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Résumé de la These

Le Calcul des Variations et son interprétation géométrique ont toujours joué un role crucial
en Physique Mathématique, que ce soit par le formalisme lagrangien, ou a travers les équations
hamiltoniennes, qui sont profondément liés a l’'approche lagrangienne. Ce rdle a été confirmé
et renforcé au cours du siecle dernier, par exemple par le théoreme de Noether, qui relie les
symétries et les quantités conservées, ainsi que par 'utilisation du Calcul des Variations faites
en Mécanique Quantique et en Théorie Quantique des Champs.

Pour les théories des champs, qui correspondent & des problémes variationnels avec plusieurs
variables spatio-temporelles, 'approche Lagrangienne est maintenant bien-fondée et largement
utilisée. Cependant ’approche Hamiltonienne n’est sans doute pas si bien développée et utilisée
dans toute sa puissance. Afin de parvenir & une description Hamiltonienne de la théorie des
champs, qui ameéne a la quantification dite canonique, la plupart des physiciens utilisent un
fractionnement de ’espace-temps comme produit cartésien d’une variété spatiale par une droite
de temps. Ceci est bien str suffisant pour la plupart des calculs, mais il est clair que cela brise
la covariance relativiste et donc contribue & obscurcir la relation entre la théorie quantique et la
Relativité.

Plusieurs théories ont été développées pour remédier & cette situation : elles reposent toutes
plus ou moins sur le fait que I’espace de toutes les solutions d’un probléme variationnel est doté
d’une structure symplectique, une observation qui remonte a Lagrange et qui fut précisée par
J.-M. Souriau. C’est le message fondamental véhiculé par la théorie dite de I'espace des phases
covariant. Le probleme est de trouver les outils techniques les plus appropriés pour représenter
cette structure symplectique et faire des calculs avec elle. Des différentes approches existent, par
exemple : celle développée par Deligne et Freed dans [36] et basée sur la théorie de Takens,ou la
théorie de Vinogradov, développée par exemple par Vitagliano dans [I47], ou encore 'approche
multisymplectique.

Le formalisme multisymplectique permet une description géométrique de dimension finie des
théories de champ classiques vues d’un point de vue hamiltonien. La géométrie multisymplectique
joue un rdle similaire a celui de la géométrie symplectique dans la description de la mécanique
hamiltonienne classique. De plus, 'approche multisymplectique fournit un outil pour construire
une structure symplectique sur ’espace des solutions de la théorie des champs et pour 1’étudier.

Le formalisme multisymplectique

La généralisation des équations de Hamilton & un probléme variationnel de premier ordre avec
plusieurs variables remonte & deux articles de V. Volterra de 1890, [150, 151], dans lequel deux
variantes différentes ont été proposées. Aujourd’hui, la premiere théorie proposée par Volterra
est connue sous le nom de théorie de Donder-Weyl parce qu’une version a été exposée par H.
Weyl en 1934, [160], et une autre par T. De Donder en 1935, dans [32], cette théorie est en
fait d’ordre supérieur et est reliée aux travaux de H. Poincaré, [123], et E. Cartan, [27], str la
théorie de "Invariants Intégraux", mettant en évidence son contenu géométrique. Des résultats

vii
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fondamentales ont été obtenues aprés par T. Lepage, [104], en 1936 et P. Dedecker en 1953, [33],
voir aussi [34].

Dans une série d’articles au cours des années 70, J. Kijowski seul, [94] 5], puis avec W.
Szczyrba [97), 98] et ensuite avec W. M. Tulezyjew [99] a donné naissance au point de vue mul-
tisymplectique sur ces théories. Le formalisme multisymplectique permet une géométrisation
complete et fournit un point de vue covariant sur les théories de champs hamiltoniennes. Les
idées de Kijowski permettent de construire une structure symplectique sur ’espace de toutes les
solutions d’une théorie de champ (qui est souvent appelé aujourd’hui ’espace des phases cova-
riant), d’une maniére qui est dans une certaine mesure indépendante de tout choix de séparation
de I’espace-temps dans ’espace et le temps et qui est donc entierement covariant.

Des idées similaires sur la structure symplectique de l’espace des phases covariant étaient
présentes, dans les années 50, dans les travaux pionniers de R. E. Peierls, voir [122], et 1. Segal,
voir [144], et sont apparues de nouveau dans les années 80 dans des articles de E. Witten [I61],
C. Crnkovic et Witten [28] et G. Zuckerman [164] qui ne connaissaient probablement pas les
travaux de Kijowski et de 1’école polonaise.

Les articles de Witten ont provoqué un nouvel intérét pour les théories hamiltoniennes cova-
riantes et sur I’approche de ’espace des phases covariant, tant dans la communauté des physiciens
que dans le communauté des mathématiciens. A partir de la seconde moitié des années 80, le
formalisme multisymplectique des théories de champs a été étudié et revisité par plusieurs au-
teurs et présenté dans de nombreuses variantes différentes. Des applications a la mécanique des
fluides et a 'hydrodynamique ont été proposées. Des méthodes numériques covariantes pour les
équations aux dérivées partielles, développées dans ou inspirées par le cadre multisymplectique,
ont été introduites. L’intérét pour les théories multisymplectiques de champ a donné naissance
aussi a un certain nombre d’études sur la géométrie multisymplectique ou n-plectique. Dans
Iintroduction de la premieére partie de cette these, je donne une courte liste de quelques-uns des
travaux les plus importants sur ces sujets.

Le lecteur peux consulter le papier de M. J. Gotay, J. Isenberg, J. Marsden, R. Montgomery, J.
Sniatycki et P. B. Yasskin, [63] [64], pour une présentation du formalisme multisymplectique pour
les théories de champ. On trouvera une introduction plus courte dans Roman-Roy [135]. Pour une
introduction avec une section sur ’histoire des idées autour du formalisme multisymplectique,
leur origine et leur évolution, on peut lire Hélein [70].

Il est intéressant de noter que, jusqu’'a aujourd’hui, presque aucune tentative d’adapter le
formalisme multisymplectique aux théories des super-champs (comme par exemple les théories
supersymétriques de champ) n’a pas été faite. Aussi les travaux qui pourraient étre considérés
comme préliminaires a cette tdche, comme les papiers sur la formulation géométrique de la
supermécanique ou ceux sur la super-forme de Poincaré-Cartan pour les théories de super-champs
(que je citerai ci-apres), sont trés peu nombreux.

Dans cette thése, je m’intéresserai principalement au formalisme multisymplectique pour
construire des théories de champ de premier ordre et j’espére pouvoir donner deux principales
contributions originales :

— Je montrerai que, dans certaines situations, la structure symplectique de I’espace des phases
covariant peut en effet dépendre du choix de la topologie du découpage de ’espace-temps
en 'espace et en le temps;;

— Je construis une extension du formalisme multisymplectique aux théories de super-champs.

En tant que «sous-produit», je présenterai une autre contribution originale :

— Je définirai des formes fractionnaires sur des supervariétés avec leur calcul de Cartan.

Ces formes fractionnaires seront nécessaires pour construire le formalisme multisymplectique
pour les théories de super-champs.
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J’utiliserai une version du formalisme multisymplectique qui rend minimale la dimension
des espaces impliqués, ce qui me semble approprié pour une premiére tentative d’extension aux
théories de super-champs. J’appelle cette version le cadre minimal pour le formalisme multisym-
plectique. L’ingrédient principal de ce cadre sera ’espace de multimoments de dimension finie P,
lequel correspond a ce que Forger et Romero appellent I’espace des multiphases ordinaire, [53] et
ce que Romén-Roy, [I35], appelle le fibré des multimoments restreint.

Cette these est organisée en trois parties. Les principaux résultats originaux de la Prémiére
Partie sont contenus dans le chapitre [3] et consistent en ’étude des structures symplectiques
non équivalentes sur ’espace des phases covariant.

Dans le Chapitre [1l je présenterai un cadre géométrique standard pour I'approche Lagran-
gienne des théories de champ au premier ordre.

Si E, X et F sont des variétés C*° de dimension finie et (F,m, X, F') est le fibré différentiel
d’espace totale F, de base X, de fibre type F et de projection C* m, de sorte que nous avons la
situation suivante :

E

|

X
nous appelons F le fibré des champs ou le fibré des configurations et un champ ¢ sur X est I'un
de ses sections C* : on peut donc appeler F(E) I’espace des champs.

Si X est n-dimensionnelle, le Lagrangien £ est une n-forme différentielle w-horizontale définie
sur le premier espace des jets J'mr = J'E. Si U C X est une sous-variété n-dimensionnelle
(éventuellement avec un bord) de X, laction Ay sur un champ ¢ est lintégral de £ sur la
surface n-dimensionnelle j1¢(U) est :

Av)=avi'o) = [ o= [ jloc 1)
Jte(U) U
L’espace des solutions de la théorie est celui des points critiques.
Si, sur J'E, nous utilisons les coordonnées locales (2%, ¢, ¢?), alors localement £ = Lj, ou
B:=dz* A--- Adz™ et L est une fonction locale de (2%, ¢*,¢%).
Chaque solution ¢ € & vérifie les équations d’Euler-Lagrange :
d OL

¢ est une solution <= sur chaque U, Vx € U, — —
dx® 0¢!,

B oL
oq*

(7' 0(2)) (F'e@) =0 (2

Dans le Chapitre[3 je présenterai ce que jappelle le cadre minimal pour la description
multisymplectique des théories des champs. Je définis I'espace des multimoments P, avec les
coordonnées locales (Jc“, q’, p;-’) et la transformation de Legendre entre J'E et P :

o : 9L o
FL: ('Taaqzvq.é) — (xaaqz7p?) = (xavqla @ (xaaqlaq-;)>

L’hamiltonien H est alors défini par H(z%,¢',p}) := ¢ip¢ — L (z,¢*,¢%) et un champ ¢ est une
solution de la théorie si et seulement si z := FL o jl¢ vérifie le systéme covariant généralisé de
Hamilton-Volterra :

;jg; (FLj'¢(x)) = 35 (FLj'¢(=))
op? OH ®)
e (LI (@) = 5 5 (FLi 6(x))
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Sur P il est possible de définir la forme multisymplectique, qui est la n + 1-forme globale :
w = —dq' Ndp A By —dH A B

ou B, = B%QJ B.
Kijowski a montré dans [94] le résultat suivant :

Theorem 1. Une section z € T'(P) est l’image d’une solution des équations d’Euler-Lagrange
@) par la transformée de Legendre si et seulement si Vu € TP, z*(u—w) = 0.

Un des principaux intéréts de la construction géométrique de dimension finie de l’espace
des multimoments avec sa structure multisymplectique (n-plectique selon la terminologie la plus
recente) est qu’il fournit un moyen de construire une structure symplectique sur l’espace des
phases covariant (’espace des solutions de la théorie des champs). Il existe alors un lien direct
entre la théorie des champs multisympléctique et la formulation canonique classique de la théorie
des champs. Ce lien relie la géométrie multisympléctique aux travaux des physiciens théoriciens
sur la théorie canonique des champs, initiés par les travaux de Peierls, [122], et Segal, [144]
et développés par B. DeWitt [40, 41} 42], par Garcia et Pérez-Rendén in [56, 57, B8] et par
Goldschmidt et Sternberg dans [62].

Ici, je suivrai [70] pour montrer comment & 1’aide de la forme multisymplectique w, il est
possible de construire une forme symplectique €2 sur I’espace des n-courbes hamiltoniennes de la
forme & = z (X)) ol z est solution de la théorie.

Appelons ¢ I'espace des surfaces hamiltoniennes ; nous avons que 4 = & et donc nous pouvons
identifier ces deux espaces. Soit G € ¥ et soit §,G € T¢¥ un vecteur sur G : il est associé a
un champ champ de Jacobi uw € T (i* (V P)), id est une section sur G du tiré en arriere du fibré
tangent vertical (par rapport & la projection mp de lespace total P sur la base X) VP par
Iimmersion ¢ : G — P. La section u peut étre vue intuitivement comme un champ vectoriel
sur G, "suivant" lequel chaque point g € G est envoyé sur un point ¢’ € G', ot G' € ¥ est
une autre n-courbe hamiltonienne. La n-courbe hamiltonienne G est ainsi déformée de fagon
infinitesimale par v dans une autre n-courbe hamiltonienne G’.

Soit X une sous-variété de co-dimension 1 dans P, avec la propriété que, pour tout n-courbe
hamiltonienne G € ¢, 'intersection de ¥ avec G est transversal. Alors, nous pouvons définir :

QE‘G((SlG,ézG) = / Uy N\ Us_Jw (4)
NG

et, dans certaines conditions de régularité du Lagrangien, 2s; est une 2-forme symplectique sur
9.

Une question naturelle se pose alors : la forme symplectique €2 dépend-elle du choix de la
sous-variété X 7 Kijowski a déja prouvé que si ¥ et ¥’ sont deux sous-variétés compactes dans la
méme classe d’homologie, alors 0y, = Qxy.

Dans le Chapitre [3 je montre, sur quelques exemples de théories de champ construites sur
un tore bidimensionnel, que lorsque ¥ et X’ sont dans différentes classes d’homologie, il peut
arriver que Qy, # Qy/. Il semble que ce résultat n’ait pas encore été remarqué.

De plus, je présente quelques exemples ou ¥ et ¥’ ne sont pas compacts et je montre que
dans ce cas, la situation est certainement plus délicate. L’homologie standard des sous-variétés
de P n’est plus appropriée pour déterminer la structure symplectique sur ¢. J’étudie le champ
scalaire libre et massif sur R? et j’explique ce qui se passe quand on choisit 3 et ¥’ tels qu’ils
restent sur deux cotés différents du cone de lumiere. Je vais montrer le résultat que, dans ce cas,
Qs # Q5.

Dans le Chapitre [4], qui est le dernier de la premiere partie, je montrerai comment la struc-
ture symplectique sur ’espace des solutions est liée aux crochets de champs utilisés par les
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physiciens. En suivant J. Kijowski et W. Szczyrba [97, O8], je montrerai que la forme symplec-
tique ) peut étre utilisée pour obtenir une structure de Poisson sur & = ¢ ; ceci fixera les bases
pour I'extension de la méme construction aux théories de super-champ.

Le formalisme multisymplectique n’a pas encore été appliqué a la description des théories de
champs supersymétriques. La principale difficulté a laquelle nous devons faire face pour 'adapter
aux super-champs est a mon avis le fait que la généralisation des formes différentielles au cadre su-
persymeétrique conduit & deux types différents d’objets. Pour tirer pleinement parti du formalisme
multisymplectique, on aimerait plutdt utiliser les mémes objets pour pour 'intégration (comme
dans () et @) et pour effectuer le calcul de Cartan (comme par exemple dans le théoréme [II).
A cet effet, je crois que les objets les plus appropriés a utiliser sont les superformes définies par
Th. Voronov et A. Zorich dans leurs papiers a la fin des années 80, [I55] 1506, 157, [158]. Plus
précisément, j’utiliserai une classe de superformes de Voronov-Zorich, que j’appelle les formes
fractionnaires.

Dans la Deuxiéme Partie de ma these, je vais introduire les notions de formes fraction-
naires, de coformes fractionnaires et de formes fractionnaires mixtes sur des supervariétés et
je proposerai une nouvelle notation, adaptée aux calculs. Les formes fractionnaires seront un
ingrédient essentiel pour la définition d’une théorie de super champs et pour le formalisme su-
permultisymplectique qui est le principal objet de la troisiéme partie de cette these.

Dans le Chapitre [3, aprés avoir brievement présenté ’approche concréte de Rogers-DeWitt
aux supervariétés, je définirai les formes fractionnaires et je fixerai les régles pour exécuter avec
elles un calcul de Cartan.

Les formes fractionnaires sont des exemples des r|s-formes introduites par Th. Voronov et
A. Zorich comme analogues naturels sur les supervariétés des formes classiques sur les variétés
classiques. En désignant par Ty X et T1 X respectivement ’espace tangent pair et impair d’une
supervariété X, nous avons :

Definition 2 (Voronov and Zorich). Une forme de degré r|s sur un point x € X, supervariété de
dimension n|m, est une fonction w de classe G définie sur un ouwvert O de Ty 0 X X -+ TpoX X Ty 1 X X - Tp1 X

T S
et a valeurs dans Rg, qui vérifie la suivante condition :Vv € O C Ty 0 X X -+ Tp o X X Tp 1 X X - Tp 1 X ¢

Vg € GL(r|s), w(g-v) = w(v)Ber, s(g) (5)
0%w 0%w
_ L (—DIGIFIHIGIHIFDIAI _ 2 6
g ovs =D owBows ©)
ou A, B =1,--- ,n+m sont les indices dans l’espace T, X et donc aussi dans les deux espaces

Ty 0X et Ty 1 X avec leur degré habituel ; Uﬁ est la A-iéme coordonnée de vi dans la base locale
(Oalz)as F vadeldr+setvp € T, pX, ou nous posons |F| = 0 quand F = 1,---,r et
|IF|=1quand F=r+1,--- ,r+s.

Dans la section [(.2:2] je présenterai une extension originale des r|s-formes, de sorte que le
domaine de définition des premiers r arguments devienne tout I’espace tangent T X, au lieu d’étre
juste sa partie paire.

Puis, dans les sections (£.3] et [5.4] je donne une preuve directe que les fonctions 6 et p A 6,
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définies comme suit :

Ve e U, Yv:= (01, - , 0301, ,0s) € Ty oU X -+ Ty oU X Ty 1U X -+ - Ty 1 U

T S
A
vt vy ot (e
A A
'Url fU,rT ’Ugl ngS
0(v) := sdet,.
A1 A (5] e
v “en vy v “e vy 8
1 1 1 1
U?l e 'U?T v?l “e /U?S

et :

Ve e U, Yw:= (U1, ,Urg1; 01, ,0s) € Ty oU X -+ Ty oU X Ty 1U X -+ - Ty 1U;

r+1 s
VY € Ty U, si nous décomposons p = de? s
e
— A—  —ar ,
vApa o T vy
— A A A a s
pAO(w) :=sdetyy1s | v pa vl e vin vl e ol
vipa el e vy
vApa vt vt o Vs

sont en effet de superformes de Voronov-Zorich.

Ces exemples de superformes de Voronov-Zorich seront importants pour nous. Il est souhai-
table d’avoir une notation plus compacte et intuitive pour les définir. Je propose dans cette these
les notations suivantes :

dzAr A - A dahr o
dzer @ - O dxs
dzt A - A dahr _u/\dxAl/\-u/\dzAT

A =uAN0
'u dl'al@...@dxas 'u dxal @.@dl’aﬁ

Je vais aussi définir des objets comme :

_O'A-nE7

w= le-.-o0s

Ou ©'...0" sont des 1|0-formes de parité générique et 0! ...0° sont des 1|0-formes impaires.
Ce genre d’objets, que j’appelle des formes fractionnaires, était déja utilisé dans la littérature
mathématique et physique, avec une notation différente, mais, & ma connaissance, une preuve
directe qu’ils sont en effet des superformes de Voronov-Zorich, n’avaient pas encore été publiée.
Dans la section [5.4] j’expliquerai les regles pour effectuer le calcul de Cartan avec des formes
fractionnaires, y compris des produits intérieurs et extérieurs par vecteurs et covecteurs de toute
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parité, la dérivation extérieure et des combinaisons de ces opérations avec les commutateurs cor-
respondants. Je donnerai également une formule originale utile pour des calculs efficaces utilisant
des superdéterminants. Ceux-ci seront utilisés dans la troisieme partie de la these; en fait, le cal-
cul de Cartan avec les formes fractionnaires s’avere plus commode que le calcul de Cartan pour
les r|s-formes génériques.

Dans la section je présenterai la théorie de l'intégration des superformes (et donc des
formes fractionnaires) développée par Voronov et Zorich. Je proposerai aussi une petite modifi-
cation de la définition standard de I'intégrale de Berezin, basée sur le concept de corps immergé
d’une supervariété que je définirai. Cela sera utile pour les sujets traités au chapitre [Q

Dans le Chapitre [6]je définirai les coformes fractionnaires et les formes mixtes fractionnaires
du premier et du second type. Les coformes fractionnaires sont des exemples de ce que Voronov
appelle twisted covariant dual Lagrangians satisfying the fundamental equations ou plus brieve-
ment twisted dual forms dans [153] et [I54], et ils sont & la base de la définition de ses formes
stables. Les formes mixtes fractionnaires sont des exemples de ce que Voronov a appelé les formes
mélangées, [153], [154].

Un exemple de coforme fractionnaires sera la coforme w localement écrite comme suit :

_ 8At+1/\8,41/\---/\8At
By @+ © O,

ou la coforme u localement écrite comme suit :

U AERVAN o
IRORERNO) {}:1
ou vi,...,v; sont des champs vectoriels de n’importe quelle parité et vy ... v, sont des champs

vectoriels impairs.
Un exemple d’une forme mixte fractionnaire sera :

v A Ay OYALAOT
e pogl
010 O o060

(7)

Je vais montrer comment effectuer un calcul de Cartan avec des coformes fractionnaires et
des formes mixtes fractionnaires, ce qui me permettra de donner un sens aux formules comme
@) ou comme :

@1/\~~~/\9146A1 A NOa,
Pl -0 am@"'@aaq

(8)

aussi quand, dans (), [ > t et d < ¢; ou quand, dans ([@), t > r et g < s.
Par exemple nous donnerons un sens a :

1
dg' 1 —-
9T
et par symétrie a :

1 1
z#dfl = dflJz
ot gL

ou encore a :

9 1
0¢T — det

ou &1 est une coordonnée locale impaire sur une supervariété.
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Dans la section je montre comment intégrer des coformes et des formes mixtes sur des
supervariétés.

Le chapitre[@l est en effet indépendant du reste de cette thése et, contrairement au chapitre [,
il n’est pas nécessaire de le lire pour comprendre la troisieme partie de la theése. Par conséquent,
le matériel présenté ici n’est pas traité en détail. Il peut étre considéré comme un complément
naturel du chapitre[Blet comme un travail préliminaire pour des études futures, en particulier pour
des études sur les théories de super-champs de Batalin-Vilkovisky et Bechi-Rouet-Stora-Tyutin.

Les principales contributions originales dans la Troisiéme Partie de ma thése sont : la
construction d’un formalisme multisymplectique pour les théories de super-champs; la formu-
lation du théoréme de comparaison (entre la formulation en composantes et celle des super-
champs,voir plus bas) avec les outils offerts par les formes fractionnaires et 'intégrale sur un
immersed body ; la formulation du traitement géométrique des symétries et des supersymétries
des théories de superchamps en utilisant le langage des formes fractionnaires et en exploitant la
forme fractionnaire de Poincaré-Cartan.

Les théories des superchamps ont commencé a étre étudiées abondamment a la fin des années
70 avec le développement de la supersymétrie en Physique.

Une théorie de champ supersymétrique peut étre habituellement présentée de deux fagons
différentes : soit comme une théorie de champs sur une variété classique, avec des composantes
fermioniques et bosoniques, soit comme une théorie définie sur une supervariété. La premiere
approche est parfois appelée approche en composantes, tandis que la seconde est parfois appelée
I’approche de superchamps propre. Dans les deux cas, la théorie est définie par les équations de
la dynamique que les champs doivent satisfaire.

Quand on utilise I’approche en composantes, les équations des champs peuvent étre dérivées
a partir d'un principe variationnel avec une action définie comme l'intégrale sur la variété de
base classique d’une densité lagrangienne. L’action implique évidemment 'usage & la fois de
composantes bosoniques (commutantes) et fermioniques (anticommutantes) des champs, traitées
selon les parités respectives.

Pour exprimer le principe d’action dans un langage géométrique, il est utile de formuler un
calcul variationnel pour les densités lagrangiennes définies en termes de formes différentielles.
Puisque la densité lagrangienne dépend en général de la dérivée des composantes des champs
(qui peut étre bosonique ou fermionique), méme si la théorie est définie sur une variété classique
(bosonique), il est clair qu’il est nécessaire de développer un calcul pour les formes différentielles
valable également pour le secteur fermionique. Ce n’est pas du tout simple et cela a été fait par
D. Hernandez Ruipérez and J. Mufioz Masqué pendant les années 80, précisément dans le cas ou
la variété de base est classique. Dans [76] [77), [78) [IT8], [IT9] ils ont en effet développé un calcul
variationnel gradué pour les densités lagrangiennes définies en termes de formes différentielles
graduées de Kostant et ils ont obtenu le formalisme lagrangien correspondant (équations d’Euler-
Lagrange, forme de Poincaré-Cartan, invariants de Noether, etc.).

Lorsque la variété de base n’est pas classique et qu’il s’agit d’une supervariété, comme dans
I’approche des superchamps aux théories supersymétriques, alors la tache est encore plus difficile.
La théorie peut toujours étre dérivée d’un principe variationnel, mais ’action dans ce cas est
définie comme l'intégrale berezinienne (réalisée & I'aide d’une densité de volume berezinienne)
d’une densité lagrangienne, qui doit donc étre une densité de volume berezinienne.

En 1987, dans [80], Herndndez Ruipérez et Mutioz Masqué notent : «’absence d’une définition
intrinseque d’une notion appropriée de densités intermédiaires de Berezin avec leur calcul exté-
rieur de Cartan, nous empéche de développer un formalisme lagrangien ...», ce qui signifie qu’il
manque un formalisme lagrangien valide également pour le cas ou la variété de base st une super-
variété. Néanmoins, dans [79] et [80] ils sont parvenus & une formulation intrinséque de la notion
de densité lagrinienne-berezinienne et de sections critiques Bereziniennes. En outre, dans le cas
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ou une théorie peut étre exprimée a la fois ens composantes et avec 'approche des superchamps,
ils ont montré comment relier les sections critiques de la densité lagrangienne-berezinienne, dé-
finie sur la supervariété, aux sections critiques du Lagrangien gradué correspondant, défini sur
une variété bosonique avec des formes différentielles graduées. Ils ont obtenu ce résultat via une
premiére version de ce que I'on appellera ultérieurement le Théoréeme de Comparaison.

En 1992 J. Monterde, dans [I13], a montré que les sections critiques berezinienne, d’une
action définie avec une densité larangienne-berezinienne, doivent satisfaire une version "super"
des équations d’Euler-Lagrange. A ’époque, le formalisme des superformes défini par Voronov
et Zorich existait déja mais il ne ’a pas utilisé, peut-étre en raison du fait que le systéme de
notations qui était nécessaire a cet effet est un peu lourd. Malheureusement il semble que ses
résultats n’aient pas été beaucoup exploités, ni par des mathématiciens ni par des physiciens.

Par la suite, pendant les années 90 et durant la premiere décennie du nouveau millénaire,
certains auteurs ont travaillé a I’élaboration d’une approche géométrique des théories des super-
champs d’'un point de vue lagrangien et hamiltonien. Des idées importantes ont été recueillies
dans les articles sur la mécanique mécanique de Monterde et Munoz Masqué, [114] [115] ; par L.
A. Tbort et J. Marin-Solano [83] ; par J. F. Carifiena et H. Figueroa [26] ; par Monterde and J. A.
Vallejo, dans [117].

En 2006, Monterde, Muiioz Masqué et Vallejo ont publié un article [116], dans lequel ils
ont proposé un formalisme de Hamilton-Cartan pour des problemes variationnels berezinien de
premier ordre valide pour des champs définis sur des supervariétés de dimension quelconque.
Ils ont atteint leur objectif en étudiant, a l'aide du théoréme de comparaison, un probléme
variationnel associé, d’ordre supérieur, défini sur une variété de base bosonique. Ils ont obtenu
une super-forme de Poincaré-Cartan valable pour des théories sur des bases de n’importe quelle
dimension. Cependant ils utilisent une notation qui ne me semble pas trés adaptée aux preuves
générales, ni aux calculs réels. Ils ont également obtenu un trés beau et important résultat, qui
est la généralisation du premier théoréme de Noether aux théories de super champs (théoréeme
8.2 dans [I16]) ; au prix d’une hypothése plutdt technique que nécessaire.

A ma connaissance, aucun mathématicien n’a utilisé les résultats sur les super-formes de
Poincaré-Cartan pour décrire les théories des superchamps avec I'approche multisymplectique.

Indépendamment des résultats obtenus par ’école espagnole, il n’y a eu, a ma connaissance,
qu’une tentative pour étendre le formalisme multisymplectique a des super-champs. S. P. Hrabak
dans [81] [82] a étudié la formulation de la symétrie BRST classique dans le cadre d’une théorie
multisymplectique. Pour ce faire, il a eu besoin d’étendre le formalisme multisymplectique pour
qu’il fonctionne aussi pour les théories de champ dont la base est une variété bosonique classique,
mais dont l'espace des champs est une supervariété, avec secteurs bosonique et fermionique (en
raison de la présence des fantdmes). Il accomplit cette tache dans [82]. Il n’a cependant pas
montré comment étendre éventuellement le formalisme aussi au cas ou la base elle-méme est une
supervariété.

Ici, dans la troisiéme partie de ma these, je présenterai une version multisymplectique com-
pléte des théories de superchamps valables pour toute dimension (pair et impair) de l'espace de
base et de I’espace des champs. Mes résultats sont une généralisation de ceux obtenus par Hrabak
dans [82] et ils sont fondés sur une pleine exploitation du potentiel de la théorie des superformes
de Voronov et de Zorich. Elles peuvent aussi étre considérées comme une généralisation naturelle
des résultats obtenus dans les présentations géométriques de la supermécanique & dimension finie,
qui comprennent 'utilisation d’une superforme symplectique, comme les présentations dans [83]
et [26].

Si 'on veut construire une théorie de superchamps multisymplectique, on doit utiliser des
objets (par exemple la forme multisymplectique) qui peuvent étre intégrés sur une supervariété et
qui, en méme temps, peuvent étre utilisés pour un calcul de Cartan, y compris une contraction par
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des supervecteurs, un produit extérieur par une 1-forme et une dérivée extérieure. C’est le point
difficile. En fait, avant les articles de Voronov des années 90, [I53] [I54], aucun objet de ce genre
n’existait. Avant 'apparition des superformes de Voronov et de Zorich, les meilleurs candidats
pour jouer le role que jouent dans la théorie des champs classiques les formes différentielles
étaient les formes de Kostant ou les formes pseudodifférentielles et intégrales. Malheureusement,
les formes de Kostant ne peuvent étre intégrées que sur des variétés de base pairs. D’autre part,
les formes pseudodifférentielles et intégrales conviennent a l'intégration mais n’admettent pas
une version simple et naturelle du calcul de Cartan. Afin de trouver un moyen de contourner
cette difficulté fondamentale, Herndndez Ruipérez, Munoz Masqué, Monterde et Vallejo furent
obligés dans leurs travaux de traiter les théories définies sur une superbase, en les rapportant a
des théories correspondantes (d’ordre supérieur) qui peuvent étre comprises comme définies sur
une base paire.

Dans mon travail, jutilise une approche différente. Je crois que les superformes de Voronov et
Zorich sont les objets naturels a utiliser pour construire une théorie multisymplectique. En effet
ils peuvent étre intégrés et ils admettent un calcul de Cartan complet. De plus, j'essaie d’utiliser
autant que possible des superformes fractionnaires. De cette maniére, toutes les preuves et tous
les calculs deviennent plus transparents et directement comparables avec ceux de la théorie des
champs classiques.

Dans le Chapitre [7 je vais montrer comment définir des théories de superchamps basées sur
un principe d’action, quand le Lagrangien est une superforme berezinienne fractionnaire :

dz' A - Adz™
dxn+1 @O dgntm

L=L(z%q"5d})

J’obtiendrai la méme super version des équations d’Euler-Lagrange que celle déja obtenue
dans [113] :
d 0L ,. .
() g 010 = 5 (1) =0 ©)
Ils sont une généralisation de ([2)). En particulier nous verrons qu’il n’est pas nécessaire d’uti-
liser un Lagrangien d’ordre supérieur en composantes pour une théorie qui peut étre décrite par
un Lagrangien Berezinien de premier ordre.
Le Chapitre [8 est la partie que je juge la plus importante de ma theése : il contient les
idées que je juge les plus originales et les principaux résultats de ce travail. Il consiste en la
présentation de ’approche multisymplectique des théories de superchamps réalisée a 1’aide de
formes fractionnaires.
Dans la section Bl je définis I'espace des super-multimoments P comme un sous-fibré
de Hom,(V,E,B" 1" X): ot VzE est le fibré tangent vertical du fibré de configurations E,
B~ 1M X est un sous-fibré du fibré de n—1|m-formes sur la supervariété de base X et Hom, (V, E, B"~ 1™ X)
est un fibré sur X dont la fibre sur un point x € X est la collection de toutes les fonctions Rg-

linéaires entre les supermodules V. FE et B;L*l‘mX, pour tout e tel que w(e) = x.

Sur Hom,(V, E, B"‘””‘X) nous pouvons utiliser comme coordonnées locales (mA, ql,p‘j“7 p;‘)

et alors la version super de la transformée de Legendre est :

. = 4 oL gy 0L :
FL : (mAquaQA) — ('/EAan7p}47p:[A) = (anqlv (_1)|A|7I (mA7qI7Q,IA) Y T ('rA7qI7q,I4)>
0q 4 0dy

Dans la section je définis sur P le super-Hamiltonien :

H(z?, ¢ pf) = dhpf + (=)l pt — L (24,4, d1)
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Puis je présente la version super des équations de Hamilton-Volterra, qui, quand L = L est
pair prennent la forme :

-1 Il‘a—ql z(x :g z(x
(1) 7 (1)) = o o1 "
i 9P OH

(-~ 1) AP (o)) =~ 25

et quand L = L est impair sont :

g’ OH
333‘4 8}?}4
_ ~ (11)
a1 OpF OH

(=)o % (@) = “od (2())

Ils sont une généralisation de : (3).

Dans la section B3] j’introduis la superforme de Poincaré-Cartan et la super forme multisym-
plectique :

0 :=dq" AppBa— HB
w:=—dg" Ndp}Ba —dH A B

Y 1 e n . . . ’ .
Ou B = % : et je montre qu’ils sont globalement bien définis.

Ensuite je prouve ce qui suit, qui est une généralisation du théoreme [ :

Theorem 3. Soit L une fonction lagrangienne régulicre ou impaire-réguli¢re sur J'E et H sa
fonction hamiltonienne correspondante sur l’espace des super-multimoments P, alors une section
z € F(FL(Jlﬂ')), est une solution de la théorie si et seulement si VU carte local de P, munie de
la n 4 1im-forme multisymplectique locale correspondante w et Yu € T'(TU) :

2" (u—w) =0
ot W est ’extension pour le premier argument a tout TU de la super-forme multisymplectique w.

Dans la section B4 je construis une structure super-symplectique sur le super-espace des
phases covariant (’espace de solutions de la théorie), d’'une maniére qui est complétement ana-
logue a celle utilisée pour le cas classique, intégrant la superforme multisymplectique étendue @&
sur une sous-variété ¥ C P qui est une supervariété de codimension 1/0. On obtient la forme
symplectique (2;, qui est une 2|0-forme étendue sur 'espace des solutions & = ¢ et qui, comme
dans le cas classique, peut dépendre de la sousvariété X choisie.

Dans le Chapitre [9 Je vais montrer comment le théoréeme de comparaison peut étre vu du
point de vue du formalisme introduit dans les deux chapitres précédents. L’approche concrete
choisie permettra de clarifier les relations existant entre les théories dites en composantes et les
théories de superchamps. Tout le traitement sera basé sur le diagramme suivant, qui est expliqué
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dans ce chapitre :

Jm+1
b
Jl\m b* Jm+1
jéy ( l ™)
J0|m s b* (J1|mﬂ_)

> b* (J0|m7r) b* (Jlﬂ')

\
T~

" b* (E)

s :
\T/

Dans la section [@.2] je regarde la Comparaison du point de vue hamiltonien et je ferai une pre-
miere comparaison de structures symplectiques sur les espaces de solutions de théories exprimées
dans le formalisme des superchamps et dans le formalisme en composantes.

Dans le Chapitre j'explique comment le formalisme supermultisymplectique peut étre
utilisé pour définir des super crochets de Poisson pour les superchamps. En particulier dans la
section [I0.]] je étudie plus en détail le cas le plus simple de la supermécanique ; je montrerai com-
ment, sur l'espace des solutions d’une théorie de supermécanique, on définit naturellement une
structure super-symplectique et je comparerai mes résultats aux résultats déja publiés obtenus
par Khudaverdian, voir [91], et par Monterde et Mufioz Masqué, [115].

Si & est l'espace des solutions de la théorie et si f, g € F(¥), alors nous définissons les
champs vectoriels uf, u, € I' (T'Y) avec :

Qs (-, ug) = df () (12)

nous posons
{fag} = QE (ufvug)

et nous obtenons :

_ o rHEps+y OF 99 (NN (gl o (F1+HIED(gl+iz) 99 O
{f,9} =(-1) B 9 (1) (-1 907 0T

Ce crochet de Poisson est pair ou impair selon la parité du Lagrangien L.

Une autre question est de construire de fagon covariante une structure super symplectique
sur Iespace ¢ des solutions d’une théorie de superchamps et généraliser ainsi les travaux de
Monterde, Munoz Masqué et Vallejo, cités ci-dessus, qui concernaient le cas spécial des variétés
de base de dimension 1|1 (qui donne lieu & une théorie de supermécanique). Dans la section [[0-2]
je montre comment les constructions exposées dans le chapitre M pour les théories de champs
classiques, peuvent étre directement étendues au cas super pour les super théories de champs
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définies sur une supervariété de base X de toute dimension paire et impaire . L’espace ¢ acquiert
ainsi une structure de super-espace des phases covariant.
Si A et B sont des fonctionnelles définies sur ’espace des phases covariant ¢, nous avons :

(A.B) (G):/ (—n)lriHEnaairy SA L o OB o
’ Sx L o | q" |4
B (_1)(\I\+|L\)(\B\+1) (_1)(|A\+|LD(\BI+ILI) 573 7z E (Z)| dz
(5’/T[ a 5(]1 a
r §A 6B
:/ (—1)(IHAHIEDGARD 08 1 (g OF |z
vx L 57‘(’1 a 5QA G

0A

(1) HAILDABI) ()AL (BIHLD 9B 5T
A

A
omy

(@)

G

) @] az

—

ol Xx est une variété de Cauchy dans X de codimension 1|0, (Z) sont la restriction des co-
ordonnées sur la surface de Cauchy sur la supervariété n — 1|m dimensionnelle Xy, dZ est la
n — 1|m-forme fractionnaire canonique de volume définie par les coordonnées sur la surface de
Cauchy sur Xx ; Xx est le body de Xx, (Z) sont les coordonnées sur la surface de Cauchy sur
Yx et dZ est la n — 1-forme volume canonique définie par les coordonnées sur la surface de
Cauchy sur Yx ; et ou des dérivées fonctionnelles sont utilisées et 7 est le moment canonique
associé a la sous-variété 3. Notez que si ¥ est définie par Péquation 2! = 0, alors ; = p}. Les
moments 77}\ seront définis par intégration sur la partie impaire de la supervariété. Notez que
|7} = |I| + 1(A) + |L| + m.

De la super structure de Poisson construite sur ¢, je dérive les régles de super commutation
auxquelles les champs Fermioniques et Bosoniques doivent obéir et je montre que ces regles sont
exactement celles attendues d’un point de vue physique. Ceci donne une justification géométrique
a l'utilisation de 'anticommutateur pour les champs fermioniques.

Dans le Chapitre [I1] j’étudierai les symétries et les supersymétries des théories de super-
champs avec les techniques offertes par le formalisme des formes fractionnaires mixtes et du
point de vue de 'approche super multisymplectique exposée dans les chapitres précédents.

Quelques auteurs ont déja donné une version "super' du premier théoreme de Noether valide
pour la supermécanique : Ibort et Marin-Solano [83] et Carifiena et Figueroa [25].

L. Fatibene et M. Francaviglia, dans [48] et L. Fatibene, M. Ferraris, M. Francaviglia et R.
G. McLenaghan, dans [47], ont exploré la maniére de donner une interprétation géométrique
des supersymétries en utilisant les versions classiques de la forme de Poincaré-Cartan et des
champs vectoriels généralisés définis sur une variété bosonique pour des théories de champ dont
les espaces des champs sont le produit des puissances extérieures de certains espaces vectoriels,
de sorte que les spineurs anticommutants peuvent étre inclus dans la théorie.

Comme déja cité ci-dessus, en 2006, Monterde, Muiioz Masqué et Vallejo, [I16], ont obtenu
une version du premier théoreme de Noether valable pour les super théories génériques, sous une
hypothese technique supplémentaire.

Ici, dans la section je montrerai que mon approche permet d’avoir une version super du
théoreme de Noether qui est rélativement plus naturelle et simple & prouver avec mon formalisme,
et plus générale, puisqu’elle n’exige aucune hypothése technique spécifique du genre utilisé dans
[116].

Theorem 4. Considérons une théorie de champs définie par un fibré des configurations E, avec,
comme fibre-type, la supervariété F' et avec base la supervariété X, et par une forme lagrangienne
L qui est localement de la forme L = LB. Soit & l’espace des solutions de la théorie des champs.
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Soit x un champ vectoriel projetable sur E tel que :
Vo € & 3agp e QHMmX . VU C X / j1®* Lieji, £ :/ dog
U U

alors on a :

YU CX, V& :

/ d{jlq)* {j%@ <£+(_1)A<A|+L|>CJ A ‘9_];514)] _o@} =0
U an

Bien entendu, dans le théoréme [} des formes fractionnaires apparaissent.
Dans la section [TT.3] je présenterai une extension super de la fonction multimoment introduite
par Gotay, Isenberg, Marsden, Montgomery, Sniatycki et Yasskin dans [63].

Corollaire 5. Soit G un supergroupe de Lie agissant sur P avec une action covariante relevée,
c’est a dire de sorte que a chaque élément k € g (la superalgébre), correspond une action cor-
respondante sur E générée par le champ vectoriel x, tel que Lie,, w = 0. Supposons qu’il existe
J € Hom (g,Q”_”m (P)), tel que pour chaque k € g :

xp—w = d[J(k)]

alors, V& € & :
j1®* Lieji, £ = d[J(k) + xp—0]

Dans ce cas nous disons que la fonction :

J g — Qutim(p)
E— J(k)

est la super fonction comoment covariante de l’action.

Le théoréme super-Noether et la super fonction multimoment seront présentés avec une for-
mulation qui se révélera tres proche de celle correspondante pour les théories classiques.

Enfin, dans le Chapitre [12, je vais présenter quelques exemples montrant comment toute la
théorie peut étre mise en oeuvre pour certains Lagrangiens spécifiques. L’étude du superoscilla-
teur dans la section [[2.I] et celle de la superparticule dans un espace courbe dans la section
montreront comment les outils présentés dans cette thése peuvent étre efficaces pour étudier la
supermécanique d’'un point de vue qui n’était pas disponible auparavant, exploitant au mieux
la potentialité du formalisme des superchamps. Dans la section je présenterai le modele o
3-dimensionnel.

Je veux conclure cette introduction a ma these en commentant une remarque qui a paru
dans un article tres récent sur la quéte d’un cadre géométrique pour la supermécanique Lagran-
gienne d’un point de vue catégorique, par A. J. Bruce, K. Grabowska et G. Moreno, [18]. Les
auteurs écrivent : "... A notre connaissance, le formalisme de la théorie des champs géométrique
- structures multisymplectiques et ainsi de suite - n’a pas été appliqué a la théorie des champs su-
persymétriques. En partie, nous pensons que cela est di au manque d’appréciation des méthodes
catégorielles appliquées a la supergéométrie au sein de la communauté de la mécanique géomeé-
trigue... ". Je ne suis pas d’accord avec cette remarque. Certains auteurs, par exemple D. S. Freed
dans certaines passages de [54], écrivent que 'utilisation de la notion de foncteur de points est
nécessaire pour une présentation mathématique efficace d’une théorie des superchamps. Encore
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une fois je suis en désaccord, méme si toutes ces notions meénent certainement a des points de vue
intéressants. Dans toute cette thése, jutilise 'approche concrete a la supergéométrie, au sens de
DeWitt-Rogers, travaillant toujours avec des supervariétés concrétes définies & partir de I’algebre
de Grassmann infiniment générée Rg. Je ne fais pas usage de la notion de foncteur de points.
Il est vrai qu’un point de vue catégorique des théories de superchamps peut aide a comprendre
le fait qu’il n’y a probablement pas de distinction physique possible entre les théories définies a
partir des différentes algebres de Grassmann. Mais je ne pense pas que le point clé pour déve-
lopper une théorie géométrique, multisymplectique, des superchamps significative soit ’adoption
d’un point de vue catégorique, ni d’un point de vue algébro-géométrique. Comme je ’ai écrit
plus haut, la difficulté cruciale a surmonter est de trouver des objets qui peuvent étre intégrés
et qui permettent a la fois un calcul de Cartan. Cette tache peut étre entreprise aussi bien avec
une approche concrete et c’est exactement ce que je veux présenter ici. De plus, & mon avis, le
choix de I'approche concrete a I’avantage d’aider a une compréhension plus intuitive du cadre
géométrique, en évitant certains niveaux d’abstraction qui ne sont pas strictement nécessaires.
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Introduction

The Calculus of Variations and its geometric interpretation always played a key role in Mathe-
matical Physics, either through the Lagrangian formalism, or through the Hamiltonian equations,
which are deeply linked with the Lagrangian. This role has been confirmed and reinforced during
the last century, for example by the Noether theorem, which connects symmetries and conserved
quantities, and by the use of the Calculus of Variations made in Quantum Mechanics and in
Quantum Field Theory.

For fields theories, which correspond to variational problems with several space-time vari-
ables, the Lagrangian approach is now well-founded and widely used. However the Hamiltonian
approach is not so well developed and used. In order to achieve a Hamiltonian description of
fields theory, which is the road to the so-called canonical quantization, most physicists use a
splitting of the space-time as a Cartesian product of a space manifold by a time line. This is
of course sufficient for most purpose, but it clearly breaks the relativistic covariance and hence
contributes to obscure the relationship between the quantum theory and Relativity.

Several theories have been developed to care this situation: they all rest more or less on the
fact that the space of all solutions of a variational problem is endowed with a symplectic structure,
an observation which somehow goes back to Lagrange. This is the fundamental message carried
by the so-called covariant phase space theory. The problem is to find the most suitable technical
tools to represent this symplectic structure and to do computations with it. Some approaches
exist, for example: the one developed by Deligne and Freed in [36] and based on Takens’ theory,
or Vinogradov’s theory, as developed for example by Vitagliano in [147], or the multisymplectic
approach.

The multisymplectic formalism allows a finite dimensional geometric description of classical
field theories seen from an Hamiltonian point of view. Multisymplectic geometry plays the same
role played by symplectic geometry in the description of classical Hamiltonian mechanics. More-
over the multisymplectic approach provides a tool for building a symplectic structure on the
space of solutions of the field theory and for investigating it.

The generalization of Hamilton equations to a first order variational problem with several
variables dates back to two papers of V. Volterra of 1890, [I50} [I51], in which two different
variants were proposed. Today the first theory proposed by Volterra is mostly known as De
Donder-Weyl theory because one version was expounded by H. Weyl in 1934, [160], and another
one by T. De Donder in 1935, in [32], where he extended it to higher order theories and related
it to H. Poincaré, [123], and E. Cartan, [27], theory of "Invariants Intégraux', giving it a strong
geometrical flavor. Fundamental insights were obtained subsequently by T. Lepage [104] in 1936
and P. Dedecker in 1953 [33], see also [34].

In a series of papers during the 70’s, J. Kijowski, [94] [95], with W. Szczyrba [97, 98] and then
with W. M. Tulezyjew [99] gave birth to the multisymplectic point of view on all these theories.
The multisymplectic formalism allows a complete geometrization and provides a full covariant

xxiii
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point of view on Hamiltonian field theories. Kijowski ideas allows to build a symplectic structure
on the space of all solutions of a field theory (which is then called the covariant phase space) in
a way which is to some extent independent from any choice of splitting of spacetime in space
and time and which is therefore fully covariant.

Similar ideas on the symplectic structure of the covariant phase space were present, during
the 50’s, in the pioneering works of R. E. Peierls, see [122], and I. Segal, see [144], and appeared
again in 80’s in papers by E. Witten [I61], C. Crnkovic and Witten [28] and G. Zuckerman [164]
who probably did not know about the works of Kijowski and the Polish school.

Witten papers gave birth to a new interest on the then called covariant Hamiltonian theories
and on the covariant phase space approach, both in the physical and in the mathematical com-
munities. From the second half of 80’s on, the multisymplectic formalism for field theories was
studied and revisited by several authors and presented in many different variants. Applications
to continuum Mechanics and hydrodynamics have been proposed. Covariant numerical methods
for partial differential equations, developed in or inspired by the multisymplectic framework,
have been introduced. The interest in multisymplectic field theories gave birth also to a number
of studies on the so called multisymplectic or n-plectic geometry. In the introduction to the first
part of this thesis I will give a short list of some of the most important works on these subjects.

The paper of M. J. Gotay, J. Isenberg, J. E. Marsden, R. Montgomery, J. Sniatycki and P.
B. Yasskin, [63] 64], can be read for a presentation of the multisymplectic formalism for field
theories. For a shorter introduction one can read Roman-Roy [135]. For an introduction with
a report on the history on how the ideas around the multisymplectic formalism originated and
evolved, one can read Hélein [70].

It is worth noting that, until today, almost any attempt to adapt the multisymplectic for-
malism to theories of super-fields (like for example supersymmetric field theories) hasn’t been
made. Also the works which could be considered preliminary to this task, like the papers on
the geometrical formulation of supermechanics or those on the super Poincaré-Cartan form for
super-field theories (which I'll quote in the following), have been very few.

In this thesis I will be mainly concerned with the multisymplectic formalism to build first
order field theories and I hope to give two main original contributions:

— I will show that, in some situations, the symplectic structure on the covariant phase space

may indeed depend from the choice of splitting of spacetime in space and time;

— I will extend the multisymplectic formalism to superfield theories.

As a "byproduct", I will present another original contribution:

— I will define fractional forms on supermanifolds with their relative Cartan Calculus.
These fractional forms will be necessary to build the multisymplectic formalism for superfield
theories.

I will use a version of the multisymplectic formalism which minimizes the dimension of the
spaces involved, which seems suitable to me for a first attempt of extending to super-field the-
ories. I call it the minimal setting for the multisymplectic formalism. The main ingredient of
this setting will be the finite dimensional multimomenta space P, which corresponds to what
Forger and Romero call the ordinary multiphase space, [53] and what Romén-Roy, [I35], calls
the restricted multimomentum bundle.

This thesis is organized in three parts. The main original results of the First Part are
contained in Chapter Bl and consist in the study of non equivalent symplectic structures on the
covariant phase space.

In Chapter [111 will introduce a standard geometrical framework for the Lagrangian approach
to first order field theories.
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If £, X and F are finite dimensional C'* manifolds, we let (E, 7, X, F') be a differential fiber
bundle with total space E, base X, type-fiber F' and bundle C'*° projection 7, so that we have

the following situation:
E

|

We call E the fields bundle or the configurations bundle and a field ¢ over X is one of its C*°
sections: so we can call I‘(E) the space of fields.

If X is n-dimensional, the Lagrangian £ is a m-horizontal differential n-form defined on the
first jet space J'm = J'E. The action Ay over a field ¢ is the integral of £ on the n-dimensional
surface jl¢(U), where U C X is a n-dimensional submanifold (possibly with boundary) of X:

Aoy =avio)= [ o= [ o (13)

The space of solutions of the theory & is determined by the principle of critical action.
If on J'E we use the local coordinates (x“, q’, (jfl), then locally £ = Lj3, where
B :=dx' A--- Adz". Every solution ¢ € & satisfies the Euler-Lagrange equations:

d OL oL

¢ is a solution <= on every U, Vz € U, @8% (jl(b(x)) 3 (jl(b(x)) =0 (14)

In Chapter[Z 1 will introduce what I call the minimal setting for the multisymplectic de-
scription of field theories. I define the multimomenta space P, with local coordinates (m“, q, pf)
and the Legendre transform between J'E and P:

A a i .a a 1 aL a 1 -1
]F]L: (xaaql7qa)'—> (IL’ aQ7pi): (I 7q787q-i(x aQ5qa)>
The Hamiltonian H is then defined by H(z%,¢%,pf) := ¢ip? — L (2%,¢%,¢}) and a field ¢ is a

solution of the theory if and only if z := FL o j'¢ satisfies the generalized covariant Hamilton-
Volterra system:

aq 0

aja (FLj'¢(z)) = a;i (FLj'¢())
op¢ 0

S (FLS"6(0)) = ~ 55 (FLi"0(2)

On P it is possible to define the multisymplectic form, which is the global n + 1-form:

(15)

W= —dqg' Ndp? A By —dH A B

where 3, = %45.
Kijowski proved in [94] the following:

Theorem 6. A section z € T' (P) is a solution of the theory if and only if Vu € TP, z*(u—w) =
0.

One of the main interests of the finite dimensional geometric construction of the multimo-
menta space with its multisymplectic (n-plectic in the most up to date terminology) structure
is that it provides a way to build a symplectic structure on the covariant phase space (the space
of solutions of the field theory). There is then a direct link between the multisymplectic field
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theory and the classical canonical formulation of the field theory. This link connects the works
on multisymplectic geometry to the works of Physics and Mathematical Physics communities on
canonical field theory, pioneered by the papers of Peierls, [122], and Segal, [144] (already cited
above), continued and developed by B. DeWitt [40, [41] [42], by Garcia and Pérez-Rendén in
56} 57, 58] and by Goldschmidt and Sternberg in [62].

Here I will follow [70] to show how with the help of the multisymplectic form w, it is possible
to build a symplectic form € on the space of Hamiltonian surfaces ¥ = z (X) with z solution of
the theory.

Let’s call 4 the space of Hamiltonian surfaces; we have that ¢4 = & so we can identify these
two spaces. Let be G € 4 and 0,G € Tg¥ be a vector over G: it is associated to a so called
Jacobi field u € T (* (V P)), id est a section over G of the pull-back image of the vertical (with
respect to the projection mp of the total space P onto the base X) tangent bundle VP by the
embedding map ¢ : G — P. The section u can be seen as a vector field on G, "following" which
each point g € G is sent to a point ¢’ € G’, where G’ € ¢ is another Hamiltonian n-curve. An
Hamiltonian n-curve G is deformed by u into another Hamiltonian n-curve G'.

Let X be a slice of co-dimension 1 in P, with the property that for any Hamiltonian n-curve
G € 9 the intersection of ¥ with G is transverse. Then we can define:

QZ}G (51G,5QG) = / Uy N\ ug_Jw (16)
NG

and, under certain regularity conditions of the Lagrangian, Qy is a symplectic 2-form on ¢.

A natural question then arises: does the symplectic form € depend on the choice of the slice
37 Kijowski already proved that if ¥ and ¥’ are two compact slices in the same homology class,
then QE = QE/.

In Chapter[3 1 show, with some examples of field theories built on a 2-dimensional torus,
that when ¥ and ¥’ are in different homology classes, then it may happen that Qs # Qx/. It
seems that this result has not been noticed yet.

Moreover I study some examples where ¥ and ¥’ are non compact and I show that in that
case the situation is definitely more delicate. The standard homology of submanifolds of P is not
anymore suitable to determine the symplectic structure on 4. I study the free and the massive
scalar field on R? and I explain what happen when one chooses ¥ and ¥/ such that they stay
on two different sides of the light-cone. I will prove the original result that also in that case
Qs # Qs

In Chapter[j] which is the last one of the First Part, I will show how the symplectic struc-
ture on the space of solutions is linked with the field brackets used by physicists. Following J.
Kijowski and W. Szczyrba [97], 98], T will show that the symplectic form €2 can be used to obtain
a Poisson structure on & = ¢; this will fix the bases for the extension of the same construction
to super-field theories.

The multisymplectic formalism has not yet been applied to the description of supersymmetric
field theories. The main difficulty one has to face, to adapt it to super fields, is in my opinion
the fact that the differential forms can be naturally integrated in classical geometry, whereas in
supergeometry integral forms and differential forms are usually defined as two different kind of
objects. To take fully advantage of the multisymplectic formalism, one would like instead to use
the same objects to integrate (as in (I3) and (IG])) and to perform Cartan calculus (as for example
in theorem [)). To this purpose I believe that the most suitable objects to use are the superforms
defined by Th. Voronov and A. Zorich in their papers during late ’80-s, [I55] 1506, [157, [158].
More precisely I will use a subclass of Voronov-Zorich superforms, which I call fractional forms.
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In the Second Part of my thesis I'll introduce the notions of fractional forms, fractional
coforms and fractional mixed forms on supermanifolds and I will propose a new notation, suitable
for computations. The fractional forms will be an essential ingredient for the definition of a
superfield theory and for the supermultisymplectic formalism which is the main object of the
third part of this thesis.

In Chapter [5, after having very briefly introduced the Rogers-DeWitt concrete approach to
supermanifolds, I will define fractional forms and I will set the rules to perform with them a
Cartan calculus.

Fractional forms are good examples of the r|s-forms introduced by Th. Voronov and A. Zorich
as the natural analogous on supermanifold of classical forms on classical manifolds. Denoting by
ToX and T7 X respectively the even and the odd tangent space of a supermanifold X, we have
that:

Definition 7 (Voronov and Zorich). A form of degree r|s over a point x € X, supermanifold of
dimension nlm, is a G map w: O C Tp X X -+ Tp o X xTp1 X x -+ Tp1 X —> Rg, which

satisfies the following: Yv € O, open subset of T, o X x -+ Ty 0X X Twle X Ty X:

Vg € GL(r]s), w(g-v) = w(v)Ber, s(g) (17)
0w 9w
0w yelF+aHE A O 1
OB ovs =D owBows (18)

where A, B = 1,--- ,n+ m are the indices in the space T, X and so also in both spaces Ty X
and Ty 1 X with their usual degree; v? is the A-th coordinates of vp in the local base (0alz) 4; F
runs from 1 to r + s and we have vp € T, || X, where we set |F| =0 when F'=1,--- 7 and
|Fl=1when F=r+1,--- ,;r+s.

In section [B.2.2] T will present an original extension of r|s-forms, such that the domain of the
first r arguments become all the tangent space T'X, instead of its even part.

Then, in sections and 5.4 T will give a direct proof that the maps 6 and u A 0, defined as
follows:

Ve e U, Yo := (01, , 0301, -+ ,05) € TpoU X - Ty oU x Ty nU x -+ - Ty, 1U

T S
A A, Tar s
vl 1 . ,Ul r ,Ull)él U?S
Ay —ar ey
v i Ugl Ugs
O(v) := sdet,. s —
A, A aq [
v BRI VA V) Uy °
1 1 1 1
vfl . U;‘lr p&t vl
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and:
Ve e U, Yw = (01, ,Urx1; 01, ,0s) € Ty oU X -+ Ty oU X Ty 1U X -+ - Ty 1U;

r+1 S
VY € Ty U, if we decompose p = dxAuA :
’U]I_AMA v]‘iql “en fuf"‘ vfél e vlas
Ar— Tayr —a.
vipa vt Ur L R
e A A A, o s
pAG(w) = sdet, 415 VA A vl£1 R R
Uf‘,UA ’Ufl PR Uf" futlll . e fulas
vApa v vl gt g

are indeed Voronov-Zorich superforms.

These examples of Voronov-Zorich superforms will be important for us. It is desirable to have
available a more compact and intuitive notation for defining them. I propose in this thesis the
following notations:

dzt A - A dahr B
dror @ - O dx®s
dzr A - A dar uAdxd A A dair

A\ = N
d‘ral @ e @ dxas ,U/ dl'al @ e @ dl'as
I will also define objects like:
O'A---AOT
w=—-—
o063

Where ©!...0" are 1|0-forms of generic parity and 6! ...6° are odd 1|0-forms.

These kind of objects, which I call fractional forms, were already used in the Mathemathical
and Physical literature, with a different notation, but, to my knowledge, a direct proof that they
are indeed Voronov-Zorich superforms, had not been published yet.

In section B.41 T will explicit the rules to perform the Cartan calculus with fractional forms,
including interior and exterior products by vectors and covectors of any parity, exterior derivation
and combinations of these operations with the corresponding commutators. I will also give some
original useful formula for effective computations using superdeterminants. These will be used
in the third part of the thesis; in fact Cartan calculus on fractional forms turns out to be more
manageable than the Cartan calculus for generic r|s-forms.

In section I will present the theory of integration of superforms (and hence fractional
forms), developed by Voronov and Zorich. I will also propose a little modification to the standard
definition of Berezin integral, based on the concept of immersed body of a supermanifold, which
I will define. This will be useful for the matter treated in Chapter @

In Chapter[61 will define fractional coforms and fractional mixed forms of the first and of
the second type. Fractional coforms are examples of what Voronov calls twisted covariant dual
Lagrangians satisfying the fundamental equations or shortly twisted dual forms in [I53] and [154],
and they are the basis for the definition of his stable forms. Fractional mixed forms are examples
of what Voronov called mixed forms, [I53], [154].

An example of a fractional coform will be the coform w locally written as:

8,4t_*_1/\(9,41/\“‘/\(9,4t
w =
aa1®"'®8aq
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or the coform u locally written as:

U AERVAN o
INORERNO) QTq
where v1, ..., v; are vector fields of any parity and v7 ... v, are odd vector fields.

An example of a fractional mixed form will be:

v A---Av, OLA-..AOT

= — | 19
010 O AN ORERNON A ( )

I will show how to perform a Cartan Calculus with fractional coforms and fractional mixed
forms, and this will allow me to give sense to formula like ([I39)) or like:

@1/\-~-/\@l48,41/\-~-/\8At
010 @01 Dy © - ©0a,

(20)

also when, in 20)), ! > ¢ and d < ¢; or when, in (I9), ¢ > r and ¢ < s.
For example I can give sense to:

—_

L
ogt
and by symmetry:
1 1
Tﬁdgl = dé-lJT
9T et
or:

0 1
0¢T deT
where £; is an odd local coordinate on a supermanifold.

In section [6.3] T show how to integrate coforms and mixed forms on supermanifolds.

Chapter [0 is indeed independent of the rest of this thesis and, unlike Chapter Bl it is not
necessary to read it in order to understand the third part of the thesis. Therefore the material
presented there is not treated in detail. It can be considered as a natural complement of Chapter
and as a preliminary work for future studies, especially in the direction of Batalin-Vilkovisky
and Bechi-Rouet-Stora-Tyutin superfield theories.

The main original contributions in the Third Part of my thesis are: the construction of a
multisymplectic formalism for super-field theories; the formulation of the Comparison Theorem
with the tools offered by the fractional forms and the integral over an immersed body; the for-
mulation of the geometrical treatment of symmetries and supersymmetries of superfield theories
using the language of fractional forms and exploiting the super Poincaré-Cartan fractional form.

The theories of superfields began to be studied extensively at the end of 70’s with the devel-
opement of supersymmetry in Physics.

A supersymmetric field theory can be usually presented in two different ways: as a field
theory on a classical manifold, with fermionic and bosonic components of the field, or as a theory
defined on a supermanifold. The first approach is sometime referred to as the components
approach, whereas the second one is sometime referred to as the proper superfield approach. In
both cases the theory is defined by the equations which the fields have to satisfy.

When one uses the components approach, the field equations can be derived by a variational
principle with an action defined as the integral on the classical base manifold of a Lagrangian
density. The action obviously involves both the bosonic (commuting) and the fermionic (anti-
commuting) components of the fields, treating them accordingly to the respective parities.
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To express the action principle in a geometric language requires the formulation of a vari-
ational calculus for Lagrangian densities defined in terms of differential forms. Since the La-
grangian density typically depends on the derivative of the components of the fields (which can
be bosonic or fermionic), even if the theory is defined on a classical (bosonic) manifold, it is clear
that it is necessary to develop a differential forms calculus valid also for the fermionic sector.
This is not simple at all and it has been done by D. Herndndez Ruipérez and J. Munoz Masqué
during 80’s, exactly for the case when the base manifold is classical. In [76] [7'7, [78] [118| 119
they have indeed developed a graded variational calculus for Lagrangian densities defined in
terms of graded Kostant differential forms and they have obtained the corresponding Lagrangian
formalism (Euler-Lagrange equations, Poincaré-Cartan forms, Noether invariants, etc.).

When the base manifold is not classical and it is a supermanifold, like in the superfield
approach to supersymmetric theories, then the task is even more difficult. The theory can still
be derived by a variational principle, but the action in this case is defined as the Berezinian
integral (performed with the help of a Berezinian volume density) of a Lagrangian density, which
must be therefore a Berezinian volume density.

In 1987 in [80] Herndndez Ruipérez and Mufioz Masqué recognize: "the lack of an intrinsic def-
inition of a suitable notion of intermediate Berezinian densities with its Cartan exterior calculus,
prevents us from developing a Lagrangian formalism...", meaning a full Lagrangian formalism
valid also for the case when the base manifold is a supermanifold. Nonetheless, in [T9] and
[80] they arrived to an intrinsic formulation of the notion of Berezinian Lagrangian density and
Berezinian critical sections. Moreover, in the case where a theory can be expressed both with the
components and with the superfield approach, they showed the way to relate the critical sections
of the Berezinian Lagrangian density, defined on the supermanifold, to the critical sections of the
corresponding graded-Lagrangian, defined on a bosonic manifold with graded differential forms.
They did this via a first version of what will be then called the Comparison Theorem.

In 1992 J. Monterde, in [I13], showed that the Berezinian critical sections of an action de-
fined with a Berezinian Lagrangian density must satisfy a super version of the Euler-Lagrange
equations. When he wrote his paper, he had at his disposal the formalism of superforms defined
by Voronov and Zorich during 80’s. Nevertheless, perhaps because of the fact that the system
of notations which was needed for this purpose is (to my opinion) a bit heavy, unfortunately it
seems that his results have not been exploited much nor by mathematicians neither by physicists.

