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Résumé

Chapitre

1.1 L’introduction

La mécanique quantique supersymétrique (MQS) offre un cadre approprié pour l'ex-
ploration et la modélisation des caractéristiques saillantes des théories des champs super-
symétriques dans les diverses dimensions [1]. Certains modeles de MQS, sont obtenues
comme des réductions unidimensionnelles des théories supersymétriques des dimensions
supérieures. En méme temps, de nombreux modeles intéressants de ce type peuvent étre
construits directement dans (0+1) dimensions, sans aucune référence a la procédure de
réduction dimensionnelle. Ils présentent des propriétés surprenantes et des particulari-
tés lides a la supersymétrie unidimensionnelle. Pour tous les modeéles de MQS (comme
pour toutes les théories des champs supersymétriques), il est souhaitable, en dehors de
la description en composantes hamiltonienne et lagrangienne, d’avoir la formulation ap-
propriée des superchamps. Elle a la supersymétrie manifeste, et cela rend possibles des
généralisations du modele et permet de révéler les liens avec d’autres théories apparentées.

Ce manuscrit est consacré a I’hamiltonien et le lagrangien ainsi que a la formula-
tion du lagrangien de superchamp pour une large classe de N' = 4 modeles MQS ! avec
champs de jauge auto-duaux ou anti-auto-duaux abéliennes ou non-abéliennes [2, 3, 4].
Etonnamment, ces systémes n’ont pas attiré beaucoup d’attention jusqu’a maintenant. Le
dispositif naturel et nécessaire pour cette formulation s’avere étre ’approche du superes-
pace harmonique (HSS) [5] adaptée au cas unidimensionnel [6].

Les modeles de la mécanique quantique supersymétrique, avec champs de jauge de
fond sont d’un intérét évident pour plusieurs raisons. Une des raisons est la relation
étroite de ces systémes au probleme de type de Landau et ses généralisations (voir par
exemple [7]). Les modeles de Landau constituent une base de la description théorique
de leffet Hall quantique (EHQ), et il est naturel de s’attendre a ce que leurs extensions
supersymétriques, avec des variables supplémentaires fermioniques, peuvent étre perti-
nents pour des versions spinorielles de EHQ. En outre, ces systémes peuvent fournir une
réalisation en mécanique quantique des applications de Hopf diverses étroitement liés a
EHQ des dimensions supérieures (voir par exemple [8] et les références associées). Enfin,
ils présentent une dimension prototype de couplage des formes d’ordre p dans la théorie
superbranes.

Le premiere type de modeles de MQS considéré dans le manuscrit représente une sous-
classe des systémes bien connus qui décrivent le mouvement d’un fermion sur une variété

'En mécanique quantique, N va toujours compte le nombre des supercharge réeles.

7



8 Résumé

avec un champ de jauge de fond arbitraire. Il a été observé il y a plusieurs années que 'on
peut traiter ces systemes comme supersymétriques. Par exemple, I'indice d’Atiyah-Singer
d’un opérateur sans masse de Dirac 7P peut étre interprété comme l'indice de Witten d'un
certain hamiltonien supersymétrique [9]. La supercharge correspondante et I’hamiltonien
sont

Q:@(1+75)7 Q:@(1_75)7 H:@27

ol 5 correspond & “cinquiéme matrice gamma® avec 72 = 1. Elle anticommute avec
lopérateur de Dirac, {75, P} = 0. En effet, pour tout état propre ¥ de l'opérateur de
Dirac sans masse 7 sa valeur propre A est non nulle, et I'état v>¥ est aussi un état
propre de D avec la valeur propre —A\. Ainsi, tous les états excités de H sont doublement
dégénérés.

Il s’avere que pour une variété plat quadridimensionnelle et un champ de jauge auto-
dual ou anti-auto-dual, abélien ou non-abélien, le spectre de H est 4 fois dégéneressant ce
qu’implique ’étendue de la supersymétrie N' = 4. Pour un opérateur plat de Dirac dans
le champ d’instanton, cela peut étre retracée a la Réf. [10].

Les modeles de MQS N = 4 avec des champs de jauge de fond abéliens ont été traités
dans les articles pionniers [11, 12] et, plus récemment, par exemple, dans [13, 6, 14, 2]. En
particulier, le formulation d’un cadre de lagrangien off-shell de superchamp des modeles
généraux associés aux multiplets (4,4,0) et (3,4,1) dans le cas de superespace harmo-
nique N’ =4, d = 1 a été présenté dans [6] 2. On a constaté que la supersymétrie N' = 4
nécessite que le champ de jauge soit (anti)auto-dual dans les cas de quatre dimensions
(4,4,0), ou qu'il satisfait un version “statique” de la condition d’(anti)auto-dualité dans
le cas de trois dimensions (3,4, 1). Dans les articles [14, 2|, en utilisant une approche de
hamiltonien on observent que la MQS abélienne (4,4,0) N = 4 admet une simple géné-
ralisation a champ de fond arbitraire auto-dual non-abélien. Dans [3] il a été démontré
que la formulation off-lagrangienne existe pour une catégorie particuliere des modeles de
MQS N = 4 non-abéliens avec le groupe de jauge auto-dual SU(2) et ansatz de 't Hooft
[16] pour le champ de jauge SU(2) auto-dual (voir aussi [17]). Comme dans le cas abé-
lien, I'utilisation de superespace harmonique N = 4, d = 1 nous a permis de construire
cette formulation off-shell. Une nouvelle propriété non-triviale de la construction de [3]
est 'implication de multiplet “semi-dynamique” auxiliaire (4,4, 0) avec ’action de type
de Wess-Zumino qui possede une symétrie supplémente de jauge U(1). Apres quantifica-
tion, les champs bosoniques correspondants deviennent des variables spinorielles SU(2)
pour lequel le champ de jauge de fond est naturellement couplé 3. La seconde catégorie
de modeles de MQS que nous considérons peuvent étre obtenus au niveau des compo-
sants par la réduction de I'hamiltonien de systemes discuté précédemment de quatre a
trois dimensions. Leur description de superchamp n’est pas trivial et consiste en couplage
de supermultiplet de coordonnes (3,4,1) pour un champ de jauge non abélien externe
grice a l'introduction de superchamp auxiliaire (4,4, 0). La supersymétrie off-shell N’ = 4
restreint le champ de jauge externe a une représentation comme une version “statique”

2La premiére formulation de superchamp des MQS généraux (3, 4,1) (Sans les couplage de champ de
jauge de fond) a été donné dans [15].

3L’utilisation des variables bosoniques auxiliaire pour la mise en place de couplage d’une particule &
des champs de Yang-Mills peut étre retracée a [18]. Dans le contexte de MQS N = 4, elles étaient utilisées
dans[19, 20] et [8, 21].
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de l'ansatz 't Hooft pour les champs de jauge SU(2) (anti)auto-duaux en quatre dimen-
sions, c’est a dire a une solution particuliere des équations générales de monopole de
Bogomolny[22] *. Une nouvelle propriété de cas en trois dimensions est apparition du
terme de potentiel “induite” dans 'action a la suite de I’élimination du champ auxiliaire
du supermultiplet des coordonnées (3,4, 1). Ce terme est bilinéaire dans les générateurs
du groupe de jauge SU(2). En particulier, dans le cas de la construction de la “ symé-
trie sphérique” (avec la symétrie exacte R SU(2)) on récupére la mécanique N = 4 avec
le monopodle de Wu-Yang [24] (récemment pris en compte dans [21] avec un traitement
essentiellement différent des variables spinorielles).

Dans le chapitre 1.2, nous discutons la supersymétrie en mécanique quantique. Les
formalismes ordinaires de superespace et de superespace harmoniques sont présentés. En
particulier, la structure des supermultiplets (4,4,0) et (3,4,1) est expliquée. De plus,
nous introduisons les notations nécessaires qui seront utilisées dans le chapitre 1.3.

Le chapitre 1.3 présente les résultats originaux de cette étude. Nous donnons la des-
cription en composant et la description de superchamp pour les modeles en quatre et trois
dimensions discutées précédemment. En particulier, les hamiltonien et les supercharges
correspondants sont écrites.

4Certains champs de monopdle BPS dans le cadre de MQS A = 2 ont été considérés, par exemple,
dans [23].
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1.2 Supersymétrie et superespace harmonique en méca-
nique quantique

Ce chapitre est consacré a 'approche de superespace harmonique en mécanique quan-
tique supersymétrique. Les définitions essentielles et les notations sont introduites. Elles
seront largement utilisées dans le chapitre suivant. En particulier, les supermultiplets
(4,4,0) et (3,4,1) sont décrits. Le premier est pertinent dans le contexte de la méca-
nique quantique a quatre dimensions, tandis que le second est utilisé dans la construction
de systemes tridimensionnels.

1.2.1 Supersymétrie en mécanique quantique

Un systeme quantique avec des relations de commutation traditionnelles entre les
coordonnées et les impulsions et avec un espace de Hilbert des états traditionnel est
décrit par sa fonction hamiltonienne H. Nous introduisons un ensemble des opérateurs
complexes (); avec leurs opérateurs hermitiens conjugués,

Q' = Q)" (1.2.1)

Le systéme avec hamiltonien H et les supercharges Q;, ()7 est supersymétrique, par
définition, si

(@@} = 20H (1.2.2)
(@@} = {@. @7} =0, (1.2.3)

ou, comme d’habitude, les crochets désignent I’anticommutateur. En particulier, notons

~ N2
la propriété importante Q? = (Q’) = 0 pour tout i. Une autre conséquence importante
est que la supercharge commute avec le hamiltonien :

[H, QZ} = [H, Qi] =0, (1.2.4)

ce qui peut étre prouvé par un calcul direct. De cette facon, les supercharges Q; et (7
sont considérées comme des opérateurs spinoriels conservé dans le systeme.

Plusieurs commentaires sont pertinents ici. Les indices latin ¢, j dénotent les nombres
de supercharges et varient dans la région suivante :

ij=1,2 ..., N/2 (1.2.5)

avec N un entier pair, voir ci-dessous.

On distingue la position des indices pour la supercharge (); et son conjugué hermi-
tien Q'. Ceci est fait parce que le sous-groupe de SU(%/) du groupe de symétrie R (dans
le cas N' > 4) agit différemment sur ces indices. Ce sous-groupe sera d’une importance
particuliére pour nous plus tard, quand nous nous limiterons & N' = 4 et développerons,
I’approche de superespace harmonique. Les produits spinoriels et de leurs conjugués com-
plexes sont facilement écrits avec de telles notations. Par exemple, pour deux champs 1)’
et §; anticommutantes

VE =Yg, tandis que (z/_z 5)* =& =&, (1.2.6)



1.2 Supersymétrie et superespace harmonique en mécanique quantique 11

ot Pt = (1h;)" et £ = (&)".
Enfin, on peut toujours passer a une base réele dans I’espace vectoriel des supercharges,
par exemple, en utilisant les définitions

Q4+ Q4 pour A=1,2 ..., N/2,
A= _ (1.2.7)
i(Qa—Q%), powr A=N/2+1, ... N
qui donnent les relations de commutation
{Sa, Sp} =4dap H. (1.2.8)

Les nouveaux indices A, B varier de 1 & N. Ainsi, N' compte le nombre de supercharges
linéairement indépendantes dans le systéme présent. Par exemple, N' = 2 correspond a
une mécanique quantique supersymétrique ordinaire, tandis qu’un systéme avec N' = 4
est doté d'une supersymétrie étendue.

Superespace et superchamps

La supersymétrie peut étre réalisée comme une symétrie géométrique qui agit sur les
coordonnées dans un certain espace étendu. En mécanique quantique, cet espace comprend
la coordonnée temporelle. Les autres “dimensions” de ’espace sont le nature Grassman-
nienne, c’est a dire que les coordonnées correspondantes anticommutent entre elles.

La technique de superchamp est tres générale. Elle permet de construire de véritables
systemes supersymétriques. Elle sert aussi comme un instrument efficace pour la généra-
lisation des systemes supersymétriques déja connus.

L’espace étendu en mécanique quantique — superespace — est décrit par les coordonnées
suivantes :

t, 0;, 67}, i,j=1,2, ..., N/2 (1.2.9)
{t.0, ¢}

avec l'identification 6 = (6;)* : les coordonnées de Grassmann 6; et 6/ sont complexes.
Elles anticommutent les unes avec les autres :

(0,0} = {05,067} = {0, 0"} = 0. (1.2.10)

Rappelons que l'indice supérieur dans la variable de Grassmann conjuguée reflete la facon
dont elle se transforme sous l'action du groupe de symétrie R.

Dans la définition du superespace, on introduit des superchamps sur le superespace.

La propriété 02 = 0 pour toute variable de Grassmann 6 limite le nombre de termes dans

le développement d’un superchamp général ®(t, 0;, 67 ) sous forme de séries de variables

de Grassmann. Prenons, par exemple, le cas A/ = 2. Oubliant les indices sur 6; et 6!, on

obtient
D(t, 0, 0) = o(t) + ()0 + £(t)0 + D(t)00. (1.2.11)

Deux champs complexes ¢(t), D(t) et deux champs complexes de Grassmann 1)(t), &(t)
ne dépendent que de la variable temps et peuvent représenter les degrés physiques de
liberté en mécanique quantique supersymétrique. Cependant, dans beaucoup de cas, le
nombre de composantes dans le développement d’un superchamp est excessif, ¢’est a dire
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qu’il est possible de réduire le nombre de champs par des contraintes additionnelles sur le
superchamp ®. Ces contraintes doivent étre covariantes par rapport aux transformations
de supersymétrie. Par exemple, une telle contrainte peut étre la condition de réalité pour
le superchamp .

Transformations de supersymétrie et opérateurs différentiels sur superespace

Les transformations infinitésimales de supersymétrie en mécanique quantique sont
réalisées comme des déplacements dans le superespace (1.2.9),

t—>t+z’<ei§i+?9¢),

0 — 0 + e
avec le parameétre de Grassmann ¢;, € = (¢;)*. Ces transformations sont générées par
I'opérateur i (?Qi - eiQZ), ol les supercharges
0 0 . o -0
i = _‘f 91'*, b= —01— 1.2.13
R A A T (1.2.13)
satisfont les relations
{Qi, Qj} — {Qi, QJ’} = 0, (1.2.14)
{Qi @} = 20040, (1.2.15)
avec
o = g (1.2.16)

La supercharge (1.2.13) avec 'opérateur H = i0, réalise une représentation particuliére
de l'algebre de supersymétrie (1.2.2), (1.2.3) sur le superespace (1.2.9).

Introduirons également les superdérivées covariantes D et D; définies par

0 — 0 - 0 0
= —10'—, D, = — —it;—.

00; ot 00 ot
Ces opérateurs sont d'un intérét particulier, parce qu’ils anticommutent avec les super-
charges définies précédemment,

{D',Q;} ={D", @7} = {Di, Q;} = {D:, @7} =0, (1.2.18)

ce qui signifie qu’ils sont covariants par rapport aux supertransformations (1.2.12). Ainsi,
ils peuvent étre utilisés dans les contraintes covariantes sur les superchamps pour réduire
le nombre de leur composantes indépendantes. Les relations d’anticommutation pour les
superdérivées sont

{D', D'} ={D;, D;} =0,  {D', D;} = —20%i0,. (1.2.19)

Di

(1.2.17)

Remarquons que, par commodité, nous utilisons une convention différente des multi-
plicateurs pour les superdérivées (1.2.17) par rapport aux supercharges (1.2.13).
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1.2.2 Approche de superespace harmonique

Soulignons que l'existence du sous-espace (anti)chiral qui conduit a la réduction du
développement en composantes de tout superchamp (anti)chiral est spécifique au cas
N = 2. Le superespace (1.2.9) en mécanique quantique N > 4 n’a pas cette propriété. On
peut, cependant, encore utiliser des contraintes covariantes (par exemple des conditions
de réalité, ou des équations impliquant des superdérivées) pour réduire le nombre de
composantes dans les superchamps. Pourtant, ce n’est parfois pas suffisant de réduire le
nombre au minimum prévu. Par ailleurs, les contraintes peuvent étre assez compliquées.
Des exemples de manipulation des superchamps et de leurs contraintes covariantes sont
décrits dans la Réf. [42].

Il savere que le cas N = 4 est spécial : il admet aussi un superespace qui a deux
sous-espaces invariants et permet de réduire le nombre de variables de Grassmann des su-
perchamps par un facteur 2. C’est ’approche de superespace harmonique (HSS) [5] inventé
par Galperin, Ivanov, Ogievetsky et Sokatchev. L’idée clé est que le superespace standard
(1.2.9) doit étre complété par des coordonnées supplémentaires de nature bosonique.

Limitons-nous au cas N' = 4 de la mécanique quantique supersymétrique.

Le superespace harmonique peut étre considéré comme I'un des superespaces sur lequel
le groupe de supersymétrie agit. Le superespace (1.2.9) est I'un des choix possibles. Tous
les espaces imaginables sur lesquels agit la supersymétrie peuvent étre décrits comme un

quotient
groupe de supersymétrie

superespace = (1.2.20)

I'un de ses certains sous-groupes

Nous rappelons que algebre de supersymétrie NV = 4 en mécanique quantique est
invariante par rapport au groupe de symétrie R de SU(2). Jusqu’a maintenant, ce der-
nier n’a pas été pris en considération. Cependant, tout en recherchant des superespaces
possibles, 'espace, du groupe de symétrie R, peut étre ajouté au superespace (1.2.9). 11
appairait que les superchamps sur le superespace étendu qui offrent un contenu en champ
avec un minimum de composantes seront des fonctions sur une 2-sphere S = SU(2)/U(1)
— un quotient du groupe de symétrie R par rapport a I'un de ses sous-groupes U(1).

Notations

L’approche de superespace harmonique (HSS) pour la mécanique quantique a été
développée en Réf. [6]. Les conventions dans ce manuscrit suivant les conventions de la
Réf. [2] et different des conventions de la Réf. [6] par le changement de direction du temps
t — —t. Avec cela, on reproduit le signe correct dans le terme cinétique pour le champ de
spineurs dans Eq. (1.3.22).

A partir de maintenant, en supersymétrie N' = 4 nous utiliserons une notation diffé-
rente pour les indices spinoriels : les indices de I'alphabet grec

a, 5=1,2 (1.2.21)
sont utilisés au lieu des indices 7, j. Par exemple, superespace N = 4 le ordinaire est

{t. 0,07}, 07 =(05)" (1.2.22)



14 Résumé

Pour une utilisation ultérieure, rappelons ici I’expression des supercharges de 1’équa-

tion (1.2.13),
0 0 ~ o -, 0

_ 9 9 a_; 9 g9 1.2.2
Qa Zaea + Oéat’ Q Zaea 8t7 ( 3)
et des superdérivées de I’équation (1.2.17),
0 _ 0 _ 0 0
D= oL D, = —2 —if, 2. 1.2.24
00, ot o= ot (1.2.24)

L’algebre supersymétrique correspondant aux équations (1.2.2) et (1.2.3) est donnée par
{Qa, Q%) = 200H

L (1.2.25)
{Qa, Qs} = {Q*,Q°} =0,

Montée et descente des indices spinoriels

Le groupe de symétrie R SU(2) admet la possibilité de monter et descendre les in-
dices spinoriels avec les tenseurs antisymétriques invariants de Levi-Civita .45 et €7, Par
définition,

€a = —£ o 612 = 17
e (1.2.26)
804,6 — _gﬂa’ 812 — _1’
de telle sorte que, par exemple, on a pour un spineur v, :
v = eaﬁvg, Vo = aagvﬁ. (1.2.27)

En raison de 'invariance des tenseurs de Levi-Civita par rapport a 'action du groupe de
symétrie R SU(2), les équations les contenant sont également invariantes.

Nous allons introduire par la suite le groupe SU(2) de Pauli-Girsey [5] et les indices
“pairtés”. De facon analogue, on peut introduire les tenseurs de Levi-Civita avec des
indices pairtés comme suit :

€48 = —E€34> €iy = 1,
W 2 (1.2.28)
e = _gha g2 = 1,

Travailler avec la sphére S?

Avant de discuter du superespace harmonique dans sa globalité, il est instructif d’étu-
dier les coordonnées dans l'espace SU(2)/U(1) qui est une deux-sphere. On pourrait choi-
sir, par exemple, les coordonnées polaires ou stéréographique sur S2. Cependant, il s’avere
plus pratique de travailler avec les coordonnées homogenes dans le groupe I’espace du
groupe SU(2) et contraindre les fonctions dans cet espace a vivre dans l’espace S2.

Pour plus de détails sur ce point, on introduit les coordonnées complexes homogenes
uE, a = 1,2 qui portent le nom d’harmoniques dans la trois-sphere SU(2). Ils satisfont
par définition les relations suivantes :

utu, =1, u, = (ut)*. (1.2.29)
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(Nous avons utilisé les indices élevés dans ce qui précede (cf. le paragraphe précédent).
Par exemple, u™* = eaﬁug.) A noter également 'identité importante :

Ug Uy — Uy U = Eqp. (1.2.30)

Nous sommes intéressés par des fonctions considérées dans I'espace SU(2)/U(1). Consi-
dérons des fonctions dans la trois-sphére qui a une charge déterminée U(1). A titre illustra-

tif, on prend une fonction f*(u) de charge 1. Elle peut étre écrite comme un développement

+ .

en série d’harmoniques u, :

) = foul + fuluful + (1.2.31)
oll les constantes f<, f*37, ... peuvent toujours étre prises symétriques dans leurs indices.
En effet, en utilisant la relation (1.2.30), on peut transformer n’importe quel produit
d’harmoniques en combinaisons symétriques plus des produits d’harmoniques d’ordre plus
petit. Par exemple,

1
ugufu; = 3 (u;ruzgu; +uguzul + u:{uguj) +
L) SR
+ 3 (uauﬂuv - uauﬁuv) +
+ ! ( Yufu — u*u’u*) =
3 e B Py a®B%y ) T

= ;) ( Suful +uguful + uiu;uj) - ;gmug + ;sgwu;ﬂ (1.2.32)
Avec 'action du groupe de symétrie R, la fonction f*(u) subit des transformations
de phase U(1) homogenes (selon la charge globale) et donc est bien définie sur une deux-
sphere SU(2)/U(1). La méme chose est également vraie pour toute fonction d’harmoniques
avec une charge U(1) fixée.
En fait, les harmoniques u sont les harmoniques sphériques fondamentales de spin
1/2 de la mécanique quantique. C’est pourquoi elles sont appelées variables harmoniques.
Les harmoniques peuvent étre utilisées pour la projection d’indices de spineurs sur

I'espace des harmoniques. Par exemple, [ = ul f* et f~ = wu_ f*. Le spineur original
peut étre restauré en utilisant 1'équation (1.2.30) :
fC=utf" —u*fT. (1.2.33)

Opérateurs différentiels sur le groupe SU(2)g
+ 0 0

u— DT =u —
“ou;’ Cout’

L0 0

DY =y —u_
« « —
out Ju,

D++ —

(1.2.34)

sont appelés dérivés harmoniques. L’opérateur D joue un role d’opérateur de charge dans
U(1). On a ainsi pour une fonction f77(u) avec une charge U(1) de valeur +q :

D°fHi(u) = q fH9(u). (1.2.35)

Les coordonnées u} ont une charge 1, tandis que les coordonnées u;, ont une charge -1.
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Le superespace harmonique N =4

Le formalisme du superespace harmonique N' = 4 en mécanique quantique a été
développé dans la Réf. [6]. Dans ce formalisme, les superchamps dépendent du temps ¢ et
des harmoniques u*® qui paramétrisent le groupe de symétrie R SU(2) de la superalgebre
N = 4. es superchamps dépendent également des variables de Grassmann 6,, 6°. Le
superespace est donné par

{t. 0, 0%, uf}, 07 = (6,)". (1.2.36)
C’est ce que 'on appelle la base standard dans le superespace harmonique.

Habituellement, au lieu des spineurs 6, et 6°, il est préférable d’utiliser les projections

harmoniques suivantes :

0F =uo®,  0F =uio". (1.2.37)
On peut également définir des projections harmoniques des superdérivées, D* = utD?,
D* = u£D?. On peut vérifier dans la base standard (1.2.36) que

9 i O 0 -0
+_ Y9 a9 -__ 9 59
D = 5= i0 5 D 20 i0 5 (1.2.38)
_ 0 0 _ 0 0
+__ 9 9 -_ 9 -9
DT = 50- 0 pre D 55+ i0 2% (1.2.39)

Base analytique dans le superespace harmonique

La caractéristique la plus frappante du superespace harmonique est la présence en son
sein d’un sous-espace analytique

{ta, 07,07, u*e} (1.2.40)
(un analogue du superespace chiral N' = 2) impliquant le temps “analytique”
ta=t+i(0T0 +6070%) (1.2.41)

et contenant deux fois moins de coordonnées fermioniques.
On va maintenant donner plus de détails sur ce point. Il est commode de passer a la
base analytique dans le superespace harmonique,

{tA, 0%, 0%, ujg}. (1.2.42)

Dans cette base, les dérivées spinorielles covariantes D*, D% sont simplement données

par

_ 9 pr__9
00—’ 00~

C’est ceci qui nous permet de transformer les contraintes de superchamp D* f = BJ_F f pour

un superchamp f donné afin d’offert une indépendance en 0~ et 0~ : f = f(ta, 01, 07, uk).

D* (1.2.43)
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On peut vérifier directement que le sous-espace (1.2.40) est invariant par rapport aux
transformations supersymétriques N = 4. En effet, en utilisant 1’équation (1.2.12), on
obtient

ta—ta+2i(e0r —e0%),

b= — 0% + =,

S (1.2.44)
0= — 6F + &,
uf — u,
ou
€ = (e)", e = uke”, & =ute. (1.2.45)

Enfin, on peut écrire la forme des dérivées harmoniques D™t et D~ de (1.2.34) dans
la base analytique par :

0 0 0 0

Dt — + > g+ _—~ 2% +9+ 2 1.2.4
Uy u;+6 86—+0 aeer 070 T ( 6)
__ _ 0 _ 0 o, =0
D _ua%+9 &?4‘6 %4—2“9 9 % (1247)

On note que dans le sous-espace (1.2.40), le deuxieme et le troisieme termes disparaissent.

La symétrie d’involution

Le superespace (1.2.36) admet la symétrie d’involution qui commute avec les trans-
formations supersymétriques [6, 5]. On dénote 'involution avec le signe “™”, par exemple
son action est f — fpour un superchamp donné f(t4, 6%, 6F, u).

Par définition, la transformation d’involution agit exactement comme la conjugaison

complexe ordinaire sauf lors de son action sur les harmoniques uF pour laquelle on a
T — To — _,7*
ut =ur?, ute = —u. (1.2.48)

Cela donne N - _
ta =ta, 0+ = 9=, 6+ = —0*. (1.2.49)

L’action de la transformation d’involution sur les harmoniques peut étre vue comme une
composition de la conjugaison complexe et de I'inversion par rapport a un point sur la
sphére S%2. En général, la symétrie d’involution est trés similaire & 'opération de conju-
gaison complexe, mais elle ne change pas les charges U(1) des superchamps. Elle permet
de mettre des contraintes supplémentaires sur les superchamps (par exemple condition de
réalité) et elle est utilisée dans la construction de lagrangiens supersymétriques.

Supermultiplets de différentes dimensions

Nous allons maintenant discuter des supermultiplets minimaux possibles qui sont
souvent impliqués dans la description des superchamps. Tous ces supermultiplets N = 4
sont généralement dénotés par trois nombres, (b, f a), ou

— b est le nombre de degrés de liberté bosoniques physiques ;
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— f est le nombre de degrés de liberté fermioniques physiques;
— a est le nombre de degrés de liberté bosoniques non dynamique auxiliaires, qui sont
intégrés a des Lagrangiens finaux.

Les supermultiplets tres largement utilisés sont (4,4,0) et (3,4,1) [43, 6, 42, 15|, qui
décrivent habituellement les dynamiques a quatre et trois dimensions respectivement.
Nous discuterons de ces supermultiplets en détail ci-dessous. En outre, la maniére com-
mune d’obtenir la supersymétrie N' = 8 ou des théories & dimensions supérieures avec la
supersymétrie N' = 4 est de prendre plusieurs superchamps de ces types.

Parmi les autres supermultiplets, on trouve (2,4, 2) et (1,4,3) [44, 45] qui sont ha-
bituellement utilisés pour construire des systémes a nombreuses particules a une ou deux
dimensions. Ces multiplets ne sont pas abordés dans ce manuscrit.

En général, le nombre de fermions physiques dans tous ces multiplets est quatre, alors
que la somme des degrés de liberté bosonique physiques et auxiliaires est aussi quatre. Il
est méme possible d’introduire le supermultiplet (0,4, 4) [6].

Le supermultiplet (4,4,0)

Les opérateurs différentiels D, D, D** (anti)commutent entre eux et avec les super-
charges. Pour cette raison, il est possible d’envisager un superchamp ¢t avec une charge
U(1) du valeur +1 satisfaisant

Dtgt =0, D¢t =0, D¢t =0. (1.2.50)

Dans les coordonnées de superespace analytique, la premiere et la seconde équation si-
gnifient que ¢t ne dépend que de 6% et #F, mais pas de §~ et ~, voir Eq. (1.2.43). De
cette facon, la premiere et la seconde équation forment ce qu’on appelle les conditions
d’analyticité des superchamps.

Lors du développement du superchamp ¢* (¢4, 67, o+, uE) dans les coordonnées spi-
norielles et harmoniques, on obtient un ensemble infini de champs physiques. Cependant,
en imposant également la condition DT T¢" = 0, cela réduit drastiquement le nombre de
ces champs, en rendant leur nombre fini. Dans la base analytique (1.2.42), la solution des
contraintes (1.2.50) se traduit par

gt = a(ta)ul — 20T x(ta) — 207X (ta) — 2i0T0TOp2 (ta )y, (1.2.51)
avec
on= 2 (1.2.52)
A7 ot o

et les facteurs —2 sont introduit par commodité. Ainsi, le superchamp (4,4,0) ¢t com-
prend deux coordonnées bosoniques complexes % et deux fermions complexes — x, Y'.
Les contraintes DT¢t = D*¢* = 0 sont semblables aux contraintes de chiralité dans
les théories des champs supersymétriques N/ = 1 & quatre dimensions. Ces contraintes ap-
paraissent naturellement dans le formalisme HSS et sont communes aussi dans les théories
des champs a quatre dimensions. Une possibilité d’imposer la contrainte supplémentaire
DttgT = 0 est spécifique & la mécanique quantique uniquement, ou elle a une nature
cinématique pure. Dans les théories des champs supersymétriques N' = 2, la relation
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D**g* = 0 n’est pas une contrainte cinématique, c’est I’équation du mouvement pour
I hypermultiplet libre dérivé de I'action S = [ d*x dud*@t ¢t D¢ [5)].

Les contraintes (1.2.50) admettent une symétrie d’involution ¢* — g+ qui commute
avec les transformations supersymétriques [6, 5] :

gt = [wa(ta)] ul — 207X (ta) + 207X (ta) — 2007005 [20(ta)] ug - (1.2.53)

(e

Il est facile de voir que le champ CF satisfait les mémes contraintes (1.2.50) que le champ
+
q".
Comme nous allons utiliser le supermultiplet (4,4, 0) pour construire un systéme su-
persymétrique en mécanique quantique a quatre dimensions d’espace, il sera plus commode
pour nous d’utiliser le supermultiplet ¢* sous une forme différente. Plus précisément, nous

introduisons le supermultiplet
¢ ={¢" ¢}, a=12 (1.2.54)

La symétrie d’involution peut étre utilisée pour imposer la condition de pseudoréalité
sur le champ ¢*¢,

—_——

gt = e (qth), (1.2.55)
qui est en fait équivalente a I’équation (1.2.54). En termes de composantes,

gt = 2 (ta)ud — 207X (ta) — 207X (ta) — 200707 Oz (ta)uy

a”

(1.2.56)
La contrainte (1.2.55) implique
2% = — (2o0a)", X" =(xa)"- (1.2.57)

La forme du supermultiplet ¢™® suggere que I'on peut associer le groupe SU(2) relié
a 'indice pointé . Ce groupe de Pauli-Giirsey [5] est également réalisé avec le supermul-
tiplet ¢T, mais pas manifestement.

Par conséquent, le systeme de mécanique quantique qui sera discuté dans le chapitre
suivant, hérite du groupe SO(4) = SU(2)r x SU(2)pe composé du groupe de symétrie R
et du groupe de Pauli-Giirsey. En général, ce groupe de rotation SO(4) est complétement
brisé par la présence d'un champ de jauge a quatre dimensions (cf. prochain chapitre).

Le supermultiplet (3,4, 1)

Au lieu de la coordonnée du superchamp ¢™¢, on peut traiter le superchamp analytique
L*t* de charge +2 qui englobe le supermultiplet (3,4,1) et est soumis aux contraintes

DY+t = DT+ = 0,

e~

DL =0, (L++) = —L*+,

(1.2.58)

Elles restreignent le superchamp analytique L™+ d’avoir la composante off-shell du
champ approprié, a savoir (3,4,1) :

LY = 0*%uful + 2007wl + 2i0F " ul + 0701 [F — 2i* utug) (1.2.59)
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avec
(lap)” ==L, (X*)* = Xa- (1.2.60)

Le multiplet L** implique I'espace cible des coordonnées & 3 dimensions ¢ = (7% leur
partenaires fermioniques x®, Y et un champ auxiliaire réel F'.

Intégrales harmoniques

Les actions invariantes impliquent I'intégrale harmonique | du. Pour trouver une telle
intégral d'une fonction f(ul), on doit écrire le développement de f en série harmonique
de Taylor et, pour chaque terme, on effectue les intégrales en utilisant les regles

/du 1=1, /du uzral Uy U Uy =0, (1.2.61)

ou l'intégrant dans 1’équation de droite est symétrisé sur tous les indices. Les valeurs
des intégrales de tous les autres monémes harmoniques (par exemple, [ du u;“ug = %%5)
découlent de (1.2.61) et des définitions (1.2.29), (1.2.30).

Notations en mécanique a quatre dimensions

Des indices vectoriels de ’espace Euclidien a quatre dimensions sont
v =0,1,2 3. (1.2.62)
Nous utilisons les notations SO(4) suivantes pour les matrices sigma Euclidiennes a quatre

dimensions : da .
(O)as = {15} 0s»  (0f) = {=i,5}%, (1.2.63)

ou ¢ sont les matrices de Pauli ordinaires. (Ce sont plus au moins les conventions de
[33] tourné a I’espace euclidien.) La matrice a;[ est obtenue a partir de la matrice o, par
I'opération de levée des indices :

(of)™ = —e*1e"7(0,)15 (1.2.64)
Les matrices o, O'L satisfont les identités

0,00 + O',,O'L = O'LO'V +0lo, = 20,,,

olo, — oo, = 2int,0, (1.2.65)
0,00 — OZ,OL = 201,04,

ou 1y, My, sont les symboles de 't Hooft,
77% = ﬁ?j = €aijy Mo = —Moi = Moi = —io = Oai (1.2.66)

(0, — matrices de Pauli, les indices a, i, j ont varient de 1 & 3). Ils sont auto-duaux et
anti-auto-duaux respectivement,

a 1 a —a 1 —a
77;/,1/ = igul/p/\np)n 77;“/ = _igp,l/p)\np/\a (1267)
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avec la convention

o123 = — L. (1.2.68)
Une autre identité utile est
020502 = —O’L. (1.2.69)

Le supermultiplet (4,4, 0) (1.2.56) implique le champ bosonique z*%(¢). En fait, ce
champ bosonique est équivalent a un quadrivecteur réel dans ’espace Euclidien. Nous
allons décrire la transformation entre la notation spinorielle v®¢ et la notation vectorielle
correspondante v* pour un champ arbitraire v :

Vaa = U}L<0_M)Oéd’

Uu = 50aa(0]) = —30°%(04) ey (1.2.70)

(e}

v = gaﬁgdﬁvﬁg = —u, (o).

En particulier, il est facile de vérifier que pour le champ z** avec la contrainte (1.2.57) le
champ vecteur correspondant x* est réel.
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1.3 Nouveaux modeéles supersymétrique en mécanique
quantique

C’est le chapitre central du manuscrit décrivant certains nouveaux modeles de MQS
discutés et étudiés dans les articles [2, 3, 4]. La forme explicite des actions de superchamp
et des actions en composantes, ainsi que des hamiltoniens quantiques et opérateurs de
supercharges est donnée. Voici un bref résumé des résultats obtenus.

Il est démontré que I'’hamiltonien H = P? avec P I'opérateur plat de Dirac en dimen-
sion quatre dans un champ de jauge de fond auto-dual externe, abélien ou non abélien,
est supersymétrique avec la supersymétrie N' = 4.

Une généralisation de ce hamiltonien existe dans le cas d’une variété courbée, confor-
mément plate a quatre dimensions. Pour un champ de jauge de fond abélien auto-dual, le
lagrangien correspondant peut étre obtenue a partir de certaines expressions de superes-
pace harmonique.

Si ’hamiltonien implique un champ de jauge auto-dual non abélien, on va construire sa
formulation lagrangienne par l'introduction des variables auxiliaires bosoniques avec une
action de type Wess-Zumino. Pour une classe spéciale de ces lagrangiens, il est possible de
donner une description de superchamp utilisant le formalisme de superespace harmonique.
En particulier, pour les lagrangiens dont le groupe de jauge est SU(2) et le champ de
jauge est exprimé sous la forme de 'ansatz de 't Hooft. Comme autre exemple explicite,
la mécanique quantique N = 4 avec monopdle de Yang dans R® (ce qui correspond a un
instanton sur S* ) est ensuite considérée.

Enfin, en de fagon indépendante, il est montré que un systeme avec la supersymétrie
N = 4 en trois dimensions admet également la description en langage de superchamps.
Bien que le systéme en trois dimensions implique différents superchamps, ses composantes
lagrangien et hamiltonien apparaissent comme la réduction du systéeme mentionné de
quatre dimensions & trois dimensions. La supersymétrie off-shell N = 4 nécessite que le
champ de jauge soit une forme statique de I’ansatz de 't Hooft pour les champs de jauge
auto-duaux SU(2) en dimension quatre. C’est une solution particuliere des équations de
Bogomolny pour les monopdles BPS.

1.3.1 Fermions en quatre dimensions d’auto-dual de bruit de fond
Description Matrice

Considérons 'opérateur de Dirac dans I'espace Euclidien plat en dimension quatre

P= Y Do, (1.3.1)

1=0,1,2,3

ou D, =9, —iA, avec A, le potentiel de jauge et v, les matrices gamma euclidiennes,
anti-hermitiennes,

0 —of
Yo = ( OM ) , Y, Wt = =26, (1.3.2)

Op

Les matrices o, et O'L ont été introduits dans 1’équation (1.2.63). Les hamiltoniens que

nous allons construire satisfont la covariance SO(4) = SU(2) x SU(2). Par la suite l'in-
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dice spinoriel nous pointé se réfere au premier groupe SU(2), tandis que celui pointe —
correspondante au seconde groupe.
Considérons l'opérateur
1

X .
H= P = —opr-lfF

5 AR (1.3.3)

ou F,, = 0, A, — 0,A, —i[A,, A est le champ de jauge dérivé du potentiel A,,. 11 est
bien connu que les valeurs propres non nulles de 'opérateur de Dirac euclidien forment
des couples (—A, \) et donc que le spectre du hamiltonien H est deux fois dégénérés pour
tous les états excités. Cela signifie que, pour tout champ extérieur A,, ce hamiltonien est
supersymétrique [9] et qu’il admet deux supercharges différentes anticommutantes réels :

D et Pvs (15 = Y0M7273)-
Supposons maintenant que le champ de fond est auto-dual,

1
Fuw = §€Wp5]:p5 — Fu =08, (1.3.4)
ou 7y, sont les symboles de 't Hooft définis dans I'équation (1.2.65). On peut facilement
étre convaincu que dans ce cas, ’hamiltonien admet quatre racines différentes hermitiennes
S4 qui satisfont 1'algebre de supersymétrie étendue (1.2.8); on répeéte ces relations ici :

{S4,Sp} =4045H. (1.3.5)
L’un des choix est

S1 =D = %Dy +1D1 + 72Dy + 13Ds,
So = Y0Ds + 71Dy — v2 D1 — v3Dy,

1.3.6
S3 =Dz — 11 D3 — 12Do + 73D1, (1.3.6)
Sy =%D1 — 11Dy + D3 — 13Ds.
Avec les supercharges complexes
Q1 = (S1 —15,)/2, Q2 = (S5 —1i54)/2, (1.3.7)

Q' = (51 +1i5,)/2, Q% = (S5 +1i54)/2,

nous obtenons l'algebre standard de la supersymétrie N = 4 (1.2.25). En conséquence,
le spectre excité de H est quatre fois dégénérés, alors que le spectre de P se compose
des quatuors impliquant deux valeurs propres dégénérés positives et deux dégénérés né-
gatives. Remarquons que, contrairement a2, 'opérateur Pys n’e exprime pas comme une
combinaison linéaire de S,. En d’autres termes, 'algeébre de supersymétrie N' = 2 avec
les opérateurs P(1 + ;) n’est pas une sous-algebre de Palgebre N = 4 (1.2.25).
L’algebre (1.3.5) avec les supercharges (1.3.6) est la bonne pour tout les champs auto-
duaux, indépendamment du fait qu’il soit abélien ou non abélien. Ainsi, la dégénérescence
additionnelle double du spectre de I'opérateur de Dirac mentionné précédemment doit étre
aller que pour un champ générique auto-dual. Un exemple particulier d'un champ non-
abélien auto-dual est la solution d’instanton, ou cette dégénérescence est observée dans
[10] (voir les équations (4.15)). La généralisation de I'opérateur de Dirac et des conditions

de (anti)auto-dualité aux variétés de plusieurs dimensions a été prise en compte dans la
Réf. [14].
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Description covariante

Pour prendre contact avec la description du lagrangien (et, surtout, superchamp), il
est commode d’introduire des variables fermiones holomorphes v et 1%, qui répondent
eux relations standards d’anticommutation

{Va, v} = {(040%) =0, {9% ¢y} =03 (1.3.8)
et sont réalisés comme des matrices de la facon suivante :
gy = 20 FDs g Jot s

Puis deux supercharges complexes (1.3.7) sont exprimés d’une fagon treés simple, a savoir

Qo = (U,ﬂ/_f)a (ﬁu - -Au) )

_ N (1.3.10)
QY = (WTZ) (ﬁu - Au) )
avec p, = —i0,. L’hamiltonien (1.3.3) est exprimée en ces termes
1. i _
H =2 by = A"+ Fuu oont) (1.3.11)

Il est clair maintenant pourquoi les indices spinoriels dans les équations (1.2.25) sont
sans le point, tandis que dans I’équation (1.3.9), ils sont avec le point : les supercharges
sont en rotation par la premiere groupe SU(2) et les variables 14 par le seconde °. Une
distinction soigneuse entre deux différents rapports SU(2) permet mieux comprendre la
raison pourquoi la supercharge {Q,, @%} satisfait I'algébre simple (1.2.25) dans un champ
de font auto-dual. La densité du champ auto-dual F porte dans la notation spinorielle
seulement les indices avec les points. Par conséquent, toute expression impliquant F, ¢,
sont les scalaires sans les points SU(2). Les seules scalaires qui peuvent apparaitre a
droite de I'anticommutators des supercharges {Q,, Qr° } est la structure proportionnelle &
62, c’est a dire & ’hamiltonien. Aucun autre opérateur n’est pas autorisé.

