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Dissertation Abstract:
Supersymmetry is a powerful symmetry that imposes severe restrictions on the the-
ory. One of the consequences is the restriction on the effective action. For N' = 2
supersymmetric Yang-Mills theory the effective action is given by a single holomor-
phic function. This fact together with electromagnetic duality can be combined to
find the explicit form of the effective action. The effective action is described in terms
of an elliptic curve and suitable period integrals, which describe the scalar field and
its dual field. All of these objects depend on one or several moduli - gauge invariant
parameters that describe the theory.
The description of the effective action uses extensively magnetic monopoles. The
Bogomol’'nyi-Prasad-Sommerfield monopoles can be used to combine the relationship
between the period integrals and moduli on one hand, and the spatial dependence of
the scalar field on the other to find the spatial dependence of the moduli themselves.
In this text the spatial dependence of the moduli is studied for N/ = 2 super-Yang-
Mills theories with gauge groups SU(2) and SU(3). To begin with, a first order
differential equation for the modulus of SU(2) is derived and the solutions are stud-
ied both numerically and analytically. The solutions can be divided into several
groups according to their behavior. The different types of behavior also affect the
magnetic and electric field as well as the energy density function.
For SU(3) it is necessary to generalize the procedure used for SU(2). After that
a system of differential equations is derived for the moduli. The moduli space is
larger than for SU(2), and more difficult to visualize. Suitable examples of curves of
marginal stability were chosen which are both representative and can be presented
also in three dimensional space. Suitable numerical solutions to the differential equa-
tions which can be easily visualized are presented as well.



Abstrakt:

Supersymetrie je symetrie, ktera zcela zasadné zuzuje moznosti teorie. Jednim z
dusledki této skutecnosti jsou pozadavky na efektivni akci. Pro N’ = 2 supersymet-
rickou Yangovu-Millsovu teorii je efektivni akce dana jedinou holomorfni funkci, coz
spolu s elektromagnetickou dualitou umoziiuje najit jeji explicitni tvar. Efektivni
akce je popsana pomoci eliptické kiivky a vhodnych integrala - tzv. period, které
popisuji skaldrni pole a dudlni skaldrni pole. VSechny tyto objekty zavisi na jed-
nom ¢&i vice kalibra¢né invariantnich parametrech, jez popisuji teorii, tzv. modulech.
Popis efektivni akce je zaloZen na magnetickych monopolech. Pomoci Bogomolnyiho-
Prasadova-Sommerfieldova monopolu lze zkombinovat vztah mezi periodami a mod-
uly na jedné strané a mezi skalarnim polem a soufadnicemi v prostoru na strané
druhé. V této praci je studovana prostorovéa zavislost modult pro N' = 2 supersy-
metrickou Yangovu-Millsovu teorii s kalibra¢nimi grupami SU(2) a SU(3). Nejdfive
je odvozena diferencialni rovnice prvniho fadu pro SU(2) a vlastnosti jejich feSeni
jsou zkouméany numericky i analyticky. Regent lze podle chovani rozdslit do nekolika
skupin. Toto rozdéleni se vztahuje i na chovani elektrickych a magnetickych poli a
na hustotu energie. Pro SU(3) je nutno nejdfive zobecnit postup pouzity pro SU(2).
Poté jsou odvozeny diferencidlni rovnice pro moduly. Prostor modulu je vétsi nez
v pripadé SU(2) a je obtiznéjsi jej znazornit. Byly vybrany vhodné piiklady kiivek
marginalni stability, které jsou reprezentativni a lze je vizualizovat v trojrozmérném
prostoru. Déle jsou ukézény vhodné priklady feSeni diferencidlnich rovnic, jez lze
rovnéz dobfe znazornit.
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Chapter 1

Introduction

The standard model of particle physics is a theory describing subatomic particles and
their strong, weak and electromagnetric interactions and has been very successful
at explaining a wide variety of experimental results. Calculations in the standard
model are mostly based on perturbation theory. Especially in the theory of the
strong interaction, Quantum Chromodynamics, computations at low energies, which
correspond to observable physics, are very difficult, since perturbation theory is not
applicable any more. In order to learn more about perturbative effects people have
turned to other quantum field theories in which the perturbative effects are easier
to describe. These theories serve as toy models, and hope is that the results can be
transferred back to Quantum Chromodynamics. One of the most popular toy models
are supersymmetric theories, especially N/ = 2 supersymmetric Yang-Mills theory.
Any symmetry imposed on a theory reduces significantly the possible configura-
tion choices: functions that describe particles or fields must transform in representa-
tions of the symmetry group, field equations must be invariant under this symmetry
and it can happen that some effects are simply forbidden because they would violate
the symmetry. Symmetries may involve internal degrees of freedom, e.g. charge, or
they may involve symmetries of the spacetime itself.
The most common spacetime symmetry is the Poincaré symmetry of special relativ-
ity and the internal symmetries are mostly matrix groups of low rank. Effort has
been made to combine these two types of symmetry (internal and spacetime) in a
nontrivial way, i.e. to create an algebra which would include the ordinary space-
time algebra and in which the spacetime algebra would have nontrivial relations
with the rest of the algebra (or at least part of it). However, Coleman and Man-
dula [1] showed that this is not possible within an ordinary Lie algebra. The way
out, as shown by Haag, Lopuszanski and Sohnius [2] is to use a graded Lie algebra
which is given by anticommutators as well as commutators. The corresponding, so-
called fermionic, generators transform in a nontrivial way under the Lorentz group,
creating in this way an extension of ordinary spacetime symmetry which is called
supersymmetry. Supersymmetry is a fairly strict requirement: it restricts the matter
content of theories, introduces specific internal symmetries and has also impact on
the (non)perturbative behavior. Fields must form representations of the supersym-
metry group which restricts our choice in terms of the spacetime fields. Superfields
are formed by combinations of several spacetime fields, so that we always have com-
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binations of bosonic and fermionic fields. In fact, it can be proven that there must
be the same number of bosonic and fermionic degrees of freedom. There are further
authomorphisms of the algebra, called R-symmetries which transform the fields in
a nontrivial way. These can be exact quantum symmetries or broken by anoma-
lies. In supersymmetric theories quantum corrections are suppressed. This is due to
the fact that bosons and fermions contribute with opposite sign, which makes the
corrections less severe. There are several varieties of supersymmetry, which have a
different number of fermionic generators. The A/ = 2 supersymmetric theory is es-
pecially popular, since it benefits from the restrictions that the two sets of fermionic
generators impose (e.g. the effective action of the gauge field is given by a single
holomorphic function and there are only one-loop corrections to the effective action)
but still keeps enough of its nontrivial quantum behaviour to be interesting (unlike
e.g. N =4 which has a trivial beta function).

Electromagnetic duality is a very old idea. In fact, already the form of the
Maxwell equations raises the question why electric and magnetic degrees of freedom
are treated so differently. Dirac [3] found a solution with a magnetic charge - a
magnetic monopole, and showed that the magnetic charge must be quantized. A
nonsingular solution was found by [4]. The quantization condition was later modified
by Zwanziger and Schwinger to accomodate also dyons - particles with both electric
and magnetic charges [5-7|. Solitons with a magnetic charge can be constructed in
Yang-Mills-Higgs theories, e.g. the t’Hooft Polyakov monopole [8]. Montonen and
Olive showed how exact electromagnetic duality could be implemented in various
theories [9]. The concept of electromagnetic duality was also used in strongly coupled
gauge theories. Here, the idea of having a dual formulation in terms of weakly coupled
magnetic monopoles has proven itself very useful. Furthermore, the dynamics in
these cases is closely related to properties of magnetic monopoles, that can be often
studied semi-classically.

Seiberg and Witten used electromagnetic duality and especially the ideas of dual
formulations in A/ = 2 super Yang-Mills theories with gauge group SU(2) to deter-
mine the exact form of the effective action [10,11]. This approach was soon extended
to other gauge groups and to the relation between moduli and spatial dependence of
the monopole within this context.

The goal of this theses was to study the details of the spatial dependence of
the monopole and related matters in SU(2) and to translate as much as possible to
SU(3). The SU(3) monopoles that were used are embedded SU(2) monopoles, so we
can expect similarities. On the other hand SU(3) possesses two moduli and thus we
can expect some new behavior related to the moduli which has no SU(2) analogue.
The details of the similarities resp. differences between the two cases were studied
as well.

The thesis was written with the hope that some day somebody might read it and
find it useful. Therefore the text is not as brief as it could be otherwise. Details have
been filled in for various calculations, so that the steps between are “overcomable”.
This holds also for those cases, where results can be found in literature and their
derivation is described only very briefly (and is not straightforward).

The thesis is organized as follows:
Chapter 2 contains a brief description of supersymmetry, since this is the key porop-
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erty that allowed Seiberg and Witten to find an exact solution for the effective action
in supersymmetric theories. Supersymmetry is a vast topic, it is clearly impossible
to explain even only all those aspects that are used in the later parts so my aim was
to give at least a first idea of its concepts and explain its role in the following.

In chapter 3 a general overview of monopole solutions in Yang-Mills-Higgs theo-
ries and supersymmetric Yang-Mills theories is presented. Special solutions as BPS
monopoles and t’Hooft-Polyakov monopole are described.

In chapter 4 the Seiberg-Witten approach is reviewed in detail for SU(2) and gen-
eralizations to other gauge groups are given as well. Quantum corrections to BPS
solutions are reviewed.

Chapters 5 and 6 are the core of this work. In these two chapters original results con-
cerning quantum corrected monopoles for SU(2) and SU(3) theories are presented.
Chapter 6 contains also definitions and generalizations of some aspects which are
either trivial or well-known for SU(2).

Calculations which would disrupt the flow of the text were moved to the appendices.
Some basic facts about the hypergeometric function and Appell’s function are re-
viewed in appendix A. Appendix B contains expansions which are needed for the
calculations in chapter 5. A few basic facts about SU(3) as well as notations and
conventions used in this text are given in appendix C. Appendix D reviews a sys-
tematic way to set up Picard-Fuchs equations and for the two gauge groups SU(2)
and SU(3) is described in more detail. Appendix E contains the derivation of the
solution of the Picard-Fuchs equations for SU(3). More details were added to the
results found in literature, so as to make each single step more clear.



Chapter 2

Supersymmetry

2.1 Review of Supersymmetry

In this section we shall give only the some basic facts about supersymmetry. We will
restrict ourselves to facts, that will be useful in the following. For good introductions
on supersymmetry see eg. [12], [13], [14] and [15], In the following we will use the
notation and conventions of [15].

2.1.1 Superalgebras

Coleman and Mandula proved in [1], that under certain physically reasonable as-
sumptions, the only possible symmetries of the S-matrix are :

e Poincaré invariance, which is the semi-direct product of translations and Lorentz
rotations

e internal symmetries, forming a Lie algebra
e discrete symmetries C, P and T.

Additional symmetries can be realized if one uses graded Lie algebras instead of
Lie algebras. Graded Lie algebras are generated not only by commuting generators
(as ordinary Lie algebras) but also by anti-commuting generators. These "fermionic"
generators transform as spinors under the Lorentz group, thus "enlarging" the space-
time symmetry. The only graded Lie algebra consistent with relativistic field the-
ory, is supersymmetry. Supersymmetry in four dimensions, as proved by Haag, Lo-
puszanski and Sohnius in [2], includes the bosonic generators of the Poincaré group

J Paﬁ')’ N fermionic generators Quq and their conjugates Q% and at most

(J a3y J &b’
%N (N — 1) complex central charges Z,, = —Zp,. The central charges are called
central because they commute with all generators in the algebra. Greek indices refer
to the spinor representation of the Lorentz group. Since all irreducible representa-
tions can be classified by two halfintegers (a,b), any quantity can be represented
by a quantity with 2a¢ undotted and 2b dotted indices. The spinor representation

(%, 0) is labeled by Greek indices 1%, the conjugate representation (0, %) by dotted

12
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Greek indices 1%, the vector representation (%, 2) by one dotted and one undotted

index V3. We shall denote the combination of a dotted and undotted Greek index
by an underlined Latin index a = (). The self-dual and anti-self-dual parts of
an antisymmetric tensor have two undotted, respectively, dotted indices. The Latin
index a runs from 1 to . Brackets denote symmetrization without any factors. The
algebra is

{Qua, Q) = 5P, 5

{anm Qbﬁ} = Cagzab )
[Q‘wﬂpﬁﬁ] [Paozap ] [ dB’QC'Y] =0
[ aB QC’Y] ZC anﬁ
[Jaﬁa P“/“'f] = 52.0’7(04P6)“'/

1
Y0l (v 19)
g 7] = =560 J5)

[JC‘fB’ jaB] = [Zaancd] = [Zaba ZCd] =0.
Here C,p is the Pauli matrix o2. An internal symmetry can be added by adding

generators of the corresponding Lie algebra T4 (A is the group index) and the com-
mutation relations

[TA, TB] Zf,axBTC

[T, Paa] = [TAa Jap) = [Ta, J;5l = 0
(Ta, Zap] =

(T4, Qaal = —tAabea

where ng are the structure constants of the Lie algebra and the coefficients ¢ 43
furnish a representation
[ta,tB] = if{ptc.

An automorphism of the algebra which mixes the various generators (., is called
R-symmetry.

2.1.2 Particle Representations

The particle content of supersymmetric representations can be analyzed in terms of
representations of the Poincaré group. As in the Poincaré group, P? is a Casimir
(it commutes with all the generators). Therefore, all representations can be char-
acterized by their mass. This implies further, that all states in a given irreducible
representation have the same mass.

Massive states, no central charge

In the rest frame the momentum operator can be written as

P — Py+P; P —iP
W\ P+iP Ph-P )’
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in the rest frame this means that it is proportional to the unit matrix P,s = —mdaq.
The fermionic generators act as creation/ annihilation operators (up to rescaling) *
1 t 7 =

Qoo = ﬁ@aa (aaa) = ﬁ@ao’z-

The particle content can be constructed as usual from the Clifford vacuum. The
Clifford vacuum forms an irreducible representation of the Poincaré group and thus
has definite spin 7. We have 2N/ anticommuting creation operators, which since they
are in the representation (0, %), raise, resp., lower the spin by % The total number
of states is 22V'k, where k is the number of states in the Clifford vacuum.

Massless states, no central charges

The construction is analogous to the massive case. In a suitable Lorentz frame with
only p,; = Fy + P3 nonzero, we find that also {Qu—, Q%) = 0. If the anticom-
mutator of an operator with its conjugate vanishes, the operator itself must vanish
identically when acting on any states. Therefore we are left with only half of the cre-
ation/annihilation operators of the massless case, those related to Q... These lower
the helicity by %, so that if the helicity of the Clifford vacuum is A, the helicities
of the states are A,--- , A\ — ./\/'% The total number of states is 2Vk, where k is the
number of states in the Clifford vacuum.

Nonzero central charges

If there are nonzero central charges, it is convenient to change the basis, so that they
can be written as

Zlij 0 R 0

0 Zgl'j . 0

Zab = : : : :

0 0o ... Z%fl-j

where Zyy;; is an antisymmetric 2 x 2 matrix Zy;; = Zy€ | €9 = (91 (1]) If NV is
odd there is an extra column and row of zeroes. The Zy;, M = 1,...,N /2 are real
and nonnegative. After changing the index a, a = 1,..., N for the indices (Mi),
M=1,...,N/2,i=1,2, the anticommutation relations of the fermionic generators

become (in the rest frame),

{QF.Q}7) = —mss"Mo?,
{QA",QF"} = Cape? ™Mb 2z,

{QL1, Q1) = —Cype?8M 2y

o ) «

Due to conventions in superspace we have an extra sign for hermitian conjugation (1/104)4r = —1q
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We can construct 2 creation /annihilation operators (o is the identity matrix)

1 o
ay = —= (QaM1 - Ca500vaM2)

(ad) = % <—QaM1 — Cd[;&OBVQvMQ)
by = 7 (QaM1 + Copgo BVQwMz)
(bM < am1+Cyp mQ M2)

with nonzero anticommutators

,
{ag, (a§') } = 6"Mdap(m + Zur)

{0k, (04) ' = 6"V 5 (m — Za).

The anticommutator of an operator with its conjugate must be nonnegative, so since
the Zj;’s are nonnegative we get a lower bound on the masses

If Zpr < m for all M we have a set of 2A/ creation/annihilation operators, and the
particle content is the same as if there were no central charges. If the bound is satu-
rated for some Z), i.e. Zp;y = m, the corresponding operators b, anticommute with
their adjoints and must be identically zero (this is analogous to the massless case). If
K central charges saturate the bound there are 2(N — K) + K creation/annihilation
operators in the theory. States for which the bound is saturated are called BPS
states in analogy to BPS monopoles in gauge theories.

2.1.3 Superfield Representations

Field representations can be conveniently described as fields in superspace, an ex-
tension of spacetime. We shall show here only the basic ideas for N = 1.

Spacetime can be viewed as the coset space (Poincaré group) mod (Lorentz group),
with the points in spacetime identified with the orbits that the Lorentz group sweeps
out in the Poincaré group. In a similar way global flat superspace can be defined as
(super-Poincaré group) mod (Lorentz group). Here it is necessary to add fermionic
coordinates to the bosonic coordinates x, these fermionic coordinates are taken to
be the anticommuting Grassmann variables 6,,04. An element of superspace can be
parametrised using the exponential mapping

n i (2B . o o A .
g(x7 07 6) - ez(m PO‘BJF@ QO‘+€ 7Qa).
where P and Q’s are abstract generators. The group structure tells us how the

generators act and allows us to represent these generators in terms of differential
operators.

®(x,0,0) = f(z) + 0% () + 0%s () + 0*m(z) + 0*n(z)+
+ 02070 (2)85 + 020°N(2) 5 + 0207 x (2) 5 + 020 d(2).



CHAPTER 2. SUPERSYMMETRY 16

From this we see that it contains 4 scalar fields f(z), m(x), n(x), d(x), 4 spinor fields
o(x), P(x), Az), x(2) and a vector field v*?. Alternative to Taylor expansions are
projections. We can define the components as the projections of the field and its
spinor derivatives on the subspace §# = § = 0. This is denoted by ®|. Thus for the
previous example we have

f(z) = @
Ya(z) = DyP|
m(x) = D2<I>{ , etc..

However representations in terms of general superfields contain more fields than we
are interested in. By making a specific choice, e.g. by imposing constraints, we can
find superfields that contain physical fields that we are interested in as i.e. the scalar
field, gauge field, spinors.

Chiral superfield

Chiral superfields can be obtained by imposing Dgy® = 0. It contains two scalar
fields and a spinor field

p(x) = @
Vo) = Do ®|
F(z) = D*®|. (2.2)

Vector superfield

A vector superfield is a real scalar superfield V' = V. It can be shown that there exists
a gauge, the Wess-Zumino gauge, in which only certain components are nonzero . In
the Abelian case these are

Aa = D,V
1 _
Aad — §[DdaDa]V‘
/ 1 a2
D' = SD*D*D,V|. (2.3)

The vector field A,g is the gauge field, the field A\, is a spinor and D’ is a scalar
field.
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Field strength multiplet

The field strength multiplet is a spinor superfield W, which satisfies D*W, =
—D%Wy. It contains a spinor field \,, a scalar D’ and a symmetric bispinor fap:

)‘a - Woz’
1
Jop = §D(aWﬁ)

1
D' = —ZiD"Wa|. (2.4)

In the Abelian case it can be expressed through the vector field as W, = iD?D, V.
Then the f,3 and its conjugate fw corrrespond to the self-dual and anti-self-dual

parts of the field strength of the gauge field v*3. This superfield is also called field
strength multiplet.

Non-Abelian gauge group

If the gauge group is non-Abelian it is more convenient to work in terms of the gauge
covariant derivatives V4 = Dy — i['4 with A = a, &, (). The field strengths Fup
are given by the (anti)-commutator of covariant derivatives

VA, V) =T{3Ve —iFag, (2.5)

where Ty is the torsion and [} denotes either commutator or anticommutator. The
spinor superfield is part of the fieldstrength

F.

It is convenient to define the physical components of the chiral and spinor superfields
as in the Abelian case. They will take the same form case upon changing covariant
derivatives D, 0 for gauge covariant derivatives V in (2.3).