After that, during the 90’s and during the first decade of the new millennium, some other
steps had been made by some authors in building a geometric approach to superfield theories
from a Lagrangian and from an Hamiltonian point of view. Important insights were in the
papers on supermechanics by Monterde and Mutioz Masqué, [114] [IT5]; by L. A. Ibort and J.
Marin-Solano [83]; by J. F. Cariniena and H. Figueroa [26]; by Monterde and J. A. Vallejo, [I17].

In 2006 Monterde, Mufioz Masqué and Vallejo published a paper, [I16], in which they pro-
posed a Hamilton-Cartan formalism for first-order Berezinian variational problems valid for fields
defined on supermanifolds of any dimension. They achieved their purpose by studying, with the
help of the Comparison Theorem, an associated higher-order graded variational problem, defined
on a bosonic base manifold. They obtained a super Poincaré-Cartan form valid for theories on
bases of any dimension. However they chose a notation which I judge not very much adapted to
general proofs, neither to actual calculations. They also obtained a very beautiful and important
result, which is the generalization of first Noether theorem to super field theories (theorem 8.2
in [I16]); but they obtained it using a rather technical assumption needed in the hypothesis.

To my knowledge neither Monterde, Munioz Masqué or Vallejo, nor any other mathematician,
tried to use the results on super Poincaré-Cartan forms to describe the general superfield theories
with the multisymplectic approach.

Independently from the results obtained by the Spanish school, there has been, to my knowl-
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edge, only one attempt to extend the multisymplectic formalism to superfields. S. P. Hrabak in
[R1), [82] initiated a study of the formulation of the classical BRST symmetry within the frame-
work of a multisymplectic theory. To do so, he needed to extend the multisymplectic formalism
so that it works also for field theories whose base is a classical bosonic manifold, but whose space
of fields is a supermanifold, with bosonic and fermionic (because of the presence of the ghosts)
sectors. He accomplished his task in [82]. He didn’t however show how to eventually extend the
formalism also to the case when the base itself is a supermanifold.

Here in the third part of my thesis I will present a full multisymplectic version of the superfield
theories valid for any dimension (even and odd) of the base space and of the space of fields. My
results are a generalization of those obtained by Hrabak in [82] and they are based on a full
exploitation of the potential of the theory of superforms of Voronov and Zorich. They can also
be considered a natural generalization of the results obtained in the geometrical presentations
of finite dimensional supermechanics, which include the use of a super symplectic form, like the
presentations in [83] and [26].

If one wants to build a multisymplectic superfield theory, he has to use objects (for example
the multisymplectic form) which can be integrated on a supermanifold and which in the same time
can be used for a Cartan calculus, including contraction by supervectors, external product by one
forms and external derivation. This is the difficult point. In fact, before the articles of Voronov of
the 90’s, [153} [154], no such object did exist. Before the appearance of superforms of Voronov and
Zorich, the best candidates to play the role which in classical field theory is played by differential
forms were Kostant forms or pseudodifferential and integral forms. Unfortunately Kostant forms
can be integrated only on even base manifolds. On the other hand, pseudodifferential and
integral forms are suitable for integration but do not admit a simple and natural version of
Cartan calculus. In order to to find a way to bypass this fundamental difficulty, Herndndez
Ruipérez, Muiioz Masqué, Monterde and Vallejo were obliged, in their works, to treat theories
defined on a superbase, relating them to corresponding theories (of higher order) which can be
understood as defined on an even base.

In my work, I use a different approach. I believe that Voronov Zorich superforms are the
natural objects to use to build a multisymplectic theory. Indeed they can be integrated and
they admit a full Cartan calculus. Moreover, I try and use, as far as possible, only fractional
superforms. In this way all the proofs and calculations become more transparent and directly
comparable to the corresponding ones of classical field theory.

In Chapter [A1 will show how to found superfield theories based on an action principle, when
the Lagrangian is a Berezinian fractional superforms:

dzt A - Ada™
dxn+1 ® - O dxgntm

L=1L(z%q";¢})
I will obtain the same super version of Euler-Lagrange equations already obtained in [I13]:

(A o G0 — £ (10(e) =0 (21)

They are a generalization of ([4]) and I will obtain them using a notation lighter than the
one used in [I13] and a formalism which I judge more natural and which allows simpler and
shorter proofs. In particular I will show that there is no need to use an higher order Lagrangian
in components for a theory which can be described by a first order Berezinian Lagrangian.

Chapter [8lis the most important part of my thesis: it contains the ideas that I judge the most
original and the main results of this work. It consists in the presentation of the multisymplectic
approach to superfield theories made with the help of fractional forms.
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In section 81T define the super-multimomenta space P as a subbundle of Hom, (VyE, B*~'I" X);
where V. F is the vertical tangent bundle of the configurations bundle E, B"~!" X is a subbun-
dle of the bundle of n — 1|m-forms over the base supermanifold X and Hom,(VyE, B*~!I"X)
is a fiber bundle over X whose fiber over a point x € X is the collection of all Rg-linear maps
between the supermodules V,E and By '™ X for all e such that m(e) = x.

On Hom,,(V,,E,B”*”mX) we can use as local coordinates (xA,qI,E, p}“) and then the
super version of the Legendre transform is:
oL

($A7qla qz) ’ W (an qI7q114))
A

a1 0L

FL: (2*¢".¢}4) — (xA,qI,p?,pf‘)=<wA,qu(—1) ol
A

In section B2 T define on P the super Hamiltonian:
H(z,q',p7) = qapi + (~)"Mdhpt — L (27,4, 4}4)

Then I present the super version of the Hamilton-Volterra equations, which, when L = L is
even are:

1 i
()" o) = (= o)
_ . (22)
(AP () = - 58 et
and when L = L is odd, are:
dq! OH
o (ew)) = 2 ()
OxA ap‘;l
- (23)
jaln) 9P1 of
(~DAIN L (x(0) = -5 7 (+(2)

They are a generalization of (3.
In section B3 I introduce the super Poincaré-Cartan form and the super multisymplectic

form:
0 :=dq' Npifa— HB
w:=—dg' NdpPBa—dH NS

where 8 = %; and I show that they are globally well defined.

Then I prove the following:

Theorem 8. Let L be an even-regular or an odd-regular Lagrangian function on J'E and H
be its corresponding Hamiltonian function on the super-multimomenta-space P, then a section
z € F(FIL(le)), is a solution of the theory if and only if YU local chart of P, with corresponding
local super-multisymplectic n + 1|m-form w, and Yu € T (TU):

2" (uw) =0

where & is the extension in the first argument to all TU of the super multisymplectic form w.
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It is a generalization of theorem [6] and and I consider this result as the most important
theorem proved in this thesis.

In section B4 I build a super symplectic structure on the super covariant phase space (the
space of solutions of the theory), in a way that is completely analogous to the one used for the
classical case, integrating the extended super multisymplectic form & over a slice ¥ C P which
is a supermanifold of codimension 1|0. T obtain the symplectic form (/2;, which is an extended
2|0-form on the space of solutions & = ¢ and which, as in the classical case, may depend on the
chosen slice 3.

In Chapter[91 will show how the Comparison Theorem can be seen from the perspective of
the formalism introduced in the two previous chapters. The chosen concrete approach hopefully
will clarify the relations existing between the so called components theories and the so called
superfield theories. All the treatment will be based on the following diagram, which is explained
in this chapter:

J7n+17.r
b
j1|mﬂ_ Jl\mﬂ. . b* (Jm+1ﬂ')
o|m Xﬂ' l
JOIma Jim > b (JUmn)
U\mﬂ, Jom
0
E > b* (J0|m7r) (Jlﬂ')

b*
- b ()
v J\(

b

In section [@.2] I will look at the comparison from the Hamiltonian point of view and I will
make a first comparison of symplectic structures on the spaces of solutions of theories expressed
in the superfield and in the components formalisms. These results are, up to my knowledge,
original.

In Chapter [IA1 will explain how the supermultisymplectic formalism can be used to define
super Poisson brackets for super fields. In particular in section [0 1 will study in more detail
the simplest case of supermechanics; I will show how on the space of solutions of a supermechanic
theory is naturally defined a super symplectic structure and I will relate my results to the already
published results obtained by Khudaverdian, see [91], and by Monterde and Muitioz Masqué, [115].

If ¢ is the space of solutions of the theory and if f, g € F(¥), then we define the vector
fields uy, uy € I' (T9Y) with:

Qs (- up) = df () (24)
and we pose:
{f,9} = Qs (ug,uy)
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obtaining:

_ (1+1Lh(f1+1) Of 9y (1+ILD)(1gl+1) (f1+1LDgl+ILl) 09 Of
—(—1 e -1 29 9
{f,9} =(-1) opr 0T (1) (-1 9pr 3T

This Poisson bracket is even or odd depending on the parity of the Lagrangian L.

To my knowledge, nobody has tried yet to build covariantly a super symplectic structure on
the space ¢ of solutions of a superfield theory; excepted Monterde, Munoz Masqué and Vallejo,
in [II5] and [I17] quoted above, who did it for the special case of base manifold of dimension
1|1, which give rise to a supermechanics theory. In section [[0.2] T show how the constructions
expounded in chapter @ for classical field theories, can be directly extended to the super case for
super field theories defined on base supermanifold X of any even and odd dimension. The space
¢ becomes then a truly super covariant phase space.

If A and B are functionals defined on the covariant phase space ¢, we have:

5A 6B
AB _ _y(IHIZD(1Al+1) - ~
{A,B}(G) /EX{( ) ARG 5qIG(x)+
() HEDABIRD (_py(AIHED(BI+HED 0B 7) 5{ (f)} .
s | gt |
5A 5B
:/ {(_1)<1+|A+|L>(|A|+1) Yoo B @+
Tx omr g 0qy |

@ 24

_ (1) (IHAHIEDABI+D gy dai+izhaai+iz) 9B
I
G oqy

A
oy

(a?)} dz

G

where Y x is a Cauchy slice in X of codimension 1|0, (Z) are the restriction of the Cauchy
coordinates on the n — 1|m dimensional supermanifold ¥ x, dZ is the canonical volume fractional
n — 1lm-form defined by the Cauchy coordinates on ¥ x; Xx is the body of Yy, (Z) are the
Cauchy coordinates on Y x and dZ is the canonical volume n — 1-form defined by the Cauchy
coordinates on ¥ x; and where functional derivatives are used and 7 is the canonical momentum
associated to the slice ¥. Note that if ¥ is defined by the equation z! = 0, then 7; = p}. The
momenta 77? will be defined by integration over the odd part of the supermanifold. Note that
|7} = |I| + 1(A) + |L| + m.

From the super Poisson structure built on ¢, I derive the super commutation rules to which
Fermionic and Bosonic fields have to obey and I demonstrate that these rules are exactly those
expected from a physical point of view. This will give a justification, in a natural way, to the
use of anticommutator for Fermionic fields.

In Chapter [T11 will study the symmetries and supersymmetries of super field theories with
the techniques offered by the formalism of fractional mixed forms and from the point of view of
the super multisymplectic approach expounded in the previous chapters.

Some authors have already given a "super" version of the first Noether theorem valid for
supermechanics: Ibort and Marin-Solano [83] and Carifiena and Figueroa [25].

L. Fatibene and M. Francaviglia, in [48] and L. Fatibene, M. Ferraris, M. Francaviglia and R.
G. McLenaghan, in [47], have explored the way to give a geometric interpretation of supersym-
metries using the classical tools of classical Poincaré-Cartan form and generalized vector fields
defined over a bosonic manifold for field theories whose field spaces are product of exterior powers
of some vector spaces, such that anticommuting spinors can be included in the theory.

As already quoted above, in 2006 Monterde, Mufioz Masqué and Vallejo, [116], obtained a
version of the first Noether theorem valid for generic super field theories, but with the help of a
rather technical assumption needed in the hypothesis.
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Here in section [T.2] I will show that my approach allows to have a super version of Noether
theorem which is quite natural, simple to prove with my formalism, and quite general since it
does not require any specific technical assumption of the kind used in [T16].

Theorem 9. Consider a field theory defined by a configurations bundle E with fiber type the
supermanifold F over a base supermanifold X and by a Lagrangian form L which locally is
L =LpB. Let & be the space of solutions of the field theory. Let x be a projectable vector field on
E such that:

Vb € & ag e IMX WU C X ;/j1q>* Liejlxﬁz/ dag
U U

then we have that:

YUCX, Voeé :

/ d{jl@* [JJXJ (£+ (<) AIIAHIED 1 o aﬁgA)] —aq>} =0
U 6qA

Of course in theorem [ fractional forms do appear.
In section T3] I will present a super extension of the multimomentum map introduced by
Gotay, Isenberg, Marsden, Montgomery, Sniatycki and Yasskin in [63].

Corollary 10. Let G be a Lie supergroup acting on P with a lifted covariant action, id est
so that for each element k € g (the superalgebra), there exists a corresponding action on E
generated by the projectable vector field x, such that Lie,,w = 0. Suppose there exists J €
Hom (g, Qn—tlm (P)), such that for each k € g:

xp—w =dl[J (k)]

then, Vo € &:
jro* Lieji, £ =d[J(k) + xp—0]

In this case we say that the map:

J g — Qvlim(Pp)
ko — J(k)

is the super covariant comomentum map of the action.

Both the super Noether theorem and the super multimomentum map will be presented with
a formulation which will reveal to be very close to the corresponding one for classical theories.

Finally, in Chapter[12 1 will present some examples showing how all the theory can be
implemented for some specific Lagrangians. The study of the superoscillator in section [[2.1] and
the one of the superparticle in a curved space in section will show how the tools presented
in this thesis can be useful to investigate supermechanical theories from a point of view which
wasn’t available before, exploiting at best the potentiality of the superfield formulation. In sec-
tion 231 T will work on the 3-dimensional super o-model.

I conclude this introduction to my thesis by commenting a remark which appeared in a
very recent paper on a geometric framework for Lagrangian supermechanics from a categorical
point of view, by A. J. Bruce, K. Grabowska and G. Moreno, [I8]. The authors write: "...To
our knowledge, the framework of geometric field theory - multisymplectic structures and so on
- has not been applied to supersymmetric field theory. In part, we think that this is due to
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the lack of appreciation of categorical methods applied to supergeometry within the geometric
mechanics community... ". 1 disagree with this remark. Some authors, for example D. S. Freed
in some lines of [54], write that the use of the notion of functor of points is necessary for a
mathematical completely meaningful presentation of a superfield theory. Again I disagree, even
if all these notions certainly lead to interesting viewpoints. Throughout all this thesis, I use a
concrete approach to super theories, in the sense of DeWitt-Rogers, always working with concrete
supermanifolds defined starting from the infinitely generated Grassmann algebra Rg. I do not
make use of the notion of functor of points. It is true that a categorical point of view of superfield
theories may go better with the fact that probably there is no physical possible distinction
between theories defined starting from different Grassmann algebras. But I don’t think that
the key point for developing a meaningful geometric, multisymplectic, super-field theory is the
adoption of a categorical point of view, neither of a geometro algebraic one. As I have written
above, the crucial difficulty to overcome is to find objects which can be integrated and which
allow a Cartan calculus. This task can be undertaken as well with a concrete approach and this is
exactly what I want to present here. Moreover, in my opinion, the choice of the concrete approach
has the advantage to help a more intuitive insight on the geometrical framework, avoiding all
the levels of abstraction which are not strictly necessary.

The principal aim of the third part of my thesis is precisely to show that fractional superforms
are the natural objects to use when one wants to give a geometric formulation of a super field
theory and that they are the key ingredient in doing so, and specifically in building the super
version of the multisymplectic formalism.



Part 1

Multisymplectic formalism and
nonequivalent symplectic
structures on the covariant phase
space






Introduction to Part 1

The multisymplectic formalism allows a finite dimensional geometric description of classical
field theories seen from an Hamiltonian point of view. Multisymplectic geometry plays the role
played by symplectic geometry in the description of classical Hamiltonian mechanics. Moreover
the multisymplectic approach provides a tool for building a symplectic structure on the space of
solution of the field theory and to investigate it.

After the early works of V. Volterra in 1890, [I50} [I51], it was in the first half of last century
that the Hamiltonian approach to field theories was developed by H. Weyl, in [160], by T. De
Donder, in [32], and then by T. Lepage, in [104] and P. Dedecker in 1953 [33], see also [34].

In a series of papers during the 70’s, J. Kijowski, [94, 05], with W. Szczyrba [97, O8] and
then with W. M. Tulczyjew [99] proposed the multisymplectic point of view on all these theories.
Kijowski ideas allows to build a symplectic structure on the space of solution of a field theory,
which become the covariant phase space. This symplectic structure is to some extent independent
from any choice of splitting of spacetime in space and time. Therefore the multisymplectic
formalism provides a fully covariant point of view on Hamiltonian field theories.

Similar ideas on the symplectic structure of the covariant phase space were present, during
the 50’s, in the pioneering works of R. E. Peierls, see [122], and I. Segal, see [I44], and appeared
again in 80’s in papers by E. Witten [I61], C. Crnkovic and Witten [28] and G. Zuckerman [164].

A new interest flourished on the then called covariant Hamiltonian theories and on the co-
variant phase space approach, both in the physical and in the mathematical communities. The
multisymplectic formalism for field theories was studied and revisited by different authors and
presented in different variants; for example by J. F. Carifiena, M. Crampin and L. A. Tbort in [24],
by I. Kanatchikov in [85] [86], by M. Forger and H. Romer in [52], by Forger, C. Paufler and Rémer
in [50, 5], by Forger and S. V. Romero in [53], by A. Echeverria-Enriquez, M. Muifloz-Lecanda
and N. Roman-Roy in [46], by M. de Leén, D. Martin de Diego and A. Santamaria-Merini in
[29], by F. Hélein in [71], by Hélein and D. Vey in [75] and, under the Lagrangian-Hamiltonian
Unified Formalism label, for example by A. Echeverria-Enriquez, C. Lépez, J. Marin Solano, M.
Muiioz-Lecanda and N. Roméan-Roy in [44].

The multisymplectic approach has been the starting point for a very original attempt of
quantization made by I. Kanatchikov: between his earliest papers on the subject, see [87]; between
his most recent ones, see [8§].

Similar formalisms appeared: under the n-symplectic label in L. K. Norris [120] and in M.
McLean and L. K. Norris [IT1]; under the polisymplectic label for example in C. Giinter [60], in
G. Sardanashvily [140], in G. Giachetta, L. Mangiarotti and Sardanashvily [59] and [60]; under
the k-symplectic label for example in A. Rey, Roméan-Roy and M. Salgado in [127]; under the
k-cosymplectic label for example in M. de Leén, E. Merino, J. A. Oubina, P. Rodrigues and M.
Salgado [31], Rey, Romén-Roy, Salgado and S. Vilarifio in [I2§]. The mutual relations existing
between some of these formalisms and with the multisymplectic formalism are explained in the
review paper of M. de Leén, M. McLean, K. L. Norris, A. Rey-Roca and M. Salgado [30].
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Hélein and J. Kouneiher, [72] [73] [74], studied in the multisymplectic framework a formalism,
more general than the one used in the De Donder-Weyl theory, based on the works of Lepage
and Dedecker.

The multisymplectic formalism, born for first order field theories, has been generalized to
higher order theories: see for example S. Kourambaeva and S. Shkoller [102], L. Vitagliano [I48],
P. D. Prieto-Martinez and Roman-Roy [124] and J. Kijowski and G. Moreno [96].

The formalism has been used for theories defined on base manifolds with boundary: see L. A.
Ibort and A. Spivak [84].

Applications of the formalism to continuum Mechanics and hydrodynamics have been pro-
posed; see for example: J. E. Marsden and S. Shkoller [I0§], the already quoted above [102] and J.
E. Marsden, S. Pekarsky, S. Shkoller and M. West [107]. Covariant numerical methods for partial
differential equations, developed in or inspired by the multisymplectic framework, have been in-
troduced: see for example J. E. Marsden, G. W. Patrick and S. Shkoller [106], Kourambaeva and
Shkoller [102], F. Demoures, F. Gay-Balmaz and T. S. Ratiu [38] and Demoures, Gay-Balmaz,
M. Kobilarov and Ratiu [39].

The interest in multisymplectic field theories gave birth also to a number of studies on the so
called multisymplectic geometry. Unfortunately a general accepted definition of multisymplectic
manifold has not been settled. For some of the results obtained on this subject, one can see
F. Cantrijn, L. A. Tbort and M. de Leén [22] and [23], Forger and L. Gomes [49] and the more
recent works on higher symplectic geometry, see for example J. C. Baez, A. E. Hoffnung and C.
L. Rogers [3], Baez and C. L. Rogers [4], C. L. Rogers [I34], M. Richter [129, [130, [I31] where
the terminology of n-plectic geometry has been introduced.

The important work of M. J. Gotay, J. Isenberg, J. E. Marsden, R. Montgomery, J. Sniatycki
and P. B. Yasskin, [63, [64], can be read for a presentation of the multisymplectic formalism for
field theories. For a shorter introduction one can read Romén-Roy [I35]. For an introduction
with a report on the history on how the ideas around the multisymplectic formalism originated
and evolved, one can read Hélein [70].

In this thesis I will be mainly concerned with the multisymplectic formalism to build first
order field theories. I will use a version of the multisymplectic formalism which minimizes the
dimension of the spaces involved, which seems suitable to me for a first attempt of extending to
super-field theories. I call it the minimal setting for the multisymplectic formalism. The main
ingredient of this setting will be the finite dimensional multimomenta space P, which corresponds
to what Forger and Romero call the ordinary multiphase space, [63] and what Roméan-Roy, [135],
calls the restricted multimomentum bundle. For a review of other possible settings for the
formulation of multisymplectic field theories and for a list of the various fiber bundles more often
used in that context, see Echeverria-Enriquez, Mufioz-Lecanda and Romén-Roy [45].

The main interest of the finite dimensional geometric construction of the multimomenta
space with its multisymplectic (n-plectic in the most up to date terminology) structure is that
it provides a way to build a symplectic structure on the covariant phase space. There is then a
direct link between the multisymplectic field theory and the classical canonical formulation of the
field theory. This link connects the works on multisymplectic geometry to the works of Physics
and Mathematical Physics communities on canonical field theory, pioneered by the papers of
Peierls and Segal already cited above, continued and developed by B. DeWitt [40] [41] [42], by
Garcia and Pérez-Rendén in [56] [57) 58] and by Goldschmidt and Sternberg in [62].

Here I will follow [70] to show how, with the help of the multisymplectic form w, it is possible
to build a symplectic form €2 on the space of Hamiltonian surfaces 4. For more details one can
read Hélein and Kouneiher [73] and the papers of Kijowski, Szczyrba and Tulczyjew [97, [98] [99].
Then I will very shortly explain how the symplectic structure obtained on ¢ is related to the
Poisson brackets used by physicists in field theory.



Throughout all this thesis I will deal with theories arising from regular Lagrangians. The
multisymplectic approach, with some adaptations, can be used also for theories arising from
irregular Lagrangians, possibly with gauge symmetries and many of the results here presented
can be extended to that case: it is possible to built a symplectic structure on a space obtained by
reducing ¢. For an introduction to the subject one can see [63],[64] and [I35] and the bibliography
therein.

In chapter [ I will introduce a geometrical framework for the Lagrangian approach to first
order field theories, defining the Action and the space of solutions of the theory.

In chapter 2T will introduce what I call the minimal setting for the multisymplectic description
of field theories. In section 2111 will define the multimomenta space and the Legendre transform.
In section 22T will expose the Volterra theorem and I will show the Hamilton-Volterra equations.
In section 23] I'll introduce the multisymplectic form. In section [Z4] I'll explain the techniques
used to build a symplectic structure on covariant phase space.

Chapter ] contains the main original contributions of this first part of my thesis. Starting
from the multisymplectic form, we can build a symplectic structure on the space of solutions ¢ of
a field theory. The constructions however depends on the choice of a surface ¥ of codimension 1
in the base manifold of the theory. It is then natural to ask oneself if that choice really affects the
symplectic structure or if the symplectic structure is in fact independent from that choice. I will
address this question and I will show that the choice of the surface of codimension 1 may indeed
influence the symplectic structure on the space of solutions. In section BT will show, with
the help of very simple examples, that two surfaces ¥ and ¥’ belonging to different homology
classes may give birth to nonequivalent symplectic structures. In section [3.2] again with simple
examples, I will show that, when the base manifold cannot be split in a time-line times a compact
space (id est when the space is non compact), then again the choice of the surface of codimension
1 does influence the symplectic structure: some subtle phenomena occurs in this case and I will
investigate them.

In chapter M T will show how the symplectic structure on the space of solutions is linked with
the field brackets used by physicists.






Chapter 1

Lagrangian formulation of
classical field theories

In this section I'll fix the notation used in this work to formulate a classical first order La-
grangian field theory. T’ll list a number of different ways to identify the solutions of a Lagrangian
theory and T’ll recall some standard facts. Most of the results presented can be extended, with
some modifications, to higher order theories. For a less synthetic, more accurate and more rig-
orous presentation of the notions here treated, one can see a text book on classical field theory
like for example [48] and [61] or, with a slightly different approach, [36] and [54].

The aim of this section is also to present some of the definitions and of the results which I
try to extend to the super-field theories in chapter 5.

Let E, X and F be finite dimensional C'*° manifolds, E and X being connected and X being
also oriented; let (E, 7, X, F') be a differential fiber bundle with total space F, base X, type-fiber
F and bundle C*° projection 7, so that we have the following situation:

E

|

I will sometime denote the fiber bundle with its total space E, when there is no risk of confusion,
or with its projection 7.

A field ¢ over X is a C° section of the fiber bundle © and we write ¢ € F(E) As often
done in the literature, we can call I‘(E) the space of fields. From now on and throughout all this
section and the following one of this paper, all the maps between manifolds will be considered
C if not otherwise stated.

The first order jet space of sections of E is denoted by J'm, and j'¢ denotes the first order jet
of the section ¢, which is a lift of the section ¢ to J'r.

The jet space J'm has the structure of a differential fiber bundle over the base X with
projection jlm and of an affine fiber bundle over the base E with projection jiw. The two
projections are linked by jlm = o jlm. We can call j! the lifting map from F(E), the space of
section of F, to F(J 177), the space of section of Jl7, seen as fiber bundle over the base X.

it i T(E) — j'T(E) cT(J'n)

On J'm, on E and on X do exist adapted atlases of charts, so that, if on an open chart U of
X we use the local coordinates %, a = 1, - - - n, where n is the dimension of X, then on the open

7
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chart V' of FE it is possible to use, with the little abuse of notation x* = x® o , the coordinates

(x“, qi) with ¢ = 1,...,m, m being the dimension of the fiber F', and on the open chart W of J'm

we similarly use the coordinates (:r“, q, qfl)
Sometime I'll denote by 0, the operator
The field ¢ will read in coordinates:

¢+ a® — (27,q' (¢(2)))

_0_
ox®”

A section s € F(Jlﬂ') will read:

s ¢ at — (2% q'(s(2)), i (s(2)))
Sometime, for brevity, I'll write: _
¢ " — g (a)
s o at — (q'(2), g5 ("))
Then Vz € X, V¢ € I'(E), it will be ¢’ (j'¢ (z)) = daq’(d(2)).
On a local chart of J'7 we can define the local contact one forms ¢! € QL _J'm, by the

loc
formulas in local coordinates:
c'=dq" — g, dz*

We can identify the sections in jll"(E) by the following proposition:
s € I'(J'm) belongs to j'T(E) <= Vi, Vv € TX, c'(s,v) =0 (1.1)

The Lagrangian £ of our field theory is a n-dimensional differential form on J'7 which is
horizontal with-respect to the projection j'm. On a local chart it is always possible to write it
as:

L=1L(2"q"4d,) B
Where 8 = dz' A --- A dz™ is the canonical n-form on the chart and where the coordinates x®
are seen as coordinates on J'7. Note that L does not define an intrinsic ( id est independent of
coordinates) function on J'7r; in fact, when changing chart, L transforms as an n-density: it can
therefore be called the Lagrangian density.

The action Ay is the integral of £ on the n-dimensional surface s(U), where U C X is a n-
dimensional submanifold (possibly with boundary) of X, s is a section of J'7 and so s(U) C Jlm
is a a n-dimensional submanifold (possibly with boundary) of J'mr. The value of A is always well
defined for every section s if U is compact. A particularly interesting case occur when s = jl¢
is the lift of a local section ¢ of E. In this case, with a little abuse of notation, we define:

Aoy =avio= [ o= [ e (12)

The space I'(E) of all possible sections of E is not in general a finite dimensional manifold.
The same can be said for the space of their lifts to J'x, j'T'(E), for the space I'(J'7) of all
sections of J'm and for their subspaces. Nevertheless, it is possible to give them a differential
structure, for example obtaining an infinite dimensional manifold modeled on some infinite di-
mensional linear space, or, choosing a different way, obtaining a diffeological space, or, following
Kijowsky with Szczyrba in one of their original works on multisymplectic field theory [98], con-
sidering them as inductive differential manifolds. I will not go trough the technical problems
involved in building such differential structures, one can see [126] for a possible approach to this



subject. What is important for the rest of this paper is to know that it is possible to define the
notion of differentiable paths on these spaces, the notion of differentiable functions and so the
notions of tangent and cotangent spaces. In those contexts, A is a differentiable function on one
of those spaces.

Let’s call  a space of sections of E which share the same values on OU: % C F(E) I call
jY% the space of their lifts which are sections of Jim: j1% C jlf(E). There is one such space
% for each assignment of values on OU. Chosen U, I call %, the space of sections of E which
share the same values with ¢ on OU. It could be called %(y,4) to stress its dependence both on
¢ and on U, but I'll mostly drop the first index for sake of brevity and to lighten a little bit the
notations.

A section s of J'm which is not a lift doesn’t belong to any of the spaces j'% described
above. Let’s denote by AU|% the function Ay restricted to a set 7. A field ¢ is said to be a
solution, or a critical point, of our theory if, for every U compact submanifold with boundary, ¢
is an extremal point for Ay in %; that is ¢ is a point where the differential dAy vanishes in %.
So we have:

¢ is a solution <= WU, d (AU|%) ($)=0 = YU d (AU|J,1%) (jl¢) =0 (1.3)

Where, as in (I2]), we have indicated with the same name Ay two different functions defined on
different spaces. There should not be any risk of confusion.

I call & the set of all solutions, id est of all critical points, of the theory. & C F(E) Again, as
all other subset of F(E), & is not in general a finite dimensional manifold, but it can be endowed
in many cases (perhaps in any case) with a differential structure.

A path in %, trough ¢ is a function p from an interval I C R containing the point 0 to the
set %, which is differentiable according to the differential structure given to %, and so that
p(0) = ¢. Let’s parametrize I with the coordinate ¢; we have then:

dA
¢ is a solution of the theory <= VU, V p in %, trough ¢, TZU =0 (1.4)
=0

Condition (4] is equivalent to condition (L3]). We can see this condition from some other
points of view. For example, if we consider 8g| 41— Which is a vector tangent to I at £ =0, then
p*8¢|€:0 is a vector belonging to T'%y over the point ¢. Condition (IF]) is then equivalent to:

¢ is a solution <= VU, V p in %4 trough ¢, dAy

@/¢(¢) ‘p*3e|€:0 =0 (1.5)

Condition (4] can be written in another form. Let V; E C TE be the fiber-bundle of vectors
on F vertical with respect to the projection w. If ¢ is a section of E, we define VWE|¢(X) = Q*V, E:
it is a vector bundle with base X. We call ¥, the set of all sections of VﬂE|¢(X) null on OU,
id est the set of vertical vector fields on ¢(X) whose value on ¢(9U) is 0.

The tangent space Ty, % is then in a one-to-one natural correspondence with 7;7). Let’s set
¢0 := p(£). The vector p*aglzzo € Ty corresponds to the vector field u € ¥ defined by:

Vo € X, u(a:)zaqi(gé(x))z ('%Z
=0

Conversely, if the closure U of U is compact, it can be shown that V u € Yy, it exists a path

p trough ¢ in %, such that p*af|z:o € Ty corresponds to wu.
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Since j' sends a section in % to a section in j'%, it induces the map jl : T,%; —
led)jl?/(z,. The map j! : T% — Tj'%,, is then a diffeomorphism when the appropriate
differential structures are used.

Let Vji J'm C TJ'm be the fiber-bundle of vectors on J'7 vertical with respect to the

projection jlm. If s is a section of J'm, we define ‘/jlﬂjlw’ . = s*VjJhm: it is also a vector
S

fiber bundle with base X.

We can represent each p,0y

€ Ty, by a section w of V; ﬂle‘ : let’s call K the
li=o € T6% by 7 )

€ Ty%y. K is defined as follow:

0q' (j pe(x)) R ACRIE))

ol 004" ol

map which associates w to p*ag’ 4—0

0

Vr e X, w(z) = K(p*ade:o)(x) = o4},
1=09%4q

The map K is injective and we can set ¥ji4) = K (T%g). For it’s definition #ji4y is
diffeomorph to ¥4 (1), to Ty %, and to Tj1¢j162/¢ and for its construction V w € #ji4(r), it exists
a path p trough ¢ in %, so that p*81|l:0 € Ty corresponds to w.

It is important to note that w € ¥ji4(y) does not imply that w(0U) = 0. The components of

are indeed equal to 0 on QU and the tangential projection of 6‘; is equal to 0 on OU,

w in a%i
however the normal projection does not necessarily vanish.

Fixed a path p trough ¢ in %, we call U, the n-dimensional surface in J'm spanned by the
image of OU by the map j'¢, when [ goes from 0 to £. In general U, # @) precisely because w,
corresponding to p.Jy, is in general different from 0 when calculated in x € QU. Nonetheless we
have that |, oU, L = 0 because w is vertical with respect to j'm whereas £ is horizontal. We call
V; the n + 1-dimensional surface in J'7 spanned by the image of U by the map j!'¢,; when ¢ goes
from 0 to I. We have that 9V, = j1¢4(U) + U, — j1¢(U), if the suitable orientations are used.

Keeping all this in mind, we can write:

dAy = lim 1 / E—/ L
dt g =0 | £ [ e F1é(U)
= lim 1 / L— L +lim{1/ E}
=0 | 4 | iauw) () =0 L Jau,

. (1.6)
. 1
=lim ¢ - / L— / L+ / L
=0 | £ i lée(U) Jte(U) aU,
T
= lim { / dﬁ]} = / w_dL = / dL(w)pB
=0 L Ly, 1) 1)
Where the last equality holds on a local chart.
So ([I4) is equivalent to the following:
¢ is a solution of the theory <= VU, Yw € Y141, / w_dL =0 (1.7)
JteU)

Let U C X be included in an chart of an adapted atlas with coordinates as in the beginning
of this section, then, with classical arguments, it can be shown that:

d oL , , 1

— - — =0 1.8
dwt Di (j'o(x)) o (7' e(x)) (1.8)
where the condition in (L)) is the classical Euler-Lagrange system of equations for first order
Lagrangian field theories.

¢ is a solution <= on every U, Vx € U,




Chapter 2

Multisymplectic formulation of
classical field theories.

This chapter is devoted to give a brief introduction to the multisymplectic formalism (in the
minimal setting). In section[ZT]T define the multimomenta space and the Legendre transform. In
section L2 I introduce the Hamiltonian and I show the Hamilton-Volterra equations. In section
23T introduce the multisymplectic form and in section 2.4 I show how, out of it, a symplectic
structure can be built in the covariant phase space.

2.1 The multimomenta space and the Legendre transform.

Let’s consider the space V;E C TE, introduced in the last section: it can be seen as the
total space of a vector fiber-bundle over F with the canonical projection, 7, but it can be also
considered as the total space for a (non vectorial in general) fiber bundle over X with projection
equal to mo 7. Let e € F, then we can call V. F the space of all points of V;E who are projected
by 7 on e (it is the fiber over e of (VE,7,E)). It is possible then to build, with standard
techniques, a fiber bundle with base X, and with fiber over x € X the collection of all linear
maps, from all the spaces V. E with m(e) = x, to A"~ 1T X; where A" "1T*X is the fiber-bundle
of (n — 1)-forms on X. The fiber-type will then result to be a finite dimensional manifold. I
will call this new fiber bundle Hom,(VE, A" 'T*X). T will not exhibit here the co-cycle of
the transition functions of this fiber bundle, being it the most natural one that one can think
of in this context. When E' = X X F' is the trivial fiber bundle with its canonical projection,
then Hom,(VE,A""'T*X) = E xx Hom (X x TF, A”flT*X) ~ F xx (A"ilT*X ® T*F) =
{(z,n,m)|(z,n) € E,(z,m) € Hom (T, F,A"'T; X)}.

Let’s call P the total space of this new fiber-bundle: it will be our multimomenta space and
I will call it sometime also the minimal multiphase space. For simplicity we will often denote
with P the fiber bundle itself, so that we have the following:

Definition 11. The multimomenta space of a field theory is the fiber-bundle P = (P,np, X) :=
Hom,(VE,A""1T*X) with total space P, base X and projection mp.

Then, on a chart of an adapted atlas, a point p € P will be denoted by the coordinates
(z%,q¢",p%). If e € E has coordinates (z%,q"), z = m(e) € X has coordinates (z%) and v € V. E

isv = via‘?]i‘ , then p(v) € A" 1T X can be locally decomposed: p(v) = v'p?f3,, where 3, =

€

11
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82& _ydx' A+ -Adx™. This provides us with the local coordinates p¢ for p € Hom (VEE, A"ilT;X).
When one changes coordinates naturally on X, E, VE and A"~!T*X, it can be easily shown
that this formula remains unchanged and univocally defines an element of A~ 1T*X.

As suggested by the local coordinates structure, it can be shown that P can be considered
also as a fiber-bundle over E and it can also be shown that it is a vector fiber-bundle over E.

This is not a very elegant construction, but it has the advantage of minimizing the number of
variables needed to use the multisymplectic formalism; which is sufficient when you think to work
on local coordinates (as I'll mainly do in the following) and when you aim to find an extension
to a wider framework (the one of super-fields).

We call Legendre transform the map FL between J'7 and P, defined on local charts by:
i 0 a i oL a i
FL (xa7qz7qa) = <.’E yd 7871(‘% 4 7qa)) (21)
4a

We say that the Lagrangian £ is regular if J'7 is diffeomorphic to FL (J'r) C P [108]. We
say that £ is hyperregular if Jlr is diffeomorphic to P [53].

2.2 The Hamiltonian and Hamilton-Volterra equations.

On FLL(J!7) it is possible to define the Hamiltonian "function" H by:

H(z" q',p) = dip} — L (2%, ¢",d.) (2.2)

where we assume that ¢’ is a solution of

13 o
5 (a®d' ) =1t (23)
H is not in fact a function on P and not even a coefficient of a form defined on P, but a
slightly more complicated object. Formula (22]) is indeed locally well defined on every chart of
P. It is well defined even when the Lagrangian is not regular provided that (23]) has at least
one solution and that the set of its solutions is connected, see [73]; this is because the value of H
does not depend on the choice of the particular solution ¢%. I will not treat here the regularity
conditions needed on L in order for H to be smooth.
When one changes coordinates on E and passes from coordinates (z%,¢%) to coordinates
(% ¢"), so that

’

% = g% ()

, , . (2.4)
¢ =q ("q)
then corresponding natural changes of coordinates hold on J'7 and on P, so that:

-5 Oz a\ st 8qil a 1 dz” a an, a 1

qa’:W(x )Qa 6qi (z 7q)+8xa/ (’JZ )al‘a(x 7q) (2 5)
/ or oz q° . .

@ — det [ =— a a ‘ a 1), a

= e (55 ) (0 G () g

As a consequence, if we call H' the Hamiltonian "function" defined with the new coordinates, we
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have that:

o 0 an +i a 0 a a i 0
H' (r“ .q" ,qa/) =det (a;) () depi — det (a; ()L (=, ', d) +

833 a 8qi, a i aqi a 1\, a _
+ det ((91./> (l‘ )aLEa (ﬂf y 4 )aqi/ (Jj »q )pz =
(2.6)

0z a a i i
=det <a$,) (x )H(m ,q,qa)—i—

o aq" i,
+ det ((%) (%) 8?8“ (@, q") a;"
Formula (2.0) shows that H is not a global function on P.

In the paper of Carinena, Camprin and Ibort [24], one finds that the Hamiltonian can be
naturally seen as the section of a fiber bundle Z (which we can call the multiphase space) over
P (the minimal multiphase space); see also Marsden and Shkoller [I08], Forger and Romero [53]
and Hrabak [82] to understand the nature of H. Note however that Hrabak call P ’covariant-
phase-space’. For the definition of the multiphase space one can also look at [63]. Note that
the authors there call Z also covariant-phase-space, which introduces an ambiguity with the
terminology used here, since I call covariant phase space the space of solutions of the field
theory. Forger and Romero, [53] call Z the extended multiphase space, and call P the ordinary
multiphase space; Roman-Roy, [I35], call Z the extended multimomentum bundle and P the
restricted multimomentum bundle; as seen above, I prefer to call P minimal multiphase space,
or multimomenta space.

The space Z is a sub-bundle of the bundle A™ (E) and it is the space where the construction
of the Volterra-De Donder-Weyl theory is geometrically more natural. Formula (26 defines the
transition functions of the fiber bundle Z over P and so implicitly defines what a sections of Z
is. Since the construction of Z is not essential for what follows, and it is not in the spirit of the
minimal setting that I am using, I will not explicit it here. In what follows formula (22 and
[230) will be sufficient to define all the geometric objects needed.

When L is hyperregular, (Z3) has one and only one solution for every p € P: then H is
defined for every p € P.

When L is regular, the Hessian determinant of L with respect to the variables ¢’ is different

than 0 for each point r € J'; id est: Vr € J17r7det’ aniQBqu (r) # 0. Then it can be shown t
. - a®dp hat
da (x aqz,p?) is actually equal to 891{1_

i

(z%, ¢")p?

In the following I will not deal with regularity problems, so, if not otherwise stated, I will
always suppose L hyperregular and P = FL (J 177). When L is regular but not hyperregular, all
the results exposed here for P are still valid for FL (J 17r).

For more information about regularity conditions on FIL one can see [45].

On a local chart, with canonical horizontal n-form 3, one can define the local Hamiltonian
n-form H := Hp but this in general doesn’t lead to a well defined Hamiltonian n-form on P.
As shown in [I0§], to have a globally defined Hamiltonian n-form on P, it is necessary first to
chose a connection on E; see also [24]. T will not deal with this, since it is not essential for what
follows.

Using FIL we can associate to every section s € I'(J'7) a section FL(s) of P:

FL(s)(z) :=FLos (x)

I will call FIL the corresponding map between I'(J'm) and I'(P), with a little abuse of notations.
When L is regular, this correspondence is invertible.
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With the help of the map j! defined above, we can also establish a correspondence between
section of E and sections of P (not invertible because j! is not one-to-one):

peT(E) — jl¢eT(J'nr) — FLoj'¢ eI'(P)

Note that, on a local chart, p¢ (IF]leqb(a:)) = gﬁ (jlqb(x)) Vo e X.

Since 1890, [I50], it was proved the following:

Theorem 12 (Volterra 1890). Let L be a reqular Lagrangian density on J'm and let H be its
corresponding Hamiltonian density on P, then YU local chart and Vx € U C X, a field ¢ € T'(r)
is a solution of the Euler-Lagrange system of equations in (L)), id est it is a solution of the
Lagrangian field theory, if and only if, YU local chart and Yz € U C X, FL o j'¢ satisfies the
generalized covariant Hamilton system.:

gj; (FLj" $(x)) = 25 (FLj" 6(x))
Dt aZH (2.7)
e (LI 0(2)) = —5 5 (FLi'6(x))

I will prove in section a super version of it.

Note that in the following I will sometime call the system of equations ([27) as Hamilton-
Volterra system. In the literature it is sometime called Hamilton-De Donder-Weyl system, see
for example [46], sometime the Hamilton-De Donder system, see for example [60].

2.3 The multisymplectic form

The image of a section z € F(P) is a n-dimensional surface in the total space P. It is then
natural to look for a geometric condition on n-surfaces in P to be the images of sections which
themselves are correspondents of sections ¢ of E' which are solutions of our theory. Let’s rephrase
it this way: if we have a n-dimensional submanifold G C P, when can we say that there exist
¢ € & so that G = FL o j1¢(X)?

The answer is that G has to satisfy four conditions:

1. G has to be the image of a section z € I'(P), so: 3z € I'(P) so that G = z(X)

2. z has to be the image trough FL of a section s € I‘(Jlﬂ), so: ds € I‘(J17r) such that z =
FL(s);
3. s must belong to j'T'(E), so: 3¢ € T'(E) such that s = j'¢;

4. ¢ must be a solution of the theory, so: ¢ € &; or, which is equivalent, ¢ has to satisfy one
of the conditions in (3], (T4), (L1), (C1) or (LI).

We call Hamiltonian a n-submanifold of P who satisfies the above four conditions; we call ¢
the space of all Hamiltonian submanifolds. Then ¢ and & are in one-to-one correspondence and
they are indeed diffeomorphic if a suitable differential structure is put on them.

Condition [ can be translated in the following geometric one:

Proposition 13. Let U be a local chart of an adapted atlas of P and let B be the horizontal
non degenerate n-form on U defined in by B = dz' A --- Adx™, let G C P be a n-dimensional
submanifold of P, let p € G be one of its points, and let T,G C T, P be the tangent space to G
in p, then the n-dimensional submanifold G C P is the image of a section z € F(P) if and only
if VU, Vp € G, Yui, -+, v, € T,G linear independent, f(v1, -+, vn) # 0.
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This condition can be linked to the Hamiltonian local forms H provided some assumptions
are made on their zeros. For example we have:

Proposition 14. Let U, be the elements of the atlas of charts of P, let H,, be the Hamiltonian
local n-form on U,, and assume that all H, are everywhere different than 0; let G C P be a
n-dimensional submanifold of P, let p € G be one of its points, and let T,G C T,P be the
tangent space to G in p; then the n-dimensional submanifold G C P is the image of a section
z € F(P) if and only if Vp € G, Yvi, -+, v, € TG linear independent and YU, containing p,
Hol(vr, -+, vn) # 0. Equivalently, callingi : G — P the immersion of G in P: G C P is
the image of a section z € I‘(P) if and only if Vo i*H, # 0.

Condition 2 is automatically satisfied if L is hyperregular.

To translate condition [ in a geometrical condition on G, we first note that, if L is regular,
we can push-forward the local contact forms ¢’ deﬁned in the previous section, and we have in
coordinates: g° := FL,c' = dq* — d;z: , where ¢g' € Qf _P are local differential one-forms on P
that we can call contact forms Wlthout rlsk of confusion.

If we call section-submanifolds those n-submanifolds G C P which satisfy condition [, and
we call lifted-submanifolds those n-submanifolds G C P which satisfy conditions [ , 2 and [B]
then we have the following:

Proposition 15. Let L be a reqular Lagrangian density on J'm and H be its corresponding
Hamiltonian function on the covariant-phase-space P, let g* the local contact forms on P defined
by ¢¢ = aH =dx®; then a section- submamfold G C P with G = 2(X) for z € I‘(P) is a

lifted—submamfold ofP if and only if ¥V ¢* : z*g' = 0.

Note that this condition is equivalent to the first equation in the Hamilton-Volterra system 2.7}
The most interesting condition that G has to satisfy is the fourth one @ which is the only
dynamical one. As it was seen by Kijowski [94] and by his coauthors [98], [99], condition M can
be translated in a geometric one; see also [70].
On alocal chart U let’s set 8, := 9,13 where (3 is the n-form of Proposition[[3land remember
that 9, € TP is the vector field on U defined in local coordinate by 9, = %. Let’s also fix the
following important definition:

Definition 16. If L is a Lagrangian density on J'm and H is its corresponding Hamiltonian
function on FL(J7), I call the multisymplectic form of FL(J!7), the (n + 1)-form w € Q"1 P
defined on local charts of an adapted atlas by the formula: w := dp? A dq* A B, — dH A f3.

The fact that this is a good definition relies on the proof that H is locally well defined in each
point of each chart of P, on formula (Z8]) and on the fact that the form 6 := dq’ A p¢3, — Hf3 is
globally well defined; because then: w = df. Let’s see why the form 6 is globally well defined. As
we recalled before, P is a natural bundles with respect to the bundle F and so are the bundles

P, A" TP, A"T*P and A""1T*P. If one changes coordinates on E as in (24]), then:

)

(a
Ox
Bar = det (a )81‘“/ %) B, (2.8)

dg" = dg’ (z%,q")

94
q.( q') +dx B
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and, putting together (Z3)), (Z.0) and (Z8)), we have that:
0 (ffs“ ¢ ,p?/> =0 (z",q¢",p}) (2.9)

Note that w is closed and it can be also proved to be non degenerate, so throughout all this
thesis I call it the multisymplectic form of FLL(J'n), although this name does not agree with all
the definitions of multisymplectic forms given in the literature: see for example [49] where some
other conditions (generally not satisfied by my w) are required to define a multisymplectic form.
The w used here is a n-plectic form, using the terminology of Baez and C. L. Rogers, [4] [134],
and of Richter [129]. However, since in the contest of field theories the term n-plectic has not
become standard yet, I will keep calling w multisymplectic.

Then condition d become:

Proposition 17. Let w be the multisymplectic form on the multimomenta space P, then a
section-submanifold G C P, with G = z(X) for z € F(P), is a Hamiltonian submanifold of P if
and only if Vu € TP, z*(u—w) = 0.

The proof of Proposition [I7 can be done by directly calculating on local coordinates the value
of w(u, 2401, -+ , 2:0p) using (7).

Note that in Proposition [IT it is requested in the hypothesis that G is a section-submanifold:
the fact that G ends out to be also a lifted-submanifold is a consequence of the condition imposed
on it. This can be seen easily if one notes that w can also be written as

0H
aq’

w=dp? Ag' A By — dq' A\ B

If a section-submanifold G satisfies the condition requested in proposition [[7, then the latter

condition can be applied to u = 8%*’ and this yields that Vb,Vj, z*(¢? A Bp) = 0 which in turns
j

yields that Vj, 2*(g7) = 0.

2.4 The symplectic structure of the covariant phase space

Let’s study the tangent space of 4 on a point G € 4. Let 0,G € Tg¥ be a vector over G: it
is associated to a so called Jacobi field u € T (* (V P)), id est a section over G of the pull-back
image of the vertical (with respect to the projection mp of the total space P onto the base X)
tangent bundle V P by the embedding map ¢ : G — P. The section u can be seen as a vector
field on G, "following" which, each point g € G is sent to a point ¢’ € G’, where G’ € ¥ is another
Hamiltonian n-curve. An Hamiltonian n-curve G is deformed by u into an other Hamiltonian n-
curve G'. We could write symbolically §, = f u. Note that for example u could be the restriction
to G of a vector field u € T' (V P) defined on all P and satisfying the condition Lzw = 0. Such a
field is called infinitesimal symplectomorphism and since it preserves the multisymplectic form
w, its integral flux sends Hamiltonian n-curves to Hamiltonian n-curves and it so induces a path
in ¢, whose tangent vector in G would be exactly 6,G. If uw € T (i* (V P)) is not a restriction of a
field @ defined on all P, nonetheless, by using the fact that G € ¢, it is possible to give sense to
and calculate Lyw (v, Xy, - - ,Xn)’g Vge GVYu' e T (VP), VX1, -+, X, € T'(TG), see Hélein
[]. The condition ensuring that u corresponds to a §,,G tangent to G in ¢ is precisely that

YgEG, Yu €T (VP), ¥X1,-++, X, €T(TG), Lyw (', X1, -+, Xp)| =0 (2.10)

See again the original papers of Kijowski for more details.
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It is important to specify that there may be different u and @ corresponding to the same §,G,
so that 6z = &, = [w = [@. This happens whenever the vector field u — @ € I'(T'G): in other
words when the vector field v — @ is in every point tangent to G. This by the way ensure that
u — @ satisfies (ZI0). We can always chose u to be in every point vertical with respect to mp, id
est without components tangent to the n-curve G.

On P we consider a slice X2 of co-dimension 1 with the property that for any Hamiltonian
n-curve G € ¢ the intersection of ¥ with G is transverse. It will be then 7p(X) = ¥x with
Y x a n — l-submanifold of X. We also assume that VG € ¢, X NG = z(Xx) is an oriented
manifold of dimension n — 1 and we suppose that Y x and z(Xx) have suitable coorientations
with respect to the orientations of X and P, id est we suppose that the bundle i§ (T'P) /TY is
oriented (where iy is the immersion of 3 in P), see [(3]. In the rest of this work, I will consider
only slices which are the lift of slices on the base manifold X, ¥ = 7~ 'Xx. We can then define
Qs to be a functional acting on couples of vectors on ¢ and sending them to R in this way:

Definition 18. Let be 61G, 602G € Tg¥Y two vectors on G € 4, and let be ui,us € ' (i* (V P))
the corresponding vector fields over G, then we pose:

QE’G(élG’(SQG) = / ul /\UQJ(,A) (211)
NG

This hence defines Qx, our symplectic 2-form on 4.

Thanks to [ZI0)), Oy is well defined and it is antisymmetric. If L satisfies certain conditions
of regularity, 2y, is non degenerate, the proof is given by Hélein in a paper in preparation. For
the proof that Qy is closed one can see [97]. It is a symplectic 2-form on ¢: it was first introduced
by Kijowski and Szczyrba in [97] and [98].

The natural question arises if the €2 actually depends on the choice of the slice ¥. We address
this question in chapter Bl

A symplectic form Q on ¢ can be pull-back on &. Remember that if G € 4, then G is a
lifted-submanifold of P, so it is the image of a section z € I‘(P). By the Legendre transform FIL
we can pull back it to a section s € I‘(Jlﬂ) which is the lift by j! of a section ¢ € F(E) which
is a solution of the theory. If we call GLL the inverse of one-to-one map just described, we have
that

GL : & — ¥
GL™! :9 — &

and if Q € Q°%, then GL*Q € Q%&.

If L is not regular, the construction just described doesn’t work. We can still build w €
Q" FIFL(J ), but in general w will not be defined on all P. Nevertheless, we can still pull-back
w by FL on J'7.

Let’s call o this pull-back: o0 := FL*w. On a local chart we have that:

0:=TFL*w =dp¢ Ndq' A B, —dH A j3 (2.12)

where p? and H are now considered as local function of the variables 2%, ¢* and ¢’. Remembering
that the contact forms are ¢! = dg' — ¢’ dx® and considering that ¢idx® A p?B, = ¢.p? B3, we have
that:

o=d[c' ANpiBa+LAB| = —pldii AB+dLAB+dpd Act A B (2.13)

Note that d — 0 = —d (¢" A p¢fa).
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We can repeat on J'7 the construction made before on P. On J!'m we consider a slice ¥ of
co-dimension 1 with the property that, for any s = I'(J'7), the intersection of ¥ with s(X) is
transverse. An important example is ¥ = jl771(Xx) with ©x a (n — 1)-submanifold of X. If
we call 4 the embedding map i : s(X) < J'm, we can then define Ox, to be a functional acting
on couples of vectors on s € I'(J'7) and sending them to R in this way:

Definition 19. Let be 015, das € T,I'(J'w) two vectors on s € T'(J'w), and let be uy,us €
r (z* (Vj1,TJ17r)) the corresponding vertical vector fields over s(X), then we pose:

Og|s (018,025) = / u1 A Uos_J0 (2.14)
2Ns(X)

This gives us a 2-form Os on T'(J1r).

Os can be restricted to j'& C jIT'(E) C T'(J'w). Let bei : jl¢(X) — Jl7 the embedding
map of j'¢(X). Let be 615¢, d25¢ € Tj145' & two vectors on jl¢ € j*&, and let be uy, us €
r (z* (Vj17rJ17r)) the corresponding vertical vector fields over j1¢(X), then we pose:

Og‘j1¢ ((51j1¢, (52]1¢) = /Z 4 U1 A\ ug—1o (215)
ngt

On a local chart U, we have:

OE,U‘j1¢ (615'¢, 625" ¢) = / ur Aug—o =
ZNjte(U)
= / uy Aug_adpi Adg' A Ba = (2.16)
SNj(U)

0?L . , 92L . _
= u1/\u24|: ——dg’ Ndq* A By + ———d¢) Adq" A Bg
/ijl¢<U> 9q?04;, aglog "

a

Finally the restriction of Ox to j'& can be pull-back by j' to &. We have the following:

Definition 20. Let be d1¢, d2¢ € Tp& two vectors on ¢ € &, and let be u1, uz € I' (¢* Vo E) the
corresponding vertical vector fields over ¢(X), then we pose:

Qs |, (010,020) = / jiuy A jrug o (2.17)
=Njte(X)

and Qs € Q%& is our symplectic form on &.

It can be shown that if L is regular, then Qx, and GL*Qyx coincide.

I have to note that calling Oy and )y, symplectic forms is an abuse. They are indeed
2-forms on their, possibly infinite dimensional, manifolds of definition, but they may not be
non-degenerate, unless some regularity conditions on L are assumed.



Chapter 3

Nonequivalent symplectic
structures on covariant phase
space

At the end of last chapter I have shown how one can build a symplectic structure Qs on the
covariant phase space starting from the multisymplectic form w defined on the multiphase space
P and from a cooriented slice ¥ of P. What happens if one makes the same construction starting
from a different slice $?

Hélein in [70] states that Qs = Q. if for every Hamiltonian surface G, £ NG and SN G are
compact and if ¥ and ¥ are in the same homology class.

The same results holds when ¥ N G is not compact, provided that we consider a subset of
J C ¢ such that all G € .# satisfy some specific decay conditions at infinity.

The extended proofs of the corresponding theorems were privately communicated to me by
the author and will be soon available in a paper in preparation.

It remains to verify if Q0x; is independent from ¥ when one of the above conditions are not
satisfied.

In this chapter I will show that indeed €y, with 3 compact, does depend on the class of
homology of ¥ for certain field theories. In section Bl I will study some simple field theories
defined on 2-dimensional tori. Those simple examples will be enough to fix the result. In section
321 will instead consider the case of ¥ non compact, studying simple theories on R2. I will then
discuss how the results of Hélein for non compact ¥ can be interpreted.

3.1 Symplectic structures on spaces of solutions of field
theories over tori

In this section I consider bundles whose bases X are tori.

I note by T, 3 the Torus obtained as a quotient of the plane R? by aZ x bZ, with a,b € RT.

19
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3.1.1 Space of scalar fields over two dimensional tori.
Let’s consider the bundle £ = T, ; x R. We will have then:
Ta,b x R

gl
Tab

Being this bundle trivial, a section ¢ corresponds to a smooth function ¢ : Ty, — R; 2/ —
q = ¢(z").

On an chart U C T, , the local coordinates will be z#, u = 0,1 with 2°€(0, @) and z*€(0, b).
On R I will use the coordinate q. On J'm I will use the coordinates (x*, ¢,4u), so that Vo €
Tab, ¥ € T(Tap X R), du (510 (2)) = 0,9

In local coordinates we have £ : (z*,q,q,) — L(z*,q,4,) B, B = dz® A dz' being the
standard volume 2-form on T, and L, the Lagrangian density, being a local function between
1
7°U and R.

We have that P = Hom,(VE, A" 1T*X) =T, x R X7, » Hom (’]I‘a » X TR, A~ 1T*T,, ) ~
Tap X R xT,, (A" =T, b ®T*R) Tap X R x1, , T*T4p because we identify the real hne R
with its tangent and with its cotangent. So we define the local Hamiltonian function:

H : Ta,b x R XTu.,b T*Ta,b — R
(33“7(1719“) L — pHQM —L(.’EH,CLQ.H)
and we assume that ¢, is the unique solution of aaTL (x*,q,¢,) = p*.
M

As in section [Z2] to every section ¢ € I' (T, X R) we associate a section z of P, which in
this case will be the section z : T, — P defined by: p# (z¥) := (?TL“ (¥, ¢,0,0) Vo € Tqp.
The Hamilton-Volterra system (277)) become then:

8@5 oH

opt _ OH (2, 6, p") .
ozt dg ks

The section z € I' (P) reads:
z o a¥ — (a*, ¢, p")
and its image G is a submanifold of P. Since z depends on ¢, we can associate to any ¢ section
of (Tap X R) N T4,p, a submanifold Gy of P =Typ x R X1, , T*Tgp.
The field ¢ satisfies (B.1)) if and only if G4 is an hamiltonian 2-curve, id est satisfies the
condition in proposition (IT), which now is:

VX1, Xy € T(TGy) ,VE €T (T (Tap x R X7, , T*Tup))

(dp® Adp A Bo +dp' Ndp A By —dH A B) (§,X1,X2) =0
or:
w(valeQ) =0 (32)
where:
w=dp® Ndp A Bo+dpt Ndp A B —dH A S
=dp® Ado Adxt — dpt Adop A da® — dH A da® A dat
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We call again & the spaces of solution of our field theory for some Lagrangian. If the La-
grangian is regular, & will be isomorphic to the space of all Hamiltonian 2-curves, satisfying (B.2]).
For studying & it is useful to note that any smooth function ¢ : T,;, — R can be developed
in Fourier series. To make the following calculations easier, I will consider complex functions
instead of real one (I complexify the space R) and then I will again come back to real spaces at
the end of calculations. So for every ¢ we will have:

& (:co,:cl) _ Z ¢kj€i27r(§m°+%x1) (3.3)
k,jEZ
with ¢*/ € C. This development is useful since we are going to study Lagrangians which lead to
Euler-Lagrange equations and Hamilton equations, linear with-respect to the field ¢.
3.1.2 Free scalar field over a two dimensional torus.
Let’s consider the simple Lagrangian density L : J'm — R defined by:
1 1

L (x#a qadu) = 5 (qo)Q - 5 (q.l)2 (34)
To each field ¢ (z*) we associate the momenta p# (z¥) := qu/’ (¥, ¢,0u¢), and we have:
P’ = 8o (3.5)
p=—01¢

the Hamiltonian H : T, x R xp, , T*T,p — R is then:

H (2#,q,p") = (»")* (3.7)

From now on I write 20 = ¢ and ! = . The Euler-Lagrange equation is then the wave equation:

0? 0?

—f - —(f =0 (3.8)

ot oz
A field ¢ developed in Fourier series as in (3.3) is a solution of our theory if and only if ¢*/ = 0
whenever k and j don’t satisfy the following condition:

kQ j2
This Diophantin equation has an infinite number of solutions whenever the ratio ¢ is a rational
number. If 3 is not a rational number, then the space of solutions reduce to the one dimensional
vector space of constants over T, p, which is of no interest for our discussion. We consider the
case when ¢ € Q: then the space of all solution & is an infinite dimensional vector space and
therefore an infinite dimensional manifold.
Every solution ¢ can be written as:

o (t,z) = Z (¢k+ez‘2w(§t+§m) +¢k—ei2ﬂ(§t7§w)) + 0 (3.10)

kE€Zo so that k2€Zo

where ¢, ¢*~ and ¢° are numbers and Zy = Z \ {0}.
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Without lack of generality we can suppose a = 1. Indeed studying the theory with Lagrangian
B4) on the torus T, is completely equivalent to study the theory with a Lagrangian of the
same form on the torus T, ».

Hence we set a = 1 and we study (3.4) on the torus Ty ;. The condition ([B.9) then become:

=0 (3.11)

which implies that b must be a rational number, and the solutions of the theory can be written
as:
o (t,z) = Z (¢k+ei2w(kt+ka:) + ¢k—ei27r(kt—kgn)) +¢° (3.12)
k€Zq so that kb€Zg

where t€(0,1) and z€(0,b).
It is sometime useful to think of & as the direct sum of finite dimensional vector spaces:

& = (@keA@@k) D & (313)

where & is the one dimensional vector space generated by the function ¢g = 1 constant on
T,» and & is the 4 dimensional vector space spanned by the functions ggx_ = 27 (ki+ke)
g = 2T RkT) gy = 2T (—ktHhD) and g, = €27(TFFT): A is the infinite subset of N
determined by the condition (3II]) which we translate into to the condition kb € N\ {0}. Then
every ¢ € & can be decomposed as:

¢ = o + 0" Prx + 0" Ppx + ¢S prn, + 0" P (3.14)

where Einstein convention is used for repeated indexes and k runs over Ng = N\ {0}. The
numbers ¢°, ¢F, ¢F7, ¢F and ¢F<" are coordinates on &. Note that, to be more precise, the
vector space in ([B.I3) is the complexified of the space & of solutions that we want to study. We
should name it €& , and the same we should do for its subspaces and for their tangent spaces,
but we won’t do so to avoid a heavier notation. We will come back to the real vector spaces at
the end of this section.

In this situation it is easy to explicitly identify T'€. If G is an hamiltonian 2-curve, i.e. an
element of &, then it corresponds to a ¢ as in (BI4]). A vector 6,G € Tg& must be of the form:

0 0 0
= k+ k— 0
0= ¥ (gt aE) v
kEZqy so that kbEZg (3 15)
= > (u’“/ 0 + uP™ 0 + uP> 0 + uk 9 ) + w09 |
k€EN so that kbeNo Ok OPF™ Ok Ik 00

where u*t, uF= uF7 PN uF ] uF< and u® are numbers. When k > 0, we have that uft = u*™
and ©*~ = u*"; when k < 0, we have that u** = 4% and u*~ = v,

On the other hand §,G must correspond to a suitable u € T’ (i*V (']I‘a,b X R xT,, T*']I‘a,b)),
where ¢ is the embedding map of G in Ty, X R x7,, T*Tqp. If on G we use t and z as local
coordinates, and remembering (B3] and 3.6]), we have:

i (tx) — (t,z,0(t,x),000 (t,x),—01¢ (t,x))

As explained in the previous chapter the correspondence between §,G and u is 1 to 1 if u is
chosen to be vertical as in this case. The "Jacobi field’ representing d,,G is then the vector field
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u defined on G in this way:

w(t,z) = 3 uktei2m(ktthe) | uk—ei%r(kt—kw)) 83 n “032
k€Zo so that kbEZo @ ¢
+ Z 2k (uk+ei27r(kt+kz) 4 uk—ei2‘n—(kt—km)) io
k€Zo so that kbeZo op
D D R
op!

k€EZo so that kbeZg

where u**, ©*~ and u° are the same we had in (3I5). This vector field has no component
parallel to the 2-curve G.
As a base on the vector space Tg& we can chose the vector §gG = (%0 with the families of

vectors 04+ G = 64)% and J;_G = %%. The corresponding Jacobi fields are the vector fields:

)
50 (ta l’) _%
‘ o . 0 0
s (t, ) =eP2m(kttha) {% + 27k <apo - 8@)} (3.16)
; 0 0 0
_i2m(kt—kz) | ~ ; - _
e (f) = [acb ik (3190 i 6:01)]

with k € Zg so that kb € Zy. Note that their expressions (B16) do not depend in fact from G.
Alternatively, as a base on the vector space Tgé', we can chose the vector oG = a%o with

the families of vectors 0 G = &pikfv o< G = %Lk\, 0N G = aqsik\ and 0, G = %Lk/; with
k € Ny, such that kb € Ng.