Dans le cas abélienne, les supercharges (1.3.10) et I'hamiltonien (1.3.11) sont des
opérateurs scalaires et ne portant plus des indices matricielles. Cela permet de dériver le
lagrangien,

1 . ; _
L = Sy, + Au(@)i, + it a - i]—"w volo,b . (1.3.12)

Dans le cas non abélien, les expressions (1.3.10) et (1.3.11) gardent encore leur structure
de couleur matricielle, et on ne peut pas dériver le lagrangien d’une maniere aussi simple.
Un des moyens pour gérer la structure de la matrice est d’introduire un ensemble de
variables fermions couleur (par exemple, dans la représentation fondamentale du groupe)
et d’imposer la contrainte supplémentaire ne considérant que le secteur avec unité de
charge fermion [9]. Une alternative de la construction non-abélienne du lagrangien est
présentée dans la Section 1.3.3. Dans cette section, nous nous limitons seulement aux
lagrangiens pour les champs abéliens.

SRemarquons que la conjugaison complexe laisse les spineurs dans la méme représentation, le groupe
de symétrie est ici SO(4) plutot que SO(1, 3).
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La généralisation a conforme métrique plate

Comme il sera démontré explicitement dans la Section 1.3.2, le lagrangien en com-
posantes (1.3.12) découle de I’action de superchamp présenté par Ivanov et Lechtenfeld
dans le cadre du superespace harmonique approché de [6].. Nous allons voir que l'on
peut naturellement déduire de cette facon un type de o-modele généralisation de la-
grangien (1.3.12) décrivant le mouvement sur le variété conformément plate métriques
ds® = {f(x)} *dz,dz,. 1l est écrit comme suit :

1 e 1 ) -
L = if_z :tM:tM + iwawd + Z {3 (8Mf)2 - fa2f} ¢4 + %f_lauf jjl/ ¢UFNUV]¢

. { -
+ All(I)xu - Zf2f:uz/ ¢0L‘7u¢; (1313)
Les supercharges de Noether quantiques correspondants et I’hamiltonien sont

ro = f (O-;ﬂ/_])a (ﬁu - -Au) - %@ (U;ﬂvz)a iaufa

N N o 1.3.14
Q= (Vo) (b — A f +i0,f (of)" - 597, .

H = §f (P — A f + if2 Fow 0 l0,1)

0] (5 — A oot + 10° {0 — L (7)) (1315)

D’autre part, on peut calculer explicitement I’anticommutators des supercharges (1.3.14)
pour tout champs auto-duaux ® A,(z) abélien ou non-abélien et vérifier que ’algébre
(1.2.25) détient. En faisant cela, c’est pratique d’utiliser I'identité de Fierz suivante

(601) () = (o) (worl)’ =2 dolo . (1.3.16)

qui peut étre prouvé en utilisant (1.2.69).

Notez que, avec un rapport non trivial f(z), 'opérateur de Dirac 7? dans un champ
de fond conformément plate peut étre exprimé comme une combinaison linéaire de @), et
Q% que sil'on ajoute également une certain torsion proportionnelle aux dérivés de f (x)
[46]. L’hamiltonien (1.3.15) serait également coincident avec JP?/2 dans ce cas. En fait, la
généralisation du systéme avec I'hamiltonien (1.3.11) dans le cas conformément plate, ce
qui préserve la supersymétrie N' = 4, comme dans I’équation (1.3.15) implique toujours le
champ de torsion. L’hamiltonien (1.3.11) admet aussi un autre type de 'extension N' = 4 a
un espace courbée dotée avec métriques de Hyper-Kéhler et sans une torsion [14]. Dans sa
forme la plus générale, I'hamiltonien implique la géométrie HKT faible — la généralisation
de la technologie de la métrique de Hyper-Kéahler obtenue par I'introduction de rapport
conformel et de torsion [46].

6 Anti-auto-dualité conditions sont obtenues lorsque ’on échangeurs o, et O’L dans toutes les formules.
Ceci est équivalent & I’échange de deux représentations spinorielles de SO(4).
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Le modele (1.3.13), (1.3.14), (1.3.15) est un parent proche du modele construit en
Réf. [12] (Voir les équations (30) et (31)), qui décrit le mouvement sur la variété trois-
dimensionnel conformelement plate dans un champ magnétique externe et d’'un potentiel
scalaire. En fait, le dernier modele peuvent étre obtenus aupres de I'ancien, en supposant
que la métrique et le vecteur potentiel de A, = (P, ,I) ne dépendent que de trois coor-
données spatiales x;. Si supposer en outre que la métrique est plate, on est emmene a
I’hamiltonien [11]

H = ;(ﬁ—ﬁ)2+;U2+ﬁU¢a¢, (1.3.17)
qui est supersymétriques en condition F;; = €;;#0,U (la réduction de 3 dimensions de la
condition d’auto-dualité quadri-dimensionnel). Il a été remarqué dans Réf. [12] que 'ha-
miltonien effectif de 1’électrodynamique chiralle supersymétrique dans le volume spatial
fini appartient & cette classe avec U o 1/|A|. Le vecteur de potentiel A(A) décrit dans
ce cas un champ magnétique de Dirac Monopole de type de la phase de Berry apparait.
Les trois variables dynamiques A (ne confondrez pas avec le A bouclée ) ont dans ce cas
le sens de la nulle harmoniques de transformation de Fourier du vecteur potentiel dans
la théorie du champ originale. Dans le premier ordre, la métrique est plate. Lorsque les
corrections des boucles supérieures sont incluses, une métrique (conformément plate!) sur
Pespace des modules {ff} apparait.

En exécutant la réduction de hamiltonien de I'équation (1.3.15) avec A, non-abéliens,
la généralisation non-abélienne de ’équation (1.3.17) peut facilement étre dérivée. Elle
garde la structure de la jauge de I’équation (1.3.17) avec la matrice d’une valeur Aet U
satisfaisant la condition F;; = €;;#DiU. Notez que ces hamiltonien ne coincide pas avec
I'’hamiltonien non-abélien dérivé en 3 dimensions dans Réf. [21].

1.3.2 Description superespace harmonique dans le cas abélien

Dans cette section, nous dérivons ’hamiltonien (1.3.15) de I'approche en langage de su-
perespace harmonique. L’action pertinents de superchamp a été écrit dans [6]. On montre
ici que la composante correspondante de Lagrange coincide avec (1.3.13). La supercharge
correspondant (1.3.14) et ’hamiltonien (1.3.15) impliquent un champ de jauge abélien
auto-dual A,(x). Le cas de champ non abélien est discuté plus tard dans ce chapitre.

Contenu du superchamp

Ici on présente un doublet de superchamps ¢™* avec la charge +1 (D% ™ = ¢™%)
satisfaisant les contraintes (1.2.50), (1.2.55). L’indice & est I'indice d’une représentation
fondamentale du groupe (de Pauli-Giirsey) additionnelle externe SU(2). La solution a
ces contraintes dans la base analytique a été écrit dans les équations (1.2.56), (1.2.57).
Elle peut étre présentée dans la base centrale (1.2.36) comme ¢™ = uf¢*®, ot ¢ ne
dépend pas de uZ (ce dernier découle de la contrainte D¥+¢*t% = 0 et la définition D*+ =

ul 83_ ). Il est commode de passer a la notation vectorielle & quatre dimensions (1.2.70),
en introduisant )
4y = _5 (O—u)ad qad’ q-Hi = —q, (O'L) ug. (1318)



1.3 Nouveaux modeles supersymétrique en mécanique quantique 27

Maintenant, g, est un vecteur par rapport au groupe SO(4) = SUg(2) x SUpg(2),
avec le premier rapport représentant la symétrie de groupe R N = 4 et le second étant le
groupe globale de Pauli-Giirsey SU(2) qui tourne les indices du “saveurs” avec les pointes.

La condition de pseudorealité (1.2.55) implique que le superchamp g, est réel. Ce
dernier est exprimé en composantes comme suit :

_ ; .- 1
qu =z, + 00, x + 00, X — 2:61, HO'[MO' 0+ 90“)(9 —90“)2 0 — 13’1’:# 6* (1.3.19)

ot 62 = 60, 0 = 0“%, 6* = 6%62. Par ailleurs, la premitre égalité dans I’équa-
tion (1.2.57) 1mphqu

Ty = —=2°(04)ac (1.3.20)

est également réel, et on se retrouve avec quatre variables bosoniques dynamique.

L’action du superchamp

L’action classique supersymétrique N' = 2 pour le superchamp ¢, peut maintenant
étre écrite. Il se compose de deux parties, S = Skin + Sint- La partie cinétique,

Skin = /dtd40dURI<in(q+daq_B7qu/:) = /dtd40 Rkin(QM)v (1321)

dépend d’une fonction arbitraire Ry, (g,). Remarquons qu’on peut oublier les coordonnées
de superespace harmonique ici et travailler dans un superespace ordinaire. En d’autres
termes, la terme cinétique Sy, ne nécessite pas les coordonnées supplémentaires u: de
superespace harmonique. Branchement (1.3.19) dans (1.3.21) et en ajoutant/soustrayant
les dérivés totale, on obtient

1 . . Z’ _a . ;d
Skin = /dt {29@) Tpxy + 59(@ (X Xa — X Xa)

1 l . _
—l-gf)Qg(x) o Z@Lg(x) T, XO'ELO‘V}X} , (1.3.22)

olt g() = 507 Rian() et X* = x“xa X" X3
Pour coupler z,, a un champ de jauge externe, il faut ajouter le terme d’interaction Siy
qui représente une intégrale sur analytique superespace dans le superespace harmonique,

int

Sy = / dt du df*d0* R (7 (1, 07,07), u). (1.3.23)
Nous choisissons REE (il porte la charge +2, DR = 2RI ) satisfaisant la condition
Rmt = — Rt (Popération d’involution X a été définie A la section 1.2.2) de telle sorte
que l'action (1.3.23) est réelle. En revanche le terme cinétique, le terme d’interaction

implique la dépendance sur les harmoniques uff et ne peut donc pas étre écrit en termes
de superchamps du superespace ordinaires (1.2.22).
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Pour ce faire 'intégrale sur §* et 67, nous substituons I'équation (1.2.56) dans (1.3.23)
et d’étendre celle-ci en série de Taylor au cours 6%, 67, en gardant ce qui concerne seule-
ment ~ 6767 :

RiF(q* j:) = 0 4RI (_2i9+§+u;¢aa>

int int
+ 20460, s Bit - 0707 (XX +XX) + .. (1.3.24)

(points de suspension indiquent les termes non proportionnelle & #+07%) avec

a}%mt (er'y U’i)

Py
Jxta
Laissez-nous aussi passer & la notation vectorielle z,, pour les coordonnées 2%, voir 1’équa-
tion (1.3.20). En conséquence,

Oya R (1,u) = (1.3.25)

ot = 2% = —x, (aL)m ul. (1.3.26)
Puis
Siw = [ dt du {2@ (o)™ OraRit ug - 0 — X 0400, s R } (1.3.27)
Maintenant, définir le champ de jauge,
/du{?z 9 R u } (1.3.28)

Comme l'action (1.3.27) est réelle, le domaine A, (z) est également réel. Il a automati-
quement divergence nulle,

A, = 0. (1.3.29)
L’intensité du champ est exprimée en
Fow = Oy — 0, A, = =201, / dudyad, s Rt e (0, (1.3.30)

(les identités (1.2.65) ont été utilisés). Il est évidemment auto-dual, puisque les sym-
boles de ’t Hooft sont auto-duaux, voir I’équation (1.2.67). Avec les définitions (1.3.28) et
(1.3.30) en main, on peut représenter le terme d’interaction (1.3.27) simplement comme
) _
Sint = /dt {A (z)i, — 1T XO'LO’VX} : (1.3.31)
Enfin, on peut se débarrasser du rapport g(z) dans le terme cinétique de fermions (1.3.22)
en introduisant canoniquement conjugués

VYo = fHT)Xa, % = fHx)x® (1.3.32)

avec
—-1/2

fl@) =g (x) = B aszin(x):| : (1.3.33)

Ajoutant du terme cinétique dans (1.3.22) au terme d’interaction (1.3.31), on peut vérifier
explicitement que le lagrangien L = Ly, + Ly coincide, a une dérivée totale, avec (1.3.13).

Comme cela a été remarqué, le champ A, est obtenue naturellement dans le cadre
HSS satisfait la contrainte 9,4, = 0 [6]. Ce n’est pas vraiment impose une restriction,
cependant, parce que les transformations de jauge de A, qu’il décalage en le gradient d'un
arbitraire le montant de fonction a I’ajout d’une dérivée totale dans le lagrangien (1.3.31).
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1.3.3 Le lagrangien composante dans le cas non abélien

Pour un champ auto-dual non abélien en valeurs de matrices A4, le de lagrangien
(scalaire) ne peut pas étre directement dérivée de '’hamiltonien (1.3.15) par une transfor-
mation de Legendre comme il a été fait dans le cas abélien, Eq. (1.3.13). Néanmoins, cela
peut étre fait dans le cas de SU(N) groupe de jauge en introduisant les champs “semi-
dynamique” additionnels ¢; dans la représentation fondamentale de SU(N) et le champ
de jauge auxiliaire U(1) B(t). La deuxieme ligne de (1.3.13) est alors généralisée a

S C i . ara - 7 a a -
Lyy™ = i@ (¢; +iBg;) + kB + AT i, — 1 LT Yolo, (1.3.34)
avec entier k et

T =& (1) ¢, (1.3.35)

t* étant la norme SU(N) générateurs de l'algebre. L’interaction de Lagrange (1.3.34)
possede la supersymétrie N' = 4. Ce n’est pas difficile de vérifier qu’elle est invariante par
rapport aux transformations de jauge non abéliennes de 'espace de cible :

Asto — UTAS 12U +iUt,U

— (Ule),, &= (gU), (1330

ou U(xz) € SU(N). En addition, 'expression (1.3.34) est aussi invariant par rapport a la

transformation des champs de jauge auxiliaires B(t) et ; suivants :

do(t)
dt

B(t) — B(t) + 0i(t) — e~ Oupi(t). (1.3.37)

Il n’est pas immédiatement évident comment étendre le description de superchamp
abélien en cas général non abélien, c’est a dire en groupe de jauge SU(N). Nous avons
réussi a construire une telle description pour le cas particulier de SU(2) champs de jauge
auto-dual ou anti-auto-dual exprimée sous la forme

A, = —n,0,Inh(z) or A} = —n;,0,Inh(x) (1.3.38)

0

respectivement, avec la fonction harmonique h(z),
92h(x) = la sum finie de delta fonctions. (1.3.39)

C’est ce qu’on appelle 'ansatz de 't Hooft pour une solution de multi-instanton SU(2)
[16] avec les symboles de 't Hooft 77, définis précédemment dans I'équation (1.2.65). Si
on prend la fonction h(z) qui disparaissent a |z| — oo, alors cette fonction peut étre
présentée comme la somme suivante sur instantons :

-1+ Z (1.3.40)

x“—b“)

Il s’agit notamment des positions instanton b} ainsi que les numéros ¢; associés a chaque
instanton.
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Quantification des champs auxiliaires dans le cas du le groupe de jauge SU(2)

Entendons-nous comment l'interaction de Lagrange (1.3.34) donne lieu a I'hamiltonien
de matrice (1.3.15). Ceci est réalisé lors de la quantification des variables auxiliaires ¢,.
Nous considérons que le cas particulier de SU(2) groupe de jauge lorsque les indices i, j
pour les variables auxiliaires ne prendre que deux valeurs, 1 et 2, et sont notés «, (3. Voir
la section 1.3.4 pour une discussion générale de SU(N) groupe de jauge.

On observe que les variables ¢, saisir le lagrangien avec une seule dérivée temporelle.
Ainsi, ils ne sont pas a part entiere des variables dynamiques (comme z,) et non plus
des champs auxiliaires (comme le champ B(t) ou les champs w; » dans I'équation (1.3.50),
voir ci-dessous). Ils ont une espece de la nature intermédiaire. Dans le contexte des mo-
deles de MQS N = 4, des variables telles (ensemble avec leurs transporteurs superchamp
analytique v, v*, voir les équations (1.3.50), (1.3.51) ci-dessous) ont été introduites dans
[19, 20]. Voir aussi [21] pour une application récente. Pour mieux comprendre la nature
des champs auxiliaires, effectuez la quantification.

Les relations de commutation canoniques suivantes de action (1.3.34) grace a la
prescription standard de Dirac sont

[Spom @ﬁ] = 65 ) [9004: 90,3} = [@av 95/6] =0. (1-3-41)

Le fait que k£ doit étre entier emmene aux représentations finies de 'algebre de I'opé-
rateur ., ©*. En effet, considérons la contrainte

o0 =k, (1.3.42)

qui suit de 1.3.34 en faisant varier par rapport a B. Toutes les valeurs réelles positives
de k sont classiquement autorisée. Dans la théorie quantique, k doit étre entier, mais pas
nécessaire positif.

Prenons le cas de valeurs positives de I'entier k. En théorie quantique, on peut choisir
Yo = 0/0p* et d'imposer 1.3.42 sur les fonctions d’onde :

ol — "0 — | (1.3.43)
op©

En d’autres termes, les fonctions d’onde représentent des polyndémes homogenes de p*
de (un entier) degré k. Dans le cas k < 0 l'algebre (1.3.41) est le méme, mais il faut
choisir ¢® = —0/0p, et d’envisager des polyndmes de ¢, de degré |k|. Le nombre de
ces (linéairement indépendants) polyndmes est |k| + 1. Par ailleurs, il est également facile
de voir que les opérateurs (1.3.35) (qui entrent dans l'interaction de Lagrange (1.3.34))
satisfont l'algebre suivantes :

[T, T = ie™Te. (1.3.44)
En outre, en supposant que k > 0 et en prenant (1.3.43), on tire
1 k (k
T°T* = = |(¢%pa)? + 2(p" = —|=+1]. 1.3.4
e+ 2een] = 5 (5+1) (13.85)

En d’autres termes, 7% peuvent étre traités comme les générateurs de SU(2) dans la
représentation spinorielle k/2.
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Cette fagon de quantification des variables semi-dynamique ¢,,, ¢ a été employé dans
Réf. [20]. Alternativement, on pourrait interpréter ¢, @ avec la contrainte 1.3.42 comme
une sorte des variables harmoniques de la cible représentant une sphére S?, de résoudre
des 1.3.42 en termes de projection stéréographique coordonnées et de quantification du
systeme (voir, par exemple, Réf. [48]).

Une propriété intéressante est que cette jauge SU(2) groupe est en fait le groupe de
symétrie R de algebre de supersymétrie N' = 4.

Le role crucial de la contrainte 1.3.43 est de restreindre 1’espace des états quantiques
du modele considéré a l'ensemble finie des irréductibles SU(2) multiplets de spin fixe
(par exemple, du spin k/2 dans le sectre bosonique). C’est une différence essentielle de
cette approche de 'approche implique, par exemple, dans [18] (et plus tard dans [21, 17])
ou aucune des contraintes analogiques 1.3.42 et 1.3.43 a été imposée, permettant ainsi
I'espace des états d’impliquer une infinite nombre de SU(2) multiplets de tous les spins.
Le schéma de quantification que nous suivons ici, a été précédemment utilisé dans le cadre
MQS dans [19, 20] et on peut faire remonter a l'ouvre [49].

1.3.4 Lagrangien en superespace harmonique avec des champs de
jauge non abéliens

Contenu de superchamp

Pour construire I'action impliquant des champs de jauge non abéliennes, introduire,
comme précédemment, une doublet de superchamps ¢*t¢ avec la charge +1 satisfaisant les
contraintes (1.2.50), (1.2.55). En plus de cela, nous introduisons une analytique de calibre
superchamp V' de charge +2 en satisfaisant les contraintes

DYVt =Dtvtt =0, VTt=V++ (1.3.46)

et “la question” de superchamp v* de la charge +1. Les contraintes aux quelles elle répond,

Dtvt =0, Dtvt =0, (DY +iVT et =0, (1.3.47)

different de (1.2.50) par la présence de la dérivée covariante harmoniques Dt = D+ +
iVt [5]. La contrainte Dt Tv* = 0 est covariant par rapport a mesurer les transformations

VIt — VT 4 DA, vt — eyt DTA=D"A=0. (1.3.48)

Nous pouvons utiliser cette liberté de jauge afin d’éliminer presque toutes les composantes
de VT et de présenter comme

VTt = 2i070" B, (1.3.49)

ou le champ de jauge B(t) est bien réel. Ceci est une contrepartie a une dimension du
familier de Wess-Zumino jauge en quatre dimensions théories. Observons aussi que 1’équa-
tion (1.3.37) est un vestige de transformations de jauge (1.3.48), qui survit dans la jauge
de Wess-Zumino (1.3.49).
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Ensuite, le superchamp v* est exprimée dans la base analytique que
vt = ¢ul — 20w — 207wy — 20701 (¢ +iBo™)u,, (1.3.50)

d’ou il s’ensuit que

vt = ¢oul — 20w, + 20w, — 2i0 0T (6* — iBG*u, (1.3.51)

avec ¢* = (¢o)*. Ainsi, les champs ¢, et ¢* non nulle mener face U(1) les charges associés
a l'auxiliaire de champ de jauge B.

L’action de superchamp

Le N = 4 I'action supersymétrie-invariante se compose de trois parties, S = Sy, +
Sint+Spr. La partie cinétique est plus commode d’exprimer dans la base centrale {t, 6, 0°}.
Il a la méme forme que dans I’équation (1.3.21) et son expansion composante coincide avec
la premiere ligne dans ’équation (1.3.13), ou le méme changement de variables (1.3.32)
et (1.3.33) est effectuée comme dans le cas abélien.

La partie d’interaction est considérée comme

1 - . —
Sint = —5/ dtduddtdot K (q+a, uéc) v, (1.3.52)

ot la condition K = K est imposée pour garantir l'action pour étre vrai. Enfin, nous
ajoutons le terme de Fayet-Iliopoulos

" )
Spr = —%/dtdudmdm vt — k/dtB, (1.3.53)

qui est invariant sous les transformations de jauge (1.3.48).
Concentrons-nous sur la partie d’interaction. Il est commode d’introduire de nouvelles
variables

Pa = Ga\/N(z), (1.3.54)

ou
h(z) = /du Kz uf) (f“j‘ = xo‘dqu), (1.3.55)

est une fonction harmonique 7. En effet,
O2h(z) = 42 / dud, 50 ;K (x,ut) = 0. (1.3.56)

En substituant (1.2.56), (1.3.50) et (1.3.51) dans (1.3.52) et en éliminant les degrés
auxiliaires fermioniques de la liberté de wy 2, Wy 2 par leurs équations algébriques du mou-
vement, nous tirons au bout de quelques algebres
?

i L 1 N
Liny = i@%(¢a +1Bpa) = 50" 0y (Aaa)y’ 3¢ — -

ol & — 3 _
2 1 (Fas), X80y (1357)

"Nous supposons ici que h(z) > 0. Le cas h(z) < 0 est traité de méme, si I'on redéfinit h(z) — —h(z).
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Voici
(Ana) = — 2 [auo .K<u+ve - 1u+57) _ ! <g oh— 579 ~h> (1.3.58)
ad)j3 deK +& af a¥p h af VUV g 9 8 Yaa
(Oace = (04) 44 O = —20/02) est une matrice hermitienne sans trace — le champ de
jauge, et

¥ : . :
(Fas), = (Fwli (ofon) ;= 0a(A°)5" = i(Asa) (AT + (@ =) (13.59)
est son auto-dual partie. Il est facile de vérifier de fagcon explicite, que la partie anti-auto-
duale du champ de jauge A, s’annule,

(Fas),) = (Fu), (0u0]), , = =0ual A5 + i Aac) AR + (@ ) = 0. (1.3.60)

Ainsi, l'intensité du champ Fj, est auto-dual et appartient a la représentation (0,1) de
SO(4) = SU(2) x SU(2). Passant a A?, tel que (A,)," = Aj (0,)5'/2, nous constatons que
la représentation 1.3.58 sommes précisément a ’auto-dual 1'ansatz de 't Hooft (1.3.38),
I’équation gauche. L’expression anti-auto-duale de I’équation de droit nait si I’on en poin-
tillés les échangeurs et les indices sans pointés, a savoir les échanges de maniere efficace
o, et O’L. Cela implique aussi de passer & des harmoniques uZ et en fait & un autre N' = 4
la supersymétrie, avec le seconde SU(2) (agissant sur les indices en pointillés) comme le
groupe de symétrie R.

Enfin, en substituant ¢%p., = T¢ (O'a)yﬁ et xa = f1s dans (1.3.57), ou T* est défini
dans (1.3.35) avec t* = %aa, une convainc lui-méme que le terme d’interaction avec le
terme de FI 1.3.53 rendements juste (1.3.34) pour le SU(2) cas de groupe de jauge, et
I’hamiltonien quantique dérivée du lagrangien Ly, + Lin + Lpr a la forme (1.3.15) avec

A, = AST® ot F,, = F2,T"

Supersymétrie N’ = 4 avec monopéle de Yang

Nous avons construit 'action pour le superchamp N = 4 la mécanique quantique
supersymétrique correspondant a ’hamiltonien (1.3.15) avec un non-abéliens SU(2) champ
de jauge A, ce qui vit sur une 4-variété conformément plate et est représentable sous la
forme 't Hooft ansatz (1.3.38).

Comme exemple d'un tel champ, citons la solution instanton sur S*. De maniére gé-
nérique, elle dépend du rayon R de la sphere et la taille instanton p. Les configurations
de taille maximale, p = R, présentent un intérét particulier. Dans les coordonnées stéréo-
graphiques sur S*,

4R4dxi
(22 + R%)2’

ils sont exprimés par les mémes formules que l'instantons a plat dans la jauge de singulier,

ds® = (1.3.61)

2R%*p? x,
Ar = Ut (A = —

2i R? 1
K 22(2? + R?) ) <5aﬁxzy 5 Y xad) ; (1.3.62)

$2(1'2 + R2
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et
8i R?
(Fs ')@7 = m (ﬂfgiﬂﬁa + 5829355) . (1.3.63)

Les fonctions correspondantes dans I’équation (1.3.55) sont prises sous la forme

. 1 . R?

Kt ud) =1+ — 5, h@)= [duk@ ) =142, (136
(c@x*d) T

oll ¢; = c%uy, ** — vecteur constant et R* = 1/c.. L'intégrale sur le coté droit de

Péquation (1.3.64) peut étre calculée comme la série entiere en c; ¢t = —c2 ou directe-
ment apres avoir constaté que la forme de cette intégrale est SO(4) invariant et mettre
¢, = (¢,0,0,0), x, = (x1,72,0,0).

Le champ Aj, peut étre apporté a la jauge non singulicre

20 1, 4R*n°
Av = Swtv e O 1.3.65
T2 4 R2 v (22 + R2)? ( )
par les transformations de jauge (1.3.36) avec U(x) = —io,x,/Va? (cette forme particu-

liere U(z) est demandé par le formulaire du champ la force 1.3.63). La densité de ’action
~ FuF" est la méme dans ce cas a tous les points de S*. Il est & noter que la trans-
formation de jauge singuliere convertit le indices de groupe de jauge sans pointés dans
les pointillés : 'auto-dual potentiel de jauge et de l'intensité du champ dans la notation
spinorielle devenu

(Aaa)’ _ A (5 w*—lmx ) (Fup) . 2 (5 -57+5--57)
aaﬁ'_x2+R2 afva o Tgaa o apBl § (x2+R2)2 ad” B Jelged
(1.3.66)
et? aussi, Pa — gpd = —iQOQ xad/\/ﬁ7 @a - @O’z = _i@a xad/\/P'
Notez que, sur le terrain (1.3.62), (1.3.65) décrit la vie monopole Yang dans R® [51].
Le potentiel 1.3.65 non singuliéere a un groupe-théorique belle signification comme 1'un
des deux SU(2) connexions sur le collecteur coset SO(5)/[SU(2) x SU(2)] ~ S* (voir par
exemple [52]). Elle coincide avec le plat auto-dual instanton seulement dans la paramétri-
sation conformément plate de S* comme dans 1.3.61. Lorsque couplé a la ligne a travers
le monde nos semi-dynamique des variables ¢,, %, le monopole a 5 dimensions Yang est
réduite & cette SU(2) connexion définie sur S?.
Laissez-nous élaborer sur ce point plus en détail, en choisissant, sans perte de généra-
lité, R = 1 dans les formules ci-dessus. Considérez ce qui suit lagrangien d = 1 bosonique
avec l'espace R® cible et un couplage supplémentaire pour Yang monopole

L, .. o a -
Lgs = 5 (UsUs + Yuly) + B (y)T*y, . (1.3.67)

Ici, B} est la forme standard du monopole dans le Yang coordonnées R?,

MY
B = 77 = /2 2 1.3.68
Boor(r+ys)’ " Y5 Y ( )
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T* sont définis comme dans 1.3.35 avec t* = %a“, et 'action pour les demi-dynamique

variables ., * est omis. Maintenant on passe a la décomposition polaire de R®> dans un
rayon r et la partie angulaire S*, (ys5,y,) — (7,05, 9y), U5 = (/1 — g2 , et rééerit 1.3.67

comme
1 . 1 S J
L[R5 = 572 + §T2 (y5y5 + y,uy,u) +

1, G T
1+ /132

Les coordonnées ¢, donner une paramétrisation particuliere de S*. Passant aux coordon-
nées stéréographiques est accompli par la redéfinition

(1.3.69)

Ly
1+ 22’

y”:2

ce qui jette 1.3.69 dans le formulaire

(1.3.70)

L[R5 = ; {T2 + 4,,,.2 jjl‘jjll } + 277,%37%.5“ T '

(1+27)2 1+ a2

On voit que les S* métriques 1.3.61 (avec R = 1) et les instantons vecteur potentiel 1.3.65
apparaissent.

Ainsi, 'approche actuelle, comme un sous-produit, fournit une solution au probleme
de longue date de la construction N/ = 4 supersymétriques mécanique quantique avec des
monopdles Yang (voir par exemple [8] et références dedans). Evidemment, la composante
lagrangienne (1.3.13) (avec la fonction correspondante f(z)) est juste S* le cadre de la
lagrangienne 1.3.70 avec le radiale variable “gelés” r = 1. Vraisemblablement, on peut
restaurer la complete a 5 dimensions en partie cinétique 1.3.70 en ajoutant un couplage
scalaire convenablement contraints A/ = 4 de charge nulle superchamp X (tﬁ,é) qui
décrit un multiplet off-shell (1,4,3) avec un champ bosonique physiques [44], telle que
Xlp—g—o =T

Quelques remarques dans le cas non abélien

Le probleme de trouver une formulation superchamp pour un générique SU(NV) field
auto-dual est plus complexe et est encore une question ouverte. Toutefois, en introdui-
sant des variables supplémentaires ¢;, il est toujours possible d’écrire un lagrangien en
composante (1.3.34) (avec la premiere ligne (1.3.13)) correspondant a ’hamiltonien de la
matrice (1.3.15).

Cette observation a effectivement rien a voir avec la supersymétrie. Son point d’ébul-
lition jusqu’a la suivante. Considérons le probléeme aux valeurs propres pour une ma-
trice hermitienne habituelle Hj;. Elle peut étre traitée comme un Schrodinger probléme
HY(p;) = A\U(p;) with the constraint G¥ = 0, onl

A 0 A 0

ik G=p,— — 1 1.3.71
jka(pk ) (10] agpj ( )

Le lagrangien correspondant est

L = ip;p; — B(gjp; — 1) — @ Hjpr, (1.3.72)
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ou ¢; = (p;)*. Ceci généralise facilement au cas ou H est un opérateur en fonction
d’un ensemble de variables conjuguées canoniquement {p,,z,}. La seule différence est
que —Hj;, est maintenant remplacée par la matrice Lj; obtenu a partir de Hj; par le cas
échéant transformation de Legendre .

L’objectif initial était de trouver une représentation de Lagrange pour 'hamiltonien
(1.3.15) avec la matrice a valeurs A, F,,,. La construction décrite, avec ¢; dans la repré-
sentation fondamentale de SU(N), conduit a matrice hamiltonienne N x N. Le lagrangien
(1.3.72) coincide dans ce cas avec le lagrangien (1.3.34) avec le choix k = 1, a laquelle la
premiére ligne de Eq. (1.3.13) est également ajouté.

Evidemment, on peut décrire les Hamiltoniens en plus des représentations de SU(N)
de la méme fagon, en choisissant le nombre de composants ¢; égale a la dimension de la
représentation. Nous 'avons vu, cependant, que dans le cas SU(2) on peut étre plus éco-
nomique, en introduisant seulement un couple de variables dynamiques ¢, en multipliant
le terme proportionnel a B dans le lagrangien par un arbitraire entier k. Cela conduit a
I'hamiltonien dans la représentation de spin |k|/2. Certaines représentations SU(N) (les
produits symétriques de |k| fondamentale ou |k| représentations antifundamental) peut
également étre atteint de cette maniere.

On peut aussi construire de cette facon un lagrangien supersymétrique N = 2 de
I’hamiltonien (1.3.15) avec A, générique (pas nécessairement auto-dual). Une construction
similaire (mais avec des variables supplémentaires fermioniques plutét que bosonique) a
été en fait discuté dans Réf. [9]. Une beauté de I'approche superespace harmonique exploré
ici est, toutefois, que ces variables supplémentaires et la contrainte (1.3.43) ne sont pas
mis en place par la main, mais se posent naturellement des manifestement off-shell actions
superchamps supersymétriques.

1.3.5 MQS avec des champs de jauge non abélien de monopole en
trois dimensions

L’hamiltonien (1.3.15) présente la généralisation de ’hamiltonien (1.3.11) a métrique
conformément plate en quatre dimensions. Nous avons réussi dans la construction de cette
généralisation en utilisant le formalisme des superchamps. Dans cette section, nous em-
ployons de construction similaire et généraliser le systeme en trois dimensions décrit par
I'hamiltonien (1.3.17) pour le cas conformément plate. Bien que ’hamiltonien résultante,
les supercharges et le lagrangien composante étre simplement la réduction en trois dimen-
sions de la systeme a quatre dimensions, le formalisme des superchamps dans le cas de
trois dimensions implique une superchamp spécifique pour les coordonnées d’espace x* et
est donc mis en ceuvre différemment.

Composant superchamp et action superchamp

Dans cette section, au lieu du superchamp des coordonnées ¢+¢ nous travaillons avec
le superchamp analytique L™" qui englobent le multiplet (3,4,1) et est soumis a des

8Cette observation élémentaire devrait étre bien connu, par exemple, dans les modeles de matrices.
Etonnamment, il n’est pas trouvé dans une telle forme “chimiquement pur”, a I’ littérature, mais des
constructions similaires ont été discutées, par exemple, dans les références [49, 53].
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contraintes (1.2.58). Le superchamp V** et les superchamps auxiliaires v et vt sont
définis par les équations mémes (1.3.46), (1.3.47). Le superchamp V** dans la jauge de
Wess-Zumino (1.3.49) est exprimé avec une composante indépendante B(t). Nous rappe-
lons que B(t) est un “champ de jauge” réel unidimensionnele qui se transforme comme
B — B+ A, avec A(t) étant le parametre du jauge résiduelle symétrie U(1).

Les expressions explicites pour les superchamps ¢, v+, v+ et V*++ sont écrits dans
Eqs. (1.2.56), (1.3.50), (1.3.51) et (1.3.49) respectivement. L’expansion composante du
superchamp analytique L™+ peut étre trouvé dans Eqs. (1.2.59), (1.2.60). Le multiplet
L** implique les coordonnées cible espace ¢*? = (5% en trois dimensions, leurs partenaires
fermioniques x“, Y et un champ auxiliaire réel F. Remarquons que le cas de trois di-
mensions implique seulement un seule groupe symétrie R SU(2) et donc pas d’indices en
pointillés présents dans la description.

Notez également que la contrainte Y, = (x®)" implique la position différente des
indices spinoriels par rapport & Eq. (1.2.57) dans le cas en quatre dimensions (voir la
Section 1.3.5 ci-dessous). Le passage de la notation spinorielle % & la notation vectorielle
0,

0 =0(05)", 4= ;Eg (0:).” i=1,2,3 (1.3.73)

(67 o )

(0; est matrices de Pauli et, comme d’habitude, indices spinoriels sont soulevées et abais-
sées avec les tenseurs antisymétriques de Levi-Civita .45 et €27), pour les coordonnées en
trois dimensions est considéré dans la Section 1.3.5. La condition (1.2.60) veille a ce que
les coordonnées ¢; sont réels.

La lagrangien pleine £ entrant dans le action invariante off-shell N' =4 S = [dtL se
compose des trois pieces ?

L= Cop + Lo + Lpp = / dud*0 R (L™, L™, L™, u)

1 _ — ik _
= / dudf* 9" K(L™ uputot - 2 / dudf*dot VT, (1.3.74)

ou LT~ = %D**LJr+ et L=~ = D~ L*. Les fonctions de superchamps Ry, et K sup-
porter une dépendance arbitraire sur leurs arguments. Le sens de trois termes en 1.3.74

est expliqué ci-dessous.

De superespace harmonique a des composants

Le premier terme de type sigma-modéle dans Eq. 1.3.74, aprés intégration sur les
variables de Grassmann et variables harmoniques, on obtient les termes cinétiques géné-
ralisées pour £*?, x®, Xa :

Lian = 357 (~20sl™ 4 F) L7 (R = %ax®) + § (000 2) X

i . _ 1
+ g5l 0n XX + 000N} = XX Ousf, (13.75)

9La formulation superchamp premier de MQS général (3,4,1) sans interaction avec champ de jauge
a été donnée dans [15].
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ot X' = X*a X’X5, Oap = a%ﬁ et f(¢) est un facteur conformel. Les calculs sont plus

facilement réalisée dans la base centrale, ou LT+ = uiugLaﬂ (t, 6., 65). Then
200 = — aﬁaaﬁ/ka (faﬁu;ru;g,fa’gu;rug,fo‘ﬁu;ug) du.

Le terme fermionique cinétique peut étre portée a la forme canonique par le change-
ment de variables -
Xa = fwa, Xa = f%- (1376)
Il est intéressant de souligner que la groupe symétrie R SU(2) donne au groupe de rotation
SO(3) dans I'espace cible R? paramétrée par ¢ de 1'équation (1.3.73). Le facteur conformel
f(¢) peut avoir une dépendance arbitraire sur £*?, donc cette groupe SO(3) peut étre
totalement rompu dans le lagrangien 1.3.75.
La deuxiéme picce dans Eq. (1.3.74) décrit le couplage & un champ de jauge non
abélien externe. Exécution de intégration sur 67, 67 et u, éliminer les champs auxiliaires
fermioniques wy 5 et, finalement, mise a I’échelle des variables bosoniques doublet que

Po = ¢a\/%7 ou
h(0) :/duK(zaﬂugug,ui), (1.3.77)

Y

apreés un peu d’algebre, nous obtenons

g ‘ sl 0 Lo _ o—B -
Ling = i0” (Pa +%B%)+W¢5§ (Aag),s ! B_§FW<P6 Uss+ XX @ ¢ VaslUss. (1.3.78)

Ici, le champ de jauge non abélien et le potentiel scalaire (matrice) sont entiérement
spécifié par la fonction h :
i 1
(Aaﬁ),ﬂ; = Qh{&ygaa(sh + €,ma/35h + 65580{7}1 + €5a857h}, U75 = E ,ﬂ;h . (1.3.79)

Par sa définition, la fonction h obéit a I’équation de Laplace en trois dimensions,
0 0psh = 0. (1.3.80)

En utilisant les expressions explicites 1.3.79, il est facile de vérifier la relation

(Fap),s = 2iVagUss, (1.3.81)

ou
(Fag)s = =20, (Axg) 5 +1i (Aa*)w (Arg)s + (o < ), (1.3.82)
VaslUss = =20apUns + i (Aap)y Us™ + i (Aap)sy U, (1.3.83)

et (]—'ag)w est liée a l'intensité standard du champ de jauge dans la notation vectorielle,
voir ci-dessous. Comme nous le verrons bientot, la condition 1.3.81 n’est autre que la forme
statique de la condition générale auto-dual pour le champ SU(2) de Yang-Mills dans R*
(voir Eq. (1.3.90)), & savoir les équations Bogomolny pour BPS monopdles [22], tandis
que 1.3.79 fournit une solution particuliere a ces équations, étant une forme statique de
‘ansatz de 't Hooft [16].
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Notez que la relation 1.3.81 est covariante et le lagrangien 1.3.78 est la forme invariante
sous la transformations jauge SU(2) de “espace cible” écrite dans Eq. (1.3.36). Ce n’est pas
une symeétrie véritable ; plutot, il s’agit d’une reparamétrisation du lagrangien qui permet
de jeter les potentiels de fond 1.3.79 dans certaines formes différentes équivalents. Il faut
noter que les indices de groupe de jauge coincident avec ceux du groupe symétrie R, comme
dans le cas en quatre dimensions. Néanmoins, reparamétrisations “jauge” 1.3.36 n’affectent
pas les indices doublet des coordonnées d’espace cible ¢*8 et leurs superpartenaires qui
présents dans le superchamp L. Ils agissent uniquement sur les variables de spin demi-
dynamiques ¢,, ©“ sur les potentiels jauge et scalaires 1.3.79.

Finalement, le terme dernier de Eq. (1.3.74) donne le terme de Fayet-Iliopoulos,

Lrr = kB. (1.3.84)

Dans le cas quantique, le coefficient k est quantifiée, k € Z, sur les mémes motifs que
dans le cas de quatre dimensions.

