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Zusammenfassung

In dieser Arbeit werden die Eigenschaften von nicht-Singlett Q-deformierten N = 2 su-
persymmetrischen Eichfeldtheorien untersucht. Nach einer Analyse der durch eine all-
gemeine Deformation induzierte supersymmetrie Brechung konstruieren wir die nicht-
Singlett deformierten Eichtransformationen fiir saimtliche Komponenten des Vektormulti-
pletts sowie die entsprechende Seiberg-Witten Abbildung. Entsprechend der Wahl unter-
schiedlicher nicht-Singlett Deformationstensoren werden verschiedene Deformationen der
supersymmetrischen Yang-Mills-Wirkung bestimmt. Mittels einer Zerlegung solcher Ten-
soren lassen sich exakte Wirkungen fiir den bosonische Sektor der deformierten N = (1,0)
und der vollstdndigen N = (1,1/2) erweiterten supersymmetrischen Theorie berechnen.
Durch eine sogenannte schwache Wiederherstellung vernachlassigter Freiheitsgrade des
Deformationstensors erhalten wir eine neue Wirkung, welcher die balancierte Symme-
triebrechung von N = (1,1/2) nach N = (1,0) Supersymmetrie beschreibt. Zum Ab-
schluss bestimmen wir die entsprechende Supersymmetrietransformationen fiir alle betra-
chtete Falle.

Als Vorbereitung einer nicht(anti)kommutativen Verallgemeinung von N = 2 er-
weiterten Eichtheorien, werden im ersten Teil dieser Arbeit nichtkommutative Feldthe-
orien und harmonische Superraume eingefithrt. Des Weiteren werden die Eigenschaften
nicht(anti)kommutativer N = 2 euklidischer Superrdume untersucht, insbesondere die
Struktur der von Q-Defomationen induzierten Brechungen der Supersymmetrie. Als
einfaches Beispiel wird die singlett-deformierte Supersymmetrische Yang-Mills-Theorie
vorgestellt.

Im zweiten Teil dieser Arbeit beschaftigen wir uns hauptsiachlich mit non-Singlett Q-
Deformationen von Eichtheorien. Die Konstruktion exakter Eichtransformationen und
Seiberg-Witten Abbildungen mittels einer Zerlegung des Deformationstensor erfolgt mit
Hilfe eines neu entwickelten Algorithmus zur Losung harmonischer Gleichungen. Unter
anderen werden dadurch deformierte supersymmetrische Yang-Mills-Wirkungen und die

zugehdrigen Supersymmetrietransformationen bestimmt.

SCHLAGWORTE: Nicht-Singlett Q-Deformationen, Nichtkommutative Eichtheorie, Har-

monischer Superraum.






Abstract

In this work we study the properties of non-singlet Q-deformed N = 2 supersymmetric
gauge theories, from a field theoretical point of view. Starting from the supersymmetry
breaking pattern induced by a general deformation matrix, we embark on the construction
of the non-singlet deformed gauge transformation laws for all vector multiplet fields and
their corresponding minimal Seiberg-Witten map. Several deformed super-Yang-Mills
actions in components corresponding to different choices of the non-singlet deformation
tensor are built. For a particular decomposition ansatz of such tensor, we obtain exact
actions describing the bosonic sector of the deformed N = (1,0) and the full action for
enhanced N = (1,1/2) residual supersymmetry. A tuned supersymmetry breaking of
this enhanced action down to the N = (1,0) case is found by weakly restoring some
discarded degrees of freedom of the deformation. Finally we find the associated residual
supersymmetry transformations for the cases studied.

The first part of this work, gives an overview of noncommutativity in quantum field
theory and of harmonic superspace as needed to define noncommutative generalizations
of extended gauge field theories. A study of general properties of non(anti)commutative
structures in N = 2 euclidean superspace and the (super)symmetry breaking pattern
induced by @-deformations will follow. In addition, singlet-deformed super-Yang-Mills is
given as an example.

The second part deals with non-singlet Q-deformations of gauge theories. We will
introduce a decomposition ansatz for the deformation matrix, allowing the exact study
of the deformed gauge transformations, and develop a general algorithm to solve the
harmonic equations associated to this decomposition. A close expression for the gauge
transformations of component fields is derived, along with the corresponding minimal
Seiberg-Witten map to an equivalent commutative gauge theory. Finally we will build
deformed super-Yang-Mills actions and their corresponding supersymmetry transforma-

tions for relevant cases of the deformation matrix.

KEYWORDS: Non-singlet Q-deformations, Noncommutative Gauge Theories, Harmonic

Superspace.
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Preface

This dissertation is not intended to be an introductory text. It assumes knowledge of
Quantum Field Theory, Supersymmetry and Group theory, especially Cartan’s treatment
of coset spaces. The first part of this work pretends to establish the fundamentals and
conceptual setup for the second part instead of giving a profound introductory review.
Novel (published and unpublished) results and interpretarions are nevertheless not only
confined to the second part. An effort has been made to keep the body of the work
compact, by restricting technical details and material not essential for the discourse to
the appendixes that constitute the third part of the dissertation. Chapters include a short
introductory section whose style is thought as to convey a comprehensive view of the work

just by reading them alone.
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Introduction

Noncommutativity is a long-established idea in physics and mathematics. In the operator
sense, its interplay with the classical geometrical objects of (phase)space was already of
importance in the early days and during the development of quantum mechanics [I], 2].
As far back as in the late 1940’s [3] 4], noncommutative generalisations of the position
coordinates in quantum field theory were proposed in order to treat divergences, but
introduced conceptual difficulties as nonlocality and Lorentz symmetry breaking. As
the project of incorporating space noncommutativity into quantum field theory appeared
around the time in which a consistent renormalization scheme was developed, the interest
in this idea quickly faded for physicists. For mathematicians instead, it became the
cornerstone of a generalized geometry, called Noncommutative geometry, in which the
algebra of functions over a certain space is taken to be noncommutative. By being free of
the prejudices derived by physical considerations, mathematicians were able to formulate,
from the standpoint provided by this marriage between geometry and algebra, the first
noncommutative field and gauge theories in a clear and consistent way [5]. Strangely
enough, they helped physicists to understand the relevance of such theories in their own,

and not as loose alterations of quantum field theories.

Supersymmetry has similarly a long tradition of more than three decades. It is very
well-grounded in quantum field theory since the work of Haag, Lopuszanski and Sohnius
[6] established it as the symmetry of the S-Matrix. Supersymmetry also has striking
regularizing properties that led to the discovery of the first set of ultraviolet-finite local
quantum field theories in four dimensions [7], 8], where its characteristic mixing of bosons
and fermions produces the “miraculous” cancellation of divergences. It played a crucial
role in the solution of the hierarchy problem in grand unification theories[9), [10] [11],
and provided a new approach to the search for a theory of all interactions including
gravity [12, 13, 14]. Additionally, manifestly supersymmetric invariant theories can be
formulated on an extension of spacetime known as superspace [15], [16] for which, from
a strictly mathematical point of view, it is very natural to pursue a noncommutative

generalization.

The frame where this two concepts naturally merge is provided by string theory, which

XV



XVi INTRODUCTION

requires supersymmetry for its sound formulation and simultaneously seems to enclose
noncommutativity by actually producing it in some particular setups. The appearance of
string theory brought forth the only known consistent scheme for the regularization of a

quantum theory of gravity, and hence revived the interest in unification theories.

Introducing noncommutative spacetime coordinates implies uncertainty relations on
them that set a fundamental length scale. Under this scale, the idea of a point blurs and
singular objects can turn into smeared out entities. A field theory defined on such a space
should become divergence-free, effectively imposing an ultraviolet cut-off equivalent to the
introduction of a lattice. Monopole configurations, for instance, could have finite energy.
Analogously, the principle underlying the stringy plan of quantum gravity regularization
is precisely nonlocality, since it replaces pointlike interactions by smooth two-dimensional
junctions. Additionally, string theory carries a length scale [,. It is generally believed that
the structure of spacetime in a quantum field theory describing gravity must change at
Planck scale due to an uncertainty principle: If we try to measure positions with accuracies
comparable to this scale, the energy and momentum needed will deform spacetime itself
significantly enough to destroy the resolution of the measure [I7]. If string theory is to

describe physics at such high energy regimes, such phenomena are to be expected.

One of the most celebrated results of string theory is the appearance of general rel-
ativity from the limit where a string is immersed in a background of modes smaller in
length than the string itself. This supports the belief that the geometry of spacetime is an
emerging property of string dynamics. A more recent discovery from the study of M(atrix)
theory [18,[19], and D-branes in certain backgrounds [20} 21} 22} 23| 24], is that geometries
derived from strings can be noncommutatively deformed when the background fields are
large in string length units, that is, when stringy effects become comparatively important.
A background consisting of a constant magnetic Neveu-Schwarz field, for example, will
produce a low energy dynamics of D3 brane excitations governed by noncommutative
N = 4 super Yang-Mills theory [25]. Furthermore, the fact that both an ordinary and a
noncommutative field theory can be obtained from different regularizations of this setup
suggested the existence of a map between them [25], that has been called Seiberg- Witten

map.

As was discovered soon afterwards, noncommutative spacetime as a consequence of
stringy phenomena was not the end of the story. A similar analysis for Ramond-Ramond
backgrounds like the graviphoton [26], 27] produced a nontrivial modification of the al-
gebra of coordinates, this time involving the extended part of superspace, constituted of
Grafimann-odd objects. As their algebra is characterized by anticommutators in addition
of commutators, the resulting geometry has come to be called non(anti)commutative. The

possibilities when constructing these generalized geometries from string setups, resulted
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in a reconsideration of spacetime (and superspace) non(anti)commutativity in quantum

field theories and conferred such generalisations more physical relevance.

Early works on the subject of non(anti)commutativity started in the context of a pro-
posed fermionic substructure of spacetime [28] 29], in quantum gravity [30, 31], and on
the more mathematical study of quantum deformations of supersymmetry [32, [33]. More
general studies that followed [34], 35, 36], explored the possible allowed deformations of
superspace and established the restrictions that particular deformation structures and
space signatures impose on non(anti)commutativity itself. A distinction was then made
between D- and @)-deformations, constructed out of spinor derivatives and supercharges,
respectively. When string-inspired non(anti)commutative deformations started to appear
[37, B8, [39], the attention focused on Q-deformations since these were directly implied
from the few worked-out examples. The subject soon expanded to include their impact
on extended superspace [36], 35, and further on harmonic superspace [40, 41]. Neverthe-
less, interesting features of non(anti)commutativity per se, that link it to soft/dynamical
supersymmetry breaking [42],[43], BPS-solutions [44], quantum deformations of supersym-
metry [45, 406], [47] and target space geometry of sigma models [48] [49], have presently made
very tempting to continue the study of the physical consequences thereof, postponing the

issue of a precise relation to specific string backgrounds.

Non(anti)commutative deformations are controlled by a deformation matriz that spec-
ifies the deformed algebra of Grafimann coordinates in extended superspace. In the case
of Q-deformations, which have a severe impact on the action of symmetry generators on
the algebra of superfields, the resulting supersymmetry breaking pattern is tuned by this
matrix. In contrast to the N = 1 case, where this consists simply in a partial break-
ing to N = 1/2 [34, [37], the extended supersymmetry case is richer in structure. In
N = 2, for example, different decompositions of the deformation matrix, classified by
their tensor properties under the R-symmetry group SU(2), lead to N =1 or N = 3/2
residual supersymmetry. For so-called singlet deformations, where this matrix becomes
an SU(2) singlet, several deformed field models of the hypermultiplet [42] and super-
Yang-Mills theory [50, 51, 52], have been studied. The general choice of deformation
was also explored perturbatively for super-Yang-Mills up to some orders in the deforma-
tion matrix parameters [53, 54, 55]. A remarkable quantum property of these theories
is that even when the parameters of the deformation have negative mass dimension and
should induce divergences by naive power-counting, all studied examples have turned
out to be renormalizable. This subject is at the present under intensive study, and its
scope covers non(anti)commutative N = (1/2,0) Wess-Zumino and Yang-Mills models
[56], 657, B8, (9, 60, 61, 62], 63 64, 65, 6ol 67, 68, 69] and also the N = 2 Yang-Mills and
the neutral hypermultiplet, as studied in the pioneering work [70].
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The main goal of this work is to study the properties of non-singlet Q-deformed N = 2
supersymmetric gauge theories, from a field theoretical point of view. The program in-
cludes the study of the supersymmetry breaking pattern induced by a general deformation
matrix, the construction of gauge transformation laws for all vector multiplet fields and
their corresponding minimal Seiberg-Witten map, the derivation of the different deformed
super-Yang-Mills actions in components that follow from the pattern, and finally the con-
struction of the associated residual supersymmetry transformations.

In the first part of this work, we will start by giving an overview of noncommutativity
in quantum field theory from its origin in the Weyl quantization formalism, where we will
introduce the Moyal product that deforms the algebra of functions in phase space. This
product will allow us to make a connection to the study of algebra deformations and of
noncommutativity as a way to generalize field theories. A comment on the stringy origin of
noncommutativity will be included. In §2] follows the introduction of harmonic superspace
as needed to define extended gauge field theories. We will then devote §3|to the subject of
non(anti)commutativity in general. There, the requirements that supersymmetry imposes
on it, and the peculiarities of Q-deformation will be explained. The breaking pattern
induced by these deformations will then be derived. Singlet-deformed super-Yang-Mills
is given as an example.

The second part of this work will deal exclusively with non-singlet Q-deformations of
gauge theories. In §4 we will introduce a decomposition ansatz for the deformation matrix,
allowing the exact study of the deformed gauge transformations. A general algorithm to
solve the harmonic equations associated to this decomposition is developed. After giving
the close form of the gauge transformations, we will derive the corresponding minimal
Seiberg-Witten map to an equivalent anticommutative U(1) gauge theory. Chapter §5i
will deal with the construction of deformed actions and corresponding supersymmetry
transformations for relevant cases of the deformation matrix.

A third part of the dissertation includes only appendixes that cover the notation and
conventions followed, the technical details of the calculations supporting the discussion in

the main body of the work, and the common tools used to perform them.
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Chapter 1

Noncommutativity in Field Theory

In quantum mechanics, uncertainty relations between phase space quantities is a con-
sequence of the noncommutativity of the operators associated to them. In a classical
work by Weyl [I] he proposed a quantization prescription based on the idea of mapping
functions of phase space to their related quantum operators. This naturally led to the
idea of introducing noncommutativity in the algebra of phase space functions, further
developed by Moyal [2]. As the classical variables should be recovered in the limit 7 — 0,
when quantum effects cease to be important, the noncommutativity was thought to be
parametrized by this scale and conceived as a deformation of an otherwise commuting
algebra of functions. It became clear that these functions must obey strong restrictions
for a deformation conceived as a series expansion of their products to converge. In the
seminal papers of Bayen, Flato, Fronsdal, Lichnerowicz and Sternheimer [71] [72] it was
shown that one could understand quantization as a formal deformation, without worrying
to much about the convergence and the precise construction of Hilbert spaces.

In the context of quantum field theories, noncommutative generalizations are to appear
when the algebra of functions over the standard configuration space of a theory is replaced
by a noncommutative one. One would like such effects to be present at a certain quantum
scale, representing the coordinate uncertainty that must disappear when we zoom out
back to lower energies. This leads to the idea of noncommutativity as a deformation of
smooth continuous space spacetime, implemented through an anticommutative product
as in the theory of deformation quantization.

A simple way to deform the algebra of spacetime functions is by using an associative

but noncommutative product "’ called Moyal product [2]
f(x)g(x) — f(x) *g(x), such that [z* "], #0. (1.1)

Spacetime noncommutativity introduces nonlocality that can smear out singular objects.

In quantum field theories it will enter through interaction terms that, generally speaking,



CHAPTER 1. NONCOMMUTATIVITY IN FIELD THEORY

Figure 1.1: Noncommutativity as a small scale deformation of spacetime

produce vertex diagrams with a phase factor depending on the momenta, which were
expected to regulate divergences. In addition, even more bizarre behaviour appears,
as exemplified by the breaking of Lorentz invariance, and the so called UV/IR mizing
between the high and low energy regimes. Introducing noncommutativity suggests useful
nontrivial generalizations of relevant theories. It can provide a free parameter to do
perturbative expansions, and in some cases allows a whole new set of exact solutions not
present in the commutative limit[73] [74]. Though a unique noncommutative generalization
of a given theory may not exist, a selection scheme could be nevertheless based on the

preservation of symmetries for a particular theory.

Recent applications of noncommutative field theory have been related but not limited
to the strings scenario. In condensed matter theory, for instance, a model of electrons in
a magnetic field due to Landau provides a simple example of noncommuting coordinates
which has a direct analogous in string theory. Also the theory of the quantum Hall effect
[75] has received interesting inputs from noncommutative geometry [76] and noncommu-
tative field theory [77]. A noncommutative generalization of the standard model [78] has
been studied in the framework of non stringy particle phenomenology [33], were even
experimental test have been suggested [79]. In cosmology, an inflation mechanism with-
out inflaton but relying on spacetime noncommutativity was proposed in [80]. They also

appear in the theory of quantum algebras associated to massive superparticles [81] [82].

In this chapter we will see how do deformations in the algebra of functions of a field
theory appear from the Weyl quantization formalism, where the Moyal star product is
introduced. Typical features as the smearing out of the product of compact functions
and the occurrence of non local effects relating different energy regimes are presented.
Afterwards, in will see how the deformations of the algebra of functions are related
to the symmetries of a theory. In particular, we will see how the Moyal product can be de-

fined in terms of a Poisson structure, built out of the generators of spacetime translations.
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1.1. WEYL QUANTIZATION AND THE STAR PRODUCT

This will be the basis to define non(anti)commutative deformations of superspace in ,
where supercharges will be used instead as translation generators. Most of the eccentric
consequences of noncommutativity in quantum field theory, as nonlocality and UV/IR
mixing (see for example [83] and references therein), will be absent when we particularize
to the kind of non(anti)commutative deformations which are the main object of this work.
However, in section we will comment on the essential quantum theoretical effects of
noncommutativity, taking ¢* theory as an example. Finally, as complementary motiva-
tion to the study of noncommutative (and later on non(anti)commutative) deformations,
we will comment in how this deformations appear from string theory when strings

attached to D-branes are placed in particular backgrounds.

1.1 Weyl Quantization and the Star Product

For a physicist, the most familiar example of a noncommutative algebra comes from quan-
tum mechanics, where the operators ¢, p corresponding to conjugated classical variables

q, p, satisfy

[q,p] = ih (1.2)
Through the so called Weyl transform it is possible to quantize the system by mapping
functions of phase space f(q,p) into their corresponding quantum operators O #(q,p)

A 1 P R
01(4:0) = 53 / do dr dgdp e~ =070 (g, p) (1.3)

(2m)?

We can try to find a function A(p,q) in phase space whose Weyl transform corresponds
to the product of operators O, =0 fég. As we may expect, the composition law of Weyl
transforms induces a noncommutative product of functions in phase space h = fxg which
reflects the fact that operators in quantum mechanics do not commute Ofég #+ Ogéf,
and reduces to the ordinary product when & — 0. In what follows we will consider this
map in more detail to see how the star product arises from noncommutativity of quantum
operators.

We start by considering the above commutation relation as the Lie algebra of
what has come to be called the Weyl-Heisenberg group[l]. Elements of this group are

defined by
U(r,0) = exp[—i(T§ + op)], (1.4)

and are unitary transformations that represent translations in phase space

U<7—7 U)qA (7—70-) = qA — ho

_ (1.5)
U(r,o)pU(r,0) =p+ ht

5



CHAPTER 1. NONCOMMUTATIVITY IN FIELD THEORY

The key idea of Weyl is to define quantum operators as elements of this group’s algebra
~ 1 ~
O4(i.i) = Gz [ dodr U(r.)f(r.0) (1.6

Taking f (q,p) to be the Fourier transform of a function in phase space

f(r,o0) = / dqdp €T f(q,p), (1.7)

we arrive to the Weyl transform mentioned above ((1.3)). Using Glauber’s identity we can
restate it as

AN 1 —ir(§—q) ,—ioc(p—p) , ikro
04(4,p) = W/dadqudpe L (N (1.8)

The factor €277 can be interpreted as the one arising from commuting the ¢’s and p’s as
needed to obtain a Weyl ordered operator from the possible products of ¢ and p appearing
in the original phase space function. Additionally the transform has the proper classical
limit A — 0,

01(d.5) = / dgdp 5(G — Q)55 — p)f (¢, ) = £(,p). (1.9)

Having a complete quantization prescription, lets us now take a closer look to the compo-
sition law of the Weyl transform. First note that the Weyl-Heisenberg group represents
phase space translations up to a phase

U(Tl, O'1)U(’7'2, 02) = 6_%E(T102_0172)U<7'1 + To,01 + 0'2>. (110)

So that the product of two operators correspond to the following transform

N (5 AN\AD (A A 1 —in(ri00—01m2) F ~
Of(Q,p)Og<q,p) = (27T)4/d0'1d7'1d0'2d7'2 U(Tl + T2, 01 + O'2>€ 2h( 1o2=o1 2)f<7—1,0-1)g(7-270-2)

:#/dacﬁ U(r,o)

1 kot —10") FrT o ~T o
X {W/da'dfw ( FE+7.8+0)5(5—1,% -0

In the last integral it is possible to recognize the Fourier transform of the quantity
L(0p0,1 -840, _
et %= £(q,p)g(¢', P )~y = f* 90, 0) (L.11)
which defines a bilinear map over the algebra of smooth functions in phase space, that is,
some noncommutative product.
This discussion can be directly generalized for general complex valued Schwarz func-
tions on d-dimensional Euclidean spaces, for which it is always possible to define a Fourier

transform

k) = / iz e ). (1.12)

6



1.1. WEYL QUANTIZATION AND THE STAR PRODUCT

We will introduce again commutation relations for the operators ™
(™, "] =1i0™", (1.13)

with ™" taken to be a constant antisymmetric invertible matrix. The quantization for-
malism provides us then with the quantum operator or Weyl symbol associated to the
function f

O = / (%d e f(k) (1.14)

which can be rewritten explicitly in terms of the Weyl map A(z) as
O = / Az f(2)A(z),  Ad) = / K ks g (1.15)
F ’ ) (2r)d ) )

If the operators #™ commute with each other, then the map A(z) reduces to a delta
function §%(# — z), and the symbol of a function f reduces to the original “classical”
function Of = f(Z). Again, using Glauber’s identity

oikd ik & _ 6—%6’””kmkzgei(k+k’)‘i’ (1.16)
we can compute the function whose symbol is associated to products of operators. A com-

position law relating the noncommutative product of operators with a noncommutative

product of functions will then be given by

~ ~

040, = Oty (1.17)

where x represents the Moyal star product

) wglo) = F@)oxw (530677, ) ato)

- / %% F(R)g(k — K30 hnki e (1.18)
As we will see in the next section, this noncommutative yet associative product is a
particular case of the star product usually found in deformation quantization [71].

The introduction of nonlocal behaviour of noncommutative quantum field theories
through this product produces a plethora of unexpected and novel properties. Singular
pointlike sources, for instance, are smeared out and made to interact over an extended
finite region.

Let us take a closer look into this phenomenon by calculating explicitly the integral

representation of the star product of two functions, starting from the product of two Weyl

7



CHAPTER 1. NONCOMMUTATIVITY IN FIELD THEORY

maps,

A A ddk ddk/ i .5 —igmn o ikex—ik!-
A@Al) = / (2m)d (2m)d Ik R o= 507 kb, —ik-w =ik

ddk ddk/ i Nz A _igmn I _ikex—ik!-
:/(QW)d (2m)d /ddze(k+k) A(z)e 207 el il =ik Y

1 ~ crn—1 m n
_ dd A —21(9 )m’n(x_z) (y_Z) 119
7| det 0| / = Alz)e ’ )

where we tacitly assume invertibility of §. We see then that the Weyl maps are orthonor-

mal
T (A@)A)) = 0 — ). (1.20)
and we can in this case define the inverse Weyl transform, which is precisely the Wigner

distribution function [84] taking symbols into functions

fla) =Tt (OfA(m)) . (1.21)
The integral representation of the star product of two functions is then given by
N A A o 1 d d srn—1 m n
T (0:0,A0)) = / dlyd'z f(y)g(z) exp [~2(0 ) malz — )" (x — 2)"]
(1.22)

which shows how point interactions get distributed over a region in space. We can define

a scale of deformation by rotating ™" into a skew diagonal form

0 6
—6; 0
o = , (1.23)
0 Oap
—0a4/2 0
and taking the operator norm of ™"
II10]] = max |6;]. (1.24)

1<i<d/2

Now we can state precisely that in particular, compact functions that vanish outside a
region of size | < /||6]| have a star product that is non vanishing over a region of typical
size ||0]|/l. For example, the star product of point sources is nonzero in every point of

space
1
64 z) % 0% (y) = ——-. 1.25
()% ') = e (1.25)
In more physical terms, the fields with a small typical size —that is very high energy—

interact instantaneously over long distances through the star product, having profound

8



1.1. WEYL QUANTIZATION AND THE STAR PRODUCT

consequences for the quantum theory. One would expect that nonlocal effects turn neg-
ligible for energies below the \/W deformation scale, but in fact high energy virtual
particles contribute to low energy processes producing the UV/IR regime mixing. An
ultraviolet cutoff A will control the standard high momentum divergences just to produce
infrared singularities to be controlled by a low momenta cutoff 1/||0]|A.

