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Synthese de la theése en francgais

Dans cette these on étudie la quantification de :

1. Systémes Hamiltoniens dépendants du temps. Leur flot décrit des équations dif-
férentielles non-linéaires qui gerent les déformations isomonodromiques de certaines
connexions méromorphes sur la sphére de Riemann. Il s’agit ici de quantification
par déformation.

2. Espaces de modules, qui sont réalisés par des variétés hyperKéahler. Ils paramétrisent
SL(2, C)-connexions holomorphes sur un tore dans une structure complexe, et SL(2, C)-
fibrés de Higgs dans une autre. Il s’agit ici de quantification géométrique.

Pour introduire ces deux projets, nous commencons par rappeler les constructions que
nous voulons généraliser.

Quantification par déformation de connexions de isomon-
odromie

Soient m, n deux entiers positifs. On définit

g:=0l(n,C),  B:=0C"\{diags} = {(ts,... tm) €C" |t # 1; sii # j},

et on fixe un produit scalaire invariant sur g, ce qui permet d’identifier g = g*. Considérons
le fibré vectoriel holomorphe trivial de rang n sur la sphere, avec la connexion

V=d-Y i

dZ, ol Rz cg, (tl,...,tm) S B, (1)

et ot z est une coordonnée qui identifie CP! =2 CU{oco}. Les équations différentielles afin
qu’une section locale v soit horizontale pour la connexion s’écrivent

() 2)

Les solutions de (2) sont des fonctions multivaluées. La fagon dans laquelle elle se transfor-
ment par prolongement analytique le long d’un boucle autour d’un pole (simple) est dictée
par la monodromie du systeme. La monodromie exprime 'action du groupe fondamental
de la sphere — ou l'on a enlevé les poles — sur 'espace des solutions fondamentales de
(2). Si les positions des pdles et les résidus varient, la monodromie en général change.
Une classe importante de déformations est définie précisément en demandant que ceci
n’arrive pas : celles-ci sont les déformations isomonodromiques des systemes Fuchsiens
(sur la sphere).

Schlesinger [Sch05] a dérivé un systeme d’équations différentielles pour les résidus R; — en
tant que fonctions des positions t; — qui code de telles déformations isomonodromiques.



Résoudre ces équations d’isomonodromie revient a calculer le flot du systéme Hamiltonien
dépendant du temps HP®": g™ x B — C défini par:

Tr(R; R,
HiSCh(Rl,...,Rm,tl,...,tm):ZM, pour 1<i<m (3)
o ti—t
J
Les équations d’isomonodromie s’écrivent alors { H>™" R;} = %, ou I'on utilise le crochet

de Poisson de g™ = (g*)™. Géométriquement, elles sont équivalentes a une connexion de
Ehresmann intégrable sur la fibration de Poisson triviale g x B — B. Quantifier
cette connexion d’isomonodromie signifie quantifier les Hamiltoniennes HY, et il y a
un formalisme algébrique standard pour cela. A savoir, la restriction fibre-a-fibre des
HP™ définit des fonctions polynomiales sur g™, c’est-a-dire des éléments de l'algebre
symétrique Sym(g*)®™ = Sym(g)®™, et le théoréme de Poincaré-Birkhoff-Witt donne une
application Qppw: Sym(g)®™ — U(g)®™. Comme l'algebre enveloppante universelle est
une quantification de I'algebre symétrique, la quantification fibre-a-fibre

Qepw (H;™"): U(g)*" x B — B
définit un systéme Hamiltonien quantique dépendant du temps qui quantifie (3). De plus,

[Res92; Har96] ont montré que les équations dynamiques qui lui sont associés correspon-
dent aux équations de KZ universelles, c¢’est-a-dire

oY j
ot (Zti—tj) . (4)

JF

Celles-ci sont des équations pour une section locale ¢ du fibré vectoriel trivial U(g)®™ x
B — B (cf. [EFK98]). Du point de vue mathématiques, les éléments €2;; dénotent
I’action d’un tenseur {2 € g ® g par multiplication gauche sur 1’i-eme et le j-eme facteur
du produit tensoriel U(g)®™, et la preuve que KZ quantifie le systéeme de Schlesinger
revient a la remarque que la fonction Tr(R; R;) est quantifiée par I'opérateur €2;;.

Tout comme pour les équations de Schlesinger, les équations de KZ (4) sont équivalentes
a une connexion plate — dans le fibré vectoriel trivial U(g)®™ x B — B —, et toute
cette discussion peut se résumer en disant que la connexion de KZ est une quantification
de la connexion de Schlesinger.

Ceci est le programme que 'on veut généraliser, en admettant des singularités ir-
régulieres dans les connexions méromorphes. La premiere étape dans cette direction a été
la dérivation de [Boa02] de la connexion de DMT & partir d’un probléeme d’isomonodromie
irrégulier. Nous considérons ici les déformations isomonodromiques de connexions méro-
morphes sur la sphére de Riemann ayants un pole d’ordre deux a 'infini et un pole simple
en zéro :

V:d—(T+R>dz, ol T Reg, (5)
z

et ou T' = diag(ty, . ..,t,) est diagonale avec spectre simple. Maintenant nous déformons
T dans la partie réguliere b, de I'algebre de Cartan h C g des matrices diagonales, et
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nous écrivons accordement des équations d’isomonodromie pour le résidu R. Les Hamil-
toniennes d’isomonodromie s’écrivent alors

RiiR.
HdSCh — 1] =4 ) 6
o=y (6)
i#]
Elles sont définies sur la fibration triviale g X bhreg — breg, €t leur quantification a la
PBW produit les Hamiltoniennes quantiques (dépendants du temps) de la connexion de
DMT :

~ 1 & & + € - &
HZDMT = 52 ’ Z tj 2: hreg — U(Q)y
j#i i

ou e;; est la base canonique de g.

Le systéme d’isomonodromie classique H35! est une version duale de celui de Schlesinger,
dans le sens suivant. L’espace des temps pour (3) est I'espace des configurations de m
pdles sur la sphere ou aucune pair de pole ne se réunit, tandis que dans (6) on peut varier
le spectre de la matrice diagonale T" — qui code le type irrégulier T'dz a l'infini — de
facon que les valeurs propres restent distinctes. Ces derniers correspondent aux temps
d’isomonodromie irréguliers considérés par Jimbo-Miwa-Mori-Sato (JMMS) [Jim-+80].
Harnad [Har94] a montré que les deux familles de temps dans le systéme de JMMS peu-
vent étre renversées, et ceci n'est qu'une partie de la dualité d’opérateurs différentiels
rationnels suivante :

d d
— - (TO +Q(z — T°°)1P> — — + <T°° + P(z — To)lQ), (7)
dz dz

ou W, W0 sont des espaces vectoriels complexes de dimension finie, et 70, 7°°, (), P sont
des fonctions linéaires allant dans les directions indiquées dans ce graphe orienté :

Q

P

Donc le c6té gauche de (7) (resp. le coté droit) agit sur des sections locales du fibré
vectoriel holomorphe trivial de fibre W° sur la sphére (resp. de fibre W*). Cette dualité
induit en particulier une correspondance entre les connexions (1) et (5). Cette derniére
sous-tend la dualité de Howe/quantique de [Bau99] utilisé dans [Tol02] pour relier les
connexions de KZ et de DMT pour g = gl,,.

Nous pouvons ainsi dire qu’il existe une correspondance entre les problemes d’isomonodromie
et les connexions quantiques intégrables qui sont associées aux représentations du graphe
O_O, c’est-a-dire du graphe complet sur deux nceuds. A ces deux nceuds nous asso-
cions un espace de temps qui correspondent aux variations admissibles des spectres des
endomorphismes semi-simple 7% et TV : ces déformations sont définies comme celles qui
ne changent pas les décompositions de W™ et W9 en espaces propres. A son tour, ces
déformations sont les déformations admissibles d’une surface de Riemann sauvage équipée
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Figure 1: L’étoile est le graphe complet biparti associé a KZ et DMT.

Figure 2: Un graphe biparti complet générique correspond a la connexion de FMTV.

avec un type irrégulier qui transporte un pole d’ordre deux a l'infini, plus un nombre fini
de pdles simples. Pour coder ces déformations admissibles dans le graphe, on peut éclater
les noeuds de O—O suivant les décompositions en sommes directes de W™ et W9 en
obtenant un graphe biparti complet (cf. § 3.1).

En [Boal2b], Boalch a montré qu’on peut généraliser ce point de vue a des graphes
k-partis complets arbitraires. Ceci étend la théorie Hamiltonienne des déformations
d’isomonodromie de connexions méromorphes sur la sphére de facon & inclure un cas
particulier de [JMUS81]. Les nouveaux systémes Hamiltoniens intégrables associés a des
graphes k-partis complets simplement lacés sont appelés “systeme d’isomonodromie sim-
plement lacés” (simply-laced isomonodromy systems en anglais). Comme nous pouvons
nous y attendre, ils impliquent k familles de temps qui correspondent toujours a des dé-
formations de spheres sauvages en généralisant les deux familles de temps du systeme de
JMMS. De plus, a ce niveau-ci, il y a un groupe de SL(2, C)-symétries évident qui inclue
la transformée de Fourier—Laplace. Cette transformée définit (7) pour un graphe biparti
complet. Le groupe de symétrie conduit au groupe de Weyl su systeme de racines du
graphes.

Suite a cette discussion, nous avons l'impression qu’il devrait y avoir une théorie

quantique sous-jacente a cette extension en mécanique classique. A savoir, on conjecture
I'existence d’une famille de connexions plates associées a des graphes k-partis complets qui
quantifie par déformation les systemes d’isomonodromie simplement lacés, et qui contient
KZ, DMT et FMTV comme cas particuliers (Fig. 1 et 2).
Le premier nouvel exemple est associé & un triangle car dans le langage de [Boal2b] ce
graphe correspond a un systeme d’isomonodromie pour des connexions ayants un pole
d’ordre trois a 'infini et qui ne peuvent pas étre ramenées a des connexions avec rang de
Poincaré inférieur en utilisant les SL(2, C)-symétries ci-dessus (Fig. 3).
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Figure 3: Quelle est la connexion quantique plate du triangle 7
La premiere question qu’on se pose est alors la suivante :

1. Peut-on construire une quantification par déformation des systémes d’isomonodromie
simplement lacés ?

Si cela avait été possible, on obtiendrait une nouvelle famille de “connexions quan-
tiques simplement lacés” (simply-laced quantum connections en anglais : SLQC) a partir
de la quantification par déformation de connexions d’isomonodromie. Toutefois, il faut
remarquer qu’une quantification arbitraire n’a aucune raison de préserver la propriété
cruciale d’intégrabilité. Nous devons alors renforcer la question précédente.

2. Peut-on construire un systeme Hamiltonien quantique intégrable qui quantifie les
systémes d’isomonodromie simplement lacés ¢

Une telle construction serait plus intéressante si elle était une généralisation de KZ
[KZ84], DMT [MTO05] et FMTV [Fel+00], qui sont toutes obtenues a partir de la quan-
tification de cas particuliers des systemes d’isomonodromie simplement lacés. Plus pré-
cisément, Schlesinger et son dual sont associés aux graphes étoilés, et JMMS au graphe
biparti complet arbitraire.

3. Peut-on construire les connexions quantiques simplement lacés de fagon qu’elles se
réduisent a KZ, DMT et FMTYV dans les cas pertinents ¢

Pour résumer, répondre aux trois questions précédentes signifie remplir la derniere
colonne de la table suivante :

Systéme d’isomonodromie | Schlesinger  Schlesinger dual JMMS SLIMS

Espace des temps C™\ {diags}  C"\ {diags}  C™\ {diags} x C"\ {diags} [I¥C% \ {diags}

Connexion quantique KZ DMT FMTV SLQC

Ceci va étre traité dans le Chap. 3.
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Quantification Kahlerienne de I’espace de module de
connexions plates

Soit ¥ une surface réelle, fermée, orientable de genre g > 2. Posons K = SU(2). Nous
pouvons considérer 'espace de modules My(3, K) de classes de S-équivalence de K-
connexions plates semi-stables sur le K-fibré principal trivial au-dessus de . Les con-
nexions irréductibles (pour lesquelles la S-équivalence se réduit a la relation ordinaire
d’isomorphisme) définissent un sous-espace lisse M C My.

Atiyah & Bott [AB83] et Goldman [Gol84] ont prouvé qu’il existe une structure sym-
plectique entiére naturelle w sur M. Nous pouvons alors définir la préquantification de
(M, w). La définition de données de préquantification pour (M5, w) est suggérée par la
théorie des champs de Chern—Simons [CS74] pour la variété X := 3 x [0, 1]. Chern—Simons
est une théorie des champs topologique en dimension 3 (cf. [Fre95]). En ce sens-ci, 'espace
de modules M est 'espace des conditions au bord pour la théorie de Chern—Simons sur
la 3-variété X. Du coup, une des motivations principales derriére la quantification de M
est de définir une quantification de la théorie de Chern—Simons (compacte).

La préquantification de la variété symplectique lisse (M, w) est, par la suite, per-
fectionnée en une quantification par rapport & des polarisations Kéhleriennes. A savoir,
pour toute structure complexe 7 sur la surface ¥ on trouve une structure Kéhler . sur
(M, w) et on considére 1'espace de Hilbert quantique de sections I,-holomorphe & carré
intégrable du fibré de préquantification L — au niveau k > 1. Pour faire cela, on équipe
L avec Popérateur 0 défini par la partie (0,1) de la connexion de préquantification et
on utilise la norme L? naturelle sur les sections lisses de L induite par la métrique de
préquantification et la mesure de Liouville :

HE = HO (M5, L) 0 LA (Mg, ). (8)

La structure complexe I, dépend de 7 a isotopie pres, et donc l'espace de Teichmiiller
Ts, de ¥ paramétrise une famille d’espaces vectoriels dont les projectifiés sont des mod-
eles pour la quantification de (M}, w). Toutefois, en physique, la quantification est par
principe indépendante du choix des polarisations.

Du point de vue mathématique, on souheterait des identifications canoniques entre les
projectifiés des espaces de Hilbert (8) pour des choix différents de 7 € Tx. La solution
proposée par Axelrod & Della Pietra & Witten [ADWO91] et Hitchin [Hit90] est de con-
struire une connexion projectivement plate dans le fibré vectoriel H*) — 75, dont la
fibre au-dessus de 7 est I'espace (8) (Witten suggere déja cette idée en [Wit89] et trace
son origine dans la théorie conforme des champs). Cette connexion a été, par la suite,
appelée la connexion de Hitchin dans la communauté mathématique ; Hitchin a établi
la platitude projective en utilisant les Hamiltoniennes Poisson-commutatives du systeme
intégrable introduit par lui méme en [Hit87b]. Une nouvelle construction de la connexion
de Hitchin par opérateurs différentiels globaux agissant sur des sections lisses du fibré
de préquantification a été donnée apres par Andersen [And12], dans un contexte plus
général (cf. aussi [And06] pour une application de ce point de vue pour démontrer la
fidélité asymptotique des représentations quantiques du mapping class group de la sur-
face, ainsi que le plus récent [AR16]).



Ceci accompli la quantification Kéhlerienne de I’espace de modules de connexions unitaire
plate au-dessus d’'une surface de Riemann il y a environ 25 ans.

La prochaine étape naturelle dans ce programme est la quantification de la théorie de
Chern—Simons complexe, déja considérée par Witten en [Wit91]. Du point de vue des es-
paces de modules, on complexifie le groupe K pour obtenir un groupe réductif complexe
G — larchétype étant G = SL(2,C), la complexification de SU(2) — et on considere
I'espace de module Myg (2, G) de G-connexions plates au-dessus de 3.

La situation classique est davantage plus riche que celle du cas compact puisque main-
tenant la structure complexe J du groupe G se combine avec toute structure complexe
I, qui provient d’une structure de surface de Riemann sur ¥ pour définir un triplet hy-
perKahler (I, J, K, = I;J). La construction de Atiyah-Bott produit cette fois-ci une
structure symplectique J-holomorphe we sur 'espace de modules. Ceci a été montré par
Hitchin [Hit87a] en introduisant un espace de module hyperKéhler 9t de solutions aux
équations d’auto-dualité sur ¥ (maintenant appelées équations de Hitchin) qui a été relié
a Mgr Donaldson en [Don87] — compagnon de [Hit87a]) — et plus généralement par
Corlette en [Cor88|.

Plus précisément, 'espace de modules de Hitchin est une variété hyperKahler qui sous-
tend trois variétés algébriques non-isomorphes, une desquelles est Mg — dans la struc-
ture complexe J —, et une autre étant I’espace de modules Mp, (2, G) de G-fibrés de
Higgs au-dessus de ¥ — dans la structure complexe I,. La troisieme description al-
gébrique est celle de I'espace de modules de Betti Mg (X, G) des G-représentations du
groupe fondamental de X, a conjugaison pres.

La correspondance lisse entre G-fibré de Higgs et G-connexions plates/G-systémes lo-
caux a été établie d’apres les travaux précédemment cités de Hitchin, Donaldson, Corlette
et finalement Simpson [Sim92]. Simpson a également suggéré en [Sim94; Sim97| de con-
sidérer cette correspondance comme une correspondance de Hodge pour le premier groupe
de cohomologie non-Abelienne de la variété Kahler compacte ¥ — a coefficients dans G
—, parallelement aux théories cohomologiques usuelles de de Rham, Dolbeault et Betti
— a coefficients en C* = GL,(C).

Une question naturelle se pose alors : construire la quantification géométrique de
I’espace de modules N par rapport a des polarisations Kéhleriennes extraites de la sphere
de structures Kéahler. Plus précisément, on remplace le niveau quantique de la théorie
par un parametre complexe ¢t = k + i0 € C*, et on l'utilise pour définir une structure
symplectique réelle sur 91 a partir de la forme complexe de Atiyah—Bott wc :

twe + twoe
e Ty

= R(twe).

La construction de données de préquantification (L™ V, h) au niveau t est adaptée du
cas compact. Pour tout point 7 dans ’espace de Teichmiiller, nous avons une combinaison
linéaire distinguée I) du triplet hyperKéhler qui donne une structure complexe et qui
dépend du niveau quantique a homothétie pres. Géométriquement, varier le nombre com-
plexe unitaire ¢ / |t| € U(1) donne une paramétrisation du cercle de structures complexes

I®) = k'I, — 0'K, dans la sphere Kéhler, ou k' + io’ = ij"; est la normalisation de t.
Ce cercle est I'équateur de la sphere si 'on prend +J comme étant les poles.
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Nous avons donc une famille de polarisations Kéahleriennes parametrisée par ’espace de
Teichmiiller qui, en conséquence, définit le fibré quantique ”Hg) de sections holomorphes
de L®, comme c’était dans le cas d’un groupe compact.

La question qu’on se pose est alors la suivante :

1. Peut-on construire une connexion projectivement plate dans ’Hf{), pour tout choix
deteCr ?

Ceci permettrait d’établir la quantification Kéhlerienne de l'espace de modules de
connexions plates pour le groupe de jauge complexe G. En cette généralité, cette ques-
tion est toujours ouverte, accordement avec le fait que la quantification de la théorie de
Chern—Simons complexe reste un sujet de recherche active, au moins du point de vue
mathématique.

Ce que Witten a fait en [Wit91] est différent. Il a considéré des polarisations réelles,

toujours dépendantes d’'une structure complexe sur ¥, et il a par la suite définit une
connexion projectivement plate dans le fibré quantique H]g) de sections polarisées. Les
détails mathématiques ont été donnés par Andersen & Gammelgaard [AG14], qui ont
appelé cette connexion la connexion de Hitchin—Witten.
Comme on assume que la construction de Witten est la plus pertinente du point de vue
de la théorie quantique des champs, on devrait relier la connexion pour la quantification
Kéhlerienne de M5y et la connexion de Hitchin-Witten. Une maniére naturelle est de
chercher & construire un isomorphisme B®): Hg) — Hg) entre les fibrés quantiques
et conjuguer la connexion de Hitchin—Witten a travers cet isomorphisme. Le candidat
naturel est — une petite variation de — la transformée de Bargmann [Bar61].

2. Peut-on construire une identification entre les espaces des sections polarisées par
polarisations réelles et les sections holomorphes, pour tout point de [’espace de Te-
ichmailler ?

3. Peut-on calculer une formule pour la conjugaison de la connexion de Hitchin—Witten
, . OF
dans le fibré vectoriel He' ¢

Nous pouvons nous attendre a ce que la connexion de Hitchin dans H((Ct) soit unique.
Plus précisément, la construction de la connexion de Hitchin par opérateurs différentiels
globaux (d’ordre deux) se base sur une Ansatz qui peut étre généralisée en ce contexte
non-compact. Ceci est notamment important si 'on veut tenir compte d’un élément
important de ’espace de modules pour la théorie complexe : I'action de dilation naturelle
de C* sur les champs de Higgs.

Nous voudrions utiliser cette action pour induire une action du groupe U(1) sur I'espace
de Hilbert quantique des sections holomorphes en définissant ainsi une gradation sur Z
qui donnerait une décomposition en composantes isotypiques :

MY, = @HE,  on HE = {senl)

meEZ

A.s = )\ms}.

xii



Ceci est une des fagons pour traiter le fait que les espaces des états de la théorie de
Chern—Simons complexe sont de dimension infinie.

Actuellement, il existe un théme de recherche dédié a calculer des formules pour la
dimension des composantes isotypiques, avec le caveat que I'action de U(1) soit bien définie
sur les espaces de sections holomorphes. Si par exemple on suppose que (t) = o = 0,
alors I = I est fixée par I'action du cercle, et [AGP16] établie une formule & la Verlinde
dans ce contexte-ci.

Si 'on admet une partie imaginaire non nulle dans le niveau quantique, au contraire,
alors le diffeomorphisme A € U(1) va changer I en \*I(Y). Géométriquement, le tiré-
en-arriere correspond a une rotation par A dans la sphere Kahler ; plus précisément,
comme la structure complexe de Dolbeault I, est fixée par I’action, la rotation est le long
de I’équateur de la sphere, si cette fois-ci on fixe £, comme étant les pdles. Donc la
rotation est autour d’un axe orthogonal a celui de la rotation induite par une variation
du niveau quantique t.

En tout cas, pour définir une action dans le fibré des sections holomorphes nous avons
besoin d'une identification canonique entre I’espace des sections I-holomorphes de L®
et celui des sections A\*I)-holomorphes.

La premiére idée qu nous avons poursuivi pour résoudre ce probléeme est une extension
de la configuration de Hitchin et Witten. A savoir, nous pouvons montrer que les espaces
des sections holomorphes pour les structures Kihleriennes A*I®) se situent dans un sous-
fibré vectoriel du fibré vectoriel trivial de préquantification, au-dessus d’une base étendue

C(M, LY) x Ty x U(1) — T, x U(1).

Par la suite, nous pouvons essayer de démontrer que ce fibré peut étre muni d'une connex-
ion projectivement plate. La variété Ty x U(1) devrait étre considérée comme un “espace
de Teichmiiller étendu” pour X, ce qui est une des motivations principales de cette these.

Cependant, une premiere difficulté technique se présente : I'action de U(1) n’est pas
symplectique. On doit donc trouver une bonne définition pour les données de préquantifi-
cation pour la famille de variétés symplectiques (9, \*w¢) e (1) parametrisées au-dessus
d’un cercle.

4. Peut-on construire des données de préquantification sur l’espace de modules qui sont
compatibles avec l'action de Hitchin ?

La situation change les regles usuelles de la quantification géométrique qui demandent
de quantifier une variété symplectique fixzée par rapport a des polarisations qui varient.
Si les données de préquantification sont définies, alors le fibré trivial de préquantifica-
tion l'est aussi. Nous pouvons désormais montrer que les espaces de sections )\*Iﬁt)—
holomorphes définissent un sous-fibré vectoriel a l'intérieur. Une des manieres est de
répondre a la question suivante.

5. Existe-t-il une connexion dans le fibré de préquantification au-dessus de [’espace de
Teichmailler étendu qui préserve [’holomorphicité fibre-da-fibre ¢
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Si nous avions une connexion projectivement plate avec monodromie triviale autour du
cercle, alors nous aurions une action du cercle sur les espaces Hg?T de sections holomorphes.
Nous pourrions en effet composer I'isomorphisme défini par A avec le transport parallele le
long du chemin qui relie \*I® & I®) | c’est-a-dire le chemin de (7, \) & (7,1) dans I’espace
de Teichmiiller étendu.

Une autre possibilité en genre un est d’utiliser une généralisation de la transformée

de Bargmann de la question 2, liée au couplage générique entre des polarisations linéaires
transverses sur un espace vectoriel. Plus précisément, si A € U(1) et 7 € Ty ont été
choisis, alors on peut faire la chose suivante.
Premicrement, 'inverse de la transformée de Bargmann donne une application Hc¢, —
Hr . Deuxiecmement,\ agit par tiré-en-arriere en envoyant Hg , dans I'espace Hg r«r de
sections qui sont horizontales pour la polarisation réelle tournée par A. Enfin, le couplage
non-dégénéré entre Hg y+r et Hc . ferme le triangle, et on peut définir cette composition
comme ¢étant I'action du cercle sur Hc ..

6. Peut-on calculer une formule pour cette action sur des sections holomorphes du fibré
de préquantification ¢

Dans le Chap. 4 nous considérons le cas d’une surface de genre un et le groupe G =
SL(2,C), et nous répondons affirmativement a toutes ces questions.
En particulier, nous montrons qu’il existe un fibré quantique (étendu) non trivial bien
défini de sections holomorphes au-dessus de Ty, x U(1). Nous n’avons cependant pas de
preuve du fait que ce fibré supporte une connexion projectivement plate.

Résumé des résultats principaux

Dans le Chap. 3 on répond aux questions 1, 2 et 3, dans la direction de la quantification par
déformation. Plus précisément, soit G le graphe k-parti complet sur les nceuds I = [];c; 1 7
décoré par un reading a: I — P(C?) et des espaces vectoriels de dimension finie {V;};c;.
Soit {H;}ier le systéme d’isomonodromie simplement lacé associé a ces données.

On prouve alors les proposition suivantes.
Theorem. [] existe un systeme Hamiltonian quantique naturel dépendant du temps {ﬁl}le I

qui quantifie par déformation {H,};.

La définition des systéemes d’isomonodromie simplement lacés est rappelée en § 3.1.
Les Hamiltoniennes quantiques H; sont définies en § 3.4 en utilisant I'idée de potentiels
quantiques introduite en § 3.3. Ces systemes constituent les connexions quantiques sim-
plement lacés associées au graphe décoré G.

Theorem. Toutes les connexions quantiques simplement lacées sont fortement plates.

La preuve de ce résultat est le contenu de § 3.5 et § 3.6.
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Apres avoir construit cette nouvelle famille de connexions plates, on la compare avec
d’autres connexions quantiques déja apparues dans la littérature.

Theorem. Les systemes d’isomonodromie simplement lacés se réduisent au systeme de
Schlesinger, dans le cas particulier du reading dégénéré d’un graphe étoilé sans temps
irréguliers. La connexion quantique simplement lacée associée se réduit au systeme de
KZ, et donc elle quantifie Schlesinger.

La premiere affirmation est démontrée en § 3.7.2 et § 3.7.3 ; la seconde en § 3.7.4 et

§ 3.7.5.

Theorem. Les systemes d’isomonodromie simplement lacés se réduisent au systeme de
Schlesinger dual, dans le cas particulier du reading dégénéré d’un graphe étoilé sans temps
réquliers.

Cette affirmation autour de systemes classiques est démontrée en § 3.8.4.

Theorem. Une correction naturelle de la connexion quantique simplement lacée associée
se réduit au systeme de DMT, et sa différence avec la connexion quantique simplement
lacée est nulle a la limite semi-classique.

Corollary. Une réduction de la connexion quantique simplement lacée quantifie le systéme
de Schlesinger dual.
Ces affirmations autour de systémes quantiques sont démontrées en § 3.8.5.

Theorem. Une restriction de la connexion de FMTYV peut étre corrigée pour obtenir une
quantification du systeme de JMMS, et la différence est nulle a la limite semi-classique.
Donc le systeme de FMTYV quantifie le systéme de JMMS.

Ceci est démontré en § 3.9.3.

Theorem. Une correction naturelle de la connexion quantique simplement lacée se réduit
au systeme de FMTYV, dans la cas particulier du reading dégénéré d’un graphe biparti
complet. Sa différence avec la connexion quantique simplement lacée est nulle a la limite
semi-classique.

Corollary. Une réduction de la connexion quantique simplement lacée quantifie le systéme
de JMMS.
Les deux dernieres affirmations sont démontrées en § 3.9.4.

Finalement, on compare la connexion quantique simplement lacée avec la quantifica-
tion de [NS11] en § 3.10.

Dans le Chap. 4 on répond aux questions 1, 2, 3, 4, 5, dans la direction de la quan-
tification géométrique. Plus précisément, soit G = SL(2,C), 3 une surface réelle fermée
orientable de genre un, ¢ € C* un niveau quantique. Considérons I’espace de modules de
Hitchin 9t = M(X, G) associé a ces données.

On démontre alors les propositions suivantes.
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Theorem. Il existe une connexion de Hitchin plate pour la quantification géométrique
de M au niveau t, par rapport a une famille distinguée de structures complexes dans la
sphere Kdhler de .

L’espace de module est étudié de maniere détaillée en § 4.2 ; en particulier, la famille
des polarisations Kahleriennes parametrisée par ’espace de Teichmiiller de X est introduite
en § 4.2.5. La formule explicite d’une connexion qui préserve I’holomorphicité est donnée
en § 4.3.2. La preuve de platitude est le contenu de § 4.3.3.

Apres avoir construit cette connexion, on considere I'action de Hitchin.

Theorem. Des données de préquantification qui sont compatibles avec ’action de Hitchin
sur les champs de Higgs existent pour .

Ceci est discuté en § 4.4.4. D’autres aspects de 'action de U(1) sont explorés en § 4.4.3,
ou l'on décrit aussi la fagon dans laquelle les polarisations Kéhleriennes sont tournées.

Theorem. I existe une connexion dans le fibré de préquantification au-dessus de l’espace
de Teichmiiller étendu Ty, x U(1) de X qui préserve les sections holomorphes, au niveau
t.

Ceci est décrit en § 4.5. Une formule explicite pour une connexion qui préserve
I’holomorphicité est donnée en Thm. 4.3.

Enfin, on considere la transformée de Bargmann.

Theorem. Soit 7 un point dans l’espace de Teichmiiller de X2, et soient Pg, P la polar-
isation réelle et Kdihlerienne associée sur M, respectivement. Il existe un isomorphisme
canonique défini entre les espaces de Hilbert des sections Pgr-polarisées et P-polarisées, en
utilisant la transformée de Bargmann.

Ceci est discuté en § 4.6. La formule explicite pour la transformée est donnée en
Thm. 4.4. De plus, en § 4.6.4 on calcule une formule explicite pour la conjugaison de la
connexion de Hitchin—Witten du c6té des polarisations Kéhleriennes, en utilisant Thm. 4.6
: ce théoreéme constitue une généralisation des relations de commutations usuelles entre la
représentation de Fock et de Schrodinger de I'algebre de Weyl. La connexion de Hitchin—
Witten est introduite en § 4.6.4.

Theorem. L’action de Hitchin est transformée par la transformée de Bargmann en une
transformée intégrale qui agit sur ’espace de Segal-Bargmann de dimension 2. Le noyau
de cette transformée généralise le reproducing kernel associé aux états cohérents.

Ceci est discuté en § 4.6.5 et une formule pour 'action est donnée en Thm. 4.7. Enfin,
dans la méme section on explique comment conjuguer dérivées et multiplications par des
fonctions par rapport a ’action du cercle qu’on vient de calculer, ce qui correspond a la
premiére étape pour conjuguer les deux connexions (plates) construites précédemment.
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Chapter 1

Introduction

The main results of this thesis are the following:

1. We construct a new family of flat quantum connections generalising the Knizhnik—
Zamolodchikov (KZ) connection [KZ84], the De Concini-Millson-Toledano-Laredo
(DMT) connection [MTO05] and the Felder—-Markov—Tarasov—Varchenko (FMTV)
connection [Fel+00]. These systems are obtained via deformation quantisation of
Hamiltonian systems controlling the isomonodromic deformations of meromorphic
connections on the Riemann sphere.

2. We construct the geometric quantisation of the Hitchin moduli space for the group
SL(2,C), on a compact Riemann surface of genus one — with respect to Kéh-
ler polarisations — as well as an explicit mapping class group invariant Hitchin
connection. We also consider the circle action on the Hitchin moduli space, and
construct a connection that is simultaneously compatible with the action and pre-
serves holomorphicity. Finally, we explain how to relate our constructions with the
geometric quantisation of Witten [Wit91], using the Bargmann transform [Seg63;
Bar61], and we also turn Hitchin’s action on the moduli space into an action on the
space of holomorphic sections using the pairing with coherent states.

The first project is discussed in Chap. 3, expanding the preprint [Rem17]; the second
one in Chap. 4. The necessary mathematical background is recalled in Chap. 2, whereas
§ A provides some motivational material rooted in quantum mechanics, and explains the
origin of much of the terminology we use.

Before introducing the two projects in further details we wish to underline one impor-
tant driving motivation.

Extended Teichmiiller spaces

One essential feature of the quantisation of symplectic moduli spaces of flat smooth uni-
tary connections on a closed real surface ¥ of genus ¢ is that every complex structure on
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Y. yields a Kahler polarisation on the moduli space. Since the polarisation only depends
on the isomorphism class of the Riemann surface, the moduli space M, of smooth pro-
jective curves of genus g — or rather the moduli stack — parametrises polarisations on
the moduli space of connections, and thus becomes the base of a bundle fitting together
the quantisations corresponding to different choices. Equivalently, we can work over the
Teichmiiller space 7, — M, in a mapping class group equivariant way — with the ad-
vantage that 7, is a manifold.

In the mathematical formalism of geometric quantisation, the fibres of the quantum bundle
are Hilbert spaces, whose projectivisation are the phase-spaces of the quantum-mechanical
theory; in the deformation quantisation approach, the fibres are noncommutative alge-
bras that quantise the algebra of functions — i.e. classical observables — on a complex
symplectic moduli space of connections.

One important point of the thesis is that one may construct quantum bundles over
bases that extend the Riemann moduli space My, at least in the deformation approach.
More precisely, the extension we propose in Chap. 3 is motivated by the observation
that the moduli spaces of meromorphic connections provide far-reaching generalisations
of those for nonsingular ones. Whereas this is well-established for the moduli spaces
themselves — which we view as symplectic phase-spaces for classical-mechanical systems
—, their quantisation is pretty much an open problem, and quite a broad one in this
generality.

In the case of connections having simple poles, one can define (hyper-)Kéhler mod-
uli spaces of such connections over pointed Riemann surfaces, with the marked points
parametrising the positions of the poles. The moduli space of pointed Riemann surfaces
then becomes the base of a family of symplectic manifolds, which one may quantise fibre-
wise.

The fact that this bundle is projectively flat, which is the mathematical way of phrasing
the independence of the quantisation of the polarisation, is understood as follows in genus
zero: from the viewpoint of geometric quantisation one has the Hitchin connection, on the
bundle of holomorphic sections of the Chern—Simons prequantum bundle, and from the
viewpoint of conformal field theory one has the KZ connection [KZ84], on the Verlinde
bundle of conformal blocks for the Wess—Zumino-Witten model. The interesting point for
us is that the KZ connection can be derived via a simple deformation quantisation of the
isomonodromy equations for the logarithmic connections on the sphere (the Schlesinger
system), whereas the construction of the Hitchin connection is arguably more complex.
In Chap. 3 we achieve the next natural step in this program, allowing for irregular singu-
larities in the connections that go beyond previously studied examples.

To define symplectic moduli spaces of connections with irregular singularities one has
to fix local normal forms for the principal parts at the poles, involving the irregular type
and the residue. The crucial remark is that the extra moduli of the irregular types be-
have in the quantisation just as the moduli of the underlying pointed surface, and thus
the good setup becomes that of pointed Riemann surfaces with choices of irregular types
at the marked points, i.e. “wild Riemann surfaces”.

This means that the moduli space of wild Riemann surfaces is naturally the base of a sym-
plectic bundle of moduli spaces of meromorphic connections, generalising the moduli of
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pointed Riemann surfaces for regular singularities, and even further the classical Riemann
moduli space M, for no singularities at all. We consider again the case of genus zero,
and we show that one can indeed construct quantum bundles over spaces of restricted
deformations of wild Riemann spheres, via fibrewise deformation quantisation of the as-
sociated moduli spaces of meromorphic connection. Moreover, we quantise the associated
isomonodromy connection to construct (new) quantum connections in the quantum bun-
dle, generalising the relation between Schlesinger and KZ.

The construction of flat connections out of deformation quantisation of irregular isomon-
odromy problems was first considered in [Boa02], where the Harnad-dual version of the
Schlesinger system — in the sense of [Har94] — was quantised to yield the DMT con-
nection of [MT05]. The simply-laced quantum connections of Chap. 3 subsume this
construction, as well as that of the FMTV connection of [Fel+00] as a quantisation of the
combined isomonodromy system of [Jim+80].

In Chap. 4, instead, we extend the Teichmiiller space of surfaces of genus one to contain
a further real direction, taking into account Hitchin’s circle action on Higgs fields. This
results in a larger space parametrising Kahler polarisations on Hitchin’s moduli space,
and the construction of a connection preserving the subspaces of holomorphic sections
proves that there is indeed a well defined quantum bundle over the extended base.
The question whether the extended quantum bundle carries a projectively flat connection
remains open, but an interesting new feature has already appeared: one no longer quan-
tises a fixed symplectic manifold with respect to varying polarisations, but rather has to
allow for the symplectic structure to vary as well — along the circle action in our case.
This extends the usual setup of geometric quantisation, and forces one to look for new
Ansatz for the construction of Hitchin connections.

We now introduce the two quantisation projects in more details, recalling the con-
structions that they aim to generalise.

Deformation quantisation of isomonodromy connec-
tions

Let m,n be positive integers, set

g:=gl(n,C),  B:=C"\{diags} = {(t1,... . tm) € C" | t; £ t; if i £ j},

and fix an invariant scalar product on g so to identify g = g*. Consider the trivial rank
n holomorphic vector bundle over the sphere, equipped with the connection

Ved-Y

where z is a coordinate that identifies CP! = C U {co}. The differential equations for a
local section ¥ to be covariantly constant then read

oz (12

i Z—ti

R;
; dz, where R, eg, (t1,...,tm) €B, (1.1)
Z =1
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Solutions to (1.2) are multi-valued, and the way in which they transform when analyti-
cally continued along a loop that encircles a (simple) pole is dictated by the monodromy
of the system. The monodromy expresses the action of the fundamental group of the
punctured sphere — with the poles removed — on the space of fundamental solutions of
(1.2). If the position of the poles and the residues are varied, the monodromy will change
in general. An important class of deformations is defined precisely by requiring that this
does not happen: these are the isomonodromic deformations of Fuchsian systems (on the

sphere).
Schlesinger [Sch05] derived a system of differential equations for the residues R; — as
functions of the positions ¢; — which codes such isomonodromic deformations. Solv-

ing these isomonodromy equations amounts to compute the flow of the time-dependent
Hamiltonian system HP": g™ x B — C defined by:

Tr(R;R; :
HY"Ry, ... Rty ..ty :ZM, for 1<i<m. (1.3)
Loy
1#£j J
The isomonodromy equations then read { HP™, R;} = %, where one uses the linear Pois-

son bracket of g™ = (g*)™. Geometrically, they are the same as an integrable Ehresmann
connection on the trivial Poisson fibration g™ x B — B. To quantise this isomon-
odromy connection means to quantise the Hamiltonians HP® and there is a standard
algebraic machinery for that. The fibrewise restriction of the H® defines polynomial
functions on g™, i.e. elements of the symmetric algebra Sym(g*)®™ = Sym(g)®™, and the
Poincaré-Birkhoff-Witt theorem results in a map Qppw: Sym(g)®™ — U(g)®™. Since
the universal enveloping algebra is a quantisation of the symmetric one, the fibrewise
quantisation

QPBw(HiSCh)l U(g)®m xB—B

defines a time-dependent quantum Hamiltonian system which quantises (1.3). Moreover,
[Res92; Har96] showed that the dynamical equations associated to it are the (universal)
KZ equations, i.e.

o0 o )
— = 1. (1.4)
These are equations for a local section v of the trivial vector bundle U(g)®*™ x B — B
(see [EFK98]). From the mathematical viewpoint, the element €2;; denotes the action of
a tensor 2 € g ® g by left multiplication on the ith and jth slot of the tensor product
U(g)®™, and the proof that KZ quantises the Schlesinger system then boils down to the
observation that the function Tr(R;R;) quantises to the operator €2;;.

Just as it was for Schlesinger equations, the KZ equations (1.4) amount to a flat connection
— in the trivial vector bundle U(g)®™ x B — B —, and the whole discussion is then
resumed by saying that the KZ connection is a quantisation of the Schlesinger connection.

This is the program that one wants to generalise, allowing for irregular singularity
in the meromorphic connections. The first step in this direction was the derivation of
[Boa02] of the DMT connection from an irregular isomonodromy problem. One considers
the isomonodromic deformations of meromorphic connections on the Riemann sphere
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having one pole of order two at infinity and a simple pole at zero:
R
V=d- (T + ) dz, where  T,R € g, (1.5)
z

and where T' = diag(ty,...,t,) is diagonal with simple spectrum. Now one deforms
T inside the regular part b, of the Cartan subalgebra h C g of diagonal matrices,
and accordingly writes isomonodromy equations for the residue R. The isomonodromy
Hamiltonians read R
HSeh = N 1.6
B =TT (1.6
They are defined on the trivial fibration g X hreg — Breg, and their PBW-quantisation
yields the time-dependent quantum Hamiltonians defining the DMT connection:

. 1 & & + € - &
HZDMT = 52 ’ Z tj 2: hreg — U(Q)y
j#i i

where e;; is the canonical basis of g.

The classical isomonodromy system H is a dual version of Schlesinger, in the
following sense. The space of times for (1.3) is the space of configurations of m poles on
the sphere where no poles coalesce, whereas in (1.6) one may vary the spectrum of the
diagonal matrix T' — coding the irregular type T'dz at infinity — so that no eigenvalues
t; coalesce. The latter correspond to the irregular isomonodromy times considered by
Jimbo-Miwa-Moéri-Sato (JMMS) [Jim+80]. Harnad [Har94] has shown that the two
collections of times in the JMMS system may be swapped, entering into a larger duality
of rational differential operators:

jz ~ (TO +Q(z — T°°)1P> —s jz + (TOO + Pz — T°)1Q>, (1.7)

where W, W? are finite-dimensional complex vector spaces, and T°, T, @, P are linear
functions mapping as in this quiver:

Q

P

Thus the left-hand side of (1.7) (resp. the right-hand side) acts on local sections of the
trivial holomorphic vector bundle with fibre W° over the sphere (resp. with fibre ).
This duality induces in particular a correspondence between the connections (1.1) and
(1.5). This underlies the quantum/Howe duality of [Bau99] used in [Tol02] to relate the
KZ and DMT connections for g = gl,,.

Thus, in brief, there is a correspondence between isomonodromy problems and flat

quantum connections which is attached to representations of the graph O_O, i.e. the
complete graph on two nodes. Each node carries a set of times associated to variations

b}
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O

Figure 1.1: The star is the complete bipartite graph associated to KZ and DMT.

of the spectra of the semisimple endomorphisms 7°° and 7° that do not change the
eigenspace decomposition of W and WP, In turn, these are precisely admissible defor-
mations of a wild Riemann sphere equipped with an irregular type that carries a pole
of order two at infinity, plus a finite number of simple poles. To encode this admissible
deformations in the graph, one may also splay the nodes of O—O according to the
decomposition in direct sum of W and WP, getting as result a complete bipartite graph
(see § 3.1).

The natural question whether this graph-theoretic viewpoint could be generalised to
arbitrary complete k-partite graphs was answered positively in [Boal2b|, extending the
Hamiltonian theory of isomonodromic deformations of meromorphic connections over the
sphere to include an extension of a particular case of [JMUS81]. The new integrable Hamil-
tonian systems attached to simply-laced, complete k-partite graphs are called “simply-
laced isomonodromy systems”. As expected, they involve k collections of times that still
correspond to deformations of wild spheres, generalising the two collections of times in
the JMMS system. Moreover, at this level there is now an apparent group of SL(2,C)-
symmetries, which includes the Fourier-Laplace transform defining (1.7) for a complete
bipartite graph, and which leads to the Weyl group of the root system of the graph.

From this discussion, one gets the impression that there should be a quantum the-

ory underlying this classical-mechanical extension, i.e. a family of flat quantum connec-
tions attached to complete k-partite graphs which deformation-quantise the simple-laced
isomonodromy systems, and which contains K7, DMT and FMTV as particular cases
(Fig. 1.1 and 1.2).
The first new example is attached to a triangle, because in the language of [Boal2b] this
graph corresponds to an isomonodromy systems for connections having a pole of order
three at infinity, which cannot be carried to connections with lower Poincaré rank using
the aforementioned SL(2, C)-symmetries (Fig. 1.3).

The first question we ask, then, is the following:

1. Can one construct a deformation quantisation of the simply-laced isomonodromy
systems?

If this were possible, one would get a new family of “simply-laced quantum connec-
tions” (SLQC) out of the deformation quantisation of isomonodromy connections. Notice

6
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Figure 1.2: A generic complete bipartite graph yields the FMTV connection.

Figure 1.3: What is the flat quantum connection of the triangle?

however that an arbitrary quantisation procedure need not preserve the crucial property
of integrability. One should thus reinforce the previous question.

2. Can one construct an integrable quantum Hamiltonian system that quantises the
simply-laced isomonodromy systems?

Such a construction would be more interesting if it were a generalisation of KZ [KZ84],
DMT [MTO05] and FMTV [Fel+00], which are all obtained from the quantisation of par-
ticular cases of the simply-laced isomonodromy systems. More precisely, both Schlesinger
and its dual are attached to a star-shaped graph, and JMMS to a generic complete bipar-
tite one.

3. Can one construct the simply-laced quantum connections so that they reduce to KZ,
DMT and FMTYV, in the relevant setup?

In brief, answering to the previous three questions means filling-in the last column of
the following table:

Isomonodromy system | Schlesinger — Dual Schlesinger JMMS SLIMS

Space of times C™\ {diags} C™ \ {diags} C™ \ {diags} x C" \ {diags} [I¥C% \ {diags}

Quantum connection KZ DMT FMTV SLQC

This is what we do in Chap. 3.
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Kahler quantisation of moduli spaces of flat connec-
tions

Let X be a closed, orientable, real surface of genus g > 2, and K = SU(2). One considers
the moduli space M (X, K) of S-equivalence classes of semistable, flat K-connections on
the trivial principal K-bundle on . Irreducible connections (on which S-equivalence re-
duces to the ordinary relation of isomorphism) define an open smooth subset M§ C My.
Atiyah & Bott [AB83] and Goldman [Gol84] proved that there is a natural integral sym-
plectic structure w on M5, and thus one can define the prequantisation of (M, w). The
definition of prequantum data for (M, w) is suggested by Chern—Simons field theory
[CST74] for the manifold X = 3 x [0,1]. Chern—Simons is a 3-dimensional, topological
field theory (see [Fre95]). In this sense, the moduli space M is the space of boundary
conditions for the theory on the 3-manifold X, and one motivation behind the quantisation
of M is to define a quantisation of (compact) Chern—Simons theory.

The prequantisation of the smooth symplectic locus (M, w) is then upgraded to geo-
metric quantisation with respect to Kahler polarisations. Namely, for each complex struc-
ture 7 on the surface 3 one finds a Kéhler structure I, on (M5, w), and then considers the
quantum Hilbert space of square-summable I -holomorphic sections of the prequantum
bundle L — at level £ > 1 —, equipping L with the d-operator defined by the (0, 1)-part
of the prequantum connection, and using the natural L?-norm on smooth sections of L
which is induced by the prequantum Hermitian metric and the Liouville measure:

HE = HO (MG, L) 1 L2(Ma, pr). (1.8)

The complex structure I only depends on 7 up to isotopy, and thus the Teichmiiller space
Ts, to 3 parametrises a family of vector spaces, whose projectivisations are models for the
quantisation of (M, w). This is however not the full story, since in physics quantisation
is assumed to be independent of the choice of polarisations.

From the mathematical viewpoint, one would like to have canonical identifications among
the projectivisations of the Hilbert spaces (1.8) for different choices of 7 € Tx. The
solution proposed by Axelrod & Della Pietra & Witten [ADW91] and Hitchin [Hit90] is to
construct a projectively flat connection in the vector bundle H*) — Ts,, whose fibre over
7 is the space (1.8) (Witten already suggests this idea in [Wit89], and traces its origins
in conformal field theory). This connection has subsequently been called the Hitchin
connection in the mathematical community; Hitchin established projective flatness by
exploiting the Poisson-commuting Hamiltonians of the integrable system he introduced in
[Hit87b]. A new construction of the Hitchin connection via global differential operators
acting on smooth sections of the prequantum bundle was later given by Andersen [And12],
in a more general context (see also [And06] for an application of this viewpoint to proving
the asymptotic faithfulness of the quantum representation of the mapping class group of
the surface, as well as the more recent [AR16]).

This achieved the Kéhler quantisation of the moduli space of flat unitary connections on
a Riemann surface, some 25 years ago.

The next natural step in this program is the quantisation of complex Chern—Simons
theory, already considered by Witten in [Wit91]. From the viewpoint of moduli spaces,
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one complexifies the group K to obtain a complex reductive group G — the archetype
being G = SL(2,C), the complexification of SU(2) — and considers the moduli space
Mar(Z, G) of flat G-connections on X.

The classical situation is much richer than in the compact case, since now the complex
structure J of the group G combines with any complex structure I, arising from a a
Riemann surface structure on X to yield a hyperKéahler triple (I, J, K, = I;J). The
construction of Atiyah—-Bott now yields a J-holomorphic symplectic structure we on the
moduli space. This was shown by Hitchin [Hit87a], who introduced a hyperKéhler moduli
space M of solutions to self-duality equations on ¥ (now Hitchin equations), which was
related to Mgygr by Donaldson in [Don87] — companion to [Hit87a] — and more generally
by Corlette in [Cor88].

More precisely, the Hitchin moduli space is an hyperKéahler manifold that underlies three
nonisomorphic complex algebraic varieties, one of which is Mgr — in the complex struc-
ture J—, and another one being the moduli space Mp, (2, G) of G-Higgs bundles on %
— in the complex structure I,. The third algebraic description is that of the Betti moduli
space Mg(X, G) of G-representations of the fundamental group of 3, up to conjugation.

The smooth correspondence between G-Higgs bundles and flat G-connections/local G-
systems was established by the aforementioned works of Hitchin, Donaldson, Corlette, and
finally Simpson [Sim92]. Simpson also suggested in [Sim94; Sim97] that one should think
of this correspondence as a Hodge correspondence for the first non-Abelian cohomology
of the compact Kéahler manifold ¥ — with coefficients in G —, in analogy to the usual
cohomological theories of de Rham, Dolbeault and Betti — with coefficients in C* =
GL;(C).

A natural project now arises: construct the geometric quantisation of the moduli space
M with respect to distinguished Kéhler polarisations extracted from the sphere of Kéhler
structures. More precisely, one replaces the quantum level of the theory with a complex
parameter t = k + ioc € C*, and use it to define a real symplectic structure on 991 out of
the complex Atiyah—Bott form wc:

B twe + twoe

9 = %(th).

Wy
The construction of prequantum data (L), V, h) at level ¢ is adapted from the compact
case. For any point 7 in Teichmiiller space there is now a distinguished linear combination
Iﬁ) of the hyperKéhler triple that yields a complex structure, and which depends on
the quantum level up to dilations. Geometrically, moving the unitary complex number
t / |[t| € U(1) parametrises the circle of complex structures I) = k'I, — o’ K,, in the Kéahler
sphere, where k' +i0’ = \/% is the normalisation of ¢. This circle is the equator of the
sphere, if one takes +.J to be the poles.
One thus has a family of Kéhler polarisations parametrised by Teichmiiller space, which
in turn defines the quantum bundle Hg) of holomorphic sections of L%, as it was for a
compact gauge group.

The question we ask is then:

1. Can one construct a projectively flat connection on H((Ct), for all choice of t € C*?

9
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This would achieve the Kahler quantisation of the moduli space of flat connections
for the complex gauge group G. In this generality, this question remains open to these
days, reflecting the fact that the quantisation of complex Chern—Simons theory is still a
current research topic, at least from a mathematician’s viewpoint.

What Witten did in [Wit91] was different. He considered real polarisations on the

moduli space, still depending on a complex structure on ¥, and accordingly defined a pro-
jectively flat connection in the resulting quantum bundle ’H]g) of real-polarised sections.
The mathematical details have been laid out by Andersen & Gammelgaard [AG14], who
called this connection the Hitchin-Witten connection.
Since it is assumed that Witten’s construction is the most sensible one from the stand-
point of quantum field theory, one should relate the Hitchin connection for the Kéahler
quantisation of M3y and the Hitchin-Witten connection. A natural way to do this is
looking for an isomorphism B® : Hg) — ”Hg) of the quantum bundles, and conjugate
the Hitchin—Witten connection through it. The natural candidate is — a slight variation
of — the Bargmann transform [Bar61].

2. Can one construct an identification between the spaces of real-polarised and holo-
morphic sections for all points in Teichmaiiller space?

3. Can one compute a formula for the conjugation of the Hitchin—Witten connection
(t) o
on the vector bundle H’

Note that one does not expect the Hitchin connection in H((Ct) to be unique. More
precisely, the construction of the Hitchin connection via global differential operators (of
order two) relies on an Ansatz which may be relaxed in this new noncompact setting.
This is particularly important if one wants to take into account an important feature of
the moduli space for the complex theory: the natural dilation action of C* on Higgs fields.
One would like to use this action to induce a U(1)-action on the quantum Hilbert spaces
of holomorphic sections, thereby defining a Z-grading which will give a decomposition
into isotypical components:

MY = DHY,,  whee MY, = {senl),

meZ

.S = /\ms}.

This is one way around the fact that the spaces of states of complex Chern—Simons theory
are infinite-dimensional.

There is a current research trend dedicated to computing formulae for the dimension
of the isotipical components, with the caveat that the U(1)-action be well defined on
the spaces of holomorphic sections. If for example one assumes that (t) = o = 0,
then I) = I, will be fixed by the circle action, and [AGP16] established a Verlinde-type
formula in this context.

If one allows for a nonvanishing imaginary part in the quantum level, instead, then the
diffeomorphism A € U(1) will move IY to \*I). Geometrically, the pull-back amounts
to a rotation by A inside the Kéahler sphere; more precisely, since the Dolbeault complex
structure I is fixed by this action, the rotation happens along the equator of the sphere,

10
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if this time one fixes +1I,; to be the poles. Hence the rotation happens around an axis
which is orthogonal with respect to that of the rotation induced by varying the quantum
level ¢.

Nonetheless, to define an action on the quantum bundle of holomorphic sections one now
needs to find a canonical identification between the spaces of I{Y-holomorphic sections of
L® and the A*I(M-holomorphic ones.

The first idea we pursued to solve this problem is an extension of the original setup of
Hitchin and Witten. Namely, one may try to show that the the spaces of holomorphic sec-
tions for the Kéhler structures \*I") fit into a vector subbundle of the trivial prequantum
bundle over an extended base

CoM, LYY x Ty, x U(1) — Ty, x U(1).

Second, we try to prove that this bundle carries a projectively flat connection. The
manifold 7y x U(1) should be thought as an “extended Teichmiiller” space for ¥, which
is one of our motivating viewpoint throughout the thesis.

Anyway, a first technical difficulty arises immediately: the U(1)-action is not sym-
plectic, and thus one has to find a proper definition of prequantum data for the family of
symplectic manifolds (9T, \*w;)rev(1) parametrised over the circle.

4. Can one construct prequantum data on the moduli space which are compatible with
the Hitchin action?

This situation changes the usual rules of geometric quantisation, which prescribe to
quantise a fized symplectic manifold with respect to varying polarisations.
If the prequantum data are defined, then the trivial prequantum bundle is defined too.
One now has to prove that the spaces of A\*I)-holomorphic sections define a subbundle
inside of it. One way to show this is to answer the following question.

5. Is there a connection in the prequantum bundle over the extended Teichmiiller space
that preserves holomorphicity fibrewise?

If one had a projectively flat connection with trivial monodromy around the circle,
then one might indeed define a circle action on the spaces H((Ct’)T of holomorphic sections.
One would compose the isomorphism defined by A with the parallel transport along any
path that connects A*I{Y) back to I, i.e. from (7, ) back to (7, 1) inside the extended
Teichmiiller space.

Another possibility in genus one is to use a generalisation of the Bargmann transform
of question 2, related to the generic pairing among transverse linear polarisations on a
vector space. More precisely, if A € U(1) and 7 € Ty are chosen, then one might do the
following.
First, the inverse Bargmann transform provides a map Hc¢ , — Hg -, and then A acts by
pull-back sending Hg , to the space of sections Hg y«» which are horizontal along the real
polarisation rotated by A. Finally, the nondegenerate pairing between Hg y«r and Hc -
closes the triangle, and we define this composition to be the circle action on Hc .

11
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6. Can one compute a formula for this action on holomorphic sections of the prequan-
tum bundle?

In Chap. 4 we consider the case of a genus one surface and the group G = SL(2,C),
and we answer positively to the all these questions.
In particular we show that there is a well defined (extended) nontrivial quantum bundle
of holomorphic sections over T, x U(1). We do not however have a proof that this bundle
carries a projectively flat connection.

Summary of main results

In Chap. 3 we answer to questions 1, 2 and 3, in the direction of deformation quantisation.
More precisely, let G be the complete k-partite graph on nodes I = [, I J. decorated
with a reading a: I — P(C?) and finite-dimensional vector spaces {V;};cs, and define
{H,}ier to be the simply-laced isomonodromy system associated to these data.

Then we prove the following statements.
Theorem. There exists a natural time-dependent quantum Hamiltonian system {E}ig

that deformation-quantises {H,};.

The definition of the simply-laced isomonodromy systems is recalled in § 3.1. The
quantum Hamiltonians H; are defined in § 3.4, using the idea of quantum potentials
introduced in § 3.3. They constitute the simply-laced quantum connection attached to
the decorated graph G.

Theorem. All simply-laced quantum connections are strongly flat.

The proof of this result is the content of § 3.5 and § 3.6.

After constructing this new family of flat connections, we compare it with other quan-
tum connections which already appeared in the literature.

Theorem. The simply-laced isomonodromy systems reduce to the Schlesinger system, in
the special case of the degenerate reading of a star-shaped graph with no irreqular times.
The associated simply-laced quantum connection reduces to the KZ system, and thus it
quantises Schlesinger.

The former statement is proven in § 3.7.2 and § 3.7.3; the latter in § 3.7.4 and § 3.7.5.
Theorem. The simply-laced isomonodromy systems reduce to the dual Schlesinger system,
in the special case of the degenerate reading of a star-shaped graph with no regular times.

This statement about classical systems is proven in § 3.8.4.

Theorem. A natural correction of the associated simply-laced quantum connection reduces
to the DMT system, and its difference with the simply-laced quantum connection vanishes
in the semiclassical limit. In particular,
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Corollary. A reduction of the simply-laced quantum connection quantises the dual Schlesinger
system.

These statements about quantum systems is proven in § 3.8.5.

Theorem. A restriction of the FMTYV connection can be corrected to obtain the quantisa-
tion of the JMMS system, and the difference vanishes semiclassically. Hence the FMTV
system quantises the JMMS system.

This is proven in § 3.9.3.

Theorem. A natural correction of the simply-laced quantum connections reduce to the
FMTYV system, in the special case of the degenerate reading of a complete bipartite graph.
The difference with the SLQC vanishes semiclassically.

Corollary. A reduction of the simply-laced quantum connection is a quantisation of
JMMS.

The last two claims are proven in § 3.9.4.

Finally, we compare the simply-laced quantum connections with the quantisation of
[NS11] in § 3.10.

In Chap. 4 we answer to questions 1, 2, 3, 4, 5, in the direction of geometric quan-
tisation. More precisely, set G = SL(2,C), let 3 be a real closed orientable surface of
genus one, t € C* a quantum level, and consider the Hitchin moduli space 9t = M(X, G)
attached to this data.

Then we prove the following statements.

Theorem. There exists a flat Hitchin connection for the geometric quantisation of O
at level t, with respect to a distinguished family of complex structures inside the Kdhler
sphere of M.

The moduli space itself is studied in detail in § 4.2; in particular, the family of Kéhler
polarisations parametrised by the Teichmiiller space to ¥ is introduced in § 4.2.5. The
explicit formula of a connection preserving holomorphicity is given in § 4.3.2. The proof
of flatness is the content of § 4.3.3.

After constructing this flat connection, we turn to the Hitchin action.

Theorem. There exist prequantum data on N which are compatible with the Hitchin
action on Higgs fields.

This is detailed in § 4.4.4. More features of the U(1)-action are explored in § 4.4.3,
where we also describe how the Kéahler polarisations are rotated.

Theorem. There exists a connection in the prequantum bundle over the extended Teich-
miiller space Ts x U(1) to X which preserves holomorphic sections, at level t.
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This is described in § 4.5. An explicit formula for a connection that preserves holo-
morphicity is given in Thm. 4.3.

Finally we turn to the Bargmann transform.

Theorem. Let 7 be a point in the Teichmiiller space to Y3, and let Pg, P be the associ-
ated real and Kdahler polarisation on 9N, respectively. There is a canonical isomorphism
between the Hilbert spaces of Pr-polarised sections and P-polarised sections, defined via
the Bargmann transform.

This is discussed in § 4.6. The explicit formula for the transform is given in Thm. 4.4.
Moreover, in § 4.6.4 we compute an explicit formula for the conjugate of the Hitchin—
Witten connection onto the Kahler-polarised side, using Thm. 4.6: this theorem is a
generalisation of the usual commutation relations between the Schrodinger and the Fock
representation of the Weyl algebra. The Hitchin—-Witten connection is introduced in
§ 4.6.4.

Theorem. The Hitchin action gets turned by the Bargmann transform into an integral
transform, acting on the 2-dimensional Segal-Bargmann space. The kernel of the trans-
form generalises the reproducing kernel associated to coherent states.

This is discussed in § 4.6.5, with a formula for the action given in Thm. 4.7. Finally,
in the same section we explain how to conjugate derivatives and function multiplications
with respect to the circle action just computed, which is the first step to conjugate the
two (flat) connections previously constructed.
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Chapter 2

Background

In this chapter we will introduce two mathematical frameworks used to tackle the problem
of quantisation introduced in § A.4: deformation quantisation in § 2.1 and geometric
quantisation in § 2.2. The purpose of the exposition is to be able to discuss the original
content of the thesis (chapters 3 and 4) in an — almost — self-contained fashion.

The origins of the deformation approach to quantisation can be traced back to the
papers [Bay+78a; Bay+78b]. An overview on deformation quantisation can be read in
[Wei95]. Our particular viewpoint follows the first chapters of [ES98], as well as the notes
[Eti07].

The origins of the geometric approach to quantisation can instead be traced back to
[Kir76; Kos70; Sou70], which used the orbit method to classify unitary representations
of Lie groups. A standard reference for geometric quantisation is the book [Woo80]; the
second chapter of [ANO1], written by Kirillov, provides a sharp and shorter introduction.

After discussing quantisation abstractly, in § 2.3 we introduce the classical phase-
spaces whose quantisation has been the primary concern of this project: moduli spaces of
connections. The relevant citations in this case are scattered along the exposition.

All the quantum-mechanical terminology used in the forthcoming sections is motivated
by the material of the appendix A.

2.1 Deformation quantisation

Throughout this section on deformation quantisation, all vector spaces and algebras will
be taken over C. The layout of this section is the following.

In § 2.1.1 we define formal deformation quantisation.
In § 2.1.2 we discuss gradings and filtrations, and in § 2.1.3 we use this to define filtered
quantisation. This construction is seen to be a particular case of formal quantisation, as
explained in § 2.1.4. § 2.1.2 also contains the definitions of the Weyl algebra (2.5) of a
symplectic vector space and the universal enveloping algebra (2.6) of a Lie algebra, which
will be the quantum algebras used in Chap. 3.
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In § 2.1.5 we define two quantisation maps associated with Weyl algebras and universal
enveloping algebras: the PBW quantisation and the Weyl quantisation, respectively (2.8)
and (2.9).

Finally, in § 2.1.6 we review classical and quantum Hamiltonian reduction from an alge-
braic viewpoint, which will be relevant for Chap. 3. This is likely to be less familiar to
the reader than the usual Marsden—Weinstein reduction.

2.1.1 Formal deformation quantisation

Let % be a complex variable, and set K = C[[h]. This is the ring of formal power series
in h, with complex coefficients. It has a natural topology, induced by the h-norm, which
is defined by

Z Ckhk

k>n

=C""e Rzo, (21)

if ¢, # 0, and where C' > 1 is a real constant. Moreover, K is a complete metric space
for the metric induced by this norm.

One now works in the category of topological K-modules V| which are topological
vector spaces together with with an algebraic K-module structure K — End(V). A
natural way to construct them is the following. If Vj is a vector space, set

k>0

Vo[h] = { > k"

’UkGVOforallkZO}.

This has a structure of a K-module, by letting h € K act via the natural multiplication.
Moreover, it carries a natural A-norm defined as in Eq. (2.38), which defines a structure
of topological K-module.

Remark 2.1. One has an embedding

v: Vo ®@c K — Vi[A], ¢:U®chhkr—>20kv-hk,

k>0 k>0

which is an isomorphism as long as Vj is finite-dimensional over C. In general, the image
of ¢ corresponds to the space of power series ;> wyh* such that the dimension of the
complex span of the family {wy }x>¢ is finite.

Definition 2.1. A K-module V is topologically free if there exists a vector space Vj
together with an isomorphism of K-modules V' = V;[A].

If V is a topologically free K-module, then one can uniquely recover the space 1} from
V up to isomorphism, via the quotient

Vo=V /nv,
where, AV = {hv | v € V}.
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Definition 2.2. A topologically free K-algebra A is a topologically free K-module with
an associative algebra structure.

If A is a topologically free K-algebra, the set hA C A is a two-sided ideal. Since
A is topologically free, one may write A = Ag[h] for some vector space Ay, and since
Ag = A / hA is a quotient with respect to a two-sided ideal then A is itself an algebra.

One may now do the opposite, that is consider an algebra Ay and look for K-algebras
A such that Ag is the ring of coefficients for the power series in A.

