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Résumé. La fonction de partition de théories de jauge supersymétriques avec
quatre supercharges sur la sphere a deux dimensions est calculée exactement
grace a la localisation supersymétrique. Pour certaines théories de jauge, les
expressions explicites sont égales a des corrélateurs dans la théorie conforme
des champs de Toda de dimension deux. Ces égalités trouvent leur place au
sein de la correspondance AGT, qui relie des théories de jauge supersymé-
triques de dimension quatre avec huit supercharges a des corrélateurs de la
théorie de Toda. En effet, les théories de jauge a deux dimensions peuvent
étre insérées le long d’une surface dans une théorie a quatre dimensions,
formant ainsi un opérateur de surface a moitié BPS. Une telle insertion
correspond a 'ajout d’un opérateur local particulier (un opérateur de vertex
dégénéré) dans le corrélateur de Toda.

Cette correspondance enrichie a plusieurs conséquences. D’une part, les
symétries des corrélateurs de Toda impliquent des analogues des dualités
de Seiberg et de Kutasov—Schwimmer pour les théories de jauge a deux
dimensions avec quatre supercharges. D’autre part, les résultats exacts en
théorie de jauge fournissent de nouvelles données dans la théorie de Toda.
Cela mene a une proposition concréte pour I’échange de deux opérateurs de
vertex semi-dégénérés dans la théorie de Toda, qui contient des informations
importantes concernant la S-dualité a quatre dimensions.

Mots clef: théorie de jauge, théorie conforme des champs, supersymétrie,
opérateur de surface, correspondance AGT, théorie de Toda.






Abstract. The sphere partition function of two-dimensional supersymmetric
gauge theories with four supercharges is computed exactly using supersym-
metric localization. For some gauge theories, explicit expressions are found
to match with correlators in the two-dimensional Toda conformal field theory.
This fits into the AGT correspondence, which relates supersymmetric four-
dimensional gauge theories with eight supercharges to correlators in the Toda
theory. More precisely, the two-dimensional gauge theories can be inserted
along a surface in a four-dimensional theory, thus forming half-BPS surface
operators: such an insertion corresponds to the addition of a particular local
operator (a degenerate vertex operator) in the Toda correlator.

This enriched correspondence has several consequences. On the one hand,
symmetries of Toda correlators imply analogues of Seiberg and Kutasov—
Schwimmer dualities for two-dimensional gauge theories with four super-
charges. On the other hand, exact gauge theory results yield previously
unknown data in the Toda theory. This leads to a concrete proposal for the
Toda braiding kernel of two semi-degenerate vertex operators, which holds
important information about four-dimensional S-duality.

Keywords: gauge theory, conformal field theory, supersymmetry, surface
operator, AGT correspondence, Toda theory.
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Chapitre 1F

Présentation des travaux

Le modele standard de la physique des particules a été confirmé expérimen-
talement avec une précision remarquable, mais ce n’est pas une description
compléte de I'Univers. Outre les difficultés bien connues concernant la gravité
et certaines observations astrophysiques, un probléme plus basique est de
déterminer ce que le modele standard prédit. En effet, tandis qu’a haute
énergie tous les couplages de la théorie sont faibles, la constante de couplage
de la force nucléaire forte croit a basse énergie. La théorie des perturbations
est alors inopérante, puisque les séries en puissances du couplage divergent.
Bien qu’en principle la divergence puisse étre guérie en prenant en compte
des effets non-perturbatifs, ceux-ci sont extrémement difficiles a étudier dans
une théorie quantique des champs générale telle que le modele standard.
Cependant, lorsque la théorie est supersymétrique —une symétrie entre les
bosons et les fermions— des résultats non-perturbatifs sont disponibles.

Une théorie supersymétrique de dimension quatre peut étre invariante
sous N =1, 2, ou 4 familles de quatre supercharges. Chaque supersymétrie
contraint la théorie davantage : par exemple, les théories avec N' = 4 su-
persymétries sont fixées completement par leur groupe de jauge, tandis que
les théories N/ = 2 décrivent a la fois de la matiere et des intéractions de
jauge. Malgré leur manque d’applications expérimentales (seul N' = 1 est ex-
périmentalement tenable), ces théories permettent d’étudier les phénomenes
non-perturbatifs. Elles forment un équilibre entre une diversité des théories
et la disponibilité d’expressions exactes.

Des progrées considérables ont eu lieu au cours des vingt derniéres années
dans la compréhension des théories N' = 2. Un développement crucial a été
la correspondance AGT (Alday, Gaiotto, Tachikawa) [AGT09], qui relie un
grand nombre de théories N' = 2 de dimension quatre & des corrélateurs
dans la CFT (théorie conforme des champs) de Toda de dimension deux,
cousine de la CFT de Liouville. Les boucles de Wilson et d’autres opérateurs
non-locaux —dont le support est une variété plutét qu’un point— dans les
théories N' = 2 correspondent a divers objets dans la CFT de Toda.
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Ce travail étend la correspondance AGT a une classe d’opérateurs de
surface dans les théories V' = 2, et décrit des prérequis et des conséquences de
la correspondance enrichie. Les opérateurs étendus considérés sont construits
en couplant la théorie N' = 2 de dimension quatre avec une théorie super-
symétrique de dimension deux placée sur une surface. Plus précisément, la
théorie de dimension deux a N’ = (2,2) supersymétries (4 supercharges),
car cela permet aux opérateurs de surface de ne briser que la moitié des
8 supercharges de la supersymétrie N' = 2 & quatre dimensions.

Le Chapitre 2 concerne les théories de dimension deux. Il reproduit
l'article Exact Results in D = 2 Supersymmetric Gauge Theories [DGLFL12]
(Résultats exacts dans les théories supersymétriques de dimension 2) de Nima
Doroud, Jaume Gomis, Sungjay Lee et I'auteur, calculant la fonction de
partition sur S? de théories de jauge avec N = (2, 2) supersymétries.

Dans le Chapitre 3, les théories de dimensions deux et quatre sont
combinées en les placant respectivement sur S? C S%. Ce chapitre reproduit
la premiere moitié de l’article M2-brane surface operators and gauge theory
dualities in Toda [GLF14] (Opérateurs de surfaces de M2-branes et dualités
de théories de jauge dans Toda) de Jaume Gomis et auteur. Nous trouvons
de nombreux opérateurs de surfaces N' = (2,2) dont la fonction de partition
sur S? C S est égale & un corrélateur dans la CFT de Toda.

Les symétries manifestes des corrélateurs de la CFT de Toda fournissent
ensuite dans le Chapitre 4 (la deuxieme moitié de [GLF14]) des dualités
non-triviales entre des théories de jauge N' = (2,2) de dimension deux. Ces
analogues de dimension deux de la dualité de Seiberg de dimension quatre
indiquent que deux théories de jauge ont la méme limite infrarouge. Les deux
théories de jauge décrivent donc la méme physique a grande distance en
termes de différents degrés de liberté microscopiques.

Enfin, le Chapitre 5 explore la CFT de Toda. Il peut étre lu indépen-
damment, bien que certaines expressions ont été initialement obtenues a
travers la correspondance AGT. Le résultat principal est une conjecture
(soumise a des tests importants) pour le noyau intégral décrivant le tressagei
de deux opérateurs de vertex semi-dégénérés, définis plus tard. Ce tressage
correspond a une dualité importante en quatre dimensions : la S-dualité de
la chromodynamique quantique superconforme avec groupe de jauge SU(N).

Ce chapitre, une traduction du Chapitre 1, introduit le contexte du travail
et résume chaque chapitre. Il présente les théories N' = 2 (Section 1F.1),
la CFT de Toda (Section 1F.2) étudiée plus avant dans le Chapitre 5, la
localisation supersymétrique et les résultats du Chapitre 2 concernant les
fonctions de partition sur S? (Section 1F.3), Iinclusion par le Chapitre 3
d’opérateurs de surface dans la correspondance AGT qui relie les théories
N =2 avec la CFT de Toda (Section 1F.4), et les dualités trouvées dans le
Chapitre 4 entre théories N’ = (2,2) & deux dimensions (Section 1F.5).

LCertains termes techniques issus de I’anglais n’ont pas de traduction canonique.
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1F.1 Théories de jauge N = 2 a quatre dimensions

Cette section concerne les théories de jauge de dimension quatre avec N' = 2
supersymétries, c’est-a-dire les théories invariantes sous deux familles de
4 supercharges (voir les articles de revue [Tacl3; Tes14] en anglais). Elle sert
de préparatif a la Section 1F.4 sur la correspondance AGT. De nombreuses
propriétés des théories N/ = 2 sont omises, en particulier les courbes de
Seiberg-Witten.

Les champs d’une théorie de jauge N' = 2 se décomposent en des mul-
tiplets vecteurs (multiplets de jauge) et des hypermultiplets (multiplets de
matiere). On peut décomposer ces deux types de supermultiplets en super-
multiplets d’'une sous-algebre N/ = 1. Un hypermultiplet se compose d’une
paire de multiplets chiraux, donc de champs scalaires complexes et de leurs
superpartenaires spineurs, qui se transforment tous dans la méme représen-
tation du groupe de jauge. Un multiplet vecteur N = 2 se compose d’un
multiplet vecteur A' = 1 et d’un multiplet chiral, autrement dit d’un boson
de jauge et de ses superpartenaires dans la représentation adjointe du groupe
de jauge. Les couplages lagrangiens de ces supermultiplets qui préservent
N = 2 supersymétries sont plus contraints que dans les théories N’ =1, et
se réduisent essentiellement a un prépotentiel holomorphe pour le multiplet
vecteur.

L’example typique d’une théorie de jauge N' = 2 est la SQCD (chromo-
dynamique quantique supersymétrique) SU(N) avec Ny saveurs, constituée
d’un multiplet vecteur ' = 2 avec groupe de jauge SU(N) couplé & Ny hyper-
multiplets dans la représentation fondamentale (de dimension N) de SU(N).
La fonction beta de la constante de couplage de jauge est proportionnelle a
2N — Ny a une boucle, et les théoremes de renormalisation impliquent que la
fonction beta exacte 1'est aussi. La théorie est donc asymptotiquement libre
pour Ny < 2N, exactement conforme pour Ny = 2N (en I'absence de terme
de masse), et n’est pas UV-complete pour Ny > 2N.

Pour N > 2, le groupe de symétries de saveurs de la SQCD SU(N)
avec Ny saveurs est U(Ny). Pour N = 2, chaque hypermultiplet se scinde
en deux demi-hypermultiplets qui sont chacun une représentation de la
supersymétrie N’ = 2, et la symétrie de saveur est augmentée : SO(2Ny) D
U(Ny). Techniquement, une telle scission et augmentation de la symétrie se
produisent pour tout hypermultiplet se transformant dans une représentation
pseudo-réelle du groupe de jauge.

Seiberg et Witten [SW94a; SW94b] ont déterminé en 1994 les vides
quantiques de la SQCD N =2 SU(2) avec 0 < Ny < 4 saveurs. Ces auteurs
ont déterminé le prépotentiel exact, d’ou on peut extraire par exemple les
masses des bosons W et des dyons. Ils ont trouvé que la SQCD avec Ny = 4
est sujette a la S-dualité : la théorie peut étre décrite par des Lagrangiens
écrits en termes de différents degrés de liberté fondamentaux.
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FIGURE 1 : Trois descriptions lagrangiennes de la SQCD SU(2) Ny = 4. Les
arétes sont des groupes de symétrie SU(2). Les arétes extérieures sont des
groupes de saveur, tandis que les arétes intérieures sont des groupes de jauge
(donc des multiplets vecteurs). Les sommets ou trois arétes se rencontrent
sont des hypermultiplets dans la représentation trifondamentale du groupe
SU(2)3 représenté par les trois arétes.

En termes de la constante de couplage (complexifiée) 7 = 87i/g? +9/, la
S-dualité exprime le fait que les Lagrangiens Ny = 4 avec un certain couplage 7
et avec le couplage dual 7P = —1 /T décrivent la méme physique. De cette
facon, la S-dualité donne une description faiblement couplée (7P — oo,
gP — 0) d’une région de l'espace des parameétres ol le Lagrangien initial est
fortement couplé (1 — 0, g — o0). La dualité se généralise en 77 = %ﬂi’
pour n’importe quelle matrice (‘Cl g) dans SL(2,Z).

Le groupe SL(2,7Z) de S-dualité agit aussi par automorphismes sur le
groupe de symétries de saveurs SO(2Ny) = SO(8). Cette action est commodé-
ment décrite en séparant les hypermultiplets en deux paires qui ont chacune
une symétrie de saveur SO(4) «~ SU(2)2. Dans chaque description S-duale
de la théorie, la symétrie manifeste SO(4) x SO(4) est obtenue en groupant
les facteurs de SU(2)* ¢ SO(8) par paire d'une des trois fagons possibles.
Concretement, on peut inclure des masses m4 g c,p pour chacun des facteurs
SU(2). Dans une description lagrangienne les Ny = 4 hypermultiplets ont
pour masses |m4 + mp| et |mc £ mpl. Apres une S-dualité, les masses sont
|ma £ mel| et |mp &£ mpl, ou |mag £ mp| et |mp £ me|.

Gaiotto [Gai09a] a generalisé la S-dualité a une grande classe de théories
N =2 de dimension quatre 7, ,, maintenant nommées théories de classe S.

Les groupes de symétrie de saveur d'une théorie N’ = 2 peuvent étre
jaugés par un multiplet vecteur de la méme facon que les symétries globales
d’une théorie non-supersymétrique sont jaugées par un boson de jauge.
Ainsi, n’importe laquelle des quatre symétries de saveur SU(2) de la SQCD
SU(2) avec Ny = 4 peut étre promue a un group de jauge grace a un
multiplet vecteur SU(2). Ce multiplet vecteur additionnel peut étre couplé a
une paire d’hypermultiplets pour que la théorie reste conforme, et celle-ci
posseéde une symétrie de saveur SU(2) x SU(2). Répéter la procédure avec
les nouvelles symétries SU(2) génére un grand nombre de Lagrangiens N = 2
superconformes : ceux-ci décrivent les théories SU(2) de class S.
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FIGURE 2 : Exemples de graphes trivalents avec g boucles et n arétes ex-
térieures. Le premier représente un multiplet vecteur SU(2) couplé a un
hypermultiplet adjoint, qui a une symétrie de saveur SU(2). Cette théorie
est appelée N = 2* si I’hypermultiplet est massif et a N' = 4 supersymétries
en l'absence de massse. Les graphes a droite représentent deux multiplets
vecteurs couplés a deux hypermultiplets de facons différentes. Les deux
Lagrangiens se trouvent en fait étre S-duaux, et décrivent la méme théorie.

Chacune des paires d’hypermultiplets de la SQCD SU(2) avec Ny = 4
se transforment dans la représentation trifondamentale de groupes de jauge
et de saveur SU(2)3. La théorie Ny = 4 peut donc étre vue comme des
hypermultiplets trifondamentaux de SU(2)4 x SU(2)p x SU(2)g et de
SU(2)g x SU(2)¢ x SU(2)p dont la symétrie commune SU(2)q est jaugée
par un multiplet vecteur. Comme décrit ci-dessus, les Lagrangiens S-duaux
combinent les SU(2) 4 p.c,p en paires de trois fagons possibles, représentées
par des graphes dans la Figure 1. Chaque hypermultiplet trifondamental est
représenté par un sommet relié a trois arétes représentant des groupes de
symétrie SU(2). Les arétes extérieures sont des symétries de saveur et les
arétes intérieures des groupes de jauge. En utilisant ce dictionaire, chaque
graphe trivalent (avec trois arétes par sommet) correspond a un Lagrangien
superconforme composé d’hypermultiplets trifondamentaux et de multiplets
vecteurs (voir la Figure 2 pour des exemples).

On considere un graphe trivalent représentant un Lagrangien. Dans la
limite ou tous les couplages SU(2) sauf un (correspondant a une aréte inté-
rieure) sont infiniment petits, la théorie de jauge SU(2) restante, simplement
SQCD avec Ny = 4, est sujette a la S-dualité. La dualité reconnecte de
n’importe quelle facon les quatre arétes qui touchent I’aréte choisie. Cette
propriété reste valable méme lorsque les autres couplages sont non-nuls. En
reconnectant les arétes par des S-dualités, on peut transformer un graphe
trivalent en n’importe quel autre avec le méme nombre d’arétes intérieures
et extérieures. Autrement dit, tous les graphes avec g boucles et n arétes ex-
térieures correspondent a des Lagrangiens qui décrivent la méme théorie 7y,
en termes de degrés de liberté différents.

Pour décrire ’action de la S-dualité sur les constantes de couplage de
jauge (1 — —1/7 pour la SQCD), il faut plus de structure que les graphes.
Les couplages de 7, sont en fait décrits par une surface de Riemann Cj,,
avec genre g et n ponctions. La surface est obtenue de n’importe quel graphe
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FIGURE 3 : Deux décompositions de la surface de Riemann Cp 5 en tubes
(dessinés comme des ellipses) et trinions (spheres privées de trois points entre
les tubes et les ponctions extérieures), et leur graphe trivalent (en pointillés).
Les Lagrangiens correspondants décrivent la méme théorie 7 5.

avec g boucles et n arétes extérieures en “épaississant” le graphe, c’est-a-
dire en remplagant chaque aréte par un tube et chaque sommet trivalent
par un trinion (spheére avec trois ponctions) joignant les trois cylindres. La
longueur et ’angle de torsion de chaque tube encode la constante de couplage
pour le groupe de jauge associé a cette aréte du graphe, de sorte qu’'un
long cylindre corresponde a un multiplet vecteur faiblement couplé. La S-
dualité est alors obtenue en notant que Cy, peut étre coupée en tubes et
trinions de nombreuses facons, caractérisées par différents graphes trivalents
(voir Figure 3). Chaque décomposition de Cy, correspond & une description
lagrangienne de 7Ty ,.

Plusieurs théories dans cette classe ont une importance particuliére.
70,3 est la théorie de 4 hypermultiplets libres, avec aucun multiplet vecteur
puisque son graphe n’a aucune aréte intérieure. 7o 4 est la SQCD SU(2) avec
Ny = 4, et depend d’un seul couplage complexifié. La sphere privée de quatre
points Cp 4 est un tube joignant deux trinions. Sa structure complexe ne
dépend que du birapport ¢ des quatre points, et changer de décomposition
en trinions transforme ¢ — 1 — ¢ ou 1/¢. Le dernier exemple, 77 1, décrit
un multiplet vecteur SU(2) jaugeant deux symétries de saveur SU(2) d’'un
méme hypermultiplet trifondamental : cela résulte en un hypermultiplet
dans la représentation adjointe du groupe de jauge et dans la représentation
fondamentale du dernier SU(2). Cette théorie, appelée N' = 2* SYM (super
Yang-Mills) lorsque 'hypermultiplet est massif, a une supersymétrie élargie
N = 4 lorsque I'hypermultiplet est de masse nulle.

Comme expliqué dans [Gai09a] en utilisant les courbes de Seiberg—Witten,
la théorie Ty, est la réduction a quatre dimensions de la mystérieuse théo-
rie des champs superconforme A; (2,0) a six dimensions placée sur C,,
avec certaines conditions de bords aux n ponctions. Cette théorie n’est pas
connue directement, mais ses réductions a diverses dimensions plus basses
sont connues. Par exemple, sa réduction sur un cercle est la théorie SYM
maximalement supersymétrique avec groupe de jauge SU(2) en dimension
cing, dont la réduction sur un segment est le multiplet vecteur N’ = 2 associé
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a chaque cylindre de Cy ,, dans la description ci-dessus.

En théorie M, la théorie A; (2,0) est la théorie de deux M5-branes
coincidentes. Ces branes sont alors enroulées sur la surface de Riemann Cy ,,,
dont les ponctions sont réalisées par des Mb5-branes transverses. Ce type
de combinaisons de branes donne des intuitions utiles dans la Section 1F.4
concernant les opérateurs étendus dans les théories N' = 2.

Un cousin proche de la théorie Ay (2,0) est la théorie des champs super-
conforme An_; (2,0) a six dimensions, qui décrit N M5-branes coincidentes.
Compactifiée sur une surface de Riemann Cj, avec certaines conditions
de bord & chaque ponction, la théorie donne une théorie de jauge N = 2
de dimension quatre, avec des groupes de jauge SU(N). L’ensemble de ces
théories N' = 2 est appelé classe S. En ’'absence de termes de masse ces
théories sont superconformes.

L’exemple standard de théorie de class S est la SQCD N = 2 SU(N) avec
2N hypermultiplets fondamentaux, obtenue en compactifiant Ay_1 (2,0) sur
la sphere privée de quatre points Cp 4. Pour N > 2, la symétrie de saveur de
la SQCD est U(2N), dont un sous-groupe SU(N) x U(1) x U(1) x SU(N)
est rendu manifeste par la construction six-dimensionnelle. Une différence
importante d’avec le cas N = 2 est que les quatre facteurs ne sont pas
identiques. En conséquence, les ponctions sur Cp 4 doivent étre munies de
conditions de bords différentes. Deux ponctions, dites pleines, supportent une
symétrie de saveur SU(N), et les deux autres, dites simples, supportent une
symétrie de saveur U(1). De nombreux autres types de ponctions existent.

A nouveau, les descriptions S-duales sont caractérisées par des décom-
positions de Cy, en trinions. A un trinion avec une ponction simple et
deux pleines est associé N2 hypermultiplets avec pour symétrie de saveur
manifeste le groupe U(1) x SU(N) x SU(N). Joindre les ponctions pleines
de deux trinions correspond a jauger les deux symétries de saveur SU(N)
diagonalement. Dans le cas de la SQCD, les deux décompositions de Cp 4
ou chaque trinion a une ponction simple correspondent & des descriptions
en terme d’un multiplet vecteur SU(N) couplé a deux fois N hypermulti-
plets fondamentaux. Lorsque les deux ponctions pleines appartiennent au
méme trinion, il n’y a aucune description lagrangienne : on couple toujours
deux théories en jaugeant une symétrie de saveur commune, mais la théorie
correspondant a I'un des trinions n’est pas décrite par un Lagrangien. Plus
généralement, tandis que toutes les théories de classe S avec groupes de
jauge SU(2) sont décrites par des Lagrangiens, les théories de class S pour
N > 2 n’ont de description lagrangienne que lorsque chaque trinion d’une
décomposition contient une ponction simple.

Etant donné qu’une théorie de class S ne dépend que de la structure
complexe de C,, et de données a chaque ponction, n’importe quel observable
de la théorie a quatre dimensions peut en principe étre obtenu par un calcul
sur Cy.,. En pratique, I'identification est en général obtenue en calculant des
observables & quatre dimensions et en trouvant un calcul a deux dimensions
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donnant le méme résultat. La correspondance AGT [AGT09] (Section 1F.4)
consiste en un dictionnaire concret entre plusieurs observables obtenus par
localisation supersymétrique sur des spheres (Section 1F.3) et des corrélateurs
dans la CFT de Toda (Section 1F.2) sur Cy .

1F.2 Théorie conforme des champs de Toda

La théorie de Toda An_1 est une CFT de dimension deux dont l'algebre
de symétrie Wy étend l'algebre de Virasoro par l'ajout de courants de spin
élevé. La théorie de Toda Ay (N = 2) est la CFT bien connue de Liouville,
et Wy est l'algebre de Virasoro. Cette section rappelle des notions de bases
sur les CFT de dimension deux (voir 'article de revue [Ribl4]), jusqu’au
noyau intégral de tressage d’opérateurs primaires. Elle décrit ensuite I'effet
de la symétrie Wy, et la conjecture explicite (5.3.27) pour le noyau intégral
de certains opérateurs primaires de Wy. Cette introduction & la CFT de
Toda suffit pour lire le reste de la these, qui se termine avec une étude plus
détaillée de la CFT de Toda dans le Chapitre 5.

La symétrie conforme a deux dimensions implique une action de (deux
copies de) I'algebre de Virasoro sur les états de la théorie. Les deux copies
sont dues aux transformations conformes holomorphes et antiholomorphes, et
peuvent étre traitées indépendamment. La symétrie conforme implique aussi
que la correspondance état-opérateur est une bijection entre les opérateurs ¢
et les états |¢p) obtenus en agissant sur le vide.

L’algebre de Virasoro est générée par L,, pour n € Z, sujets a L, = L_,,
et ayant pour commutateurs [Ly,, Lp] = (m—n)Lpyin+ 35 (m* —m)dy1p. Un
état de plus haut poids est |h) tel que Lo |h) = h|h) et Ly |h) = 0 pour n > 0,
et 'opérateur correspondant est appelé opérateur primaire de dimension h.
L’action des L_,, pour n > 0 génere un module de Verma : une représentation
de l’algebre de Virasoro dont les états sont des combinaisons linéaires de
Ly, -+ Ly, |h) pour nj > 0. Un tel état est nommé descendant de |h) au
niveau };n;. Un opérateur primaire et ses descendants forment une famille
conforme.

Il est utile de paramétrer la charge centrale par ¢ = 14+6¢2 avec ¢ = b+1/b,
et d’exprimer la dimension h = a(q — ) d’un opérateur primaire V,, en
terme d’une impulsion « € C.

La symétrie conforme exprime les corrélateurs d’opérateurs descendants
en termes de corrélateurs d’opérateurs primaires. Elle force le corrélateur
de deux opérateurs primaires sur la sphere & s’annuler sauf si les deux
opérateurs ont la méme dimension. Elle fixe aussi la dépendance de la
fonction & trois-points (V,V3V,) dans les positions des opérateurs, a un
facteur global C'(a, 3,7) pres. Toutes les fonctions a n-points d’opérateurs
primaires sur la sphére sont ensuite fixées comme suit en termes des fonctions
a trois points C'(«, 3,7), aussi appelées constantes de structure.
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N’importe quelle paire d’opérateurs primaires peut étre remplacée par
leur OPE (expansion de produit d’opérateurs), une combinaison linéaire
d’opérateurs primaires et de descendants dont les coeflicients sont fixés par
la symétrie conforme en termes des constantes de structure. La fonction a
n points est ainsi exprimée comme une intégrale (ou une somme) sur les
familles conformes d’une constante de structure multipliée par une fonction
a (n — 1) points et par un facteur qui prend en compte les contributions de
descendants. En répétant le procédé, toute fonction a n points est exprimée
comme une intégrale de produits de n — 2 fonctions a trois points multipliées
par un facteur qui est fixé par la symétrie conforme. Ce facteur conforme se
factorise en un bloc conforme F holomorphe dans les positions des opérateurs,
multiplié par un bloc conforme antiholomorphe. En omettant certains détails
tels que les inverses de fonctions a deux points, on trouve

(Vay -+ Va,) = /d/33"'dﬂn—1 Claq,a,83) - C(Bn-1,0n-1, )

a as Qp—2 0On_1 2
(1F.2.1)
On

'|}-l041 | B3 | |Bn—1|

Le graphe trivalent décrit quels OPEs ont été effectués, et garde une trace
des impulsion en résultant. Il y a une constante de structure pour chaque
sommet de ce graphe trivalent. Les impulsions «; sont nommées impulsions
extérieures, tandis que les impulsions intérieures 5; sont intégrées. Dans un
canal différent, c’est-a-dire un choix de quels opérateurs combiner en leur
OPE représenté par un autre graphe trivalent, I’expression fait intervenir
des constantes de structure et des blocs conformes compléetement différents.
Pourtant, ces expressions doivent étre égales car elles calculent la méme
fonction a n points. Cette égalité est la symétrie de croisement.

En fait, la symétrie de croisement est impliquée par son cas le plus simple,
les fonctions a quatre points. Une transformation conforme globale place les
opérateurs en 0, x, 1, et co. Prendre ’OPE de 'opérateur en x avec celui en 0,
1, ou co donne respectivement des expressions en terme de blocs conformes
dits de canal s, t, ou u :

]-"(S):]-"[ o 1 FO :f[a?’ IOQ 1 F® :f[ s s “ ]
@ oag | o [ag |77 @ oy |a ap |’ oy o
(1r.2.2)
Il se trouve que la symétrie de croisement et la factorisation holomorphe /anti-
holomorphe implique que les blocs conformes holomorphes dans un canal
sont des combinaisons linéaires de blocs conformes holomorphes dans un
autre canal, apres continuation analytique en x. Les combinaisons linéaires
prennent la forme d’un noyau de fusion F,/ et d'un noyau de tressage B, :

]:c(vS) — /do/ FO&O/ f(it/) = /dO/ BO&O/ f(il,l) . (1F23)
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Ces noyaux intégraux sont égaux a une permutation des a; pres, et prennent
la forme [PT99] d’une intégrale d’un rapport de fonctions double sinus de
Barnes.

Un dernier mot sur les théories avec symétrie de Virasoro. Un module de
Verma dont I'impulsion est a;. s = (1 —r)b/2+ (1 — s)/(2b) ou ¢ — a5 pour
des entiers r, s > 1 contient un vecteur nul au niveau rs, c’est-a-dire un état
descendant de norme nulle qui est orthogonal a toute la représentation. Le
module est donc réductible. De telles impulsions sont dites dégénérées. Les
corrélateurs qui incluent des opérateurs dégénérés se simplifient a cause des
vecteurs nuls. En utilisant le vecteur nul de niveau rs de V4, , on peut prouver
que les fonctions a trois points (Vi ,V3V5) s’annulent sauf siy (oug—ry) est
P'un des rs valeurs 8 + jb+ k/b avec j = %, =l ot k= T,...,%.
Ces fonctions a trois points non-nulles contraignent quelles familles conformes
peuvent apparaitre dans ’'OPE de Vi, , et V3 : la regle de fusion est

(r—1)/2 (s—1)/2

Vo, X Va= Y S [Varisra) (1F.2.4)
i=(1-r)/2 k=(1-5)/2

ou les crochets dénotent les contributions de descendants, les constantes de
structure sont omises, et les sommes ont pour incrément 1.

La description de la CFT de Toda ci-dessous nécessite certaines notations
concernant les algebres de Lie. La sous-algebre de Cartan hh de Ay_; = su(N)
est identifiée avec h* par sa forme de Killing. Les poids hs (1 < s < N) de la
représentation fondamentale de Ax_1 ont pour somme zéro et forment une
base surcomplete de h. Les racines simples sont ex = hy, — hgy1.

Le Lagrangien de Toda Apy_; décrit un champ scalaire ¢ € h avec
une charge de fond et un potentiel exponentiel. Plus précisément, le terme
potentiel est Z{CV:? ePer:#) en termes d'un paramétre b, et la charge de fond Q
est un élément particulier de h multiplié par ¢ = b+ 1/b.

Beaucoup plus important que le Lagrangien de Toda est son invariance
sous (deux copies de) I’algebre Wy, une extension de 1’algebre de Virasoro par
des courants de spins 3, ..., N. Cette algébre a N — 1 familles de générateurs

(p ) pour 2 < p < N, avec W( ) = L,,. Les opérateurs prir?ziires V, de
P

I’algebre Wy sont étiquetés par les valeurs propres de tous les Wy exprimées
en termes d’une impulsion « € hj. Les valeurs propres de Wép ) ne sont pas
affectées par des permutations des composantes (« — @, hs) de 'impulsion :
cette symétrie de Weyl généralise I'invariance a — ¢ — a des opérateurs
primaires de Virasoro. Dans la CFT de Toda, une normalisation convenable
Va (5.4.3) de V, est invariante par symétrie de Weyl.

Trois types d’impulsions jouent un role dans ce travail. Les impulsions
génériques « sont telles que le module de Verma construit en agissant avec
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WS’Q, n > 0, sur |a) =V, |vide) n’a aucun vecteur nul. Les impulsions semi-
dégénérées sont xh; (& symétrie de Weyl pres), et leur module de Verma a
des vecteurs nuls. Les impulsions dégénérées —bw —w’ /b sont caractérisées par
deux poids dominants w, w’ de An_1, et leur module de Verma a un nombre
maximal de vecteurs nuls. Pour N = 2, il n’y a pas de distinction entre les
impulsions génériques et semi-dégénérées, et les impulsions dégénérées sont
—%b — %bil comme décrit ci-dessus.

Les fonctions a deux points (V,V3) d’opérateurs primaires s’annulent
sauf si les deux opérateurs ont les mémes valeurs propres de tous les Wo(p ) A
un signe (—1)? pres. En termes d’impulsions, § = 2Q — « a une symétrie de
Weyl prés. La plupart des fonctions a trois points avec un opérateur dégénéré
primaire s’annulent : on trouve que ’OPE d’un primaire dégénéré avec un
générique est

Vigoewp X Va= > > Vacon-npl, (1F.2.5)
heR(w) k' eR(w')

qui est la généralisation naturelle de I'OPE (1F.2.4) de primaires de Virasoro.
Les sommes portent sur les poids h de la représentation R(w) de plus haut
poids w, et de fagon semblable pour /’. Une autre régle de fusion utile est

Vobhy X Viny = Viemvyny) + [Vachy —bhs] (1r.2.6)

et sa généralisation (5.5.24) pour la fusion d’un opérateur semi-dégénéré avec
n’importe quel dégénéré V_,,. Toutes ces regles de fusion sont confirmées
dans la CFT de Toda grace au formalisme de gaz de Coulomb, mais 'auteur
ne connait pas de preuve n’utilisant que la symétrie Wy.

Une différence majeure entre ’algebre de Virasoro et Wy pour N > 3
est que les corrélateurs de descendants sous Wy ne sont pas fixés en termes
de corrélateurs de leurs opérateurs primaires. Le corrélateur de n opérateurs
primaires sur la sphére peut encore étre décomposée en termes de fonctions
a trois points de primaires et de descendants, mais ne se réduit pas plus
avant en des fonctions a trois points d’opérateurs primaires multipliées par
des blocs conformes factorisés. Pour résoudre completement une théorie
invariante sous Wy, il ne suffit donc pas de trouver toutes les fonction a trois
points de primaires de Wy . Bien sfir, connaitre toutes les fonctions a trois
points d’opérateurs primaires de Virasoro suffit, mais ceux-ci sont beaucoup

plus nombreux.

Malgré cette difficulté, les blocs conformes existent si suffisamment d’opé-
rateurs primaires sont semi-dégénérés (ou dégénérés). La fonction a trois
points d’un opérateur primaire semi-dégénéré avec deux génériques détermine
toutes les fonctions & trois points de leurs descendants, et les blocs conformes
existent donc deés que chaque sommet du graphe trivalent définissant le canal
fait intervenir une impulsion semi-dégénérée. Par exemple, la fonction a
n points (1F.2.1) d’opérateurs primaires garde essentiellement la méme forme
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pour Wy (& condition de remplacer les impulsions scalaires par des vecteurs)
si chacune des impulsions «g, ..., a,_1 sont prises semi-dégénérées tandis
que aq, o, et les B; sont génériques.

e (00) Vi, (D) V_pp, (2, 7) Vi (0)), la fonc-
tion a quatre points avec deux impulsions génériques ag et @, une semi-
dégénérée Ahi, et une dégénérée —bh; correspondant a la représentation
fondamentale R(h1) de Ay_1. Les opérateurs sont placés en 0, z, 1 et oo
par une transformation conforme globale. Cette fonction a quatre points a
été obtenue initialement dans [FLO7]| en déterminant grace a des vecteurs
nuls de W3 que les blocs conformes satisfont & une équation différentielle
hypergéométrique (a des facteurs pres), puis en écrivant la généralisation
correcte pour tout N. La Section 5.2.1 s’attaque directement aux valeurs
générales de N via une approche basée sur 'analyticité et les noyaux de
fusion et de tressage, puisque les vecteurs nuls de Wy ne sont pas connus

On considére maintenant (V,

explicitement pour tout N.
L’OPE V_pp, X Vo, = Zév:l[VaO,bhp] implique que le corrélateur se dé-
compose en termes de N blocs conformes du canal s :

xA(aofbhp)*A(ao)*A(*bhl)(1 4. )‘2

N
<VOéoo V)\hl V*bhl Va0> = Z CF(’S)
p=1

(1F.2.7)
ou les C’I(,S) sont des constantes, A(a) = (a, 2Q — a)/2 est la dimension de V,,
et (1+---) sont N séries en puissances entieres positives de z, fixées par la
symétrie Wy. De méme, la décomposition dans le canal u est

2 A(000) =Moo —bhy)—A(=bh1) (1 .. )‘2

N
(Voo Vany Vo Vag) = D C5Y
p=1

(1r.2.8)

en termes de séries en puissances de 1/x. La décomposition dans le canal t,

2
A(Ah1—bhy)—A(Ah1)—A(—bh
(Voo Vany Vabry Vao) = 3 CV (11 — 2/?) (A =bhp)=AAR)=A(bR) () 4y
p=1

(1F.2.9)
est plus délicate : la série (1 4 ---) en puissances de (1 —x) et (1 — ) se
factorise pour p = 1 mais pas pour p = 2. Ceci reflete le fait que Vip, —pn,
soit semi-dégénéré mais Vyp, —pn, pas, de sorte que les fonctions a trois points
de ses descendants avec des opérateurs génériques ne sont pas fixées par les
fonctions a trois points d’opérateurs primaires.

Combinées, les expansions (1F.2.7), (1F.2.8), et (1F.2.9) autour de z = 0,
00, et 1 fixent la fonction & quatre points & un facteur indépendant de x pres.?

’t7
ngs u), les blocs conformes dans les

Cela fixe les rapports de constantes

2L’auteur remercie Bertrand Eynard pour cette observation dans le cas N = 2.
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canaux s et u, ainsi que la matrice de tressage reliant ces deux bases de blocs
conformes, utile plus tard. Le bloc conforme du canal t avec pour impulsion
intérieure A\h; — bhy est une combinaison linéaire de blocs conformes du
canal s, dont les coefficients (la matrice de fusion) sont eux aussi fixés.

Une fois la fonction a quatre points (Vo Van, Vopn, Va,) connue a une
constante indépendante de x pres, Fateev et Litvinov [FLO7] en ont déduit
la fonction a trois points (5.4.28) de deux opérateurs primaires génériques
et d’un semi-dégénéré dans la CFT de Toda. La CFT de Toda a au plus un
opérateur primaire V,, pour chaque impulsion «, Popérateur de vertex e(®#),

De ce fait, les coefficients C’I()S) dans la décomposition (1F.2.7) du canal s sont

O = C(voo, A1, ag — bly)C20 (1F.2.10)

—bh1,00

ap—bhy

ou C(a, B,7) = (VoVaV,) dénote une fonction a trois points, et C oy on
est le coefficient de Vao—bh, dans POPE de V_yp, et V,,, essentiellement
une fonction a trois points. Les constantes de structure C’fz,;bf;’g de la CFT
de Toda sont données par le formalisme du gaz de Coulomb. Puisque les
ratios des C’ISS) sont fixés par 'analyse ci-dessus, les rapports C(aeo, Ah1, ap —
bhy)/C (s, Ah1, 9 — bhg) sont eux aussi connus. Puisque I’algebre Wy
ne dépend que de b+ b1, il existe une relation de shift analogue avec
des impulsions translatées de b='(h, — hs) au lieu de b(h, — hs). Pour
un b réel et générique, les deux translations sont incommensurables, donc
la dépendance de C(aoo, Ah1, ) en agp est déterminée complétement en
supposant la continuité. Le méme raisonnement utilisant la décomposition
du canal u fixe la dépendance en ay,. Finalement, comparer les constantes
dans les canaux s et t fixe la dépendence en I'impulsion semi-dégénérée
Ahi. La solution de toutes ces relations de shift est (5.4.28), unique a une
normalisation pres.

De la matrice de tressage d'un opérateur semi-dégénéré Vy;, autour
de V_pp, (dégénéré) trouvée par Fateev et Litvinov, on peut déduire la
matrice B du tressage de V)j,, autour de V_y,,, I'opérateur dégénéré
correspondant a la K-iéme représentation antisymétrique R(wg) de Ay_1.
On prouve dans le texte par récurrence sur K que By est égale a une
expression explicite (5.2.40) fournie par la correspondance AGT (voir la
Section 1F.4). La preuve se base sur la relation de pentagone dessinée dans
la Figure 4, qui exprime la matrice de tressage By 1 de Vo, , autour
de Vyp, en termes des matrices de tressage Bx et By, et de la fusion de
V_pw €t V_opp, donnant V_p,,. . . Les coefficients de cette dernieére fusion
sont obtenus en exhibant un bloc conforme de (Vo V_pp, Vo, Vp) avec la
monodromie attendue de V_y,,, autour de V_y,, elle-méme le carré d’'un
cas particulier de B

En principe, la méme approche fournit la matrice de tressage d’un opéra-
teur semi-dégénéré avec V_gypp,, 'opérateur dégénéré correspondance a la
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FIGURE 4 : Relation de pentagone utilisée dans I’'étape de récurrence pour
déduire de la matrice By de tressage de V_y,,,. autour de V), la matrice de
tressage B 1. La relation fait aussi intervenir les coefficients F de la fusion
de V,wa et Vfbhl en V,wa+1.

K-iéme représentation symétrique R(Kh;) de Ay_1. Cependant, les calculs
sont beaucoup plus difficiles que pour V_y,,, , parce que les poids de R(Khq)
ne sont pas simplement des permutations de Weyl d’un unique poids. Ala
place, une conjecture explicite (5.3.19) est proposée grice a la correspondance
AGT. Cette matrice de tressage est nouvelle.

Le noyau de tressage (5.3.27) de deux opérateurs semi-dégénérés est alors
deviné, en généralisant la matrice de tressage précédente a K non-entier.
Ce noyau prend une forme semblable aux résultats connus pour l’algebre
de Virasoro (N = 2) [PT99], c’est-a-dire une intégrale sur une impulsion a
(N — 1)-composantes d'un rapport de fonctions double sinus de Barnes. La
conjecture satisfait aux relations de shifts appropriés, semblables a I'identité
pentagonale de la Figure 4. Pour un b réel générique, ces relations de shifts
devraient avoir une solution unique, mais 'auteur doit encore finaliser la
preuve. Une autre vérification est que la conjecture se réduit au cas d’un
opérateur dégénéré symétrique lorsque 1'un des opérateurs semi-dégénérés
est V_ Kbhy -

Comme expliqué dans la Section 1F.4, la fonction a quatre points de deux
opérateurs génériques et deux semi-dégénérés se traduit dans le dictionnaire
d’AGT en la SQCD N = 2 SU(N) avec 2N saveurs. Les canaux s et u
correspondent a différentes descriptions S-duales de la méme théorie de
dimension quatre, et le noyau de tressage implémente donc la S-dualité.

Le Chapitre 5 décrit aussi diverses regles de fusion dans la Section 5.5 et
les ponctions irrégulieres obtenues par des collisions d’opérateurs primaires
dans la Section 5.6.
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1F.3 Localisation supersymétrique sur 5S>

La localisation supersymétrique est un outil puissant pour réduire une inté-
grale de chemin supersymétrique a une intégrale de dimension finie. Depuis
son introduction par Witten [Wit88], elle a été utilisée pour évaluer exacte-
ment un grand nombre d’observables supersymétriques. Les plus utiles pour
ce travail sont la fonction de partition d’instantons de Nekrasov [Nek02;
NOO3] des théories N' = 2 & quatre dimensions, et leur fonction de partition
sur une sphere ronde [Pes07] ou déformée [HH12], ainsi que la fonction de par-
tition des théories N' = (2,2) & deux dimensions sur la sphére ronde [BC12;
DGLFLI12] ou déformée [GL12]. De nombreuses autres fonctions de partition
et observables dans des théories supersymétriques sur divers espaces ont
aussi été calculées, mais une revue du sujet florissant dépasse le cadre de
cette these.

Cette section commence avec une explication de la localisation super-
symétrique. Elle se concentre alors sur la fonction de partition de théories
N = (2,2) a deux dimensions sur S?, suivant I'approche de [DGLFL12]
reproduit dans le Chapitre 2 : la théorie est introduite, car la construction de
théories supersymétriques sur un espace courbe est une tache non-triviale, et
la fonction de partition est localisée de deux facons différentes, ce qui méne
a deux expressions explicites distinctes. La fonction de partition sur Sé de
théories N’ = 2 & quatre dimensions est présentée ensuite avec une bréve
explication de comment elle est obtenue par localisation supersymétrique.

L’observation cruciale sous-jacente a la localisation supersymétrique est
que les observables supersymétriques ne sont pas affectés par certaines défor-
mations de l'action. Soit Q une supercharge dans 'algebre de supersymétrie
d’une théorie quantique des champs supersymétrique. Soit V une combinai-
son des champs de la théorie, qui soit invariante sous la symétrie bosonique
{Q,-1? et telle que la partie bosonique de {Q, V'} soit positive semi-définie.
Alors pour n’importe quel opérateur invariant de jauge O qui soit Q-fermé,
c’est-a-dire que {Q, O} = 0, la valeur attendue déformée

(0), = / [Dy] e SI-HAVIAR O[] (1F.3.1)

est indépendante du parametre réel ¢ > 0 (les signes de {Q,V} et de t
assurent que l'intégrale de chemin déformée converge). En effet,

O), = — / Dy e—s[so]ft{Q,V[w]}@[(p]{Q7V[(p]} )
F.3.
S / [DQP]{Q’ efS[w]ft{Q,V[so]}@[@]VM} -0

ou la deuxiéme égalité utilise {Q, 0} = {Q,{Q,V}} = {Q,S} =0 et la
derniere que Q est une symétrie de la mesure d’intégration.
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Gréce a l'invariance en ¢, la valeur attendue de O, qui est (1F.3.1) pour
t = 0, peut étre calculée en prenant ¢ — oco. Dans cette limite, ’approximation
semi-classique autour des points selles g de {Q, V'} devient exacte. La valeur
attendue prend alors la forme

(O)i—o = t@}}o<0>t = tll}I(I)lo e [Deo] 6*5[@014{Q,V[<po]}@[900]Zu[(po]
:/ [Dipo] e 51010 o] Zui[ 0] (17.3.3)
{QJ/}:O

ot la contribution & une boucle Z1[po] capture la contribution des fluctuations
transverses a 1’ensemble des points selles. Pour obtenir la derniere ligne, il
faut remarquer que les points selles pour lesquels {Q, V]po|} > 0 ont des
contributions exponentiellement petites lorsque ¢t — oo, et que les zéros de
{Q,V} sont automatiquement des points selles par positivité. On dit que
I'intégrale de chemin localise aux zéros du terme de déformation, qui peuvent
former un espace de dimension finie pour des choix propices de Q et de V.

Un choix standard est de prendre V' égal & la somme de ¢Q1) pour tous
les fermions 1 de la théorie. La partie bosonique de {Q,V'} est alors une
somme de carrés QO dont les zéros sont des points fixes de Q, qui satisfont
a Qi = 0. Ces équations de supersymétrie, ou équations BPS (Bogomol'nyi,
Prasad, Sommerfield), sont d’ordre plus bas que les équations définissant
les points selles d’autres termes de déformation, et sont donc plus faciles a
résoudre. Un autre point de vue sur cette localisation aux points fixes de Q
est que les intégrales le long d’orbites non-triviales de Q s’annule en tant
qu’intégrales fermioniques de constantes.

La contribution a une boucle est déterminée comme suit par une intégrale
gaussienne. On décompose ¢ = o + d¢/+/t dans (1F.3.1) et on fait une
expansion a l'ordre quadratique dans les fluctuations dp. La normalisation
par v/t n’affecte pas la mesure d’intégration puisque les Jacobiens des inté-
grales bosoniques et fermioniques se compensent par supersymétrie. Lorsque
t — oo seule la partie quadratique de {Q, V} demeure; schematiquement
c’est dpAfpp]dp pour un certain opérateur A. Dans de nombreux cas, sa
partie bosonique Ay, est essentiellement un Laplacien, tandis que sa par-
tie fermionique Ag est essentiellement un opérateur de Dirac. L’intégrale
gaussienne se réduit aux déterminants de ces opérateurs,

det Ab[SOO])l/Q' (1r.3.4)

Zulpo] = (detAf[sm]

Il reste a évaluer ces déterminants.

La premiere approche, utilisée dans le Chapitre 2, est de décomposer les
champs en harmoniques sphériques ou en d’autres modes qui sont pratiques
sur ’espace donné. Dans cette décomposition, Ay et Af sont typiquement
diagonaux par blocs, et chaque bloc fait intervenir un nombre fini de modes.
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Les déterminants de tous les blocs sont faciles a calculer, et ils se combinent
en des produits infinis dont la régularisation donne la fonction de partition a
une boucle (1¥.3.4). Au cours de ce procédé, les contributions de nombreux
modes bosoniques et fermioniques se compensent.

La seconde approche, utilisée par exemple dans [Pes07], profite de cette
compensation. Elle nécessite plus de notions mathématiques, mais est plus
systématique. Pour commencer, on trouve une base (X, X’) des champs de
fluctuation (dénotés d¢ ci-dessus) telle que QX = X’ et QX' = RX pour
une transformation bosonique R = Q2. On sépare ensuite les paires (X, X{)
avec X bosonique et X, fermionique des paires (X7, X]) avec les statistiques
opposées, et on écrit ensuite la partie de V quadratique dans les fluctuations
sous la forme

V® = X{DooXo + X1D10Xo + X(Dor X{ + X1 D11 X] . (1F.3.5)

Les opérateurs Ay, et As sont alors obtenus a partir de {Q, V(Q)}. Aprés un
peu d’algébre linéaire, la contrainte {Q, {Q, V®}} = 0 implique que

det Ay, det Ry  detyer py, Ro _ HR(Z)W (1F.3.6)

det A¢ ~ det Ry N detcokerDm R,

ou i décrit les valeurs propres R(i) de R, et m; est la multiplicité de R(7)
dans ker D19 moins celle dans coker Dqy. Ces valeurs propres et multiplicités
sont lues dans l'index R-équivariant

indR(Dlo) = Tl"ker D1o etR — Trcoker D1o etR = Z mietR(i) s (1F37)
7

lui-méme calculé comme une somme sur les points fixes de R, grace a la
formule de localisation d’Atiyah—Bott—Berline-Vergne [AB84 ; BV82].

Le Chapitre 2 reproduit [DGLFL12], qui applique la localisation supersy-
métrique & la fonction de partition sur S? d’une classe de théories de jauge
N = (2,2). Le calcul a été effectué simultanément dans [BC12] et étendu
a la sphere écrasée dans [GL12]. Les théories considérées sont composées
de multiplets vecteurs et chiraux, qui dans I’espace plat sont des réductions
dimensionelles des multiplets vecteurs et chiraux habituels en supersymétrie
N =1 a quatre dimensions. Il existe aussi des multiplets spécifiques & deux
dimensions, tels que les multiplets chiraux twistés, et certaines fonctions de
partition sur S? ont été étudiées par [DG13].

Il est délicat de préserver la supersymétrie lorsqu’on place une théorie
sur une variété courbe. La technique générale [FS11] est d’inclure la théorie
dans une théorie de supergravité, puis de geler les valeurs des champs de
supergravité a une valeur qui soit invariante sous un ensemble donné de
supersymétries. Ceci est ’analogue direct de la facon dont on construit des
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Lagrangiens dans un espace courbe, en couplant a des gravitons puis en
fixant la métrique a la valeur désirée.

L’approche plus pédestre prise dans la Section 2.2 est de construire le
Lagrangien supersymétrique en ajoutant des corrections d’ordre 1/7 et 1/72
au Lagrangien sur le plan, ot r est le rayon de S2. Ecraser cette sphére
d’une maniere U (1)-invariante introduit des corrections supplémentaires au
Lagrangien, mais I'intégrale de chemin localisée ne dépend que du rayon r
de léquateur [GL12].

Tout d’abord, le pendant sur S? de la supersymétrie de Poincaré N =
(2,2) est obtenu. Comme S? est conformément plat, son algébre supercon-
forme est déduite trivialement de celle du plan, et il s’agit alors de trouver
un sous-ensemble des supercharges dont les anti-commutateurs sont les iso-
métries de la sphere, plutdét que toutes les transformations conformes. Le
résultat est SU(2|1), dont le sous-groupe bosonique SU(2) x U(1) agit par
rotations de S? et une R-symétrie U(1).

On trouve ensuite des analogues sur S? de multiplets vecteurs et chiraux,
et comment la supersymétrie agit sur leurs composantes. Comme en quatre
dimensions, les composantes d’un multiplet vecteur se transforment dans la
représentation adjointe du groupe de jauge G tandis que les composantes d'un
multiplet chiral se transforment dans une représentation R de G. L’action
Lagrangienne renormalisable la plus générale avec N = (2,2) supersymétries
faisant intervenir seulement ces multiplets prend la forme

S = Sv.m. + Stop + SFI + Sc.m. + Smass + SW . (1F38)

L’action Sy du multiplet vecteur, 'action S¢ . du multiplet chiral, et
le terme superpotentiel Sy, sont des réductions dimensionelles des termes
N =1 & quatre dimensions, avec des corrections d’ordre 1/r et 1/r2.

Le terme de FI (Fayet-Iliopoulos) Sgr associé a chaque facteur U(1) de G
est aussi habituel & quatre dimensions. Pour chaque U(1) il y a aussi un
terme topologique Siop qui mesure le flux B du champs de jauge a travers S2.
Leurs coefficients ¢ (parameétre FI) et ¢ (angle theta) se combinent en un
parameétre de FI complexifié z = e~ 27¢+HY,

Enfin, le terme de masse twistée Smass €St obtenu en jaugeant le groupe
de symétrie de saveur avec un multiplet vecteur, en donnant aux compo-
santes de celui-ci une valeur constante non-nulle, et en faisant tendre le
nouveau couplage vers zéro pour rendre le multiplet vecteur non-dynamique.
Les valeurs constantes doivent préserver la supersymétrie, et cela n’autorise
qu’un seul parametre réel m dans l'algebre de symétrie de saveur. Ce pa-
rametre se combine avec la R-charge g en une masse twistée complexifiée
adimensionée® m = rm + i% pour chaque multiplet chiral, c’est-a-dire chaque
sous-représentation irréductible de G dans R.

3Le Chapitre 2 note la masse twistée réelle m et la la masse twistée complexifiée
dimensionée M = m + iz Cette introduction utilise a la place la méme notation que les
chapitres suivants.
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La supercharge Q utilisée pour la localisation est choisie et analysée
dans la Section 2.3. Son carré est une combinaison d’une rotation, d’une
R-symétrie, et d’'une symétrie de jauge. Les deux points fixes de la rotation
sont nommés poles nord et sud. Résoudre les équations BPS loin des poles
indique que les configurations Q-invariantes sont telles que les scalaires dans
le multiplet vecteur sont constants sur la sphere : I’'un est proportionnel au
flux de jauge B et est discrétisé, tandis que ’autre prend n’importe quelle
valeur a dans 'algebre de jauge réelle, avec [a, B] = 0. Une transformation
de jauge constante codiagonalise a et B.

L’une des équations BPS est (a+m)¢ = 0, ol ¢ est la composante scalaire
d’un multiplet chiral. De ce fait, pour a générique, les multiplets chiraux
s’annulent. L’ensemble des configurations supersymétriques avec ¢ = 0 est
nommée la branche de Coulomb et est paramétrée par a et B. A des points
isolés de la branche de Coulomb ou des valeurs propres de —a coincident
avec des masses twistées, une branche de Higgs s’ouvre : une analyse des
autres équations BPS montre qu'il existe des solutions avec des (anti-)vortex
¢ # 0 de taille nulle aux poles. Il existe aussi parfois des branches mixtes, ou
certains multiplets chiraux sont non-nuls mais a n’est pas completement fixé.

Le terme de déformation canonique {Q, Vean} = [{Q, A} + |{Q, v}
n’est pas pratique car il brise la symétrie de rotation SU(2) de la sphére en la
symétrie de rotation U(1) générée par Q2. 1l se trouve que Sym., Se.m. + Smass
et Sy sont Q-exacts, et peuvent donc étre utilisés comme termes de défor-
mation & la place. Une conséquence directe est que la fonction de partition
et tout autre observable Q-invariant ne dépend que des parametres de FI
complexifiés, et des masses twistées complexifiées puisqu’elles apparaissent
dans 'action de la supersymétrie, mais pas des constantes de couplage de
jauge, ni des coefficients du superpotentiel. Le superpotentiel contraint mal-
gré tout les masses twistées complexifiées : Sy n’est supersymétrique que
si le superpotentiel W (un polynéme dans les multiplets chiraux) a pour
R-charge totale 2 et une masse twistée totale nulle.

La Section 2.4 décrit le résultat de la localisation aux zéros du terme de
déformation {Q, V} = Sy.m. +Sc.m. + Smass. Parmi les solutions des équations
BPS, les configurations de la branche de Coulomb sont des points selles de
{Q,V}, tandis que les configurations de la branche de Higgs ne le sont pas.
La fonction de partition se localise donc en une intégrale sur la branche de
Coulomb,

1
Z52 == 7Z/da Zd((l,B,Z,Z)Zl](a,B,m) . (1F39)
W i

Ici, a est intégré sur 'algebre de Cartan t du groupe de jauge G, et B € t
est sommé sur les flux quantifiés GNO, c’est-a-dire w - B € Z pour chaque
poids w de la représentation R des multiplets chiraux. Cette somme sur tous
les B quantifiés divisée par l'ordre W du groupe de Weyl peut aussi étre
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écrite comme une somme sur des B inéquivalents de jauge avec un terme
combinatoire dépendant de B. La contribution classique dans (1F.3.9) est

B

Za(a, B, 2, ) = zat3) gTla=3) (1F.3.10)

avec un produit implicite faisant intervenir un parametre de FI complexifié
(z,z) pour chaque facteur U(1) dans G. Le déterminant a une boucle est

[1

wER

(e, B)?
1

I'(—(w,im +ia + g))
D(1+ (w,im +ia — £)) ]’
(1F.3.11)
ol le produit sur les racines positives e de G vient des fluctuations du multiplet
vecteur, tandis que le produit sur les poids w de R est la contribution du
multiplet chiral. Ici, (w, m) dénote la masse twistée complexifiée du multiplet
chiral auquel correspond le poids w.

Zu(a,B,m) = H [(e,a>2 +
e>0

La Section 2.5 décrit comment un autre terme de déformation localise
la fonction de partition & une intégrale sur la branche de Higgs plutot que
la branche de Coulomb. Les configurations de champs dans la branche de
Higgs sont caractérisées par la valeur a = v, appelée un vide de Higgs, la
configuration des vortex au pole nord, et celle d’anti-vortex au pole sud.
Les vortex sont des solutions ¢ # 0 des équations BPS (2.5.1) avec un flux
magnétique k£ > 0 dans un voisinage infinitésimal du pole nord, tandis que
les anti-vortex sont des solutions avec un flux magnétique négatif pres du
pole sud. Chaque point selle recoit une contribution classique Z. et un
déterminant & une boucle Z7;. Ces deux facteurs sont chacun le produit
d’une contribution de la sphere, égale a (un résidu de) celle de la branche de
Coulomb (1¥.3.10) et (1F.3.11) en a = v et B = 0, et de contributions des
vortex et anti-vortex aux poles. En collectant toutes les configurations de
vortex pour un vide de Higgs v donné en une fonction de partition de vortex
Zy(v) et de méme Zy(v) pour les anti-vortex, on trouve

Zgo = Z Za(v,0, 2, 2) res [Z11(a, 0,m)| Zy(v,m, 2) Zy(v,m, Z) .
vE€vides de Higgs o
(1F.3.12)

Les contributions Z, et Z; de vortex et d’anti-vortex sont indépendantes
car les (anti-)vortex n’influencent pas les champs loin des poles. Les équa-
tions BPS impliquent que le terme topologique Siop dii au flux magnétique
est accompagné d’un terme de FI non-nul Spr tel que e~ Stor=5F1 = 2k T
fonction de partition de vortex est donc une série en puissances positives
de z. Le coefficient de z* est le volume de lespace des paramétres de k vor-
tex, seulement connu dans certains cas. De méme, la fonction de partition
d’anti-vortex est une série en puissances positives de z. Cette factorisation
holomorphe/anti-holomorphe de (1F.3.12) joue un réle important dans la
correspondance avec les corrélateurs de la CFT de Toda dans la Section 1F.4.
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L’argument de localisation garantit que l'intégrale de la branche de
Coulomb (1F.3.9) et la somme de séries dans la branche de Higgs (1F.3.12)
sont égales. L’égalité est prouvée explicitement dans la Section 2.4.2 pour
un multiplet vecteur U(N) couplé a des multiplets chiraux fondamentaux
et antifondamentaux. L’intégrale de la branche de Coulomb peut aussi étre
réécrite comme une somme de termes factorisés de la forme (1F.3.12) pour
n’importe quels G et R, mais les fonctions de partition de vortex ne sont pas
connues. Cette factorisation donne donc des fonctions de partition de vortex
autrement inconnues.

Il est fréquent pour une théorie N' = (2,2) d’admettre plusieurs expan-
sions dans la branche de Higgs, I'une en puissances de (z, z) et une autre en
puissances de (1/z,1/Z), convergeant respectivement pour |z| < 1 et |z]| > 1.
L’intégrale dans la branche de Coulomb est une continuation analytique
des deux expressions valide pour tout (z, z). Les vortex sont essentiels pour
I’égalité des expressions de la branche de Coulomb et de celle de Higgs, et
donc pour 1’égalité d’expansions de Higgs distinctes. La Section 1F.5 dé-
crit plusieurs dualités NV = (2,2) pour lesquelles les vortex sont tout aussi
cruciaux.

La localisation supersymétrique a aussi été appliquée [Pes07; HH12] aux
fonctions de partition de théories lagrangiennes N/ = 2 & quatre dimensions
sur la sphere (écrasée) S, c’est-a-dire la variété U(1) x U(1)-invariante

2 2 2 2 2
% n wl;;x? n x32;x4 -1 (1F.3.13)
ou B/Z = b2. Une telle théorie décrit un multiplet vecteur avec groupe de
jauge G, et des hypermultiplets dans une représentation R. La théorie est
placée supersymétriquement sur S{f en suivant la procédure générale de la
coupler & un multiplet de supergravité [FS11].

La supercharge de localisation Q a pour carré une rotation U(1) X
U(1), une R-symétrie, et une transformation de jauge. La rotation a pour
points fixes les poles nord et sud en xy = +r. Loin des poles, les équations
BPS imposent a tous les champs de s’annuler, sauf I'un des scalaires dans
le multiplet vecteur, qui est une constante a € g dans l'algebre de Lie
réelle de G. Aux poles, les équations BPS se réduisent a des équations
d’(anti-)instantons étudiées de longue date : le tenseur de jauge F),, est
(anti-)self-dual. Elles admettent des solutions instantoniques ponctuelles
pour a générique, contrairement au cas de dimension deux ou les vortex
n’existent que pour des a discrets. La fonction de partition prend donc la
forme

Z = /da Za(a, z,2) Z11(m, a) Zinst (M, @, 2) Zanti-inst (M, @, 2) . (1F.3.14)
g
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ou l'intégrale sur g peut étre réduite a une intégrale sur sa sous-algebre de
Cartan grace a la symétrie de jauge. Le déterminant & une boucle est un pro-
duit de fonctions spéciales (fonctions Upsilon), une par racine de G et une par
poids de R. La contribution classique est essentiellement (2Z){*% en termes
du couplage complexifié z = €™ qui combine le couplage de jauge et 'angle
theta topologique. Comme en deux dimensions, les contributions d’instantons
et d’anti-instantons se factorisent en des fonctions (anti-)holomorphes de z.
Ces fonctions sont des séries en puissances positives de z et z. Elles sont
connues explicitement lorsque G est un produit de groupes unitaires et dans
quelques autres cas.

La S-dualité prédit que différents Lagrangiens décrivent la méme théorie
N = 2, donc leurs fonctions de partition sur Sf doivent étre égales. Etant
donné que le résultat (1F.3.14) de la localisation supersymétrique est aussi
valable pour les Lagrangiens fortement couplés, il peut servir pour tester la
S-dualité. Hélas, les expressions localisées de Lagrangiens S-duaux restent
difficiles a comparer parce que les fonctions de partition d’instantons ont
des expansions en puissances de différents couplages z et z”. Contrairement
au cas de la dimension deux, aucune expression de la fonction de partition
n’interpole de maniére commode entre deux telles expressions.

Les formes (1F.3.14) et (1F.3.12) des fonctions de partition sur Sj et S?
rappellent la factorisation de corrélateurs dans les CFT & deux dimensions
en des blocs conformes holomorphes/anti-holomorphes. La correspondance
AGT expliquée ci-apres confirme que la fonction de partition sur S’{f est en
effet égale a un corrélateur de la CFT de Toda.

1F.4 Correspondance AGT et opérateurs étendus

Les théories de classe S sont des réductions a quatre dimensions avec N = 2
supersymétries [Gai09a] de la théorie superconforme Ax_1 (2,0) sur une sur-
face de Riemann Cy ,, de genre g avec n ponctions (voir la Section 1F.1). Tous
les observables d’une théorie de classe S sont en principe complétement fixés
par C, ,, et des données a chaque ponction. La correspondance AGT [AGT09]
(voir aussi [Wyl09]) est un dictionnaire concret pour les observables d’une
théorie de classe S placée sur une spheére écrasée S{}.

Le premier résultat dans ce dictionnaire est que la fonction de partition
sur S{f est égale a un corrélateur de la CFT de Toda Ayx_;1 sur Cy, avec un
opérateur de vertex a chacune des n ponctions :

~ >Toda ANn_1

Zss = (Vo Va, ‘. (1F.4.1)

Les multiplets de matiére sont rendus massifs dans une théorie de classe S
en jaugeant faiblement des symétries de saveur. Le parametre m de masse
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pour une ponction pleine, correspondant a une symétrie de saveur SU(N),
appartient a l’algebre de Cartan de SU(N), et est encodé par une impulsion
générique o = @ +im. Une ponction simple avec une symétrie de saveur U (1)
n’a qu'un seul parametre de masse, encodé par une impulsion semi-dégénérée.

Le premier exemple de (1F.4.1) concerne la sphére avec deux ponctions
pleines et une simple : la fonction a trois points (5.4.28) de deux opérateurs
de vertex génériques et d’un semi-dégénéré dans la CFT de Toda [FLO7]
est égale a la fonction de partition (3.2.4) sur Sjf de N? hypermultiplets
libres [HH12]. -

Pour chaque décomposition de Cy ,, en trinions, le corrélateur dans la CFT
de Toda prend la forme d’une intégrale de produits de blocs holomorphes et
anti-holomorphes. Si chaque trinion fait intervenir une ponction simple (cela
nécessite g = 0 ou 1), alors l'intégrale peut étre écrite explicitement (1F.2.1) :

~ ~ Toda Any_1
<Va1 . Van>
Cygn

= [ d5(Cla, B) Fla, B, 2) Fla B.2)]

(1r.4.2)
ou il y a une impulsion générique 5 pour chaque tube et C(a, ) est le
produit d’une fonction a trois points pour chaque trinion et de I'inverse d’une
fonction & deux points pour chaque tube. Les blocs conformes F(z), qui sont
fixés par l'algebre de symétrie Wy de la CFT de Toda, contiennent toute la
dépendence en la structure complexe de Cy ,,, parametrée par z. Ils ont une
expansion dans la région z — 0 de I'espace des parametres ou les tubes de la
décomposition sont fins.

De méme, a chaque décomposition de C ,, correspond une description de
la théorie de classe S en termes de multiplets vecteurs (les tubes) jaugeant
des symétries de saveur de théories de matiere (les trinions). Pour N = 2
ces descriptions sont toujours lagrangiennes, tandis que pour N > 2 elles ne
le sont que si chaque trinion fait intervenir une ponction simple. Pour une
description lagrangienne donnée, la localisation supersymétrique exprime la
fonction de partition sur S} comme l'intégrale (1F.3.14)

ngl = /d3g73+na [le(m) Q)ch,inst (m7 a, Z)ch,anti—inst (ma a, Z)} . (1F43)

L’intégrale sur la branche de Coulomb est paramétrée par un scalaire a dans
I’algebre de Cartan de SU(IN) pour chaque multiplet vecteur, et m dénote
les masses. La contribution classique dans (1F.3.14) est ici combinée avec les
fonctions de partition d’(anti-)instantons, qui ont des expansions en séries
autour du point faiblement couplé z — 0 de cette décomposition de Cy ,, en
trinions.

Le parallele entre (1F.4.2) et (1F.4.3) est clair. Outre I’égalité (1F.4.1)
de la fonction de partition sur S’gl et du corrélateur dans la CFT de Toda,
la correspondance AGT indique que les intégrands coincident. La structure
complexe de Cy;, encode les constantes de couplage de jauge complexifiées,
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les impulsions extérieures o correspondent aux masses m, et les impulsions
intérieures (8 sont les parametres a de la branche de Coulomb.

Une vérification simple est que C'(a, ) est égal a Z1)(m, a). Le premier est
un produit d’une fonction & trois points pour chaque trinion, et de l'inverse
d’une fonction & deux points pour chaque tube. Le second est le produit des
déterminants a une boucle de chaque multiplet vecteur et hypermultiplet
dans la théorie N’ = 2. Les déterminants & une boucle des multiplets vecteurs
reproduisent les inverses de fonctions a deux points et les déterminants a une
boucle des hypermultiplets reproduisent les fonctions a trois points. Cette
derniére égalité est simplement la correspondance AGT pour N? hypermulti-
plets libres. Comparer les blocs conformes F{z) et les fonctions de partition
d’instantons est plus délicat. Les blocs conformes peuvent étre péniblement
évalués ordre par ordre, et les quelques premiers coefficients s’identifient a
ceux des fonctions de partition d’instantons convenables.

La S-dualité relie des descriptions d’une théorie N' = 2 associées a
différentes décompositions de Cy,, en trinions. Les fonctions de partition
d’instantons pertinentes sont des expansions en série compléetement distinctes
autour de différents coins de ’espace des constantes de couplage. Les fonctions
de partition d’instantons holomorphes et anti-holomorphes doivent malgré
tout se combiner en un objet invariant par S-dualité, la fonction de partition
sur S{f. Son invariance par S-dualité se traduit élégamment comme 'invariance
modulaire de la CFT de Toda : un corrélateur ne dépend pas du canal dans
lequel il est écrit en termes de blocs conformes. L’invariance modulaire de
la CFT de Liouville, prouvée dans [PT99; Tes03 ; HJS09], confirme donc la
S-dualité pour les théories de classe S avec groupes de jauge SU(2).

Dans le calcul de localisation, on peut inclure n’importe quel observable
invariant de jauge qui préserve la supercharge Q utilisée pour localiser. De
nombreuses constructions d’opérateurs non-locaux supportés sur des courbes,
des surfaces, ou des murs tridimensionels possedent une traduction AGT.

L’opérateur le plus simple de ce type est la boucle de Wilson, plus précisé-
ment la version supersymétrique de Wgr = Trg Pexp 3% A, avec pour support
un cercle v invariant sous Q2. C’est I’holonomie, autour du cercle v, de la
1-forme de jauge A d’un multiplet vecteur SU(N) dans une représentation R,
autrement dit la trace de I’exponentielle ordonnée de son intégrale. Cette
définition dépend d’un choix de description S-duale, c’est-a-dire un choix de
décomposition de C,, en trinions. Sur S, la valeur attendue (Wg) prend la
méme forme que la fonction de partition (1F.3.14) avec un facteur supplé-
mentaire Trg exp(—2mb*la). Comme remarqué dans [Ald+09 ; DGOTO09], ce
facteur peut étre réalisé dans la CFT de Toda comme 'ajout d’une boucle
de Verlinde. Schematiquement un tel opérateur de boucle est construit en
insérant un opérateur de vertex dégénéré étiqueté par R et en le déplagant
le long d’une courbe qui entoure le tube de Cy,, correspondant au multiplet
vecteur SU(N).
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N’importe quelle courbe sans auto-intersection sur C,,, entoure un tube
dans une certaine décomposition en trinions, et correspond donc a une boucle
de Wilson dans une des descriptions S-duales de la théorie N' = 2. La S-
dualité envoie les boucles de Wilson, qui mesurent ’effet de 'insertion d’une
sonde infiniment massive chargée electriquement, sur des boucles de 't Hooft
(ou dyoniques), qui mesurent l'effet d’une sonde chargée (électriquement
et) magnétiquement. L’insertion de boucles de Verlinde sur des courbes
arbitraires dans le corrélateur de la CFT de Toda (1F.4.1) devrait donc
donner la valeur attendue de boucles de 't Hooft et de boucles dyoniques.
Cette prédiction a été confirmée dans [GOP11] en définissant et en localisant
la fonction de partition sur S* en présence d'une boucle de 't Hooft, et
en comparant dans certains cas le résultat a un calcul en CFT effectué
dans [GLF10] par Jaume Gomis et 'auteur. Pour obtenir n’importe quelle
boucle dyonique, il faut généraliser les boucles de Verlinde a des réseaux
topologiques.

Les opérateurs de surface Q-invariants peuvent avoir pour support deux
S2 Sf} écrasées, définies par 1 = 2 = 0 ou z3 = x4 = 0 dans (1F.3.13).
Deux constructions d’opérateurs de surface a moitié BPS, c’est-a-dire préser-
vant 4 des 8 supercharges d’une théorie de classe S, sont connues.

La premiere construction [GWO06], qui donne les opérateurs de surface
dits de M5-branes, est moralement semblable aux boucles de 't Hooft. Elle
remplace l'intégrale de chemin par une intégrale sur des configurations des
champs avec une condition au bord non-triviale autour de la surface. L’inté-
grale de chemin modifiée correspond elle aussi a un corrélateur sur Cj ,,, mais
dans une théorie autre que la CFT de Toda, comme conjecturé dans [BFFR10].
Des résultats préliminaires [GKLFN15] avec Jaume Gomis, Hee-Cheol Kim,
et Satoshi Nawata indiquent que tous ces opérateurs de M5-branes peuvent
étre obtenus comme des cas particuliers de la construction suivante.

La seconde construction est de coupler la théorie N' = 2 de dimension
quatre & une théorie N' = (2,2) de dimension deux restreinte & la surface.
Comme décrit plus loin dans cette section, la premiére partie de [GLF14]
(le Chapitre 3) exhibe de tels opérateurs de surface, dits de M2-branes, qui
correspondent & l'insertion dans le corrélateur de la CFT de Toda d’un
opérateur de vertex dégénéré étiqueté par n’importe quelle représentation
de SU(N). Ceci est en accord avec une conjecture faite dans [Ald+09] pour
I’opérateur de vertex le plus simple ; davantage de références sont données
dans le Chapitre 3.

Enfin, les murs de domaine Q-invariants peuvent étre construits en faisant
varier contintiment les couplages de jauge pres de I’équateur pour relier deux
hémispheres avec des constantes de couplage différentes. En présence d’un mur
de domaine, la contribution de chaque hémisphere & la fonction de partition
est une fonction de partition d’instantons, égale a un bloc conforme de la
CFT de Toda. Le mur de domaine change la maniére dont les contributions
holomorphes et anti-holomorphes sont combinées. Ceci est reproduit dans la
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CFT de Toda par 'insertion d’un défaut topologique [DGG10]. Lorsque les
couplages sur les deux hémisphéres sont réglés de sorte que les deux théories
sont S-duales, on peut appliquer la S-dualité & un c6té du mur pour obtenir
la méme théorie des deux cotés : cela meéne au mur de domaine de S-dualité.
Puisque la S-dualité agit sur les fonctions de partition d’instantons comme les
transformations modulaires sur les blocs conformes, la fonction de partition
en présence d’'un mur de domaine est

Z = / da Fo(z) Fo(zP) = / dade’ F2(2) BI F2I(2) (1F.4.4)

ou o et o' denotent des décompositions de Cj ,, en trinions reliées par la
S-dualité, F sont des blocs conformes, et B est la transformation modulaire.
Les déterminants a une boucle sont ici absorbés dans la mesure d’intégration
dda.

Le méme mur de S-dualité peut aussi étre réalisé en couplant a la théorie
de dimension quatre une théorie N' = 2 & trois dimensions sur 1’équateur.
La théorie tridimensionnelle adaptée a été déterminée pour N' = 4 SYM
dans [GWO08a], pour N' = 2* SYM dans [HLP10], et pour la SQCD SU (2) avec
Ny = 4 dans [TV12]. Comme expliqué dans [DGG10], sa fonction de partition
sur la sphere de dimension trois doit étre égale au noyau modulaire B,/ de
sorte que la coupler a la théorie de dimension quatre sur chaque hémisphere
donne (1F.4.4). Il devrait étre possible de déduire du nouveau noyau de
tressage (5.3.27), obtenu dans la Section 5.3.2, la théorie tridimensionelle sur
le mur de S-dualité pour la SQCD SU(N) avec Ny = 2N.

Tous les opérateurs étendus décrits ci-dessus peuvent aussi étre construits
a partir de branes dans la théorie M, et cela aide a comprendre leur corres-
pondance avec des observables de la CFT de Toda [DGG10]. On rappelle que
les théories de classe S sont obtenues comme la théorie de N M5-branes sur
une surface de Riemann . En ne brisant que la moitié de la supersymétrie,
on peut insérer des M5-branes transverses avec quatre directions en commun
avec les N Mb-branes, ou des M2-branes qui se terminent sur une surface
de dimension deux. Une intersection de Mb5-branes est étiquetée par une
impulsions continue (générique ou partiellement dégénérée), tandis qu’'une
intersection de M2 et M5-branes est étiquetée par une impulsion dégénérée,
ou de maniere équivalente par une représentation de SU(N).

Du point de vue de la théorie superconforme Ay_; (2,0) de dimension
six, les M5-branes transverses inserent des défauts de codimension 2. Les
quatre directions communes peuvent étre distribuées de diverses manieres
parmi X et I’espace.

e Un point sur ¥ et 'espace tout entier. Ceci insére un opérateur de vertex
dans la CFT et altere la théorie de dimension quatre : avec de telles
branes transverses on construit des théories de classe S correspondant
a des surfaces de Riemann épointées ¥ = C .
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e Une courbe sur X et un mur de domaine & quatre dimensions. Ceci insere
un défaut topologique au sein du corrélateur dans la CFT, correspondant
a un mur de domaine de la théorie de classe S. En particulier le mur
de S-dualité est réalisé en tressant une ponction le long d’une courbe.

e La totalité de 3 et une surface dans I’espace. La CFT de dimension
deux sur X est altérée. L’opérateur de surface de M5-branes introduit
des conditions de bord non-triviales sur les champs a quatre dimension,
qui brise le groupe de jauge SU(N) au commutant de l'impulsion.

Des défauts de codimension 4 sont construits & partir de collections de
M2-branes finissant sur les N M5-branes.

e La totalité de X et un point de I'espace. Ceci devrait altérer la CFT de
dimension deux et insérer un opérateur local en quatre dimensions, mais
l'auteur ne connait pas de résultats quantitatifs dans cette direction.

e Une courbe sur X et une boucle a quatre dimensions. Cette configuration
mene a une correspondance entre boucles de Wilson/’t Hooft loop en
théorie de jauge et boucles de Verlinde dans la CFT de Toda, toutes
les deux étiquetées par une représentation de SU(N).

e Un point sur % et une surface a quatre dimensions. Les M2-branes
inserent dans le corrélateur un opérateur vertex dégénéré étiqueté par
une représentation de SU(N), et insérent un opérateur de surface
dans la théorie de dimension quatre en la couplant & une théorie de
dimension deux décrite ci-apres.

Le Chapitre 3 [GLF14] associe une théorie de jauge avec N' = (2,2)
supersymétries en dimension deux a chaque représentation R de SU(N) :

n

L N ()
L ] x (1F.4.5)
Ko—Ky

— anlfanZ
Kn—Kn-1

avec les notations suivantes.* Le diagramme de Young de R a n colonnes
de longueurs respectives K,, — K,,_1 > --- > Ko — K1 > K; > 0. Le
carquois a droite de 1’égalité représente une théorie de jauge N = (2,2) en
dimension deux : les carrés sont des symétries de saveur U(N), les cercles
sont des multiplets vecteurs U(K), et les fleches sont des multiplets chiraux
dans la représentation bifondamentale des groupes a leurs extrémités. Un

4Puisque le Chapitre 3 et le Chapitre 4 se concentrent sur les théories de dimension
deux, les rangs N et K sont notés la-bas Ny et Nj.
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superpotentiel cubique couple chaque multiplet chiral adjoint (les boucles
du carquois) aux multiplets chiraux bifondamentaux voisins, et tous les
parameétres de FI sauf celui de U(K,) sont pris nuls. Notons que la symétrie
de saveur est réduite de U(N) x U(N) a S[U(N)xU(N)] = SU(N)x U(1) x
SU(N) puisque le U(1) diagonal est une transformation de jauge.

En plagant le systéme de branes sur une surface de Riemann ., on obtient
un opérateur de surface dans la théorie de classe S définie par X. La théorie
a deux dimensions est couplée en identifiant son groupe de symétrie de
saveur S[U(N) x U(N)] avec des symétries de saveur (ou de jauge) d’un
hypermultiplet dans la théorie de classe S, puis en ajoutant un superpotentiel
cubique pour cet hypermultiplet et les multiplets chiraux (anti-)fondamentaux
(les fleches les plus a gauche du carquois). Lorsque la théorie de classe S est
placée sur S{}, l'insertion d’un opérateur de surface sur une sphere S? C 5’21
invariante par U(1) x U(1) correspond & l'insertion d’un opérateur vertex
dégénéré étiqueté par R dans le corrélateur de la CFT de Toda.

Le parametre de FI (complexifié) de U(K,,) contrdle la position de 'opé-
rateur vertex dégénéré sur 3. Si on choisit de donner des valeurs non-nulles
aux parametres de FI de U(K;) pour j < n dans Iidentification ci-dessus, la
ponction dégénérée étiquetée par R est remplacée par n ponctions dégénérées
dont les positions sont controlées par les parametres de FI : si le j-ieme para-
meétre de FI s’annule alors la j-ieme et la (j + 1)-iéme ponctions sont placées
au méme point. La j-iéme ponction est étiquetée par la (K; — K;_1)-ieme
représentation antisymétrique : le diagramme de Young (1F.4.5) s’est séparé
en ses colonnes. Plus généralement, l’insertion de n ponctions étiquetées
par des représentations symétriques ou antisymétriques (et pas seulement
antisymétriques) peut étre réalisée en n’incluant de multiplet chiral adjoint
que pour certains sommets du carquois, comme indiqué dans (1F.4.6).

La correspondance est vérifiée en considérant des opérateurs de surface
dans la théorie de classe S la plus simple : N? hypermultiplets libres. Etant
donné que dans ce cas les théories de dimensions deux et quatre ne sont
couplées que par des symétries de saveur plutdét qu’a travers des champs
dynamiques, la fonction de partition du systéme 4d/2d se décompose en
Zga si = Z si Zg2. Le Chapitre 3 confirme que la fonction de partition sur

5% C S}t du systeme 4d/2d est égale & une fonction & (n + 3) points de la
CFT de Toda, avec n opérateurs vertex dégénérés X, un semi-dégénéré e, et
deux génériques @ :

Zs2cs)

(1F.4.6)
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En utilisant les expressions explicites des fonctions de partition sur S? et S{},
I’égalité est testée dans toutes les limites ou deux opérateurs de la CFT
de Toda se recontrent, et est prouvée pour le cas d’'un unique opérateur
vertex dégénéré antisymétrique. Les expressions dans le texte incluent des
facteurs qui sont ici omis car ils peuvent étre absorbés par une normalisation
des opérateurs vertex, et dans des ambiguités dans la définition de Zg2. Le
Tableau 3.1 résume la correspondance, et des cas particuliers pour n = 1
analysés dans les premieres sections du Chapitre 3.

La théorie de dimension deux décrit un multiplet vecteur U(K7) X - -+ X
U(K,) couplé a des multiplets chiraux fondamentaux, antifondamentaux,
adjoints, et bifondamentaux tels que décrits par le carquois. Pour chaque
facteur du groupe de jauge, soit il y a un multiplet chiral adjoint et deux
termes cubiques de superpotentiel le couplant aux multiplets chiraux bifon-
damentaux voisins, soit il y a un terme quartique de superpotentiel pour les
quatre multiplets chiraux bifondamentaux voisins, et pas de multiplet chiral
adjoint. Les N multiplets chiraux fondamentaux et N antifondamentaux de
U(Ky,) sont exempts de tels superpotentiels.