Our final goal in this section is to move on to the analysis of deformed quantum field
theories. As these involve derivatives of fields, the Weyl symbol corresponding to field
derivatives will be needed. This is easily seen to correspond to the anti-Hermitian linear

derivation 9, defined by

~

It acts on the Weyl map through a commutator

A~ ~ ~

and therefore the symbol of a derivative is precisely

O, = / 02 0 f (2)A(2) = [0, O] (1.28)

The generators of translations are also given in terms of derivations Dy as unitary
operators

Uv) = e?, Uw)A(z)U(v) = Az +v), for v € R (1.29)

From this it is clear that the trace of the Weyl map Tr A(J;) is independent of € R? and

therefore we can choose a normalization Tr A(x) =1 leading to

TrO; = /ddxf(m), (1.30)

and implying the cyclicity of the star product under the integral as a consequence of the

cyclicity of the trace

/dda: Fi(@) %% fur(a) = Tr (Ofl : --OfM) . (1.31)

In particular the star product of two functions under the integral is commutative

/ d f(z) % g(z) = / &z f(2)g(2). (1.32)

Weyl’s quantization formalism can be also used in presence of more general commu-

tators resulting in non constant deformation parameters or even other operators [85]. A

9



CHAPTER 1. NONCOMMUTATIVITY IN FIELD THEORY

particularly relevant situation appears when quantizing open strings in the presence of
a nonconstant B-field. There the set of commutators involving both coordinates and
momenta will depend on operator functions of such variables, and will constitute an al-
gebra of pseudo-differential operators on noncommutative space [86, [87, 88, [89]. Instead
of Moyal product, the star product will be given by the Kontsevich formula [90]. When
the B-field is a closed two form dB = 0 then non constant Poisson tensors 6 appear, to

keep the Kontsevich product associative.

1.2 Star Product from Algebra Deformations

Apart from its formulation in the context of the Weyl formalism, the star product also has
a natural interpretation in deformation quantization. Instead of promoting phase space
variables to operators allowing nontrivial commutation relations, one seeks to generalize
the algebra of functions on this space by introducing nontrivial products. To assure a
proper classical limit, the products depend on some quantum scale h in such a way as
to recover the standard algebra of functions in the case h — 0. As the geometry of a
manifold can be defined in terms of the properties of the algebra of functions on it, one
can understand quantization as a deformation of geometry rather than a promotion of
physical quantities to operators in a Hilbert space.

General deformations of the algebra of functions on a manifold M, can be defined in

terms of a formal series whose first order corresponds to the original undeformed algebra
f*xg=f9+i¥0i(f,g), fg:M—C (1.33)
i=1
As a formal power series, the Moyal product corresponds to
frg=fo+Y <%> g GG, e O[O Ong (134)
i=1

with ™" constant. Modulo some redefinitions of f and g, the Moyal product is the only
deformation of the algebra of functions on R? whose formal series has local differential
bilinears of f and g as coefficients, and coincides at first order with the Poisson bracket
of functions [71}, [72, [O1]

i
fxg= fg+§0m”8mf6ng+0(92). (1.35)
If one starts with a more general Poisson structure
Pi(f,g)=pP™™...pmniy, V. f Vi - Va0, (1.36)

10



1.2. STAR PRODUCT FROM ALGEBRA DEFORMATIONS

defined in terms of a more general derivation V,, and of some antisymmetric matrix P™",

A . Z! !

then requiring associativity will impose severe restrictions on the derivative and on P,
itself. Only a flat torsion-free derivative and a Poisson structure with constant P™™ will
render the product associative, taking it back to the Moyal case (|1.34]), which can therefore
be written equivalently as

frg=feFy, (1.38)

where the Poisson structure P is simply
] — —
P = —3 0" 0, (1.39)

Noncommutativity of the coordinates on the manifold follows then from the action of this
structure

[z, 2"], = 2" xa" — 2" x 2™ = 10", (1.40)

The conditions on the Poisson structure can also be interpreted as a consequence of
translation invariance in flat spacetime since the only nontrivial coordinate deformation
consistent with it has constant deformation matrix. More explicitly, if we take 6" to be

a local function of the coordinates 6" (z) under translations x +— x + a we obtain
[ 2] = [z + a2 +a”] = 272", = " (x+a)=60""(x) (1.41)

For spacetime symmetries to be preserved, the deformed coordinate algebra must be
also covariant. The deformed algebra will in general break invariance under Lorentz

transformations 2™ +— /™ = A7"2™ for dimension d > 2
(2™, 2™ = [ATa?, Ala?] = A [aP, 29) A} = IAT'OPIA] £ 10 (1.42)

In d = 2 every antisymmetric matrix is proportional to the Lorentz invariant Ricci tensor
€™ meaning that the equality could hold.

In general one should analyze how a deformation affects the algebra of the symmetry
generators of the theory. Within the Poincare algebra, Lorentz and translation generators

Ly, P, satisfy

[Lmna Lrs] = nanms - nmans + nnsLmr - nmsLnr
[Lmna Pr] = N Lo — Ninr Py (143)
[Pm7 Pn] = 0.

11



CHAPTER 1. NONCOMMUTATIVITY IN FIELD THEORY

Being the derivative, the standard representation of momentum translations in spacetime

P, = 0,,, one can write the Poisson structure as
— —
P=-P,0m"P,, (1.44)

Where the factor of % has been absorbed into #™" for convenience. Due to the trivial com-
mutation relation of the momentum generators one can easily check that the translation

algebra does not get deformed
[Pmapn]* = [Pmapn] =0. (145)

On the other hand, as translation and Lorentz generators do not commute, it follows that
the Poisson structure cannot simply “pass through” the M,,, and the Lorentz algebra

will pick up a deformation

[me Lrs] = [me Lrs] + 0(9) (146)

*

One concludes that the noncommutative deformation of a theory will not be Lorentz
invariant.

Deformed theories can be nevertheless invariant under another kind of symmetry re-
alized not in terms of classical but quantum groups. For quantum groups, the parameters
of the transformation will also obey a deformed algebra, and will therefore restore its

original structure.

1.3 Generalizing Field Theories

As a first example of a deformed quantum field theory, let us take a look at a simple

noncommutative generalization of the ¢* theory in R?

S¢3:/ddx Ba¢-a¢+m;¢2+i—?¢*¢*¢*¢ (1.47)

Note that the substitution of standard multiplication by star products only affects the
interaction terms of the theory due to the cyclicity property of the star product .
As the free part of the theory is undeformed, bare propagators of noncommutative ¢*
theory are identical to the standard ones.

In contrast, the interaction vertex in momentum space picks up a phase factor de-

pending on the external momenta

L dik, - i
/ddx¢*¢*¢*q5 = /H ) ok, ) (2m)*6(si, k) [ ] exp (—ﬁem"kmksn) . (1.48)
r=1 r<s

J/

-
V (k1,ka,k3,ka)

12



1.3. GENERALIZING FIELD THEORIES

Though local in each order of a 6 expansion, this vertex describes a nonlocal interaction.

As in this setup momentum conservation implies that the vertex V (ki ko, k3, k4) is
invariant only under cyclic permutations of momenta k,, it would be very nice to device
a way to introduce this information into the diagrammatica to avoid keeping track of the
order explicitly. Fortunately some tools are already available from the theory of the large
N limit of U(N) Yang-Mills theory or analogously from matrix models [92} 93], [94]. The
idea is to substitute lines by oriented ribbons, so that the line corresponding to momentum

k carries two “momentum indexes” [, [,

1
(la — lb)2 +m?2

(1.49)

Being built out of ribbons, the noncommutative Feynman diagrams are graphs drawn over
Riemman surfaces of general genus. If is possible to draw a graph over the surface of plane
or a sphere, i.e. without crossing lines, it is called planar. For such a graph consisting of
L loops with ki, ..., k, external cyclically ordered momenta, we can take k, = l,,, — lim,,
with m, running from 1 to L + 1 and organized in a cyclical way such as [, ., = ly,.
This construction will take care of the order of incoming momenta and will automatically
impose momentum conservation on each vertex because adjacent ribbon edges in a vertex
have opposite momentum indexes. With this, it is possible to establish [95] that for any
planar graph one obtains an overall phase factor depending only on the ordered external
momenta py,...,Ppp

Ve(pr, .-, pm) = He_%emnp“mpb” (1.50)

a<b
That the only contribution of noncommutativity in planar graphs is this factor, indicates
that their UV behaviour is essentially the same as the undeformed one [96, 07, 08]. Even
when our expectations of improving renormalizability in this way are gone, there are still
some important differences coming from the nonplanar sector of the deformed theory,
where we have to take in account momentum propagators crossing each other. The

contribution in this case can be written in terms of the planar one

Vap(p1, -5 Pm) = Velanar (P1, - -+, Par) H e 20" Pampin, (1.51)
a,b

where Ny is a matrix counting the crossings. In this case phase oscillations do render all
one-loop diagrams UV finite, but acquire a singular IR behaviour. Let us clear this up

by looking at the one-particle irreducible two-point function up to one loop

I(p) = 1% (p) + ¢*11 (p) + g*IIh (p)) + O(g") (1.52)

13



CHAPTER 1. NONCOMMUTATIVITY IN FIELD THEORY

Where
O (p) = p* +m’
1 [ d% 1
Wy _ L
') =3 / 2m)d k2 + m2 (1.53)
1 [ dlk elom™"kmpn
Wy _
thyv(p) = 6/ @m)d K2+ m?

are the bare mass, planar and non planar propagators respectively. As in the limit p — 0
the one loop propagators coincide up to a factor Hg)(p) = 2H§%(0) we can write the full

propagator in terms of the nonplanar contribution
H(p) = " +m?* +20°Tp (0) + ¢*Tp (p) + O(g"). (1.54)

The main consequence is that the behaviour of the nonplanar propagator fully determines
the singularities of the one loop two point function. Momentum regularization with a
cutoff of A leads to

2

1 A
() = — (Agfr —m2ln ;f) +0(1), (1.55)

= 962 m

where the effective cutoff is given in terms of the momentum cutoff as

1

AQH -
© # + 5kl0mkelnpmpn

(1.56)

As the momentum cutoff A goes to infinity, one sees that noncommutativity clearly im-
proves the UV behaviour of the propagator by keeping it finite but only to replace the
UV divergence by a singular IR behaviour

1
lim A2j = —————— 1.57
AEI;O eff 5kl9mk0lnpmpn ( )
this strange phenomenon is called UV/IR mizing and has no analog in commutative field
theory. Here the singular behaviour at p = 0 is the result of high energy contributions
which turns the standard exponentially decaying correlators of massive scalar particles by

polynomial interactions, that is, long-range power-law forces.

1.4 String Theory and Noncommutativity

As an example of the kind of unconventional stringy effects on geometry that motivate
noncommutativity in gauge field theories, we are going to study open strings ending on

Dp-branes in a background of a constant Neveu-Schwarz B-field.

14



1.4. STRING THEORY AND NONCOMMUTATIVITY

We will choose a particularly simple setup, with B;; # 0 only for 4,5 = 1,...,r, and
the flat metric g;; = 0 for¢ =1,...,r,j # 1,...,r where r is precisely the rank of the

B-field. In this case the worldsheet action of the string is written as

1

= 12 (91j0a’ 02! — 2712 B;e® 0y Oy (1.58)
s Jx

ls being the string length and X its eucliedean worldsheet. The presence of Dp-branes is
now essential, since it is possible to integrate by parts the term including the constant
B-field to obtain a boundary contribution

1 i9a,.j i ) j
S = m/;gijaax 0%x? — E /(;E Bl-j:r; 8||xj, (159)

where 0y is a tangential derivative along the worlsheet boundary 9X. Components of B;;
not on the brane, can be simply gauged away, meaning we can assume r < 1 + p. In
simple words, without Dp-branes, the Neveu-Schwarz field can be decoupled from the
dynamics. For the coordinates along the Dp-branes, boundary conditions are derived

from the equations of motion of this system
90147 + 2iml?B;;0)27 |, = 0, (1.60)

which include a derivative 0, , normal to the boundary 0%. This equation interpolates
between Neumann conditions in the case 2B — 0 and Dirichlet conditions for I2B > 1,
or equivalently ¢ — 0. When the Dirichlet term dominates, the string boundaries are
fixed to points in the Dp-brane for B;; invertible, due to 6’||xj | o = 0. It is in this regime,
when the background fields are large in string length units, and stringy effects become
comparatively important, the commutator of coordinates on the boundary turns out to
be nontrivial.

To see this one considers the classical approximation of string theory for which 0% is
a disc which can be conformally mapped to the upper half plane. In the corresponding
complex coordinates z = t +iy, y > 0, with 9 = 9/0z,0 = 0/0%, the equations of motion

(1.60) are
9i;(0 — 0)2? + 2iml2By; (0 + 5)xj‘zzz =0, (1.61)

The propagator for this boundary conditions is [99, 100, [T0T]

(z'(2)2? (2))) = —I? (gij log |z — /| — g log |z — Z'| + GY log |2 — Z'|*+

1
27?2

S

|2 =

=/
+ eijlog—’“"+m>, (1.62)

2 = 2|
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CHAPTER 1. NONCOMMUTATIVITY IN FIELD THEORY

where G¥ and 0% are the symmetric and antisymmetric parts of a matrix

g 1 Kl g 1 g
G — _ v = —— | . 1.63
(g+2ﬂl33>s’ (9+2ﬂl§B>s ’ (63
and DY is a constant depending on B but independent of the coordinates. If the low
energy limit /2 — 0 is considered, by keeping B fixed, evaluating the propagator at the
boundary which is identified to the real line one obtains
i

(2 (1)29(0)) = 269 Sign (1) 91’]’:(%) =1 (164)

In conformal field theory, the short distance behaviour of operator products coincide with
their commutators when replacing time by operator ordering. In this way it is found [24]

that the quantity 0% is related to such commutator according to
[2(t), 27 (0)] = T (z'(t — 0)2 (0) — 2*(t + 0)2’ (0)) = i6V (1.65)
In general, normal ordered operators will satisfy

lim = f(z(t)) < : g(2(0) : = : f(2(0)) x g(x(0)) -, (1.66)

t—0t

where « is precisely the Moyal product of functions as defined in . Another relation
to algebra deformations appears [102] when considering a sigma model with the boundary
interaction of , which is a special case of the theory used by Kontsevich in the study
of deformation quantization [90].

Deformations of superspace instead appear naturally in a graviphoton background field
[26, 27]. In particular, Ooguri and Vafa27] study the consequences of this phenomena at
field theory level. The source of inspiration of Q-deformed supersymmetric analysis is its
relation to the extention of the Dijkgraaf-Vafa [103] conjecture including non-planar dia-
grams in the partition function, which is characterized by the presence of the graviphoton
field strength.
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Chapter 2
Harmonic Superspace

Since our main goal is to describe deformations of extended supersymmetric theories, we
will introduce the natural framework in which they are constructed: harmonic superspace
[104]. During the 1970s, when the superspace approach was developed, it was realized
that manifestly supersymmetric invariant theories could be easily formulated in terms of
an extension of standard Minkowskii M* or Euclidean R* space which was given the name
superspace. Even though the ideas coming from N = 1 superspace rapidly developed
into a powerful technique in quantum field theory, it was very disappointing not to find a
straightforward generalization of the methods to find suitable off-shell manifestly invari-
ant theories of extended (N > 2) supersymmetry, but instead a no-go theorem discarding
them [105], [106]. Manifestly invariant theories are not just wanted for aesthetic but also
for practical reasons, as quantization of supersymmetric theories is greatly simplified by
covariant quantization techniques, which in the context of non(anti)commutative defor-
mations are also deemed to be necessary. Harmonic superspace entered the scene in the
middle 1980’s circumventing the no-go theorem by introducing an infinite set of auxiliary
fields into the analysis, allowing the proper off-shell formulation of manifestly invariant
extended supersymmetry theories [107].

In this chapter we will explain how does harmonic superspace suits the purpose of
describing N = 2 theories without incurring in the overconstrained formulations of stan-
dard superspace. Very much in the same way as standard Minkowskii space is built as
a coset space of the Poincaré and its Lorentz subgroup, we will show in §2.2] how har-
monic superspace is constructed as a coset of the super-Poincaré times SU(2) and Lorentz
times U(1) groups. Harmonic superspace coordinates and their corresponding covariant
derivatives are also built following Cartan’s procedure. As the resulting space corresponds
to standard superspace augmented by a sphere, fields in this space can be expanded in
spin weighted spherical harmonics [108], whose relation with standard harmonic variables

will be given in §2.3] Some properties we later use are established in that section. The
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CHAPTER 2. HARMONIC SUPERSPACE

main object of this work, the N = (1,1) gauge theory action in harmonic superspace, is
formulated in §2.4] Some of the concepts and techniques that are to be generalized to the
non(anti)commutative case will be then shown. In particular, the method to gauge away

the infinite extra degrees of freedom coming from the harmonic expansion.

2.1 The Convenience of Harmonic Superspace

First we note that superspace can be thought as a natural generalization of the coset con-
struction of standard spaces. To put this into more concrete termﬂ, we should remember
that Minkowskii space is the coset of the Poincaré group P with its Lorentz subgroup

L = S0(3,1).

4_P_ ok
M' = = = (). (2.1)

It is then natural to replace here the Poincaré group with the simplest N = 1 super-

Poincaré group SuP. By doing so, one arrives to N = 1 superspace

SuP
M = ===
L

= (2°%,0%,0%). (2.2)
The superindex 4[4 indicates that we are dealing with 4 standard (z**) and 4 extended
fermionic Gramann odd (9%, %) coordinates.

In standard classical and quantum field theories invariant under Poincaré group, the
tensor properties of a field completely determine their transformation laws. Regardless
of the particular theory we are describing, a scalar field, for example, is the one that

transforms as
f(@) = f(=). (2.3)

whenever the coordinates of spacetime transform under the Poincaré group. We say
that a field theory whose action and equations of motion possess a particular symmetry
is manifestly invariant under it, if such symmetry is realized on fields geometrically by
coordinate transformations as in . To devise a manifestly supersymmetric invariant
theory one will then need superfields, that is functions of superspace ®(z,6,6) whose
transformation laws under supersymmetry are completely determined by their tensor
properties. Apart from the standard transformation rules under the Poincaré group,
which we already know well, it will be necessary to include also supertranslations defined

in terms of some anticommuting infinitesimal parameters €* and €* as

5a0% = i(eF — 0°FY),  00° =%, 60 =& (2.4)

'From here on, we will mainly use spinor notation for vectors in Minkowskii and in Euclidean space,

as defined in appendix @
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2.1. THE CONVENIENCE OF HARMONIC SUPERSPACE

A scalar superfield is defined as that transforming according to
(2, 0,0) = d(x,0,0). (2.5)

The next step to build a theory with superfields would be to construct its action,
while being aware of the standard field content that a superfield should have. In this
case we should check which representation of the supersymmetry algebra are we dealing
with. This is done by the well known method of induced representations (see for example
[T09]). In short this consists in setting the algebra generators on-shell —for us particularly
the supercharges Qu, Q4— by selecting fixed time-like (P? < 0) or light-like (P? = 0)
momenta. This allow us to boost them into convenient frames with standard momenta
invariant under the little group SO(3) or ISO(2) for massive and masless particles re-
spectively. With this simplification, creation and annihilation operators can be written
easily in terms of the supercharges. Finally physical states are built in the usual way
by applying the creation operator to a suitably defined vacuum. Supersymmetry is very
strictive when it comes to its irreducible representations, and will force a supermultiplet
to contain exactly the same number of fermionic and bosonic degrees of freedom, and only
fields of the same mass.

Though is a standard procedure to find irreducible representations of supersymmetry
realized over on-shell physical states, to study the corresponding off-shell realizations
over fields is challenging even with the aid of superfields. Supersymmetry irreducible
representations are contained inside the superfields as their power series of the scalar
superfield in the extended coordinates @ and @ reveals

O(z,0,0) =A(x) + 0o () + 05X (x) + (00) F(z) + (00) G(x)

+ 090% Aps () + (00)0,5% () + (00)6° N (x) + (00)(00) B(z).
Note that this power expansion is truncated to a polynomial due to the anticommuting
nature of the extended coordinates which makes them nilpotent. Also, invariance under
the Poincaré subgroup assure that all superfield components, that is the coefficients of
the extended coordinates @ and 6, are usual fields. We obtain thus only a finite set of
components, all transforming properly under the super-Poincaré group. Superfields are
however highly reducible representations of supersymmetry an contain much more com-
ponents than those needed. As an example let us consider the simplest supersymmetric
theory in four dimensions: the N = 1 matter multiplet. On-shell it contains a spinor
¥*(z) and a complex scalar field A(z), and can be described in M** precisely by the
N =1 scalar superfield above. The problem is that this superfield contains not only both
these fields but additional scalars, spinors and vectors which we have to discard by means

of a covariant irreducibility constraint

Ds® =0, (2.7)
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defined in terms of a covariant spinor derivative
Dy = —04 — 21004 (2.8)
The irreducibility constraint is solved by a field with less field content

®(z,0,0) =A(x) + 0“1, (x) + (00) F(x) ’o
+10%0%0p0 A(z) + %(ee)édaadw(x) + 2(99)(99)&1@). (29)

However, there is still an extra field F'(x) not appearing in the on-shell spectrum. It
turns out that this field is essential for the off-shell formulation of the theory. F(z) has
dimension 2 and therefore can only appear without any derivatives in an action, meaning
it is an auxiliary field that can be eliminated from the theory using its algebraic equations
of motion. There are several deep reasons not to do that. First of all they allow a linear

realization of supersymmetry on the fields

5"4 - —Gawm
Sthg = —21€*0pa A — 2€,F), (2.10)
OF = —ie%0pu)®,

which is totally independent of the model, and closes off-shell, that is, we do not have
to impose equations of motion as a constraint in order to obtain the supersymmetry
algebra. Without auxiliary fields it therefore a very discouraging endeavour to write
supersymmetric interacting theories. Their kinetic, mass and interaction terms will not
be separately invariant, only the action as a whole will, and it is only found after a very
involved Noether procedure. All these cause great difficulties with a particular impact
on the analysis of the UV behaviour of the theory. On the other hand, introducing
auxiliary fields and manifestly invariant quantization procedures greatly facilitated the
analysis of the quantum aspects of this theories. Auxiliary fields are also fundamental
in the description of supersymmetry breaking. As a summary, a theory is not written
down off-shell in terms of superfields with auxiliary fields included only because they are
beautiful and compact, but because they provide essential tools to calculate and interpret
the quantum behaviour of supersymmetric theories.

A key problem arises when trying to generalize this kind of procedure to the N = 2
case. As an example let us show what happens with the Fayet-Sohnius matter multiplet,
consisting of four scalar fields organized in a SU(2) doublet f* and two isosinglet spinor
fields ¥*, k% The corresponding superfield containing these is the isodoublet superfield
q¢'(z,0,0) [110] which is a function of N = 2 superspace M*®. The extra degrees of freedom

appearing on this superfield are set to zero in a consistent way through the corresponding
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irreducibility constraint in extended superspace, which reads
D¢’ = D¢’ =0, (2.11)
leaving only the physical fields and their derivatives
q'(7,0,0) = f'(x) + 0"¢Ya(x) + O45%(x) + derivative terms. (2.12)

The crucial point here is that the covariant irreducibility constraint automatically puts
the fields on the free mass shell

O () = Ouath® = 0qak® = 0. (2.13)

It is impossible to relax the constraint in the framework of standard superspace as it
was proven in a celebrated no-go theorem [105], 106]. Therefore, if an off-shell formulation
of this theory is intended, one must look for extensions of superspace itself.

For the extended case we can say in general that the only existing procedure to for-
mulate off-shell manifestly supersymmetric theories in terms of unconstrained superfields
18 by means of harmonic superspace, which consists of augmenting the N = 2 superspace
by a sphere

HMA28 = M8 x 52 (2.14)

Harmonic superspace circumvents the no-go theorem preventing the construction of
manifestly supersymmetric off shell actions, by introducing an infinite set of auxiliary
degrees of freedom. In the case of the N = 2 matter hypermultiplet, this extra degrees of
freedom appear as an infinite set of auxiliary fields in the the harmonic expansion of the
analytic superfield ¢*. As we will see later on, the N = 2 Yang-Mills theory has instead
a finite set of auxiliary fields, but infinitely many pure gauge degrees of freedom which

can be gauged away.