Definition 2.3. A formal, one-parameter deformation of an algebra A, consists of a
topologically free K-algebra A and an isomorphism A / hA = A,.

Deformations always exist: if Ay is an algebra, take A := Ag[h].

The crucial observation of the theory of deformation quantisation is that every defor-
mation A of Ay induces a Poisson structure {-, -} on Ag, provided that Ay is commutative.
To see this, pick elements fy, g € Ao, and lift them arbitrarily to elements f, g € A. Now
consider the commutator ff, g] € A, whose class in Ay must vanish because of the com-

mutativity of Ag. This means that [ f, gLE hA, and thus the element %(g f g] exists in A.
Moreover, the class of this element in the quotient Ay does not depend on the lifts f, g
chosen: if f' = f+ hx, ¢ = g+ hy € A are two other lifts of fy, go, then the difference
H g } — H fs g} expands as a sum of commutators, and it vanishes in the commutative

algebra Ay.

It makes thus sense to define { fo, go }o € Ao to be the class of the corrected commutator:

{fo,90}0 = ;[f g| + hA. (2:2)

This is the sound mathematical way of expressing the relaxation of the Dirac axiom 4
that is discussed at the end of § A.4 (cf. Eq. (A.12), up to a multiplication by the opposite
of the imaginary unit 7).

Start again from a commutative Poisson algebra (Ao, {-,-}).

Definition 2.4. A formal, one-parameter deformation quantisation of (Ao, {, }) is a for-
mal deformation A of Ay such that the induced Poisson structure {-,-}¢ on Ay coincides
with {-,-}. In this case, Ay is called the semiclassical limit of A, and the canonical
projection o: A — A is called the semiclassical limit too.

Notice that neither existence nor uniqueness of a quantisation A of a given commu-
tative Poisson algebra A, are trivial problems. Conversely, the semiclassical limit of a
topologically free K-algebra is always uniquely determined.

Now, pick a Poisson manifold (M, {-,-}), i.e. a classical phase space (see § A.2).

Definition 2.5. A (formal, one parameter) deformation quantisation of M is a deforma-
tion quantisation of some distinguished Poisson algebra of functions Ay C C*°(M,C).
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One can now make sense of the quantisation of a time-dependent Hamiltonian system
(see Def. A.5 and Def A.7).

Definition 2.6. Let H;: B — Ay, C C*°(M,C) be a time-dependent Hamiltonian sys-
tem on the phase-space M, with space of times B, and assume A to be a deformation
quantisation of Ap, with semiclassical limit 0: A — Ap. A time-dependent quantum
Hamiltonian system H;: B — A is a quantisation of {H,}; if the identity U(H ) = H,
holds for all times t € B.

In general, one would like to take Ag to be as big as possible, in order to be able to
quantise many classical observables. One allows for subalgebras in the definition because
of the no-go theorems that we discuss in § A.4. A concrete example of this phenomenon
is the following.

Remark 2.2 (Quantisation breaks symmetries).
Assume the phase-space (M,w) to be symplectic. The group of symplectomorphisms
Symp(M,w) of M will act faithfully on C*°(M, C), so that one has an injective morphism

¢: Symp(X,w) — Aut (COO(M, C))

Theorem 2.1 (Groenewold-van Howe).
There exists no pair (A, ®) where A is a quantisation of the classical algebra C*°(M,C)

and ®: Symp(M,C) — Aut (A) a group morphism lifting o.

2.1.2 Gradings and filtrations

The actual type of deformation quantisation we will deal with is somewhat simpler, and
it is called filtered quantisations. To define it, one first needs to introduce the notions of
gradings and filtrations, which we do in this section.

Consider a vector space B.

Definition 2.7. A Z-grading on B is a decomposition B = @<, Bj in vector subspaces.
Elements of B are said to be homogeneous elements of degree k. The grading is said
to be positive if B_; = (0) for all & > 0. A positively Z-graded vector space is a vector
space equipped with a positive Z-grading. A morphism of such spaces is a linear map
preserving the Z-grading.

We will hereafter drop “Z” from the notation, since this is the only grading monoid

we will ever consider.

Example 2.1. If A, B are graded vector space, there exists a natural grading on the
tensor product A ® B, suggested by the distributivity of tensor products in direct sums.
It is defined by

A® B=P(A® B), where  (A®B)y= @ A ® B,.
keZ l+m=k
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Let us now define what we mean for a graded space B to have a compatible associative
algebra structure.

Definition 2.8. Let B = @5, Bx be a graded vector space. A graded associative algebra
structure on B is an associative product y: B ® B — B such that B; - B,, C B, for
I[,m € Z." The grading is positive if it is a positive grading of vector spaces. A positively
graded associative algebra is a vector space B provided with all this structure. We will
refer to such objects as graded algebras.

If one has a graded algebra B = @)~ Bi, then one can construct new ones by taking
appropriate quotients. Consider a complex subspace I C B.

Definition 2.9. I is a homogeneous space if I = @I N By.

If I is in addition a two-sided ideal, then the quotient algebra B / I has a natural
positive grading:

B/II=@ <Bk/(IﬂBk)>.

k>0

Example 2.2. The chief example of this construction, as far as this document is con-
cerned, is the quotient,
Sym(V) = Tens(V)/]O

where V' is a vector space. Here Tens(V) is the tensor algebra

Tens(V) = P V&,

k>0

and I is the two-sided ideal generated by the commutators:
VROW—w R, v,we V.

It is clear that an ideal generated by homogeneous elements is homogeneous. The algebra
Sym(V*) has a natural interpretation as the algebra of polynomial functions f: V' — C,
with the usual notions of homogeneous elements and degree. This is also the algebra of
regular functions C[V] = Oy (V) of V, thinking of the vector space V as an affine complex
space Ac¢ of the same dimension, with structural sheaf Oy, .

To be more explicit, choose a basis B = {ej,...,e,} C V, with associated dual
basis {dey,...,de,} C V*. Then an explicit identification Sym(V*) = &0y (V) is given on
homogeneous elements of degree k by

11 de;, — f, where fX,. X)) = ] Xi;,

1<j<k 1<j<k
for indices iy,...,ix € {1,...,n}. The notation for the leftmost product indicates that
one has a symmetric tensor products de;, ® - - - ® de;,. The complex variables X1, ..., X,

are precisely the global coordinates on V' = C" associated to the basis B C V. If one

!This is a morphism of graded vector spaces, if the tensor product is endowed with the natural grading.
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thinks of them as (linear) functions X;: V. — C, then actually X; = de;, and the
above identification is tautological. Notice that, in this identification, the embedding
V* =2 Sym(V*); — Sym(V*) is simply the inclusion of homogeneous polynomials of
degree one in the space of all polynomials.

To define graded Poisson algebras, one must also introduce shifts.

Definition 2.10. Let B = @,z Br be a graded vector space, and n an integer. The
n-shift of B is the graded vector space B[n| having the same underlying complex vector
space, endowed with the grading

B =P Blnlx, where  B[n]y = Bjin.
=

Definition 2.11. Let B be a graded associative algebra, and n an integer. A graded,
n-shifted Poisson structure on B is a grading preserving Poisson bracket

{,}: BAB —s B[-n].

Example 2.3 (Symplectic vector spaces).

The symmetric algebra Sym(V*) = &y (V') admits a 2-shifted Poisson structure, provided
that (V,w) is a symplectic vector space. Indeed, there must be a natural Poisson bracket
on Oy (V), since symplectic manifolds are Poisson (see Rem. A.1). To explicitly describe
it, fix a Darboux basis B == {q1,. .., Gn,P1,---,0n} €V of V| so that

W= qui/\dpi eV AV
i
The coordinate ¢; are called the generalised positions, and p; the generalised momenta.
The choice of such coordinates determines a Lagrangian splitting (V,w) = (T*Q, wean),
where one sets ) = spanc{¢;}i, and wea, is the canonical symplectic structure of the

cotangent bundle. Now let us compute the Hamiltonian vector fields of the coordinate
functions dg;, dp;: V' — C. To this hand, notice that one has

w(a Z dQJ AN dp] Qza . Z 61]dp] dpia

and
W(p,s ) qua AN dpj(Op;,-) = Z(Zjdq] = —dg;.”

These identities can be rewritten as
w — dp; = 0, Lo,,w + dg; = 0.

According to the convention (A.3), this means that —0,, and 0,, are the Hamiltonian
vector fields of dp; and dg;, respectively.

%In these computation one thinks of 9,, and ,, as the derivatives in the direction of the coordinates
¢, Pi, which is an elementary differential-geometric notion. However, using the canonical identification
TV 2V x V, these translation invariant vector fields correspond to the vectors ¢;,p; € B of the chosen
Darboux basis of V.
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To check that the Poisson bracket shifts the degree down by 2, it is enough to consider
homogeneous elements of degree 1, since they generate the symmetric algebra. One must
thus see that {V*,V*} C C, which follows from:

{ina de} = w(apn an) = w(aqw aq,j) = {dpi: dpj}7
{in7 dpj} = _w(apz‘v 8q w<aq]‘7 am) = 51]
These relations are collectively called the canonical commutation relations. This particular

2-shifted graded Poisson algebra is the model for the classical observables quantised in
Chap. 3.

j()) Z (2.3)

Example 2.4 (Dual Lie algebras).
The algebras of functions on the dual of every Lie algebra is a 1-shifted graded Poisson
algebra.

Indeed, let (g, [-, D be a Lie algebra, and let us define a Poisson bracket

{1} Op (@) N O (g") — Og-(97).

Again, one thinks of g* as a complex affine space, with structural sheaf Jg. The global
sections of this sheaf are just polynomial functions g* — C, which one can identify with
Sym(g), as done in Ex. 2.2. Moreover, in this identification g C Sym(g) corresponds
to the space of linear functions on g*, because of the canonical isomorphism g** = g.
This being said, it is then enough to define the restriction of the Poisson bracket to
gAg C Sym(g) ASym(g), and its extension to the whole of the symmetric algebra will be
uniquely determined by the Leibnitz identity, because g generates Sym(g) as associative

algebra. Let us then set
{ey}(©) = (& [2.9]). (2.4)

where z,y € g, £ € g*, and (-,-): g*®g — C is the canonical duality. One can show that
this indeed defines a Poisson bracket on elements of degree one. Moreover, the formula
shows that {g,g} C g = Sym(g)1, because the bracket of two linear functions is still a
linear function. This shows that the full Poisson bracket is 1-shifted. The Poisson bracket
defined by Eq. (2.4) is called the Lie-Berezin—Kirillov bracket.

Let us now define filtrations, which are a weaker version of gradings. Consider again
a vector space B.

Definition 2.12. An increasing, exhaustive Z-filtration on B is a family of subspaces
{B<i}rez of B such that B; C By, if | < m, and Ugso B<x = B. The filtration is positive
if B<_; = (0) for all £ > 0. In this case, the order of b € B is the nonnegative integer

OI‘d(b) = mln{k S ZZO | be BZIC}

A positively, exhaustively Z-filtered vector space is a vector space equipped with an
increasing, exhaustive, positive Z-filtration. A morphism of such spaces is a linear map
preserving the filtrations.

The notions of a filtered associative algebra is a perfect analogue of Def. 2.8.
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Definition 2.13. Let B = ;7 be a filtered vector space. A filtered associative algebra
structure on B is an associative product y: B®B — B such that u(BSl, Bgm) C B<iym,
for all [,m € Z. The filtration is positive if it is positive as a filtration of vector spaces.
A positively filtered associative algebra is a vector space B with all this structure.

There is no need to define generic n-shifted filtered Poisson algebras, since the only
examples of such structures that we will consider are those arising from commutators
[-, } : BA B — B of a filtered associative product.

Remark 2.3 (Difference between gradings and filtrations).

It is clear that filtrations are a weaker notion then gradings, since if B = @z By is a
graded vector space then B<j, := @,, < By, defines a filtration on B. The main difference
between graded algebras and filtered algebras is that for the latter there is no notion of
homogeneous elements.

More precisely, one might consider the elements of the quotient B<y, / B<j—1, which is
the same as looking for a splitting B<y = Cy ® B<j_1, and declare C} to be the space of
homogeneous elements of degree k. The difference between a filtration and a grading is
that there is in general no canonical choice for such complement spaces {Cj}kez.

In the filtered context, one can take quotients without additional constraints, meaning
that if B is a filtered algebra and B — B’ — 0 is an exact sequence of algebras, then
there is a natural filtration on B’: one just takes the images of the subspaces defining the
filtration on B. The product is defined as for ordinary quotients of ring.

Example 2.5 (Weyl algebra).

This example is central for the results of Chap. 3. Consider again a symplectic vector
space (V,w), and let Tens(V') be the tensor algebra of V. In Ex. 2.2 we defined the
symmetric algebra as a quotient of Tens(V') with respect to a homogeneous ideal. Now
we consider the two-sided ideal I, C Tens(V') generated by the nonhomogeneous elements

TRY—yRr—w(Ty), where x,y € V.

The quotient W (V,w) = Tens(V) / I, has the structure of a filtered associative algebra,
with the quotient filtration. It is called the Weyl algebra of the symplectic vector space
V.

To describe the Weyl algebra by means of generators and relations, let us pick again
a Darboux basis B == {q1,...,Gn,P1,---,Pn} C V, as in Ex. 2.3. Now, there is a natural
inclusion V' < W(V,w), given by applying the canonical projection 7: TV — W (V,w)
after the inclusion ¢: V' «— TV. The overall composition is injective, since «(V) C TV
does not intersect the ideal I, C T'V. We will denote v := 7o t(v) € W(V,w) the image
of an element v € V' in the Weyl algebra for this composition. The notation is chosen to
indicate that this is the linear part of a quantisation map (see § 2.1.5).

In particular, the elements ;, p; € W(V,w) generate the Weyl algebra. This is because
TV is generated in degree one, and 7 is a surjective morphism of associative algebras.
Moreover, the elements g;, p; satisfy no nontrivial relations in 7'V, since TV is by definition
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the free associative algebra on the vector space V. Hence the only nontrivial relations
that their classes §;, p; satisfy in the Weyl algebra are those modulo [, namely:

{x,y} =w(z,y) mod I, for x,y € V.

Hence
]

=0= [@’@}7
(G, 53] = 05,

(2.5)

for all 1 < 4,5 < n. These are the quantum canonical commutation relations (cf.
Eq. (2.3)). The Weyl algebra (of dimension n) can thus be presented as the algebra
on 2n generators satisfying the above commutation relations.

Notice that there is a dual realisation of the Weyl algebra. Consider the canonical
linear isomorphism wf: V* — V, induced by the nondegenerate, alternating symplectic
pairing w: VAV — C (cf. Rem. A.1). There is now a unique symplectic structure
on V* such that w* is a symplectomorphism — which we may denote w* — obtained by
pull-back:

W (f,9) = w(W(f)e(g),  for  fgeV™.

The Weyl algebra W (V* w*) of the dual symplectic space is then canonically isomorphic
to W(V,w).?

The intrinsic way of thinking about this is the following. The symplectic vector space
(V,w), considered as an affine complex space, comes equipped with a 2-shifted Poisson
bracket {-,-}: Oy (V) A Oy (V) — Oy (V), according to Ex. 2.3. We have seen that this
implies that its restriction to linear functions yields an alternating bilinear form on the
dual space {-,-}: V*AV* — C. This is exactly the dual structure w* we're talking about
in the previous paragraph, because w?(f) = X; is the Hamiltonian vector field associated
to f € V* (which one may also think as a translation invariant 1-form on V). Thus:

W (f,9) = w(wWH(£),w(9)) = w(Xy, X,) = {f. g},

for f,g € V*. Hence, in essence, one may say that the Weyl algebra W (V*, w*) is obtained
from the tensor algebra Tens(V*) by modding out the Poisson structure. This is analogous
what happens for the universal enveloping algebras U(g) of a Lie algebra g, discussed just
below in Ex. 2.6.

Finally, if one is interested in explicit generators and relations, notice that the dual
basis {dq, . . .,dq,,dp1, . ..,dp,} provides a presentation of W (V* w*) which is the same
as that for W (V,w), since

3The canonical isomorphism is given by the universal property of the quotient applied to the compo-
sition 7 o Tens(w*): Tens(V*) — W (V,w), where Tens(w*): Tens(V*) — Tens(V) is the image of the
morphism w* under the functor Tens, and again m: Tens(V) — W (V,w) is the canonical projection.
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for all 1 < 4,5 < n, reading again the classical canonical commutation relations (2.3).
Hence

@ da)| = 0= [ 7)),
Example 2.6 (Universal enveloping algebras).
Let (g, [-, D be a Lie algebra, and consider its tensor algebra Tens(g). This is a filtered

algebra, and one considers its quotient with respect to the two-sided ideal I; C Tens(g)
generated by the nonhomogeneous elements

x®y—y®x—[az,y}, for T,y € g.
One sets U(g) = Tens(g)/]l, and calls this the universal enveloping algebra of (g, [-, D

The algebra U(g) is an associative filtered algebra, with the quotient filtration. Notice
that the tensor algebra Tens(g) is naturally Poisson, if one extends the Lie bracket of g
by demanding the Leibnitz rule to be satisfied, i.e. generalising the following equality to
arbitrary tensor products:

[x@y,z}:x®[y,z}+[y,z}®x, for x,Y,2 €0,

and similarly for the other slot. Hence one may say that the enveloping algebra is obtained
from the tensor algebra by modding out its Poisson structure, just as for the Weyl algebra
introduced in 2.5. Nonetheless, the associative algebra U(g), endowed with the Poisson
structure defined by its commutator (cf. Ex. A.1), is a filtered Poisson algebra. The shift
follows from that of Sym(g) = O (g*).

Let us describe in some more detail the case of g = gl(V'), where V' is a vector space
of dimension n, because this is relevant to the results of § 3.7, § 3.8 and § 3.9. Picking a
basis B = {e;}; C V of V, one may define a basis for g as follows: denote e;;: V — V
the element e;; :=¢e; @ de; € V@ V* = End(V). These elements satisfy the commutation
relations
[Gij, ekl] = 5jk:6il - 5il€kj-
There is now an inclusion g < U(g), provided by the composing the canonical injection
t: g — Tens(g) with the canonical projection m: Tens(g) — U(g). Let us denote
T = mo(x), for x € g, underlying the fact that this is the restriction of a quantisation
map (see § 2.1.5). Then, reasoning as in Ex. 2.5, the enveloping algebra U(g) is the
algebra on generators {é;;}; j, subjected to the relations

(€ij, | = dinir — Gaby,
for all 4, 5, k, .
2.1.3 Filtered deformations and filtered quantisations
We now want to use the material of the previous section to give a new definition of de-
formations of associative algebras, and quantisation of commutative associative algebras.

The main idea is to replace the general notion of a semiclassical limit by the grading map.
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Definition 2.14. Let B = U,z B<i be a filtered associative algebra. The associ-
ated graded of B is the graded algebra gr(B) defined as follows. One sets gr(B); =
BS/C/BSk—la and then
gr(B) = P gr(B)r,
keZ

as graded vector space. The product of two classes a + B<;_1,b 4+ B<,,—1, having repre-
sentatives a € B<;,b € B<,, is (well) defined to be the class of the product a - b € B<jip,
in gr(B);4m. One writes oi: B< — gr(B)y for the canonical projection, where k € Z,
and 0: B — gr(B) for the map defined by oy on B<j \ B<j_1.

Notice that B and gr(B) are isomorphic as vector spaces. The examples of the previous
sections are related like this.

Example 2.7. Consider a symplectic vector space (V,w). We have a commutative,
graded, 2-shifted Poisson algebra A, = Sym(V*) = 0y (V) associated to this space,
as well as a filtered, associative A := W (V*,w*). One can show that gr(A) = A,.

To do this, consider the composition oor: Tens(V*) — gr(A), where 7: Tens(V*) —
A is the canonical projection, and o: A — gr(A) the grading map. One can now show
that the kernel of this map contains the ideal Iy C Tens(V*) defining the symmetric alge-
bra (see Ex. 2.2). This is the two-sided ideal generated by the commutators f ® g—g® f,
for f,g € V* C Sym(V*). Now, one has

w(feg-go )= [n(f)ml)] = [7.9] € 4

This element vanishes in the associated graded algebra, because one has [ f , §] ={f,q}
in the Weyl algebra, and the left-hand side a priori lives in A<y, whereas the right-hand

side lives in A<y = C, so that a([f, §D = O'Q([f, §D = 02({]‘,_5]}) = 0.

The universal property of the quotient provides a surjective morphism
Ay = Tens(V*)/[o — gr(A),

and one can show that it is injective. Up to identifying Ay with gr(A), one then has the
following relation between the two Poisson structures

o|f.g] ={f.9t ={o().o(3)},

for f, g € Ay, and for arbitrary lifts f,§ € A. This equality has been shown for elements of
degree one in Ay, comparing the canonical commutation relations of Ex. 2.5 and Ex. 2.3.
The Leibnitz identity then yields the general formula. This will be relevant for Prop. 2.1.

Example 2.8. Reasoning exactly as in the above example 2.7, one can show that the
associated graded algebra gr (U (g)) of the universal enveloping algebra U(g) of a Lie

algebra (g, [~, D is isomorphic to the symmetric algebra Sym(g) of g. Moreover, up to

identifying Sym(g) = Oy (g*) with gr (U (g)), one has the same relation for the Poisson
brackets as in the previous example 2.7. In this case the identity on elements of degree
one follows directly from the definition of the Poisson bracket of g* as dual to the Lie
bracket [-, ] This will be relevant for Prop. 2.1, and it also one way of expressing the
theorem of Poincaré-Birkhoff-Witt.
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These two examples are instances of filtered deformations.

Definition 2.15. Let Ay be a graded algebra. A filtered deformation A of Ay is a filtered
algebra such that gr(A) = A,.

The crucial remark is the following: if A is a filtered algebra whose associated graded is
commutative, then there is a canonical 1-shifted Poisson bracket {-,-} 4 on gr(A), defined
by the condition that

Uk+l71[x>y} = {ow(z),01(y) } a, for T € A<,y € A

Just as we did in the case of deformation quantisation, we use this fact to define filtered
quantisations. Let then (Ag, {-,-}) be a commutative, graded Poisson algebra.

Definition 2.16. A filtered quantisation of Ag is a filtered deformation A of A, such
that moreover

O'k+l—1[$ay} = {ox(2),01(y)}, for r € A,y € A,

where one identifies Ay = gr(A).

The discussions of 2.3, 2.7, 2.6 and 2.8 then immediately yield the following standard
result.

Proposition 2.1. Let g be a Lie algebra, and (V,w) be a symplectic vector space.

e The Weyl algebra W (V,w) of (V,w) is a filtered quantisation of the algebra of poly-
nomial functions Sym(V*) on V.

e The universal enveloping algebra U(g) is a filtered quantisation of the algebra of
polynomial function Sym(g) on g*.

What is left to do is to relate this notion to that of a formal deformation quantisation
of § 2.1. The main idea is that the former is a particular case of the latter. Moreover,
given a filtered quantisation, there is a universal construction to get a formal deformation
quantisation out of it.

2.1.4 Rees construction

The notions of formal deformation quantisation (§ 2.1) and filtered quantisation (§ 2.1.3)
can be related by the so-called Rees construction.

Definition 2.17. Let A = @,z A< be a filtered algebra. The Rees algebra of A at level
h is the algebra
Ri(A) == @ A<xh” C AlR).

keZ
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To get back to topologically free C[A]-modules, one may consider a completion of this
Rees algebra:

A\ = {Zakhk

k>0

ap € A<y, for all k > 0, i lirE (k: - ord(ak)> = —1—00} C A[A].

Now assume that A is a filtered deformation of Ay = gr(A).

Proposition 2.2. The algebra Aisa formal, one-parameter deformation of Ag.

Proof. Consider the morphism ¢: A — Ay defined by

o D ah® | =" ow(aw), (2.6)
k>0 k>0

identifying gr(A) = o(A) with Ag. The sum on the right-hand side is finite, since by
definition ord(ay) = k only for finitely many indices k, so that oy(ax) = 0 in all but
finitely many cases.

The map ¢ is surjective, and its kernel is precisely hﬁ, so that 4y = A / hA. O

In a sense, the morphism ¢ define by Eq. (2.6) is the true semiclassical limit.

Now assume that (A, [-, D is a filtered quantisation of (A, {-,-}).

Proposition 2.3. The algebra Aisa formal, one-parameter deformation quantisation of

Ap.

Proof. All that is left to show is that the Poisson bracket on Ay comes from the com-
mutator of A, by means of (2.2). This follows precisely from the condition of filtered
quantisation in Def. 2.16. O

Because of Prop. 2.3, we shall consider filtered quantisation as a good notion of defor-
mation quantisation for commutative, graded Poisson algebras, and keep the notation A
for the quantum algebras.

2.1.5 Quantisation maps

Let us conclude this section on deformation quantisation by adding something to the
quantisations of Prop. 2.1. Namely, in both cases one can define a “quantisation” map,
i.e. a distinguished right-inverse of the semiclassical limit.* The idea is the same both for
enveloping algebras and Weyl algebras, and relies on symmetrisation.

Let (g, [-, D be a Lie algebra, and (V,w) a symplectic vector space. Denote A = U(g),
Ap = Sym(g) = gr(A), B = W(V*,w*) and By := Sym(V*) = gr(B). One has natural

4We use quotation marks, because these maps are a weaker notion than that presented in § A.4.
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inclusions Ay < Tens(g), By < Tens(V*), given on monomials of degree k by the same
formula:

IIXxi——=> X, 9 0X,, (2.7)

where X; € Ay or By, and where ¥ is the symmetric group on k objects. This is just
the standard fact that — in characteristic zero — symmetric algebras can be realised as
subalgebras of the tensor algebras, whereas a priori they are defined as quotients.

Omne can now compose this map with the canonical projections 7y : Tens(V*) — B
and 7: Tens(g) — A. This defines maps Qw: By — B and Qppw: A9 — A which
are sections of the respective semiclassical limits, because of the normalisation taken in

(2.7).

Definition 2.18. The map Qyy is called the Weyl quantisation. The map Qppw is called
the PBW quantisation.

Notice that the explicit formula for the quantisation maps reads just as the symmetri-
sation /\(2.7), if one replaces the element X; in the relevant symmetric algebra with its
class X; = mu(X;), as explained in Ex. 2.5 and Ex. 2.6. Namely, if £ is a nonnegative
integer, and if X; € g for 1 <i <k:

k

1 —~ A

OprBw (H Xi) = Z P CREIED, ¢ (2.8)
=1 TEY,

Similarly, if Y; € V* for all 1 <i < k:

k
1 ~ ~
QW<H}§>:]€'ZYH-...-YW (2.9)
CTEY

=1

We will see in Chap. 3 how to use a variation of these maps in order to quantise
interesting time-dependent Hamiltonian systems.

2.1.6 Hamiltonian reduction: an algebraic viewpoint

Here we briefly review the algebraic viewpoint on Hamiltonian actions and Hamiltonian
reductions, which is suited to deformation quantisation (see [Eti07]). This material will
be used in Chap. 3, more precisely in § 3.7, 3.8 and 3.9.

Let (Ao, {-,-}) be a commutative Poisson algebra, and g a Lie algebra. Denote by
Der(Ap) the Lie algebra of Poisson derivations of Ay, i.e. of C-linear maps ¢ : Ay — Ay
satisfying

V(fg) =v(Ng+ folg),  v({f.9}) = {0 gt +{f0(9},  for  fige A,

with the Lie bracket provided by the commutator.

Definition 2.19. A g-action on A is a morphism of Lie algebras ¢g: g — Der(Ay).
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Now, one has a natural map X: Ay — Der(Ay), associating to an element f € Agy
the bracket X; = {f,-}: Ag — Ap. This is a Poisson derivation of Ay, because of the
Leibnitz and Jacobi identities. The notation mimic that for the Hamiltonian vector field
of a function f defined on a Poisson manifold (see A.2).

From an algebraic perspective, X is just the morphism defining the adjoint action of Ay
on itself, considered as a Lie algebra.

Definition 2.20. A (classical) moment map for the g-action ¢o: g — Der(A4y) is a
morphism po: Sym(g) — Ap of Poisson algebras whose restriction to g lifts ¢y through
X:

g T} Der(AO)

Recall that Sym(g) = 0y«(g*) is Poisson, as explained in Ex. 2.4. The lifting condition
means that

X(uo(x)).a ={wo(z),a} = po(z).a  for x € Sym(g),a € Ap.

In particular the g-action is completely determined by pg. Moreover, pg is completely
determined by its restriction to g.

Definition 2.21. Let ¢y: g — Ag be a g-action on Ay. The subring of g-invariants of
AO is:
Af = {a € Ao | po(g).a = O}.

Remark 2.4. The subring Af is a C-subalgebra. Moreover, it is a Poisson subalgebra,
because g is a Poisson derivation by definition. Notice that if uy is a moment for (),
then the invariant algebra equals

Aj = {a € Ay | {po(g),a} = 0},

which means that it is the centraliser of u(g) C Ag in Ap.

These notions are introduced to define reductions of Ay with respect to the moment
map o and the choice of an ideal I C Sym(g). More precisely, one wants to define the
Hamiltonian reduction R(Ay, io, I) as a Poisson algebra. To this end, let J C Ay be the
ideal generated by po(I).

Lemma 2.1. One has {A}, J} C J.

Proof. Pick ¢ € A§,b € J. One may write b = Y, biuuo(a;) for suitable b; € Ag,a; € I.
One has:

{e,0} =3 {e.bino(ai)} = D _bife, polai)} + po(ai){e, bi} = > polai){e, bi} €
since {po(a;), c} = 0 by g-invariance. O
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An immediate corollary is that the invariant part J® C A§ of J is a Poisson ideal in
Aj.

Definition 2.22. The (classical) Hamiltonian reduction of Ay with respect to the moment
fo: Sym(g) — Ap and the ideal I C Sym(g) is the quotient

R(Ao,,u(), I) = A%/Jg

This quotient is a Poisson algebra, thanks to the above remark.

Remark 2.5. This is indeed the good algebraic notion that corresponds to the reduction
of a symplectic manifold with respect to the Hamiltonian action of a Lie group. To
explicitly state the correspondence, let (M, w) be a symplectic manifold, equipped with a
symplectic action of a Lie group G, with Lie algebra g.

The G-action preserves the Poisson structure of Ay := C*°(M,C), in the sense that
the action of G on Ay defined by pull-back satisfies

g{fihy={g.f,9.h},  g.(fh)=1(9.f) (g-h),

where g € G, f,h € Ag. Hence the differential of this G-action p: G — Aut(A4y), at
the identity e € G, provides a morphism d.p: g — Der(Ap) of Lie algebras, which is a
g-action on Ay by Def. 2.19.

If one thinks of the geometric action on points of M, this g-action is the standard mor-
phism that associates to x € g the vector field Z € C°(M,TM) on M defined by

I(p) = Z(exp““’ P)

t=0

where p € M, and exp: g — G is the exponential map of G. There is now a standard
identification between derivatives of Ay and vector fields on M.

Now assume that the G-action is Hamiltonian, equipped with a (G-equivariant) mo-
ment map p: M — g*. The dual viewpoint provides a map u*: g — Ap, usually
called a comoment, which admits a unique extension to a morphism of Poisson algebras
p*: Sym(g) — Ap. Moreover, by definition, this map sends an element = € g to the
function p*(x) € Ap whose Hamiltonian vector field is = d.p(z) € Der(Ay), and thus p*
is a moment map for the g-action, according to Def. 2.20.

Next there is the question of the reduction. Let O C g* be a closed G-invariant set,
for example the closure of a coadjoint orbit. Then one defines the Hamiltonian reduction
of M with respect to the moment g and the set O as the quotient

M oG = M_l(o)/G,

which inherits a natural symplectic structure from w (and which may fail to be smooth).
The natural algebraic counterpart of this construction would be to consider the algebra
of functions on this Hamiltonian reduction. The way to match this up with Def. 2.22 is
the following.
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~J

Consider the ideal I C Sym(g) = O+(g*) of functions g* — C that vanish on the
closed set O C g*. Then the ideal J C Ay generated by u*(I) is the ideal of functions
that vanish on p=1(O) C M, and the quotient A / J is canonically identified with the
ring of functions on the closed set u~'(©). Finally, taking the G-invariant part of the
quotient ring would provide the ring of functions on the quotient M /o G. Recall that
by definition one sets

AF ={f e A | G.f = f} C A,
and differentiating g.f = f at the identity e € G shows that this is the same as A§ of
g
2.21. Hence, a priori, the ring of functions of M /o G is the quotient (AO/J) . One can

show that invariant ring is isomorphic to the quotient A§ / J% in some fortunate cases, e.g.
when G and g are reductive.

On the whole, the construction we described above is the natural algebraic and con-
travariant counterpart of the classical Marsden—Weinstein reduction. If one were to work
with with affine Poisson varieties X over C, provided with algebraic actions of reductive
Lie group G that satisfy all of the above, then one would have Spec (6" x(X )) = X, and

one could define X /o G = Spec (R(ﬁX(X), i, ])), using the same notations as above
(and taking care that O C g* is now Zariski-closed). This produces an affine Poisson
scheme that may be singular.

In the same algebraic fashion as above, and exploiting the standard PBW quantisation
Qppw: g — U(g) for Lie algebras as in § 2.1.5, one defines quantum moments. To this
end, let us denote o: U(g) — Sym(g) the semiclassical limit, and let A be a possibly
noncommutative associative algebra over C, equipped with a g-action p: g — Der(A).

Definition 2.23. A quantum moment for ¢ is an associative morphism u: U(g) — A
such that its restriction to g lifts ¢ through the natural morphism X: A — Der(A):

Ul(g) — Der(A)

Just as in the classical case, the action is determined by p, which is in turn completely
determined by its restriction to g.

Now suppose to be in the context of filtered quantisation, as in § 2.1.3. Assume
hence that A be filtered, and that Ay = gr(A) is commutative. Call 0': A — Aj the
semiclassical limit, and consider two g-actions ¢g: g — Der(Ay), ¢: g — Der(A) which
admit a classical moment po: Sym(g) — Ap and a quantum moment pu: U(g) — A,
respectively.

SIf A is associative, a C-linear map f: A — A is a derivation if f(ab) = f(a)b+af(b) for all a,b € A.
This is however the same as asking for it to be a Poisson derivation with respect to the Poisson bracket
defined by the commutator of A (see A.1).
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Definition 2.24. The quantum moment u: U(g) — A is quantisation of the classical
moment fo: Sym(g) — Ay if they are intertwined by the semiclassical limits:

U(g) ——— A

Sym(g) T Ay

If one were to pick the completion of the Rees algebra of A, thereby getting a gen-
uine h-deformation quantisation, as explained in § 2.1.4, then one might say that u =

po(mod(h).

Remark 2.6. Notice that definition Def. 2.24 implies in particular that pyoo =0’ o
as well, since

o~ ~

co(0F).9={no(0f), gy = {po(0f), o'y = {'n(F), 0" @)} = o' |u([), 3] = o'¢(F).3,
for all f € U(g), g € Ay, and for all lift § € A.

One now defines the quantum Hamiltonian reduction R, (A, u, I), where (A, u,I) is a
triple consisting of an associative algebra A, a quantum moment u: U(g) — A, and a
two-sided ideal I C U(g). One considers the left-ideal J = A.u(I) C A generated by
p(I), which need not be two-sided.

Lemma 2.2. The invariant part J® C A9 is a two-sided ideal.

Here again one sets A® to be the algebra of g-invariants:
Av:= {b e A|[u(g),0] = 0}.

Proof. 1t is clear that J% = JN A% is an ideal in A%. To see that it is bilateral, pick ¢ € A9,
b € J9 One may write b =Y, b;uu(a;) for suitable b; € A, a; € I. Then:

be = Zbi,u(ai)c = Zbic,u(ai) +b; [u(ai), c] = Zbicu(ai) e Js,

where [u(ai), c} = 0 since c is g-invariant. O

Definition 2.25. The quantum Hamiltonian reduction of A with respect to the quantum
moment u: U(g) — A and the two-sided ideal I C U(g) is the quotient:

Ry(A,g,1) = A2/ J".
Notice that this quotient is an associative algebra, because of the above lemma.
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2.2 Geometric quantisation

The geometric approach to quantisation starts with a smooth symplectic manifold (M, w)
as phase-space, which moreover satisfies a certain integrality condition.

In § 2.2.1 we define the prequantisation of (M, w), which results in a Hilbert space H.
Next, in § 2.2.2 we introduce polarisations P C TcM on (M,w), and in § 2.2.3 we
construct the true quantum phase-space Hp of the theory out this data.

In § 2.2.4 we define the Hitchin connection, which provides a canonical way to identify
the spaces that correspond to different choices of polarisations, solving the problem of the
geometric quantisation of (M, w).

Finally, in § 2.2.5 we explain how to introduce the deformation parameter h into the
geometric picture, thereby providing a direct link with deformation quantisation.

2.2.1 Prequantisation

The main idea of geometric quantisation is to realise the quantum phase-space P(H)
underlying (M,w) out of smooth sections of a complex line bundle w: L — M over M.
Given such a line bundle, one has a priori no way to define an Hermitian product on
C*(M, L). However, if h is a Hermitian metric on L, then it makes sense to consider the
space of sections whose h-norm squared is integrable with respect to some measure on M.
This is better, but there is still a priori no way to let a classical observable f: M — R
act on the space of sections — apart from fibrewise multiplication — when the line bundle
is not trivial. The next good idea is then to ask for a connection V on L, so that the
first-order operators Vx,: C*(M, L) — C*(M, L) of covariant derivative may act on
the space of smooth sections, where X is the Hamiltonian vector field of f.

This quick overview motivates the following few definitions and remarks.
Definition 2.26. A set of prequantum data on the symplectic manifold (M,w) is a triple
(L,V,h), where

1. m: L — M is a smooth, complex line bundle over B.

2. h€ C®(M,L*® L") is a smooth Hermitian metric on L.

3. V is a h-parallel connection in L satisfying Fy = —iw.

One also refers to (L, V, h) as a prequantum triple, to m: L — M as the prequantum

line bundle and to V as the prequantum connection. Here Fy € A? (M , End(L)) o

A%(M,C) is the curvature of V. The constant i is necessary because w is a real form,
whereas Fy is purely imaginary. This is conceptually due to the fact that the local 1-

forms defining the connection take values in the Lie algebra u(1) = iR of the unitary
group U(1), since V is parallel for the Hermitian metric h on L:

Oxh(s,t) = h(Vxs,t) + h(s, Vxt), for all s,t € C*°(M, L), X € C*(M,TM).
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Moreover, the normalised curvature form %Fv € A?(M,R) has integer periods, and

thus 2= must be an integer form in order for a set of prequantum data to exist.

Definition 2.27. A differential form o € Q¥(M,R) is integer if its de Rham cohomology
class [a] € Hiz (M, R) lies in the image of the natural map

H*(M,Z) — H*(M,R) = Hk: (M, R),

defined for the ordinary singular cohomology.

We thus immediately see an obstruction to the geometric quantisation of (M, w).

Definition 2.28. The symplectic manifold (M,w) is prequantisable if ;> is an integer
form.%

A set prequantum data may exist only if (M, w) is prequantisable. The nice starting
result of the theory is the fact that the converse is true.

Theorem 2.2 (Konstant—Souriau—-Weyl).
Let M be a smooth manifold, and o € A*(M,R) a closed 2-form. If « is integer then
there exists a triple (L, V,h) as in Def. 2.26, such that iFV = —ia.

The Chern class of the prequantum line bundle 7: L — M is fixed. In particular, the
line bundle L is uniquely determined as a smooth complex line bundle. We now consider
the vector space C*°(M, L) of smooth sections of L, and try to construct a Hilbert space
out of it. To this end, consider the Liouville measure on (M,w), that is the measure

associated to the volume form N
w n

ILL = ' Y
n:

if M is 2n-dimensional. Then, if s € C*°(M, L) is a section, one can consider the real-
valued function h(s,s): M — Ry, and consider the space of square-summable sections:

(s € C®(M, L) /M h(s, ) < +oo}.

This space is pre-Hilbert, endowed with the inner product

(s | 1) = /M h(s,t)u € C. (2.10)

Definition 2.29. The space H of the prequantisation of (M,w) with respect to the
prequantum data (L, V,h) is the Hilbert completion of the space of square-summable
sections of L.

Hence H generalises the space C*°(R?*", C) N L*(R*", dx; . . . dxs,) of square-integrable
complex-valued functions for the 2n-dimensional Lebesgue measure, which would corre-
spond to a trivial line bundle over flat 2n-dimensional space (cf. Rem. 2.9).

As noted above, one now has two basic types of differential operators acting on H,
associated to a smooth function f € C*(M,C):

50ne may also find in the literature that the prequantum condition is expressed as Fy = —2miw. In
this case [w] itself must be an integer class.

34



CHAPTER 2. BACKGROUND

« The function multiplication ps: s — fs, an operator of order zero.

 The covariant derivative Vy,: s = Vx,s, where X; = {f,-} is the Hamiltonian
vector field of f, an operator of order one.

We are admittedly ignoring some analytical issues here. Namely, these operators are
a priori defined on C*°(M, L). One should check whether they act on H, and then extend
them to H by density. Even after doing that, it is not clear what their domain D C H will
be. At any rate, the procedure of quantisation that we are describing must be corrected
in order to work: the space H is in a sense too big (see Rem. 2.9).

Definition 2.30. The prequantum operator attached to f € C*°(M,C) is

-~

f=pus—1iVx, € End(H).

If we think of the map f — f as a quantisation map Q: C>*(M,C) — End(H), in
the sense of § A.4, then we might try to show that is satisfies some of the Dirac axioms
listed there, up to a multiplication by Planck constant. For instance, it is clear that the
map is C-linear, and the function constant to 1 acts as the identity. Moreover, the strong
version 4 of the compatibility of the Poisson structures holds.

Proposition 2.4. One has Q({f,g}) = z[f, 5} for all f,g € C*(M,C).
Proof. Pick functions f,g € C*(M,C). One has

Q({f’ g}> = ,U{f,g} o 2.vX{f,g} - {f>g} - zV[

vaXg}’

because f — X is a morphism of Lie algebras with the chosen convention (see (A.4)).
Now, one has

v[ 1= (V. Vi, | = Fo(Xp. X,) = [V, Vi, | +iw(Xs, X,) = [V, V| +i{f. g}

X5, Xg

Hence, on the whole:
Q({f.9}) =2{/.9} —i[Vx,, Vx,]

Let us now compute the commutator:

~

i1F.8] = iy = iV xgo g =iV x| = ilg ] + |15 Vx| + [Vixgo 1] = 1] Vi, Vi, |

The first addend vanishes, since function multiplication is commutative. Hence all
that is left is show is that

[:ufang} - {:ugava} = 2{f>g}
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Now, if s € C*(M, L):

(17, Vi, |5 = fVx,5 = Vi, (f5) = —df(X,)s.

Hence
15, Vx, | = =X, (f) = {9, f} = { 1.9},
and similarly
1, Vx| = {9, f}.
O

One can also verify that the algebra of classical observables is preserved, according to
axiom 2.

Proposition 2.5. Let f € C*°(M,R) be a real-valued function, and s,t € C*°(M, L) two
sections. One has

(QUNs [ 1) = (s [ QUNH)-

Proof. Let us fix f,s,t as in the statement.

It is clear that (fs | t) = (s | ft), because (- | -) is sesquilinear. We must then show
that (—iVy,s|t) = (s| —iVx,t), ie.

(Vs | 1) + (s | Vi, t) = 0.

In terms of integral, this means showing that

0= /M h(Vst,t)u + /M h(s, VXft>u = /M Xf(h(s,t))u,
Using the fact that V is h-parallel:

Xy (h(s,t)) = h(Vx,s,t) + h(s, Vx,t).

Introduce the Lie derivative Lx, along the vector field X, which allows for computing
derivatives of arbitrary differential forms. Using the generalised Leibnitz identity:”

Lx, (h(s,t)p) = Lx, (h(s,t) Ap) = L, A (h(s,8)) e+ s, ) A Lx, ().

The first addend is just the product X; (h(s,t)) i appearing in the integral. Indeed,

Lx, (h(s,t)) is the ordinary derivative X (h(s,t)) of the nonnegative, smooth function

h(s,t): M — Rsg. The second term vanishes, because of the Leibnitz identity, and
the fact that Lx,(w) = 0, n!ly = w"*. Recall that Lx,(w) = 0 follows from the Cartan
formula:

Lx,(w)=(doux, + tx, o d)(w) = d(tx,w) + tx,(dw) = —d*f = 0.

"That is Lx(a A B) = Lx(a) A Lx(B) for all X € C°(M,TM) and o, 3 € A*(M,C).
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Now, using again the Cartan formula

Lx, (h(s,t)u) = (do Lx; +Lx; 0 d)(h(s,t)u) = d(LXf (h(s,t)u)),
since h(s,t)u € Q?"(M,R) is closed, being a form of top degree.

One can finally conclude, using Stokes theorem:

/M Xf(h(s,t)),u = /Md<LXf (h(s,t),u)) = /6M LX, (h(s,t)u) = 0.

]

The constructions described so far has made some significant steps forward in the
search for a solution to the problem of quantisation of § A.4. Unfortunately, there are
major drawbacks, which explain the prefix “pre” in “prequantisation”. From the mathe-
matical viewpoint, the aberration can already be seen in the failure of the Dirac axiom
5 on irreducibility. From the viewpoint of quantum mechanics, the present construction
violates Heisenberg’s indeterminacy principle. To see why, let us apply the material of
this section to a simple classical system: a free particle in three-dimensional space.

Example 2.9 (Dirac prequantisation).

The classical phase-space of a free point particle in three-dimensional space is (T*R?, Wean),
using the standard Hamiltonian viewpoint for which the momenta variables live in cotan-
gent spaces.® The canonical symplectic form wean = 3; dg; Adp; is exact. One has w = d,
where A\ := — 3", p;dg; is the so-called Liouville potential. In particular one has [w] = 0 in
HZ, (T*R? /R), and thus our phase-space is prequantisable.

One can take the prequantum data (L,V,h) consisting of the trivial complex line
bundle L = C x T*R3 — T*R3, the translation invariant metric h which is everywhere
equal to the standard inner product h(s,t) := st, and the prequantum connection

Vi=d-i\
In this context one has C®(T*R3, L) = C~(T*R3,C), and
H = [X(RS, dgdp),
where dqdp is the standard Lebesgue measure on R® = T*R3.

We now see why this is not acceptable from the quantum mechanical viewpoint. The
classical observables ¢;, p; do not Poisson commute: {g;,p;} = 1. This means that their
quantisation ¢;, p; correspond to quantum observables whose values cannot be measured
simultaneously. In particular, it makes little sense for a wave function ¢ € ‘H to depend
on both positions and momenta. One would rather like to have a quantum phase-space
like H, = L*(Q,dq), where Q = R3 is the configuration space spanned by the positions,
or Hy = L*(P,dp), where P = R? is the space of momenta. These spaces correspond to
the usual position and momentum representations for a wave function ¢, and they illus-
trate the general idea that one should only have functional dependence on a Lagrangian
submanifold of the classical phase-space.

8This is in essence the dual viewpoint to Lagrangian mechanics. The two are related by the Legendre
transform: [Arn89].
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This remark shows that the prequantisation just proposed fails to recover the canonical
quantisation of the free particle in flat space, which is an essential request for any viable
quantisation procedure, as expressed in § A.4. We now turn to polarisations, in order to
find a way to correct the space H by “cutting out” some directions.

2.2.2 Polarisations

We will now restrict the prequantum phase-space H by considering sections of the pre-
quantum line bundle which are covariantly constant along chosen Lagrangian subman-
ifolds of the classical phase-space, i.e. along submanifolds having maximally isotropic
subspaces.

Let again (M, w) be a symplectic manifold.

Definition 2.31. A polarisation in (M,w) is a smooth, integrable, Lagrangian distribu-
tion P C TeM inside the complexified tangent bundle to M, such that the dimension of
PN P CTcM is constant.

The complexified tangent bundle is the tensor product TeM = TM ®g C of vector
bundles over M, where C denotes the trivial complex line bundle. One tacitly extends w to
the complexification by imposing C-linearity, getting a new complex, close, nondegenerate
2-form w € C* (M, AQTEM) A Lagrangian subspace L C (TcM), is then a vector
subspace such that L = L**“», where p € M. Its real dimension is equal to the dimension
of M, or half the real dimension of (TcM),. Since the distribution has constant rank, the
Frobenius theorem applies to show that P is integrable if and only if it is involutive, i.e.
closed for the Lie bracket of vector fields.

It follows from the definition 2.31 that the conjugate P C TcM of a polarisation is
still a polarisation. There is a priori no condition on the dimension of the integrable
subbundle PN P C Tc M, but the two extreme cases are so important that one introduces
further terminology for them.

Definition 2.32. Let P C TcM be a polarisation on the symplectic manifold (M, w).

o If P = P then P is said to be real.

o If PN P = (0) then P is said to be pseudo-Kéhler. If moreover the nondegenerate
Hermitian form iw: P ® P — C on P is positive definite, then the polarisation is
said to be Kahler.

The Hermitian form in the statement is defined at p € M by (u,v) — iw,(u, ), for
u,v € P, C (TcM),. Its radical is precisely P N P. Hence a polarisation is real if and
only if iw = 0, and pseudo-Kahler if and only if iw is nondegenerate.

Notice that a real polarisation can be obtained from a smooth, integrable, Lagrangian
distribution R C T'M, by means of P := R ®g C. Conversely, if P is a real polarisation,
then P is the complexification of R = PN T M, and thus considering distributions in the
complexified tangent bundle allows for more general objects.
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Remark 2.7. Geometrically, real polarisations are the same as Lagrangian foliations on
M, up to integrating the real subbundle of T'M to Lagrangian submanifolds of M (and
one sometimes requires this foliation to be a smooth fibration).

Remark 2.8. The existence of global polarisations has topological implications which we
will not delve into. It is also to deal with such issues that one works in the complexified
tangent bundle.

For the sake of an example, there are no real polarisation on the symplectic sphere (S%,w),
where w is the standard volume form. This is because a real polarisation in this case is
just a smooth distributions of lines inside T'S?, which can be given an orientation up to
lifting it to a two-sheeted cover of S?. This cover is diffeomorphic to the 2-sphere, and it
now carries a nowhere vanishing vector field: impossible.

Remark 2.9. In general, one calls a polarisation P C T-M admissible if the subbundle
P + P C TcM is integrable. This condition is automatically satisfied for real and Kahler
polarisations, since in the former case one has P+ P = P, and in the latter P+ P = Tc M.
Still speaking in full generality, one says that a polarisation P C T M is positive if the
Hermitian form iw: P ® P — C is positive semidefinite. This is the case of Kéhler
polarisations by definition, and of real polarisations because in that case w = 0, as
remarked above.

The terminology for Kéhler polarisations is justified as follows. If [ is a complex
structure on M that makes (M,w,I) into a Kahler manifold, then one may consider
the antiholomorphic tangent bundle P := Ty ;M C TcM as polarisation. Indeed, this
distribution is smooth, and it is integrable if and only if I is integrable — by the theorem
of Newlander—Nirenberg — which is assumed. Moreover, the compatibility with w makes
it isotropic, and thus Lagrangian for dimension reasons. Then P is pseudo-Kéhler because

P& P =Ty M® T M =TcM,

and finally the positive definiteness of iw: To 1M @ Th oM — C follows from the com-
patibility of I with w, i.e. from the positivity of the Kahler metric g = w(~, [())

The converse is true.

Proposition 2.6. If P is a Kdhler polarisation on (M,w), then there exists a complex
structure I on M such that (M, w, I) is Kihler and P = Ty M.

Proof. One defines the complex structure as the multiplication by —¢ on P and by ¢ on
P.

More precisely, let z € M be a point. Since P & P = TcM, we can decompose each
tangent vector v € T,M C (TcM), as v = v/ + 0", with v/ € P, and v" € P, uniquely
determined. Since v = ¥, one has v/ +v” = v/ + v”. Because v/ € P, and v" € P,, it
must be that v/ = v” and v” = v/, by the uniqueness of the decomposition of v € P, ® P,.
Then we define I,.: T,M — T, M via

L(v) =i(v" =),
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This is indeed an endomorphism of T, M, since
I(v) = —i(v" —v') = i(v/ = v") = i(v" = ') = L,(v).

By definition, the complexification of I yields automorphisms of the complexified tangent
spaces for which P is the eigenbundle of eigenvalue —i, and P the eigenbundle of eigenvalue
¢. This almost-complex structure is then integrable, since P = T ;M is integrable by
hypothesis.

Finally, I is compatible with w; indeed, if v = v/ +¢v” and w = w’ + w” are tangent
vectors at some point that we omit from the notation, then one has

w([(v),](w)) =
= w( — ' + " —iw + iw") = —w@, ) +wl@,w") +wl w) - wh w") =
_ w(v’,w") + OJ(UH,U),),

where in the last passage we used the fact that P and P are w-isotropic. For the same
reason, the last term is equal to w(v' 4+ 0", w' +w") = w(v, w), as it was to be shown. The
positivity of the bilinear symmetric form g = w(~, 1 ()) follows from the positivity of the
Hermitian form iw. O

Before leaving the general theory of polarisations, exploiting them in § 2.2.3 to correct
the prequantisation procedure of § 2.2.1, let us briefly discuss the case of flat space. This
is relevant for the discussion of § 4.6.

Example 2.10 (Linear polarisations on flat space).

Let M = T*R", equipped with the standard symplectic structure wea,. There is in this
case an important, distinguished class of polarisations on M: the constant ones. This
makes sense because the tangent bundle TM = M x M is trivial, and thus a vector
subspace V C M @ C = C?" defines the subbundle P, C T M such that Py(z) =V for
all x € M. Such polarisations are said to be linear. The space of linear polarisations is
then naturally identified with the Lagrange-Grafimann manifold A(C?") of C?", i.e. the
compact manifold of complex dimension %n(n—i— 1) parametrising Lagrangian subspaces of
(C* Wean), where we abusively denote we, the complexification of the canonical cotan-
gent symplectic form.

We now set A,(C?") to be the subspace of positive linear polarisation. The group
Sp(2n, R) of linear symplectic transformations of M acts on A(C*"), preserving A, (C*"),
and splitting the latter space into n + 1 orbits, according to the rank of iwe,y:

AL () = | AL(C).

k=0

The subset Ag_((CQ”) is closed, and consists of the real, linear polarisations. Indeed, if
iWean vanishes on Py @ Py then one has Py C P‘}“; but one also has P{}“’ = Py, since Py
is Lagrangian, and thus Py = P, by the equality of dimensions: Py is real. Conversely,
if Py is real then iwe,, vanishes on Py @ Py = Py ® Py.

On the opposite side, if iwean > 0 then one has Py N Py = (0), since all vectors in the
intersections are we,y-isotropic. Hence the polarisation is Kéhler, by Def. 2.32, and the
converse is essentially one way of rewriting the definition.
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2.2.3 Quantisation

Consider a prequantisable symplectic manifold (M, w), together with prequantum data
(L,V,h) (as in § 2.2.1) and a polarisation P C TcM (as in 2.2.2).

We now correct the prequantum phase-space H, by only considering sections which
are covariantly constant along the polarisation.

Definition 2.33. A section s: M — L of the prequantum bundle is P-polarised if
Vxs=0 for all X € C*(M, P). (2.11)
We denote C'%(M, L) the space of smooth P-polarised sections of L.

Remark 2.10. The notation X € C°°(M, P) indicates that X is a smooth section of
the polarisation P C Tz M. Such vector fields are said to be tangent or adapted to the
polarisation. In particular, X is a complex vector field on M, and the covariant derivative

V x is well defined.

We can now repeat the same construction as in § 2.2.1, but for polarised sections.

Definition 2.34. The space of the geometric quantisation of (M, w) with respect to the
polarisation P is the Hilbert completion H p of the pre-Hilbert space of square-integrable,
P-polarised sections of L:

{s e Cp(M, L) ‘/M h(s,s) < +oo} :

The completion is taken with respect to the restriction of the Hermitian product (2.10)
to P-polarised sections.

Notice that Hp C H is a closed Hilbert subspace. We will speak of the Kdhler quantisa-
tion of (M,w) to refer to the geometric quantisation with respect to Kéhler polarisations.

Remark 2.11. There are further issues to discuss at this point.

First, assume that the polarisation P is real, and let F be a leaf of the associated

Lagrangian foliation on M. Then one can consider the holonomy of any section of L
along a loop in F, with respect to the prequantum connection V. The restriction of V to
the line bundle L|- is flat, since the curvature is a multiple of the symplectic form, and
F is a (maximal) isotropic submanifold. Hence the holonomy along loops based at p € F
defines a 1-dimensional representation py: m1(F,p) — C* = GL¢(L,), i.e. a character
of the fundamental group. If this character is not trivial on a loop class [y] € m(F, p),
then any solution of (2.11) vanishes on F, because of the equality s = ,ov([’y])s.
One way out is to let My C M be the union of all leaves having trivial holonomies. This is
the Bohr—Sommerfeld submanifold of (M, w, P, L, V), and then one may consider solutions
of (2.11) which are concentrated on M. In the case we will consider in Chap. 4, however,
the leaves of our real polarisations will be simply connected, in which case My = M.
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A second issue for real polarisations is that of integrability. Namely, the h-norm of a
P-polarised section is constant along the leaves of P, since V is h-parallel:

X.h(s,s) = h(VXs,s) + h(s, VXS> =0,

if X € C*(M, P), and if s is a solution of (2.11). In particular, the function h(s, s) fails
to be integrable on any non-compact leaf of P, and s is not an L2-section.

One way out of this is the introduction of L-valued half-forms on M. In the case we
will consider in Chap. 4, however, there will be a canonical global transverse to the
Lagrangian foliation defined by the real polarisation. In this case, the set of leaves is in
natural correspondence to the transverse, which has a natural measure. One can thus
replace the integral of a P-polarised over M with an integral over the transverse.

A third issue is that the prequantum operators of Def. 2.30 need not preserve a given
polarisation P, be it real of Kahler. This is one of the fundamental issues of geometric
quantisation: one would like to have projective identifications among the Hilbert spaces
which correspond to different choices of polarisations. We will present in § 2.2.4 a viable
solution to this problem.

Let us discuss in more details the case of Kéahler polarisations, which will be central
in Chap. 4.

Example 2.11 (Kéhler quantisation).

Consider a prequantisable Kahler manifold (M,w,I), together with prequantum data
(L,V,h). The complex structure I on M implicitly defines a Kéhler polarisation via the
antiholomorphic tangent bundle P := Ty ;M C TcM to M (see 2.32), and we can define
Hp as in Def. 2.34. Let us understand this space in more details.

First, every quasi-complex structure I € C*(M,TM & T*M) = C* (M, End(TM))
on M provides a splitting A'(M,C) = A (M, C) @& A% (M,C), according to the di-
rect sum TgM = THOM & T%'M.7 Namely, one sets AM(M,C) = C°°(M,T*°M), and
A%(M,C) == C=(M, T% M). This decomposition can now be extended to the prequan-
tum connection V, which one should now think as a differential operator

V:C0®(M,L) — AY(M,L) = C*(M,TiM ® L)
of order one. One thus has V = V1 4+ V%! where in particular
VO C®(M, L) — A" (M, L) = C®(M, T"'M ® L).

The explicit formula for the (0, 1)-part of the connection is

Vol = ;(Id +l)V. (2.12)

One can now upgrade 7: L — M to a holomorphic line bundle (L, d), using 9 = V%!
as Dolbeault operator. The integrability of this operator follows from the prequantum
condition that Fy = —iw € AYY(M, C), since

7= (V") = (V)" = (Fo)*? = —iw®? = 0.

9Recall that T1OM (resp. T%!'M) is the eigenbundle of eigenvalue i (resp. —i) for the C-linear
extension of the dual structure I* € C> (M, End(T*M)) to TgM.

42



CHAPTER 2. BACKGROUND

Notice that now the connection V is tautologically upgraded to the Chern connection of
the Hermitian line bundle (L,d,h). Moreover, by the very definition of V%!, a section
s: M — L is P-polarised if and only if it lies in the kernel of 9, i.e. if and only if it is a
holomorphic section. Hence in this case one has

CyF(M,L) = H(M, L) == Ker (9: C*(M, L) — A" (M, L)).

Here H°(M, L) is the standard, cohomological-theoretic notation for the space of holo-
morphic sections of (L,0) — M, which depends on the Kéhler structure /. Then Hp is
the completion of the space of square-summable holomorphic sections of L.

This construction is a much more satisfactory quantisation procedure, as the following
example indicate.

Example 2.12 (Dirac quantisation).
Let us improve on Ex. 2.9 by adding a polarisation into account.

Consider again the exact symplectic manifold (T*R3, we.n = d)), with prequantum
data (L = C x T*R3,V = d — i\,h = dz ® dz). The prequantum phase-space of the
theory is H = L*(RS, dqdp), where (g, p) are the natural Darboux coordinates for weay.
We now want to cut the number of variables in half, by means of a polarisation. To get
the position representation, for which pure states are elements ¢ € L?(R3, dq), one must
then ask for all sections to be constant along the vertical fibres of the cotangent bundle.
It is a nice fact that this amounts to the choice of a real polarisation.

Set then R, = T;]R?’, and check that this defines a real polarisation P := R ®g
C inside Tc(T*R?). It is clear that the distribution is smooth and isotropic. Since
Dimp (R(q,p)) = 3 for all (¢,p) € T*R3, it is then Lagrangian. It is simple to show
that it is integrable, because the vector sub-bundle R C T(T*R?) is the tangent distribu-
tion to a foliation in the phase-space, namely to the vertical foliation defined by the fibres
of the canonical projection 7: T*R?® — R3. There is little to distinguish between the
distribution and the foliation, in this case. We then define Hp C H to be the completion
of the space of smooth, square-integrable, P-polarised sections, according to Def. 2.34.
To be more explicit, let us look in more detail to the space of P-polarised sections, which
is the same as that of sections which are covariantly constant along the directions of R.

Pick then a section s: T*R? — L, and consider the vector fields {9,,}; € C=(T*R?, R),
which provide a trivialising frame of R. One has, for k € {1,2,3}:

Va

Pk

s = 0p, s — IN(Op,)s = Op, S,

since d,, is in the kernel of A = — 3, pidg;. Hence a P-polarised section is one satisfying
the following first-order, linear homogeneous system of PDEs:

Opps = 0, for ke {1,2, 3},

which is just saying that they are constant along the vertical directions. For example the
constant section » = 1 would be a solution.
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It is not always the case that covariantly constant sections are just sections which
are constant along the polarisation. It happened here because we took care to choose a
symplectic potential A that vanishes along the polarisation. Such a symplectic potential
is said to be adapted to the polarisation. If we had taken X' := 3", ¢;dp;, thereby changing
the prequantum connection to V' = d — i)', then the condition for polarised sections
would have read

Op. 5 = 1qk5, k=123,

which admits e.g. the solution

r(4,p) = exp (iZijj> =" e C,
j

where - denotes the ordinary scalar product for the Euclidean space R3.

Regardless of the choice of symplectic potential, one can find a A-unitary, nowhere
vanishing section r: M — L which is P-polarised.'” This is in particular a frame of
L, and every other section s € C°°(M,L) can now be written s = fr for a suitable
function f € C*°(M,C). Now it really makes sense to identify sections of the trivial
prequantum bundle with complex-valued functions on M. Moreover, a P-polarised section
now correspond to functions which are plainly constant along the polarisation, because
of the Leibnitz rule:

Vx(fr)=0x(f)r+Vxr=0x(f)r,
for all X € C*°(M,TM). Under this identification, one can finally write

7-[P = LQ(Q? C? dq) N Coo(@a (C)>

recovering the good quantum phase-space.

It is now a small step to get to the operators of the so-called canonical quantisation,
or Dirac quantisation, of flat space. Introduce back Planck constant A, and consider the
following operators, acting on Hp:

Q= Mg Dk = —1h0,,.
In this way, one recovers the A-deformed canonical commutation relations:
@ @] = 0= [pr. 51,
[@7@} = 6klih7

for 1 < k,1 < 3. The nontrivial commutator for the position and the momentum relative
to the same direction are the mathematical way of expressing Heisenberg uncertainty
principle. The operators ¢;, p; have continuous spectrum equal to the whole of R, and
one can measure them in the state ¢ € Hp in order to get a real number lying in their
spectrum, as far as the mathematical formalisation is concerned (see § A).

10Since h is just the fibrewise standard Hermitian product on C, being h-unitary is equivalent to take
values in U(1) C C.
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To do some explicit dynamics, one could consider the classical observable
1, 13,
H(g,p) = Spl* = 5> 1),
2 23

a.k.a. kinetic energy (for a particle of mass 1). The canonical quantisation of this function
is then the quantum Hamiltonian

e h2 3 52
H=—— 2 = A
2 jzlaqj 2

acting on Hp via a multiple of the standard Laplacian operator for the flat Riemannian
metric.

This is not the end of the general theory of geometric quantisation. For example,
one might introduce metaplectic corrections in order to correct for the spectra of the
operators defined at the end of this procedure. This direction has not been pursued in the
thesis. Rather, the original results of Chap. 4 consist in new constructions of the Hitchin
connection, which we shall now introduce.

2.2.4 The Hitchin connection

In the previous sections § 2.2.1, § 2.2.2 and § 2.2.3 we explained how to attach a quantum
phase-space Hp to the data of a prequantisable smooth manifolds (M,w), a prequantum
triple (L, V, h) and a polarisation P C T M. The problem we face now is the following:
the quantum theory should be independent of the chosen polarisation, quantum mechanics
tells us. This means that one would like to have canonical isomorphisms P(Hp) = P(Hp)
for the projective spaces of two geometric quantisations of (M, w) associated to different
polarisations P, P’ C Te M. This is because these projective spaces are the true quantum
phase-spaces of the theory, according to Def. A.6.

To solve this problem in the context of the quantisation of compact Chern—Simons
theory, [Hit90] and [ADW91] independently proposed the following solution.

Suppose there to exist a family {P,},c7 of polarisations on the classical phase-space
(M,w) at hand, parametrised by some smooth manifold 7. Consider the trivial vector
bundle 7: H x T — T, and notice that the subspace Hp, C H lives in the fibre 771(P;).
The program is then the following:

1. Show that those subspaces can be glued into a vector sub-bundle V — 7T, so that
V,=Hp. forall PeT.

2. Define a connection V on the vector bundle ¥ — T.

3. Use the parallel transport PT?: Vo) — Vyqa) of V along paths v:[0,1] — T,
in order to provide isomorphisms Hp = Hp, between different fibres of V, where

r=(0), 7 = (1),
HGee Def. 2.45.
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4. Show that V is projectively flat.