Notations vectorielles en trois dimensions

Il est instructif de réécrire les relations et les expressions ci-dessus, y compris la la-
grangien pleine (1.3.74), dans les notations vectorielles. Pour ce faire, nous passer de (*#
a ¢; comme dans Eq. (1.3.73) et associer le vecteur A; aver le champ de jauge A.p (avec
des indices de matrice supplémentaires qui ont été omis ici pour simplifier) par la régle

(o)

AP = A, (0)f A = ;Ag ()7, i=1,2,3 (1.3.85)

On peut vérifier que les coordonnées ¢; sont réels tandis que la matrice (.AZ-)V‘s est her-
mitienne. Notez également la relation entre les dérivées partielles 0,5 = 0/ OB et 0, =

1
_ _ B qa
Nous faisons également une conversion similaire des indices des groupes de jauge,
1 a 0 a 1
M,Y(S = §M (O-a)»y , M* = lM(S,Y (0-0,)7 ) a = ]-7 2’ 37 (1387)

pour toute matrice M hermitienne 2 x 2 de trace nulle.
Dans les nouvelles notations, le lagrangien total 1.3.74 prend la forme suivante :

1 . . _ . _
L= 3 F202 4 AST; + i@ (Po + 1Bpy) + kB 4 o)™ + fAV,U T o)

+ 411 {faizf -3 (az‘f)Q} P!+ 2f_15ijkaif€j Yoy

1 1 ara -1 7
+ G GF (UMT — 710 f o) . (13.88)

ot T définie dans Eq. (1.3.35). Ici
VU = o;U" + e AU* (1.3.89)
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et les équations de Bogomolny 1.3.81 qui se rapportent A? et U® sont de maniere équiva-
lente réécrite sous la forme plus familiere,

Fi = eipuViU*, (1.3.90)

ou Ff = 0;AY — 9; A7 + e AL AS. Finalement, le champ de jauge et le potentiel matrice
définie dans 1.3.79 sont réécrits comme

A = —¢€i,0; In b, U= —-0,Inh, Ah=0. (1.3.91)
Apres avoir éliminé le champ auxiliaire F' par son équation du mouvement,
F=2f*(f'0:f poip — UT") (1.3.92)

le lagrangien 1.3.88 prend la forme

1 . . _ . _
£ = I 4 AT+ 03% ($o + Bipa) + B + ial® + [0t (Vi + f10.) UT"

+ i {faff —4 (@f)Q} W+ 2f a0 f £ Yot — ;f2(U“T“)2 . (1.3.93)

Nous voyons que ce lagrangien implique trois champs physiques bosoniques ¢; et quatre
champs physiques fermioniques v, . Il est entierement spécifié par deux fonctions indépen-
dantes : le facteur métrique conformel f(¢) qui peut supporter une dépendance arbitraire
sur /; et la fonction h(¢) qui satisfait 1’équation de Laplace en trois dimensions et déter-
mine les potentiels jauge non abélien et scalaire. La représentation 1.3.77 pour h en termes
de la fonction analytique K (¢7% u) donne en fait une solution générale de 1’équation de
Laplace en trois dimensions [54]. Si on prend la fonction h(f) a disparaitre au |[f] — oo,
cette fonction peut étre présentée comme la somme sur monopoles suivante :

W) =1+ 22 (1.3.94)
|0 by
Il s’agit des positions particulieres de monopoles Z;M ainsi que les numéros c;; associé a
chaque monopole.
Le lagrangien 1.3.93 contient également des variables de spin “semi-dynamiques”
Ya, ", dont le role est le méme que dans le cas en quatre dimensions : apres quan-

tification ils assurent que 7 défini par (1.3.35) devenir la matrice générateurs SU(2)
correspondant a la représentation de spin |k|/2.

Hamiltonien et supercharges

Le lagrangien 1.3.93 est le point de départ pour la mise en place de la formulation
hamiltonienne du modele a I’étude et la quantification de la derniere. Apres substitution
de générateurs spin-k/2 SU(2) au lieu de T, ’hamiltonien quantique de ce systéme prend
la forme

H— ; Fi— A [+ ;FU? PV Uo

+ {Eijkfaz’f (P; — Aj) — faka}wamZ + fO°f {w% _ ; (W@ZV)Q} , (1.3.95)
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qui est juste un réduction statique en trois dimensions de I’hamiltonien en quatre dimen-
sions donné par Eq. (1.3.15). Dans cette expression, le champ de jauge A; = AT et le
potentiel scalaire U = U*T sont matrices SU(2) soumis a la contrainte (1.3.90). I1 est

également facile de trouver les supercharges Q,, Q° :
Qa=rf (%@Da (B — Ai) — Ve, (%@Dai@f — ifUtha,
Q* = (¢0:)™ (pi — Ai) [+ i0;f (03)" Wby + i fUY,
L’ambiguité de commande résultant dans le cas du facteur conformel générale f(¢) peut
étre fixé, comme d’habitude, par la procédure de commande de Weyl [41].

Laissez-nous mettre I'accent que la seule condition requise dans les champs de la
matrice A; et U pour les générateurs Q, et QP pour former le superalgebra N = 4 1.2.25
que ces champs satisfont aux équations de Bogomolny 1.3.90. Ainsi, les expressions 1.3.95
et 1.3.96 définissent le modele MQS N = 4 dans le champ arbitraire de BPS monopole,
pas nécessairement limitée a la ansatz 1.3.91. En outre, on peut étendre le groupe de jauge
SU(2) a SU(N) dans 1.3.95 et 1.3.96.

Notons que '’hamiltonien (1.3.95) en trois dimensions et les supercharges (1.3.96) ont
été considérés pour la premiere fois en Réf. [12] (dans le cas abélien).

(1.3.96)

Supersymétrie N’ = 4 avec monopéle de Wu-Yang

finalement, comme un exemple simple de champ de monopole compatible avec super-
symétrie N = 4 off-shell et on-shell, laissez-nous envisager un particulier le cas a symétrie
sphérique en trois dimensions. Il correspond a la solution SO(3) invariante plus générale
de I’équation de Laplace de la fonction h,

hso(3)(€) = co + a1 \/2_2 : (1.3.97)
Les potentiels correspondants calculés selon les équations 1.3.91 donnent
G e e — ta €1
4 C1+Co\/f_27 e C1+Co\/f_2'

Cette configuration devient le monopole de Wu-Yang [24] pour le choix ¢y = 0. Il est
facile de trouver la fonction analytique K (£71, u) qui génere la solution 1.3.97 (voir [6]) :

A? = 5ija (1398)

_3
2

heo(3) (£) = / du Koo(s) (07, 1), Kooy (€75 u) = co+ ey (140 07F) 7

(=0t ettt ot = a*Puguy, ajal =2. (1.3.99)

On pourrait également choisir comme h(¢), par exemple, le bien-connu solution multi-
centre de I'équation de Laplace, avec SO(3) cassé. Notez que la mécanique N’ = 4 avec
couplage & monopdle de Wu-Yang a été récemment construit dans [21], de procéder a partir
d’une approche différente, avec I'invariance SO(3) intégré et le traitement des variables de
spin dans 'esprit de la référence [18]. Notre examen général montre, en particulier, que la
demande de symétrie SO(3) n’est pas nécessaire pour l'existence de modeles MQS N =4
avec champs de jauge de monopole non abélien.
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Relation avec le systtme MQS N = 4 en quatre dimensions

Il est instructif de montrer que 1.3.91 peut en effet étre considéré comme une réduction
3-dimensionnelle de I'ansatz de 't Hooft pour la solution de I’équation général auto-dual en
R* pour le grouppe de jauge SU(2), avec I'identification U = A2, tandis que la condition
1.3.90 est la réduction de cette équation en trois dimensions.

Pour établir cette relation, nous utilisons les regles suivantes de la correspondance
entre le formalisme spinoriel SO(4) = SU(2) x SU(2) et son réduction SU(2) :

(0)ay = {102, (@)}

G €a4p — —€°7,

. (1.3.100)
Loy — 05, P — —(9,
Yo — P

Cela reflete le fait que le symétrie R SU(2) dans les modeles (3,4,1) peut étre traité
comme un sous-groupe diagonale dans la groupe de symétrie SO(4) = SU(2) x SU(2) de
modeles (4,4,0), avec les facteurs SU(2) agissant, respectivement, sur les indices non-
pointillés et pointillés.

Le champ de jauge SU(2) auto-dual en R* dans 'ansatz de 't Hooft est écrit dans la
notation spinorielle dans Eq. (1.3.58). Puis, en utilisant les regles 1.3.100, on effectue la
réduction R* — R3 comme

(Aug)! — iU+ (AD)S,  (A2).0 =0,

(1.3.101)
h(z) — h(0), 9505 h = 0.

Sur cette réduction, I'ansatz 1.3.58 en quatre dimensions donne précisément 1.3.79,
tandis que le condition général auto-dual (1.3.60) devient les équations de Bogomolny
1.3.81. Bien sfir, la méme réduction peut étre effectuée dans la notation vectorielle, avec
Fuw — {Fij, For = ViU}, et Eqs. 1.3.90, 1.3.91 comme le résultat.

Ainsi, le champ de jauge général prescrite par supersymétrie off-shell N' = 4 dans ce
systeme (3,4, 1) est une forme statique de 'ansatz de 't Hooft pour un champ de jauge
SU(2) auto-dual en R*. Ceci suggere que la réduction de I'espace cible bosonique dessusa
sa contrepartie superchamp concernant le systeme en quatre dimensions décrites dans la
Section 1.3.4 a celui qui est envisagé ici.

Effectivement, 1’action de superchamp (3,4,1) 1.3.74 peut étre obtenue a partir de
P'action de multiplet (4,4, 0) composé les Eqs. (1.3.21), (1.3.52), (1.3.53) par “la dualité
automorphe” [55] en considérant un classe restreint des actions (4,4, 0) avec U(1) isomé-
trie et effectuer une jaugeage superchamp de cette isométrie par un superchamp de jauge
supplémentaire V1’ selon ligne générale de Réf. [56]. En fait, la réduction de 1’espace cible
bosonique qui nous venons de décrire correspond a l'isométrie décalage de superchamp
analytique ¢+ recevoir le multiplet (4,4, 0), a savoir, par ¢*¢ — ¢™ +wu™ . Il est la
projection invariante ¢™%u} qui va devenir le superchamp (3,4, 1) L™t sur jauger cette
isométrie et par le choix de la jauge appropriée que est manifestement supersymétrique

N =4
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Un impact important de cette réduction superchamp sur la structure de ’action com-
posante est 'apparition du nouveau potentiel induit qui est bilinéaire dans les générateurs
de groupe de jauge ~ U? = UUT*T"? . 1l sort a la suite de I’élimination du champ auxi-
liaire F' en multiplet off-shell (3,4, 1), et ainsi est nécessairement prescrit par la super-
symétrie N = 4. 1l est intéressant que les termes potentiels analogues ont été introduits
dans [57] au niveau bosonique de veiller a I'existence de certains symétries cachée dans
les modeles de particule en trois dimensions dans un contexte de monopdle non abélien.

La méme réduction R* — R3 peut étre effectuée au niveau de hamiltonien et super-
charges. En particulier, la réduction de I’hamiltonien du systéme en quatre dimensions de
Eq. (1.3.15) donne ’hamiltonien en trois dimensions (1.3.95).
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1.4 Conclusion

Nous avons étudié un couplage assez générale off-shell supersymétrique N' = 4 de
d = 1 de supermultiplets des coordonnés (4,4,0) et (3,4,1) avec une champ de jauge
externe abélien auto-dual (ou anti-auto-dual) et nous avons discuté le cas de (4,4, 0) en
détails. ’approche superespace harmonique est le cadre principal de ’etude.

L’utilisation d’un multiplet analytique “semi-dynamiques” (4,4, 0) avec le type d’ac-
tion de Wess-Zumino nous a permis de faire le couplage des multiplets de coordonner
(4,4,0) et (3,4, 1) avec une champ de jauge SU(2) externe. Ce multiplet auxiliaire integre
le doublet de variables spinorielles bosoniques SU(2) qui sont cruciaux pour I'organisation
de couplage aux champs de jauge non abéliens. Dans le cas de quatre dimensions, la su-
persymétrie off-shell N' = 4 restreint le champ de jauge non abélien d’étre auto-dual (ou
anti-auto-dual) et dans une forme de 'ansatz de 't Hooft pour le champ de jauge SU(2).
Dans le cas de trois dimensions, le champ de jauge non-abélien est une réduction en trois
dimensions de cette ansatz de 't Hooft, c’est a dire une solution particuliere des équations
de monopdle de Bogomolny. De plus, en trois dimensions, au niveau des composants, le
couplage d'un champ de jauge est nécessairement accompagné par un potentiel induit
qui est bilinéaire en générateurs SU(2) et survient a la suite de I’élimination du champ
auxiliaire du multiplet des coordonnés (3,4, 1).

La forme explicite des hamiltoniens et des supercharges a été présentés. Les expressions
correspondantes satisfont la supersymétrie on-shell N = 4 pour tout champ de jauge auto-
dual ou anti-auto-dual, abélien ou non abélien en quatre dimensions, pas nécessairement
dans 'ansatz de forme de 't Hooft. En trois dimensions, un champ de fond arbitraires de
monopole BPS peut étre utilisé dans le cas non abélien.

Il est intéressant de noter que des contraintes similaires (équations Bogomolny) sur le
champ de jauge extérieur non abélien en trois dimensions ont été trouves dans [58], tout en
considérant I’extension N = 4 de phase de Berry en mécanique quantique. Néanmoins, au-
cune action invariante et/ou les expressions explicites pour I'hamiltonien et supercharges
N =4 n’ont pas été présentés dans cette référence.

La contrepartie non linéaire de multiplet ¢ est discuté dans [46]. Dans ce cas, la
géométrie de cible bosonique est plus général par rapport a la géométrie conforme plate
associée a multiplet linéaire (4,4, 0).

Parmi les orientations possibles de la suite d’étude plus loin, nous mentionnons la
construction de modeles SQM avec N supérieurs avec des champs de jauges non-abéliens,
par exemple N = 8, ainsi que 'étude des réductions différentes supersymétriques de
ces modeles a variétés de dimensions basses de cibles bosoniques par la procédure de
calibrage [56]. En fait, la méthode de multiplet auxiliaire semi-dynamique (4,4, 0) avec
I’action de type de Wess-Zumino, qui a été appliquée avec succes dans notre construction,
pourrait étre utilisé avec l'efficacité égale pour construire une description lagrangienne
d’autres problemes supersymétriques de la mécanique quantique, qui implique le couplage
d’un champ de jauge non abélien externe. Hors des exemples évidents de l'effet Hall
quantique (ou un probléme de Landau) dans les dimensions supérieures (voir par exemple
la discussion dans [8]), laissez-nous aussi mentionner la boucle de Wilson fonctionnelle
supersymétrique qui peut étre interprétée en termes d’une version non abélienne de Chern-



1.4 Conclusion 45

Simons en mécanique (super)quantique [59], avec le parametre le long de la boucle comme
un parametre d’évolution. Nous espérons que des variables semi-dynamiques quantifiées
pourrait fournir un nouvel outil efficace pour étudier cette classe des problemes.
L’ansatz de type de 't Hooft 1.3.38 et le choix de SU(2) comme le groupe de jauge sont
nécessaires pour l'existence de formulation superchamp off-shell des systemes de SQM
discuté. On ne sait pas si le systeme le plus général peut étre dérivé d’un formalisme
superchamp off-shell, avec des horizons général instanton/monopole obtenus a partir de
la construction ADHM [60] ou de se réduction en trois dimensions. De plus, il ne reste q'un
probleme de 'extension des modeles d'un groupe de jauge SU(N) générique. Peut-étre,
les questions ci-dessus sont liés a la généralisation du terme d’interaction (1.3.52) comme

S — / dt dudf*do* K+ (q+0, uf, vtot).

Il serait également intéressant d’étudier les modeles de SQM avec le multiplet semi-
dynamique non linéaire (4,4, 0) [56].






Introduction

Chapitre

Supersymmetric quantum mechanics (SQM) provides a proper venue for exploring and
modeling salient features of supersymmetric field theories in diverse dimensions [1]. Some
SQM models represent one-dimensional reductions of higher-dimensional supersymmetric
theories. At the same time, many interesting models of this kind can be constructed di-
rectly in (041) dimensions, without any reference to the dimensional reduction procedure.
They exhibit some surprising properties related to peculiarities of one-dimensional super-
symmetry. For any SQM model (like for any supersymmetric field theory), it is desirable,
besides the component Hamiltonian and Lagrangian description, to have the appropriate
superfield Lagrangian formulation. The latter makes supersymmetry manifest, prompts
possible generalizations of the model and allows one to reveal relationships with other
cognate theories.

This study is devoted to the Hamiltonian and the Lagrangian as well as the superfield
Lagrangian formulation for a certain class of N' = 4 SQM models ! with self-dual or
anti-self-dual Abelian or non-Abelian gauge field backgrounds [2, 3, 4]. Surprisingly, such
systems did not attracted much attention so far. A natural framework for this formulation
proves to be the harmonic superspace (HSS) approach [5] adapted to the one-dimensional
case [6].

The models of supersymmetric quantum mechanics with background gauge fields are
of obvious interest for several reasons. One of them is a close relation of these systems to
the Landau problem (motion of a charged particle in an external magnetic field) and its
generalizations (see e.g. [7]). The Landau-type models constitute a basis of the theoretical
description of quantum Hall effect (QHE), and it is natural to expect that their supersym-
metric extensions, with extra fermionic variables added, may be relevant to spin versions
of QHE. Also, these systems can provide quantum-mechanical realizations of various Hopf
maps closely related to higher-dimensional QHE (see e.g. [8] and references therein).

The first type of SQM models considered in this work represents a subclass of well-
known systems which describe the motion of a fermion on an even-dimensional manifold
with an arbitrary gauge background. It was observed many years ago that one can treat
these systems as supersymmetric ones such that, e.g., the Atiyah-Singer index of the mass-
less Dirac operator 7 can be interpreted as the Witten index of a certain supersymmetric
Hamiltonian [9]. The corresponding supercharges and the Hamiltonian are

Q:@(1+75)7 Q:@(l_’%)v H:p27

!Hereafter, in quantum mechanics, A counts the number of real supercharges.
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where 5 is the appropriate “fifth gamma matrix” obeying 72 = 1 and anticommuting
with the Dirac operator, {vs5, 7} = 0. Indeed, for any eigenstate ¥ of the massless Dirac
operator I with a nonzero eigenvalue ), the state v°W is also an eigenstate of 7 with the
eigenvalue —\. Thus, all excited states of H are doubly degenerate.

It turns out that for a four-dimensional flat manifold and self-dual or anti-self-dual
gauge field, Abelian or non-Abelian, the spectrum of H is 4-fold degenerate implying the
extended N = 4 supersymmetry. For a flat Dirac operator in the instanton background,
this can be traced back to Ref. [10].

N = 4 SQM models with the background Abelian gauge fields were treated in the
pioneer papers [11, 12] and, more recently, e.g. in [13, 6, 14, 2]|. In particular, in [6] an
off-shell Lagrangian superfield formulation of the general models associated with the mul-
tiplets (4,4,0) and (3,4,1) was given in the N’ = 4, d = 1 harmonic superspace 2. It
was found that N/ = 4 supersymmetry requires the gauge field to be (anti)self-dual in
the four-dimensional (4,4,0) case, or to obey a “static” version of the (anti)self-duality
condition in the three-dimensional (3,4, 1) case. In the papers [14, 2], it was observed (in
a Hamiltonian approach) that the Abelian (4,4,0) /' = 4 SQM admits a simple gene-
ralization to arbitrary self-dual non-Abelian background. In [3], an off-shell Lagrangian
formulation was shown to exist for a particular class of such non-Abelian N = 4 SQM
models, with SU(2) gauge group and 't Hooft ansatz [16] for the self-dual SU(2) gauge
field (see also [17]). As in the Abelian case, it was the use of N' = 4, d = 1 harmonic super-
space that allowed us to construct such an off-shell formulation. A new non-trivial feature
of the construction of [3] is the involvement of an auxiliary “semi-dynamical” (4,4, 0)
multiplet with the Wess-Zumino type action possessing an extra gauged U(1) symmetry.
After quantization, the corresponding bosonic fields become a sort of spin SU(2) variables
to which the background gauge field naturally couples 3.

The second class of SQM models that we consider can be obtained at the component
level by the Hamiltonian reduction of the systems discussed above from four to three di-
mensions. Their superfield description is nontrivial and consists in coupling the coordinate
supermultiplet (3,4,1) to an external non-Abelian gauge field through the introduction
of the auxiliary (4,4,0) superfield. The off-shell N' = 4 supersymmetry restricts the
external gauge field to be represented by a “static” version of the 't Hooft ansatz for
four-dimensional (anti)self-dual SU(2) gauge fields, i.e. to a particular solution of the ge-
neral monopole Bogomolny equations [22] *. A new feature of the three-dimensional case
is the appearance of “induced” potential term in the action as a result of eliminating the
auxiliary field of the coordinate (3,4, 1) supermultiplet. This term is bilinear in the SU(2)
gauge group generators. As a particular “spherically symmetric” case of the construction
(with the exact SU(2) R-symmetry) we recover the N/ = 4 mechanics with Wu-Yang mo-
nopole [24] (recently considered in [21] with an essentially different treatment of the spin
variables).

The chapter 3 is devoted to the introduction to supersymmetry in four-dimensional

2The first superfield formulation of general (3,4,1) SQM (without background gauge field couplings)
was given in [15].

3The use of such auxiliary bosonic variables for setting up coupling of a particle to Yang-Mills fields
can be traced back to [18]. In the context of N'=4 SQM, they were employed in [19, 20] and [8, 21].

4Some BPS monopole backgrounds in the framework of N' = 2 SQM were considered, e.g., in [23].
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relativistic field theories. We discuss the motivation and the properties of supersymmetric
theories as well as the their practical realization through the superfield approach. As an
illustration, we consider the simplest example of the Wess-Zumino model — a complex
scalar field coupled to a Weyl spinor field.

In chapter 4, we discuss supersymmetry in quantum mechanics. The ordinary super-
space and harmonic superspace formalisms are given. In particular, the structure of the
supermultiplets (4,4,0) and (3,4, 1) is explained. Additionally, we introduce necessary
notations which will be used in the chapter 5.

The chapter 5 presents the original results of this study. We give the component
and the superfield description of the four-dimensional and the three-dimensional models
discussed above. In particular, the Hamiltonians and the corresponding supercharges are
written.

Finally, to facilitate the reading of the manuscript, the contents of the references
[2, 3, 4] are given in the appendices A, B and C respectively.






Chapitre

Supersymmetric
extension of Poincaré
symmetry

This chapter is purely introductory and is devoted to supersymmetric
field theories in four-dimensional Minkowski space.

We explain what is supersymmetry and why it is the only possible non-
trivial extension of the Poincaré symmetry. We discuss main properties
of any supersymmetric field theory and motivate why supersymmetric
theories are interesting.

Finally, we show how to work with such theories and explain the su-
perfield formalism. As an illustration, we consider a simplest possible
supersymmetric example — the Wess-Zumino model which describes su-
persymmetric dynamics of a complex scalar field.
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In a supersymmetric field theory, interactions between particles are fine-tuned in a
special way, so that an additional continuous symmetry — supersymmetry — emerges. This
symmetry mixes bosons and fermions (particles with different statistics) between each
other.

Supersymmetry admits natural resolution of certain inconsistency problems of field
theories. For instance, a vacuum in a field theory usually has infinite energy density. In a
theory with unbroken supersymmetry, however, the energy of a vacuum is exactly zero.
This subject is discussed in details in Section 3.6.4.

The infinite vacuum energy density in a field theory does not produce a problem by
itself. Being coupled to gravity, however, such a theory becomes inconsistent. Thus, every
known consistent field theory with gravity must be supersymmetric. In a similar manner,
supersymmetry is included into every consistent string theory.

Another notable property of supersymmetric field theories is the equality in the num-
ber of bosonic and fermionic particles. It is not what we observe experimentally. This
does not mean, however, that the idea of supersymmetry is altogether unreasonable. In-
deed, supersymmetry may describe particle interactions at very small distances and very
high energies and be broken at our energy scale. Assuming that it is the case, the ex-
tra predicted particles may acquire large masses, which explains the fact that they have
not been observed so far. In addition, supersymmetric gauge theories provide the lightest
supersymmetric particle as a natural candidate for dark matter.

All physical phenomena up to the TeV scale are well described by the Standard Model.
Despite its success, however, it is conceivable that a new theory has to exist beyond the
TeV scale. One reason is that we need a Higgs boson to break the electroweak symmetry.
The radiative corrections to the mass of the Higgs boson are quadratically divergent and
thus give an unacceptable large contribution if the cutoff scale is not of the TeV scale. This
is called the naturalness problem. One way to address it is to consider a supersymmetric
extension of the Standard Model. In the presence of supersymmetry, the mass of the Higgs
boson is the same as the mass of its fermionic partner, while the fermion mass obtains
only a logarithmic divergence due to the fact that an additional chiral symmetry appears
in the absence of the mass term.

Of course, supersymmetry should be broken below the TeV scale to be able to describe
our non-supersymmetric world. One can introduce supersymmetry breaking terms by
hand. They should break supersymmetry softly in the sense that quadratic divergences
should be absent. Alternatively, supersymmetry can be broken dynamically, so that the
soft terms are generated in the a energy effective theory.

There is another aspect which makes supersymmetry attractive for a theorist. In
particle physics, symmetries restrict particle dynamics and allow one to make theoreti-
cal predictions on kinematical grounds without actually doing any concrete dynamical
calculation. The introduction of the extra symmetry on top of the Poincaré symmetry
imposes more constraints on the amplitudes in a theory and makes it more accessible for
theoretical studies. In it even believed that in some cases supersymmetry makes a theory
exactly solvable. In fact, supersymmetry is a powerful instrument to study strong coupling
dynamics and non-perturbative effects analytically.

In addition, theoretically appealing property of supersymmetry is that it offers the
only “loophole” to the Coleman-Mandula theorem (see Section 3.4) which prohibits any
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nontrivial extension of the Poincaré symmetry in a field theory.

It is possible to make a supersymmetric theory from almost any field theory. There
exist en effective superfield technique for this. It is discussed in details in this chapter.

In a certain way, supersymmetric extension of a theory can be compared with the
extension of real numbers R to complex numbers C. Indeed, analytical functions on the
complex plane are much more constrained than functions of real argument. It is well
known that an analytical function of a complex argument, given in some region of the
complex plane, can be uniquely analytically continued to other regions or even to the whole
complex plane. It it also well known that an analytical function can be reconstructed from
the knowledge of its zeros and poles, which is not the case for functions of real argument.

These central properties of complex functions are of great importance in supersym-
metric theories : the introduction of supersymmetry renders physical observables (e.g.
amplitudes) depend on the parameters of the theory analytically. This allows one to cal-
culate these quantities in one region of the theory (for example, in the region of the weak
coupling, where the calculations can be carried out perturbatively) and then analytically
continue the results to the strong coupling regime. As an example of such analysis, let us
mention the paper by Seiberg and Witten [25] who studied the supersymmetric extension
of quantum chromodynamics (QCD) and showed analytically that this theory is confining.

Supersymmetry, however, is reacher than just the complex analysis. Whereas the com-
plex extension of real numbers is unique, several supersymmetric extensions of a quantum
theory may be possible. A theory may have an ordinary or an extended supersymmetry.
A quantum field theory in four space-time dimensions may have as much as four inde-
pendent supersymmetries. The four-dimensional field theories with gravity may have as
much as eight independent supersymmetries. The number of independent supersymme-
tries is usually counted by the N symbol, e.g. N' = 2 means that a field theory has two
independent supersymmetries.

The more is the number of supersymmetries, the more a theory is constrained. This ge-
nerally makes the theory more amenable for theoretical studies. The best known example
is N/ = 4 super-Yang-Mills theory — a theory similar to QCD, but extended to have four
different supersymmetries. It is believed that this theory is exactly solvable. Still, this
theory is very different from QCD, having zero -function, no dimensional transmutation
and no confinement. The simplest supersymmetric extension of QCD (with one supersym-
metry) is still too complicated to be understood analytically. The NV = 2 super-Yang-Mills
theory (which was studied by Seiberg and Witten) is intermediate between N' = 1 and
N = 4 theories.

Being invented as a form of mathematical construction, supersymmetry produced the
deepest impact on theoretical physics over the last several decades and became an essential
part of modern high-energy physics.

3.1 Basic notations in four-dimensional Minkowski space

We denote the coordinates in four-dimensional Minkowski space as x* with the Lorentz
indices taken from the middle of the Greek alphabet,

W, v, p,---=0,1,2,3. (3.1.1)
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Thereby, the coordinate z° is associated with time. As for the three space components,

2!, we use the indices from the middle of the Latin alphabet,
i, 7, k, oo =1,2,3. (3.1.2)

Also, it is convenient to use the vectorial notation ' for the space components of the
four-vector x*.
The Minkowski space metric tensor is

1 0 0 O
0 -1 0 O o

9w =10 0 -1 o = diag (1,—1,—1,-1). (3.1.3)
0o 0 0 -1

As usual, it is used for raising and lowering Lorentz indices. For instance, one has for a
tensor A, with two Lorentz indices :

A, = g" Ay, A = g4, (3.1.4)

where ¢g"” is the inverse metric tensor, which is equal to g,,. As usual, summing over the
repeated indices is assumed, as in the formulas above.

Supersymmetry involves fermions. Consequently, spinors and spinor notations are
extensively exploited in all the chapters. The spinorial indices are denoted with undotted
and dotted Greek letters from the beginning of the alphabet :

a,f=1,2 and & (B=1,2. (3.1.5)
Throughout this chapter the following four-dimensional matrices are used :
(0") e =1{1, 7} s » (") = {1, —a}*, (3.1.6)

where ¢ are ordinary Pauli matrices. Note that starting from the next chapter, where a
quantum-mechanical formalism is involved, the Euclidean version of these matrices will
be used, see Eq. (4.5.44).

3.2 Poincaré group and Poincaré algebra

The Poincaré group in Minkowski space parametrized by the coordinates z* can be
realized by linear transformations

ot = AV + (3.2.1)
which preserve the space-time interval
ds® = g, drtdx”. (3.2.2)

The subgroup of homogeneous transformations (i.e. those with parameters A#) form the
Lorentz group O(1, 3). The invariance of ds? implies

GuNSAL = Gpo (3.2.3)
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and, as a consequence, det A = +1. Here we skip the consideration of the discrete Poincaré
transformations (i.e. space-time reflections) some of which are related to the det A = —1
branch of solutions of Eq. (3.2.3). Instead, we take the proper subgroup in the Lorentz
group with det A = 1. The infinitesimal (infinitely small) Lorentz transformation can be
written as

AL =68 4+ Wk, Wiy = —Wyp, (3.2.4)

where, as usual, w,, = g,,w?. In this way, the infinitesimal form of the transformations
(3.2.1) is given by

N 1 ~
dxt = —i|c"P, + iw”pM,,p ", (3.2.5)
where the differential operators
P,=id, M, =—i(r,0, —x,0,) (3.2.6)

are the generators of the Poincaré algebra. The infinitesimal form for the action of the
Poincaré group on functions f(x) on the Minkowski space is

1) = Fla) =i [ B+ Sty | f(0) (327)

The Poincaré algebra generators — four translations P, and six space-time rotations
M, — form the Poincaré algebra *

[Puv PV] = 07
[M/w ) P)\] =1 (gp)\ Pl/ — Gux PM) ) (328)
(M s Mpo] =i (gup Moo + Guo Mup — Gup Mo — guo M) -

Thus, the Poincaré algebra in Minkowski space in four dimensions has 10 independent
generators : four space-time shifts, three space rotations and three boosts (transformations
to other inertial reference frames).

3.3 Two-component spinor notation

Supersymmetry unifies bosons and fermions and thus extensively uses the spinorial
formalism. Here we recall the basic properties of this formalism in four-dimensional Min-
kowski space.

Four-dimensional spinors realize irreducible representation of the Lorentz group (which
has six generators : three spatial rotations and three Lorentz boosts). There are two types
of spinors : left-handed and right-handed, which are marked by undotted and dotted
indices, respectively, in the following way :

left-handed : £, a=1,2,
right-handed : 74, & =1,2. (3.3.1)

'Note that here and below we omit “hats” on the operators P, and M,,.
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It is possible to lower and raise spinor indices with the invariant Levi-Civita tensor
from the left. For instance,

X¢ = 8C“BX5, Xa = 5agxﬁ (3.3.2)

and similar for spinors with dotted indices. The two-index antisymmetric Lorentz-invariant
Levi-Civita tensors 7, % ¢,5, and E4p are defined as

e = —gf cop=—cpa, E12=—c2=1, 233
&b _ _ Pa - ..__12_1 ()
€% = —Pt = —eh, Ep=—2=1

The Lorentz transformation law for the undotted (left) spinors can be written as
& = Uliés, (3.3.4)

where the matrix U has the form
U = exp (—;wwa‘“’) (3.3.5)

with w,, being the same as in Egs. (3.2.4), (3.2.7). The matrices o give a particular
matriz realization of the Lorentz rotations M* and satisfy the last line in Eqs. (3.2.8).
To be more specific, '
o = % (0"5” — 05" (3.3.6)
with the matrices o and ¢* being introduced in Eq. (3.1.6).
Let us consider a spatial rotation. The matrix from Eq. (3.3.5) takes the following
form :

6 S
Urot = €xp (—izr_ﬁ) : On' = 55”%}“, (3.3.7)

where €9 is antisymmetric Levi-Civita tensor (¢123 = 1),  is the rotation angle and 7 —
the unit vector denoting the axis of rotation. Analogously for a Lorentz boost, the matrix
from Eq. (3.3.5) has the form

Uboost = €XP (gﬁ’&) , on' = w. (3.3.8)
Here tanh ¢ = v, where v is the velocity in the units of speed of light of the first inertial
reference frame with respect to the second, ©i’ denotes the velocity direction. Note that
in the case of the spatial rotation the matrix U, is unitary, UjotUrot = 1, whereas in the
case of the Lorentz boost the matrix Ujoost 1S not. This reflects the fact that the Lorentz
group is the noncompact O(1,3) group rather than the compact O(4) group.
Dotted spinors transform as complex conjugates of undotted spinors :

Mo ~ (Ma)” (3.3.9)

where the sign ~ means “is transformed as”. Therefore, for dotted spinors the Lorentz
transformation goes with the complex conjugated matrix,

Ty = (U")a s, (3.3.10)
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where ,
i
U* =exp (2%“,6’“’) , (3.3.11)
and the matrices ,
i
oM = 1 (cto” —avot) (3.3.12)
give another matrix realization of the Lorentz rotations M* and satisfy the last equation
in Egs. (3.2.8).
Similarly for dotted spinors, one has for particular cases of spatial rotations and
Lorentz boosts : o
(Umt)g 0, for rotations,

—1C
7= & (3.3.13)
(U];)lost)ﬁ. i, for boosts,

where for convenience the index for the spinor 7, is raised with the antisymmetric Levi-
Civita tensor. Note that under spatial rotations the undotted spinor &, and the dotted
spinor 7% transform under one and the same matrix U,;.

The spinors &, and 7, are referred to as Weyl spinors. In Minkowski space in four
dimensions one undotted and one dotted Weyl spinor comprise one Dirac spinor (see, for
example, the textbook [26] for a more detailed description).

In order to be Lorentz-invariant, an equation which involves spinors must have the
same number of undotted and dotted indices on each side, otherwise the equation becomes
invalid under a change of reference frame. One should also remember, however, that
complex conjugation implies the interchange of dotted and undotted indices. For instance,
the relation

(€ap)” = Tag (3.3.14)
is Lorentz-invariant.

Lorentz scalars can be built by convolution of either undotted or dotted spinor indices.
For example, the products

X“a and @Bﬁﬁ (3.3.15)

are invariant under the Lorentz transformations.

3.4 The Coleman-Mandula (no-go) theorem

The Poincaré algebra (3.2.8) forms basis of geometric symmetries of a relativistic field
theory. Other symmetries like flavour symmetry, isospin symmetry, etc. commute with the
Poincaré group and are internal in the sense that they have nothing to do with Minkowski
space. A natural question arises : is it possible to extend the Poincaré group with an
additional symmetry which affects space-time coordinates? It was believed for a long
time that this is not possible. In 1967 Coleman and Mandula formulated a theorem which
states that, in a dynamically nontrivial relativistic quantum field theories of space-time
dimension d > 3 with interactions and with asymptotic states (particles), no geometric
extension of the Poincaré group is possible [27]. In other words, besides already known
conserved generators carrying Lorentz indices (the energy-momentum operator P, and
the Lorentz transformations M,,) no such new conserved charges (algebra generators)
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can appear. According to the theorem, the only allowed additional conserved charges
must be Lorentz scalars, such as the electromagnetic charge. However, in 1970 Golfand
and Likhtman found a loophole in this theorem [28] which, together with the Coleman-
Mandula theorem, singles out supersymmetry as the only possible geometric extension of
the Poincaré invariance in a relativistic field theory. A reason for which this statement is
not valid in one and in two space-time dimensions will become clear shortly.

The essence of the proof of the Coleman-Mandula theorem is the following. Let us take
an interacting field theory and consider two-particle scattering process. The energy and
momentum conservation laws present in every Poincaré-invariant field theory. Particularly,
in our case

4+ =pk+pf, p=01,23, (3.4.1)

where p{, p4 are the particle 4-momenta before the interaction while pf, p are the par-
ticle 4-momenta after the interaction. The kinematic constraints above leave only one
essential free parameter — the scattering angle 6, see Fig. 3.1. This angle cannot be de-
termined on kinematical grounds and is defined by particular dynamics in the theory.
Imagine now that there is an additional
symmetry generator of space-time with
some Lorentz indices. An additional exotic
conservation law which have the same Lo-

rentz indices corresponds to this symmetry \0
- % <

and involves the particles 4-momenta. The
presence of this conservation law would
completely fix the scattering angle 6 (or
at most would leave only a discrete set of
possible angles). Since the scattering am-
plitude is an analytic function of the angle,
it then must vanish for all angles. In other FIG. 3.1: Two-particle scattering. Only the
words, the theory has trivial S-matrix, i.e. sScattering angle ¢ is undefined from energy
it is non-interacting. and momentum conservation laws.
Consequently, the Coleman-Mandula
theorem is not applicable in one and in two space-time dimensions, where there is no
scattering angle between the two particles. The details of the proof and also its generali-
zation to non-identical particles, particles with spin, etc. can be found in Refs. [27, 29, 30].
Thus, no geometric extension of the Poincaré symmetry is possible on asymptotic
states in a nontrivial field theory. Saying this differently, either the theory dynamics is
trivial or the theory has no asymptotic states (particles), or extra geometric symmetries in
the theory are broken on asymptotic states. The latter two statements can be illustrated on
an example of a conformal field theory. The conformal symmetry adds scale invariance to
a theory. For instance, any conformal field theory possesses an extra space-time symmetry

™ = Az, (3.4.2)
where \ is an arbitrary positive number. In its infinitesimal form A = 1+ ¢, || < 1 and

2" = g" 4 ieDa, (3.4.3)
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where D is the so called dilatational operator,
D = —iz"9, (3.4.4)

Together with certain additional conformal operators (special conformal transformations
usually denoted as K .), the Poincaré algebra (3.2.8) extends in a nontrivial way. However,
the asymptotic states (particles) in the theory would break conformal symmetry down to
the Poincaré symmetry, in full accordance with Coleman-Mandula theorem. The second
possibility — the theory has no asymptotic states at all. Such a theory is scale invariant
so that the distance between two points in space is undetermined. For instance, N = 4
super-Yang-Mills theory is of this kind.

3.5 Supersymmetric extension of the Poincaré algebra

The Coleman-Mandula theorem assumes that all symmetry generators in a relativis-
tic field theory are operators which possibly have some Lorentz indices (or, equivalently,
even number of spinor indices) and thus are bosonic operators, i.e. they form a Lie alge-
bra with certain commutation relations. Meanwhile, generators with odd number of spinor
indices are of fermionic nature and are not considered in the proof of the theorem since
they cannot participate in commutation relations. The loophole in the theorem consists
in the possibility to introduce the operators Q. and Q4 with spinor indices. The alge-
bra which now includes such operators must involve not only commutators, e.g. By, Bs]
and [Q,, Bs] (with Bj 3 being the bosonic operators), but also anticommutators, e.g.
{Q., Qa}. Hence, the spinor operators Q, Q4, due to their nature, cannot produce addi-
tional restrictions on particle momenta in scattering processes so that no new conservation
laws appear. Nevertheless, they relate to each other various scattering amplitudes which
greatly constrains the S-matrix in a quantum field theory.

The complex operators Q, and Q4 are Hermitian conjugated,

Qs = (Qa)", (3.5.1)

and transform as ordinary Weyl spinors under the action of the Poincaré algebra, namely
they satisfy the following commutation relations with the Poincaré algebra generators :

[P,ua Qa] - [P,uv Qd] = 07
[lev Qa] =1 (UW/)aﬁ QB7 (352)
[, Q% =i ()% Q7

where the index for the supercharge Qg is raised with the antisymmetric Levi-Civita
tensor, Q% = 5‘5‘56_25, and the matrices o/ and " were introduced in Egs. (3.3.6)
and (3.3.12).

The operators Q, and Qg are also referred to as supercharges or supergenerators. Ac-
cording to their indices, the minimum number of such supergenerators in four-dimensional
Minkowski space is four. To close the algebra (3.2.8), (3.5.2), one needs to specify the an-
ticommutators {Qa, Qa}, {Qa, @s} and {QQ,QB}. The first anticommutator can only
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be proportional to P, (¢#),; since it is the only operator with the appropriate Lorentz
indices. The standard normalization is

{Qa, Qa} = 2P, (0") 4 - (3.5.3)

The simplest choice for the other two anticommutators allowed by the Jacobi identities is

{Qa, Qs} = {Qs, Q3} = 0. (3.5.4)

Thereby, Egs. (3.2.8), (3.5.2), (3.5.3), (3.5.4) form the super-Poincaré algebra first obtained
by Golfand and Likhtman [28].

This minimal super-Poincaré algebra with four supercharges can be further exten-
ded with additional supercharges. As was demonstrated in Ref. [31], one can construct
extended supersymmetries, with up to sixteen supercharges in four dimensions. The mi-
nimal supersymmetry is referred to as A/ = 1. Correspondingly, one can consider N = 2
(eight supercharges) or N' = 4 (sixteen supercharges). The extended supersymmetry in a
four-dimensional field theory is discussed in Section 3.11.

As was also demonstrated in Ref. [31], it is possible to modify the super-Poincaré
algebra by an introduction of central charges in it. Such superalgebras are referred to as
centrally extended. A central charge is an element of the superalgebra which commutes
with other generators. It acts as a number with numerical value being dependent on a
sector of a theory under consideration. The presence of central charges reflect possible
existence of conserved topological currents and topological charges [32]. For instance, if
a theory under consideration supports topologically stable domain walls, the right-hand
side of (3.5.4) can be modified in the following way :

{Qa:Qs} = Cag,  {Qa,Qs} = (Cup)'. (3.5.5)

Here C,3 = Cp, are the central charges. Let us remark that they have spinor indices and
thus transform under Lorentz rotations. This is why C,s3 are also called tensor central
charges to distinguish them from “standard” central charges which commute with all
superalgebra generators. (See also the footnote in Section 3.11, where it is shown how the
central charges Z'7, which are Lorentz scalars, can be introduced for the case of extended
supersymietry. )

3.6 Main properties of supersymmetric field theories

For any supersymmetric field theory, the following fundamental properties hold :

— a state in a supersymmetric field theory cannot have negative energy ;

— if supersymmetry is unbroken, the vacuum has exactly zero energy;

— if there is a boson with mass m, there must exist a fermion with exactly the same
mass m, and vice versa (Bose-Fermi degeneracy) ;

— any supersymmetric field theory has equal number of bosonic and fermionic degrees
of freedom in every supermultiplet.

Let us discuss these statements in details.
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3.6.1 Non-negative energy of an eigenstate and vanishing of the
vacuum energy

The first consequence which follows from the super-Poincaré algebra is the fact that
a state in a quantum field theory cannot have negative energy. This straightforwardly
follows from Egs. (3.5.1) and (3.5.3) if one takes the sum

Z Qe (Qu) + (Qu)' Qu (3.6.1)

u> \

and calculates an average of the left and the right hand sides for a normalized eigenstate
|W) with the energy F. Indeed,

(¥ [P0) = = 1 3 ([0 (@) + (@) QU] )

i2< Q) 9] (Qu) W) + i;@a\p\@a\py (3.6.2)

The second line in this equality is always non-negative. Thus, for any quantum eigenstate
its energy E > 0.

The minimum F = 0 is achieved on a vacuum state |0) which is annihilated by the
supercharges,

Qul0) = (Qu)'[0) = 0. (3.6.3)

A field theory may have one or several vacua with zero energy. If a theory have no
states with zero energy, i.e. Fy. > 0, the supersymmetry is spontaneously broken. In
fact, the vanishing of the vacuum energy is the necessary and sufficient condition for
supersymmetry to be left unbroken.