Le couplage 4d/2d fixe les masses des hypermultiplets, donc Zga, en termes
des masses twistées des multiplets chiraux fondamentaux et antifondamentaux
de U(K,). Ces 2N masses twistées, notées ms et ms pour 1 < s < N, sont
redondantes : une transformation de jauge globale U(1) les translate toutes.
Les impulsions generiques «g et oo encodent 2(N — 1) masses twistées :

1Y 1 &
Qo = Q - g Zimshs 5 Qoo = Q — g Zimshs s <1F.4.7)
s=1 s=1

ou les poids hy de la représentation fondamentale de Ax_1 ont pour somme
zéro. La masse twistée restante apparalt dans I'impulsion semi-dégénérée

N
m = (sc+ Kpb)hy, =Y (1+img +imy). (1F.4.8)
s=1

S|

Une transformation conforme place les opérateurs vertex avec des impulsions
Qp, Qo et ™ en 0, co et 1 respectivement. La théorie de jauge a une symétrie
de saveur U(1) additionnelle sous laquelle les adjoints ont pour charge +2 et
les bifondamentaux 1. La correspondance nécessite que la masse twistée
associée soit —ib?.

Finalement, les opérateurs vertex dégénérés décrivent 'information res-
tante de la théorie de jauge. Leurs n impulsions —b€); donnent les rangs des
groupes de jauge et le contenu en matiere. Pour 1 < j < n,

Qj = WK,~-K; ; Ou (Kj — Kj_l)hl (1F.4.9)

est le plus haut poids de la (K; — K;_1)-ieme représentation antisymétrique
ou symétrique de Ax_1. Le contenu en matiere est lu de la facon suivante :
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le facteur U(K;) a un multiplet chiral adjoint si ; et ;41 sont tous
deux symétriques ou tous deux antisymétriques, et sinon il n’en a pas. Les
parametres de FI complexifiés sont (& un signe pres)

2j = xj/$j+1 (1F.4.10)

en termes des positions x; des opérateurs vertex dégénérés. Pour simplifier
les notations ci-dessus, Ky = 0, 2,41 est considéré comme symétrique, et
Tn+1 = 1.

Ceci conclut la description de (1F.4.6).

1F.5 Dualités N = (2,2) & deux dimensions

La section précédente identifie des opérateurs de surface dans des théories de
classe S a des corrélateurs de la CFT de Toda enrichis par I'inclusion d’opé-
rateurs vertex dégénérés. En prenant pour inspiration le fait que 'invariance
modulaire dans la CFT de Toda correspond a la S-dualité, les symétries de
corrélateurs enrichis sont traduites dans le Chapitre 4 en des dualités entre
des paires de théories N' = (2,2) & deux dimensions. Les dualités, semblables
a la dualité de Seiberg N' =1 a quatre dimensions, déclarent que différents
Lagrangiens ont la méme limite infrarouge.

Certaines symétries sont évidentes de part et d’autre de la correspondance
(1F.4.6). Les opérateurs vertex generiques sont invariants sous les symétries

de Weyl, qui permutent les composantes de o — @ : étant donné (1F.4.7),
les masses twistées correspondantes sont simplement permutées. Une autre
symétrie simple est I'invariance conforme sous x — z 1. Elle échange o <>
O, donc m <> m, et 2; — 2;1 donc correspond a la conjugaison de toutes
les charges dans la théorie de jauge.

Deux symétries de la CFT de Toda se traduisent en des dualités intéres-
santes de la théorie de jauge : la conjugaison de toutes les impulsions, définie
ci-dessous, et les permutations d’opérateurs vertex dégénérés. Pour chaque
dualité, les fonctions de partition sur S? de théories duales sont égales parce

que les corrélateurs correspondants (1F.4.6) dans la CFT de Toda sont égaux.

La Section 4.2 se concentre sur le cas le plus simple de (1F.4.6), c’est-a-
dire I'insertion d’un unique opérateur vertex dégénéré ‘A/_wa étiqueté par la
K-iéme représentation antisymétrique de Ay_1. La théorie de jauge corres-
pondante est la SQCD U(K) avec N saveurs, décrite par un multiplet vecteur
U(K) couplé & N multiplets chiraux fondamentaux et N antifondamentaux.
Son parametre de FI complexifié est 2 = (—1)N z = x, et les masses twistées
sont fixées par (1F.4.7) et (1F.4.8).

La fonction a quatre points de la CFT de Toda est invariante par la
conjugaison de toutes les impulsions, qui agit par hg — hSC = —hNyti1-s-
Sous cette transformation, 'impulsion dégénérée devient —bw% = —bwgp
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avec KP = N — K ; les impulsions génériques deviennent a — 2Q — a, a
une symétrie de Weyl sans importance pres; et 'impulsion semi-dégénérée
devient (3 une symétrie de Weyl pres) (s” + KPb)h; avec P = Nb—1 — 5.
Le corrélateur dans la CFT de Toda devient donc une autre fonction a quatre
points de la méme forme, avec un opérateurs vertex dégénéré antisymétrique,
un semi-dégénéré, et deux generiques.

En termes de théorie de jauge, la conjugaison des impulsions donne
KP=N—-Ket

mP =i/2 —m, mP =i/2 — i,
mP =i/2—m, ou mP=1i/2—m, (1F.5.1)

ou le second ensemble de parametres est obtenu en appliquant une transfor-
mation conforme supplémentaire x — !, en d’autre termes la conjugaison
de charges dans la théorie de jauge. La Section 4.2 utilise le premier choix
de parametres, tandis que cette introduction et d’autres articles utilisent le
second choix, plus pratique pour les carquois. L’égalité des corrélateurs se
traduit par
Zss Z8 N (5, F,m, ) = Z%ZSUQ(KDW(@D,?D,mD, mP).  (1F.5.2)

Les deux fonctions de partition sur Sgl sont différentes parce que les hyper-
multiplets sont couplés a des multiplets chiraux en dimension deux avec des
masses twistées différentes. Un calcul explicite montre que leur rapport est
un déterminant & une boucle de N? multiplets chiraux libres. Ces multiplets
ont des masses twistées m; +ms =1 — mSD — m? pour 1 < s,t < N, et se
transforment dans la représentation bifondamentale du groupe de saveur
S[U(N) x U(N)]. La relation entre les masses twistées de multiplets fon-
damentaux ¢”, antifondamentaux G°, et libres M2 dans la théorie U(KP)
peut étre imposée par un superpotentiel cubique W = >  TrqP? ML P,

La conclusion est que la SQCD U(K) avec N saveurs (appelée théorie
électrique) et la SQCD U(KP) avec N saveurs et N2 multiplets chiraux libres
sujette a un superpotentiel cubique (appelée théorie magnétique) ont des
fonctions de partition sur S? égales. En termes diagrammes,

Zg2 l (k) zzmm] = Zg *@

L’égalité des fonctions de partition sur S? est une forte indication que les deux
théories sont duales. Cette dualité, la dualité de Seiberg pour les théories
N = (2,2) a deux dimensions, est un analogue direct de la dualité de Seiberg
N =1 & quatre dimensions bien connue. Le rang dual K = N — K et
le superpotentiel cubique sont identiques, et dans les deux dualités tous

2D,2D,mD,mD] . (1F.5.3)
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les nombres quantiques des multiplets chiraux libres MS[t) dans la théorie
magnétique coincident avec les nombres quantiques des mésons ¢sq; dans la
théorie électrique.

I1 est intéressant de considérer la décomposition (1F.3.12) de la branche
de Higgs de la fonction de partition sur S2. Elle a un terme pour chaque vide
de la branche de Higgs, c’est-a-dire chaque solution des équations BPS dues
a la localisation supersymétrique avec un parametre de FI non-nul (|Z| # 1).
En supposant que |2| < 1 sans perte de généralité, on trouve (%) vides,
étiquetés par des ensembles de K saveurs parmi [1, N]. Ce nombre est égal
a la dimension de la représentation de Ay_j1 avec plus haut poids wg. Par
conséquent la décomposition de la branche de Higgs de Zg2 et la décom-
position de la fonction a quatre points de la CFT de Toda dans le canal s
ont un nombre égal de termes. En fait, les deux sommes sont égales terme
a terme : les vides de la branche de Higgs correspondent aux impulsions
internes permises par la fusion de vV by avec Vao, les déterminants a une
boucle correspondent aux produits de fonctions a trois points, et les fonctions
de partition classiques et de vortex correspondent a des blocs conformes.
Ces identifications fonctionnent de la méme maniere pour tous les cas de la
correspondance (1F.4.6), et donnent de nouvelles expressions pour certains
blocs conformes.

A quatre dimensions, la dualité de Seiberg N/ = 1 a de nombreuses
généralisations, dont plusieurs ont des analogues pour les théories N' = (2, 2)
a deux dimensions. Les dualités de Kutasov—Schwimmer décrites ci-dessous
s’appliquent a la SQCD enrichie par un multiplet chiral adjoint sujet a un
superpotentiel. Pour un autre choix de superpotentiel, on trouve une dualité
dite plus tard de type N = (2,2)*. Comme expliqué ci-apres, toutes ces
dualités s’appliquent aussi a des groupes de jauge individuels dans les théories
de jauge de carquois.

La Section 4.3 considere le cas suivant le plus simple de (1F.4.6), avec
un unique opérateur vertex dégénéré V. Kbh, €tiqueté par la K-iéme repré-
sentation symétrique de Ay _;. La théorie de jauge est la SQCD U(K) avec
N saveurs et un adjoint, c’est-a-dire un multiplet vecteur U(K) couplé a
N multiplets chiraux fondamentaux et N antifondamentaux ainsi qu’un
multiplet chiral adjoint. Son parameétre de FI complexifié est £ = x, la masse
twistée mx de I’'adjoint est donnée par imx = b2, et les autres masses twistées
sont fixées par (1F.4.7) et (1F.4.8).

Résoudre les équations BPS montre que la théorie a ( vides dans la
branche de Higgs. Contrairement a la SQCD sans matiére adjointe, ce nombre
n’est pas invariant sous K — N — K : il croit indéfiniment avec K. Ainsi,
la SQCD U(K) avec un adjoint ne peut pas exhiber de dualité K ~ KP
en géneral. Des dualités sont obtenues ci-dessous en incluant un terme de
superpotentiel qui réduit le nombre de vides.

N—1+K)
K
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Un autre point de vue sur ’absence de dualité en général est de noter que
contrairement & I'impulsion dégénérée antisymétrique —bwg, dont le conjugué
est —bwyp, le conjugué de I'impulsion dégénérée symétrique —Kbhy, c’est-a-
dire Kbhy, n’est ni symétrique ni antisymétrique. Ainsi, la conjugaison des
impulsions ne donne pas une fonction a quatre points dans la CFT de Toda
de la méme forme que le corrélateur original. Malgré cela, il y a deux cas ou
la fonction a quatre points a des symétries.

Dans le premier cas (voir Section 4.3.1), 'impulsion semi-dégénérée m
de (1F.4.8) est rendue dégénérée en prenant » = —Lb d’ott m = —KPbhy
avec K = L — K. La présence de deux impulsions dégénérées dans la fonction
a quatre points lie les deux impulsions géneriques : ag + ao ne peut prendre
qu’un nombre fini de valeurs. La théorie de jauge correspondante est la SQCD
U(K) avec N multiplets chiraux fondamentaux ¢;, N antifondamentaux g,
et un adjoint X sujets a un superpotentiel

N
W=> gX"q (1F.5.4)
t=1
pour des entiers [; > 0 avec L = >, l;. La symétrie de croisement des deux
opérateurs dégénérés échange K +» KP = L — K, donc les SQCD U(K)
et U(KP) avec matiere adjointe et le superpotentiel (1F.5.4) sont duales.
Contrairement a la dualité de Seiberg ci-dessus, les impulsions externes ne
sont pas altérées donc la contribution sur Sf} ne change pas, et la dualité ne
nécessite pas de multiplet chiral libre supplémentaire. On conclut

) | 2.2 m, (2 (20,27, mP, P
Zgo (%) =2 @ oy p| (1F5.5)
W =q¢Xq W =g”(x")q

D 1

avec 2P = 271, mP = m; et mP = my. Lorsque I; = 1 pour tout ¢, cette
théorie est la SQCD N = (2,2)*, une déformation massive de la SQCD
N = (4,4), d’ou le nom dualité de type N' = (2,2)* pour cette dualité.

Dans le second cas (voir Section 4.3.2), on prend imyx = b? = —1/(l + 1)
pour un entier [ > 1. En théorie de jauge, ceci rend le superpotentiel
W =Trx*! (1F.5.6)

supersymétrique. Il se trouve qu’a une symétrie de Weyl pres, le conjugué
de l'impulsion dégénérée symétrique —Kbh, est alors aussi une impulsion
dégénérée symétrique : —KPbhy avec KP = [N — K. En suivant les mémes
étapes que pour une impulsion dégénérée antisymétrique, la conjugaison des
impulsions se traduit en la dualité de Kutasov—Schwimmer. Les parameétres

de la théorie duale sont m¥ = myx = —ib?> =i/(I + 1), et
mP =mx —m; mP =myx —
ﬁ@sD =mx — My ou ﬁ”L? =mx — Mg (1F.5.7)
D -1
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ou le second ensemble de parametres est obtenu en conjuguant les charges
dans la théorie de jauge. La théorie magnétique inclut aussi [N? multiplets
chiraux libres M £t dont les masses twistées sont égales a celles des mésons
dans la théorie électrique, c’est-a-dire m; + ms 4+ jmx pour 0 < j < [. Ces
masses twistées sont fixées dans la théorie magnétique par un superpotentiel.

En terme de diagrammes,

p (3 12,2,m,m éD,ED,mD,ﬁlD

2

s () W = Tr X! W = Tr(XP)H!
(1F.5.8)

La Section 4.4 décrit des dualités de théories de jauge de carquois qui
apparaissent dans la correspondance (1F.4.6). Elle est basée sur I'observation
que les dualités de Seiberg, de Kutasov—Schwimmer, et de type N' = (2,2)*
ci-dessus sont encore valides si les symétries de saveur de leurs multiplets
chiraux fondamentaux et antifondamentaux sont jaugées. En d’autres termes,
si les multiplets chargés sous U(K;) forment une théorie pour laquelle une
dualité est disponible, alors cette dualité s’applique effectivement.

Considérons un sommet U(Kj;) du carquois (1F.4.6) avec j < n. Soit
il y a un multiplet chiral adjoint et des superpotentiels cubiques, soit un
superpotentiel quartique et pas d’adjoint. Les deux cas présentent une dualité.

Lorsqu’il y a un multiplet chiral adjoint, les multiplets chargés sous le
groupe U(Kj) forment la SQCD U (K;) N = (2,2)* avec K;_1+ K1 saveurs.
La théorie duale N = (2,2)* a donc KP = K; 1 + K11 — Kj et 2P = 277,
et une analyse plus précise montre que les parameéetres de FI des sommets
voisins sont aussi affectés : éjDil = Z;Zj+1. Les masses twistées sont données
dans le texte. Schématiquement,

Lorsqu’il n’y a pas de multiplet chiral adjoint, les multiplets chargés sous
U(K;) forment la SQCD N = (2,2) avec K;_1 + K11 saveurs, et la dualité
de Seiberg s’applique. Les rangs et parametres de FI se transforment comme
dans le cas précédent. La seule différence est que la théorie duale a de la
matiere supplémentaire avec des charges égales a celle des mésons de U(K})
dans la théorie initiale :

>~ >~
’ N ’ N
| | | |
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Les étapes suivantes simplifient la théorie duale. Le superpotentiel quartique
de la théorie initiale devient un superpotentiel quadratique pour les mul-
tiplets bifondamentaux MjD—l,j+1 et Mﬁd’j_l de U(Kj—1) x U(Kj41) dans
la théorie duale, et ces multiplets chiraux disparaissent donc dans l’infra-
rouge. Les intégrer combine les superpotentiels cubiques qui les couple aux
bifondamentaux de U(KJD) xU(Kj+1), cest-a-dire Tr(MjlzLquﬂqufj,l) +
Tr(M jler j_lqﬁ qu]l-?j +1), en un terme quartique pour ces bifondamentaux.
Par ailleurs, les nouveaux multiplets chiraux adjoints de U(K+1) passent de
I’absence a la présence d’adjoints pour ces sommets, ou vice-versa : en effet,
si la théorie initiale n’a pas d’adjoint pour U (K +1) alors la théorie duale a
un adjoint, tandis que si la théorie initiale a un adjoint alors la théorie duale
en a deux, sujets a un superpotentiel quadratique qui les fait disparaitre
dans l'infrarouge.

Au total, la théorie duale a KJD =K 1+ Kj1—Kjet BJD =25
que éﬁcl = 2;2j41, et si le sommet U(K;) n’a pas d’adjoint alors pour chacun
des sommets U(Kj+1), la présence ou absence d’adjoint est échangée.

Cette prescription assez élaborée se traduit magnifiquement en 1’échange
de deux opérateurs vertex dégénérés XA/_ij (x5,75) et \A/_bgjﬂ(xjﬂ,a?jﬂ)
dans la CFT de Toda. Ceci est obtenu comme suit. La dualité échange
K; — K;_1 avec Kj11 — Kj, et I’échange x; <+ x;41 reproduit la regle de
transformation pour les parametres de FL. Si €); et ;41 sont tous deux
symétriques ou tous deux antisymétriques, alors leur échange garde la méme
distribution de représentations symétriques et antisymétriques de Ay_1; en
accord avec cela, la dualité ne modifie pas le contenu en matiere car la théorie
de jauge a un adjoint de U(K). Sinon, I’échange affecte le fait que Q; et €14
soit du méme type (symétrique/antisymétrique) ou non que leurs voisins
Qj_1 et Qj49; en accord avec cela, la théorie de jauge n’a pas d’adjoint, et
la dualité de Seiberg affecte le contenu en matiére des sommets voisins.

La traduction dans la CFT de Toda donne immédiatement ’ensemble des
descriptions duales obtenues par des suites de dualités sur les groupes U (K;)
for j < n. Celles-ci correspondent aux n! permutations des n opérateurs vertex
dégénérés. Les dualités du facteur U (K, ), explorées dans la Section 4.4.2; sont
plus délicates car les multiplets chiraux fondamentaux et antifondamentaux
de U(K,) ne sont sujets & aucun couplage superpotentiel.

L ainsi

Pour chaque dualité décrite dans le Chapitre 4, les fonctions de partition
sur S? de théories duales sont aussi prouvées égales sans aucune référence
a la CFT de Toda, en comparant les décompositions dans la branche de
Higgs. L’étape difficile de comparer les fonctions de partition de vortex est
effectuée dans I’Appendice 4.A et I’Appendice 4.B. Cette preuve directe
permet d’attaquer certaines dualités qui n’ont aucune traduction en termes
de CFT de Toda.

Des résultats préliminaires (qui ne sont pas inclus dans cette these)
indiquent que la SQCD avec deux adjoints X et Y sujets au superpotentiel
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W = Tr(X*! + XY?) exhibe une dualité avec K” = 3IN — K. Ceci est un
analogue direct de la dualité de Kutasov—Schwimmer A/ = 1 de type D a
quatre dimensions.

Des dualités de théories avec un groupe de jauge orthogonal ou sym-
plectique sont aussi connues, mais 'auteur n’a pas tenté de comparer leurs
fonctions de partition sur S2.

La forme du carquois peut aussi étre généralisée a des graphes arbitraires.
Considérons pour simplifier un carquois N' = (2,2)*, ot chaque sommet a
un multiplet chiral adjoint et des termes cubiques de superpotentiel avec les
bifondamentaux voisins. Le groupe de dualités d’un tel carquois semble étre
le groupe de Coxeter dont le diagrame de Coxeter a les méme sommets que le
carquois et une aréte pour chaque paire de multiplets chiraux bifondamentaux.
Ainsi, un carquois N = (2,2)* a un nombre infini de descriptions duales sauf
si sa forme est celle d'un diagrame ADE. Les carquois de forme A (carquois
linéaires) sont étudié ci-dessus grace a la correspondance avec la CFT de
Toda, et il serait intéressant de découvrir si les carquois de type D ou E ont
des réalisations semblables. Incidemment, on peut réaliser tous les groupes
de Coxeter finis ABCDEFG comme groupes de dualité en considérant des
théories de type N' = (2, 2)* ot les superpotentiels cubiques ¢X g sont replacés
par ¢X'q (1F.5.4) avec différent exposants I pour chaque aréte du carquois.
Cependant, il faut noter qu’avoir un nombre fini ou infini de descriptions
duales est probablement une propriété anecdotique de la théorie de jauge.

Une autre direction de recherche est de considérer plus avant les opéra-
teurs de surface dans une théorie de classe S intéragissante qui correspond a
une surface de Riemann ¥ plus complexe que la sphere privée de trois points.
La fonction de partition sur S? C S{} n’a pas encore été calculée, car on doit
pour cela déterminer les volumes d’espaces de parametres de combinaisons
de vortex et d’instantons. La correspondance prédit que cette fonction de
partition sera égale a un corrélateur dans la CFT de Toda avec I'insertion
d’opérateurs vertex dégénérés. Les permutations d’opérateurs vertex dégé-
nérés se traduisent en des dualités a deux dimensions décrites ci-dessus.
Changer la décomposition en trinions de la surface de Riemann ¥ correspond
a la S-dualité pour la théorie a quatre dimensions : cela pourrait aider a
déterminer comment la S-dualité agit sur les opérateurs de surface. Enfin,
certaines transformations modulaires déplacent les ponctions dégénérées d’un
trinion de ¥ a un autre. Celles-ci se traduisent en un changement de quel
hypermultiplet est couplé a la théorie de dimension deux. La correspondance
prédit donc une dualité 4d/2d de “saut de noeud” : coupler la théorie de
dimension deux a différents hypermultiplets décrit le méme opérateur de
surface.
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L’introduction touche a sa fin. J’espere qu’elle aura éveillé un intérét
pour les intéractions entre les théories de jauge supersymétriques et la CFT
de Toda découvertes au sein de la correspondance AGT. Dans le présent
travail, cette relation traduit des symétries explicites de la CFT de Toda
en de nouvelles dualités de théories de jauge, et elle fournit de nouvelles
données dans la CFT de Toda qui menent & un noyau de tressage auparavant
inconnu. Développer completement les conséquences de la correspondance
AGT prendra encore de nombreuses années.

Pour décider de sa prochaine destination (en Anglais), le lecteur est
envoyé a la table des matiéres, ou au bref survol de la theése en page ii.
Pour récapituler, le Chapitre 2 calcule les fonctions de partition sur S2,
le Chapitre 3 les identifie avec des corrélateurs dans la CFT de Toda, le
Chapitre 4 déduit des dualités de théories de jauge a partir de symétries de
Toda, et le Chapitre 5 explore de nouveaux résultats dans la CFT de Toda.
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Chapter 1

Introduction and summary

The Standard Model of particle physics has been confirmed to remarkable
accuracy in collider experiments over the last forty years, but it is not a
complete description of the Universe. Besides the commonly mentionned lack
of gravitation and incompatibilities with some astrophysical observations,
a more basic issue is to even determine what the Standard Model predicts.
Indeed, while at high energy all coupling constants in the theory are small,
the coupling constant for the strong force becomes large at low energy. This
renders perturbation theory useless, as series in powers of the coupling
constant diverge. While the divergence can in principle be cured by taking
into account non-perturbative effects, these are exceedingly difficult to study
in a general quantum field theory such as the Standard Model. However, when
the quantum field theory exhibits supersymmetry —a symmetry between
bosons and fermions of the theory— non-perturbative results are known.

A supersymmetric four-dimensional (interacting) quantum field theory
can be invariant under N = 1, 2, or 4 sets of four supercharges. Each addi-
tional supersymmetry constrains the theory further: N = 4 supersymmetric
theories are in fact uniquely fixed by their gauge group. Theories with N/ = 2
supersymmetry are more varied, as they involve both gauge interactions
and matter. Despite their lack of experimental application (only N' = 1
supersymmetry is experimentally viable), A' = 2 theories form a good testing
ground to understand non-perturbative phenomena in interacting quantum
field theories. They strike a balance between the diversity of theories and
the availability of exact expressions.

Tremendous progress has occurred over the last two decades in the
understanding of /' = 2 theories. A crucial development is the AGT (Alday,
Gaiotto, Tachikawa) correspondence [AGT09], which relates a large class of
four-dimensional N = 2 theories to correlators in the two-dimensional Toda
CFT (conformal field theory), a close cousin of the Liouville CFT. Wilson
loops and other non-local operators in N/ = 2 theories —supported on a
manifold rather than at a point— correspond to various Toda CFT objects.
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The present work describes the AGT translation of a class of surface
operators in four-dimensional N' = 2 theories, as well as prequisites and
consequences of the enriched correspondence. The non-local operators of
interest are constructed by coupling to the four-dimensional N' = 2 theory a
supersymmetric two-dimensional gauge theory supported on a surface. More
precisely, the two-dimensional gauge theory has N' = (2,2) supersymmetry
(4 supercharges), as this allows the resulting surface operator to only break
half of the 8 supercharges of NV = 2 supersymmetry.

The first step is to consider the two-dimensional theories in isolation.
Chapter 2 reproduces the article Exact Results in D = 2 Supersymmetric
Gauge Theories [DGLFL12] by Nima Doroud, Jaume Gomis, Sungjay Lee
and the author, where we computed the partition function on S? of N' = (2, 2)
supersymmetric gauge theories.

In Chapter 3, the two-dimensional and four-dimensional theories are
combined by placing them on $? C S4 respectively. This chapter reproduces
the first half of the article M2-brane surface operators and gauge theory
dualities in Toda [GLF14] by Jaume Gomis and the author. We find many
N = (2,2) surface operators whose S? C S* partition functions are equal to
Toda CFT correlators.

Next, manifest symmetries of Toda CFT correlators are leveraged to
deduce non-trivial dualities between two-dimensional N' = (2,2) gauge
theories in Chapter 4, the second half of [GLF14]. These two-dimensional
analogues of the four-dimensional Seiberg duality state that two gauge
theories flow to the same infrared fixed point. The two gauge theories
thus describe the same large-distance physics but have different microscopic
degrees of freedom.

Finally, Chapter 5 explores the Toda CFT. It can be read independently,
although some explicit expressions were originally obtained using the AGT
correspondence. The chapter culminates with a (well tested) proposal for the
braiding kernel of two so-called semi-degenerate vertex operators and two
generic ones. This braiding corresponds through the AGT dictionary to an im-
portant four-dimensional duality, namely S-duality of SU(N) superconformal
QCD (quantum chromodynamics), defined below.

Chapter 1F is a French translation of the present chapter.

This introduction intertwines background material with summaries of
each chapter. It presents N = 2 gauge theories (Section 1.1), the Toda
CFT (Section 1.2) studied further in Chapter 5, supersymmetric localization
and the results of Chapter 2 on S? partition functions (Section 1.3), how
Chapter 3 includes surface operators in the AGT correspondence relating
N = 2 theories to the Toda CFT (Section 1.4), and finally dualities found in
Chapter 4 between pairs of two-dimensional N = (2, 2) theories (Section 1.5).
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1.1 Four-dimensional N = 2 gauge theories

This section is about four-dimensional gauge theories with A/ = 2 super-
symmetries, that is, theories invariant two sets of 4 supercharges (see the
reviews [Tacl3; Tes14]). The aim is to prepare for the AGT correspondence
(in Section 1.4), thus many properties of A/ = 2 theories are skipped, most
importantly Seiberg—Witten curves.

The field content of an N' = 2 gauge theory decomposes into vector
multiplets (gauge multiplets) and hypermultiplets (matter multiplets). Both
types of N’ = 2 supermultiplets can be split into supermultiplets of an N/ = 1
subalgebra. A hypermultiplet is composed of a pair of chiral multiplets,
thus of complex scalars and their spinor superpartners, all in the same
representation of a gauge group. An N = 2 vector multiplet is composed
of an N' = 1 vector multiplet and a chiral multiplet, in other words a
gauge boson and its superpartners in the adjoint representation of the gauge
group. Lagrangian couplings of these supermultiplets which preserve N = 2
supersymmetry are more restricted than in /' = 1 theories, and boil down
to the so-called holomorphic prepotential for the vector multiplet.

The prime example of an N/ = 2 gauge theory is SU(N) SQCD (super
quantum chromodynamics) with Ny flavours, which consists of an N = 2
vector multiplet with gauge group SU(N) coupled to Ny hypermultiplets
in the fundamental (dimension N) representation of SU(N). The one-loop
beta function of the gauge coupling constant is proportional to 2N — Ny,
and non-renormalization theorems imply that the exact beta function also
is. The theory is thus asymptotically free for Ny < 2V, exactly conformal
for Ny = 2N (in the absence of mass terms), and it is not UV complete for
Ny > 2N.

For N > 2, the flavour symmetry of N' = 2 SU(N) SQCD with Ny flavours
is U(Ny). For N = 2, each hypermultiplet splits into two half-hypermultiplets
which are both representations of the A/ = 2 superalgebra, and the flavour
symmetry enhances to SO(2Ny) D U(Ny). Technically, such a splitting and
symmetry enhancement occurs whenever a hypermultiplet transforms in a
pseudo-real representation of the gauge group.

Seiberg and Witten [SW94a; SW94b] worked out in 1994 the quantum
vacua of V' =2 SU(2) SQCD with 0 < Ny < 4 fundamental flavors. These
authors determined the exact prepotential of N' = 2 SU(2) SQCD, from
which one can extract for instance masses of W-bosons and dyons. They
found that the Ny =4 SQCD Lagrangian exhibits S-duality: the theory can
be described by Lagrangians written in terms of different sets of fundamental
degrees of freedom.

In terms of the (complexified) gauge coupling 7 = 8i/g? + 9/, S-duality
states that the Ny = 4 Lagrangians with a given coupling 7 and with the
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Figure 1.1: Three Lagrangian descriptions of Ny = 4 SU(2) SQCD. Lines
are SU(2) symmetry groups. External lines are flavour groups while internal
lines are gauge groups (hence vector multiplets). Vertices at which three
lines connect are hypermultiplets in the trifundamental representation of the
SU(2)3 group depicted by the three lines.

dual coupling 7P = —1/7 describe the same physics. In this way, S-duality
provides a weakly coupled description (77 — oo, g — 0) of a region of the
parameter space where the initial theory is strongly coupled (7 — 0, g — 00).
The duality generalizes to give 770 = Z‘;Is for any matrix (¢ %) in SL(2,7Z).
The S-duality group SL(2,7Z) also acts by automorphisms of the flavour
symmetry group SO(2Ny) = SO(8). This action is conveniently described by
splitting the hypermultiplets into two pairs, each with an SO(4) < SU(2)?
flavour symmetry. In every S-dual description of the theory, the manifest
SO(4) x SO(4) symmetry results from pairing the factors of SU(2)* € SO(8)
in one of three possible ways. Concretely, one can include masses ma, g .c,p
for the four SU(2) factors. In some Lagrangian description the Ny = 4
hypermultiplets have masses |ma £ mp| and |m¢c £ mp|. After S-duality,
masses are [m4 + me| and |mp = mp|, or |[ma + mpl| and |mp £ m¢|.

Gaiotto [Gai09a] generalized S-duality to a wide class of four-dimensional
N = 2 theories Ty 5, now called class S theories.

Flavour symmetry groups of an N’ = 2 theory can be gauged by a vector
multiplet in the same way as global symmetries of non-supersymmetric
theories are gauged by a gauge boson. Thus, any of the four SU(2) flavour
symmetry groups of SU(2) SQCD with Ny = 4 can be promoted to a gauge
group with an SU(2) vector multiplet. The additional vector multiplet can be
coupled to a pair of hypermultiplets to keep the theory conformal, and these
come with SU(2) x SU(2) flavour symmetry. Repeating the procedure with
the new SU(2) symmetries generates a large number of ' = 2 superconformal
Lagrangians: their mass deformations describe SU(2) class S theories.

Both pairs of hypermultiplets in Ny = 4 SU(2) SQCD transform in the
trifundamental representation of SU(2)? flavour and gauge groups. The
Ny = 4 theory can thus be regarded as trifundamental hypermultiplets
of SU(2)4 x SU((2)p x SU(2)¢ and SU(2)g x SU(2)c x SU(2)p whose
common SU(2)g symmetry is gauged by a vector multiplet. As described
above, S-dual Lagrangians group the SU(2)4 g c,p in three possible pairings,
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(g9:n) = (1,1) (g:n) = (1,2)

Figure 1.2: Examples of trivalent graphs with g loops and n external lines.
The first represents an SU(2) vector multiplet coupled to an adjoint hy-
permultiplet, which has an SU(2) flavour symmetry. This theory is called
N = 2% if the hypermultiplet is massive, and it has N' = 4 supersymmetry in
the massless case. The graphs on the right represent two vector multiplets
coupled to two hypermultiplets in different ways. In fact, the two Lagrangians
turn out to be S-dual, and describe the same theory.

depicted as graphs in Figure 1.1. Each trifundamental hypermultiplet is
represented as a vertex connected to three line representing SU(2) symmetry
groups. External lines are flavour symmetries, while internal lines are gauge
groups. Using this dictionary, any trivalent graph (three edges per vertex)
corresponds to a superconformal Lagrangian composed of trifundamental
hypermultiplets and vector multiplets (see Figure 1.2 for examples).

Consider a trivalent graph representing a Lagrangian. In the limit where
all SU(2) gauge couplings except one (corresponding to an internal edge) are
vanishingly small, the remaining SU(2) gauge theory is simply Ny =4 SQCD
and it obeys S-duality. The duality reconnects in any pairing the four edges
touching the chosen internal edge. This is expected to hold even when other
gauge couplings are non-vanishing. Reconnecting edges through S-dualities
leads from a trivalent graph to any other with the same numbers of internal
and external lines. In other words, all graphs with g loops and n external
lines correspond to Lagrangians which describe the same theory 7, in terms
of different degrees of freedom.

Properly keeping track of how S-duality acts on the gauge coupling
constants (7 +— —1/7 for SQCD) requires more structure than the graphs.
The correct data to describe couplings of 7, is in fact a Riemann surface Cy ,,
with genus g and n punctures. The surface is obtained from any graph with
g loops and n external edges by “fattening” the graph, in other words by
replacing each edge by a tube and each trivalent vertex by a smooth trinion
(three-punctured sphere) joining the three cylinders. The length and twisting
angle of each tube encode the coupling constant for the gauge group attached
to this edge of the graph, so that a long cylinder corresponds to a weakly
coupled vector multiplet. S-duality is then retrieved by noting that C,,,
can be cut into tubes and trinions in many ways, labelled by the various
trivalent graphs (see Figure 1.3). Each decomposition of Cy , corresponds to
a Lagrangian description of 7Ty .
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Figure 1.3: Two decompositions of the Riemann surface Cps into tubes
(drawn as ellipses) and trinions (three-punctured spheres between the tubes
and external punctures), and their trivalent graphs (in dotted lines). The
two corresponding Lagrangians describe the same theory 7o 5.

Several theories in this class are worth noting. 7o 3 is the theory of 4 free
hypermultiplets, with no vector multiplet since its graph has no internal
edge. To4 is SU(2) SQCD with Ny = 4, and depends on a single complexified
coupling. The four-punctured sphere Cp 4 is a tube joining two trinions. Its
complex structure only depends on the cross-ratio ¢ of the four punctures, and
changing trinion decomposition maps g — 1—gq or 1/q. As a last example, 711
describes an SU(2) vector multiplet gauging two SU(2) flavour symmetries
of a single trifundamental hypermultiplet: this results in a hypermultiplet
in the adjoint representation of the gauge group and in the fundamental
representation of the last SU(2). The theory, called N' = 2* SYM (super
Yang-Mills) when the hypermultiplet is massive, has an enhanced N' = 4
supersymmetry when the hypermultiplet is massless.

As argued in [Gai09a] using Seiberg-Witten curves, the theory 7
is the four-dimensional reduction on C,, of the mysterious A; (2,0) six-
dimensional superconformal field theory with some boundary conditions
at the punctures. This theory is not known directly, but its reductions
to various lower dimensions are known. For instance, its reduction on a
circle is the maximally supersymmetric SU(2) Yang-Mills theory in five
dimensions, which reduces further to the four-dimensional N' = 2 vector
multiplet associated to each cylinder of Cy,, in the description above.

In M-theory, the A; (2,0) theory is the world-volume theory of two
coincident M5-branes. These branes are then wrapped around the Riemann
surface Cy ,, whose punctures are realized by transverse M5-branes. Brane
constructions give useful intuitions in Section 1.4 on extended operators of
N = 2 theories.

A close cousin of Ay (2,0) is the six-dimensional Ay_; (2,0) supercon-
formal field theory, the world-volume theory of N coincident M5-branes.
Compactifying it on a Riemann surface Cy, with some boundary conditions
at punctures yields a four-dimensional N/ = 2 gauge theory with SU(N)
gauge groups. The set of all such N' = 2 theories is dubbed class S. In the
absence of mass terms these theories are superconformal.
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The standard example of a class S theory is N' =2 SU(N) SQCD with
2N fundamental hypermultiplets, obtained when Cy, = Cp4 is the four-
punctured sphere. For N > 2 the flavour symmetry of SQCD is U(2N),
with an SU(N) x U(1) x U(1) x SU(N) subgroup made manifest by the
six-dimensional construction. An important difference with the N = 2 case is
that the four factors are not identical: correspondingly the punctures on Cp 4
come with different boundary conditions. Two punctures carry an SU(N)
flavour symmetry and are called full, and the other two carry a U(1) flavour
symmetry and are called simple. Many other types of punctures exist.

As before, S-dual descriptions are labelled by trinion decompositions
of Cy . A trinion with one simple and two full punctures is associated to
N? hypermultiplets and makes a U(1) x SU(N) x SU(N) flavour symmetry
explicit. Joining full punctures of two trinions corresponds to gauging
the two SU(N) flavour symmetries diagonally. In the case of SQCD, the
two decompositions of Cp4 where both trinions have a simple puncture
correspond to descriptions as an SU(N) vector multiplet coupled to two sets
of N fundamental hypermultiplets. When the two full punctures belong to
the same trinion, there is no Lagrangian description: one is still coupling
two theories by gauging a common flavour symmetry, but the building block
corresponding to one of the trinions is non-Lagrangian. More generally, while
all SU(2) class S theories are described by Lagrangians, class S theories for
N > 2 only have a Lagrangian description in duality frames where every
trinion involves a simple puncture.

Since a class S theory only depends on the complex structure of Cy ,
and on data at each puncture, any observable of the four-dimensional the-
ory can in principle be derived from a computation on Cy,. In practice,
the identification is typically worked out by computing four-dimensional
observables and finding a matching two-dimensional calculation. The AGT
correspondence [AGT09] (Section 1.4) consists in a concrete dictionary be-
tween several observables obtained through supersymmetric localization on
spheres (Section 1.3) and correlators in the Toda CFT (Section 1.2) on Cl,.

1.2 Toda conformal field theory

The Any_1 Toda theory is a two-dimensional CFT whose symmetry alge-
bra Wy is an extension of the Virasoro algebra by higher spin currents. The
A1 Toda theory (N = 2) is the well-known Liouville CFT, and W» is the
Virasoro algebra. This section recalls basic notions of two-dimensional CFT
(reviewed in [Rib14]) up to the braiding kernel of primary operators. It then
describes effects of the W symmetry, and the explicit proposal (5.3.27) for
the braiding kernel of some Wy primary operators. This introduction to
the Toda CFT is enough to read the thesis, which concludes with a detailed
study of the theory in Chapter 5.
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Two-dimensional conformal symmetry implies an action of (two copies
of) the Virasoro algebra on states of the theory. The two copies are due
to holomorphic and antiholomorphic conformal transformations, and can
be treated independently. Conformal symmetry also implies that the state-
operator correspondence is a bijection between operators ¢ and states |¢)
obtained by acting on the vacuum.

The Virasoro algebra has generators L,, for n € Z subject to LL =L_,
and the commutation relations [Ly,, Ly] = (m — n)Lpin + 5(m> — m)dpin.
A highest-weight state is |h) such that L,, |h) = 0 for n > 0 and Lo |h) = h|h),
and the corresponding operator is called a primary operator of dimension h.
Acting with L_,, for n > 0 yields a Verma module: a representation of the
Virasoro algebra whose states are linear combinations of L_, --- L_,, |h) for
nj > 0. Such a state is called a descendant of |h) at level 3 ;M. A primary
operator and its descendants form a conformal family.

For convenience, the central charge is parametrized as ¢ = 1 + 6¢ with
g = b+ 1/b, and the dimension h = a(q — «) of a primary operator V, is
expressed in terms of a momentum « € C.

Conformal symmetry expresses correlators of descendant operators in
terms of correlators of primary operators. It forces sphere two-point functions
of primary operators to vanish unless the two operators have the same
dimension. It also fixes the coordinate dependence of sphere three-point
functions (V,V3V5), but not an overall factor C'(c, 8, y). All n-point functions
of primary operators on the sphere are then fixed as follows in terms of the
three-point functions C'(a, 3,7), also called structure constants.

Any pair of primary operators can be replaced by their OPE (operator
product expansion), a linear combination of primary operators and descen-
dants whose coefficients are fixed in terms of the structure constants by
conformal symmetry. The n-point function gets recast as an integral (or
sum) over conformal families of a structure constant multiplied by an (n —1)-
point function and by a factor keeping track of descendant contributions.
Repeating the procedure expresses any n-point function as an integral of
products of n — 2 three-point functions multiplied by a factor that is fixed
by conformal symmetry. This conformal factor factorizes as a conformal
block F holomorphic in the positions of operators times an antiholomorphic
conformal block. Glossing over details such as inverse two-point functions,

<Va1 ce Van> = /dﬁ3 o 'dﬁnfl C(Oél, a2, 53) tet C(ﬁnfb Qp—1, an)

as Mo Qp1 ]2 (1.2.1)

(63
.‘}-[m | Bs | |ﬁn71| an,

The trivalent graph describes which OPEs were performed, and keeps track of
the resulting momenta. There is one structure constant for each vertex of this
trivalent graph. The momenta «; are called external momenta, while 3; are
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internal momenta and are integrated over. In a different channel, that is, a
choice of which operators to pair into OPEs represented by another trivalent
graph, the expression involves completely different structure constants and
conformal blocks F. Crossing symmetry states that the expressions must be
equal, as they both compute the same n-point function.

In fact, crossing symmetry is implied by its simplest case, four-point
functions. A global conformal transformation places the operators at 0, x, 1,
and oo. Taking the OPE of the operator at x with that at 0, 1, or oo yields
expressions in terms of s-, t-, and u-channel conformal blocks, respectively:

]-'(s):]-'l s ] FO :f[a?’Iaz ] F :]-"[ s 50‘2 ]
@ oy | a | |” 7@ o4 |la a1 |’ 7@ oy a1
(1.2.2)
It turns out that crossing symmetry and the holomorphic/antiholomorphic
factorization imply that holomorphic conformal blocks in one channel are
linear combinations of holomorphic conformal blocks in another channel,

after analytic continuation in . The linear combinations are expressed as a
fusion kernel F, and a braiding kernel B,:

FO = / Ao/ F oo FUU = / do Bow . (1.2.3)

These kernels are related by a permutation of the «;, and were determined
in [PT99] as an integral of ratios of Barnes double sine functions.

One last word on theories with Virasoro symmetry. A Verma module
whose momentum is one of o, s = (1 —7)b/2+ (1 —5)/(2b) or ¢ — oy 5
for integers r, s > 1 contains a null-vector at level rs, namely a zero-norm
descendant state that is orthogonal to the whole representation, hence the
module is reducible. These momenta are called degenerate. Correlation
functions which include degenerate primary operators simplify because of
null-vectors. Using the level rs null-vector of V,, _, the three-point functions
(Va.. V3 Vy) are found to vanish unless v (or ¢ — ) is one of the rs values
B+ jb+ k/b with j = 1—?,...,% and k = %,...,%. These non-zero
three-point functions constrain what conformal families can appear in the
OPE of V,, , with Vj: the fusion rule is

(r—1)/2 (s=1)/2

Voo X Vo= 3. Y. Warjorrp) (1.2.4)
j=(1-r)/2 k=(1-s)/2

where brackets denote contributions from descendants, structure constants
are omitted, and sums run in steps of 1.

Describing the Toda CFT requires some Lie algebra notations. The Cartan
subalgebra b of Ay_1 = su(V) is identified to h* using its Killing form. The
weights hs (1 < s < N) of the fundamental representation of Ay_; sum to
zero and form an overcomplete basis of . Simple roots are e, = hr, — hg41.
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The Any—1 Toda Lagrangian describes a scalar field ¢ € b with a back-
ground charge and an exponential potential term. More precisely, the po-
tential term is chv:_ll ePex:#) in terms of a parameter b, and the background
charge @ is a fixed element of h multiplied by ¢ = b+ 1/b.

Much more important than the Toda Lagrangian is its invariance under

(two copies of) the Wy algebra, a higher-spin generalization of the Virasoro

algebra. This algebra has IV — 1 sets of generators Wép ) for 2 <p<N,

with WTEQ) = L,. Primary operators V, of the Wy algebra are labelled
by the eigenvalues of all Wép ) expressed in terms of a momentum « € bh.
Permuting the components (o — @, hs) of the momentum does not change

the eigenvalues of W(gp ). this Weyl symmetry generalizes the o — ¢ — «
invariance of Virasoro primary operators. In the Toda CFT, an appropriate
normalization V,, (5.4.3) of V, is invariant under Weyl symmetries.

Three types of momenta play a role in the present work. Generic mo-
menta « are such that the Verma module constructed by acting with WEpn),
n >0, on |a) = V, |vacuum) has no null-vector. Semi-degenerate momenta
take the form s»ch; (up to Weyl symmetries), and their Verma modules have
some null-vectors. Degenerate momenta —bw — w’/b are characterized by
two dominant weights w, w’ of Ay_1, and Verma modules have a maxi-
mal number of null-vectors. For N = 2, there is no distinction between
generic and semi-degenerate momenta, and degenerate momenta reproduce
the degenerate momenta —%b — %b‘l of Virasoro.

Two-point functions (V,V3) of primaries vanish unless the two operators

have equal eigenvalues of all Wép ) up to a sign (—1)P. In terms of momenta,

5 =2Q — a or a Weyl permutation thereof. Three-point functions with one
degenerate primary operator vanish in most cases: accordingly the OPE of a
degenerate and a generic primaries is

Vi p X Vo= Y. > Vacthonpl (1.2.5)
heR(w) ' eR(w)

the natural extension of the OPE (1.2.4) of Virasoro primaries. Here, sums
run over weights h of the representation R(w) with highest weight w, and
similarly for h’. Another useful fusion rule is

Voihy X Viny = Viembyny] + [Vachy —bhs] (1.2.6)

and its generalization (5.5.24) to the fusion of a semi-degenerate operator
with any degenerate V_p,. All of these fusion rules are confirmed in the Toda
CFT through the Coulomb gas formalism, but the author does not know of
a proof using only Wy symmetry.

A major difference between the Virasoro algebra and Wy for N > 3 is
that correlators of Wy descendants are not fixed in terms of correlators of
their Wy primary operators. Sphere n-point functions of primary operators
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can still be decomposed in terms of three-point functions of primary and
descendant operators, but do not decompose further to three-point functions
of primaries multiplied by factorized conformal blocks. To solve a Wiy-
invariant theory, it is thus not enough to find all three-point functions of
Wy primaries. Of course, knowing the three-point functions of all Virasoro
primaries suffices, but these are much more numerous.

Despite this difficulty, conformal blocks exist if enough primary operators
are semi-degenerate (or degenerate). The three-point function of a semi-
degenerate and two generic operators fixes all three-point functions of their
descendants, hence conformal blocks exist whenever each vertex of the
trivalent graph defining the channel has a semi-degenerate momentum. For
instance, the n-point function (1.2.1) of Virasoro primaries keeps essentially
the same form for Wy primaries (replacing momenta by vectors) if all
s, ...,0,_1 are taken to be semi-degenerate and «y, «a;, and the 3; to be
generic.

Consider the four-point function (Vo (00)Vian, (1)V_ph, (2, Z) Ve, (0)) with
two generic momenta g and o, a semi-degenerate A\hi, and a degenerate
—bhy labelled by the fundamental representation R(h1) of Ay_1. Operators
are placed at 0, x, 1 and oo through a global conformal transformation. This
four-point function was originally determined in [FLO7] by working out using
null-vectors of W3 that conformal blocks obey a hypergeometric differential
equation (up to some factors), then writing the correct generalization for
all N. Section 5.2.1 directly attacks the general N case through a bootstrap
approach since null-vectors are not known explicitly for Wy .

Due to the OPE V_pp,, x Vo, = Z;V:l[vao_bhp], the correlator decomposes
in terms of N s-channel conformal blocks:

2
(Vawe Vany Vobhy Vag) Z Ce) )= Alao)=Abh) (1 4 )‘ (1.2.7)

where ngs) are constants, A(a) = («,2Q — «)/2 is the dimension of V,
and (1 + ---) are N series in non-negative integer powers of x, fixed by
Wy symmetry. Similarly, the u-channel decomposition is

(Vaoo Van Vot Vag) Z ct ~A(aco—bhp)=A(=bh1) (] 4 ..y

’ 2

(1.2.8)
in terms of series (1 + ---) in powers of 1/x. The t-channel decomposition

2
A(Ah1—bhy)—A(Ah1)—A(—bh
(Voo Vi Vbt Vao) = 3 C9 (11 — 2/?) (A =bhp)=AAR)=A=bR) () |y
p=1
(1.2.9)
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is more intricate: the series (14 --) in powers of (1—xz) and (1 —Z) factorizes
for p = 1 but does not for p = 2. This is because Vyp, _pp, is semi-degenerate
but Vip,—ph, is not, and three-point functions of its descendants with generic
operators are not fixed by three-point functions of the primary operators.

Together, the expansions (1.2.7), (1.2.8), and (1.2.9) around z = 0,
oo, and 1 fix the four-point fun%i up to an overall factor independent
of x. This fixes s-channel and u-channel conformal blocks and ratios of
the constants ngs’t’u), as well as the braiding matrix relating the two bases
of conformal blocks, which is useful later. The t-channel conformal block
with an internal momentum Ah; — bhq is a linear combination of s-channel
conformal blocks, whose coefficients (the fusion matrix) are also fixed.

Knowing the four-point function (Vi Vin, Vopn, Va,) up to an overall
z-independent factor, Fateev and Litvinov [FL0O7] deduced the three-point
function (5.4.28) of two generic and one semi-degenerate operators in the
Toda CFT. The Toda CFT has at most one primary operator V, for each
momentum «, the vertex operator e!®#). Therefore, the coefficients C]gs) in
the s-channel decomposition (1.2.7) are

CF) = Ol A1, ag — bhy)C5, 0 (1.2.10)

P —bh1,a0

where C(o, 8,7) = (Vo V3V,) denotes a three-point function, and Cfg;lb’};"o
is the coefficient of Vi, pp, in the OPE of V_p;, and V,,, essentially a
three-point function. The Toda CFT structure constants Cfg,:lb};’; are given
by the Coulomb gas formalism. Since ratios of CI(,S) are known from the
analysis above, ratios C(aao, A1, ag — bhy)/C(0io, AR1, g — bhs) are known.
Since the Wy algebra only depends on b+ b~!, an analoguous shift relation
with shifts by b=1(h, — hs) holds. For generic real b the two shifts are not
commensurable, hence the ag-dependence of C(aqo, A1, ) is completely
determined assuming continuity. Similarly, the u-channel decomposition fixes
the as.-dependence. Finally, comparing constants in the s- and t-channel
fixes the dependence on the semi-degenerate momentum. The solution of all
these shift relations is (5.4.28), unique up to a normalization.

From the braiding matrix of a semi-degenerate operator Vy;,, with the
degenerate V_p;,, found by Fateev and Litvinov one can deduce the braiding
matrix B of Vi, with V_g,,, the degenerate operator labelled by the K-th
antisymmetric representation R(wg) of Ay_1. The approach is to prove by
induction that By is equal to an explicit expression (5.2.40) provided by the
AGT correspondence (see Section 1.4). The proof is based on the pentagon
relation depicted in Figure 1.4, which expresses the braiding matrix Bg 1
of V_pwg,, with Vyp, in terms of the braiding matrices Bx and By, and of

the fusion of V_p,, and V_pp, into V_py,, +1- The required fusion coeflicients

'The author thanks Bertrand Eynard for pointing this out in the N = 2 case.
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Figure 1.4: Pentagon relation used in the induction step to go from the
braiding matrix Bx of V_p,, with V), to the braiding matrix Bx 1. The
relation also involves fusion coefficients F of V_y,,,. and V_yp, into V., ;.

are found by exhibiting a conformal block of (Vo V_pp, V_py, V) which has
the expected monodromy when braiding V_y,,, around V_p;, (twice): this
braiding is itself a particular case of By.

In principle the same approach yields the braiding matrix of a semi-
degenerate operator with V_gyp,, the degenerate operator labelled by the
K-th symmetric representation R(K hi) of Ax_1. However, computations are
much more tedious than for V_p, ., because weights of R(K h;) are not just
Weyl permutations of a single weight. Instead, an explicit proposal (5.3.19)
is derived from the AGT correspondence. This braiding matrix is new.

The braiding kernel (5.3.27) of two semi-degenerate operators is then
guessed by generalizing the previous braiding matrix to non-integer K. It
takes a form similar to the known Virasoro (N = 2) case [PT99], namely
an integral over an (N — 1)-component momentum of a ratio of Barnes
double sine functions. The proposal obeys relevant shift relations, akin to
the pentagon identity of Figure 1.4. For generic real b these shift relations
should have a unique solution, but the author has yet to prove it. Another
check is that the proposal reduces to the previous braiding when one of the
semi-degenerate operators is tuned to be the degenerate V_ g, .

As explained in Section 1.4, the four-point function of two generic and
two semi-degenerate operators translates through the AGT dictionary to four-
dimensional N'=2 SU(N) SQCD with 2N flavours. The s- and u-channels
correspond to different S-dual descriptions of the same four-dimensional
theory, hence the braiding kernel implements S-duality.

Chapter 5 also discusses various fusion rules in Section 5.5 and irregular
punctures obtained from collisions of primary operators in Section 5.6.
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1.3 Supersymmetric localization on S?

Supersymmetric localization is a powerful tool to reduce a supersymmet-
ric path integral to a finite-dimensional integral. Since its introduction by
Witten [Wit88], it has been used to evaluate exactly a large number of super-
symmetric observables. The most relevant to the present work are Nekrasov’s
instanton partition function [Nek02; NOO3] of four-dimensional A" = 2 the-
ories, and their partition functions on round [Pes07] and deformed [HH12]
four-spheres, as well as the partition function of two-dimensional N = (2, 2)
theories on the round [BC12; DGLFL12] and deformed [GL12] two-sphere.
Numerous other partition functions and observables of supersymmetric theo-
ries on various manifolds were also computed, but a review of the blossoming
subject is beyond the scope of this thesis.

This section begins with an explanation of supersymmetric localization.
It then concentrates on the partition function of two-dimensional N' = (2, 2)
theories on S?, following [DGLFL12] reproduced in Chapter 2: the theory
is introduced, as constructing supersymmetric theories on a curved space
is non-trivial, and the partition function is localized in two different ways,
yielding different explicit expressions. The S{f partition function of four-
dimensional N = 2 theories is presented afterwards with a brief explanation
of how it arises from supersymmetric localization.

The crucial observation underlying supersymmetric localization is that
supersymmetric observables are not affected by some deformations of the
action. Consider a supersymmetric quantum field theory, and select a
supercharge Q in its supersymmetry algebra. Find a combination V of the
fields which is invariant under the bosonic symmetry {Q,-}? and which is
such that the bosonic part of {Q, V'} is positive semi-definite. Then for any
Q-closed observable O, that is, {Q, O} = 0, the deformed expectation value

(), = [ Dyl eSOV N Ol (13.1)

is independent of the real parameter ¢ > 0 (signs of {Q, V'} and ¢ ensure that
the deformed path integral converges). Indeed,

010), = - [ DStV O {0, Vi)

(1.3.2)

= — / [Dﬁp]{Q, e’s[“”]’t{g’v[‘”]}O[go]V[go]} -0

where the second equality uses that {Q,0} = {Q,{Q,V}} ={Q,5} =0
and the last that Q is a symmetry of the path integral measure.

Thanks to t-invariance, the expectation value of O, which is (1.3.1) for

t = 0, can be computed by taking ¢ — oo. In this limit, the semi-classical
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approximation around saddle points ¢ of {Q,V} becomes exact. The
expectation value then takes the form

(O)icg = Jim (O}, = Jim | [Dpo| e S0l HEVIRR Olg) 22 oo
= [Dpo] el 00] Zupo] (1.3.3)
{QJ/}:()

where the one-loop contribution Z1i[¢g] encapsulates the contribution from
fluctuations transverse to the saddle point locus. To get the last line, note that
saddle points with {Q, V[pp]} > 0 are exponentially suppressed as t — oo,
and that zeros of {Q,V'} are automatically saddle points by positivity. One
says that the path integral localizes to zeros of the deformation term, which
may form a finite-dimensional set for well-chosen Q and V.

A standard option is to take V as the sum of 1)Q1) over fermions 1) of
the theory. The bosonic part of {Q,V} is then a sum of squares Q¢ Qi)
whose zeros are fixed points of Q, obeying Qi) = 0. These supersymmetry
equations, or BPS (Bogomol’'nyi, Prasad, Sommerfield) equations, have a
lower order than equations defining saddle points of a generic deformation
term, thus are easier to solve. Another point of view on this localization to
fixed points of Q is that integrals along non-trivial orbits of Q vanish by
virtue of being fermionic integrals of constants.

The one-loop contribution is determined as a Gaussian integral as follows.
Set ¢ = o + dp/+/t in (1.3.1) and expand to quadratic order in the fluctua-
tions d¢. The normalization by v/t does not affect the integration measure,
as Jacobians in bosonic and fermionic integrals cancel because of supersym-
metry. As t — oo only the quadratic part of {Q,V'} remains; schematically
it is 0pA[pp]dp for some operator A. In many cases, its bosonic part Ay,
is essentially a Laplacian, while its fermionic part Ay is essentially a Dirac
operator. The Gaussian integral reduces to determinants of these operators,

det Ab[SDO])l/2 ) (134)

Zulpol = (detAf[cpo]

The remaining task is to evaluate these determinants.

The first approach, used in Chapter 2, is to decompose fields into spherical
harmonics, or other modes that are convenient on the given manifold. In
this decomposition Ay and A¢ are typically block diagonal, with blocks
involving a finite number of modes. The determinants of all blocks are
straightforward to evaluate, and they combine into an infinite product whose
regularization gives the one-loop partition function (1.3.4). In this process,
the contributions of many bosonic and fermionic modes cancel.

The second approach, used for instance in [Pes07], takes advantage of this
cancellation. It requires some mathematical machinery but is more systematic.

To begin with, find a basis (X, X') of the fluctuation fields such that QX = X’
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and QX' = RX where R = Q2 is a bosonic transformation. Separate pairs
(Xo, X{)) with X bosonic and X, fermionic from pairs (X7, X]) with opposite
statistics, and write down the part of V' quadratic in fluctuations as

V(Q) — X(/)DOOXO + X1 D19 Xo + X(,)D()lX{ + X1D11X{ . (135)

The operators Ay, and A are read from {Q, V(?)}. After some linear algebra,
the constraint {Q, {Q,V®}} = 0 implies that

det Ay, . det Ry B detkerDm Ry _ HR(l)m’ (1 3 6)

det A¢ ~ det R, N deteoker Dio Ry

where ¢ indexes eigenvalues R(7) of R, and m; is the multiplicity of R(7) in
ker D1y minus that in coker Dig. These eigenvalues and multiplicities are
read from the R-equivariant index

indr(D10) = Trier Dy, e — Treoker Dio et = Z m;et i) , (1.3.7)
i

itself computed as a sum over fixed points of R, thanks to the Atiyah—Bott—
Berline—Vergne equivariant localization formula [AB84; BV82].

Chapter 2 reproduces [DGLFL12], which applies supersymmetric localiza-
tion to the S? partition function of a class of N' = (2,2) gauge theories. The
calculation was done simultaneously in [BC12] and extended to a squashed
sphere in [GL12]. The theories of interest are composed of vector and chiral
multiplets, which in flat space are dimensional reductions of the usual four-
dimensional /' = 1 vector and chiral multiplets. Multiplets specific to two
dimensions, such as twisted chiral multiplets, were considered in [DG13].

It is difficult to preserve supersymmetry when placing a theory on a
curved manifold. The general technique [FS11] is to embed the theory in a
supergravity theory then freeze the values of supergravity fields to a value
that is invariant under a chosen set of supersymmetries. This is the direct
analogue of how curved space Lagrangians are obtained by coupling to a
metric then fixing it to the desired background.

The more pedestrian route taken in Section 2.2 is to construct the super-
symmetric Lagrangian by adding 1/r and 1/r2 corrections to the Lagrangian
on the plane, where r is the radius of the S?. Squashing in a U(1)-invariant
way induces further corrections to the Lagrangian, but the localized integral
only depends on the radius r of the equator [GL12].

First, the S? counterpart of the A" = (2,2) Poincaré supersymmetry
is determined. Since S? is conformally flat, its superconformal algebra is
trivially deduced from that of the plane, and there remains to find a subset
of supercharges which close onto isometries of the sphere, rather than all
conformal transformations. The result is SU(2|1), whose bosonic subgroup
SU(2) x U(1) acts as rotations of S? and a U(1) R-symmetry.
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One then finds S? analogues of vector and chiral multiplets, and how
supersymmetry acts on their components. Just as in four-dimensions, vector
multiplet components transform in the adjoint representation of a gauge
group G, while chiral multiplet components transform in some represen-
tation R of G. The most general renormalizable Lagrangian action with
N = (2,2) supersymmetry involving only these multiplets takes the form

S = Sv.m. + Stop + SFI + Sc.m. + Smass + SW . (138)

The vector multiplet action Sy, the chiral multiplet action S..,, and
the superpotential term Sy are dimensional reductions of four-dimensional
N =1 terms, with some 1/r and 1/7? corrections on S2.

The FI (Fayet—Iliopoulos) term Sgy associated to each U(1) factor of G
is also familiar from four dimensions. Additionally, for each U(1) there is a
topological term Si,, measuring the gauge field flux B through S2. Their
coefficients ¢ (FI parameter) and ¢ (theta angle) combine into complexified
FI parameter z = e 27¢H7,

Finally, the twisted mass term Spass is obtained by gauging the flavour
symmetry group with a vector multiplet, giving it non-zero background
values, and sending the gauge coupling to zero to make it non-dynamical.
The background values must preserve supersymmetry, and this only allows
one real parameter m in the flavour symmetry algebra. This parameter
combines with the U(1) R-charge ¢ into a dimensionless complexified twisted
mass> m = rm + i% for each chiral multiplet, that is, each irreducible
representation of G in R.

The localization supercharge Q is selected and analyzed in Section 2.3.
Its square combines a rotation, an R-symmetry, and a gauge symmetry.
The two fixed points of the rotation are dubbed north and south poles.
Solving the BPS equations away from the poles yields that Q-invariant field
configurations are such that vector multiplet scalars are constant on the
sphere: one of the scalars is proportional to the gauge flux B and is discrete,
while the other takes any value a in the real gauge algebra with [a, B] = 0.
A constant gauge transformation diagonalizes a and B.

One of the BPS equations reads (a+m)¢ = 0 where ¢ are chiral multiplet
scalars. Thus, for generic a, chiral multiplets vanish. The set of supersym-
metric configurations with ¢ = 0 is referred to as the Coulomb branch, and
is parametrized by a¢ and B. At isolated points of the Coulomb branch where
eigenvalues of —a coincide with some twisted masses, a Higgs branch opens
up: an analysis of other BPS equations shows that there exist solutions with
point-like (anti-)vortices ¢ # 0 at the poles. There can also exist mixed
branches, where some chiral multiplets are non-zero while a is not completely
constrained.

2Chapter 2 denotes the real twisted mass as m and the dimensionful complexified
twisted mass as M = m +iz-. This introduction uses the same notation as other chapters
instead.
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The canonical deformation term {Q, Vean} = [{Q, A}> + [{Q, ¢}|* is not
convenient, as it breaks the SU(2) rotation symmetry of the sphere down to
the U(1) rotation generated by Q2. It turns out that Sy m., Se.m. + Smass and
Sw are Q-exact, hence can be used as deformation terms instead. A direct
consequence is that the partition function and other Q-invariant observables
only depend on the complexified FI parameters, and on complexified twisted
masses since they appear in supersymmetry transformations, but not on the
gauge coupling constants or on coefficients in the superpotential. Neverthe-
less, the superpotential constrains complexified twisted masses: Sy, is only
supersymmetric if the superpotential W (a polynomial in chiral multiplets)
has total R-charge 2 and vanishing twisted mass.

Section 2.4 describes the result of localizing with respect to the defor-
mation term {Q,V} = Sym. + Se.m. + Smass: Among solutions of the BPS
equations, Coulomb branch field configurations are saddle points of {Q, V'},
while Higgs branch configurations are not. The partition function thus
localizes to an integral over the Coulomb branch,

1
Zgr = — Z/da Za(a, B, z,z)Zy1(a, B,m) . (1.3.9)
W F i

Here, a is integrated over the Cartan algebra t of the gauge group G, and
B € t summed over GNO quantized fluxes, namely w- B € Z for all weights w
of the chiral multiplet representation R of G. This sum over all quantized B
divided by the order W of the Weyl group is occasionally written as a sum
over gauge inequivalent B with a B-dependent combinatorical factor. The
classical contribution in (1.3.9) is

%)

Zala, B, 2, 7) = 7at3) gT(la—3) (1.3.10)

with an implicit product involving one complexified FI parameter (z, z) for
each U(1) factor in G. The one-loop determinant is

[1

wER

(e, B)?
1

L(—(w,im +ia + £))
D(1+ (w,im +ia — 5)) ]’
(1.3.11)
where the product over positive roots e of G comes from fluctuations of the
vector multiplet, while the product over weights w of R is the chiral multiplet
contribution. Here, (w, m) stands for the twisted mass of the chiral multiplet
which the weight w corresponds to.

Section 2.5 describes how a different deformation term localizes the
partition function to an integral over the Higgs branch instead of the Coulomb
branch. Field configurations in the Higgs branch are characterized by the
value a = v, called a Higgs branch vacuum, the vortex configuration at the
north pole, and the anti-vortex configuration at the south pole. Vortices
are solutions ¢ # 0 to the BPS equations (2.5.1) with a magnetic flux k£ > 0

Zn(a, B,m) = H {(e, a>2 +
e>0
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in an infinitesimal neighborhood of the north pole, while anti-vortices are
solutions with non-positive magnetic flux near the south pole. The integrand
consists in a classical contribution Z; and a one-loop determinant Z1;. Both
Zq and Zj; are products of a contribution from the bulk, equal to (a residue
of) the Coulomb branch ones (1.3.10) and (1.3.11) at a = v and B = 0, and

contributions from vortices and anti-vortices. Collecting vortex contributions
in each vacuum v as Zy(v) and anti-vortex contributions as Z3(v),

Lg2 = Za(v,0,2,2z) res [Z11(a,0,m)| Zy(v,m, 2) Zy(v,m,z). (1.3.12
S a=v

veHiggs vacua

The contributions Z, and Zg from vortices and anti-vortices are independent
because (anti-)vortices do not affect fields away from the poles. BPS equations
imply that the topological term Siop due to the magnetic flux is accompanied
by a non-zero FI term Sgy such that e~Str=9F1 = 2k The vortex partition
function is thus a series in non-negative powers of z. The coefficient of z* is the
volume of the moduli space of k vortices, only known in some cases. Similarly,
the anti-vortex partition function is a series in non-negative powers of z. This
holomorphic/anti-holomorphic factorization of (1.3.12) plays an important
role in the correspondence with Toda CFT correlators in Section 1.4.

The localization argument guarantees that the Coulomb branch inte-
gral (1.3.9) and the Higgs branch sum of series (1.3.12) are equal. This is
shown explicitly in Section 2.4.2 for a U(NN) vector multiplet coupled to funda-
mental and antifundamental chiral multiplets. The Coulomb branch integral
can also be recast as a sum of factorized terms of the form (1.3.12) for any
G and R, but vortex partition functions are not known. This factorization
thus provides otherwise unknown vortex partition functions.

It is quite common for an N’ = (2,2) theory to admit several Higgs
branch expansions, one in powers of (z, z) and another in powers of (1/z,1/Z2),
converging for |z| < 1 and |z| > 1 respectively. The Coulomb branch integral
continues the two expressions to all complex z. Vortices are essential for
the equality of Coulomb branch and Higgs branch expressions, hence for the
equality of distinct Higgs branch expansions. Section 1.5 discusses several
N = (2,2) dualities for which vortices are again crucial.

Supersymmetric localization has also been applied [Pes07; HH12] to the
partition function of a four-dimensional N' = 2 Lagrangian gauge theory on
a (squashed) four-sphere S, namely the U(1) x U(1) symmetric manifold

2 2 2 2 2
Ty o x] + a5 x5+ Ty
2 + 72 + 7 =1 (1.3.13)

where ¢ /!7 = b2, Such a theory describes a vector multiplet with a gauge
group G, and hypermultiplets in a representation R. The theory is placed
supersymmetrically on Sgl following the general procedure of coupling it to a
background supergravity multiplet [FS11].
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The localization supercharge Q squares to a U(1) x U(1) rotation, an
R-symmetry and a gauge transformation. The rotation has fixed points at
the north and south poles xg = +r. Away from the poles, the BPS equations
impose that all fields vanish, except one of the vector multiplet scalars which
is a constant a € g in the Lie algebra of G. At the poles, the BPS equations
reduce to well-studied (anti-)instanton equations: the gauge field strength
is (anti-)self-dual. They admit point-like instanton solutions for generic a,
contrarily to the two-dimensional case where vortices only exist for discrete
values of a. The partition function thus takes the form

Z - / da Za(a, 2, 2) Z01(m, @) Zinss (M, @, 2) Zamicinst (M @, 2) . (1.3.14)
g

where the integral over g can be reduced to an integral over its Cartan
subalgebra thanks to gauge symmetry. The one-loop determinant is a
product of special functions (Upsilon functions), one per root of G and one
per weight of R. The classical contribution is essentially (zZ){*% in terms of
the complexified coupling z = €2™7 which combines the gauge coupling and
topological theta angle. As in two dimensions, contributions from instantons
and anti-instantons factorize into (anti-)holomorphic functions of z. These
functions are series in non-negative powers of z and z. They are known
explicitly when G is a product of unitary groups and in some other cases.

S-duality predicts that different Lagrangians describe the same N = 2
theory, thus their Sgl partition functions must be equal. Since the supersym-
metric localization result (1.3.14) holds even for strongly coupled Lagrangians,
it can serve as a test of S-duality. Unfortunately the localized results of
S-dual Lagrangians remain difficult to compare because instanton partition
functions are expanded in terms of different couplings z. In contrast to
the two-dimensional setting, no known expression of the partition function
interpolates conveniently between two such expansions.

The forms (1.3.14) and (1.3.12) of S} and S? partition functions are
reminiscent of the factorization of two-dimensional CFT correlators into
holomorphic/anti-holomorphic conformal blocks. The AGT correspondence
explained next confirms that the Sgl partition function is indeed equal to a
Toda CFT correlator.

1.4 AGT correspondence and extended operators

Class S theories are four-dimensional ' = 2 reductions [Gai09a] of the six-
dimensional Ax_; (2,0) superconformal theory on a Riemann surface Cy,
with genus g and n punctures (see Section 1.1). All observables of a class S
theory are in principle fully determined by Cy , and data at each puncture.
The AGT correspondence [AGT09] (see also [Wyl09]) is a concrete dictionary
for observables of the class S theory placed on a squashed four-sphere Sgl.
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The first entry in the dictionary is that the S; partition function is equal
to a correlator in the Ay_; Toda CFT on C,, with a vertex operator at
each puncture:

~ An_1 Tod
Yo (1.4.1)

Zss = (Vay -+ V.
Sy aq Qn Com

Matter multiplets are given masses in a class S theory by weakly gauging
flavour symmetries. The mass parameters m for a full SU(N) flavour
symmetry belong to its Cartan subalgebra, and are encoded as a generic
momentum « = @ + im. Simple punctures with U(1) flavour symmetry only
have one mass parameter, encoded in a semi-degenerate momentum.

The simplest instance of (1.4.1) concerns the sphere with two full and one
simple punctures: the Toda CFT three-point function (5.4.28) of two generic
and one semi-degenerate vertex operators [FLO7] is equal to the Sj partition
function (3.2.4) of N? free hypermultiplets [HH12].

For each trinion decomposition of Cy ,,, the Toda CFT correlator factorizes
as an integral of the product of a holomorphic and an anti-holomorphic
conformal blocks. If each trinion involves a simple puncture (this requires
g =0 or 1) then the expansion can be written explicitly (1.2.1) as

Va1 .. 'Van

<A ~ >AN_1 Toda
Cymn

_ / #9731 5(C(a, ) Fla B, 2) Flo, 5.7)] (1.4.2)

where there is one generic momentum S for each tube and C(«, ) is the
product of one three-point function per trinion and one inverse two-point
function per tube. Conformal blocks F{(z), fixed by the W symmetry algebra
of the Toda CFT, capture the dependence on the complex structure of Cj
parametrized by z. They have series expansions around the corner z — 0 of
the moduli space where the decomposition has thin tubes.

Similarly, to each decomposition of C,, corresponds a description of the
class S theory in terms of vector multiplets (tubes) gauging flavour symmetries
of matter theories (trinions). For N = 2 these descriptions are always
Lagrangian, while for N > 2 they only are if each trinion involves a simple
puncture. Given a Lagrangian description, supersymmetric localization
expresses the Sj partition function as an integral (1.3.14)

ngl = /ng—?)-l-na |:Z11(m7 a)ch,inst (ma a, Z)ch,anti—inst (mu a, 2)} . (143)

The integral ranges over the Coulomb branch, parametrized by a in the
Cartan algebra of SU(N) for each vector multiplet scalar, and m stands
for masses. The classical contribution in (1.3.14) is combined here with the
(anti-)instanton partition functions, which have series expansions around the
weakly coupled point z — 0 of this trinion decomposition of Cl .

The parallel between (1.4.2) and (1.4.3) is clear. Beyond stating the
equality (1.4.1) of the S{} partition function and the Toda CFT correlator,
the AGT correspondence states that the integrands coincide. The complex
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structure of Cy, encodes complexified gauge coupling constants, external
momenta « correspond to masses m, and internal momenta 3 to the Coulomb
branch parameters a.

A straightforward check is that C(a, 3) is equal to Z33(m, a). The former
is a product of a three-point function for each trinion, and an inverse two-point
function for each tube. The latter is the product of one-loop determinants of
all vector and hypermultiplets in the AV = 2 theory. Vector multiplet one-
loop determinants reproduce inverse two-point functions and hypermultiplet
one-loop determinants reproduce three-point functions. This second point
is not surprising: it is the AGT correspondence for N? free hypermultiplets.
Conformal blocks F{z) and instanton partition functions are more difficult
to compare: conformal blocks can be evaluated tediously order by order,
and the first few coefficients match with those of the appropriate instanton
partition functions.

S-duality relates descriptions of the N/ = 2 theory associated to different
trinion decompositions of C,,. The relevant instanton partition functions
are completely different power series expansions around different corners of
the moduli space of coupling constants. Holomorphic and antiholomorphic
instanton partition functions must nevertheless assemble into an S-duality
invariant object, the Sgl partition function. Its invariance under S-duality
translates elegantly as modular invariance in the Toda CFT: correlators do
not depend on the channel in which they are expanded into conformal blocks.
Modular invariance in the Liouville CFT, shown in [PT99; Tes03; HJS09],
thus confirms S-duality for class S theories with SU(2) gauge groups.

In the localization computation, one can include any gauge-invariant
observable that preserves the supersymmetry Q used to localize. Many
constructions of non-local operators supported on curves, surfaces, or three-
dimensional walls have found AGT translations over the years.

The simplest such operator is the Wilson loop operator, namely the
supersymmetric version of Wr = Trg Pexp ﬁy A, supported on a Q?-invariant
circle 7. It is defined by integrating the gauge one-form A of one of the
SU(N) vector multiplets, and tracing the path-ordered exponential in a
representation R of SU(N). This definition relies on a choice of S-duality
frame, in other words a trinion decomposition of C,,. The expectation
value (Wg) takes the same form as the S; partition function (1.3.14) with
an additional factor Trp exp(—27b*'a). As observed in [Ald+09; DGOT09],
this factor can be realized in the Toda CFT as the addition of a Verlinde loop
operator. Schematically, such a loop operator is constructed by inserting a
degenerate vertex operator labelled by R, and moving it along a curve which
wraps the tube of Cy, corresponding to the SU(N) vector multiplet.

Any non-self-intersecting curve on Cy, wraps a tube in some trinion
decomposition hence corresponds to a Wilson loop in some S-duality frame
of the N/ = 2 theory. S-duality maps Wilson loops, which measure the effect
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of inserting massive electrically charged probes, to 't Hooft (or dyonic) loops,
measuring the effect of (electrically and) magnetically charged probes. The
insertion of Verlinde loop operators on arbitrary curves in the Toda CFT
correlator (1.4.1) should thus give the expectation value of 't Hooft loops.
This prediction was confirmed in [GOP11] by defining and localizing the
partition function on S* in the presence of a 't Hooft loop operator, then
comparing in some cases to a CFT calculation done in [GLF10] by Jaume
Gomis and the author. Topological webs instead of Verlinde loop operators
are needed to capture arbitrary dyonic loops.

Surface operators invariant under Q@ may be supported on two (squashed)
S? c Sf,l, defined by 1 = 29 = 0 or 3 = 24 = 0 in (1.3.13). Half-BPS
surface operators, namely operators preserving 4 of the 8 supercharges of a
class S theory, are constructed in two ways.

The first construction [GWO06], which yields so-called M5-brane surface
operators, is similar in spirit to 't Hooft loop operators. It replaces the path
integral by an integral over field configurations with a non-trivial boundary
condition around the surface. The altered path integral is captured by a
correlator on Cy, of a theory other than the Toda CFT, as conjectured
in [BFFR10]. Preliminary results [GKLFN15] with Jaume Gomis, Hee-Cheol
Kim, and Satoshi Nawata indicate that all these M5-brane surface operators
can be obtained as special cases of the next construction.

The second construction consists in coupling the four-dimensional N = 2
theory to a two-dimensional N' = (2,2) theory restricted to the surface.
As summarized later in this section, the first part of [GLF14] (Chapter 3)
exhibits such surface operators, later called M2-brane surface operators,
which correspond to the insertion in the Toda CFT correlator of a degenerate
vertex operator labelled by any representation of SU(N). This agrees with
a conjecture in [Ald+09] for the simplest degenerate vertex operator; more
references are given in Chapter 3.

Finally, O-invariant domain walls can be constructed by letting gauge
couplings vary continuously near the equator to connect two hemispheres
with different gauge coupling constants. In the presence of such a domain
wall, the contribution from each hemisphere to the partition function is
an instanton partition function, equal to a conformal block for the Toda
CFT. The domain wall changes how holomorphic and anti-holomorphic
contributions are paired. This is reproduced in the Toda CFT by the insertion
of a topological defect [DGG10]. When couplings on the two hemispheres
are tuned so that the two theories are S-dual, one can apply S-duality to
one side of the wall to get the same theory on both sides: this yields the
S-duality domain wall. Since S-duality acts on conformal blocks as a modular
transformation, the partition function is

Z = / da Fo(z) FI(P) = / dada’ F2(2) B FoU2) (1.4.4)
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where o and o’ denote trinion decompositions of Cy ,, related by S-duality,
F are conformal blocks, and B is the modular transformation. One-loop
determinants are absorbed here in the measure da.

The same S-duality domain wall can also be realized by coupling to the
four-dimensional theory a three-dimensional A/ = 2 theory on the equator.
The appropriate three-dimensional theory was determined for N’ = 4 SYM
in [GWO08a], for N = 2* SYM in [HLP10], and for Ny = 4 SU(2) SQCD
in [TV12]. As argued in [DGG10], its partition function on the squashed
three-sphere must be the modular transformation B,/ so that coupling it
to the four-dimensional theory on both hemispheres yields (1.4.4). It should
thus be possible to deduce the three-dimensional theory on the S-duality
domain wall for Ny = 2N SU(N) SQCD from the new braiding kernel (5.3.27)
worked out in Section 5.3.2.

All extended operators described above can also be engineered from brane
constructions in M-theory, and this helps understand their correspondence
with Toda CFT observables [DGG10]. Recall that class S theories are obtained
as the world-volume theory of N M5-branes wrapped on a Riemann surface 3.
One may insert transverse Mb5-branes with four directions in common with
the N M5-branes, or M2-branes ending on a two-dimensional surface, while
only breaking half of the supersymmetry. Intersections of M5-branes are
labelled by a continuous (generic or partially degenerate) momentum while
M2-M5 intersections are labelled by a degenerate momentum, or equivalently
a representation of SU(N).

From the point of view of the world-volume theory of the N Mb5-branes,
transverse Mb5-branes form codimension 2 defects in the six-dimensional An_1
(2,0) superconformal theory. The four common directions can be distributed
in various ways among > and space.

e A point on ¥ and the whole space. This inserts a vertex operator in
the CFT and alters the four-dimensional theory: with such transverse
branes one engineers class S theories corresponding to Riemann surfaces
¥ = Cy,, with punctures.

e A curve on ¥ and a domain wall in four dimensions. This inserts a
topological defect in the CFT correlator, corresponding to a domain
wall in the class S theory. In particular the S-duality domain wall is
realized by braiding a puncture along a curve.

e The whole of ¥ and a surface in space. The two-dimensional CFT
on Y is altered. The M5-brane surface operator introduces non-trivial
boundary conditions on the four-dimensional fields, which break the
SU(N) gauge group to the commutant of the continuous momentum.

Defects constructed from collections of M2-branes ending on the N M5-
branes are codimension 4 defects, and can be placed in various directions.
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e The whole of ¥ and a point in space. This should alter the two-
dimensional CFT and insert a local operator in four dimensions, but
the author is not aware of quantitative results in this direction.

e A curve on ¥ and a loop in four dimensions. This setup yields the
correspondence between Wilson /’t Hooft loop operators in gauge theory
and Verlinde loop operators in the Toda CFT, both labelled by a
representation of SU(N).

e A point on ¥ and a surface in four dimensions. The M2-branes insert in
the correlator a degenerate vertex operator labelled by a representation
of SU(N), and insert a surface operator in the four-dimensional theory
by coupling it to a two-dimensional theory described now.

Chapter 3 [GLF14] associates a two-dimensional N = (2,2) gauge theory
to a collection of M2-branes for any representation R of SU(N):

n

Lk @x@ (1.4.5)
Ko—Ki

— anl_Kn72
Kn_Kn—l

with the following notations.> The Young diagram of R has n columns with
K,—K,1 > -->Ky—K; > K; >0 boxes. The quiver on the right-
hand side represents a two-dimensional N' = (2,2) gauge theory: squares
are U(N) flavour groups, circles are U(K) vector multiplets, and arrows
are chiral multiplets in the bifundamental representation of groups at their
end-points. Cubic superpotential terms couple each adjoint chiral multiplet
(loops in the quiver) to the neighboring bifundamental chiral multiplets,
and one takes all FI parameters except that of U(K,) to vanish. Note that
the flavour symmetry reduces from U(N) x U(N) to S[U(N) x U(N)] =
SU(N)xU(1) x SU(N) because the diagonal U(1) is a gauge transformation.

Wrapping the brane setup on a Riemann surface X yields a surface
operator in the class S theory defined by 3. The two-dimensional theory is
coupled by identifying its S[U(N) x U(N)] flavour symmetry with gauge or
flavour symmetries of a hypermultiplet in the class S theory, then turning on
a cubic superpotential for this hypermultiplet and the (anti-)fundamental
chiral multiplets (the left-most arrows in the quiver). When the class S theory
is placed on S}, inserting the surface operator on a U(1) x U(1) invariant
S? c Sgl corresponds to inserting a degenerate vertex operator labelled by R
in the Toda CFT correlator.

3Since Chapter 3 and Chapter 4 focus on two-dimensional theories, the ranks N and K
are denoted there by Ny and Nj.
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The (complexified) FI parameter of U(K,,) controls the position of the
degenerate vertex operator on 3. If the FI parameters of U(K;) with
J < n are taken to be non-zero instead, the degenerate puncture labelled
by R is replaced by n degenerate punctures whose positions are controlled
by FI parameters. The j-th puncture is labelled by the (K; — K;_1)-th
antisymmetric representation: the Young diagram (1.4.5) has split into its
columns. More generally, the insertion of n punctures labelled by symmetric
or antisymmetric representations can be realized by including adjoint chiral
multiplets only for some of the nodes, as depicted in (1.4.6).