5. Use some topological property of the base 7 to conclude that the induced isomor-
phisms are canonical.

Definition 2.35. The connection V is called the Hitchin connection for the geometric
quantisation of (M,w) with respect to the family of polarisations { P;},c7.

The first two points 1 and 2 are actually dealt with simultaneously, as follows. One
looks for a connection V in the trivial bundle H x 7 — T that preserves the subspaces
Hp. C H. If such a connection exists, then V is a smooth vector sub-bundle, and the
restriction of V is what one is after. Since the prequantum bundle is trivial, one has the
following formula:

/V\:VT—J—u,

where V7T is the trivial connection, and u is a one-form on the base taking values in
endomorphisms of H. The Hitchin Ansatz is to take u € Al(T, D(M, L)): the one-form
takes values in differential operators acting on smooth sections of the prequantum line
bundle. The problem is now to choose u so that the subspaces Hp_ are preserved.

One now has isomorphisms PTX: Hp, o, — Hp,,,, according to 3, but they a priori

depend on the choice of the path ~: [0,1] — 7. If however V is projectively flat (see
Def. A.9), as indicated by 4, then the induced isomorphisms

P(PTY ): P(V)p,, — PV)p,,)
on the projectivisation P(V) — T of V will only depend on the homotopy class [y] €
I, (7)) of the path «. Finally, following the lead of the last item 5, if 7 is for example
simply connected, then these isomorphisms will be totally canonical. One may then finally
define the Hilbert space of the geometric quantisation H,; of (M, w) as the isomorphism
class of Hp_, for any 7 € T. This is the same a declaring that H,s is the space of
V-covariant constant sections of V.

This is the final output of the geometric approach to quantisation, as far as this thesis
is concerned.

2.2.5 The quantum level

Before leaving geometric quantisation, a last important remark is at hand. Namely, one
may introduce the deformation parameter A into the theory, and consider semiclassical
asymptotic expansions for A — 0. This will also provide a bridge towards the deforma-
tion quantisation, as introduced in § 2.1.

Pick again a prequantisable smooth manifold (M, w), prequantised by the triple (L, V, h).
Let k£ be a nonnegative integer, call it the quantum level of the theory, and replace the
prequantum data by the new (L®* V& h®*) where m: L®* — M is the k-fold tensor
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power of L, and the remaining data are the naturally induced metric and connection in
the line bundle L®*. One now has the new prequantisation condition

Foer = kFy = —ikw.

It would have been the same to consider k-depending prequantum data (L®*), V®*) p#)
on (M,w) such that Fyk = —iwg, where wy is a k-deformation of w, in this case just
equal to kw. This is the viewpoint of § 4.2.4.

All the above material can be now be recast in those k-dependent terms, to define pre-
quantum Hilbert spaces H®), and quantum Hilbert spaces ?—[55).12 There is one technical
reason for doing this, which is allowing for prequantum bundles with more P-polarised
sections, as the level k£ grows. However, the most deep reason consists in considering
asymptotic properties of the geometric quantisation ’Hgf), as k — +o00. The link with
deformation theory comes by introducing h := k=1, so that the above limit is actually the
semiclassical one (see § A.4). The following example will make this more precise, in the
context of Kahler quantisation (2.11).

Example 2.13 (Berezin—Toeplitz quantisation).

Let (M,w,I) be a prequantisable, compact Kéhler manifold, k¥ € Z>q a quantum level,
and (L,V,h) prequantum data. According to Ex. 2.11, the Hilbert space ’Hgf) of the
Kéhler quantisation of (M,w,I) at level k is the metric completion of the subspace of
holomorphic sections of L®¥,

CF (M, L) = H°(M, L¥*),

within the space of square-integrable ones, where P := T, M C T M. Similarly, the pre-
quantum Hilbert space H* is the completion of the full space of square-integrable section
w/\n

of L¥*, so that one may write H*¥) = L*(M, L®*, 1), where p := ", and Dimg (M) = 2n.
One can now try to define a k-dependent quantisation map

Q) = C*(M,C) — End (M),

by improving on the definition of the prequantum operators 2.30. One way of doing this
is provided by Toeplitz operators.

To introduce them, denote by IT: H*) — Hgf) the orthogonal projection onto the
closed quantum subspace. Now, if f € C*°(M,C) is a smooth function, the operator sy
will act on H®*), but it need not preserve the s];)ace of holomorphic sections. However,
the composition T f =11, o p ¥ Hgf) — ’Hgf is forcefully an operator acting on the

quantum Hilbert space "Hgf).

Definition 2.36. The operator T f € End (H@) is the Toeplitz operator of level k

associated to the function f: M — C. The assignment T : C~(M,C) — End (Hﬁf))
is the Berezin—Toeplitz quantisation.

121t is important to note that here one does not necessarily have tensor or direct products, whence the
heavier the notation.
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One can show that these operators are a hidden version of (a k-deformed version of)
the prequantum operators Q) (f) of Def. 2.30. Namely, one can relate Tg(k) to QW (f),
where g == f — 5 Af (see [Tuy87]). Moreover, some of the desired Dirac axioms of § A.4
are recovered, thanks to the following results.

Theorem 2.3. One has HTJEk)H < || flloo for all f € C*(M,C), where || - || is the
oo-norm, and || - || the operator norm with respect to the scalar product (2.10). Moreover

: (k)
Jim 7 = |

This guarantees that the Toeplitz operators are bounded, hence continuous. The limit
indicates that the norm of of the quantum operator is semiclassically equal to that of the
classical observable, which is coherent with Bohr correspondence principle.

The next result shows even more strikingly that the weakening of axiom 4 holds in this
geometric context, thereby essentially providing a deformation quantisation of the classical
Poisson algebra Ay := C*(M,C). The aim of this result is to compare the h-deformed

commutator %[T}k),Tg(k)} = ik[T}k),Tg(k)} with the Berezin—Toeplitz quantisation T{(?g}
of the Poisson bracket of f,g € Ay. One expects the difference to be infinitesimal for

h — 0, and this is precisely what happens for the operator norms.

Theorem 2.4. Let f,g € Ag. One has:
ik[T® W] —1® = 0o E .k —> 4oo.
H [ f g {f.9} L

These two theorems are quoted from [BMS94].

2.3 Moduli spaces of connections

Here we introduce the classical phase-spaces we are interested in: moduli spaces of flat
connections on Riemann surfaces. We will neither delve into the general categorical
definition of coarse and fine moduli spaces as representable functors, nor into the general
question of actually constructing moduli space for a given classification problem. Rather,
we point to the results in the literature that guarantee that the moduli spaces we consider
exist, and that they have the correct geometric structure in order to try to quantise them.

Throughout this section K is a connected compact Lie group, and G = K¢ its com-
plexification: it is a complex reductive group containing K as maximal compact subgroup.
The symbol X will denote a smooth complex projective curve, a compact Riemann surface
or a compact orientable smooth surface, depending on the context.

In § 2.3.1 we introduce the moduli space of Mygr(3, G) of flat G-connections on ¥,
which is the classical-mechanical setup for the geometric quantisation results of Chap. 4.
For the sake of a self-contained exposition, we also briefly introduce the moduli space
Mpa (2, G) of G-Higgs bundles on X, as well as the character variety Mg (X, G) of X, in
the broader context of the non-Abelian Hodge correspondence on curves.
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In § 2.3.2 we consider the particular case of unitary connections, i.e. connections for the
compact group K C G. In § 2.3.3 we then recall the successful geometric quantisation of
the moduli space of C*°, flat SU(2)-connections: this is a direct application of the setup
of § 2.2 to a particular, interesting classical phase-space. The complexification of this
construction is what we look at in Chap. 4.

In § 2.3.4 we introduce the moduli space M* of meromorphic connections on holomor-
phically trivial vector bundles over ¥ = CP!, which is the classical-mechanical setup for
the deformation quantisation results of Chap. 3.

Finally, in § 2.3.5 we discuss the Schlesinger system after introducing the notion of holon-
omy /monodromy for flat connections. We also apply the material of § 2.1 to deformation-
quantise the Schlesinger system, getting the Knizhnik—Zamolodchikov connection. The
project detailed in Chap. 3 is a generalisation of this procedure.

2.3.1 Nonsingular connections

Let us fix a positive integer n, and consider the group G = GL,(C). The category of
principal G-bundles on the nonsingular, complex projective curve ¥ is then equivalent to
that of rank n, complex vector bundles on Y. All the discussion of this section can be
generalised to a generic complex reductive group by consistently replacing vector bun-
dles with G-principal bundles.'® Nonetheless, one must pay attention that there are a
priori three types of principal G-bundles, or complex vector bundles over ¥: algebraic,
holomorphic and smooth ones.

To clarify the distinction, let s, be the sheaf of regular function on ¥ as a complex
algebraic variety, O%" its sheaf of holomorphic function as a complex manifold, and C°
its sheaf of complex-valued smooth functions as a smooth manifold. One has inclusions
Os(U) C C(U) for all open sets U C 3, making C3° into an Ox-module.

Now, because of the fact that X is projective, the first two sheaves are related by the
classical GAGA correspondence of [Ser56]. This means that the classification problem for
algebraic vector bundles and connections on ¥ provides a moduli space which is in natural
bijection to that for the same type of holomorphic objects on the underlying Riemann sur-
face. More precisely, the category of coherent Ox-modules on the smooth projective curve
(e.g. algebraic vector bundles of finite rank) is equivalent to that of coherent £&"-modules
(e.g. holomorphic vector bundles of finite rank) on the underlying Riemann surface. The
equivalence is an essentially surjective, fully-faithful functor; this means precisely that the
map induced on the moduli spaces parametrising isomorphism classes is bijective.

With this correspondence clarified, we will work in the holomorphic category, but abu-
sively omit the superscript “an” from the notation.

On the whole, we will consider holomorphic vector bundles on ¥, i.e. locally-free
sheaves of Ox-modules, and smooth complex vector bundle on X, i.e. locally-free sheaves
of C-modules. We will use the same notation for a vector bundle and its associated
sheaf of sections.

Definition 2.37. A holomorphic G-connection on ¥ is a pair (V,V) consisting of a

13 And forms taking values in endomorphism bundles with forms taking values in adjoint bundles.
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holomorphic, rank n vector bundle on X and a first-order differential operator
V:V—=Q50V,
satisfying the Leibnitz identity:
V(fs)=df @ s+ fVs,

for any local section s of V' and a holomorphic function f on X.

The symbol QF, denotes the sheaf of holomorphic p-forms on X, i.e. differential forms
of type (p,0) with holomorphic coefficients. In a local holomorphic trivialisation V|, =
C" x U of V over the open set U C 3, one will have a formula

V|, =d— A,

where A € End(C") ® Q4 is the connection form. The curvature of the connection V is
by definition
Fy =V? € Q% @ End(V).

This differential form vanishes, for dimension reasons: there are no holomorphic 2-forms
on Y. Hence all holomorphic connections on ¥ are flat.

Remark 2.12. Before discussing stability conditions, thereby defining the moduli space
we want to quantise, let us consider the equivalent smooth picture. First, if V is a
holomorphic vector bundle on ¥, then one may consider the underlying C*° bundle

Ve =V ®p, OF

on Y. By definition, a local section of VV*° on the open set U C X can be written as a linear
combination t = Y, f;s;, where s;: U — V are holomorphic sections, and f;: U — C
smooth functions. One can then extend V to a connection on the underlying smooth
vector bundle by imposing the Leibnitz identity; namely, all terms of the equality

\% <Z f151> = del ® s; + fiVs;
are well defined. The result is a differential operator
V:V® — AL @ V™,
where AL is the sheaf of smooth, differential one-forms on 3. This smooth connection is

still flat, because the curvature Fy € End(V) ® A% vanishes on holomorphic sections, and
V is just defined by extending scalars.

Conversely, let (V°°,V) be a flat, smooth connection on ¥, i.e. a smooth complex
vector bundle 7: V> — ¥ equipped with a flat connection V: V> — V> @ AL. Then

2
in particular one has (Vo’l) = V%2 = 0, and so the differential operator
Oy = VOV 5 V=@ AN

defines a holomorphic structure on V>, where A%? denotes the sheaf of smooth differ-
ential forms of bidegree (p,q) on X. One then defines V' := Ker (5‘/00) C V= to be the

holomorphic vector bundle defined by the Dolbeault operator dy~ within VV*°. Now, the
restriction of V to V' (i.e. the (1,0)-part of V) is by definition a holomorphic connection.
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Now that the equivalence is clear, let us define stability conditions for holomorphic
connections.

Definition 2.38. Let 7: V' — X be a vector bundle over Y. The slope of V' is the ratio

_ Deg(V)
V) = Rk(V)

where Deg(V) is the degree of V', and Rk(V') the rank of V.

Recall that the degree of the vector bundle V' only depends on its smooth structure,
and it is defined as follows. One has a short exact sequence of sheaves on X:

0) — 72— Os — 05 — (1).

Here Z is the constant sheaf associated to the ring Z, and 0% is the sheaf of nowhere
vanishing holomorphic functions on Y. The first nontrivial arrow is the natural embedding
of Z into the sheaf of holomorphic functions on ¥, and the surjective morphism of sheaves
Os, — 0% is given by the exponentiation f — >/ of local holomorphic functions f on
Y. For general cohomological-algebraic reasons, this short sequence defines a long exact
sequence in Cech cohomology, and one in particular has a coboundary map

§: HY(%, 0%) — H2(%,Z) = Z.

Now one recalls that the first cohomology group ﬁl(E, 0%,) classifies line bundles over .
Namely, a Cech 1-cocycle {p;;: U; N U; — C* = GL(1,C)}, jer associated to an open
cover {U;}ier of ¥ will define transition functions for a line bundle 7: L — 3 which is
trivial over the open sets U;, and its isomorphism class will be provided by adding all
possible Cech 1-coboundaries. Then, by definition, the degree of L is the integer Deg(L)
associated to its cohomology class under the map ¢ above. Finally, the degree of a generic
vector bundle V' is the degree Deg (det(V)) € Z of its determinant line bundle.

Definition 2.39. Let (V, V) be a holomorphic G-connection on ¥. A subconnection of
(V,V) is a vector subbundle W C V such that V(W) C W ® Qi,, endowed with the
restricted connection V|;,. The connection (V, V) is said to be:

« semistable, if one has u(W) < p(V) for all subconnections such that W # (0).
o stable, if one has p(WW) < (V) for all subconnections such that (0) # W # V.

e polystable, if it is a direct sum of stable connections of one and the same slope.

Remark 2.13. This definition is given in this full generality in order to match it up
with that for G-Higgs bundles and GG-bundles. In this context, however, there are many
simplifications.

The basic remark is that the degree of a vector bundle carrying a flat connection
vanishes. Hence a holomorphic connection (V,V) is carried by a vector bundle of slope
zero, as well as for all its nontrivial subconnections. Hence all holomorphic connections
are semistable, and the only stable ones are those which are irreducible, i.e. those with-
out nontrivial subconnections. Similarly, a connection is polystable if and only if it is
semisimple. The same is true if one replaces “holomorphic” with “smooth and flat”.
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We now consider the moduli spaces Mg (3, G) (resp. Mar(X,G)) of isomorphism
classes of stable (resp. polystable), holomorphic G-connections on ¥. A stream of re-
sult relates this moduli space — or rather the underlying moduli stack — to two other
classification problems associated to the pair (X, G), and show that it has the structure
of a hyper-Kéhler manifold. Let us now briefly review these results, starting from the
definition of Higgs bundles.

Definition 2.40. A Higgs bundle on ¥ is a pair (V, @), consisting of a holomorphic vector
bundle V on ¥ and a Higgs field ® on V. In turn, a Higgs field on V' is an End(V')-valued
holomorphic 1-form on >:

® € H'(%, 2} ® End(V)).

A Higgs subbundle of (V,®) is a vector subbundle W C V such that ®(W) C W @ QL.
The Higgs bundle (V, ®) is said to be

« semistable, if one has u(W) < p(V) for all Higgs subbundles such that W # (0).
« stable, if one has u(W) < p(V) for all Higgs subbundles such that (0) # W # V.

» polystable, if it is a direct sum of stable Higgs bundles of one and the same slope.

We denote M55 (3, G) and Mpy (3, G) the moduli spaces of isomorphism classes of
stable and polystable Higgs bundles of slope zero, respectively.

Remark 2.14. For the sake of generality, we shall also express the definition in terms
of principal G-bundles. In this language, a G-Higgs bundle on ¥ is a pair (P, ®), where
P is a principal G-bundle and ® a section of Ad(P) ® K, where K is the canonical line
bundle of the Riemann surface. Since G is a classical reductive group, such pairs (P, ®)
correspond to triples (V, 8, ®), where V' is a holomorphic vector bundle, § a reduction of
the structure group of V' from GL,(C) to G (vacuous in the context of this section) and
® is a K-twisted endomorphism of V' which is compatible with 6.

In Chap. 4 we will pursue the viewpoint of vector bundles, for the structure group
SL(2,C): a SL(2,C)-Higgs bundle is a rank 2 holomorphic vector bundle V' with trivial
determinant, together with a holomorphic 1-form ® that takes values in traceless endo-
morphisms Endy(V) C End(V).

Higgs fields were defined in [Hit87a]. The existence of the moduli space Mpy (2, G)
was proved by Hitchin in the case of rank two, and by Simpson [Sim92; Nit91] in the
general case. Simpson extended these result to an arbitrary reductive complex group in
[Sim94]. The upshot is the following.

Theorem 2.5 (Nitsure, Simpson). The moduli space Mpg is a quasi-projective algebraic
variety, containing M3, as smooth locus.

In [Hit87a] it is also shown that Mp, is in natural correspondence with the space
of (equivalence classes of) solutions of a certain system of differential equations on .
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Namely, one considers a smooth complex vector bundle 7: V> — 3, together with a
smooth Hermitian metric h. The Hitchin equations read
{FA +[@, 9] =0

- 2.13
J4® = 0, (2.13)

where A is a h-unitary connection on V>, 94 := A% the holomorphic structure on V>
associated to A, and ® a smooth, End(V*)-valued (1,0)-form on 3. One accordingly
introduces a moduli space MM = M(X, G) of pairs (A, P) that solve (2.13), up to gauge-
equivalence.

Theorem 2.6 (Hitchin, Simpson).

The moduli space M of solutions to Hitchin equations (2.13), up to equivalence, is the
hyper-Kahler quotient of an infinite dimensional vector space, with (2.13) expressing the
vanishing of the hyper-Kdihler moment map. Moreover, this hyper-Kdihler manifold is
isomorphic to Mpeg in one complex structure coming from the Kdhler sphere of .

The natural map 9t — Mp,; is obtained as follows. To a solution (A, ®) of (2.13)
on the smooth vector bundle V> one associates the holomorphic vector bundle V' =
Ker (5A> C V| so that now @ is tautologically a holomorphic section of (3, ® End(V),
i.e. a G-Higgs field. The theorem is there to prove the nontrivial statements that this
correspondence is well defined on isomorphism classes, and that it induces a bijection
with the polystable part of the Dolbeault moduli space.

Similarly, one can relate the hyper-Kéhler moduli space 9t to that of polystable (i.e.
completely reducible) algebraic/holomorphic connections on ¥ (see [Cor88], as well as
[Don87], which is a companion paper to [Hit87al).

Theorem 2.7 (Corlette, Donaldson).
The hyper-Kahler moduli space M is isomorphic to Magr in a different complex structure
coming from the Kdhler sphere of IN.

A more precise statement is that a flat connection (V°°, V) on 3 is polystable, then
V' supports a harmonic metric. The equations for such metrics are then related to (2.13).

In this case the natural bijection 9 = Mgg is constructed as follows. To a solution
(A, ®) of (2.13) on a smooth vector bundle V> one associates the smooth G-connection
V=A+®+0*: V>® — V>® @ Aj. The first equation of (2.13) then assures that V is
flat, and thus its gauge class is a point of Mggr. Then [Don87] shows that any irreducible,
flat connection on ¥ is gauge-equivalent to one of the form V = A+ ® 4+ &* where (A, ®)
solves (2.13).

One gets by composition a diffeomorphism Mp, = Mggr, which is called the non-
Abelian Hodge correspondence. This terminology was introduced by Simpson, and it is
motivated by cohomological reasons (see [Sim92; Sim94; Sim97]). In brief, on the compact
Kéhler manifold ¥ one has three different cohomological theories named after Betti, de
Rham and Dolbeault, defined for the Abelian group C* = GL;(C); the moduli spaces
Mar, Mpe just introduced then correspond to the non-Abelian analogue of the latter
two.
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What is left is the Betti viewpoint, which provides a third, different complex algebraic
avatar of the (coarse moduli space underlying the) first cohomology group ﬁl(E, G). This
is obtained by considering the moduli space of G-representations of the fundamental group
of X, up to conjugation. We thus set

Mg(3,G) = Hom (m(%),G) /G, (2.14)

which is also called the G-character variety of 3. Notice that we omit the base point from
the fundamental group, for the following reason. If p,q € ¥ are two points, then there is
an isomorphism ¢,,: m (X, p) — m (X, ¢) for all choice of continuous path p: [0,1] — X
that starts at p and ends at ¢. Namely, if [7] is the homotopy class of a loop v based at
p, then one sets

eu((V]) = [ %y %l

where * denotes path concatenation (written from left to right), and ="' denotes the path
1 traced backwards. If one chooses a second path p’ that joins p to ¢, then the composition
90;,1 op,: m (X, p) — m (X, p) results in an inner automorphism of the fundamental group
at p, namely the conjugation by the loop pu~! * /. Such automorphism are turned into
inner automorphisms of G by any representation p: m (3, p) — G, and thus the class
[p] € Mp does not depend on them.

The variety Mg is constructed as the GIT quotient of a complex affine variety, with
respect to the action of the reductive group G (see [MFK94]). Namely, if one let g be the
genus of X, then one has a presentation

Hom (7‘(‘1(2), G) =} {(Ai, Bi)1<i<g

I1[4: Bi] —I:O} C G%,

7

where I € @ is the identity matrix. This is an affine variety within G?9, cut out by
algebraic equations, and its quotient with respect to the G-action

9-(4;,By); = (949~ ", 9Big™");

is what one is after. One can show that the stable points for this action correspond to
irreducible representations, that the polystable ones correspond to semisimple representa-
tions, and that all points are semistable (see [Ric88]). This is in full accordance with the
terminology for flat connections, as it should, because of the following standard result.

Theorem 2.8. The map v: Maqr — Mg that sends a flat G-connections to its mon-
odromy data is a bijection that respects polystable and stable points. It induces a non-

algebraic biholomorphism Mg = M5s.

The application v may be called the C*° Riemann—Hilbert correspondence, of which
we will see an explicit instance in § 4.2.1 for a curve ¥ of genus one and G' = SLy(C).
Let us just recall here that to a flat, nonsingular G-connection V one associates its holon-
omy representation v(V): m(X) — G, and that this data reconstructs the connection
entirely (see § 2.3.5 for more details on holonomy, where we will also introduce Deligne’s
Riemann—Hilbert correspondence for logarithmic connections on the sphere).
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Conversely, to an n-dimensional complex representation p: m(¥X) — GL(C") one can
associate a flat connection (V,,V,) on ¥, as follows. The universal cover ¥ — ¥ is a
principal 7 (X)-bundle, with the fundamental group acting freely on the right via deck
transformations; one then considers the vector bundle on ¥ associated to the representa-
tion p, whose total space is the quotient

Vp::i xp(C":iX(C”/m(Z),

where [y] € m(X) acts diagonally on the right as [y].(p,v) = (p.[fy],p([’y])_l.v) The
clutching maps on this vector bundle are actually constant: it is a local system on 3.
Hence it makes sense to define a connection V,: V, — AL ® V, on V, by declaring that
V|y, = d for local trivialisations V|, = C" x U; of V, on an open cover {U; };er of X such
that the transition maps g;;: U; N U; — G are constant for all ¢, € I. These locally
trivial connections glue to a global connection because the terms g;; 1dgl-j of the local gauge
transformations vanish all. This connection is tautologically flat, because its connection
forms vanish in the given trivialisation. Hence one can associate a holomorphic connection
to all representation of m;(X) (the Narasimhan—Seshadri theorem that we recall in 2.10
exploits this fact).

Remark 2.15. The Betti description Mp of the hyper-Kahler moduli space provides
the most explicit presentation of its underlying smooth manifold. It also shows that the
moduli space is trivial if the genus g of X is zero, i.e. when ¥ = CP!. In that case one can
still get nontrivial moduli spaces by allowing for singular objects, that is for meromorphic
connections and Higgs fields: see § 2.3.4. This is precisely the setup for the deformation
quantisation results of Chap. 3.
Still speaking of lower genus, the case of genus g = 1 leaves no stable representations,
because in that case one deals with commuting pair of matrices; it is then better to consider
polystable objects, i.e. semisimple ones. This is the situation which is relevant to the
geometric quantisation results of Chap. 4. The classification of polystable objects up to
isomorphism is the same as the classification of semistable ones up to a weaker equivalence
relation, called S-equivalence, where “S” stays for “semisimple”. This is because in any S-
equivalence class there exists a polystable object, unique up to isomorphism, and because
the notion of S-equivalence is the same as that of isomorphism on polystable objects.
To clarify what S-equivalence is about, we consider holomorphic vector bundles. One can
show that any semistable holomorphic vector bundle V' on ¥ admits a Jordan—Hoélder
filtration

W g CWe=V,

where every quotient VVI/VVl,l is stable of slope ,u(VVl/VVl,l) = (V)" Thus V is a

filtered vector space in the sense of § 2.1.2, and the associated graded gr(V') = @, W; / Wi_1
is defined as a holomorphic vector bundle on 3. One can show that the isomorphism class
of gr(V) is uniquely determined by V', although the Jordan—Holder filtration need not be
unique. Two semistable vector bundles on ¥ are said to be S-equivalent if their associated
graded are isomorphic.

14This is a variation of the Harder-Narasimhan filtration of an arbitrary vector bundle, introduced in
[HNT75].
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If now V is polystable, then it is by definition a semistable vector bundle provided with a
grading in stable vector bundles. Up to picking an order, the associated filtration satisfies
the above conditions, and thus the isomorphism class of the associated graded gr(V)
uniquely identifies the isomorphism classes of the direct addends of V. This fixes the
isomorphism class of V' among the polystable vector bundles.

2.3.2 Nonsingular unitary connections

We now replace the complex reductive group G by the compact maximal subgroup K
that it complexifies. The chief case we consider here is that of K = U(n), whose complex-
ification is the group G = GL,(C) of the previous section § 2.3.1. A principal K-bundle is
then the same as a vector bundle equipped with an Hermitian metric. Assume moreover
in this sections that the genus ¢ of ¥ is at least two.

In this case there are only two different moduli spaces to consider, as far as algebraic
structure is concerned. First, there is the moduli space of unitary representations of the
fundamental group of Y, up to equivalence. This is the quotient

Char(X, K) = Hom (m1(3), K) / K.

The C*° Riemann-Hilbert correspondence identifies this space with that of flat K-connections
on X, and it makes little sense to distinguish the two. One can still show that the irre-
ducible part is a smooth manifold. In this case there is however no natural way to define
a complex algebraic structure on the quotient, since K is not a complex variety."”

The way around this comes from the second moduli space we consider: it is Bung(X, 0),
parametrising equivalence classes of degree zero, algebraic/holomorphic principal G-bundles
on X, i.e. holomorphic, degree zero, rank n vector bundles 7: V' — 3. One defines the
slope of such a bundle as in Def. 2.38, which is always zero in this context of vanishing
degree. Next, the definition of stability is given in accordance to Def. 2.39 and 2.40,
only that one now considers all vector subbundles, and not just the ones fixed by a G-
connection or a G-Higgs field. One then has a moduli space Bunfy(X, 0) of isomorphism
classes of stable, holomorphic G-bundles on ¥ of degree zero, as well as the following
result (see [Mum63)).

Theorem 2.9 (Mumford).
The moduli space Bunfy(X,0) has the structure of a nonsingular, quasiprojective variety
over C.

The link between this moduli space and that of irreducible, flat K-connections is
provided by the theorem of Narasimhan and Seshadri (see [NS65]). Recall from the
previous section that a representation p of 71(X) with values in G = K¢ provides a flat
connection (V,,V,) on X. Hence a unitary representation p: m(X) — K C G does
the same, and one may just consider the associated holomorphic vector bundle V, on X,
forgetting about the fact that it carries a holomorphic connection V, (but noticing that
this forces Deg(V,) = 0).

5 However the complex structures of 3 does provide a complex structure on the moduli space of flat
connections: see § 2.3.3.
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Theorem 2.10 (Narasimhan-Seshadri).
A degree zero, holomorphic vector bundle on ¥ is stable if and only if it comes from an
irreducible, unitary representation of mi(%).

This theorem fills in the nontrivial details of showing that the association p —— V,
induces a well defined map on the moduli spaces, and it sends K-conjugacy classes of
irreducible connections bijectively on the stable locus of Bung(X,0). A different, later
proof consists in showing that the stability condition on a vector bundles V' amounts to
that for the existence of a metric h such that the associated Chern connection is flat,
and then the Narasimhan—Seshadri correspondence is obtained by taking the local system
defined on 3 by that flat connection (see [Don83]). This is all nowadays subsumed by
the results of the previous sections, where one considers Bun*(X,0) as the subvariety
of Mpe (X, G) where the G-Higgs fields vanish, noticing that the stability conditions in
this case match up. Then the theorem of Narasimhan-Seshadri is a corollary of the
non-Abelian Hodge correspondence, even though saying so reverses the history of the
development of this vast subject.

After the theorem of Narasimhan—Seshadri, one expected that the space of all unitary
representation of the fundamental group should provide a compactification of Bung(%, 0),
resulting in a (singular) projective variety. This was shown two years later in [Ses67].

Remark 2.16. The tangent space to a principal G-bundle V' on 3 is naturally iden-
tified with the first cohomology space H'! (E,End(V)). Hence a G-Higgs field & €

HO° (E, End(V) ® Q%) is naturally a cotangent vector to Buny at V. This provides an
embedding
1" BUHSCE < M%Ol?
which is however not an isomorphism. The point is that there do exist stable G-Higgs
bundles defined on non-stable principal G-bundles over 3. The correct statement is that
st 1 is a partial compactification of the cotangent bundle 7% Bunf,. The same exact
phenomenon occurs for the polystable locus.

The next section is devoted to recalling the geometric quantisation of the moduli space
of flat SU(2)-connections.

2.3.3 Kahler quantisation of the moduli space of flat unitary
connections

We first recall how the moduli space of irreducible, unitary flat connections on a nonsin-
gular, complex projective curve ¥ of genus g > 2 has a natural symplectic structure. The
mathematical details we leave out are to be found in [AB83] (and [Gol84] for a different,
finite-dimensional approach). Let us agree to denote M§ = M (X) the moduli space.
This is the same as the irreducible locus of the character variety considered in the previous
section.

Let us then switch to the compact group K := SU(n) in this section, which is both
simple and simply connected. In the language of vector bundles of rank n, intersecting the
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structure group with SL(C") amounts to having a trivial determinant bundle. Consider
the trivial principal K-bundle Pr := K x ¥ — 3 on %, and let A = A(Z, K) be the
infinite-dimensional space of unitary K-connections on it. In general, fixing the topological
type of the bundle is a genuine restriction, without which one cannot even hope to have
a connected moduli space. In the previous sections this has been done by fixing the
degree, which in the case of principal GL, (C)-bundle is an integer (i.e. an element of the
fundamental group of the structure group). Since K is simply connected, however, all
K-principal bundles over ¥ surface are trivialisable, and thus the choice made is just that
of a global section.'®

The space A of K-connections on Pr is an affine space having A' (3, £) = Al (Z, Ad(PT))
as vector space of translations, where Ad(Pr) denotes the vector bundle associated to Pr
by the Adjoint representation of K on its Lie algebra € := su(n). This is because the differ-
ence of any two K-connections on Pr is given by a global &-valued one-form A € A'(X, €).
In particular, the tangent spaces can be everywhere identified with the space of transla-
tions:

Ty A= AYD ), forall VeA

The moduli space My is then the set of gauge-orbits of flat connections on Pr, i.e.
the quotient of A for the action of the gauge group K of Pr, i.e. the group of bundle
automorphisms of Pr over the identity. Its elements are K-equivariant diffeomorphisms
g: Pr — Pr such that one has a commutative triangle

PT—>PT

N/

where 7 is the projection of the principal K-bundle. Because of the K-equivariance, such
maps are coded by smooth functions ¢g: ¥ — K, and thus = C*°(3, K). Writing the
gauge group like this, one also has an identification Lie(KC) = C*°(3,¢). The action of
g € K on a connection V = d — A is given by:

9.V =d— (Ady(A) + g*0),

where 0 € A'(K,¥) is the Maurer-Cartan 1-form of K. More concretely, if p € ¥ is a
point on the surface, then g*6, is the composition of dg,: 1,2 — T,y K with the left
translation ¢~ *: Ty K — T.K = ¢.

Now, there exists a canonical symplectic structure w on A, defined at a connection
V € A by:

wo: AT AA(S,E) — R, wo(A B) = _21/ Tr(A A B). (2.15)
mwJe

16Principal K-bundles on ¥ are classified by homotopy classes of maps ¥ — BK, where BK is the
basis of the universal principal K-bundle EK — BK: see [Aud04], § VI.1. If K is 1-connected, then
BG is 3-connected, and all maps from a surface to BG are homotopic to a constant.
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In words, one uses an Ad-invariant scalar product on £ to construct a real-valued 2-form
out of two €-valued 1-forms.'” Since A is an affine space, it makes sense to consider
translation-invariant tensors on it, and w is exactly one of such.

Next, one can show that the KC-action preserves w, i.e. g*w = w for all g € K. This is
due to the invariance of the bilinear form chosen on €. Moreover, there exists a moment
map p: A — Lie(K)* = C>(X, £)* for the gauge-action. Namely, one can show that the

formula
() = [T (Fans)

works, where Fiy = —dA+ AN A € A%(X,8) is the curvature of V. = d — A (see also
[Aud04], Chap. 5). By definition the zero level-set A° := ~1(0) C A is then the space
of flat K-connections on Y. The usual Marsden—Weinstein symplectic reduction goes
through, and thus the quotient

AfoK = A /K

is symplectic, with symplectic form abusively written w. This description is clearly purely
formal, and one needs nontrivial analytic arguments to make this infinite-dimensional
quotient into a manifold. Nevertheless, if one now only considers irreducible connections
A C A, then the quotient is precisely the stable part M%' of the moduli space of flat
connections.

One should turn to the construction of prequantum data for the symplectic manifold
(M, w), at level k > 1. To this end, consider the trivial line bundle L = AxC, equipped
with the tautological Hermitian metric h. Since this bundle is trivial, any global, complex
1-form « on A will define a connection in it. Set then

aa(B) = —;T/ZTr(A/\B),

for A2¥d— A e A, Be TyA. The connection V® = d — ika on L® is then h-unitary,
and it is a prequantum connection at level k since Fg ) = —tkda = —ikw. What is left
is to find a way to reduce this prequantum data by the gauge action. To this end, one
looks for multipliers

oW K x A— U(1),

i.e. functions satisfying
O (h,g.A) - 0N (h, A) = 0W(gh, A),  for g heK AcA
Such choices provides a linearisation of the K-action from A to L, by means of
g.(A,n) = (g.A, oW (g, A)n), for geK,Ae A neC.

Their abstract definition is provided by Chern—Simons theoretical arguments (see [And+17],
section 3.1). Consider the oriented 3-manifold X := ¥ x [0, 1]. Choose a connection A € A
and a gauge-group element g € K, and set A := 7*A, where 7: X — ¥ is the natural

1"The normalisation of the trace pairing is tuned according to [AG14]; anyhow, since £ is simple, every
Adg-invariant scalar product is a multiple of the Killing form of ¢, i.e. B(X,Y) =4Tr(XY).
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projection; this is a connection on the trivial, principal K-bundle over X. Moreover,
choose an isotopy g: X — K from the trivial gauge-transformation to g. The transform
g.A € AY(X,¥) is defined for all t € [0, 1], and one sets

OW (g, A) = exp ( — ZWik;SCS@'./ID e U(1),

where Scg: A'(X,€) — R denotes the Chern—Simons action on X, i.e.
Ses(A) = 1/ T (A/\dA+2AAAAA>
ST Sy 3 '

The constant is chosen so that the cohomology class of é(& A0 A 9]) is integral inside

H3 (K, ). This assures that a gauge-transformation changes the action by an integer
(see [Fre95]).

Now one can restrict all prequantum data to the space of irreducible flat connections, and
notice that the lifted actions fixes the symplectic potential and the metric, thereby defining
prequantum data (L®*, V*) h) at level k on the symplectic moduli space (M, w): the
prequantisation has been achieved.

Now let us move on to the Kéhler quantisation of (M, w). One should use the full
data of the problem, and recall that ¥ carries a complex structure. Using some elemen-
tary Hodge theory, this induces a complex structure I on the moduli space.

More precisely, considering ¥ as a compact Kahler manifold, hence in particular a Rie-
mannian manifold, it comes equipped with Hodge star operators

%0 ANZ,C) — APY(%,0),

for I € {0,1,2}, satisfying % o %, = (—=1)'Id. One can then extend them naturally to
t-valued differential forms, and the case [ = 1 provides a complex structures on the vector
space A'(X, ), which can be upgraded to a translation-invariant almost-complex struc-
ture on A, since TA = A x A}(X,€), as argued above. Such almost-complex structures
are integrable, precisely because they are translation invariant.

Next, one recalls that the tangent space Tj4Mg of the moduli space at the gauge-
equivalence class [A] of a unitary connection A € A'(X, ) is identified with the first
A-twisted cohomology group H'(X,d4), which means the first cohomology group of the
complex

A3, Ad(Py)) da, AL, Ad(Py)) Y (2. Ad(Pr)).

The fact that this is actually a complex means precisely that d, is a flat connection.

Finally, one recalls that the Hodge star preserves harmonic forms, and that such
forms are representatives for de Rham cohomology classes. More precisely, one has an
identification

Hl(E, dA) = Ker(AA),
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where Ay = dad¥ + d%d, is the Hodge Laplacian attached to the first-order differential
operator d4, whose kernel is invariant for *; (this explicitly uses the compactness of ¥).
The automorphism I := —x; is by definition the complex structure on M associated to
a complex structure on the curve. The sign is there to assure that w(-, I()) > 0.

The triple ( tow, I ) is then a smooth, compact Kéhler manifold. Using the material
of § 2.2, and particularly the example 2.11, one can try define its Kéhler quantisation Hp,
where P := Ty M. This is done with respect to the prequantum data described above.

Remark 2.17. Once a complex structure is chosen on >, the theorem of Narasimhan—
Seshadri 2.10 provides an identification of M5! with the moduli space Bunfy(X, 0) of stable
holomorphic G-bundle on ¥ of degree zero, where G = SL(2,C) is the complexification
of K. This smooth projective variety admits a compactification Bung (3, 0), which is the
moduli space of semistable holomorphic G-bundles of degree zero up to S-equivalence.
One can show that the Picard group Pic (Bun(;(E, O)) — i.e. the group of isomorphisms
classes of holomorphic line bundles over the moduli space — is isomorphic to Z (see
[DN89]). Finally, the Chern—Simons line bundle at level k is (the smooth line bundle
underlying) £%* where £ is an ample generator of the Picard group.

This discussion indicates that there is a natural family of Kéhler polarisations on
the prequantisable symplectic manifold (M%t,(,u), parametrised by complex structures
on Y. However, the notion of holomorphicity on the moduli space only depends on the
biholomorphism class of the complex manifold 32, and thus one has a Kéhler polarisation
for every point in the Riemann moduli space M, for closed oriented surfaces of genus
g. Since this space is singular, one prefers working with the Teichmiiller space 7, of
closed orientable surfaces of genus ¢, which is a contractible, finite-dimensional space
parametrising marked Riemann surfaces structures on 3 (see the beginning of § 4.2 for
more details on this important point).

Following the program presented in § 2.2.4, one gets a vector bundle 7: V¥ —; Ty
of holomorphic section, sitting inside the trivial bundle 7: C'*° (./\/lﬂ, L®k> X Tg — T4 of

smooth section of L®*. Then [Hit90] and [ADW91] independently defined a projectively
flat connection V inside V®. Since the base is contractible, this produces the desired
canonical identifications among Hilbert spaces arising from different choices of Kéahler
polarisations.

Remark 2.18. The mapping class group I'y of closed oriented surfaces of genus g —
defined in § 4.3 — acts on all the data of the geometric quantisation. One can also show
that the Hitchin connection is invariant under this action, and thus the projectively flat
connection descends on a bundle over the Riemann moduli space M, which is the actual
parameter space for the Kahler polarisations.'®

The advantage of considering I ;-invariant connections on 7, instead of genuine connec-
tions on M, is that the former space is smooth, whereas the latter is a (Deligne-Mumford)
orbifold. One should really consider the moduli stack of Riemann surfaces to construct
the good objects.

8Incidentally, the action of T'y on the fibres of V¥ is precisely the origin of the quantum mapping class
group representation in the geometric quantisation setting (see e.g. [Mas03]).
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2.3.4 Meromorphic connections

Let us consider again a compact Riemann surface ¥, and set G := GL,,(C), g := Lie(G).
We have seen how to attach three moduli spaces to the first non-Abelian cohomology
group of X, taking values in G: holomorphic Higgs bundles, holomorphic connections and
complex representation of 7 (X) of dimension n. We now consider one natural extension
of this program, where one replace nonsingular objects by meromorphic ones. To this
end, fix a positive divisor D on ¥, and let QL(D) be the sheaf of meromorphic 1-forms
on X with poles bounded by D.

Definition 2.41. A meromorphic connection on ¥ bounded by the divisor D is a pair
(V,V), where V is a holomorphic vector bundle on ¥ and V is a first order differential
operator

V:V—QuD)®V,

satisfying the Leibnitz identity:
V(fs)=fVs+df ®s,

for any local holomorphic function f, and local holomorphic section s.

Notice the strict analogy with Def. 2.37. More concretely, let z be a local holomorphic
coordinate on X on the open set U C X, and let V be a meromorphic connection on
m: V — 3. Then the restriction of V to U may be written

V|, =d— Bdz,

where B is a meromorphic, End(V')-valued function on U bounded by D. If one writes
D =Y, ki(p;), with k; > 0 for all 4, and if z is a local coordinate vanishing at p;, then one
will have
ki A() .
B=Y 1 +B, where Aeg forall 1<;j<k, (2.16)
=1~

and where B is a matrix of holomorphic functions. As it was before, one can replace
holomorphic, rank n vector bundles with principal G-bundles, and End(V')-valued forms
with g-valued ones.

One can now introduce a moduli space for meromorphic connections on rank n, holo-

morphic vector bundles over Y with poles bounded by a positive divisor D. It turns out
however that one also needs to fix further data at the poles p;, related to (unramified)
normal forms, as well as a parabolic structure on the curve X with marked points defined
by the support of D. Moreover, one has to introduce stability conditions totally analogous
to Def. 2.39, replacing the degree by the parabolic degree.
The general theory may be read in [Boa01; Nit93; Sim94], while [Boal2a] provides a quick
review. These constructions will not not be needed in full generality, as far as the results
presented in Chap. 3 are concerned. We thus immediately restrict our attention to the
case of a curve X of genus zero, i.e. ¥ = CP!, and we introduce the remaining piece of
data needed to the define the moduli spaces.
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Definition 2.42. Let p € CP! be a point, and 2 a local holomorphic coordinate on CP*
that vanishes at p. An (unramified) irregular type for the group G, at the point p € CP?,
is an element

Q=3 % e E)/MED

where t C g is the subalgebra of diagonal matrices, and k a positive integer. The centraliser
of @) is the subgroup

H:={gecG|gAg ' =A foralli} CG,

and we denote fh C g its Lie algebra.

The following definition is instead given for all genera.

Definition 2.43. Let ¥ be a Riemann surface. A structure of wild Riemann surface
Y= (E, {piti, {Q,},) on X is a decoration consisting of

e Distinct marked points p; € X.

o Irregular types (); at the points p;.

These wild Riemann surfaces are the good base spaces for holomorphic vector bundles
carrying meromorphic connections. The marked points code the positions of the poles,
and the irregular types provide distinguished local normal forms around the poles.

Definition 2.44. Let ¥ = ((CPl, {pi}i, {QZ}Z) be a wild Riemann surface that underlies
the Riemann sphere, and let O; C bh; be a choice of adjoint H;-orbit for all i, where
H; is the centraliser of the irregular type @;. We denote by M* = M*(E,G, {(’)z}z)
the moduli space of gauge-equivalence classes of meromorphic connections V living on
globally holomorphically trivial vector bundle over CP!, such that

1. V has poles at the marked points, and only there.

2. V is locally holomorphically isomorphic near p; to a connection of the form
dz ;
d— dQZ + Azf + BOdZ y (217)
z

where A; € O; and By is a local g-valued holomorphic function.

3. V has no nontrivial subconnections.

The last requirement is what the more general stability condition boils down in this
context. The choice of adjoint orbits instead amounts to fixing a symplectic leaf inside a
bigger Poisson moduli space.
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Remark 2.19. The moduli space M* is a refined geometric viewpoint on differential-
analytic objects, i.e. gauge-equivalence classes of systems of linear, first order, ordinary
differential equations with rational coefficients. Indeed, a meromorphic connection (V; V)
on the trivial, rank n vector bundle over CP! is defined by a global section A of the sheaf
Qtp1 (D) ® End(V), in the sense that one has V = d — A. Choose a local holomorphic
coordinate z that identifies CP' = C[J{oo}, so that the support of D lies in C, and
let v: U — V be a local holomorphic section of V' on the open set U C C. Then the
equation for the flatness of v reads

d
dv = Av, ie. diz) = A(dz,)v.

This is precisely a system of linear ODEs with rational coefficients for the components of
v.

Before picking the actual irregular types that will be relevant to the discussion of
3, let us briefly recall the finite-dimensional presentation of M* as a smooth, complex
symplectic quotient. To this end, consider the group

G = GL, ((C[z]/zk>,

where k is a positive integer. One has G; = (@, whereas a generic element of GGy, can be
written as a polynomial

k—1
g= Z 9i7", with g¢g; € G for all 7.
i=0

This means that the Lie algebra g, of Gy consists of elements

k—1

X = Z X2, with X; € g forall 4,

i=0
where the Lie bracket is defined expanding that of g = g; by bilinearity, and deleting
terms that carry a power z! with [ > k. There exists a canonical identification of the dual
Lie algebra g; with the space of polar parts of meromorphic connections having one pole
of order k on the trivial, holomorphic rank n vector bundle over a disc. If one has a local
coordinate z on the disc, such a polar part is a sum

k
d
A= ZAiZ—f, where A; € g forall i,

i=1

and the identification with g; is provided by the nondegenerate pairing

(A, X) = Resg (Tr(A- X)) = Zk:Tr(AiXi_l).

Now one fixes a coadjoint orbit O; C g for all 1 <4 < m, according to the irregular
type @; and the residue A; € b;, chosen as above. Namely, one lets O; be the orbit
through the point

dz

dQ; + Ai? € 9.

where z is as usual a coordinate on CP! vanishing at the marked point p;.
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Theorem 2.11. Ignoring stability, the moduli space M* is isomorphic to the complex
symplectic quotient
O1 X x0Op JoG,

where the group G C Ny>1 Gy acts diagonally on the product of coadjoint orbits [[; O; C
IL gy, if one has m marked points on the wild sphere.

Notice that for m = 0 the moduli space is trivial. This is in accordance with the fact
that the moduli space for nonsingular flat connections on the sphere is identified with the
representation of its (trivial) fundamental group.

Remark 2.20. This is one of the results of [Boa0Ol], where one considers the naif sym-
plectic quotient of the product of orbits at the zero level of the moment map, without
a restriction to irreducible connections (which are the stable objects in our context).
However, for a generic choice of the orbits O; one can assure the absence of nontrivial
subconnections, and thus M* consists of stable objects. In particular, it is smooth.

Example 2.14. The case with m simple poles yields

M*%{(Rl,...,Rm)E(’)lxmx(’)m

;Rizo}/e,

with O; C g* for all 7. Since g is reductive, one has an isomorphism g = g* obtained by
fixing an Adg-invariant scalar product.
In this case one point of M* corresponds to a Fuchsian system of the form

m Rz

on the trivial, rank n vector bundle V' = C" x ¥ — ¥, where t; € C are distinct marked
points. The moment map p: [[; O; — g* for the diagonal, (co)adjoint G-action is the
sum of inclusions O; < g*. Its vanishing provides the above condition that the sum of
the residues R; on C C CP! is zero; this in particular assures that there is no singularity
at oo.

This example has several other interesting features that will be explored in § 2.3.5.

Remark 2.21. Finally, the particular moduli space M* that is relevant to the results of
Chap. 3 is obtained by considering the following type of polar divisor on CP!. Choose

points tq,...t, € C, and considers meromorphic connections V bounded by the effective
divisor
m
D= (pi) + 3(c0).
i=1

Such connections have by definitions at most simple poles at the points p;, plus a pole of
order at most three at z = co. To fix the normal form at infinity, let A, T € t be diagonal
matrices, and consider the irregular type ) = ATZQ + Tz at oco. One can now fix arbitrary
adjoint orbits O; C g for the Fuchsian singularities, plus an orbit O C f, where fh C g is
the algebra of matrices commuting with A and 7.

65



CHAPTER 2. BACKGROUND

According to the discussion above, we consider connections V = d — A on the trivial
vector bundle C"* x CP*, which are of the form

A= (Az—l—C’—i—Z Rit>dz,

i=1% "l

where R; € O;, and C' € g. Moreover, in accordance with Def. 2.44, we ask that V is
locally holomorphically isomorphic to a connection of the form

(Az—i—T—i—A—i-Bo) dz
z

at z = oo, where By is a holomorphic term and A € O a residue lying in the correct orbit.
It is a nontrivial problem to find criteria that assure the existence of such connections
which are moreover stable. This is the (unramified), additive Deligne-Simpson problem,
in which we will not delve (see [Boal2b], § 10). The last thing we wish to recall from
[Boal2b] is that in this case M* can be realised as a quiver variety. Namely, one can
find a suitable graph G on nodes I, together with vector spaces {V;}ies, such that the
following holds.

Theorem 2.12. One has an isomorphism
M* = T*Rep (Q, {Vi}i) JoH,

where H = [Licr GL(V;) acts on representations by simultaneous conjugations, and where
O is a suitable coadjoint orbit.

The representation space can also be introduced as a space of presentations of modules
for the one-dimensional Weyl algebra (i.e. the algebra 2.5 with only two generators);
this notwithstanding, the moduli space is the complex symplectic quotient of a finite-
dimensional symplectic vector space. See the beginning of § 3.1 for more details.

Remark 2.22. In a parallel fashion to § 2.3.1, one can also attach Poisson moduli spaces
Mpo and Mp to any wild Riemann surface 3, in addition to Mggr, generalising the
non-Abelian Hodge theoretic viewpoints of Dolbeault and Hitchin. The Dolbeault mod-
uli space parametrises meromorphic GG-Higgs fields on holomorphic vector bundles over
>, whereas the Betti one is a more far-fetched generalisation of the character variety of
G-representations of the curve.

If further choice are made to pick symplectic leaves, then [BB04] and [Sab99] realize the
triple of moduli spaces as an hyper-Kéhler manifold having three different, distinguished
complex algebraic structures, and one does have a wild, non-Abelian Hodge correspon-
dence as soon as certain parameters are matched up (coadjoint orbits signatures for Mp,
and Mgg, and conjugacy classes for Mg). In the case of simple poles, this was first set
up in [Sim90].

The idea behind the definition of the Betti moduli space is that it should still be
a repository for generalised monodromy data of connections, even when their holonomy
representation is no longer enough to code them uniquely. The good notion is that
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of Stokes data, which we will not need. Nonetheless, one still has a wild Riemann—
Hilbert correspondence v: Mgr — Mp that generalises Thm. 2.8. The proof that it is
symplectic can be read in [Boa01].

Getting back to the setting of trivial vector bundles over a wild sphere 3, one gets an
exponential-like map v: M* — Mg, that relates the “additive” moduli space M* to
the “multiplicative” Betti side.

In the next section 2.3.5 we will consider this map in the case of simple poles on the
sphere. The correspondence is essentially the same as the nonsingular one, if one takes
care to replace the Riemann sphere with the punctured sphere CP! \ A, removing the
support of the polar divisor (this is due to [Del70]).

Finally, notice that it follows from Def. 2.44 that if one varies the wild curve ¥ over
a family B then one finds symplectic bundles M* — B, Mp — B, whose fibres at a
wild curve 3 € B is the relevant moduli space of connections or Stokes data.

2.3.5 Schlesinger and KZ

In this section we expand example 2.14, which introduces the moduli space of Fuchsian
systems on the sphere, in two directions: first, we discuss the monodromy data of a loga-
rithmic connection on a vector bundle over the sphere, thereby defining its isomonodromic
deformations, which yield the Schlesinger system of [Sch05]; second, we give a proof of
the fact that the PBW quantisation of the Schlesinger Hamiltonians, defined according
to § 2.1.5, yields the Knizhnik—Zamolodchikov system of [KZ84], as was first remarked
in [Res92|. Extending this deformation quantisation procedure is precisely the content of
the next chapter 3.

Let us then temporarily start from an abstract, nonsingular viewpoint. Let M be a
smooth manifold, V' a smooth, complex vector bundle on M, and V: V — V ® A}, a
smooth connection on V. Let p,q € M be two points which are connected by a smooth
path v: [0,1] — M.

Definition 2.45. The parallel transport of V along ~ is the C-linear isomorphism
PTY:V, —V,

that associates to v € V), the value at ¢ = 1 of the solution of the initial value problem

{¢V8:0 (2.18)

s(0) =w

This is a differential equation for a smooth section s of the pull-back vector bundle v*V
over [0, 1], equipped with the pull-back connection v*V.

Y

Remark 2.23. Concretely, one considers the vector field d; that trivialises 7'[0,1] =
[0,1] x R, and then one considers the linear, first-order ODE

Vims =0,
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where 4(t) is the image of 0, for the tangent map dv: T'0,1] — TM (the velocity of
7). If one has a local trivialisation V|, = U x C" for V over an open set U C M

that contains 7([0, 1]), then one can write V = d — « for a suitable connection form
ae Al (U, End((C”)), and the system becomes

ds(t) = a(3(1))s(t),

for a vector-valued function s: [0,1] — C". If v € C* = V/,, then (2.18) admits a unique
solution s, because of the Cauchy—Lipschitz theorem, and one sets

PTY (v) = s(1) € C* 2 V.

In particular, if p = ¢ € M, then one gets an automorphism PTWV € GL¢(V,). More-
over, one can show that if V is flat then PT X only depends on the homotopy class
[v] € II1(M) of v in the fundamental grupoid of M, and that path-concatenation gets

turned into composition of linear maps. Hence a flat connection produces representations
v(V),: m(M,p) — GL¢(V,) for all p € M.

Definition 2.46. The representation v(V), is called the holonomy representation of V
at p € M. The image V(V)p(m(M,p)) C GL(V},) is the holonomy group of the flat
connection (V,V) at p € M.

The symbol v is chosen so to match it up with the Riemann—Hilbert correspondence
of Thm. 2.8. Indeed, if G := GL(C"), then the monodromy data of a holomorphic G-
connection on a compact Riemann surface ¥ of genus ¢ > 0 amounts to its holonomy
around loops that generate m(3,p), where p € ¥ (the base point is immaterial when
these data are considered only up to conjugation). Notice that a priori the notion of
monodromy is related to differential equations in complex domain, and to the analytic
continuation of their (holomorphic) solutions along differentiable paths. We will only
momentarily discuss this viewpoint in the context of Ex. 2.14.

To express the nonsingular Riemann—Hilbert correspondence more concretely, one can
choose the classes of 2¢ loops ay, by, ..., a4, b, € (X, p), together with an implicit order-
ing, such that one has a presentation

m (3, p) = <(ai>bi)1§i§g

[ias, b] — e> |

(2

In this case the correspondence v: Myg — Mp is precisely obtained by associating
to a gauge-equivalence class of holomorphic connections [V] the G-orbit of matrices
(My, Ny, -+, My, N,) € GL(V,)? defined by

M; =PT),  N;=PT),
where GG acts by diagonal conjugation. This will be used in § 4.1 and § 4.2.1.

Let us now move on to the case of ¥ = CP! with marked points, i.e. to the
setup of Ex. 2.14. Let m be a positive integer, and consider the marked curve ¥ =
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((CPI, {ti}igigm), where t; € CP!. Here irregular types vanish: it is a particular case of
Def. 2.43. This pointed curve carries meromorphic connections

R;
V:d_zz—ti’ (2.19)

over the trivial rank n holomorphic vector bundle V' = C* x CP! on the sphere, where
A; € g = gl,(C) are residues, and z is a local coordinate that identifies CP' = C[]{c0}.
We assume that Y, R; = 0, so that the m-tuple (Ry, ..., R,,) defines a point of the moduli
space M* of Def. 2.44, as soon as one restrict the residues to live in prescribed adjoint
orbits O; € g = g*.

The Fuchsian system (2.19) admits global solutions which are multi-valued functions
on CP'\ A, where A = {t;}; is the support of the polar divisor. A multi-valued func-

tion is a holomorphic function s: CP'\ A — C" defined on the universal cover of the
punctured sphere. These solutions form a complex vector space of dimension n, on which
the fundamental group of CP'\ A acts, and this representation is by definition the mon-
odromy of V (see [Bea93]). Looking for a system (2.19) with a prescribed monodromy is
precisely one instance of the Riemann—Hilbert problem (which does not always admit a
solution: [Bol89] constructs a counterexample).

This notion of monodromy is however equivalent to considering the holonomy representa-
tion of the holomorphic connection on CP'\ A obtained by restricting (V, V) outside of the
singular locus. One may pick a point p € CP*\ A, choose classes ¢y, . . . ¢, € T (CPY\ A, p)
of loops that run once around the punctures, and then find the presentation

];[ci:e>.

m(CP\ A, p) = <(cl, ce s Cm)

Hence the monodromy data of a connection as (2.19) is the data of m invertible matri-
ces My, ..., M,, of size n that factorise the identity matrix in the given order. The restric-
tion of the residues R; to adjoint orbits O; on the “additive” de Rham side amounts to re-
stricting the monodromy matrices M; to conjugacy orbits C; = exp(2my/—10;) C G on the
“multiplicative” Betti side. Then the map v: MZR(Z,G, {(’)Z}Z> — /\/liB”(E,G, {C}l>
is well defined. The proof that v is a holomorphic symplectic maps in this case is due
to Hitchin and Iwasaki: [Hit97; Iwa91; Iwa92] (this was extended in [Boa0Ol]). Notice
incidentally that the multiplicative Deligne-Simpson problem consists precisely in finding
conjugacy classes {C;}; such that the Betti moduli space is non-empty.

Now one can consider the following question. If one deforms the irregular curve X ever
so slightly, by a small variation of the positions of the poles p; inside the configuration
space B = Conf,,(C) of m-tuples of complex points, then the monodromy map v will
take a different value in the same moduli space as before.'” This deformation will vary
the connection (2.19), and one may ask the natural question: how should one modify the

19Tf the classes of the loops ¢; are chosen to bound a small disc around each puncture, then one
may move every pole within its disc and keep the same presentation for the fundamental group of the
punctured sphere. Notice also that we tacitly restricted deformations to a subclass of admissible ones,
where coalescence of singularities is forbidden.
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residues R; so that the monodromy of the new meromorphic connection is the same as
the starting one? Such a deformation of V is thus called isomonodromic.

The answer to this question, due to [Sch05], has been known for more then a century
now. If one thinks of the residues R; as the dependent variables, which are expressed as
functions of the independent time-like variables ¢;, then one finds the following system of
nonlinear, first-order differential equations for the matrices R;:

B, Ry|
dR; = ﬁ(dti — dt;). (2.20)

gAY

This is the Schlesinger system. Geometrically, it amounts to a flat Ehresmann connection
on the trivial symplectic fibration M* x B — B, as explained in § A.2. Namely, one can
show that the system (2.20) admits an Hamiltonian formulation, meaning that there is a
time-dependent Hamiltonian system H;: M* x B — C with space of (complex) times
B such that one has
I(Ri)w
ot

where one thinks of the components (R;)x of the residue R; as functions on M*. One
finds the explicit formula

= {Hj, (Ri)u},

Tl"(Rle)

HiSCh:HZ'SCh(Rla..-yRm7t17"‘tm):Z t, —t;
1 J

J#

eC. (2.21)

This functions are called the Schlesinger Hamiltonians. They constitute a time-dependent,
classical Hamiltonian system, in the sense of Def. A.5. To match up with that definition,
one should define the horizontal 1-form

wSCh = Z szpza

defined on the trivial symplectic fibration at hand.

This time-dependent system is strongly flat, in the sense of Def. A.4. Now, as ex-
plained in § A.2, one can also consider the time-dependent Hamiltonians as sections of
the “universal” vector bundle Ay x B — B, where A = ﬁé@m is the algebra of regular

functions on the Poisson variety g™ = (gmyk Recall that the dual of any Lie algebra
is Poisson, via the Lie-Berezin—Kirillov bracket presented in Ex. 2.4. It is an impor-
tant fact that the functions H; are invariant under the diagonal, adjoint G-action on g™,
which is just the statement that the trace is a class function. In particular, the formula
(2.21) defines functions that can be harmlessly restricted to the product of adjoint orbits
[; O; € g™ where one chooses the residue, and that moreover define functions on the
quotient

M =0;---0, /oG,

where one uses Thm. 2.11. The advantage of working at the level of the trivial Poisson
fibration g™ x B — B is that one can now use the discussion of § 2.1.3 in order to
quantise the Schlesinger system (in the sense of Def. 2.6). Namely, according to Prop. 2.1,
and using the universal property of tensor products, the quantum algebra A = U(g)®™
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provides a filtered quantisation of Ay, and 2.18 defines a quantisation map Q: Ay — A,
whose explicit formula is (2.8): it is the PBW quantisation of the symmetric algebra

Sym (g™) = Sym(g)*"™.
The rest of this section is devoted to proving the following result.
Theorem 2.13. The PBW quantisation of the Schlesinger system (2.21) yields the (uni-

versal) Knizhnik—Zamolodchikov connection.

Recall that the Knizhnik-Zamolodchikov connection (to be referred to as “KZ” here-
after) of [KZ84] is a connection Vkyz in the trivial vector bundle

U(g)®" x B— B.

Its origins lie in certain two-dimensional models for conformal field theory, named after
Wess, Zumino and Witten. The KZ connection can be written

-~ O,
Vkz=dg — > (Z - _Jt ) dt;, (2.22)

1<i<m \i#j J

for certain operators €;;: U(g)®™ — U(g)®™. To define them, one considers the stan-
dard invariant C-bilinear form

(-,-):g®9—>C, (A’B) = TI“(AB),

which provides an isomorphism g* — g, as it is nondegenerate. Next, one considers
the identity Id; € g ® g*, and uses the trace-duality on the second factor to turn it into
an element () € g ® g. This does not depend on a choice of basis, but if one does fix a
(+,-)-orthonormal basis {z;}; of g, then

since z; is then dual to itself with respect to the trace-duality.

Now one uses the natural embedding ¢y: g — U(g) to consider the element ¢ (2) €
U(g) ® U(g), and defines Q;; as its left multiplication on the ith and jth slot of the
product U(g)®™, and the identity elsewhere (for i # j).

Let us now set
A=y (223)
gri i Tl
Those are the KZ Hamiltonians. They constitute a time-dependent, strongly flat, quan-
tum Hamiltonian system, in the sense of Def. A.7 and A.8. To precisely match it up with

A.7, one should construct the 1-form

Tz = 3 Qydlog(t; — 1)) € A (B, End (U(g)®m)).
i#£j

Notice that every connection of the form /V\%Z = dg — hwkyz would be strongly flat as well,
for every complex parameter h € C. Using the construction recalled in § 2.1.4 one can
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add such a quantum parameter in the KZ connection, to match the above expression with
what is usually found in the literature (one normally considers the dual Coxeter number
of g: see [EFKO98]).

Now, the Schlesinger Hamiltonians are smooth sections
S B — Sym(g")™",

since to every point {t;}; € B in the base they associate a polynomial function on g".
Thanks to the trace-duality g* = g, one may as consider them as elements of Sym(g)®™,
abusively written H>®® as well. Now it makes sense to compare the fibrewise quantisation
OQppw (HM) € U(g)®™ with the KZ Hamiltonian (2.23). The proof of Thm. 2.13 follows
from the following remark, by appealing to the C-linearity of the PBW quantisation.

Proposition 2.7. One has QPBW<Tr(RZ-Rj)> =Q; foralli#j5€{l,...,m}.

Proof. The function (Ry, ..., R,,) — Tr(R;R;) is precisely the invariant scalar product
(+,+) € g* ® g* on the ith and jth slot of the product g™, and it does not depend on the
other variables. Hence it is enough to show that the PBW-quantisation of the trace-dual
K € g®g C Sym(g) ® Sym(g) of (+,-) equals 17(Q) € U(g) @ U(g).

Now, in a (-, -)-orthonormal basis one has (-, ) = ¥, dx; ® dz;, and thus actually

The conclusion then follows from the fact that the PBW-quantisation on elements of
degree one corresponds to the tautological embedding ¢y on Sym(g); = g. O]

It is in this sense that one says that the KZ connection is a quantisation of the
Schlesinger system.

Remark 2.24. Finally, we recall here an intrinsic, geometric approach to the isomon-
odromy connection. The base space B of admissible deformation of pointed curves carries
the symplectic bundles M* — B and Mpg — B that have the relevant moduli spaces
as fibres. In the Betti bundle the notion of isomonodromy is simpler: one may locally
keep Stokes matrices constant (see [Boa0l]). In particular, this bundle is equipped with a
flat connection, the isomonodromy connection. The pull-back of this connection along the
fibrewise Riemann—Hilbert correspondence v: M* — Mgy then defines a nontrivial, flat
Ehresmann connection inside the de Rham bundle, and this is precisely the connection
coded by the Schlesinger system. It is also shown in [Boa01] that the isomonodromy con-
nection is symplectic, meaning that integrating it yields symplectic isomorphism among
different fibres of M™.