We now chose two slices ¥ and ¥ of (T1, x R) @ TTy, which do not belong to the same
homology class. We take X to be the slice defined in coordinates by the equation ¢ = 0, and %
to be the one defined by x = 0. We can now compute the two symplectic structures arising from
these choices and then we can compare them.

We first compute Q¢ defined by:

Qg (6:G,0:G) = / §1N§ Jw
bate)

We set Qpy i = Q¢ (064G, 0 —G) and similarly for Qpy 4 and Qp_ pr—. In order to make
the computation, we fix coordinates on > N G. This is easy since ¥ N G is the submanifold of G
defined in coordinates ¢ and x by the equation ¢ = 0. We have then:

Qi = = / Skt N ——Iw
NG

Qo 4 = / St N Epry W
=na

Q= / Sk— N Epr——Iw
pigte]

And since:
o AN Epr—w = &y A&— 1 (dp° Ndp A dx — dp' Nde A dt — dH A dt A dx)
=&y AN&—— (dp° A dop A dx — dp' A do A dt) (3.17)
= &y N &pr— 1 (dp® Ndo) da — &y N Epr— 1 (dp' N do) dt
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and analogously for {2 -4 and Qp_ ;/—; we have:
QkJﬁk/, = / £k+ AN gk/,gw
plgle!

= [T € (@ A ) da = 6y € (a1 ) ]
)

(3.18)
— [ G nto s (@ ndo)da
2NG
b
:/ {Z-Qﬂ_k,ei%rk:cei%r(—k'w) _ Z-Qﬂ_k_/eiQTr(—k'w)eﬂﬂkx} da
0
Remembering that k, &/, kb and k’b are integer, we finally have:
Qk+,k’— = 227rb5kk/ (k - kl) =0 (319)
where 0, = 1 if a = b and d, = 0 if a # b.
In the same way we compute Q4 4+ and Qp_ j—, and we have:
Qg o = / it N Sy —w
%NG
— [ Tene A€ (@80 0 d6)d 6 A s (dp' 1 o) ]
NG
— [ GG (@£ do)da (3.20)
NG
b
_ / |:7;27Tkei27rkxei27rk'z _ Z-27Tk/€i27rk'zei2ﬂ'kx:| dr
0
= i2ﬂb6k(,k/) (k‘ — k/’/) = i47Tb]€5k(,k/)
and
Q= / Sk— N Epr——Iw
NG
- / [0 A Gwr s (dp° A d) da — &5 A& (dp' A do) di]
NG
- / o A& (dp® A dop) da (3.21)
NG

b
— / |:*7:27T]<367i27rkm67;27rk11 o ’L'27Tk'/67i27rk1167i2ﬁkzi| dr
0
= 0276y _ir) (k — k') = idmbkiy_ k)

Finally, setting Qo.. := Q¢ (600G, -), it is easy to see that Qg. = 0.

It is important to note that 2, which could depend a priori on G, in fact does not. This is
because, in this simple case, &, which is a vector space, and T &, can be identified for every G
and in fact Q is the same on every T &.

For every G we can therefore split T & so that:

Teé = (®reaTcré) ® Taoé (3.22)

where A is the infinite subset of N determined by the condition kb € N\ {0}, Tgo& is the one
dimensional vector space generated by doG and T & is the 4-dimensional vector space spanned
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by 0 G, dix G, Ok~, = and 6 G. On T & it may be useful to visualize the 2-form € using
the matrix of its components:

Qk’\,k’\ Qk’\,k\ Qk’\,k/‘ Qk’\,k/ 0 1 0 O
07N AN /N AN OV AN A R 0T AN 2 — idnbk -1 0 0 0
Q. Qe e Qe ke Qe ok, 0 0 0 1
Qo Ui Dk oy by 0 0 -1 0
We then compute Q¢ defined by:
QG (51G, 52G) = /_ 51 A 524(@
SnG
Again we set Qi1 p— := Qg (644 G, 0y~ G) and similarly for Qx 1 g1, Q. x— and Qp.. We have

then:
Qpy o = [ Ehr N - Jw
£NG

- / Nehs Ao (a9 1 d0) do = s N Gy (dp' A d6) ]
2N

= / ~&py N - (dp' A do) dt (3.23)
NG

1
:/ _ [_i27rkei27rktei2w(k’t) _ Z-27Tk/ei27r(kt)ei27rk't] dt
0

= —(Sk(,k/) [—227'(]{7 — ZQ?T]C/] =0

Qg o4 = /7 it N Ery—w
NG

= [ T € (0 7.00) d = € 1 g (0 N d0) ]
n

= / ~&r A& (dp' A dop) dt (3.24)
$nG

1
. . , . /P
_ / o [7227_(_]{:61271"(%612#’6 t + 1271']'{5/6227rk te'LQﬂ'kt] dt
0

= —5]@(,]@/) [—iQWk + i277k/]

Q- = / Ee N - w

NG

= / . (& A & (dp® A do) dz — &= N &rr—— (dp* A do) dt]
XN

_ / e N (dpt A do) dt (3.25)

NG
1 . . ’ . ’ .
_ / _ |:Z-27Tke7.27rkt6127rk t iQWk/ezQWk t6127'rkt:| dt
0

= —(5]6(,]6/) [2271']{/’ — 2271']{7/]
= _7;47Tk5k(—k/)
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and

Qoy. =0

On Tr& the components of the 2-form Q form the matrix:

VAN
[UAWEN
[MPHEN
Qe km,

[N
[N
QA ke
Qi ke

N
Qb
Qg 1o 7
Qi k7

AN
Qb
Qs ke
Qe oy

= idrk

0

-1

0
0

oo o

— o O O

(3.26)

It may be the moment to come back to real vector spaces of solutions. On the vector spaces
&, & and &, in (BI3) we consider the usual operation * of complex conjugation. It is easy to
see that it acts so that:

¢Z+ = ¢—k+

O = Gk
or equivalently:

Pir, = Pr,

Gp = Pry

We then look for elements of & invariant for the complex conjugation: they represent the
real fields solution of (B8] and they form a subspace which is a real vector space. For simplicity
of notation we will continue to call it & and we’ll call T'& its real tangent space using again the
same name used for its complexified’s one. & also splits in components as in (3.I3). On the four
dimensional components &5, we can consider as a base the elements:

Fr1 = % = cos [2 (kt + kz)]
Pra = W = sin [2 (kt + ka)]
Pr3 = w = cos 27 (kt — k)
Pra = w = sin 27 (kt — k)]

and as real coordinates ¢*!, ¢*2, ¢*3 and ¢**, obviously defined.
Similarly: for T¢& holds (8:22) and on Tgr& we choose as a base:

on G+ oG 0

011G =

2 B Ol
o 5k\G7 (5k\G . 0
%G = 2 T O¢k?
O G+ 0k, G 0
k3G = 2 T Opk3
e 5k/tG75k‘/G B 0

2i — Ogkt
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If we define Qg1 k2 := Q¢ (051G, 0k2G) and similarly for other components of © and Q, after a
short computation we can compare the matrices:

Qi ke Qi ks Qpika
Qrakt Dok Q2rs Qs pa |
= 27bk
Qrzrr Qs ke Qs ks Qi3 ka
Qrarr Qare Uears Qara

O O = O

and B B B B
Qorkr Qerke Qer,—k3 Qi1,—ka
Qrart Qore Qu2—k3 Qio,—pa |
4 g g Z — ok
Qs k1 Qeskz Qu3,—k3 iz ka
Qrarr Qare ea—r3 Qpaka

We conclude that Q # Q.

Choosing two slices ¥ and ¥ in two different homology classes, we obtain two different sym-
plectic structures on T é&.

OO = O
o= OO

3.1.3 Massive scalar field over a two dimensional torus.

Using the same techniques of last section, we can study on £ = T,; x R field theories
with slightly more complicated Lagrangians. We then find that similar results hold for different
theories.

For example, using the same notation of last section, we may consider the Lagrangian of the
massive scalar field, defined by the Lagrangian density L : J'm — R:

. 1 . 1 . 1
L(z",q,q4,) = 3 (d0)” — 3 (61)° - §m2q2 (3.27)

Since p* := gT[; (z¥, ¢,0,¢), we have that:

P’ = 8o (3.28)
p=—01¢ (3.29)
so that the Hamiltonian H : P — R is:
1 2 1 2 1
H(z",q,p") = 5 ()" - 3 (') + 57”2‘12 (3.30)

S =0 (3.31)

A field ¢ developed in Fourier series as in ([83) is a solution of our theory if and only if &, j € Z
satisfy the following condition:

o (K57 2

The equation ([332) is more difficult to study than [33); and in general, fixed a, b and m, it
has only a finite number of solution, when any: see [145] and references therein for an algorithm
to find them. We notice that if the couple (k, j) is a solution, then so it is for (—k, —j),
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(k, —j) and (—k, j). When m # 0, these are four distinct couples for any acceptable k except

at most one k for which they may reduce to two couples. We call A C N the subset of natural

number k which satisfy [B:32]) for some integer j. Then k € A imply % =4,/ ’;—2 - ,’fri We have
then the four distinct solutions (k, ’;—Z — ﬂi), (—k, —4/ ’;—z — Zfz), (k, —4/ ’;—2 — 1”;2) and

(—k, L mz> for every k € A except at most one special ky € A. This special value exists

a? 472
when the equation k% = “j:f has a solution in the set of natural numbers: in this case kg = f%|
and we have the two solutions (ko, 0) and (—ko,0). In all other cases, we label the solutions with

the names kN, k \, k  and k /.

The space & of solutions of our theory is again a vector space and we can write:

& = ( b &) (3.33)

ke ACN

Where each & is a four dimensional vector space except at most one specific degenerate &%,
which may be one or two dimensional. Every non degenerate &} is spanned by the four linear
independent elements:

where, we remember, k is a natural number. In the following, to make the notation lighter, we
will often write % instead of \/’;—i — %, keeping in mind that % is a positive function of k.

When there isn’t any degeneracy of any &,, we write the solutions of our theory in this way:

d(tx)= Y (0" rx + 0" b + 6" P + 8" N\ drn) (3.34)

ke ACN

where ¢F X, o<, ¢, ¢*™* are numbers and constitute the coordinates on &.

From this point on, we can argument in the same way we did in the previous section, except
for the fact that the set A C N is a finite subset of N (when it is not empty), instead of being an
infinite one; and it is in general difficult to find it. I will give some example for some specifics
value of a, b and m at the end of this section.

If G € & on Tgé we take as base the vectors dpx G = (%Lk\, ok, G = (%Lk/, 0 G = ML’M



3.1. FIELD THEORIES OVER TORI 29

and "G = 5 ¢k\ Their correspondents Jacobi fields over the Hamiltonian curve G are:
_i2n(Ettiax) [0 2 ko joy]
& (t, ) =e e +i27 a0 bap
_ien(—Ei—{x) 9 o ko Qi
&, (L) =e v [ad)—i-z ( PR +b81
- ) - (3.35)
5 (t x) :ei2ﬂ—(§t7%x) 2 + 27 Ei + Zi
hon | 0¢ adp®  bop' )|
i _kyy g 0 . k O j 0
t _ 1277( ﬁt+ :1:) v 2 v J Y
S (t7) =€ ’ 8¢+Z7r adp®  bop!
with k € A CN.

We can compute € and Q integrating on the slices ¥ and ¥ defined in the last section. Using
the same notation we have:

Qpr 1 = /ZmG Ex N 1w =

b (3.36)
k o iy s i K, iy o
_ / 7;271'*6127‘—3162271—(77‘%) . ?:271,7612#(77:17)6127(3% dx
0 a a
Remembering that k, k', j and ;' are integer, we finally have:
. kK . kK
Qpr g7 = 12mbd 50 <a - a) = 12mbd <a - a) =0 (3.37)
In the same way we compute Qi< x/, and Qp »pr » we find Ox /o = Qp g7 2 = 0.
On the other hand we have:
Qe k=, = / Een N S —w
NG
b k ioriy sond k' ioril s ioni (3:38)
— / |:7;27r67,27rbz€227rbm - i2ﬂ€12ﬂbx612ﬂbz:| dr =0
0 a a
QN = / Eex N S\ —w
NG
b k ! k!
:/ [i27r eintzgizn=le o TN o= z612” “‘} dx (3.39)
0 a a
kK b
= i27r(5jj/b < + ) = i4kmopp —
a a a
and
Qe ket = / &k Nk —w
NG
Tk i o i T
— / |:Z-2ﬂ,6127rbx6127rbz +,L-2ﬂ_76227r7ze7,27r71 dx (340)
0 a a

/

= i27T(5jjrb (k + k) = i4k7‘l’(5kk/9
a a a
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If for one specific ko, &, is degenerate and has dimension 2, then on &}, we have:

i k
(bk:0 = ¢k0/' = d)ko\ = elzﬂ-(at)

and

; _k
Dy 1= Do~y = Phoy = pizm(—5t)

because jo = 0.
Also Tk, & is degenerate and has dimension 2; we then have:

k k b
Qi —ky = / Ero N E_ky—w = 127h (O + 0) = idkom— (3.41)
NG a a a
For all non degenerate subspaces T, &, we have:
Qg ek Qe ke Qe ky al 0 0 0 1
For Q we have:
Qi w7 = /_ Eex N & 1w
£naG
= / —&n A & 2 (dp' Ad) dt (3.42)
NG

-/

_ /a B [_ﬂﬂieizﬂ’;temw(’j;t) N iQWJbeﬂw(’j:t)ei%r’;t} dt =0
0
Similarly: Qk’\,k/,/ = Qk/‘,k’/‘ = Qk/‘,k’\ = 0. But:

I — /imc Erx N Epn—w

_ /a - |:_i27_‘_,26127r(’jtei27r(:/t) _ Z'27T:7;ei27r(f,t)e1i27r§t:| dt
0

. , (3.43)
= —Oppr {—z?w‘?ba — i27r%
= i47r5kkrj%
QU pry = /imc AN € W
N /“ - {iQﬁjei2W§t6i2”(5t> 4 i gz iz | gy
’ ’ ’ (3.44)

. .
= —Opp! {i?ﬂ']ba + iQW']I;L:|

= —i4775kk/j%
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If there is a &, degenerate of dimension 2, we have on Ty, &
Qg —ky = [ ko N E—kp—w
e __— _ . ) ) (3.45)
_ / _ |:_i2ﬂ_]ei27r§tez’27r(_akt) _ i27rzei27r(_7kt)ei27r§t dt =0
0 b b
because jo = 0.
For all non degenerate T &, we have:
@k\,k\ @k\,k\ @k\,k/ @k\,k/ 0 1 0 O
Dwns i D sns | _gyps0 [ —1 0000
Qe v QU n, U p s QUn, bl o 00 -1
Qi U ks gk 0 0190
As we did in the previous section, we come back now to real valued fields. On the four

dimensional components &}, of our space of solutions & we can consider as a base the elements:

bpy = 28 -2|- Pr,
brz N 2—1 P o
bps = 2 ;r Pr
s = Do T Prs

On the 4 dimensional real vector spaces Tgr& we choose as a base:

B 5k\G+(5k\G . 0

oG 9 Y
o G -0 G 0

Q2 = 2i T 9gh?
oG+ 6 G 0

k3G = 9 = D3
5k4G:5k/G76k/G* 0

24

- 5¢k4

Defining Q1 k2 := Q¢ (051G, 0x2G) and similarly for other components of 2 and Q exactly
as we did in the previous section, we have the following matrices:

Qerer Uk Qe ks gt ka
Qo k1 U2k 2k Qs ka
Qarr s k2 Qs ks Qs ka
Qearr Qearz Uars Drara
and B B B B
Dkt Qerke Qer,—k3 Qi1,—ka
Dokt Qo ke Qo k3 k2, —ka
Qs k1 Qeske Qw3,—k3 Qi3 ka
Qrarr Qare pa—r3 Qpaka

0 -1.0 O
b1 0 0 O
=omk= |0 o o (3.46)
0 0 1 0
0 -1 0 0
all 0 0 O
_277‘]5 0 0 0 1 (347)
0o 0 -1 0
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Again we see that Q # Q.

I will now give one explicit example for specific values of a, b and m. Let’'s fix a=1, b =2
and m = 472 - 24.

Then we can see that & = &5 @ &1 is the direct sum of two 4-dimensional vector spaces
spanned by the elements:

Pse_ = ¢i2m (5t+v25-24x) _  i2n(5t+a)
o5\, = 2m(—5t—V25-24z) _ ji2n(~5t—x)
Q5 1 = 612”(5 —V25=24x) _ i2n(5t—x)
b5, = oi2m(=5t+v25-24z) _ ,i2m(—5t+a)

= i2n(T+07)

= 27 (TE=50)

oy » = i2n(TE=57)

o = 2T(THF50)

On Tgs& we have:

Qe Qrpe Qe Qeipa -5-2 0 0
Qrzkr Q2ke Qroes Qrsea | _ or |22 0 0 0
Qs et s e s ks Qs ka 0 0 -5-2
Qrarr Dare Qars Qkara 0 5.2 0
and B B ~ B
Qerkr Qerke Qer—ks Qi1 —ka 0o -2-1 0 0
Quzpr Q2o D2—ks Qho—na | _ 5 [ 2 0 0 0
Qs k1t Qs ke Qs —k3 Qw3 ke 0 0 0 ) 2.1
Qrart Qare Qa—r3  Qpaka 0 0 2.5 0
On Tgr& we have:
Qeier Uk Qi ks Lkt ka -7-2 0 0
Qrzkr Qoke Qroes Qrspea | _ o 7-2 0 0 0
Qs et Qs e s ks Qs ka 0 0 -7-2
Qrarr Qrare Dars Qrara 0 7-2 0
and
Qurrr Qake ks Q1 —ka 0 -10-% 0 0
Upakr QUake Mzks Qzna | _ o [ 103 0 0 0
Qizer Qs ke Dws—ks Qs ke 0 0 0 X 10- 3
Qearr Dwake Qpa—k3 ks 0 0 -10-5 0

The same techniques, with similar results, can be used to study the field theory arsing from
the Lagrangian defined by the Lagrangian density L : J'm — R:

L ("

a%@i) =

1
2

1
2

= (d0)* + 5 (@)

2

2 2
—-m
D) q

L (3.48)
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which leads to the elliptic Euler-Lagrange equation:

0%¢  0%¢ 9
— + — =0 3.49
ot? + Ox? g (3:49)
Note that with this Lagrangian the case m = 0 would be trivial, being the space of solution
the one dimensional vector space of constants on T.

3.1.4 Theories on non trivial fiber bundles over a torus.

In this section I study the symplectic structures on the spaces of fields which are sections of
some non-trivial fiber bundles over a torus. I will obtain results analogous to the ones obtained
in the past two sections. This study is useful to show how the techniques described in the first
chapter can be applied to field theories defined on non trivial bundles of configurations and whose
fiber-type is not R.

Let’s consider the (vector) fiber bundles:

E

gl
Tab

with fiber C, the set of complex numbers, and so that their sections ¢ can be written in local
coordinates t and x as:

¢ (t,2) = c2n(Ft5e) N ghigin(iette) (3.50)
k

JEL

where a, 3 € R are fixed numbers depending on the fiber bundle; k, j € Z and ¢* € C.

If on T, we follow the closed path v : [0, a] — T, defined in coordinates by 7 :—
(t(r), z(r)) = (v, 0) with 7 € [0, a], we see that the fiber C undertakes a continuous rotation.
The total angle of the rotation reaches at the end of the path a value of —27w«. Analogously if we
follow the closed path ' : [0, b] — T, defined in coordinates by 7 :— (¢ (1), x (7)) = (0, 7)
with 7 € [0, b], we see that the fiber C undertakes a continuous rotation which at the end of the
path corresponds to an angle —27/3.

To cover the fiber bundle £ we can use an atlas two of which charts are U, with coor-
dinates (t, x, q), t € (—e,a—¢), * € (—&, b—¢) and U, with coordinates (', 2/, ¢'), t €
(a4¢€, 2a+¢),z€(b+e 2b+¢)sothatt’ =t+a,a’ =x+b, ¢ =e 27 HBgVt € (e, a— ),
x € (e, b—e¢), g€ C. For every fixed @ and 3 we have a different bundle.

On J'm we use as coordinates (¢, z, g, do, ¢1), where ¢, go, ¢1 are complex and ¢", 5, 4}
are their real components, ¢*, ¢, ¢i their imaginary components. For every ¢ € I' (E) section
of E, we have ¢, (jlqb(x)) = 0uo.

We study the theories defined by the Lagrangian densities L:

L: Jn — R
.. 1.2 1,92 1 5 9
t — = - -
( , Ly 4, qo, Q1) 2 |q0| 2 |q1| 2m ‘q|
where m is a real parameter.
Note that L is well defined on J'7, because its expression in local coordinates depends only

on |¢| and it is not therefore affected by the rotation of the fiber C of the fiber bundle.
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Again, for every section of E we have:

P’ =do = 0o (3.51)
pl=—G=—-0o (3.52)

where p? and p! are in this case complex.
The Hamiltonian is:

H Hom,r(VE,A”_lT*']I‘a’b)%Homﬂ(VE,T*']Ta,b) —R
2 1 2 1
P Sl + g of

1
M Y23 ——
(=", q,p") 5 p 5

where we have used an identification between T*C and C.
Our multisymplectic form is:

w=dp? Ado" Adx 4 dpd A de' A dx — dpt A do” A dt — dp; Adé' Adt —dH Adt Adx (3.53)

where the labels 7 and 7 indicate the real and imaginary components respectively.
The Euler-Lagrange equation is:

57 a2 T m?¢ =0 (3.54)

(3.55)

As one could imagine, the structure of the space of solutions & depends on the parameters
a and . We will study the special case when a and (8 are integers or semi-integers: we may
then write « =n - % and g =1- % with [, n € Z. This case is particularly interesting because it
corresponds to fiber bundles with fiber C which have natural sub-bundles with fiber R. We will
see right after that in this case the structure of & is strictly analogous to the one we have seen
in the previous sections. At the end of this sections I will say something about the more general
case when «, 3, or both, aren’t a multiple of % For the moment let’s follow the scheme we used
in the past sections.

Ifa=n-: % and 5 =1- % with [, n € Z, then the space & of solutions of our theory is a vector

space and it can be written as:
&= ( &y £k> (3.56)

keACZ

where A is the set of integer numbers & > —a such that it exists j € Z which satisfies with k the
equation ([B5H); in the following and at the end of the section I will make some more comments
on the nature of the space A C Z. In formula(@354]), every & is a four dimensional complex
vector space except at most one specific degenerate &), which may be two dimensional, if m # 0,
or one dimensional, if m = 0. Every non degenerate &} is spanned by the four linear independent

complex functions:
27 [(%-‘r%)t-‘rw / fg(a-l-k)Q—%w}

Prx, = e (3.57)
iz |~ (848)1- /T (ot~ 254]
P = e ’ i (3.58)
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i2m | (E42)t— i(a+k)2fm2 m}

P =e¢ [( ) a2 4n? (3.50)
i2m | —(E+2)t+ i(a+k)2,m72m}

Gr, =c¢ [ ( ) a? 4nZ (3.60)

Note that, if £ > —a, k € Z satisfies (B.55), then so does k' = —k — 2, which, substituted
to k into the solution ([B5T), gives the solution (60) and, substituted into the solution ([B359),
gives the solution ([3.58); and we have k' < —a.

It is precisely the condition that a =n - % with n € Z which is necessary and sufficient for &’
to be integer (and minor or equal to «) as well, and therefore for the functions (3.58) and (B.60)
to be of the form ([B.61]) and therefore to be actual sections of our fiber bundles with parameters
«a and 8. An analogous discussion can be done for j and f.

B

&+ %) instead of \/a% (a+k)?

understanding that (% + %) is a positive function of k; id est j > —f.

In the following, to make the notation lighter, I will often write (

When there isn’t any degeneracy of any &%, we may write the solutions of our theory in this
way:
d(tx)= > ("G + " prn + 0" b + 0" Pr, )

ke ACZ

where ¢F™, ¢F> @b $F<" are complex numbers.
It is more useful thought, to separate the real from the imaginary part of ¢ and to use the

(3.61)

functions: ok N
b1 = cos2w W é_,_l T

|\ a b b/ |

Pr2 = sin2mw E+E t+ é+Z T

\a «a b b)) |

Gr3z = cos2w ﬁ—kg t— é—l—l T

\a «a b b/ |

Pra = Sin2mw E—&—g t— §+Z T

\a a b b)) |

Then we can write:

¢ (t,x) = Z (6" pra + 0" Prz + 6" drs + ¢ pra) (3.62)
keACZ
where ¢Fl, ¢*2 ¢F3 ¢** are complex numbers.
And:
d(tw)= > (0" k1 + 6" rz + 6" Prs + O pra) +
keACZ | | | | (3.63)
i > (k1 + 6" dra + ¢ Prs + 0" pra)
kEACZ

where @F17, @F2r @F3r pkdr  @kli o @k2i 0 k31 k4l gre real numbers and they are the real and
imaginary components of the complex numbers ¢F!, ¢F2, o3 k4.

QFIT @R pRBT pRAr gRlL gk21 - pk3i - pkdi are the real coordinates on the real vector space
&.

_ m?2
47{'27
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The set A depends on the parameters a and b which fix our torus, on the parameters « and
which fix the fiber bundle on the torus and on the parameter m which fix the chosen Lagrangian
between the family of Lagrangians we are studying. If m = 0, A may be an infinite set, whereas
if m # 0, A is a finite set. Of course A is empty for most of values of a, b, a, 8 and m. I will
make some more comments on A at the end of the section.

We can proceed now in our study in the same way we did in the previous sections. For
simplicity we will not consider in the following the case when there is a degeneracy of &, for a

particular k.

If G € &, on the eight dimensional real vector space Tg& we take as base the vectors
Ok1rG = %7 Ok2rG = %, OrarG = %, OparG = % and x1;G = %7 Ok2:G = %7

03:G = %7 0raiG = ﬁ~

Their corresponding vector fields over the Hamiltonian curve G are:

k1r (t, ) =cos2m Kz + 5) t+ (i + }7}) x} air

« . a k B J 9
—271’(a+a)Sln27T|:<a+a>t+(b+b>$:|ap2
ton <f+?)> sin 27 {<Z+§>t+ <f+i> x] ai} s

szr(t,I)zsin2ﬂ[<a+k>t+(ﬂ—kj)JU} 0

a a b b op"

a k a k B J 9
+27r(a+a)COSZW{<a+a>t+<b+b)45p9
—2w(§+i>cos2w[(j+s)t+(§+£>x}£}n

Ersr (t, ) =cos 2w Kz + l;) t— <§ + ?)) x} 8(ZST

a kY . a k B J 9
—27r(a+a)sm27r[(a+a>t—(b-&-b)x}apg

Bog\ . k B i 9
- (b+i> sin 2 |:(Z+a>t— <b+i> m] 5ol e

§k4r(t,x)zsin2w[(a+k>t—(B-f'j)ff} i

a a b b op”

a k a k B J 9
oo (2 D eone (2 5)o (249)] 2

B k BLiN,]2
+2ﬂ<b+i>0052w[<z+a)t_(b+g)>48p}
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&r1i (t, ) =cos2m Kz+5>t+<§+i)4 3351‘
2W(Z+Z)Sin2ﬂ[(j+z)t+(§+‘Z>4ai?
+2w<€+i>sin2w{<j+:>t+<§+Z>x]ail

' 3.66

k2i (t,x) =sin 27 [(Z+§)t+(§+i> 4 3(;)51- (3.66)
+27r<z+];)cos27r{<2+z>t+<§+i)4ai?

i ok 8 i\ 10
_27r<b+b>(30527r [(a—|-a)t—i-<b_|_b>x]apl1
@ B B)

Ersi (t,x) =cos 2w Ka ) <b+b) x} 5o
_27r<z )sm27r [(j+5)t_(§+i>$}aizo
Gl G)da

Epai (t,x) =sin 27 [(a ) (§+é> 4 aﬁ; :

k k . P
e (e Jeam (54 0) 1= (541) o] o
. N ’ .
+2w(€+£>6082w[(j+a)t_(§+i>x]apll

with k€ A C Z.

We can compute © and € integrating on the slices ¥ and % defined as in the last section.

Equations B53), B64), B-65), (B66) and B67) tell us that the real and the imaginary

section of the theory are dis-coupled.

We have:

Moreover we have:

and

qur,k’q’i = Qk:q’r‘,k:’q’i = 07 VQ7 q/ € 1; 27374 (368)
qur,k’q/r = qui,k’q/i; V(L ql € 1a 2a 35 4 (369)
qur,k’q’r = qui,k’q’ia VQ7 ql € 17 2; 37 4 (370)

We can therefore calculate the values of the components of € and Q on the real section of
the theory only. I exhibit the calculations in Appendix [A 1l

The results are:

Qr1,k2
Qro k2
Qi3 k2
Qpa k2

Qp1,k1
Qr2,k1
Qi3,x1
Qra k1

Qr1 k3
Q2,k3
Qp3,x3
Qa3

Q1 k4 0 —(a+k) 0 0
Qk3,k4 _ 27_(_9 (oz + k) 0 0 0
Ok ka a 0 0 0 —(a+k)
Qk4,k4 0 0 (a + k) 0

(3.71)
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Dkt Qerke Qer,—k3 Qi1,—ka 0 —(B+7) 0 0
Qo Doz Dizkz Dpzpa | _ o0 | (B+7) 0 0 0
Qs k1 Qeske Qu3,—k3 iz ka b 0 0 0 (B+7)
Qrarr Qare ea—r3 Qpaka 0 0 —(B+17) 0

(3.72)

As already noted, we obtain the same results if we calculate  and © on the imaginary section
of the theory.

We see that Q # Q.

Note the correspondence existing between B71)), (B72) and [B.46]), B4T).

We now come back to the question of identifying the set A to which k belongs. As we said
A depends on, a, b, o, 8 and m. We first consider o = n% and 8 = l% with I, n € Z. Then the
equation (355 become:

2 2 2
1 1 1 1 m
“(nZak) = =(124+45) == 3.73
a2 ("2+ ) b2(2+‘7) A2 (8.73)
We study the case when m = 0. Then we have:
2 2
1 1 1 1
— - —— 1=+ q) = .74
e (n2+k‘) = (12+]) 0 (3.74)

It is clear that (B.74) has solutions only if ¢ is rational. Without lack of generality we can
suppose that a and b are integer without common divisor so that 7 is reduced. It is easy to see that
if both n and [ are even, then there is a natural 1 to 1 correspondence between the solutions of
the theory with n = 0, I = 0 and the solutions of the theory with n, [ generic, the correspondence
sending a solution labeled by k to a solution labeled by k— 5. This correspondence let unchanged
Q and Q.

If on the other hand one of the two numbers n and [ is odd, then the other one must be even,
since otherwise the set of solutions would be empty. Let’s see why. We can rewrite (3274 in this
way:

I+ 27| = ‘Z(n—i—Zk)’ (3.75)
where all variables are integers. Suppose that n is odd: then a must be odd too, otherwise
g (n + 2k) could not be integer. But if a is odd, then b is even (because a and b have no divisors
in common) and this imply that also (I 4+ 2j) must be even and so also ! is even. A similar
discussion can be done for the case when [ is odd.

The conditions that n and a are odd while [ and b are even or vice versa are sufficient to have
a non empty, and in fact infinite, set A of solutions. We can show that those solutions are in a 1
to 1 correspondence with the solutions of the theory with n =1 and { =0 (or n =0 and [ = 1),
which means o = % and =0 (a=0and g = %) For the theory with n =1 and [ = 0 the set
A is the set of natural numbers k so that % is an integer. This set is obviously infinite. Note
that for this theory there is no k& for which &j, is degenerate. To a solution of this theory labeled
by k we link the solution of the theory with generic odd n labeled by the integer k — 5 + % The
correspondence again leave 2 and Q unchanged as it can be easily seen by substitution in (B.71))
and [B.72). A similar correspondence holds between the theory n = 0, I = 1 and the generic
theory with n generic even number and [ generic odd number.

These correspondences should not be unforeseen if one thinks of the geometrical meaning of
the rotations with angles 2ra and 27f3.

If we study the case when m # 0, we find similar correspondences with similar arguments.
We see that the real interesting cases to study are the one with n = 1 and [ = 0, the one with
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n =0 and [ = 1 and the one with n =1 and [ = 1 (an example for the case n =0 and [ = 0 has
already been given in the previous section).

When « and /3 are not multiples of %, the situation becomes a bit more complicated. It does
not make sense anymore to speak about a "real" and an "imaginary" section of the theory and
there isn’t anymore any sub-bundle with fiber R. The formula ([B3.56]) loses of its interest, and
in fact, if both a and 8 were different than a multiple of % then each &% would be of complex
dimension 1 instead of 4. Moreover it can be seen, with calculations similar to those shown here,
that Qy - and Qk,k/ may be different than 0 even when k # k'.

Still in general it would be Q # Q.

3.2 Symplectic structures on spaces of solutions of field
theories over R?

The proof given by Hélein of the equivalence of the symplectic structures built from different
slices belonging to the same homology class remains valid for non-compact slices if we restrict
the space of solutions on which we want to build the symplectic structure. The point there is
that, on a generic solution G, the symplectic form may not be defined; let’s see why. When
G € & is an hamiltonian surface, id est the image in P of a solution of the theory, the symplectic
form Qy; is built by integration of & A £&s_w over the surface obtained intersecating the slice &
with G (where w is the multisymplectic form and & and & are Jacobi vertical vector fields on
G). For the integral to be well defined, & and & must go to zero fast enough at the infinity
of ¥ N G, otherwise the integral diverge. If we want to compare Qs with Qs, we have then to
consider a subset .# C & of the whole space of solutions, such that, chosen the slices ¥ and %, for
every G € . and for every 0,G, 02G € T, the integrals [g, &1 A& wand [5 & Adew
(where & and &5 are Jacobi fields corresponding to the vectors 6;G and §3G) are well defined.
Hélein prove then that Qs are {25 are indeed equal, provided that some more conditions are
satisfied. First of all it must exist a smooth one parameter family of slices ¥; such that ¥g = X
and ¥; = ¥ and such that Vt € [0,1], V6,G, 8,G € Tg.?, fimG & N&_aw is well defined
(where & and & are Jacobi fields corresponding to the vectors §1G and J2G); then the family
must satisfy some more conditions which ensure a good behavior at the infinity of ¥; N G for
every t and for every G. Hélein uses a special kind of homology between ¥ and ¥. What happens
if ¥ and ¥ are not homological in that sense?

In the next three sections I will study two examples of the situation described above. I
will consider two simple field theories over R? and I will compare Qs with Qg on a class of
hamiltonian surfaces for which they are well defined but such that ¥ and ¥ are not homological
in the above sense (although they are homological for the standard homology).

To compare different symplectic structures I will use an integral Fourier development of the
Jacobi fields &.

I will show in this way that, when ¥ is non compact, some subtle phenomena can occur and
in general standard homology is not sufficient to ensure the independence of Q2y, from .

3.2.1 Space of scalar fields over R?.
Let’s consider the fiber bundle E = R2 x R:
R?2 xR

R2
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A section ¢ of the bundle is a smooth function ¢ : R? — R.

We have a chart U = R? which cover all the base space R?. The coordinates on U will be 2,
p = 0,1 with 2°€(—o00, +0) and z*€(—00, +0). I will often use the following notation: z° = ¢
and ! = 2. On V = ¢ (U) = R we use ¢ as coordinate.

We call J'7 the first order jet fiber bundle of E, which is isomorphic to R®. On J'7 we use
as coordinates (z*,q,q,), so that Vo € R?, V¢ € T'(R? x R), ¢, (j'¢ (z)) = 0,9.

In local coordinates we have the Lagrangian £ : (2, q,d,) — L (z",q,4,) 8, 8 = dz°Adx! =
dt A dx being the standard volume 2-form on R? and L, the Lagrangian density, being a function
between J'7 and R.

The Euler-Lagrange equation is:

d oL oL

Let ¢ € R, z € R%: since Hom (T,;R, T,R?) ~ Hom (R,R?) ~ R?, because we identify the
real line R with its tangent and with its cotangent and the real plane R? with its tangent, we
have the Hamiltonian:

H: (R*xR)xR> —R
H = (a",q,p") — P — L (2", ¢, dy)
where we assume that ¢, is the unique solution of gTL (", q,4u,) = p*. To every section ¢ €
I' (R? x R) we associate a section p of R? x R x R?, which will be the section p : R? — R? xR xR?
defined by: ¢ (z¥) := ¢ (z¥) and p* (z¥) := % (z¥,¢,0,0),Vr € R%
"
The Hamilton system is then:

19l B oH , , y

@—@@ ¢, p")

o (3.77)
@Z—afd)(l“ ¢, p")

We interpret (¢, p") as a section of R? x R x R?
((b’pﬂ) palt — (mld«’(b’pﬂ)
and its image G (2#) is a submanifold of R? x R x R?, and so we can associate to any ¢ section
of the bundle (R2 X R) 5 R2?, a submanifold G of R x R x R2.

The field ¢ satisfies (B76) if and only if the section (¢, p") satisfy ([B.77)) which happens if
and only if G (z*) is an Hamiltonian 2-curve, id est satisfies the condition:

VX1, X, €T (TG), V¢ eI (T (R* x R x R?))

(dp® Ndp A Bo + dp' Adp A By — dH A B) (€, X1, X2) =0
or:
w(€ X1, X2)=0 (3.78)
where:
w =dp’ Adp A Bo+dpt ANdp A By —dH A B
=dp°® Adop Adx' —dpt ANdo A da® — dH A da® A dat
=dp’ Ndp N dx —dp* Ndp A dt —dH A dt A dx

We call & the space of solutions of our field theory for some Lagrangian and we identify it
with the spaces of all Hamiltonian 2-curves, satisfying (3.75).
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3.2.2 Free scalar field over R?
In this section we study the field theory defined by the Lagrangian density L : J'm — R:

1 1

L, q,00) = 5 (d0)” = 5 (@)’ (3.79)
To each field ¢ (z*) we associate the momenta p# (z¥) := g{fu (¥, ¢,0u¢), and we have:
p’ = doo (3.80)
pt=—-0o (3.81)
The Hamiltonian H : R? x R x R? — R is then:
" " Looyz 12
H (2" q,p") =5 (") =5 () (3.82)

The Euler-Lagrange equation is the wave equation:

P9 2 _,
o2 9r2

(3.83)

The space of solutions of the theory is the infinite dimensional real vector space &. As we
did in the previous sections of this chapter, we will identify & with &. Being & a vector space,
we have VG : Tg& ~ &.

A generic solution of the theory ¢ can be written as

6 (t2) = u(t+ ) + 6_(t — ) (3.84)

where ¢4, ¢_ € O (R,R) are generic smooth real functions in one variable.

It is easy to see that if G is an Hamiltonian surface in &, then a generic vector §,G € Tg&
is represented by a *Jacobi field” € € T (¢* (T (R? x R x R?))), where i is the embedding map of
G in R2 x R x R2. If on G we use t and x as local coordinates, we have:

i (tx) — (t,x, ¢ (t,x),000 (t,x),—010 (t,x))

and £ is defined on G in this way:

€(t,2) = [ (¢ +-0) - (t = ) S+ (0 2) 4 ol (0= 0)] oot [l )+ 0l (0= )] 5
(3.85)
where uy, u_ € C* (R,RR) are generic smooth real functions in one variable and «/, + v’ are
their first derivative.
In the following we will consider the two vectors d,, G, §,_G € Tg&, represented by the

Jacobi fields:

& (t,x) :u+(t+:v)2+u’+(t+x)i0 —u’+(t+x)i1
19J0) Op Op (3.86)
t,z) = (tfsrz)iJru/(tfac)iJru’(tf:c)i .
E—( ,CE =U_ a¢ — apo — 8p1

Note that the expressions in ([3.86) do not depend in fact from G, which is consistent with the
fact that & is a vector space and not a curved space.
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On R2? x R x R? we consider a slice ¥ of codimension 1 with the property that for any
Hamiltonian n-curve G € & the intersection of ¥ with G is transverse. We also assume that
VG € &, X NG is an oriented manifold of dimension 2 — 1 = 1. We can then define the
symplectic form Qx: let be §1G,0:G € Tg& two vectors over G € &, and let be u; and ug the
corresponding Jacobi fields over G, then:

955 ((51G, (520) = / Uy A\ ug—Jw (387)
NG

The form sy is not defined on all T& because the integral in (B:87)) may diverge. This is a
common situation one has to deal with when working with field theories defined on non compact
base manifolds. The problem is well known and it can be addressed in different ways. For
example Kijowski and Szczyrba in [98] suggested to consider only couples of vectors §,G, 062G
such that at least one between the corresponding Jacobi fields over G, u; and ws, is compactly
supported when restricted to any of the admissible slices ¥. This unfortunately would be a by
far too strong condition for the theory we are studying, unless we strongly limit the choice of X.
This is not what I want to do here. Let’s put aside for a while the problem of the convergence
of the integral in (B8T): we will come back to it at the end of this subsection.

Suppose that €y is well defined, then it will not depend on the point G over which we
calculate it. It may depends instead on the slice 3: this dependence is precisely what I want to
study in the following.

We choose the slice ¥.q of R x R x R? to be the hyperspace of dimension 4 defined by the
equation z = ct + d with ¢,d € R being two parameters. All X 4 clearly have the characteristics
described above. For every G, ¥.; N G has dimension 1 and it can be parametrized with a
parameter 7 in this way:

T— (ryer+d,p(ryer+d), 00 (Tye7+d) , =010 (T, e + d))

Choosing this parametrization, we have also automatically chosen a naturally associated
orientation of X.4.
Let’s set Q.4 := {lx,,. I want now to compute:

ch 44+ = ch (5u+G, 6ﬂ+G) = /Z o €+ N EIAw (388)
cd
Qea —— = Qq (6,_G,65_G) = / ENEw (3.89)
YeaNG
Qea 4 = Qeq ((5u+G, da_ G) = /Z o &L N E:gw (390)
cd

We have that:
Qea ++ Z/ £ ANEfw
YeaNG
:/ {uﬁr(t—km)ﬁi(t—i-:v)—u+(t+a?)17’;(t+m)} dx
YeaNG
+/ {ujr(ter){L:(ter)7u+(t+x)&1(t+x)} dt
YeaNG

:/ [uﬁr(T +er+dui(t+er+d) —up(t+er+ d);’;(T +er+ d)} (cdr + dr)
(3.91)
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so, if ¢ = —1, then:
ch +4+ = O
if ¢ # —1, then:
Qg ++ =sgn(c+ 1)/ {ug_(z)&:(z) - U+(Z)’LZ(Z) dz (3.92)
For Q.4 __ we have:

ch -— = / g— /\é‘—/ﬁw
YeanNG

:/ [t = @)@ (t = 2) — u_(t — oy (t - 2)] do
YeaNG
_/ [ (¢ = )i ()~ u_(t — ) ()]
YeaNG

:/OO {u’_(T—CT—d)’J:(T—CT—d)—U_(T—CT—d)lz(T—CT—d) (cdt — dr)

) (3.93)
S0, if ¢ =1, then:
Qeg —— =0
if ¢ # 1, then:
Qo —— = sgn(c—1) / [u’_ ()@= (2) — u_(2)u (z)] dz (3.94)

And finally we have:

Qed +- :/2 G€+ N —w
cdN

:/ [u@(t—i—m)ﬁi(t—m)—u+(t+:1c)u’7(t—x)} dx
SeaNG
+/E i, [ug_(ter)z’[:(t—x)+u+(t+$)uN'_(t*SC)] dt

:/oo {(c—i—l) [ (T4 cr+d)u_(r—cr—d)] — (c—1) |:U+(T+CT+d)1Z(T—CT—d):|}dT

:/_"O [Zﬁ(ﬂg(T) + f(T)Z—i(T) dr = f(00)g(c0) — f(—00)g(—00)
(3.95)

where f(7) := uy(7 + e +d) and g(7) := uZ(7 — ¢ — d). Note that Q¢q +— = 0if uy or uZ
goes to 0 at infinity.

Looking at the results obtained with (392]), (394) and (395]), we can conclude that 2 does
not depend on the choice of the slice ¥4 as long as we take in consideration the orientation of
such slices and as far as we do not cross the slices corresponding to the parameters ¢ = 1 and
¢ = —1. To be more precise: if we limit ourselves to slices of space type, which entirely lie inside
the light cone, which means to slices corresponding to ¢ < —1 and ¢ > 1, then it is possible
to choose a continuum orientation in the space of slices ¥4, so that  does not depend on the
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choice of ¢ and d. The same if we limit ourselves to slices with parameters —1 < ¢ < 1. On
the other hand the value of €2 may change if we calculate it on 2 different slices lying in the 2
different sectors and there is no possible choice of a continue orientation in the space of slices
which can completely avoid this. Finally, if we consider the special slices with ¢ = —1 or ¢ = 1,
we can see that the corresponding {2 shows a special degeneracy.

We can also observe that {2 never depends on the parameter d.

The symplectic structure change when we pass trough an ipersurface of light type.

Before to close this subsection, let’s come back to the problem of the convergence of the
integral (B.87). We saw above, equation ([B.84]), that every element ¢ of the space & can be
written as:

¢ (t,x) = oy (t +2)+ o (t — )
where ¢4, ¢_ € C (R, R).
Let’s now consider the space I C C* (R, R) of real smooth functions defined by:

I:=H"(R)NnC> (R,R) (3.96)

where H! (R) = W12 (R) is the Sobolev space of functions f € L?(R) such that their weak
derivatives f’ are also in L? (R).
Let’s consider the subspace .# C & defined by:

I ={p€&Elp=0¢y+¢_ with ¢, ¢_ € I}

Then it is T.¥ = .#. Suppose G € . and 6, € Tg-#, then §, is represented by a ’Jacobi field’ £
such that:

0 0
Etr) = [up(t+ ) + u_(t — )] 8—¢+[u’+(t +z)+u(t—2)] 8—po+[—u’+(t +z)+u (t—2)] —
with uy, u_ € 1.

Then, remembering equations [392), (3:94) and ([B.97), it is easy to see that the integral
BX1) is always well defined when uy,us € T.#. Therefore Formula ([B:87) defines a symplectic
form on & C &. The comparison between non-equivalent symplectic structures made in this
subsection makes sense if we compare symplectic forms Q and Q' defined on .#.

We could do better. A Fourier analysis would also show that the integral (3.87) is indeed
always well defined if uq,us € T'_#; where:

J ={p€&lg=0d+¢_ with ¢, ¢_ € J}
with
J:=H? (R)NC> (R,R). (3.97)

Remark 21. Note that in Formula (896) and B31), the intersection with C* (R, R) is assumed,
although it is not necessary to ensure the convergence of the integrals calculated in this section,
because all the fields are from the beginning supposed to be smooth.

3.2.3 Massive scalar field over RZ2.

On the same fiber bundle over R? used in the last sections, we study now the field theory
defined by the following Lagrangian density L : J'm — R:

. 1 1 1
L(a",q,4s) = 5 (40)” — 5 (61)° - §m2q2 (3.98)
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This is a special case of the theory studied by Marsden and Shkoller in [T0§].
We will use the same notations used in the past sections.
The Hamiltonian H : R? x R x R? — R is then:

1 2 1 2 1
H (2" q,p") =5 (") =5 (') + 3m*e® (3.99)
The Euler-Lagrange equation is the equation:
Po ¢,
_ =0 3.100
o7 a2 Y (3-100)

The space of solutions of the theory is again a infinite dimensional real vector space &. We
study its complexified & to make some calculations easier. We denote every ¢ € €& solution of
BI00) with its Fourier integral. We have then:

¢(t’ x) _ /+OO [¢+( ) 27 (kt+jx) +¢ ( ) 27 (kt— ]w):| dj (3.101)

— 00

where
m2

72 102
k= | | + — 1 (3.102)
is a real function of j with values always concordant with those of j.

We consider ¢7(j) and ¢~ (j) as elements of a chosen functional space I C C* (R, R); in this
way we restrict & to a subset &

If $ € .7, then it corresponds to an hamiltonian 2-curve G.

As in the previous section, if 6,G € €T¢.# is a vector over the point G, then §,G corresponds
to a suitable u € T (z* (CT (IR{2 x R x RQ))). As a correspondent to §,,G we take the vector field

u defined on G by its Fourier integral in this way:

T2

oo 2w (kt+jz) 2 (kt—jx) 9
()= [ difut (e +u” (j)e | 55
oo 2w (kt+jz) i2m(kt—jx) 9
+ dj mk{ (j)e ) 4y (e j }3]9 (3.103)
_ oo . . s+ (5 pi2w(kt4ga) ) — 2w (kt—jx) 0
dj i2mj |u™ (j)e u” (j)e apt

where ut, and u~ are elements of a functional space D determined by the choice of I, which in
turns determines also .# and ©.#. The choice of I, and so of D, is made so that all the integral
appearing in the following do converge. I will not show here how it is possible to chose a suitable
I, but one can retains that a procedure analogous to the one adopted at the end of the previous
subsection can be followed also in this case. A posteriori, one can verify (as in the case of free
field treated in the previous session) that indeed a good choice of I is I = H= (R) N C* (R, R),
which implies D = 1.

We will distinguish again the vector fields of the type u* from those of the type u~, where:

ot @) = L zo d][ () ZQW(“HJE)} [;; sz( 880 - jaaplﬂ (3.104)

and

+oo
u (t,x) = / dj [u_ () eﬂw(kt—j%)} L{fd) + 27 < 880 —l—]ai )] (3.105)

— 00
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On R? x R x R? we use the same slices ¥4 defined in the previous section and we parametrize
them in the same way with the parameter 7.
We can calculate € for any 6,G € ©T¢.#. We compute:

Qo 11 1= Vo (s G 630 G) 1= / AT (3.106)
caN

Qed —— = Qeq (04,-G,05-G) = / uT AT Jw (3.107)
YeanNG

Qed - = Qeq (0,+G,05-G) = / ut AT Jw (3.108)
YeaNG

‘We have then:
Qut 14 = / / di' ut ()@t (7')

“+oo
{/ 1277 k’ k |: 7,271' k'r+cy'r+jd) 127r(k"r+('] T+7 d):| ¢ dT

— 00

—+o0
+ / —i2m (—j +j') [e”““”*cﬁﬂd)eiQ”(k/T+Cj/T+jld)} dr}

+oo —+o0
- [ a4 @@t

i ) sy g7 ; ’ . .
/ i27T[ (k kJ) ( . Jl)} el?ﬂ(]+] )d€z27r(k+k +cj+cj )TdT

+o0 +o0
/ dj/ di' ut (§)at (5') i2n[c(k — K) + (G — 5] 12”(3+])d(5(k:+k/+03+q7)
(3.109)

To study the value of this integral, it is necessary to study the value of the function f =
k+ Kk + c¢j + ¢j’ which is a function of the variables j and j’ depending on the parameter c¢
(remembering that k and k' are defined by (BI02) as function of j and j'). In particular it is
necessary to find the zeros of this function f.

One can see that if ¢ > 0, then the function f has only one zero j = —j’. Moreover
df _ ck'+) daf
dj/ - k:/ - dJ/
n ([BI09) we can then perform the integration over j' and we find that, when ¢ > 0:
400 k
Qe = [ djut ()a" (=) idmleb+)
—o0 ck+j
oo (3.110)
:/ idrk ut () at (—j) dj
— 00
When ¢ < —1, the function f has the only Z€ro j’ —j for 7 > 02 and j < ——2, but it
has a second zero j' = jo for every — C2 <j< 02, being js a functlon of jand jo # —j .
Moreover, if ¢ < —1, then sgn(ck —|—j) = —sgnk and so we have ‘W = Ckk‘ﬁ‘J — _ck +J . We
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have then, when ¢ < —1:

“+oo
Qe — dj ut () at (—j) idr[ck + 4] [ —
d ++ [m 7 (])u ( ])ZW[C +]}< Ck‘-i—j)
1322 27 (j+j2)d k2
+/ dj ut (§)@" (j2) 027 [ch + j — chy — jo] €2TUHIR (- ——=—
o cka + ja
= (3.111)
:/ —idrk ut () at (—5) dj
_Oj(’.
[t Gt o) ekt g - ob — gl erin (- L
. o Rk
) J J2 J 27 )2 cky + ja

where ks is a function of js calculated with (B102) and it is then a function of j.

To evaluate the second integral in ([BIII) we must consider that f(j’ = j2) = 0 imply
k+cj = —(ka+3j2). Moreover from (3.102) we obtain that k2 = j2+ % and c?j2 = ?k? —02%
and similarly for k3 and j3. So we have the following equivalent equalities:

k + Cj = _(kQ + ng)
(k+cj)? = (ky + cja)?
k? 4 2cjk + ¢*5% = k3 + 2cjoky + 243

2 2 2 2
2 M . 2.2 om~ o M . 27.2 2 M
J —|—m—|—2cﬂc+ck _CH—J2+4TT2+QCJZI‘72+C kQ—cﬁ
(ck+ )% = (ckz + j2)*

(ck + §) = %(cks + j2)
But the first of them taken with (ck + j) = —(cka + j2) would imply jo = —j; Since we know
that jo # —j, then we conclude that k + ¢j = — (ks + ¢j2) is equivalent to ck + j = ckg + j2 and

therefore the second integral in (BITI]) equals 0.
We then have, when ¢ < —1:

“+o0
Qed +4 :/ —idrk ut (j)at (—5) dj (3.112)

— 00

When —1 < ¢ < 0 a similar situation occurs:

“+o0

Q — . + . ~+ _. .4 »

e = [t Gt J)Zﬂ[ck+3]‘6k+j‘+

2 i (3.113)
lfcﬁ . . .

+/ dj 't ()@ (o) i [ch +j — chy — jo] 2T+ (‘ iy )
2 cks + jo

1—c2

We can repeat the reasoning made on jy, which did not depend on the value of ¢, and conclude
that the second integral equals 0.

In this case, however, the sign of the function Ck]ij
the variable j. We therefore have, when —1 < ¢ < 0:

has a more complicated dependence on

“+o0
Qi e = [ djut ()i (~3) idmsgn ek + ) A (3.114)

—00



48CHAPTER 3. NONEQUIVALENT SYMPLECTIC STRUCTURES ON COVARIANT PHASE SPACE

Qcq ++ various continuously with the parameter ¢ when —1 < ¢ < 0.

When ¢ = —1, again the equation f = 0 has only one solution j' = —j, and taking into
consideration the sign of %ﬂ., we have:
+oo
Qed ++ = / —idrk ut () at (—j) dj (3.115)
—o0

To complete our study, we may want to calculate 2 on a slice ¥4, defined by the equation
t = d. In this case ¥,y UG can be parametrized with a parameter 7 in this way:

T — (d,7,¢0(d,7),000(d,7),—01¢(d,T))
We then have:

+oo +o0 +oo ) ) ) ) .
s e = [ [ afwryar @) [ i (e k) [ereaninenn ] o

oo

+oo +oo +oo ) , . o,
R R Y B e e

— 00

+oo —+oo ) ,
- / dj / 4 ut ()@t (j') iz [k — K] e () (4 )
+oo

_ [ idmk ut (j) @t (—j) dj
(3.116)

In a similar way we can compute Q.4 —_ and Q.4 —_. The role of the special value ¢ = —1
for the parameter ¢ will be taken in this case by the value ¢ = 1.

+oo +oo
Qui = / g / ' u ()i (7')

“+o00 . . . . ’ ./ ./

— 00

“+ o0
+/ —ior (] _ ]/) |:ei27T(kT—CjT—jd)eiQTK‘(k,ch‘j,Tfjld):| d’T}

_+<x> +oo
[ 4 @@

+ . N o
/ ior [C(k . kl) o (] . ]/)] 67,271‘(7]7‘] )deﬂﬂ'(k+k —cj—cj )TdT

OOJroo +oo ) o,
:/, dj / di' v ()i (') i2m [e(k — k) — (j — 7)) 253790495 (k 4+ ' = ¢j — ¢j)
(3.117)

An argument similar and symmetric to the one we have undertaken before will take place to
obtain the following results:

fore>1

“+o0
Qs :/ dmi k()i (—f) dj (3.118)

— 00
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for e <0
+oo
Qi = / ami k= () A (—j) dj
for0<e<1 N
Qui = / ami k| sen(ck — ) u™(j) @ (=j) dj
and finally:
+oo
Opea = / dmi k™ ()@ (=) dj

As for Q.q +—, we have:
+oo +oo
Qe = [ 4 [ d @ @)
+oo
{/ ion (k . kl) |:6i271'(k:’r+cj‘r+jd)6i27r(k'rfcj'7'fj’d):| cdr
_ <
+/ —i9 (7‘7 o ]/) |:ei27r(k'r+cj7+jd)eiZW(klffcj’Tfj’d):| dT}
7+oo “+o0
[ 4 e w)

[ imlelh = )+ (g ) @m0 e g
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(3.119)

(3.120)

(3.121)

“+oo —+o0
- / dj / &' ut ()i (') i2m [e(k — k) + G+ 7)) €270V (k + K + ¢j — ¢f)

(3.122)

To show that this integral is always equal to 0, we can argue in this way: if there is a &’ function

of k so that k + k' + ¢j — ¢j’ = 0, then we have the following equivalent equalities:

k+cj=—(k —cj)

(k+cj)? = (K —¢j')

k% + 2cjk + 252 = K% — 2¢j'K + *5?
m2
4n?
(ck + j)* = (ck' — j')?
(ck+j) = £(ck' —j)

2 2/
it + + 2¢jk + *k* — 2l gy I

an? J 472

where one of the last two equalities hold.

2
2¢i'k + *k? — 2

But if kK +c¢j = —(k' — ¢j’) and (ck +j) = —(ck’ — j') hold together, then j = j’, which is
in contradiction with the first of the two (being m # 0), unless ¢ = +1. So, if ¢ # +1, then
k+k +c¢j —cj’ = 0 implies that (ck + j) = (ck’ — j'), which implies that the integral in (3.124)

equals 0.

If ¢ = 41, some algebra shows that k+k’+cj —cj’ = 0 would imply that j° = 7 which in turns
would imply k&’ = k which together would be in contradiction with k + &’ + ¢j — ¢j’ = 0, unless
k = 0, which is impossible if m # 0. So we conclude that if ¢ = +1, then K+ k' +¢j —cj’ #0

always and therefore again we have that the integral in (3124)) equals 0.
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Therefore:
Qg +— =0 VeeR (3.123)

Finally we have:

+OO +OO +OO . . . / -/
Qoo d +- = / dj/ dj/ ut (]) i~ (J/)/ 27 (kj _ k‘/) ez27r(kd+]7—)6127r(k d—j 7—)} dr
—00 —00

—00

+o00 +oo +o0 ' ) . o
= / dj/ dj/ u+ <]> = (]/>/ ior [k _ k/,/] ezQTr(k-l—k )d€1277(]_] Vr dT
— oo —00

— 00
+oo —+o00 ) ,
B / dj / dj' wt () (j') i2m [k — K] eI (5 — §') =0
— 00 — 00
(3.124)

To come back to §,G € Tg.¥ real vector space, it is enough in the formula (BI03), (3.104) and
(BI09) to consider only u™ (k) and u~ (k) real and with the additional condition that u™~ (k) =
ut™ (=k); or u™ (k) and u~ (k) imaginary pure with the extra condition that u™= (k) = —u™~ (=k).

These conditions ensure that Qcq 4+, Qood +4, Pea —— and Qooq —— have real value.

We can conclude that € does not depend on the parameter d.

If we choose only slices of space type, which entirely lie inside the light cone, which means
that we choose slices corresponding to ¢ < —1 and ¢ > 1, then it is possible to choose a continuum
orientation in the space of slices ¥4, so that £ does not depend on the choice of c.

On the opposite, when ¢ varies between the values -1 and 1, which means when we consider
slices time-like, then 2 varies continuously with the parameter c.

There isn’t any special phenomenon of degeneracy on the slices corresponding to ¢ = —1 and
¢ =1 which delimit the light cone, but when such slices are crossed, then §2 begins to undertake
changes.



Chapter 4

Observables and their Poisson
brackets

In section 2241 T showed how to build a symplectic structure on the covariant phase space ¢
starting from the multisymplectic structure on the finite-dimensional multimomenta space P.

The space of functions on ¢, let’s call it .# (¢), or, for gauge theories, the space of functions
on the quotient space, by the gauge group, of ¢, is called the space of observables and it is of
the highest interest from a physical point of view.

On Z (¢) physicists have introduced brackets, the "fields brackets', which in facts can be
viewed as a Poisson structure on ¥.

In this short chapter I want to show how to build a Poisson structure on ¢, starting from
its symplectic structure. I will then exhibit some formula for the Poisson brackets on % (¢)
and I will try to relate them to the brackets used by physicists. These results are known for
multisymplectic field theories; in chapter [0 I will show how they can be extended to superfields
theories.

Since in general ¢ is infinite-dimensional, building on it a Poisson structure in a rigorous way
would need an infinite-dimensional differential structure on ¢, such that it would be possible
to speak of the tangent space T'Y, the cotangent space T*¥ and the space of smooth functions
C> (¢). I will not explore here these questions and I will not go into the analytical subtleties of
the matter. One can consult how Kijowsky and Szczyrba treated the matter in [97, [98]. I refer to
K. A. Rejzner, [125] [126], for a possible approach to this subject, although other approaches may
be equally valid. In this thesis I will treat ¢, % (¥), T9 and T*¥ as formal objects, meaning that
all the considerations here done could be made rigorous whence a suitable differential structure
on ¥ is defined.

For more details on the use of a functional approach in studying Symplectic and Poisson
structures on the covariant phase space, one can see M. Forger and S. V. Romero [53].

Let G € 4 be a solution of the field theory: as seen in section 23] G can be seen as an
Hamiltonian section-submanifold of P associated to the section z € T'(P), so that G = z(X).
As we have seen in section 2.4] every vector Vg € Tg¥ corresponds to a vertical vector field,

which here I will call with the same name Vg, over the Hamiltonian manifold G. We can
write Vg = Vqu (z(z)) 3%1' () + V& (2(2)) 6%9|Z(z)' Remember that Vi must satisfy the Jacobi
equations. '

Let’s suppose that the theory admits for the n-dimensional base manifold X a decomposition

o1
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in a product of a n — 1-dimensional space manifold and a one dimensional time manifold, such
that every "space" manifold is a Cauchy surface (for a discussion on the Cauchy problem in field
theory one can see the review paper of I. Khavkine [89] and the bibliography therein). On X, we
can use local coordinates (¢,4°) with b = 1,...,n — 1, where (#°) are coordinates on the space
and such that, for every k constant, the equation ¢ = k defines a Cauchy surface: let’s call them
Cauchy coordinates. Let’s call ¥ x the Cauchy surface of X corresponding to ¢ = 0 and let’s call
¥ the restriction of P to Xx.

Then, if the Cauchy problem is well-posed and, in particular, in the absence of gauge symme-
try, to fix a solution of the theory G, it is enough to know 2z (Xx) = 2(X)NE = GNX or, in other
words, it is enough to know the values of the fields on X x, ¢*(%) := ¢*(z (0, ¥)), together with the
values of the first components of their multimomenta in the Cauchy coordinates on the Cauchy
surface, id est p?(z (0,%)); let’s call m; that component: 7;(Z) := p{(z (0,%)). Inversely to each
set of values [¢'(Z), m;(Z)] on the Cauchy surface, it corresponds one solution of the theory.

In fact, to every vector Vg € Te¥ corresponds a vector field, which here I again will call with
the same name Vg, over the surface ¥ N G and of the form:

0
oq’

0
am

Ve (@) = V& (2(0,7)) A VE(2(0,2)

z(0,%)

z(0,%)

Let’s consider a function F € % (¢): it’s differential dF' € T (T*¥) acts linearly on vector
fields on 4 to give functions on 4. In other words dF|¢ acts linearly on Tg¥ to give a real
number. Hence dF|¢ (Vig) can be written in this way:

oF

. oF
v @) 5

0F | (Vi) = / @@ 3

Xx

(571'7;

) (f)} dz

where dZ is the n—1-dimensional canonical volume form defined on ¥, by the Cauchy coordinates,

Vgi (@) and V' (Z) are shortcut for Vg (2(0,%)) and V' (2(0, %)) and where (‘;5 ‘G and gfi G e

suitable distributions defined on ¥ x and depending on ¢. In general it is not simple to calculate
these distributions, but for certain classes of function on ¢ it turns out that the calculation is
easy.

On ¥ it is possible to define a symplectic form Iy in this way:

Os|e (Ua, Va) 12/
Xx

(Vg @VE @ - Ve @Ug @) dE = /E ~ (Vs A Vo) dg'ndmnd
N
(4.1)
where I denote by the same name dZ the canonical volume n — 1-form defined by the Cauchy
coordinates on X x and its lift on X.

Note that, a priori, IIx, depends not only on 3 but also on the chosen decomposition of X
and on the chosen Cauchy coordinates, because the form dq’ A dr; A dZ depends on them. I don’t
keep track of this possible dependence because we will see below that indeed IIs; do not depend
on anything else than 3.

The, Peierls-like, fields brackets used by physicists are equivalent to the Poisson brackets
which originates from the Symplectic structure on ¢ defined by the symplectic form IIy; see [89],
chapter 3, for a discussion on this statement: we content ourselves to formally prove (LX) below.
Let’s see briefly how to define these Poisson brackets with a procedure which mimics the one
used on finite dimensional manifolds.