N = 2 representations

N = 2 representations can be found as superfields on N/ = 2 superspace, with
two pairs of anticommuting coordinates 6%,§2,01, 62. The vector multiplet can be
decomposed with respect to 6 into two N = 1 multiplets: a scalar multiplet and a
spinor multiplet

Q= Wiz,

Wo=—V W[ . (2.6)
6=0
The minus sign on the second line is a matter of convention. It follows that the
matter field in ® must be in the same representation of the gauge group as the gauge
fields, i.e. in the adjoint representation.
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2.2 N =2 Super Yang-Mills theory

2.2.1 N =2 Algebra

The N = 2 algebra has two pairs of fermionic superspace coordinates. The commu-
tations relations of the covariant derivatives are

{vaa vo'z} =1Vaa {vaa Qﬁ} = iCa[?W
{Qa, Qa} = 1Vaa {?ng} =1iCy5W, (2.7)

all the other (anti)commutators are zero. Here we denote as @, the covariant deriva-
tive with respect to 8, Qq = —iV4, in order to avoid too many V’s. The superfield
W is the central charge of the algebra Z, W = —iZ1o = —iZ. We can get more
relations by using the Jacobi identity, e.g. the following relation for the superfield
w

Q*W = Vw.
Thus W depends only on half of the superspace and by analogy with A/ = 1 is called
N = 2 chiral. The N' = 2 chiral superfield is a vector multiplet and can thus be
written in terms of an A = 1 scalar superfield ® and an N = 1 chiral superfield W,
as in (2.6).
The remaining A" = 1 algebra without 0 is

(Ve Vi) = iVas Vo, Vi3] = Cas;
(Va,Vs} =0 [va, vw] = C, W
{Va ¥y} =0 Vi Vis| = CagVsWa + CasVWa,  (28)

which using (2.5) gives us the field strengths . Actually we should distinguish between
the field strength multiplet as a superfield and the usual physical field strength which
is its 6 independent part, but it will be clear from context which one we mean. We
note here that from (2.8) and (2.5) one can find the usual relation between the field
strength (more precisely its #-independent part) and the gauge field

Fa_b‘ = 0aAp — OpAq — i[Ag, Ay
From (2.8), we see that the field strength can be expressed in terms of the bispinor
fap as
F 55 = Caplas + Capfyp-
2.2.2 R-Symmetry
SU(2) R-Symmetry

The N' = 2 algebra admits an SU(2) R-symmetry, i.e. the N’ = 2 superalgebra is
invariant under an SU(2) transformation under which the fermionic coordinates 6,

éa form a doublet
O O
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The central charge is invariant, from which we can find the transformation properties
of the physical fields given by (2.6), (2.2), (2.4). It turns out that the scalar ¢ and
the bispinor f, transform trivially, the spinors t,, —A, form a doublet and the
fields F', D have more complicated transformation properties. It will be shown that
these two fields are only auxiliary fields with no physical significance, therefore we
do not have to worry too much about them.

U(1); R-Symmetry
The theory admits also two U(1) symmetries. One of them, denoted as U(1); is
actually part of the SU(2) R-symmetry. It transforms the fermionic generators and
leaves the chiral N' = 2 field W invariant
o — 0!, = €8,
6 — . — 14,
W(,0) — W' (0,6 = W(0,0).

The spinorial physical fields transform while the scalar and the bispinor remain
invariant

Yo — Wl = ¢ My p—¢ =¢

)\oz_>)‘/a:ei,y)‘a faﬁﬁf;ﬁ:fa,@-
Although both the path integral measure for v, and for A, are anomalous, these
anomalies differ only by a sign and therefore cancel each other. The difference in

sign comes from the 1, and A, have opposite charges. As a result this is an exact
quantum symmetry.

U(1)r R-Symmetry
The other U(1) symmetry denoted as U(1)g, transforms the fermionic coordinates ¢
and 0 with the same chargeand transforms the chiral superfield with charge 2,
o — 0, =8,
b — 0, — od,
W(0,0) — W' (0,0") = W (0,0) = VW (e~10,,e~16").

The physical components transform

¢— ¢ =g
Yo — T;Z)& = ei,“ba
Ao — AL, =€),

fa,@ - fé,@ = faﬁ-
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At the quantum level this symmetry is broken by an anomaly. In this case the
transformation of both spinor fields is the same. Therefore the anomalies induced by
14 and A, are the same and do not cancel but add up to an anomalous transformation
of the path integral measure of the spinors

DYDYDADN — DYDyYDADIE

with v being the winding number, which will be defined in the context of monopoles.

2.2.3 Action

Supersymmetric actions are conveniently expressed in superspace. We can define an
integral over a Grassmann variable as a linear map that acts on constants and 6 as

/daa:o /d99:1,

i.e. it returns the coefficient in front of the # component. This can of course be
generalized to higher dimensional integrals of several Grassmann variables. The
integral [ d?6? is equivalent to taking the second derivative V2 and then projecting
onto 8 = 0 up to total derivatives, i.e.

/d2029(x, ) = Vig(x, 0)|9:0 + total spacetime derivatives.
The supersymmetric action is written in terms of an integral in superspace
S = / diz / d2624262420%d20%L (2,0, 0,0, 0).
From this we can find the actions for the physical fields. The most general N' = 2

action for a chiral superfield with no more than two spacetime derivatives is given
by a holomorphic function F called the prepotential

S=1Im / d*z d% 0420 F(W). (2.9)

The action is invariant under U(1); since 6 and 6 transform with opposite charge
and the central charge is invariant. It is also invariant under SU(2)g because the
combination #2602 is invariant and the central charge does not transform either. It is
however in general not invariant under U(1)g, since it transforms

/ d?0d*0F (W (8,0)) — / d%he=2>d2he % F (W (6, 6))

The only case when this is invariant is for Z(W) = W?2, which corresponds to the
classical action.



CHAPTER 2. SUPERSYMMETRY 21

The action of the component fields

We shall show here in some detail how to obtain the usual action for the component

fields.

First we will reduce the N’ = 2 action to N’ = 1 fields. Denoting the derivatives of

F as Fyq= a‘?/v—fA, we have

S = / d'zd*0d*0F = / d*zd®0 Q*F|;_, =

6=0

= 1
= / dtz { / d*0F 14 + / d29§}"ABWaAWf }

where we have used (2.6), (2.7) and (2.8).Reducing this further, we get for the first
term

1
= / d*z d%0 FaQ*Ww4 + §fABQ“WAQaWB

5i= [ar v (Fadh) = [ate O (ETY), -

+ FapV?ePv2od| _ +
0=0
+ FapV1OPVAVZOA| _ + FaVeV2RHY|_ =

1 o
- /d% §}'ABCV“/<I>CV,Y<I>BV2<I>A

1
— /d% 5}',430¢70¢5FTA + FapFBFA4
where we used the algebra (2.8). The second term is

1
Sy = / d*z V2 <§fABWaAW£>

0=0

_l’_

1
= / dtx Z}“AB(;DV’%DVWCW“AWO?
6=0

1
+ §fABcv2¢CW“AW§‘ — FapcVe WA W, -

6=0

1
= S FapVIWAV,WE |+ FapWAeVEWPal,_ =

0=0
1 1
= / ' 2 Fapop?PUT AONG + S FapoFOAMINT -

— Fapc XA (fo o8 +iDPCLo) + Fap VNS -
1 ad N .
= 3Fap(f14 = iDACT)(fF, — iDPCa). (2.11)

We can integrate the term with [J = %vwvm per partes to get the usual kinetic
term

_ 1 . _
/ d*zFa00" = — / d*z §fABvaa¢va¢A. (2.12)



CHAPTER 2. SUPERSYMMETRY 22

We can also find a more familiar form for the kinetic term of the gauge field. From
(2.9) we see that

FOSOPF, =20 fog +2f9f, 5 = ARe (17 fup)
Fabﬁabc d ch (Caﬁ faﬁ Caﬁ faﬁ)( Y6 f“/é + 075 fvé)l-
(Cas CB’YCQBC'\/(g Caﬁcvé Cascm) =
= i(2f*02f 1 CoCly — 2f4 F10C,5C,.) =

=-81Im (faﬁfocﬁ)’

here we used f*°T = f 8. The dual of the field strength tensor is defined as usual
*Fup = 1/26g@F@ with €g1a3 = 1. The term fo‘ﬁfaﬁ can thus be written in terms
of the field strength and its dual

1
FoOAfEy = 5 (P Fps — i FY,)

The fields F' and D do not appear with derivatives. Using their field equations, which
are only algebraic, we can eliminate F' and D from the action. Thus these fields are
not physical but only auxiliary.

Classical Action

The "classical" action corresponds to the choice of prepotential

1 A
F= ETZA:W Wa, (2.13)

where 7 is a complex gauge coupling, given by the usual coupling constant g and the

theta angle 0
4mi 0
+

— 4+ —. 2.14

Thus the terms with more than two derivatives drop out, Fap = 7dap. Inserting
everything in (2.10), (2.11) we find

1
S = /d4 FabAFa _ _2VQ¢AVG/¢A+
g al
+ —QA“Angé + LyeAvsgh
g g
1 =z « Ko
= @ PGPS+ ¢~
_FAF+A +DADA —|—DA[Q_5, ¢A]_

0
- /<149c327T2 oy 7 (2.15)

The terms on the first two lines are the usual kinetic terms of a gauge field, scalar field
and spinor field. The terms on the third line are interaction terms for the scalar and
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the spinors. The terms on the next line are called F-term and D-term, respectively,
and form a potential for the scalar field. Substituting from their equations of motion
FA =0 and D4 = 1/2[¢, $]* we find the positive definite potential

_ 1 1A 1A

The last line in (2.15) is in fact a surface term and can be written in terms of the
second Chern number ¢z (also called topological charge or instanton number) as

0 .
W Z/d4$F(wAF£) == 902 (216)
A

where co, an integer, is a topological invariant characterizing the gauge bundle (for
more on a geometric description of YM theories see [16])

1
CQZWTr/fAf

The equations of motion for the physical fields are

S Va6 = £[6.[6.8]) + {7, A}

VS = DV P = O ([6,9°90] + [6,V°4]) + (5,6} + (%, 2. (2.17)



Chapter 3

Classical Monopoles

In this chapter we shall discuss BPS monopoles. For details from the field theoretic
view see [17] or [18], for a mathematical viewpoint see [16]. Magnetic monopoles are
topologically nontrivial field configurations. Geometrically speaking, we model the
Yang-Mills field (the generalization of the electromagnetic field) as a connection on
a principal bundle over Minkowski space and by “topologically nontrivial” we mean a
nontrivial bundle. Since this material is usually covered without the supersymmetric
background, we will change the notation of four-vectors from the dotted-undotted
pair () used in supersymmetry to the usual Greek index p, and work from now
on in the usual framework of fourvectors in QFT.

Dirac monopole

We shall illustrate some ideas on the simplest monopole, the Dirac monopole in
electromagnetism. The Dirac monopole [3| is the magnetic equivalent of a point
charge, i.e. it has no electric field and a magnetic field

= b
with b a real number called the magnetic charge. In terms of the U(1) bundle over
the sphere S?, this cannot be described by only one global formula for A but we
must use (at least) two local descriptions. Conventionally these are defined on the

northern, resp. southern hemisphere by
An = b(1 — cos0)db
Ag = b(1 + cos 0)d6.
This solution is called the Wu-Yang monopole [4]. The first Chern number ¢; of this

bundle is the integral of the cohomology class of the curvature (field strength) F' over

the sphere
1

= — F = 2b. 3.2
2 So ( )

C1

It can be shown, that the Chern number is an integer. From this we find the Dirac
quantization condition, which shows that the magnetic charge is quantized

b:g, n ez (3.3)

24
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In general if a theory has a compact U(1) gauge group, it has magnetic monopoles
with quantized magnetic charges.

3.1 SU(2) Monopoles

We shall now turn to monopoles in Yang-Mills-Higgs theories and we shall start with
the simplest gauge group - SU(2). These can be derived from supersymmetric Yang-
Mills-Higgs theories by setting the fermionic fields ¥ and A to zero. The results in
this section hold also for arbitrary potential, not only the special, supersymmetric

case [, 6]°.

3.1.1 SU(2) Yang-Mills-Higgs Action

We will separate the temporal and spatial parts of the fields, the Latin indices
i,j,k run over the spatial coordinates 1,2,3). The action with all fermionic terms
dropped and written in terms of the electric and magnetic field, EZ-A = Fé‘} and
BA = 1. pikA

i — 2%k 18

EABA—

gty |l (gAga _ paApa

5 _/d ’ [ 29° (BiBI — ELED) + 153
1 ; L 7 5

— @ VIVt = 55 (0.0 (e, 01)

We can define the conjugate momenta

Then the Hamiltonian is

H = Tiadp A + 114000 + 409 — £ =
1
-2

+ %([qx ¢ + AF(=V.II + g%fABC(voé%C + VopP¢?))

1 1 _
(EAEA + BABA) + g—gvow‘vw“‘ + g—QVmAVmAJr

where we rewrote everything in terms of covariant objects and then integrated per
partes the term involving ViA()4. Since the momentum conjugate to Ag is zero, we
must impose that this holds for all times, i.e. we must impose that the Poisson
bracket of Ay and the Hamiltonian vanishes. This gives rise to the Gauss constraint

VI = % FABC(VopP oY + VP 3?)).

We will work in the gauge Vop? = 0, then the Gauss constraint becomes (taking
into account the Bianchi identity V; B/ = 0)

VIt = vV, EA
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The vacuum is the state with zero energy; it must satisfy the equations

Ef =B =0 Vg =0 (¢, 9] = 0. (3.4)
The vacuum expectation value of ¢ can be written as <<;5A> = ae? with e? being
a unit vector in the algebra. The condition on ¢ determines a variety of gauge
equivalent configurations called the Higgs vacuum. In our example with SU(2) the
Higgs vacuum is given by ¢? = a?, so the values of the Higgs vacuum form a sphere in
the space all configurations.This breaks the SU(2) down to U(1), which is generated
by T = T4e? and corresponds to rotations of ¢ with rotation axes along (4). The
gauge field separates into two components: the longitudinal component AlL which
is parallel (in the Lie algebra) to (¢) remains massless and is the U(1) gauge field,
and the two perpendicular components which form a selfinteracting complex field
Aljf = Ai + iAﬁ with charge +1 and mass ag.
Monopoles are finite energy configurations so they must approach the vacuum at
infinity. The scalar field induces a map from the sphere at infinity S2 to the space
of Higgs vacua, which is also a sphere S? but with radius a. All maps from S? to a
target manifold M can be characterized by their homotopy class. For M = 52 this
is Z, so the scalar field can be characterized by an integer. This integer is called
winding number, and represents how many times S2, wraps around 52 !.
The winding number is directly related to the magnetic charge of a given solution.It
follows from (3.4), that the perpendicular component of the gauge field must be

Ak = —210,6,0].

The longitudinal component of the field strength is
1
E), = 0,4} = 0,A} — —(6"0,6,0,0]")

Now compute the magnetic charge of the U(1) field, which is the surface integral

of the magnetic field B; = %e”kFJ”k divided by 47 (the 47 are added so that the
definition agrees with (3.1)),

1
b=— [ Blds; =
47 Sgo

1 Geijk(ajAl,L - akAy) - id”(&[@m, ajqﬁ]f“) ds; =

- E S2, 2 20,3
1 1 ..
= E - ((I‘OtA)i - Q—&EZ]kEABC(ﬁAaj(ﬁBak(ﬁC) dSZ

The part involving the rotation vanishes by Stokes’ theorem since S2, has no bound-
ary. For the second term, note that the volume form on the Higgs vacuum is

o= 2ieABC'(bAd(bB /\d¢0
a

'Definition: Let ¢ : M — V be a smooth map from one closed oriented manifold (ie. compact,
without boundary) to another of the same dimension n. Let w be a normalized n-form on V, ie.
J,y w = 1. The winding number of ¢ is the integer v = [, ¢*w.
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and the normalized n-form w = &/(4ma?). The pullback of w is then

o1 ape, 400" 9¢°
o'w ‘ ¢8:ﬂj8:vk

= da? A daF
8mwad
with da? A da* = €7%dS;. This gives the second term, hence

b=—-v,

where v is the winding number.

3.1.2 BPS Monopoles

The Hamiltonian for the static configuration can be split into two parts; one is
positive definite and the other is a surface term

1 -
=55 [ o (BB + BABN 4290016 4 V(9) =
9

. 2
=52 | @’ ‘B;“ iEM 4+ \/iemvmf“ 4 V(g)—

V2

2

dS; (B'Re (¢ ¢™) + EfTm ¢™)) ,
7 sz,

V(¢) is the potential for the scalar field and e’® is a phase, that has been included
to get the most general form possible. We have used VZ-BZ-A =0 and ViEzA =0 and
written the integral as a surface term. The first term is positive definite (a is an
arbitrary parameter), it is zero if V(¢) = 0 and

B +iE! + V26V, = 0. (3.5)

This is called the Bogomol’'nyi equation and solutions to it are called BPS (Bogomol'nyi-
Prasad-Sommerfeld) monopoles. It can be shown that any configuration which solves
the BPS equation also solves the equations of motion. The second term is a surface
term and constitutes a lower bound to the energy. In terms of the magnetic charge

b and electric charge ¢ (of the residual U(1))

2
E > iz(bcosa — gsina).
g

We can define the magnetic and electric quantum numbers n,,, and n, by
1

Nmap = —— dSiTBZ“a NeQ = —/ dSl-Hya,
am Js2, s

2
with ap = T7a. Then the surface term can be written as
Hy = \V2Ime(npap + nea).
In fact, the central charge of this theory can be shown to be [19]

Z = n,ap + nea, (3.6)
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so in order to reproduce the algebraic energy bound (2.1) we must set a to a =
/2 —arg Z.
Comparing the two expressions for Hs we see also that

b= —4mn,, q=—Ne+ Np—,
27
i.e. if the theta angle is nonzero, a magnetic charge has also electric charge. This is
also known as the Witten effect.

3.1.3 t’Hooft-Polyakov Monopoles

The 't Hooft-Polyakov monopole [8], [20] is an exact, static solution to the Bogo-
mol’nyi equation (3.5). It can be found by making a particular ansatz, for which we
shall give some motivation.

The theory has two SO(3) symmetries. One comes from the spatial part of the
Lorentz group and one from the SU(2) gauge group which is a covering of SO(3)
7w :SU(2) — SO(3). The solution can be neither rotationally invariant since then it
would have zero topological charge nor gauge invariant. However, we can combine
the rotational symmetry SO(3)g and the gauge symmetry SU(2)¢, and require that
the solution be invariant under the diagonal subgroup of SO(3)r x SO(3)g. We can
also add a Zy symmetry which consists of parity plus sign change of the Higgs field
and the temporal component of the connection Ag.

The action of SO(3)g on the position vector Z is ordinary matrix multiplication gz,
the action of SO(3)s on the scalar and vector field is the adjoint action of SU(2)
Ad(g)(¢). The 't Hooft-Polyakov ansatz thus requires the fields to be invariant under
the following transformations 2

diag(SO(3)r x 7(SU(2)g)) 2 g :

Aj(E) = A;j(g7) = Ad(9)(Ai(®)) (971
Ao(T) — Ao(g7) = Ad(g)(Ao ()
6(7) — ¢(g7) = Ad(9)(6(Z))
Zo :
Aj(f) - AJ(_f) _Aj(f)
Ao(Z) — Ao(—T) = —Ao(7)
() — ¢(—F) = —¢(7)

Expanding the potential A in a basis of the algebra we have for the coefficients

ANDTa = gAL g7 F)Tag ™! (g—l)l’j -

—AM'®) (67, (g’l)ij Tc

2Technically, the map 7 : SU(2) — SO(3) is 2:1 and we should check whether the transformation
is well defined. We can choose the map 7 so that the pair g, —g always gets mapped on the same
element [g]. In the transformation itself there are always two elements from SU(2) g and g™ *, the
other g, if present, is actually the image [g]. Therefore, the minus signs cancel.
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where we used the fact that the relation gT4g~! = (gfl) AB Tp holds for the su(2)
generators T4 . We see that the coefficients AZA transform according to the 3 ® 3

representation:
A

Af= B —1= (.—1\J -1
AP(E) = A7 (g7 8) (977) (97 )p
Thus AiA must be from 6 @ 3 and can be written in terms of two unknown functions
(r? = Y (a")?)
AL = a(r)f + B(r)et pat.

