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Chapter 1

Introduction

The widely accepted model which describes physics in microscale is the Standard Model.
Recent experiments (in particular at LHC) show an astonishing agreement with the Stan-
dard Model (SM). Nevertheless, it leaves some fundamental problems unresolved. This
leads to the belief that the Standard Model is only an effective theory and needs to be
extended. An example of such issue is the hierarchy problem [1]. A possible solution
proposed in [2] is extending SM to a Minimal Supersymmetric Standard Model (MSSM).
Another motivation for MSSM is that it ensures that the coupling constants of strong,
electromagnetic and weak interactions meet at one point at the energy scale of grand
unification [3]. Finally, the Standard Model does not provide a good candidate for dark
matter. On the other hand, certain models propose the lightest supersymmetric particle
(LSP) as a possible constituent of the cold dark matter [4]. Although there are certain
theoretical motivations for the supersymmetry to be a true symmetry of nature, no evi-
dence for it was yet found in experiment. Instead, it starts to be more constrained and
pushed away to higher energies. Nevertheless, supersymmetry remains at the center of
interest of theoretical physics. One of the supersymmetric models is the supersymmetric
Yang-Mills gauge theory |5, 6].

The supersymmetric Yang-Mills gauge theory was studied in [6]. It was found that it
can be supersymmetric only in certain dimensions, namely D = 2, 4,6, 10. The gauge the-
ory can be used to construct supersymmetric Yang-Mills quantum mechanics (SYMQM).
By definition, D—dimensional SYMQM is obtained from the N = 1 supersymmetric
Yang-Mills field theory in D = d + 1 dimensions by reducing the whole space to a single
point. The number of supersymmetry generators in the resulting quantum mechanics is
N = 2,4,8,16 respectively for the given dimensions. In [7] the authors gave complete
solution for the case of D = 2 and SU(2) gauge group. Their result was then generalized
and vacuum wavefunctions were found for arbitrary SU(N) [8].

Dimensional reduction is not only a simplification of the field theory, but SYMQM
has its own motivations. In [9] the purely bosonic part of SYMQM was proposed as a
regularized description of a membrane. More precisely, coordinates of a membrane are
first expanded in terms of an orthogonal set of functions Y* on the membrane. Then,
a cutoff to the expansion is introduced. Finally, it was shown that for each N € IN the
algebra of the first N2 — 1 functions Y is closed and isomorphic to su(XN). A membrane
is represented by an N x N matrix in the fundamental representation of SU(N). These
matrices are the bosonic degrees of freedom of the Yang-Mills theory. The parameter N
is a regulator and the continuum limit is recovered for N — oo. This correspondence can
be extended to the full SYMQM describing the dynamics of supermembranes [10, 11].

11



CHAPTER 1. INTRODUCTION

It was later shown in [12] that the spectrum of SYMQM is continuous and thus the
supermembrane is unstable. This gave rise to the interpretation that a theory quantum
supermembranes is second-quantized from the very beginning |13].

In [14] an M-theory compactified on a circle is considered in an infinite momentum
frame [15]. It is argued that the dynamics of the M-theory are given by DO branes. Those
are described precisely by the large N limit of SYMQM in D = 10. This is called the
BFSS conjecture (named after Banks, Fischler, Shenker and Susskind) and is perhaps the
most remarkable application of SYMQM. The continuous spectrum of SYMQM turned to
be a virtue and corresponds to scattering states in the M-theory. A necessary condition
for the BF'SS hypothesis to be true is the existence of a normalizable massless state in
SYMQM. It would correspond to the graviton one the side of M-theory. It was shown
that such state cannot exist in dimension lower than D = 10 [16]. Other papers suggest
that there may be such state for D = 10 |17, 18]. More details can be found e.g. in a
review article [19]. The BFSS conjecture aroused a large interest in this model [20, 21, 19].
Asymptotic ground states for the SU(2) case were found in [22, 23]. The lattice methods
were applied in [24, 25]. SYMQM was also studied with a hybrid Monte Carlo approach
[26, 27, 28].