3.6.2 Bose-Fermi degeneracy

In a supersymmetric theory, if there is a boson with the mass m, a fermion with the
very same mass m must exist too, and vice versa.

To elaborate more on this point, let us introduce a bosonic state |B) with the mass
m and associate with it one of the following fermionic states : Qq |B), (Qa)'|B), where
a = 1,2. At least one of these four states is nonzero. Indeed, the sum of the norms of
these four states in positive :

2

> {(Qa)' B|(Qa)' B) + 3 (QuB|QuB)

= i (B|Qa(Qa)' +(Qu) Qo| B) =4(B|P°|B) =4E5, (36.4)

where Ep > 0 is the state |B) energy.
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Note also that P? = P,P*" which is a Casimir operator of the Poincaré algebra (it
commutes with all the Poincaré algebra generators) is also a Casimir operator of the
super-Poincaré algebra, because

[P%, Qa] = [P?, Qa] = 0. (3.6.5)

Thus, from P?|B) = m?|B) follows that

P’|QuB) =m*|QuB)  and  P?|(Q.)' B) =m?|(Q.)' B). (3.6.6)

Combining the two observations above, one arrives to the statement of this section.
In a similar manner, one can prove the reverse statement : for a fermion with the mass m
there exist a boson with the very same mass m.

3.6.3 Supermultiplets

The Poincaré group is not a compact group. That is why all its unitary representations
(except for the trivial representation) are infinite-dimensional. This infinite dimensionality
reveals itself in a widely known fact that particle states are labeled by the continuous
parameters — particle 4-momentum p,,.

The Poincaré algebra has two Casimir operators : P* = P,P* and W? = W, W*,
where WH* is Pauli-Lubanski vector,

1
W = 2 e B, My, (3.6.7)

(e#vP? is antisymmetric Levi-Civita tensor). The eigenvalues of the operator P? fix particle
mass squared, p,p* = m?, while the eigenvalues of the operator W? are responsible for
particle spin if the particle mass is not zero.

To understand the latter statement, let us boost to a reference frame where the particle
is at rest : p, = (m, 0, 0, 0). One can check that in this reference frame

W2 =W, WH=—m?s(s + 1), (3.6.8)

where s is the particle spin.

For massless particles P2 = 0 and W2 = 0. Then, instead of spin, one must consider
particle helicity. One can boost to the reference frame where the particle 4-momentum is
pu = (E, 0,0, E) with E being the particle energy. Then the eigenvalues of the operator
M, are =X with X\ being the helicity.

Hence, besides the particle 4-momentum p,, a unitary irreducible representation of
the Poincaré algebra is identified by the particle mass m and the particle spin or helicity
s, if the particle has zero mass. In contrast with P2, the operator W? does not commute
with the supercharges, i.e. [IW?2, Q,] # 0, as follows from Eq. (3.5.2). The same is true for
the operator Mi,. Thus, massive irreducible superalgebra representations must contain
particles with different spins, while massless irreducible superalgebra representations must
contain particles with different helicities. Due to the property, Q> = Q2 = 0, the super-
charges may change the particle into another particle with different spin/helicity a finite
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number of times. The corresponding set of particles, all with the same mass m, but with
different spins/helicities is called a supermultiplet. In the simplest case a supermultiplet
consists of two particles with spins s, s + 1/2 or helicities A, A + 1/2. Further details on
building the supermultiplets can be found e.g. in [33, 30, 29, 34].

3.6.4 Equal number of bosonic and fermionic degrees of freedom in
every supermultiplet

We omit here a formal proof of the equality of the number of bosonic and fermionic
states in a supermultiplet. It will be given in the case of supersymmetric quantum me-
chanics in Section 4.2.4. Instead, let us discuss how this fact follows from the vanishing
of the vacuum energy.

Consider a free field theory. It is well known that bosons and fermions contribute to
the vacuum energy due to zero-point oscillations. The bosonic contribution is

D23 Vmh+ P (3.6.9)

where the (divergent) sum runs over all bosonic degrees of freedom and over all spatial
momenta. The fermionic contribution is

—> > Jmi + 52, (3.6.10)
Fop

where the sum runs over all fermionic degrees of freedom. The extra minus sign is due
to —1 associated with the fermion loop in the corresponding Feynman diagram which
describes the vacuum energy density. The vanishing of the vacuum energy density requires
the cancellation of two contributions which is possible only if the following equations hold
inside each supermultiplet :

_ equal number of bosons and fermions
e [ in a supermultiplet (3.6.11)
and
— equal masses of bosons and fermions
e [ in a supermultiplet (3.6.12)

Note that the latter property was already proven in Section 3.6.2 from algebraic conside-
rations. Note also that by bosons and fermions we mean physical (positive norm) degrees
of freedom. For instance, a photon has two degrees of freedom corresponding to the two
transverse polarizations (the two helicities +1).

3.7 Superspace and superfields

In a relativistic field theory, fields are functions (probably, with some vector or spinor
indices) which locally depend on the space-time point z* and transform in a certain way
under the action of the Poincaré group. With introduction of supersymmetry which is the
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geometric extension of the Poincaré symmetry, it is very natural to expand the space-time
by an addition of appropriate extra dimensions. By doing so, one expands the concept of
space-time to the concept of superspace. In the superspace, the supercharges are realized
as differential operators which generate supertranslations in a way similar to the energy-
momentum operator which generates translations in four-dimensional space-time. Due to
the anticommuting nature of the supercharges, the extra dimensions in the superspace
are described by coordinates of Grassmann (anticommuting) nature. Finally, the concept
of fields is extended to the concept of superfields which are functions of the coordinates
on the superspace. This breakthrough idea was pioneered by Salam and Strathdee [35].

The immediate advantage of this formalism is that it gives simple and explicit des-
cription of the action of supersymmetry on component fields (see below) and provides a
very efficient method for constructing manifestly supersymmetric Lagrangians.

In an ordinary N = 1 supersymmetry, the superspace

{z", 6%, 6%}, 6% = (6%)* (3.7.1)

includes four complex Grassmann (anticommuting) variables 8% and #* which represent
“quantum” or “fermionic” dimensions of the superspace. They are complex conjugated
and anticommute between each other,

(6>, 0%} = {6%, 6°) = {6°, °} = 0. (3.7.2)

Note also the peculiarity of the Leibniz rule for Grassmann derivatives, e.g.

0 0 0
Bov) — By _ pb Y
590 (0°07) <agae>9 0 (aea9>' (3.7.3)

In addition, Hermitian conjugation changes the order of anticommuting numbers :
(06%)" = (671 (6")1 = %", (3.7.4)

A superfield is a function of the coordinates (3.7.1) [35, 36]. One can expand it in
power series of the Grassmann variables 8% and 6%. This expansion has finite number of
terms since the square of a given Grassmann parameter vanishes. Thus, the highest term
in this expansion is #262, where 6% = 6%6,, 6> = 0,0%. The most general superfield with
no external indices has the following form :

S(,0,0) = p+0"Pg+0aX* +0F+0G+0%Aga0% +0%(0:0%) +02(0% po) +0202D, (3.7.5)

where ¢, 14, X%, ..., D depend only on z# and are referred to as the component fields.
In what follows we will use shorthand notations for contraction of spinor indices :

AB = A“B,, AB = A.B%. (3.7.6)

In particular, if A and B are anticommuting variables,

AB=BA, AB=BA, (AB)'=AB. (3.7.7)
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3.7.1 Supersymmetry transformations and differential operators on
superspace

The representation of the supercharges Q. and Q, as differential operators on the
superspace (3.7.1) can be derived in the following standard way. Let us associate with
each point of the superspace (3.7.1) an element of the group corresponding to the N' =1
superalgebra (3.2.8), (3.5.2), (3.5.3), (3.5.4) as

G(a",0,0) = (-7 Putt*Qat6aQ%) (3.7.8)
Then the product of two elements G(0, ¢, €) and G(z*, 6, ) is 2
G(0,¢,€) G(z",0,0) = Gz + 00" e — ie“o" 0%, 0+ ¢, 0 +€). (3.7.9)

This equality can be proven by using the Hausdorff formula

eAeB = eATBT3[A Bt (3.7.10)
(where the ellipsis corresponds to infinite series of multi-commutator terms) and taking
into account the fact that the series on the right-hand side terminate at the first commuta-
tor for the algebra elements considered here. While doing this calculation, one should also
remember that the parameters ¢, €, 6, 6 as well as the supercharges Q, Q all anticommute
between each other.

Thereby, the action of the group element G(0, €, €) on G(z*, 6, #) induces the following
motion in the parameter space (3.7.1) :

o s A Yo L e
ot — ot +10%0) €

0, — 0o + €a, (3.7.11)

9@ — 9_d—l—€d.

— ie*ah 0%,

This motion is generated by the operator ¢ (eo‘Qa + Ede‘), where the Hermitian-conjugated
supercharges are

Qo = —z’a(za —al 0% 0,, Qs = iagd + 0%, 0, (3.7.12)

2All the elements (3.7.8) form an invariant space under the action of the Poincaré group : the result of
the action of any Poincaré group element on (3.7.8) is of the same type. In fact, this space is invariant under
the action of the whole super-Poincaré group. This statement partially follows from the equality (3.7.9).
Let us also remark that the superspace (3.7.1) can be obtained as the factor of the super-Poincaré
group over the Lorentz group much in the same way this can be done for the four-dimensional Minkowski

space :
Poincaré group super-Poincaré group
_ — .

Lorentz group Lorentz group

The points in this factor space are orbits obtained by the action of the Lorentz group on the super-
Poincaré group space. If we choose a certain point as the origin, then the superspace can be parametrized
by (3.7.8).
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They satisfy the anticommutation relations

{Qau Qﬁ} = {Qd’ Qﬂ} - 07

_ (3.7.13)
{Qa. Qu} = 2ich;0,
and hence, together with P, = 49, and an appropriate expression for M, ® give an explicit
realization of the supersymmetry algebra, Egs. (3.2.8), (3.5.2), (3.5.3), (3.5.4).

One could study right multiplication instead of left multiplication in (3.7.9) and would
found that the induced motion is generated by a different operator €*D, + €;,D%, with
the operators D, and D, defined as

0 . s - 0 e
Da = % + ZO’gd 0 (9“, Da = —% — 16 Ugd 6M. (3714)
with Dy = — (D,)". Note that we have used a different convention of multipliers in the

operators above on purpose : this will be convenient in subsequent sections.
The operators D, and D, are called superderivatives. By their very definition, they
satisfy the following anticommutation relations :

{Das Dg} = {Da, D3} =0, {Da, Da} = —2i0%ss 0, (3.7.15)
In addition, the superderivatives and the supercharges anticommute :
{Das Qs} = {Da, Qp} = {Da, Qs} = {Ds, Q3} = 0. (3.7.16)

This will allow us to reduce the number of independent components in superfields by im-
posing covariant (consistent with supersymmetry) constraints on them (see Section 3.8.1).

3.8 Superfields

Superfields form linear representations of superalgebra. In general, however, the re-
presentations are highly reducible. Extra components in superfields can be eliminated by
imposing covariant constraints which (anti)commute with the supersymmetry algebra.
One could say that superfield formalism shifts the problem of finding supersymmetry re-
presentations to that of finding appropriate constraints. Note that one should constrain
superfields without restricting their z# dependence (i.e., for instance, by virtue of diffe-
rential equations in the = space).

3.8.1 Chiral superfield

Let us remark first that the superspace (3.7.1) has two invariant subspaces in it :

{zh, 6%}, ot = a2t +i0%c" 0%, (3.8.1)

3If M, is acting on a scalar, its expression is given in Eq. (3.2.6). One must add certain (matrix)
extra terms in this expression, if M, is acting on a field with some vector or spinor indices.
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and - B
{zf, 0}, rh = 2t — 0ok 0% (3.8.2)

Indeed, the supertransformations (3.7.11) give the following supertransformations in the

subspaces :
af — o + 2i0%" €2,

(3.8.3)
0& — 00{ + EOL’
and I I K pa
TR — TR — 2i€%0) 0%,
E e (3.8.4)
0% — 0% + €.

These two subspaces are referred to as chiral (or left) and antichiral (or right) respectively.
Each of them is spanned by half of the Grassmann coordinates. Due to this, a function
which is defined on the chiral or the antichiral subspace have much shorter component
expansion.

Consider, for instance, a chiral superfield ®(xy,,0). Its component expansion

®(x1,0) = ¢(xr) + V20 (xr) + 62F (x) (3.8.5)

includes one complex scalar field ¢(z) (two bosonic states) and one complex Weyl spinor
Yo(x) (two fermionic states) as well as the auxiliary F' term which is non-propagating :
as we will see shortly, this field will appear in Lagrangian without a kinetic term. Chiral
superfields are used for constructing matter sectors of various theories. Note that the
chiral superfield ®(zy,, 0), being expressed as a function of z*, depends on 0% as well as
on 6% variables.

In fact, the chiral superfield ® or the antichiral superfield ® can be obtained as
solutions of the covariant constraints [37]

Ds®=0 and D,® =0 (3.8.6)

which follow from B
Dy =0 and D,z = 0. (3.8.7)

Moreover, the covariant superderivatives (3.7.14) in the chiral basis {x}, 6%, §%} are rea-
lized as

0 s 0 - 0
Dy = -2 492" ¢ 2 Dy=-2 3.8.8
aea + ZO—O&O& ax/ﬁ aea ( )
while in the antichiral basis {x}, #%, %} they are realized as
0 — 0 0
Dy = ——, Dy = ——= — 2i0%0h = 3.8.9
6° gga =7 Ceagum (8:8.9)

Thus, for instance, the chirality condition D,® = 0 translates itself into

0

—§ =0, (3.8.10)
00

from which the solution (3.8.5) is obvious.
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Let us write also the induced transformations of the component fields in the chiral su-
perfield (3.8.5) under the infinitesimal supertransformations (3.8.3) or, equivalently, (3.7.11) :

¢ — 6+ V2P,
Vo = Yo + V20,0 0hy & + V2F¢,, (3.8.11)
F — F —iy20, (Voh,e).

ad

Note that the F' term transforms through a total space-time derivative.

3.8.2 Real superfield

Let us inspect Eq. (3.7.5). It gives a reducible representation of the supersymmetry
algebra. We can simply constrain it with the reality condition ST = S. This gives what is
called vector superfield :

V(2,0,0) = ¢+ 00 + 0 + 0*°F + 0°F + 0% Ana0® + 62(0)) + 62(0N) + 626°D. (3.8.12)

The superfield V is real, V = VT, implying that the bosonic fields ¢, D and A* =
3 (6")** Ayg are real. The fields 1), Ao, F are complex, with 15 = (¥a)!, da = (M),
F = F*.

The real superfield V' is used in construction of supersymmetric gauge theories. In fact,
the (super)gauge freedom (which for the Abelian gauge superfield is V. — V + (A 4+ A),
where A is an arbitrary chiral superfield) allows one to eliminate the unwanted components

b, Vo, s, F, and F, reducing the physical content of V to
V = 0°Aaa0” + {02(0N) + 62(00) } + 0%6°D (3.8.13)

so that A\, is a fermionic superpartner of the gauge field A,4, while D is an auxiliary
field which is not dynamical and can be excluded from a corresponding Lagrangian by
algebraic equations.

The supersymmetry transformations (3.7.11) induce the transformations of the com-
ponent fields in V. Here, for later purposes, we quote only the corresponding transforma-
tion for the auxiliary field D :

D— D+ %@L (e*0hah® = Aot . (3.8.14)

Note that, like in the chiral superfield case, it transforms through a total space-time
derivative. This property is of a paramount importance for construction of supersymmetric
theories.

3.8.3 Properties of superfields

Let us enumerate the main properties of superfields which are used in construction of
supersymmetric Lagrangians.
— Linear combinations of superfields as well as products of superfields are again su-
perfields. In general, a function of superfields is a superfield.
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— If @ is a chiral superfield, then ® = &' is an antichiral superfield and wvice versa.

— Given a superfield, one can use the space-time derivatives 0/0z" to generate a
new one. At the same time, the Grassmann derivatives 9/90% and 0/00%, being
applied to a superfield, do not produce a superfield. One can use the covariant
superderivatives D, and D, instead since they anticommute with the supercharges.

— The squares of the covariant superderivatives D?, D?, being applied on a generic
superfield, produce a chiral or antichiral superfield, respectively. This immedia-
tely follows from the expression for D, in (3.8.8) and from the expression for D,
in (3.8.9). For instance, D? D,S (with arbitrary S) is a chiral superfield while D,®
(with @ chiral) is not a chiral superfield. Indeed,

De (Da®) = { D, Do} ® = —2icti; 9,P # 0. (3.8.15)

At the same time, D?*® is an antichiral superfield.

3.9 Building supersymmetric Lagrangians

With the extension of space-time to the superspace (3.7.1), the space-time integral
[ d*z must also include the integration over the new coordinates % and 6¢. As it is shown
below, one can covariantly integrate superfields in the following three ways :

/d4xd40 or /d29d4xL, or /d2§d4xR. (3.9.1)

Do do so, one needs to define the rules of Grassmann integration. After that, manifestly
supersymmetric Lagrangians can be straightforwardly constructed. We will consider the
simplest example of a superfield action involving a single chiral superfield.

3.9.1 Rules of the Grassmann integration

The rules of integration over the Grassmann variables, also known as Berezin integrals
[38], are the following. One-dimensional integrals are defined as

/d&a — 0, /ea 05 = 6o (3.9.2)

(and similarly for the Grassmann variables with dotted indices), while multi-dimensional
integrals involving two and more Grassmann variables are to be understood as product
of one-dimensional integrals.

Note that the Grassmann variables § and 6 have the dimension of [length]l/ ?_ while
the differentials df and df have the dimension of [length]_l/ . If ¢ is a number, then
d(cf) = c1df. This follows from the right equation in (3.9.2).

We normalize the integral over all four Grassmann dimensions of the superspace,

/d495/d29d2§~/d91 d6s df; dbs, (3.9.3)

in such a way that
/d29 420 62 6% = 1. (3.9.4)
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Respectively, the integrals over the chiral and the antichiral subspaces are normalized as

/d29 6 =1, /d29‘ G2 =1. (3.9.5)

3.9.2 Kinetic terms for matter fields

Consider the integral

/ dzrd9V(...) (3.9.6)

with V' being the real superfield (3.8.12) which can be a function of other superfields.
The rules of Grassmann integration (3.9.2), (3.9.4) imply that D = [d* 0V, there D is
the coefficient in front of 626% in V. Since the supertransformations change the D term
through a total space-time derivative, Eq. (3.8.14), then the expression

/ dOV(...) (3.9.7)

is superinvariant up to a total derivative.
Let us exploit the above idea and construct kinetic term

Siin = / d'z 40 3P (3.9.8)

for a chiral superfield ®(zr,, ). The component expansion of ® is given in Eq. (3.8.5). The
product ®®, where ¢ = ®f . is a real superfield. The calculation of the highest term in #°
and 0% gives

PP =+ 6% {;augz_ﬁﬁ“gzﬁ— 1&8%— le(bazgz_ﬁ
Ul O + S 0t U + FF}  (3.9.9)

where all the component fields depend on the space-time point z*, and the ellipsis denotes
all lower-order terms in % and 6%. Substituting the last expression into (3.9.8), integrating
over the Grassmann variables and integrating by parts reads

Skin = [ d'2 {0,00"6 — 10"ty 0,0° + FF}. (3.9.10)

Thus, this expression presents the kinetic term for the complex field ¢(x) and the kinetic
term for the Weyl spinor 1, (z). As one can see, the field F'(z) appears in the Lagrangian
with no derivatives and does not represent any physical (propagating) degrees of freedom.
It can be eliminated from the action by virtue of the equations of motion.

3.9.3 Potential terms for matter fields

Similarly to the previous section, the integral

/d28d4xL K(...), (3.9.11)
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where K is a chiral superfield (see Eq. (3.8.5) for its component expansion), which can be
a function of other superfields, is invariant under the action of the supersymmetry group.
To prove this statement, note that

[ 0K () = Fila) - \jﬁa# (v () 0% (3.9.12)

with Fy being the coefficient in front of 62, while 1% being the coefficient in front of
v/26% in the component expansion of the chiral superfield K. In addition, the last term
in (3.9.12) is a full space-time derivative and thus vanishes if one integrates it over space-
time. Thereby, we see that

/ 20d ey, K (. / d'z d?0 K (. / d'z Fie(2). (3.9.13)

Finally, according to Eq. (3.8.11), the Fx term transforms as a full space-time derivative
under the action of the supersymmetry group, and thus the integral above is indeed
superinvariant. It is also clear now that the integral

/d2§d4xR K(.), (3.9.14)

where K is an antichiral superfield, is superinvariant.

Potential terms for component fields in the Lagrangian are those which enter with no
space-time derivatives. They can be produced for the chiral superfield ® from the previous
section by the following superfield action :

St = / 20 d'x W(P) + / 420 d'e W(D). (3.9.15)
Here W(®) is a function of the chiral superfield termed superpotential. The second integral

which involves W(®) = (W(®))" ensures that the expression above is real. After taking
the integrals over the Grassmann variables, one obtains the following component action :

S = [ ate {FW(6) - WD) + hel, (3.9.16)

where 1% = 9%, the prime denotes the derivative with respect to ¢ and h.c. means the
Hermitian conjugated expression.

3.9.4 The Wess—Zumino model

Let us combine the results of the previous two sections and write the full superfield
action involving a single chiral superfield ® and its Hermitian conjugated superfield & :

Swz = / &'z d'0 DD + / 20 dha W(® / 420 d'ar W(B). (3.9.17)

This model of supersymmetric field theory was invented by Wess and Zumino [37] and
bears their name. Let us remark that the first term in the superfield action is the integral
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over the full superspace, while the second and the third terms run over the chiral and
antichiral subspaces, respectively.
In components, the corresponding Lagrangian is

Lur = 0,006 — 0y 0,0° + FF + (FW/(9) - SW(0)4?) +he.  (39.13)

It is supersymmetry-invariant up to a total space-time derivative. The auxiliary field F
is non-dynamical and can be eliminated by virtue of its classical equation of motion,

F=-W(¢). (3.9.19)

The final expression for the component Lagrangian is
n NeY Fi! / 1 1" @ 1.5 (TN Ty o
Luvz = 0,600 — 7 0liy 0% = IW(O)[* = W'(0) 0% tha = SV'(6) datl®. (3.9.20)

It contains the scalar potential |W'(¢)|* describing the self-interaction of the complex field
¢. For a renormalizable field theory in four dimensions, the superpotential W(®) must
be a polynomial function of ® of power not higher than three. Then, it can be always

reduced to the form

A
W(®) = %@2 -5 (3.9.21)

with two complex constants m and A. In fact, one can always choose the phases of the
constants m and A at will.

As a simplest example, let us consider the case A = 0. Then the last three terms in
the Lagrangian (3.9.20),

9,7 M 5 MMy
~lmfo6 — St - 22, (39.22)

are the mass terms for the fields ¢ and v,. As expected, the masses of scalar and spinor
particles are equal and are given by one and the same parameter |m|.

3.10 R-symmetries

The Coleman—Mandula theorem states that all global bosonic symmetries must com-
mute with the Poincaré group (i.e. be Lorentz scalars). However, it is not necessary for
them to commute with all generators of the super-Poincaré group. Indeed, the form of the
super-Poincaré algebra (3.2.8), (3.5.2), (3.5.3), (3.5.4) allows one to multiply the super-
charges by a constant phase in such a way that the superalgebra itself stays unchanged :

Qo — € %Qa,  Qu — €%Q. (3.10.1)

The corresponding Hermitian U(1) generator R has the following commutation relations
with the supercharges,

R, Qo] = —Qar  [R, Qa] = Q. (3.10.2)
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and it can be realized as a differential operator in the superspace (3.7.1),

o .0
=g e 10,
R=0"50 — " 55 (3.10-3)

This additional U(1) symmetry is called the R-symmetry. It transforms the Grassmann
parameters,

0% — 0, 0% — e 0%, (3.10.4)
and the measure of the Grassmann integration,
d%0 — e~ 2% 20, d?0 — e¥%d%0, d* — d*6. (3.10.5)

Thus, we assign the R-charge +1 to % (R0 = +6) and the R-charge —1 to % (R6% =
—6%), while the R-charges of d?0 and d*0 are —2 and +2, respectively. The R-charge of
d*0 is zero.

The R-symmetry can be a symmetry of a given system. To see how it works, let us
consider the Wess-Zumino model (3.9.17) of a chiral superfield ® with the superpotential

W = —2@3. (3.10.6)

Then, the action (3.9.17) is invariant under the R-symmetry, if the R-charge of the su-
perfield ® is 2/3,
O — 203, (3.10.7)

Indeed, the first term in the action, [ d*0 ®®, is invariant since the antichiral superfield ®
transforms with the complex conjugated phase factor. The potential term is also invariant :

/ 20 W(®) — / (72 20) (W(®) €29 = / 20 W(®). (3.10.8)

Since the R-symmetry does not commute with supersymmetry, the component fields (3.8.5)
of the superfield ® do not all carry the same R-charge. It follows from Eqs. (3.10.4)
and (3.10.7) that, under the R-symmetry, they are transformed as

B(x) — €3 ¢(x),
D(x) — eGP (a), (3.10.9)
“2)ie (),

Wi

F($)—>e(

As one can see, the R-charge of the lowest component ¢(z) coincides with the R-charge of
the superfield ® itself. The above formulas can be used to explicitly check that the com-
ponent Lagrangian (3.9.20) of the Wess-Zumino model is R-symmetry invariant provided
m = 0.

The R-symmetries play very important role in harmonic superspace approach, which
is discussed in the case of supersymmetric quantum mechanics in the next chapter.
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3.11 Extended supersymmetry in Minkowski space in four
dimensions

As we already know, the Coleman-Mandula theorem can be circumvented by the in-
troduction to the Poincaré algebra four complex supercharges Qa, Q4 of fermionic nature.
The supersymmetry algebra (3.2.8), (3.5.2), (3.5.3) and (3.5.4) is usually referred to as
minimal supersymmetry or as N’ = 1 supersymmetry. In fact, it can be extended even
more, with more generators of fermionic nature,

Q, and  Qf (3.11.1)
where new indices I, J = 1,2,..., N numerate the “flavours” of supercharges. Evidently,

the defining relations (3.5.3) and (3.5.4) can be generalized with
{QL, QY = 2P, ("), 0", (3.11.3)
{Qu Q3 = {Q4, Q%) =0, (3.11.4)

while the relation (3.5.2) stays untouched since it defines how spinors transform under
the Poincaré symmetry.

In A = 1 supersymmetric renormalizable four-dimensional field theory which do now
include gravity, the supermultiplets involve particles with spins (0, 1/2) or (1/2, 1), since
the supercharges change a particle spin by 1/2. Similarly, with the introduction of extended
supersymmetry, one can transform a particle with spin zero to a particle with spin one by
using two supercharges of different flavours. Thus, such a theory must include particles
with spins (0, 1/2, 1) in a supermultiplet, i.e. it must be a gauge theory.

Gauge theories of this type are N' = 2 and N = 4 super-Yang-Mills theories. They are
obtained by dimensional reduction from the minimal super-Yang—Mills theories in six and
ten dimensions, respectively. These theories are unsuitable for phenomenology, because
all fermion fields they contain are nonchiral. Nevertheless, they have rich dynamics the
study of which provides deep insights into a large number of problems in mathematical
physics.

All the properties of a supersymmetric field theory such as vanishing of vacuum energy
and equal number of bosons and fermions in a supermultiplet, which were discussed in
Section 3.6, remain intact. Moreover, the Abelian U(1) R-symmetry from Eq. (3.10.2)
is extended to be non-Abelian U(N) symmetry. Simply speaking, the non-Abelian R-
symmetry group just mixes the flavours of the supercharges (i.e. it mixes the supercharge
flavour indices).

In addition, the superspace (3.7.1) is trivially extended to

{z", 6", 079}, (3.11.5)

4The relations (3.11.4) do not include possible central charges. One can, for instance, introduce them
as

{QL, Q4} = eapz™’ (3.11.2)

with Z1/ = —Z71_ See also the discussion at the end of Section 3.5.
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Note, however, that the usefulness of this N' = 2 or N' = 4 superspace is limited due
to the fact that there are no chiral subspaces in it (which span over half of Grassmann
coordinates). There exist a different superspace called harmonic superspace (HSS) which
has these invariant subspaces [5]. Such an approach gives more adequate superfield des-
cription. The harmonic superspace is obtained from the superspace (3.11.5) by extending
it with bosonic coordinates which parametrize the R-symmetry group U(N) space or a
certain factor space of it.

The harmonic superspace approach is discussed in supersymmetric quantum mecha-
nics in the next chapter.






Chapitre

Supersymmetry and
harmonic superspace in
quantum mechanics

This chapter is devoted to basic introduction to supersymmetry in
quantum mechanics. We consider the main properties of any super-
symmetric system, explain what is superspace and how the superfield
formalism can be used in order to construct genuine supersymmetric
Lagrangians. A simplest example of a supersymmetric system is consi-
dered. It involves a particle with spin moving in a potential field in
one-dimensional space.

The second part of the chapter is devoted to harmonic superspace
approach in supersymmetric quantum mechanics. The essential defini-
tions and notations are introduced. They will be extensively used in the
next chapter. In particular, the supermultiplets (4,4,0) and (3,4,1)
are described. The former is relevant in the context of four-dimensional
quantum mechanics, while the latter is used in construction of three-
dimensional systems.

7
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4.1 Supersymmetry in quantum mechanics

A quantum-mechanical system with traditional commutation relations between coor-
dinates and momenta and a traditional Hilbert space of states is described by its Ha-
miltonian function H. We introduce a set of complex operators (); together with their
Hermitian conjugated operators,

Q' = (@) (4.1.1)
The system with the Hamiltonian H and the supercharges Q;, Q7 is supersymmetric, by
definition, if

{Qi,QJ} = 20'H (4.1.2)
(@@} = {@.@} =0, (4.1.3)

where, as usual, curly brackets denote the anticommutator. In particular, note the im-

N
portant property Q7 = (Ql) = 0 for any i. Another important consequence is that the
supercharges commute with the Hamiltonian :

|H, Q| = |H, Q| =0, (4.1.4)

which can be proven by direct computation. In this way, the supercharges @Q; and Q7 are
considered as conserved spinorial operators in the system.

Several comments are relevant here. The Latin indices ¢, j denote supercharge numbers
and vary in the following region :

i j=1,2 ..., N/2 (4.1.5)

with number N being even integer, see below.

We distinguish the position of indices for the supercharge @); and its Hermitian conju-
gated supercharge @*. This is done because the SU(%/) subgroup of the R-symmetry group
(in the AV > 4 case) acts on these indices differently, see Section 4.3 for details. This sub-
group will be of special importance for us later, when we limit ourselves to N' = 4 case
and deploy harmonic superspace approach. Spinor products and their complex conjugates
are conveniently written in such notations. For instance, for any two anticommuting fields

Y and ¢
vE=Y'G,  while  (98) =gv =, (4.1.6)

where 1@ = (¢)" and EZ = (&)
Finally, one can always pass to a real basis in the vector space of supercharges, for
instance, by using the definitions

Q4+ Q4, for A=1,2, ..., N/2,
{i(QA—QA), for A=N/24+1,..., N

Sy =

(4.1.7)

which give commutation relations

{(S4, Sp} = 4045 H. (4.1.8)
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The new indices A, B vary from 1 to N. Thereby, NV counts the number of linearly
independent real supercharges in the system at hand. For instance, N’ = 2 corresponds to
an ordinary supersymmetric quantum mechanics, while a system with A" = 4 is endowed
with extended supersymmetry.

Let us remark that there is also a different convention in quantum mechanics. Ac-
cording to it, N counts the number of linearly independent complex supercharges which
is, of course, twice smaller than the number of real supercharges. Note that, in a four-
dimensional field theory context, the supercharges represent complex Weyl doublets, and
N counts the number of those doublets.

4.2 Properties of supersymmetric quantum mechanics

We already saw in the previous chapter that a supersymmetric system is endowed with
additional common properties, namely, vanishing of the vacuum energy, energy positive-
ness of any definite-energy state, equal number of bosons and fermions in a supermultiplet,
their equal masses. Any supersymmetric quantum-mechanical system has similar features.

Let us describe them in detail. To this end, let us denote a normalized vacuum state

as wvac Y

<wvac‘wvac> = 17 (421)

while any other similarly normalized state as 1. For simplicity, all the states will be
treated as normalizable. Also, we may denote a state either as ¢ or as |¢) according to
our convenience.

4.2.1 Every eigenstate has non-negative energy

This statement can be proven by sandwiching Eq. (4.1.2) (with ¢ = j being fixed)
with an eigenstate 1) :

2F = <¢ ‘Qi (@) ‘ ¢> + <¢ ’(Qi)T Q;

V)

(@) v|@)v) +(@ujew) . (122)
The second line in this equality is always non-negative. Thus,

E>0. (4.2.3)

4.2.2 Vanishing of the vacuum energy

If supersymmetry is unbroken, the vacuum t,. has exactly zero energy. This state-
ment straightforwardly follows from Eq. (4.2.2) if one changes F — FE,. and ¢ — ty,c.
Indeed, the minimum FE.,. = 0 is achieved when

Qi ‘wvac> = QZ ’¢vac> = 0, for all i. (424)

In fact, the conditions (4.2.4) exactly correspond to the case of unbroken supersymmetry.
The simplest example of supersymmetry breaking in quantum mechanics was constructed
in [39] (see [40] for a good pedagogical review).
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4.2.3 Supermultiplets

The eigenstates of a supersymmetric Hamiltonian can be divided into supermultiplets.
To this end, take a state i with positive energy E. One can act on this state with su-
percharges @); and (Qj)Jr and obtain new states with exactly the same energy E. Indeed,
using Eq. (4.1.4), we conclude that

H|Qiv) = Qi H [¢) = E|Qup) (4.2.5)

and similarly for (Q;)".

A supermultiplet is defined as a vector space of states of the same energy E > 0
obtained by all possible actions of supercharges on a chosen reference state 1. The basis
in the supermultiplet can be explicitly constructed. To do so, consider the following states :

Due to the property Q% = 0 there exists a state
[Viow) = Qry Qs - - Qi [V n<N/2 (4.2.7)

which is not zero, (Yiow|tiow) ~ 1, but all the supercharges @); annihilate it :
Qi [ow) =0 for all i. (4.2.8)

The initial reference state 1) can be restored from the state 1., in the following way :

Q)" (@) Q1) [ow) = (E)" 9, (4.2.9)

where Eqs. (4.1.2) and (4.2.8) were used.
Let us now show that the states

@) @) (Q) o) ii<is <o <ip,  f<N2 (4.2.10)

form the basis in the supermultiplet.
To this end, consider a state of type

Qi ()" Qi, Qi (@) |¥) (4.2.11)

and plug into it the expression for ¢ from Eq. (4.2.9). One can use the relations (4.1.2),
(4.1.3) and order the supercharges in such a way that any (Q;)" stays to the left from any
Q);. After that, the identity (4.2.8) allows one to eliminate any terms which contain @);.
For instance,

1 (622)T (Ql)T Wlow> = (Qz)T Q1 (Ql)T Wlow>
= —(@)"(Q) Q1 [row) + (@) {Q1, (Q1)'} [thon)

= 2F (Q2)" [thow) - (4.2.12)
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Thus, any state in the supermultiplet adds up to a linear combination of the states (4.2.10).

The states (4.2.10) are linearly independent, because their scalar products are zero.
For instance, one has for the two states (Q1)" (Q2)" |thiow) and (Q1)" (Q3)" [thiow) :

((@)(Q2)" Yo ‘(Ql)T (Q3) Yiow ) = (Yhow ‘Qz Q1 (@) (Q3)T’ ¢10w>*
= - <¢1ow ‘Q2 (Ql)T 1 (Qs)T’ ¢1ow>* + <¢1ow ‘Qz {Qb (Ql)T} (Q3)T‘ wlow>*
= 92F <?/Jlow HQ% (Q:&)TH 1/flow>* =0 (4.2.13)

Evidently, the states (4.2.10) themselves have positive normalization which follows from
the calculations similar to above.

Let us remark that we assume that the energy E is positive. If not, Eq. (4.2.9) does
not allow us to express ¢ through 1, and thus the considerations above cannot be
applied.

As it follows from Eq. (4.2.10), the dimension of the supermultiplet with £ > 0 is
2N/2 Tn this way, in an N = 2 system each positive-energy state is doubly degenerate,
while for a system with extended N/ = 4 supersymmetry each state with nonzero energy
is four-times degenerate.

The states of zero energy — vacuums — are of special interest. Their number cannot be
found from general considerations, and Eqs. (4.2.4) have to be solved for that. If there are
no vacuums in a theory, the supersymmetry is spontaneously broken (see e.g. Refs. [39, 40]
for an example).

4.2.4 Equal number of bosonic and fermionic states in a supermul-
tiplet

In a field theory, supermultiplets involve bosonic and fermionic states. The same
concerns supermultiplets in quantum mechanics.

Let us consider the states (4.2.10). Each of them is characterized by the number of
supercharges [ acting on 9. We can introduce then the “fermionic number operator”
Ny with eigenvalues f,

Ne Qi) Qi)'+ Qi) [tiow) = [ (Qi)T Qi) (Qir)T [Y10w) - (4.2.14)

By definition, the states for which Ny is even are called “bosonic”, while the states for
which N is odd — “fermionic” . In particular, the state 1oy is bosonic.
We have the following equalities for bosonic and fermionic states respectively :

(D™ ) = +[g), (=)™ |yr) = — [v) . (4.2.15)

'In our general consideration this is a matter of mere convention : we could equally well call the states
for which Np is even fermionic. For example, consider N' = 2 supersymmetric quantum-mechanical
system described by the Hamiltonian (4.4.34). It describes a particle with spin 1/2. The corresponding
supermultiplets involve two basis states of different spin directions, and each of them can be equally well
called bosonic or fermionic.
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Using the definitions above, one can check that

{(—DNF : Qi} = {(—DNF, QZ} = 0. (4.2.16)

In this way, one obtains (the index i is fixed)

Tr ((—MF) _

= 21ETr ((—1)NF (@i, Q}) = 21ETr (—Qi ()M Q'+ (—1)" Q' QZ) =0, (4.2.17)
where the cyclic property of the trace was used. The trace is taken among the states of
the (finite-dimensional) supermultiplet. For instance, it is the sum over the averages of
the states (4.2.10).

Summarizing all above, one concludes that any supermultiplet with positive energy
has equal number of bosonic and fermionic degrees of freedom.

4.3 R-symmetries

Let us remark that the supercharges Q; and Q7 can be linearly transformed in such
a way that the form of Eqs. (4.1.2), (4.1.3) does not change. The corresponding group of
automorphisms of the supersymmetry algebra is called R-symmetry group. To deduce the
most general form of such linear transformations, one takes the ansatz

Q=U'Q; Q= U (4.3.1)

involving matrix U, and its Hermitian-conjugated matrix (U M), and substitutes it back
into Egs. (4.1.2), (4.1.3). It appears that the matrix U must be unitary, U UT = 1. Thus,
the R-symmetry group is U(%f) It is clear now why the supercharge @); carries the su-
perscript index, while the supercharge ()7 carries the subscript index : they belong to
complex-conjugated representations of the R-symmetry group.

In particular case of the N' = 2 supersymmetry, the R-symmetry group is no more
than just U(1) group of multiplications of the supercharges by a phase factor :

Q) = e%Q;, Q7 =e Q) (4.3.2)

with ¢ being an arbitrary real number.

In the N > 4 case, the R-symmetry group is U(%[) =U(1)x SU(%[), i.e. it contains the
same U(1) subgroup of multiplications by phase factor and also the non-Abelian subgroup
SU(Y).

4.4 Superspace and superfields

This section is devoted to superfield approach in supersymmetric quantum mechanics.
It is shown how to construct systems endowed with supersymmetry in a rather universal
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way. As we already know from the previous chapter, supersymmetry can be realized as a
geometrical symmetry which acts on the coordinates on certain extended space. In quan-
tum mechanics, this space includes the time coordinate ¢. The other space “dimensions”
are of Grassmann nature, i.e. the corresponding coordinates anticommute among each
other.

Superfield technique is very general. It allows one to construct genuine supersym-
metric systems. It also serves as an efficient instrument for generalizing already known
supersymmetric systems.

The extended space in quantum mechanics — superspace — is described by the following
coordinates :

{a@,@}, ii=1,2 ..., N/2 (4.4.1)

with the identification 6 = (6;)" : the Grassmann coordinates 6; and 67 are complex. They
anticommute with each other :

Let us remind that the upper index on the conjugated Grassmann variable reflects the
way how it transforms under the action of the R-symmetry group.

Having thus defined the superspace, one introduces superfields depending on the super-
space coordinates. The property #? = 0 for any Grassmann variable § limits the number of

terms in the expansion of a general superfield ®(t, 6;, #7) as series in Grassmann variables.
Take, for instance, N' = 2 case. Omitting the indices on §; and ', one obtains

d(t, 0, 0) = () + ()0 + (1) + D(1)60. (4.4.3)

Two complex fields ¢(t), D(t) and two complex Grassmann fields ¢ (t), £(t) depend only
on the time variable and may represent physical degrees of freedom in supersymmetric
quantum mechanics. However, usually this field content is excessive, i.e. it is possible to
reduce the number of fields by additional constraints on the superfield ®. Such constraints
must be covariant with respect to supersymmetry transformations. For instance, such a
constraint can be reality condition for the superfield ®, see Section 4.4.3 for details.

4.4.1 Supersymmetry transformations and differential operators on
superspace

Infinitesimal supersymmetry transformations in quantum mechanics are realized as
shifts on the superspace (4.4.1),

t—>t+i(ei§i+?0i),

0, — 0, + e, (4.4.4)
0 — 0 +¢&

with Grassmann parameter ¢;, € = (¢;)*. Such transformations are induced by the operator
i (?Qi — eiQZ), where the supercharges

R R S
Qi = o + Qiau Q= Z@Hi -0 B (4.4.5)
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satisfy the relations

(0.0} = (@@} =0 (1.4.6)
(@i @'} = 20li0, (4.4.7)

with )
0= . (4.4.8)

The supercharges (4.4.5) together with the operator H = i0; realize a particular repre-
sentation of the supersymmetry algebra (4.1.2), (4.1.3) on the superspace (4.4.1).
Let us also introduce covariant superderivatives D' and D; defined as

0 52 D; = 9 2 (4.4.9)

D= 90, ot 00 ot

These operators are of special interest, because they anticommute with the supercharges
from above,

meaning that they are covariant with respect to supertransformations (4.4.4). Thereby,

they can be used in covariant constraints on superfields to reduce their number of inde-
pendent components. The anticommutation relations for the superderivatives are

{Di, Dj} = {Di, Dj} =0, {Di, Dj} = —20 0. (4.4.11)

Note that, for later convenience, we intentionally use a different convention for the
superderivatives (4.4.9) as compared with the supercharges (4.4.5).

4.4.2 The existence of analytical subspace in /' =2 SQM

Like in supersymmetric field theory case, the N = 2 supersymmetric quantum-

mechanical superspace {t, 0, 6} is endowed with two invariant subspaces — chiral,

{ty, 0},  tL=1t—100, (4.4.12)

and antichiral,

{tr, 0}, tr=t+i00. (4.4.13)

These two subspaces are invariant with respect to supersymmetry transformations (4.4.4) :

t, — t + 2i€d, 0 — 0 +ce,
_ _ (4.4.14)
tR—>tR+2i€¢9, 0 — 0+e€.