The function aiA is even under parity and the § term is odd. Thus imposing the Zo

we must set a to zero.
For the Higgs field written in terms of the basis ¢ = ¢AT4, we have the condition

oM T)Ta = 90" (g1 D) Tag ™ = ™9 T) (97) , T
Thus the coefficients ¢4 transform in the 3 representation
oM @) = (97" 4

and the most general form of this is

A

¢P(g7'7)

This has also the correct transformation property with respect to Z.
Starting with this Ansatz

o = eop(r) AL = A e <1_7L(T)> Aft = eb(r) (3.7)

1] r

where r = Vziz? is the usual distance from the origin and e = 24 /r is a unit radial
vector, we get the electric and magnetic fields

L* -1 L
bL
Ef = —c;eh, — P (3.9)
with the projector
P =51t — e (3.10)

The components proportional to e?e;, resp., to PZA are called Abelian, resp., non-
Abelian, since e;e” projects on the Abelian U(1).

The ansatz is perhaps more intuitive in spherical coordinates: at each point in space
we choose the basis vectors of the Lie algebra Tx, Te, T to be parallel to the (R?)
basis vectors e;, eg, e,, resp.

Tr = cos psin VY1) + sin psin 9715 4 cos 913
To = cos p cos ¥ + sin p cos V1 — sin V713
Ty = —sin T + cos @T5.
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This implies that the Lie algebra basis vectors depend on the spherical coordinates
in space and we thus have a spin connection.
In this basis, we see that the nonzero components of the scalar and gauge field are

1-L
of = ¢ ASZ_ACI): Al =1
r
and
R L*-1 R :
B,* = . E}=—b, (Abelian components)
L bL
BY = B:f = E§= E:f =—— (non-Abelian components).
r r

Calculating also the covariant derivative of ¢, we find
V¢ = ¢,Tdr + LTOdY + ¢Lsin 0T dep.

Inserting in the Bogomol’'nyi equation (3.5) we get two independent equations, one
for the Abelian component and one for the non-Abelian component
1-L?

V26 ¢, = —— +ib, V26 ¢ = ——1In L + ib. (3.11)
r dr

Combining these, we get a second order differential equation for L

Ly  (Ly)? L*-1
T T T3 (3.12)

which is solved by
KT

- sinh[k(r + J)]
with integration constants § and . The constant k is given by the long range
behavior of the Higgs field. Inserting

(3.13)

dlnL_l K

dr — r  tanh[k(r + )]

in the Bogomol’'nyi equation (3.5) and taking the r — oo limit, we find that
k= Re (V2e%).

If we require the potentials AZA to be finite everywhere we get the condition L — 1
for r — 0. Then the parameter § must be chosen to be zero. The winding number
of this solution is —1 and the magnetic charge therefore 4.

3.2 General Gauge Group Monopoles

The derivation of the Bogomol’'nyi equation which was presented in subsections 3.1.1
and 3.1.2 does not depend on the fact that we chose SU(2) as the gauge group. The
details of the Higgs vacuum and the classification by using winding numbers is, of
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course, only valid for SU(2). Apart from that, all the other algebraic steps can be
done for general groups and thus equation (3.5) holds for any gauge group. We shall
show how the t’Hooft Polyakov monopole can be used to construct monopoles of
unit charge for general groups, [21].

The calculations in this section are simpler in the rescaled basis defined in ap-
pendix C.

The choice of simple roots depends on the asymptotic value of the scalar field
®y. We can choose this to lie in the Cartan subalgebra and define a vector in the
algebra h (the equivalent of the value a for SU(2)) by

& = hH. (3.14)

Now we require that the simple roots all have nonnegative inner products with h.
If there are no roots orthogonal to ﬁ, there is a unique choice for the simple roots
and the symmetry breaking is maximal to U(1)". If there are k orthogonal roots,
these form a sublattice which is the rootlattice of a semisimple subalgebra K. The
symmetry breaking is then U (1)"~* x K. The choice of roots is now ambiguous, with
the various possibilities related by elements of the Weyl group of K. We can further
require the asymptotic magnetic field to lie in the Cartan algebra and be of the form

T o=
B; = ﬁgH. (3.15)
It has been shown [22] that § must fulfill the quantization condition

7= nabs+> a7} (3.16)
a i

with B* the dual root of E, B_:k = 5/52 and ng,, g; integers. The n, are uniquely
determined, gauge invariant topological invariants, the magnetic quantum numbers.
For maximal symmetry breaking there is a fundamental monopole corresponding
to each simple root and for each composite root there is a multimonopole solution
consisting of those monopoles, that correspond to roots forming the composite root.
The monopole associated to the root 5 can be obtained as follows. First we can
define an su(2)3 subalgebra associated to the root

1

= (Ba + E_y)
\/ 232
Pt (Eo — E_g)
232
3= 3*H. (3.17)

The Cartan subalgebra separates into a component lying in this su(2) generated by
3 and an complementary component. This component can be chosen in terms of the
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expectation value as t+ = <ﬁ —h- ﬁ_;‘ ﬁ) . H. The t’Hooft-Polyakov monopole (3.7),
(3.13) can be embedded in SU(2)g

3
A=) A
s=1

—

3
=Y ¢t + (h—h- 3G H, (3.18)
s=1

with Kk = Re eiaﬁﬁ . This is a solution to the Bogomol'nyi equation and carries
the charge n,, which is the coefficient of the dual root in terms of the dual simple

roots 3% =) naf;.
The electric and magnetic fields and the covariant derivative of the scalar field lie in
su(2)s and have the same form as in SU(2) with e exchanged for ¢*:

L ey L2 =1,
B} = = (8is = 7'7%) + —5— 77 (3.19)
. bl .
Ef = —b,#'7° + — (855 — 77°) (3.20)
T
L . A
V,@S - %(515 - 70@'748) + (b,rrirs; (321)

with L, b and ¢ the same as for SU(2).
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Quantum Monopoles

Two papers by Seiberg and Witten [10, 11| started a large amount of work done in
the field of quantum monopoles. In these papers, they found the exact form of the
effective action for N = 2 supersymmetric Yang-Mills with gauge group SU(2) both
with and without matter. Their results were later generalized to other gauge groups
by [23-27]. There exist some very good reviews on this topic, see e.g. [28], [29].
The work was later combined with BPS monopoles, [30].

4.1 Seiberg-Witten Theory

As has been mentioned before, N' = 2 theories of gauge fields have a very particular
form: the action is given by one holomorphic function. Furthermore, as a conse-
quence of supersymmetry, corrections to this superpotential occur only at one loop
level. Thus we have more control over the quantum corrections than in A/ = 1 theo-
ries, where not all quantum corrections are restricted to one loop level, but we have
a non-trivial beta function, unlike N' = 4 where the beta function simply vanishes.
As for the choice of gauge group, it is natural to start with the simplest non-Abelian
group SU(2).

Quantum corrections are encoded in the effective action. In this case we look for a
Wilsonian effective action which could in principle be obtained by integrating out
fluctuations above some scale.

This effective action will depend on the symmetry breaking. As mentioned below
(3.4), we can choose the vacuum expectation value in the form (¢) = aeT4 with
et a unit vector. This breaks SU(2) to U(1). Excitations associated with this U(1),
i.e. parallel to e? in the Lie algebra, remain massless, the others acquire a mass ag.
A gauge transformation from the Weyl group changes the sign a — —a , so instead
we will use the gauge invariant object u = Tr ¢? which is classically u = %aQ. At
u = 0 we expect classically a singularity since the SU(2) symmetry is restored and
the W boson becomes massless. In the quantum picture we expect a singularity as
usual when fields that are integrated out in the Wilsonian action become massless.It
is known from supersymmetry that the effective action receives both perturbative

33
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and non-perturbative corrections and for a U(1) field must be of the form [31]

i, WP 1 ox /ANY
F=gnW?+ W 1og[A2 + =W lz;q o (4.1)

where A is a dynamically generated scale, 7y is the bare coupling, the middle term is
the one-loop correction and the last term is the instanton term. From expansions of
the action (2.10),(2.11) we know that the second derivative of F can be interpreted
as the effective coupling 7. Obviously, due to the logarithm the effective coupling
will not be single valued. This can also be regarded also from a different point of
view. From the kinetic term for the scalar field in (2.12), we see that this is a sigma
model and thus Zm 7 is also the metric on the moduli space. So this requires Zm 7 to
be positive everywhere. Now, Zm 7 is a harmonic function, i.e. 90Zm ™ = 0 because
7(u) is a holomorphic function of the modulus u. A theorem from complex analysis
states that if a function that is harmonic on a connected open set, has a minimum,
it is constant. Thus we see that it can be defined only locally.

Seiberg and Witten proposed that the quantum moduli space should have two sin-
gularities at the points u = +A? and the singularity at infinity. The motivation for
this is the following. There is a Zo symmetry acting on the moduli space as u — —u.
This comes from the U(1)g defined in section 2.2.2, which is broken by the one-loop
term and the instanton terms to Zg, as can be seen from the following. As shown
in section 2.2.2 the prepotential must transform as F — e*®F for the action to be
invariant. The instanton term transforms

e AN Jiapy? N AN 8l
y10% —ollx
w ch (W) — e W ch <W> e
=1 =1

so the action is invariant for exp(—8ila) = 1 for any /. But this means that o must
be %’rk, which is Zg. The one-loop term transforms
i w21 w? i diapyr2 ] w2 2a W 2edia

— 0g — — —e og — — —W*e

27 &7A2 27 &N T ’
but the second term changes only Rer (effectively the 6 angle transforms as 6 —
6 — 8cv) which is the coefficient for the instanton number (2.14), (2.16). So the action
gets changed by 8acy where co is the instanton number. In a path integral we have
exp(iS), so a shift by a multiple of 2 doesn’t change the physics. But this is exactly
the requirement that o = %’Tk. This Zg acts on v = Tr ¢? as u — ue'® = uei4%ﬂk,
which is (for odd k) u — —u. This symmetry must also be present in the structure
of the moduli space. The only possibility to have only one singularity( plus the one
at infinity) would be at u = 0. But then the relations for a, ap and 7 would be valid
globally and we saw from the analysis of 7 that this is not what we want. The second
simplest choice is to have two singularities and one singularity at infinity, which turns
out to be the right one. In fact, it can be shown that there is no solution for any other
arrangement of singularities [32]. Seiberg and Witten postulated that the physical
interpretation of these singularities is that at these points certain excitations (dyons)
become massless.
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Their idea was to study the singularities by means of monodromies. Monodromies
describe how a function changes when we loop around a singularity (or branch point).
The rigorous definition ! may seem a little complicated but a well-known example
of this is the behavior of the log-function in the complex plane when we loop around
the origin log z — log z + 2mi. As such, monodromies arise frequently in complex
analysis and analytic continuation.

Seiberg and Witten defined a second scalar field as the derivative of the prepotential
ap = OF/0a, which gives classically ap = 7a. In the semi-classical region, close to
infinity, we see that ¢ and ap are given by

: 2
1 1 .
ap = 19a + —2alog — + —a + instanton terms
2 A7

a=+vV2u (4.2)
Performing a loop in the u plane u — ¢?"u we find that

a — —a

ap — —ap + 2a.

This is a monodromy transformation

with monodromy matrix? M

My, = ( _01 _21 ) (4.3)

At the point u = A a monopole becomes massless. Near this point solitonic degrees
of freedom become lighter than the fundamental fields which we use in the effective
action. We must switch to an alternative description in which the fundamental
objects are the solitonic states and their superpartners. These solitonic states are
called dual to the fundamental ones. In this sense ap is the dual field to a.

ap = c(u — A?)

a = ap+ —c(u — A?)log(u — A2). (4.4)
T

!Consider the covering p : X — X of a connected topological space X with base point z and
denote the fiber of the base point as F' = pil(x). For each loop v based at z, there is a unique
lift 4 such that po4 = 4. The map F x mi(X,z) 3 (&,7) — (1) € F forms a right group
action of the fundamental group m1 (X, x) on the fiber F'. This action is called monodromy action,
the corresponding map 71(X,z) — SymF, where SymF is the symmetric group of F, is called
monodromy, and the image of this map is called monodromy group.

2In ordinary differential equations with periodic solutions a monodromy matrix is the funda-
mental solution matrix evaluated at a time equal to the period and is closely related to questions
of stability of solutions.
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The monodromy for this when we loop around u = A? is

ap — ap

a— a—2ap

with monodromy matrix M,

Mpz<j2$>, (4.5)

There is a global consistency condition on monodromies since paths in the complex
plane can be distorted. This condition ties together the three monodromies

ug

Yoo

Figure 4.1: Paths associated with different monodromies

Mys - M_ps = M.

The two paths v1, 72 in fig. 4.1 can be joined to form the path v, ~ yp2 0 y_p2.
The order of the matrices comes from the fact that the monodromy group is a
representation of the right action. The choice of the base point plays an important
role in the interpretation of the massless particles’ charges as we will see. For a base
point in the upper half plane the remaining monodromy matrix is

-1 2
we=( 1)
The mass of a particle is given by the central charge m = v/2|Z| and the formula
(3.6) which can also be written in the form

Z:mwg<?>.

So looping around a singularity is equivalent to shifting the electric and magnetic
quantum numbers (n,, ne) — (nm, ne)M. A particle that becomes massless at a
certain singularity must have quantum numbers that are invariant under this shift.
From this we find that the particles which become massless at +A? are the monopole
(1,0) and the dyon (1,-1). At infinity the W boson (0,1) becomes massless. If we
change ug to —ug (i.e. if we act with Zg we find that the order of the matrices in the
multiplication changes. Consequently the monodromy matrix also changes and the
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interpretation of the massless particle associated to it. For a base point in the lower
half plane we find that a (1,1) dyon becomes massless.
On the other hand this requires the monodromy matrix to be of a particular form,

namely
o 14+ 2n,n, 2n?2
M(nm,ne) — ( _2n72n 1— Qnmne . (46)

If there were to be more than three singularities we would have a condition for
them analogous to (4.6). But since the monodromy matrices are required to have
a very special form, it is a problem of number theory, whether there exist solutions
with integer quantum numbers. It has been checked that for more than two strong-
coupling singularities there are no such solutions |23, 24].

The problem is now a mathematical one. Namely, to find multi-valued functions
a(u) and ap(u) with the given monodromies and additionally with a coupling 7 =
dap/0a such that Zm 7 > 0. This is a classical mathematical problem, the “Riemann
-Hilbert” problem, which is known to have a unique solution (up to multiplication by
an entire function). The Riemann-Hilbert problem addresses the question whether
it is possible to find a system of differential equations in the complex plane (up to
a few points or regular singularities) such that the solutions display the required
monodromy group. There are two possible approaches:

1. differential equations, which can be solved and explicit formulas for ¢ and ap
can be found

2. spectral surfaces and period integrals, which offer a more geometric point of
view.

4.2 Elliptic Curves

The basic idea of solving the monodromy problem using elliptic curves is to refor-
mulate it in terms of a toroidal Riemann surface with a moduli space equivalent
to the quantum moduli space of the original theory. The advantage is that we can
interpret the gauge coupling 7 as the period matrix of the torus and as such it is
guaranteed that Zm 7 > 0. The torus can be represented as a two-sheeted cover of a
branched x-plane. The algebraic expression for such a surface would be y? = f(z, u),
i.e. the complex moduli u parametrizes the surface in a certain way. There are two
independent cycles on a torus see fig. 4.2. The period matrix can be written as the
ratio of two integrals
WD

T=—
w

where wp, w are so-called period integrals

’ZDD:%W w:jéw
B a
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Figure 4.2: Cycles on a torus

and w is a holomorphic differential

1 dz
Ww=——
V21 Yy

Since in the gauge theory 7 = 0,ap we see that the period integrals are related to
the scalar and dual field by

dap Oa
— w=—.
ou ou
Then these fields can be written as integrals of some differential, which is given only
up to exact forms

(4.7)

(4.8)

wp =

ap = % ASW a= % ASW - (4.9)
B a

The singularities of the moduli space are points at which the torus degenerates, i.e.
the singularities which form the branches coincide. Cycles, which shrink to zero in
such a case, are called vanishing cycles and correspond to massless particles. Since
the cycles «, (8 form a basis, all cycles can be decomposed as v = g6 + qa. If this
cycle vanishes we find that the central charge (and thus also the mass) vanishes

ZZQCLD‘FQCL:Q?{)\SW—{-(]}{)\SW:y{)\SWZO. (4.10)
B a v

We see also that the coefficients of the decomposition are the magnetic and electric
quantum numbers. Monodromies arise in this framework in the following way. When
we loop with u around the singularities, cycles transform

(2) - (2)

Obviously this also determines the transformation properties of the periods (4.9).
The Picard-Lefshetz formula determines the monodromy action associated with a
vanishing cycle v on any given cycle

M,: ~v—=~v+2ov). (4.12)
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Here o is the intersection product of one-cycles. It can also be written in terms of a
symplectic intersection metric
vory =iy

0

-1 0
the number of intersections and its sign distinguishes whether or not the tangent
vectors of the cycles and the normal of the surface form a righthanded system.

In terms of the quantum numbers, we have for the intersection of two vanishing
cycles

where v = (g,¢q) and Q = <

>. Geometrically, the intersection number counts

viovy = gi1q2 — g2q1 € Z. (4.13)

The right hand side is in fact the Dirac-Zwanziger condition for the possible quantum
numbers. If it vanishes, the dyons are mutually local. Mutually local states can
be described by an effective action which treats them both at the same time as
fundamental objects.

So the problem now is to find a Riemann surface with the correct monodromies.

4.3 Solution of the Model

The spectral surface for SU(2) can be written in different, equivalent forms, in the
sense that different parametrisations of the surface lead to the same physical results.
One form given in [10] is

y? = (x =) (z+1)(z —u), (4.14)

where A has been chosen as 1 for simplicity. 3
The Seiberg-Witten potential Agyy is then

\/5 VI —u
Asw = — ———dx.
2T Nz

We can choose the branchcuts and cycles to be according to fig. 4.3. The periods

(4.16)

Figure 4.3: Branch cuts (green) and basis cycles - a (blue) and [ (violet). The roots
of (4.14) are shown in red. The dashed line is on the second sheet.

3The convention above is practical for comparisons with A" = 4 theories. On the other hand,
if we want to add matter, we would have particles of half-integer spin. In this case it is therefore
convenient to multiply n. by 2 and divide a by 2. This leads to a parametrisation [11]

y2 = (x2 - u)2 — At (4.15)

which can also be more systematically generalized to higher gauge groups.
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are then

ng/udx\/% \/_/ vE_u (4.17)

It is sufficient to check the asymptotic behavior of a and ap close to u = oo and u = 1.

The behavior of a for 4 — oo can be read immediately from the integral repre-
sentation

\/_/ _ /o

In order to find the behavior of ap it is useful to switch to the variable z = x/u;
then the divergent part of the integral is

:Q/l DA \/ﬁ vl i@IO’u,
o VE-IE m

For u — 1, perform z = x/u again, and we find

V2 Va1 1t Vz—1
P //ud NE a

- 1/u\/z+ 1/u T 1/u Z\/z —1/u N

)

=L - )~ 1),

1

1

The period a is finite at ©u =1

_Qf dr__4
oo 71\/1'4-1_71'

However, the derivative of a with respect to w is divergent. The dominant term can
be extracted upon splitting the integration domain into [—1, s] and [s, 1]

da V2 [t dx N dx

R — ~ _ ~
- ~

du 2 )y @ D-u 2y JetD@-Dz—u

11 de 1 ! 1
- =——1 — ~ ——log(1l — u).
2 J, z—u 2 og(x u)s 2m og(1 —u)
So the expansion of @ near u =1 is
4 1
=———(u—1)log(1 —
a=2 — o (u—1)log(l ~u).

Comparing these expansions with the results obtained in the previous section, we
see that they give the correct monodromies.
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We can find the formula for the periods using the differential equation approach.
The Seiberg-Witten potential satisfies a second order differential equation, the Picard
Fuchs equation,

0? Asw
Ou?
The periods a, ap both satisfy the same relation. In this case it is fairly easy to
derive and check this differential equation. For general gauge groups the situation is
more complicated and is better done systematically. A derivation of this procedure
can be found in appendix D, the explicit derivation for SU(2) is given there as well.
The Picard Fuchs equation, together with the asymptotics, can be used to find an

explicit form of the periods.
Equation (4.18) is a Riemann differential equation in the variable w = 3(u + 1)

4(1 — u?)

= Agw. (4.18)

d?f(w) 1
w(l —w) PR Zf(w) =0, (4.19)
with parameters a = b = —%, ¢ =0, as can be seen from (A-2). We are looking for a

solution (which will be the period @) such that it is finite for w = 1 and for large w
it goes as y/w. A convenient choice is one of the Kummer solutions in terms of the
hypergeometric function

1
ug = (—w) *F (a,a—i— l—ca+1-b; —) .
w
For the period ap we want a function that vanishes at w = 1 and has a logarithm
for large w. A good candidate is
ug = (1 —w) " Flc—a,c—bec+1—a—b1—uw).

