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Résumé

Résumé

De facon générale, cette theése s’intéresse aux liens entre théorie des représentations et
probabilités. Elle se subdivise en principalement trois parties.

Dans un premier volet plutot algébrique, nous construisons un modele de chemins pour
les cristaux géométriques de Berenstein et Kazhdan, pour un groupe de Lie complexe semi-
simple. Il s’agira pour I'essentiel de décrire la structure algébrique, ses morphismes naturels
et ses paramétrisations. La théorie de la totale positivité y jouera un role particulierement
important.

Ensuite, nous avons choisi d’anticiper sur les résultats probabilistes et d’exhiber une
mesure canonique sur les cristaux géométriques. Celle-ci utilise comme ingrédients le
superpotentiel de variété drapeau, et une mesure invariante sous les actions cristallines.
La mesure image par ’application poids joue le role de mesure de Duistermaat-Heckman.
Sa transformée de Laplace définit les fonctions de Whittaker, fournissant une formule
intégrale particulierement intéressante pour tous les groupes de Lie. Il apparait alors
clairement que les fonctions de Whittaker sont aux cristaux géométriques, ce que les
caractéres sont aux cristaux combinatoires classiques. La regle de Littlewood-Richardson
est aussi exposée.

Enfin nous présentons I’approche probabiliste permettant de trouver la mesure canon-
ique. Elle repose sur I'idée fondamentale que la mesure de Wiener induira la bonne mesure
sur les structures algébriques du modele de chemins.

Dans une derniére partie, nous démontrons comment notre modele géométrique dégénere
en le modele de Littelmann continu classique, pour retrouver des résultats connus. Par ex-
emple, la mesure canonique sur un cristal géométrique de plus haut poids dégéneére en une
mesure uniforme sur un polytope, et retrouve les paramétrisations des cristaux continus.

Mots-clefs

Cristaux géométriques, Modeéle de chemins de Littelmann géométrique, Mesure de Duistermaat-
Heckman géométrique, Mouvement brownien, Théoréme de Pitman 2M-X, Transformées

de Pitman, Hamiltonien de Toda, Fonctions de Whittaker, Identités en loi Beta-Gamma,
Totale positivité.




Littelmann path model for geometric crystals, Whittaker
functions on Lie groups and Brownian motion

Abstract

Generally speaking, this thesis focuses on the interplay between the representations of Lie
groups and probability theory. It subdivides into essentially three parts.

In a first rather algebraic part, we construct a path model for geometric crystals in
the sense of Berenstein and Kazhdan, for complex semi-simple Lie groups. We will mainly
describe the algebraic structure, its natural morphisms and parameterizations. The theory
of total positivity will play a particularly important role.

Then, we anticipate on the probabilistic part by exhibiting a canonical measure on
geometric crystals. It uses as ingredients the superpotential for the flag manifold and a
measure invariant under the crystal actions. The image measure under the weight map
plays the role of Duistermaat-Heckman measure. Its Laplace transform defines Whittaker
functions, providing an interesting formula for all Lie groups. Then it appears clearly
that Whittaker functions are to geometric crystals, what characters are to combinatorial
crystals. The Littlewood-Richardson rule is also exposed.

Finally we present the probabilistic approach that allows to find the canonical measure.
It is based on the fundamental idea that the Wiener measure will induce the adequate
measure on the algebraic structures through the path model.

In the last chapter, we show how our geometric model degenerates to the continuous
classical Littelmann path model and thus recover known results. For example, the canon-
ical measure on a geometric crystal of highest weight degenerates into a uniform measure
on a polytope, and recovers the parameterizations of continuous crystals.

Keywords

Geometric crystals, Geometric Littelmann path model, Geometric Duistermaat-Heckman
measure, Brownian motion, Pitman 2M-X theorem, Pitman transforms, Quantum Toda
Hamiltonian, Whittaker functions, Givental-type integral representation of Toda eigen-
functions, Beta-Gamma algebra identities, Total positivity.
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Chapter 1

Introduction

Si I'on s’intéresse aux liens entre théorie des représentations et probabilités, les modeles
combinatoires pour la théorie des représentations de groupes de Lie tels que le modele de
chemins de Littelmann constituent un pont naturel entre ces deux domaines. Car, apres
tout, les chemins aléatoires ou plutot les marches aléatoires sont parmi les objets d’étude
préférés des probabilistes.

Dans le cas du groupe SLp41, il est connu que la combinatoire de la théorie des
représentations se retrouve dans celle des tableaux de Young (voir Fulton | ). Et la
correspondance de Robinson-Schensted-Knuth (RSK) met en bijection ces mémes chemins,
appelés alors 'mots’; avec des paires de tableaux de Young (P, Q) de méme forme. Finale-
ment, cette correspondance fournit le lien le plus direct entre chemins et combinatoire de
la théorie des représentations. Plus d’informations dans ce sens sont données au chapitre
suivant. L’exemple phare qui nous a guidé et qui illustre parfaitement le genre de mathé-
matiques qui nous intéresse est un résultat de O’Connell ([ ]). Il démontre la propriété
de Markov pour le tableau @ obtenu par RSK, si la variable d’entrée est une marche aléa-
toire.

Dans les années 1990, Littelmann a décrit un modeéle combinatoire ou il s’agit de
compter des chemins discrets sur le réseau des poids d’un groupe de Lie G ([Litt], | ],
[ ]). Il généralise ainsi la combinatoire des tableaux de Young. Ces chemins sont
une réalisation d’objets algébriques, les cristaux de Kashiwara. Ils permettent d’obtenir
un grand nombre d’informations sur les représentations de ce groupe: une formule des
caracteres effective, une regle de Littlewood-Richardson pour la décomposition de produits
tensoriel en irréductibles, une regle de branchement etc... Les travaux de Biane et al.
([ I, [ ]) ont consisté, entre autres, & construire des cristaux continus qui peuvent
étre vus comme la limite continue du modele de Littelmann. En considérant des chemins
browniens, les cristaux aléatoires engendrés sont décrits et munis de mesures canoniques.
L’analogue de I'’exemple phare cité précédemment est la propriété de Markov du processus
de plus haut poids P,,W, qui s’interprete comme une généralisation du théoreme de
Pitman. Ici W est un mouvement brownien standard multi-dimensionnel et P, est une
transformation de chemins qui généralise la transformation de Pitman:

0<s<t

Suite a cela, dans les années 2000, Berenstein et Kazhdan ([ I, [ I, [ 1)
ont introduit les cristaux géométriques, qui sont des “relevés géométriques” des cristaux
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de Kashiwara. La dénomination est diie au fait que les cristaux de Berenstein et Kazhdan
capturent des informations de nature géométrique sur la partie totalement positive du
groupe et dégénerent en les cristaux de Kashiwara, grace a une procédure de tropicali-
sation. Au sein de la communauté probabiliste commencait aussi le relevé géométrique
des résultats cités au paragraphe précédent: Matsumoto et Yor (] I [ |) dé-
montrent une déformation du théoréeme de Pitman a base de fonctionnelles exponentielles.
Puis, O’Connell (| |) prouve la propriété de Markov d’un processus de plus haut poids
“géométrique”, dans le cas du groupe linéaire GL,. Ses travaux étaient motivés par une
application aux polymeres dirigés et plus globalement, ’équation de KPZ.

Dans ce contexte, mon directeur m’a proposé de m’intéresser aux processus de plus
haut poids liés a d’autres groupes. Les premiéres bribes de résultats arrivant, nous nous
sommes rendus compte que nous examinions des cristaux géométriques aléatoires consti-
tués de chemins browniens, et qu’il était possible de dégager une théorie générale pour
tous les groupes de Lie complexes. Nous avons choisi de subdiviser cette theése en trois
parties principales et une derniere qui explique comment on retrouve certains résultats
déja connus.

Modéle de Littelmann pour cristaux géométriques: Ce premier volet est certaine-
ment le plus algébrique. Nous commencons par définir axiomatiquement une notion de
cristal géométrique, et une opération algébrique de produit tensoriel. L’exemple typique,
déja traité par Berenstein et Kazhdan, est la variété totalement positive B = Bsg, B étant
le sous-groupe de Borel inférieur. Dans le cas du groupe G = SL, 11, B est constitué des
matrices triangulaires inférieures et B C B de celles dont tous les mineurs sont strictement
positifs. Un invariant essentiel fixé par les actions cristallines est le plus haut poids:

hw:B —a

L’application hw fournit un feuilletage de B en cristaux de plus haut poids:

B=|]|B(

AEa

Une de nos valeurs ajoutées a ce niveau est le fait d’exhiber des paramétrisations de
B qui sont les relevés géométriques des paramétrisations usuelles des cristaux classiques.
Elles se réveleront ensuite non seulement utiles pour les calculs mais aussi naturelles, car
compatibles avec des relevés géométriques au niveau du modele de chemin, qui se 'projette’
sur B.

Ensuite, nous passons a la description du modele de chemins proprement dit. Notons
a ~ R” la partie réelle de la sous-algebre de Cartan associée au groupe G. Toujours
dans le cas G = SL,41, il s’agit simplement de l’ensemble des matrices diagonales de
trace nulle. Pour un horizon 7' > 0, nous considérons Cj ([0, 7], a) ’ensemble des chemins
continus sur un segment [0, 7], nuls en 0 et & valeurs dans a. Nous munissons Cy ([0, 77, a)
d’une structure de cristal géométrique. Cette derniére porte toutes les caractéristiques du
modele de Littelmann classique dans le sens ot le poids d’un chemin est défini comme son
extrémité, et le produit tensoriel de deux cristaux est isomorphe au cristal obtenu par la
concaténation de leurs chemins.

La ’projection’ p(7) d’un chemin 7 € Cy ([0, T], a) sur B a lieu en résolvant une équation
différentielle ordinaire sur le groupe résoluble B, pilotée par le chemin w. Moralement, il
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faut y penser comme le mécanisme d’insertion du 'mot’ 7w dans B, de la méme fagn que la
correspondance de Robinson-Schensted-Knuth insére un mot dans un tableau de Young
semi-standard. Le plus haut poids A de m € Cj ([0, 7], a) est obtenu comme l'extrémité du
chemin 7,7, ou Ty, est un relevé géométrique de la transformée de Pitman P, .

Nous démontrons que l'application de ’projection’ p est un isomorphisme de cristaux
entre un cristal de chemins connexe et un cristal de plus haut poids B(A). Il en découle un
analogue du théoréme d’indépendance de Littelmann qui dit que la structure d’un cristal
connexe ne dépend que de son plus haut poids. Enfin, nous interprétons la bijection
suivante comme une correspondance de Robinson-Schensted-Knuth géométrique:

RSK : Co([0,T],a) — {(z,n) € BxC(0,T],a) | hw(z) =n(T)}
7r = (p(m), (Twom;0 <t < T))

Mesure canonique sur les cristaux géométriques: La deuxieéme partie anticipe un
peu sur les résultats probabilistes de la suivante. En quelques mots, en considérant le
cristal aléatoire engendré par un chemin brownien, une mesure canonique sur le cristal
géométrique B(\) apparait par calcul. Il est question dans cette partie d’en tirer les
conséquences.

Les ingrédients essentiels sont une mesure de référence torique w sur B(\) ainsi que le
superpotentiel fp : B — Rs¢. En fait, il s’agissait d’objets introduits par Rietsch (| 1)
et fp quant & lui a été utilisé par Berenstein et Kazhdan ([ ]) pour tropicaliser leurs
cristaux géométriques en cristaux de Kashiwara. La force de notre approche consiste a
montrer qu’il s’agit en effet d’objets naturels, qui apparaissent dans une mesure canonique
sur B(A). Dans I’étude de fp, nous répondons aussi & une question ouverte de Rietsch au
sujet de l'existence et I'unicité d’un minimum sur chaque B(\).

La mesure image de cette mesure canonique par ’application de poids incarne na-
turellement la multiplicité des poids sur le cristal B(\). Elle joue le role de mesure de
Duistermaat-Heckman. Sa transformée de Laplace définit les fonctions de Whittaker, qui
sont par conséquent I’équivalent des caracteres. La phrase qui consiste a dire que “Les
fonctions de Whittaker sont aux cristaux géométriques, ce que les caractéres sont aux
cristaux discrets” prend alors tout son sens. Pour ces fonctions importantes en théorie des
représentations et en théorie des nombres, cela fournit des formules intégrales intéressantes
pour tous les groupes de Lie complexes semi-simples. Nous prendrons le temps de relier
ces fonctions de Whittaker a celles introduites & la base par Jacquet dans | ], et de
présenter un théoreme de Plancherel qui implique, dans un certain sens, une orthogonalité
de ces caracteres géométriques.

La regle de Littlewood-Richardson est aussi exposée. La mesure induite sur les com-
posantes connexes d'un produit tensoriel fait apparaitre naturellement la charge centrale
introduite par Berenstein et Kazhdan.

Cristaux aléatoires et mouvement brownien hypoelliptique sur le groupe résol-
uble B: Au sein de cette these, ce chapitre incarne au mieux la philosophie probabiliste
qui consiste caricaturalement & “lancer une piéce en l'air et voir jusqu’ou elle nous mene”.
Puisque la mesure de Wiener est la mesure naturelle sur I’ensemble des chemins continus,
il s’agit de considérer le cristal aléatoire engendré par un chemin brownien et d’examiner
les mesures qui en découlent. Il s’agira d’'une étude selon deux aspects.
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e Décrire le processus de plus haut poids. On verra qu’il s’agit d’une diffusion reliée
au hamiltonien de Toda.

e Décrire la mesure induite sur le cristal conditionnellement & son plus haut poids.
Cette mesure sera la mesure canonique exploitée dans la deuxieéme partie.

A cause de la correspondance de RSK géométrique, cette analyse tourne principale-
ment autour de I’étude d’un mouvement brownien hypoelliptique (Bt(W(“)),t > 0) sur

le groupe résoluble B, piloté par un mouvement brownien euclidien W) avec drift p.
Lorsque ce drift est dans la chambre de Weyl, la partie N de ce mouvement brownien
hypoelliptique converge et donne une mesure invariante que ’on pourra explicitement
calculer.

Les fonctions de Whittaker sont des fonctions harmoniques pour ce processus. Plus
précisément, elles sont induites par un caractere du sous-groupe unipotent N C B. Ici N
jouera le role de ’frontiere’ au sens de Furstenberg. La mesure invariante sur N donnera
alors une intégrale de Poisson pour les fonctions de Whittaker.

Dégénérescences: 1l est possible de déformer continliment notre modeéle géométrique
de chemins grace a un parametre ¢ > 0, qui peut s’interpréter comme une température.
La limite lorsque ¢ tend vers zéro retrouve le modeéle de Littelmann continu présenté dans
[ ]. Dans cette partie, nous décrivons le procédé de crystallisation, les structures
restantes a température nulle ainsi que les mesures naturelles correspondantes. Nous
retrouvons alors la plupart des résultats de | et | ].

If one is interested in the interplay between representation theory and probability
theory, combinatorial tools such as the Littelmann path model give a natural bridge.
Afterall, random paths or more accurately random walks are among the probabilist’s
favorite objects.

In the case of SL,11, it is well-known that the combinatorics of representations are
within the combinatorics of Young tableaux (see Fulton | ). And the Robinson-
Schensted-Knuth (RSK) correspondence gives a bijection between paths, that are called
in this context 'words’, and pairs (P, Q) of Young tableaux with the same shape. In the
end, this correspondence yields the most direct link between paths and the combinatorics
of representation theory. More informations are presented in the next chapter. The key
example that has guided us and that illustrates perfectly the kind of mathematics we are
interested in, is a theorem by O’Connell (| ]). He proved the Markov property for the
@ tableau obtained through RSK, if the input variable is a random walk.

In the nineties, Littelmann described a path model based on the enumeration of cer-
tain discrete paths on the weight lattice of a Lie group G ([Litt], | L [ D It
generalizes the combinatorics of Young tableaux. These paths are a realization of alge-
braic objects, Kashiwara crystals. They encode a great deal of information on the group’s
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representations: they yield an effective character formula, a Littlewood-Richardson rule
for the decomposition of tensor products, a branching rule etc... In [ ] and [ ],
Biane et al. constructed continuous crystals that can be seen as the continuous limit of
Littelmann’s path model. Then, by considering Brownian paths, the generated random
crystals are described and endowed with canonical measures. There is a theorem analo-
gous to the previous key example, which is the Markov property for the highest weight
process Py, W. It is interpreted as a generalization of Pitman’s theorem. Here, W is a
multidimensional Brownian motion and Py, is a path transform generalizing the following
simple Pitman transform:

P:WH(Wt—Q inf Wt;t20>
0<s<t

Then, in the 2000s, Berenstein and Kazhdan (| 1, 1 1, [ ]) introduced
geometric crystals, which are “geometric liftings” of Kashiwara crystals. Such a denom-
ination is due to the fact that these objects use geometric information on the totally
positive varieties in the group G and degenerate into Kashiwara crystals after a tropicali-
sation procedure. Probabilists also started the geometric lifting of the results cited in the
previous paragraph: Matsumoto and Yor ([ I, [ ]) proved a deformation of
Pitman’s theorem based on exponential functionals of Brownian motion. And O’Connell
([ ]) proved the Markov property for a “geometric” highest weight process, in the case
of the general linear group GL,. His work was motivated by directed polymers and more
generally the KPZ equation.

In this context, my advisor suggested I should investigate highest weight processes for
other Lie groups. With the first bits of results, we realized that we were examining random
geometric crystals made of Brownian paths and that it is possible to build a theory for
all complex Lie groups. This thesis has three main parts and a final chapter that explains
how to recover known results.

Littelmann path model for geometric crystals: This first part is certainly the
most algebraic. We start by defining axiomatically a notion of geometric crystal and an
algebraic tensor product operation. The typical example, already known to Berenstein and
Kazhdan, is the totally positive variety B = B~q, where B is the lower Borel subgroup.
In the case of G = SLy41, B is simply the set of lower triangular matrices and B C B
is made of the matrices with positive minors. An essential invariant fixed by the crystal
actions is the highest weight:
hw:B —a

The map hw gives rise to a foliation of B into highest weight crystals:

B=|]BM

AEa

At this level, one of our added values is to expose parametrizations for B that are
geometric liftings of the parametrizations for usual crystals. These liftings are not only
handy for computations but also natural, as they are commpatible with geometric liftings
in the path model, which ’projects’ onto B.

Next, we deal with the path model itself. Let a &= R™ be the real part of the Cartan
subalgebra associated to the group G. Still in the case of G = SL,1, it is simply the
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set of diagonal matrices with zero trace. For a fixed time horizon T > 0, we consider
Co ([0, T], a), the set of a-valued continuous paths on the interval [0, 7] and that vanish at
0. We endow Cjy ([0,T],a) with a geometric crystal structure. This structure has all the
characteristics of the classical Littelmann path model as the weight of a path is given by
its endpoint, and the tensor product of two crystals is isomorphic to the crystal obtained
by the concatenation of their elements.

The ’projection’ p(m) of a path m € Cy ([0,7], a) on B is the result obtained by solving
on B an ordinary differential equation driven by the path 7. Morally speaking, one can
think about it as an insertion procedure of the 'word’ 7 inside of B, in the same fashion
as the Robinson-Schensted-Knuth correspondence inserts a word inside a semi-standard
Young tableau. The highest weight A for m € C ([0, 77, a) is obtained as the endpoint of
Tw, ™, where Ty, is a geometric lifting of the Pitman transform P, .

We prove that the 'projection” map p is a crystal isomorphism between a connected
path crystal and a highest weight crystal B(\). An analogue of Littelmann’s independence
theorem follows: the structure of a connected crystal depends only on its highest weight.
Finally, we interpret the following bijection as the geometric counterpart of the Robinson-
Schensted-Knuth correspondence:

RSK: Cy([0,T],a) — {(z,n) € BxC(]0,T],a) | hw(z) =n(T)}
m = (p(7), (Twem;0 <t < T))

Canonical measure on geometric crystals: The second part anticipates a little and
uses the probabilistic results from the following chapter. In short, by considering the
random crystal generated by a Brownian motion, a canonical measure on the geometric
crystal B(\) is computed. We think it is better to draw the full implications of that result
before diving into stochastic analysis.

The essential ingredients are a toric reference measure w on B(\) and the superpotential
fB : B— Rsp. In fact, both objects were introduced by Rietsch ([ ]) and fp was used
by Berenstein et Kazhdan ([ ]) in order to ’cut’ tropicalized geometric crystals. The
strength of our approach consists in showing that these are natural objects that appear in
the canonical measure on B(\). In the study of fp, we also answer a question by Rietsch
concerning the existence and uniqueness of a minimum on each B(\).

The image measure of our canonical measure through the weight map naturally em-
bodies weight multiplicities in the geometric crystal B(A). It plays the role of Duistermaat-
Heckman measure. Its Laplace transform defines Whittaker functions, that are therefore
analogous to characters. Thus, the sentence “Whittaker functions are to geometric crys-
tals, what characters are to combinatorial crystals” takes on its full meaning. In the case
of all complex semi-simple groups, we obtain integral formulae for these functions that are
important in representation theory and number theory. We take the time of explaining how
our Whittaker functions are related to those introduced originally by Jacquet in [ .
Moreover, we present a Plancherel theorem, which in a way, implies the orthogonality of
these geometric characters.

Furthermore, the Littlewood-Richardson rule is exposed. The central charge intro-
duced by Berenstein and Kazhdan appears naturally in the measure induced by Brownian
motion on the connected components of a tensor product, in the same way the superpo-
tential showed up in the measure induced on geometric crystals.
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Random crystals and hypoelliptic Brownian motion on the solvable group B:
In the scope of this thesis, this chapter incarnates best the philosophy underlying proba-
bility theory, which can be very broadly summarized as “let’s toss a coin and see where
it leads us”. Since the Wiener measure is the natural measure on continuous paths, we
will consider a random crystal generated by a Brownian path and examine the induced
measures. This study will have two aspects.

e Describing the highest weight process. We will see it is a diffusion process related to
the quantum Toda Hamiltonian.

e Describing the measure induced on a geometric crystal conditionally to its highest
weight. This measure will be the canonical measure used in the second chapter.

Because of the geometric RSK correspondence, our analysis revolves mainly around
the study of a hypoelliptic Brownian motion (Bt(W(“)), t> O) on the solvable group B,

driven by an Euclidian Brownian motion W) with drift 4. When this drift is in the
Weyl chamber, the N part of this hypoelliptic Brownian motion converges and gives an
invariant measure we will be able to compute.

Whittaker functions are harmonic for this process. More exactly, they are induced by
a character for the unipotent subgroup N C B. Here, N will play the role of boundary in
Furstenberg’s sense. And the invariant measure on N will give rise to a Poisson integral
for Whittaker functions.

Degenerations: It is possible to continuously deform our geometric path model thanks
to a parameter ¢ > 0. This parameter can be interpreted as a temperature. In the limit as
q goes to zero, one recovers the continuous Littelmann path model presented in | .
In this final chapter, we describe the crystallization procedure, the remaining structures
at zero temperature and the corresponding natural measures. This allows us to recover
most of the results in | ] et | ].






Chapter 2

Classical related works: An
informal panorama

In this chapter, we informally depict known results that illustrate the interplay between
probability theory and combinatorial representation theory, which is the kind of mathe-
matics we will be dealing with.

2.1 The Robinson-Schensted-Knuth correspondence

This correspondence is probably the simplest example as it gives a correspondence between
paths, in this case called 'words’, and the representation theoretic objects that are Young
tableaux. A standard reference is Fulton [ .

An integer partition A is a tuple Ay > Ao > --- > 0 such that

|)\| = Z)\Z<OO

Every partition A can be visually represented as a Young diagram, a collection of left-
justified cells: A1 cells on the first row, As on the second etc...

Example 2.1.1. The Young diagram associated to the partition A = (5,3,2) is:

L

Consider an alphabet of n letters A = {1,...,n}. A semi-standard (resp. standard)
Young tableau is a filling of a Young diagram using the alphabet, such that the entries
are weakly (resp. strictly) increasing from left to right and strictly increasing down the
columns. We will use the abbreviations SST (resp. ST) for “semi-standard tableau” (resp.
“standard tableau”).

In any case, the shape of a tableau P is the integer partition obtained by erasing its
entries and is denoted sh(P).

Example 2.1.2. The following P and QQ are respectively a SST and a ST:

1]1]1]1]2]2]
P=[2]2
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1]2]4]5]7]8]
Q= [3]6

Now let us describe an operation called row insertion. For a tableau T and a letter
x € A, one forms a new tableau that has one more entry labelled by x. Start with the
first row and insert x at the leftmost position that is strictly larger than z, in order to
preserve the weakly increasing property from left to right. If that position is taken by a
letter y > x, replace it by « and continue the same procedure with y on the next row. We
say that y has been bumped. If = is at least as large as all the entries of the current row,
x is appended at the end. The procedure then stops.

The Robinson-Schensted-Knuth correspondence is given applying an algorithm. It has
the following specifications:

e Input: A word w e AN

e Algorithm: Do row insertions of letters to obtain a tableau P and record the growth

in Q.
e Output: A pair (P, Q) of tableaux where P is a SST and @ is a ST.

Theorem 2.1.3. The RSK correspondence is bijection between words and pairs (P, Q) of
tableaux, where P is SST, @Q is ST and sh(P) = sh(Q)

Example 2.1.4. Applying the RSK algorithm to the word w = (1,2,1,1,2,1,2,2), one
obtains the following sequence of tableaux:

1]1] 1]1]1] 1]1]1]2] 1[1]1]1]
— — | 2] — | 2] — | 2] — |2]2 —
1[1]1]1]2] 1[1]1]1]2]2]
2|2 — [2]2 _
1]2] 1]2]4] 1]2]4]5] 1][2]4]5]
— — 3] — [3] — (3] — [3]6 —
1]2]4]5]7] 1]2[4]5]7]8]
3|6 — [3]6 —Q

Remark 2.1.5. Strictly speaking, this correspondence is called the Robinson-Schensted
correspondence. RSK usually refers to the generalization of Knuth when an integer matriz
s taken as input.

Notice that the RSK correspondence gives a dynamically growing shape. If one takes
in input a random walk, by discarding the P tableau and looking only at the @) tableau,
one observes a shape process evolving in time.

Theorem 2.1.6 (O’Connell | ). The shape is a Markov process.

The transition kernel is written in term of Schur functions, which are the characters
of the group GL,.
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2.2 Pitman’s theorem
Theorem 2.2.1 (Pitman (1975)). If B is a standard Brownian motion, then

2 sup (B;) — B
0<s<t

1s a 3-dimensional Bessel process, meaning that it is a Markovian diffusion process with
infinitesimal generator

The coefficient 2 is essential and there is a very strong rigidity with respect to that
coefficient. Indeed, further investigations by Rogers and Pitman prove that £ = 0,k =
1,k = 2 are the only cases where the Markov property holds among the processes of the
form:

k sup (Bs) - Bt
0<s<t

At first glance, this theorem seems like a puzzling oddity, a singularity. Indeed the
Markov property is a very rare feature in general processes, and it is very surprizing that
a process tailored with extrema of Brownian motion, ends up being Markovian. Afterall,
sSupg<s<¢(Bs) is a typical example of non-Markovian behavior.

B_y_replacing the Brownian motion by its opposite, one might prefer the use of the
path transform, which we call the Pitman transform:

= — 2 inf
P(@)(B) = (1)~ 2 inf (x(s))
Here, the miracle at play is of algebraic nature and is more simply explained by going

back to a discrete setting. In fact, Pitman proved his theorem in the discrete setting first,
from which he deduced the continuous case.

Theorem 2.2.2 (Discrete Pitman’s theorem (1975)). Let By, a standard random walk on
Z. Then:

X, =B, — 20§111€1£an
is Markov with transition kernel:

lz+2 1 =z

1) = =
sry1 Qe =g

Qw,z+1) =
Moreover (intertwining measure):
P(B,=bX,=2)=U{—-=z,...,z — 4,z —2,x})

Although it seems quite unrelated, Pitman’s theorem is in fact a particular case of
theorem 2.1.6 when A = {1,2} is an alphabet of two letters. Indeed, the input word can
be seen as random walk by reading 1 as a ’"down’ move and 2 as an 'up’ move. Then the
integer partition A = {\; > Ay > 0} can be simply recorded by the quantity A\; — Ay. On
figure 2.1, by comparing to example 2.1.4, one can see that shape is exactly given by the
random walk’s Pitman transform.
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Figure 2.1: An instance of random walk corresponding to the word w = (1,2,1,1,2, 1,2, 2),
and its Pitman transform

Z N .
Xn = Bn -2 lnfogkgn Bk

The intertwining measure represents the missing information from the filtration gener-
ated by the (X,;n > 0) only. A more representation-theoretic way of seeing the transition
matrix @ as:

1dimV(z +1) 1dimV(z —1)
)= )=
Qe+l =5—mve @Y= 5 v
where V' (z) is the representation with highest weight = for SLs (more details in | D).

Hence the idea that Pitman-type theorems should find their sources in the combinatorics
of representation theory.

2.3 Combinatorial representation theory

This section plays the role of an informal introduction to the field of combinatorial rep-
resentation theory, taking as a starting point the combinatorics of random walks and
Young tableaux. Let G be a complex semi-simple group. After adding the center, we will
sometimes use G = GL,(C) instead of the simple group SL,(C).

2.3.1 Combinatorial representation theory

Definition 2.3.1. A branch of mathematics that aims to extract information about irre-
ductible representations of G from combinatorial objects (diagrams, tableauz, paths)
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Let P be weight lattice in G and P* the dominant weights. In the case of GL,:
PZ{)\ER” |)\i_)\i+1 EZ}
Pt={MeP|X\>-->)\}

A fundamental theorem tells us that irreductible representations are indexed by dominant
weights. For every A € P, V(\) will denote the representation with highest weight A,
unique up to isomorphism.

A quantity for interest in combinatorial representation theory is the character ch(V)
of a representation V. It is a useful function on h that packages efficiently weight multi-
plicities:

ch(V)(z) = Z dim Vuew’x>
neP

For GL,, the characters of irreductible representations are exactly the Schur functions.

Weight diagrams

Weight diagrams are a graphical presentation of characters, where larger multiplicities are
represented by larger red dots (see figure 2.2 for the weight diagram of the SLs represen-
tation V(p) ).

Figure 2.2: Weight diagram for the representation in type As with highest weight A = p

9 e\

Crystals of tableaux

Here G = GL,(C). Given a dominant weight A € P, an old theorem due to Littelwood
relates semi-standard tableaux to the dimension of V().

Theorem 2.3.2 (Littlewood). Let A = {\; > -+ > \yy1} € Pt. Semi-standard tableaux
with n + 1 letters and shape A give the dimension of V().
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In fact, there is way to arrange these semi-standard tableaux on the weight lattice P
and get the weight diagram (cf figures 2.3 and 2.4). Here, the weight of a semistandard
tableau P is defined as a vector wt(P) € R™ with wt(P); being the number of letters k
minus the number of letters £ + 1 in P. For instance, on figure 2.4, we see that there are
two tableaux of weight zero, giving a multiplicity of 2.

Figure 2.3: Aj-type crystal of tableaux for highest weight A = 2«

Kashiwara crystals and parametrizations

Kashiwara constructed operators that (f1, f2,. .., fn) that give all tableaux from the high-
est weight one, given a certain shape. Their action is represented by the letters 1,...,n
and give a graph called the crystal graph (see figures 2.3 and 2.4).

Then the idea is to get rid of tableaux and use only coordinates (see fig. 2.5) called
string coordinates. For every i = (i1, 12, ..., ig(wo)) a reduced expressions of the longuest
element wy = (n...321), one can associate a coordinate chart [x_;]. Reduced expressions
are factorizations into a minimal number of simple reflections. For SL, 1, the length of

wo is L(wg) = %

Example 2.3.3. e n=1: W =55 has the unique reflection as longest element.

o n=2: W =83 wp = (321) = (12)(23)(12) = (23)(12)(23).
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Figure 2.4: As-type crystal of tableaux for highest weight A = p = a3 + as

1]1]

The string coordinates [z_;|(b) of an element b in the crystal graph is given by specifying
l(wp) integers. They correspond to the number of steps necessary to climb the crystal
graph and reach the highest weight element, by going all the way successively along the
directions in i. For instance, in the crystal graph of figure 2.4, pick i = (1,2,1). Then:

1]1]

[1‘_1] 2] :(07070)
2]2]

[l'fi] i :(27170)
2|3]

[z ] 13 =(1,2,1)

In the end, one can discard the tableaux and keep only the coordinates as in figure 2.5.
This gives a realization of Kashiwara crystals and such a construction can be generalized
to other types in the Cartan-Killing classification.

Path crystals: Littelmann’s path model

Littelmann replaced tableaux by piece-wise linear paths in a, the real Cartan subalgebra,
changing directions at rational points. The weight of a path is simply its endpoint. Paths
are combinatorial objects very appreciated by probabilists, considering them as random
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Figure 2.5: Crystal graph for a crystal of type As with highest weight A = p

&, D

D @ B

& D

walks. Acting on a path 7 indexed by the interval [0, 7], the Kashiwara operators have
the expression:

<t < Teln(t) = i v -
VO <t<Te,n(t)=m(t)+ OgusléTa (m(s))c

. . f V _ . f V >
min (0%1;304 (m(s)) —n, Juf o (m(s)) |
for an integer n € Z such that:

v . v - v
—a(n(D) + Inf a*(m(s)) <n < — inf a(n(s))

A theorem known as Littelmann’s independence theorem, states that the crystal struc-
ture depends only on the dominant path’s weight. Such fact can be observed by comparing
figures 2.6 and 2.7, which represent two isomorphic path crystals with different dominant
paths.

For the Ay type, we have produced the path crystal for V(A = p) in figure 2.8, where
one can observe six extremal paths and two paths ending at zero. This is exactly the same
configuration as in the crystal of tableaux in figure 2.4.

In fact, the Littelmann path model goes beyond and can be generalized to all Lie
groups in the Cartan-Killing classification (see fig.2.9).

“Asymptotic” representation theory

Renormalisation is particularly easy to think about for paths. As such, building a continu-
ous model that is the limit of Littelmann’s is quite natural. This is the work of Biane and
al. in [ | and | ]. For example in | ] remark 5.8, one can see how asymptotic
weight multiplicities appear by considering “very long” Littelmann paths.

2.3.2 The philosophy of path models

In general, we mean by path model, a device where one “enumerates” paths on a Eu-
clidian space in order to extract representation-theoretic informations about a Lie group.
Of course, “counting” paths in a continuous setting means computing the probability of
certain events, under a certain canonical measure. Certain properties are expected:

e The notion of weight is given by taking a path’s endpoint.
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Figure 2.6: Aj-type path crystal of tableaux for highest weight A = 2«

Rygv

W

o Irreducible representations should be in correspondence with connected path crys-
tals.

e Tensor product should correspond to the concatenation of paths.

e Weight multiplicities will be given by the image measure of a natural measure
through the weight map, hence a character formula.

e A Littlewood-Richardson rule.

2.4 Pitman-type theorems in probability

Pitman’s theorem has known a remarkably long list of extensions, to the point it seems
hard to draw a complete picture. For now, I can distinguish between several directions in
generalizing the result.

e The first direction is 'geometric lifting”. The usual Pitman transform P is the zero
temperature limit of a smoother path transform 79, where ¢ can be seen as the
temperature parameter:

27(s)

T4 (m) (t) = m(t) + qlog( /0 e o ds) "3 P (m) (1)

It is worth mentioning that Pitman’s path transform also has applications in physics,
and more precisely for modelling random polymers in Brownian environnement (
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Figure 2.7: Aj-type path crystal of tableaux for highest weight A = 2«

Rygo

W

Figure 2.8: As-type path crystal for highest weight A = p = a1 + ao

H

1 (&9
Heo o Hort s
Hag aq
O’Connell, Moriarty | |, O’Connell | ] ). In such a case, the path 7 is

_2r()
Brownian and the weight e ¢ is a Boltzmann weight.

This has strong links with tropical geometry a very recent field in mathematics. From
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Figure 2.9: Gao-type path crystal for highest weight A = p = a1 + a9
Hy,
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a physical point of view, ’geometric lifting’ means considering higher temperatures.
Following those terms, one could say that the geometric lifting of Pitman’s theorem
was proven by Matsumoto and Yor in | , ], in 2000.

A second direction is looking for non-trivial multidimensional extensions to Pitman’s

theorem. Here, the approach initiated by Biane, Bougerol and O’Connell ([B.J, ,
]) is based on the intuition that such structure in probability can appear only

from the world of rigid structures, Algebra and more specifically group theory.

In | | were introduced Pitman path transforms associated to simple roots «:

— o \
Pav(m)(t) = m(t) — inf a(r(s)a
There, it is also proven that these path transforms satisfy the braid relationships,
giving thus a meaning to P, for w an element of a Weyl group. The transform P,
associated to the longest element wg plays a special role in the continuous Littelmann
model, thus in representation theory, but also in probability: this transform folds
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Brownian motion in the Weyl chamber in such a way that it remains Markovian.
The process thus obtained is a Brownian motion conditioned to stay inside that
Weyl chamber. The construction goes beyond the cristallographic case and is valid
for Coxeter groups.

For a global view we produced table 2.1 that puts this work in perspective with previous
mathematical theory. In all cases, a miraculous Markov property appears, as well as a
remarkable harmonic function and an intertwining measure. Finding such structures was
our Ariadne’s thread.
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Table 2.1: Perspectives

One dimensional setting / SLs

Multidimensional setting / G semi-simple
group

Crystal | Pitman and Rogers | ]: If B®W [ Biane, Bougerol, O’Connell | |: In the
versions | is a Brownian motion with drift | context of the continuous Littelmann path
w1 then Bt(“ ) _ 2info<s<t B is a model, consider the highest path trans-
Markov process with infinitesimal | form P,,. For W a Brownian motion in
generator the Cartan subalgebra, P,,, W is a Brow-
nian motion conditionned in the sense of
ld72 + a4 log (h,,) 3 Doob to stay in the Weyl chamber. It is a
2dr?  dw " da Markov process with infinitesimal genera-
The function hy(z) = %,EM) sat- tor: 1
isfies the eigenfunction equation on §A +Vlog (h(z)) -V
]RiJr’ with Dirichlet boundary condi- | e fynction h(z) is (the unique up to
tions: a multiplicative constant) positive har-
1 d2 12 monic on the Weyl chamber with Dirichlet
5@}1# = ?hu boundary conditions.
Intertwining  measure: Continuous
Intertwining measure:  Uniform | Dyjstermaat-Heckmann measure.
measure on [0,7] when p = 0.
Geometriq Matsumoto and Yor | There is a highest path transform 7, in
versions | [ , : If B®W is | the context of a path model for geomet-

a Brownian motion with drift u
then Bg“) + log (f(f e_Zngds) is a
Markov process with infinitesimal
generator

1 d? d d
- L Yo (K
2dx2+dac o ( “)dx

The function K, (x) satisfies the
eigenfunction equation:

1 d? -2 s
gt ¢ K=K

Intertwining measure: Generalized
Inverse Gaussian law.

ric crystals. For W) a Brownian mo-
tion with drift g in the Cartan subalge-
bra, %OW(“) is a Markov process with in-
finitesimal generator:

1
iA + Viog (¢) -V

The function v, (x) solves the quantum
Toda eigenfunction equation:

]' ) —alx
§A¢u - Z <Oé204>6 ( )wu =

a€A

(uéw "

Intertwining measure: A geometric
Duistermaat-Heckmann measure.







Chapter 3

Preliminaries

3.1 On Lie groups

Let G be a simply-connected complex semi-simple group. The framework can be easily
extented to the reductive case, since adding the center never causes much trouble. Such
groups are just groups of complex matrices:

Theorem 3.1.1 ([ ). G is an algebraic linear group and up to conjugation self-
adjoint.

Therefore, in our treatment, G is a closed subgroup in GL,(C), for p € N large enough,
and stable under the usual adjoint.

The Cartan subgroup H is an abelian subgroup of maximal dimension. H = (C*)" and
the integer n is called the rank of G. H is usually taken to be made of diagonal matrices.
The tangent space at the identity element is g = T.G C My(C). It can be characterized
using the usual matrix exponential as:

g={z € M,(C) | vVt € R,exp(tx) € G}

g is endowed with the structure of a complex semi-simple Lie algebra (g,[,]). The Lie
bracket [,] is given by the commutator:

Va,y € g, [z, y] = xy —yx

3.2 On Lie algebras

As a standard reference for the structure of Lie algebras and their representation theory,
we recommend | ].

Structure

The Cartan subalgebra h = T, H is a maximal abelian subalgebra in g.

The adjoint action valued in the space of endomorphisms of g, ad : g — End(g) is
defined as ad(z)(y) = [z,y] for z,y € g. It is the differential of the action Ad : G —
Aut(g):

Vg € G, Ad(g)(z) = gzg™"
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There is a symmetric bilinear form on g called the Killing form:
K(z,y) :==Tr (ad(zx) o ad(y))

By Cartan’s criterion, since g is semi-simple, the Killing form is non-degenerate. K can
then be transported to the dual g*. Its restriction to b (resp. h*) is in fact a scalar product
written (-, -).

A fundamental idea in the classification of these Lie groups is that the adjoint action
is codiagonalizable, once restricted to h. For each h € b, ad(h) € End(g) has eigenvalues
a(h), and the dependency in A is obviously linear. This gives rise to a family of linear
forms {0} LU ® C b* such that for all h, ad(h) has eigenvalues {0} LI (a(h)) Hence a
root-space decomposition:

g= @ ga:go@@(ga@gfa)

ac{0}uP acedt

acd:

where for every a € {0} Ll ®:
9o ={z €g|Vh €b,ad(h)(z) = a(h)x}

Here, go = h and ® C h* is called the set of roots. It is the disjoint union of ®T, roots

chosen to be called ’positive’, and ®~ := —®T the set of 'negative’ roots. This choice
uniquely determines A = (q;)je; C Pt a simple system spanning h* such that every
positive root is a sum with positive integer coefficients of simple roots (] ]) - and

reciprocally, a simple system uniquely determines a positive system. Moreover, the simple
system A forms a basis of h*.

The Cartan subalgebra has a decomposition h = a + ia with a chosen to be the real
subspace of h where roots are real valued.

For every root 3 € ®, the coroot 3" is the unique vector in b such that

2B(h)
Vhe b, K (BY,h) =
WM =158
When identifying h and h* thanks to the Killing form, it is customary to simply write
B = Gy

The Cartan matrix A = (a;j)1<ij<n € Myn(Z) is the matrix with coefficients a; ; =
a; (o). It allows a complete classification of complex semi-simple algebras, and there-
fore of complex semi-simple groups. Dynkin diagrams are a convenient graphical way of
representing Cartan matrices.