Practically this means that superfields which depend only on chiral (or antichiral) coor-
dinates have twice as less Grassmann coordinates and thus their component expansion
in Grassmann variables is shorter and contains smaller number of component fields. This
feature of A/ = 2 superspace is of primary importance in construction of supersymmetric
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quantum-mechanical systems. Consider, for instance, a superfield ¢ (¢1,, 8) which depends
only on the coordinates of the chiral subspace. It satisfies a covariant constraint

_ 0 0
Dq(ty,, 0)=|——i0— ty,, 0) =0 4.4.15
i(0,0) = (5 - 105 ) atw, 0 (4415)
which is due to D#;, = 0. Its component expansion

q(ty, 0) = z(t) + ()0 — (t) 00 (4.4.16)

contains one complex variable z(t) and its superpartner — one complex Grassmann variable
(t). This is indeed the minimum number of degrees of freedom one may have for such a
superfield.

The supertransformations (4.4.14) of the chiral superspace induce the supertrans-
formations of the chiral superfield ¢ (¢, ) and its components : ¢ (t1, 8) — ¢ (tL, 0) +
dq (t1, 6). Direct calculation yields :

2(t)
¥(t)

Note that the field v transformation involves full time derivative.

ez@+¢@@_ (4.4.17)
— Q/J(t) + 21 Z(t)e

4.4.3 Real superfield in N = 2 case

Along with the (anti)chiral superfields, real superfields are widely used in the ' =
2 supersymmetric quantum mechanics. Let us list their properties. We will use a real
superfield below for the construction of an example of simple supersymmetric system.
The real superfield v(t, 8, 0) is defined by the reality condition,

v =l (4.4.18)
Its component expansion reads :
o(t, 0, 0) = x(t) +(t)0 + O (t) + D(t) 69, (4.4.19)

where ¢ = * and the fields z() and D(t) are real. Under the supertransformations (4.4.4)
the component fields transform as

T — T+ 1pe + e,
Y — Y —ile,
v — ) +idE,

D—aD—ﬁ(¢e+¢0

(4.4.20)

Note that the D-term transforms with full time derivative. It is this fact which allows one
to build a supersymmetric system to which we now proceed.
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4.4.4 One-dimensional N = 2 supersymmetric quantum mechanics

Let us illustrate the material above with an example of the simplest supersymmetric
quantum-mechanical system of one real bosonic variable x(t) and one complex Grassmann
variable 1(t) [39]. To this end, we take the real superfield (4.4.19) and write the following
action for it :

S5 = /dt d0do {;Dv Do + A(v)} (4.4.21)

which involves the covariant derivatives from Eq. (4.4.9) and an arbitrary real function
A(v). The rules of Grassmann integration were discussed in Section 3.9.1. The integration
over the Grassmann variables leaves only the D-term of the real superfield which stays
under the integral in Eq. (4.4.21). Consequently, the action (4.4.21) is automatically su-
persymmetric. Indeed, under the supertransformations, the D-term transforms as a full
time derivative, see Eq. (4.4.20).

As one may guess, the first term in the action (4.4.21) describes the kinetic term of the
system, while the second term is the interaction term. The integration over the Grassmann
variables can be straightforwardly performed. Using the definition [dfdf 60 = 1, one
obtains

5= [ {;:ﬁ + ; (=) + ;DQ - DW ()~ W)y}, (4.4.22)

where we have introduced W(x) = A’(z), and the prime denotes the derivative with
respect to x. Only the last two terms come from the function A(v) in the action. We now
see that the variable D(t) does not have kinetic term and, thus, it is not dynamical. One
can integrate it out with its classical equations of motion,

D = W(x). (4.4.23)

Putting Eq. (4.4.23) back into the component action (4.4.22), one finally obtains the final
Lagrangian of the system :

L= g = W)+ 5 (9~ ) - W) g (1.4.24)
This Lagrangian defines a traditional one-dimensional system with the usual kinetic term
%a’:2 and the usual potential term %W2(:U) The coordinate x, however, is coupled to a
fermion 1. Note that here one has one bosonic degree of freedom and two fermionic
degrees of freedom. Let us remark that the statement about the equality of the number
of bosons and fermions concerns the number of states in a multiplet, not the number of
fields in the system.

To understand better the nature of the fermionic degree of freedom, let us perform
the Legendre transform of the Lagrangian to the Hamiltonian and quantize the system.
The third term in the Lagrangian (4.4.24) involves only one time derivative on ¢ and ¥
and will not enter the Hamiltonian. Nevertheless, it does provide the anticommutation
relations of ¢ and 1. Indeed, if one considers 1 as a coordinate, then ¢ would be the
corresponding momentum and wvice versa. Thus, the canonical anticommutation relations
are

{0, 9} =1, (4.4.25)
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and the Hamiltonian reads :

Ha = 30 + 5 W2 (@) + W) o, (4.4.26)
where p = . This expression corresponds to the “classical” Hamiltonian, because the
term with 1) has ordering ambiguity. The recipe to solve this issue is known [41] : one
must take the classical supercharges (which can be obtained with Noether theorem from
the Lagrangian (4.4.24)) and order the problematic terms with v, if any, in certain way.
After that, one must apply the commutation relations (4.1.2) to obtain the “quantum”
Hamiltonian which is indeed enjoys supersymmetry algebra. In fact, the supercharges do
not have order ambiguity problem. Their expressions are as simple as

Q= ;5 (p+iW)e, 0= ;5 (p— iW) 0. (4.4.27)

The anticommutator of supercharges shows the difference between the classical and the
quantum Hamiltonian, namely, the quantum Hamiltonian is obtained from the classical
Hamiltonian (4.4.26) by the replacement

_ 1,- _
b= 5 (bv—vi). (4.4.28)
One can realize the coordinate/momentum pair 1@, @Z as differential operators acting

on the space of functions (1)) of the argument 1) in the following way ? :

_9
=55

Alternatively, these operators can be realized as matrices. Indeed, the space of functions
f(®) is two-dimensional : f(¢) = a + bip. Let us introduce the basis functions

E<é> and sz), (4.4.30)

<
I

<

<

(4.4.29)

so that
F@) =a+bp = ( . ) . (4.4.31)
Thus, the operators (4.4.29) have the following matrix form :
&:(?8) and ¢:<8(1)> (4.4.32)
Thereby,
W — i = ( - ) — o3, (4.4.33)

2We put “hats” on the operators for clearness.
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where o3 denotes the third Pauli matrix. Combining Eqs. (4.4.26), (4.4.28) and (4.4.33),
one finally obtains the quantum Hamiltonian

H = ;pQ + ;W2<:L‘) + ;W’(m)ag, (4.4.34)
which describes a particle with spin moving in one-dimensional space. This Hamiltonian
is supersymmetric with supercharges introduced above. As a simple exercise, one can
take W (x) = wx which gives the system composed with non-interacting one-dimensional
oscillator and one spin degree of freedom.

The reader is referred to Ref. [40] for further details on this system, where the study
of energy spectrum and quantum states is performed and where the illustration of spon-
taneous breaking of supersymmetry is presented.

4.5 Harmonic superspace approach

Let us emphasize that the existence of (anti)chiral subspace in the superspace (4.4.1)
which leads to the reduction of the component expansion of any (anti)chiral superfield is
inherent only to the A/ = 2 case. The superspace (4.4.1) in the N’ > 4 quantum mechanics
does not have this feature. One, however, may still use covariant constraints (e.g. reality
condition or equations involving superderivatives) to reduce number of components in
superfields. Still, this is sometimes not enough to reduce the number to the expected mi-
nimum. Moreover, the constraints may be rather sophisticated. Some successful examples
of manipulation with superfields and their covariant constraints are described in Ref. [42].

It appeared that the case of NV = 4 is special : it also admits a superspace which has
two invariant subspaces and allows one to reduce the number of Grassmann variables in
superfields by a factor of two. This is the so called harmonic superspace (HSS) approach
[5] invented by Galperin, Ivanov, Ogievetsky and Sokatchev. The key idea here is that
the standard superspace (4.4.1) should be supplemented with additional coordinates of
bosonic nature.

Let us limit ourselves to the case of N/ = 4 supersymmetric quantum mechanics.

The harmonic superspace can be seen as one of the superspaces on which the super-
symmetry group acts. The superspace (4.4.1) is one of possible choices. All the conceivable
spaces on which supersymmetry acts can be described as a factor

supersymmetry group

superspace = (4.5.1)

one of its certain subgroups’

We remind that A = 4 supersymmetry algebra in quantum mechanics is invariant
under the SU(2) R-symmetry group (cf. Section 4.3). Till this moment, the latter was fac-
tored out from the considerations. However, while searching for conceivable superspaces,
the R-symmetry group space can be added to the superspace (4.4.1). It appears that the
superfields on the extended superspace which deliver minimal component field content
will be functions on a two-sphere S? = SU(2)/U(1) — a factor of the R-symmetry group
with respect to one of its U(1) subgroups.
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4.5.1 Notations

The harmonic superspace (HSS) approach in quantum mechanics was developed in
Ref. [6]. The convention in this manuscript follows the convention of Ref. [2] and differs
from the convention of Ref. [6] by the change of time direction ¢ — —¢. With this, one
reproduces the correct sign in the kinetic term for the spinor field in Eq. (5.2.5).

From now and below, in N/ = 4 supersymmetry, we use a different notation for spinor
indices : the indices from the beginning of the Greek alphabet

a, f=1,2 (4.5.2)

are used instead of the indices 7, j. For instance, the ordinary N = 4 superspace is
{t. 0, 0%}, 07 =(05)" (4.5.3)
For later references, let us repeat here the expression for the supercharges of Eq. (4.4.5) :

0 0 = .0 0

R —- L L 4.5.4
QCM Zaea +0aat7 Q Zaea 6 at7 ( 5 )
and the superderivatives of Eq. (4.4.9) :
0 ~ 0 = 0 0
D* = — —i0*— Dy =— —ib,—. 4.5.
90, " ot 96> "ot (4.5.5)

The supersymmetry algebra (4.1.2), (4.1.3) is
{Qa, Q%) = 200H

_ (4.5.6)
{Qa, Q) = {Q*,Q°} =0,

4.5.2 Raising and lowering spinor indices

The SU(2) R-symmetry group admits the possibility of raising and lowering spinor
indices with the invariant antisymmetric Levi-Civita tensors e,5 and £**. By definition,

€aB = —E€Ba, €12 = 1,
) - (4.5.7)
8@,@ — _Eﬂa’ 812 — _1’
so that, for example, one has for a spinor v, :
v® = ey, Vo = Eapt”. (4.5.8)

Due to the invariance of the Levi-Civita tensors with respect to the action of SU(2)
R-symmetry group, the equations involving them are also invariant.
Below, we will also introduce SU(2) Pauli-Giirsey group [5] and dotted indices for it.
Analogously, one can introduce Levi-Civita tensors with dotted indices :
€4 = —Char  Ciz =1,

I —" (45.9)
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4.5.3 Dealing with the sphere S°

Before discussing the harmonic superspace as a whole it is instructive to study the
coordinates on the SU(2)/U(1) space which is a two-sphere. One could choose, for example,
polar or stereographic coordinates on S?. However, it turns out much more convenient to
deal with the homogeneous coordinates on the SU(2) group space and constrain functions
on it to live on the S? space.

To elaborate more on this point, introduce the homogeneous complex coordinates u
a = 1,2 called harmonics on a three-sphere SU(2). They satisfy the defining relations

+

[o'R]

utu, =1, u, = (ut)*. (4.5.10)
(We are using raised indices in the above, see the previous subsection ; for instance, u*t® =
5‘1*3ug.) Note also an important identity

ufug — uguf = qp. (4.5.11)

We are interested in considering functions on the SU(2)/U(1) space. Consider func-
tions on a three-sphere which have definitive U(1) charge. For illustration, take a function
fT(u) of charge +1. In can be expanded into series in harmonics u :

STw) = foul + " ufug + (4.5.12)

where the constants f, f*#7, ... can always be taken symmetric in their indices. Indeed,
using the relation (4.5.11), one can transform any product of harmonics to symmetric
combinations plus products of harmonics of smaller orders. For example,

1
uZuEu‘ = 3 ( ;ugu; —I—u;ugu;“ —I—ujugui) +

1
St — et
+ 3(%“5% uauﬁu7)+

a a ol

+ ?1) ( sufuy — u+u§u+> =

- Zl% ( sugul +ugugul + uiu;uj) - ;smug + Elsemu;r. (4.5.13)

With respect to the action of R-symmetry group, the function f*(u) undergo ho-
mogeneous U(1) phase transformations (according to its overall charge) and thus is well
defined on a two-sphere SU(2)/U(1). The same is also true for any function of harmonics
with fixed U(1) charge.

In fact, the harmonics u are the fundamental spin 1/2 spherical harmonics familiar
from quantum mechanics. This is why they are called harmonic variables.

The harmonics can be used for projection of spinor indices onto harmonic space.
For instance, f* = u}f* and f~ = wu; f* The original spinor can be restored using
Eq. (4.5.11) :

fC=utf" —u*f". (4.5.14)
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4.5.4 Differential operators on SU(2)r group

The differential operators

0 0 0 0
++ _ ,+ -, 0o _ ,+ -
D = U, %, D = Uu,, % s D" = Uy, 8”;"{‘ — U, au; (4515)

are called harmonic derivatives. The operator D° plays a role of the U(1) charge operator.
One has for a function f77(u) of definite U(1) charge +q :

D°f(u) = q fH9(u). (4.5.16)

The coordinates u have charge 1, while the coordinates u; have charge -1.

4.5.5 N =4 harmonic superspace

The N = 4 harmonic superspace formalism in quantum mechanics was developed in
Ref. [6]. In this formalism, the superfields depend on time ¢ and on harmonics u** which
parametrize the R-symmetry group SU(2) of the N = 4 superalgebra, and on Grassmann
variables 6, 8°. The superspace is

{t. 0a, 0%, uf}, 07 = (6,)". (4.5.17)
This is the so called standard basis in harmonic superspace.

Usually, instead of spinors 6, and 6° it is preferable to use the following harmonic

projections : - ~
0F = uro*, 0 =uto". (4.5.18)

One can also define harmonic projections of superderivatives, D* = u* D, D* = v D®.
One can check that

+_ 9 .9 -__ 9 59

D = 50 i 5 D 50+ 0 5 (4.5.19)

- 0 0 0 0

+ - — it = T = — 90— ..
=25 i0 5 D 55+ i0 5 (4.5.20)

in the standard basis (4.5.17).

4.5.6 Analytical basis in harmonic superspace

The most striking feature of harmonic superspace is the presence of an analytic sub-
space

ta, 07, 07,y (4.5.21)
{ J

in it (an analog of N' = 2 chiral superspace) involving the “analytic time”
ta=t+i(0T0 +6767) (4.5.22)

and containing twice as less fermionic coordinates.
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Let us elaborate more on this point. It is convenient to go over to the analytic basis
in harmonic superspace,

{tA, 0, 0%, ufj}. (4.5.23)
In this basis, the covariant spinor derivatives D, D™ are as simple as
0 _ 0
Dt = — Dt = ——. 4.5.24
00—’ 00~ ( )

It is this fact which allows one to translate superfield constraints D f = Dt f for some
superfield f to be independent of = and 6~ : f = f(ta, 0T, 07, ul).
One can check directly that the subspace (4.5.21) is invariant with respect to N' = 4
supersymmetry transformations. Indeed, using Eq. (4.4.4), one obtains
tg —ta+2i <6_9_+ — E_9+) ,

6F — 0F + €*,

o (4.5.25)
0= — 0F + &,
ut — uk,
where
€ = (eq)", et =ute”, & =ute. (4.5.26)

Finally, let us also write the form of harmonic derivatives D™+ and D~ from Eq. (4.5.15)
in the analytic basis :

0 0 0 _ 0
++ _ ,+ + + Nttt
DT = S O g 0 o 2070 o (4.5.27)
_ _ 0 0 -0 =0
D —UO{@"‘Q %‘f‘@ %4—229 9 % (4528)

Note that in the subspace (4.5.21) the second and the third terms vanish.

4.5.7 Involution symmetry

The superspace (4.5.17) admits an involution symmetry which commutes with super-
symmetry transformations [6, 5]. We denote the involution with a sign ~, e.g. its action is
f — f for an arbitrary superfield f(ta, 6F, 0%, ub).

By definition, the involution transformation acts just as the ordinary complex conju-
gation except its action on the harmonics u® for which it is

ut = ure, ute = —yt. (4.5.29)

This gives .
th=ta, OFE=0F = 0==_—0* (4.5.30)

The action of the involution transformation on harmonics can be seen as a composition
of complex conjugation and point inversion on the sphere S?. In general, the involution
symmetry is very similar to the operation of complex conjugation, but is does not change
U(1) charges of superfields. It allows one to put additional constraints on superfields (e.g.
reality condition) and is used in construction of supersymmetric Lagrangians.
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4.5.8 Supermultiplets of different dimensions

Let us now discuss possible minimal supermultiplets * which are commonly involved
in the superfield description. All such N/ = 4 supermultiplets are usually referred to with
three numbers, (b, f a), where

— b is the number of physical bosonic degrees of freedom ;

— f is the number of physical fermionic degrees of freedom ;

— a is the number of auxiliary nondynamical bosonic degrees of freedom, which are

integrated out of final Lagrangians.
The widely used supermultiplets are (4,4,0) and (3,4,1) [43, 6, 42, 15] which usually
describe four- and three-dimensional dynamics respectively. We discuss them in detail
below. Also, the common way of obtaining N' = 8 supersymmetry or higher dimensional
theories with N/ = 4 supersymmetry is to take several superfields of such types.

Other supermultiplets include (2,4,2) and (1,4, 3) [44, 45] which are usually used
to build systems of many particles in two and one dimensions. These multiplets are not
discussed in this manuscript.

In general, the number of physical fermions in all such multiplets is four, while the
sum of physical and auxiliary bosonic degrees of freedom is also four. It is even possible
to introduce the (0,4, 4) supermultiplet [6].

4.5.9 Supermultiplet (4,4,0)

The derivative operators D+, D¥, D** (anti)commute with each other and with
supercharges. Because of this, it is possible to consider a superfield ¢+ with U(1) charge
+1 satisfying

DYq¢T =0, D¢t =0, D¢t =0. (4.5.31)

In the analytic superspace coordinates, the first and the second equations mean that ¢*
depend only on #* and 6F, but not on = and 6~ see Eq. (4.5.24). In this way, the first
and the second equations form the so-called superfield analyticity conditions.

When expanding the superfield ¢*(t4, 07, 8, uX) over spinor coordinates and the
harmonics, one obtains an infinite set of physical fields. However, imposing also the condi-
tion Dttgt = 0 drastically reduces the number of such fields, making it finite. In the
analytic basis (4.5.23), the solution of the constraints (4.5.31) reads

gt = 2 (ta)ul — 207 x(ta) — 207X (ta) — 20070 TONT* (tA)uy, (4.5.32)
with
oy = -2 (4.5.33)
A= 50 5.

and the factors —2 introduced for convenience. Thus, the (4,4, 0) superfield ¢t involves
two complex bosonic coordinates z and two complex fermions — x, Y'.

3In Section 4.2, we discussed supermultiplets of quantum states (characterized by their wave functions),
whereas here by a supermultiplet we mean a superfield with certain “minimal” superfield content. In
particular, the statement about the equality of the number of bosons and fermions (Section 4.2.4) is not
applicable to the number of physical bosonic and fermionic fields in a system. This property was already
observed in the example of the simplest quantum mechanics, see Section 4.4.4.

Let us also remark that the above property is specific only to quantum mechanics.
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The constraints Dt¢gt = Dt¢t = 0 are akin to the discussed previously chirality
constraints in A/ = 1 four-dimensional supersymmetric field theories. Such constraints
appear naturally in the HSS formalism and are common also in four-dimensional field
theories. A possibility to impose the extra constraint D™ g™ = 0 is specific for quantum
mechanics only, where it has a pure kinematic nature. In N' = 2 supersymmetric field
theories, the relation D¥T¢™ = 0 is not a kinematic constraint, it is the equation of
motion for the free hypermultiplet derived from the action S = [d*zdud*0* ¢t D**q*
[5]. N

The constraints (4.5.31) admit an involution symmetry ¢ — ¢+ which commutes
with supersymmetry transformations [6, 5] :

gt = [za(ta)] ul — 207X (ta) + 201 X" (ta) — 200707 0p [2a(ta)] u . (4.5.34)

«

It is straightforward to see that the field ¢+ satisfies the same constraints (4.5.31) as the
field ¢™.

As we will use the (4,4,0) supermultiplet to construct supersymmetric quantum-
mechanical system with four space dimensions, it will be more convenient for us to use
the g™ supermultiplet in different form. Namely, let us introduce the supermultiplet

¢ ={¢" ¢}, a=12 (4.5.35)

The involution symmetry can used to impose the pseudoreality condition on the field
+a
q -,

gt = %8 (q*ﬂ), (4.5.36)
which is in fact equivalent to Eq. (4.5.35). In components,
gt = 2ty )ul — 207N (ta) — 207X (ta) — 200TOTOAT Y (Ea ), . (4.5.37)

The constraint (4.5.36) implies
0= = (20a)", X*=(xa)" (4.5.38)

The form of the supermultiplet ¢™* suggests that one can associate the SU(2) group
related to the dotted index . This Pauli-Glirsey group [5] is also realized on the ¢*
supermultiplet, but not manifestly.

Consequently, the quantum-mechanical system which will be discussed in the next
chapter, inherits the SO(4) = SU(2)r x SU(2)pg group composed from the R-symmetry
group and the Pauli-Girsey group. In general, this rotational SO(4) group is completely
broken by the presence of a four-dimensional gauge field, see next chapter.

4.5.10 Supermultiplet (3,4,1)

Instead of the coordinate superfield g™ one can deal with the analytic superfield
LT of charge 42 which encompass the supermultiplet (3,4,1) and is subjected to the

constraints _
DLt = DHL+ =,
(4.5.39)

Dt = 0, (L**) = —L++,
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They restrict the analytic superfield L** to have the appropriate off-shell component
field content, namely (3,4,1) :

L = Pufuf + 200X ul + 200X ul + 070 [F — 2i*Puug) (4.5.40)
with
(lap)” = =L, (X*)" = Xa- (4.5.41)

The multiplet LT involves the 3-dimensional target space coordinates ¢*? = 7%  their
fermionic partners x®, x* and a real auxiliary field F.

4.5.11 Harmonic integrals

The invariant actions involve the harmonic integral [ du. To find such integral of any
function f(uZ), one should expand f in the harmonic Taylor series and, for each term, do
the integrals using the rules

/du 1=1, /du u?al Uy U Uy =0, (4.5.42)

where the integrand in the right equation is symmetrized over all indices. The values of
the integrals of all other harmonic monoms (for example, [ duufuy = %5(15) follow from

(4.5.42) and the definitions (4.5.10), (4.5.11).

4.5.12 Notations in four-dimensional mechanics

We keep the notation of the previous chapter for the four-dimensional Euclidean space

vector indices,
w,v=20,1,2 3. (4.5.43)

The Euclidean four-dimensional sigma-matrices, however, are different ; we use the follo-
wing SO(4) notation (compare with Eq. (3.1.6)) :

(0aa = {i:3}ee,  (o1)™" = {~i,3)", (4.5.44)

where ¢ are ordinary Pauli matrices. (These are more or less the conventions of [33] rotated
to Euclidean space.) The matrix O'L is obtained from the matrix o, by the operation of
raising of indices : '
)" = _géigen
(of)" = —e%7e"(0,)45 (4.5.45)

The matrices oy, O'L satisfy the identities

aua;ﬂ + o0l =0lo, + ala# = 20,

It 1
olo, — oo, = 2int,0,, (4.5.46)
O’HO'i — UZ,UL = 21,04,

where 7, 77, are the 't Hooft symbols,

My = Mg = Eaijs Mo = —Moi = Toi = —Tio = Oai (4.5.47)
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(0, — Pauli matrices, indices a, ¢, j run from 1 to 3). They are self-dual and anti-self-dual
respectively,

a 1 a —Q 1 —Q
np,y = §5uup>\np)\7 T],uy = _§6uyp>\,r}p)\7 (4548)
with the convention
£€0123 — —1. (4549)
Another useful identity is
020;‘502 = —O‘L. (4.5.50)

The (4,4,0) supermultiplet (4.5.37) involves the bosonic field z%%(¢). In fact, such
bosonic field is equivalent to a real four-vector in the Euclidean space. Let us describe the
transformation between the spinor notation v** and the corresponding vector notation v*
for an arbitrary field v :

Vaa = U,u(o-,u)ao'u

Uu = 50aa(0]) = —30°%(04) ey (4.5.51)
VY = 50‘35‘5‘5%5 = —u, (o).

Particularly, it is straightforward to check that for the field ¢ with the constraint (4.5.38)
the corresponding vector field z# is real.

4.5.13 Relations for the 1 symbols

Here we give a list of relations for the 't Hooft symbols 7, and 7y, defined by
Eqs. (4.5.46), (4.5.47) :

M = o
M Tix = 30uxs
My = 40,
MawTyn = OpryOux — 0pux0uy + €y,
Euratlye = Oyullyy = Oy F 09T, (4.5.52)
e = %0, +e%ng,
5abc772u77§>\ = Oy Tlyx — 511)\7737 - 5w77z)\ + 51//\77277
1,1, =0,
77%77»% = 77%"7%-
To pass from the relations for 7y, to those for 77, it is necessary to make the substi-
tution

nsy - ﬁZV7 5uu76 - _Ep,y'y§~ (4553)



Chapitre

New supersymmetric
models of quantum
mechanics

This is the central chapter of the manuscript describing certain new
SQM models discussed and studied in the papers [2, 3, 4]. The explicit
form of the corresponding superfield and component actions, as well
as of the quantum Hamiltonians and supercharges is given. The brief
summary of the results is the following.

It is shown that the Hamiltonian H = P? where P is flat four-
dimensional Dirac operator in an external self-dual gauge background,
Abelian or non-Abelian, is supersymmetric with N/ = 4 supersymme-
try. A generalization of this Hamiltonian to the motion on a curved
conformally flat four-dimensional manifold exists. For an Abelian self-
dual background, the corresponding Lagrangian can be derived from
certain harmonic superspace expressions.

If the Hamiltonian involves a mon-Abelian self-dual gauge field, one
can construct the Lagrangian formulation by introducing auxiliary bo-
sonic variables with Wess-Zumino type action. For a special class of
such Lagrangians when the gauge group is SU(2) and the gauge field is
expressed in the ‘t Hooft ansatz form, it is possible to give a superfield
description using the harmonic superspace formalism. As a new expli-
cit example, the N' = 4 mechanics with Yang monopole in R5 (which
coincides with an instanton on S*) is considered.

Independently, a similar system with N' = 4 supersymmetry in three
dimensions also admits the superfield description. Although the three-
dimensional system involves different superfields as compared with the
four-dimensional case, its component Lagrangian and Hamiltonian ap-
pear to be the three-dimensional reduction of the mentioned four-
dimensional system. The off-shell N' = 4 supersymmetry requires the
gauge field to be a static form of the 't Hooft ansatz for the four-
dimensional self-dual SU(2) gauge fields, that is a particular solution
of Bogomolny equations for BPS monopoles.

97
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5.1 Fermions in four-dimensional self-dual background

5.1.1 Matrix description

Consider the Dirac operator in flat four-dimensional Euclidean space

P = Z Dy (5.1.1)

$=0,1,2,3

where D,, = 0, — A, with A, being a gauge field and 7, are Euclidean anti-Hermitian
gamma—matrices,
0 —(TL
W=, 0 : {V, W} = —26,. (5.1.2)
o
The matrices o, and o}, were introduced in Eq. (4.5.44). The Hamiltonians we are going
to construct enjoy SO(4) = SU(2) x SU(2) covariance such that the undotted spinor index

refers to the first SU(2) factor, while the dotted one to the second.
Consider the operator

1 1 7

H= 5@2 = —51)2 = 1w (5.1.3)
where ¥, = 0,A, — 0, A, —i[A,, A,] is the gauge field strength. It is well known that
nonzero eigenvalues of the Euclidean Dirac operator come in pairs (—A, A) and hence the
spectrum of the Hamiltonian H is double-degenerate for all excited states. This means
that, for any external field A, this Hamiltonian is supersymmetric [9] admitting two
different anticommuting real supercharges : I and @Pvs (75 = Yoy17273). Suppose now
that the background field is self-dual,

1
fﬂl’ = §€MVp5fp5 — fuy = T]ZVBCL s (514)

where 77, are the 't Hooft symbols defined in Eq. (4.5.46). One can be easily convinced
that in this case the Hamiltonian admits four different Hermitian square roots S4 that
satisfy the extended supersymmetry algebra (4.1.8); we repeat these relations here :

{S4, S5} =4045H. (5.1.5)

One of the choices is

S1 =D = %Dy +1D1 + 72D2 + v3Ds,
So = 7Ds + 11Dy — v2 D1 — 3Dy,

5.1.6
S3 = D2 — 11Ds — %Dy + 3D1, (5.1.6)
Sy =%D1 — 11Dy + 12Dz — 13Ds.
Introducing the complex supercharges
Q1 = (S1 —15:)/2, Q2 = (S5 —1i54)/2, (5.1.7)

Q' = (51 +15,)/2, Q* = (S5 +1i54)/2,



5.1 Fermions in four-dimensional self-dual background 99

we obtain the standard N' = 4 supersymmetry algebra (4.5.6). Correspondingly, the
excited spectrum of H is four-fold degenerate, while the spectrum of 7P consists of the
quartets involving two degenerate positive and two degenerate negative eigenvalues. Note
that, in contrast to D, the operator IPy; is not expressed into a linear combination of S4.
In other words, the N' = 2 supersymmetry algebra with the operators (1 + 7s) is not a
subalgebra of the N' = 4 algebra (4.5.6).

The algebra (5.1.5) with supercharges (5.1.6) holds for any self-dual field, irrespec-
tively of whether it is Abelian or non-Abelian. Thus, the additional 2-fold degeneracy
of the spectrum of the Dirac operator mentioned above should be there for a generic
self-dual field. One particular example of a non-Abelian self-dual field is the instanton
solution, where this degeneracy was observed back in [10] (see Eqgs. (4.15) there). The ge-
neralization of the Dirac operator and (anti)self-duality conditions to higher-dimensional
manifolds was considered in Ref. [14].

5.1.2 Covariant description

To make contact with the Lagrangian (and, especially, superfield) description, it is
convenient to introduce holomorphic fermion variables 14 and %, which satisfy the stan-
dard anticommutation relations

(a3} = {W050° =0, {9% 45} =65 (5.1.8)

and are realized as matrices in the following way :

—% + 173 i Yot
¢i = ) 1/}1 = )
2 2
Yo + iy 5 —M2tim
Py=—, = (5.1.9)

Then two complex supercharges (5.1.7) are expressed in a very simple way, namely

Qa - (‘Zu&)a (ﬁ,u - A,u) )

_ . (5.1.10)
Q% = (WTL) (ﬁu - Au) )
with p, = —i0,. The Hamiltonian (5.1.3) is expressed in these terms as
1 . 9 1 P
H =5 0u—= A"+ 3 Fav 0,000 (5.1.11)

It is clear now why the spinor indices in Egs. (4.5.6) are undotted, while in Eq. (5.1.9)
they are dotted : the supercharges are rotated by the first SU(2) and the variables 1
by the second '. A careful distinction between two different SU(2) factors allows one
to understand better the reason why the supercharges (5.1.10) satisfy the simple alge-
bra (4.5.6) in a self-dual background. The self-dual field density F carries in the spinor

Note that complex conjugation leaves the spinors in the same representation, the symmetry group
here is SO(4) rather than SO(1,3).
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notation only dotted indices. Therefore any expression involving F, 1, is a scalar with
respect to undotted SU(2). The only such scalar that can appear in the right hand side of
the anticommutators of the supercharges {Q,, Qr° } is the structure which is proportional
to 67, i.e. the Hamiltonian. No other operator is allowed.

In the Abelian case, the supercharges (5.1.10) and the Hamiltonian (5.1.11) are scalar
operators not carrying matrix indices anymore. This allows one to derive the Lagrangian,

1 . ; _
L = J iy + Au(@)i, + s - ifw, Volo,i . (5.1.12)

In the non-Abelian case, the expressions (5.1.10) and (5.1.11) still keep their color
matrix structure, and one cannot derive the Lagrangian in a so straightforward way.
One of the ways to handle the matrix structure is to introduce a set of color fermion
variables (say, in the fundamental representation of the group) and impose the extra
constraint considering only the sector with unit fermion charge [9]. An alternative non-
Abelian construction of the Lagrangian is presented in Section 5.3. In this section, we
limit ourselves only to Lagrangians for Abelian fields.

5.1.3 The generalization to conformally flat metric

As will be demonstrated explicitly in Section 5.2, the component Lagrangian (5.1.12)
follows from the superfield action written earlier by Ivanov and Lechtenfeld in the frame-
work of harmonic superspace approach [6]. We will see that one can naturally derive in
this way a o-model type generalization of the Lagrangian (5.1.12) describing the motion
over the manifold with nontrivial conformally flat metric ds®> = {f(z)} > dz,dz,. It is
written as follows :

1 .
L = —f i@, + i, +

: R CICN R ) AN S N e

4

+ Ay ()it — % P2 Fubolo,d, (5.1.13)

The corresponding quantum Noether supercharges and the Hamiltonian are (see also

Section 5.2.3 for details)
Qa = f (O'M@Z> (ﬁu - Au) - %@ (Uu&) iaufa
. o o (5.1.14)
Q= (vol)" by — Ay) f+i0,f (vol)” - s,

H =3 f (b= AN T+ 3 Fuutoolond

- ;fiauf (P — Av) 1/10[20,,]@ + [O°f {WN - ; (1%1/1#)2} . (5.1.15)

On the other hand, one can explicitly calculate the anticommutators of the supercharges
(5.1.14) for any self-dual ? field A,,(x), Abelian or non-Abelian, and verify that the algebra

2 Anti-self-duality conditions are obtained when one interchanges o, and O'L in all the formulas. This
is equivalent to the interchange of two spinor representations of SO(4).
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(4.5.6) holds. While doing this, the use of the following Fierz identity
T \B — 8 _
(¢0}) (00), = (0ud) (¥ol)” = doon (5.1.16)

which can be proven using (4.5.50), is convenient.

Note that, with a nontrivial factor f(z), the Dirac operator 7 in a conformally flat
background can be expressed as a linear combination of Q, and Q% only if one also adds
a certain torsion proportional to the derivatives of f(z) [46]. The Hamiltonian (5.1.15)
would also coincide with 70?/2 in this case. In fact, generalization of the system with the
Hamiltonian (5.1.11) to the conformally flat case, which preserves N' = 4 supersymme-
try, as in Eq. (5.1.15) always involves the torsion field. The Hamiltonian (5.1.11) also
admits another type of N' = 4 extension to a curved space endowed with Hyper-Kahler
metric and without a torsion [14]. In its most generality, the Hamiltonian involves weak
HKT geometry — the generalization of Hyper-Kahler metric obtained by introduction of
conformal factor and torsion [46].

The model (5.1.13), (5.1.14), (5.1.15) is a close relative to the model constructed in
Ref. [12] (see Egs. (30) and (31) there), which describes the motion on a three-dimensional
conformally flat manifold in external magnetic field and a scalar potential. In fact, the
latter model can be obtained from the former, if assuming that the metric and the vector
potential A, = (&, ff) depend only on three spatial coordinates x;. If assuming further
that the metric is flat, one is led to the Hamiltonian [11]

1
2
which is supersymmetric under the condition F;; = €;;40,U (the 3-dimensional reduction
of the four-dimensional self-duality condition). It was noticed in Ref. [12] that the effective
Hamiltonian of a chiral supersymmetric electrodynamics in finite spatial volume belongs
to this class with U o 1/|A|. The vector potential A(A) describes in this case a Dirac
magnetic monopole such that the Berry phase appears. The three dynamical variables A
(do not confuse with curly A ) have in this case the meaning of the zero Fourier harmonic
of the vector potential in the original field theory. In the leading order, the metric is flat.
When higher loop corrections are included, a (conformally flat!) metric on the moduli
space {A} appears.

Performing the Hamiltonian reduction of Eq. (5.1.15) with non-Abelian A, a non-
Abelian generalization of Eq. (5.1.17) can easily be derived. It keeps the gauge structure
of Eq. (5.1.17) with matrix-valued Aand U satisfying the condition F;; = €;;#DyU. Note
that such Hamiltonian does not coincide with the non-Abelian 3-dimensional Hamiltonian
derived in Ref. [21].

. 1 - _
o = (ﬁ—ﬁ)2+§U2+VUW¢, (5.1.17)

5.1.4 Example of constant gauge field

As an illustration, consider the system described by the Hamiltonian (5.1.11) in a
constant self-dual Abelian background. The constant self-dual field strength F,, = 1, B,
is parametrized by three independent components. Let us direct B* along the third axis,
B, = (0,0, B), and choose the gauge

./40 = Bxg, ./42 = Bl‘l, ./41 = .A3 = 0. (5118)
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The Hamiltonian (5.1.11) acquires the form

L. 1, 1
H = {5 00— B + 503+ B (' - 3)}
L 1. L, 1
+ {2 (p2 — Bx1)* + §pf + B <x2x2 - 2)} (5.1.19)

For convenience, we have introduced notations y; = 7,@1, X =i, X2 = Uy, X2 = &2 The
Hamiltonian is thus reduced to the sum H; 4+ Hs of two independent (acting in different
Hilbert spaces) supersymmetric Hamiltonians, each describing the 2-dimensional motion
of an electron in homogeneous orthogonal to the plane magnetic field B. The bosonic
sector of each such Hamiltonian corresponds to the spin projection §B/|B| = —1/2,
and the fermionic sector to the spin projection §3/|B| = 1/2. This is the first and the
simplest supersymmetric quantum problem ever considered [47]. The energy levels for
each Hamiltonian are ¢; = B (nz + % + si), n; > 0 — integers, s; = :I:%. Each level of H; is
doubly degenerate. Besides, there is an infinite degeneracy associated with the positions
of the center of the orbit along the axes 1 and 3 that are proportional to the integrals of
motion py and pg. The full spectrum

E:B(n1+n2—|—1+51—|—32) (5120)

is thus 4-fold degenerate at each level (except for the singlet state with £ = 0) for given
DPo; P2-

It might be instructive to explicitly associate this degeneracy with the action of su-
percharges (5.1.10). Let us assume for definiteness B > 0. One can represent ), as

0, = V2B (bX1 + aT)ZZ) : Q, = V2B ((m _ bT>’<2) : (5.1.21)
where af, b' and a, b are the creation and annihilation operators,
1 1
a=——(p1 —iBxr; +1ips), b= —(p3 —1Bxr3z +1 , 5.1.22
V2B (D1 1 p2) V2B (D3 3 Do) ( )
a,af] =1, |pbf] =1. (5.1.23)

In these notations, the Hamiltonian (5.1.19) takes a very simple form
H = B{a'a+b'b+ %" + x2X*} - (5.1.24)

Obviously, the energy levels of the Hamiltonian (5.1.19) are defined by two integrals of
motion ps o, two oscillator excitation numbers n; » and two spins s; o, as in Eq. (5.1.20). For
each pa, po, there is a unique ground zero energy state |0) annihilated by all supercharges.
A quartet of excited states can be represented as

[nana) . Qilnang),  Qblnaing), Q1QhIni,ng) (5.1.25)
where the state . .
|n1,n2> = X1- (CLT) (bT) ’O>
of energy F = B(n; + ny + 1) is annihilated by both @, and Q.
For each ps, pg, there are N such quartets at the energy level £ = BN.
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5.2 Harmonic superspace description in the Abelian case

In this section, we derive the Hamiltonian (5.1.15) from the harmonic superspace
approach. The introduction to the harmonic superspace and its salient features and de-
finitions in application to quantum mechanical problems were already discussed in the
previous chapter. The relevant superfield action was written in [6]. Let us show here that
the corresponding component Lagrangian coincides with (5.1.13). The corresponding su-
percharges (5.1.14) and the Hamiltonian (5.1.15) involve an Abelian self-dual gauge field
A, (x). The non-Abelian field case is discussed later in this chapter.

5.2.1 Superfield content

Let us introduce a doublet of superfields ¢ with charge +1 (D% ™ = ¢™) satisfying
the constraints (4.5.31), (4.5.36). The index & is the fundamental representation index
of an additional external (Pauli-Giirsey) group SU(2). The solution for these constraints
in the analytical basis was written in Eqs. (4.5.37), (4.5.38). It can be presented in the
central basis (4.5.17) as ¢™% = u¢*®, where ¢®* does not depend on u (the latter follows
from the constraint DT ¢™* = 0 and the definition D+ = uj;a%_). It is convenient to go
over to the four-dimensional vector notation (4.5.51), introducinag

1 . . fe%e"
Q= —3 (0u) pe 4 gte = —qy (UL) ul. (5.2.1)

Now, g, is a vector with respect to the group SO(4) = SUg(2) x SUpqg(2), with the
first factor representing the N = 4 R-symmetry group and the second one being the
Pauli-Girsey global SU(2) group which rotates the dotted “flavor” indices.

The pseudoreality condition (4.5.36) implies that the superfield ¢, is real. The latter
is expressed in components as follows :

= 1, = 1~ l - = 1.
qu =z, +00,x+ 00X — v Ha[uai}ﬁ + 59(7“)( 6? — 59(7“)( 62 — 7%n 6* (5.2.2)

where 6% = 0%0,,, 6> = 6°0,,, 6* = 626>. Moreover, the first equality in Eq. (4.5.38) implies

that i
u= —§xaa(0“)ad (5.2.3)

is also real, and we are left with four dynamic bosonic variables.

T

5.2.2 Superfield action

The classical N' = 2 supersymmetric action for the superfield g, can now be written.
It consists of two parts, S = Siin + Sine. The kinetic part,

St = / dt d*0du Ry, (¢, g7 u) = / dt d*0 Rin(q,.), (5.2.4)

depends on an arbitrary function Ryi,(g,). Note that one can forget the harmonic super-
space coordinates here and work in an ordinary superspace. In other words, the kinetic
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term Sy, does not require the additional coordinates u of the harmonic superspace.
Plugging (5.2.2) into (5.2.4) and adding/subtracting proper total derivatives, one obtains

1 .. Z — G- &
Skin = / dt {29(56) Tudu + 59(2) (X% — X*Xa)

1 7 . _
+§629($) - T ,.9(2) T, XUEFMUV]X} , (5.2.5)
where g(z) = 202 R (2) and x* = x*xa X°X;.

To couple z, to an external gauge field, one should add the interaction term Si, that
represents an integral over analytic superspace in the harmonic superspace,

Sint _/dtdud0+d0+Rm (q"4(ta,0%,0%), ). (5.2.6)
We choose REF (it carries the charge +2, DR = 2R F) satisfying the condition
Rmt = — R (the involution operation X was defined in Section 4.5.7) such that the

action (5.2.6) is real. In contrast to the kinetic term, the interaction term involves the
dependence on harmonics u$ and thus cannot be written in terms of superfields of ordinary
superspace (4.5.3).