Substituting for the parameters and w, these are

1
1 2 11 2

uz = - tu F T ara? 17 4

2 2°2 u+1

1—u 11 1—u
= Fl=-,=,2,——|.
Ue 2 <27 97 2 >
What remains is to check their asymptotics and match them to the asymptotics

found from the integral representation; useful relations for this are given in appendix
A. For u — oo and u — 1, we have

U — 00 u—1

.U 2
uz ~ *£i 5 u3¢u:|:zE

V2 1—wu

ug ~ ——/u(logu + 3log 2 — 2) ug X —5—,
7T
from which we see that the periods are
V1i+u 11 2
= F2iug = 2 F{—, - 1;,—— 4.20
a FZi1us 25 25 au_|_1 ( )
1

2
u—1 11 —u
= —tug =1 Fl=-,=-,2.—— . 4.21
ap 1Ug 1 9 <2727 ) 2 > ( )
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4.4 BPS Spectrum

We shall briefly discuss the stability of BPS states and the BPS spectrum. The
spectrum of a theory is the set of all existing BPS states. For a more thorough
treatment see [10,33], for a pedagogical treatment [28].

Any complex number can be regarded as a two-dimensional real vector. It will be
useful in the following to regard the central charge as well as the fields a, ap as two-
dimensional vectors. The central charge of a BPS state with given quantum numbers
can be regarded as a vector in the complex plane, given by a linear combination of
the vectors ap and a, see (3.6)

Z = Nmap + nea.

For a given point u in the moduli space, if the ratio ap/a is not real (i.e. the vectors
ap, a are not aligned), the numbers ap and a generate a lattice and all possible
central charges are points in this lattice. The possible decays from a state with
central charge Z with quantum numbers (n,,,n.) to a set of final states with central
charges Z; and quantum numbers (1, , n¢,;) are determined by charge conservation

7 = Z Z:.
i
The triangle inequality for the sum of vectors states that

21 < 312l (4.22)

Since a decay is impossible if the mass of the original state is lower than the sum of
the masses of the resulting particles, decays are possible only if (4.22) is an equality.
This case corresponds to all vectors Z; and Z aligned, i.e. t; = Z;/Z € R and
ot =1.

If ap and a are not aligned, this relation requires that all quantum numbers must
be proportional to the incoming ones

q; = ne,i/ne = nm,i/nma Vi.

This means that all vectors Z; are proportional to Z. Furthermore, in order to have
a possible decay, the proportionality factors ¢; must sum up to 1. In this case the
states are only neutrally stable, since the energy of the incoming state is the same
as the sum of the final states.

On the other hand, if ap and a are aligned (i.e. their ratio is real), the lattice of cen-
tral charges is in fact only a single line. It is now much easier to satisfy the equalities
and more states will become unstable. The set of all points w in the moduli space
where this happens is called the curve of marginal stability C. It can be determined
numerically from the explicit expressions for ap and a and is shown in figure 4.4.
It can also be studied analytically as in [34,35]. The moduli space is separated by
this curve into two distinct regions: the strong and the weak (semi-classical) regions
with two different spectra.

The ratio ap/a takes all values in [—1,1] as u varies along the curve, with [-1,0] in
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Figure 4.4: The curve of marginal stability C separates the moduli
space in the strong coupling region Rg and the weak coupling region

R .

the upper half plane and [0, 1] in the lower half plane. From this it follows immedi-
ately that all states with quantum numbers such that n./n,, € [-1, 1], become mass-
less somewhere on this curve; more precisely at the point u where ap/a = —n./n,.
But the only massless particles with nonzero magnetic charge are the monopole (1,0)
and the dyon (1,1), resp., (1,—1). So states that would become massless anywhere
else than at u = +1 are not part of the spectrum.

Performing a monodromy transformation on a point in the weak coupling region
cannot change the theory and thus must leave the spectrum of the weak coupling
region Sy invariant. So the spectrum must be invariant under the monodromy
transformation of the quantum numbers given in [33]

SwMs = Sw.

We know that the spectrum contains at least the monopole and the dyon. Since

Mh =4 (g ).

applying this transformation k times to the monopole generates all dyons with even
ne (1,2k) k € Z and applying to the dyon all dyons with odd n. (1,2k+1) k € Z. The
W boson is invariant under My, : (0,1)Ms = —(0,1) and so is also part of the weak
coupling spectrum. No other dyons can exist: if there were a state (n,,n.) with
|| > 2 there would also be all states (1, ne — 2n,,k) and we could find a suitable
k such that (ne — 2npk)/nm = ne/nm — 2k € [—1,1] and this state would become
massless. Hence it cannot be present in the spectrum and so the weak coupling
spectrum is formed by dyons (1,n) and the W boson (0, 1).

The Zy symmetry acting on the moduli space requires that the spectra at the points
u and —u be the same. This means that for each state (1n,,,n¢) at u there must exist
a state (n,,,ne) at —u such that their masses are equal. Thus there must exist a
matrix G which relates the functions ap and a up to a phase factor

(3)-co() v
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where w is a phase. Thus the state (n,,, n.) at —u corresponds to the state (1, n.)G
at u. In the weak coupling region this is just a matter of standard relations among
hypergeometric functions, as can be seen from the following. Using the same notation
as in the text following (4.19), the change from w to —u corresponds to the change
from w to 1 —w. The Kummer solution ug can be written either in terms of w or in
terms of 1 — w as

1
U3:(—w)_aF<a,a—|—1—c,a—i—1—b;—>
w
=(1—-w)*F|a,c—ba+1-b L
- ’ ’ 71—’(1) .

So

1-— 11 2
a(—u) =2 Ly ——, =, 15— ) =2us
2 2°2° "1—u
and thus a(—u) = +ia(u). For ap we find that

11
ap(—u) = _in(i’ 5,2,w),

which is just a multiple of the Kummer solution us
us =w Fla+1—c,b+1—¢2—c2).

We can now use a standard relation to change from wus to ug and ug (which are
essentially a and ap)

1—gfd—a)(c=b) Tl-al(a+1-¢)

i
© Teri—a-pn"~ Te—o 7"
r1—ay L (c—b)(a+1—¢)
im(l—a)
te Tat1-0) &
In our case this gives
Uy = —i(uﬁ - QU3)
and thus
ap(—u) = —iap(u) + ta(u).

This holds for Zm u > 0, in the lower half plane the signs in the phases change as well
as the sign between a and u3. So the matrix G which relates the quantum numbers
of equivalent states is in the weak coupling region (for Zmu > 0)

v={5 ") (1.21)

s
5.
Now we will do a similar analysis for the strong coupling region. In the strong

coupling region there is a cut running from v = —1 to u = 1. We must therefore use
analytic continuations of the functions ap, a which are related to the usual functions

and the phase w is —
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by a monodromy around u = 1 (given by (4.5)). Combining both we see that the
spectrum in the strong coupling region Sg must be invariant under (in the upper
half plane)

1 -1
Gg = MflGW = < 9 _1 > . (4.25)
But now the square of G'g is the negative unit matrix G4 = —1 and thus all states

come in Zsy doublets
(N, ne) € Sg <= (N + 2Ny =Ny, — Ne) € S,

The monopole (1,0) and the dyon (1,-1) form such a doublet. In fact this is the
only doublet in the spectrum. For either is ne/n,, € [—1,0] and becomes massless
somewhere or its partner becomes massless since then (n — n,, — ne)/(nm, + 2ne) =
—(ne/nm~+1)/(2ne/nm+1) € [—1,0]. Since the only massless states are the monopole
and the dyon no other states can exist. The argument for the lower half plane is

analogous. Thus the strong coupling spectrum contains only the monopole and the
dyon (1,-1) (resp., (1,1)).

4.5 SU(2) Quantum Monopoles

We can now combine the t’Hooft-Polyakov monopole and the explicit moduli depen-
dence of the scalar field and use this to study the spatial dependence of the moduli
as well as the quantum corrections that arise. We will first review the results of [30].
In the previous chapter the superpotential F was found, at least implicitly. From the
general reduction of the N’ = 2 action to N' = 0 fields given in (2.10)(2.11), (2.12)
we can find the action for the physical bosonic fields

Sr= _% Im [d*z Fap B(B{‘ +iEM(BP +iEP) + V,6 v P +
1 _ _
+51, 3110, ¢]B} :

As before, we need to find the Hamiltonian. The conjugate momenta receive quantum
corrections

I = —%Re (Fap(BP +iEP)) (4.26)
Iy = —%Im (Fap)Voo®. (4.27)
The Hamiltonian is then
H = 8iwzm / BrFap(B{ABE + BAEP 4 2V,04V,0P + 2V VP +

+ (¢, 6] [8,9]).
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The Bianchi identities do not receive any quantum corrections, since they are of
geometric origin, but the Gauss constraint is now modified

1 _ _
Villia + EIm (Fep) f95(6PVodP + §PVsP) = 0.

As before, we shall consider only static configurations and choose the gauge Vop? =
0. The vacuum is given by the same equations as in the classical case (3.4). The
Hamiltonian can again be split into two terms:

= / &z Im (Fap) (6, 61416, 3P+

- 8
(B +iE + V2 V6 (BF —iEP + V2ev,67))
and a surface term
o 1 = =
Hy = —\/2Im /dSem <4—BA.7:A +HA¢A>
s

Thus the first term is positive definite as long as the imaginary part of F4p is positive.
The BPS equations for the general monopole are the same as for the classical theory

B +iE] + V2V 9" = 0, (4.28)

where €@ is a constant phase. Since the prepontial F must be gauge invariant, it
can depend only on ¢ = y/¢2¢4. Thus for the derivatives we have

¢A
Fa= }"'? (4.29)
A B ! A B
Fap = f"gb(b(f + % <5AB - —¢¢<§ ) : (4.30)

given by (4.20) and (4.21).
As in the classical case, we restrict ourselves to the radial ansatz (3.7) :

(1-1L
¢ = eto(r) A = eAije] <ﬂ> Aft = eb(r) (4.31)
r
with electric and magnetic fields
L*—1 L,
BZA = eieAi2 + 73{4—’ (4.32)
r r
L
EA = —eie’'b, — P;“b— (4.33)
r

and the projector given in (3.10). The derivatives of the prepotential are the dual
field 7' = ¢p and the complex coupling 7' = 7 = d¢p/d¢. Thus the derivatives
can be written as

Fa=¢pe’

Fap =7e'e? + 22 (6aB —e

¢

AB).
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The asymptotic values of the scalar field and the dual field are the solutions of the
Seiberg and Witten model given by (4.20) and (4.21).

lim ¢(r) =a lim ¢p(r) = ap.

r—00 r—00
These functions are given in terms of hypergeometric functions in (4.20) and (4.21).
The hypergeometric function of the arguments :I:% can be written in terms of com-
plete elliptic integrals of the first and second kind (A-11). Using (A-8) to lower the
value of the third parameter and (A-9) to shift the value of the argument we can
rewrite the scalar field and its dual as

afu) = %E@) ap(u) = —iﬂiq E)-K()  (434)
where
_ 2
1= u+1

and ¢ = /1 — ¢? is the complementary modulus. The coupling 7 is given by the
derivative dap/da, which is in terms of elliptic integrals

(4.35)

Here 7 is the quantum corrected generalized coupling. The imaginary part of 7 plays
the role of the coupling for the Abelian fields, the imaginary part of the ratio ¢p/¢
plays the role of the coupling for the non-Abelian fields.

The electric and magnetic quantum numbers are defined analogously as before

1
mmap = =7 | dS; B{Ap% Nea = — /5 dSIL; 402, (4.36)

2
oo

as well as the central charge Z = n;,ap + nea and the phase a = § — arg Z.

We can use the ansatz as before and find an explicit expression for the function L

RT

L= L (4.37)

with two integration constants. The only difference is that now we do not require the
solution to be finite everywhere, since we cannot expect it to be valid in the strong
coupling region. Thus the parameter § can also be nonzero. The constant x can be
evaluated from the asymptotic value

k= Re (V2e"%a) (4.38)

The local central charge is defined as Z = n,,¢p + ne¢; we shall show that for the
BPS solution it has constant phase. First we shall define two more fields

X = Re(e99) Xp = Re (" ¢p)
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and find a relation between these. Differentiating the BPS equation and taking the
real part we have

ViB{ +iVE + V2V, V9" = 0,
imposing the Bianchi identity VZ-BZA = 0 and taking the real part we get

X L?X
Xpp +2— —2—.
T

r

The dual field ¢p satisfies the same equation since inserting the BPS equation in the
Gauss constraint V;1I;4 = 0 gives

Villia = V; (Re Fape'®V;¢?) = Ree™V,;V;Fa = 0.
At r — oo we have by the definition of o that Re (¢**Z) = 0, which implies

lim 1, Xp(r) +n.X(r) = 0.

T—00
The covariant derivatives of X and Xp are given by the magnetic field and the
momentum. Taking the real part of the BPS equation, we find a relation for V; X,
multiplying the BPS equation by F4p and then taking the real part we find a relation
for V; Xp:

B} = —V2V,(eX) (4.39)

1
Iia = E\/ivi(eAXD)- (4.40)

From the surface integrals which define the quantum numbers, we can find the asymp-
totic form of the magnetic field and the conjugate momentum (and thus also of the
covariant derivatives)

BA_ A eeinm,
i~ r2
€AC;Tle
ILia— =~ .
i 47r2
Hence, asymptotically
ArtnpIlic — neBA6ac = 0 (4.41)

which implies n,,V;(ec Xp) + nevi(eAX)éAC = 0. From this we conclude that the
relation
nXp(r) +neX(r) =0 (4.42)

holds for all . This implies that the phase of the local central charge Z = n,,,¢ p+neo
is constant

Re (e"*Z(r)) = 0. (4.43)

Note that the second order differential equations for X and Xp can be used, together
with the Picard-Fuchs equations, to derive a second order differential equation for
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u(r).
The curve of marginal stability is given by Zm (%D = 0. This can be rewritten using
the central charge Z and the field X as

¢p 1

Im—(r) = oF

Im(¢p¢p) = mzm ((nmdp + ned)o) =

1

1 _
= WRB (tZ¢) = WW(TNX(T)-

Thus if Zm 2 = 0 at a critical radius ro, this corresponds to two possibilities: either

|Z(ro)] = 0 (a solution called Z-pole) or X (r9) = 0 (a solution called X-pole). Note
that from the BPS equation we find the explicit form

1 d 1 1 K

4.6 SU(n) Quantum Monopoles

The idea in 4.2 to describe a theory using an elliptic curve can be generalized to
higher gauge groups [23-27,36]. For SU(n) the equation of the curve is

y? = p(m)2 — A%, (4.45)
n—2

pla) =det(z— < ¢ >) =" =Y u(< ¢ >)a"! (4.46)
=0

the uy are Weyl invariant Casimir variables. The classical limit can be obtained by
A — 0; this shows that the classical curve p(z) splits into two copies p(z) &= A". Thus
the roots of this polynomial also split

ei(ug) — efc(uk) =e;(ug,...,u, £ A").

The genus of this hyperelliptic curve is ¢ = n — 1. There are n — 1 holomorphic
differentials

ifld
=2 i1, (4.47)
Y
The one-cycles v;, i = 1,...,2g to create a (g,2¢g) dimensional period matrix

Yi

In a symplectic basis of the one-cycles defined by o; = v;, 8; = Y444, 1 = 1,...,g
which satisfies o; o 3; = d;5, a; 0 aj = 0 and §; 0 3; = 0, we can write Il = (A, B
which gives as the metric on the quantum moduli space 7 = A~!B and by Riemann’s
second relation Zm 7 is positive. This basis can be easily obtained by sorting the
eon, roots of 4.45 and defining n one-cycles «; which encircle the root pair eg; 1, €9;.
These are not independent, but satisfy > ;" ;v = 0. The n — 1 cycles 3; can be
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defined to encircle the pair eg;, €2;11. The a; which form a symplectic basis together
with 3; can be written as a; =}, ;7. Then

0
Bij = / wW; = —¢D,j- (449)

The period matrix 7 is defined as 7 = A~'B and equals also the matrix of second
derivatives of the prepotential. It forms the metric on the moduli space and is thus
positive definite. The ¢p; and ¢; can be expressed as integrals over the Abelian
differential of the second kind A:

(&%)

¢D,i:/ﬂ)\ bi= [ A (4.50)

with . q
xdz
A=C——p(x)—.
211 dxp( ) Y
The constant C is chosen to fit the classical limit.
As shown in [37], one can derive a set of differential equations for the period integrals
in a standard way. The procedure and its derivation are quite lengthy; they can be
found in appendix D. If two roots become degenerate, some cycle or combination of
cycles degenerates, which in turn corresponds to particles becoming massless. Math-
ematically the points where two roots of a polynomial degenerate can be described

using the discriminant, which vanishes at these points
n
A= H(BZ — ej)z.
1<J

Thus the discriminant describes singular curves in moduli space, where the descrip-
tion using the hyperelliptic curve breaks down, and where particles become massless.
In the classical case the singular locus where the discriminant vanishes is given as a
solution of a complex equation, i.e. as a complex codimension one surface. In the
quantum picture the discriminant can be written as a product of two discriminants
so the singular locus where the discriminant vanishes is the solution of either one
of the complex equations. This means that it is a two-component codimension one
surface.

4.7 SU(3) Quantum Monopoles
For SU(3) we have a genus 2 curve given by

y? = (23 — ux —v)% — AS, (4.51)
where u,v are the Casimir variables us, us, resp. The discriminant is classically

A = 4u® — 270?
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and for the quantum case it splits as mentioned into two shifted copies
A =64ABA LA = 64A8 (4uP — 27(v — A3)H)(4u® — 27(v + A3)?).

Thus there are two singular curves where the discriminant becomes zero and states
become massless

Q4 :4u® —27(v —A%)? =0 Q_ :4u® —27(v — A% =0. (4.52)

These are shown schematically for real u and v in fig. 4.5. In [25] two different

_— . E _—

-

o

\

Re(v)

_—
~—_

~— \
\

—~_
~——_

~_

Re(u)

Figure 4.5: The singular curve for classical SU(3) (blue) splits into two separate
curves for quantum SU(3) (red).

types of points on the singular curve are pointed out. First the 'Zs vacua’ which are
the intersection points of A4. These are the three points v = (2?7/\)1/3 exp 27 /3k,
k= 0,1,2, v = 0. At these points a 'Zs’ symmetry remains unbroken, which
corresponds to two mutually local dyons becoming simultaneously massless. The
other important cases are the ’Zg vacua’ singular points where the derivative of the
curve with respect to the moduli becomes zero. These occur at u = 0, v = FA3.
At these points, also called Douglas-Argyres points, two mutually nonlocal dyons
become massless. These points are very interesting since there is no effective action
which would describe both dyons simultaneously as local fields. The opportunity
to find out more about nonlocal dyons was one of the motivations for further work.
The period integrals for SU(3) monopoles were derived in [24], The branch cuts and
basis cycles «;, (; are chosen as in fig. 4.6. The fields a; and their duals ap ; are

R

Figure 4.6: Branch cuts (green) and cycles for SU(3) theory: type « - blue, type 3
- violet. The roots of (4.51) are shown in red. The dashed lines are on the second
sheet.

integrals over the Abelian differential of the second kind A, (4.50)

1 2(32% — u)dx

4.53
271 Y ( )
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In appendix D two differential equations for this potential are derived. The Picard-
Fuchs equations can be written in form of two differential operators £1, Lo, such that
all ¢; and ¢p ; are solutions of the system L;f = 0, where f is any of the functions
¢i, ¢pj. The differential operators turn out to be

L= (27A6 — qu? — 27@2)35 — 120%09,0y — 3uvdy — u
Ly = (27A5 — 40 — 270?)9? — 36uvd, 0, — 0, — 3 (4.54)

(2

and an additional constraint, which will turn out useful in the solution, arises from
the linear combination uly — 3L,

ud? — 302 = 0. (4.55)

This differential constraint must be satisfied when acting on any ¢; and ¢p;. The
forms of ¢;, ¢p; can be found by combining this with the asymptotic expansions of
the integrals. More details of this calculation are given in appendix E. The explicit
formulae are given in (E-14).



Chapter 5

Analysis of SU(2) Quantum
Monopoles

We showed in the previous chapter that for BPS monopoles both the spatial de-
pendence of the scalar field ¢(7), e.g. [30], and the dependence on the moduli ¢(u),
e.g. [10], are well described. We can combine these to find the spatial dependence of
the moduli u(7). First we derive a first order differential equation for the function
u(r) and determine general properties of its solutions. Next we study different types
of solution, as well as their properties (energy density, electric and magnetic fields).
Most of the work was published in [38] .