To every function F € .F (4) we can associate a vector field £V on ¢ in this way:

dF (1) =1y (-, 7'V)
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then:
i oF oF
Fva = , FVEi=—- —
0T | 8¢ |4
And we define:
{A, B} =TIy (*V,PV) (4.2)

Then we see that:

A8 @ = [ = (V@@ -V @'V @) an

/2X<§i G(f))df

Note that, if one changes the Cauchy decomposition of X, or if one changes the Cauchy
coordinates, in general 7, # 7;; so in general we have that: dg’ A dm; A dT # dg* Adm) A da’. This
means that the form dg’ A dm; A dZ is not defined in a covariant way. As a consequence also the
fields brackets are not defined in a covariant way.

However: if, in order to define the Poisson structure, we replace the form Ily with the
Symplectic form Qy defined in section [Z4] following the ideas of Kijowski and Szczyrba, [98],
then clearly we obtain a Poisson structure which do not depend on the full Cauchy decomposition
nor on the coordinates chosen, but only, possibly, on the Cauchy surface . We obtain then a
covariantly defined Poisson structure on ¢ which turn it into a true covariant phase space.

(4.3)
(@ 28

AT

. 0A
Xr) —
G oq'

. 0B
@-5

In fact, if one remembers the discussion made at the beginning of chapter B one see that
Qy is even independent on ¥ under certain assumptions (for example if we can chose Cauchy
surfaces ¥ which are all compact and belonging to the same homology class).

The situation is even better: it can be proven that, for every X, whatever is the global Cauchy
decomposition of X and whatever are the Cauchy coordinates used to define Iy, we have that:

IIy = Oy

The formal proof is very easy; see [64] for more details. By the definition of IIy;, 7; and by
the definition of Cauchy coordinates given above and the definition of multisymplectic form w
and Symplectic form Qy, we have that:

HE|G(UGaVG):/ — (Ug AVg) dg' Admy A dT =
NG

:/ —(Ug AVg) _adq* A dp? A By = (4.4)
NG

:/ (Ug ANVg) 1w = Qs|e (Ug, Va)
NG

So the Poisson structure covariantly built with €2y is equal to the Poisson structure built with
IIs;. Equation (43]) holds for both.

For a discussion on the equivalence of the Poisson structure built with Qs with the structure
given by the Peierls brackets defined with the help of Green functions, see [53] and [89].

Let’s now consider the functions A = ¢*() and B = m;(%) defined on G € ¢ in the following
way:

A(G) = ¢' (2(0,9)), B(G) =m; ((0,7))
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Then it is easy to calculate:

SA| e GA|
wG(x)_éjé (T —9), 57chm)_0
oB| OB| o Gene1l,e
Wg(x)_o 757ch($)—5i5 (T —19)

So, from formula ([@3)), we obtain:
{m@).d W)} = s G- ) (4.5)

Relations (43)) are the fundamental commutators at equal times of physicists classical Bosonic
field theory. We have then shown the link existing between the symplectic structure built on ¢
with the multisymplectic techniques and the canonical commutators structure of Physics field
theories.

Note that all the considerations made above make sense only under certain conditions on
the field theory. For example, if the Lagrangian is gauge invariant under a certain gauge group,
then the Cauchy problem has not an unique solution and the subject of Cauchy decompositions
need to be treated more carefully, see [89]. Moreover, when the Lagrangian is not regular, the
multisymplectic form w can still be defined on P, but the symplectic form Qs may be, a priori,
degenerate. In these cases the link between the multisymplectic form on P and the canonical
structure of the field theory used in Physics is not anymore so simple to find. For a discussion
on Yang-Mills theories in a multisymplectic framework see [T1]; for a discussion on General Rela-
tivity and its possible extensions see [75]. For a discussion on Symplectic and Poisson structures
on the spaces of solutions of field theories with constraints and gauge invariants see [89).

Relations (A constitute the starting point and the main ingredient of canonical quantiza-
tion. The other essential ingredients of canonical quantization are Green functions and field
commutators at different times. I will not treat here the question of their covariant definitions.

It is worth noting that there have been some attempts of approaching fields quantization
directly from the point of view of multisymplectic field theory, trying to exploit the fact that it is
defined on the finite dimensional multimomenta space P and trying to exploit it’s main resource,
which is the existence of the multisymplectic differential form w.

These attempts usually begin with a definition of the space of observable which is a drastic
reduction of the space of all possible function on ¢ and they continue by trying and build a
Poisson-like structure on that space, defining somehow the brackets of observables in a covariant
way. At this stage authors try and take advantage from the presence of the multisymplectic
struture on the finite dimensional space P. Then the quantization programs possibly continue
using the brackets defined for quantization.

All these approaches are naturally covariant and do not want to rely on a Cauchy decompo-
sition (id est a time foliation) of the spacetime X.

For some examples of how the restricted space of observables with their Poisson-like brakets
can be constructed, see Kijowski [94] [95], Kijowski and Szczyrba [97], Hélein [74], Forger and
Romer [52], Forger, Paufler and Romer [50, [5I], M. O. Salles [I39] and the last chapter of Forger
and Romero [53]. See also Baez, Hoffnung and C. L. Rogers [3] and Baez and Rogers [4], where
on the space of observables of a string theory is built a Lie 2-algebra structure exploiting the
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2-plectic (multisymplectic in my terminology) structure. Richter in [I31] build on a certain space
of observables a structure of homotopy Poisson-n algebra.

With his work, see for example [85] 86] [87, [8]], I. Kanatchikov carries forward the program,
until a quantized theory is built.
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Part 11

Fractional mixed forms on
supermanifolds

o7






Introduction to Part 11

In this second part of my thesis I introduce the notions of fractional forms, fractional coforms
and fractional mixed forms on supermanifolds. The fractional forms will be an essential ingredient
for the definition of a superfield theory and for the supermultisymplectic formalism which is the
main object of the third part of this thesis.

Fractional forms are good examples of the forms introduced by Th. Voronov and A. Zorich
in their papers during late '80-s, [I55] [1506] 157, [I58]. Voronov-Zorich forms were introduced as
the natural analogous on supermanifold of classical forms on classical manifolds. They can be
integrated over supermanifolds, they present a natural pairing with supervectors and they admit
a Cartan calculus. The fractional forms that I define here in Chapter [ are a specific class of
Voronov-Zorich forms which can be defined through the use of superdeterminants. It is possible
to set up rules for a Cartan calculus on fractional forms and I do it in section B4} this calculus
turns out to be more manageable than the Cartan calculus for generic superforms.

When building a superfield theory, we can decide to restrict ourselves, as long as it is possible,
to the use of fractional forms rather than using the more general but more complicated superforms.
I believe that fractional forms, with their simple notation introduced here, not only can simplify
the actual Cartan calculus needed for field theories, but they can make it also more transparent.
Moreover fractional forms, like all Voronov-Zorich r|s-forms can be integrated, and their integral
satisfy some nice properties, as I explain in section

I will show in the third and last part of this thesis how all this can be useful in the definition
of superfield theories.

Fractional coforms are special examples of what Voronov calls twisted covariant dual La-
grangians satisfying the fundamental equations or shortly twisted dual forms in [I53] and [154],
and they are the basis for the definition of his stable forms. Fractional mixed forms are examples
of what Voronov called mixed forms, [I53], [I54]. I will introduce them in Chapter [0, together
with the rules to perform with them a Cartan calculus and together with the definition and the
proof of some properties of their integral.

Chapter [ is indeed independent of the rest of this thesis and it is not necessary to read it
in order to understand its third part. Therefore the material presented there is not treated in
detail. It can be considered as a natural complement of chapter Bl and as a preliminary work for
future studies, especially in the direction of Batalin-Vilkovisky and Bechi-Rouet-Stora-Tyutin
superfield theories.
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Chapter 5

Fractional forms and their
integration on supermanifolds

Section [B.I] will be dedicated to fix some conventions and notations regarding supermanifolds.

In section B2 T will give the definition of Voronov-Zorich superforms and I will propose a
natural extension of this definition.

In section B3l T will treat a subclass of superforms that I call Berezinian superforms.

In section [£.4] I will present the exterior multiplication of superforms by covectors and their
contraction with vectors. Doing so, I fix an imprecision in the definition of the wedge product
appearing in [I54]. Moreover I point out and I resolve an ambiguity in the definition of the
interior product by an odd vector, which until now had not been noticed. I will present then the
commutation relations to which exterior and interior products obey, which were first shown by
Voronov in [I54].

I will then define fractional superforms and will consider a Cartan calculus for fractional
superforms, which turns out to be quite intuitive.

In sections and (.41 T also introduce a simple system of notation which, I think, makes all
the subject transparent and possibly makes it easier the use of superforms in field theory or other
areas of mathematics. It is from the choice of this notation that arises the term "fractional”.

In section .5 I will shortly explain how the objects previously defined can be used to built
a theory of integration on supermanifolds. Indeed all the material presented in the following
chapters of this thesis presupposes a good theory of integration of superforms on supermanifolds.
I will make use of the theory first elaborated by Voronov and Zorich in [I55, [156], 157, [158]
and presented in a detailed exposition by Voronov in [I52]. In fact I will only need the main
definitions and the main theorems of that theory and I will explicitly recall them without giving
detailed proofs. I'll propose some minor modifications, like the introduction of the integral over
an immersed body, which suitable for the matter treated here.

5.1 Supermanifolds and their tangent and cotangent mod-
ules.

The use of anticommuting variables in mathematical physics can be traced back to the papers
of 50’s and 60’s of J. Schwinger on the theory of quantized fields, see the book of Schwinger [143].

In his paper on the commutation laws of relativistic fields, Peierls, in 1952 [122], made use of
anticommuting parameters, which he put in front of fermionic fields.
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J. Martin in 1959, [109} [110], introduced a differential calculus for functions of anticommuting
variables with the aim of extending Feynman’s path-integral method of quantization to fermions,
but his work remained largely unknown.

It was the work of F. A. Berezin on second quantization in 1965 [II] that really gave birth
to supermathematics. It was followed by other works of Berezin and coauthors, for example
Berezin with G. I. Kac on supergroups in 1970 [I4] and Berezin with D. A. Leites in 1975 on
supermanifolds [15].

During the 70’s, the development of supersymmetric field theories in Physics, which began
with the works of D. Volkov and V. Akulov [I49] and J. Wess and B. Zumino [I59], required a
good mathematical foundation of the theory of supermanifolds and triggered a number of studies
of different authors: for example again Berezin [12] [13], M. Batchelor [7] or Leites [103].

Two different, but essentially equivalent, approaches to supermanifolds can be undertaken,
see [§]. Following A. Rogers [I33], I call the first approach ’concrete’ and the second one ’algebro-
geometric’.

In the concrete approach a supermanifold is a set, more specifically it is a manifold modeled
on some ‘superspace’ so that it has local coordinates, some of which take values in the even and
some others in the odd part of a Grassmann algebra [I33]. This approach has been developed
mainly by Rogers, see for example [132], and B. DeWitt, [43].

In the algebro-geometric approach to supermanifolds, it is the sheaf of functions on a classical
manifold which is extended, to become an anticommuting sheaf. This approach was initially
developed by the Russian school following Berezin; for an introduction to the subject see Leites
[103] and Y. Manin [105]; see also C. Bartocci, U. Bruzzo and D. Herndndez Ruipérez [6].

For a shorter introduction to supermanifolds see also Hélein [69].

Recently a categorical point of view on supermanifolds has been proposed by some authors:
see C. Sachse [138]. This approach strongly relies on the concept of functor of points, which, to
my knowledge, was first introduced in supermathemathics by A. S. Schwarz in [I41].

In this work, I will use the concrete approach. For an extended introduction to the subject
and a more complete historical account, see the book of Rogers [I33] from which I have also
taken most of the notation.

I will use the remaining two parts of this section to fix some notations and conventions.

5.1.1 Supermanifolds.

For the definitions of superspaces, supermanifolds, tangent super-module, G superfunctions
and G* super-bundles in the concrete aprroach, I refer to [133].
In this thesis a superspace of dimension n|m will be a real superspace:

Rg\m = RS,O X X RS,O X RSJ X X RS,l

n times m times

where Rg o and Rg; are respectively the even and the odd part of the real Grasmann algebra
with infinite number of generators; I will call sometime "even numbers" the elements of Rg
and "odd numbers" the elements of Rg ;. The presence of an infinite number of generators is
important for certain proofs.

On Rglm the DeWitt topology will be understood [43]. Supermanifolds M of dimension
n|m will be modeled on Rglm with the DeWitt topology with the use of n|m — G atlases of
charts. The G*°-maps are in superanalysis the natural generalization of C*°-maps: see [133] for
a proper definition. For a different approach to maps between supermanifolds see Hélein [68].
The subscript S will be often let to drop.
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On supermanifolds I will use the following convention: indices of even coordinates will be
indicated with Latin lowercase letters, indices of odd coordinates will be indicated with Greek
lowercase letters; capital Latin letters will be used for indices running trough coordinates of both
parities or when the parity of the coordinate is unknown or generic. The convention used for
the coordinates on tangent spaces of supermanifolds will be introduced and explained below. I
will follow the so called skew-commutative convention for the parities of forms and vectors of a
supermanifold: it will also be explained below.

With the symbols | | or deg( ), I'll denote the degree of a coordinate or of an index (according
to the context), especially when they appear in a formula which is the exponent of (—1). The
degree is 0 when the coordinate (or the index) is even and it is 1 when the coordinate (or the
index) is odd. All operations undertaken with degrees will be understood as modulo Z if not
otherwise stated.

On an open chart U of an atlas of the supermanifold X I’ll use often the local coordinates
(x%,2%),a=1,---n, a =1,---m (or the coordinates x4 with A =1,--- ,n +m), where n|m is
the superdimension of X. So we will have [z*| =0 and |z%| =1 or |a| = 0 and |a| = 1.

I’ll often denote by 0,, 9, and 04 the operators 88 9_ and 8%,.

xa? Ore

5.1.2 Tangent and cotangent bundles of a supermanifold.

The first big difference which distinguishes the super framework from the classical one arises
when one considers vectors on supermanifolds. The tangent space over a point z of a superman-
ifold X is not in fact a superspace, whereas a free supermodule over Rg: I will call it T, X.

It is possible to establish a natural one-to-one correspondence between the elements of the
tangent supermodule T, X and a superspace. If the supermanifold X has dimension n|m, the
tangent supermodule over one of its point is a free supermodule of dimension n|m. If on a local
chart U of X, x has coordinates (z%, z%), then a base for T, X is provided by the derivations
(Oa; On). In this paper I follow the so called skew-commutative convention for the parities of
forms and vectors of a supermanifold: so I give to 04 = 83% the same parity of z4: thus 9, will
be even and 0, will be odd. Once fixed the degrees of the generators of the supermodule T, X,
we note that:

— an element of T, X is even if it is the product of an even generator by an even element of

the algebra Rg or if it is the product of an odd generator by an odd element of the algebra
Rs;
— an element of T, X is odd if it is the product of an odd generator by an even element of the
algebra Rg or if it is the product of an even generator by an odd element of the algebra
Rg.
For example: v, is even if all v® € Rg o are even numbers, whereas v99,is odd if all v@ € Rs1
are odd numbers; v¥0, is even if all v* € Rg; are odd numbers, whereas 1?‘75@ is odd if all
v e Rs,o are even numbers. A suitable version of Einstein convention on repeated superindexes
is understood.

I call T, 0X the space of all even elements of T, X and I call T, ;X the space of all odd
elements of T, X. We have then T, X = T, 0X ® T;1X. T,0X has a natural structure of
superspace of the same superdimension n|m of X. Every element 7 € Ty X can be written
as T = 0%, + v¥0, with Va = 1,---,n v® € Rgpg, Va = 1,--- ,;m v® € Rg;. So (v%v%)
can be used as coordinates on T, 0 X. Also T, 1X has a natural structure of superspace, with
superdimension m|n, endowed with the coordinates (1,)\5,{)\5) Lastly T, X = Tp0X ®© T 1 X
has itself a natural structure of superspaces of superdimension n + m|m + n, and with natural
coordinates (07, v%; v¥, v@). So in the following I will often use the convention that coordinates on
tangent spaces over a supermanifold are indicated with the same indices used for the coordinates
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in the supermanifolds and either with a bar over them, to indicate that they maintain the same
parity of the corresponding coordinate on the base, or with a tilde over them, to indicate that
they have opposite parity to the one of the corresponding coordinate on the base.

Note that T}, ; X is naturally isomorphic to IIT, (X in the category of superspaces, where II is
the parity-inversion functor. Very often in the literature (for example in the papers of Voronov)
T, 0X is called the tangent space and it is indicated with T, X, whereas T} ;X is indicated
with IIT,X. I prefer to use the notation introduced above, where T, X indicates the tangent
supermodule or the tangent superspace built up from it. T'X will be the tangent bundle on X,
defined in the expected way. This notation can be useful in some situations.

Remark 22. FEach free supermodule A of superdimension n|m over the algebra Rg can be put in
a one to one correspondence with a superspace of superdimension n + m|m + n with a technique
analogue to the one used above, so that we can write A = Ay @ Ay where Ay and Ay are the even
and odd part of the supermodule A.

We will use this construction a couple of time in the following without coming back on its
details.

In particular in the following sections we will meet the cotangent space T;X of a n|m-
supermanifold X over one of its points x; id est the space of left-Rg-linear functions from 7,, X to
Rg. I will call covectors its element. Note that Ty X is a right supermodule on Rg of dimension
n|m. It can be seen as a superspace of dimension n 4+ m|m + n and can be split in an even
component 7 (X of dimension n|m and an odd component T ;X of dimension m|n. Every
even covector p can be written as p = dzp, + dx*p, and every odd covector p can be written
as p = dz°p, + dx*p,. This is in agreement with the skew-commutative convention for which
‘dxA’ = ’xA‘ = |A|.

5.2 Superforms on supermanifolds

Starting from the concept of vector fields, it is not difficult to define tensor fields on a
supermanifold: see [I33] chapter 10. Then an almost obvious generalization of differential forms
becomes readily available: they are the graded analogue of classical differential forms and they
first appeared explicitly in the literature in a paper of B. Kostant in 1977 [101].

To build a Lagrangian theory, as seen in chapter 1, the main ingredient is the Lagrangian
n-form on J'7. The Lagrangian has then to be integrated on the image of a section of J'r, to
obtain the action A of the theory on a field configuration. If one want to extend the Lagrangian
formalism to a superfield theory, the integration of the Lagrangian is the most delicate point to
address. First of all it is necessary to use a suitable definition of integral on superspaces. At this
scope, for physical applications, it is used the Berezin integral, first introduced in [I1]. But, if one
tries and uses differential n-forms & la Kostant to build an integration theory on supermanifolds,
one soon falls in some troubles, and in fact it doesn’t exist a satisfactory theory of integration
of "naive" forms.

One can instead use other objects of integration, like Berezinian tensor densities, whose
definition is natural when one disposes of tensors and of Berezin integral. The drawback is
that densities do not share many of the features of forms which allow the use of a geometrical
language in describing field theories. For example they do not naturally allow contraction with
super vector fields which generate supersymmetries.

The quest becomes then necessary for objects which on one side share some of the tensor
properties of forms and on the other side are suitable for building a consistent and possibly
simple theory of integration.
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At this scope I will use the forms introduced and studied by Voronov and Zorich in [I55] 156,
157, 158 and in [I52]. Voronov and Zorich worked on the basis of previous ideas of the Russian
school. J.N. Bernstein and Leites in 1977 had defined ’integral forms’ as tensor products of
multivector fields with Berezin volume forms, [I6]; then they defined pseudodifferentials’ forms
[I7], which are beautiful objects, but which do not have any natural grading and do not solve
in a satisfactory way the problem of integration on submanifolds of a supermanifold (moreover
they cannot be integrated on supermanifolds whose odd part is unoriented). A.S. Schwarz, M.A.
Baranov, A.V. Gajduk, O.M. Khudaverdian and A.A. Rosly, in the beginning of 80’s, [55} [5, [136]
studied Berezinian densities and introduced the concept of closed densities.

In subsection B.2.1] T will give a very short introduction of the theory of Voronov and Zorich;
in subsection .22 T will define extended forms, which are a natural extension of Voronov-Zorich
forms.

5.2.1 Voronov and Zorich superforms

Voronov and Zorich in their papers often use the word "Lagrangian" in a way which is not
exactly equivalent to the way it is used here: I will therefore use a vocabulary slightly different
than the one used for example in [I52]. I will present here a version of Voronov-Zorich theory
which allows superforms with poles: see [9]. Let’s see the main definitions.

Recall that GL(n|m) is the supergroup of invertible Rg-linear even maps between a super-
module A over Rg of dimensions n|m and a supermodule B of the same superdimension (note
that n|m is the dimension of A and B as supermodules and not as superspaces, see Remark
22). When fixed bases of A and B are chosen, an element g € GL(n|m) can be written as a
(n,m) x (n, m)-dimensional supermatrix:

_ (go,o 90,1)
9= gi,0 91,1
where goo is a n x n invertible matrix with even entries; g1 is a matrix with n rows and m
columns with odd entries; g; o is a matrix with m rows and n columns with odd entries and g 1
is a m x m invertible matrix with even entries.

An element a € A can be written as the column of its coordinates with-respect to the chosen
basis; the supermatrix g acts from the left with the usual rule of multiplications of matrices and
the image b = g(a) € B is the column of its coordinates in the base chosen on B. Note that,
when A = B, one usually chooses the same base on the two copies of the supermodule.

Since A = Ay @ Aj, see Remark 221 we can consider the restriction of g to Ag and then the
restriction to A;. Since, by definition of GL(n|m), g is even, we have that g(Ag) C By and
g(A1) C By; so, when necessary, we can consider g as a Rgg-linear invertible map between the
superspace Ag of dimension n|m and the superspace By of the same dimension.

Recall that if g € GL(n|m) is written as a supermatrix, we have:

Definition 23. The superdeterminant, also called Berezinian, of g € GL(n|m) is the element
of Rg obtained with the following formula:

sdety,m(g) = Ber,,m(g) := det (90,0 - go,lgfﬁgl,o) det(gy7) (5.1)

Where the determinant of the matrices involved is calculated with the usual rule. Note that
Vg € GL(n|m), Ber, ,(g) is in fact an element of Rg and, to be more precise, an invertible
one.

I extend this definition to any (n,m) X (n,m)-dimensional supermatrix, regardless of the
parities of its entries, provided that its block g;,; has even entries and it is invertible. In this
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more general case, the entries of the matrix in the first parenthesis in equation (1) may be odd,
so it is important to fix a definition of det which fix the order of terms involved in multiplications,
because the result of those multiplications may vary according to the order chosen to perform
them.

Definition 24. If g is a (n+ m) x (n + m) matriz with entries belonging to Rg and so that its
submatrix g11 is invertible, then we pose:

sdety,m(g) = det (90,0 - 90,19{%91,0) det(g; 1) (5.2)

where the determinants appearing in the second member of the equality [B.2) are the polynomials
calculated with the usual definition provided that in each of their monomial the entries of the
matriz involved are multiplied following an order by column: so that elements of first column
come first, then elements of second column and so on.

Note that in this more general case the superdeterminant may be an odd element of Rg. Note
that with this definition the superdeterminant keeps the property of additivity in the first n rows
and in the first n columns.

Let g € GL(n|m) be written as a supermatrix (after having chosen arbitrarily the necessary
basis) and let V' be a superspace of dimension o|p, then there is a left action of GL(n|m) onto
VX xVxIIV x -+ x IIV, defined in this way:

n m

Vg € GL(n|m), Yu1,--- , U, €V, 01, ++ ,0y, € IV, g+ On | — (go,o go’1> Un (5.3)
1,0 91,1

Where, in the right side of the last equation, the product is the usual matrix product with
attention given to the order in products of entries and where an element ¥ € V, multiplied on
the left by an odd number, gives an element of IIV in a natural way and vice-versa.

Note that in equation (53], as well as in most of formula in this thesis, I write each vector
v as the line of its components. I use here the convention adopted in Voronov papers, which is
indeed different from the convention usually adopted in papers on classical differential geometry,
where vectors are usually written in column.

We are now in the position to understand the definition of a superform given by Voronov and
Zorich.

Let’s consider a supermanifold X of dimension n|m and one of its point z € U C X, where
U is a local chart of X. On U we have local coordinates . Let T, X be the tangent module of
X over z. A base for T, X is given by (8A‘I)A:l...n|m‘ We can identify a point v € T, X by its
coordinates u? with-respect to the chosen basis. On T, X we can consider the topology inherited
from T'X. We have then the following:

Definition 25 (Voronov and Zorich). A form of degree r|s over a point x € X, supermanifold of
dimension nlm, is a G map w: O C Ty X X -+ Tp o X xTp1 X x -+ Tp1 X —> Rg, which

satisfies the following: Yv € O, open subset of T 0 X X -+ Ty o X X Ty 1 X x -+ Ty 1 X

Vg € GL(r|s), w(g-v) =w(v)Ber, s(g) (5.4)
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Pw_\ (_ypyeirartria 0w (5.5)
dvBova wBovd

where A,B = 1,--- ,n+ m are the indices in the space T X and so also in both spaces T o X

and Ty 1 X with their usual degree; vi is the A-th coordinates of vp in the local base (Dalz) 45 F

runs from 1 to r + s and we have vp € T, p| X, where we set |F| =0 when F' =1,--- 7 and

|F|=1when F=r+1,--- ,r+s.

It can be seen that the definition does not depend on the choice of the chart U and of the
corresponding basis for T, X.

An important consequence of ([5.5]), which in some sense justifies it, is noted below in remark
[67 in the section treating the integration of superforms.

Note that, by definition, if v € T 0 X X -+ T 0 X X T 1 X x --- Ty 1 X issuch that v,q1, -, Vrps

T S
are linear dependent, then there are only two possibility: either v ¢ O (so that w is not defined
on v), or w(v) = 0.
The space of r|s-forms over x has a natural structure of free right supermodule over Rg; in
fact, if w is a r|s-superform, A € Rg and v € Ty 0 X X -+ Ty 0 X x Ty 1. X x -+ T 1 X, then we can

T S

define wA with wA(v) := w(v)A.
I call the space of r|s-superform A , as a shortcut for A”‘ST*X and we have, as usual,
A;ls = Arlé &) Az 1, where A} ‘0 and A’ ‘1 are respectively the even and the odd part of Arl5

and they are superspaces. Note that w € ATIS if Vo € TpoX x - TpoX xTp 1 X x - Ty 1 X,

T S
w(v) € Rsp and w € ALS if Vo € Ty oX % -+ Ty oX X Ty X X - Tya X, w(v) € Ry
™ S
We can give to A;ls the structure of left supermodule over over Rg using the following defini-
tion: VA € Ry, Vw € AL Vo € Ty oX x -+ Ty oX X Tyt X X -+ Tt X: Aw(v) := (—1)M@lwA(v).

T

In the usual way we can build the fiber bundles Aj* X, AT*X and ATl X.
Definition 26. A G™ section of the bundle A"* X is called a differential r|s-form. The space
of 7|s-form over X is called Q"5 X := F(A’“'SX)
Definition 27. The operator of exterior derivation d is defined on forms w of degree r|s by the

formula

v(vila ce 7W7UT’+1;1717 e 7{):) € Tx,OX X 'Tr,OX X T’r,lX X 'Tr,le
r+1 S
Vw e QX (5.6)

_ . _ ” ow 0“w
dw (UL, -+, Up, Upy1; 01,7+, Us) = (—1) ;4+1 (6‘;1@ — (=) UEM}>

where the index F' runs from 1 to r + s and its parity is the parity of the corresponding vector so
that |F| = 0 when vp = vp € ToX and |F| = 1 when vp = vp_, € T1X; the indices A and B
run from 1 to n 4+ m and their parities are defined in the obvious way following the parities of
coordinates on X.

Proposition 28. The operator of exterior derivation d is well defined, it sends r|s-forms to
r + 1|s-forms and it is Rg-linear.



68 CHAPTER 5. FRACTIONAL FORMS AND INTEGRATION ON SUPERMANIFOLDS

Proof. See [152]. m

5.2.2 Preforms and extended forms
I define preforms in the following way:

Definition 29. A preform of degree r|s over a point x € X, X of dimension n|m, is a G map
w: T X x---T, X — Rg, which, when restricted to Ty o X X -+ T oX X Tp 1 X x -+ Ty 1 X,
~—_—_———

r+s r s
is a form of degree r|s.

Note that, with these definitions, one can prove that there is a one-to-one correspondence
between r-forms & la Kostant (see [I33] chapter 10 for their definition in a G*° setting) and
r|0-forms. In fact a r-form can be proven to be a r|0-preform.

One may asks himself if all |0-preforms are also r-forms & la Kostant, and the answer is no.
Not only: there exist 1|0-preforms which are Rg o-linear on all 7, X (which implies that they are
linear separately on T, X and T, 1X), which on T, ¢X coincide with a 1-form, but who are not
1-forms.

Consider for example the superspace V°™: it is a supermanifold and its tangent module
ToX = Ty 0X ® 1,1 X over a point  is isomorphic to V @ IIV. If (z*),a = 1,--- ,m are the
coordinates on V', then a vector v € T,V can be written as v = v®9, |, + 1758Q|z with v® € Rg 1,
v € Rs,0, v904|s € Ty oX and 775(’9Q|x € T,1X. The 1-form & la Kostant dx®|, acts on v in
this way: dz®|,(v) = v® = v¥ + v®. Now let’s consider the function w : T,X — Rg defined
by w(v) = v@ — v, Tt is a 1|0-preform, it is Rg o-linear on T, X, when restricted to T 0X it
coincides with dx®|,, but it is not a 1-form & la Kostant, and in fact it does not coincide with
dz%|, on all T, X.

Similar phenomena occur for r greater than 1.

Definition 30. A form of degree r|s over a point x € X, X of dimension n|m, is said to be
extended in the first argument if it is a G map 0 : TpX xTp o X X -+ Ty o X X Tp1 X X -+ Tp1 X

r—1 s
which is Rg-linear in the first argument, Rg o-linear and antisymmetric in the r — 1 following
arguments, and which, when restricted to T o X X -+ Ty o X X Ty 1 X x ---Tp1 X, is a form of

T s
degree r|s.

An extended 1|0-form is a 1-form & la Kostant. An extended 1|0-form « can be written on a
local chart as o = dzday.

I chose the convention to fix the degree of dz** as |dz*| := |A[; this is far from being widely
accepted, but it seems to me the most natural and most useful in the context of this work. This
convention is sometime called the skew-commutative convention, while the other one is called
commutative. Note that, when using the commutative convention, the wedge product is often
defined as a graded commutative product of differentials. This definition differs from the one
that I use here later by a sign when the wedge product of dz® with dz® is considered. Note also
that the two different corresponding de Rham complexes are called by Manin [I05] ’even’ and
‘odd’ complexes: I stress the fact that this use of the terms ’even’ and 'odd’ is different than the
one made here.

It is immediate to see by a direct calculation that the operator of exterior derivative defined
above sends the coordinate local function 2 (which can be seen as a 0/0-form) to the 1|0-form
dz?. So the notation is consistent.

A|:
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Icall T} X the space of extended 1|0-form over a point x of a supermanifold X. It is a right free
supermodule whose even generators are the forms dz® and the odd generators are the forms dz®.
It can be given also the structure of left supermodule with the technique seen in the previous sec-
tion, so that: YA € Rg, Yy € T X and Vo € T, X, (Au) (v) = (=)= (uX) (v) = (=1) Ml (w2
Note that, with this definition, we have that in general: (Au)(v) # (=1)PMHE@L()X and
(M) (v) # A[p(v)]. A similar situation will occur for extended superforms of higher degree:
I will not comment on it again.

Using the same technique described at the beginning of the chapter it is possible to build the
super cotangent fiber bundle T7*X: on a local chart it has coordinates (z%, 2%; &g, O, Qq, 0 ).
T5 X is the even part of T* X and it has coordinates (x®, x%;ag, ). 17 X is the odd part of T*X
and it has coordinates (z%, 2%; ag, 0 ). TgX and T7 X have fibers type which are superspaces of
dimension n|m and m|n respectively, accordingly with the degree convention that I chose above.

Definition 31. A form of degree r|s over a point x € X, X of dimension n|m, is said to be
extended in the arguments (vg,, -+ ,Vq,), With k < 7, if it is a G™ map & : T, X x --- X
TpX X oo X Ty oX X Tp1 X X+ Tp1 X (where Ty X substitutes Ty 0 X k times in the positions

S
a1, ,ar) which satisfies the following conditions:
— when restricted to Ty X X -+ Ty oX XTp1 X X --- Ty 1 X, it is a form of degree r|s,

r s
- v('Uila 7vr—ka'{)v1a"' 7{);) GTm,OX X "‘Tz,OXXTa:,lX X "'Tm,lX;

r—k s
W(TT, s 1y ks Uk, U1, ,Us), where the free arguments are in the positions
ai,- -+ ,ak, is a "nawe" k-form a la Kostant,
- V(’Uh"' 7Uk77713"' 7175) € TIX X TIX XTr,lX X "'Tx,le
k s
W(U1, s 1y "y r—ky 3 Vk, U1, - ,Us), where the free arguments are in the positions dif-
ferent than a1, --- ,ax, is Rgo-linear and antisymmetric.

We call & an extended-form, when it is extended in the above sense in all its even arguments.
We say that & extends the r|s-form w if, when restricted to
TpoX X Ty oX xTp 1 X x - Ty 1 X, it coincides with w.

T S

Remark 32. The space TpoX X -+ X TpX X -+- X Ty oX X Tp1 X x - Ty 1 X (where Ty X

S
substitutes Ty, 0 X k times in the positions a1,--- ,a) could be more precisely denoted with the
help of the Ordered Cartesian Product:

or A(al,...,ak) x BW e Cl X oo X Cr

C’i:AifiG(al,...,ak)
Ci:BifZ.%(alw"aak)

where:

with k < r.
Then we could write:

TpoX X oo X T X X oo X Ty o X X Ty 1 X X - Ty 1 X

=07 | T, X (@1a0) 5 T o X (@) | e T X - Ty X

S
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I did not use this notation in Definition 31, neither I will use it in the following, because I judge
that the notation used, although less precise, is lighter and more intuitive.

Proposition 33. For every form w of degree r|s over a point x € X, X of dimension n|m, there
is one and only one form O which extends w in the arguments (Vq,,- -+ ,Vq, ), With k <.

Proof. Let me recall that a k-form a la Kostant over a point © € X is a G map o

T,X x---T, X — Rg such that V(vq,--- ,v;) € T, X x--- T, X,VH € Rg, Vi € {1,--- ,k — 1},
—— —
k k
i—1
o(vy, -+ yHugy -+ yug) = (—1)‘H‘Zz:1|”l‘H5(v1,~-- S Uiyt V) (5.7)
and
/O\(Ul,"' 7’Uiavi+17' o 71}]{)) = (_1)1+‘U1||UZ+1| (Ul : ;Ui+l7via" : 7vk) (58)

To prove the existence of a map @ which satisfies the conditions of definition 30l we can argument
by induction on the number k of extended entries of &.

When k = 0 we pose @° = w and there is nothing to prove.

Suppose by induction that it is possible to find an extension of w in the arguments (vq,, - ,Va,)
with | < k, let’s call it @', then we pose:

Al-‘rl( UL, 5 Vayy > Vayy " 7Ual+17"' 71)77,’{)"17... ,ﬁ;) =
:wl(m7-~-71)“17'-',’Ua“-'-7’l)al+1,--~7’l)7r7’l,)\i7~-~7’l,);)+ (59)
! 8,\ o "
+(71)Zi:1|vo‘i|$ l('Ul, '7va17"'71)0.”"'7€Ual+17"'av7"avla”'7vs)

where € € Rg; is an odd parameter.

With some patience and calculations one can see that @ extends w in the arguments
(Vay,*** ,Va,,, ). Hence ([B9) together with @” = w can be taken as the inductive definition of @.

To prove the uniqueness of &, we argue by contradiction and induction again on the number
k of extended entries.

For k = 0 obviously, @° must be equal to w and so the uniqueness is proved.

Suppose the uniqueness is proved for [ extended entries, then suppose by contradiction that

+1

. /\, A~ o~ . gR—
there is some & ™! # &' where @'t is defined by (E.9); then there would be (D7, ,vay, * ,Vayy,- "
such that
’l+1 —_— ~l+1 —_— ~
(’Ul, s Uary Va5 Ups U1, 0, U )7& ( "avau"’7Ual+17"'7v7’7v17"'71}s)'

and since we must have

/

l+1 —_— ~ ~
(’Ula"';Uala"'7Ual+17"'7vr71)17"'7vs)

~'l+1 I o~ ~

=w (U17 ",’Ual,"',Ual+1,"',UT,U1,"',US)
~'l+1 o~ ~

+w (Ula 'avalv"'7Ual+17"'7117‘7vl7"'avs)

by linearity of &'+ in the argument vq, , ;.

e R — o~ ~
(U(Ul,"',’Ual,"',’Ual+l,"',’l]’,«,?]1,"',’US)
41— o~ ~
+ w (Ula"'7Ua17"'7UCLZ+17"';U7‘3U17"'avs)
Al+1 o~ ~
(vl '7v1117"'7val+17"'71}7“51}17"'aUS)

!
P e .~ ~
+ w (vla"'7va17"'7val+17"'7v’r‘;vl,"'avs)

s Upy U1y
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by the induction hypothesis of uniqueness of the extension of w in the arguments (vg,, - - ,vq,)-
This implies that we would have:

’
A4 e o~ ~ PR o~ ~
w (vl,"';vala"'7Ual+17"'71)7”71)17"',@8)#(*) (’Ul;"'avalv"'aval+17"'7117‘7'017"'71}5)

But on the other hand we would have that:

!
R e r — oo T T g R
VUERS,I- w (Ul;"'ava17"'7’val+1 +nval+1a"'aUTaUh'"aUS)_
A _ o~ ~
=W (’Ul,"','Ual,"',Ual+1,"'7UT7U1,"',Us)
!
A1 — —_ ~
+w (vla"'7va17"',nval+17"',Uhvla"';vs)

by linearity of @ *+! in the argument vg, o

Al — o ~
=W (Ula"' s Vays aval+17"' s Upy U1yt 0 ,'Us)
l ’
|vas | AL — ~
+7](—1)21:1| z‘w (Ulv"'avala"')’UG,H,la"'a,U’I“a,Ul;”'vvs)
by the induction hypothesis of uniqueness of the extension of w in the arguments (vg,, -+ ,vq,)

and by the Rg-linearity of &'+ in the argument vq,, ,;

Al o~ ~
=W (1)17"'71)0.1;"'7val+1a"'7vrvvla"’7vs)
l
| Va | AL —_— ~N
—|—7’](—1)Z¢:1| a1|w (Uh'"7/1)0,17"'7Ua,+17"'>v7‘7v17"'»’Us)—
again by the induction hypothesis of uniqueness of the extension of w in the arguments (vg,, - , Vg, )

and by the inductive definition of &1,
And so we would have

Vn € Rg 1 :

!
A1 —_— ~ ~\ _ A1 — ~
W (’Ul,"',Ual,"',’l]al+17"',’l}r,’l}1,"','US)—’OU) (vlu"'7Ua17"'7va1+17"'7”7‘7”17"'7”3)

Ui

and since Rg has infinite odd generators, this is a contradiction. m

One can also give the definition of r|s-differential-preforms and r|s-differential-extended-forms
in the expected way. Note although that the space of extended forms over a point is not a
natural bilateral supermodule, but only a natural right free supermodule. The structure of left
supermodule can be given with the sign rule as seen above.

The differential r|s-forms, preforms and extended forms can be pull-back by G* maps in the
usual way, see [152] pag.60.

5.3 Berezinian r|s-forms

In this section I want to study an important class of r|s-forms.

Voronov, in [I54], example 1.1, claims that there exists a particularly simple class of r|s-forms,
built from the superdeterminant of arrays of 1|0-forms. This kind of r|s-forms appears naturally
in Physics and they are used by A. Belopolsky in [9] [10] and by P. A. Grassi and M. Marescotti
in [65] in the context of string theory and were already used by O. M. Khudaverdian in [91] in
the context of Batalin-Vilkovisky theory. Belopolsky called them Pliicker forms and he gave an
indirect proof that they indeed satisfy the conditions (&4l and (&5]). The proof is based on the
fact they can be built by Baranov-Schwarz transform followed by a sign twist, starting from a
special kind of Bernstein-Leites pseudodifferential forms; since Voronov (see [I52]) has proved
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that the Baranov-Schwarz transform sends pseudodifferential forms to twisted Voronov-Zorich
forms, then the proof follows.

Those special Voronov-Zorich forms also reveal to be very important in the third part of this
thesis: T call them Berezinian forms because they can be built from 1|0-forms, with the help of a
superdeterminant. However neither Voronov nor Belopolsky nor Khudaverdian do give in their
papers a full direct proof of the fact that those forms satisfy indeed (5] and (&5]). Since I could
not find any such proof in the published literature and since I couldn’t find myself any trivial
proof, I use this subsection to give a definition of Berezinian forms and to present such a proof
(indeed an elaborated one).

To this purpose, I need first to prove three technical lemmas.

Lemma 34. Let D be an invertible s x s matriz whose entries dé- (where i identifies the i-th
column and j the j-th row) are even-numbers id est elements of Rg o, then the following identity
holds:

OdetD OdetD ddetD OdetD 0%det D

, - 2 =2 detD 5.10
od. " “oadr  adh od,  ododr (510

Proof. If all the entries of D belong to R, we can proceed as follow. We fix a base ¢!, i = 1,--- ,s
of a real vector space V of dimension s and then we consider its dual basis §;, j = 1,---,s
of covectors belonging to V*. The matrix D is then associated to the linear operator from V'
to V sending each e’ to the vector déej. We then note that Vol,--- ,v® € V. 0y AbOy A --- A
Os(Dvt,---  Dvy) = (det D) - 6y Afy A--- ABy(vh, -+ ,vs) and we consider the real number
Oy ANOs A---NOy(Del,--- ., DD el ... DD el ... De?®), where the matrices DD~! occur in
the positions 7 and k respectively. Using the definition and the properties of the pullback we
have then:

01 NOs A---NBy(Det,--- . DD el ... DD el ... De®)
= (detD)- Oy AOy A---NO(er,--- DYl ... D7l .. ) =
K3
—1,5 p-1.1 —1\J (y—1\? —1\! (y—1Y\J
— (det D) - 0; A0p(D ¢!, D7"e!) = det D [(D71)] (DY), = (D7), (D7), ] =
1 ddet D Jdet D 7 ddet D Odet D
~ detD 8d§ ody 8d§? ad;
On the other hand, we have that:
01 ANOs A---NBy(Det,--- . DD el ... DD el ... De®)
:91/\02/\"'/\95(D617"' , ej AR el e ,Des)
Ty
(2 9
_ (_1)1'—1+k—2+j—1+l—2+b@jl(Del, L. aDes)ik
B 0%det D
- odiody

where b = 0 when j <l and ¢ < k or when j >l and ¢ > k, b =1 when j < but i > k or
when j > [ and i < k; where @7 = 0, A --- A, without 0; and ¢; in the wedge product and
071 (De, -+ De*);;, means ©7! applied to the vectors (De!,--- , De®) where in the list do not
appear the vectors De* and De*.

The same argument can be adapted to matrices with entries in R, ¢ keeping in mind the
properties of G and their even derivatives. So the theorem is proved. m
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£ 0 1
Vg Vo Yo
Lemma 35. Let M = vf A B | be a supermatriz of size (r+1|s) x (r+1|s) where v is a
B
vy C D

]
line vector with r components v& (B runs from 1 tor), v} is a line vector with s components vy

(v runs form 1 to s), Uf is a column vector of r components (f runs from 1 tor), vso s a column
vector of s components (p runs from 1 to s), A is a v X r matriz with entries ajj? ,Bisarxs
matriz with entries a’ (y runs form 1 to s), C is a s X r matriz with entries af and D isa sx s
matriz with entries al,, with possibly some of the first v + 1 columns of M with inverted parity
with respect to the one usual in a supermatriz. Let’s call G the supermatriz r|s X r|s-dimensional

G := é g) where possibly some of the r first columns of G have inverse parity with respect

to the usual one. We have the following formula:
sdet, 4 1)s M :vf sdet,|s G
— vJ]ZJ sdet,.|s agG
(5.11)

1
- (—1)|E|UE det 8¢Dd sdet, | ala

+ (=)l E det@“’Dd sdet,|s G

where |E| denotes the parity of the column 0 of M which is equal to 0 if the entries in that
column have the usual parity of supermatrices and it is equal to 1 if they have inverse parity
with respect to the usual one; 8(’;(? is the matriz obtained by G substituting the f-th line with the
corresponding entries of the line 0 of M ; G}DD is the matriz obtained by D where substituting the
@-th line with the corresponding entries of the f-th line of B; 0§ D is the matriz obtained by D
substituting the p-th line with the corresponding entries of the line 0 of M (id est the components
of v} ); and where all the determinants and superdeterminants are calculated according with the

formula introduced in definition [Z4)

Proof. By direct calculation and developing for the first column:
E

UOE vt 'U(? g v —1(, E
sdet, 1, M = sdet, s (v A B | = dﬂ E o4)—lg)D (WE O)| =
vE C D " f

©
E 0 1 1n—1

_ vy g vg D~ vg DT C\ |

= det [(v}f A) <BD . f BD'C)|~

veD~WE W) —viD7IC
— 0 0 0 _
detK b _BpiE A-BD- lcﬂ =

= vy sdet,; G — vy D! ”so sdet, |, G — fuf sdet, s agG +a; (D*l)j yf sdet,s agG

where (D’l)j is the element of D~! in the y-th line and (-th column.

But: odetD 1
p-hyr_d9eety -
( )’Y dag  detD
and 1
a} (D ) = det 8‘pD D

then, since the parity of elements in B is always 1, we have that:
1

NP E |E|+1 . E
a} (D7) =(-1) v, det 97D - e

~
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Moreover v§ D~ 'vZ stands for:

ddetD 1 1
Y(D-1N\? ,E — 7 4 E
(D)0 =g qapte ~ D G
1
= ()P W E et 98D - ——
(CDT v det % D G5

again because the parity of all v] is 1.

Note that all the calculations depends on the parity of the column 0 of M, as it is clear from
the result, but do not depend on the parity of the columns of M going from 1 to r. So the
theorem is proved. m

é g) , where possibly some

of the first r columns of G have inverted parity with respect to the usual one. Let’s call gB the

Lemma 36. Let G be a r|s X r|s-dimensional supermatriz, G := (

elements of G, with F,B =1,...,r|s; let f € Rg be the r|s components of an even vector. We
have the following formulas:

1. gf%sdetG = sdet 8] G
2. gf% sdet G = — - +oip det, 9 D sdet,s G + ot sz y det OF D sdet, | 8 G

where 83“0 is the matriz obtained by G substituting the line f with the elements g& and 0§D is
the matrix obtained by D substituting the line @ with the elements gg and where f =1,...,r and
p=r+1,...,7r+s.
Proof. The first claim is obvious for the linearity of the superdeterminant in his first r lines.
To calculate g& ag%G, it is useful to rewrite G as:
®

- A B\ _ . 1
G = sdet, ., (C’ D) —dst (A—BD C) &t D
with:
gt a7 gttt gt
A= - | B=|[ + = K
q T P
g g gt gt
g; gNZ gngl gngs
We then have:
) ) 1
—G— det (A— BD™'C
6 ’6 908g¢ [ et ( )detsD}
— 1 0 1
=g det D| det (A — BD~'C det (A — BD'C
9 (det, D)? pg? 5 |det D] det )+0dt D og? 7 [det ( )

:_go(mlsDaig[dsetD}G+gOdt B3y 5 |det (4— BD'C)]

_ 1 14 1 -1
=~ e et A Dsdet, G + 05 g 557 et (4 - BD7'C)]

(5.12)
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where 9§ D is the matrix obtained by D substituting the entries in the ¢-th line with the corre-
sponding entries gg . And:

1

9 1
% 4D By 5 |det (A= BD7O)] +4 B0 C

? (5.13)

1 ) ) p)
- o D{ ol [det (A—BD~ 0)} + g2 a7

|det (4 - BD7'C)] }

To proceed with the calculation we call E := (A — BD~'C) and E} = (A- BDflC')lf. I will
from now on omit the overbar on gy.

We note that:

(BD™1)} = detls 5 det d}D (5.14)
and so:
(BD'C), = ﬁ det 9} D' (5.15)
and
E;c = gif 1 tl 5 det 87ng (5.16)

We have to calculate g& 8_% [det,. E]. In the polynomial det, E, each monomial is a product of r
factors each of which is an element of F.

The operator 98% acts on each monomial by transforming it in a polynomial: it acts
as a derivation and it maps each factor E} which has the column [ even into the factors

o dct — det 8 DgO, where k! is a sign depending only on [, leaving each time the other fac-
tors invariant.

The operator 90 8 7 acts on each monomial in a slightly more complicated way, transforming

it in a polynomial as follows: it acts as a derivation and it maps each factor E! 7 with column /
odd into the factors:

1 1
[kl ot D dsetaijgo K'go 88 (d WD det87D> 1

leaving other factors invariant; it maps each factor E} with column [ even into the factors:

[kl aa (dtlDdet87D> ]
g

leaving other factors invariant.
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So we have:
a T
gfag—B[dstE}—goaB lz HEl
¥ 2 =1
1
Sy { ek

1<i

p

det o7

12 Z{H m{i ¢ p()DQO}H p(0)

1< >4

> { T

1<i

~Y ol °

P

K g0

(det D

= ol

0

Z’ D k' oD
det 8p(l g — 90 Bg (d D det@ )g,y

det Bp(l D) 95

gO@BH p(l)

<P11

I

1>1

'

I1E0 }

1>
(5.17)

On the right hand side we have two sums. The first one becomes:

2 Z{H (l){idtheta DQO]E (0}

I<i

:Z Zdetheta D{
_Zdewz pdet 3%, D{

(5.18)

<z 90H }

>

<z 90H }

>

where p is a permutation of r elements and 0( ) is the sign of the permutatlon p. Note that the
factors k' disappear because the operator g a9 B and the operator t - dets 8 D have the

same parity and they "jump' the same factors durlng the calculation. Moreover thelr parity is 1

and this fix all the signs in the second line of (EIT).

To calculate the second term in the last line of (B.I7), let’s first calculate

- D
Sy (dt B 9649 )
P 1 P
B
_— D
gy (det PRCEF )

(detlD) 8‘9 (det D) o a(; (det D)

1 0 0
—_— det D
(det D)? 89 ( ) It )ag»’?

— B
90

OE

gO det Dgp( )89589

(dee0) )

1 02

(det D) gw

where the last equality holds because of Lemma [B4] which can be applied because D is invertible

in the domain of definition of G.
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Then the second term in the last line of (B.I7) becomes:

W tlD)2 8? (det D) gp( )8(35 (dgt D) gfy

> ot {TT o [

1<i

R ORCHE

I1E. }

>

II Efa(l)} (5.19)

det 3w D det EWDU

I<i D) 1>
- 1 l i l
=3 5y Lo {HE o [y 00| T
i=1 I<i 1>

where the k’ disappear from the calculation for the same reason explained above
Remembering (515), we can write that:

_ 1 Yy ,i | ap() -1 ‘
(dets D) det 9 Dy, = [80 (BD C):|p(i)

so we can put together (B.I8) and (5.19), we can substitute in (5I7) and we obtain:

)
gf@{dfw} - det, DZ p) det O, D{H v o] TT 2, z)}

I<i 1>

§ : ! 1 ,
—_— ® R o .
+ 2 (et ) E o(p) det 9%, D {EEP(U [ G D) aODg;} | [Epa)}

1>

=1

1 —1
det ) Z Z det 8 D {H [3p(Z)E} H (l)}

I<i l>7,

)
=3 DZZ p)detofD { T EF o [afE} [1e @
€ P <f I>f
1
_ » f
—mZdStafDdgtaoE
Nt

:E det@stdetﬂsagG
S
=

(5.20)

where 6{; FE is obtained by the matrix F by substituting the f-th line with the corresponding
entries of g&.
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Keeping into account the results obtained in (512)),(513) and (520) we can write that:
0 0

- 6 _— -
B _ B b
B Lo=g Loragla
CoglT  Mogl  Togh
1 — 1 8 — 9
_ %] g+ “Y - -1 y 9
_ detsDdgt@ODSdetr‘sG—i—godetsDagg [dgt(A BD C’)}—&-goaggG (5.21)

1 1O
_ P E : ° f
= _dets D dgt (90 Dsdetr‘s G + m £ dgt 8fDSdetr‘s 6OG

And the theorem is proved. m
I can now prove the following three theorems which allow to identify the Berezinian class of
Voronov-Zorich superforms:

Theorem 37. Let (U, xA,viA,;Z) be a local adapted chart of TX, tangent space of a n|m-
dimensional manifold X ; let x € U, let v be any (01, ,0s) € Tp U x -+ Ty U, let o < ag <

-+ < ag be s different odd indices chosen in the the set {n+1,--- ,n+ m}; then the function
w : O CTz,lU X -~-Tw’1U — Rg

defined by:
w(w):=sdetg, | * .. I |[= — — (5.22)
o - 0¥ o
det, :
vt vg*
is a 0|s-form over x € U.
Proof. Let’s call D the matrix oo and let’s call A its determinant.
vt vg

To prove that w satisfy (B4]), we take a generic g € GL(0|s), then g -v is the matrix obtained
multiplying, with the usual matrix product, the matrix g times the matrix obtained writing each
vg as a line made of its components, id est the matrix D; then we have:

I 1
dets (g- D) det, gdet, (D)

w(g-v) =sdetgs (g-D) = = sdeto,s g - w(v)

To prove that w satisfies (L0]), we have to prove that Vi, j,k,l =1--- s af:lAa;‘.l*k = af‘?‘z’éa;l‘.” .
J 3 J (3
We can perform a direct calculation:
?A1! _ 0 (1 0A\ _ 2 9A oA 1 02N
QG ovt  dust \AZ9u ) A9 Qv A2 Qv v
_ 2 0A 0OA +i 0%’A _ 2 0A A 1 02A
AR QU A2 Qv A3 Qut dut A2 Qv o)t
02A~1

= (09 (0%
v Ov;
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where we made use of Lemma 34l The theorem is proved. m

Theorem 38. Let (U, z*,vA,v4) be a local chart of TX, tangent space of a n|m-dimensional

manifold X ; letx € U, let w be any (U1, -+ ,Ups1; U1, ,Us) € Ty oU X -+ Ty oU x Ty 1 U X -+ - Ty 1 U;
r+1 S

let ap < ag < -+ < s be s different odd indices chosen in the the set {n+1,--- ,n+ m}; let

A1, Aoy, Aryr ber + 1 even or odd indices (possibly equal) chosen in the set {1,--- ,n+m};

then the function

w OCT%()U><--~T1-,0UXTI71UX'--T$,1U — Rg

r+1 S
defined by:
A a7 7
Ul r+1 U?l ce. U?T /Ulal P v?s
A, A, NG s
Uy +1 ,U’;’qu e Uy 'Ugl e Ugs
Arga Aq A, %1 o
w(w) := sdety 41, Urg1  Urgr o Upd1 Upg1r ot Upig (5.23)
A, AL .
] +1 ,Uf‘l 'Uf‘T U<1¥1 . vfék
A, A, ", :
vt gt R

is an v + 1l|s-form over x € U, O being precisely the subset where the formula (B:23)) is well
defined.

Moreover we have that -
w=d <:vAr 9) (5.24)

where 0 is the r|s-form defined by:

Vo €U, Yo i= (01, 05,01, +03) € TooU X -+ Ty oU X Tyt U x -+ Ty 1U :

T s
A A
vll . e 'Ulr ,Utl)él v Ulas
A1 - a1 s (525)
v/r .. Ur ’l}r DR UT‘
0(v) :=sdet, s | — —~—
Aq A a a
v ‘e vr v 1 e vy°
1 1 1 1
’U?l . 1);4“" U?l . v?s

Note that we don’t assume as hypothesis that the indices A; are different from the indices
Q.

Proof. T will prove the theorem by induction on r + 1.
—Ifr+1=0and s # 0 then the theorem reduces to theorem 7 which has already been
proved.
— If r+1 =0 and s = 0, then there is nothing to prove.
— If r+1=1and s = 0, then the proof is trivial.
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Suppose now that the theorem has already been proved for r|s. Let’s consider 6 defined by
(G:25): it is an 7|s-form by the inductive hypothesis; so also 247+16 is a r|s-form as it can be
easyly seen. If I prove that w =d (xAT“H), because of proposition 28 our theorem is proved.

Let’s calculate d (a:A*“H) using definition Using the definition of superdeterminant, we
can easily prove that:

A T1 A ai ot
Uy (2 v (2] vy °®
A A A,
v T it v vt vp e
Argr Ay A, aq [
w(w) := sdet,41 5 Up{l Vptr ot Vpfr Uy U | =
Arga Ay » o s
vy v; V] V] vy
A A, “A, ;
piir ,U;‘h sl v vl
A7-+1 A, A, aq Qs
vr+1 Ur+1 vr+1 UrJrl UrJrl
Ar1 A Ay o a5
V] vy V] U] Ul
Aria A Ay i s
_ (_1)r SdEtTJrl,S vt VL T vt R e
Arya Ay r 71 Qs
’Ul ’Ul Ul ’Ul ’Ul
— o )
A A A “ar T o,
Vs r+1 Vs 1 e UST U?l e U?S

In the following I call v? which stands for v%, vy, the components of the multivector v and m,
vy, the components of the vector U1, with F' € {f,¢o} and f € {1,--- 7}, ¢ € {1,--- s},
a€{l,---,n},ae{l,---,;m}. I wilalso need to indicate the components of v which explicitely
appear in the definition of 6 (5.20) and w (B23): I will call them v?’ and v, with 1 € {1,--- ,r}

and A € {1,---,s}. T will call vﬁf, vfjrl and vy}, the components of 7,77 which appear in

E23).
We have that:

(=1)7d (2*+10) (w) =0, (62”10@) - (1)'“%5;‘;(1>'C'<'B'+F'>éér“9<v>)

VF
Arga B . Ar 0
=v,11'0(v) — (_1)[\3\\F|+|Ar+1I(IB\+|F|)]U§+1UF + 8@?9(1})
Ar r+1 r Ary1, B 9
=v, 01" 0(v) — (= )IBI Al (BIH D+ A +1\|B\]Uf B 81;}99(1))
_ (_1)[|BII<P\+|A7-+1|(|B|+\w|)+(\Ar+1\+1)\Bl]v£r+1v§+1 81(?39(1))
©
A, A, A O
=v,{1 0(v) — Uy +19(3f+1”) - (_1)‘A H‘”w +1v§+181}739(v)
©
(5.26)

where 0(8{ 41?) is the superdeterminant of the matrix obtained by the matrix in formula [5.25] by
substituting the line f with the last r|s columns of line r + 1 in the matrix in formula 523} id
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est 9(8{ 4+1v) is the value obtained by letting 6 act on the multivector obtained by substituting
in v the f-th vector with v, 7.

To calculate vf”lvﬂl&%ﬁ(v), it is useful to rewrite 6(v) as:
@

1
0(v) := sdet,, (é g) = dst (A - BD_lC) %D
with:
A = T . I B = : bl
1}71‘41 Vi 7 U,’O“l P ’U’?g
it vy Che Ch
C:= ;D= :
By Lemma [36, we then have that:
59 0(v) = ! dt(‘?“” Do L dtB“’D&@ 5.27
UT’+16,073 (U) - d D € r+1 ( ) det ( r+lv) ( . )
© s

Keeping into account (5.27), we can rewrite (526)) as follows:
— 9

(—1)7d (247+10) (w) =011 0(0) — v} 0(0],1v) — (—1)! A+l f’"“vﬁla 39( v)

1
=01 00) — v T“e(w) + (=Ml s det 0F, , DO(v)

Cls

— (_1)|Ar+1 |v£"‘+1

(ar+1v)
(5.28)
Using (BI1), we can develop the matrix defining w in (523) and then we can compare the

obtained development with (5.28)). We can see that the claim is proved. m
Note that

Theorem 39. Let X be an n|m-dimensional supermanifold and TX its tangent space. Let
€ X, letw be any (U1, -+ , 0y 01, ,0s) € Ty oX X+ TpoX X Ty 1 X x -+ Typ1X; let 01 ... 0%

be s linear independent odd 1|0-forms; let ©1,--. @O be r even or odd 1|0-forms (possibly linear

dependent); let
O cC TL()X X e ~Tw’0X X Tm’lX X .- -Taj’lX

T S

be the subset where the function

w OCTL()XX--~T1,0XXTw,1XX---T$71X — Rg

T S
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e'(@) - O (m) 0'(m) .-+ 6°()

.7 o' (5;) - GT:(m 01(%) . 93@7)
w(w) = sdet,. OL(G) --- O (G) O (1) - 6% (o) (5.29)

O (F) o O (@) 0@ - 0°(F)

is well defined.
If O is not empty, then w is an r|s-form over x € X,

Proof. Since 6 ...0° are s linear independent odd 1]|0-forms, if O is not empty, there is a chart
U C X containing x and with local coordinates (%, &%) such that over x: 0! = d¢t ... 0% = d¢s.
Moreover, since by definition, the superdeterminant in (5.29) is additive in the first r columns
and satisfy a graded version of homogeneity in each of them when the entries in each column of
the first block share the same parity as well as the entries in each column of the second block, then
it follows that, in those coordinates, w(w) is expressed as a linear combination, with coefficients
in Rg, of terms each of which is of the type of those appearing in theorem B8 By theorem B8]
each of these term is a Voronov-Zorich form over the point z.

Since Voronov and Zorich have proved that the conditions (5.4]) and (&), given pointwise,
are well posed and do not depend from the choice of the local coordinates, the theorem is proved.
]

Definition 40. [ call Berezinian-superforms the superforms of the type defined with ([5:29) and
their Rg-linear combinations.

Particularly interesting are n|m-forms over a n|m-dimensional supermanifold X. We have
the following:

Theorem 41. Let w and W' be n|m-forms over the n|m-dimensional supermanifold X, so that
Vo e X, w|$ and w’|w do not vanish; if there exists a sectionv € T(ToX x - T X xT1 X x ---T1 X)

n m
such that, for every x € X, v|z = (m, o Uz, Uzl ,Um) is a base for the free mod-
ule T, X and w|m(v|z) is invertible , then there exist a G™ function f € G*(X), so that w' = fw.
Moreover f is everywhere non vanishing in X.

Proof. Letv € T(ToX x --- Ty X x T1 X X ---T1X) be as in the hypothesis, so that Va € X, w‘z(v’m)

n m

is invertible in Rg, and fix f(z) := o'| (v] ) [w|w(v|w)]71.

: !/ — / / //—\/ / jlg @ !/ / //—\/ !/
We have that, if v |x = (Vo1 Vs Un1s " > Unpgy) IS s0 that (vl -0 ) and (v), g, 5 05 40)

are linear independent, then a g € GL(n|m) exists so that v' = gv. We have then for every such

'U/

W', (v) = W[ (gv) = Bernm(g)w'| , (v) = Bernm(9) f(@)w],(v) =
= f(2)w],(9v) = f(2)w],(v)

Finally w’|z does not vanish Vo € X, so f(z) # 0 Vz, and we conclude that for any wu in its
X " / _
domain of definition w |w(u) = f(x)w|w(u) ]
This proves that the dimension of the free supermodule A”™ is 1 for every x € X and that
all n|m-forms on a n|m-supermanifold are Berezinian superforms.
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For a study of A;lm on a n|m-manifold, see [I52], where Voronov shows the connection
between the r|m-forms and integral and pseudodifferential forms defined by Bernstein and Leites
[16, [17].

We can see that n|m-forms over n|m-dimensional supermanifolds behave much alike n-forms
on n-dimensional manifolds. For example:

Proposition 42. Let (U, %, v4, ;AT) be a local chart of TX, tangent space of a n|m-dimensional
manifold X ; the function

B OCTyUx---ToU xThWU x ---Th'U — Rg

n m
defined by:
1 D n+1 n+m
vl ... Ul ’l}l ... vl
ful N un ,U’,T’LL—‘rl e 1}2+m
n n
B :=sdety, m | ~ — (5.30)
’ 1 n n+1 n+m
vl PRI ’l)l fljl .« .. vl
e ne /'I-L\—T-/l n+m
U}n e v;nh Um e ’Um+

is an n|m-form over U: we call it the canonical nlm-form of U.

Proof. Obvious after theorem [
So, combining theorem HI] and proposition E2] we can prove:

Theorem 43. FEvery n|m-form L € QUM X over a n|m-dimensional manifold X can be written
in local coordinates as:

L= L(z")p

and if L is everywhere non vanishing on the local chart, then L(z?) is everywhere non vanishing
too.
Changing local chart, L transform as a n|m-density, that is

where (%ZZ )~ is the inverse matriz of the tangent map of the transformation function of local

coordinates.

Note that if one assigns conventionally the Zs degree to an n|m-form, assigning the same
degree to all its local representative, the degree is well defined. I choose the following convention:
|L| = |L|; where |L| = 0 if it takes only even values, and 1 if it takes only odd values: it is con-

sistent because, by change of coordinates, |L| doesn’t change, being ‘Bermm(%ﬂ = 0. This
convention agrees with the parity convention already adopted above in the previous two sections.

We will denote the Berezinian forms defined by (529]) in this way:

_O'A--AET

= - 31
91@...@93 (53)

w
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Note the difference between the notation in (5.31]) and similar notations like:
w=0O0'"A NO" OV O O (5.32)

where v1 ...vs are odd vector fields; or

as

P 1 .« . T
w=dx A A dx S s

(5.33)

4 are local coordinates on a n|m-manifold.

where x

Notations like the one in (.32) are usually restricted only to n|m-forms on n|m-manifolds,
or to integral forms, see for example [I14] [IT6]; notations like the one in (B33) are usually
restricted only to n|m-forms on n|m-manifolds and they already appeared in the literature in
several variants, especially in the context of Berezinian densities, see for example [146].