Alternatively, one can provide a cohomological interpretation of the isomonodromy con-
nection, following Simpson [Sim94|, and see the isomonodromy connection as the Gaufi—
Manin connection in non-Abelian cohomology for the group G. In general, if 7: Y — X
is a fibration, one can replace the fibres 7=!(¢) = Y; by their cohomology H*(Y;, C), where
t € X. This vector bundle carries a natural flat connection, which is the Gaufi-Manin
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connection. Abstractly, this connections arises from the existence of canonical identifica-
tions H*(Y;, C) = H*(Y;, C), obtained from the homotopy invariance of the cohomology:
the restriction Y|, to a ball D C X has the homotopy type of any fibre Y}, for t € D. It
turns out that this extends to the first G-valued cohomology group of the punctured curve.
Since the moduli spaces are avatars for this non-Abelian cohomology, this abstractly de-
fines a flat connection in the symplectic bundles de Rham, which is the isomonodromy
connection.
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Chapter 3

Simply-laced quantum connections

In this chapter we describe the original results obtained in the direction of deformation
quantisation. The aim was a generalisation of the construction outlined in § 2.3.5, more
precisely Thm. 2.13, stating that the KZ connection (2.22) can be obtained as a defor-
mation quantisation of the Schlesinger system (2.21). These results have already been
presented in [Rem17].

Let us start by summarising the content of the following sections.

In § 3.1 we recall the definition of the simply-laced isomonodromy systems (SLIMS).
This involves a trivial fibration F, = Ml x B — B, and a collection of time-dependent
Hamiltonian functions H;: F, — C. These systems are attached to simply-laced, com-
plete k partite graphs.

In § 3.2 we realise the Hamiltonians as traces of cycles on the graph (classical potentials),
and we study the Poisson bracket of such traces.

In § 3.3 we define quantum potentials, which are related to the quantum algebra A simi-
larly to how classical potentials are related to the functions on M.

In § 3.4 we explain how to quantise the Hamiltonians H; to elements f-l\i, thereby defining
the simply-laced quantum connection (SLQC).

In § 3.5 and § 3.6 we prove the main theorem (Theorem 3.2) that the simply-laced quan-
tum connection is strongly flat.

In § 3.7 we show that a reduction of the simply-laced quantum connection yields the KZ
connection in the special case of a star-shaped graph, i.e. a complete bipartite graph
where one part has only one node. This means that this SLQC quantises the Schlesinger
system, because so does KZ.

In § 3.8 we consider the Harnad-dual data of the previous section, and we show that
a natural (strongly flat) correction of the SLQC reduces to the DMT connection. This
correction amounts to a reordering within the quantum Hamiltonians, and it does not
tamper with the classical dynamics, as it vanishes in the semiclassical limit. This means
that this SLQC quantises the dual Schlesinger system, because so does DMT.

In § 3.9 we put together the results of the previous two sections to show that an analogous
natural correction of the SLQC reduces to the FMTV connection. Together with the fact
that FMTV quantises the JMMS system, this proves that this SLQC quantises the JMMS
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system.

Finally, in § 3.10 we compare the SLQC with the quantisation [NS11] of a particular
case of the JMU system. We argue that our cycle-theoretic formulation recovers part of
the explicit Hamiltonian formulation for the systems that lie in the intersection of the
isomonodromy equations of [Boal2b] and [JMUS81], as well as its quantisation. This is
also the occasion for writing down the simply-laced quantum connection explicitly in rank
3, via differential operators acting on polynomial functions on C3.

3.1 Simply-laced isomonodromy systems

One of the results of [Boal2b| is an explicit Hamiltonian formulation of isomonodromic
deformations for certain families M* x B — B of moduli spaces of meromorphic con-
nections (on holomorphically trivial vector bundles) on the Riemann sphere. The general
setup for the definition of the moduli spaces M* has been recalled in § 2.3.4, culminating
in Def. 2.44. We then discussed isomonodromy in the case of simple poles, in § 2.3.5.

The theory of isomonodromy equations for meromorphic connections on the Riemann
sphere has been greatly extended in [JMUS81], passing from Fuchsian systems to almost
generic rational matrices; the restriction is that all highest irregular terms be regular
semisimple. In this chapter we relax the requirement of regularity, admitting nonsim-
ple eigenvalues, but only consider a particular choice of irregular types, as explained in
Rem. 2.21: one allows for at most one singularity of Poincaré rank 2 at infinity, together
with simple poles. With these choices, one has two alternative realisations of the moduli
space:

e M*is isomorphic to the symplectic quotient of a symplectic space M of presentations
of modules for the one-dimensional Weyl algebra.

o M* is isomorphic to the Nakajima variety of a suitably defined graph.

We will start by discussing the former viewpoint, since it is the most natural, and very
soon turn to the latter one. The upshot is the definition of a symplectic vector space
(M, w,) that surjects onto the moduli space M*. We will also introduce a base space
B of admissible deformations which will play the role of the space of (complex) times
for the isomonodromy systems, as explained in § A.2. Finally, and more importantly,
we will define the simply-laced isomonodromy systems as a strongly-flat, time-dependent
(classical) Hamiltonian systems on the trivial symplectic fibration M x B — B.

Let us then get started by considering three complex square matrices «, 3, of size n.
The n X n matrix
M :=ad+ Bz —1
takes its coefficients from the unitary C-algebra A;(C) generated by the two symbols z,
0 = 0, submitted to the commutation relation [8, z} = 1. This is precisely the Weyl

algebra W(T*C,wcan>, in the sense of Ex. 2.5, where w¢,, is the canonical symplectic
form of the cotangent bundle. We call it the one-dimensional Weyl algebra because of
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its tautological representation by differential operators acting on holomorphic functions
on one complex variable. One then lets M act on holomorphic functions v: U — C”
defined on open sets U C C, and the equation Mwv = 0 is a local system of differential
equations for v.

Elementary D-modules’ theory relates the space of solutions of this system to the quotient
N = A}(C) / A7(C)-M (the ring D of differential operators being exactly the Weyl algebra
in this case). This quotient is a (left) module for the one-dimensional Weyl algebra, and
thus the matrices «, 3,y parametrise such objects. More precisely, one has a presentation
of N defined by the exact sequence of A;(C)-modules

(-M)
AT (C) ———— A(C) — (0)

Instead of taking the full family of presentations of A;(C)-modules defined by triples
a, 3,7 € M,(C), one restricts «, 3 to be commuting, diagonalisable matrices whose kernels
have trivial intersection. If one lists the eigenvalues o, 5; of @ and 3 respectively, in some
given order, then one gets points

a; == [—51»: ai}

of the complex projective line P(C?). The point at infinity would correspond to the
(possibly trivial) kernel of « in the affine chart P(C?)\ { {1: 0” — C that sends [zl : 22}

to the ratio z / z5. We identify P(C?) with C[{oc} in this way, but we wish to distinguish
this copy of the Riemann sphere from the Riemann surface ¥ = CP! that carries the
meromorphic connections: this is why we use an alternative notation.

Let now {a;};e; C P(C?) be the set of points thus obtained, and set k := |J| to be the
cardinality of the index set. We agree to write oo € J for the index that corresponds to the
point at infinity, if it exists. For each j € J consider the vector subspace W’/ C V = C"
defined as the joint eigenspace for the endomorphisms «, 5 corresponding to pairs («, ;)
of eigenvalues lying over a;:

Wi = {v € V‘ av = v,  Pu = B, [ai: 51} = aj}.

Since o and 3 are simultaneously diagonalisable, one has V' = @,c, WJ. One further
requires that the restriction 7|y, be semisimple for all j € J.

Let us now write U™ = @;c 1 (oo} W3, If « is nonsingular then V = U*, otherwise
U equals the whole of V' “minus” the kernel of . One can multiply M on the left so to
put in the following normalised form

0 0 Id 0
M:<0 Id>a+<0 _A>z—fy€End(V)®A1((C),

where the block diagonal decomposition is taken with respect to the direct sum V =
W @ U>; also, one has necessarily A = 3c (o0} @17, where I': U® — U™ is the
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idempotent for W,
The endomorphism v € End(WW> & U*) admits a similar block decomposition

(T P
"=\ T+B)
where T € End(W®), T, B € End(U*) and

Q

/\)
we U
P

The diagonal part §() of v in this decomposition is then

5@%:f=<T03»

whereas the off-diagonal part + is

o . _ (0 P
’y-.F—(Q B).

By hypothesis, 7 and 7" are both semisimple.
One may now write explicitly the system of ODEs Mv = 0 as

dv=(Az+B+T+Q(z—T%)"'P)u,

for a local, U*-valued holomorphic function v defined on open sets of C.! As explained
in Rem. 2.19, this system of first order ODEs with rational coefficients is the same as the
meromorphic connection

V=d-A, where A= (Az+B+T+Q(z—T°°)’1P>dz, (3.1)

living in the trivial vector bundle U*® x CP!' —s CP! over the sphere. As stated before,
such connections have a pole of order at most three at infinity, plus Fuchsian singularities
at the spectrum of 7. The elements of the diagonal matrices T and T will be the
time variables of the simply laced isomonodromy systems; we call them the reqular and
irreqular times, respectively.

Remark 3.1. One of the main advantages of working at this higher level is that many

“ b) € SLy(C), then the one can

symmetries become apparent. More precisely, if N = (c d

act on M = ad + Bz — v by

N.M = a(ad + bz) + f(c0 + dz) — 7.

!We abusively keep the same notation as before for the local section. If co € {a;} ;e then U> # C".
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This action comes from the fact that SLy(C) is the group of linear symplectomorphisms
of (T*C, wean), whose action can be lifted to the Weyl algebra A;(C), and then to the
tensor product End(V) ® A;(C) where M lives.” Doing this changes the meromorphic
connections, as well as the underlying vector bundle on which it is defined; to see this,
just remark that N acts on the finite set {a;};c; C P(C?) via the restriction of a Mobius
transformation, and thus the rank of the vector bundle need not stay fixed.

0 -1
1 0

results in the transformation 0 — —z, z — 0, i.e. the Fourier-Laplace transform (at
the level of differential operators).

A particular case of such transformation is obtained by taking N = ), which

The important fact is that the isomonodromic deformations of such connections are
all governed by the same system of nonlinear differential equations, when one varies the
time-like variables T and T

We can now define the symplectic vector space that will work as classical phase-space
for the system we wish to quantise. This space must contain the dependent variables of
the isomonodromy equations for the connections (3.1), which are the irregular terms @, P
and B, i.e. the off-diagonal part I' of v. With this idea in mind, one sets

M :=End(V)° = € Hom(W* W),
i#jed
equipped with the symplectic form
Tr (dBY A dB7")
2(a; — ay)

wa= Y

i#jeJ\{oo}

+ Y T (dBjOO A dBO"j),
j€J\{oo}
where B% is the linear map from W7 to W' for all i # j € J. In matrix notation, this

is precisely the corresponding block component of the matrix B that appears above. The
subscript “a” stresses the dependence of this symplectic form on the weights a; € C, for

J # 0.
To introduce the independent time-variables of the isomonodromy equations, that is
the diagonal part 7" of 7, one now looks to a more refined decomposition of V'; namely,

consider the decomposition of the direct addends W/ in eigenspaces for the semisimple
matrices TV := v|,;,;. One may accordingly write

W =@V,
i€ld
where I/ is the set of eigenspaces of TV. This decomposition defines an open space

B = [[ "I\ {diags} € CI, (3.2)

jedJ

where I :=[T;c; I’

20ne must also check that if o, 3 are commuting semisimple matrices whose kernels intersect trivially,
then the same holds for aa + ¢ and ba + df, provided that ad — be # 0.
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Remark 3.2. One may think of B as a space of deformations of the diagonal matrices
TV = Y 1di t;, where Id;: W7 — WY is the idempotent for V; in W7, and where
{ti}icrs is the spectrum of T7. Such deformations preserve the decomposition of W7 into
eigenspaces for T7, since removing the “diagonals” from C/”’! precisely avoids that different
eigenvalues will coalesce. This must be thought of as a generalisation of the base space
Conf,,(C) for the trivial fibration on which the Schlesinger system is defined (in the case
of m simple poles; see § 2.3.5).

We shall refer to these as the admissible deformations.

Finally, one defines F, := M x B as a trivial fibration in symplectic vector spaces,
and proceeds to define a strongly flat Ehresmann connection inside F, that codes the
isomonodromic deformations of the connections (3.1), with respect to variations of 7T
and T, but keeping the highest irregular term fixed.® The sense in which this Ehresmann
connection codes isomonodromy equations is totally analogous to what happens in the
situation of § 2.3.5 for the Schlesinger system.

Before doing this, however, we turn to the graph-theoretic presentation of the theory,
turning around the one just made from the viewpoint of D-modules. To this end, notice
that the construction of the trivial symplectic fibration F, only relies on the choices of:

e A finite set J.
A second finite set I, together with a partition I = [];c; [ J indexed by J.

o An embedding a: J < P(C?), written a: j — a; (where we still just write co € .J
for the index a™!(00), if it exists).

Starting from all this data, let G be the complete graph on nodes J, and G the complete
k-partite graph on nodes I. The latter means that two nodes of G are adjacent if and
only if they lie in different parts of I. Both G and G are by definition simply-laced, i.e.
without edge loops or repeated edges.

Definition 3.1. The embedding a: J < P(C?) is called a reading of G. The reading
is generic if oo € a(J), and degenerate otherwise. We extend the reading to a map
a: I — P(C?) by declaring it to be constant to a; on each part I7 of I, and we call it a
reading for G.

Let us abusively denote by G the quiver associated to the graph G: it is the quiver
on nodes I having a pair of antiparallel arrows for each edge of G. The same abuse of
notation will be taken for G.

Finally, we attach complex vector spaces V; to the nodes of G, and we set W7 := @,c; V.

These data determine the same symplectic fibration F, = (M, wg) x B as above, but
now one thinks of M as the space of representations of the quiver G with respect to the

3Indeed, the diagonal term A only appear in the definition of the symplectic structure, but not in
the space M itself. If one allows for A to vary too, then one would no longer have a trivial symplectic
fibration.
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vector spaces {W7};c

M = Rep (QN, {Wj}je}) = @ Hom(W', W).
i#jed
Notice that this is the same as the representation space of the finer k-partite graph, if

one just decomposes the linear maps BY: W7 — W in block components with respect
to the direct sums W; = @, Vi.

As a last piece of notation, define X% : W7 — W to be the scalar multiplication of
BY by the weight ¢;; € C, where

¢ij = _¢ji = {(CLZ B CL]')_I’ g, G 7£ 0 .

1, a; = 00

With this notation introduced, the formula for the symplectic form simplifies to

Wa ::; > Tr(dX AdBT).
i#jed

Remark 3.3. Notice that we did not choose an orientation for the arrows of neither
graphs. Such a choice is necessary in order to characterise the representation space as a
cotangent bundle, which leads to the usual definition of the Nakajima varieties of a quiver
([Nak94]): a representation of a graph is the same thing as a representation of the double
of any quiver obtained by choosing an orientation of the graph. The symplectic form w,
instead relies on the reading a: J < P(C?).

This notwithstanding, it is shown in [Boal2b| that (M, w,) and the cotangent bundle

T (@ Hom (Vie), Vh(e)))

ecGi

are isomorphic as Hamiltonian H -spaces, where t, h: G; — [ denote any choice of tail
and head functions, assigning to each edge of G its source and target, respectively.

The symplectic reduction of (M, w,) with respect to H is then isomorphic to a Naka-
jima quiver variety, for all choice of orbits in the dual Lie algebra of H. This symplectic
reduction is also isomorphic to the moduli space M* described in Rem. 2.21: see again
[Boal2b], from which we recall one last result.

Theorem 3.1. The isomonodromy deformation (isomonodromy) equations for the mero-
morphic connections (3.1) admit an Hamiltonian formulation via a time-dependent Hamil-
tonian system H;: F, — C. Moreover, the Hamiltonian system is strongly flat, in the
sense of Def. A.J:

OH;, O0H;

H Hl=0=
{H:, Hy} =0 ot ot;’

for 1 # j.

As stated above, the isomonodromy equations are nonlinear first order PDEs for I' =

P ~ T
(C% B)’ as a function of T' = ( 0 ; . The fact that this problem admits an Hamil-
tonian formulation means that the time-dependent Hamiltonian system H;: F, — C in
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the statement is such that the isomonodromy equations can be written

ar,
ot;

for all components I'; of a local section I' of the fibration.

= {Hi? Fj}’

The definition of the Hamiltonians is implicitly given by defining the following hori-
zontal 1-form w = ;o H;dt;:

w = ; Tr (ELO(2T)) — Tr (29EdT) + Tr (X2TdT) + Tr (PAQT™dT™).  (3.3)

One will have H; = (w, d},).

In the above formula we define = := ¢(I') and X = ¢(B), applying the alternating
weights ¢;; € C componentwise. Also, 6(=I') denotes the diagonal part of ZI" in the direct
sum decomposition V' = @;¢, W7, and one defines

=l = ad%1 [dﬁ EF}.

As explained in § A.2, the horizontal 1-form w is in itself a time-dependent Hamil-
tonian system, expressed in a coordinate-independent fashion. Its coefficients H; can be
thought of as global sections of the (universal) vector bundle

A()XB—>B,

where Ay = 0(M) = Sym(M*) is the algebra of regular function on the affine complex
space M.

Definition 3.2. The simply-laced isomonodromy system (SLIMS) attached to the com-
plete k-partite graph G on nodes I, to the vector spaces {V;}ic; and to the reading
a: I — CU {oo} is the time-dependent Hamiltonian system (3.3).

This is the classical system we wish to quantise, in the sense explained in § 2.1. To
this end, we first express the algebraic functions H; as traces of potentials on the k-partite
quiver.

3.2 Classical potentials

Consider again the complete k-partite quiver G on nodes I = [];¢; VER

Definition 3.3. A potential W on G is a C-linear combination of oriented cycles in G,
defined up to cyclic permutations of their arrows. The space of potentials is denoted

Cgcycl-
Every potential W € CGcy defines a regular function on M, by taking the traces of its
cycles in every given representation. Thus a time-dependent potential W: B — CG.ya

will define a global section Tr(W): B — A,.
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Introducing the natural notation I* := 7~(n(i)) C I for the part of I containing the
node i € I, consider the following potentials on G:

Wi2) = > (ti = tj)aijay,

JEI\I*

Wi(3) = > (a; — a)aaagog;, (3.4)
GIEINT: TIAT! '

ti —tm

Wi(4) = > (a; — aj)(ai — ar)

meli\{i},jleI\I*

Here o;; denotes the arrow from j to ¢ in G, and one writes a cycle in G as the sequence
of its arrows, reading from right to left. We will speak of an m-cycle to refer to a cycle
C' = . .. aq having m arrows, and write [(C') = m in that case.

Proposition 3.1. The Hamiltonian H; of the simply-laced isomonodromy system (3.3)
is the sum of the traces of the potentials (3.4), for a generic reading of G:

H; = Tr (W;(4)) + Tr (W(3)) + Tr (W3(2)).

Moreover, in a degenerate reading one only needs to change the weights of the same cycles
that appear in the potentials (3.4).

Notice that the trace Tr (Wl(d)> defines an homogeneous element of degree d in A,
for d € {2,3,4}.

Proof. This follows from an explicit expansion of the formula for w. Let us provide some
detail.

One may write w = w(4) + @(3) + @w(2), taking w(d) to be the term of order d of
the time-dependent system, i.e. the one satisfying (w(d), d;,) = Tr (Wl(d)) The highest-
order term expands as:

1

1 __ .
w4) =T (Ers(En)) = 5 (XB3(XB)) =
1 mn nm m m m m
=5 Z (@m — an)(am — a,) Tr(X5" X5y X P XTI dlog (¢ — t})
i,5,k,l,m,n,p

In the above sum, one hasn #m #pe Ji#keI™ je Il e IP.

This means that the order-four part of the Hamiltonian for the time ¢; will be

Tr(XZ;L”X;‘ﬂX,Z"pXﬁm)
t; — tg ‘

(@(4),0) = > (am — an)(am — ap)

Jk#uLn,p

The crucial remark is that one is summing over all 4-cycles of the form

Vi— Vi — Vi —V;, — V,
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. . . . (am—an)(am—ap)
each one with the weighted by the (time-dependent) complex coefficient .

The numerator of this weight only depends on the coarse decomposition V' = @,¢, Wi,

whereas the denominator depends on the finer V= @,c ;e V7. In particular, this shows
that the potential W;(4) is chosen correctly in (3.4).

Similarly, going down with the order:

w(3) = —Tr(XBXdT) = — Z (a, — ap) Tr(XZmXﬁpXﬁm)dti

m,n,p,i,3,l

where m #n #pe Ji € I j €I | € IP. Hence one is now summing all 3-cycles:
Vi—m Vi =V — Vi,

each one with weight (a, — a,) € C (a constant function on B in this case).

Finally, one has:

w(2) = Te(X[X,T)dT) = Y Te(X"X5")(t: — t;)dt;

m,n,t,j
where m #n € Ji € I, j € I"™. This is a sum over the ‘2-cycles
with weights (¢, —t;) € C=(B,C). O
We made the choice to express all algebraic functions on M as polynomials in the

corrected variables X = ¢;; BY. This is done in order to achieve simpler-looking formulae
for the potentials.

Corollary 3.1. The simply-laced Hamiltonians H; are invariant for the natural H -action
on M.

This just follows from the fact that the trace is a class function, and H = [Ticr GLc(V;)
acts by simultaneous conjugations. In particular, the Hamiltonians H; descend to a time-
dependent Hamiltonian system on the symplectic reduction of (M, w,) at any coadjoint
orbit, i.e. on the trivial symplectic fibration M* x B — B. One can thus work on the
upper level of M to quantise a time-dependent classical system on the moduli space itself.

Let us now introduce some terminology, for further use.

Definition 3.4. The potentials W;(n) of (3.4) are called the (classical) isomonodromy
potentials, for 7 € 1,2 < n < 4. The isomonodromy cycles are the cycles that appear in
their addends. The isomonodromy 4-cycles can be further divided in two families:

1. nondegenerate, if they touch 4 distinct nodes of G.

2. degenerate, if they touch 3 distinct nodes of G.
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A picture will help clarifying; the isomonodromy cycles are the following type of cycles

_ATTA

In order from left to right, one has 2-cycles, 3-cycles, nondegenerate 4-cycles and degen-
erate 4-cycles. Notice that the degenerate 4-cycle are the glueing of two 2-cycles at a well
defined node, which will be called their centre.*

As a last remark, there is a natural (positively) graded Lie structure {, } on CG.ya,
where the gradation is given by cycle length, called the necklace Lie algebra structure (see
g. [BL02; Eti07]). If « is an arrow in G, we write o* for its (unique) antiparallel one.

Definition 3.5. Pick two oriented cycles C; = a,,---aq and Cy = (§,,--- 51 in G. The
Lie bracket {C4,Cs} is a weighted sum of (n + m — 2)-cycles obtained as follows. For
all pairs of antiparallel arrows «;, 5; = af, one deletes that pair and glues together the

two remaining cycles. The weights are determined by the defining relation of the Poisson
bracket of Aj.

*

To see this graphically, fix a pair 4, such that o; = 87, and introduce the notation
t(a),h(c) € I for the tail and the head of an arrow « in G, respectively; these are
the starting node of o and the end node of «, respectively. Set then a = t(5;_1),b =
h(ﬁj—l) = h(OéZ‘), Cc = h(ﬁj) = h(OéZ‘_l), d= h(6j+1), e = t(Oéi_l), f = h(ai-',-l) € I. Then the

local picture before deleting arrows looks like this:

4The other two nodes must lie in one and the same part of I, looking at the indices of W;(4) in (3.4).
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CHAPTER 3. SIMPLY-LACED QUANTUM CONNECTIONS

Now, the nice fact is that this bracket comes from the Poisson structure {-,-} 4, of Ay.
Proposition 3.2. One has
Tr {Cy, Cy} = { Tr(Cy), Te(C) } | € Ay

Ao

for all cycles Cy,Cy € CGeyal.

Proof. The proof consists of a direct expansion of the Poisson bracket

(IO TG}, = {TH™ o X T X))

To simplify the notation, introduce multi-indices K = (kn, ..., k1), L = (I, ..., 1)
that vary respectively in the products of sets

l)o1 = {1,...,dh(an)}x---x{l,...,dh(al)} and DCQ = {1,...,dh([;m)}x---x{l,...,dh(gl)},

where d; = dim(V;) for all i € I.

One Has:
an ay Bm B1 _ a o Bm B1 _
{Tr(xen X)), Tr(X P X )}AO— DR P (AISINEEED, (AP (A IINEEED (' ay
KGDCl,LEDC2
8 o 5 B 8
— o i an x4 oxe L xBe LoxPi L xh
- Z {szyki—l’le,lj—l}AOan,knﬂ invki—l Xk?lykn le7lm71 leylj—l thlm
K,L,1<i<n,1<j<m
o 8 B 8
_ e Qg a1 m 3 1 _
= D OOk Xy X X, X X X, =
VRN
K,L,i,j:ai:,@;
_ Y-l oy yom o x %t yBion B B P
- Z CZJin—l,i—Q thankmkn—l in+17ki invlj—2 XllyllemeA le+1,/€¢—1_
KL joi=p;
= Z CijTr(Xﬁm...Xﬁm.Xai—l...XmXan...Xam.Xﬁj—l...Xﬁl)_
Z7jal:5;

Here a hat denotes an arrow that has been left out, and one used

Qg Bi —
{in,ki,17 le,ljfl}AO - Cij(skiyljfl(sk‘iflylj e (C

Notice that a; = [F implies t(a;+1) = h(S;-1) and h(a;—1) = t(f;4+1). Hence the
compositions X “i+1 ~X’Z¥j—1 and X%+ . X®-1 make sense. O

Conceptually, what happens is the following. The invariant regular functions on M for
the action of H consist of the C-algebra A}l C Ay generated by traces of cycles. Hence
we have an injective map Tr: CGeya — Ag , and the above discussion shows that this is a
Lie algebras’ morphism: the necklace Lie bracket is the pull-back of the Poisson bracket
on Ay.

Last, notice that it is not possible to upgrade CG.y to a Poisson algebra using the
natural concatenation product, since Tr(AB) # Tr(A) Tr(B) is clearly generally false for
endomorphisms A, B of a vector space. Rather, one should define a formal product of
cycles that satisfies the same rules as the product of their traces, i.e. be commutative.
This is well expressed by the following elementary algebraic fact.
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CHAPTER 3. SIMPLY-LACED QUANTUM CONNECTIONS

Proposition 3.3. Let V' be a complex vector space, and v: V — B a C-linear embedding
into a C-algebra. Then there is a natural tensor map Tens(c): Tens(V) — B, defined
on pure tensors as

Tens(e)(v1 @ -+ - @ vy) = 11(v) -+ - 1, (V) € B.

This map is surjective on the subalgebra B' C B generated by the vector space (V) C B,
and it induces an isomorphism of C-algebras

Tens(V)/Ker(Tens(L)) ~ B

This is just an application of the universal properties of tensor products and quotients.
In the case at hand, one finds an isomorphism A = Sym(CG.,q). This identification is
just saying that all H-invariant regular functions on M are monomials of (traces of) cycles.
Notice that the Lie bracket of CG.yq is now tautologically upgraded to a Poisson bracket
on Sym(CG.ye), and this symmetric algebra is isomorphic to AS as a graded commutative

Poisson algebra, because of Prop. 3.2. We will present a quantum counterpart of this, in
§ 3.3.

Remark 3.4. As a first application of the cycle-theoretic viewpoint, one can provide a
direct proof of “half” of the strong flatness of the SLIMS. More precisely, remark that one
has
Tr<atin) = ati Tr(WJ)

for all 4,7 € I, where W; is an isomonodromy potential. This is because the derivative
does not modify the cycles that make up the potentials, but only their weights. Hence
showing that 0y, H; — 0;; H; = 0 is equivalent to showing that 9, W; — d;, W; = 0, because
of the injectivity of Tr: CGeya — Ao.

Proposition 3.4. One has 0, W; = 0, W for alli,j € I.

Proof. One can clearly assume ¢ # j € I. Then one has
— Qs I'#p

0, else

; A
—ajogy, I'#

0, Wi(2) = and o, W;(2) =
i 0, else
Also

athVi(S) =0= atin(S)v
since all 3-cycles are actually time-independent in our setting. Finally,

i Oty 01101 i i
Zm,lel\li(ai — am)(a; — ap) mztin:ij)g L I'=r
0, else

Oy, Wi(4) = {

and

QGO Qim O j

8tw/'](4) _ Zm,lGI\IJ' (aj — am)(aj — al)W’ Ji = ]I |
1 0 else
This is seen explicitly on the formulae (3.4), and proves the claim, because
i = aji; € CGeyar and Q100 QimOim; = Qi1 € CGeyel.

For the case of 4-cycles, one must also recall that a; = a; if I' = I7, because the reading
only depends on the parts of I. O]
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CHAPTER 3. SIMPLY-LACED QUANTUM CONNECTIONS

3.3 Quantisation of potentials

Let now A = W(M,w,) be the Weyl algebra of (M, w,), defined as in 2.5. Recall that
there is a natural quantisation map Qu : Ag — A, described in § 2.1.5.

The problem we face is that if one naively uses this canonical quantisation to quantise the
SLIMS, in the sense of Def. 2.6, then one gets a time-dependent quantum system which
fails to be flat. The problem lies in the necessity of symmetrising all monomials in Ay to
have a well defined map in the quantum algebra. Namely, recall that one can associate n!
different quantum operators to all monomial f = X; --- X, of degree n. One has elements

o~

Xy Xon) € Acn,

for all permutation o € ¥,, on n objects, where )/(\l € A is the class of X; € Tens(M*) in
A (see § 2.1 for all the background details). The lack of a canonical way to pick one of
them is one of the main issues of the theory, i.e. extending the quantisation X —— X of
linear functions to a full quantisation f +—— f : Ag — A.

This notwithstanding, the idea we propose is to code quantum operators via decorated
cycles, just as we coded (H-invariant) functions on M via cycles.
Consider again the complete k-partite quiver G.

Definition 3.6. An anchored cycle C is an oriented cycle in G with a starting arrow
fixed, to be called the anchor of C'. We will denote this by underlining the anchor:

C=an o,

where «,,...,a; are arrows in G.

Now suppose that f € Ay is a monomial coming from the trace of a cycle C' =
oy - -y € CGeyer. This means that f is one monomial of the sum

Tr(C) = ZX,?;,WI X e Ay,
K

where K = (k,, ..., k1) is an appropriate multi-index. Now, if one picks an anchor for C,
say that C' := ay, - - - o, then the quantum operator

A._ /\an /\Oél
f= 2 Xpre Xk, € A<n
KeD¢

~

is uniquely defined, and one can in turn define Tr(C') € A to be that operator. In
hindsight, and more intrinsically, one could just consider the operator-valued matrix

X ... X ¢ A® End(V;),

where i = t(a;) € I is the starting node of C. Taking the trace then amounts again to
contracting V; against V;*.

As a final remark, notice that two different anchored cycles Ci1,Cy may define the
same quantum operator. This happens when their two underlying cycles coincide under
an “admissible” permutation of their arrows: no arrow « may pass over its antiparallel o*.
This is because the entries of matrices X' @ X5 commute if and only if o # 5*, according
to the defining relations of A. This motivates the next definitions.
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CHAPTER 3. SIMPLY-LACED QUANTUM CONNECTIONS

Definition 3.7. Consider an anchored cycle C = ay, - - -0y on G. An admissible permu-
tation of its arrows consists in dividing the word «, - - - a7 in two subwords

A=y oy, B=o, i1-o

such that no arrow in A has its antiparallel in B, and in swapping A and B. This yields
a new anchored cycle C' = a,_j_1 - - o, - - - ;.

Definition 3.8. Let C/g;d be the complex vector space spanned by anchored cycles in G,
defined up to admissible permutations of their arrows. Its elements will be called quantum
potentials, its generators quantum cycles.

One denotes by o: @;I —+ CGcya the map that forgets the anchor, which we call

the semiclassical limit. A quantum potential Wis a quantisation of the potential W if
o(W)=W.

There exists now a well defined C-linear injective map Tr: (C/Q;d — A, together with a
commutative square where the quantum and classical traces intertwine the semiclassical
limit: U(Tr(é') = Tr(C) € Ay for all quantum cycles C' € (C/g;d that quantises the
classical cycle C' € CGcy. Moreover, one can use Prop. 3.3 to produce a cycle-theoretic
analogue of the Weyl algebra. Namely, one considers the tensor map

Tens(Tr): Tens((C/g;d) — A,

which is surjective on the subalgebra of A" C A generated by traces of quantum cycles.
One thus has an isomorphism of associative algebras

Tens((C/Q;d)/Ker(Tens(Tr)) ~ A

The quotient on the left-hand side is thus an associative (quantum) algebra that has an

analogous relation with A’ C A as Sym(CGeyq) has with A¥. Notice that this is abstract,
as we do not have a nice description of the kernel of the quantum trace map. However,
one has an identification

C > (Cgcycl = A/gla

with respect to the quotient filtration on A’. Indeed, this happens because Tens(Tr) is by
definition the identity on C (trace of empty cycles, if one will), and it is injective on the
vector space generated by quantum cycles.

Finally, A’ now has a well defined product, defined on quantum cycles by
Tr (@16'2) = Tr(Cy) Tx(Cy) € A'.
This makes A" into a filtered associative algebra, provided with a semiclassical limit
og: Al — Aoﬁ :
which is defined on monomials by forgetting anchors o: C - - - C,, — o(C4) - - - (C,).

In this noncommutative context it is even more important to allow for formal products
of cycles, in order to keep track of the anchoring, as exemplified by the next proposition.
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CHAPTER 3. SIMPLY-LACED QUANTUM CONNECTIONS

Proposition 3.5. Pick a quantum cycle C = oy - -y, and let C' = Qv Oty v+ O
be a change of anchoring. One has

é — CAd = Z Z Clmélmb\lm

1<I<) am=qaf

where CA’lm,D\lm are two quantum cycle obtained by deleting the arrows oy, oq = af, and
where ¢y, € C is the usual structure constant coming from w,.

Proof. First, notice that one has a telescopic sum:
~ 20
C-0C = Z (al"'a’lan"'al-i-l —Oél+1"'041@n"'041+2>>
0<I<j—1

so that the problem reduces to make one arrow commute.
Now pick traces and compute, introducing again the multi-index K associated to C' =

o(C) = o(C"):

Tr(al...alan...al+1_al+1...a1an...al+2>:

f— Aal .« .. Aal Aan PR Aal+1 J— Aal+1 “ e Aal Aan .. Aal+2 —

- Z thszl k17ankn7kn—1 kiy1,ky sz+1,kl klzanknykn—l Xkl+27kl+1
KeD¢

frnd /\al “ e /\al /\a" “ e /\Oél+2 /\O(l+1 —

- Z [Xk'l:kl—l thankmknA kl+27kl+17Xkl+1ykl+2:| -

KeD¢

_ Yo L Y Oom+1 T am T | FUm—1 Y2 _
- Z Z Xklyklfl Xk7rL+1:km {kaykm—l ) Xkl+1akl:| ka—lvkm—Q Xkl+2vkl+1 -
KeD¢ am=aj,

. g T Um4+l v Qm—1 T2 o
- Z Z (Cmleéklvkm(Skmflkal)sz,szl o .ka+1ykakmfl,kmf2 o .Xkl+2»kl+1 -
KeD¢ am:a;‘+1

—_ Yo . T m+1 . T ¥m—1 . T QU+2 _
- Z Z Cm,l+1ka7k171 ka+1:km ka—lakm—2 Xkl+27km—1 -

K’ am=af+1
= Y i el amgt) To(@e1 - i) =0 Y G Tr(Contr1) Tr(Dyngsr).
am=af 4 am=a;,

The last identity defines the cycles émJH and ﬁm,lﬂ. Also, we used
cmvl+15kl:km5km—lvkl+l = |:X;€I»,ka_17XZfll,kl:| € (C

Now, by definition, the above computation yields

Qp- Qs s Qg — Qg - - 0Oy e - Qg2 = Z Cm,l—l—lCm,l-l—le,l—l—l;

am=07

and summing on [ € {0,...,j — 1} gives the conclusion. ]

The following few definitions now come naturally. Consider again the classical isomon-
odromy cycles of § 3.2. The 3-cycles and the nondegenerate 4-cycles do not contain pairs
of antiparallel arrows, so that one can quantise such a cycle C' by choosing any anchor:
all of them are equivalent. As for 2-cycles and degenerate 4-cycles, we make the following
choices.
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CHAPTER 3. SIMPLY-LACED QUANTUM CONNECTIONS

Definition 3.9. The quantisation of a degenerate 4-cycles is the quantum cycle having
the same underlying classical cycle, anchored at any arrow coming out of its centre. The

quantisation of a two cycle C' = OOO is by definition the quantum potential
et (OOO N OOO) |

In this picture and in all that follow, the black nodes are the tails of the anchors.

Remark 3.5. In the case of degenerate 4-cycles, a priori specifying a starting arrow is
more than specifying a starting node, but in this case there is no ambiguity: changing the
order of the arrows coming out of the central node amounts to an admissible permutation
of the arrows of the degenerate 4-cycles. This is because such a cycle can be written as a
word C' = [*fa*a, where «, 8 are the two distinct arrows of G coming out of the centre.
Now, the two possible anchors at the centre correspond to the quantisations Cy = S Ba*a
and Cy = a*af3* 3. These two are equivalent, using the admissible permutation that swaps
the two 2-cycles: one can move 5* to the right of a*« without changing the relative order
of the antiparallel pairs (o, ®), (3, 8*).

This is totally canonical, and does not rely on a full quantisation Q: Ay — A. One
can however show that it amounts to correcting the standard Weyl quantisation.

3.4 Definition of the simply-laced quantum connec-
tion

Consider now the isomonodromy potentials W; = W;(4) +W;(3) +W;(2) € CGcya of (3.4).

Definition 3.10. The quantum isomonodromy potential W, € C/g;d at the node 7 is
the sum of the quantisations of its isomonodromy cycles. The quantum isomonodromy
Hamiltonian H;: B — A is the trace of the quantum isomonodromy potential at the
node i, i.e. H; := Tr(W,).

This is a quantisation of the classical isomonodromy Hamiltonian H;: B — Ay, in

the sense that the identity o(H;) = H; is true everywhere on B. Consider now the trivial
“universal” bundle E, := A x B — B.

Definition 3.11. The (universal) simply-laced quantum connection V is the connection
on E, defined by

V= dg — @, where @ = Z ﬁidti.

i€l

Note that Q'(B, A) C Q! (B, End(Ea)), where one lets H; act linearly on the fibre A

of E, by left multiplication. If one thinks of 7 as an element of A'(B, A), then this is the
same as a time-dependent quantum Hamiltonian system (see § A.3).

The main result is the following.
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Theorem 3.2. V is strongly flat, in the sense of Def. A.8:

= = OH, OH,
[Hi H]} =0= ot B 8tij’

fori,5 € 1.

To the proof of Thm. 3.2 we dedicate the next two sections.

3.5 Proof of strong flatness: I

Let us start by showing that . .
atiHj - 8thi - O

for all 4,5 € I. This follows from a lemma.

Lemma 3.1. Let W;: B — CG be a classical isomonodromy potential. Then

atﬂ\/z’ = m, 8tj Tr<Wi) = Tl"(atjﬁ\/i)7

J

forall j € 1.

Proof. The first set of identities are due to the fact that the quantisation does not depend
on B. Moreover, as already mentioned at the end of § 3.2, tacking a derivative does not
change the type of cycles that maw the potential, but only modifies their weights.
This means that the quantisation d;,W; is well defined, and that taking traces (both of
classical and quantum potentials) commutes with picking derivatives. O

Using the second set of identities of the lemma, it is thus enough to verify that one

has 0, W; — 0y, W; = 0 for all 4,5 € I, because the trace of the left-hand side is precisely

the difference 8tlfAIj — @JfAIi. Finally, to prove this, one exploits Thm. 3.1, borrowing the
statement

8tiI/Vj = 815]. Wz
This is precisely Prop. 3.4, which implies that

Then the first set of identity of the above lemma permits to conclude. Notice that crucial
fact that the quantisation is “symmetric on G”, in the sense that the quantisation H; of
the Hamiltonian H; does not depend on the base node i € I.

3.6 Proof of strong flatness: 11

One is left to show that the quantum isomonodromy Hamiltonians commute. By bilin-
earity, this reduces to the problem of computing commutators of the form

[Tr(é’l), Tr(CA'g)} €A

where (', Cy are quantum isomonodromy cycles.
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3.6.1 Commutators of quantum cycles

The first thing to do is to see whether one can still write this element in terms of traces of
quantum cycles. Let us get back to our quantum algebra A’ whose commutator is defined

by Tr ([Ch, Cal) = [ Tr(Ch), Tr(Cy)].

We would like to be able to give a characterization of [Cy,Ch] along the lines of
Prop. 3.2, but unfortunately that used the commutativity of the product on Ay. This
means that we cannot a priori hope that the commutator of quantum cycles be a quantum
potential: one must a priori allow for higher-order elements.

The crucial point of our proof is that one can show that the desired property holds for
the cycles we have to consider. Set IMD C (C/g;d to be the vector space spanned by the
quantum isomonodromy cycles.

Proposition 3.6. The restriction |-, -]: IMDAIMD — A’ takes values into @;l More-
over, if 5’1, Cy € IMD then the commutator [CA'l, 62:| s obtained by a suitable anchoring

~

of the Poisson bracket {C4,Cy}, where C; = o(C;).

The proof of Prop. 3.6 relies on a lemma, plus two separate verifications.

Lemma 3.2. Pick two quantum cycles 61, 6’2, with semiclassical limit Cy,Cy. Assume
that one of Ci,Cy is a 2-cycle, or that one of them does not contain pairs of antiparallel

arrows. Then Prop. 3.6 holds for {CA’l, @2} € (C/g;d

indices K = (ky,..., k1), L = (L, ...,l1) varying respectively in

Proof. Write CAH = Q- 041,6’2 = Bm - B, for a;, 3; € Gy, and introduce again multi-

D01 = {1,...,dh(an)}x---x{l,...,dh(al)} and DC2 = {1,...,dh(gm)}x---X{l,...,dh(gl)}.
Now, one wants to expand

(), ()] = Y [

KEDCl ,LGDC2

/\al Aﬁm A,BI
Xklykn7 le,l»m71 Xllalmi| :

n—1

By applying Leibnitz rule recursively, one finds two possible developments:

~ 2R T B Bm VBi+1
[TI‘(Cl), TI‘(CQ)} - Z Z [inlyki—17 leylj—l]leulmfl T le+17lj '
KEDCl,LGDC2 i,j:ai:B]’f

. X on CoL XL Y1 Loxe L xPie B
X kon—1 N S Y A A VA TP (i M

. /\ai /\B] /\Oén o /\ai+1 '

- Z Z [inyki—l ’ leylj—l]kayknfl kit1,k;

KEDCl ,LEDC2 i,j:ai:ﬁ;
v vhi+1 vBi-1 Y531 i1 a1
m

le7lm—1 le+17lelj717lj—2 thlm ki—1,ki—2 Xklykn

Here we could displace all commutators of variables on the left, since they’re just constants
lying in the centre of A.
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Now, one would like to write all the words of length n + m — 2 in the sum as traces
of quantum cycles. One consistent way to ensure this is precisely the condition given in
the statement. Indeed, if — say — C, satisfies the hypothesis, then it has no pair of
antiparallel arrows, as soon as one of its arrows is removed. Then one is free to write

o~

Qn PR /\ai+1 /\Clli71 P Aal — Aai71 PR Aal /\Ofn P Aai+1
anyknfl kig1,ki“ ki—1,ki—2 Xkl,kn — Pki_1,kio Xklyankn,knfl kit1,k;
and thus all addends get the desired form:
A AN o X Bi ~ Bm N Bi+1
[Tr<01)7 Tr(CQ)} — Z Z [inykifl’ leylj—l]le,lmq e leH,lj'

KEDcl,LEDC2 i,j:ai:ﬁ;

-1 Yor  Yon it Bi-1 LB

in—lykz‘72 thkn kn,kn—1 in+1:ki le71,lj72 Xll,lm -

= Y ;T (X\ﬁm L XB XL X X L Xt X B .)?51>7
Zu]alzﬁ;
where we used [X\Ziyki—l’ )/(\l/j{lj_l} = CijOk;1;_10k,_,,1; € C. This is the same structure con-
stant as in the classical case, precisely because A is a quantisation of Ay. Notice that the
second development would work if C5 were the quantum cycle satisfying the hypothesis.

Comparing the above formula with that of {C},Cy} = 0({61, 6’2]) shows that the
commutator is a lift of the Poisson bracket.

The only IMD cycles that do not satisfy the hypothesis of Lem. 3.2 are the degenerate
4-cycles. Hence one must still show that the commutator of two such cycles follows the
same rule. This leads us to check the possible intersections of cycles in G.

Definition 3.12. Two (classical or quantum) cycles are said to intersect if there exists
an arrow of the first with its antiparallel in the second. The intersection is said to be
nontrivial if the two cycles are different.

Notice that two classical cycles (resp. quantum cycles) may have a nonvanishing
Poisson bracket (resp. vanishing commutator) only if they intersect nontrivially. Now,
two degenerate 4-cycles have only two possible nontrivial intersections: either they have
the centre in common, or they do not.

Proposition 3.7. Pick nodes a,b,c,d € I such that the sequences of nodes (a, b, a,c) and
(a,c,d,c) define two degenerate 4-cycles. Then the following commutator vanishes:

-0
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Here we sketched quantum cycle by drawing a black node where their anchor starts.

Proof. Let’s set a == (a,b), 5 := (b,¢),y = (¢,d). Then one has:

THXTXRCX RO = Y XX X X XK K =
i7j7k7l7m7n7o7p
_ XOXE X X X XeXr XY —
= Z |:le Xjk’ Xrﬁranﬁo:|Xl?l XloitXf’?yp X;m -
i,3,k,l,m,n,0,p

- B 5B Tt | Tar TaTt o S o Shr OB Tt Ta Tt o B
- Z X@'j Xﬁ”m |:Xjk7 Xﬁo:|Xl?l Xl?X;/p X;m + |:ij 7X7€m:| XgoXijl?l XﬁXJp X];ym -
7:7j7k:7l7m7n707p

/\:8*/\ A o oA o /\*/\ﬁ/\*/\/\*/\
= D 00k Xy XD X Xp XX+ o a0im0in Xy X p Xy X XX =
,5,k,l,m,n,0,p

= Cgp (Tr(j(\ﬁ*j(\v*j(\vj(\ﬁya*j(\a . Tr(j(\ﬁ*j(\v*j(\wyﬁj(\a*X\a)) —0.

One uses that cgg- € C is alternating in the arrows of G. m

The next intersection asks instead to show that the following picture is true.

Proposition. Pick two degenerate 4-cycles with the central node 5 € I in common. If
they intersect nontrivially, then one has, ignoring structure constants:

BN 3@//@@1 20/}%@1

The number at the peripheral nodes indicates the order in which one must touch them,
starting from the centre (the tail of the anchor).

Proof. Denote (3, 5* the arrows that the two cycle have in common, with ¢(5) = j. Set
then «, o to be the remaining arrows of the leftmost cycle, with t(«) = j, and similarly
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for ~,~v*, where t() = j. Then one has:
(X ROR R D OXT)| = Y[R RN K X KN K
i?j?k?l7m’nﬁo’p
_ B B B W8 | vt vevy v —
- Z {ij Xjk7X7§1nX’r€0} Xl(:l Xl%Xgp X;m -
i7j7k7l7m7n707p
_ YO [vB vB* | vE vor vayvy v 68 [¥wB ¥B %8 v vayy vy
- Z Xij {lem Xrﬁrm} XTﬂLOX]?l XZC;Xgp X];Ym + X’fmn {Xz] 7X1§o} XijI?l XﬁXz’)Yp X;/m -
i7j7k7l7m7n707p
o /\5*/\/\*/\/\*/\ /\*/\5/\*/\/\*/\ o
= D g OimOrmX,; XXy X X2 X+ cp0iodn X, X0 X XpX DX =

ihj?k?l?m?n?O?p

:%{MW@WY@WMJMWW@Y&WM,
3.6.2 Anchors

Let us decompose the classical IMD potentials W;, W; into a sum of classical IMD
cycles: W = 37 cxC, W; = 37, di D;. After expanding their vanishing Poisson bracket by
bilinearity, one will find itself with a sum of potentials:

0= {VV,, W]} = ZCkl{Ck, Dl}. (35)

k.l

Putting together all the cycles that coincide as elements of CGyc1, one will get to a
finer decomposition

0= {Wi, W} =Y enBi € Chiya

Now, since we're assuming that F,, # FE,, for m # m’ in this sum, one has necessarily
em = 0 for all m: any finite family of distinct cycles in G is free inside CGcy., by definition.

Now, thanks to Prop. 3.6, one will find a similar development:

[Wi; WJ} = chz {ék, b\l},
k,l

with Cy, D being the quantisation of C}, D;, and more importantly with [ék, ﬁl} being a
quantisation of {Cy, D;}. One would now like to have

[WZ‘, WJ} = ZemE’m € (C/g;cla

with the same constants e,,, € C, for some lift E,, of E,,. This happens if and only if ever
time that one has {Cy, D;} = {Cy, Dy} in (3.5), then one also has {Ck,Dl} = [C’k/,Dl/j,
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in C/g;d Since these two commutators have the same underlying classical cycle, this
happens if and only if their anchors are equivalent, which can clearly be achieved whenever
both Cj and D, are not degenerate 4-cycles. Indeed, for 3-cycles and nondegenerate 4-
cycles the choice of anchor is totally immaterial, and one can change the anchor of a
2-cycle at the cost of adding a term of order zero, i.e. a central additive constant which
will not tamper with the commutator.

Hence one is led to consider the nontrivial intersections of nondegenerate 4-cycles with
other types of cycles. The only ones which yield a nonvanishing Poisson brackets are
described in plain words as:

1. a 3-cycle and a degenerate 4-cycle with one pair of antiparallel arrows in common®
2. two degenerate 4-cycles with the centre in common

3. a nondegenerate 4-cycle and a degenerate one, with one pair of antiparallel arrows
in common

4. same as the one just above, with two pairs in common

All these intersections give cycles which are classically distinguishable. Also, n ° 2 has
already been dealt with above.

We will now show that these nontrivial intersections yield equivalent quantum po-
tentials, as needed in order to conclude the proof of Thm. 3.2. We will thus sketch
three commutators of quantum cycles, with the logic behind the pictures always being to
summarise longer computations in noncommutative variables, exploiting Prop. 3.6. We
also explicitly write down these computations in Darboux coordinates, so to simplify the
formulae.

Let us start from n°l. One can verify that this nontrivial intersection produces as
Poisson brackets 5-cycles which are built from glueing a 2-cycle to a 3-cycle, with the two
having no antiparallel arrows in common. It would then be enough to choose anchors so
that one always follows the 3-cycle first, and this can indeed be done.

Proposition 3.8. Pick nodes a,b,c,d € I so that (a,d,c) defines a 3-cycle. Assume also
that a and b are adjacent. Then one may choose Darboux coordinates so that:

5Tt is impossible that they have two pairs of antiparallel arrows in common, since the three nodes of
a IMD 3-cycle all lie in three different parts of I, whereas the nodes of a degenerate 4-cycle lie in two
different parts.
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Proof. Set a = (a,d), 5 := (d,c),v = (¢,a) and € := (a,b). Then one has:

[ Tr(XTXX0XT), (XXX = Y [ X X XX X0, X0 X0 =
i,4,k,l,m,n,o0
= Z XZE]*XJEkXI;:Yl [Xlz 7X1:Yrm} XﬁoXoam =
i,5,k,l,m,n,o0

= Z 5ln5zm)/(\13*)/(?k5(\2l§(\505(\3m = Tr(YE*Y&YvX\BYa)'

i,5,k,l,m,n,0

]

Now, every time that such a nontrivial intersection arises, one can base the 3-cycle
as in the above figures without loss of generality, and the resulting 5-cycle will start at
its 3-subcycle. In particular, two such commutators will be equal if and only if their
associated classical brackets are, which is the result one is after.

One may next consider n °3. This nontrivial intersection produces a 6-cycle as Poisson
bracket, built from glueing a nondegenerate 4-cycle and a 2-cycle, with the two having no
antiparallel arrows in common. It would then be enough to choose anchors so that one
always follows the 4-cycle first, and this can indeed be done.

Proposition 3.9. Pick nodes a,b,c,d,e € I such that (a,b, c,d) defines a 4-cycle. Assume
that b and e are adjacent. Then one can choose Darboux coordinates so that:

BENRE

Proof. Set a = (a,b),8 = (b,c),y = (¢,d),e = (d,a) and { = (b,e). Then one has:

[T(XEXXPX), T (XC XXX = Y [X5X X0 XS, X8, Xo Xor | =
i,7,k,l,m,n,0,p
_ e VY YOV ¥¢ va [yva yaor| YEYY ¥BYC W¢ Yo
- Z Xf]Xj’YkalXTCnnXgngu [XIC:’X;Ym} - Z (SipélmXiEij"kalerCrngngp -
/[:7.j7k7l7m7n707p i7j7k7l7m7n707p
Y XX RARE G, K = T TR KX

i,3,k,l,m,n

Finally, one should check n °4.

Proposition 3.10. Pick nodes a,b,c,d € I defining a 4-cycle. One may choose Darboux
coordinates so that:

98



CHAPTER 3. SIMPLY-LACED QUANTUM CONNECTIONS

Cc

d C2 d
—O <—Oj ——O
y |
a b a
L _ b,

by

On the right-hand side one has split the nodes ¢ = ¢; = ¢ and b = b; = by, which are
both touched twice. The point of this proposition is the same as before: up to changing
the anchor of the nondegenerate 4-cycle, all 6-cycles that appear as a result of this type
of nontrivial intersection will have equivalent anchors (one follows the 2-cycle first).

Proof. Let’s denote o == (a,b), 3 = (b,¢),y = (¢,d), and € = (d,a). Then one has:

TR, TXRCXTR) = Y KRN X, X X K| -
1,9,k,l,m,n,0,p
= Y XXX X0 X X X+ X5 X0 X0 X, X X X0 | K =
g gk kKl li) “*mn<*no~<*op “*pm i7< ik kb “*mn<*no < op “*pm U3

i7j7k7l7m7n7o7p

_ YeEYY YByYae |yva yor| B8y YeEYY Yo vor | vB v | ¥B8 Yo _

- Z Xf]X]kalX%n |:Xloz‘é’ Xgo:|X05p Xfm + Xzan]kaérer?o [thXgp}Xmel% -
i7j7k:’l7m7n7o7p

= > 00X XS XX XD XD — 0000 XX X e X XD Xy =
i’j’k’l7m7n’07p

= Y X XX G XX XE — 81,0, X5 X X0 X0 X8

J pm mn no

_
X =
li —
1,5,k,l,m,n,0,p
S

* 3B Ye VY YByvo yor yo _
Bani - Xf]XijleﬁanrCngz -

~ e~~~ o~~~y o~~~

This computation concludes the proof of Thm. 3.2.

3.7 KZ and the star

Here we show that the KZ connection (2.22) of § 2.3.5 is a reduction of the simply-
laced quantum connection for the degenerate reading of a star with no irregular times.
Recall that a star is a complete bipartite graph having one part with a single node. The
statements we will prove are the following.

Theorem 3.3. The Schlesinger connection quantises to the KZ connection via the stan-
dard PBW isomorphism.
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This is proven in § 2.3.5.
Theorem 3.4. The SLIMS reduce to the Schlesinger system, in the special case of the
degenerate reading of a star with no irreqular times.

This is proven in § 3.7.2 and § 3.7.3.

Theorem 3.5. The SLQC reduces to the KZ system, in the same case as above.

This is proven in § 3.7.4 and § 3.7.5.

3.7.1 Simply-laced quantum connection of a star

The general construction of § 3.1 must be reduced to the following data: the set J has
cardinality k& = 2 the reading is a(J) = {+00,0}, and T° = 0. One considers the

complete graph O———O on nodes J. The splayed graph G will be a star on nodes
I =1°111° = {0} 1 I*°. Tt will be centred at 0, and have m = |I°°| legs.
The base space of times is then B = C™ \ {diags}, the vector phase-space is

M = Hom (W, W°) @ Hom(W?°, W),

equipped with the symplectic form w, = Tr(d@Q A dP), where one considers linear maps
Q: W>* — WO P: WY — W™, If W*® = @,c;~ Vi, then one will write @Q; for the
component of @ in V;* ® WY and P; for the component of P in (W°)* @ V;. Notice that
we’ve basically chosen an orientation of G , which wasn’t necessary. However, this provides
Darboux coordinates:

Those data code a space of meromorphic connections of the form

V=d- Qipidz,

el © t

on the trivial vector bundle W% x CP! — CP'. Here {t;}ic;~ € B, and (Q, P) € M.

The isomonodromic deformations of those connections are coded by the Hamiltonian
system

w = ;Tr (PQPQ) = > Hidt; € Q°(F,, 7" T"B),

i€l
where 7: F, = M x B — B is the trivial symplectic fibration of § 3.1. This system spells
out as Te(P-O.P
H(Q,P,T®) = ) M € Sym(M"). (3.6)
i#jeloo ti =t

Indeed, H; is the sum of the traces of all (necessarily degenerate) 4-cycles at the node

1, whereas 3-cycles cannot appear in a bipartite context, and all 2-cycles are not there
because of A =T = dT° = 0.
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The SLQC at hand is then

5 Tr(@{%giﬁi)

iAjel™

V=dg-wT=dg— Y. (

ie]®

) dt;. (3.7)

This is a connection on the trivial (quantum) vector bundle E, = A x B — B, where
A = W(M*,w,). Here again one denotes by w, the symplectic form induced on M* by
the linear isomorphism induced by the symplectic pairing M A M — C. As explained
when introducing the Weyl algebra, this bilinear alternating map M* A Ml* — C is the
restriction of the Poisson bracket of &(M) to linear function.

The main theorem 3.2 assures that V is strongly flat. Let us set

for the quantum Hamiltonians defining the simply-laced quantum connection. Let us
prove explicitly that the connection is strongly flat. To this end, the only nontrivial
verification is that for the commutators.

Proposition 3.11. One has o
[H:, Hy] =0
foralli,j € I*.

Proof. Pick i # 7 € I*°. The trick is to decompose the commutator in the following sum:

—~ o~ 1 ~ o~~~ ~ o~~~
A )= Y o | QPP THAPA,P) |+

kel>\{i,5}
1 X DA D ~N A~ oA
- ti)(t; —tr) {TY(QJPJQZ'PZ')’ Tf(QijQkPk)] +
1 ADBA D PPN NEPN
G =5 | T@PAR) TQPGE)

This decomposition is suggested by looking at the degenerate 4-cycles at the nodes 7,7
with 2-cycles in common, which leaves the following nontrivial intersections:

ko//.@%//.mj

and
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and

L
J L

All those cycles are based at the centre 0 € I of the star. Those intersections give precisely
the terms above. Now, using Prop. 3.6.1 for the commutators, one finds:

k

o~ ~ 1 A
{Hh Hj} N k:;j (ti — t)(t; — t) B ([Qipi’ @ k]Q‘ij>+

1 A B A BIA B 1 S
T O =t Tr ([QzPianP]]Qk k) o = 1) Tr <[QkPk,QiPZ-]Qij) —

1 1 1 PP
= — — Tr ijjaQiPi QrPy ).
k;J [(tz’ =)ty —te) (=)t —t)  (Li— )ty — ti)] <[ | )

Finally, this vanishes thanks to the identity

1 - 1 - 1 .
(ti—tr)(t; —te) (L —t5)(t; — k) (i —te)(t; — ;)

]

Remark 3.6. It is precisely this type of computation that motivated the introduction
of (traces of) quantum potentials. Moreover, cyclic identities of the type above for the
functions (¢; — tx) ' (t; — t) " are also used in the proof of flatness of the KZ connection.
Indeed, we view the commutation relations among degenerate 4-cycles as a lift of the
so-called Kohno relations for the operators €2;; of the KZ connection (2.22).
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3.7.2 The classical reduction

The main idea is to replace the product Q;P; € End(W?) that appears in (3.6) with the
residue R; € End(W?) that appears in (2.21). This transforms the former into the latter,
as one sees directly on the explicit formulae.

To make this rigorous, get back to the vector spaces Wo W™ = @, V;, and set
g? = gl(W?). Thanks to the trace-pairing, one has a canonical identification

L = W°® V= Hom(V;, W°) = Hom(W°, V;) = (W°)* @ V;,

and this for all © € I°°. One now considers the map given by the composition of linear
functions, that is
MZLZEBL;k—>gov (A7B)HABu

This best expressed by choosing bases. If {e;}; is a basis of W, then one has a
canonical basis of g°, provided by {e;r = e; ® dex}jx: €ji is the endomorphism that maps
e into e;. If one next chooses a basis {f;Z)}j of V;, then one has a basis {(ef®);;, =
e; ® df,ﬁi’}jk of L (ef®);y is the linear function that maps f,gi) into e;. The trace-duality
sends this to a basis {(f@We);), = f]@ ® deg }ji, of Lr, with (f®e);p: W — V; sending e

(i)
to f;7.
With those choices made, the product p;: T*L; — g° reads

(e f D), (FO)m) = pi((e; @ df) @ (£ @ degn)) = de; @ dem = Suejm.

Then one expands by bilinearity, to get the usual matrix product L; ® L; — g°. Notice
that j; is nothing but a restriction of the moment map for the standard action of GL(W?)
on M. Equivalently, it is the Poisson map for the restricted action of GL(W?) on the
invariant symplectic subspace T*L; C M:

g'(Qj7Pj)jEI°° = (Q;’wp]{)jeloov
with
/ no_ (Q]?PJ)7 ]%27
(@ 55) = {(gczi, Pg™t), else.

In particular, p; is a Poisson map.

This was the situation for a single leg of the star-shaped graph G. One can now glue
the maps u; to the full moment map

p:M= @ 7L, — ¢°, p: (Qiy Picre — Y mi(Q,P) =Y QP

iel> 1€l>® 1€l

which will satisfy the same as above. We shall also abusively denote p: M — (g%)™ the
map (Q;, P))icre — (QiF;)icr~ that separates the components.

Proposition 3.12. One has p*(HP™™) = H; for all i € I*.
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Proof. By linearity, it is enough to check that
ptTr(RiR;) = Tr(Qi PQ; P),
for ¢ # j. This follows from the fact that
(Rw = den(R),  (Qilw = dlefD(Q),  (P)u = d(fVe)u(P),

with the same notation as above, by the very definition of the component maps with
respect to the bases {e;}; of W and { f }J of V;. One may write dekl for the coordinate
function R — (R;) = deg(R;).

Having understood this notation, one has
uide) ((efD)im ® (FO€)no) = defip((efDim @ (fD€)no) = defi) (Smnety)) = Smndidhor
which yields the formula
pides) =3 d(efD)im © d(fVe)mi € O(T"Ly).
Hence the following computation yields the result:

1 Tr(RR;) = p Z ik = Z (,u?(Ri)kl) (M;(Rj)lk) =

k,l
= Z ( dekl) ( dez ) > d (efDVkm @ d(fDe)m @ d(ef9) 1 @ d(f9e) i =
k,lmm
Z (Qi)km(Pi)ml(Qj)ln(Pj)nk = Tr(QiPinPj)-

k,l,m,n

[]

This proposition means that there is a consistent way to pass from the star-shaped
SLIMS to the Schlesinger ones, by the change of variable R; := Q;P;. We view this as a
classical reduction, in the following sense.

3.7.3 Dual symplectic pairs and classical Hamiltonian reduction

Consider two smooth affine complex Poisson varieties Py, P,.

Definition 3.13. A smooth affine symplectic variety (M,w) over C, together with a
couple of Poisson maps py, po: M — P;, is called a symplectic dual pair if one has

{(0(7)), 15(0(Ps))}e = 0,

where O(P;) are the global sections of the structural sheaf of P;, and with {-,-}, being
the Poisson bracket on (M) defined by w.
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This notion was introduced in [Kar89]. Such a situation arises in particular for the mo-
ment maps with respect to commuting Hamiltonian actions. To prove this, pick two com-
plex algebraic groups G, Gy with Lie algebras g1, g2, and a symplectic manifold (M, w).

Lemma 3.3. Assume that G1,Gy act on (M,w) with momenta p;: M — gf. If the two
actions commute, then one has a dual symplectic pair.

Proof. One can consider the natural action of G := G; X Gy on (M,w). It admits the
moment
p=p1® pz: M — g1 & go.

Now one has, for z; € g;:

{5 (@), 15 () Yoo = {7 (21, 0), 7(0,00) Yoy = 1* ([(1,0), (0, 5)]) =
= ,U*([wla 0], [0, x2]) = p1*(0,0) =0,

where one used the fact that p*: gy @ go — O(M) is a morphism of Lie algebras, plus
the definition of the direct sum of Lie algebras. O]

To apply this to the case at hand, set G° := GL(W?), G*® = [[;c;~ GL(V;), with Lie
algebras g°, g>°. The two groups act on (M, w,) with commutatlve Hamiltonian actions.
Introduce the notation pg: M — g% = (g%)* and pe: M — g™ = (g™)* for the
momenta. One would now like to relate the subalgebra pf(0(g°)) C 0(M) to that of

regular functions on the reduction M / G*°. Recall that this is by definition the affine
Poisson scheme defined as

M/GOO = Spec (ﬁ(M)Gm),

using elementary affine GIT theory. This is well defined, because one is acting via a
reductive group on affine space, but it can have geometric issues: the space may be
nonreduced and/or singular. Here we are however only interested in the dual functional
viewpoint, i.e. the algebraic one, which is more suited to deformation quantisation.

Recall from § 2.1.6 that one defines the (classical) Hamiltonian reduction R(ﬁ (M), g, 1 )

of (M) with respect to the Lie algebra g and an ideal I C Sym(g*), assuming there to
be a (co)moment u’_ : Sym(g>®) — O(M). Namely, one considers the ideal J C (M)
generated by p* (), and then one sets

R(O(M), g, 1) M)e™ /e

where
OM)* = {f € OM) | {n.(8%), f} = 0},
and J* = JNOM)*". In § 2.1.6 it was shown that the reduction is Poisson. Notice

that one has
/ Jo° o~ ( M)/ J) :

6This is the weakest possible notion that one finds in the literature. Some authors require the maps
; to be submersive. Some other require that the two subalgebras p(&(P;)) be the mutual centraliser
of one another into &(M).
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since g™ is reductive.

The important feature of the above symplectic dual pairs is that the image of pf is
contained in &(M)?”. This provides a natural morphism of Poisson algebras

p: 0(g")" — R(6(M), g™, 1)

for all ideals I C Sym(g*), by composing pg with the canonical projection to the Hamil-
tonian reduction m: &(M)*" — R(O(M), g, I).