Classification

A matrix A € M,(Z) is said to be symmetrizable if there are matrices B and D with B
symmetric and D positive diagonal such that:

A=DB

Any Cartan matrix of a semi-simple Lie algebra is symmetrizable, with the symmetric B
being positive definite. Moreover, diagonal elements are equal to 2 while the others are
< 0. And reciprocally, for a matrix A satisfying those properties, a complex semi-simple
Lie algebra with Cartan matrix A can be constructed (theorem 2.111 in [ ). The
simple Lie algebras are known, and are classified by types:
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Type An: g =sl, G=SL,(C)

Type Bn: g = 502p+1 G = 502n+1((c)

Type Cy: g = sp,, G = Sp,(C)

Type Dn: g = $02p G = SOQn((C)

Exceptional types: Fg, E7, Eg, Fy, Go.

Langlands dual

Since the transpose of Cartan matrix A is still a Cartan matrix, there is a simply-connected
complex semi-simple group GV whose Cartan matrix is the transpose of A. It is called
the Langlands dual of G or for short the L-group. Types B and C' are dual to each other.
The other types are self-dual (ADE, Fy, G9).

Clearly, the associated simple root system AV is formed by the simple coroots. ®V
denotes the dual root system.

Simply-laced

The ADFE types are called simply laced because their Dynkin diagrams have only single
edges.

Splitting

For each positive root a € &, we can choose an sly-triplet (eq, fa,ha) € ga X —a X b
such that [eq, fo] = ha and ho = V. (e, fas ha)aca Will be the set of simple sly-triplets.

The name ’sla-triplet’ becomes clear after exhibiting the Lie algebra homomorphisms
@q : 5la —> g such that:

¢a(w):€a
¢a(y):fa
¢a(h>:ha
0 1 0 0 1 0 .
Wherex—<0 0>,y—<1 O)’h_<0 _1>.Theexponentlalmape.g%G

lifts these homomorphisms from the Lie algebra g to the group G: each ¢, gives rise at the
group level to a Lie group homomorphism that embed SLs in G and that will be denoted
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in the same way. The following notations are common for ¢ € C:

e (§ 1)
)
w-seon((1 1)

valt) =yl = 64 (( Y ))
yalt) = £ 0(t) = 00 (( o ))

Remark 3.2.1. logt is any determination of the natural logarithm on a simply connected
domain. Since they differ by a multiple of 2im and h is a coroot, the determination does
not matter.

Subalgebras of g and subgroups of G
g=ndhdu

is a triangular decomposition where

e h is the Cartan subalgebra (unique up to conjugacy | )

e u (resp. n) is the algebra generated by the (eq)aco+ (resp. (fa)aca+). These gen-
erators are referred to as the Chevalley generators.

br=hu
b=ndh

The corresponding subgroups are:

e H a maximal torus with Lie algebra §
e N lower (resp. U upper) unipotent subgroup with Lie algebra n (resp. u)
e B lower (resp. BT upper) Borel subgroup with Lie algebra b (resp. b™)

The reader unfamiliar with such objects can think of type A,, where B (resp. BT) is
the lower (resp. upper) triangular matrices in the group G = SLy4+1. N (resp. U) is the
subset of B (resp. B™) with unit diagonal.
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3.3 Weyl group and root systems
To every linear form 3 € h*, define the associated reflection sz on b with:
VA€ b, sph=A—[(N\)BY

The reflections (sq)aca are called simple reflections and they generate a finite group W
called the Weyl group. Define mg ¢ as the order of the element ss’. W can be realized as
W = Norm(H)/H.

The choice of a positive system A fixes an open Weyl chamber:

C:={zecaVaec A a(x) >0}
Then, a fundamental domain of action for the Weyl group on a is the closed Weyl chamber:
C={zcal|al)>0,YacA}
For w € W, the inversion set of w is defined as:
Inv(w) := {5 cedt wh e <I>_}

For w € W, a reduced expression is given by writing w as product of simple reflections
with minimal length:

W = 84,845 -+ - Siy
A reduced word is such a tuple i = (iy,...,iy) and the set of reduced words for w € W is
denoted by R(w).
Since all reduced expressions have necessarily the same length, it defines unambigu-

ously the length function £ : W — N. It has another characterization as the cardinal of
the inversion set:

Theorem 3.3.1. For w e W:
L(w) = |[Inv(w)|

The unique longuest element is denoted by wg and we set m = £(wy).

Braid relationships and braid moves

If s,s’ € W are simple reflections, a braid relationship in W is the equality between
d = mg g terms:
ss's- =s'ss" ...

A braid move or a d-move occurs when substituting ss’s... for s’ss’... within a reduced
word. An important theorem is the following:

Theorem 3.3.2 (Tits lemma). Two reduced expressions of the same w € W can be derived
from each other using braid moves.
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Representatives of W in G

A common set of representatives for the generating reflections (s;);cs is taken as:

5 = ¢; << (1) _01 )) = e %elie™® = efigCieli

Another common choice is:

= 1 L f e e _f
§i = 51_ = sz (( f)l 0 >> — eezeffzeez = effzeezeffz

Theorem 3.3.3 (| ], lemma 2.3 ). The Weyl group representatives 3; (resp. ;)
satisfy the braid relationships:

It allows us to define unambiguously w = uv if w = wv and l(w) = l(u) + I(v).

However they do not form a presentation of the Weyl group, since for example (5;)% =
¢i(—id) # id.

The representative wq of the longest element wg has an important property:
Proposition 3.3.4 (| | lemma 4.9). Via the Ad action, wy acts on the Chevalley
generators as:

Va € A, Ad(wo)(ea) = —fa
Positive roots enumerations

It is standard that reduced expressions of Weyl group elements produce positive roots
enumerations. See for instance [ |-

Lemma 3.3.5. Let (i1,...,i) be a reduced expression of w € W. Then for j=1...k:
/Bi,j =S84 si]._lozij
produces all the positive roots in Inv(w). For w = wy, it produces all positive roots.

When the chosen reduced expression is obvious from context, we will drop the subscript
i. In appendix C, we give useful identities related to those enumerations and examples.

3.4 Commutation identities

Let t € C, a € H. Then the following commutation relationships hold (easy to check on
SLj then use the embeddings):

axe(t)a™t = z4(at) (3.1)

aya(t)a_l = yYala™ %) (3.2)

(3.3)



3.5. WEIGHTS AND COWEIGHTS 41

3.5 Weights and coweights

The fundamental weights (wa),eca form the dual basis of simple coroots. They are the

elements in h* such that:
V(a,,@) € AQ,wa (hg) = 5&,6

They form a Z-basis of the weight lattice:

P:={zebh* |VaeAua(hy) €L} = P Zw,
a€A

The dominant weights are:
Pt .= @ Nwq
acA

Similarly, define the fundamental coweights (wy),ca C @ as the dual basis of simple
roots.

3.6 Involutions
Since, wg € W transforms all simple positive roots to simple negative roots, there is an
involution on A (or equivalently the index set I) denoted by * such that:

Va € A, B* = —woa

An antimorphism on the group is a map G — G that becomes a group morphism
once composed with the transpose. We define the following group antimorphisms by their
actions on a torus element a € H and the one-parameters subgroups generated by the
Chevalley generators. For convenience, we also give their action at the level of the Lie
algebra.

e The usual transpose:
a’' =a ;)T =yi(t) w()T = 2;(t)

Ya € A, bl =h, el =f, fI=e,

03
e The 'positive inverse’:
at=al z@t) =z(t) vi(t) =it
VQEA, h?x:_hoc = €q fcby:foc

€
When acting on the enveloping algebra U(g) or its quantum deformation, it is often
referred to as the Kashiwara involution ( [ ] (1.3)).

e Schiitzenberger involution: S(z) = @o (1) @y = @y (z~1)"" @
It acts as ( relation 6.4 in | | or using proposition 3.3.4):

S ($i1 (tl) - g (tq)) = xi; (tq) v xz“f (tl)
Va € A, S(ha) =hor Sea) =e€ax S(fa) = fox
Notice that S=t0S50.

More informations are given in section 4.5, detailing their effect on crystals.



42 CHAPTER 3. PRELIMINARIES

3.7 On the Bruhat and Gauss decompositions

The Bruhat decomposition states that G is the disjoint union of cells:

G= || BtwB* = | | BrB*
weW TeW

In the case of GL,, the second decomposition is known in linear algebra as the LPU de-
composition which states that every invertible matrix can be decomposed into the product
of a lower triangular matrix L, a permutation matrix P and an upper triangular matrix
U. P is unique, and the cell corresponding to P = id is dense as it is the locus where all
principal minors are non-zero. The LU decomposition is of utmost importance in numer-
ical analysis as it allows efficient inversion of matrices.

In the largest opposite Bruhat cell BBT = NHU, every element g admits a unique
Gauss decomposition in the form g = nau withn € N,a € H,u e U.
In the sequel, we will write g = [g]—[glo[g]+, [9]- € N, [glo € H and [g]+ € U for the
Gauss decomposition. Also [g]—o := [g]-[9g]o-
Useful identities that can be proven writing the full Gauss decomposition in two forms
then identifying terms, when they exist:

V(g1,92) € NHU x NHU, [g1g2]o+ = [[91]o+92lo+ (3.4)
Y(g,a) € NHU x H,[ga], = a '[g]sa (3.5)

3.8 The universal enveloping algebra

Invariant differential operators: Here we consider right invariant group actions. The
same presentation can be done using the left group action.

Every X € g can be viewed as a left invariant differential operator of order 1. Its
action on smooth functions is given by:

tX
From such a point of view, it is easy to envision invariant different operators of arbitrary
order. They should be obtained by composing elements Xi, Xo,..., X in g acting as
differential operators. Their identification is subject to possible relations due to the Lie
bracket [, ].
This notion is formalized in algebra as the universal enveloping algebra U(g).

Definition from universal property: The universal enveloping algebra of g is con-
structed as the quotient of the tensor algebra @, g®™ by the two sided ideal generated by
ab — ba — [a,b], a,b € g.

It has the universal property that any Lie algebra homomorphism f : g — A, where A is
a unital algebra, factors into f = goi. g :U(g) — A is unique and i : g — U(g) is the
inclusion.
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Definition with generators and relations: An alternative definition uses generators
and relations, with only the Cartan matrix A = (a;j)1<i j<n as input data. U(g) is the
unital associative algebra generated by F;, H;, E; with 1 < i <n with relations:

[Hi,H;] =0
(B, Fj] = 0;
[H;, Ej] = a;j
[Hi, Fj] =
Serre relations for 4 7é j:
H I —aij\ J1-ai;—s
0=y <—1>S< ) )E VBB
5=0
% 1—ai\ s1—-ai;—s
0=3 <—1>8< ) )F VR
5=0

Since such a definition strips the algebra structure to its bare minimum, it has proved to
be a fruitful starting point for generalizing the construction to Kac-Moody Lie algebras
or quantum groups.

3.9 On the representation theory of semisimple Lie algebras

We are only concerned by finite dimensional modules. A representation of g or a g-module
is a (complex) vector space V' endowed with an action g — End(V') that is a homorphism
of Lie algebras. The Lie algebra structure on End(V') is simply given by the commutator
bracket [a,b] = ab — ba.

Since every homomorphism of Lie algebras lifts to a homomorphism of the correspond-
ing simply connected Lie groups, every g-module V lifts to a unique Lie group represen-
tation G — GL(V).

An irreductible or simple g-module is a g-module V' with no non-trivial submodules, the
trivial submodules being the zero module and V itself.

Note that any g-module can be equivalently seen as a U (g)-module. There is a weight

space decomposition:
V=V,

pneprP

where V, = {v € V |Vh € h,hv = p(h)v}. The non-zero V), are called weight spaces, and
their vectors weight vectors of weight p.

A highest weight vector in V' is a non-zero weight vector v such that & (u) v = {0}. In a
simple module, there is one and only one highest weight vector, up to scalar multiplication.

Highest weight modules: A classical theorem identifies the isomorphism classes of
simple modules.

Theorem 3.9.1. There is a bijection between dominant weights PT and the isomorphism
classes of simple g-modules. To every X € P corresponds a unique highest weight module

V().
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For a simple module of highest weight A, V' (\), we choose a highest weight vector and
denote it by vy.

Characters: For a g-module V, define the character ch(V') as the function on h defined
as:
ch(V) = Z dim Ve
neP

Characters encode an important amount of informations on the representation V. One
of the goals of combinatorial representation theory is to develop combinatorial models to
compute characters efficiently. Examples of combinatorial models are the combinatorics
of Young tableaux for the A,, type, Kashiwara crystals, the Littelmann path model and
alcove walks.

3.10 On Lusztig’s canonical basis

In the sequel, we will never use Lusztig’s canonical basis in itself. However, we will be
extensively interested in its parametrizations. As such it is important to review this
mathematical object. We will remain elusive concerning its precise definition, though. For
more details, the reader could have a look at Morier-Genoud’s excellent introduction, in
French | ]

In the nineties, Lusztig introduced a basis B of the quantum group U, (n) called the
canonical basis. For ¢ = 1, one obtains a basis for the enveloping algebra.

Parametrizations

There are two common parametrizations of the canonical basis. Both depend on a choice
of reduced word for the longest Weyl group element wg. Let i € R(wp) and m = £(wy).
The Lusztig parametrization is a bijection:

[2;] 0 N™ — ‘B
(t1, - ytm) = xi(t1, ... tm)

The string (or Kashiwara) parametrization uses the integer points of a convex polyhedral
cone C; C R ([Litt]), which we call the string cone. It is given by a bijection:

[x_;]: G NN™ — ‘B
(c1y...yem) = x_j(ciy. ., cm)
Kashiwara operators

These are linear operators on U,(n) defined by their action on the canonical basis B. Let
i€ R(wp) and o = a;,. The Kashiwara operators é, and f, satisfy:

fo ([x3](t1, o tm)) = [m] (81 + 1, .. tn) (3.6)

fa ([z=il(cry o oyem)) = [z—i)(er + 1, ..y em) (3.7)
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éa ([aci](tl, e ,tm)) = [l’i](tl — 1, e ,tm) or 0 if tl =0 (3.8)

éa ([r—i](c1,y .. yem)) = [x—i](cr —1,...,¢m) or 0 if ¢ =0 (3.9)

Remark 3.10.1. The Kashiwara operators are quasi-inverses of each other, in the sense
that:

Vb € B, 4 0 folb) =b

Vb€ B, é,(b) #0= fooén(b) =0

Compatibility properties

Here consider ¢ = 1 and view B as a basis of the universal enveloping algebra U(n). The
desirable properties of the canonical basis are compatibility properties regarding highest
weight modules. Fix A € P* and consider the highest weight module V' ()). vy will denote
a highest weight vector, unique up to a multiplicative scalar. It is well known that the
canonical surjection:

m™: Umn) — V(A
n = nuy

has the kernel:
ker(my) = Y U(n) @)

a€A

Hence the truncation:
B(A) =B — B Nkermy

Theorem 3.10.2 (| 1 ). B(X)vy is a basis for V(X)) made of weight vectors.
Therefore, the subsets (B(\), A € PT) of the canonical basis B, once identified with
B(A)vy, form compatible bases of highest weight modules.

For b € ®B(\), denote by ~(b) its weight in the representation V' (A). If b = z;(t1,...,tm)
then, using the positive roots enumeration (f; 1, ..., fim) associated to i:

v(0) = A= 1B (3.10)
j=1
Ifb=2z_i(c1,...,cn) then:

v(b) =X — i cjo; (3.11)
j=1
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3.11 On total positivity

The classical definition of a totally positive matrix is a matrix with all minors being
positive. The subject itself dates back to the beginning of the XXth century and has
many applications in combinatorics, graph theory and probability.

As he says himself, Lusztig got interested in the subject after Kostant pointed out
that the combinatorics of the canonical basis are similar to the combinatorics of total
positivity. Later, it was made explicit that totally positive varieties in G have morally the
same parametrizations as the canonical basis of the Langlands dual GV, but in a different
semi-field. The operation needed is tropicalization and will be detailed later.

Case of GL,: There are two equivalent definitions for totally non-negative matrices.

Theorem 3.11.1 (Whitney | |, Loewner | ], Cryer | | ). An invertible n x n
matriz is said to be totally non-negative if all its minors are > 0, or equivalently, if it has
a decomposition

Yir (t1) - Yir, (b)) hiy (81) - . i, (t1)
where h is diagonal with positive entries, y;(t) = etFit1i = I, + tEi1,, xi(t) = etbiiv1 —
I, + tE;;v1 (Jacobi matrices) for t > 0. Moreover, the space of totally non-negative
matrices can be characterized as the semi-group generated by such elements.

For more informations on the combinatorics of total positivity, see | | and references
therein. The link to the enumeration of non-intersecting paths hints directly to path
models, and walks confined in cones.

Reductive case: In 1993, Lusztig generalized this definition to arbitrary complex re-
ductive groups. The following sets are called totally non-negative parts of G.

e The semi-group generated by a € H such that a? > 0 for every weight v: Hsg =
A =exp(a)

e The semi-group generated by the z4(t),t > 0,a € A: Usg

e The semi-group generated by the y,(t),t > 0,a € A: N>

e The totally non-negative of G is denoted G>o and is formed by the semi-group
generated by all of them.

Lusztig proved that totally non-negative elements admit a Gauss decomposition made
of totally non-negative elements, and exhibited parametrizations as products of Jacobi
matrices.

Theorem 3.11.2 (| | lemma 2.3). Any element g € G>o has a unique Gauss decom-
position g = nau with n € N>o, a € A and u € Uso.

Theorem 3.11.3 (| | proposition 2.7, | |, Proposition 1.1). For any w € W with
k = l(w), every reduced word i = (i1,...,i) in R(w) gives rise to a parametrization of

UYy :=Uso N BwB by:
Ty - R%, - )
(tl, .. ,tk) = T4y (tl) cee Ty, (tk)
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Hence the name of totally positive varieties for the sets UYy,w € W. The Bruhat
decomposition tells us then that the previous maps have disjoint images and cover the
entire non-negative part Usq = | |,,cy ULy. Of course, after transpose, one has analogous
parametrizations for N¥, := N>o N BTwB™.

Afterwards, Berenstein, Fomin and Zelevinsky in a series of papers (] ) ,

|) completed the picture by defining generalized minors on semi-simple groups, al-

lowing to define the totally positive varieties as the locus where appropriate minors are
positive.

3.12 On generalized determinantal calculus

We mean by determinantal calculus, the computations involving minors and relations
among them.

Case of GL,: In the classical case, the minor Ay j(x) of a matrix « € GL,, is obtained
as the determinant of the submatrix with rows I and columns J. I and J are subsets of
{1,...,n}. Tt is well known that matrices having a Gauss decomposition are those having
non-zero principal minors.

Complex reductive case: This fact can be extended to all complex semi-simple groups
provided that we construct generalized minors. For x = nau € NHU dense subset of
G, we define the generalized principal minors indexed by the fundamental weights as
A% (z) = a*'. A useful result is:

Proposition 3.12.1 (] | Corollary 2.5). An element x € G admits a Gauss decompo-
sition if and only if
Va e A, A% (x) #0

Arbitrary minors are indexed by the fundamental weights and couples of Weyl group
elements:

V(u,v) € W X W, Ay v, () 1= A (ﬂfle})
For more details, see | ) , .
Representation theoretic definition: Generalized principal minors can also be writ-
ten using a representation theoretic approach.

Lemma 3.12.2 (] | section 3). Let v, be a highest weight vector for the representation
V(wi) and {.,.) an invariant scalar product. With v, normalised, we have:

Vz € G, A% (37) = <37Uwi7 UUJi>

Proof. On the dense subset NHU C G, write the Gauss decomposition x = nau. Since
the U action fixes v, in the representation V (w;):

(XU, V) = (auvwi,nvai) = (av,,, Ve, )
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The result holds using the fact that the torus H acts multiplicatively on highest weight
vectors:
AV, = a0y,

Then the generalized minors are given by:

V(u,v) € W x W, Ay, ww; () 1= (@00, Uvy,)

3.13 Ceriteria for total positivity

Thanks to the previous generalized minors, Berenstein, Fomin and Zelevinsky gave criteria
for total positivity. We will often make use of the following criterion for total positivity
in the lower unipotent group N.

Theorem 3.13.1. The group element x € N 1is totally positive:
xr € NIJ
if and only if:
Vw € W,V € A, Ay, wo () >0

In fact, there are more precise results and for all cells. An important feature is that one
does not need to test all minors. Let w € W and for every reduced word i = (i1,...,iy,) €
R(w), define the family of minors:

F (i) = { ki = Doy siin o 1 Sk <}
And:
Fw= {J F@
i€eR(w)
Theorem 3.13.2 (Total positivity criterion - theorem 1.5 in | ] or theorem 1.11 in

[ | ). Let w € W. Then the following propositions are equivalent:
(i) x € NN BYwB™ is totally positive.

(ii) For a certain i € R(w), A(z) > 0 for any A € F(i).
(iii) A(xz) > 0 for any A € F(w).

Then, they also gave monomial formulas that gives the parameters in the factorization
to a product of Jacobi matrices. We can cite | I, [ I, 1 | as main references.
Those formulas rely heavily on the generalized determinantal calculus and express the
parameters of a group element x € U N BwB as a function of the minors of z = n,(z), a
twisted transformation of the element z.

This ’twist-map’ is defined on the trace of each Bruhat cell. For each w in the Weyl
group, let UY := U N BwB and 7, : UY — U" is defined by saying that 7, (z) is the
unique element z in U N BwzT. Hence:

Ve € UY, ny(x) = [wz?], (3.12)

A key fact is that 7, restricts to an automorphism between the positive parts U¥ (] ]
page 3, theorem 1.2, proposition 1.3).
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Remark 3.13.3. Here we mainly talk about total positivity in the unipotent group U, or
N applying the transpose involution to the previous theorem. The same machinery works

for the entire group, but then it is necessary to cut the space into double Bruhat cells. It
is the object of the article | .






Chapter 4

Littelmann path model for
geometric crystals

Let G be a simply-connected complex semi-simple group with Lie algebra g. Let b be its
Cartan subalgebra and A the set of simple roots. a is the Cartan subalgebra of its split
real form or equivalently the subspace of b, the Cartan subalgebra, where simple roots are
real-valued.

In the nineties, Kashiwara introduced combinatorial objects called crystals that encode

the representation theory of Lie algebra (see | ]). Littelmann’s work ([Litt], [ ],
[ ]) allows to realize them as paths in a*. And more recently, Berenstein and Kazh-
dan ([ 1, 1 I, 1 |) defined geometric crystals as algebro-geometric objects that

degenerate to Kashiwara crystals by tropicalization, using the fact that totally positive
varieties ’know’ everything about the combinatorics of crystals.

Here, we construct a path model for geometric crystals, in the same spirit as Littel-
mann. In fact, this will be a path model for the Langlands dual GV. As such, crystal
elements are paths in the real Cartan subalgebra a (instead of a*), the weight function is
the endpoint of a path and tensor product of crystals is given by concatenation.

We start by defining a notion of geometric crystal in general. Then we consider the
totally positive variety B = B~g, with relevant coordinate charts. B is the typical positive
geometric crystal in the sense of Berenstein and Kazhdan. It will play the role of a ’group
picture’ for geometric crystals, before presenting the path model that morally sits on top.

Indeed, there is a projection p that maps paths to Berenstein and Kazhdan’s group
picture. The projection of a path 7 is given by the flow of a left invariant differential equa-
tion on N A driven by w. The underlying invariant differential operator is closely related
to the Casimir element in Kostant’s Whittaker model. Furthermore, p is a morphism of
crystals that restricts to an isomorphism on connected components.

A connected crystal is naturally parametrized by m = ¢(wy) positive real parameters.
These parameters are a geometric lifting of either the Lusztig parameters or the string
parameters of the canonical basis. Moreover, isomorphism classes are indexed by a single
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vector A that is interpreted as a highest weight. In order to obtain the isomorphism class
of a connected crystal (m) generated by the path 7, a remarkable transform on paths 7y,
has to be applied. This transform is a geometric lifting of the Pitman operator P,,,. The
highest weight A € a is the endpoint of Ty, 7.

In the end, for every T' > 0, we prove that the following map is a bijection onto its
image:

C’0 ([Oa TL Cl) — (Bv C ((Oa T]v Cl))
T — (p(7), T )

This bijection can be interpreted as a geometric version of the Robinson-Schensted-Knuth
correspondence.

4.1 Geometric crystals

We made several although not essential modifications to the original setting of Berenstein
and Kazhdan. Whereas they defined geometric crystals as being affine varieties over Q,
we will simply consider them as sets with structural maps. This will allow us to consider
the geometric crystal of continuous paths valued in the Cartan subalgebra a.

Moreover, instead of defining a positive structure separately ([ | section 3) we will
be directly working at the level of the totally non-negative variety G>¢. Finally, we will
favor using the additive group R instead of the multiplicative R~ hence the presence of
numerous logarithms.

4.1.1 Abstract geometric crystals

Definition 4.1.1 (Abstract geometric crystal). An abstract crystal is a set L equipped
with

e a weight map v: L — a.
® £, 0q : L — R defined for every o € A
ee:L—+L,ceR,acA
and satisfying the following properties for m € L:
(C1) pa(m) = ea(m) + a(v(7))
(C2) y(eG-m) =7 (m)+ ca’
(C3) €q (€5 -7) =€ (m) —c
(C3) ¢a (€G- m) = pa () +c

/

. . /
(C4) e, are actions: ® = id and eS¢ = €, - €S,

Clearly, (C3) and (C3’) are equivalent once (C1) and (C2) are assumed.
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Here, unlike the standard object defined by Kashiwara, there is no ghost element and
the crystal has free actions. Moreover, we adopt a continuous setting in the spirit of
[ ]. One could use the term ’free continuous crystal’.

Later on, we will also require a certain type of commutation relations between the
actions (e, )qacn, identified as Verma relations. Berenstein and Kazhdan refer to such
structure as a ’pre-crystal’ if Verma relations are not available. For more convenient
notations, define I to be a set of indices for the set of simple roots A.

Generated crystals: Given a subset S of a crystal L, define (S) as the smallest sub-
crystal of L containing S. Since intersections of crystals are crystals, we can define it
as:

<S> = MNScC subcrystal of L C
= {ecl e -...ecl_l czlz e S,leN,(cr,ca,...,¢) € R (i1,ig,...,4) € Il}

iy Qg a;

Connected components: A crystal is connected if given two elements x and y, there
isl €N, (c1,co,...,¢) € Rl and (iy,49,...,4;) € I' such that:

— pC1 c2 Cl
y eail Ozi2 a,'l

X
It is quite obvious that any crystal is the disjoint union of its connected components, since
"being connected’ is an equivalence relation. Also a connected component is generated by
any of its elements, and connected components are subcrystals.

Morphism of crystals: A morphism of crystals is a map 1 that preserves the structure.
It is an automorphism if invertible, and the inverse map is a morphism.

g-Tensor product of crystals: In the sequel, the crystal structure itself will depend
on a parameter ¢ > 0. For ¢ > 0, we define the ¢-tensor product of two crystals B; and
By as the set By ®¢ By = By X By endowed with structural maps. For ¢ > 0, they are
given by:

o 7 (b1 ®qb2) =7 (b1) + v (b2)

ca(ba)—palby)
o £, (b1 ®gb2) =eq(b1)+qlog (1+e a )

pa(by)—eal(by)
® ©q (b1 ®q b2) = @a (b2) + qlog (1+e 7 )

e The actions are defined as €, (b1 ®q b2) = (€5 - b1) ®q (€52 - ba)
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where

c+<pa(l71) 5a<b2)
q
¢1 = qlog ( wbl) ea(b2> )
q

5a<b2) pa(by) ca(by)=va(by)
e +e q —qlog(1—+e a

Wa(bl) 504(52)
q q
€2 = qug soa(b1) —C+8a(b2)

q

‘Pa(bl) ea(ba) pa(by)—ca(ba)

= —qlog +e 1 )+qlog<1+e 7 >

Remark 4.1.2.
c1+co=c

By letting the parameter ¢ — 0, one recovers the same ’frozen’ axioms for tensor product
as in | ]. As such, tensor product for ¢ = 0 is also well defined as:

o v (b1 ®b2) =y (b1) + v (b2)

o £ (b1 ®by) =4 (b)) + (ea(D2) — wal(b1))"

o o (b1 ®b2) = ¢a (b2) + (Palb1) — €alb2))”
e (b1 ®ba) = (€3 - b1) ® (eg? - ba)

where

c1 = max (¢, ea(b2) = ¢a(b1)) = (calb2) = pa(b1))"
c2 = min (¢,€a(b2) = Pa(b1)) + (pa(br) — ca(b2))”

It is easy to check that one still obtains a crystal:
Proposition 4.1.3. For all ¢ > 0, By ®, B is a crystal.

Proof. Let us verify axioms for crystals from (Cy) to (C4), in the case ¢ > 0, then ¢ =0
will follow by a limit argument.

(C1)
Pa (b1 ®q b2) — €q (b1 ®g b2)

a(by) Ea(b)
= @a (b2) +qlog<1 - 2)

ca(ba)—pal(by) <Po<(bl)
—&q (b1) —qlog(l e )

= o (b2) — €a (b1) + a (b1) — €a (b2)
=a (7 (b)) + (v (b2))
= a (7 (b1 ®¢ b2))
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95

(C2)

o (b1 ®q b2))
v (eq - b1) + v (eg - ba)
=y (b1 Qq bg) (61 + 62) oV

v (e

using the remark that ¢ = ¢; + co, the second axiom is checked.
(C3) We will only check:

Ca

(C4) We know that

where

We simplify:

eC

eq (b1 ®q b2))

caleg? b)—pa (el by)
€a (€5 - 1) +qlog <1+e a )

—c1 + €4 (b1) + qlog <1+e q

—0+Ea(b2>—va(b1>>

—c1+ 4 (b1) —c+qlog (ec—i-e a

Ea(bz)Wa(b1)>

ca(b2)—pa(by)
co(br) e+ qlog (145

—C + Ea (bl ®q b2>

/ / /
e - (b1 ®q b2) = e by Rgq €2t . by

<’ +oa(by) ca(ba)
’ ] e q +e «q
€1 = qlo8 pab])  caly)
e 19 +e «g
C, Cl
ctwaleql b1) caleq?-by)
e q +e q
c1 = qlog = -
Wa(eal'bl) cale a2 -bg)
e q +e a
/ /
C2 = C— Cl
Co =C—C1
C+50a(bl)+cll Ea(bQ)—C/Q
1 e q +e q
€1 =408 | = a7, catn)—,
e q +e q
ctc’+oa(by) ca(b2)
1 e q +e ¢
= qlog Ttealbl)  calby)

e q +e «
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Hence:
et +oa(by) ca(b2)
f e q +e «
c1+ ¢ =qlog O oY)
e ¢4 e 4
and
Pa(by) ea(ba)
;o / AREDS| 7 te ¢
catcy=ctd —(a+d)=qlog palb)) N )
e 12 +He q
In the end:

€ ‘eg’ - (by ®q by) = eC1 e by ®, eC21¢ - by = e°TC. (by ®q by)

«

4.1.2 Geometric varieties and coordinates

Geometric lifting is the general idea that computations in the tropical world using the semi-
field (R, min, 4+) have analogues in the geometric world using (R, +,.). More information
is provided in subsection 7.1.1. Here, the reader will only need to have in mind that the
rational maps in the sense of semi-fields, which are the rational and substraction free maps,
preserve positivity and can tropicalized.

Definition 4.1.4 (Lusztig variety). Define the geometric Lusztig variety as:
Uq>08 =UNBwyBN GED

In the Cartan-Killing type A, UL is nothing but the set of totally positive upper
triangular matrices with unit diagonal. It is known since Lusztig that:

Theorem 4.1.5 (| ). Every reduced word i € R(wy) gives rise to a bijection:
ne R, o U%

(tl, Ce ,tm) — xil(tl) .. .xim(tm)

Moreover, for i, i’ € R(wy), the maps :zi_,l oxj : RTy — RYy are rational and substraction
free.

Such a name is legitimate because changes of parametrization in the GV canonical
basis where proven to be the tropicalization of the rational substraction free expression
([ |, theorem 5.2):

Rm/ (t) = wi_/l o Iy (t) (4.1)

Definition 4.1.6 (Kashiwara (or string) variety). Define the geometric string variety CLj
as:

C;Ug =UwoUNBN GZO

Of course, this definition depends on wg, our choice of representative for the longest
element wy in the Weyl group.
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Theorem 4.1.7 ([ ). Every reduced word i € R(wy) gives rise to a bijection:
Tj: 2o - C%
(c1yooovem) = x_j(c1)...x—, (cm)

Moreover, fori,i' € R(wy), the maps x:il/ ox_j : Ry — RYy are rational and substraction
free.

In the same fashion, changes of parametrizations in string coordinates for the canonical
basis (in GV) are given by the tropicalization of (] |, theorem 5.2):

Ri v (c) =} ox(c) (4.2)
A useful relationship between the maps x; and z_; is the following:

Lemma 4.1.8. (/ | Lemma 6.1 ) Leti= (i1,...,1;) € R(w) a reduced expression and
BY,... ,,6’]\/) an associated positive coroots enumeration. Then the following statements
are equivalent:

() (i) 25 () =1 Z’vl...cjajxij(tj) (1)

(1)1 <k < j,tp =k Hc
<k

(10)V1 < k < j,cp = tg H tﬂk #)
I<k

Moreover:
A\

H B

J
T e
k=1

Proof. The equivalence between the two first statements is immediate using commutation
relations:

(x—il (€1) .. x— (CJ'))T

7a% _a¥
:cj wi;(cj) . ..cp Mg (cr)
1
\/ Jj— Oézk
e e T

I<j—k

The equivalence between the two last statements can be proved by induction over j. For
j =1, it is immediate. Then, for 7 > 1, by induction hypothesis:
)

—Q . (aik

) B(5y
c]_tJHck _JH<tkHt )
k=1
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Rearranging the double product gives:

j—1 Jj—1 i
—Q4 /Bk ,31 )sz (Oéi )
¢j =t;j (H k ) H , T 7

_az] (%vk +Zf:_kl Bi (ﬂl)aivl)

—tJH ;

Then using the second identity in lemma C.0.6 with X\ = 3/

j—1
V V \%
a;, + Z Bi(Br )y,
=k
-1
—1
:O{XC + (Sil ... Sik) ,8;\; — (5i1 . Sij,1> ﬁ]\f/
—1
= — (Si1 e Sij_l) 6]:,/

In the end, as announced:

¢; =t; Htk ((amm) )

(8Y)
=t; H ty
k=1

The last equality is a straightforward calculation:

j Vv .] \ \
i Yo Pe(Boa;
HC:k:H t:kHtlk lak
k=1 k=1 I<k
:ﬁt:¥k+ L BuBray,

Using again the lemma C.0.6, we have:

j
af + Y BlBray, = —w

I=k-+1
O
From Lusztig parametrization to string coordinates: Define
Vu € U N BwoB,n®" (u) = [wy 'u’]=§ = [wy 'u’ |1 woS (u)" (4.3)

—1
Vv € BN UwoU,n""° (v) := [(wovT) l+ (4.4)
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Theorem 4.1.9 (| ], corollary 5.6 ). The map n®"° is a bijection from U N BwoB
to BNUwoU and restricts to a bijection from USY to C3f. The inverse map is n®™°.

n®"0 gives then the correspondence between the Lusztig variety and the string variety.
The tropicalization of this correspondence is a very interesting map. In the notations of

section 3.10, we have:

Theorem 4.1.10 ( | |, theorem 5.7 ). Changes of parametrization for the GV canon-
ical basis are obtained by tropicalizing the following rational substraction free expressions.
Going from i-Lusztig parameters to i'-string parameters is achieved by tropicalizing:

e,w
Ty 0N oz

Conversely, in order to obtain i-string parameters from i'-Lusztig parameters, tropicalize:

wo,e

Ty on o

Geometric crystal elements:

Definition 4.1.11 (Geometric crystals). Define the geometric crystal of highest weight
A € a as the set:
B(\) = C¥e

The union of all highest weight crystals will be denoted by B, which is nothing but the set
of totally positive elements in B:

B=|]BM\

A€a

Later, we will see that B is an abstract crystal in the sense of definition 4.1.1. Also,
notice that the dependence in A is given by a flat torus fibration and the highest weight
can easily be recovered from any element x € B using the highest weight map:

Definition 4.1.12 (Highest and lowest weight, | | relation 1.6). Define the highest
weight map hw : B — a by:

Va € B, hw(x) := log[wy '2]o
The lowest weight is given by:
V€ B, lw(z) := loglwy '2']y = wohw(x)
Notice that highest weight crystals are disjoint in B and that hw (B(\)) = {\}
Properties 4.1.13. (i) hw can be extented to BTwoB™ as:

V(z,u) €e U x U,t € H, hw (zwotu) = log(t)

(ii) hw is an U x U-invariant function.

(iii)
Y (z,y) € a®,Vg € BtwoB™, hw (e*ge¥) = wox + hw (9) + ¥
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Proof. (i) If g = zwotu € BTwoB™

hw (g) = loglwg ' glo
=log[wg ' zwgtu)o
=log(t)
(ii) Immediate from (i)
(iii)
hw (e”ge¥) = log[wy 'e*ge¥]o
= log[wg ' e"wowy ' ge¥]o
=log[e™*"w, L geY]o
=wozr + hw (g) +y

O

Every element x € B (\) can be written using a certain associated parameter. The
letters u and z will usually refer to an element in U and the letter v will usually refer
to an element in CL§. An expression we will often use is:

Theorem 4.1.14. For x € B(\), one can write uniquely:

x = zwpeu, 2 € ULy, u € U

Mapping x to z (resp. u) is a bijection from B(\) to USY. The former will be refered to
as the Lusztig parameter associated to x, and the latter the twisted Lusztig parameter.

Proof. The existence is a consequence of the definition of B(A). The uniqueness comes, as
we will see, from exhibiting inverse maps that preserve total positivity. O

There is also the possibility of using a parameter v € CY§ that we will call the string
or Kashiwara parameter associated to x. Such names are justified by the fact that these
choices give a geometric lifting of the parametrizations for crystal bases.

From the previous theorem, it is obvious that hw=1({\}) = B()\). In all the following
formulas, the group elements considered belong to the double Bruhat cell B N BTwyB™
and thus, every Gauss decomposition that we use is allowed.

Definition 4.1.15 (Parameters associated to a crystal element). Define the following
maps on B:

o" - B — Uss
T = zperu oz = [wy )y
oK B — CcL
1
r = v=[w, [:L‘],]:OFJr
ol : B — ULl

A 1

xr = zwpe’u —  u=[w, x|4+
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For x € B, the group elements z = o"(z), v = 0" (z) and z = o (x) will be referred to
as the Lusztig, Kashiwara and twisted Lusztig parameters associated to x.

The following property shows that all highest weight crystals share the same parametriza-
tions, hinting to the compatibility properties of the canonical basis. Recall that n*¢ is
given in equation (4.4).

K

Proposition 4.1.16. Once restricted to B(\) the maps o, o and 0" are invertible with

inverses:
bk U% — B(A)
2 x = [2wWg]_ge = zwoe (6_/\[2@0];16)\)
oK. vy — B()

v @ = [ (0) do] ot = [(worT) Mg [Ty e

0 e
T UM — BN
u — xz==So01 (e*/\[wo_luT]Jre’\) woe

Remark 4.1.17. It is easy to see that with such definitions, n®"° (z) = v.

In the sequel, we will try to stick to the letters z, v and u when dealing with each
choice of parameter. The figure 4.1 shows the different charts for B(\), together with the
inverse maps bf , bf and br‘f. Since those parametrizations will be important to us, we
reproduce that commutative diagram among other ones in appendix A.

. x € B(\) .
by by
L T
e 4
b | oK
e,wo
z € UL} veCLy u € UL

Figure 4.1: Charts for the highest weight geometric crystal B(\)

Proof. The fact that these charts preserve total positivity is dealt with later in theorem

4.1.18. Let us start by writing:
A

T = zwope U
Lusztig parameters: It is easy to see that since x € B, we have x = [x]_g = [z100]_¢e*
The second expression is obtained directly by the identity [21o]_o = 2o [210]7 .
In order to obtain z from z, making use of the anti-automorphism ¢ gives:
A

b =u'e Mwpzt
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Hence:

where we have used the involutive automorphism S o ¢ defined in section 4.5:
oA w7t
y=2So1 ([ue w0]+)
1

_ [U_Jale_/\uTe/\]_;.

And in order to obtain u from x, write [wy @]y = [wy ' zwoetu] . = w.
Finally, for the Kashiwara parameter, if x € B(\) and o® (x) = v, then:

70 (v) =[ (@™ 1
=[5 " [«]-Joy 5+
=[]~ wo[wg ' [2]-]-wg ']+
— o[y [a]-]- @5

Therefore:

x =[wo[wy '] -0] -0
=[wo[wg '] -] -]-oe*
=[1"** (v) o] o€

Another possible expression is indeed:
@ =" (v)wo "™ (v) o] e

-1
:nwo’e(v)u_}()[(u_)g’uT) 11_)0]_7_16/\

= () g [T e

<

O

Theorem 4.1.18. All maps o, o and o (and their inverses) are rational and sub-
straction free once written in coordinates. Thus they preserve total positivity.
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Proof. Notice that:

ne,wo o QL — QK

LOQLO[,:QT

We already know that n®™° and its inverse are rational substraction free once written in
the appropriate charts (theorems 4.1.9 and 4.1.10). The same goes for ¢ as xi}%, orox; = 1id
and z;, Loy 0x;. Therefore, the theorem will be proved by dealing only with the mappings
o" and bf.