I propose the use of (531 which has to be intended as a shortcut for (G.29]).

Another important class of superforms are r|0-forms. It is easy to prove that every extended
r|0-form is a Berezinian form. In particular every extended 1|0-form p is a Berezinian form and
can be written as dzji4.

Following the same convention used for elements of the cotangent bundle, id est for Kostant
1-form, we have that ‘dm’ﬂ = ’xA‘ = |A]. The parity of p then follows automatically.

Every extended r|0-form w can be written as a Rg-linear combination of forms of the type of
0 = dx?t A ---dx?. T use the following natural convention:

0] = |dz® A Adatr| = |da? |+ + [dat (5.34)
The degree of a generic r|0-form w follows.
For a form of the type defined with E3T11 set the following convention:
O'A---AOT
=] :=|0'A---AO"| =10 -+ |0, 5.35
wl ‘91@...@93 | | ©1] + + 16| ( )

5.4 Fractional r|s-forms and Cartan calculus

In his work on ’stable forms’ [I54], Voronov introduced, for every 1|0-form «, an operator
e(a) acting on ’stable forms’ Voronov then says that this operator corresponds to an operator,
indicated with e, which act on r|s-forms, sending them to r + 1|s forms and which behaves like
the wedge product of o with a r|s-form. Voronov, [I54] formula 17 pag. 9, gives the following
formula in coordinates for e,:

T « a
Cq = (—]_) (vf+1OZA - (—]_)l IFH_B/U?CVAUTB‘Fla,UB) (536)
F

Formula (5.36) is in fact imprecise. This can be seen if one considers on a supermanifold the
very simple 0|1-form w defined by:

w(n) == (5.37)
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and the 1/0-form a = dz®. Then, using (5:36)), one would find that:
eaw(Tg, V1) = egqpsw(To, V1)

— 141 A B 1
::<—1>°[vééﬁ-—<—4>11+lvf6ﬁv3 ?v]

ov] o]
ol 8 141 g 0 | 1 (5.38)
44>M—ew*ﬁﬁfﬂm
ov] | U1
vo vy
==t =3
vt (vy)

But the form defined by (5.38) does not satisfy (5.5).
The correct definition of a wedge product operator of a 1|0-form « acting on generic r|s-forms
is given by Belopolsky in [9], it is used also in [65] and it corresponds to the following formula:

T « a
€q = (—]_) <’U,;4+1O[A — (—]_)l IFlU?QA®7'AB+1al}B> (539)
F

Belopolsky doesn’t exhibit the proof that his definition is well posed. I will not give here a
full proof, because it is not necessary for what follows. I will instead show that (539) is well
posed for Berezinian forms and I will show that for Berezinian forms it reduces to an intuitive
formula. We have in fact:

Proposition 44. Let (U, x4 vA, 172) be a local chart of T X, tangent space of a n|m-dimensional
manifold X; letx € U, let w:= (01, -+ ,Opry1; 01, ,0s) € TpoU x -+ Ty oU X Ty 1 U X -+ - Ty 1 U;
r+1 s

let 6 be the r|s-superform defined with (5.25), and let ju := dx?pa be a 1|0-superform, then the
function defined by:

A Ay A, a1 o
’UIMA vl N rU17 fUl N fUl
A Ar— oy —as
vTA:u’A ’U,,Al e Vr 'Ugl e Ugb
- A Aq A o s
pAG(w) = sdet, 415 Y R R P Vo (5.40)
A A A, a Qg
Ul,uA Ull fvl 1011 Ul
’U?'U/A v?l e fl]?"‘ v?l e U?S

is a v+ 1|s coordinates-superform over x.

Proof. Tt is obvious after theorem ]
And:

Proposition 45. Let (U, x4 v, 17;‘) be a local chart of T X, tangent space of a n|m-dimensional
manifold X ; letx € U, letw := (01, -+ ,Upg1301, - ,0s) € TypoU X - Ty oU X Ty U x -+ - Ty 1U,

r4+1 S
letv:=(v1,- ,Up;01, - ,05) € Ty oU X -+ Ty oU X Ty 1U X -+ - Ty 1U; let 0 be the r|s-superform

T S
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defined with (5.28), and let pn:= dz?pa be a 1|0-superform; if e,0 is defined by (E39) and A0

is defined by (BA0), then:
e f(w) = p A f(w) (5.41)

Proof. First of all we note that equation (5.39) well defines an operator, indeed, if one considers
the operator defined on an other local chart U’, it is easy to see that the two operators coincide
on UNU’'. When (B41]) is proved, this will also prove that definition (2.40]) does not depend on
local coordinates.

Then, if we apply e, to 6, we obtain:

” 00(v
eub(w) = (~1) (viluBe(v) - (—1)|“|FU5NB“?~4+18$A)> (5.42)
F
where the index A takes the values Ay,..., A, a1,...,as, whereas B runs from 1 to n|m and F'

runs from 1 to r|s.
Using Lemma [BGl we can rewrite (5.42) as:

eud(w) =(=1)" [0y 1150(0) — (=)W P g (60, 10) )|

. 1 1
(5.43)
But, by Lemma B9 (5.43)), is equivalent to (2.40), and the theorem is proved. m
After proposition E4] if w = %, and p is a 1|0-form, then we can write:
OLA---AO"  puABO'A-..AOT
Aw=0uA = 5.44
pAW=p Lo -6 L0603 ( )

It is easy to see that:
VYA eRg, p AN = (=D)L A0

So the wedge product can be extended by Rg-linearity to linear combinations of r|s-superforms.
Then we have the following:

Proposition 46. Y\ € Ry, Vu,v € QUOX, V0, V1 r|s-Berezinian-superforms we have that:

UAN@+T)=pAN0+unT (5.45)
(u+v)ANO=punO+v A0 (5.46)
PAN = pAA0 = (=D XA 0 (5.47)

Proof. ([543 is true by definition; (540]) and (5.47) can be verified by direct calculations using
the definition (2.40) and the properties of the superdeterminant defined with ]
Moreover it is immediate to see that relation (5.24]) becomes:

w = d(zA10) = dz+ A6
and more in general:

Proposition 47. For the r|s-Berezinian-form 6 defined by [B.23) on the supermanifold X and
for every G*®-function f on X, we have

d(£0) = df A0 (5.48)
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To build up the Cartan calculus, we still need to define an inner product between a vector
field and a r|s-form. We will see in a while that my definition of interior product by an even
vector field coincides with the ones given by Voronov and Belopolsky and used also by Grassi
and Marescotti. The interior product by an odd vector field is instead defined in the literature
with a certain ambiguity, because it is not given enough attention to the necessity of extending
a superforms before to contract it with an odd vector in one of its first arguments. Since the
extension may not be unique without the assumption that I made in definition [B1], then the lack
of this last definition introduces an ambiguity. We have the following:

Lemma 48. Let X be a supermanifold of dimension n|lm and let w be any r|s-form on it
extended in its first argument, if u is a tangent vector field to X, then w,(-) == w(u,-) is ar—1|s
form on X.

Proof. We have to prove that the conditions (5.4) and (55 hold for w,. When u is even,

the second condition is automatically satisfied because it is satisfied by w. To prove the first

condition, let’s take v = (01, ,Up_1,01,+* ,05) € T(ToX x - ToX xT1 X x ---T1X) and
r—1 s

let’s consider a ¢ € GL(r — 1|s) acting on v according to B3] so that gv = v’; we can then

(1) 2) We can make ¢’ act on the couple

(u,v) € T(ToX x -+ - ToX xT1 X x ---T1X) in this way ¢'(u,v) := (u,gv). A straightforward

build ¢’ € GL(r|s) as the r|s-supermatrix ¢’ := <

T S
calculation gives Ber, s(¢') = Ber,_1,s(g9). So we have that w,(v") = wy,(gv) = w(u,gv) =
w(g'(u,v)) = Bery s(¢')w(u,v) = Bery_1,s(g)wu(v).

If wis odd, let’s take any odd generator 1 of Rg, then nu is even and we can apply to it the same
argument seen above. Moreover V1, wy,(v") = nw, (v") and wy, (v) = nw,(v) for the Rg-linearity
in the first argument of the extended form w. So we have that: Vn, nw,(v') = nBer,_1 s(g)w,(v)
and since Rg has infinite odd generator, it must be w, (v') = Ber,_1 s(g)wy (v).

To prove that (B3] is satisfied by w, also when u is odd, we note that w is the extension
in the first argument of its restriction to I'(To X x -+ - ToX x T1 X x ---T1X). So by B3l we have

™ S

that:
Vu e (T X), Yo e I(Tp X x -+ - ToX xTh X x---Th1 X), Ve € Rg

r—1 s

wy (V) = w(u,v) = %w(su,v)
and consequently:

02 9?09 o o
— (V) = — — (—=1)IGHIBIFIFIHAI 2 __ 2
ovBova” @) owBovg geEwv) = (=1) 0z ovBovd "

o 02
_ _ (_1)lGIHIBIHFIHAl _pylGlFl+(Gl+H R A 9 97
=1 =1 e QvB oA

(eu,v)

w(eu,v)

82
_ _(_pylelFaerena__ 97 9
=D uBaud 9=

32
= — (=DICINFIHIGIHIFDIAl__ =,
(=1) avffavéw )

€U, V)

which is (B5). =
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I will call the form w,, also u_Jw or i,w.
When w is a Berezinian-form, then I call i,w a contracted Berezinian-form: note that in

general it may not be a Berezinian form.
fw=— O'A--.nOT

_ A .
500" and v = v*04, we can write:

OIA---NO"

——— A4
Lo (5 9)

u_w =029,

where formula (5.49) has to be considered a shortcut for the formulas described in Lemma A8
I set the following convention:

lu—w| :=|u| + |w] (5.50)

The same convention will be used in the following whenever interior products are involved.
Voronov in [152, [154] gives a definition of the interior product by the following:

Proposition 49. Let X be a supermanifold of dimension n|m and let w be any r|s-form on it.
If u is a tangent vector field to X locally defined by u = u”04, then then the operator i, defined
in local coordinates by

. . 0
iy = (—1) luAaTA (5.51)

sends w to iy,w, which is a r — 1|s-form on X.

If w is a Berezinian-form, then it is easy by a straightforward calculation to prove that my
definition agrees with the one given by Voronov.

Since every r|s-forms is Rg g-linear in its first r arguments (see [I52]), then it is equally easy
to prove that my definition and Voronov definition are equivalent for every r|s-form.

What is incorrect is to deduce from those definitions that making an interior product by an
odd vector is equivalent to substitute the odd vector as the first argument of the original form.
This may be without sense or could lead to ambiguities. Indeed before contracting a form with
an odd vector, it always necessary to extend it (for example with (59)).

New forms can obviously be obtained by repeated contractions with different vector fields.
Note that: to extend a form in its first argument, to perform a contraction with an odd vector,
followed by an other extension in the new first argument of the new form and another contraction
by an odd vector is not equivalent to extend the original form in its two first arguments with
(59) and then contract it in its two first arguments with two odd vectors. For example, if w is a
form and @ is its extension in the first two arguments, if ¥ and @ are odd vectors, then:

v (tow) £ o (u,v)

In other words, if u_iw is the extension of u_Jw in its first argument, we have that:

—

iw () # 0@,

This is consistent, if one thinks that T w is Rg-linear in its first argument, while @ (-, -), being
a Kostant-form, must obey to (B.8) and therefore it is not Rg-linear in its second argument.

It is useful to define a wedge product between a 1|0-form and a contracted Berezinian-form.
We can make so with the help of the following:
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Proposition 50. Let (U, 4 vA, 17;1) be a local chart of TX, tangent space of a n|m-dimensional
manifold X; let x € U, let v := (U1, -+ , 0501, ,Vs) € Ty oU X -+ Ty oU x Ty iU x -+ - Ty 1U;

let 8 be the r|s-Berezinian-superform defined with (5.25)); let n be a odd generator of Rg1; let
Oa and Oy be its contractions with the even vector field u and i and let p := dz®py be a 1]0-
superform, then the functions defined by:

vilpa v T ﬁ ot U1
0 uAl o uAr W o W
A Bz (v) = sdet — — - — — 5.52
1% u( ) r+1,s 'UfNA Ufl o /U;.qr— T ( )
vitpa vt ol o vy
vApa v ol o vg*
and
vipa o R R
nuAl UUAT‘ T]iLEI P 77175:
vina v vT g V5
A 0z (v) == (=1)H 9 sdetyy1 s - ‘ A (5.53)
on T vApa vt v et e Rt
ofpa ot R S
{JEMA vt vilr ot v
are r|s-forms.
Moreover we have again that Y\ € Rg, Yu,v € QUOX which have the same parity:
(W4 V)ANOy=p N0y +vAbOy (5.54)
ANy = pA A0, = (=D)L A0, (5.55)
Proof. The proof that both ([552)) and ([G.53]) define a r|s-form relies on the fact that
A ()0 + (=1 e 0) = (1) () (5.56)

which can be checked by direct calculation starting from (5.40), (5.52) and (E.53).
The proof of ([B54]) and (G55 can be done by direct calculation. m
We have then the following three propositions, the second of which is analogous to proposition

Proposition 51. The wedge product defined for fractional forms with [AQ), is a special case
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of the wedge product defined locally for all superforms with the formula:

V local chart U, Vu € Q1°U, vo € Q"°U,
Yo = (W7 am76'17 7’[78) GTJE,OU X "'TI,OUXT:E,lU X "'Tw,an
Vw = (v,T41) € Ty oU X -+ Ty oU X Ty U X - Ty 1U ¢ (5.57)

r+1 s

A0 = ()" ) — O ooy 2 o)

Id est: on Berezinian superform, uA acts as e,.

Proof. The theorem is just a corollary of theorems 4] and E5 which have been proved with the
same calculation techniques used for proving theorem [ ]

Proposition 52. Let (U,z%,vA,v4) be a local chart of TX, tangent space of a n|m-dimensional

manifold X ; letx € U, letw := (U1, , V1301, ,Us) € Ty oU x -+ Ty oU x Ty (U x -+ - T 1U;
r+1 s

let O be the r|s-Berezinian-superform defined with (5.25); let 0z and 64 be its contractions with re-

spectively the even vector field i and the odd vector field i and let p := dx*pa be a 1|0-superform:

if epbu and e, by are defined by [B:39) and p A 0y and p A 0y are defined by (5:52) and (B53),

then:

euba(w) = p A bz (w)

epba(w) = p A z(w) (5.58)

Proof. First of all we note that, since (5.39) well define an operator, the proof of (558)) is also a
proof that definitions (.52 and (53]) are well given and don’t depend on coordinates.

Then, for what we have seen above, we note that 6, = i,0, where i, is defined by (E5I)).
Using (5.39) and (&.51]), we can therefore easily see that:

euly = — (_DWHMI iu(en) + (_1)|MHU\ ()6 (5.59)

Remembering that e,0 = p A 6 and comparing (5.59) with (5.56]), we have that:

eulfy = p Aoy

]
We can therefore set the following definition:

Definition 53. Let (U, xA,viA,;;‘) be a local chart of TX, tangent space of a n|m-dimensional
manifold X; let x € U, let v := (U1, ,Tr; U1, ,0s) € Ty oU X -+ Ty oU X Ty 1U X - - Ty 1U;

let 0 be any r|s-superform; let p = dx? s be a 1|0-superform, then:

WA :=e,0

where e, is defined by ([:39).
And we have then:
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Proposition 54.

Vu, ve QX vw e Qi X,

— (—1)lelvi+1 (5.60)
pAVAw = (1) VA pAw

Proof. By direct calculation using (.57 or, with easier calculations, for the class of Berezinian-
forms and contracted Berezinian-forms, using (540), (5.52) and (&.53). =

A short comment on the formula (E56) for the commutator between interior and exterior
products: in [65] and [9] a different formula is given. Note that, formula 3.6 in [65], defining the
interior product, does not make sense without a definition of an extension of superforms. If one
assumes that for a generic Berezinian superform its extension were obtained by simply using the
superdeterminant formula (5.25), then formula 3.6 in [65] would not coincide with my definition
E53) and moreover formula 3.6 would not lead to a superform satisfying (54]) and (&5 (as
can be seen with simple counterexamples).This explain also the difference between ([B.50]), which
involves a superanticommutator, and the corresponding formula in [65] (the third equality of 3.8)
which instead involves a supercommutator.

Using (B.54]) and (&.53]), the wedge product can be extended to the space of all contracted
Berezinian-forms by Rg linearity.

Using if v is a t|0-form and w is a r|s-form, it is easy to define the wedge product o A w.

Using (B.59) and ([B.56]), we can repeatedly apply the operator i, to a contracted Berezinian-
form obtaining a class of new forms, which we may call repeatedly contracted Berezinian forms,
for which the interior products with vector fields and the exterior product with 1|0-forms are
well defined and enjoy the properties described by (E.56), (.54) and (555]). Moreover, for this
class of forms, it is possible to explicitly calculate the wedge and interior products in term
of superdeterminants of the components of the 1-forms and vectors involved obtaining, results
analogous to the ones of theorem In the following chapters of this thesis, I will use only
Berezinian and contracted Berezinian forms, so formula (540), (552) and (E53) will be enough

to explicitly calculate their values.
Ifw= [CRNNC1

AYGRWOTE and vy = 11148,4, Co,Vp = vf@B, using the properties seen above, we can

write:

1 DRI r
O A--nO" (5.61)

Vpd oo VI 1W=V1 A" AVp_1
We can therefore give the following:

Definition 55. The class of superforms obtained by Berezinian superforms repeatedly performing
wedge products by 1|0-superforms and contraction by vector fields and their Rg-linear combina-
tions is called the class of fractional superform.

The name is justified by the notation proposed with (5.44), (5:49) and (G.61).

It is important to know how the operator d act on fractional forms and how its action is
correlated with the action of the wedge product and of the interior product. We have:

Proposition 56.

Ve QX = F(X), Ywe Q°X,

(5.62)
d(fw)=df N\w+ fdw
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Proof. By direct calculation using (5.6]) and the definition of e,6. =

Since we define the class of fractional superforms as the smallest subclass of general r|s-
forms containing the Berezinian forms and closed under contraction and wedge product, the
natural question arises whether this subclass is a proper subclass of Voronov-Zorich forms or it
is coincident with the class of all Voronov-Zorich forms.

I don’t have now an answer to this question.

For example: if

w==
0
with 6 = dxAt/Q;, |0] = 1 and with do = 0, then I don’t know if dw is a fractional form or not,
although I guess it is not.

Then it may be that the class of fractional superforms is not closed under exterior derivation.

The example above, by the way, shows that the action of the operator d on a fractional form,
and even on a Berezinian form, is not always easy to compute.

We have the following:
Proposition 57. If u is a 1|0-form and w is and r|s-form:
dpAw) =duNw—pAdw

Proof. By direct calculation remembering definition 53] and using and . n

One other property of n|m-forms, easy to demonstrate, is that they can be pullback by G*°
maps in the expected way.

Using (5.6) and (.57, it is easy to prove that the pullback of forms trough a G* map
between supermanifold commutes with the exterior derivative and that the pullback of a wedge
product is the wedge product of the pullbacks.

Voronov and Zorich have shown that, with their definitions of exterior derivative, interior
product and pull back, the following Cartan formula holds for the Lie derivative along an even
or an odd vector field u:

r|s .
VctIEQ X,.VUGI.‘(TX) : (5.63)
Lie, w = d (iyw) + iy (dw)

keeping in mind that (5:63) makes sense whenever i,w is well defined.

Since my definitions of exterior derivative and pull back for fractional superforms and my
definition of interior product agree with the ones of Voronov and Zorich, then (.63]) also holds
for Berezinian, for contracted Berezinian and for fractional superforms.

I can finally define a new kind of product which is an extension of the exterior product and
which had not been taken in consideration by Voronov.

OA---nE! L'A-ADT”
01o---»od a’nd "/1@"'(9'75

Definition 58. The exterior product between the two Berezinian forms
is the l + r|d + s Berezinian form defined by:

TA... l TLA---ATT TA... EATYA - ATT
<@/\ /\@) < A A )._9/\ ANO'ATEA - A (5.64)

ool Vo 0v) " o0yl 09
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This definition will reveal to be useful in section [6.3l One could try to extend it to non
Berezinian forms. This could be achieved by defining, for each 0|1-form «, the operator e,
sending every r|s-form w to a r|s+ 1 form in a way analogous to the one of the operator defined
by (&39). This could be useful in the context of string theory for defining picture changing
operators, see [9] [I0] but, since it is not necessary for what it follows, I will not undertake this
path.

5.5 Integral of superforms on supermanifolds

The main interesting feature of r|s-forms is that they can be integrated on r|s-submanifolds.
Voronov and Zorich in [155] [156] 157, [I58] have in fact shown that r|s-forms can be integrated
over r|s-supermanifold with boundary, whence a suitable definition of boundary is given and
that a super version of Stokes theorem then holds. For details on the theory of integration see
Voronov [I52].

For a short and good account on the history of the theory of integration on supermanifolds,
with all the main references quoted, see the introduction of [I54]; for an other list of references
see the bibliographical notes of [I52]. A recent review on integration of integral forms oriented
to physical applications is Witten’s paper [163].

Here I will give only the main definitions and results without many comments. I will introduce
only the material which is necessary to develop a super field theory in the next two parts of this
thesis.

Remember that for every G*°-supermanifold X of dimension r|s there is a well defined map,
called body, and usually denoted by ¢, from X to X, being X a r-dimension real C'*°-manifold.
For details see [133].

Definition 59. I call body immersion every injective C*° map b from X to X such that:
Ve € X, eb(z) =z (5.65)

The body-immersion map b fix a "real" slice b(X) in X: with a little abuse of language I will
call this image the immersed body of X even if it is not obviously uniquely defined, neither can
be in general canonically defined.

Remark 60. Batchelor with her theorem, in [1] (see also [I33], Chapter 8), shows that to every
vector fiber bundle E with an n-dimensional C* base X and an m-dimensional fiber, corresponds
a n|m-dimensional G supermanifold (with DeWitt topology), which, using Rogers notation, we
can call S (X, E), whose body is X. Conversely: every G n|m-dimensional supermanifold with
DeWitt topology is superdiffeomorphic to a supermanifold of the type S (X, E), with E uniquely
determined by X.

We could show that every G n|m-dimensional supermanifold X with a fixed immersed body
corresponds to a vector fiber bundle E with a fized global section, but this correspondence is not
1 to 1: two different immersions may correspond to the same global section. This means that
the immersion of the body contains more information than the global section of the corresponding
Batchelor vector bundle. We will see in the following how this information may be useful to
define an integral over a supermanifold.

To avoid any ambiguity, we could from now on consider only supermanifolds X with a fixed
immersed body: in this case we could call it, with a little abuse of notation, b(X), as a shortcut
for b(X) = b(e(X)). Note that, once an immersed body is fixed, if U C X, then b(U) := UNb(X)
is well defined. Note moreover that, if on a chart U the local coordinates are (z%,z"**) and
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if, V& € X such that b(z) € U, we have that 2"t (b(z)) = 0 and z* (b(z)) € R, then the
same conditions are not necessarily satisfied on another local chart U’. However it is possible to
demonstrate that, once fixed an immersed body, there always exists a sub-atlas of X such that,
for every local chart [U, (x®,2"T®)], "7 (b(z)) = 0 and z* (b(z)) € R. In the following I will
always use such an atlas, unless I explicitly mention it.

If the supermanifold X is an open domain of R,,|,,,, then an atlas can be chosen with a single
chart with coordinates (z“). The body of X is an open domain X C R™ with coordinates
(z%),z* € R, and there is a canonical immersed body b(X) so that the body immersion map b
sends (z%) to (z% = 2% z"T® = 0).

If U is an open domain in R™™ with coordinates (2%, 2"T%) and if f is a G*°-function on U,
we can write in coordinates:

Fla®, 2™ ) = 2™ fy (a%) (5.66)

where the Greek capital letter A stands for a multiindex which can be 0 or can be a sequence of
ordered integer numbers «;, not mutually equal, chosen in the set going from n + 1 to n + m.
Here and in the following we will use the convention that the order in the multiindex must go
from the smaller «; to the bigger a;; when the multiindex is written as an apex and the opposite
when it is written as a subscript. If the same letter is used for a apex multiindex and a subscript
multiindex, then it is understood that they are obtained by inverses sequences of indexes. By
definition: if A = 0, then 2 = 1; if A = a9 - - - g, withn < a3 < s < -+ < ai < n+m, then
o =z g2 ... g% For example, if m =7, a1 =n+3,a0 =n+5,a3 =n+7and A = ajasas,
then % = 2" 3275277 but fo = fasasey = fni7mismses. The function fy is the Grassmann
analytic continuation of a function f defined on U and with values in Rg; for the definition of
Grassmann analytic continuation see [133].
I then define the Berezin integral of f over U as:

/Dx“DxO‘f:/ Dac“on‘foA(m“) ::/ Dz frop(z®) (5.67)
U U U

where fTop = fn+m7n+m_17... n+1 is the top component in the expansion (5.60) and frop = fTOp|Q
is the corresponding function on U.

Note that, with this definition, [, Dz®*Dxz® is an operator from G* (U) to Rg which is
Rg-linear from the right.

Note also that this definition agrees with the definition given by Voronov in [I52] and differs
from the definition given by Rogers in [I33], which gives rise to an operator Rg-linear on the
left: this depends on the choice of putting the coefficients fA in the expansion (0.60) after the
product of odd variables z; the two definitions give the same results when frop is real or even
and they differ when frop is odd.

If we consider a non canonical immersed body b(U), we can give the following definition of
an integral of the function f over the pair [U,b(U)]:

/ Dz*Da® f = Dz Da®a™ fi (%) := / Dz frop (b(z%)) (5.68)
[Ub(U)] [U.b(U)] o4

Unfortunately both definitions (5:67) and (5:68)) pose some problems when the function f is
not null at the boundary of U. If one try and use them directly to define an integral over a non
compact supermanifold, then he falls quickly in some troubles. To avoid these troubles Voronov
and Zorich proposed to define the integral over supermanifolds with boundaries.

We can define a n|m-dimensional domain of R”™ with boundary in the following way: we
consider a G* function v from R™™ to R!° and we define a domain with boundary as the pair
(U,dU), where dU, called the boundary, is the set of points  of R™™ such that v(z) = 0 and
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U, called the interior part, is the set of points = of R™™ such that ¢ [v(z)] > 0 (remember that
e [v(x)] is the body of v(z) id est its real part). Note that it could be written v(z) > 0 without
ambiguity.

It is possible to prove that € (OU) = 9e (U), where 9e (U) = 90U is the natural boundary of
e (U) = U. Note that dU could be defined by the equation v = 0, where v = ¢ <U|Rn\m> is a real

function defined on R™.

Note that two different domains with boundary could have the same interior part (and dif-
ferent boundaries). Let’s consider for example on R, with variable z, the two functions v = x
and v = x — mn2, where 71,72 € Rg; are odd constants. The two functions define the two
domains with boundary (U,,0U,) and (U,,0U,) with U, = U, and with 0U, counsisting in the
point z = 0 and 9U,, consisting in the point z = n179.

However it is possible to prove that if (U, 0U;) and (U, dUs) are two domains with boundary
which have the same interior part and which are defined by the two functions v; and wve, then
€(0U1) = €(0Uz); moreover €(0U;) = €(0Uz) = OU and v1 = vy. In the example above:
v=v=2.

We can now give the following;:

Definition 61 (Voronov and Zorich). The Berezin integral of the function [ over a domain with
boundary (U,0U) defined by the function u is:

/ Dx*Dz*f ::/ Dz Da®z® fa ()0 (u(z®, 2%)) (5.69)
(U,00) U

where fU Dz Dx™ 8 is the Berezin integral defined above, and where 0 is the Grassmann analytic
continuation to RYUC of the classical Heaviside 0 function defined on R'.

Note that, since the Grassmann analytic continuation of the classical # involves its deriva-
tives and since the first derivative of # is the Dirac ¢ distribution, it is clear that the integral
defined above automatically include boundary terms, id est a Berezinian integral over the bound-
ary OU and consequently a real integral over OU. The definition of § distribution on R™™ is
straightforward.

I want to present a small extension of definition [61}

Definition 62. The Berezin integral of the function f over over the triplet [(U,dU),b(U)],
where (U, 0U) is a domain with boundary defined by the function u (u >0 on U) and b(U) is an
immersed body (possibly non canonical) of U, such that Ob(U) = b(0U) C U, is defined by:

/ Dz*Dzf := / D Da®a™ f ()0 (u(z®, %)) (5.70)
[(U,8U),b(U)] [U:b(U)]

where f[U’b(U)] Dzx®*Dx® is the Berezin integral over immersed body defined above with (5.68]), and

where 0 is the Grassmann analytic continuation to R0 of the classical 6 function defined on R'.

Remark 63. Definitions[61l and[62 are always well posed and give a finite result when UUQU is
compact. If (U,0U7) and (U,0Us) are two domains with boundary which have the same interior
part U and different boundaries, which are defined by the two functions uy and us, then we have
in general that f(U,BUl) #* f(U,aUg)' This fact will be crucial in allowing a good definition of
integration over supermanifolds with boundaries.

Using the notion of domain with boundary it is easy to give a definition of supermanifold
with boundary. I will not give it here explicitly. Sometime a 7|s-supermanifold with boundary
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X contained in a r|s-supermanifold Y can be defined starting directly from a function v defined
onY.

We can now define the integral of a super-form.

Definition 64. LetY be an n|m-supermanifold. Let X be a r|s-supermanifold with boundary 0X .
Let {(Un,0U,) , pa} be a partition of unity of X, with (Uy,dUy) open domains with boundary
of R"ls defined by the functions ua (uq > 0 on Uy), let every U, be included in a local chart
with coordinates 2B ; let b(X) be an immersed body of X and b(Uy,) the corresponding immersed
bodies (possible non canonical) on Uy; leti : X — Y be an immersion of X in'Y which is a
G>®-map; let w be a r|s-form defined on Y, then:

/ o= [ D2 Da %0 (Br, -+ Ors)
i[(X,0X),b(X)] a [(Ua,0Uq),b(Ua)]

(5.71)
= Z Pa / D2’ Dz tPi*w (01, ,Orgs) 0 (uq)
a [Ua,b(Ua)]

Note that, in order to avoid to weight to much the notation, in Formula (&7T) I did not write
explicitly the coordinates functions from X to the charts U,.

Remark 65. The same definition can be used when X has no boundary. In this case the boundary
terms over each OU, do not appear in the sum (B.71).

Note that we can take a simpler version of definition [64] if we fix an immersed body and we
use adapted (existing) atlases for which, in each chart: b(U,) = U, is the canonical body of
b(U,). For this case, the proof that the definition is well posed and that it doesn’t depend on the
choice of the charts can be found in [I52]. The proof is based on the property (&4 of superforms.
The proof is also based on the fact that, changing coordinates, it changes also the local function
defining the boundary and consequently it changes the contribution of the 6 functions in the
integral.

I decided to give this slightly more complicated definition because it allows more general
changes of coordinates, namely those changes of coordinates for which the immersed body does
not correspond to the canonical bodies of the charts involved in the change. In the following I
give a couple of super simple examples to explain how the definition works.

Let Y = RY2. Let’s take on Y the coordinates (z,£¢",£2). Let’s consider the superform

w= dfldg)ixdﬁ [fo(x) + §1§2fg\1(x)] . Let’s consider the submanifold with boundary X of Y defined

by v =2 when z < 1 and by v =1 — & when x > 0. Let’s use on X the coordinates of Y. The
immersion of X in Y is then given locally by the identity. Let’s consider the immersed body
of X defined by z (b(X)) = z, &' (b(X)) = 0 and &2 (b(X)) = 0, with understandable notation.
Then:

/i[(X,BX),b(X)] YT /b(X) dI/DzHB {fo(x) + €1§2f2\1(x)} [é () —0(z—1)
= /dﬁfm(&) [0(z) — 0(z — 1)]
-/ defn2)
0

If we perform a change of coordinates which leaves € unchanged and such that y = 2 +£'€2, then
in the new coordinates the body is given by y (b(X)) = z, ! (b(X)) = 0 and &2 (b(X)) = 0 and
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in the new local coordinates we have that w = dgld#@ [fo(y - + §1£2J?2\1(y - 5152)}. Then

we have:

w

/i[(X,8X),b(X)]
— [y [ D[Ry - £+ €Tl - €] [0y - €16) - (v - 1~ 1)
b(X)

~ [ _ay [ Dt []?0(3/) —eeh) sls%@)} [0) - €% by — 1) + €%y~ 1)]
b(X) Y

= /dgfgl(g) [0(z) —0(z—1)] = /01 dz fo1(x)

And we recover the previous result.

On the other hand, if we perform a change of coordinates which leaves the £ unchanged
and such that y = = + n'n?, with n' and 7? odd constant belonging to Rg 1, then in the new
coordinates the body is given by y (b(X)) = z + n'n?, £ (b(X)) = 0 and €2 (b(X)) = 0 and in
the new local coordinates we have that w = dgf(laiydg [fo(y —ntn?) + % far (y — T]1772):|. Then
we have:

/
i[(X,0X),b(X)]
/b( )dy/ 2! th {.ﬁ)(y 771772) 5152;’2\1(:’/ - 771772)} [é (y — 7’1772) _ é(y _ 7717’2 1)}
X

~

= / dy / Dz't8 [fo(y) - nW%(y) €2 for(y — 771772)] [9 (y) —n'n?d(y) — 0 (y — 1) + n'ns(y — 1)}
b(X) Y

_ / defor () [0() — 6z — 1)] = /0 da for (2)

which gives us again the same value.

If we hadn’t used the definition including the concept of immersed body, we could have not
obtained this last result. Obviously we could have decided to not allow changes of coordinates
which send a local canonical body to a local non canonical one. This is always possible because
we can always cover a supermanifold with atlases for which the changes of coordinates are never
of that kind.

I don’t know if these kind of considerations were implicitly present in the original work of
Voronov and Zorich. It is true that they become almost necessary if one works in the concrete
framework for supermanifolds, which allows the use of odd constant.

In any case I think that the concept of immersed body clarifies better from a geometric point
of view the notion of integration on a supermanifold. Moreover I will utilize that concept again
in chapter [@ on Comparison Theorems, again with the idea that it can help in understanding the
geometrical meaning of those theorems.

Remark 66. Definition[6]] is always well posed when X U0X is compact, also if X alone is not
compact.

We could try and define an integral over X, when X is not compact, but X UJdX is compact,
and this can be done if suitable conditions on w are imposed. We have however to be careful: if
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X is an open supermanifold immersed in an other supermanifold ¥ and X can be comptactified
by adding a suitable boundary, then speaking of the integral on X may not have much sense. As
we have seen, the same supermanifold X may have different boundaries, and the natural notion
of integral of superforms is a notion defined on supermanifolds with boundary: changing the
boundary in general changes the value of the integral, so there is not much point in looking for
a value depending only on the interior part. If we look for a different definition of integral on
supermanifolds with boundary, we may lose the advantages of the one here presented, the main
of which is the validity of a super version of the Stokes theorem, as we see below.

For some comments on integrations on non compact manifolds and for a short accounts on
approaches different from the one undertaken here, one can see Rogers [I33]. One can also read
the recent paper of A. Alldridge, J. Hilgert and W. Palzer, [2], who worked on older ideas of M.
J. Rothstein, [I37]. T am not going to compare their results to the one of Voronov and Zorich
here presented, althought it would be interesting to do so.

In fact, for what follows in the third and fourth part of this thesis, dealing with a geomet-
rically well defined variational foundation of super field theories, it is enough to have a good
definition of integral on compact supermanifolds with boundary. What will be important are
indeed variations of some integral for compactly supported variations of the fields.

Remark 67. The integral defined with[67] satisfies an interesting property which is a consequence
of BA): if we take a compactly supported small variation of the immersion i, then the functional
variation of fi(X) w doesn’t depend on derivatives of the immersion with respect to the coordinates
on X which are of order higher than 1.

Condition (B8) is imposed by Voronov and Zorich precisely because they wanted this property
to be true.

The functional variation of fi(X) w can be then expressed as the integral: fi(X) w_Jdw, where
w s the vector field generating the infinitesimal compactly supported variation of i and where d
is the operator defined by Voronov and Zorich.

The reader can see the original works of Voronov and Zorich and [I52] for details. In section
B3 T will give a short proof of an analogous property satisfied by the integral of mixed forms on
a supermanifold.

We conclude with the following version of Stokes theorem for superforms:

Theorem 68 (Voronov and Zorich). If a is a superform, then:

/Udaz/anz (5.72)

For the proof see Voronov [152].



Chapter 6

Fractional coforms, mixed forms
and their integration on
supermanifolds

In 1995 Khudaverdian, [91], had the idea to define codensities on supermanifolds.

Independently Voronov, in [I53] and then in [I54], gave the definition of dual forms on a
supermanifold, which turned out to be special kind of codensities.

Voronov, in [I53] and in [I54] gave also the definition of mized forms and showed how to
perform a Cartan calculus with those new objects.

In section BT give a version of the definition of dual forms adapted to the notation used
until now. I prefer to call coforms, what Voronov calls dual forms. Then I explain what I mean
by fractional coforms.

In section B2 I introduce mized forms and I define mixed fractional forms.

In section [6.31 T shortly explain how coforms and mixed forms can be integrated on submani-
folds of a supermanifold.

All the material presented in this chapter is not necessary to build a multisymplectic superfield
theory (which is the main scope of this thesis) and it is presented without many details. It can
be consider as the natural companion of the material presented in the previous chapter and as
an introduction for further and more complete studies.

The use of fractional coforms and fractional mixed forms, together with the theory of their
integration, may be useful in the context of BRST (Bechi, Rouet, Stora, Tyutin) and BV (Batalin,
Vilkovisky) superfield theories. I believe indeed that their use can make more transparent some
aspects of BRST and BV approaches. So the results presented in this chapter can be considered
as a preliminary work for a future study in that direction.

6.1 Berezinian and fractional t|¢g-coforms on supermani-
folds.
I follow the path already undertaken in sections [5.2.1] and

Let g € GL(t|q) be written as a supermatrix (after having chosen arbitrarily the necessary
basis) and let V' be a superspace of dimension n|m, then there is a right action of GL(t|q) onto

99



100CHAPTER 6. FRACTIONAL COFORMS, MIXED FORMS AND THEIR INTEGRATION

V*x oo x VX IIV* x -+« x IIV*, defined in this way:

t q

VQEGL<t‘q)7 V]?, 7?6‘/*7 ];17 7137161_[‘/*7
(Ea"'az?;pla"'vﬁl)-

g
:(F7,,,,pt;p1,,,,’ﬁ).

go,0 9go,1
91,0 91,1

Where, in the right side of the last equation, the product is the usual matrix product with
attention given to the order in products of entries and where an element p € V*, multiplied on
the right by an odd number, gives an element of IIV* in a natural way and so on.

Let’s consider a supermanifold X of dimension n|m and one of its point x € U C X, where
U is a local chart of X. On U we have local coordinates 2. Let T X be the tangent module
of X over z. A base for T X is given by (dxF|l’)F=1__.n\m' We can identify a point p € T; X
by its coordinates pr with-respect to the chosen basis. On T, X we can consider the topology
inherited from T X. We have then the following:

(6.1)

Definition 69 (Voronov). A coform of codegree t|q over a point x € X, supermanifold of dimen-
sionnm, isa G mapw: O C Ty X x - Ty X xTy 1 X x--- Ty 1 X — Rg, which, Vp € O,

T

t q
open subset of Ty (X x -+ Ty X x Ty X x---T;, X, satisfies the following two conditions:

t q
Vg € GL(t|q), w(p-g) = w(p) Ber4(g) (6.2)
&w &%w
- 4 (,1)\GHF\+(IG\+IFD|AI7 — (6.3)
OpBop4 Oppopg
where F,G = 1,--- ,n+m are the indices in the space T; X and so also in both spaces Ty (X

and Ty | X with their usual degree; p? is the F-th coordinates of p in the local base (dacF\I)F;
A runs from 1 to t + q and we have p? € T;IAIX’ where we set |A] =0 when A=1,---,t and
|Al =1 when A=t+1,--- ,t+q.

It can be seen that the definition does not depend on the choice of the chart U and of the
corresponding basis for T; X.
Note that, by definition, if p € Ty o X x -+ Ty o X x Ty 1 X x --- Ty X is so that p*1, ... ptTd

t q
are linearly dependent, then there are only two possibility: either p ¢ O (so that w is not defined
on p), or w(p) = 0. Moreover, in this second case, w being a G* map on O, we must have
w(p) =0Vp e O.

It is easy to prove that the space of t|g-coforms over x is naturally a free left supermodule over
Rg; I call it Ayjq, as a shortcut for Ay T X and we have, as usual, Ayjgx = A¢jgiw,0 D Agjgiz,1s
where Ayjq.z0 and Ayjq.,1 are respectively the even and the odd part of Ay, and they are
superspaces. The space Ay, can be given the structure of right supermodule by a sign rule
analougous to the one used in sections and (5.3

In the usual way we can build the fiber bundles A 4,0 X, Ayjq1 X and Ay X,

Definition 70. A G*° section of the bundle Ay, X is called a differential t|q-coform. The space
of t|g-coforms over X is called Q4o X := I‘(At‘qX).
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The t|g-coforms can be extended in their first ¢ arguments with techniques analogous the one
used to extend r|s-forms. It is although more natural to extend them so that they have "right
R,-linearity":

Definition 71. A coform of degree t|q over a point x € X of dimension (n,m) is said to be
extended in the arguments (pal, oy Pay), With k< t, if it is a G map w : Ty X X - ¥
TpX <o x Ty o X x Ty X x--- Ty 1 X (where Ty X substitutes T, 0 X k times in the positions

q
a1, ,ar) which satisfies the following conditions:

— when restricted to Ty o X X -+ Ty o X x Ty 1 X x - Ty

1:5

1 X, it is a coform of degree plq,

t q

- V(pt,--- 7pt—’“,p~1,~-~ ,1571) S T;’OX X ~--T;’0X><T;’1X X -~-T;’1X, vpl, ... pFe T;OX X ~-~T;:’0X
t—k _ q k
/&}(p 7p P H a"' 7pt_kap1a"' apq)
H ! , — ~
( )l |Zl 1+1|p| ( 7])1’...7291’...7pk77...’ptfk’pl’...’pq)_lq'
and_ .
@(p pl pza"' p1+17"' 7pk7"' apt_k7p17"' apq)
i1 . —_ ~ ~
( )1+|p ||p ‘w(p [ 7p )" 7p1+1 e aplv"' apka"' >pt7kap17"’ 7pq)
where the p are_in the posztwns ai, - ,ak,
= V(pl, - pt Rt pR) €T o X X T g X X Ty X x T X, Wph, o pP €T o X x - T o X
t—k q k
Wpt, o1y ek, PP ,qu), where the free arguments are in the positions dif-
ferent than a1, - - - , ax, is Rgo-linear and antisymmetric.

We call W an extended-coform, when it is extended in the above sense in all its even arguments.

We say that w extends the t|q-coform w if, when restricted to T, o X x -+ Ty o X x Ty 1 X x --- Ty 1 X,

t q

it coincides with w.

Proposition 72. For every coform w of degree tlg over a point x € X of dimension (n,m),
there is one and only one coform W which extends w in the arguments (p® -+ ,p®), with k < t.
The coform W can be inductively defined by:

0% = w (6.4)
l+1(p )t apaH—la"’ 7pala"' 7pa17"' a?apla"' 71321)
::ﬁ]\l(ﬁa'” 7pal+17"' 7pal7"' 7pa1a"' 7?7])17"' aI;ZZ) (65)
—
Zl [P~ T a1 a a1 | .9
+(71) =1 w(p,'u,p“rls,'n,p )P 7"'7p7p7"'ﬂpq)&

where € € Rg 1 is an odd parameter.

An extended 1|0-coform is clearly an element of the bidual of T, X.

When V is a left supermodule over the superalgebra Rg, its dual V* is defined as the set of
left Rg-linear function from V to Rg. V* is then naturally a right free supermodule over Rg.
The bidual V** is defined as the set of right Rg-linear function between V* and Rg and it is
naturally a left supermodule over Rg. Between V' and its bidual V** there exists a canonical
one-to-one left-Rg-linear correspondence such that, if v € V, v € V** and a € V*:

v v

v(a) = a(v)
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Note that this correspondence is not the only legitimate one. One could also think of something
like v(a) = (—1)!*ll2lg(v) although the left-linearity would be affected. I will not follow this path.

So to each extended 1|0-coform, we can associate a corresponding vector. In particular, if w
is the extended 1]|0-coform which sends p = dz“p4 to pp, we can associate to w the vector dp
hence, with a little abuse of notation, we can write w = dg. We will see in the following that a
similar notation can be used also for higher degree coforms.

With techniques analogous to the one used in section 3]t is then possible to build Berezinian
coforms:

Theorem 73. Let (U, 24,54, pa) be a local chart of T* X, cotangent space of a n|m-dimensional

manifold X ; letx € U, let 7w := (pt,--- ,ptTLpl,--- p) € TyoUx Ty UxTyUx---T;U;

t+1 q
let a1 < g < -+ < ag be q different odd indices chosen in the the set {n+1,--- ,n+m}; let
A1, Aoy -+, Aryr bet + 1 even or odd indices (possibly equal) chosen in the set {1,--- ;n+m};
then the function

w : OCTiWU X - TigUXTi U X - Ti U — Rg

t+1 q
defined by:
i 7 1 1 q
Pag, 0 Pav,y Pan, Pag, 7 Paw
1 t t+1 1 q
pAl DY pAl pAl pAl ... pAl
— - g s T
w(m) :=rsdetiq1 4 ph, Dl PAt 8@ Pj& (6.6)
t+1
pL, - ph,  pat ok, o ph
ol 4 tfL 1 g
p}lq “ee p(t]q paq p}xq PP paq

is a t + 1|g-coform over x € U, O being precisely the subset where the formula ([G6) is well
defined.

The operator rsdet appearing in (6.6]) is nothing else than the superdeterminant of the matrix
defined with (&) but with a different definition of determinant. Precisely, instead of using
the definition of determinant given with (&.2]), when calculating a rsdet, the determinants are
computed by respecting the order by raw instead of the order by column. We have then:

rightdet G = det GT

where G is a matrix with entries, belonging to Rg, of both parities and G7 is its transposed.
This obviously introduce a difference between sdet and rsdet when the entries of the super-
matrix are not all even in the first block, which may happen with the "extended" supermatrices
used here. The order used in (6.0]) is necessary so that w satisfies ([6.2]).
We can call Berezinian the coform defined by (G.6]), and we can write it in this way:

_ 8,4t_*_1/\(9,41/\“‘/\(9,4t

aal @...@8aq (6.7)
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More generally, by an equation analogous the equation (.29), we can define a Berezinian

t|g-coform noted as:
o LA 9
(TRORENOYI®
where v1,...,v; are vectors, even or odd, and v1, ..., v, are odd vectors.

Proceeding on the way followed in section [0.3] we can extend a Berezinian coform in the
first argument with (65) and we can contract a ¢t 4+ 1|g-coform by an even or an odd covector
obtaining a t|g-coform. We can therefore define contracted Berezinian coforms and repeatedly
contracted Berezinian coforms.

The contractions are made with the help of proposition One can easily see that the
contraction of a t + 1|g-coform by a covector p = dx'pr corresponds to the application of the

operator acting from the right:
9

’ip = (_1)tapt+1pF (69)
F

This operator can be written also as:

ipw =(—1)t(=1)FIwIHED ) IFHPD(w+FD) ?+1w
0
) Pr (6.10)
=(=1)t(=1)PlAwHED, L w
8p%+1

Note that the operator i, is not equivalent to the operator e(p) defined by Voronov in [I54]
(which acts between different spaces), although they are related one to the other one.

We can then define a wedge product, or exterior product, of a Berezinian, or a Berezinian
contracted, or a generic coform by a vector; the wedge product increases by one the even codegree
of the coform. We have the following;:

Proposition 74. Let X be a supermanifold, for every v € TX, the operator
€y - Qt‘qX —>Qt+1|qX

defined on every 6 € QX by:

<_
el =6 - (_1)|UH9| ’UAprl _ (_1)|UH9| (_1)|UHF| %pglvflpg (_1)t (6.11)
Pp
is well defined.
The following formula holds:
ipey (0) = —eyiy, (0) + (—1)"11 6u (p) (6.12)
and
ipey (0) = —eyip (0) + (=1)"1T 4 (p) 0 (6.13)

Proof. T will prove the proposition only for Berezinian and repeatedly contracted Berezinian
coforms.

I omit the proof that ([G.II) does not depend on the choice of the coordinates.

The fact that e, sends Berezinian ¢|g-coforms to Berezinian ¢ + 1|g-coforms can be checked
by direct calculation with the use of a formula analogous to (&.I1l) and valid for the developing
of right-superdeterminants.
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Formula (GI2) and (6I3]) are clearly equivalent and can be proved to be true by direct

calculations for a generic t|g-coform 6. In fact, let 7 = ( Lo ph p~1, e ,ﬁq), then we have:
AT 0
- . v||0 || F
ipeyd (1) =iy ( 1)\ Il \(_Ut [9( AT — ( 1)\ Il \9( ) pglvApA]

— —
v 7T v 0 0
= (_1)| [16] le(”)UApixH . (_1>\ [IF| O(r )8P53+1UAPA] W(jlpo

%
= (1) p(myuipa — (—1)IF a0y =2 ppuApE (—1)PIeHIED
opk A
and
9 9 9
evi (1) = (—1) PR | (gm0 0 ) A — izt (g 9 ) ) 9 Sraz
pb () =(=1) ()3ptcpc Py —(-1) ()3ptcpc 8pgp3 Pa

K]
_ (71)|Pl|v\ (71)\””9\ <0(7T)8ptpc) UA]TQ
C
i (71)|PHU| (71)\1)“9\ (71)\U||Z\ (71)(\P\+|C\)(\Z|+IB\) g(ﬂ)z E ot vAnZ
AR
P
_ (_l)lpllv\ (_1)\U||9\ <a(ﬂ)aptpc> UAE
C
+ (_1)IPHU| (_1)\UH9\ (_1)\UIIZ\ (_1)(\p\+|0\)(\ZI+IBD (_1)\B||C\+(|B|+\C\)|Z\ (9(7T)<5>

9
_ (_1)|P||U\ (_1)\U||9\ (9(7T)(‘9ptpc> UA]Z

C
9
+ (_1)|PHU| (_1)\UH‘9\ (_1)\U||Z\+\PHZ| G(ﬂ.)a chUApi
pc

where Z runs from 1 to ¢ — 1|¢ and where (G.3]) has been used. So (6I12) is proved.

Then, by iterated application of contractions and exterior products, the proposition is proved
for Berezinian and repeatedly contracted Berezinian coforms. m

Formula (6I3)) is the analogoues for the coforms of (559) for the forms and it allows to
perform part of Cartan calculus for coforms.

The operator e, can be written also as:

sy Fl|A 9
ev - w = (=1)" [Pt — (~)IFIA Ol = 5] " (6.14)
where w is a coform of codegree t|q, and it therefore coincides with the operator defined in [154]
by formula (16) (note that in that formula there is an imprecision since the exponent r of (-1)
should be p).

It can be proved that, if w is defined by (68) and w is a 1|0 coform corresponding to the
vector u, then
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So we can write:
uA(+) = eyu()

However, Formula ([6I3]) is not as intuitive as (559]) is. For example, if w is defined by (G.8]),
 is a 1|0-form and u is a vector, we can compute:

WA (w) = —p (wAw) + (~1)1 g () w

[NAN WARKENAR

=—p————— L~y (u
WY (=)™ (u)

VIA- A, (6.15)
ﬁ@...@ﬁq

where |w| = |vi| + -+ + |vp).
Formula (6.15) would become a bit more transparent if we wrote the interior product in this
way:

W 1= W

assuming the convention to put forms always on the right and coforms (or vectors) always on
the left when performing interior products. Then (G.I5]) becomes:

(wAw) ap= (=) (w)w—un(wop)

We can therefore call fractional coforms the coforms belonging to the class built up starting
from Berezinian coforms and applying repeatedly the wedge product by vectors and the interior
product with covectors. Their degree can be defined with conventions analogous to the one used
to fix the degree of fractional form in sections and (.41

To define a full Cartan calculus on fractional coforms we still have to define an exterior
derivative. To do so, we first have to define fractional mixed forms and then carry on the path
drawn by Voronov in [I53] and [I54]. We will do so at the end of the next section.

6.2 Mixed fractional forms on supermanifolds

We can define in a natural way the contraction of a Berezinian form by a Berezinian coform
and of a Berezinian coform by a Berezinian form, so that the contraction is a symmetric pairing
between forms and coforms.

Let’s first consider the case when the degree of the Berezinian form is equal to the codegree
of the Berezinian coform.

Let’s see an example. Let be w = ﬁ and w = =%~ with |©] = 1 and |u| = 0; then we
pose: v

O(u) 0'(u) 6%(u)
w_w = sdety 2 | O(v1) 6 (01) 6%(07) (6.16)
O(vz2) 01 (v2) 6%(v2)

SR

w©n) w0 u?\ G
w_w = rsdety o | 01(On) 01(0Y) 01(6?) an
52(0n) (01) w(6%)) N

where for every 1|0-form p and for every vector v we pose v(u) := p(v), which is coherent with
the considerations made at the beginning of the previous section. Then we can easily see that
W_w = w_w.

(6.17)
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. 1 ces s . . e .
In general, if w = %, if 7 is an other r|s-form and w = LA2% and g is an other
00 0100,
r|s-coform, we pose:
W IT =T (U1, ,Up; U1, ,Vs)
waz =z (0,070, ,0%)
w_Jw =0 (ug, - ,Up; V1, ,Vs)

w_Jw ::@(@1,-~- ,er:0t ... ,93)

where the symbol ~ indicates the extension of the form or of the coform in the arguments for
which it needs to be extended.

Then it is possible to prove that w_iw = w_1w.

What happens when we try to contract a form with a coform and the degree of the form and

the codegree of the coform do not coincide? If w € Qs and w = %, with t <r and ¢ < s,
V1©--GVq

then we can define:
wow () =waw (1) =& (U1, U, 301, Vg, )

and, with considerations similar to the one used in the proof of Lemma (48]), we can prove that
w_w (+) is a r — t|s — g-form.

O'A-.nO"
91 @@95 )

wa() = WJw() = ’&)\(@17 ,@r7.;91,_._ aesa')

Analogously: if w € ), and w = with r <t and s < ¢, then we can define:

and, with similar considerations, we can prove that w_w (+) is a t — r|g — s-coform.
Note that, if p is a 1|0-form, then the operator p A (-) coincides with the operator 4, defined

by (€9).

Other questions are: what if w € Q¥ and w = 1‘3/\%‘(@%, with ¢ < s but r < t?7 What if

V1O OQvg
w € Qyq andw:%,withsgqbutt<r?

We may extend the interior product to these new cases by defining new kind of objects. In
particular we will see, in the following part of this section, that the last case will give rise to
mixed fractional forms, and I will show that they are a special subclass of the mixed forms
defined by Voronov in [I53] and [154].

Let’s first see what Voronov mixed forms are.

Let’s consider a supermanifold X of dimension n|m and a superspace R"l. The space M =
X x R"l* has a natural structure of supermanifold of dimension n + r|lm + s. Tts tangent space
TM is isomorphic to TX & TR"5. We have as well that T*M = T*X ¢ TR"5*.

Voronov in [I53] and [154] gives the definition of mixed superforms on a supermanifold X
making implicitly use of the auxiliary supermanifold M. Here in the following I give a definition
of mixed superforms which is a variant to the one given in [I54], adapted to my notation.

Definition 75. Let X be a supermanifold of dimension n|m and M be the supermanifold M =
X xR"ls. Let x € X and (with a little abuse of notation) let’s call x also the point of M defined
by x := (x,0).

A mized form of codegree t|qg and additional degree r|s over a point x € X is a G map
w: OCTyoMx---TyoMxTy Mx---T;3M — Rg, which, Vp € Ox open subset of

t q
T;OXX"'T;OXXTngx"'T;lX,VOG(RT‘S*> X...(RT\S*) X(RT\S*) x...(RT|s*) )
i i i _ 0 0 1 1

t q M q
satisfies the following conditions:
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we oLt w|(2) o] =u|(2)|Berato (6.13)
Vh € GL(r|s), Ya € Mat(r|s x n|m) with entries a% , with parities ’a?‘ = |F| + |K]|

o[ -n] )]

(6.19)
7 %aggpg N (_1)|GF|+<|G|+F>Aap‘j;;’pé _ (6.20)
7 apg;ir;; N (_1)|G|K+<|G+|K>A|6(j;;“pé —0 (6.21)
7 &ggfoé N (_1)L”K|+(|L|HKD|A(’9§gof —0 (6.22)

where (5) €TyoM x - Ty oM xTy M x---T; M; where ¥ are the coordinates on X and
t q

yX are the coordinates on R™l5; where F,G =1,--- ,n+m are also the indices in the space X

and so also in both spaces T, (X and T, 1 X with their usual degree; p4a is the F-th coordinates

of p* in the local base (dxF|w)F; K,L=1, --,r+s are the indices in the spaces R"Is* Rls*

and so also in both spaces RS‘S* and R;‘S* with their usual degree; of is the K-th coordinates

of o in the local base (dyK)K; A and B run from 1 to t + q and we have p* € T;IAIX and
OAER‘TAS'*, where |A| =0 when A=1,--- ,t and |A| =1 when A=t+1,--- ,t+q.

The space of mixed forms of codegree t|g and additional degree r|s over a point z € X is
indicated with A:‘ls as a shortcut for A;I;Tch )

We can easily define the vector bundle A;ETX over the base X. Its G*° sections are the

differential mixed forms of codegree t|q and additional degree r|s. Note that they are sections of
a bundle whose base is X and not M. This will be important for the definition of their integral
in section

The space of differential mixed forms of codegree t|q and additional degree r|s of a manifold

X is indicated by Q;)" X

Conditions (6I8), [@20), [@2I) and [@©22) tell us that a mixed form of codegree t|¢ and
additional degree r|s over the point x of the manifold X is a coform of codegree t|q over the
point (z,0) of the manifold M = X x R"l* which also has to satisfy [EI9). To every differential
mixed form w of codegree t|¢ and additional degree r|s over the manifold X, we can easily
associates a differential coform w of codegree t|q over the manifold M = X x R"!* which do not
depends on the coordinates y€ of R"l* and which also satisfies (G.19).

If one looks for fractional mixed forms on X, then one has to look for fractional coform on
M which satisfy (6.19). Indeed we have that:

Proposition 76. Let (U, 24, pr) be a local chart of T*X, cotangent space of a n|m-dimensional
manifold X ; let (yK) be coordinates on R™!* and (ox) be coordinates on R7ls*: let x € U;



108CHAPTER 6. FRACTIONAL COFORMS, MIXED FORMS AND THEIR INTEGRATION

let = (p1,-- ,prF7spl - paT9) € TEGU X -+ TrgU x TiqU X -T2, U;

t+r q+s
let 0:= (0, , 00 7501, -+ ,00Fs) € R™ x - x ROIPF X RYI™* x .. Ry
t+r q+s
let on < g < --- < oy be q different odd indices chosen in the the set {n +1,--- ,n+ m}; let

Ay, Ao, -+, As be t even or odd indices (possibly equal) chosen in the set {1,--- ,n+m};
then the function

w O C T oM % Tl oM X Tl (M x - Tho M — Rs

t+r q+s

8A1/\~-~/\8At/\8y1/\~--/\8yr
w =
am@...@8%6(%,,,“@...@3y,,.+5

defined by:
I o1 gts
pAl PR pAl pAl PR pAl
I o1 gts
pAt PR pAt pAt DY p/{A\t/
O% DY Ot1+’r‘ 0% DRI 0(11+s
- i i~ a+s
Y [e) .. Oy 0 e o)
w := rsdets r - I (6.23)
o riats 1 t+r 1 q+s
Pay, 7 Py Poy 7 Py
- 1 gt s
paq DY paq p(]iq DRI paq
1 t4r 1 qg+s
Or+1 e 0r+1 0r+1 T 0r+1
1 t+r 1 q+s
Orts """ Opyg Opyg "7 Opgg

is a mized form of codegree t + r|q + s and additional degree r|s over x € U, O being precisely
the subset where the formula [623) is well defined.

Proof. By theorem [[3] we are sure that w, defined by (623)), satisfies (G.I8]), ([620), (621) and
[622). We still have to prove that it satisfies (G.19]).

By the definition of w, we have that

wl(TTa o\ _, id a) (m
h-o - 0 h 0
Then, by direct calculation, using the properties of the rsdet and keeping into account of the
specific parities of the elements of the matrices involved, one can see that

o|(@ 5)- O =+ ()

and the theorem is proved. m
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Note that the condition that all 9, do appear in the definition of w, without repetitions and
with all odd 0, at denominator, is precisely the condition which ensures that (E19)) is satisfied
for a Berezinian coforms defined on M.

For a general mixed forms w of codegree t|g and additional degree r|s, we can define an
exterior product by a 1|0-coform v, sending w to the mixed form e,w of codegree t + 1|¢ and
additional degree r|s:

T —7 0 —1 0
ev-w = (=1)" |0 p = ()it o — ()Rl S e (624)
K

UV PGPRr 8p§

See [I54] for the proof that e, is well defined.
Oay N-"NOA, NO Y1 A" NOyr

We can prove that, if w is defined by ([6.23]), so that w = NG ROT MG T Yo Rl e then:
8A1 /\-~-/\6At /\8y1 /\---/\&,r
€yt W =€y * =
Oy ®~~~®8aq ®8yr+1 ®~~~®6yr+s
_ U/\(?A1 /\--~/\8At /\8y1 /\~-~/\8yy\
0oy O © 0o, © Oyrer @+ © s
So in general we can define, for a generic w € Q;lt‘;:
VAW = ey, w (6.25)
Voronov, [154] theorem 1.4, has proved that:
€py = —(—1)'””“‘euev (6.26)

This is consistent with the definition given with (G.25]).
For a general mixed forms w of codegree ¢t + 1|¢ and additional degree r|s, we can define an
interior product by a 1|0-form pu:
<_
‘ 0

pw = iw = (—1) w@pt'H UF (6.27)
F

This operator is the analogue of the operator defined with ([G9) and (GI0) and it can be
written also as:
0
1
Opy

F w

i 0 =(— 1) (= 1) FICFHED () (F D Gl +ED
(6.28)

(1) (=)l ED

w
ap?rl

The operator i, is related to the operator e(a) defined in [I54], formula (14), but it is not
equivalent to it. In fact, if w is a mixed form of codegree t|q and additional degree r|s, we have:

jaw = (=1 (=17 (D)l Pl e(a)u

where 01_‘(1) is the homomorphism defined below.
It is immediate to prove that:

iaipg = —(—1)118li 44, (6.29)
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It is also possible to prove that:
iney (W) = —eyia (W) + (=) wo (@) = —eyia (W) + (=) y (@) w (6.30)

which is the generalization to mixed forms of (6.12) and (6.13).
Remembering the considerations made at the beginning of this section, we also find out that:

Proposition 77. Let (U, wA,pF) be a local chart of T*X, cotangent space of a n|m-dimensional
manifold X ; let (yK) be coordinates on RS and (oK) be coordinates on R7ls* let x € U;

let w:= (pl, - ’pt+r—z;p~1,... pIts=d) € T U x - T oUx T U x - Ti U;

t+r—1 q+s—d
let 0 := (071, .. ,0t+r7l;01’ .. ’Oq+sfd) c Rg\é* % ]Rgls* % R;lé* .. .R;\s*;
t+r—I q+s—d
let 1 < g < -+ < oy be q different odd indices chosen in the the set {n +1,--- ,n+m}; let

Ay, Ag, -+, As be t even or odd indices (possibly equal) chosen in the set {1,--- ,n+m};
let ©1,...,0! be 1|0-forms on X of any parity and let 6*,...,0% be odd 1|0-forms on X, with
I <7 andd < s; then the function

OlA---NB! . . . .
791 @ QQdJ’LU . O C T(z70)70M X ...T(:E7O),OM XT(I70)71M X ...T(:r,O),lM — RS
t+r—I q+s—d
O'A---nE A nE Day N+ NOa, Ny A N\ Dyr

NCRNCY 01®--~®0d48a1®~~®8aq®3yr+1@m@ayw
defined by:

) @ — e e

mﬁw I‘Sdetrth’erq

0
ot o! 4 ) 0 +s—d
@}41 (771)‘ | ... @fql (771)‘ \ pih pi\tT 91141 9%1 pih pghs
ot o! I 1 q +s—d
o myle’h ... oL, (n)1©'] ph, e Pl oL o ed ph P
0 - 0 0% e Oi“’»r*l 0 - 0 0% e O({+57d
0 . 0 ol ... ot 0 ... 0 01 S oitsTd (
o' o' ] i1 = —d
oL, ml® el )l P PR el el pl e piD
o! ol — " o +s—d
oL myleh ... el (m)|©'] ph, o PR o6L el ph e pite
I - —d
0 0 ol Oiiq L o ... 0 ol O;{ﬁ
S — —d
0 e 0 ol ijrz o9 ... 0 ol Ogiz
(6.31)

is a mized form of codegree t +r — llqg + s — d and additional degree r|s over x € U, O being
precisely the subset where the formula [6.23) is well defined.
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Proof. By theorem [[3land by what was said at the beginning of this section about the contraction
of extended coforms by forms, we are sure that w, defined by (631]), satisfies (€.18), ([G.20), (621])
and ([622). We still have to prove that it satisfies ([G.19).

By the definition of w, we have that

/)] =16 8- C)

Then, again, by direct calculation, using the properties of the rsdet and keeping into account
of the specific parities of the elements of the matrices involved, one can see that

| 8)- ()] =meer )

and the theorem is proved. m

Note that in this last case the conditions which ensure that (619) is satisfied are two: first it
is necessary that all 9, do appear in the definition of w, without repetitions and with all odd 9,
at denominator, and second it is necessary that the forms ©¢ and 67 are defined on X and not on
all M. In other words, if we consider the forms ©% and 67 as forms on M, then their projections
on the space R"1** must be null.