This is the correspondence we invoke to say that { H>"}, is a reduction of the classical
SLIMS of a star. Indeed, we've shown that uj(HP®) = H;: B — ¢(M). Now, since
actually H; takes values in the invariant part ¢(M)?”, one may reduce it to a function

7(H;) defined on any symplectic reduction (I\\/JI/ / oG‘”) x B of the above trivial Poisson
fibration. One then has p(HPM) = 7(H;), by definition.

3.7.4 The quantum reduction

One can now use the quantum constructions which are analogue to the above classical
ones. Recall that we defined quantum moments and quantum Hamiltonian reduction in
§ 2.1.6, and now we wish to apply that material to our context, where the group GL(WW?)
acts on (M, w,) with comoment g: Sym ((go)*> — Ay.

One can provide a natural quantisation of it. Namely, one defines p*,: U ((go)*) — A
by showing that the auxiliary morphism

pro: Tens ((go)*) — Tens(T*L;), (o dejr — > d(ef)jm @ d(f€)

induces an associative morphism of the quantum algebras thanks to the universal property
of the quotient. Just as before, one can fix ¢ € I*°, and admits that all results will glue
as they have to, because of the universal property of the direct sum. Moreover, it turns
out to be simpler to check this for the trace-dual version.

Consider thus the map
a: Tens(g®) — Tens(T*L;), a:ej — Z(f(i)e)mk ® (ef(i))jm‘

To get to this map, one indeed uses the dualities
Tr: deji, — ex;, Tr: d(ef(i))jk — (f(i)e)kj, Tr: d(f(i)e)jk — (ef(i))kj,

provided by the trace. A last point must however be made: the linear isomorphism
Tr: (M, w,) — (M*,w,) is anti-symplectic, since the trace reverses the orientation chosen
for the arrows of G. To be more explicit, the isomorphism ¢: M* — M provided by the
symplectic pairing is canonical, whereas the isomorphism Tr: M* — M is noncanonical
(it relies on the choice of a polarisation for (M, w,)), and they differ by a sign when
computed on the usual basis:

! d(‘ef(i))jk — —(f(i)e)kj, ! d(f(i)e)jk — (ef(i))kj
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Hence one should prove that « induces a morphism with the Weyl algebra for the opposite
symplectic structure, and this is precisely what happens.

Proposition 3.13. The map a: Tens(g’) — Tens(T*L;) induces an associative mor-
phism @: U(g°) — W (T* L;,wSP), where wSP is the opposite symplectic structure.

Proof. Thanks to the universal property of the quotient, it is enough to show that one
has o(1;) C JSP. Here JP C Tens(T*L;) is the bilateral ideal generated by

TRY-YOT —w (1Y) =T @Y — YO T+ wa(,y),
for z,y € M, and I, C U(g") is the bilateral ideal generated by
VRW—w®uv—[v,w,

for v,w € g°. This can be shown on the usual bases {e;;};x C g% {(ef");x};x C L; and
{(fie)jk}j,k C L?. One has:

Oé(ejk ® €l — €im @ ek — [k, €zm]) = a(ejk @ €im — €im @ €k — Oki€jm + 5jm€lk) =

= S [(Fe)ar® (€ s (F'€)om @ (€ Vo] = Susduol F'€)om © (€ i + Simao( F€)arc ® (€ o =
=S ([(€F sms (FDom] + (€8 Vi (FDom) ) & (e Dot
+(f o & ([(FDues (€N +wa( (Fe)ans (efa) ) @ (e Yiu+
+ Dok (' Jom @ ([ (e 0] + (e e a) )+
+ 2 ([ (Fhon] + (Pt (o)) @ (6o @ (e

This expansion follows from the Leibnitz rule for the commutator of Tens(7*L;), and
from the canonical relations

wa((efi)jn’ (fi€)0m> = 5jm5n07 wa((fie)nku (efi)l0> - _5kl6noa
Wa((efYjn (€ N10) = 0= wa((F'€)nk, (F€)om)-

At the end one has four addends, each of which is a (bilateral) Tens(7™ L;)-linear combi-
nation of generators of JJP. Hence the result lies in the ideal, by definition. m

This proposition shows that the definition
1o (dejr) = Y- d(efD),,, - d(fe),, € A (3.8)

makes sense. The conceptual reason why this works is that p is Poisson. It is straightfor-
ward to check that this maps quantises j;. Moreover, it now defines a quantum g“-action
&: g° — Der(A) that quantises the classical &: g — Der(Ay).
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—

Proposition 3.14. One has (ﬁKZ) = H,.

Proof. This equality makes sense by using the canonical trace-duality, as above. By
linearity, it will be enough to show that

1o Te(RiRy)) = Tr(QiPiQ; Py),

for i # 7 € I*°. Indeed, one knows that the Z]# € U(g*)®™ is the trace-dual

t—t

of 3,4 o _Zj: = H:KZ, because KZ quantises Schlesinger. The result now follows by the

Stralghtforward expansion

because by definition the quantum variables (R) Kl (@z) &m and (]%)ml corresponds to the
generators

—_—

dev) € U(g"),  def®),,d(f0¢) € A.
]

Hence one has lifted the classical correspondence to a quantum one. One should again
perform the “quantum” change of variables R; = @1]3Z in order to retrieve KZ (2.22) from
the simply-laced quantum connection (3.7). We view this as a quantum reduction, in the
following sense.

3.7.5 Howe pairs and quantum Hamiltonian reduction

We start by providing the most straightforward quantum analogue of the notion of a
symplectic dual pair. Consider three associative algebras A, By, Bs.

Definition 3.14. 7 A pair of associative morphisms p*;: B; — A is a Howe dual pair if
one has

171 (By), 175(B)| =0,

where [-,:]4 is the commutator in A. Moreover, this is said to be a quantisation of
the symplectic dual pair p}: 0(P;) — O(M) if B; is a quantisation of 0(P;), A is a
quantisation of (M) and the semiclassical limits o;: B; — O(P;), 0: A — O(M) are
intertwined:

"This is again the weakest notion one finds around. One could require that ;/L;l(Bl) C A be the
mutual centraliser of one another into A. This latter notion admits a representation-theoretic analogue
concerning the action of a product G; x G of two (algebraic) groups on a finite-dimensional vector space,
which is the actual definition of a Howe pair (see [How89]). Nevertheless, we won’t be needing any of
this to discuss our quantum reduction.
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One can show that the quantum momenta [, fi*, for the actions of GL(W?) and
GL(W®) provide such a Howe pair.

Proposition 3.15. One has

=0.
A

75 (U(6"). 7% (V)

The proof uses the explicit formula

I[/j’\*oo(c/l-?kl) = Zd(fe)kn ’ d(ef)nl S A’

n

which is proven in the same way as (3.8).

Proof. One has, using the usual generators:

[ﬁo(agij)v/?oo(a}kl)h - Z [C@zm )

e~~~

A(f€) g A )y - dlef) ], =

= Z C@zm ) C@kn ) {C@mg‘? C@nl]A + {@zm’ C@kn}A ) C@nl ) C@mj -
- Z _6ml6jn6@im ) d/(:f;)kn + 51”5mk6@nl ) C@mj -

= —d(ef); - d(fe)kj +d(ef)y - d(fe)kj =0.

In particular, the image of ;% inside A is contained in the invariant subalgebra
A = {fed {,ﬁm(U(gw)),f] } C A
A

This can be used to provide an correspondence between the quantum algebra U(g°)®™
and all quantum reductions R, (A, g, ) Recall from § 2.1.6 that this is defined using
the moment u*_: U(g®) — A and an ideal I C U(g™). As in the classical case, one
considers the left ideal J = A.u* (I) C A generated by p*.(I). This need not be
a two-sided ideal, whereas the invariant part J® C A% must be. Thus the quotient
R, (A, g, I) = Agm/ﬂoo is an associative algebra.
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There is now a natural arrow @: U(g?)®™ — R,(A, g, I), composing 1%, with the
canonical projection m: A% — R (A, g, I). Finally, the results of the previous section
show that

GH{?) = m(I).
and the right-hand side is precisely the reduction of the (G*°-invariant) quantum SLIMS
with respect to the G*-action.

3.8 DMT and the dual star

We want to show that the DMT connection is a reduction of the SLQC connection for
the Harnad-dual picture to the previous one. The main ideas of the proof are exactly as
for KZ. We will prove the following statements.

Theorem 3.6. The dual Schlesinger connection quantises to the DMT-Casimir connec-
tions via the standard PBW isomorphism.

This is proven in § 3.8.3.
Theorem 3.7. The SLIMS reduce to the dual Schlesinger system, in the special case of
the degenerate reading of a star with no regqular times.

This is proven in § 3.8.4.

Theorem 3.8. A natural correction of the SLQC reduce to the DMT system, in the same
case as above. The correction produces a strongly-flat connection whose difference with
the SLQC vanishes when taking the semiclassical limit. In particular, a reduction of the
SLQC is a quantisation of the dual Schlesinger system.

This is proven in § 3.8.5.

3.8.1 Simply-laced quantum connection of a star: dual version

One takes k = 2, a(J) = {00,0} and T = 0, in the general setup of § 3.1. The graph G,
and the symplectic phase-space (M, w,) are the same as in § 3.7.1. What changes is the
space of times B = c’’ \ {diags}, and the space of meromorphic connections that these

data code, namely:
P
V=d- <T0—|—Qz)dz.

This is a connection in the trivial vector bundle W% x CP' — CP'. One can write
T° = diag(t1 11, . . ., tmI,,) € B, where I; is the idempotent for V; C W°, and (Q, P) € M.

The isomonodromic deformations of those connections are controlled by the simply-
laced Hamiltonian system

w = ;Tr (QYDQP) = 3 Hdt; € Q°(F,, 7*T*B),

el
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where 7: F, = M x B — B is the usual trivial symplectic fibration. The system spells
out as

H(Q,P,T = Y Tr(@:FQ;P) € Sym(M*). (3.9)

i#jel” ti—1;

The SLQC at hand is then

- ’“8>
©>

V=dg—T=dg— Y. ( 3

iel>~ \i#jel>

L) PR

This is a connection on the trivial (quantum) vector bundle E, = A x B — B, where

A=W (M*, w,).

The main theorem 3.2 assures that V is strongly flat. Let us set

i#]

for the quantum Hamiltonians defining the SLQC. One may prove the flatness of this
connection in the very same way as Prop. 3.11. Indeed, the combinatoric of the nontrivial
intersections of the degenerate 4-cycles is the same as before, because it only depends on
the adjacency of the quiver G, which has not changed.

3.8.2 DMT connection

Here we briefly recall the construction of the Casimir connection [MTO05]. Consider a
simple Lie algebra g over C. Choose a Cartan subalgebra h C g, with associated root
system R C h*. Let
bre = h \ |J Ker(o,)
a€ER

be the open complement to the root hyperplanes. This means that o,: h — b is the
reflection associated to o € R. Let K: g ® g — C be (a multiple of) the Killing form
of g. One can now define a strongly flat connection VPMT on the trivial vector bundle
U(g) X breg — breg. Namely, for all o € R one chooses a sly(C)-triplet of vectors
€a € Ba; fa € 0—as ha = [€a; fo] € B, and then

RO ey ot Fo2 ™

TN =, -

aER

where K (o, a) € Ry is the length squared of the root o, computed with the dual of the
Killing form (still abusively noted K). Just as for KZ, the constant in front of the 1-form

/w\DMT — Z

aER

K(a,a)

(éa : fa + J?a : éa)dlog@‘) e Q! (B’ U(Q))
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is not a concern here. One could introduce any deformation parameter A € C in front
of it. Moreover, this is the universal version of the DMT connection: one may pick any
g-module V and use it for the generic fibre of the trivial vector bundle.

We will now specialise this connection to the case of g := gl;(C), noting that this Lie
algebra is reductive but not semi-simple. One can just consider an invariant nondegenerate
bilinear symmetric form on g to perform the same construction as above, and we will use
K(X,)Y) = %Tr(XY), for XY € g. We can choose h C g to be the subalgebra of
diagonal matrices. Now the root system R = R(g,bh) reads

R = {Oéijl b — C}lgi#jgly where aij(diag(xl, e ,Il)) =T — Xy

Moreover, one has

gom‘j = Spanc{eij}’ g—aij = go‘ji = Spanc{eﬁ}’

so that h,,, = leij, ei] = ey —ej; € b. This is indeed the dual root to a;; with respect to
Tr, as

Tr(haijekl) = Tr(eiiekl) — Tr(ejjekl) = 5zk Tl"(@il) — 5jk Tl"(@jl) = 5zk51l — 5jk(5jl = ozij(ek.l).
The length squared of all roots is given by
QK(O{Z], aij) = Tr(haijhaij) = Tr(eii) + Tr(ejj) -2 Tr(eiiejj) =2

Finally, notice that if one introduces the usual global coordinates {¢;}1<i<; on heq, then
one has

dt; — dt;
Putting all this together, one finds
VPMT — g ST HPMTay,, (3.11)
if one sets L
E.DMT = ;Z Gij - eii + :ﬂ % : hreg — U(g)
RG]

J#i
These are by definition the DMT Hamiltonians.

Dual Schlesinger system

Pick a complex reductive group G, with Lie algebra g. Consider the trivial Poisson
fibration g* X Breg — Breg, where h C g = g* is Cartan. One lets (R,T°) € g X Byeg
parametrise the following set of g-valued meromorphic connections on trivial G-bundles
over CP!:

V:d—(TO+R>dz.

z

112



CHAPTER 3. SIMPLY-LACED QUANTUM CONNECTIONS

One can show that the isomonodromy differential equations of such connections admit an
Hamiltonian formulation. Namely, one defines

w = K (R,adpd[dT°, R]) = K (R, R ),
where K is an invariant nondegenerate bilinear symmetric form on g, and where R is

a local section of the fibration. Next, by choosing global coordinates {t;}; on beg, one
writes

o= 3 HSN,
%

for functions H3S": g* x h,., — C. This is by definition the dual Schlesinger system.
Specialising all this to G = GL;(C) as before, one has

; HSN g, = ; Tr (RR).

Notice that

~ {dlog(ti —t))Rij, 1 # ],
Rz] = . .
0, 1=
and so
1 ~ 1 ~ 1 Rii R
STr(RR) = 5> RyRji = 5 Y~ (dt; — dt;)
2 245 2im il

This provides the explicit expansion

HidSch _ Hidsch(R TO) _ Z P
P

J#

(3.12)

3.8.3 DMT is a quantisation of dual Schlesinger

It is argued in [Boa02] that the DMT connection is a quantisation of the dual Schlesinger
system. After all the above preparation, it follows from the following observation. The
(classical) dual Schlesinger Hamiltonians can be written

HiS = 3 €ij © €ji
7 J
A b

if one thinks of them as smooth sections H;: be —> Sym(g*) = Sym(g). The PBW
quantisation (2.8) of the numerator is by definition

eij . eji + eji . eij
2 )

Qley; @ eji) =
so that one has on the whole Q(H35) = FPMT,

113



CHAPTER 3. SIMPLY-LACED QUANTUM CONNECTIONS

3.8.4 The classical reduction

To get the dual Schlesinger system (3.12) from the simply-laced system (3.9), one should
first restrict itself to the case where dim(V;) = 1 for all i € I°. Notice that this implies
dim(W?) = |I°| =: . In this case B = C'\ {diags} = b,eq, where b is the standard Cartan
subalgebra of g := gl(W?) = g[,(C).

Now, as in § 3.7.2, one considers the classical (co)moment
po: Sym(g”) — O(M)
for the GL(TW°)-action. This is the dual map to
po: M— g’ (Q,P)— R=QP.

Now one can show that pi(HIS) = H; for all i € I°. Notice that in this case there are no
traces to take, as the endomorphism @, P;Q;F;: V; — V; is a scalar for all ¢ # j. Hence
indeed

() = g (Z R”'Rﬂ) _y @BOR  TQBOP)

iz it iz LTl iz bl

by means of the change of variable R;; .= @;P; € C. The conceptual justification of this
computation is again the explicit formula

dim(Wo°)

pplde) = Y d(e® fi @ d(fel)),

k=1

where {de;; = e; @ de;} C g° is the canonical basis (with V; = spanc{e;}), and with
d(e® £y = e; @ dfy, d(feW))y = fip @ de;, fixing a basis {fi }r of W>®. Indeed, with these
notation one has R;; = de;;j(R), and the slightly more complicated

dim (W) '
QP = 3 (@R =3 d(e Ni(Q)-d(fe?)u(P) = 3o d(e s @d(fe)u(@P),
k=1 k
where (Q;)r: C — V;,(P;)r: V; — C are the components of Q;: W> — V; and
P;: V; — W in the subspace spanc{fi} € W>. We view this as a reduction, in the

same sense in which Schlesinger (2.21) is a reduction of the SLIMS for a star (3.6) (see
§ 3.7.2 and § 3.7.3).

3.8.5 The quantum reduction

Following the same strategy as in § 3.7.4 and § 3.7.5, one would like to implement the
quantum change of variable R;; := @); P; to show that the formula for the DMT connection
(3.11) expands to that of the simply-laced quantum connection (3.10). The precise justi-

fication for this would again be the natural quantisation ji};: U(g’) — A of the moment
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map of the previous section. By doing this, however, one does not recover the words that
make up the the Hamiltonians H; of the SLQC. Rather:

MO(Zt-J—tj<):Z t-—jt] ’
iz b)) am bTh
where as usual one writes R;; = c/iéij € U((g*)o) and

~

Q.P; = Z Pk—Zdel)fk dfel), € A

for the natural quantisations of de;; € @(g°) and d(e f)y, d(fel?), € O(M) = Ay. This
means that the actual quantum connection that reduces to DMT is

=dp., — Y H’dtz,

iel0

still defined on the trivial vector bundle E, = A X byeg — breg, Where

’[_P _ Z Tr(@lﬁjéjﬁl)
LAttt

This connection is clearly a close relative to the simply-laced quantum connection (3.10).
Indeed, it just amounts to a change of anchoring of all quantum potentials defining the
Hamiltonians ﬁl instead of anchoring all degenerate 4-cycles at their centre, one anchors
them at their starting node.® The following proposition shows that the difference between
V and V' is negligible as A — +o0.

Proposition 3.16. The A-valued one-form V-V e Q' (Breg, A) vanishes in the semi-
classical limit.

Proof. This means that the element

V-V.0,) =
- 9.0.) S
lies in the kernel of the grading map gr: A — Ay for all {t;}; € by In the chosen
notation, this is seen to be true because the identity Tr(Q,;P;Q;F;) = Tr(P;Q;FP,Q;)
holds for matrices Q;, P;, Q;, P; having coefficients in a commutative ring (C, in this

case), and because of the definition of quantum potentials of § 3.3: namely, the functions
Tr(Q:PQ; B), Tr(PQ; Qi) € AO are the semiclassical limit of the quantum operators

Tr(QZP Q] ) Tr(P QJPQ ) €
One can moreover provide an explicit formula for the above difference, using Prop. 3.5:
Te(Q:P5Q; ) — Tr(Q; PQiBy) = Tr(P,Q;).

8Notice that if one had defined the SLQC making this latter of anchoring, then an analogous correction
would have been needed to recover KZ, which is part of the motivation for choosing the former one.
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To show this, one uses the fact that [(@Z)k, (é)k} = 1 in the quantum algebra A. This
also gives an equivalent proof that the semiclassical limit of the difference must vanish:
if one added the deformation parameter A into the picture, via the universal construction
of § 2.1.4, then the operator of order two Tr(]sj@j) € A would come with a power A¥ of
h having an exponent k > 2. O]

In terms of quantum cycles, the above proof can be sketched by saying that

equals ‘\/O plus .OO This is a valid statement in the space C/Q;d

As a final application of the material about quantum traces introduced in § 3.3, one can
quickly conclude the following.

Proposition 3.17. The corrected connection V' s strongly flat.

Proof. The only nontrivial thing to prove is that [?I{ , ?Ij’} = 0 for i # 7, as the other half

of strong flatness follows trivially from that of V. Now, the above picture says that we
can move the anchor of all degenerate 4-cycles of H] from the arrow coming out of 1 to

the centre, up to adding a 2-cycle to each of them. One thus has H’ H + Z#Z r(Cy ),

ti—t;
where Cj; is a suitable quantum 2-cycle based at the centre, for all < # j. The following
lemma is then enough to conclude. O]

Lemma 3.4. All quantum 2-cycles commute among themselves, as well as with all de-
generate 4-cycles.

Proof. Thanks to Prop. 3.6, these commutators are anchored cycles with the Poisson
bracket of their semiclassical limit as underlying cycle. A straightforward computation
then shows that these Poisson brackets vanish. O]

Another meaningful comparison can be made between VPMT and the reduction of the
simply-laced quantum connection. To compute the latter, notice that one has:

1

(P,Q:P;Q S o

H; = ZH])=Z _(TY(QPQ i) — Te(Q;F7) + )

i i b

using the commutation relations of A. The reduction of this is
—~ 1 R R R

W(HZ)_Zit — (eij-eji—ejj—i-l).
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Notice that adding diagonal elements €;; does not tamper with flatness, because of
[eijeji, ekk} = 0, for all k.

This is the reduction of the cycle-theoretic statement that all 2-cycles commute with
all degenerate 4-cycles. The difference between this reduced connection and DMT is
analogous to the difference between DMT and a reduction of the FMTV connection (to
be explicitly written down at the end of § 3.9.3).

3.9 FMTYV and the bipartite graph

Combining § 3.7 and § 3.8 leads to the fact that for the case of a complete bipartite graph
the simply laced quantum connection reduces to the FMTV connection [Fel4-00], as we
shall argue momentarily. More precisely, we will show the following.

Theorem 3.9. The SLIMS reduce to the JMMS system, in the special case of the degen-
erate reading of a complete bipartite graph.

This is proven in § 3.9.2.

Theorem 3.10. A restriction of the FMTV connection can be corrected to obtain the
PBW quantisation of the JMMS system, and the difference vanishes semiclassically.
Hence the FMTYV system quantises the JMMS system.

This is proven in § 3.9.3.

Theorem 3.11. A natural correction of the SLQC reduces to the FMTYV system, in the
special case of the degenerate reading of a complete bipartite graph. The correction pro-
duces a connection whose difference with the SLQC vanishes when taking the semiclassical
limit. In particular, a reduction of the SLQC is a quantisation of JMMS.

This is proven in § 3.9.4.

3.9.1 Simply-laced quantum connection of a bipartite graph

The constructions of § 3.7.1 and § 3.8.1 generalise as follows. One still has k¥ = 2 and
a(J) = {+00,0}, but G is now an arbitrary bipartite graph on nodes I = I°J][I*°. The
base space of times is

B = CI"™I\ {diags} x CI"’I\ {diags}.
The vector phase-space is
M = Hom(W*®°, W°) @& Hom(W?°, W),
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equipped with the symplectic form w, = Tr(dQ AdP), where @, P have the same meaning
asin § 3.7.1 and § 3.8.1. If W™ = @, Vi and WO = @0 V2, then one will write Q5
for the component of @ in (V;°)* ® V;?, and Pj; for the component of P in (V)* ® V.
These data code a space of meromorphic connections of the form

V:d—<T°+ 3 QL )dz,

_ oo
il 2 — 1

on the trivial vector bundle W% x CP! — CP!, with respect to the coarser decomposition
P: WO — V>* Q;: V> — WP, The isomonodromic deformations of those connections
are coded by the Hamiltonian system

= = 3T (PQPQ) + S TH(QPQP) = ¥ HXder + 3 H)d)

IS e jeIo

which spells out as

> Tr(PyQue P Qji

HX(Q,P, T, T") = ) + > 1) Te(P;Qy0),

keIoo\{i},j,le 10 0 =t JEI° (3.13)
o Tr(Q i PuQuiPry) o '
H)(Q,P,T*T% = T+ 2 T Te(QPy).
1eI%\{j},i,kel> J l i€l
One now has nondegenerate 4-cycles, as well as 2-cycles. The SLQC at hand is
V=dg-@=dg— Y HrdtF - Hjdt, (3.14)

i€l FEI0

on the trivial vector bundle E, = A x B — B, where A = W(M*,w,). The explicit
quantum Hamiltonians are

> = 3 Tr(PiilekP:Oiji) N 3 Tr(jSij%iﬂj)+
kel>=\{i},jAlel’ b =t keIeo\{i},jeI° & — g
1 ~ o~ ~ o~
+t3 > t?(Tr(Piiji) + Tr(QﬂBj)>,
jeIo
0 __ Jit J J oL jid g
leIO\{j} i#keloe J ! leIO\{j}ieI*® J !

+; > tf°<Tf(@ji13ij)+Tf(13ij@ji))-

S

Here one separated nondegenerate 4-cycles (on the left) from degenerate ones, taking care
to anchor the latter at their centre rather than at their starting node. The main theorem
3.2 assures that V is strongly flat.

3.9.2 Classical reduction: JMMS system

It is argued in [Boal2b] that (3.13) controls isomonodromic deformation equations which
correspond to the lifted equations of [Jim+80] (A.5.9). Moreover, the usual change of
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variable R; = @Q; P, provides the JMMS equations themselves ([Jim+80] 4.44 or A.5.1).
Just as in § 3.8.4, one must further restrict 7° to have simple spectrum in order to
recover the setup of JMMS. One finds then a system of time-dependent Hamiltonians
H;] MMS.eo” prIMMSO- controlling the isomonodromic deformations of meromorphic connec-

vzd—<ﬂ’ s )m,
= r

i

tions of the form

on the trivial vector bundle W° x CP! — CP'. More precisely, one lets 7Y and {t:°};
vary, and looks for residues R; € gl(IW°) = g[,(C) such that the monodromy of V stays
fixed (where dim(W?°) = |I°| =: 1) . This should be thought as the combination of the
isomonodromy problems of § 3.7 and § 3.8, and the resulting phase-space for the JMMS
Hamiltonians will be the trivial Poisson fibration g x B — B, where g := gl;(C) and
B = b, x Conf,,(C). Here h C g is the standard Cartan subalgebra, and Conf,,(C) is
the space of configurations of m-tuples of points in the complex plane, so that

(Rl)z € gm’ TO € I’Jreg, {tz}z € COHfm<(C)

The explicit formula for the JMMS Hamiltonians is

£ — 5

g = 3 + Tr(RTY),

1<k#i<m

(3.15)
JMMS 0 (i) i (Bn)j s
HJ - Z Z tOj tO ’ + Z t TI' R; eﬂ])
1<k#;<l1<t,n<m 1<i<m
Indeed, this is precisely equation (A.5.13) of [Jim+80], rewritten according to our nota-
tion.? To justify why (3.13) reduces to (3.15) after changing variables, notice that one has
(Ri)jk = QjiPjr € Cforall 1 <i<mand1<yjk<I. Hence, eg.

Tr(RiT") = Y (Ri) T = 3 Oty (Ri) i = D t5Q5:P Zto Tr(P;Qji),
ik j

Jk

where in the last passage one used the fact that Q;; FP;;: V}O — V}O is a complex number.
Similarly

ZTI"(RiRk) = Z (R )]l Rk Z ng lelkPk] = Z Tr(PilQmijjS)-

i#k i#k,jl i#k,jl i#k,j,l

The expansions of the terms of H"™MS are done similarly. The justification of this

formula lies as usual on the components pj: T* Hom(V,*°, W") — g of the moment
fo: M — g™, defined by

,uz(QzaPz) = QZP’H n = @ Hi: (Qz z)z

i€l

One could pick bases {e; }; of W? and { f;}, of W and write this down in terms of explicit
generators of the algebras 0'(g), 0(M), as done in § 3.7.2 and § 3.8.4. Moreover, the same

9We wrote it in this half-expanded form to make it clear that this is indeed the same Hamiltonian
system. One should replace R;, T, t2°,t? with A;, A, ¢;, a;, respectively.

1V 0 Yy
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argument of § 3.7.3 permits to rely this change of variable to the reduction of the SLIMS
with respect to the action of GL(W?) on M.

As a final remark, notice that the leading term of H;] MMS.e0 hrovides the Schlesinger
Hamiltonian (2.21). Similarly the leading term of H J‘] MMS0 brovides a generalisation of
the dual Schlesinger Hamiltonian (3.12). This generalisation amounts to the fact that
now one has several simple poles, corresponding to several residues, instead of just one.

3.9.3 FMTYV is a quantisation of JMMS

Here we briefly recall the construction of the dynamical connection [Fel+00]. One con-
siders the KZ equations for a simple Lie algebra g, with an additional parameter u € b
chosen in a Cartan subalgebra h C g. The equations read

0 Qij
81&150 _ (um + ¥ too_too) ¥, (3.16)

1<j#i<m 7t

for a section of ¥: Conf,,(C) — U(g)®™ of the universal KZ vector bundle, where the
indices of €2 and p specify on which factors of the fibre to act. This is equation 3 on page
3 of [Fel4+00]."% Eq. 4 on the same page then provides a system of differential equations
which is compatible with this version of KZ: the dynamical equations. 1t is a system for
Y with respect to the variable p € b, in which one recognises a variation of the DMT
connection of § 3.8.2, plus an additional term. Namely, the derivative of v in the direction
of i’ € b is given by:

o = ( O TIRES DR LA fa) v (3.17)

o 1<i<m =0 (o, )

The rightmost sum is made over positive roots o € h*. The superscript of p’ still denotes
the factor on which to act, and the symbols é,, fa € U(g) are the standard quantisations
of the vectors e,, f, € g that together with h, compose a sly-triplet. The full FMTV
system consists of those two sets of equations, for a function ¢: hx Conf,,(C) — U (g)®™
One can now interpret those linear differential equations as a flat connection VFMTV on
the trivial vector bundle E := U(g)® x B — B, where B := § x Conf,,(C), called the
FMTYV connection:

ﬁFMTV _ dB _ Z EFMTV’Idt;)O . Z HFMTV IId / (318)

1<i<m i<j<l

where [ := dim(b) is the rank of g, and where one picks linear coordinates {}; on bh,with
respect to a fixed basis of the Cartan subalgebra. The time-dependent quantum operators

E\FMTV,I’ HFMTV IT ‘B — U( )

7 K3

1°0ne should replace P, t5°,8;; with u, 2, QU9) . Moreover, instead of considering the universal KZ
equations, one should pick highest weight g-modules V;, and replace U(g)®™ with V =V, @ --- @ V,,,.
Finally, the choice of a complex parameter k is not relevant here.
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are by definition the FMTV Hamiltonians. As done for KZ and DMT in § 2.3.5 and
§ 3.8.2, one can rewrite the system for the reductive Lie algebra g := gl;(C), using (a
multiple of) the canonical duality induced by the trace pairing. Now it makes sense to
compare (i) the restriction of the FMTV Hamiltonians to the regular part b, of the
Cartan subalgebra and (ii) the PBW quantisation of the JMMS system (3.15).

Proposition 3.18. Take g = gl;,(C). Then:

1. The FMTV Hamiltonian H ™" restricts to Q(HgMMS’OO> on hreg X Conf,,(C).

2. The difference

77FMTV,IT
( H] ’

bregXConfm((C)) N Q(H}]MMS’O)3 Breg X Conf,,(C) — U(g)®™

vanishes in the semiclassical limit, everywhere on the restricted JMMS base.
Hence the FMTYV system is a quantisation of the JMMS system.

Proof. ™ Let us start by showing that the quantisation of the linear addends of (3.15)
yields the additional terms of (3.16) and (3.17), when restricted to the regular part
Breg- Notice that the elements 1 € b, now corresponds to the diagonal matrix 70 =
diag(t?,...,tY). Similarly, instead of differentiating along a generic direction y’ € b, it is
enough to consider partial derivatives with respect to the system of fundamental coweights
{eii}1<i<i, which is a basis of . This is a subset of the canonical basis e;; € g.

With these identifications, the additional term of (3.16) can be written

pl = = > ),

1<5<i

where T° = 3;1%;; is the decomposition with respect to the basis of fundamental
coweights. This is indeed the PBW quantisation of the linear function

Tr(RT°) = ) t)(Ri)jj,
1<5<1

which appears in the JMMS Hamiltonian HZ»J MMS.co - The justification of this passes

through the identification (R;);; = de(i)(R) € C, where de(i) (g™)* is the appropri-
(%)

7> whose standard

ate coordinate function. The trace duahty sends this element to e:
PBW quantisation is by definition € e ) e U(g)®™ (see (2.8)).

HThis proof is suggested by a slight variation of the example on page 4 of [Fel+00], where the FMTV
connection is written down for the simple Lie algebra s[;(C), in terms of the fundamental coweights of
the standard Cartan subalgebra of traceless diagonal matrices:

(1—) > e - Zejj, ie{l,...,l—1}.

1<5<s i<j§l
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Similarly, the additional term of (3.17) becomes

> )0 = 3 e,
1<i<m 1<i<m
for 1 < j <. This is because, as explained above, the derivative d,, has been replaced
by the partial derivative 0, in the direction of e;; € h. This is the quantisation of the
J
linear function

Z t7° Tr(Riej) = Z t (Ri)km (€55 )mp = Z 7" 0k 0m; ( Ztoo )i

1<i<m i,k,m i,k,m
which appears in the JMMS Hamiltonian H JJ MMS,0.

Now, it has been shown in § 2.3.5 and § 3.8.3 that the standard PBW quantisation of
Schlesinger (eq. (2.21)) and dual Schlesinger (Eq. (3.12)) yields KZ (Eq. (2.22)) and DMT
(Eq. (3.11)), respectively. This means that the restriction to the regular part by of the
leading term of (3.16) should coincide with the PBW quantisation of the leading term of
H;] MMS,c0 Similarly, this suggests that the restriction to b, of the leading term of (3.17)
should be strictly related with the PBW quantisation of the quadratic term of H JMMS,0
as it reduces to DMT when m = 1. Replacing again p = T°, i/ = 8t? for 1 < j <1, one
has:

’

/
Z<a“u>é\a'fa: YOy Oékz,;zg A(z éz(/?)—

a>0 <C¥7 /JJ> 1<i,;n<m k>1 akl’

Qg e ) ~(n Ay, € ~(n
R e B e L AL

wn 7>l O‘/Jl’ ,n k>j

s ) s 5 (1) A(n)
DRI Ok = e
- 0 0_ 40 0_ 40 °
iwn j>1 t] in k>j t _t i,n k#j tj B tk:
Here one used (o, €;;) = 0k — 05 and (g, T°) = t) — ¢). Also, the choice {ay}rs
of positive roots has been made. This sum is not quite the PBW quantisation of the
quadratic term of H j‘] MMS’O, which rather equals:

i) An) | Sn) S0
o(sg i) T x gﬂ%ﬁ%@w—
wn j#£k ,n ];ék
A(Z; e,j) e
] J
=22 0_ 10 +2 Z 0 _ 0
i,n j#k t t i j#k t t )
This formula is obtained by remarking that {e,(jj),egk)} = Oin (éki,z — ég?) as elements of
U(g)®™. This means that the difference

T7FMTV,IT
( HJ ’

hregXCOnfm(C)) B Q(HJJMMS’O): breg X Conf,,(C) — U(g)®"™

is an operator of order one, when evaluated at a point of the restricted JMMS base. Hence
the restricted FMTV Hamiltonian has the same semiclassical limit as Q(H ]‘] MMS’O), which

is by definition the JMMS Hamiltonian for the irregular time tg. ]
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Finally, one can make sense of the statement that the DMT connection (3.11) is
a_variation of the FMTV connection. Indeed, by taking m = 1 in the Hamiltonian
HMNMIYAT “and picking g = gl (C), one finds

T7FMTV,IT éjk ' ék:j
R
k#j "3 Tk

for 1 < j < [. Now there is no need for superscripts, because one has only one residue.
The analogous Hamiltonian of the DMT system is

— ék . ék + ék . ék € TR ék [gkjy é\jk} SEMTV II ékk — B
! 1; 2(t7 — 13) ,; 19— 19 ,; 200 —4)) ’; 2(19 — 19)

This difference is indeed coherent with the fact that DMT is the PBW quantisation of
the dual Schlesinger system, i.e. of the JMMS Hamiltonian H ]‘] MMS0 " Indeed, the proof of
Prop. 3.18 shows that one must correct FMTYV in order to get to the PBW quantisation
of JMMS. Moreover, this difference is totally analogous to the difference between the
simply-laced quantum connection and DMT. One thus has three different flat connections
quantising the same classical system.

As a final remark, let us mention the cycle-theoretic interpretation of the difference
between FMTV and the PBW quantisation of JMMS. Namely, the sum

el e eu(g®m

JFk

will expand in the Weyl algebra (via the quantum moment fi5: U(g)®™ — W (M, w,) as
in § 3.7.4) as the trace of a quantum 4-cycle through the nodes i,n € I°° and j # k € I°.
More precisely, the expansion yields a quantum 4-cycle, which is an addend of the quantum
potential for the simply-laced quantum Hamiltonian f{\f Now, the condition i # n
means that the cycle is nondegenerate, whereas ¢ = n makes it degenerate. It is only on
degenerate 4-cycles that one must make a choice of ordering, and one basically has to
either pick an anchor or to consider some symmetrisation. In this article made the first
choice, because the symmetrisation seems to tamper with the flatness for more general
quivers. This is thus more in line with the definition of the FMTV connection. The
DMT connection, on the other way, considered a symmetric quantisation, and this is
possibly one way of explaining the footnote on page 3 of [MTO05] (it states that the
Casimir connection is equivariant with respect to the action of the Weyl group, whereas
the dynamical connection is not).

3.9.4 The quantum reduction

What is left is putting together the results of § 3.7.4, § 3.7.5 and § 3.8.5 to show that a
correction of (3.14) reduces to FMTV when g = g[;(C). In the proof of Prop. 3.18 we
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provided the explicit formulae:

50 (k)

- ey’ e )
FMTV,I jl lj 0~(%)
Hi - Z 1o — oo+ztjej]"
i#k,g,l 7 k J
T7FMTV,IT 7 7 oo~
H; = 2 oo TLEE
k#5401 "7 k i

As argued in the aforementioned sections, the change of variable (RZ) ik = @ﬁﬁm amounts
to applying the quantum (co)moment ff: U(g)®™ — A = W(M, w,). Doing this, one
finds the following A-valued quantum Hamiltonians:

o Tr(Q.+; PyQup Prs L
J

ikl 6 =1
—~0 Tr(@zﬁzk@klﬁl) oA D
H;= > ;0—,50 Y Tr(QiPy)-
k5, J k i

This produces a new connection

Vi=dg— S HTdx - S H)db,

iel>® JEIO

in the trivial vector bundle E, = A x B — B. This connection is again obtained by
the SLQC via a change of anchors, so to write all operators as traces of quantum cycles
based at nodes in the part I° C I, because such a cycle can be interpreted as a residue.
Moreover, the correction is negligible in the semiclassical limit.

Proposition 3.19. The A-valued one-form ¥V — V' € OB, A) vanishes in the semiclas-
sical limit.

Proof. The proof is analogous to that of Prop. 3.16. One can compute explicitly the
differences (V — ﬁ’,at?q = H'. — H® and (V — ﬁ’,at?) = I/{\’? - f[;’ for all 4, j, using

{@ji,ﬁij} = 1. The difference of these operators of order four is an operator of order
strictly less than four. Hence they have the same principal symbol, i.e. the same semi-
classical limit. O]

It is not relevant here, but the corrected connection might still be flat. The general
proposition 3.6 can still be used to test this. Notice however that V' is less symmetric
than the simply-laced quantum connection, because now on top of the classical nontrivial
intersection of a nondegenerate 4-cycle with a degenerate one there are a priori different
quantum intersections. Hence more minute verifications than those of § 3.6.2 are required.
This phenomenon is another motivation for the definition of the simply-laced quantum
connection.
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3.10 Comparison with Nagoya—Sun.

As a last comparison, we consider the isomonodromy systems of [JMUS81]. They developed
a theory of monodromy preserving deformations of systems of differential equations of the
form:

dy

“r TiL_
dz

A(2)Y (2), where  A(z) =) = ;L-)”l S A2
' i I=1

such that the leading coefficient at each irregular pole has distinct eigenvalues. Here
z is a local holomorphic coordinate on CP! that identifies CP! = C[[{oo}, and Y =
Y (2),Ai i, A1 € M,(C) are matrices of size n > 0 for all ¢,l. Next, {a;}; C C is
a collection of m distinct points (with a, = oo implied) and 7;, 7, > 0 are integers
for all 2. If r; > 0 then one has an irregular singularity at a; of Poincaré rank r;, for
i € {1,...,m,00}. If instead r; = 0 then one has a regular singularity. One further
assumes A; _,. to have distinct eigenvalues (modulo integers, if r; = 0).

The intersection of those systems with the SLIMS of [Boal2b] is obtained by taking
ri = 0 for all 1 <7 < m and r = 2. Indeed, by replacing A, g, a;, Ao 1, Aco,—2 With
—Q; P, t3°, B+ T, A, respectively, then the above system reduces to

v (i @ +(B+T)+AZ> Y (2),

dz \& -t
which is equivalent to considering the meromorphic connection
V=d-A=d—(Az+(B+T)+Q(z — T)"'P)dz

on a trivial vector bundle U*® x CP! — CP!, as in § 3.1. The difference is that
now one considers nonresonant residues, and more importantly the diagonal matrix A =
diag(aq, ..., ay) is regular. This means taking a degenerate reading of a complete k + 1-
partite graph G such that only the part corresponding to oo is splayed in |[I°°| = m nodes,
and to all other parts one attaches vector spaces W7 of dimension one.

Now, the theory of [JMUS81] allows one to consider the pole positions ¢2° and the di-
agonal matrices T, A as independent deformation parameters (see Eq. 4.2 of [JMU81] and
the remark thereafter'?). This falls out of the present scope, where the highest irregular
type A is not varied in order to enable for an explicit description of the isomonodromy
Hamiltonians for the remaining deformation parameters T, 7°°. One is after these explicit
formulations because they provide quite straightforward quantisation: this is one of the
main points of this article. The general proof that the deformation equations are sym-
plectic can be found in [Boa0l], but a general Hamiltonian theory hasn’t been written
down yet.

In [NS11] one finds explicit functions associated to the deformations of 7', A and 7.
Namely, one takes a variation of the Schlesinger Hamiltonians for the deformation of the

120ne should replace a;, T, T with t°, T, A, respectively.
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pole positions. For the other parameters, one writes

k
w=wV4u® = > Hi(l)dti + Hi(z)dai,

i=1

for suitable functions Hi(l), Hi(z).13 Then Eq. 3.11 and 3.12 of [NS11] provide an explicit
expansion of the one-form w.

The most interesting comparison to make is that of HZ»(I) and H;, for 1 <i < k, since the
results of § 3.7 and § 3.9 prove that the simply-laced quantum Hamiltonians can recover
the KZ connection when moving the regular times ¢°. Now, looking at the aforementioned
Eq. 3.11, one sees indeed expansions of traces of cycles in G, in terms of the entries of
the matrices B, R;. If one writes the first addend of (w™, 9, ), then one recognises the
sum of all three cycles in G starting at the node i, with suitable weights.'* The rest of
the formula yields a weighted sum of traces of 2-cycles through the node i. There are no
4-cycles as it is expected in the general setup of the SLIMS. Finally, notice that eq. 3.12
has the same overall structure: each of its addend is the trace of a certain potential on G,
and now one also finds 4-cycles.

All this seems to indicate that the cycle-theoretic viewpoint of this article provides a
conceptual framework that simplifies part of the exposition of [NS11], and that moreover
this approach could be extended to the full Hamiltonian system at the intersection of

[JMUS81] and [Boal2b].

As far as quantisation is concerned, in [NS11] one fixes an order for the variables
appearing in the classical system, and then systematically replaces them with operators
acting on modules for a certain quantum algebra (those are the confluent Verma modules,
defined in [JNSO08] for sl5(C)). The choice of an order is noncanonical, and in our setting it

amounts to fix an orientation for the quiver. In this way one defines operators H§1), HZ(Q),
so that 7-[1(1) is associated to the time ¢;, and 7—[52) to a;. Ex. 3.3. on page 9 provides an
expansion of these operators when there are no simple poles, in the case of rank k = 3.
In our setting, this means passing to the generic reading of a triangle where all nodes
have dimension one. Again, the most meaningful comparison to make is that of ’HEI)
and the quantum Hamiltonian H; 3.10, where 7 € {1,2,3}. To write down the simply-
laced quantum Hamiltonians, call 1,2,3 the nodes of the triangle, and write arrows as

a=(1,2),8:=(2,3),7 = (3,1). Then
) = ¢, Tr(y0) + ¢ Tr(a*3*7") + e Tr(a’a) + e Te(yy") + 5.
where the weights ¢i, . . ., ¢4 depend on the reading a: {1,2,3} < CP*, and ¢; is a function

used to commute the arrows of the 2-cycles. To make things more explicit, one chooses
an orientation for the triangle, by saying that the arrow (i, 7) is positive if ¢ < j. Then

131t is not entirely clear to us how to interpret the functions Hi(Q)
Rem. 7.1 of [Boa01]).
14The matrix B; of [NS11] correspond to our B, the matrix By to the sum Y, Q;P; of residues, and

B_y is the sum ), Q; P;it;°. Finally, the highest irregular times tl(»z) now become our diagonal entries a;.

as time-dependent Hamiltonians (cf.
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one has the splitting
M= @ HomW' W)=T*| @ Hom(W' W)]|,
1<i#j<3 1<i<j<3

for which the arrows «, 3,y now correspond to the position variables ¢i2, 23, p31, and their
opposite to the momenta variable po1, 3o, p13:

Wean = Z dqW A dpjz

1<i<j<3

One can now let H;: B — W (M, w,) act on the space of polynomials C[q] in the position
variables, by means of §; := ju,,; (multiplication operator) and pj; := —0,,,, so that:

H, = C/1Q3IQQ3Q12 + 0/2(861128(1238(131) + Cgaquqm + Cilqwaqm + Cg

Ignoring the order-zero operator ¢, this formula is an analogue of that of Hﬁ” in example
3.3 of [NS11], which seems to indicate that the two viewpoints are compatible.
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Chapter 4

Hitchin connections

In this chapter we describe the results obtained in the direction of geometric quantisation.
The primary aim was the construction of a Hitchin connection for the Kahler quantisation
of moduli space of polystable SL(2, C)-Higgs bundles over a torus. The flat connection
we construct is a Kéhler analogue of the connection of [Wit91], defined for the geometric
quantisation with respect to real polarisations, to which we will refer as the Hitchin—
Witten connection (see § 4.6.4).

Consider then a real, compact orientable surface of genus ¥ of genus g = 1: a torus.
The purpose here is to be as concrete as possible, so we can realise the surface as ¥ =
R? / 72, where Z? acts by translations on the plane. The usefulness of this flat description
of the torus will become apparent as we go on. Set K = SU(2), and let G := SL(2,C) be
the complexification of the compact Lie group K.

In § 4.1 we provide an explicit topological description of the moduli space M =
Ma(Z, K) of polystable, flat K-connection on X.
In § 4.2 we provides a much more in-depth description of the moduli space of the complex
theory 901, which is the hyper-Kéahler moduli space of polystable Hitchin pairs, introduced
in § 2.3.1. We also set up all that’s needed for its geometric quantisation, following the
background material of § 2.2: the symplectic structure (§ 4.2.3), the prequantum data
(§ 4.2.4) and the polarisations (§ 4.2.5 and 4.2.6).
Next, in § 4.3, we use all the data we introduce to achieve the Kéhler quantisation of
M. More precisely, in § 4.3.2 we construct a connection V that preserves holomorphic
sections (Thm. 4.1), and in § 4.3.3 we show that the restriction of V to be subbundle of
holomorphic sections is flat (Thm. 4.2).
After this first success, in § 4.4 we first consider the natural U(1)-action on polystable
(G-Higgs fields. After finding explicit formulae for this actions and its pull-backs, in § 4.4.4
we to set up U(1)-equivariant prequantum data on 9%, and in § 4.4.5 we discuss how to
extend the basis of the quantum bundle to an extended Teichmiiller space that takes into
account the circle action.
We move on in § 4.5 by trying to construct an Hitchin connection inside the extended
quantum bundle of the previous section. After a technical discussion about how to cor-
rectly extend the variation of tensors in the new context of a varying symplectic structure,
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in Thm. 4.3 we achieve the construction of a connection that preserves holomorphic sec-
tions.

In the last section 4.6 instead we set up the Bargmann transform B, in our non-flat con-
text. The result is a transform defined on the moduli space, which identifies the quantum
spaces corresponding to different polarisations (see Thm. 4.4).

The transform is introduced to transport the Hitchin-Witten connection of [Wit91] to a
flat connection the Kéhler-polarised side, as detailed in § 4.6.4. This is done with the
clear idea to look for a new Ansatz for constructing Hitchin connection, as did in (4.15)
(see also the discussion of 4.22).

Finally, in § 4.6.5 we make use of the Bargmann transform to turn the Hitchin action of
§ 4.4 into an operator defined on the Segal-Bargmann space: this operator is an integral
transform, whose kernel generalises the reproducing kernel of coherent states (see 4.7). In
the same section we compute the way in which derivatives and function multiplications
commute with the new action, which is the first step to conjugate any connection defined
on the bundle of holomorphic sections, like the flat connections previously constructed.

4.1 Compact moduli space

We start by describing more precisely the moduli space of flat connection for the group
K = SU(2) over %, already introduced in § 2.3.3. The final result of this section is that
the moduli space for the compact theory is topologically a torus, up to a flip.

Let (z,y) the standard real coordinates on 3. This means that we can either think of
them as real coordinates defined modulo Z or as sincere real coordinates on a dense open
set of the torus, namely on the image of a fundamental domain of the lattice Z? C R2. This
open set leaves behind only one parallel and one meridian on the torus, which we denote
v and 9; their homotopy classes generate the fundamental group: m1(X) = Z[y1] B Z|[.].
The first aim is to explicitly describe the moduli spaces attached to the pairs (2, K) in
§ 2.3.2.

To this end, let P := X x K — X be the trivial smooth principal K-bundle on X.
Picking trivial bundles is not a restriction, for generic topological reasons: every principal
bundle over a curve that has a simply connected structure group is trivialisable. Thus
we're simply assuming that an explicit global trivialisation has been given. Moreover,
one may equivalently work on trivialisable, rank 2 vector bundles 7: V' — X, with
the appropriate restriction of the transition functions to XK' C GLy(C). Let us denote
e, e9: 2 — V a global trivialising frame of V.

As explained in § 2.3.1, we can now consider the moduli space Mg(2, K) of gauge-
equivalence classes of flat, unitary connections on V' — ¥, and the moduli space
Char (X, K) of conjugacy classes of unitary representations of m;(%). The two are related
by the Riemann—Hilbert correspondence, mapping a class of flat connections to their con-
jugacy class of monodromy representations of the fundamental group of 3. This map is a
transcendental (C-analytic) isomorphism, as will be argued more explicitly momentarily.
Moreover, v intertwines the gauge-action on the left-hand side with the conjugation action
on the right-hand side.
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Now let us give a coordinate-wise description of those spaces in our particular case,
starting from the de Rham viewpoint. A connection over V' — ¥ is globally defined by
a E-valued 1-form A € AY(X, ), setting V = d — A, where d is the ordinary de Rham
differential over A*(X,C), and ¢ = su(2).

Using our real coordinates x, y, we can write an €-valued 1-form as A = adz+ Sdy, for a, 5
two smooth €-valued functions. It turns out that it is enough to consider the following
space of connections, as far as gauge equivalence classes are concerned:

A= {A - ( 0 (it + z&dy))

This copy of R? parametrises a space of translation-invariant connections. They are all
flat, as it is straightforward to check that dA = 0 = [A A A] if A € A°. Notice that they
are not stable, but rather polystable, according to Def. 2.39. Indeed, it is clear that in
chosen frame {e;, e2} the pointwise span of e; is V-invariant, and V' is the direct sum of
these two (necessarily stable) subconnections of rank one.

§1,& € R} C AY(Z,8).

Now, thanks to the Riemann—Hilbert correspondence of Thm. 2.8, the image of this set
of flat connections in the moduli space is given by modding out those that have a trivial
monodromy around both generating loops of 7;(3). Recall from the beginning of § 2.3.5
that the monodromy data v(A): 7(X) — K of a flat connection A € A° correspond by
definition to a pair of commuting matrices hol,, (A), hol,,(A) € K; in this case one finds:

et 2
hol., (4) = ( . 61&), hol,, (4) = < . 61&2). (4.1)

One thinks here of hol,,: C* — C? as a automorphism of the fibre at ~;(0) = ~;(1),
for i € {1,2}. Notice that the term in dy gets cancelled by the holonomy around -,
because this loop is defined by taking y to be constant (with the homotopy class being
independent of its precise value), and similarly for 7,.

We conclude that the monodromy of A is trivial if and only if &,& € 27nZ. The
quotient of A° with respect to those choices of parameters gives a torus. Finally, one
must not forget that the gauge group also identifies A and —A, because:

hAR™' 4+ h='dh = hAh™! = — A, if  h= <_01 (1)) .

One thinks of h as a constant map h: ¥ — K, i.e. as an element of the gauge group
K = C>(%,K). Now we will show that the space A° surjects on the moduli space, by
showing that it provides all possible monodromies.

To do this, consider the Betti viewpoint. We consider conjugacy classes of group
morphisms Z? = m;(X) — K. Those are just given by pairs of commuting matrices
(/Nl, E) € K that we can assume simultaneously codiagonalised up to a conjugation in K.
In particular, we see there are no irreducible representations of 71(X), up to conjugation,
but rather just completely decomposable representations: this is the conceptual reason
why considering polystable connections is not restrictive. Pairs of diagonal matrices in K

are written
~ (6L O ~ (0 O
A‘(O 911)’ B‘(O 051)’
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for suitable unitary complex numbers 6, 65. We thus find a torus U(1) x U(1) of matrices.
Notice that by diagonalising A, B have not considered the whole conjugation by K: just
as above, we still need to identify matrices obtained after conjugating by h. This yields

S0 0, (67 0 _ (6 0\
0 67! “\o 6/ \o o'

and similarly for B. Conceptually, the gauge-action h: A — —A on the matrix of a
connection gets turned h: A — A~! after exponentiating (i.e. taking monodromies).

In the end, we have the explicit description
Char(z, K) = (U(1) x U(l))/(Z/2Z), (4.2)

with the group of order two acting diagonally by taking inverse matrices. This is a
nice finite-dimensional presentation of the moduli space as a torus, up to a flip. From
this description it follows that there are 4 fixed points for the action, namely the pairs
(A,B) € {(&1,+I),(+I,F1)} CU(1) x U(1). The degenerate orbits of these points give
4 singular points on the quotient, outside which one has a two-fold covering of the torus
on the moduli space.

Notice that we have also incidentally proved the above claim that the flat connections
in A° provide a full set of representatives for the de Rham moduli space, because these
connections give all the possible monodromy representations of 71 (X). To see this, remark
that the equations

(A B) = ((901 9?1><902 9291» — (oL, (4), hol., (4))

have solutions A € A° for all 6;,6, € U(1), using (4.1): pick &,& € R such that
et =0y, e =0, € U(1).

To conclude with the gauge-equivalence description on the de Rham side, notice that
the elements
627rz'(acl—l—ym) 0
Gim = 0 e—27ri(ml+ym) e

of the gauge group generate the action on R? = A° by translations:

1 B 1 B 2mi(ldx + mdy) 0
%A%AWM@W—A+%M%“JH< 0 —27i(ldz 4+ mdy) )’

where we used the fact that all diagonal matrices commute. We see that this gauge action
add to A € A a matrix that corresponds to a connection with trivial holonomy. Now, just
to stress, the Riemann-Hilbert map tells us that in our moduli space we must precisely
consider flat connections up to those inducing a trivial monodromy representation of the
torus, hence we get a finite-dimensional representation of the de Rham moduli space as

Myr & AO/ICO, where K" := (g10, 901, k) C K. (4.3)
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This is a discrete group, consisting of the standard lattice Z? C R2, plus the flip h.

From the above descriptions of Char(X, K') and My (%, K), we see that the two moduli
spaces are isomorphic as real analytic spaces, and the map from one to the other is given
in coordinates by the exponential R? —s U(1) x U(1), which sends (£1,&) to (e, e2).
We will hereafter just write M to refer to this compact moduli space, when we do not
wish to distinguish among its realisations.

Remark 4.1. This topological characterisation can be rewritten as
M = Tie x Ty [ Wi,

where Tx C K is the maximal torus of K, and Wy its Weyl group. Indeed, if K = SU(2)
then Tx = U(1), and Wk is the group of order two. This description would still be true
for any other compact, simple, simply connected Lie group K (see [AM16]).

Notice how we already exploited the notion of a “constant” connection, i.e. a translation-
invariant one, which only makes sense because the coordinates x,y vary in a flat space.
This gives a canonical identification of the fibres, and picking constant matrices makes
sense.

4.2 Complex moduli spaces

The purpose of this section is to describe all the data required for the geometric quanti-
sation of M(X, G) in full detail, where G = SL(2, C), the complexification of K = SU(2)
from the previous section. We will discuss the following facets:

o The topology: § 4.2.1.

o The hyper-Kéhler structure: § 4.2.2.

o The symplectic structure: § 4.2.3.

e The prequantum data: § 4.2.4.

o The Kéhler polarisations: § 4.2.5.

o The real polarisation: § 4.2.6.

At the end of each section we will make a remark related to the analogous piece of data
on the compact moduli space M.

Finally, in § 4.2.7 we will explain how the mapping class group of closed surfaces of
genus one acts on all these data. To do this, a discussion about the parametrisation of
complex structures on a closed, oriented real surface S — of arbitrary genus — seems
necessary, and we will delve into this immediately (the standard reference is [FM12]; see
also the beginning of [Mad07]). Recall that a complex structure on the surface S is an
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integrable almost-complex structure I € C*°(S,T'S ® T*S) that is compatible with the
orientation, i.e. such that {v, I(v)} is an oriented R-basis of 7),S for all p € S and v € T},S.
Since the integrability condition is vacuous in this low-dimensional setup, the space

Cg = {[ €C™(S,TS®T*9)|I* = —1d, {v,I(v)} >0forallve TS}

parametrises all complex structures on the oriented surface S: the elements of Cg are all
the Riemann surfaces on the underlying smooth manifold S. The orientation of S defines
a restriction of the structure group of the frame bundle of 7'S from GL(2,R) to GL(2,R),
where GL;(2,R) = {M € GLy(R) | det(M) > 0}. This defines a principal GL, (2, R)-
bundle over S. Sections of the adjoint bundle correspond to sections of End(7'S) that
preserve orientation. This space carries a natural (Whitney) topology, and Cg inherits
the subspace topology. One can actually show that it is an infinite-dimensional complex
Fréchet manifold.

Now the group Diff ; (S) of orientation-preserving diffeomorphisms of S acts on Cg, by
push-forward of almost-complex structure, and the quotient for this action is the (coarse)
Riemann moduli space of closed Riemann surfaces of genus g:

M, = Cs / Diff  (S).

Geometrically, this quotient is a topological space with mild singularities corresponding
to fixed points of the action. More precisely, it can be made into an orbifold.

Because of the GAGA correspondence, M, is also the moduli space for smooth complex
projective curves of genus ¢ (using the correspondence in the sense explained at the
beginning of § 2.3.1).

The connected component of the identity Diffq(S) < Diff | (S) instead acts freely on
Cs, and the quotient

T, == Cs / Diffy(S)

can be made into a smooth manifold, which happens to be contractible and finite-
dimensional.

Definition 4.1. The space 7, is the Teichmiiller space of smooth closed surfaces of genus
g.

If follows from the definition that Teichmiiller space parametrises complex structures
on S up to isotopy. More precisely, if I,J € Cg are orientation-preserving complex
structures on S, then by definition they lie in the same Diff((S)-orbit if there exists an
orientation preserving diffeomorphism f € Diff, (S) which is both (I, J)-holomorphic and
isotopic to the identity inside Diff, (S5). The former condition means that for all p € S
one has a commutative square
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df,
TpS Tf (») S
[p O J f(p)
TPS Tf (p) S
df,

The latter condition instead means that there exists a smooth map I': S x [0,1] — S
such that I'(p,0) = v(p), I'(p,1) = p and I'|g, (, € Diff 4 (S) for all p € X, ¢ € [0, 1].

Another characterisation of 7, is via marked Riemann surfaces, which we recall in the
form of a definition.

Definition 4.2. A marked Riemann surface structure over the smooth closed oriented
curve S is a pair (X, f), where X is a Riemann surface and f: S — X is an orientation
preserving diffeomorphism, endowing X with the natural orientation defined by its holo-
morphic atlas. The diffeomorphism f is the marking of X.

Two marked Riemann surfaces (X, f), (Y, h) over S are equivalent if there exists a biholo-
morphism ¢: X — Y such that h™!opo f: S — S is isotopic to the identity.!

One may then define 7, as the space of equivalence classes of marked Riemann surfaces
of genus ¢, and show that this is consistent with the previous description.
From the former description it also follows that there is a residue action of the discrete
quotient group I'y = 7r0<Diff+(S)) = Diff (5) / Diffy(S) on Teichmiiller space, such that

T, /Ty = M,.

Definition 4.3. The group I'y is the mapping class group of smooth closed surfaces of
genus g.

The mapping class group acts on a marked Riemann surface (X, f) via 7.(X, f) =
(X, fog™t), where v € Ty is a mapping class. The projection 7, — M, amounts to
forgetting the marking, and it is a (universal) covering map.

All this discussion is done for an oriented surface. If one forgets about the orientation,
then one can define an extended mapping class group, which contains the mapping class
group as a subgroup of index 2.

Regardless of the definition used, in genus g = 1 the Teichmiiller space can be identified
with the upper-half plane

ﬂgH::{Tl+iTQGC|TQ>O}.

The way in which a point 7 € H defines a complex structure is the following. If one lets
again ¥ be a closed surface of genus one, together with the realisation ¥ = R? / 72 of the

Tt is the same to ask that the orientation preserving diffeomorphism ho f~!: X — Y be isotopic to
a biholomorphism.
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previous section, then one may consider the integer lattice A, = span,{1,7} C C, and
upgrade the real quotient R? / 72 to the holomorphic quotient X = C / A,. This is now a
compact Riemann surface of genus one, together with the marking g: > — X induced
to the quotients by the map (x,y) — 2, = x + Ty. Notice that translating (z,y) € R?
by the vector (k,l) € Z? amounts to translating x + 7y € C by the vector k + 71 € A,
and thus the transformation g is well defined. One may also take z, as a densely defined
holomorphic coordinate on X (it is well defined on a fundamental domain of the lattice
A, which descends bijectively to X).

The mapping class group I'y is isomorphic to SL(2,Z). One can show this by con-
sidering the morphism ®: SL(2,Z) — I'; that to a matrix A € SL(2,Z) associates the
diffeomorphism f4: ¥ — 3 induced by the (Z-linear) map A: R*> — R?) via the uni-
versal property of the quotient. The inverse of this morphism is obtained as follows. If
f € Diff  (¥) is an orientation-preserving diffeomorphism, the homology functor H(-,Z)
defines a map f.: Hy(X,Z) — Hy(X,Z) which only depends on the mapping class of f.
One has an identification H,(X,7Z) = Z?, and thus f, is an invertible Z-linear map of Z?
into itself, which has positive determinant since f preserves orientation, i.e. an element
of SL(2,7Z) (see e.g. [FM12], Thm. 2.5). In this case the morphism f, is just the usual
morphism defined by the continuous map f on the Abelian fundamental group.

The extended mapping class group is then isomorphic to GL(2,Z).

4.2.1 The topology

As explained in § 2.3.1, one can attach four moduli spaces to the pair (X, G). One has the
de Rham moduli space Mggr (2, G) of gauge-equivalence classes of flat G-connections on
the trivial principal G-bundle 7: Pz — . Choosing the trivial bundle is as restrictive
as fixing a global section, because all principal G-bundles on ¥ are trivialisable. Working
in the equivalent category of vector bundles, one considers smooth flat connections on
rank 2, complex vector bundles 7: V' — 3 having trivial determinant.

Next, there is the Betti moduli space Mp(%, G) of representations of 71(X) in G, up to
conjugation.

These two are the complex versions of the moduli spaces introduced in the previous
section 4.1, but now one also has the moduli space Mpq (X, G) of G-Higgs bundles on
holomorphic, principal G-bundles, as well as the hyper-Kahler moduli space 9t of solutions
to Hitchin’s equations, which underlies the triple of de Rham, Betti and Dolbeault.

Let us start from the Betti viewpoint, considering homomorphisms p: (X)) — G up
to conjugation by G. As before, those are coded by a pair (ﬁ, E) of commuting matrices
of determinant one, up to conjugation. In this complexified context, there is no need for
A and B to be diagonalisable. Let us first assume that both are. We will then find, up
to a simultaneous diagonalisation:

7 (m1 O 5 (p2 O
4= <0 ml)’ o (0 ml)’
where p1, s € C*. This space is parametrised by C* x C*. Then, just as in the compact
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0

-1 0
topologically, the moduli space of semisimple representations of m1(X) is homeomorphic
to the quotient ((C* X (C*) / (Z / QZ), and this is the space of representations we want
to consider, discarding the non-diagonalisable one. This means that we will restrict to
polystable connections in the de Rham viewpoint, exactly as we did in § 4.1 for the
compact moduli space. Similarly, we will only consider polystable Higgs bundles.

case, we still need to consider the conjugation under the flip matrix h = . Hence,

Remark 4.2. Considering polystable objects is reasonable, since there are no stable
ones. To see this, let (A, B) be a pair of commuting matrices. Assume that one of them

is diagonalisable, say A, which we may take to be diagonal without loss of generality.
Then either A € {+1d} = Z(G), or B is also diagonal. Conversely, if none of them is
diagonalisable, then we may assume that A is the Jordan block of size 2 for the eigenvalue
+1 or —1, and one finds

a € C} .

el ) ) sl

In particular, there are no irreducible G-representations of 7;(X), since one always finds
a common eigenvector for A, B. These quick computations also explicitly show the points
that we are discarding.

The classification of polystable points up to isomorphism is the same as the classi-
fication of semistable ones up to S-equivalence (see Rem. 2.15). Hence we are indeed
considering the usual moduli problem.

Getting back to the topology of the space of semisimple representations up to conju-
gation, notice that C* x C* can be identified with the cotangent bundle to ¥. Indeed,
the torus is parallelisable, hence T*¥ = ¥ x R? = U(1) x U(1) x R?, and U(1) x R =
U(1) x Ryo = C*, using the standard polar representation of complex numbers.