In order to further reduce the problem, introduce the twist map studied in | ]:

N, © (UNBwyB) — (UN BwyB)
z = lwg T
It is easy to see that 77;(} = L0y, 0t. Moreover, one can show that z;, o1, 024 is rational
and subtraction free, for every reduced words i’ and i.
Technically, in proposition 4.1.16, we only proved that the following correspondence

for the Lusztig parametrization is bijective:

(BNUwyU)e* — UnNBuwyB
x = [zg]_oe =z =[wylat]y

Therefore, after getting rid of the dependence in A, we will consider:

p: BNUwylU — UNDBwyB

x=[zwo)l_0 = 2= [wy 24

and prove that x; lopo x_i(c1, ..., cp) is rational and subtraction free in the variables
(c1,...,¢cm), hence preserving total positivity. Applying the monomial change of variable
in lemma 4.1.8:

T —Oéi _aV
(x_i(er, .o yem)) =¢ *ooiom M Tjop (b, ..., 1)
we obtain xi_l o 77;3 o Zjop (tm, - - ., t1), which we know is rational and subtraction free, as
well as its inverse. All intermediate rearrangements were also rational and substraction
free, hence the result. ]

4.1.3 The weight map

Definition 4.1.19. Define the weight map v : B (\) — a by:
'@ = [z]o

This weight map is the geometric analogue of the classical weight map for crystal
bases. The similarity is particularly obvious when comparing the following result with
equations 3.10 and 3.11. It uses the dual root system as the geometric crystal on G has
the properties of the canonical basis for GV.
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Theorem 4.1.20. Let x € B(\), z = o%(x), v = of(2) and u = o' (x). Write for
ie R(’wo)

z=uxi(t1,...,tm)

v=x_;(c1,...,cm)

w=uxzi (th,...,t,)

rYm

And etk = ts, e~ = t). and e~ = ¢y,. Then, in terms of coordinates, the weight map is
given by:

(@) =X=Y hpy
k=1

Proof. For x = [zig] _ge* with z = x; (t1,...,t,). We apply lemma 4.1.8 to the opposite

reduced word i°P = (i, ...,11). Assuch, the positive roots enumeration is reversed as well
as the order of the parameters ty,. .., ty,. Thereisab = z_jop (c1,...,cm)" € BYfNNwy,'N
such that:

m Vi
—woBop
y = I | t P m—j4+1 b
J
7=1

The exponents can be simplified as:

V
— woSiop m—j+1
\Y

= — wWoSi,, --- Sij+1aij

\

:Sil P Si]-_lolij

v
=B;
Hence:

u = Htj’ b
j=1

Because bwg € NU, we have:



4.1. GEOMETRIC CRYSTALS 65

We can deduce the weight map expression in terms of (¢}, ), ..., ) quite simply from
the above proof. Notice that applying ¢ to x, changes u to u'*, A to —wpA and v(x) to
—v(z). As such, using the expression found for the weight map in Lusztig coordinates,
while considering the opposite word i°P:

m
—y(x) = —woX = Yt py1Bibe g
=1

Hence:

m
V(@) = wor + > Ty i1 Biopk
=1

m

_ 7 . . v

= wo + Z bkt 1 (—wosi, - .{<>’mekil)oaim_l€
k=1

m
~o (3= 30
k=1
In the string parametrization v = ¢%(x) = z_; (c1,...,¢n). By definition 4.1.15:

v = [wg ' [2]-]54

Hence:

Rearranging the equation yields the result.

4.1.4 Examples

We illustrate the previous coordinate systems and maps by a few examples for different
semi-simple groups. We will take z € B and write in coordinates:

z = ol (z) € UL

v=0"(z) € C¥}

a c
G—SLg—{:U—(b d) \ad—bc-l}

g =sly = {x € My(C) |tr(z) =0}

Aj-type:
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a 0 N
H:{l':<0 a1>,a€(C}

h=Ca

1 0
v o_
where oV = (0 1).

The disjoint union of all highest weight crystals is B:

a 0
s {3 0 1es0asd
a 0 .
For:):—(b a1>€[)’, if:

_0_10
Y=l e

then, in terms of the matrix x, we have:

A = log(b)a"
el
=c= b

Remark 4.1.21 (The reductive case: GL3). If G = GLg, then one can factor the group
thanks to the determinant G =~ SLo x C*. The extra dimension can be treated separately.

Ao-type:

G = SL3(C)
g =sly = {z € M3(C) |tr(x) =0}

0|,abc=1,(a,b,c) e ((C*)3
c

b
0
b
1 0 O
where of = |0 —1 0| and o =

0 0 O

The disjoint union of all highest weight crystals is given by lower triangular totally
positive matrices:

0
B = 0

QU o2
o o O

| acf = 1;a,b,¢,d,e, f > 0;be — dec >0

~
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a 0 0
For a crystal element x = | b ¢ 0| € B, if:
d e f
A = hw(x)
1 t1+t3 tite
z = x121(t1,t2,t3) = [ O 1 to
0 0 1
1
fes 0 0
v=x_121(c1,c2,3) = | c5" + % %
1 C3 C2

then the correspondence n“"0 (z) = v gives:

(tla t?) t3) - (Cla C3, CQC{;1>

Moreover, we have:

d 0 0
e)\ —1|o0 be;dc 0
1
0 0 be—dc
tito 0 0
o -1 A
xr = tg t3t1 0 (&
1 titts 1
tite tats
Ci1C3 0 0
—| s cleacst 0|
1 cic3tco 1
cicy c2

4.1.5 Geometric crystals in the sense of Berenstein and Kazhdan

Now, we will explain why B is a positive geometric crystal in the sense of Berenstein
and Kazhdan (] 1, [ |) using their framework. Their construction starts with
the notion of unipotent bicrystal. In our case, the unipotent bicrystal is simply the cell
BNBTwyB™. Then it can be decorated with structural maps and endowed with a positive
structure. This tantamounts to restricting the structural maps to B, the totally positive
part. The structural maps we inherit satisfy the axioms in definition 4.1.1 and more.

Define the fundamental additive N-character eX» : N — C by:
Y(a, B) € A%Vt € R, x5 (€79)) = tdu 5

where 0 is the Kronecker delta. It is naturally extended to B by setting Vz € B, x,, (z) =

Xa ([2]-)

Theorem 4.1.22. The set B is an abstract geometric crystal once endowed with the
structural maps:
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o B — a
g +~ log([glo)
e Forx e B:

€a(t) = Xq (2)
Pa(r) = Xq (¢') = a (v(2)) + €a(2)

o -1 =z, (:;7_(})) x)—0 = Tq <68;7_(11)) TTq (%)

An important fact to keep in mind is that the previous group product uses a U x U
action, and the right action is there to exactly balance the left action. As such, the
resulting group element is still in B C B.

So far, we made the choice of working directly with the totally positive elements. Only
in this subsection, we will work outside of the totally positive varieties, in order to present
Berenstein and Kazhdan’s construction, from which theorem 4.1.22 follows immediately.

The unipotent bicrystal (X,p): A unipotent bicrystal is a couple (X, p) such that
X is a U x U variety, meaning a set with a right and left action of U, and p : X — G a
U x U-equivariant application, meaning it is an application such that the action of U x U
on X and G commute.

Here pick X := BTwyB™ with the natural left and right group action of U. And
p: BTwoBT < G is the inclusion map.

The unipotent crystal X~ : Following | | section 2, we define X~ to be the
unipotent crystal associated to (X, p) by:

X :=p YB)=BnBTwyB"

It is nothing but the largest double Bruhat cell inside of the Borel subgroup B. Here we
are dealing with a unipotent bicrystal of type wq (] |, claim 2.6).

The positive structure Ox: Now fix A € a. For every i consider the charts:

biox;: R7Ty — B(A)

ozt RTY — B\

blozi: RTY — B\
In the language of | |, they are the restrictions to the positive octant RZ, of toric charts
from C™ to (BN UwU)e*. Moreover, because of theorem 4.1.18, these toric charts are

positively equivalent, defining the same positive structure ©x on (B N UwoU)e*. When
looking only at the image of RZ; through those charts, one is dealing only with B(\).

The positive geometric crystals F(X,p,0x): By proposition 2.25 in | |, the

unipotent bicrystal (X, p) gives rise to a geometric crystal F(X,p) = (X7, 7, @a, €as €, e € A).

By lemma 3.30 in | ], one gets a positive geometric crystal F(X, p, ©x) meaning that
these structural maps respect the positive structure. Therefore, we can restrict them to
B, which proves theorem 4.1.22. Notice that the notation for €, and ¢, are reversed
compared to [ ].
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Tensor product of geometric crystals Given two geometric crystals X and Y, each
one endowed with maps (7, ¢a, €qa, €,|a € A), Berenstein and Kazhdan define the tensor
product X ® Y as the set X x Y endowed with the following maps:

V(z®@y) =) +7(y)
ca(z®y) = eq(z) + log (1 + eaa(y)_“”“(x))
ol ®Y) = Pa(y) +log (1 + e =)
¢ (T@Y)=eq ey
where
c1 = ]Og (ec + eaa(y)_ﬂaa(x)) _ log (1 + e&x(?/)‘@a(x))
Cy = — log (e_c + eaa(y)_Wa(x)) + log (1 + eaa(y)_SOa(x)>
Claim 2.16 in [ | asserts that X ® Y is a geometric crystal. Notice that this definition

is the same as our g-tensor product of crystals when ¢ = 1, and in proposition 4.1.3, we
in fact checked that claim.

4.1.6 Additional structure

Invariant under crystal action: At this level, it is easy to see that the highest weight
is invariant under the crystal actions e :

Lemma 4.1.23.
Vo € B,Va € A, Ve € R, hw (€, - ) = hw(zx)

Proof. Notice that B = (BN BtwoB*')., = (BNUwU)s, - A. Also, the crystal actions
e,,a € A are given by an action of U x U, leaving the A factor invariant. This factor is

nothing but ¢"() hence the result. O
Verma relations: Following ([ ]), for an abstract crystal L and any word i =
(i1,...,ix) € I* (not necessarily reduced), define the map:
e: axL — L
(1) (2) (k)
() — el = eg; ) giQ ® gk ) .

where gU) = Sip -+ - Sigyq (0G)-
The relations appearing in the next lemma are called Verma relations. If they hold,
one can define unambiguously e,, = ¢; for i € IF if w = Sip « - Sip,-

Lemma 4.1.24 (lemma 2.1 | ). The following proposition are equivalent:

(i) For anyiec I* and ' € I¥, if:

Then e; = ey .
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(i) The following relations hold for every ci,co € R:

C1

€a

c2 _ ,C2  C1
€ — €5 €
B B Ta

’LfOé(,B) = B(a) =0;

c1 . 2c1+ca  cite2
a e/g’ T €y

if a(8Y) = =1, Bla¥) = —2;

c1 3ci1+co . ,2c1+c2 | 3c1+2¢o
ey es ey

C1

e for

citca | e%cl—l—cg e

c2 __ _C2 |
€3 = €5 - €y

citc2 |
«a

C1
€ e “eq

citeca | 3eit+2c2 | 2c1+ce | 3citer
« M 66 M ea M 66

ef =ef ‘e
if a(BY) = —1, B(a’) = =3.

Proof. (i) = (i7): If i and i’ are reduced expressions, then by Tits lemma (theorem 3.3.2),
one can obtain i’ from i using braid moves. If a and /8 are simple roots in A and satisfy

a d-term braid relationship s,sgsq -+ = 535453 . .., then we obtain:
Vi € a,e2® _e(ﬁsaﬁ)(t) . e&sasw)(t) L eg(t) . 6&8@@%)(0 _e(aSaSﬁa)(t) .

In particular, writing this equation for ¢ in the span of the coweights wy and w}j/, we find the
Verma relations. This is the classical rank 2 reduction. The list of relations corresponds
to the root systems Ay x A1, Az, BCo, Gos.

(79) = (i) Conversely, the Verma relations imply e; = ey for reduced words. If i and
i’ are not reduced, it is well known that one can reduce them by using braid moves and
by deleting equal successive indices, as they correspond to a product of the form s = id.
Therefore, we only need to notice that if i contains two equal successive indices and i’ is
the word obtained by deleting them, then e; = ey. Indeed, if i € I*¥, k € N and 1y = lj41
for a certain j then for all ¢ € a:

(58141 (5;) (t)e(sik'"siﬁz (o)) () —id

Vit € a, €a, oy
O
Proposition 4.1.25. For the geometric crystal B, Verma relations hold.
Proof. See | ]. The proof is carried by direct computations in the group. O

W-action on the crystal: In general for any abstract crystal L, as soon as the Verma
relations hold, one can define a W action on L. If w = s;, ... s;,, define:

VeeLow-z=e"® . g

Proposition 4.1.26 ( | 1 ). The W action on a crystal is well defined, and the weight
map s equivariant with respect to this action.

Proof. Equivariance is easily checked on simple reflections, as for « € A and z € L:
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Then it carries on to all elements in the Weyl group by writing them as products of simple
reflections, once we know we have defined an action.

Now, in order to check we have an action, consider w = uv € W. By induction on the
length, one can suppose that equivariance for v holds (y(v - z) = vy(z)). If i € I* (resp.
i’ € I') is a word giving u (resp. v), then their concatenation gives w. Moreover, with
BU) 1< 7 < k + 1 the corresponding roots and t € a:

el = egi?(t) B L BRI BRI

Qg Oéill ozi;

w8 (vt vBF) (vt (k+1) (¢ (k+1) (¢
_ e g | S0 f0

7 zl

Finally, it is easy to check that:

u-(v-x)
—eV(wa) (e;v(x) m)

—em@) L @) g

—6;7(33) -

=w- T

4.2 Group-theoretic path transforms

4.2.1 Paths on the solvable group B

Let C(R™, a) be the set of continuous paths valued in the real Cartan subalgebra a. In the
following, for every path X € C(R™,a) we want to introduce B-valued processes that are
solution of a certain differential equation driven by X. The differential equation can be
understood as being formal if X fails to be regular enough so that the differential equation
has a meaning.

One can also note that all the algebraic operations on group elements can be inter-
preted as matrix operations in any finite dimensional representation of the group G.

Let (B¢(X));cr+ be the B-valued path, driven by X and solution of the following
equation:

dBi(X) = Bi(X) (X nen fadt + dXy) (4.5)
Bo(X) = exp(Xo)
The following expression is easy to check (| | after transpose) and can be taken as

a definition when discarding the smoothness assumption on X:
Theorem 4.2.1.

B(X) = (z >

E>041,...iy ” 12221120

e~ (Xe) = (Xe) g, dtyfi, - fi, ... fik> eXt (4.6)
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By convention, the term for k£ = 0 is the identity element. Also, later, we will take X
to be a semi-martingale and view equation 4.5 as a stochastic differential equation (SDE)
written in Stratonovich convention.

When X is differentiable, equation 4.5 has to be understood the following way. In any
finite dimensional group representation V', B (X) is viewed as GL(V')-valued function of
the time parameter:

B(X): Ry — GL(V)

It is the solution of the system of ordinary differential equations written in matrix form
as:

{ (1) = By(X) (Sea fo + ZE 1)) (4.7)
Bo(X) = exp(Xo)

Example 4.2.2 (A;-type). In the case of SLy:

dBy(X) = By(X) (dj? _§Xt>

Solving the differential equation leads to:
eXt 0
By(X) = <€Xt te2Xogs X0

Example 4.2.3 (As-type). For the canonical representation of SL3, a = {x € R3|xy +
To + X3 = 0}

dx} o 0
dBy(X) = By(X)| dt dX? 0
0 dt  dX}
Solving the differential equation leads to:
eXi 0 0
By(X) = Xt J"t e—a1(Xs) o X2 0

Xi ft —a1(X dsfs —aa(Xu) gy, X f em2(Xs)ds  Xi
where (aq = (1,—1,0),as = (0,1, —1)) are the simple roots.

Now define (A¢(X)),cp+ and (N¢(X)),cp+ via the NA decomposition of B (X) =
N (X)A(X):

Ai(X) = Xt (4.8)

=3 Y / em0nXe)maq X g fdty L dt, (4.9)

k>0141,...,0% t2tp 22120
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Lemma 4.2.4. A (X) and N.(X) are solution of the following equations:

dA(X) = Ay(X)dX,, Ao(X) = exp(Xo) (4.10)
dN;(X) = Ny(X) (Z e~ (Xe) fadt) . No(X)=id (4.11)
acA

Proof. Tt is quite trivial for the A-part. Then, since By(X) = Ny (X)A(X), we have by

differentiation (Stratonovich differentiation rule in the stochastic case):

AN (X)A(X) + Ny(X)dA(X) = By(X) (Z fudt + dxt)
a€A

& dNy(X)A(X) + Ny (X)A(X)d Xy = Ny(X) Ay (X) (Z fadt + dXt)
a€A

& dNy(X)A(X) = Ne(X) As(X) (Z fadt)

a€A

aEA

& dNy(X) = Ni(X)Ay(X) (Z fadt) Ay (X)7!

& dNi(X) = Ni(X) (Z e~ X0) fadt>

a€A

The last step uses the Ad action of the torus on the Chevalley generators. O

4.2.2 Group considerations

Morally speaking, B (X) is obtained by infinitesimal increments that are totally non-
negative. Therefore, as totally non-negative matrices form a semigroup, the following
theorem is no surprise. For the convenience of the reader, we recall the proof.

Theorem 4.2.5 (] ], lemma 3.4 - Total positivity of the flow B)). Let X € C(R™,a).
Then for all t > 0, By(X) is totally non-negative. More precisely:

Vi >0, Bi(X) € N¥A

Proof. For t = 0, Bo(X) = eX0 € A which is totally non-negative.
For t > 0, clearly we need to prove that N;(X) € N&j or equivalently, thanks to theorem
3.13.1 that all minors Ay, w;, (N (X)),1 <i < n,w € W are positive:

Awwi:wi (Nt(X))
:<Nt(X)vwi7 QI}’UM>
=> > / e (Xe) ) —ai (Xe) qp gt
12t > 21120

k>041,...,ik

(fir - fiy -+ fip Vi, WO,
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Because of lemma 7.4 in | ], we have that:
Vk € N,Vw € W, (f“ - fig - fikvwi,wvwﬁ >0

and therefore, we have a sum of non-negative terms. In order to see that Ay, w; (IN¢(X))
is strictly positive, only one of them needs to be non-zero.

As wv,, generates the one dimensional weight space V(w;)ww,, there is some sequence
i1,. .., such that a;, +- -+ oy, = w; —ww; and wv,, is proportional to f;, - fi, . .. fi, V-
Hence a non-zero scalar product. ]

The following path transform will play a fundamental role in the sequel.
Definition 4.2.6. When it exists, for g € G and X a continuous path in a, define:
Ty X (1) = log[gBi(X)],

The previous expression makes sense when gBy(X) has a Gauss decomposition and [gBy(X)], €
A, in order to be able to consider its logarithm.

This path transform has the property:

Theorem 4.2.7 (] |, proposition 6.4). Let X be a continuous path in a and g €
G. Assume that gBy(X) has a Gauss decomposition on an open time interval J. Then
[gB1(X)]-0 solves fort e J:

dlgB(X)] -0 = [gB:(X)]o (z fodt + d(TgX>t)
(0%
There are certain sets D C G such that for g € D, gBi(X),t > 0 has always a Gauss
decomposition. The following will play an important role:
D:=N-A-Uso

Proposition 4.2.8. For g € D, we have a well-defined path transform:

T,: C(R",a) - C(RT,q)
such that for X € C(R*,a), T,X is the unique path in a such that:

[9B(X)] -0 = [g]_Bi(T,X)

Proof. We only need to prove that the path transform is well defined. As for all ¢ > 0,
B(X) € G>, we have that (AUs>o)B;(X) C G>o, since the totally non-negative matrices
form a semigroup. Hence DB(X) C NG>o, which is a set whose elements admit a Gauss
decomposition (see theorem 3.11.2).

In order to prove that the equation driving [gB;(X)]_o is of the required form, use the
previous theorem. ]

Properties 4.2.9. Let X be a continuous path. Then:
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(i) Yg1,92 € G such that g1 € D, g1g2 € D, we have:

T

9192 oT,

92

g1(g2]-
In particular, Yui,u2 € Uso, Tyyuy = Tuy © Tusy-

(it) Vg € D,¥n € N,T,,g =T,

(tit) Yg € D,VYa € A, T,g X =T, X +loga

(iv) Vg € D,x € a,Ty(X + ) = Tge= (X)

(v) If a € A and g = x,(§),& > 0, then:
t
(TyX), = X; +log (1 —1—5/ e_o‘(Xs)ds> o’
0

Proof. The proof uses the properties of the Gauss decomposition in equations 3.4 and 3.5.

(i)

[9192B:(X)] -0 = [91[92B+(X)]-0]-0
= [9192]-Bi(T4,9,X) = [911g2]- Be(Tgo X)] -0 = [g1[92] -]~ Bi(Ty, gy 0 Tgo X)
= Bt(T9192X) By (Tg1 [g2]- © T92X>

(i) [ngBi(X)]-0 = [ng]-B(Ty»X) by definition. And on the other hand, is it also
equal to n[gB¢(X)]|—o = nlg]-Bi(T,X)

(iii) [agBt(X)]—0 = [ag]—-B(TugX) = alg]—a ' B(T,4X) by definition. And on the other
hand, is it also equal to a[gB:(X)g]-0 = alg]-B:(TyX). Then, we have a ! By(Tyy(X) =
By(T,X).

(iv) One can check that By(X + x) = exp(z)B¢(X)

(v) Direct computation, using the embedding from SLs into the closed subgroup of G
whose Lie algebra is generated by the slo-triplets (eq, fa, ha). One can also use the lemma
in the next subsection. O

4.2.3 Extension of the path transform

Now, looking at property (v), it is natural to expect the path transform T, ) to be
extended to negative values of &, although this will depend on the path taken as input.
Let us examine first when a Gauss decomposition exists for z4(£)B¢(X), or equivalently

o (§) Ni(X).

Lemma 4.2.10. For different o and 8 in A:

Vt > 0, A% (24 (€)Ny(X)) = 1

Vit > 0, A% (24(€)Ny(X)) = 1 +5/0t —alX.) g
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Proof. The first identity is a consequence of proposition 2.2 in | ]. For the second, we
start by using equation 4.9 and work with the highest weight representation V(w,). We
have:
A% (2o (§)Ne(X))
:<exp(€ea)Nt(X)Uwaavwa>

_ Z Z / e~ iy (X)) =iy, (th)dtl .. dty

K30 ir gy =220
<eXp(§ea)fi1 st fikvwa7 vwa>

. . . en & on .
Hence, as we will write the expansion e = 3 >req, we need to consider vectors of
the form:

eafir - firVwn

Now notice that:
Vn e N,Vk € Nel fi, - .. [i,Vwa € V(wa)pu

where V(wq), is the weight space in V' (wq) corresponding to the weight

k
u:wa+na—2a¢j
J=1

Weight spaces in V(w,) corresponding to different weights are orthogonal under the in-
variant scalar product (.,.). Therefore, if k # n or there is a j such that a;; # a, we
have:

(enfir - fixVuuns Vuy) =0
Moreover, in the representation V(w,), we have:
Vn > 2, flu,, =0
Therefore, most terms are zero:

A% (za(§)Ni(X))

t
o)+ o) [
0

t
:1+§/ e X
0

The last equality is due to the fact that:

eafavwa
:[eaa fa]vwa + faeavwa
:hoﬂ)wa

:’Uw

«
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This lemma encourages us to consider paths only up to a certain horizon 7" and when
applying T, ¢) to X € C ([0;T7], a), one can only take £ € (—%; +00). This can be

e

summarized in the following proposition.

Proposition 4.2.11. For every oo € A and ¢ € R, there is a path transform:
eq  C([0;T],0) — C([0;T],0)

such that for X € C ([0;T],a):

63~X:T ( )(X)

Ty fOT efoz(X)

This path transform is in fact the corner stone of the geometric path model we will
now present. For instance, as we will see, we have:

c+cd ¢
ea - eaea

It is in fact the geometric lifting of the Littelmann operators.

4.3 The geometric path model

In this section, we define a continuous family of Littelmann path models depending on a
parameter ¢, as well as ¢g-tensor product. For ¢ — 0, we recover the continuous ’frozen’
setting presented at the beginning of | ]. Since all g-Littelmann models for ¢ > 0 are
equivalent in certain sense, our study will focus on the ¢ = 1 case and prove that tensor
product of crystals is given by the concatenation of their elements.

The path transforms described in the previous section naturally appear as the building
blocks for the Littelmann operators ef,. We will also benefit from the construction by
Berenstein and Kazhdan (| ) ) ]) while exhibiting Verma relations and
finally we show that a simple projection exists between the path model and the group

picture B.

4.3.1 Path models
Definitions

Let C ([0; T], a) be set of a-valued continuous functions on [0, T]. Its elements are loosely
referred to as paths in a. We call a 'model’ a candidate for becoming a crystal. Hence
a path model will be a set of paths endowed with structure maps. The subscript 0 will
indicate that they are starting at zero.

Definition 4.3.1. A path crystal L is a subset Cy ([0;T],a), where a is the real Cartan
subalgebra, endowed with maps v, €q, Yo and actions (e,),ca such that

o The ’weight’ map v : L — a gives the endpoint:
y(m) = =(T)

e L is an abstract geometric crystal as in definition 4.1.1.
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Duality

Define the duality map ¢ : Cy ([0; 1], a) — Cp ([0; 7], a) that associates to each path 7 its
dual 7*. It is defined as
' (t) = (T —t) — n(T)

A crystal structure is said to behave well with respect to duality if:

—Cc __ c
=10€,01

€a

Yo =Eaol

Continuous g-Littelmann model

Here we define a family of path models indexed by ¢, a parameter that can be understood
as temperature. When ¢ = 0, we recover the continuous path model introduced and
studied in | | as the continuous counterpart of Littelmann’s path model ([ ]

[ D

Models: When ¢ > 0, a continuous ¢-Littelmann model is a subset L of Cy ([0;7T7], a)
endowed with the structure Ly = (7, (€a, Pa, €4)aen):

e The 'weight’ map v : L — a is the endpoint:
() = =(T)

® £.,0q : L = R defined for every a € A as

T —1
ga(m) :=qlog / e~ () gs
0

Yo(m) :=a(m(T)) + qlog (/OT e—q‘la(ﬁ(s))d8>

e ¢ :L— L, ceR, aec A defined as

—1

ed ¢ t _
el -m(t) :=m(t) +qlog | 1+ 7/ e~ ) s | oV
0

@q715a(”)

When ¢ = 0, we take as defining axioms the limit ¢ — 0:

o () = = inf_a(n(s)
P () = a(x(T)) = inf_a(x(s))

YO <t <T,e (m)(t) = 7r(t)+0§1151£Ta (7(s)) @ —min <Oi§22ta (m(s)) — ¢, tgilsaé’Toz (7‘(‘(5))) o

eq (1) (0) = m(0) =0
eS (m) (T) = 7n(T) + ca”
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Indeed, the limits for e, and ¢, are an immediate application of the Laplace method. The
latter limit comes from re-arranging the expression before using the Laplace method as
well:

—1

alte_1 gt
eq - m(t) =7(t) +qlog [ 1+ e?/ e o) gs | oV
o ed ea(m) 0

¢ T
=7(t) + qlog (eqlc/ e elms) g 4 / e_qlo‘(“(s))ds> a’
0 ¢

T -1
— glog / o0 () gg | oV
0

q—0 . VoV . . .

— 7(t) + OSIE£TQ (m(s)) @’ — a’ min (ogfg a(m(s)) — ¢, tglgléTa (71'(5)))
Notice that the condition 0 < ¢t < T is essential in Laplace method, as certain integral
terms disappear at t = 0 and ¢ = T'. We claim that this expression is exactly the same
as the one defining the generalized Littelmann operators defined in | ] section 3. We
discuss that point in the next subsection g = 0 limit’.

Crystals: A ¢-Littelmann model that satisfies the crystal axioms is called a ¢-Littelmann
crystal. An important fact is that for ¢ > 0, all the continuous g-Littelmann structures
(Lq)yso on Co ([0;T],a) are equivalent. That is why we can restrict our attention to the
case ¢ = 1. We will use the term ’Geometric Littelmann crystal’ to refer to the ¢ = 1
model as it is the path model for the geometric crystals introduced by Berenstein and
Kazhdan. The link will be made clear further in the presentation.

The fact that ¢-Littelmann crystal structures on Cy ([0; 7], a) are equivalent for ¢ > 0
can easily be checked by using the rescaling on reals and on paths.

/

Vo € R, ¢qq (x) = %x

/

V€ Co ([0;T), a) ,hgq (7) = %w

Vg, Intertwines structural maps. Let Ly = (v, (€4, @a, e'a)aeA) and Ly = (fy’, (5;, cp,a, e;>a€A>

the two continuous Littelmann structures on Cy ([0; 7], a) associated to ¢ and ¢’. We have:

Y (Vg (1) = Ygq (v ()

E/a (Vg (1)) = tg,q (€a (7))

o (Yaq (1)) = Yo (#a ()
e;wq’QI(C) Vo (T) = Ygq (€5 - )

Remark 4.3.2. Our choice of describing this relationship as ’equivalence’ and not ’iso-
morphism’ in the strict sense is because the real parameter c in the actions e, € A is
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rescaled. The structural maps €q, Yo are also rescaled.
In fact, this transformation is more easily seen as a change of underlying semifields as we
will see much later in chapter 7.

Another fact worth mentioning is the commutation with respect to tensor product: If
B, and B; are g-Littelmann crystals then

Va,q' (Bq ®q B;) = Yqq (Byg) ®q Vg q (B;)

4.3.2 Classical Littelmann model as a limit

In | | definition 3.3, the continuous path model described, which in fact coincides
with Littelmann’s original definition, has the following structural maps:

o () = = ot _a(n(s))

P (m) = a(m(T)) = inf a(x(s)

10 < ¢ < e (1), () (£) = 7(t) — min (0, —e— inf_a(n(s))— inf a (w(s))>

0<s<T 0<s<t
If —@o(m)<c<0,& (m)(t) =m(t) — min <—c,t<1181£Toz (m(s)) — ogigléTa (7‘(‘(8)))

In this subsection, we give explicit indications on why these are exactly the same maps as
our ¢ = 0 limit. The identification is quite immediate except when it comes to recognizing
our actions e;,. Recall that:

YO <t < T, e () (t) = n(t)+a oghgTa (7(s))—a” min <oi§2fgta (m(s)) — ¢, tgigléToz (71'(8)))

e (1) (0) = m(0) = 0

¢ (1) (T) = 7(T) + ca

o

It shows that our description has at least an advantage at ¢ = 0: Only one formula for e,
independently of the sign of c.

Notice that for paths starting from zero, if ¢ > 0:

min( inf a(n(s)) —e¢, inf a(w(s)))

0<s<t t<s<T

:min< inf a(r(s)) — ¢, inf a(r(s)), inf a(w(s)))

0<s<t 0<s< t<s<T

:min< inf «a(m(s)) —e¢, inf a(W(S))>

0<s<t 0<s<T
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While if ¢ < 0:

min( inf a(r(s)) —¢, inf a(ﬂs)))

0<s<t t<s<T

= — ¢+ min (Oi<1§f<ta(7r(s)), c+ tgigléTa(w(s)))

= —c+ min (ngﬁa(w(s)),tglgnga(w(s)),c + tgusléTa(W(S)))

= —c+min (O<i£1£Toz(7T(8)), c th inf 04(”(3))>

<s<T

o - nf

min ( c+ 0§11;1§Toz(7r(5)), t<1£1<Toz(7r(s)))

Replacing in each case, min (info<s<¢ a(m(s)) — ¢, infi<s<r a(7(s))) in our expression for
e’, recovers £° ¢ > 0 and £° ¢ < 0.

Remark 4.3.3. The ‘cutting’ conditions —pq (1) < ¢ < eq(m) will appear naturally later.
For now, we can notice that in order for €f, to preserve continuity at t = 0, one needs
¢ < eq(m). In order to preserve continuity at t =T, we need —pq(m) < c.

4.3.3 A rank 1 example

In rank 1, crystal actions on paths in a are in fact one dimensional, and via projection a
can be considered as R.

Connected crystal at g =1: Let 7 € Cy ([0;77],a) be a path and (7) be the connected
crystal generated by 7:

t g—a(m)
(m)y ={me.=¢5, -m,c € R} =St m(t) + log 1+(ec—1)L a’
Jo emem

Notice that there is an extremal element 1 = e °° - m that does not belong to the crystal,
as it diverges at its endpoint (¢t = T)):

n(t) == (t) + log <1_fg€—a(7r)> a”

fOT e*a(”)
The transform e * is a projection as it gives n when applied to any element of the
crystal, as a consequence of e - e, = e,°°. As such, it is clearly not an injective map.
However there is only one real number that is lost in this process, and it is in fact fOT e—om),
This basic remark will be a key element in parametrizing path crystals.

4.3.4 Geometric Littelmann model

As announced, we will now restrict our attention to the ¢ = 1 case, which we call the
geometric case. In the next subsection we prove there is a projection morphism to B the
typical crystal in the sense of Berenstein and Kazhdan.
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Geometric Littelmann Crystal
A geometric Littelmann crystal L is a subset of Cy ([0; 7], a) endowed with

o A ’weight’ map v : L — a defined as
y(m) = =(T)

e For every @ € A, maps €4, @, defined as:

T
gq(m) :=log (/0 e_a(”(s))ds>

Pa(m) :=eq 0 () = a(m(T)) + log (/OT e—a(W(s))d5>

e The actions (e;),ca defined as:

c_1 st
e, -m(t) :==m(t) +log 1+ c 1 / e (") s ) oV
a 6504(7") 0

Example 4.3.4. The whole set Cy ([0; T, a) is a crystal.
The following properties show that it is indeed a crystal in the usual sense:

Properties 4.3.5. A geometric Littelmann crystal is a geometric path crystal in the sense
that for m € L, the following properties are satisfied:

(i) Pa(r) = £a(m) + a (y(m))
(ii) 5 (e&, - ) = 7 () + ca¥
(i1i) £a (€5 - 7) = q (1) — c
(i0) @a (€5, 7) = pa (x) +c

ctc!

/
C
ea

. o - (&
(v) e, are indeed actions as €S, - €5,

(vi) The Littelmann action behaves well with respect to time-reversal:
e, =toe; 01
Yo =Ea Ol
Proof. (i) Obvious.
(i)
v (eq - )
ec—1 T
=n(T)+log |1+ 7/ e () ds | oV
eEa(ﬂ') 0

=m(T) +log (1 + (e — 1)) a”
=7 (7) + ca”
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(iii)

| T (m(s)) p
=log / 5ds
’ ( oy Jo et )d“)

(£ ([ ! "
=log ec—1\Jo ds\14 < = (ﬂ) g ea (7(w) du

(iv) Obvious using (i), (ii) and (iii).

(v)

= (e - 607_, tei 3 ds | aV
( / 7r) (t) +log <1+ (e :)/0 a(e w(s)) )

e
, c_q1 gt —a(m(s))
= (eg -w) (t) +log |1+ i(ﬂ)_c, / > c sds | a”
T e 2 e

o e€—1 el 1 v
B (ea ‘Tr) () +log | 1+ es(m)—c e — 1/ (1 + ec 71 7 Jo e—a(m(w) dy ) ds) i

/ /€C—1 1
= (el -m)(t)+1log |1+ e — 1- 5 a”
( @ ) e —1 14 € *1) fO e—(m(s)) ds

eca(m

) , t —a(m(s)) ds
= (eg . 7T) (t) +log | 1+ €° ega(:r) Joe o’
e’ —1 Jo e—a(m(s))ds

65(1(7")
c+c —1 _
1+ eefa(ﬂ) U Q(W(S))d ) a\/

e’ —1 —
t ot Joe a(m()ds
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(vi)
(toeg o) (m)(t)
= (t — w4 (t) + log (1 + (_ 1) / ‘a(”b(”)ds) ) (t)

=7(t) +¢ (t — log < / —a(m(s) ds) ) (t)
ePa 7")
-1 T

=7(t)+¢|t—log|1 + < eo‘(“(T))/ —amds | oV | (1)

LPOL(TF) T—t

-1 (T
=n(t) + o |t~ log + — / e TN ds | oV | (t)

ca T—t

-1 —a(n(s)) v —1 (T s v
=7(t) + log 14 ¢ / e ds | o’ — log 14 ¢ / e ds | a
eéa(ﬂ') . eéa(ﬂ') 0

_1 t
=7(t) + log <1 + PN </ e—a(m(s)) gg — / e—a(w(s))ds>> o’ — caV
& 0 0

c ec—1 ft —a(m(s)) Y Y
=7(t) + log ( e — / e ds ) a’ — ca
0

efa (m)

_1 gt
=7(t) + log < + ! e_o‘(”(s))ds> a”

eea (7T) 0

As for ¢, = g4 0 t, it is obvious.

Tensor products of crystals and concatenation of paths

In this subsection, we will see that the seemingly complicated definition for the tensor
product of crystals is in fact easily coded within a path model using the concatenation of
paths. Define the concatenation of two paths 7 : [0,7] — a and 72 : [0,S] — a as the
path 71 % w9 : [0,T + S] — a given by:

e (1) = ™ (t) ifo<t<T
PP T m(T) 4+ m (t—T)  otherwise

Theorem 4.3.6.

0: Co([0:T),a)®Co([0;5],a) — Co([0:T + S],a)
T ® T2 — T % o

is a crystal isomorphism. In fact, the following properties are true:

(i) v (m1 % m2) =7 (m @ m2)

(ii) eq (71 % T2) = €4 (71 @ T2) or equivalently v (71 * T2) = Yo (71 @ T2)
(iii) €S, (w1 x 7o) = 0 (€S, (m1 ® m2))

Proof. Given those properties, 6 clearly transports the crystal structure. The fact that it
is invertible with a morphism as inverse map is obvious. Let us show these relations:
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(i)

v (71'1 * 7'('2)
=m*xme (T +9)
=71 (T) + m2(S)
=7 (m1 ® m2)

Eq (71 % T2)

S
zlog /T+ e—a(7r1*7r2(5))ds
0
T s
=log (/ e—a(ﬂl(S))d$+e—a(w1(T))/ €_a(7r2(5))ds>
0 0

=c4 (m1) + log (1 4 gfalm)—a(y(m))—ca (m)
—co (m1) + log (1 n esam)—%(wQ))
=Ea (771 & 7'('2)

(iii) One first needs to remember that

c c c
€a (7T1®7T2) :eoj -7T1®6a2 D)

with
o eCtea(m) + efe (m2)
¢ ePa(m1) | cealm)
o 69904 (ﬂl) _|_ 6504(71'2)
e —

B e‘Pa(Wl) —+ e_c+8a(7r2)

So that we will compute both parts of the concatenated path 6 (e, (71 ® m2)) sepa-
rately: - The first half is, using 0 <t < T"

a1 gt
0 (el (m @ma)) (t) = €S - m1(t) = m(t) + " log (1 T / e_a(m(s))ds>
0

eaa(m)

But as:

el —1
eaa(ﬂ'l)

ectea(m) 4 eca(ra) 1
eva(m) fecalra)

efa(m)
B ealm) (e¢ — 1)
~efalm) (epalm) 4 eealm))
e —1
:eea(ﬂl) + efa(m2)—a(y(m1))
J— ec — 1

T ee(mxme)
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We get:
VO <t <T,0(e, (m ®@m2)) (t) = ef, - (w1 xm2) (1)

- Moving on to the second half:

0 (e (m @ m2)) (T + 1)

=eq - m(T) + g2 - ma(t)
2 | gt

B v e -1
=m(T) + cra’ + ma(t) + log (1 + ecalm) [

e_O‘(M(S))ds> aV

2 _ 1 t
=my * mo(T +t) + c1a” + log <1 + 67/ e_a(”(s))ds) aV
0

efa (m2)

Then, as:
e? —1
6ea(WQ)
efa(m) peealmy) 1
_evalm) fe—ctealn)
- efa(mz)
1—e7¢
_e@a(ﬂl) + e—ctea(m2)
We get:

0 (eq (m ®@m2)) (T +1)

_ v e“—1 b a(ma(s)) v
=7 * e (T +t) + cra’ + log <1 + o palm) I gralma) /0 e ds | o

=m *mo(T + 1) + cra”+

e —1 T+t
a(y(m)) —a(m*m2(s)) Jo _ oEalm1) \
log <1 + otralm) T gealma) e </0 e ds —e )) Q

But
_ =1 aly(m)+ea(m)
ectea(mi) 1 egalmre)
-1 ¢Palm)

o ec+§0a(7r1) + eaa(ﬂ?)
e¥alm) | eealm2)

_ec"l“Pa (771) + eaa(ﬂ'Z)

:eicl
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So that:

0 (eq (m @ m2)) (T +1)

=T *WQ(T—I—t) —Hog

e —1 T+t
—a(m*xma(s)) \%
Lt et 1 ematmFeam) /0 ¢ dS) @

Ly / T et ) g | ¥
) Jo

efa (m1xma(s

=m xmo(T +t) + log

=my * mo(T + 1) + c1a’ +log [ e + ¢ -1 e (v(m)) /T+t e~ mm2(s) gg ) oV
1 2 1 g ectea(mi) 1 galme) 0
o1 T+t
B o y(m1)) a(mrxma(s))
=71 * mo(T +t) + log (1 +e ectpalm) | eea(ﬂ’z) / ds)
ef—1 a(y(m)) T
e€ al(m Ea (T e +

=my * mo(T +t) + log (1 + — (c 1)1+e - / e ))dS) o

_ ea(v(m))+ea(m)

C+<Poz<7"1>+eaa<7"2>
1 (e _ 1) e ( (771)) T+t —a(’]’rl*’]TQ(S))d \

=m *xme(T +1t)+log |1+ cctPa(m) + gealmz) _ (ec—1) ewa(m) /0 e s | o

263 (7T1 *7‘(2) (T—I—t)

4.3.5 Projection on the group picture

A little lemma shows how the Littelmann operators are linked to the transform 7j:

Lemma 4.3.7. For g = x4 (71), one has:

ea(m)

Ve Cy([0,T],a),eqm =Tym

Such an expression for the group element zx, (;7_(”1)) is no coincidence, as it looks very
similar to the left action on the crystal B.
Let L be a geometric Littelmann crystal. We define a projection map:

p: L — B=(BNBtwyBY),,
T Br ()
We claim that p is surjective provided that L is large enough. A nice Brownian proof
could be developped using the following idea: when 7 is a Brownian motion, the random
variable Br (7) has a density with support equal to B. We will not pursue such a lead,

as we will prove a more precise statement, dealing with the parametrization of connected
components in the next section. For now, let us show that p transports structures:

Theorem 4.3.8. p is a morphism of abstract crystals, as the following properties hold:
(i) v () =~ (p(m))

(i) p ot =1op where v stands for duality on the left-hand side and for positive inverse
on the right-hand side.
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(i7i) €0 = €q © P o7 equivalently Yo = Yo © D

(i) e -p(m) =pleg - 7)

Proof. (i)
v (p ()
=y (Br (7))
=m(T)
=7 ()
(ii)
po(m)
=p (")
(Z Z / emen (), (W) f o p dtk) ™) 4 (1)
]{3>1’Ll, T>tk>~~>t120
Since:
6—0[7;1 (WL(tl))"'_aik(TrL(tk))filfiQ . flk
g0 (T(T—t0)) iy (r(T—ti)) ey (D)o (x(D) p,
—e i (M(T—t))—ay (((T=te)) o=m(D) g, g, f; e™T)
We get:
po(m)
Z Z / e~ i (ﬂ(T—tl))"‘_azk( m(T— tk) lefm .. fikeﬂ—(T)dtl R dtk
oL iy Tt >0 >0

(T 4 oD

—e (ld + Z Z / e~ i (m(T—t1)) vy, (ﬂ(Tftk))filfiz . fikdtl . dtk)

PS1ir T>t > >t >0

= E E /T>t o e iy (n(T—t1))-—aq, (n(1 —tk))fik ... fiQ fildtl coLdty + Zd) €7r(7 ))
k>111,.. k=2t 2>

= E E /T>t e e~ iy (m(t1)) =iy (m(tk)) fir - fiofirdty ... dty, + id) e?T(T))
E>141,. 1> >t >

= E E /T>t . e~y (m(t1))—aiy (W(tk))filfi2 oo fidty oL dty F id) eﬂ(T))
k>111,...,0k k=2l 2

= (Br (”))

=top(m)
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(iii) The two propositions are equivalent as in both the path model and Berenstein and
Kazhdan’s model, €, = ¢4 0 ¢.