Voronov in [154] define two series of homomorphisms:

Definition 78. Let (U,z4,pr) be a local chart of T*X, cotangent space of a n|m-dimensional
manifold X ; let x € U;

let M =X xR"ls, N =X x R"ls x Relb,

With a little abuse of notation, let’s also set x = (z,0) € M and x = (z,0,0) € N;

let m' = (pT, -, phipl, - 1) € TogU x - ThgU x Tpy U x -+ T, U;
t q
1. (.1 3.1 ~ r|s r|s * rls * rls*
leﬁpl.—(’[“1)...77‘7577«1’...77"(1)6R0 X"'XRO XRI X“'Rl ;
t q
2 . (t+1 ¥a. gt “orl * * * * .
let ©2 := (piH1, ... pira;patl ... patb) g TyoU x - TooUxTy Ux T U;
a b
let p2? := (Pt+T, ... pEFa patl L. patd) ¢ RS‘S* %o x Rgls* XR;\S* y .'.R;’|s*;
a b
1. (1 .1 ~ alb * alb * alb* albx
letpz.—(017...,ot’017...’0q)€RO X"'XRO XRI X...Rl ;
t q
[ 2. (ot+1 t+a. /q\-i-/l /q\—i-/b Ralb* Ra|b* Ra\b* Ralb*'
etpz.—(o yort L0 ;0 ,orr 0 )E 0 X o0 X 0 X 1 X oo 1 ;
a b

let( )ET*OMX T oM X TE M x -T2 M

q
1

let p1 €Ty oN x - Ty oNXT; N x---T; N;

q

let | pi | €TyoN x - T;ON x Ty N x - Ty N;
2
P2 b
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then:
. r|s r+als+b
Ua|b . At\q — At+a\q+b (6 32)
-1 . r+als+b r|s '
0a|b . At—i—a\q-&-b — At|q
are defined by:
w2 1 2 2\~ 1
T =T
oG | P P3| = ( L ((’2))1 ”f) Ber(p3) (6.33)
p% p% P1 P1 \P2 P2
1 a0
0;“17)\ (p1> =A[pt O (6.34)
1 0 id

r|s r+als+b
where ¢ € Ath and \ € At+a|q+b.

We have that:
Theorem 79 (Voronov 1999). The maps o, and a;‘é defined bye [633) and (634) are indeed

r+als+b —1 . .
| : moreover we have that Ja“l7 1s the inverse

well defined homomorphisms between A:\I; and At+a\q+b’

Of Oalb-
Proof. See the proof of theorem 1.1 in [154]. m

The morphism agulj acts in a very simple way on the fractional mixed forms defined by (6.23))
and (631). We have in fact the following two:

Proposition 80. Ifw is the mized fractional form of codegree t+r|q+s and additional degree r|s
defined by ©23); if a < r, b < q and if cr(:‘ll) is the morphism between A:fr‘(ﬁ_s and AZ;‘_‘]ZI?_S_I)
defined by [634)), then we have that:

1 1 3,41/\~~~/\3At/\8y1/\~~/\6‘yr 8,41/\-~-/\8At/\8y1/\-~-A8y7-w
oW =0 =
alb albaal®"'®8aq®ayr+1®"'®ayr+s 8041®"'®8aq®ay’"+l®"'®8yT+3*b
(6.35)
If a =71 and b = s, then
U_lwza_l (9A1/\--~/\(9At/\8y1/\~-~/\6yr :(9,41/\”'/\3,4,, (6.36)
ls T‘Saal@"'@aaq@ayv‘*-l@"'@ayﬂ's aal@...@aaq

Proof. Tt is easy by direct calculation. m

Proposition 81. ] %411} is the mized fractional form of codegree t+r—1lq+s—d and

additional degree r|s defined by @31); ifa<r,a<t+r—1,b<s,b<qg+s—d andif 0;“1) is
the morphism defined by ([6.34), then:

(6.37)

U_1<@1/\--~/\®l ) O'A---NO! Oay N NOa, N0y A+ A Dyr—a

B\ 000 ) T 000 Day O © Dy @ Oyrts O O Dy
ifa=r,a<t+r—0b=s,b<qg+s—d,idestifa=r,t—1>0,b=s,q—d>0, then:

1 l 1 l
ot (SAAO N _OLA D NO Dayh A D, (6.35)
ab \ gl ... pd Lo 00 04 O+ © g,
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Proof. Again it can be easily done by direct calculation. m

Following an idea of Voronov, [I54], I want to define the space of stable mixed forms of
codegree t|g as the direct limit of the spaces of mixed forms with codegree t + r|¢ + s and
additional degree r|s for r — oo and s — oo. In this way the stable mixed form can have
negative even codegree.

Note that I use the name "stable mixed forms" and not stable forms. I will briefly explain at
the end of this section what are the objects called by Voronov "stable forms".

For example the fractional mixed form:

@1/\-~-/\@l4w_@1/\---/\914 Oay N+ NOa, Ny A+ A Dyr
01000 " 010001 Oy O ©0a, OOyt O @ yrts

has a representative in the space of stable mixed forms and it is:

lim
a—00, b—00

@1/\~~~A@lJ Oay A= NOa, NOyt Aw++ A Dyr
g,
alb Lo @64 Oal®~-~®8aq®8yr+1®~-~®8yr+s

After what we have seen with propositions [R0l and BT I suggest to denote that representative in
this way:
@1A~--A®lJaA1A---AaAt
e -0 8a1®"'®8aq
, O'A---nB! Day Ao NOa, NOyr A A Dyr
= lim o, T -
a—00, b—oo AR ORRRNOY’, Ouy @+ © 0ay ©Oyrt1 © -+ © Oyrs

(6.39)

Formula (639) is a definition of a notation and it is valid even when I > ¢.

This notation suggests however a way to extend the interior product between forms and
coforms also to the case when the even degree of the form exceed the even codegree of the
coform. In fact, if when [ > ¢t and d < ¢, we can pose:

O'A-.nO!

76 ogr and the Berezinian

Definition 82. The interior product between the Berezinian form w =

8A1/\~~~/\6At . .
coform T 0B U8 defined by:

C_(5A1A'“A3At>

aog@"'@@,lq

—  lim glb(@l/\...A@lJaAl/\.../\aAt/\ayl/\...Aaylt)
a—00, b—00 a e 64 am@"‘@aaq

_ @1/\~~/\9148A1/\-~-/\5A,/
T e.---00d &11@"'@6%

(6.40)

In this way we have extended the interior product so to answer to one of the questions posed
at the beginning of the section. We can for example give sense to operations like:

—_

det 5
DET

o¢
and by symmetry we can pose:
1
_idet = det

0 0
3 o¢t
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Note that definition [82] can be adopted also when the coform w is not Berezinian.
For example, if > ¢t and d < ¢, and w is a generic ¢|g-coform, we can pose:

@lA.../\@l ) @1/\-~-/\@l
o 06l ) 7T e el g ga o (6.41)
To give sense to operations like
0 1
o¢1— det

we have to define new kind of objects that we can call mixed forms of the second type. They can
be defined following the same path undertaken here, starting from forms instead of starting from
coforms. Then we would have that a mixed forms of second type of degree r|s and additional
codegree t|g on a n|m-manifold X is a form of degree r + t|s + ¢ on the extended manifold
M = X x R4, which satisfies an additional condition of the type of (IJ) and which can
be projected on the manifold X ( so that its "coeflicients" do not depend on the coordinates
on R*9). On mixed forms of the second types it is possible to define appropriate interior and
exterior products so that they have properties analogous to the ones expounded here for the
mixed forms of the first type. It is possible to define stable mixed forms of the second type.

Once this is done, one will have that, whenever they are defined, the interior product and the
exterior product by 1|0-forms and 1|0-coforms, satisfy the commutation relations already seen in
the sections [5.4] and

Then it is possible to define fractional mixed forms of the second type and stable fractional
mixed forms of the second type and to verify that the interior and exterior products have a
simple action on them.

I will not show here the definitions of the mixed forms and fractional mixed forms of the
second type and of the exterior and interior products acting on them, bu the reader can imagine
them.

For fractional forms, fractional coforms and stable fractional mixed forms of the first type, we
have defined a good amount of what one would call Cartan calculus, id est interior and exterior
products, plus some extensions.

We still have to see how an exterior derivative can be defined on mixed forms of first type
and on coforms (which can be considered as a special case of mixed forms of first type). We will
see that the behavior of the exterior derivative will be quite nice on most of fractional coforms
and fractional mixed forms (although, as already seen for fractional forms, on some of them this
will not be the case).

In the following I will continue calling mixed forms the mixed forms of the first type.

Definition 83. Let (U,xz4,pr) be a local chart of T*X, cotangent space of a n|m-dimensional
manifold X; let x € U; let M = X x R"ls, N = X x R"ls x RO

with a little abuse of notation, let’s also set x = (x,0) € M and x = (x,0,0) € N;

let m:= (pt,--- ,phipt, -, p?) € TygU x -+ T U X Ty U x -+ Th U;

t q
— — 7 ~ * * * *
letp::(r1,~--,rt;rl,-~-,rq)€R6‘s ><-~-><RSIS XR;‘S ><~--R71"|5 :
t q
- — ~ ~ 110 % 110 * 1|0 * 110 =
leto::(ol,---,0’5;01,~~-,0‘1)€R0| ><-~~><R0| le‘ ><~~-R1‘ ;

t q

let (;) ETI oM X - TigM X T M % ---Ti M;

t q
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m
let | p| €TpoN x - TpoNxT;yN x T N;
0

t q
let w be a mized form of codegree t|q and additional degree r|s, then the exterior derivative of w

is the mized form of codegree t|q and additional degree v + 1|s defined by:

g o 0 p
d — (1) (—1)lAlIF] A _ 42
w g (=1D)"(=1) 0 axFapg;“’ p (6.42)

Theorem 84. If w is a coform of codegree t|q, and f a G function on a supermanifold X,

then we have:
d(fw) = fdw — (=) (=1)FIlgF o) gw (6.43)

where o1 is the homomorphism defined by (633]).
Proof. By definition (6.42]), we have that:

atsu (7) =atsu) (14)

)l 2 [ )

T of 0
=fdw (0> + (—1)'A”F‘(—1)‘f'<'A‘+'F‘>oAam—F%w(w)

0 0
=fdw (Z) + (—l)lfFlaxj;oAap?w(w)

On the other hand, from (G.33]), we have:

« A ~ A
T P\ _ Pr DPF\ _ A~ O
O1joW <0 5) = O1joW (0,4 5) =w [PF PF } 0

and from definition ([628)) we obtain:

T P T4 w of 0 o] .
df401\ow (O g) = 01j0W <0£ pé > = (*l)t(*l)m(‘ |+\F|>67F87% {w [p? ‘pFé} 0}

But:
0 A o] . . o 0 A _ oA
— < w —pPpp—|0p =0 —— | —5w — P —
Opr Pr —PF 3 5 ) op ? Pr —PF 3

0 [ .o . 0
oo ot =5 | o = o5 (w0 )

because oyjgw is linear in p, we have that:

0 A Lot ot 0 A a0 A
ape {w [PF —PFg 0} =0 (_6> @w [PF] =0 @w [PF]

and since

and:

Q¢ "«

> () ()M O 4 Oy

s
dfgal‘ow (O 0zF 6p‘£,
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and the theorem is proved. m
Note that formula ([643) is more transparent when it is written in this way:

d(wf) = dw - f + (=1)" o1 gw_idf

A similar theorem can be proved with a little bit more calculations for the case when w is a
mixed form of codegree t|q and additional degree r|s.

If we work on stable mixed forms, remembering definition and its generalisation (G.41]),
the equation (6.43]) becomes:

d(fw) = fdw — (=1) (=) Ivlgr_ (6.44)

or equivalently:
dwf) =dw- f — (=) 'w_sdf (6.45)

From the definition of the operator d, [6.42), a straightforward calculation gives:

d@ﬂ—d(%)—o (6.46)

Then ([6.406) and ([6.44) give:

Proposition 85. If v is a Berezinian 1|0-coform (id est a vector field), with components vt in
the local coordinates x¥" of the n|m dimensional supermanifold X, then:

F
dv) =d (UFaF) — (_1)(Iv\+IF\)IF\dvFJaF - (_1)(Iv\+IF|)IF\3mLF (6.47)

and:

1 1
dl o= | =—df* — 6.48
(7057) === 5 (6.45)

Voronov has shown how to calculate the commutator between the operator d and the operator
e, for every vector field v, see the homotopy identity for mixed forms: formula (40) in [I54]. The
homotopy identity involves the Lie derivative of a mixed form along the vector field v, which I
do not introduce here. It is enough to note that it yields the following expected property:

Oa, N+ NO0a
P A AL T 4
(am@.._%aq) 0 (6.49)

Formula (G28), (6.45), G25), (624), €27, 626), 629), @30) and (G29) allow a full and

simple Cartan calculus on stable fractional mixed forms of the first type. The only exception

would be the coforms of the type
1

v
with dv # 0, and the mixed forms obtained from them.

In fact we have that d (i) is not in general a fractional mixed form.
v

I propose to use the collective name of fractional forms to indicate the union of the sets of
fractional forms, fractional coforms and fractional stable mixed forms of the first and the second
type. What has been done in this and the previous chapter is to establish the rules for the Cartan
calculus for fractional forms intended in this broader sense.
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I conclude this section recalling that Voronov in [I53] and [I54] calls space of stable r|s-forms
on the n|m-dimensional supermanifold X the space defined as

r|s T r+als+b
ATRTX = limA o TX

—

With this definition Voronov can represent the space of forms in the space of mixed forms and
can then extend r|s-forms to negative r. This reveals to be useful when studying the cohomology
of supermanifolds.

For the purpose of this work, which was to establish an extended Cartan calculus for the
special case of fractional forms, it seemed to me more useful to define the spaces of stable mixed
fractional forms of the first and of the second type and to represent the space of proper fractional
forms inside the space of stable mixed fractional forms of the second type.

6.3 Integral of coforms and mixed forms on supermanifolds

The integration of dual densities (codensities) on supermanifolds has been studied by Gajduk,
Khudaverdian and Schwarz in [55] and by Khudaverdian in [91]. Khudaverdian shows the link
between dual densities and integral forms and explains how their integration is a crucial ingredient
for the developing of the Batalin-Vilkovisky (BV) theory.

The theory of integration of coforms and mixed forms on a supermanifold has been developed
by Voronov in [I53]. Voronov shows that the coforms (which he call dual forms) are special class
of dual densities (or codensities) and they can be integrated on dual paths (or copaths) on a
supermanifolds.

I will present very briefly in this section the main aspects of this theory. It will then be clear
that the integration of coforms and mixed forms has a connection with the BRST theory and
the BV theory, which is one of the reasons why it could be interesting also for Physics.

As we will see the the definition of integral of coforms and mixed forms is the main reason
for the definitions of those objects, seen in the previous two sections.

Voronov in [I53] gives a definition of copath. I give here an adapted version:

Definition 86. Consider a coordinate open domain U in a supermanifold X of dimension n|m;
U has dimension n|m as well. A copath in U is a function f € G>(U,RU9) whose components
constitute an array of independents functions f4 € G™(U) enumerated by indices A, which run
over even and odd values from 1 to t|q, so that f* can be formally treated as coordinates on Rtla,
The dimension t|q is called the codimension of the copath.

The subset Y C U defined by y € Y < f(y) = 0, id est by f*(y) = 0, is a closed submanifold
of X and, since the functions f# are independents, it has codimension ¢|g. The multidimensional
differential df is constituted by the array df* which is an array of 1|0-forms on U. In fact df can
be considered a shortcut for the ¢|¢g Berezinian superform defined by df := %; so that,
with the notation used in the previous section, we have: w(df) = df _w.

If w is a coform of codegree t|q, we can define its integral on Y with:

Bvluli= [wi= [ 550t (6.50)

where (3 is a fixed n|m-form on U; the last integral in (650) is the integral of superforms defined
in section 5.5t § is the Dirac distribution on the superspace R*!9 and we can define the operator
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[ #a=[a (6.51)

where « is any superform such that df A a = 3, where the operator A is defined by (.64]). (Note
that if df Aa = g and df Ao’ = 3, then aly = o'|y).

Equation (651 can be considered a definition of the Dirac §. For an introduction to distri-
butions on manifolds see [] and for distributions on supermanifolds see [].

Note that in (650) we could use the canonical n|m-form on U, so that, if (z9,27) = (2©),

dz' Ao Ndz™
dzn+1 @A,,denﬁ»nz .

however that, if on U we use new coordinates ("), then in (G50) we must keep using the old
form 3 and not the new canonical form 3’ for the new coordinate system; otherwise the integral
in (650) would not be well defined. This is what I mean when I write that 5 is a fixed chosen
n|m-form on U. The integral I3 y[w] depends on the choice of the n|m form 5.

For (6.50) to be well posed we have also to control what happens if the same submanifold Y is
defined by a different array of functions gZ. This in fact amounts to treat R!? as a supermanifold,
perform a change of coordinates on it, and then express the function f in the new coordinates.
If hP constitute an array of change of coordinates functions, then Y is defined by y € Y <
RE [f(y)] = hE(0). If we set gP := hP o f — hB(0), then Y is defined by y € Y < ¢B(y) = 0.

We have to study what happens to Iy[w] when coordinates are changed on the target space
R4, In fact we have that:

[ #3t /56Mffw /B&i; w(dg)
et o)

—j:/ﬁé

To obtain ([652) I made use of a property of the Dirac § on supermanifolds (see ??). The +

JuB3(f), Db

G =1,...,n|m, are the coordinates on U, 8 = In this case we should remember

)
#

w(df
(6.52)

sign appearing in the formula depends on the sign of Ber (%) and can be set to 1 if one

choose to integrate only on positively orientated submanifolds Y and if one chooses h so that it
preserves the orientation. One can then change the sign in the definition of the integral when
one wants to perform an integration on negatively orientated manifolds. All this leads to a well
posed definition of integral if the orientations of submanifolds Y are defined with the so called
(4, —)-coorientation convention: see [152] [154].

Note that, as pointed out by Voronov, [I53], the integral (6.50) would not make sense if the
f% or if the f were not independent. In the first case the Dirac § would not be well defined, in
the second case w(df) would not be defined.

Note that ([652]) holds precisely because w satisfies (6.2).

Since f is fixed, by definition the integral in (G.52) does not depend on the choice of the
coordinate system on U as well.

With a partition of unity argument, we can extend the definition ([652) to the case when Y
is not covered by a single coordinate chart U, but this is possible only if we have picked up a
form (8 defined on all Y. In particular we could use a form /3 defined on all X, when this is possible.



6.3. INTEGRAL OF COFORMS AND MIXED FORMS ON SUPERMANIFOLDS 119

The integral of coforms defined with (G-50) has a nice property. Suppose that Jf4 are com-
pactly supported small variations of the functions f4 and suppose that Y 4+ 6Y is a submanifold
defined by y € Y+46Y < (f +df) (y) = 0. Then §Y is a compactly supported small deformation
of Y and we have:

Proposition 87. If §I [w] := fYHYw — fY w, and g—]{ is the functional variation of I with-

respect of the variation of f, then % depends only on the first order derivatives of the f4 with

respect to the z¥ .

Proof. In a short-while I will give a more general proof for an analogous theorem, valid for the
integral of mixed forms. Since coforms can be considered as mixed forms of additional degree
0|0, then this proposition will be a corollary. m

Let’s now see the definition of the integral of a mixed form.

Definition 88. Let X be a supermanifold of dimension n|m, let U C X be an open domain con-
tained in a single chart of X with coordinates (x¥'). Let y® be the coordinates on the superspace
R, Let M := X xR™5; let Y C U x R"® be a closed submanifold of M defined by the copath
feG™ (U X R”S,Rﬂq), Let B be a fized n|m-form on U and o be a fived v|s-form on R"I*;

let w be a mized form on X of codegree t|q and additional degree r|s and let be W its associated
coform on M, which does not depends on the coordinates y* ;

then we define the integral of w over Y by:

Davloli= [wi= [ o= [ gnasia (6.53)

Note that both 8 and a are fixed: « can be the canonical form on R"* for the coordinates

y5): a = %; but in this case, if we perform a change of coordinate, a doesn’t
change and it isn’t therefore anymore the canonical form for the new coordinates. In fact, in
([653]), we could even choose to put any fixed t+7|q+s-form on M. The value of the integral Iy [w]
doesn’t change if we perform a change of coordinates on M, even if the change of coordinates
on R”* depends on the coordinates on X. Moreover, using an argument analogous to the one
used in ([6.52)), and remembering that the w and w satisfy (6I8]), one can see that the value of
the integral I3, y[w] doesn’t change when coordinates are changed on the target space R*%. So,

whence 8 and « are chosen, the integral Ig o, yv[w] is well defined.
The next result, which I'm going to prove, is a generalization of proposition [Tt

Proposition 89. Suppose that 54 are compactly supported small variations of the functions
A and suppose that Y +8Y is a submanifold defined by y € Y +8Y < (f +6f) (y) =0, so that
0Y is a compactly supported small deformation of Y. If 01 [w] := fy+5yw - fY w, and g—]{ is

the functional variation of I with-respect of the variation of f, then g—; depends only on the first
order derivatives of the f* with respect to the x¥.

Proof. We can treat Ig o y[w] as if it were the action of a singular Lagrangian defined with the

use of a Dirac § distribution. Since 64 are compactly supported, to calculate the functional
variation g—]{, it suffices to use standard techniques, but paying attention to the parities of the

object involved and remembering the properties of the derivative of the ¢ distribution. Identifying



120CHAPTER 6. FRACTIONAL COFORMS, MIXED FORMS AND THEIR INTEGRATION

w with w0, we get the following:

O _9(f) sa 90(f)  _1\IAIIGI+IAlI6|+|BIIGI+ BIIs] Mﬂaf Ow
6fA_8fB (df) afB( ) + + * * 5pg(f)
_fgg(ymmwwaMHWHBg ggﬂ)
— (_1)|AHF|+\AII6I5(f)8 o2 (;”p (df) (6.54)
F
92 f¢ O%w 92 ¢ 0w
- (C)HERARS) [&cF](;xG 8p88pA( )+ 6a;FJc:)yK 0% Op (df)}
F K F
82]00 82111 82fc 82’11)

_ (—1)IAIKI+|A]l4]
(=1) ’ of) [3yK8yI 00§ Dot (df) + Oy ozt opfoost (df)]

but the last two lines disappear because w and w satisfy (6.20), (62I) and ([G.22), and the
proposition is proved. m

Note that in fact it can be proved that also the second line in (6.54]) vanishes, because w
satisfies (619)), see [153].

Remembering ([6.42)), the third line in ([©54]), can be rewritten in terms of dw and in fact it
constitutes the justification for the definition (G.42]).

Proposition BTis a corollary of proposition [6.-54]and it holds precisely because w in 87 satisfies

©.3).
The integral I o v [w] satisfies an other interesting property, consequence of (G.19):

Proposition 90. Let f be a copath defining Y. If some components va of f are of the type
fZ = g% (%) — hZ(2F), where g% € G®(R"%) and h? € G=(X) for some Z, then the integral
Iy [w] does not depend on the functions hZ.

Proof. The property is a consequence of (6I9) because dfZ = dy’ gg — dz¥ 8h . Since ([6.19)

holds, w(df) does not depend on 8 ” and so it does not depend on hZ.
See proposition 3.1 of [I53]. m
This property can be easily checked on some examples if one uses fractional mixed forms.

I finish this chapter with the following:

Theorem 91. Let v be a n|m-form defined on the n|m-manifold X. Let f € G (U,R!9). Let
Z C X be the submanifold of X of codimension t|q, defined by z € Z < f(z) = 0, id est by
fA2) =0, with A=1,...,t|g andt <n, ¢ <m. Let w be a Berezinian coform on X of codegree
t|q; let § be the Dirac distribution defined with ([G51)); then we have that:

/w—/ v 8(f /ww—fz[ww} (6.55)

Proof. From the definition ([@.51]), we have that:

JREGEE /Z Buw(df)

where [ is any n — t|m — g Berezinian form such that:

1A £t
ﬁAﬁ:i@——ﬁﬂi AB=n
dflte---odfe
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But, since Yv € TZ, v_idf = 0, then:

Bw(df)|z = [wo (df APz = (w—7)lz

and the theorem is proved. m
Note that || = |y| = |df]| = 0 and so S w(df) = w(df) 5.
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Part 111

Super multisymplectic field
theories
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Introduction to Part 111

I repeat in this introduction to the third part of my thesis some concepts already presented
in the main Introduction to this thesis, adding some details and some references.

The theories of superfields has been studied extensively since the 70’s, when supersymmetry
began to play an important role in Physics.

A supersymmetric field theory can be usually presented in two different ways: as a field
theory on a classical manifold, with fermionic and bosonic components of the field (the compo-
nents approach), or as a theory defined on a supermanifold with even and odd coordinates (the
superfield approach).

When one uses the components approach, the field equations can be derived by a variational
principle with an action defined as the integral on the classical base manifold of a Lagrangian
density. The action obviously involves both the bosonic (commuting) and the fermionic (anti-
commuting) components of the fields, treating them accordingly to the respective parities.

To express the action principle in a geometric language, we use Lagrangian densities defined
in terms of differential forms. Since the Lagrangian density typically depends on the derivative of
the components of the fields (which can be bosonic or fermionic), even if the theory is defined on
a classical (bosonic) manifold, it is clear that it is necessary to develop a calculus for differential
forms valid also for the fermionic sector. This is not simple at all and it has been done by
D. Hernandez Ruipérez and J. Munoz Masqué during 80’s, exactly for the case when the base
manifold is classical. In [76} [77, [78], I18] 119] they have indeed developed a graded variational
calculus for Lagrangian densities defined in terms of graded Kostant differential forms and they
have obtained the corresponding Lagrangian formalism (Euler-Lagrange equations, Poincaré-
Cartan forms, Noether invariants, etc.).

When the base manifold is not classical and it is a supermanifold, like in the superfield
approach to supersymmetric theories, then the task is even more difficult. The theory can still
be derived by a variational principle, but the action in this case is defined as the Berezinian
integral of a Lagrangian density, which must be therefore a Berezinian volume density.

In 1987 in [80] Herndndez Ruipérez and Muioz Masqué recognize: "the lack of an intrin-
sic definition of a suitable notion of intermediate Berezinian densities with its Cartan exterior
calculus, prevents us from developing a Lagrangian formalism...", meaning a full Lagrangian for-
malism valid also for the case when the base manifold is a supermanifold. Nonetheless, in [79]
and [80] they arrived to an intrinsic formulation of the notion of Berezinian Lagrangian density
and Berezinian critical sections. Moreover, when a theory can be expressed both with the com-
ponents and with the superfield approach, they showed the way to relate the critical sections of
the Berezinian Lagrangian density, defined on the supermanifold, to the critical sections of the
corresponding Lagrangian, defined on a bosonic manifold with graded differential forms. This
was done via a first version of what will be then called the Comparison Theorem.

In 1992 J. Monterde, in [I13], showed that the Berezinian critical sections of an action de-
fined with a Berezinian Lagrangian density must satisfy a super version of the Euler-Lagrange
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equations. He arrived to his results using a notation which I find a bit heavy.

In [IT4], Monterde and Muiioz Masqué made a step forward in building a geometric approach
to superfield theories. While developing a version of supermechanics they present a theory defined
on a base supermanifold of dimension 1|1 and they show that the fields satisfy some Hamilton
equations which are a generalization of the Hamilton-Volterra equations (Z7)) to the case when
the base manifolds has dimension 1|1. They also presented for their theory the super version of
the Poincaré-Cartan (or Cartan) form. Again it seems that these results have not been exploited
by physicists nor they have yielded any significant new studies in the mathematical literature.
This again may be due to the heavy notations used.

Note that a super Cartan form and its exterior derivative (a super symplectic form) were
also introduced in papers on Lagrangian supermechanics and Hamiltonian supermechanics. For
a geometric presentation of Lagrangian supermechanics, see L. A. Ibort and J. Marin-Solano
[83]; for Hamiltonian supermechanics see J. F. Carifiena and H. Figueroa [26]. In those papers,
however, the theories studied are defined on a base manifold which is the real one-dimensional
time-line and so they cannot be considered as field theories.

In 2002, in [115], Monterde and Mufioz Masqué further developed their theory of Hamiltonian
supermechanics: they study the supermanifold of solutions and they built on it a super symplectic
structure. In 2003, in [I17], Monterde and J. A. Vallejo presented the Lagrangian version of the
same theory.

Once one disposes of a super version of the Poincaré-Cartan form, it is then natural to look for
a fully geometric version of the corresponding Hamilton-Volterra theory for superfields theories.

In fact in 2006 Monterde, Mufioz Masqué and Vallejo published a paper, [116], in which they
proposed a Hamilton-Cartan formalism for first-order Berezinian variational problems valid for
fields defined on supermanifolds of any dimension. As it had already been done in [114], they
achieved their purpose by studying, with the help of the Comparison Theorem, an associated
higher-order graded variational problem, defined on a bosonic base manifold. They obtained a
super Poincaré-Cartan form valid for theories on bases of any dimension. However they chose a
notation which I judge not very much adapted to general proofs, neither to actual calculations.
In some situations they were forced to present their results using examples of low dimensions
(typically odd dimension equal to 2). They also obtained a very beautiful and important result,
which is the generalization of first Noether theorem to super field theories (theorem 8.2 in [I16]);
but they obtained it using a rather technical assumption needed in the hypothesis.

To my knowledge neither Monterde, Munioz Masqué or Vallejo, nor any other mathematician,
tried to use the results on super Poincaré-Cartan forms to describe the general superfield theories
with the multisymplectic approach.

Independently from the results obtained by the Spanish school, previously described, there has
been, to my knowledge, only one attempt to extend the multisymplectic formalism to superfields.
S. P. Hrabak in [81],82] initiated a study of the formulation of the classical BRST symmetry within
the framework of a multisymplectic theory. To do so, he needed to extend the multisymplectic
formalism so that it works also for field theories whose base is a classical bosonic manifold, but
whose space of fields is a supermanifold (with bosonic and fermionic sectors). He accomplished
his task in [82]. He didn’t however show how to eventually extend the formalism also to the case
when the base itself is a supermanifold.

Here in the third part of my thesis I will present a full multisymplectic version of the superfield
theories valid for any dimension (even and odd) of the base space and of the space of fields. My
results are a generalization of those obtained by Hrabak in [82] and they are based on a full
exploitation of the potential of the theory of superforms of Voronov and Zorich. They can also
be considered a natural generalization of the results obtained in the geometrical presentations of
finite dimensional supermechanics, which includes the use of a super symplectic form, like [83]
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and [26].

If one wants to build a multisymplectic superfield theory, he has to use objects (for example
the multisymplectic form) which can be integrated on a supermanifold and which in the same time
can be used for a Cartan calculus, including contraction by supervectors, external product by one
forms and external derivation. This is the difficult point. In fact, before the articles of Voronov
of 90’s, [I53, [154], no such object did exist. Before the appearance of superforms of Voronov and
Zorich, the best candidates to play the role which in classical field theory is played by differential
forms were Kostant forms or pseudodifferential and integral forms. Unfortunately Kostant forms
can be integrated only on even base manifolds. On the other hand, pseudodifferential and integral
forms are good for integration but do not admit a simple and natural version of Cartan calculus.
In their works, Hernandez Ruipérez, Munoz Masqué, Monterde and Vallejo, in order to find a
way to bypass this fundamental difficulty, treated the theories defined on a superbase, relating
them to corresponding theories (of higher order) which can be understood as defined on an even
base.

In my work, I use a different approach. I believe that Voronov Zorich superforms are the
natural objects to use to build a multisymplectic theory because they can be integrated and, as
we have seen in the second part of this thesis, they admit a full Cartan calculus. So I use them
and, more specifically, I try and use, as far as possible, only fractional superforms. In this way
all the proofs and calculations become, simpler, more transparent and directly comparable to
the corresponding ones of classical field theory.

In chapter [T will show how to found superfield theories on an action principle, defining the
action starting from the fractional Berezinian superforms presented in[(5.3l I will obtain the same
super version of Euler-Lagrange equations already obtained in [IT3], but using a lighter notation
and a formalism which I judge more natural and which allows simpler and shorter proofs. In
particular I show that there is no need to use an higher order Lagrangian in components for a
theory which can be described by a first order Berezinian Lagrangian.

Chapter Blis the most important part of my thesis: it contains the main results of this work. It
consists in the presentation of the multisymplectic approach to superfield theories made with the
help of the fractional superforms defined in (5.4l In section B 1 define the super-multimomenta
space and the super version of the Legendre transform. In sectionB2/1 present the super version of
the Hamilton-Volterra equations. In section 3T introduce the super Poincaré-Cartan form and
the super multisymplectic form and I prove the theorem which relate them to the Hamiltonian
surfaces solutions of the theory. In section B4 T build a super symplectic structure on the super
covariant phase space (the space of solutions of the theory).

In chapter @I will show how the Comparison Theorem can be seen from the perspective of
the formalism introduced in the two previous chapters. The chosen concrete approach hopefully
will clarify the relations existing between the so called components theories and the so called
superfield theories. In section [02] T will look at the comparison from the Hamiltonian point of
view and I will make a first comparison of symplectic structures on the spaces of solutions of
theories expressed in the superfield and in the components formalisms. These results are original.

In chapter [0 I will explain how the supermultisymplectic formalism can be used to define
super Poisson brakets for super fields. In particular in section [[0LIT will study in more detail the
simplest case of supermechanics; I will show how on the space of solutions of a supermechanic
theory is naturally defined a super symplectic structure and I will relate my results to the already
published results obtained by Khudaverdian [91] [] and by Monterde and Mufioz Masqué [I15].

To my knowledge, nobody has tried yet to build covariantly a super symplectic struture on
the space ¢ of solutions of a superfield theory; apart Monterde, Munoz Masqué and Vallejo,
in [115] and [II7] quoted above, who did it for the special case of base manifold of dimension
1|1, which give rise to a supermechanics theory. In section [[0.2] I show how the constructions
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expounded in chapter [ for classical field theories, can be directly extended to the super case for
super field theories defined on base supermanifold X of any even and odd dimension. The space
¢ becomes then a truly super covariant phase space. From the super Poisson structure built on
4, 1 derive the super commutation rules to which Fermionic and Bosonic fields have to obey and
I demonstrate that these rules are exactly those expected from a physical point of view. This
will justify in a natural way the use of anticommutator for Fermionic fields.

In chapter [[I1 I will study the symmetries and supersymmetries of super field theories with
the techniques offered by the formalism of fractional mixed forms and from the point of view of
the super multisymplectic approach expounded in the previous chapters.

Some "super" versions of the first Noether theorem valid for supermechanics already exist:
see for example Ibort and Marin-Solano [83] and Carifena and Figueroa [25].

L. Fatibene and M. Francaviglia, in [48] and L. Fatibene, M. Ferraris, M. Francaviglia and R.
G. McLenaghan, in [47], have tried to give a geometric interpretation of supersymmetries using
the classical tools of classical Poincaré-Cartan form and generalized vector fields defined over
a bosonic manifold for field theories whose field spaces are product of exterior powers of some
vector spaces, such that spinors can be represented.

As already said, in 2006 Monterde, Mutioz Masqué and Vallejo, [I16], obtained a version of
the first Noether theorem valid for generic super field theories, but with the help of a rather
technical assumption needed in the hypothesis.

Here in Chapter [[Il section [IT.2] I will show that my approach allows to have a super version
of Noether theorem which is quite natural, simple to prove with my formalism, and quite general
since it does not require any specific technical assumption of the kind used in [I16]. In section
I3 T will present a super extension of the multimomentum map introduced by Gotay, Isenberg,
Marsden, Montgomery, Sniatycki and Yasskin in [63]. Both the super Noether theorem and the
super multimomentum map will be presented with a formulation which will reveal to be very
close to the corresponding one for classical theories.

Finally, in chapter [[2 T will present some examples to show how all the theory can be im-
plemented for some specific Lagrangians. I will treat with my formalism the superoscillator, the
superparticle in a curved space and the 3-dimensional super o-model.

The principal aim of this third part of my thesis is to show that fractional superforms are the
natural objects to use, when one wants to give a variational and a geometric formulation of a
super field theory, and specifically that they are the key ingredient in building the super version
of the multisymplectic formalism.



Chapter 7

Lagrangian super field theories.

In this chapter I will present an extension of the classical Lagrangian field theory to superfields
defined on supermanifolds and with value on supermanifolds.

An algebraic setting for the Lagrangian formalism over graded algebras has been proposed
by A. Verbovetsky in [I46], who was looking for a super- and non-commutative generalizations
of the A. M. Vinogradov theory of C-spectral sequence, which is indeed a way to give an algebro-
geometric foundation of Lagrangian field theory. I will not follow his ideas.

A geometrical setting has already been proposed by Hernandez Ruipérez, Muiioz Masqué,
and Monterde in their works during 80’s and 90’s, [76), [77, [78, [1T8], 119, 80} 113} [114], and by
Monterde and Vallejo in [I17].

Indeed I will use a different approach for a geometrical foundation of Lagrangian superfield
theories. All the theory here presented will be based on the use of fractional (most of the time
Berezinian) superforms, defined in sections and B4l I will show that this choice allows for
simpler proofs and calculations and make it transparent the analogy between the superfield and
the classical field theory.

In fact I will follow here the path already undertaken in chapter [[l extending, whenever pos-
sible, the notions and the results there presented. Sometime, when the extension is trivial, I will
consider it understood.

Let F, X and F be finite dimensional G*°-supermanifolds, £ and X being connected; and
let (E,m, X, F) be a super fiber bundle with total space E, base X, type-fiber F' and bundle
G*>-projection .

A field ® over X is a G*°-section of the fiber bundle m and we write: ® € I‘(E) From now
on and throughout all this section and the following one of this paper, all the maps between
supermanifolds will be considered G*° if not otherwise stated.

With a construction totally analogous to the classical one, it is possible to define J'7, the
first order jet space of sections of E, see [I33] chapter 10. It is a super fiber bundle whose super
dimension depends on the superdimensions of X and F. For any section ® of F, j1® denotes its
first order jet, and it is a lift to J'm. For more details on super-jet-bundles, and another point
of view, one can look at [76] [80, [TT3], 114] and [61] chapter 3, where jets of sections of bundles,
whose base X is even, are considered. One can also read Bruce [19] for a categorical point of
view on curves in supermanifolds and their jets.

There is no difficulty in defining the maps j'm and jim. Also the definition of the map j!
between sections of E and sections of J'm doesn’t pose any new problem, but the same one
existing in the classical case, because both spaces of sections may be infinite dimensional.

129
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On J'm, on E and on X do exist adapted atlases of charts, so that, if on an open chart U
of X we use the local coordinates (z%,z%), a =1,---,n, a = 1,--- ,m (or the coordinates z*
with A = 1,--- ,n 4+ m), where n|m is the superdimension of X, then, on an open chart V of
FE over U, it is possible to use, with a little abuse of notations, the coordinates (x“,xa; q’, qL)
with i = 1,---,7, t = 1,--- s (or the coordinates (z4,¢!), with I = 1,--- ,r + 5), r|s being
the dimension of the fiber F; and on an open chart W of J'm over U it is possible to use the
coordinates (m“,xa; 7, q"; q'g). The degree of ¢ being |q§1| = |A| + 1.

On T'(J'n), I will use local adapted charts with coordinates (xA; q’; qﬁl; vA; Al v~1; E; vi) ,
where the positions and the names given to the indices of coordinates v should be enough to
identify them in a natural way; sometime, to be clearer, I will use the corresponding coor-

. . A A I /\} I I . —
dinates (J;A;qlgqﬁlgvz ;0T 0T v ;qu;qu). If r € J17r, an even generic vector v over r

(v € T,o(J'm)) will be written in local coordinates as: v = 78% + vffaiq, + vi%. Note

that )17‘ = |A| and so |v?| = 0; |[v®| = 1. The coordinates of an even vectors can be even
or odd. A generic odd vector ¥ over 7 (v € T 1(J'm)) will be written in local coordinates as:
v =vA52; +vla%l + viagi. Note that ’vA‘ = |A| + 1 and so [v?| = 1; |v®| = 0. Also the
coordinates of an odd vectors can be even or odd. A generic vector v € T,.(J'7) will be v = 7+72.

There are important 1-forms on J'm, the contact forms:

Definition 92. The contact 1|0-extended-forms ¢! on J'w are the local forms defined on local
charts, with self-explaining notation, by:

cf =dg! — dz?d (7.1)

With the contact forms it is possible to identify the section of J'7 which are lift of sections
of E exactly as in the classical framework. We have indeed:

Proposition 93. A section s € T'(J7) is the lift of a section ® € T'(E), and, if so, we write s =
§1®, if and only if Vc!, s*c! = 0. If in coordinates s reads: © = (z4) — s(x) = (z4,¢',¢4),
then ® : x = (z4) — ®(z) = (z4,¢)

We have now all the ingredients to define a Lagrangian super field theory.

Definition 94. Let’s consider a superbundle (E,m,X) with base X of dimension n|m. The
Lagrangian morphism LAG of a field theory defined on E is a superfiberbundle morphism between
Jir and A" X where AM™ X is the bundle of n|m-forms on the base X.

By pull-back performed with the G map j'm we can define the super-fiberbundle j7*A™™ X |
which is a subbundle of A™™ (le).
With the help of the morphism LAG, we can define the Lagrangian form:

Definition 95. The Lagrangian form £ € Q™™ (J'x) associated to the Lagrangian morphism
LAG is the n|m-form over J'm defined by:

Vre Jin: L, = n*LAG(r)|,

The form £ is a section of the super-fiberbundle j'7*A™™ X .
With the help of proposition @3] one can easily prove that:



131

Proposition 96. Every Lagrangian n|m-form £ € T (j17r*A”|mX) can be written on a local
chart as:

L£=1L(z%¢"d,)B

1 n . . . .
where § = % is the Berezinian local n|m-form defined in [{3

In the following part of this thesis, when there is no risk of confusion, for brevity I will
alternatively call Lagrangian the Lagrangian form £ or the Lagrangian density L, which is a

local function on J'7, but not a global function on it.
If we pose the following:

Definition 97. If J'7 is the first order jet superbundle of a superbundle (E, 7, X) over the n|m-
dimensional basis X, we say that a n|m-form a € Q"‘m(le) is horizontal, if its value is null,
or non defined, whenever applied to a multivector v € F(TOJ17T @ Ty 'reTJ'r® Ty J17T)

n m
which is vertical in one of its components.

Then it is immediate to prove that:

Proposition 98. The Lagrangian L of our field theory is an horizontal n|m-dimensional differ-
ential form on Jlm.

As we have seen in the section [0.5] Voronov and Zorich have shown that n|m-forms can be
integrated over n|m-supermanifold with boundary, whence a suitable definition of boundary is
given.

The action A is the integral of £ on the n|m-dimensional surface s(X), where s is a section
of Jlm and so s(X) C Jl7 is a n|m-dimensional submanifold of J'7. As in section 1 we can
define the action over a section ® of the bundle 7, using again the same name for two different
functions defined on related spaces:

A(®) = A(jlé)/lq)(x)ﬁ/lerb*ﬁ (7.2)

J

We assume that we have given a differential super-structure to I‘(E) and to analogous spaces
that we will meet in the following. A is then a smooth super-functional on I (E)

Remark 99. For the integral appearing in [2) to be well defined, some conditions on X (X
compact) or on ® ( boundary conditions) or on both are required. However in the following, to
define a superfield theory, we will not need that the integral of j1®*L is well defined on all the
base X so we will not need to use (T2).

What we will need is to perform integrations over supermanifolds with boundary which are
compact. As we are going to see, such kind of integrals are sufficient to define the action

Apou(®):

Avou(®) = Avon ('®) = [ jlare (73)
U,oU
where (U,0U) is a supermanifold with boundary such that U U U C X is compact.

This definition in turns allows to define superfield theories also on mon-compact supermani-
folds. In fact starting from (L3 we will be able to define the solutions of a field theory as critical
sections of the action.
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We can proceed exactly as in chapter [Il I will underline only some differences coming from
the super-structure.

First of all, to give full sense to (T2)), to (T3] and to similar ones, we must first choose and
fix an immersed body of X: see section I will assume that this choice is made once and for
all. T will not keep track of this choice in the notation of the integrals below.

Then we can proceed to define Ay ou(P).

As in chapter [, for every submanifold U C X with boundary OU and for every section @,
we can define the action over U. But in the super case, we must take care of the boundary,
because integrals on supermanifolds depends on their boundaries and two supermanifolds with
boundary can have the same internal part U but different boundaries. This will not prevent us
from defining the action and its critical sections.

Remembering definitions 61} 62 and [64] we can define Ay oy (P) with (T3)):

Definition 100. Let U C X be a submanifold of X with boundary OU and such that UUOU C X
is compact; let ® be a section of the fields bundle (E, 7, X); let L be the Lagrangian form on J'x;
then the action Ay su(®) on the section ® over the supermanifold with boundary (U,0U) is
defined by:

Avou(®) == Avou(j'®) = / jrerL
U,oU

For the sake of simplicity I will sometime write Ay (®), understanding the dependence on
ou.

Keeping in mind the dependence both on U and on OU and remembering that an immersed
body has been fixed, we can then define the spaces of local sections %, which share the same
values on the boundary OU and then we can define j'%s in a way completely analogous to the
one used in Chapter [} and we can set:

Definition 101. A solution ® of the field theory with Lagrangian L over J'm is a section
(S 1"(7r) such that, YU submanifold of X and for every OU boundary of U such that U U QU is
compact, dAU’3U|%) (@) =0 or, equivalently, dAU,aU‘jl%q) (1®) = 0.

We can define an even path trough ® in F(E), or in g, as a G*° superfunction p from an
open set I € R0 containing the point 0 to the set F(E), or %, and so that p(0) = &. A G
odd path in I‘(E), or s, trough ® will be a superfunction p from RO to the set I‘(E), or U,
and so that p(0) = ®. Let’s parametrize I with the coordinate I and R°I* with \; we have then:

dA
® is a solution of the theory <= VU, V even path p in %g trough &, d—lU =0 (74)
1=0
It can be shown that (Z4]) is equivalent to
. . . dAy
® is a solution of the theory <= VU, V odd path p in % trough @, N =0 (7.5)
A=0

For proving one direction of the equivalence it is important to work with the Grassmann algebra
with infinite generators.

It is also possible to find a result analogous to [ of section 1. For every section ® of F
and for every U C X, we can define the vertical tangent bundle over j1®(X), call it Virg(J L),
and then we can define #j14 again in a way analogous to the one undertaken in section 1. Then
we can repeat the arguments given in (L6]), with the shrewdness of considering only even paths
which lead to even w € Vjig(J'm). The argument works because U, and V; are indeed a n|m-
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and a n + 1|m-manifolds; it is possible to show that jl¢;(U) + 0U; — j1¢(U) is a boundary of V
when suitable orientations are chosen and the analogous of Stokes theorem is valid for n|m-forms:
see [155] and [152] for this last statement. We finally discover that:

® is a solution of the theory <= VU, YOU, Yw € ;14 even, / w_1dL =0 (7.6)
jte)

where dL is the exterior differential of r|s-forms defined with (5.6]) and _ is the interior product
defined with (B51]).

To prove the analogous of (6] when X is compact without boundary is even simpler: one can
proceed as in (L)), keeping in mind that X = @, paying attention to the order of multiplications
and using Voronov and Zorich version of Stokes theorem for r|s-forms.

Let U C X be a local chart of an adapted atlas with coordinates as in the beginning of this
section, then:

Theorem 102. A superfield ® € F(E) is a solution of the Lagrangian theory with Lagrangian
defined on local charts U by L = Lj, if and only if for every local chart U and Vx € U:

a4 d oL

(= dz? 8q (]

o(x)) - B (j'@(z)) =0 (7.7)

Proof. Let’s consider a local chart U as a submanifold U C X and let’s consider one of its
boundaries OU and an even path p in %g through ®: p : | — ®; with &5 = &. Locally on

U, we can write:
Avon(@) = [ o= [ fare— [ japws)
JL1e(U) U U

We understand that all integrals depend on the chosen boundaries, without writing it explicitly.
On U we have:

dAvov _ d [ 4., _ d 1

—a _d UJ P/ (LB) = dl J @i (L) = dlj o7 (L
_ d .o g, 4 i 1 04l a4\ OL it
|| Geaten] s - /U[dl G 00) 50 10 + =10 25 00| 9
_ [ [99 190 9L igy 1 OO 1igy 0L
—/U (J (I’l)aql (J-®1) + 2 9AY (J q’z)aqf4 (J @) |8

. oL a (0 oL , .
0 g ) + g (o G0 5 0 ) |9

0 0 OL
_ _ AN Y 1 I e !
/U[( D@ (G ) 5 aqi(J <I>z)]ﬁ

| (5 (Gt ez o) |
= [ e S (0 Gl e )| 5 =0

where the last equality holds because of the "divergence" theorem for super-integrals (see [152]

Moreover
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pag. 27); and because ‘%ql[(jlqn) 0L (j'®;)| = |A+ L| and Z¢f =0 on j1®, (OU). So we have:

OquA
dA|  dAu
dl =0 di =0
Y OL gy _ (—pyaim 2 1 9 9L 4
- [[Faow)| SEate - o Gae| k)

and, for the arbitrariness of U, OU and p, this imply that if ® is a solution of the theory, then
for every U and for every x € U, must be:

a7 U100 — (1AM () = o

After all this, the inverse is obvious and so the theorem is proved. m

The condition (1) is the super Euler-Lagrange system of equations for Lagrangian super-
field theories. It had already been found by Monterde in [II3] (note that in the original paper
there is a misprint in the corresponding formula in Remark 3 at the end of section 6). If one
checks in [I13], or for a more recent presentation in [II16] (theorem 7.6), how (7)) has been
proved by Monterde, then one immediately realizes the advantage of using the formalism of
Voronov Zorich superforms here adopted.

Note that formula (1) appears already in the works of Voronov and Zorich, but in a different
context and it has there a different meaning.

We have originally built our field theory starting from the action principle [0Il We could use
instead (7)) as a definition for a solution of a Lagrangian theory given by a Lagrangian n|m-
density L on a supermanifold X. Theorem proves that the two definitions are equivalent
when they are both well posed.

The formulation starting from the action principle is the one used mostly by physicists when
dealing with supersymmetric field theories treated from the super-fields point of view. Usually,
once a super-action on super-fields is given, Berezin integration over odd variable is undertaken,
to obtain a classical action on classical bosonic and fermionic fields defined on the body of
the domain of the superaction. This leads to classical Euler-Lagrange equation for those fields.
Since the starting points are the superaction, as the one I used here, and the same kind of
extremal action principle, the approach used by physicists must be equivalent to the one here
presented. In fact one could directly show that the super-Euler-Lagrange system of equations
(T0) is equivalent to a classical Euler-Lagrange system for the classical fields which are the
coefficients of the superfield ® in its expansion in the odd variable of the basis supermanifold X,
calculated on the body of X itself. These fields are precisely the fermionic and the bosonic fields
which appear in the classical Euler-Lagrangian system obtained by the physicists. I will not
give this proof, which is unessential having already established with theorem the equivalence
between (1) and [[0Il I will treat with some more detail the subject in chapter [@ and I will
show an example in section



Chapter 8

Multisymplectic super field
theories.

In this chapter I will try and extend the multisymplectic formalism to super field theories
starting from the Lagrangian set up proposed in chapter [ and following the same path under-
taken in chapter 2l for classical field theories.

In section BT will begin to present the covariant Hamiltonian formalism for a generic regular
super field theory. I will define the super multimomenta space and the super Legendre tranform.

In section B2 T will define the Hamiltonian and I'll show the super version of the Hamilton-
Volterra system (2.7).

In section B3] I will define a multisymplectic fractional super-form analogous to the form
defined in I will prove a theorem analogous to proposition [7 I will define on the super
multimomenta space the super Cartan (or Poincaré-Cartan) form and its pullback on the first
jet space of the superfield bundle.

In section B4 I will then build, on the space of solutions of the theory (the super covariant
phase space), the super analogous of the symplectic form (ZIT).

8.1 The super-multimomenta space and the super Legen-
dre transform

As in chapter [[, the super bundle of fields is (E, 7, X) with base the n|m-dimensional su-
permanifold X and with fiber-type the supermanifold F' of dimensions r|s. On X we can build
the super bundle A"~!™X as shown in section On E we can build VFE, using a con-
struction analogous to the one exposed at the end of chapter [Il and adapted to supermanifolds.
The fibers of both these bundles are superspaces which are the direct sum of the even and of
the odd part of two supermodules; so in fact we have: A"~HmX = Ag_llmX &) A;”_W”X and
VaE =V oE @ Vi E.

In the following we will be interested in the subbundle B*~1™mX ¢ A"~ '™ X whose fibers
are spanned by the n — 1jm—forms 84 which I am going to define. Remember that, if v =
(T, Ty 01y, 0m) € D(T0X X -+ ToX x T X x - T1 X) and if B = ——dz AmAde o the

d.’L‘”+1 @ ,,@dzvz+'r71,

local canonical n|m-form defined with (530), then 5(v) = 8(v1, -+ ,Un, V1, ,Um) € G®U.
The superform § can be easyly extended by Rg-linearity to N(T X xTo X x -+ Tp X xT1 X x ---T1 X)

n—1 m

135
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with the procedure described in proposition 33t by direct calculation it can be shown that this
is achieved when in the formula (B30) we admit that the entries in the first row can be of the
opposite parity with-respect to the usual one. Note that, if you have a Berezinian r|s-superform
w defined by a superdeterminant on a n|m-manifold X, then it is not obvious that its Rg exten-
sion @ is defined by the same superdeterminant defining w, with first row extended to any parity
entry. In fact this is in general false, but it is true for the canonical local n|m-form 8. T will
call this extended superform with the same name (3, letting drop the ~, unless there is risk of
confusion. Then I define locally:

~ N o __ I N
611(1)71,"' yUn—1,V1," " 7Um) = ﬁ(ﬁvvla"' ; Un—1,01," " 7vm) (81)
X
and 5
6&(@7 ;Un—lv{)vla"' 7{)\7;) = /8(%7@7 7vn—1a{}vla'” a{)\;n) (82)

To prove that 3, and S, are indeed n — 1|m-forms, we make use of lemma

Proposition 103. Each 34 is a local n—1|m-form and when a coordinates changing is performed
we have the following transformation rules:

ox' . Oz
far =Ber(G ) g

Ba (8.3)

Proof. B4 is a local n — 1|m-form on the local chart U because obtained by contracting the
canonical local n|m-form 8 with the vector field 94 and so Lemma H8] applies to it.

If U and U’ are two overlapping local charts of X, 8 and 3 are the corresponding local
canonical n|m-forms and we call %—g the matrix of the coordinates change, then, by direct
calculation, one can see that:

!/
Vo e T(ToX X -+ ToX xTh X x---T1X), B(v)= Ber(%—x)ﬁ(v)
x
So we have:
Yw € F(T()X X - ToX xT1 X x T1X),
n—1 m
Oz oz x4 ox'
/ _ , Y — / — -
BA’(w) _B (aA ,'lU) ﬂ (61”4/ 6A7w) 61‘A/ﬂ (aAvw) 8.TA/ Ber( 8$ )ﬂ(aAvw)
ox' ozt
=BerlGy) gpar Palv)
]
I set by convention |8,] = 0 and |8,] = 1. This is coherent with the convention used in

the second part of this thesis. We can see that, in the same way as A" 1™X | also BI 1™ X,
for every x is a left and right supermodule of dimension n|m which can be interpreted as a
superspace of dimension n 4+ m|m + n.

As in section 2] we can build Hom, (V E, B*~1"X), which is a fiber bundle over X. The
fiber over a point x € X is the collection of all Rg-linear maps between the supermodules
V. E and B UM X for all e, such that w(e) = z. As explained in section B, these Rg-linear
maps between supermodules can be considered as super linear maps between the corresponding
superspaces. The space of these maps is itself a supermanifold and precisely it is superdiffeomorph
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to l(r|s,n|m)@®l(r|s,m|n), where I(r|s, n|m) is the set of super linear maps between a superspace
of dimension r|s and a superspace of dimension m|n.

We can see Hom,(VE, B"‘”mX) as a super fiber bundle over E; then its fiber-type is the
superspace Z = Zy @ Z1 = l(r|s,n|m) & I(r|s,m|n).

We can call Hom, j(VE,B"~'™X), j = 0,1 the bundle over E obtained by restricting the
fiber-type Z to Z;. All these super fiber-bundles are defined in a natural way with G* transition
functions.

Our super-multimomenta-space (or minimal super-multiphase-space, to recall a terminology
used in section 2T]) will be a super-bundle

P C Hom,(VE,B"!ImX)
to be more precis we will have P C Hom, o(VE, B*~ 1" X), when |£| = 0, and P C Hom,,(VE, B" 1mX),
when |£] = 1. Let’s see all this in coordinates, to make it more clear.

On I(r|s,n|m) we can use (p7) as local coordinates. On [(r|s,m|n) we can use as local
coordinates (pf!). On Hom,(VE,B" '"X) I use an adapted atlas with local charts U with
coordinates (4, ¢!, pf, pft). On HommO(VE,B”*”mX) the local coordinates are (z*,¢%,p?);
on Homy 1(VE, B"~ '™ X) the local coordinates are (24, q',p#"). On the corresponding U C X
are defined the canonical n|m-form 8 and the n — 1|m-forms S4.

The point p € Hom,(VE, B" '™ X) with local coordinates (x4, ¢%,pt, p}) represents the
Rg-linear map between the supermodule V,E, with e € E with coordinates (z4,¢’), and
B U™ X with # € X with coordinates (z?), which maps the generator 8%1 € V.E to (pi* +
p‘I“)ﬂA|I = p?ﬁA|I, with the understandable notation pf‘ = p‘l4 +p}4. Note that p‘;‘, p}“ and p‘;‘
act on the left of 54.

Hom,(VE, B 1" X) is a natural bundle over E. When coordinates are changed on E, the
p coordinates change as follow:

/ Oz . Oq" oz
Al _ A
pir = Ber(@)aqz/ Pr 5. (8.4)
or equivalently:
— oz | 8¢' — 9z
7 B A
br er(ax’)aqll P g A (8.5)
— ox . dq! ~ 0z .
A _ A
pir = Ber(ax’)aql' PT 554

so that dq’|,, , ® pf'Ba is globally well defined.
We can now define P. On a local chart U, I define the super Legendre transform FL, a
G*> map between J17T|U and Hom,r(VE|U,B”*1|mU). Suppose that on J17r|U is defined a

Lagrangian density L = L + L so that L is even and Lis odd, then:
, oL g\ OL ,
FL (xAqu7q1{1) = xA7qI7(_1)|A|7-] (xA7q17q,I4) s T (xA7qI7q,I4) (86)
04’y 04’y
Keeping in mind the transformation rules of ¢4

i = x4 i aoq"  dx? dq”
AT 9 A A dgl T 9z A Oz A

we find that:
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Proposition 104. Formula 88) is a well-posed definition of a G map FL : J'm —
Hom,(VE,B"1"X).

Proof. Tt is enough to show that (—1)4l —5’; and —gf, transform like in [®3). In fact, with a bit
A A
of calculations and using (B7]), one finds that:

’ 8? ’ ’ ’ ’ 8x 8$A, an 8f
ey — (AT HADUAHAD gep L2 gL
(=1 il (=D I(=1) er(am,)axA da” Bdl,
’ ’ ’ a.’L‘ 8(]1 az axA/
= (-1 |A’] -1 A+ A DA+ A ‘)B el ].8
( ) ( ) er(ax/)aql’ aqg 6xA ( )
oz dq' OL 0z
— (=) A Ber(== =
(=0 Ber(50) 5,7 gl OzA
and
oL’ Nl , oz 0z? 9q! OL
O _ (U HADAAIH A gep( CE
aqr, ~ Y (G0 52 9q7 O,
=0
— (1) ARAD A +) gy 02 ) 08" OL Dz (8.9)

%)&11' ol oz
9z, 0 oL dz*
ox'” dq!" d¢Yy dxA

and ([B8) and ([BJ) are equivalent to (B3)).
Since L is G, by (B8] one can see that also FL is G>*. m

So I can give the following:

= Ber(

Definition 105. Whenever P := FL(J'1) C Hom,(VE, B*~ 11" X) inherits from Hom.(VE, B~ X)
the differential structure of a supermanifold, we say that the super-multimomenta-space, or min-

imal super-multiphase-space, of a super-field theory is the super-fiber-bundle P = (P, 7wp, X) with

total space P, with base X and with projection wp.

One can compare ([86) with the definition of super-Legendre transformation given in [26] for
the case of supermechanics and one can notice the analogy.

Remark 106. The conditions under which FL(J'r) is indeed a sub-supermanifolds of Hom,(V E, B*~1ImX)
are not easy to be established and a future work in this direction can be foreseen. The difficult

point here is that it is not immediate to establish when the image of a G map from a super-

manifold to an other target supermanifold is indeed a sub-supermanifold of the target. From the

theorem of the inverse function of G maps, see [133], it is however possible to deduce that if

FL is invertible on its image and its tangent map is invertible too, then its inverse FL™! is also

G and therefore the image of the Legendre transform FIL(J'7) is a supermanifold. This fact is

useful to establish that, when the Lagrangian is reqular, then P is always well defined.

The definition of the super Legendre transformation (8.8) explains the conventions chosen for
the coordinates pf': from (86]) one finds that we must have |ps'| = |A| + |I| +|L|, so that in fact
p‘f‘ = p’;‘ when L is purely even and p‘;‘ = pf‘ when L is purely odd. Keeping in mind all the
degree conventions used until now and using (80]) one can directly check that:

Proposition 107. If we consider P as a bundle over E, then its fiber-type is a submanifold of
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— I(r|s,n|m) when |L| = |L| =0
— IU(r|s,m|n) when |L|=|L| =1

and we have that:

~ P C Homg o(VE,B" "™ X), when |£] =0
~ PC Homg 1 (VE,B" "™ X), when |£] =1

which is the proposition already anticipated above.
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Sometime in the following, on a local chart of P, I will need the local functions (x4, ¢/, p‘f‘),
remembering that [pf'| = |A|+|I|+|L| or the local functions (z#, ¢*, p*, p7), with ‘p‘[“‘ = |A|+|]

and ‘p‘;“ = |A|+ || + 1.

As in the classical case, from FIL we can build a map between F(J 17r) and T'(P).

8.2 The Hamiltonian and super Hamilton-Volterra equa-

tions

On P it is possible to define the Hamiltonian function H as we did in section for classical

theories:
A I A Al I A A .
H(z", ¢ p1) = dhpit + (—)Mhpt — L (2%, 4", ¢4)
where we assume that QA is a solution of

) OL

_p)lAlLi+
-y 04y

(«*,q¢",dh) = pf
Or, equivalently, that it is at the same time a solution of the following two equations:
a1 9L
T
04y

oL I\ a
@ ('TA, ql7q114> = p}4

(=1)

(*,¢",¢h) = pft

(8.10)

(8.11)

(8.12)

As in the classical case, with the help of the super version of the implicit function theorem,
it can be shown that this is a good definition because the value of H does not depend on the
choice of the particular solution ¢, provided that some topological conditions of connectedness

are satisfied.

Since L is G*°, also H is G*° whenever ¢}, is a G* function of (z*,¢’,p{') (note that we are
assuming that P has the structure of a G* supermanifold, see definition [[05 and remark [T0G]).
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H transforms in this way:
H/ (xAlan/aq.g’) =
or Nan A ox I A
= sdet, (633’) (xA)qﬁlp‘f‘ + (71)| lsdet (833’) (90‘4)q£‘p‘[“7L

or . or oq” q ~
— sdet ((%I) ()L (2, ¢", ¢4y) + sdet (895’) (xA)—(J:A,qI)T(mA,qI)p?+

r I _ (8.13)
14| Oz N R N R v il
O A A T T Oz n0d" 4 10 4 3
= sdet (89:’) (z)H (2, ¢", ¢}y) + sdet g (z )61_714(:1" 4 )W(x vq" )i+
4] Oz P L N ey
H can be split in two components which are both G*:
H=H+H (8.14)
where: Al T
FZ 1 Al T A—Z .’L‘A, I7~I

H = gyp = L (2%, 4", d4)

By the definition of P every section z € I'(P) is the image trough FL of a section s € T'(J 7).

If both FL and its tangent map are invertible, we say that the Lagrangian is regular, see remark

This implies that the equation (BII) has no more than one solution. Comparing this

notion of regularity with the one given in [83] and [26] for supermechanics Lagrangians (id est

for theories defined on a base manifold X of dimension 1]0), we see that they are equivalent. My

definition of regularity is also equivalent to the one given by Monterde and Mufioz Masqué in
[114] and [I15] for theories defined on X = R/,

The notion of regular Lagrangian is not, however, the most useful for what it follows. I define
now some other related notions which reveal to be of some use:

Definition 108. A Lagrangian L is said to be purely even if L = L.
A Lagrangian L is said to be purely odd if L = L.

A Lagrangian L is said to be even-reqular if the map FL : ¢, — E = (—1)|A|% (xA, q, q'j{‘)
A
is invertible on its image and its inverse is G°.

A Lagrangian L is said to be odd-regular if the map FL : ¢4, — quI (:cA, q, 4114) 1s invertible
A

on its image and its inverse is G™.
A Lagrangian L is said to be purely even regular if it is purely even and regular.
A Lagrangian L is said to be purely odd regular if it is purely odd and regular.

Note that when L is even-regular or odd-regular, then P is always well defined (see remark
[[06). When L is even-regular, p? can be used as coordinates on the fiber of P. When L is

odd-regular, pf‘ can be used as coordinates on the fiber of P.

Remark 109. If a Lagrangian L is purely even regular, then the superdimension of J'm must
be equal to the superdimension of Homy o(VE, B"’”’”X).
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If a Lagrangian L is purely odd regular, then the superdimension of J'm must be equal to the
superdimension of Homml(VE,B"’”mX). This is quite a strong condition, because it immedi-
ately implies that either the dimension of the base X is n|n, or the dimension of the fiber F of
the field bundle is r|r. This condition, nevertheless, doesn’t prevent to have interesting purely odd
regular Lagrangians: see for example the Lagrangian of the superparticle introduced in section

122
We fix the following:

Definition 110. A section z € T'(P) is called a lifted-section if FL™ 'z = j'® for a section
® cT(E).