5.1 First Order Differential Equation

It is possible to derive a first order differential equation for the moduli u(r). In fact
we know that u(r) follows lines of constant Z phase. Now we will show how its size
varies.

We shall start by inserting the radial ansatz in the expression for II;4 (4.26) and
using the fact that PAB = §48 —e4eB and e;eP are orthogonal projections, we have

1 L, bL I? -1
ILa=—Re |Pai | — —i1— ¢—D+Te,~e,4 — b || .
r 1) r2

47 r

The functions L, b are real, so we can write everything in terms of real and imaginary
parts and obtain

1 L. ¢p  bL_ ¢p
Mg =—— |Pai [ =Re =2 + —Im= 1
A 4W[PA<TR€¢+TTR¢>+ (5.1)
-1
+eAei TR@ T+ brl'm T . (52)

93
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Comparing this with the relation between the magnetic field and the momentum,
which was derived in the previous section (4.41) we are left with

ne 1 L? -1 L,
— <eieA —|—7DZA—> =

Ny, 47
1 bL L?—1
- (PiA< "Re % —I ¢£>+6Aei< 2 Re T—l—b,ImT)).
Separating this with respect to the projector PZA and its complement e;e? we find
the following relations
L?—1 L% —
Ne 5 = —< Re T+ bIm 7'> (5.3)
Ny T
L L bL
fe L (Lip 90 —Tm gD (5.4)
N, T r o o)

Thus although we do not have the explicit dependence of b on r or u we know that

s—e—i-Re%’Lr

b = —m ¢ 5.5
Im‘% L (5:5)
L2 -12=+TRert
b, = — fim (5.6)
r2 ImT

When we substitute for b, in the BPS equation (3.11) we find

, 1—-1% 4
\/§GW¢T = 2 ’ (E + F> .

re  Imt \ny

But since ¢(r) = ¢(u(r)), we can use the chain rule ¢, = ¢,u, and the dependence
¢(u) in (4.34), which gives
q
bu = _K(Q) .

7T
Inserting everything in the BPS equation we get

/ 1—L2 ? n
2 e _6 —
V2e 1+u — r2 Imrt (nm+7—>

and we find the differential equation

1—L2 —i .
up = T F U o — (EJFF). (5.7)

2 2 K(g)Imt \nm

This is a first order differential equation; the solutions have one integration constant.
We will choose it to be the parameter which labels the vacua, i.e. the value of u at
infinity u(r — o0) = wg. From ug the constants « and k are determined

a= g —arg(nmép(ug) + nep(ug)) (5.8)

_ V2nun[é(uo)]? Iy &0 (0)
|nm®p (o) + ned(uo)| peug)

(5.9)
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5.2 The Spatial Dependence

The dependence of the solution u(r) on ¢ is hidden only in the function L and can
be removed by changing the parameter from r to X given by (4.44).This changes the
differential equation to

T [14+ue™™ 4 Ne
= — — . 5.10
ux 2 2 K(¢)Imr <nm +T> ( )

So & does not affect the shape of the curve u(r), only its parametrisation. The
parameter x determines the "speed" of the movement.

Figure 5.1: The dependence X(r)

We see from fig. 5.2 that there are essentially three different cases depending on
whether § is positive, negative or zero. When § > 0 X changes monotonically from
X =x/vV2atr=o00to X — —ooatr=0. For § =0, X also changes monotonically
but ends at X = 0 for 7 = 0. The § < 0 case is quite different. For r = oo, it starts
at X = #/v/2 and decreases. For finite 7, there is a minimum and then X starts to
increase and goes to oo at 7 = —§ > 0. The minimum of X is at an r which is a
solution of the condition

kr = sinh[k(r + 9)]., (5.11)

In the limit § — oo the r dependence of X is very simple X = 1/v/2(k — 1/r). As
we will see later, in this limit, all non-Abelian parts of the fields are suppressed.

5.3 The Attractor Equation

Using X as a parameter and using the Seiberg-Witten metric ds? = Zm td¢de, the

equation for u becomes
. —iQ B _ 1 B
K 9,7 = —— 9,2 (5.12)
2nm Nm

uxy =

where we also have used the local central charge Z(u) = ny,¢p(u)+n.p(u) to rewrite
the equation in a suggestive form. In fact, since there is a one to one map between
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u and Z we may use Z as a coordinate instead of u. This leads us to the equation

dZ e ' - - dete o
— = ——g"M0, 207 = 5.13
dX ~ 2n, 0 MO T g0 0 (5.13)
where g, is the Seiberg-Witten metric in Z coordinates, or equivalently or
d’Z’ 1 uu
—— = —g"0,|Z|.05|Z 5.14
e e AT (5.14)

This is an attractor equation as first discovered in [39] and it can alternatively be
derived taking the zero gravity limit of the ordinary attractor equations. Using this
form of the equation and the fact that the Seiberg-Witten metric is positive definite,
we see that % > 0. This means that when X is decreasing (which is the usual
situation for decreasing ), |Z| will decrease and |Z| = 0 is an attractor point.

5.4 General Properties of the Solutions

Using the above relations we may write

d|Z| 1 - dX
bl R W VAT M A ity 5.15
e (5.15)
as well as iz
T
- _ . 1
ago— =5 —a (5.16)

It follows from this and (5.8) that the phase o and the phase of the central charge
sum up to 5

a= g —argZ. (5.17)

From this we can see that the curve Z(X) is a straight line in the Z-plane going

from Zy = Z(o0) to Z = 0.
From fig. 5.2 we see that the derivative Cfl—)f is in general positive, so |Z| will decrease
when we decrease r. However, if the sign of the derivative Cfl—)f changes (which is the
case for 0 < 0), the phase of the derivative jumps by 7 and |Z| starts to increase for
decreasing r, ending up at X = oo for r = —4. This behavior, that |Z| "bounces" at
some value of r and starts to increase leads us to call this class of solutions, bouncing
solutions.

The point at which the bouncing solution turns around is given by (5.11). Whether
the solution hits first the origin Z = 0 or the curve of marginal stability elsewhere
distinguishes the X- and Z-poles. Since X is given by (4.44), an X-pole corresponds
to the condition for the critical radius

tanh[k(r +0)] = K7, . (5.18)

Physical, i.e. positive solutions r» > 0, occur only for positive . As a consequence
we see that the bouncing solutions always lie outside the curve of marginal stability.
In fig. 5.2 the curve of marginal stability is shown as well as some solutions. We can
see that if a(ug) € (=%, 5), the solution is a Z-pole; otherwise it is an X-pole.
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Figure 5.2: Solutions, the curve of marginal stability and the branch
cut in the complex plane of the central charge. Solutions with phase
a € (=5, %) hit the curve of marginal stability C at Z = 0 and are
Z-poles, the others are X-poles or XZ-poles (if « = £7)

05 A 4

Figure 5.3: Solutions and the curve of marginal stability in moduli
space. The BPS solutions end on the curve of marginal stability,
since the BPS equations do not hold inside.

o7
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5.5 Monopole Solution

We concentrate now, unless otherwise stated, on the case with quantum numbers
nm = 1, ne = 0. In this case, the central charge coincides with the dual scalar field.
Also the solutions to the differential equation are symmetric with respect to the real
u-axis, since

du| du

el e
The field ¢p is zero at u = 1 so the Z-poles end at this point in the u-plane. We
would like to see what value the parameter r acquires at this point. At this point
¢ = 4/m and this corresponds to X = 4/ cos a. From the definition of X in (4.44),
this corresponds in terms of r to the condition

U

1 4
—= + kcoth[k(r + 0)] = V2cos a—. (5.19)
r s

For X-poles, the factor cos « is negative and thus X becomes zero before this point
is reached. For Z-poles, (i.e. a € (—7/2,m/2)), the factor cos« is always positive
and thus u = 1 is reached before X = 0. For positive cosa and § < 0, there are
in principle two possibilities: either the solution “bounces” back at some point or it
reaches u = 1. This is governed by the value of §: for a value of § greater than a
certain &g the solution will reach Z = 0 before it reaches the point of the bounce. If
¢ is smaller than Jdy the solution will be a bouncing solution. This particular value
dog < 0 solves the equation

8v/2 Kk cosa 8v/2 cos a K
————— =sinh + kdo | , 5.20
™ k?— 3 ™ K2— 3% cos’a 0 (5:20)

the value dg and the corresponding solution are called critical. All other cases are
called noncritical.

5.6 Electric and Magnetic Fields of Monopoles

We substitute in (4.32) for b and b, from (5.5) and (5.6) and we find the following
expressions for the electric/magnetic fields

L?—1 L
Babel == T’2 Bnon - Tr (521)
P = L ReT + ne/nm E L ReF o (5.22)
abel — 2 Tm T non — , Im % . .

In the classical case, for the t’Hooft-Polyakov monopole, the dual field is just a
multiple of the scalar ¢p = 7¢, with 7 constant. So the factors relating the Abelian
and the non-Abelian fields are equal and constant. For n., = 0, since the complex
coupling is 7 = 0/2m + 47i/g?, the electric fields are related to the magnetic fields
in terms of the coupling constant g and the theta angle 0 as

2
6,

E—
872

(5.23)
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This holds for both for Abelian and non-Abelian fields.

Classically, the non-Abelian magnetic field is always nonzero. In the quantum
case the non-Abelian magnetic field can become zero only for the X-pole or in the
d — oo limit (see below).

The asymptotic behavior for large r of the electric/magnetic fields is the same
for all types of solutions listed below. The Abelian fields have for large r a 1/r2
behavior, the non-Abelian fields vanish exponentially

1 1 Ret(ug) + 2=
Bape = —— Epe ~ —————m 5.24
abel 2 abel 2 Im T(Uo) ( )
¢D e
Buoy & S r+9) By & S r(r+9) Re g (wo) + (5.25)
r r Im ‘%(uo)

In the quantum case there are several different types of behavior: bouncing so-
lutions, X-poles, Z-poles and solutions which are on the border between two types.
In the following we shall briefly describe the various types of behavior. All calcu-
lations are straightforward, sometimes rather lengthy. For Z-poles one needs to use
expansions of various fields around u = 1; these are given in the appendix B.
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Figure 5.4: The magnetic and electric fields of an X-pole (§ > 0), a bouncing solution
(6 < 0), and a critical X-pole (6 = 0).
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5.6.1 ¢§ — oo limit

For large #, the magnetic fields have the following behavior

1 2K
Bapel = —— +4n%e ") Buon = =70,

The electric fields include these factors, as given in (5.21), (5.22), but there is also
the d-dependence of the coupling 7, so their behavior is more complicated.

From the above we see that in the § — oo limit only the Abelian fields survive.
Then the Abelian magnetic field is By, = 1/r% but the Abelian electric field has
a more complicated dependence. Thus we can identify the § — oo as the Abelian
limit, where there are only Abelian fields. In this case the X (r) (4.44) dependence
simplifies to X = 1/v/2(k—1/r), so the X-pole hits the curve of marginal stability at
r = 1/k. The condition (5.19) which describes the point r at which a Z-pole reaches
u = 1 simplifies also to r = (k — V2 cos ad /7).

5.6.2 Bouncing solution

As shown before, a bouncing point occurs for either § < 0 and o € (=%, %), or for

§ < dp and a € (—F,5). At the bouncing point both the Abelian magnetic field and
the Abelian electric field vanish, since the factor L? — 1 vanishes. The non-Abelian

fields remain finite.

5.6.3 X-pole

The solution is an X-pole for > 0 and a € [, §]. The non-Abelian magnetic field
vanishes at the point where the solution w(r) hits the curve of marginal stability.
As for the non-Abelian electric field, Zm (¢p/¢) also vanishes. A careful calculation
shows that both effects cancel and the remaining limit is finite.

The case § = 0 is on the border between a bouncing solution and an X-pole:
the solution hits the curve of marginal stability only at » = 0. Both magnetic fields
remain finite and acquire the same value Bapel = Bnon = —+2/3. The Abelian
electric remains finite as well, since the factor (L% — 1)/r? is finite, the non-Abelian
electric field however diverges, since the factor L,/r remains finite but Zm (¢p/¢)
vanishes.

5.6.4 Z-pole

Z-poles correspond to solutions which have a central charge phase arg Z € [—7/2,7/2]
and ¢ larger than the critical value dg. The magnetic fields remain finite upon
reaching w = 1. As shown in appendix B, the factor Re7/Zm T goes to zero for
u — 1, so the Abelian electric field vanishes. It is also shown in the appendix that
% — tan «, so the non-Abelian field approaches a finite value.

For the critical § value § = §y, the point u = 1 is reached exactly at the bouncing
point. Thus the factor L? — 1 becomes zero at this point and causes the Abelian
magnetic field to also vanish. This holds also for the Abelian electric field, but it is
zero due also to the Re 7/Zm 7 factor. The behavior of the non-Abelian fields does

not differ from the noncritical case.
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Figure 5.5: The magnetic and electric fields of a Z-pole (§ > dy), a bouncing solution
(0 < dp) and a critical Z-pole (6 = dp).

5.6.5 XZ-pole

When a = &5 and § > dp = 0, the solution is at the same time a Z-pole and an
X-pole, i.e. it reaches u = 1 when X = 0. In this case the magnetic fields are the
same as for X-poles, i.e. the Abelian magnetic fields remains finite, the non-Abelian
field vanishes. The Abelian electric field vanishes as for a Z-pole. The non-Abelian
field must be checked separately, since we cannot use the same limit as before. The
dual field ¢p (being essentially the central charge) is for o = 7 real, so we need to
study only the limit —L, /r Re ¢/Im ¢. The nontrivial part of this is

. L, . Ly, TQLTT
1 = lim — = £/2
e Tmg  usl Im (f) Vi 7

Tx

where 7, is the point where u = 1 is reached and is given by (5.19). Inserting this
and the value ¢(u = 1) = 4/7 in the expression for the non-Abelian field, we find

the value iﬁ% 7M.

Tx
The case § = 0 must be treated separately. In this case the solution ends at

r =0, at u =1 and at the same time X = 0. As in the case of an X-pole with zero
0 the magnetic fields acquire the same value. The Abelian electric field vanishes as
for any Z-pole. We see from the calculation of the non-Abelian electric field of an
XZ-pole that it diverges as 1/r.



CHAPTER 5. ANALYSIS OF SU(2) QUANTUM MONOPOLES 62

T T T T T T
05 r= r:t:r
E H
3 £
2 o
[}
= &
I £
£ c
= 8
8 2
[
8
c
-2 L L L L L L -2 L L L L L L
0 0.5 1 15 2 25 3 35 0 0.5 1 15 2 25 3 35
r r
1 T T T T T T
k=]
k=) 2
2 &
= L
(2] =
= o
g o
< 0]
[ c
= k]
8 2
[
8
c

Figure 5.6: The magnetic and electric fields of an XZ-pole (6 > 0), a bouncing
solution (0 < 0), and a critical XZ-pole (6 = 0)).
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5.7 Enmergy Density

The energy of a configuration is given by the Hamiltonian
1 -
H = —TIm / d*z Fap(EAEP + BABP + 2v,061V,97), (5.26)
T

so the energy density is

1

8
For a BPS solution we see that the electromagnetic field and the Higgs field each
carry one half of the total energy. We can use the BPS equation to substitute for the
Higgs field and regard just the double of the electromagnetic energy. In the radial
ansatz, the coupling Fapg, the electric and magnetic fields split in Abelian and non-

Abelian components. The energy density splits into an Abelian and a non-Abelian
part as well, with 7 being the Abelian coupling and (%D the non-Abelian coupling

1 1 1035)

€= 1Im T(Bibel T Eipet) + o m ?(Bgon + Efon),

the Abelian and non-Abelian fields are given in eq. (5.21) and (5.22).

The t’Hooft-Polyakov monopole is the classical case with F = %T(ﬁA(bA (and § = 0).

The Abelian and non-Abelian couplings are the same, furthermore this coupling is
fixed by its asymptotic value at infinity 7(up). Thus the classical energy is

E = ImfAB(EiAEiB + BZABZB + 2vi¢Avi¢§B)'

(5.27)

ImTt
&= (ngel + EZyq + 2Bh,, + 2E7

At non non) .

The Hamiltonian can be written as a term including the square of the BPS
equation Hy and a total derivative term, which can be rewritten as a surface term

(5.28)

4 1 4 4
H = Hy—\V2Im em/d3x (Evi(BMé) + Vi( 34¢A)> =
= Hy—V2Im eio‘/

1 . .
|, &S (EBM% + HW‘) +

+/2Tm e /

1 . .
[ s, (Ewg + nw) .

70

According to the definition of the electric and magnetic quantum numbers, the sur-
face term at infinity is equal to —(n,ap + nea). We can use the relation between
the magnetic field and the conjugate momentum

47mmHZA — neBiA =0
to write the third term only in terms of the magnetic field
H = Hy+V2Ime“(npap + nea)+

. 1
+V2TIme' / d*SiBi 1~ (¢g + Egbf‘) .
Sg() ™ MNm
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According to our ansatz, the magnetic field splits into an Abelian and a non-Abelian
part Bt = eled(L? —1)/r? + (0 — e'e) L’ /r and the scalar fields are pure Abelian
¢4 = ¢pet. Multiplying these by d25° = dQr2e’ leaves only the Abelian terms

H = Hy+V2Im e (npmap + nea)+

. 1
- ATm e / AQ(L2 — 1) (D + ned) =
S 47T7”Lm

2
70

= Hy + V2Im eio‘(nmap + nea)+

+ \/§Zm em‘ni(L2 — 1) (nmép + ne(b)

m r=rQ

The second term includes the asymptotic value of the central charge Zy = Z(r =
00) = npmap + nea. As for the third term, since the phase of the central charge is
constant, we can rewrite it in much the same way as the second term and we get for
a BPS state (Hy = 0)

H = V3| Z(r = 00)]| + \/5%(/32(7“0) —1)|Z(ro)].

The term L? — 1 is (up to a factor r2) the reparametrisation term dX/dr. It is
negative for § > 0 with L — 1 for 6 = 0 and » — 0. For negative delta, however,
it can change sign: from negative (at large r) to positive (at small r). This shows
that the third term changes the total energy of the configuration. For Z-poles the
energy of the configuration is lowered for any r larger than the critical value r.,., at
which the point u = 1 (and thus Z = 0) is reached. For X-poles it is lowered for all
r larger than the value at which the curve of marginal stability is crossed and the
BPS equations do not necessarily have to hold any more. For bouncing solutions
the energy is lowered for r larger than the bouncing point, it is increased for smaller
values and tends to infinity for r — —4.

5.8 Weakly Coupled Monopole Solution

The behavior of the energy dependence enables us a to construct a completely weakly
coupled monopole solution by utilizing the properties of the bouncing solution. If we
choose ¢ in such a way that the value of u for which the solution turning point is in
the region where we may trust the low-energy effective description, we may cut off the
solution there. As was shown in the previous sections, the Abelian components of the
electric and magnetic field are zero at the turning point and there is no contribution
to the energy from the inner boundary. We may therefore combine the bouncing
solution and a suitable Higgs vacuum to get a solution which is defined for all values
of r. The Higgs vacuum can be chosen as follows: The scalar field ¢ is constant in
the radial direction, with the value it has at the cut off point

d = ¢(T0)TR. (529)

This is correctly defined everywhere except the origin, where the directional angles
9, ¢ lose their meaning. But we can use a gauge transformation to transform the
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field to say the 3 direction g~ 'Trg = T3, with g given by

9 _etpgin ¥
g={ ooy OGN (5.30)
e‘f’sm§ oS 5

The gauge field is chosen to be pure gauge, such that vanishes in the gauge in which
the scalar field points in the 3 direction, i.e. A = —ig~'dyg,

A =Ted¥ + (Tr — T3)de. (5.31)

As before, this form is well defined everywhere except the origin, where we can use
its gauge transformed version. As can be easily checked, V;® = 0, and this solution
is indeed a Higgs vacuum, see (3.4).

The scalar field, and the Abelian components of the covariant derivative and elec-
tromagnetic fields are continuous at the boundary. The non-Abelian electromagnetic
fields as well as the non-Abelian part of the covariant derivative of the scalar field,
however, jump from a non-zero value outside the boundary to zero inside. The non-
Abelian fields are not invariant under the residual U(1), instead, the U(1) rotates
the angular © and ® components. The non-Abelian fields do not have any charge
associated with them, neither do they contribute to the total energy. They do, how-
ever, contribute to the total energy density. This means that there is a shell-like
discontinuity at the cutoff radius.