2.2 Coset Construction

Harmonic superspace is conceived as a natural generalization of real N = 2 superspace
M*#, which is also a coset space in the same sense as the Minkowskii or the N = 1
superspace before. Apart from the Lorentz subgroup SO(3,1), the general super-Poincaré
also includes SU(N) transformations as part of their automorphisms. Representing the

groups in term of the algebra that generates them, we can write

{50(3,1), Pag, Q%, Qia } _ {50(3,1), Pag, Q% Qia, su(N)}
{s0(3,1)} {s0(3,1), su(N)} ’

21
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with so(3,1) and su(N) being the Lorentz and SU(N) algebras, and Q°,, Q;, the gener-
ators of supertranslations. Harmonic superspace as a coset space is defined by keeping
only the U(1) part of the SU(2) subgroup in the coset structure of N = 2 superspace

{80(37 1)aPadainQio'msu(2)} M4|8 SU(2)
= X ,

{s0(3,1),u(1)} U(1)
From the known fact that the coset space SU(2)/U(1) corresponds to the sphere S?, we
can see immediately that the topology of this space is M*® x S2. The coset (2.16]) can be

parametrized as follows

HMA28 = (2.16)

Q = expi (=22 Pog 4+ 07Q% + 0,Q7) expi (ST +£T77). (2.17)
here T** belong to the su(2) algebra together with the U(1) generator 1T
[T, 7] =1°  [T°,T*F] = £2T*. (2.18)

The resulting parametrization of harmonic superspace obtained its called central basis
and has coordinates given by (2°%, 0,4, 0%,¢,€). The SU(2) algebra is represented on the

supercharges by means of the Pauli matrices 7° as

[7°,Q"] = ()7,  [T7,Q"] = (=), (2.19)

where
= <(1) _01> : T = %(7‘1 +ir?) = (8 ;) , T = %(Tl —ir?) = <(1) 8) :
(2.20)

Transformation rules for the coordinates of this space can be easily derived from the
action of elements of the group on this coset following Cartan’s procedure. Under super-
translations, the superspace coordinates transform in the usual way but leave the new

coordinates unchanged
oz = 1(6107”9_1 — Hiam@-), 50ia = € (56_; = Eféw 6£ = 55 =0. (221)

Additionally we must consider transformations respect to SU(2), under which the odd
coordinates 6;, 0" behave like isospinors, as their indexes suggest. The new coordinates
¢, € however transform in a nonlinear way under SU(2) and is convenient to introduce a

new parametrization in terms of harmonic variables defined as follows
uf = [expi (&7 + ET”)]: : u; = [expi (&7 + ET”)]? : (2.22)
in which the coordinates of the central base are given by
(X, u) = (2, 0ia, 02, ui). (2.23)
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These harmonic variables, or harmonics for short, satisfy the conditions

+

i

+
j

+ —
we (M), (2.25)
i

it is easy to characterize the harmonics as SU(2) variables, since conditions (2.24]) corre-
spond to

ui s —uj up = gy, utt =u; . (2.24)

Defining the matrix

det(u) = 1, u =ul. (2.26)

The transformation law of harmonics under SU(2) will be now much simpler

wE = NuFetvhed) A e SU(2) (2.27)

where 1 is a local phase factor of the induced U(1) transformation.

The names of the harmonic variables are seen to be chosen to represent how they
transform under this induced U(1) group which should not be confused with with a gauge
symmetry group. Heuristically one can think that the geometrical information contained
the sphere S? ~ SU(2)/U(1) added to the space is encoded in the SU(2) harmonic

variables and in the presence of a U(1) charge. The symmetrized products of uf

e
i1 imdredn

UG -t (2.28)

11 in J1 ]m)’

are spin weighted spherical harmonics and form a complete basis of functions on the
sphere S%. One can indeed project any SU(2) tensor onto the sphere using this basis.
The transformation properties of the projected tensor under the induced U(1) group are
then determined by its total charge. As an example one can take a tensor ¥ and project
it using ;" to t7F =ty Under the induced U(1) transformation ¢+ will pick up a
local phase factor e2¥(A68) of charge 2.

One can compare the properties of harmonics with what happens in general relativity
where a vierbein e}, turn the spacetime index p into the coordinate independent index
a. Harmonic variables u3 resemble zweibeins because they turn the SU(2) index i into a
U(1) index =+, but as they do not transform under a U(1) group independent of SU(2)
they are not true vielbeins (that of general relativity e}, transforms under diffeomorphisms
and an independent Lorentz group). Nevertheless it is possible to include an extra phase
degree of freedom to turn harmonic variables into true SU(2) — U(1) zweibeins.

Harmonic variables can be used to project the standard supercoordinates onto the

sphere and obtain a new set of coordinates called the analytical basis given by

(Xa,u) = (23%,0°F,0°F,uF) = (¢, 07,07, u) (2.29)
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where
eazl: :ea kuf7
(2.30)

238 =z%% — 4i9*C 93I)q - uf.

The analytical basis can be also defined in terms of a coset space as follows
44204 _ {80<3’1)7Pada fy?@itxaTii7T0}

W= e enen ™y (231)

Its corresponding parametrization can be read from

Q) =expi (§T++ + ET") expi (—%xid & — QXQQ; - H_XC“QQ_) expi (9;1@: + éng;“) )
(2.32)
Covariant derivatives can also be found from the coset construct with help of the

Mauer-Cartan form by a standard procedure?

D} =0_,, D, = —0yq + 210 %*0na,
_ _ _ _ (2.33)
D;F = 0_q4, D, = =044 — 210" %044
where 5 5
a:ta = QE’ and 5:td = ﬁ.

By using this derivatives in superfields on analytical harmonic superspace, one can define
a new kind of Grafimann analyticity analogous to chirality in the standard case. Recall
that chiral superspace Mi‘m is in some sense a subspace of superspac M*2N consisting
only on left chiral Grafmann coordinates. It is also possible to interpret as a way
to factor out the Q* and Q1 generators and dropping the dependence on the §~ and 6~
coordinates. The analogous of the chirality conditions are then the harmonic Graffimann
analyticity conditions

DI®(Xa,u) = DI®(Xa,u) =0 (2.34)

which are directly solved by a superfield depending only on positively charged spinor
variables ®((,u), where
(G u) = (23, 0°F, 0%, ui). (2.35)

As our primary aim will be to describe Q-deformations, we introduce here a superspace
suitable for this purpose, the combined chiral-analytic basis or left-chiral basis of harmonic

superspace. (Xp,u) = (23%, 0% uF) defined by the coordinate change

3 = 25% + 4i0701, (2.36)

2An example of an explicit calculation of this kind can be found in [111]
31t is truly a subspace of the complezification of superspace M*2V
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2.2. COSET CONSTRUCTION

The corresponding coset space is the one constructed by factoring out the right super-

charges as in standard chiral superspace

37 1)7 Pain 7Qia7Tii7T0}
VA2 = {50( ar . 9.
L {80(37 1)’ ;!:,TO} ( 37)

Covariant derivatives of harmonics can be read out from the Maurer-Cartan forms on

the sphere in terms of harmonics.

€i£T+++§_‘I’_— d€i£7-+++§7—__ — <w37_3 +w777—++ +w++7_**) ’ wii — C()l :l: iw2 (238)

2|

where
wtt = ZF2iuijduf, W= 2iu+jduj_ = Qiu_du;r (2.39)

In the central basis, the covariant derivative of an harmonic function of charge ¢

DfD(y) = (d - igw?’) @ (2.40)

may be then rewritten in terms of the 1-forms in to obtain
D (y) = %[uﬁ’(DO L)Wt w9 () (2.41)

with g 5 g
D° = u+18u+i - u_zau_i, ot = uilaﬁi. (2.42)

The covariant derivatives on the sphere coincide with 0** due to
Df9u) = (w™D™" +w D) f@ — D*t = 9FF, (2.43)
and in general form a SU(2) algebra
[DY*, D] =D° [D°, D] =+2D*".

In the analytic basis, the covariant derivative ([2.40)) will pick up extra factors coming

from the 1-forms w™, w**, w** in the expression for Q~1d€) with the analytic parametriza-
tion (2.32)) resulting in
DS =D +070,q — 00,0 + 00,4 — 0790_4,
DIt =0T = 2070 0 + 0T0_o + 0740 4, (2.44)
Dy = 0 — 206 O + 0 Do + 004,
For completeness we write the main operators in the combined chiral-analytic coordi-
nates
DF =0_o + 207044, D, = — 044+ 2i0 %044,
D;; :5_0'“ D; = — 5_,_(5“ (245&)
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D-H— :8++ + Q-l—aa_a + 9_+d5_d,
D™ =07 + 07014 + 0 %044,
(2.45D)

Qn =0-a, Qn = — Oya- (2.45¢)

2.3 Harmonic Variables and Spherical Functions

Now that it has been shown how do the main harmonic superspaces are constructed, it
remains to study the properties of fields on them, that is harmonic superfields.

It is known that it is possible to describe functions in a coset space G/H in terms
of functions of GG that are homogeneous on H. The particular example of interest to us
are of course functions of the sphere S ~ SU(2)/U(1). It can be shown that any square

integrable function on the sphere can be expanded in a series of harmonics as follows

il"‘in-‘y—qjl“'jn’

FO@)y =" (2.46)

00
(1192 inj1J2- Jn—gq) g, + =+ = —

Z f uil"'inj1~~~jn7q> q < 0

n=0

o
E f (ili2-~7jn+qj1j2--~jn)u+ e — e — q 2 07
n=0

Where we have used (2.28). The coefficients f(*71*) are irreducible representations of
SU(2), and the function f(9 is homogeneous of degree ¢ in the local U(1) phase €%, as

can be seen by multiplying harmonics by their corresponding phase factors
utf — utet? — @ — f@eiav (2.47)

Though harmonics have been traditionally identified with Jacobi polynomials [104], we
have found an unconventional approach to this relation, since a better understanding of its
geometrical meaning can be obtained by realizing that corresponds precisely to the
expansion of a spin 2¢ square-integrable function on the sphere, in spin-weighted spherical
harmonics of spin 2¢ [I12, TT3]. A spin n square-integrable function ,,F(d, ¢) € L*(S?) of
standard polar and azimuthal angles on the sphere, is defined by their behaviour under

rotations of the tangent plane at the point (1, ¢) on the sphere, by an angle ¢ [108].
(0, 0) = ™ F (Y, ). (2.48)
As said before, any function of this kind can be expanded uniquely as

nF(ﬁa 90) = Z nﬁ’lm(ﬁa 90) nY}m(Qx 90) (2'49>

lEN
Im|<l
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2.3. HARMONIC VARIABLES AND SPHERICAL FUNCTIONS

in terms of spin weighted spherical harmonics ,, Y}, (9, ¢). These functions are defined as

[21+1 .
nYim(0,0) = (=1)"\ [ =~ (D)™, (2.50)

where d! are the Wigner d-functions

| Ly ot — g (9)+ (Si“9>2t_q. (251)

(r —t)l(s — t)ltl(t — q)! 2 2

min(r,s

i (V) =

t=max(0,q)

Where, for short,
g=m—n, r=101+m, s=1l—n (2.52)

Orthonormality and completeness relation for this functions read

/ dQ nYE:{n(ﬂ, QP)nYE’m’ (19, gO) = 5ll’6mm’ (253)
S2
and
Z WY (00 Yim (9, 0) = d(cos @ — cos)d(¢" — ¢). (2.54)
IeN
i<l

The coefficients of the expansion (2.49)) are obtained by
= [ QY5000 12l | <1 (2.59)
82

Harmonics avoid using a precise parametrization of S? allowing us to deal with global
functions on the sphere. It is also very convenient from the field theoretical point of view
to have manifest SU(2) covariance in the coefficients of the expansion.

We are ready to construct a harmonic superfield expansion in the analytic frame.
Being the natural generalization of a chiral superfield in harmonic superspace which is
heavily used in the description of supersymmetric gauge theories, we will take again as
an example the harmonic Gramann analytic field , but with a general U(1) charge

q. Its superfield expansion is now

DD (¢, u) =09 (za,u) + 070V (xp,u) + 079D (24, 1)
+ (012 M (2p,u) + (012 N2 (zp,u) + 01997 AL (24, u)
+ (920N (a4, u) + (00)207 69 (za, 1) + (07)2(01)2 DI (24, u).
(2.56)
Observe that each field component of this expansion is an harmonic function of definite
U(1) charge which can be further expanded according to , and will therefore contain
infinitely many degrees of freedom in the form of a tower of irreducible SU(2) represen-

tations. It turns out that these extra fields are precisely what is needed to overcome the
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CHAPTER 2. HARMONIC SUPERSPACE

no-go theorem on manifestly invariant off-shell NV = 2 theories. As we will see, imposing
constraints analogous to to a harmonic hypermultiplet will properly reduce its field
content without putting the theory on-shell. From the infinite tower of fields, the number
of physical fields will remain finite whereas the additional degrees of freedom will consist
of the necessary auxiliary or just pure gauge fields.

By means of the following rules one can define an invariant integral on SU(2)
) /duf(q)(u) —0 i g0,
b) /du Uz g = 0
c) /du 1=1,

Q) / du D (10 (u)) = / D (9 (u)) = 0.

To prove this properties, one has to select a particular parametrization like the Euler

(2.57)

angles or stereographic coordinates to map them into identities from ordinary calculus
on the sphere S? [104]. However, the independent rules suffice to solve all problems we
will face within harmonic analysis. A practical observation is that any object with SU(2)
indices contracted with ui* produces an object with U(1) indices, for example we can say
that x4 has U(1) charge ¢ = 0, T has U(1) charge ¢ = 1 and 6~ has U(1) charge ¢ = —1.

2.4 N =2 Gauge Theory

Gauge fields are defined by their interaction with matter through the minimal coupling,
linking charge conservation with the concepts of internal symmetry and curvature. Let

us take the standard free action for a spin—% matter field

i —.

where 9® is taken to transform globally under some representation of an internal symmetry

group. In order to keep the action invariant under a local transformation,
V() = eI (2), (2.59)
one needs to introduce a compensating gauge field Aus(x) into the derivative
aaa¢ﬁ — (Oaa + iAaa(ZU))WB = Daa@/JB- (2.60)

This field is a connection in the geometrical sense, as can be seen from its inhomogeneous

transformation law
Al () = =16 e + e Agge™, (2.61)
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24. N =2 GAUGE THEORY

which assures gauge invariance of the action defined in terms of the covariant derivative
Dozd

Stme = —% / d'x ¢ Daat)®, (2.62)
and gives the well known infinitesimal transformation law for the vector field

(SAad(LU) == —8ad)\(a:) (263)

The curvature or field strength tensor is a gauge covariant object constructed exclusively

out of the connection through the commutator of the covariant derivative
[Dada Dﬁﬂ] - Faﬁgdﬁ + Fdﬂ.gaﬁ (264)

The standard Yang-Mills action is constructed with the simplest scalar that can be made

out of such curvature

1 « &
Sy = 1_6Tr/ d'z (F AFs+F ﬁFd5> : (2.65)

A natural generalization from this idea, the N = 2 superconnection, will arise from
minimally coupling the simplest N = 2 free matter action which corresponds to the
hypermultiplet ¢*. This action in analytic superspace (2.35)) is written as [104]

S =— / dudc™Y "D ¢, (2.66)

Qfree

where the conjugation ~ is defined in §A] First the gauge transformation parameter is

turned into a local field of the analytic coordinates (¢, u)
¢ =T, A=A, u) (2.67)
Minimal coupling is constructed by means of a compensating gauge superfield
DTt — DMt =D +iV T (( u) (2.68)
By this particular choice of coordinates, we assure the Grafimann analyticity of both the

hypermultiplet and the minimally coupled action.

dmc

Sy =— / dud¢Y gDt (2.69)

The inhomogeneous transformation law of this superfield which renders the action invari-

ant 1s
VH = i Dt e ih g g eiA (2.70)

The essential diference with the standard superspace formalism is that the introduction

of harmonic superspace valued fields provide us with infinitely many degrees of freedom.
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This is precisely what is needed in order to define a theory for this gauge prepotential
that is not overconstrained in the sense of .

To get a taste of the techniques to handle this extra fields, we give the abelian Wess-
Zumino gauge fixing prescription as an example. The idea here is to gauge away the extra

degrees of freedom using the transformation

SVt =Dt (2.71)
on the components of the fields
VI = ot (o, u) + 00T A (m,u) + - (2.72a)
A=Az, u) + 00N T (v,u) + - (2.72b)
giving
1
5U++ = 8++)\, 514&@ = §8++)\;; + 80“5)\. (273)

Now, from the full harmonic expansion of these fields, one can gauge away v+ fully using
all harmonic components of A\ but the first. More precisely, as v™" has an expansion in
fields with isospin greater than 1, the isospin 0 component of A remains free. This fixation
has of course an impact on the variation of the vector field, but again, these freedoms can
be fully gauged away into A_; which only contains components with isospin greater than

1. What remains is the standard expression for the physical component, that is
0 Aua () = Opa () (2.74)

Proceeding analogously for the rest of the components, one arrives to the Wess-Zumino

gauge for the superconnection

Vivz (G u) =(07)?0(x) + (07)*p(z) + 07707 Ans(2)
+ 40720 P (x)uy +407)20F b (2)u; +3(07)*(07)° DY (x)u; u; .
(2.75)
The field content of this harmonic superfield coincides precisely with the N = 2 Yang-
Mills off-shell supermultiplet, namely a gauge vector A,g, a doublet of Weyl spinors 9!,
a complex scalar field ¢, and a triplet of auxiliary fields D),
The road to a super Yang-Mills action in terms of unconstrained fields is not a straight-
forward generalization as one may think at first glance. It is possible though [104] to define
a field strength tensor W in terms of a non-analytical superfield V== which is not the

prepotential defined above,

W = —i(zﬁ)?v = A+ 0+ (07 r (2.76)
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This field is linked with the prepotential through a constraint between covariant deriva-

tives
DY, D] =Dy, = DV T —-D VI 4i[VTT V] =0, (2.77)
which is a nonlinear differential equation that can be perturbatively solved using harmonic
distributions
- o V(X u) . V(X uy,)
V(X u) = / duy ... dun (=i ’  tn) (2.78)
2 T )
A super Yang-Mills action can be then easily written as
1
SNZ2 = ;T / d*zpd*0du W2 (2.79)

Gauge invariance can be checked directly from the nontrivial transformation law of the
field strength
W =W, Al (2.80)

or by using the usual expression for the variation of the action [107]
0S5 ~ /d4de49d49_du VTtV —— (2.81)

If we express W in terms of V™~ using (2.77) we end up with a harmonic “flatness”
equation for the field strength

DHW+ [V W] =0, (2.82)

It is not necessary to solve completely this equation because only its first component A

contribute to the action .
S22 = ;T / d'rpd'o A% (2.83)

As in the gauge case, the symmetry transformations are obtained by compensating the
Wess-Zumino breaking terms coming from the standard supercharge generators. For the

undotted generarors, for example,
Vigig = (67040 + € %0_0) Vilg — DTTA = [Viih , A] (2.84)

where A is the corresponding compensating gauge transformation.
As it will be of interest later on, we particularize again to the Abelian case where in
fact only three components of the nonanalytical potential have to be determined by the

curvature equation in order to fix A

v (072 A+ (00 ) - (2.85)
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After substituting the solution into (2.83]) we obtain the well known Abelian N = 2 Super

Maxwell action

1 _ 1 1 . — .
Sl\]>[7:2 — /d4SCL {—igﬁm(ﬁ -+ ZLDQ — 1—6F2 -+ i\plaaao}qj? : <286>

which is clearly a free theory.
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Chapter 3

Non(anti)commutativity

We have seen that for standard Euclidean or Minkowskii space the Moyal product pre-
serves the algebra of translations, as one can read from . Keeping in mind that
we plan to describe deformations of N = 2 theories, we should determine to what extent
deformations of the algebra of functions on superspace will affect the symmetry properties
of a theory of fields defined on it. We will be particularly interested in the preservation of
invariance under supertranslations, and the natural generalization of the Poisson structure
(1.44]) in terms of supercharges.

The presence of both bosonic and fermionic coordinates in superspace z* = (z,0),

enriches the algebra of coordinates by introducing anticommutators

(220, 2% 2%, 0%] 2%, 07 {6°,0°% {6,605  {6% 0%}

allowing a bigger set of possible deformations, including those breaking the noncom-
mutative nature of the GraBmann variables. These kind of deformations are called
non(anti)commutative.

The possible non(anti)commutative deformations of the algebra of supercoordinates
will be restricted by the particular properties we require the geometry to have. Invariance
under generic translations is usually the basic requirement, followed by the associativity
of the fundamental coordinate algebra. Additionally, the conjugation rules for coordinates
and fields severely restrict the deformation and are heavily dependent on the kind of base
space-time supermanifold. As an example, the conjugation rules for spinorial variables
in N = 1 super Minkowskii, relate # and @, and rule out the possibility of having a
non trivial anti commutator of fermionic coordinates if we ask for associativity. It is
possible though to have such nontrivial deformations of superspace if we allow for reality
conditions on fermionic coordinates, separating effectively the behaviour of # and 4. This

reality conditions are distinctive of Euclidean manifolds with extended supersymmetry.
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3.1 Constraints on Non(anti)commutativity

Naively we would expect non(anti)commutativity to appear already in N = 1 super
Minkowskii when a deformation on the graded algebra of coordinates Z4 = (2°%, 6, §%),

is introduced in the following form

(24,78} = PAB(Z). (3.1)
Explicitly,
(62,07} = A°%(,0.0), {6°,0°} = B**(x,0,0), {0%,0°} = A% (3,0, 0),
[2°%,0°) =iC*F(2,0,0),  [2°%, 2% = D**F(2,0,0),  [2°%,0°] = iC°9(x,0,4).
(3.2)

The conjugation rules for the coordinates (8%)" = 6%, restrict the functions to be conjugate

of each other
(Aaﬁ>T — Adﬁ’ (Bad)T — Bad’ (Cadﬁ)T — Cwadﬁ', (DadﬁB)T — Dao‘zﬁﬁ', (33)

reflecting the relation between the coordinates themselves. When invariance of the algebra

under generic (super)translations is required
24, 2%} = PAP(2') = PAP(2), (3.4)

then the fermionic coordinates allow only constant deformations [35], and the other non
vanishing commutators depend only on extended coordinates and are given in terms of

the former constants,

(0,07} = A°, {0°,0°} = B, (6%,0°) = A%, 55)
2°0,0°) =iC%P(0,0),  [1°%, 2% = D¢(9,0), 279,07 =iC*A(0,0).
Further requiring associativity of the algebra, one is left with [35],
0, 0%} =0, 0>, 0%} =0, 0%, 0%} =0,
(0°.6%) (0.8%) (0.5%) o)

[l‘ad, eﬂ] — icadﬂ’ [xad’ xﬂﬁ] — Dad,@ﬁ.(ej é)’ [l.ad’ gﬁ] — ic_«adﬁ"

Meaning that the most general associative deformation of N = 1 super Minkowskii consis-
tent with the standard spinor conjugation rule does not allow deformation of the fermionic
sector of the algebra. Therefore, we should not expect a natural connection with a back-
ground field like the graviphoton in the framework of N = 1 super Minkowskii.

Not until we relax the constraints imposed by the conjugation rules are we capable
of producing deformations in the fermionic sector. What we are looking for, are real-

ity conditions over fermionic coordinates, a characteristic of Euclidean manifolds with
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extended supersymmetryﬂ. A nontrivial anticommutation relation between spinor coor-
dinates can be obtained in N = 2 Euclidean superspace, where we can define symplectic

Majorana-Weyl spinors, and impose
(67)" = 65, (09 = bie (3.7)

In this case, the most general associative algebra consistent with superspace translations
is twofold [35], either

{or.0)y = A7, {07y =0 {#07) = o,
: s 1l L ap gia aé i

200,69 = 15— SATee, [zo¢, 6% = 0, (3.8)
v .60 yoass L 3o gic ac Bgipy _ L gia qoB pj6

[z, 27°] = 1D 4 5(0155 0 — °0 %) - 19 Aliﬁjejﬁu

or — =. —

{91&7935} = A;]aﬂ’ {9?7935} = 0, {Q?aejﬁ} = 0,
Y 70 - ~i i f 1 ij &8 pa ad

(2%, = iC; ﬁ_§A2] ﬁej, [z°¢,0°] =0, (3.9)
: : a8l L L iBBana i | RY:

[z%, 2] = iD 6[}‘1“5(02/66 0 — Cy ﬁeiﬁ) - Z_Lei A3 ﬁ%@‘

This shows how do deformations of the fermionic coordinates may appear naturally in
superspace. The constants C; and C5 will break the R-Symmetry of N = 2 but we can
simply set them to zero if we like.

A more tricky way of obtaining this kind of deformations [37, [61] is to double the
fermionic degrees of freedom in order to formally define a kind of N = 1 Euclidean

superspace out of N = 2 spinor variables
0> =07 — 05, 6% = 6> + 65,
o o (3.10)
e = 9104 o 020[7 & = ela T 9201.