The correspondence is checked by considering surface operators in the
simplest class S theory: N? free hypermultiplets. Since in this case the
two-dimensional and four-dimensional theories are only coupled through
flavour symmetries rather than dynamical fields, the partition function of
the 4d/2d system decomposes as Zg sp = Zgslg. Chapter 3 confirms

that the S2 C S{} partition function of the 4d/2d system is equal to a Toda
CFT (n + 3)-point function of n degenerates X, a semi-degenerate o, and two
generic @® vertex operators:

ZS%S;}

(1.4.6)
Using explicit expressions of the S? and Sgl partition functions, the equality is
tested in every degeneration limit where two of the Toda CFT punctures meet,
and proven for the case of a single antisymmetric degenerate vertex operator.
Expressions in the main text include factors which are omitted here as they
can be absorbed into a normalization of vertex operators and into ambiguities
in the definition of Zg2. Table 3.1 summarizes the correspondence, and its
special cases for n = 1 analyzed throughout Chapter 3.

The two-dimensional theory describes a U(K7) X - -+ x U(K,,) vector mul-
tiplet coupled to fundamental, antifundamental, adjoint, and bifundamental
chiral multiplets as depicted by the quiver. For each gauge group factor,
either there is an adjoint chiral multiplet and two cubic superpotential terms
coupling it to neighboring bifundamental chiral multiplets, or there is a
quartic superpotential term for the four neighboring chiral multiplets, and no
adjoint chiral multiplet. The N fundamental and N antifundamental chiral
multiplets of U(K,,) are not included in such superpotentials.

The 4d/2d coupling fixes masses of the hypermultiplets, hence Zga, in
terms of twisted masses of the N fundamental and N antifundamental chiral
multiplets of U(K,,). These 2N twisted masses, denoted as m; and my for
1 < s < N, are redundant: a global U(1) gauge transformation shifts them
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all. The generic momenta ag and a encode 2(N — 1) twisted masses as

1Y 1
0 =Q =3 imshs, 0o =Q =) imshs, (1.4.7)
s=1 s=1

where the weights hs of the fundamental representation of Ax_1 sum to zero.
The remaining twisted mass appears in the semi-degenerate momentum
L, o
m = (s + Kpb)hy, = 52(1—1—1ms+1m3). (1.4.8)
s=1

A conformal transformation places the vertex operators with momenta g, s
and 7 at 0, co and 1 respectively. The gauge theory has an additional U(1)
flavour symmetry under which adjoints have charge +2 and bifundamentals
+1. The matching requires the associated twisted mass to be —ib?%.

Finally, degenerate vertex operators describe the remaining gauge theory
information. Their n momenta —b(2; give gauge group ranks and the matter
content. For 1 < j < n,

Qj = ij—Kj,1 or (KJ - Kj—l)hl (149)

is the highest weight of the (K; — K;_1)-th antisymmetric or symmetric
representation of Ay_1. The matter content is read as follows: the factor
U(K;) has an adjoint chiral multiplet if ; and €1 are both symmetric or
both antisymmetric, and otherwise it does not. Complexified FI parameters
(up to a sign) are

2]' = xj/$j+1 (1.4.10)

in terms of the positions x; of degenerate vertex operators. To simplify
notations above, Ko = 0, €),,41 is considered to be symmetric, and x,+1; = 1.
This concludes the description of (1.4.6).

1.5 Two-dimensional N = (2,2) dualities

The previous section equates some surface operators in class S theories
to Toda CFT correlators enriched by the insertion of degenerate vertex
operators. Inspired by how Toda CFT modular invariance corresponds to
S-duality, symmetries of enriched correlators are translated in Chapter 4 to
dualities between pairs of two-dimensional ' = (2, 2) theories. The dualities,
akin to the four-dimensional N' = 1 Seiberg duality, state that different
Lagrangians flow at large distances to the same infrared theory.

Some symmetries are obvious on both sides of the equality (1.4.6). Generic
vertex operators are invariant under Weyl symmetries, which permute the
components of & — Q: given (1.4.7), the corresponding twisted masses are

simply permuted. Another simple symmetry is the conformal invariance
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under z — z~'. It exchanges ag < o, hence m < m, and maps all

Zj ,:?:;1 thus corresponds to conjugating all charges in the gauge theory.
Two Toda CFT symmetries translate to interesting gauge theory dualities:
conjugation of all momenta defined below, and permutations of degenerate
vertex operators. For every duality, S? partition functions of dual theories
are equal because the corresponding Toda CFT correlators (1.4.6) are equal.

Section 4.2 focuses on the simplest case of (1.4.6), namely the insertion of
a single degenerate vertex operator V_bw « labelled by the K-th antisymmetric
representation of Ay_1. The corresponding gauge theory is U(K) SQCD with
N flavours, described by a U(K') vector multiplet coupled to N fundamental
and N antifundamental chiral multiplets. Its complexified FI parameter is
2= (—1)Nz =z, and twisted masses are fixed by (1.4.7) and (1.4.8).

The Toda CFT four-point function is invariant under conjugation of
all momenta, which acts on weights as hs — hsc = —hn41-s. Under this
transformation, the degenerate momentum is mapped to —bw% = —bwgp
with KP = N — K; generic momenta are mapped as a — 2Q — «, up to
an unimportant Weyl symmetry; and the semi-degenerate momentum is
mapped (up to a Weyl symmetry) to (»? + KPb)h; with 3P = Nb=1 — 5.
All in all, the Toda CFT correlator is mapped to another four-point function
of an antisymmetric degenerate, a semi-degenerate, and two generic vertex
operators.

In gauge theory terms, momentum conjugation gives K” = N — K and

mP =1i/2 —m, mP =1i/2 — m,
mP =i/2—ms or  mP =1i/2 —m, (1.5.1)

where the second set of parameters results from applying the further conformal
transformation x — z !, in other words gauge theory charge conjugation.
Section 4.2 uses the first choice of parameters, while this introduction and
other literature use the second one, more convenient when discussing quivers.
The equality of correlators translates to

2 Zg" N (2,7, m, ) = 28, UIEIN (5D 2P P Py, (15.2)
The two S{f partition functions are different because the hypermultiplets cou-
ple to two-dimensional theories with different twisted masses. Explicit com-
putations show that their ratio is the one-loop determinant of N? free chiral
multiplets. These multiplets have twisted masses m; +ms = i—m?% —mP for
1 < s,t < N, and transform in the bifundamental representation of the flavour
group S[U(N) x U(N)]. The relation between twisted masses of fundamen-
tals ¢P, antifundamentals g, and free chiral multiplets M2 in the U(KP)
theory can be imposed by a cubic superpotential W = >_, Trq? ML qP.

s



1.5. TWO-DIMENSIONAL N = (2,2) DUALITIES 29

The conclusion is that U(K) SQCD with N flavours (dubbed the electric
theory) and U(KP) SQCD with N flavours and N? free chiral multiplets
subject to a cubic superpotential (dubbed the magnetic theory) have equal
S? partition functions. Diagramatically,

ZSQ[ (K) zzmm] = Zg [

The equality of S? partition functions is strong evidence that the two theories
are dual. This duality, Seiberg duality for two-dimensional N' = (2,2)
theories, is a direct analogue of the well-known four-dimensional N' = 1
Seiberg duality. The dual rank K = N — K and the cubic superpotential
are the same, and in both dualities all quantum numbers of the free chiral
multiplets M2 in the magnetic theory coincide with quantum numbers of
mesons ¢sq; in the electric theory.

It is interesting to consider the Higgs branch decomposition (1.3.12)
of the S? partition function. There is one term for each Higgs branch
vacuum, that is, each solution of the BPS equations due to supersymmetric
localization with a non-zero FI parameter (|2| # 1). Assuming |2| < 1 for
definiteness, one finds ([]\(f) vacua, labelled by sets of K flavours in [1, N].
This number is equal to the dimension of the representation of Ay_1 with
highest weight wx. As a result the Higgs branch decomposition of Zg2 and
the s-channel decomposition of the Toda CFT four-point function have equally
many terms. In fact, the two sums match term-wise: Higgs branch vacua
correspond to internal momenta allowed by the fusion of V,bw « With ‘7&0,
one-loop determinants correspond to products of three-point functions, and
classical and vortex partition functions correspond to conformal blocks. These
identifications work in the same way for all cases of the matching (1.4.6),
and yield new expressions for some conformal blocks. -

;:«D,zD,mD,mD] . (1.5.3)

Four-dimensional A = 1 Seiberg duality has many generalizations, several
of which hold for two-dimensional N’ = (2,2) theories. Kutasov—Schwimmer
dualities discussed next apply to SQCD enriched with adjoint chiral multiplets
subject to a superpotential. For another superpotential one finds a duality
referred to as the N' = (2,2)*-like duality. As explained later, all of these
dualities apply to individual gauge group factors in quiver gauge theories.

Section 4.3 considers the next simplest case of (1.4.6), with a single
degenerate vertex operator V. Kbh, labelled by the K-th symmetric repre-
sentation of Ay_1. The gauge theory is U(K) SQCD with N flavours and
an adjoint, namely a U(K) vector multiplet coupled to N fundamental and
N antifundamental chiral multiplets and to one adjoint chiral multiplet. Its
complexified FI parameter is 2 = z, the twisted mass mx of the adjoint is
given by imy = b?, and other twisted masses are fixed by (1.4.7) and (1.4.8).
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Solving the BPS equations shows that the theory has (¥ _11(+K) Higgs

branch vacua. Contrarily to SQCD with no adjoint matter, this number is
not invariant under K — N — K: it grows indefinitely with K. Therefore,
U(K) SQCD with an adjoint cannot exhibit a duality K +— K in general.
Dualities are found below by adding a superpotential term which reduces
the number of vacua.

Another point of view on the absence of duality in general is seen by noting
that contrarily to the antisymmetric degenerate momentum —bwg, whose
conjugate is —bwgp, the conjugate of the symmetric degenerate momentum
—Kbhi, namely Kbhy, is neither symmetric nor antisymmetric. Hence,
momentum conjugation does not yield a Toda CFT four-point function of
the same form as the original correlator. Nevertheless, there are two cases
where the four-point function has symmetries.

In the first setting (Section 4.3.1), the semi-degenerate momentum m
of (1.4.8) is taken to be degenerate by setting ¢ = —Lb hence 1 = —KPbh;
for KP = L — K. The presence of two degenerate momenta in the Toda CFT
four-point function ties the two generic momenta together: ag + ao, may
only take discrete values. The corresponding gauge theory is U(K) SQCD
with N fundamental chiral multiplets ¢;, N antifundamentals ¢;, and an
adjoint X subject to a superpotential

N
w=> gx"q (1.5.4)
t=1

for some integers I; > 0 with L = >, ;. Crossing symmetry of the two
degenerate operators exchanges K <+ KP” = L — K, hence U(K) and
U(KP) sQCD with adjoint matter and the superpotential (1.5.4) are dual.
Contrarily to Seiberg duality above, external momenta are not altered hence
the S contribution does not change, and the duality does not involve
additional free chiral multiplets. All in all,

N |2,2,m,m (|22, 37, mP, mP

Zgo (%) =2 @ oy | (155)
W=q¢Xq W =g"(xP)lq

with 2P = 271, mf) = my and ﬁltD = m;. When all [, = 1 this theory is

N = (2,2)* SQCD, a mass deformation of N' = (4,4) SQCD, hence the duality
is dubbed N = (2, 2)*-like duality.

In the second setting (Section 4.3.2), imx = b*> = —1/(I + 1) for some
integer [ > 1. In gauge theory, this value is such that the superpotential

W =Trx"! (1.5.6)

is supersymmetric. It turns out that up to a Weyl symmetry, the conjugate
of a symmetric degenerate momentum —Kbh; is then also a symmetric
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degenerate momentum: —KPbhy with K =[N — K. Following the same
steps as for an antisymmetric degenerate momentum, conjugation of momenta
translates to the Kutasov—Schwimmer duality. Parameters of the dual theory

are m{ =myx = —ib? =i/(1 + 1), and
mP =mx — m; mP = mx — my
mP =mx —m, or  mP =myx —m, (1.5.7)
D _ 2 2D — 2—1

where the second set of parameters is obtained by gauge theory charge
conjugation. The magnetic theory also has IN? free chiral multiplets M fgt
whose twisted masses are equal to those of mesons in the electric theory,
namely m; + ms + jmx for 0 < j < [. These twisted masses are fixed in the

magnetic theory by a superpotential. Diagramatically,

(1.5.8)

Section 4.4 describes dualities of quiver gauge theories which appear in
the matching (1.4.6). It is based on the observation that Seiberg, Kutasov—
Schwimmer, and N = (2,2)*-like dualities relating a U(K) and a U(KP)
theories still hold if flavour symmetries of their fundamental and antifunda-
mental chiral multiplets are gauged. In other words, if multiplets charged
under U(K) form one of the theories for which a duality is available, then
that duality can be applied.

Consider a node U(Kj) of the quiver (1.4.6) with j < n. Either there is
an adjoint chiral multiplet and cubic superpotentials, or there is a quartic
superpotential and no adjoint. Dualities apply in both cases.

When there is an adjoint chiral multiplet, multiplets charged under the
group U(Kj) form N = (2,2)* U(K ) SQCD with K;_1 + KJH flavours.
The N = (2,2)* dual theory has K j—1+ Kj1 — Kj and z z;l,
and a careful analysis shows that FI parameters of nelghborlng nodes are
also altered: Eﬁl = %2jZj4+1. Twisted masses are given in the main text.
Schematically,

When there is no adjoint chiral multiplet, multiplets charged under U (K;)
form N = (2,2) SQCD with K;_; + K flavours and Seiberg duality applies.
Ranks and FI parameters are mapped as in the first case. The only difference
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is that the dual theory has additional matter with charges equal to those of
mesons of U(Kj) in the original theory:

RN LN
| | | |

The following steps simplify the dual theory. The quartic superpotential of
the original theory becomes a quadratic superpotential for the bifundamentals
MjD—l,j+1 and Mjl?&-l,j—l of U(Kj—1) x U(Kj4+1) in the dual theory, and these
chiral multiplets can thus be integrated out. Integrating them out combines

their cubic superpotential couplings to bifundamentals of U (K jD ) x U(Kj+1),

(1.5.10)

namely Tr(MjLiLquﬂl’jqu_l) + Tr(Mﬁ_Lj_lqﬁl’jquH), into a quartic
term for these bifundamentals. On the other hand, the new adjoint chiral
multiplets of U(Kj+1) toggle between the presence and absence of adjoints
for these nodes: indeed, if the original theory has no adjoint for U(Kj+1)
then the dual theory has an adjoint, while if the original theory has an
adjoint then the dual theory has two adjoints which can be integrated out
thanks to a quadratic superpotential.

All in all, the dual theory has K]D =K 1+ Kjy1 — Kjand EJD = %—1 as
well as éjDil = %;Zj+1, and the presence or absence of adjoint chiral multiplets
on the nodes U (K1) is toggled if the node U(K) has no adjoint.

This elaborate prescription translates beautifully to the exchange of
two degenerate vertex operators V,ij (x, ;) and V,ijH (Zj+1,%j41) in the
Toda CFT. This is obtained as follows. The duality exchanges K; —K;_1 with
Kj11—Kj, and the exchange x; <+ xj41 reproduces the map of FI parameters.
If Q; and ;41 are both symmetric or both antisymmetric, exchanging them
keeps the same distribution of symmetric and antisymmetric representations
of Ay_1; accordingly, the duality does not change the matter content since
the gauge theory has an adjoint. Otherwise, the exchange affects whether €2,
and €41 are of the same type (symmetric/antisymmetric) as their neighbors
2;_1 and 2 9; accordingly the gauge theory has no adjoint and Seiberg
duality affects the matter content of neighboring nodes.

The translation to Toda CFT immediately gives the set of dual descriptions
which result from sequences of dualities on the groups U(Kj) for j < n.
These correspond to the n! permutations of the n degenerate vertex operators.
Dualities of the factor U(K,,), explored in Section 4.4.2, are more complicated,
as the fundamental and antifundamental chiral multiplets of U(K,,) are
subject to no superpotential coupling.

For every duality discussed in Chapter 4, S? partition functions of dual
theories are also shown to be equal without any reference to the Toda CFT,
by comparing Higgs branch decompositions. The difficult step of equating
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vortex partition functions is done in Appendix 4.A and Appendix 4.B. This
direct proof paves the way towards tackling dualities which do not have Toda
CFT translations.

Preliminary results (not included in the thesis) indicate that SQCD with
two adjoints X and Y subject to the superpotential W = Tr(X'T! + XY?)
exhibits a duality with K = 3IN — K. This is directly analoguous to the
four-dimensional A/ = 1 Kutasov—Schwimmer duality of type D.

Dualities of theories with orthogonal or symplectic gauge groups are also
known, but the author has not tried to compare their S? partition functions.

The shape of the quiver can also be generalized to arbitrary graphs.
Consider for definiteness N' = (2,2)* quivers, where each node has an
adjoint chiral multiplet and cubic superpotential terms with neighboring
bifundamentals. The group of dualities of such a quiver appears to be the
Coxeter group whose Coxeter diagram has the same nodes as the quiver and
one edge for each pair of bifundamental chiral multiplets. Thus, N' = (2,2)*
quivers have infinitely many dual descriptions unless their shape is that of an
ADE diagram. A-shaped quivers are studied above thanks to their matching
with the Toda CFT, and it would be interesting to discover whether D and
E-type quivers have similar realizations. Amusingly, one can realize all finite
Coxeter groups ABCDEFG as duality groups by considering N' = (2, 2)*-like
theories where cubic superpotentials GX ¢ are replaced by §X'q (1.5.4) with
different exponents [ for every edge of the quiver. Note however that having a
finite or infinite number of dual descriptions is probably only an anecdotical
property of a gauge theory.

Another line of research is to consider surface operators in an interacting
class S theory corresponding to a Riemann surface 3. The S? C S} partition
function has not yet been computed, as one needs to determine volumes
of moduli spaces of combined vortices and instantons. The correspondence
predicts that it will be equal to a Toda CFT correlator on ¥ with the insertion
of degenerate vertex operators. Permutations of the degenerate vertex
operators translate to two-dimensional dualities as discussed above. Changing
the trinion decomposition of the original Riemann surface ¥ corresponds
to S-duality of the four-dimensional theory: this may help determine how
S-duality acts on surface operators. Finally, some modular transformations
move degenerate punctures from one trinion of ¥ to another. These translate
to changing which hypermultiplet is coupled to the two-dimensional theory.
The correspondence thus predicts a 4d/2d “node-hopping” duality: coupling
the two-dimensional theory to different hypermultiplets describes the same
surface operator.
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The introduction is coming to an end. Hopefully it has elicited interest
in the interplay between supersymmetric gauge theories and the Toda CFT
uncovered by the AGT correspondence. In the present work, this relation
yields new gauge theory dualities from explicit Toda CFT symmetries, and it
provides new Toda CFT data which leads to a previously unknown braiding
kernel. Fully developping consequences of the AGT correspondence will take
many more years.

To decide upon their next destination, the reader is referred to the table
of contents, or to the overview of the thesis on page 2. Briefly, Chapter 2
calculates S? partition functions, Chapter 3 matches them to Toda CFT
correlators, Chapter 4 deduces gauge theory dualities from Toda symmetries,
and Chapter 5 explores new Toda CFT results.




Chapter 2

Two-dimensional N = (2,2)
gauge theories

This is the article Exact Results in D = 2 Supersymmetric Gauge Theories
by Nima Doroud, Jaume Gomis, Sungjay Lee, and the author [DGLFL12].
The text omits Section 2.6, Section 2.7, and Appendix 2.H because they
are superseeded by newer results (Chapter 3 and Chapter 4), and necessary
formatting changes are performed.

Abstract. We compute exactly the partition function of two-dimensional
N = (2,2) gauge theories on S? and show that it admits two dual descriptions:
either as an integral over the Coulomb branch or as a sum over vortex and
anti-vortex excitations on the Higgs branches of the theory. We further
demonstrate that correlation functions in two-dimensional Liouville/Toda
CFT compute the S? partition function for a class of N' = (2,2) gauge
theories, thereby uncovering novel modular properties in two-dimensional
gauge theories. Some of these gauge theories flow in the infrared to Calabi-
Yau sigma models — such as the conifold — and the topology changing flop
transition is realized as crossing symmetry in Liouville/Toda CFT. Evidence
for Seiberg duality in two dimensions is exhibited by demonstrating that the
partition function of conjectured Seiberg dual pairs are the same.

2.1 Introduction

It has long been recognized that many of the dynamical and quantum
properties of four-dimensional gauge theories are mirrored in two-dimensional
quantum field theories. This includes — among the wealth of phenomena
that a four-dimensional gauge theory can exhibit — the remarkable and not
yet completely understood physics of confinement and dynamical generation
of a mass gap. Instantons, which mediate non-perturbative effects in four-
dimensional gauge theories, are also present in two-dimensional field theories,

35
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and play a central role in determining the quantum properties of these theories.
While the dynamics of two-dimensional gauge theories is tamer than in four
dimensions, few exact results for correlation functions are available. In most
examples, such computations heavily rely on integrability. Furthermore,
given that two-dimensional theories share many of the beautiful phenomena
present in four dimensions, it is a desirable goal to attain exact results in
two-dimensional quantum field theories.

In this paper we obtain exact results in two-dimensional N' = (2,2)
supersymmetric gauge theories on S2. These results are obtained using the
powerful machinery of supersymmetric localization [Wit88; Wit91; Pes07].
We uncover that the partition function of these theories admit two seemingly
different representations.i In one, the partition function is written as an
integral (and discrete sum) over vector multiplet field configurations. This
yields the Coulomb branch representation of the partition function

ZCoulomb(m7 T) = Z /tda ch(a) B, T) Zone—loop(au B, m) .
B

B is the quantized flux on S?%, a the Coulomb branch parameter, m denotes
the masses of the matter fields and 7 are the complexified gauge theory
parameters
J— /19 ]
T = % + 157

where £ and ¥ are the FI (Fayet-Iliopoulos) parameter and topological angle
associated to each U(1) factor in the gauge group. Expressions for Z(a, B, T)
and Zone-loop(a, B, m) are given in Section 2.4.

In the other representation, the path integral is given as a discrete sum
over Higgs branches of the product of the vortex partition function [Sha06]
at the north pole and the anti-vortex partition function at the south pole.
This gives the Higgs branch representation of the partition function

ZHiggs (ma 7—) = Z ZCI(Ua 0, 7_) (52% [Zone—loop(aa 0, m)]

veHiggs vacua . o o
Zvortex(v) m, 62”1T)Zanti-vortex(va m,e 27”7) .
In this formula the residue of the pole of Zye100p(@,0,m) at the location
of each Higgs branch must be taken.? Equivalently, this expression can be
written in a holomorphically factorized form as a sum of the “norm” of the

vortex partition function

2
ZHiggs(Mm, T) = Z Ze1(v,0,7) res [Zone-loop (@, 0, m)] ‘ZVOrtex(’U,m7 27T
veHiggs vacua

!This can be enriched with the insertion of supersymmetric Wilson loop operators.
2A Higgs branch is a solution to the equation a 4+ m = 0.
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Miiggs : a+m =0

MCoulomb

Figure 2.1: Higgs vacua. Vortices and anti-vortices on these vacua contribute
to Zriggs(m, T)

Despite that the expressions for the Coulomb and Higgs branch represen-
tations are rather distinct and involve different degrees of freedom, we show
that the two yield identical, dual representations of the partition function of
N = (2,2) gauge theories on S?

Z = ZCoulomb = ZHiggs .

We have explicitly shown this equivalence for SQCD, with U(N) gauge
group and Ny fundamental and N} anti-fundamental chiral multiplets. The
factorization of the Coulomb branch integral is akin to the one found by
Pasquetti [Pas11] and Krattenthaler et al. [KSV11] in evaluating the partition
function of three-dimensional A/ = 2 abelian gauge theories on the squashed
S3 [HHL11] and S x $2.3

The fact that a correlation function in a supersymmetric gauge theory
may admit multiple representations can be understood to be a consequence
of the different choices of supercharge and/or deformation terms available
when performing supersymmetric localization. Different choices may lead to
integration over different supersymmetric configurations, but the localization
argument guarantees that all (reasonable) choices must ultimately yield the
same correlation function.* See Section 2.8 for a more detailed discussion.
Our choice of localization supercharge has the elegant feature of giving rise to
supersymmetry equations which interpolate between vortex equations at the
north pole and anti-vortex equations at the south pole while also allowing
for configurations on the Coulomb branch.

We demonstrate that the partition function of certain two-dimensional
N = (2,2) gauge theories on S? admits a dual description in terms of
correlation functions in two-dimensional Liouville/Toda CFT. This is akin
to the AGT correspondence [AGTO09] between the partition function of

30ther related works on localization include [Kim09; KWY09; Jaf10; HHL10; IY11].
4In particular we obtain the Coulomb branch representation of the partition function
using two different choices of supercharge.
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vortex

~

anti-vortex

Figure 2.2: Vortex and anti-vortex configurations in the Higgs branch

four-dimensional ' = 2 gauge theories on S* and correlators in these two-
dimensional CFTs. The key difference is that the correlators in Liouville/ Toda
CFT that capture the two-dimensional gauge theory partition function on
S? involve the insertion of degenerate vertex operators of the Virasoro or
W-algebra at suitable punctures on the Riemann surface. These insertions
have the sought after property of restricting the sum over intermediate states
to a discrete sum of conformal blocks, which precisely capture the sum over
Higgs vacua in the Higgs branch representation of the partition function.
Pleasingly, Zy;iges exactly reproduces the sum over conformal blocks with the
precise modular invariant Liouville/Toda measure by summing over vortices
and anti-vortices over all Higgs vacua.

The simplest instance of this correspondence is SQED, described by a
U(1) vector multiplet and Ny electron and Ny positron chiral multiplets. The
partition function of SQED corresponds to the Ay,—1 Toda CFT on the four-
punctured sphere with the insertion of two non-degenerate, a semi-degenerate
and a fully degenerate puncture:

e HX
ZSQED =
a2 ® ® a1

Figure 2.3: SQED partition function as Toda CFT correlator

The fact that two-dimensional N' = (2,2) gauge theories on S? admit a
Liouville/Toda CFT description with degenerate fields is consistent with
the observation that certain half-BPS surface operators in four-dimensional
N = 2 gauge theories on S* are realized by the insertion of a degenerate
field [Ald+09].

The correspondence we establish with Liouville/Toda CFT implies that
two-dimensional N = (2,2) gauge theories enjoy rather interesting modular
properties with respect to the complexified gauge theory parameters 7. This
is a direct consequence of modular invariance, which implies that CFT
correlators are independent of the choice of factorization channel (or pants
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decomposition) used to represent a correlator as a sum over intermediate
states. The moduli of the punctured Riemann surface on which modular
duality acts correspond to the vortex fugacity parameters
y = e27ri7' )

It is rather interesting that the partition function of two-dimensional N' =
(2,2) gauge theories on S? assembles into a modular invariant object.

Another important motivation to study two-dimensional N = (2,2)
gauge theories is string theory. As shown in [Wit93], the Higgs branch of
such a gauge theory flows in the infrared to a two-dimensional N' = (2,2)
supersymmetric non-linear sigma model with a Kéhler target space. Moreover,
with a suitable choice of matter content and gauge group, the gauge theory
flows to an N/ = (2,2) superconformal field theory, which provides the
worldsheet description of string theory on a Calabi-Yau manifold. One
can hope that the exact formulae for the partition function of these gauge
theories will provide a novel way to compute worldsheet instantons in the
corresponding Calabi-Yau manifolds, as well as shed new light into the
dynamics of these phenomenologically appealing string theory backgrounds.

The ultraviolet gauge theory description of these string theory back-
grounds provides a qualitative characterization of the “phase” structure as
the Kéhler moduli of the Calabi-Yau manifold are changed by studying the
gauge dynamics as a function of the complexified gauge theory parameters
7 [Wit93]. An interesting topology changing transition — the so called flop
transition — occurs in some models as the sign of the FI parameter is reversed
& — —£&. The string dynamics in the two phases connected by a flop tran-
sition are expected to be related by analytic continuation in 7. Our exact
results for the partition function of N' = (2,2) SQED — which includes the
conifold for Ny = 2 and higher dimensional Calabi-Yau manifolds for Ny > 2
— demonstrate that the results for £ > 0 and £ < 0 are indeed related by
analytic continuation. Given the representation of the partition function
of SQED in terms of a Toda CFT correlator on the four-punctured sphere,
the analytic continuation describing the flop transition admits an elegant
realization as crossing symmetry in Toda CFT

flop transition «— crossing symmetry .

Furthermore, our exact results demonstrate that the geometric singularity
as we move from & > 0 to £ < 0 across the singular point £ = 0 can be
avoided by turning on a nonzero topological angle ¥, as anticipated in [Wit93;
AGMH93|.

Our findings are used to provide quantitative evidence for Seiberg duality
[Sei94] in two dimensions by comparing the partition functions of putative
dual theories in various limits and finding exact agreement. Seiberg duality
in two-dimensional N = (2,2) gauge theories [HT06] relates theories with
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Ny > N fundamental chiral multiplets, trivial superpotential and gauge
groups
SU(N) — SU(N; —N).

The conjectured duality was put forward in [HT06] to give a physical realiza-
tion of Rgdland’s conjecture stating that two Calabi-Yau manifolds appear
as distinct large volume limits of the same Kéahler moduli space. Our results,
therefore, provide further evidence for this conjecture.

The plan of the rest of the paper is as follows. In Section 2.2 we ex-
plicitly write down for gauge theories on S? the N = (2,2) supersymmetry
transformations of the vector and chiral multiplet fields and the associated
supersymmetric action. In Section 2.3 we specify a particular supercharge
with which we perform the localization computation. We derive the partial
differential equations that determine the space of supersymmetric field config-
urations corresponding to our choice of supercharge and show that the system
of equations we get smoothly interpolates between the vortex equations at
the north pole and the anti-vortex equations at the south pole. A vanishing
theorem finding the most general smooth, supersymmetric solutions to our
system of supersymmetry equations is proven. We find that smooth solutions
are parametrized by vector multiplet fields and correspond to Coulomb phase
configurations, while singular localized vortices and anti-vortices, which exist
in the Higgs phase, may appear at the north and south poles of the S2. In
Section 2.4 we localize the path integral by choosing a specific deformation
term and show that only Coulomb branch configurations can contribute if
we consider the saddle point equations of the combined action in the limit
that the coefficient of the deformation term goes to infinity. This yields the
Coulomb branch representation of the partition function. Quite remarkably,
the integral and sum over the Coulomb branch configurations can be carried
out for arbitrary choices of gauge group G and matter representation. The
resulting expression can be written as a finite sum of the product of a function
with its complex conjugate. We identify this expression as the sum over Higgs
vacua of the product of the vortex partition function at the north pole with
the anti-vortex partition function at the south pole. In Section 2.5 we argue,
by first looking at the saddle point equations for a different deformation
term, that the Coulomb branch configurations are lifted and that vortex and
anti-vortex configurations at the poles are the true saddle points of the path
integral in this other limit. This yields the Higgs branch representation of
the partition function. This way of computing the path integral gives a first
principles derivation of the result obtained by brute force evaluation of the
Coulomb branch representation of the partition function. The identification
of the partition function of certain two-dimensional N' = (2, 2) gauge theories
with Liouville/Toda correlation functions is uncovered in Section 2.6, and
some of their consequences explored. In Section 2.7 we provide quantitative
evidence for Seiberg duality in two dimensions by matching the partition
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function of Seiberg dual pairs in various limits. We conclude in Section 2.8
with a discussion of our findings and future directions. The appendices
contain some detailed computations used in the bulk of the paper.

Note added: While this work was being completed, we became aware of
related work [BC12], which has some overlap with this paper.

2.2 N =(2,2) gauge theories on 5>

In this section we explicitly construct the Lagrangian of N’ = (2,2) super-
symmetric gauge theories on S2. The basic multiplets of two-dimensional
N = (2,2) supersymmetry are the vector multiplet and the chiral multi-
plet, which arise by dimensional reduction to two dimensions of the familiar
four-dimensional N' = 1 supersymmetry multiplets. The field content is
therefore B

vector multiplet: (A;, 01,02, \, A, D)

SR (2.2.1)
chiral multiplet: (¢, ¢, ¥, ¢, F, F).

The fields (X, A, 4, v) are two component complex Dirac spinors,” (¢, ¢, F, F)
are complex scalar fields while (o1, 02, D) are real scalar fields.® The fields
in the vector multiplet transform in the adjoint representation of the gauge
group G while the chiral multiplet fields transform in a representation R
of G. The field content of an arbitrary N/ = (2,2) supersymmetric gauge
theory admitting a Lagrangian description is captured by these multiplets
by letting G be a product gauge group and R a reducible representation.

While it is well known how to construct the Lagrangian of N = (2,2)
supersymmetric gauge theories in R? (i.e. flat space), constructing supersym-
metric theories on S? requires some thought, as S? does not admit covariantly
constant spinors. Indeed, we must first characterize the N' = (2,2) super-
symmetry algebra on S2. This is the subalgebra of the two-dimensional
N = (2,2) superconformal algebra on S? that generates the isometries of S,
but none of the conformal transformations of S2. The N = (2, 2) supersym-
metry algebra on S2 thus defined obeys the (anti)commutation relations of
the SU(2|1) superalgebra”

1

. 1
[Jma Jn] = 1€manp [Jma Qa] - _§7mBaQﬁ [Jma Sa] = _§7mBaSB

1
{Sou Q,B} = ’YZLBJm - icaﬁR [Rv Qa] - _Qa [Ra Sa] = Sa .
(2.2.2)
The supercharges @, and S, are two-dimensional Dirac spinors generating

the supersymmetry transformations, J,, are the SU(2) charges generating the

50ur conventions for spinors are listed in Appendix 2.A.
5The reality of the auxiliary field D is altered when coupled with matter fields.
"See Appendix 2.B for details.
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isometries of S? while R is a U(1) R-symmetry charge. This supersymmetry
algebra is the S? counterpart of the N' = (2, 2) super-Poincaré algebra in flat
space.

Constructing a supersymmetric Lagrangian on S? requires finding super-
symmetry transformations on the vector and chiral multiplet fields that rep-
resent the SU(2|1) algebra. We construct these by restricting the N' = (2,2)
superconformal transformations to those corresponding to the SU(2|1) sub-
algebra. The N = (2,2) superconformal transformations on the fields are
easily obtained by combining the A/ = (2, 2) super-Poincaré transformations
in flat space (with the flat metric replaced by an arbitrary metric), with
additional terms that are uniquely fixed by demanding that the supersymme-
try transformations are covariant under Weyl transformations.” Given the
SU(2|1) supersymmetry transformations on the vector and chiral multiplet
fields constructed this way and shown below, it is straightforward to con-
struct the corresponding SU(2|1) invariant Lagrangian. The supersymmetry
transformations and action may equivalently be obtained by “twisted” dimen-
sional reduction from three-dimensional ' = 2 gauge theories on S* x 2,
considered in [IY11].

2.2.1 N = (2,2) action

Without further ado, we write down the most general renormalizable N =
(2,2) supersymmetric action of an arbitrary gauge theory on S?

S = Sv.m. + Stop + SFI + Sc.m. + Srnass + SW . (223)

The vector multiplet action is given by
1 ,
Sum. = 53 / o VET{ ViV + V3V 4 D
g

A (2.2.4)
+ i)\(lDS\ - [01,5\} - 1[02’73/_\})} ’

where , g .
V'=¢e"Djoy + D'oy,
1 .. 1 (2.2.5)
V3= ingij +i[o1,09] + o1

The bosonic part of the action can also be written as

1 1 \?
TgQ /d2x Vh Tr { (Fﬁ + T01> + (Dio'l)Q + (Dio'Q)Q _ [01, 02]2 + D2} .

(2.2.6)
In the vector multiplet action g denotes the super-renormalizable gauge
coupling® h is the round metric on S? and r is its radius.

8For a product gauge group, there is an independent gauge coupling for each factor in
the gauge group.
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For each U(1) factor in G, the gauge field action in two dimensions can
be enriched by the addition of the topological term

.U
Stop = —ig- /TrF, (2.2.7)

and of a supersymmetric FI (Fayet-Iliopoulos) D-term on S?

Spr = —ig/d%:\/ﬁ Tr <D - U2> : (2.2.8)
T
The couplings ¥ and £ are classically marginal, and can be combined into a
complex gauge coupling

T= ﬂ + i€ (2.2.9)
2

for each U(1) factor in the gauge group. Quantum mechanically, the coupling
7 depends on the energy scale, and can be traded with the dynamically
generated, renormalization group invariant scale A.° We will return to this
dynamical transmutation in Section 2.4.

The action for the chiral multiplet coupled to the vector multiplet is!?

2

_ ~1 —9 _
Sem. :/d%\/ﬁ{¢<—03+a%+a§+m+iq oy — q4 ~ q>¢+FF
T T

— it (ﬂ — oy —ioey® + Qqﬂ?’) U+ i — i&me} .
(2.2.10)
Here ¢ denotes the U(1) R-charge of the chiral multiplet, which takes the
value ¢ = 0 for the canonical chiral multiplet.!! In a theory with flavour
symmetry G, the U(1) R-charges take values in the Cartan subalgebra of
GFr (see discussion below).

In two dimensions, it is possible to turn on in a supersymmetric way
twisted masses for the chiral multiplet. These supersymmetric mass terms
are obtained by first weakly gauging the flavour symmetry group G acting
on the theory, coupling the matter fields to a vector multiplet for G, and
then turning on a supersymmetric background expectation value for the
fields in that vector multiplet. For A" = (2, 2) gauge theories on S?, unbroken
SU(2|1) supersymmetry (see equations (2.2.17) and (2.2.18)) implies that

the mass parameters are given by a constant background expectation value

9The dynamical scale is given by A% = uboe%”(”), where B(§) = %0 and p is the

floating scale. T

0The representation matrices of G in the representation R, which we do not write
explicitly to avoid clutter, intertwine the vector multiplet and chiral multiplet fields in the
usual way.

14 also determines the Weyl weight of the fields in the chiral multiplet. The Weyl weight
of a field can be read from the commutator of two superconformal transformations (see
Appendix 2.B), which represents the two-dimensional A’ = (2, 2) superconformal algebra
on the fields.
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for the scalar field o9 in the vector multiplet for Gg. This can be taken in
the Cartan subalgebra of the flavour symmetry group Gr. Therefore, the
supersymmetric twisted mass terms on S? are obtained by substituting

oy — o +m (2.2.11)

n (2.2.10), with m in the Cartan subalgebra of Gp

Stass = /d2x Vh {q—ﬁ (m2 + 2mog + 1=

)qﬁ wm’yw} (2.2.12)
2.

Likewise, the U(1) R-charge parameters ¢ introduced in (2.2.10) can be
obtained by turning on an imaginary expectation value for the scalar field
o9 in the vector multiplet for Gr. The corresponding supersymmetric terms
in the action are obtained by shifting the action in (2.2.10) for ¢ = 0 by

i

o9 = 09 + Eq. (2.2.13)
The flavour symmetry Gr is determined by the representation R under
which the chiral multiplet transforms and by the choice of superpotential, as
this can break the group of transformations rotating the chiral multiplets
down to the actual G r symmetry of the theory. If R contains N; copies of an
irreducible representation r and the theory has a trivial superpotential, then
the theory has U(Ny) as part of its flavour symmetry group and gives rise
to Ny twisted mass parameters m = (m1,...,my,) and Ny U(1) R-charges
qa=(q1,--.- ,qu). Occasionally, we will find it convenient to combine these
parameters into the holomorphic combination

i
M;=mr+ —qr. 2.2.14
I 1+ o qr ( )
Finally, we can add in a supersymmetric way a superpotential for the
chiral multiplet

Sy = /d%\/ﬁ {FW + FW}, (2.2.15)

whenever the total U(1) R-charge of the superpotential is —qy = —2. Fyy
is the gauge invariant auxiliary component of the superpotential chiral
multiplet.'? Under these conditions, the Lagrangian in (2.2.15) transforms
into a total derivative under the SU(2|1) supersymmetry transformations
below.

A few brief remarks about the N' = (2,2) gauge theories in S? thus
constructed are in order. The action (and supersymmetry transformations)
can be organized in a power series expansion in 1/r, starting with the

2Tn terms of the ¢ chiral multiplet, Fyy = %—WF — %a;?W 1. Invariance of (2.2.15)

under supersymmetry when gw = 2 follows from equations (2.2.28) and (2.2.29).
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covariantized N' = (2,2) gauge theory action in flat space. The action
is deformed by terms of order 1/r and 1/r2, with terms proportional to
1/r not being reflection positive. These features are consistent with the
general arguments in [FS11]. The theory on S? breaks the classical'® U(1)4
R-symmetry of the corresponding N' = (2, 2) gauge theory in flat space. This
can be observed in the asymmetry between the scalar fields o; and o9 in
the action on S2, which are otherwise rotated into each other by the U(1) 4
symmetry of the flat space theory. This asymmetry is also manifested in the
twisted masses m being real on S?, while they are complex in flat space.!*
The real twisted masses m on S?, however, combine with the U(1) R-charges
g into the holomorphic parameters M = m + %q introduced in (2.2.14).

2.2.2 Supersymmetry transformations

The gauge theory action we have written down is invariant under the
SU(2|1) supersymmetry algebra. The supersymmetry transformations are
15 ¢ and € on S2. These can be

parametrized by conformal Killing spinors
taken to obey
1 A
Vie = +?7i73€
1 . (2.2.16)
Vi€ = =57’
T

where € and € are complex Dirac spinors in two dimensions and r is the
radius of the S2. The spinors €, and €, are the supersymmetry parameters
associated to the supercharges Q. and S, respectively. More details about
the supersymmetry transformations can be found in Appendix 2.B.

As mentioned earlier, the explicit supersymmetry transformations can be
found by restricting the N' = (2, 2) superconformal transformations to the
SU(2|1) subalgebra. The SU(2|1) supersymmetry transformations of the
vector multiplet fields are

A= ({V,y" —D)e (2.2.17)

oA = (iVmy™ + D) e (2.2.18)
1/ _

0A; = —3 (ew + e%-A) (2.2.19)

1/ _

bor = 3 (ex—en) (2.2.20)
i/ _

602 = — (1A + ens)) (2.2.21)

13This classical symmetry of the flat space theory, being chiral, can be anomalous.

MYWhere twisted masses correspond to background values of o1, o2 in the vector multiplet
for G F.

15Thus named since the defining equation Ve = ;& is conformally invariant.
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5D = —%E (PA+ (o1, N =i [02,7°A])

: . (2.2.22)
z N — A =i 3
+2€<]D)\ [Ula)\} 1{(72>’7 A}) )
with V;, and Vj, defined by
. g . 1 .. 1
VZ:EZ]DjO'Q—FDZO'l, V3:*€Z]Fij+i[0'1,0'2]+*01
- o ' (2.2.23)
VZ:&?”D]'JQ—DZCH, V3:§€Z]Fij—i[01,02]+;0'1.
The transformations of the massless chiral multiplet fields are
0p = ey (2.2.24)
5¢ = et (2.2.25)
S =i <ID¢> + o1 — ioad + zqrmg) €+ éF (2.2.26)
S =i (quB + o + idoar® — ;éyg) €+ el (2.2.27)
0F = —i (D,w'yi + o1 — iagz/wg + Ao+ 2qr¢'y?’> € (2.2.28)
SF = —i (Dw oy + syt — A — ;Wf)’) c. (2.2.29)

The supersymmetry transformations of the theory with twisted masses are
obtained from equations (2.2.24-2.2.29) by shifting o2 — o2 + m as in
(2.2.11).

With these transformations, the SU(2|1) supersymmetry algebra (2.2.2) is
realized off-shell on the vector multiplet and chiral multiplets fields. Splitting
8 = b + Je, we find that this representation of SU(2|1) on the fields obeys'®

(0,6 =0 (0,66 =0, (2.2.30)
(6, 8¢] = G502 (€) + r(@) + 6 (A) + S (Am) (2.2.31)

thus generating an infinitesimal SU(2) x R x G x G transformation. When
localizing the path integral of N' = (2,2) gauge theories on S%, we will
choose a particular supercharge Q in SU(2|1). The SU(2) x R x G x Gp
transformation it generates will play an important role in our computation
of the partition function.

The SU(2) isometry transformation induced by the commutator of su-
persymmetry transformations is parametrized by the Killing vector field'”

£ = —ieyle. (2.2.32)

16The explicit form of the commutator of supersymmetry transformations on the vector
multiplet and chiral multiplet fields can be found in Appendix 2.B.

"The fact that ¢ is a Killing vector, that it obeys V'€ + VZ€' = 0, is a consequence
of the choice of conformal Killing spinors in (2.2.16). As desired, it does not generate
conformal transformations of S2.
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It acts on the bosonic fields via the usual Lie derivative and on the fermions
via the Lie-Lorentz derivative

. 1 iy
E& = fz VZ + Evl 5]- ’y” . (2.2.33)
The U(1) R-symmetry transformation generated by the commutator of

the supersymmetry transformations is parametrized by

1 ~
o= _5@36' (2.2.34)

It acts on the fields by multiplication by the corresponding charge. The U(1)
R-symmetry charges of the various fields, supercharges and parameters are:

supersymmetry vector multiplet

e € Q S A, o1 oo X X D
1 -1 -1 1 0 O O 1 -1 0

chiral multiplet

¢ 0 F o W F
-q¢ —(¢-1) —(¢-2) ¢ q-1 q-2

Since the action of R on the fields is non-chiral, this classical symmetry is not
spoiled by quantum anomalies and is an exact symmetry of the N' = (2, 2)
gauge theories we have constructed.

The commutator of two supersymmetry transformations generates a field
dependent gauge transformation, taking values in the Lie algebra of the
gauge group G. The induced gauge transformation is labeled by the gauge
parameter A

A = (€e)oy —i(ey3e)oy + Ay, (2.2.35)
which acts on the various fields by the standard gauge redundancy transfor-
mation laws. On the gauge field it acts by

0rA; = DA (2.2.36)
while on a field ¢ it acts by
orp =1iA -, (2.2.37)

where A acts on ¢ in the corresponding representation of G.

Finally, in the presence of twisted masses m, a Gr flavour symmetry
rotation on the chiral multiplet fields is generated by [, d¢]. The induced
flavour symmetry transformation acts on the chiral multiplet fields in the
fundamental representation of G, and is parametrized by

Am = —i(Ev3e)m, (2.2.38)

with m taking values in the Cartan subalgebra of Gp. It acts trivially on
the vector multiplet fields.
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2.3 Localization of the path integral

In this paper our goal is to perform the exact computation of the partition
function of A = (2,2) gauge theories on S2. The powerful tool that allow us
to achieve this goal is supersymmetric localization.

The central idea of supersymmetric localization [Wit92] is that the path
integral — possibly decorated with the insertion of observables or boundary
conditions invariant under a supercharge Q — localizes to the Q-invariant field
configurations. If the orbit of Q in the space of fields is non-trivial,'® then
the path integral vanishes upon integrating over the associated Grassman
collective coordinate. Therefore, the non-vanishing contributions to the
path integral can only arise from the trivial orbits, 7.e. the fixed points of
supersymmetry. These fixed point field configurations are the solutions to the
supersymmetry variation equations generated by the supercharge O, which
we denote by

0¢ fermions = 0. (2.3.1)

In the path integral we must integrate over the moduli space of solutions
of the partial differential equations implied by supersymmetry fixed point
equations (2.3.1).

Under favorable asymptotic behavior, integration by parts implies that
the result of the path integral does not depend on the deformation of the
original supersymmetric Lagrangian by a Q-exact term'?

LSLHtQ V, (2.3.2)

as long as V is invariant under the bosonic transformations generated by Q2.
Obtaining a sensible path integral requires that the action is nondegenerate
and that the path integral is convergent in the presence of the deformation
term Q- V.

In the ¢ — oo limit, the semiclassical approximation with respect to
hef = 1/t is exact. In this limit, only the saddle points of Q - V' can
contribute and, moreover, the path integral is dominated by the saddle
points with vanishing action. However, of all the saddle points of Q - V,
only the O-supersymmetric field configurations give a non-zero contribution.
Therefore, we must integrate over the intersection of supersymmetric field
configurations and saddle points of Q- V. We denote this intersection by F.

Using the saddle point approximation, the path integral in the t — oo
limit can be calculated by restricting the original Lagrangian £ to F,2°
integrating out the quadratic fluctuations of all the fields in the deformation

8By definition of Q-invariance of the path integral, the space of fields admits the action
of 9.

19Q.V denotes the supersymmetry transformation of V' generated by Q (see also (2.4.1)).

20The deformation term Q - V' vanishes on F since it is a linear combination of the
supersymmetry equations.
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Q- V expanded around a point in F, and integrating the combined expression
over F.2! Of course, even though the path integral is one-loop exact with
respect to t, it yields exact results with respect to the original coupling
constants and parameters of the theory.

The final result of the localization computation does not depend on
the choice of deformation Q- V. One may add to @ -V another Q-exact
term, and the result of the path integral will not change as long as the new
Q-exact term is non-degenerate, and no new supersymmetric saddle points
are introduced that can flow from infinity. This can be accomplished by
choosing the deformation term such that it does not change the asymptotic
behavior of the potential in the space of fields. We will take advantage of
this freedom and choose a deformation term Q - V' that makes computations
most tractable.

Since our aim is to localize the path integral of gauge theories, some care
has to be taken to localize the gauge fixed theory. This requires combining
in a suitable way the deformed action Q -V and gauge fixing terms L, ¢, into
a Q=0+ @BRrsT exact term 0. V, where V =V + Vehost- This refinement,
while technically important, does not modify the fact that the gauge fixed
path integral localizes to F. The inclusion of the gauge fixing term, however,
plays an important role in the evaluation of the one-loop determinants in
the directions normal to F.

2.3.1 Choice of supercharge

In this section we choose a particular supersymmetry generator Q in the
SU(2|1) supersymmetry algebra with which to localize the path integral of
N = (2,2) gauge theories on S?. We consider?

Q=5+Q,. (2.3.3)

This supercharge generates an SU(1|1) subalgebra of SU(2|1), given by

QQZJ+§ {J+§,Q} =0, (2.3.4)

where J is the charge corresponding to a U(1) subgroup of the SU(2) isometry
group of the $? while R is the R-symmetry generator in SU(2|1). In terms
of embedding coordinates where S? is parametrized by

X2+ X234+ X5 =12, (2.3.5)

2IThe original Lagrangian £ is irrelevant for the localization one-loop analysis.

22In Section 2.4 we also analyze localization of the path integral with respect to both
@1 and Q2. The analysis leads directly to the Coulomb branch representation of the
partition function. On the other hand, this other choice does not allow non-trivial field
configurations in the Higgs branch, and therefore cannot give rise to the Higgs branch
representation of the partition function.
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J acts under an infinitesimal transformation, as follows

X1 —)Xl 6X2 (236)
Xo =2 X9+ eXy.
Geometrically, the action of J has two antipodal fixed points on S?, which
can be used to define the north and south poles of S2. These are located at
(0,0,7) and (0,0, —r) in the embedding coordinates (2.3.5). In terms of the
coordinates of the round metric on S?

ds? = r? (16?4 sin? 0 d?) (2.3.7)

the corresponding Killing vector is

.0

i 95 (2.3.8)
with the north and south poles corresponding to § = 0 and 6 = 7 respec-
tively. The supersymmetry algebra (2.3.4) is the same used in [Pes07] in
the computation of the partition function of four-dimensional N' = 2 gauge
theories on S4.

In order to derive the supersymmetry fixed point equations (2.3.1) gener-
ated by the supercharge O, first we need to construct the conformal Killing
spinors associated to it, which we denote by eg and €g. The conformal
Killing spinors on S? obeying (2.2.16) are explicitly given byﬁ

e-exp( 1972) exp (iwvg)e
—er{ Ty 97 )

0 —
€ = exp (—1—1272) exp (1(2'073) €,

(2.3.9)

where €, and €, are constant, complex Dirac spinors. The conformal Killing
spinors €g and €g are given by (2.3.9), with €, and €, being chiral spinors of
opposite chirality, that is

3
€6 = +6o
T (2.3.10)
V3o = —6 .
Therefore, explicitly
. i0
€0 = ele/2 exp (—1272> €

(2.3.11)

. 0 -
€0 = e ie/2 exp <+1272> €o -

2311 the vielbein basis e! = rdf and e = rsin 6 dp. For details, see Appendix 2.C.
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We note that at the north and the south poles of the S? the conformal Killing
spinors €g and €g have definite chirality, and that the chirality at the north
pole is opposite to that at the south pole

vf”eg(N) = eo(N) fyf"eg<s> = —cq(S)
1?eg(N) = —ég(N) 1?eq(S) = ég(S).

As we shall see, the fact that Q is chiral at the poles implies that the
corresponding chiral field configurations — vortices localized at the north
pole and anti-vortices at the south pole — may contribute to the partition
function of A/ = (2,2) gauge theories on 2.

We note that the circular Wilson loop operator supported on a latitude
angle 6y

(2.3.12)

Wy, = Tr Pexpj{ [—iAZ- dz’ +ir(oq cos, — io) dgo} (2.3.13)
is invariant under the action of Q. Therefore the expectation value of these
operators can be computed when localizing with respect to the supercharge Q.

Given our choice of supercharge Q, we can explicitly determine the
infinitesimal J x R x G x G transformation that Q2 generates when acting
on the fields. The spinor bilinears constructed from eg and €g in Section 2.2
evaluate to?* .

€o€g =1icosf £ = —1899
Tj (2.3.14)

~5
Therefore, in view of (2.3.6), Q2 generates J + R/2, i.e. a simultaneous

infinitesimal rotation and R-symmetry transformation with parameter

€ov’eg =i o=

== 2.3.15
e=—, (2.15)

and a gauge transformation with gauge parameter
i
A =icosfoi + 09— —As. (2.3.16)
r

On the chiral multiplet fields, Q2 also induces a G r flavour symmetry rotation
parametrized by the twisted masses m.
2.3.2 Localization equations

Here we present the key steps in the derivation of the set of partial differential
equations that characterize the vector multiplet and chiral multiplet field

24By fixing the overall normalization €€, = i.
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configurations that are invariant under the action of Q. The details of the
derivation are omitted here and can be found in Appendix 2.C.
We must identify the partial differential equations implied by (2.3.1)

SoA =gA =0 (2.3.17)
So¥ =g =0, (2.3.18)

where dg = d¢,, +0¢, , from the explicit supersymmetry transformations given
in equations (2.2.17, 2.2.18) and (2.2.26, 2.2.27) for the choice of conformal
Killing spinors eg and €g in (2.3.11). The moduli space of solutions to these
equations, once intersected with the saddle points of our choice of Q-exact
deformation term, determines the space of field configurations that need to
be integrated over in the path integral.

Given a choice of deformation term, in order for the path integral to
converge we need to impose reality conditions on the fields. These reality
conditions restrict the contour of path integration so that the integrand falls
off sufficiently fast in the asymptotic region in the space of field configurations.
The residual freedom in the choice of contour i.e. deformations of the contour
which do not change the asymptotic behavior of the integrand, is then used
to make sure that the contour of integration includes the saddle points of
the deformed action.

We are interested in deformation terms that do not alter the asymptotic
behavior of the original action (2.2.3). We may therefore extract the reality
conditions by requiring the original path integral for some effective couplings
to be convergent.

From the kinetic terms in the bosonic part of the action (2.2.3) we
conclude that the scalar fields o1, 09 and the connection A; in the vector
multiplet are hermitian while the chiral multiplet complex scalars ¢ and
¢ satisfy ¢ = ¢f. Next we note that the path integration over the chiral
multiplet auxiliary fields F, F' is just a Gaussian integral and we simply
require F' = F'f. For the convergence of the path integral, one should choose
the contour of integration for the auxiliary field D such that D+ig§ﬁ(¢¢_ﬂ—§eﬁﬂ)
is hermitian. In other words

Im D + g2;(dd — Eeprl) = 0, (2.3.19)

where the explicit form of the coupling constants ggﬁ and &g are determined
by choice of Q-exact deformation terms.

The supersymmetry fixed point equations for the vector multiplet fields
(2.3.17) are given by

Dsoy = D;o0 =0 Dio1 + g24(op — Eel) sinf = 0 (2.3.20)
ReD = [01,00] =0 Fiy+ % + 9206 — Eogl)cosO =0,  (2.3.21)
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while the supersymmetry equations for the chiral multiplet fields (2.3.18)
reduce to

0 0
cos 5 (D +iDs) ¢ +sin (01 - 2q> 6=0 F=0 (2322
T

0 0
sin§ (D; —iDs) (;S+cos§ (01 + 2qr> ¢p=0 (024+m)p=0. (2.3.23)

These differential equations on S? are a supersymmetric extension of classic
differential equations in physics. Our equations interpolate between BPS
vortex equations at the north pole (§ = 0)

(D; +iDs) ¢ =0 D; (o1 +io2) =0
T 2 (65— en) — _ -
Fis+ — + gl(66 — &enl) = 0 ReD =[o1,02] =0 (9 39y
(01+q>¢:0 (0a+m) ¢ =0,
2r
and BPS anti-vortex equations at the south pole (6 = 7)
(D; —iDs) ¢ =0 D; (o1 +io2) =0
Tl 2 s e 1y _ -
Fis+ — = gl(66 — &enrl) = 0 ReD =[o1,02] =0 (9395
(o1 3r) 9 =0 (024 m) 6 =

This system of differential equations is akin to the one found in [GOP11]
in the localization computation of four-dimensional N = 2 gauge theories
on S*. We return later to the study of the supersymmetry equations at the
poles, which play a crucial role in our analysis, yielding the Higgs branch
representation of the gauge theory partition function on S2.

2.3.3 Vanishing theorem

As explained previously, the path integral localizes to the space F of super-
symmetric field configurations which are also saddle points of the localizing
deformation term. In this section, we consider the supersymmetry equations
in the absence of effective FI parameters and we write down the most general
smooth solutions to the supersymmetry equations for generic values of the
R-charges. These solutions are parametrized by the expectation value of
fields in the vector multiplet, thus, we denote this space of solutions by
FCoulomb- In Section 2.4 we localize the path integral to Fooulomb and derive
the Coulomb branch representation of the partition function.

With &g = 0 and for generic R-charges, the most general smooth solution
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to the equations (2.3.20),(2.3.21),(2.3.22) and (2.3.23) is given by*®

B
(k —cosf)dy o] = —— p=0

A
D

where a and B are constant commuting matrices which live in the gauge
Lie algebra and its Cartan subalgebra respectively. The matrix B is further
restricted by the first Chern class quantization to have integer eigenvalues.
The constant x parametrizes a pure gauge background which is necessary
in any coordinate patch which includes one of the poles and can be gauged
away in the coordinate patch which excludes the poles.

It is interesting to note that if the R-charge is tuned to be a negative
integer or zero, then there are nontrivial solutions of the form

B—gq

¢ = ehlnp-a)p (S3) > 'y (2.3.27)

(cosg) 2

NI
~—

with ¢, being a constant in the kernel of a + m. Imposing regularity at the
poles restricts the allowed value of ¢ and B as follows: ¢ + |B| must be even
and non-positive integers. In such a case, the above field configuration can

B
be written in terms of the magnetic flux B monopole scalar harmonics Y7,
as

o (2.3.28)

It is worth mentioning that these field configurations are also supersymmetric
configurations in the localization computation of the partition function of
three-dimensional ' = 2 gauge theories on S! x S? [IY11], which computes
the superconformal index of these theories. In our computations, we can
ignore these discrete, tuned solutions to the supersymmetry equations: for
theories flowing to superconformal theories in the infrared, unitarity con-
strains the R-charges to be non-negative. Furthermore, as will be explained
in Section 2.4, these solutions are not saddle points of the localized path
integral.

We note that even though our choice of Q breaks the SU(2) symmetry of
S? the Q-invariant field configurations (2.3.26) are SU(2) invariant. Later
on, we take an alternative approach in which the Coulomb branch is lifted
and the saddle point equations admit singular solutions at the poles thereby
breaking the SU(2) symmetry. We will consider the physics behind singular
solutions localized at the north and south poles of S? in Section 2.5.

%A detailed derivation of this result is presented in Appendix 2.C.
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2.4 Coulomb branch

In order to evaluate the path integral of an N/ = (2,2) gauge theory on
S? using supersymmetric localization, we must choose a deformation of the
original supersymmetric Lagrangian by a Q-exact term (2.3.2)

L— L+t6gV . (2.4.1)

The deformation term doV defines the measure of integration through the
associated one-loop determinant. In this section we calculate the contribution
to the path integral due to the smooth field configurations (2.3.26). This
yields the Coulomb branch representation of the path integral, as an integral
over the Coulomb branch saddle points Fcoulomb-

A calculation shows that the vector multiplet action (2.2.4) and the
chiral multiplet action (2.2.10) are Q-exact with respect to our choice of
supercharge (2.3.3). Specifically,

A 17 A 1
(€av*€) 9% Lvm. = 600z, Tr <2>\73)\ — 2iDoy + ;0§> , (2.4.2)
and

- (EQ’73€Q) (‘Ccm + Emass)

3 _ q i _ (2.4.3)
— bode Tr (%0~ 26 (a4 m +i2L ) 0+ 230)
where dg = 0, + 0z This implies that correlation functions of Q-closed
observables in an A/ = (2,2) gauge theory on S? are independent of g, the
Yang-Mills coupling constant. Despite being g independent, these correlators
are nontrivial functions of the renormalized FI parameter &, for each U(1)
factor in the gauge group, and of the twisted masses m.

We now turn to the choice of deformation term dgV". The most canonical
choice would be to take

Vean = (60N A+ (595\)T A+ (Sgi)T 4 + (5Q@E)T ). (2.4.4)

For this choice, the bosonic part of the deformation term dgVean is manifestly
non-negative. It is therefore guaranteed that all O-invariant field config-
urations are the saddle points of dgVian with minimal (zero) action. The
disadvantage of such a deformation term is that the resulting action doVean
does not necessarily preserve the SU(2) symmetries of S?, thus technically
complicating the computation of the one-loop determinants in the directions
transverse to the Q-invariant field configurations. But as we argued in Sec-
tion 2.3, the result is largely insensitive to the choice of deformation, as long
as it is non-degenerate and does not change the asymptotics of the potential
in the space of fields. Therefore, we will instead use as the deformation term
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the technically simpler, SU(2) symmetric, vector multiplet and chiral multi-
plet actions gV = Lym. + Lem. + Lmass. Contrarily to the canonical choice
00 Vean, the saddle points of §oV do not coincide with the supersymmetric
configurations and thus fully localize the path integral to the intersection.

It is straightforward to show that all Coulomb branch field configurations
in Fooulomb are saddle points of oV and must be integrated over. However,
the solutions to the vortex and anti-vortex equations we found at the poles
are not saddle points of dgV. This can be demonstrated using both the
supersymmetry and the saddle point equations at the poles as follows.ﬁ
Since we are taking the masses to be non-degenerate, it follows from the
equations

(o2 +mr)pr =0 (2.4.5)

that any pair of distinct non-vanishing vectors ¢; and ¢; have to be indepen-
dent. In addition, the above equation combined with the covariant constancy
of o2 and its equation of motion imply

> (a1 —1)p1dr =0, (2.4.6)

I

while the equation of motion for D yields

iD—> ¢r¢r=0. (2.4.7)
I

However, since all non-vanishing ¢ are independent, we can concludez from
(2.4.6) that ¢;¢r vanishes for each I. It therefore excludes the aforementioned

supersymmetric solutions (2.3.28) with fine-tuned values of ¢ from the set
of saddle points. Combined with (2.4.7), it also sets D = 0. Plugging this
result in the supersymmetry equations fixes F' = —o1/r = B/2r? and 02 = a
and we recover the Coulomb branch field configurations spanning Fcoulomb,

thus eliminating the vortex and anti-vortex configurations.

The conclusion that the path integral can be written as a integral over
just Fooulomb can also be derived as follows. As we remarked earlier, the
path integral does not depend on the choice of supercharge Q used in
the localization computation. Therefore, we may instead try to localize
the partition function with respect to the supercharges @)1 and @)2. This,
however, requires finding a deformation term which is @1 and @2 exact. Such
a deformation term is provided by the following terms in the action

Lym. + Lem. + Limass = 561 552 Vla (248)

26With some more effort it is possible to prove using only the equation of motion for D
that the vortex and anti-vortex configurations are not saddle points of the action in the
limit in which the coefficient of the deformation term dgV goes to infinity.

2TThis step requires us to assume that none of the R-charges is 1.
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with V/ = 1/2 Tr(A\)+¢F, which are exact with respect to both supercharges
since [0, 0c,] = 0. In this approach the path integral localizes to the Q1 and
(@2 invariant field configurations, which are the solutions to the equations

>
I

Ses A
Ses A

et = 0,9 =0

S 0~ 0. (2.4.9)

0e,
Oc

H>,|
I

These equations directly lead®® to the Coulomb branch field configurations
(2.3.26) parametrizing Fcoulomb While immediately rendering the vortex and
anti-vortex configurations non-supersymmetric. Note that this conclusion
is reached by considering the supersymmetry equations alone, contrary to
localization with respect to Q, where the saddle point equations of dgV
also need to be invoked to show that vortex and anti-vortex configurations
do not contribute. Since the saddle points and deformation term (2.4.8)
are precisely the same as the one for Q, this guarantees that we obtain the
same Coulomb branch representation of the path integral. A drawback of
localizing with respect to ()1 and ()2 is that we cannot study the expectation
value of the circular Wilson loop (2.3.13) since it is not @1 and @ invariant.

In Section 2.5 we will obtain the payoff of using the supercharge Q. As we
have shown in Section 2.3, supersymmetry leads to the vortex and anti-vortex
equations at the poles. In that section, we will argue that localizing the path
integral @ in a different limit yields the Higgs branch representation of the
partition function.

2.4.1 Integral representation of the partition function

We now can write down the expression of the partition function as an integral
over the Coulomb branch field configurations Fooulomb. The Coulomb branch
representation of the partition function is thus given by’

ZCoulomb (M, T) /da Ze(a, B, T) Zone-loop(a, B,m) , (2.4.10)

where the integral over a has been reduced to the Cartan subalgebra t of G.
The first factor arises from evaluating the renormalized gauge theory action
on the smooth supersymmetric field configurations (2.3.26)

ch(a, B, 7_) — 6747Ti7"§ren Tr a+iv Tr B , (2411)

28Supersymmetry implies that Vi = Vo = V3 = D = 0. The fact that the solutions to
these equations are the Coulomb branch field configurations (2.3.26) follows by using the
equality of actions in (2.2.4) and (2.2.6), derived by integrating by parts. Non-trivial chiral
multiplet configuration are manifestly non-supersymmetric.

29The partition function has an anomalous dependence on the radius r of the S due to
the conformal anomaly in two dimensions. We do not retain this factor throughout our
formulae, which can be extracted from our one-loop determinants.
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and the one-loop determinant Zone1o0p(a, B,m) specifies the measure of
integration over a, which is determined by the deformation term doV'.
Some care has been taken to ensure that the computation, including the
regularization of the one-loop determinants Zone-jo0p(@, B, m), is Q-invariant.
Even though the FI parameter £ is classically marginal, it runs quantum
mechanically according to the renormalization group equation

eyt . Py LS o (*
(i) =€+ %%:Q] In (MUV) = %:Qj In <A) L (2412)

where @); is the charge of the j-th chiral multiplet under the U(1) gauge group
corresponding to &, Myy is the ultraviolet cutoff, u is the floating scale and
A is the renormalization group invariant scale. A simple way of performing
this renormalization in a OQ-invariant way, is to enrich the theory one is
interested in with an “expectator” chiral multiplet of mass M and charge
—Q = —>_; Qj, so that in the enriched theory the FI parameter does not
run. Now, to extract the result for the theory of interest, we take the answer
of the finite theory in the limit where M is very large, thereby decoupling
the expectator chiral multiplet. This procedure results in a O-invariant
ultraviolet cutoff M for the theory under study. As shown in Appendix 2.E,
taking M large in the one-loop determinant (2.4.16) for the expectator chiral
multiplet precisely reproduces the running of the FI parameter (2.4.12) with
Myy = M and = e = 1/r. That is, the renormalized coupling obtained in
this way is evaluated at the inverse radius of the S2, which is the infrared
scale of S?

1
G = €0 =1y =€+ 5 S @ (57 ) - 2419

The one-loop factor in the localization computation Zgne-ioop(a, B,m)
takes the form
Zone-loop(a, B7 m) = Zgrllrg.loop(av B) ’ ghrg-'loop(% B7 m) : j(a, B) ) (2'4‘14)
where the Jacobian factor J(a, B) accounts for the reduction of the integral
over all a such that [a, B] = 0 to an integral over the Cartan subalgebra t.

The magnetic flux B over the S? breaks the gauge symmetry G down to a
subgroup Hg = {g € G | gBg~! = B}. Therefore, the associated Jacobian

factor is .
J(@,B) = ——— a-a)?, 2.4.15
5) = oy 11 () (2:4.15)
a-B=0

where o € AT are positive roots of the Lie algebra of G and |W(Hp)| is the
order of the Weyl group of Hp.
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The one-loop determinants for our choice of deformation term dgV’, which
is the sum of (2.4.2) and (2.4.3), are computed in Appendix 2.D. For a chiral
multiplet in a reducible representation R = @;r; we obtain

one-loop (@, B,m) H H iy wrB(—1)hr Bl
I S R
e T <%’ —ir(wr-a+my) + LIQH)
F(l—%’—i—ir(wj-a%—m[)—{—%
(2.4.16)

where w; are the weights of the representation ry and I'(x) is the Euler
gamma function. The twisted masses and R-charges m; and q; of the
chiral multiplets, which take values in the Cartan subalgebra of the flavour
symmetry G, combine into the holomorphic combination M = m + %q
introduced in (2.2.14).

For the vector multiplet contribution we obtain

(e B) = 1 [(“ s a)Q] | (2417

2r
acAt
a-B#0

We note that the Jacobian factor and the vector multiplet determinant
combine nicely into an unconstrained product over the positive roots of the
Lie algebra

v.m. _ 1 a- B\? ‘a 2
one—loOP(a, B) . J(CL, B) = |W(HB)| ag+ l( o > + (a ) ] . (2418)

The Coulomb branch representation of the partition function of an
N = (2,2) gauge theory on S? is thus given by

ZCoulomb (ma 7_)

1 - ; a-B\?
— d —47mi&renr Tr a+id Tr B ( ) . 2
%: \W(Hp)] /( ac H 2r +(a-a)

acAt
r (—ir(wz ~a+ M) + %) ]

F(l—i—ir(w[-a—i—l\/h)—l— |w’273|)

(2.4.19)
The expectation value of the circular Wilson loop (2.3.13) is obtained by
enriching the integrand in (2.4.19) with the insertion of

Twy

% H |: wIB )|wI~B|/2

Tre2ma—inB (2.4.20)

2.4.2 Factorization of the partition function

We show in this section that the Coulomb branch representation of the
partition function (2.4.19) can be written as a discrete sum, whose summand
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factorizes into the product of two functions. A related factorization was
found previously by Pasquetti [Pas11] when evaluating the partition function
of three-dimensional N' = 2 abelian gauge theories on the squashed $3.3Y

We recognize the expression we obtain as the sum over Higgs vacua of
the product of the vortex partition function due to vortices at the north
pole with the anti-vortex partition function due to the anti-vortices at the
south pole. This result is interpreted in Section 2.5 as a direct path integral
evaluation of the partition function, where the path integral is argued to
localize on vortices and anti-vortices in the Higgs branch.

Let us consider for definiteness the case of two-dimensional N' = (2, 2)
SQCD. This theory has G = U (V) gauge group and Ny fundamental chiral
multiplets and ]A\f;c anti-fundamental chiral multiplets. The partition function
(2.4.19) of this theory is®!

—47i€ Tra id Tr BZ'_B'Q
QCI)) N;Z/dN{ AmiE T ﬂTBH[ _aj)2+( ; J>‘|

BezZN 1<j
|Bil+B; |B;|—B; —~ )
ﬁﬂ )75 D (—ia le%ﬁﬁ()rquwm
s—1i—1 1+1a1+1M +‘B| s—1i—=1 I'(1 —ia; + iM; +‘B|)

(2.4.21)

In the large a limit, the integrand is of order |a|YN=D+N 2211 hence
this N-dimensional integral is convergent as long as

NN
Sas+ Y G <N +Np—N. (2.4.22)
s=1 s=1

In the cases where Ny > ]AV}, or Ny = ]A\f} and & > 0, the contour can be
closed towards ia; — +o0, enclosing poles of the fundamental multiplets’
one-loop determinants; the contour must be chosen to enclose poles of the
anti-fundamental multiplets’ one-loop determinants in cases where Ny < N},
or Ny = N} and £ < 0. Assuming that all R-charges are positive, or deforming
the integration contour to ensure that we enclose the same set of poles, this
expresses the Coulomb branch integral as a sum of the residues at combined
poles

B
ia; = —iMp, +n; + | 5 | forall1<i¢<N, (2.4.23)

with 1 < p1,...,pny < Ny and nq,...,ny > 0 labelling the poles. The
resulting ratios of Gamma functions in the integrand can be recast in terms

30The partition function of three-dimensional gauge theories on S? x S can also be
factorized [Pasl12].

31'Without loss of generality we set r = 1 to unclutter formulas. It can easily be restored
by dimensional analysis.

)
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of Pochhammer raising factorials (z), = z(x +1)---(z+n—1) as

DMy, —iMy —n;) (M, — M) (=1)™
D(1+1iM; —iM,, + |Bil +ni) (1 +iMg — iMp, ), (1 + iMg — iMp, )i 418
(2.4.24)
where F( )
X
-\ 2.4.25
1@ = - (2.4.25)

and similarly for the ratios of Gamma functions coming from the anti-
fundamental chiral multiplets.

The symmetry between n; and n; + |B;| in (2.4.24) leads us to introduce
new coordinates

kf =n; + [Bi]F =n; + |Bi|/2 £ B;/2>0 (2.4.26)

)

on the summation lattice, such that {n;,n; + |B;|} = {ki°}. In Section 2.5,
the N integers kj will be interpreted as labelling vortices located at the north
pole, and k;” anti-vortices at the south pole. More precisely, k;t measures the
amount of vortex and anti-vortex charge carried by the i-th Cartan generator
in U(N): note that the flux B; = k" — k.

This change of coordinates decouples the sums over k™ > 0 and k= > 0
and yields the following expression after converting signs to a shift in the
theta angle

N; N Ny N
20— (2m)™ i [47@; o, 7 L TT.2 | y(—iM, — iM,,,)
N P1,-pN=1 i=1 Hs#p (1 +iM, —iM,, )

i N - ‘
.y 2T HTNG) 3 ki 11 (ij My, ik 1k:+) H (1M, — iMp, )+ ]

k>0 L i<j i— 1H ( +iM; — iMpi)kj

[ P eior N - N N Hi\il(_ims — iMp, )~
DN | | (ij = My, +ik; — iki_) Ny : By :
k>0 L i<j i=1 [[s21 (1 + 1M — lMpi)ki_

(2.4.27)
Terms with p, = py, for some a # b < N vanish, because the sum over k7 is
then antisymmetric under the exchange of k" and k:gr. We can thus normalize
the series as

i M, —iMy, + ki —k; H 1M —iMp, )k,
Fpd A2 = Z [ZEZ ’ H . iM iiM Ny ( ; s ]
k;>0 i<j Dj Pi Hs:l i:l(l + iMg — iMy, )k,
i Z [Zzlkl Hé\[fl ( iM,, i’M“s)ki ~|
fizo LTkl T (M, — My, — k)i, Hsg{p} TV, (1 +iM, — M), ),

(2.4.28)
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which as we will see in the next section, corresponds to the vortex partition
function studied in [Sha06], with z = exp (27ir) playing the role of the vortex
fugacity. Note that this series converges for all z (all &) if Ny > N}, and for
|z] <1 (that is, £ > 0) if Ny = N}, consistent with the constraints required
by our choice of contour. All in all, the partition function factorizes as

ZSU(‘gg])) = Z ch(v’ 0, T) gg% Zone—loop(a7 0, M)

vlz—M —
Ispi<. <pN<Nf : f({pz}v M7 (_1)Nfz) f({pz}a M) (_1)Nf2)
(2.4.29)
up to a constant factor, with
(—iM, — iM,,
res  Zone-loop (@, 0, M) H 1.2, 9(~iM, — iM,,) (2.4.30)

a;=—Mp, i=1 Hsg{p} ’y( + iMS — lMPz)

In the next section we obtain this result directly by localizing the path
integral to Higgs branch configurations with vortices and anti-vortices. In
the matching, some care must be taken when comparing the mass parameters
of the gauge theory on the sphere with the parameters describing the theory
in the Q-background used to evaluate the vortex partition function.

The final expression we find is reminiscent of the discrete sums of the
product of holomorphic and anti-holomorphic conformal blocks that appear in
correlators of the Ay, 1 Toda CFT in the presence of completely degenerate
fields. A precise matching between the partition function of N’ = (2,2) gauge
theories on S? and correlators in Toda is provided in the abelian case in
Section 2.6, and in the case of U(N) in [GLF14] (Chapter 3 of this thesis).

Note that this factorization result applies to any gauge group G with an
abelian factor and any matter representation R, as shown in Appendix 2.F.
This yields a representation of the path integral that can be interpreted
as a sum over Higgs vacua of terms factorized into holomorphic and anti-
holomorphic contributions, corresponding to vortices and anti-vortices respec-
tively. These formulas motivate natural conjectures for the vortex partition
functions corresponding to gauge theories with gauge group G. In the ab-
sence of U(1) factors in the gauge group, the factorization can be carried
out formally, but the two factors may be divergent series.

2.5 Higgs branch representation

The localization principle, under mild conditions, guarantees that the path
integral does not depend either on the choice of supercharge Q or on the
choice of V' in the deformation term. But different choices can lead to
different representations of the same path integral and therefore to non-
trivial identities.
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In Section 2.4 we have derived a representation of the partition function
as an integral over Coulomb branch vacua. In Section 2.4.2, by explicitly
evaluating the integral, we have demonstrated that the partition function
also has an alternative representation as a sum — in the Higgs phase — over
vortex and anti-vortex field configurations localized at the poles.

This section aims to derive from path integral localization arguments the
Higgs branch representation of the partition function. This representation
should have a direct derivation using localization. The appropriate choice
of supercharge to use to obtain this representation is the same supercharge
Q introduced in (2.3.3), since it has the elegant feature of giving rise to the

vortex equations at the north pole

(Di—l—iDg)qb:O D%(o—l—i—iog):()
Fiy + 01+ 6%5(66 — &l) = 0 ReD =[o,02] =0 (9571
and anti-vortex equations at the south pole
(D; —iD3) ¢ =0 D; (1 +i02) =0
Fis+ 01— g(¢6 — &) = 0 ReD =[o,00] =0 (559
(al—g)¢:0 (02 4m) ¢ =0.

We remark that when the effective Fayet-Iliopoulos parameters are non-
vanishing, these equations admit solutions with non-vanishing ¢. These
solutions then restrict o9 to be a diagonal matrix with the masses of the
excited chiral fields on the diagonal and the Coulomb branch configurations
(2.3.26) parametrizing Fooulomb are lifted. The Q-invariant field configura-
tions admitted by (2.5.1) and (2.5.2) are vortex and anti-vortex configurations
at the north and south pole of the S?. Since vortices and anti-vortices exist in
the Higgs phase, we denote this space of supersymmetric field configurations
that must be integrated over by Fjggs.

2.5.1 Localizing onto the Higgs branch

In this section we present a heuristic argument to introduce non-zero FI
parameters in the localization computation, which as explained above yields
to a representation of the path integral as a sum over vortex and anti-vortex
configurations. For the purpose of this argument, we take all the R-charges
to be zero.

Recall that our choice of deformation term 6oV = Ly.m. + Lem. + Lmass
does not include a FI term. In Section 2.4, we performed the saddle point
approximation after taking the ¢ — oo limit. In this limit, the effective FI
parameter vanishes and the saddle point equations forbid vortices, hence the
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path integral localizes to Fcoulomb- Instead, we assume here that there is
another choice of Q-exact deformation terms QV’ leading to a non-vanishing
effective FI parameter & # 0 in the ¢ — oo limit32.
The equation of motion for the D field arising from the deformed action

S+ t5QV/ is

. —9 T

igog D + ot — Y ¢rér = 0. (2.5.3)

I

On the space of Q-supersymmetric field configurations (see Section 2.3.3), D
vanishes in the bulk and we conclude that

> 161 = Eenrln (2.5.4)
i

which, together with (a + mj)¢; = 0 imply that the Coulomb branch is
lifted, localizing instead to the Higgs branch. Moreover the supersymmetry
equations at the poles yield

o1prpr = —géf)[@g[ =0 (2.5.5)

which by virtue of (2.5.4) imply B = o1 = 0. This leads us directly to the
vortex and anti-vortex equations at the north and the south poles.

The contribution of vortices and anti-vortices to the partition function
of an N = (2,2) gauge theory on S? can be obtained as follows. Since the
vortices and anti-vortices are localized at the poles, these can be studied by
restricting the A" = (2,2) gauge theory to the local R? flat space near the
north and south poles of S2. Asymptotic infinity of each R? is identified with
a small latitude circle on S? close to the north and south pole respectively.
Therefore, the contribution of vortices and anti-vortices is captured by
the vortex/anti-vortex partition function of the gauge theory obtained by
restricting our NV = (2,2) gauge theory at the poles. As we will see in
Section 2.5.2, integrating over vortex and anti-vortex configurations for all
Higgs branch vacua exactly reproduces the partition function computed by
integrating over the Coulomb branch found in Section 2.4.2.

2.5.2 Vortex partition function

Following the discussion in the last section, in the planes glued to the poles
and in the presence of the FI parameter, the supersymmetry equations reduce
to

(D1+1D2) ¢r =0, (o2 +mp)pr =0, Fio+ Y ¢ror — & =0,
! (2.5.6)

32See [BC12] for a choice of V.
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in the plane attached to the north pole, and
(D1 —1iD2) ¢r =0, (o2 +mp)or =0, Fio—> ¢1or+&a =0,

I

(2.5.7)
in the copy of R? attached to the south pole. These equations can be
recognized as the differential equations describing supersymmetric vortices
and anti-vortices in N’ = (2,2) supersymmetric gauge theories. Therefore,
in our localization computation we must integrate over the moduli space
of solutions of vortices at the north pole and anti-vortices at the south
pole. For simplicity, we discuss their contribution to the partition function
for N = (2,2) SQCD with U(N) gauge group and Ny fundamental chiral
multiplets and N} anti-fundamental chiral multiplets.

Since the vortices and anti-vortices exist only in the Higgs phase, let
us first work out the vacuum structure in the Higgs phase. We first note
that vortices can only exist in vacua in which the anti-fundamental fields
vanish. This follows from the known mathematical result that the vortex
equations for an anti-fundamental field have no non-zero smooth solution
when the background field is a connection of a bundle with positive first
Chern class ¢; = k > 0. The vortex equations (2.5.6) and (2.5.7) then imply
that exactly N chiral multiplets take non-zero values, and d@lalizing o9 =
diag(a1,--- ,an), one obtains that each Higgs branch of solutions to these
equations is labelled by a set of distinct integers 1 < p; < --- < py < Ny,
with

a; +myp, =0 i=1,...,N, (2.5.8)
up to permutations of integers p;. The contribution from vortices and anti-
vortices depends on the choice of Higgs branch components. In each of these
components, the U(N) x S[U(Ny) x U(N})] symmetry of the theory is broken
to

S[U(N)aiag X U(Ny = N)] x U(1) x SU(Ny) , (2.5.9)
where U(1) rotates fundamental and anti-fundamental chiral multiplets
equally.