€a 0 p(m)
=Xa (B (1))
=Xa (N7 (7))

All that remains to be proven is eXe(Nt(r f —a(m(s))ds. Both expressions
coincide for T' = 0, and have the same derivatives with respect to T'.

eq - p(m)
&« Br ()

e“—1 ¢ 1
=vo (Zeimen ) Br () (‘f“"(BT(”>

=Br (Tym)

c—1
where g = z,, (e>

efa (m)

Br (e, - m)
p(eq - )

4.3.6 Verma relations

Thanks to the previous subsection, we know that the geometric crystals given by the path
model, in a certain sense, sit above the group picture B. The Verma relations are also
valid at the path level: Given a geometric Littelmann crystal L, for any i € I¥, k € N
consider the map e; as in subsection 4.1.6.

The analogue of proposition 4.1.25 holds:

Proposition 4.3.9. In the Littelmann geometric path model, e; depends only on:
w=8;...5, €W

Proof. For m € Cy([0,7],a), t € a and i, words defining the same Weyl group element

consider:

n= ef

= e -
Now let us prove that n = n’. Because the Littelmann path operators can be expressed
thanks to the operator T, there are two elements u,u € U such that:

n="Tym,n =Ty
Furthermore, after applying the crystal morphism p = Brp(.):

Br(n) = [uBr(m)]—0, Br(n') = [u'Br(m)] -0
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But since the Verma relations hold for the group picture (proposition 4.1.25):

Br(n) = Br(1)

Now, using the fact that [uBr(m)]—o = uBz(r)[uBr(r)]:" write:

g = lig " Br(n)']+
= g ([uBr(x)]3") Br(m)'u]s

= [wy ' Br(m)'J4u!
Symetrically, g = [wy ' Br(n)"]1u* = [wy  Br(m)]+(u')". Hence u =’ and n =17 O

Notice that one can also prove the Verma relations for the path model by direct com-
putation on paths, though it is more complicated. Instead of group operations, one has to
do multiple integrations by parts. Here we only give a partial sketch in the simply-laced
case, using a classical procedure.

A; case: In the case that a (8Y) = 8 (a”) = 0, the actions e, and e; commute, which
proves the required Verma relation for type Aj:

€1, ,C2 _ C2 . C1
€q "€5 = €5 " €q

Ao case: By writing ¢t = ciw; + cows, the Verma relationship becomes

c1 c1+c2 c2 _ o2,

66 * €4 8 €a

el ci1+ce2 | 621

A tedious computation gives the following lemma, that we give without proof:

Lemma 4.3.10. If a(8Y) = B (a") = —1, then

C1

€a

. e%ﬁc? e q(t) = m(t)
'e B(m(w)) dqy
f e—B(m(w)) duy

L4 (e — 1) gt B“”“)

t—aﬂ'

1+ (e

+avlog | 1+ (ec“ch — 1)

—a(m(
Jo eotm f B du

—a(m(u))
fo 675 $)) (1 + f e du

e O‘("r('“'))du

+BV1og [ 1+ (ecl+62 — 1

f e—ﬂ 7(s)) (1 + (662 _ 1) fe_a(ﬁ(u))du>

f e_a(ﬂ'<u))du

By inspecting the formula, one realizes that is symmetric in « and ¢ on the one hand,
and 8 and co on the other hand. As such, by swapping those variables in the left hand-side
term, one gets the Verma relation for type As:

c1, c1tc2 | co _ C2  citer | Cl
€a " €3 €q = €5 €y e
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ADE case: Root systems from the ADE classifications have Dynkin diagrams with
single edges as o (8Y) = —1 in all cases. Hence, the only Verma relations needed are of
type A1 and Ay and e, is unambiguously defined for any element w in a Weyl group of
ADE type.

4.4 Parametrizing geometric path crystals

In this section, we will show how connected components of a geometric Littelmann path
crystal are parametrized by the totally positive group elements. In the same fashion as in
the group picture (section 4.1), we will associate to every path its Lusztig parameter, an
element in ULf or equivalently a Kashiwara parameter in CL§. For such an endeavour,
we will need to consider paths whose endpoint or starting point is not defined anymore,
as we will move to the ’edges’ of the crystal. Such paths will be referred to as extended
paths. The highest weight path will be given by a path transform 7y,.

More precisely, we fix a time horizon T' > 0, then consider a path 7 € Cy ([0,77], a)
and the crystal () it generates. We will show how Lusztig parameters and Kashiwara
(or string) parameters can be retrieved from a path. The expressions found for string
coordinates are geometric liftings of the formulas used in the classical Littelmann path
model. Basically, we construct maps for every reduced word i € R(wyp), m = ¢(wyp):

of + {m) = (R>0)™

of (1) = (Rx0)™

The maps of (resp. o) give the Lusztig (resp. Kashiwara) parameters for a path,
in the sense that the diagram 4.2 is commutative (corollaries 4.4.19 and 4.4.29). This
completes the group picture from figure 4.1. Such an important commutative diagram is
also reproduced in appendix A.

L K

G T —j
(R>0)™ O
K
by
oK

T 9;
(R0)™ (m)
D
= B())

Figure 4.2: Parametrizations for a connected crystal (), with 7 € Cy([0,T],a) and X =
wo(T)

wo
Uso

A variant of Littelmann’s independence theorem is then proved, with the projection
map p being an automorphism of crystals once restricted to connected components (the-
orem 4.4.34). We interpret it as a geometric version of the Robinson-Schensted-Knuth
correspondence, for which we also give a dynamical version (theorem 4.4.35).

Finally, for the purpose of greater generality, we will also consider a possibly infinite
time horizon, an essential ingredient for chapter 6. In such a case, paths will need to have
a drift inside the Weyl chamber (subsection 4.4.7).
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4.4.1 Extended paths and related path transforms

A novelty in the path model approach to geometric crystals is the appearance of extended
paths at the ’edges’ of geometric crystals. This allows a simple compactification that does
not involve the geometry of Bruhat cells. A visual sketch is given in figure 4.3.

Figure 4.3: Sketch of extremal paths corresponding to a geometric Littelmann path 7 with
Lusztig parameter g € UY)

A

High path transforms

A first example giving extended paths was introduced in | |: for every simple root
a, define the following transform of a continuous path 7 € C(R%,a), such that e~ ig
integrable at the neighborhood of 0:

t

Vit > 0, To(m)(t) == m(t) + log (/ e_a(w(s))d.S) a”
0

Notice that 7,(7) is not defined at zero. A ’tropicalization’ gives the Pitman operators
Pov = lim._,q 87;8_12

Vit > 0, Py (m)(t) = 7(t) — oiggfgta (m(s)) a”

It was also proven that the (75),ca satisfy the braid relationships. We give a simpler
proof shortly.
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Theorem 4.4.1 ([ ). If w =5 ...5; is a representative in G of w € W written in
a reduced fashion and w is a continuous path, then:

T = [~ By(m)]o
is well defined for t > 0 and

%:nlko.--oﬁ

2

o Ta

i1
Moreover, the operators (Ta)aen satisfy the braid relationships.

The path operator T,, arises then in a very natural way as the highest weight path
transform for the geometric Littelmann model. Indeed, considering a connected geometric
crystal, because crystal actions are free, there is no such thing as a dominant path that
could be preferred, unlike the ¢ = 0 case considered in | |, or the original setting
considered by Littelmann. Hence the idea of finding an invariant under crystal actions
that will play that role. In the group picture, we have already introduced a notion of
highest weight in definition 4.1.12 which fullfills that purpose as invariant (lemma 4.1.23).
Now that we have at our disposal the projection map p, it is natural to transport the
definition of highest weight from the group picture.

Definition 4.4.2. If 7 € C([0,T],a) the associated highest weight is given by:
hw(m) := hw(Bp(r))
And evidently:

Proposition 4.4.3. If m € C([0,T], a) then:
hw () = Tuo (1) (T))

A key difference with the ’crystallized’ case obtained in | , | is that the path
Tw,m™ does not belong to the crystal generated by 7. For instance, it is not defined at zero.
It is however an invariant. This difference would explain why the naturality of 7,, has
been so elusive, so far.

Now, going back to discussing the braid relations, we make a simple remark:

t
VE>0,Te_ov. o(m)(t) = 7(t) + log Lo [ e gs) o
za(§) 5 0

2R T (m)(1)

This will allow us to give a simpler proof of the braid relations for (7,).ca using the path
transform properties 4.2.9 as suggested at the end of | | (section 6.6).

Proof of theorem /.4.1. We will show that the operators (7, )aca satisfy the braid rela-
tionships as a consequence of the fact that the representatives (54)qca also satisfy them.
Let 7 a continuous path in a and fix g € H>oUY, such that:

= ()t 2)
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for parameters &; > 0.
We will make use of the approximants:

5i(t) = ¢y (( i _01 >> =y (—1) Piges (1) (4.12)
5.(t) = 64 (( ° é)) =y (7) e (-5) (4.13)

which converges respectively to 5; and 5; = 54, ! as the parameter goes to zero. Let us
start by writing:

vt > 0, elomM) = 9B ()]

Here we need to make &; successively go to zero in the decreasing order j = k,...,1. Let
us prove by induction that at the step k > 7 > 1, we get the quantity:

i} 1)\ - 1Y -
[ = (§> (&) (&) <§1>Bt<w>] O (4.14)

Since By(m) is totally positive inside B (theorem 4.2.5), then for all j =k, ..., 1, it is also

the case for
h; 1 hy (1)
;= .J:L‘l'. —_— ] ... IZII@' — | By(m
9j 5] j (53') & g +(7)

Therefore, the minors A%« (m_l gj) are non zero, a topologically open property
that stays valid for the &; in a neighborhood of zero. Hence, taking those limits and
considering those Gauss decompositions is allowed.

First, at step j = k, we can get rid of y;, (é) € N:

els(mM®) — {y% <§1k> Sin (&) - Uiy <€11) Sil(fl)Bt(ﬂ)}

60 {S - <£11) 5 (&)Bt(w)}

Now, assume that equation (4.14) is proven for step j:

1)\ - 1Y =
[Sik S Vi <£J> $i; (&) -+ Yir (&) 811(51)31‘,(%)]

0

0

0

Here, write:

_ 1 1
Sig -+ Siji1Yiy (5) = exp <€Ad(szk cee 3ij+1)fij> Sig oo+ Siji1
J J
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And since Ad(5;, - 5i,,4)fi; € sy o500, C M, ONC has:

(1) 1) -
Sig -+ Sij41Yi; <§]> Si; (5]) - Yig <£1) Siq (gl)Bt(Tr)‘|

0

= -exp (ngd(sik...sim)fij) Sig 50155 (&) -+ Yo (;) Sil(gl)Bt(”)L
- 5%5%“3” (&) ---va (é) Siy (fl)Bt(W)L
5Q>0 {W Yy <£11) Siy (fl)Bt(Tr)L

The previous limit gives step 7 — 1.

At the end, we get:
i s Bu(m)], = [w_lBt(w)]O = exp (Topr(t))
On the other hand, because the group elements belong to the appropriate sets, we can use
the composition property among properties 4.2.9:

Vt>0,Tg(7T)(t):Thikwik<é)o-..oThZ. (é) (W)(t)

1 & 190i1

— Tg oo Ti(m)(t)

The previous limit makes sense if and only if for every j = k,..., 1, exp (—ai]. (’7;1.1 iy 77))
is integrable. Later, we have a much precise description of this integrability property, but
for now, we already know thanks to the previous computation that the Gauss decomposi-
tions exist at every level. Therefore, the highest path transforms (75 )aca must have been
applied to paths with the appropriate integrability property. Identifying both limits, the
braid relationships are proven:

YVt >0,Tgo--oTi(m)(t) = Tum(t)

Low path transforms
Define e, : Cy ([0;T),a) — Co ([0;T), a) as

£ g—a(m)
VO << Toeq™ - w(t) = w(t) +log {1 - 40—} o
fO e_Oé(Tr)

Notice that 7' is excluded and that this path transform makes sense even if f(;f e™) = 0.
The notation obviously comes from the fact that e > = lim.,_ €, hence the name of
"low’ path transforms.

[e.e] o

Clearly, e, > is a projection in the sense that e, - e, * = e, - el = e, and it
stabilizes paths 7 such that fOT e~™ = 4o0. In fact, we can associate such transforms

to each element of the Weyl group:
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Definition 4.4.4. Given a reduced expression w = S;, ...s; for w € W and {(w) = [,

e, is defined unambiguously as

—00 —0o0 —00

gy
Proof. A first proof uses remark 4.4.5 and the braid relations for (7). A second proof
consists of using the Verma relations in order to check the claim in the case of a braid
move: w = §;5jS; -+ = 5;5;5;.... Indeed let (81, B2, 0s,...) and (5, B3, 5, ...) the two
positive roots enumerations associated to each reduced word.

Vit € a, efu = egi(t) . egi(t) cee = egﬁ.(t) . egf(t) ...

Then take t = —M p with p in the open Weyl chamber, M a real number, and have M go
to +o0. O

The name of "high’ path transforms for (7y),,cy is justified by the fact that they are
dual to 'low’ path transforms:

Lemma 4.4.5.
e, or=107T,
And for w e W:
ep oL =10Ty
Proof. The first identify is a quick computation. The second one is a consequence. O

Remark 4.4.6. Notice that it does not make sense to apply the duality map v after e,
for w € W, since it produces a path lacking an endpoint. Though, an extended duality
holds, as we will see.

Moreover, the transforms (%)wEW are not projections.

Of course e, ° is special projection as:

Vae A VeeR,e °-ef =¢f e C° =¢e

Y Fwo « « wo wo

The following proposition shows that it is constant on the crystal’s components:

Proposition 4.4.7. If m; and w2 are connected then e,>° - m = €, - T
Proof. 1t is quite obvious. Being connected means that there are real numbers (cq, ..., ¢)
and indices (i1, ...,4;) such that:
Ty = eglil . efjil S|
Then:
Coug’ " T2 = €5 - eg}il ...egfilm = €y’ M1

O]

In theorem 4.4.33, we will see that the converse is true giving a connectedness criterion.
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A certain property of the Weyl co-vector

While moving to the edges of geometric crystals, we will obtain paths that go to infinity
in possibly finite time. The direction taken to go to infinity will be of utmost importance,
involving the Weyl co-vector:

1
pv::ZwX=§ Z 8y
a€A Bedt
We will need a little property linking p¥ and the weak Bruhat order.

Lemma 4.4.8. Let w = $,Si,...5, € W with {(w) = k. It defines a positive roots
enumeration (B1, B, ..., 0k). Then:

[ ]
pl—wp’ =Y + B3+ + By
o ((sqw) = l(w) + 1 if and only if —a (p¥ —wp¥) >0

Proof. The first statement comes as an application of formula (C.0.6). Concerning the
second, following Bourbaki ( [Bou], Ch. V, §3, Th. 1, (ii)), £ (sqw) = 14+ (w) is equivalent
to saying that C' and w (C') are on the same side of the wall associated to o. As the Weyl
co-vector is inside C, it tantamounts to o (wp") > 0. In the end:

—a(p’ —wp’) > -1
The proof is finished once we notice that the left-hand side is an integer. O

Remark 4.4.9. If w is taken as wg the longest element, we recover the identity we used
to define the Weyl co-vector.

Extended path types

The paths transforms (7w ),cpr ( Tesp. (€3,°°),ew) give paths that lack a starting (resp.
an ending) point. In order to examine the possible asymptotics, let us first start by a
simple lemma;:

Lemma 4.4.10. If 7 € C([0,T],a) then for all w e W:
Tum(t) = w'm(0) +log(t) (5" — w'p") + e +o(1)

where ¢, s a constant depending only on w and o(1) goes to zero ast — 0.

Proof. By induction on ¢(w). If /(w) = 0, then w = e and the result is obvious (¢, = 0).
If w=wusq with u € W and ¢(w) = ¢(u) + 1, then:

Tw=Tao Ty
Using the induction hypothesis, for s > 0:

6704(7;71'(5)) _ e—a(u’lw(O)-l-cu)—l-o(l)Sfa(pvfupv)
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Lemma 4.4.8 applied to w™! tells us that —a(p¥ —u~1p"¥) > 0, and e~Tur(5)) ig integrable
at the neighborhood of zero. Since integrating equivalents is allowed, and using that

a(p’) =1
t
/e*a(Tuﬂ')
0
:e_a(U717r(0)+C">+0(1) /t Sfa(Pvfu—lpv)dS
0
—_ -1 tlia(Pv*’u_lpV)
—e Of(’u 7T(0)+cu)+0(1) . il
1—a(p —u p )
ua)(p¥
:efa(u—lﬂ(0)+cu)+o(1)w
(ua)(p")
Then

0
= u~ '7(0) + log(2) (pv — uilpv) + cut
H(ua) (")
(uer)(p¥)
= w7 (0) + log(t) (pv —u Y + (uoz)(pv)av> + 8acy — ¥ log ((ua)(p¥)) + o(1)

-« (U_ITF(O) + Cu) a” + log a” +o(1)

= w17(0) 4 log(t) (pv - w_lpv) + 8acy — ¥ log ((ua)(p”)) + o(1)

Set ¢y = sqcy — @V log ((ua)(pY)).
Finally, in order to prove that ¢, depends only on w and not the reduced expression used,

we invoke the fact that the asymptotic development is unique and 7, depends only on
w. ]

For completeness, we give an explicit expression for the constants ¢, w € W, without
proof, as we will not use them:

Lemma 4.4.11.

Yw e W, ey =w ! Z log (B(p")) BY
Belnv(w)

where Inv(w) is the set of inversions of W.

Lemma 4.4.10 suggests to allow paths with undefined starting point, and to distinguish
between them depending on their asymptotic behaviour at ¢ = 0, hence a definition:

Definition 4.4.12. For T > 0, we say that a path 7 € C ((0,T],a) is a high path of type
w € W when the following asymptotic development holds at 0:

m(t) = log(t) (0 = w™'p") + cu + o(1)

The set of all high paths of type w € W in C ((0,T),a) is denoted C*9" ((0,T],a).
Remark 4.4.13. Asc, =0, CM9" ((0,T],a) = Cy ([0,T7],a).
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By duality, having in mind remark 4.4.5:

Definition 4.4.14. For T > 0, we say that a path m € Cy ([0;T), a) is a low path of type
w € W when the following asymptotic development holds at T':

ACr, 7(t) = Co +log(T — 1) (p” = w™'p") + cu + 0(1)

The set of all low paths of type w € W in C ([0,T),a) is denoted C'o% ([0,T), a).

Remark 4.4.15. A low path m of type e has a continuous extension at t =T by letting
7(T) = Cr, hence:
Clv = Cy ([0,T7], a)

Both high and low paths will be referred to as extended paths. Clearly, the extended
paths of type wy deserve a special name. As such, high (resp. low) paths of type wq will
be referred to as highest (resp. lowest) paths.

4.4.2 String parameters for paths

Definition

Let i € R(wp). For any path m € Cp ([0,T],a), define of () as the sequence of numbers
c = (c1,c2,...,cn) recursively as:

1
fT e_aik (7;11 Sy 71')

0

Cl —

Theorem 4.4.16. The map o is well-defined on Cy ([0, T),a) and takes values in RT).
Moreover, for m € Cy([0,T),a), the m-tuple o () allows to recover m from the highest
weight path Ty,.

The proof is given soon after a few discussions.

Extracting string parameters

Building up on lemma 4.4.10, we will see when it is possible to apply (74),ca depending
on a path’s type. The importance of the weak Bruhat order is quite remarkable. Also,
the use of the geometric Pitman operator 7, for a € A corresponds to the loss of exactly
one real number.

Proposition 4.4.17. Let w € W and o € A such that {(wsy) = £(w) + 1.
(1) If w is a high path of type w then ¢ = ——=—— >0 and 7 = Tom has type ws,.

T
e—a(m)
0
(2) Reciprocally, given n , a high path with type ws,, and a positive ¢ > 0, there is a
unique high path ™ of type w such that ¢ = %Mw) >0 and n = Torw. It is given by:

f
e
0

T
Vo<t < T,T{'(t) = n(t) + log <C+/ 601(77)> aV
t
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Proof. (1) Using lemma 4.4.8, if 7 is a high path of type w and ¢(wsy) = £(w) + 1, then
e~(™ is integrable at the neighborhood of zero, hence ¢ > 0.

Thanks to the proof of 4.4.10, we have seen that = T, will have the right asymptotics
at t = 0, so that it will be of type ws,.
(2) By composing the equality n = 7,7 with e—al);

o—a(r(t)
2
(Jg o)

__4a_ 1
- dt fé e_a(ﬂ)

Then after integration between ¢ > 0 and 71"

T
Vt>0,/ e_a(”):;—c
t Jo e—a(m)

Reinjecting this relation in the definition of #:

T
vt > 0,7(t) = n(t) +a'log (c + / e_"‘(”)>
¢

Finally, all that is left is to check that = has the type w. The asymptotic development at
0 follows from a computation similar to the proof of lemma 4.4.10. Indeed, since 7 is of
type wsq, we have the following asymptotics for e~ at zero:

eia(n(t)) — efa(cwsa)+0(1)t*a(pv*8awilpv)

As —a(pY —sqw1pY) < —1 (lemma 4.4.8), integrating e~*(" gives a divergent integral at

zero. Therefore, discarding the other end of the integral, we have the following equivalent

for t — 0:
T
/ )
t

_ o—alewsa)+ol(1) / T eV —saw1pY) g
t

{sl—a(ﬂv—scvw’lpv)}:oo
1—a(py —sqw=1pY)
e_a(cw5a)+0(1)

(wa) (p") 1)

— o~ olewsa)tol(1)
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Because £(wsy) = £(w) + 1, wa is a positive root and wa(p") > 0. Thus, we can write:

m(t)
v 1 v e_a(CU?Sa)J’_O(l) v
=log(¢) (p — Sqw T p ) + cys, +log | ¢+ (wa) (o) @) a’ 4+ o(1)

=log(¢) (pv — sqw 1pY — (wa)(pv)av) + SaCws, — log ((wa)(p¥)) a” + o(1)
=1log(t) (o —w™"9") + sacus, —log ((wa)(p")) @ +o(1)
Noticing that sqcys, — log ((wa)(p¥)) a¥ = ¢, concludes the proof. O

Proof of theorem 4.4.16. Start with = € Cy ([0,T],a). It is a high path of type e. When
composing the geometric Pitman operators (7,), while respecting the weak Bruhat order,
we obtain paths whose types are climbing the Hasse diagram, until we reach Ty 7. At
each step, exactly one positive real number is lost using proposition 4.4.17. ]

This drawing sums up the situation in the case of As:

1

F‘

T

\

Figure 4.4: Extracting string parameters and climbing Hasse diagram of type As

Inversion lemma

The inversion lemma is a bijective correspondence between Np(7) and the string param-
eters X (). Its proof is inspired from theorem 6.5 in | ].
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Theorem 4.4.18. Forie€ R(wg) and m € Cy ([0,T],a):

x—iOQiK( )—[__1NT( )] 0+

or equivalently: »
Np(m) = [(wo (x-i o off (W))T> =t

Proof. In fact, this works with w € W and i = (41,...,4;) € R(w). Write:

[w™ "N (m)]o+
=@ ' Np(m)]Z'w ™ Ny ()
=[@~ ' Np(m)] =15t 5y N ()
=[Ny (m)]=Vs; si s, N ()
i 55,0 Nr(m)]Z'5 ! 58, Nre(m))-

[si 55,5 Ne(m]Z's !, ..
71[”1NT( )]-

(53, Nr(m)]='5;, ' Nrr ()

s s Nr(m)]-Jos

[5:,0 Bi 5,5 ' Nr(m)]-Jot

:[Sij

(55, N (m)]o+

Notice that each element xj = [éi_kl [éi_klil . §i_11NT(7T)],]0+, 1 < k < j, in the previous

product, belongs to the reduced Bruhat cell Ns; !N N B*. Using theorem 4.5 in | ]
z = y—i,(cr) where:

Si - Sir_: Br(m)]-lo

i —1BT( )55 s Br(m)yto
Ts; .8
=€ ‘1

[

=[5, s Si,  Nr(m)]-Jo
(55, Bir - Sin s
[Siv - Sir,

TTs;, -

ik “Sip g "

Hence we obtain exactly the string parameters
1

foT ok (Tsiy vvosiy_,

C —

™)

And
[0 Np(m)]oy = y—i;(¢j) . y—i, (c1)
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Taking the transpose concludes the proof.
Finally, in order to see that the second expression can be deduced from the first, write

NT(TF)
= ‘0[w0’1NT(ﬂ)]:1zD51NT(W))_1]:1

O
As a corollary, we get the commutativity of the right side in the diagram 4.2:
Corollary 4.4.19.
Vi€ R(w),¥m € Cy ([0,T],a),x_50 o (1) = o' op(n)
Proof. Theorem 4.4.18 and definition 4.1.15 because:
[p(m)]- = Nrp(m)
O

4.4.3 Lusztig parameters for paths

In the same fashion, we define Lusztig parameters for a path and show how to extract
them.

Definition

Let i € R(wp). For any path 7 € Cj ([0, 7], a), define of(r) as the sequence of numbers
t = (t1,t2,...,t,) recursively as:

1

X —o0
(;Z‘ efazk (657;1 ”‘Sikfl 7T>

ty =

Theorem 4.4.20. The map of is well-defined on Cy ([0,T),a) and takes values in R7,.
Moreover, for m € Co([0,T],a), the m-tuple oF () allows to recover m from the lowest
weight path e, °m.

Let us now explain how to prove this theorem carefully using duality.

Extracting Lusztig parameters

Let w € W. It is quite obvious that if 7’ € C9" ((0,T],a) then ¢(7') makes sense and
belongs to C!2¥ ([0,T),a). The symmetric situation is not quite true, since one cannot
apply the duality map ¢ to low paths. But we still have:
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Lemma 4.4.21 (Extended duality lemma). Let w € W. If 7 € Cl°% ([0,T),a) is a low
path of type w, there is a unique ' € CM9" ((0,T), a) such that:

= ()"

Proof. Simply take for 0 <t < T, n'(t) = n(T—t)—Cy, where C is the constant appearing
in the definition of low paths. It is immediate that it satisfies all the requirements. O

Remark 4.4.22. Mapping 7 to 7' can be thought of as an extension of the duality map
to low paths.

Remark 4.4.23. Putting together the previous lemma and lemma 4.4.5, one sees that the
path transforms (e;,°) ey and (Tw) e are in extended duality.

w

Thus, we can easily prove analogous statements to the previous case:

Proposition 4.4.24. Let w € W and a € A such that ¢(wsy) = €(w) + 1.

(1) If 7 is a low path of type w then ¢ = —72—— >0 and n = e, has type wsy.

[ ematm
(2) Reciprocally, given n, a low path with type ws,, and a positive ¢ > 0, there is a unique

low path 7 of type w such that ¢ = %a(ﬂ') >0 and n = e, m. It is given by:

Jre
t

W0 < < Tm(t) = Toyon(®) = n(t) +log (14+¢ [ e ) a¥
0

Proof. (1) Using lemma 4.4.21, we get 7’ a high path of type w. Using proposition 4.4.17,
we get that:

1 e~ (T)) 0
= = >
e e
And:
nN=eaT
=e, o)
— o Talr)

which is a low path of type ws, since To(7') € CP97 ((0,T], a).

WSq

(2) Again, using the extended duality lemma, there exists ' € C9" ((0,T],a) such that
n = «(n'). The result is proven by using (2) in proposition 4.4.17. In order to recover 7
from 7, rather than rearranging the formula from proposition 4.4.17, let us direcly solve:

n(t) = n(t) + a" log (1 — C/ot e—ﬂ(ﬁ)>

By evaluating the e=®() on each side of the previous equality:
e—a(r(t)

(1 — cfg e—a(“))z

o) _
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This expression can be integrated and rearranged as:

t t
(1 + c/ ea(")> (1 — c/ ea(“)> =1
0 0

As such, since n has type wsy, we have that fOT e~ = 450, Hence:
1
c= ———
f(;r e_a(”)

Also by replacing log (1 — cf(;5 e*a(”)) by — log (1 + cf(f e*a(")), we get the result:

t
w(t) = n(t) + log (1 + c/ e_o‘(”)> aV = Ty (en(t)
0
]

Proof of theorem 4.4.20. Apply iteratively proposition 4.4.24. Successive projections give
low paths whose types goes down the Hasse diagram. At every composition, exactly one
positive real parameter is lost. ]

This drawing illustrates the situation in the case of As:

Figure 4.5: Extracting Lusztig parameters and going down the Hasse diagram of type Ao

/I

e

This time, a path transform we already encountered appears:
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Theorem 4.4.25. Given a lowest path 1, a reduced word i = (i1,...,im) € R(wp) and
strictly positive parameters (ti,...,tn) € RZy, there is a unique path m € Cy (0,77, a)
such that:

® Cyy T=1]

b "7] = S_ZTOSZ]TF = ea_ijo : 77]*].
_ 1

[ ] t] fOT efoz,ij (mj—1)

It is given by:
m="1T.,n
where
2 =Ty (tl) S . (tm) € Ugg

Proof. At each level, n;_1 = Ty, (¢,)Mj- Then, using the composition property among

properties 4.2.9:

T = Too, (61) © ey () © 7 © T, (6) (1) = T2 (1)

j
O

Remark 4.4.26. A similar statement holds for paths of type w, using group elements in
Y- And this z € UL is the Lusztig parameter, as we will see shortly.

Corollary 4.4.27. A connected component generated by a path mg can be parametrized by
the totally positive part ULY thanks to the bijection:

Uiy — (o)
z = T (e - mo)

Proof. Recall that n = e,>°m does not depend on 7 € (mg), but only on the connected
component. And every path in 7 € (mg) is uniquely determined by an u € ULj such that
m = T,n thanks to the previous theorem. O

Inversion lemma

Again, we have a bijective correspondence between Np(w) and the Lusztig parameters
l
of () € RL":

Theorem 4.4.28. Forn € Cl2¥ ([0,T),a), let m = Tyn be is a crystal element with Lusztig
parameters encoded by g =z, (t1) ... T, (tm) = x5 0 oF (1) € ULS. Then:

Ny (m) = [gwo] -

or equivalently
g = [@g ' Nr (m)")4 = [@ ' Br ()]
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Proof. This can be deduced from theorem 4.4.18. However, we choose to give a separate
proof that is easily adapted to the case of T = co. First, in order to see that both identities

L
are equivalent, since wg 1 ([gwo]gj) wo € B, write:

Therefore:
Ny (m) = [go] - = gwo[gwolyy

if and only if:
g = lwg N ()]}

One can also add the torus part and write:
——1 ——1
g9 = [wy Np ()"} = [wy Br (7))
Now, let us prove the above statement using a similar decomposition to the one used

in the proof of theorem 4.4.18:

[wngT (wb)} N
-1

= @5 Br (=")] @ Br ()

=[5 Br ()] 55, [ ()

| A ot e 1 .
: [sil - Si, ., Br(m )} 5. [Sil - Si, 5, Br(m )}

In the previous equation, we have a product of m terms, each of the form z; = [5;] lb]:(l)Efj 1y =

51 1 <k<mwithb= |5 ..5, . 'Br(n . As it belongs to the reduced double
ij It 1 i—1 -0
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Bruhat cell UN Bs;; B, we can use theorem theorem 4.5 in | | and write z; = o, (t5)-
The quantity ¢; will be computed at the end. Hence:

[y ' Br (n)]+ = i, (tm) - - @i, (t2) 7, (1)

or equivalently:
[@g " Br (m)") = @iy (1) @iy (t2) - - iy, ()

Now, all that is left is to prove that the Lusztig parameters for 7 are nothing but the
quantities ¢;,7 = 1,...,m. We have:

Tsiy oosy, ot(m)(T) L__ Tsiyoesi
=e 1 L [811 Si 'Br (WL)} _ S ' [8“ —Sio Br (WL)} e '
_ 7731.1 s oum)(T) 7—511 s 71°L(7T)(T)
e J ;€
where y; = Yo, (¢;) € Bt N NE;lN. Necessarily:
—aY
c; 7 =lyjlo
_ Ty oeiy U (D) =Tayy sy oUm)(T)
T
= exp <log / e (%il"'siflob(ﬂ))o‘iv‘>
0 J
Therefore: 1
€ = fT e—aij(Tsilmsi]._lob(W))
0
And:
tj = Cj exXp (*Oéij (7;141...31'].71 o L(W)(T))>

_ 1

- [;'[1 e—ai]. (Lo,rgil“'sij—l ou())

- 1

O

Again, as a corollary, we have the commutativity of the left side in the diagram 4.2:
Corollary 4.4.29.
Vi € R(w),¥r € Co ([0,T],a),z; 0 oF (1) = o o p(m)

Proof. Theorem 4.4.28 and definition 4.1.15. O
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4.4.4 Crystal actions in coordinates

The actions (e;,),c have a very simple expression in the appropriate charts for a connected
crystal. Clearly, this property is a geometric lifting of the equations from (3.6) to (3.9)
for Kashiwara operators.

Proposition 4.4.30. Consider a path m € Cy ([0,T],a), i € R(wo) and o = oy, . If:
of (m) = (t1, ..., tm)

QiK(W> = (Cly e 7Cm)

Then for every § € R:
b (c6 ) = (1o )

QiK (63 '7T> = (6561,... ,Cm)

Remark 4.4.31. Here, we do not require twisting the Kashiwara operators like in | ]
section 5.2.

We will need the following important property of the highest and lowest path trans-
forms.

Lemma 4.4.32. Form € Cy([0,T],a), a € A and { € R::

—00 I3 __ _—00
e, -(ea'ﬁ)—ea T

T, - (eg.ﬁ) =T, -7
Proof. The first identity is obvious and has already been referred to. The second one can
be proved either by direct computation or by using the extended duality between e, and

Ta- O

Proof of proposition /4.4.30. Write:
of (e 7) = (Hoe o i)

el (¢h-m) = (et

The previous lemma along with the definitions for Lusztig and Kashiwara parameters (see
subsections 4.4.3 and 4.4.2) tell us that:

Vj ZQ,t]‘ :t;,Cj :C;

Moreover:
1

t =Cl =
1 1 fOT 6_0‘(7")
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and:

ty=c
_ 1
_fOT e_a(e§.7r)
1
eealefm)
1
T efalm—E
:eétl = 6501

4.4.5 Connectedness criterion

Because of the previous investigations, it is easy to give a simple criterion that forces two
paths to belong to the same connected component.

Theorem 4.4.33. Consider two paths m and 7 in Cy ([0, T],a). The following proposi-
tions are equivalent:

(i) ™ and 7' are connected.

(ii )

(e®(m)e, 0 <t <T) = (e °(n'),0 <t < T)

wo wo

(iii)
(Two (M)1,0 <t < T) = (Towo (7)1, 0 < t < T)

Proof. Proposition 4.4.7 says that (i) implies (ii), while corollary 4.4.27 gives the converse.

In order to prove the equivalence between (i) and (iii), notice that = and 7’ are con-
nected if and only if the same holds for their duals. Therefore, we have an equivalence
between (i) and:

(epXou(m)y,0<t<T) = (e 0u(rn),0<t<T)

wo wo

Applying lemma 4.4.5, we have the result. O

4.4.6 Geometric RSK correspondence and Littelmann’s independence
theorem

Theorem 4.4.34 (Static version). Let my € C ([0, 77, a) and (mo) be the connected crystal
it generates. Set X = Ty,mo (T'). Then the projection is an automorphism of crystals:

p: (mo) — B(A)
™ +— Br(n)

Proof. The arriving set is indeed the appropriate one. The inverse map is constructed
using the corollary 4.4.27. O
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Theorem 4.4.35 (Dynamical version). For each T > 0, define the set:
Pr = {(z,n) € Bx CLi" ((0,T),0) | hw(z) = n(T)}
Then, we have a bijection:

RSK: Cy([0,T],a) —> Pr
T = (B (m), (Tw,m;0 <t <T))

Proof. By theorem 4.4.16, the knowledge of a path m € Cy ([0, 7], a) is exactly equivalent
to that of knowing the string parameters and the highest weight path. And thanks to

4.4.29, the string parameters along with the highest weight A = T,,,7(T") are encoded by
Br(m) € B(X). O

With this presentation, the analogy with the classical RSK correspondence is quite
clear. The path 7 plays the role of a word. Elements in B, the crystal elements, play the
role of semi-standard tableaux. Highest paths of type wqg play the role of shape dynamic.
Finally the condition:

hw(x) = Ty,m(T)
is the equivalent of saying that the 'P’ tableau and the ’Q’ tableau have the same shape.

Remark 4.4.36. The previous theorem means that in the path model, there is a relatively
large amount of automorphic crystals. In the group picture, however the only crystal
automorphism of B () is the identity. In that sense, the group picture is “minimal”.

As a corollary, we have the geometric analogue of Littelmann’s independence theorem

Theorem 4.4.37 (Geometric Littelmann independence theorem). For any connected ge-
ometric path crystal L C Cy ([0, T), a), the crystal structure only depends on A\ = Ty,m (T)
for any w € L.

4.4.7 The case of infinite time horizon

Most of the previous results carry on the case where T' = co. We will explain how to
proceed in order to construct Lusztig parameters for a path 7 € Cyp(Ry, a).
Clearly, low path transforms can be applied to paths in Cy (R4, a). And:

Lemma 4.4.38. Let m € Cy (Ry, a) such that w(t) ~ pt with o () > 0. Then:

t—o00

/ e~ < oo
0

exn(t) ~ salp)t

t—o00

And

Proof. The first assertion is clear. For the second, note that:

t—o00

e}
log/ e ds ~ —a(p)t
t
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Therefore:
t pa(m)
e, °n(t) =7(t) +log (1 - 22—~ ]V
fO ea(ﬂ)

= m(t) + log (/ ea(”)> o’ —log </ ea(”)> a”
¢ 0

~ sa(p)t

t—o00
O
Hence the idea, that in this case, path types should depend on asymtotical behavior.

Definition 4.4.39 (Low path types in infinite horizon). We say that a path m € Cy (R4, a)
is a low path of type w € W when it has a drift in wC':

Jp € wC,m(t) Lt
o

The set of all low paths of type w € W in C (R4, a) is denoted CL2% ([0,T), a).

Lusztig parameters also have a straightforward definition. Let i € R(wp). For any path
7 € Cp (Ry,a) with drift in the Weyl chamber, define oF(7) as the sequence of numbers
t = (t1,t2,...,t,) recursively as:

1
fooo exp <—Oéik (65?_,5%_1%))

Thanks to the previous lemma, all ¢; are > 0. Finally the inversion lemma 4.4.28 is valid
with infinite horizon. It is proven by simply taking T to infinity.

tp =

4.4.8 Minimality of group picture

Thanks to Littelmann’s independence theorem, we have seen that there are a lot of different
but isomorphic path crystals. And all of them project (thanks to the map p) to a certain
B(\), what we called the ’group picture’. Now one can ask the question of how minimal
this group picture is. A reasonable answer can be the fact that there are very few crystal
morphisms on the group picture B(\).

Theorem 4.4.40. Let f : B(A\) — B(u) be a map such that:

Va e AVeeR, foel =¢€fof
Va € A, €q O f =é€q
If X =, then f =id.

Proof. Let x € B(\) and y = f(z) € B(u). We start by lifting the problem to the path
model. This means that we consider 7 and 7" in Cy ([0, T, a) such that:

x = p(r) = Br(r),y = p(') = Br(x')

and
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Therefore, we see B(\) =~ (r) and B(u) ~ (7') as path crystals. Let us prove that for all
keN,icI*and (c1,...,c;) € RF:

1 1
T . Ciy Cip_1 =T A Ciy Cip_1
Jo exp (—a, €ay, *tCay T Jo exp (—ay, €al, " €ay T

Indeed, using the same notations in the path model and in the group picture, this is
equivalent to:

Ciq Cig_1
Eaik (ea“ ct €aik_1ﬂ' )
_ Ciy Cig—1
*gaik (eail T eaikily)
_ Ciy Cig—1
—SQik (eail e eaikilf(x»
Ciq Cig_1
=€aq;, © f (eah ---eaik_1x>
— Ciy Cig—1
=Cay, (eail T Cagy W)
Taking all the ¢; — —oo and i a positive root enumeration, one finds that the Lusztig
parameters of m and 7’ coincide (see subsection 4.4.3). Then the same goes for = and y.
And if A = p, we have z = y.

Note that the condition A = p can be deduced from elsewhere if for instance v(z) =
~(y). Hence the following remark. O

Remark 4.4.41. \ = p is for instance implied by:

yof=v

4.5 Involutions and crystals

4.5.1 Kashiwara involution

The Kashiwara involution was defined at the level of the enveloping algebra as the unique
anti-automorphism satisfying

6;=6a, f(;:fa h;:_ha

It can naturally be lifted to a group anti-automorphism, and we have seen on the path
model that it is the group picture counterpart of duality: 7 +— 7 (T —t) — 7 (T).

4.5.2 Schiitzenberger involution

This map was originally introduced by Schiitzenberger as an involution on semi-standard
tableaux of a given shape. As tableaux with n letters of a given shape A can be identified
with the highest weight crystal B (\) of type A,,, it can be seen as an involution on highest
weight crystals.
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Definition in the group picture
Definition 4.5.1 (Schiitzenberger involution on G).

Ve € G, S (z) =Wy (™) T wy = wo(z ™) T wy !
Remark 4.5.2. This is defined “coordinate free” on the entire group.

Remark 4.5.3. Both definitions agree because Wi belongs to Z(G), the center of G as a
consequence of the following lemma.

Lemma 4.5.4. For each w, define t(w) = ww=t. We have:

t(w) = eim(pY —wpY)

In particular:

Proof. Using the notations from preliminaries:

t(w) = §Z'1 e gilgil e §i1

. Siq .Sy . Siq.Siy . Si .
— (Zsiz (emh) 1 -1 ¢il—1 (ezﬂ'h> 1 -2 ¢i2 (617rh) 1 ¢i1 (617rh)
l
= exp (m Z Siy - Siklhik>
k=1
l
= exp (2’77 Z ﬁ}!)

k=1
= exp (i (p¥ — wp”))

Properties 4.5.5. e S is an involutive anti-automorphism on the group.