To do the integral over #* and 6%, we substitute Eq. (4.5.37) into (5.2.6) and expand
the latter in Taylor series over 6%, %, keeping only terms ~ 6767 :

Rif(g* j:) = 0 4RI (—2i9+§+u;:ba°">

int int
+20.00, 4 RE 070 (X +XP) +... (5.2T)
(ellipsis denote terms not proportional to +81) with

++ (.4 +
aRint (x 77 u’y )
Oxrté

6+QR++(.CE U,) =

int

(5.2.8)

and similarly for 0,40 +,3Rmt . Let us also pass to vector notation z, for the coordinates
, see Eq. (5.2.3). Consequently,

et = 2%} = —x, (UDM ul. (5.2.9)
Then
Siw = [ du{?z’ (o)™ OuaRit uy - — 4O a+da+53;t+}. (5.2.10)
Now, define the gauge field,
/du{?z 9 R u } (5.2.11)

As the action (5.2.10) is real, the field A, (z) is also real. It automatically has zero diver-
gence,

0,A, = 0. (5.2.12)
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The field strength is expressed as

1m

Fow = Ay — 0,4, = =201, / dudy o, R e (o), (5.2.13)

(the identities (4.5.46) were used). It is obviously self-dual because the 't Hooft symbols
are self-dual, see Eq. (4.5.48). With the definitions (5.2.11) and (5.2.13) in hand, one can
represent the interaction term (5.2.10) simply as
, 4 _
Sine = /dt {Au(x)xu — Z]—"W XULUVX} ) (5.2.14)
Finally, one can get rid of the factor g(z) in the fermion kinetic term (5.2.5) by
introducing canonically conjugated

Ve = fH2)Xa, P = T (z)x® (5.2.15)

with
—1/2 Loy e
flx) = g 2(2) = [2 0 Rin() (5.2.16)
Adding the kinetic term in (5.2.5) to the interaction term (5.2.14), one can explicitly check
that the Lagrangian L = Ly, + Liy coincides, up to a total derivative, with (5.1.13).
As was noticed, the field A, naturally obtained in the HSS framework satisfies the
constraint 0,4, = 0 [6]. This does not really impose a restriction, however, because gauge
transformations of A, that shift it by the gradient of an arbitrary function amount to

adding a total derivative in the Lagrangian (5.2.14).

5.2.3 Supertransformations, quantization and Weyl ordering
By construction, the action with the Lagrangian (5.1.13) is invariant under the follo-
wing supersymmetry transformations :
x, — T, + feo, b+ feaub,
fa = fiba +idy, (€0,), (5.2.17)
fi = fi — i (ohe)

The Néether classical supercharges expressed in terms of ¢, and %, x,, and their canonical
momenta,

are - I )
Qu = f(000) (pp = Au) = 0, fs? (000) (5.2.19)
Q* = [complex conjugate].

The quantization procedure of the corresponding classical Hamiltonian has order am-
biguity problem for the bosonic operators p, = —id, and z* as well as for the fermio-

nic operators ¢, and ¥* with anticommutation relations (5.1.8). (We temporary restore
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“hats” on fermionic operators in order to distinguish them from the corresponding clas-
sical anticommuting variables 1); and 1)®.) One must thus define an ordering procedure
in such a way that the supersymmetry algebra (4.5.6) would hold. The solution to this
problem is known [41] and it prescribes to order the supercharges in a certain way, while
the quantum Hamiltonian should be obtained from the anticommutator {Qa, Qa}

It is prescribed by Ref. [41] to order the operators in the classical supercharges (5.2.19)
with the so called Weyl ordering procedure : any product of operators must be substituted
with its totally symmetrized expression, taking into account the commuting/anticommu-
ting nature of the operators. For instance, the expression x'z?ps, upon quantization,
becomes

1
la’p; — 8 (x1x2;63 + 2?2 ps + 2l psa® + a?psxt + pyata? +ﬁ3x2x1) . (5.2.20)

while the expression @Dﬁ@ﬁ @EB becomes
. 1 N AL A N AsAL AL A A
G — (B (DGR + (<)
+1ZB@ZW/% + ?27@3% + (—1)22’6?;%5#) . (5.2.21)

Let us elaborate more on the ordering of the expression f(z)p,. For this, consider
Weyl ordering of the expression x"p, where x is any of the coordinates x*, while p is the

corresponding conjugated momentum which, upon quantization, becomes p = —id/0x.
One has :
"p  — L (a:"ﬁ + 2" pr A+ " Pt -+ ]51:”)
n+1
"y A4 24 4 n) - [, 2]
= €T e n- T
p nt1 D,

1
=2"p+ 5m:"—l [p, 2] (5.2.22)
Thus, in fact, Weyl ordering of the product f(z)p, gives a simple formula :
1 - .1
f@)p, — 5 [f(x)pu + Py f(x)] = f(z)p, — 5 O, f(x). (5.2.23)
In the same way, the expression in Eq. (5.2.21) can be simplified which gives
g N A A 12,
b1 PP — T — §¢ﬁ~ (5.2.24)
Finally, combining Eqgs. (5.2.23), (5.2.24), one obtains :
ot =0, f o707 — P’ =0, f s O (5.2.25)

This gives the quantum supercharges (5.1.14). One can check that the anticommutator
{Qq, Q*} gives the quantum Hamiltonian (5.1.15).
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5.3 The component Lagrangian in the non-Abelian case

For a matrix-valued non-Abelian self-dual field A, the (scalar) Lagrangian cannot be
straightforwardly derived from the Hamiltonian (5.1.15) by a Legendre transformation as
it was done in the Abelian case, Eq. (5.1.13). Nevertheless, this can be done in the case of
SU(N) gauge group by introducing extra “semi-dynamical” fields ¢; in the fundamental
representation of SU(NV) and the auxiliary U(1) gauge field B(t). The second line in
(5.1.13) is then generalized to

L™ = i@ (¢ +iBpi) + kB + AT &, — foF“VT“ Yolo, (53.1)

with integer k& and . '
T =o' (1), ¢;, (5.3.2)
t* being standard SU(N) algebra generators. The interaction Lagrangian (5.3.1) possesses
N = 4 supersymmetry. The corresponding supersymmetry transformations are written

below in Egs. (5.4.16). It is not difficult to check that it is invariant with respect to the
non-Abelian gauge transformations of the target space :

Ast* — UTAL U + U9, U
— (Ute) , ¢ — (pU),

where U(x) € SU(N). In addition, the expression (5.3.1) is also invariant with respect to
the following gauge transformations of auxiliary fields B(t) and ¢; :

(5.3.3)

da(t)

B(t) — B(t) + PR

©i(t) — e_io‘(t)goi(t). (5.3.4)

It is not immediately clear how to extend the Abelian superfield description to a
general non-Abelian case, i.e. to the gauge group SU(V). We succeeded in constructing
such a description for the particular case of SU(2) self-dual or anti-self-dual gauge fields
expressed in the form

Al = —n,0,Inh(z) or A, = —n;,0,Inh(x) (5.3.5)

i

respectively, with harmonic function h(z),
E)ﬁh(m) = a finite sum of delta functions. (5.3.6)

This is the so called 't Hooft ansatz for a multi-instanton SU(2) solution [16] with the
't Hooft symbols 7, defined previously in Eq. (4.5.46). If one takes the function h(x) to
be vanishing at |x| — oo, then this function can be presented as the following sum over

instantons :
=1+ Z o b“) (5.3.7)

It involves particular instanton positions b} as well as the numbers ¢; associated with each
instanton.
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5.3.1 Quantization of auxiliary fields in the SU(2) gauge group case

Let us understand how the interaction Lagrangian (5.3.1) gives rise to the matrix
Hamiltonian (5.1.15). This is achieved upon quantization of the auxiliary variables ¢,
and ¢”. We consider only the particular case of SU(2) gauge group when the indices 1,
j for the auxiliary variables take only two values, 1 and 2, and are denoted as «, 3. See
Section 5.4.5 for a general discussion of SU(N) gauge group.

Observe that the variables ¢, enter the Lagrangian with only one time derivative.
Thus, they are not full-fledged dynamic variables (like z,) and not auxiliary fields (like
B(t) field or w;s fields in Eq. (5.4.5), see below). They have a kind of intermediate
nature. In the context of N' = 4 SQM models, such variables (together with their analytic
superfield carriers v, v+, see Eqs. (5.4.5), (5.4.6) below) were introduced in [19, 20]. See
also [21] for a recent application. To understand better the nature of the auxiliary fields,
perform the quantization.

The canonical commutation relations following from the action (5.3.1) through the
standard Dirac prescription are

[pa, ") =65, [par 8] = [, @] = 0. (5.3.8)

The fact that £ must be integer leads to the finite representations of the operator
algebra ¢,, @*. Indeed, consider the constraint

00 =k, (5.3.9)

which follows from (5.3.1) by varying with respect to B. All real positive values of k are
classically allowed. As we will shortly see, in the quantum theory, £ must be integer, but
not necessary positive.

Consider the case of positive values of the integer k. In quantum theory, one can
choose ¢, = 0/0p* and impose (5.3.9) on the wave functions :

0
P ol = P 5 U = kT . (5.3.10)
(pa

In other words, the wave functions represent homogeneous polynomials of ¢ of (an in-
teger) degree k. In the case k < 0 the algebra (5.3.8) is the same, but one must choose
@* = —0/0p, and consider polynomials of ¢, of degree |k|. The number of such (linearly
independent) polynomials is |k| + 1. Moreover, it is also easy to see that the operators
(5.3.2) (which enter the interaction Lagrangian (5.3.1)) satisfy the following algebra :

[T, T = ie™Te. (5.3.11)

In addition, assuming & > 0 and taking into account (5.3.10), one derives

T°T* = [(@%pa)? + 2(@0‘%)] = ]; <§ + 1) : (5.3.12)

| =

In other words, 7% can be treated as the generators of SU(2) in the representation of spin
k/2.
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This way of quantizing semi-dynamical variables ¢,, »* was employed in Ref. [20].
Alternatively, one could interpret ¢, * with the constraint (5.3.9) as a kind of the target
harmonic variables representing a sphere S?, solve (5.3.9) in terms of the stereographic
projection coordinates and quantize the system (see, for example, Ref. [48]).

A nice feature is that this gauge SU(2) group is in fact the R-symmetry group of
N = 4 supersymmetry algebra.

The crucial role of the constraint (5.3.10) is to restrict the space of quantum states of
the considered model to the finite set of irreducible SU(2) multiplets of fixed spins (e.g.,
of the spin k/2 in the bosonic sector). This is an essential difference of this approach
from that employed, e.g., in [18] (and later in [21, 17]) where no analog of the constraints
(5.3.9) and (5.3.10) was imposed, thus allowing for the space of states to involve an infinite
number of SU(2) multiplets of all spins. The quantization scheme which we follow here
was earlier used in the SQM context in [19, 20] and can be traced back to the work [49].

5.3.2 Why the number & must be integer

Let us restrict ourselves by the first two terms in the interaction Lagrangian (5.3.1).
The action

S = /dt {i@i(Sbi +1iBy;) + sz] (5.3.13)
much resembles the three-dimensional Chern-Simons action,

;
Scszn/(A/\dA—;AAAAA). (5.3.14)

In both systems, the canonical Hamiltonian is zero, the canonical momenta are algebrai-
cally expressed through coordinates, and the quantization consists in imposing certain
second class constraints (for a nice review of the classical and quantum aspects of the
Chern-Simons theory, see [50]). Another well-known feature of CS theory is the quan-
tization of the coupling, kcs = 47wk = integer. This follows from the requirement for
the Euclidean path integral to be invariant with respect to large (topologically nontri-
vial) gauge transformations. As was mentioned above, in our case the coefficient & is also
quantized. This can be derived following a similar reasoning.

Consider the Euclidean version of the action (5.3.13), where one changes the time ¢
to the Euclidean time 7 by

t=—iT (5.3.15)

and regularize it in the infrared by putting it on a finite Euclidean interval 7 € (0, 3) and
imposing the periodic boundary conditions. This is of course equivalent to do calculations
at finite temperature 7' = 1/4.

Notice first that the action (5.3.13) is invariant with respect to gauge transforma-
tions (5.3.4) which, in the Euclidean version of the theory, become
B(r) — B(r)+ z’d(z(:), i(7). (5.3.16)

Let us discover topologically nontrivial gauge transformation in the Euclidean version
of this theory with the periodic boundary conditions

B(3)=B(0),  »i(B)=i(0). (5.3.17)

ia(T)

@i(T) — €
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The only admissible gauge transformations (5.3.16) are those which do not break these
periodicity conditions. We see that the transformation with a(7) = 277/ is topologi-
cally nontrivial : it cannot be reduced to a chain of infinitesimal transformations. This
transformation shifts the Euclidean version of the last term in the action (5.3.13) by an
imaginary constant, ASg; = —27wik. The requirement that the Euclidean path integrals
(involving the factor e~5¥1) are not changed leads [49] to the quantization condition

k = integer (5.3.18)

Thus, a benign quantum theory can only be defined if this requirement is fulfilled.

5.4 Harmonic superspace Lagrangian with non-Abelian
gauge fields

5.4.1 Superfield content

To construct the action involving non-Abelian gauge fields, introduce, as earlier, a
doublet of superfields ¢** with charge +1 satisfying the constraints (4.5.31), (4.5.36). On
top of that, we introduce an analytic gauge superfield V' of charge +2 satisfying the

constraints - -
DYVtt =Dty =0 , VTt =y++ (5.4.1)

and the “matter” superfield vt of charge +1. The constraints it satisfies,
Dvt =0, DMt =0, (D VTt =0, (5.4.2)

differ from (4.5.31) by the presence of the covariant harmonic derivative DtT = DT+ 4
iVt [5]. The constraint Dt o™ = 0 is covariant with respect to gauge transformations

Vit S VML DA, vt = e ™t DYA=DTA=0. (5.4.3)

We can use this gauge freedom to eliminate almost all components from V** and to

present it as ~
Vit = 2i670" B, (5.4.4)

where the gauge field B(t) is real. This is a one-dimensional counterpart of the familiar

Wess-Zumino gauge in four-dimensional theories. Observe also that Eq. (5.3.4) is a rem-

nant of gauge transformations (5.4.3), which survives in the Wess-Zumino gauge (5.4.4).
Then the superfield v" is expressed in the analytical basis as

v = ¢%ul — 201wy — 2010, — 2076 (¢ + iBo“)u | (5.4.5)
from which it follows that

vt = ut — 20Fwy + 2010, — 200707 (¢ — iBo*)u (5.4.6)

with ¢ = (¢o)*. Thus, the fields ¢, and ¢ carry nonzero opposite U(1) charges associated
with the auxiliary gauge field B.
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5.4.2 Superfield action

The N = 4 supersymmetry-invariant action consists of three parts, S = Skin + Sint +
Spr. The kinetic part is more convenient to express in the central basis {t, 6,, 6°}. It has
the same form as in Eq. (5.2.4) and its component expansion coincides with the first line
in Eq. (5.1.13), where the same change of variables (5.2.15) and (5.2.16) is performed as
in the Abelian case.

The interaction part is taken as

1 - . —
Sing = —5/ dtdudftdot K (q+a, uéc) v, (5.4.7)

where the condition K = K is imposed to ensure the action to be real. Finally, we add
the Fayet-Iliopoulos term

" )
Ser = —%/dtdudmdw v = k/dtB, (5.4.8)

which is invariant under gauge transformations (5.4.3).
Let us concentrate on the interaction part. It is convenient to introduce new variables

Yo = Gar/h(x), (5.4.9)

h(z) = /du Kz uf) (x*a = :L'o‘du+>, (5.4.10)

where

is a harmonic function 3. Indeed,
O2h(x) = 4% / dud ;0 K (a7, u%) = 0. (5.4.11)

Substituting (4.5.37), (5.4.5) and (5.4.6) into (5.4.7) and eliminating the auxiliary
fermionic degrees of freedom wy 9, w12 by their algebraic equations of motion, we derive
after some algebra

I . 1 _4 v oaq ! T a—f-p
Lin = 19" (¢a +iBpa) = 5079, (Aaa)y 8% — 7 (Fag)ﬁ XXy (54.12)
Here
2i
Aad V= —
(Aad)s [du K

1 ) 1
[ duo,ax (weaﬁ - u;(sg) = (W - 50 8adh> (5.4.13)

(Oac = (04) 4 O = —20/02) is a Hermitian traceless matrix — the gauge field, and

(‘7:@ ')@7 - (‘Fﬂ”)ﬁﬂ/ (ULUV>dB = 350‘4(«453)/@7 - i(«‘téa)/f(A(Sﬁ'),\7 + (& = ) (5.4.14)

is its self-dual part. It is easy to check explicitly, that the anti-self-dual part of the gauge
field A,, vanishes,

(Fas)! = (Fu),) (0u0)) ;= =OaalAg )y +i(Aai) (AL + (@ 8) = 0. (5.4.15)

3We assume here that h(z) > 0. The case h(x) < 0 is treated similarly, if one redefines h(z) — —h(z).
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Thus, the field strength 77, is self-dual and belongs to the representation (0, 1) of SO(4) =
SU(2) x SU(2). Passing to Aj; such that (A,)," = Aj (0,)5'/2, we find that the represen-
tation (5.4.13) precisely amounts to the self-dual 't Hooft ansatz (5.3.5), left equation.
The anti-self-dual expression from the right equation arises if one interchanges dotted
and undotted indices, i.e. effectively interchanges o, and O'L. This also implies passing to
the harmonics uZ and in fact to another A = 4 supersymmetry, with the second SU(2)
(acting on dotted indices) as the R-symmetry group.

Finally, substituting ¢°¢., = T (aa)vﬁ and xa = f1b4 into (5.4.12), where T* is defined
in (5.3.2) with t* = %UQ, one convinces himself that the interaction term together with
the FI term (5.4.8) yields just (5.3.1) for the SU(2) gauge group case, and the quantum
Hamiltonian derived from the Lagrangian Ly, + Lin + Lgr has the form (5.1.15) with

A, = AT and F,, = F;, T

5.4.3 Supersymmetry transformations

The full Lagrangian in the non-Abelian case representing the sum of Eq. (5.3.1) and
the first line of Eq. (5.1.13) is invariant, up to a total derivative, with respect to N' = 4
supersymmetry transformations (in the infinitesimal form) of Eqgs. (5.2.17) supplemented
with transformations for the auxiliary fields :

i — i +if (t%), A (wuw + EUM/_J) ;
¢ — G —if (@t Al <eau¢ + &7“@@ )

Note that the above formulas are written for the case of the gauge group SU(N) when
the semi-dynamical fields ¢;, @’ belong to a fundamental representation of SU(XN).

(5.4.16)

5.4.4 N = 4 supersymmetry with Yang monopole

We have constructed the superfield action for the NV = 4 supersymmetric quantum
mechanics corresponding to the Hamiltonian (5.1.15) with a non-Abelian SU(2) gauge
field A,, which lives on a conformally flat 4-manifold and is representable in the 't Hooft
ansatz form (5.3.5).

As an example of such a field, let us quote the instanton solution on S*. Generically,
it depends on the radius R of the sphere and the instanton size p. The configurations of
maximal size, p = R, present a particular interest. In the stereographic coordinates on S*,

4R4dxi

ds? = —— b
T @R

(5.4.17)

they are expressed by the same formulas as the flat instantons in the singular gauge,

a 2R2ﬁa,,$u 2 R2? 1
.A/L = m or (Aocd)ﬁ’y = —m <5aﬁl’2‘; - 5 65 l'ad> s (5418)

8i R?
(Fapls' = 22(2% + R2)? (:chga + Igﬂcm) : (5.4.19)
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The corresponding functions in Eq. (5.4.10) are taken in the form

1 N R?
K(zt9, 6)_1+ﬁ , h(x)z/duK(er 7u§):1+x727 (5.4.20)
() :

where c; = ¢%ug, ¢** — constant vector and R* = 1/c’,. The integral on the right hand
side of Eq. (5.4.20) can be calculated as the power series in c;c™ = 02 or directly
after noting that the form of this integral is SO(4) invariant and putting ¢, = (c,0,0,0),
x, = (21,22,0,0) *

The field A, can be brought to the nonsingular gauge

. 200, . 4R*ns,

A=t T = CEY T (5.4.25)
by the gauge transformations (5.3.3) with U(z) = —io,x,,/v/2? (this particular U (x) form
is prompted by the form of the field strength (5.4.19)). The action density ~ F,, F"" is
the same in this case at all points of S* It is worth noting that the singular gauge
transformation converts the undotted gauge group indices into the dotted ones : the self-
dual gauge potential and the field strength in the spinorial notation become

: 2i A : 8i R? : :

(Aaa)'y = PN (esa,g'ml ~ 5 0} xaa> , (Fap)ls = Tt )y (eds5g + 5556;0

(5.4.26)
and, also, g, — % = —i, 1Y /V12, P — G = —i@* Taa/ V2.

Note that, the field (5.4.18), (5.4.25) describes the Yang monopole living in R® [51].
The potential (5.4.25) has a nice group-theoretical meaning as one of the two SU(2)
connections on the coset manifold SO(5)/[SU(2) x SU(2)] ~ S* (see e.g. [52]). It coincides
with the flat self-dual instanton only in the conformally flat parametrization of S* as in
(5.4.17). When coupled to the world-line through our semi-dynamical variables ¢, ¢%,
the 5-dimensional Yang monopole is reduced to this SU(2) connection defined on S*.

4Let us describe the latter possibility in more detail. If ¢, and z, are chosen as mentioned above, this
gives

crat® = —ca® +ica' (vfuy —ujuy). (5.4.21)
To calculate the integral in Eq. (5.4.20), one realizes the harmonics uZ in the familiar stereographic
parametrization [5] :
+ = 1 W et )
uy Uy e e
1) = _ ; - , 5.4.22
(u; u2) 1+tt<t€¢ e " ( )
where t € C, 0 < 9 < 27. It is also necessary to define the measure of integration,
. 2
dt dt
d 5.4.23
/ R / w/ 1+ tt)? ( )
After this, the computation of the integral
' dtdt 1+ tt)?
L - (1+) — (5.4.24)
2m ) (1 +tt) (caO(1 +tt) +ical(t +1))

gives (5.4.20).
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Let us elaborate on this point in more detail, choosing, without loss of generality,
R =1 in the above formulas. Consider the following d = 1 bosonic Lagrangian with the
R® target space and an additional coupling to Yang monopole

L. .. a o
Lgs = 2 (U595 + Yulu) + B, W)T* - (5.4.27)

Here, B is the standard form of the Yang monopole in the R® coordinates,

MY
B¢ = 7Y = Jy? + 12 5.4.28
e e R Vs Y2, ( )

T are defined as in (5.3.2) with t* = 16, and the action for the semi-dynamical variables

- 2
Pa; P

@ is omitted. Now one passes to the polar decomposition of R® into a radius r and

the angular part S*, (ys5,9,) — (7,75,9u), U5 = /1 — 2, and rewrites (5.4.27) as
Uﬁyﬂu?ju A
L+,/1-92

The coordinates g, give a particular parametrization of S*. Passing to the stereographic
coordinates is accomplished by the redefinition

1 . 1 S Lot
L[R5 = 57’2 + 57"2 (y5y5 + y'u‘y'u,> + (5429)

Ly
1+ 22’

gu:2

which casts (5.4.29) into the form

(5.4.30)

Lgs = ; {7.‘2 + 4r? j:ujju } + 27731,1‘ny " .

(1 + x2)? 1+ 22

One sees that the S* metric (5.4.17) (with R = 1) and the instanton vector potential
(5.4.25) appear.

Thus, current approach, as a by-product, provides a solution to the long-standing
problem of constructing N = 4 supersymmetric quantum mechanics with Yang monopole
(see e.g. [8] and references therein). Obviously, the component Lagrangian (5.1.13) (with
the relevant function f(x)) is just the S* part of the Lagrangian (5.4.30) with the “frozen”
radial variable » = 1. Presumably, one can restore the full 5-dimensional kinetic part
in (5.4.30) by adding a coupling to the appropriately constrained scalar N' = 4 zero-
charge superfield X (¢, 6, 0) which describes an off-shell multiplet (1,4, 3) with one physical
bosonic field [44], such that X|,_5_, =1.

5.4.5 Some remarks in the non-Abelian case

The problem of finding a superfield formulation for a generic SU(N) self-dual field is
more complicated and is still an open question. However, by introducing extra variables
@i, it is always possible to write a component Lagrangian (5.3.1) (together with the first
line in (5.1.13)) corresponding to the matrix Hamiltonian (5.1.15).
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This observation has actually nothing to do with supersymmetry. It boils down to the
following. Consider the eigenvalue problem for a usual Hermitian matrix Hj;. It can be
treated as a Schrodinger problem H U(p;) = AVU(p,) with the constraint GV = 0, where

N 0 A 0
J

The corresponding Lagrangian is

L = ig;p; — B(gjp; — 1) — g5 Hjppr, (5.4.32)

where ¢; = (¢;)*. This easily generalizes to the case where H is an operator depen-
ding on a set of canonically conjugated variables {p,,x,}. The only difference is that
—Hjj;, is now replaced by the matrix Lj; obtained from Hj; by the appropriate Legendre
transformation .

The initial goal was to find a Lagrangian representation for the Hamiltonian (5.1.15)
with matrix-valued A,,, F,,,. The construction just described, with ; in the fundamental
representation of SU(V), leads to the NV x N matrix Hamiltonian. The Lagrangian (5.4.32)
coincides in this case with the Lagrangian (5.3.1) with the choice k = 1, to which the
first line from Eq. (5.1.13) is also added.

Obviously, one can describe the Hamiltonians in higher representations of SU(N) in
a similar way, by choosing the number of components ¢; equal to the dimension of the
representation. We have seen, however, that in the SU(2) case one can be more economic,
introducing only a couple of dynamic variables ¢, and multiplying the term proportional
to B in the Lagrangian by an arbitrary integer k. This leads to the Hamiltonian in
the representation of spin |k|/2. Certain SU(/N) representations (namely, the symmetric
products of |k| fundamental or |k| antifundamental representations) can also be attained
in this way.

One can also construct in this way a N' = 2 supersymmetric Lagrangian for the
Hamiltonian (5.1.15) with generic (not necessarily self-dual) A,. A similar construction
(but with extra fermionic rather than bosonic variables) was in fact discussed in Ref. [9].
A beauty of the harmonic superspace approach explored here is, however, that such extra
variables and the constraint (5.3.10) are not introduced by hand, but arise naturally from
the manifestly off-shell supersymmetric superfield actions.

5.5 Three-dimensional SQM in non-Abelian monopole
background
The Hamiltonian (5.1.15) presents the generalization of the Hamiltonian (5.1.11) to

the conformally flat metric case in four dimensions. We succeeded in the construction
of this generalization using the superfield formalism. In this section, we employ similar

5This elementary observation should be well known, for example, in matrix models. Surprisingly, it is
not found it in such a “chemically pure” form in the literature, but similar constructions were discussed,
e.g., in Refs. [49, 53].
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construction and generalize the three-dimensional system described by with the Hamilto-
nian (5.1.17) to the conformally flat case. Although the resulting Hamiltonian, the super-
charges and the component Lagrangian appear to be just the three-dimensional reduction
of the four-dimensional counterpart, the superfield formalism in the three-dimensional
case involves a different superfield for the space coordinates z° and is thus implemented
differently.

5.5.1 Superfield content and superfield action

In this section, instead of the coordinate superfield ¢™ one deals with the ana-
lytic superfield L** which encompass the multiplet (3,4,1) and is subjected to the
constraints (4.5.39). The superfield V™ and the auxiliary superfields v and v+ are
defined by the same Eqs. (5.4.1), (5.4.2). The superfield V" in the Wess-Zumino gauge
(5.4.4) is expressed through one independent component B(t). We remind that B(¢) is a
real one-dimensional “gauge field” which transforms as B — B + A, with A(¢) being the
parameter of the residual gauge U(1) symmetry.

The explicit expressions for the superfields ¢, v, v+ and V** are written in
Egs. (4.5.37), (5.4.5), (5.4.6) and (5.4.4) respectively. The component expansion of the
analytic superfield L** can be found in Eqgs. (4.5.40), (4.5.41). The multiplet L™ involves
the three-dimensional target space coordinates ¢*? = ¢5¢ their fermionic partners x®, Y®
and a real auxiliary field F'. Let us remark that the three-dimensional case involves only
one SU(2) (R-symmetry) group and thus no dotted indices present in the description.

Note also that the constraint y, = (x*)" involves different position of spinor indices
compared to Eq. (4.5.38) in the four-dimensional case (see Section 5.5.7 below). The
transition from the spinor notation £*? to the vector notation ¢,

0=t (o)), t;= ;é‘g (0).7, i=1,2,3 (5.5.1)
(0; are Pauli matrices and, as usual, spinor indices are raised and lowered with antisymme-
tric Levi-Civita tensors e,5 and €*7), for the three-dimensional coordinates is considered
in Section 5.5.3. The condition (4.5.41) ensures that the coordinates ¢; are real.

The full Lagrangian £ entering the A/ = 4 invariant off-shell action S = [ dtL consists
of the three pieces ©

L= Lign + Lint + Lot = / dud'0 R (LY, L=, L™~ )

1 _ — i _
-5 / du dg+dot K (LT, u)oor — Z; / dudgtdet vV, (5.5.2)

where Lt~ = 1D~ "L+ and L= = D=~ L. The superfield functions Ry, and K bear

— 2
an arbitrary dependence on their arguments 7. The meaning of three terms in (5.5.2) is
explained below.

6The first superfield formulation of general (3,4,1) SQM without background gauge field couplings
was given in [15].
"The superfield Lagrangian (5.5.2) is written in the non-Abelian case. In the Abelian case, the super-
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5.5.2 From harmonic superspace to components

The first, sigma-model-type term in Eq. (5.5.2), after integrating over Grassmann and
harmonic variables, yields the generalized kinetic terms for /%%, y<, v, :

Lian = 317 (~20asl 4 F) L7 (T = Xax®) + § (0001 2) X’

i . )
+ g5l 0ar X+ 0 XX} ngX C0usf, (5.5.4)

where x* = X®Xa X’X5, Oap = a%ﬁ and f(¢) is a conformal factor. The calculations are
most easily performed in the central basis, where LT+ = u;rug[fw (t, 6., 55). Then

72(0) = —0, 9 | Ry faﬁu U ,Ea’gquu APy ug ) du.
B & B a™p

The fermionic kinetic term can be brought to the canonical form by the change of
variables

= fY*,  Xa= fta (5.5.5)

It is worth pointing out that the R-symmetry SU(2) group amounts to the rotational
SO(3) group in the R3 target space parametrized by ¢ from Eq. (5.5.1). The conformal
factor f(¢) can bear an arbitrary dependence on %7 so this SO(3) can be totally broken
in the Lagrangian (5.5.4).

The second piece in Eq. (5.5.2) describes the coupling to an external non-Abelian
gauge field. Performing the integration over 6, #* and uF, eliminating the auxiliary

fermionic fields w; 5 and, finally, rescaling the bosonic doublet variables as ¢, = ¢q1\/h(£),
where

= /duK (Wﬁu:{uzg,uf), (5.5.6)

after some algebra one obtains

1 (Aaﬂ>

Lim = i (Pa + Bpa) + 676"

7)

1 s
(7 = SF @' Uy + X" X0 VasUss. (55.7)

Here the non-Abelian background gauge field and the scalar (matrix) potential are fully
specified by the function A :

1
(.Aag) {amaagh + 67(1855}1 + 65/@8,17}1 + €5aag,yh} U,yg = — 75h . (558)

" 2h h

field Lagrangian is simpler as it does not involve the auxiliary superfields V++, v+, vt
L = Lxin + Lint = /du d*0 Ry (LY, LT, L™ u) + /du dotdet KT (LT u). (5.5.3)

Here the interaction term is defined by a function K™+ (L**, u) of charge +2. One can check that
although the corresponding component Lagrangian as well as the expression for the Abelian gauge field
differ from that in the non-Abelian case, the quantum Hamiltonian and the supercharges in the Abelian
case have exactly the same form as in the non-Abelian case.
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By its definition, the function h obeys the 3-dimensional Laplace equation,
005 h = 0. (5.5.9)

Using the explicit expressions (5.5.8), it is straightforward to check the relation

(Fap)ys = 2iVapUss, (5.5.10)

where
(Fap)ys = =20 (Axs) 5+ (AQ), (Asg)y + (0 ), (5.5.11)
VasUss = =20a5Uss + i (Aap)., Us + 1 (Aap)sy U, (5.5.12)

and (‘7:‘15)76 is related to the standard gauge field strength in the vector notation, see
below. As we shall see soon, the condition (5.5.10) is none other than the static form of
the general self-duality condition for the SU(2) Yang-Mills field on R* (see Eq. (5.5.19)),
i.e. the Bogomolny equations for BPS monopoles [22], while (5.5.8) provides a particular
solution to these equations, being a static form of the ’t Hooft ansatz [16].

Note that the relation (5.5.10) is covariant and the Lagrangian (5.5.7) is form-invariant
under the “target space” SU(2) gauge transformations written in Eq. (5.3.3). This is not
a genuine symmetry ; rather, it is a reparametrization of the Lagrangian which allows
one to cast the background potentials (5.5.8) in some different equivalent forms. It is
worth noting that the gauge group indices coincide with those of the R-symmetry group,
like in the four-dimensional case. Nevertheless, the “gauge” reparametrizations (5.3.3) do
not affect the doublet indices of the target space coordinates £’ and their superpartners
present in the superfield L™+, They act only on the semi-dynamical spin variables ¢, *
and gauge and scalar potentials (5.5.8).

Finally, the last piece in Eq. (5.5.2) yields the Fayet-Iliopoulos term,

Ly =kB. (5.5.13)

In the quantum case, the coefficient k is quantized, k € Z, on the same grounds as in the
4-dimensional case, see Section 5.3.2.

5.5.3 Vector notations in three dimensions

It is instructive to rewrite the above relations and expressions, including the full
Lagrangian (5.5.2), in the vector notations. To this end, let us pass from /%% to /; as in
Eq. (5.5.1) and associate the vector A; to the gauge field A,g (with additional matrix
indices which are omitted here for simplicity) by the rule

Al = A; (o)) A= LAz (o) ' =1,2,3 5.5.14

a — z’(Ui)a7 i—i 5(Uz)a, 1= 1,4,9. ( )

One can check that the coordinates ¢; are real while the matrix (Ai),f is Hermitian. Note
also the relation between the partial derivatives 9,5 = 0/0(*% and 0; = 0/0¢,; :

Ous = —2 (00s0ie 0=~ (). (5:5.15)
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Let us also make a similar conversion of the gauge group indices,

1 a 0 a )
QM (a),” M* = M;" (04), a=1,2,3, (5.5.16)
for any Hermitian traceless 2 x 2 matrix M.

In the new notations, the total Lagrangian (5.5.2) takes the following form :

0
]\4’7 =

1 . . _ . _
L= 3 f7203 + ASTl; +i@” (9o + 1Bps) + kB + itpo)® + 2V, U T o)

£ IO 8@}t 2 e o

1 1 _
+ o fPFR S OF (UeT® — fouf o). (5.5.17)

where T defined in Eq. (5.3.2). Here
VU = o;U" + e AU* (5.5.18)

and the Bogomolny equations (5.5.10) relating A% and U® are equivalently rewritten in
the more familiar form,

Foo= e ViU®, (5.5.19)
where Fj = 0,A7 — 0; A} + 6“bCA§A§. Finally, the gauge field and the matrix potential
defined in (5.5.8) are rewritten as

Al = —£,;,0;Inh, U*=—0,Inh, Ah=0. (5.5.20)
After eliminating the auxiliary field F' by its equation of motion,
F=2f*(f'0:f poip — UT") (5.5.21)
the Lagrangian (5.5.17) takes the form

1 . . — . _
L= f 20 + ATl + %" (o + iBpa) + kB + ivhad® + fHbou (Vi+ fof) et

b IO — 4O}t 2f e Lo — LU (55.22)

We see that this Lagrangian involves three physical bosonic fields ¢; and four physical
fermionic fields v, . It is fully specified by two independent functions : the metric conformal
factor f(¢) which can bear an arbitrary dependence on ¢; and the function h(¢) which
satisfies the 3-dimensional Laplace equation and determines the background non-Abelian
gauge and scalar potentials. The representation (5.5.6) for h in terms of the analytic
function K (T, u) yields in fact a general solution of the 3-dimensional Laplace equation
[54]. If one takes the function A(¢) to be vanishing at |¢| — oo, then this function can be
presented as the following sum over monopoles :

Wy =1+ =22 (5.5.23)
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It involves particular monopole positions Z;M as well as the numbers c¢,; associated with
each monopole.

The Lagrangian (5.5.22) also contains the “semi-dynamical” spin variables ¢, %,
the role of which is the same as in the four-dimensional case : after quantization they
ensure that 7 defined in (5.3.2) become matrix SU(2) generators corresponding to the
spin |k|/2 representation.

5.5.4 Supertransformations of component fields

The component action corresponding to the Lagrangian (5.5.17) is partly on shell
since we have already eliminated the fermionic fields of the auxiliary v+ multiplet by
their algebraic equations of motion. The fields of the coordinate multiplet L** are still
off shell. The N = 4 transformations leaving invariant the action S = [ dt £ look most
transparent being expressed in terms of the component fields ¢;, F, ¥, ¥, ¢°, ¢°

U — U; +ieo; X + €0y,

F — F — 26“Yq — 26Ya,

Xt = Xx* — %ZFE& - (Eo'i)aéia
X = XY+ SiFe + (e0y) 4, (5.5.24)
6% — ¢ — i(e*x0i6 + EX0i6) O In h

67 — 0% —i (X010 + Ex0:6) O In h.

These transformations can be deduced from the analytic subspace realization of N' = 4
supersymmetry (4.4.4), with taking into account the compensating U(1) gauge transfor-
mations of the superfields v, 0% and V' needed to preserve the WZ gauge (5.4.4). Note
that 6B = 0 under N/ = 4 supersymmetry. This transformation law matches with the
N = 4 superalgebra in WZ gauge, taking into account that the translation of B looks as
a particular U(1) gauge transformation of the latter.

The Lagrangian (5.5.22) is invariant, modulo a total time derivative, under the trans-
formations (5.5.24) in which F' is expressed from (5.5.21).

5.5.5 Hamiltonian and supercharges

The Lagrangian (5.5.22) is the point of departure for setting up the Hamiltonian
formulation of the model under consideration and quantizing the latter. After substitution
of SU(2) spin-k/2 generators instead of 7%, the quantum Hamiltonian of this system takes
the form

H:;ﬂ@—&ff+yﬁﬂ—ﬁmwwﬂ

+ {ajkf&f (pj — Aj) — fak;fU}@/)am/_J + fO*f {w% _ ; (W%)Q} . (5.5.25)

which is just a static 3-dimensional reduction of the 4-dimensional Hamiltonian given
by Eq. (5.1.15). In this expression, the gauge field A; = A?T* and the scalar potential
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U = U*T* are SU(2) matrices subjected to the constraint (5.5.19). It is also easy to find
the supercharges Qq, Q° :

Qo= f (Uil/;)a (i — A;) — 7, (Uil/;)aiaif — i fUq,

_ _ (5.5.26)
Q% = (Y0,)" (P — Ai) [+ 0, f (Vo) 7y +ifUP?,

The ordering ambiguity arising in the case of the general conformal factor f(¢) can be
fixed, as usual, by Weyl ordering procedure [41], see Section 5.2.3 for details.

Let us emphasize that the only condition required from the background matrix fields
A; and U for the generators Q, and Q” to form N = 4 superalgebra (4.5.6) is that these
fields satisfy the Bogomolny equations (5.5.19). Thus the expressions (5.5.25) and (5.5.26)
define the NV = 4 SQM model in the field of arbitrary BPS monopole, not necessarily
restricted to the ansatz (5.5.20). Also, one can extend the gauge group SU(2) to SU(N)
in (5.5.25) and (5.5.26).

Let us remark that the three-dimensional Hamiltonian (5.5.25) and the supercharges (5.5.26)
were considered for the first time in Ref. [12] (in the Abelian case).

5.5.6 N =4 supersymmetry with Wu-Yang monopole

Finally, as a simple example of the monopole background consistent with the off-
and on-shell NV = 4 supersymmetry, let us consider a particular 3-dimensional spherically
symmetric case. It corresponds to the most general SO(3) invariant solution of the Laplace
equation for the function A,

1
hso(g) (6) = Cy + C1 ﬁ . (5527)
The corresponding potentials calculated according to Egs. (5.5.20) read
£ C1 éa C1
Al =it —————, Ul=—- ———. 5.5.28
T ey V2 02 )+ coV/12 ( )

This configuration becomes the Wu-Yang monopole [24] for the choice cg = 0. It is easy
to find the analytic function K (¢**,u) which generates the solution (5.5.27) (see [6]) :

_3
2

hso(3)(£) = /du Ko@) (T u), Ko u) =c+a (1 + a__f++> ,
=0t et o =aPuiul, afal =2, (55.29)

One could equally choose as h(¢), e.g., the well-known multi-center solution to the
Laplace equation, with the broken SO(3). Note that the A/ = 4 mechanics with cou-
pling to Wu-Yang monopole was recently constructed in [21], proceeding from a different
approach, with the built-in SO(3) invariance and the treatment of spin variables in the spi-
rit of Ref. [18]. Our general consideration shows, in particular, that the demand of SO(3)
symmetry is not necessary for the existence of N' = 4 SQM models with non-Abelian
monopole backgrounds.
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5.5.7 Relation to four-dimensional N’ = 4 SQM system

It is instructive to show that (5.5.20) can indeed be viewed as a 3-dimensional reduc-
tion of the 't Hooft ansatz for the solution of general self-duality equation in R?* for the
gauge group SU(2), with the identification U* = A¢, while the condition (5.5.19) is the
3-dimensional reduction of this equation.

To establish this relationship, we use the following rules of correspondence between
the SO(4) = SU(2) x SU(2) spinor formalism and its SU(2) reduction :

(O-M)ag - {idgv (O-i>a6} )

e 5 —eog, €45 — —€%,

o &b (5.5.30)
xaﬁ' - Eg? Iaﬁ - _gga
Yo — Y.

This reflects the fact that the R-symmetry SU(2) in the (3,4, 1) models can be treated
as a diagonal subgroup in the symmetry group SO(4) = SU(2) x SU(2) of the (4,4,0)
models, with the SU(2) factors acting, respectively, on the undotted and dotted indices.
The self-dual R* SU(2) gauge field in the 't Hooft ansatz is written in the spinor

notation in Eq. (5.4.13). Then, using the rules (5.5.30), one performs the reduction R* —
R3 as

(Aag)y — U007+ (A2),  (AQ) =0,

h(z) — h(f), 9505 h = 0.

Upon this reduction, the four-dimensional ansatz (5.4.13) yields precisely (5.5.8), while
the general self-duality condition (5.4.15) goes over into the Bogomolny equations (5.5.10).
Of course, the same reduction can be performed in the vector notation, with F,, —
{Fij, For = ViU}, and Egs. (5.5.19), (5.5.20) as an output.

Thus, the general gauge field background prescribed by the off-shell NV = 4 super-
symmetry in this (3,4, 1) system is a static form of the 't Hooft ansatz for the self-dual
SU(2) gauge field in R*. This suggests that the above bosonic target space reduction has
its superfield counterpart relating the four-dimensional system described in Section 5.4 to
the one considered here.