5.9 Other Dyons

Several solutions for the quantum numbers (1, —1) are shown in fig. 5.7. Again, we
see the different behavior for Z-poles and X-poles. The dyon (1,—1), resp. (1,1),
becomes massless at © = —1. At this point the scalar field ¢ approaches the value
+4/7i; the sign is positive if it approaches u = —1 from the Zmu > 0 halfplane and
negative otherwise. Then the value of X at u = —1is X = F4v/2/7sin a. From this
it follows that for a solution which approaches u = —1 from the lower halfplane, to be
a Z-pole, we must have a € (0,7), corresponding to arg Z € (=%, %). From fig. 5.8,
we see that arg Z € (—7,0) is beyond the cut and thus corresponds to an analytic
continuation. We see as well, that indeed solutions starting in the first quadrant hit
the curve of marginal stability at Z = 0 and are thus Z-poles.

Dyons with a higher electric quantum number are only marginally stable and de-
cay upon crossing the curve of marginal stability. We can see from fig. 5.10, 5.9, that
all solutions are X-poles. On the curve of marginal stability it becomes energetically
favorable to decay into three (1,1) dyons and and two (—1,0) antimonopoles. These
then move on towards u = +1 where they become massless.
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Figure 5.7 Solutions for (nm,n.) = (1,—1) and the curve of
marginal stability in moduli space. Solutions which end at u = 1
are Z-poles, the others are X-poles. Z-poles correspond to ug with
both real and imaginary parts negative.

Figure 5.8: Solutions for (nm,n.) = (1,—1) and the curve of
marginal stability as well as the branch cut in the central charge

plane.
AN

15 F

Figure 5.9: Solutions for (nm,,ne) = (1,3) and the curve of marginal
stability in moduli space. All solutions hit the curve of marginal sta-
bility and are therefore X-poles. Upon crossing the curve of marginal
stability they decay into (-1,0) antimonopoles and (1,1) dyons.
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Figure 5.10: Solutions for (nm,n.) = (1,3) and the curve of
marginal stability as well as the branch cut in the central charge
plane. All solutions hit the curve of marginal stability where they
decay into (-1,0) antimonopoles and (1,1)dyons.

w3 ]

Figure 5.11: The decay of a (1,3) dyon into (—1,0) antimonopoles
and (1,1) dyons, which become massless at u =1, resp., u = —1.



Chapter 6

Analysis of SU(3) Quantum
Monopoles

The analysis done in chapter 5 can be done similarly also for SU(3). The situation
is more involved for SU(3), since there are two moduli u, v and a more complicated
structure of singular points.

Except for the notations and conventions, this chapter is original work, not yet
published.

After briefly defining necessary notations and conventions we derive a system of
first order differential equations for the spatial dependence of the moduli u(r), v(r).
The numerical treatment of the SU(3) period integrals is more complicated than for
SU(2) and is commented on. The structure of the curves of marginal stability are
elaborated and numerical examples shown. Examples of moduli motion are shown in
the end. Since the moduli space is C2, it is difficult to visualize solutions and curves.
Therefore, we focus on those cases where the problem reduces to C.

6.1 Definitions

In SU(3) differential equations for the moduli u,v can also be found. The derivation
follows the derivation of the first order equation for SU(2) monopoles in section 5.1.
The generalization of most of the formulas given in section 4.5 from SU(2) to SU(3)
is straightforward, but for clarity and future reference, a brief derivation will be given
below.

We use most two bases in our calculations; both are given explicitly in appendix
C. For the classical description, a modification of the radial gauge is the easiest; it
uses the standard basis based on the Gell-Mann matrices T4. On the other hand,
the quantum description is easier in a diagonal gauge with a more symmetric basis
of the Cartan subalgebra 7;. In the classical context, we use the radial gauge more,
whereas in the quantum description we use the symmetric, diagonal basis more. In
order to avoid the introduction of further symbols, we use here and in all following
formulas which refer to the Cartan subalgebra the convention i=1,2 and A=3,8. The
transition from the radial gauge to the diagonal gauge is as follows. We can use the
image of an SU(2) gauge transformation to turn the term 7°t*(3) to t3(3). Explicitly

68
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the action of this gauge transformation is given in terms of the matrix K
Ad(g™ Nt = Kty

with K given by

Kij =
1 — (1 — cos9)(1 + cos 2¢p) —2(1 — cos ¥) sin 2¢ sin ¥ cos ¢
—2(1 — cos ) sin 2¢ 1—2(1—cos¥)(l—cos2yp) sindsinep
—sin cos ¢ —sind sin ¢ cos ¥
(6.1)

So the action of the gauge on the terms which appear in the formulas for BPS
monopoles (3.18) is

Ad(gh)sts =3
Ad(g™H(6F — #5#)t° = clty 4 Pty =
1— 2(1 = cos¥)(1 + cos 2¢p))t! — 1(1 — cos ) sin 2t
2(1 — cosd)sin2pt! + (1 — 2(1 — cos ¥)(1 — cos 2¢))t? (6.2)
— cos psin ¥t! — sin p sin ¥¢2

In this gauge the magnetic field is, in terms of the Abelian and non-Abelian compo-
nent A
B;, = Babelfltg + Bnon(c}tl + C?tz).

The Abelian and non-Abelian fields are the same as for SU(2), (5.21), (4.37). For
large r only the Abelian part survives and goes as —1/r2. This differs in sign from
(3.15) and following.

The fields fields ¢1, ¢o described in section 4.7, are the coefficients for the scalar field
® in the diagonal basis

¢1 0 0
=171 +pLr=| 0 ¢2—¢1 O . (6.3)
0 0 — 2

The same holds for the dual field ®p.
Expression (3.18) for the scalar field ® can be rewritten as

& = (ha+ (0~ F 5)5) J=M3/T
= <ai +(¢p—h- E)n’;”) T, (6.4)

where we use

* \/g
B = 1uniMjp =5 (6.5)

since the roots a; and ag are proportional to the columns of M.
As is shown explicitly later in section 6.4, all terms of Fap with at least one
index outside the Cartan subalgebra are zero. The form of the canonical momentum
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is formally the same as for SU(2), given in (4.26); thus for large r it also lies in the
Cartan subalgebra.
We define the electric and magnetic quantum numbers as

Ne1G1 + Ne2ay = —2/ dSiHiA(bA (6.6)

[ee]

1 .
Nm1Gp1 + Nmaap2 = —%/ dS'Biaép,a. (6.7)
Soo

The formula differs by a factor 2 from the formulas for SU(2) given in section 4.5,
so as to comply with the definitions used in [21,24]. This also requires a fixed choice
of simple roots as described in section 3.2. We use here the roots a; and asz (C-4)
as simple roots.

The central charge is given as

Z =Ny 1ap,1 + N, 20D 2 + Ne 101 + Ne 202, (6.8)

so, we choose as for SU(2) the constant « to be

a= g —arg Z. (6.9)
This choice gives the correct mass of the monopole m = v/2|Z|.
Similarly, as for SU(2), we can show that the phase of the generalized central charge
Z(r) = nm10Dp1 + Nmadp2 + Ne1d1 + Neado is constant. The procedure is almost the
same as for SU(2), but we shall give here explicitly the intermediate steps. For the
Abelian terms of the magnetic field and the conjugate momentum, we can find their
asymptotic behavior from (6.6)

,").Z

B; =~ —ﬁ(nmlﬂ + an’Z-Q) (610)
,,ai
H’i ~ —m(nelﬂ + n627-2) (611)
It follows from the BPS equations (4.28) by simple manipulations that
B; = —V/2eV,;® (6.12)
2 .
Hi = gezavi@[), (6.13)
s

these relations are analogous to (4.39), (4.40). From these, we find for the compo-
nents in the Cartan subalgebra that

V2V (101 + Nmadpa + Ne1é1 + neada) =
47T’I’Lm1H@'1 + 47T7”Lm2HZ'2 — nelBil — negBiQ. (614)

Using further the Gauss law V;II; 4 = 0 and the constraint ViBZA =0, we get
V26"V, Z(r) = 0.

The asymptotic form of the fields at infinity and the limit value at infinity imply
that the central charge has a constant phase

V2V Z(r) = 0.
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6.2 Differential Equation for Moduli

We shall now derive a differential equation for the moduli u,v. The procedure is
similar to the derivation of the SU(2) equation (5.7). We shall start with (6.14)
and insert the explicit formulas for the magnetic field and the conjugate momentum.
Explicitly the magnetic field component in Cartan subalgebra is

1 * -1
—3ﬁAM Ak Ty

NG

i i i D i
Btartan = 7' Babelts = 7' Bapel 3*H = 7' Bapel

where M is the transition matrix (C-7). Thus we get

. ¥ n &
BZCartan,k = TZBabel%'
The conjugate momentum transforms in the same way as ¢p, (C-8), inserting the
definition we find
; , 7t . -
Heartan k. = Miallly = _kaARe <(Babel + ZEabel)fABﬁE)
i

7 . N, i
= _ERG ((Bab + ZEab)Tkj) %
Here we used the fact that for nonzero terms both indices of F4p must be in the
Cartan subalgebra and relations (6.5) and (C-9) Inserting everything in (6.14) we
find
Re ((Babel + iEabel ) vm, jTjkNm, k) + BabelTe km i = 0,

which is the SU(3) analogue of (5.3). From this we find immediately, using the
explicit form of the electric and magnetic fields, the analogue of (5.6)

b 1— L2 Ne kNm k + RNy jTjkNm k
T 2 .

r Im N i TjkNm k

Inserting this in the BPS equation for the Abelian component (3.11), we find

2 —
Va6 g, = 1-L ;e Tk + N T,
" r2 T N Tk Nm ke

Differentiating (6.4) with respect to r, we see that ¢;, = nm;¢,/2; combining this
with the chain rule, we find a first order differential equation for the moduli u, v

du Ou  Odu not \ ¢
s
<$>: b g (nm >7. (6.15)
dr 01 Od2 m2
Comparing this with (5.7), we see that this is analogous to the SU(2) case. As for
SU(2) we can use the factor 1;52 for a reparametrisation r — X (r), with X (r) given

in (4.44). Also, we can find equations for the phase and absolute value of the central
charge. The central charge evolves according to

dz _ jeio |ne,knm7k + nm,jTjknm,k|2
dX \/5 Im N, 5 TikMm, k

(6.16)
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Therefore the phase of the central charge is constant

arg(Z) = g -« (6.17)

and the absolute value increases with increasing X

d[Z] _ 1 |nexmumgk + g Tiknmxl”

= 6.18
dX \/5 Im nm,jTjknm,k ( )

This is the same behavior as for SU(2), constant phase and an attractor at Z = 0.
Since the reparametrisation is also the same, most of the general facts about the
different types of behavior given in sections 5.2-5.4 are the same.

6.3 Numerical Solutions

As shown in appendix E, the period integrals ¢1, ¢2, ¢p. 1, ¢p,2 and their derivatives
are given in terms of the Appell function Fy [24,40]. For values outside the radius of
convergence, analytic continuations must be used, [40]. Unfortunately,not very many
explicit formulas are available and the numerical calculation as a double sum is quite
complicated because different representations must be used for different ranges of
u,v. Rather than working out all representations for different cases, we chose to
calculate the period integrals and their derivatives as contour integrals using their
integral representation. We keep the notation from [24]. As said in section 4.6,
all period integrals and their derivatives can be written as contour integrals of the
holomorphic functions f, f,, f, respectively (4.49), (4.50):

f= K2 7(32% — )
21 /(23 — ux — v)2 — AS
fu= %\/(x3—um—v)2—A6
fom — (6:19)

:%\/(x3—ux—v)2—A6.

The branch cuts of f and the cycles are chosen as in fig. 4.6. As in SU(2), the scale
parameter A is set to one.

Roots

The equation of the elliptic curve (4.51) splits into a product of two cubic terms

y= (23 —ux — (v+A)(2® —uz — (v—A)).
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The roots of a cubic polynomial can be found analytically using the standard Cardan
formula. The roots of a monic cubic polynomial 3 4+ az? + bx + ¢ , see e.g. [41]

L i/R+\/R2—4Q3+ ix/R—\/RQ—ALQ?’
a
2 2

21:—5

1 a+e—i2/37r§/R+VR2_4Q3+ei2/37r<’/R_VR2_4Q3
2 2

22:—5

z3=—=|a+e?"

VR*_VR2_4Q3+eQBWVR__VR2_4Q3 (6.20)
2 2 o

where
R = 2a® — 9ab + 27¢ Q = a® — 3b.

In our case R = 27(v = A), and @ = 3u; thus the term under the square root is
proportional to the singular curve 27(v 4+ A)? — 4u3. The roots of the elliptic curve
are chosen so that in the limit v — 0, u — oo they give

lv  1A3 lv 1A3
61—_\/6‘1‘55—57 62——\/1;—{—554—57
v A3 v A3
63:———— 64:_—_
u u u u
lv 1A3 lv  1A3
= 5T T 5 = —— 4+ - 6.21
“ \/a+2u 2 u c6 \/E+2u+2u ( )

The roots on the left are roots of the polynomial with v — A, on the right those of
the polynomial with v 4+ A.

Cycles

As we move through moduli space, the roots e; move as well and care is needed in
the cycle algorithm. The simplest way to create a cycle is to take the points that
we want to encircle and create a rectangular box, e.g. oriented parallel to the line
which connects them. However, as the branchcuts move, we can reach points where
this does not give the correct cycle anymore. More precisely, a function in this way,
would not be continuous. This happens for both dual functions ¢pi, ¢ps2, but the
box-like path works fine for the integrals a1, as.

We will illustrate this in the following example for ¢ps. We shall start at ©u = 3
and v = 0 and move along the real v axis with u fixed. The branchcuts and cycles
(both correct and naive) are shown in fig. 6.1. For v € [0,1], i.e. up to the closer
singular, curve all six roots are real. As v increases, the branchcuts e; — ey and
e3 — e4 move closer to each other, until they touch at v = 1 when the roots e, and
es become degenerate. For v € [1, 3] increasing, the branch cut between e5; and eg
becomes shorter while the the roots eq, e3 acquire an imaginary part of the same size
but opposite sign and move away from each other (and the real axis). The roots e;
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Figure 6.1: The roots e;, i = 1,...,6 for v = 3 and v € [0,5] in the x-plane. The
branchcuts are shown in red. The integration path is green, if the correct cycle is

different it is shown in blue.

and e4 move closer to each other until they coincide at v = 3 on the second singular
curve. For v > 3 the branchcuts e; — e and eg — e4 move symmetrically away from
the real axis and their size decreases. Obviously for v > 3, the simple naive path
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does not work anymore.

One possibility is to carefully define a different path, which would avoid the cuts and
correctly encircle the roots ey and e3 so that as we increase v the cycle is continu-
ously deformed. However, we found this method quite cumbersome and difficult to
implement in a fool-proof way. Instead we choose to use a combination of the naive
path which is formed by a box around eg,e3 (except for points where roots become
degenerate) and the integrals aq, ay. For the case, above the decomposition is shown
in fig. 6.2. Thus we conclude that for the cycles (and integrals along them) the
following relation holds

B2 =7 — 2as.

I
+
+

Figure 6.2: Decomposition of a more complicated cycle into simpler cycles and paths.
In the example described in the text the cycle aps can be expressed in terms as
aps = v — 2ae, where 7 is the auxiliary cycle. The third branchcut is omitted for
simplicity.

There remains another problem: if we are given a set of roots it is by far not
obvious which path to choose so that the results will form a continuous function.
If we stay in a reasonable region of the moduli space, we can hope to work things
out correctly but one must always watch out for possible failures. Instead we choose
to perform explicitly the “continuous deformation”, i.e. we start at a known form
of the path, given in fig. 4.6 and slowly move toward the desired point. At each
step we check the relation between the path in the previous step and the current
path. If, as in the case above, one of the roots “gets in the way” of our path we
can compensate for that by adding/subtracting a suitable combination of a; (for the
branchcut es — eg), (ag for the branchcut e; — e2) and a; — ag (for the branchcut
es — e4). The last path around ez — e4 can be pulled across infinity and split into
the two other paths, see fig. 6.3.

In some cases some of the roots lie on a single straight line and no box-like path
which would encircle only the desired points can be found.

Again, we can create an auxiliary path, which encircles a different pair of roots,
and write the desired cycle as a combination of this auxiliary path and «;’s, see fig.
6.4. The orientation comes up for a change of sign as well as the change between
full line and dashed line, i.e. between the two sheets. Therefore we can change the
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NVXK € 6

VWX €4

Figure 6.3: The cycle around the roots ez, e4 (top) can be deformed and split into
three paths - around e, eg, around es5, eg and around infinity (middle), the loop
around infinity can be pulled to a point leaving the cycles a1, as.
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Figure 6.4: The cycle (35 (violet) can be deformed and split into an auxiliary path
7 encircling the pair (eq,e4) (black) and small auxiliary paths encircling each one of
the four roots e;,7 = 1,...,4 (orange).

dashed paths into solid paths going in the opposite direction and combine them with
the original ones to form the cycle —as and the path around es,eq. The result is
then the relation aps = v + a1 + 2as. The other cases can be worked out in the
same way.
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Integration

For the integration of the functions (6.19) along the chosen path, Simpson’s adaptive
rule is used, which is one of the simplest and most general methods. It is based on
Simpson’s rule for integration of a function f(z) over an interval [a, b]

/abf(w)dw -bod (f(a) af ( . b) ¥ f(b)> -

The adaptive method splits the whole interval into two symmetric subintervals, which
are each integrated according to Simpson’s rule. This step is iterated until a specified
precision is reached.

6.4 Curves of Marginal Stability

The derivation of the BPS equations assumed that Im Fp is positive definite. This
corresponds to several conditions, some of which define a separation of the moduli
space in two parts, the border line is called curve of marginal stability. We will
show in the following explicitly the form of the derivatives of the effective action
Fap and give all related formulas for easy reference. The derivatives were derived
independently from [42], which uses a different and more general approach. The
second derivative matrix F4p is defined as

0L

fAB:ia(éAa(éB'

Recall that we used the gauge invariant combinations of the field in the derivation of
the SU(2) analogue (4.30). Whereas in SU(2) there is only one such object 3 , ¢ ¢%,
in SU(3) there are two such objects, the Weyl invariant Casimir variables defined in
(4.45); in the standard basis, they can be written as

1 1
= —Trd? = ~§450° 0"
u= ;T 1 ABP" ¢
1 1
v = gTr<1>3 = gdABmA(p%C, (6.22)

where dapc is the antisymmetric tensor given in (C-3). Then the most general form
of Fup is

Fa= 50,F6" + 50.Fdapco” o
Fap = auféaAB + 0y Fdapcd© + %auaum%%
+ %auavf((bAdBCD + ¢Bdacp)d P+
+ %avav}—dACDdBEFQbCQSDQbEQSF- (6.23)

In the gauge used in section 6.1, where ® lies only in the Cartan algebra, i.e. the
only nonzero components of ® are ¢ and ¢®, we find that for indices outside the
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Cartan subalgebra F4 is zero and F4p is diagonal. The nonzero terms of 4 = ¢p a
are

b3 = 20, + L0, 754"
605 = SOuF + gavf () = (")) - (6.24)

This is analoguous to (4.29) for SU(2). The first terms are the direct analogues
(differing only by a factor 1/2), the second terms do not have an analogue since
there is no analogue of v and dapc for SU(2). The explicit form of ¢p ; in terms of
¢; can be found using (C-8)

ép1 = (201 — ¢2)(OuF + 0y F ¢2)
®p2 = (202 — $1)(OuF — 0uF 1), (6.25)
obviously it is more symmetric.

As for Fap, the terms on the diagonal are pairwise the same for the index pairs
(1,2), (4,5) and (6,7) associated with each of the three roots «; :

1 3
Fi1 = Fop = 5aujf+ %&,f&

Fag = F55 = lauf+ OpF (%ﬁg - £¢8>

2 2
1 1 V3
Foo = Frr = 50uF = OuF <Z¢3 + 7¢8> (6.26)

These terms are analogous to the /¢ term in SU(2) (4.30). Since they contain only
first derivatives, they can be rewritten in terms of the dual fields ¢p 1, ¢p 2 using
(6.24):

B 1 ¢pa
}—11_}—22_22051—(?2
1¢p1+ ¢p2
Fag = Fop = o221 TOD2
“ T2 61+ o
1 ¢p2
Foe = For = — S 6.27
06 22y — (6:27)

The terms lying in the Cartan subalgebra are just a transformation of the period
matrix 7;; = O¢p,;/0¢; via (C-9).