We then select the N = 1 subspace consisting only of undotted variables, and introduce

an alternate pseudoconjugation that does not relate # with 6, but instead

%) = i6,, 04V = —if,,
(6%) , (7 ) (3.11)
(0)F = —i0°, (0,)" =160,
For a chiral representation of the supersymmetry, where
a = iaa + edaao'm a = iao'z
? ? (3.12)
Da :aaa Dd :ao'a_l'ieaaozda

LA nice treatment of spinors in spaces with arbitrary dimensions and signatures is given in chapter 3
of [114]
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the supertranslations take the form
S = —ie"h%, 50% = €*, 50% = €%, (3.13)
and the non(anti)commutative algebra reduces to just one nontrivial term
{6%,6°) = C°F. (3.14)

Requiring again invariance under supertranslations and associativity, we are left with C*?
constant. This kind of deformation is called a D-deformation because it induces a change
in the algebra of covariant derivatives leaving the algebra of the supercharges intact. For

the representation chosen, such a D-deformation will look like
{Dy, Ds} =0, {Da,Ds} = i0na, {Da, D} = —C* 90505, (3.15)

and will clearly pose a problem when attempting to construct chiral fields for which the
condition D¢ = 0 is affected. On the other hand, supersymmetry is preserved totally by
this kind of deformations.

Another possibility is to take the antichiral representation

a = iaom a = iac'v + eaaaéu
< : < (3.16)
D, = aa + ieaaao'u Dg = ao'z
whose corresponding supertranslations take the form
S = —ie%9”, 00 = €, 50% = €. (3.17)
In this case we are left with a N = 1 generalization of the deformed algebra (3.8)),
{00} = 7, {00y =0, =0
209, 07 = —iC*Pp%, (224, 2%9) = g PP, 224, 0°] = 0. '

Here the situation is then the opposite of that of (3.12), as the algebra of covariant

derivatives remains the same while the supersymmetry algebra gets deformed

{Qaa Q,ﬁ’} = 07 {Qw Qa} = iaada {Qda Qﬁ} = _Oaﬂaadaﬁﬁ" (319>

These so called Q-deformations break supersymmetry, but in turn preserve chirality. As
in this particular case the deformation of the algebra affects only the dotted supercharges,
it is often said that N = 1 breaks to N = % supersymmetry.

With a suitable change of variables
TP = %Y —i0*9%, (3.20)
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the coordinate algebra (3.18) reduces back to the simple case ([3.14)) with C*’ constant.
As the commutation relations of bosonic coordinates vanish, the Poisson structure in the
Moyal-like product over chiral superfields will be nilpotent

— 1
DxT = Dexp(— a0 5)U = DT — 09,05 4T — SP PP, (3.21)

This is our first example of what are called nilpotent deformations. It is the common lore
that noncommutativity introduces nonlocality in quantum field theory, but this kind of
Poisson structures have the remarkable property of rendering their corresponding Moyal

product polynomial, thus producing local actions.

3.2 Nilpotent deformations of N =2 Superspace

As mentioned before, the conjugation relations of Minkowskii space are too restrictive to
allow this kind of nilpotent deformations. We turn instead to Euclidean space, which is
invariant under Spin(4) = SU(2); x SU(2)g, and where the independence of left and
right spinors release this constraints. Let us start with chiral coordinates in N = (1,1)
superspace

zp = (29%,02,0°%), 29 = 2% + 2i020°% (3.22)
The N = (1,1) Euclidean superalgebra consists of the supercharges @), the momenta
P, and the generators of the group of automorphisms, which factors into the Euclidean
space spinor group Spin(4) and the R-Symmetry group SU(2) x O(1,1). A differential

representation of this algebra, given in terms of the chiral coordinates is given by

QZ = 82, Qak = Oar — 2105 Ona, P.s = Ona, } Supertranslations

1 .
Laﬁ = —éfL‘L(adag) + H(Qkalg) SU(Q)L
. . . Euclidean Spin(4)
RS = 5:53(@85) + 6 SU(2)r (3.23)
Ty = =030, + 030,  SU(2)
o R-Symmetry
O = 0208 — %9y, O(1,1)

Using this representation, a chiral nilpotent deformation will be determined by the fol-
lowing Poisson structure
=i _

P=—-Q\CQl=—-0.007 1, (3.24)

a~ij

where the matrix deformation parameter ijﬁ = Cjﬂf is constant, as required by the

associativity of the Moyal product. The corresponding graded commutation relations for
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superspace coordinates are

wrofy=cy.  {ray=0. (.0} =0. -
%%, %] = 0, (2%, 28] = 0, (2%, §%] = 0. '

The Poisson operator is in this case also constructed only in terms of supercharges which,
being Grafimann odd, render it nilpotent P° = 0. On the other hand, considering that
these supercharges do not commute with all N = (1,1) generators (3.23), it is obvious
that some symmetries will be broken by the deformation. The resulting supersymmetry

breaking pattern will depend on our particular selection of C%% for example, the Poisson

1]
structure for a general matrix will not “commute” with any generator containing 65 due

to the action of 0 within the Moyal product. As a consequence, symmetries generated
by L®%, T;;, and Qar will be broken, implying a breaking of half the supersymmetry
N =(1,1) = N = (1,0) and of the automorphisms group Spin(4) x O(1,1) x SU(2) —
SU(2)r.

We can explore more precisely how a symmetry is deformed by looking at the trans-
formation laws of covariant objects. The way a general superfield A transforms under a
particular symmetry is given by the action of the generator of such symmetry G, and

measured by its infinitesimal parameter €* as in
0. A =—€"G,A. (3.26)
In the undeformed case such transformations fulfil naturally the Leibniz rule
d(AB) = 6.AB + A B, (3.27)
but deformations can destroy this property because in general
de(A* B) # 6. Ax B+ Axd.B. (3.28)

Whenever the equality holds, the symmetry will be preserved by the deformation. This
motivates the definition of a commutator between the operator € - G and the bilinear

Poisson structure as
Ale-G,PIB=-C5’ ([e- G,0.]A0,B+ 0, Ale- G, 0% B) . (3.29)
Using this on the generator O of the algebra we immediately see that
AlO, P|B = 2APB, (3.30)
meaning that the O(1,1) factor of R-symmetry is broken for any kind of Q-deformation.
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3.2. NILPOTENT DEFORMATIONS OF N =2 SUPERSPACE

We can further refine the scheme of breaking by decomposing the matrix C’f‘jﬁ . First
we can separate it [30, 40] into its (1,1) and (3,3) parts under SU(2);, x SU(2), which

are referred to as singlet and non singlet parts respectively

Cf = eyl + O (3.31)
—— ——
(1,1) singlet  (3,3) nonsinglet

A Poisson operator containing only the singlet component of the deformation matrix will
commute with L,z and Tj; thus restoring spacetime Spin(4) and SU(2) symmetries. A
purely non singlet deformation will have in general the same symmetry breaking pattern
as the full matrix Cf‘jﬁ unless we further decompose it into what we call [115] the product
ansatz
(aB) _ Q

Ciy) = bige™” (3.32)

Since the general matrix has rank 3, it can be shown that this is a particular case of the

non-singlet deformation matrix decomposition

Z bl (3.33)

which contains the complete information of its nine original degrees of freedom.

For the product ansatz (3.32)), the commutator of P with the SU(2), generator will

result in

AN-L,P|B ——b”cgwaz Ad)B (3.34)
If we select a transformation parameter parallel to the deformation matrix A*? o P,
we obtain a vanishing commutator, meaning that the subgroup arising from choosing a
preferential direction of SU(2)y, that is U(1)r, is preserved. A completely analogous ar-
gument for the automorphisms group will take us to the preservation of its U(1) subgroup.

On the other hand the supersymmetry generator Q4 produces the following commutator
with P

Ale- Q, P]B = 2ib;;c¢*"e" (0,4 A, B — 94A00,6B) . (3.35)
From this we can see that turning off components of the b;; matrix could preserve half the

supersymmetry. For instance (b1y, b1z, by) = (1,0, 0) allows commutation of Q% generators

with P. Schematically, the breaking pattern of the supersymmetry algebra for particular

39



CHAPTER 3. NON(ANTI)COMMUTATIVITY

deformation matrix decompositions is expressed in the following diagram

Deformation Type Automorphisms Preserved Residual SUSY
Cz.ajﬂ e SU(2) g N = (1,0)
\
o LT p— ~ Spin(4) x SU(2) N = (1,0)
bije®? = SU(2)r x U(1), x U(1) N = (1,0),(1,3)

3.3 Q-deformations of N = (1,1) Harmonic Super-
space

Since the structure of the deformation matrix has been established, we continue by in-
corporating the deformations treated in into the framework of harmonic superspace,
where we will introduce it into several theories. We will follow closely what was done in
for ordinary spacetime, namely the modification of the algebra of superfields by a
Moyal product. This will profoundly affect the gauge group of the theory, to the extent
of producing generalizations of U(1) theories that are non-Abelian in character.

As already mentioned previously, the deformed formulations of superspace are realized
via two well known Poisson operators defined in terms of the supersymmetric charges
(Q-deformations) or covariant derivative operators (D-deformations). Q-deformations
break the supersymmetry, but preserve chirality and Grafimann harmonic analyticity. D-
deformations are supersymmetry-preserving, but in turn break chirality and Grafimann
analyticity. In what follows, we will focus our attention in the nilpotent Q-deformations

defined by (3.24),
—. —
P=-Q.CQk. (3.36)

We have seen that the deformation matrix can split (3.31)) into singlet and non-singlet
parts

. — —. A —
P=-I1QLe"; Q. — QL5 Q. (3.37)
Here we have defined
ANaB _ ~(Ba)
C’ij = C’(ij) , (3.38)

as a shorthand for the constant SU(2); x SU(2) tensor, symmetric under independent
exchange of Latin and Greek indices C’go‘ = CA’;;B , representing the nonsinglet component of

the deformation matrix (3.31]). The singlet term will preserve SO(4) x SU(2) spacetime
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and automorphisms whereas the nonsinglet term will in general break them down to
SU(2)g.

The product of five supercharges Q! will always contain at least one product with
repeated indices that will vanish due to anticommutativity. What directly follows is the
nilpotency of the Poisson structure. This important property advantageously renders the

Moyal product polynomial
1 1 1
A*B:AB+APB+EAP2B+6AP3B+QAP4B, (3.39)

and assures the locality of the resulting deformed functions. Working in the left-chiral
basis ([2.45)) will reduce the form of the supercharges and their harmonic projections to

QL=09,, Qf =Quf=+0z. (3.40)

«

Furthermore, the harmonic projections of the deformation matrix are
CEEel — OFEab CEFB — CEFab 4 [¢of (3.41)
from which we obtain the harmonic Poisson operator

P = —3+aé++a’65>+g — 34_& <é+_aﬁ + I€a’6> 5)_5
) - ) (3.42)
~0 4 (cH“fj - Jeaﬁ) 35— 0 o0,

Using this operator it is possible to fully expand the Moyal product (3.39)) above for two
general U(1) superfields A and B with GraBmann parity a and b respectively. As this is

a straightforward but long calculation, we content ourselves here with its first term

APB = — (-1 {0, 40,58 + (CF0 + 1=°7) 0,040 4B

+(CF00 — 129) 0, A0 4B + C~00  AD 5B}, (3.43)

and leave the full expression for the appendix §B.1] In the same fashion, from this products

it is a simple task to obtain deformed (anti)commutators between these fields
1
[A, B}, = (APB 4+ BPA) + 3 (AP’B £+ BP*A)

1

+ (AP’B+ BP?A) + !

57
S AR 4 AR pIAF 4 lax (3.44)
I R R DV R '

AP*B + BP*A)

but we limit ourselves to write the first order contribution

Af = (=1 [1F (~1)] (G 4 1)@, A D4 B + 0_3A 0.0 B)

+CTP9, ,Ad, 3B + C~~P9_,Ad_43B], (3.45)

41



CHAPTER 3. NON(ANTI)COMMUTATIVITY

leaving the other orders for the appendix §B.1]
For A and B both Grafimann-even analytic Abelian superfields, we get a particularly

simple commutator
[A, B, = -2 [I (0%AD, 0B — 07 AD_oB) + (0_qAD_gB)C——°F
+ (040 AD, 3 B)CTP 4 (9_0 A, 5B + 0,0 AD_3B) CT=0
1
-3 [0_0(0.)2A0_5(0,)*B]M T8 (3.46)
where
o (@B) _ At (am) Gt Gt (uB) _ At (0) Gt G (uB)
M =C ! C(W)O g ¢ ! O(W)C '
— I [Orecr O 4 Grag 00 L 2N (347)
Note that for the special choice (3.32)) of C
Cy = bicy. (3.48)

the expression (3.47)) drastically simplifies to

1 .
MHFaB = B2 ZC%Q)’ A =cPens, b =b"by,, (3.49)

and vanishes under the particular relation between the deformation parameters

1
I? = Zc%?. (3.50)

With these tools at hand, the next task is to deform theories by introducing the star
product in the algebra of functions, which will affect their construction in a non-linear
way.

Let us consider the deformations of the theories for a non Abelian gauge prepotential
V*+ derived from the minimal coupling of the hypermultiplet. As in the Minkowskii case
(2.66[) we have

/ dud¢c™Y g*D ¢, (3.51)

From the cyclicity of the Moyal product, it is clear that deformations enter only on
interaction terms where there is more than one multiplication of fields. Therefore standard
free hypermultiplet actions on harmonic superspace are left unchanged. Introducing gauge
fields will in contrast change the whole picture, due to the presence of the Moyal product

in the covariant derivative
DHtgt — DYrgt = Dt £ VT gt (3.52)
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and in the gauge transformation law
S VIT =D A, + [V Al (3.53)

It is very important to note that even in the Abelian case where fields would normally
commute, the star commutator will not vanish, thereby inducing non Abelian behaviour.
For singlet deformations one can impose the Wess-Zumino gauge on the prepotential
without any changes in the residual gauge parameter. This does not mean that there are
no deformed contributions to the gauge transformations, but that one can use exactly the
same field A, as in the undeformed case to gauge away extra degrees of freedom [52]. In
general however the Wess-Zumino gauging procedure as shown in does not remain
unaffected by the deformation. Non singlet deformations for example will break the gauge
by introducing a mixing in the components of the deformed contribution. In such cases
one is led to modify the gauge parameter A, — A, + AA, to compensate this effects.
Now let us see how the gauge action gets deformed. For simplicity we will follow a
discussion in terms of Abelian fields, knowing that it can be readily generalized mutatis
mutandis to the non Abelian case. The full invariant action in chiral superspace [52] is
given by
S = }1 / dz d*0 du W2, (3.54)

with W being the covariant chiral superfield. As this is a second order interaction theory,
formally it does not get deformed due to the cyclicity of the Moyal product. Nevertheless,

the superfield strength is a curvature
DYW + [V, W], = 0, (3.55)

and therefore will receive contributions from the Moyal commutator. A very nontrivial
property that Q-deformed theories share with their undeformed limit is that the only field

contributing to the invariant action is the first component A of
W=A+0Ir7%+(0%)* 7. (3.56)

This has been verified for the singlet case in [52], but as we will show next, it holds
regardless of the particular kind of deformation. We start from the expression for the

action in components

1 _ . _ 1
S=1 / d*r d*0 du [Az + 205 A+ (01)? (ZAT — 5(7)2” , (3.57)
and prove that contributions other than the first term vanish. First, the superfield strength

must be written in terms of a non analytic gauge potential
1

W= =DV, (3.58)

43



CHAPTER 3. NON(ANTI)COMMUTATIVITY

with V=~ containing the following components
VT =0 40500 4 oot ()2 A+ (070 ) + 6000+ (01) Y
+(07)0 T + (§+)2§;T(_3) Y (02O ) . (3.59)
The curvature equation for W can be cast into the so-called harmonic flatness equation

for V=~
DV =DV + [V V], =0. (3.60)
This equation relates V= with V47, and allows the determination of the components of

W. To compute the superfield A for instance, we only need the following components of

the equation

Vity= ¢ — oyt ¥ =0, (3.61a)

VA =0, (3.61b)
1 .

Vit +2(A—v) + 3 {vt% vy}, =0, (3.61c)

where we have introduced the chiral covariant derivative,

vt =D 4 [v*ﬂ} ‘

*

(3.62)

This derivative includes v™+ = (+)%¢ which is precisely the first component of the
prepotential Viy+. The flatness equation (3.60), when applied to the gauge covariant
chiral superfield W, leads to the following equations

VHtA=0, (3.63)
VHr 4 v, A], =0, (3.64)
AVARE S % {vi,77%}, + v, Al, =0 (3.65)
From (3.61b), (3.64), and we can solve for 77¢
T =407, . (3.66)
Analogously, we can solve for 7=~ from equations , , and ,
T = % [A ], + %v; *x A x v+ i {vg v % A}, (3.67)

Inserting these fields (3.66)), (3.67]) into the invariant action (3.57)), we see directly that

the terms containing 7% and 77~ cancel out under the integral so that the invariant

action is reduced to )
S = 1 /d%« d*0 du A*. (3.68)
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The basic property used is that the covariant derivative obeys Leibniz’ rule over the star

product
V(A% B)=(VTTA)x B+ A% (V'"B). (3.69)

This follows from the fact that for Q-deformations, the Poisson structure —and therefore
also the star operator— commutes with the harmonic derivative DT, It is remarkable
that this result is independent of the particular kind of Poisson structure, and that it
can be simply generalized to the non Abelian case as it has been shown for singlet Q-
deformations in [52].

One of the great advantages of working in harmonic superspace is the manifest su-
persymmetry of formalisms. Even in the presence of deformations partially breaking this
symmetry, a manifestly covariant action like is invariant under the residual part of
the supersymmetry by construction. Nevertheless it is of physical interest to have a defi-
nite expression for the supersymmetry transformation laws of the fields in the Q-deformed
case even when we know from the very beginning that the action is invariant under them.

Following the Wess-Zumino prescription as in §2.4] the unbroken supersymmetry trans-
formation laws can be read from the action of the residual supersymmetry generators on

Vit and the corresponding compensating gauge transformation with parameter A,
0Vivy = (€"0sa + € %0_a) Vg — D A — [Vid7 . A, - (3.70)

Again as for gauge transformations, the undeformed parameter A, is suited to compensate
Wess-Zumino breaking terms only in the singlet case. Non singlet Q-deformations will

also require some correction terms to be added to the parameter A, — A, + AA..

3.4 Singlet Deformations

The simplest example of the Q-deformation of a theory with extended supersymmetry
is given by the non(anti)commutative version of N = (1,1) super-Maxwell [52]. This is
constructed from the U(1) gauge harmonic N = (1, 1) superpotential in the Wess-Zumino

gauge, which written in the chiral basis is given by
Vit = ot + 8ot 4 (57)%
vt =(0%)%0, vt =207A5 +4(07)20 — 2i(01)%07°05 ¢,
(3.71)
v=¢+40TU" +3(07)2Du;; —i(0707)0" Ans + 070 Flp
(P00 + 4 (0720 00T
For singlet deformations the corresponding gauge parameter from the undeformed case
(2.72b)), also gauges away the proper degrees of freedom. In the chiral basis it is written
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as
Ao = ia 42070 Opqa —i(67)2(07)*0a. (3.72)

Since 0,,MA¢ = 0, only the first term in the general formula for the commutator (3.44])

contributes to the gauge transformation (3.53))

6 VI =2(1 +41$)07*0%% 000 — 41 (07)? A% Opsa — 161 (07)2 0TV~ 0, 5a
— 41(0707)(07)?[(0a - 06) + 26 Oa] + 8iI(07)*07 079 0,5a05¢.  (3.73)

In terms of components, the transformation is
60 = —41A0a0"%a, 6,0 =0, 64A0a = (14+410)00sa,
6, V% = —4I0*0,0a, 6,95 =0, §,D" =0. (3.74)

Now, we can use the curvature equations (3.55) and (3.60) to derive the form of the

potential V=~ whose relevant component is [52]

1
1+41¢

AT -, 2 Al ]
U A | — 7 | Ut + -U" Aus
1+41¢ 1+41¢ 1+41¢ ]

(U7)* 4+ Duy~ | + ) i ()*+ DY 4]
Y | T (Al 14419 |
8(ad¢Ag)

1+41¢

Az, 1) = {¢ oA sras)

o | - ey o

+ 20t {\Ifa +
81

+ (07 L+4Ig5
200767) [ 8I
14416 {1+4IQE

(UHU™) + Diju;;_] + TP (Faﬁ — 41

Pt
1+41¢

+ 21(07)? 07O s ( ) +2i(01) (14+416) 0~ *Oug ( v ) . (3.75)

1+41¢

After a field redefinition,
e = ( )

o = (14410) ' Ana, F = (14+41¢) 7105

YE = (14410)2[VF + 41 (14+416) 7' Ans U],

d" = (1+41¢)*[DM + 8I(1+41¢) " WEU*) (3.76)

it is possible to plug (3.75) into the integral (3.68)) to obtain a readable action

1 _
5=+ / digpdt A2 = / iy I = / d'z (1+415)°L, (3.77)
Which is simply a factor times a free action
1 i 1 af N Xe7) 1 ij
Lo = —§SOD<Z5 - Efaﬂf — )7 Daa ™ + Zd]dij (3.78)
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with fog = 218(mag). It is not possible to further disentangle the interaction of ¢ with
this gauge field. This is a remarkable yet typical behaviour of nonanticommutatively
deformed gauge theories: one starts with a free theory, and the deformation will then
introduce interactions.