Indeed, the superfield (3,4, 1) action (5.5.2) can be obtained from the (4,4, 0) multi-
plet action composed from Egs. (5.2.4), (5.4.7), (5.4.8) via the “automorphic duality” [55]
by considering a restricted class of the (4, 4, 0) actions with U(1) isometry and performing
a superfield gauging of this isometry by an extra gauge superfield V" along the general
line of Ref. [56]. Actually, the bosonic target space reduction we have just described cor-
responds to the shift isometry of the analytic superfield ¢ accommodating the (4, 4, 0)
multiplet, namely, to ¢*% — ¢™% 4+ wu™. It is the invariant projection ¢*%u} which is
going to become the (3,4, 1) superfield L™+ upon gauging this isometry and choosing the
appropriate manifestly N/ = 4 supersymmetric gauge.

An important impact of this superfield reduction on the structure of the component
action is the appearance of the new induced potential bilinear in the gauge group gene-
rators ~ U2 = U*UT*T" . It comes out as a result of eliminating the auxiliary field F' in
the off-shell (3,4, 1) multiplet, and so is necessarily prescribed by N' = 4 supersymmetry.

(5.5.31)
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It is interesting that analogous potential terms were introduced in [57] at the bosonic
level for ensuring the existence of some hidden symmetries in the models of 3-dimensional
particle in a non-Abelian monopole background.

The same reduction R* — R?® can be performed at the level of Hamiltonian and
supercharges. In particular, the reduction of the Hamiltonian of the four-dimensional
system of Eq. (5.1.15) yields the 3-dimensional Hamiltonian (5.5.25).






Conclusion

We studied some rather general off-shell NV = 4 supersymmetric coupling of the d = 1
coordinate supermultiplets (4, 4,0) and (3,4, 1) to an external self-dual (or anti-self-dual)
Abelian gauge field and discussed the (4,4, 0) case in details. Our main framework was
the harmonic superspace approach.

The use of an analytic “semi-dynamical” multiplet (4,4,0) with the Wess-Zumino
type action allowed us to make coupling of the coordinate multiplets (4,4, 0) and (3,4,1)
to an external SU(2) gauge field. This auxiliary multiplet incorporates SU(2) doublet of
bosonic spin variables which are crucial for arranging couplings to non-Abelian gauge
fields. In the four-dimensional case, the off-shell A/ = 4 supersymmetry restricts the
non-Abelian gauge field to be self-dual (or anti-self-dual) and in a form of the 't Hooft
ansatz for SU(2) gauge field. In the three-dimensional case, the non-Abelian gauge field
is a three-dimensional reduction of this 't Hooft ansatz, i.e. a particular solution of the
Bogomolny monopole equations. Additionally, in three dimensions, at the component level,
the coupling to a gauge field is necessarily accompanied by an induced potential which is
bilinear in the SU(2) generators and arises as a result of eliminating the auxiliary field in
the coordinate (3,4, 1) multiplet.

The explicit form of the Hamiltonians and the supercharges were presented. The
corresponding expressions respect N' = 4 on-shell supersymmetry for any self-dual or
anti-self-dual, Abelian or non-Abelian gauge field in four-dimensions, not necessarily in
the 't Hooft ansatz form. In three dimensions, an arbitrary BPS monopole background
can be used in the non-Abelian case.

It is worthwhile to note that similar constraints (Bogomolny equations) on the external
non-Abelian three-dimensional gauge field were found in [58], while considering an N = 4
extension of Berry phase in quantum mechanics. However, no invariant actions and/or the
explicit expressions for the Hamiltonian and A/ = 4 supercharges were presented there.

The nonlinear counterpart of ¢™* multiplet is discussed in [46]. In this case, the bosonic
target geometry is more general as compared to the conformally-flat geometry associated
with the linear (4,4, 0) multiplet.

Among the possible directions of further study, we mention the construction of higher
N SQM models with non-Abelian gauge field backgrounds, e.g. N = 8 ones, as well as stu-
dying various supersymmetry-preserving reductions of these models to lower-dimensional
target bosonic manifolds by the gauging procedure of [56]. Actually, the method of the
auxiliary “semi-dynamical” (4,4, 0) multiplet with the Wess-Zumino type action, which
was successfully applied in our construction here, could work with the equal efficiency
for constructing a Lagrangian description of other supersymmetric quantum-mechanics
problems involving the coupling to an external non-Abelian gauge field. Besides the ob-
vious examples of quantum Hall effect (or Landau problem) in higher dimensions (see e.g.
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the discussion in [8]), let us also mention supersymmetric Wilson loop functionals which
can be interpreted in terms of a non-Abelian version of Chern-Simons (super)quantum
mechanics [59], with the parameter along the loop as an evolution parameter. We hope
that the quantized semi-dynamical variables could provide a new efficient tool to study
this class of problems.

The 't Hooft type ansatz (5.3.5) and the choice of SU(2) as the gauge group are
required for the existence of the off-shell superfield formulation of the discussed SQM sys-
tems. It is not known whether the most general system can be derived from some off-shell
superfield formalism, with general instanton/monopole backgrounds obtained from the
ADHM construction [60] or its three-dimensional reduction. Additionally, there remains
a problem of extending the models to a generic SU(N) gauge group. Possibly, the above
issues are related to the generalization of the interaction term (5.4.7) to

St = / dt dudf*do* K+ (¢, uf, viot) |

It would be also interesting to study SQM models with nonlinear counterpart of the
semi-dynamical multiplet (4,4, 0) [56].
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We observe that the Hamiltonian H = P?, where P is the flat 4d Dirac
operator in a self-dual gauge background, is supersymmetric, admit-
ting 4 different real supercharges. A generalization of this model to the
motion on a curved conformally flat 4d manifold exists. For an Abe-
lian self-dual background, the corresponding Lagrangian can be derived
from known harmonic superspace expressions.
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A.1 Introduction

The main purpose of this paper is to present a simple supersymmetric quantum me-
chanical model which, surprisingly, did not attract much attention so far.

It was known since some time that one can treat the problem of the motion of a
fermion on an even-dimensional manifold with an arbitrary gauge field background as a
supersymmetric one such that, e.g., the Atiyah-Singer index of a Dirac operator can be
interpreted as the Witten index of a certain supersymmetric Hamiltonian [1]. Our remark
is that if the gauge field is self-dual and the 4d metric is flat, the system enjoys an extended
supersymmetry with two pairs of supercharges. A similar A" = 2 supersymmetric ! system
can be written for conformally flat 4d manifolds, though supercharges in this case are not
related to P, and the Hamiltonian does not coincide with 7.

In Sect. A.2, we present the model. In Sect. A.3, we analyze in some more details
its simplest version (flat metric and constant self-dual Abelian field density) and derive
the spectrum. In Sect. A.4, we derive the component Lagrangian from a certain harmonic
superspace (HSS) [2] action suggested in Ref. [3].

A.2 Fermions in 4d self-dual background

Consider the Dirac operator in flat 4d Euclidean space

P= > D (A2.1)

1©=0,1,2,3

where D, = 0, — A, and 7, are Euclidean anti-Hermitian gamma-matrices,

0 —of
Y = ( OM > ) {’Y,u:%/} = —2(5#,, ) (A'2'2)

Ou

with (0,),5 = {i,0},; and (of)? = {—i,5}"™ (¢ are ordinary Pauli matrices). The
indices are raised and lowered, as usual, with antisymmetric Levi-Civita tensor e,3 =
45 = —€%° = —£%9 ¢y = 1. (These are more or less the conventions of [4] rotated to
Euclidean space.) The Hamiltonians we are going to construct enjoy SO(4) = SU(2) x
SU(2) covariance such that the undotted spinor index refers to the first SU(2) factor,

while the dotted one to the second. The matrices o, UL satisfy the identities

0,08 + O'VO'L = O'LO'V +0lo, = 20,,,

olo, — oo, = 2int,0, (A.2.3)
aual — UZ,O'L = 21,04,

where 1y, 77, are the 't Hooft symbols,

M5 =y = Eaijs Mo = —Mo; = o; = —Tho = Vai (A2.4)

LA counts the number of complex supercharges.
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(0, — Pauli matrices, indices a, 4, j run from 1 to 3). They are self-dual (anti-self-dual),

U ;E,wpw;&, Moy = —;ewpxﬁ;&, (A.2.5)
with the convention €p123 = —1. Another useful identity is
020,09 = —O’L : (A.2.6)
Consider the operator
H= ;ZDQ = —;DQ — T (A.2.7)

where F,, = 0, A, — 0, A, —1[A,, A, is the field strength. It is well known that nonzero
eigenvalues of the Euclidean Dirac operator come in pairs (—A, \) and hence the spectrum
of the Hamiltonian H is double-degenerate for all excited states. This means that, for
any external field A, this Hamiltonian is supersymmetric [1] admitting two different

anticommuting real supercharges : I and P75 (75 = Y0717273)- Suppose now that the
background field is self-dual,

1
FMV = §€MVP5‘¢P5 — FNV = HZVBQ . (A.2.8)

One can be easily convinced that in this case the Hamiltonian admits four different Her-
mitian square roots S, that satisfy the extended supersymmetry algebra

{Sa,Sp} =404pH . (A.2.9)
One of the choices is

S1 =D =Dy + 71Dy + D2 +73D;5
Sa = YD3 + 71Dy — v2Dy — 13Dy

A.2.10
S3 = Dy — 11Ds — 72Dy + 3Dy, ( )
Sy =%D1 —11Do + D3 —13D> .
Introducing the complex supercharges
Q1 = (51 —152)/2, Q2 = (53 —154)/2, (A.2.11)

Q' =(S1+iSy)/2, Q> =(S3+iS4)/2,
we obtain the standard A = 2 supersymmetry algebra, 2
{Qa,Qs} =0, {Qa, Qﬁ} = 207 H. (A.2.12)

Correspondingly, the excited spectrum of H is four-fold degenerate, while the spectrum of
D consists of the quartets involving two degenerate positive and two degenerate negative
eigenvalues.

2Note that, in contrast to 7, the operator Pys is not expressed into a linear combination of S4. In
other words, the N' = 1 supersymmetry algebra with the operators (1 4 ~5) is not a subalgebra of the
N =2 algebra (A.2.12).
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The algebra (A.2.9) with supercharges (A.2.10) holds for any self-dual field, irrespec-
tively of whether it is Abelian or non-Abelian. Thus, the additional 2-fold degeneracy of
the spectrum of the Dirac operator mentioned above should be there for a generic self-dual
field. One particular example of a non-Abelian self-dual field is the instanton solution,
where this degeneracy was observed back in [5] [see Eqs. (4.15) there].

To make contact with the Lagrangian (and, especially, superfield) description, it is
convenient to introduce holomorphic fermion variables, which satisfy the standard anti-
commutation relations

(a3} = {W50°F =0, {% 45} =65 . (A.2.13)

One of the possible choices is

g = s g 0t s
2. 2 .
2 2
Then two complex supercharges (A.2.11) are expressed in a very simple way,
o= (0,0) (p.— A,
c_ga ( “@a (]f“ ) (A.2.15)
Q = (1#0#) (p,u - A,u) )
with p, = —i0,. The Hamiltonian (A.2.7) is expressed in these terms as
1 i _
H=g (P — A+ 7 T volo . (A.2.16)

It is clear now why the spinor indices in Eq.(A.2.12) are undotted, while in Eq.(A.2.14)
they are dotted. The supercharges are rotated by the first SU(2) and the variables 1
by the second 3. A careful distinction between two different SU(2) factors allows one to
understand better the reason why the supercharges (A.2.15) satisfy the simple algebra
(A.2.12) in a self-dual background. The self-dual field density F carries in the spinor
notation only dotted indices. Therefore any expression involving F, 1, is a scalar with
respect to undotted SU(2). The only such scalar that can appear in the r.h.s. of the
anticommutators of the supercharges {Q., Q° } is the structure which is proportional to
67, i.e. the Hamiltonian. No other operator is allowed.

In the Abelian case, the supercharges (A.2.15) and the Hamiltonian (A.2.16) are scalar
operators not carrying matrix indices anymore. This allows one to derive the Lagrangian,

1 . j -
L = Jdudy + Au(@)i, + s - %]—"W valo, . (A.2.17)
In the non-Abelian case, the expressions (A.2.15, A.2.16) still keep their color matrix

structure, and one cannot derive the Lagrangian in a so straightforward way. One of the
ways to handle the matrix structure is to introduce a set of color fermion variables (say, in

3Note that complex conjugation leaves the spinors in the same representation, the symmetry group
here is SO(4) rather that SO(3,1).
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the fundamental representation of the group) and impose the extra constraint considering
only the sector with unit fermion charge [1]. An alternative (non-Abelian) construction
of the Lagrangian is presented in [6], but in this paper we consider Lagrangians only for
Abelian fields.

As will be demonstrated explicitly in Sect. A.4, the component Lagrangian (A.2.17)
follows from the superfield action written earlier by Ivanov and Lechtenfeld in the frame-
work of harmonic superspace approach [3]. We will see that one can naturally derive in
this way a o-model type generalization of the Lagrangian (A.2.17) describing the motion
over the manifold with nontrivial conformally flat metric ds® = {f(x)} > dx,dx,. It is
written as follows

L, 5. . . e i -
L = 5f 2 i3, + Au(x)i* + i s — Zfzf;w 1/10L01,1/1
1 v, . -
+7 {3(0uf)* = fO*f} ot + o Ouf iyl o . (A2.18)
The corresponding (quantum) Noether supercharges and the Hamiltonian are

Qa = f (Julz)a (ﬁu - AM) - %W (Uud_])a iaufa

_ o o o A.2.19
Q= (¢o})" by — Au) [ +i0,f (Vo) - s, A2

H =51 (bu = A L+ 1 Fuolod

— ST oy~ A Yol + FP Lt — 2 (w07) ) (A2.20)

On the other hand, one can explicitly calculate the anticommutators of the supercharges
(A.2.19) for any self-dual * field A, (z), Abelian or non-Abelian, and verify that the algebra
(A.2.12) holds. While doing this, the use of the following Fierz identity

(&al)ﬁ(a,,w)a - (%@a(wal)ﬂ =60 valo (A.2.21)

which can be proven using (A.2.6), is convenient.

Note that, with a nontrivial factor f(z), the supercharges (A.2.19) have nothing to
do with the Dirac operator P in a conformally flat background : the latter cannot be
expressed as a linear combination of Q, and Q®. In addition, the Hamiltonian (A.2.20)
does not coincide with ?/2.

The model (A.2.18-A.2.20) is a close relative to the model constructed in Ref. [7]
(see Egs. (30,31) there), which describes the motion on a three-dimensional conformally
flat manifold in external magnetic field and a scalar potential. In fact, the latter model
can be obtained from the former, if assuming that the metric and the vector potential

4 Anti-self-duality conditions are obtained when one interchanges o, and O'L in all the formulas. This
is equivalent to the interchange of two spinor representations of SO(4).
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—,

A, = (9, A) depend only on three spatial coordinates x;. If assuming further that the
metric is flat, one is led to the Hamiltonian [§]

1 /4 2 1, = -
H = 5(p—,af) + 590+ Ve U, (A.2.22)

which is supersymmetric under the condition F;; = ¢;;40,® (the 3d reduction of the
4d self-duality condition). It was noticed in Ref. [7] that the effective Hamiltonian of
a chiral supersymmetric electrodynamics in finite spatial volume belongs to this class
with ® o 1/|A|. The vector potential A(A) describes in this case a Dirac magnetic
monopole such that the Berry phase appears. The three dynamical variables A (do not
confuse with curly A I) have in this case the meaning of the zero Fourier harmonic of the
vector potential in the original field theory. In the leading order, the metric is flat. When
higher loop corrections are included, a (conformally flat!) metric on the moduli space {ff}
appears.

Performing the Hamiltonian reduction of Eq. (A.2.20) with non-Abelian A,, a non-
Abelian generalization of Eq. (A.2.22) can easily be derived. It keeps the gauge structure
of Eq. (A.2.22) with matrix-valued Aand satisfying the condition F;; = ;3D ®. Note
that such Hamiltonian does not coincide with the non-Abelian 3d Hamiltonian derived in
Ref. [9].

A.3 Constant field

As an illustration, consider the system described by the Hamiltonian (A.2.16) in a
constant self-dual Abelian background. The constant self-dual field strength F,,, = 7, B,
is parametrized by three independent components. Let us direct B* along the third axis,
B, = (0,0, B), and choose the gauge

.A() = Bxg, .AQ = Bl‘l, ./41 = .A3 = 0. (A31)

The Hamiltonian (A.2.16) acquires the form

1 . 1. _ 1
# = {5 = Br* + 59+ B (ux' - 5)

2By 1 i+ B (e - 1)) (As2)
For convenience, we have introduced notations y1 = ¢!, ' = ¥i, x2 = ¥s, X2 = ¢ The
Hamiltonian is thus reduced to the sum H; + Hs of two independent (acting in different
Hilbert spaces) supersymmetric Hamiltonians, each describing the 2-dimensional motion
of an electron in homogeneous orthogonal to the plane magnetic field B. The bosonic
sector of each such Hamiltonian corresponds to the spin projection §B/|B| = —1/2,
and the fermionic sector to the spin projection §B/|B| = 1/2. This is the first and the
simplest supersymmetric quantum problem ever considered [10]. The energy levels for
each Hamiltonian are ¢;, = B (nl + % + si), n; > 0 — integers, s; = j:%. Each level of H; is
doubly degenerate. Besides, there is an infinite degeneracy associated with the positions
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of the center of the orbit along the axes 1 and 3 that are proportional to the integrals of
motion py and pg. The full spectrum

EF=2B (n1 “+ ng + 1+ S1 + 82) (ASS)

is thus 4-fold degenerate at each level (except for the state with £ = 0).
It might be instructive to explicitly associate this degeneracy with the action of su-
percharges (A.2.15). Let us assume for definiteness B > 0. One can represent (), as

Q= V2B (bX1 + aT)_(2> ) Q2= V2B (axl — bT>_<2> , (A.3.4)
where af, b' and a, b are the creation and annihilation operators,
r . . r .. .
a=——(p —iBxy +1ips), b= ——(p3s —iBxs +ipo) , (A.3.5)

V2B V2B

a,af[ =1, |pbf] =1. (A.3.6)

In these notations, the Hamiltonian (A.3.2) takes a very simple form
H = B{a'a+b'b+ %" + x2X*} - (A.3.7)

Obviously, the energy levels of the Hamiltonian (A.3.2) are defined by two integrals of
motion ps o, two oscillator excitation numbers n; o and two spins s 5, as in Eq. (A.3.3). For
each pa, po, there is a unique ground zero energy state |0) annihilated by all supercharges.
A quartet of excited states can be represented as

n,ne) . Qllni,na),  QF[nine),  QIQY|ni,na) | (A.3.8)

where the state
ni no
|n1, n2> = X1- (CLT) (bT) ’0>
of energy F = B(n; + ns + 1) is annihilated by both @; and Q.
For each ps, pg, there are N such quartets at the energy level £ = BN.

A.4 From harmonic superspace to components

In this section, we derive the Hamiltonian (A.2.20) in the HSS approach. To make the
paper self-consistent, we present in the Appendix its salient features and definitions in
application to quantum mechanical problems. The relevant superfield action was written
in [3], and we show here that the corresponding component Lagrangian coincides with
(A.2.18). The corresponding supercharges (A.2.19) and the Hamiltonian (A.2.20) involve
an Abelian self-dual gauge field A, (x). The non-Abelian case is treated in a separate
publication [6].

Let us introduce a doublet of superfields g% with charge +1 (D% = ¢*) satisfying
the constraints (A.5.11). The index ¢ is the fundamental representation index of an ad-
ditional external group SU(2). The solution for these constraints in the analytical basis
is [see Eq.(A.5.12)]

q+d = Sl]ad(tA)u;r - 2(9+Xd(tA) - 2¢§+>Z/d(tA) - 2i9+§+anad<tA>u; . (A.4.1)
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We impose now the additional pseudoreality condition
g = g (A.4.2)
the field ¢© being defined in Eq.(A.5.15). It implies
2= —(raa)”, X =) =X (A.4.3)

Let us go back now to the central basis {t 90“ 6° v } The solution can be presented

as ¢t% = ul ¢ where ¢®* does not depend on uF (the latter follows from the constraint
DtF¢*% = 0 and the definition D™+ = u} 83,) It is convenient to go over to the 4d vector
notation, introducing

1

qu = —3

5 (04) ae 4™ ¢ = —q, (UL) ug - (A.4.4)

Now, g, is a vector with respect to the group SO(4) = SU(2) x SU(2), with the first factor
representing the N/ = 2 R-symmetry group and the second one being the extra global
SU(2) group rotating the dotted “flavor” indices.

Pseudoreality condition (A.4.2) implies that the superfield ¢, is real. The latter is
expressed in components as follows,

_ ; 1
qu =z, + 00, X+ 0o,x — 2:61, Ga[ua 0+ Qaux 62 *QO'N)Z 62 — Zi}ﬂ 6* | (A.4.5)
where 0% = 6°6,,, 6> = 0°0,, 6* = 626>
The classmal N =2 SUSY invariant action for the superfield g, can now be written.
It consists of two parts, S = Sy, + Sint. The kinetic part,

Skm / dt d40du Rkln( ) q_B’ U,:;:) = /dt d49 Rkin(Q,u)7 (A46)

depends on an arbitrary function Ry, (g,). Plugging (A.4.5) into (A.4.6) and adding/sub-
tracting proper total derivatives, we obtain

Skin = / dt {;g(fc) Tudy + %g(fv) (X% — X*xa) +;32g(l‘) X' = %@g(l’) &y xa[lay]x} :
(A.4.7)
where g(z) = %83Rkin(l‘) and y* = ded)zg)zﬁ.
To couple z, to an external gauge field, one should add the interaction term Si, that
represents an integral over analytic superspace,

Siwe = [ dbdudd*ag* R (4 (1, 0*,0%), u) (AA8)

int ) 'y
We choose R (it carries the charge 2) satisfying the condition RiF = —Rf [the
involution operation X being defined in Egs. (A.5.13), (A.5.14)] such that the action
(A.4.8) is real.
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To do the integral over % and #*, introduce z+% = —x, (al)da ub = % [see
Eq.(A.4.4)]. Then
S = [ dtdu {2¢ (1) ™ Oya it g - — AxX a+da+BRi;t+} (A.4.9)
with

OR (a7, uy)
Y (A.4.10)

aJrC'!RiJrrl:r('ru u) =

Now, define the gauge field,
A, (z) = /du {Qi (JIL)M OyaREE ua} . (A.4.11)
As the action (A.4.9) is real, the field A, (z) is also real. It has zero divergence, 0,4, = 0.
The field strength is expressed as
Fow = OpAy — 0,4, = =211, / dudyad, s Rt e (0, (A.4.12)

11

(the identities (A.2.3) were used). It is obviously self-dual. With the definitions (A.4.11)
and (A.4.12) in hand, one can represent the interaction term (A.4.9) as
{

Sint = /dt {AM(I)% = g XULUVX} : (A.4.13)

Adding this to the kinetic term in (A.4.7) [where one can get rid of the factor g(x) in
the fermion kinetic term by introducing canonically conjugated vq = f~'(x)xa, ¥V =
f~H(2)x® with f(z) = g~'/?(z)], one can explicitly check that the Lagrangian L =
Lyin + Ling coincides, up to a total derivative, with (A.2.18). The action is invariant under
supersymmetry transformations,

T, — Ty + feop + fEaM@/;,
fibe = fibe +id, (€0,), (A.4.14)
JU s U — it (ofe)

The Noether classical supercharges expressed in terms of g, ¥, x, and their canonical
momenta,

P = [+ A, — % Fo,f ol o (A.4.15)
are - - -
Qo = f (Uuw)a (pu - Au) - iauf¢ﬁ¢7 (O';ﬂ/})a )
Q> = [complex conjugate] .
The quantum supercharges are obtained from the classical ones by Weyl ordering proce-
dure [11]. This gives (A.2.19). The anticommutator {Q., Q“} gives the quantum Hamil-
tonian (A.2.20).

As was noticed, the field A, naturally obtained in the HSS framework satisfies the
constraint d,.A,, = 0 [3]. This does not really impose a restriction, however, because gauge
transformations of A, that shift it by the gradient of an arbitrary function amount to
adding a total derivative in the Lagrangian (A.4.13).
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A.5 Appendix : Harmonic superspace in quantum me-
chanics

In this appendix, we introduce some basic HSS notations and definitions (see Ref. [2]
for detailed explanations) in application to quantum mechanical systems.
Consider the ordinary N' = 2 superspace

R = {t,00,0°} | (A.5.1)

with 6, and 6° = %70, = (65)! belonging to the fundamental representation of SU(2).
Introduce the supercharges °

0 0 = 0 L, 0

Q = a—ea + 70 a, Qa = % + Zeaa (A'5'2)
and superderivatives
o 0 = 0 -~ 0 0

The supercharges form the N =2 SUSY algebra, while the superderivatives anticommute
with Q¢ and Qg,

{Q*,Qs} =205i0,,  {D* Ds} = —255i0,. (A.5.4)

To proceed to harmonic superspace HR'*21* = R'* x S2, we introduce a set of two
complex coordinates ut®. Introduce also u;, = (u*t*)* and impose the condition

utu, =1. (A.5.5)
Then u™ parametrize the R-symmetry group SU(2). The differential operators
0 0 0 0

Dt =ul — D™ =u,— D’ =} —u,
“ouy’ Y out’ “our Y Ouy

(A.5.6)

are called harmonic derivatives. The U(1) charge operator D plays a special role. The
functions of zero U(1) charge live on the coset S* = SU(2)/U(1). The coordinates u. have
charge 1, the coordinates u_ have charge -1, etc.

5Our convention follows the convention in Ref. [12], but differs from the convention of Ref. [3] by the
change of time direction t — —t. With this, we reproduce the correct sign in the kinetic term for the
spinor field in Eq. (A.4.7).
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One can define now harmonic projections D* = u*D® D* = urD®. It is convenient
to go over in the analytic basis in HSS,

HRT2M4 = {tA, 0%, 6%, ujg} : (A5.7)
where - B - -
ta=t+i(070"+070),  0r=uior,  0F=ul0" (A.5.8)
In this basis, the covariant spinor derivatives D, D* are just
0 _ 0
Dt = — Dt = —— A.5.9
96—’ 06—’ ( )
while the operator D™ acquires the form
0 0 ~ 0 ~ 0
DTt =} ot O — 20Tt — . A.5.10
Yaus T a0m T 5 T Gy (A.5.10)

The derivative operators D+, DT, D** (anti)commute with each other and with
supercharges. Because of this, it is possible to consider a superfield ¢* with U(1) charge
+1 satisfying

D¢t =0, Dt¢t =0, Dt Tgt =0. (A.5.11)

In the analytic superspace coordinates, the first and the second equations mean that
¢ depend only on #% and 6%, but not on #~ and #~. This is the so-called superfield
analyticity condition. When expanding the field ¢* (¢4, 07, 0%, u}) over spinor coordinates
and the harmonics, one obtains an infinite set of physical fields ®(¢4). However, imposing
also the condition D*t*t¢" = 0 drastically reduces the number of such fields, making it
finite. In the analytic basis, the solution of the constraints (A.5.11) reads

gt = 2% (ta)ul — 207 x(ta) — 207/ (ta) — 20070 Op™ (tA)u, (A.5.12)

with the factors —2 introduced for convenience. N

The constraints (A.5.11) admit an involution symmetry ¢ — ¢+ which commutes
with SUSY transformations [3, 2]. This involution acts just as the ordinary complex
conjugation ezcept its action on the harmonics uZ, which is

ut = ure, ute = —u . (A.5.13)

This gives -
ta=ta, OF=0%  6F=—0T (A5.14)

and hence

gt = [wa(ta)]  ul — 207X (ta) + 207X  (ta) — 2007070 [xa(ta)] ug

a”

(A.5.15)

It is straightforward to see that the field CF satisfies the same constraints (A.5.11) as the
field ¢*. The involution symmetry was used in the main text to impose the pseudoreality
condition (A.4.2) on the field ¢*¢.
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The invariant actions involve the harmonic integral [ du. To find such integral of any
function f(u), one should expand f in the harmonic Taylor series and, for each term, do
the integrals using the rules

_ + + = - —

/dul =1, /duu{a1 U Ug Uy =0 (A.5.16)
where the integrand is symmetrized over all indices. The values of the integrals of all
other harmonic monoms (for example, [duuluz = ieq5) follow from (A.5.16) and the
definition (A.5.5).
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We present a Lagrangian formulation for A =4 supersymmetric
quantum-mechanical systems describing the motion in external non-
Abelian self-dual gauge fields. For any such system, one can write a
component supersymmetric Lagrangian by introducing extra bosonic
variables with topological Chern-Simons type interaction. For a special
class of such system when the fields are expressed in the ‘¢ Hooft an-
satz form, it is possible to give a superfield description using harmonic
superspace formalism. As a new explicit example, the N = 4 mechanics
with Yang monopole is constructed.
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B.1 Introduction

Supersymmetric quantum mechanics (SQM) provides a proper venue for exploring and
modelling salient features of supersymmetric field theories in diverse dimensions [1]. Some
SQM models are, in turn, d = 1 reduction of higher-dimensional supersymmetric theories.
At the same time, many interesting models of this kind can be constructed directly in
(0+1) dimensions, without any reference to the dimensional reduction procedure. They
exhibit some surprising properties related to the peculiarities of d = 1 supersymmetry.
For any SQM model (like for any supersymmetric field theory), it is desirable, besides the
component formulation, to find out the appropriate superfield Lagrangians. They make
supersymmetry manifest, prompt possible generalizations of the model, and allow one to
reveal relationships with other cognate theories. The basic aim of the present paper is
to construct such a Lagrangian formulation for a wide class of N' = 4 SQM models,*
with self-dual non-Abelian gauge field backgrounds. The natural and necessary device for
this formulation proves to be the harmonic superspace (HSS) approach [2] adapted to the
one-dimensional case in [3].

The SQM models considered in this paper represent a subclass of the wider well-
known class of system that describes the motion of a fermion on an even-dimensional
manifold with an arbitrary gauge background. It was observed many years ago that one
can treat this system as a supersymmetric one [4]. The corresponding supercharges and
the Hamiltonian are

Q=P(1+7%) Q=P1-7%), H=P (B.1.1)

Indeed, for any eigenstate W of the massless Dirac operator 7? with a nonzero eigenvalue
A, the state v° W is also an eigenstate of 7 with the eigenvalue —\. Thus, all excited states
of H are doubly degenerate.

For a four-dimensional flat manifold and self-dual Abelian or non-Abelian gauge fields,
the spectrum of H is 4-fold degenerate implying extended N/ = 4 supersymmetry. For a
flat Dirac operator in the instanton background, this can be traced back to Ref. [5]. In
Ref. [3], a N =4 supersymmetric generalization of this system describing the motion
on a conformally flat 4D manifold with an Abelian self-dual background was found and
its off-shell Lagrangian formulation in the d = 1 harmonic superspace was presented. In
Ref. [6], it was noticed that a similar generalization exists for non-Abelian fields. The
corresponding supercharges and the Hamiltonian have the form

Qa = f (O-,L/(Z) (ﬁu - -A,u) - ?Miw (O-pﬂ]}> Z'a“f,
_ o A (B.1.2)
QY = (wU,TJ (ﬁ,u - A,u) [+ iauf (wal) %W,

1 ) n
H =3 (= A f+ 1 Fou il

0, (o~ A v+ 3PS s — L (7)) (B13)

!Hereafter, N counts the number of real supercharges.
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with self-dual gauge field A, (Abelian or non-Abelian), F,, = 9,4, — 0,4, —i[A,, A ].
Complex fermion variables 1 have two components,® p, = —id/dz, and f(z) is an
arbitrary scalar function determining the conformally flat metric, ds* = {f(x)} dx?.
Note that the supercharges and the Hamiltonian written above are SO(4) = SU(2) x SU(2)
covariant ; the undotted indices come from the first SU(2) (R-symmetry group), while the
dotted ones — from the second SU(2) commuting with supersymmetry.

When the gauge field A4, is Abelian, the corresponding Lagrangian can be easily
written,

1 - 1 ' _
L = §f_2 i)lli)li + iwawa + Z {3 (auf)Z - fan} ¢4 + %f_lauf i'u WT[TMUVW

+ A ()it — i f2Fubolod, (B.14)

where the second line represents the interaction term with the Abelian gauge field. This
Lagrangian admits a superfield formulation [3, 6] in the framework of the harmonic su-
perspace (HSS) approach [2].

For a matrix-valued non-Abelian self-dual field A, the (scalar) Lagrangian cannot be
straightforwardly derived from (B.1.3). We will show that this can be done by introducing
extra “semi-dynamical” fields ¢; in the fundamental representation of SU(N) and the
auxiliary U(1) gauge field B(t). The second line in (B.1.4) is then generalized to

L™ = i (s +Bi) + kB + AT iy, — < 2, 1" Yol (B.1.5)
with k£ integer and . '
T = ¢ () oy, (B.L.6)

t* being standard SU(N) algebra generators. The interaction Lagrangian (B.1.5) is N =
4 supersymmetric. The corresponding supersymmetry transformations are written in
Egs. (B.3.13). It is easy to check that it is covariant with respect to the target space

non-Abelian gauge transformations

Attt — UTAS U 4 iU0,U
; . oy (B.1.7)
pi— (Ule) , & — (V)

with U(x) € SU(N).

It is not immediately clear how to extend the Abelian superfield description to the
general non-Abelian case, i.e. to the gauge group SU(N) . In this paper, we construct such
a description for the particular case of SU(2) self-dual fields expressed in the form

(a) A, = —1,,0, Inh(z) or (b) AL = —n,0,Inh(x), (B.1.8)

2We use the following SO(4) spinor notation :

(0 ap = {i:0a}as (UL) — {—z,aa}ﬁa = =M™ (0,)14, Eap = _Eaﬁvgdﬁ = P =1,
1 Tyaa 1 ad ad af_af Tyaa
Vag = Vu(0p)aa , Up = ivad(al‘) = —511 (0p)aa, V4% =e*e Vgp = —vu(au)
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with harmonic function h(z),
&2h(x) = a finite sum of delta functions

(the expressions (B.1.8a) and (B.1.8b) correspond, respectively, to self-dual and anti-self-
dual fields). This is the so called 't Hooft ansatz for a multi-instanton SU(2) solution [7],
the symbols ny;, being defined as

77% = 77;1] = Eaijs 77;10 = —77&‘ = ﬁgz = _77?0 = dai (iaj7a =1, 273) : (Blg)

For generic self-dual ADHM [8] configurations, the problem of finding a superfield
Lagrangian is more complicated. This problem is under study now.

B.2 Derivation

In the N' =4, d = 1 HSS approach [3], the superfields depend on bosonic variables
t, u*® (the harmonics u™®, u; = (u*®)* satisfying the constraint u™u, = 1 parametrize
the R-symmetry group SU(2) of the N' = 4 superalgebra) and on fermionic variables
0F = uto*, 0% = ur0>. The most striking feature of HSS is the presence of an analytic
superspace {tA, o+, 07, uia} in it (an analog of N' = 2 chiral superspace) involving the
“analytic time” t4 = t+i(070~+6~0F) and containing twice as less fermionic coordinates.
Our definitions and conventions are the same as in [6] (and similar to [3]; see [2] for more
details) and we mostly will not repeat them here.

To construct the action, introduce, following [3, 6], a doublet of superfields ¢*¢ with
charge +1 (D" = ¢7) satisfying the constraints

D¢t =0, Dt¢t® =0, Dt Tgte =0, (B.2.1)

where D, DT and D' are spinor and harmonic derivatives.? We impose also the pseu-
doreality condition

o =g =capq™” ., qP=—q"

, (B.2.2)

where the field qN+ is obtained from ¢ by an involution transformation. On top of that,
we introduce an analytic gauge superfield V1 of charge +2 satisfying the constraints

DYVt =Dtytt =0, Vtt=V++ (B.2.3)
and the “matter” superfield v of charge +1. The constraints it satisfies,

Doyt =0, Dtut =0, (DYt +iViiwt =0, (B.2.4)

3The constraints Dtqt = Dtgt = 0 are akin to widely known chirality constraints like D,® = 0
in N = 1, d = 4 supersymmetric theories. In the analytic basis, they simply mean that ¢™ does not
depend on 6,6~ . Such constraints appear naturally in the HSS formalism and are common also in d = 4
theories. A possibility to impose the extra constraint DT ¢t = 0 is specific for the (0+1)-dimensional
case, where it has a pure kinematic nature. In N/ = 2, d = 4 theories, the relation DT+¢™ = 0 is not
a kinematic constraint, it is the equation of motion for the free hypermultiplet derived from the action
S = [d*zdud*0t gt D FgT [2].
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differ from (B.2.1) by the presence of the covariant harmonic derivative D+ = D™+ 4
iV*TT [9]. The constraint Dot = 0 is covariant with respect to gauge transformations

V++ N V++ + D++A’ U+ — e_iAU—i—, D+A = D+A =0. (B25)

The constraints (B.2.1), (B.2.4) drastically reduce the number of the physical com-
ponent fields in the superfields ¢™* and v*. The solution of (B.2.1), (B.2.2) for g™ in the
analytic basis, with

_ 0 0
DYt = 9t 1929797 — ++ ot B.2.
0" 421070 T 0 uy s (B.2.6)
is ~ B
T = 2 (ta)ul — 201 (ta) — 201X (ta) — 20T 0T, | (B.2.7)
where . ‘
2 = —(0a)", X" =(xa)" - (B.2.8)

12°%(0,)aq is real, and we

The first condition in the latter equation means that z, = —3

are left with four dynamic bosonic variables.
We can use the gauge freedom (B.2.5) to eliminate almost all components from V*+
and to present it as
VIt = 2i070"B, (B.2.9)

where the gauge field B(t) is real. This is a d = 1 counterpart of the familiar Wess-Zumino
gauge in d = 4 theories. Then the superfield v™ is expressed in the analytical basis as

vt = ¢Mul — 20" w — 207wy — 200767 (% + B¢y, (B.2.10)

from which it follows that

vt = ¢%u}t — 20t wy 4 207 @y — 2i070% (6% — iBo)u, (B.2.11)
with ¢ = (¢q)*. Thus, the fields ¢, and ¢* are charged under U(1) gauge field B and
have opposite charges.

The N =4 SUSY invariant action that we are going to write consists of three parts,
S = Siin + Sint + Sr1. The kinetic part is more convenient to express in the central basis
{t,0,,0°}. It has the same form as in [3, 6],

Skin = / dt d49 du R{(in<q+d’ q—,B7 U,):‘/:) = / dt d48 Rkin(q,u)u <B212)

where ¢, = —3¢°* (0,,),, (the equation D**¢™® = 0 ensures that in the central basis
g% depends on u§ linearly, i.e. ¢™ = ¢®%u ; see also Eq. (35) in [6]), with an arbitrary
function Ryn(g,) of the real superfield g,. The component expansion of (B.2.12) coincides
~1/2
with the first line in Eq. (B.1.4), where f(z) = [%%Rkin} 2 and Ve = [T xa [6].
The interaction part is chosen as

1 _ . —
Sint = —5/ dt dudftdo™ K (q*o‘,u:ﬁt) vt (B.2.13)
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where the condition K = K is imposed to ensure the action to be real. Finally, we add
the Fayet-Illiopoulos term

Ser = ——/dtdud0+d0+ v = k:/dtB, (B.2.14)

which is invariant under gauge transformations (B.2.5). At the classical level, k is an
arbitrary real number. As we will shortly see, a benign quantum theory can only be
defined if the requirement

k = integer (B.2.15)

is fulfilled.

Let us concentrate on the interaction part. It is convenient to introduce new variables
= ¢ar/h(x), (B.2.16)

= /du K(x+d‘,u§), ot =yt (B.2.17)

where

is a harmonic function.* Indeed,
O2h(x) = 45d5/du 0sa0_gK (x7 uf) = 0.

Substituting (B.2.7), (B.2.10) and (B.2.11) into (B.2.13) and eliminating the auxiliary
fermionic degrees of freedom wy 2, Wy 2 by their algebraic equations of motion, we derive
after some algebra

o . 1_ on 0 _
Line = i¢*(¢a +iBp,) —5@%7 (Aac)g’ 3% = 5 (7a ) XX’3%0,.  (B.2.18)
Here
(Aus)] = — [ duod -K( Meag — Su 5> ! <5 Oh— 2570 -h)
ad)g deK +& af Jé; h af U g 9 3 Yaa
(B.2.19)
(Oac = (04) 4 O = —20/02°?) is a Hermitean traceless matrix, the gauge field, and

(faﬁ); = (Fuw)s' (0201/)&5 = O5a(A’p)g" = i(Asa)s (A +(d =) (B.2:20)

is its self-dual part. It is easy to check explicitly, that the anti-self-dual part of the gauge
field A,, vanishes,

(Fap) = (Fu) (040)) ) = =0aal A5 + i(Aaa) (AN + (@ = B) = 0. (B.2.21)
Thus, the field strength F7, is self-dual and belongs to the representation (0, 1) of SO(4) .

Passing to Aj as (A,);' = Aj (04)//2, we find that the representation (B.2.19) pre-
cisely amounts to the self-dual 't Hooft ansatz (B.1.8a). The anti-self-dual expression

4We assumed here that h(x) > 0
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(B.1.8b) arises if one interchanges altogether dotted and undotted indices, i.e. effectively
interchanges o, and (TL. This also implies passing to the harmonics ui and in fact to
another N' = 4 supersymmetry, with the second SU(2) (acting on dotted indices) as the
R-symmetry group.

Finally, substituting @’¢., = T° (oa)f and x4 = f1)4 into (B.2.18), where T* is defined
in (B.1.6) with t* = $0,, we convince ourselves that the interaction term together with
the FI term (B.2.14) yields just (B.1.5) for the SU(2) case. The canonical Hamiltonian
derived from the Lagrangian Ly, + Lin + Lpr has the form (B.1.3) with A, = AT and
Fu = Fp, T

Observe that the variables ¢, enter the Lagrangian with only one time derivative.
Thus, they are not full-fledged dynamic variables (like z,) and not auxiliary fields (like
wi2). They have a kind of intermediate nature.” To understand it better, perform the
quantization. To begin with, it is sufficient to restrict oneself by the first term in (B.2.18)
with addition of the Fayet-Illiopoulos term (B.2.14). The action

s = [a [w“(% +iBpa) + kB] (B.2.22)
much resembles the 3D Chern-Simons action,
9
SCS:/-c/<A/\dA—;A/\A/\A) . (B.2.23)

In both systems, the canonical Hamiltonian is zero, the canonical momenta are algebrai-
cally expressed through coordinates, and the quantization consists in imposing certain
second class constraints (for a nice review of the classical and quantum aspects of the
Chern-Simons theory, see [13]). Another well-known feature of CS theory is the quan-
tization of the coupling, kcs = 47wk = integer. This follows from the requirement for
the Euclidean path integral to be invariant with respect to large (topologically nontri-
vial) gauge transformations. As was mentioned above, in our case the coefficient & is also
quantized. This can be derived following a similar reasoning.