Vk € N, (il, . ,ik) & Ik,S(a:il (tl) e Ty, (tk)) = l‘lz (tk) .. l‘f{ (tl)
S(wo) = wWo

Vo € BtwoB", hw (S (x)) = hw (x)

Proof. 1t is easy to see that S is an anti-automorphism as the composition of three anti-
automorphisms (inverse, transpose and Kashiwara involution ¢) and an automorphism
(conjugation by wy), the first property. The second property is known to Berenstein and
Zelevinsky (relation 6.4 in | ]) and is a consequence of Ad(wp)e; = —f;+ (proposition
3.3.4). The rest is easy to check by direct computation. O

Since S stabilizes the geometric crystal B and preserves the highest weight, it is indeed
an involution on highest weight crystals B ().
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Definition in the path model

Definition 4.5.6 (Schiitzenberger involution on paths).
S (m) = —wor*
As usual, this definition in fact agrees with the group picture after projection.

Theorem 4.5.7.
poS==S5op

where on the right-hand side, S stands for the Schiizenberger involution on the group, and
the left-hand side it is considered in the path model.

Proof. Consider a smooth path 7. Since Soc is an automorphim, the left invariant equation

solved by S o (B (m)) is

dSou(By(m)) =Sou(By(m))d(S o) Zfa+d7rt>

=Sou(B(m Zfa*—wodﬂ't
aEA

=Sou(B(m Z fa — wodmy
aceA

Then:
Sov(B(m)) = B (—wom)

Replacing 7 by 7* gives the result for all smooth paths:
S (Bt (m)) = B; (—wor")
The smoothness assumption can then be discarded. ]

Remark 4.5.8. In the path model, S does not preserve connected components, but thanks
to the previous theorem, it stabilizes highest weight crystals in the group picture. As such it
preserves isomorphism classes of path crystals using Littelmann’s independence theorem.

As pointed out in | ] p. 1552 lemma 4.19 the following can be taken as a definition
for the Sciitzenberger involution for A, crystals. We prove the analogous statement in the
geometric setting:

Theorem 4.5.9. The Schiitzenberger involution is the unique map S on geometric crystals
(resp. path crystals up to crystal isomorphism) such that:

e yo5(x) = woy ()
o £, 08 (x) = o () or equivalently pq 0 S (z) = e+ ()

. VCER,eg-S(w):S(e_C-x)

a*
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Proof. Computations can be carried out very easily both in the group or on the path
model.

For uniqueness, if S and S’ satisfy those properties, then SS’ is an automorphism of
(path) crystals. In the group picture, there is no crystal automorphism aside from the
identity (see subsection 4.4.8), hence the uniqueness up to isomorphism. O



Chapter 5

Canonical measure on crystals and
superpotential

For classical discrete crystals, the measure of interest is the counting measure. For in-
stance, the number of elements gives the dimension of the associated module. More
precisely, for A € P% is a dominant weight, consider B()\) the Kashiwara crystal with
highest weight A\. The canonical measure is simply:

> & (5.1)

bEB(N)

where d stands for the Dirac measure at the element b. The character ch(Vy) is the
Laplace transform of the induced measure on weights:

Vi a,ch (V3) () = 3 el (5.2)
bEB(N)

This allows us to define a canonical probability measure on B(\) with spectral parameter
u by:

1

(nwt (b)) § 5.3
e b .
h A (), 2, (53)

Then, as discussed in [ |, the object of interest in the case of continuous crystals
is the Lebesgue measure on the polytope that parametrizes continuous crystals. In the
geometric setting, it is natural to wonder what can play the role of canonical measure.

We start in sections 5.1 and 5.2 by presenting some surprising ingredients involved:
the seemingly innocent toric reference measure w and the superpotential map fp.

Then, the canonical measure on B()\) is defined. The reason why it is natural uses
extensively the tools of probability and will be the subject of the next chapter. For
now, we will rather focus on drawing consequences. Its image through the weight map is
the geometric analogue of the Duistermaat-Heckman measure. Whittaker functions are
defined and play the role of characters in this geometric representation-theoretic setting.

Finally a geometric Littlewood-Richardson rule is investigated. We prove in theorem
5.6.8 that the tensor product of crystals each endowed with the canonical measure, is
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nothing but a convolution measure thanks to the group structure. Moreover, it disinte-
grates with respect to the family of canonical measures indexed by their highest weight.
As such, the decomposition of a tensor product into its connected components carries on
to canonical measures. Finally, we write a product formula for Whittaker functions that
is interpreted as a linearization formula for characters with positive coefficients.

5.1 The toric reference measure
Let us start with a simple object:

Definition 5.1.1 (The measure wiric). Define the measure wioric 0N RYy by:

m
dt;
Wtoric = I | Tj

J

j=1

Remark 5.1.2. Notice that wioric ©s nothing but the flat measure in logarithmic coordi-
nates, or the Haar measure on the multiplicative torus RZ,

wioric has the remarkable property that it is invariant under changes of parametrization
for both the Lusztig variety and Kashiwara variety.

Theorem 5.1.3 (| ] lemma 3.1 and | | theorem 7.2). For all reduced words i
and i’ in R(wg), the image measure of Wioric through the map x;l oxy (resp. miil, ox_j)is
itself. Meaning that if the following change of variables hold:
(15t s thy) = 2yt o i (t1, - )
(s chynnycy) =a"lox s(ct,. .. cm)
Then:
m / m
dt;
at; _ oy dt
15 =17
: ]:
m / m
I -1
/
j=1 cj j=1
Proof. Tt is essentially the content of lemma 3.1 in | ] for classical types and theorem
7.2 in | |, both proved by direct computation. A proof without any computation
comes as a side product of theorem 6.1.6 and will be given in section 5.5. O

This allows us to define a measure on B(\) that has virtually the same expression
regardless of the chosen parametrization. It is nothing more than the image measure of
Wioric under any of the usual parametrizations of B(\).
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Theorem 5.1.4. There is a unique measure on B()\) denoted by wp(x) such that, for all
measurable functions ¢ : B(A) = Ry and reduced word i € R(wy):

T dt
QO(JJ)CUB)\ (dl‘):/ gOObLO{L'i(tl,...,tm) —d
/Bw ™ mn © g i

K T 9¢
= gpob/\ ox_i(cl,...,cm)Hf
R, j=1 G
m
dt;
:/ gpobg:oxi(tl,...,tm)nfj
R tj

m
>0 j=1

Moreover, w is invariant with respect to crystal actions e, € A, meaning that:

VeeRVae A, [ s (dn) = [ pleq - w)osn(da)
B(A) B(X)

Proof. See section 5.5. O

Notation 5.1.5. When the choice of highest weight crystal is clear from context, we will
simply write w instead of wp(y)

Although we will not use this result in the sequel, wioric can be easily seen as linked
to the Haar measure on Ug, the real group generated by {z,(t),a € A,t € R}:

Proposition 5.1.6 (Essentially | | Proposition 3.1 for classical types). Leti € R (wy)
and parametrize group elements u € Ur thanks to their Lusztig parametrization:

u::):i(tl,...,tm)
Using the Weyl vector p = wy + - - - + wy,, define the measure du as:
_ p(8)) dt;
J

The measure du does not depend on a choice of reduced word i and is the Haar measure
with normalizing condition:

m

e XMy = T[T (p(8))
s 1 ()
where x is the principal character on U such that:

Vt € C,Va € A, x(e") =t

Proof. The normalizing condition is clear. For proving that the definition of du does not
depend on the choice of i, use the fact that (4.1.19):

BY
[uwolo = H tj]
J
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Hence, we can write the measure in the following form:

T di
du = [uwylf H t—]
j=1 Y

Now that we know that the measure du does not depend on the choice of reduced
word i, one can choose «;, as any root a. Therefore u = z; (t1,...,t,) is a product of
the form u = z4 (f1) ..., and du = dt; .. .. It is indeed invariant under the one parameter
subgroup z,, (R) for all «, hence the left invariance. It is also right invariant because Ur
is unimodular. O

5.2 The superpotential

We will use the elementary additive unipotent characters x, : U — C given by:
Yt € C,Ya, B € A, xa(e'?) = tda,p

The principal character x : U — C is defined as:

X:Zon

a€A

Recall that B is the set of totally positive, lower triangular elements in G (see definition
4.1.11).

Definition 5.2.1. Define the superpotential fp on B as the map:

fB : B — R>0
x = zwptu +—  x(z) + x(u)

Recall that, in the decomposition x = zwotu, we have z € ULY, uw € USLY and t € A.

Example 5.2.2. In rank one case, by writing for x € B(\):

t 0\ yav (1 t\ (0 =1\ e* 0\ [1 &2
xTr = 71 e pry 7A t
1t 0 1/\1 o)lo e 0 1

We find the ’superpotential’ (cf [ 1):

—2X

t

fo(@) =t+°

The following properties are easy to prove:

Properties 5.2.3. For x € B:
fB (@) = fB(3") = fpoS(2)
Vw e W, fp(w-z) = fp(z)

e“—1 e “—1
eca(T) epa(T)
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Proof. The first relations are immediate. The invariance under the Weyl group action
on the crystal can be checked easily on the reflections s, € A. For the last one, use
theorem 4.1.22 and the superpotential’s definition. O

Notation 5.2.4. Let x be an element in B()\) with u = of (z). Define the twist map as

in [ | by:
1 T]

Mo (w) = [Wy u” ]+

Thanks to the definition 4.1.15:

Fo(@) = x (€ o (w)e*) + x(u)

The main obstruction for fg to have a simple expression is this twist.

Using the notations and formulas in proposition 4.1.16, we have the following semi-
explicit expressions:

Proposition 5.2.5 (Semi-explicit expressions in coordinates). Let x € B()\) and:

v=05@)=z_i(c1,...,cm)

U = QT(J;) = i (tla s 7tm)
Then:
fo(@) =x 0 8o (e Mg uTlset) +x(w) = x (e (we) + 315

j=1
wo,e AT T1—1 A wo,e N o 0 1 o)
= (" () +x (¢ "5 ) = x (0 (w) + 3o e Vet T ¢
k=1 j=k+1

This seemingly simple and innocent map has recently appeared in two quite different
circumstances.

Geometric crystals: Berenstein and Kazhdan use the map fp to ’cut’ the discrete
free crystals B77¢¢(\) obtained by tropicalizing B(\) and its structural maps. Then they
obtain normal Kashiwara crystals by setting ([ )k

B (A) = {b€ B | [f5luep(b) > 0}

The surprise is in the fact that a simple function like fp encodes exactly the string cones.
As stated in the introduction of ([ |), exhibiting such a function, along with its prop-
erties, proves a corollary of the Local Langlands conjectures.

Mirror symmetry: Rietsch used the same function in her mirror symmetric construc-
tion of the quantum Toda lattice for general type in | | (definitions in section 6). It
is also related to Givental’s construction, using however different coordinates ([ D).
Mirror symmetry is a phenomenon first noticed in string theory: Morally speaking,
mirror symmetry says that a certain string theory called the A-model with underlying
Calabi-Yau manifold X is equivalent to another string theory, the B-model, on an entirely
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different Calabi-Yau manifold Y. X and Y are called mirrors to each other. The A-model
has Gromov-Witten invariants as coupling constants which capture a symplectic structure
on X, while the B-model captures a complex structure on Y.

Such a phenomenon has been generalized to other cases than Calabi-Yau. In the con-
text of mirror symmetry for the flag manifolds G/ B, the mirror variety is encoded by a pair
(X,e") where X is a complex variety and W is the Landau-Ginzburg ’superpotential’
For P}(C) ~ G/B, with G = SLs, one finds X = C* and:

—2X

W(t):t+€T

This is exactly fp(z) if x € B()\) has Lusztig parameter ¢ (see example 5.2.2 ).

We have no explanation as why mirror symmetry appears while investigating geometric
crystals and we will not try to push into that direction. However, in the context of
combinatorial representation theory, the strength of our approach is that the Landau-
Ginzburg potential e~ /5 (f‘)w(dx) will appear naturally as a canonical measure on geometric
crystals. The measure is canonical in the sense that, once normalized into a probability
measure, it is precisely the distribution of a random crystal element conditionnally to its
highest weight. A random crystal element is given by a Brownian motion in the context
of our geometric Littelmann path model.

5.2.1 Algebraic structure of fp

The map fp has a nice and deep algebraic structure. A first flavour that is sufficient for
our needs is:

Theorem 5.2.6. If x € B(\) with twisted Lusztig parameter
u=pl(z) =i (tr,. .., tm)

then fp(x) is a Laurent polynomial in the variables (t1,...,ty) with positive coefficients.

Before giving a proof, let us observe that fp has an expression in term of generalized
minors:

Lemma 5.2.7 ( Variant of corollary 1.25 in | | ). Forxz € B(\), with twisted Lusztig
parameter u = o' (x), we have:

(o) = Y e Guemoee i) L)

ach Ao wowa (1)

Proof. The character x, can also be expressed as a minor ([ | relation 1.8):
Vu € UL, Xa(u) = Ay, sawa (@)

Therefore, if (proposition 4.1.16):

r=>bl(u)=So. (e_)‘[QIjo_luT]Jre)‘) woeu
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Using, x o S o1 = x, we have:

fo(x) =x o080 (e g uTl ) + x(u)
= Z eia()\)Xoc([waluT]-l-) + Xa(u)

acA
= Z @_a(A Awa,sawa([waluT]‘F) + Awaagawa (u>
aEA
Moreover:
Awa,sawa([waluT]Jr) = A" ([wy v’ |434)
= A ([wy "]y g 'uT o+ 5a)
_ A% (waluTEa)
A (wy L)
Ao (55 Muang)
Ave (uawg)
Hence the result. O

Proof of theorem 5.2.6. Thanks to the previous lemma, all we need to know is that

chusawa (u)

Asawa ;S WoWo (U)
Awa,wowa (U’)

is a Laurent polynomial with positive coefficients in the variables ¢;. The first one is easy
to deal with as:

Awaysawa (u) = X(U) = Z t]
OCAJ =

For the second one, using | ] theorem 5.8, each of the minors Ag ., wow. (®) and
Ay wowes (w) are linear combinations of monomials with positive coefficients. The latter
has only one monomial term by applying corollary 9.5 in | | (with u = e, w = wy and
Y = wa)- O

Examples in rank 2

Let x be an element in B()\) with u = o’ (z). For each classical Cartan-Killing type, we
specify a reduced expression i for wg that gives rise to a parametrization of u € ULj:

U = Ty, (tl) e Ty, (tm)

We give explicit expressions in term of the ¢; variables for fg(z), while computing as an

intermediary step the twist:
1 T]

Thwo (u) = [w()_ us |+
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[ ] A2: Wy = $15281 U = 1‘1(t1)3§‘2(t2)1‘1(t3)

1 14 3 1
Thw (U) =T (W) ) <152> 1 <tl—|-tg> (5.4)

1 1t
fo(@) =t +ty+tg+e N — 4 e72 < + 1>
th ta | tots

e By: wy = $1525182 u = x1(t1)x2(ta)z1(t3)x2(ts)

(1+g(1+§j)2)

1
nwo(u)—.fl N (1—{_2(14_3)2) T2 t2(1+%> (5.5)
12
B P 50
t(1+82) +t 2+t

2 2
Fo(@) =t totty+tate W e (L 200 0 0
t ty  tots  tot3 3ty

Link to cluster algebras

In the examples of the previous subsection, we witness the so-called Laurent phenomenon:
When computing the characters xq © My, (u) that are a priori just rational expression
in the variables (¢1,...,%,), many simplifications occur and we end up with a Laurent
polynomial with positive coefficients.

The Laurent phenomenon is a characteristic of cluster algebras. A cluster algebra is a
commutative algebra with a specific set of chosen generators called clusters. Here we are
concerned with the coordinate algebra of the double Bruhat cell G¥¢ := BTwyB™ N B,
C[G™0¢], which has the structure of a cluster algebra (theorem 2.10 | ])- The clusters
A (i) are made of generalized minors and indexed by the possible reduced words i € R(wy).
In the notations of section 3.13, the minors in A(i) are the principal minors along with
those from the family F'(i):

A@) = F@)| [{Aa%, a e A}
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It is well known that the t; are linked to minors in x from a specific 'cluster’ A(ip)
via an invertible monomial transformation ([ ], [ ]). The theory of cluster alge-
bras indicates that every minor is a Laurent polynomial in the variables of a previously
fixed cluster. The fact that those Laurent polynomials have positive coefficients is still
a quite open conjecture. The link with cluster algebras is quite clear at this point: the
minors appearing in the superpotential are variables in a cluster than can be obtained via
seed mutation of the cluster A (ip). Laurent phenomenon and coefficient’s positivity is
expected.

Therefore, theorem 5.2.6 is not a suprise given that fp can be expressed in term of
generalized minors. We were able to prove it without any reference to the general theory
of cluster algebras because the minors involved in our situation were not very complicated.
A complete understanding of the underlying cluster algebra would provide more explicit
versions of theorem 5.2.6.

Computations using the geometric path model

The superpotential fg has the following expression in term of the geometric path model:

Lemma 5.2.8. Let x € B(\) and m € Cy([0,T],a). If z has twisted Lusztig parameter

u= ol (x) = i (t1,...,tm), while © has usual Lusztig parameters of(m) = (t1,... ,tm), we
have: " .
fo@) =Y t;+ 3 e oW / o) g
j=1 aeA 0

Proof. By theorem 4.4.28, Np(m) = [uwp]-. Hence:

Recalling that:

finishes the proof. O

The geometric path model allows the computation of minors using integration by parts,
while keeping the positivity property obvious. We illustrate this claim by an explicit
computation in the Ay type. Choose i = (1,2,1) and consider as in the previous lemma a
path m € Cy ([0,7], a) such that:

QiL(W) = (t1,12,13)

/T e—i(m) — 1
0 1

/T pmen(m _ L T
0 to  tol3

Then:
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Proof. Recall from subsection 4.4.2 that if we write for j = 1,2, 3:

—00

nj = esil...sij -

We have, with the convention ng = 7:

1

T —az (nj-1)
0

t; =

nj—-1= Txaij (t5) Mj

The first identity comes from the definition of Lusztig parameters for a path. The
second one needs a little more work.

T
/ e—OéQ(Tl’)
0
—as(ay
_/ dse—c2(m(s)) (1—|—t1/ e (711)> 2o
_/ e—a2(m) +t1/ dse—2(m(s )/ —aa(m)
1y / dse—02(m(s)) / oo (m)
) 0 0
Moreover, using an integration by parts and the fact that fOT e—2(m) = oo
T s
/ dse—02(m(s)) / a1 (m)
0 0

T s
_1 _ 4 1 ds/ e—a1(m)
to Jo ds \'1+t9 fO e—a2(12) 0

_ fOs e—o1(m) ‘|T 1 /T p efa1(771(s))

+ — S
14+t fg’ e—a2(n2) 0 ta Jo 141 fds e—a2(n2)
1 /T e—a1(m(s))

1

g 81 +ty fos e—a2(n2)
T
l e*al(Th)
to
1
ot

5.2.2 Existence and uniqueness of minimum on B(\)

Because of the following theorem, fp deserves the name of potential as it behaves like a
potential well on B(X\) ~ RZ;: level sets are compact.

Theorem 5.2.9 (] | proposition 11.3). For M > 0, consider the set:
Ku(A) = {z € B[ fp(x) < M}

If M is large enough, Kpr(\) is a non-empty compact set.
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Proof. First parametrize x € Kjr(A\) by t = (t1,...,tn) € RY, such that:
zi(ty, ... tm) =u=1p

Then:

fB(@) = x (e nuy (w)e) + x(u)

= X (P nup (e ) + 3t

=1

Clearly, the condition z € Kj;(\) implies t; < M for j =1,...,m. All we need is to prove
that the components of ¢ are bounded away from zero.

Here we can produce two arguments, the first one is the geometric argument produced
by Rietsch. We give a quick sketch. Extend 7, to the totally positive part of the flag
manifold in the following way:

Ty (G/B)go — (B\G)xg
uB —> BwouT

It is straightforward that the extended 7, maps BB N BwB to BwoB N Bwow 'BY.
The idea is that if some of the t; go to zero, our group element uB3 leaves the cell

U“B ¢ B*B N BuwB
and exits to a cell of type U¥,B, £ (w) < £ (wp). If:
Bu' = B (th,. .., t,) = Mg (u)

then, as some of the ¢; go to zero, Bu’ heads to BwyB N Bwoyw~'BT. However, in order
to reach it, some of the parameters t;- need to go infinity.

The second argument is based on the geometric path model, and is simpler given pre-
vious results. Using 5.2.8, if 7 € Cy([0, T}, a) is a path with Lusztig parameters t1, ..., ty,,

then:
T
3 eol / o)) g
0

acA

[B(x) = th +
j=1

As some of the ¢; go to zero, the path = converges to n € Cy([0,T[, a), an extended path
of type £(w) > {(e) (see definition 4.4.14). Hence, because of the divergent behavior at
the endpoint, there is an « such that:

T
/ e ™ = o
0

This cannot happen on Kj/(A), and the t; are indeed bounded away from zero. O

Corollary 5.2.10. fp reaches a minimum inside of B(\)

The following answers the uniqueness question raised by Rietsch in | |:
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Theorem 5.2.11. The superpotential fp reaches its minimum on B(\) at a unique non
degenerate point my. Moreover, it is fized by the Schiitzenberger involution and has zero
weight:

Y(my) =0
Proof. We use logarithmic coordinates &; = log(¢;). In such coordinates, denoting by
& € R™ the coordinate vector and (,) the usual Euclidian scalar product, fg(z) has the

form (theorem 5.2.6):
r) = Zcie@i@
el
where ¢; are positive coefficients and a; € Z™ encode exponents. Among the a;,i € I,

there is the Euclidian canonical basis (e;)1<;j<m because of the term:

m

i t; = Z (e:€)
j=1 j=1

Now, it is easy to see that fp(€) is strictly convex as for all v € R™:

m 82
VU1
,g_:l 9ERO&
m
= Z civpa kvrag e
kl=1iel
= cz<v,az) (@id) >
iel

The hessian matrix is also everywhere non-degenerate: the previous inequality is strict
as soon as v is non zero because among the a;, there is the canonical Euclidian basis.
Uniqueness for m, follows.

The Schiitzenberger involution S stabilizes B(\) and fp oS = fp. Because of the
minimum’s uniqueness, one must have S(my) = my, hence v(my) = woy(my) which
implies that the weight is zero.

Another way of seeing that vy(my) = 0 consists in computing the first order condition
for a point x € B(\) being an extremal point:

fB(eq z)— fB (v)
e -1 e “—-1
eea< D T era@
=ce®> (1 e¥a(@)= EO‘(I)) + o(c)

=ce> (1 a(7(@) ) + o(c)

If = critical:
Va,a (y(z)) =0

Hence v(z) = 0.
O

The exact computation of this minimum would be interesting for example in computing
the precise behaviour of Whittaker function v, ()), that we will introduce later, as A goes
to ’—oo’” and the semiclassical limit for the quantum Toda equation.
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5.2.3 An estimate

The following estimate is crucial in order to prove the integrability of e~ /5 (I)w(dm) on

B(\).

Theorem 5.2.12. There are rational exponents nj > 0 depending only on the group such
that for all x € B(\):

m e~ MaXq a(A)
IB(z) > Z tj+ —m—m—
= [Tt
where x is parametrized as o* (x) = z; (t1,.. . tm).

Proof. If:

u= o' (z) =i (t1,...,tm)

Then using definition 4.1.15 and proposition 5.2.5:

fB(z)
=x () + 3 e Vg ([wg'u"]:)

m
>3ty + e e Oy (g ')
j=1
Moreover, in terms of the variable ¢t = (t1,...,tm),

L(t) = x ([wg 'u"1+)

is a Laurent polynomial with positive integer coefficients (theorem 5.2.6). We write it as:

1
el
Here I is an index set, a; = (a},...,a") € Z™ for i € I are exponent vectors and
¢; € N* ¢ € I are the Laurent polynomial’s coefficients. We use the notation t* := ;-”:1 t?]
for a € Z™.

In order to prove the theorem, we will focus on the lattice cone

C(N) := {Z N, \i € N}

i€l
and prove that:
CN)N (N*)™ £ 0 (5.9)

Once this result obtained, pick an m-tuple v € C(N) N (N*)™ and call M = > v; € N* the
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sum of its components. Then, for ¢ € (R%)™:

LM
1
= Z Ciy - CiM 7#”1 iy,
11,8200 0
1
> - -
= Z C % trrtaig,
11,02, 50 M

B 1
= Z =
aGC(N),Z;nzl al=M
1
>_
2
Letting n; = UMJ € Q7% will finish the proof.
Now, let us go back to proving identity (5.9). For the purpose of using a density
argument, define the convex cones:

C(QJr) = {Z Aii, \j € Q+}

i€l

C(R+) = {Z Ni@i, \j € R+}

i€l
The convex cone C(Ry) — R = {a —b,a € C(Ry),b € R} cannot entirely lie in a linear
half-space. If it was the case, denote by H such a half-space defined by a normal direction
x e R™:
H:={y e R"|(y,z) > 0}
We have:
Vie I, {ai,z) >0

And since —R"" C H, we necessarily have z; <0 for j = 1,...,m. Now, for A € R:
L (e/\“, cee e/\xm>
_ Z Cie—/\<ai,ac>
i€l
Because x is non zero with x; < 0, taking A — oo forces at least one of the components

of t = (e)‘zl, R e)‘””m) to zero, while L(t) stays bounded. This contradicts theorem 5.2.9.

We have then proved indeed that the convex cone C(R;) — R’ cannot entirely lie in a
linear half-space. Moreover, it is well known that the only convex cone in R™ that is not
included in a half-space is R™, forcing C(R;.) =R’} = R™. Therefore, C(Q4)— Q'] is dense
in R™ and C(Q4) N (Q%)™ is not empty. This implies the identity (5.9). O

5.3 Canonical measure

Definition 5.3.1 (Canonical measure on geometric crystals). Define the canonical mea-
sure on B(\) as the measure:
e~ /8@y (dx)
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Recall we have defined the reference measure w(dx) for x € B()\) as being given in
either of the coordinates:

Y
QK(*/E> - .%'_i (Cl, 7cm)
QT($) = T (tllv 7t;n)

o -2 - 1192 - 115

Since both fp and w are invariant with respect to the W action on the geometric
crystal B(\), the same holds for the canonical measure.

Originally, the Duistermaat-Heckman measure was used to refer to the asymptotic
weight multipliticities for a very large finite dimensional representation of a semisimple
group (] I, [ ] section 33). It is also the image measure of the uniform measure
on a continuous crystal under the weight map ([ | section 5.3 ). One can use the
Littelmann path model for very long paths to recover easily the Duistermaat-Heckman
measure as asymptotic weight multiplicities ([ | remark 5.8). Thus, now that we
have identified a natural measure on geometric crystals, we will take virtually the same
definition.

Definition 5.3.2. For A € a, define the geometric Duistermaat-Heckman measure DH?*
on a as the image of the canonical measure under the weight map .

We will see that this measure intertwines the Laplacian on a and the quantum Toda
Hamiltonian, or equivalently Brownian motion and the Whittaker process.

The Fourier-Laplace transform of the Duistermaat-Heckman measure plays the role of
character, analogously to equation 5.2. In the geometric setting, it is a representation-
theoretic definition of Whittaker functions. In a way, this is a geometric lifting of the
famous Harish-Chandra Itzykzon Zuber formula.

Definition 5.3.3 (Whittaker functions). Whittaker functions are defined as the Laplace
transform of the geometric Duistermaat-Heckman measure. For A € a and p € b, it is
given by:

Yu(N) = / ek DH (dk)

a

_ / @)= I5() ()
B(N)

We will see in the next section that the integral is finite and that the Whittaker func-
tions are well behaved. This semi-explicit integral formula given for Whittaker functions
hints directly to the work of | , , ]. It is not so easy to link their formulae
to ours, because of the multiple choices of coordinates. Notice however that our approach
makes the choice of totally positive matrices a natural integration cycle.

In the next subsection, we will see that such functions are well-behaved and link them
to Jacquet’s original definition. Unless otherwise stated, the u parameter will be taken in
a, making v, into a positive function.
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Definition 5.3.4 (Canonical probability measure with spectral parameter p € a). For a
spectral parameter p € a, define C\,(X\) as a B(\)-valued random variable whose distribution
satisfies for every bounded measurable function on B(\):

1
Yu(N)
We will refer to its law as the canonical probability measure on B(\) with spectral parameter

p. And Cyu(X) will be referred to as a canonical random variable on B(\) with spectral
parameter (.

E (£(Cu(N) Jy £ I ) (510)

It is the geometric analogue of the probability measure defined in 5.3.

Properties 5.3.5. For A€ a and p € a:

()
(i)

(iii) W -invariance:

o

Yw € W, Cup(N) £ Cu(N)

Proof. In section 5.5. O

5.4 Whittaker functions as geometric characters

We defined Whittaker functions v, as the Laplace transform of measure induced on weights
by the canonical measure. This definition is different from Jacquet’s original definition as
an integral on the unipotent group ([ ]). Whittaker functions are of special interest in
number theory for instance. They appear in the Fourier expansion of Maass forms (see
Goldfeld | |, chapter 5). A good knownledge of their properties is therefore essential.
Our approach has the advantage to define well-behaved functions using integrals that con-
verge rapidly for all u. Moreover, the integrands are positive. Finally, a lot of structure is
exhibited thanks to the underlying geometric crystals: Whittaker functions play the role
of characters in the theory.

Define b : h — C as the meromorphic function

b(p) = [ T((8",m)

Bed+t
It allows to define a natural normalization in our setting.

Theorem 5.4.1. The Whittaker function

satisfies the following:
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(1) Yu(X) is an entire function in p € h =a® C~ C".
(7t) 1y, is invariant in p under the Weyl group’s action.

(iii) For u € C, the Weyl chamber, we have a probabilistic representation of the Whittaker
function using W# a Brownian motion on a with drift p:

U () = b()eVE, (exp (_ S Lava) /Oo ds ea(wé“”))
a€A 2 0

and is the unique solution to the quantum Toda eigenequation:

S00(E) = 3 o)™ @y () = (o)

a€eA 2

such that v, (z)e™ ") is bounded with growth condition 3, (x)e~ ) ToReC b(u)

Proof. (i) In coordinates, thanks to the estimate in theorem 5.2.12 and the weight map
expression in 4.1.20, we see that

d(p, ) := exp ((u,y(z)) — fB(2)) w(dr)

is holomorphic in y € h and integrable in the z parameter uniformly for 4 in a
compact set. The same holds for partial derivatives w.r.t to u. Thus, integration in
the x parameter will give a holomorphic function whose domain is all of . Hence,
1, (A) is entire in the p parameter.

(ii) Invariance under the Weyl group action is a consequence of the invariance for
e~ 1)y (dzx), and equivariance for the weight map.

(iii) In proposition 6.5.10, we prove that the probabilistic representation coincides indeed
with the previous definition. For the characterization as the unique solution of the
above PDE, see proposition 6.5.1.

O
Example 5.4.2. Once we choose a coordinate chart, plenty of explicit formulas are avail-
able. For instance, we can parametrize the elements x € B(X) thanks to (c1,...,cm) € R™
such that:
oK(x)=a_i(e7, ... e )

for a certain i € R(wo). Then the formula in definition 5.3.3 becomes:

o A case:
Yu(X) = /Rexp (u()\ —c)—e “— ec_2>‘> de

This is a well-known formula for the Bessel function of the second kind also known
as the MacDonald function.

o As case, i=(1,2,1):
¢M()‘) — / dcldCch?)e(u,)\—qalv—czaQV—03a1V> exp(—e ' — e — o~ (c2—c3)
R3

_ef1ma (A—c2ay —czay) _ 6027042(/\70301Y) _ 6037011()\))
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5.4.1 Jacquet’s Whittaker function

Now, we link our definition of Whittaker functions to Jacquet’s original definition in [ ].
In his thesis, Jacquet introduced Whittaker functions in the more general case of algebraic
semi-simple groups over a locally compact field. We will mainly follow the presentation of
Hashizume (| ) who deals with Whittaker functions on real Lie groups. In fact, the
Whittaker function we considered is the Whittaker function on Gy the split real subgroup
of the complex Lie group G. The following definitions are valid only in the scope of this
subsection.
A real form gg of g is a real Lie algebra whose complexification is g:

g=g0®C
The real form gg is said to be split or normal if for any Cartan decomposition:

go = £ + po

a Cartan subalgebra of gy can be taken in pg. Any complex semi-simple Lie algebra g has
a split real form that is unique up to isomorphism (Ch IX theorem 5.10 in | D).

Let G be the connected real subgroup of G whose Lie algebra g is the split real form
of g. The Cartan subalgebra in go can be taken as the subset of h where the roots take
real values. Hence, it is nothing but a.

The list of possible groups we are concerned with is:

e Type A,: Go=SL,(R) C G=S5L,(C)

e Type B,: Go=SO(n+1,n) C G = SO2,+1(C)

e Type Cp: Gy = Spp(R) C G = Sp,(C)

e Type D,: Gy =S0(n,n) C G = 503,(C)

e Split real forms of the complex exceptionnal types.

Let Gy = UpAK|) be an Iwasawa decomposition of Go. Here Uy is the upper unipotent
subgroup, A the Cartan subgroup of Gy and Ky a maximal compact subgroup. The
Iwasawa decomposition for a group element g € G is written:

g =u(g9)h(g9)k(g),u(g) € Uo, h(g) € A, k(g) € Ko

Let 1 be a non-degenerate (multiplicative) unitary character on Uy, meaning that:
V¢ € R,Va € A, (ete“) = ¢itna

where 7, € R*.

The Haar measure on Uy will be simply denoted by du and is normalized in the following
way: consider the Lebesgue measure on up and define du as the image measure through
the exponential map exp : ug — Uy which is a diffeomorphism. It is a (left and right)
Haar measure (theorem 1.2.10 in | ]). The Lebesgue measure on uy is defined using as
underlying Euclidian scalar product for (x,%) € ug x 1o, K(z,y?) where K is the Killing
form.

Restricting the definition Hashizume to our case (| | equation 6.4):
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Definition 5.4.3 (Jacquet’s Whittaker function). For g € Gy, v € a*®@C and ¢ a unitary
non-degenerate character on Uy, define Jacquet’s Whittaker function as:

Y(u)du

acque - V+p
Wlacauet (g .y qp) = / h (wo 1ug)
Uo

The Harish-Chandra ¢ function is defined as :

Yo eat c(v)= [ h(wou)’ " du
Uo
An explicit expression for the ¢ function is in | ] equation (6.12).
Both of integrals are convergent for v belonging to the domain:

D={rea®C|R({a,v)) >0}

Here R denotes the real part of a complex number.
Using the Iwasawa decomposition of the element g = u(g)h(g)k(g), one obtains that
W/acquet i entirely determined by a function on depending on h(g) only:

Waeauet (g y ) = 1) (u(g)) h(g)" P, (log h(g))

The function ¥,y is called the class one Whittaker function. It has a convenient char-
acterization of Baudoin and O’Connell ([ | proposition 4.1). We identify a and a*
using the Killing form.

Theorem 5.4.4. For v € C, the Weyl chamber, the class one Whittaker function solves
the quantum Toda eigenfunction equation:

1 1
ST Dl P A7)
acA

with e~ (W)W, () being bounded and:

lim e oy, (z) = c(v)

re—Cx—00
Proof. Uniqueness comes from the martingale argument in proposition 2.3 in | .
We reproduce it in 6.5.1.
The partial differential equation is established in the proof of proposition 3.2 in | ].
Notice that the difference of sign inside the exponential compared to the Toda potential.
Using the invariance property of the Haar measure:

v—p

W (g v, ) = (ulg) | o) du

. (w5 uh(9))

Then, because:
h (U}aluh(g)> = h(g)"°h (walh(g)_IUh(g)>

and
d (h(g)uh(g)~") = h(g)*du
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we have:
WJzchuet (g L, Q;Z)) _ ¢ (U(g)) h(g)w0V+P /U h (’[I)alu)l"f'p w(h(g)uh(g)—l)—ldu

Hence, an integral formula for the class one Whittaker function is:
Jr
U, p(x) = e(wor,z) / h ( _alu)y pzp(exue*x)*ldu
Ug

As 1) is unitary, it is clear that e~ (wov ’9”)\11,,@(36) is bounded. Moreover, as:

YneN, lim e ne®=id

z€—C,x—00

we get the asymptotical behavior:

lim e oy, (z) = c(v)

re—C x—00

Therefore, we can deduce:

Corollary 5.4.5. Forx € a and v € a:

N L md ) b) el )T
Yy () = Yowgu,p ( C%:Al & \/7> a) c(—2wor) }l( 2<oz,06>>

Proof. Let us prove the result for v € C'. The general case is obtained by meromorphic
extension. For such a case, —2wgv is in domain of convergence for Jacquet’s Whittaker
function.

Using the previous theorem, W_o, ., (—%az) solves:

SAF@) Y e f(a) = S, w) f ()

aEA
Hence, adding the shift s € a defined by:

|77a WV
5= Z log ———w,,
aEA \ )
the function W_g,0,.4 ( 137 — s) solves:

SAF() = X e @ f@) = (1) f(2)

Therefore, both functions 1, and W_o,,,,4 (—%x — 3) solve the same eigenfunction equa-

tion. Both of them are bounded once multiplied by e~ *% . By uniqueness, they are

proportionnal and their behavior at infinity inside the Weyl chamber allows us identify
the right propotionnality constant:
lim e %y, (z) = b(v)

zeC,z—00

1
1 7(”717) o — - _ <2V»3>
xeé{grl_)m e U _ouwou,( 5% s) = c(—2wpv)e

Hence the result. O



5.4. WHITTAKER FUNCTIONS AS GEOMETRIC CHARACTERS 137

Remark 5.4.6. Instead of Gy the split real subgroup, we could have considered the real
group obtained by looking at G as a real group. The classical Whittaker functions are again
proportionnal to ours.

5.4.2 The Whittaker Plancherel theorem

Following Wallach ([ ], Chapter 15), Whittaker functions define an invertible integral
transform. For the group SLs(R), this recovers the well known Lebedev-Kontorovich
transform. Because the result is stated in term of the class one Whittaker function ¥, 4,
we take the time of reformulating it in terms of our Whittaker functions .

Let C2° (a) be the space of infinitely differentiable functions with compact support and
recall that n = dim a is the rank of G. For f € C2° (a), define its Whittaker transform as:

W e a, f(v / f @)
The Sklyanin measure is the measure with density s(v) defined for v € a as:
e I (87w sinh (Y, 0) | 2
(2m)" W ’ ’ (8,5)

Bed+

s(v) =

1 H( m 2 )
- @mPIW g \P(BY, )T (=i(BY, 1)) | (8,8)

where |W| stands for the cardinal of the Weyl group. Notice that the Sklyanin measure is
invariant under the Weyl group action.

Theorem 5.4.7. The Whittaker transform defines an isometry from L*(a,dz) to L*(a, s(v)dv)
with inverse, for f € L(a, s(v)dv):

Vo € a, f(z /f 2)s(v)dv

Proof. The isometry property follows from the above inversion formula, which we will now
explain. It can be recovered from the similar transform in | ] 15.12.10 that uses class
one Whittaker functions. It acts on f € C2° (a) as:

Yv € a, f /f 11/1/1 (511)
that is inverted thanks to:
/ Fo)w dv (5.12)
= iies ) e ) |
where, using the notations of the previous subsection, ¢ is Harish-Chandra c-function and
74 and c4 are certains constants. Thanks to 12.5.3 and 13.8.2 in | ], one sees that
v4 = ¢(p) and therefore, using the explicit expression in | ] (6.11):

2
e BGEL < <B,,6’>>
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The constant ¢4 is given in | | 13.3.2 and the usual Fourier inversion formula leads
to:
ca=(2m)"

Now, because of corollary 5.4.5, there is a fonction A and a shift vector s such that:
1 .
Vv € a, Vo € a,vi () = Yougivy (—290 + s) h(iv)

As a consequence of equation (5.12), after rearranging everything, the inversion formula
for the transform f — f holds with the measure:

S(l/) — YA
|[W|ecah(iv)h(—iv)c(2wpiv)c(—2wgiv)
_ A
|[Wcab(iv)b(—iv)

It is indeed the Sklyanin measure. O

Remark 5.4.8. In the sense of distributions, theorem 5.4.7 leads to:

V(z,y) € 0%, 0pmy = /aiﬁiu(ﬂﬁ)?l)—iu(y)s(’/)d”

Having in mind that Whittaker functions play the role of characters, this can be interpreted
as an orthogonality of characters.

5.5 Some proofs

Here the proofs will use probabilistic results on Brownian motion that are proved in the
next chapter.

Proof of theorem 5.1.3. Invariance with respect to changes of parametrizations in both
coordinate systems are equivalent, since if we write:

v
—a\./ 7011-

(x_il(cl) T (cj))T =c; Mgy Tai(ty). . owi(t)

Then thanks to lemma 4.1.8, (logt;),;.,, and (logc;),;.,, are related to each other
by a linear transformation with matrix M. The matrix M is upper triangular with unit
diagonal, therefore the transformation has a jacobian equal to 1.

Two reduced words i and i’ can be obtained from each other by a sequence of braid
moves. As such, it is sufficient to prove the statement for i and i’ reduced words from
a root system of rank 2. This is exactly the computation made in | | lemma 3.1
for types Ay and By and in | | theorem 7.2 for all types. Another proof with no
computation uses the following argument.

Thanks to 6.1.6, by writing for ¢ a test function on B(\):

1

= 500 Jem (p($)e—f3(w)w($)

E (gp (e_eBt (W) 69) |FA Ay = )\)
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we see that [] %j appears as the reference measure for the law of an intrinsic random
variable on B(\), when using the Lusztig parametrization for a specific reduced word i.
The law of the random variable C,,(A) is intrinsic in the sense that it should not depend

on a choice of reduced word, hence the invariance. O

Proof of theorem 5.1./. Fix a reduced word i € R(wp) and an element x € B(\).