Let us now pass to the de Rham viewpoint. One can again identify flat connections
on Pr — X with g-valued differential 1-forms on Y. We will consider the following space
of flat, translation-invariant, polystable connections:

dx + wad 0
A = {AC - (wl ' 0 - —(wydx —I—w2dy)>|wl’w2 © (C} = Al(z?g)'

The idea is again to show that this space surjects on the de Rham moduli space, via the
action of a restricted gauge group, as in the previous section § 4.1. To this end, consider
the holonomy of A¢ € 2° connections along ; and ;. This holonomy is again explicitly
given by exponentiating:

w1 0 w2 0
hOLYl (A(C) = (eo 6—w1> ) h0172 (A(C) = (60 —w2>

(&

Hence we see that the connections inducing a trivial monodromy representation are those
for which et =1 = e¢"2. This happens for wy, wy € 2miZ. Now, the short exact sequence

(0) — 2miZ — C — C* — (1),
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where the nontrivial arrows are the natural inclusion ¢: 27iZ < C and the exponential
exp: C — C*, implies that the space of parameters (w;,w;) € C? identified modulo
(2miZ)* is C* x C*. Finally, just as before, we need to further identify our connections
with their opposite because of the gauge group. Hence:

Mar(E,C) = (C2) / (2riz)? x (2)22)) = (C* x C°) / (2/27).

One has incidentally defined two natural complex coordinates wi,ws € C on the
complex moduli space, defined up to translations, and a flip. They are complex because
the group G is, and to define them we did not appeal to the complex structure chosen for
3.

Finally, let’s describe Hitchin pairs, for which we’ll need the description of Mg (X, K)
from the previous section § 4.1. The claim is that all Hitchin pair are represented up to
gauge equivalences by Hitchin pairs (D, ®), with D € A° and

_ (¥ O
<I><0 —80> dz, where ¢ € C.

One has ® € H°(X, Ky ® V), and thus this is indeed a polystable G-Higgs field. Once
again, we’ve considered only constant tensors. Set also

o oo (5 )

To see that this gives a Hitchin pair, notice that Fp = 0 by definition. Thus we need
to show that [® A ®*] = 0 and D%!'® = 0. The former follows from the fact that diagonal
matrices commute, together with dz A dz = 0; the latter from the fact that ® is constant.

QDE(C}.

Proposition 4.1. The quotient of {(D,®) | D € A%, ® € B} by the action of the gauge
group gives the whole Hitchin moduli space

Proof. We can do as follows. First, we map such a pair to a flat complex connection
V =D + & + &*, according to the non-Abelian Hodge correspondence, and then we try
to show that these connections give all possible complex monodromy representations of
Wl(z).

If we write D =d — A, for A = 0 —(i&d + i&dy) , for &1,& € R, then
the g-valued 1-form defining V is:
_ (i&idx 4 i&ady 0 n wdz + pdz 0 B
N 0 —(1&1dx + i&dy) 0 —(pdz+pdz))
251—1-304-@ 0 Zfz‘FT(,O‘f‘m 0
= . d . dy.
( 0 —i§1 — (o + 90)) v ( 0 —i& — (To + w)) Y
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Now, the monodromy of such a connection around 7y, v, is given by:

elefe? 0 e2eTPeTP 0
h01’71<AC) - ( 0 (eiflewea)—l ) hOl’Yz (A(C) = 0 (ei&eﬂpeW)—l
Thus we need to show that the following equation has a solution in &;,& € R, p € C for
all g, o € C*:
ei£2 eTﬂoeﬁ — ,U2

Consider an open simply connected set of C that contains pq, 2. Then we have a well
defined branch of the logarithm on this open set, and we can find wy,ws € C such that
e = p1,e"? = py. It is then enough to solve:

i1+ e +P=w
1o+ TP +TP = wo.

If one writes wy = wuy + vy, we = uy + vy, then considering decompositions in real and
imaginary parts provide the unique solution

uy = 2R(y), v = &, us = 2R (1), vy = &s. (4.4)
]

Remark 4.3. The interest of this proof was mainly to describe natural coordinates on
the moduli space. One has

o The set of four real coordinates &1, &, 1 == R(p) and ¢y = (), defined using the
Hitchin pair viewpoint.
o The complex coordinates w;, ws, defined using the de Rham viewpoint.

e The real coordinates uq, v1, us, v9, defined from the decomposition of wq, ws in real
and imaginary part.

The linear relation between these two sets of coordinates is coded by (4.4).

Another important remark is that the set of coordinates {&1,&s, 1,92} depends on
the complex structure 7 € H of X, because one uses Higgs fields to define them. The
second set, on the contrary, does not depend on the complex structure; we shall hereafter
refer to them as the 7-independent coordinates, and having them will be very useful when
considering derivatives with respect to 7.

Once again, & and & are defined modulo 277Z on the quotient, and then we have to
act by the group Z /27 generated by the gauge-flip h. Thus, once more:

oM = R4/((27TZ)2 % (Z/22)) = (U(1) x U(1) x R?)/(Z/m.
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This is the hyper-Kéahler Hitchin moduli space underlying the three nonisomorphic com-
plex algebraic varieties Mgr, Mp and Mp,.

A last useful thing to do is to write the connection form Ac¢ in terms of the complex
coordinate z = z 4+ 7dy. One finds:

_ (e &) "
Ac = ( 0 - (‘P +25(T6 - 52))> w (4.5)
+<<p+,i7(€2—751) 0 )dz |
0 ~ @+ (6 — )

Notice that 7 — 7 = —2i(7) = —2imy # 0, and thus one can divide by it.

One could again look for a restricted gauge group G° C G = C*(3, G) that provides
all the necessary gauge-transformations to get the good quotient. Reasoning as in the
previous section, it turns out that one can take the same group as in the compact case,
ie. :

Mar = 2A° /K",

with K% defined in (4.3). The point is that in the complex case too one only needs the
flip h and the translations go1, g19 in order to introduce all the gauge relations. Hence one
also has a finite-dimensional presentation of the complex moduli space. Moreover, one
sees that there is an embedding

t: M — I,

which is well defined on G°-orbits. This embedding is natural, and it does not depend on
the choice of a complex structure on ¥. Notice that (4.4) means that M is defined as the
subspace of the complex moduli space where the natural coordinates wu;, us vanish.

Remark 4.4. All the discussion of this section is an accordance with [FGN14], which
studies Higgs bundles over elliptic curves with a classical complex reductive group as
structure group.? In particular, Thm. 4.27 states that the moduli space of semistable
G-Higgs bundles up to S-equivalence is isomorphic to 7% / (Z/27), where the action
of the group of order two on the cotangent bundle is obtained by lifting the action on
U(1) x U(1) (i.e. the action on the compact moduli space by matrix inversion). Our
explicit description agrees with that result (see also [Tha0Ol], § 2).

Moreover, we can explicitly verify the following fact.

Proposition 4.2. The singular locus of MDOl(Z, SL(n,C)) has complex codimension 2
for alln > 2.

This proposition is intended in the category of algebraic varieties. It implies that the
section of any holomorphic vector bundle over the smooth locus can be extended on the
whole of the moduli space. We will implicitly use this fact when considering holomorphic
sections of the prequantum bundle — with respect to the choice of Kéhler polarisations
— without introducing further notation for the smooth locus.

2We can neglect the choice of a base point py € ¥, which is needed to define an elliptic curve.
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To be more concrete in our case where n = 2, the dimension of the of the whole moduli
space equals 2, and thus one expects to just have finitely many singular points. Indeed,
the action of the group of order two on C* x C* = R? x U(1) x U(1) is obtained by lifting
the action on U(1) x U(1) by simultaneous inversion that we already encountered. The
induced action on cotangent vectors is a change of sign, which fixes only the origin in
every cotangent space. Hence the fixed points of the lifted actions come from those on
the base, of which there are 4.

Finally, let us remark explicitly that since the canonical bundle Ky is trivial, then
a G-Higgs bundle is (poly)stable if and only if the underlying principal G-bundle is
(poly)stable. Hence one abstractly expects to have a projection 9t — M obtained
by forgetting the Higgs field in any given Hitchin pair. In our notation, this is just the
restriction of the canonical projection 7: A% — A° / G to A% C A°.

4.2.2 The complex structures

Let us start from a general definition.

Definition 4.4. A hyper-Kéhler manifold is a smooth Riemannian manifold (M, g), to-
gether with three V*C-covariantly constant, g-symmetric sections

1,J,K € C®(M,TM ®T*M)

of the endomorphism bundle of T'M, which satisfy the quaternionic relations I? = J? =
K? = IJK = —1d, where V' denotes the Levi-Civita connection of (M, g). The metric
g is called the hyper-Kahler metric.

The relations we quoted imply IJ = —JI =K, JK = —-KJ=1and KI = —IK = J.
Remark that if a, b, c € R? are real numbers satisfying a? + ? + ¢ = 1, then the tensor

Lope = al +bJ + cK

is still a complex structure on M, using the same notations as in the above definition. Its
integrability is assured from that of I, J, K.

Definition 4.5. Let (M, 1, J, K, g) be a hyper-Kahler manifold. The set
{Ipe | (a,b,c) €R? @*+ 0>+ =1} CC®(M, TM @ T*M)

is called the sphere of Kahler structures of M.

It is shown in [Hit87a] that (9, I, J, K;) admits a hyper-Ké&hler metric g. What is
nice is that one can explicitly describe its sphere Kahler structures in our context, by
writing down formulae for the triple I, J, K, = I.J of complex structures.

The Dolbeault complex structure I, comes from the complex structure 7 fixed on the
surface ¥. Concretely, when we decompose a connection as Ac = Ajdz + Aydz, we're
using the complex structure of the curve to define coordinates z,Z. This in turn defines
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a complex structure by declaring that the local coordinates p,1) = & — 7& on 9N are
holomorphic.

The associated vector fields live in the eigenbundle of the complexification of I, of eigen-
value ¢ € C. This amounts to impose

do(Id +il,) = dyp(Id+il,) = 0 = dp(ld —il,) = dip(1d —il,),

since 3(Id+il;) and 3(Id —il;) are the projections of the complexified tangent bundle
TN onto the antiholomorphic part and the holomorphic part, respectively.

The De Rham complex structure J comes from the fact that G itself has a complex
structure. Namely, writing Ac = diag(w;, —w, )dz + diag(wsy, —ws)dy, we declare wy, we
to be holomorphic coordinates on the moduli space. As argued just above, this amounts
to imposing

dw,(Id +iJ) = dwy(Id+iJ) = 0 = dwi(1d —iJ) = dws(Id —i.J).

Finally, there will be the third complex structure K, = I.J.

One may explicitly compute the following:

IT(8€1) ;-—18 , |%852
17(852) - T O¢, — 2 e,
IT(am) = @02

IT(&Pz) = _8@1

J(a&) = %aSDI - QTTlQ 2
J(a§2) iam

‘](8801) = 26&1 + 27—18&2
J(aPz) - _27-2852

Ky a51) = 2%2 ©1 %8@2

Remark 4.5. One can ask what is the compatibility between the complex structure I, on
2N and the complex structure on the compact moduli space M, which also arises from an
element 7 in Teichmiiller space (see § 2.3.3). What happens is that the complex structure
I. identifies Mp, as the holomorphic cotangent bundle 77 ¢ M, where M is given its
T-dependent complex structure. Notice indeed that the first set of formulae shows in
particular that I, restricts to a 7-dependent complex structure on M, because the vector
fields O, , O¢, generate the complexified tangent bundle to M over C.

We now move on to define the symplectic structure of 9.
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4.2.3 Symplectic structure

We follow the infinite-dimensional approach by Atiyah and Bott (see 2.3.3), and then
write the result explicitly in our finite-dimensional presentation. The idea is to realise 91
as the symplectic reduction of the space Ac of all G-flat connections, with respect to the
Hamiltonian action of gauge group G = C*°(3, ). Recall that the moment map for the
action is the curvature

F: Ac — A%(3,g) = C*(3,g) = Lie(G)".

This means that one can use the complex analogue of the Atiyah—Bott symplectic
form we on Ac. Since this form is gauge-invariant, it automatically induces a symplectic
structure on the moduli space by Marsden—Weinstein reduction (see § 2.3.3).

Set then:

1
we(A, B) = —E/ETI(A/\B),

with A, B € A'(3,g). As done in § 2.3.3, one uses a multiple of the Killing form of the
simple Lie algebra g to provide a pairing A'(X, g) ® AY(X,g) — A2%(2,C), and then
integrates the result on the surface.

We now want to compute this using our coordinates on the restricted space A% = C2 of
flat connections that we introduced in the previous section, using the complex coordinates
wy,wy. Recall that the coordinates on the Betti space are pu; = e*', pus = €*2. In these
coordinates, if we use the tacitly complexified base dz, dy for A*(X,C), we see that the
basis tangent vectors are

1 0 1 0
Ow, = (0 _1> dr, 0Oy, = (0 _1> dy.
Hence

1 1 0 1 0 1 1
W(C(awmawz)__%/ZTr((O _1> (0 _1>>daf:/\dy——ﬂ/zdx/\dy——7r

This means that one has )
we = —(dws A dwy).
T

Remark 4.6. Let us verify that the symplectic form is the same when written in terms of
the complex basis dz, dz for A'(3, C). This is expected because the symplectic structure
has a topological nature: it does not depend on the complex structure chosen on the real
surface.

Recall that z = x 4+ Ty, so that dz = dx + 7dy and Z = dx +7Tdy. We must write again
our flat connections in terms of this coordinates, i.e. solving the following linear equation
for two complex diagonal matrices Ay, A of size two:

_[w1 0 W2 0 . .
A= ( 0 —w1> dr + ( 0 —w2> dy = Aidz + Aqdz.
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One finds

A, = 1 (Twl—wg 0 )dz, Ay = 1 (wg—Twl 0 )) iz

Tl 0 —(rw —w)

and thus in these coordinates one has

5 — 1 Tdz — 7dz 0 5. — 1 —dz +dz 0
w T = 0 —(7dz — 7dz) )’ R 0 —(=dz+dz))"

—T

_ 0
)dzAdz+Tr<(T_()T)2 —r )dz/\dz:

1 = 0
e (s Oy) = 7/2Tr <<T_OT)2 0

(7—7)2

1
:—f/dz/\df.
n(T—171)Js

Now remark that dz A dz = (T — 7)dz A dy, so that wc(Dw,, Ouw,) = —21, as it was to be
shown.

We shall thereafter denote we the symplectic structure on 9t obtained via symplectic
reduction.

Remark 4.7. One may now ask what is the restriction ¢*wc of the symplectic structure
to M, if 1: M — 91 is the natural embedding of M into M. More precisely, one should
consider the relation between wc and the compact version w € A*(M,R) of the Atiyah—
Bott symplectic form presented in 2.3.3.

Proposition 4.3. The symplectic form wc is the complexification of w, in the sense that

wce + We
L* (?R(wc)) =w, where R(we) = %
This is ultimately related to the fact that g = € @ C, and that one is defining the
symplectic forms via the pairing provided by the traces in both cases. Apart from this
conceptual reason, one can give a proof in coordinates.

Proof. One has:
1 1 ) . 1

R(we) = ——R(dw; Adwsy) = ——%((dul+Zdvl)A(duQ+zdv2)) = ——(duy Ndug—duvy Advs).
T T T

Now, one recalls from (4.4) that ui,us are the coordinates parametrising the field ® in
any Hitchin pair, and thus they vanish in the restriction to M. On the contrary, v, v,
are the real coordinates parametrising unitary connections, whose classes are precisely
the points of M. Hence

rR(we) = i(dvl A duy) = 71r(d§1 A dEs).
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On the other hand, the vector fields O, , J¢, on the compact moduli space M correspond

¢ 0 ) dr and Y = (Z 0 ) dy, and thus:

to the matrices X = (O iy 0 —i

1 1
Oer, 0e) = —5 [ Tr(XY)da A dy = —
UJ( §1s 52) o Js 1"( ) x Y T
which means that w = (d&; A d&,), as it was to be shown. O

We now move to define prequantum data on (9, wc). To do this, one first has to
correct for the fact that the symplectic form is complex, by introducing a complex version
of the quantum level of 2.2.5.

4.2.4 Prequantum data

In what follows fix a nonzero complex number ¢t = k + ioc € C*, with k,0 € R.® This
complex number will play the role of what was the level of the quantisation in the compact
case, and its real part will be eventually directly related to that. The idea to define
prequantum data on 91 is again to pass from our quotient description of this moduli
space. All that happens in this section is independent of the complex structure of X,
since this is still prequantisation.

Let us associate to each level ¢t € C* a real symplectic form on A° via:
wr = R(twe) = kR(we) — oS (we).

We will abusively use the same symbol for the induced real symplectic structure at level
t € C* on the moduli space. This is the symplectic form we're considering when looking
for prequantum data.

As explained in § 2.3.3, we start by defining prequantum data (L®,V® A®) on the
prequantisable phase-space of flat connection (A°, w), and then we make them descend
on the moduli space itself via multipliers acting on L®.

Since 2° is just a flat space, all vector bundles over it are trivialisable. We take L®
to be the trivial line bundle: B
LU =Cx A" — A

Moreover, we pick h® to be the translation-invariant metric which is everywhere equal
to the standard Hermitian product on C. Then we can look for a prequantum connection
of the form

VO =d—io
where d is the trivial connection and «; € A'(A°, R) Such a connection is automatically
h-unitary. We see that the prequantum condition Fg ) = —iw; forces day = wy, and the

most natural definition is ay == R(t«), where

av(B) = _417T [ (4, B)

3We shall see later on that the restriction k € Z is to be imposed.
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forV=d—AeA’ A Be A(X,g).
Proposition 4.4. One has doa = we, and thus doy = wy.
Proof. If one denotes X € C°°(2A°, TA°) the tautological vector field defined by
X(d—A) = A,
then one has 2o = txwe, meaning that 2« is the contraction of we against this X.
Now, one can prove that Lxywc = 2wc, so that by the Cartan formula:
2we = Lxwe = dixwe + txdwe = dixwe = 2da.

Indeed, the flow ¢ of X at times t is given by ¢X (d— A) = d— (1+1)A, for a connection
V =d— A c2A° Hence, omitting the evaluation of wc at the point V:

() we(B,0) = we(dgi.B,dg.C) = we((1+1)B,(1 +)C) = (1 +t)*(we)(B, ),

so that p
7 ((pf() we = 2(1 + t)we.
Evaluating at ¢t = 0 yields Lxw¢c = 2wc. O

Remark 4.8. The same conclusion can be obtained by computing « in coordinates. We
consider again the tangent vectors 9y, , 9y, to A°. At a point V = d — A, with A written
as usual, one finds:

av (O, ) _—M/ETr(A/\ﬁwl)——ém/zTr((O —w2> <0 _J)dy/\dm-

1
= —ws.
o
Similarly oy (8w,) = —5-wi. Hence, in those coordinates:
a = —(wadw; — wydwy),
2m

whose differential is precisely we = X(dwa A dwy).

Now that we have defined the prequantum line bundle and its connection, we can try
to define an action of the (restricted) gauge group G° on L® that preserves the connection.
This means that our data will descend to an hermitian line bundle with connection on
A0 / G" = Mggr. To define this lifted action, we use multipliers

0W: g xA° — U(1),
with a slight modification of those of § 2.3.3, used for the compact theory. Namely, if g €

G = C>(%, Q) is a gauge-transformation, then it is isotopic to the identity, i.e. the map
constant to the identity of G. Using this, one can extend g to a gauge-transformation g of
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the pull-back bundle 7* Pz — X over to the cylinder X =¥ x [0, 1], where 7: X — X
is the canonical projection. Namely, one lets g act on the restricted principal bundle
T Pelyyy — X {t} = Y as g P — P, where {g;}1e[0,1] is an isotopy from go = g to
g1=Id IfV=d-AecAisa connection, then consider V ="V = d—n* A, which is a
connection on the 3-manifold X. Then .V is an extension of ¢.V to X, and one defines:

0" (g,V) == exp (QWi%<tSCS<§~7T*A))> a

where Sgg: A'(X,g) — R denotes the Chern-Simons action. Notice that the only
difference with the exposition of § 2.3.3 is that the multiplication by the integer k is now
replaced by taking the real part of the multiplication by ¢.

It turns out that one can be much more explicit when considering the restricted gauge
group G° C G, at least in genus 1, by imposing that the multipliers preserve the pre-
quantum data. To this end, consider temporarily the following abstract setting (we also
introduce this viewpoint since it will also be useful in § 4.6).

Let (V,w) be a real symplectic vector space of dimension four. Thinking of V' as a man-
ifold such that TV =V x V, we set a,(w) = sw(v,w), which is a symplectic potential.
To see it, notice that if one fixes a Darboux basis {x;, y;}; of V' where w = >, dz; A dy;,
then one has o = % >i(xidy; — y;dz;) in the same set of coordinates. Now, the full lattice

A C V of integer translations acts on the space V:
AU > v+ 2TA for AeEANveV.

This lattice is isomorphic to Z* as Z-module, and this is precisely the situation we're
dealing with above, only that there we only consider a half lattice Ag C A generated
by the translation along 2 directions. Nonetheless, one can define multipliers to lift the
full A-action to the trivial complex line bundle L := C x V — V, equipped with the
connection V := d — i, in such a way that the connection is fixed.

Proposition 4.5. The multipliers
O\, ) == g\e™wa), (4.6)
provide a lift of the A-action from V to L that preserves V and the standard metric on

L, where e: A — Z/QZ is a sign satisfying €y - €, = exp €™M,

In this proposition, one may just think of w as an alternating bilinear form on V', and
since A C V it makes sense to evaluate it on V' x A. Moreover, one has w(A X A) CZ,
and so the identity for the signs makes sense too. Notice that one has to add these signs
into the definition in order to establish a genuine multiplier, i.e. to ensure that one has

@(/\,l’ + /J“) ’ ®<:U’7I> = @()‘ + :U’ax>’

forz e V. \, u e A.

Proof. 1t is clear that the metric is preserved, since we're acting fibrewise by unitary
transformations of C.
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Next, the condition \*V = V can be rewritten as follows, in terms of the connection
form a:

N (O 2) 1O\ ) — IO\, 2) O\ 1)) = —ia,

where «, means the evaluation of a at the point z € V.

Now, the conjugation acts trivially, because L has rank 1. Moreover, the pull-back \*
fixes the translation-invariant form ©(\, z)~'dO(\, z), since the differential of X is the
identity everywhere. Finally, one verifies directly that

O\, ) MO\, 1) = miw(\, dx) = i(N o, — ay)
[

Considering V = A%, w = w;, a = oy, and Ag the Z-module generated by the transla-
tions in the direction of a unitary connection, one has a lift of almost all the gauge-group
G° to the prequantum line bundle, such that the prequantum data are preserved. One
can then extend this definition to the whole of G° by declaring that ©® is trivial on the
flip h.

Remark 4.9. We now see that one is forced to choose a quantum level t = k + i0 with
k € Z. The point is that this condition assures that w; takes integer values when evaluated
on the half-lattice Z? C 2, since we does so.

We now apply all this to (V,w) = (A%, w,), thereby defining ©® according to (4.6).
We can now consider the quotient line bundle L) := L® /G°, defined on the moduli space
M = A /G0, and then V® and h® to be the induced connection and metric downstairs
on this line bundle. By construction, we have Fgu) = —iw;, so that we have defined
prequantum data for (9, w,) at level t € C*.

Remark 4.10. As always, we compare this situation with that for the compact moduli
space, with respect to the natural embedding ¢: M < 9. More precisely, one ponders
the relation between the prequantum line bundle : L® — 9t and the Chern-Simons one
L — M over the compact moduli space, and one finds that the topological type of the
restriction L(t)’M = *L® — M is that of the k-fold tensor power LZ* (see [AM16]).

The relation between the overall prequantum data is quite transparent when o = 0.
Indeed, one has in that case wy = wr = kR(wc), which restricts to kw on M, where
w € A%(M,R) is the Atiyah-Bott symplectic form on the compact moduli space (see
Rem. 4.7). In the same way, the symplectic potential a of wc restrict to the standard
primitive of w, and thus oy = o = kR(«) also descends accordingly. In this case the
prequantum connection V® = V&) restricts to kV on L®* — M, where V is the
prequantum connection of compact Chern—Simons theory, which has the correct curvature.
Finally, the Hermitian metrics also match.

If one instead chooses o # 0, then the situation gets more complicated. The symplectic
structure now becomes
w; = kR(we) — 0 (we),

but its restriction to M is still equal to kw, thereby loosing a lot of information. The
same happens for a; and V©®.
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Now we move on from prequantisation to quantisation, following § 2.2.2 and § 2.2.3.
To do this, one can introduce K% invariant polarisations on (2%, w;), and then make them
descend to the moduli space as done in this section for the prequantum data. The invari-
ance for the action is quite restrictive, and forces e.g. the polarisations to be translation-
invariant in the direction of the compact moduli space (i.e. when varying the unitary
connection in a Hitchin pair). This will however pose no issues, as we will consider
polarisation which are tout-court translation-invariant on the whole affine space. Such
polarisation on a symplectic vector space are said to be linear, because they are defined
by translating a linear subspace (see Ex. 2.10), and will descend to translation-invariant
polarisations on 901.

4.2.5 The Kahler Polarisations

We now introduce Kéhler polarisations P, on 9)t. These polarisations depend on the
(marked) complex structure 7 of the surface, thereby defining a map I® from H to the
space of Kahler complex structures of the symplectic moduli space. To describe them in
more detail, consider first the following general fact.

Let (M, g,1,J, K) be a hyper-Kahler manifold, and define symplectic forms as follows,
forpe M, v,w e T,M:

wr(v,w) = g(v, [w), wy(v,w) = g(v, Jw), wi (v, w) = g(v, Kw).
These are the Kahler forms in the respective complex structures.

Proposition 4.6. The nondegenerate complex form we = w; + wg is a J-holomorphic
symplectic structure.

This means that wc is a J-holomorphic nondegenerate (2, 0)-form.

Proof. One has, for all p € M and v, w € (T@]\/[ ) (omitting the evaluation at p):
p

—~ /-}\\‘ —~
<
E

|
=
<
=
<
E
_|_
§
=
<
E
_l’_
§
<
~
<
g
I

This means that we vanishes on TecM AT 1yM, because Id +iJ: Te M — T(g,1)M is the
natural projection on the antiholomorphic tangent bundle to M. Hence indeed wc is of
bidegree (2,0) for the complex structure J. ]

This is exactly the situation we face. Namely, consider the complex structures I, J, K.
of § 4.2.2, and the symplectic form w¢ of § 4.2.3. There we provided the formula

1
we = ;(dwg A dwy),
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using the natural, 7-independent complex coordinates introduced in § 4.2.1. These co-
ordinates are by definition the ones which are holomorphic for the complex structure J
arising from the group G, and wc is the J-holomorphic symplectic structure that appears
in the proposition, and one has we = wy. + twk, .

This accidentally provides a different proof of the fact that the real part of wc¢ restricts to
the Atiyah-Bott form w € A?(M,R) on the compact moduli space. Indeed, R(wc) = wr.
is the Kahler form for the complex structure I, and thus (*R(wc) must be the Kéhler
form of +*I,. However, this complex structure is precisely the one arising on M from 7,
and its associated Kéahler form is w.

The above formula also shows that
wr = kR(we) — 08 (we) = kwr, — owk...

This provides a natural way to pick a complex structure I = I® such that the triple
(im, wt,](t)) is a Kéhler manifold. Namely, if we write ¢’ = ﬁ eU(l)ast =K +id,
with

k .

g
T T

then one can show that the complex structure we are looking for is

/.

[7('t) = [k/,o,*O'/ = kl[‘r - OJKTa

using the same notation as in § 4.2.2. This is because the symplectic form w; is of type
(1,1) with respect to I®, and IV is the only complex structure in the Kéhler sphere for
which this is true. To show it, consider that the definition of the hyper-Kéhler metric
implies that

g<lr(')7') = W, Q(J();) = Wi, g(KT(')7'> = WK, -
Hence by bilinearity
9(Tave: ) = 9(al-() +0I() + K (),-) = ag(L(), ) + bg (Ko (), ) + eg(Ko() ) =
= awy, + bwk, + cwi .,

and indeed the choice (a, b, c) = (k’,0, —0") is the correct one. One can also directly check
the compatibility of w, with I®.

Lemma 4.1. One has w; (Iﬁ”(),[ﬁ“()) =w(-,-).

Proof. A straightforward expansion yields the following, omitting evaluation dots:

wt(l(t)vl t)) =

T T

e (k:’wIT — o' (wic (I, 1) + wor, (I, Ky) + wr, (K, IT)))+

+ (a/>2( —olwg, + k;’(wz,(KT, K:) 4wk, (K;, 1) + wg, (I-, KT))).
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Hence it is enough to show that
WK, (-[7'7 IT) + wr, (]TJ KT) + wr, (KT7 ‘[T) = WK,

since this is equivalent to proving the identity for the expression obtained by swapping I
and K, giving

T T

w (I, 10) = (K2 (Kwy, — d'wg,) + (0 (=0'wg, + Kwy,) = ((k/)Q + (U’)2)wt = w;.

Now, one has
wr, (KT7 IT) = g(K‘rv ) = Wk, (KT7 KT) = WK,

and thus we are left to prove that wg (I, I;) + wr, (I, K;) = 0, which is seen to be true
as follows:
wic (I, I.) = —wie (I, K1) = —w; (I, LK, L) = —w; (I, [.J) = —wr (I, K>).
[l

Definition 4.6. The Kahler polarisation P, C T¢I, associated to 7 € H, on the sym-
plectic manifold (9, w;), is the polarisation defined by the Kéhler structure I®).

We can thus define the space of the Kahler quantisation of 9 as the space of I{)-
holomorphic sections of L®: . ( ( ))
He, = H(om, LW).
This follows the general theory presented in § 2.2.3, particularly Ex. 2.11. Right now we
do not care about the exact form of the inner product of the quantum phase-space, which
is induced by a natural L?-norm with exponential weight. We will nonetheless deal with
this later on, when discussing the Bargmann transform (see § 4.6).

To make this more explicit, some elementary linear algebra shows the following.

Proposition 4.7. The matriz M) of the complex structure IV in the T-independent

frame {0y, , Oy, Ouy, Oy, } Teads

—k'n  —on K o’

u 1| —-d'n kK'm o K
t = —

I wn | =KI|7)* —o|7]* Kn o'n

—d|t> Kr*? o'n —kn

The eigenspace of (the complezification of) M) for the eigenvalue —i is the complex span

of

1790’ T1 + ik’
= ink 1 1190’
oo | R RP

|7[? 0

This is obtained by reading from the formulae of § 4.2.2, and conjugating with respect
to the linear change of coordinates from {&1,&s, @1, w2} to {uy, vy, us, vo}. In particular
one has an explicit expression for P, as a —constant — vector subbundle of T¢I,
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Remark 4.11. As for the prequantum data, the relation between the Kéahler polarisation
on M and M (for the same fixed 7) is the most natural one only for ¢ = 0. In that
case t = k € Z>o, and thus ¥’ = 1. Thus I® = J®) = [ and it was shown in 4.5
that I restricts to a complex structure on the compact moduli space. Moreover, this is
necessarily the Kéhler structure for kw € A*(M,R), i.e. the complex structure defined
by the opposite of the Hodge *-operator (see § 2.3.3).

If o # 0, then things get mixed up by oK. There is no reason why the restriction of 1)
should preserve Te M, and indeed it does not.

As a final remark, notice that one could make the same construction at the higher level
of the flat space (A°,w;), and equip it with a w;-compatible complex structure I®). This
complex structure is invariant for the G%-action, and thus defines a complex structure on
the quotient 9 = AY. Hence the Kihler polarisation we constructed actually comes from
a linear Kéahler polarisation on a 4-dimensional (real) symplectic vector space.

We now move on to discuss the real polarisations originally considered in [Wit91].

4.2.6 The real polarisations

The moduli space 9 also carries a family of real polarisations Pg -, which still depend on
the complex structure of the Riemann surface. Namely, for any Riemann surface structure
on X one has a Hodge splitting

HiR(Z,9) = HE)(Z,9) @ Hpu (S, 9).

Since Hly (X, g) is identified with the complexified tangent space to 90t at every point,
this decomposition defines subbundles of T¢9t. We now use this to define a Lagrangian
subbundle which is fixed by conjugation, in the following way.

If 2z = x + 7y is a holomorphic coordinate on ¥ = C / A, we can write a flat G-
connection in the form A¢ = Ajdz + Asdz, where A; € C*(3, g) for i = 1,2, as we did
at the end of § 4.2.1. The idea is now to let Pr, be the pointwise span of the tangent
vectors in the direction of the complex coordinates A; and Aj, defined up to gauge (a
diagonal traceless matrix of size two is the same as a complex number).

Let us now make this more precise, ultimately describing the distribution P, as the
pointwise complex span of suitable linear combinations of the vector fields associated
to the 7-independent coordinates wq,ws of § 4.2.1. Recall that they correspond to the
decomposition of an SL(2, C)-connection with respect to the real coordinates z,y on X.
In what follows we identify a diagonal matrix diag(w;, —w;) with the number w;, for
j =1,2. We also write wy = uj + 1v1, we = us + vy to separate real and imaginary part.

Proposition 4.8. The real polarisation Pr, is the complex span of the following vector
fields:

X =0y — 10y, + 70y, — 170,
X =0, +1i0,, +T0y, +iT0,,
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Proof. We have already shown that A;dz + AsdZ = widx + wody implies

{Al = %T(?Uh — ws)

Al

A2 = L(11)2—’7'11)1)

—T

Al

Now, if one expresses this in terms of uy, vq, ug, v9, separates real and imaginary parts,
and take differentials, one finds:

A, =5
dAQ - L

279

(ngul — Tldvl + dUQ) + ’i(Tldul + TQdUl — dUQ)}
(Toduy + Tdvy — dvg) + i(—71duy + Tedvy + dug)}

The natural way to compute the vector fields d4,,04, associated to our coordinates
is to impose the duality equations d(A4;)04;, = dy;, for {4,j} = {1,2}. Since each vector
field is a complex linear combination of the four vector fields above, we can expect the
solution to this linear system to exist and to be unique. Some elementary linear algebra
finally provides the formulae

8A1 = %81“ — %&,1 + gﬁw + %iiavz
Oay = 30u, — 200 + Z0u, + 0,

The thesis follows. O

Corollary 4.1. The real polarisation Py, is transverse to the compact moduli space for
all T € H.

Proof. The compact moduli space sits inside 9 as the torus parametrised by the real
coordinates v; = &1, v = & (up to integer translations, and the flip; see § 4.2.1). Hence
TeM C TeON is the complex span of the vector fields 0,,,0,,. If one completes this to
the set {Dy,, Oy, X, X }, with Pg, = spanc{X, X} as in the previous proposition 4.8, one
must then show that this family is C-linearly independent.

This is equivalent to showing that the square matrix of the components of these
vectors in the frame {0y, , Oy, Ouy, Oy } is nonsingular everywhere on M. Reading again
from Prop. 4.8, this matrix equals

00 1 1
10 —i
M= 00 7 7T
0 1 —ir 7
and one computes det(M) =7 —7 = —2iy # 0, for all 7 € H. O

This proposition is just a way to check the computations. It was expected that the
tangent space to M is transverse to Pg, at any point, since the only real form of type
(1,0) is the zero form.
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Finally, since Py is a real polarisation, one should be able to find an integrable La-
grangian subbundle of T that complexifies to Pg. One may in this case just take the
complexification of the real pointwise span of the (constant) vector fields

1 0

Xl — 0 ) X2 - -1 )
1 T2
T2 —T1

ie. Xy = %(X —i—Y) = R(X) and X, = %(X - Y) = $(X). One can also explicitly

check that w; (X7, X3) = 0 as it should, using the fact that the matrix of w; in the given
0 0 k -—o
. 110 0 —0 —k

global coordinates reads — | Lo 0 o |- Moreover, one could have started from
c k 0 0

this totally real description, i.e. considering the quantum space as that of smooth sections
of L® — 9 which are covariantly constant along the (7-dependent) coordinates $(A;)
and 3(A;) on 9.

Remark 4.12. Each Lagrangian leaf of the real polarisation meets M in exactly one
point. This provides an explicit 7-dependent projection 7m,: 91 — M, obtained by
sending a point p € M to the only point at the intersection of M and the leaf for the
polarisation Pg . passing through p. This realises once more 9 as a vector bundle over

M.

Finally, one can make the same remark as for the Kéhler polarisation: the real po-
larisation we constructed comes from a linear real polarisation on a 4-dimensional (real)
symplectic vector space, i.e. from the choice of a distinguished Lagrangian subspace.
We now move on to describe the action of the mapping class group of closed orientable
surfaces of genus one on all the data introduced so far.

4.2.7 Mapping class group action

Let I' = I'y be the mapping class group of oriented closed surfaces of genus one, as in
Def. 4.3.

Proposition 4.9. There is a natural action of I' on M induced by the action on the
fundamental group of the surface.

Proof. Consider the Betti viewpoint: 9t = Mp(X,G) = Hom (7‘(‘1(2), G) /G in one al-
gebraic structure. If f € Diff  (X) is a diffeomorphism of ¥ (that preserves orientation),
then there is an induced isomorphism f,: m (X, p) — m (E, f (p)) for all p € X, defined

by fi([vlp) = [f © V]s@p), where [-], denotes the homotopy class of a loop at ¢ € ¥. As
explained in § 2.3.1, there is an identification of the fundamental group based at two dif-
ferent points which is well defined up to inner automorphisms, which in turn are negligible
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in Mp since they get turned into inner automorphisms of G by any representation. In
this sense, the class of f, in the group of outer automorphisms of m; (%) is well defined,
and the G-conjugacy orbit of the representation p o f, only depends on this class. This
defines a Diff, (¥)-action on Mp.

This description also shows that Diffy(X) < Diff () acts trivially on the moduli
space, since a continuous map f: ¥ — Y which is isotopic to the identity induces the
identity on the fundamental group. Hence the quotient I' = Diff , (X) / Diffo(X) acts on
the moduli space. O

Remark 4.13. In the proof we identified a morphism I' — Out (7?1(2)), where we

set Out (7T1(E)> = Aut (7?1(2)) / Inn (WI(E)) (well defined without choosing base point).
One can actually show that it is injective, and that the natural extension to the extended
mapping class group is an isomorphism. This is the content of Dehn—Nielsen—Baer theo-
rem, valid for closed surfaces of genus g > 1 (see [FM12], Thm. 8.1). In genus one, the
isomorphism follows from the identifications Out (71(2)) = Aut (m(Z)) = Aut(Z?) =
GL(2,2).

In the de Rham viewpoint, the action of Diff , (X) is defined by pulling back connections
on the trivial principal G-bundle Pz = G x ¥ over 3, using that the pull-back of the trivial
bundle is still the trivial bundle (e.g. since it admits a global section). Let us now describe
the compatibility with the gauge action of G = C*(X, G).

First, notice that Diff, (¥) acts on G by composition: f.g :=go f: 3 — G, for g € G,
f € Diff [ (X). If one denotes with ¢.V the gauge-action on a G-connection V, then one
has

f(g.V)=(go f).(f*V).!

This implies that the gauge-class of f*(¢.V) is the same as that of f*V, and thus the
Diff, (¥)-action is well defined on gauge-equivalence classes of connections. Since it more-
over preservers flatness, it descends to an action on the de Rham moduli space.

The above proposition 4.9 then also implies that Diffy(X) acts trivially, since the mon-

odromy representation of a pulled-back connection changes according to the natural action
of Diff; (¥) on Hom (m(E), G). This claim essentially follows from

(19:)(75) = £ (Vares ).

where s is a local section of the trivial bundle defined on an open set containing the
loop v, and f € Diff  (3). The vector field df (¥) = %(f o 7) is the velocity of the loop
f o, and thus the parallel transport of f*V along the homotopy class [v] is given by
the parallel transport of V along the homotopy class [f o 7] = f.([y]), which means that
prev = pv © fx, as claimed.

It is known that the mapping class group action on 91 preserves the complex sym-
plectic form we of § 4.2.3, and thus also w, = “EFC: see e.g. [Gol04], which describes

4Both are equal to the pull-back of V with respect to the bundle automorphism over f: ¥ — 2
defined by the pair (g, f). We will momentarily describe the group of automorphisms as a semidirect
product of the Diff ; (¥) and G.
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exactly the case of the group SL(2,C). In brief, one can argue as follows.

As mentioned in § 2.3.3, the tangent space to the de Rham moduli space at the gauge-
equivalence class of a G-connection d4 on Pr = G x X is the first cohomology group
H'(3,d4) of the complex of Ad(P¢)-valued differential forms on ¥, with the flat connec-
tion d,4 as differential. The nondegenerate alternating pairing

we: HY(S,da) AN HY(E,dy) — C

is then defined by composing:

1. The cohomology cup product H'(X,d4) x HY(3,ds) — H?*(X,da) twisted with
the Adg-invariant scalar product g ® g — C fixed at the beginning. Notice that
the cup product is induced by the wedge product on cohomology classes of g-valued
differential forms. This results in a map

HY(S, dy) x HY(S, ds) — H(S,C).
2. The isomorphism H?(X, C) = C provided by the orientation of X.

Now one remarks that the cup product of two de Rham cocycles is the Poincaré dual
of the intersection of their dual cycles, and that these intersections are preserved under
diffeomorphisms of . Hence I' preserves the symplectic pairing.

This implies that I' also preserves the symplectic potential «, since

(ffa)v(B) = apv(f*B) = we(f*A, f*B) = we(A, B) = av(B),

for f € Diff (X)), V=d— A € Ac, B € Ty Ac. Hence I also fixes the ¢t-deformation «;.
Notice also that the pull-back f*L® of the prequantum bundle is now isomorphic to
L® as a smooth line bundle, since their Chern classes coincide: these line bundles carry
connections with the same curvature —iw;.

Now that we know that I' acts symplectically on (90%,w,), there is the question of
lifting the action to the Chern-Simons prequantum bundle L® at level ¢t € C*. The best
is to define an action on L) = A x C, and show the compatibility with the lift of the
G-action to L") i.e. with the multipliers of § 4.2.4.

Consider then the trivial linearisation of the Diff, (¥)-action defined by

f(Von)=(fV,n) for VeEA,neC.
A straightforward adaptation of Lem. 3.1 of [And+17] yields the following.

Lemma 4.2. The lifts of the G-action and the I'-action combine to provide a lift of the
action of Aut(Pc) = G x Diff . (X) from Ac to Ac x C.

The statement is understood as follows. The automorphism group Aut(P¢) consists
of bundle automorphisms P — P¢ covering an arbitrary orientation-preserving dif-
feomorphism f: 3 — 3. They are thus coded by pairs (g, f) € G x Diff, (¥), where
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(9, f)(p,h) = (f(p),g(p)h) for all p € ¥, h € G. This is however not a direct product,
since the composition of two such pairs is evaluated as

(92: f2) © (g1 fO) (P 1) = (fo 0 f1(p), 92(fi(D)) - 1 (D)D),

ie. (g2, f2) o (g1, f1) = ((g2 of1) g, fa0 fl). This means that one has an isomor-
phism Aut(Pc) = G xg Diff (X)), where ®: Diff , (¥) — Aut(G) is the action by right
composition considered earlier.

Proof. One has to prove that
F(9-(V.m) = (g0 £).(£(V.m),

forall V € A¢, n € C, f € Diff (X)) and g € G.
The left-hand side reads

F(9(V.m) = £ (9-V,09(V, 9)m)) = (£(9.V), 09V, g)n)).
The right-hand instead equals:
(92 £-(£(7.m) = ({90 L5V, 00§99 f)n).

where in the second passage we used f*(¢9.V) = (go f).(f*V). Hence one can conclude by
showing that O®(f*V,go f) = ©®(V, g). This follows from the invariance of integrals
on the oriented 3-fold X := ¥ x [0, 1] under the orientation preserving diffeomorphisms
F = f x Id, which is used in the last passage of the following suite of identities:

Ses((90 ).(f7V)) = Ses((@ 0 F).(F7V)) = Ses(F*(3.V)) = Scs(3.V).
[

This lemma says that the lift of Diff | (3) = Aut(Pc) / G to L® is compatible with

the lifted gauge action, and thus one also gets an action on the prequantum line bundle
L® — 90 over the moduli space. Finally, one can conclude that Diff(X) acts trivially,
as follows. If f € Diffy(X), then f*(V,n) = (f*V,n) = (¢9.V,n) for some element g € G.
One can then show that ©®(V, g) = 1 for such g, and thus the element f*(V,7) is equal
to (V,n) in the quotient line bundle (see Prop. 3.10 of [And+17], where this is proven in
the more general case of a curve with a nonnegative number of punctures).
The punchline is that there is an action of I' via bundle automorphisms of L®) — Mt
that covers the natural symplectic action of Prop. 4.9. It follows from the definition of the
lift that the action preserves the Hermitian metric A*) of the prequantum line bundle, and
since it preserves the symplectic potential then it also fixes the prequantum connection
V® . Hence the lift of the mapping class group action fixes all the prequantum data.

The action on the line bundle induces a ['-action on the space of its smooth sections by
pull-back: f.s([V]) = s([f*V]) for all s € C* (im, L(t)>, [V] € M, and f an orientation-
preserving diffeomorphism. The action on sections reduces to pull-back because f acts
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trivially on the fibres of L®). Moreover, since I' preserves the Hermitian metric on L®
and the Liouville measure on 91, then it also preserves the L:norm of C> (90, L®).
Finally, if 7 € H is a point in Teichmiiller space, then this need not be fixed by I'. Rather,
if v € T' is a mapping class and s a P,-polarised (resp. P -polarised) section of L®,
where P, is the Kéhler polarisation of § 4.2.5 (resp. the real polarisation of § 4.2.6),
then 7.s will be a v*P,-polarised (resp. 7*Pg ,-polarised) section. This follows from the
identity
(VD) x(v*s) =7 (Vi x)s)-

Indeed, if s is a P;-polarised (resp. Pg ,-polarised) section of L® and X is a section of
v*P; (resp. v*Pr.), then dvy(X) will be a section of P, (resp. Pr.), and the right-hand
side will vanish.

In the case of Kéahler polarisations, this means that I ](ci),r = f*I for all 7 € H and
all orientation-preserving diffeomorphism f of ¥, where I®) is the map from H to the
space of wi-compatible complex structures on (9, w;) defined in § 4.2.5. In general, one
might say that the map from Teichmiiller space to polarisations on the moduli space is
[-equivariant.

Putting all together, there is an action of the mapping class group on the quantum
vector bundles of polarised sections over Teichmiiller space, lifting the action of I' on
Teichmiiller space. We will resume the discussion of this section in a proposition.

Proposition 4.10. The natural symplectic I'-action of Prop. 4.9 on the prequantisable
symplectic manifold (M, wy) lifts to the an action of the prequantum line bundle L® qt
level t that preserves the prequantum data (L®,V® h®) of § /.2.4. There is a natural
[-action on the quantum bundles Hp, Hp, of L*-summable polarised sections which lifts
the natural I'-action on Teichmaiiller space.

In particular, if one element 7 € H is fixed by I' then one gets a genuine infinite-
dimensional representation of the mapping class group on the Hilbert spaces Hp. and
Hp,_. Otherwise, some identification between Hp, and Hy-p, (resp. Hp, , and Hy-p, ) is
needed. This is one place where the Hitchin connection comes into play, and helps defining
the so-called “quantum” representations of the mapping class group in the geometric
quantisation setting (see e.g. [Mas03]).

We now move on and construct such a Hitchin connection in the Kédhler-polarised case,
complementing the Hitchin-Witten connection [Wit91; AG14] on the quantum bundle for
real polarisations.

4.3 The Hitchin connection before the circle action

In the previous section we attached a symplectic phase-space (90, w;) to a genus one surface
Y, the group G = SL(2,C) and a level t € C*. Moreover, we also constructed prequantum
data (L™, V® h®) at level ¢, and a family of Kihler polarisations P, parametrised by
the upper-half plane H C C. Everything is ready to adapt the general theory presented
in § 2.2.4, and construct a Hitchin connection for the Kéhler quantisation at hand.
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To this end, we need some more ingredients.

4.3.1 Variation of tensors

Let V' € C*(H,TcH) be a complex vector field on Teichmiiller space. One can differ-
entiate any 7-dependent tensor on 91 along V', and this turns out to be relevant for the
construction of the Hitchin connection. We will denote V[T the variation of a tensor

field 7" on H along V. The most interesting tensors to differentiate for us are the com-
plex structure I®: H — C* (93?, TN ® T*Dﬁ) of 4.2.5, and the hyper-Kéhler metric

g = wt(-,l (t)(-)>. Let us start from understanding what kind of tensor the derivative
V[I (t)} is.

2
The identity ([ (t)) = — Id for almost-complex structures implies
V[_](t)]_](t) + ](t)v{](t)] =0, (4.7)

by the Leibnitz rule. This means that the tensor V[[ (t)} e C® (im, TeM ® T*E)ﬁ) cor-
responds to an endomorphism of the complexified tangent bundle that exchange types.
Indeed, if p € 9, and v € T} (9N, then:

—1OV[ID](0) = V [IO]10(0) = iV [1V](v).

This implies that V' [I (t)} lives in the eigenbundle of I® of eigenvalue —i, i.e. it that it is
of type (0,1). The same verification shows that V[I (t)] (To,lfm) C Ty oM.
This can be written as

V[IO] € (M, Ty o @ T & C=(M, To, @ T),

where one abusively omits 9t from the notation of tangent and cotangent bundles. This
decomposition defines a splitting
"

v[I0] = v[10] +v[10]",

where the former addend is an endomorphism taking values in the holomorphic tangent
bundle, and the latter in the antiholomorphic one.

Now we define a tensor G(V) on 9 by means of the identity
G(V)w = V]IV,

where the dot means a contraction. By looking at types, one concludes necessarily that

G(V) € C®°(M, Tc ® Tc). More precisely, if one has a real set of coordinates {z;}1<i<u,
so that wy = 3, ; wijda; Adry and G(V) = 3, ; G0, ® Oxj, then:

G’(V).wt = Z Gijwkl(&;i (%) 8%) . (dk N dlEl) = Z Gijw]'laxi & dlEl = Z(Gw)zlaxl & del.

i7j7k7l i7j7l i7l
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This is indeed a tensor of type (1, 1), whose coefficient matrix is the product of that of
G(V) on the left of that of w;. Moreover, one can now use the relation g(I(t) (+), ) = w(+ 1),

which is equivalent to g(-,-) = wt(~, I (t)(-)), to see that the variation of the hyper-Kéhler
metric is

Vigl = w V][IV = g.G(V).g,

because w; is T-independent. Hence in this context the variation of the metric and of the
complex structure are related one to another via the symplectic form, and this incidentally
shows that the tensor G(V') is symmetric.

Finally, there is a decomposition G(V) = G(V) 4+ G(V), due to the type-swapping of
V[I (t)}, where

G(V) S Coo(m, T170 & TLO), G(V) € Coo(i)ﬁ, Tg71 X TO,l)-

Said differently, the tensor G (V) has vanishing (1, 1)-component, and its decomposition
is defined by the identity

G(V)awr =V[IO],  G(V)w =V[1]".

A crucial property for the construction of the Hitchin connection is the following.

Definition 4.7. The family of complex structures {Iﬁ)} 18 rigid it G(V) is a holomor-

TE

phic section of T o ® Ti for all complex vector field V' on H.

If one takes a IY)-holomorphic frame {.,,0.,} for Ty, then G(V) is identified with
a function G(V): M — M5(C), where M, (C) is the space of matrices of order n with
complex coefficients. Then the condition is that G(V) = 0 for this function, which is
usually a strong assumption. In our case, however, it is straightforward to see that it
is verified: since w, and I® are translation-invariant, the same is true for G(V), and a
constant section is holomorphic.

4.3.2 Construction of the connection

Now consider the trivial prequantum bundle C'*° (im, L(t)) x H — H, as in § 2.2.4. We

pick in there a connection of the form V = V7 — u, where V7 is the trivial connection,
and u € A' ((C,D(im, L(t))) a 1-form on Teichmiiller space taking values in differential

operators acting on smooth sections of L(®). Such a connection acts on sections of the
trivial bundle by means of:
Vys=V][s] —u(V).s,

where V' is a complex vector space on Teichmiiller, s = s(7) is a 7-dependent smooth
section of L") and u(V).s denotes the action of the operator on the smooth section.

Next, let H((Ct) be the quantum bundle fitting together the spaces Hg}T = HO(9M, LW)
be the quantum bundle at level ¢, fitting together the spaces of the Kéhler quantisation
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of the moduli space with respect to the polarisation of § 4.2.5. The first objective is to
find an operator u such that 7—[8) is preserved. This means by definition that

(V)" Vs=0, it s:H-—HD.

To check this, one has the following.

Lemma 4.3. A connection of the form V=vT—y preserves holomorphicity if and only
if

0 0,1

Z ®) | ® OAN _

2V{I }V s+(V ) u(V).s =0,

for all vector fields V on H and all section s taking values inside ’Hg).

Proof. Let V be a vector field of Teichmiiller, and s = s(7) a section which is everywhere
holomorphic. One computes

(VO)'T0s = (V) 'V [s) — (vO) " u(V).s.

0,1
Now, the first addend can be rewritten, differentiating the identity (V(t)> s = 0 along
V. To do this recall that according to (2.12) one has

(v“))o’l - ;(Id +u<t>)v<t>.

0= VI(7)"19e] = gV [70u] ¢ v [r9] -

1 i i 01 i
Lo Ly lolvng 4 Loy — (vo)” Ly lole®
5V V[s]+2v[l |v s+ 510V Vis| = (V) V[s]+2v[1 [v®s.

0,1 .
If one substitutes the new identity (V(t)) Vis| = —%V[I (t)}V(t)s in the first equation,
0,1~
one sees that (V(t)) Vs = 0 is equivalent to
Ly [10) 905 - (VO)* u(v).s =0
2 )
which is exactly the condition in the statement. O]

170 . . .
Notice that V®s = (V(t)> s, since s is everywhere holomorphic. Moreover, one

1,0 1,0
has V[I (t)l (V(t)) = V[I <t>}'(v<t>) , by looking at types. Hence one may write the
condition for preserving holomorphicity as

(V) u(v).s = — v [0 (9) s (45)

We now consider the Ansatz for the operator u of [And12], which is used for the Kahler
quantisation of the compact theory. The prescription is to produce a differential operator
of order two out of:
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The tensor G(V') of the previous section § 4.3.1, encoding the holomorphic part of
the variation of the complex structure.

The prequantum connection V®,

The Levi-Civita connection V¢ of the Riemannian manifold (91, g).

A family of Ricci potential F': H — C*(9, C).

In general, one defines a family of Ricci potentials for the Kihler manifold (9, w,, I®)
as follows. The Riemannian metric g defines the Riemann curvature tensor Ry, = Fgrc as
the curvature of the Levi-Civita connection V'C for the metric g. Next, one extracts the
Ricci tensor Ric € C*°(9M, Tc @ T¢) from it, via a contraction, and defines the Ricci form
p = Ric (I (., ) € A?2(9M,C). This form is a representative of the first Chern class of
the complexified tangent bundle, which is by definition the Chern class of the underlying
symplectic manifold. If one assumes that Aw; is also such a representative for some integer
A, then difference A\w; — p is exact, and one calls F' € C*°(9, C) a Ricci potential if

p = Aw; + 2i00F.

Now, since the complex and the metric structures are 7-dependent, then one would like
to have a family of such potentials parametrised by H. The operator u depends explicitly
on F'.

In our flat context, however, one has R, = Ric = p = 0, because there is no curvature

whatsoever: the tangent bundle to 901 is trivial, since the moduli space is topologically the
cotangent bundle to a flat torus (up to an immaterial flip, see § 4.2.1). The first Chern
class of the moduli space is given by the curvature of VC, which is the trivial connection;
hence the Ricci potential vanishes for all 7 € H.
The punchline is that one might try to use the symmetric tensors G(V') and the (1, 0)-part
of the prequantum connection V® to construct a Hitchin connection. The fact that this
works is the content of the following two theorems. This fortunate situation does not hold
when one takes into account the C*-action on Higgs fields (see § 4.4 and 4.5).

Consider then the variation VéAg} of the usual Laplace-Beltrami Laplacian coming
from the Riemannian structure. One can realise this differential operator of order two
more explicitly. Namely, consider the composition

Bawy: Tr (V100 G(V) o (V0)'°): 0(@,10) — ¢, L), (49)
where:
o The (1,0)-part of the prequantum connection acts as

(VO (o, LO) — C=(m, T & LY).

o The contraction with the tensor G(V') changes the types of tensor, thereby providing
a map

G(V): C®(M, T @ LW) — C®(M, T1 o © LY).
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e Onesets V=V ®Id+Id @V which is a connection in the bundle T¢ @ L®
over the moduli space. Hence its (1,0)-part provides a map

(V)" @ 1d+1de(VO) " ¢, Tip © LO) — C2(M, T © T ® LY).

o Finally, the trace means the contraction of 7% against T} o, and one lands again in
the space of smooth sections of the level ¢t prequantum bundle.

This general definition simplifies significantly, because of the aforementioned fact that
the Levi Civita connection is trivial, and that G(V') is constant. Namely, if one considers
a I®-holomorphic frame {#1, 22} of T}, then one finds:

Z V(t) Gw v(t Z G (V Vazl

i,7=1

Z .

We now set u(V') = cAg(vy, where c € C is a constant, and try to fix it so to define a
Hitchin connection.

Proposition 4.11. One has:
(VO Agrys = —2iv [10](vO) s

for all V e C*(H,TcH), and for all sections s: H — ’H((Ct).

0,1 ) ) .
Proof. The idea is to make (V(t)> commute past the Laplacian, using the commutation
relations

[(vu))‘” (vu));ﬂ Fol(04,0.) = —iw, (05, 0.,),

97
%4

for i,j € {1,2}, since [&Z, 8%} = 0. If one omits the superscript (¢) and the evaluation
at the vector fields associated to the complex coordinates this reads [VO’I, VI’O} = —iwy.

Hence, if one abusively writes V10 also for the connection V defined above, one finds:

VO Agys = VO T (VHG(V)VH0)s = Tr (VI VHG(V)VH)s =

= —iTr (wG(V)V')s + Tr (VHOG(V)VOI V05 =
Ty ((wt.G(V)VI’O) + (Vl’OG(V).ths +Te(VHOG(V) V)T —
= —int.S(G(V))VLOs,

where S(G(V)) denotes the symmetric part of the tensor G(V) (cf. § 4.5.2), and where

one uses the rigidity of the complex structure to conclude that V*'G(V) = 0. Also, in
the last passage V%1s = 0 because s is taken to be holomorphic. See Rem. 4.20 for a
computation in coordinates.
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Since G(V') is symmetric, one concludes that
VO Agys = —2iw.G(V)VHs = 20V [10] V105,

since wy.G(V) = V[[ (t)}/ by definition (see § 4.3.1). However, this is also equal to the
whole of the differential operator V[I (t)]Vl’Os, because the (1,0)-part of the prequantum

1
connection vanishes when contracted with the antiholomorphic component V' [I (t)] of the
variation of the complex structure. O

Putting together this proposition with (4.8), we have proved the following.

Theorem 4.1. The connection

- 1
Vy = VL —u(V), where u(V) = ZAG(V)a (4.10)

defined in the trivial prequantum bundle C* (ﬁﬁ, L(t)) x H — H, preserves the subspaces
H((Ct?T of I®-holomorphic sections.

This in particularly proves that Hg) is actually a vector sub-bundle. The program
sketched in § 2.2.4 is almost completed: we still have to show that the connection is
(projectively) flat.

Remark 4.14. A corollary of the construction is that the connection (4.10) is preserved
by the group of bundle automorphisms of ”Hg) defined by the mapping class group T,
according to proposition 4.10. This is the same remark that precedes Lem. 6 of [And12],
transferred to our non-compact context.

Indeed, the Laplacian Ag(yy is constructed out of the I-invariant prequantum connection
V® and the symmetric tensor G(V). In turn, G(V) corresponds to the holomorphic
part V[I]" of the variation of the complex structure under the isomorphism between 77 o
and T%! induced by the T-invariant symplectic pairing w;: T 9 A Toy — C. Since the
variation of the complex structure varies naturally along the I'-action, so does G(V).

Remark 4.15. Before discussing flatness, let us discuss the uniqueness of our construc-
tion. To this end consider any Laplacian operator built out of the (1,0)-part of the
prequantum connection, i.e.

Ar =Y V5 T,V
i,J

where T € C™(M, T ®@T¢) is a twice contravariant (complex) tensor on 9. The principal
symbol of Ar is T, and we may ask for conditions on T’ such that V¥ — cAs preserves
holomorphicity, where ¢ € C* is a constant.

According to (4.8) and the further remarks we made, one needs cV* Ay = —2V[I)'V10.
Since the right-hand side is a differential operator of order one, we need in particular that
T is annihilated V%!, i.e. that the tensor T is holomorphic. Using this, one finds

VY AP = —2iw,. S(T)VHO,
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and thus we see that one needs
1
ST = —=VI[IT.
wS(T) = V)

Hence the symmetric part of the symbol is fixed by the condition that holomorphicity is
preserved.

One might of course add lower order terms to the Laplacian, and consider an operator
of the form
U (V) = 2Dz + a Vi, + af(V),
where X (V) is a vector field on 9 of type (1,0), and f(V) is a smooth function on 9.
Looking at (4.8) one still sees the necessary conditions V*!'7T = 0 and w,;.S(T) = ~V|I],

4co

and then the zero-order term V%! (01V xwv) +ecf (V)) must simply vanish.

In § 4.5 we will indeed have to consider an order-one correction to the Laplacian oper-
ator, in the new context where the symplectic structure and the prequantum connection
vary too.

4.3.3 Flatness

The aim of this section is to prove the following theorem.

Theorem 4.2. The connection (4.10) is flat when restricted to H((Ct).

To show this, one starts by computing the curvature Fg € A? (H, D(ON, L(t))), finding:

= i(W [Aa(v)} - V{AG(W)D + 116 [AG(V)’ AG(W)}’

for vector fields V, W on Teichmiiller space such that [V, W] = 0. This is computed by
expanding the commutator [V%C — 1Ay, Viy — iAg(W)}.

Notice that the complex vector fields 9,, 0= associated to the complex coordinate 7 yield
a global frame for the complexified tangent bundle TcH of H. In particular, the curvature
must be of type (1, 1) for the standard complex structure on the upper-half complex plane,
and it is enough to show that the differential operator F(9-,97) € D(M, L)) vanishes on
holomorphic sections, whereas a priori it acts on them via a differential operator of order
at most three. In particular, the hypothesis that V' and W commute is not restrictive.

Fo(V, W)

Lemma 4.4. One has W[Ag(v)}s — V[Ag(W)} = 0s for all commuting vector fields
V,W € C*(H, TcH), and for all holomorphic section s.

Proof. One has
V{AG(W)} =VTr (Vl’OG(W)Vl")) =
— _; (V[[]G(W)Vl,o + Vl,Og(W)V[I]) +Tr (Vl’OV[G(W)}vLO) _
VUL B
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In this expansion we used

VIV =v[a0]V = —;V[I]V,

where 710 = %

contraction V[I].V is the same as V[I].VY, since V? vanishes on the antiholomorphic
tangent bundle to 1.

<Id —il ) is the projection on the holomorphic tangent bundle. Also, the

If one now subtracts this term from W [Ag(v)} , one is left with the following differential
operator of order 2:

WAc| = V]Acw)| =

=i(GV)VII) = GV)WI) )V + A o] ™ AV[G(W)} .

To see that these two operators vanish, one can just transform using the 7-independent
tensor w:

wlGW)| - vIewW)] = ww ' V[IT| = Ve W] =w . (WVI] - VW[I])' =

and

Remark 4.16. A quicker proof is given by the characterisation of Agy) as the the

variation V' {Ag] of the Laplace—Beltrami operator for the (hyper-)Kéhler metric g, acting
on the space of holomorphic sections. One can show that

Ag(v)s = V[Ag}s,
if s is a holomorphic section. Hence

WA |s = V[Acan s = WV[A s = VIV[A,]s = [W,V][A,]s = 0.

Next comes the commutator of the Laplacians.

Proposition 4.12. One has
[AG(V)aAG(W) =0,
for all vector fields V,W on H.
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Proof. One has, writing abusively V¥ for the composite connection %1’0, and omitting
the superscript t for the prequantum connection:

et ] = [ (7609, (1)

_ T <[V1’°G(V)VL°, VI»OG(W)VLO]).

Now, ignoring the final contraction provided by picking traces, one can just develop the in-
ner commutator using the Leibnitz rule. This provides nine addends, which vanish because
of the relations | V10, V10| = Fg¥ = (—iw;)20 = 0, and [V1°,G(V)| = [V'°,G(W)| =0,
due to the fact that the tensors G(V'), G(W) are translation-invariant. It is also clear that
[G (V),G (W)} = 0, since these operators are just function multiplications. O

This concludes the proof of Thm. 4.2. We have constructed a flat Hitchin connection
for the Kéhler quantisation of the moduli space of polystable SL(2,C)-Higgs bundles
over a Riemann surface of genus one, which is invariant under the natural action of the
mapping class group.

Remark 4.17. To construct the Hitchin connection, to prove its flatness, and to deduce
[-invariance, we did not use any particular feature of the group G = SL(2, C), apart from
it being the complexification of a simple, compact, 1-connected Lie group. The same
proof would work for any group satisfying these requirements.

Now one would like to explore a feature of the moduli space 9t which is not present
in the compact case: the dilation action on Higgs fields. This is an action of the group
C* on M, and one might look for a Hitchin connection which is compatible with it. The
motivation for this has been discussed in the introduction, and we now move on to describe
this extension.

4.4 The Hitchin action

We introduce here another characteristic data of the Dolbeault moduli space, the natural
Cr*-action of homothety on Higgs fields.

4.4.1 Definition of the action

If A € C* is a nonzero complex number, then one can multiply a Higgs field ® by X to
get another Higgs field, because such objects are linear. This clearly breaks down for
connections.

The coordinate-free formula for the action is just
M(A, D) = (A, \D),
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for A € C* acting on a Hitchin pair (A, ®). Recall from § 4.2.1 that we had natural
coordinates &1, &9, (01, 2 on the moduli space given by the decomposition

A+ ®+d* =
’ifl —+ 2901 0 ’lfg —+ 2(T1(p1 — TQ(pQ) 0

= : dzr + . dy.
( 0 —(i& + 2@1)) ! < 0 (i€ + 2(r1p1 — T202)) ) Y

Now, if we write A = A\; + 29, then in these coordinates the action is coded by the linear
transformation

&1 ro o0 0 &1 &1
del_for o olle]_| &
e 00 A& —X ¥1 Ap1 — Apa

P2 00 A N\ V2 A2 + Aapr

The problem is, as always, that those coordinates depend on the choice of the complex
structure 7 € T chosen to define Higgs fields over Y. Since eventually we’ll have to pick
derivatives with respect to the coordinate on Teichmiiller space, we prefer working in the
T-independent coordinates (uq,v1, ug, v9) introduced in § 4.2.1.