When we use the embedded t’Hooft Polyakov monopole, we restrict ourselves, by
choosing one specific root, to a certain subspace of the algebra. Therefore, depending
on our choice of roots(i.e. magnetic numbers) we should use only the corresponding
condition. The three roots and the corresponding subspaces are given in and above
(C-4). In the diagonal gauge, the curves of marginal stabilities for the three different
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roots are
ClO :Im & =0 (6.28)
2¢1 — ¢

¢p1+ ¢p2
Cii:Im—/——>==0 6.29
e 1+ P2 (6.29)

. ¢p2  _
C()l :Im 2¢2 — ¢1 = 0. (6.30)

As can be seen from the explicit form of the fields (E-14), all three hyperplanes
coincide at v = 0.

6.4.1 Large |v| region

It was argued in [42] that for large v the topology of the curves of marginal stability
should be S x C, because the theory should behave as a copy of SU(2). We will
describe this explicitly on our numerical solution for Co;.
The region will be chosen as Rewv > 1 so that the Douglas-Argyres Zs vacua u = 0,
v = =£1 lie on the boundary. They can be found to lie on Cpi, as well as the Zo
vacua u = {/27/4 and u = {/27/4 exp (£2/3im). The singular curves (4.52) where
the discriminant becomes zero and particles become massless lie on the curve of
marginal stability as well. Due to the expected topology, we choose a description
which views the curve of marginal stability Cy; on slices of constant v, focusing on
the real part of v and its increase and treating the imaginary part of v as a fixed
parameter. In this picture, the singular curves are for each slice only discrete points.
For v real, larger than 1, Cp; in the wu-plane is approximately an ellipse with the
major semiaxis on the positive real axis, see fig.6.5. In fact the major semiaxis is
formed by the line which connects two points of the singular curve (4.52).

For a positive imaginary part of v we find that the position of the singular curve

Figure 6.5: The curve of marginal stability C for magnetic numbers (0,1,0,0) re-
stricted to v real, positive. The singular lines are shown in green.

points changes, see fig. 6.6. The curve of marginal stability Cy; moves towards the
upper half of the u-plane (i.e. the imaginary part increases). The orientation of the
semiaxis changes as well - Cyp tilts toward downwards.
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Re(u) /
5

Re(wy

Figure 6.6: The curve of marginal stability C for magnetic numbers (0,1,0,0) re-
stricted to Zmwv = 1 (left) and Zmwv = 3 (right), for Rewv positive. The singular
lines are shown in green.

For Tm v negative, the opposite happens, i.e. Cyp; moves into the lower half of the
u-plane and turns upwards, see fig. 6.7.
Several curves of marginal stability are shown in fig. 6.8 for illustration.

s _al -

Im(u) [ Im(u) [

Figure 6.7: The curve of marginal stability C for magnetic numbers (0,1,0,0) re-
stricted to Zmwv = —1 (left) and Zmv = —3 right) for Rev negative. The singular
lines are shown in green.

A similar situation can be seen also for Rev negative. In this case, for real v or a
positive imaginary part of v, the curve Cp; is oriented along the line at an angle 2/3w
with respect to the real u-axis. For a negative imaginary part, the curve is along a
a line at an angle —2/3m. As can be seen in fig. 6.9, 6.10, 6.11, a positive imaginary
part increases the phase and decreases the orientation whereas a negative imaginary
part does the opposite. Several curves of marginal stability are shown together in
fig. 6.12 for better comparison.



CHAPTER 6. ANALYSIS OF SU(3) QUANTUM MONOPOLES 81

Im(u)

Figure 6.8: The curve of marginal stability C for magnetic numbers (0, 1,0,0), Rewv
positive and Zmwv = 3,1,0, —1, —3 (from top to bottom).

Figure 6.9: The curve of marginal stability C for magnetic numbers (0,1,0,0) re-
stricted to v real negative. The singular lines are shown in green.
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Re(u)

Figure 6.10: The curve of marginal stability C for magnetic numbers (0, 1,0,0) re-
stricted to Zmwv = 1 (left) and Zmwv = 3 (right), for Rev negative. The singular
lines are shown in green.

Imu) -
L 4

5
Re(u) ° Re(v) Rew

Figure 6.11: The curve of marginal stability C for magnetic numbers (0, 1,0,0) re-
stricted to Zmv = —1 (left) and Zmv = —3 (right), for Re v negative. The singular
lines are shown in green.
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Im(u)

Re(u)
I

Figure 6.12: The curve of marginal stability C for magnetic numbers (0, 1,0,0) and
Imv =3,1,0,—1,—3 (from top to bottom), for Rev negative.
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This behavior can be quantified by looking at the asymptotic behavior of the
singular curve points. The singular curve in the u-plane for a fixed v, is formed by six

points, with modulus |u| = {/ 2I7|v + 1|2 and phase ¢ = %arg(v:l:l), %arg(v:l:l):l: %7?.
Call the pair without the factor %71 u. For large v these points will behave as

/2 2
Uy R J Z7UZ/3 <1 + §U_1> .

Thus the center of the approximate ellipse S = %(u+ +u_) and the major semi-axis
a=%3us —u_| go as

27 1
S~/ ZvQ/?’ <1 - §v_2> e V20|73,

From this we see that the the curve Cy; moves away from the origin as |v
under an angle of %arg(v), the extent of the curve decreases proportionally to \v\*l/ 3.
This behavior was verified numerically by fitting the curve Cy; for a given v by an
ellipse. We find that the predicted behavior for the center of the ellipse S, its major
semi-axis a and its orientation are in good agreement (taking into account the fact
that the curve is not a perfect ellipse). For large v, the orientation differs from the
predicted one by 1074, the absolute value of the center by 1073, its phase by 1076
and the major semi-axis by 1073. The minor semi-axis is found to decrease propor-
tionally to the major semi-axis, in fact the ratio of the minor and major semi-axis
approaches the value 0.86. This value is approximately the same as the one we would
find for the su(2) case shown in fig. 5.3.

|>/3 and

6.5 Motion in moduli space

The moduli space of su(3) is C2, with "forbidden" regions - those inside the curves
of marginal stability that cannot be described by our BPS solutions. The motion
in moduli space is governed by eq. (6.15). The description of a general motion in
four-dimensional space is difficult to view; for this reason we will give two examples
in which the solutions are restricted only to a plane in C2.

6.5.1 Zero v plane

For v = 0, the functions ¢p; and ¢po, resp. ¢1 and ¢s, coincide; from which it
follows that the three possible curves of marginal stability Cig, Cp1 and Ci; also
coincide. From the explicit form of the derivatives given in (E-16) it follows that
their derivatives also satisfy the relation 9,01 = 0y¢2, Opp1 = —0y@o and likewise
for the duals. For the monopole (1,1,0,0), we find from (6.15) that the derivative %
vanishes. Thus if we choose the value at infinity vy as zero, the moduli v will remain
zero and the motion is only in the u-plane. The singular curves coincide, leaving
only three, the Zs vacua. As can be seen in fig. 6.13, the situation is very similar to
su(2), which is described in detail in section 5.2-5.4. We find again solutions which
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Imu
o

Figure 6.13: The curve of marginal stability C for magnetic numbers (1, 1) restricted
to the v = 0 and solutions for different initial values. The green lines correspond to
a = +m /2, the red lines are Z-poles and the blue lines are X-poles.

hit the curve of marginal stability at one of the Zsy vacua (Z-poles), solutions which
hit the curve of marginal stability somewhere else (X-poles), and the border between
these two regions is given by solutions with a phase of the central charge o = +7/2
(XZ-poles).

6.5.2 Real u,v plane

A nice example involving also the moduli v is the plane (Rewu, Rewv). In the region
below the singular curve, see fig. 6.14, the dual period ¢ps is purely imaginary
whereas the periods ¢1, ¢ are purely real. Thus for a monopole (0,1,0,0) the central
charge has a zero phase and the solution remains in this plane. The curve of marginal
stability Cyy is shown with several solutions in fig. 6.14. All solutions are Z-poles.
The region between the two parts of Cyp; cannot be accessed, since the BPS equations
need not hold anymore. In the region closer to the real v axis, there are solutions,
but they are no longer restricted to (Rewu,Rev) and they have been omitted for
clarity.
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Figure 6.14: The curve of marginal stability C for magnetic numbers (0, 1) restricted
to u, v real and solutions for different initial values. All solutions shown are Z-poles.



Chapter 7

Conclusions

This work focused on studying the numerical behavior of period integrals and moduli
in quantum corrected N' = 2 supersymmetric Yang-Mills theory. Two gauge groups
were studied: SU(2) and SU(3). These were chosen because they are the simplest
non-Abelian groups with only one or two moduli, and because they had already been
studied extensively in literature.

For SU(2), a first order differential equation was found which governs the spatial
behavior of the modulus u. The whole analysis is valid only if the imaginary part of
the matrix of second derivatives of the prepotential Zm F4p is positive definite. This
implies that we must stay outside the curve of marginal stability, which separates
two regions with different spectra. Solutions were studied both numerically and
analytically; the main focus was on the monopole solution with magnetic quantum
number equal to 1 and zero electric quantum number. The differential equation is
found to be an attractor equation, which means that for a given choice of electric and
magnetic quantum numbers all solutions end at one single point in moduli space.
Different types of behavior were found, depending on the choice of the free parameter
0 and the initial condition ug = wu(co). The value of ug determines the overall
shape of the solution in moduli space. It determines the phase of the central charge
and whether the solution hits the curve of marginal stability (where our description
ceases to be valid) or whether it goes all the way to the attractor. The value of §
determines the parametrisation of the solution with respect to the spatial parameters.
For particular values the parametrisation can change its direction and the solution
goes back on the same curve. All types of solutions, including their combinations,
were described together with the electric and magnetic fields and the energy density.
A special solution was identified which allows us to cut off the BPS monopole at a
given radius and put a Higgs vacuum bubble inside.

For SU(3) there are two moduli, i.e. the moduli space is C2. This increases the
complexity of all equations and makes any visualization almost impossible. Therefore
we focused on those examples that could be fairly easily visualized in R3. The curves
of marginal stability were found and studied numerically, showing how for large values
of one of the two moduli the image of SU(2)’s curve of marginal stability appears. A
system of two differential equations was found for the moduli. These equations have
a similar structure to the SU(2) moduli equation: they are also attractor equations
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and require the phase of the central charge to remain constant (which is a well-
known result in SU(2)). The parametrisation involved is the same as in SU(2), so
most of the analysis of the different solution types in SU(2) carries over to SU(3). For
illustration, two examples were chosen such that the solution stays within a plane in
the moduli space.



Appendix A

The hypergeometric and Appell
functions

In this appendix we shall give briefly a few facts about the hypergeometric function
and the Appell function, concentrating only on those relations that were used in our
calculations. The hypergeometric function occurs for SU(2) solutions and also in
certain limits of the Appell function, which is important for the solutions of SU(3).
Detailed treatments can be found in [40, 43, 44].

Hypergeometric function

The hypergeometric series is given by

F(a,b,c,z) znzzo%z” (A-1)

for ¢ #0,—1,—2,---. Here, (a), is the Pochhammer symbol

I'(a+n
()n = %
It is a solution of the Riemann equation
2
A1) f@) e (@t b+ DI —abf(z) =0, (A2)

The hypergeometric function is the analytic continuation of the hypergeometric se-
ries. The solution of the Riemann equation can be written in terms of the six so-called
Kummer solutions, which can be found in the literature mentioned above. In our cal-
culations we often need the behavior of the hypergeometric function at the singular
points of the Riemann equation: z = 0,1 and infinity. These are given by

F(a,b,c,0) =1 (A-3)
I'(e)I'(c —a—b)

Fla,b,e1) = I(c—a)l(c—b)

(A-4)
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The asymptotic behavior for z — oo in the special case b = a + m with m integer, is
given by the following series

_ I'(c) (—z) ™ - (@)nsm(l —c+ a)ngm
Fla,b,e.2) = IF'(a+m) | I'(c—a) nZ: nl(n 4+ m)! : (4-5)

0

m—1

og(—2) + hal + (—2) 2 3 - son (A6
*O

n

the coefficients are given by
b = (L4 m+n) + (14 n) —(a+m+n) —b(c—a—m—n),

where 9 is the logarithmic derivative of the I'-function ¢ = dlogI'(z)/dz. Further-
more we used the relations

PN -2) = sinﬂwz
P(1) =—
1
9(e) =9 +2) — -
n<q o 9
D ™
¢<g>:—7 lqu_§COt?+nZI/COS log <2—2COST>

p,q€EN, p<gq

where the prime in the last relation denotes that if ¢ is even the last term in the sum
should be multiplied by %

The derivative of the hypergeometric function can be written in terms of a hyperge-
ometric function with shifted parameters

d b
&F(a,b,c,z) = %F(a—i—l,b—i—l,c—i—l,z). (A-7)

There are many relations that relate hypergeometric functions with parameters
shifted by +1, or functions with arguments z,1/z,1—2,1/(1—2),z/(1—2),1—1/z.
We shall list only those that were used in the text

0=cF(a,b—1,¢,2) + (a — ¢)zF(a,b,c + 1,2)+

+ (z —1)F(a,b,c,2) (A-8)

Fla,b,c,2) = (1 — z)aF< —be,— 1> (A-9)
F(a,b,c,z) = %(—Z)GF <a,a+1 —c,a+1-0, %) +

+ ggz))?((‘z : Z; (=2)7°F (b +1—¢bb+1—a, %) (A-10)
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For some special values of the parameters, the hypergeometric function reduces to
other functions. E.g. the relation between elliptic integrals and the hypergeometric
function is useful for the simplification of the SU(2) periods

™ 1 1
E = —F(=,—=,1,k?
(k) 2 (27 27 7k)
™ 11
K = —F(=, =1,k A-11
(k) = FF(5:1.k) (A-11)

Appell functions

There are several generalizations of the hypergeometric function for two variables;
in this work we need only the Appell function Fy(a,b,c,d,x,y), which is given as a
series by

Fy(a,b,c,d,z,y) Z Z (@) m+" (J“l’; "y, (A-12)

mOnO n

This reduces to the hypergeometric function if one of the two arguments x, y becomes
zero. Furthermore, the double sum can be reorganized

/ e (@)k(D)k " Z ek i
F4(a,b,c,c,x,y)—kzzo(c)k(l)kF( +k,b+Ek, c,y) (A-13)

with an analogous relation with x, c and y, ¢’ interchanged. From the form of Fj it can
be easily seen that its derivative is again an F}; function, with different parameters

d b
d_F4(a7 b7 C, claxay) = a_F4(a + 17 b + 1,C + 170/; x7y)7
X C

and an analogous relation for . The region of convergence is given by [/z|+|/y| < 1.
There is a relation analogous to (A-10), which is used in the text

L(\T(b—a)
I(¢ - ) (0)

1
F(a,b,c,d,x,y) = (—y) “Fy <a a+1—-c,c,a+1-b; z —>—i—
y'y

1
(—y)~ bF4<b+1 d bcb—i—l—aE —>

—b)
a)F( —b) y'y

(A-14)

and a similar relation with x,y interchanged.
The Appell function Fy(a,b,c,c’; z,y) fulfills the canonical equations (the parameters
and arguments of Fy have been suppressed)

)02 Fy — y? 02 Fy — 22y0, 0y Fy + [c — (1 + a + b)x] 9, Fy—
(1+a+b)y6 Fy—abFy =0

y(1 — y)2Fy — *02Fy — 2xyds0yFy + [ — (1+ a+ b)y] 0, Fy—
—(1+a+b)xd,Fy —abFy, = 0. (A-15)

z(l—=x
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The fundamental solutions can be chosen e.g.
21 = Fy(a,b,c,c,s,t)
m=s"CFila+1l—cb+1—c2—cd,s,t)
23 = tlfc/F4(a +1-db+1—c,c,2-C,s,t)
24 = slfctlfc/le(a +2—c—d,b+2—c—,2—¢,2—{, s,t); (A-16)

other forms can be used in order to achieve the desired region of convergence.



Appendix B

Expansions around v =1

The scalar field ¢ and its dual ¢p are written in terms of elliptic integrals. The
arguments of these go to 0, resp. 1, for u = 1. The elliptic integral K(q) diverges for
q — 1, so we must use expansions.

The general formulas for expansions of the elliptic integrals around & = 0 and
k =1, resp., are [43]

for k—0

K(k):g{1+<%>2k2+...+{(zr;n;n!l)”rkﬁJr...} (B-1)

E(k):g{1—2—12k2—...—[(2"_1)”}2 Ll } (B-2)

2np) om—1
for k—1

4 (1\°[( 4 2 by (1-3)\?
2 ha (1:3-5\*/, 4 2 2 2 6
3-4>(k) +<2-4-6> <1nk/ 1.2 3.4 5-6>(k) toe (B9

1 4 1

12.32.5 4 2 2 1
A (P - - LN B-4
+22-42-6<nk’ 1.2 3.4 5-6>( )+ (B-4)

We shall expand u in the form v = 1+4¢ €. For the field ¢ and its dual ¢p, we find
the following expansions

4 1 , ) 1 , 1 , 1 .
p=—(1—-Zelnee’®+ [ SIn2+4 = | ee™® — Zigee® + ~ece'® + O(e?) (B-5)
us 8 8 8 8 4
¢p = ileew(l - 3eei‘b) (B-6)
2 32 '

We can write the expansion of ¢p in the form ¢p ~ %Eewe_%a(‘m pising) o its
phase is arg¢p = 5 +¢ — 3%6 sin . This phase is constant along the solution of the
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differential equation (5.7) and equal to § —a. Thus we get a relation between ¢ and
@ close to u = 1 for curves of constant Z-phase

5
at e~ e sin . (B-7)
From this we see that ¢ goes to —« as we get closer to u = 1.
We can find the differential equation for ¢ and solve it approximately to lowest
order. Inserting u =1+ ece™" in (5.10) we find the differential equation
™ e

= —V2
©t 2 " 1lipe

; (B-8)

where we used K(q) ~ —% Ine and i7/Zm 1 =~ 1. The solution of this equation is

o =mV2(t— 1)
In [—mv/2(t — t)]’
the constant ¢y is chosen so that e(tg) = 0, ie. for Z-poles and critical Z-poles

to = t(r.), for XZ-poles and bouncing XZ-poles ty = 0. Thus, close to u = 1 the
solution goes as

(B-9)

w1y V2000 (B-10)

In[—mv2(t — tg)]

In terms of the parameter r this can be written (except for critical Z-poles)

r—re
=1-—7Vv2t — e @
U 7T\/_ T(ra)ln(r —Ta)e s
where 7, is the point at which u = 1. For critical Z-poles t,(r,) = 0, so we have to
take a higher term and get u = 1 — mv/23t,..(ro) (r — r4)?/In(r — 7).
For the calculation of the electric fields we need the expansions of 7 and Q%D;
these are

i 1 .
=——— [ 1+ =ee" + O(? B-11
et O < + e+ (e )> (B-11)
%j = %Tsew + 0(82), (B-12)
Further, we need the following expansions
Ret —%6 sina + O(g?) (B-13)
Imt 1+ tecosa+ O(e2)
Re 2L ;
[ Z_ﬂ- —i .
P T ce (B-14)
@
oD
= _i(1+itana)+ O(e). (B-15)




Appendix C

SU(3) notations

The algebra su(3) is well known, for a detailed treatment, see e.g. [45], [46]. The
su(3) algebra consists of traceless Hermitian 3 x 3 matrices. A convenient basis of
these is constituted by the Gell-Mann matrices A,

010 0 —i 0
M=[100 =i 0 0
00 0 0 0 0
1 0 0 001
=0 -1 0 M=|0 0 0
0 0 0 100
00 —i 00 0
Xs=100 0 =001
i 0 0 010
00 L (100
=00 —i ds=— |01 0 (C-1)
0 i 0 V3\o 0 -2

The generators are usually chosen to be T4 = %)\ A, so that the scalar product in
su(3) is (Ta, Tg) = tr(TuTp) = $045. We will refer to this as to the standard basis
of SU(3). The structure constants are then by [T4,Tg] = icapcTc

1
C345 = €246 = —C156 = C147 = C257 = —C367 = 5
V3
C458 = Cp78 = —2
C123 — 1 (0—2)

The nonzero components of the totally symmetric SU(3) tensor dapc are in the

95
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standard basis (up to symmetry) dapc = tr({Ta,Ts}1c),

dyg3 = dss53 = dea1 = des2 = i

degs = drrs = draz = —dr51 = —i

dg11 = dgag = dg3z = ?

dgay = dgss = dgg = dg7r = _g

dsss = —%g. (3)

Following the notation of [21] and [22], we will use a rescaled basis which brings the
restriction of the Killing metric on the Cartan subalgebra to a unit matrix. The
rescaling is 1/4/3 for the generators of the Cartan subalgebra which is chosen as
usual in the directions T3, Ty and 1/ V6 for the root generators

1 1 ,

Hl = %Tg Eial = %(Tl + ZTQ)
1 1 ,

H2 = %Tg E:ta,2 = %(Tgl + ZT5)
1 .