The supersymmetry transformations can be obtained simply by calculating the star
commutator in . The result in components is

55¢ = Q(qujk’) ) 56& = 07 56140164 = Eiqjko} )
5 UF = —e DM + %(1+4[¢)Faﬁekﬁ — 2" A- 09,
5.0k = —i(14416)* s, 6.DM = i0°%[e* T (14416)] (3.79)

One can use the field redefinitions to put this residual unbroken supersymmetry in its

standard realization over components,

5690 = 2(€k¢k) 3 56& = 07 5eaaé¢ = Eiqzko'z )
5e¢§ - _Ealdkl + %foxﬁekﬁ ) 56'&2‘2 = _iekaaadqga
SdM = i [kl . (3.80)

The calculations for the non Abelian case follow closely the Abelian case and present
clear similarities. In particular, there is evidence from an expansion up to second order
in I, that suggests a factorization like ([3.77)

This simple example already shows some of the features we will encounter in the case of
non-singlet deformations, where the bosonic part of the action also admits a factorization
like which has manifest Lorentz and R-symmetry. Non-singlet deformations are
richer in structure, and include a case which breaks the supersymmetry down to N =
(1,1/2). Although the main scheme to determine the transformations and actions is
shared between the singlet and non-singlet case, the latter involve surprisingly arduous
calculations due to the breaking of the Wess-Zumino gauge induced by the undeformed
compensating parameters. Example of singlet D-deformations of non abelian super-Yang-
Mills can be found in [116, 117].
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Part 11

Non Singlet Q-deformed N = (1,1)

Gauge Theories
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Chapter 4

Gauge Transformations and
Seiberg-Witten Map

In the remaining chapters we will deal exclusively with non singlet Q-deformed gauge
theories, starting with their deformed gauge transformations and their respective Seiberg-
Witten map. As we explained in §3.3] deformations enter the gauge transformation laws
through a star anticommutator that introduces non-Abelian behaviour even in U(1) gauge
theories. As opposed to the singlet case where the gauge parameter was exactly the same
as in the commutative case, the Wess-Zumino gauge prescription is deeply affected by
non-singlet deformations and requires a new compensating gauge parameter. Instead of
starting from scratch, we will consider the problem of correcting the Wess-Zumino break-
ing terms coming from naively using the same gauge parameter as in the undeformed
case. Though this additional compensating parameter could be obtained order by order
in a series expansion [53, 53], we will see that a particular decomposition of the deforma-
tion matrix corresponding to the maximal supersymmetry preservation, allows its exact
determination [115], [118]. The harmonic equations that appear can be solved by exploit-
ing their formal similarity with those of harmonic coupled oscillators. In we pursue
further this similarity and develop a general algorithm to solve the kind of harmonic
coupled equations that, as we will see later on when calculating the gauge action, are a
typical feature of this non-singlet deformation matrix. By means of this formalism, we
calculate the exact deformed gauge transformation law for the component fields of the
N = (1,1) vector multiplet. Finally, we will construct the corresponding Seiberg-Witten

map [25, [IT9] which puts the gauge transformations into their canonical form.
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CHAPTER 4. GAUGE TRANSFORMATIONS AND SEIBERG-WITTEN MAP

4.1 Compensating Gauge Parameter

The gauge transformation for the superpotential as shown in acquire Wess-Zumino
breaking terms from the star commutator. To see this, we consider that part of gauge
transformation of Vi5+ which corresponds to the usual parameter A, as in . Since
Oyral\g = 0, only the first term in the general formula contributes to the present

case,
VT =D A+ [V Ay,
=200 Opsa — 2i (0707)(07)? Da+ 8606 (07 05a+105(07)*Da) CT*
L A(6)? (Ag 40T T 1(0707) 040 + 2107, 9;@%5) Bpaa P
—4i (07)%(0)? Oaaa 056 C~ 7. (4.1)
The breaking of the Wess-Zumino gauge becomes evident from component transforma-

tions,

0Ans = Oaga + 40CT P40, (4.2)

Note that the RHS should be independent of harmonics as the gauge field A,4. On that
account we are led to properly modify the residual gauge freedom parameter by adding
to Ag the following terms

AN =005 95 a B~ +(07)20,5a APG™0 4 (0%)2(6)? LaP ™Y
+ (0705 | U P00 H =P + U005 G ] +(07)%(07)? usa 05 ¢ BTHP
_ _ - d
: — 2 ——apf : — 2 . A ——apf
+i056; (67)°0aB +105607(0%)% 05007 ¢d_gz_SB . (4.3)
For the time being, the components of the compensating superfield (4.3)) are arbitrary
functions of harmonics, of the field ¢ and deformation parameters, to be calculated from

imposing Wess-Zumino gauge. Note that these coefficients involve both the symmetric

and antisymmetric pieces. The correction term to oV ™+, will then be
VT =DTHAA + [V AA, . (4.4)

Once again, from the structure of AA we conclude that only the lowest order term in
(3.44) contributes into the star-commutator in (4.4]). It is also easy to see that the term
~ C~% is vanishing. So we are left with
VI AAL = =21 (0°V 0,0 AN — 09V HITO_,AN) — 2 (04 V0, 5AN) CFH8
—2(0_aVITTO AN + 040 VITO_5AN) O = ATH 4 BTT 4 CFF (4.5)
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After some calculations we find

A = AP 600 B ) b (B0 )| o)

BY = —2|(0") A aB; "~ 20501 600aB; |
—2(0)%05 (U 0,pa 0 G5 + U P 0ppad Hy P+ 2077 0,50 B, 7)] CTFoP
+ (terms with 67), (4.7)
: 5 N < o ey A At —a
Ctt = —2i(01)*(01)? [DagbB(aﬁ) — Doy Wa (Bﬁ £+ ¢d_g5B5 P)] Ct—ob
+ (terms with 67). (4.8)

The full gauge transformations of the fields induced when including the ansatz (4.3]) take

the following from

SV = GVt 46V (4.9)
Its corresponding component expansion is
— A - A 1

§Aai = Oaat + 40550 ¢ CF 7 + 20s5a ¢ B, PCIT7 + 5 Osac ottB =", (4.10)
06 = Oaaa AS0TT G5 + 409,40 A5 CT7% + 20,50 AS By~ “C TP (4.11)
oW, = —4 U 0paa CF 7 — U™ Op5a ¢ H, " PCI — 20 %950 B, PCIHTP

1. . _ _ . 1_ .
=7V 00 OTTH, P — U 9gaap G I — Z\Iﬁa Opaa H; =P

1_ .. _ _
- Z\Iﬁa 050 07T G P = 0paa (VDY + U D7 F) (4.12)
5D = — %i0,00056 C— — 2 |60a B — O dfa (B0 + L8| Cor

——glaaa 59 —glﬁb aD, — ha O5'a | B, +¢d—$ p

1 & L —4)o 1 ——a 1 & d ——fa
+ 3 | Goca 03 ¢ (0Tt BUP) 4 500 (2apB™™") + 5 Oaca 050 (d—éB s )]

+ % Oa (077 P5Y) . (4.13)

We should require that the above transformations preserve the Wess-Zumino gauge. This

amounts to imposing the proper harmonic dependence of the fields through the conditions

(a) 0T 6A0s =0, (b) 000 =0, (c) (0720, =0 < 9§V, =0,
(d) (0T1)*6D™" =0 « 00D~ =0. (4.14)
These conditions fix the unknown harmonic functions in terms of ¢, deformation parame-
ters and harmonics. After solving them, one can find the explicit form of gauge variations.
Unfortunately, it is very difficult to find the closed solution in the case of generic defor-

mation parameters. As an example let us first look at the condition (4.14)) for A4, which

amounts to a harmonic equation for the ansatz field B~—%

(OB, P +46CI o™ B, P +8¢CHP = 0. (4.15)
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One could decompose this tensors into their symmetric and antisymmetric parts and use
the traceless property of SU(2) symmetric tensors,

s =B 4B, B =0, (4.16)

to separate the above equation and obtain

(07 B, ™ —26C 00t B, =0, (4.17a)
(a++)2BsffaB + 4(5 é++o¢ﬂ 8++B;f + 4(5 é++(aﬂa++B;;ﬂ) + SQB C«++aﬁ —0. (4.17b)

The antisymmetric part can be fully decoupled from this system by substituting the

second equation into the derivative of the first. After a change of variables
G=0"B " +2, (4.18)

we get
(a++)2g + 8&2 (é++)2 G=0, (Cv++)2 — C«ﬂ--i—aﬁéig ) (4.19)

Even when it is possible to solve this scalar equation completely, general closed solu-
tions for B_; are very hard to find without further simplifications. Similar harmonic
equations appear also when trying to solve the curvature equations to obtain the form
of the action, and deducing a compensating parameter for the residual ssupersymmetric
transformations.

Egs. , can be solved by iterations to any order in the deformation pa-
rameter. Expressions up to 2nd order are given in [53]. Closed solutions for these and
remaining constraints in (4.14]) can be found for the simplified product decomposition
of the deformation parameter

C’;‘f = *Pb,.

This in turn allows us to decompose tensor fields in the {c®? %%} base, i.e.
B =B 4 BT, (4.20)
Which melts equation (4.17)) down to a simple coupled system

(2B~ — V2¢? kOB =0,

g (4.21)
(07)*B~ + Nor KT (OB 4+2) =0,
with
kT =20v2e2T T, (4.22)
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4.2. DEVELOPING AN ALGORITHM

After some work, this equations can be solved using only harmonic analysis techniques
like solving for all powers in the harmonic expansions and using the harmonic integral to
find integration constants, as done in [115] for A, and ¢. We will follow a more general
and powerful method to solve this kind of equations, as they will also appear when cal-
culating the component action from the harmonic curvature equation, and compensating

the supersymmetric transformations in §5}

4.2 Developing an Algorithm

The usual technique to calculate the compensated variations above has the drawback
of being heavily dependent in the particular form of the variation being analyzed. It
can be also particularly cumbersome for U(1)-charged ﬁeldsﬂ whose corresponding vari-
ations are not simple harmonic independent expressions, but have to undergone some
symmetrization process to be established. In other words, calculating variations by stan-
dard techniques is more of an art than an algorithm. As we have a great number of
similar calculations of increasing complexity ahead, one would like to develop a standard
procedure suitable to be fed into a computer to tackle all possible equations.

To get a hint of how can we do that, we note that resembles a harmonic oscillator

equation with “frequency” k™"
(0T2G + (k)G = 0. (4.23)

We can then propose that G is some power expansion in a quantity Z whose harmonic

derivative corresponds to k1, that is

7 =2V 2c2pb™ ™, kTt =07 (4.24)
and
G(Z)=) a.Z". (4.25)
n=0

This ansatz has the virtue of turning the harmonic equation (4.23) into a formal ODE in
A

G"(Z)+G(Z) =0, (4.26)

which is directly solved by

G(Z)=Cycos Z + Cysin Z, (4.27)

n this section the U(1) does not refer to the gauge group but the phase factor induced by a SU(2)
transformation on harmonics as explained in
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where the functions involved are to be understood as their series expansions in Z. The
integration constant C; can be determined by integrating harmonically this and noting
that (4.18]) contains a total derivative

/du G(2) = /du (07"B;~ +2) =2 (4.28)

Using the techniques described in we obtain

sinh X
X )

/dug(Z) =, /du cos Z + Cg/du sin Z = () (4.29)

where
X =2¢Vb2e2. (4.30)
Comparing these tho integrals we get

2X
¢ = sinh X

(4.31)

The other integration constant would be than fixed by the equation of the oscillator
coupled to G in . It is therefore very tempting to use anséatze like to solve the
harmonic equations that appear.

The typical problem that we will find not only while calculating the gauge transforma-
tions but also the supersymmetric ones and the corresponding invariant action, involves

solving a harmonic equation of the following kind

(OTH)ngm) — gt (9T M) = (gt (PY(Z) + Py(Z) cos Z + P3(Z)sin Z)
(@) f@m gt (9T g@m) = (k)M (PY(Z) + Py(Z) cos Z + Py(Z)sin Z)
(4.32)
where P; are polynomial in Z.

It is very easy to follow the same procedure we used for G to solve this general equations
when f and g are 0-U(1) charged functions, since the series solution of the equations will
precisely coincide with that of the ordinary coupled oscillators with a source, which is the
reason why we made the change of variables , and considered the solution simply
as a function of Z. Positively even charged functions can be made to fit into this picture
if we consider them a product of ™+ with a function of Z whose series expansion will
also have the same solution as its ODE analog. A different situation arises for negatively-
U(1) charged fields, because in this case we cannot simply multiply by the inverse of the
“frequency” H% since this is not a function but an ill defined harmonic distribution.

It is nevertheless possible to solve harmonic equations for negatively even charged

functions following the analogy of ODEs of the variable Z. The goal will be of course to
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4.2. DEVELOPING AN ALGORITHM

build something to help us solve the equations, that is some function of Z whose derivative

correspond to Ot .

0

ot f—=—=Ff2)=f(2). 4.33
= (2)= [(2) (4.33)

Inspired in the usual harmonic symmetrization of k"~ given in (C.1))
kTR = X2 4 22, (4.34)

we propose the ansatz
- [2

= — 4.35
which can be well defined whenever the function % is regular as a series expansion

in Z. The conditions one must ask from this function can be deduced by considering the
following harmonic equation

ot = j(2). (4.36)

As the harmonic expansion of f~~ = éj u;;~ + - starts with a charged object, such
equation only makes sense if the source j does not have a constant term in its harmonic

expansion. The absence of such a term is assured by what we call consistency condition

/ du 0 =0 (4.37)

which fixes the first coefficient of the source as a power series expansion in Z. To under-

stand what is formally represented by the ansatz (4.35]) as a power series in Z, we will
use it in the harmonic equation (4.36]) to obtain

S HX,2)= (4.38)

meaning that we can solve f in terms of the antiderivative of the source with respect to

Z and a constant term
F(X,Z) = / 47 §(Z) + const = J(X, Z) + a(X). (4.39)
The consistency condition over f looks like

)
/ du - f(X,Z) =0, (4.40)

and will assure consistency of (4.37)) with harmonic analysis. This is not sufficient for our
needs, as one may readily check by trying a simple function like f = Z? which makes f=~
clearly irregular. A condition imposing regularity on f~~ can be found by looking at the

following equation

0

O(Zf ) = 27

(Zf) =a+ a%(Zf). (4.41)
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The LHS is a total derivative, so its integral must vanish and we can solve for

a(X) = — / du a%(z]f(x, 7). (4.42)

As we will see, this makes the function regular in the undeformed limit, and additionally
fix the integration constant, solving f. This is totally in accordance to standard harmonic

analysis where the equation
@) o =) n>0 (4.43)

is totally fixed. This completely solves the problem and assures the regularity of the

solution, therefore we refer to the following as the regularity condition

)
/ du - (Zf(X,2)) = 0. (4.44)

To show that the solution is regular, we start by assuming that the antiderivative of j has

an analytic series in Z, which is true for the cases studied,

= an(X)Z" = a3 (X) 2"+ g1 (X) 27 (4.45)
n=0 n=0

n=0

From (4.42) and the harmonic integrals in §C.1] we obtain

o0

a==) (=1)"ay(X)X*" (4.46)

n=0

With this pieces we can build up f (4.39)

FX,2) = [aon(X) Z°" + 42041 (X) Z2°" = (—=1)" agn (X) X" (4.47)

n=0

On the other hand, consistency condition (4.40) implies

0 - . X
[u 8- > (2 -+ Dt (X) (1) 55 =0 (1.48)
that is, we can substract
ZY (—1)" agna (X) X" (4.49)
n=0
from f, leaving
F(X,2) = (a20(X) + Zazn1) (27" = (—1)" X°") (4.50)
n=0



4.3. EXAMPLE: THE VARIATIONS OF A, AND V!

The term Z** — (—1)" X" appearing in each term of the series has roots in X = +1i 7
and therefore, using the polynomial factor theorem, has X? + Z? = (X +iZ)(X —iZ) as

one of its factors. This means we can formally write
[(X,2)=(X?+ Z*)U(X, Z), (4.51)

with U(X, Z) having a regular undeformed limit, whenever we impose consistency and

regularity conditions

/du f(Z) =0, /du (Zf(Z)) =0. (4.52)
Inserting f into (4.35)), we see that for well behaved sources, the solution has the form
=k UX, 2) (4.53)

This can be readily generalized for even negatively charged function as needed. In sum-

mary, choosing a suitable ansatz like

()" f(2) m > 0,

Flem) (4.54)

o\ Il

and consistency and regularity conditions (4.52)), one can solve the typical equation (4.32))

using simple ODE techniques, and later fix the integration constants with help of the
harmonic integrals in

4.3 Example: The Variations of A,, and V',

To see the methods of the last section in action, we are going to determine two related
variations corresponding to the fields A, and \I/fl This choice is based on the fact that
the compensating A, determines the field B~ that contributes to all other variations,
and that W!, is essentially very hard to obtain without the method developed in the last
section.

We start by going back to equation . Introducing the ansatz

= K ~ ~ K ~

BT =——-—-BZ BT =——+BZ 4.55
X2+Z2 ( )7 X2+Z2 ( )7 ( )
the coupled equations reduce to formal ODEs on Z
. V2e? . . 2 .
B"—- ——DB'=0, B" + B'+2)=0. 4.56
: s (B2 (4:50)
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which are directly solved by

B=Cs—2Z+CycosZ+ CssinZ , B =

2 .
\/2_02(06 + CscosZ — CysinZ) ., (4.57)
If we impose the consistency and regularity conditions (4.52)) on this functions, we fix the
integration constants

2X
Cs = ——=
° 7 sinh X'
Which, inserted back into the functions in (4.57)) on the ansatz above, give the solution

Cg = 0, 04 = 0, 06 = —2X coth X, . (458)

L 2 K- 2X
B~ = SR SinhX(cos Z — cosh X), (4.59a)
- K™~ XsinZ
B~ = -7 . 4.59b
X2+Zﬂ<sinhx ) (4.59b)
This can be directly plugged into (4.10)) to obtain the variation of A,.
X2 Xt
5Aad = &ma (X COthX) = 8,1@@ (1 + ? - E + .. ) . (460)

Which clearly shows how helpful this method is, as all harmonic calculations can be
simply translated into ODE language in which they can be automatically carried out by

a computer. If we desire, using simple trigonometric identities we can recast the solution
(4.59) in a manifestly regular way

) _ X . Xsinhi(X +iZ)sinh (X —i2)
B~ =2¢b~~ X csch — sech — 2 2 4.61
o Xedh e TN T2y (X —i2) (4.61a)

2

ikt 1 sinh (X —i2) 1
= h=(X +iZ 2 —cosh = (X —iZ
sinh X (COS QX D) ey ~eosh (X —12)

2

sinh 2(X + iZ))
H(X +i2)
(4.61b)
Now we can proceed in a similar fashion for the variation (4.12)) of ¥?. The condition
(4.14c) amounts to the following constraints on the matrices D and D;~# defined in
(4.12):
(a) (0")??DJ =0, (b) (@)D, 7 +20"" D} =0, (4.62)

which in turn imply

Df(u) = DL + D Putu; . DL P (u) = =D Puruy (4.63)

«

A solution of this kind allows immediate harmonic reduction of the variation into a correct

Wess-Zumino preserving form
§Wi = (e"D§’ + DY *7)¥;,05a (4.64)
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To deduce the unknown functions we start with Eq. (4.62h) for
AL 1 L A - A L
DP = —4CT" — ZE)**HQ P—oCHPH, P —20"B 7. (4.65)
Explicitly, this equation reads
(O H, P +46C (072 H, P +8C (077)*B, " =0, (4.66)
which, for the Ansatz (3.48|) and under the definitions
H =% = ¢ 4 H= P (4.67)

amounts to the following coupled system of equations

(O H - \/gfw(aﬂ)? [H + 53] —0,

(O PH 4\ 2Rt (@) [H 4z B} ~0,
C

[\]

(4.68)

<1l DN

which corresponds precisely to an equation of the general form (4.32]) we mentioned. We
therefore use the ansatz (4.35) to solve for H~~?, and afterwards apply the consistency

and regularity condition on the resulting functions, to find

- 2 k1 X?
B =2 { 4 X cos Z coth X —
c2X2+Z2X¢{ sinhX< on e

X .
oL X + Z sin Z>

+é [(ZsinhX — X sin Z coth X)Cy + X? <COShX — " Z) 08} } (4.692)

sinh X

. K~ 4 X X cosh X'sin Z

H ™ = — 7 cos 7 —
X2+ ZZ{gbsinhX < cos sinh X )

XsinZ
+ (cos Z — cosh X)Cy + <Z ~ L X ) 07}. (4.69Db)

This solution is defined up to some integration constants C7, Cg still to be determined.
Inserting back into (£.63)), and splitting in the usual way D** = De + DcP | we get

A 1 sinh X

D = cosh X — Cs—Z2Cq|, 4.70a
222 K X ) " 7} (4.70e)

g X X Z sinh X 1 X cosh X

D == — h X —Cy——-(1—- —— . 4.70b
$sinh X (smhx cos ) T BT ( Sinh X ) Cr. (470D)

To fix the integration constants we have to look at the definition of D=~ % in ([4.12)),

1 1
“H P - Z‘WGH) b (4.71)

——af _ g1+t a(—4) 6
D = b TG -
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Solving for G-% % and imposing consistency and regularity conditions on it, one obtains

4X7? 1— XcothX
Cp = = © . Cs=0 (4.72)
¢ X? —2X cosh X sinh X + sinh® X
and
. 27 1— XcothX
D=y/52 ( coth X) . (4.73)
IS Qb 1 — 2COSthm)};X + 51n)1;2X
.1 X? 1 1 — X coth X)?
P WIS 15
¢ \sinh” X ¢1—2COShX%—|—Sm;—2X

Finally, the gauge variation of ¥, is found to be

SU! = [2Vh2c2(X csch® X — coth X)ge*?
2X?%csch® X (1 — X coth X y Vb2 ’ o
CSCZ ( © ) 20" P — —C(l — X coth X)e"e® | | W, dsa.
X?2esch® X +1—2X coth X X
(4.75)

4.4 The Minimal Seiberg-Witten Map

It is known that both commutative and noncommutative Yang-Mills fields arise from the
same setup of open strings in the presence of Dp-branes and a constant B-field, when
using two different regularization prescriptions [25]. Based on this, Seiberg and Witten
proposed the existence of a map from ordinary to noncommutative Yang-Mills fields, that
takes the gauge equivalence from one case to the other. This map can not lead to an
isomorphism between the two gauge groups as can be seen by taking the commutative
group to be abelian, i.e. having as its gauge transformation

514&(54 = aao'z)\
The noncommutative counterpart transforms as
0Aus = Oaa + 1[N, Aadlss (4.76)

corresponding to a non-Abelian gauge group which obviously cannot be isomorphic to the
case before.

The Seiberg-Witten map consists of a simultaneous local field redefinition and gauge
reparametrization that takes two fields related by a gauge transformation A = e* A’ and

maps them into noncommutative fields that are also gauge equivalent A = ¢4 A7
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this time through a parameter that depends on both A and A, therefore not defining an
isomorphism.

Four our particular kind of deformation, it is also possible to find the map that takes
the gauge transformations to the ordinary abelian case. The full expressions for the

non(anti)commutative non-abelian Q-deformed transformation are summarized as follows

§ ¢ =0, SUk =0, (4.77a)
0 Ay =X coth X0,4a, (4.77D)
5 & =2v/b2e2 <%) A9, .a, (4.77¢)

W —{2\/ b2c2(X csch? X — coth X)e e’

2X?csch? X(1 — X coth X . Vb2 y L
= ( CothX) 1 opiens — YU (1 _ X coth X)etieo” 0,050,
XZesch® X +1—2X coth X X
(4.77d)
§Dy; =2ib;;¢*?Dnad O3 a. (4.77e)

From which we can directly propose the minimal map which take us back to the standard

abelian gauge transformations

Ane = A X coth X, (4.784)
¢ = ¢ + V2R A(1 — X coth X) coth X, (4.78b)

oW, =0 4 {2\/ b2c2(X csch? X — coth X)ee*?

2X?csch? X(1 — X coth X y Vb2e2 y _
= ( CothX) Hopias - Y24 - x coth x)eti=o? | L, A5,
X2csch® X +1—2X coth X X
(4.78¢)
Dij =Dj; + 2iby;¢* Dpsp AS (4.78d)
The gauge field strength F,5 = Qiﬁ(adAg) is redefined as
Fup = Fop X coth X + 4iVh2c2A (5,056 (coth X — X csch?® X)) (4.79)

where obviously ﬁag = 2ia(mflg). In the next chapter, we will see that, after performing
the Seiberg-Witten map transforms the deformed non-Abelian actions to standard U(1)

gauge invariant ones.
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The natural occurrence of hyperbolic functions in the expressions is very remarkable,
and its origin is still unclear. Perhaps by relating non-singlet deformations to a particular
string background or by studying the hyper-Kéhler geometry of the associated deformed

hypermultiplet, one could elucidate this appearance.
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Chapter 5

Invariant Actions and Residual

Supersymmetry

We have seen that the deformation of the super Yang-Mills field strength stems from
the star commutator present in the curvature equation defining it. Constructing the
deformed version of the corresponding gauge action is therefore equivalent to find solutions
of the deformed harmonic flatness condition . As we shown in §3.3] only the first
coefficient of the superfield strength contributes to the action, reducing the amount
of equations in components to be solved to thirty! Solutions have been found for the
vector- and hypermultiplet in the singlet case in [52], [42] respectively. From here on we
focus on the non singlet deformed action of Abelian gauge theory where non-Abelian
interactions appear due to the presence of non(anti)commutativity. All calculations are
worked out on component fields.

Despite the considerable effort that has been taken to obtain approximate actions
for the full set of deformation parameters [54) 53], [55], obtaining exact expressions is a
very difficult task. Even when the deformation is chosen to be decomposable , and
applying the methods from previous sections, the resulting expressions for the relevant
component of the superfield strength are much more complicated than in the singlet
case. Instead of writing down such objects, we will follow the more physically interesting
path of analyzing different sectors of the theory for meaningful cases of the deformation.
Additionally, though the manifestly covariant formalism of harmonic superspace assures
the invariance of the resulting actions under the residual unbroken supersymmetry by
construction, it is important to obtain the corresponding transformations of the fields, at
least for the cases studied. On that account, the main tasks throughout this chapter will
be the determination of the gauge action from the curvature equation and the deduction
of the corresponding supersymmetry transformations.

We will start by describing the generalities involved in solving the curvature equations
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and give a very simple example. Afterwards, we will see how the decomposition of the non
singlet deformation allows the construction of an exact bosonic action. This action already
presents some of the characteristic features of non(anti)commutative deformations, as it
has an interaction parametrized by the deformation, in fact, the action can be factorized as
the free bosonic part of N = 2 Maxwell theory times a hyperbolic function of scalar fields
and the deformation parameters [115]. In §5.3|we will present the exact action coming from
a deformation preserving 3/4 of the original supersymmetry. As we will see in , we can
interpret b;; as a set of supersymmetry breaking tuning parameters distinguishing between
different theories with N' = (1,0), N' = (1,1/2) and N = (1/2,1/2) supersymmetry, some
of them with very simple Lagrangians [120].

The generalities of the calculation of the residual supersymmetry transformation of
component fields is briefly described in §5.5] where the differences with the singlet case are
highlighted. Interesting cases are shown, like the subalgebra for which readable expres-
sions can be obtained in the general decomposed matrix ansatz, and the full expressions

corresponding to the actions presented .