We can then characterize locally the lifted-sections of P with the help of H. We have indeed:

Theorem 111. When the Lagrangian L is even-regqular, a section z € T’ (]FL(JIW)) is a lifted-
section if and only if for every local chart U and for every x € U:

i 94"

(DT (a(a) = 2

ap‘f‘

(2(2)) (8.16)

When the Lagrangian L is odd-regular, a section z € T’ (FL(JlTF)) is a lifted-section if and only
if for every local chart U and for every x € U:

I ~
o e =2

(z(x)) (8.17)
Proof. To make calculations shorter, in this proof I indicate with the symbol p‘f a coordinate

which can be alternatively pT“ or p‘I“.
For the definition of H, and because FL ™'z is well defined being L regular, we have that:

O () = (—1) Pl QB p )

(910‘[4 Opy
IBI(LI41) {1\ (A+TI+L)(BI+1]) 2] 5T 5A 0qp OL o
+(=1) (-1) (50505 (2(x)) — 75 =7 (FL™ ' z(x))
Opy 04y
For (BII)), we have that 8642 (FL—lz(x)) = (=1D)IBIUEHFD BB (2 () and so:

oH JAIILI4+1) 1\ (AL (A T

R (2(2)) = (1) (-1) da (2(x))
I

= (=)D (2 ()

But q'f4 (z(z)) = qjg (]F]Lflz(x)).
If FL™ 'z = j'® with ® € I'(E), then dl (IFL_lz(x)) — 29 and so one implication is proved.

— oz&
Inversely, if %(z(m)) = (=1)HDULI+D (z()), then we must have ¢} (FLflz(x)) =
I
g’

5ax (2()); and the other implication is proved too. m

Note that, as in the classical case, H is not really a function defined on P, but a more
complicated object, as shown by ([BI3)). As in the classical case (see section 2.2)), one could
first define a super-multiphase-space Z, find out that Z is a vector bundle over the minimal

dq’
ozA
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super-multiphase-space P, and then define H as a section of Z (see [82] and [24], [63], [T08] for
the construction of Z in the classical case).

On a local chart, with canonical horizontal n|m-form (3, one can define the local Hamiltonian
n|m-form H := Hp but in general this will not lead to a well defined Hamiltonian n|m-form on
P.

I can now prove the extension of Volterra theorem [12] to super-field-theories.

Theorem 112. Let L be a purely even reqular Lagrangian function on J'm and let H be its
corresponding Hamiltonian function on P. If a field ® € T'(w) is a solution of the Euler-Lagrange
system of equations ([T1), YU local chart and Vx € U C X, id est if it is a solution of the
Lagrangian field theory, then YU local chart and Vx € U C X, z = FL o j'® is a solution of the
system (BIF]).

Conversely if z € I'(P), YU local chart and Vx € U C X, satisfies:

-1 |I|87qf z(x :g z(x
(1) g () = (5 (o(2) .
- -
(DI (o0)) = - 55 (o(2)

then there is a section ® € &, solution of the field theory, such that z = ]I*L]Ljhl).

Let L be a purely odd reqular Lagrangian function on J'm and let H be its corresponding
Hamiltonian function on P, then if a field ® € T'(w) is a solution of the Euler-Lagrange system
of equations ([T), YU local chart and Yx € U C X, id est if it is a solution of the Lagrangian
field theory, then YU local chart and Vx € U C X, z = FL o j'® is a solution of the system
BI9).

Connversely if z € T(P), YU local chart and Vx € U C X, satisfies:

dq’ OH
7 (2(z) = —= (2(7))
aCCA 8p}4
N N (8.19)
a1 97 oH

()01 S (efa) = 57 (@)

then there is a section ® € &, solution of the field theory, such that z = FILj'®.

Proof. T will prove the theorem for L = L purely even regular. Similar arguments would give
the proof for L = L purely odd regular.

For the first implication: by theorem [[TI] we already know that FLj!®(x) satisfies the first
equation in (BI8). From the definition of H, let’s now calculate:

- P .
o (L3 a(n) =)L (710() 5 (FL0(0) - T (7 0(r)
9 1 87 1
B (12(@) 5o (710 ()

and since (—1)|A|E (FLj'®(z)) = oL (j'®(x)), we have that:

=3
oH

ot (FLI' D) =~ 5 (7'0(2)
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and when ® € &, (1) holds and we have:

oH a4 9L

——— (FLj'®(z)) = (-1) 427 3G

A
dql (j'®(x)) = (—1)'A'(—1)'A”"g%4 (FLj ®(z))

and the first implication is proved.
For the second implication: if z satisfies the first equation in (BI8]), then, by theorem [ITI] it
exists a section ® € I'(r) so that z = FLj'®. Then:
OH OH q oL , 4
a7 (@) = =57 (FL'®) = 27 (710(@))

and

() =)0 o) — (1) )0 2 )

or
= (L L ()
dzA 9¢h
and if z = FILj'® satisfies the second equation in (8I8), then j'® must satisfy (Z7) and so @ is
a solution of the theory and ® € &. m

A first version of an Hamilton-like system of equations valid in the case when X = R'*| can
be found in [I15], where Monterde and Mufioz Masqué treat supermechanics as a theory on R*I'.
The system of equations found there is however much more complicated than system (8I8) and
its analogy with the classical system [Z77] or with the classical Hamilton equations for mechanics
is not immediately apparent.

Note that, when L has not a pure parity, but it is a mix of even and odd components (let’s
call it a non-homogeneous Lagrangian), then the situation is rather more complicated. Indeed
when L is at the same time even-regular and odd-regular, the Euler-Lagrange system is clearly
in general overdetermined. When it is satisfied then the corresponding system of equations
BIX) and ([RIY) are satisfied simultaneously. The converse holds when (8I8) and (8I9) are
simultaneously satisfied.

In general when L is even-regular but not purely even, then in order to be a solution of the
theory a section of P must satisfy (8I9) plus some other conditions that can be interpreted as
constraints. A similar situation occurs when L is odd-regular but not purely odd.

An interesting situation could occur when L is regular without being neither even-regular,
nor odd-regular. I will not treat these more complicated situations in this thesis.

I am not sure that non-homogeneous Lagrangians could be of interest for Physics, and I
don’t know if non-trivial, mathematically interesting, examples of non-homogeneous Lagrangians
(regular or not) can be given, such that the corresponding P is a well defined supermanifold, see
remarks and In the following I will not treat in details non-homogeneous theories.

8.3 The super-multisymplectic form

In this section I will give a geometric formulation of a superfield theory based on the use of
a multisymplectic fractional superform.

The image of a section z € I‘(P) is a n|m-dimensional surface in the total space P. As
we did in section for the classical case, we can address ourselves the question: if we have a
n|m-dimensional submanifold G' C P, when does a ® € & exist so that G = FL o j'¢(X)? What
geometric conditions has G to satisfy?

Exactly as in the classical case:
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1. G has to be the image of a section z € I'(P), so: 3z € I'(P) so that G = z(X)

2. z has to be the image trough FL of a section s € I'(J'x), so: 3s € I'(J'7) so that z =
FL(s);

3. s must belong to j'I'(E), so: 3@ € I'(E) so that s = j'®;

4. ® must be a solution of the theory, so: ® € &; or, which is equivalent, ® has to satisfy one
of the conditions in (T4), (T3, (T4), or (7).

We call Hamiltonian a n|m-submanifold of P which satisfies the above four conditions; we call
¥ the space of all Hamiltonian submanifolds. Then ¢ and & are in one-to-one correspondence
and they are indeed diffeomorph if a suitable G*°-differential structure is put on them.

As in the classical case, if we call i the immersion of G in P, we have:

Proposition 113. Let U be a local chart on P and let 8 be the local canonical n|m-form on U,
let G C P be a simply connected n|m-dimensional submanifold of P and i its immersion map in
P, then G is the image of a section z € F(P) if and only if YU local chart, i*5 # 0.

Condition @] is automatically satisfied because P = FL(J'7).
If L is even-regular or odd-regular then, with understandable notations, theorem [ITTI] shows

that:

OH 1 .
a7 (FLs(@)) = (—1) DU g1 (o)

Therefore we have that:

LI+ (1) 7 A oH

I._ I _ g1 _ (_ o
g =FL,c" =dq ( 1) 3p‘14

(8.20)

where ¢! are the contact local extended-forms on J'7 defined in chapter [l with (ZT)). Identity
([B20)) is a shortcut for one of the two identities:

H
g' =dq’ — da:Aﬁ—N (8.21)

opy
and

o = dg’ - (—1)1Vapr 2 (8.22)
p7t

The g’ can be considered as "naive" local 1-forms on P or local 1|0-extended-forms on P: 1
call them contact forms.

If we call section-submanifolds those n|m-submanifolds G C P which satisfy condition [,
and we call lifted-submanifolds those n|m-submanifolds G C P which satisfy conditions [ 2] and
Bl then Condition [ translates to the following:

Proposition 114. Let L be an even-reqular or an odd-reqular Lagrangian function on J'w
and H be its corresponding Hamiltonian function on the super-multimomenta-space P, let g'
be the contact local forms on FL(J'7), then a section-submanifold G C P with G = z(X) for
z € F(FL(Jlﬂ)) is a lifted-submanifolds of P if and only if V g' : z*g' = 0.

Note that this condition is equivalent to the first equation of I8 or .19
I now show what is the super-correspondent of the multisymplectic form.
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Definition 115. Let L be an even-regular or an odd-reqular Lagrangian function on J'm and H
be its corresponding Hamiltonian function on the super-multimomenta-space P, let U be a local
chart of P. I call the super-multisymplectic form the fractional n + 1|m-local-form w, which is a
G*-map from ToU x --- x ToU x T1U x --- x T1U to Rg, defined locally by:

n+1 m

\V/(%7 af"7%71717'”777;;)ETOUX"'XTOUXTlUX"'XTlU

n+1 m
w(%7 W7"'7W7U17"'7Um):
qI ;D‘Il xl 7 7 rn+1 xnt+tm
’l}O /l]O vo DR UO PR /110 UO DRI UO
I a -_— —_—
q Pr x| e . ™ g+l grtm
v U vy Ui vy v U1
0 0 o --- 1 --- 0 0 e 0
— _ T o
q Py zl T . " gntl . gntm
Uy Uy U3 vy Uy U3 5
— _ sdet"+2‘m . . . . . . . . . . 4
I a .
q Py 21 zn zn+1 pntm
vn vt vt Yt v
g PP o ot gntm
vp vy Uy vy vy 1
Um Um  UE, vE vE xz
q! 2 o1 —n Tl onta ntm
UO UO ’I)O PRI vo 1}0 ... UO PR UO
! Y [ —zn +1 + o gntm
v vt P e ot " N AR T A
0 0 0 0 0 n 0
I pe T zn +1 + Lgntm
vd 021 vy ce v%” v%" R U;” X vé”n m
41 0 SV S SO A
— (—1) 87’]7 Sdetn+2|m +
— —s — [, . -
q Pr 1 . zn pnt+l . . . znt+m
Un  Un vE vE vE : v
¢ P o o el : Cantm
vl Ul ’l}l DY /l)l vl DY . DY Ul
P — il : T
Um Um ’l}m DY vm /l}m DR . DY Um
I 1 ~—Qn ontl Tontm
vd % R T 1 R
— v v
q' OH z! " zntl zntm
’l}l 67(]] Ul ... vl vl DRI ’l}l
7[ JE— [ —_—
_ 9" OH xl L z" zrtl gntm
sdetpi1jm | vn oal U vt Yt vZ +
_— o~ —_ —_
1 — )
ql oH 21 on g+l pntm
/l}l 87(11 vl ... Ul Ul PR /ljl
— B L
q° OH zntl zntm
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A
pI OH Cl)l " zn+1 In«#m,
UO 8p114 UO CEEEEY /l)o UO DRI ’IJO
A
Pr OH 21 zn g+l pntm
U gpr U1 vt oY vy
A - JE— -
p 1 1
— Sdetn+1|m 'UnI 5)15}14 U;EL e UTILn U£n+ N ,Ugin+m (823)
R
I x ... xn xn DR x'ﬂ- m
Uy W (%1 U7 (%1 U1
’Z;Z o —~ e~ —
b zl . zn zntl Zntm
Uni gp& Vm vzt v v
A vy A —
where the symbols vPT are shortcuts for vPT or vP1, the symbols(%ﬁ are shortcuts for % or
I pI

8—%, according to the parity of L; and where sum over repeated indexes (also when in different

op%
columns) is understood as usual.

A much more concise expression for w will be given in Formula (824]).
It is still to be proven that w is in fact a n + 1|m-form.

Proposition 116. The super-multisymplectic function w is a local n + 1|m-form.

Proof. Note that in each of the four matrices defining w all entries respect the parity required
by a classical supermatrix with the exceptions of at most the entries in the first and the second
columns. Then this proposition is a direct consequence of theorem B8 and Lemma [ ]

Proposition 117. The super-multisymplectic function w is well defined globally.

Proof. The proof relies on the fact that, with the use of (540), (552) and (B53) and using the
proprieties of the wedge product (553 and (B.60) and of the exterior derivative (£.48) and (.62,
one can prove that:

w=—dq" Ndpf N Ba—dH A B =d(dg" Ap7Ba— HB) (8.24)

But the form dg’ A pf84 — Hp is globally well defined. To prove it, we first have to note that
from formula (B.56) it follows immediately that:

dz A Ba = (~1)14p (8.25)
where there is no sum on repeated indexes. More generally we have that:
dzP A By = (1) 41865 (8.26)
So, changing coordinates and remembering ([83), (8H) and (BI3)), we find:
dq" Apf By — H'B'

r g J A / c
= (dqldq +dedq> A Ber <8m> 00" ,a0r Ber <8x ) O Bc

dq! dxB Ox’ Wp'] OxA ox ) Oz
Ox Izl g, (0 94" 04" 4 Oa’ 2
— | Ber (83}’) H+(-1) Ber 9 | DA 8q1’p1 Ber B B (8.27)
dg" g’ A+ dg” g’
=dq" ApBa — HB + (1) AHF (—ylA 2L Ag _ (L)AL A
q plﬂA ﬁ"_( ) ( ) dZZ?AanlpJﬂ ( ) drA 8q1/pJﬂ

=dq" ApjBa—HB
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so also its exterior derivative is globally well defined and theorem is proved. m

Note that the calculation presented above with Formula (827) strongly relies on the properties
of Voronov-Zorich superforms and their Cartan Calculus, introduced in the Second Part of this
thesis, and on the definition of the super multimomenta space P and of the Hamiltonian H,
given above in this Chapter. It is precisely having in mind Proposition [[17 that most of the
preliminary work of Chapters Bl and of Sections Bl and has been made.

Definition 118. The global n|m-form defined locally by:
0 :=dq' AptBa—HpB (8.28)
is called the Cartan form on the super-multimomenta-space P.

Note that § = FL.L + g A p?Ba.
Note that both # and w are fractional superforms; indeed:

dz' A - Adz™ )_ dz' A - Adz™

0 :=dg' ApBa—HB=dg" np? (D
¢ AprPa—HBE =dq" Npr \ Oa— o o S o o

dzt Ao A dz™ dzt Ao A da™

dxn-i-l ORERNO) d$n+m

w = quI/\dp‘Iq/\BAde/\ﬁ = dq”\dp‘f‘/\(c')AJ T oo dan

) —dHA

It is important to note that the equality ([824]) establishes a direct link between the super-
multisymplectic form w and its classical counterpart defined with

The superforms defined here with (828)) and ([824) can be compared with the analogous
Cartan forms defined in [83] and [26] for the supermechanics, which can be considered as a
special case for X = R and with the super Poincaré-Cartan forms defined in [I14], [I17] and
[115] for their supermechanics on RM', which can be considered as the integral of my @ taken on
an odd submanifold of R transverse to the even time line.

My super Cartan form can be also compared with the super Cartan form defined by Monterde,
Mufioz Masqué and Vallejo in [IT6] and valid for every dimension of X. One sees that my 6
defined with (828]) has a closest and more transparent connection with the classical Cartan form.
I think that the notation introduced in chapter [ for fractional superforms helps in keeping
formula lighter; moreover the very use of Voronov Zorich superforms, in my approach, allows to
make evident the parallelism between classical and super theory.

I can now prove the main result of this thesis:

Theorem 119. Let L be a purely even-reqular or a purely odd-reqular Lagrangian function
on J'm and H be its corresponding Hamiltonian function on the super-multimomenta-space P,
then a section-submanifold G C P, of the form G = z(X) for z € I'(FL(J'n)), is a Hamiltonian
submanifold of P if and only if VU local chart of P, with corresponding local super-multisymplectic
n+ 1lm-form w, and Yu € T (ToU), z*(u_w) = 0; where TyU is the even tangent space to U,
and

qu(vfh... S Un, 01, - 71777“1) ;:w(u’ Vi, Up, U1,y - 76;;)

Proof. What we have to prove is that:

Yu e T'(ToU), Yo = (U1, ,Un, 01, y0m) EC[ToX X+ X TpX xTh X x -+ xT1 X

n m

with (71, ,7,) and (01, -, Um), Rg-linearly independent,

W(U,Z*ﬁ,"' ,Z*W, ZxU1, " 7Z*Um) =0
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Indeed, if (71, - - - ,Tp,) are linearly dependent, then their images trough z, are linear dependent
too and it is easy to see that the value of their contraction with w is 0. If (01, - , Uy, ) are linearly
dependent, it is easy to see that w is not defined on their image through z,. We can then extend
w to value 0 there.

I chose v so that, on the local chart U, 7, = 9, and v, = d,. Then:

_ 0 dq" ) op? 9
I want now to calculate w (u, 2:01, - - , 240n+m) (2(2)) for a generic v € T’ (TpU) and a generic

z € X. Note that any other v/, with the required characteristics of linear independence, is linked
to the chosen v by v/ = gv where g € GL(n|m) and consequently z,v" = gz,v; so, because of
Lemma B8 w(u, z.v") = Ber gw(u, z,v). If I can show that w (u, 2,01, , 2e0n+m) (2(x)) = 0
for a generic u, then the same holds for any v’.

I'll carry on the calculations separately for the terms appearing in (823]).

From the first term we have:

qu up(ll uml e uIa e uwn uajn+1 e umn+m
g% 9p; ... . .
FaT Hat 1 0 0 0 0
0 0 0O -+ 1 - 0 0 ... 0
dq! op1
12 pors 0 0 0 0
—sdety,2)m E . )
9q 9p] T T | 0 . 0
amn amn .
g’ ap§ :
24 2 0o - : o0 1 ... 0
BqI T - . e .
Jpntm Jpntm 0 . . 0 0 R 1
0 0 o -~ 1 - 0 i
I a "Ifl xu. z'n 0 O O e 0
uq up[ U e u e u gt an gt ap‘}
o u Fonta U = 0 0
aq’ aps 1 0 0 dxnt Oxnt
_ det w 31/,1 PR .. 0 O O 0
n+2 . .
TR S A | 0 0 0o --- 0
L \oz™ ox™ . J
0 0 0 1 0
I nta a nta  Gp2 1 a n
ud —u® ) Bj,% uPr — u® azfia u® u® u®
9q op7
= — det BT Dat 1 0 0
n+2 . .
aq" 9pt A
oz oz 0 : 1

= (u? =" 94 i + 6761[ Opi u’
Oznte ) Pga ot Ozt Oz

+ 04" uPi — = ot \ _ 0q’ %umb
Oznta Oz Ozb
b#a

(8.29)
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From the second term we have:

ud’ Pt u® w oy ur”
g’ op¢
Eral 0 0 0
0 0 0 0 0 7
9q° It 0 0 0
Ox2 Ox2
Li+1 0 : :
_(_1)| I+ %Sdetn-;-z\m oa ops
q
oz 6;1;l 0 1 0
I o o
go getr O 0 1
F) I o [e%
Erol 0 0
0 0 0 0 9q op7
a 21 o 7789:”‘"@] n@w"‘l*'“
u?  uPr U ur aqw P Bpw
o aq” op® oxn oxm
oy g E2 o [T 0
nn . . . '
wou o ; ;
aq’ opT
, _nagr;ra . _nafigaa N ) 0
o) wl — " Vgt w - u®
L|+1 1) op?
== (D o det G ot 0
L ' :
i ook !
(e 9 0 (4 _ o 94 op¢ 4ol 2 d 0q" o’ Ap¢
On Oxnth ) T gnta On Ox® drnra
I
+(-1 )|L|+1 877 0q uPE gt op§ (- 1)|LH—1 677 oq! 8p1
On ' Oxnte Oxnth On ' Oxnto Bt
f,(,1)|L|+|f|+1 wd — =’ 9q" Ipt (71)\L|+\II+13L opt u®
OxntB | ynta Oxb Qxnto

g’ o n op% g’
+ (_1)|L|+1 B Y O ) S I (_1)\L|+1 9 opr
Ognta Ozxnth Oxnte Ozb
From the third and the fourth term we have:
Uq dH + 'LLpI gli uxl umn Ll
aq’ dH pf OH
ﬁaiqj + 370{,1@ ]. 0 0
¢’ oH 7 oH
—sdety 1,m agn aq + gam " op” 0 1 0
dq” i 9H
Ozntl aq + 81’{‘*'1 W 0 0 1
Bq pl oOH 0 0 0

axn+7n aql + O,

gnt+m 8;7’14

:l)b

n+m

149
mn+7n
0
0
0
0
0
1
0 0
0 0
0 0
0 0
Ib
b
(8.30)
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I OH A OH 1 o
u? S+l o8 u* Ut e aqiﬁ OH 4 p}lﬁ DH
aq? oH pE oH 1 0 dx™ dq Oz th Jp4
9zt g +8z1 op4 0 0
= —det ! —
n+1 : .
ot oH | pi oH .
b ogT T Baw apr 0 1 0 0
o 3[{ " Lyt dq¢" O0H 0q' OH e
dq Oxnth 9g!  Oxb Og! (8.31)
P oH " ] 8pf‘ OH n 6p}4 oOH b '
— | u u — — 3 |U
opy dzm+8 gp dxb op4

Adding (829), ®30) and B3T), we find that w (u, 2401, -+ , 2e0n+m) (2(x)) is equal to:

I opt Ll+11141 9P OH

U s | hr 2

“ < oz (=1) dxznte  Jgf
I

e (07) + 01 s () - (w52

T
g’ op§ g’ op} b
+ b#za (&Eb dr¢  dxo Oxb Y

a I a a I (e
+(_1)\L\+|I\+1i PT uwb_(_1)|L\+1 oqt Iy o

Oxb Qxnto Dzt 9t
Oxb gt dxb Op#
s 0gl Op? n+B 1| gt opt
tu dzn+B oo (=1) Oxa Oxn b

(o) E (e 00T OPF L neo D" _OP)
OzntB gante Jante ggnth
N a: Wﬂ( s aH)

TUT GntB agl 92+ PpA

vy [_(_1)A<|L|+1) (_pylai OpF Wf}

9zt 0q!
I I
LI+, p2 04 LI+, pr 94 a0H
—1 pr 1 -1 pr __~* Py —
+(=1) Y ox° +(=1) u Oxnta (u pr‘
dq! Al(LIHI+D Opf | OHT
R _1 4 - T
"o [( | T (8.32)
B (_1)|A|<|L\+1> dq" _(_1)<v1|+m><|A|+u|+\L|>87H a7 '
OxA opt] Oxb
ot Og! AL+ Opf | OH
-1 il BT
U Qants <( ) Rz g’
g ()T op7 94’ o (_Opp OH
OxntP dxA Oz +8 gpf

Then, being u? , uP7 , v’ and u®""" arbitrary, 832, compared with BI]) and [BI9), proves
the theorem. m
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Note that part of the proof of theorem could be rewritten exploiting the properties of the
internal and external products for superforms. I chose to present instead explicit calculations, to
not hide what is behind the definitions of fractional superforms.

The arguments used in proving theorem can be easily adapted to be used when the vector
field u is odd and we make use of the extension in the first argument of w. We obtain this way
the following theorem:

Theorem 120. Let L be a purely even-regular or a purely odd-regular Lagrangian function on
Jim and H be its corresponding Hamiltonian function on the super-multimomenta-space P, then
a section-submanifold G C P, with G = z(X) for z € T'(FL(J'x)), is a Hamiltonian submanifold
of P if and only if VU local chart of P, with corresponding local super-multisymplectic n + 1|m-
extended-form &, and Yu € T'(ThU), z*(u—®) = 0; where T1U is the odd tangent space to U,
and

UJ@(H7 ’m’ﬁl,... ’{}‘"’l) ;:@(u, Tp, - ’Wﬂfh... ’ﬁ‘n’l)

Again, as in the classical case, we can note that in theorems and it is requested in
the hypothesis that G is a section-submanifold: the fact that G ends out to be also a lifted-
submanifold is a consequence of the condition imposed on it. This can be seen if one notes that
w can also be written locally as

O0H
w:—gl/\dp}él/\ﬁA—dqla—qI/\ﬂ

If a section-submanifold G satisfy the condition required in proposition and [[20, then this
last one can be applied to u = =25 and this yields that VB,V.J, z*(¢7 A Bp) = 0 which in turns

Bpf
yields that V.J, z*(g7) = 0.

The study of the purely even and purely odd regular cases can be used as the starting point
for the study of more complicated non-regular and/or non-homogeneous Lagrangians.

8.4 The symplectic structure of the super covariant phase
space

Having at hand the super-multisymplectic form, we can follow the path undertaken in the
classical case in section [Z4]

We call again ¢ the space of Hamiltonian submanifold of P and we build on it a symplectic
structure. I will then sometime call ¢ the super covariant phase space.

The super covariant phase space is in general infinite-dimensional. I will not treat here the
problem of how to give it a superdifferential structure such that it can be treated as an infinite-
dimensional supermanifold. For a possible solution of this problem in a categorical framework
of supermathematics, one can see A. Alldridge, [I] or C. Sachse, [I38] and F Hanish, [67], who
worked on older ideas of V. Molotkov, [112]. One can also read the introductions and consult the
bibliographies of the works quoted above to find about other possible approaches to this subject.

Suppose that on & a suitable super-differential structure is given, such that we can speak
about its tangent module T¢¥ at one of its points G € 4. Let §,G € Tg¥ be an even vector
over G: it is a vector tangent to an even path in ¢ and it is represented by some u € T' (i* (V P)),
id est a section over G of the pull-back image of the vertical (with respect to the projection mp
of the total space P onto the base X) tangent bundle V P by the embedding map i : G — P.
The section u can be both even or odd. As in the classical case, u can be seen as a vector field
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(even or odd) on G, "following" which, each point ¢ € G is moved to a point ¢’ € G’, being
G’ € ¢ an other Hamiltonian n|m-curve. u deforms an Hamiltonian n|m-curve G into another
Hamiltonian n|m-curve G’. Considerations similar to the ones made at the end of sections 2
could be made. What is most interesting is the definition of a symplectic form on TY.

As in the classical case, we can consider a slice ¥ of co-dimension 1 in P, with the property
that for any Hamiltonian n|m-curve G € ¢ the intersection of ¥ with G is transverse. In the
super case we have two possible choices:

1. the codimension of ¥ is even;
2. the codimension of ¥ is odd.

We pick up the first choice.

I don’t treat here the problems involved with the orientation of .

Once a ¥ with a suitable orientation is chosen, we can then define 2y to be a functional
acting on couples of vectors of 79 and maPpingthemtoRg in the following way:

Definition 121. Let be 61G, 0oG € Tg o9 two even vectors at G € ¥, and let uy,uz €
T (i* (VoP)) be the corresponding even vector fields over G, then we pose:

03|, (5:G, 5:0) ;:/ (T AT3) (8.33)
YNNG

Definition 122. Let be 61G, 02G € T9 two vectors on G € G of generic parities, and let be
u1,uz € I' (4* (VP)) the corresponding vector fields over G, then we pose:

QE‘G((SIG; 52G) = / (U1 /\UQ)JOTJ = / c?)(ul,u27~) (834)
NG NG
where & is the extension of w in the first two arguments. Qs is our symplectic 2|0-extended-form
on the infinite dimensional supermanifold 4.

Note that, by the definition of &, B3] we have that:
x|, (01G,6:G) = (1)1 ¢G5 L (6,G,6,G)

and Qy can be seen as a 2-form & la Kostant on ¢.

Note that, since |w| = |L|, we have that |Q| = |L| + m, where m is the odd dimension of X
and where the shift is due to the Berezinian integration in (834]).

In the special case of X = R, the integral of w over ¥ N G reduces to an evaluation at a
fixed time tg and the super symplectic form Qs reduces substantially to w evaluated at tg. In
this case the symplectic form €2 coincides with the one found for supermechanics in [83]. The
symplectic structure presented in [26] is more difficult to compare to mine, due to the more
involute notation.

A symplectic structure on the space of solutions of their theory has been constructed also
by Monterde, Mufioz Masqué and Vallejo in [I15]. It corresponds to the symplectic structure
on the space of solutions constructed here for theories built on a base X = R'I*. Note that, in
[115], the authors cite the fact their symplectic superform has parity opposite to the one of the
Lagrangian: this agrees with what we have seen above when m = 1.

It is important to note that, for 2y to be well defined, ¥ has to be compact; otherwise it
could happen that €2 is defined only on a subset of vectors of T¢. Finding a compact ¥ which
satisfies the conditions exposed above is always possible when X itself is compact or when X is
the product of a compact supermanifolds times R0,

The symplectic form © on ¢ can be pull-back on &. We can pull-back w by FL on J!'x.
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Definition 123. o0 := FL*® is called the super-multisymplectic form on (Jm)
Using (B824) one can see that:

Proposition 124. If L = L is purely even regular, then:
0 =FL"d(dg" Apjipa — HB)
= [da’ A=)y~ ()1 25+ T 55
=d [cl A (—1)'*“'—_@1 +Lﬁ]
gy
If L = L is purely odd reqular, then:

0= FL"d(dq’ A} piBa — HB)

—d|dg' A @ﬂA — 425425 +Ip (8.36)
—d [CIA(%BA+55
In general:
o =FL*d(dg" A piBa— HB)
=d |d¢" A (- )'A' oL ﬂquAa Iﬂ+dq /\8 IﬂA qAa 15“35 (8.37)

_d [(_1)|A<A+L|>cf £ s
04’y

On J'7 we consider a compact slice 3 of co-dimension 1|0 with the property that, for any

= T'(J'7), the intersection of ¥ with s(X) is transverse. We will then have j'7(X) = Xy where

Yx is a n — 1|/m-submanifold of X. If we call i the embedding map i : s(X) < Jlm, we can

then define Oy, to be a functional acting on couples of vectors on s € I'(J'7) and sending them
to Rg in the following way:

Definition 125. Let be 815, 625 € T,I'(J ) two vectors on s € T'(J'xw), and let be uy,uy €
r (z* (Vj17rJ17r)) the corresponding vertical vector fields over s(X), then we pose:

Og|s(5ls,5gs) = / (u1 Aug) 6 (8.38)
2Ns(X)

and Oy, is our symplectic 2|0-form on T'(J7).

Again there is almost no difference from the classical case. Ox can be restricted to j1& C
JIT(E) c T'(J'r). Let be i : j'®(X) < J'm the embedding map of j'®(X). Let be
615'®, 625'® € Tjiyj'E two vectors on j'® € j'&, and let be u, v € T (i* (VjirJ 7)) the
corresponding vertical vector fields over j1®(X), then we pose:

ogyjlq)(aljlcb,azjl@) ;:/E @(X)(umpa (8.39)
njt
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To have an idea of how O can be computed on local charts, let’s consider a local chart U so
that ¥ is defined locally by 2! = 0, then for §;j'® and d,j'® even we have:

027U|7‘1q> (61j1<1>,52j1<13) = / V_JU_10 =
: £NjLO(U)

_/ |:—qu (qu O%L +U’11J3 O%L ) —i—qu (uqJ O2L +uq1J3 O%L >:| B
SN e () dq”’ 941 8q}0¢! dq’ 04l aqLoql )|
(8.40)

As in the classical case, it has to be noted that calling Ox, a symplectic form may be an
abuse. It is indeed a 2|0-form on its, possibly infinite dimensional, supermanifold of definition,

but it may not be non-degenerate, unless some hypotheses of regularity on the Lagrangian L are
assumed.



Chapter 9

Comparison theorems

Supersymmetric field theories are defined in the Physics literature with the superfield on
supermanifolds formalism or with the so called components formalism, where the bosonic and
fermionic fields are defined over conventional even manifolds. In this chapter I want to prove
the existence of an isomorphism between the space of fields of a supersymmetric theory defined
with the superfield formalism and the space of fields of a corresponding theory presented with
the components formalism. I want to prove also the existence of an isomorphism between the
spaces of solutions of the corresponding theories, and I want to compare the symplectic structures
naturally arising from the two theories.

It is sometime said that, to give sense to the isomorphisms above, it is necessary to use the
functor of points formalism for treating the supermanifolds: for such an assertion see for example
Freed [54]; for a presentation of the functor of points formalism see [35]. What follows shows how
to make sense of them within a concrete formalism which allows a more intuitive interpretation
in terms of geometrical objects.

The material presented in this chapter can also be interpreted as the translation using my
formalism of the Comparison Theorem formulated with other formalisms. The Comparison The-
orem establishes indeed an equivalence between a first order Lagrangian super theory defined on
a base manifold X of dimension n|m and a corresponding m+ 1-th order Lagrangian supertheory
defined in a suitable way. The two theories have, at least classically, the same physical meaning,
since they have spaces of solutions which are diffeomorph. The theorem was formulated in a first
version in [80] and reformulated in [IT3] and [I14].

In my version, the theories compared are a first order Lagrangian theory defined on a base
manifold X of dimension n|m and a corresponding first order Lagrangian theory defined on
its n-dimensional body X. The fact that both theories are first order is a consequence of a
suitable choice of the fields target manifolds used. This fact, by the way, also clarifies why both
theories admit (whence the Lagrangian are chosen) a canonical Poincaré-Cartan form (which is
not obvious for m + 1-th order Lagrangian theories).

I will treat with some more details the case when the starting superfield theory has for field
space an even supermanifold. The Comparison Theorem is valid in the more general case, which
I will not treat in details, but which can easily be dealt with.

In section [T I will treat the Lagrangian approach obtaining results analogous to the one
found in [80], [113] and [114].

In section @2 T will treat the Hamiltonian approach and I will make a first comparison of
symplectic structures on the spaces of solutions of theories expressed in the so called superfield
and in the so called components formalisms. The results there presented are original.

155
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I will sacrifice some rigor and precision for a shorter presentation.

9.1 The comparison theorem

Suppose that the fields-super-bundle F has base X with dimension n|m, has fiber-type F
with dimension r|0 and has projection w. Then F has only even coordinates; on a local chart
the index I, of local coordinates ¢, is only even. From now on I will indicate that index with
i. Tcall X = €(X) the body of X and b(X) its immersed body, see section I will suppose
from now on that we work with a subatlas of X such that in all local charts U with coordinates
(% 2*) and Ve € U, z° [b(2)] = z* € R and z* [b(z)] = 0.

As in section [ T define the Lagrangian field theory starting from a Lagrangian horizontal
n|m-form defined on J'7.

It is possible to define two other important fiber bundles over E.

Definition 126. I call J°'"7 the sub-bundle of J™n where only jets with odd derivatives are
considered.

I call JM1™ 7 the sub-bundle of J™ 11 where only jets with odd derivatives and at most one even
derivative are considered.

Note that all these bundles are G*°-bundles over F and also over X. They can be pull-back
on X by the map b which is C°° obtaining C'*°-bundles over the real manifold X with fiber-type
which may be supermanifolds. This is somehow an hybrid situation; let’s schematize it:

Jmtln
b
Jlmg b* (Jm i)
giimo 1|m
2N |
Jom g Jin > b (Jllmﬂ')
\ / / \) O
jolmﬂ' Jéﬂ'
0
E > b (JOm ) b* (Jir)
T b* (E)
b
On JO™ 7 we can use (27, 4}) as coordinates on a local chart. We have that A =1,--- ,n+m,

4 € Rg. The Greek capital letter A stands for a multiindex which can be 0 or can be a sequence
of ordered integer numbers a; running from n+1 to n4+m, without repetition of the same number;
the order goes from the bigger a; to the smaller ;. So for example it can be A = asazaq where
aj =n+j < n+m. We have also that ¢§ = ¢. We define the length of the multiindex A as
I(A) =0if A =0 and I(A) is equal to the number of a occurring in the sequence when A # 0;
so for example [ (asao1) = 3. By the definition, the maximum length of a multiindex A can be
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m. We have that ¢} € Rg and |qj\| = |A| = I(A), where the last equality is taken modulo 2, as
usual when dealing with degrees.

On J'™7 we can use as local coordinates (xA,(jf\,qz A); wherea =1,---  n, and cjfw =q..
We have that ¢} , € Rs and |g} 5| = |A] = I(A).

On b* (Jo‘mﬂ) we can use as local coordinates (ga,q'f\), where a = 1,--- ,n, 2% € R and
qj\ € Rg.

On b* (J”mw) we can use as local coordinates (z%, ¢4, q'fLA).

The transition functions of all these bundles are defined as one would expect.

The shift between the two sides of the diagram (@]) is made on purpose. We have in fact
the following:

Proposition 127. There exists a one-to-one correspondence between the space T'(E) of G™
sections of E and the space T’ (b* (J0|m7r)) of C* sections of b* (J0|m7r),

Proof. Let U be a local chart on E with coordinates (xA, qi). Let U be the naturally associated

chart on b* (J%™r), with local coordinates (27, ¢} ).
To every ® € T" (FE) locally defined by:

® 2t — (wA,qi (wA))
we associate the section @ € T’ (b* (J0|’”7T)) locally defined by:

@ a2t — (2% (2Y) = (ﬁa’aAqu(za))

where dp 1= Oa; *++ On,, when A = a; - - ay.
To every ® € T (b* (J%™n)) locally defined by:

@ z® — (2dh ()

we associate the section ® € I" (E) locally defined by:

o~

ot — (xA,qi (xA)) = (JSA,I‘A(]?\ (ma))

where &t = (2% — 2% (b(z"))) -+ (¢ — 2% (b(z?))) = 2™ -2 when ¢} = i,

the different order of o; when the index A is an apex and when it is a subscript) and ¢} (z%) is
the Grassmann analytic continuation of ¢} (z%) (see Rogers chapter 4 for its definition).

The proof that these associations are well made, and that they are one the inverse of the
other one, is straightforward. m

Analogously, we have:

o), (nOtE

Proposition 128. There exists a surjective correspondence between the space T’ (J17T) of G
sections of J'm and the space T (b* (J1|m7r)) of C* sections of b* (J1|m7r).
Proof. Let U be a local chart on J'7m with coordinates (xA,qi,cjf;). Let U be the naturally

associated chart on b* (J”mw), with local coordinates (g‘ﬂ di,dla )
To every s € ' (J 171') locally defined by:
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we associate the section s € I’ (b* (J1|m7r)) locally defined by:

a

s — (gaatﬁ\ (ga) 7q.jz,A (ga)) = (zaaaAqi|b(£a)7aqu|b(g“))

To every s € T’ (b* (J”"”ﬂ')) locally defined by:

a

soat — (2% (@), gl ()
we associate the section s € I' (J 171') locally defined by:

—
3l

st — (xA,qi (xA) ,d (CCA) Ll (xA)) = (xA,quA (z%) ,IA(Z:\ (z%) ,&ﬂ‘\ﬁ (:1:“))

where qfl A (2%) is the Grassmann analytic continuation of qjl A (%),

The application of the first correspondence, followed by the application of the second one, do
not lead to the identity in I' (J 177). The sections which are fixed points for that map are those
which satisfy the condition: ¢!, = 0,¢" id est those who are lifted in the odd sector. m

We can define a lift map j!™ between I' (b* (Jo‘mw)) and ' (b* (J1|m7r)).

To every ® € ' (b* (JO™7)), locally defined by:

@ oz" — (2%dh ()
we associate the section ﬂ@ el (b* (J1|m7r)), locally defined by:
Jme sz — (2% dh (@) dha (29) = (2 dh (2), Dadis (%))

Note that, if we call j°I”* the projection from b* (Jo‘mﬂ) to X, then we have that b* (Jl‘mﬁ) =
J15%m. We could then simply set j! := jlim.
We have the following:

Proposition 129. For every ® € I'(E), j'® = j!I"® = j'®.

Proof. Tt follows directly from the equality 0,0y = 0p0,. ®
We therefore have the following commutative diagram:
I (Ji7) —2— T (b (JH™ 7))

} fiim (9.2)

[ (BE) «+—“—— T (b* (JO™7))

where ub are the maps between spaces of sections denoted before by the underbar.

We can do more. To every point e € b* (Jo‘mw), we can associate a 0|m-dimensional subman-
ifold S, of E in this way:

Definition 130. Ife € b* (Jo‘mw) has local coordinates (g“, q}’\), then S, is the O|m-submanifold
of E parametrized by the coordinates = defined by:

Se o (@%) — (¢ (b)), 2%, q¢" (z%)) = (2,2, 2" g}) (9:3)

A _ ok, .0y Y
where 8 = x x% when ¢y =&, a-
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We can do something similar between b* (J!I™x) and Jlr.

Definition 131. If r € b* (Jllmﬂ') has local coordinates (g“,cj}:\,(j‘i}j\), we associate to it the
0|m-dimensional submanifold S, C J'm parametrized by the coordinates x* and defined by:

Spot (2%) — (2% (b(2Y), 2%, ¢ (&%), 4, (%), 45, (x%)) =
e 4 9.4
= (2%, 2%, 2%, ") A, Oa (2) dh) o4

Suppose that on J!7 is defined a Lagrangian n|m-density L, so that £, defined locally by
L = BL (with 8 the local canonical n|m-form), is the Lagrangian n|m-horizontal-form of our
field theory. We can then define a Lagrangian n-form £ on b* (J!™x) by:

)= /S 8L (9.5)

I can now define a functional action A acting on sections ® € ' (b* (J O‘WW)) in the following
way:
A@):= [ jlmerL (9.6)
X
And I can prove the following theorem:

Theorem 132. A field ® € T (E) is a solution of the field theory with Lagrangian L if and only
if the corresponding field ® € T’ (b* (J0|m7r)) is a solution of the field theory with Lagrangian L.

Proof. Let’s consider a local chart U C X which is a submanifold with boundary OU; there
always exists a chart U C X which is a submanifold of X with coordinates (z%,2%) and with
a boundary 9U so that e(U) = U, €(0U) = OU and so that the boundary OU is defined by a
function v which is real on b(U) and so that Vo, d,v = 0.

For such a U and 90U, and for every ® € I' (E), we have that:

Avow (@) = [ j'oc - / 1L = Ay (@)
In fact:
/3 L = . Dz*DaL (2, ¢'(®(x)), Daq' (®(2))) 0 (v())

- / Dr [ Da"L (2 (b(z)) 2%, 2 0rq (B(b()). 20,000’ (2 (b(2))). Do ()00 (B(b(2))) 6 (v(z))

U
If we have an even path in %, it induces a real path in % o; and inversely. We can parametrize
by I € R0 the first path and by I = €(I) € R the second path (being e the body map of R'I?).
We have then: 9

alAUaU((I)l) aA (@)

ol
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It follows immediately that, if ® is a solution of the theory with Lagrangian £, then @ is a
solution of the theory with Lagrangian L.
For establishing the converse, it is enough to prove that a field ® is a solution of the theory

if %AU,;)U (@l)‘ = 0 for every U and for every OU defined by a v as above (which are quite

a special kind of boundaries); the proof is straightforward, because this last condition implies
easily that ® satisfy (7). m

Note that the definitions[I26], [[30 and [I31] can be extended verbatim to the case when the fiber-
type F of the super fiber bundle F is of any super dimension r|s. The local coordinates would then
be (z4,q}) on JO™mm and (24,41, ¢! ,) on J™m; with g1, 4! , € R, g5 | = [Al+]1] = I(A) +|I|
and gL 5| = |A] + 1] = I(A) +|1].

Propositions [127], and still hold in this more general case: the proofs must just be
adapted to the parities of the elements involved.

All previous diagrams are still valid.

Definitions and can be taken as they are. Then theorem can be adapted in an
easy way to become my version of the Comparison Theorem.

I presented here the simplest case where the odd dimension of F' is s = 0, because this case is
adapted to treat the comparison between the so called superfield and the so called components
formalisms.

In the next section I will continue to study this special case. I will prove some other com-
parisons theorems some of which involve the symplectic structures on the spaces of solutions of
the theories treated. The results there obtained could be extended to the more general case of
fiber-type of general odd dimension.

9.2 Comparison of symplectic structures in superfield and
components formalisms

We have thus established a one-to-one correspondence between the space & of solutions of the
field theory on E with Lagrangian £ and the space & of solutions of the field theory on b* (J Olmﬂ')
with Lagrangian £. I stress one more time the fact that fields in & are classical fields, because
defined on a classical manifolds, X, but they take value on a supermanifold, the fiber-type of
b* (J 0"”77). The situation is somehow hybrid. If on a local chart, with local canonical n-form
B =dz' A--- Adz", we have that £ = L, it is nevertheless possible to prove that the action
principle for the action A leads in local coordinates to the Euler-Lagrange system:

d L ,, 0L
YT 20)) — 755
dia aq;’A (L ( )) aqj\

(jl@(z)) =0

Note that by ([@5) we have that |L| = |L| + m.
We can define a Legendre transform from b* (J 1'"‘71') to a space P. The construction is

analogous to the ones of section 2 and 5: we substitute £ with b* (J0|m7r), 7 with jO™ and X
with X. So we have that

P = Homyn (V'(J77), Rs © A" 'T"X)

where the tensor product is necessary because L may take value in Rg. As usual we can consider
Rgs =Rg0 ® Rg,1 and consider the fiber type of P as a supermanifold. In local coordinates:

a i st a 1 a a ;i 8L a i st
FL : (2% dp,dq ) — (@ Ldh.pit) = (m >QA»W (z ,QAaqa,A>> (9.7)
a,\
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where pf’A = p?’A —I—p?’A = 8?%1\ + 82%1\' Or:
G i ok ah . OL 0L
FL : (2% dp,dan) — (2% dp, 0", 00") = & dh For Bt - (9-8)
qa,A qa,A

p?’A‘ = |L|4+I(A) = |L[+m~+I(A) whereas ’p?’A‘ = |L|+1(A)+1 = |L|+m+I1(A)+1.

Note that

A corresponding map (which again I call with the same name) FL, between sections of the
spaces involved, can be defined naturally.
We can therefore add a line to the diagram ([@.2]) and we obtain:

I (P) ' (P)
FL FL
[ (Jir) —22 7 (b (J1mr) (9.9)
. fiim
P(B) 5 T (b (J%"7))

When L is regular, FLL is one-to-one, and we can easily complete the diagram with an arrow
between I' (P) and I' (P), and obtain a commutative diagram. This is also possible in general.
In fact:

Proposition 133. There exists an onto correspondence, noted with the underline __, between
the space T'(P) of G sections of P and the space T (P) of C™ sections of P, which makes
diagram (@) commutative. Moreover, when L is reqular, __ p =FLo__ ;1 o FL™1

Proof. Let U be a local chart on P with coordinates (xA,qi,pf‘). Let U be the naturally as-

sociated chart on P, with local coordinates (ga, qj\,p?’A) To every z € T'(P) locally defined

by:

z fEA — (Z'A,qi (Z'A),pA (I'A))

K2

we associate the section z € I' (P) locally defined by:
a a i a a,\ [ a
z ozt — (g (G (%), py (z ))
= (2000 gy (-0 OO [ Dyt a2 0

Let s € T (J'7) be locally defined by:

Then:
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and
FL-s: 2 — (z“,aAqﬂb(wa),p?’A(z“)), (9-10)

where:

pNw) = (DO Dt 2 (a (0at) o @ () %) (0 (0(2) )

a

(9.11)

On the other hand: ) _

sz — (ga,3/\ql|b(£a)a5'AQZ}17(£@))
and

FL-s : 2 — (&a,aAqi|b@a)aP§L’A(£a)) (9.12)
where:
u “ oL
= 2 (5 D)
B o o a o A i A g A 7
= 6(];/\ |:/Dl‘ L(SU (b(g ))71' , 7 0Aq |b(£u.)7',1" aAqa’b(ga)’aa (:I; )aAq ‘b(xa)):|

m « oL a «a % -0 i
:( )I(A)(l At )/D:E A 3 <(E (b(g )) y L 7xA8Aq ’b(ga)aanAqa}b(ga)aaa (xA) 6Aq |b(£a)>

8qa
(1)l A)er)/Dxa

A OL

a4 (2 (b(z") 2%, ¢" (2 (b(z")) , 2%) . 4o (¢® (b(2)) ,2*) , do (2® (b(z")) ,2))

(9.13)

Comparing (@.I1) and (@.I3), we achieve the first part of the assertion. The second then follows
immediately because, when L is regular, FL is invertible. m

For every multiindex A I define cA the complement multiindex containing all the «; which
do not appear in A and only them, with the usual decreasing order. I also call g(A) the sign
defined trough the equality

gA)A - cA =0y -aq
For example, if m = 7 and A = asazaq, then cA = aragasas and g(A) = (=1)2 = —1.
If we write p{‘ (xA) = xrappf (b(a:A)), then we can note that the expression for p’;’A (z*) ap-
pearing in the proof of proposition can be simplified:

P (@) = (—1)!W0W+m) / Dafahpt (2% (b(x?)) , 2°)

— (—1)iW A Fm) / Daa*a"orp (b(z”)) (9.14)

_ (_1)Z(A)(l(A)+m) g(N)Ooap? (b(z™))
=h(A)Oerp; (b(z*))

if we set h(A) = (—1)" M EAFm) gpy
We can therefore reformulate the action of __p in coordinates by saying that:
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Definition 134. The map __p sends every z € I' (P) locally defined by:

z 2t — (CEA,qi (»TA)ap%‘A (mA))

to the section z € T (P) locally defined by:

z o at — (&“743\ (z%),pPt @“))

= (2,000 oy MDD | )

with h(A) = £1 according to definition given above.

When L is regular we have the following commutative diagram:

I'(P) — r'(p)
FL FL
[ (Jir) ——2=— T (b* (J'Im7)) (9-15)

['(E) +——=— T (b* (J™7))

On P we define the Hamiltonian H with:

. A . N T, aA_ T
H = o np{" — L= G api" — L+ go a0i" — L (9.16)

We have that |H| = |L| = |L| +m.

With proposition [33] and theorem we have established that ubp := __p sends Hamilto-
nian section of P to Hamiltonian section of P. It is then possible to pull back the symplectic form
Q) from the space of Hamiltonian sections ¢ to the space 4 and compare it with the symplectic
form Q on it.

Let’s consider two even paths in ¢: p; and ps parametrized by the variables L; and Lo:

p1 Ll — [ZL1: xA — (‘rAaqi(:EAaLl)apA(xA,Ll)):I

po i Ly — [zLQ: ¥ — (a:A,qi(xA,Lg),pi (x ,Lg))]

The map ubp sends p; and ps to two paths, ubp(p1) and ubp(p2), in ¢:

ubp(p1)

l:ZLl X

ubp(p2) :

Ly —

z? — (:E“,@Aqi(b(ma),Ll),(—1)l(A)(l(A)+m)/Dx"'“~-~D:r”+mxAp;-‘(x“7x“,L1))]
Ly —

z? —
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If we choose X to be the surface of even codimension 1 locally defined by the equation z! = 0,
we can calculate:

cq. 2P Op2
S\ Ol (9.17)
o (e dube(p)
= 0L, Ly1=0 ’ OLo Ly=0
and since:

Oz, 0 0

- = +-0aq Y, L —

oL |,_, oL " (), )L:Oa¢A

M)A +m) O il ndm. A a d
+(-1) E/D$+"~DI+ " pf(z®, L)L:Ow

we have that:

Op1
ubp ——
pPoy < 0Ly L2—0>

_ / {a(zlaAq (b(z"), L)

Op2
L1=0 " OLy

B

Za
L>=0

0
(_1)l(/\)(l(/\)+m) aT/l)wn+1 . 'D.’L‘n+m$Ap;L(l'a,$a,L2)
2

L1=0

0 0
SE M (e, )| (OO T [ part L parnatyiat 0t L)
0L L2=0 9L Li=0 "
P Ly=0 L1=0
A i A
W =—q" (7, L L — —q'(=”, L ™, L
/ ’ { ( 1) L1=0 6L2 ( 2) 0L, ( 2) Ly=0 61’1 ( ) }
(9.18)
where the last equality holds because L; and Lo are even variables.
So we have that, when L; and Ly are even:
Op1 Opa Op1 Opa
bpQd — —_— = 9.19
! PZ(@Ll nieo  OLa |, DLy =0 BL, 1= (9:19)

where X is defined locally by z! = 0.

If Ly or Ly is odd, or if both are odd the calculation is not valid anymore, but we should
pass to the extended forms Q0 and ub? QZ

Note that it is possible that L is degenerate whereas L is regular, which allows to build
and ubp 2, but doesn’t allow to build up €.



Chapter 10

Super Poisson Brackets

Fields brackets are the fundamental object in classical canonical formulation of field theories
and they constitute the starting point for canonical quantization.

Even if this has not been often noticed, the definition of fields brackets for classical Fermionic
fields constituted also the motivation for one of the first uses of anticommuting variables in
Physics. The work of Peierls in 1952, [122], can be considered the origin of supermathematics
in Physics. In [122], facing the problem of defining the brackets of classical Fermionic fields, R.
E. Peierls puts in front of them some anticommuting parameters and then carries on a classical
analysis as if he was dealing with classical, commuting, quantities.

This procedure, which seems a bit arbitrary, has since then been, implicitly or explicitly,
standard for physicists working with the commutation laws of fields.

In this chapter I want to show how the super-Poisson commutation laws of superfields arise
naturally in the formalism of fractional superform.

In section BT showed how to build a symplectic structure on the super covariant phase space
space ¢, id est the space of Hamiltonian n|m-submanifolds of the super-multimomenta-space P,
and on the space &, isomorphic to ¢, of solutions of the Lagrangian superfield theory. When
the Lagrangian density L is non degenerate, the symplectic structure is non degenerate as well
and it allows the construction of a corresponding Poisson structure on the same spaces.

In section [0l I show how to define the super Poisson brackets in the simplest case of
supermechanics. That simple case will be nonetheless fundamental to understand the mechanism
which leads to the correct commutation laws of superfields.

I will also comment some interesting properties of the super Poisson brackets, deriving from
the nature of the symplectic structure Qy on ¥.

In section [T0.2 T will very briefly treat the more general case of higher dimensional super field
theories.

10.1 Supermechanics and Poisson brackets for super-functions.
In this section I will study the special case of supermechanics. This arises when the fiberbun-

dle of fields FE has base X of dimension 1|0 and fiber-type F of dimension dimension r|s or, as

well, when X has dimension 1|m and the fiber-type F has dimension |0, which is a special case

of the situation studied in detail in the previous section.

Let’s first consider the case when X has dimension 1]0.

165
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On E we can use as local coordinates (¢, ¢’); on J'7 we can use local coordinates (¢,q’, ¢!); if
the Lagrangian L is regular we can bulld the corresponding super-covariant-phase-space P and
on P we can use as coordinates (t,q!,p;s) , where p; = pr if L = L is even and p; = py if L = L
is odd.

A section s € T'(J!7) can be written as:

s: X — J'wis:t — (t,ql(t),4q ()
A section z € T'(P) can be written as:
z2: X — Piz:t — (t,¢5(1),p.1(1)) (10.1)

The spaces &, of solutions of the field theory, and ¢, of Hamiltonian surfaces, are in this
case finite dimensional and they are diffeomorphic when L is regular. If we choose on P the
surface ¥ of codimension 1 defined locally by the equation ¢ = 0, then the space ¥ is well
parametrized by the coordinates (qf,pro) where a section z € ¢ has coordinates ¢f(z) = ¢.(0)

and pro(2) = p-,1(0). A vector §z € T,¥ can be written as 6z = u% a%é . + uPro 8}3 . L. It is
easy to see that, when 012,022, € T, 09 are even vectors, then equation (833) becomes:
O, (317.527) = [ w0 AT = —daf Adpro| (@5 73)
=G (10.2)

_ qo P10 ‘10 “Pro
= Uy Ug U U

For the sake of simplicity I will from now on let the subsript 0 drop, so I will rename the

. . . I
coordinates on ¢ as (¢!, pr), I will write 6z = u? a%f‘z + uP? B%I’z and:

Q5. (12,52) = —da’ A dpr|. (37, ) s
= —u‘{lu2 +ud u 7

When 612,822, € T, 9 are vectors of generic parity, then, remembering (5.9), equation (834
becomes:

Qs (012,022) = —dg! Adpr|_(u1, uz)

= —uf ul’ +U2 =1 )lIl ' ubl o+ ug ul+ (10-4)

B+ () g () (<) g

Similar considerations can be done for the space & and the form O, using as local coordinates
on & the Cauchy data (¢, qd) defined as expected with the help of a surface ¥ again defined
locally by t=0.

When Qs is non degenerate, it defines on P _a supersymplectic structure. Note that (15 is
even when L = L is even and it is odd when L = L is odd, because |dq’| = |I| and |dp;| = |I|+|L|.
This is coherent with what we have seen in section R4 for the case when the odd dimension of
the base manifold X is m = 0.

If Qx, defined by ([I04), is non degenerate, it can be used to define a Poisson bracket on
F (¢) which is the space of function on ¢. Remember that Oy, € Q209

Let’s consider f € F (%), then df € Q'1°%. We associate to f a vector field uy € X (¥) =
I'(T¥) defining it with:

Qs (,62) =df (") (10.5)
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where 0z is associated to uy.
Then from ([I04]), we obtain that it must be:

_UT}’I_ (_1)|IIJI;§ _9f

(10.6)

+T11L] aT iLi+zl ot _ Of
(—1) 1) uf ==

_|_
f - Opr
Note that it is essential to put us as second argument of 5/2\2, otherwise we could not obtain a
1]0-form.

If f,g € F(¥), then we set:

{9} = Om (uy, u5) (10.7)
Since from (I0.0) we have that:
ug| =1/ + L]

it follows that:

{f.9} = Qs (up,ug) = — (1) Qg (ug,up) = — (~1)VIHEDWIHED 15 4y (10.8)

With some calculations from (I0.7]), (I0.4) and (I0.6]) one obtains that:

_ (1L f1+1) 8f 59 (I+IZDgl+1) 1y UFIHIZD I+ L] 39 af
g =(—1 — (-1 10.9

Formula (I0.9) should be consider a shortcut for the formula obtained summing the two below
(I0I11) and ([I0I2), which are more interesting since we are more interested to theories which
stems from Lagrangians of pure degree.

Formula (I04]) is obviously coherent with (I0.8)); in fact from (I0.9) we obtain by direct

calculation that: . B
{f,9}=— (_1)(\f|+| N (lgl+IL]) {9, f} (10.10)

When |L| = 0, we have that ¢ = & = T§ F, where F is the target space, id est the fiber-type
of our fields bundle or the space of fields. Remember that, if F' has dimension r|s, then T F has
dimension 2r|2s. When |L| = 0, also |H| = 0 and Qy is even and it defines an even symplectic
structure on ¢ = & = T F. The Hamiltonian supermechanics in this case can be completely
described in terms of this even symplectic structure on Tif F. The even Poisson brackets (I0.9)
are:

_ (_pnasi+n 9F 9g 1dgl+1) (_qyl7llal 99 OF
(£} = (<D0 22 28— (e (ool 2 (10.11)

When |L| = 1, we have that 4 =2 & = T}'F. Remember that, if F' has dimension r|s, then
T} F has dimension r + s|r +s. When |L| = 1, also |H| =1 and Qy is odd and it defines an odd
symplectic structure on ¢ = & = Ty¥F. The Hamiltonian supermechanics in this case can be
completely described in terms of an odd symplectic structure on 77 F. In the literature an odd
form of the type of Q5 is also called sometime periplectic, see Rogers [133].

The odd Poisson brackets (I0.9) are:

_ (_pyrnasn OF 39 _ (—)(IM+D gD (g1 99 af 10.12

Note that in this case equation (I0I0), become:

{f.9h == (=) g, 1y
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The odd Poisson brackets are an instance of Buttin brackets, from C. Buttin who first studied
them in a general setting during the 60’s, see [20]. Sometime they take the name of antibrackets.

Odd symplectic structures are closely related to Batalin-Vilkovisky formalism as one can learn
by reading Schwarz [I42] and the papers of O. M. Khudaverdian, in particular [90], [92], with A.
P. Neressian, and [91]. An extensive bibliography on the subjects can be found in [9I]. On odd
Poisson brackets, and their connection with BV formalism, is also interesting to read Witten [162]
and Y. Kosmann-Schwarzbach and J. Monterde [I00] and to consult the bibliography therein.

It would be interesting to reformulate the results obtained by Khudaverdian and by other
authors with the formalism of mixed fractional forms introduced in chapter [6 starting from the
work already done in [93]. I will not follow this path in this thesis.

The analysis just made for the case when X has dimension 1|0, can be extended to the case
when X has dimension 1|m and the fiber-type F' has dimension 1]|0. In this case, following the
considerations presented in section 6, I can build an equivalent theory on the bundle b* (J 0|m7r)
whose base X is a one dimensional real manifold (so it can be treated as if it had dimension 1/0).
On the space of solutions ¢, which is diffeomorph to the spaces 4 and & when L is regular, we
can build the symplectic form 2 which I used in (@I7), (@I8) and ([@I9) starting from a surface
X to be defined by the local equation ¢ = 0, where t is the only local even coordinate.

Formulas (I0.2), (I03) and (I0.4]) can be rewritten substituting the index I with the index
A. Q assume the form:

5| (016G, 5G) :/ T ATz—w = —dga A dp™ (07, 73) |i—o (10.13)

Equation (I04), remembering that |¢*| = I(A) becomes:

@]Z (012,022) = —dga A dpA| (u1,uz)
_ _,U/C{Aug +qu A (-1 )l(l\)u ug +u2 “1 (10.14)

e I(A) g, ph UIA) Gn, ph IA)+1 Ga, p*
el () g - ) e () g

If Q5 is non degenerate, it can be used to define a Poisson bracket and equations (I0.§) and

(I03) become:

{f, g} = ﬁ; (uf,ug) = (_1)\uf||ug\ 6; (ug, uf) = (_1)(|f|+\£|)(|g|+\£|) {g. f} (10.15)

and

(A+LD(f+D) OF 09 S(AI+ILDgl+1) (\(fI+IED(gl+IL) 99 OF
{f,9}=(-1) B0 Dax (1) (1) 0% Da (10.16)

with |L| = |L] + m.
You can see the example given in section 7 for understanding what happens.

When X has dimension 1jm and F has dimension r|s the spaces ¥ = & are still finite
dimensional. Formula (I0.I3)) can be generalized to this case; it becomes:

|, (016G, 6:,G) = —daj A dp}(o1,73)]i=0 (10.17)

with |g| = [I] +I(A) and |p?| = [I| + I(A) + |L| + m.
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Equivalently formula (I0.I4]), (I0I3) and (I0.I6) could be generalized as well.
In the special case when X has dimension 1|1 and F has dimension r|s all these formula can

be then compared to the corresponding ones appearing in [114], [I15] and [I17], to find that they
agree with them.

10.2 Super Poisson brackets for superfields

Phenomena similar to the ones described in section [[0] occur when X has even dimension
greater than 1 and Poisson brackets are defined on functions of superfields like we did in chapter
@

The path followed in chapter @ can be repeated without to many changes, paying attention
to the parity of the quantities involved and using extended superforms as we have done in the
previous section. If A and B are functionals defined on ¢, formula (@3] can be generalized and
it becomes:

A8 = [ - (V@@ -V @V @) e

:/ (_pyrkzndar SA| - o B
Yx 57’(’[

X
G oq"

(@

G

~

() IHEDBI _py(aiEnaBi+L OB | 041
AP éq! o
I SA| . oB|
:/ (—1)1THIAHILD (A =5 @ | @
Sx T la dala

@ A4

(1) UTHHIARHEDABI+D) gy Al+HED(BI+L) 9B o4
dqt
G A

A
oy

wﬂw
(10.18)

G

where Y x is a Cauchy slice in X of codimension 1|0, (Z) are the restriction of the Cauchy
coordinates on the n — 1|m dimensional supermanifold ¥ x, dZ is the canonical volume n — 1|m-
form defined by the Cauchy coordinates on Y x; Xx is the body of ¥x, (Z) are the Cauchy
coordinates on X x and dZ is the canonical volume n — 1-form defined by the Cauchy coordinates
on Yx. Note that |7| = [I| + I(A) + |L| + m.

Note that the last equality in (I0.IS) is a consequence of the equivalence of the symplectic
structures built on ¢ with Qs and with Qy. Of this equivalence I gave a sketch of a proof in
section n

The components analysis of formula (I0.I8]), analogous to the one undertaken in the previous
section in the case when n = 1, shows that the components fields obey the expected commutation
and anticomutation relations of Bosonic and Fermionic fields of a Physics field theories whenever
L] = |L| +m = 0.

When |L| = |L| +m = 1, equation (I0.I8)) defines an odd Poisson structure on the space of
functions over ¢ (the observables).

What should be retained here is that, if we are studying a field theory with |L| = |L|+m = 0,
and we define the brackets of functional of fields in the super multisymplectic framework, then
we obtain (I0.I8]), and the brackets satisfy the expected supercoummutation rules.