For a given Higgs branch component labeled by {p;}, the familiar vortex
equations (2.5.6) admit a multidimensional moduli space of solutions which

we denote by ./\/l{p i} . Since the vorticity

vortex*
1
k=— Tr F 2.5.10
21 Jr2 g ( )

is quantized, this moduli space splits into disconnected components /\/l;{,gigéi,

each of which is a Kéhler manifold, of dimension 2kNy. Taking into account
the south pole anti-vortex contributions, we find that the solutions of the
localization equations on S? span the moduli space

Fitiges = || [URoMU] @ [P M iones] - (2:5.11)

{p:i}
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We now argue that the vortex partition function at the poles is captured
by the partition function of the N' = (2, 2) gauge theory in the Q-background,
which is a supersymmetric deformation of the N’ = (2,2) gauge theory in
R? by a U(1). equivariant rotation parameter . Let us recall that the
supercharge with which we localize an A/ = (2, 2) gauge theory on S? obeys

Q*=J+ %R. (2.5.12)

The key observation is to note that (2.5.12) is precisely the supersymmetry
preserved by an N' = (2,2) gauge theory in R? when placed in the Q-
background. The rotation generator in the €2-background corresponds to
J+ %R, thus giving rise to the scalar supercharge under U(1). preserved by
an N = (2,2) theory in the Q-background. Therefore, the contribution to
the partition function of an A = (2,2) gauge theory on S? due to vortices
and anti-vortices localized at the poles is captured by the vortex/anti-vortex
partition function of the same gauge theory placed in the 2-background
originally studied by Shadchin [Sha06] (see also [Yosll; BTZ11b; MOS11;
FKNO12; KKKL12)).

The vortex partition function in the Higgs branch component {p;} of an
N = (2,2) gauge theory in the Q-background is obtained by performing the
functional integral of that theory around the background field configuration
of k vortices, and summing over all k. It admits an expansion

00
Zvortex({pi}7 MQ7MQa ZQ) = Z Zgzk({pz}yMQa MQ) ) (2513)
k=0

where zq = exp(2mirg) is the vortex fugacity and Zi,({p;}, M?, M®) is the
equivariant volume of the moduli space of k vortices. The volume is given by

Zi({pi}, MO, M) = /M{pi}’k e, (2.5.14)

vortex

where & is the U(1). equivariant closed Kéhler form® on Miﬁ;{’e’; Our
computations of the supersymmetry transformations on S? in Section 2.3.1
imply that the equivariant rotation parameter € for the (2-background theory

induced at the poles is given in terms of the radius of the S? by

=—. 2.5.15

€= ( )
It is pleasing that the N' = (2,2) theory near the poles yields the Q-deformed
theory, since the integral (2.5.14) for the N' = (2,2) theory in flat space
suffers from ambiguities, such as infrared divergences. Fortunately, a closer

33The form & is also equivariant under the action of the residual symmetry of the vacuum
over which vortices are considered. See (2.5.16).
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inspection of the N' = (2,2) gauge theory on S? near the poles cures this
problem, yielding finite, unambiguous results. In fact, the 2-deformation was
first introduced to regularize otherwise infrared divergent volume integrals
such as (2.5.14).

The vortex partition function of an N' = (2,2) gauge theory in the Q-
background can be computed from the knowledge of the symplectic quotient
construction of the vortex moduli space Miﬁ;geﬁ given in [HT03; Eto+05].
Some details of this construction are presented in Appendix 2.G. The volume
(2.5.14) is then given by the matrix integral of a supersymmetric matrix
theory action with U (k) gauge group. This matrix theory can be obtained
by dimensionally reducing a certain two-dimensional A" = (0,2) U(k) gauge
theory to zero dimensions. This supersymmetric matrix theory inherits the
supercharge Q of the N = (2,2) theory in the Q-background as well as an
equivariant

U(1)e x S[U(N)diag X U(Ny — N)] x U(1) x SU(Ny) (2.5.16)

symmetry. The first factor U(1). is the rotational symmetry of the -
background while the rest is the residual symmetry of the vacuum over
which vortices are studied. The integral (2.5.14) receives contributions from
isolated points in the vortex moduli space /\/l;{,gigéi, corresponding to the
Q-invariant configurations. These are labeled by a partition of k£ into N

non-negative integers

N
k=Y ki (2.5.17)
i=1
To each such partition we associate an N-component vector k= (k1,...,kN),

describing how the total vortex number k is distributed among the N Cartan
generators in U(NV) at this point.

For the choice of Higgs branch component of the N' = (2,2) gauge theory
labelled by integers {p;} C {1,..., Nt}, the partition function of k-vortices
admits the following contour integral representation [Sha06; DGH10] (see
Appendix 2.G for details),

—~ k dSOI —~
Zph MO = T, G Zuecl) - ZOI%0) - Zus(31%, )
{ri}:k
(2.5.18)
_ Lk o1 —pJ
Zuee(w) = iz 1, 7@1 P (2.5.19)
Q
zZ(M% o) =1, I, o MQ (2.5.20)

2o =11 11" 1(<pz+f\7§’) . (2.5.21)
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For each Higgs vacuum {p;} and vorticity k, the integrand in (2.5.18) admits
a pole at

e =M} +(1-1e 1=12.k i=1..N, (2.5.22)

and the contour of integration I',,y » is carefully chosen to enclose all such
poles for "N, k; = k, and no other. The poles of (2.5.18) can be understood
as the location of the fixed points under the action of Q. Each factor in
(2.5.18) reflects the contribution of the vortex collective coordinates associated
to each of the N' = (2,2) multiplets: the vector multiplet and fundamental
and anti-fundamental chiral multiplets. Note here that the mass parameters
in the -background theory can be identified with the mass parameters of
the theory on S2,

MY =—im,,, MP=—c—im, (s¢{p}), M= —im,. (2.5.23)

We observe the same shift in masses as for A" = 2 gauge theories on S* found
in [OP10]. Performing the contour integral and summing over all vortex

charges k, the vortex partition function for SQCD takes the following form

Zyoriex({pi}m,m, 2) = >~ M ze({pi},m, ), (2.5.24)
b+t =k
with
N; ) .~
1 Hsil z‘]\;l(_lrmpi — irms),

- . . . N, . . :
[1; k! H#j(zrmpj —irmp, — kj)g, Hsé{p} Hij\il(l +irmg — irmy, )i,

This expression exactly agreesﬁ with the expression (2.4.28) arising from fac-
torization of the Coulomb branch representation of the partition function on
S?2. Anti-vortices localized at the south pole provide an identical contribution,
expanded in terms of the anti-vortex fugacity z. The one loop determinant
must be evaluated at the location of the Higgs branches, where there is a
zero mode. Removing the zero mode amounts to taking the residue of the
one-loop determinant. Summing over Higgs branch components finally leads
to the Higgs branch representation of the partition function of N' = (2,2)

gauge theories on S?

ZHiggs(m7 T) = Z ZC](U7 0, T) CII:E% [Zone-loop(ay 0, m)]
{p:;Q_[[l,%f,H Zvortex({pi}7 m, (_1)NfZ)Zvortex({pi}a m, (_1)Nf2) .
(2.5.26)
This matches with the Coulomb branch representation of the partition

function computed earlier.

340One must analytically continue the twisted masses m — M and m — M to restore
non-zero R-charges.
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2.6 Gauge theory/Toda correspondence

This section is omitted here as its results are derived and extended in
Chapter 3 of this thesis, based on [GLF14]. It presented the relation between
the S? partition function of SQED and a Toda CFT four-point function.

2.7 Seiberg duality

This section is omitted here as its results are derived and extended in
Chapter 4 of this thesis, based on [GLF14]. It presented the analogue of
Seiberg duality for N = (2,2) SU(N) SQCD by comparing sphere partition
functions of dual theories, but only in some limits.

2.8 Discussion

In this paper we computed the exact partition function of two-dimensional
N = (2,2) gauge theories on S2. We have shown that there are two ways of
representing the partition function. It can be either written as an integral over
the Coulomb branch or as a sum over vortices and anti-vortices in the Higgs
branch. By explicitly evaluating the integral representation in the Coulomb
branch, we find exact agreement with the Higgs branch representation of
the partition function. Quite pleasingly, despite that we are integrating over
different field configurations, the two results give rise to the same partition
function.

The Coulomb branch representation is found by integrating over O-
invariant field configurations that are saddle points of the deformation
action. Since our deformation term does not contain a term linear in D,
the intersection of the supersymmetry fixed point equations with the saddle
point equations completely lifts configurations in the Higgs branch, giving
rise, as supersymmetric saddle points, to the Coulomb branch configurations
FCoulomb, Which we integrate over with a specific measure determined by the
one-loop determinants. This implies, in particular, that the vortex and anti-
vortex configurations allowed at the poles by the supersymmetry equations
are forbidden. The same result can be more straightforwardly obtained by
localizing the path integral with respect to different supercharges, concretely
Q1 and @2. In this approach, the supersymmetry equations alone forbid any
non-trivial configurations in the Higgs phase while precisely reproducing the
Coulomb phase field configurations Fcoulomb-

The Higgs branch representation is instead found by integrating over
Q-invariant field configurations that are saddle points of a deformed action
that does contain a term linear in D. In this case, the intersection of the
supersymmetry equations with the equations of motion completely lifts the
Coulomb branch. However, the equations now allow for non-trivial field
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configurations supported in the Higgs phase, which we have denoted by
Fhiggs- These field configurations describe vortex and anti-vortex excitations
at the poles of the S? around each of the Higgs branches of the theory. In this
Higgs branch representation, the partition function is written as a sum over
Higgs branches of the product of the vortex partition function at the north
pole with the anti-vortex partition function at the south pole. The deformed
action that we have considered to obtain the Higgs branch representation is
the same deformed action as before, but now the saddle point equations are
analyzed at a large finite value of the parameter multiplying the deformation
term. A more desirable and precise way to arrive at the same conclusion
would be to localize the path integral with a different deformation term doV’
that, in the limit when the parameter multiplying it goes to infinity, yields a
non-trivial linear term in D. It would be interesting to explicitly construct
such a deformation term.

Conceptually, the fact that a correlation function in a supersymmetric
gauge theory may admit multiple representations can be understood as
follows. When computing a supersymmetric path integral by supersymmetric
localization, several choices are available, including the choice of supercharge
and of deformation term with which to localize (see Section 2.3 for details).
Under mild conditions, the localization principle guarantees that the path
integral is independent of these choices. For different choices, however, the
path integral may localize to different supersymmetric field configurations
and therefore provide alternative representations of the same correlation
function. This general picture is behind the equivalence we find between
the Coulomb and Higgs branch representation of the partition function of
N = (2,2) gauge theories on S2. It would be very interesting to extend
this general picture to find new dual descriptions of correlation functions in
supersymmetric gauge theories, as they can lead, at the very least, to novel
identities or to a physical derivation of known ones.

The Higgs branch expression for the partition function shares features
with the localization computation of the partition function and Wilson
loops [Pes07], 't Hooft loops [GOP11] and domain walls [DGG10] in four-
dimensional N/ = 2 gauge theories. These correlation functions receive
contributions from non-perturbative field configurations localized at the
north and south poles of the corresponding sphere. In four dimensions
they are due to instantons and anti-instantons, while in two dimensions
the path integral is a sum over vortices at the north pole and anti-vortices
at the south pole. In four dimensions the contribution of instantons and
anti-instantons are captured by the instanton partition function [MNS97;
Nek02], while the contribution of vortices and anti-vortices are captured
by the vortex partition function [Sha06] (see also [Yos11; BTZ11b; MOS11;
FKNO12; KKKL12]). An important qualitative difference, however, is that
instantons and anti-instantons appear in the Coulomb phase while vortices
and anti-vortices can only appear as non-trivial field configurations in the
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Higgs phase. Furthermore, the four-dimensional correlation functions do not
have a known dual description, while in two dimensions we find that the
partition function admits a Coulomb branch representation.

Several applications and correspondences emerge from our results. A
correspondence between the partition function of N' = (2,2) gauge theories
on S? and correlation functions in Liouville/Toda CFT has been found,
extending the AGT correspondence [AGT09] (see also [Wyl09]). We have
explicitly presented the Ay, 1 Toda representation of the partition function
of SQED with Ny electrons and Ny positron chiral multiplet fields, leaving the
more complete correspondence for other theories to a separate publication
[GLF14]. This correspondence can be enriched by adding defects both in
gauge theory and in Toda as in [Ald+09; DGOT09; DGG10] (see also [Pas10])
and it would be interesting to establish a detailed dictionary between gauge
theory and Toda CFT. In fact, we have already found the effect of inserting a
supersymmetric Wilson loop in (2.4.20). When the gauge group contains U (1)
factors, a Wilson loop insertion effectively shifts the FI parameter £ as well
as a the topological term 1. In the Toda CFT description, this corresponds
to changing the moduli of the Riemann surface in the holomorphic sector
and anti-holomorphic sector of the CFT differently. This can be realized by
the insertion in Toda CFT of the complex-structure—changing topological
defect operator introduced in [DGG10].

Since the correlation functions of Toda CFT are modular invariant, this
correspondence implies that the gauge theories that admit a Toda CFT
representation enjoy quite remarkable modularity properties in the complex-
ified gauge theory parameters 7 (2.2.9). In particular, this implies that the
results from £ > 0 to £ < 0 are related by analytic continuation, and that
the partition function in the two regimes are the same. In the example of
SQED, the £ > 0 regime corresponds to the factorization of the Toda CFT
correlator in the s-channel, and individual Higgs vacua, labelled by masses
of the fundamental chiral multiplets, match precisely with the Ny channels
allowed by the fusion of the degenerate insertion with the operator which
encodes the fundamental masses. The £ < 0 regime is described by the
u-channel factorization, and the sum over Higgs vacua — which correspond to
intermediate channels in Toda — is labelled by masses of the anti-fundamental
chiral multiplets.

The expansion of the partition function near £ = 0 corresponds to the
t-channel factorization. In this limit, the expansion in terms of vortices and
anti-vortices in SQED breaks down, and it would be interesting to understand
whether this expansion has an alternative description in terms of another
two-dimensional gauge theory. Studying the modular properties further may
lead to a picture of dualities analogous to [Gai09a]. Relatedly, it would also
be interesting to study the combined dynamics of two-dimensional gauge
theories on S? coupled to four-dimensional A/ = 2 gauge theories on S*, and
their potential interpretation as surface operators. Extending the analysis to
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the squashed S? is also worth pursuing.

Our findings can also be applied to the study of NV = (2,2) non-linear
sigma models with Kéhler target spaces, including Calabi-Yau manifolds. The
sigma models which describe string propagation in such target spaces enjoy
a rich “phase” structure as the complefixied Kéhler parameters are varied.
This may include the appearance of different geometries in large volume
regimes as well as non-geometrical phases. Novel tools and understanding in
the study of these questions were introduced in [Wit93], where these theories
were given an ultraviolet definition in terms of N' = (2,2) gauge theories. An
important insight brought by the gauge theory description was the proposal
that topology changing transitions — in particular the flop transition — can be
described by analytic continuation in the gauge theory couplings 7. Our exact
results for SQED — which include the conifold for Ny = 2 — quantitatively
demonstrate that the two large volume regimes connected through a flop
transition are indeed related by analytic continuation. Furthermore, analytic
continuation in the flop transition is realized by crossing symmetry in our
correspondence with Toda CFT. Our formulas further demonstrate that the
physics at & = 0, while corresponding to a singular Calabi-Yau geometry, is
completely regular for a non-vanishing topological angle 1.

Another relevant connection between N = (2,2) gauge theories in the
ultraviolet and non-linear sigma models in the infrared is the transmutation
of gauge vortices into worldsheet instantons [Wit93]. Given the exact results
for the gauge theory partition function found in this paper, it would be
interesting to revisit this connection, which was effectively used in [MP94]
to quantitatively study worldsheet instantons.

Finally, we have used our formulas to study Seiberg duality in two
dimensions, where we have demonstrated that Seiberg dual pairs have the
same partition function in some limits. A very rich set of dualities relating
two-dimensional ' = (2, 2) theories is mirror symmetry, which relates string
theory on different mirror Calabi-Yau manifolds and in different phases.
It would be very interesting to extend our results to the case of Landau-
Ginzburg models and provide a detailed picture relating these models to their
dual gauged linear sigma models. This requires extending our analysis by
including twisted chiral multiplets and the allowing for a non-trivial Kéhler
potential.

Two-dimensional N' = (2,2) non-abelian gauge theories been recently
proposed to study non-toric Calabi-Yau manifolds, such as Calabi-Yau mani-
folds embedded in Grassmannians and determinantal Calabi-Yau varieties
[Joc+12]. Due to the strong coupling dynamics of these gauge theories, these
models have not been studied much. Our exact results provide a new and
powerful tool to investigate the strong coupling dynamics of these N' = (2, 2)
non-abelian gauged linear sigma models, which may hopefully lead to new
insights into this large class of Calabi-Yau manifolds. Another direction to
study further is a possible connection of our results to the physics of domain
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walls in three-dimensional gauge theories on S3, generalizing the results in
[DGG10; HLP10; HHL10]. Finally, our exact results may provide hints on a
4d/2d relation between the geometry of four-manifolds and two-dimensional
gauge theories, resulting in a novel correspondences beyond the the 2d/4d
relations of [AGT09] and 3d/3d relations of [DGG11b; DGG1la; Yam12].
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2.A Notations and conventions

We use the following conventions for indices:

i,j,k,---=1,2 coordinate indices on S? (2.A.1)
i, k=12 tangent space indices (2.A.2)
a, By, =1,2 Dirac spinor indices (2.A.3)
m,n,p=1,2,3 indices for SU(2) generators (2.A.4)

2.A.1 S? conventions

We work in polar coordinates (z!,2%) = (6, ) where the metric on S? can
be written as

ds* = r? (d62 +sin 0 dch) . (2.A.5)
The canonical choice of orientation is

€12 = \/Esﬁ = 7“2 sin@, (2.A.6)
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with the corresponding volume-form
A%z vVh = r?sin0do Ade . (2.A.7)
The simplest choice of zweibein is
el =rdo and 2 = rsind de, (2.A.8)

with the spin connection given by

Wi = —ghl cosfdyp . (2.A.9)
By D; we denote the gauge-covariant derivative
D; =V,;—1i4;, (2.A.10)

where V; is the usual covariant derivative and A; is the gauge field. The
corresponding curvature is given by

Fij = é‘l‘jFﬁ = VZAJ - V]AZ - i[Ai, AJ] . (Q.A.ll)

2.A.2 Spinors and the Clifford algebra

Our conventions for spinors are the same as in [WB92] and are listed below.
Let 7, denote the standard Pauli matrices given by

0 1 0 —i 1 0
Tl_<1 o)’ TZ_(j 01>’ 73—<0 _1>_ (2.A.12)

We take our spinors to be anti-commuting Dirac spinors €,. These spinors
are acted on by the y-matrices defined by

(Yi)a” : =T - (2.A.13)
Evidently, the matrices ’yi satisfy the two-dimensional Clifford algebra

{72775} = 20, (2.A.14)

and 73 = —i’yivé is the two-dimensional chirality matrix.?’j
The spinor indices are raised and lowered by the (anti-symmetric) charge
conjugation matrix as

e = (e and €0 = Cope”, (2.A.15)

35n terms of the o and & matrices introduced in [WB92], the y-matrices are given by

m B _ i _mn —~ &
o = g€ P0naalp B,

v



2.B. SUPERSYMMETRY TRANSFORMATIONS ON S? 75

with the consistency condition
Cory C7P =55 (2.A.16)

More explicitly, we take C12 = Cy; = 1 and C?! = C15 = —1.
We adopt the northwest-southeast convention for the implicit contraction
of the spinor indices, i.e. for two spinors € and A we define

EA=€%Aq = Ae and YN =€ (Y™M) P = —AMe. (2.A.17)
Note that the y-matrices with both spinor indices lowered

(YM)ap = Cosy™a’ (2.A.18)

are symmetric and are numerically equal to (—73, —i,71) for m = (1,2, 3)
respectively.

2.A.3 Fierz identities

Let €, A and € be anticommuting spinors. The following Fierz identities are
used extensively in our calculations

(EN)e+ (Ae)e+ (ee)h =0, (2.A.19)

(EymA)Y ™ e + (EN)e + 2(Ee)A = 0. (2.A.20)

2.B  Supersymmetry transformations on S?

The N = (2,2) superconformal algebra in the S? basis is spanned by the
bosonic generators

vaKmaR;A; (2B1)
and the supercharges

QCM?SCUQOUSCX' (2B2)

Jm generate the SU(2) isometries of S? while K,, generate the conformal
symmetries of S2. R and A are each a U(1) R-symmetry generator, the first
being non-chiral and the latter being chiral.

The N = (2,2) superconformal algebra is given by

1 1
{50:Q8} = ValgIm = 5CapR  [Jm: 5= =577Ss  [R.Sa] = +5a
_ 1 1
{50, @} = —VipIm = 5CapR [Jm, Q% = =57/ Qs (R, Qa] = —Qa
~ 1 - 1 ~ _
{Qa: Qs} =15 Km + 5Cap A [Jm, Q%) = =577 Qp [R Qo] = +Qa

5 1 _ 1 _ _
{Sonsﬁ} = V%Km - icaﬁA [mesa] = D) %BS,B [R7 Soe] = —Sa
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: (e} 1 aB N
[Jma Jn] = 1‘Emmf)']p [Kma S ] = _5 mBQB [.A, Sa] = Qa

: « 1 aff g qQ
[KmyKn] = _1€mnp<]p [KmaQ ] = _§7mﬁs,3 [Aa Qa] = _Sa

- 1 B (2.B.3)
[meKn] = iemnpr [KmaQa] = _5 %ﬂsﬁ [Aa ch] = _Sa
_ 1 _
[Kmv Sa] = _5 ranﬂQB [A7 Soa] = ro .
This algebra admits a Zs automorphism, under which
Jm7R7 Oé?SOL _>Jm7R7 omSa
© © (2.B.4)

Kma -’47 Qaa Sa — _Km7 —.A, _ch _Sa .

Therefore, {J,,, R, S,Q} generate a subalgebra. It is the SU(2|1) algebra in
(2.2.2), which describes the N' = (2, 2) supersymmetry algebra on S2.

2.B.1 Realization of SU(2|1) on the fields

A simple way to obtain the SU(2|1) supersymmetry transformations is to first
construct the /' = (2, 2) superconformal transformations and then restrict
to those of the SU(2|1) subalgebra. This logic applies in any dimension and
gives a first principles construction of the supersymmetry transformations
that does not require guesswork, at least as long as the space admits a
conformal Killing spinor.

The superconformal transformations are easily obtained from the Poincaré
supersymmetry transformations in flat space by demanding that once the
flat metric is replaced by a curved metric, that the supersymmetry trans-
formations are covariant under Weyl transformations. In this process, the
constant supersymmetry parameters of flat space are replaced by conformal
Killing spinors, which obey

Vie = ;€ Ve = %%. (2.B.5)

Using that the fields and conformal Killing spinors transform with definite
weight under a Weyl transformation

gij — XM gy (2.B.6)

we obtain the required superconformal transformations by imposing Weyl
covariance. The terms that need to be modified in the vector and chiral
multiplet flat space supersymmetry transformations (which can be obtained
by dimensionally reducing the four-dimensional N = 1 supersymmetry
transformations in [WB92] to two dimensions) to make them Weyl covariant



2.B. SUPERSYMMETRY TRANSFORMATIONS ON S? 77

are36
eEPN  —  EPN—\Ve
ePN  — €D\ — Ve
Doige  —  Doige+012Ve
Doise  —  Doyge+012Ve
Doe  —  Doe+ %We (2.B.7)
Dée —  Dée+ LoV
Die —  Dpe—TyYe
De —  PyE— LHVe,
where we have used the following Weyl weights w
SUSY vector multiplet chiral multiplet
e € A, oy o2 A XD ¢ v F ¢ ¢ F
1 1 g 1 1 3 3 9 g gtl gi2 g g+l gi2
2 2 2 2 2 2 2 2 2 2

where w is the charge ¢ — e~ %)y under the Weyl transformation (2.B.6).

In this way, we obtain the two-dimensional N' = (2,2) superconformal
transformations for the vector multiplet

5A; = —% (6%-/\ + e%-f\) ,
Sor = 5 (A~ ).
60y = =5 (@32 + ) .
5D = —%g (]D)\ + o, A — i @,f’u})
+ %AWH %e (PA = [o1.A] —i[o2,4%]) - %We,
S\ = (mf”Fﬁ — Doy + iy — 301, 00] — D) ¢ +i01Ye — 097 Ve,
oX = (i7*Fis = v* Do — iDoy ++7[01,02] + D) € — i1 Ve — 027 Ve,

(2.B.8)
and chiral multiplet
0¢ = €y
06 = e

36The coefficients of the extra terms are fixed by demanding that the combination
transforms covariantly under Weyl transformations and, in general, depend on the Weyl
weight of the fields as well as the dimension of space.
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0 =i <Jz)¢> +o10— iagqbvg + gqu) €+ eF

S =i (qub + dor + igoay + gqu) €+ eF (2.B.9)
5F = —i (Diw o1 — log + A+ gw) ;
S5F = i (DW + doy + ey — A+ gw) z.

The spinors € and € serve as the parameters of the superconformal
transformations, such that each independent conformal Killing spinor is
associated with one of the supercharges in the superconformal algebra. On
S?, we can take the conformal Killing spinors to satisfy

R B 5 5
iy €s and Vi€ = Z"}/i’}/?)ﬁg (2.B.10)

S

Vies = oy

with s,5 = 4. There are four independent solutions to these equations

0 I

€s = exp (—127§> €Xp <1<2,073> fg ) (Q-B-H)
0 LN

€5 = exp (—1—1272) exp <1<2p73> € - (2.B.12)

parametrized by four independent constant spinors € and €f. A general
superconformal transformation is then generated by a linear combination of
the supercharges parametrized as follows

b, = €37+Q, b =€ 7-5, b, = €91.Q, 0. = —€,7-S
(2.B.13)
where . satisfy
5a = —= (1 1y7) = 2ir%s
V2 (2.B.14)
B=-%=1' 3 =1.
Using the conformal Killing spinor equations above, the superconformal
algebra is realized on the vector multiplet fields as

0, 0e] A = —LeA+1[A, N —i—is_Sa/\+is+8@,yf’>/\_3{9—1—505)\7
€ 5 5 5
(567555\:—E5\—|—i A’S\ _is_Saj‘_is_i_se’yg;\—?)is_}—so{;\?

€ 5 5

[0c, 0] Ai = —(LeA)i + DiA,
[0c, 0] 01 = —Leor +i[A,01] — (s + 5)O02 —i(s + 5)aoy
[0c, 0e) 09 = —Leoa +1[A, 0] + (s + 5)O01 —i(s + 5)aos,
[6,0c) D = — LD +i[A, D] — 2i(s + §)aD,
(2.B.15)
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and [d¢, 0] = [de,0¢] = 0 on all the fields. Therefore [d,,d¢] generates a
space-time transformation as well as a gauge transformation, an R and A
R-symmetry transformation and a Weyl transformation. The parameters of
these transformations are given by

éi = _iE’YlE?
A = (€e)oy — i(Evge)UQ +£A;,
1
0= 1e. (2.B.16)
2r
1 A
o= —56736,

where we have omitted the subscript s and s on the spinors. Note that the
spacetime transformation is realized by the Lie derivative on bosonic fields
and by the Lie-Lorentz derivative (2.2.33) on the fermions. More explicitly,
the Lie-Lorentz derivative along the vector field £ is given by

s— S

Le=6V,—i2— "0, (2.B.17)

The superconformal algebra is realized on the chiral multiplet fields as

s— 8 S+ s+ s

. . . S . 3 .
[0c, 0] = =Lt +iAp +1i (1—-q)ay —i 5 CORTES 5 (¢ + Do,

- - - .8§— 38§ - . 5+5 _a- . s+S8 -
[0c, 0] = —Lep —ipA + 1 (¢g—1ay +1i 5 @73¢—1 (¢+ 1)ay,

. .S— S s+3s
[0e, 0e) ¢ = —Ledp +1Ag — i ga¢ —i——qae,

_ _ - 5—F - s+3F -
60006 = —Le— 168+ gad — 12 gag,
[56,5E]F:—£§F+1AF+15_s(z—q)aF—iS‘gs(qm)aF,

(60,6 F = —LeF —iFA+12— (- 2)aF — 122 (g 4 2)aF

(2.B.18)
where the parameters of the transformations are the same as those for the
vector multiplet fields (2.B.16).

To obtain the SU(2|1) supersymmetry transformations, we restrict the
superconformal transformations (2.B.8) and (2.B.9) we have constructed to
those associated with @, and S, which are parametrized by €, and €_. The
corresponding realization of the algebra on the fields is given by (2.B.15)
and (2.B.18) with s =1 and 5 = —1.

In the main text, we find it convenient to perform the field redefinition
D — D + o9 /r, after which we obtain the supersymmetry transformations
presented in Section 2.2.
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2.C Supersymmetric configurations

In this appendix we present the derivation of the choice of SUSY parameters
and the corresponding supersymmetric configurations.

2.C.1 Choice of supercharge

The conformal Killing spinor equations on S? are

Vie = +%%’736, (2.C.1)
V€= —%’yﬂ%, (2.C.2)
with the general solutions of the form
€ = exp <—i29’yg> exp (1;'073) €, (2.C.3)
€ = exp (—1—1267@) exp (1(2;773) €o - (2.C.4)
Here, the hatted v indices denote the tangent space (flat) indices®”. The
corresponding bilinear £" = —iey’e is given by
= —cosyp (iEO'Ayleo) —singp (iEO'AyQGO) ) (2.C.5)
52 = —€.€0 + cot fsin (iEOfAyleo) — cot B cosp (iEOfAyQGO) . (2.C.6)

We wish to find spinors such that &' vanishes while £2 is a non-zero constant.
The vanishing on &' for all angles ¢ requires é,7'e, = €,72€, = 0. This can
be achieved by choosing ¢, and €, to be chiral spinors with opposite chirality.
We choose the constant spinors such that

’7360 = +6, (2.C.7)
Ve = —fo, (2.0.8)
and the conformal Killing spinors reduce to
i0 ip
€ = exp <—2’yg + 2) €o s (2.C.9)
0 .
€ = exp <+172 - 190) €o - (2.C.10)
2 2
The spinor bilinears constructed out of these spinors take the form
€€ = €56, COS O, (2.C.11)
1 0
= — —Eo€o— , 2.C.12
13 —€a 95 ( )
1
o= —ZEOEO : (2.C.13)

37See Appendix 2.A.
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2.C.2 Supersymmetry saddle point equations

Since after localization, only supersymmetric configurations can contribute,
we write Qf = 0 for all fermionic fields, with O parametrized by the particular
choice of € and € we just derived. Let us fix the relative normalization of ¢,
and €, such that

€ = —iv%e, (2.C.14)

We thus obtain the explicit expressions

. ] 0 5 0
€ = e#/? (cos 5 isin 72> €o E=e ¥/2 (sm — —icos 72>

2 2
(2.C.15)
yie = ¢l¥#/? (Sing — icosgvﬁ> €o 'y E=e ¥/2 (cos —isin 'y >
(2.C.16)
5 . 0 0 s 0
v2e = el?/? (—isin2 + cos 272) € YE=e W2 < 1cos = + sin 27 )
(2.C.17)
5 . 0 0 5 5 . 0 0 5
vie = el#/? (cos — +isin 72> € Ale=e 19/ <sin — +icos 72> €o
2 2 2 2
(2.C.18)

Thanks to those expressions for various gamma matrices acting on our
conformal Killing spinors, A = 0 and A = 0 may be written as

e

0=0\= [Slne(lv +V)+1cosH(V +1D)] 2¢

+ {cos 3 (V; +1V5) —sin 2 (V3 — 1D)] 2426
0=0\= [cos o (1V + V) + ising (1_/3 - iD)] e S e
+ {sm — (V + 1V> — CoS — (V + 1D)] “124%¢.
while ¢ = 0 and §¢) = 0 yields
0=0dp=i {sing (D7¢ - ie_i“DF) + cosg (01 iog + ) } bl éTe,

0 - N
+|:C082(D+(b—1€ S"F)—i—smz(01—1—102—) ]627 €o,
(2.C.21)

_ 0 - o E 0 - . e
0_5¢_1[C032(D—¢—1€@F)+sm2¢(a1+1ag+2q)}e 2e

)5

(2.C.22)

.0 T . ioE 0 -
+ {sm 3 (D+¢ —ie ‘PF> + cos 3 ) ( —iog +

e S
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Here Dy = D; £iD, and for future reference, we define o = o1 £ io.
Since €, and 72¢, are linearly independent, each square bracket must vanish
separately. Using the reality conditions

Al=4;, ¢'=¢ oh=0x Fi=F (2.C.23)

we can write the equations as

0 0
sin §D:|:J+ +COS§ (Fﬁ + 7 +iD :Fi[UhUQ]) =0
r

y , ! (2.C.24)
. 1. .
cos §D:|:O'_ — sin 3 <Fiﬁ + P iD +ifoy, 02]) =0
sing (D,gb + ie_i“"F> + cosg (ajF + 2q> ¢=0
" (2.C.25)

0 _ 0 q
z ol in - _ 4 )y =
cosz<D+¢ile F>+Sln2(0':|: 2r>¢—0.

Taking linear combinations of each set of these equations and using the
reality conditions, we obtain the desired SUSY equations

DQUlzDQUQZDiO'QZO ReDZ[Ul,Ug]ZO
. o1 (2.C.26)
Djo1 —ImDsinf =0 FiQ—F?—ImDCOSQIO,
0 0
c082D+¢>+sin2<01—2q>¢>:0 o260 =0
" (2.C.27)

0 0 q
i Df F °
s.m2 ¢+0082<01+2T>¢—0 0

2.C.3 Q-supersymmetric field configurations

To compute the path integral using localization on supersymmetric config-
urations, we need to find the space of solutions of equations (2.C.26) and
(2.C.27).

Let us first analyze the vector multiplet field equations.

For concreteness, we choose the coordinate patch 0 < 6§ < 7, where we
can gauge away the df-component of the gauge field®®. The general solution
to (2.C.26) takes the form

A =rojcosfde, o1 =01(0), oy = 02(p) . (2.C.28)

Imposing the chiral multiplet supersymmetry equations (2.C.27) and plugging
in the above form for the vector multiplet fields we obtain

(sinﬁ@g—i—gcosﬁ—i-al)qﬁ—o F=0
(2.C.29)
(ag,+ig)¢=0 (o2 +m)¢p =0

38Every 1-form w = wp df on S? is, up to dy terms, closed and therefore exact — since
the H*(S%) = 0.
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where we have also included the mass term which, as explained in Section 2.2
is just a shift in o9 by a diagonal matrix valued in the flavor symmetry group.
For generic values of R-charges ¢, the only solution of the above equations
which is periodic in ¢ is

$=0. (2.C.30)

Consequently, in the absence of effective Fayet-Iliopoulos parametersﬁ , the
reality conditions necessary for having a convergent path integral constrain
the vector multiplet auxiliary field to vanish, i.e.

ImD = —¢%¢pp = 0. (2.C.31)

The vanishing of the auxiliary field in turn forces o1 to be a constant and
the general solution to the supersymmetry equations (2.C.26) and (2.C.27)
takes the form

B B
A= 5(%—0089)ng o1 =5
oo =a D=0 (2.C.32)
d=¢ =0 F=F=0

where §A = % dyp is the appropriate gauge transformation to extend the
solution to the coordinate patches including the north pole (with k = 1)
or the south pole (where K = —1). We conclude that for general R-charge
assignments, Fy — the space of smooth solutions to the supersymmetry fixed
point equations — is parametrized by two constant matrices, a and B, where
B is further constrained by the first Chern class quantization to take integer
values.

We note in passing that for special values of the R-charges, there exist
non-trivial solutions to the chiral multiplet supersymmetry equations which
take the form

9
“Jiquo, subject to (a+m)po =0. (2.C.33)
Cosz) 2

2.D One-loop determinants

Here we present the computation of the one-loop determinants in the lo-
calization computation of the partition function. Our starting point is the
quadratic part of the vector and chiral multiplet actions (2.2.4) and (2.2.10)

39T localize the path integral, we need to add to the action a Q-exact deformation term
with an arbitrary parameter ¢ which we then take to co. The effective FI parameters are
then £/t which vanish in the ¢ — oo limit.
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in the background (2.3.26) with the addition of the gauge fixing ghosts ¢, ¢
and the Lagrange multiplier b. The various terms are

ng — /d2$\/ET1" {Az < )A + {-:UA’L[B AJ] + 20‘16 ]D A
+ 01 (M2 + :2) o1+ oMoy + D? — 92} )

/d2x VhTr{ A lD - —|[B,-] +73[a,-]) )\}, (2.D.1)

m :/d2
m :/d% N {w (—ilﬁ—;rB— (a+;{)v3) w}, (2.D.4)

where G is the gauge fixing condition corresponding to the choice of gauge

ghost = /d255 fTI‘ {CM2C - bg Az,O’l,O’Q)} (2D2)

—1 2_2 _
<M2 pil=g -4 = q) ¢+FF}7 (2.D.3)

G(4;,01,02) = D;A" + 7[3 o1] —ila,02] =0, (2.D.5)

and M? is given by
M? = —-D? + pB2 +a? (2.D.6)

where a and B act in the appropriate representations. We note that (2.D.5)
is the background gauge field choice Dy, AM = 0 in four dimensions dimen-
sionally reduced to two dimensions. This choice simplifies computations
considerably.

The integral over b imposes the background field gauge (2.D.5) while
integrating out the auxiliary fields D and F yields a trivial factor. We now
analyze the rest.

2.D.1 Dirac operator in monopole background

Before computing the one-loop determinant contribution of fermionic fields,
let us first derive the spectrum of the Dirac operator in the background
(2.3.26). Since the index of the Dirac operator, acting in the representation
R of the gauge algebra, is given by

1
ind(P) = 37 oo TrF=TrB, (2.D.7)

we anticipate | Tr B| zero-modes. Excluding these modes, we may diagonalize
the Dirac operator using spinor monopole harmonics. For each weight w
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of the representation R and each mode (J,m) such that J > |B,|/2 and
—J <m < J we have

(i) sm = ( A‘gm 0 > (2.D.8)

_)\J,m

since iIp is traceless. The spectrum of il can easily be derived from the
spectrum of —]ﬁz when expressed in terms of the scalar Laplacian

_(D—)2 . 1=Bu
(ip)* = < v )o+ " —(D.+)20+1‘57%” ) ' (2D.9)

(2

Here (DF)? = (9; — i%wi)z denotes the scalar Laplacian in the monopole
background with monopole charge BwTil. The connection w; is expressed

in terms of the spin connection (2.A.9) as w; = wiﬁ. In the rest of this

subsection, we drop the subscript in B,, to avoid cluttering the notation.

The eigen-value of the scalar Laplacian in the (J,m) mode is given by

JJ+1) (B+x1)?
D= e (2.D.10)

where J runs from @ to oo in integer steps and the multiplicity in each
mode is 2J + 1. Using this expression for the eigenvalues and the relation
between the eigenvalues of the scalar Laplacian, which can be easily read
off from (2.D.8) and (2.D.9), we conclude that the spectrum of the Dirac

operator consists of

0, with multiplicity |B|, and (2.D.11)

+\/<J i 5):2_ (g)Q, with multiplicity 2J + 1, (2.D.12)

_\/(J t 5):2_ (g)g, with multiplicity 2.7 + 1 (2.D.13)

for J = ‘B‘QH, ... We also note that the fermonic zero-modes are spinors of a

definite chirality, which depends on the sign of B.

2.D.2 Chiral multiplet determinant

Using the spectrum of the Dirac operator we just derived, we can easily
compute the fermionic determinant of the chiral multiplet. First, note that
7 anticommutes with ), hence, a shift in I) by ¥3 results in a shift in the
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square of the eigenvalues. Therefore, we have

B . .
det AF™ = det [— ip— 127 - (a + ;) 73] (2.D.14)

‘—II <q+¢B wl iaw>BM

’ leljﬂ [_ (L;;"U)Q N <(J hi 5);_ (%)2 " (aw N ;(i)zﬂwﬂ
i |Bu|

— H(—i)Bw Jl_[_o [( 32’:_(] iaw>2J+B

w
J41 B.|— 2J+|Bu|+2
X (—1)|Bw‘ < ha + [Bul = g +iaw> .
T 2r

Here we have used the notation x,, = x - w, where w are the weights of the
representation R under which the chiral multiplet transforms.
The bosonic determinant may be written as

1 2 1 9 2J+1
) _
(det AL™)2 = H H [( ) + (aw +if > (2.D.15)
J=1Bul 2r
B 1 By — 2J+|Buw|+1
—HHK 7| | +4 iaw>‘<JJr —i—‘ | q—i—iaw>
2r T 2r

w J=0

Putting the two together we have the one-loop contribution from the chiral
multiplet fields:

Zgnl}al-loop(aaBam) = H (—i)B“’ H( )|B wl

weR J=0

J+1+ Byl —|—1raw]

J+ |Bw‘+q iray
(2.D.16)
These infinite products can be regularized using Euler’s gamma function

1 o
O [H(z%—J)

J=0

(2.D.17)

reg
to yield, in the presence of a twisted mass m introduced by shifting a — a+m
q _; |Bu]
. 5 B \Bu_q[Bul? r (2 ir(aw +m) + 5 )
0ne—100p(a7 ,’ITL) - H ( 1) ( ) q i |Bu|\
weR, F(l—i—l—lr(aw—l—m)—i—?)
(2.D.18)

The chiral multiplet determinant has a pole when a +m has a zero and ¢ is a
non-positive integer. More precisely, there is a pole whenever |B| < —q with
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B — q even when acting on ¢. These poles are due to the zero modes found
n (2.3.28), which exist precisely under these conditions. In evaluating the
determinant for these tuned values of ¢, the zero modes must be excluded,
thus yielding a finite result.

2.D.3 Vector multiplet determinant

The fermion contribution to the vector multiplet one-loop determinant is the
same as that of a chiral multiplet in the adjoint representation with R-charge
q = 0. It is given by

B oo B J ‘Ba‘ . 2J+|Ba|
det A = TT =% TLEDE| (545~ oo )
a€A J=0 r r 24 Bul 42
J 1 B +|Ba |+
<+ + Bl +iaa) 1
T 2r
2J+|Ba| 2 2J+|Ba|+2
B, J+1 B
= H H < | |> + a2 <+ +| a|> + a2
achy JZ0 T 2r r 2r
(2.D.19)

where a € A are the positive roots of the Lie algebra of G.

In order to compute the contribution from the bosonic fields, we need to
write down the mode expansion of the fields. For the scalars fields o1 and
09, we may use the expansion in the standard scalar monopole harmonics

\B ol

Z Z st Jm <2D20)

J= |32a\ m—*J

where we have introduced a factor of % for normalization and s = 1,2. As
for the gauge field, the mode expansion is much more subtle. A basis of
monopole vector spherical harmonics is given in [Wei93]. Expanding the
gauge field in this basis we find

00 J 3 Ba
SDID D IR (e (2.D.21)

A==+ J:Jé\ m=—J

where JOi = |BT"‘ F 1 for |BT°“‘ > 1 and JOi = % F % otherwise. The

reality condition on the gauge field then implies A_, = A}, and for scalars
A B
Os,—a = 0Og4- The explicit form of C > is not necessary for our

computation and will be omitted here. All we need are some basic properties
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of the basis elements which are
o7 ’ N Ba\ * A, Ba i
sy = [@avh (CJ,j,;, ) (CJ’;; ) , (2.D.22)
) A, Ba g . 1
-0 (eh) = )
A Ba 1 |Ba| (|Bal )
D; T2 = — 1) — —A|Y, 2 2.D.24
<CJ > \/§7~2\/J(J+ ) 5 ( 5 A Tm ( )

. A Ba\J 2 Ba
1€55 CJ,m =—-A ijm e (2.D.25)

Using the above expansion for the gauge field and the scalars and performing
the integral over S2, the bosonic part of the vector multiplet action in (2.D.1)
can be written as

J(J+1) - ('Ba’ Y cjf> . (2D.23)

SR S Db DIV LA SR RE A e

A==% J= ,])\m—fJ
Ba Ba
IO+ = B (12 )
2

-y Z Z 01 G miAV2

A= j|Bal m=—J

(J+1 2 —
+Z Z Z st|:T)+agc+7428:|U(sl,J,mv

s=1, 2J_\Bza| m=—J

A
AS
r Jm

where there is an implicit summation over all roots a € A.

In order to compute the determinant, it is best to break it down into
three factors. The first one isolates the J = ‘B—;‘| — 1 contribution, which is
only non-trivial when ‘B2a| 1 is non-negative. In this case we have

B 2 |Bal—1
det(A}T) = = a? 2.D.26
o= 11 [(Qr) a (2.0.26)

a€A,|Ba|>2

The second factor is

det(AVD) = det(M?) (2.D.27)

s [(2)+a]

where the numerator is just the contribution of g2 and the denominator is
a factor that we have included to shift the lowest mode of A~ (which has
J =|Ba|/2 +1). With this shift, the rest of the determinant is det(Ay3")
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given by the following where R* = 7%2\/% (J(J+1) - @ [@ +1])

™ 2J+1
o % + a 0 _N+
1Bal
H H 0 %4_@3 N—
a J:BTDL‘ N+ N M+ 2
2J+1
+1 2 1
1110 [( D 1 a) (’]2+ai> ((”) +ai>]
r T
aEAJ \Ba|
2J+|Ba|+1
B 1 |Ba|)?
ety T T [((2+ 20)" ) (20 4 2)
r 2r r 2r
aceA J=0
where 9J 41
s J(J+1
a0 = 1 11 [(:Mrag] , (2.D.28)
a€A j_|Bal "

Note the shift in the lowest mode of A~ at the top left component in the
matrix. As we mentioned earlier, this a factor that we multiply and divide
by hand to avoid isolating the J = M mode. Note also that in this case
the off-diagonal terms (1,3) and (3, 1) vanish. Including the contribution
from the ghosts — which is det(M?) — the one-loop partition function of the
vector-multiplet becomes

det(AL™)2 / det(M?)
Maca, 5% [((J 4 1el)? +ag> ((Jrl T ag)
2

|Bal+1 2
By 2
] Ha€A+,|Ba\22 |:(2r) +aoz:|

|Bal 1—|Bq|
1
- - H - -
a4 (i) + a2 €A | Ba|>2 (%)2 + a2 o)

2J+|Bal|+1

—|Bal|+1

Therefore, we find that

v.m. Ba 2 2
0ne—loop(a7 B) = H 7 + Ay
T
acAt
B(x7é0

(2.D.30)

2.E One-loop running of FI parameter

Consider a two-dimensional N' = (2,2) gauge theory with a U(1) gauge
group factor in the presence of an FI parameter £&. When the sum of the
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U(1) charges of the chiral multiplets @ = >, @Q; is non-vanishing, the FI
parameter gets renormalized according to

f(ﬂ)zg—i_;w;len(M/;V)' (2E.1)

In our localization computation, some care has been taken to regularize
the theory in a Q-invariant way. We accomplish this by introducing an
“expectator” chiral multiplet of charge —@), mass M, and R-charge ¢ = 0. In
this enriched theory the FI parameter does not run. However, we recover
the original theory by decoupling the expectator chiral multiplet by taking
its mass M to be large. We now demonstrate by analyzing the one-loop
determinant of the expectator chiral multiplet that this yields the running
of the FI parameter with Myy = M and p = 1/r.

The relevant one-loop determinant of the expectator chiral multiplet is

I (255 +irQa — irM)
[ (14951 —irQa+irM)

In Z5 e oon (@, By M) = 1n

ne—.loop

+0(1). (2.E.2)

The asymptotic expansion of I'(z) with large imaginary argument is given by
1
InT'(z) = (z - 2) Inz—24+0(1) (2.E.3)

where the terms of order 1 depend on the sign of Im z but are irrelevant for
renormalization of £. Using this asymptotic form for large mass M in (2.E.2)
yields

In Zg e 00p(@, B, M) =~ 2irM (1 —InrM) + (¢ — 1) InrM + 2irQalnrM
rM>1

1 M
=2irM (1 —lnrM)+ (¢g—1)InrM + 47rira2—an () ,
™ €
(2.E.4)

where € = % Note that the first two terms do not have any physical effect

since they just rescale the partition function by an a-independent factor. The
last term, however, combines with the on-shell classical piece of the action

In Zy ~ —4rira& (2.E.5)
to account for the running of the FI parameter

InZy - Zge. a, B, M) ~ —4xirayen , (2.E.6)

01'rle-.loop(
with )
e
gren - f‘f‘ % ; Qz In (M> . (2E7)
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2.F Factorization for any N = (2,2) gauge theory

We repeat in this appendix in full generality the proof of Section 2.4.2 that
the partition function can be written as a finite sum of terms, each of which is
a product of a holomorphic and an antiholomorphic functions of the complex
parameter 7 associated to each U(1) gauge factor. We start from (2.4.19)
with arbitrary gauge group G and matter representation R, which we recall
in a more compact form below as (2.F.6). The vector multiplet one-loop
determinant in the original expression can be recast in terms of the one-loop
determinant of an adjoint chiral multiplet with iM = —1 (in this appendix
we take r = 1),

I [l (252

aeAt

-1

acAt

Nl—ia-a+|a-B|/2)T(1+ia-a+ |a- B|/2)
I'—ia-a+|a-B|/2) T(a-a+|a-B|/2)
+I(1—-ia-a+|a-B|/2)

(L1 T (1))
= ( 1>2’)BQI;IA( De? T(ia-a+|a-BJ/2)

(2.F.1)

where we introduced the Weyl element p = % Y aea+ « (signs cancel thanks
to a - B being integers and A = AT U—AT). The extra sign can be combined
with the classical factor as

H o—4miE Tra+id Tr B H o2mip-B _ 2wit-(ia+B/2) ,~2nit-(ia—B/2) (2.F.2)

abelian non-abelian
factors actors

where the (non-integer) weight t depends holomorphically on the complexified
parameters 7 = 9/(2m) + i{ for each abelian factor in G:

t = Z <2i+i£>Tr+ Z p. (2.F.3)

abelian non-abelian
factors factors

Next we show that in the factor corresponding to one weight w; of the

representation of a chiral multiplet I, the sign can be absorbed by modifying

the arguments of Gamma functions,

(_1)(w1-B)+ F(—iM] - iQ.U[ -a—+ |w1 : B‘/Q) _ P(—iM[ - i’l.l)[ a4 — wy - B/Q) '
F(1+iM; +iwy-a+|wr-B|/2) T (1 +iM;+iw;-a—wy- B/2)

(2.F4)

When w; - B is negative, this identity is trivial, while for positive (integer)

wy - B it results from Euler’s identity I'(x)['(1 — z) = 7/[sin7z] and anti-

periodicity of the sine function,

(=1)vrBr /[sinm (—iM; — iwy - a + wr - B/2)]

= 7/[sinm (—iMy — iwy - a — wy - B/2)] . (2.F.5)
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From this we deduce

_ 1 s —
7 b (M _ 2rwit-(ia+B/2) ,—27it-(ia—B/2)
Coulomb (M, t,t) @] EB /tdae e
I'(—iM; —wy - (ia + B/2)) (2.F.6)

X X . )
11;[] I'(1+iM; + wy - (ia — B/2))

with a sum ranging over all GNO-quantized B (including gauge equivalent
values), an integral ranging over the Cartan subalgebra t, and a product over
weights of the representation R in which the chiral multiplets transform, as
well as weights of an additional adjoint representation for the vector multiplet
determinant.

Just as we did in Section 2.4.2 for the case of SQCD, we close each of the
integration contours in a direction that depends on the matter content and
the sign of £ for each abelian gauge factor. Each factor in the integrand of
Z has poles whenever the numerator Gamma function has a non-positive
integer argument while the denominator one does not, namely when

iwy -a=—iMy + |wy - B|/24+n (2.F.7)

for some non-negative integer n. Evaluating the N = rank(g) integrals
in (2.F.6) yields a sum over common poles obeying (2.F.7) for N different
choices of a flavor I and a weight wy, such that the chosen w; span weight
spacel®. Explicitly,

iw; -a = —iM, +n; + |w; - B|/2, forall1<j<N. (2.F.8)

Note that the contours do not enclose all such combined poles. The combi-
nations of flavors p; and weights w; over which we sum thus obey further
constraints, such as restricting p; to (anti)fundamental flavors in the case
of SQCD. Those constraints are complicated to obtain in general, hence
preventing this analysis from providing a fully explicit factorized expression
of the partition function. However, they do not affect any of the analysis
proving that factorization does indeed occur.

We introduce the dual basis to wj, given by elements \; of the Cartan
subalgebra such that w; - Ay = d;;. For every weight w that appears in the
Coulomb branch expression, all w - \; are rational, and

N
w=>Y (w-XA)w;. (2.F.9)
j=1
The partition function is expressed in terms of
N
w- (ia+B/2) =Y (w-Aj)(—=iMy, +n; + (w; - B)*), (2.F.10)
j=1

“0Tf the chosen w; did not span weight space, the conditions (2.F.8) would not constrain
a to a given element in the Cartan subalgebra.
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where we use the notation (z)* = (|z| & )/2. Contrarily to the SQCD case
where all w - \; are 0 or +1, the integers n; and (w; - B)* may not lead to
integer shifts of w - (ia £ B/2) hence of the Gamma function arguments. This
was a key ingredient in Section 2.4.2 to extract the Pochhammer symbols in
terms of which the partition function factorizes. We recover integer shifts
by splitting the sums over n; and w; - B depending on residues modulo the
lowest common denominator p; of all w - A;. Namely, for each 1 < j < N we
use Euclidean division to write

nj + (wj - BY* = kFp; +di (2.F.11)

with a quotient 0 < k;ﬁ and a remainder 0 < d;c < ;. Clearly, each choice of

integers k:ji and dj[ in those ranges corresponds to integers n; and a vector
B in the Cartan subalgebra, determined by

nj = min(k} p; + d, k5 + d5) (2.F.12)
wj - B =k pj+d —kjp;—dy. (2.F.13)

However, the element B thus constructed may not obey GNO quantization,
which requires that for every weight w,

N N

w-B =Y (w-Xj)(wj-B) =Y (w-X) (k] pj +df —kjp;—dy) (2F.14)
Jj=1 j=1

is an integer. Since all p1;(w - \;) are integers, (2.F.14) reduces to a condition
on dj[, only, with no restriction on k:]lL > 0.

Hence, the sums over n and B split into a sum over (allowed combinations
of) degeneracy parameters df, and a sum over vortex parameters k:]i We
have thus expressed the partition function as

Z(m,t,t) = Z Z Zres

{(pjswi)} {d"} k>0

627riZ;\f:l(t-/\j)(fiij+d;'+k‘j-',uj)€f27riZ;\le(f-)\j)(fiij+dj_+kj_yj) (2.F.15)

T L(—iM; — S0 (wr - Aj)(—iMy, + df + k7 p)))
D(1+iM+ 20 (wr - A (—iMy, +d; + kj 1)

vaI

up to constant factors, and replacing the N singular Gamma functions by
their residue at that pole. The vorticities k]i introduce integer shifts in the
arguments of Gamma functions, indeed, by construction of j;, all p;(w - Aj)
are integers. This enables us to extract from the summand the factors that
only depends on the choice of flavors, weights, and degeneracy parameters,
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+
pj, wj, and dj ,

Z = 2%12 (t-X)(— iMp; + d+) —2%12 (T-X)(— iMp,+d; ) (2F16)
N

res Zone-loop = es | | 7<—iM1 = (wr - Aj)(—iM,, + dj)) : (2.F.17)
I,’UJ[ ]:1

where, once more, gamma functions should be replaced by their residue when
appropriate. After removing these k:]j-c—independent factors, we are left with

Z [2#12 i (E Ak 7271'12 1 1y (EA) k

+
kE>0

: -
(—iMy — Z 1(wr - Aj)(=1My,; +dj ))—Zj\;lw(wf'/\j)kf

< I = : -
g (L M+ 5 (wr - Ag) (M, +d)) 5 e
(2.F.18)

7271'12 _q By (BN )k
k>0 ITrw, (14 M7 + 53 (wr - Aj)(—iMy,; + dy ))Z
627ri Z;V:1 g (t)v)k‘j HI wr (_1)2;\;1 i (w1~)\j)k].
x> :

: N . F .
kF>0 HLw[ (1 +iM; + Zj:l(wl ) Aj)(_lij + dj ))Z;V:1 iy (wrXg)k T
(2.F.19)

-y

1#](1”[ Aj )

The partition function reduces to a finite sum of factorized terms,

Z, e M) = > > Za(t,t,M)res Zoneloop(M) (2.F.20)
{(pjw;)} {d;t} Zvortex(ta M)Zanti-vortex (Ea M) s

where each of the factors additionally depends on the choice of vacuum
{pj,wj,djc}. This extends the result of Section 2.4.2 to a general gauge
group G and a general chiral multiplet representation R of G.

2.G Vortex partition function

We describe in this appendix the procedure used to evaluate the contribu-
tion from vortex (and anti-vortex) configurations. For simplicity, we only
consider the case of SQCD, the two-dimensional ' = (2,2) U(N) supersym-
metric gauge theory with Ny > N fundamental chiral multiplets of masses
(My,...,.M Nf) and N} < N; anti-fundamental chiral multiplets of masses

(Ml, MNf) The flavour group is U(1)anti-diag X SU(Ny) X SU(N})7 hence

N, Ny —~
Zsil MS — Zsil MS'



2.G. VORTEX PARTITION FUNCTION 95

As we show in Section 2.5, the presence of vortex/anti-vortex solutions
requires the scalar field oo to take specific values, labelled by a choice of N
masses My, , ..., M,, . For such a choice of Higgs vacuum, the moduli space
of solutions to the vortex equations (2.5.1) splits into discrete components

M{pi}’k

vortex»

where the vorticity k is defined by

1
k=— Tr F. 2.G.1
el (2.G.1)
The equivariant volume of the moduli space Myortex Can be expressed as a
finite dimensional integral [Sha06]. We denote by M the diagonal N x N
matrix with eigenvalues M,,, by M the diagonal matrix whose eigenvalues
are masses of the other Ny — N (non-excited) fundamental chiral multiplets,

and by M the matrix of anti-fundamental masses.

2.G.1 Vortex matrix model

The moduli space Miﬁ;ggi of configurations with £k vortices admits an ADHM-
like construction, which can be understood as the supersymmetric vacua of
a certain gauged matrix model preserving two supercharges [Yos11; HT03,;
KKKL12]. The relevant representations of the supersymmetry algebra can
be obtained from the dimensional reduction of N = (2,0) supersymmetry
in two dimensions. This gauged matrix model involves one U (k) vector
multiplet (¢, A, A, D), and is coupled to one adjoint chiral multiplet (X, x),
N fundamental chiral multiplets (I, p), Ny — N anti-fundamental chiral
multiplet (J,v) and N} fundamental Fermi multiplets (£, G). The matrix
model preserves three global symmetry groups U(1)g, U(1); and U(1) 4,
which can be identified as the R-symmetry group, the rotational symmetry
group J and the axial R-symmetry group of the given two-dimensional theory,
respectively. As mentioned before, U(1)4 may suffers from an axial anomaly.
Under these three U(1) symmetry groups, the supercharges @ and Q have
charges (—1,+1,—1) and (+1,—1,—1). For later convenience, we summarize
global and gauge charges of the matrix model variables in the table below.

X x I pu J v 3 e A A
Ul)gp 0 -1 0 -1 0 -1 -1 0 —1 +1
Ul -2 -1 0 +1 0 +1 41 0 +1 —1
Ula 0 -1 0 -1 0 -1 +1 42 +1 +1
Ul1). -2 -2 0 0 0 0 0 0 0 0
U(k) adj k k k adj

Here the U(1). symmetry group can be identified as a twisted rotational
symmetry group J + R/2 of the two-dimensional theory. Note that the
complex scalar field X represents the position of the k vortices while I and
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J represent orientation modes. The supersymmetric vacuum equation with
a positive FI parameter r ~ 1/g% > 0 is given by
(X, X+ 11T — J1J = r1y,
el —IM =0 [p,5] =0 (2.G.2)
Jo-MJ =0 [p,X]=0,
where X, I and J denote k x k, k x N and (Ny — N) x k matrices. The choice

of Higgs vacuum in the original two-dimensional gauge theory is encoded in

the matrices M and M. The solutions of (2.G.2) describe the moduli space
M{pi}»k

vortex

of k vortices, and the volume of the moduli space can be identified
as the partition function of this matrix model.

2.G.2 Vortex partition function

Since the matrix model describing moduli space of vortices in R? has an
infinite volume, it must be modified by turning on a chemical potential
associated to the twisted rotational symmetry group U(1).. The chemical
potential € can be understood as the Omega deformation parameter in the
given two-dimensional theory, which is the inverse radius of the sphere S2.
In the context of the matrix model, the chemical potential can be intro-
duced by weakly gauging U(1)., hence modifying (2.G.2) to the deformed

supersymmetry vacuum equation
(X, X+ 11" — JJ =r1,
ol —IM = 0 [0, @] =0 (2.G.3)
Jo—MJ =0 [, X] =X,
and adding a new (deformed) fermion equation
pE+EM = 0. (2.G.4)

Due to the chemical potential €, the space of vacua is reduced to isolated
points, fixed points of supersymmetry.

We explain how to characterize such fixed points. Suppose without loss
of generality that ¢ is positive definite. One can show from the deformed
supersymmetry vacuum equations that J = 0 and the N chiral multiplets I
are each an eigenvector of the operator ¢. More specifically, denoting by |«)
an eigenvector of the operator ¢ with eigenvalue «,

I=|My)® - @®|Mpy) . (2.G.5)
Then, the vector space of dimension k on which ¢ acts can be spanned by
generators constructed by successive actions of X on |M,,)

def

|Mp, +1e) ‘< X'|M,,)  (1=0,1,..,k —1), (2.G.6)
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with Zfil k; = k. As a consequence, the fixed points are characterized by N
one-dimensional Young diagrams. The number of boxes k; of the ¢-th 1-d
Young diagram determines the vorticity of the i-th U(1) factor in the Cartan
subalgebra of U(N). The matrix components of X are then determined using
the first relation of (2.G.3).

The partition function of the matrix model can be reduced to a Gaussian
integral around such fixed points. The results are nicely expressed as the
following contour-integral expression [Sha06; DGH10)]

k
. d .
ZE({pl}a M, M) = ,7{‘ H ﬂ Zvec(so) : qund(Ma SO) : Zanti—fund(Ma QO)
{rit:k [=1

2mi
(2.G.7)
Zyec(p) = ﬁ H’,;J % (2.G.8)
Ziuna (M HI . Hs A (2.G.9)
Zanirana (M, 0) = []_, H or+ Ms) , (2.G.10)
where the contour I'y,, 4y 1 is chosen such that it encircles poles at
er=¢an =My, +(1-1e (=1,2,.,k), (2.G.11)

which can be understood as the fixed points (2.G.6). The vortex partition
function of the two-dimensional gauge theory in a specific choice of Higgs
branch component {p;} thus takes the form

Zeorex({pi}, M M, 2) = Y ZMz({pi}, M, M). (2.G.12)
ki++kn=k

The residues of (2.G.7) can be expressed as Pochhammer raising factorials
() =z(x+1)-- (x+n—1) and the full vortex partition function of SQCD
in the Higgs vacuum labelled by {p;} is

Zigg};{) _Z (Z‘E‘/(kl!"'k N) [T Hin (l< +M))

E Hz#] ( (Mp, — Mp,) — k’j)kj Hi]\il Hsg{p 1 ( (Mp,; — Ms))
(2.G.13)

2.H SU(N) partition function in various limits

This appendix is omitted in the thesis as it only checked Seiberg duality in
very specific limits. Newer results are given in Chapter 4.
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Chapter 3

AGT for surface operators

This is the first part (half of Section 1, and Section 2) of the article M2-brane
surface operators and gauge theory dualities in Toda by Jaume Gomis and
the author [GLF14]. Chapter 4 contains the second part of the article (half of
Section 1, Section 3 and Appendix B), and Chapter 5 extends its Appendix A.
Only minor changes are made.

Abstract. We give a microscopic two-dimensional N' = (2,2) gauge theory
description of arbitrary M2-branes ending on Ny Mb-branes wrapping a punc-
tured Riemann surface. These realize surface operators in four-dimensional
N = 2 field theories. We show that the expectation value of these surface
operators on the sphere is captured by a Toda CFT correlation function in
the presence of an additional degenerate vertex operator labelled by a repre-
sentation R of SU(Ny), which also labels M2-branes ending on Mb5-branes.
We prove that symmetries of Toda CFT correlators provide a geometric
realization of dualities between two-dimensional gauge theories, including
N = (2,2) analogues of Seiberg and Kutasov—Schwimmer dualities. As a
bonus, we find new explicit conformal blocks, braiding matrices, and fusion
rules in Toda CFT.

3.1 Introduction and conclusions

The traditional order parameters for the phases of four-dimensional gauge
theories are the Wilson [Wil74] and 't Hooft [Hoo78] operators. In recent
years, the construction of nonlocal surface operators [GWO06], which insert
probe strings, have enlarged the space of order parameters of gauge theo-
ries. Indeed, surface operators can distinguish phases which are otherwise
indistinguishable using the Wilson—"t Hooft criteria [GK13].

A surface operator can be defined either by specifying a codimension-two
singularity for the elementary fields or by coupling a two-dimensional field
theory to the bulk four-dimensional one [GW06]. The couplings between

99
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bulk and defect degrees of freedom can result in rich dynamics for the
combined system, arising from the synergy of two-dimensional and four-
dimensional strong coupling dynamics. For a sample of early references
on surface operators see [GMO07; Guk07; Wit07; BGP07; BHV08; GWO08b;
DGMO08; Gai09b].

Surface operators also play a fundamental role in the six-dimensional
N = (2,0) supersymmetric field theory living on the worldvolume of a
collection of Ny coincident and flat M5-branes. A class of surface operators
in this theory are labeled by a representation R of An,—1 and admit an
M-theory realization as a collection of M2-branes ending on the M5-branes
along the domain of support of the surface operator.

In this chapter we give a microscopic two-dimensional gauge theory
description of all such surface operators when the M5-branes wrap a punc-
tured Riemann surface C' [Gai09a]. This realizes a surface operator in a
four-dimensional A/ = 2 gauge theory.

C
—

Ms O 1 2 3 4 5
M2 0 1 6

The surface operator associated to a collection of M2-branes labeled by a
representation R of Ay,—; corresponds to the following two-dimensional
N = (2,2) gauge theory

C )
R @l@ (3.1.1)

coupled to the bulk theory. A cubic superpotential couples each adjoint
chiral multiplet to the neighboring bifundamental chiral multiplets. The FI
parameters associated to U(N;) for j < n vanish. The ranks NN; encode the
representation R whose Young diagram

n
| |

L™ (3.1.2)
Na—N;
L anl_Nn72
Nn*Nn—l

has n columns with N,, — N,,_1 > Np_1 —Np_9>--->No— N1 > N1 >0
boxes.!

;The highest weight of R is Q = Z?:1 WN;—N;_, in terms of the fundamental weights wx
of Nf —1.
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Advances in the computation of supersymmetric partition functions
of four-dimensional N' = 2 gauge theories on the squashed four-sphere
Sit [Pes07; HH12] have resulted in exact formulae for the expectation value
of Wilson [Pes07] and 't Hooft operators [GOP11] as functions of the gauge
couplings and masses of the hypermultiplets. The gauge theory computation
of the expectation value of surface operators supported on a squashed S? C S{}
are not yet available. However, recent results in the exact computation
of the two-sphere partition function of NV = (2,2) supersymmetric field
theories [BC12; DGLFL12; GL12; DG13], when suitably coupled to those
in [Pes07; HH12], provide a concrete avenue of investigation of the expectation
value of half-BPS surface operators in four-dimensional N' = 2 theories on S{}
using Feynman path integrals.

For the four-dimensional A/ = 2 theories obtained by wrapping M5-branes
on punctured Riemann surfaces, also known as class S theories [Gai09a],
the S{f partition function in [Pes07; HH12] admits an elegant represen-
tation [AGT09] (see also [Wyl09]) in terms of two-dimensional Toda CFT
correlation functions. In the correspondence between four-dimensional N' = 2
theories and Toda CFT, the expectation value of Wilson and 't Hooft oper-
ators on Sgl are realized as Toda CFT correlators in the presence of loops
operators and topological webs [Ald+09; DGOT09; DGG10] (see also [Pas10;
GLF10; Bull3]). Degenerate vertex operators in Ay, 1 Toda CFT are conjec-
tured to realize the insertion of a supersymmetric surface operator [Ald+09]
(see also [DGH10; Tak10; BTZ11b; BTZ11a; DGLFL12]).

In this chapter we identify the two-dimensional ' = (2,2) gauge theory
that realizes an arbitrary degenerate operator in Toda CFT, which in turn
corresponds to an arbitrary M2-brane configuration ending on wrapped M5-
branes.? A degenerate operator with Toda momentum a = —bS, where (2 is
the highest weight vector of a representation R(Q2) of An,_1, corresponds to
the quiver gauge theory (3.1.1). The complexified FI parameter associated
to the U(N,) gauge group encodes the position of the degenerate puncture
(the other FI parameters must vanish in this correspondence). The surface
operator is supported on an S? C S} invariant under the U(1) x U(1)

isometries of 5’;} 3

2 Another class of surface operators can be realized by M5-branes, and are labeled by a
partition p of Ny. It was conjectured in [BFFR10] that the instanton partition function of
four-dimensional N' = 2 SU(Ny) SYM in the presence of such an M5-defect labeled by p is
the norm of a Whittaker vector in the W-algebra W,. Some checks of this conjecture and
generalizations have appeared in [AT10; KPPW10; Wyl10b; Wyl10a; Tacl1; KT11; Bell2;
Tanl3]. We propose that the surface operator associated to an M5-defect labeled by p,
with Ny = K1 + - - - + K, corresponds to coupling the bulk N' = 2 superconformal field

theory to the two-dimensional N = (2,2) gauge theory e with

N; = Ky + -+ K. The two-dimensional theory proposed in [GG13] is different.
3Degenerate operators with momentum o = —{/b correspond to the same quiver gauge
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The quiver gauge theory (3.1.1) can be used to construct a surface
operator in any four-dimensional N' = 2 gauge theory that contains an
SU(Ny) x SU(Ny) x U(1) flavour or gauge symmetry group. This is the
flavour symmetry of the chiral multiplets charged only under the U(N,,) gauge
group factor in (3.1.1). A surface operator is constructed by identifying the
common SU(Ny) x SU(Ny) x U(1) symmetry groups of the four-dimensional
and two-dimensional theories.

The simplest four-dimensional N' = 2 class S theory in which we can
include a surface defect is the theory of Nf2 hypermultiplets. This theory is
realized by wrapping Ny Mb-branes on a trinion with two full and one simple
puncture. We explicitly show that the partition function of this theory in
the presence of the surface operator labelled by a representation R({2) is
given by the Toda four-point function? obtained by adding to the trinion a

degenerate field with momentum o = —b{2
. QX
R($2
Zgiegs = . (3.1.3)
®

The two-dimensional quiver gauge theory (3.1.1) is coupled to the four-
dimensional field theory by (weakly) gauging the SU(Ny) x SU(Ny) x U(1)
flavour symmetry associated to the trinion. The coupling can also be de-
scribed by a cubic superpotential between the bulk hypermultiplets and the
fundamental and antifundamental chiral multiplets on the defect. The com-
bined 4d/2d quiver diagram describing the insertion of the surface operator
in this four-dimensional theory is

This construction can be enriched by allowing one (or both) of the SU(NNy)
flavour symmetry groups of (3.1.1) to be coupled to one (or two) SU(Ny)
gauge group factors of a four-dimensional theory. An interesting theory
where such surface operators can be inserted is four-dimensional N/ = 2

theory but now supported on the other U(1) x U(1) invariant S* C Sj. The most general
degenerate momentum o« = —bQ — Q'/b corresponds to the insertion of the associated
surface operators on both $2’s, but with a non-trivial coupling at their intersection points,
namely the poles of Si.

4The four point function in (3.1.3) contains full (@), simple o, and degenerate X punctures.
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superconformal SQCD. The SQCD quiver description

(3.1.5)

makes an U (Nf)2 flavour symmetry manifest. Both sides of the quiver
represent a hypermultiplet transforming in the bifundamental representation
of the SU(Ny) gauge group and a U(Ny) flavour group. The two-dimensional
gauge theory (3.1.1) can now be coupled to SQCD by identifying the two-
dimensional flavour symmetry with the U(Ny) flavour symmetry of either
of these hypermultiplets and the SU(Ny) gauge group. The two resulting

surface operators in SQCD are realized by the 4d/2d quiver diagrams

,,,,,,,,,,,,,,,,,,

(3.1.6)
Here we introduce the hybrid node (] to denote a four-dimensional gauge
group which gauges a two-dimensional flavour symmetry.

The correspondence we propose between these surface operators and Toda
CFT correlators predicts a duality between the two coupled 4d/2d theories
in (3.1.6), since SU(Ny) SQCD is the theory on Ny M5-branes wrapping
a sphere with two full and two simple punctures. The weakly coupled
regime of SQCD corresponds to a pants decomposition where the two simple
punctures belong to distinct trinions, which are joined by a thin tube. In
this framework, coupling the two-dimensional theory (3.1.1) to either of the
two hypermultiplets in SQCD correspond to inserting a degenerate operator
with momentum o = —b{2 in either trinion. The partition functions of the
two surface operators in SQCD are thus both realized as the same five-point
function of two full, two simple, and an additional degenerate puncture:

(3.1.7)

In this language, the two 4d/2d quiver diagrams (3.1.6) correspond to two

different degeneration limits of the five-point function. It is important to
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note that this “node-hopping” duality® of the 4d/2d theory is distinct from
the usual S-duality of four-dimensional A" = 2 SQCD.

More generally, the surface operator (3.1.1) can be inserted in an arbitrary
class S theory whenever the corresponm Riemann surface has at least
one simple puncture.® The generalized S-duality symmetry groupoid of
a class S theory, which is realized as the Moore-Seiberg groupoid of the
punctured Riemann surface, is enriched in the presence of surface operators.
The addition of a degenerate puncture to the Riemann surface allows for
further pants decomposition of the enriched Riemann surface, and thereby
more duality transformations, that go beyond the dualities of the purely
four-dimensional theory (see Table 4.2 on page 156). The node-hopping
duality (3.1.6) provides an example of a new duality of the 4d/2d system.

In Chapter 4 we “geometrize” dualities of two-dimensional N' = (2, 2)
quiver gauge theories in terms of symmetries of Toda CFT correlation func-
tions. The quiver gauge theories we consider are

Pl
’ \
1

/,>—\\ /,>-\\
GL-TE® o

where an adjoint chiral multiplet can be added to any gauge group factor.
Each adjoint chiral multiplet is coupled to the neighboring bifundamental chi-
ral multiplets through a cubic superpotential, while nodes without an adjoint
chiral multiplet have a quartic superpotential for the neighboring bifunda-
mental chiral multiplets. Finally, the N} fundamental and antifundamental
chiral multiplets have no superpotential coupling.

We show that surface operators obtained by coupling the two-dimensional
gauge theories (3.1.8) to class S theories have a Toda CFT realization. The
quiver with n gauge nodes corresponds to the insertion of n degenerate
fields labeled by either symmetric or antisymmetric representations of A, 1.
The n complexified FI parameters encode the position of the n degenerate
punctures. We now build the representations labelling degenerate punctures
recursively from the matter content of (3.1.8). If the U(N,,) factor has an
adjoint chiral multiplet, then the representation carried by the n-th puncture

5The node-hopping duality was first observed in the superconformal index of some 4d/2d
theories in [GG13], whose 4d/2d quiver notation we have borrowed. The superconformal
index with surface operators has been considered in [Nakll; GRR12; ABFH13; BFHR14].
This observable does not depend on either the 4d or the 2d coupling constants.

STnserting multiple degenerate punctures near distinct simple punctures corresponds to
including multiple surface operators built using distinct SU(Ny) x SU(Ny) x U(1) groups
of the four-dimensional theory. In a pants decomposition where the degenerate punctures
are all inserted near the same simple puncture, the surface operator describes a single
two-dimensional gauge theory coupled through a given SU(Ny) x SU(Ny) x U(1) symmetry
group.
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is of symmetric type, and otherwise of antisymmetric type. Then sequentially
for each gauge group factor U(N;) from j =n — 1 to 1, the j-th puncture
is labelled by a representation of the same type as the (j 4+ 1)-th puncture
if there is an adjoint chiral multiplet, and otherwise by a representation
of the other type. The Young diagram labelling the j-th puncture has
N; — Nj_1 boxes for 1 < j < n, where Ny = 0. See Table 3.1 for useful
special cases and Figure 3.1 for a concrete example. The sphere partition
function of the surface operator inserted by (3.1.8) in the trinion theory of

free hypermultiplets is the Toda CFT correlator

(3.18) _
ZSQCS;} -

(3.1.9)

We also identify the gauge theory corresponding to multiple degenerate
punctures labelled by arbitrary representations of Ay, 1.

The present chapter is devoted to the correspondence between surface
operators labeled by two-dimensional quiver gauge theories and Toda CFT
degenerate operators. We derive the identification by coupling the two-
dimensional theories to the trinion theory of free hypermultiplets, as this
choice of a free four-dimensional theory lets us concentrate on the two-
dimensional theories. The S? C Sgl partition function of these surface
operators corresponds to Toda CFT correlators involving one simple, two
full, and additional degenerate operators.

After describing our gauge theory setup, and recalling explicit expressions
for the S{f and S? contributions, we proceed to expand S? partition functions
in various limits and compare them with Toda CFT results. First, we review
the case of SQED in some detail in Section 3.3: this U(1) gauge theory
corresponds to the insertion of the simplest Toda CFT degenerate vertex
operator, labelled by the fundamental representation of Ay, [DGLFL12].
Then, we move on to U(N) SQCD in Section 3.4, which corresponds to
inserting a degenerate operator labeled by an antisymmetric representation
of An,—1. Using new braiding matrices derived in Section 5.2, we prove that
the Toda CFT correlator and the partition function of the 4d/2d theory are
equal. We then describe in Section 3.4.3 how one can decouple some free
hypermultiplets from the four-dimensional theory and chiral multiplets from
the two-dimensional theory: the procedure translates to a collision limit
where two Toda CFT vertex operators combine into an irregular puncture
(see also Section 5.6). In Section 3.5, we add adjoint matter to SQCD to
get SQCDA, and find that it corresponds to a degenerate operator labelled
by a symmetric representation. We then consider SQCDA with different
superpotentials in Section 3.5.3 and give their Toda CFT interpretation.
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Table 3.1: Correspondence between surface operators defined by N' = (2,2)
gauge theories and degenerate operators labelled by representations of A, 1.
In the last line, Z; is a combination of the FI parameter and theta angle for

the group U(Nj).

2d Gauge theory Field content Representation

Equation

SQED o Fundamental
SQCD @ Antisymmetric

SQCDA Symmetric
with W =3, ¢ X an Two symmetrics

(]
with W = Tr X!*! @ Quasi-rectangular

(3.3.1) p.115
(3.4.1) p.123
(3.5.1) p.132
(
(

3.5.19) p.137

3.5.24) p.138

[1; U(N;) quiver 7 \ "% Antisymmetrics

with some adjoints @‘@ o :@ and symmetrics
"U(N. ;

LI; U j)_ dmver . :@ Arbitrary

Zr=-=2%p1=1

(3.6.1) p.141

(3.6.33) p.150

Figure 3.1: Example of mapping between multiple Toda CFT degenerate

punctures and a quiver gauge theory.

The U(Ny) X --+ x U(Ny) linear quiver given below has adjoint chiral

multiplets for U(N7) and U(Ny), hence two cubic superpotential terms
coupling these to neighboring bifundamental multiplets. It also has two
quartic superpotential terms coupling bifundamentals charged under
U(N2), and those charged under U(N3). The partition function of the
surface operator inserted by coupling the theory to Nf2 hypermultiplets
is captured by a Toda CFT correlator with degenerate punctures:

The degenerate punctures are labelled by the (N4 — N3)-th symmetric,
the (N3 — Na)-th antisymmetric, the (Ng — Nj)-th symmetric, and the
Ni-th symmetric representations, depicted by cartoons of their Young
diagrams. Whenever two neighboring punctures have a different type
of representation the corresponding gauge theory node has no adjoint,
while neighbors of the same type yield an adjoint. The end node U(Ny)
is special and has an adjoint because the first puncture is symmetric.
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Finally, in Section 3.6, we show that the previous results arise as special cases
of surface operators described by the quivers (3.1.8), which correspond to
the insertion of several (symmetric and antisymmetric) degenerate operators.
We briefly discuss a brane diagram interpretation of the dictionary. By
fusing representations, we deduce in Section 3.6.2 which surface operator
corresponds to an arbitrary degenerate operator. All cases are summarized
in Table 3.1.

3.2 Surface operators as Toda degenerates

In the next few sections, we consider half-BPS surface operators obtained
by coupling two-dimensional N' = (2,2) gauge theories to four-dimensional
N = 2 theories of class S. We enrich the dictionary between class S theories
and Riemann surfaces by identifying surface operators which correspond to
the insertion of arbitrary degenerate punctures.

To make the two-dimensional features most visible, we restrict ourselves
to surface operators in the simplest class S theory, which is the theory on
Ny Mb5-branes wrapping a sphere with two full and one simple puncture,
namely the theory of Nf2 free hypermultiplets ®*4. The M-theory description
makes an SU(Ny) x SU(Ny) x U (1) flavour symmetry manifest, and the hyper-
multiplets transform in the trifundamental representation of this group. All
two-dimensional theories we study contain Ny fundamental chiral multiplets ¢
and Ny antifundamental chiral multiplets g of a U(IN) gauge group factor.
The 4d/2d coupling takes the form of a superpotential term Y- ; Gqs (D4d]54)
in two dimensions, which identifies the flavour symmetries S[U(Ny) x U(Ny)]
of these chiral multiplets” and of the hypermultiplets. To write the superpo-
tential term explicitly, the four-dimensional A' = 2 hypermultiplets should be
decomposed into two-dimensional N' = (2,2) components. Weakly gauging
the common flavour group then gives twisted masses to the two-dimensional
chiral multiplets and masses to the four-dimensional hypermultiplets, related
by (3.2.17).

We place the four-dimensional theory on a squashed sphere S{f

x%+x%+x% x%—l—xi_
o z TT@ T

1 (3.2.1)

where b = /¢ /[77 and we place surface operators at x3 = x4 = O,i hence on

"The full flavour symmetry of the two-dimensional quiver gauge theories we consider
also contains a U(1) factor, under which adjoint chiral multiplets have charge +2 and
bifundamental chiral multiplets have charge F1.

8Inserting the surface operators at x; = z2 = 0 instead would exchange ¢ < U we
would find degenerate operators with momenta —%Q instead of —b€), where €2 is a highest
weight of ANf,1.
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the squashed two-sphere

3:(2) z3 + 23

r 02

The full partition function of the 4d/2d theory is then the product

=1. (3.2.2)

Zgrcgr = ZgréerSQ (3.2.3)

of the partition functions of the free hypermultiplets on S{} [HH12] and of the
two-dimensional gauge theory on the squashed two-sphere [BC12; DGLFL12;
GL12]. The two factors do not dependent on r, but only on the equatorial
radii £ and /.

The S{f partition function of a single free hypermultiplet of mass m only

depends on the dimensionless mass® m = Vim. Tt reads [HH12]'0

1
TS+ L —im)

Zgrge(m) = (3.2.4)

The Sff partition function of the four-dimensional theory is the product
of Nf2 such inverses of Upsilon functions. The complexified masses mg; of
the Nf2 hypermultiplets in this class S theory arise from weakly gauging a
S[U(Ny) x U(Ny)] subgroup of the full flavour symmetry, made manifest in
the description as Mb5-branes wrapping a trinion. With such masses, the
S{} partition function is then equal to a Toda CFT correlator with one simple
and two full punctures. Inserting one or more degenerate punctures in the
correlator corresponds to including the associated surface operator in the
theory of Nf2 hypermultiplets: for given degenerate punctures, we will find
the gauge theory description of the associated surface operator by comparing
the enriched Toda CFT correlator with the partition function of the 4d/2d
theory on S% C Sf}.

The second contribution to the partition function of the S? C Sj system is
the partition function of the two-dimensional theory. We recall now the data
defining an N = (2, 2) theory of vector and chiral multiplets, and expressions
for its partition function on S2. Besides the gauge group G' (throughout the
paper, G = U(N) or a product of such factors) and the representation R
of G in which matter multiplets transform, the S? partition function depends
on a (real) twisted mass m and a U(1) R-charge ¢ for each chiral multiplet,
that is, for each irreducible factor in R. Those are conveniently combined as
the dimensionless complexified twisted mass

m = fm + g , (3.2.5)

9In our correspondence m also has an imaginary part, which is linked to the U(1l)
R-charges of the two-dimensional chiral multiplets.
'9The sign of m is irrelevant since the Upsilon function (5.4.5) obeys Y (b+ 3 —z) = Y(z).