Using from properties 5.3.5, the property (i) with § = 0, the reference toric measure on
Lusztig parameters is transported by the Schiitzenberger involution to the toric measure
on twisted Lusztig parameters as:

o" (@) = S (o"(2))

giving the equality:

J

Notice that the change in order and reduced words. However, because of theorem 5.1.3,
it does not matter.
Moreover, for an x € B(\), the parameters

m
>0

ot 7 4
(pobfoxi*(tm,...,tl)]—[t—?:/ pobl omi(ty,.. tm) [ =7
j=1 "7 RZo

v=0"(z) = ox_sor (Cm, ..., 1)

u = QT(.%) = OXj (tl, cee ,tm)
are linked by the simple transform (section 4.1)

3 = G_AUT[UT]al(i)\

which yields a monomial change of variable between (ci,...,¢y) and (t1,...,t,) that
preserves the toric measure. Hence:

K 7 dei T 7 4t
/ o by o:z:_iop(cm,...,cl)H—': goob)\oxi(tl,...,tm)HT
Rglo 7=1 Cj Rgo j=1 J

Invariance with respect to crystal actions comes from the fact that if x € B()\) has
i-Lusztig coordinates

(ti,t2, .., tm)

then €f, - z, with @ = «;,, has Lusztig coordinates (proposition 4.4.30):

(egtl,tg, ... ,tm)

Proof of properties 5.3.5. Notice that

0 =6 + wof (5.13)
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Indeed, the involution * acts on simple roots as a* = —wpa for any a € A. Then:
pa(0) _ (@ a)
2
B <Oé*,04*>
2
— " (0)
_ ea(fw()@)
Now for fixed T" > 0, consider a Brownian motion (Wt(” ))O<t<T in a with drift u, on

the time interval [0, 7] :

(i) The Schiitzenberger involution acts at the path level as (see subsection 4.5.2):
S (W(“))t = —wo (W — Wit );0<e<T

which is also a Brownian motion, with drift wou. Because the Schiitzenberger in-
volution leaves the highest weights fixed (properties 4.5.5), we have equality for
endpoints:

A= To, (W(u))T = Tu 0 S (W(u))T

Hence, even if the filtrations generated by the paths 7Ty, (W(“)) and Ty, 0S5 (W(“))

are different, we still have:

(3 (7)1 (057), =) £ (B (5000 T (507), =)

Using theorems 4.5.7 and 6.1.6, we have:

ch) £ 8(Ch,.0)

wop

Therefore:
e 008 (C, (M) €0 £ ¢?Clpp(N)e ™

Evacuating 6 using equation (5.13) finishes the proof.

(ii) The proof is similar to (i) as the involution ¢ changes the drift x to —u when applied
to a Brownian motion and ¢ (B(X)) = B(—wp).

(iii) It is a consequence of the invariance of fp w.r.t the action of W on the crystal and
the invariance of w w.r.t. to crystal actions (theorem 5.1.4). The weight map is also
equivariant.
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5.6 Geometric Littlewood-Richardson rule

5.6.1 Classical Littlewood-Richardson rule

The simplest way to define Littlewood-Richardson coefficients ¢ , is to refer to the enu-
meration of Young tableaux. e, 18 the number of skew-tableaux of shape v/ and weight
73

In the representation theory of SL,, they are the linearization coefficients of Schur
functions:

S Sy = Z X puSv
veP+

As a natural extension to the representation theory for semi-simple groups, the Littlewood-
Richardson rule is the way one can compute the multiplicities of irreductible highest
weight representations V' (v) in a tensor product V(A)®@V (u). The generalized Littlewood-
Richardson coefficients c) ,(v) are thus defined so that:

VeV = P K,V @)

veP+

5.6.2 Generalized Littlewood-Richardson rule and probabilistic reinter-
pretation

In Littelmann’s discrete path model ([ , |) for the the group GV, one associates
to every highest weight representation V(A),\ € (P+)v a path crystal generated by a
dominant path in a with endpoint A. In this case, of course, the crystal actions are
discrete. The irreductible components in V' (\) ® V(u) are in bijection with the connected
components of the crystal generated by 71 * 12, where 1, and 72 are dominant paths with
A and p as endpoint. In order to count them, one has to count the dominant paths in
(m) * (n2), which are necessarily of the form 7, x m, mo € (n2). Hence the statement:

Theorem 5.6.1 (Generalized Littlewood-Richardson rule(| | p-42)). In the discrete
Littelmann model, CK,M is the number of paths wy in (n2) such that m x 7o is dominant and
has v as endpoint.

A probabilistic reinterpretation is possible. As usual endow both discrete highest
weight crystals with the uniform probability measure. Then we can view (normalized)
Littlewood-Richardson coefficients c§ o dm Vd(lf\r)l Vd(ﬁﬁv( as the conditionnal distribution of

’ ﬂ)
a dominant path inside the crystal generated by n; * 7o knowing the dominant paths 7
and n2. The normalization is only there so that the coefficients sum up to 1. Such an idea

still makes sense in a continuous setting provided that we consider canonical distributions.

5.6.3 The geometry of connected components

In the context of geometric crystals, connected components are continuous objects and
therefore it is important to understand their geometry before proceeding to analyzing
canonical measures on them.

Define the shift operator 75 : C' ([0, s + t],a) = C ([0,t],a) as:

VO<r<tr1s(m)(r):=m(s+r)—mn(s)
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From now on, let m; € Cy([0,s],a), m2 € Cy([0,t],a) and 7 = m * m2. And consider
the crystals they generate. Suppose that the highest weights are A = Ty, (m1) (s) and
p = T, (m2) (t). As such, we have isomorphisms of crystals (theorem 4.4.34):

(m) ~ B(\) (5.14)
(ma) ~ B(p) (5.15)

And (theorem 4.3.6):
(m) @ (m2) = (m1) x (ma) = B(A) @ B(n) (5.16)

Characterizing connected components in a tensor product

Proposition 5.6.2. Consider m € Cy ([0, s],a), w3 € Cy ([0,t],a) and their concatenation
T =m*m. Ifu = o (Bs(m)) € ULy is the twisted Lusztig parameter for the path
m = (w(r);0 <r <s), then:

(s © T (M), 0 <1 < t) = (T 0 75(m), 0 < 1 < 1)

Corollary 5.6.3. Consider n; € Cy ([0, s],a), n2 € Co ([0,t],a) and n = n1 *n2. Let 1,
7y in (m) and wa, w5 in (n2). The paths ™ = w1 x wo and 7' = 7] * 7, belong to the same
connected component in (m) * (n2)if and only if the following equality holds in ULy :

0" (Bs(m)) " (Bi(ms)) = o (Bs(m1)) 0" (Be(h))

Proof. Set:
u=0o" (By(m)),2 = o" (Bi(m2))

u' = o7 (By(m})), 2 = 0" (By(rh))

By theorem 4.4.33, m and 7’ belong to the same component if and only if the corresponding
highest weight paths are equal:

(Two (M), 0 < u < s+ 1) = (T (7 ), 0 < u < 5+ 1)

Equality already holds on the interval [0, s]|, because we took 71 and 7} in the same
connected component. Therefore, by applying proposition 5.6.2, an equivalent condition
is:
(Tu(m2)r, 0 <7 < t) = (T (mh)r,0 <7 < t)
Or by theorem 4.4.25, writing x = e,,°m2 = €
(Tuz(8)r, 0 <7 < t) = (T (K)r,0 <7 < 1)
Hence the result. O

Before the proof of proposition 5.6.2, we give a little lemmas:
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Lemma 5.6.4.
Ts O 7:1’ (7'(') = Txa(ga) OTs (7'(')

where
1

S0 = T5ematm)

Proof. For a time 0 <r <t

S+7 o —a(m) y
Ts 0 To (m) (r) =m(s+ 1) — ()+10g<f0 —a(m) )a

- r e—a(m(s+u) gy, W
fO e—a(m)

T‘ e—(m(s+u)—m(s))
= ) + log <1 du ) aV

= ) + log

)
— +10g 1+€0¢/ e a(Tsﬂ')) aV
0

O]

Proof of proposition 5.6.2. Applying repeatedly the previous lemma, we have by induction
over the length k of w =s;, ...s;, € W that:

(TS © %(W)rvo <r< t) = (Tu © TS(T‘-)T?O <r< t)

where
U= Ta,, (L) - Ta,, (t1)

and for all 1 < j < k:

P D)

Therefore, for w = wp, the t;,1 < j < m are the Lusztig parameters for the crystal
element Bg(7*). The product giving u uses the reversed order, and the following indentity
concludes the proof, making u the twisted Lusztig parameter associated to Bs(7):

u= 100" (By(r")) = o (Bs(m))

The tensor product as a crystal bundle

Denote by % the set of all connected components in B(\) ® B(u). Equivalently speaking,
it is the quotient space for the equivalence relation ~ of "being connected’:

% == B(\) @ B(u)/ ~
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In general, a quotient space is a topological space at best, without natural smooth struc-
ture. Here, define:
II: BA)®B(p) — Uss
b1 ® by = o (b1)o"(b2)

The product is simply the group product of totally positive elements which is totally
positive. Clearly, thanks to corollary 5.6.3, after using the isomorphisms in equations
(5.14), (5.15), (5.16), by ® b and b} ® by in B(A) @ B(p) belong to the same connected
component if and only if TI(b; ® by) = II(V] ® b)).

Therefore II is identified with the canonical surjection B(\) ® B(u) — ¢ that maps an
element to its connected component. Notice that, II is smooth and, in terms of topological
properties, it is a much nicer map than the universal quotient map.

The canonical surjection IT defines a fiber bundle with base space ¢ ~ ULj. And for
each C € €, the fiber II71({C}) is a crystal isomorphic to B (hw(C)). Hence, we can speak
of crystal bundle. A “trivialization” is given by the map:

¢: BN ®@B(p) — {(C,b) €€ x Blhw(C) = hw(b)}
by ® by — (II(by ® ba), b1ba)

Remark 5.6.5. It is indeed almost a trivialization, since all highest weight crystals are
diffeomorphic to Ry, m = {(wy), using for instance the Lusztig parametrization. There-
fore, the target set for ¢ can be seen as € x RZ,. Hence, geometrically, (B(\) ® B(u),II)
s a trivial fiber bundle. Howewver, this fact misses the point since the relevant information
1s in the crystal structure of the fibers.

(5.17)

5.6.4 Geometric Littlewood-Richardson rule

In the proofs of the geometric Littlewood-Richardson rule, we will use probabilistic results
from the next chapter. Let m = (Wr((s); 0<r<s+ t) a Brownian path on [0, s + t] with
drift ¢ in the Cartan subalgebra a. We consider separately the crystals generated by the
Brownian path 7 = ( 7@; 0<r< s) on [0, s] and by its shift mo = (TSW7~(§); 0<r< t)
which is a path on [0, ¢].

Following on the probabilistic interpretation in subsection 5.6.2, the notion that embod-
ies the idea of knowing the highest weight paths, 7y, (W(5)) and Ty, (TSW(‘”)

in each of the crystals (1) and (ms), is the o-algebra:

ot = o {To (W)

0<r<s 0<r§t7

L0 <r < 85T, (TSW((;))T,O<T§ZL/}

T

We will examine the measure induced by Brownian motion on the tensor product (m) ®
(m2), knowing both highest weight paths. It is the perspective taken in [ | for con-
tinuous path crystals and the same idea proves to be very fruitful in the geometric case
too. Because of the semigroup structure, there is also a nice interpretation of the measure
induced on fibers in term of measure convolution. Moreover, the central charge defined by
Berenstein and Kazhdan in | | naturally appears in the measure induced on the set
of connected components, just like the superpotential showed up in the measure induced
on geometric crystals.
For convenience, define also the filtration associated to the full highest weight path:

Fsrt = 0{Tw, (7),,0 <r < s+1t}
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And the o-algebra generated by the connected component of m = 71 * w2 in (71) ® (me) is:

o (W(BW®) @ Bz ®)))

Filtrations properties

As a corollary of proposition 5.6.2, we find that the highest weight path in (m9) and the
connected component of 7 in (m;) ® (me) are functionals of the full highest weight path

(7;,]0 (WOY,.0<r < s+ t), which in terms of filtrations is expressed as:

Proposition 5.6.6.
gs,t C ]:tJrs

and

o (I (ByW®) @ By(rsW®))) € Fisg

Proof. By applying the highest weight path transform to the relation given in proposition
5.6.2, we obtain:

which proves the first inclusion.
The second comes from the fact that II (BS(W(‘S)) ® Bt(TsW(é))> is the Lusztig pa-
rameter of the path 75 o Ty, (7). Indeed, as in the proof of corollary 5.6.3, set:

u=o" (BS(W(‘S))) 2= " (Bt(TSW(5)))

Then:
750 Tog (W) = T, 0 r,W® =T, (6;§°TSW(5))

Thanks to theorem 4.4.25, uz = II (BS(W(‘;)) ® Bt(TSW(‘S))) is definitely the Lusztig pa-

rameter of 75 0 Toy, (7). O

Central charge

The central charge on B(\) ® B(u) is defined ([ ]) as:

A: BN @B —s R
b1 ® by = fB(b1) + fB(b2) — fB(b1b2)

As explained in [ ], one can easily prove it is invariant under the tensor product’s
crystal actions. Therefore, it can be lifted as a map on connected components. In coordi-
nates, it is a rational substraction free expression. Therefore, it can be tropicalized, giving
a non-negative integer for very Kashiwara crystal element. Berenstein and Kazhdan used
it to define a g-deformation of Littlewood-Richardson coefficients. We will prove that this
function appears naturally in the geometric Littlewood-Richardson rule.
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Disintegration of canonical measures on a tensor product

Now endow each of the highest weight crystals B(A) and B(u) with canonical measures

as in theorem 6.1.6. When forming the tensor product, we examine the induced measure

and how it behaves on the fiber bundle. The following theorem tells us that the canonical

measure on a tensor product separates nicely, respecting its structure as a crystal bundle.
First, notice that the natural measure on fibers is just a convolution measure.

Theorem 5.6.7. On the Cartan subalgebra, let W) be a Brownian motion with drift é.
Consider the A = Ty, (W(5)> and p = Ty, © Ts (W(6)>t'

The distribution induced on fibers within the tensor product on (Wo<u<s)((TsW)g<y<s)
is a convolution measure that depends only on \ and

B, (WD) (G, £ C5 (V) Cs ()

where Cs(N\) and Cs () are two independent canonical random variables with spectral
parameter .

Proof.
B§+t (W(5)) = By (TSW(5)> B, (W(5))

Then using theorem 6.1.6:
B! (r W) (Gt £ Cs (V)

BL (W) |Goy £ Cs ()

Recall that the connected components of B(A) ® B(u) is denoted by:

¢ =B\ @B(p)/ ~

We also use the “trivialization” map ¢ defined by equation 5.17.

Theorem 5.6.8 (Geometric Littlewood-Richardson rule). Consider the measure wp(y)(dz)wp(,)(dy)
on B(\) @ B(p). Its image through the map ¢ is of the form:

m(dC)wp(hw(c))(db)

where m is a Radon measure on €.
Moreover, the measure induced by canonical measures on a tensor product disintegrates
as follows. For any positive measurable function f on € x B, we have:

/ - )f o ¢(z @ y)e @ TBW g (dw)wp(,y (dy)
n

_ / m(dC)e / £(C.0) e 5O wpc)) (db)
B(hw(C))

Before giving a proof, let us a give a probabilistic version from which theorem 5.6.8
will be easily deduced.
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Theorem 5.6.9 (Probabilistic version). Let A\, u and § be elements in a. If Cs(\) and
Cs(w) are two independent canonical random variables with spectral parameter 0, then, for
every positive measurable function f on € ® B, we have:

E(foo(Cs(N)®Cs(p)) = | PI(Cs(N) ® Cs(w)) € dC)E (f (€, Cs (hw(C))))

Proof. We can suppose that for all (C,b) € € x B, f(C,b) = f1(C)f2(b). Using theorem
6.1.6, we have:

E(fo¢(Cs(N) ® Cs(w)) =E (foo (BIWD) @ Bl (W ®)) |G,,)

Remember that thanks to proposition 5.6.6, Gs; C Fs4¢. Then using the law of iterated
expectations, we have:

E(fo¢(Cs(\) @ Cs(p)))
=E (E(f o0 (BSW®) @ B r WD) | Fers) (Gos
=E (E (f o T (BYW®) @ B (rW®)) f2 (BL /(W) |Fese) Gu)

Again because of proposition 5.6.6, the conjugation by # playing no role:

E(f 0 6 (C5(\) @ Cs(w))
—E (f o TL(BIW®) @ BY (reW ) E (fo (BL /(W) [Fore) G

By writing Ay = hw <B§+t(W(5))), theorem 6.1.6 tells us that the law of BY,,(W©))
conditionally to Fs4; depends only on Asys. Moreover the highest weight Ayqs is given
by:

Args = hwo I (BI(W®) @ B (r,w "))

Therefore:

E(f 6 (C5(A) © Cs(1)
=E (f1 o TL(BIW®) @ BY (raW ) E (f2 (Cs (Arss))) G )

:A;P(H(Cé()\) ® Cs(p)) € dC) f1(C)E (f2 (Cs5 (hw(C))))
:ép(ﬂ(cm) ® C5(1)) € dC)E (f (C, Cs (hw(C))))
O

Proof of theorem 5.6.8. Recall that the distribution of the random variable Cs(\) is given
by (definition 5.3.4):

P (Cs()\) € dz) = AN =I5y (da)

Us(A)
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Then, the identity in theorem 5.6.9 becomes, for f bounded measurable function on € ® B:

/B(/\)xza(m fod(x @ y)e BT Wwg ) (dr)wg(, (dy)

_ Ys(N)s(p) 12 ),
= [ PG @ o)) € o) TEREE [ (€0 I e (@)

Now define a Radon measure on € by:
m(de) = B(I(Cs(N) © Cx(u) € dc) PO s

Therefore:

Sy | 4 @V IO I d)ors (a)
A)xB(p)
—/ C b) e_fB(b)_A(C)m(dC)wB(hw(c))(db)
N)@B(u

And since fp(x)+ fp(y) = A (II(z ® y))+ fB(xy), the change of variable formula using the
map ¢ tells us that m(dC)wp(nw(cy)(db) is indeed the image measure of wp(y)(dz)wp(,) (dy)
through ¢. O

Remark 5.6.10. An interesting identity appearing in the previous proof is the law induced
on connected components:

P (IT(C5(A) ® Cy(1) € dC) = me%)m(d@

5.6.5 Product formula for Whittaker functions

Denote by c) ,(dv) the image measure of m(dC)e~>) through the map hw : C — a.

Theorem 5.6.11. For every 6 € a:

Vs (N) ¥s (1)
_ /g m(dC)e~2C s (hw(C))

- / el dv)s (v)

Proof. In theorem 5.6.8, take f (C,b) = e{®7(®)) where 7 is the weight function on geo-
metric crystal. O

Remark 5.6.12. This identity is interpreted as the geometric counterpart of the lineariza-
tion formula for characters evaluated at d:

ch (V(X\) (8)ch (V = > &Kuch(V(v))(9)

vePt



Chapter 6

Random crystals and hypoelliptic
Brownian motion on solvable

group

In the context of geometric crystals, we aim at identifying the previously described canoni-
cal measure in a natural way. A fruitful idea is to consider the measure induced on crystals
by uniform paths in a path model. In the discrete Littelmann path model, taking the uni-
form probability measure on finite paths induces the measure 5.1 on the generated crystal
(see RSK correspondence for the Littelmann path model). In the continuous setting, the
uniform measure on finite paths is replaced by the Wiener measure: a ’uniformly chosen
path’ is nothing but Brownian motion. It is the essence of | ]. And this idea proves
to be very fruitful also in the geometric setting.

In this chapter, we consider a Brownian motion W in a and study the path crystal it
generates By = ((Ws)y<,<;) as a random object. Recall that for a path 7 € a, (7) denotes
the crystal generated by 7. By analogy with the Young tableaux growth one obtains in
the classical RSK correspondence (section 2.1, one can think of B; as a dynamical object
growing with time. There are mainly two aspects in this description:

e One can examine how the ’shape’ of B; evolves with time, or more precisely the
dynamics of its highest weight A; = hw (B;) which encodes its isomorphism class as
a geometric crystal. A; is a Markov process whose infinitesimal generator is given by
a Doob transform of the quantum Toda Hamiltonian using one of its eigenfunctions,
a Whittaker function.

e We will examine the law of ((Ws)y<,«,) conditionally to its highest weight being
A. This probability measure on B(A) will be the canonical measure on a geometric
crystal appropriately normalized into a probability measure.

We will start by stating precisely those two results in section 6.1.
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6.1 Main results

The usual framework is the probability triplet (€2,.4,P) with Q the sample space, A the
set of events and P our working probability measure. Equality in law between random

variables or processes will be denoted by £

Processes : From now on, the abbreviation 'BM’ will be short for ’'Brownian motion’.

For every process X (or even a deterministic path) taking its values in a Euclidian space,
we will use the notation Xt(“) = Xy + pt. Also, we use X% := X 4 xg. Unless otherwise

stated, the absence of superscript will indicate that the process is starting at zero.

The filtration generated by X is denoted by:

Fi=0(Xgs<t)

Laws : We denote by v, for u > 0, a gamma random variable with parameter u:

tH *tﬂ

P(y, € dt) = ) e

And e, stands for an exponential random variable with parameter p:
P(e, € dt) = pe dt

Having in mind the geometric RSK correspondence (theorem 4.4.35), meaning the
bijective map:

(Wess < 1) = (BUW W), (Tug(W)sis < 1))

it is natural to look for a description of the highest weight process (7, (W),;s < t) and
the distribution of the random crystal element B;(W () conditionnally to the highest
weight being fixed. Both aspects in this description have known analogues in the classical
case of Young tableaux (see O’Connell | ]): the dynamic of the @ tableau, or equiv-
alently the shape, is Markovian and the distribution of the P tableau conditionnally to
the shape being fixed is the uniform measure on semi-standard tableaux. Our two main
theorems are the geometric analogues.

Therefore, we will study the hypoelliptic Brownian motion B, (W) (see equation 4.6)
on the solvable group B, that is driven by the Euclidian Brownian motion W) with drift
@ on a. Only a little shift appears, morally because time is not flowing in the same way
along all simple roots. Let us introduce the shift vector:

0= Z log <m’;é>> wy

aEA

Notation 6.1.1. For the purpose of simpler notations, we write for any continuous path

7 with values in a:
BY (1) = e B, () €’
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Remark 6.1.2. In the simply-laced (ADE) cases, = 0 because all roots can be chosen
and are chosen to be of the same squared norm 2.

In the previous chapters, we chose to define the group picture of a path = € Cy ([0, ], a)
as Br(m) rather than BY.(7) because, as long as we were not concerned with probability
distributions, this shift would have made things needlessly more complicated. As such,

now, we will be interested in the process (Bf (W(“)) it > O). For every finite horizon
t > 0, it gives a random crystal element in B and dynamically, it can be seen as a random

growing crystal.
6.1.1 Markov property for highest weight

As announced, an important aspect in the description of random growing crystals is that
the highest weight is a Markov process.

Theorem 6.1.3. Let W™ be a Brownian motion with drift  in the Cartan subalgebra
a~R", then
Ay = hw (B] (W) = 0 wof + T W,

s a diffusion process with infinitesimal generator

1 1 1
L= wljl <2A — z% §<a,a>e_a($) — <,u,2,u)) Yy = §A + Vlog (¢,) -V
aE

And, for fixed t > 0, the law of Ay is given by:

t{p,p) t(v,v)
dxip,(z)e” 5 /e_ 2 i (x)s(v)dv
a
where s is the Sklyanin measure.
Proof. In section 6.5, we prove weaker versions and strenghten them in section 6.7. O

Remark 6.1.4. A pedantic way of stating this theorem would be “the isomorphism class
of crystals generated by Brownian motion is Markovian”,

Remark 6.1.5. In the same fashion the classical Robinson-Schensted correspondence gives
growing Young tableaux and a Markov property on the shape (or equivalently the Q) tableau)
with dynamics given by Schur functions (see section 2.1). Here, the ’shape’ Ay is Markov,
with dynamics given by Whittaker functions, the geometric analogue of characters.

This theorem reduces to the Matsumoto-Yor theorem ([ , ]) in the case
of SLy and the theorem by O’Connell (] ]) in the case of GL,, (type A,). Note that
since O’Connell’s contruction has an application to a semi-discrete polymer model, one
expects other Lie types to be related to different geometries.

In chapter 7, we will see that this theorem is a geometric lifting of theorem 5.6 in
[ |, which represents the highest weight process in the continuous Littelmann path
model as a Brownian motion in the Weyl chamber.
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6.1.2 The canonical probability measure as a conditionnal distribution

Recall that we defined a canonical probability measure on B(\) with spectral parameter
p € a. It is the law of a random variable C,,(\) with density (definition 5.3.4):

B(CuN) € dr) = 1(/\)€<uﬁ(x)>—f3(af)w(dx)
“w

As the following theorem shows, this is indeed what appears when considering a random
crystal element in B conditioned to have its highest weight being A. This theorem is in
fact its “raison d’étre”.

Theorem 6.1.6. Let W be a BM with drift i in a and fix t > 0. The distribution of
Bf(W(“)) conditionally to the highest weight being A and the o-algebra .7-}A depends only
on A and given by:

£

(B (W) |1FA A= 2) £ Cu(N) (6.1)

Proof. See section 6.7. O

6.1.3 Outline and strategy of proof

We will start by definitions regarding what we mean by ’'Brownian motion’ and the spaces
considered, before focusing on a hypoelliptic Brownian motion on the real solvable group
and its harmonic functions. Our approach finds its source in the classical potential theory
and its probabilistic counterparts, which revolves around a central idea: Harmonic func-
tions on a domain are given by integrating functions on the boundary against the ’exiting
law’ of the underlying random walk, here the hypoelliptic Brownian motion.

Whittaker functions can be seen as harmonic functions for this process having a certain
invariance property. This will be made precise in section 6.2. We are able to explicitly
compute this boundary distribution in section 6.4, using inductively one dimensional re-
sults that were known to Matsumoto and Yor. Such results are reviewed beforehand in
section 6.3. At this level, we will have to restrict our framework to p € C, the Weyl
chamber. For such p, Whittaker functions 1, are defined simply as the integral of a char-
acter on N over the exit law. The previously given formula (iii) in theorem 5.4.1 is thus
obtained.

Through conditionning, Whittaker functions define a different exit law that is abso-
lutely continuous w.r.t the original one. The hypoelliptic BM conditioned to exit according
to this law will give rise to the Whittaker process, a Markov process. For arbitrary finite
starting points, it is an approximation of the highest weight process. Finally, we will
have to deal with two technicalities in order to provide complete proofs of the two main
theorems 6.1.3 and 6.1.6.

e Obtain the highest weight process and thus theorem 6.1.3 by taking a starting point
that is —o0’ (section 6.7.3).

e Extend the framework to arbitrary p (section 6.7). We will use an intertwining
argument that will lead to a proof the theorem 6.1.6.
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6.2 The hypoelliptic Brownian motion on the solvable group
and its Poisson boundary

6.2.1 Brownian motions

Let us start with simple definitions.

Since a is an Euclidian space thanks to the Killing form (.,.), there is a natural notion
of Brownian motion on a. Plainly, fix an orthonormal basis on (Xi,...,X,) on a. Then
a Brownian motion W on a is written as:

n
vE>0,W =D B X,
where (8] := (Wi, X;);t > 0);<,.,, is a Brownian motion on R™.
For y € a, W# | the Brownian motion with drift x is given for ¢ > 0 by:
Wt = Wi + tu

Let Ng be the real part of the unipotent group N. It is the group generated by
Yo(t),t € R, € A. Then, the real part of the Borel group B, is given by Bgr = NrA. By
using the explicit expression in equation (4.6), we obtain after conjugation by 6:

BY(W ) (6.2)
() (1) 2 2
Z Z / —Oﬂl (W # ) _az (W . ||a11 H L ||alk H le . fzkdtl . dtk EWt(“)
S0 T St 2n>0 2 2
(6.3)

Considering the Stratonovitch integral, denoted by the symbol o, one has the same
differentiation rules as in the usual case. Using equation (4.5), (Bf (W(“)) it > O) is

a left-invariant process on Br with independent increments, satisfying the left-invariant
SDE on Bg:

(6.4)

dBJ (W) = B{(W W) o (Loca 3o, a) fadt + dW )
BY(WW) = id

Let C*>°(Br) be the space of continuously differentiable functions on the real solvable
group Bgr. Recall that every X € bg, can be seen as left-invariant derivation acting on
C*> (Bg) as:

d
Vf € C*(Bg), Vb € By, X f(b) = = (£(ge'™))

The Laplace operator on A is defined using the orthonormal basis (X7,...,X,) by:

n
A = Z X?
i=1

Definition 6.2.1. For p € a, define D™ to be the left-invariant differential operator on
the real solvable group Br given by:

|t=0

DW= ,A +u+ Z a, )
aEA
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Such an operator is linked to the Casimir element in Kostant’s Whittaker model. More
details are given in the appendix B.

Proposition 6.2.2. The operator D™ is the infinitesimal generator of the hypoelliptic
Brownian motion (Bt = BY(WW), ¢t > 0) driven by W | o Buclidian Brownian motion
on a with drift u.

This proposition follows easily from chapter 5, theorem 1.2 in lkeda and Watanabe
[ ], which is a standard reference for stochastic analysis on manifolds. However,
for the convenience of the reader, we explain how to proceed using only linear algebra,
differential calculus and Euclidian Brownian motion.

Remark 6.2.3. Let

1
Xo=p+ 9 Z<ava>fa
acA

This allows us to write the infinitesimal generator in the usual form:

1 n
DM = 5 > X7+ X
=1

We call By := Bf (W(“)> it > 0 the hypoelliptic Brownian motion on Br driven by

WM | because its infinitesimal generator satisfies the (parabolic) Hormander condition:
When taking the vector fields (X1,...,Xy) and their iterated Lie brackets with the family
{Xo0,X1,...,Xn}, one generates indeed all of bg = T.Bg.

Although we will not make use of this fact, it is reassuring to know that it has a smooth
transition kernel.

Because the group Bg is a matrix group, we can consider that Bg C My,(R), for a
certain p € N. Its Lie algebra bp is also a subset of M,(R). The left-invariant derivations
can be expressed in coordinates using the usual differential calculus. Indeed, if we denote
the first and second order differentials of f € C>°(Bg) at b € Bg by:

Df(b) : Mp(R) — R

and
D?f(b) : My(R) x My(R) — R

then, it is straightforward to check that for f € C>°(Bg), b € Bg and (X,Y) € b3:

X[f(b) = Df(b)-(bX) (6.5)

XY f(b) = Df(b).(bXY) + D% f(b).(bX).(bY) (6.6)

Using the two conventions for stochastic integration: the Stratonovitch convention
denoted by o or the Ito convention denoted the usual way.
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Lemma 6.2.4. The process (Bt = BY(WW), ¢t > O) solves the SDE written in matrix
form:

dB; = B; o (dW(“ + Z a,a fadt) (6.7)

aEA

( +Z Ix2dr + Z a, o fadt> (6.8)

aeA
with initial condition the identity element id.

Proof. If we assume the Stratonovitch differentiation convention, the chain rule is left
unchanged and we can use equation 4.5 to obtain, after conjugation by 6:

dB; = By o (th + Z (o, o fadt>

aEA

The SDE in Ito’s convention needs to be established in coordinates using the fact that for
two real semi-martingales Y and Z:

1
Yt o Zt = }/;det + §d<Y, Z)t

where (Y, Z); is their bracket. We fix two indices 1 < 4,5 < p and view the process
(Bg;t > 0) as taking its values in M,(R). For shorter notation, introduce the bg-valued
process given by:
=W Z a, )t fa
aeA
Therefore, the coefficient (By);; satisfies:

d(By)ij
= (B; o dKy),,;

Il
M=

(Bt)ik © (dK¢)j

B
Il
—

M=

(Bt)i (dKy)kj + = Z d{(B) ik, (K)rj)t

k k: 1

I
—

1 p
(Btth 'Lj 5 Z zk:7 k]>t

l\’)

Now, recall that there is an Brownian motion (5 ,...,3") such that:
n
VE>0, Wy =) B X,

Then, when considering the Doob-Meyer decomposition of the coefficient (By);x, the local
martingale part is equal to:

n

(BidWy)ix = Y (B Xy )idf3f

r=1
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The local martingale part in (Ky); is:

(AW = > (X0 )i BF

r=1

Because the bracket between two semi-martingales is the bracket of their local martingale

parts, we have:
n

d{(B)ik, (K)ij)e = Y (BeXp)in(Xr) gyt

r=1
Therefore:
n
d(By)ij = (BidKy)ij + 5. Z (B: X, X,)ijd
Hence the result. O

Now let us establish in the same fashion an Ito formula for the process (By;t > 0):

Lemma 6.2.5 (Ito formula for B;). For f € C*°(Bg):
vt >0, f(By) = f(id) +/ Df(Bs)dBs + = / ZDQ ).(BsX,).(BsX,)ds

Proof. Again, we view b € Bg as a matrix b = (bj;),; ;<, € Mp(R). In coordinates, [ is
a function of the b;; variables. Thanks to the chain rule, while using the Stratonovitch
convention, we know that:

df(Bt) == Df(Bt) o dBt

Therefore:
df (Bt)
p
0
= Yipyoany
] 8()”
Z?]_
p 8f 1 p
—HZ:l i (By)d( 5 Z bl](%kl d((B)ij, (B)ki)t

Z?]

Now, when considering the Doob-Meyer decomposition of the coefficient (B;);;, the local
martingale part is equal to:

n

(BidWy)ij = Y (BeXy)ijdf;
r=1
Then:
d{(B)ij, (B}t = > _(BiXy)ij (Be Xy )midt

r=1

This yields the result. O
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Proof of proposition 6.2.2. Fix b € Bg. By the It6 formula applied to f € C*°(Bg):

E (f(Bt—l-s) - f(Bt)’}-tB’ By = b)

lim
s—0 S
=DF(b). (b,u—i— bZX2+2bZaa )+ ZDQ +).(bX,)
aEA

Moreover, because of equation 6.6, we have:

Aaf(b) (ZX>+ZD2 )-(bX,)
Hence, using equation 6.5:

E (f(Bers) - f<Bt>|ftB, By =)

lim
s—>0
*Aaf +uf(b Z (o, a) fa f(b)
aEA
This is the announced result. O

6.2.2 Harmonic functions for an invariant process

The classical approach to the Whittaker functions (cf. | ] for instance) is to look
at them as eigenfunctions of the quantum Toda Hamiltonian, a Schréodinger operator on
a~ R™

1 1 _

H = §A —5 za:<a,a>e ()
They satisfy:
1
H@Z},u = §</L,N>d}u

A way to turn the problem into an invariant problem is to look at the Whittaker
functions as harmonic functions for an invariant process. Let x~ : N — C be the principal
character on N defined by:

Vte C,Va e A, x (ef) =t
Then:

Lemma 6.2.6. A function ¢, : a — C on a solves:

1

5 <H7 :U’>1/],U«

if and only if the function ®, : Br — C defined by:

,,(ne”) = exp (—x " (n)) Yy (a)e” )
is harmonic for D™ (i.e DM, =0).

Hv, =
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Proof. Notice that for ¢ € R and for o € A:
d,(ne"etl>) = @, (n exp(te*“(‘”)fa)em)
= exp ( a(x)) u(ne)
Hence:
fa®,u(ne®) = 4 <<I> (ne””etfa))
o dt \ " |t=0
= —efa(x)@u(ne“)

Therefore, writing ¢, = ¢u€_<”">, we have the following succession of equivalent state-
ments:

(uhp -0
(A%)e X, Vpu)e ™ + = Z a,a) fol, =0
aGA
1 1 e
@5 (8¢ + (1, Vo) — 5 D {aa)e Wi, =0
a€A

<:>H1/)u = %<,U'7 N>¢u

6.2.3 Probabilistic integral representations on the boundary

Because it is a harmonic function, we should be able to represent ®, as the integral of a
function over the 'boundary’ of B. Here however, the notion of boundary needed is not
the topological one. Furstenberg developed such a notion and a very good account of the
theory of boundaries on Lie groups is explained in | ] in the case of random walks.
The continuous case is, in a way, simpler.

For boundary, one has to consider a space with a Bgr-action and a natural invariant
measure v. Restricting ourselves to the case where p € C, we can see that the Nr-part of

the process (Bf(W(“)); t> O) (equation 6.2) is

NI (W W) (6.9)
() o 112 2
_Z Z / —Chl(WM) —alk(Wt:)Ha;H HalkH fZl fzkdtldtk
k>0, >t > >4 >0
(6.10)

and converges in Ng when ¢ — oo. Therefore, a natural choice for a boundary of By is
simply Ng and the invariant measure v is the law of N% (X)) when u € C.
The Borel subgroup Bgr acts on Ny as:

Vb = na € Br,¥n' € Ng, (na)-n’ =nan’a™!
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Hence for any bounded function ¢ on Nz, we obtain a harmonic function for D" simply
by considering;:

na — E (g@(naNgo(W(“))a_l)) (6.11)

The previous subsection tells us to take ¢ as a character of the unipotent subgroup Ng,
in order to obtain Whittaker functions. As we will see in theorem 6.4.5, v has support in
totally positive matrices, hence their importance.

In short, the key object that we need to understand is v, the law of NZ (W ). This
will be the subject of the two next sections, before resuming the study of random crystals.

6.3 A review on a relationship proven by Matsumoto and
Yor

This section contains a version of the Matsumoto and Yor relationship between Brownian
motions with opposite drifts [ |, which itself is based on many previous works related
to exponential functionals of BM.

Theorem 6.3.1 ( Matsumoto-Yor | ], theorem 2.2 ). Let B be a Brownian motion
on a Fuclidian vector space V ~ R™ with drift u and S a linear form on V such that
B(p) > 0. Denote by sz the hyperplane reflection with respect to ker f and by QY the
measure of BM conditionally to its exponential functional being equal to y > 0:

Q=P ( [ e as y>
0

and:

Then:

. (s 1 st ()
Bt( BHt) _ Bt(#) +10g (1 _ y/o e—B(BS“ )d8> 6\/

is a QY-BM with drift sgp = p — B(p)BY.

This theorem has a dual version that characterises the reciprocal transform of Brownian
motion as a Brownian motion conditioned with respect to its exponential functional:

Theorem 6.3.2 ( Matsumoto-Yor | ], theorem 2.1). Let W81 be o BM on 'V ~ R"
with drift sgp, B(p) > 0 and:

t (sgm)
X, = Wt(sﬁl‘) + log (1 + ;/ C_B(WS BH )dS) B\/
0

Then X is a BM with drift p, BW | conditionned to I e‘B(Bgu))ds =.
If moreover, we pick y as random with y £ W independent from W then X is a
) o

Brownian motion with drift u.



CHAPTER 6. RANDOM CRYSTALS AND HYPOELLIPTIC BROWNIAN MOTION ON
160 SOLVABLE GROUP

Notice that compared to the original formulation, we used a multidimensional setting.
The change of sign is simply replaced by a hyperplane reflection. For completeness, we
provide in this section a proof and an overview of the tools involved, while not using any
group theory. In the following section, we start by explaining the link to our problem,
interpreting the previous theorem as the SLo case of theorem 6.4.2.

6.3.1 Exponential functionals of BM

First let us start by proving theorem 6.3.1 using known results on exponential functionals
of BM. An important ingredient is Dufresne’s identity in law:

Proposition 6.3.3 ( Dufresne | ). If W is a one dimensional Brownian motion
with drift p > 0, then:
oo (1) 1
/ W g £~
0 29y,

(1)
Quick proof. By time inversion, for any fixed ¢t > 0, the random variable te=2Ws" 45 has
y Y 0
(1) (1) .
the same law as e~ 2W:" f(f 2" ds. Let (Z,t > 0) be given by:

_ o) [t (1)
e %t = e / 2V ds
0

And, by Ito’s lemma, Z; can be easily checked to be a diffusion process since it satisfies
for t > 0 the SDE:
dZ; = 2dW " — eZ:

Hence it has as infinitesimal generator:
L=20%+ (2u — e*)d,

The sequence Z; converges in law to a unique invariant measure because e~ has the same

—ow K

distribution as fg e ds, which converges almost surely. This invariant measure will

be the law of fooo e*QWS(u) ds. Therefore, all we need to do is to prove that the distribution
of log 2+, is an invariant measure for Z;. This is done easily by checking that the adjoint
of £ annihilates the density p(z) of the law log 2,.

We have:

) = o (12~ 5¢°)

Applying £*, the adjoint of L:
L* =207 —0.(2u — €7)
We get:

£p(2) = 2029(2) — 20. ((u = 3¢ ()

2
= 202p(z) — 202p(2)
—0
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Now, let Bt(“ ) be an n-dimensional BM with drift p, FP its natural filtration, 3 a
linear form such that 5(u) > 0 and:

t
N, = / exp(—A(BM))ds
0
No = lim N
t—00

Law of Ny:

The law of Ny comes as a simple application:

Corollary 6.3.4.

i 2
Nooi= [exp (—aB0) s £ 2
p P (PB) s &
Therefore, the density is:
1 v 2 2\ dn
P(No € dn) = ————n~#"# exp (— ) < ) —
(Noe €0 = (V. ) AN

Proof. Define the real Brownian motion W by §(B;) = ||8||W; for t > 0. Then:

Noo = /OO e BB gt
0

_ / * o IBIWe—B(t gy
0

I~

% _lIBllyy, _ Buste _ , '
e Ve ¢ dt using Brownian scaling for ¢ > 0
0

1 [ _Lblly, _Buu ‘ .
= - / e Ve ¢ du using change of variable u = tc
0

c
4 00 gy —gBWu )
= HﬁHQ/ e 2Wu—4 du by choosing ¢ = Hi”
0
= H 4||2 /OO 672(Wu+<6vyﬂ>u)du
Bl1% Jo

The result holds using Dufresne’s identity in law. As for the density, for all f > 0 bounded
measurable function, and while writing v = (3Y, i), we have:

00 1 etV dt
E(f(Noo)):/O f(W)WT

=61 T (<) (||6|2|2n>y IIﬁQIIQCZL by letting 1 = [
1 oo 2 2 \* _,d
_F(V)/o f<”>exp<‘\|/3u2n)(rwu?) e
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Initial enlargement of the filtration F? using the random variable N,

In order to compute the law of Ny, conditionnally on F/, the following decomposition is
essential:

Noo = /t PB4 + ef'B(B’EM))Noo (6.12)
0

with N is a copy of N independent from ]-"tB. Indeed:
Neo = / T BB g

0

For readability purposes, and because it is not necessary to invoke general filtration
enlargement theorems, we will give a complete proof using the usual tools. Indeed, as
proved before the law of Ny, has a (smooth) density leio;éy with respect to the Lebesgue
measure, making possible the following computations.

Let QY = P(.|No = y) be a regular version of the conditionnal probability, f > 0

bounded measurable function, and A € FZ. We have:

[ s ==Y
= QNOO( )f(Noo))
= (1Af( oo))

E(1AE(f(Noo) | 7))
_ IE(lA/f(n)d]P’(NOO € dy|FP))

B
= [ avstopas EE=E I, (mubi

Then:

dy / dy

We conclude that QY is absolutely continuous with respect to P and that the likelihood /Radon-
Nikodym derivative on F£ is given by the P-martingale:

aQnr

dP 7B
dP(NoogmftB)
— dn

T dP(Noo<n)
dn

g(BY Ny, n) =
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Using the expression for the density of N, from corollary 6.3.4, we get:

¢(B™, N, n)

N (n)
dP(Noo <(n—Ny)e’ P )| FB)

= dn
P (Noo <dn)
dn
—(1+(BY 1))
P <_ L ——m ) ((n - Nt)eﬂ(Bt(”))) a
B(BM)
_BBM) 118][2(n—Ny)e? Be
2 (1 v,
exp (= g ) 7
Hence: .
2¢—B(B")
lo B(H)’Na =A; — \/7 B(/‘*) ke
gQ( t t n) t </B H>r3( t ) ||ﬂ||2(ant)

where A; has a zero quadratic variation. Therefore, the semimartingale bracket between
B(BW) and log q is:

(B(B™), log q):
9o—B(BW)
)~ AP =~y

e BBW)

= = (I8 = T (B). S

=(B(BW),—(BY, 1) B(BW )i

675(3‘8‘)

t )
:—QB(u)+2/O s

t
=—2B(u)+2/0

dNg
——23() — 2105 (1 -

n — Ny

In the end, using Girsanov theorem ([RY] Chapter VIII, theorem 1.4):
B _ B (1)
By =B, — WW(B ), log q)

is a Q™ Brownian motion, hence the proof of theorem 6.3.1.