It is interesting to understand better where the correct parities of the commutators arise
from. Peierls in his paper of 1952, [I122] pag. 149, had to introduce an ad hoc assumption in
order to justify the presence of anticommutators for Fermions. He justifies it with these words:
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"...To obtain the usual commutation rules for Fermi statistics, one has to resort to a special
device, which can be made plausible in the following way. Fermion wave functions [ip,(x)] are
well known not to be single-valued, since a rotation of the co-ordinate system by 27 will change
their sign. ... To avoid this, one can postulate the existence of some operator 6, which is itself
of such a character as to change sign if the co-ordinate system is rotated by 2w, and which
anticommutes with all components of the spinor field at all points in space-time. Then 61, (x)
is a single-valued quantity which may reasonably occur in the action principle. One obtains then
the correct commutation laws...". Peierls puts in front of Fermionic fields some anticommuting
parameters and then carries on a classical analysis as if he was dealing with classical quantities.

Many other authors, after him, won’t even justify the fact that Fermions need anticommuta-
tors instead of commutators, they will just introduce them and use them.

With my geometric approach, the presence of anticommutators for Fermions is a consequence
of two assumptions:

— that the classical fields associated to Fermions are odd coordinates of a supermanifold;

— that the multisymplectic Voronov Zorich form w is extended to a Kostant-like form & and

so is the symplectic form 2 on the super covariant phase space, which is extended to €.
The latter assumption links the parity of commutators to the symmetry properties of some forms
(the Kostant forms) which are indeed quite natural objects in supergeometry.

As long as the extension of the Voronov Zorich forms to extended forms (which share sym-
metry properties with Kostant forms ) is natural, then the only relevant assumption made is the
first one.

So, with this approach, at the end of the story, the correct parity of the classical commutators
arise from the fact that we assume that classical Fermion fields are odd objects. This in my
opinion is not so clear if one uses other approaches to field theory.

Of course it could be interesting to investigate the possibility to extend Voronov Zorich forms
in another way, so that they satisfy other type of symmetries, and then eventually to study
what would be the consequences for the new multisymplectic superform, for the new symplectic
superform on the covariant phase space and for the new supercommutators.

I close this chapter with a remark. As I wrote in chapter @ Kijowski [94] [05], Kijowski
and Szczyrba [97], I. Kanatchikov [85 [86] [87], Hélein [74], Forger and H. Romer [52], Forger,
C. Paufler and Romer [50, 5I], M. O. Salles [139], Baez, Hoffnung and C. L. Rogers [3], Baez
and Rogers [], Richter [131], worked on specific subclasses of functionals on ¢: namely those
functionals which arise from the integration on some submanifold of X of the pullback of, possibly
generalized, forms defined on P. (Here generalized roughly means that their coefficients in local
coordinates may depends on the derivative of the coordinates as well as on the coordinates
themselves; generalized forms can be considered then as the restrictions on P of forms defined
on some jet space of P.) For those functionals the Poisson brackets defined with (I0.I8) turn
out to be linked to some other brackets defined directly on the space of forms with the help of
the multisymplectic structure.

It would be interesting to study similar settings for the super field theories (and super string
theories) using my formalism and studying functionals arising from generalized fractional super-
forms. In fact most of the results found in the papers quoted above can be easily transposed to
the super case by using the definitions and the calculation techniques expounded in this third
part of my thesis. I will use similar calculation techniques in the fourth part of this thesis while
proving a super version of Noether first theorem and defining a super multimomentum map.



Chapter 11

Super Noether theorem and
super multimomentum map

Classical symmetries are one of the most important features of field theories and, at least since
the birth of supersymmetric field theories during the 70’s, supersymmetries as well are of the
greatest importance in Physics. It is then not surprising that also the mathematical literature on
the subject is vast. However, a satisfactory framework to describe supersymmetries for superfield
theories in a geometrical way has not yet been completely set up.

The studies of supersymmetries from a geometrical point of view have reached for superme-
chanical theories more advanced results. Various different super version of first Noether theorem
for supermechanics have been proposed: see for example Ibort and Marin-Solano [83] and Car-
ifiena and Figueroa [25]. A super version of reduction theorems of Poisson manifolds have been
studied, see for example F. Cantrijn and L. A. Ibort [21].

L. Fatibene and M. Francaviglia, [48] and L. Fatibene, M. Ferraris, M. Francaviglia and R.
G. McLenaghan, [47], studied supersymmetric field theories in the components formulation and
showed that the supersymmetry can be treated as a generalized symmetry in classical theories,
with just some attention to the parity of the fields. So they can give a version of Noether theorem
valid for the supersymmetries of supersymmetric field theories in the components formulation.
Their ultimate aim is to show that the standard and the supersymmetric frameworks admit a
unifying mathematical language. Unfortunately their approach doesn’t help in treating symme-
tries of theories defined with the super-field formulation and therefore it doesn’t allow to fully
exploit the power of that formulation.

In 2006 Monterde, Mufioz Masqué and Vallejo, [I16], obtained a geometric formulation of a
super version of first Noether theorem valid for super field theories defined on base manifolds
of any dimension, even or odd. They achieved this beautiful and important result by studying,
with the help of the Comparison Theorem, an associated higher-order graded variational prob-
lem, defined on a bosonic base manifold. They although needed a rather technical assumption
added to the hypothesis to prove Noether theorem. Moreover their notation doesn’t make really
transparent the analogy between their theory and the classical geometrical theory of symmetry
for Lagrangian field theories.

In this chapter, I will show that the formalism introduced in this thesis allows a very simple
formulation of Noether first theorem for super fields theories, which doesn’t require any addi-
tional hypothesis. This formulation will be strictly analogue to the one used in geometrical
interpretations of classical field theories and therefore will achieve the aim of describing the stan-
dard and the supersymmetric frameworks with a unified mathematical language. Moreover my
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formulation will allow to fully exploit the super-field approach to supersymmetric field theories.
I will also show how to obtain a super version of the multimomentum map introduced in [63].

In section [TI1 T will explain what are even and odd symmetries of a super field theory and
I will show how they are linked to even and odd (generalized) vector fields on the space of
configurations.

In section [IT.211 will exhibit and prove my super version of first Noether theorem.

In section [[T.311 will build the super multimomentum map for a supergroup of symmetry.

11.1 Symmetries and supersymmetries of a super field the-
ory

Let E, X and F be finite dimensional G*°-supermanifolds of dimensions n + r|m + s, n|m
and r|s, E and X being connected; and let (E, 7, X, F') be a super fiber bundle with total space
E, base X, type-fiber F' and bundle G*°-projection 7. In this chapter I will call sometime E the
configuration space and F' the space of fields or the target space. On X we suppose that is fixed
an immersed body (see Section for the definition of immersed body).

A field ® over X is a G*°-section of the fiber bundle n: & € F(E) As in the previous
chapters, we will deal with the space F(E) of all possible sections of E supposing that it has
been given a super differential structure. The same assumption will be understood for other
infinite-dimensional space of sections here studied.

Let’s consider the superfield theory defined by the Lagrangian £ (which is an horizontal
n|m-dimensional differential form on J'E). The action A over a field ® on an n|m-dimensional
submanifold U C X with boundary OU is defined by the integral of L:

Ap.ov(®) == / jler L (11.1)
(U,8U)

where the integral is supposed to be performed with respect the fixed immersed body.
For every (U,0U), Ay au is a smooth super-functional on I‘(E)
I give now a version of the action principle slightly different from the one given in Chapter [Tt

Definition 135. A solution ® of the field theory with Lagrangian L over J'E is a section
(OIS I‘(E) such that, YU submanifold of X with OU boundary of U, dAU|%¢ (@) = 0; where
Us = {¢ € T(E) | Vk €N, j*olov = j*®lov}.

Definition differs from (IUT]) because of the different definition of %. Definition
can be generalized without changes to theories with Lagrangian of arbitrary order; moreover
definition and definition (I0I) give the same space of solutions for Lagrangian of the first
orders, although definition allows an easiest treating of symmetries.

Let’s call & the space of all solutions of the field theory. We have that & C T'(E). We suppose
that also & has been given a super differential structure.

Definition 136. An even projectable flow map R on E is a G°-map from the supermanifolds
RUO x E to E which satisfies the usual conditions for a flow map and such that:

Ver, o € B, Yk e RMO 71 (e)) = 7 (e2) = 7 (R(k, 1)) = 7 (R(k, ¢2))

An odd projectable flow map R on E is a G®-map from the supermanifolds RO x E to E which
satisfies the usual conditions for a flow map and such that:

Ver, ¢ € B, Ve e R 7 (¢)) = 7 (¢2) = 7 (R(k, 1)) = 7 (R(k, c2))
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A projectable flow map on the fiber bundle E can be projected onto a flow map on its base
X.
On a local chart U of F, the flow map R can be written in this way:

R (K24 q") — (2, dk)

where the parameter K € Rg is an even or an odd element of the Grassmann algebra with infinite
generators Rg. Since R is projectable, we have that:

xf} = x‘;} (K,xA)
aic = (K, 2. q")

The first of the two equations defines the projected flow map on X.
To a projectable flow map R corresponds a projectable vector field on E which I will call
with the name y. Locally x can be written:

0 0
x (@ a) =x* (@) 55 +x" (%) 57
v 1 (11.2)
_%(0 A)iJraLK( A I)i
0K 7 oxA 0K 7T 77/ 9gf

When the flow map fR is even, its corresponding vector field x is even too; when R is odd, also
x is odd.
The flow map P induces also a flow map Pir on the space I'(E). In fact, if e I'(E), z € X
and
Oz — P(x)

then for every K, we can define @ € I'(E) so that Vo € X:
Oz — R(K,O(z_k)) (11.3)

The flow map R and its corresponding projectable vector field x can be lifted to a flow map
and a projectable vector field j'9% and j'y on J'E in a way analogous to the one used for classical
vector fields on classical jet bundles (see for example [63]). What one wants is that:

VK € Rg, V@ € T(E): j'R(K,j'®(2)) =j' [®x](zk) (11.4)
On a local chart U of J'E, the flow map j'9% can be written in this way:
jlm: (KvaaqlquIA) — (xf}JQ}v{acﬂ(,A) (11'5)

Equation (IT7) implies that V® € T'(E):

19t (K4, 010, 5200 = (st Bhln), Gk ) ) (1L6)
Sinee: 0! oxB dd!
ﬁ(ﬂﬁm = @ (rx) dTﬁ [z (zx)] (11.7)
where
ol 0PL LNl

dzB (@) = OxB () + 8:573(3:) 0P’ (z)
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and since (IT0) must be satisfied for any ® € I'(E), we have that qk 4 in equation (ITH) must
satisfy the following rule:

0zP ¢’ dqk
LT o K - J K
dx.A = @ [z (2)] 928 (x,q) + (JBW (z,q) (11.8)

The projectable vector field j'x can be written on a chart:

. 0 . 0
i'x (2, ") = x* (=) G tX (@ A )WJrXIB (wA,qI,qé)@
O o4y 0 gk oA gy 2 Adj 5 (11.9)
¢ (05") 5o + e (Oa™a!) gor + 25 0ata ) gor
From (IT8) and (IT2]) we have that:
difea 0 [0z Al ; dgk
liea 0, (8%)[%( ) [a s (0.0) + 515 (0 qﬂ
iK|(al+Bl) 02 N Qé aq{(
() ol 0] 5 | 52 (0.0) + B 515 (0.0
0 (0P dqt. 7 0qt,
~o7 (5o ) o @) [8 < (r.0)+ i 55 (o qﬂ
ozB 9%qt 0%qt
() D I B o) [t )+ g ()]
(11.10)
Moreover, remembering that:
o [oxB ozA 0
9K [aK (z(zk)) 928 ($K>} - 9K (5A) =0
K
we have that:
0’z oat _ K|(1BI+Ic) OTK 9%z?
6K8xc( z(zx ))@(SEK)**( 1) 920 (x(xK))m(xK)
and 82 A 6 82 o A
X X X X
m(xf{) =— (-1 )lK\(\D\+|C\> o (zx )3K8KC (2(zx ))@ (k)
o (III0) becomes:

Dije a k|4 0P D%qi O qj ]
v = DI S o (o) | s o) + e (0.0

C 2 B r I I
_ (_p)KlAr+c) 9% 0% 02P dql.  dql.

B 2 1
_(_q\|Kl4] O gk g 0Pag
= (NI 2 (o (o) [(%B(?K (5:0) + b g 220)|

C 2
KA+ O o g
. oa7 ")) preg,c () dkp

(11.11)
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and
aqj, daB ax! X!
A I 1\ _ “3K,A _ |K||A| X .JOX
= = (-1 - A A
x4 (z*,¢", d5) oK | (-1) ) [zx (a:)]’K_O [3933 (x,q)+qBan (z,q)
C D
|K||a] O Ix v
— (=1 - AT _
(1) Dl (zk(2)) g 0a€ () dx,plK =0
I I B
_ Ikl | 9x .7 OX 1K JA] OX y
(1) 2 )+ 55 ()| - 0 P ) i
(11.12)
Suppose there is a flow map R on E such that:
YUCX, Vo el (E) : / j'®* Liej1, L =10 (11.13)
U

then with standard techniques it is easy to see that the corresponding flow map PRr on I' (E)
sends ® € & to Px € &, id est it sends solutions of the theory to solutions of the theory. It
is possible to restrict Rr to &, building so a flow map Re on &; in this situation R defines a
symmetry of the theory.

One can ask himself if, given a flow map 9t on &, it is always possible to find a flow map
MR on E such that 9 = Re and such that j'®* Lieji, £ = 0, where x is the vector field on E
associated to 8. The answer is no for two reasons.

First of all it is possible to build symmetries by adding a divergence-like term to the right

hand side of (IT.I3)).

So we have for example that:

Proposition 137. Let R be a flow map on E and x its associated vector field. If:

FkeN, Jaec QM (J*C): YU C X, VO €T (0) :

/jI@*Liejlxcz/jk@*da
U U

then the corresponding flow map Rr on T (E) sends € & to P € &, id est it sends solutions
of the theory to solutions of the theory and R defines a symmetry of the theory.

(11.14)

When a # 0, it is often said in the physicists literature that x generate a non manifest
symmetry: see for example [54]. When (IILI4]) holds with o = 0, the symmetry is called
manifest.

But there are also flow maps 9t on & which do not correspond to any R on E, with or without
divergence terms.

Under certain conditions it is nevertheless possible to show that the flow map 2t can be gen-
erated by a so called generalized vertical vector field on E. For understanding what a generalized
vector field is see P. J. Olver [12I], L. Fatibene and M. Francaviglia [48] and L. Fatibene, M.
Ferraris, M. Francaviglia and R. G. McLenaghan [47], who treated the classical case and the
super case when the base manifold is classic.

Note that in the special case of supermechanics every flow map 9t can be generated by a
generalized vector field on F, as is stated by the super version of the inverse of Noether theorem
proved in [83] and [25].
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In the classical case, generalized vector fields can be though of as special vector fields on the
jet bundle J¥E for a certain k € N (although this is not entirely correct, see [47]). In [83] and
[25] the authors extended the definition of generalized vector fields to supermechanical theories.
In [47] the definition has been extended to theories defined on even base manifolds with odd
field space. The definition given in [48] can be directly extended to the most general super case
(possibly with odd base manifold) using our formalism: I will not do so here. It will be sufficient
to know that, locally, a generalized vertical vector field on F can be written as:

K=K (o q i) o7 (11.15)
where (xA, q ., dg, - ) are local adapted coordinates in the infinite-jets space J>*FE. The
component K7 (acA7qI b, dh g, - ) obviously cannot be seen as the derivative of a flow map
on FE. Nonetheless Lie-dragging and the Lie derivative can be defined along generalized vector
fields. For each section ® € T'(E), the composition K¢ = K o ® is a vertical vector field
defined on the image of ® and it can be used to drag the section itself. Moreover generalized
vector fields can be lifted to J'E. So formulas similar to (ITI3]) and (ITI4) can be written
to define a symmetry which in turns defines the flow map on & see [47] and [48] for the case
when X has even dimension. I call these symmetries "generalized manifest" or "generalized non
manifest" symmetries (depending on the absence or presence of divergence like terms like da in
their defining formula).

Adopting the point of view of P. Deligne and D. Freed, [36, [54], a flow map 9% generated
by a generalized vertical vector field on F corresponds to a local vector field on I'(E). With
that point of view there is no need to distinguish between generalized and conventional vector
fields for treating symmetries. In fact Freed in [54], unlike what I am doing here, uses the
term "generalized" as a synonymous of "non manifest". Nevertheless I think that it is worth
to distinguish generalized vector fields from conventional ones and generalized symmetries from
non-generalized ones.

Symmetries which are interesting for physical theories are generated by vector fields or gen-
eralized vector fields on the space of configurations F.

In [47] and [48] the authors show that, if one defines a supersymmetric field theory with the
components formulation, so that the base manifold X is an even manifold, then the supersym-
metries are generated by generalized vertical vector fields on E of the form of (IT.IH).

In the next section, with the help of fractional forms formalism, I will give a super version of
Noether theorem valid for base manifolds of any degree, even or odd. In the last chapter of this
thesis, for some examples, I will show that, if one defines a supersymmetric field theory with the
super-field formulation (so that the base manifold X has an odd section different than 0), then
it is possible that the supersymmetry is generated by non-generalized vector fields on the space
of configurations F. This will give a simpler geometrical interpretation of supersymmetry.

11.2 Noether theorem for super fields: supercurrents and
conserved quantities.

In this section I will prove a version of Noether theorem valid for super field theories. I will
then show that it implies the presence of supercurrents and supercharges.

The superform locally defined on J'E by the formula

—LIﬂA (11.16)

0* = LB+ (71)|A|(|A\+|L\)01/\ :
04’y
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is indeed well defined globally and it is in fact the pull back by the Legendre transform of the
Cartan superform defined on the covariant phase space P:

0* = FL*0. (11.17)

This form 6* is the Poincaré-Cartan form of our superfield theory in the Lagrangian repre-
sentation. I will show here how it is involved in symmetries.

Theorem 138. Consider a field theory defined by a configurations bundle E with fiber type
the supermanifold F over a base supermanifold X and by a Lagrangian form L which locally is
L= L. Let & be the space of solutions of the field theory. Let x be a projectable vector field on
FE such that:

Vo €& Jag € QIMX VU C X :/j1<I>* Liejlxcz/ dae (11.18)
U U

where U is a compact submanifold with boundary of X with the same dimension of X ; then, for
every ® € &, the form [leIJ* (j1x4 9*) — O[cp] 1s closed; id est:

VU C X, Vb e& -

11.19

/ d{jl(b* |:.]1XJ (£+ (_1)|A‘(‘A‘+‘L|) CI/\ M}ﬁA)] _aq)} =0 ( )
U a4

Proof. We first note that:

(_I)IAI(\AHILD/ d-jre* |y (CI/\ a.I;ﬁAﬂ
U L 044

:(_1)|A|<\A\+|L\>/ a.'e | (') WﬂA_,_(_l)IXHII CIA(jliﬁA)] (11.20)
U L A

oL

e g i) 2
U ‘D

So from (ITI8) and (IL20) we have that:

/ jlo* LieleL—/ dae + (—1)‘A‘<‘A'+‘L'>/ d-jlor {f;g <cI A 8,I;5A>:|
U U U Oy

. (11.21)
B (_1>\A|(|A|+|L|)/ d-jlor [cl (%) 841@1} -0
A

U

and using Cartan formula for superforms (.63]) proved by Voronov and Zorich we see that:

/d.jl@* [jli,C] —|—/ jro* [jlid,C} —/ da
U U U

s | OL
+ (—1)|A|(‘A‘+|LD/ d-jld []1)(4 (CI A JﬂA>:| (11.22)
U an
1y ) OL
=) [ e et ) S| =0
U ‘D

So, remembering formula (ITIJ), remembering that |K4| = |K|+ |A| and using the Euler



178CHAPTER 11. SUPER NOETHER THEOREM AND SUPER MULTIMOMENTUM MAP
Lagrange equations for superfields (7.7]), we have:
oL
[adier i (o e e 256, - ol
U an
gk [ 1 s . oL
o ) a0
0
U U da
oL
:/ ! B—’_ Ba I 5

ylxlIE] caq OL 4 WLl .o 9%¢" 9L N
/ o™ X0 ggr X Pa— (F)T T du 92028 9L " Pa
d (.. 1,1 0L
/U IAHXI — <31<I> o (jlx) af) 8
, 0L aq’ oL
I IxIIL| JAI(Al+ILI+x) 04 A
- [ g b = 0 5t 5t
XL AIGARE KD 9Pdt OL 4
(=1) (=1) 0xA0xB 4L,

— (- I)IAIIX\ d;i (1‘1,* I(J X))%—( )\AHI| 1 g+ I(] X) d 313}6

dzA agh
OL dx! oL dx* .; OL
:/ XlilJF( )|XHB| X — (-1 )IxHBI X q
U dq

dxB gL dzB "4 9¢L
XLl \al(alHLix) 997 OL 4
(=1) (=1) 904 9gT
IxIIL] AlQA LI+ 9%dh 3L A
— (-1 —1

I I
oA [dxE d (g 0q 8L A |1 04" d 0L
(=1) {dxA dz4 (X 5333” ¢4 - X TX 9B | dnA odly P

oL A _d_ 9L xiis dx’ OL M dX .1 OL
= 1 _
/U {X {8(1 -(=D dzA 8qA +(=1) dxB BqB (=1) dzB 11 284 I
_ XAaL oL — (- 1)|AHI| d 0L — (- 1)|A||B\ A 0? qI oL
dzA | dg! dzA 8¢l dxBoxA o¢h

Coplam [ d (50t \] 9L ,
(=1) leA dzA <X ozB ] | o4l p=0

And the theorem is proved. m

Note that theorem is also true if we replace the vector field x by a generalized vector
field. To prove it one has just to pay attention to the lift of the generalized vector field and to
definition of the Lie derivative along it. These concepts are in the super framework analogous to
the corresponding ones in the classical framework; see for the classical case [47], [48] and [121].

It is also true the converse of theorem

_|_

(11.23)

Theorem 139. Consider a field theory defined by a configurations bundle E with fiber type
the supermanifold F over a base supermanifold X and by a Lagrangian form L which locally is
L =LpB. Let & be the space of solutions of the field theory. Let x be a projectable vector field on
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FE such that:
YU C X, Ve &, Jag e QHMX
L 11.24
/ d{jlq)* {j%(# (£+(_1)|A(A+L|)CI/\8.IBA):| _O@} _ 0 (11.24)
U an
then we have that:
Ve & : YU CX :/jlcb*Lieleﬁ:/ dog (11.25)
U U

Proof. The proof is analogous to the one of theorem [I38 m

The quantity v := j'®* |:j1XJ (E—!— (—1)‘A‘(|A|+‘L|) ch A 6%6,4)} — ag can be called a su-
A
percurrent.
Remember that:

Jre [jli <£+ (< 1)/ AIGAHED o1y quIBAﬂ _ 10" [y FL (9)] (11.26)
A

where FL is the super Legendre transformation between J'E and the covariant multiphase space
P and 6 is the Cartan form on P all defined in Chapter [8

Suppose that U is a n|m-dimensional submanifold of X with boundary OU, then, by Stokes
theorem for superforms [68] we find that, under the hypotheses of theorem

/ d{jlq)* FXA <£+(1)A<|A|+L|>Cf A aLBA)] O@}
v 4’y

oL
:/ e [jli <£+(—1)A(|A|+L|)cl/\8,lﬁ,4>} g =
ouU as

(11.27)

If OU is the disjoint union of two submanifolds ¥; and X5 of dimension n — 1|m, then, after a
suitable choice of orientations, (IT27)) implies that:

oL
/ jl(P* |:]1XJ (£ + (_1)|AI(‘A‘+ILD CI A\ 8IBA>:| — Qp
o A

vt (11.28)
:/ o {jl)CJ (E + (—l)lAI(‘AH_ILD A wﬂA)} —ap =Q
I qa

Hence on every solution ® of the theory, @) is a conserved quantity and ~ is its density.

Remember that at the beginning of section [TT.1] we have fixed an immersed body on the
base manifold X. It is then automatically fixed an immersed body for every submanifold of X.
All the integrals performed until now and in the following are understood to be performed with
respect of the fixed immersed body.

As a consequence of Batchelor theorem, [7] (see Remark [60)), if X has dimension n|m, it can
be seen as a super vector bundle whose fiber type II has dimension 0[m and whose base X,
has dimension n|0. Then it make sense to define the form ~,, over the base X9, integrating
~ over all the odd variables, id est over the fibers II,:

ol = / " (11.29)

x
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If an immersion b of the body X into X is fixed, see Definition B9 then we can define:

7 = b"Ynpo (11.30)

which is a C*° differential form over the body X of X.
Suppose again that U is a n|m-dimensional submanifold of X with boundary 9U, then,
performing the Berezin integrals with respect of the fixed immersed body, we have:

/d7:0:> y=0= b*/ 7=0=>/ 7:/ =0
1% ou ou @ U ou

Therefore « is a current on X, the body of X.

The discussion of this section can be extended to the case when the supergroup of symmetries
of the superfield theory is not a one parameter supergroup but an higher dimensional supergroup
acting on the field bundle E with a projectable action. In this more general case, the role of the
flow map R on E is taken by an action map. Each action map on F can be lifted to j'E with
the help of formula completely analogous to (IL3]) and (IT4). The role of the projectable vector
field x on F is then played by the infinitesimal generators of the symmetries. For each of them it
can be defined a lift to j'F using the lifted action map and then for each infinitesimal generator
of the supergroup of symmetries theorem, and formula are valid. Examples of such a
situation will be given in sections and

11.3 Momentum maps for multisymplectic super field the-
ories.

Suppose that a Lie group G acts smoothly on E respecting the bundle structure and suppose
that g is its Lie algebra. If k € g generates the flow map £ on F with associated vector field Yy,
then the map

J g — Qlm(J'E)

L 11.31
s s (e O 2 ) 120
A

is the superfield extension of the map called by Gotay, Isenberg, Marsden, Montgomery, Sniatycki
and Yasskin in [63] the covariant momentum map in the Lagrangian representation.
From what we have seen above we have that:

Theorem 140. If G is a group of manifest symmetries for the field theory defined by the La-
grangian L and g is its Lie algebra, then for every k € g and for every solution of the theory
d € &, we have that:

d{j'®*[J(k)]} =0

Let’s now study how symmetries can be seen on the multimomenta space P. On P we can
use local coordinates (xA, q, p‘f‘), see section Bl

I will suppose from now that the Lagrangian £ is even-regular or odd-regular, see section
In both case the Legendre super transform FL between J'E and P is invertible. Remember that
the transform FL sends ¢’ to py! = (—1)‘A|(|A|+|L|) AL

agl -
We have that:



11.3. MOMENTUM MAPS FOR MULTISYMPLECTIC SUPER FIELD THEORIES. 181

Theorem 141. Let x be a projectable vector field on E, then:

VO e &, Jag € QUMK
. (11.32)
J ®* Lieji, L = dag

if and only if:

Vo € &, Jap e QUMYX

. (11.33)
(FL.j'®)" Liegy, j1, 0 = dag

where 0 is the Cartan form on P defined locally by 6 := dq’ N p?Ba — HJ.

Proof. We remember that locally:

FL*0 = £ + (,UIAI(IAHIL\) N e
04y

and
0 =FL.L + g" ApfBa

where the g’ are the local contact forms on P defined with (820).
We remember also that:
df =w

where w is the multisymplectic superform defined in [IT3]
From the properties of the pull back and from theorems [I38 and [[39, we have that the
following propositions are equivalent:

1.
Vo € &, Jag € QUMYX 1 10" Lieji, £ — dag =0
2.
Vo € &, Jag € QMY 1 j10* [d (i1 xFL*0)] - dag =0
3.

Yo € &, Jag € QMY ¢ (FL.j'®)" [d (FL,j'x—0)] — dag =0
But from Theorem [IT9 we have that:
VO €&, Yu el (TP) : (FL.j'®)" [u_df] =0
And so propositions 1, 2 and 3 are equivalent to

VO € &, Jap € QVTHMX
(FL.j'®)" [d (FL.j'x—0) + FL,j'x_1df] — dag = 0

Which in turn is equivalent to:
Vo € &, Jag € Q" HMX : (FL,j'®)" Liegy,, j1, 0 — dag =0

and the theorem is proved. m
For the sake of brevity, we can pose: xp := FL,j'x and o¢ := FL,j'®.
Note that we could state and prove a similar theorem for generalized vector fields on P.
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Corollary 142. Let G be a Lie supergroup acting on P with a lifted covariant action, id est so
that for each element k € g, there exists a corresponding action on E generated by the projectable
vector field x, such that Liey,w = 0, and suppose that there exists J € Hom (g,Q”‘”m (P)),
such that for each k € g:

xp—w =d[J (k)]

then, Vo € &:
j1®* Lieji, £ = d[J(k) + xp—0] (11.34)

In this case we say that the map:

J g — Qlm(p)
E — I (11.35)

is the super covariant momentum map of the action.

Note that the corollary can be very easily extended to the case when the action of the Lie
group G on P is not a lifted action. The super covariant momentum map defined with (IT35)
is the extension to superfield theories of the covariant momentum map defined for classical field
theories in [63], [L08] and [29].

Suppose that a Lie group G acts on P with a special covariant action, id est so that for each
element k € g, there exists a corresponding action on E generated by the projectable vector
field x, such that Liepr_ ;1,6 = 0, then we are in a special case of application of theorem [I41]
and corollary Following [63], T can then define a special super covariant momentum map J,
with:

J g — Qvlm(p)

(11.36)
k — —xp—f

Note that my definitions of momentum maps slightly differ from the ones given in [63] and
[108] because I wanted to keep the notation a bit lighter. Moreover there exists a difference
in the conventional mutual sign between 6 and w (for me w := df, whereas in those papers is
w := —df). Following [21], T could have called my maps super comomentum maps. In fact one
can see that they are the direct generalizations of the super comomentum maps defined in [21],
which can be used in treating symmetries of supermechanical theories, where the base manifold
of the theory has dimension 1|0.



Chapter 12

Examples

In this chapter I will present some examples to illustrate the theory expounded in the chapters
above.

The theory developed in the previous chapters is fully exploitable when one deals with regular
Lagrangian super field theories. However, almost always, physical interesting super-Lagrangians
are not regular. The natural continuation of the study undertaken in this thesis, is the extension
to non regular theories, which can be done using techniques similar to the one used to treat
classical field theories with constraints or in general non regular Lagrangians. This work has not
been done yet.

Nonetheless, some of the considerations made above, can lead to interesting results also in
non-regular cases. For this reason some of the examples here exhibited consist of theories whose
Lagrangian is not regular.

In section M2T1T will present a mechanical theory which is a super version of the harmonic
oscillator which doesn’t exhibit any manifest supersymmetry.

In section (2211 will treat the superparticle in a flat space. This simple example will allow
me to show how supersymmetries of a supermechanical system are treated with my formalism,
following what presented in Chapter [[1]

In section 231 T will study a 3-dimensional o-model with 2 supersymmetries and I’ll derive
with my formalism the current corresponding to one of its odd symmetries.

12.1 A super oscillator

In this section I will treat a super version of the harmonic oscillator which doesn’t exhibit
any manifest supersymmetry. I want to use this toy model to show that one can think of super
field theories (in this case a super mechanic theory) outside of the context of supersymmetry.
Moreover this example will allow to illustrate some of the techniques introduced in Chapter

Let’s take the following fields bundle:

E :=RI2 x RO
X =R!2

On X we use the coordinates (z4) = (¢;7',72), then we have that every field can be locally
expressed as:
O(x) = q(t) + T (t) + o (t) + TITPE (1)

183
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where ¢ and F' are even and 1 and 1, are odd.
We define the field theory by the Lagrangian:

L£=1L(z%qda)B —( ZqAQA—(J)B:(;QtQt—;q?)B

The fields equation for a field @ is:

oL 8 oL , , B
87q( (z)) — W@( ®(z)) =0
So: 5 8
— ®(x) oA @) =0 (12.1)
Equation (IZT)) becomes:
1 2 1.2 0? 1 0° -2 0
A+ O+ a0+ 72 F (D) = — g (0) - Dy (1) -2 Tt —112 0 P () (122)
or: ,
alt) =~ 5rpal)
62
Dit) = — 53¢ (1)
; (12.3)
0
ha(t) = —532(t)
82
F(t) =~ 2P

Using the notation of section [@.I] we have that do = ¢, 1 = 1, g2 = ¢2 and ¢o1 = F; and
we can set ¢ro = ¢, G¢,1 = w1, Gi2 = wg and ¢y 01 = = F. We have then:

LB = (¢F — d1ips — qF + 1h2) dt (12.4)

where ¢t € R. The corresponding Euler-Lagrange equations are precisely (T23]).
The Lagrangian L is purely even but not regular. We can anyway define a Legendre transform
and an Hamiltonian "function', which, remembering ([80) and (8I0), are

FL (¢, ¢, ) :(xA,qu (+.q. q'A>) _ (xA,q,pt(xaq,q'A) T (2,4, dv,) w(x/*,q,q'w))
oL
:(anCL (_1)|A|@ (xA7qa QA)> = (xA,q,(jt,O,O)

(12.5)

and:

1
H(z*, q" pf) = (—1)Agapr — L (24,¢",¢4) = PP +2q (12.6)

On the space P defined by p™ = 0,p™ = O,Z;t =0,p™ = 0,p™ = 0, we can also define the

multisymplectic form. On P we can use as local coordinates (¢, 7y, 72, q,]?), and we have locally:

_ dt SR dt
- _ t ) t dpt _— 12.
w dg N dpt A (8,54 e d7'2> (p dpt + qu> A drl © dr2 ( 7)
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Since L is not regular, the hypothesis of theorems [I12] and [[T9 are not satisfied and we don’t
have an Hamiltonian description as in (8IF]).
On the other hand L is even and regular. We have then:

@(E7Qa¢17¢27F;q.a¢la¢2aF) = (taQ7¢17w27F;pqapwl7pw27pF>

0L 0L OL 0L
=\t q, V1,02, F, —, —, —, — 12.8
<Q¢1 (2 90" 9%, s 8F> (12.8)
= (taq,¢17¢27F3F7 _’(/-)Qawlaq.)
and:
H = pFpl + p¥opis + qF — 1ahy = GF — h11a + ¢F — 1o (12.9)
Hamilton system becomes:
0 . O0H )
(—1)!'®™ % (FLj'®(z)) = “= (FL;'®(x))
Op
- - (12.10)
P -1 1
—— (FLj " ® =——(FLj @
o (FLj () an (FLj'®(x))
or: o
dq — % — _F
a = ot
0 — op*r
_% — 2 o =
Dy — o (12.11)
_gv2 :pilll ap 2 o —I/J
ot o !
o wr_
ot o - ¢
or:
dq . 32l _
ot 4 oz
0 . 0?
S P,
ot ot (12.12)
oY ; 02 '
— 22— iy Y1 _ -
ot oz~ !
8F . 82
— =F o9 _ _
ot ot2 =-q

which is equivalent to (IZ3)).

We can also build . The space of solutions ¥ = & is a supermanifold of finite dimension
4|4 which can be well parametrized by (qo, Fo, do, Fo;v10, ¢20»¢1 0,¢2 0), where the subscript 0
means that the fields are calculated at ¢t = 0. If G € ¢4 is an Hamiltonian surface, then a vector

01G € Tg9Y can be written as 61G = Uf”% + vf“é%o + vf”a%o + --- and it corresponds to the

vector field defined on G whose value at t = 0 is: v1(0) = v‘foa% + vfoa% + v‘f‘)a% +---. I choose
the surface 3 of codimension 1 to be defined by the equation ¢ = 0. Then we have, when §;G
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and J,G are even:

Q5| (61G,5G) = /Z GW/\EAWZ—qu/\dpA(le,@)h:O:
N

90, Fo Fo Fo 4o

—v¥50 + 0100 — vy 00 +U§0 qo—&— (12.13)

+v1ﬁ10v;/’20 _U;Plovibzo _ 1/120 P1g _’_1)1/120 P10

When one, or both, of the vectors involved, is odd, the value of Q can be obtained by replacing
w with @ in the integral appearing in formula (I2I3]); where @ is the extension of w in its two
first arguments, performed according to definition [33], so that the new form & can be contracted
by odd vectors too.

The form 2 is non degenerate and it can be used to define a Poisson bracket on F(¥), the
space of functions on ¥.

I want to stress here one interesting property of that Poisson bracket which follows from the
definition of Q. Let’s consider f € F(¥), then we associate to it the vector X defined by:

Q. Xg) = df() (12.14)

If f,g € F(¥), then we set:
{fag} ::Q(Xfan) (1215)

Let’s consider for our example the functions ¥, and —’(/.)2 (I let the subscript 0 drop for the sake
of simplicity) which are canonically conjugate and which are both odd. Remembering B3] so
that:

Qs (6:1G.6:G) = —dgn A dp(v1,v2)|im0 =

— vllbl v P2 ’U Ul + Ull)l ,Ull)z + ,le ,Ul/iz _ ,Uilfl ,U;Z& 1, 4 _ ,Uilll v;l& _ U;/JI Uil)z 4.

— Uy Uy

We have that:

0
Xy = ——
T 0y
0
X . —
—2 6w1

and:
{0 —a} =0 (X, X_p, ) = (X, X ) = {0} =1

And, as expected, the Poisson bracket is symmetric when acting on two odd functions.

12.2 The superparticle

In this section I present an example taken from supermechanics: the superparticle moving in
a flat space (for which I will give detailed calculations) or in a curved space (for which I will skip
some details). The situation can be modeled by a superfield theory defined on the supertime.

I will use this simple model to show how the supersymmetry generator, with my formalism,
can be represented by an odd (non-generalized) vector field on the bundle of configurations. At
the end of the section I will describe how the supersymmetry leads to a corresponding conserved
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quantity: the supercharge.

Let me first show how the Lagrangian of the superparticle moving in a generic curved space
can be built with my formalism. Let be X = R'', F = N, where N is a generic even superman-
ifold of dimension 7|0, an let £ = R'* x N be the configurations bundle. Let g be an even G
Euclidean metric on N, which is the Grassmann continuation of a C'*® Euclidean metric g on the
body of N. On a local chart U C E, we can use (t,T; qi) as local coordinates. On an adapted
chart of J'E we can use the coordinates (t, 4% 41, qi) A section @ of E can be locally written
as:

OU(t, ) = ¢"(D(T)) = 2 (t) + T (1) (12.16)
where, since all @ must be even, the z¢ are even and ¢* odd. From ([ZI6) we see that the same
theory could be described using the fields 2 and 1" defined on the time line R°.

The lift of ® to J'E can be written as:

Jre: T=(t7) — (t,75¢" (F'O(T));d; (7 @(T)), ¢ (5'@(T)))
. o o
=(t, 79" (¢t, 7); =P'(¢ — (¢t 12.17
(1 @ i), 504 (1217
= (t,7; () + Tl (t); () + U (), wi(t))
The Lagrangian of the theory is locally £ = Lj, where:
o 1, . o
L(t,mq'5d1,4r) = 5 (T4 = d7) 95 (4') G (12.18)
Note that |£| = |L| = 1.

Let’s now study the simplest case occurring when N is the flat even r-dimensional space. All
the considerations made below about this simplest case can be extended to the most general case
with a bit more complicated calculations.

If N = R"I% then an atlas with a single chart can be used and the coordinates of the chart
described above can be taken as global ones.

When the metric g is the flat Euclidean metric, we have that g;; (qz) = §;; and L reduces to:

L(t5q'5didy) = grdids — dvdi (12.19)

So the Euler Lagrange equations have the simple form:

d?o 140" 1429

dr T 2dtdr  2drdt (12.20)
or: 1 1
T (t) — 3 i (t) — 5W’(t) =0 (12.21)
or: .
{ i) =0
y (12.22)
PH(t) =0

The Lagrangian L is purely odd, L = L, and it is regular. Remembering BH) and (BI0), we
can define a Legendre transform and an Hamiltonian "function":

FL (t,7;q% ¢}, 4) = (t,T;qi;pﬁ,pﬁ

LG OL OL\ (1 1 (12:23)
— T . _ _ — T T I J—
9 7Q7 q . I 7Q7 Qt 2q7—7 2Qt
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and:
H (t,T;qi;ﬁ,ﬁ) —H (t,T;qi;ﬁﬁ,ﬁ)
L L~ —_~ — ~\ —~ ) — A
=4;pi + ¢;p] — L = —2p]p} + (—419? - 2p§) p] —27p] — (—419{ - 2p§) Pl

_ ot 2
= —2p]p; — 27p;

(12.24)
The Hamilton-Volterra system is then:
o _oi
ot op!
; ~
A = 85 (12.25)
ot 9p;
opt . op;  oH
ot or  I¢
or: ‘
0P* —
)
ot Pi
' ~ ~
0 = —2pt — 47pT (12.26)
or
op}  Oopf _
o T or
or: _
0d* —~
ot Pr
0P’ ~ ~
or

1979 N ’o 1970
20tor | o2 2010t

which is equivalent to (IZ:20).
We can also define the multisymplectic form:

| S dt ~ ~ N~ ~ ~\ . dt
w=—dg" ANdpt N p dq" A dp] A <874 dT> - (—Qp{dpg — 2ptdpT — 4TpdepZT) A . (12.28)

In the generic case of metric depending on the fields ¢*, the Euler Lagrange equations, the
Hamilton-Volterra system and the multisymplectic forms are a bit more complicated and I will
not exhibit them here.

Nevertheless it is not difficult to prove with my formalism that the generic Lagrangian (I21I8])
is invariant under the action of the group of supertranslations of the supertime whose generators
are the vector fields:

N 0
-

ata ) (12.29)
Xr =T + ==
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whose lifts to J1E are:

4. 0
JXt—E
e =r o4 2y g

4 ot ot L9g

)
r

(12.30)

Note that x; and its lift are even whereas x and its lift are odd.
Let’s study better the symmetry generated by x,. The map on E generated by x, can be
parametrized by an odd parameter x and it is defined by:

te =t+ KT
Te =T+kK (12.31)
0 =4
A lifted map on J'E is defined by:
te =t+ KT
Te =T+K
4 =q (12.32)
Qi = di

G = G5 + 50}
Note that:
qu(t,7) = @, (t) + T (?)
and
Gr(ts ) = @ (t) + Tt (t) (12.33)
Therefore, since all the functions here involved are G* and admit Taylor expansions, taking
into account the parities of variables, (IZ3T]) implies that:

{ Tl (t) = &' (t) — ky'(t)
YL (t) = ' (t) + ki (t)

Note that (IZ34)) is obviously coherent with (I232]).

If one describes the superparticle using the component fields z* and v* defined on the real
time line, then one falls necessarily on the transformation (IZ34]), which involves derivatives of
the fields and whose generator can be only a generalized vector field. Moreover the corresponding
component Lagrangian defined in terms of z° and 9" would show a non manifest symmetry.

Describing the superparticle with the superfields ¢* defined on the supertime R'* allows us
to treat the supersymmetry (IZ31]) as generated by a conventional vector field and, as we are
going to see, the supersymmetry in this formalism is manifest.

In fact we still have to see that (IZ3I) and the corresponding generator (IZ29) define a
symmetry of the theory.

Let’s calculate Lie;1, L. We have that:

(12.34)

Liejiy, £ =d (j'xr—L) +j'xr—dL =d (=L j'xr—B) + j'xr—dL
=—dL A (j'xr—2B) + ' Xr—dL = j'xrdL - B — j'xr— (AL A B) + j' xr—1dL

OL 0L
—;l . = —_— 5 =
=j Xr—dL -3 (87 +Qtaq?r)ﬂ 0

(12.35)
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Where the result is obtained remembering (IZI8]) and (I2Z30), remembering that |L| = |[dL| =1
and | g1 Xr| = 1, using the properties of fractional superforms, and specifically (5.50), and noting
that:

d (j1XTJﬁ) =0

So x, defines indeed a manifest symmetry of the system.
Using the super Poincaré-Cartan form, we can therefore calculate the corresponding super-
current v on a solution ®. We have that:

[ oL
N <£+ (—1)MAIAIIED (1 A a'fﬁ“ﬂ
L ‘)
= j1o* |y, ( i g; + A a? 57)] (12.36)
L t

gL
[/ 0 0 . 0L
IS I )
=75 <8t+8 )4( +c /\aq'iﬁTﬂ

Since R is a split supermanifold, we can integrate over the odd variable 7: id est we chose
the submanifold ¥ of codimension 1 defined by ¢ = tg, we integrate v over X, and we obtain the
current vy defined on R% and depending on the variable to. Letting drop the subscript 0 of to,
we obtain:

1.5 1 I I i
Z/vz/ffb [—QTqigij(Q)qi +2TQigij(Q)qi+QTqigij(Q)%] Bt
¥

- [ 3 |57 Oaste v @0 + 7)) (12337

Where the result is obtained by remembering (IZI8]), using the properties of fractional super-
forms, and specifically (5.56]), and noting that:

/ﬁT:o
/at g (@ AB) =0

0
/5454 (c /\B)—O

Since v is a current on RO we have that on a solution of the theory dt = 0. In other word

on a solution we have:
d

[0 (g (26,0087 (1)] =0

The corresponding conserved quantity is therefore:
Q = ' gij(w,,0)i (12.38)

Note that, since g is G* and it depends on (z* 4 7¢%), in fact g;;(x,,0) does not depend on 1.
When g doesn’t depend on ¢, (I2Z38)) is an immediate consequence of (IZ.22]).
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To see that x; in (I2Z29)) is the generator of a symmetry is even simpler; from (2230 we have
in fact that:

Liejiy, £ =d (j'x¢— L) + j'xe—dL =d (;4[,) + %gdﬁ

) 5 5 (12.39)
Where again use has been made of (B.56]).
The corresponding supercurrent ; on a solution @ is:
e oL
=510 |5 e (ﬁ + (1) AHAIFIED T A 8.,@4)]
L qa
[ o . 0L . 0L
= jlo* | = L+EN— A =B 12.40
j _aﬁ( HON LG s (12.40)
[ 0 . 0L . OL
=jlo* |L — A== A — B,
J _ ﬁt“"atJ c 8q’§ﬂt+c 8@;5

With considerations similar to the ones made above, one can see that:

1 |1 ) 1., o1 N i
Ve = / Yt =/11<I> [2Tqigz'j(q)qi - 5%9@‘((1)% + iqigij(q)qi + 2q79ij(Q)Qi:| Bt
¥
1

:/E [;Tdigij(Q)dg] (12.41)
:/% [;T (& () + 79 (8)) g4j (2,9, 7) (7 (t) +T¢3j(t))]
1

=54 (t)gij (x, 9, 0)d (1)

And the corresponding conserved quantity is the energy:

where FE in fact doesn’t depend on ; as it was for Q.

12.3 The 3-dimensional oc-model with two supersymme-
tries

In this section I will study a 3-dimensional o-model with 2 supersymmetries to show how
the formalism of superfields, fractional forms and super Poincaré-Cartan form, described above,
allows to calculate in a simple and geometrically transparent way the supercurrents of the theory
and the conserved supercharghes.

For this field model I will use as base manifold X = R32 and as target space F' = R%, The
configuration bundle is E = R3/2 x R%. The model could be extended to more general base
manifolds whose even parts are Riemaniann manifolds and to a more general target space of
dimension 1|0 (see for example [54], [69] and [37]). To keep things easier, I will use this simpler
model; moreover I will not carry on all the computations. The techniques of calculations would
not change in the more general case. I judge that the simpler case and the few calculations
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presented here will be sufficient to illustrate the theory introduced in the previous chapters and
specifically to show how the super Poincaré-Cartan form can be exploited.

On FE we can use an atlas with a single global chart with coordinates (t, z,y, 0%, 6% q). On an
adapted chart of J'E we can use the coordinates (t, z,y,0%,0%: q; 4, G, Gy, o, qu). A section ®
of E can be written as:

(I)(t,l',y, 017 92) = q((I)(X)) = (P(t,1'7y) + 01¢1(t,$,y) + gsz(tvx,y) + 0102F(t7$7y) (1242)

where, since ® must be even, ¢ and F' are even and ¢, and vy are odd. The same theory could
be described using the fields ¢, 11, ¥ and F defined on the bosonic spacetime R? which is the
body of R3I2,

The Lagrangian of the theory is £ = L3, where:

L (ta x,Y, Hla 927 q; Gt 4 (jyv o, %2)
1, . . NS . . . (12.43)
=5 (@ = "6 — 0" G0 — 0%dy) (do> — 061 + 0G0 — 0'dy) + h(9)
and where h is an even G*° function from R0 to RO,
Note that |£| = |L| = 0.
From (IZ43), we obtain that:

oL 1 . . . . 1. . . .
% 50" (o2 = 0%Gu + 0%40 = 074y) — 5 (dor = 0"d — 0" — 0%dy) 07
1 1
=- 591%2 - 5‘19192 +66%¢,
oL 1 . . . . 1., . . .
= =— 20" (4o — 0@ + 04 — 0" 4y) + = (dor — 04y — 04 — 6°4y) 67
o 2 2
1 1
== 50402 + 5001 0% — 0107,
oL 1 2 /. 2. 2. 1. 1. 1. 1. 2. 1 (1244)
£=—§9 (o> — 0%y + 607G, — 0 Qy)_§<QG1_9 G — 04y — 6%Gy) 0
y
1 5. 1, .
= — 592(]92 — 5(]9191 - 9192qy
oL 1, . . .
Dir =3 (Go> — 0% + 6% — 91%)
oL 1, . . .
5is =~ g (i = 0" = 0" — 0°G,)
Therefore the super Euler-Lagrangian equation is the following;:
1 1 dQ(I) 1 dQ(I) 92 0102@
2 dtdo? = 2 dedft dt?
1, d&®® 1 d?e 1 20
- - = 0°+00°——
2 dxdf? 2 dxdb! + dz?
1., d*® 1 d’® d*®
2 ol + 91922 = (12.45)

2" dyaez T 2 dydor e

1 d*®  1.,d*® 1, dd 1dd 1,, d®®
©2d01de? 27 doldt ' 2 dfldr  2dy 2 dOldy
Lo
2

LPe 1, A 1, P 1dP a2
2d02dor T 27 do2dt | 2 d62dz 2 dy do2dy

+ +h (®)=0
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which is equivalent to:

d’® d’® d’® d’® d’® d’®
0 :91 92 91 _ 92 92 1
dtdf? + dtdf! + dxdt92 dzdf? + dyd6? + dyd6* (12.46)
dQ(b 1 2 1 2 2d2 / '
+m—9aﬁ+ee—+99 S+ 1 (D)

where A/ is the derived function of h. One can compare equation ([2.46]) with the equivalent one
n [37] (Formula 4.31), obtained using integral forms on superspace.

To derive the equivalent Euler-Lagrange equations of the components of the field ®, one
can follow two ways. Either one first finds the Lagrangian for the theory formulated in the
components formalism (using for example the techniques presented in Chapter @) and then
derives the corresponding Euler-Lagrange equations, or one derive these equations directly from
(245)). In Chapter @1 proved that the two way are equivalent. Here (as I have already done in
the previous two sections) I will follow only the second path, which is shorter having already at
hand equation ([246). Rememebering (I242), we find that (IZ46]) is equivalent to:

1dya diyy

0=0'—=+—=0"+0 S LI

1d¢2_d1/)102+0 o2 S

das dx dy dy (12.47)

+ F —0'9? Cﬁltf +6 92 + 9 92— + 1 [+ 0"y + 0%¢s + 6,6°F|

where ¢, 11, 12 and F depend on the variables (¢, z,y).

Since h is a G*° function, we have that:

W [@+ 0" 1 + 0%ty + 016°F] =k [] + [04p1 + 692 + 616 F] 1" [¢]
1
5 0"+ 0% + 6,6°F)” h" (]

=h'[p] + [0"¢1 + 0%hs + 0,10°F] b o] — 0" 0°¢r4poh” (]
(12.48)

where h” and h'’ are the second and the third derivative of the function A and where in the Taylor
expansion (IZ48), the higher order terms disappear because higher powers of the nilpotent term
[917% (ta z, y) + 921/}2 (t7 z, y) + 9192F<t7 z, y)] vanish.

Note that this kind of manipulation of the function h makes sense because we are working
with the concrete Rogers-DeWitt approach to supermanifolds and because & is taken to be G*°;
see [133] for more details on Taylor expansions of G*°-functions.

Equation (IZ47) is then equivalent to:

dipo dwl 1d2 dl/fl 2d¢2 dwl 1 2d ® zd @ zd @
+0 — +0 —0 F—0'0 0o 0t
dt dt dx dx dy + dt? + dz? + dy?

+ 1 (0] + [0"1 + 070 + 6,160°F| b [p] — 6 a%plwgh"'[ ]

0=0'""—22

(12.49)
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which in turn is equivalent to the Euler-Lagrange system of equations:

dibp  dYy _d¥n s
i a T ay -l
by _dpy  d¥r
i d ay e (12.50)
F==h'[4]
2o Py &
_Wf + dva + dT/f = —Fh" [¢] + 12" ]

This system can be compared with the equivalent ones found with other techniques in [37]
(Formula 4.22; 4.34 and 4.35) and [69] (Formula 43).

Since the Lagrangian (I243)) is not regular, I can’t give an Hamiltonian description of the
theory using the tools developed in sections B and B3l I can however study the symmetries
of the theory from the Lagrangian point of view, using the techniques explained in Chapter
[T and I can build a symplectic structure on the covariant phase space using the pullback of
the multisymplectic form on J'E as explained at the end of section B4l Let’s first see this
construction.

Let’s fix the surface ¥ C J'E of codimension 1|0 defined by the equation t = 0. Let ® € &
be a solution of the theory and let be §;®, J,® € Te& two vectors over ®; let be uy,us €
r (z* (leWJIE)) the corresponding vertical Jacobi vector fields over j1®(X), then we pose:

OZL} (51@,(52‘1)) = / (u1 /\UQ)JG (12.51)
Sj1e(X)

where 0 = qu/\d<a%‘> ABa—dHAB.
Because of the definition of ¥ and of 4, we can simplify (IZ52]), which becomes:

Og}q) ((51@,52@) = —/ (U1 AN UQ>qu Ad (aL> A By (1252)
TNjle(X) 04y

where the hat"indicate the extension of the superform in its two first arguments (see section[.2.7).

Let’s now study the symmetries of the theory from the Lagrangian point of view. One can
prove that the theory is invariant with respect of the transformations generated by the following
vector fields on E:

_9 _9 _9
Xt_{)t Xw_@x X-”_ay

0 (00 gl 0 a0 0N 0
X1 =51 0<8t+ax>+0 aw a0 e )t gy

(12.53)

where [x¢| = [xz| = [xy| = 0 and [x1| = |x2| = 1.

Each one of the generators listed in (IZ53]) gives rise to a supercurrent (even or odd). I
will treat only the symmetry generated by x;. Similar techniques can be applied to all other
generators.

Let’s show that x; does indeed generate a symmetry. First of all from (IT9) and (TTT2)) we
obtain that:

0

0 0 0 0
1 _ 1 2 . . .
Jx1=gpr 0 ( + ) + 0% + (4 + 4z) Er

ot Ox oy
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So we have that:

Lieji,, £ =d (j'xa—L) + j'xa—dL = d (L - j*x1B) + i x1dL
=dL A (j'xa—B) +i'xa—dL = (j'xa—dL) - B — j'xi— (dL A B) + j'x1dL

00" Dijor Dijp>

1. . ) . . ) 1. . . N
= [—2 (Gt + dz) (do2 — 0°Gs + 04 — 0" dy) + 3 (Gor — 0" ¢ — 04y — 0%4y) d4y| B

1
By (402 — 0%Gs + 0% — 91%)} s

n [(qt )
.1, ) ) .
+ [—qu (Gor — 0 dr — 0", — 6‘2Qy):| B=0
(12.54)

Where the result is obtained remembering (I243]), remembering that |L| = |dL| = 0, using the
properties of fractional superforms, and specifically (5.56), and noting that:

d(j'xauB) =0

So x1 generates indeed a manifest symmetry of the system. For every solution ® of the theory,
X1 defines a supercurrent ~;:

s | - oL
et :]1‘1’ ]1X1A (ﬁ + (—l)lAl(lAIHLD cA Din [3,4)}
qA

o7 | (cvenPEp, —en Ly,
04q 04a

Qx| . oL , oL
=j'®* |i'vain L+ (jlxa—e) - a—qaﬂa — (i'x1—e) - aqaﬁa}

e . oL ) OL
—jle [c/\ (ylxlg 9. Ba — jix1 %Ba>] (12.55)
0 0

) B
=" || == +0' = +0'— + 02—
J {@m* ottt @)44

0 0 0 0 OL
1+ o 19 19 2 ¢ oL
T {[(891+9 S0l ay)Jc} aq,a/aa}

0 0 0 0 oL
_ilepr o 19 19 2 O oL
/ {Kael TR TR ay)”} aqf‘“}

where c is the contact form on J'E.
If IT C X is the surface defined by t = tg, * = x¢ and y = yg, then the form:

w:/%
11

depends on the variables %y, x¢ and yo and it is a current on the body of X.
If we fix a time slice ¥ C X of codimension 1, then the quantity:

Q1=/Z’Yl=/271
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is a conserved quantity.
Let’s define ¥ by the equation ¢t = tg. To compute Q1 we don’t need to explicitely compute

all the components of the superform ;. We have in fact:

0 d 9 d d oL
1> -1 gy e 1> 2 7 Lo
R G B e e A DR R

1 s s | /e ) . . oL
=/31<I> (0'L;) —/Jlfb [(qel +91qt+01qz+92qy)~.ﬁt]
= b)) 04y

1 0 , dr ANd
= (99%1 759192%3%*’9 9% + 00% F+0 92¢2h())d91®9y2
6 8¢2 81/)2 84,0 8¢1
2p o 1 9% 2 10 2 2 2 )
/2K1+0 +40 at+69 T +08 + 600 D +40 oy —0'0 N
Oy dz A dy
_- _ 02 2 dz Ndy
9% wle +0%6 atﬂ 9" © 62
1. 0
/(2% Of *1/J1 1/)2 + 1/12F+1/J2h( )) dx A dy
o}
de dp 1 Jp | dx Ady
_ 142 192 192 2 Lorg2, O
/299¢6+09¢F+ 991/} +99¢6+299 28y}d01®02
_ (120 1,0 1,00 1 /
—/2(21/)10% 515, T3 26y+2¢2F+¢2h(g@)>dm/\dy
[ 1 1 1 0Op
_/ ¢1£+§¢2F+*¢1£+§1ﬁ18 *1#2 ]dw/\dy
zL
0
( Z/ha— 1£— zaip-i-l/)zh’( ))dac/\dy
(12.56)

Formula (IZ356]) is equivalent to the one obtained with different techniques in [54] (first of
Formula 7.36).
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Conclusion and perspectives

The fractional forms introduced in the second part of this thesis allowed the multisymplectic
approach to superfield theories developed in the third part. This offers an Hamiltonian point of
view for superfield theories with several space-time variables. The formalism gives also new tools
to study supermechanical theories.

As in the classical case, the super-multisymplectic approach provides a way to build a sym-
plectic structure on the covariant phase space, which can be even or odd depending on the parity
of the Lagrangian defining the superfield theory. From the symplectic structure a direct pro-
cedure leads to the fields brackets needed by physicists as the starting point of the canonical
quantization.

I see some possible paths to follow in order to complete, to exploit and/or to extend the
results found with the work of this thesis. I list here some of them.

— First of all it is necessary to extend the constructions and the theorems here presented to
the case where the Lagrangian defining the superfield theory is not regular. This is indeed
the most common case for superfield theories. Very likely the techniques used in classical
field theory to treat singular Lagrangians, can be easily extended to the super case, so that
the dynamic can be described with the super-multisymplectic formalism. This will give an
Hamiltonian point of view on superfield theories where gauge symmetries are present and
on theories which can be described with the use of constraints.

— It is then necessary to study the infinite dimensional super covariant phase space providing
it with a rigorously defined super-differential structure in order to prove rigorously the
properties of the super-symplectic form built with the help of the super-multisymplectic
formalism.

— A more systematic and complete study of fractional forms can be foreseen, which may also
clarify their relations with generic Voronov-Zorich superforms.

— A promising path to follow is in my opinion the one leading to a description of the BRST
symmetry with the multisymplectic formalism, completing the work already initiated by S.
P. Hrabak. BRST symmetry can indeed be seen as an odd symmetry, therefore the tools
here developed for treating odd symmetries may provide new insights into the matter.

— The coforms defined in chapter [0 seem to me the natural objects to use to study the
BV approach to field theories. Some of their properties, expounded here, may help in
understanding better, and from a new point of view, some features of the BV theory.

— I think that the use of fractional forms may be useful in exploiting better the picture
changing operators which appear in string theory. The formalism introduced in this thesis
should be applied to some superfield theories of interest to physicists, like for example super
Chern-Simons theories, where picture changing operators play an important role.

— Finally this formalism could be applied to other supersymmetric theories to exploit the
power of its geometric point of view.
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Appendix A

Computation of symplectic forms.

A.1 Computation of the components of 2 and  for theo-
ries on bundles.

I exhibit here the calculations necessary to compute the values of the components of {2 and
Q for the field theories defined in section B.1.41

We have:

S R
:/Ob{—zw(ZJr];)sin[zw(erg x]cos{%r(?-l—‘];)x}}dx
+/Ob{27r<j+Z>sin[2ﬂ(§+‘7[:)z]c08 {2w<§+g)x”d9g
:/Ob—zw (ZJFS) % {sin {277;5 <2b+jzj/)} +sin [%x (j_bj/)]}dx
+/:27r (‘;%5) ;{sm [sz: <2bﬂ+j+bj/>} + sin {27@ (j/bj)”dxo

(A1)

because j, 7/ and 23 are integer. In the same way we can calculate:

Qk,lr,k’Sr = ler,k’4r = Qk2r,k’2r = Qk2r,k’3r = Qk27*,k’4r = Qk3r,k,’3r = Qk’4r,k/4r =0 (A2)
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On the other hand we have:

Qr1riror =/ Ekir N Eprar—w
NG
b
:/ {—27‘(‘ <a—|—k) sin {277 (ﬁ
0 a a b
b /
7/ {27r (a+k> cos [27r (ﬂ
0 a a b
b . -/ ; !
a k)1 ji—7 2 i+
=/ —or(=42)= 2 — cos |27z (22
/0 7T<a+a>2{COS|:7TI< 5 )} cos[wm(b—l— 2 )}}dw
b / . S
7/ 27r<a+k>1{cos [27rx<
0 a a)?2
9 / b C
:_W(a+k+k)/ cos[ch(j J)
a a 0 b
o b . -/
+ 7 k—k /cos 2mx %—l—j J dxr
a 0 b b
9 / o 9 . -/
:—7r<a+k+k)5jj,b+7r<k k)/ cos[27rx<ﬁ+1+j )]dm
a a a 0 b b

:—2772(04+k)5kk/—|—0

because j = j' only when k& = &/, and because the last integral equal to 0 being in general
(% + %) > 0 and (% + J; ) > 0, and more specifically, when there is no degeneracy ( as it is

the case we are now studying): (% + %) > 0 and (% + %) > 0. If in the sum B56]) there is

one specific k with a degeneracy of the corresponding &7, then all our reasoning is still valid for
every k and k' except k which could be easily treated separately.
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Finally we have:

Qk3r,k’4r :/ kar A 51@’4er
NG
b
:/ {—27r (O‘ n k) sin {—277 (ﬁ +
0 a a b
b / -/
—/ 2 g—i—k— cos | —27 é—l—— x| cos | —2m é
0 a a b b b
b A ; !
:/ -2 (a+k>1{cos |:27T33 (j j) — cos {27m: (—2—j+ ) }da:
0 a a)2 b b
1 . .

a
(e ) [
=—m|(— + cos |27x
a a 0

k=K [ 28 j+5
+7T( >/COS|:27T£L’(—B—j+]>:|dLL’
a 0 b b
! o b . -/
—71'(2a+k+k)5jj,b+7r<k k>/cos[2ﬂx<2ﬂj+] )]dw
a a a 0 b b

b
:*27Ta(04+k)(5kk/+0

We compute © integrating on the slice ¥, and we find with analogous techniques:
ler,k’Br = ler,k’4r = Qk2r,k:’2r = Qer,k’S'r = Qer,k:’élr = Qk3r7k’3r = Qk4r,k’4r =0 (A5)

and:

Qktrkror =/_ Ep1r N Epror _w
£na
_/G{QW <B+j> sin [27r (a+k) t] sin [27r (a+k’> t}}dt
0 b b a a a a
—/a{2ﬂ'<ﬂ+jl)cos {27r<a—|—k/)t]cos {2w<a+k>t}}dt
0 b b a a a a
[ o) (5] (245 s
0 a a a
- | ) + cos {%t (2;‘+kzk/ﬂ}dt (A.6)
:—W(Zf+j bj/>/0acos [2wt<k;k/>:dt
+7r<jj/> acos {27# <2a+k+k’>
b 0 a a
J

2 . -7 ) ¢;. 2 /
=—7| =+ tJ Opkra+ 7 J—J / cos | 2wt £+k+k dt
b b 0 a a

B+7) 0k 40

dt =

—~



204 APPENDIX A. COMPUTATION OF SYMPLECTIC FORMS.

because the last integral is equal to 0 being in general k > —a and k' > —a, and more specifically,
when there is no degeneracy ( as it is the case we are now studying): k > —a and k' > —a. If
in the sum (B356) there is one specific k with a degeneracy of the corresponding &, then all our
reasoning is still valid for every k and k’ except k which could be easily treated separately.

We have then:

Qk3r7k’4r :/i ngBT/\Ek%TJw

n

f Ao (G o) inlom (5o 0) fsn or (54 5) ] o
(i f)en e S er
0 b b a a

[ (D) (2 o
/a27T <ﬂ+‘j/>1{cos [27rt(k_kl ]—i—COS |:27Tt( k+k/>:|}dt (A.7)
0 b b)) 2 a

7T<2bﬁ ‘7—; />/Oacos {27# k;k/ﬂdt
+7r(j,bj) /Oacos [27rt(25+kzk/>}dt

=T <2l)ﬂ+]—g]/>5kk/a+7r(j/b_j) /Oacos [27rt (?—i—k:k/)]dt

=22 y (B +7) Ok +0

IS

As already noted, we would obtain the same results if we calculated Q and Q on the imaginary
section of the theory.
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