3.2. SURFACE OPERATORS AS TODA DEGENERATES 109

where ¢ is the equatorial radius of the squashed S?. Furthermore, for each
U(1) factor of G, an FI parameter £ and a theta angle ¥ can be turned on.
It will be practical to consider the complex combination

z = e 2metY (3.2.6)

for each U(1) gauge group factor. Unless stated otherwise, the parameters m
and z are generic. We also assume that R-charges are small and positive,
0 < Re(—2im) < 1, and otherwise define the partition function by analytic
continuation.

For a choice of supercharge Q in the supersymmetry algebra, and of a O-
exact deformation term QV such that Q*V = 0, supersymmetric localization
reduces the partition function to an integral over saddle points of QV. When
QV is chosen appropriately, in particular with a positive semidefinite bosonic
part, the integral is finite dimensional and more tractable than the original
path integral.

One choice of deformation term leads to an expression of the partition
function as an integral over the Coulomb branch [BC12; DGLFL12]:'!

2 : . B

- Lt o | e
B, wert I +w(im +io — 3))

(3.2.7)
Here, W is the order of the Weyl group of G, the sum is restricted to
GNO quantized fluxes B € b, and the integral over the lowest component o
of the vector multiplet ranges in the Cartan algebra h of G. When G =
U(Ny) x -+ x U(Ny,), the classical contribution is

3 K3

Zu— Lo+ B o2 _ ﬁ [Zir(iai+§i)zﬁ(iai—32i)] _ ﬁ o —4mE Tr(io) +i9 Te(B;)
i=1 i=1

(3.2.8)

and is invariant under ¥ — ¢ + 27 since B; is an N; x N; (diagonal) matrix

of integers. The vector multiplet one-loop determinant is a product over

all positive roots a of G, and the chiral multiplet one-loop determinant, a

product over all weights w of R, involves the complexified twisted mass w-m
of the irreducible factor of R containing w.'?

A different choice of deformation term [BC12; DGLFL12] localizes the

path integral to the Higgs branch of the theory rather than its Coulomb

branch, yielding a finite sum

7 = Z (22)" res H iao) H Y(—w(im + i0)) | Zy(v,m, 2) Z3(v,m, Z)
ve{Higgs vacua} =Y weR
(3.2.9)

" Our normalization differs by (27)4™" from [DGLFL12] as this will simplify the
expression of dualities.
12Roots and weights are linear forms on b, and we use the notation ac = a(c) € R.
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which includes a vortex contribution Z, depending holomorphically on z
and an antivortex contribution depending on z. Here, vy(x) = %, and
factors other than Z, and Z; are obtained as the residue at ¢ = v and
B = 0 of the Coulomb branch integrand. Higgs branch vacua are defined
as having non-zero vevs for the lowest component ¢ of some chiral fields.
They are labelled by solutions (o, ¢) of the D-term equation ¢¢’ = & and of
(0 +m)¢p =0, where o and m act on ¢ through the action of G and of the
flavour symmetry group Gy. The set of values of o for which the D-term
equation has a solution depends on signs of the FI parameters §; for each U(1)
factor in G: each choice of signs leads to a different expansion (3.2.9). Even
after solving these equations, one must in principle evaluate Z, as the volume
of a moduli space of vortices. However, the Coulomb branch representation
provides a convenient short-cut: closing the do integrals (3.2.7) towards
o — Fioco depending on the matter content and on signs of FI parameters
exppresses the partition function as a sum over poles, which is then rewritten
as a finite sum of factorized terms (3.2.9). The manipulations are most easily
done on specific examples, as we will see, but work for an arbitrary gauge

group and matter representation (see Appendix 2.F).

In the coming sections we associate a two-dimensional N' = (2,2) gauge
theory, hence a surface operator, to each choice of representation R({2)
of A N;—1- We work out equalities of the form

Zgs) i = Ale°]1 = 2 (Voo (50) V(1) Vao (0)Vosa (@, @))  (32.10)
between the partition function on S? C Sp of the 4d/2d system associated
to a given representation R(2) and Toda CFT correlators with two full
punctures at 0 and oo, one simple at 1, and one degenerate.E The position x
of the degenerate puncture is related to a complexified FI parameter z. The
two-dimensional theories we consider involve Ny fundamental and Ny anti-
fundamental chiral multiplets of a gauge group factor U(N,,), whose twisted

masses we denote by m; and .

270 ‘ 1 2m

Let us first explain how the factor A|z| — z|*™ can be absorbed
into the partition function (specifically the S? contribution). In the coming
sections it will be easier to manipulate explicit expressions of partition
functions and correlators, hence we will keep the factor explicitly, with the
understanding that it has no physical content. In terms of gauge theory data,

BToda CFT notations are reviewed in Chapter 5. Vertex operators ‘A/a are labelled by
their momentum «, a linear combination of the weights hs (1 < s < Ny) of the fundamental
representation of An,—1. They are primary operators for the Wi, chiral algebra. Generic
momenta depend on Ny — 1 parameters and label full punctures. Semi-degenerate vertex
operators, with momentum sch; (or its conjugate —sch Nf)7 have null descendants under WNf
and label simple punctures. Degenerate vertex operators have momentum —bQ — Q'/b for
a pair of highest weights Q and €’ of representations of Afol.
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it turns out that we can split

N, X N M
Y0 =76 b) — == > imy 1 =5(Q,0) + > (imy +imy), (3.2.11)
Ny = Ny ;

and A = A°(Q,b) b 2Nn Zt(imt“’%t), where A°, 7§ and 7} depend only on b
and 2. The factor decomposes as

. 5 3 imgtimy)
A0\ — PR T — 2PN T
‘xlz(Nn/Nf) >, ime b2Nn Ny

Al — 2 = (3.2.12)
and can be absorbed in the partition function through three different mech-
anisms. Firstly, the two-sphere partition function is subject to certain
ambiguities [GL12] (see also [CC14]). These are captured by local supergrav-
ity counterterms [GGK14]. A change in the renormalization scheme changes
the partition function by

7 = f(2)f(2)Z, (3.2.13)
where f is a holomorphic function of the complexified FI parameter z. This
lets us absorb the first factor in (3.2.12) as a renormalization ambiguity of
Zgac sb- Secondly, a constant U(1) gauge transformation lets us shift the

partition function by any power of |z|? = |#|* hence absorb the denominator
in (3.2.12). Finally, the last factor can be absorbed through a complexified FI
parameter zg = b2Vn ™V /(1 — )2V for the U(1) subgroup of the flavour group
S[U(Ny) x U(Ny)] which acts on the fundamental and antifundamental chiral
multiplets. Indeed, such an FI parameter multiplies the partition function by
(2q2n)'°%, where og is the bottom component of the vector multiplet used to
weakly gauge the U(1) flavour symmetry, that is, oq = >, (m¢ + my)/(2Nf).

We are ready to discuss how we will derive equalities of the form (3.2.10),
or more generally for a set of highest weights 2; of Ay, _1:

Qj g = ~ n ~ B
ZE'Z.C}S;)‘ = <Vaoo(OO)Vm(1)Va0 (0) 1_[1 V_ij (l‘j, l‘])> (3.2.14)
]:

where ag and a, are generic, m is semi-degenerate, and we have omitted the
factors which can be absorbed into the partition function. The dictionary
between gauge theory and Toda CFT data identifies the momenta ag, o,
and 7 to the three factors of the flavour symmetry group SU(INy) x SU (INy) x
U(1) acting on fundamental and antifundamental chiral multiplets:

Ny
1
aon—gZimshs m = (s + Nb)hy
s=1
o Y (3.2.15)
aw:Q—gZimshs %:52(1+im5+ims)

s=1 s=1
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with Toda CFT notations given in Chapter 5. The degenerate operators
encode the choice of gauge groups and matter content of the gauge theory.
As explained below, we will start in each case by matching the dependence
of the S? partition function on FI parameters zj with the dependence of Toda
CFT correlators on the position of degenerate operators ;. Once this is done,
there remains a universal relative factor between the S? partition function
and the Toda CFT correlator, which turns out to be a Toda CFT three-point
function of two generic and one semi-degenerate vertex operators!

Ny Ny

~ 1
Clag, e, 2h1) = : ppoareul
(o) = WLy i)

(3.2.16)

These Upsilon functions are precisely reproduced by the Sgl partition func-
tion (3.2.4) of Nf2 free hypermultiplets with (dimensionless) masses

11— 1 _
msy = i—, —g(ms—f-mt). (3.2.17)

The dimensionful masses (ﬁg)%lmst and twisted masses ¢~ tmg and ¢~ 1my,
both originate from weakly gauging the common flavour symmetry group
SU(Ny) x SU(Ny) x U(1), and indeed, the relation between dimensionful
masses has no relative factor of b:

Mgt l 1 mg +mt l
L st _ 1 3.2.18
NI + 20 + 20 * 14 l ( )

The masses mg; can also be found by requiring that the two-dimensional super-
potential >, G1qsP2d|oq is supersymmetric hence has R-charge 2 (complexi-
fied twisted mass i). From this perspective, the shift in the four-dimensional
masses likely arises from mixing the U(1)g symmetry with geometrical
symmetries.

In Section 3.3 and Section 3.4, we identify degenerate vertex operators
labelled by the fundamental (resp. antisymmetric) representation of Ay, 1
to SQED (resp. SQCD). The Toda CFT correlator is a four-point function
which depends on a single cross-ratio x, while the two-dimensional theory has
a single U(1) gauge group factor hence a single complexified FI parameter
z = e 2mHY  We prove as follows that the Toda correlator is equal to the
S? ¢ S{f partition function. First, we write the Higgs branch expressions
of the S? partition function in the regions £ > 0 and ¢ < 0, that is, |z]| < 1
and |z| > 1. The two expressions match with expansions of the Toda CFT

! Note the shift between shi in the three-point function (3.2.16) and 7% in the (n 4 3)-
point function (3.2.14). The insertion of degenerate operators near a simple puncture thus
shifts the dictionary between the semi-degenerate momentum of the puncture and the
corresponding hypermultiplet mass. As a result, the node-hopping duality relates surface
operators in four-dimensional theories which differ by shifts in complexified masses of

hypermultiplets.
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Table 3.2: Relation between parts of the Higgs branch decomposition of
the S? partition function, and the s-channel decomposition of corresponding
Toda CFT correlators. Explicit expressions differ by Alz|*°[1 — z[*"*, an

ambiguity in Z.

Gauge theory Toda CFT

Terms in the sum Higgs vacua Internal momenta

Asymptotics at 0 Classical contribution (22)V  (xz)2(@0—bh)—Alao)=A(-bw)
Leading coefficient One-loop determinant Zy; Three-point functions
Holomorphic series  Vortex partition function Z;, Conformal blocks (normalized)

correlator in the s-channel || < 1 and u-channel |z| > 1 as described
in Table 3.2: the Higgs branch vacua correspond to choices of internal
momenta and we match the leading powers of |z|* = |z[2. On the gauge
theory side, the exponents of |,z:|2 are read from the classical contribution,
while on the Toda CFT side the exponents of \x!Z are sums of dimensions
of vertex operators. We then derive the braiding matrices which relate s-
channel and u-channel conformal blocks and show that they are equal to the
corresponding gauge theory data. These braiding matrices let us express the
monodromy around oo as a matrix in the basis of s-channel conformal blocks
(the monodromy around 0 is diagonal in this basis). Finally, we prove that
the S? partition function has only one branch point besides z = 0 and z = oo,
and identify gauge theory exponents with those in the t-channel x — 1 of the
Toda correlator. Therefore the monodromy matrix around 1 is simply the
inverse product of the monodromies around 0 and co. Since their monodromy
matrices around all three branch points coincide, the S? partition function
and Toda CFT four-point function must be equal up to a factor with no
monodromy. Since in expansions around 0, 1 and oo the exponents match,
the factor has no pole on the sphere hence is a constant: it is precisely given
by the Sj} contribution (3.2.16) of NfQ hypermultiplets.

When the FI parameter £ is changed continuously from & < 0 to £ > 0,
the two-dimensional gauge theory experiences a flop transition between vor-
tices carried by fundamental matter and vortices carried by antifundamental
matter. The flop transition is realized in the Toda CFT as crossing symmetry
from the s-channel to the u-channel [DGLFL12|. This geometric approach
implies that the resuls for £ < 0 and £ > 0 are related by analytic contin-
uation. There is no Higgs branch expansion as £ — 0: instead, we build
a decomposition of the Coulomb branch integral in this limit. It would
be interesting to provide a gauge theory interpretation of this “t-channel”
decomposition, and of the braiding matrices relating £ > 0 and £ < 0 vortex
partition functions.

In Section 3.5, we identify degenerate vertex operators labelled by sym-
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metric representations of A N;—1 to SQCD with an additional adjoint chiral
multiplet (SQCDA). The discussion is very similar to the previous cases, but
braiding matrices are not available.!® Instead, we check that the leading
coefficients and powers of |z|* coincide, both in the s-channel and in the
u-channel. We then check that the S? partition function has a branch point
corresponding to the t-channel, and that the leading powers of |1 — x|2
coincide. As before, the Toda CFT four-point function is equal to the S? par-
tition function up to a constant, which is the Sgl partition function of Nf2 free
hypermultiplets.

In Section 3.6 we identify the quiver gauge theory which corresponds
to sets of degenerate operators labelled by symmetric or antisymmetric
representations of Ay, 1. The identification is checked by comparing the
expansion of the S? C Sgl partition function and of the Toda CFT correlator
in various limits. Seiberg-like dualities let us probe further limits: as seen
in Section 4.4.1, permutations of the n degenerate vertex operators relate
dual gauge theories. First, we equate exponents and leading coefficients in
the channel where degenerate punctures are at 0 < |z1| < --- < |z,| < L.
Thanks to dualities, exponents and leading coefficients also match for all
other orderings of the n degenerate punctures. By symmetry, the gauge
theory and Toda CFT exponents and leading coefficients also match in all
channels with 1 < |z1],...,|z,| < co. In each of the 2(N!) channels the
decompositions involve many exponents and factors, and all match. We then
equate exponents which appear in any of the limits x,, — 1 or x; — xj41,
hence also in the limits z; — 1 or x; — x;, thanks to dualities.

Building upon the identification of the quiver which corresponds to the
insertion of any number of antisymmetric degenerate vertex operators, we
show in Section 3.6.2 that bringing all punctures z; =  to the same position
yields a degenerate vertex operator labelled by an arbitrary representation
of An,—1: all other terms in the fusion of antisymmetric degenerate vertex
operators appear with higher powers of some |z; — xk]2 hence are suppressed.
This determines the quiver gauge theory corresponding to an arbitrary
degenerate vertex operator V_bg.

The surface operators we consider are constructed by coupling Ny fun-
damental and Ny antifundamental chiral multiplets of an ' = (2,2) theory
to NfQ hypermultiplets. Making some antifundamental chiral multiplets and
some hypermultiplets massive yields surface operators described by N' = (2, 2)
theories with Ny fundamental and N} < Ny antifundamental chiral multiplets,
coupled to NfN} free hypermultiplets. The limit corresponds to a collision
limit of the punctures Vi, and ‘A/aoo in (3.2.14), which builds an irregular

51t is technically difficult to write down braiding matrices in this case. On the gauge
theory side, the Mellin—Barnes integral (used for SQED and SQCD to interpolate between
|z| < 1 expansions) is much more involved. On the Toda CFT side, recursion relations for
the braiding matrices contain many more terms than for the antisymmetric case.
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puncture (see Section 5.6 and for Ny = 2 see [GT12]). We only study this
limit for SQCD (see Section 3.4.3), but the discussion applies to all our surface
operators.

3.3 SQED and Toda fundamental degenerate

We review in this section the case of N = (2,2) SQED on S?, namely a U(1)
vector multiplet coupled to Ny fundamental and Ny antifundamental chiral
multiplets, whose twisted masses (plus R-charges) we denote by m, and m
for 1 < s < Ny. It was shown [DGLFL12] that the S? partition function of
SQED matches an Ay, Toda CFT four-point function, up to a constant.
We find that the constant factor reproduces the Sgl partition function of
Nf2 free hypermultiplets with masses (3.2.17), hence the Toda correlator in
fact captures the partition function of the surface operator inserted in this
free four-dimensional theory. The precise relation is'®

2o ge(m, i, 2,2) = Ala |1 = 2" (Voo (00) Vi (1) Ve (2, 2) Vg (0))
(3.3.1)
The Toda CFT correlator (see Chapter 5 for conventions) features a degen-
erate field V_yy, inserted at = (—1)™ z and labelled by the fundamental
representation R(h1) of An,—1, a semi-degenerate field Vi at 1, and two

generic fields Vao and Vam. Momenta are related to twisted masses through

1
aO:Q—gZimshs m = (4 b)hy
s=1
N N (3.3.2)
aOO:Qngimshs %:EZ(1+ims+iﬁ15),
s=1 s=1
and the exponents and coefficient are
Ny
1 . Ny —1
0=~y o ime = fT(bQ +1) (3.3.3)
s=1
N,
Nf -1 2 1 ! . .~
=———b"+ — 3.34
" N, + N, Szzjl(lms + imy) ( )
A — pNr (146 —b?—2bs (3.3.5)

Permuting the my, or the ms, does not affect the partition function. This is
reproduced in the Toda CFT by the invariance of V,, and V,,__ under Weyl

16 As explained below (3.2.10), the factor Az|*°|1 — z|*"* can be absorbed into the
partition function. To compare gauge theory and Toda CFT results it is best to keep the
factor explicitly.
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transformations (the normalization is chosen to cancel reflexion amplitudes).
The similarity between g and a, is also expected, as swapping them and
changing x to its inverse amounts in gauge theory to charge conjugation, which
swaps mg and mg, and changes z to its inverse. Under this transformation,
Zg2 is invariant, while the Toda correlator receives a small shift controlled
by the dimension A(—bh;) of the degenerate insertion: this shift is absorbed
by the factor |z]?7°|1 — z|*7*.

In [DGLFL12], the equality was shown directly thanks to known expres-
sions [FLO7] for the Wy, conformal block involved. The approach does not
generalize, because conformal blocks with higher degenerate insertions were
not previously known.!” Instead, we prove the correspondence for SQED
(treated here) and SQCD (see Section 3.4) by comparing monodromy matrices
around branch points. In the main text, we find expansions around all branch
points and compare leading terms, as this is enough to fix uniquely the dic-
tionary between gauge theory and Toda CFT parameters. In Section 5.2 we
derive the braiding matrices relating s-channel and u-channel expansions of
the Toda CFT correlator, and their gauge theory analogues. The braiding
matrices match. From this we deduce the matching of monodromy matrices
around all branch points, expressed in a single basis, and not only of their
eigenvalues compared in the main text. These results suffice to prove that
the partition function and the correlator are equal.

To prepare for the somewhat technical computations ahead, we first go
through the various steps here in the well-controlled case of SQED and Toda
CFT fundamental degenerate fields. The expansions near z =0 and z = oo
follow [DGLFL12] closely, while the expansion near z = (—1)™¥ is new. All
three play an important role in later sections.

3.3.1 Expanding the SQED partition function
The Coulomb branch expression for the partition function of SQED is

N . . o .
SQED Z / do w+77w_% l_f_[ [(—img —io — %) I(—ims +io + g)

T(1+ims +io — B)T(1 + i, —io + L)

(3.3.6)
As we will see shortly, the contour of integration for o can be closed in the
lower or upper half plane depending on whether |z| < 1, leading to distinct
expressions of Z as a sum over poles lying in either half plane. We will match
the resulting expressions with the s-channel and u-channel decompositions
of the Toda CFT four-point correlator.

BeZ s=1

To find out which half-plane the contour should enclose, we study the
asymptotic behaviour of the integrand. First, rewrite the ratios of Gamma

1"We derive such explicit conformal blocks from our matchings in Section 5.4.4.
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functions so that the numerator and denominator have no common poles,

M(—v+ 28 51 T(—v+ 2
Tlv£3) 2; _ (i Levtn) ﬁB)‘ : (3.3.7)
Fl4+v+3) Fl+v+5)
and absorb the resulting sign (—1)"/# by introducing
= (-1)Nz,  z=(-1)Vz. (3.3.8)

Thanks to 12((512)) ~ v valid when |v| — oo away from the negative real

axis, the integrand is

xio"‘l‘gi.io'—g
51;[1 L1 +ims +io + @) (1 +img —io + @) (33.9)
~ 0+ T plo— 3 (02 I W)‘Zivil(lﬁm#iﬁ%)
4

Ny [ T(=im, —io + Bl T(=if, +io + B

as lioc + 2| — oo.

As long as we keep ¢ € R on the integration contour, the factor
PO F S s simply a phase. If |x| = |z| < 1, this factor decays ex-
ponentially towards ¢ — —ioo, hence the contour of integration can be closed
in this half-plane. On the other hand, for |x| = |z| > 1, the integrand decays
exponentially in the o — ico half-plane.

The integrand (3.3.9) has poles whenever one of —im, —ioc + l—gl or

—imy, +io + @ is a non-positive integer, that is, at

ioc = —im, +k + |§’ or im,—k— |§’ (3.3.10)
for a fundamental or antifundamental flavour 1 < p < Ny and an integer
k > 0. Since R-charges are positive, —im,, has a positive real part and im,, a
negative real part, hence the poles of the fundamental multiplets’ one-loop
determinants lie in the half-plane towards ¢ — —ico, while the other half
plane contains those of antifundamental multiplets.

Let us focus on the case |z| = |z| < 1. We then sum residues of the
integrand of (3.3.6) over poles (3.3.10) where ioc has a positive real part.
This yields -

Ny
p=1k>0 BEZ
N, ~ .
. l_f[/ I'(—img +im, — k — ‘B‘TJFB) I'(—ims —imy + k + lBlTJFB) ] }
21 LD+ img — imy, + b+ BEBYT(1 4 i + imy, — & — B25)

(3.3.11)



118 CHAPTER 3. AGT FOR SURFACE OPERATORS

where the singular factor I'(—k — |B|T+B)

replaced by its residue (—1)k+|B|2+B/F(1 +k+ |B|T+B). Note that k and B

appear as the combinations k* = k + \lﬂ% only, and that the sums over
k> 0 and B € Z are equivalent to sums over k™ > 0 and k= > 0. Hence,

appearing for s = p should be

7 Z Z 23) lmpzk - H [ ims+ir.np — k) F(—iﬁ@j —i"r.np+k:+)

'l +ims —im, + k=) (1 +ims +imy, — k™)

(3.3.12)
with the same caveat as above, namely, [(—k*) — (—1)¥" /(1 + k*). Since
each Gamma function argument depends on only one of k™ and k~, the
contribution from each flavour p factorizes as the product of two series in
(positive) powers of z and of z. We extract from the series a normalization
factor (the value at k* = 0), by writing the Gamma functions in terms of
Pochhammer symbols (a),, = Dlatn) ynd of v(z) = L(z)

1k£>0

T'(a) I'(l—z)’
T(—im, +im, — k*) (=% y(—imy + imy) (33.13)
L(141ims —imp + k=) (1 +ims —imp)pr (1 + ims — imy) - -
We deduce the partition function for |z| = |z| < 1 in terms of “s-channel”

vortex partition functions

Z = , . N
Z{ I12 1’Y(1+1m5+1mp)fp (m,m, z) f,* (m, m, )
(3.3.14)
]\[f

) SN k (—ims —imyp)g _ (—ims—imp), 1<s<Ny
fp (m,m,x) Z r 1;[1 (1 +img — imp)k F ( (I+ims—imp), s#p ’l‘) ’

(3.3.15)

The flgs) are hypergeometric functions, related later on to s-channel conformal
blocks in the Toda CFT. Similar computations for |z| = |z| > 1 convert
the sum over poles at ioc = im, — --- to a factorized form, related to the
u-channel decomposition of a Toda CFT correlator,

zZ- Z{ sy sty (100 i) f,§“><m,m,x>f<u><m,m,x>}

T2, Y(1 + i + irity) g
(3.3.16)
1 Y (i — i) = 1
W (i, ) = S — e T )k :F<(‘ims:impl1555Nf >
p (1) k>01?k51;[1(1+ims*imp)k (Iima—imp).s7p |2/ °

(3.3.17)
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The factorized (3.3.14) and (3.3.16) reproduce the general form (3.2.9)
Z = Z res [ch(o,O,z,Z)ZH(m, g, O)}Zv7p(m, 2) Zg p(m, 2) (3.3.18)

vacua

obtained when localizing to the Higgs branch of the theory for positive and
for negative FI parameter £, respectively. Indeed, Higgs branch vacua are
labelled by solutions of

Ny

> (lasl” = lasl) = € = —% Inz| (3.3.19)

s=1

and (o +ms)qgs = 0 = (0 — ms)gs for all s. For |z| < 1, that is, £ > 0,
at least one of the positively charged fields g5 is non-zero, thus ¢ = —m.
For |z| > 1, that is, £ < 0, one of the negatively charged fields is non-zero,
and o0 = ms. One easily checks that evaluating the classical contribution,
and the residue of the one-loop contribution (which is the integrand of the
Coulomb branch representation (3.3.6)) at those values of o and at B =0

yields the relevant factors in (3.3.14) and (3.3.16). The hypergeometric

functions flgs) and f,S“) obtained from factorization also match with known
vortex and anti-vortex partition functions (see [BC12; DGLFL12]). For more
general theories, factorization always yields explicit expressions for the vortex
partition functions, while earlier methods soon become intractable.

The s-channel factors in (3.3.14) also have a Mellin—Barnes integral
representation

Ny

(=2) 7™ (@) = T

s=1

[r(1 +img — imy)
['(—img —imy)

{00 Ny L
R o
—ioo &7 HS;pF(l +img + k)
(3.3.20)
which converges for |arg(—x)| < m, that is, away from the positive real axis.
On the other hand, the s- and u-channel expansions found above imply that
the partition function has branch points at 0 and oo, but is otherwise smooth
away from the unit circle. Hence, the partition function can only have branch

points at = € {0, 1, 00}.

We have already given expansions near 0 and co, so we now focus on
powers of |1 — m\z as x — 1. The Higgs branch localization has no analogue

at © = 1, because the FI parameter £ = —5- In|z| vanishes and the manifold

of solutions of ZivilﬂqS]Q — \§s|2) = ¢ experiences a flop transition. Instead,
we find an explicit decomposition starting from the Coulomb branch integral.
As x — 1, split the Coulomb branch representation (3.3.6) into the two

. . — ic+8 —jig—B . .
regions, |io + §| < |lnz| ™t In the first, 7t 2 72 is given by a convergent
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series in integer powers of Inx and In z thanks to

. B\k
P7E =% W(ln z)*. (3.3.21)
k>0 :

In the second, the product of Gamma functions in the integrand can be
approximated as (3.3.9) through Stirling’s approximation, and the sum
over B can be replaced by a continuous integral, leading to a contribution

/dB die(ia+%)lnxe(ia—g)ln§:(0_2 + 372)_2: i /dppd@ e?ipcos@|lnx\p—22,
27 4 7r
(3.3.22)

where ¥ = Zi,vil(l + ims + ims) and we applied the change of variables
pe’|lnz| = (0 —iZ)Inz. Rescaling then p by |Inz|, we find that the
contribution behaves as

P52 o 1 gDl (g0

as ¢ — 1, multiplied by a series in powers of (1 —z) and (1 — Z). We thus
find

N. ~

Z=1-a’G(l — 2,1 — 7) + |1 — ot FELOrimetimd gy _ g

(3.3.24)
for some series G and H in positive integer powers of 1 —x and 1 — z. Since
the Ny terms of the Higgs branch expansions around = = 0 and oo are linearly
independent, the series G and H cannot both factorize. When studying the
gauge theory analogue of the braiding matrix relating the s- and u-channel
expansions in Section 5.2, we find that H factorizes as h(1 — z)h(1 — ),
while G is a sum of Ny — 1 such factorized terms, with no preferred choice
of splitting. We can expect the factorization of H because in the limit

lic = £| — oo the integrand (3.3.22) factorizes into functions of io & Z.

3.3.2 Matching parameters for SQED

We wish to equate the expansions of Z obtained so far with an Ax,—; Toda
CFT correlator. Since the S? partition function has branch points at
(-1)Nz € {0,1, 00}, and factorizes when expanded around each of those
points, the Toda correlator must be a four-point function with insertions
at 0, 1, oo, and # = (—1)z. The expansions near branch points have
finitely many terms, hence the operator inserted at x must be a degenerate
operator V_p, (labelled by the highest weight w of a representation R(w)
of Ay,-1), and the correlator has the form

~ ~

(Vi (00) Vi)V e (2, 2) Vi (0) ) - (3.3.25)



3.3. SQED AND TODA FUNDAMENTAL DEGENERATE 121

The number of internal momenta allowed by the fusion rule for V,bw with
a generic operator is equal to the dimension of R(w), hence R(w) must be
the fundamental or antifundamental representation, to match the number
of terms in (3.3.14) and (3.3.16). Without loss of generality (we can at this
point conjugate all momenta), we choose the operator V_bhl, where hy is
the highest weight of the fundamental representation. The momenta «,
m and s can then be obtained by comparing dimensions of Toda CFT
operators with the powers of \x|2 and of |1 — w\2 appearing in the expansions
of Z around z =0, z =1, and z = .

The s-channel decomposition of the Toda correlator is a sum over internal
momenta ag — bhy labelling Wy, primary operators:

~ ~

(Voo (00) Vi (1) Vet (2,2) Vi (0) )

Nf . 2 (3.3.26)
_ ~ . ~oo—bhy | (s) m  —bhy
= pzzjl Claoo, M, a0 = bhy) Oy, 0| F oo, [aw a ](1’) 7

where C' denote three-point functions, F (iso)fbhp(x) are Wy, conformal blocks,
and |Fz)[* = Fa) FZ with otherwise identical parameters. Conformal
invariance fixes ]-"O(éso)ibhp(x) = gA(@0=bhp)=Ala0)=A(=bh1) (1 1. ) with a series
(1+---) in positive integer powers of x. We compute

Ny —1

A(ag —bhy) — A(ag) — A(—bh1) = blag — Q, hy) + (b’ +1). (3.3.27)
This should be compared with the powers 2~ appearing in (3.3.14). Since
the weights h;, sum to zero, - (o — @, hy) = 0, and we must allow for an
overall shift by £7° between the partition function and the correlator. Power
matching then dictates

Ny —1
2

blag — Q. hy) + (0% + 1) + 7o = —imy, (3.3.28)

up to permutations, from which we deduce «ay and 7y given in (3.3.2)
and (3.3.3). Permuting the m,, is equivalent to permuting the components of
ap — @, a Weyl reflexion under which the primary operator V,,, is invariant.

Next, the u-channel decomposition is a sum over the internal momenta

Qo — bhy,. Conformal invariance fixes the leading behaviour F, O(él:i_bhp(x) =

g (@o0) = Alaco=bhp)=A(=bh1) (] 4-...) with a series (1+---) in negative integer
powers of x. We compute

Ny—1 Ny —1
A(0voo)— A (oo —bhy) — A(—bhy) = fT(b2+1)+f7b2—b<aoo—Q,hp) ,

Ny
(3.3.29)

which should be compared with 2= Once more, we must allow for
an overall ambiguity: besides £7°, the only other factor that can appear is
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(1 — x)", since the Toda correlator is only singular at 0, 1, and co. This
factor does not alter powers at x = 0, and the power matching at x = oo
reads

Ny —1

Ny —1 _
(0% +1) + L0 + g + 71 = imp, (3.3.30)

— bl — Q, hy) + N;

up to permutations: this fixes ao, and 1 to (3.3.2) and (3.3.4).
Finally, the expansion of Z near 2 = 1 involves the leading powers (1 —z)°
)—1+Zgi1(1+imp+i%p)

with multiplicity Ny — 1 and (1 — =z with no multiplicity.
On the Toda CFT side, the exponents that can appear in the t-channel are

A(ozl — bhp) — A(al) — A(—bhl) +7

N,

Ny —1,, Ny -1, L

= blas — Q. h Pl - L — S
(a1 — Q, hy) + b*+1) N, —i—pr:l(lmp—i-lmp)

(3.3.31)
If oy were generic, all shifts —bh, would be allowed by the fusion, but
summing the powers (3.3.31) for 1 < p < N; does not yield the similar gauge
theory sum —1 + Z;Vil(l +imy, +1imy,). Instead, we take ay = m = (sc+b)hy
to be a semi-degenerate momentum (with a shift by b to simplify expressions),
so that the fusion rule only allows shifts to m — bhy and m — bhy. Setting
the exponent for a shift 7 — bhy to 0 fixes » to (3.3.2), and the second
power matches (setting m — bhy to 0 instead would fail to match the second
power). The SU(Ny) x SU(Ny) x U(1) flavour symmetry of the gauge theory
is reproduced by the two generic and one semi-degenerate operators in the
correlator, allowing us to package the twisted masses of fundamental chiral
multiplets into ag, those of antifundamental multiplets into a,, and the
axial mass into M.
Finally, the overall constant A is fixed in Section 5.4.4 by comparing
gauge theory one-loop determinants and Toda three-point functions: for
A given by (3.3.5),

Nj . .
Hs;ép fY(lmp - lmS)

Zfee = AC(voo, (3¢ + b)hy, g — bhy) 0"
S ) — 00 ) p)C _bhy,
b Hi\zl y(1 +imy + imy) 1o
(3.3.32)

The same relation holds for u-channel constant factors (with an identical
value of A), as we can obtain most readily thanks to the invariance of Z under
my <> my, and z <> % (gauge theory charge conjugation) and equivalently of
the Toda correlator (up to a shift in exponents) under ag <> a and x > %

We have thus fixed how gauge theory and Toda CFT parameters match.
One way to prove the matching is to directly equate gauge theory factors
with conformal blocks as done in [DGLFL12|, but this approach does not
generalize. Instead, we show in Section 5.2.1 that the matrix to change
basis from s-channel factors =~ f,SS)(x) to u-channel factors is identical
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to the appropriate braiding matrix in the Toda CFT. Since the eigenvalues
of monodromies around 0 and co also match up to shifts by the ~; as we
just saw, the monodromy matrices themselves agree. The last monodromy
matrix, around x = 1, thus also matches. Therefore, the partition function
and the correlator differ by a factor with no monodromy. Since the precise
exponents match, the relative factor is in fact constant, and comparing
constant coefficients establishes the matching (3.3.1).

3.4 SQCD and Toda antisymmetric degenerate

We now extend the matching to the case of N' = (2,2) SQCD, that is, a
U(N) vector multiplet coupled to Ny fundamental and Ny antifundamental
chiral multiplets, with twisted masses (plus R-charges) m, and ms. The
partition function of the S? surface operator defined by this theory coupled
to Nf2 hypermultiplets with masses (3.2.17) on Si is captured by a Toda

CFT four-point function with a degenerate operator Vfwa labelled by the
N-th antisymmetric representation of Ay,_;. Explicitly, we prove that!8

~

Zgaa> P (my i, 2, 2) = Al [1 = 2" (Va (00) Vit () Vs (2, 7) Vo (0))

S2csd
(3.4.1)
with = (=1)™ 2, momenta
1 ¥
aon—gZimshs m = (sc+ Nb)hy
s=1
3.4.2
aw:Q—g;iﬁzshs %:g;(l—i—ims—i—iﬁms),
and coeflicients
N,
N N(Ny —N) ,
=—— ) img—————2(b*+1 4.
0= i @+ (3.43)
N,
N(Nf=N),, N & . .
m=—-———"b"+—> (ims+ims) (3.4.4)
Ny Ny S,Z::l ’
A= bNNf(1+b2)—N2b2—2Nb%. (3.4.5)

Setting N = 1 in (3.4.1) reproduces the SQED matching (3.3.1). We recognize

the same symmetries as SQED. Permuting twisted masses mgs or m, amounts
to a Weyl transformation of ag or as. Gauge theory charge conjugation,

18 As explained below (3.2.10), the factor Az|*°|1 — z|*"* can be absorbed into the
partition function. To compare gauge theory and Toda CFT results it is best to keep the
factor explicitly.
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which swaps ms < ms and z < %, corresponds to the conformal map
(00,1, 2,0) — (0,1, %, o0), which exchanges ag <> ax and x <> % in the Toda
CFT correlator.

We start the analysis from the Coulomb branch representation

S CD o+L) Tr(ic— £ 2 (B_B)2
Zgs N' > /RN { Tr(iot3) ZTrld 2)1_[{(0@'—03') —i—%
BezN i<j
N, B; o B;
ﬁﬁ[ io; — ) T(—ims+ioj; + =) }
j=1s=1 1+1m5+10] BJ)F(l—i—lms iaj—i-%)

(3.4.6)
The partition function can be studied in the same way as that of SQED,
by closing the integration contours towards either half-plane depending on
whether |z| < 1, thus obtaining an s-channel and a u-channel decompositions
akin to (3.3.14) and (3.3.16). Interestingly, there is a shortcut, as the SQCD
partition function can be expressed as a differential operator acting on the
product of N copies of the SQED partition function:

Z§§CD(m, m,z,z) = Ni [H [—(ziﬁz 20, (205, } H ZSQED (m,m, 2}, Z;)
(3.4.7)

Since the differential operator cannot introduce branch points, the SQCD

partition function has the same branch points z € {0, (—1), 00} as the

SQED partition function, and we switch to using the coordinate x = (—1)" 2.

3.4.1 Expanding the SQCD partition function

Using the s-channel decomposition (3.3.14) of Z5QFP in the above yields
a sum over flavours 1 < pq,...,py < Ny. The summand factorizes, since
both the differential operator and the terms in ZSQFP are products of
a holomorphic and an antiholomorphic parts. The holomorphic and the
antiholomorphic factors are each totally antisymmetric in the pj;, hence
reducing the sum to 1 < p; <--- <py < Ny. Explicitly,

N, . .

N Hsé{p} y(—ims + lmpj)
N; .~ .

j=1 Hsil (1 +ims + 1mpj)

Z= % [@@‘Z?V“m%

1<p1 < <pn <Ny

ey

(3.4.8)
where we have cancelled [[;.; v(—imy, +1imy;) = [1;;(imp, — imyp, )~ and
defined

N
(s) —imy, +imyp, + 20z, — 10y, ]
Ty (@) Ll;[j —imy, 4 imy, ]1_[1 (@) - (3:4.9)
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i

Z H ( ]/k ') s= 1(_1m8 iTnpj)k]'
K1, kin >0 j=1 Hz;é](lmp imp; — ki)k, Hsg{p}(l +im — imy, )i,
(3.4.10)

a series in positive integer powers of x, with radius of convegence 1, and
whose first term is normalized to be 1. Similarly, the u-channel expansion
near r = oo reads

N, .~ .~
Hév 1 Hsé{p} V(—ims + imy,)

Z ( )ZN.N ()()()()
7= ZE) S £ @) 1 (@
1<p1<-<pn <Ny 1 HS 1YL +ims + jmpj) {p} {r}
(3.4.11)
where
](7 ‘ka ivf —1m8 lﬁl Vi
f{p} Z H 1/ ) 1 pj) j

k1,...kn>05=1 Hl?é] (1mpz iﬁzpj - ki)kj Hsg{p}(l + iﬁls - iﬁlpj)kj
(3.4.12)
are series in negative integer powers of x.

The s- and u-channel decompositions above can also be obtained by
localizing to the Higgs branch of the theory, with a positive or a negative
FI parameter. In this setting, they arise as sums over Higgs branch vacua,
labelled by solutions (o, ¢s, ¢s) of

N,
(0 +ms)gs =0 d ~
L > (gsa} — 31d.) = ¢idy, (3.4.13)
(—o+mg)gs =0 ot

up to gauge transformations. In the region |z| = |z| < 1, that is, £ > 0, the
D-term equation (3.4.13) can be rewritten as

Nf Nf
Z Qqu = gidN + Z Zfsras ) (3.4.14)
s=1 s=1

which is positive definite, hence has full rank N. Therefore, the non-zero
vectors ¢s, which are eigenvectors of o, span C. The eigenvalues of o are
thus completely fixed to be —m,,, for a choice of N distinct flavours p;. On
the contrary, for |x| = |z| > 1, that is, £ < 0, the antifundamental chiral
fields g, span C, and o has eigenvalues myp,. The classical and one-loop
contributions derived for each of those vacua is equal to those appearing in
(3.4.8) and (3.4.11). More tediously, one checks that the vortex partition
functions are indeed given by ff;)} (z) and f {(;])’ ().

Once more, the t-channel is the most troublesome. We know from (3.3.24)

the expansion of the SQED partition function near x = 1, leading to

799D — G(1 — 2,1 — &) + |1 — 2P0 Yh(1 — 2)h(1 — &) (3.4.15)



126 CHAPTER 3. AGT FOR SURFACE OPERATORS

where
Ny

v = (14 im,+imy). (3.4.16)
s=1
The functions G and hh are series in positive integer powers of 1 — z and
1 — 2, and G does not factorize because the eigenvalue 1 of the monodromy
has multiplicity Ny — 1. Plug this t-channel expansion into (3.4.7):

o ry, 7
7590, z) = =i [H [_(xiaxi — 70y, ) (20, — xjﬁ@-)}
1<J
N ,
JI{G0 =25, 1= 2)) + 1 = 2, 7°h(1 = z5)h(1 l‘j)}]
i o
(3.4.17)

Among the 2V terms in the product of SQED partition functions, any which
contains the factor |1 — xj\QW_Qh(l — x;)h(1 — z;) for two indices i and j is
annihilated by z;0;, — 2;0;;, hence does not contribute. The annihilation
does not take place when G(1 — xj,1 — Z;) appears twice, as it relies on
separating the holomorphic and antiholomorphic parts. Thus, 1 + N terms

remain, and we can replace the product by

N N N
[[Ga—zj1—z)+> 1 =2 *h(1—2)h(1—z;) [[ G(1 — 21,1 — 7).
J=1 Jj=1 1#]

(3.4.18)
Derivatives acting on G, h and h yield other series in positive integer powers
of 1 —z; and 1 — Z;, hence for the purpose of finding exponents for |1 — x]z
we only need to keep track of [1 — z;|*7"?. At most (N — 1) z; derivatives
can affect it, hence the SQCD partition function takes the form

7890 (z,2) = Q1 -z 1= 2)+ 1= 2O VH (1 —2,1-7), (34.19)

for some series G’ and H’'. The two terms correspond to eigenvalues 1 and
e2™(r=N) of the monodromy around z = 1. We find out the multiplicities with
which the powers appear by doing a finer expansion: split G(1—xz;,1—1z;) =
E;N:f; ! 9i(1 — x)g;(1 — Z;) non-canonically. Antisymmetry restricts the sum

of NfN terms to (]]\\[}‘), each of which is a product of N distinct terms of Z5QED
among hh and the ¢;g;. The exponent for a given combination is 2(y — N) if
hh appears, and 0 otherwise. The multiplicity of |1 — :1:|0 is thus (NGV_ 1), and

that of [1 — 2|20~ is (]]\\[{__11)

3.4.2 Matching parameters for SQCD

We are at last ready to match SQCD and Toda CFT parameters. The
partition function depends on a single parameter x encoded as the position
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of a puncture, hence we expect a four-point function on the Toda side. The
s-channel and u-channel decompositions involve (]X{) terms, hence the Toda
degenerate operator is labelled by the N-th antisymmetric representation
R(wn) of A N;—1, which has the correct dimension. The highest weight of this
representation is wy = hy+---+hy, and its weights are hy,y = hy, +- - -+hpy,
labelled by N-element sets 1 < p; <--- <py < Ny.

The s-channel Toda exponents

A(ag = bhygyy) — Aag) — A(=bwn) + 70
al N(N; — N)

=b) (0 —Q, hy,) + f(lﬁ +1)+v
j=1

(3.4.20)

must be equal to — Zé\le imy, from gauge theory (up to permutations): this
constraint fixes ag and 7o as given in (3.4.2) and (3.4.3). Matching powers

in the u-channel,

N
Z imy, = Alaeo) — Al — bhypy) — A(=bwn) + 90 +m (3.4.21)
j=1
N
N(N;y — N N(N;y — N
= 7bz<aoo - Q, hpj> + (fQ)(b2 +1) + (;Vf)bz +7% +m
j=1

fixes oo and 7.

We finally match powers in the t-channel. From our SQED experience,
we expect the momentum at 1 to be the semi-degenerate m = (3x + Nb)hy
(the shift by Nb simplifies expressions). We compute the exponents

A((%—l— Nb)hl — bh{p}) — A((%—F Nb)hl) — A(—bOJN) + 7

N, N
N f
= (b + Nb*)(h1, hypy) + ¥ {2(1 + img + i) + Nbﬂ 1+ (pj—4—1)
f s=1 7=1
(3.4.22)

where (h1, hpy) = 01cfpy — N/Ny. Two different sets {p} must reproduce the

gauge theory exponents 0 and —N + Zivil(l + img + ims). One set must
contain 1 and the other not, since the exponents would otherwise only differ
by an integer multiple of 14b%: this fixes s = + Ei\il(l—l—ims—l—ims)—i—n(b—l—%)
for some integer n. Comparing the coefficients of Zi\L(l +ims +ims) selects
the positive sign, and also implies that the exponent 0 corresponds to a
case where 1 ¢ {p} while the other exponent has 1 € {p'}. Comparing the
coefficients of b? + 1, the Toda CFT and gauge exponents match if

. Ny — N .
——n+ Y (p—j-1)=0 fo nt+ Y (pj—j—-1)=-N (34.23)
j=1 J=1
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for the choices of {p} and {p'} corresponding to the two exponents. Since
1 ¢ {p}, pj > j+ 1 and the first relation implies n < 0. Since p} > j,
the second implies n > 0, and we conclude that s is given by (3.4.2), that
{p} = [2, N + 1] and that {p'} = [1, N]. After we show independently that
the partition function and Toda correlator are equal, we deduce that the fusion
of ‘7_wa with ‘7,{/;11 allows the momenta sh; —bwy and »hy +bhy —bwy 1.
This is consistent with the case »/ = —kb for which the semi-degenerate
insertion becomes a degenerate field labelled by the k-th antisymmetric
representation: the tensor product of this representation with the N-th
antisymmetric splits as a sum of two irreducible representations of Ay, 1,
with highest weights kh; +wy and (k —1)h1 +wn 1. We discuss such fusion
rules further in Section 5.5.

Last, we fix the constant A. We check in Section 5.4.4 that the one-
loop determinant and the three-point functions appearing in the s-channel
decompositions of Z5QCP and of the Toda correlator match, for A given
n (3.4.5):

N
Hsf I ~v(imy — imsg R o
2l Rl e e = ) = AC (000, (3¢ + Nb)h1, ag — bhgyy ) O "0

% Hs 1 Hte{p} (1 + imy + i)

—bwn,a0 *

(3.4.24)
Having settled the dictionary above, we know that gauge theory and
Toda CFT monodromy matrices around each of 0, 1 and oo have matching
eigenvalues. In Section 5.2.2, we compute the braiding matrix of V. b N
and VA by combining the fusion of N [ operators V bh, iNtO V. by With the
braiding matrices for each individual V. bh, With Vin. The result agrees with
the analogue for SQCD, an antisymmetric combination of the matrix for
SQED, worked out in the same section. Therefore, the monodromy matrices
around 0 and around oo are equal for SQCD and the Toda CFT. Monodromy
matrices around 1 then also match, hence the Toda CFT correlator and gauge
theory partition function are equal up to a factor with no monodromy, which
is constant since the precise exponents at 0, 1 and oo match. The constant
factors work out, thereby concluding the proof of the matching (3.4.1).

3.4.3 Decoupled multiplets and irregular puncture

In this section, we give large twisted masses to Ny — JA\T} of the N; antifunda-
mental chiral multiplets of the SQCD surface operator, hence to Ny(Ny — N})
of the four-dimensional hypermultiplets. The massive multiplets decouple,
and we obtain in this limit (3.4.26) a surface operator described by a U(N)
vector multiplet, Ny fundamental and N} < Ny antifundamental chiral mul-

tiplets, coupled to the remaining Ny Ny free hypermultiplets. On the Toda
CFT side of the matching (3.4.1), the limit amounts to building a Toda CFT
irregular puncture from the collision of two vertex operators. We give the
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precise matching (3.4.33) in the case ]f\7f = Ny — 1, and claim that further
limits for N} < Ny — 2 also lead to well-defined irregular punctures.

In a two-dimensional ' = (2, 2) gauge theory, whenever the total charge
Q =Y, Q; of all chiral multiplets under a given U(1) gauge group factor is
non-zero (in our case, Q = Ny — ]A\f} > 0), the corresponding FI parameter
runs logarithmically, and the theta angle is shifted. An ultraviolet cutoff
can be introduced supersymmetrically by enriching the theory with a single
“expectator” chiral multiplet of large twisted mass!® A € R and U(1) charge
—(@Q, or with ) antifundamental expectator chiral multiplets of twisted
masses A. We take the latter approach, as the resulting enriched theory is
simply SQCD with Ny fundamental and Ny antifundamental chiral multiplets.
Each expectator chiral multiplet brings a one-loop contribution

IJ_V[ [(—iA + o + %

j:1F(1+1A 10'J+ 2)

A—o0 ['(—iA) s ANioj4+B; /2 (s A \ioj—Bj /2
H< T TA) (—iA) 9 tBi/2(1A)io J/>

(3.4.25)
to the Coulomb branch expression for the enriched theory. The original
partition function is thus a limit of the enriched partition function,

o . 1 _ _
Z(m,m, z,z) = AlE%OL(—iA)N(Nf—Vf) Zenr (m, {maA}7zbare72bare)‘| ;

N (3.4.26)
where the factor y(—iA)"V® =) has no physical effect, and the bare
parameter zpae appearing in the enriched theory is related to the renormal-
ized z = zen (at the scale ¢ given by the equatorial radius of the squashed
sphere) via

Zbare = % and  Zpare = Ln/v . (3427)

(—iA)N=N (1A)N =N

In particular, the FI parameter runs logarithmically, and the theta angle is
shifted:

1 —~
7(Nf_]\[f) InA, and Yren = Iparet+—= (Nf f) . (3.4.28)

fren = gbare - o

Since the Coulomb branch representation involves an integral over arbitrarily
large values of o +iZ, our derivation of (3.4.26) above is not rigorous.

However, one can split the integral into a region ‘O’:l:iﬁ‘ < A and its

complement, and check that the contribution from large o +i 1 becomes
negligible as A — oo. It is more convenient to perform such steps on the
Higgs branch decomposition (3.4.8) of Ze,, near 0. Regardless of the value

9The dimensionful cutoff is A/£ in terms of the equatorial radius ¢ of the squashed
two-sphere.
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of z, the series expansions of vortex partition functions converges for A large

enough that |zpare| = |2|/AY ™™ < 1. Then each term in the series for the
enriched theory converges to the appropriate term for the Ny < Ny theory.
Since the sum of terms with Zév:l k; > K decreases exponentially with K
in both series, Zy enr(2bare) — Zyv(z). Other factors work out as for the
Coulomb branch representation.

In the limit above, Ny(Ny — N) of the Nf2 free hypermultiplets on S
become infinitely massive, and the corresponding factors must be removed
from the enriched partition function to retain a finite result. The partition
function of the surface operator with Ny < Ny in a theory of N;N; free
hypermultiplets of masses (3.2.17) is thus the limit

U(N _ .
Zgacsy(7) = Jim,

Hivil T(%(l + ims + IA)) Nf*Nf U(N) _

[ ’y(*iA)N S2C Sk enr (Zbarey Zbare)
(3.4.29)
We now provide a Toda CFT interpretation of the limit for Ny — Ny =
1. For simplicity, label antifundamental multiplets of the enriched theory
starting with the expectator multiplet, so that m; = A — oco. Replace the
partition function of the enriched defect in (3.4.29) by its corresponding Toda
CFT four-point function through the matching (3.4.1). After a conformal

transformation which maps (00,1, 2/(—iA),0) to (0,z/(—iA), 1, 00),

2’)/0 enr—?A(ao)—QA(—wa)—i-QA(aoo)—l-QA(m) 2’)/1 enr
UNN) /. =y x | ¥ T '
Zszcsg(%z)—ﬂ%o[flem -
N
[ Y($(1+img +1iA)) /o - S T\
L i (00) Vot (Vi (7 ) Vo (0)
(3.4.30)

with 2 = (=1)V2, and parameters ag, 1 = (3¢ + Nb)h1, doo, Aenr, Y0.enr
and 71 enr given below (3.4.1). In the limit A — oo, the exponent i eny ~
A, thus [1 — 2/ (—iA)[7er — eV D),

In the same limit, the punctures Vi and XA/%O collide, with momenta
growing as the inverse of the distance, keeping a constant sum co + Nbh; =
(s4+Nb)hi+as given in (3.4.34). We study such collision limits in Section 5.6
and define (5.6.33)

~

. N,
Voot Nohai—(a /)b (a /oy (0) = lim [T(% + Nb+(Q — co — Nbhy, h))™

A] (Q.Q)=2A(co+Nbh1) | .

A

2((s+Nb)h1,co—sh1) __ r T
: <

‘/(%+Nb)h1 _711\7 m)%o—%hl (0):| .A/b .
(3.4.31)

The Upsilon functions and gamma functions in (3.4.30) and (3.4.31) can
be recast in the same form through the asymptotics (5.4.7), (5.4.6), and
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Y1 +iA+a) ~ (1 +iA)A%, Let im = Nif Zi\ll img. Then,

Ny
YL +INY T Y(FQA + A+ imy))
s=1 N
=1 +iA)Y ] Y(G(1 +iA +im) 4+ (Q — ao, hs))
s=1

~ (1IN (L1 +A + im)) Y [A /5] (@Q—2A(@0)

-~ T(%(l +iA +im) + bN/]Vf)NfbN+2NiA[A/b](Q,Q>72A(a0)72Nim+N(foN)b2/Nf

(3.4.32)

The last Upsilon functions are precisely those appearing in (3.4.31). Plugging

back into (3.4.30), all powers of A and b™ cancel, and we can drop the limit.

All in all, the partition function of a surface operator describing a U(N)

vector multiplet with Ny fundamental and Ny = N; — 1 antifundamental

chiral multiplets, coupled to Ny(Ny — 1) hypermultiplets on S{} is equal to

a Toda CFT correlator with an antisymmetric degenerate insertion and a
rank 1 irregular puncture:2°

U(N),Np,Nj=1, _ _

Z (2,2

oo A (e+a) /o . .
s2cst ) = Alz[7e™ <Vao (00)Vobiwon (1) Vot Nbhyserr (O)>

(3.4.33)

As before, & = (—1)V z. The irregular puncture V is defined above and in
Section 5.6. The momenta cg, c1, ¢1, and ag are

1 N 1 Y
co=Q+7 > (14 img)hy + i > ims(hy — hy)
o=t 5= (3.4.34)
T z 1 il
€ = —Ehl ¢ = Ehl ap=Q — g;imshs
and the constant A and exponent v, are*!
A— bN(Nf—1)(b2+1)+2A(a0)—2A(co) (3.4.35)
Ny Ny
_ N(N -1
Yo = A(co) — Aag) — NZims — NZ(l +img) — (2)b2.
s=1 s=2
(3.4.36)

20Following the argument below (3.2.10), the factor A|z|*70e™N/N)(@+) can be absorbed
in the S? partition function. We keep the factor explicitly to compare gauge theory and
Toda CFT results.

*'"Mapping {0, 1,00} to {oco,x,0} gives a closer analogue of the N; = Ny matching. This

replaces 7o by the simpler vo — A(co + Nbh1) + A(ao) + A(—bwn) = —Nﬂf i\zl ims —
W(b2 + 1). However, the transformation properties (5.6.18) of rank 1 irregular

punctures would make the parameters ¢; and ¢; infinite. The best convention to cancel
this infinity is not clear.
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As we have seen, it is natural from the gauge theory point of view to
decouple further antifundamental chiral multiplets by making them massive.
Specifically, from (3.4.29) we know that the partition function of a surface
operator described by a U(N) vector multiplet coupled to Ny fundamental

and N} = Ny — k < Ny — 2 antifundamental chiral multiplets is a limit of

ZSUQ(]CV;;‘,‘N}C’NFI(Z/(—iA)kfl, Z/(iA)F~1) with twisted masses g = - - - = my, =
A, multiplied by some factor. On the Toda CFT side of the matching (3.4.33),
the limit amounts to taking (cg, hs) ~ iA/bfor 2 < s < k and letting ¢; and ¢;
decrease as A~* =D Such a limit does not fit in the framework described
in Section 5.6, since the parameter ¢y blows up. However, translating the
gauge theory factors to the Toda CFT and setting N = 0 for simplicity, we

find that the two-point function of a generic vertex operator V,, with

k
[‘V‘QA(CO)_<Q7Q> H ’I‘(<Q _ CO, ht>)NfVC();—I/h17ljh1 V:x/[b(ilA)k_l] (3437)

=2 CON%(khl—wk)

remains finite as A — oo. This suggests that the operator (3.4.37) itself has

a limit. Additionally, the OPE (5.6.13) of the stress-energy tensor with a

rank 1 puncture includes a term A(cy) + (c1, 0., ), and the normalization
2A(co)

factor |v| ensures that the singular term A(co) is absorbed in (c1, O, ).
Unfortunately, it is difficult to go further, as the OPE with higher currents
of the Wy, algebra contain many singular terms, and all must be carefully
cancelled by the choice of normalization before taking the limit.

Having dissected the partition function of theories with fundamental and
antifundamental matter, we consider next theories with an adjoint chiral
multiplet.

3.5 SQCDA and Toda symmetric degenerate

We focus in this section on N = (2,2) SQCDA: a U(N) vector multiplet
coupled to an adjoint chiral multiplet X and Ny fundamental and Ny an-
tifundamental chiral multiplets. Twisted masses (plus R-charges) are mx,
ms, and mg. This theory, coupled to Nf2 hypermultiplets with masses given
by (3.2.17), defines a surface operator. We equate the S? C Si partition
function of the 4d/2d system to a Toda CFT correlator with a degenerate field
‘A/_thl labelled by the N-th symmetric representation of A Ny—1- Namely,
we check that??

SQCDA - _ ~ ~ ~ o~
Zgsogs "N mo i mix, 2,2) = Al 1=y (Ve (00) Vi (V- (3, 5)Veo (0))

(3.5.1)
22 As explained below (3.2.10), the factor Alz|*7|1 — z|*”* can be absorbed into the

partition function. To compare gauge theory and Toda CFT results it is best to keep the
factor explicitly.
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with y = (=1) V=12 and? b* = imy, momenta

1
OéOZQ_gszzlimshs m:(%+Nb)h1
% yy (3.5.2)
oo = Q=g 2 imshs =g rimeim).
and coeflicients
_ N - im _w(gﬂ_kl)_wb? (3.5.3)
Yo = Nf ~ S 2 2 o
N,
N(N;=N) , L .N
"= —Tb + ﬁf ;(m@s + i) (3.5.4)
N
A— bNNf(1+b2)_N2b2—2Nlm H 7(*1/1)2) ) (3‘5.5)
v=1

We recognize the same symmetries as for SQED and SQCD, under permuta-
tions of the mg or the mg, and under z < % and exchanging those two sets of
masses. Setting N = 1 reproduces the matching (3.3.1) of SQED, but A has
an additional factor of y(—b?) = y(—imx): this is the one-loop determinant
of the adjoint chiral multiplet, which decouples in an abelian theory.

Given the geometrical origin of the deformation parameter, one has
b2 > 0. On the other hand, the S? partition function is defined with positive
R-charges Re(—2im). The two requirements are incompatible with v? = imx,
hence one of those two parameters must be continued beyond its usual
range. For now, we analytically continue the R-charge: it is easier because
the partition function depends holomorphically on imy, as deduced from
explicit expressions. However, we will encounter in Section 3.5.3 a setting
where b? = imy is fixed to a real negative value. Given that the Upsilon
function which appears in Zgge and in Toda correlators cannot be continued
to negative b2, we will have to first recast the relation (3.5.1) in the form

Zgo = (- ->/Zg§e for the analytic continuation in b to make sense.
b

Once more, we fix the dictionary and demonstrate the equality by com-
paring exponents in the s-; t- and u-channels. The equality of Toda CFT
three-point functions and gauge theory one-loop determinants (for the s- and
u-channels) is checked in Section 5.4.4, and the expression of A is found
there.

%3 The full flavour group of SQCDA is U(1) x S[U(N;) x U(Ny)], where the factors act on
the adjoint, fundamental, and antifundamental chiral multiplets. The relation b* = imx
identifies the first U(1) flavour symmetry with rotations transverse to the surface operator.
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The Coulomb branch representation reads

ZSQCDA
i -z B; — B;)?
_N'B;Z:N/RN { Tr(io+2) 3 Te(io )g[ oi— ;) + (43)}
N Ny [(—ims C_ %) T(—iffs + io; + %)
.jl;Ilsl_[l{F(1+1ms+1JJ B2]) (1 +im, — iaj+%)
ﬁﬂ[ I'(—imyx —io; +ioj — BzBJ) ]}
i1 o1 LD+ imx 410y — io; — Bi;Bj) :

(3.5.6)
We will expand this partition function around the points 0, (—1)M+N~=1
and oo, where, as a function of z, it has branch points. This follows the
path we traced for SQED: the behaviours near z = 0 and co are probed by
closing integration contours towards ico. The partition function is then
expressed as a sum over poles of the integrand, which are characterized up to
integers by the set of Gamma functions which are singular for those values
of ic. The behaviour near (—1)¥+N=1 is found by splitting the Coulomb

branch integral depending on whether each |o; + J | < In|z|.

3.5.1 Expanding the SQCDA partition function

We start with the s-channel expansion for |z| < 1. Ignoring for a moment
the magnetic flux B, and integer shifts due to the infinite set of poles of
the Gamma function, we find that poles enclosed by the contour must
be such that each io; is either —im, for some flavour s, or io; — imx for
some other color 7. As in the case of SQCD, the vector multiplet one-loop
determinant enforces io; # io; for any two distinct colors, hence {io;} is
{=img — pimx | 1 < s < N, 0 < o < ng} for some choice of integers n, with
ni+---+ny, = N. It is convenient to label colors with indices (s, ;1) instead
of j € [1, N], and denote I = {(s,u)}. The sums over B and over poles of
Gamma functions introduce shifts, in the form of sums over 2N integers
k;i > 0, and poles are

B,

g, + = —im, — pimx + kg, (3.5.7)
for (s,u) € I. The partition function can then be recast as a sum over
residues at those values of ic + 5 B . It turns out that the residues vanish unless
k;tu <kt s(ut1) for every (s,p) € I and sign +: this indicates that (3.5.7) also
labels some points which are not poles; thankfully, the residue formula is
robust against such overcounting.

Since every factor in the Coulomb branch formula depends only on io + g
hence on kT, or on ic — £ hence on k™, the series over k* and over k-
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decouple, and Z5QCPA splits into a sum of factorized terms labelled by the
choice of {ns},

S CDA - —img—pi _
Z5 > {(ZZ)Z(S’“)“( " “mX)Zu,{n}Zv,{n}(Z)Zv,{n}(Z)}
nit-Ann =N
(3.5.8)
where the one-loop contribution, obtained by setting k* = 0, simplifies to

7 —imy — ngdmx + ims + pimx
Zum - T 11 L R CEX)
v(1 +imy + ims + pimx)

(s,p)el t=1

and the vortex partition function is

Zv,{n} (Z)
(—imy — ims — pimx)k,,

f
— Z H |: Nf+N 1 ksu H
k: I—)ZZO (s N)EI t=1 1 + lmt 1ms + (nt - lu’)lmX)k?su

Hi\i(l +imy —img + (nt — u)imx + ks,u — kt(nt_l))kt(nt—l)
H(t,l/)EI(l +imy —img + (V - /’L)imX + kSH - ktl’)ktu—kt(u—l)

(3.5.10)
where we define k; 1 = 0 for convenience. Carrying through the same
procedure for |z| > 1 yields a u-channel decomposition similar to the s-
channel decomposition (3.5.8), with mg <+ ms, y — vy~ and § — 5~ L.

Having found powers of |z| in the s-channel and u-channel decompositions
of Z8QCPA e now expand the Coulomb branch integral in the t-channel.
The first step is to use the identity Im = (_1)3% on the
one-loop determinants of fundamental chiral multiplets, and on half of the
Gamma functions stemming from the adjoint chiral multiplet, and absorb

the resulting signs into

y=(—DN*TN-1, and g =(-1)NTN-1z, (3.5.11)
The integrand resulting from this operation can be recast as
N Ny

yTr(icr+ Tr 10'—5) H H

J=1 5= 1[ 1+1m3 ioj + =

—io; + 5)  T(—im, +io; + 7])
5 )

B )F(1+1m5+10]+—]
B;

. B;—B, — B,

. +(io; —io;) + 25 (—imx + (io; — io;) +
7(_1mX)NHH|:( ( : ]) . 2 ) ( . ( ZBZ'fBj]) : ):|
+ i) L(14imx + (io; — i) + =52)

(3.5.12)
by writing the vector multiplet one-loop determinant as a product of +(io; —

io;)+ Bi;Bj . We now split the sums and integrals in the same way as for SQED

on page 119, one pair (0}, Bj) at a time. For |io; + %\ < |Iny|™", we expand
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the classical contribution yiaﬁ%gi”f_% as a series in Iny and Iny; the
integral and sum only contributes a constant factor. For |io; + %| > |In y\fl,
the sum over Bj is well approximated by an integral, and we expand the
Gamma functions which involve this particular combination as a power of
lio; + %\ times a power series in (io; + %)_1. Rescaling io; + % by Iny
makes the classical contribution independent of y, and extracting a power
of [Iny| leaves a series in Iny and Iny as the sole dependence in y. After
performing this procedure for all pairs (o, B;), we obtain 2V contributions,
labelled by the set K C {1,..., N} of colors j such that |io; + %\ > [Iny|™"
is large. The contribution for a given set K behaves as

Ny . L~ .
Zg ~|1— y‘—2k+2k >l (Iimg+ims)+2k[2N —k—1limx : (3.5.13)

multiplied by a constant and by a series in powers of 1 —y and 1 — ¢, where
k = #K is the number of elements in K and we used (Iny)* = (1—y)“-(series).
There are N + 1 distinct exponents, corresponding to values k € [0, N]. This
approach does not seem amenable to finding multiplicities attached to each
power of 1 — y, hence we will not be able to probe that aspect of the
correspondence.

3.5.2 Matching parameters for SQCDA

We are now ready to match the gauge theory data to Toda CFT data. The
s- and u-channel decompositions of Z5QCPA have

Nf+N—1
N

) — dim(R(Nhy)) (3.5.14)

terms, which is the dimension of the N-th symmetric representation R(Nhy)
of ANf_l, with highest weight Nh;. Thus, in analogy with SQCD, we
expect ZSQCPA t6 match a Toda four-point correlation function involving
the degenerate operator V. Nbh, - The fusion rule then allows shifts of generic
momenta by —bh = —b Zi\zl nshs for a choice of integers ny +---+ny, = N.
We thus wish to match the s-channel exponents

Ny
s\lts ™ 1 .
A(ag — bh) — A(ag) — A(=Nbhy) + 70 = — Z {nsims + - (n2 )1mx] .
s=1
(3.5.15)

This equality holds if imx = b2, and ag and v are as given in (3.5.2)
and (3.5.3). The u-channel powers are similar,

Ny
~ S s 1 .
Alcroe) — Aovog — bh) — A(=Nbhy) +70+71 = Z[nsims+"("2)1mx} ,
s=1
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and the equality holds for values of ae and ~; in (3.5.2) and (3.5.4).

We find in Section 5.5 that the fusion of (s + Nb)h; with —Nbh; allows
the t-channel internal momenta (s 4+ nb)hy — nbhy for 0 < n < N. This
fusion rule (5.5.15) provides the powers of 1 —y for the t-channel of the Toda

correlator, and power matching then requires

A((% + nb)h1 — nbhg) — A((% + Nb)hl) — A(—thl) + 71
Ny 3.5.17
:k[Z(ims+ims)+(Nf—l)—i—(QN—k—l)imX} . ( )
s=1
The exponents are equal if n = N — k, and ¢ is as given in (3.5.2).

Finally, as checked in Section 5.4.4, the Toda CFT three-point functions
which appear in the s-channel decomposition of the correlator reproduce
the corresponding one-loop determinants in (3.5.8), provided A is as given
in (3.5.5). For any given N, the techniques of Section 5.2.2 can yield the
Toda CFT braiding matrix of V. Nbh, With Vm However, we did not find a
closed form of those matrices or their gauge theory analogues to provide a
proof of the matching (3.5.1). Note added in the thesis: see (5.3.19) for an

expression of this braiding matrix found since.

3.5.3 Adding a superpotential to SQCDA

We now discuss the effect of adding to SQCDA a superpotential term of the
form W = Ei\zl GX"q or W = Tr X' where ¢, G;, and X denote the
fundamental, antifundamental, and adjoint chiral multiplets, and [; and [ are
non-negative integers.

The deformation term which localizes to the Higgs branch of the theory
with no superpotential can still be used in the presence of a superpotential,
and it yields the same decomposition into vortex and anti-vortex partition
functions. Hence, the only effect of the superpotential on the partition
function is to constrain the (complexified) twisted masses of chiral multiplets.
On the other hand, the superpotential term is in fact Q-exact for the choice of
localization supercharge Q, thus one can include it into the deformation term.
This lifts some vacua of the deformation term through F-term constraints,
thus removes some terms from the sum over Higgs branch vacua. The
two deformation terms must yield equal results for the partition function.
Therefore, the terms forbidden by F-term constraints must vanish in the
larger sum: they must have zero one-loop determinant. As a result, we can
either solve D-term and F-term equations to find vacua of the enhanced
deformation term, or remove vacua of the original deformation term whose
one-loop determinant vanishes when imposing the superpotential constraint
on R-charges.

First, we focus on a generalization of the superpotential ¢Xq of N' =
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(2,2)* sQCD,**
Ny
W=> GX"q, (3.5.18)
t=1
where [; > 0 is an integer for each flavour 1 <¢ < Ny. We let L = Zivzfl ls.
The superpotential must have a total R-charge of 2 and a vanishing twisted
mass, hence im; + l;imx + im; = —1 for each 1 <t < N;. The one-loop
determinant (3.5.9) then contains a vanishing factor 1/v(1 + im; + im; +
liimx) = 0 whenever any n; > l;, thus those terms do not contribute to the
partition function. An equivalent point of view is that the corresponding
Higgs branch vacua have X™ !¢, # 0 and are forbidden by the F-term
equation X'q, = 0. Terms in the Higgs branch representation of the partition
function are thus labelled by integers 0 < n; < [; with Zivzfl ng = N. Note
that ny; <[y implies N < L, analoguous to the condition N < Ny for SQCD.
The constraint on (complexified) twisted masses translates to a constraint
on the momenta of operators appearing in the corresponding Toda CFT
correlator. The semi-degenerate operator becomes degenerate:

Ny
1
= [ S (1 + imy + i) + Nb|hy = —(L — N)bhy , (3.5.19)

b t=1

where we used imyx = b?. Thus, the outgoing momentum 2@ — as, must
take the form ag — bh — bR/, where h = >, nyhy is a weight of R(Nhy) and
R =37, nihy is a weight of R((L — N)hy). The superpotential ensures that
this is the case:

1 N 1 N Ny

2Q — oo = Q + ngﬁltht =Q — EZ(lmt +lth + 1)ht = Qag — bthht
t=1 t=1 t=1

(3.5.20)

The conformal block decomposition contains one term for each way of splitting
> lthy into a sum h + h' of weights of R(Nhi) and R((L — N)hy), that
is, each set of integers 0 < n; < [l; with ), ny = N. In Section 4.3.1, we
note that the vertex operators ‘7,( L—N)bh, and V. Nbh, have the same form
with V <> L — N, and deduce a duality between theories with gauge groups
U(N) and U(L — N). This duality reduces when all [; = 1 to an N = (2,2)*
analogue of Seiberg duality.

Our second example of superpotential only involves the adjoint chiral
multiplet, and constrains its complexified twisted mass:

-1
l+1

where [ > 1. The superpotential constraint sets b to an imaginary value, for
which Sg does not make sense. Instead of a surface operator on S? C Sgl

W=Tr X" pP=imy= (3.5.21)

N = (2,2)" SQCD is the mass deformation of A = (4,4) SQCD.
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we must thus manipulate the two-dimensional theory on S? only. Corre-
spondingly, the matching (3.5.24) with the Toda CFT is written in the
form Zg» = [(-- )/Zgrgfe] p2—_1/(1+1)> Where the right-hand side is analytically
continued after taking the ratio.?>

For imx = ijlp the one-loop determinant (3.5.9) vanishes whenever any
ns > [: the numerator factor for t = s and p =ngs — 1 — 1 is y(ims — ims +
(ng —1—1—mng)imx) = v(1) = 0. Equivalently, Higgs branch vacua have
Xns=lg. £ 0 and are forbidden if ny, > [ by the F-term equation X' = 0.
The S? partition function in the presence of W = Tr X!+ is thus a sum over
choices of integers 0 < ns; <[ with Zivil ng = N.

We see that introducing the superpotential W = Tr X*1 replaces the

sum over weights Zivil nshs of the symmetric representation R(Nhy) by a
sum over a restricted set of weights, with 0 < ng < [. Those are precisely
the weights of the representation with highest weight

/_/%
wn = lwg + (N —k)h41  and Young diagram > k ,
——
N — 1k
(3.5.22)

where k is defined by kI < N < (k + 1)l. The “quasi-rectangular” Young
diagram is obtained by placing N boxes into as many [-box rows as possible
followed by a row with any remaining box. For [ > N, none of the one-loop
determinants vanish, and the Young diagram is that of the N-th symmetric
representation: this is the same as for SQCDA. For [ = 1, the Young diagram
becomes a column, hence we sum over weights of the N-th antisymmetric rep-
resentation, as for SQCD with no adjoint: correspondingly, the superpotential
W = Tr X2 lets us integrate out the adjoint chiral multiplet.

From our experience with SQCD and SQCDA, we expect the sum over
weights of R(wy ) to have a Toda CFT analogue involving the degenerate
operator YA/_wa’l. This is confirmed by the observation that the momenta

—Nbhy and —bwy; are Weyl conjugate when b = lell since

{$(—Nbhy — Q,hy) | 1 < p < Ny}

_{]]\\];+M2—15_N}U{]]\2+Nf2_1[—kz‘1§k§Nf—1}

= {}{=bwn; — Q,hp) | 1 <p < Nj}.

(3.5.23)

**The central charge ¢ = (Ny — 1)[1 + Np(Nj + 1)(0* + 24+ b 2)] = —(Ny — 1)(Nyl —
1)(Nyl +1+1)/(I +1) is negative for the value b> = —1/(I + 1) we consider.
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Therefore, V. Nbh, and V,wa’l are equal up to a scalar factor for this value
of b2. This assertion should be handled with care, as the Toda CFT is ill
defined for b? < 0.

Trusting the assertion leads us to the proposal®®
U(N) SQCDA,W=Tr X\+1 ( _ i _>
Z m,m,mx = ——,2,2
s? YT Ir

(Voo (00) Vi vty () Ve (1.5 Vo (0))
(Voo (00) Vot (1) (0))

= Aly|°[1 -y
b2—>ljr—11
(3.5.24)
for some A, and with other parameters given below the SQCDA match-
ing (3.5.1). Importantly, we have moved the S{f partition function of NV = 2
free hypermultiplets to the right-hand side (in the form of a Toda CFT three-
point function), and we only set b? = 771 after evaluating the ratio of Toda
CFT correlators. We can thus expect Upsilon functions in the numerator
and denominator to cancel, leaving a product of gamma functions which
can be analytically continued to b* = ljr—ll and should reproduce one-loop
determinants in the left-hand side.
When | > N, (3.5.24) is simply the SQCDA matching (3.5.1) at imx =
b = ljr—ll, with the same value of A. When [ = 1, we expect the claim to
reproduce the SQCD result (3.4.1), and indeed the SQCDA parameters which

appear in (3.5.24) are equal for imy = b? = %1 to the corresponding SQCD

parameters, with the exception of A.

It is difficult to find A in general, because three-point functions involving
V_bww take complicated forms for 1 < < N. Using [FLO7, equations (1.53)
and (1.56)], we tested the proposal (3.5.24) for Ny = N = 3 and | = 2, which
corresponds to the adjoint representation of SU(3). Three-point functions
—ha)a associated to non-zero weights h of the adjoint representation
are ratios of Gamma functions, and yield the expected one-loop determinants
when b? = l:_—ll = %1 For general b, the three-point function (A}’Eb(hl_hgm
associated to the zero weight is expressed in terms of hypergeometric functions
evaluated at 1, but at the point b = %1 the value agrees numerically with
the Gamma functions expected from gauge theory.

More generally, a Toda CFT four-point function with a fully degenerate
vertex operator other than XA/_wa or V_ Nbh, (and the usual two generic and
one semi-degenerate vertex operators) cannot coincide with the partition
function of a surface operator described by a single N' = (2,2) U(N) vector
multiplet coupled to some chiral multiplets, except for special values of b as
is the case here. Indeed, as described by Fateev and Litvinov [FL0O7], the
Toda three-point function éfgfz only takes the form of a ratio of Gamma

26 As explained below (3.2.10), the factor Alz|*"|1 — z|*”* can be absorbed into the
partition function. To compare gauge theory and Toda CFT results it is best to keep the
factor explicitly.
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functions if the weight h appears with no multiplicity in R(w). Since one-loop
determinants are always such ratios, they can only reproduce Toda CFT
three-point functions for general b if weights have no multiplicities.

However, higher degenerate fields can be obtained by considering the
collision limit of simpler degenerate fields. For instance, the three-point
function éfb(hl_h3)7 ., mentioned above is equal to a four-point function
involving a fundamental and an antifundamental degenerate fields, in the
limit where the two punctures collide. In the next section, we match Toda CFT
correlators involving more than one (symmetric or antisymmetric) degenerate
vertex operator with S partition functions of quiver gauge theories. Colliding
antisymmetric degenerate operators, we obtain expressions for Toda CFT
correlators of arbitrary degenerate operators ‘A/,bg with two generic and one
semi-degenerate vertex operators, for any b.

3.6 Quivers and multiple Toda degenerates

We have focused so far on surface operators described by U(N) gauge
theories, which have a single FI parameter. Those correspond to Toda
CFT four-point functions, which involve a single anharmonic ratio x. Here,
we equate the partition function of surface operators described by certain
U(Ny) x --- x U(N,,) quiver gauge theories and (n + 3)-point functions with
n symmetric or antisymmetric degenerate operators. In detail,*”

I1.vvy).w, B )~ ~ LN o~
s2cst 7 (m, 2, 2) = Aa(@)a(@)( Vo (00) V(1) TT Vosai, e (@ %5) Vo (0)

(3.6.1)
The matching gives a detailed description of the moduli space parametrized
by the z;. We describe notations below, then consider several limits to fix
all parameters of the matching in Section 3.6.1. Fine-tuning FI parameters
such that degenerate punctures collide on the Toda CFT side, we deduce
in Section 3.6.2 the microscopic description of the surface operator which
corresponds to arbitrary degenerate punctures in the Toda CFT. Brane
diagrams (see Figure 3.2) clarify some aspects of the correspondence.
The surface operator depends on a choice of n signs n; = +1 and integer
parameters N, > --- > Ny > 0. It also depends on n FI and theta parameters
combined as

zj=e Tt and ;= (—1)NiHNin N =L (3.6.2)

for 1 < j < n, where Ny = 0, N1 = Ny, and the sign is chosen for later

*"Following the arguments below (3.2.10), the factor Aa(x)a(Z) can be absorbed into
the partition function. To compare gauge theory and Toda CFT results it is best to keep
the factor explicitly.

).
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Figure 3.2: Example of a 4d/2d quiver, its corresponding brane diagram,
and Toda CFT correlator.
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Ny
E D2 NS5’

Ny semi-infinite D4 branes ending on each side of a single NS5 brane
engineer at low energies the theory of Nf2 free hypermultiplets on their
four-dimensional intersection. Adding D2 branes stretched between
the NS5 brane and n additional NS5 branes inserts a surface operator
with support on the boundary of the added D2 branes. Rotating some
NS5 branes (rotated branes are denoted as NS5’ and are all parallel)
alters the surface operator, which is then precisely the one discussed in
the main text.

The ranks N,, > --- > N; are the numbers of D2 branes between
consecutive NS5/NS5’ branes. When these are parallel (both NS5
or both NS5’), the corresponding U(N;) group has an adjoint chiral
multiplet (n; = +1), otherwise not (n; = —1). Equivalently, the j-
th brane is an NS5 if ¢; = J[.; 7 is 1 and otherwise it is an NS5’
The Toda CFT data appears by turning on FI parameters, as this
separates the NS5/NS5’ branes along the D4 brane direction. Then
K; = (Nj — Nj_1) D2 branes stretch between the original NS5 brane
and the j-th NS5/NS5’ brane, corresponding to the Kj-th symmetric (or
antisymmetric if €; = —1) degenerate operator.

We will see in Section 4.4 that permuting the (e, K;) or equivalently
the NS5/NS5’ branes is a (Seiberg-like) duality of the surface operator.
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convenience. The operator is defined by the N' = (2,2) quiver

(3.6.3)

which describes a U(Np) x -+ x U(Ny) vector multiplet coupled to various
chiral multiplets. First, Ny fundamentals ¢; and N; antifundamentals g;
of U(Ny). Next, for each 1 < j < n — 1, one pair of bifundamentals of
U(N;) x U( ]+1) ¢j(j+1) in the representation N; ® N 1 and ¢(;41y; in
the representation Wj ® Njy1. Finally, for each 1 < j < n, one adjoint Xj;.
The (complexified) twisted masses my¢, My, Mj(j41), M(j41); and my; of these
fields are constrained by a superpotential coupling W),.

The superpotential has the following terms, whose (non-zero) coefficients
cannot be determined using our methods.

Tr(X?) for 1 <j<mifn =-1
Tr(dj(+1)0G+1)iPiG-1PG-1);) for 1 <j<mifn =-1 (3.6.4)
Tr(X¢]]_,_1 (i+1)5) for1<j<nifn =1

Tr(X¢JJ 1P(— 1)]) for1<j<nitn; =1.

In other words the adjoint multiplets of nodes with n; = 1 have a cubic
coupling to neighboring bifundamental multiplets, while nodes with n; = —1
entail a quartic coupling of neighboring bifundamental multiplets. The
Tr(X JQ) term for n; = —1 gives a mass to the adjoint multiplet X, hence the
theory (3.6.3) is equivalent in the low-energy to the analoguous theory (3.1.8)
from the introduction, which omits these X;. Here, we include adjoint
multiplets for all nodes to simplify signs in the definition (3.6.2) of Z;.
Indeed, integrating out X; when n; = —1 shifts the corresponding theta
angle z; — (—1)Ni~12;, thus complicating (3.6.2) to keep 2; fixed.

The superpotential W, must have R-charge 2 (twisted mass i) to be
supersymmetric. This fixes twisted masses of bifundamental and adjoint
multiplets in terms of the signs 7 and a single continuous parameter,?® which
will match with b2 in the Toda CFT. To ease the comparison with the Toda
CFT correlator, we define signs €; = J[;; m; for 1 < j <n+1 and find

—1—b2 if €j+1 = €5 =-1
imjj = —1/2 if €54+1 75 €5 (3.6.5)
b2 if €j+1 = €5 = +1

% The full flavour symmetry of the two-dimensional theory is S[U(N;) x U(Ny)] x U(1),
where the first factor acts on fundamental and antifundamental chiral multiplets. Under
the U(1) factor, the adjoint chiral multiplet X; has charge €; + €;4+1 and the bifundamental
multiplets ¢(;_1y; and ¢;;_1) have charge —¢;, where ¢; = H?:]. Ni.
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, b? if e; = —1
B (N T S|
j=+1.

Equivalently, W,, could be defined as containing all gauge invariant combina-
tions of the fields which have total R-charge 2 (twisted mass i), given the
mass assignment (3.6.5). As always, the twisted masses and R-charges of
fundamental and antifundamental chiral multiplets are unconstrained.