Notice first that the action (B.2.22) is invariant with respect to gauge transformations,

do(t)

B(t) — B(t)+ T

o(t) — e Bt (B.2.24)

which, in the Euclidean version of the theory, become

B(r)— Blr)+:220),

o(1) = e~ Mp(r) | (B.2.25)

This is a remnant of gauge transformations (B.2.5), which survives in the Wess-Zumino
gauge (B.2.9). To discover topologically nontrivial gauge transformation, consider the Eu-
clidean version of this theory and regularize it in the infrared by putting it on a finite
Euclidean interval 7 € (0,() and imposing the periodic boundary conditions B(3) =

°In the context of A" = 4 SQM models, such variables (together with their analytic superfield carriers
vT,vt) were introduced in [10, 11] (for a recent application, see also [12]).
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B(0), ¢(8) = ¢(0).° Then the only admissible gauge transformations (B.2.25) are those
which do not break these periodicity conditions. We see that the transformation with
a(t) = 27/ is topologically nontrivial, it cannot be reduced to a chain of infinitesi-
mal transformations. This transformation shifts the Euclidean Fayet-Illiopoulos action by

an imaginary constant, ASg; = —2mwik. The requirement that the Euclidean path inte-
grals (involving the factor e=*¥1) are not changed leads [14] to the quantization condition
(B.2.15).

The fact that £ must be integer leads to the finite representations of the operator
algebra ¢,, ©*. Indeed, consider the integer k to be positive as required in the classical
case due to the constraint

0%y =k, (B.2.26)

which follows from (B.2.22) by varying with respect to B (at the quantum level, negative
k can be equally chosen). The canonical commutation relations following from the same
action (B.2.22) through the standard Dirac prescription are

[0, @) = 00, [P0, 0] = [¢%,¢°] = 0. (B.2.27)

In quantum theory, one can choose ¢, = 9/0¢p® and impose (B.2.26) on the wave func-
tions : 5
Pr PV = % —V = kU . (B.2.28)
Op@

In other words, the wave functions represent homogeneous polynomials of p* of (an inte-
ger) degree k.” The number of such (linearly independent) polynomials is &£+ 1. Moreover,
it is also easy to see that the operators (B.1.6) satisfy the following algebra

[T, T = ig™Te . (B.2.29)
In addition, taking into account (B.2.28), we derive
1 k (k
T°T* = — [(¢%pa)? + 2(¢” = —[=+1]. B.2.
tlerenr + 2] = §(5+1) (B.2:30

In other words, T can be treated as the generators of SU(2) in the representation of spin
k/2.2 The nice feature is that this gauge SU(2) is in fact R-symmetry group of N' = 4
supersymmetry algebra.

B.3 Discussion and outlook

Our main result is the HSS superfield action for the N = 4 SQM corresponding to the
Hamiltonian (B.1.3) with a non-Abelian SU(2) gauge field A, which lives on a conformally
flat 4-manifold and is representable in the 't Hooft ansatz form (B.1.8).

6This is of course equivalent to introducing a finite temperature T'= 1/.

"In the case k < 0 the algebra (B.2.27) is the same. One must choose p* = —d/d¢p,, and consider
polynomials of ¢, of degree |k|.

8This way of quantizing semi-dynamical variables ¢, * was employed in Ref. [11]. Alternatively, one
could interpret ¢4, ® with the constraint (B.2.26) as a kind of the target harmonic variables representing
a sphere S2, solve (B.2.26) in terms of the stereographic projection coordinates z(t) and z(¢), and quantize
the system by the Gupta-Bleuler method as in Ref. [15].
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As an example of such a field, we can quote the instanton solution on S*. Generically,
it depends on the radius R of the sphere and the instanton size p. The configurations of
maximal size, p = R, present a particular interest. In the stereographic coordinates on S%,

4R*dx?
ds® = ———L B.3.1
T T @R (B:3.1)
they are expressed by the same formulae as flat instantons in singular gauge,
2R, 2i R? 1
a __ nv _
A'LL = m or (Aad>ﬁ’7 = _m <€aﬂx’g¢ — 5 5% xad) R (B32)
and 8 B
7
(‘Fag')gy — —:p2(x2 R (l’gﬂf,sa + xg[xﬁﬁ') ) (B.3.3)
The corresponding functions in Eq. (B.2.17) are taken in the form
+a , + 1 +a , + R
K@ ™ ug) =1+ ———, h(x)z/duK(x oug) =1+ —, (B.3.4)
(c;afrd) Ty
where ¢; = c%ug, ¢** — constant vector and R* = 1/¢,.? The field A%, can be brought to
nonsingular gauge
20,1, 4R?n®
o= ”, Fl, = -t B.3.5
A 2 + R2 pv (22 + R?)? ( )

by the gauge transformations (B.1.7) with U(z) = —io,x,/v/x? (this U(x) is prompted

by the form of the field strength (B.3.3)). The action density ~ F,, F"" is the same in this

case at all points of S%. It is worth noting that the singular gauge transformation converts

the undotted gauge group indices into the dotted ones : the self-dual gauge potential and

the field strength in the spinorial notation become

: 2i N : 8i R? : :
(Aaa)'s = oy (aigxl — 39 xm) , (Fap)ls = RCES D (5d55g +£4507)

(B.3.6)

and, also, @, — % = —ipa /12, §* — P = —i@P* Tag/ V2.

Actually, the field (B.3.2), (B.3.5) describes Yang monopole living in R® [16]. The
potential (B.3.5) has a nice group-theoretical meaning as one of the two SU(2) connections
on the coset manifold SO(5)/[SU(2) x SU(2)] ~ S* (see e.g. [17]). It coincides with the flat
self-dual instanton only in the conformally flat parametrization of S* as in (B.3.1). When
coupled to the world-line through our semi-dynamical variables ¢, ¢, the 5-dimensional
Yang monopole is reduced to this SU(2) connection defined on S*.

Let us elaborate on this point in more detail, choosing, without loss of generality,
R =1 in the above formulas. Consider the following d = 1 bosonic Lagrangian with the
R’ target space and an additional coupling to Yang monopole

Lo . .
Lgs = 5 (d59s + Gud) + B (y)T* g (B.3.7)
9The integral on the right hand side of Eq. (B.3.4) can be calculated as the power series in c; ¢ ™% = —CZ

or directly after noting that this integral is SO(4) covariant and putting ¢, = (¢, 0,0,0), z, = (x1,x2,0,0).
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Here, B is the standard form of the Yang monopole in the R® coordinates,

My Yo
B! = ——F—— = \/y? 2 B.3.8
I T(T+y5)’ r y5+y,u,7 ( )

T are defined as in (B.1.6) with t* = %a“, and we omitted the action for the semi-
dynamical variables ¢,, »*. Now we pass to the polar decomposition of R’ into a radius

r and the angular part S*, (ys,9.) — (7,75, 9u), U5 = /1 — §2, and rewrite (B.3.7) as

1 Gl T

1 .. ..
Lgs = =12 4+ =12 (51 U, U — B.3.9
R5 27" + 270 (3/5y5 +y,uy,u> + 14 m ( )

The coordinates ,, give a particular parametrization of S*. Passing to the stereographic
coordinates is accomplished by the redefinition

T
y,LL 1 +I27
which casts (B.3.9) into the form
1 T4 20t x,x, T
Lgs = = {72 4 4r® 2 2P B.3.10
: 2{r+ 7«(1+$2)2}+ 1+ 22 (B:3.10)

We see that the S* metric (B.3.1) (with R = 1) and the instanton vector potential (B.3.5)
appear.

Thus, our approach, as a by-product, provides a solution to the long-standing problem
of constructing N' = 4 SQM with Yang monopole (see e.g. [18] and references therein).
Obviously, the component Lagrangian (B.1.4) (with the relevant function f(z)) is just the
S* part of the Lagrangian (B.3.10) with the “frozen” radial variable r = 1. Presumably,
one can restore the full 5-dimensional kinetic part in (B.3.10) by adding a coupling to the
appropriately constrained scalar N = 4 zero-charge superfield X (¢, 6, é) which describes
an off-shell multiplet (1,4, 3) with one physical bosonic field [19], such that X|,_z_, = 7.

The problem of finding a superfield formulation for a generic SU(V) self-dual field is
more complicated and is not solved yet. However, by introducing extra variables ¢;, it is
always possible to write a component Lagrangian (B.1.5) (together with the first line in
(B.1.4)) corresponding to the matrix Hamiltonian (B.1.3).

This observation has actually nothing to do with supersymmetry. It boils down to the
following. Consider the eigenvalue problem for a usual Hermitean matrix Hjj. It can be

treated as a Schrodinger problem H¥(y,) = AU(yp,) with the constraint GU = 0, where

N 0 A 0
H = pHjp—, G=pi— —1. B.3.11
gtk Do J 8% ( )
The corresponding Lagrangian is
L = igjp; — B(gjp; — 1) — ¢iHjner (B.3.12)
where ¢; = (¢;)*. This easily generalizes to the case where H is an operator depen-

ding on a set of canonically conjugated variables {p,,z,}. The only difference is that
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—Hjy, is now replaced by the matrix Lj; obtained from Hj, by the appropriate Legendre
transformation. '’

Our initial goal was to find a Lagrangian representation for the Hamiltonian (B.1.3)
with matrix-valued A, F,,,. The construction just described, with ¢; in the fundamental
representation of SU(V), leads to the N x N matrix Hamiltonian. The Lagrangian (B.3.12)
coincides in this case with the Lagrangian (B.1.5) with the choice k& = 1, to which the
first line from Eq. (B.1.4) is also added.

Obviously, one can describe the Hamiltonians in higher representations of SU(XN)
in a similar way, by choosing the number of components ¢; equal to the dimension of
the representation. We have seen, however, that in the SU(2) case one can be more
economic, introducing only a couple of dynamic variables %, but multiplying the term
~ B in the Lagrangian by an arbitrary integer k. This leads to the Hamiltonian in
the representation of spin |k|/2. Certain SU(N) representations (namely, the symmetric
products of |k| fundamental or |k| antifundamental representations) can also be attained
in this way.

The Lagrangians (B.1.4), (B.1.5) are invariant, up to a total derivative, with respect
to the following infinitesimal N' = 4 supersymmetry transformations :

x, — x, + feo, b + ng;ﬂZJ,
fa — fva +id, (€0,),

&

fut — ot =iy, (ohe) (B.3.13)
©; — i +if (t%), AZ (eauw + EJMQZ) ,
¢ — @ —if (gt Al (eaﬂw + EO'HIE) :

Obviously, one can also construct in this way a N' = 2 supersymmetric Lagrangian for
the Hamiltonian (B.1.3) with generic (not necessarily self-dual) A,,. A similar construction
(but with extra fermionic rather than bosonic variables) was in fact discussed in Ref. [4]. A
beauty of the HSS approach explored in this paper is, however, that such extra variables
and the constraint (B.2.28) are not introduced by hand, but arise naturally from the
manifestly off-shell supersymmetric superfield actions.

Among the directions of further study, it is worthwhile to mention the construction of
higher A SQM models with non-Abelian gauge field backgrounds, e.g. N/ = 8 ones, making
use of a nonlinear counterpart of g% [9] to describe the basic 4-manifold (in this case, the
bosonic geometry is not conformally-flat), as well as studying various supersymmetry-
preserving reductions of these models to lower-dimensional target bosonic manifolds by
the gauging procedure of [9]. Actually, the method of the auxiliary “semi-dynamical”
(4,4,0) multiplet with the Wess-Zumino type action, which we successfully applied in
our construction here, could work with the equal efficiency for constructing a Lagrangian
description of other supersymmetric quantum-mechanics problems involving the coupling
to an external non-Abelian gauge field. Besides the obvious examples of quantum Hall

10This elementary observation should be well known, for example, in matrix models. Surprisingly, we
have not found it in such a “chemically pure” form in the literature, but similar constructions were
discussed, e.g., in Refs. [14, 20].
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effect (or Landau problem) in higher dimensions (see e.g. the discussion in [18]), we
would like to mention supersymmetric Wilson loop functionals which can be interpreted
in terms of a non-Abelian version of Chern-Simons (super)quantum mechanics [21], with
the parameter along the loop as an evolution parameter. We hope that the quantized semi-
dynamical variables could provide a new efficient tool to study this class of problems.
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Using the harmonic superspace approach, we construct the three-
dimensional N/ = 4 supersymmetric quantum mechanics of the super-
multiplet (3,4, 1) coupled to an external SU(2) gauge field. The off-shell
N = 4 supersymmetry requires the gauge field to be a static form of the
't Hooft ansatz for the 4D self-dual SU(2) gauge fields, that is a parti-
cular solution of Bogomolny equations for BPS monopoles. We present
the explicit form of the corresponding superfield and component actions,
as well as of the quantum Hamiltonian and N = 4 supercharges. The
latter can be used to describe a more general N' = 4 mechanics sys-
tem, with an arbitrary BPS monopole background and on-shell N' = 4
supersymmetry. The essential feature of our construction is the use of
semi-dynamical spin (4,4, 0) multiplet with the Wess-Zumino type ac-
tion.
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C.1 Introduction

The models of supersymmetric quantum mechanics (SQM) with background gauge
fields are of obvious interest for a few reasons. One reason is the close relation of these
systems to the renowned Landau problem and its generalizations (see e.g. [1]). The
Landau-type models constitute a basis of the theoretical description of quantum Hall
effect (QHE), and it is natural to expect that their supersymmetric extensions, with
extra fermionic variables added, may be relevant to spin versions of QHE. Also, these
systems can provide quantum-mechanical realizations of various Hopf maps closely rela-
ted to higher-dimensional QHE (see e.g. [2] and references therein). At last, they exhibit
d = 1 prototypes of couplings to higher-p forms in superbranes and so offer a simplified
framework to study these couplings.

N = 4 SQM models with the background Abelian gauge fields were treated in the
pioneer papers [3, 4] and, more recently, e.g. in [5, 6, 7, 8]. In particular, in [6] an off-shell
Lagrangian superfield formulation of the general models associated with the multiplets
(4,4,0) and (3,4, 1) was given in the N’ = 4,d = 1 harmonic superspace.! It was found
that N = 4,d = 1 supersymmetry requires the gauge field to be self-dual in the four-
dimensional (4,4, 0) case, or to obey a “static” version of the self-duality condition in the
three-dimensional (3,4, 1) case. In the papers [7, 8] it was observed (in a Hamiltonian
approach) that the Abelian (4,4,0) /' = 4 SQM admits a simple generalization to arbi-
trary self-dual non-Abelian background.? In [11] an off-shell Lagrangian formulation was
shown to exist for a particular class of such non-Abelian N/ = 4 SQM models, with SU(2)
gauge group and 't Hooft ansatz [12] for the self-dual SU(2) gauge field (see also [13]). As
in the Abelian case, it was the use of N’ =4,d = 1 harmonic superspace that allowed us
to construct such an off-shell formulation. A new non-trivial feature of the construction
of [11] is the involvement of an auxiliary “semi-dynamical” (4,4,0) multiplet with the
Wess-Zumino type action possessing an extra gauged U(1) symmetry. After quantization,
the corresponding bosonic d = 1 fields become a sort of spin SU(2) variables to which the
background gauge field naturally couples.?

In the present paper, we exploit a similar method to construct N' = 4 supersymmetric
coupling of the multiplet (3,4,1) to an external non-Abelian gauge field. Like in the
(4,4,0) case, it is the d = 1 harmonic superspace which makes it possible to perform such
a construction in a general form. Off-shell N' = 4 supersymmetry is shown to restrict the
external gauge field to a “static” version of the 't Hooft ansatz for four-dimensional self-
dual SU(2) gauge field, that is to a particular solution of the general monopole Bogomolny
equations [18].* A new feature of the (3,4, 1) case is the appearance of “induced” potential
term in the on-shell action as a result of eliminating the auxiliary field of the (3,4,1)
multiplet. This term is bilinear in the SU(2) gauge group generators. As a particular
“spherically symmetric” case of our construction (with the exact SU(2) R-symmetry) we

!The first superfield formulation of general (3,4,1) SQM (without background gauge field couplings)
was given in [9].

2The presence of N' = 4 supersymmetry in the Dirac operator with a self-dual gauge field was esta-
blished first in [10], though in an implicit way.

3The use of such auxiliary bosonic variables for setting up coupling of a particle to Yang-Mills fields
can be traced back to [14]. In the context of N'=4 SQM, they were employed in [15, 16] and [2, 17].

4Some BPS monopole backgrounds in the framework of N' =2 SQM were considered, e.g., in [19].
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recover, up to an essentially different treatment of the spin variables, the N' = 4 mechanics
with Wu-Yang monopole [20] recently considered in [17].

C.2 Superfield Formulation

In the N' = 4, d = 1 harmonic superspace (HSS) approach [6], the superfields depend
on bosonic variables ¢, u*®, where the harmonics v, u, = (u™®)*, ut®u; = 1 parame-

trize the R-symmetry group SU(2) of the A = 4 superalgebra, and on fermionic variables
0*F = 0uE, 6* = 0*uE. The most important feature of HSS is the presence of an analytic

subspace {tA,9+ 6+ i} in it involving the “analytic time” t5 = t 4 i(610~ + 6-6F)

and containing twice as less fermionic coordinates. Spinor derivatives Dt and D7 in the
analytic basis {tA,Hi 0+, i} are [21]

Oé

0 - 0
Dt = — Dt = ——. C.2.1
00~’ 00~ ( )
Other important objects used in what follows are the harmonic derivatives D™+, D=~
preserving the A/ = 4 analyticity :

0 0 0 0
++ _ + n+ +p+
Dt =} - +0 0= +0 5= + 21070 BT (C.2.2)
9 o 9 _ 9
D = U, % + 9 &ﬁ + 6 86 -+ 27,9 9 8tA (023)

Also, for further use, we give how the coordinates of the analytic subspace transform
under N = 4 supersymmetry :

00t = eul, 00" =eul, Ota=2i(Cu 0t —Eu ), duf=0, &= (cfC.24)

(e}

In this paper, we shall deal with the analytic superfields L™ and v, v+ which encom-
pass, respectively, the multiplets (3,4, 1) and (4,4, 0) and are subjected to the constraints

(a) DYL*+ = DYL++ = 0, (b) DLt =0, (L*t+)=—L*,
N B ~(C25)
(a) D*(v*, vt) = Dt (vt vt) =0, (b) (DY +iVFiHut = (DT — V)t =0.
(C.2.6)
The U(1) gauge superfield VT appearing in Egs. (C.2.6b) is analytic,
DTVt = DTVt =90, (C.2.7)

and pseudoreal, V*+ = (V++). It ensures the covariance of (C.2.6b) under the gauge
U(1) transformations with the analytic parameter A [22]

VT — VT DA, vt = eyt vt Myt DTA=DTA=0. (C.2.8)
In what follows, we shall use the WZ gauge for V*+,
Vit = 2i070"B. (C.2.9)
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Here B(t) is a real d = 1 “gauge field”, it transforms as B — B+ A, with A(t) being
the parameter of the residual gauge U(1) symmetry.

The constraints (C.2.5a), (C.2.6a) and (C.2.7) are the N' = 4 Grassmann analyticity
conditions just implying that the superfields L™, v+, o7, V7 live on the analytic super-
space {t A 07, 0T, ui} . The basic conditions are those with the harmonic derivatives, i.e.

(C.2.5b) and (C.2.6b). They constrain the analytic superfields Lt and v™, v+ to have
the appropriate off-shell component field contents, namely (3,4,1) and (4,4, 0) :

LY = *Pubuf +i0 X ul + 0T ul + 070 [F — 2i*%ulug), (C.2.10)
with (€as)" = =€ (X*)* = Xa , and

vt = ¢%ul + 0wy + 01w, — 200701 (% 4 iBo™)u (C.2.11)

vt = Ul + 0wy — 070y — 2i010F (¢ — iBo)u, (C.2.12)
with ¢ = (¢a)*, @12 = (w12)*. The multiplet L** involves the 3-dimensional target
space coordinates (% = (8% their fermionic partners and a real auxiliary field F, while

vT accommodates the auxiliary degrees of freedom needed to arrange a coupling to the
external non-Abelian SU(2) Yang-Mills field [11].

The full Lagrangian £ entering the A/ = 4 invariant off-shell action S = [ dtL consists
of the three pieces

£ = Lin + Lo+ Loy = [ dud0 R (LM, L5, L7 )
1 - — ik _
= / dudftdgt K(L*, u)otor — % / dudftdgt v, (C.2.13)

where LT~ = 1D~ L™+ and L~ = D=~ L*~. The superfield functions Ry, and K bear

2
an arbitrary dependence on their arguments. The meaning of three terms in (C.2.13) will
be explained in the next Section.

C.3 From harmonic superspace to components

The first, sigma-model-type term in Eq. (C.2.13), after integrating over Grassmann
and harmonic variables, yields the generalized kinetic terms for 2%, v, ¥, :

Lign = ;f—“’ (—20apl™? + F?) + ;f‘2 (X = Xax®) + 614 (Pas®172) X*

i ] )
+ 3N Dar S XX + 05 X X}

1
aB
17 Fx*X"0usf, (C.3.1)

4P
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where x* = X*Xa X’ X3, Oup = a%@ and f({) is a conformal factor.® The fermionic kinetic
term can be brought to the canonical form by the change of variables

X* =210 Xa=2fVa (C.3.2)

It is worth pointing out that the R-symmetry SU(2) group amounts to the rotational
SO(3) group in the R3 target space parametrized by ¢°. The conformal factor f(£) can
bear an arbitrary dependence on /27, so this SO(3) can be totally broken in the Lagrangian
(C.3.1).

The second piece in Eq. (C.2.13) describes the coupling to an external non-Abelian
gauge field. Performing the integration over 6+, #% and uF, eliminating the auxiliary

fermionic fields wy 5 and, finally, rescaling the bosonic doublet variables as ¢, = ¢1/h({),
where

h(t) = / du K (E%ufuf,ut) (C.3.3)

v

after some algebra we obtain

L 51 g 1 1 s
Lin = 67 (a1 1Ba) + 070" (Aap),s 77 = 5 F &6 Usst X N9 Vaslhs. (C.34)

Here the non-Abelian background gauge field and the scalar (matrix) potential are fully
specified by the function h defined in (C.3.3) :

1 1
(Aaﬁ),y(; = Qh{émgaa(sh + 6706355]1 + 5558w,h + 65a857h}, U75 = angh . (035)

By definition, the function h obeys the 3-dimensional Laplace equation,
00,5h =0. (C.3.6)

Using the explicit expressions (C.3.5), it is straightforward to check the relation

(faﬁ)ws = inaﬁUvéy (C37)

where
(faﬁ>75 = —20,;) (-’4/\5>75 +1 (AO‘/\>70 (Arg)s + (a0 = ), (C.3.8)
VasUss = =20a5Uss + 1 (Aap).y Us + 1 (Aap)sy U, (C.3.9)

and (.7-",15)75 is related to the standard gauge field strength in the vector notation, see
below. As we shall see soon, the condition (C.3.7) is none other than the static form of
the general self-duality condition for the SU(2) Yang-Mills field on R*, i.e. the Bogomolny
equations for BPS monopoles [18], while (C.3.5) provides a particular solution to these
equations, being a static form of the renowned 't Hooft ansatz [12].

5The calculations are most easy in the central basis, where LT+ = uiuZLo‘ﬁ (t,0,,0°). Then

F2(0) = —0,30°° / Run (W’ui uf P ufug, (P ugug ) du.
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Note that the relation (C.3.7) is covariant and the Lagrangian (C.3.4) is form-invariant
under the following “target space” SU(2) gauge transformations :

oo — (Ute) , ¢ — (pU)"

(C.3.10)
Aap — M ABA +iATD,5A, U — ATUA,

with A(¢) € SU(2). This is not a genuine symmetry; rather, it is a reparametrization
of the Lagrangian which allows one to cast the background potentials (C.3.5) in some
different equivalent forms. It is worth noting that the gauge group indices coincide with
those of the R-symmetry group, like in the four-dimensional case [11]. Nevertheless, the
“gauge” reparametrizations (C.3.10) do not affect the doublet indices of the target space
coordinates ¢“% and their superpartners accommodated by the superfield L**. They act
only on the semi-dynamical spin variables ¢, p* and gauge and scalar potentials (C.3.5).
Finally, the last piece in Eq. (C.2.13) yields the Fayet-Iliopoulos term,

Lri = kB. (C.3.11)

In the quantum case, the coefficient k is quantized, k € Z, on the same ground as in the
4-dimensional case [11]. As is obvious from Egs. (C.3.4) and (C.3.11), the auxiliary gauge
field B serves as a Lagrange multiplier for the constraint

%o =k . (C.3.12)

In the classical case it implies (together with the residual U(1) gauge freedom) that ¢%, ¢,
describe coordinates on a sphere S? in the target space, while in the quantum case the
constraint (C.3.12) is imposed on the wave function requiring it to span an irreducible
SU(2) multiplet with spin |k|/2 [11].

It is instructive to rewrite the above relations and expressions, including the full
Lagrangian (C.2.13) in a vector notation. To this end, we associate a vector v; to any
traceless bi-spinor v” by the general rule

vl = (03), R

1 .
Vi = 55 (0:).”, i=1,2,3, (C.3.13)
where o; are Pauli matrices. In particular, the 3D spinor coordinates ¢*? (restricted by
the condition (¢#%)* = —{,5) correspond to real vector coordinates ¢;. The only exception
from the rule (C.3.13) is the relation between the partial derivatives 9,5 = 9/9¢*® and
0; = 0/0¢;,

1

8{15 - _5 (Ui)aﬁ 9, 0; = — (O-i)aﬁ ag ) (0314)
We also make a similar conversion of the gauge group indices,
1 a 0 a 6
M,y(s = §M (Ua),y s M* = ]\457 (Ua),y P a = 1727?)’ (C315)

for any Hermitian traceless 2 x 2 matrix M, and define

T =

1 -«
= 26" (0 5. (€.3.16)
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In the new notations, the total Lagrangian (C.2.13) takes the following form :

1 . . _ . _
L= 3 F202 4+ AST; + i@ (Po + 1Bps) + kB 4 o™ + fAV,U T o)

F 0T =300+ 2f et o

1 1 -
A S (U — 70 f o) . (C3.17)

Here
VU = 0;U" + e AU* (C.3.18)

and the Bogomolny equations (C.3.7) relating A% and U® are equivalently rewritten in
the more familiar form,

where Ff = 0, A% — 0,A? + " AV AS. Finally, the gauge field and the matrix potential
defined in (C.3.5) are rewritten as

A= —£;,0;Inh,  U*=-0,Inh, Ah=0. (C.3.20)

The component action corresponding to the Lagrangian (C.3.17) is partly on shell
since we have already eliminated the fermionic fields of the auxiliary v* multiplet by
their algebraic equations of motion. The fields of the coordinate multiplet L™* are still
off shell. The N = 4 transformations leaving invariant the action S = [ dt £ look most
transparent in terms of the component fields ¢;, F, x*, ¥, &%, &7 :

0l; = —% (eoyx + €oiX) OF = €Yo + € Xa ‘

IX* = iFe* + 2(ecy)™ ¢, X = —iFe® — 2(e0y)* {5, (C.3.21)

6™ = L (e*x0:¢ + E*X0;0) O;Inh, S = i (60‘)(01-@23 - EO‘)Z(I,@) O;Inh.
These transformations can be deduced from the analytic subspace realization of N' = 4
supersymmetry (C.2.4), with taking into account the compensating U(1) gauge transfor-
mations of the superfields v, 0" and V' needed to preserve the WZ gauge (C.2.9). Note

that 6B = 0 under N/ = 4 supersymmetry.°
After eliminating the auxiliary field F' by its equation of motion,

F=2f ( 710, f o) — U“T“) : (C.3.22)
the Lagrangian (C.3.17) takes the form
1 .. : _ _
L = 5]“25? + AJT; + i0% (Pa + iBa) + kB + o)™ + f2poit) (Vz' + fﬁlaz‘f> uere

F RS — 4D} 2 e f o — 3 PUPTY (C.3.23)

6This transformation law matches with the N = 4,d = 1 superalgebra in WZ gauge, taking into
account that the d = 1 translation of B looks as a particular U(1) gauge transformation of the latter.
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It is invariant, modulo a total time derivative, under the transformations (C.3.21) in which
F is expressed from (C.3.22). We see that this Lagrangian involves three physical bosonic
fields ¢; and four physical fermionic fields v, . It is fully specified by two independent
functions : the metric conformal factor f(¢) which can bear an arbitrary dependence on
¢; and the function h(¢) which satisfies the 3D Laplace equation and determines the
background non-Abelian gauge and scalar potentials. The representation (C.3.3) for h
in terms of the analytic function K (T, u) yields in fact a general solution of the 3D
Laplace equation [21]. The Lagrangian (C.3.23) also contains the “semi-dynamical” spin
variables ¢,, ®, the role of which is the same as in the 4D case [11] : after quantization
they ensure that 7 defined in (C.3.16) become matrix SU(2) generators corresponding
to the spin |k|/2 representation.

C.4 Hamiltonian and supercharges

The Lagrangian (C.3.23) is the point of departure for setting up the Hamiltonian
formulation of the model under consideration and quantizing the latter. The main pecu-
liarity of the quantization procedure in the present case is related to the spin variables
Yo, P . The corresponding commutation relations are

[Qpav @5] = 563)(7 [Qpaa 905] - [@aa @ﬂ] - 0, (041)

whence, e.g., 0, — Po = 0/0p* and the constraint (C.3.12) becomes the condition on
the wave functions

0

o U = kv C4.2

7 oz (C.4.2)
(hereafter, without loss of generality, we assume that k& > 0). It implies that ¥ is a
collection of homogeneous monomials of ©* of an integer degree k£ and, thus, carries an
irreducible SU(2) multiplet with spin k/2 (the number of such independent monomials is
equal just to k+1). The SU(2) vector T* defined in (C.3.16) satisfy the SU(2) commutation
relations

[T, T = ie™T*, (C.4.3)
and, as a consequence of the constraint (C.4.2), is subject to the condition
k (k
T =—|=-+1]. C.44
s (5+1) (Ca4)

In this way, T" can be treated as generators of the irreducible unitary representation of
SU(2) with spin k/2. 7

"The crucial role of the constraint (C.4.2) is to restrict the space of quantum states of the considered
model to the finite set of irreducible SU(2) multiplets of fixed spins (e.g., of the spin k/2 in the bosonic
sector). This is an essential difference of our approach from that employed, e.g., in [14] (and, lately, in
[17, 13]) where no any analog of the constraints (C.3.12) and (C.4.2) is imposed, thus allowing the space
of states to involve an infinite number of SU(2) multiplets of all spins. The quantization scheme which
we follow here can be traced back to the work [23]. In the SQM context, it was already used in [16] and
[11].
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The system (C.3.23) is a generalization, to the non-Abelian case, of the Abelian N’ = 4
3D system found in [4], which, in turn, is a generalization, to the conformal metric, of the
system in a flat space invented by de Crombrugghe and Rittenberg [3]. After substitution
of SU(2) spin-k/2 generators instead of 7% [11], the (quantum) Hamiltonian of this system
takes the form

H— ; F (i — AN+ ;fQUQ YUY

+ {ajkfaif (B — Aj) — fakfv}wm + 0% f {w% _ ; @%)2} . (C.4.5)

which is just a static 3D reduction of the 4-dimensional Hamiltonian given in [8]. In this
expression, the gauge field A; = AYT* and the scalar potential U = U*T* are SU(2)
matrices subjected to the constraint (C.3.19). It is also easy to find the supercharges
Qu, Q°, ] - )
Qo = f (0it0) (s — As) =00y (03) i0if —ifU,
Q= (Yo,)* (pi — Ai) f +10:f (Vo) 70y + i fUYS,
{Qu, Q%Y =200 H, {Qa,Qs}=1{Q*.Q°}=0. (C.4.7)

The ordering ambiguity arising in the case of the general conformal factor f(¢) can be
fixed, as in [8], by the arguments of Ref. [24].

We would like to emphasize that the only condition required from the background
matrix fields A; and U for the generators Q,, and Q¥ to form AN’ = 4 superalgebra (C.4.7)
is that these fields satisfy the Bogomolny equations (C.3.19). Thus the expressions (C.4.5)
and (C.4.6) define the N = 4 SQM model in the field of arbitrary BPS monopole, not
necessarily restricted to the ansatz (C.3.20). Also, one can extend the gauge group SU(2)
to SU(N) in (C.4.5) and (C.4.6). The 't Hooft type ansatz (C.3.20) and the choice of
SU(2) as the gauge group are required for the existence of off-shell Lagrangian formulation
of this SQM system. We do not know whether the most general system can be derived
from some off-shell superfield formalism, though the corresponding component Lagrangian
with the on-shell realization of N/ = 4 supersymmetry can certainly be constructed. It
is a straightforward extension of the Lagrangian (C.3.17) or (C.3.23), with the properly
enlarged set of semi-dynamical spin variables, and the external potentials A;, U taking
values in the su(N) algebra and obeying Eq. (C.3.19). This situation is quite similar to
what was observed in [8, 11] in the case of 4D SQM with self-dual gauge fields.

Finally, as a simple example of the monopole background consistent with the off- and
on-shell N' = 4 supersymmetry, let us consider a particular 3D spherically symmetric
case. It corresponds to the most general SO(3) invariant solution of the Laplace equation
for the function h

(C.4.6)

1
hso(g) (6) = C + C1 ﬁ . (048)

The corresponding potentials calculated according to Eqgs. (C.3.20) read
C1 14 C1

¢ .

Afzéi'a—ji, Uve=-2 _— .
e 01+Co\/ﬁ & C1+Co\/f_2

(C.4.9)
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This configuration becomes the Wu-Yang monopole [20] for the choice ¢g = 0. It is easy
to find the analytic function K (¢*F,u) which generates the solution (C.4.8) (see [6]) :

hso(g) (f) = /du Kso(g) (f—H_, u) , Kso(S) (E-H_, u) =Ccy+C (1 + CL—_Z—H—)_EC,AJO)

=0t et o =aPuiul, afal =2.

One could equally choose as h(¢), e.g., the well-known multi-center solution to the
Laplace equation, with the broken SO(3). Note that the A/ = 4 mechanics with coupling to
Wu-Yang monopole was recently constructed in [17], proceeding from a different approach,
with the built-in SO(3) invariance and the treatment of spin variables in the spirit of Ref.
[14]. Our general consideration shows, in particular, that the demand of SO(3) symmetry
is not necessary for the existence of N' = 4 SQM models with non-Abelian monopole
backgrounds.

C.5 Relation to four-dimensional ' =4 SQM model

It is instructive to show that (C.3.20) can indeed be viewed as a 3D reduction of
't Hooft ansatz for the solution of general self-duality equation in R* for the gauge group
SU(2), with the identification U® = A{ , while the condition (C.3.19) as 3D reduction of
this equation.

To establish this relation, we use the following dictionary between the SO(4) ~
SU(2) x SU(2) spinor formalism of Refs. [8, 11] and its SU(2) reduction :

(J“)aﬁ - {iég’ <Ji)aﬁ} , e — —€aB€ap —gb

A e A

«

(C5.1)

This reflects the fact that the R-symmetry SU(2) in the (3,4, 1) models can be treated
as a diagonal subgroup in the symmetry group SO(4) ~ SU(2) x SU(2) of the (4,4,0)
models, with the SU(2) factors acting, respectively, on the undotted and dotted indices.
The self-dual R* SU(2) gauge field in the 't Hooft ansatz used in [11] can be written
in the spinor notation as
21 1 0
(Aol = 2 <gaﬂ o~ ) 8a,~,h) =
h=nh(z*), 09,;h=0. (C.5.2)

Then, using the rules (C.5.1), one performs the reduction R* — R? as

(Aap)’ — U200+ (A7), (A =0,

h(z) — h(l), 0395h=0. (C.5.3)

Upon this reduction, the four-dimensional ansatz (C.5.2) yields precisely (C.3.5), while
the general self-duality condition

2005(A5), + i(Aap) NAG)Y + (a0 B) =0 (C.5.4)
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goes over into the Bogomolny equations (C.3.7). Of course, the same reduction can be
performed in the vector notation, with F,, — {F;, For = V4U}, and Egs. (C.3.19),
(C.3.20) as an output.

Thus, the general gauge field background prescribed by the off-shell N' = 4 supersym-
metry in our (3,4, 1) model is a static form of the 't Hooft ansatz for the self-dual SU(2)
gauge field in R*. As was shown in [11], this particular form of the self-dual field is pres-
cribed by the same off-shell N' = 4 supersymmetry in the 4D SQM model based on the
supermultiplet (4,4, 0). This suggests that the above bosonic target space reduction has
its superfield counterpart relating the model of [11] to the one considered in the present
paper.

Indeed, the superfield (3,4, 1) action (C.2.13) can be obtained from the (4,4, 0) mul-
tiplet action of Ref. [11] via the “automorphic duality” [25] by considering a restricted
class of the (4,4,0) actions with U(1) isometry and performing a superfield gauging of
this isometry by an extra gauge superfield V" along the general line of Ref. [22]. Ac-
tually, the bosonic target space reduction we have just described corresponds to the shift
isometry of the analytic superfield ¢*¢ accommodating the (4, 4, 0) multiplet, namely, to
gt — ¢ + wut®. It is the invariant projection ¢™®u} which is going to become the
(3,4,1) superfield L™* upon gauging this isometry and choosing the appropriate mani-
festly N' = 4 supersymmetric gauge. Another type of possible isometry of the g+ actions
of Ref. [11] is the phase one, with ¢™'¢™ as the appropriate invariant. It can also be
gauged, with the same L*1 action as a result.

An important impact of this superfield reduction on the structure of the component
action is the appearance of the new induced potential bilinear in the gauge group genera-
tors ~ U? = U*UT*T" . It comes out as a result of eliminating the auxiliary field F in the
off-shell (3,4, 1) multiplet, and so is necessarily prescribed by N' = 4 supersymmetry. It
is interesting that analogous potential terms were introduced in [26] at the bosonic level
for ensuring the existence of some hidden symmetries in the models of 3D particle in a
non-Abelian monopole background.

The same reduction R* — R?® can be performed at the level of Hamiltonian and
supercharges. In particular, the reduction of the Hamiltonian of the 4D system of [§]
yields the 3D Hamiltonian (C.4.5).

C.6 Conclusions

In this paper, we constructed some rather general off-shell A/ = 4 supersymmetric
coupling of the d = 1 multiplet (3,4,1) to an external SU(2) gauge field. The off-shell
N = 4 supersymmetry restricts the latter to be a 3D reduction of the 't Hooft ansatz for
self-dual SU(2) gauge field in R*, that is a particular solution of the Bogomolny monopole
equations. At the component level, the coupling to a gauge field is necessarily accompanied
by an induced potential which is bilinear in the SU(2) generators and arises as a result
of eliminating an auxiliary field. Our main devices, as in [11], were the HSS approach
and the use of an analytic “semi-dynamical” multiplet (4,4, 0) with the WZ type action.
This multiplet incorporates SU(2) doublet bosonic spin variables which are crucial for
arranging couplings to non-Abelian gauge fields. We also presented the explicit form of
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the corresponding Hamiltonian and N = 4 supercharges which can be equally used for
an arbitrary monopole BPS background, though with the on-shell realization of N' = 4
supersymmetry.

Like in the case of 4D, N' = 4 mechanics coupled to a self-dual non-Abelian gauge
field [11], in the 3D case considered here there remains a problem of extending the model
to a generic SU(N) gauge group, as well as to general monopole backgrounds obtained as
a 3D reduction of ADHM construction [27]. It would be also interesting to study SQM
models with nonlinear counterparts of the target space multiplet (3,4,1) [6, 28] and/or
of the semi-dynamical multiplet (4,4,0) [22]. Such models exhibit more general target
geometries as compared to the conformally-flat ones associated with the linear (3,4,1)
multiplet and are capable to yield also more general background gauge fields.

Finally, it is worthwhile to note that similar constraints (Bogomolny equations) on
the external non-Abelian 3D gauge field were found in [29], while considering an N' = 4
extension of Berry phase in quantum mechanics. However, no invariant actions and/or the
explicit expressions for the Hamiltonian and A/ = 4 supercharges were presented there.
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Supersymétrie étendue et ses applications dans des modeles de
mécanique quantique associés aux champs de jauge auto-duaux

Nous étudions certains nouveaux modeles de la mécanique quantique supersymétrique. La forme explicite
des lagrangiens dans la langage des superchamps et dans la langage des composantes, ainsi que les
hamiltoniens quantiques et les supercharges sont donné.

Il est montré que 'hamiltonien H = P2, ott P est 'opérateur plat de Dirac en quatre dimensions dans
un champ de jauge externe auto-dual, abélien ou non abélien, est supersymétrique avec la supersymétrie
N = 4. Une généralisation de cet hamiltonien pour un espace courbé et conformément plat en quatre
dimensions existe. Pour un champ de jauge abélien auto-dual, le lagrangien correspondant peut étre déduit
dans le cadre d’approche de superespace harmonique. Si le hamiltonien implique un champ de jauge
non abélien auto-dual, on peut construire la formulation lagrangienne par I'introduction des variables
bosoniques auxiliaires avec une action de type Wess-Zumino. Pour une classe spéciale des lagrangiens
quand le groupe de jauge est SU(2) et le champ de jauge est exprimé sous la forme de ansatz de ‘t Hooft,
il est possible de donner une description dans la langage des superchamps en utilisant le formalisme de
superespace harmonique. Comme un exemple, la mécanique A" = 4 de monopoéle de Yang dans R® (qui
coincide avec un instanton sur S*) est considérée.

Indépendamment, un systéme similaire avec la supersymétrie N' = 4 en trois dimensions admet la des-
cription dans le langage des superchamps. La supersymétrie off-shell N = 4 exige que le champ de jauge
a une forme statique de ansatz de 't Hooft, qui est une solution particuliere des équations de Bogomolny
pour les monopdles BPS.

Mots-clés : mécanique quantique supersymétrique, supersymétrie étendue, superchamps, superespace

harmonique, auto-dualité, champs de jauge, ADHM, supercharges.

Extended supersymmetry and its applications in quantum me-
chanical models associated with self-dual gauge fields

We study certain new models of supersymmetric quantum mechanics. The explicit form of the corres-
ponding superfield and component actions, as well as of the quantum Hamiltonians and supercharges is
given.

It is shown that the Hamiltonian H = P2, where P is flat four-dimensional Dirac operator in an external
self-dual gauge background, Abelian or non-Abelian, is supersymmetric with N' = 4 supersymmetry. A
generalization of this Hamiltonian to the motion on a curved conformally flat four-dimensional manifold
exists. For an Abelian self-dual background, the corresponding Lagrangian can be derived from certain
harmonic superspace expressions.

If the Hamiltonian involves a non-Abelian self-dual gauge field, one can construct the Lagrangian formu-
lation of it by introducing auxiliary bosonic variables with Wess-Zumino type action. For a special class
of such Lagrangians when the gauge group is SU(2) and the gauge field is expressed in the ‘t Hooft ansatz
form, it is possible to give a superfield description using the harmonic superspace formalism. As a new
explicit example, the N’ = 4 mechanics with Yang monopole in R® (= instanton on S*) is considered.
Independently, a similar system with A/ = 4 supersymmetry in three dimensions also admits the superfield
description. Although the three-dimensional system involves different superfields, its component Lagran-
gian and Hamiltonian appear to be the three-dimensional reduction of the mentioned four-dimensional
system. The off-shell N/ = 4 supersymmetry requires the gauge field to be a static form of the 't Hooft
ansatz for the four-dimensional self-dual SU(2) gauge fields, that is a particular solution of Bogomolny
equations for BPS monopoles.
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