6.3.2 Inversion

A natural question is can we recover B or B from the other. The answer is yes and the
argument is again due to Matsumoto and Yor | |. This can be restated as a disinte-
gration formula for the Wiener measure that will give, later, a probabilistic interpretation
of the group path transforms.

The proof of theorem 6.3.2 follows from 6.3.1 and an inversion lemma.
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Lemma 6.3.5 (Inversion lemma). Let = and y be V wvalued paths i.e functions on R.
Then

(1) w(t) = y(t) +logl1 + 1 [ 005"

if and only if

(2){Vt>0 o e P@) <
y(t) = x(t) +log(1 — } [g e PV

Moreover, in any case:

t
1+ — / 1——/6%@U:1
0

and Zf fooo 6_/8(1/) = 00 then fooo 6_5(73) =n

Proof. Tt is immediate to see that (1) and (2) are simultaniously true if and only if (3) is
true. Then all we need to prove is (1) = (3) and (2) = (3)

e—BW)
(1+ 5 Jo e PW)?

N 1/%wm:[—1r
n Jo 1+%fte—6(y)0

1) = =

0
N 1 _1_1/%%w
1+ 1 fg e_ﬁ(y) nJo
(3)
and
—B(z)
) —By) — ¢
( ) = e (1_ %fge_ﬁ(z))Q
1 [t 1
- Bly) - 7
= n/() e [ _lfte_ﬁ(x)]o
= (3)
Then (3) gives the convergence of fg e P to n, right-away. O

Now we are ready to prove theorem 6.3.2:

Proof of theorem 6.3.2: Consider a Brownian motion B with drift x4 conditionned to

(1) . . B .
' e BB gs = . By the previous filtration enlargement argument, there is B a BM in
the enlarged filtration, such that:

Bt( BH) _ Bt(/l) + log (1 _ :L/O e_ﬂ(Bgﬂ))d.S) ﬁv
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Using the inversion lemma:
N 1 t L (sgu)
Bt(#) _ Bt(sﬁﬂ) +10g <1 + 7/ e—B(Bs B )ds) ﬁ\/
n.Jo

Then the following equalities in law between processes follow:

<B§”’;t > 0| / e BB g — n)
0

N 1/t A (550)
= Bt( pH) + log (1+/ e PBs - )ds> BYit >0
n.Jo

< 1 rt (sgu)
Wt( BIL) + log (1 + 7/ e*ﬁ(Ws BH )dS) ,BV,t > 0
nJo

1>

This ends the proof of the first fact.

(1)
The second fact is just a consequence of knowing the law of [ e~ BB ds and usual
disintegration formula given for F' continuous functional on the sample space by:

E(F(B®)) =E (E (F<Bﬁu> ) /0 ~ eﬁwﬁ”ms))

6.4 Conditioned Brownian motion and invariant measure

Now we will go back to our general group-theoretic setting and resume the study of the
hypoelliptic Brownian motion on the solvable group B.

We prove a theorem that represents a certain transform of Brownian motion as having
the same law as a Brownian motion X conditioned to have N? (X)) fixed. As a
consequence, we obtain an explicit expression for the invariant measure given by the law
of N? (X)), Later, this will allow us to condition with respect to an apropriate ’exit’
law, giving Whittaker functions. Finally, because this measure is defined in a coordinate
chart indexed by a reduced word i € R(wyp), it contains hidden identities we will discuss.

This approach owes a lot to Baudoin and O’Connell (] ]) in spirit, but is quite
different in essence. Indeed, that paper considered a conditionning of a Brownian motion
X (1) with respect to simple integrals, whereas our representation theoretic approach makes
it more natural to condition a Brownian path to have all its Lusztig parameters fixed.
Thanks to theorem 4.4.28, we know that it is nothing more than conditionning with respect
to N2 (X®). The random variable N? (X)) not only contains the simple integrals
' e—o(X (“)), but also interated ones.

The subtlety at this level is that because Whittaker functions will be built out of an
N-character applied to the random variable N% (X)), only the law of simple integrals
will matter in the end.

In term of the group path transforms described in the first chapter, the result from
Matsumoto and Yor ( theorem 6.3.2 ) can be reformulated as:
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Theorem 6.4.1 (SLy conditional representation). If g = z4(€), £ > 0, We#) ¢ BM on a
with drift sqp such that a(p) > 0 then X = Tg(W(s““)) is a BM with drift pu conditionned
to [y~ e~ (Xs)ds = %

(a,0)

If moreover we pick & as random with & £ 5 V(av,p) independent from W then X is
a Brownian motion with drift u.

It is very surprising and impressive to say that they fully worked out the SLs case
without starting without any group-theoretic considerations. We will now state what
seems like the natural extension of theorem 6.4.1.

6.4.1 Conditional representation theorem

From now on, fix a reduced word i € R(wyq) of length m = ¢(wq) and call (81, ..., By) the
associated positive roots enumeration.

Theorem 6.4.2 (Conditionnal representation of Ty(W)). Let g € ULy, p € C, W a
standard BM on a.
Then A™ := g + T,o4—0 (W(“’O“)> is distributed as a BM X%0#)

o with drift u
e with initial position xg
e conditioned to N9 (X%W) = ©(g) where
©: Uy — NI
is the bijective function ©(g) = [gwo]—

Moreover, if we pick g = x;, (t1) ...z, (tm), m = €(wy) being random with independent
Lusztig parameters such that t; £ V(BY ) then A™ 4s a standard BM with drift p starting
at xg. '

Proof. We can of course take zp = 0. Let X = Teegefe(W(“’O“)), and we get:

X = Teﬂge—G W(wo‘u)

= T ;.o . a W(’wou)
xil(%tl)'”xim(wtm)
= T . O+++0 T W(woﬂ)

Qo)
1’
2 t1)

( (g, 1% )
731'1( (%tm)

L,

We apply inductively theorem 6.4.1 with Lusztig parameters taken to follow the right laws,
in order to get successive BM.

The end of proof follows from the deterministic formula proven in theorem 4.4.28,
which we know to be also valid for an infinite time horizon (subsection 4.4.7):

Ngo (Teege*(’ (W(U’O“)>) =0 (60g6_0>

Hence:
N (x009) — 6y
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0

1
Remark 6.4.3. Recall that in the case of SLa, © ((1 5)) = (1 1
3

0 1 ) This gives

exactly theorem 6.4.1.

6.4.2 Law of N, (X®W)

Dufresne identity in law (proposition 6.3.3) states that if X#) is a one dimenstional BM
(1)
with drift 4 > 0 then [;° e~2X" 4t has the same law as ﬁ One can notice that in A

case, if we see this BM as living in a, computing the law of Ngo(X(“)) tantamounts to
proving Drufesne’s identity, since:

veoxon= (o s ?)

2 [o° e 2XM g5 1

Remark 6.4.4. Only in the Ay case, we take 8 # 0 and opt-out of the choice made in
remark 6.1.2. Indeed, the classical choice for the only root is a = 2. Hence the factor
(a0l — 9 i the previous tdentity.

If however, we consider a general semi-simple group, with X ®* be an n-dimensional
BM in a and p € C, the open Weyl chamber, an explicit formula for N% (X®) is a gen-
eralization of Dufresne identity and allows explicit representations of harmonic functions
for the operator D) (definition 6.2.1). Thanks to the conditional representation theorem
6.4.2, we get it in fact with little effort.

Theorem 6.4.5 (Law of N% (X)), If X is a BM with drift p € C, then N(X®)
converges almost surely inside the open cell N*§ and NI (XW) = O (w4, (t1) . .. zi,, (tm))
where the Lusztig parameters t; are independent random variables with:

L
3= B

Proof. The condition p € C entails the convergence of iterated integrals in the explicit
expression of Noo(X). Moreover, in the same fashion as theorem 4.2.5, we have that:

Vw € WVa € A, Apwg wa (NOO(X(!L))) >0

Using the total positivity criterion given in 3.13.1, we deduce that N (X ") e NZ§.
The law of Noo(X®) comes directly from theorem 6.4.2. Tt is worth noting that the

probability measure has a smooth density and charges the entire space N that is an open

dense cell of N>q. Other cells are of smaller dimension and therefore of zero measure. [

Here, the law of Noo(X (“)) can be seen as a meaningful generalization of Dufresne’s
identity which gives an inverse gamma shifted by a scalar factor 2. In the group setting,
we have then a natural notion of gamma law and inverse gamma law, where the map ©
plays the role of the inverse map.

Definition 6.4.6 (Gamma law on U and inverse gamma on N). For (B1,...,0m) being
the positive roots enumeration associated to a reduced expression of wo = s, ...S;,, , and
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p € C define T, to be the law of the positive (in the sense of total positivity) UL -valued
random variable

r, £ T, (W(,Blv,u)) co Ly (WﬁXM))

Define the inverse gamma law on N3 as:

Those laws are well defined, in the sense that the above expressions do not depend on
the choice of a reduced expression. Indeed, theorem 6.4.5 can be restated as:

£

NL(x®) Lo (1) £ D, (6.13)

As such, it is obvious that I'), and D,, are unambiguously defined since the left-hand side
does not depend on a choice of reduced expression for wg. Furthermore, D,, could be seen

as a N>q-valued random variable, or even a (G/B).-valued random variable, since the
lower dimensional cells have zero measure.

Example 6.4.7 (A;-type). For G =SLy, a=R, a =2, a" =1 and:

NEO(X(“)) — ( 1 0)

I 2¢-2X" g5 1
We know that © <<(1) Tf)) = < 0

1

1 0
T

Ezactly as announced, saying D, £ N&(X(“)) recovers Dufresne identity in law.

), and as such:

3= =

Example 6.4.8 (As-type). For G = SL3, a = {x € R3 | 21 + 20 + 23 = 0}. Consider
a Brownian motion X on a with drift u in the Weyl chamber. The simple roots are

1 0 0
NE (X)) = Jie e—a1 (X)) 1 0
I e*al(Xgm)ds I e—o2(X) gy, I e*”(Xs(m)ds

We choose the reduced word i = (1,2,1) € R(wy). If:

L
(tla t2, t3) = (’7(&{,#) » VaY +ay ,pu)> ’Y(ag,u})
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are independent gamma random variables with corresponding parameters, then equation
(5.4) and theorem 6.4.5 tell us that:

N&(X(“))ém( ! )y2<1+g>y1 !
t+t to t1(1+%)
1 0 0
_ |+ 11t1 0
B o 1

6.4.3 Beta-Gamma algebra identities

The formula defining I', has more to it than it seems. Indeed, in order to have the
law being the same for all reduced expressions of wy, there has to be hidden non-trivial
equalities in law. Those can be qualified as identities from the Beta-Gamma algebra as
Dufresne, Letac, Yor and others call them (] ] for instance). It is remarkable to think
of them as a probabilistic manifestation of a group structure, and more precisely braid
relationships.

Considering two reduced expressions of the same Weyl group element, one can obtain
the other from successive braid moves:

5i8jSi " = 55855 ...

Using this fact, saying that D), is defined unambiguously is equivalent to saying that for
any p € a, such that o;(p) > 0 and «o;(p) > 0, one has:

Z; (’y@éiv #)) Zj (’Y(sioz;-/ ,m) Li (,y<5is.7a;/7u>) e
£ 1 (W%Vvu)) i (7<5ja¢vvﬂ>) i (WSJ'SZ'%VW) o

In the end, the rank 2 (Ag, Ba, C2 and G2) cases contain all the possible hidden identities.
In the following v, denote independent random variables. We write p = a1w;’ + agwy,
make use of the explicit formulas for the change of Lusztig parametrization in ULj and
the root enumerations given in tables C.1, C.2, C.3 and C.4. In the following list, we write
(p1,p2,...) = Riy (t1,t2,...) (cf equation 4.1) and give the corresponding equality in law
between gamma variables.

e Type Ay (table C.1): wg = s18281 = $28182. 1 = (1,2,1) and i’ = (2,1,2). Let
p1= 728 py =1 + t3,p3 = 742 Then:

L
(th ta, t3) = (7(11 y Yai+azs 7(12)

if and only if

L
(plap27 p3) = (’7(12 y Yai+asz s '7(11)
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e Type By (table C.2): wg = s1828182 = S9818281. 1 = (1,2,1,2) and i’ = (2,1,2,1).
Let:
tot3ty o 2 titats
p1 = yP2 = —,P3 = —,P4 =
T2 T ™2 ™

where 71 = t1to + (tl + t3)t4, Ty = t%tg + (tl + t3)2t4. Then:
L
(t1,t2,t3,t4) = (Va1 Yar+azs Yar+2a25 Vas )

if and only if

L
(p17p27p37p4) == (7a2a7a1+2a2a7a1+a277a1)
e Type Cy (table C.3): wp = s1828182 = s2818281. 1 = (1,2,1,2) and i’ = (2,1,2,1).

Let:
 tatsty 2 Ty titdts

p1 = yP2 = —,P3 = —,D4
1 2 1 1

where 71 = titg + (t1 + t3)ts, 2 = t3t3 + (ta + t4)*t1. Then:
L
(t1,t2,t3,t4) = (Ya1> V2a1+a2> Var+as» Vas)
if and only if

L
(p17p27 P3, p4) - (’Yag s Yai+azs V2a1+azs 7{11)

e Type Go (table C.4): wy = s15251525182 = S28182815251. 1 = (1,2,1,2,1,2) and

i =(2,1,2,1,2,1). Let:

tat3t3t3ts T3 3
hh=—""HPp2= —,P3=
3 P 374
T3 3 tytotitats
P4 = yP5 = —,P6 =
T T m

where:

T =titotdty + tita(ts + t5) 2t + (ty + t3)tatite

Ty =t3tataty 4 tata(ts + t5)3te + (ty + t3)*t3t3te+
titatytite(3tits + 2to + 2tts 4 2t1ts)

T3 =titataty + tita(ts + t5)3te + (t1 + t3)3t5t3te+
t2tatyt2te(3t1ts 4 3to + 3tats 4 2t1ts)

Ty =t3tataty (titataty + 2t1ta(ts + t5)3te + (3tits + 3t3 + 3tsts + 2t1t5)tatite)+
te(tita(ts +1t5)? + (t + t3)tatd)?
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Then:
L
(th t2,t3,t4,15, tﬁ) = (’7&1 » V3ai+azs V2a1+azy V3a1+2a2y Yai+az» ’Yaz)
if and only if
L
(pl y P2, P3, P4, D5, pﬁ) = (7@2 y Ya1+azs V3a1+2a25 Y2a1+az2s V3ai+az» ')’al)
Lukacs identity in law for gamma variables (| or [ |) is easy to retrieve from A,

case. Indeed, by considering (¢1, to, t3) £ (Vays Yai+azs Yay) independent variables with the
designated laws and (p1, p2, p3) algebraically defined as above, we know that p and p3 are

independent. And since py independent of to, we get that ps = 74, + V4, is independent

p3 _ __7a1
of t2 Yai +Yag
We can see that those identities in law are very rich, and one could try to retrieve other

identities in law. This could be the object of future work.

Exponential identities

One can recover a “crystallized” versions of these identities using Laplace method. They
will involve exponential variables. The following easy lemma gives a hint on how gamma
variables can degenerate to exponential variables.

Lemma 6.4.9. As (3 goes to zero, —flog~g, converges in law to e,, an exponential
variable with parameter (.

Proof. Considering f a bounded measurable function, the following easily holds:

E(f (—Blogvsu))
_ [ _dv _ —z,.fu—1
=/, F(ﬂu)f( Blogx)e “x

_ dy _ Y48
[ ! o e

— dy —e oy
/R (o e

= /0 dyf (y) pe

O
Therefore, we introduce the following component-wise crystallizing procedure for the

rational substraction-free expressions R;y. The use of the logarithm function has to be
understood as component-wise:

. —up zug
[Ri,i’}tmp(ul’Ww-'):éli%_ﬂl()gRi,i' (e B e P ,)



CHAPTER 6. RANDOM CRYSTALS AND HYPOELLIPTIC BROWNIAN MOTION ON
172 SOLVABLE GROUP

Thanks to the Beta-Gamma algebra identities for proven before, we know that before
crystallization, for the parameter S and as soon as a braid relationship s;s;--- = sjs; ...
holds, we have:

(Way Buys Visia) Bu)s - - )
£ Riir (Vo Vs )
Then:
(eay s eesay- )
£ Jim —f log (Waiv Bu)s Visiar) s -+ )
= Lim —f log Fi (Vo s Hssat )

gon) o)
:hm—ﬁlogR“/ e B ,€ B yoo e
B—0 ’

= [Ris) sy (S0t ) 5,07 s )

Again, as all the information is contained in the rank two case, there is a finite list
of identities between exponential variables that sums up the results so far. Crystallizing
rational expressions is easily computed with the rules:

a+ b = min(a, b)

ab=a+0b
a/b=a—"b

e Type Ay (table C.1): wy = s1s251 = s25152. Let p1 = to + t3 — min(t1,t3),p2 =
min(ty,t3), p3 = t1 + to — min(¢y, t3). Then:

(11, 12,13) = (€ay, €a 1oz €as)
if and only if
(p1,p2,p3) £ (€as,€a;+azs €ay)
e Type By (table C.2): wy = s1528182 = S2518281. Let:
p1=ta+ 2l +t4 — To,pa = Mo — W1, p3 = 2m — W2, pa =11 +l2+tz3—m
where 71 = min(t; + to, min(¢1, t3) +t4), 7o = min(2¢; + to, 2min(ty, t3) + t4). Then:

L
(tla t2a t37 t4) — (eal ) ea1+a2> ea1+2a27 eag)
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if and only if

L
(p17p2a b3, p4) = (ea2 » €a142a25 €ay+asgs ea1>
e In the same fashion one can deduce the exponential identities for types Cy and Gs.

At this point, it seems very important to mention that in [ ], a path model for
Coxeter groups was developped, and exponential laws play a key role as infinimums of
a Brownian motion, with appropriate drift. One could define an exponential law on the
Berenstein-Zelevinsky polytope. There, once again, hidden identities in law can be found,
involving general Coxeter braid relations which goes beyond the crystallographic case we
just considered.

6.5 Whittaker process

Because of the conditional representation theorem, we know that:
X@0: (1) = g+ Tyo g0 (W(wou))

is a BM starting at o conditionned to N? (X%®)) = ©(g). The purpose of the next
section is to take g as random and independent of W therefore conditionning N (X%(#))
to follow a certain specific law. The goal is to identify a remarkable law that will force
X701 into becoming a Markov process. These laws are deformations of the law r,
introduced earlier (after theorem 6.4.5) and use the principal character x~ on N.

Having in mind the construction in section 6.2, this can be seen as conditionning
B; (X IO’(“)> to hit the Poisson boundary according to the distribution induced by a char-
acter of N.

In the rank one setting, it is the natural group-theoretic generalization of ’generalized
inverse Gaussian’ laws used by Matsumoto and Yor (] ]). The main ideas were in
fact already in [ | where the Whittaker process was built out of a Brownian motion
conditionned with respect to its exponential functionals.

6.5.1 Whittaker functions

Recall that b is the function:
b(w) = [] T((8Y,m)
Bedt+

As starting point, we will consider a probabilistic definition as in theorem 5.4.1 (iii), which

makes sense only when p € C":
1 o0 _ (1)
Z —(a a>/ ds e~ @tW:)
27 0

aEA

Vo € a9, (x) = b(p)el "R (exp (—

where W) a Brownian motion on a with drift w. Later, in proposition 6.5.10, we will see
that it coincides with the point of view adopted in definition 5.3.3. Therefore, this 1, has
an analytic extension to all u € a.

Baudoin and O’Connell give a nice characterization of this function:
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Proposition 6.5.1 (| | corollary 2.3). The function 1), is the unique solution to
the quantum Toda eigenequation:

SA0(E) = 3 o)™ @ () = (i (e)

aEA

) r—o00,xeC

such that 1, (x)e™ ") is bounded with growth condition v, (x)e™ e b(u)

Proof. Write ¢, = ¢He_<“">, which needs to be the unique bounded solution to:

1 1 —alT
iAwu(m) + (1, Vo) — > §<a7a>6 @ u(z) =0
aEA

r—o00,xeC

with growth condition ¢, (z) = —=" b(u).
As a consequence of the Feynman-Kac formula:

pu(r) = b(p)E (eXP (— > %(a,o& /OOo ds ea(w+ws(“))))

aeA

solves the partial differential equation. For uniqueness, we use a martingale argument. If
¢ is a bounded solution such that:

( ) x%ﬁiec

o(x 0

Then:

a€A

(1) 1 o —a(x Ws(”)
o(x + W) exp (— Z 5(04,04)/0 ds e~o@+ ))

is bounded martingale going to zero as t — oo. Therefore, it must vanish identically.
Hence uniqueness, by linearity. ]

Notice that the Whittaker function 1, can be written thanks to theorem 6.4.5 as:
() = b()e ™V E (exp (—x~ (" Dye ™)) (6.14)

Hence the idea of introducing a deformation of the laws of I'), and D,:

Definition 6.5.2 (Generalized gamma and inverse gamma). For u € C' and X\ € a, define
D, (\) as the N-valued random variable defined by:

o12)
Vo 2 0.E (D) = WL (oD exp (-1 (D)

and the U-valued random variable I, () as:
Du(A) =0 (Tu(N)

Even though the definition assumes pu € C, those probability measures are in fact
well-defined for all u € a as we will see in proposition 6.5.10.

1 0

Example 6.5.3 (Ai-type). In the Ay type, if D,(\) = (G[G (A 1
o

) then GIG, () is

the generalized inverse gaussian law used in [ |/

_axdt

P (GIG, () € dt) ~t He 171 ;
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6.5.2 Related Markov processes

Such a deformation is remarkable because it is a key ingredient in the generalization of
proposition 3.3 in | | to all Lie groups.

Theorem 6.5.4. Let W be a Brownian motion, a drift 4 and an independent random
variable g £ I'y(zo).
Then the process Xf“’(”) =20+ Teoge—o (W(U’O“))t ,t >0 is Markovian with infinitesi-

mal generator

1
EA + Vlogy,.V

Proof. The proof for p € C is given in 6.5.4. The proof for all i uses an intertwining
argument in section 6.7. O

In order to prove theorem 6.1.3, we will need to take zg to ’—oc0’ And that will be
done is subsection 6.7.3. Nevertheless, we can already describe the end of the story to
the impatient reader, at the expense of being a bit redundant later. There is a measure
concentration result that tells us how the distribution of the random path transform
o + Teeru(xo)efe behaves as zg goes to infinity in the opposite Weyl chamber:

Theorem 6.5.5. Consider the family of random path transforms xg + Teor,, (wo)e—* for
2o € a. For xg = —Mp", M — oo, we have the following convergence in probability for
every continuous path m € C(R*, a):

Wt > 0,20 + Thor, (ap)e-07(t) — 0 — wof) + Ty (t)
Proof. See subsection 6.6. O

Corollary 6.5.6. [Whittaker process| Let W be a Brownian motion in a with drift .
Then the process:

(60— woh + T, (W“”)t > 0)

1s Markovian with infinitesimal generator
1
§A + Vlogy,.V

Proof. The Markov property is preserved after taking limits in probability. Moreover,
changing wop for p is allowed because Whittaker functions are invariant w.r.t to W. [

Now in order to prove theorem 6.5.4 for p € C, start by using theorem 6.4.2. Tt tells
us that X?0 = g4 4 Te0ge—0 W(wor) with g random is a Brownian motion having drift
p with N2 (X%(®)) conditioned to follow the law of ©(g). If we take this law has having
a density v with respect to the original law, we need to be able to describe the process
X®0:() hefore going further. For now, let us do our computations for general v, even if
we will end up taking v proportional to a character of N. We simply ask for which v
the process X*0:(#) ends up being Markovian. We will see that the announced choice is
virtually the only interesting one.
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6.5.3 Conditionning N, (X*>") to follow a certain law

Let P be a probability under which g £ I'y. Under P, X 20:(1) is a Brownian motion in a
with drift p. Denote its natural filtration by:

Fri=o (X3Wjo < s <t)
Let v : Nsg — R% be a smooth positive function such that:
E (v (N (X)) =1 (6.15)

The function v is used to define a deformed probability measure PY. More precisely, define
P? thanks to its Radon-Nikodym derivative with respect to PP:

v
% — v (N&(Xxo’(“)))
The probability measures P and PY are equivalent since by definition % > 0 almost surely.
Moreover, PV can be interpreted as a probability measure under which NY (X*0:(W) is
conditioned to follow a certain law. This law has a density v with respect to the original
law of N (X (o.n)) £ e’ D,e"*. We are interested in describing the process X@o0,(w)
under PY. A first step is to explicit the likelihood process:

dapv
L; =
YTAP

In order to do so, a decomposition analogous to the one in equation (6.12) in the
general group setting is needed. For X = X% let B;(X) = N;(X)A:(X) be the NA
decomposition of B (X). Because of left-invariance, for all ¢,s > 0:

Biys(X) = By(X)Bs(Xi4+. — Xi)
= Nt+5(X)At+S(X> = Nt(X)At(X)NS(Xt+ — Xt)As(Xt_;_. — Xt)
& Niys(X) = Ny(X)eXt Ny( Xy — Xp)e Xt

Letting s — 0o, it gives us a decomposition of N, (X) in terms of F;*-measurable variables
and an independent variable Ny (X, — X¢) with same law:

Noo(X) = Ni(X)eX N (X4 — Xp)e Xt (6.16)
The same decomposition holds easily for N? (X “507(“)):

z0,(1)
t

NE(07000) = NP (70 00X NG (00— o0 (6.17)

Lemma 6.5.7 (Likelihood).

L dP” _ 0 z0,(p) 20,()
Ly = de—(I)U(Nt(X ), X))

where:
Py(n,z) =E (v (ne®Dye™))
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Proof. We drop the superscript p for convenience. Using equation (6.17) and the likeli-
hood’s definition:

_dP?

- dP R

Ltl

(o (r20m) 12)
(

P
=P (v (N (x70)e X NE (X2, - X70)e ) |
Because N2 (X7 — X°) £
the required result:

D,, under P (equation 6.13) and is independent of F;, we have

L,=E (v (ne*D,e™ ") INJ (X)) = n, X0 = :17)

O
Corollary 6.5.8.
(1) '
D G —/ V. log @, (Nf(XxO’(“)),Xgo’(“)) ds
0
is a PY Brownian motion.
Proof. By Girsanov’s theorem ([RY] Chapter VIII, theorem 1.4 or ([ ] theorem 5.1)):

t
thﬂv(//') — 20 — Iut —/ d<].0g L7X>5
0

is a PY Brownian motion. Thanks to the previous lemma and to the fact that N(X?0)
has zero quadratic variation, the bracket d(log L, X) is indeed:

V. log @, (Nf(x701), X700 ds

6.5.4 The remarkable deformations D,()\) and I',,()\)

We are aiming at identifying a function v that forces X*0:(#) to be a Markov process. As
such, we want a term V log ®,(n,x) that only depends on z for a certain v. Equivalently
®,(n,z) has to break down into the product of two functions g, (n) f,(z).

Proposition 6.5.9. If:

'U(TL) _ €xXp (_Xi (n))
E (exp (—x~ ("0 Dye~0)))
Then:
a e b(s)
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The function @, defining the likelihood L; splits into:

%(x)e—(u,w)

Py () e (o) (6.19)

®y(n,z) = exp (—x~ (n))
And under PV :
NE (x70m)) £ gm0 (z)e (6.20)

Before diving into the proof, the following dicussion explains the reasons that lead to
the choice of function v made in proposition 6.5.9. Assume a general v. For starter, notice
that for all y € NIj, e"ye™ — id as & — oo staying inside a sector of the open Weyl
chamber. In order to see that, write y = y;(t1,...,tm) hence:

efye " =y (tle_a”(r)7 . ,tme_aim("”)) — id
For such asymptotical directions, ®,(z,n) actually converges to:

Go(n)fo(co) = lim  E(v(ne®Dye ")) =v(n)

r—o00,xeC

and then @, has in fact to breaks down to ®,(n,z) = v (n) *
Hence, the objective we want to achieve is:

fu()
fu(00)
A sufficient (and probably necessary) condition to have this factorization is to make use

of a multiplicative character of the lower nilpotent group N. Hence the idea to use the
principal additive character x~ defined by its action on the Chevalley generators:

[~

Jv: N — R, ®y(z,n) =E (v (ne*Dye™"))

v(n)

Vt e C,Va e A, x (eto) =t
And v should be proportional to the multiplicative character:

exp (—x~ (n))

Indeed, in order to avoid integrability issues, it is sufficient for exp (—x ™) to be bounded
on NLf, which is ascertained by the minus sign. There is no loss of generality in using the
standard character. More general characters simply add a shift via conjugation by torus
elements.
P o : —X~ (%0 —20Y) _ Yulzo)e o) .

roof of proposition 6.5.9. The quantity E (e (e*Dye )) = m) is a nor-
malization constant so that equation (6.15) is true.

With such a function v, equation (6.18) follows from:

dP?
dP
—v (Ngo (Xx07(/j/)))

=exp (—x~ (NZ(xm0)))

b(p)
Pu(wo)e™ w0l
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We also get the splitting we wanted for ®,,:
E (exp (—x" (e"Dye™")))
E (exp (=x~ (e™Dye™)))
Then equation (6.14) implies equation (6.19).
And finally, if ¢ : N&§ — Ry is a smooth test function. Equation (6.20) follows from:

P (i (V% (x70)))
-2 (s (5 (2 (32, (2240))
“E (p (" Dye ™) v (¢ Dye™™))
_E(p(e™Dye ™) exp (—x" (e"Dye”")))
E (exp (—x~ (e*0D,e~%0)))
=E (¢ (€™ Dy(zo)e” ™))

P, (z,n) =exp (—x~ (n))

O]

Proof of theorem 6.5.4 for p € C. If g is taken to follow the law I',(zg), we are in the
situation where corollary 6.5.8 is applicable with choice for v made in proposition 6.5.9.
The reference measure is already of the form PV, with P the probability under which

g £ I',. As such, there is a Brownian motion B; such that:

X?Ov(/"‘)

t 0. (1)
—x0 + pt _|_/ v, log (%L (szo,(u)) o~ XS0 >> ds + By
0

t
—x0 + / V. log ¥, (Xj“’(“))ds+Bt
0

6.5.5 Harmonicity: Quantum Toda equation
From now on, v is chosen proportional to a character of N, like in the previous subsection.
Writing:

Vn € N,Vz € a,®,(ne”) = ®,(n,x)

one defines a function of the same form as in lemma 6.2.6.
Clearly, ®,, is harmonic for the operator D) as:

0 xao)y o) _
(I)U (Nt (X )7Xt ) - AP |7
is a P-martingale. Another way of seeing it, is the Poisson integral:
E (exp (—X_ (ne“‘Ngo(W(”))e_l’)))

vn € N,Vz € a, 2, (ne”) = E (exp (—x~ (ezo NZ (W ()e=x0)))

with W) Brownian motion in a with drift ;4 € C. Of course, this is directly hinting to
equation (6.11) exactly as foretold.

Recall that ®, being harmonic is equivalent to saying that ¢, satisfies the quantum
Toda eigenequation.
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6.5.6 Link between I', (\) and canonical measure

The following proposition shows that I', (A) has the same law as the twisted Lusztig
parameter corresponding to a canonical random variable on B()\) (see definition 5.3.4).
Moreover, we recover as a side product that 1), is the one in definition 5.3.3, as announced
before.

Proposition 6.5.10. For p € C and X € a:

Lu(A) £ 07 (Cupu(N)

This extends the definition of I',,(X) to all p € a. Moreover, the Whittaker function has
indeed the integral representation:

Yu(N) = /B N AN =I5 4y ()

Proof. Let i = (i1,...,im) be a reduced word for wy and (8Y,...,3) a positive roots
enumeration associated to it.

Let ¢ be a positive measurable function on U that will serve the purpose of test
function, p in the open Weyl chamber and X € a. By definition, I', ()) is a deformation
of:

Ly = ('Vﬁlv(u)v o ﬁmm)

using the unipotent character e™X  on D,, where D, = © (I';,). Hence:

E (¢ Ty (N))

b(p)elN ) o
=y E () e (] o))
_ el di (B ) —t; —x— (Mguo] e )
Yu(N) /(R>o)m ]1_[1 ( th b € ) p(g)e X g

where:
g = Ty (t1> R 7 (tm)

Now let us reorganize the terms in the previous integral. On the one hand, thanks to
the choice made in proposition 4.1.16, we notice that the term in the exponential is:

i ti+x~ (6)‘ [91170]76_))

j=1
=x(9) +x (e Mo g ] e)
=xoSot (e_A wo_lgT]+€)\)) + X(g)
=fp (Sou(e iy g ] vet) woetg)
15 (¥1(9))
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On the other hand, using the expression for the weight map on b:‘\F(g) given in theorem
4.1.20:

o TT (t;f%v 7“>>

=1

=exp )+ Z 5] ) logt;
7=1
=exp u,A—FZlog j ]>)

=1

=exp | (wou, wo ()\ Zlog IBV)>)

j=1
=exp ({won, (b1 (9))))

In the end, using the notations in section 5.3:

E (e (Tu ()

1

:¢u()\) /(R>0)m exp (<w0/~L,’Y(b§(9))> - fB (b?\"(g)D S0(9)]‘17—”[1

1 / (wopry(@))—F5(x),, o T
= e\WoH: poo (x)w(dr
5 ooy (e)wida)

=E (00" (Cupu()))
Notice that by taking ¢ = 1, we see that the Whittaker function defined using Brownian

motion is the same as in definition 5.3.3. It is known to be W-invariant (theorem 5.4.1
(ii) ), allowing us to change ¥y, to 1,. O

1t

6.6 Measure concentration

In this section, we investigate how the law of C,(\) behaves as A goes to infinity in
the opposite Weyl chamber. In subsection 6.7.3, this will be very important in order to
complete the proofs of theorems 6.1.3 and 6.1.6, by having the Whittaker process start at

) )

-0,
The following proposition is based on a weak version of the Laplace method.

Proposition 6.6.1. For given ( € a, 4 € a and M — oo, we have convergence in
probability for the B(()-valued random variable:

e*MpVCH(C —2MpY)eMr” N me
where m¢ s the unique minimizer for the superpotential fg on B(().

Corollary 6.6.2. With the same notations, as M — oo, the following limit holds in B:

Cu(C —2MpY) 25 id
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Proof. Recall that y(m¢) = 0 ( theorem 5.2.11) and therefore m¢s € N. The result is
obtained using proposition 6.6.1 and the following:

\ _ v P .
Vn e N,eMP ne=Mr" _— id

Proof of proposition 6.6.1. For easier notation write:
Xy = e_MpVCp(C —2Mp¥)eMr’

Because the map r : y — e MP" yeMr” maps B(¢ —2MpY) to B(¢), this random variable
is indeed in B(¢). That is a consequence of the straightforward computation:

hw(e_MpvyeMpv)
= —woMp" + hw (y) + Mp"
=—woMp" + (¢ —2Mp") + Mp”
=C

Let ¢ be a positive test function on B(({). By the canonical measure’s definition:

E (¢(Xn)) = E (p(e " Cu(¢ — 2Mp")eM?))

1 Vv Vv
= <M7’Y(y))_fB(y) —Mp Mp d
e e e w
Yu(C —2MpY) /B(g—szV) 7 ( Y ) (dy)

Now, let us make the change of variables z = e~ M?" yeMr” — k(y). Since w(dy) is by
definition the toric measure on the twisted Lusztig parameters of y and:

(@) = e M7 o ()"

it is left unchanged. Hence the image measure for w on B(¢ — 2Mp") under this change
of variable is again w on B(():

w(dy) = w(dx) (6.21)
It is obvious that:
1Y) = () (6.22)
And moreover:
fe(y) =" fp (2) (6.23)
Indeed, by writing:
Y= u’u?oeC_QMpvu

wo / wo .
where u € USg, u' € USg, we have:

— \% Vo _ _ \V Vv
x=e MP y eMP e e MP ) MP
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Therefore:
fB(z) =x (e—Mpvu/eMpv> +y (e_Mpvu/eMpv)
=e My (u) +e My ()
=e Mfp(y)

In the end, putting equations 6.21, 6.22 and 6.23 together yields the appropriate formula
for the Laplace method:

fB(C) €</‘77(x)>761wf3(x)g0 ({I;) w(daj)

E(p(Xum)) = @) =" T (@) o (dxr)

(6.24)
Js(0)

The following is quite standard. By theorem 5.2.11, fp has a unique minimizer on
B(() denoted by m¢. Consider V' a neighborhood of m.. Because m, is a non-degenerate
critical point, such a neighborhood contains a compact set of form:

Ks = {x € B(Q)|fp(x) < fa(m¢) + 6}

for § small enough. We denote by V¢ the complement of V. The theorem is proved once
the following holds:

P (X € V) M2 0
We have:

P(XM S Vc) SP(XM € Kg)

ng el (@) =" f5(@) ) (dz)

(@) —eM f5(@) ) (d)

1
S e 11@) =M (Fp @) =T 5 (M) =8) (4

Iy €

1+

[0 A= G =TB0m =D (4

In the ratio of two integrals, the numerator goes to infinity as M — oo because for instance
of the contribution of K5 C Kjy:
2

/ @) =M (5 ()= F3(m)=8) ()
Ks

> / (@) =M (5 (@)= F5(m) =) 1)
K

[N

> / el @) =M S )
K

g
2

— 0

The denominator decreases to zero as M — oo using the dominated convergence theorem.

O]

As a consequence:
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Lemma 6.6.3. Let g = ¢ — 2Mp" for any ¢ € a. Then as M — oo, in term of left
N-orbits:
Ne™eT, (zg)e™? N Nef~wolp L

Proof. Using proposition 6.5.10, we write:

Lu(20) = 0" (Cugu(0)) = [@5 " Curgu(w0)]+

Let Xy := e~ Me” wa(wo)eMpv. Thanks to proposition 6.6.1, X converges in probabil-
ity to m¢. Hence:
Ne™eT, (zg)e™?
=N€z°+9[wo_leMvaMe_Mpv}+e_0
=Ne@ot0TMp [t Xy ] e~ MPY 0
=N€<_Mpv+9[7j)alXM]:élﬂalXMe_Mpv_e

:Neg—MpVJre[walXM]a1wa1XM€—MpV—0
Moreover, Xy € B(¢) and as such, [wy ' Xas]y" = e7¢. Therefore:

6
Ne™T' (xo)
— Vv — _ V_
=Ne Mr H0551 X e MP =0

:N€9—w00U—}61€MpV+9XMe—MpV—9
The fact that eMP’ 0 X e~ Mr' =0 _5 id concludes the proof. O
As a corollary, we can prove theorem 6.5.5.

Proof of theorem 6.5.5. Simply recall that the path transform T, (t) on a path is defined
for t > 0 as:

T — [gBy(m)o
Using the previous theorem, there is a sequence nj; € N such that as M — oo:
nMemFZ(a:o) 5 efwobp 1
Hence:

exp (:):0 + Te9ru(x0)e*977(t))
=[e™eT, (z0)e ™ By(m)]o
:[nMexoeeFu(xo)e_eBt(W)]o

s exp (8 — woh + Tuy (1)
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6.7 Intertwined Markov operators

With theorem 6.5.4, we proved that for y € C, if W is a standard Brownian motion in a
and © (g) independent following the law of D,, (x(), then

X[ =xzo+ Teegefo (W(wom) ;1 2>0

is Markovian, what we called the Whittaker process. The results of Rogers and Pitman in
[ | on Markov functions teach us that there should be an intertwining relation between
the semi-groups of Brownian motion on the one hand, and the semi-group of the Whittaker
process, using this remarkable law D,, (xo). In fact, this is how the extensions of Pitman’s
theorem in [ | and | | were proven. The only trick is that intertwining is easy to
establish, once we know the answer.

What we did so far is identifying the right objects. Using intertwining Markov opera-
tors, we will strenghten the previous result to all possible drifts ¢ and not only for p in the
Weyl chamber. Then taking zg to '—oo’ will give us the highest weight process, finishing
the proof of theorem 6.1.3.

Let us first quickly review the result of Pitman and Rogers on Markov function from

[RP&I].

6.7.1 Markov functions

Let S and Sy be topological spaces. Let ¢ : S — Sy be a continuous function. Consider
a Markov process (X);>0 with state space S and define the process ¥; = ¢(X;). We are
interested in sufficient conditions that insure the Markov property for Y.

Of course one can suppose that ¢ is surjective by setting Sy = ¢(S). And clearly, in
most cases of interest where ¢ is not injective, the inclusion between filtrations FY c FX
is strict. Meaning that the observation of Y contains only partial information on X. And
in order to quantify this information, we need to “filter” X through FY .

In the sequel, we denote by P the semi-group for X, and @; the semi-group for
Y, when it exists. ® : C(Sy) — C(S) is the Markov operator from S to Sy given by
O(f)(z) = f op(x). It just transports measures on S to their image measure on Sy.

A first answer would be Dynkin’s criterion, for cases where Y is Markovian for all
initial laws of X:

Theorem 6.7.1 (Dynkin’s criterion). If there exist a Markov operator Q such that:
Vi>0,Po®=®0Q,

meaning, in terms of transporting measures, that the following diagram is commutative:

P
S ' s
5 % g
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Then Y is a Markov process and its semi-group is Q.

Remark 6.7.2. In probabilistic terms, the condition that P, o ®(f)(x) only depends on
o(x) translates as saying that the law of (¢(Xy)|Xo = x) only depends of ¢(x). The
theorem seems then quite trivial. We wrote it that way to stress the intertwining.

Another solution has been formalized in | |. In some cases, if Y starts at y € Sy,
it is Markovian only for specific entrance laws K(y,.) on X. In such a case, this initial law
for X is going to be the “missing” information from F¥ C F¥X.