On the other hand, the Toda CFT (n + 3)-point function involves two
generic and one semi-degenerate vertex operators V,,__ (00), Vi (1), and Vj, (0)
with momenta

1 f
a=Q-7 > imghs m = (s + Npb)hy
- 3.6.6
N N (3.6.6)
aoo:Q—gZiﬁzshs %:EZ(1+imS—|—iﬁLs)
s=1 s=1

which coincide with those of earlier sections. It also involves n fully degenerate
vertex operators V_yo(k, ;) (Zj, ;) at

n
:H,%i for1<j<n. (3.6.7)

i=j
Each degenerate operator is labelled by the highest weight Q(K,+1) =
Khy of a symmetric representation or Q(K, —1) = wg of an antisymmetric
representation of Ay, 1, depending on the signs €; = J[;._; n; and the integers

Ki =Ny, and Kj:Nj—Nj,1 for 1 <j7j<n. (368)
Finally, the factors A and a are

A = pNnN 0B =N =2Nabse H H v(—ubQ) (3.6.9)

H|x |28 H|1 — a;|* H|x — 12% (3.6.10)

1<J
with the exponents
KA Kj(Nf — Kj) 5
]11m31)Kzlmzl
i=j+1
v = (=1 = b*)Kj + b(s + Nb)K; /Ny (3.6.12)

2K, — ¥K,;K;/N, if e, = —1
i _{ i/ Ny n (3.6.13)

(—1 — bZ)Ki — bQKin/Nf if €5 = +1
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for 1 <i < j <mn. When n =1, the matching (3.6.1) reproduces the known
cases of SQCD (n; = —1) and SQCD with an adjoint (7 = 1). Also, forn > 1
setting N1 = 0 reduces the matching to the case n — n — 1.

As a preliminary check of the equality (3.6.1), we can recognize a few
symmetries. Permuting the flavours of fundamental quarks ¢, hence their
twisted masses m;, does not alter the partition function. This is translated
on the Toda CFT side into a Weyl transformation of the momentum a«yg,
which permutes the (g — @, hy). Similarly, permuting the m; amounts
to a Weyl transformation of a.,. Next, performing charge conjugation
on all gauge group factors maps 2; — ij_l, my <> my, and Mgy <
m(j41);: this corresponds on the Toda CFT side to the conformal map
x — x~ !, which swaps ag <> qs and maps T; — xj_l. The transformation
of a(x)a(Z) compensates exactly the conformal factor |xj|74A(7bQ(Kj’6j))
for each j. Finally, shifting the twisted masses of bifundamentals while
keeping the sums m;(; 1) + m(;41); constant amounts to a constant gauge
transformation, whose sole effect on the partition function is in overall powers

of |z;|*: on the Toda CFT side of (3.6.1), only the exponents 3; change.

3.6.1 Matching parameters for quivers

We first expand the partition function and the correlator in the s-channel,
that is, the region where 0 < |z1]| < --- < |z,| < 1 or equivalently where all
FI parameters are positive: |2;| < 1. We map vacua of the gauge theory to
choices of internal momenta in the correlator. The classical and one-loop
contributions match as expected with the exponents and three-point functions,
while the vortex partition functions give predictions for Toda CFT conformal
blocks (see Section 5.4.4). This check fixes { K}, €;}, the momentum «y, the
overall constant factor A and the exponents 3; 4+ 3;; ¥i;. The momentum
Qo is fixed by the symmetry under charge conjugation discussed earlier.
Then, we justify the relation between the gauge theory data {n;, 2;} and the
Toda CFT data {€;,z;} by counting distinct exponents in the limit where
two neighboring punctures collide. Comparing the exponents only fixes the
momentum 7 and the exponents 7, and 7(;_1);. The remaining exponents
~v; and ;5 are fixed thanks to Seiberg dualities which translates in this setting
to permutations of the n punctures (see Section 4.4).

It is easiest to find Higgs branch vacua of the gauge theory by solv-
ing the D-term and F-term equations, assuming as before that the twisted
masses mg of fundamental chiral multiplets are generic. Schematically,
the derivation goes as follows. Diagonalize all ¢;. Introduce io,11 =
diag(—ima, ..., —imn;), Nnt1 = Ny, and No = 0 to simplify the discussion.
Integrate out all X; which have twisted mass m;; = i/2, that is, n; = —1.
The D-term equations (for [2;| < 1) impose that the images of X, ¢;(; 1)
and ¢;(;_1) span CNi, hence all eigenvalues of o; are constrained to be equal
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to another eigenvalue of o or of 0;+1, minus a twisted mass. As a result, all
eigenvalues of io; take the form ioj o = —ims—>710 ;1 im(i_l),-—f—,u(l—ka)—VbQ
where p, v € Z>q. Using the F-term constraint, one can then bound the mul-
tiplicity of such an eigenvalue by the multiplicity of the eigenvalue io;j , —im
of ioy, for k € {j,j £ 1} (only k € {j 1} if X; was integrated out). Since
each eigenvalue —img of ioy,4+1 has multiplicity 1, we deduce by induction on
n+ 1 — 7, u, and v that all eigenvalues have multiplicity 1. The statement
is in fact stronger: for any eigenvalue io;, of ic;, and for k € {j,j £ 1}
(or only k € {j £ 1}), ioja — imji, is an eigenvalue of ioy, and the relevant
component of ¢; is non-zero. Solving the F-term constraints then becomes
a combinatorical problem, whose details depend on the superpotential W;,.
At the end of the day, one finds that vacua obey
n
io; = diag (—ims— Z (im@i—1):) —vb?|0<v<nl,1<s< Nf> (3.6.14)
i=j+1

‘ ; . Ny
for 1 < j < n, where nJ > 0 are integers such that 3.7, n/ = N; and

{ngl <npl<nil41 ifeg=-1 (3.6.15)

j—1 j e —
nl= < nl ife; = +1

where n = 0. These conditions are equivalent to requiring that for each
1 < 5 < n the difference Pini) = Api—1) = ZNf (nd —ni Hhs is a weight

s=1
of the symmetric or antisymmetric representation R(€(Kj,¢;)) of rank

Kj = N; — Nj_q. The S? partition function is then a sum

Zg2 =Y ZaZnZyZy (3.6.16)
{nl}
over choices of {nJ} consistent with the constraints above. Terms of this
sum are in a natural bijection with terms of the s-channel decomposition of
the Toda CFT correlator in (3.6.1): the internal momenta are ag — bhy,;) for
1 < j <n. Thus, counting terms fixes the degenerate momenta —bQ(Kj, €;)
in terms of the N; and 7.

Since the Higgs branch and Coulomb branch representations of S? par-
tition functions coincide, Z,Z7; is the residue at the pole (3.6.14) of the
Coulomb branch integrand, and Z,Z5 is the additional contribution from
poles for which io;-E is (3.6.14) plus integers. We find in particular that the
classical contribution reproduces the powers of x; expected from the Toda

CFT up to shifts by 8; + Zi;l Yigs

n n N, . N, J_
Za = [l = H‘Zjﬁ[i S Landima) =Ny 3Ty (i) =20 Y b’
j=1 j=1

_ ﬁ ,xj,2[Bj+zj;f<wij)+A<ao—bh[nﬂ>—A<ao—bh[nj71])—A(—bﬂ(Kj,ej»}

=1

i

(3.6.17)
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provided that o is as given in (3.6.6), and f; + 23;11 vij as in (3.6.11)

and (3.6.13). By symmetry, a. is as given in (3.6.6). Similarly, a tedious

calculation shows that for each term the one-loop determinant Z;; matches
with the product of Toda CFT three-point functions, up to precisely the
constant A given in (3.6.9).

Next, let us probe the collision of two neighboring punctures, starting
again from the s-channel 0 < |z1| < --- < |z,]| < 1. The Coulomb branch

representation of the S? partition function of interest has the form

[Lvwzy)wy &1 dNig; 1 Lo Tric _Trio;
“s? “lxy = [t L5 [m Znem
J=1-"9" ezl j=1

(3.6.18)
where icr]j.E = i0; £ B;/2, Ziy.m. is the one-loop determinant of vector
multiplets, a Vandermonde factor, and Zjjc.m. is the one-loop determinant
of chiral multiplets, a product of Gamma functions. Collecting all factors
which depend on a,f for a given k < n yields the integral

N Trio} _Trio,
n= [
k
B eZNk Nih(2m)
ﬁ H( + :I:) ﬁ F(—imkk—i(j]—;-f—id;})
. — | | (io; — ioy, - —
Y i J o D(1 + impy, + oy, — ioy;)
N Ny

{ D(—imy + o —ioy;)  T(—imy, — ioy; +iof;)
D(L + imyg — oy; +ioy,) D(1 + imyy + ioy; — o)

(3.6.19)
which resembles the S? partition function of SQCDA with N}, colors and
Ni—1 + Ni41 flavours, with twisted masses my; — 075 and my; + 0y5. The
shifts of o;; by £B;;/2 cannot be incorporated in such twisted masses, as
the ratios of Gamma functions involve both ag and 0.

However, we can still apply the same techniques as in Section 3.5, and
close the ioy integration contours towards +o0o depending on whether |z;| < 1.
The sum over poles factorizes as in the case of SQCDA, and the resulting
vortex and antivortex partition functions are those of SQCDA with twisted
masses my; — O'Z—; and my + Jl—; for vortices, and my; — 0y and my + oy for
antivortices. As we saw in Section 3.5, those vortex partition functions have
branch points when 2, = (—1)Ve=1FNet1+Ne=1 2 ig 1 or co. We now prove
that the powers of 1 — Z; which appear in an expansion of Z;, near Z; = 1
coincide with the powers of x4 — 1 obtained in the fusion of the punctures
at xp and xgy1. This implies that xp = zp112k, as announced, and fixes
Vi(k+1)- To proceed further, we need to distinguish the cases np = +1.

le{k+1}i=1j=1

If ny = —1, then imyr = —1/2, and the adjoint chiral multiplet one-loop
determinant is simply a sign. Thus, the vortex partition functions are those
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of SQCD. From (3.4.19), the exponents of 1 — 2, which occur in an expansion

near 1 are 0 and

Ni—1 (1 +imp—1) + img_1yx) + Net1 (1 + imggry + imge) — Nk
—Kk(l + b2) - Kk+1b2 if €k = —€k4+1 = -1
Kkbz + Kk-Jr]_(l + bz) if ¢ = —€pyr1 = +1.

(3.6.20)
The analoguous limit in the Toda CFT correlator is xy — zpy1. The
channel where the punctures at xj and x4 are fused allows two internal
momenta. Indeed, € = —eiy1, hence one of the punctures is labelled
by a symmetric representation and the other one by an antisymmetric
representation. The fusion of two such representations is the direct sum of
two irreducible representations:

R(Khi) ® R(wr) = R(Khi +wr) & R((K —1)h1 +wr41) (3.6.21)

assuming K, L > 1. The corresponding exponents of x;11 — x) are

A(=Kbhy —bwp) — A(—Kbhy) — A(—bwp) = —Kb* + %52
!
(3.6.22)
2 KL,
A(=(K = 1)bhy = bwrsr) = A(=Kbh) = A(=bwr) = L(1+6°) + —=b°,
f
(3.6.23)

and match with the gauge theory exponents up to precisely yi(x+1) given
in (3.6.13). Indeed, if ¢, = —ex41 = —1, then K and L above are Kjq
and K, the first Toda CFT exponent corresponds to the gauge theory
exponent (3.6.20), and the second to 0. If ¢ = —€x1 = 1, then K = K},
and L = K} 1, the first Toda CFT exponent corresponds to 0 and the second
to (3.6.20).

If instead 7 = +1, then the adjoint chiral multiplet remains, and the
vortex partition functions involve more powers of 1 — 2, given in (3.5.13).
Namely,

(1 _ 2k) —I/+I/Nk>—1(1+imk(k71)+im<1g71)k)+l/Nk+1(1+imk(k+1)+im(k+1)k)+y[2Nk_V_l]imkk
= (1= ) R R

(3.6.24)
for 0 < v < Nj. The remaining o; integrals (j # k) do not affect these
exponents. From the derivation of (3.5.13), we know that the contribution
for a given v comes from the region where v components oy, , of oy, are large.
The corresponding Gamma functions in the Coulomb branch integral are
expanded as powers of iakia. Afterwards, one can close contours of all o;
for j < k as we have done to find the s-channel expansion. The Gamma




3.6. QUIVERS AND MULTIPLE TODA DEGENERATES 149

functions which were expanded in powers of ia,fa do not contribute poles,
hence the sum over poles is non-empty only if Nk —v>Np_1>---> N
As a result, v < Ny — Ni_1 = K. Changing variables to y = K — v, we
deduce

Z=11- 2k|2[_Kk(1+imkk)] %H _ ék|2[#(1+imkk)_(Kk_ﬂ)(Kk+1_H)imkk](Series)
n=0

(3.6.25)
where (series) denote series in non-negative integer powers of 1 — 2; and
1 — 2;,. In Section 4.4, we relate the S? partition function of the quiver gauge
theory we are studying to another such partition function, with in particular
Ky <> Kjy1. This restricts the sum over p to 0 < g < min(Ky, Kiy1).
On the Toda CFT side, the limit is xx — 211, and we are interested in
the fusion of two degenerate punctures, labelled by two symmetric or two

antisymmetric representations since € = €x11. Given that

min(K,L

R(wk) ® R(wr,) = 6(9 )'R(OJK_;_L_” +wy)
min“(ng) (3.6.26)

R(Kh1) @ R(Lh1) = @ R((K +L— p)hy + phs),
1=0
the Toda CFT exponents of xy11 — x are
A(—bwgyr—p — bwy) — A(=bwg ) — A(—bwr,)
- [fvfb? b (K= ) (L= @) +1) i e = eyq = —1
(3.6.27)

A(—~(K + L — p)bhy — pbhs) — A(—Kbhy) — A(—Lbhy)
KL

= 3 U u 1) = (K= p)(L=mb®if e = epn = +1

¥
(3.6.28)

where K and L are Ky and Kjy1. Again, the Toda CFT exponents match
with the gauge theory exponents up to precisely 7j(41) given in (3.6.13).

Note that matching the number of distinct powers of 1— 2 in gauge theory
with the number of internal momenta in the fusion of punctures at xx_q
and xy, is enough to fix the relation between the signs {n;} and {¢;}. When
the adjoint X; can be integrated out (n; = —1), the gauge theory involves
two exponents only, and correspondingly the two neighboring punctures are
labelled by different types of representations (one is symmetric and the other
antisymmetric), whose fusion has two terms. When the adjoint X; remains
(n; = +1), the gauge theory involves many exponents, and the two punctures
have the same type, hence a fusion with many terms.
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The situation is very similar in the limit x,, = 2,, — 1. The gauge theory
involves two exponents if n, = —1, and N, — N,_1 if n, = +1. On the Toda
CFT side, the fusion of the semidegenerate momentum 77 with the degenerate
—bQ(K,, €,) gives two momenta if €, = —1, and K, if ¢, = +1. Hence
€n = np and K, = N — Np—1. Calculating the exponents and comparing
them fixes 712 to (3.6.6) and v, to (3.6.12).

All other exponents v;; and 7; are fixed thanks to the identification of
permutations of degenerate punctures with gauge theory dualities found in
Section 4.4.1.

3.6.2 Arbitrary Toda degenerates

We now consider the matching (3.6.1) in the case where K;;1 > K for
1<j<n-1 ande¢ = —1forall 1 <j < n, that is, g, = —1 and
n; = +1forall 1 < j < n—1. In the course of fixing parameters for
the matching, we have found that the expansion near x; = zpy; involves
the min(Ky, K1) = K powers (3.6.25) of xg1 — xx = xp1(1 — 2i), for
1 <k <n—1. Given our assumptions, these exponents all have a non-
negative real part (the vortex partition functions contribute integer exponents

v>0):

Re((Ky — p)b* + (Ki — p)(Kg1 —p)(1+6°) +v) > 0. (3.6.29)

The real part vanishes if and only if p = K and v = 0. As Z; — 1, only
the term with = K} and v = 0 remains. On the Toda CFT side, this limit
selects the fusion

R(WKiy) © Rlwr,) — Ry, + Wky) - (3.6.30)

We can carry this process further and take the fusion of arbitrarily many
antisymmetric degenerate operators. For definiteness, let us send xp — xj,
for k going from n — 1 to 1, in this order. At a given step zp — x,, the
Littlewood—Richardson rule gives

RQ)@Rwr,) = B ROQ+h) (3.6.31)
heR(ka)

with a sum running over weights h of R(wg, ) such that Q + h is a dominant
weight. In our setting, 2 = wg,, + -+ wk,_ ,- The power of x, — z} for a
weight h is

A(=D — bh) — A(=bQ) — A(—bwp, ) + Z i = 0(Q, wr, — h) + b*(Q,wk, — h),
I=k+1
(3.6.32)

which has a positive real part unless h = wg,, in which case it vanishes.
Thus, setting x;, = x,, selects precisely the fusion of —bQ and —bwg, into
-0 — bwg, .
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Any dominant weight 2 is a sum of fundamental weights, hence the
four-point function of two generic and one semi-degenerate vertex operators
with an arbitrary degenerate vertex operator V_bg is equal to the partition
function of an S? surface operator built from a certain quiver on Sgl, with
some fine-tuned FI parameters and theta angles. Namely, decomposing
Q=wg, + - +wg, with K, >--- > Kj, we find

U(Ng),W, _ N/ -~ ES NS
2L 2, 2) = Aa(@)a@) (Vo (00) T (DT 120, )V (0))
(3.6.33)
where?? Nj, = Z?ZI Kjfor1 <k <n,
=—-1 and 2%,==x,
n o (3.6.34)
n.=+1 and 2, =1 for1<k<n-1,
and the momenta oy, o, and 7 are given by (3.6.6). The factor
a(z)a(z) = |z/*P |1 — 2> (3.6.35)
differs from (3.6.10) and has the exponents
N Nf n—1
B =(Q,—bQ) — F” img — Y N;b° (3.6.36)
fi=1 j=1
N,(Ny — N,) N, _
24V \LVf n n . .
v=-b +— ) (imy +imy). (3.6.37)
Ny Ny zt:

Finally, the overall constant A is identical to the constant in (3.6.1), given
by (3.6.9), because the three-point functions éj,ﬂ’ﬁffgg are in fact all equal
to 1. Incidentally, in the case 2 = Nhy, the factor Aa(z)a(Z) coincides with
the factor we found in the matching between the same Toda CFT correlator
and the SQCDA surface operator. Thus, SQCDA and the U(N) x --- x U(1)
theory which appears in this matching have equal S? partition functions.
The relation between these theories may run deeper.

Since the partition function in (3.6.33) is known explicitly, the matching
gives an explicit expression for the Toda CFT four-point function of two full,
one simple, and a degenerate operator ‘A/_bQ. The Higgs branch expansion
of Z provides conformal blocks as explicit series. From the Coulomb branch
representation of Z for m = 0 one can extract integral expressions for
the three-point function of a degenerate operator V_bg with generic vertex
operators. These expressions typically involve fewer integrals than expressions
obtained form the Coulomb gas formalism, but we have not investigated this
direction further.

29 As explained below (3.2.10), the factor Aa(x)a(z) can be absorbed into the partition
function.
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More generally, any Toda CFT (p 4 3)-point function with two generic
and one semi-degenerate operators at 0, co and 1, and p arbitrary degenerate
operators V_le (21, ;) is equal to the partition function of a surface operator
describing a certain quiver gauge theory. This matching directly derives
from the matching (3.6.1), with only antisymmetric degenerate operators,
and taking all but p of the Z equal to 1. Concretely, we express each highest
weight as

&)
Y => wk, (3.6.38)
j=1

where ¢; is the number of columns in the Young diagram of €); and Kj ., >
-+ > Ko > K1 > 0 are the number of boxes in each column. We then
define an order on the pairs {(1,7) | 1 <1 <p,1 <j <¢} by (ki) < (l,j) if
k<lorif k=1and ¢ <j. The gauge group is then

p <
ITIIUWV,) where Nij= > K. (3.6.39)
I=1j=1 (k,)<(1,5)

The matter content of the theory consists as usual of pairs of bifundamental
chiral multiplets between neighboring nodes, namely (k,7) <> (k,i + 1) and
(k,ck) <> (k+ 1,1), of an adjoint chiral multiplet for every node except
U(Np,,), and of Ny fundamental and NNy antifundamental chiral multiplets
for this last node U(Ny,,). Complexified FI parameters associated to each

node U(N, ;) are given by
1 if1<j<
5, = { BhsJdsa (3.6.40)
J .
r/zp i j=c,

where x,,1 = 1. Detailed factors can be read from the matching (3.6.1)
using this gauge theory data.

All in all, we have identified the N' = (2, 2) surface operator corresponding
to the insertion of an arbitrary set of degenerate vertex operators in a Toda
CFT three-point function. It would be interesting to calculate the expectation
values of such surface operators in an interacting four-dimensional theory of
class S.



Chapter 4

Two-dimensional gauge
theory dualities

This is the second part of the article M2-brane surface operators and gauge
theory dualities in Toda by Jaume Gomis and the author [GLF14].

4.1 Introduction

This chapter describes dualities of two-dimensional N' = (2,2) gauge theories
which can be obtained as manifest Toda CFT symmetries. The dualities
relate the IR limits of these theories, and we probe them by comparing
the S? partition functions of the dual theories. The contribution of free
hypermultiplets to the partition function of the 4d/2d theory plays little
role. We find several Seiberg-like dualities (generalizing the duality found
by Hori and Tong [HT06]) relating theories with similar matter content but
different gauge groups (summarized in Table 4.1). The dualities are most
clearly seen through their Toda CFT interpretation as conjugation of all
momenta or as the crossing symmetry exchanging two degenerate operators.
Nevertheless, we also show directly in Appendix 4.A and Appendix 4.B that
the S? partition functions [BC12; DGLFL12] of dual theories are equal.i
This completes the dictionary between symmetries of Toda CFT correlators
and dualities of 4d/2d gauge theories (see Table 4.2).

We start in Section 4.2 with the two-dimensional analogue of Seiberg
duality [Sei94], between N = (2,2) U(N) SQCD with N; flavours, and
U(Ny — N) SQCD with Ny flavours. The corresponding Toda CFT correlators
are simply related by conjugating all momenta, a symmetry under which the
fundamental weights of A Ny—1 transform as (wN)C = WN;—N- This operation

'This was shown previously for SQCD with N; fundamental and ﬁf < Ny — 2 antifunda-

mental chiral multiplets [BC12], and generalized very recently to arbitrary Ny in [BPZ14].
Our proofs follow the same logic but also apply to theories with an adjoint chiral multiplet
and a superpotential.

153



154CHAPTER 4. TWO-DIMENSIONAL GAUGE THEORY DUALITIES

provides us with the precise map of parameters: NP = Ny — N, 2P =z, and
mP =i/2 —m for the complexified twisted masses of every chiral multiplet.z
In addition to fundamental and antifundamental chiral multiplets, the U (/Ny—
N) theory involves a free chiral multiplet transforming in the bifundamental
representation of the flavour symmetry group S[U(Ny) x U(Ny)]. These
free chiral multiplets couple to the charged multiplets through a cubic
superpotential, which must have total R-charge 2 (complexified twisted
mass i) to be supersymmetric. As was also observed recently in [BPZ14], the
theories differ by a shift in the FI parameter associated to the U(1) flavour
symmetry. In Section 4.2.2, we deduce Seiberg duality relations between
theories with Ny fundamental and Ny < Ny antifundamental chiral multiplets.
For this, we let some of the twisted masses of antifundamental multiplets go
to infinity and take into account the renormalization of the FI parameter:
this limit precisely corresponds to merging the Toda CFT operators inserted
at oo and 1 into an irregular puncture [GT12].

We then move on in Section 4.3 to dualities of U(N) SQCDA, which
has fundamental, antifundamental, and adjoint chiral multiplets. Without
further restriction, the theory features no duality. We find two choices of
superpotentials for which the theory has a dual description: both dualities
appear to be new in two-dimensional N' = (2,2) theories.

In Section 4.3.1, we consider SQCDA with the superpotential

Ny

W=> gX"q, (4.1.1)
t=1

described by a choice of Ny integers l; > 0, where ¢;, ¢; and X are the
fundamental, antifundamental, and adjoint chiral multiplets. The theory
is a simple generalization of N' = (2,2)* SQCD.> The constraint on R-
charges due to the superpotential translates to a very natural constraint
in the Toda CFT language. Namely, the momentum labelling the simple
puncture gets fine-tuned to become a degenerate operator, labelled by a
symmetric representation of Ay, 1. The crossing symmetry exchanging these
two degenerate vertex operators thus provides us with a duality between
two-dimensional SQCDA theories with the superpotential (4.1.1). The U(NP)
dual theory features the same chiral multiplets and superpotential as the
U(N) theory, with mP? =m, NP =3,1; — N, and 2P = 271
In Section 4.3.2, we consider SQCDA with the superpotential

W =Tr X! (4.1.2)

2By weakly gauging the flavour symmetry and turning on a constant background for
the resulting vector multiplet, chiral multiplets can be given twisted masses and R-charges,
which combine into a complex parameter m for each chiral multiplet.

SN = (2,2)" SQCD is the mass deformation of the N = (4,4) theory of a U(N)
vector multiplet coupled to Ny fundamental hypermultiplets. Its cubic superpotential
W =3, q:Xq: corresponds to taking all I; = 1.
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for some integer [ > 0, where X is the adjoint chiral multiplet. We find a
direct analogue of the four-dimensional Kutasov—Schwimmer duality [Kut95;
KS95]. It turns out that given the superpotential constraint, conjugation
maps the (symmetric) degenerate operator describing U(IN) SQCDA to the
degenerate operator describing U(NP) SQCDA. The dual gauge theory
has NP = INy — N, 2P = 2, m? = mx — My, 771? = mx — my, and
m% =mx. As in four dimensions [Kut95; KS95], the dual theory features
[ additional free chiral multiplets in the bifundamental representation of
S[U(N¢) x U(Ny)], which correspond to mesons of the electric theory. As
for SQCD, the limit where twisted masses of some chiral multiplets are very
large yields similar dualities between theories with a different number of
fundamental and antifundamental chiral multiplets.

Lastly, we describe dualities of quiver gauge theories in Section 4.4. We
consider the U(Ny) x - - - x U(N,,) quiver theories (3.1.8) which correspond in
the Toda CFT to the insertion of n degenerate vertex operators. Dualities of
other N' = (2,2) quiver gauge theories were considered recently in [BPZ14].

In Section 4.4.1 we apply Seiberg duality or the N' = (2,2)* duality
(depending on the presence or absence of an adjoint chiral multiplet) to
gauge group factors U(N;) with j < n. We show that the duality translates
to the exchange of degenerate punctures numbered j and j + 1 in the Toda
CFT. Each permutation of the n degenerate punctures is thus realized as a
combination of such Seiberg and N = (2,2)* dualities.

Based on this geometric realization of dualities for j < n, we construct
in Section 4.4.2 the full set of dual theories obtained through Seiberg and
N = (2,2)* dualities acting on any gauge group. We find no Toda CFT
description of the duality acting on U(N,), except when all degenerate
vertex operators are labelled by antisymmetric representations of Ay, 1.
Then, conjugating all Toda CFT momenta yields a different set of degenerate
operators of the same type, and it turns out that the corresponding dual
gauge theories are related by a sequence of Seiberg and N = (2,2)* dualities
on all nodes. A particular case is the quiver (3.1.1) which corresponds to a
single degenerate vertex operator labelled by an arbitrary representation R:
applying the same sequence of Seiberg and N = (2,2)* dualities corresponds
to conjugating R and all Toda CFT momenta. This result concludes the
description of dualities of two-dimensional N' = (2,2) gauge theories which
correspond to manifest symmetries of the Toda CFT.

We check all dualities by proving that the S? partition functions of
dual theories are equal up to simple ambiguous factors. In all cases, the
factors can be absorbed in either one of the dual partition functions through
the ambiguities described below (3.2.10), namely a renormalization scheme
ambiguity, a global gauge transformation, and a flavour FI parameter.

Analytic proofs that vortex partition of dual theories are equal are
relegated to appendices: Appendix 4.A for Seiberg duality and Appendix 4.B
for dualities of SQCD with an adjoint.
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Table 4.1: Dualities of N' = (2, 2) quiver gauge theories realized as symmetries
in the Toda CFT. Chiral multiplets are denoted by ¢; (fundamentals),
gt (antifundamentals), and X (adjoint). For Seiberg and Kutasov—Schwimmer
dualities, the magnetic theory contains extra free chiral multiplets whose
charges are identical to those of mesons in the electric theory.

Duality Quiver w Dual parameters Toda symmetry
Seiberg © 0 NP = Ny —N Conjugation p. 157
=z,m" =5-—m (—bwn)¢ = —bwyp
- () ~ NP =3I, - N Crossing p- 162
(2,2)"like () 2t G X o =2t mP=m simple — degenerate
Kutasov— ) Tr X1+ NP = INy — N . Conjugation p. 166
Schwimmer 5 () D=z mP= og—m (=Nbhy)¢ = —NPbhy

Quiver

Crossing p. 171
WN;—Nj_1 7 WNj 41 —N;

Conjugation p. 174

C _
wNj*Njfl - wijfNﬁl

Table 4.2: The effect of a few Toda CFT moves on the corresponding 4d/2d
gauge theory. Besides the symmetry under changing trinion decomposition,
Toda CFT correlators are also invariant under conjugation of all momenta.
Full punctures are drawn as solid lines, simple punctures as dashed lines,

and degenerate punctures as dotted lines.

Toda CFT move

Gauge theory duality

1 1
1 1

Y Y
1 1

v X
— bl
L \
\A I [ k’
Ea TR
Ty > y f
1 ! ! 1
' S
v “— ¥
1 : \
¥ > ¥y
1 1 :
1 U H
Y — Y Y
1 ! H

[ S

4d S-duality
4d/2d node-hopping

2d flop transition
2d Seiberg and (2,2)*
dualities for quivers

2d Seiberg and
Kutasov—Schwimmer dualities
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4.2 Seiberg duality as momentum conjugation

Seiberg duality relates theories with different gauge groups but the same
flavour symmetry. In our two-dimensional N' = (2,2) context, it is expected
that U(N) SQCD with Ny fundamental and N} < Ny antifundamental chiral
multiplets is dual to U(Ny — N) SQCD with the same number of chiral
multiplets and NfN} additional free mesons, for an appropriate choice of
twisted masses. In the case N} < Ny — 2, the series giving vortex partition
functions were proven term by term to be equal in [BC12], and the relation
for S? partition functions was deduced. For N} =Ny—1or N} = Ny, vortex
partition functions differ by a non-trivial factor, found numerically in [HO13,
Appendix F]. Our direct proof in Appendix 4.A (similar to that of [BPZ14]
found independently) is technical and by itself provides no insight on the
factor. In contrast, the factor appears naturally in the proof we give here
via the Toda CFT.

We denote by ms and mg the twisted masses (with R-charges) in the
electric theory, and by m% and m? those in the dual magnetic theory. We
shall prove that

UN)NpNp o o
Zg (z,2,m, m)

Ny Ny —
_ . .~ U(NP) N; N, _ ~
= a(z,2) [ T [r(=ims — i) 2™ (2P, 20, mP, )
s=1t=1

where z and z” are renormalized values at the scale £ of the sphere, and
dual parameters are NP = Ny — N, 2P = (=1)V =Nz 2D = (—1)Nr=Nrz,

mb = % —myg, and mP = % — ms. The factor
|2 2% if Ny < Nj —2
a(z,2) = { [H0eCVY D N = Ny -1 (1.2.2)
2, N 201 |~
|2|*°11 — (—1) fz‘ if Ny = Ny

is given in terms of the exponents

N,
Ny — N L.
=020 =N S i, (129
s=1
Ny
1= =P = N = N+ 3 (im, + i) (@24
s=1

which we will obtain from the exponents 7; in the matching (3.4.1), and
their duals . The factor a(z, z) could be absorbed into Z in three parts
as discussed below (3.2.10). First, a renormalization scheme ambiguity
absorbs any factor independent of twisted masses. Next, a global gauge
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transformation shifts the partition function by any power of ]2\2 A last factor
(present only for Ny = Ny) can be absorbed by turning on an FI parameter
for the U(1) flavour group under which fundamental and antifundamental
chiral multiplets have the same charge.

The product of gamma functions in (4.2.1) is the (one-loop determinant)
contribution from Ny Ny free mesons with twisted masses mg+m; =1i— m? -
mP. These twisted masses are equal to those of the mesons g;qs, where gs
and ¢; are fundamental and antifundamental quarks of the electric theory.
In the magnetic theory, the twisted masses derive from the superpotential
coupling W = gP” M ¢P, which has total R-charge 2, hence total (complexified)
twisted mass mf + (i — mP —mP) + mP =1i.

Applied twice, the duality (4.2.1) yields the original theory, since pa-
rameters are mapped back to those of the electric theory. An immediate

consistency check is thus

. N T(—img — i) T(1 + img + i)
_ _ o D o D — S t s t _
V(ims = ime)y(=ims” =1m) = 5 R T (—im, — i)
(4.2.5)
and that the a(z, z) factors cancel thanks to
N N,
Ny -NP I N N,
D _ f . D _ : f_
9 ——T—glms ——54—82::1177134—7——50 (4.2.6)
Ny Ny
60 = Ny = NP+ (iml +iml) = N = > (ims + i) — Ny = =6,
s=1 s=1
(4.2.7)
and, for Ny = Ny — 1, (=1)M(2? — 2P) = —(=1)M(z — 2). A second

consistency check, in the case Ny = Ny, is the symmetry under charge
conjugation z < 1/z, z <» 1/z, and img <> im,. We find that §; is left
unchanged, and that g is mapped to —dy — d1, consistent with a(1/z,1/z) =
2] 2007201 (—2) 2,

4.2.1 Momentum conjugation for ]Vf = Ny

To derive the Seiberg duality relation (4.2.1) for ]Vf = Ny, we rely on the
matching (3.4.1) relating the S? partition function of U(N) SQCD to a Toda
CFT four-point function:

Zgse g™ (my i, 2, 2) = Al |1 = 2P (Var, (00) Vi (1) Voo (2,2) Vo (0))

(4.2.8)
The four-point function features two generic operators ‘A/a, a semi-degenerate
operator Vm, and the degenerate operator V,wa inserted at x = (—1) 2 and

labelled by the highest weight wy of the N-th antisymmetric representation
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of An,—1. The relation between gauge theory twisted masses m and m, and
Toda CFT momenta g, a, and m is given in Section 3.4.

Toda CFT correlators are invariant under changing all momenta to
their conjugate, that is, applying the C-linear transformation hgs — hSC =
—thH,s which maps weights of a representation of ANf,l to weights of
the conjugate representation. This transformation maps the degenerate
momentum —bwy to?

N Ny Ny—N
(—bwn)C ==>"bhS = > bhy=— > bhy=—bwy,_n, (4.2.9)
s=1 s:foNJrl s=1

which is precisely the degenerate momentum appearing in the description
of the Seiberg dual SQCD theory. The semi-degenerate momentum m =
(34 Nb)hy becomes 1 = —(» + Nb)hy;,, which is not along hy. However,
the Weyl reflexion defined by the cyclic permutation of [1, N¢] maps m¢ to

1
{Nf (b + b) — - Nb] hi = (%P + NPb)hy = mP (4.2.10)

where 5P = N;/b — 5. Indeed, (" — Q,hs) = (WP — Q, hsy1) for all
1<s< N—1, and (¢ — Q,hn;) = (mP — @, hy). Finally, the generic
momenta ag and ., remain generic after conjugation, and we have

(@ = Q) = (a = QY1) = —(a = Q, hny11p) (4.2.11)

where we used that (a1, as) = (af,a§) and that Q = Q. A Weyl reflexion
then permutes (o — Q, hn,+1-p) — (@ — @, hp), hence conjugation followed
by this reflexion simply changes o — 2Q) — a.

We thus find that conjugation of all momenta (with subsequent Weyl
reflexions) relates two correlators which correspond to SQCD with U(N)
and U(Ny — N) gauge groups. Converting the relation between momenta
to gauge theory variables, we find m? = % —mg and mP = % — Mg, as we
claimed below (4.2.1).%

In our normalization, both generic and non-degenerate operators are
Weyl reflexion invariant, without reflexion amplitudes. The two Toda CFT
correlators are thus equal, and we divide the factor relating the S? partition
functions and Toda CFT correlator for one theory by the factor for the other

4The third step uses that the weights hs of the fundamental representation of ANf,1
sum to zero.

A global U(1) gauge transformation is identical to the flavour symmetry which shifts
ims and —ims by the same amount. This has no physical effect: the Toda correlator is
invariant, and the partition function is multiplied by a power of |z|>. Dual twisted masses
are only defined up to such a shift, which also alters do.
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theory to find (for N} = Ny)

f D 2 m
LU . g Al - (- 1)Nf2’ UNP), D -D D ~D
2 (z,Z2,m,m) = 9 (z7, 2%, m~,m”).
S 2 erD S
ZérfeAD 2701 = (~1)"r]
b

(4.2.12)
i 2\ — [4]270-27 Nt 1271277
We recognize the factor a(z, z) = |z 01— (=1)"Yz| 1 announced
n (4.2.2). The ratio A/AP simplifies:

NN;(14+6%)—N2b2—-2N L (Limg+ims) N -
A _ 0 . T — N YL (e 2img2ims)

AP pNP Ny (14b2)—(NP)2b2—2ND Zsi1(1+imsD+ir7L?)

(4.2.13)
The hypermultiplets masses (3.2.17) involved in the Sgl partition func-
tions (3.2.4) associated to the electric and magnetic theories are

1= 1 N
Mt = 1= — g(ms + my) (4.2.14)
1= 1. _ .
mg =i TR 5(1 —mg —my) = —ib — mg, (4.2.15)
thus the constant factor is
free,D
ZS4 A _ H % 2 imst) _ i T(% + % + imst)
Zgl‘?eAD AD s,t % ib lmg) AD s,t T(% + QLb + imSt - b)
= N L (e 2ime2im,) H[b”2 2bimsy (1 LA t)] — [~ (=ims — i)
; 92 s L s t) -
(4.2.16)

The one-loop determinants of free mesons appear here thanks to the shift by b
in im%) = b — im,;, which relies on the shift between m,; and _Tl(ms + )
n (3.2.17). We obtain this constant factor more directly for any N} < Ny in
the next section.

4.2.2 Decoupling multiplets towards N} < Ny

We could find analoguous Seiberg duality relations for ]A\f} < Ny via the
matching of Section 3.4.3 with Toda irregular punctures, but those cases
are also easily accessed by taking some twisted masses of antifundamental
multiplets to be very large in the N} = Ny duality. The reverse process,
which decreases Ny > N} by giving some fundamental multiplets large twisted
masses, is more difficult, and must be significantly altered to reach the case
Ny = N;c in Appendix 4.A.
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Our starting point to prove (4.2.1) is the Higgs branch decomposition of
the S? partition function of interest [BC12; DGLFL12]:

— N . —
ZU(N)ny,Nf _ Z [(ZZ)_Zjl Mmp ; Zﬁff{’;\gf f{p}Nf Nf (( ) )f{(;}Nf Nf(( I)Nfz)‘|
1<p1 < <pn <Ny ’
NN _ ﬁ ey 7(7ime T 1mp,) o 5 3 2t (0.3
11,{p} Y L ] {r} k! /Ap}k
=1 T2 (1 +ims + imy, )
(4.2.17)

Ny L .
),N¢, Ny [I,2, (—ims —imp, ).
fop ™ =Y Hl = R —
Kyt hy=k j=1 LK;j! Hz#g(lmpz 1Mp; _ki)k]’ Hsg{p}(l“‘lms_lmpj)kj

i

which generalizes (3.4.8) to Nf < Ny. The series f{ ) NpNs () converge on
the unit disc if Nf = Ny, and on the whole complex plane if ]Tf} < Ny. We
shall equate the term of (4.2.17) labelled by {p} C [1, Nf] with the term

labelled by the complement {p}® for the dual theory. The powers of |z|>
match:

N
_Zimpj: Zlms—}— Z img = — Zlms—i— Z 1m =g — Z 1m
J=1 se{p}® se{p}C se{p}®
(4.2.18)

The constant is fixed as the ratio of one-loop determinants Zy;

Ny, Ny

H ¢ y(1 4+ imP +imp Ny Ny
i} _ H retppe ) ! =[] [T~ (~ims —imy),
NeND 2 Thhegpy v (1 s 4 i) s=1t=1
11,{p}C
(4.2.19)
which is independent of {p}. There remains to match vortex partition
functions,
(5),N7, Ny (8).N;.NpD D
T (@) = a(a) 1O (aP) (4:2.20)
where -
(1—z)% if Ny = Ny
a(:n) =qe” if Nf = Nf —1 (4.2.21)

1 if Np < Ny —2

and z” = (=1)Y =Nz, From the case N} = N; studied in the previous
section, we now derive the relations for JA\T} < N; by taking a limit where
Ny — N} antifundamental chiral multiplets are given large twisted masses.
We give a proof independent of the Toda CFT in Appendix 4.A.
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()N, Ny N . o
Let us expand f{p} ., for some Ny < Ny, in the limit my, = A — +o0.

This relies on the asymptotic behaviour (p+a)y ~ p¥ of Pochhammer symbols
when |p| — oc:

s),Ny, Ny . s),Np, Nj—1
ffp)},kf T~ (—11\)kfép)}7kf I (4.2.22)
Summing over k > 0,
$),N;,Np [ @ $),Np, Nj—1
ffp)} o (i ) — f{(p)} P (), (4.2.23)

as A — oo, and for a fixed z. We then apply this limit to (4.2.20) for N} = Ny
after changing * — xz/(—iA). Since d; ~ iA, we get a(N} = Ny, iz/A) =
e n(1=iz/A)  o% which is the exponential factor for ]A\f;c =Ny —1 In
the limit where further twisted masses become very large while keeping
the appropriate combination —iAxz fixed, the exponential factor becomes
e?/(=10) 5 1 yielding a(z) = 1 for ]Vf < Ny — 2. The relative sign between
x and 2P is due to the sign difference im? ~ —im for each of the Ny — N}
antifundamental multiplets which we decouple.

This concludes the proof of the Seiberg duality relation (4.2.1) for all
N} < Ny as limits of the case ]Tf;c = Ny, itself derived from the correspondence
with the Toda CFT.

4.3 SQCDA dualities: crossing and conjugation

In this section, we find two new Seiberg-like dualities between pairs of
N = (2,2) theories with adjoint matter and a superpotential. The first
is realized in the Toda CFT as crossing symmetry, and contains as a spe-
cial case a duality between N' = (2,2)* theories, proposed in [OR10] for
particular twisted masses, and recently in [BPZ14]. The second is realized
as conjugation symmetry, and is a direct two-dimensional analogue of the
four-dimensional Kutasov—Schwimmer duality [Kut95; KS95]. We test both
dualities by comparing S? partition functions using the matching with Toda
CFT correlators. We also provide direct proofs that the S? partition func-
tions of dual theories are equal, without relying on the Toda CFT. Namely,
classical and one-loop contributions are compared in the main text, and
vortex partition functions in Appendix 4.B. It would be interesting to work
out the mapping of chiral rings of dual theories.

Each duality relates theories with U(N) and U(NP) vector multiplets
coupled to one adjoint, Ny fundamental, and ]AV} antifundamental chiral
multiplets. We assume by symmetry that N} < N;. As for the Seiberg
duality, the magnetic theory includes additional free matter. In the electric
theory, chiral multiplets are denoted by X, ¢, and g;, and their (complexified)
twisted masses by mx, m:, and m; respectively. The FI parameters and
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theta angles (renormalized, at the scale ¢ of the sphere) are combined as
usual into a complex parameter z. We use the notations X, ¢, ¢, m)'%,

mP, mP, and zP for the magnetic theory.

Recall that when ]AV} = Ny we have the matching

5U2(éV;?SQCDA(m’ m,mx,z,z) = A|y|270|1 _ y‘271<‘7%0 (oo)‘A/m(l)V_thl (y,gj)VaO (())>

(4.3.1)
for y = (—=1)N+N=12 b2 = imx, with other parameters given below (3.5.1).
The four-point function can exhibit two types of symmetries. If the semi-
degenerate momentum 7 = (sc+ Nb)hy is in fact degenerate (1 = —NPbhy),
then crossing symmetry exchanges the two degenerate operators via N < NP
and y — y~'. This yields the duality in Section 4.3.1. On the other hand,

it turns out that for fined-tuned values imyx = b? = lell the degenerate

operator V. Nbh, 1s conjugate to another degenerate operator, V. NDph, - This
leads to the Kutasov—Schwimmer duality in Section 4.3.2, which we then
extend to Ny < Ny as we did for the Seiberg duality.

Z

4.3.1 (2,2)*-like duality as a braiding move

Let us describe the first duality more precisely. With notations as above,
the electric and magnetic theories are N' = (2,2) SQCDA theories with N
and NP colors and the same matter content and superpotential

Ny
W = Z@X“qt hence 1-+im; +imy + liimx =0, (4.3.2)
t=1

where [; > 0 are integers, and N} = Ny. We will find that NP =L — N with

L= Zi\zl l¢, that twisted masses are the same in the two theories, and that
2P = (=1)fz7tand 2P = (—1)Fz7 1.

In particular, when all [; = 1 the theories are N' = (2,2)* SQCD with
gauge groups U(N) and U(Ny — N), and the duality is an N' = (2,2)*
analogue of the N' = (2,2) Seiberg duality found earlier. In the special
case mx = i/2, the two dualities agree after charge conjugation, which
exchanges m? < mP and maps z” — (2”)~!. The agreement is expected
since the superpotential term W = Tr X? is then supersymmetric and X can
be integrated out, shifting the theta angle by (N — 1)7 in the process: this
leads to a sign difference in the maps z — 2 of the two dualities.

We test the duality by proving that S? partition functions match:

2N (2,2) = |22

20
= (VN T ZENO P D) (43.3)
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for W = Zivzfl §: X" q;, with dual parameters given above, and the exponents

Ny ;-1

So=—(L—N)1+imx)—> > (im¢+ vimx) (4.3.4)
t=1 v=0

61 = (L —2N)(1 +imx). (4.3.5)

As discussed below (4.2.2) for the Seiberg duality, the powers of |z|* and
|1—z|? can be absorbed as ambiguities of the $2 partition function.® The same
consistency checks as for the Seiberg duality apply. Repeating the duality
yields the original parameters, and the factors cancel thanks to 05 = dg + d;
and 0P = —§;. The relation is also invariant under charge conjugation,
which exchanges twisted masses of fundamental and antifundamental chiral
multiplets, since 41 is unchanged and dg — —dy — §1. We first derive dual
parameters from the matching of SQCDA partition functions to Toda CFT
correlators. For completeness, we then prove the relation by comparing
classical, one-loop and vortex contributions of the two theories.

Recall the matching (3.5.1) between the partition function of a sphere
surface operator describing U(IN) SQCDA and a Toda CFT correlator with
the symmetric degenerate operator V_ Nbh,, & semi-degenerate operator YA/m,
and two generic operators. We find in Section 3.5.3 that the superpotential
W=>,¢X ltq; constrains twisted masses in such a way that m = —(L —
N)bhy = —NPbhy. The S? partition function of the electric theory we are
studying is thus

2™ (2,2) = ALy 1 =y’ (Voo (00) V- sy, (D Vo, (4, 5) Ve (0))
(4.3.6)
where y = (—=1)M*+¥=12 b2 = imx, momenta and exponents are given
below (3.5.1), and we have absorbed in A the contributions from the S hy-
permultiplets and from the differing normalization of semidegenerate and
degenerate operators. The Toda CFT correlator is invariant under N — NP

y — yP = y~!, and the conformal map (oo, 1,y %,0) — (00,y,1,0). This
implies that
Alqas1270 271
UN), - Aly[""1—y
ZIM) (2 2) = ly[7"| |

N A‘D’yDﬁvoD‘l _ yD|2’Y1D
’y‘A(aoo)—A(—NDbhl)—A(—thl)—A(ao)ZgQ(ND)(ZD7 2D> .

(4.3.7)
We deduce the exponents (4.3.4) and (4.3.5) by computing §; = 71 — v and

60 = Y0+ A(ase) — A(=NPbhy) — A(~Nbhy) — Alag) + & ++F . (4.3.8)

5For N = (2,2)* theories, the power of 1 — z relating dual vortex partition functions
was found numerically by Honda and Okuda [HO13].
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D _ (_1)Nf+ND71 D _ (—l)Nf‘i'ND*l -1 _ (_1)ND7N271

We also obtain z Y Y

and NP = [ — N as announced.

There remains to fix the overall constant factor, since A / AD s difficult
to evaluate (A and AP are singular for our choice of twisted masses). This
is done by comparing the s-channel decomposition (as z — 0) of the electric
theory with the u-channel decomposition (as z” — o00) of the magnetic
theory. Recall from Section 3.5.3 that the s-channel Higgs branch vacua
of the electric theory are labelled by ordered partitions Zi\zl ny = N with
0 < ny < l;. The classical and one-loop contributions (3.5.9) are

7

N, ng—1 . .
Doy (212) = () R Cimesima) (139

Nf ns—l

H H H v(ims —imy + (u — nt).imX) ‘ (4.3.10)

ol R 1 Y(ims —imy + (p = lt)imx)

11 {nt}

Similarly, u-channel Higgs branch vacua of the magnetic theory are labelled
by partitions Zi\]:fl nf) = NP with 0 < n,{j < l;, and are in a natural
bijection with those of the electric theory through n” = I; —n;. The classical
contributions match up to |z|?

Ny ng—1 Ny ls—ns—1
Y (—img—pimx) =00 =Y > (s +pimx).  (4.3.11)
s=1 u=0 s=1 p=0

The one-loop contributions are equal, with no relative constant factor, since

ans 1Nflt ne—1

NI 1 Y1 +ims +img + (p+ v + 1)imx) (4.3.12)

AN
s=1 pu=0 t=1 v=0 1+1m5+1mt+(:u’+y)lmX)

1{n:} —

is invariant under m <> m and n — [ — n. We prove in Appendix 4.B that
the vortex partition functions match up to (1 — ). This establishes the
duality relation (4.3.3).

From the duality we can extract information about powers of |1 — y[Q
which appear in the expansion of Z near y = 1. In the electric theory, the
powers are given by (3.5.13), valid for all SQCDA theories: replacing k by
N — k there,

N

— im imx)—(N— D _k)im

29 (2, 7) = |1 -y 72VOF x)z[u_y,zww X)=(N=R)(NP—B)imx] .y
k=0

(4.3.13)

for some series (---) in non-negative powers of (1 —y) and (1 —y). The
magnetic theory has a similar expansion with N <+ N. Since the two must
match, we deduce that the expansion (4.3.13) holds, with a sum restricted to
0 < k < min(N, NP). This list of exponents is useful to identify the correct
relation between quiver gauge theories and correlators in Section 3.6.
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4.3.2 Kutasov—Schwimmer duality as conjugation

The Kutasov—Schwimmer duality [Kut95; KS95], initially proposed between
four-dimensional theories, is similar to the Seiberg duality, with an additional
adjoint matter multiplet X subject to the superpotential coupling W =
Tr X**1. Through the matching found in Section 3.5.3, the duality is realized
as conjugation of momenta in the Toda CFT when Ny = N;. Theories with
]Tf]/c < Ny are obtained by decoupling chiral multiplets. For [ = 1, integrating
out X reproduces the Seiberg duality between SQCD theories.

The electric and magnetic theories are N' = (2,2) SQCDA theories with
gauge groups U(N) and U(NP) and the superpotential coupling

—1
W ="Trx*! hence im¥ =imx = = (4.3.14)

for some integer I > 1. As we will see, 2P = (—=1)(HDN=Ny, zD —
(=1)HDN=Nr 7 (in terms of renormalized parameters at the scale £ of the
sphere), NP = INy — N, mP = mx —my, mP = mx — my, m¥ = mx,

and the magnetic theory also features leN;c free mesons M jDst with twisted

massesmjDst:ms+ﬁ1t+ij for0<j<I,1<s< Ny, 1§t§]ﬂ\7}. We
assume that [ < N < [Ny — 1.

We test the duality by comparing S? partition functions. Namely, we
prove that for W = Tr X!+1

U(N),N;,N; _ _ . U(ND),N;,N; _
ZS2( )Ny f(m;z,z):a(z,z)Hv(—lmﬁt)ZSQ( )2 T(mP; 2P, ZP)

7,8,t

(4.3.15)

with dual parameters given above. The constant factor in (4.3.15) is the
one-loop determinant of free mesons Mjgt whose twisted masses m?

7st =
ms + my + jmx are fixed by the full superpotential coupling

Nf Nf -1

W =Te[(XP) ]+ >3 M2, (6P (XP) 1P (4.3.16)
s=1t=1;=0

Relative coefficients are irrelevant, as the superpotential only affects the
S? partition function by fixing complexified twisted masses. The electric
theory features mesons §;X7¢s which have the same twisted masses mg +
my + jmx. The factor a(z, z) is

’2‘250 if]/—\\f;cng—2
a(z,7) = { o200V D) if Ny = Ny — 1 (4.3.17)
25 ~
’2‘250 1— (_1)Nf+Nflz‘ 1 if Nf B Nf
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N,
N 2IN !
50:—74—“_71—1217%3, 01 le—m+lzlms+1ms)~

(4.3.18)

As discussed below (4.2.2) for the Seiberg duality, this factor can be absorbed
as an ambiguity of the S? partition function.

The same consistency checks as for the Seiberg duality apply. Repeating
the duality yields the original parameters, and the factors a(z, z) and products
of gamma functions cancel. Charge conjugation leaves the relation invariant
in the case ]f\ff = Ny.

Let us first derive (4.3.15) for ]Vf = N; from Toda CFT conjugation.
Recall (3.5.24), which expresses the partition functions of interest as b* —
= +1 limits of Toda CFT four-point functions. The relevant correlator is
(Vo (00) Vi (1 )V_wayl(x,x)Vao (0)). Here, wn; = lwy + (N — lk)hp41 with
k defined by kl < N < (k + 1)l, and its conjugate weight is ch\;l = WnD
with NP = = I[Ny — N. As for the Seiberg duality, we follow the conjugation
of 1 = (s + Nb)hy by a Weyl reflexion to get a momentum along hi,

1
WD = (0 + NPp)hy = {Nf <b+ b) — - Nb} hy . (4.3.19)

Thus, " = $N; (1 — (I — 1)b%) — 5, which is ZNj(1 + b%) — 5 when b? = 1;11
Finally, the generic momenta «g and a. are mapped as a — 2Q — «
under a conjugation followed by the maximal Weyl reflexion. Translating to
gauge theory parameters thanks to the dictionary (3.5.2) yields the values of
NP mB, mP and mP claimed earlier. The position y = (—1) V=12 of
the degenerate operator is not affected by conjugation, hence y” = y and
2P = (=1)rz. The factor a(z,z) given in (4.3.17) is the ratio of factors
ly|27°|1 — y|*™ for the electric and magnetic theories.

Since the constant factor A which appears in the matching (3.5.24) is
not known, we cannot deduce the presence of free mesons in the magnetic
theory through conjugation of momenta. Instead, we use the Higgs branch
decomposition (3.5.8), which expresses both partition functions as sums over
choices of 0 < ng <l withn;+---+n Ny = N. The classical contribution for

the term labelled by {n,} in the electric theory is |z|>® times the classical
contribution for the term labelled by {n? =1 —n,} in the magnetic theory.
We then compare the one-loop determinants (3.5.9) for those vacua,

Ny N, — I .~ .
Zy A1 {n} l_i l—f[ ni—[ —imy +1ims + nlt+1#) : ﬁ 17(1+1m?+1m£ - l.l;fl)
zb ~y(1 4 img +ims — £5) oD D NEH
1 {l-n}  s=1t=1Lpu=0 H1) p=o y(—img +imP + ~55)

Ny Ny 1-1

=1I1I1I ’y(—imt ims + HJ_1> (4.3.20)

s=1t=1j=0
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and find the one-loop determinants of mesons with twisted masses mﬁt as
announced. Finally, we prove in Appendix 4.B that vortex partition functions
of dual theories are equal up to the factor (1 — y), hence establishing the
relation (4.3.15) for ]Tf} = Ny.

For completeness, we compare exponents which appear when expanding
the S? partition functions of the dual theories near y = 1. Those exponents
are given by (3.5.13): for a general N' = (2,2) SQCDA theory with N colors
there are N + 1 exponents labelled by an integer 0 < k < N. The set of
exponents thus does not match for the U(N) and U(NP) theories we consider
here. In fact, it turns out that only the subset labelled by 0 < k& <[ matches
(assuming that [ < N < [Ny —1): the coefficients of all other exponents must

thus vanish when imx = lell

We now take the limit im; = iA — £ioco for Ny — ]Tf;c antifundamental
flavours N} <t < Ny. The multiplets ¢; decouple, the FI parameter is renor-
malized, and we will be left with the Kutasov—Schwimmer duality (4.3.15)
for Nf < Nf.

The twisted mass A appears in the Coulomb branch expansion (3.5.6)

through the one-loop determinant of antifundamental chiral multiplets: for
fixed ¢ and B

Ny it 4o o+ Bi
F( 1mt+lU]+ J) ~ 'y(—iA)N(—iA)Tr(i(H_g)(iA)Tr(iJ_g

N
I I 5
j:lt

/A

N I'(1+imyg —ioj; + 3

(4.3.21)

The powers of +1A combine nicely with the classical contributions zg;iaJrB/ 2)

_Tr(ic—B/2)
and 2, .,

sentation for the theory with Kf} < Ny and 2z = Zen = (=iM) NN 2pare.
A careful treatment shows that the limit A — Zoo and the integration
commute, because the contribution for large values of o and B falls off fast
enough at infinity. As mentionned for a similar limit of the SQCD theory
in Section 3.4.3, it is easier to work out this convergence issue in the Higgs
branch decomposition where terms decrease exponentially in the vorticity k.
Either way yields

, and we get the integrand of the Coulomb branch repre-

Nr,N; z z .
Zf’f< =, =, ms,ms,/\>
S\ (GiAN N G N N tms}, (s, A}

N 7(_iA)N(Nffo>Z§V§’Nf ({ms}, {fits}, 2, %) .

(4.3.22)

Given the form of (4.3.22), the next step is to consider the duality (4.3.15)
with the replacement N} — N, z = 2/(=iN)N =N and z — z/(A)N N, in
the limit where A — +o00. The factor a(z,z) = |2|?®|1 — (=1)Nr+N=1;2%
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with §; ~ iAl becomes

z z
a —, —
Nro Ny <(_1A)Nf—Nf (AN =Ny

) ~ A—2(Nf—Nf)5oaNf Nf(z z)

— N 4.3.23
{AQ(Nfo)5°!z\25° SVESVEPE

A_Q(Nf_Xf;)(SO|Z‘260€l(_1)Nf+N—1(Z_E) i N} _ N

The gamma functions in (4.3.15) become those for ]f\\f;c < Ny, multiplied by

Nf -1 Nfl 1 Nf_f]\};
[ H 7<_1A ms + ) ~ TI T [r(-im) A%t )]
5=17=04_N, 11 s=14=0
~ [,y(_iA)leAQ(éo-&-NDHll)}NfN; -~ [A260’7(—1A)N’y(—iAD)_ND}NfN;’
(4.3.24)

where we used 7(iz + a) ~ y(iz)z|** as © — oo, and Al%'y(—iA) ~
fy(—iAD)_l. Combining (4.3.23) and (4.3.24) with the power of y(—iA)
from (4.3.22) and the power of y(—iAP”) for the dual theory establishes the
Kutasov—Schwimmer duality relation (4.3.15) for all N} < Ny.

4.4 Dualities for quivers

We revisit here the N' = (2,2) quivers of Section 3.6 and express some
Seiberg and N = (2,2)* dualities as permutations of Toda CFT punctures in
Section 4.4.1. This lets us construct in Section 4.4.2 the full set of theories
obtained through Seiberg and N = (2,2)* dualities. For a particular choice of
matter content, a certain combination of dualities is realized as conjugation
of momenta in the Toda CFT.

The gauge theories depend on ranks N; > 0, signs 7;, and complexified
FI parameters (@,27-) for 1 < j < n, as well as twisted masses. They are
described by the quiver

(4.4.1)

The theories consist of a U (N7 )X - -xU(N,,) vector multiplet coupled to chiral
multiplets which transform in the following representations: /Ny fundamentals
and Ny antifundamentals of U(N,,), two bifundamentals of U(N;) x U(N;j_1)
for each 2 < j < n, and one adjoint of U(N;) for each 1 < j < n. Let
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€; = [1i=jmi- The twisted masses my, m¢, mj 1), My and m;; of those

chiral multiplets obey (3.6.5), that is,

i=1Dj»

where ¢; = b?/2 if ¢; = 1 and ¢; = —(1 + b?)/2 otherwise for some param-
eter b?>. The twisted masses are such that a given superpotential Wy, has
R-charge 2 (twisted mass i). Whenever n; = —1, the superpotential term
Tr(X]Z) lets us integrate out X;.

We gave evidence in Section 3.6 that the partition function on Sgl of the
S? surface operator obtained by coupling such a theory to free hypermultiplets
is equal to a Toda CFT (n + 3)-point function, namely the correlator of
two generic, one semi-degenerate, and n degenerate vertex operators. The
momenta of the first three operators encode the twisted masses m; and m;.
The degenerate operators are inserted at positions xz; = H?:j Z;, and have
momenta —bQ}; = —bQA(Kj,€;), where Kj = N;j — Nj_1, €; = [[;_; mi, and
Q(K,+1) = Khy and Q(K, —1) = wg.

Crossing symmetry of the Toda CFT correlator states that the labelling
of degenerate operators by integers 1 < j < n is irrelevant. Therefore, the
n! gauge theories which correspond to each labelling of the degenerate punc-
tures should all have identical S? partition functions, up to simple factors.
It turns out that each transposition k <> k + 1 (for k < n) corresponds to a
duality acting on the node U(Ny) of the quiver gauge theory: Seiberg duality
(see Section 4.2) if nr = —1, or the N' = (2,2)* duality (see Section 4.3.1) if
N = +1. In Section 4.4.1 we work out details and make sure that transposi-
tions correctly reproduce the mapping of parameters for such dualities. As a
result, the groupoid generated by Seiberg and N = (2,2)* dualities acting on
nodes with £ < n is realized as permutations of punctures in the Toda CFT.

In Section 4.4.2, we extend the groupoid by including the action of Seiberg
duality on the node U(N,,) when it is applicable (1, = —1): the N = (2,2)*
duality never applies, since the Ny fundamental and antifundamental chiral
multiplets are not constrained by a superpotential. The result of acting
with Seiberg duality on U(NV,,) is not a quiver of the same type, hence is
not given a Toda CFT interpretation in our work. However, for a specific
choice of matter content which corresponds to the case where all degenerate
vertex operators are labelled by antisymmetric representations of Ay, 1,
applying Seiberg duality in turn to all the nodes yields a quiver of the original
form. This combination of dualities corresponds to conjugating Toda CFT
momenta. N

All our results extend to theories with any number Ny < Ny of antifun-
damental chiral multiplets following the discussion for Seiberg duality of
SQCD in Section 4.2.2. We focus on Ny = Ny because the matching between
partition functions and Toda CFT correlators was only derived in this case
in Section 3.6: for Ny < Ny, the correlator contains an irregular puncture as
described for SQCD in Section 3.4.3.
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4.4.1 Seiberg dualities from braiding moves

We now prove that the action of Seiberg duality or the N' = (2,2)* du-
ality (depending on n;) on the node U(N}) translates to the transposi-
tion (zk, ek, Kx) < (Tkr1,€xt1, Krr1) of two degenerate punctures, for
1 < k < n—1. Specifically, we show that the S? partition functions of
the theories described by the Toda CFT data before and after the transpo-
sition are equal. Most gauge theory parameters describing the electric and
magnetic theories are the same, with the following changes: n,? 1= Mkt Mks
NP = N1+ Np—1 — N, 2P0, = 52 and 2P = 2,1

The multiplets which interact with the U(Nj) vector multiplet of the
electric theory are those of N = (2,2) SQCDA with N colors and Nj_1+4 Nk
flavours. If n, = —1, then imy, = —1/2 and W, contains the term Tr(X2)
which lets us integrate out the adjoint chiral multiplet Xy, leaving N' = (2, 2)
SQCD. If instead n = +1, then img; + imk(k:tl) + im(k:l:l)k = —1 and
W, contains the terms Tr(¢p (1) XrPr(rt1)): this is N = (2,2)* SQCD. In
both settings, the theory admits a dual description with Niy1 + Np_1 — Ny,
colors, and some mesons if 7 = —1 (see Section 4.2 and Section 4.3.1). As
we will now see, parameters map precisely as expected from the Toda CFT.

In the Coulomb branch representation of the S? partition function of the
electric theory, we collect all factors which depend on the scalar o of the
U(Ny) vector multiplet. This yields an integral Zj (3.6.19) very similar to
the partition function of N' = (2,2) SQCDA with Ny, colors and Ni_1 + Ny
flavours. The usual contour techniques apply and yield a factorized expression
for Zj, in the region |Z;| < 1, namely

I Y
T = Z Z]E‘rw Z]E‘rw le,{v:ﬁ:}({mkl — Ulj;}, {mlk + Jlﬂ;}) (4.4.3)

: +
Higgs vacuum v™* A

vt ({mw — o} {muw + 07} %)
+ Zgo- ({m — oy}, {man + o531 25) -
As discussed above, the superpotential W, reduces SQCDA to N = (2,2)

SQCD or N = (2,2)* SQCD depending on 7. In both cases, Higgs branch
vacua are labelled by sets of Nj “flavours” among

Ly={(j)|l=k£1,1<j <N}, (4.4.4)
and the eigenvalues of v* for a given Nj-element subset E C Lj are
vy = —mw + o for (1,j) € E. (4.4.5)

The vortex partition functions in (4.4.3) are those of the relevant N' = (2,2)
SQCD or N = (2,2)* SQCD theory with Ngi1+ Nj_1 fundamental multiplets

of twisted masses {my — a;jf} and the same number of antifundamental

multiplets of twisted masses {my + ijﬁ}, in the Higgs branch vacuum v™.
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The antivortex partition functions are obtained by replacing O'Z—; by 0y and
vT by v~. The one-loop determinant for the vacuum labelled by E C L, is

Zue= I ]I {

(L)eE (V5" )eLlk

. . . . + . +
L(—imppy — O jre pimps, + impg + 10y — lalj)

L(1 + imgy + 5l’j’eEimkk —imy — iO'ZTj/ + iUl;)
+

;)
L(1 + imypg + imgg + iO'ZTj, - iUl;)

F(—iml/k — imkl — iU;/_j/ +io

(4.4.6)
We now need to distinguish 7, = 4+1 because explicit expressions differ. We
will bring the results together at the end of this section.

Focus first on the case n = +1. Since 14 img +imp 1) +imgt1r = 0,
the factors with ([, j) € E and (I',j') € E in (4.4.6) cancel. The remaining
factors are invariant under the exchanges £ — E and M — aﬁ > my + aﬁ.
As a result, the one-loop determinant for the s-channel vacuum E of the U (Ny,)
theory is equal to the one-loop determinant for the u-channel vacuum EC of
a theory with identical twisted masses but N, ,? = #EB = Ni_1+ Ng+1 — Ny,
colors. As discussed in Section 4.3.1 and shown directly in Appendix 4.B, the
vortex partition functions of the U(Ny) theory in the s-channel vacuum E
and of the U(N/) theory in the u-channel vacuum EC are equal up to a
factor (4.B.30)

U(Ng) /5 ~ =51 UNPY D\~
209 (5) = (1= &) 7] o (BP) ) (4.4.7)
with §; = (Ny — NP)(1 + imgy), provided 2P = ék_l as expected from the
Toda CFT symmetry. Finally, the classical contribution transforms as follows:

—imy+Ho —80+Trio;_,+Trio;" ; —
H 2k imy+io; :2k o+1rio, rioy H (2]?)1mlk+10'l]~ (448)

(Lj)eE (1,7)eE"

with dg = Nk—limk(k—l) + Nk+1imk(k+1) +(1+ lmkk)NkD All in all,

N _ .
fo( K (20, 20) = |2kl

—250’1 _ 2k|_251 ég‘ria;_lﬁ—Tria,:r_‘_l ékTr o, +Trioy Z,g(NkD)(ZkD, 5}?) )
(4.4.9)
In the full S? partition function of the quiver theory, the powers of 3; and 2
combine with the classical contribution for the gauge group factors U(Ng11)
and yield
7200 — 2 72 TT (a0 B2 (4.4.10)
I=k+1

Therefore, the S? partition functions of the U(Ny) x - - x U(N,,) theory and
of the theory with NP = Ny_; + Niy1 — Nk, 2P = 2,1, and 2P, = 21415
are equal up to |2, 2|1 — 2,/ 72°*. On the Toda CFT side, this factor is due
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to differences in powers of |zx|%, |2p41|? and |zpy1 — 2x|> which appear in
the correspondences for the electric and magnetic theories. In gauge theory,
the factor can be absorbed into the partition function: since §; only depends
on b, the N;, and the matter content, |1 — 2“7251
ambiguity, while |2;| 7% can be absorbed by a global U(1) C U(Ny) gauge
transformation. Such ambiguities are described below (3.2.10).

The case n = —1 follows the same ideas, but is more intricate. The
Higgs branch decomposition (4.4.6) involves vortex partition functions of
N = (2,2) SQCD. As for the previous case, those are equal up to a power of
(1 — 2&) to vortex partition functions of a dual theory with NP colors and
twisted masses m” = i/2 — m. Explicitly,

is a renormalization scheme

Zv,p({mu — a3}, {ma + o5 }; 2)
— (1 _ 2k)*Nk*2Qka71*2(Ik+lNk+l (4.4'11)

ZV,EG ({1/2 — my + O'l—;}, {i/2 — my, — Gl—;}; fk) .

The signs with which alJ;. appears in the right-hand side are inconvenient,
as it implies that chiral multiplets which transform under the fundamental
representation of U(NP) also transform in the fundamental representation
of U(NP), and not the antifundamental representation. This is fixed by
conjugating all U (V, kD ) charges: 2 — 2,;1 and the vortex partition function
becomes a u-channel (|2, | = o0) vortex partition function of SQCD with
NkD colors, Ni_1 + Niy1 flavours, and ,:?:kD = 73];1. Once this is understood,
the classical contributions (of the electric s-channel vacuum labelled by E
and the magnetic u-channel vacuum labelled by EC) are equal up to powers
of \2k\2, provided 2,? = 2,;1 and 2,%:1 = Zk412k. This is precisely the map
described by the exchange of Toda CFT punctures.

The one-loop determinants, on the other hand, transform non-trivially.
This is expected from the study of Seiberg duality for N = (2,2) SQCD:
the magnetic theory includes mesons whose one-loop determinants appear
in the S? partition function. There, the mesons are realized as M5 = Giqs
in terms of the electric quarks and antiquarks ¢s; and ¢, and couple to
the magnetic multiplets through a superpotential term (th Mtsqf . In our
current setting, the mesons are the four combinations Mjy = ¢y ¢gr in the
electric theory, and couple to the magnetic multiplets through the super-
potential Tr(Myy ¢, #5). The mesons M j41)(k+1) transform in the adjoint
representations of U(Nj+1), and the mesons M 1y(x1) in bifundamental
representations of U(Ng41) X U(Ng—1). Since the (electric) superpotential
features the term Tr(M,_1)(k+1)M(k+1)(k—1)) for nx = —1, these two mesons
can be integrated out, leaving the term Tr(qﬁgc_l)kgka(kH)gb(DkH)kgka(k_l)) in
the superpotential of the magnetic theory. This term is expected from
e = -1

Next, for each of [ = k + 1 there are two cases. If np4+1 = +1 then the
superpotential term Tr(Xg+1Mj41)(k+1)) lets us integrate out both X1y
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and the meson Mj1)(k1), leaving Tr((ru1)(k2) D(h2) (k1) D (s 1)k Ph(ht 1))
as a superpotential term in the magnetic theory. This is expected from

nP., = —1 (multiplets ¢y with [,I’ # k are not affected by the duality).
If instead ng4+1 = —1, then we integrate out X;+1, and note the presence
of magnetic superpotential terms Tr(d (1) (k+2)P(k+2) (k1) M(k+1) (k1)) and
Tr(M(k:I:l)(k:I:l)¢(Dk:tl)k¢kD(k:|:1))' Those are expected from nf,; = +1. In both
cases, the change in matter content between the electric and magnetic theories
and the mapping of twisted masses are encoded in the map nkDil = Ng+1Mk
implied by the exchange €;_1 <> €.

Combining the classical, one-loop, and vortex contributions yields the
equality of S? partition functions up to powers of |,§k|2 and |1 — 2k|2 when
N = —1. As for np = +1, the powers of |1 — 2k|2 and ]2k|2 are an ambiguity
of the S? partition function. This concludes the proof (for arbitrary 1) that
applying Seiberg duality or the N' = (2,2)* duality to the gauge group factor
U(Ng) with 1 < k < n corresponds to transposing the punctures k and
k + 1 in the Toda CFT correlator. Therefore, permutations of Toda CFT
degenerate punctures encapsulate the mapping of parameters for arbitrary
combinations of dualities which act on the nodes with 1 < k < n.

4.4.2 Seiberg dualities from momentum conjugation

We now find all theories obtained through dualities acting on any node,
including U(N,,). For simplicity, we first consider the theory with 7, = —1
and 1 = +1 for k£ < n, which corresponds to a Toda CFT correlator where all
degenerate punctures are labelled by antisymmetric representations of An,—1
(all ¢, = —1). Since 7, = —1, the superpotential includes a term Tr X?2
which lets us integrate out the adjoint chiral multiplet X,,. Therefore, the
chiral multiplets which couple to the U(N,,) vector multiplet are those of
N = (2,2) SQCD with N, colors and Ny + N,,_; flavours. Applying Seiberg
duality and charge conjugation to the node U(N,,) yields a similar quiver
gauge theory with N, replaced by NP = Ny + Np—1 — Np. Recall that
the Seiberg dual of a theory includes additional multiplets with charges
identical to mesons of the original theory. Here, these are Nf2 free chiral
multiplets, and Ny fundamental, Ny antifundamental, and one adjoint of
U(Np—1). The magnetic theory thus has two adjoints of U(Ny,—1). Given the
cubic superpotential which links the bifundamentals of U(N,,) x U(N,—1) and
the adjoint of U(N,_1) in the electric theory, the two adjoints of U(N,,_1)
couple through a quadratic superpotential term and can thus be integrated
out. Therefore, the two dual theories are given by the quivers
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Figure 4.1: Sequence of Seiberg dualities on the quiver with all ¢, = —1.

The quiver with 7, = —1 and n = +1 for £ < n corresponds to a
Toda CFT correlator with only antisymmetric degenerate operators.
Acting with Seiberg dualities successively on all nodes from U(N,,)
to U(N1) yields a quiver of the same form, which corresponds to the
Toda CFT correlator with all momenta conjugated. The original quiver,
the quiver after acting on the k-th node, and the final quiver are
drawn here without free mesons transforming in the bifundamental
representation of the flavour group S[U(Ny) x U(Ny)] to avoid clut-
ter. After acting on the k-th node, the complexified FI parameters
are given by (2,1, 2k Gndn12k) "5 Gn - 2k-1), B2, - -+, 41) in
this order. Dual ranks are NP = (n + 1 — j)Ny + Nj_1 — N,

where the superpotential is the sum of all gauge (and flavour) invariant
cubic combinations of bifundamental and adjoint chiral multiplets. The
complexified FI parameters of the magnetic theory are 20 = 21 2D

Zn2n_1, and 2,? =% for k <n-—2.

n n » “n—1

The absence of adjoint chiral multiplet of U(N,_;) in the second theory
lets us apply Seiberg duality (and charge conjugation) to this node of the
second quiver. Once more, the resulting quiver contains additional matter,
including an adjoint of U(N,,_2) which cancels the already present adjoint
because of a quadratic superpotential. The procedure can thus be continued
by acting on successive nodes from U(N,,) to U(N1). The resulting quivers
are given in Figure 4.1.

We note in particular that the last quiver, obtained after applying Seiberg
duality to all the nodes, has the same form as the original quiver: only
one gauge group factor features fundamental and antifundamental chiral
multiplets. This quiver gauge theory, or rather the N' = (2,2) surface
operator it defines in any class S theory, has a Toda CFT interpretation

as the insertion of some degenerate vertex operators. Given the matter
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content of the gauge theory, all n degenerate vertex operators are labelled by
antisymmetric representations of Ay, 1. The ranks of these representations
are obtained from the number of colors in the dual theory:

KJD — NJD — Njal = Nf — (N] — Nj—l) = Nf — K] (4413)

for 1 < j < n, where NnDJrl = Ny = 0. The positions of punctures are

obtained from the FI parameters:

J n -1
P =[P = [H z] =i, (4.4.14)
=1 j

=7

Both of these maps are reproduced by conjugating all Toda CFT momenta
and applying the conformal transformation  — 2~! to the correlator. This
conformal transformation could be avoided by applying charge conjugation
to all nodes of the quiver, mapping all complexified FI parameters to their
inverse in the process.

All in all, Toda CFT conjugation translates to a combination of Seiberg
dualities and charge conjugations. Here, the precise choice of matter content
of the gauge theory is essential. On the gauge theory side, it ensures
the absence of adjoint chiral multiplet at each step hence allows Seiberg
duality to be applied. On the Toda CFT side, the conjugate of a symmetric
representation is neither symmetric nor antisymmetric, thus momentum
conjugation only yields symmetric or antisymmetric representations if the
original representations were all antisymmetric. It should be noted that this
choice of signs is identical to that made in Section 3.6.2 to fuse degenerate
punctures into a degenerate puncture labelled by an arbitrary representation,
hence conjugating this representation corresponds to a set of Seiberg dualities
on the gauge theory quiver.

We now go back to a quiver given by arbitrary signs 7, and determine
all dual descriptions obtained through Seiberg and N/ = (2,2)* dualities.
Inspired by the quivers which appeared when all ¢, = —1, we consider the
more general class of quivers

The multiplets described by this quiver are subject to a superpotential which
depends on some signs 77,% for 1 < k < n® and n,? for 1 < k < nft. Namely,
the superpotential is a sum of W, . defined as in (3.6.4) for fields charged
under the U(N}E), W, r for fields charged under the U (N R), and two cubic
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terms coupling each bifundamental of U(N%, ) x U(NT,) to multiplets charged
under the flavour groups. For n’ = 0 or n = 0 we retrieve the quivers

studied throughout this paper. Whenever 17,5 = —1, the superpotential
contains a quadratic term Tr((X#)2?) which lets us integrate out the adjoint
chiral multiplet X} of U(NF), and similarly nff = —1 lets us integrate
out X ,f.

Even though we have not given a Toda CFT interpretation for this class of
quivers, we find analogues of the Toda CFT parameters (zy, €, Kj) which are

simply transposed under dualities. Let foL_H = fo—H = €£L+1 = 6534—1 =1
and
nk nL
L 5L L L L L L : L
oy =1[%", ¢ =]]n. Kif=Nj-Nj, for1<j<n", (44.16)
=3 i=j
nk nk
eB=T[2F, e Hm , KF=NF—Nt| for1<j<nf, (4.4.17)
i=j

where NI = Néq =0.

Acting with Seiberg or the N = (2,2)* duality (depending on nf) on
a node U(N[) with k < n* exchanges (¢}, e}, KF) < (zf, 1. efhq, KEpq)-
This is proven through the same calculations as for the case nft = 0 treated
in Section 4.4.1. Similarly, acting with a duality on U(NF) with k < n®
exchanges (11, elt, KF') < (zff i KR).

Let us now understand how dualities act on U (N fR). If efR = 77,133 =
+1, the fields which couple to the gauge group factor U(N fR) are those
of N = (2,2) SQCDA, no simplification occurs, and neither Seiberg nor
the N' = (2,2)* duality applies. However, if ef‘R = 775’12 = —1, we can
integrate out the adjoint chiral multiplet to obtain SQCD with N fR colors
and Ny + N va + N'% B _, flavours, and Seiberg duality yields a theory with
(NfR)D = Ny + N:L: NnR 1 NfR colors. The magnetic theory has the
same form (4.4.15) as the electric theory, but it features fundamental and
antifundamental chiral multiplets of U ((N'%)P) and U (N _,) rather than

U(NL)) and U(NT,): in other words, n’ — n’+1 and nf! — nff —1. Due to
the additional mesons after Seiberg duality, both nﬁL and nfR_l change signs,
thus toggling between the presence or absence of an adjoint chiral multiplet.
From our previous work on the action of Seiberg duality on quivers, we
also know that FI parameters map as 2£L — 2#253, 253 — (éﬁR)_l and
25}2,1 — éfR 253. Translating to the parameters (z, €, K), we find that the
set

-1

(@) e, Ny =K [ 1<j<nfyu{@El, & K [1<j<n}
(4.4.18)
is unchanged: the triplet (fo, Gva K fR) is simply moved from the second
part of the set (on the right of flavour nodes) to the first part (on the left). By
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symmetry, the discussion applies to the node U(N. 7fL): if 777LLL = +1 there is
no duality, while if 77£L = —1 Seiberg duality moves ((a:ﬁL)_l, eﬁL , Ny — KﬁL)
from the left part to the right part of (4.4.18).
All in all, Seiberg and N/ = (2,2)* dualities acting on any of the
nodes of (4.4. 15) correspond to transpositions of ((xf)71,eF, Ny — K1),
v (@E) T eE Ny — KR, o, (28, el KR, L (x?,el,}(R). The
position of ¢ indicates the pomtion of the flavour nodes in the quiver. Only
triplets (z, €, K) with e = —1 can be exchanged with ¢. Therefore, combina-
tions of dualities correspond to all permutations which leave triplets with
= 41 to the left of ¢ and those with ef = 41 to the right of ¢. Denoting
by nf; and nf the number of such triplets, and by n_ the total number of
triplets with ¢ = —1, we conclude that the number of dual descriptions of
the theory (4.4.15) is

n_ Ly R!( L+ R+ _+1)!
n_— nimn n n n
k)4 —k) =+ T F . (4.4.19

As a last comment, we propose that the partition function of the S? surface
operator defined by coupling (4.4.15) to Nf2 free hypermultiplets on Sj should
be equal to

nL n
4.4.15 5 {7 > >
zf%sg—<vaw<oo>vm<1>vao<o>Hv_m<Kf,eL H QKR ) f>>
7=1 =1

(4.4.20)
up to factors that can be absorbed in Z. Here, Q(K,+1) = Kh; is the
highest weight of a symmetric representation while Q(K, —1) = wg is the
highest weight of an antisymmetric representation. The proposal is consistent
with the action of dualities as permutations of (z, €, K) triplets described
above: in particular, an antisymmetric representation with highest weight
wk can be seen either as part of the left product (wx = Q(Ny — K, —1)%) or
as part of the right product (wx = Q(K,—1)), and this choice reproduces
the Seiberg duality map. On the contrary, the conjugate of a symmetric
representation is neither symmetric nor antisymmetric, so punctures with
€ = +1 belong to a given product and cannot be moved to the other one.
We have not explored this proposal further, as fusions of antisymmetric
representations are enough to obtain arbitrary representations.
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4.A SQCD vortex partition functions

In this appendix and the next, we prove that the vortex partition functions
of some dual theories are equal up to simple factors. The equalities are
most easily seen through the matching with Toda CFT correlators, as done
in the main text. However, the matching is not proven in all cases, so we
proceed to establish the equalities directly using integral representations
of the vortex partition functions. We cover the case of Seiberg duality for
N = (2,2) SQCD in this appendix. We then add adjoint matter and a
superpotential in Appendix 4.B: this includes as special cases the Seiberg
duality for N' = (2,2)* SQCD, and the Kutasov—Schwimmer duality. The
two appendices use similar ideas but are independent.

We focus first on the S? partition function of an N = (2,2) theory of a
U(N) vector multiplet coupled to Ny fundamental and Ny antifundamental
chiral multiplets. Its expression can be decomposed as (3.4.8) into vortex
partition functions [BC12; DGLFL12]. By symmetry we can assume that
Ny < Ny, or that Ny = Ny and |z| < 1. The relevant vortex partition
functions are then labelled by N-element subsets of [1, N¢] and take the form

o0

ZVv{P}(m7 m, Z) = Z [(_1)Nfz]ka:,{p}(m7 771) , (4.A.1)
k=0

where the k-vortex partition function is

1/k; —img — imy. g,
Zugpmi) = 3 [ LT i),
ki+-+kn=k j=1 z;éy (lmpz lmpj - ki)kj Hsg{p}ﬂ +1mg — 1m’pj)kj
(4.A.2)
We prove that the vortex partition function is invariant under the Seiberg
duality map N2 = Nf—Naw{P}D — {p}® (the set complement), m? = $—ms,

mb = % — s, 2P = (=1)N*+Nr 2 up to a simple overall factor. This is based

on the proof [BC12] that, for N} < Ny — 2, the k-vortex partition function
is invariant. Since Zj 1,y depends analytically on the m, and ms, we only
need to prove the equality when R-charges Re(—2im;) and Re(—2ims) are
between 0 and 1; the same is then true of the R-charges in the dual theory.