Recall that the transformation from the atlas (&1, &, @1, ¢2) to (ug, vq, us, vo) is linear,
and coded by

Uy 0 0 2 0 51 2@1
v | 1 0 0 0 52 . 51
up | [0 0 21 2| || | 2101 — 27000
U2 01 0 0 ¥2 S

One can now compute the action in the new coordinates by applying this change of
coordinates, i.e. by conjugating the matrix of the action by the matrix of the change of
basis. One finds:

U1 (7’2)\1 — 7'1)\2>U1 + )\QUQ
\ v | _ l T2U1
’ U9 To —\7’|2)\2u1 + (7'2)\1 + 7'1)\2)'&2
V2 ToU2

The action fixes the coordinates v; and vy. One has vy = &, v9 = &, and these real
coordinates parametrise the unitary connection A in the Hitchin pairs (A, ®). Since the
C*-action is on the Higgs field only, this was expected. Notice also that the action depends
on 7, as it should, since Higgs field do so.

There is now a l-dimensional family {A: 9T — 9 | A € C*} of diffeomorphisms of
the moduli space. The next aim is to compute the pull-back of various tensor fields with
respect to a diffeomorphism A. To do this, one must compute the tangent map

dr,: T, — T, M,

at every point p € 9. On the other hand, since A is linear in the coordinates cho-
sen on M, that linear map admits the same formula as above, computed on the frame

{au17 a1)17 aU/Q’ 8'02}'
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4.4.2 Pull-back of the symplectic structure

One might hope that the dilation action preserves the symplectic form. This is far from
true.

Proposition 4.13. Pick A € C*. One has, in local, T-invariant coordinates:

1 b\ k 2/\2_ 2)\2 2
)\*wt_—[(m> dul/\v1+< (T2 ! T 2+|T| )>du1/\du2+

m T2 2

T
%—<_J@?M__ﬁkﬂ>du1Adw—k<_J@}M_%ﬁAﬁ>cw1Adur— (4.11)

T2 T2

2)
—kﬂqu@+(ah|2)mmAdwl

T2

The proof is a straightforward expansion of the formula

1
Wy = —— (k(du1 A dug — dvy A dvy) — o(duy A dvg + dvy A dug)).

™

The C*-action is thus not symplectic. This means that one cannot hope to keep the
prequantum data of § 4.2.4 in order to take into account this action. Notice however that
(4.11) implies that the restriction of A*w; on M equals kw, where w is the Atiyah—Bott
symplectic form on the compact moduli space. Indeed, setting du; = dus = 0 yields

1
v ()\*wt> = —k(dvy A dvg) = kw.
T
One can also provide a formula for the pull-back A\*a; of the symplectic potential «;.
The proof would be analogous to that of Prop. 4.13. Regardless of the exact expression,
one verifies that A\*a varies linearly on the moduli space, and that it is a polynomial of

degree two in \j, Ay, 71, 72 and 75 *. Moreover, one can also show that A\*a; restricts to the
canonical symplectic potential of kw on A° C 2A°.

4.4.3 Pull-back of complex structures

We now consider the sphere of complex structures
Iype = al, +bJ + cK,

with a® + 0% +¢® = 1 in R, as introduced in § 4.2.2. The Kéhler structure I® that defines
the Kéhler polarisation, defined in § 4.2.5, lives in this sphere.

Now, the pull-back of a complex structure I,,. with respect to a diffeomorphism \
given by the C*-action is defined by a conjugation:

(N Lape)p(v) = dANT . (Lope) ap(dA0),
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for p € M and v € T, (omitting the evaluation of d\ at p and dA\~' at A.p). This
definition is coherent with that of the pull-back of the associated Kéahler polarisation.

The result we are after is the following.

Proposition 4.14. The pull-back of the U(1)-action obtained by restricting the C*-action
on the hyperkdihler manifold (I, I, J, K., g) moves the complex structures I,. along the

parallels of the Kdhler sphere. More precisely one has N*Ippe = Loy o, where X € U(1),
(a,b,c) € S* CR3, and

b, = /\1b + /\QC7 C, = /\10 — )\26

Proof. To make explicit computations, one must write the formulae for the complex struc-
tures I, J, K, in the 7-independent complex frame {0,,, 0y, , Ou,, Ov, }. To this end, the
formulae of § 4.2.2 imply that the matrices of the complex structures in the old frame
{8517 8527 a901 J 8902} are

n —1 0 0
1 |T’2 —T1 0 0
My, = nl 0 0 0 —nl|’
0 0 m» 0
0 0 2n 0
1 0 0 2mm —277
MJ - 7_72 % (1) O 0 )
-7 2 0 0
0 0 0 279
1 0 0 272 217
Mic. = n|lm -2 0 0

-2 0 0 0

One can check that M; M; = My _. Moreover, the complex variable ¢ = ¢ + ipy is a
holomorphic variable for the complex structure I, as it should, since I, is the complex

structure on 9N that corresponds to the complex algebraic Dolbeault moduli space of
Higgs fields.

Now, in order to compute the matrices in the new frame above, we have to conjugate
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M;j_, M; and My_ with respect to the matrix of P that changes basis. One finds:

-n 0 1 0
1 0 T1 0 -1

-1 _
PM; P Tl 0 7m0
0 |T‘2 0 —T1
0 -1 0 O
4 |1 0 0 0
PMsP="=10 o 0 -1
0O 0 1 0
0 1 0 —1
1 T 0 —1 0
-1 4 1
PMi. P |l 0 72 0 -7
7> 0 -7 0

Notice that the complex structure J is the canonical one in the 7-independent frame
because indeed it was defined by declaring the coordinates u; + vy, us 4+ ivo to be holo-
morphic (we are writing the complex structure of the group G in canonical form).

This provides the following matrix for the complex structures I, in the 7-independent
frame:

—am —bry + 7y a —c
1 by +er aTt —c —a
2 1 1
M[abC:aM]T—i-bMJ—i-CMKT:f 2 2
™ | —al7| c|| at —bry — 1y
c|7|? al7|? bry — 7y —am

Now we can finally compute the pull-back with respect to the linear transformation

ToA1 — TiAy 0 A2 0
1 0 Ty 0 0
A=d\= —
T2 —‘7'|2)\2 0 7'2)\1 +T1)\2 0 ’
0 0 0 Ty

since it is already expressed in the correct set of coordinates.
The matrix obtained for |A| = 1 is seen to be equal to M;_, ,, if one sets b’ := A\1b+Aac,

¢ = A\jc — X\ob. Moreover, notice that (a,b’,c’) € R? is still a point in the unit sphere,

since b’ 4 i’ = A(b + ic), which amounts to a rotation within the sphere.

Finally, this transformation is bijective, since one immediately checks that
X*)\*Iabc = ()\_l)*)\*labc = dabey
for |\ = 1. ]
We see in particular that the complex structures £17, are preserved.

Remark 4.18. In the proof we remarked that (b,c) = A(b,c), if one identifies a pair
(b,c) € R? with b+ ic € C. Because of a® +b* + ¢* = 1, one has necessarily b+ ic € D, if
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D is the closed unit disk of C (the boundary 9D corresponds to the equator of S?). Hence
the circle action can be geometrically described as follows.

If \=¢“ and (a,b,c) € S?, then \*(a,b, c) is obtained by rotating the pair (b,c) € D of
—0, in the parallel at height a € [—1,1].

This action is free on the complement of the two poles, which is homeomorphic to C*,
using the standard stereographic projections. One can also show that the full C*-action
is essentially the same as the restricted circle action, up to stretching some coordinates.
To see this, pick A € C*, and consider the linear diffeomorphism ¢ of 9 given in 7-
independent coordinates by the diagonal matrix

o O O

1 0 0
oz o
My=1g o 1
0 0 0 [N

It amounts to dilating the natural coordinates &;,& on 9. This correction is clearly
trivial for |\| = 1.

One can then prove the following.

Proposition 4.15. Choose A € C*. The pull-back *(XN 1) is equal to the complex
structure Loy o, if one sets:

. /\1[) + /\QC C/ L )\16 — )\2b

b , :
A A

Proof. Tt is enough to compute the conjugation (M) *A*M;, M, and see that one gets
the matrix M; , , with the above definition. O
Hence, on the whole, the C*-action is free on the two-holed sphere
{[abc ‘ a2 + b2 + 02 = 1} \ {Iil,O,O} = (C*,

up to correcting with a dilation. Moreover, the full action still fixes I 0. In particular,
if one takes a quantum level ¢ = k + 0 with vanishing imaginary part, then the Kéahler
polarisation on 9 is given by the complex structure I®¥ = I*) = kI which is fixed by
the circle action. This means that if one takes o = 0 then there is a natural U(1)-action
on the Hilbert space ’Hg? of the Kéhler quantisation of the Higgs bundle moduli space,
for all 7 € H.

The fact that this is still true in higher genus is used in [AGP16] to compute a U(1)-
equivariant version of the Verlinde formula, as explained in the introduction to this thesis.
What we would like to do instead is to allow for a generic quantum level t € C*, and try
to construct canonical identifications between the spaces of holomorphic sections for the
complex structure I and \*I®M), where A € U(1). A consistent way to do that is to let the
bigger space H:=HxU (1) parametrise the enlarged family of complex structures \* I,
and construct a projectively flat connection inside the bundle of holomorphic sections over

H.
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The first clear obstacle is Prop. 4.13: the symplectic structure of the moduli space
varies along the circle. In the next section we will explain how one may deal with that
issue.

4.4.4 Equivariant prequantum data

The aim of this section is to construct prequantum data on the moduli space which
transform well under the circle action.

To this end, we choose to fix the prequantum line bundle, and to let the prequantum
connection vary, together with the symplectic form. This is necessary, since its connection
form is a local symplectic potential, as implied by the prequantum condition. Moreover,
it is best to work on the flat space 2°, and define prequantum data on the moduli space
via G%invariant prequantum data on 2", as we did in § 4.2.4.

Let then L® := C x A% — 2° be the trivial line bundle on the usual space of flat
connections. If A € U(1), then we get a new line bundle A\*L® over 2°, which is tautolog-
ically isomorphic to L® over the diffeomorphism A: A° —s A°. We then prescribe a new
identification of the two line bundles over the identity, thereby providing a noncanonical
trivialisation of the line bundle L") —s U(1) over the circle, whose fibre at A € U(1) is
M L® . In this way, one can always pick the tautological metric i on L.

To conclude with the prequantum triple, we let on the contrary(tghe prequantum con-

nection vary, thereby getting a circle of prequantum data (U”,%A ,?L(t)>/\€U(1), over the

circle (9, N w;) xeu(1) of symplectic manifolds.

We thus have to fix, for each A\ € U(1), an isomorphism
By: IO s [0

that closes the following square:

(9107 /\*wt)

(Qlov Wt)
Id

Notice that the fibre of N*L® at Ae € 2A° is by definition the fibre of L") at \.Ac.
Hence an isomorphism is the data of a linear isomorphism

or(A): LY =1V, — LY
for each A € A°. But every fibre is a copy of C, hence @, is coded by a (smooth) map:
®y: A° — GL(1,C) = C*.
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As far as the construction of prequantum data is concerned, we may as well restrict
to constant maps ®, € C*. Finally, it is natural to ask that the association A — ®, be
multiplicative, i.e. a character ©: A —— X", for r € Z.

On the whole, having fixed a character via the integer r € Z, one gets a circle of

connections {,VV(;) })\EU(I) in L®, as follows. For each A € C*, one first considers the

pull-back A*V*, which is a connection on \*L®).?
Definition 4.8. The connection fVVE\t) is the connection induced on L) by A*V® via the
isomorphism P,.

This means that ﬁ;) is obtained by conjugating MVO with respect to ®,. The
curvature of this connection is the same as that of A*V?, i.e. \*w;. Indeed, this curvature
would be given by conjugating F,,g, with the map ®,, fibrewise, but in dimension one
all conjugations are trivial. Moreover, one can provide the following explicit formula.

Proposition 4.16. The \-deformation %&t) of the connection VO =d — iy is
VA =d —iNay + 05 dd,.

This boils down to the computation of a gauge transformation.

Notice that the formula simplifies to fVV&t) = A*V® when @, is constant. This can be
seen directly from the definition of fVVE\t), using the fact that all connections are C-linear.
In this case the isomorphism ®, chosen is immaterial, and in what follows we’ll assume
to have made such a choice.

Finally, one would like to pick the quotients of these U(1)-equivariant prequantum
data with respect to the G%action, in order to define a circle of prequantum data lying
over the circle {(Sﬁ, N wy) })\eU(l) of prequantisable manifolds. Notice however that a priori
the pull-back of the symplectic form on the moduli space may be not well defined, since
one still has to show that the U(1)-action is compatible with the G%-action.

Proposition 4.17. Choose A € U(1), g € G and Ac. One has

Proof. Tt is enough to check this on the generators h, g9, go1 of G°.

The result is clearly true for the flip, by C-linearity: A\.(—Ac) = —A.(Ac).
As for gjp and go1, notice that the U(1)-action rotates the component ® of any given
Hitchin pair (D, ®), whereas the elements of the gauge group translate the unitary con-
nection D. Hence the two actions commute. O]

This result implies that the formula for circle action is the same on the moduli space,
if one works on representatives. This concludes the construction of U(1)-equivariant
prequantum data for the complex moduli space.

SRecall that by definition vl =d— i, where ay is the t-deformation of the canonical symplectic
potential a of the Atiyah-Bott symplectic form on 2A° (see § 4.2.3). Hence A*V") = d — iX*ay, which is
compatible with the fact that F\.gw = AN Fyo = —iA*w;.
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4.4.5 The extended Teichmiiller and the problem of equivari-
ance

The next step is to enlarge the complex structures considered. We set
H:=U(1) x H,

and refer to this as the extended Teichmiiller space of ¥. Now, for (\,7) € H, one

considers the complex structure
I(t) — )\*](t)
AT ’

where I was defined in § 4.2.5 to be
IO =Ty o =K1, — 'K,

choosing from the sphere of Kéhler structures defined by the hyper-Kahler triple I, J, K, =
I.J. The results of § 4.4.3 (namely Prop. 4.14) yield

Ir?\ = ]k’,—)\go’,)\la’ = kl]q— — )\QO'IJ —+ )\10'/KT.

We are effectively enlarging the class of Kéhler polarisation by allowing a pull-back
with respect to A. Indeed, the triple (9T, \*wy, [T(t/)\) is a Kéhler manifold, and the diffeo-
morphism

At (O, Ny, 1) — (9, oy, T®)
tautologically preserves the Kéhler structures.

Fixing both parameters A\, 7 € ]ﬁl, one can define (local) holomorphic sections s of L®
to be smooth sections such that:

()\*V(t))ms = 0.

One can now define the usual spaces H((Ct?A*T ~ [ (i)ﬁ, L(t)) for the Kéhler quantisation

of the moduli space, and the ultimate goal would be to define a Hitchin connection V in
the trivial prequantum bundle

=, LY) x H — H,

over the extended Teichiiller space, that preserves these subspaces. This bundle is still
trivial, since the space of smooth sections of L® only depends on the smooth structure
of M, and not on its symplectic structure. The choice of identifying all pull-backs \*L*)
was made precisely to have a trivial prequantum bundle.

Remark 4.19. Notice two interesting new features of this geometric quantisation. First,
the quantum level ¢ is no longer fixed, since the U(1)-action moves the parameters k', o’
Second, the base space is not simply connected, but rather has a fundamental group
isomorphic to Z. Hence this also opens the question to compute the monodromy of the
Hitchin connection around the nontrivial loop.
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In the next section we tackle this problem by looking for a different Ansatz for the
Hitchin connection, admitting that the Laplacians Ag might be corrected by a differential
operator of order one of the form X‘Vg?, where X € C°(IM, T} ) is a vector field of type
(1,0), depending on A and 7.

The result of this approach is that indeed one can find a connection V that preserves
holomorphic sections (incidentally showing that they constitute a vector sub-bundle of
the prequantum one), but we have no proof that it is projectively flat.

4.5 The equivariant connection

Let us briefly recall the setup. One considers a genus one closed surface 3, the group
G = SL(2,C), and three parameters t € C*, 7 € Hand A = ¢ € U(1). To these data one
attaches the following objects:

o A smooth symplectic manifold (90, w).
o Prequantum data (L, V,h) for (9, w).

o A Kaébhler polarisation P C T2 on the symplectic manifold, coming from a complex
structure I.

e The hyper-Kéhler metric g = w.I € A?(IN, T*M & T*M).
« The trivial prequantum bundle C*(9M, L) x H —s H, where H = H x U(1).

e The quantum space Hp = H°(OM, L) = Ker (VO’I: C>(IM, L) — A% (9, L)>

Each of these objects depends on a subset of {¢, 7, A}, but we will drop their dependence
from the notation in this section, to avoid cumbersome formulae. This dependence must
however be taken into account when differentiating sections and tensors in the directions
0y, 0= and 0y on the extended Teichmiiller space H.

4.5.1 Preservation of holomorphicity

Now, just as we did in § 4.3.2, before looking at the U (1)-action, we consider connections
V in the trivial prequantum bundle of the form

/V\IVT—U,

where V7 is the trivial connection and u € A! (]ﬁl, DM, L)) a 1-form on the base space
taking values in differential operators acting on smooth sections. We can now give condi-
tions on u so that V preserves the quantum spaces fibrewise, finding an equation analogous

to (4.8).
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Proposition 4.18. The connection V=vl—u preserves the spaces of holomorphic
sections if and only if

VOlu(V).s = a1V [V]s — %V[I]VS, (4.12)

for all vector fields V € C“(]ﬁl, T]ﬁl) and for all holomorphic sections s, where we write
0L TEOM — T for the projection on the antiholomorphic cotangent bundle.

Notice the crucial fact that V[V] # 0. The derivative of the prequantum connection
V = d —ia along V equals the 1-form V[V] = —iV[a] € AY (9N, C). Indeed, 1-forms are
the objects that linearise connections. Hence one gets the additional operator

7" WVIV]: C® (N, L) — A»Y (O, L)

that one did not see in (4.8). The projection 7! is by definition the dual of the standard
projection 7y = %(Id +al ) s TN — T 1M on the antiholomorphic tangent bundle.

Proof. One imposes V%(Vys) = 0 for every vector field V on H, i.e.
V9V s] — VO u(V).s = 0.

Now, the holomorphicity of s is expressed by the identity V%'s = 0, which one can
differentiate with respect to any vector field V' on the extended Teichmidiller, in order to

find a different formula for V%'V [s]. One finds
0= V[V*'s] = SV[IVs + "' V[V]s + V'V,
because by definition V%! = 7%1V. This expansion follows from the chain rule.

Substituting —2V[[|Vs—7%'V[V]s = V%'V [s] in the previous equation proves the stated
formula. o

As remarked in the nonequivariant case, we may replace V[I|Vs by V[I]'V!s, since
s is holomorphic.

4.5.2 Variations of tensors: equivariant version

Let V be a vector field on the extended Teichmiiller space. The derivative of the metric
g = w.I in the direction of V' direction now has a further term:

Vgl = w.V[I] + V]w].I,
by the Leibnitz rule. This means that for all vector fields X,Y on 9 one has:
JXY)=w(X, 1Y), VIgXY) = V(X 1Y) +w(X,VIY)).
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Now there is a choice: either one keeps defining the tensor é(V) as before, coding only
the variation of the complex structure, or we take into account the whole variation of the
metric. The first choice defines G(V') via

G(V)w=VI[I], which means  1,0,G(V) = w.VI[I].
The second choice instead defines C:’tot(V) by means of

Lw@wétot (V) =Vlgl.

Notice that the tensor étot(V) € C®°(M, TeMRTIM) is still symmetric. This happens
since Vg is symmetric, and one applies the same isomorphism (defined by w) in both
entries. There are instead no particular reasons why tensor é(V) should be symmetric,
as it corresponds to only one part of the variation of g.

Another difference is also the decomposition into holomorphic and antiholomorphic
types. Namely, one can write

GV)=G(V)+G(V),

according to the decomposition V[I] = V[I|' + V[I]”, corresponding to w.G(V) = V[I},
w.G(V) = VI[I]". Notice that G(V) is still translation-invariant, which implies that it
is a holomorphic section of T; ¢9M®2. This is the property of rigidity for the extended

family of complex structures {I = /\*Iﬁt)} e On the other hand, the tensor étot(V)

(r,\)e
decomposes as B B
Giot (V) = Gt (V) + Gigg (V) + Gran(V),

according to

Lw®wétot(v) = V[g]270 + V[g]Ll + V[g]OQa
with the addends taken in the same order.

In the next section we will try to construct a Hitchin connection by correcting the
Laplacian Ag vy associated to the nonsymmetric, holomorphic tensor G(V') of type (2,0).

4.5.3 Construction of the equivariant connection

Let V be a vector field on H. Consider the second-order differential operator:
Ay = Tr(VHG(V)VHY),

defined as in (4.9). One can compute the commutator [V*!, Ag] on a holomorphic
section s, and see which type of correction is required in order to satisfy 4.12.

Looking at the proof of Prop. 4.11, one sees that
VO Agrys = —2iw.S(G(V)) V05,

for a holomorphic section s, where S (G(V)) denotes the symmetrisation of the tensor
G(V). The symmetrisation operator, already met in the context of Weyl quantisation in
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§ 2.1.5, is defined as follows. If V' is a vector space over C, then S: Tens(V') — Tens(V)
is defined on homogeneous elements of degree n by

1
S(v1®---®vn)»—>m EZE Vgy @+ @ Uy, .

The image S (Tens(V)) is identified with the symmetric algebra Sym(V') of V, which is
a priori a quotient of the tensor algebra Tens(V'). This definition extends naturally to
vector bundles, and then to sections of such. If one replace V' by T or 7¢O, then
S acts on sections of arbitrary tensor powers of these bundles, which are by definition
tensors on 9.

Remark 4.20. Let us provide a computation in /-holomorphic coordinates {z1, 25}, for
the sake clarity. Write the relevant tensors as follows

G(V) = Z GW(V)é?ZZ (%9 8Zj, W = Zwijdzi A de, V[[]/ = Z Clijdzi X azj,
.3 4,7 2%
so that one has by definition
1
S(G(V)) = 5 X (Gu(V) + GiuV), @ 0., and ay = S wiGy(V).
i k

Finally, in those trivialisations one can write

Aaw) =D ViGy(V)V;,
l’]

where V,; = Vé’zoi = V... If one chooses k € {1,2} then one finds the following, using
the commutation relation [V%, V]} = —iwy; provided by the prequantum condition:
Zk
i l 1
3 [Vg’;AG(V)} =52 [ngk?VJGﬂ(V)VI} = 5 2wk Gu(V)Vi+ Vi Giu(V)wn =
gl al

N =

= (wijjl(V) + wijlj(V))Vl = ;%wkj (GJZ(V) + GIJ(V))VZ =
= waS(G(V)) Vl.

il
7l I

The last term is by definition the k-th component of the operator w.S(G(V))V!0.

The idea is now to look for a differential operator of order one that takes into account
what is left to satisfy 4.12. To this end, let ¢ € A%}(9M, C) be a (0, 1)-form, and consider
the vector field X € Q(9M, T) defined by

txw+p=w(X,)+¢=0.

The vector field X must then be of type (1, 0), since the pairing w: To 1 IMAT 19T — R
defined by the nondegenerate (1,1)-form w swap types.
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Let us now compute the commutator of V%! and the operator of covariant derivative
Vx. One finds the following, extracting a vector field from an [-antiholomorphic frame

{857 85} Of T0719ﬁ:
0.1 01 10 — _
Vo, Vxs = {Vazkavx}s_FV(asz)s+va X8 = _wwzk’X)dl_v{af X} T
Zk?

- ( —ip(0z,) + V{aZk,X})s.

The idea is then to set ¢ = 7%V[V] € A% (9, C), in order to recover the derivative of
the prequantum connection that was necessary to satisfy Eq. (4.12). Thus one considers
the (7, A\)-dependent vector field X (V') of type (1,0), satisfying X (V).w = 7'V [V], where
as always we mean the contraction on the right.

Putting everything together one has the following, for V € C’OO(IF]I, TIF]I) and s holo-
morphic:

1 . ¢ ‘
o1 (4AG(V) + ZVX) s = —iw.S(G(V))Vl’OS — 7"V V]s + IV g0 x (1S

where V¢ denotes the (trivial) Levi-Civita connection on 79 for the metric g. This
means that if one were able to show that

1
Vool xw)s = —§w.A<G(V)>V1’Os, (4.13)

then one would have a connection that preserves holomorphicity, using
i i i ,

—Qw.(S(G(V)) + A(G(V))) = —wG(V) = —2VIIJ,
where A(G(V)) is the alternating part of G(V); it is defined as the symmetric part,
adding the sign of each permutation involved. The normalisation factors of S and A are
indeed chosen so that S+ A = Id.
Moreover, to show (4.13) it is enough to prove that Vi X (V) = —%w.A(G(V)), up to
applying the (1,0)-part of the prequantum connection.

Now, one has
VIeX (V) = Vg (wa " VIV]) = w A(VIEr"V(V)),

using the Leibnitz rule to differentiate the contraction w.7%'V[V], together with the fact
that Vpcw = 0 since w is Kéhler. Notice that to be rigorous one should introduce a
different symbol for the connections that Vi¢ induces in T*91, and that one has to
explicitly take alternating parts, since the covariant derivative of a differential form is not
automatically alternating.

Next, if £ is a differential 1-form on 9, and X, Y are commuting vector fields on 9,
then

(A<VLCB)>(X> Y)= (VLCB(X Y)— VLCB(Y,X)) —

= ~(VieX[BY)] - Vie()BX)]) =

I\DM—‘I\DM—‘I\D\H
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since the (dual) Levi-Civita connection is trivial. Hence

1

WAV V[V]) = w A((7*'oV1e)r™ V[V]) = iw.((wo’lod)WmV[VD = ;w.(awovlvm).

On the whole, one has V¢ X(V) = 1w.(97%'V[V]), and thus if one were able to show
that
Ot VIV] = —A(w.VI]) € A% (9, C),

then the proof would be complete, because A(w.V[I]') corresponds to w.A(G(V)) under

the isomorphism defined by w (this is clear if one computes in local normal coordinates
on the Kéhler manifold where w = 3, dz; A dz;).

Lemma 4.5. One has On%'V V] + A(w.V[I]’) =0.

Remark 4.21. Before proving this final lemma, we remark that it expresses a necessary
condition for a having a connection that preserves holomorphicity. Indeed, (4.12) implies

0= (V0’1)2U(V).S = V! <7r0’1V[V] + ;V[I]’VI’O) s=— (0n"V[V] + A(wV[I]')) 5.

Once again, taking alternating parts is necessary in the last passage, since V%! produces
a (0,2)-form on M — with values in D(IM, L) — out of the (0,1)-form VOlu(V).
To be more explicit, let X, Y be commuting vector fields of type (0, 1) on 9, and compute:

2<V0’1(V[I].V1’Os))(X, Y) = ivggl(vlvz?ﬂ,ys) - Ev%l(vt?ﬂ,xs) =
Ty , i, , B
= 5( —iw(X, V1Y )s) - 5( —iw(Y, V[ X)s) =

WX, V'Y - w(Y, V[l]’X))s -

WVIT(X,Y) - w V(Y. X))s —

from the convention taken for the alternating part.

Proof. Since the tensor V|g] = V[w|.I + w.V[I] is symmetric, one has
A(Vw].I)+ A(w.V[I]) = 0.

Notice that the contraction with I and V[I] perturbs the skew-symmetry of w, but taking
alternating parts one has genuine differential forms. There is also an analogous identity
for the (0, 2)-parts:

T2 AV[w].D) + 72 Aw.V[I]) = 0.

Looking at bidegrees one sees that 72 A(w.V[I]) = A(w.V[I]'). Hence:
AV w) = =72 A(V[w].I). (4.14)
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Now, one has 7 7
or"V V] = 9(—ir™'V]a]),
where V = d — i« is — as usual — the prequantum connection written on a local patch
where L — 9 is trivial. Since I acts on (0, 1)-forms multiplying by —i, one finds

A(—ir"V[a]) = (="' V]a].I).

Next, one uses the following identity of differential operators
Jon® =7%0d: Al(./\/l(c, (C) — AO’Q(M@, C),
obtaining
(7" Val.1) = 7°2d(V[a].T) = 7°?A(dV[a].]) = 7°?A(V[da].T).
The last identity uses dV'[a| = V[da], which is clearly true in any (7, \)-independent local
frame of the cotangent bundle, e.g. the one defined by the usual independent coordinates.
On the whole
o™V V] = 12 A(Vw].I) = —A(w.V[I]),

using the identity (4.14). O

We have thus proven the following theorem.

Theorem 4.3. Consider the connection
— 1
V=vV"—u, where u(V) = ZAg(V) + iV;%V),

defined in the trivial bundle C*°(9M, L) X H — H over the extended Teichmiiller space.

This connection preserves the subspaces H((Ct) = H°(9M, L) of holomorphic sections fibre-
wise.

This shows in particular that the spaces of holomorphic sections fit in a nontrivial
vector sub-bundle V — H. The next step to get the canonical identification of the fibres
of the projectivisation P(V) — H would be to prove that Vs projectively flat, and that
it has trivial monodromy around the generator of 7, (H).

4.5.4 Comments on flatness and final remarks

The curvature of the connection constructed in Thm. 4.3 is an operator of order at most
two, since two holomorphic Laplacians constructed using a translation-invariant tensor
always commute (see § 4.3.3). The complete expansion yields, for commuting vector
fields V, W on the extended Teichmiller:

Fo(V,W) =
7

=1 ([Aam,vx(w)} - [AG(W)»VX(V)D - {VMV),VX(W)]JF
1 )

+ 1 (W [Ag(v)} — V[Ag(W)D + Z(VW[X(V)] - VV[X(W)])+

+i((W[V).X(V) = (V[T).X(W)).
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This is indeed obtained considering the commutators among the different operators, and
the terms involving the derivatives with respect to V' and W. This expansion is straight-
forward, apart maybe from

V[ Vxan | = (VIV], X(W)) + Vyixon),

which follows from the fact that both V and X vary on H. The first term means the
contraction of the 1-form V[V] = —iV[a] against the vector field X (W), which defines
an operator of order zero. Also, one has

Y

[VX(V)’ VX(W)} = Fy(X(V), X(W) - v[x(v),x(w)]

[x.xom)]
since Fy = —iw has vanishing (2,0)-part. Finally, notice that it is no longer true that
Agwy = V{Ag}, since the holomorphic tensor G(V') now only codes the variation of the
complex structure (see § 4.5.2).

There is still one general simplification that can be observed. One has:

V]Acun| =V Tr (VHGW)V) =
= V[V )V 4+ VROV |GW)| VO 4+ VGV V).

However, differentiating VX9G(W) = 0 along V yields V{VLO] G(W)—i-VLOV[G(W)} =0,
and thus
V|| = v0ew)v|vie].

Remark 4.22. The upshot of this section is that one should look for Hitchin connections
of the form V = d — u, where u(V) = Agwy + Vx(v) for a suitable vector field X (V),
instead of just using the Laplacian operator as we did in § 4.3.2. Moreover, it could be
necessary to add an operator of order zero, i.e. a function multiplication f ), in order
to achieve flatness.

In short, one could consider the new Ansatz

U(V) = Ag(v) + Vx(v) + f(V), (4.15)

where one still constructs the Laplacian Ag(yy using the holomorphic part of the variation
of the Kéhler structure (i.e. one still asks for w.G(V) = V[I]’), but now one accepts to
correct it with an operator of order one. Such a differential operator can be written as the
covariant derivative V x () with respect to a vector field X (V') of type (1,0) that depends
on (7, A), plus the multiplication by a function f(V') which also varies on the extended
Teichmiiller. One can readily write some differential equations satisfied by X (V') and
f(V), in order for u(V) to satisfy (4.12), and for V to be projectively flat. This would
provide the full class of equivariant Hitchin connections V = V¥ —u such that the principal
symbol of u(V) is S(G(V)).

If one tries to attack the problem as it is stated, the differential equations obtained
are difficult to solve. There is however one natural intermediate step to take. Namely,
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assume Ansatz (4.15) for constructing a Hitchin connection without considering the U(1)-
action. This means producing a connection which is different from that of Thm. 4.1, but
that has the same leading differential operator Ag(yy for all vector field on the ordinary
Teichmiiller H. To this end, in the next section § 4.6 we will turn to the connection
of [Wit91], described in sound mathematical terms in [AG14] (and e.g. [AM16] in the
explicit case of genus one), which we call the Hitchin—Witten connection.

The Hitchin—Witten connection is defined for the geometric quantisation of 9 with
respect to the real polarisations {PR’T}TeH of § 4.2.6. In the case of genus one as we
are, it is flat. Now, there exists an isomorphism between the space of real-polarised
sections and that of Kéahler-polarised ones, named after Bargmann: one can try to push
the Hitchin—Witten connection along the Bargmann transform to define a new, necessarily
flat connection that tautologically preserves holomorphicity.

4.6 The Bargmann transform and the Hitchin—Witten
connection

In this section we set up the Bargmann transform, which relates the quantum spaces for
the geometric quantisation of 9t with respect to real and Kéhler polarisations, and we use
it to transfer the Hitchin—-Witten connection onto the Kéhler-polarised side. We will start
from an abstract viewpoint, as we temporarily did in § 4.2.4, for the sake of obtaining
cleaner formulae.

4.6.1 Setup

Let (V,w) be a symplectic vector space of dimension four, which we consider as a manifold
equipped with a constant symplectic form. Since there is no cohomology one has [w] = 0,
and (V,w) is an exact symplectic manifold, hence prequantisable. Consider prequantum
data (L,V,h) for (V,w), where L := C x V. — V is the trivial line bundle, V = d — i«
the prequantum connection defined by the symplectic potential o, (w) == w(v,w), for
v,w € V, and h the translation-invariant metric such that h(z,w) = zw, for z,w € C.

Note that we define the symplectic potential as a 1-form varying linearly on V', using that
TV =2V x V.

Finally, assume there to be two linear polarisations on (V,w): a real polarisation
Pr C TV, and a Kéhler polarisation P C T¢V, both depending on a parameter 7 € H.°

As we know, one attaches Hilbert spaces of polarised sections to these data. First, set:

Hy = {7" e C™*(V,L) ‘VXT' =0 for all X € C*(V, PR),/ h(r,r)p < +oo} ,
1%

6This matches up perfectly with the original setup of § 4.2, by taking V = A w = w, o = ay,
(L,V,h) = (LM, V® h®) and the linear polarisations of § 4.2.6 and § 4.2.5.
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and
T = {s € C™(V, L) ‘vxs =0 forall X & C=(V, Pe), [ h(s, s)p < —l—oo},
1%

where g = “5¢ is the Liouville volume form. The spaces Hy and He are pre-Hilbert,
and one lets Hg and H¢ be the Hilbert spaces given by their completion with respect to

L2-type norm (2.10) introduced in the background.

Finally, there is an action A: V — V via translations
AU U4 2T,

where A = 7Z* sits inside V as an integral lattice. To get the quotient we want, we
actually consider only half of that lattice, i.e. a Z-submodule Ay = Z? containing only
two of the generators of A (this corresponds to half-lattice generated by the translations
in the direction of a unitary connection, in the language of § 4.2.1).

We know from (4.6) that there exists a lift of the action on the prequantum line bundle
L, via multipliers ©: G° x V' — U(1), where G° is the group generated by the %—lattice
Ay and the involution h.v = —v, for v € V. This means that

As(v) = O(A\ v —A)s(v — N), and h.s(v) = s(—v),

for all A € Ay. Since the lattice action preserves linear polarisations, it makes sense to
consider G'-invariant, polarised sections of the prequantum line bundle, i.e. elements of
Hﬂg; and H%’. These spaces are by definition the Hilbert spaces of the quantisation of the
quotient V' / G°, which is the abstract avatar of the hyperKéahler moduli space 9.

Remark 4.23. To describe the Hilbert spaces more explicitly, choose global frames
r,s: V. — L for the prequantum line bundle such that » € Hg and s € Hc.

One can choose 7 to be h-unitary, i.e. h(r,r) = 1 identically on V. With this choice,
every real-polarised section can be written ¢ = vr, for some function ¢ € C*°(V,C) that
is constant along the directions of Pg, because of

0= Vx(lbr) = X@ZJ —FwVXT = X.@b,

where X is tangent to Pg. According to (2.10) the inner product (-,-) of two sections of
the prequantum bundle is defined by

t1¢) = [ ntty= [ wF-ntrop= [ von

where t = ¢r, t' = ¢'r. This has no chances of converging if ¢ and ¢’ are both real-
polarised and nonvanishing, because the leaves of P are the noncompact translations of
the Lagrangian space £ (this issue was pointed out in 2.11). To correct this problem
one may replace integration on V' with the integration over a global transverse subspace
W C V to L, and remark that T is in natural correspondence with the set of leaves of the
real polarisation. The advantage is that the space W now carries a natural 2-dimensional
Lebesgue measure dw, and this provides an identification of Hilbert spaces

Yr—s Y|y, : Hrg =2 C°(W,C) N L*(W, dw).
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More precisely, Hg is isomorphic as a vector space to
{rem(c=wm)| fly e L201.d) | < C=(v.0)

where g : V. — V' / Pr = W is the projection of V' onto the space of leaf of the admissible
real polarisation Fg, which we identify with the global transverse. This is because a
function ¢: V' — C is constant along Py if and only if it can be written as w1 for some
function ¢p: W — C. Next, one promotes the vector space to an Hilbert space, taking a
completion with respect to the L?-norm on W.

Similarly, one may write ¢t = fs for a generic Kéhler-polarised section, using the frame
s of Hc. Note since r is a frame then there exists a smooth function ¢: V' — C such
that s = e®r, and thus the norm of s is

hs,5) = [e?Ph(r, ) = [e?]? = 270

A section t = fs is now holomorphic if and only if df = 0, i.e. if f is an entire function
on V with respect to the complex structure associated to the Kéhler polarisation. The
inner product of t = fs, t' = f's reads

1) = [ wt.tm= [ £7-n(s.su= [ fPv

where v = ?*¥) ;. Note that in the chosen Darboux coordinates the volume form reads
1= dxy Adxro A dy; A dys, and thus the integration with respect to 4 means to integrate
for the Lebesgue measure drdy on V = R*. One may finally write

He = O(C?) N L*(C?, ™) dady).

4.6.2 The Bargmann transform: Lagrangian splitting

We will now describe a 7-dependent isomorphism B: "H]%O — ’Hgo. To do this, it is
natural to start from constructing a map B: Hg — Hc, and to show that it commutes
with the G%action. This map is the Bargmann transform on flat space (cf. [GS81]), and
so it make sense to start discussing the standard setup to clarify what we want to do.

With the same notions and notations of the previous section, consider a Darboux
basis {x;,y;}; on V, so that w = 3, dx; A dy;, and let £ be the Lagrangian subspace
spanned by {yi,y2}. One then has a symplectomorphism (V,w) = (T*R? wean), and
the symplectic potential reads o = %Zj (x;dy; — y;dx;) in the same basis. Next, define
the balanced holomorphic coordinates z; = x":;;;y", which are associated to the complex
structure I: V — V sending z; to y; and y; to —z;.

One can show that r(z,y) = e2%Y defines a real-polarised unitary frame, and that a

2|2

holomorphic frame is provided by s = ce™ 2, for every constant ¢ € C.”

"Here and afterwards we denote by a dot the componentwise product of two vectors in any vector
space: -y =y a;y; and |2* = 2 Z =30, 27 = 30 [
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Indeed, if one denotes d,; the partial derivative along the direction of y;, then

Vo, r=0y1 —i{a,0y,)r = 9y,e"V — imjeix'y = (Gyj - 237j> e2®¥ = 0.
Similarly, the symplectic form w in the chosen — normalised — complex coordinates reads
w =1 ;dz; Ndz;, and thus o = 3 3, z;dZ; — Z;dz;. Then the (0, 1)-part of the covariant
derivative acts as the differential operator v?,i = 0z + %Zj, which annihilates s.

Zj

With these choices we may identify the spaces of polarised sections with spaces of
complex valued functions, as explained in the previous section:

He = C(R?,C) N LA (R?, dz),  Hc = O(C?) N LA(C? e ¥ dedy),

where dz is the Lebesgue measure on the global transverse {(x,0) | z € R?} = R? to the
real polarisation, and dzdy the standard Lebesgue measure on C? which corresponds to
the volume form p on V.

The inner product of two holomorphic functions — noted (-, ) — reads

(£.9) = Iel? [, F(:)g()e ™" dady,

We decide to take ¢ = 77!, so that the norm of the constant function z — 1 equals
one. This in turn corresponds to the definition of the 2-dimensional Segal-Bargmann
space (see [Hal99]; the origins of the definition of the Segal-Bargmann space trace back
to [Bar61; Seg63], with Segal actually working in the infinite-dimensional setting).

Definition 4.9. Let d be a positive integer, and ¢ € R-y. The ¢g-normalised, d-dimensional
Segal-Bargmann space F¢ is the Hilbert space of holomorphic functions on C? which have
finite length for the norm induced by the scalar product

|z

(f.9) = (am) [, F()g(e)eS dady.

The Gaussian weight assures that all polynomials will be elements of the space, with
the monomials providing an orthogonal basis. Moreover, the formal adjoint of the operator
poy o [ zifis qO0.;: f q%, as it can be shown integrating by parts:

- J

_ I T G-t _
(90, f,9) = qm /C 0z, f)ge” o dedy = —qm /C . fﬁzj(ge )dxdy

_ e
= 2/CZf(zjg)e a dxdy = (f, z;9).
In this passages we used the fact that z — f(2)g(z)e ** goes to zero sufficiently fast
for |z| — 400, since (f, g) < 400, and also that 0,5 = 0 since g is antiholomorphic.

It was Fock who first remarked that the equality {q@zi, zj} = 0;;q holds when these
differential operators act on holomorphic functions defined on C?. Bargmann enriched
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this idea by finding a suitable Hermitian product so that moreover these operators will
be reciprocally adjoint.®

Going back to our discussion where d = 2 and g = 1 (abusively omitted from the nota-
tion), let us similarly denote by Fg the space of functions ¢: R* — C which correspond
to real-polarised sections, i.e. functions which are constant along the y-direction whose
restriction to R? @ (0) C V is square-summable for the 2-dimensional Lebesgue measure
dz. The transform B: Hp — Hc corresponds to a linear map Z: 1) — 1 acting on
functions, by means of B(¢r) = 155. In turn, we require the following property for Z:

(¢, 1) = (¥r| fs) eC,
for ¢ € Fr and f € F¢. Since by definition (12, f) = (&s ] fs>, it is the same to ask that

(B(yr) | fs) = (r | fs). (4.16)
On both sides of (4.16) one sees the restriction — to closed subspaces — of the inner
product on the prequantum Hilbert space of smooth sections of L. On the right-hand
side one considers the restriction to Hrg X H¢, which yields a nondegenerate pairing
Hr ® He — C, since the two polarisations are transverse.” The transversality is due to
the complex span of {05, 0} = {%(&01 + 10y, ), %(&02 + i@m)} intersecting the complex
span of {0y,,0,,} only at zero inside V' ®r C, which is identified with the complexified
tangent space to V' at any point.
On the left-hand side of (4.16) instead one sees the restriction of (- | -) to H¢ x Hc, which
defines the inner product on the Hilbert subspace of Kahler-polarised sections. Note that
since the pairing is nondegenerate then this property determines B and Z uniquely.

The computation of an explicit formula for the transform Z: Fg — F¢ is a different
task. For doing it, one exploits the fact that F¢ is a reproducing kernel Hilbert space,
which means that function evaluation defines continuous functionals: for all @ € C? there
exists a (unique) function e, € F¢ such that f(a) = (f,e,) for all f € F¢.

Definition 4.10. The function e, is the coherent state at the point a € C2.

Using (4.16) one thus finds
V() = (1, ea) = (r | eas),

and this determines the value of the function 15 at all point. To compute the coherent
states explicitly one relies on the following fact.

Proposition 4.19. Polynomial functions are dense in the Segal-Bargmann space. More
precisely, the monomials defined by

21 2

Umy,mo (Z) - m1|m2|a

8The idea behind this is to take ¢ = h and to construct representations of the d-dimensional Weyl
algebra W (T*R?, wean) of 2.5 on Fc. We will come back to that after deriving an explicit formula for the
Bargmann transform.

9The intrinsic definition of the pairing requires a choice of half-forms which we tacitly assume. This
choice influences the pairing only up to a multiplicative factor (see [GS81]).
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provide a orthonormal basis of Fc, where my, mg € Z>.
Proof. The integrals involved split into one-dimensional integrals for the two complex
variables 21, z9, and thus the result follows from the analogous one on C (i.e. for d =1).

If m,n are nonnegative integers, one finds:
L2 +oo 2w 0 9
/zmz”e = dzdy :/ pmet™ pre= 0P nd pd),
C 0 0

after passing to polar coordinates. The right-hand side equals

+o00 2
[ s ([ i)
0 0

and the integral [; 2™ gim=m)0f vanishes if m — n # 0; otherwise it equals 27. This
establishes orthogonality.

Moreover, the orthogonal system {z,,},>0 is complete. Indeed, if f is any entire
function defined on C, then one can expand in power series f = 3745 fr2*, and the
condition (f,z,) = 0 gives a,, = 0. Hence the orthogonal subspace to the span of all
monomials is reduced to zero.

As for orthonormality, if n = m the computation above yields
m—n _—|z|? oo 2n+1_—p? oo n_—r
/z z"e dxdy:27r/ p e”dp:ﬂ/ e "dr =nl'(n+1) =7mn!,
C 0 0

where we substituted r = p? in the second passage. Hence we see that the set of monomials
{\‘;—%} - provides an orthonormal Hilbert basis inside F¢ for d = ¢ = 1, and the very

same proof can be used for d =2, ¢ = 1. n

Corollary 4.2. The function e,(z) = €% is the coherent state at a € C2.

Proof. Consider the following expansion:

Z Unny iy (@) Uy sy (2) = Z (@)™ (@)™ H (@)™

| |
miy: mo: i=1 m; >0 z-

m1,m2>0 mi,m2>0
2

H p(@;z;) = exp <Z a; zl> = "% = ¢e4(s).

=1

Infinite sums and finite products can be intertwined because all power series converge,
and this means that e, = 3., 11,50 Ui ,mo (@) Uy s -

2

Now introduce a 2-index m = (my, msy) € (Zzo) , and pick any function f € F¢. Its
decomposition in the orthonormal basis of 4.19 is f = Y, finum, with coefficients given
by fm = (f,um), so that one has by definition f(a) =,, fmum(a). Hence, if n is also a
2-index:

(f.eq) = Z(fmumaun Z Jmtn(@)0mn = meum(a) = f(a).

m,n
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This proposition means that one has the integral representation formula

fla) == /C e f(2)e H dwdy,

2
for all entire function f: C2 —» C which is square-summable for the measure e 1**dzdy.

Using the explicit formula for the coherent state, one finds the following for a function
'Lb € .FRI

ﬁ(a) = (1;, ea> = (Yr | e,s) = 1/ h(ir, eq.s)dxdy =

T JC2

. V(2)eq(2)h(r, e?r)dedy = 1 /<c2 Y(2)e?* 3 dady,

T JC? ™

where we introduced the change of frame s = e¥r. It follows from the definition of r and
s that ¢ is the quadratic form (x,y) = —%(|Z|2 +1x - y), and plugging-in the value of

©(z) finally yields the following integral transform for the smooth function :

~ 1 1 5 a
(Z(w))(a) =(a) = - /(C2 (z) exp {a "z — §|Z | + 3% y} dxdy. (4.17)
One sees that the result is holomorphic, by taking the derivative with respect to the new
variable a under the integral sign.

Remark 4.24. One should spend a few words about the changing of frames. Let then 7/
be another real-polarised unitary frame of L, and call ¢,: Hg —> Fg the identification
r — 1. The new frame r’ provides a second identification ,.: Hg — Fg, which
differs by a phase. Namely, there exists a function x: V' — C such that ' = eXr, and
the unitarity condition yields x(V') € iR (also d,,x = 0 in order that 7" be polarised).
Now @, : r = e Xr' — pe™X € Fp.

If the Kahler-polarised frame s is fixed, then one has to compare the number @Z(a) e C
defined by (4.17) with the pairing (e Xr’' | e,s), where the coherent state at a hasn’t
changed. The relation between s and r’ is s = e?r = e®e™ X1’ and thus

h(he ™1, eqas) = Vege?|e X[*h(r', 1) = Yieae?,

where we used that r’ and eX are unitary. Hence 1(a) = (e ™1’ | e,s), and the resulting
map Hr — Hc does not depend on the choice of a unitary real-polarised frame.

The choice of a holomorphic frame instead is more rigid, because one wants an identi-
fication with the Segal-Bargmann space. More precisely, one has to impose the condition
that (% + %Z]) s = 0 in order to have a holomorphic frame, but there is also a further
constraint if one wants that the differential operators z; and t0.; be reciprocally adjoint
for 5 = 1,2, where t > 0 is the parameter appearing in Def. 4.9. Namely, the weight
h(s,s) =|s[*: V. — Ry must be annihilated by the differential operator 8., + 17;, be-
cause this is precisely what is needed to show that (t0., f, g) = (f, z;9) via an integration
by parts.

Hence the choice of s is fixed up to a normalisation constant, and finally we fix this
constant according to Def. 4.9.
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One can now move on by splitting (4.17) in an integral along the Lagrangian and the
transverse. Since 0,1 = 0 for j = 1,2 then one may write

9a) = [ (@A, a)da,

where the kernel A: R? x C? — C is essentially the Fourier transform of a Gaussian:

1
A(x,a) = 7r_1/ exp{a-z— ~|2]* + iz - y} dy.
R2 2

Proposition 4.20. One has:

Alz,a) = \/Q%GXP{—;( ? —2\/§a-x+a2)}.10

In the next section we will provide a proof in a more general context, which implies
this proposition as a corollary (see Prop. 4.23). We thus recovered the usual formula for
Bargmann kernel, although one has to take care of a multiplicative factor to achieve the
unitarity of B (cf. [Hall3]).

Finally, one should recall the quantum-mechanical relevance of the transform. As
mentioned before, the operators pi., and 9., act on F¢, and are reciprocally adjoint. This
defines a representation of the 2-dimensional Weyl algebra on the Segal-Bargmann space
(i.e. the algebra defined by the canonical commutation relations), which is the Fock
representation. The Weyl algebra also acts on Fgr, by means of the annihilation and
creation operators, i.e. respectively

_ Qi +ib;
aj — T
a = Qj — ZPJ
j N
where Qi is the position operator, and P; = —i0,, the momentum operator. Since Q;

and P; are self-adjoint, it follows that a} is the formal adjoint of a;, as the notation sug-

gests. These operators make JFr into a module for the Weyl algebra as well, and one may
show that both modules are irreducible. The Stone-Von Neumann theorem thus suggests
that there should exist a unitary map Fg — JF¢ that intertwines the two representa-
tions: the Schrodinger position representation corresponds to the Fock representation.
The Bargmann transform (4.17) is precisely this map, up to a multiplicative constant.

Proposition 4.21. One has, for j € {1,2}:

Toajol' =0,
Ioa;ﬁol'*1 = fz;-

Note that 22 = z - 2 = |z|?, but a®> = a-a # a - @ = |a|>. This is important to get the commutation
relations of Prop. (4.18).
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Summing and subtracting the relations of Prop. (4.21), one finds:

Z Z_l 8Zj+,uf2j
{ o Hley © ) 0, V2, (4.18)
- — J J
Zo00,; 0T = —5

These are the actual commutation relations that we will generalise to the context where
the linear polarisations vary along the Teichmiiller space of a genus one closed orientable
surface. We will achieve this in Thm. 4.6, incidentally deriving Prop. 4.21 as a corollary.

With this aim in mind, let us consider generic linear polarisations FPg, P. The space
V' is thus equipped with a w-compatible complex structure I corresponding to P and a
preferred Lagrangian subspace £ C V' corresponding to Pg. One can turn this situation
back to the previous one, up to a linear symplectomorphism. Namely, the sum £+ 1(L) C
V' is direct, because if g = w(-, I()) is the real scalar product associated to w and I, then

I(L) = L1 is the g-orthogonal space to £. Hence V = L @ I(L£), and the (constant)
tensors w and I have the canonical formulae when written in a basis {z;,y;}; of V such
that y; is a g-orthonormal basis of £, and where x; :== —I(y;). If one considers the basis
as a set of global (linear) coordinates dz;,dy;: V' — R, then

w:dej/\dyj, I:dejtg)@yj—dyj@&cj.
j j

Moreover, one has a Lagrangian splitting of (V,w), since w provides an identification
I(£) = £* which induces an isomorphism V' = £ & £* = T*L. This basically amounts to
the choice of global normal coordinates for the Kéahler manifold (V,w, I'), and shows that
Pr and P are transverse.

In the next section we will pursue this idea further to get more explicit formulae,
but one can already conclude at this stage that there exists a transform B: Hr — Hc¢
satisfying (4.16) for all choice of Pg and P, because the pairing Hg @ He — C is always
nondegenerate. Moreover, (4.16) alone implies that this generalised transform commutes
with the gauge-action on polarised sections, i.e. with the translations A € Ay and the flip
h, acting both on Hgr and Hc.

To prove this, consider the following.

Lemma 4.6. The translation operators A\: C*(V,L) — C>°(V, L) are (- | -)-unitary for
all X € A°, and the flip h is (formally) self-adjoint.

Proof. The first statement follows from the fact that the Lebesgue measure is invariant
under translations, and the cocycle © takes values in U(1). Explicitly, if s is a smooth
section of L and A € Ag, one has

’/\.3’2 =(A\s|As) = /Vh()\.s(v),)\.s(v))u(v) =
-/ ( (Ao — )s(v ~ 0,00, 0 — N)s(v — A))u(v) _
= [ 000 = N A(s),s())uw) = [ h{s(0), s0)) o) =
= (s | s) =],
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where we used ‘@()\,U — )\)’ = 1 and the change of variable —A: v — v — A, satisfying
—N*(p) = p.

The analogous proof for the flip h.s(z) = s(—z) just follows from the fact that V' has
even real dimension. O

This lemma implies that the formal adjoint to A is A™! = —\, for all A\ € Ag. This is
enough to conclude what one wants.

Corollary 4.3. The Bargmann transform B: Hg — Hc commute with the G°-action
for any choice of a real polarisation Pr and a Kdhler polarisation P.

Proof. Choose ¢ € Fgr, f € Fc and A € Ay. One has, using (4.16) and the previous
lemma twice:

(BOr) | fs) = (A (er) | fs) = (r | (=N).fs) = (B@r) | (=N).fs) = (\B(wr) | [s).

Since (- | ) is nondegenerate when restricted to Hc, this proves that B(A.¢r) = A\.B(¢r).
The important point is that the formal adjoint of A preserves polarised sections, and thus
all passages makes sense.

The proof for the group element h is exactly the same. O]

In summary, in this section we have shown the following.

Theorem 4.4. The Bargmann transform on 4-dimensional flat space induces a map
B: HY — HT satisfying (4.16) and (4.18), for all choice of a linear real polarisation
Pr and a linear Kdihler polarisation P on (V,w).

Remark 4.25. Let us get back to our original viewpoint, where the polarisations are
attached to a point the Teichmiiller space of closed surfaces of genus one.

It follows from the very definition of the Bargmann transform that B is compatible with
the mapping class group action on the quantum bundles over Teichmiiller space. Namely,
recall from § 4.2.7 that the mapping class group I" = SL(2, Z) acts symplectically on the
moduli space (Prop. 4.9), that this action lifts to the Chern—Simons prequantum bundle
fixing all prequantum data, and that the induced action on L?-summable polarised sections
of the prequantum bundle covers the standard action of I on Teichmiiller space (Prop. 4.9).
Since this action preserves the L2-inner product, it also preserves the nondegenerate
pairing Hg ® Hc — C, and thus also the transformation B — since this transform
satisfies (4.16).

To give more details one needs to introduce quite a lot of notation. Pick ¢ € Fg,
f € Fc and v € T'. Let us explicitly introduce the symbol 7 € H for the element of
Teichmiiller space used to define the polarisations. Then the sections v.r and v.s are now
frames of L which are horizontal for the real and Kéhler polarisation — respectively —
arising from v*7 € H (thinking of 7 as a marked Riemann structure C / A, — R / Z
on the real torus). The section 7.(¢)r) will be written v*1(y.r) in the new frame, and
similarly 7v.(fs) = v*f(v.s), where ¢ € Fg, [ € Fc.
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Let us denote Hg ,, Hr 4+ the spaces of real-polarised sections, and Hc ;, Hc 4+~ those
of Kéhler-polarised ones; then let Fr, Fc, Fr,+r and Fc+- be the associated spaces of
complex-valued functions in the frames r, s, 7.7, 7.s, respectively. Write (-, -), and (-, )+,
for the inner products of Hc, and Hc .+, and finally add subscripts Z,: Frp — Fc,
Lyer: Froer — Fe4+r for the integral transforms.

Then one has:

(YD Y Fyer = (Wr o = (W | f5) = (7.(0r) | 7.(f8)) = (Y% (r.r) | v f(y.5)) =
= (Ww*ﬂ 7*f>“/*7"

Using that f is arbitrary, that v is an isomorphism of the quantum bundle for Kéhler
polarisations, and that (-,-),«, is nondegenerate, one gets *iby Y*tep. This means
precisely that the I'-action intertwines naturally with the Bargmann transform.

Hence, in brief, the transform of Thm. 4.4 is I"-equivariant.

4.6.3 The Bargmann transform: symplectic transverse

We now need to adapt the previous abstract construction to the case which is relevant for
us. The main technical issue is that we consider a global transverse to the real polarisation
which is symplectic, and not Lagrangian.

Let us then fix a quantum level ¢t = k + 10 € C* and a point 7 € H, and specialise
the abstract objects of the previous section to W = A° (§4.1), V =A° (§ 4.2.1), w = wy,
o =ay (§4.23), (L, V,h) = (LO, VO, h0) (§ 4.2.4) and finally Py, and P, defined as
in § 4.2.6 and § 4.2.5. The Hilbert spaces Hgr ,, Hc C C* (Qlo, I}(t)) are also defined.
The restricted gauge group G° acts on these data, defining the moduli spaces

M=A[G" A /" =,

the prequantum data (L(t), v, h(t)) and the Hilbert spaces H%?T, ”H(g;(:T C O™ (‘J)?, L(t)),
which are the spaces for the geometric quantisation of 9.

In the previous section § 4.6.2 we constructed an isomorphism B, : Hg , — Hc , that
commutes with the G%-action. Its explicit formula depends on the choice of a unitary real-
polarised frame r and a Kéhler polarised frame s of L. Such frames are easy to compute
in a Darboux basis for w;, but here we wish to do something different. Namely, we wish
to identify Hr , with the space of smooth functions on the symplectic global transverse
A® to the real polarisation Pg,, and thus we look at the splitting A° = A° & L., where
L. is the Lagrangian space defining Py .

Let us start by getting the simplest possible expression for the symplectic form w; in
this context.

Proposition 4.22. There exists a basis {x1, T2, y1,y2} of A° such that {x1, 22} is a basis
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of A, {y1,y=} is a basis of L,, and one has

0 E 10
vy = —k 0 01
-1 0 00
0 -1 00
0 0 k -0
. . 0 0 —o —k
Proof. Looking at the formulae of § 4.2.6, one sees that w; has matrix | ko 0 0
o k 0 0

in the usual 7-independent global de Rham coordinates w1, vy, us, vo, up to a scaling which
cancels the factor 7=! (this is the matrix of a real alternating bilinear form on 2A°).
Moreover, the Lagrangian subspace £, C A° that corresponds to Pg , is the real span of
the vectors

1 0

0 —1
Xl - 7_1 5 X2 — T )

T2 —T

expressed in the same basis, and A° C A° is the real span of {vi, vs}.

Hence the matrix of w, € A? (Qlo) in the new basis {1, 2, X1, Xo} == {v1, —v9, X1, Xo}

becomes

0 k' —(om + k) km—om
—k 0 —0 k
o1 +kmn o 0 0
oy — kT —k 0 0

Note that the determinant of this matrix is the real number (|t|*75)? # 0.

Now one can change basis within £, to get to the matrix given in the statement.
Explicitly:
1 1

= _WTTz(le +0X5), = \lf|272<<k7—1 — o) X1+ (o1 + kTg)Xg).

[]

This means that in the new basis one has w; = wWean + kdx1 A dzo, Where we,, is the
canonical symplectic form wean = >°; dz; A dy;. In words, one must add to the canonical
structure the real Atiyah—Bott symplectic form w := dz1 A dxo on the space of unitary
flat connections — at level £ > 0 — which is precisely the expected restriction of w; to
AY. The Liouville form still reads

Wt N Wy

= 5 =dx; N\ dxo Adyy N dys

in these coordinates. Similarly, the symplectic potential defining the prequantum connec-
tion becomes a; = Qo + g(.ﬁﬁld.ﬁ?g — x9dxy), where as usual Qe = %Zj xjdy; — y;dx;.
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The 1-form a = %(l’ldﬂfg — Zodry) is the standard symplectic potential for w, and the
prequantum connection V® restricts to V = d —ika on A°. Recall that this is a connec-
tion on *L® = L& where t: A° < 2A° is the 7-independent de Rham embedding, and
that L descends to the Chern-Simons prequantum line bundle L = L / G° — M over
the compact moduli space.

From this explicit description, one sees that the covariant derivatives along the La-
grangian are the differential operators

=~ i

Vg;j = ayj - i<o‘t7ayj> = 8?/,7’ B §xj>
for j € {1,2}. Hence the function r(z,y) := e2*¥ still defines a unitary real-polarised
frame of L — equal to 1 on A° — thereby providing the usual identification of Hilbert
spaces Hg , = C=(A", C)NL?*(A°, dx,dzs). Moreover, considering the gauge-group action
one will have (temporarily neglecting the L?-norm) HH%?T >~ 0°(M, L®*), where L — M
is the Chern-Simons prequantum bundle for the compact theory (cf. 2.3.3).
The computation of an I®-holomorphic frame is more involute (if o # 0 then A° is not
even preserved by the complex structure). One viable option is to look for a symplecto-
morphism that turns the situation back to the standard case.

Concretely, denote g = wt(~,[ (t)(-)) the Kéahler scalar product associated to w; and
construct a g-orthonormal basis {y{,y4} of £. Next, define 2 = —I®W(y}) € A°, and
remark that {z/,z5} is now a g-orthonormal basis of I®(L,), because I® € O(g) C
GLRr (2[0). As already mentioned in the previous section, one has I®(L,) @ £, = T*L,,
and w; and I® tautologically have the canonical form in the new basis.

To be more precise, denote ¢, : (.AO P ET,wt> — (T *ET,wcan) the T-dependent linear
map that sends the basis {z;,y;}; to {z},y}};. It satisfies P wean = w;y and I = ' o
I o ¢, by construction, where [: T*L, — T*L, is the standard complex structure.

This symplectomorphism sends £, to itself and A° to I®)(L,), and is encoded in by a
A

0
B C)’
global coordinates dx’;, dy;: T*L, — R* are related to dx;,dy;: A° ® L, — R* by

dx’ Y dr) Adx
dy)] T \dy) \Bdx+Cdy)’

where A, B,C' € My(R), with det(A)det(C) = det(M,) # 0 — all depending on 7 and t.

T-dependent, invertible block-triangular matrix M, = ( meaning that the real

The point of this is that dz’ = %\édy, defines a vector of I-holomorphic coordinates
on T*L,, i.e. a global I-holomorphic chart dz’: T*L, — C2. Hence the composition
dz = ¢*d? = d2' o p,: A ® L. — C? will define I®-holomorphic coordinates on 2A°
which depend linearly on dx and dy:

Ax + i(Bx + Cy) Zx +iCy

Z = = s
V2 V2

where Z = A+ iB € M,(C). This generalises the standard parametrisation of linear

complex structures which are compatible with the canonical symplectic structure of R*

(4.19)
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(see e.g. [KWO06]). In our context we cannot use the standard parametrisation, since we
do not consider the canonical symplectic structure. Note however that the symplectic
structure wy is tautologically of type (1, 1) when expressed in coordinates (4.19), since

W = PiWean = 1i(d2' NdZ) = ipid2 N pidz =id(eiz") N d(piz!) = idz A dz.

This clearly imposes constraints on the matrices A, B and C'. In particular the following
must hold.

Lemma 4.7. One has At = C~!.

Hereafter a superscript “t” on a matrix always denotes transposition, and never to
elevate to the power t € C*.

Proof. One must have
i(dz1 A d7 + dzp A dZ) = kw + Wean.

In particular, comparing the coefficients of dz; A dy; for 4, j € {1,2} yields

— 2 _ —

7 Z dl’l N dyj <Z1i01j + Zliclj + ZQZ'CQJ‘ + ZziCQj) = dxl A dy1 + dIQ A dyg,

ij=1
and the left-hand side also equals
2
—1 Z dl’z A dyj (AMCU + AQiCQj),
ij=1

using that Z;; + Z;; = 2R(Z;;) = 2A;;. Now notice that

AuCyy + AgiCyy = A Chj + AjpCyy = (AC)sy

Hence the condition reads (A'C);; = d;;, i.e. A'C' =1d, as claimed. O

i

) 212
Since now ay = 33, 2;dZ; — Zjdz;, we see that the function s(z) = 7 le % is a
I®-holomorphic frame of L"), and we can repeat the construction of the previous section

even if the symplectic structure is not in canonical form. Set then

F = {w € C>(2A°,C)

Oy =0, ] 4o € L2(A0,dx)} > (A, C) N LA(A, d).

and

Fo = {f c O

/0 |fl2e *F dady < —i—oo} :
2

We know from Thm. 4.4 that there exists a transform Z: ¢ — 1/7 going from Fy to Fc,
and satisfying

(¢, f) = (¥r| fs) e C,
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where (- | -) is the inner product of C°°(21°, E(t)), and (-,-): Fc® Fc —> C is obtained by
restricting (- | -) to Hc. This uses once more the nondegenerate pairing Hg @ He, — C
induced by (- | -), and defines a transform B,: Hg — Hc by plugging-in the frames r
and s:

B-(vr) =T, (¢)s = s.

We have shown in 4.2 that the function e,(z) := e*# is the coherent state at a € C?
inside F¢, and thus reasoning as in § 4.6.2 one gets again to the integral formula (4.17),
i.e.