Furthermore, at each time, we must ask the missing information to be stationnary in
law, otherwise filtering X;|F} will give a fluctuating distribution and will not be able to
extract the law of X; conditionnally to FY, in such a way that it depends only on Y;. One
could speak of a “Markovian stationary coupling” or a “Markovian filtering” phenomenon,
which brings the following equivalent definitions due to Rogers and Pitman:

Theorem 6.7.3. Let K : C(S) — C(So) be a Markov operator, X a Markov process with
semigroup P, and Y = ¢(X). Y is assumed to start at y. The following propositions are

equivalent:

(1) ( Markovian filtering )
Vt > 0,Yf € C(S), ¥y € S0, Exonry) (FXIF ) =K(H)(V) as
where the subscript Xo ~ K(y, .) indicates the initial law for X.
(13) ( Intertwining operators ) For all t > 0, Q; := K o P, o ® satisfies:
Ko® = idg,

KoP,=QioK

Meaning, in terms of transporting measures, that the following diagram is commu-
tative:

In both cases, Q: is a semi-group and is interpreted as:

Qi(f)(y) = Exyuk(y,) (f(Y2))
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Proof. The semi-group property of Q; is a consequence of (7i):
Qt+s
=Qi1s0 Ko ®
=KoPFPys0®
=KoPoP;0d
=QtoKoPs0®
—Q10Q0K0®
=Qr 0 Qs
(7) = (7) : The first identity is easy. Indeed, let g € C(Sp). By taking f = go¢ in (i) and
t = 0, one gets:
Ko®(g)(y) = Exynk(y,) (2(9)(X0)) = Exoury,) (9(Y0)) = 9(y)

Concerning the second one:

Ko P(f)(y)
=Ex,~k(y,) (f(Xt))
=Ex,~K(y,) (EXONIC(y,.) (f(Xt)|]:tY>>
=Exy~k(y,) (K(f)(Y2))
=K o P, o®oK(f)(y)
=Qt o K(f)(v)

(7i) = (i) : Consider increasing times 0 < s1 < sy--- < s, < ¢ and test functions
g1, .-+, 9n on Sp:

Exoni(y,) (91(Ysy) -+ gn(Ys, ) f(Xt))

=K Pq; ®(91) Psy—51P(92) - - - Ps,y—s,,1 P(9n) Pi—s,. f ()

=Qs,KP(91) Psy—5,2(92) - - - Ps,y—s,,1 ®(gn) Pi—s,, [ (y)

=Qs,91Qs2-5,92 - - - Qs —5, 192K Pi—s,, [ (y)

=Qs,91Qs5-5192 - - - Qs 5,190 Q1—5, K f ()

=Exynrc(y,) (91(Ys1)92(Yss) - - (Y, )K(f)(Y2))
This proves the Markovian filtering property. O
Theorem 6.7.4 (Pitman and Rogers criterion). If the equivalent hypotheses previously

cited are satisfied, take X with initial law K(y,.) and Y = ¢(X). Then Y is a Markov
process starting at y and its semi-group is Q.

Proof. Let us prove the Markov property:
Exoic(y) (f(Virs)l FY)
) (E(f o o(Xer)|FY) 1FY)
=Exoic(y) (P (f 0 0) (X)|FY)
o (Po® () (X)1FY)

_EX()N’C

_EXO N/C
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Using the hypothesis (i) from theorem 6.7.3, we have:

Exonk(y,) (f(Yt+s)\]:sY)
=KoPo®(f)(Ys)
=QtoKo®(f)(Ys)
=Q:(f) (Ys)

O

6.7.2 The canonical measure intertwines the hypoelliptic BM and the
highest weight process

Now, let us specialize the previous framework to our case. The semi-group for the hypoel-
liptic Brownian motion (BY(W#),t > 0) is denoted by P;:

P, :=exp <tD(“))
Recall that the highest weight process is:
Ay = hw(BY(WH)) = 0 — wob + Topy W,

Finally, define the Markov kernel IC,, : C (B) — C(a) from a to B by:

Vip € C(B), Ku(p)(A) := E (¢ (Cu(N)))
Since the random variable C,()) is B(X) valued, it is clear that:

K, 0 hw = id,q
The following ’Markovian filtering’ holds:

Theorem 6.7.5. Let xg € a, p € a, W) o BM in the Cartan subalgebra a and Cy(z0) an
independent random variable whose distribution follows the canonical probability measure
on B(xg), with spectral parameter p. If:

X7 = hw (Cp(wo) BY (W)
and f: B— R is a bounded function, then:
E (f (Culwo) BYW W) |FX, X7 = &) = E(f(Cu(2)))

Proof. For notational reason, we write F; instead of F;% °.

As a first step, let us prove that the theorem for general p € a is a consequence of the
case p € —C' using a change of probability measure. Assume for now that the result is
true for p € —C'. 1t is straightforward to check that for v € a:

E (f (Cu(wo))) = Z:EZ’;E;E (6<7(Cu(m0)):u—u>f (C’l,(xo)))
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and using the Girsanov-Cameron-Martin theorem for Brownian motion ([ | theorem
5.1), for any functional F:

E(F (WP;s <t)) =B (W n) =3P MR p () < ¢))

Hence, because C,,(zg) and W) are independent, in the following change of probability,
the density is the product of the two previous densities:

¢V($0)
(o)

Using the Bayes formula, we have that, on the set {X;° = x}:

exp ({y (Cutan)) + WO, = v) = (Il = IvIP)e

E (f (Culzo) B (W) | 7)
E (€<V(Cu(xo))+W<”),u—'/>—%(\lull2—HVH2)tf (Cy(xo)Bf(W(”))) ’]:t)
E (6<7(Cu(fvo))+W(u)7#*1’)*%(|lu|\2*||'/||2)t|]:t)

E (0O BV £ (6, (o) BY(W ™)) | )
E (eW(Cy(wo)Bf(W(V)))’“_V> |]:t>

Applying the result for v € —C, one has:

E (f (Culawo) BE (W) |7, X0 = )
E (eh(Cu(w)),u*v}f (Cl,(m)))
E (e0(Cu@)n—r))
=E (£ (Cu()))

Now let us prove the theorem when p € —C' = woC. Using proposition 6.5.10, we write:
Cy(zo) = zwpe™g
where ¢ £ Iwou(xo). Now notice that:
X0 = hw (Cpulwo) BY(WW))
= log[@alzzﬂoezong(W(”))]o
= 0 + log[gBY (W)
= 20 + log[e? ge = B, (W 1)],
=xg+ Teege—" (W(‘u))

For shorter notations introduce n = Nf (X*) and x = X;°. Thus we have:

ne® = [exong(W(“))}io
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Then, using the properties of the Gauss decomposition:
Bf(W(“))

= (e™g) "' e gB](WM)

= (e79) " me” [ gBY(WM)] |

But since B! (W) € B, we have:

BY(W®) = [(e7g) ™" ne”|

-0
And the following decomposition holds:
e 9Bl (W) = g [(e7g) " ne”]
= ne” _(exog)_l nem} -
i +

= ne” _(eg”oge*g”o)f1 ne’”}

Therefore:

Thanks to theorem 6.4.2, we know that:
0 _
N (X)) = 0O(e™ge ™)
Moreover, equation (6.17) tells us:
NE(X™0) = ne” N (X[ — X{*)e ™™

Hence, since ©(ng) = nO(g) for n € N:

Ngo(Xffr)' - X/ = @(e_xn_lexoge_xoex)

Coo) BYW W) — b7 (

As ©7! (Ngo(th—E. - Xfo)) € U, we have in the end:

O~ (NL(X7, - X))

1711
+

Coulwo) BY(WW) =] 0071 (NE (X2, — X))

(6.25)
(6.26)

(6.27)

(6.28)

(6.29)
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Recall that under our working probability measure g £ I'y(zg) and X™ follows the
Whittaker process. In the context of proposition 6.5.9, our working probability measure
can be considered of the form PY. Under the equivalent probability measure P, g has the
same law as I', and X*° is distributed as a BM with drift wop € C.

dP” 2 b(wop)
P = oXP (—X— (Ngo(X 0))) 1/onu($oq;}2f<w°“’x0>

e’ Yugp()e” W07
dP |_7_‘t = eXP( X— (n)) wwou(x0)6_<wou’xo>

Thus, we get the simplification:

d]P’”/d]P’”
dP’ dP |7,
e oo (Lo - xe)
¢w0# (x)ef@uou,x) exp (_X_ (n))
b(wop)

o e &P (0 (NG - X))

Therefore, on the set {X;° =z}, by equation (6.29) and using the fact that E = P":

E (1 (Culao) BYW®)) | 7))
=E (f obl o1 (Nﬁo(XﬁE, - Xfo)) |-7:t)
=P (fob] 007" (NL(XF. - X)) |7

By the Bayes formula:

E (f (Culwo) BY (W) | 7)
P (G5 S obf o0t (NL(Xi — X)) 172)

- dpv
dP | Fy

b(wop (e NE(XTO —X0)e~e - z v
e (:(c)e0<)wou,z>19’(e X (NG (GL =X70)e™) o 3T 6 9! (Ngo(th-_Xto)) ’ft)
wo p

Since under P, X0 is a Brownian motion with drift wou, we know that N (X[ — X;°)
is independent from J; and has the same law as D,,,,. In the end:

E (f (Culwo) B (W) 1F™, X}° = 2

b(wo ) . . )
:¢wou(x)6_<w°“’x> " (exp (=X (" Dugue™™)) foby 0O~ (Dwou))

—E (o 00 (Dyyu()))
—E (f o b7 (Tupu(a)))
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Proposition 6.5.10 yields the result by giving:

Cu(@) £ b7 (Cugu())

O]

As a consequence, the condition (i) of theorem 6.7.3 is valid with an initial law for the
hypoelliptic Brownian motion being C),(x¢). Moreover

Qt Z:ICMOPtOhUJ
is a semi-group making the following diagram commutative.

+D(1)
e
B B

S
Qt id
a a

The theorem 6.7.4 is applicable and tells us that X% is Markov with semigroup Q.
It can be easily identified:

a

Proposition 6.7.6. The semigroup @ is generated by the Doob transform of the quantum
Toda Hamiltonian:

Q¢ = exp (L)
with:

L= (H = L n ) = 38+ (Vog 1, 9)

Proof. When p € —C = woC, we are in the same situation as theorem 6.5.4, where we
identified the infinitesimal generator as:

1
§Aa + (V10g Yuwou, V)

Hence the result as vy, = ¥,.
For general i1 € a, we use the fact that:

Vt> 0,0 =Ky,oPohw

Therefore @)y has infinitesimal generator:
1 1
L,=K,o0 <2Aa + (1, Vq) + 3 Z(a,a)fa> o hw
al

Against a smooth function f:a — R, at a point , £,(f)(z) is analytic in the parameter
u and equal to

1
§Aa + (Vlog %, V)

for p € —C'. The result holds by analytic extension. O
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6.7.3 Entrance point at '—o0’

Now it is quite easy to give a proof of theorems 6.1.3 and 6.1.6.

Proof of theorems 6.1.3 and 6.1.6. Take in theorem 6.7.5 2o = ( —2Mp" and as in corol-
lary 6.6.2 take M — oo, giving:

Cu(C —2MpY) L5 id

The Markov process X;° = hw (CM(xO)Bf (W(”))) will converge in probability to the

highest weight process Ay = hw (Bf (W(”))). The filtering equation in theorem 6.7.5
degenerates to the relation in theorem 6.1.6.

It also shows the Markov property in theorem 6.1.3, leaving only the fixed time
marginal to prove. This fixed time marginal is the correct way of defining the entrance
law. As we will see, it is a simple matter of diagonalizing the infinitesimal generator thanks
to the Whittaker-Plancherel transform (theorem 5.4.7). Let g(¢,.) be the density at time
t > 0 of the process X;°. It is obtained by solving the forward Kolmogorov equation ( or
Fokker-Planck equation):

9(07 ) = 5950

(D)
t“z“

where £* is the dual of L. Setting g(t,z) = h(t,z)Yu(x)e”

oh — Hh
h(oa ) = ¢M(x0)_16m0

, h solves:

where H is the quantum Toda Hamiltonian. It is diagonalized by the the Whittaker-

Plancherel transform. Indeed, since H;, = —%(V, V)1, the function:

Wt v) = / h(t, )b (x)de

solves the simple PDE:

Hence:

_ ) ~ _ Hww)
g(t,x) =pu(x)e 2 /h(O, viem 2 _i(x)s(v)dv
a
Again, we use corollary 6.6.2 to finish the proof. It gives us as M — oc:

h(0,v) =E (6@’/*#70#(5”0))) 1
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6.7.4 Intertwining property at the torus level

The geometric Duistermaat-Heckman measure intertwines Brownian motion and the quan-
tum Toda Hamiltonian. Formally, introduce the Markov kernel K, : C (a) — C(a) defined
by:

A

Vip € C(a), Ku(p)(A) == E(p oy (Cu(N))

%1( 3 @) f(y) DH (dy)

—

The following diagram is commutative.

exp (t (%Aa + (u, Va>))
a a

a———a
Qt

This can be easily checked by applying the earlier intertwining:
ICM o etD# _ Qt OICM

to functions depending on the weight only.



Chapter 7

Degenerations

As we have seen, there is a natural ¢g-deformation of the geometric Littelmann path model
that is given by rescaling paths and corresponding actions. We will interpret this defor-
mation as a change of semi-fields and describe the deformed structures. The ¢ — 0 limit
makes sense, and is exactly the free version of the continuous Littelmann model given in
[ ]. A cutting procedure is needed in order to “prune” such a free Kashiwara crys-
tal, and obtain a polytope. While Berenstein and Kazhdan have used the superpotential
function fp (] , ]) to encode this cutting procedure, there is not a clear reason
why it should be that way. In our point of view, the superpotential fg appeared naturally
in the canonical measure on geometric crystals.

While describing deformations, we will see that the g-deformations of theorem 6.1.3

uses the operator ¢7y,q 9 Pu,- This recovers the crystalline generalisation of Pitman’s
theorem proved in | | where P,,, W is Brownian motion conditionned to never leave
the Weyl chamber. In the A, type, this is a realization of Dyson’s Brownian motion which
gives a connection to Random Matrix theory.

Also, in this crystallization procedure, the canonical measure degenerates to the uni-
form measure on a polytope, which is nothing but the string polytope in the appropriate
coordinates. This recovers previous results.

7.1 Deformations

7.1.1 Semifields and Maslov quantification

This subsection mainly follows the presentation of Itenberg in [[ten]. A semifield (5, ®, ®)
is defined as the next best thing to a field, as we weaken the assumption of invertibility
for the law &.

Definition 7.1.1. A semifield is an algebraic structure (S,®,®) such that:
e (S,®) is a commutative semigroup.
e (S,0) is a commutative group with neutral element e.
o Distributivity of ©® over @:
Va,b,c€ S,(a®b)©c=(a®c)® (bOc)
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The universal semifield we have been working with so far is (Rsg,+,.). On this
semi-field, the natural counterpart of rational functions with n indeterminates is the

set of rational and substraction free expressions Rsq (x1,...,2,). Plainly, elements in

R~¢ (21,...,x,) are rational functions with indeterminates (z1,...,x,), real positive co-
3 3

efficients and using only operations +, x and /. For example f(z1,z2) = iiiig

x% — r129 + a:% € Roo(xy,x2). It is easy to check that if endowed with the same op-
erations, rational subtraction free expressions also form a semi-field.

Another classical example is the tropical semifield (R, min,+) as one easily checks
that 4 is distributive over min. Its importance in representation theory is related to
Kashiwara’s crystal basis, as changes of coordinates are rational functions on Sy. The
study of algebraic curves on this field has given rise to tropical geometry, now a field of its
own, where max usually replaces min. The name ’tropical’ was coined by French computer
scientists to honor their colleague Imre Simon for his work on the max-plus algebra. It
has no intrinsic meaning aside from refering to the weather in Brazil.

In fact, we will see later that this semifield can be viewed like the zero temperature
limit of family of semifields S,. This suggests the name of “crystallized” semifield, that fits
better in name to the crystal basis. However, it is too late to reverse the trend, already
solidly established.

Tropicalization (or crystallization) is a procedure that takes as input objects on the
semi-field (R, +, .) and gives objects on (R~¢, min, +). Assuch, if f € Ryo(z1,...,2,), a

substraction free rational function, one obtains [ f]rp a function in the variables (z1, ..., zy)
applying the morphism of semi-fields [ Jiop. If @ and b are elements in Rso(z1,...,25)
then:
[ Jtrop: (Rso,+,.) — (R, min, +)

a+b — min([ a Jtrop, [ b Jtrop)

a.b = [ a ]trop + [ b ]trop

a/b = [ @ ]rop — [ b Jtrop

a € Ryg — 0

A less algebraic definition could be used, using a limit that always exists:

Proposition 7.1.2. For f a rational and substraction free expression in k variables, we
have for all (z1,...,x) € R* and g > 0:

_ Tk

_qglog f <e_qu,...,e ) > — flrop (@1, 28) + O(0) (7.1)

where O(q) is a quantity such that % is bounded as ¢ — 0, uniformly in the variables

(xl,...,xk).

Proof. Let us prove the statement by induction on the size of the expression f, meaning
the number of operations it uses (addition, multiplication and division). For the base case,
notice that if f is a monomial or a constant, then the statement is trivially true.

Now, for the inductive step, if f is a product or ratio of two rational substraction free
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expressions, for which the statement is true, the statement carries on using the properties
of the logarithm. If f is a sum whose terms satisfies the induction hypothesis:

f=f+f

Then for x = (z1,...,x) € R*:

_n _%k
—qlogf(e a,...,€ q)

_n _ Tk Tk _Tk
:—qlog<f1<e 7,...,€e (1>—{—f2(e 7,...,€e Q)>

= — qlog (60(1)_q_1[f1]tr0p(x) + 60(1)—q_1[f2]trop(x)>

= it ([i)urop (%), [ folurop()) + O(q)
— qlog (1+ exp (O(1) = ¢ [filirep — [folirosl (%)) )

:[f]trop(x) + O(Q)
O

Such a limit suggests a continuous deformation from (Rx¢,+,.) to (R, min, +) called
the Maslov quantification of real numbers. Define the continuous family of semifields
(Sq =R, @y, ®4) for ¢ > 0 with:

a b
a®yb=—qlog (eq + eq)

At the limit, when ¢ goes to zero, we recover the previous example (R, min,+). All the
semifields (Sq)q>0 are isomorphic to (Rsq,+,.) except for ¢ = 0. The isomorphism of
semifields that transports structure is ¢, = —glog : (R>o,+,.) = (53 =R, @y, ©q)

As such, Y = g ol 1 (Sq =R, Bg,©g) = (Sy =R, By, Oy) is a rescaling when

identifying both semifields to R: 1, o (x) = %,x
Notation 7.1.3. A tilde will refer to quantified variables when there is the possibility of

confusing them with variables in Rsg. In ¢ = e 4, ¢ is seen as a variable in the usual
semi-field R~ while ¢ is in Sy.

7.1.2 A remark on integrals of semifield valued functions

Let f:[0,T] — Sy be a (smooth) function with values in the semifield S;. For readability
purposes, the subscript ¢ will be dropped when designating operations on S,. The monoid
of integers in S, is the monoid generated by the neutral element 0. It is in fact given by
all numbers ny, = @;L; 0 = —¢log (n). As such, Riemann sums in S, take the form:

(1ony) ® éf(ti)

i=1

)
= —qlog e «
i=1
T s
e a

SEE

S—

— —qlog(

n—-+4o0o
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Therefore, the natural candidate for integrals on the semifield S, are exponential func-
tionals and the ¢ = 0 limit gives info<s<7 f(s) using the Laplace method.

We will define a ¢-Littelmann model using exponential integrals over paths. It can be
formulated in such a way that no minus sign appears. In the formalism of semi-fields, all
actions become in fact rational, in the sense of the semi-field S,. Exponential integrals
are simply semifield integrals that degenerate to infimums.

7.1.3 Deformed Lusztig and Kashiwara varieties

Following the same idea as | | section (2.2), one can define the Lusztig and Kashiwara
varieties UL and CLJ by their parametrizations, by identifying m-tuples that give the
same element. Since changes of parametrization z;, L6 2; are rational and substraction
free, one can view them as rational for the semi-field S, and define:

Definition 7.1.4 ( Lusztig and Kashiwara varieties on S ).

w i m) Fwo) o - iy _ i
US(S,) = {(t Jier@o) € (S§) " [¥i,i € R(wo), oy o m(t!) = ¢ }

i m)\ Fwo) . - i i
C25(,) = { renqu € (57)"" WA € Rlwo).a7) ows(el) = '}

The ¢ — 0 limit gives the tropicalized version of the changes of parametrization.
As such, by theorem 5.2 [ ], the Lusztig variety UL (So) really encodes the Lusztig
parametrization of the G canonical basis; while the tropical Kashiwara variety encodes
the string parametrization.

7.1.4 Deformed structure of Littelmann crystals

We have seen that ¢-Littelmann models for different ¢ are equivalent, provided that we
properly rescale the reals in the actions, and values taken by e, and ¢,. In fact, the
set of real numbers had to be considered as the semifield S;, and this rescaling becomes
natural as we also have to change the structure semifield. Now we are ready to list the
g-deformation of our previous results.

In order to distinguish between structures at ¢ = 1 and for ¢, let L = (7, (€a, Pas €4) ac A)
the path crystal structure for ¢ =1 and L, = (7’ , (6;, 90;0 elo'é) eA) for generic q. We will
(03

use the subscript ¢ in (), to indicate the crystal generated by 7 using the g-deformed
structure.

Generated crystal: Let (), be the g-Littelmann crystal generated by 7. After trans-
porting the structure to ¢ = 1 by rescaling, we have to consider the geometric crystal
generated by ¢~ 7. In the end, in term of the geometric structure (q=1), we have:

(Mg =a(=)
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Highest weight: The natural invariant under crystal action, which plays the role of
highest weight, is then
T = qTuweq

It is natural because varying ¢ interpolates between different path models, and gives for
each ¢ the highest weight path. And it gives the rescaling considered in | ] and | ]
in order to recover the Pitman operator:

: -1

Pu, = (}lg(l) qTwoq

Analogously, we have:

Vw e W, T := qTwq =y Puw

Parametrizations: Fix i€ R(wy).
Transporting the semi-field structure from R~ to S, and using the results from subsection
4.4.2, we define the g-deformed string parameter of a path as the m-tuple in (Sg)™ given
by the map :
K
ot Co([0,T)a) — (8™
T = (C1y.-0yCm)
For m € Cy ([0, T], a), the m-tuple ¢ = (c1,...,¢m) = Q?’K(w) is defined recursively as:
T
— Pl q
Vi<k<m,c,= qlog/o exp( q oy, (7;1,1“.5%7170)

Clearly, as ¢ — 0, one recovers the definition of string parameters in the classical Littel-
mann path model (see [ )):

V1 <k <m,qlog /OT exp (-qilaik (7;31...3%7177)) = ogiltléT iy <P8i1~--5ik_1 (W))

Finally, thanks to diagram 4.2 and the morphism of semi-fields 1), = —¢glog we have:

vr € Co((0,7),a), o™ () = ¥y 027} 0 0 (Br(g~'m)) (7:2)
where we applied the semi-field morphism 1, = —glog on RZ, point-wise.

Similarly, ¢-deformed Lusztig parameters are constructed. Indeed, all elements of (),
can be projected on the lowest path = ge_*°¢~!m and every single path can be recovered

via:
m=qTyq '
where
_n Y wo
eg=x,le ¢ ).z, e ) el
o= qe—oo T _ qe—oo nj—1
J sil...sij q Olz] q
T _ _ _
o tj =qlog [, exp (—q Yo, (qesz,ix_’._sl_k_lq 17?))

We are aiming at understanding the law o, K (m) when 7 is taken as a Brownian motion.
This is the natural g-deformation of the previously studied canonical measure, viewed in
Kashiwara coordinates.
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7.1.5 Brownian scaling and consequences

In order to obtain the announced deformation of our probabilistic results, the tool we will
use is simply Brownian scaling property. For W a Brownian motion in a, 4 € a and ¢ > 0,
it is the equality in law between processes:

Wit >0E Wit >0 (7.3)

Let us first examine the effect of scaling on the flow B (.):
Lemma 7.1.5 (Effect of accelerating a path X on B (X)). Given a continuous path X
in a:

2

By (X/cz) = C_2pv Bt/c2 (X) 2

Proof. Using the change of variable u; = t;/ c?, we have:

X
X t
B (x,)=(X > / e i Kyl man o) e g dn L dy | e
c K0 ir iy, 2tk =220
—aiy (Xuy )—ai, (Xay) o | Xt
= Z Z e~ Y\ fu B oL fidur L duge e <2
K00y iy =tk >0 >0
—avyy (Xuq )=, (Xu,) —2pY 20 Xy
= Z Z e~ Y\ tu iUk fir oo fip€™ duy ... dug | e <2
S0 i iy w2 U >0

=% B, (X))

O
Hence:
Lemma 7.1.6.
B (7 W)t >0 £ g% By (W) "1t > 0
Proof. Use the scaling equation (7.3) with ¢ = ¢ and lemma 7.1.5. 0

Therefore, we can give a deformation of theorems 6.1.3 and 6.1.6. Define the rescaled
highest weight process as:

Vt > 0,A] :==q hw (Bf(q_IW(“))) = q(0 — wob) + T2 (W),

wo
The properly rescaled Whittaker function on a is, with m = £(wy):

A —4q log(Q)pv>
q

YA€ 0,1 () = "y (

Using theorem 5.4.1, it is immediate that when p € C, 94, solves the eigenfunction
equation:

1 1 . ,
58 — > 3l a)gle™t Wy, :M@bw (7.4)

aeA 2
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with 1, ,(z)e~*%) being bounded and having growth condition:

lim 4, u( )e,w o) = =q"b(qu)

r—00,xeC

Theorem 7.1.7 (Markov property for rescaled highest weight). The process A? is a dif-
fusion with infinitesimal generator

[l 1 g la(z) (M 1
77Z)q,/1 <2A - Z 2<O‘ O‘>q2€ ¢ ol@) <2>) Yau = §A+V10g (wq,u) -V

a€cA

Proof. Thanks to lemma 7.1.6 and properties 4.1.13:
ALt >0 £ 4qlog(q)p” + q hw ( t/g (W(q“))) it>0

The result is a consequence of theorem 6.1.3 and the following general fact applied to the
highest weight process. Consider an Euclidian space V and a € V. If (Xt > 0) is a
diffusion on V' with generator £ then (¢X;/p2 + a;t > 0) is a diffusion with generator G.
For a smooth function f: V — R, we have G(f) : x — ¢ 2L (f(q. + a))( ;). Here, one
needs to take V = a, X is the highest weight process and a = 4qlog(q)p"

0
The deformation of theorem 6.1.6 is:
Theorem 7.1.8 (Rescaled canonical measure).
_ L _o,v A —4qlog(q)p¥ v
>0, (B (W) a7 = n) £ 720", (2D o
Proof. Using lemma 7.1.6, we have for fixed ¢ > 0:
(B (a7 W) 141 =)
£ ( —2p vBt/ , (W(qu)) 2" |hw (q72pVBt9/q2 (W(qu)) quv) _ q—l)\)
= (q—Qﬂ Bf/q2 (W(qu)) ¢ |hw (Bf/q2 (W(qu)>) —q¢ '\ —4log qpv)
Combining this with theorem 6.1.6 yields the result. O

7.1.6 Explicit computation in string coordinates

We are now able to give an integral formula for the law of ¢-deformed string parameters
extracted from a finite Brownian path. We present it in a form that allows to compute
the ¢ — 0 limit. It uses the map n"°¢ defined as:

-1
Yv € BN UwoU,n"° (v) = [(’U_)QUT) |+

Recall that 1" restricts to a bijection from CLJ to ULy (theorem 4.1.9).
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Proposition 7.1.9. Let i € R(wo) and t > 0. Consider in a a Brownian motion with
drift p up to time t, ( 15“);0 <u< t). Then for any ¢ : R™ — R bounded measurable

function:

E (g@ (Q;I’K (Ww- 0<u< t)) | Ta W = A)

1 i
:%u()\#—q(woé? 0 / dc%p )exp(u,)\ chalk f§q7 ( ))

k=1

where dc is the Lebesque measure on R™ and the deformed superpotential in string coor-
dinates is given by:

i 2q2 wo.e _ —16 _ 716
Foaale) =3 Ty Xa o o (70 er,. 70 Tem) (7.5)
aEA ’
S 2 A (Cj"‘Zk 1 Crevi ( Zk))
+Z<ai-,az>eXp (_ q (7.6)
7j=1 J J

Proof. Using equation (7.2), while writing f = ¢ 01, 0z~ o o¥:

E (gp (g?’K (WZE’“‘); 0<u< t)) | T Wt(“ = )\)
=E (1 (B(w®)) | T2 W = \)

As a consequence of theorem 7.1.8 and then the integral formula from equation (5.10), we
have:

E (¢ (of™ (W0 <u<t)) | TE WM =)

v A—4ql 0 — wob v
—F (f (€9p2p Cqu( qgloggp q+ Q( wWo ))pr €9>>

e~ el @ =FB@) ) (dr)

_ q" 0 —2p
Vg (A + q(0 — wob)) /B(*—4f1 logqpv+q(9—w09)) Flep™™ wp

q

A—4qlog qpv+q(9—w09)>
q

Making the change of variable y = (36/)_2pv prpve_e, which maps B (
to B (%):
E (cp (Q?’K (Wu(“);() <u< t)) | 7;30Wt(“) = )\)

= q" / (aun ()~ (e 0p%" yp=2e" ef) d
_ . y
o O+ 0= w0d) gy Y (dy)

And for:
K

c=goaj 00" (y)

or equivalently

y = bk g-1x © T—i (6_%,...76_T>
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We explicit the previous integral in terms of the variable ¢. Theorem 5.1.4 leads to:

m
w(dy) = ¢™ H de, = ¢™dc (7.7)
k=1
Theorem 4.1.20 gives:
1 m
Y(y) = 5 <)\ - Z Ck@;i) (7.8)
k=1
And as we will see:
_ Vo o,V K.
fe(e™?p* yp? %) = fi,,(c) (7.9)
Putting together equations (7.7), (7.8) and (7.9) yields the result. Now, we only need
to prove the last equation. Recall that, by writing v = x_; (ff?l, e ,eiTm) € CYf and
using proposition 4.1.16:
Y zbf_l/\ 0X_j (e_%l, cees e_ch)
:bé(—l)\(v)
=" (v) wov" [o"]5 et
Therefore:
fr(e 0 yp=2" ef)

(e %y
=fu(e”’p 0" () wov" oy et Ao )
=Y (e—GPQanwo,e (U) p—QpVeH) +x (e—9p2pve—q’l)\,UT[,UT]aleqfl)\p—QpVe@)

m A\ — . m i ;/
= 2¢ 3 Xa 0N (v) + > s Y exp (— (CJ 2 ok (@ k))>

Zaa 7

e

7.2 Crystallization

As the following proposition indicates, the superpotential degenerates to an indicator
function of a polytope. It is the string polytope for the Langlands dual GV, thereby
recovering where the string parameters sit for the usual highest weight Kashiwara crystals

BN).

Proposition 7.2.1. For every i € R(wy), there is a cone C;’ such that:

K,i
R, lim e /Baa(®) = 1 1
Ve € 7q1£>13) e q {cECi\/} {ng)\_zz‘;j_‘_l cra (Oé;/k)}

It is the string cone for the group GV and it is given for any choice of i € R(wg) by:

¢ = {c €R™ | [57" 0™ 0.5 _iiop(c) € RY
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Notice the appearance of exactly the same cutting condition of the string cone C;’ as
the condition given in [Litt] page 5, giving the string polytope associated to the highest
weight A.

K,i
Proof. Looking at proposition 7.1.9, the deformed superpotential e 7842 is the product
of two terms. Each one of them leads to an indicator function. The easier one to deal

with is:
m A= (o + Ty ereiy (a,))
exp exp | —
i=1 az] , az]> q

q—0
—
{cj<)\ E kg1 R (« Zk)}

For the other term:

- 2¢° wo, € ¢ la —q¢ tem
eXp _ZFXO[OT’ Ol'_i e ,...,6
acA ’

Start by choosing a reduced word i’ € R(wy), independently of i € R(wp). This choice
will not play any role. Let f be the rational substraction free function given by (theorem
4.1.10):

f= xi_,l on"Cox_;: RY; — RY,

Component-wise, we write f = (f1,..., fm). Then, after organizing that term and using
the analytic tropicalization procedure given in proposition (7.1.2):

- 2(]2 wo,e —q e —q tem
exp —Z< Xa©n ox,i(e NS )
e

a, o)

m 2q2 —o-1¢ —o1e
=ow |- g (e ﬂ)
j=1 \Qu,
= exp xp | —
j=1 <az’ ) Oé1/> q
- 2 2 j 1tro;
— exp Z q exp (_ [filtrop(c) + 0(‘]))
j=1 <az’ y Y ’> q

q—)O
]l{ceRm | V1<j<m,[f;ltrop(c)>0}

Finally:
feeR™ V1<) <m.fi(e) 20} = {c € R™ | [ay' 05" oa_ilimuyl(c) € BT}

is the set of i-string parameters that are mapped to non-negative i’-Lusztig parameters.
It has to be exactly the string cone C; thanks to theorem 4.1.10. Clearly, changing i’
tantamounts to changing charts for the Lusztig parameters, and these charts are bijections
of the positive orthant R’ O
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As a consequence, the geometric Duistermaat-Heckman measure degenerates to the
classical one, and its Laplace transform degenerates to the ’asymptotic’ Schur functions
(see [ | theorem 5.5):

Syew (=) el
ng<1>+ <5v7 M>

V(X i) € a%, hu(N) ==

Proposition 7.2.2. For )\ € a:

éi_% @qu (A) = huo\)

where:

hy (N) = /CV dcy(c) exp ((p, A — Z Cka;;>> ]l{
i k=1

m
ng/\fzk:g#l Ck i (alvk)}

Moreover, for p € C, h, is a harmonic function on C the Weyl chamber with Dirichlet
boundary conditions and growth condition:

1
lim (e N = ———
A—r00,AeC w) [pea+ (B, 1)

Proof. The function v, (\) plays the role of normalization constant in proposition 7.1.9,
hence:

m
Q/)q,,u ()\) = . dCSO(C) €xp <<.U7 A= Q(w09 - 9) - kz:l Ckaz\i) - fg’;)\_q(wo@_g)(c))
The previous proposition yields the convergence of 14 ,, to hy,.

Now consider € C. In order to see it is a harmonic function on the Weyl chamber with
Dirichlet boundary conditions, one can look at equation (7.4) and notice that the potential
goes to zero inside the Weyl chamber and +oc0 outside.

For the growth condition, since 9, u()\)e*<“”\> is monotonically increasing for any sequence
An € C) N, — 00 along a ray, the convergence to ¢"*b(qu) is uniform in ¢ by Dini’s theorem.
Therefore, we can obtain the limiting behaviour of hy()\)e_<“7)‘> by inspecting;:

lim g™ b(qu) = lim [T aT'(a(8", 1))

Bed+
Recalling that for all z > 0, lim,_,0 ¢I'(¢z) = % finishes the proof. O
Also, now we can recover the following results, already known to [ | and | ],

as degenerations of theorems 7.1.7 and 7.1.8.

Theorem 7.2.3. For W o Brownian motion in a with drift p, Pu,(W®W) is Brow-
nian motion conditioned to stay in the Weyl chamber by a Doob transform. It has the
infinitesimal generator:

1
iA + (log Vhy, V)
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And for every ¢ bounded measurable function on R™ andt > 0:

E (o (= (W00 Su<t)) | Pug(W), = 1) (7.10)
_ 1 - v

Proof. Immediate. O



Appendix A

Reminder of geometric crystal’s

parametrizations
b x € B(X) b
/bﬁ( " \
,’76,11)()
z e ULy veCLy u e ULy

Figure A.1: Reminder: Charts for the highest weight geometric crystal B(\)

T Qi Qi T _j
UZs (R>0)™ () (R>0) O
L K
b)\ b)\
B(A)
o* o

Figure A.2: Reminder: Parametrizations for a connected crystal (7), with 7 € Cy([0,T7], a)
and A = T m(T)






Appendix B

Kostant’s Whittaker model

For further details, we refer to the first section in | | as it gives a very good summary
of Kostant’s work on the Whittaker model and Whittaker modules. Here, we will mainly
be interested in the image of the Casimir operator in the Whittaker model, seen as a right
invariant differential operator on the lower Borel subgroup B.

Center:
Z(g) = {z € U(9)|Vy € U(g)[r,y] = 0}

The center Z(g) forms a commutative algebra. It is at the heart of both classical and
quantum integrable systems.

In Hamiltonian mechanics the Lie bracket is interpreted as a Poisson bracket and the
center is an algebra of Poisson commuting functions. These functions are the observables
that are integrals of motion. They are called the invariants. In quantum mechanics, the
story is a bit different. Observables are differential operators acting on a Hilbert space
of wave functions. Commuting observables give simultaniously measurable observables,
which is a very desired property. The center, again called the set of invariants, is a com-
mutative algebra of differential operators, and the Lie bracket is simply the commutator
[A, Bl = AB— BA. Having this in mind, it will be no surprise that an integrable quantum
system will arise in our work.

The integrability property means that we have a maximal number of independent
invariants. Chevalley’s theorem tells us that the maximal number of independent central
elements is n, the rank of Lie algebra.

Theorem B.0.4 (Chevalley). Z(g) is a polynomial algebra with n independent generators
Il, IQ, cee ,In. Z(g) = C[Il, _[2, cee ,In]

Casimir element: The only element of order 2 in the center is the Casimir element C.
If (X1,...,X,) is an orthonormal basis of h with respect to the Killing form, then:

C :=1% i Xj + 1Y scat (faep + esfs) B.1)
=5 i1 Xi + Xpea+ foes + 0¥

The second expression uses the Weyl co-vector p¥, which is the vector in a such that
a(p¥) = 1. pY is also the half sum of all positive coroots. In a way, C is the simplest
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and most important element. In representation theory, it is used in order to prove the
reducibility of certain classes of representations. In analysis, because it is of order 2, it
can be considered as a heat kernel, when elliptic.

Reduction to U(b): Let x : U — C be the standard (additive) character on the
unipotent elements in U:

Ya € A, x (ete“) =1

Define the space of functions:
CT(G) = {f €C*(G) | Vue U, f(gw) = f(9)e™)}

Because the subset BB™T, the cell where a Gauss decomposition holds, is dense in G, any
function in C° is entirely determined by its restriction to the lower Borel subgroup B.
Moreover, differential operators in U (g) are reduced to elements of U (b) when acting on
such functions. By simple differentiation and restriction to C*°(B), C' reduces to:

Cx=> X2+ > fatp" (B.2)
=1

a€A

Whittaker model W (b): The algebraic construction by Kostant tantamounts to re-
ducing central elements to elements in U(b). We reproduce the presentation of | ]
keeping the same notations. x extends to the U(n™) and gives a direct sum:

Un') =C1 @ kery
Since U(g) = U(b) ® U(n") because of the PBW basis theorem, we have:
U(g) = U(b) @ I,

where I,, = U(g) ker x is the left ideal generated by ker x. Now let p, define the canonical
projection:
px : U(g) — U(b)
It defines the Whittaker model for the center thanks to:

Theorem B.0.5 (Kostant, | ], theorem 2.4.2). Let W(b) = py, (Z(g)). The map:
px - U(g) — W(b)
is an isomorphism.

One can easily compute the image of the Casimir element Cy, = p, (C): if 3 is a simple
root, e, acts like 1 after reduction while if 3 € &T
A acts like 0. From the second line in (B.1), we recover the same operator as in (B.2).

Cy is then interpreted as an operator on the solvable group B = NA. The Laplacian
£ 37" 1 X7 is the infinitesimal generator of Brownian motion on a ~ R". Hence, Cy as
a whole is the infinitesimal generator of a Markov process driven by a simple Euclidian
Brownian motion on a.

Since, morally speaking, the Wiener measure charges all paths, we will need to study
invariant ordinary differential equations driven by a deterministic path, giving us tools for
a path-wise approach. This is another way of looking at the study of the flow (By(.),t > 0)
defined by equation 4.5.
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Quantum Toda Hamiltonian: A further reduction to a space of x~ y-binvariant func-
tions:

C(G) = {f €C®(G) | YueUmn € n, f(ngu) = e_xi(”)f(g)eX(“)}

Since a function in C3°(G) is entirely determined by its values on A = exp(a), it can be
viewed as a function on a. This gives a Schodinger operator on a ~ R"™ known as the
quantum Toda Hamiltonian:

1
H= iA +p¥ — za: e @) (B.3)






Appendix C

Enumeration of positive roots

There is a very simple yet very useful identity that can be found in the book by Kumar
(corollary 1.3.22 | ). We will use it several times.

Lemma C.0.6. For A € a and w = s;, ...s;, a reduced expression for the Weyl group
element w of length I, we have:

l
A—wh = > o, (ABY (C.1)
k=1
l
A—w A = ) BNy, (C.2)
k=1

Proof.

l
A — WA = Zsil---sikq)‘_sh--ﬁik)‘
k=1
l
= Z Sil ce Sik_l (/\ — Sik)\)
k=1
l
= Z Siy - Sip_, (aik()\)a;—;)
k=1
l
= Z Qi ()‘)51!
k=1
l
A—w i\ = ZSik_1 C S A = Si S A
k=1
l
= Z (Zd — Sik) (Si,%l e Sil)\)
k=1
!
= Z iy (Sip_y -+ Sy A) 042\'2
k=1

l
=" BNay,
k=1



214

APPENDIX C. ENUMERATION OF POSITIVE ROOTS

Table C.1: Positive roots enumerations for type As

1 0 121 212
B Qi a2
-1 , g = 1
B2 | a1 t+az ai+az
0 -1
B3 Qg 3]
Table C.2: Positive roots enumerations for type Bs
1212 2121
B a1 g
1 0
2=\ | 2| ertar art2a
B3 | a1+2a2 a1+ az
P Qg ay

One can check on tables C.1, C.2, C.3, C.4, and C.5 the previous facts.

Table C.3: Positive roots enumerations for type Co

1212 2121
0\ | A1 a1 g
>,a2: <2> Bo | 2000 + 9 a1+ ao
B3 | a1 +as 201+ as
54 a2 aq
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Table C.4: Positive roots enumerations for type Go

0 1
a1 = 1 , (g = —2 y
-1 1
121212 212121
b1 Qg Qg
B2 | a1+ o o1 + az
B3 21 + a9 3aq + 2a0
Ba | 3a1 4+ 202 201 + a2
Bs a1 + g 3a1 + s
Bs a2 aj

Table C.5: Some positive roots enumerations for type As

1 0 0
-1 1 0
o] = O , (X _1 , (X3 1
0 0 -1
123121 121321
B1 ai o1
B2 al + ag ap + az
B3 | a1+ a2+ a3 Qs
B4 Qg a; +az +as
Bs az + ag ag + a3
Bs ag as
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