Consider a closed contour C; which lies in the half-plane Re(yp) > —%
and surrounds with a positive orientation all points —ims+ 1 and % +ims+v
for 1 < s < Ny and integer 0 < v < . This set of points, Which all have
positive real part 1s invariant under the duality map —1mD 2 + imgs. The

contour C, = —% — C; lies in the half-plane Re(p) < 0 and surrounds
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with a positive orientation all points —1 — imy; — v and —% + imgs — v for
1 < s < Ny and integer 0 < v < k. Define the contour mtegrals

+ 1 Pr — Hi\] 1 (o — i)
I {p}(m m) = k"/ 27r1 H - 1 H Ny '
( KFEN P~ PA k=1 Hs 1(()05 +img + 5s€{p})
(4.A.3)
As we will see shortly, I* are essentially k-vortex partition functions of
Seiberg dual theories (4.A.7). Given our choice of contours, the change of

variables ¢ — P = —% — ¢ maps C’ki — C;7, and we find
I]j:{ }C (mD7 mD) = (_1)(1+Nf+Nf)kI]jj{p} (m7 ﬁl) ’ (4A4)
where the sign comes from dp” = —dy, P —im?” = —(¢ — im), and

SOD + imsD + 5s€{p} = _(90 +ims + 5s¢{p})‘

Poles of the integrand for which all Re(p,) > —3 are labelled by choices
of N integers ks > 0 with > 1 ks = k, such that the ¢, are given in some
order by

se{p

{on} ={—ims+v|se{p},0 <v <k}, (4.A.5)

hence (C’:)k surrounds precisely those poles. Similarly, poles with Re(p,) < 0
are

{on} ={-1—ims—v|s¢{p},0<v <k}, (4.A.6)

labelled by Ny — N integers ks > 0 for s ¢ {p}, summing to k, and (Cj, )* sur-
rounds precisely those poles. For a given choice of k1 + --- + ky = k, the
residue at each of the k! points {¢x} = {—imp, +v |1 < j < N,0 <v <k}
reproduces the corresponding term in the k-vortex partition function (the
factor 1/k! cancels the choice of ordering of ¢, ), hence the k-vortex partition
functions are

Z ip} (m,m) = I]:r{p} (m,m) LAT)
Zy o (P, P) = (1) N -

(M)

where the dual relation derives from (4.A.4) or from summing residues at
poles surrounded by (C})*.

4.A.1 SQCD with N; < N;

As long as N} < Ny — 2, the integrand in (4.A.3) is regular at infinity, hence
we can choose C* along —% +1R, from ico to —ico: then C~ = —1 — C* has

the opposite orientation, and I, , (m,m) = (— 1)kI,j{ }( m). Therefore

Zk,{p}c (mD’ mD) — (—1)(Nf+Nf)ka’{p}(m7 m) (4A8)
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hence vortex partition functions are equal:

Z, {p}c(mD, mP,2P) = Z, (py(m,m, 2) (4.A.9)
where 2P = (—=1)N+1 2. This result strongly relies on our ability to reverse
contours, that is, on the absence of poles at infinity for N} < Ny — 2. For
N} =Ny —1or N} = Ny, we must take into account the contribution from
infinity.

Consider first the case ]Vf = Ny — 1. We shift the pole at infinity to a
finite position through the regulating factor iM/(p, +iM). This is equivalent
to adding a fundamental chiral multiplet with a twisted mass M, which
we demand to lie in the strip 0 < Re(—2iM) < 1. In the limit |M| — oo,
the contours (C’,;t)k only surround poles of the original integral, which are
independent of M, and the regulator does not affect residues. Therefore,

~ 1 ©
+ K
I"”{p}(m’ m) = |]\}|goo k! / (27T1 { 11 o) — 1

s L0

Nf 1

ﬁl [[2; (px —ims) iM ]}

(SDK +img + 5s€{p}) Pt iM

(4.A.10)
Poles of the integrand above with all Re(p,) < 0 are identical to those of the
non-regulated integral, hence integrating along the contour —3 + iR yields

I {p}(m, m) by closing the contour towards —oo. Closing the contour instead
towards 400 surrounds poles at

{or} ={-ims+v|s € {p},0<v <k JU{-IM+v|0<v <}, (4.A.11)

for each choice of non-negative integers ks for s € {p}, and [, such that
L+ > seqpy ks = k. The residue at such a point is (factors of iM cancel out)

(-1 H Pr — H ivfll( —imy)
T (patSrsho1) pAN PE TP T 1 ot T (o + fmg + Ssz{p})
(4.A.12)
where the residue is precisely one of the contributions to I ,j_l, ) (m,m).

The contributions for a fixed [ combine into the full (k — [)-vortex partition
function. All in all, using (4.A.7) I (m,m) = Z ¢ (mP,mP) and

+ — N, —
Ik,{p} = Zk:,{p} when Nf = Nf - 1,

k l
~ —1 _
Zk7{p}ﬂ (mD,mD) = (_1)kz ( l'> Zk‘—l,{p}(mam) (4.A.13)
=0 ’

Z{p}c (mD’ﬁLD’ZD) = e_ZZ{p}(mamaz) . (4A14)
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Alternatively, the factor e can be obtained from the case Ny = ]Vf +2
(where there is no factor) by decoupling one of the fundamental chiral
multiplets through the limit [my,| — co. For an arbitrary Ny > Ny,

k
. _ kY, . .
- (1me) k} :(_1)l <l> (—1m )l(Nf+2 Nf)ZNf {1]}Vf if ]Vf e {p}’

7NNy
ki {p} . k »Np—1 Ny .
(ima,) 2N if Ny ¢ {p}.
(4.A.15)
If Ny > Nf + 3, terms other than [ = 0 in the sum are of a lower order,

thus Z]ivf{’} ~ (imn; )~ kZ,ivgp}l f, consistent with the equality (4.A.8) of

Seiberg-dual vortex partition functions in those cases. If N; = N} + 2, we
find

Ni+2,N; . —xd N;+1,N;
Zyy T (imagx) ~ e NP Z LT (). (4.A.16)
Exactly one of two Seiberg-dual vortex partition functions exhibit this
D

exponential factor, and with opposite signs since im Ny ™ —imy;. Starting

from the Seiberg duality relation (4.A.9) for Ny > N} + 2, we thus obtain
the exponential factor in (4.A.14) for Ny = N} + 1. Unfortunately, the same
technique fails to reach the case Ny = JA\T}, because terms beyond (4.A.15)
contribute to the limit [my,| — oo (with z/my, kept constant). We avoid
this issue in the contour integral approach by introducing different parameters
for each occurence of my;,, as we now see.

4.A.2 SQCD with N; = N;

When N; = Nj, we regulate using [[%_; [~ (iM,)? / (92 — (iM,)?)] with
M, real for simplicity. This factor is similar to the contribution from two
fundamental chiral multiplets with opposite twisted masses, but importantly
we let the parameter M, depend on k. In fact, we will consider the limit
where masses have different scales, 1 < |[M;| < - -+ < | M|, as this simplifies
the expansion of residues. For large enough |My|, the additional poles
lie outside the contours (C,ét)k, and the regulating factor tends to 1 when
evaluated on the contour (or at poles it encloses), thus

1 dke
+ >\ — 3 _
Iky{p}(m’ m) = |M1,:|Igoo k! /(Clict)k (27ri)k{
k O — Oy k Ny O — i
g B 1 (el
(4.A.17)
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Poles of the integrand above with all Re(y,) < —% are identical to those
of the non-regulated integral, hence integrating along the contour —% + iR
yelds Z; ", (m,m) by closing the contour towards —oc.

Closing the contour instead towards +oco surrounds numerous poles:

{oe} ={-ims+p|se{p},0<p<ks}U{eiM,+v|re K,0<v<lI},

(4.A.18)
where K is the set of 1 < k < k such that ¢, = €,iM, for some sign ¢, = +1,
and where the integers ks > 0 for s € {p} and I, > 0 for k € K sum to k. To
specify a pole completely, one needs to know { K €, l«, ks}, but also which
component of ¢ is equal to each —ims 4+ p and each €,iM, + v. This is
encoded in maps ¢ and 7 such that

Po(sp) = —ims +p and () = 1M, +v. (4.A.19)

Note that 7(k,v) = k if and only if v = 0.
We expand the residue at the pole defined by {K, ¢, l,, ks, 0,7} in the
limit 1 < |M| < -+ < | Mg|:

e il s iM,. ks—l
Kl H[ H [(eﬁlM +(y) )2 ] H H 1+O<M2(

rEK se{p} n=0 o(s,u)

[-aizoe) EK[HO( I I

Ny .
Pr — PA :| [ — 1y ]
. res —_—
%(s,m:imﬁu{ni/\el{;[(sm} LOH —pox—1 1;[ Pr + imy + dig(p) }
(4.A.20)

The first line consists of all factors coming from the regulator; the next factor
comes from (@) —ims)/(pr(..) + iMms + sg(p}), and involves

refo(s,u)}t

Ny

N= (ims +ims + Ssg(py) ; (4.A.21)
s=1

the following two factors come from the ratio (¢ —¢) /(¢ —¢ —1) where either
one or both components of ¢ take the form ¢, ,); the last line consists of
all finite factors, independent of the M,, which organize themselves into a
residue along the components ¢4, ). A useful simplification is

(4.A.22)

—(iMT(W,))2 —MTQ(,W)M,;2 if 7(k,v) < kK,
(exiMy +v)? — (iM (. 1)? 1 if 7(k,v) >k

On its own, the residue (4.A.20) grows like [],.(—€xiM,;), but we will see
that the sum over all possible choices of the signs €, (keeping { K, I, ks, 0, 7}
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fixed) has a finite limit. More precisely, starting from A = k, and all the way
down to A = 1, we sum over €y = £1 (if A € K) and take the limit |M,| — oo.
At each step there are three cases. If A = (s, i), the twisted mass appears
only in a factor 1+ O(1/M?), which thus drops out. If A = 7(k,v) > &, then
the factor (4.A.22) containing M) drops out. The case A = 7(k,v) < k does

not appear, as we see shortly. Finally, if A € K, several factors contain My:

- = 1-—= +O0(—=|||11+0(—5 |-
2 1§1V_£l)\ (6)\1M)\ + l/)2 — (IMT()\,V))2 exiMy, M)% M/%
T(AV)<A

(4.A.23)
This expression vanishes in the limit |M,| — oo if any 7(\,v) < A, thus only
poles for which all 7(\,v) > A contribute in the limit we consider. Otherwise,
the expression above is 1 (—exiMy+1,X+0(1/M,)), whose sum over €) = £1
is the finite result [,X. All in all, the sum over all choices of signs € of the
residue at the pole defined by { K, €, lx, ks, 0,7} has a finite limit

Nt .
1 Pr — Px P — iy
R N G I V(e ,
k! Po(s,u)=—Ims+p AL (5.)} Y —x— 1 we{o(s )} i=1 Qr +1mg + 5t€{p}
(4.A.24)
which turns out to only depends on the number #K of elements in K and

on the k;.

We must now sum this expression over all choices of sets K, of integers
l;, > 0 and ks > 0, and of indices o(s,u) and 7(k,v) > k. The choice of
{K,l, ks,o,7} can be split into a choice of {K,l,, 7} followed by a choice of
integers ks > 0 summing to k — [, where | = ), ls, and finally a choice
of o labelling the complement of T' = {7(-,-)} by pairs (s,u). This last
choice does not affect the residue, hence contributes a factor of (k — [)!.
The sum over {k;} (summing to k — ) of the residue in (4.A.24) yields the
(k — 1)-vortex partition function. Thus,

_ _ | (k=1)! _
Zkv{p}(m’m) = (1" Z k! Z Z Z Z[E#K] Z/:_—l,{p}(m7m)
1=0 C O THT=IKCT {1,>1} 7

(4.A.25)
The number of choices of {K, I, 7} with a given #K only depends on the
size | = #T, thus the choice of T' contributes a factor k!/[I!(k —1)!]. At
this point, we could conclude by noting that we expressed Z {p}(m, m)

in terms of the Z,j_l’ (p} (m,m) with coefficients depending only on [ and
the combination ¥ of twisted masses, and neither on Ny nor on N. The
coefficients can thus be obtained through the special case JAV} =Ny =1,
N =0, for which computations are elementary, leading to a Seiberg duality
relation valid for arbitrary JA\T} = N; and N.

For completeness, we go through the combinatorical exercise. Since
only | = #T affects the counting, we can fix T' = [1,[] to simplify the
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discussion. Define the map v : T — T such that for each k € K, v(k) = K
and v(7(k,v)) = max{r(k,u) | 0 < p < v,7(k,pu) < 7(k,v)} for v > 0.
The data of K C T = [1,l] and v : T — T with v(k) = & for k € K and
v(A) < Afor A € T'\ K is in fact equivalent to that of {K,[.,7}. There are

[Tier (A — 1) maps v, hence

Zk_,{p}(m’ m) = (-1)" i{;( Z i H()\ - 1)) Z]j—l,{p} (m, m)}

1=0 KC[LI]  Ae[LI\K

o~ (2 -
= (-1 l;) TZ’:‘I’{?’}(m’ m),

(4.A.26)
where (X); =X --- (X +1—1) is the Pochhammer symbol. From this, we can
finally deduce the Seiberg duality relation

Zge(mP,mP,2P) = (1= 2)75 Z gy (m, i, 2), (4.A.27)

with 2P = 2, and where we recall ¥ = Zi\zl(iﬁls +img) + Ny — N. This
relation precisely matches that obtained in the main text as Toda conjugation,
in particular the exponent (4.2.4).

4.B SQCDA vortex partition functions

We now adapt the proof to N’ = (2,2) SQCDA theories with a superpotential.
The field content consists of a vector multiplet coupled to one adjoint chiral
multiplet X, Ny fundamental chiral multiplets g5, and Ny antifundamental
chiral multiplets gs. As in Section 3.5.3 we consider two cases: the superpo-
tential W = Zi\zl §: X" q; and the superpotential W = Tr X**1 for integers
lt,1 > 0. Both choices exhibit common features, with I; replaced by [ for the
second superpotential.

In Section 4.3.1 and Section 4.3.2, we find that pairs of such theories with
gauge groups U(N) and U(NP) are dual, using symmetries of Toda CFT
correlators. Parameters are mapped as follows: mg =myx, NP =L—-N

with L = 3219, I;, and

Ny
mP = my, mP =mP, L= (=Dkt for W= Z@X“qt
t=1
(4.B.1)
mP =mx —my, mP =mx —my, 20 =(-1)Fz for W = Tr X!*1,
(4.B.2)

Higgs branch vacua of the U (V) theory are labelled by integers 0 < n; <,
with sum N. Those are in a natural bijection n? = I; — n; to integers
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0 < nf) < Iy with sum L — N, which label Higgs branch vacua of the
dual theory. We check the dualities at the level of classical and one-loop
contributions in Section 4.3.1 and Section 4.3.2. We now prove the relations
(4.B.30) and (4.B.31) between the vortex partition functions of the U(V)

theory in the vacuum {n;} and of the U(L — N) theory in the vacuum

{lt — Tlt}.

4.B.1 Preliminary result for N; =1

Later on, we prove that dual vortex partition functions are equal up to some
factor which only depends on very little data. To fix the factor, we will
use the simple case of Ny = 1 SQCDA with 1 + im; + imy + Nimy = 0,
which we consider now. Its unique vacuum has ny = N, and we prove that
Zyny(y) = (1— y)~NV+mx) By analyticity, it is enough to show this when
Re(im1) < 0 < Re(—im1) < Re(—imx).

The vortex partition function, given by the series (3.5.10), has a Mellin—
Barnes integral representation

N-1 .
((V — K ]-)1mX - ku)k
Zv Yy) = yz ku ; r (4B3
) {k#z;o} M,ly_[() (v —pimx — k), )
_ (CyyMimerE D Nimy T SmT(Cpim) (B
p=1 g
1 dNU Trioc N . . o X
N /RN L (—y) jl[F(—lml — i) T (—im; + 10'J):|

Hz]'szl F(lo‘z — iO‘j — i’l?’LX)
[T, T(io; — io;)
which analytically continues Z, ¢x}(y) from the unit disc to y ¢ R>o. Closing

contours towards ico yields a similar relation for |y| > 1, with m; <> m; and
y — y~ 1. Hence, the analytic continuations obey

Zeny(y) = () NI Z0 0. (4.B.5)

The function (1—y)N(+imx )Zv,{ ~} () is thus analytic on the Riemann sphere
away from y = 1. Furthermore, we can bound it by a power of |1 — y| in two
pairs of angular sectors centered at y = 1, whose union is a neighborhood of
y =1

The first angular sector is defined by |1 —y| < M (1 —|y|) for some M > 0
and is contained in the open unit disc. The coefficients in the series (4.B.3)
grow at most polynomially in the exponent >_, k,, of y, and the number of
terms contributing for a given power of y also grows polynomially. Hence,

Zyiny @) < 37 Cr(k + Deylyl® = ColO1 (1 — [y)) 17 (4.B.6)
k>0
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for some C7,Cy > 0 which do not depend on y. Thus |1 — y[1+02ZV7{N} (y) is

bounded in each sector |1 —y| < M(1 — |y|). By the symmetry y — y~!, the
function is also bounded in a similar sector |y — 1| < M(|y| — 1). We have
thus probed the function away from the unit circle.

The next pair of sectors is probed using the Mellin—-Barnes representa-
tion (4.B.4), which converges away from the real axis. Set y = ref? with

3 <1 <2 (toavoid {0,00}), e = +1, and 0 < § < 7 (that is, y ¢ R). Then
|(_y)io'j’ _ ee(ﬂfa)o'j < 6(7r70)|0| ) (4B7)

For some large enough C7,Cy > 0 which depend on the twisted masses, we
have

F(—11?1~1 — ld‘j) < Cl(|0" n 1)NRe(imx)
I'(1+imy — ioy) (4B.5)
F(iUi - in - imx) Re(—imx) o
1
| o 1oy | < C2llel+1)

for all o, where |o| = (Zf\;1|ail2)1/2 is larger than all |o;| and all |o; — 0.
The inequalities rely on the asymptotics I'(a + iv) /T'(b + iv) ~ (iv)*? as
v — Fo00, and the continuity of both ratios of Gamma functions. Since
0 < Im(mp) < 1, we also have

27r€77r|oije(1711)\

< —7|o| B.
S TG m(mny < 3¢ (4.B.9)

ID(1 + iy — io;)T (=i + io;)

for some m;-dependent Cs > 0. Combining the bounds into (4.B.4) yields

)NRe(imX)

Zoy @) < Ca [ a¥oe N (o] + 1 (4.B.10)
b RN

for some Cy > 0. Switching to polar coordinates, letting 7 = 6(|o| + 1), and
bounding (7 — )N ~! < 7V~1 leads to

OO Z 3y ()] < Cs /9 dr e NTpNREma+N=1 < g (4.B.11)

for some C5,Cg > 0. In any angular sector centered at y = 1 and away
from the real axis, |1 — y| is bounded by some multiple of § = arg(y), hence
(1— y)N(1+imX)Zv7{N} (y) is bounded both above and below the real axis.
We have bounded the function (1 — y)N(HimX)ZV,{N} (y) by a power of
|1 — y| in a neighborhood of y = 1. Since the function is analytic away
from 1, it takes the form P(y)/(1 — y)", where P(y) is a polynomial of
degree at most n > 0. In the second pair of sectors, we found that the
function is bounded as y — 1, thus n = 0 and the function is the constant

(1 - y)N(l—me)Zv,{N}(y) = ZV,{N} (O) =1
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4.B.2 Proof for SQCDA

Let us move on to the proof per se. We start with the vortex partition
function (3.5.10) of the U(N) SQCDA theory in a given Higgs branch vac-
uum {ns}. The terms of this series in powers of y = (—1)M+N=1; are
labelled by integer vorticities kg, > 0 for 1 < s < Ny and 0 < p < ny:

ks
Zouy W) = YV Zo g =2 0F > Virh (4.B.12)
k>0 F20 S hak

The contribution V{{ Sf Y for a given choice of vorticities is a ratio of Pochham-

mer symbols, which we massage using (1 —z — k)i—; = (=1)* 7 (2),/ (),

into
V{ksu} H H —IMy — 1My )k, My — Mgy, —IMX — Kw )k,
{ns} (14 imy 4 mgimx — iy ), (ime — imsy — ki )k,
(s,p)el Lt=1 #o(tv)el "

(4.B.13)
Here, mg, ms, and mx are complexified twisted masses of the chiral multiplets,
we denote mg, = ms + umy, the products range over I = {(s,p) | 1 <5 <
N;,0 < g1 < ng}, and we have swapped (s, 1) <> (t,v) compared to (3.5.10).
Using that

H H lmt,/ imsu A— ktu ksu . H H imt,, —j — imsu +Z —-A-1

(imy, —img, — A) imy —j —img, +i— A

ks (s,p)el  (tw)el
0<74<kgp, 0<]<ktu

(s,n)€I (tv)el

(4.B.14)
for a generic A € C, we can express Vi{isf Y in terms of the combinations
—img, + 1 for (s,pu) € I and 0 < i < kg,. We find that (—l)kV{EZSf} is the
residue at {¢.} = {—ims, + i | 0 < i < kg, } of the integrand in (4.B.15)
below, after |M,| — oo.

The discussion above leads us to the contour integral (Ip = 1 is an empty

product)
k ico d k —(1 —
. : @ (iM,)? @
I, = lim --- lim H/ 2H H — 12 H - _1
Mif=oo  [Myloo Kl 20 | oo 271 | | 5 (0 — 2)7 = (IM)? 275 s — ¥

k E Ny .~ . .
. H Y —@x— 1 —imx HH[ w — 1M Yr +ims —imx ]}
pom1 PR T PAT imx 4 lest1 —l— ims + nsimx ox +ims + (ns — 1)imx
(4.B.15)
whose residues include all contributions to the k-vortex partition func-
tion Zy (,,}k- As in the SQCD case, we move the pole at infinity to a
finite value through a regulating factor, which depends on large real pa-
rameters with 1 < [M;| < -+ < [My|. The small shift by £ moves poles
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away from the imaginary axis. We assume that the complex parameters mg
and myx are in the ranges

0 < Re(imx) <1 (ns — 1) Re(imy) < Re(—ims) < nsRe(imx) .
(4.B.16)
This constraint is eventually lifted since the relation we will deduce between
vortex partition functions is analytic in ms and mx.
Close the contours of (4.B.15) towards +oo first. Because of the factors
1/(pr —x—1) and 1/(@x — @ —imx), the surrounded poles are such that
the ) are organized into groups of components with related values:

{oxl A e St =[[{—ims+ (1 —ns+pimx +i|0<p<nl,0<i<k,}

1<s<Ny
(4.B.17)
{ox I eTh =[] {3+ eiMy+vimy +5]0<v <0< j < k)
rkeK
(4.B.18)

where K is the set of indices for which ¢, = % + exiMy, and [1,k] = SUT.
Note that all n/, < ng, otherwise the numerator factor [, (px + ims — imx)
would vanish. Introducing if necessary kg, = -+ = k{ (ne—1) = 0, we set
n), = ng, then define kg, = k;(nsflfu).

The pole is uniquely determined by the partition [1,k] = S U T, the
set K C T, the signs ¢, = £1, the non-negative integers ns (fixed when

defining Ij,), ks, i, and kyy, and the maps o and 7 defined by

. . . . . ,
Po(spui) = —ims—pimx+i and @ .5 = §+E,§1M,§+I/lmx—{-] (4.B.19)

for 1 <s <Ny, 0< pu<ng, 0<i <kgy,andfork e K,0< pu<ne, 055 <
k. This data is constrained: o is a bijection from {(s, u,7) | 0 <7 < kg, }
to S, hence ) ks, = #5, and 7 is a bijection from {(x,v,7) |0 <j < Zﬂm/}
to T, hence S ky, = #7T. Also, 7(k,0,0) = k for all k € K.

Let t = #T. It is convenient to parametrize poles in terms of the data
t, T, (K, Ay, ki, 7), (ksp,0), and €,. When summing residues of Ij, at such
poles, we will first sum over choices of signs €,; and take the limits | M| — oo.
The result is independent of ¢, which thus contributes only a combinatorical

factor. Then follows a sum over choices of ks, whose only constraint is
{ksp}

ns}
the sum over k, yields the (k — t)-vortex partition function. Summing over

the remaining data, we find that I} is a linear combination of (k — t)-vortex
partition functions for 0 <t < k, whose coefficients only depend on ¢, imx,
and a single combination X of the twisted masses. This allows us to fix the
coefficients by considering a simple case.

> ksu = k—t. Since the residue of I}, involves the vortex contribution V,
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Let us proceed. The residue at (4.B.19) of (4.B.15) has the following
asymptotics:

k k 2 M2
My UG))
1:[1[1+0<M2>} H{1+O(M2>} H {0( Vi ﬂ (4.B.20)
K= K< T(K,p,5)<K K
(—1)F ) —eiM, Xl ks
TR I fiiy iy (mx) 11 [ 5 Ty > kﬂv+0< )] Viney
rEK rEK v=0
where f is a rational function of imx with integer coefficients, and
Ny
¥ =2Nimx + Y (1 + img + ims) . (4.B.21)
s=1

We expect the divergent piece —e,iM, /2 of the residue to cancel when
summing over signs €,. Let us take limits |M)| — oo from A\ = k down to
A =1 carefully. At each step there are two cases. If A € K, then the limit
vanishes whenever any 7(\, 1, 7) < A. Hence, only poles with all 7(\, p,j) > A
contribute and we can focus on those. The My-dependent terms are then of
the form —eyiM) /2 plus a finite part. Summing over €y = 41 only leaves the
finite part. On the other hand, if A € K, then taking the limit |M,| — oo is
trivial as M) only appears in factors [1 + O(1/M?$)] and [1 + O(M2/M3)]
for k < A (importantly, we have already taken the limits |M,| — oo for all
K> A).

All in all, we are left with a non-divergent expression for I:

Tpe—1
,Z > > I {f{nn} by (M) D kﬂ”} Viud "
" 0T K A} Lk 3o {Rsuto KE v=0
(4.B.22)

The summand is independent of o, and there are (k — ¢)! maps 0. Summing

{{ Sf} over kg, with > ks, =k —t yields Z ¢,y x—+- The sum over K, n,
k,w, 7 does not depend on the precise set T, but only on t = #T'. The choice
of T thus simply contributes a factor k!/[t!(k — t)!], which cancels the overall
1/k!, and (k — t)! coming from the choice of o. For a fixed j = #K, the
remaining sums yield a rational function of imx which can only depend on
the two integers 0 < j <t < k:

Iy = Z Z Jti (imX)Eij,{ns},k—t . (4.B.23)
t=0 j=0

Since the f;; do not depend on k, summing over k yields

S vk = ZZ Y i (0imx)S) Zy gy (0) = £ (imx, 359) Zy (o} (y) -
>0 >0 j=0
(4.B.24)
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In Section 4.B.1, we consider the case Ny =1, ny = N, 1 +imq + imq +
Nimx = 0, for which ¥ = Nimx, and find that

—N(imx+1) _ (1 _ y)*[lJFl/(imX)}E .

(4.B.25)
On the other hand, since the factors ¢, —im; and ¢, + 1 + im1 + niimx
in (4.B.15) cancel, the integrand of I has no pole with Re(¢x) < 0, thus
I, = 0po. As a result,

Zy (N} (y)‘1+im1+iﬁ11+NimX:0 =1 -

Flimx, Siy) = (1 — y) 11/ (mx))3 (4.B.26)

for all ¥ = Nimyx. This fixes each polynomial 22':0 fij(imx)X7 at an infinite
set of values, hence determines f completely.

At last, we are ready to wrap up, by showing that Ij is the k-vortex
partition function of the dual theory. Close contours of (4.B.15) towards
—o00. The surrounded poles are labelled by non-negative integers nj > 0 and
ki, >0for 1 <t < Njpand 0 <v < np

{or} = {-1—ims—ngimx —vimx —j | 0<v <n;,0<j<kp,}. (4.B.27)

For the choice of superpotential W = Zi\il G X" q,, the constraint 1 4 im; +
im; + liimx = 0 implies that the numerator factor [], (¢, — im;) vanishes
unless all kj, = 0 for v > I; — n;. For the choice of superpotential W =
Tr X'*1 the constraint 1 + (I + 1)imx = 0 implies that [, (¢, +ims —imx)
vanishes unless all kj, = 0 for v > | — n;. We can thus take n; = l; — n; in
both cases, and let k;, = k,'f(lt_nt_l_y) so that

{ap,{}:{—1—1mt—(lt—1—y)1mx—] ‘ 0§I/<lt—nt,0§j<kw}.
(4.B.28)
Summing over residues yields, after some massaging,

Z H H (ims —imy + (Is =l + v — p — 1)imx — kw)r,,

(ko 5000 <ts—ne) (s.10) L) (imsg —imy + (Is — Lt + v — p)imyx — k’tu)kzsu

{(1 +imy +ims + (Is — 1 — p)imx g,  (ms —imy + (Is — p)imx + 1),
(ims —imy + (Is — Iy — 1 — p)imx ), (ims —img + (Is — ng — p)imx + D,
(4.B.29)
For W = Zivzfl 3@ X" q;, the summand takes the general form (4.B.13)
of V{{lﬁnt}, with my <> my since 1+imy +ims+ (Is — 1 — p)imx = ims —imy +
(ls—1;—1—p)imx. Thus, Ij is the k-vortex partition function of the SQCDA
theory with Ny flavour, L — N colors, the superpotential W = 3, GX"q,,
interchanged twisted masses m; <> m; compared to the U(N) theory, and
the same value of y. Charge conjugation maps twisted masses back to those
of the U(N) theory, and maps y — y” = y~'. Summing y*I; then yields

I



192CHAPTER 4. TWO-DIMENSIONAL GAUGE THEORY DUALITIES

the u-channel vortex partition function of the U(L — N) theory (that is, a
series in powers of (y”)~!). We finally combine the relation (4.B.24) and
the explicit factor (4.B.26) with ¥ = (2N — L)imyx to get

‘]Vf

U(L—N _ _ imx) SU(N -
ZO L (P) ) = (1 — ) BNR ) 7000 () for W = ;%Xlt%-

(4.B.30)

For W = Tr X!, we have img, — imy + (Is — Iy — 1 — p)imx = ims —
imy + (s — p)imyx + 1, and again the summand takes the form of V{Eﬁnt},
with img; — imSD = imx — img and im; — iﬁLtD = imx — im;. Combining
the relation (4.B.24) and the explicit factor (4.B.26) with ¥ = 2Nimx +

Zi\zl(l +imy +1imy) and 1+ 1/(imy) = —I yields the Kutasov—Schwimmer
duality relation

Zi{gzj’;:iv) (mP,mP;yP) = (1 —y)™ Z\(,]’J({gs)} (my, my;y)  for W = Tr X!

(4.B.31)
with 01 = —I%N +1 Z;N:fl(l + imy + imy), as obtained in (4.3.18) through
the relation with conjugation of momenta in the Toda CFT. Since y? =y,
2P = (=1)N!z. In Section 4.3.2, we extend the Kutasov-Schwimmer duality
to theories with a different number of fundamental and antifundamental
chiral multiplets.



Chapter 5

Toda conformal field theory

Two-dimensional field theories with conformal symmetries are very con-
strained, as the conformal symmetry algebra (two copies of the Virasoro
algebra) is infinite-dimensional. Wei shall assume that the reader is familiar
with 2d CFT (conformal field theory) and otherwise refer them to Section 1.2
or the review [Rib14]. As initiated by A.B. Zamolodchikov and Fateev [Zam85;
FZ87], one can consider 2d CFTs with additional symmetries beyond the Vi-
rasoro algebra. One such extension of the Virasoro algebra is the W-algebra
W associated to the Dynkin diagram An_; (see the review [BS92]), which
includes some higher-spin currents W®*)(z) for k = 2,..., N beyond the
usual stress-energy tensor T'(z) = W) (z). The Wy-invariant analogues of
minimal models were constructed in [FL88]. These theories are rational:
their spectrum decomposes into a finite number of irreducible representations
of WN.

This chapter explores the Ay_1 Toda CFT (the standard recent refer-
ence is [FLO7]), arguably the simplest non-rational 2d CFT with extended
symmetry Wy, which reduces to the well-known Liouville CFT for N = 2.
The spectrum of these theories is continuous and involves in some sense ex-
actly one copy of each unitary representation of their symmetry algebra Wiy
(or of the Virasoro algebra W5). This choice of spectrum is already very
constraining and little additional data is needed to derive many correlators.
Throughout this chapter we try to clarify what properties are specific to the
Toda CFT and which ones only depend on the Wy symmetry algebra.

Section 5.1 is devoted to the Wy algebra. We present its free-field
realization, introduce Wy primary operators (vertex operators), evaluate
their quantum numbers, construct null-vectors using screening charges, define
semi-degenerate and degenerate primary operators, and state a few fusion
rules. The two following sections work their way up to the braiding kernel for
two semi-degenerate primary operators, related by the AGT correspondence

! The force of habit leads me to use the formal “we” even though this chapter, contrarily
to others, is not an article written in collaboration with other authors.
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to S-duality walls for 4d NV = 2 SU(N) SQCD. Section 5.2 derives the
braiding of a semi-degenerate operator and a degenerate operator labelled by
an antisymmetric representation of A _1, while Section 5.3 covers symmetric
representations and deduces the braiding of two semi-degenerate operators.

We move on in Section 5.4 to Toda CFT per se. We write down its La-
grangian, then use the Coulomb gas formalism to deduce two-point functions,
and some three-point functions with one degenerate operator, confirming
the fusion rules stated earlier. From the braiding matrices we deduce shift
relations which uniquely determine the Toda three-point function with one
semi-degenerate vertex operators as done in [FL0O7]. We then collect explicit
expressions for various Wy conformal blocks involving degenerate vertex
operators, and for the associated products of Toda three-point functions. In
Section 5.5 we derive some more fusion rules. We wrap up with Section 5.6
on obtaining irregular punctures as collision limits of products of vertex
operators, as these appear in some cases of the AGT correspondence.

This chapter is based on Appendix A of my paper [GLF14] with Jaume
Gomis and on a paper in preparation alone. Section 5.2.2, Section 5.4.1, and
Section 5.4.4 incorporate the contents of A.3, A.1, and a combination of A.2
and A.5 of [GLF14], respectively, while Section 5.5 is A.4 and Section 5.6
is A.6.

5.1 W algebra

As mentionned in the chapter introduction, the Wy algebra extends the
Virasoro algebra by adding some currents besides the stress-energy tensor
T'(z). One can choose various bases for these currents, and we will use the
basis coming from the Miura transformation (Section 5.1.1): the currents
are then W% (2) for integers 2 < k < N, with W® (z) = T(2). Other bases
are obtained by adding to W ®*)(2) some derivatives and products of WU)(z)
with j < k. We construct highest weight representations (Section 5.1.2) and
null-vectors in some of them (Section 5.1.3). We then find out which non-zero
two-point functions are allowed by the Wy symmetry (Section 5.1.4) and
discuss a few fusion rules (Section 5.1.5).

5.1.1 Miura transformation

Here, we give a free-field realization of the Wy algebra, obtained through
the Miura transformation.

Let us introduce some notations. Denote by A1, ..., hx the weights of the
fundamental representation of An_1, which obey Zivzl hs = 0 hence span
an (N — 1)-dimensional space. Let wy = hy + - -+ + hy, be the fundamental
weights, that is, the highest weights of antisymmetric representations of Ay _1.
Among the roots e = h; — hj for 1 < i # j < N of Ay_1, those with ¢ < j
are positive roots, and the simple roots are e; = h; —hjy1 for 1 <j < N —1.
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The Weyl vector is half the sum of all positive roots: p = % Y es0 €, and we
set @ = gp. The Killing bilinear form (, ) obeys

(hs, ht) = dst — % (hs,wr) = ds<k — %

(hs,ej) = dsj = Og(j+1) (W), wk) = min(j, k) — %

(wj» ex) = 0jk (ej,er) = =0je—1) + 205k = Sjhe1y  (5.1.1)
(o)=L s (o = EE R
(pyer) =1 <p,p>=N(N122_1>-

Finally, ¢(z, z) will be an (N — 1) component scalar field in this space, whose
coefficients have the OPE (operator product expansion)

<90(Zv 2)7 hs><90(07 0)7 ht> ~ _<h57 ht> log’Z‘Q + O(l) : (5‘1'2)

The Miura transformation consists in rewriting a product of N linear
differential operators 0, + (hs,0,p) as a degree N differential operator
expressed in powers of ¢d,:

1 N
[T (90: + (he, 020(2))) = > WH)(2)(q0:) V. (5.1.3)

s=N k=0

The first few operators W) (z) obtained in this way are

w0 (z) =1 (5.1.4)
W (z) = le (hs,020) = 0 (5.1.5)
s=N
1
W3 (2) = Y (N = 8)q:(hs, D0) + Y (hs, 0:00)(he, 020)  (5.1.6)
s=N 1<s<t<N

1
= <qp, 83 > - §<82§0782 >’

where p = 321 (N — s)hs is the Weyl vector of Ay_; (half the sum of the
positive roots). Using the OPE (5.1.2) it is straightforward to check that
W®)(z) follows the standard OPE for a stress-energy tensor T'(z),

c 2T (x) 0, T (x)
2(z—$)4+(z—x)2 z2—x

T(2)T(x) = +O(1) (5.1.7)
with the central charge ¢ = (N — 1)(1 + N(N + 1)¢?). Other OPEs

WO (2)W®) () are more intricate but are computable (see [BS92] equa-
tion (6.52)).
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It will be useful to know two terms in the OPE T'(z)W®*)(z), namely
those multiplying 1/(z — x)? and 1/(z — x). To this end, evaluate the
OPE of T(z) = (qp, 02¢) — 3(0-¢, D) and products P(z) of (91 (), hs)
for j > 0 and 1 < s < N, keeping only terms of order 1/(z — x)? and
1/(z — x). Contracting 92p(z) with such a product gives terms of order at
least 1/(z — )3, which we can drop. Double contractions of both 9,¢ give
terms of order at least 1/(z — w)?, also ignored. For single contractions we
can consider each factor (017 p(z), hs) independently and get

(] + 1>!<8Z§07 hs) _ Z (J + 1)! <8%+i907 hs>
(z — )itz il (2 —x)iTiH2
(5.1.8)
The term of order 1/(z — x)? is i = j hence (j + 1)(917p, hs), while the
term of order 1/(z —x) is i = j + 1 hence 0,(0:7 ¢, hs). More generally, the
term of order 1/(z — z)? is equal to P(x) times the number of derivatives
0 in P(x), while the term of order 1/(z — x) is equal to 9, P(z). Counting
derivatives in W) () is straightforward, and we deduce that

—(0:0,0:0)(0; " (), hs) =

i>0

EW®E (z) 9, Wk ()

TWHE (z) =+ o2 ——

+0(1). (5.1.9)

By adding to W*)(2) some derivatives and products of the WU)(z) with
j < k one can go from the Miura basis to a basis W) (z) of operators
with definite spins. The operators W) (2) for k > 3 are primary with
dimension k, namely

EW ) (w) N D W) ()

T(x)W® (w) = (z —w)? z—w

+0(1). (5.1.10)

This simple OPE is balanced by the fact that other OPEs W) (2)W ) (w)
are very complicated and not known in general. Furthermore, there seems to
be no proof that such a basis of primary operators W(k)(z) exists fo all V.

From an OPE W) (2)W %) (w) one can extract commutation relations
for the Fourier modes defined by

WE (z) =" wikl ek (5.1.11)
nez

and similarly for the W basis. For instance, the OPE of T'(z) and T'(w) yields
the Virasoro commutation relations [Ly, L] = 15 (1% —1)8n4m+(n—m)Lyipm,.
In principle this approach gives all commutation relations in the Wiy algebra,
for instance, the OPE (5.1.10) yields [Ln,ng)] =((k—1)n— m)Wfﬁm

k > 3. Similarly, the (partial) OPE (5.1.9) yields [Lo, ,(f)] = —mW¥ for

k > 2. However, writing explicit commutators is only feasible for small N
(see [Zam85] for N = 3), as the OPEs are not all known in general.

for
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5.1.2 Vertex operators

We exhibit a set of highest weight representations of Wy, namely repre-
sentations for which the spectrum of Ly (energy) is bounded below, and
which have a unique? “highest weight” state |a) of lowest energy. Since

[Lo, éf)] = —mW,Sf), one has

W o) =0 forn >0 (5.1.12)

n

W o) = w® () |a) (5.1.13)

for some quantum numbers w*) (o) which characterize the representation
(w?(a) is the dimension). This is equivalent to stating that the operator
V, corresponding to |«) through the state-operator correspondence is a
Wy primary, namely

k
e (@Valw) | WHVa(w) W Va(w)
k—1

W (2)Va(w) = .

+0(1),
(5.1.14)
D)

where Wﬁj V4, denotes the descendant of V, obtained by acting with the
Wy algebra generator.

We construct such Wy primary operators in the free-field formalism
as vertex operators Vg (z) = :e/®#(*2): labelled by an (N — 1)-component

momentum o = Zg:l ashs. The OPE

(z —w) (z —w)k~ z—w

(07

0p(2)Vo(w) = :<8<,0(z) - )Va(w): (5.1.15)

zZ—w
lets us in principle calculate the OPE of every W) (z) with V,,(w). Indeed,

N

> W () Vaw) (q0:) ¥ =
k=0 s

=TT (00 + (k00 - =) ) Valw):
N (5.1.17)

-

(q0: + (hs, 0.0(2))): Vo (w) (5.1.16)

— |l
2

=

For each k the most singular term is of order 1/(z — w)* and we reproduce
the OPE (5.1.14) with

k
W) =(1F Y T[Uahy)+G-Da).  (5.118)

1<s1<<sp <N j=1

2Tt is possible to show that zero-modes commute [Wéj), Wék)] = 0 hence any represen-
tation of W with Lo bounded below decomposes into such highest weight representations.
We ignore convergence issues entirely.
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Therefore, V, is a Wy primary as announced, and generates a highest weight
state (5.1.12) when acting on the vacuum. The first few quantum numbers
are w® =1 and w™ =¥ _(a, hs) = 0, and the conformal dimension is

Al)=w@(a)= > (a, hg)({a,h) +q) (5.1.19)

1<s<t<N

= —% > ey, he)? + qla, p) = %(a, 2Q —a)y.  (5.1.20)

Interestingly, the w®) are invariant under (shifted) Weyl symmetries,
namely permutations of the components (o — @, hs) of @ — Q. To prove
this, focus on one transposition (a — @, h;) <> (o — @, hi41), and denote
by o the resulting momentum. We claim that the term labelled by any set
S={s; < - <sp} C{l,...,N} in w®)(a) is present in w*)(a’) as the
term labelled by the set Sitr1. If neither ¢ nor ¢t + 1 appear among the
sj then Si411 = S and the terms are obviously equal. If only one of them
appears, say t = s; for some j, then the matching term in w(k)(o/) is the
one labelled by indices s1 < ... < s, with s; replaced by t 4+ 1 (if initially
t+1 = s; then replace s; — t instead). Finally, if both appear, they must be
contiguous, so t = s; and ¢ +1 = s;11. The relevant factors in the product
are

(b)) + (G —1)g=(a—Q, )+ ((N—=1)/24 7 —t)q (5.1.21)
(a,hi1) +jg={a — Q,hes1) + (N —1)/2+ 5 — t)q, (5.1.22)

and are exchanged by (o — @, hy) < (@ — @, hy+1), hence the term in w®) (o)
with the same choice of 51 < --- < s, is equal to that in w®)(a). As a result,
primary operators with momenta related by (shifted) Weyl symmetries have

the same values w*)(a). All operators W) with n > 0 act in the same way
on the states |a) and |o), hence the highest weight representations that they
generate are isomorphic. In fact, Weyl symmetries are the only redundancies
in the description of the w® in terms of a. Indeed, requiring that w®)(a)
takes a prescribed value gives a degree k polynomial equation on components
of a. This generically lets us express one component as one of k different
roots in terms of the other components, and iterating gives 2--- N = N!
solutions, exactly the number provided by Weyl symmetries.

All in all, highest weigh representations of Wy are precisely labelled
by a momentum « up to Weyl symmetries. As a slight abuse of notation,
we will use V,, to denote both the free-field vertex operator specifically and
more generally any Wy primary operator which generates a representation
isomorphic to it.

Another interesting transformation is conjugation of momenta (we also
call it Toda CFT conjugation), the C-linear map

hs = (hs)® = —hn41—s. (5.1.23)



5.1. W ALGEBRA 199

Conjugation maps the highest weight of a representation to the highest weight
of the conjugate representation, hence its name. The Killing form is invariant
since (a“, ¢) = (a, ), and p© = p thus Q° = Q. The numbers w®)
transform non-trivially, but it turns out that their analogues w*) obtained in
the basis W) of primary operators transform as w(*) (a®) = (=1)*w#) (a).
Note also that o — 2Q — o is a Weyl symmetry since (2Q — a® — Q, h,) =
(Q—a,hS) = (@ — Q,hny1-s).

5.1.3 Screening charges give null descendants

Screening charges are operators which commute with the symmetry algebra
Wh.

In the free field realization, some screening charges can be constructed
from vertex operators V, with a = bilej, where e; is a simple root and b is
defined by ¢ = b+ 1/b. These vertex operators have dimension (5.1.19)

1
A(btle;) = 5<bﬂﬂej,2c2 —btle) =1, (5.1.24)

and a straightforward computation based on the Miura transformation shows
that the OPEs W(k)(z)Vl',ilej (w) are total derivatives. This implies that any
integral Q;E = §dz V1, (2) on a closed contour has a trivial OPE with
the W) (), and is a screening charge.

We now use screening charges to detect null vectors, namely descendants
of primary operators which are themselves primary. This relies on expressing
the OPE of a screening charge Q?E with a vertex operator Vjz as a combination
of descendants of some other vertex operator Vg.. Since Qj[ commutes with
the Wy algebra generators, the resulting descendant transforms exactly
like V3, hence is itself a primary. The OPE (5.1.2) implies

Vo (2)V5(0) = |Z’*2(aﬁ>:€<a,¢(z75)>e<5,w(0)): — ’Z‘*Z(a,@ Z 22" Var(0)],
m,n>0
(5.1.25)
where the brackets denote descendants of the vertex operator V3. Replacing
(o, B) by (b*lej,2Q — ab — btle;) yields

Q;‘tVQQ_aC_bilej _ %dz‘z‘—2<b:tlej,2Q—aC—b:l:1€j> Z sz”[VZQ_ac] '
m,n>0
(5.1.26)
When the exponent of ]z\_z is an integer we can integrate z along a circle
around 0, getting a non-zero result if the exponent

(0Flej, 2Q — a® —btle;) = 2(14+6%2) — (bFle;, a) — 2672 = 2—bF1(aC ¢))

(5.1.27)
is positive. The result is a descendant of V5;_,c but also a primary operator
with quantum numbers equal to those of Vo o pe1. ¢ this is the definition
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of a null-vector. One subtlety is that if the exponent (5.1.27) is 1 then the
integral picks up the m = n = 0 term in (5.1.26), hence exactly Vq_,c
and not a strict descendant. For all other values of the exponent, we obtain
a genuine null-vector. Therefore, whenever b*!(a” e;) = —n for some
integer n > 0, some sign +, and some j, the representation of Wy generated
by Vyg_,c contains a null-vector. Comparing dimensions yields that the
null-vector is at level 1+ n.

This claim can be simplified a bit: the set of simple roots is invariant
under conjugation, and we can replace V_,c by any primary with the same
quantum numbers, such as V. We deduce that V,, (or rather any primary
operator with the same quantum numbers) has a null-vector descendant
whenever any (o, e;) = —nb*! with n > 0. Using multiple screening charges,
it is possible to show that V,, also has a null-vector descendant when («, e;) =
—n1b — na/b for ny,ne > 0. Considering special cases leads to a conjecture:
Vo has one descendant of level njng for each positive root e = h; — h; (i < j)
such that (o« — @, e) = —n1b — ny /b with integers ny, ng > 0.

A momentum (and representation of W) for which all (o, e;) € —bZ>¢—
b~1Z>¢ is called degenerate (or fully degenerate, for emphasis), and it takes
the form o = —bw — w'/b for some dominant weights w and w’ (highest
weights of some representations of Ay_1).

A semi-degenerate momentum « = sh; or —shy is such that all (o, e;)
vanish except a single one which is not constrained. The remarks be-
low (5.1.27) show that this representation of Wy has N — 2 null vectors at
level 1, and it turns out that it has (N —1)(N —2) independent null vectors.
The momentum —schy is in fact mapped by the Weyl reflexion defined by
the permutation (12---N) to

»Phy = {N <b+ 2) - %] hi, (5.1.28)

thus without loss of generality semi-degenerate momenta are sch;.

Finally, a generic momentum is a momentum such that the representation
of Wy contains no null vector; we will often parametrize such momenta as
a = @ + ia, to make Weyl symmetry more manifest. One could distinguish
many more types of momenta depending on which (a, e;) € —bZ>o— b1 Z>0,
but that is not useful in this work.

Another set of words to describe the same thing is that a “full puncture”
is a place where a generic primary operator is inserted, a “simple puncture”
corresponds to a semi-degenerate momentum, and a “degenerate puncture”
to a degenerate momentum.

5.1.4 Two-point function

We determine in this section which two-point functions of Wy primaries
may be non-zero. In 2d CFT the Virasoro symmetry imposes that two-point
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functions of primary operators can only be non-zero if the two dimensions
coincide. In a Wiy-invariant theory, we show that symmetry restricts possible
non-zero two-point functions further, fixing all quantum numbers as described
n (5.1.34). This is proven as follows (see [FLO7] for N = 3), assuming that
Wy admits a basis of currents W) (z) which are primary for k > 3.
Under the conformal transformation z = 1/z the primary operator
W) () maps to (9z/0x)*WH)(2) = (=1)k22WK)(2). Regularity at z = 0
requires W) (2) = O(27%¥) at z — oo. Now the OPE (5.1.14) between W (*)
and V,, or rather its analogue in the basis W*) | leads to the Ward identity

<W<’“><z>va<a:>v5<0>>
W () (Vala bl W““V( z) V3(0))
a (z—af +jz_:1 (z — a)k=d (5.1.29)
W (B)(V, L (Va(a) WHV5(0))
W) Zk( + > v |

Expanding in powers of z as z — oo and setting the coefficients of 271, ...,
2= (2k=1) t0 zero, we obtain 2k — 1 linear equations for the 2k — 1 two-point
functions (Vo (2)V3(0)), (W )V () V3(0)) and (Va(z) WHIV5(0)) for 1 <
j < k. This has a non-zero solution, in other words, the two-point function
(VaV3) can be non-zero, only if the determinant of the (2k — 1) x (2k — 1)
matrix vanishes for all = (see [FLO7] equation (2.7) for N = 3).

In detail, the first £ — 1 equations (coefficients of 2~ to z_(k_l)) express
each (Vo (x) W(_kj) V5(0)) in terms of other two-point functions, so we can

focus on the other k equations. The z~(+7) equation with 0 < ) <kis

0= w<k><a><va<x>vﬁ<0>><’“ e )+Z WHVa (o) Va(o))o* (k o 1)

(5.1.30)
while the one for j = 0 has an additional term depending on w(*) (B):

0= [w" () + w(B)(Va(a )+ Z ) Vs (0))z (k ~ 1)

1

(5.1.31)
Summing (—1)’ (kzl) times these equations for 0 < j < k — 1 yields

w® (B)(Va(z)V3(0))
k-1 .
=Y (cy (k ; 1) SWEV, (2) Vi (0))2° (’“ji; 1) (5.1.32)

0<j<k i=0
= (-1 "W () (Va (2)V5(0)) -
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The second equality here is due to binomial identities found by extracting
the coefficient of X*, 0 < ¢ < k in

= o (5) 2 ()

0<j<k —j<i<k
Mk — . . 5.1.33
= > {(—1)3 (k , 1) (1+ X)’“ﬂ—l/Xﬂ] ( )
0<j<k J
=(1+X)"1 -1+ Xx)/X) = (-1-1/X)F".
From (5.1.32) we deduce that (V,Vg) = 0 unless
w® () = (=1)*wF(a) forall 2 <k < N. (5.1.34)

This generalizes the usual constraint that A(8) = A(«) due to Virasoro
Symmetry.

We are not yet done, because explicit expressions of w(¥)(a) are not known.
We will show in Section 5.4.2 that the two-point functions (Vog_oVy) are
non-zero in the Toda CFT, hence 8 = 2Q — a must obey (5.1.34). The
constraint is thus equivalent to w¥)(3) = w*¥)(2Q — «) for all 2 < k < N.
This in turn means that the representations of W generated by the highest-
weight states |3) and |2Q) — «) are isomorphic, hence 8 and 2Q) — « are equal
up to Weyl symmetries. All in all, the only non-zero two-point functions are
(Vag—aVa) up to Weyl symmetry.

5.1.5 Some fusion rules

We state here some fusion rules involving degenerate Wy pimary operators.
Unfortunately, we were unable to find proofs that hold for general N using
only Wy symmetry. We perform a few checks in Section 5.4.2 for the Toda
CFT using the Coulomb gas formalism.

When a Virasoro primary operator is degenerate (has a null-vector de-
scendant), correlation functions involving this primary obey a differential
equation. On the other hand, three-point functions of Virasoro primaries
depend on the position of the operators in a way that is fixed by conformal
dimensions. Plugging the three-point function dependence into the null-
descendant differential equation then yields a constraint on the dimensions
of the three operators, which translates to a linear relation on the momenta.
This linear equation has a natural generalization to Wy, which we state
without proof:

<Vavﬁv—bw—w’/b> 7£ 0
= a+ 3 =2Q +bh+ h/bfor some h € R(w) and b’ € R(w'),
(5.1.35)
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up to a Weyl symmetry of 8 (or «). Here, w and w’ are the highest weights
of the representations R(w) and R(w’) of Ay_1, and the possible values for
a + f3 are characterized by pairs (h, h') of weights of these representations.
In the Coulomb gas formalism applicable to the Toda CFT, the condition
on « + [ arises in part as a screening condition on the sum of all momenta:
a+f—bw—uw'/b=2Q— Z;V:_ll (mjb+4n;/b)e; for integers m;,n; > 0, where
we recognize bilej as the momenta used in the construction of screening
charges (see Section 5.4.2).

The constraint (5.1.35) translates to a fusion rule, namely a restriction
on which conformal families may appear in the OPE of V_y,,_.//, with V.
Indeed, if the OPE contains a term Vs then the three-point function (5.1.35)
with 8 = 2Q — & is non-zero hence o + 2Q — o/ = 2Q + bh + 1/ /b, that is,
o/ = a—bh —h'/b. Thus, the OPE of a degenerate and an arbitrary primary
operators may only contain a finite set of conformal families (brackets denote
contributions from descendants)

Vioewp X Va= > Y Vacoh-nwpl- (5.1.36)
heR(w) I eR(w)

In the simplest non-trivial case of a degenerate operator labelled by the
fundamental representation (w = hy, w’ = 0) this sum has N terms,

N
Vophy X Va = [Vacsn,] - (5.1.37)

s=1

This last fusion rule can be derived for N = 3 by writing down a dif-
ferential equation for the three-point function (V_py, Vo V3) using explicit
null-vectors [FLO7], but that is unfeasible for N > 3. It would be interesting
to bypass the need for null-vectors; note that the Coulomb gas formalism is
not a solution, as it relies on the specific Lagrangian of the Toda CFT rather
than only on symmetry considerations.

When the arbitrary momentum « is replaced by a semi-degenerate mo-
mentum shj, the null-vectors of sch; restrict the fusion rule (5.1.37) further
to

V_bhy X Vi, = [Vachy—thi] + [Vichy —bho] - (5.1.38)

This can be shown for N = 3 using explicit differential equations as for the
case of a generic momentum «. We will show it in the Toda CFT by checking
that the structure constants associated to the other momenta shqy — bhg for
s > 3 vanish. This fusion rule is generalized in Section 5.5.2 to a proposal
for the fusion of V_y,,_.s/, with Vi, .

Another special case of (5.1.36) is the fusion of two degenerate operators.
As observed in the study of Wy minimal models [FL88], it parallels the
Clebsch-Gordan decomposition of tensor products of representations of Ay_1
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(more precisely of Ay_1 X An_1):

Vo0, —0a/p X Voo —ayp = Vosay—agpl-  (5.1.39)
RQ)CR(O)&R()

Once more, this fusion rule extends the case of Virasoro degenerate primaries
(for N = 2).

Let us conclude this section by noting that the three-point function
(Voeh, Va V) of one semi-degenerate and two arbitrary primary operators
determines all three-point functions of their descendants. The position-
dependence of the correlator of primaries is known and determines how the
Virasoro generators L, = {2 act. We focus on the 3(N +1)(N —-2)/2
correlators (WEI?V%MVQV@ with 1 <j<k—1and 3<k <N, and where

Wg;) acts on any of the three primary operators. Following the same idea
as for the two-point function in Section 5.1.4, we can write a Ward identity
for W) and use the asymptotics W*)(2) = O(272%) as z — oo to obtain
2k — 1 linear equations concerning these correlators. The 5(N — 1)(N — 2)
independent null vectors of V., each imply one additional linear equation.
All in all, we have

N
Z(2k—1)+%(N71)(N—2)=g(N+1)(N—2) (5.1.40)
k=3

linear equations for these correlators and for (V,., Vo V3). Generically, the

system can be solved, and the correlators <W£];)V%hl VaVg) are equal to
some number depending on momenta, on k, and j, times the three-point
function of primaries. The procedure can be repeated to yield all correlators
of descendants. In a full Wy symmetric 2d CFT, the symmetry algebra

is actually the product of a left-moving Wy algebra with generators W,Sk)

and a right-moving Wy algebra with generators W,Sk). In this discussion,
the left-moving and right-moving sectors are independent, hence the three-
point function of arbitrary descendants (obtained by acting with W and W
generators) factorizes as the product of (V4 V,V3), a factor depending
on the W generators, and a factor depending on the W generators. The
factorization will play an important (technical) role when determining some

braiding matrices in the next section.

5.2 Braiding matrices

This section and the next are devoted to determining some braiding matrices
and braiding kernels of Wy primaries.

We first consider four-point conformal blocks of one degenerate primary
operator with momentum —bh;, one semi-degenerate, and two generic pri-
mary operators (Section 5.2.1). As found by Fateev and Litvinov [FLO7],
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this is a hypergeometric function; our approach, based on monodromies, does
not rely on the differential equation which can only be derived explicitly for
N = 3. We deduce the braiding matrix relating s-channel and u-channel
conformal blocks.

We then repeat the analysis (in Section 5.2.2) with a degenerate mo-
mentum —bwy labelled by an antisymmetric representation R(wg) of An_1
instead of the fundamental representation R(h1). We obtain the relevant
braiding matrices as a combination of K copies of the braiding matrices from
the present section, and deduce explicit expressions for the conformal blocks.
More precisely, we confirm that the vortex partition functions of N' = (2, 2)
SQCD with gauge group U(K) and N matter fields are equal to conformal
blocks (up to simple factors) by computing braiding matrices for the two sets
of objects. This relation fits into the AGT correspondence and is explored
further in [GLF14] (Chapter 3).

5.2.1 Semi-degenerate and fundamental degenerate

We focus here on (VVVV) = (Vo (00)Viqyn, (1) Vophy (2,7)Va, (0)), the
four-point correlation function of two generic momenta oo, and «g, one
semi-degenerate (3¢ + b)hy and a degenerate —bhy, labelled by the highest
weight hy of the fundamental representation of Ax_1. The shift by b in »
simplifies some expressions. This correlator can be expressed in terms of
hypergeometric series. This was initially obtained by solving the null-vector
differential equations for N = 3 and writing the natural generalization of
these results [FLO7]. Here, we bypass the differential equation (null-vectors
are not tractable for N > 3) and use monodromy properties of conformal
blocks. We rely on the fusion rules (5.1.37) and (5.1.38)

N
Vophy X Va = [Vasn,] (5.2.1)

s=1
Vobhy X Viservyhy = WVoeha] + [Vioerb)hi—bhal » (5.2.2)

where each V.. stands for any W primary operator with the same quantum
numbers, and brackets denote contributions from descendants.

As usual in 2d CFT, the four-point function can be expanded in three
different channels by inserting a complete set of states separating two pairs
of primary operators. Let us first focus on the s-channel, where we pair V_pp,
with V,,. The sum over states can be grouped according to the underlying
primary operator V! (the index i distinguishes primary operators with the
same momentum «), and which combinations W_; and W_j of left-moving
and right-moving generators of Wy act on V! to generate a given descendant:

vvvvy=3>_ > > VauVierom WorW_3Va)

«@,t,) W7[7W77 W7J7W77 (K;1)i]T’ij<W7JW_j‘/2jQ_aV—bhl Va0> .
(5.2.3)
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This formula involves the inverse of the matrix K, of two-point functions
of descendants W_ IW_TVCﬁ with descendants W_ JW_j‘/QJQ_ o As we saw
at the end of Section 5.1.5, the three-point functions in (5.2.3) are uniquely
determined in terms of the three-point functions of primaries, thanks to the
presence of a semi-degenerate (or a fully degenerate) operator in each of
them. Furthermore, the factors due to W_; and to ij factorize, and do
not depend on the multiplicity indices %, j. Thus, the four-point function
takes the form

VVVV) = 30 Vo Virrom Vad (Ko i (Vig—aVotm Vao)  (5.2.4)
" F(aoo, (52 + b)h1, a, —bhy, |, :E)}

where the conformal blocks F factorize holomorphically as Fx) F(z) and
do not depend on the multiplicity indices ,j. Both of these properties
would fail in the absence of the semi-degenerate operator, as the contribution
from descendants may then depend on the multiplicity indices 7,5 and
the coordinate dependence is then a sum of holomorphically factorized
combinations Flx) F(z) for each 4, j. One last property of F is its ,z — 0
expansion

F(IL’, {f‘) _ ‘$|2[A(O¢)—A(O‘O)_A(_bh1)](1 + .. ) (525)

where (14 ---) is a series in non-negative integer powers of = and z.
The fusion rule (5.1.37) restricts the internal momentum « to be ap — bhs
for 1 < s < N. Hence,

(VVVV) = fj C®) FG)z) F\z) (5.2.6)

p Jp
p=1

for some constants CI()S) and holomorphic/antiholomorphic functions ]-}gs)
with the x — 0 expansion

]:IES)(x) = gAao=bhy)=Alao)=A(=bh) (1 4 ...

5.2.7
= $b<a0—Q7hp>+¥(b2+1)(1 +--) ( )

where 1 + - - - is a series in non-negative integer powers of z, and similarly
for fzgs)(:f). The superscript ®) indicates that this expansion comes from
the s-channel decomposition of the four-point function. Because of radial
ordering, the functions ]-}gs) are a priori only defined on the unit disc (with
a branch point at 0), but since (VVVV) is smooth away from 0, 1, and oo
the functions can be analytically continued to any simply connected domain
avoiding these points. Two natural choices that we will use at times are the
complex plane minus cuts on (—oo, 0] U[1,00), and the complex plane minus
cuts on [0,1] U[1, 00).
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From the u-channel decomposition we get
(VVVV) Z ct F(z) (5.2.8)

with an * — oo expansion in terms of a series 1 + --- with non-negative
integer powers of 1/x:

FW(z) = xﬁ(aoo)—A(ocoo—bhp)—A(—bhl)(1 4ot

5.2.9
— pb{ace—Quhp)+ N5 (B2 1)+ A (1 +-0). ( )

Again, ]:Igu)(as) can be extended to the complex plane minus some cuts, for
instance along [0, 1] U [1, c0).

The t-channel is more subtle, as it involves three-point functions of V,__,
Vo, and a descendant of the primary Vp, or Vi,1p)p, —pn,- Contributions
from primaries with momentum sh; factorize and do not depend on the
multiplicity index because this momentum is semidegenerate. Contributions
from primaries with momentum (¢ + b)h; — bhg need not factorize (and for
N > 2 they do not). We deduce that

vvvy) = 7@ 79z + oVFY (a, ) (5.2.10)

with the following x — 1 expansions, where 1 + --- denote series in non-
negative integer powers of (1 — x) and (1 — Z),

]:(t)( )]:(t (z) = |1 — x| [A(%hl)—A((%-f-b)hl)—A(—bhl)](1 4e)

2.11
— ’1 _x’2b(%+b)(Nfl)/N(1+”') <5 )
), = 2[A((5e+b)h1 —bha)— A((se+b)h1 ) —A(—bhy )]
F ,T)=11— 14---
P (e.) = |1~ al 1+ o
=|1- ’ b(s+b) /N +b? +1](1_|_...).
Away from the cuts, the equality 3_, C(s) fp =>,Cp (W f,ﬁ“) implies

(t)

that Fp" (W is a linear combination of the ]-'é ). Similarly, 77" is a linear com-
bination of the ]-"S(S), and the non-factorized function ]Fét) is (non-canonically)
a sum of N — 1 terms which are factorized. The expansions of F®) F1)
and F®) imply certain monodromy properties when analytically continu-
ing the functions through cuts. The monodromy My around z = 0 is
diagonal in the basis F® and eigenvalues can be read off from the expan-
sion (5.2.7). We can read off eigenvalues of the monodromy My around
x =1 from (5.2.11) and (5.2.12), the latter having multiplicity N —1. Finally,
the monodromy M) has N eigenvalues known from (5.2.9). Additionally,
Moy = M(1yM ) since x € {0,1, 00} are the only singular points.

We thus want to find triplets of N x N unitary matrices X = Y Z, where
Z = M) is the diagonal matrix diag(21,...,2y) (in the basis of s-channel
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conformal blocks), Y = My has eigenvalues (y1,y2,...,%2) and X = M
has eigenvalues (z1,...,zx). Of course, all |z = |y;|* = |z;> = 1. Tn
terms of a normalized eigenvector v € CV of Y with eigenvalue 7; and
lu|* = 1, the unitary matrix Y is

}/PS = y25ps + (yl - yQ)Up(Us)* . (5213)

For any A € C the matrix Y —AZ ™1 is the sum of a rank 1 part (y; —y2)v,(vs)*
and a diagonal part. Its determinant is

N
det(Y — Azt {1 + Z v - |v5| } [Tw— 2, (5.2.14)
s=1 Y2 — s=1

and we want to find v such that this matches with the characteristic polyno-

mial of X

N — A

det(Y = AZ7") = det(X — M) det(2) "' = [ =
s=1

5.2.15
- (5.215)

Assuming that all z, are distinct (this genericity condition could be removed
with some work), these polynomials in A match if and only if their values at
each point A = y22, are equal. We thus want

N
H( —y2zp) = (y1 — yQ)Zp‘UpF H(szS — Y22p) - (5.2.16)
s=1 S#p

This fixes all \03\2. The vector v is thus fixed up to phase rotations of its
components, in other words phase rotations of the basis vectors (this does not
affect Z). All in all, the constraints on X = Mooy, Y = M1y and Z = Mg,
fix the monodromy matrices completely, up to a choice of basis.

We now write down the expressions proposed in [FL07] for s-channel
conformal blocks:

FOg) = 200 QAp)+ X5 E41) (1 _ )b+ 1-b(e48) /N (5.2.17)

p
lfb%/N+b<O‘07thP>+b<aOO7Q7h5>7 1§5§N
NEN-1 ( 1+b{a0—Q,hp—hs), s#p z

where the hypergeometric function n Fy_1 is defined in terms of Pochhammer
symbols (a)r = I'(a + k) /T'(a) by the series

r) = Z W = lan)k (5.2.18)

k>0 (bv—1)k

a1
F(bl - bN 1

The functions fés)(x) have the expected monodromies and asymptotic be-
haviour around 0. Standard properties of the hypergeometric function
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(see [Nor55]) ensure that they can be analytically continued with branch
points at z € {0,1,00}. They can be written as a linear combination of
functions ]:S(u)(x) which have the expected monodromies and asymptotic
behaviour around co, and similarly (non-uniquely) functions F) which have
the expected monodromies and asymptotic behaviour around 1.

Since the monodromies around {0, 1,00} have the correct eigenvalues,
and given our discussion above, the monodromy matrices themselves of the
proposed (5.2.17) are equal to the monodromy matrices of actual conformal
blocks. Therefore, the proposed (5.2.17) are the correct conformal blocks,
possibly multiplied by a meromorphic function with no branch point. Given
that the powers of  at 0 and oo and of 1 — z at 1 also match, the meromor-
phic function has no pole throughout the Riemann sphere, hence is just a
normalization constant. In our convention, conformal blocks have a leading
coefficient 1, hence (5.2.17) is correct.

For completeness, we give here the braiding matrix B€ relating s-channel
and u- channel conformal blocks in the half-planes eIm(xz) > 0, which is
defined by ]:p ( ) = > B ™. The components (5.2.31) are computed
in the next section to be

e [(;H—b)hl —bh1] RS T4 b(Q — a0, e — hy))
Qoo @0 [ T = % = b(Q — a0, hy) — b(Q — oo, hu))
mme[l—%—b@ @0,hp) —b(Q—too his)]
sinm(1 — W —b(Q — ag, hp) — b(Q — aco, hs))
wzs L(0(Q = oo, his — )

TTL  T(5 +5(Q — a, ) + b(Q — oo, i)
(5.2.19)

5.2.2 Semi-degenerate and antisymmetric degenerate

This section originated as Appendix A.3 of [GLF14]. We move on to four-
point functions involving one degenerate primary operator with momentum
—bwy labelled by the K-th antisymmetric representation R(wg) of An_1.
We prove the following s-channel decomposition. Let v(x) = T'(z)/T'(1 — x)
and write g = ) — iae. The four-point function decomposes as a sum over
weights hgy = hp, + - + hp of R(wk) with 1 < py < -+ <pg <N,
namely

(Vorso (00) Viser ety (D) Vb (25, ) Vao (0))

K
[y 70100, by, — his)) () () 7 (=
=C F F |

{I'Z}Ll_[l ¥ 6ol  bos o)+ bliams i) ” 01D 101
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(s)

with conformal blocks F {p} given by generalizations of hypergeometric series:

K(N—K)
2

F(s)(x) — xb<_ia07h{p}>+
5 ﬁ ki [0 TIRL (1 = bse/N — bliag, hp,) — bliase, hs) )k,
’ K . N . :
oo 20 71 Liz (04100, hrpe = Pyps) — ki) Ty (1 4 bliao, hs — hp,) )i,
(5.2.21)
Of course, the four-point function has a u-channel decomposition completely
analoguous to this s-channel decomposition. The expression (5.2.20) for the
four-point function in fact comes from its relation with the partition function
of a supersymmetric surface operator on the sphere. We explore this relation

and how it fits into the AGT correspondence in Chapter 3.
The proof goes as follows. We find an Mellin—Barnes integral representa-

(b2+1)<1 _ x)K(b2+1)—Kb(;4+Kb)/N.

tion which analytically continues the expression for fé;)}(w) to the upper or
lower half-plane, and we expand it near £ = oo in terms of eigenfunctions of
the monodromy near co. These eigenfunctions F, E;%(a;) each take the form
(1 4 ---) for some exponent and some seriees in non-negative integer
powers of 1/x. The decomposition of F () as a linear combination of F® in

each half-plane yields braiding matrices B*:

E;} )2 Y By f{s ) (5.2.22)
{s}

where € is the sign of Im(x). We then compute braiding matrices via a 2d
CFT calculation and check that they are identical to B¢. The monodromy
matrix around 1 can be expressed in terms of braiding matrices (namely,

My = BT[B~]7!), hence the functions F, E;)}(x) have the same monodromy
matrices around 0 and around 1 as the actual conformal blocks. Given that
there are only three branch points, the last monodromy matrix, around oo, is
also correct. The equality of monodromy matrices then implies that F (;) are
the correct conformal blocks up to some rational function, and this function

is a constant because it has no pole.

Mellin—Barnes calculation

To compute the braiding matrix for F ) it is convenient to introduce no-
tations. Let im, and im, be 2N complex numbers such that ag = @ —
3 Zévzl imphy and ase = Q — % Zévzl imphy, and s = Zévzl(l +imy +1imy).
This parametrization is redundant, namely shifting all im, and —im,, by the
same amount does not affect the momenta ag, ao and (3¢ + Kb)hy, but this
will not be important.

With these notations, equation (5.2.21) reads

K .
Fipja) = (1 —a) a2 e ) (5.2.29)
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with exponents

K(N-K) ,
Yo = —f(b + 1 - == Zlms (5224)
s=1
K(N - K K& N
= _(N)bz A3 (i + ) (5.2.25)

s=1

and the hypergeometric-like series reads

(2% /k;!) T, (—imy, — i),
= > H T N N .
oot 50 j1 Uiy (i = imp; — ki) ey Tl (1 ims — imy )i,
(5.2.26)

K .
We shall work with the s-channel factors (—z) 2 i ff;)} (x), then convert

results to F®) by including some phases.

iy

Consider first the case K = 1. In this case, the explicit expressions

]-}gs)(:c) in terms of hypergeometric functions are known to be correct (see
Section 5.2.1). We now derive the braiding matrix announced in (5.2.19).

The s-channel factor (—z)~ " fISS) can be expressed as the Mellin—Barnes
integral (5.2.27) given below, which converges away from the positive real axis.
For |z| < 1 we can close the contour integral towards x — +00, enclosing
either the poles at xk +im, € Z>q or the N families of poles at kK —im, € Z<q
labelled by 1 < s < N. The first choice yields a single s-channel factor, while
the second yields a sum of N u-channel factors:

. N .~
) N ico T s
(7$)—1mpf1§8) (l‘) cont Dp/ dK‘. Hs 1 ( Ims + H)
oo 2mi S?ﬁpl“(l +ims + k)

N . ~
cont Z l')lmsfs(U) (z). (5.2.27)

I'(—k —imy)(—z)"

The coefficients D, B® and D are given in (5.2.29) below. There is no need

to write down the explicit expression for the series fs(u) () =1+ in
non-positive integer powers of x.

It is also convenient to work with the s-channel factors = f, (s)( ),
analytically continued with branch cuts on (—o0,0] U [1,400), and the u-
channel factors 2™ fs(u) (z), with branch cuts along (—o0,0] U [0, 1], rather
than with the factors appearing in (5.2.27), which all have branch cuts
along the positive real axis [0,1] U [1,+00). Using (—2) = e ™z for
e = sign(Im ), we obtain

_1mpf cont Z D Besﬁswiﬁis fs(U) (:C) . (5228)
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This braiding only differs from (5.2.27) by a phase in B¢

. me(mp+ms)
Be, =" (5.2.29)

PE sinw(—img — imyp)

N N .~ .~
~ F_ S
i) p, - e e g

im; —imy) TN, T+ imy + i)

We now convert the braiding to the functions ]—}Es)(x) (5.2.23). Upon
analytic continuation and expansion near x — oo the relative factor (1 —
x) 71277 becomes €™ (1 — 1/2) "1z~ Therefore,

PP = (e )

contz B 1 _ 1/x 'Yla:,*')’o*'}/l‘i’ims u Z BG ]:‘(u)

(5.2.31)
with a braiding matrix B¢, = €™ D, B Dy in terms of (5.2.29). We gave
this braiding matrix in terms of momenta instead of the {img, I} notation
in equation (5.2.19).

Next, go back to general K > 1. The s-channel factors f{(;)} () can

be written in terms of derivatives of a product of s-channel factors fzﬁj)(a;)
of the K = 1 case. We can then analytically continue each such factor
using (5.2.28):

—SE i (s O, — @0, {11 —imy
B ) = (T2 T o™ 50|

—1myp,; + 1My,

<] 7 5=1 Tj=T
(5.2.32)
cont i0z, — 250 ATEL TS € ims; (u) ]
- Dy, By Dy x; 7 fi (a) (5.2.33)
Ll;[j —1mp1 -+ 1mp] ]1_[1 5]221{ Pjs; ™ 5i } .
K ~ ims, — imyg. K .~
= > [H [D Bf)JSJDsJ 11 {M}xzj—llmsj f{(;‘; (x)]
s17Fsk Lj=1 i<j - M +1my,
(5.2.34)
— € N . 1m5 (u)
- Z D{P}B{p}{s}D{s}xZJ {S}( x). (5.2.35)

1<s1<--<sg<N

To get (5.2.34), we note that if s; = s; for some i # j, the diﬁerential opera—

tors x;0,, and x;0,, act identically on the product of factors acj * fsj (xj),
once I; and xj are set to x, hence the term does not contribute. After
restricting ourselves to terms with all s; distinct, we can safely extract the
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product of ims; — ims; to normalize f{(g (z). The last step sums over per-
mutations of the s;, to collect terms with the same factor, labelled by the
set {s}. The resulting ingredients are two diagonal matrices,

15, Dy

K
Dysy = (5.2.36
[Licj(—imyp, +imy,)’ {s} H ims, — img; H , )

1<J J=1

Dypy =

and the K-th wedge power é?p}{s} of the K = 1 matrix E’;S:

i = X 0 [ By = 3 07 [[ ol
B = (—=1)° e = (—=1)° - — -
{p}{s} s = DiSe(s) ol jop Sin m(—ims o) 1mpj)
(5.2.37)
/ d¥ sy [Licjsinm(k; — kj) sin(ims, — ims;) ﬁ e e (M)
— (21)K Hz‘{(jzl sin 7T(I<,j +ims,) i1 sin ﬂ'(/{,j — impj)
(5.2.38)

WEZK (mp,+ms.)
w2 T, sin (i, — ;) [T« sinm(imy, —imy,,)

IL; j sinw(—ims, —imy,;)

(5.2.39)

Each of the dr; contours in (5.2.38) is a pair of vertical lines % —ioco — %—Hoo

and ico — —ioo, surrounding poles at k; = —img

o) Convergence is
guaranteed since the integrand decreases exponentially as Imx — +oo
(for =1 < e < 1). If two o(j) are equal, the numerator sines lead to a
vanishing residue. Otherwise, the first fraction completely cancels and we
retrieve (5.2.37). Next, we note that the integrand has period 1, hence the
contour can be replaced by —% —ico — —% + ico and ico — —ico, which
surrounds poles at x; = im,,, with a factor of (—=1)X to account for the
orientation of the contour. This yields the last expression.

As in the case K = 1 (see equation (5.2.31)), the braiding matrix for

f{(;)}(:v) is obtained by including a phase €™, Namely,

Z By Fg®@ . Bl = €™ Doy Bl Disy -
(5.2.40)

CFT calculation

So far we have found the braiding matrix (5.2.40) for the functions ]—"{(Z)}
which should be s-channel conformal blocks. Here, we show through a CFT
calculation that (5.2.40) is indeed the correct braiding matrix from s-channel
to u-channel conformal blocks. We use a standard notation for conformal
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blocks, writing the four external momenta in a 2 x 2 table, and the internal
momentum separately.
The braiding matrix B%g is defined by

(s) m —bwi| _ e | M —bwk | () m —bwg
F oo—bhp [%o o ] = sc%:N]] Bbps laoo o ]]‘—aoo—bhs [%O g
HS—K

(5.2.41)
where m = (3 + Kb)hy, and we will often decompose oy = @Q — iag and
Qoo = @ — 1as. Using the dictionary between {img,im;} and momenta, we
wish to prove that

€
pPS

Q —iax Q —iag
em<blaohs) 1% 5 T(1 + bliag, hy — hy))
}}P [azs T(1 = % — bliag, hp) — b{idos, hu))
em e o) TTugs T (blitoo, hs — hu))
. seS Hl{ép F(bW% + b<ia07 ht) + b<ia007 hs>) '

(%+Kb)h1 —wa ‘|

_ e—iweiK(]\]j\]_K} b2

(5.2.42)

We proceed by induction on K. The result holds for K = 1, because
conformal blocks are proven in Section 5.2.1 to be equal to the .F,ES). From
here on, we assume (5.2.42) for a given K. In particular, the s-channel
conformal blocks are given for that value of K by the factors }“I(DS).

The t-channel block for the fusion of V_pp, and V_y,, into V_p,, ., is
the linear combination

(t) —bhy —bwi
—bwr 1 2@ —ag + bhp Qg

—bhl —wa
2Q — g + bhp (&7))

(5.2.43)

— (s)
peP

27i[A(—bwr )+ A(=bh1)—A(—bwi 11)] —27i[ K (b24-1)+b2 K /N]

whose monodromy is e =e
around x = 1. We shall prove that the fusion coefficients

II

te P\{p}

L((K+1)(1+4b%))
I'(1+ b2)

Fp,P[ao] =

D(b(Q — a0, b — hy) |
I'(1+4 b+ b(Q — ag, he — hy))
(5.2.44)
give this monodromy, and are normalized so that the dominant power of
1 — x has a coeflicient 1.
Braid V_g,, and V_pp, in the right-hand side of (5.2.43) using (5.2.42)
with P — P\ {p}, » —» —(K + 1)b, iasc — —iag —bhp and S — P\ {s} for
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some s € P (hp — hg must be a weight of the fundamental representation,
because of V_pp, ):

—bh; —bwg

> FurlaolBh ) p (s [
ey p 2Q) — ag + bhp g

. 2 .
_ efiﬂ'e%b2 Z eﬂeb(ao,hsfhﬁ HtEP\{S} Slnﬂ—(.l +b + b<1a0, he — hp>)
peP HtGP\{p} sSin 7T(b<1a(), ht — hp>)

T((K +1)(1+0%) 1 [ L(b(iag, hs — ht)) ]
I'(1+b?) (14 b2 + b{iag, hs — hy))

teP\{s}
(5.2.45)

_ i [ Kpr K (1462 F. p[2Q — ag + bhp]. (5.2.46)

We have used

Z eﬂ'Eb(ao,hs—hp> HtEP\{S} sin 7T(1 + b2 + b<ia0, ht — hp>)
vy [Licp\(p} sin m(b(iag, hy — hp))
~ [de Tlepygsysinm(I+ 0% +bliao, he) +5) e
)20 eme(=blaosha) Him) T, _ b sin w(b(iag, he) + k) ‘ ’
(5.2.47)
where the contour surrounds the rectangle Rex € [0,1], Imx € (—o0,00).
Summing over poles yields the sum over p € P in the first line. The integrals
over the lines 1 —ico — 1+ico and ico — —ioco cancel because the integrand
is 1-periodic, and the integrals over 1 + ico — ico and —ico — 1 — ico yield
0 and e ™K 1+5%) in some order.

In (5.2.46), we have only done one braiding move, not a full monodromy
(two braiding moves). However, the combination of u-channel conformal
blocks is identical to (5.2.43) after changing iag — iae = —iag — bhp, thus,
by symmetry, braiding once more to reach the s-channel yields the same
phase factor. Therefore, (5.2.43) has the announced monodromy around
x=1.

There remains to fix the normalization. We evaluate at = 1 the explicit
expression (5.4.37) of s-channel conformal blocks which appear in (5.2.43),
after removing a power of (1 — x),

N K®241)— K52 (s) —bhy —bwi
{(1 z) Y fao—bhp\{p} 2Q —ap +bhp g (@) o1

Y ()T [T AL 0. bRl
k: P—Zsq s;teP (bliao, he — hs) — ke + Gy,
kp=0"

This only depends on the (iag, h;) with ¢t € P, and does not depend on N.
We can thus take N = K + 1, in which case —bwg = bhy and the fusion
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is a special case of equation (B.14) of [GLF10], where the normalization is
known to be (5.2.44).