5.1 Solving the Curvature Equations
To explicitly build an action we first expand A into its components

A=A +0 A+ 0T A+ (07)2ATT (0700 A5 + 070 Ag op + (07)2 A7~
+ (0720 AL, + (07)207 " Ag, + (07)%(07) Ao (5.1)

Assembling the (67)%(0%)? components into the action and integrating in the Grafmann

variables, one obtains

5= [ [2A1A10 (AT A) — (ATAD) +2AT A7 — A~ (s Ao)
(5.2)
As we mentioned before, in order to determine the precise form of each component, one
has to solve the minimal set of curvature equation components . To see how this
system of 30 harmonic equations is the most economical choice, we start by looking at
(3.61D)
VHHA=D""A+ vt A], = 0. (5.3)

Being A(xy,6%) a chiral field, the star commutator involved reduces from the full expres-

sions of appendix to a simpler expression from which we get
VA= [0 — (% + 4gbT ™) 050_5 — 4™ P00, 5] A. (5.4)
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The hint on how to proceed comes from looking at the homogeneous components of the

curvature equation for A,
oA =0, OTTAL =0, OTTAtT=0, 9*TA=0, (5.5)

This equations directly reveal that A; and A,y are independent of harmonics, Af ™ is of
the form A" = Aufuf, and AJ, is of the form A, = A} u with both A} and A},
independent of harmonics. It is obvious then that the curvature equation for A will only
determine its components up to some harmonic integration constants like these which will
have to be fixed by other curvature equations. From all the remaining coefficients of the
curvature equation, contains the less number of unknown fields to be determined

[0}

1 .
D+ 0 e 2 A o)+ 5 ), =0, (56)

since v and v+, and v are coefficients of the gauge prepotential in the Wess-Zumino
gauge, which we already know from ([3.71f). The missing piece of this system of coupled

equations is thus v, which can be fixed from only one extra curvature equation (3.61al),
Do~ ¢ 4 [Tt 0™ ¢, —0vT % =0, (5.7)

To obtain the complete set of equations to be solved, it is necessary to expand the fields

v~ % and ¢~ ", in the same fashion as in (5.1))
e A T R A ZTE (5:8)
and take in account the presence of the star anticommutator {v™%, v }, in (5.6).
{vt® vy}, =2 [caﬁb+_(8+av+é‘8_5v; + 0_pv 90,403
+ 8 (0,00, us + b"a,awda,ﬁv;)}
- ézﬂ 2 [b++ PR O_ vt 02 0_gu5 — caﬁb+-aia_av+daza+gv;] (5.9)

Complete expressions for the relevant curvature equation components are given in .
Most of the resulting equations are to be splitted in systems of two or more coupled
systems to obtain closed expressions as in the last chapter, so we are left with a total
of circa 60 equations to solve. Here is when we really profit from the general algorithm
developed in , as all these equations have the typical form and can be solved
in most cases with help of a computer.

As a sample of the kind of calculation we are dealing with, we will construct the first

term of the action, namely

%/d4$L duA1A10 (51())
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The involved fields satisfy homogeneous harmonic equations (5.5)) that tell us they are
independent of harmonics. Knowing this, we extract from (5.6)) the following equations

3++g01__ +2(A — ) + 2Ca6b+_Agw2ﬁd + 26T CaﬁAgwg—ﬁ;
+ 20 @ b P05 dwggs, — b P05 dwsga] =0, (5.11a)
Oty + 2A50 + 209 = 0. (5.11b)

From the last of this equations one finds directly
0 =0, Ay =-0o¢. (5.12)

To solve ([5.11a)) in turn, we require the knowledge of some coefficients of the solution v,
of (5.7). We content ourselves with the calculation of two of the coefficients, coming from

the following equations

a++w§xéz — 07
) (5.13)
O wg ™Y WS 4 4™ (b w5 + b++wgﬁ_a) —2A% =0,

From the first equation we know that w$® is independent of harmonics. Introducing the

following ansatz
ws® = (e + o) AG,  wy T = (wy e 4+ iy ) A5, (5.14)
we are then able to turn the system into the form (4.32])

vV 2c? V2c?

O Ty~ — 5 Wy~ =2 — Wy + Zs, (5.15a)
2 V2
Oty + S = - < Zi,. (5.15b)
C

Again, this are directly solved using the ansatz (4.54)), from which we obtain

Wy = 2X tanh X, by =0 (5.16a)
S K 2 : :
By = S oo X (sin Z — Zsinh X) (5.16b)
T 2 2
(. " (cos Z — cosh X) (5.16¢)

" X2+ Z%cosh X V2e2

This can also be done for the rest of the components of v, , for which one has to propose a
reasonable decomposition to reduce the equations involved to the standard form, and then
solve the equivalent system of ODEs. The general solution is given in[B.2.1] For our case,
we feed back the resulting expressions into and repeat the whole procedure, this
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time for ¢; . However, for our present purposes it will suffice to integrate that equation
harmonically to obtain

tanh X
X

A =¢ + %q_ﬁ_l (1 ) A% + (2 %2 tanh X 0,400°%¢, (5.17)

The first term of the Lagrangian is then

1 1 tanh X
X

1 1, - 1 -
§A1A10 = —§¢D¢ ~5 [—Qb_l

5 > A% + (b )*? tanh X@adqb@“dqb} O

(5.18)
This suggests we could simply repeat the procedure for the rest of the components of
the action, but in practice the situation is much more complicated. Solving the whole
set of curvature equations by brute force in the computer leads to very complicated
functions of X. Even when these involve only polynomials and hyperbolic functions, the
resulting rational expressions are surprisingly cumbersome. As the calculation for singlet
deformations suggests, a very complicated field redefinition like could simplify these
components into readable objects, but it seems to be very nontrivial in this case. In what
follows, we will first limit the analysis to the bosonic sector, where such redefinitions are
easier to find, and later on, we will explore relevant cases of the deformation that include
an exact action with N = (1,1/2) residual supersymmetry, and a limit which exhibits a
tuned N = (1,1/2) — N = (1,0) breaking,.

5.2 The Exact Bosonic Sector

By focusing on the bosonic sector of the action, discarding fermionic terms, the explicit
form of the exact action becomes simple enough to propose a field redefinition leading to
a very compact action. We start then by dropping the fermionic terms A3, A5, As.,
and Ay, reducing to

1

1 1
Shos = 1 /d43?L du {2.41.1410 + 24T AT — §A§ - ZAE : (5.19)

Even when the procedure to find the other components of the action is in some way the
same as was for A; and Ajg, one has to come up with a peculiar ansatz to find them.
Inspired by a series solution to the problem which takes in account the interplay of all
curvature equations up to second order, we can propose the following particular form for

the component fields

Aﬁaﬁ =091 Fop + g2cap+ 93 Fap + 9a Gaﬁ + g5 ga,@;
Poop = M~ Fop+hy~ cap+hy™ Fap+hy Gap+hs~ Gag, (5.20)
Aij = Dij + (6] bij + (6] Dij,
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where
Gaﬁ = A(adag)q_ﬁ, gag = C(avG,yﬁ), fag = C(awF,yﬁ), 'Dij = b(ZkD‘;) (5.21)

The functions g;, h; ~ can depend only on ¢, 5" and c,s3 and the harmonics. Similarly a;

(2

can depend only on ¢, b and c,3 but must be harmonic independent due to the condition
O+t Aft = 0. With this, the curvature equations for the bosonic components split into

several parts, the one involving A7 ™, for instance is
OTAT + A5 +200" (gi(c-F)+ga+galc-G)) =0 (5.22)
Where we use the following notation for the traces with the deformation parameters
c-F=c"F,p, (5.23)
which works analogously on (¢- G), (F - G), (b- D) and so on. We will also use
A-0¢ = Aus0°“0, 0-A=0"Aug. (5.24)

We can further reduce the amount of unknown fields involved in the action. Integrating
by parts Af " = 97 AT and substituting the expression for 97" A7~ and the ansatz for
Agap in (.19)), we obtain

1 1
S = /d4l’L du |:§.A1.A10 + §AI+A5 ¢b+ ./44 [ (C F) —|—g20 —|—g4( Af)gb)]
1 1 2 c
—gAﬁ—E@er293>F2——<g4+295) (ADgp)* 92
(2090 2ge F) ) (e F) = — (20291 — ~g2(c- A06) ) (c- ADG)
16 g1 92 — 29 c c 16 92 g4 — 29

16 (291 91 — g3 95) (F- Ad9) + 1%93 gs(c- F)(c- Adp) — % (9392 — g1 95) (£ CA&%)}
(5.25)

The problem is then reduced to finding AY, As and the functions g;. As the ansatz
proposed directly turns the curvature equations for A into the standard form (4.32]), this
functions are solved by the methods we known from former sections. We leave then the
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details for the appendix and present directly the resulting action,

S—/d% 1- (1_tanhX

1, 11,
_§¢D¢_§[§¢

) A% 4 (b7 )32(0¢)* tanh X} O¢

1 D? 1 ,sinh? X 1- 1 _,sinh? X | tanh? X
- __F2 - D F ~12 F 272
T lesl2X 160 X2 {2‘25( D))+ g (F - ) " } X2
tanh X _sinh? X tanh X tanh X 2
—id (D -b(G - b2(G - o) (F - _
1{< (G X oy g5 }( - )
G )2b2sinh2X (tanhX 2 >2 G**c? (Costhith—X)2
(G- _
X2 X cosh? X cosh? X X2
F-G)tanh X hXsinhX — X
LR 5 )ar;( (COS S;?Z > (5.26)

Using the minimal Seiberg-Witten map (4.78)), this Lagrangian gets reduced to a mani-

festly U(1) gauge invariant form

S = /d4x {—%q}m — %(bQ 2)*%(0¢)* tanh X ¢

1 D2 1~ 1, ~ osinh®?X 1- ~  ~  tanhX
Y PPeosh®X 4+ -WA(F- )23 L 5D b (F -
+ 1o x 16 cos + 4b (F-c)¢ e + 2¢( b)(F - ¢) }
(5.27)

Now it is much more easy to find a field redefinition that will further reduce this expression,
‘tanh X

& = D + §(F - )b :
cosh? X O(F - ¢) e
a’Oéd == Aao'“
= 1 [ 2 2\3/2/97\2
7o cosh? X _¢+ (b°c*)*=(09) tanhX} ]

Finally the action is mapped to

1 -1 1
— 4 2 - T qijqg.. _ _— raf
S /d x cosh”™ X _ 2g0qu5+4d d;; 16f fag}.

From the structure of f,5 = Qiﬁ(adag) it is easy to see that there is no way to absorb the

function cosh? X in a field redefinition.

5.3 Exact N =(1,1/2) supersymmetry action in com-

ponents

A similar compact expression for the full supersymmetric action seems to be very hard

to find. The complicated functions obtained by solving the harmonic equations in a
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computer result into a very lengthy action in components which for our further analysis is
not necessary to present. We will focus in the more significant case for which > = 0, and
only 1/4 of the original N = (1, 1) supersymmetry is broken. As a more general selection
of b;; leads to the breaking of half the supersymmetry, this particular b* = 0 choice is said
to enhance the symmetry of the general case.

By taking the limit of the expressions in appendix we obtain

1 _ g .
S = / d4xL — —¢D¢ — —Fo‘ﬁFag + ZD2 + 10 0o WY + ibi; DY 70 0apAG)

1- g 4i e o
+ §¢bi]‘DUCaﬁFa5 + gbijcaﬁAad\Iﬂaﬁﬁg\Ifjﬂ — 41bl-jcﬁ\11 58ad¢\1ﬂ ( )
5.28

4 . _ . U .
— gibijcgd)waﬁdw + P FL 5y UL WIS — 4 2 (b U B2

32 _ o
— §¢C2bijDZ]bkl\IfZ\Ifla:| .

It is remarkable that we can decouple the interaction between the scalar field ¢ and the
gauge field and still have a deformed action, contrary to what happens in the singlet
case where such decoupling would destroy the deformation [52]. This suggests that in
the general fermionic case it will not be possible to obtain a factorizable form like .
Observe also that even in this case, second order terms in the deformation parameters
appear.

The gauge transformations for this kind of deformations are obtained from by
imposing b = 0,

. 4 .. _ . - .
5Aad = Oaa@ , 5¢ = O, 5\11,16’ = —gbwcg\lﬂ; E)ada, 5Dz] = Qibijcaﬂﬁ(adqbag)a

(5.29)
Correspondingly, the minimal Seiberg-Witten map becomes
i Tt 4 0] TG n . o & 7
Uy = Wy — Sb7e5UF Aus, Dy = Dij = 2ibye 7 Aady o . (5.30)
Moreover, we can further redefine \T/ko‘ and D
= M — bk e (5.31)
ij ij T 1ij of 64—21’;‘ T, kTl
DY =dY — ¢pb7c* Fop5 + §¢c b by VW (5.32)
to finally obtain the simple expression
1 - 1 1 . , .
S = / dzp [ — §¢D¢ — EFOfﬁFaﬁ + Zd2 + 1M 00a Ufy — 4iby;cG U O W
(5.33)

+ O by B — 4(;2(%@;@@)2] .
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Again, the non(anti)commutativity introduces interactions in the theory, as we can see
from the last three terms, which are not removable under field redefinitions. An action
with the same features, particularly the last two terms, has been proposed from a string
theoretical point of view [38].

In the theory of type-II strings in R* with their worldsheets ending on D3-branes,
the presence of a background graviphoton field induces non(anti)commutativity of the
coordinates on the boundary. As the low energy field theory on the branes is super Yang-
Mills, it is argued that the presence of the graviphoton will produce a similar kind of
non(anti)commutative deformations of super-Yang-Mills as the ones studied here. Addi-
tionally, a Yukawa-like interaction potential is also present in (5.33).

As the last term 4 c?(b;; W, W/4)? is irremovable, there are second order corrections to

the first order result given in [55].

5.4 N =(1,1/2) - N = (1,0) supersymmetry breaking

Starting from the ? = 0 case, one can weakly turn on components of b;; selectively to
describe the breaking of the enhanced 1/4 supersymmetry present in the former section.

One can consider for example the following limit,
b1 =1, b1s =0, by < 1. (5.34)

In this regime we may consider perturbative corrections to the enhanced supersymmetry
action by including b* # 0 contributions. From the full solution in §B.2.3, and applying
the corresponding Seiberg-Witten map, we obtain the following action up to first order

in b?

1 1 189, 0"
§= / d'ay| - —¢D¢— T D7 1000 Uy — dibyc5 070, 5607

16
b2 _. - o~ ~ . ..
— T¢2F2 + 2P D? 4 P Fpbiy UL WIS 4 4 2 (b U BT
B o (5.35)
¢ i .o Qb c® n s 7 e T,
+5by DVe P+ —( PFap)® — 2100700, 400}
32 2 91 Rijp Gkla 3
— 6%y, Dby WET 4 O(h )].
Its most important feature is the non trivial interaction term
b2 2
—66 G FPE. 5, (5.36)
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which appear also in [52] [115] and can not be disentangled by a redefinition of the fields.
Due to , action can be interpreted as the weak coupling limit of an interacting
theory between ¢ and the gauge field, where the coupling parameter is precisely bas.

As pointed out in [I15], reduction of N' = (1,1) to N/ = (1/2,1/2) superspace allows
a complementary interpretation. We can choose one of the extended coodinates §1¢ = 9«
to be the left Graimann coordinate of some N = (1/2,1/2) superspace. As already
mentioned in this choice is not consistent with the standard conjugation rules in

superspace, but with the pseudoconjugation
(0°) =cagt®, (%) =450 (5.37)

as it is shown in [40]. One can then use the residual automorphism U(1) and O(1,1)
symmetries of the N' = (1, 1) superalgebra to rotate by, = (b1, bag, b1a) = (1, b22,0) . With
this choice, the purely nonsinglet deformation operator (3.24]) in the decomposition ansatz

is reduced to
«— — vy -3
P = =005 — by 0™ 0 (5.38)

In other words, it can be expressed as a sum of the mutually commuting chiral Poisson
operators on two different N' = (1/2,1/2) subspaces of N' = (1,1) superspace. The
component by is then interpreted as the ratio of such independent deformations. In the
limit bys — 0, we fall back into the case where half of the supersymmetry is broken in
one of the subspaces, while for byy # 0, supersymmetry is broken down to A' = (0,1/2) in
both subspaces. The parameter byy measures the breakdown of the second N = (0,1/2)
supersymmetry which is implicit in the N' = (1/2,1/2) superfield formulation based on the
superspace (2™, 0% 0%) . Again, we remark that within the standard complex conjugation

the reduction to N = (1/2,1/2) superspace is not possible.

5.5 Residual Supersymmetry

One of the great advantages of using a covariant formalism like that of harmonic super-
space is that supersymmetry is enforced by geometry itself. For this reason, the actions
we built in the last sections are supersymmetric by construction. For completeness, it
is nevertheless important to obtain the deformed expressions for the unbroken sector of
the supersymmetry for the actions presented. Very much in the same way as for the
action itself, a general deformation parameter b;; will lead to very cumbersome super-
symmetric transformation of component fields, that are drastically simplified in the cases
analysed. We will see that it is nevertheless possible to construct a simple sub-algebra of

the variations corresponding to U, and A, even in the general case.
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As shown in , for a general choice of the parameter b;; the “undotted” sector of the
supersymmetry transformations is preserved. Let us briefly take a glance at the action of

the corresponding supercharges on the prepotential,

(€704 ate Y0 o)Vit = 2(e701)h + 2¢O Ay + 8(eT0T) (6T TT)
—2i(01) %€ 0T 000 — 4i(eTOT)OT 0T D + 4(07T)2 (T T)
+6(07)*(e"01)DYum —i(07)* (e 07)(9- A) + (072 0P F,,

+ (O [—i(et07) (0 A) + 0 "€ Fop + 8i(eT0)0 000U
+4i(07) %€ 0na U™ — 2(e707)(67)°0g — 2(61)* (e 67) 0] (5.39)

In the undeformed case, the supersymmetry transformations generated by these charges

are compensated by the following gauge transformation
0oVivy = (7040 + € "0 _0)Vily — DA, (5.40)

where the matching parameter written in chiral coordinates is [52]

A=A+ (0N + (02N~ (5.41)
with -
A = 2(70)o
A4 =4i(e0M)0,0%%) — 2e, A + 4(e )W (5.42)
AT =2(6T7) + 207005 Ans — 2(e767)(07)?0 '
+4i(e7 M) ¥ 00q V¥ 4+ 2(e 07D .
from this, one obtains the set of undeformed supersymmetry transformations
50@2 =0 (50¢ = QEiQ\I/ia (SQAad = 262@2‘&
- ‘ _ ‘ 1 g . _ o (5.43)
50\1’3 = —1e® ad¢ (S\Iﬂa = —EmD” — §€]ﬂFaﬁ 50D” = Zie(maadllf])a

The deformation introduces a star commutator as in the non-Abelian case, and will
require a different compensating gauge parameter A to assure Wess-Zumino gauge preser-
vation,

Vg = (€040 + € °0_a) Vigg — DTPA — [Vils . A], (5.44)

Following the procedure used for gauge transformations, one starts with the parameter A,
used in the undeformed case, and proceeds to correct the unwanted contributions coming
from the star products involved. A remarkable difference from the singlet case is again
the appearance of extra Wess-Zumino breaking terms not only in the variation of the field

components but also in the Gramann sector. This non-singlet contributions coming from
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the star commutator on A, are to be denoted SVVJ\;{ , and in term of superfield components

have the form

y B oy o
0Ape = =240 00T R P

5 = 8¢yt €5 [Aad\I/_d — 2gz_5\11;} ,
U~ = 8es [(U7)? — gD~ ] bt

5.45
+ 207 [¢(cP (0 A) —iFP)eg — (c- G)e*] b, >4)

OV, = 4ipaa 5 b7,

(03
0D™" = =81 [0aad 5 U™ + e, 0pa U] b7
being €, the Grassmann A" = (1,0) transformation parameter in €, = €’,u; . Clearly, this
variations violate the Wess-Zumino gauge due to the appearance of harmonic variables in

the RHS. In addition, there are linear terms in the Grafimann variables which can not be

compensated using the singlet parameter
Vs = 801es(9)°CHH? —80F Abey Ot + .. (5.46)

We will then need to correct not only the harmonic, but also in the Graimann sector by
extending the gauge parameter to a suitable one. Thus we rewrite ((5.44)) in the following

way
Vg = (€700 + € %0_a) Viig — DTH(Ac+ Fy) — [Vits . (Ac + Fg)}*
=0oViig + OViS + OVt (5.47)
where
Vg = —D"H(E) — [Vis . Fy],. (5.48)

The general superfield Fj, is to be calculated component by component in order to achieve
the correct transformation laws for the multiplet. As the undeformed part of the varia-
tion does not depend on the harmonic variables, we only need to consider its deformed
contribution and the compensating part in order to to correct the harmonic dependence

of the full variation. Therefore, it is useful to define the following notation
0=1049, (5.49)

representing the two terms of the variation that must be balanced to restore the gauge.
The idea is to choose the minimal set of components of F; needed to eliminate the improper
harmonic and Grassmann dependence appearing in ((5.47) and (5.46)) respectively. We will

name the components of this superfield as follows
F,=F+0"F +(0")’F

76
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where
F=f+0"f 4+ 0 f"

& — 2i9; aadf + 219; 9B Hac fﬁ_ + g—d + 21<0+)2 9; aaaf__

_ Q;r b——aa + (9+)2 g(—3)a

(5.50)

F~=—(07)?0f = (67)*(070f7) +10 " 0aag * — (07)°(607)°0f

+g T +i0T07 P05, + (0T FCY)

+i(07)207%0qg Ve + (912 XY

Before writing the variation induced by this field in its full length, we can discard one of

its components corresponding to
o L (5.51)

As there was no Wess-Zumino breaking term in the variation of this particular field, the
condition 98¢ = 0 implies d7T¢ = 0, which immediately fixes f~— = 0. This reduces

the complexity of the resulting nontrivial supersymmetry compensating variations,

; 1 : S aE 1 A . At
0Ans = —§a++b;; +10aaf — [20075 —8Y, f7] CTHL + 4190, fCT7),  (5.52a)

L 1 - ' .
67 = -0l - ia“d [ fo —Afs ¢(J+—M] , (5.52b)

0¢ = =0T g7 + [2Aaa by + 8, f5] CTTP —4id 05 fCT0, (5.52c)

o 1 1 . 1 . N
e A AR 10‘“9; + {— fi F® —iA0] f‘“} C8

+ {l f5 aWAW 10,39 06+ 4107 0, f} (t-af

VG —g PP A, — 3D 420" ﬁb”] Cr+as, (5.52d)
SP—— 1 ++ v (—4) Uoga—— 4 ——af
6D = =20 XD 4 L0 — S 0.ab OIC
1 . T1——a : \T —«
5 | ~20aa(0057%) = 8105 (£, 07| CFo8, (5.52¢)

We will then use the extra freedom provided by the contributions above, to enforce the

Wess-Zumino gauge preserving condition on the variation.
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As mentioned before, in addition to the variations, there also appear Wess-Zumino
violating terms in the Grafmann sector, as terms linear in # and 6 in 5V\;V“; , giving the

following equations for the compensating parameter

8++ffoc 4 4é++aﬂ(5fﬂ* + 865((5)26++a6 :O, (553&)
O Gs + 4 Aaaf5CTHP 4 865 AadCTHP =0, (5.53b)
Which is solved by
Fo=f P+t = (P f e )+ ef (P f T+ e, (5.54)
and
Ja = Aaad ' f 77, (5.55)

where (see appendix §B.3.1])

f=2¢ (Sin;X cos Z — 1) , (5.56a)
f= —\;;%Sin;X sin Z, (5.56b)
f= %2& (coshX sinZ — X 7 o Z> , (5.56¢)
fﬁf = %% (coshXcosZ + SinhXZsinZ — 1) ) (5.56d)

Except for the triplet of fields ¢, A, and WY, the expressions for the transformation
laws for a general deformation parameter b;; are very complicated. We will limit ourselves
to present the exact expressions for this closed subalgebra as calculated in §B.3.2l The

residual supersymmetric variation of ¢ is trivial, the other two transform according to

sinh X

5 VL = |4igcosh X cPp — i cosh? Xe*Peh €004, (5.57a)
0Ans = [8dbijcap + 2X coth Xejjeas] 7T, (5.57h)

Which form a closed algebra
[0, 0] Aas = 2i(e - )X coth X0, 6. (5.58)

As it can be verified by comparison with the residual gauge transformation
5aAao'z = X coth Xaada. (559)
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For the actions presented in this chapter it is not necessary to give the full expressions

of the variations but their second order expansions in the variable X. That is

56 =0, (5.60a)
4 .. _ o
0Aae = {2 (1 + 5520%52) €aptij + 8¢ Caﬁbij} ¢7WL 4+ 0(b°), (5.60b)
OV, = —i [(1 + 4622 p*)e*P el — 4¢ co‘ﬂbij] €;30aa® + O(b%), (5.60c)
i J |o.ap 16 - .5 agi i |20 ap 3
5¢ = \IIQEB 2e €ij + ggbc bij + Aa\Ifdﬁ gc bij + O(b ), (560(:1)

y . 1 _ . _. . _ U
5DV = 2i9™% [(1 + §b2c2¢2) 07 4 Aipe BP0 ¢ gt — 417 b E UL by | + O(P),
(5.60e)

oU' = (—Dijeaﬁ + { G + %b%%ﬁ?) F — 21?2 ¢Ge7

+ 202 [8(4-06) + 90 A)] <+ 2 {4(19 BT — 43(b- D)

- \/?ib%(A .08) — gbzgz?(oF) _ gib%z‘s?(c )| oo L
{5 g Fedn v - Fege. 0)+ i 00) - 2id(c-6)
— %i [2(A-0¢) + ¢(0 - A)] caﬁ}b@?’) ;5 + O(b%) (5.60f)

For the particular N = (1,1/2) case, the limit b> = 0 of equations lead to
the eract supersymmetry transformations. In contrast to the perturbative methods used
in [53] 54 55], we have found this solutions ezactly and afterwards performed a series
expansion to obtain the results above. The extra residual transformation for the dotted

supercharge in the enhanced case is given in [55].
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Chapter 6

Conclusions and Outlook

In this work we studied the impact of Q-deformations on N = 2 gauge theories, especially
for the non-singlet structure of the deformation matrix. By properly defining the com-
mutator of symmetry generators with the Poisson structure that governs deformations,
we were able to measure to what extent they break the Leibniz rule for symmetry trans-
formations. This was used to construct the precise (super)symmetry breaking pattern
coming from particular selections of the deformation matrix.