(Z0)(@) =d@ = [ v esp{a-z— 5122+ Loy} dedy,

with the important difference that now the coordinates z;, z, are T-dependent linear combi-
nations of 1, T2, y1, ¥2. To obtain a new 7-dependent Bargmann kernel A,: C2xR? — C
one must then integrate the following quadratic function along the Lagrangian:

e et
expia-z— -|z Ty =
P 5 ot Y

= exp {\}ﬁa- (7m — iC’y) - i(Zm —H’C’y) : (Zx — iC’y) + ;x : y}

1 — 1 1 — 1 ?
= —a-Zr — —=a-C —( A ~th>— "B'Cy+ -z-y¢,
eXp{ﬂa T ﬂa Y 1 T r+y Y 2m y+2m Y

where 7', Bt = 3(Z') and C* denote the transpose of the three matrices, and the position
of the dot is important when working with nonsymmetric matrices.

)0}

The result is the exponential of a quadratic function, as expected. Moreover, taking
Z = C =1d (and thus B = 0) yields the standard Bargmann kernel of Prop. 4.20:

Az, 2) = j;exp{@ <_;: é) <w>}

One might say that there exists a family of integral kernels parametrised by the Teich-
miiller space of a genus one closed orientable surface. Finally, remark that the real part of
= is a symmetric positive definite matrix. Indeed one has A*A > 0, and the definiteness
follows from det(A) # 0.

Proposition 4.23. One has:

2 a —u
A (a,2) = ——ex -
(@) V| det(O) p{(?ﬂ) (C Y. 2
where = == A'A + 2i(A'B + B'A).

SN

2o

Proof. The term exp {ia Zx — i:v . Zth} comes out of the integral, and one is left

2
with computing

l 1 l
—a-Cy— —z-B'C —x -y dy.
\/ﬁa Y 2£L‘ y+2x y} Y
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Substituting y — C'y simplifies this to
2

-1 - i 1 i
‘det(C)’ /Ao eXP{j T RYY T By + 5% C 1y} dy.

We now have two squares to complete, and then the Fourier transform of a Gaussian to
compute. First:
2 - 2
Yy 1 R , 1 \2 a
—1 ﬁwy = —Z(y + 2V/2ia - y) = —Z(y—ir \/§za) 5
and thus the above integral becomes
a2 1 2 1 '
ez /AO exp {—4(3/ + \/§7Ja> — 3% Bly — %x . C_ly} dy =
2

a? 1 . — 1 7
— exp{—2 + ﬁx (C_l +th>a} /,40 exp{f — §x~Bty—|— ix . C_ly} dy,

where we changed variable according to y — y + v/2ia, which is a transform whose
Jacobian equals the identity.

Now, similarly

-2 1 Bty — 1( +B>2—|—1 B'B
1 2x Y = 4y x 4x x,

and thus the integral in the last passage becomes
L12.BtBx 1 2 i -1 _
es /Aoexp{—4<y+Bx) —1—556'0 y}dy—

1 . 2 C—l t
:exp{4x-BtBa:—;x-C’_le}/Aoexp{—yél—i—i( 2):6 ~y}dy,

by replacing the variable y with the variable y + Bz.

The last integral to evaluate is by definition the inverse Fourier transform of the
2

function y — e~ T evaluated at the point S(C Yz, e

2 -1t o
/ exp L + Z( fz Yy o dy = 2\/%6_%”'0 e
A0 4 2

Putting all together provides the formula given in the statement. In particular, to show
the formula for the matrix = given there observe that C~1(C~ 1) = A’Aand C~'B = A'B,
thanks to Lem. 4.7. Then

i( ~ 27+ B'B—2iA'B - A'A) = i((—At —iB")(A—iB)+ B'B - 2iA'B — A'A) =
= i((—2AtA +i(A'B — B'A) - 2iA'B) =

= —;(AtA +2i(A'B — B'A)).
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Theorem 4.5. The explicit formula for the Bargmann transform B.: Hr,. — Hc,, reads
as follows, in the chosen frames:

2|2

3=z, y) — \/:jil_e;(c*)\ /Ao Vlo) exp {_; <i) <—\I/%At _\§A> @) } dz 20)

Proof. This result is a corollary of the previous computations. The point is that it is only
_ud Z

1 +21' Bt 2 | which is relevant, because we work
V2 2
with commutative variables. Hence one has may replace the off-diagonal blocks with the

Su

the symmetric part of the matrix ( c

1(Z (C’1+iBt)t _Z+(CY) 4B
- = 75 .

Using Lem. 4.7, one finds indeed
Z+(C ) +iB=A—iB+ (C")'+iB=A+(C") =2A.

In particular there is no ambiguity in the notation for the quadratic form: no dot is
needed. ]

Finally one can describe how the differential operators d, and u, commute past the
transform I,: Fg — F¢, generalising (4.18).
Proposition 4.24. One has

—1 _ 1 41
{L opro Lt = JgAT (04 pe)

T00,0T0 =1=A7 (az + (1 —2At)uz)

(4.21)

Proof. The basic ingredient are the derivatives of the quadratic form in the exponent of
the generalised kernel of Prop. 4.23, i.e.

—;az (22 —2V2z - Azt - Ex) (\/EAtz — Ex),

and 1
—582(,22 — 222 Az + - Ex) = (\@AZB - Z)

Because of that, integration by parts yields

(Z, 00, )u(z) = 0,0h(2) = /A (0:0(2)) Ar(z2)d = /A (@) (0: A0 (2, 2) ) dr =

== /s () (V2A' — Z) A, (2 2)de = —V2A 2 + Sy =
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for any 1) € C*°(A° C). Hence

T lop, oI, = (A_l)t(Eux — Gz). (4.22)

Sl

Next, similarly
(@, oIT)w(z) = 8,4p(z) = /,40 w(x)(azAT(z,x)>dx = /AO w(x)(\/iA:c - Z)AT(Z,SL’)dJZ =
= \/ém - Z’IZ = (\/517 o Ax — Hz OIT>¢7

and substituting the value of u, o Z, provided by the first identity yields
1

—1 _ —1\t t =
I,100.0T, = (A7) ((2A A-E)u, +ax). (4.23)

Summing (4.22) and (4.23) provides:

I;l o(p:+0.)0I, = \/514/%7

whence the first identity in the statement. Now one can substitute the value of Z-'oZx0Z,
in the identity
Z,00, OI;l :IToEa:oI;l —|—\/§At,uz,
finding
1 1

V2 V2

which is the second identity in the statement. In all this computations one uses the
C-linearity of Z,. O]

T,00,0T," = —=ZA7 (2 +0,) — V3A'z = —_=A7! ((Id —24 )1, + az>,

Note that (4.21) specialise to (4.18) for A = = = Id, as expected. Prop. 4.24 is almost
what we were after, since our transform B, acts on sections rather then functions. To
correct for this, one must plug-in the 7-dependent frames r and s of L®. Let us denote
fr: Y —> Yr and pg: f — fs the frame multiplications. Clearly these maps commute
with function multiplication, but the same is not true for the derivative of functions.

Lemma 4.8. One has, for j € {1,2}:

/vbr_l © Vazl O lyr = aml + %M:L'Q’

M;l © Vaw Oy = a;vg - %,uzu
_ —(t

Hs © azj O Hy ! = V(az)] + iz

Proof. The real-polarised frame is r = e%“/, and thus e.g.

(V5 0 e = pty 0 00, )0 = V) () = (0, 0)r = V) 1 = (00,7 — i, O,)1) =

k
=1 <y1 + 2372) @W;
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where we recall that a; = ka4 ey = gﬂfldﬂjg — radry + 3 vjdy; — yjdr;. The restriction
of this relation to A is
ik

7#1’2 o ,ura

Vawlo,ur_,uroaxlz 9

since V() restricts to V by definition, and the coordinates y; vanish on A°. This yields
the first identity of the statement. Similarly one sees that V, corresponds to 0., — % LYy
Said differently, the frame r restricts to the constant function 1 on A° (for all 7), which is
not horizontal for V, and thus one needs a correction for passing from ordinary derivatives
to covariant ones.

P
The same happens for the Kéhler-polarised frame s = 7 le=% . The derivative d, on

holomorphic functions cannot correspond to /vaz) under the frame multiplication ug, since
the latter differential operator does not even preserve holomorphic sections (because of

[Vo’l, Vl’o} # 0). Rather, one has:
VY oy —pg00.)f =V 0.f)s = fV3)ls ==
0, O s Hs © Oz f 0. (fS) ( f)S f dzs ZfS,
which means that 0. corresponds to the holomorphicity-preserving differential operator
V) + iz, since 1,09, 0 uyt = V) + piz. O
Hence one can upgrade prop. 4.24 to a statement about differential operators acting

on smooth sections of line bundles.

Theorem 4.6. One has:

Brop, 0Bt = GAT vy +/~Lz+,uz)
B, oVa, 0Bl =¥, E(EA Dy + E Azt ) (vgjj + i)+
+95 24 (2 (050 — AGy)pay + “;“Azfuzj), (4.24)
B.oVs, 0B =Ly, < Z’fA;j) (VS +pz)+
+5 X ( (24 )2j(5jl — AL, — fAIjluz]>

Note that the differential operators on the right-hand sides preserve holomorphicity,
because those on the left-hand sides preserve real-polarised sections.

Proof. The statement is a corollary of Prop. 4.24 and the above lemma. Using the defining
identity B, = s 0 Z, o ju7t. One finds

1
-1 _ —1 -1 _ -1 -1 _
B; o iy 0 B, —MSO<LOM:COL )Ous _Ns<\/§A (3z+uz)>us

_ \}514_1(,“5 08, 0t + Mz) — \}ﬁA_l(gg? + Mz+z)

where we used the commutation between function multiplications, as well as the C-
linearity of all maps involved.
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Similarly, but slightly more difficultly
B. oV, 0Bt =ps0Z 0, oVa, op) oL opl =

K
= s OIT o (azl + ,L2/~Lm2> OI_ _1

Z Hs © “A 1] (azj + (5ﬂ - QAE'Z)MZZ) °© /’Ls \/— Z AQJ Va + :LLZ]+Z]) =

1 o = , =
= Tﬂ (Z@EA Dy (V(atz)j + (205 — 2A§z)ﬂzl + ij) + szAzjl(ngj + Mzﬁz)) ’
4l

J

and
[)’Tovaz2 olS’;1 =pusoZ. o0 <812 - —

1
=37

One can now rearrange the term, isolating the covariant derivative and the antiholomor-
phic multiplication on the left. This yields the latter identities of the statement. ]

(z@EA-l)zj (V5. + (200 = 245 ey + ) — ik 3 A (V) + u)) .
- j

Finally, letting the restricted gauge group G° act yields a transform
B;: 7—[ H(C -

for all 7 € H. Neglecting inner products, the space on the left is identified with C>°(M, L&¥),
and that on the right with a subspace of C*°(9, L®). Letting 7 vary provides a map of
vector bundles over Teichmiiller space, and in the next section we will exploit Thm. 4.6
to conjugate the Hitchin-Witten connection through it.

4.6.4 The conjugation of the Hitchin—Witten connection

As explained in [Wit91; Wit11], the quantum Hilbert space for Chern—Simons theory
with gauge group SLy(C) can be identified with the prequantum Hilbert space for Chern—
Simons theory with gauge group SU(2). This identification depends on the complex
structure of 3. In our setting we were able to made this quite explicit, as we now briefly
recall.

In § 4.2.6 we introduced real polarisations Pg on 9, and we showed in 4.1 that these
polarisations are all transverse to the compact moduli space (M,w) for the gauge group
SU(2), where w is the real Atiyah-Bott symplectic form of § 2.3.3. We know that this
results in an identification of all quantum spaces Hg , with C'* (./\/l, L®k> (neglecting the

inner product), where k is the real (positive integer) part of the quantum level ¢t = k+io.!!

1Tn this section we drop the group G° from the notation. One should as always define all objects on
the flat spaces AY and A°, where there are global symplectic potential and frames, and then argues that
all data descends following the gauge-action.
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Let us write 1\ — H for the vector bundle of the geometric quantisation of (90, w;)

—at level ¢ — with respect to the polarisations Fg,. Then ’HI(R? carries its own Hitchin
connection, which can be pushed along the isomorphism of vector bundles

HY — (M, L¥F) x H,

where we temporarily neglect the inner product on the right-hand side. Doing so provides
the following explicit formula for a connection on the trivial prequantum bundle for the
compact moduli space (see [AM16] for this formula, the original [Wit91] for other genera,
and [AG14] in a more general context).

Definition 4.11. The Hitchin—Witten connection /V\R at level ¢, for the closed curve X of
genus one and the gauge group SL(2, C), is the following connection on the trivial vector

bundle € (M, L) x H — H:

- 1 1
Ve =V + 27AG, — 2—%A@. (4.25)

Here V7 is the trivial connection in the trivial bundle, and
G'(V)e C®M, Ty oM @ TigM),  G(V) e C¥(M, Ty M ® TOJM)

are the symmetric tensors corresponding via w to the variation of the complex structures
/
I (arising from the Hodge star) as 7 varies in H. This means that kw.G(V) = V[[T}

and kw.G'(V) = V{IT] . The size of their matrices in any given trivialisation is half of

that of the tensors G(V) and G(V) of § 4.3.1, which were instead defined for variations
of the complex structure I® = kI, — ¢'K. on 9M; this means that G/(V) and G (V) are
complex numbers.

If 3 is a torus then one can be much more explicit, stating that
7 i
Aaon = 5-VaVa,  Dgy = —5-VaVe (4.26)

and
Acron) = 0= g,
where V. :=Vy ,, V7= Vy_, and Z" is a I.-holomorphic coordinate on M. The vector

fields 9, and - provide a frame of TcH, and this is enough to code G'(V') and G'(V) for
all complex vector fields V' on Teichmiiller space.

Recall that when ¢ # 0 then 2z’ is not a I®-holomorphic coordinate on 9. Rather, we
will keep writing 2z; and 25 for the coordinates defined on 9 in the previous section.

The connection V of (4.26) is the prequantum connection of the k-fold tensor power
L®* of the Chern—Simons line bundle for the compact theory (see Rem. 4.10). The same
argument used for the connection of Thm. 4.1 shows that the Hitchin-Witten connection
is invariant for the group of bundle automorphisms defined by the action of the mapping
class group.
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Remark 4.26. It is known that the Hitchin-Witten connection (4.25) is flat in genus one,
thereby providing canonical identification between the fibres of the trivial prequantum
bundle C'*° (M, L®k’) x H — H, along the lines of § 2.2.4 (see [AM16]). The point that
must not be missed is that the given global trivialisation of the quantum bundle for real
polarisations depends on the complex structure 7 € H, and thus picking the tautological
identifications among the fibres of C*>° (/\/l, L®k) x H — H does not get rid of the choice

of a polarisation: it is only the parallel transport along Vg that achieves that.

One may now push the Hitchin—-Witten connection (4.25) onto the Kéhler-polarised
side, using the transform of Thm. 4.4. Concretely, this means computing the conjugate of
the Hitchin—-Witten connection with respect to B,, where we denote by B, the isomorphism
already defined on C*°(M,C), ie. ¢ -1 +— ¥s. This is not quite the same as (4.20),
because here we already considered the restriction to M. This viewpoint is better because
the restriction of » on M does not depend on 7, which is useful for conjugating the trivial
connection V', which is a connection on C*(M, L®*) x H — H.

Proposition 4.25. One has B, o Vi, o B! = VI — D(V), where V7T is the trivial
connection on C®°(M, LW) x H — H, and D(V) is the differential operator defined by

1
2v/2

1 _
- EVZAQLZ + /JJ3> + \/5(/’[/‘/[27] : vz + Hz V[A]Ailvz)—i_
1

1
+ (\/§ — D)oy + <\/_ - 2) Hzviz] — iuz\/[z]—F

D(V) = ———V.AV.—

1 P 1 I 1
gt <4V[A]A _ A)uz + b (ZV[A]A _ A)uz - Syt
— Tr(A) - det (V[C]) det(C) ",

where A == (A")'V[Z]AL.

We have written D(V') in order-descending fashion: the first item is an operator of
order two, the second row has order one, and then one has function multiplication in the
third and fourth row (with the last one being the multiplication by a constant function).
Note that the differential operators D(V') themselves do not preserve holomorphicity.

Proof. The trivial connection V’ acts on a section 1 = v, - 1 of C®°(M, L®*) x H by
means of V(¢ - 1) = V[¢] - 1, where V is a vector field on the upper-half plane. The
trivial connection V7 instead acts on a Kahler-polarised section fs = f,s, by

Vi |bs| = Vs +0Vis = V[P]s + 9V ]3]
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Hence:

—

VEoB(¢¥-1) =B, o V(1) =V[i]s +V[s] = V[]s =V [/M U(z)Ar(z,x)dx| s(z)+
+ <//vl Y(x)A (2, x)da:) Vis|(z) — </M VIv|(z)A(z,2)dx ) s(z) =
_ ( /M w(x)v[AT(z,x)}dx> s(2) + ( /M zb(x)AT(z,x)dx) Vis](2),

where we used V ([ Y A,dx) = [\, (V[w]AT + wV[AT])d:c, which is obtained by taking
the derivative under the integral sign. Now, the derivative of the Bargmann kernel of
Prop. 4.23 is

V[AT(Z’QC)} =V L/Tr[dit(CﬂeXp{ - ;(22 —2\/§Z-Ax+:c-5x)}] =
det (V[C] , -
- \/2%(;;(0))26}{1){ — ;(Z — 2\/§z-Ax+x.:x)}_

- ; (QzV[z] — V2V 2] - Az — 2V/22 - V[A}x +x- V{E}x) A (z,x) =

det (V|C
= (_(jle(t(c[*)]) — ;(2,21/[,2] — 2\/§V[z] CAx — 2V/2z - V[A}:c +x- V{E]x)> A (2, 2),

where we assumed det(C') > 0 for all 7. Since 7 — det(C;) is a continuous nowhere
vanishing function then it is always strictly positive or negative, and one may assume
the former up to choosing the g-orthonormal basis {y}, 5} of the Lagrangian space L, to
have the same orientation as the base y;,ys (see § 4.6.3).

Similarly, the derivative of the holomorphic frame s of § 4.6.3 is
1 . _lz? 1 N
—2—<2V[2] + zV[z])e 2 = (ZV[Z] + zV[z])s(z)

m 2

V[sl(z) = 7r_1V{e_|ZQT =

Hence:

(V‘CC o B, _BTOV/VMb =

Torcy VLT ;(ZV[Z] + zV[z])) - ( /M D(@) A, (2, m)dm) s(2)+
4 ( /. (ﬂ(vm Az + 2 V]Alz) - ;xV[E]x> 1/J(x)AT(z,:v)dx> 5(z) =
= (s 0 B, + VBuv1s 0 By 0 Apa + Vs 0 By o V[ Al — B0 VIE] i v,

where f = —det (V[C]) det(C)~t — %(221/[2] +zZV ]z + ZV[Z])

Now one can use the first identity of (4.24) to rewrite the right-hand side in the
form D(V)oB,, where D(V) € D(9, LY) is a differential operator of order two acting on
smooth sections of L®). This is achieved by making the Bargmann transform B, commute
to the right, passing over various differential operators of order zero.
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More precisely, if one denotes Vg} the covariant derivative along 0,, for the prequan-
tum connection on L®:

\/iuv[z} o Bro Ay = Z”V[Z] © Br o Aijia; = Z Hvz]; © AUAjk (Vzk + Hay + piz) 0 Br =

1,7,k

= ZMV[z]Z Dt piy + pz) 0 Br = pyisy - (VY + s + piz) 0 B,

and

V2p. 0 B; OV[ ] \/_Z“Z o B; OV[ALJ'M””J':

:ZMZiOV[ ] AV 4 iy, + i) © B =

ivjik
= pz - V| AJ AT (VY + i + piz) 0 B,
and finally the operator of order two:
B, o i+ V[E| e = By o Zuz = Luxj =Y Brops 0B 0B oV[E] s, =
i,J

Z Az zk +/’sz + piz) OV[ }]Ajl (v;) + oy + i) 0 Br =
1,5,k,l

> (V) przy + pizp) o (ALY ] AGH VD + p + ) 0 B, =

1,5,k

(VY iz o+ piz) - (AT V[E[ATHVY + pos 4 prz) 0 Bz

I
Eliglieli %\

Hence one has V% 0B, — B, oV, = D(V)+ B,, by defining D(V) as in the statement.
Applying B! to the right yields V{, — B, oV}, 0 B-! = D(V), which means precisely that
the action of Vi, on C*°(M, L") x H gets turned by B, into the action of VI — D(V)
on C=(M, L) x H. O

We are left with computing the conjugation of the Laplace operators. For this it is
enough to compute the conjugation of the covariant derivatives along the prequantum
connection V on L®* since

;BTOAG/ oB = 4;t<B oV, oB_ )o(BTovz/oBfl),

and

,B o Agra,) © B = =1 (B oV oBTl>o<BToVZ,oBT1>
mt

Now we have to consider the complex structure I, on M, which is compatible with the
symplectic form kw = kdx, A dzs. Recall from § 4.2.2 that I is defined by the complex
coordinate 2’ = & —71& = — (w94 Tx2), since the natural coordinates &; and &, are related
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to 1 and x5 by the simple relations & = x; and £ = —x5 (see the proof of Prop. 4.22).
One then computes the complex derivatives to be
i _ 1
0y = —(0p; — TOs,), 0= —
27'2

573 (—0z, + T0s,).

Hence, by the C*-linearity of connections on vector fields:

V. = 2"72 (Vo., +7V0,,),  Vz= i( ~ Vo, +7Va,).

27'2

Now one may directly apply the second and third identity of Thm. 4.6, finding:

—Z(Bfovazl oB;l—?BToVaIQ oBTl> =

- 27’2

B.oVy, o B;l

{
Y
o ik )\ = o ik
. (Z <(:A Yy, + 2A2j1) (V(gjj + uz—j) +3 (2(;/1 Y105 — A, + 2A2jluzj)) _
J Jl
T
2\/§T2
o ik )\ /= o ik
' (Z ((:A D2y — 2A1j1> (v(atz)j + NzT-) + Z (2(:14 V)2 (0 — A;l)uzl - 2A1jlﬂzj)) 5
J gl
and
7

BTOV%,OBf:Q(BTO—V% oB '+ 7B, 0V, OB;1> =

T2
1

2\/57'2.
o ik 0\ /= . ik
. (Z ((:A Yy + 2A2j1) (V5 +uz) +> (2(:A N1 (850 — Al s, + 2A2j1uzj>) -

J al

o ik )\ /= — ik
(S 50) 58, ) 5 (o= bt~ 50m,) )
gl

Composing these two order-one differential operators with themselves, and multiplying
by the correct constants, provides a formula for the differential operator

1 1 _
E(V) = B:o (—%AG’(V) + %Acf(w) 0B
Recall from (4.24) that the differential operator ,vaz)_ + p=z; acts on a holomorphic section
J
fsby fs+—(0.,f)s. Hence E(V') preserve holomorphicity by construction, and one may

well add it to D(V).
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Finally
/V\c ::BTO/VSROBT*:VT—D—E

is a mapping class group invariant flat connection inside the trivial prequantum bundle
c> (93?, L(t)) x H — H that preserves the subbundle H((ct) of holomorphic sections: it is
a Hitchin connection for the geometric quantisation of (9%, w;) with respect to the natural
family P, of Kéahler polarisations on the moduli space.

It is certainly different from the connection of Thm. 4.1, since it also contains terms of
order one and zero.

4.6.5 Circle action on holomorphic sections

As a second application of the Bargmann transform, we use it to turn Hitchin’s action of
§ 4.4 into an action on the spaces Hc. In this section we denote again by A € U(1) an
element of the circle, acting on M via X\.(A, ®) = (A, \®), where A is a unitary connection
and ¢ a Higgs field.

The idea is the following. For fixed 7 € H and A € U(1), we first consider the
Bargmann transform B, ': Hc, — Hg -, then we act by A by pull-back on section, fixing
the line bundle but moving the prequantum connection (see § 4.4.4), thereby defining an
arrow \*: Hr, — Hgr--; the space on the right is that of smooth sections of LW
which are covariantly constant along the Lagrangian subspace A™*(L,) for the pull-back
connection. Indeed, if s is covariantly constant along £., and if X € A~!£, then one has

A TN = A* (vgxs) 0.

Here again one uses the fact that we are working on a vector space, so that the linear real
polarisation is the same as a Lagrangian subspace, a tangent vector field is the same as a
family of endomorphisms taking values into that subspace, and A = d\ since A is linear.

Now one can consider Hg y+- and Hc - as vector subspaces of one and the same vector
space, C°(M, LM). Then the symplectic form w, and the Hermitian metric h®) provide
an inner product (- | -) on C*°(9, L®), which is different then the one provided by A\*w;
and h): since we change some prequantum data, the Hilbert space structure varies along
the Liouville measure. This notwithstanding, the pairing between Hg »-, and Hc , defined
by (- | -) is still nondegenerate, since all totally real subbundles of 7¢O are transverse
to all purely complex ones (be them Lagrangian with respect to some symplectic form
or not). Hence one still has an isomorphism ¢ = ¢, x: Hrr«r — Hc, that closes the
triangle, defined by

(p(As1) | s2) = (\"s1 | s2),

where s, is polarised along L., and s, is holomorphic for I®.
Definition 4.12. The action of A € U(1) on Hc, is given by the isomorphism
A=, a0 XN 0B Her — Her
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The aim is now to compute a formula as explicit as possible for the above composi-
tion. To this end, we pick again the (local) coordinates {z;,y;} on 9t such that M is
parametrised by the 7-independent coordinates x; and £, by the y;. This splitting has
the further advantage that A € U(1) acts trivially on M, and thus also on the coordinates
zj. On the contrary, it transforms the coordinates y; into a linear combination y; of z;
and y;. Hence there exist 2-by-2 real matrices «, 8, depending on 7 and A, such that

()= (o) we ()= (0 ) (),

with det(3) # 0. Now if r = 3% is the usual Py ,-polarised frame, and ¢ € C>(9M, C),
then by definition

)\*(wr)<$,y> = )\*w(x’ y) . )\*T(x’y) _ ’l/J(SL’, y')r(:l:, y/) _ w(x’y/)eéx-(ar+,3y)_

Hence, introducing the coherent state e,(z) = €** at the point a, where z = Z”T;Cy as in
§ 4.6.3:

o (VW) (@) = (A (er) | eas) = /mt RO (X (r), eas ) dudy =

a / (w1 )e "R (N r, s)dady = W_l/ b(x,y e FrETY -
M m

|z

‘2
2 dxdy,

2|2 i r_ 1% 2 . .
where we used s(z) = rle= T = e 3wy _%r(x, y'), as well as the hY-unitarity of r.

Now one may change variable in the above integral, going from (z,y) to (z,7’). Correcting
the measure according to drdy = |det(8)|'dzdy’, and considering that
Zx+iCy Zzx+iC(—flax+ 7Y) (Z—iCB a)x +iCB™ 1Y
z = = =

V2 V2 V2 |

one finds:

(¥ wn)(e) = i [ vy

- exp {\}ﬁa ) (71- — z’C’y’) - ;(Z'x + z’C”g/) . (72 — iC'y’) + ;:L‘ . y/} dxdy’,

where Z' .= Z —iC37'a € My(C) and C' = C3~! € GL(2,R). Notice that the real part
of Z' is still equal to the matrix A € GL(2,R) of the previous two sections. Hence one
can perform the integration over 3’ to get a new A-deformed kernel as in Prop. 4.23, and
the result of the computation is obtained by a straightforward adaptation of Thm. 4.5.

Proposition 4.26. The explicit formula for the map ¢: Hg zx+r — Hce,r reads as follows:

) gt e {(0) (e ) ()

where

== A'A 4 2i((A'B' + (B')' A).
and B' = B — CB ta.
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This means that the isomorphism A of Hc¢ , acts on a Bargmann-transformed section
¥s by
AG3)(2) = ([ o)A (za)de) s(z),

where

2 1 —
A= @) dee)] O {5 ~2vE ar v aza) )

is the new A-deformed Bargmann kernel. To write the formula in terms of a generic
holomorphic section fs one must now invert the Bargmann transform B.. This is simple,
once one has fixed the correct unitary constant to make it unitary.

Proposition 4.27. Assume to have fized ¢, € R such ¢.B; is (- | -)-unitary for all T € H.
Then one has

8709 = (2) - ([ r A me  dady) .

™

Proof. If ¢, is as in the statement, one has

(c:B.(yr)

e B, (W'r)) = (ur | ¥'r),

but also

<CTBT(1/)7‘) CTBT(¢/T)> = 03<Bi[>’7(¢r) w/r>,

where BI: Hc, — Hg, is the Hermitian adjoint of the Bargmann transform. The
nondegeneracy of the pairing Hg, ® Hc, — C then implies that 2Bl o B, is the
identity on Hg ., and thus ¢2B[ is the inverse of B,.

To compute the adjoint boils down to swap two integrals. More precisely, if ¢r is a
real-polarised section and fs a holomorphic one, then

(Bo(wn)|fs) = (s, f5) =7 | ([ (@402 )dg) F()e " dody =
= [ wto) ([ AGia)f e dudy ) dg = (or | Fr),

where

flq) :=m"? /mf(z)AT(z,q)e_|z‘2dxdy.

Hence Bl(fs) = fr, and one recovers the formula in the statement. O

Note that we have incidentally shown that the map f — f is the inverse of the
integral transform I,. Explicitly it reads:

1 1 — L2
flq) = m? /im f(2) exp{—222 + \/§§-Aq— 2q:q}e Il dxdy.
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Remark 4.27. As a consistency check, one may to compute the value of B, ( fr) at a
point a € 9. One finds, up to a multiplicative constant:

BA(fr)(@) = ke ([ 1) ([ Arla,) Az )dg ) e dody) s(a).

and the integral in the middle is seen to be equal to the conjugate of the coherent state
eq = €%*. Indeed

_ 1, 2,22 1 _
/MAT(CL, 9)A; (2, q)dg = ez 7 /M exp {—261(E +3)g+V2(a+7)- AC]} dg =

I / exp {—qA'Aq + V2(a +7) - Aq} dg =
M

e~ 3(a%+7%) )

exp{—3(@®+2) +3+2?} o VT s
[ det(A)] /e U= T den(ay©

Hence indeed B, (fr)(a) = f(a)s(a), by the reproducing property of the coherent state.

This is also the description of the action of the identity 1 € U(1) acting on a holo-
morphic section fs. What happens for generic A € U(1) is that one still finds an integral
transform, but with a different overall kernel. Hence we say that the circle action on Higgs
fields gets turned into a coherent state transform on the Segal-Bargmann moduli space,
and then one recovers the geometric action on sections by plugging-in the holomorphic
frame.

Theorem 4.7. Assume that the coefficients of the complex symmetric matriz

I = _ nip Ni2
——(E+2) =
2( ) <n12 N22
satisfy
Ni1Mag — n%g
R|{——2| >0. (4.27)
ni1

Then the action of X\ € U(1) on Hc,. is provided by the integral transform:

A)(@) = ([ 1) Az e dudy ) (@)

_ 1 fa\ (Id+M M a
A x(z,a) = crrexp 51z M  Id+M 2] [’

for a suitable symmetric matriz M and a constant c; .

where
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Proof. One has \(fs) = ¢ o A*B-1(fs), by definition. Using Prop. 4.27 and 4.26 one sees
that this equals

@ o N o B (fs)(a) = po N (fr)(a) = ()\* fr (/ A a(a,x) )dx) s(a) =

= (C;)Q . (/M A a(a,x) (/mf(z)e_|221417(z,a:)idzdz> dx) s(a) =
= <C7TT)2 . (/mf(z)e_|32 (/M A a(a, :E)Af(z,x)dx> z'dzdz) s(a).

Replacing the measure dzdy = idzdz provides the formula in the statement, after calcu-
lating [, A;(a,z)A; (2, 2)dz. Now, up to a multiplicative constant the integrand equals

1 1 1 =
exp {—222 — §a2 — §:E(E + 2Nz +v2(a+7) - A[E} :

and after isolating e~3(+9%) one s left with
1 -, N
exp {—Qm(: +Zz+v2(a+7) - Ax} :

Now there is some condition on the matrix = + Z’ to assure that this integral converges.
One can split the integral along x; and zo, and then notice that the integral in dx;
converges because the real part of = + Z' is the positive definite symmetric matrix 2A°A,
and the imaginary part oscillates quickly enough. This does not however imply that the
resulting integral in dxz, will converge.
Rather, if one denotes n;; the complex coefficients of —%(E + Z'), then one finds the
condition (4.27) in the statement.'?

Let us thus assume that this condition is satisfied. Then, up to changing the previous
multiplicative constant, the result of the integration is the exponential of a quadratic
function of a + Z, which may be written

1 1
—5(a+2)M(a+7) = —§<aMa +2aMz + ZM3),

where one can assume that the invertible matrix M is symmetric.'® Hence one recovers
the formula in the statement by picking the correct constant c; . O]

Remark 4.28. One way of getting more control on all the constants involved would be
to introduce the metaplectic correction, defining all pairings intrinsically in terms of half-
forms. Doing this would not however make it possible to just set all these constants to
be equal to one (see e.g. [KWO06]).

12Note that (4.27) is not quite the same as
%(nu)%(ngg) — m(n12)2 > 0,

which expresses the fact that A*A > 0.
BThe computation in Rem. 4.27 shows that M = —Id if A = 1.
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Now that we have an explicit formula for the Hitchin action on Hc¢ ,, which can be

upgraded to an action on the whole of the vector bundle ”H((Ct) — H, we can study the
compatibility of any connection with it. To do this, the essential problem is to conjugate
the differential operators of function multiplication and covariant derivative through the
action. As we did in § 4.6.3, we start by seeing how the integral transform

I‘r,)\: f'_)/ fAVT,)\dl'dya
m

commutes with function multiplication and ordinary derivative 0,. Then one may use
)\ = g O_’Z,-T’)\ @) ,us_l

Proposition 4.28. One has:
T000, 0T} =M (M +1d)u, +0,)
ToopoZ )l =4 ((1=3M+ 50 )y + (M 410,

Proof. Let us compute the derivative 0, after applying the transform. One finds:
0w 0 L2\ (f) = 0, </ f(z)ﬁﬂ,\(a,z)e_VQda:dy) = / f(2)0, (Aﬂ,\(a,z))e_Vdedy =
m m
1 ~
= / (—2(M +1d)a — Mz> f(z)ATA(a,?)e_'z‘dedy.
m

This gives two addends: the former is just —%(M + Id) g © Z;  and for evaluating the
latter one may use —Mze 1#* = M.e | which yields:

/sm —M?f(z)ﬁﬂ,\(a,Z)e"z‘2dxdy = /m f(2)Arx(Z,q) (M8Z6_|Z|2>dxdy =
= — /zm <M8Zf(z))ﬁ7,>\(z, a)e ' dady,

where we integrated by parts, also using 8211(@72) = 0. Hence the second addend equals
—Z,;)0MO0,(f), and one finds

1
aa © IT,)\ = _a(M + Id),uzz © IT,)\ - IT,)\ o Maz;

whence the first identity of the statement.

Similarly we compute Z; 5 o p1, to be:

Toaop(f) = /fm zf(z)ﬁﬂ,\(a,f)e_kpdxdy = — /Emf(z)ﬁﬂ,\(a,?) (8;6_|2|2>dxdy =

= /zm f(2) (aEAT,A(G,Z))€|Z|2dxdy =

[, (501 +10)2 = M) 1) A (0. 2 dady,

where we used 0:f(z) = 0 when integrating by parts. This also gives two addends: the
first one is =M, 0 Z; 5, and the second one is evaluated as before. Hence

1
IT,)\ Oy = _M,ua OLr ) — i(M + Id)ITy)\ e} az
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Substituting the value of Z; ) 0 0, provided by the first identity yields the second identity.

In all integration by parts one needs to use the fact that f is square-summable for the
measure e‘|z|2dxdy. O]

Now one may use again Lem. 4.8 to compute analogous commutation relations after
plugging-in the holomorphic frame s. This can be used to observe how the flat connection
of Thm. 4.1 transforms under the action, and similarly for the Bargmann-conjugated
Hitchin-Witten connection V¢ of § 4.6.4. The argument is analogous to the one used in
§ 4.6.4 to conjugate Vg with respect to the Bargmann transform, using § 4.6.
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Appendix A

The problem of quantisation

This chapter presents some motivational material. The aim is to introduce the general
problem of quantisation, which has its roots in quantum mechanics.

After a loose terminological introduction to classical systems in § A.1, we provide their
basic mathematical dictionary in § A.2.
Next, quantum system are introduced from the mathematical perspective in § A.3, to-
gether with some of the standard formalism of quantum mechanics.
Finally, we state the problem of quantisation in § A.4, relying on the definitions of the
previous sections.

Another objective of this chapter is to motivate some of the terminology used through-
out the whole document. Also, the notions of time-dependent Hamiltonian systems, be
they classical or quantum, are assumed as standard in Chap. 3. An excellent reference
for all this material is [F'Y09].

A.1 Classical systems in words

The main ingredients of a classical mechanical system are

a configuration space

a phase-space

states

observables.

The configuration space is the spacial, geometric setting for the evolution of the system at
hand. Each of its points corresponds to a different position for the overall components of
the said system. For instance, the configuration space for an unrestrained point-particle
in three-dimensional space is the whole of R3.
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The phase-space complements the configuration space by adding kinetic information.
It is a space parametrising both the positions and the velocities of the components of the
mechanical system. For example, the phase-space for an unrestrained point-particle in
three-dimensional space is the whole of R? x R?® = R6. It is a fundamental, undisputed
assumption that this information is all that’s needed in order to predict the evolution of
the system: the totality of positions and velocities of the components of a system at some
moment of time uniquely determine its motion.*

At each given time, the system will thus find itself in a particular mechanical condition,
as described by its phase-space. The particular value of all relevant variables that make
this up is the state of the system, which thus amounts to a point in its phase-space. This
should more precisely be referred to as a pure state, whereas a mized state is a statistical
combinations of such pure states (i.e. a generic probability measure on the phase-space,
instead of a Dirac §). We shall always deal with pure states, since this is not a thesis in
statistical mechanics. To get back to the usual example, the point (z,0) € R® x R? in the
phase-space of a free point-particle correspond the state in which the particle is at rest at
the position (or configuration) z € R?.

An observable is a physical quantity that depends on the mechanical state of the
system, and which can be measured to yield some real number in any fixed unit system
(in the case of mixed states, one would only get an expected value). For example, the
kinetic energy of a free point particle of mass m € Rsg in the pure state (z,v) € R®
is the quantity H(z,v) = Z|v[*>. One may have time-independent observables, as well
as observables whose values explicitly depend on the moment in which the measure is
performed.

Finally, a classical system is a collection of observables Hy, ..., H,. They are meaning-
ful, possibly interacting quantities that can be measured as time flows, and the prediction
of their time evolution is the fundamental question one asks. More precisely, in non-
statistical mechanics one studies the evolution of the values H;(p) € R, where p is a pure
state. To do this, one has different dynamical pictures:

1. One may fix the state p, and try to predict the evolution of the values H;(t,p) by
letting the time-dependence lie in this the observable entirely: this is the Hamilton
picture of motion.

2. One may fix the observable H;, and try to predict the evolution of the values H; (p(t))
by letting the time-dependence lie in the state entirely: this is the Liouwville picture
of motion.

3. One may let both the observable and the state vary: this is the interaction picture.

The first two pictures are equivalent, in the sense that the value of an observable H; in the
state p changes with time in the same way. Both pictures provide differential equations
for the object that is assumed to vary, which rely on (i) the choice of a distinguished

IThis is taken verbatim from [Arn89], which also adds: "One can imagine a world in which to determine
the future of a system one must also know the acceleration at the initial moment, but experience shows
us that our world is not like this".
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observable H, called the Hamiltonian of the system (e.g. the total energy, for conservative
systems), and (ii) a binary operation {-, -} on the space of observables, called the Poisson
bracket. With these two choices made, the Hamilton picture of motion yields the following
differential equations:

H;={H H},  p=0. (A1)

The Liouville picture instead provides differential equations for a curve into the phase-
space. If one picks local coordinates {z;}; on the phase-space, so that the curve can be
written p(t) = (z1(t),...,2,(t)) componentwise, then one has

Hi=0, & ={wi, H} = —{H z}.? (8.2)

A solution to this system of nonlinear, first-order, ordinary differential equations is called
a classical trajectory. Solving the dynamics of the system means solving an initial-value
problem for these equations, collectively called the classical equations of motion.

Let us now provide a sound mathematical dictionary for all these terms.

A.2 DMathematical dictionary for classical systems

We must first define phase-spaces, states and observables.

Definition A.1. A classical phase-space is a Poisson manifold (M, {-,-}). A (pure)
classical state is a point p € M. A classical observable is a smooth function H: M — R
on the phase-space, also called a classical Hamiltonian.

Recall that a Poisson manifold (M, {-,-}) is a manifold M together with a Poisson
structure {-,-}: C°(M,R) A C*®(M,R) — C*(M,R), i.e. a Lie bracket which is com-
patible with the associative product, in the sense of the Leibnitz identity:

{fg.h}y = fg,h} +{f,h}g,  for  fg,heC*(MR).

Example A.1 (Associative algebras are Poisson).
Any associative algebra A can be endowed with the Poisson structure provide by the
commutator for its associative product:

{a,b} = {a, b} = ab — ba, for a,b e A.

Indeed, the Leibnitz identity is readily shown:
[ab, c} = abc — cab = abc — acb + achb — cab = a(cb — ¢b) + (ac — ca)b = a[b, c} + {a, c}b,

for all a,b,c € A. This is actually the universal construction for the Poisson bracket of
the algebra of quantum observables, as explained in § A.3.

2When expressed for a symplectic phase-space in local Darboux coordinates (g, p), this yields the
OH . OH

canonical Hamilton equations: ¢ = G P= "%
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Poisson manifolds are thus the mathematical stage of classical mechanics. In the
thesis we deal with less general objects, namely symplectic manifolds (M,w), i.e. smooth
manifolds equipped with distinguished closed, nondegenerate 2-forms.

Remark A.1 (Symplectic manifolds are Poisson).
Let (M,w) be a symplectic manifold, and call w®: T*M — TM the isomorphism of
vector bundles induced by the fibrewise nondegenerate pairings wy,: T,M N T,M — R
(p € M), as follows. If « € Ty M, then there exists a unique tangent vector v € T, M such
that t,w, = w,(v,-) = —a, and one sets w!(a) := v. This means that v is defined by the
identity ¢yw, +a = 0.
Now, if f, g € C*°(M,R), then the differential forms df,dg € C*°(M,T*M) correspond to
unique vector fields X; = w#(df), X, == w¥(dg) € C°(M,TM). Then it makes sense to
set

[f.9} = w(X}. X,) € C=(M,R),

and one can readily verify that the Leibnitz identity is verified.
Notice moreover that the vector field X acts as a derivation of C°°(M, R) via the Poisson
bracket with respect to f, on the left:

Xi(g) = dg(Xy) = —1x,w(Xy) = w(Xf, Xy) = {f, 9}, for all g € C*°(M,R).
This follows from the sign convention taken earlier:
Lx,w+df = w(Xy,) +df =0. (A.3)

This convention is also used so that the map f — X¢: C°(M,R) — C>®(M,TM) is a
morphism of Lie algebras:

Xipgy = | X1, X,|,  for  f,g€C(M,R). (A.4)
This remark suggests the following more general definition for the Hamiltonian vector
field of an observable on a classical phase-space.

Definition A.2. Let (M, {-,-}) be a classical phase-space, and f: M — R an observable.
The Hamiltonian vector field X; € C®(M,TM) of f is defined as a derivation by

X¢(g) ={f. g} € C*(M,R), for all g € C*°(M,R).

One can finally define what a classical Hamiltonian system is.

Definition A.3. Let (M, {-,-}) be a classical phase-space, and n a positive integer.

e A time-independent classical Hamiltonian system is a set of classical observables
{H:}; € C=(M,R).

e A n-time-dependent Hamiltonian consist of an open set B C R"”, together with a
smooth function H: M x B — R. The natural global coordinates t;,...,t, on B
are called the time variables, and B the space of times.
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e A n-time-dependent classical Hamiltonian system is a set Hy, ..., H,: M xB — R
of n-time-dependent Hamiltonians of cardinality n, all the Hamiltonians having the
same space of times B C R".

An important notion for Hamiltonian systems is that of integrability, which is ulti-
mately related to the problem of solving the dynamics of the system, as pointed out at
the end of § A.1. The equations (A.2) for a classical “trajectory” x: B — M now read

ox;
b= {x;, H; A5
8t] {'CE 9 ]}7 ( )
where {z;}; are local coordinates on the phase-space, and j € {1,...,n}. This is the

reason why one asks for as many Hamiltonians as there are time variables.

We will not delve in the analytical interest of the notion of integrability, i.e. actually
solving — integrate — the equations of motion; rather, we shall be content with the
following definition.

Definition A.4. Let {H;}; be a time-dependent classical Hamiltonian system on the
phase-space M, with space of times B.

o The system is said to be integrable, or flat, if the function

0H, O0H,;
fz’j = L

vanishes for all 7, 7. The Poisson bracket is computed for the fibrewise restrictions
Hil gy Hilpregy € €(M,R), where t € B.
o The system is said to be strongly integrable, or strongly flat, if

OH;  OH,
ot ot

— O — {Hza Hj},

for all 1, 5.

Remark A.2. The definition of integrable time-independent systems is in a way simpler
than that for time-dependent ones, and in a way more complicated. It is simpler, since
there are no partial derivatives 0,,H; to consider, and thus (A.6) reduces to Poisson-
commutativity; it is more complicated, because in the usual notion of Liouwville integrabil-
ity one adds the condition that the Hamiltonians be functionally independent on an open
dense set.

Def. A.4 has a natural geometric interpretation. Namely, consider a time-dependent
Hamiltonian system Hy,..., H,: M x B — R. The product F := M x B, together with
the canonical projection 7: F — B on the second factor, is a trivial Poisson fibration over
the base B. One can use now use the Hamiltonian vector fields of the fibrewise restrictions
of the time-dependent Hamiltonians in order to define a Fhresmann connection in this
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fibration. Recall in turn that a Ehresmann connection is a horizontal vector sub-bundle
HCTF=TM x TB, i.e a vector sub-bundle of the tangent bundle to F satisfying

Ker(dr) ® H =TT,

where dr: TF — TB is the tangent map to the fibration map. This means that H is a
complement to the vertical subspace Ker(dr) = TM C TF.
Now, to define such horizontal spaces, one considers the derivatives 0, ..., 0;, associated
to the time variables varying in B. They provide a global trivialising frame for TB C TTF,
and this sub-bundle defines the trivial Ehresmann connection. Next, one modifies this
connection by adding the following vertical components. If ¢ € B, then the restrictions
Hl‘Mx{t} e Hn|Mx{t} : M — R admits Hamiltonian vector fields Xy, ,..., Xy, ; let
us set

X; =0y + Xy, € C°(F,TF),

for © € {1,...,n}, and let us define a Ehresmann connection as the pointwise span of
these vector fields
H = spang{X},..., X, } CTF.?

Notice that a section x: B — F of the fibration is horizontal with respect to this
connection if and only if it solves the partial derivative version of the equations of motion,

since
ox

XJ(,I‘Z> = (8tj —+ XH]){EZ = a—t] —+ {Hj,iCi},
so that X;(z;) = 0 is exactly (A.5), using the alternance of the Poisson bracket. This new
nonlinear connection is thus the geometric object that codes the classical dynamics of the

time-dependent system.

Finally, recall that such a distribution H of planes is said to be integrable, or flat, if
there exists a foliation of I consisting of integral manifolds for H. In this case, where H
is smooth and has constant rank, the Frobenius theorem implies that H is integrable if
and only if it is involutive, i.e. if the space of smooth sections C*(F,H) C C*(F,TF) is
a Lie subalgebra for the standard Lie bracket of vector fields.

One now computes, for any smooth function f € C*(F,R), and for i,5 € {1,...,n}:

|:Xi7X]} (f) = {atiHj o 8thi7 f} + {{Hu Hj}a f}

This means that the vector field {Xi, Xg} € C=(F,TF) acts via the Poisson bracket of

the function
£ OH; 0H,;
ij =

T

+ {H’i7Hj}>

on the left. Hence {Xi, XZ-] = Xj,, is the (vertical) Hamiltonian vector field of this function,
and one needs it to vanish in order for H to be integrable. This happens if and only if
fi; is constant on the fibre M of the fibration, so that it must actually the pull-back of
a function on B with respect to w. The first condition of A.4 amounts to the stronger

3This is indeed a horizontal subbubdle, since the restriction dr|y : H — TB is an isomorphism of
vector bundles, because of dn(X;) = 0, for i € {1,...,n}.
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requirement that f;; = 0. If moreover {H;, H;} = 0 for all 7, j, then one has a strongly
flat connection, and this is totally equivalent to the strong integrability of the classical
system.

Remark A.3. There exists a coordinate-independent way of phrasing the above con-
struction. Namely, using the same notations, one can consider the following horizontal
1-form on the fibration F:

w =Y Hdt; € C*(F,m*T*B).

With this notation introduced, the dynamical equations (A.5) become dz; = {z;,w}. If
one starts from such a 1-form w, then any vector field X on the basis produces a time-
depend Hamiltonian function with space of times B, by contraction: Hx := (w, X). One
can thus give the following alternative definition of a time-dependent Hamiltonian system.

Definition A.5. Let (M, {-,-}) be a Poisson manifold, and B C R™ an open set. A time-
dependent classical Hamiltonian system is a horizontal 1-form w on the trivial Poisson
fibration 7: M x B — B.

In the symplectic case, there is a natural way of thinking of w as a correction to
the trivial Ehresmann connection. Namely, assume (M,w) to be symplectic, so that
F = M x B is a trivial symplectic fibration, and denote @ € A?*(F,R) the pull-back of
w with respect to the canonical projection F — M to the first factor. This is a 2-form
on the fibration that restricts to w on each fibre, and such objects define Ehresmann
connections by taking the orthogonal complements of the vertical spaces TM C TTF. In
particular, the form @ defines the trivial Ehresmann connection, and one can correct it
via

Q=0 —dw € A*(F,R).
One can indeed check that the spaces

H, = TpMLQ” = {U €TF | Q,(T,M,v) = 0} C TF

satisty H, & T,M = T,F, for all p € F. Moreover, they are the pointwise span of the
vector fields X; = 0y, + Xp,, where H; == Hati, as above.

Hence a time-dependent classical Hamiltonian system is the correction between a
trivial connection on a trivial symplectic fibration, and a new, possibly interesting one.
In the thesis we deal with connections arising from the isomonodromic deformations of
meromorphic connections over the Riemann sphere (in Chap. 3).

Remark A.4 (Universal classical vector bundle).

Let us mention a third “universal” viewpoint on classical systems, which is suited to de-
formation quantisation. Namely, one can think of a time-dependent Hamiltonian function
H: M xB — R as a section H: B — Ag of the trivial vector bundle Ao x B — B,
where Ay := C*°(M,R) is the Poisson algebra of classical observables. This is just the
remark that the restriction H|, : M — R is by definition a classical observable for all
t € B. We say that this a universal construction, because one can then take any Ag-
module to construct other vector bundles. The case discussed above correspond to the
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tautological representation p: Ay — Der (C"’O(M , R)), where H; acts via its Hamiltonian
vector field, i.e. its Poisson bracket.

In particular, one may also define a time-dependent classical Hamiltonian system as
an Agp-valued 1-form on the space of times B:

This shows that the formula

defines a connection in the vector bundle Ay x B — B, by letting H;: B — A act
on the fibre Ay via its Poisson bracket. This is just a way to implement the equation of
motion (A.5). The simply-laced isomonodromy systems of § 3.1 correspond exactly to
such objects. We will define the quantum analogue of those classical connections at the
end of the next section § A.3.

Remark A.5. We can (and will) consider algebraic Poisson varieties M as phase-spaces,
instead of Poisson manifolds. One should then replace smooth functions with sections
of the structural sheaf @), and ask for it to be a sheaf of Poisson algebras. In the case
where M is a variety over C, one should also allow for complex-valued observables, and
for complex spaces of times B C C". With these small caveat, all the above material can
be rephrased in the complex-algebraic category.

A.3 Quantum Hamiltonian systems

A quantum mechanical still consists of a set of observables, whose (expectation) values
depend on the state of the system. To propose a quantum analogue of the previous
two sections, one must first recall the standard linear-algebraic formalism of quantum
mechanics. The mathematical notions we will introduce provide a quantum analogue of
the mathematical dictionary for classical mechanics presented in § A.2.

Definition A.6. The phase-space of a quantum mechanical system is the projective space
P(H) to a separable Hilbert space (’H, (- | >) A (pure) quantum state is a line ¢ € P(H),

also called a wave function. A quantum observable is a self-adjoint operator H:H— H,
also called a quantum Hamiltonian.*

Recall in turn that a Hilbert space is a vector space H over C, together with an
Hermitian product (- | -): H ® H — C, such that H is a complete metric space with
respect to the metric induced by the inner product. Such a space is separable if there exists
a (- | -)-orthonormal countable basis (in the topological sense, when Dim¢(H) = +o0).
Notice that a pure state is the same as a unitary vector of H, defined up to a phase

e? e U(1).

4For the sake of simplicity, we assume all operators to have the whole of H as domain. We however
admit unbounded operators, in order to deal with the quantisation of generalised positions and momenta
later on.
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Exactly as in the classical context, the phase-space of the theory parametrises pure
states of the system. In this case a mixed state would be a density matriz, i.e. an
Hermitian, positive semi-definite operator of trace 1. Extremal cases are the 1-dimensional
projectors, i.e. wave functions.

A quantum observable Ae End(H) can still be evaluated at a pure state 1 € H, only
that this does not give a real number as result. Rather, the standard formalism instructs
one to take the number

(V| AY) R
as the expectation value of A in the state 1: this is only notion that makes sense in
the intrinsically probabilistic quantum theory. Notice that the expectation value is real
because A is self-adjoint, and it is well defined up to a change of phase on 1.

Just as the space of classical observables had the structure of a Poisson algebra, the
same is true for quantum observables, following Ex. A.1. Namely, the commutator [-, }
makes End(?) into a noncommutative Poisson algebra. Unfortunately, however, the
commutator of two self-adjoint operators is not self-adjoint; rather, it is anti-adjoint:

(AB— BA)' = BYA" — A'Bt = BA— AB = —(AB — BA).
One can however correct this by multiplying it with a pure imaginary constant, usually
written )
~ A~ 1~ ~
{A,B}h = ﬁ[A, B|.

The value of A € R is fixed by the experiments, not by the theory. It is not surprising
that this value is that of the reduced Planck constant.

To show the analogue dynamical notions as those at the end of § A.1, one can still
study the evolution of the expectation values (¢ | Ay) € R with different pictures:

1. One may fix the state ¢, and try to predict the evolution of the values (¢ | A(t)1) by
letting the time-dependence lie in this the observable entirely: this is the Heisenberg
picture of motion.

2. One may fix the observable H , and try to predict the evolution of the values
((t) | A(t)) by letting the time-dependence lie in the state entirely: this is the
Schrédinger picture.

3. One may let both the observable and the state vary: this is the interaction picture,
or Dirac picture.

The first two pictures are equivalent, and rely again on (i) the choice of a distinguished
quantum observable H, the Hamiltonian of the system, and (ii) the Poisson bracket {-, -}
of observables. More precisely, the first picture yields the Heisenberg equation, for the
quantum observable A:

dA\ —_ Z —_= .
= ={H,A} =_[H A = 0. A.
dt { Y fL h 9 9 w O ( 8)

®More generally, if S is a density matrix then the expectation value of the observable A in the mixed
state S is the real number Tr(AS).
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The second picture yields Schréidinger equation, for the wave function :
dA : i~
— =0 = ——Hq. A9

It follows that the eigenvectors of QZ correspond to stationary states, since scalar multi-
plication does not affect the state of the system.

We can now provide the good quantum analogue of Def. A.5. Let us denote A the non-
commutative Poisson algebra of quantum observables, endowed with the bracket {-,-};.

Definition A.7. Let (H,(-,-)) be a Hilbert space, and B C R” an open space. A time-
dependent quantum Hamiltonian system is a A-valued 1-form = on B:

%€ C®(B,T"B® A).

The idea is the same as in § A.2. If now X is a vector field on B, then one finds a time-
dependent quantum Hamiltonian by contraction: Hy = (%5, X) € C*(B, A), thinking of
this object as a smooth section of the trivial vector bundle A x B — B over B.

To push the geometric parallel even further, recall that, according to Def. A.5, a classical
Hamiltonian system is the same as nonlinear Ehresmann connection on a trivial Poisson
fibration 7: F = M x B — B, where M is the classical phase-space. In the same
way, one may define a quantum system as a connection V in the trivial vector bundle
E :="H x B — B, by setting -

V= dB + /w\,

where dg is the ordinary exterior differential on the base. This may be referred to as a
quantum connection, to stress that it is associated to a time-dependent quantum Hamil-
tonian system.

The 1-form @ takes its values in the endomorphisms of the fibre, by definition, and thus
this formula really defines a connection in E. One can thus also think of a time-dependent
quantum Hamiltonian system as a correction to the trivial connection on a trivial vector
bundle bundle, in order to obtain new interesting ones. Just as in the classical case, a
V-horizontal section 1 : B — H corresponds to a solution of the equations of motion,
since

Vo, v = 0yt + Hi,
so that /7577/} = 0 is the multi time variable case of (A.9), up to the quantum parameter
ih~ !
The flatness of a quantum Hamiltonian system is equivalent to that of its associate
connection, as expressed in the following definition.

Definition A.8. Let {H;}; be a time-dependent quantum Hamiltonian system on the
quantum phase-space P(H), with space of times B.

o The system is integrable, or flat, if the operator

7 . OH, OH,
Yot Oty

~ [Hi, Hy] € ¢*(B, A) (A.10)
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vanishes for all 4,j. The commutator is computed for the fibrewise restriction

Et,E‘tEA, where t € B.

o The system is strongly integrable, or strongly flat, if

0H; OH;
ot,  ot;

0= [H; H.
for all 4, j.

The time dependent operator ﬁ-j is simply the commutator {/V\ati , /V\at]}, i.e. one term
of the curvature Fg € A? (B, End(H)) of V.

Remark A.6 (Projective flatness).

To be totally rigorous, the quantum analogue of the trivial Poisson fibration M xB — B
should be the trivial projective bundle P(E) := P(H) x B — B, since one needs the
phase-spaces as fibres. All that we defined above for the vector bundle E =H xB — B
descend to the projectivisation, because of the elementary fact that all linear operators
He End(H) act naturally on the projective space. However, the induced connection on
the projectivisation may be flat even if V is not.

Definition A.9. The quantum connection V is projectively flat if the induced connection
on P(E) is flat.

This is equivalent to the fact that the curvature of V be a scalar. This definition is
assumed when discussing the Hitchin connection (see § 2.2.4).

Remark A.7 (Universal quantum vector bundle).

There exists a “universal” version of the quantum vector bundle E. Namely, one could con-
sider the algebra A of quantum observable abstractly, and use a time-dependent quantum
Hamiltonian system H;: B — A to define a connection V in the trivial vector bundle
A x B — B, with the same formula as before:

V =dg+ Y Hdt. (A.11)

This is the exact quantum analogue of (A.7). The simply-laced quantum connections of
§ 3.4 are exactly such objects.

Now the elements H;(t) € A are assumed to act on A by left multiplication, for all
t € B, thereby implementing Schrodinger equation of motion (A.9). This is a universal
version of the above material, in the sense that one can now pick any A-module V' to
induce a connection in the vector bundle V' x B — B. The tautological representation
p: A — End(H) is just an example.

The universal viewpoint of the above remark is more suited to deformation quantisa-
tion, which is introduced in § 2.1. Indeed, in this algebraic setting one abstractly looks
at the algebra of quantum observables, and not to a concrete geometric realization of the
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quantum phase-space. On the other hand, this is exactly the primary concern of geomet-
ric quantisation, discussed in § 2.2.

Both constructions aim to solve the very same fundamental problem of quantisation, and
the following section, last of this motivational appendix, is devoted to introducing this
problem.

A.4 The correspondence principle and the problem
of quantisation

We can now phrase the problem of the quantisation of a classical Hamiltonian system, be
it time-dependent or not. The origin of this question lies in Bohr correspondence principle.

One can safely work under the ontological assumption that the phenomena of nature
occur regardless of the theory that one uses to describe them, be it classical or quantum. It
happens however that in certain regimes one theory might be better suited than another in
order to provide this description. The only ground for preferring one theory over another
is their respective prediction accuracy.

For instance, both Newtonian mechanics (implementing Galilean relativity) and rel-
ativistic mechanics (implementing Einstein relativity) can be used to derive a velocity-
addition formula to relate the velocities of objects in different reference frames. When the
velocities v considered are negligible with respect to the speed of light in vacuum ¢, i.e.

when the Lorentz factor
1

2
- (2)
is almost equal to 1, then the two theories are in good accordance. However, as v — ¢,
which is equivalent to v — +00, the predictions diverge, and it is relativistic mechanics
the one that passes the empirical tests. One might say that there exists a mathematical
theory for all values of the parameter v € [1, +00), that the “Newton regime” corresponds
to the limit v — 1, and the “relativistic regime” to the asymptotic 7 — 400 (study of
photons, and other massless light-like objects). It is mathematically equivalent to obtain
the limit v — 1 by taking ¢ — +o0, if one considers the speed of light in vacuum as
upper bound; indeed, in Galilean relativity there is no such thing as a limit speed.®
The deformation approach thus indicates that there is a full family of theories underlying
Newton mechanics, with relativistic mechanics being an extremal case, and one may ask
the question to reconstruct the full family from the knowledge of the regime v ~ 1.

=

Conceptually, the same happens for passing from classical mechanics to quantum
mechanics. Bohr correspondence principle states that the quantum description underlies
the classical one: it provides a finer theory whose predictions deviate from the classical one
in the microscopic regime, and whose macroscopic asymptotic gives back the predictions
of classical mechanics. The macroscopic asymptotic is obtained by taking the limit of one

6This clashes however with the interpretation of ¢ as a universal constant of nature. See also the
discussion for Planck’s constant & below.
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or several quantum numbers that dictates the characteristic size of the system (e.g. the
distance between two consecutive energy shells in Bohr’s model of the hydrogen atom).
The most important such quantum parameter is A: the limit A — 0 would correspond
to the failure of the fundamental quantum hypothesis that energy is quantised, since the
difference between two consecutive energy levels in the harmonic oscillator is proportional
to h. Because of this, the asymptotic h &~ 0 is called the semiclassical limit, to indicate
that the theory is already somewhat classical, but more quantum number might still be
far from vanishing.

To resolve the question about the status of h — variable or constant 7 — one might
say the following. For every mechanical system there are usually characteristic masses,
velocities, etc., from which a unit of action appropriate to the system can be derived. The
semiclassical limit is applicable when Planck’s constant A divided by this unit is much
smaller than 1. Hence, mathematically, we just regard h as a parameter.”

In conclusion, one has the semiclassical regime i — 0 (study of macroscopic objects),
and the quantum regime A = 1 (study of microscopic objects).

The problem of quantisation is the following:

Given the semiclassical limit of a family of quantum theories, is it possible to reconstruct
the whole family?

To get back to the terminology of the previous section, one would start from a time-
dependent classical Hamiltonian system H;: M x B — R over the classical phase-space
M, with space of times B. The question is then to construct a time-dependent quantum
Hamiltonian system H;: B —» End(H) over a quantum phase-space P(H), such that the
semiclassical limit of the quantum Hamiltonian H; is the classical H;. The semiclassical
limit will be a distinguished projection 0: A — Ag sending the noncommutative Poisson
algebra A of quantum observables to the commutative Poisson algebra Aj of classical
observables, thereby implementing the aforementioned operation of taking the limit A & 0.
The strongest possible solution to this problem is to explicitly construct a Hilbert space
(H, (- | -)), together with a quantisation map

Q: C*(M,C) — End(H), Q: f+—J,

satisfying the so-called Dirac azxioms:

1. The map is C-linear.

2. The map sends classical observables (real-valued functions) to quantum observables
(selfadjoint operators): Q(f) = Q(f)T if f € C°(M,R). In particular, Q is a
section of the semiclassical limit.

3. The map is normalised: 1 = —ihIdy.

4. The map respects the Lie structures: Q({ fs g}) = %{ 1, §] for all smooth functions
f,g € C>®(M,C).

"This is quoted almost verbatim from the introduction of [BW97].
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5. The map respects irreducibility: if {fi}; € C>°(M,C) is a complete set, then the
quantisation {f;}; C End(#) acts irreducibly.®

Moreover, one demands that this procedure recovers the standard Dirac quantisation

of the free particle in flat space R?", which is presented in Ex. 2.12, in the context of
geometric quantisation.
Finally, if the initial classical system carries a group of symmetries GG, i.e. a group of
Poisson automorphisms, then it is natural to ask that the quantum model does too. This
would result in a (- | -)-unitary G action on H. In the symplectic case, the group of all
classical symmetries — physicists’ canonical transformations — is by definition the group
of all symplectomorphisms. On the quantum side, a quantum symmetry is an element
of the projective unitary group of (#, (- | -)). Since these two groups are in general not
isomorphic, one sees that there is a priori no hope to have a natural correspondence of
classical and quantum symmetries. When a classical symmetry is not preserved one says
that it has been broken, and speaks of quantum anomalies.

There are then other general reasons why the program described above is destined to
fail, collectively referred to as no-go theorems. The original results in this direction are
due to Groenewold ([Gro46]) and van Howe ([Van51b; Vanblal). This is why one also
speaks of Groenewold-van Howe theorems for such negative results. One may collectively
express them by saying that there is no functor from the category of Poisson manifold to
the category of Hilbert spaces that satisfies of all the above.

In the background chapter 2 we have introduced two sound mathematical frameworks
that nonetheless aim to provide partial solutions to the problem of quantisation: defor-
mation quantisation and geometric quantisation (see § 2.1 and § 2.2, respectively).
Loosely speaking, deformation quantisation weakens axiom 4, asking for the relevant iden-
tity to hold in the semiclassical asymptotic, thereby making sense of the following equality
in the quantum algebra A:

{f.9}= hlii%;[ﬁ l. (A.12)

where f,g € Ag (see Eq. (2.2)). Geometric quantisation instead starts by constructing
the quantum phase-space P(H).

8A set of function f;: M — C is complete if its centraliser equals the centre C C C'°°(M,C) of the
whole Poisson algebra, i.e. the constant functions.
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