Eiag = %(T6 + ZT?).

The roots are then i, ay and ag, all with the same norm 1/3

an() o) me (o) o

The simple roots can be chosen to be a7 and as.
In terms of these rescaled Cartan and root generators, the nonzero components of
the scalar product are

1

tI‘(HiHj) = 662]
1 )
tr(Eo, B_qo;) = 6 j=1,23.

Another possible choice of basis for the Cartan subalgebra which treats the diagonal
elements in a more symmetric way is

1 0 0

=0 -1 0 (C-5)
0 0 0
00 0

=01 0 (C-6)
00 —1
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In the description of the quantum SU(3) monopole, we use both bases. The basis
derived from the Gell-Man matrices is used for the parts which are closer to the
classical description; the symmetric basis is used for matters related to the Seiberg-
Witten description. The transition matrix from the standard basis to this symmetric
basis is

va=( 2 05 (c-7)

The components of the field ®, its dual ®p and the modulus 7 transform in the rika se tomu
usual way tak?

¢i = ¢AM£Z‘1
®p,i = Miadp.a (C-8)
Tij = MiaFapMp;. (C-9)



Appendix D

(General derivation of Picard Fuchs
equations

Derivation of PF equations

In [37] a general, systematic method is presented, which can be used for all classical
gauge groups with massless matter. The derivation is actually very simple, only
algebraic operations and per-partes integrations are needed. But the cost for this is
the large numbers of objects involved and the tedious calculations needed. We shall
give here a very brief overview, focusing only on the main ideas, important formulas
and (hopefully helpful) intermediate results. The elliptic curve for an SU(n) gauge
group was given in (4.45), for the general case the second term reads as z*A!, the
integers n, k, [ are determined for the individual gauge groups and matter contents.
The highest coefficient u,, can be normalized to 1 and the next highest coefficient
can be set to zero u,_1 = 0. The scale A will be set to 1 for simplicity. The periods
I1; given in (4.48), (4.47) can be generalized to

xm
o = (1) f e (D-1)
where W = y?. The usual periods w; are obtained upon setting y = —1/2 and
m = 0,1,--- ,g — 1. The general idea of the derivation is as follows: both the

periods Q,;Ll/ ? and their derivatives with respect to the moduli 897}1/ 2 /Ou; can be
expressed as linear combinations of the periods Q,ln/Q. This can be used to find a set
of coupled first order differential equations for the periods Q,;Ll/ 2. This includes also
the Seiberg-Witten potential Agy, since it is also a combination of these periods

dx

s = | pole) — aprta)| . (D-2)

In the following, all total derivatives will be dropped. A period 2, can be expressed
in terms of the periods €, in two ways: either directly from the definition as
W

—(1+ @y = (D)0 (n+2) | Wht?2

98
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or by expressing 22"~! from OW/Oz, inserting in Qm L on_1 and using per partes
to change the integral of W /0x to Q4,. Combining both we can find two crucial
recursion relations for the periods

1
Qr = [ = 2m)
m+1—2n(1+u)( n) +k+
n—1n—1
+1
+ZZ 2n—]—lujulQm+]+l—|—22 n—j uJQ%HH—g (D-3)
7=0 1=0
w1 1

1
m-—2n+1—-k(1+ ,u))QZ;k_Zn—l—

o m+1—2n(p+2) [(

n—1

+ 23 ((1+ m)(n+ ) = (m =20+ D+
j=0
n—1ln—1
+ Y (G HDA+p) = (m =20+ D)uu Qi (D-4)
j=0 1=0

)

with m in the so-

called basic range R = (0,1,...,9 — 1,9+ 1,...,2¢g) as linear combinations Qg,l/Q),

m € R. We will discuss later the special cases m = n —1 and m = 3n — 1, where the
recursion relations are not valid. Define the matrix of this linear transformation as

M

These recursion relations allow us to express the periods Qg; 1/2

QY2 = M QY2 momre R (D-5)

ml

The linear expansion of the derivatives of the periods 9§, /Ou; in terms of the periods

QA can be found immediately from the definition
o0 = 1
aun,l =2 E :ujQMerjJrz" (D-6)
i X
J:

The matrix of this linear transformation is D(u;) and we find the differential equation
for the periods

O/ _
&b::meW¢ﬁ=(merw 0 L2

It can be proven that M is invertible everywhere except for the singular curve. Since
we are interested only in the differential equation for the Seiberg-Witten potential,
we can change our basis so that Agy is one of the basis vectors. This can be always
done, since from (D-2) we see that as long as k < 2n (which is always fulfilled), Agy
always contains a nonzero term proportional to w,. Denote the new basis formed by
Wm, M € R,m # n as m and the transition matrix from the old w,, basis to the m
basis as K. Then the differential equations for the new basis read

(D-7)

mmy "

1—[1;L1/2
: ou; = Ul mm’H 1/2’ (D'8)
K

ou;
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The extraction of a set of differential equations fulfilled by the SW potential is non-
trivial. However if the SW potential is a potential for some differentials, i.e.

OAsw
Gui

:Hi7

the situation can simplify. This is the case for SU(n), and partly for SO(n) and
Sp(n). In the case of the SU(n), groups the SW potential acts as a potential for all
differentials of the first kind, i.e. wy,, m <n — 1. The square 2¢g x 2g matrix U; can
be split into four g x g matrices A;, B;, C;, D;

A; B
(28 oo

Solving for Agyw = II,, from the first n equations, we find

o =, (ol
Fo I = kgl 1B (8—%_ -~ A,Jﬁ,lHl)

where we assumed that B; is invertible. Using the fact that the periods g, k =

1,...,n — 1 are derivatives of the SW potential we find the final equations
n—1
O*Asw OAsw
Bt o A —Asw = 0. D-11
> 157 (Gt~ Auaa %528 ) = s (D-11)

At last, we will return to the problem cases when the recursion formulae (D-4) are

not valid. The case n — 1 does not pose a problem, since the period Q( / )

1/2
a1

is not
needed anyway. On the other hand, Q3£_1 is needed to express both and its

derivatives. In order to find an alternative expression for Qg;i/f), divide z2"~2W by
OW/0z, denoting the quotient as ¢(z) and the remainder as r(x)

W = q(m)%—z/ + r(x).

Integrating this, we find the relation

2n—1 2n—2
—(1+p) le;) , = Z jq]Q(u)l 4 Z Q(1+u)

which can be used to find the following expression for Qg;i/;)
1z _ 2 X~ (-1/2)
—-1/2 1/2 —1/2
0,1 = Z% rnQ Y — g0 7. (D-12)
j=

(=1/2)

All occurrences of the period €2, /', which is not in the standard range, should be
moved to the left side, and the subspace formed this way should be used everywhere
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instead of an /2 ). A similar trick can be done for the derivatives, using x2"~20W/0u;
instead of W. The result is

aQ5—1/22) n—1+i )12 (1/2
# =— ) g 0 Z 0 (D-13)
1 j:0

where ql(l) are the coefficients of the quotient polynomial and (@ the coefficients of
the remainder. The coefficients of the quotient and remainder are derivatives of the
corresponding coefficients of ¢(z) and r(z); therefore all relations refer to the same
subspace. Also, 2, / ) appeared as a side product in our relations, and thus we need
some other relatlon to get rid of it. This can be achieved by doing the same trick for

W
2n—2

Furthermore, the leading coefficient of q(az) must be 1/2n; thus the problematic

Qg__ll/ 2) drops out and leaves us, after using (D-4), with a relation among the Qg/ 2,

PF equations for SU(2)

For SU(2), the curve is given by (4.15); thus n = 2,k = 0, there is only one modulus
ug = u and the standard range is R = 0,2. The Seiberg-Witten potential is then
Asw = —2€, Y2 The matrices M and D(u) are readily found

M = 4( _ul(l__“;) _(1__“u2) > D(u) = 2( ugu_ . i ) . (D-14)

From this we find

1/2 —1/2
Oy Q( /2) 1 0 u2171 Q(() /2) (D_15)
Oy Q( 1/2) -1 0 Qg—l/Q) !

which gives us the Picard-Fuchs equation

A2 Agw 1
= . D-l
du? 4(1 — u?) Asw (D-16)

PF equations for SU(3)

The elliptic curve for SU(3) is given by (4.51), the moduli are uy = —u, u; = —v, and
the other parameters are n =3, k =0, R=0,1,3,4 and Agyy = qufl/Q) —3Q§71/2).
Since the equations (D-4) and (D-6) for Qé(fl/ ? and its u-derivative involve Qél/ 2),
we must use the alternative relations (D-12), (D-13) and (D). The quotients, resp.,
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polynomials are

1 1 2 1 2

q= 6335 - §ux3 - 62)562— r=—zt(1+ 2—7u3) - §u2m:3 + 2—7u4x2—i—
1 ) 1

- 2—7u2x - Euv — 2—7u3tﬂv + §v2u2
1 1 2 2 2
¢ = —gmg — g rW = —§u2m4 + §u3x2 - §u2tm

1 1 1 2 1 2

q= 61'3 —QuT v 7= —§u2m4 — guvx?’ —2%(1 - §u3)—

+ §u2vx + luv2
9 3

So the linear combination of Q(-1/2) which should be used instead of QS/ 2) is
9271/2) — qufl/Q) and the auxiliary relation among the Q(1/2) ig

1/2 U ~(1/2
0 — Ll
The new basis is
(Hl,HQ,H3,H4) _ (98—1/2)795—1/2)7(2&—1/2)794(1—1/2) . qu_l/Q))

and the matrices M, K, D(v) and D(u) are

M=
—%ug — 32 +3 Suv 3v 2u
%u% —%u?’ — 602 +6 —%uQ 6v
—4udv + 3v — 303 8u — 1luv? — %u4 + 6v %u?’ + 302 -6 Suv
—1—30u2v2 + %uQ —%u?’v — 6v° — 6v %UQU —3 + 602
1 0 0 O
01 0 O
K= 0O u =3 0
00 0 1
2v 2u -2 0
2.2
_ U 2v 0 -2
D(t) —v°+1 —Uuv v 0
—%u% —%u?’ +4 — 42 %uQ 4v
—2u? 2v 0 2
2 2.2 2
_ Fuv su —3u 0
D(u) —2u2v —%ug +4— 42 %uQ 4ov
—%qu—i—%u—i—l—vQ —%u%—uv %uv—i—v 0

The determinant of the matrix M is

§ (2701 = ) — 4)(2T(1 + ) — 1)
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so it can be inverted everywhere except for the singular curve. The SW differential
is a potential for II;, IIs, which is also reflected in the fact that the third lines
of U(v), resp., U(u) are zeros except for the first, resp., second entries, which are
ones. Performing the decoupling procedure described above, we find two differential
equations L; gy =0

Ly = (27 — 4u® — 27@2)6—2 — 12u%v o - 3uvé —u (D-17)
! ou? dudv v
3 5, 02 0? 0
Lo = (27 — 4u’ 4 27t%) — — 36uv —9v— —3. (D-18)

Ou? oudv ov



Appendix E

Solution of the Picard-Fuchs
equations for SU(3)

The Picard Fuchs equations for SU(3) can be rewritten so that they form canonical
equations for the Appell function Fy [24|. The solution of the canonical equations
can be found in [40].

Asymptotic behaviour can be found for the period integrals (4.50). We can then
choose a suitable combination of fundamental solutions with the given asymptotics.
The calculations are described in more detail here, the final results can be found
in [24].

The first derivatives of the periods are given for further reference.

Differential equations

The Picard-Fuchs equations for the period integrals (4.54) can be rewritten in the

canonical form (A-15) as follows. It is useful to change coordinates from (u,v) to
4u3

I The operators £1 and Lo transform to

coordinates s = X—Qﬁ and t =
L1 =36u [t(1 —t— 5)0} — 25tds0 +g(1—s—t)8 —158 L
1 — t sUt 3 t 6 S 36
9 1 1 1

Lo =108 |s(1 — s —t)07 — 2st0s0; + 5(1 —s—1)0s — =805 — % (E-1)

The condition (4.55) can also be transformed and gives
40; + 6t0* 4 t = 30, + 650°. (E-2)

We can use this condition to rewrite the operators L1, resp., Lo and get rid of the
terms std?, s0; resp. std?,tds. The resulting form is

2 2 2 1
_ . 2 292 I _“ o
L1 =1t(1—1)0;f — s°07 — 2st0s0¢ + <3 3 )(% 3888 %6
12 2 1

Lo =s(1—5)0% —t20? — 25t0,0; + <§ — §s> Os = St0h — 35 (E-3)

104
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So the Picard-Fuchs equations are equivalent to the canonical equations for the Ap-
pell function F4(—%, —%, %, %, s,t). The fundamental solutions of these equations are
given in (A-16), we can use these to match the asymptotic formulas found in [24].

Unfortunately, we do not get all the asymptotic behavior that we need. If we
look at the v — 0, v — oo limit, which corresponds to s — 0, ¢ — 0, we find,
using Fy(a,b,c,d,0,t) = F(a,b,,t) and the expansion formula for the (ordinary)
Gaussian hypergeometric function, given in (A-5), for the solutions z; and z3 the
same behaviour, namely

21 & consty/u(log u + const)

but no y/u behaviour that we need for the aj, as integrals, as we will see later. We
can use a different solution, where Fj has a different radius of convergence, namely
t7Fy(a,a+1—-c,c,a+1-0,3, %), (compare this with (A-14). Substituting this
instead of z3, z4 we start with the following fundamental solutions of our system of
equations

.1> (B-4)

The expansions of these for large u (i.e. small t) and small v (and s) can be found
using the expansion of hypergeometric function and the relations given in section 4.3

L3
2~ (—=t)6 |Int +7(i —V3)+3In3+4In2—6
M(=5)(E) | ]
1 P(g) 11 1
zy e (—1)78 35373 [lnt—l—ﬂ'(i%——)—l—?)ln?)}
I(3)? V3
Z3 %té
1 1
z4 = s21 3. (E_5)

The functions s%, t_%, té, Int must be analytically continued appropriately.

Asymptotics of the period integrals

The asymptotic behaviour of the period integrals can be determined from the integral
representation

. e; 2 _
L / e, (E-6)
7 Je, y
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with y given in (4.51), 4% = (2% — ux — v)? — A%, and e; being the roots of y. We

shall adopt the convention of [24] and choose ¢ to be the integral around es,eq, P2
around eq,eq, ¢p1 around ey, €5, ¢po around es, ez. The roots of the elliptic curve
are chosen so that in the limit v — 0, u — oo they give

1o 1A3 1v 1A3
e1=—Vu+-——-— es = —Vu+
2u 2 u 2u
v A3 v A3
€3 — —— — — €y —=— — —
u u u u
v  1A3 1o 1A3
es =\Vu+ ——— —— e6—f+——+—— (E-7)
24 2w 2 u

In the following, o = v/u?? and § = A3/u?/2. The integrals of type a; which give
¢; are easier. The integral around eq, ey (i.e. ¢g) is

. e 3 2 _
by = L / (B —u) (E-8)
T Jey Yy

This can be written by using the substitution z = \/uz as

- 71+a/2+5/2 3 2 1
iv/u z(3z
Py = i - ( ; ~dz. (E-9)
T J-14a/2-5/2 \/(z —z—a)? -4
The integral itself is finite in the limit @« — 0, 8 — 0. Another substitution z =
—1+ «/2+ s//2 and taking only the lowest order in «, /3, gives us the final form

v
$2 ~ Vu(l — a/2) = u— 2 (E-10)
The dual integrals are slightly more complicated. The integral ¢ps around eq, e3 is

after extraction of the factor \/u,

. a—pf3 2 _
o = — YU St N (E-11)
T Jottajerpie V(23— 2 — a)? - 32

This integral diverges logarithmically in the limit « — 0, 8 — 0 as log(x + 1),
x — —1. In order to also find the coefficients of the linear terms, we can cut the
integral into two parts at a point . The integral over the interval [y, 0] will be finite,
whereas the the integral over the interval [—1+a/2+4(3/2,~] diverges logarithmically.
We can simplify the term under the square root by writing as a product II;(z — E;),
(E; are rescaled roots e; = \/uF;) and keep the «, [ terms only in those roots that
are close to our integration interval. The integral over the interval [y, a — [3] is finite,
so we can drop all factors of a, # and find

I = [3z + log(x — 1) — log(z + 1)]9/

For the second integral we must keep the «, § terms only in the roots ey, e

_ [ (322 —1) i
= /—1+a/2+6/2 (z—1)/(+1-a/2)2 - 52/401
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This integral can be calculated as

I = [w(x T1-a/2)? - B2/A+
+ galog <(2 —a+22)+(z+1—-a/2)?2 - ﬁ2/4>

4
— log (8 16 — 32 — a2 — 8«
V16 — 32 — a2 — 8a v

V@ +1—a/2)2— 2/4+32—26% +2a2 — 16a + (16 — 4a)(z — 1)) +

4 v

+
V16 — 32 — a2 — 8a

log(x — 1)]

—14a/2+8/2
The terms involving ~ cancel as expected, and we are left with

ivu

¢p2 = —7(3 +log 3 — 3log2 — ;a(logﬁ —log?2)) (E-12)

The behavior of ¢1 and ¢p; can be calculated in a similar way. The final asymp-
totic expansions of the period integrals are then

1 j 1 AS 3 AS
¢1z\/ﬂ+§% qsmz—% [\/ﬂ<3—|——log )—{——glog }

2 64u3 4 43

1o i 1 AS 3o AS
~a— =2 ot 34+ =log —— | — 2 Y100 = E-13
027V 2u ¢D.2 W[\/a<+20g64u3> 4u Og4u3} (E-13)

Thus the period integrals can be found as linear combinations of the z;’s with the
appropriate asymptotic behaviour

1
273A
1 = VBA2 325 + ” 24
1
273A
P2 = \/§A2_%Z3 - ; Z4
_1 L1 D(=Hre
dp1 = V3A2 3 (—1)3 [% (Fﬁ()%) 822 + 23| +
A23 1 3 T(2) V3
(—1)76 |- 2+ 52
bpo = VA2 (~1)5 | GG
D2 — o F(%) Z1 z3
A23 1 3 T(%) V3
— -1 —37 -~ E-14
3()6[4r(§)2+2z4 (E-14)

First order derivatives

For further reference we will give here explicitly the first order derivatives of the
fundamental solutions.
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Just like the ordinary hypergeometric function, the derivative of the Appell function
can be written in terms of an Appell function with different parameters (compare
with (A-7))

d b
d—F4(a, be,d,x,y) = a—F(a +1,b+1,c+1,d,2,y) (E-15)
x c

and an analoguous relation for the y-derivative. Using this we can write the s,t
derivatives of the fundamental solutions z; as

0 1 4 2
ﬁ:_Fll §’§’_,_’Sat
0s 12 6633

dzy 2 1/2F4<4 45 2

)
~
~_
+
N | —
C’bl
—_

Ry
V)

IS
N
W =
W=
N W
Wl N
»
~
~_

Os 27 3’3723
Oz _ 1 spep (573,51
0s 18 66’27t t
=1 _ - B8 (=221, = /243 g (22 2 2 2
Os 28 4 3’3’2’ atat + s 74 35352, atat
0z 1 5515
A (222 st
at 24 4(6’6’3’3’8’>
=22 (2 22 2 st
ot 6> M\33723®
S e (2 2 2,2 D) Wy (22 21,2 2
ot 16 N\ "ee2trr) s stilgeehrr) T
¢ (2,2 29222
* 36 Ne6 22711
S8R (22 21,2 2 24718 (2.2 21,2 2 =
ot 3° N\pzppbpr) TS 27 M\ 332 7
a2 453 s1
- 81/2t 7/3§F4 (ga ga 552, E, Z> . (E_16)

The derivatives of the four periods ¢1, ¢2, ¢dp1, ¢po with respect to v and v can
be easily, though tediously, found using the chain rule and (E-14). The derivatives
of the period integrals are necessary for moduli space motion (6.15), and the period
matrix 7 ((4.49) and below)
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