Out of the generic non-singlet deformation ééfﬁ that fully breaks spacetime SU(2), and
R-symmetry, we chose a maximally symmetry preserving ansatz C; = b”c,g that leaves
unbroken the U(1), and U(1) subgroups of automorphisms. Such product decomposition
for the deformation matrix provides a unique possibility to exactly determine the deformed
gauge transformations, in contrast to the generic case [53 (54, 55]. We developed a general
algorithm to solve the typical harmonic equations related to this ansatz, through a formal
analogy with ordinary differential equations. Using this methods we determined the exact
expressions for the gauge transformations. Quite remarkably, these are given in terms of
rational hyperbolic functions of the variable X = 2v/b2¢2¢ which is invariant under the full
supersymmetry algebra (including its Lorentz and automorphism generators). Through
the construction of the minimal Seiberg-Witten map, we were able to find the U(1) gauge
transformations for the undeformed equivalent system field theory.

By solving the deformed curvature equations for meaningful cases of the deformation
matrix b, we were able to derive the corresponding deformed super-Yang-Mills actions
with partially broken supersymmetry. We showed that the gauge action is governed
exclusively by the first component A of the superfield strength W independent of the
kind of deformation considered. For a general b we constructed the exact bosonic sector
of the action which, through a suitable field redefinition, factors into the free bosonic part
of N = 2 super-Maxwell times a hyperbolic function of X. A striking feature of the result

is its manifest Lorentz and R-symmetry invariance. This action shares similarities with
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the singlet case [50} 52], where the gauge field also interacts non-trivially with the scalar ¢
from the vector multiplet, and the action factorizes into a free part times the polynomial
(1 4+ 41¢)%. For the maximally supersymmetry preserving choice b?> = 0, where we have
an N = (1,0) — N = (1,1/2) enhancement with respect to the more general case, we
obtained the full exact action. Its Lagrangian possesses Yukawa-like terms, interaction
terms comparable to those in the N' = 1 + % deformed D3-brane low energy action
constructed in [38], and additional second order terms in the deformation parameters
which can not be removed by a redefinition of the fields. Contrary to what happens in the
singlet case, decoupling the interaction between the scalar ¢ and the gauge field does not
destroy the deformation. Additionally we studied the behavior of the action upon weakly
restoring selected components of b, as to describe a tuned breaking of the enhanced
supersymmetry present in the former case. The non-trivial interactions between ¢ and
the gauge field that arise allow for the interpretation of the additional degrees of freedom
from 0% as coupling constants, in particular a term proportional to b202¢32ﬁ 2 characteristic
of N = (1,1) gauge multiplet Q-deformation appears. We completed the analysis of the
full actions by working out the supersymmetry transformations corresponding to the cases
studied. In addition, a particular closed subalgebra is calculated exactly for the general
form of the product ansatz.

It is fair to say that without the manifestly supersymmetric harmonic superfield ap-
proach, the structures emerging from the deformation would hardly be achievable at the
component level.

It would be very natural to continue the study by addressing the issues of renormaliza-
tion properties, non-abelian extensions, and instantonic solution of the theories obtained.
Also of great interest would be to consider the most general non-singlet deformation,
perhaps as a perturbation around the decomposition ansatz rather than around the un-
deformed limit, or by using a different kind of decomposition like a linear combination
of deformations already studied. Of particular relevance is the study of the deformations
treated here on models including hypermultiplets, along the lines of [52] 42]. This would
link to the subject of hyper-Kéhler geometries and allow for the study of this deformation
on models with matter, which are relevant for more phenomenological applications like
providing a specific mechanism of soft supersymmetry breaking. Finally we could try to
establish what particular kind of string background produces non-singlet deformations of
superspace. This could shed some light on the mysterious appearance of the hyperbolic

functions from the product decomposition.
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Appendix A

Notation and conventions

The units throughout follow the canonical choice
h=c=1 (A.1)

Only in a discussion of Weyl quantization in will A appear explicitely. Throughout
the text, Greek and Latin indices are spinorial and SU(2), respectively and are both
rised and lowered with the usual antisymmetric tensor eq4, €44, €;; for which we use the
conventions

ik i
€12 = €12 = €43 = 1, ey =0

o eMeys = 03, EMZ—:W = (Sg (A.2)

Dotted and undotted spinor indices are raised and lowered in the same way
W=y, da=capt’s X=X Xa=epX’. (A3)
The convetional contraction of a pair of spinors is defined as follows
WA =9 A () =Xal® WP =), PP = (Y. (A.4)
Even when most of the work is done on Euclidean space, the Minkowskii metric
n™" = diag(+, —, —, —) (A.5)

appears in the standard discussion of harmonic superspace in §2] where we follow the
conventions of [104].

With exception of the first chapter, where latin indices around m are used to denote
general spacetime indices in d dimensions, vectors are always represented by the two-
component spinor formalism. Euclidean (also Minkowskiian) four-vectors are written as
bi-spinors defined by

= %™, (A.6)
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where the sigma matrices include the identity and the standard Pauli matrices

o" = (1,0), ol = <(1) (1)> : o? = (? _01) , ol = ((1) _01> . (A.7)

and 6™ = (1,40) depending on the signature of spacetime (positive for Euclidean).
Whenever the bi-spinor notation is used, we use a convention for vector and tensor con-
tractions that differs with respect to [104],

(z-y) = 2°Yaa, 7 = (v - 1), (F-G) = F*Gp, F?=(F-F). (AZ3)

Our conventions concerning harmonic superspace are the natural Euclidean R*® general-

ization of Wess-Bagger,

1 L 1 1 o1
005 = 5aaﬁ(eﬂtei), ef;e;; = —5%9*9* 0560, = §eaﬁ(9+9 )+ 5(9’; 0,5 (A.9)
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Appendix B

Technical Details

B.1 Moyal product for N = (1,1) Q-deformations

In this section we expose the full structure of the Q-deformed product and (anti)commuta-
tors of two arbitrary U(1) superfields A and B with Z, gradings a and b respectively, as
defined in section §3.3] The deformed terms of ([3.39) are

APB = — (1) (790,40, 5B + (C770 4+ 1) 0,, A0 4B

+(CH00 — 129) 0 A0 4B + C~P0  AD 5B}, (B.1)

AP’B =— —(CT")?03A03B + CTo 0T (02 A0,00_3B + 04003 A 03 B)

N = =

__(ﬂ+§@+f)@@u£3+&AﬁB)
—9 [é++¢w(§——ﬁ5 _(Cad g [ty fgﬁV)} 0100_5A0..0_sB

(C)2PAPB+CH 01 (02 A0,a0_sB + 0400 gAO°B), (B.2)

|
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APPB — g(_l)a{ lé«+—auéiy+é+_”ﬂ + 2GS o1 Ottt P - %(é++)2é__aﬁ]
X 020_aA020_sB
T R e e D e =]
X 020 o AP0, 5B
n [Cﬁ++aué+—wé——w@ _ [é++aﬂé’—_5u — ([2 + %(é+_)2) (CTf + I€aﬁ)]
X 00,0 AOP0_sB

; [mwéwéwﬂ £ PE—o _gplogr) _ <é>2@++aﬁ]

N | —

X 020, A aza+53}, (B.3)

AP*B — _ ; é++%é+_ﬁwé__vaé+_6a _ (1-2 + %(é-ﬁ-—)?) _ i(é++)2(cﬁ——)2

+IPCH 0P 2[6‘“6;@%@1] 020> A920* B. (B.4)

The list of terms corresponding to the (anti)commutator (3.44))

Af = (=1 [1F (—1)] (€ 4 1)@, A D4 B + 05 A0, B)

+CH09,  Ad, 3B+ CP9_,Ad_43B]|, (B.5)
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Af:—pi@m}{ (CY)202A02B + = @ T)OPAP’B
— T CTT (02 A0100_5B + 0400_3 A9 B)
— Ot e 0T (02 AD400_B + 0:00_5 A0 B)

+ % (124 (CH)2) (2402 B + 62 A 02 B)

+2 [C«—k—i—a'yéf-—ﬂﬁ _ (C«+—a6 + ]gaé)(éﬂ-—ﬂw _ ]E’Bw)] Dya0_pA 8+78_5B} (B.6)

AF == (-1 [1F (-1
{ {é+—aué++wé+—uﬂ + [20FteB _ 2[é++gaé+—m6) _ %(C’++)2€1——0¢5:|
x 020_oA0%0_sB
+ {OQHCUVOHW +ICTOnCTR (12 + %(Cﬁ)?) (CTeP — Ieo‘ﬁ)}
X (0-aADP043B + 0°0,5A070_oB)

; [éwuéwéw P08 _ 91 G— (oG (C*)%”**ﬂ

N —

X 8384,&14 8384,[3B}, (B?)

Aj:—§pi )]

AL aoA A 1 .,
; CHra P Cm 0t - <]2+§(C+ )2>

HOPPCTY 4 1O+ O zzé++c;jé+—gé——va] GROE AP0 B

(B.8)
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B.2 Non-singlet Curvature Equations in Components

The full component expansion of the relevant curvature equations is obtained by expand-

ing the superfields involved. Using (5.1

A=A+ 07 A, + 0T A5+ (07)PATT + (0707) A5 + 0720 Ag o + (07) A7~

+ (0720 AL+ (07)207 Ay, + (07)2(07)* Ay,

we break up ([5.3))
DA+ [ut, A, = 0.
into
8++.A1 = O, 8++A10 = 0, (B9a)
0 AL, =0,
_ (B.9b)
Ot A+ AT, — Adcas(0T AT+ 0T AT %) =0,
OHAFT =0
O As + 2A5T — 2007 ¢ Agap = 0,
_ - (B.9¢)
0" Asap +40(207 AJT + 07T As) cap + 40T As(archy = 0,
OTTATT + As + 206" ™ Agap = 0,
OTHAL, —4dbteap AT = 0,
(B.9d)

8++A§a — (&?ag + 495b+7cag)./4;ﬂ = 0.

Expanding v~ ¢ in a similar way
VTS = w4 0w, &+ 0wy S+ (07) ]+ (070 wy 070 Pwg &
(O (070w o+ (07)°0 M wy ¢+ (07)(0F) wy”, (B.10)
we express equation (5.7)
Dy~ & 4 [utt v 9], — ot =0,

as
O tw* =0,  ottw =0. (B.11a)
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a—i—-‘r 2 — 07
B (B.11b)
a-f—-‘r ——ad + wéya + 4¢Co¢,@(b+—w2ﬁa + b++w5ﬁ—a) 2A%G — 0
a++ 4 — 0,
O wy @+ 2wf ¢ — 2007 P wg gy =0,
' B (B.11c¢)
I wg a + 4dcap(2bTwy Y + b w 5N 4+ 4T 7ww) =0,
Ol L 4 oght aﬁwgaaﬁ — AU~ =,
O WG + 4gbT T P wg 5% = 0,
(B.11d)

0wy % — (6% — 4gbT P )wg g + 210°%¢ = 0.
Similarly, we decompose

T =T 0+ 07T (07 s+ (0707 )05 + 070 P
+ (0L (0720 0 + (0720700 + (0720 ) e, (B12)
to obtain the components of ([5.6))
1 .
D++9077 + [U++7 Spii]* + 2('/4 - U) + 5 {U+ av U;}* = 07
namely

o™ + 2( A1 — ¢) + 2 AL (0T wapa + b T wy 5s)
— 2ib2czcaﬁ82‘q;(b+7wsﬁa - b++w§,§a) =0,

O oy + 2(Aw + 0¢) = 0.
(B.13a)

O 050 + 2A5, 4 247 [cap(2b7wi, 4+ b ws,) + 0T wg0e] =0,

O O8D + g — Abcas(b™ 0y ” + b+ 2( A5, — 407,)

+ 2A4P4 [cag(b+_wgd + bttty — cngr_wgmd] — 88U (0" Wy + b wy ) = 0,
(B.13b)
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O oy 4+ 2A5T 4 26T TP A%wg 5 = 0,

O™ o5 + 204 — 200" ooy Ly + 2[As +1(0 - A)] + 2¢8 A (DT ws gs + b T wg )
+ 4b++\il_dcaﬂw6—ao'zﬁ + Qicaﬁﬁgqb(bJr_wwd + b++w3_g_d) —0,

O Pgap + Ahcap(20" "4+ b 5 7) + 40T ey Do)y T 2(Asap — aﬁ)
+4A ey o (T wg gys + 7T Wy pya) — SV ac, wﬁﬁ) + 8¢ap U (207wl + b Tws @)
- 416((1(96)(;5(6+ Wa~yg + 0 +w3m) =0,

O s+ 2007y + 2ATT = BDTT) + 2 (A g+ 20 w5
- 21caﬁag¢>(b Wy s + 0 Twy ) =0,
(B.13c)

Ot 050 — APb T capps T+ 2AL, — 8DTTI T Ywg gy, + 21205 G(20T W, + b ws,)
2 Baya tp++, ,— —
— 21, 0" Pb" T wg 5,4 = 0,

8++g09a 3) — (€ap — 4q5b+_ca5)gogﬂ +2(Ag,, — 4i0,, V¢ ) — &b cag\lf Cng

+ 2ibT™ cﬁ”(agggwgaw — agéwgm) + Qicgﬁgq_ﬁ(%ﬁwm + b wg,) = 0.
(B.13d)

B.2.1 Solving for v,

The general technique to solve this kind of equations has been exemplified in §5.1} By an
analogous procedure and choosing suitable ansatze, one can obtain the full solution for
the rest of the components of this field. The first and last equations of directly set
wy® and wid to zero. The complete set of fields are given by

tanh X

wy Y =wp* =0,  wy=2 < A wf Y = —2sech® XU (B.14a)
wy ~ Y = X;;—_ZQ \/%(COSZ — cosh X)e*? + (sinZ - Zsth> 5“/3} 2 sech X A
(B.14b)
4 e pte
wy; ¢ =4cos Zsech XU~ + mllsech)( [Z(sech X — cos Z) + X tanh X sin Z]
(B.14c)
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. [2 o —— e
Weos =\ 5 {—4 sin Z sech XU~ + ﬁ—24 sech X (X tanh X cos Z + Zsin Z) | cap
c

X2+ Z
(B.14d)
e KOTUTE (k—)20+a
U)r(7 ) = m42(1 — COSZSGCh X) — mQ[X2 tanh2X (B14e)
+2ZX tanh X sech X sin Z + Z*(1 + sech® X — 2 cos Z sech X)] (B.14f)
ch = |2 in 70 Ze*%| 2isech X 956 B.14
wg® = |- >3 sin Zc*” + cos Ze isec 50 (B.14g)
., K sechX 2 o
—— . __ . . Oéﬁ aﬁ . &
Wy = Tx2i o2 [—\/@(ZSIHZ—I—Xsth)C + Z(cos Z — cosh X )™ |21 05
(B.14h)

The natural splitting of this fields in the bases ¢*’ and £*” is useful to further solve
the flatness equation of ¢~ (j5.6)), and therefore to fix the integration constants in the

determination of A.

B.2.2 Non-singlet Q-deformed Bosonic Action in Components

The ansatz ({5.20))

Asap = 91 Fop + 92 Cap + 93 Fap + 94 Gap + 95 Gass
QOG_a_ﬁ = hl__ Faﬁ + hQ__ Cap + hg_ fag + hl_ Gag + h5__ gag, (B.15)
Aij = Dij + (6] bij + (6] Dij,

splits naturally the curvature equations for A that are relevant for the bosonic action into

OTTAT =0

OTFAs +2AT =200 [g1(c- F)+ g2+ ga(c-G)] =0

O go +8pbt ™ AFT + 200" [g3(c-F) +g5(c-G)+2A45] =0
a++g1 _ 2$b++ C2 g5 = 0

g3 +4gb™ g1 =0

a—i—-‘:-g4 - 2(5[)++ C2 g5 = 0

Ot gs +40b* gy =0

AT+ A5 +200% (g1 (c- F) 4+ go+ga(c-G)) =0

(B.16)

This equations are solvable up to integration constants that are fixed by (/5.6]), which is
also split by inserting (B.15)). In particular, the coefficients (07)2, =02 and (0%)? of
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(5.6)) comprise the following coupled system of equations
0" o4+ 2A7T + 2T e Angwy® =0 (B.17a)

O s =200 [hy A+ hy (e F) 4+ hy (¢ G)] 4 245 4 2, + 2i(0 - A)
— b [® (A-09) (g~ — i3 ) + 2(c- G)(wy ~ — iws )]
+ b7 [2(c- G)(wWs + iws) — ¢* (A - 0g)ws] =0 (B.17b)

O hy ™ 420" [205 + hy (¢ F) 4+ hy (¢ G)] + 292 + 86b™ 4
—26%" [4(c- G)wg ~ + (A - 0¢)(wy ~ + iy )]

—2b% [2(c- G)ivg — (A - 9¢) (s — iwa)] =0 (B.17c)
OTThy™ +2(g1 — 1) — 20" g cth; =0 (B.17d)
Ot Thy ™ +2g3+4b T gh ™ =0 (B.17e)
Ot hy™ +2gs— 20T g cths ~ — 20T (g~ + iy ) + 20T Paig = 0 (B.17f)
OtThy ™ + 25 +4bTTohy ™ +4bTT (g~ + iy ) — 4bT (wg — iwy) = 0 (B.17g)

Ol for T 42457 — 6D — 2ib (¢ G)ws
+ 20" [hy =+ hy (e F)+ by (c- G)]
+ b7 [P (A-00) (g~ — i3 ) +2(c- G)(wy ~ —iws )] =0 (B.17h)

where we have adopted a conventional notation for any SU(2) tensor field
DY = P 4 P (B.18)

More explicitly, the scalar functions commonly denoted by the letter w, are related to the
solution of the flatness equation ([5.7)) found in|B.2.1] as follows

Wi = wp A, wyT = wyTAG wgt = w{P056, wy T = w056, (B.19)

where w; ~*?, w$” and wy ~*” are decomposed according to (B.18).

Equations (B.16]) and (B.17)) are equations of the standard form (4.32]), whose solutions

fully determine A%, A5 and Agqp. The first two are given by

g o bv D
AV = + B.20
4 cosh® X cosh®? X ( )

where

sinh X

[—2i(c- G)(cosh X sinh X — 2X) + (¢ F)¢ cosh X sinh X] , (B.21)
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and

2007~ V2b2sin Z

As = — +
o cosh? X X2cosh® X

( — 2icosh? X (cosh X sinh X — 1)(c- G)

— +7
—X2sinth+¢cosh3XsinhX(c-F)>—2 cos Z
cosh X

oV2e2b~— Dt ,
T X 2 [X sinh X sin Z 4+ Z(1 — cosh X cos Z)]. (B.22)

The components of Agag (see (5.20)) are

sinh X

G = ( s 0) (B.23a)

20 0% [(X? + Z?)o + 8¢*c* cosh Xb~~ D]

- Z(0, 2 cosh X) + (2X sinh X , 0)],
- X2cosh® X (X2 + 72) [Z( cosh X) + (2X sin ]
4 2 0 2D+ n 2070
2\ coshX = cosh*X )’
(B.23b)
/2 sinh X
PTVe (0’ X ) ’ (B.23c)
21V b%c? '
94 —m()( — cosh X sinh X, 0) (B.23d)
2i\/D2c2
gs =m«), cosh X sinh X — X) (B.23¢)

The series expansion of the solution coincides up to second order in b with previous

known results

oc=2i(c-G)+(c- F)p+ X* g(c-F)q_S—i(oG) + - (B.24)
AY =DV 4 b9 ]2i(c- ADP) + plc- F)| +--- Ay = —2D"" —4ib*(c- ADP) + - --
g1 =1+--- Go=8¢(b" DT —b D) ... g3 = —4¢bT + .-

g4 20(52)7 gs = O(bg)-
(B.25)

Inserting (B.20)), (B.22) and (B.23]) in (5.25) and taking the harmonic integral we obtain

the action as presented in (|5.26]).
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B.2.3 The Full Deformed Action in Components

The pure bosonic coefficients where calculated in §B.2.2] where we only considered A,
Ait, As, Agap, A7~ and Ajg. To solve the full case, including the fermions, we must

take into account all components of A

The solution of Aj, and A;,.

The series solution of the subsystem of equations including A3, A3, ©5n, @5,;3) gives
Whe = 2Aaa, Wit = =201, wii =405, wi,, = 2i0aa0, (B.26)
Wy on = 4ol Agab™, Whay = 16630y, (B.27)
Waos = — S Dpadpb™™, Wy = —8ipcl Dpadb™ . (B.28)

Agy = —20), A =200, b =4, =00 (B29)
14+ 8 Bagip+ _ O3 B+
Age = +§CaﬁA Vabi — §¢ca5\11 b;
8 = 16 - ,
Az = —3ap A" Gb — —deag Wby
8 —y 16 - ,
oo = +3as A" Ueby + 5 dcag Vb
- 8 = 16 -
Soét()z Y= +§CaﬁAﬁab__\Ila'_ + gﬁbcaﬁb__\ll_ﬁ
8_ . _
Ase = +300°¢ 2450 + 997 (B.30)
8 _ .= - .
Al = =50V ALY + 8422 bl Tp)
16 - o - T 9 iami
P = — 5 OV (AL, — V) +89 FATTLHH )
- 16 - | = 13-. (_
o) = g2 AY |y ) 4 2 )
3 10
8- 14 .
— 2% | U + — v )
3 5
This inspires the ansatz for a general solution which turns out to be
A3, =AapUt’ + BogAPUL + FIU + GIF AP b (B.31a)
Az =HopV ™ + Jog AP, + Ho g U 4 7 AP (B.31b)
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from (B.9b) we immediately have

Ot Aug + F;BJF =0, O Bog + GI; =0 (B.32)

OF =0, G =0 (B.33)

the general solution for this system is

Fi = Fogb*, Giy = Gugb*t (B.34)
Aap=Fog— Fagbt™, Bog = Goy— Gogh™™ (B.35)

where Fs, F 5, G5 and G} are harmonic constants leaving (B.31a)) as

Ay = (Fag = Fogb™ )T 4 (Goy — Gog b )APUL + Fpb™ 070 + G bt AP0
(B.36)
splitting the unknown functions in the basis f P + feo® and solving for them, we obtain

+
AQa

. . inh X . —(Xcosh X —sinh X)
FO—0, FO=2 2 flo Pl = B.
0, X cosh X’ 8¢ X3 cosh X ’ 0, (B-37)
A < —~ (X — cosh X sinh X A inh X — X cosh X .
GO —0. 0= 4ViRa ( coS 2sm )7 ol 8 (sin CoS )7 ol
X cosh® X X3 cosh X
(B.38)
and for A3,
N A 2 . b? - 16 - 4 -
14— | 2 0 [O7 21 - 24— 4
H=-F b+ + ( C_2F cosh X — EF > sin Z ~ §¢b+ — 1—5¢X b+ + O(b )
(B.39a)
~ A 2 ~ -
H = (FH / %X sinh X — F° cosh X) cos Z ~ —2+ 842 (b77)2 + O(b?) (B.39b)
T Alp4— EVO . b_QAl : §+—_§ 27 +— 4
J=-Gb" + ;G cosh X G |sinZ ~ =b X0+ 0O(b") (B.39c)
c 2 3 15
. N 2 . 4 _
J = (GH / %X sinh X — G° cosh X) cos Z ~ §¢b202 +0(b*) (B.39d)
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N K o [ A1 - osinh X P
H —m{X (F COShX— gF X )COSZ"—FZ

R 2 . 16 -
+Z (le sinh X — /< F cosh X) sinZ} ~ —§6¢b—— +0(*)  (B.40a)
C

Y o 12 ~ -osinh X\ | ~0
H —m{X ( ?F COShX—F X SIHZ—F A

~ 2 . _
+Z (FO cosh X — \/—QFIX2 sinh X) Cos Z} ~ =82 b + O(b?)
c

(B.40b)

A - A . ~sinh X
J - _I{—{X2 <G1 cosh X — _2G08111
c

X

A1 2
7 )COSZ+GZ

~ 2 . _
+Z <G1X sinh X — \/;GO cosh X) sin Z} ~ —ggbb__ + O(b?) (B.40c)

_ K o 2 A _ sosinh X} o .
_—X2—|—ZQ{X < 02G cosh X — @ ~ sinZ —G°Z

R 2 . 32 o-
+7Z (GO cosh X — \/;GlXQ sinh X> cos Z} ~ EXQQS bt + O(b°)

(B.40d)

<

Solution of the fermionic contribution to A; ™", As, Ag s, A, and Ag,.