We are now ready to find the braiding matrix of V_j,,.,, with Vj; (where
m = (s + (K + 1)b)h1). This braiding, followed by writing V_y,,,. ., as the
fusion of V_pp, and V_y,,, is equivalent to performing the fusion step first,
then braiding each of V_;, and V_y,, in turn around the semi-degenerate
operator. The equivalence is encoded as a pentagon identity: for any (K +1)-
element sets of flavours P and S, and for s € 5,

€ m  —bwgi1 .
ps[aoo a0 ]FS,S[ZQ aoo}

B e | ™M —bh . m —bwg
R ;;DFP’P[QO]BPS laoo a0 — th\{p}] RACEE l%o —bhs o ] '
(5.2.49)
As a consistency check, we compute a slightly more general right-hand side,
with S\ {s} replaced by any K-element subset S" of [1, N]. This altered
right-hand side must vanish whenever s € S’. After extracting factors
independent of p in (5.2.51) below, we will obtain a sum over p of products
of sines, which is a sum of residues:

T [Tues 2 sinm(% + bliag, hy) + bliace, hu) + b*dus)
sl 7 Lsinm(% + b2 + b(iag, hp) + bliase, hs))  TI 2 sinm(b(iag, he — hy))
teP\{p}
Z ~Tlues 2 sinm(% + bliace, hy) + b20ys + K)
B et mo,hp = sm 7r(b” + 0% + b(iaso, hs) + k) T %sin m(b(iag, ht) — k)
tepP
. H’LLGS/ %Sin 7T(b26us + b<ia005 hu — hs> — b2) (5 9 50)
" Tler Lsin (% + bliag, he) + b{iaeo, hs) + b2) o
This sum of residues is the residue at x = —% — b2 — b(iau, hs) in the last

line, because the function of x is 1-periodic and vanishes at x — 4ioco, hence
the integral over the boundary of [0, 1] X (—oo,00) vanishes. As expected,
the result is 0 when s € S’ (take u = s). It is otherwise a product of sines,
and we get in that case the last equality below (with S = S’ U {s}):

Mo by T
F, plag]BS, [ ]BE / [ ]
pez; ! P lace o = bhpygpy | NP [ase —bhs ag

e~ imed e grb?+meb{ao,hp)+meb(acs hs+hgr) H'[jjyés T(b(iaoo, hs — hu))
175, D(% + 0261 p + b(iag, he) + bliace, hs))
emime(KAD(N—K-1V*/N Htep [Togp T(1 + bliao, by — he)) "
]‘[tep ngs' (1 — % — bliag, ht) — b{iace, hy) — b%dsw)
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(K +1)(1+0%)

Mags D(bliaoo, hu — hu) + 0?65y — b*0g)
T'(1+ b2) 11

wes Iozp T(% + bliag, hy) + b{idos, hu) + b26ys)
¥ [Ty 2 sinm(% + bliag, hp) + bliacs, hu) + b2dys)
1

oeP x50 (% + b2 + bliag, hp) + b{iase, hs)) T1 % sinm(bliag, he — hy))

teP\{p}

(5.2.51)

S¢:S’€_iﬂ_e(K+1)(x—K—l)b2 H emeblaoshe) HqJ;VQP (1 + b{iag, hy — he))
teP Hggs F(l - bWV - <ia07 ht) - b<ia007 hw>)
. emeb{aco,u) Hggs L (b{itos, hy — hu))
wes Togp T(5 + bliag, hu) + bliace, hu))

F((K + 1)(1 + b2)) F(b<iao<>7 hs — hu>)
T+ 11 T(1+ b2 + b(iaoe, hs — hu))

(5.2.52)
ueS\{s}

We recognize in the last line the fusion coefficient F; §[2Q — o). What
remains is the braiding matrix of V_p,, . with Vi, which we check to
be (5.2.41) with K’ — K + 1. This concludes the induction.

5.3 Braiding kernel

The previous section provides the braiding matrix of a semi-degenerate
vertex operator around a degenerate vertex operator V_s,,.. We move on
in Section 5.3.1 to the case of a degenerate momentum —Kbh; labelled by
a symmetric representation R(Khy) of Ay_1 instead of the fundamental
R(h1). We write down conformal blocks predicted by the matching with
N = (2,2) gauge theory and compute their braiding matrix. In principle we
could prove that these expressions are correct by computing the braiding
matrix in terms of K copies of the fundamental case, but we will not attempt
this very tedious calculation, which turns out to be unnecessary.

Braiding matrices with a general K € Z>( are used as an inspiration (in
Section 5.3.2) for the braiding kernel of two semi-degenerate and two generic
primary operators, where we promote the discrete —Kbh; to a continuous
»hy. The braiding kernel generalizes the braiding of Virasoro conformal
blocks [PT99], and it obeys some shift relations. More work is needed to
determine whether these shift relations fix the braiding kernel uniquely; in
any case they are enough to prove that the braidings of Section 5.3.1 are
correct, hence the conformal blocks as well.

5.3.1 Semi-degenerate and symmetric degenerate

Results in this section are new. They concern four-point functions involv-
ing primary operators with momenta «gp and a (generic), (> + Kb)h;
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(semi-degenerate), and a degenerate —Kbh; labelled by the symmetric repre-
sentation R(Khy) of Axy_1. The AGT correspondence for surface operators,
explained in Chapter 3, provides an explicit expression for the correlator.
From this expression we deduce the braiding matrix for the four-point con-
formal blocks.

We switch to the notations im, and im, introduced in the last section:
they obey ag = Q — % sz,vzl imphp and oo = Q — % Zévzl imyhp, as well as
7= %Zé\f:l(l +imy, + imy,), and an overall shift of all im, and —im,, leaves
the momenta g, s, and (32 + Kb)hy invariant. With these notations, the
four-point function is expressed as a sum over weights hp,) = Zévzl nghg of
the symmetric representation R(Kh;) of Ay_; (see (3.5.8)):

(Vaoo (00) Viser tyny (1) Vo icvny (2, 2) Vi (0))

y(imsy, — ime, _
D> [HH i) 5y £

n+tny=K (s ) t= 1 (i 4 imy)

where we introduced the notations H[(Z}#) = ]_[s 1 H"s Land img, = ims+ub®.

The conformal blocks f[(:]) are given by

Fillw) = (1= @) a0 e o g0 () (5.32)
with exponents
K(K-1), KN-1), K <.
_ . 1) — — s 0.
% ;U @HN-Flime (533)
K
= ( b2+_ E:ln% i) (5.3.4)

and series

ks - im ims#)ksu
Z]]{HH : (5.3.5)

k>0 (s,u) i=1 1+1mtm 510 e

Hiv 1(1 + imt’nt - ims# + ks# - kt(nt_l))kt(ntfl) (5 3 6)

HZL]V ( + imyy, — ims,u + ks,u - ktu)ktl,—kt(l,,m
For a given weight hp,; of R(Khi), and a choice of 1 <p < N we define
o NG 11_([ [/oo do'j:| {ﬁ [(io; —io; — b?)
[n] — ! o
K! i L—oo 27 Py 11(10Z 103)

ﬁ { [T, [D(=ims + i0))T (—im, — ;)] )J } _

S?ép[ (1 +imgn, + iO’j)F(—imsns — in

Jj=1
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The contours lie between poles of all the I'(—ims + io;) and poles of all the
I'(—img —icj). The integral converges for x away from the positive real axis.
The omission of some I' functions (those with s = p) in the denominator
is crucial for convergence, but this arbitrary choice of p will complicate
calculations.

For |z| < 1 we can close contours towards io; — Fioco, enclosing some
poles. The first case yields a linear combination of s-channel factors:

] imsy p(s
If:z] - ZT[I:L][k](_x) 2o f[(k]) (5.3.8)
(K]

TP . = I[E]I [Ty [D(—ie — iy )T (imgy — ima, )]
TTi%, (D1 + imum, — img)T (imgy — imen, )]

P (5.3.9)

(5,1)

The sum ranges over weights of R(K hi), but only some components of the
matrix TP are non-zero, namely those for which ks < ng for all s # p. The
second case yields a linear combination of u-channel factors

nl .~
P _ P\ D (a sk p(0)
IM_%:UWW]( &) I (5.3.10)

) Hi\il [T (imsy — iﬁ%tgt)r(—iﬁzsu —imy)]

UP _ = = — - .
[n][n] (g) Hgép [F(l + imip, + Mg, (—img, — 1mtnt)}

This leads to the braiding

(5.3.11)

B _ "] e o(u
(—x) 2o “f[(n}) = %((Tp) 1Up)[nm(—x)z<s,u> “f[%}) . (5.3.12)
We thus need to invert the matrix TP then multiply the result by UP. A
consistency check is that (7P)~'UP should not depend on p.

Split TP = TPDP with

. kN 4
Toyp = 11 11 —simnw(imey — imen,) (5.3.13)
(s,11) t#P
k] N
Dby = Owy TT TTI0(=ime — img )T (imy, — e, )] - (5.3.14)
(s,12) t=1

After some trial and error, one finds that ((77)~')
for any t # p, and otherwise is

k] vanishes if n; < k;

Hé\gt [% sin 7 (imgg, — imtkt)% sin 7 (imen, — imsp, )]

Hgép [% sin 7 (imyg, — impkp) [Ti<s<N,0<u<ns % sin 7 (im, — imtkt)}
(&M)#(t?kt)
(5.3.15)
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We must check that Z[k]((Tp)*l)[n”k] (Tp)[k”j] = 0[y);)- Both matrices are
triangular in the sense that (T P)iwyy) = 0 if any &y < ji for t # p, and similarly
for (T P)~1. Their product is thus also triangular in the same sense: it vanishes
whenever any n; < j; for t # p. It is straightforward to compute the diagonal
coefficients ((Tp)_lfp)[n”n] = ((Tp)_l)[n] ] (Tp)[n][n} = 1. There remains to
show that coefficients [n][j] of the product with js < ng for all s # p, and
with j, > n, (equivalently [j] # [n]) vanish. Cancelling functions < sin (... )
in the numerator and denominator as much as possible yields

Z((Tp)_l)[n“k} (Tp)[k][j] (5.3.16)

[K]
N

. . . 1 . . )
- Z H { sin (imgg, — 1mtkt); sin 7 (imen, — imsp, )
[k},jsgksgns Vs#p s<t
s,t#p
N 1 ; Jp—1 1 .
. H ST (imypn,, — imun, ) [Ty, 11 7 Sinw(impy, — ime, )
T
t£p [Lsp,js<p<n, 5 sinm(img, — imuy, )
(8,1)7(t,kz)
This is the sum of residues of
N
1 . 1 . ) )
H —sinm(r — 75)— sinw(imy,, — imsp, )
T
s<t
: t’é” » (5.3.17)
. Jp 1
H ; sinm lmp’np lmtnt) p=np+1 7 sin W(lmp# + ’Tt)
Ns 1
t#p S#p pije 7 S (i, + 7t)
at 7, = —imyy,. Each 7 appears in N — 2+ j, —n, — 1 sines in the numerator,

and Zs#p(l +ns — js) = N — 1+ j, — np in the denominator, i.e., two
more. Thus the function is 1-periodic in each variable 7, and decays like
1/e*mI7l as 7, — +00. The sum of residues thus vanishes, because it is the
sum of all residues in a fundamental domain of the periodicity, and there is
no contribution from infinity. This establishes (5.3.15).

We can compute the braiding matrix as (T?)~1U? = (DP)~1(T?)~1U?,
and write the resulting sum as a sum of residues of some function of N — 1
variables 7 for t # p. Relabelling the variables 73 using a permutation of
[1, N] so that they are numbered from 1 to N — 1 and ¢(N) = p, we obtain

((Tp>_lUp)[n]m (5.3.18)
H (s ) Dy, — img; )T (=ims, —ime) N gin 7 (imyn, — imsp,)
t=1 H(S ) ( imy — imsﬂ)r(imsu - imtnt) s<t T
N—1["() HE@M) L ginw(—ifg, +7;) 911

H Z —sinn(r; — 1)

res
5 ) N ns 1 . : .
=1 LS m=tmen; | A H,f:o ssinm(img, +75) g T
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where (—1)? is the signature of ¢. This expression does not change if we
replace ¢ by another permutation such that ¢(N) = p and we permute the
7; accordingly: indeed, the sign coming from sinm(7; — 7;) is compensated
by the change in (—1)?. Since the braiding matrix must not depend on p
(see comments near (5.3.12)), we expect that (5.3.18) is in fact completely
independent of ¢.

To show independence on p, choose an index 1 < 7 < N — 1. The
variable 7; appears in N — 2 + K sines in the numerator and N + K sines
in the denominator of (5.3.18). We thus have 7; — 7; 4 1 periodicity, and
no residue at infinity, hence the sum of residues at 7; = —imgj)k; 1s equal
to minus the sum of all other residues in a strip of width 1. This yields a
sum over 7; = —img), for all 1 <7 < N with ¢ # j and 0 < k < ngy;). The
contribution from a given ¢ with i < N (and ¢ # j) vanishes by antisymmetry
under the exchange 7; <+ 7;, thus only the poles at —imgyn)y, = —imyk
contribute. All in all, we obtain the same expression as (5.3.18), with ¢(j)
and ¢(N) exchanged. The sign coming from reversing the contour is absorbed
into a change of the signature (—1)%.

As before, the braiding matrix for ]:[S})(x) is obtained by including a phase

€™ and another phase comes from using factors z ™ instead of (—z)™
Putting everything together yields

() € (u)
@
with

. : [n] . . ] .~
Bfn]['ﬁ] _ emewlelmz(s,#)(—lms,u)((Tp)—lUp) o ime E@M M (5.3'20)

[n][n]
The explicit expression of (T?)~'UP involves a permutation ¢, but as shown
above it is independent of the permutation and of p. We do not translate
this expression back from the {im,im} notation to momenta: one simply
has to replace img, = b(Q — ag, hs) + ub* + % ZiN:1 im; and img, = bW” +
W{Q — oo, hs) + pb* —1— SN, imy, then shift the variables 7; to absorb

5.3.2 Braiding kernel of two semi-degenerates

Results in this section are new and will form the core of an upcoming
publication. We find the braiding kernel of two semi-degenerate primary
operators, which generalizes the braiding/fusion kernel for Virasoro (N = 2)
conformal blocks [PT99]. In the context of the AGT relation, this kernel
corresponds to the partition function of a domain wall between S-dual 4d
N =2 SU(N) SQCD with 2N flavours, but we did not have time to explore
this in the thesis.
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The four-point function (Vg (00)Va, (1)Va, (2, 2)Va, (0)) with two generic
momenta a1, ag and two semi-degenerate momenta ao = snh1, ay = s4hy
has an s-channel decomposition

<Va3 (OO)V%4h1(1)V%2h1 (l‘vi)VOﬂ (0)> 2

%2h1
az Q12
= /dalg C(Ozg,%4h1,2Q —Ozlg)C(alg,%th,al) F ‘)T(j_(al (:C)
»4hy

(5.3.21)
Note that the internal momentum o9 is continuous rather than discrete
because there is no fully degenerate vertex operator. The s-channel conformal
blocks are in principle fixed by Wy symmetry. In practice, closed forms are
only known thanks to the AGT relation with instanton partition functions,
and we will not need them. In this section we normalize conformal blocks
as féﬁé(m) = (—g)Ala2)=Ale)=AG2h) (1 4 ... ): the use of —z instead of z
avoids uninteresting phases.
The s-channel decomposition (5.3.21) has a u-channel counterpart with
o > 2y

<Va3 (OO)V%4h1(1)V%2h1 (wva_:)vm <O)> %th 2
= /dOé32 Cl(as, s2h1, a32)C(2Q — asg, s4hy, )| F

%4h1
(5.3.22)
Again, we normalize these u-channel conformal blocks so that their leading
term is a power of (—x), namely fé‘;g(x) ~ gAles)=Alas2)=AG2h)  Both sets
of conformal blocks are analytic on C\ R>(. The two decompositions are
related by a braiding transformation

FO)(z) = / Aoy Boyyass FL(x) (5.3.23)

Our goal is to find the braiding kernel By, a4,-

From Section 5.3.1 we know this braiding kernel in the limit sxh; —
—Kbhq, in other words when one of the semi-degenerate operators turns into
a degenerate operator. Then it takes the form of a sum of residues (hence an
integral) of a product of sines. This product of sines can be recast in terms
of a special function S, which we introduce below. The braiding kernel for
generic s should thus be an integral of some .Sy functions, and it indeed

is (5.3.27).
The Barnes double-Gamma function I'y obeys
Ty(z + b) = Ty(x)V2rb™ /2 /D (2b) (5.3.24)
and I'y(z) = T'yp(2z). The function is analytic in 2 except for poles at
x = —mb — n/b for integers m,n > 0. From I'y one constructs the double

sine function Sy(z) and the Upsilon function Y (x):

Sp(z) =To(x)/To(¢—x)  and  Y(z) =1/[Ty(2)Iy(¢ —z)] . (5.3.25)
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Sp has poles at £ = —mb — n/b and zeros at © = (1 +m)b+ (1 + n)/b for
integers m,n > 0, while T has zeros at all these points and has no pole.
Finally, the two functions obey shift relations deduced from (5.3.24):

Sp(x+b) = 2sin bz Sy () and T(x+Db) = b1 2% (ba) Y (z) (5.3.26)

with v(z) = I'(z)/T'(1 — x).
In terms of these functions, and writing all ae = @) — iae, the claim is

%4h1 %2h1‘|

ag aq

BOC120632 [

1 [[o ) o, Pl = = i)~ )
si—=1 Fb(% + (ial,h5> - <ia127ht>)rb(q - % - (ia3vh’s> - <ia127ht>)

N Ty(q + (ia12, hs — he)) 5 e 4

g{ Iy ((iasz, hs — he)) } ]1;[1 {/ioo dT]H H B TJ)
N-1 N 1ag7 >+Tj)Sb(%+%_q+<lal’h’5>+Tj)
.1;[ 1;[{ Sp(5¢ — (ias2, hs) + 75)Sp(5¢ + (ia12, hs) + 75) ]}

(5.3.27)
up to a constant factor that does not depend on any momentum. It would
be interesting to recast the integral over 7 as an integral over a momentum,
and give a physical interpretation of it. The integration contours go from
—ioco to ico with poles of the numerator S, functions to the left of the
contours, and poles of the denominator to the right. For instance, if all
components (iai, hs) and (ias, ho) are purely imaginary and 0 < Re ¥ < g,
then contours can be taken to be vertical lines with max(0,q — 52 — ’f\;*) <
Re(7j) < min(q — %¢,¢q — %}). For other values of momenta, the contour is
deformed to keep the same set of poles on each side. Another remark is that

f\; ]1 W simplifies to a product of sines and has no pole.
In a normalization of conformal blocks where the leading term is a power
of x, the braiding kernel is

12032 | g aq as a1

(5.3.28)

B¢ [%4h1 %2}11] _ eiwe[A(mz)—A(al)+A(043*2)—A(013)]Bama32 l%d” %2h1]

where € is the sign of Im x.

A preliminary check of (5.3.27) is that it reproduces known results [PT99]
for the Liouville theory (N = 2). In their equation (48) replace their
Q@ by ¢ to avoid confusion, shift the integration variable s — s — a9 +
ay — q/2, then map ay — ¢ — ay (for N = 2 this is a Weyl symmetry).
The factors with Us 4 become Sy (£(as — ¢/2) + s). The factors with Uj o
become Sy (s + g — g £ (1 — ¢/2) + s). The denominator factors with V4 o
become Sp(ag £ (32 — ¢/2) + s). The denominator factors with V3 4 become
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(500 + b)h1 —bhy (500 + b)h1 —bhy (502 + b))y
S ‘ RN —bhy
Qs %2h1 — %2h1 a1 |— Qs + +O&32 o
a2 o1 a3 Q32 ase + bh
HEZ ryhy B +%4h1
N\ i O‘éz = aga + bhy
(e + b)h1 —bhy (303 + b)ly —bhy
as 0412+ + a |7 a3 + Ay + a1
— bh — bh
%4h1+ “ P %4h1+ “ P

Figure 5.1: Pentagon identity. 1 — 2 and 4 — 5 are braidings of two
semi-degenerates, 2 — 3 and 1 — 4 are known fusions of V_p,, and a
semi-degenerate, 5 <> 3 is a known braiding of V_;;, and a semi-degenerate.

Sp(aq £ (21 — ¢/2) + s). Thus, the integrand from [PT99] coincides with
that of (5.3.27) for N = 2. It is straightforward to check that prefactors also
coincide.

To confirm (5.3.27) we check that the braiding kernel obeys some expected
shift relations. We then describe how to take the limit s0hy — —Kbhy to

retrieve the sum of residues from Section 5.3.1.

Shift relations

Braiding and fusion kernels (or matrices) obey pentagon and hexagon rela-
tions. Here we consider the pentagon relation shown in Figure 5.1. Going
through the moves 1 — 2 — 3 we find

h h
Fl1] = / dasz Ba,yas, l%;; ”25]?[2] (5.3.29)
N
. sah1  209h (%2 + b)hl —bhy
- / da32;Bma32[ e ]F g e |8l

(5.3.30)

On the other hand, going through the moves 1 — 4 — 5 — 3 yields

N
(%2 + b)h1 —bh
Fl1] = F Fl4 5.3.31
m=3m G0 | (5:331)
N
. , (%2 + b)hl —bhy »4hy (%2 + b)hl
- pz—:l/da32 Fy 2Q —a12 o Baizag, az  ai —Dbhy 7Bl
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(%2 + b)h1 —bhy
2Q -2 o

N
= Z /dag2Fp

p,s=1

‘B ) %4h1 (%2 + b)hl
X207 (6%} ] — bhp

By [}Zﬁhl _bhll F[3, sy = alyy — bhy] .
32

(5.3.33)

aq

The coefficients of each conformal block of the form F[3] (these are labelled by
the choice of a2 and 1 < s < N) must be the same in (5.3.30) and (5.3.33).
Given that we know braiding and fusion matrices for V_pp,, Vi, 15)n, and
two generic vertex operators, this pentagon relation expresses the braiding
kernel B, 504, @s a sum over p of braiding kernels with s — 5 + b,
a1 — a1 — bhy and agy — afy = a3z + bhs. Thus, if the braiding kernel is
known for some value s = A, it can be deduced for s, = A — Kb for integer
K > 0. Repeating very similar computations for the pentagon identity
(1 +2—3—5)=(1—4—5) allows the opposite shifts: from the s5 = A
braiding kernel one gets the sn = A 4+ Kb braiding kernel. By symmetry,
identical shift relations exist with b — %, thus fixing braiding kernels for
s = A+ Kb+ L/b for all integers K, L. For generic real b?, continuity then
determines the braiding kernel uniquely. The point that is not clear to the
author is whether 55 = 0 (or any s = —Kb) is a valid starting point for
this reasoning, as the braiding kernel is singular there.

To check that the proposal (5.3.27) obeys the pentagon identity, we will
need the braiding matrix obtained from (5.2.19) using a; = @ — ia; and

Ozé2 = (@ — iago + bhg:

B, [%4/]11 _bh1] _ ﬂ : D(L+ blian, by — hy) 5330
Q32 Q1 ip (%L + b(iar, hy) + bliasz, hs) — b?)
N T(b(iasg, hs — hy) — b?)
ula_é£ D(1— %4 —b(iar, hy) — bliaze, hu))

We will also need coefficients of the fusion of (32 + b)hy and —bh; into shq,
which can be deduced from the braiding matrix (5.2.19), as done in [GLF10]
(see equation (B.14) there).

(322 +b)h1 —bhy | _ T(bs2) [T7%, D(b(ia, hy — ht))
Q-id Q-ia YT, (%2 + blia, hy) + blid/, b))
(5.3.35)
We now write down (5.3.33) explicitly for a fixed choice of a2 and of
1 < s < N, and simplify it in order to find (5.3.30). All generic momenta

are written as a = @@ — ia and we denote ia" = (ia, h,,) for conciseness. Note

Fy
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that a4y = Q — iase + bhs. Let us go!

iF

%2 +b hl —bhl B %4h1 (%2 + b)hl B %4h1 —bhl
2Q — 12 o 1204, a3 a1 — bhp 0432 a1
N . .
P (boey) NHt#zF(blaf — bia})
[Ti=1 D5 + bia] — biaf,)
[Fb(}]‘\? + iag —ia%y + bdsu)Th(q — ﬂ — ia"i ia§2 —bop + bés?u)}
Lp(%2 +iaf —ialy + bop, t)Fb( X —iak —iaty)

Pllﬂz

—_

==l

—_

ﬁ{ Dy(q +ial, — ia%) ]Jﬁl [/ dT} H
N—-1

=

[Sb( iah +75) (32 + & — g +ial + 75 + b ,t)]
Sp(52 — iahy + 75 + bds) Sp(5E +ialy + 75)

—

T(1 + biat — bial) ﬁ T(bias, — bial, — b%)
T'(%4 + bia} + biag, — b?) s L1 — Y4 bia} — bial,) )

=5

t#p
(5.3.36)

We collect factors which do not depend on p, s using (5.3.24) and (5.3.25).
Factors of v/27m and powers of b cancel, many Gamma functions cancel, and
others combine through I'(x)['(1 — z) = 7/sin7x.

_ H {Fb (%2 +iak —ia%y)Ty(q — % —ial —ia%) } H {I‘b q+ 1a12 iaqu)}
t#u

tu=1 Ly (5 + ia] —iafy)Ty(q — 5 — iah —iafy) Ty (iahy — ia},)
/{ szil dr; ]\i—fﬂ[ 1a3+7'3)5b(%2 + % —q+iaf "‘Tj)}
[Lizj So(i — 1) o1 i=1 — iafy + T])Sb( +iaiy +75)
['(bsea) Hi\;s (biaky — biajs) ]_[t y Lsinw(24 + bial + biag, — b?)
va 3! Lsinwb(%2 —ia$, + 7)) Yy, F(bﬁ + bia} — biaj,)
i\f: va 1171rsm7rb(’{2—1—’]{\}1 —q+id + 1)
=1 « Lsinr(%2 + bial + biag, — b2 )H#p sin 7r(bial — bial)

5.3.37
The last line is a sum of residues of N "HEsinm(22 4+ 24 —bg+ U+( b7;)] }
[Lsinm(%2 + v + biaf, — b?) [TL, %sin m(v — bia})] at v = bial, which is
equal to minus its residue at v = b? — b% — bia3,. That residue turns out
to cancel most of the second to last line. Together, these last two lines

of (5.3.37) are equal to

['(bsz2) quz/;és ['(biak, — biagy) F (32 4+b)h1  —bhy

= 5.3.38
Y, I'(%2 + bia} — bia,) ° as 2Q — a3 ( )
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In particular, this does not depend on 7; and can be pulled out of the
integral. The first two lines of (5.3.37) then reproduce precisely the braiding
matrix (5.3.27) of two semi-degenerate vertex operators. This concludes our
check of the pentagon relation (5.3.30) = (5.3.33).

Next, we describe the limit s0h; — —Kbh;.

From semi-degenerate to degenerate

When a contour integral is pinched by poles getting close together from
the two sides of the contour, the integral is singular. Indeed, if f(z) is
holomorphic in a neighborhood of a, and a; and ar are points in this
neighborhood, then

J S LC R (7 By R
between (Z - aL)(Z - CLR) ar — aR left (Z - aL)(Z - aR)
(5.3.39)
where the initial contour goes between the two points, with ay on its left
and apg on its right, and where the second contour is moved through a;. The
singular part as ar,ar — a is obtained by taking the limit f(z)/(z — a)? of
the original function and considering its second residue (multiplying it by
z — a then take the residue). We shall denote this operation of taking the
second residue as res?.

The integrand in (5.3.27) has poles at

U:{ﬁ%mg—nwinw (5.3.40)

or
- i hs b b
e I A (5.341)

q— 5 — (ia12, hs) +mb+n/b

for integers m,n > 0. As mentionned before, the contour is chosen with
poles (5.3.40) on the left and poles (5.3.41) on the right. This is possible
as long as the two sets of poles are disjoint. Otherwise, the contour is
pinched between the two sets and the integral diverges. Whenever one of
the (5.3.40) is equal to ¢ — 5 — (ia12, hs) +mb+n/b, the contour is pinched,
but the prefactors in (5.3.27) (more precisely, the denominator I', functions)
cancel the singularity. On the other hand, if one of the (5.3.40) is equal to
q — % + (iagz2, hs) + mb + n/b, then prefactors do not cancel the singularity,
and the braiding kernel is genuinely singular. These singularity, together with
those of numerator I', functions in (5.3.27), precisely reproduce singularities
of the u-channel three-point functions, at least for the Toda CFT:

C(a, 20h1,2Q — a32)C (s, s4h1, 01)

T L[5 + (ias, he) — (iasz, hu)) X (5 + (o, he) + (a2, ha))]
(5.3.42)



228 CHAPTER 5. TODA CONFORMAL FIELD THEORY

It may be interesting to pursue further the analysis by considering multi-
ple singularities, keeping in mind the constraints >, (ia;, hy) = 0 for each
momentum.

We now focus on the limit s»» = —Kb+ Nic for ¢ — 0 (and € > 0). The
OPE of V_kyp, with a generic vertex operator constrains aqz and asz, so we
further focus on as] = a1 — bh[n] and azo = a3 — bh[fﬁ] for some weights h[n]
and hg; in R(Khi). To simplify some later expressions we set sy = » + Kb.
The poles (5.3.40) are now at

ias, hs) —mb—n/b
e (5.3.43)
q— % — (ia1, hs) —mb—mn/b—

and the poles (5.3.41) are now at

ias, hs) + bng b b—
Tj:{q+<1a3, ) + bng +mb+n/ (5.3.44)

q— % — (ia1, hs) — bng +mb+n/b.

As £ — 0, the contour is thus pinched whenever 7; = ¢ — 5 — (iay, hs) — bl
forany 1 < j < N-1,1<s< N and 0 <[ < ng. The most singular
contribution, of order 1/~ comes from values of 7 where all 7; take this
form.

We will only describe the contour integral part of the braiding ma-
trix (5.3.27), as prefactors only make computations more tedious. The term
of order 1/eN~1 in this integral is

—1- N "pj N_1 )
I = [ res? } -
H Z Z Tj= _%—<ia1,hpj>—k‘jb { 7£[] Sb(T’L — 7-])
| So(=(as, hs) +7) _Sb(F — a+ Giar he) + 75) ]
Sp(—(ias, hs) — nsb 4+ 75) Sp(% + (ia1, hs) +nsb+75) 1 |
(5.3.45)

Note that
N—1

H —— = T (~4psinmb(r; — 7)sin %(n —7)).  (5.3.46)
i S TJ) i<

The shift relations for I'y and .Sy yield

I—H{Z% — <1a1hp>kb]{

j=1 "pj=1k;=0"7"
i]\;jl [—4()2 sinb(r; — 7;) sin T (73 — 75)]
Hj.v__l "1 [2sin F (% — ¢ + (ia1, hs) + 75)]
N1 ns 1[2 sinm(—b? — pub? — bliag, hs) + b7;)] } }

N
i 51;[1[ o[2sin (=2 + ub? + % + bliay, hs) + b))

(5.3.47)
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This expression differs from the desired sum of residues (5.3.18) in the
following respects: 7; — br; + bﬁ” —b? — 1, a sum over choices of the pj, and
additional factors of the form sin 7 (---). These factors are independent of
the k; except for a sign. After extracting a sign and taking the residue, these
factors are

Hii;l sin %(<ia17 hpi - hpj>)
H Hs;ﬁp sin 3 <<ia17 hs - hpj>>

and vanish unless all p; are distinct. Let px be the only element of [1, N]\{p; |
i < N} so that p is a permutation of [1, N]. Then the above factors are

, (5.3.48)

]hl Hz 1 sin (<ia17 hpi - hpj>) _ 1
j=1 Hz;éj sin 3 (<ia17 hm - hpj>) ;V:_ll Hi]\;j-l—l sin %(ﬁalv hpi - hpj>)
(5.3.49)
which is independent of the permutation p, except for a sign: the signature
of p. For each permutation p we get a sum of residues times the signature
of p, and this structure coincides with that of (5.3.18). Below that equation
we prove that it is independent of the permutation, hence summing over
permutation simply introduces a trivial factor. We have thus reproduced
qualitatively the structure of the braiding matrix of V_gyy,, by taking the
appropriate limit of the braiding kernel. This is confirmed by a more detailed
calculation.

)

5.4 Toda CFT correlators

After having spent many pages on general properties of theories with Wy
symmetry, it is time for us to focus on one particular such theory, the
An—1 Toda CFT. We follow in part the standard reference [FLO7]. We
present the Lagrangian of Toda CFT (Section 5.4.1), then use it with the
Coulomb gas technique to evaluate some three-point functions (Section 5.4.2).
This yields a few fusion rules that we were unable to prove on general
symmetry grounds alone. We then derive the correlator of a semi-degenerate
and two generic pimary operators, based on shift relations (Section 5.4.3).
Finally, we collect expressions for some conformal blocks and correlators
involving degenerate operators (Section 5.4.4).

5.4.1 Basics of Toda CFT

The Toda field theory is a unitary W-invariant 2d CFT at (generic) ¢ > 1
with at most one primary operator for each choice of quantum numbers.
Microscopically, the Toda field theory describes a scalar field ¢ in the Cartan
subalgebra of Ax_1, minimally coupled to the metric, with an exponential
potential term. We refer to Section 5.1 for a description of the Wy algebra,
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its representations, and some Lie algebra conventions. The Lagrangian action
1 N-1

Atoaa = [ dz dz@[&Tg“%aaso,am+<Q,so>4wR+u > eb<€k~0>} (5.4.1)
k=1

depends on a coupling constant b, and a cosmological constant 1 and involves

the Ricci scalar R of the background metric g?. If Q = (b + 1/b)p, this

Lagrangian defines a 2d CFT with (two copies of) the W symmetry algebra.

Indeed, each potential term [dzdz etlere(22)) ig a screening charge (see

Section 5.1.3), which means that it is Wy invariant. The theory is (non-
manifestly) invariant under (b, i) — (1/b, 1) with

i = [rpn ()62 (5.4.2)

Vertex operators V, = e{®¥) labelled by their momentum « in the
Cartan subalgebra, are primary operators for the Wy symmetry algebra. We
show in Section 5.1.2 that the quantum numbers (5.1.18) of V, (eigenvalues

of zero-modes Wo(k)) are invariant under the Weyl group, which acts by
permuting the N components (o — @, hs). In particular, the dimension is
simply A(a) = %(2@ — a,a). Assuming that the spectrum of Toda CFT
is as small as possible, it has no degeneracy, and we deduce that vertex
operators V, are invariant up to a constant factor (reflexion amplitude)
under Weyl symmetries. Later on, we absorb reflexion amplitudes into the
normalization (5.4.3). Besides Weyl symmetries, which apply to individual
momenta, correlators of vertex operators are invariant under conjugating
all momenta «o; — af (conjugation is defined in (5.1.23)), because the
action (5.4.1) is invariant.

Recall from Section 5.1.3 that fully degenerate operators V_bw_% . are

labelled by pairs (w,w’) of highest weights of Ax_; representations. We

only consider in this work degenerate momenta of the form o = —bw, and
mapping b — % would probe degenerate momenta o = —%w, but the mixed
case with non-zero w and w’ is harder to access. We denote the representation
of An_1 with highest weight w by R(w).

Semi-degenerate momenta are shi, up to Weyl symmetry. Since »h{ is
mapped by a Weyl symmetry to a momentum s”h; along hi, the vertex
operators V%’HC and V, b, are equal up to a reflexion amplitude, which we

absorb in the normalization (5.4.4). This equality is crucial to obtain some
dualities in Chapter 4 as conjugation of momenta.

In view of the matching of parameters with gauge theory in the AGT
correspondence, we often write generic momenta as a« = ()—ia. The dimension
is A(Q —ia) = %(Q, Q) — %(ia, ia). Weyl reflexions act by permuting the
(a,hs). In terms of the Upsilon function (5.4.5) below, we introduce the

normalization .
—(ia,p)

VQ_M = —% Vo-ia, (5.4.3)

A
H5<t T(<ia7 hs - ht>)
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where the product ranges over positive roots e = hy — h;. The normalization
factor is invariant under conjugation, hence does not spoil this symmetry
of Toda CFT correlators involving generic operators V. As we will see, the
three-point function (VyVa V., ) given in (5.4.28) is invariant under Weyl
reflexions permuting the (a, hs), hence the normalized operator V, is Weyl
invariant with no reflexion amplitude. We cannot use the same normalization
for semi-degenerate and fully degenerate operators, as it is singular. Instead,
we let

(#h1,p)
N— 1

V%h1 = K
(T (b)

The normalizations of generic and semi-degenerate operators are invariant
under b — %.

The Upsilon function appearing above depends implicitly on the coupling
constant b (it is invariant under b — 3), and for generic real b it is a
holomorphic function, uniquely determined by its normalization T( (b+ ) =

1 and by shift relations

)V%h1 ) V_bw = [ﬂbQ(b-i_%)] (=bw.p) V—bw . (544)
V4

T(z+0b) = v(bx)b' "2 Y(x),  YT(z+1/b) = y(z/b)b**/* 1T (x). (5.4.5)

Also, T(b+ 3 —x) = Y(z) and the function has zeros at —mb — nj and
(m+1)b+ (n+ 1) for integers m,n > 0, and no poles. As x — =ico, one
has

T(z+a _552 “ a(a—b— —2bz\a/b|_jala—
(m) S ( = ) P8 (o (bt 2 )PP (5.4.6)

N Y (z+ (o, hy))

I1

s=1

~ ||l (5.4.7)

for any a and any momentum «. The gamma function v(z) = I'(x)/T'(1 — x)
obeys by construction v(1 — z) = 1/v(z) and will also appear in three-
point functions with a degenerate momentum. Conformal blocks involve
Pochhammer symbols

I(z+k) NG (—1)k

— — (—_1)k —
="ty =V h T oo (5:48)

This equality is shown using the Euler identity I'(z)I'(1 — ) = n/sin wz.

5.4.2 Fusion coefficients

We evaluate some three-point functions of a degenerate vertex operator with
two generic vertex operators using the Coulomb gas formalism, and deduce
fusion rules and coefficients.



232 CHAPTER 5. TODA CONFORMAL FIELD THEORY

In the path integral expression for a Toda CFT correlator (Vy, --- Va,)
split the scalar field ¢ = ¢¢ + @ into a constant zero-mode ¢y and a piece
with vanishing integral. Performing the ¢q integral naively yields

1

N—
<Va1 T Vaz> bN 1 e H ( Sk’ NQk) )>M:O (5'4'9)

where the path integral is now done in a free theory, s = b=1(2Q ", ay, wy),
and we used the screening charges

Qi = j{dz Az Vi, (2) - (5.4.10)

The operator (Q; )% in (5.4.9) only makes sense if all s, are non-negative
integers. Taking residues since I'(—sy) has a pole at such values, we deduce

res Vo, - V4
20-% aj,wk>=bSk< o Vo)
VisksN-1 (5.4.11)
(_M)81+---+SN—1

- (Vg - Ve (@) (@)™ )

81! e SN-_1-

Note that the sum of momenta in the free-field correlator is 2Q) because of
how sj are defined. The free-field correlator is then evaluated using

<HV51(Zi72i)> = 6(2 Bi — 2Q> H‘Zz —Zj ‘ (B85 . (5.4.12)

pn=0 1<j

This approach, the Coulomb gas formalism, expresses correlators of vertex
operators obeying the screening condition

N-1
da;=2Q— ) bspek (5.4.13)
J k=1

for some integers s > 0 in terms of ), s; dimensional integrals. The
quantum theory is invariant under b — %, so the screening charges QZ
and @ play the same role. The Coulomb gas formalism then extends to the
more general screening condition

N-1
Yoy =2Q - Y (bsf +b7 sy )ex, (5.4.14)
j k=1

again when all sf are non-negative integers.
Let us determine which two-point functions are be non-zero. From
Section 5.1.4 we know that (V,V3z) # 0 fixes the quantum numbers of Vj
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uniquely in terms of those of V. The Coulomb gas formalism (with all
st = 0) implies

<VaVv2Qfa> = <Vo¢V2Qfa>M:0 =1 7& 0, (5.4.15)

hence the constraint on V3 must be that its quantum numbers are equal to
those of Vog_qo. Therefore, (V,,V3) # 0 implies that § is Weyl symmetric to
2Q — a (or equivalently to o). Note that the screening condition (5.4.14)
allows an infinite set of values of §; a tedious calculation confirms that the
Coulomb gas integral vanishes unless all sf = 0. We will not need to know
two-point functions other than (5.4.15), but we could deduce them from the
fact that our normalized vertex operators (5.4.3) are invariant under Weyl
symmetry with no reflexion amplitude.

Next we evaluate structure constants Cé bhy. APPearing in the OPE

Viny X Va =25 Cébhl,a [Vs] of a degenerate operator V_p;,, with another
vertex operator V,, where brackets denote contributions from descendants,
and we ignored the coordinate dependence. To this end, we consider (the
residue of) a three-point function (Vag_5(00)V_p, (1)Va(0)), where the switch
from S to 2Q) — 8 is due to the non-zero two-point function (5.4.15). The
screening condition (5.4.14) forces f to take discrete values labelled by
integers s,f > 0. In fact, Coulomb gas integrals turn out to vanish except
when [ takes the following values:

p—1
B =a—0bhy,=cay—bhy+ > bey. (5.4.16)
k=1

For a given p we get

a—bhyp _1
Clony L _ _
_ pyfl = %Q—a—&—bhp(oo)v_bhl(l)va(()) H /dtk dty, %ek (tka tk)
(—mu) P i
(5.4.17)
p—1 )
- /dpfltdpflfﬂ [l PRty — ey ] (5.4.18)
k=1

where we introduced ty = 1 for convenience. The integrals can then be
performed starting from ¢,_1,t,_1 all the way to t1, 1 by recognizing the Euler
integral for the Beta function, or rather an analoguous function f(z,y) =

v(@)y(y)/v(x,y). The result is

p—1
Cot = (—mp L B(L+ 2, bla — Q. hy — hy)) (5.4.19)
j=1

p—1

= [—muy(1+ 172)]‘”_1 H
j=1

Y(b{a — Q, hj — hy))
Y1+ +b(a—Q,hj—hy))

(5.4.20)
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For normalized vertex operators (5.4.3) and (5.4.4), the structure con-
stants are

N
ia—bh — ia .
C’?bhl’Q ? =b N (2ia+bhy,bhy) E[fy(b(la, hy — hs)) . (5.4.21)
S#p

A similar computation of three-point functlons involving one degenerate
momentum —bwy shows that the fusion of V. by With V yields conformal
families with momenta « — bh for all weights h of the K-th antisymmetric
representation of Ax. The structure constant for a weight h = hy,, +---+hp
for1<p1<---<pg <Nis

N
Oc—;)bwl; Cgh = b—N(21a+bh,bh> H H W(b(ia, hy — hs>) ] (5.4‘22)
s¢{p} te{p}

In Section 5.4.3 we determine three-point functions which involve a semi-
degenerate momentum sch;. Setting s = —Kb leads to the fusion rule for
vV Kbh, With V. This fusion yields momenta o — bh for all weights h of
the K-th symmetric representation, and the structure constant for a weight
h="N nsh,is
bh b N(2ia+bh,bh)y N mni—1
O @ = T gy L1 1L 700 b= ha) (v = ni?).

(5.4.23)
Setting K = 1 in either (5.4.22) or (5.4.23) gives (5.4.21). A natural gener-
alization of the fusion rules above is that

% % Q—ia—bh—h'/b 7>
Voomwr pXVomia = 3 3 C—bw—w’/b,Q—/ia[VQ—ia—bh—h’/b]’ (5.4.24)
heR(w) h'eR(w’

where the sums run over weights of R(w) and R(w"). We are not aware of a
proof.

The fusion rules simplify for a semi-degenerate momentum o = Ah;.
Indeed, (5.4.19) contains a factor 1/v(0) =0 (for j = p — 1) whenever p > 3.
Thus, the fusion rule reduces to

Vfbhl X V)\hl = [V)\hlfbhl] + [VAhI,th] . (5.4.25)

Note that we had to work with the vertex operators V,, since the normaliza-

tion V, is singular at o« = Ahy. A similar calculation using Co‘bw o deduced
from (5.4.22) shows that
Vobore X Vany = [Vahy—bwre) T [Vahy —b(wic1—h1)) - (5.4.26)
Finally, the symmetric case (5.4.23) yields
K
Voo, X Vany = D[V Kb)ha+jb(ha—ha)] - (5.4.27)

J=0
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We discuss such fusion rules further in Section 5.5 and give a proposal for the
fusion of an arbitrary degenerate operator with a semi-degenerate operator.

5.4.3 Three-point function

In the normalizations (5.4.3) and (5.4.4), equation (1.39) of [FLO7] with all
momenta conjugated is

C(Q —ia1,Q — iag, »hy)
_ platioe =m0 0(Q —iaf, Q — ia§, 5h{)
(Y0) (o) T Y ((Gar, hs — he)) Y ((ag, by — hy))  (5:4:28)
1
I T(Z + Ga, hs) + (ia, b))

In this section we derive this three-point function using results from Sec-
tion 5.2.1.

There, we studied a four-point function involving a degenerate opera-
tor V_pp, and obtained

N
(Varse (00) Ve (D Vb (2,2)Vao (0)) = D CF Fix) F@)  (5.4.29)
p=1
with explicit expressions (5.2.17) for the NV s-channel conformal blocks fés)(aﬂ).
We also found the braiding matrix (5.2.19). Expanding the holomorphic and
antiholomorphic s-channel conformal blocks in the u-channel yields

> O Fia) FiA@) = 3 OBy By Fa) FMN@) . (5.4.30)
p

D,st

The four-point function must be single valued: this forbids terms with s # ¢.
Thus, the N coefficients CI()S) must be such that -, C’I(,S)BpsBpt vanishes for
s # t. This highly overdetermined system of equations for C’,()S) fixes these
coefficients up to a constant. The unique single-valued combination is

(Voo (00) Viservyny (D Vophy (2, ) Vo (0))
i 2p 1(0(Q — o, hy — b))

- (s) (8)( =
Z T A 0e/N +6Q 0w hy) 1@ i) P T

(5.4.31)
up to a multiplicative constant which may depend on the momenta, but not
on p nor on positions.

On the other hand, the coefficients C,(;S) are products of three-point
functions
O = Cave, (5 + b)h1, ag — bhy)C9, (5.4.32)

—bh1,a0
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and C’fg;ﬁ};’; are known. We deduce a relation between C(aso, (3¢+b)h1, ap—
bhy) for different p. This relates three-point functions with the generic
momentum « shifted by b(h, —h,). Thanks to the (b, i) — (%, i) symmetry
there is another relation shifting a generic momentum by %(hp — h,), and by
symmetry these shifts can be applied to a., as well. For generic real b (in
other words, generic ¢ > 1) the system of shift relations fixes the three-point
function up to a multiplicative constant which depends on the semi-degenerate
momentum.

The dependence on s is fixed by comparing the s-channel and t-channel
coeflicients. More precisely, the t-channel coefficient for an internal momen-
tum of (sc+b)hy —bhy (as opposed to (3 + b)h; — bhy which has multiplicity)
is

1Y = Oase, #ha, a0) 7 (5.4.33)

(%+b)h1

and can be expressed in terms of (any of the) C;L(,S). Since structure con-
stants with a momentum —bh; are known, we deduce a relation between
C(0so, ¢h1, ap) and C(aoso, (32 + b)h1, a9 — bhy). A similar relation holds
with (b, 2) — (4, ). Assuming again that b® is real and generic, these shift
relations fix the s dependence up to an overall constant factor.

We conclude that (5.4.28) is correct up to a constant factor, provided
that it leads to a single-valued four-point function. Denoting g = Q — iag
and oy, = @ — ias, compute

~

O O oo, g — by, (3¢ + b)) | Caiss, a0, ¢h1) (5.4.34)
_ Goo—bhy ﬁ [ Y (% + (iao, hs) + (iao0, ht))
—bh1 a0 T (£ + (iao, hs) + (iaoo, he) + bops)

s,t=1

N .
— b2b%—N(1+b2)+b2 Hs;ép ’Y(b<la07 hp - hs>) '
T, v(% + bliao, hy) + bliaco, he))
) p2br—N(1+b%)+b*

Up to a constant c (Qoo, g, 22hy the product of three-point
functions reproduces coefficients in (5.4.31).
A last comment is that the three-point function (5.4.28) is invariant under

Weyl transformations of each XA/Q,iai, as they simply permute the (ia;, hs).

Hence, the normalized ‘A/Q,ia are Weyl invariant, as claimed earlier. The
three-point function is also invariant under conjugation of all momenta,
followed by the Weyl transformation (5.1.28) which maps (sch1)¢ — »Phy =
(N(b+1/b)—»)h;: indeed, (ia;, hs) — —(iai, hs) and /N — (b+1/b)— /N
under this transformation, and Y(b+1/b — x) = T(z).

5.4.4 Conformal blocks

This section collects expressions for correlators and conformal blocks with
two generic momenta as, = @ —ias and ag = @ —iag at oo and 0, one semi-
degenerate momentum m = Ahy at 1, and one or more degenerate momenta
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—bQ2; inserted at the positions (z;,Z;) for 1 < j <n. The expressions are
direct translations of the gauge theory vortex partition functions through the
correspondence described in Chapter 3. We only consider conformal blocks
in the s-channel (the region 1 > |z,| > --- > |z1]| > 0), which are series in
powers of Ty, Tn_1/Tn, ..., T1/T2.

First comes the case of a single degenerate momentum —bwy labelled by
the K-th antisymmetric representation of Any_1. The correlator splits in the
s-channel as a sum over weights hy,y = hy, + -+ + hp, of R(wk):

(Voo (00) Vit (D) Voo (2, ) Vi (0)) (5.4.35)

2
My —bwg ]

apg—bh S
= ZC 0= {p}C aooa g — bh{p}? )\hl) ‘Fé?)—iao—bh{p} lQ B iaoo Q B ia()

—bwg a0
{r}

Factoring out C(ass, g, (A — Kb)hy), the product of three-point functions is
given by

G M) G v, g — by, A1) | Clatos, a0, (A — Kb)hy) (5.4.36)

—bw a0

 ao-bhyy H [ T (2552 + (iag, he) + (1000, hs)) ]
—bwi 0 A— Kb+<ia07ht>+<iaoo,hs>+béte{p})

s,t=1

— p2KDA-KN(1+6%)—K?b?

|: Hi\;{p} 7(_b<ia03 h - ht>) :|
te{p} (PR KV 4 bliag, he) + bliaos, hs))

The four-point conformal blocks are

(s) Ahy —bwi
FQ*iGO*bh{p} lQ —iaee Q — ia()] ()

~K)

_ pbliaohpy)+ 5

Z H ok k) TTs N (1—=b(\—Kb)/N — b(iao, hp;) — b(iaoo, hs))k;
k>0 j=1 Hz;é]( <1a07 hpi - hpj> - ki)kj Hi\;{p}(]‘ + b<ia07 hs — hpj>)kj
(5.4.37)

as shown in Section 5.2.2 by comparing the CFT braiding matrix and the
braiding matrix for this series expression. As we will explain in Section 3.4,
the correlator is equal to the sphere partition function (3.4.1) of a surface
defect carrying N = (2,2) SQCD, up to simple factors. Indeed, the three-point
factors (5.4.36) match with one-loop determinants of SQCD, and conformal
blocks (5.4.37) reproduce vortex partition functions.

Our next four-point function involves the degenerate field V. Kbh, , labelled
by the K-th symmetric representation R(Khy) of Ay_1. We give evidence
in Section 3.5 that up to simple factors the correlator is equal to the sphere
partition function (3.5.1) of a surface defect carrying N' = (2,2) SQCD with
additional adjoint matter. This is confirmed in Section 3.5 by checking that

(b2+1)(1 )K(b2+1—b)\/N)




238 CHAPTER 5. TODA CONFORMAL FIELD THEORY

the leading terms in the s-channel, t-channel, and u-channel expansions of
the correlator are reproduced by explicit expressions of the sphere partition
function. The correlator splits in the s-channel as a sum over the weights
hiy,) = SN ns of R(Khy), with ng > 0 summing to K:

(Voo (00) Virs (V- ko, (2, ) Vi (0)) (5.4.38)

Ay —Kbhll ?

a bh = S
Z G g O (0, 00 = g A1) F sy lQ—iaoo Q —iap

’T'L

The product of three-point functions

~ag—bhr, =~ 2
C on, ey C (o0, 0 — bhyy, A1) [ Claise, ag, (A — Kb)hy) (5.4.39)
B p2EOA-KN(1+4b%)—K?p? N ne—1 v(b(iag, hy — hs) + (v — ng)b?)

5:1 y(—vb?) s,t=1 1/];[0 ’Y(% + b(iag, ht) + bliaeo, hs) + Vbz)

matches with one-loop determinants of SQCD plus adjoint matter, up to
a factor. Trusting the matching with gauge theory leads to the following
proposal for conformal blocks:

(s) )\hl —Kbhl
FQ iao—bhip) lQ —iase Q —iag ()

A(Q—iao—bh[n])—A(Q—iao)—A(—Kbhl)(1 _ m)A()\hl—Kbhg)—A(Ahl)—A(—Kbhl)

o 17 (1= b(A = Kb)/N —biag, hs) — bliace, he) — pb?)i,,,
> H I H T i) L e P

k>0 (

Ht:l( b<ia07 ht — hs) + (nt - :u)bz + ks,u - kt(nt—l))kt(nrl)

H(nu)el(l + b(iag, he — hs) + (v — p)b? + ks — ktl/)ktv_kt(ufl)

(5.4.40)

where H ) = 1 H”S ! In Section 5.3.1 we compute the braiding matrix

for these proposed conformal blocks. A special case of shift relations found

in Section 5.3.2 expresses the actual CFT braiding matrix for some K to that

for K — (K —1). The braiding matrix of Section 5.3.1 obeys this recurrence

relation, thus is the correct CFT braiding matrix. We conclude that the
conformal block (5.4.40) is correct.

We now come to the case of (n + 3)-point correlators with two generic,

one semi-degenerate, and n degenerate momenta —bQ2; = —bQ(Kj, €;), where
Q(K,-1) = wg and Q(K,+1) = Kh;. We only consider the s-channel
1 > |z, > ... > |z1|, and we only write down the conformal block, as

the product of three-point functions is straightforward to compute. In
the s-channel, the internal momentum running between the punctures at z;

and 41 (here Zn+1 = 1) has the form ap—bhn) = ap—b Zi\il n{ht, for some

integers n] > 0. These integers must be such that hini) = hini-1) is a weight of
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R(SY) for each 1 < j < n (here n? = 0). Explicitly, >N, (n] —nl ™) = K;,
and n] —n] ' is in Zsg if ¢; = +1 and in {0,1} if ¢; = —1.

In Section 3.6 we find a quiver gauge theory whose vacua are labelled by
the same data, and perform various checks that its partition function is equal
to the Toda correlator we are now considering. Up to simple factors, the
conformal blocks are thus equal to the vortex partition functions, themselves
a sum of residues in the Coulomb branch representation of the partition
function. Let us introduce the sets I; = {(s,u) | 0 < v < nd,1 < s < N}
(Ip is empty), the notation ia, , = (iag, hs) + b, and the parameters ¢, 41 =
b?/2 and q; = €;(b*/2 4+ 1/4) — 1/4. We find

6 Ay -0,  —b b
P T S SO
_ ﬁ {xjA(ao—bh[nj])—A(ao—bh[nj1})—A(—ij)[1 B xj](1+b2—’}©)Kj} ﬁ {1 - % (142q;+b2 5L ) K
j=1 i<j J
Z { ﬁ H l % Ej.s.p H - <1++ I?iasﬁ b— biat’i)lg?’t’u_kj’s’”
threoor o e, LEELL e, (U G g+ bl = b0 )by by

H (]' + 2q] + bias# - biatal’)kj—l,t,u_kj,s,u
(1 4+ bias,, — biagy )

-1t —kjsu

(t,V)GIj,1
IJ_V[ H (1—b(\— b7 Kj)/N — bliace, hs) — biaw)kn . }
s=1 (tw)el, (1+ bliao, hs) = biar )i, .
(5.4.41)
As discussed in Section 3.6, when all ¢; = —1, placing all degenerate

punctures at the same position x; = z yields the conformal block for one
particular fusion of the degenerate momenta, which turns out to be

—bQ=—bY Q=-b) wg,. (5.4.42)
j=1 j=1

This provides an explicit expression for the four-point conformal block of two
generic and one semi-degenerate momentum, and one degenerate momentum
labelled by an arbitrary representation of Ay_1. Fusing degenerate punctures
in several sets gives conformal blocks with several arbitrary degenerate
momenta —b{2, but these quickly become unwieldy.

5.5 Fusion rules

From the fusion rule of an arbitrary degenerate vertex operator with another
vertex operator (for which we have no proof), we deduce the fusion (5.5.12) of
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two semi-degenerate operators, and the fusion (5.5.24) of a semi-degenerate
operator with an arbitrary fully-degenerate operator. We propose that
operators resulting from the latter fusion appear with multiplicity (5.5.25) in
the fusion of two generic operators. This section is Appendix A.4 of [GLF14].
Since we decided to rederive in this thesis many Toda CFT results, references
made to Appendix B of [GLF10] could be replaced by references to earlier
sections of this chapter, but the original text was kept.

Null vectors among Wy descendants of a fully degenerate vertex op-
erator V_y, s/, constrain its three-point function with arbitrary vertex
operators V, and V3. Namely, the three-point function vanishes unless
a+ B =2Q + bh + h'/b for some weights h of R(w) and A’ of R(w’). This
results in the fusion rule

Va X Vigorwn= . Y. Vathonyp (5.5.1)
heR(w) K ER(w’)

with outgoing momenta o« — bh — h'/b = 2Q) — (3: the degenerate operator
shifts the incoming momentum by —bh — h'/b. Each operator V,_;,_p /b
appears in (5.5.1) with a multiplicity equal to the product of the multiplicity
of h in R(w) and that of A’ in R(w’'). Henceforth, we take ' = 0, thus
h = 0.

Later in this appendix, we find that the fusion (5.5.24) of a semi-
degenerate operator V,,, with V_p, only allows some of the shifts —bh
of (5.5.1). Let us first describe the case w = h; based on [GLF10, Ap-
pendix B]: the fusion of —shy and —bh; yields the momenta — (3 + b)hy
and —shy — bhy. After the Weyl rotation (12--- N), we get

Viny X Vobhy = Veni—bhy + Vichy—bhs - (5.5.2)

The s-channel expansion of (V,_ (00)V,n, (1)V_pp, (2, Z)V4,(0)) is the sum
of N products of holomorphic and antiholomorphic conformal blocks. The

t-channel expansion only features two momenta (5.5.2), and takes the form

2
Z|1 _ Z|2[A(%h1*bhp)*A(%hl)*A(*bhl)](. ) (5.5.3)
p=1

where (---) are two series in powers of (1 — z) and (1 — z). The first series
(p = 1) factorizes as the product of a holomorphic and an anti-holomorphic
conformal blocks, multiplied by Of’g,;;’;’};lc (g, o, (32 — b)h1). The second
(p = 2) does not, but can be written non-canonically as a sum of N — 1
products of the same form. This multiplicity implies that the fusion V,,
and V,_ includes N — 1 copies of the representations of the Wy algebra
generated by V., _ph,, while it only includes one copy of the representation
generated by any semi-degenerate operator V,,,,. We generalize the statement

to all momenta of the form sh; — bw in (5.5.25).



5.5. FUSION RULES 241

5.5.1 Two semi-degenerates

To reach more complicated degenerate operators, we first find which momenta
result from the fusion of two semi-degenerate momenta —schy and Ahy. In
principle, one could write null vectors descending from V_,;  and V), for a
given N and, through those, constrain the momenta which arise in the OPE.
Such constraints are polynomial in the momenta, and any constraint shown
for generic (b, 5, A) must hold for all (b, 7, \) by continuity: in other words,
fusion rules for more specific momenta can only become more restrictive. We
are thus free to assume that (b, >z, A) is generic.

Since null vectors are very difficult to write down for general N, we use
a different route: the braiding matrix relating the s-channel (z — 0) and u-
channel (z — oo) conformal blocks of (Vg (00)V_hy (1) V_ph, (z,Z) V4, (0))
should only lead to u-channel conformal blocks with internal momenta
Ah1 —bhy and Ahy — bho, and all other components must vanish. Specifically,
we take ag = 2Q) — A\h1, m = —xhy, p = —bhy and a1 = 2Q — o + bh; in
equation (B.12) of [GLF10]:

(s) —xhy —bh;
Fag-a| Any 20— at by |
_ i\f: e/ T L(14 0%+ b{a — Q, h; — hy))
k=1 J#l L1 +0? - Pk;)
T L (b = Q. = hi)) ) —shy bt
itk F(¢jl) Ahy —bhy, Ahq 2Q — o+ bhy
(5.5.4)
where
bt = b(—schn, 1) + b(Ah1 — Q, hy) — bla — Q, hy) . (5.5.5)

The coefficient must vanish for all £ ¢ {1,2} and all I, hence one of the
denominator Gamma functions must have a non-positive integer argument:

Vk € [[B,N]] Vi e [[1,]\7]] _¢jl S ZZO or (f)kj—l—b2 = ¢(k—1)j S ZZO . (5.5.6)

If for each 1 < s < N one had ¢,,, = ns for some integers 1 < p, < N
and ng, then summing over s would yield

N

b
Z<%+b<)\h1—Q, hoy.) —n5> = boe+kibA+kob® + k3

N
0= b< _Q7h8> =
o v

s=1

(5.5.7)
for some integers k;: this cannot happen for generic (b, 5, A). Thus there
exists 1 < u < N such that none of the ¢, are integers. The condition (5.5.6)
for I = u then implies that for each 3 < k < N, ¢(_1y, € Z>o for some
1 <t < N. No two ¢}, can be equal, because ¢(,_1): — ¢—1)r = (k—=1)(b*>+1)
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is non-integer for k£ # [. We can thus permute the components of a — Q
through a Weyl transformation so that t, = k — 1:

b(Oz - Q, hk,1> = b(—%h]v, h1> + b(/\hl - Q, hk,1> — Ng (5.5.8)

for all 3 < k < N, where ng > 0 are some integers. We deduce that

N
o= ()\ + I/)hl — (% + l/)hN + % Z nk(hl - hk—l) . (559)
k=3
The same considerations applied to the braiding of —%hl and —schy yield the
constraint above with ¢ replaced by b. We can thus restrict to momenta (5.5.9)
which also have, up to a Weyl transformation, the b — % form. All in all,
the fusion of two semi-degenerate operators can only allow a one-parameter
set of momenta, and some isolated momenta

Voshy X Van, = /dV Vo) — (etv)hiy

N
+ Z Z Z VA=) h1+(n/b) (k1 —hi)+[n'b—(N—k) /8] (h1—h ) -

ne€Zn'€Z k=1
(5.5.10)
In the case N = 3, we wrote down explicitly null vectors descending from
V_,ny and Vyp, (higher Wy algebras are not tractable), and found that the
isolated momenta are in fact not allowed. We propose that this holds for
general N. After performing some Weyl reflexions of momenta on the left
and right-hand side and redefining v, we deduce the fusion rules

V_%hN X V)\hl = /dl/ V—%hN+)\h1+V(h1—hN) (5511)
Vieny X Van, = /dV Vioehi 4 A +v(h1—ho) (5.5.12)
V_oshy X Vorny = /dl/ V—%hN—)\hN-i-V(th—hN)‘ (5.5.13)

For completeness, we find the corresponding structure constant as the
main residue of C'(aq, ag, ¢h1) at a1 = Ahy and ag = 2Q — (x+A+v)h1+vhe,
after removing our normalization from (5.4.28), and recognize a Liouville
CFT three-point function:

er i BTO)Y T GOTOT (e A 20— b= 1/b)
#hi A S X(-)Ye+ ) YA+ )Y (e + A+v —b—1/b)
=1

_ % A 1 x4+ A
b)N 2 OLiOuviHe( > .

227 T T

(5.5.14)
The equality is true by construction for N = 2, as a Liouville momentum of
/2 corresponds in the Toda CFT language to a momentum of (s/2)(h; —
he) = shi. More generally, the equality may hint to a deeper relation
between Toda CFTs for different values of N.
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5.5.2 Semi-degenerate and degenerate operators

We are now ready to tackle the fusion of other degenerate vertex opera-
tors V_p,, with semi-degenerate operators V.., .

For w = Kh; the fusion is a special case of (5.5.12) with A = —Kb,
hence only allows the momenta (s — Kb)hy + v(h; — h2). Given the fusion
rule (5.5.1) of a degenerate operator, (K —v//b)hi + (v/b)hs must be a weight
of R(Khy) hence v = nb with 0 <n < K, and

K
Vii X Voigony = Y Viooe (K —n)b)h1 —nbhs (5.5.15)
n=0

with no multiplicity since the weight (K — n)h; 4+ nhg of R(Kh;) has no
multiplicity. Through the Weyl rotation (IV---21), an equivalent statement
is that the fusion of —shy and —Kbh; yields the momenta —nbhy — (3¢ +
(K —n)b)hn.

The correlator (V.. (00) Vi yiyn, (1) Voibh, (%, 7)Va, (0)) has dim(R(lh1))
s-channel conformal blocks, and must have the same number of t-channel
conformal blocks. The fusion (5.5.15) allows the t-channel internal momenta
' hy +nb(hy — hg) for 0 < n <[, with no multiplicity, hence any multiplicity
is due to the fusion of V,, and V,,__ . The number of t-channel conformal
blocks is thus

l
n=0

where V3 appears Naﬁm
find

., times in the fusion of V,, and V, . Solving, we

NZmAnb(hi=he) — qim R (nhy) — dim R((n — 1)hy)

QQ, Qoo
_(N+n-1 N+n—-2\ (N+n-2
N n B n—1 N n '
(5.5.17)
None of these multiplicities vanish, so all K + 1 momenta of (5.5.15) do
appear in the fusion.
Restricting the fusion rule (5.5.15) to »h; = —Jbh; with J > K, we
retrieve the decomposition into irreducible representations of the tensor prod-

uct of two symmetric representations, given by the Littlewood—Richardson
rule:

K
R(Jh1) ® R(Kh1) = @ R((J + K — n)hy + nhy) . (5.5.18)

n=0

One could go in the other direction: the decomposition (5.5.18) for J > K
implies that the fusion of V_ jp, with V_gpp, yields the momenta —(J +
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K — n)bhy — nbhy. This set of K + 1 momenta only involves —Jbh; as an
overall constant part, hence the natural generalization from V_ jpp,, to V.,
s (5.5.15). We will apply a similar reasoningi to guess the fusion of other
degenerate operators with a semi-degenerate operator.

The tensor product of an antisymmetric and a symmetric representations
of An_1 is the sum of two irreducible representations,

R(Jh1) @ R(wg) = R(Jh1 + wk ) @ R((J —1)h; + WK+1) . (5.5.19)
This naturally generalizes to the fusion rule

Vnhl X V—wa = Vihi—bwg T V%hl_b(wKJrl—hl) . (5520)

For completeness, a Weyl reflexion yields the fusion of —»hy and —bwg,
which features the momenta — (s + b)hy — bwg—1 and —sxchy — bwi.

We show in Section 3.4 together with Section 5.2.2 that the Toda CFT
correlator of two generic operators with V.4, and V_,, is equal to the
partition function of a surface operator. At the end of Section 3.4.1 we
expand the partition function in a limit which corresponds to the fusion of
V.en, and V_p,, . The exponents found there prove the fusion rule (5.5.20).
Once more, the number of t-channel and s-channel conformal blocks must
be equal:

N
N(;{:;loc DK Né’(ff)f’w)hl bkt = (F) . (5.5.21)
We deduce for each n > 0 that for all s,
N -1
N;{ﬁ; bwnt1 — ( . > ) (5.5.22)

This is consistent with multiplicities of the two powers of |1 — x| found at

the end of Section 3.4.1, and matches with (5.5.17) for n =1 and n = 0.
Consider now an arbitrary highest weight w = Z;y:_ll n;w; of Ay_y. For

each j from N — 1 to 1, its Young diagram has n; columns with j boxes.

Through the Littlewood—Richardson rule, we find a decomposition valid for
J > Z] 1 Ny,

nN-1

'R(Jhl QR (w @ @ R(Jhl-l-w—i- Z [ ]+1—h1)}> (5.5.23)

kn_1=0 k1=0

3In principle, one could go further, and guess the fusion rule (5.5.12) for two semi-
degenerate operators by replacing —Kbh; — Ah1 and allowing shifts by continuous multiples
of ha — h1. It could be interesting to obtain a continuous analogue of the Littlewood—
Richardson rule along those lines.
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into Hévz _11 (nj + 1) irreducible representations. We thus propose the fusion
rule

NnN-1
Vi X Vszj.v:‘ll njw; Z Z sehy=b Y0 g kg (R —ha)]
ki=0  kn_1=0
(5.5.24)
As a natural generalization of (5.5.17) and (5 5.22), we propose that vertex
operators with a momentum sch; — b Z l jw; appear with multiplicity
N-1 N—-1
NP e dim R, _, (Z zjwj_1> : (5.5.25)
j=1

where the j = 1 term can be absorbed in a shift of », and the right-hand
side is the dimension of the representation of Ay_s whose Young diagram is
obtained from that of R(Z ! 1;w;) by removing the first row: h; — 0 and
h; — h;_1. Besides reproducmg the correct multiplicities for the symmetric
and antisymmetric case, the proposal (5.5.25) correctly leads to equally
many s-channel and t-channel conformal blocks in the four-point function
(Vi (00)Vosny (1) Vo (2, ) Vi (0)) since

N-1 nN-1 N-1
d1mR<Z TLjCUj) Z Z dim RAN 5 (Z [anj_l + k‘jhj}) .
j=1 k1=0  ky_1=0 J=1
(5.5.26)
The equality holds because the representations on the right-hand side are

the decomposition of R(w) into irreducible representations of the subalgebra
AN,Q of ANfl.

5.6 Irregular punctures

This section is Appendix A.6 of [GLF14].

We study irregular punctures obtained as collision limits of vertex opera-
tors in the Toda CFT. Such collisions were studied for Virasoro primaries
in [GT12], and extended to other algebras in [KMST13; GLP13]. We give
evidence that the limit

K
Vegiererserex (W, W) = lim H lwy — w1|2<a‘]’a1> H Ve, (wr, wr)

(wr,w1)—(w,w 125} =0
(5.6.1)
exists, provided that the momenta «; of vertex operators, and their posi-
tion (wy,wy), vary in such a way that

K K
Cj:Z@UI_w)jOH_)Cj C’j:Z(wl— ) ar — ¢ (5.6.2)
=0
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for all j > 0. Not every choice of ¢; and ¢; can appear (for a given rank K).
Firstly, co = co. Secondly, ¢; = ¢; = 0 for all j > K. Indeed, any C;
with j > K is a linear combination C; = Y0 Pjx({w; — w})Cy whose
coefficients Pjj are homogeneous polynomial of degree j — &k > 1 in the
variables w; — w, and such polynomials vanish as w; — w. The limits of C}
and C‘j are thus described by the 2K + 1 momenta (cp;c1,¢1;- -5 Cx, Cx ), as
indicated by the notation in (5.6.1).

There is (at least) one other condition on the ¢; and ¢;: for each 0 <
m < K the vectors {cp, ¢, | m < n < K} must span a space of dimension
at most K —m + 1, for instance cxg and ¢x must be collinear. This third
restriction relies on

n K n—-1

Y(¢; ¥ Mw-wn) =3 T -war (663

Jj=0 Selo,n—1] I€S J=n I=0
#S=n—j

whose left-hand side goes to ¢, in our limit, and on its analogue for ¢,. Since
rank is lower semicontinuous, the rank of the space spanned by {c,, ¢, |
m <n < K} is at most that of the space spanned by (5.6.3) and by their
antiholomorphic counterparts (for m < n < K). This second space lies
within the span of {a; | m < J < K}, which has rank at most K —m + 1.

5.6.1 OPE with the stress-energy tensor
Our first piece of evidence is to write the OPE of the stress-energy tensor
with

K

Vo (wrwr}) = [ lws — w70 T Va, (wy, 1) (5.6.4)
I<J I=0

in the limit which defines V.. The operators V,,, are primary, hence

“CKLCK "

T(Z)V{aj} ({w17 U_)[})

K K
IE[J! J —wil Igo((z_wl)z-i-z_wlawI)Il;[OVaI( 1,Wr)
(5.6.5)
_ 5 Aar) 1 (ar,ay) _
a 12:;)((2 —wy)? Tz wr <8w[ i ;W)>V{a,}({w1,wl})
(5.6.6)

1 K0, _
= <<Q7 8z8z§osing> - §<az¢sing7 azSpsing> + Z L >V{a1}({w17 wl})

=0 Z — Wy
(5.6.7)
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where in the last line we use A(ay) = (Q, ar) — 3 (s, as) to express all but
the 0y, piece in terms of

K

0. Psing = Z

I=0

—w) "« K —cp,
T e ULLIRE G
n>0 ( ) n:O( )
(5.6.8)

In the domain where all |w; — w| < |z — w|, we can expand the derivative
term as

Z — Wy

K
dlz—w) 0w, = ) (2 —n=2 Z w)"10,, (5.6.9)
1=0 n>—1

The term with n = —1 is Zﬁo Ow,;, which translates all vertex operators,

hence its limit is 0,,. The other terms do not have such a simple geometrical
interpretation. Instead, let us write their action on C,, for 0 < m < K:

K K

Z(wl —w)" 19y, Cy = Z(w w)" 0y, Z wy—w)"ay  (5.6.10)
I1=0 I1=0
= Z m(wy —w)" " a; = mCpim, - (5.6.11)

The limit of S5 (w; — w)"*1d,,, must thus be a differential operator which
maps ¢, — Meptm forall 0 < m < K —nand ¢, = 0 for K —n<m< K.
This is naturally realized by

K K—n
> (wr —w)" 0w, = > jlensj, ;) - (5.6.12)
I=0 j=1

All in all, the OPE of T'(z) with V = V ....c,c .z (w, W) is

K —cn 1/& —c; K —a
T(Z)V ~ <<Q,8z Z (Z—ﬂ))nH> - 2<Z (Z — w])j+l’z (z — w)l+1>

n=0 j=0 =0
Ou L N Oc.) |V
+z—w+7§)(z )n+2 szlj C'rL+]7 C]>
n K—n
1 2K (n+1)<Q7cn>_% > (¢, en—j) + > J{entjs Ocy)
7=0 7j=1 v
( (Z w)n+2 >

(5.6.13)

where we recall that ¢, = 0 for n > K. The presence of singularities up
to (z — w)~25~2 in this OPE implies that the Virasoro generators L, act
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non-trivially on the state |¢) = V,.....cic 21 (0)]0) for n < 2K. More precisely,
1" K—n
Ly|e) = ((n—i— 1N(Q, cn) — 52 Cj, Cn—j) Z j(cn+j,8cj>>|c> (5.6.14)

for 0 <n < 2K, while L_; translates w, and L,|c) = 0 for n > 2K. This is
the natural generalization of equation (2.7) of [GT12].

In the rank 1 case (¢, = 0 for n > 1), we can exponentiate explicitly the
action of the Virasoro generators L, to find how large conformal transfor-
mations act. From above, we know that L,|c) = 0 for n > 2, that L_; acts
like 0y, and that

Laje) = —%(cl,clﬂc) (5.6.15)
Lile) = (2Q — co, c1)le) (5.6.16)
Lole) = (Afeo) + {e1, e} (5.6.17)

where as usual A(cp) = (@, co) — (co,c0)/2. Omitting the parameters z
and ¢, which play no role for holomorphic transformations, we claim that

_ Aleo) 02 w3 (Pw)’
Vco,q (Z) - (@w) 0 eXp<<2Q — Co, Cl> O, - 5(01, Cl> d,w - 5 (82’11))2 Vco,(azw)cl (U))

(5.6.18)
under a conformal map z — w(z). Indeed, this transformation is transitive
and has the correct infinitesimal behaviour: for 0,w =1 + ¢,

S
—_

Vep,er (2) = <1 + €(A(co) + (c1,00,)) + (2Q — o, ¢1)0z€ — %(cl, c1)0% + 0(62))%"00761 (w) .
(5.6.19)

5.6.2 Free field realization

Our derivation of (5.6.13) only relies on the OPE of T'(z) with vertex op-
erators V,. This OPE has a free field realization as the OPE of Tgee =
(Q,00¢) — 1:(0p, dp): with Vfree = :el¥9):. We rederive (5.6.13) more di-
rectly by first building the collision limit V¢ of vertex operators V¢, then
computing its OPE with Tgee. We then go further and consider the OPE of

higher spin currents of the WN algebra Wlth Viree,
First, :e{®#(2:2)).:e(Bp(w) = |z — w| (@.0). olap(2,2)+(Brp(w,m)) . implies

by induction

K _ K _
[T |w:r — w |2l H:e<a1"p(w1’w1)>: = reXr=olone(wr@n), (5.6.20)
1<J =0
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Expand p(wy, @1) = o(w, @)+ 21 51 (wr—w)"8"o(w)+(dr—d)" 9" o(w))
thanks to A9y = 0 and use the limit Y% (w; — w)™(ar, d"¢) — (cn, ")
and its antiholomorphic counterpart to obtain the free field collision limit

K {en, 0" p(w)) + (Gn, 0" p(w)) ]
1 n! a

380,00 = o)

(5.6.21)
The stress-energy tensor 7, (gee(z) and higher spin currents are polynomials
in 0p(z) and its derivatives. We thus evaluate

T Cn an -1 Tee -
00 Vi (00) =:(0p() + X ot~ JVEe (wa) (5.6.22)
n>0 "
= - _ n—1 _ Cin free —\.
(5.6.23)

where the first equality relies on dp(z)p(w,w) = —1/(z —w), and the second
on the Taylor expansion of dp(z) and on 6”¢Vgﬁ?. = n!@chiro‘i‘?_,. The OPE
of Vg‘f‘i_(w, w) with any polynomial in derivatives of d¢(z) is thus obtained
by replacing all

O lo(z) — 8i<Z(z —w)" nd,, — Z (Z_C[;)nﬂ>

n>1 n>0

(5.6.24)

_ g Z Oncn +0_nnoe_,
’ neZ (Z o w)n+l
where 0, =1 if n > 0 and 0 if n < 0, then dropping terms that are regular
as z — w.
In particular,

5 (2)Ve (w, @) = ((Q, 00¢) — %:@% ) ) VEE o (5.6.25)
(e Se=o) (G )

+ <§ (Z_Cw)ﬂg(z —w)’ 150, >>Vfree (5.6.26)

_ CZ: (n+1)(Q, (C;L>__w;)7§g_0<ci, Cni) :iz_ll Zf( ?ﬁcgifz&j))wee-

(5.6.27)

Upper bounds could be omitted since ¢, = 0 for m > K. Note the presence
of 0 in the last term for n = —1 and 57 = K + 1. This derivative is

CK+1
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inconvenient as it involves irregular punctures with a rank higher than Viree,

It turns out that the terms with n = —1 combine nicely into
-1, QD(’LU)> {r — {r —
i—=1 ] (J - 1)! Coef";CKiK (w’ w) = 8“’VCOG§?“§CK75K (w’ ’LU) ’ (5'6'28)
]:

As expected, the free field OPE reproduces the OPE (5.6.13).
We are ready to consider higher spin currents. A basis of those currents
is obtained via the Miura transformation

1
1T (40: + (hs, 0200(= }:LVP (5.6.29)

s=N

where ¢ = b+ 3. In particular, Wo(2) = 1, Wl(z) = 0, and W?(2) = Tgee(z).
The prescription (5.6.24) then yields the OPE of WP(z) with the irregu-
lar Vgﬁ?,(w, w), but expressions quickly become very unwieldy. However, we
can get valuable information by applying the prescription (5.6.24) directly
to the Miura transformation (5.6.29):

N
ZWP Vfree w w)(qaZ)N—p
(5.6.30)

! hs, —0ncn — 0_nn0._ _
I S

s=N nez (Z

where ., only acts on Vfree and not on intervening ¢, and where 0, = 1
if n > 0 and 0 otherwise. The sums over n actually truncate to n < K for
rank K punctures, thus only a finite number of negative powers of (z — w)
appear in the OPE.

Let us find out the most singular terms of the OPE of a given WP(z)
with V. Thanks to the mode expansion WP (2) = 3", .7 WE(w)(z—w) 7P,
the (z —w) " P term in the OPE encodes the action of W2 on the rank K
puncture |¢) = Vigf?,_;CKvéK (w,w)|0). Terms where 0 < m < p of the ¢d,
act on some (g, ...) are at most of order O((z — w)~K+DE=m)=m)  Thoge
involving 0., derivatives are of order O((z — w)~(KADE=m=1)=m) or more
regular. Thus, WP|c) = 0 for n > pK,

Z H<h5i’ CK—k;)

ki 4 thp=pK —n i=1

+ 5n,(p—1)K(K + 1>qz<(] - 1) H<h3i’ CK>>‘| |C>

=1 i#j
(5.6.31)

Whie) = (=17 >

1<s1 < <sp<N
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for (p — 1)K <n < pK, and lower components of W?(z) act with 0., deriva-
tives. This is consistent with the action (5.6.14) of the Virasoro algebra for
p=2.

For n < (p — 1)K, the action of W} on |c) involves derivatives 0., for
each 1 < j < (p— 1)K — n. In particular, if n < (p — 2)K, derivatives with
j > K appear: the set of rank K irregular punctures is not stable under
those components W2. One exception is that L_; = W2, involves derivatives
up to Oc,, but turns out to be identical to an infinitesimal translation. The
set of all (finite, integer) rank irregular punctures is stable under all W2.

Before closing this section, we go back to the Toda CFT and compute
various two-point functions of vertex operators with rank K = 1 irregular
punctures as a test that the collision limit is finite.

5.6.3 Two-point functions

The only irregular punctures we use in this thesis (Section 3.4.3) are the
collision of a semi-degenerate and a generic vertex operators. We compute
here the two-point function of the resulting rank 1 puncture with any generic
vertex operator (5.6.36) in a useful normalization (5.6.33).

The collision limits of interest are a special case of the general collision
limit (5.6.1) which defines rank K irregular punctures. Using notations close

to the main text,
2(ch1,co—h1) T z
V%hl (—IA’ m) ‘/Cofifthl (0)‘|
=i\ /b+O(1)

(5.6.32)
where A € R is the gauge theory cutoff scale, ¢y, b, x and Z are various
physical parameters, and only the leading behaviour of s¢ in A affects the
limit. We also introduce the normalization

. x
VCo;—(z/b)hl,(:E/b)hl(O) = lim [A

A—o0

~

A<007Qap>§] _ O
) _ f cos—(x/b)ha,(3/b)hr (0)
Veoi—(@/b)ha,(@/b)hs (0) = T Theweren TUQ — o hs — i) (5.6.33)

TOet(Q —eo )™ | Plotncomsh) o (w2
A /p2A(0)~(@:Q) %hl(_iAaiA> co—shy (0)

X

A

- A—oo

] =i\ /b+O(1)

where the second line is obtained by combining the factors (5.4.3) and (5.4.4)
which relate V and V with those relating V and V. The only non-trivial step
is that the asymptotics (5.4.7) of the Upsilon function simplify Y, T (e +
(Q — co.ha — hy)) to Y (s + (Q — co, hn )N |A/b|( @280,

Let us compute the two-point function of the irregular puncture (5.6.33)
with a generic vertex operator Vao. Throughout the calculation, s = iA/b+
O(1). Scale covariance and the explicit form (5.4.28) of the three-point
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function give

T(%-i- <Q — Cp, h1>>N x

2(»h1,co—xh1) ; R T 7\ ~
‘A/b|2A(CO)_<Q’Q> A <VCY0 (Oo)vﬂhl(_iAa 1[\) ‘/YC()—%hl (0)>

A oo o) =2 et —2A{co )+ 28@0) (50 4 (Q — g, hy))N

O A/BPACIQRATIN (£ 4 (Q — co + b1, h) + (Q — g, b))
(5.6.34)

‘x/A‘QA(Oéo)—ZA(Co)|A/b‘2A(O¢0)—<Q7Q> - 6.35
~ 2A(c0)—(Q.Q) TN _ 1N . (5.6.35)
|A/b| S Tema [T T((Q — co, hs) + (Q — ap, hy))

All powers of A cancel, and we deduce that

<Vao(OO)VCO,—(x/b)hl,(x/b)hl (0)> HéVZQ H?;l T(<Q ~ o, hs> n <Q " oo, ht>) .

(5.6.36)
Note that the dependence on |z/b| is as expected from the transforma-
tion (5.6.18) of rank 1 irregular punctures under a scaling. Both the OPE with
Wy currents, and the two-point function we have just computed, are finite,
and independent of details such as the precise value of s in the limit (5.6.33).
This gives credence to our claim that collision limits V......,. z;, are finite
and only depend on the ¢; and ¢;.

|x/b|2A(a0)—2A(co)
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