The procedure to obtain the rest of the components is similar than the one in last subsec-

tion, therefore we report here just the results. We name Aijf, Ass, Asy op the fermionic

part of the quantities whose bosonic part we know exactly from (B.20]), (B.22)) and (B.23)).

First we define some functions frequently appearing along the calculations

(X + cosh X sinh X) tanh X
= B.41
“ X?2cosh X ( 2)
5 :X — 2X cosh® X + cosh X sinh X (B.ATD)

X2cosh® X

_3X — 4X cosh? X + 3 cosh X sinh X — 2cosh® X sinh X
n X2 cosh*

Y (B.41c)
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With this we can write

AL =207, \m,ﬂ V22Ut ot i < (B.42a)
COS

As =2V2e20TT U U asin Z — v2¢2b;; W' Wy sinh X sin Z
+ Uty {4\/ 2c2bT " asin Z + 2V b2 23 cos Z}

- = 2V2c¢%h -
+ \Iﬁ\lﬁﬁ{)@ (B—a)sinZ —8pc* (b )’asin Z — 2v2c2" " Bcos Z
_ BX T 24—y G
2V2%h* } = 46t b 0 B.42
+ c?b — G c b by Y (B.42b)

_ b _
Asf op :{\Iﬁ\Iﬁm [46XZ sin Z + 4X*(Btanh X — a) cos Z — 32¢°(b")*acos Z]

Ut [—2\/ 2b23sin Z + 4V 2c2a cos Z}
— 4V~ U b acos Z — 2b;; W Wy sinh X cos Z} Cap (B.42c)

The last fermionic components are Ag, and Ay, which also have frequent complicated

expressions in common

inh X

§=—2cosh X + (2 + XQ)%, p=1-Tcosh? X + (% n X) sinh(2X)

(B.43a)
. . 2
n=—3+Tcosh? X — 4(2 + Xz)w (4+ X4)Sm§2X (B.43b)
inh X (sinh X — 3X cosh X

€= 5 2X%+ (17 + 2X) cosh? X — 9X cosh X sinh ¥ 4+ S A (S0 = 3X cosh X)

(B.43c)

s o 5 . 7z .
A —8igh™+ 2 cos Z10,, 55 + 2+ sin 20T + 2iv/22pt I0Z g i
n n ncosh X

[ 2 sinZ [6° -0
21 — — 1] —8ip—cos Z
+ 214/ 2snh X < > 81gz§q7 cos

[ § 2icosZ 52 ¢ cos
—217sin Z — 1—— 8‘“\II+°‘ 4i b++—
+ i 14 s 17+ sinh X < 77)} A ncosh X

Y a/‘/d\y"l‘a

a'ya’yd(glilfd

h X0 Z L
— |21V 2b? ( hcii hi{) sin Z + 4ib™~ —C COZX} 0,500
7) COS sin 7 cOs

[ np — cosh X4¢ _ (sinZ
21V b2 c? Z —2V2chT T ——— | O HP T B.44
* i : ¢ <77 cosh? X sinh X o8 ncosh X ¢ ( )
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) o _— o4 CcosZ —
Ag @ =4ib* ECOSZC Y060 + 4ibT mc 70,40

§(sinh? X — cosh X0)

1) .
+ {21)( coth X + 2iX + 4ivV2¢2b* ™ = sin Z] oS

nsinh X n
2iv/b2¢2 (sinh?® X — § cosh X)¢ . Csinh X7 - .
— ZsinZ CoUT
* cosh X sinh X [p n s Xn %9

8iph~~ [ o[ 02— cosh X§ XZsinZ (6* 50 SRR
—m{X (#—1 T\ Y T s E e

16i¢? 2~ ~b"~ 5 | o
h X |—(—2X cosh X + 2sinh X + X“sinh X) — X
sinh X (X2 4 Z2) cos 77( cos + 2sin + X?sinh X)

2
+ ésinhX(X —ZsinZ)+ X cos Z <1 - 5—)}8§W+d
n n

4~ p ¢ ¢
— X2 hX —9)= Z*cos Z~>
cosh X (X2 + Z?) { LoshX + (cos )n} o n

XZsinZ ¢ S
— (1 h X§= VO, qpU T
+ cosh X sinh X ( oo 77) }C e
8igph~ bt~ (¢ ) ¢ Xp
——1<¢~ |2+ X" —2XcothX — X=>tanhX | - —————
+ X2+ 722 {77 * cot ntan cosh X sinh X
¢(sinZ p XoC L
.y - forgute B.45
cosh X7 * (cosh X)2sinh X cosh X sinh X7 a® ( )

B.3 Residual Supersymmetry transformations

B.3.1 The Graflmann Sector

We start from ((5.53])

a++f—a + 4é++aﬁqgfﬂ— + 8e§ (qg)zé++aﬁ =0, (B.46a)
O Gg + 4 Aaaf5CTHP + 865 AadCTHP =0, (B.46b)

To solve the first of these equations we propose the following ansatz
Fo=f P+t = (P f )+ ef (P f T+ e ). (B.47)
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which maps the problem to the standard form (4.32]),

a**fw%m**(fw@ _ (B.48)
~ 2 A

8++f——vgcn++f — 0, (B.48b)

T+ f+ 2 kT =0, (B.48c¢)

Vo
V2?2
2

ot f— kT =0, (B.48d)
Meaning we can use again the same methods as before to solve it. That is, propose an
ansatz of the form (4.54)), solve the equivalent system of ODEs and impose the consistency

and regularity conditions (4.52)) to obtain

. - (sinh X
f=2¢ (sz cos Z — 1) , (B.49a)
R 4¢ sinh X
f=- \/%SIHX sin Z, (B.49Db)
x__ K — ) sinh X
f = ngb cosh X sin Z — ZcosZ |, (B.49c¢)
A 4¢ - inh X
= \/%ﬁ (coshXcosZ - P2 sinZ — 1) : (B.49d)
c

This solution can be written in a manifestly regular way using trigonometric identities,

- inh X 2 sinh X
I =2¢¢5 lsaﬁ (sz cos Z — 1) - caﬁ”gsz sin Z

+{5aﬁ i [sinh(X +iZ)  sinh(X — iZ)}

2

— 4%b
U X +iZ X —iZ

- Caﬁ% (X i 7 lcosh(X —i2) =1+ = Jlr iz lcosh(X +12) - 1]> }
(B.50)

Repeating the procedure for the equation (B.46b), involving g, , we obtain directly

Ja = Aacd™ % (B.51)

B.3.2 Closed Sub-algebra

We will now construct a sub-algebra of the residual supersymmetry involving the fields ¢,

Wi and A,g, for which the deformed expressions are particularly simple even for a general
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deformation parameter b;;. From (5.45)) and the new compensating parameter, we get
ST — 272 — o — 1 —a | ir— 71« — 1 —(—3
00, = Daa |2i¢°e;5¢ Apt— — Zf +ifg oc Pyt — Z(‘?*’ng ), (B.52)

on which the Wess-Zumino gauge preserving condition must be imposed after introducing

the following Ansatz

35 = €0aa P + € 0aa PP, (B.53)
that turns 0¥ into
00 g = € 300a K + € 500a K70, (B.54)
where
_ ] _ 1
KB — 2ig2h+— 8 — i Fo7 PGl — 0T P, (B.55a)
i _ 1 1
Ko = _i A L b UA e (B.55b)

By imposing the condition
(07)* 605 =0, (B.56)

we obtain the following set of equations

(0T K*P =0, (B.57a)
20T KP4 (07?2 K~ = 0. (B.57b)

Decomposing the fields in the usual way, i.e.
K = K 4 Ke®® K0 = K¢ 4+ K¢, (B.58)

One is back to the standard form (4.32), which is solved by

.- inh X .
K= %qﬁ (1 — cosh x 22 ) , K =0,
(B.59)
A _, (sinh X \? A _, (sinh X \?
K =2i¢" | —— | b" K™ = -2i¢’ .
i¢ ( e ) b, ito) ( e ) b
Feeding this solution back to (B.54)), we obtain the compensated part of the variation
~_ . _ inh X g . _
5O — [4i¢ cosh X = @B — i ginh? Xgaﬁgw} €;500a0 (B.60)

Including the undeformed contribution, we get the full variation

sinh X

0V, = {4@ cosh X P — i cosh? Xs“ﬂEij] €800, (B.61)
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Now the task is to solve
Ot 6A,4 =0. (B.62)

In this case we propose to consider the terms depending on b_, in equation (5.52a) as

the minimal terms needed to correct this variation, i.e.
- - - 1 e - A
0Ane =24V e; pCHH [0 — §a++bm + [20 bz, +8Y; f5] CTHL (B.63)
Thereupon, we use the following Ansatz
by =€ PUL Ayg + 6(_5@? B.s + Ut CO(;) + W, E.s. (B.64)

We remark that this selection is also suitable to correct the variation of the remaining
fields, where the compensating component b_. is present. In this particular case, (B.63)

acquires the form

0Ane = € PG F + 0T Qg+ PTE H; + €W Lo, (B.65)
where
Fif =240 cop — %a*maﬁ + 207t (4f 5 — 0 Ayg) (B.66a)
Gop =— Aap — %8**3;[; +207t ) (4f 5 — 0By ), (B.66b)
Hyy =— %Baﬁ - %aﬂqﬁéﬁ‘*) —20b* 08, (B.66¢)
I =— %a++E;ﬁ— 20t (2f 5 — 0B ). (B.66d)

Imposing the Wess-Zumino gauge (B.62) amounts to
O =0, 2F+0"Gap=0, Gup+td™H_ ;7 =0, 9 l,z=0. (B.67)
which is in general solved by
i ot _ +- — _ p—-
and by taking I*? to be independent of harmonics. The variation (B.63)) will then be just

0Aae = € PULFST — 28000 Fiy + UL Fop + P03 g, (B.69)

which is independent of the harmonic variables, as can be seen after using the reduction

identities ([2.24]),
SAoa;'v = (Ej af + 8”]‘1/3) Ezﬁ‘ifé (B70)
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To find the explicit form of this variation we just have to solve for Fj;,s and I,3. Let us
tackle the latter, by replacing (B.66d|) into its corresponding equation in (B.67))

(O E,; —4b™t o™ (2f; — o E;) =0. (B.71)

Splitting in the usual way E~—%% = E~—c0 4 F—eof , the equations to solve are of the

standard form

(8**)2Ev” _ @K++a++<E _ 2(1371]?77) -0 (B.72a)
(O PET + kO (BT =207 ) = 0 (B.720)
c

Reinserting their solution on (B.66d)) we obtain
I.p = —2(1 — X coth X)ep. (B.73)
The same procedure can be used for the other equations, we solve

~ _ 1 o . _ .
P = 24907 — S0 A+ T (4f — 64,

) - (B.74)
= —§a++/1 — b (Af — pA),
A n 1 N . .
—2FTT = —A— 0" BT 42T (4f T —¢B ),
_ % A - (B.75)
—2FtT = —A - §a++B" —AVTHAfTT — 9B ),
= lp— lgmetn Jogprraen,
2 2 (B.76)
Fm=—0B - §a++é<*4> + gyt O,

for Aug, B, and C’é;i), imposing the usual consistency and regularity conditions to get
FJ = 8¢b7cqp. (B.77)

That is,
gAad = [8@3 bijca,g - 2(1 — XCOthX)gijgag] Eiﬁ\ifi. (B78)

adding the undeformed contribution we obtain the full variation of the field
0ALs = [8(5 bijcap + 2X coth Xfijfaﬁ] ewqfi. (B.79)
Which together with 6!, forms a closed algebra
[0, 0] Aag = 2i(e - )X coth X0, 6. (B.80)
Remember that the residual gauge transformation is

0, Ans = X coth X0,4a. (B.81)
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B.3.3 Supersymmetry Enhancement and Breaking

In what follows we will concentrate on the supersymmetry variations under which the
actions and are invariant. Taking advantage of the approach we have devel-
oped, it will be enough for both cases to limit the extent of the solution as to include only
up to second order terms in the variable X. As we have seen this kind of calculations time
and again, we will restrict the discussion to proposing the ansatz needed to put the field
compensating equations into the standard form and then simply state the series solution.

For DY u,;, for instance we start from

- - . 1 ] .
S = — 8i0u [0 U B¢ — OTEX Y 4 LordT
1 . T ——C —\J—& - na
— glaad (200 +8f, U] b (B.82)
The proper Ansatz for X4 is
X = goa [e;_ﬁ Jos + ez_ﬁ Jé?) + ezw JC(M}@ + eg jc(y;l) , (B.83)
where
6?@2 = ES‘I’Q, €8a = Eiﬁ\iid (B84)

Introducing the known values of f; and b_,, 0 D™~ takes the form

ad

S - _ qaa [ —— —B g —4 Yy
D™ =0 ey Mg+ el Moy + el MGY + el M5 (B.85)
where
o i 2, - 1 -
Maﬁ = 81(bbJr Cap T éAag - ngr Cg(4f7ﬁ — ¢A,yﬁ) — §8++Jaﬁ , (B86)
1 21 - 1
— _ —— +- —— — ++ 7(=4)
0 _ laen, Zo a0 Lot o)
Maﬂ = ECQB + g(j)b ch'w — 58 Ja,@ s (B88)
~ 1 21 - 1 =
— _ —— +— —— —— ++ 7(=4)
From the condition (07+)3§ D=~ = 0 we obtain the following set of equations

(8++>3 M"/oc _ O,
6(0%)* Myo + (0FF)’ M, =0,

++ 2 - ++313 7 r(—4) (B.90)
60" Moo +3(077) M, + (077)" M,V =0,
37—
(")’ M - =0.
We now split M,s = Mc,s — Meag in the standard way, to obtain
5D — _aad{ [Dreld, + 88Dy (b - e52)b7] 67 — 46 [Dsé,] cg} (B.91)
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where

~1]

g — ik J)

ad Crad

and (K- €aa) = Kij - e (B.92)

After solving for Dy, Dy, D3, the series expansion of the variation up to second order in
b is
y . 1o oo\ (= Lo e e
§DY = 2ip" {(1 + §b2c2¢2> €00 + ige PP e, b7 — 4ig? 0L WLy, | + O(b)
(B.93)
For the field ¢ in turn, combining the results in ([5.45)) with (5.52c]), we have

0 =8 (2U €50 — Aas ¥ %) CHtef_ogttg— 4 (2A40abs ™~ + 8%, f5) Ctrel (B.94)

which includes terms already present in the variation of A,, whose u-dependence was
already treated in the preceding section. It is helpful then, to simply substitute (B.63) in

the equation above, and choose g~~ to be of the form

4—1

g = —TAadb;; +G 7, (B.95)

where G~ is still an unknown function. In this way we get

0 = =0T G — ¢ A Ans + 8T (Aa U + 0U,) (265 + 7' f5).  (B.96)

We take now the following Ansatz for the function G™~

G =6,;G0 4 el;G 0+ el 1GUY 465G, (B.97)
where o
800 = (ApaV® + 90,0 ),
o ( - # ‘) 7 (B.98)
€ap = (Aadllﬂa + QS\IIZOC) €i3-
Inserting the Ansatz in (B.96), it takes the form
0 = ey NTHP 4 efoNP 4 et ENT0 4 e, g N0 — §71 A6 A s, (B.99)
where
NHHeP = — TG0 4 8T (2¢* — 72 7)), (B.100a)
NoB — _gttq——aB _ geh _ 8b++gz_5‘1c§“f“75, (B.100b)
N8 = _gttG(=1aB _ gt+G——ob (B.100c)
NP = —gt TG0 4 apt e f0, (B.100d)
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In this case the variations 0 4,4 and qu do not contain their undeformed components. As
usual, we will add them later. Now, solving 971td¢ = 0 and expanding in power series,

we obtain
5¢ = W' el | 2e°7 10 Geasy ASWL el 20 oo, | + 00 B.101
O = afp | 2€ aj—i-ggzﬁc i |+ Eﬂ 36 i |+ ( ) ( . )
Finally, for =% one has
o0~ =8e; [(U7)? — gD~ | bt
+2ib7 [¢(c* (0 A) —iFF)eg — (c- G)e ] b

1 —3)a 1 ad =—
Z@“’f( Y +Za 9a

e R/ IR iV WL ¥y pal e 1 il v R (B.102)
- % fr A, —i%g—%} bt P
1, . § oo _
+ |3l 5 = 145051 a} bt
Inserting , and and and using
Y =ePugy + P, (B.103)
the variation (B.102)) acquires the form
U = W + ef W=7, (B.104)

where
1 ——0 T
wes :18++U B _ b++cvgbU VB8
0T (I T)2(4e 4 AP + b () (B0 — 2B )

+ DYz bt (32 77 — 8pc™?) 4i(0 - A)[ 9“7 + bt (2007 — cﬁf”ﬁ)]

1 d
. bt~ — af +t—~af _ _pt+ 7 p——ap
+ (¢ G) {2 o ¢g qgf —2ib" e 2b d(;_SP }
el i —c B ++ o d o, _ B
+ (4 09) [4d¢9 It ¢g” + 5 b ”dngP 7}
+- af a £y +-ga B pttge S p——8
+ bt [—20F +FLfPI+10TG ¢d¢g +0b g”dgb , (B.105)
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and

wes 1

1 —
4Uffaﬂ + _a++U(f4)aﬁ _ b++c’0yz¢U(f4)fyﬁ

+ b [(\If g) (B~ +2E“7ﬂ) + (TTO )20

+3D%u; bt af——vf’+ (a A)g b

1 d
. + a ——aﬁ . + ——af ++ _P(_4)O‘ﬁ
+(c- Q) {2 cb i ¢f SR }
_id 1 d
A-00) |2 Ly ap _ Lyr-pag D - b++ o= PP
+ ( ?) {4 d¢9 2 ¢d¢g + ”’dgb
d
Lyt F B LG g 4 g p( 4B B.106
o N U (B-106)

Forgetting for a moment the complexity of the functions involved, the condition
(0T 1)200~* = 0, amounts to

(0T W =0, (B.107)
20TTW + (0TT)2W 7 = 0. (B.108)

which has a simple solution

WY — ™ 4y 7, (B.109)
W= = -k~ rY, (B.110)

for p, and 7, independent of harmonics, thus

SV =€ p* — € k] P, (B.111)

)
gl
Using the same methods as before, and expanding in power series one obtains

| ’ 1 - 7
S = (—D”eaﬁ + { (5 + %bzc%z) Fof —2ib* g G’

+ 2R [8(A- 00) + (0 A)] &7 + 2 [4@ GT) — 43(b- D)

V 2c2 5
3

P6(A - 00) — SBF (e F) - ;ib2g52(c~G) o\ cis
/2,

. { 2 pué{%gdb.@@) - 2250 D)+ L5H(4-00) ~ (e )|

— gi [2(A-09) + ¢(0 - A)] Caﬁ}bij)ejﬂ + O(b?). (B.112)
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Useful Formulae

C.1 Harmonic integrals

In this Appendix we give explicit formulas for some harmonic integrals used throuought

the calculations. As said in §2.3] integration over harmonics is fully specified by the two

rules [104]
/dul =1, /du u;';j;;l_]m =0.

This means, in particular, that the harmonic integral of any object of the form 9+ f~~

O~ fT1 equals to zero, i.e. one can integrate by parts. Using this property and equation

1 )
Vo — (b )= = 3 v, b*=0b%by,, (C.1)

that follow from the reduction identities of harmonic superspace ([2.24)),it is then easy to
show that

(b+—)2kz+1 (k ) )8++ {b—— [ b-i— ) )\(b+_)2k_2 4t (_1)k/\k] } ’ (CQ)
(bJr ) (b+1) _ ST 38++ {b,, [ b+ )2k+1 )\(b+f)2k71 I (_1)k>\kb+f}}
1
-1 k-i-l)\k—f—l )
o3y (C:3)
Therefore any odd power of b7~ = b(#*)¢ u, is a total harmonic derivative, and its integral

vanishes. This provides a simple way of obtaining integrals of functions of b*~ from its

Taylor expansions. Formally it is equivalent to a simple integral

/duf(b+ 1f/ dz f(x (C.4)
109




APPENDIX C. USEFUL FORMULAZ

From which we derive

X2n
/du Z*t =, /du 7 = (=1)"

2n +1

(C.5)

n

X2 ginh X 291 X2
2n — _1\n | _ e —
/duz cos Z (—1)"(2n)! L}ZOj Qhl X k§ O: (2k+1)!coshX] (C.6)

/duZQ”HsinZ — (1) @2n 1)

"L X% ginh X o= X%
Z(%)! X _Z(2k+1)1COShX](C‘7>
k=0 k=0

Particular useful cases are

sinh X
Z = .
/du cos % (C.8)
inh X — X cosh X
/dquinZ = e cos , (C.9)
2X cosh X — 2 sinh X — X? sinh X
/ du 2 cos Z = 2 Sl; il (C.10)
3 . 2 - . .
/duzg sinZ:X coshX —3X 81nhXX+6X cosh X 681nhX> (C.11)

(24 +12X? + X*)sinh X
e .

/du Z* cos Z = —4(6 + X?) cosh X + (C.12)

Another type of harmonic integrals needed to calculate the full action involve general
SU(2) tensors A, BY. For a general function f(Z) and its antiderivative

P(z) = [ az 1(2)

e / du At~ f(Z) = ‘;‘X’j / Z f(2), (C.13)
and
/ du (AT)? f(2) = {2‘;1;2 - %}'(’?1 / du Z F(Z) + (i;)Q/ du Z* f(Z).
(C.14)

Using this we can show

1 Ak

d A+— ZQn—i—l: -1 n+1
/“ () 0" 53

X2 / du AT~ (Z)* =0 (C.15)
and

[ ey 2y = ap X ]

2(2n+1) (2n+3)

Xin—Q7 / du (A+—)2 (Z>2n+1 = 0.
(C.16)
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Some particular integrals are

[ A% (A k)] , (A-k)?
+-)2 — _ A 2
/du(A )" cosZ = 19X x4 _/duZ sin Z + %1 /duZ cos Z
(C.17)
B . [ A2 (A-rk)?] .
/du (AT7)? ZsinZ = oxz ~ axi / du [~Z sinZ + Z7 cos(Z)]
)2
- (illXZ) /du 73 sinZ (C.18)

Integrating by parts, we also find

/ du (A~ V(621 (2) =

% /du (AT)? {2(){2 +3Z)f(Z) +4Z(X* 4+ Z2) f'(Z) + %(XZ + 22?2 f"(Z)| (C.19)

Due to the remarkable properties of the SU(2) tensors, it is easy to show by direct matrix

multiplication that
Ak B¥ gy = (A-K)(B - k) — X?(A- B) (C.20)

This leads to a direct generalization of some integrals calculated before

A-B)X*+n(A-k)(B-k)

2(2n+1) (2n+3) AT (C-21)

/ du AV" Bt 7 = (—1)" (

/ du A*~B*~ f(Z) = {(1;1)(§> B (A/Z)éfli)} / du Z F(2)

(A-R)(B- r)

11 /du 72 f(Z) (C.22)

/duAiiBquEf(Z) = /duA+—B+—f(Z)+%(A-B)/duf(Z)i%/dqu(Z)
(C.23)

Where
(A-B-r)= A*Blr,; (C.24)
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C.2 Symmetrized products

Some symmetrized products of SU(2) tensors obtained by using the reduction identities
©.24)

prtAt— — p AT 4 %b(JriA;L)’ b= At = pt—A—) %b(_iAi_),

pH= AT = pt AT %b(“Aj), pt-A =ptA) 4 %b(—%ﬁ,

pHHAT = bt A A %(b CA), bTAD =gt At —pt At (C.25)
pr—At— = pltt4—) — é(b - A), b(+iAi—) _ % (b++A—— _ b“A**) :

b AT = pt 4 —plti g 4 %(b CA), VAT =t AT — AT

C.3 Properties of SU(2) Symmetric Tensors

The conventions used in definig the SU(2) tensors in (5.21]), allow us to state some useful

properties of this kind of objects in a very compact fashion

F c”zlc-Fc —C—QF .7-"2:102F2—1(0-F)2
ay 3 9 af3 9 afs 5 5
1 1 1 1
FGus =23 G) = Le-P)e-0). D*=Lipr- LoDy
Fo«yca’y =0, Fa'yFOW — O, (C26)
gaz'yCO[7 =Y, gme = 07
D;;b7 =0, D;; D7 = 0.
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