A different motivation for the Yang-Mills quantum mechanics is given in [29]. It was
advocated that the dynamics of a QQCD gauge field can be understood by analyzing the
theory in a small volume, of order 10~*cm. An approximate description is then given by
constant fields. These are described by the dimensionally reduced theory, i.e. the purely
bosonic part of four dimensional SYMQM.

A more complete study was proposed in [30] where a small volume (or equivalently
weak coupling) expansion is considered. The zeroth order approximation is the Yang-
Mills quantum mechanics. In [30, 31, 32| this system was studied for SU(2) and SU(3)
gauge groups with a numerical Rayleigh-Ritz technique. In [33] also higher groups, up to
SU(6) were considered. Further analysis, in medium volume was performed in [34, 35|.

A program to study the whole family of SYMQM with various dimensions and gauge
groups was proposed in [36]. The cut Fock space method, which will be our tool was
used in a set of papers. In [37, 38| the four dimensional model with SU(2) symmetry
group was addressed. The D = 2 case was studied and eventually a complete solution
for SU(N) gauge group was found in [39, 40, 41]. There was yet another study based on
the Schrodinger equation [42, 43, 44|. With this method the energies and eigenstates in
O-angular momentum sector of D = 4 model with SU(2) gauge group were found with
great precision.

This thesis is a continuation of the program. The primary goal is to analyze the
supersymmetric Yang-Mills quantum mechanics in four dimensions with SU(3) gauge
group. Analysis of this model is based on numerical results obtained using the cut Fock
space. The main result is the spectrum of the theory. It is calculated in channels with
definite number of fermions and spin. Eigenstates of the Hamiltonian with equal energies
form supermultiplets. A way to identify members of these supermultiplets is given. An
important part of this thesis is devoted to studying wavefunctions of the bound states
and scattering states. Analysis of the wavefunctions delivers important information, in
particular how the wavefunctions penetrate valleys of the potential. All results are given
for SU(2) as well as for SU(3) gauge group. Construction of wavefunctions for this class
of systems is a novelty. It was addressed before in [42, 43] but only for vanishing angular
momentum and only for SU(2). The method presented in this thesis applies to all angular
momenta and in principle to all gauge groups.
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Outline of the dissertation is following.

In Chapter 2 we provide an introduction to SYMQM with D = 4 and SU(N) gauge
group symmetry. The dimensional reduction of the quantum field theory is performed.
The Majorana condition is imposed so that the model is supersymmetric. Next, the
symmetries of the Hamiltonian are identified. The two basic properties are conservation
of the total angular momentum and number of fermions. It is also invariant under the
particle-hole transformation. Thanks to the last symmetry, there is degeneracy between
channels with np and ny = 2(N? — 1) —np fermions and therefore only half of the sectors
with given number of fermions need to be analyzed. Finally, the model is supersymmetric.
The matrix notation is introduced. It is a common tool for simplifying the notation and
plays an important role in the algorithm for constructing matrices of physical observables.

In Chapter 3 the cut Fock space method is presented. The idea of this approach is
to represent the Hamiltonian as an infinite matrix and to introduce a cutoff. Here, as
in many other cases, it is most useful to use the Fock basis. The cutoff limits the total
occupation number of bosons. The maximal number of fermions is 2(N? — 1) because of
the Pauli exclusion principle, so there is no need to limit the number of fermions. The
basis of the gauge invariant space is generated by bricks which are traces of products
of creation operators. Thanks to conservation of number of fermions, the Hamiltonian
can be constructed in each fermionic sector separately. Matrix of the Hamiltonian could
be constructed independently also in channels with definite angular momentum, as in
[38]. However, this procedure would involve constructing bricks with definite angular
momentum which is inefficient for the SU(3) gauge group. Instead, bricks with definite
3 bosonic and 2 fermionic occupation numbers (corresponding to three spatial and two
spinor indices) are used. Construction of the matrix is performed using a recursive al-
gorithm. This is the most numerically involved part of calculations. Once the matrix is
created, it is diagonalized to obtain its eigenvectors and eigenvalues.

In Chapter 4 we present a method based on group theory to obtain dimensions of all
sectors with definite set of quantum numbers of the cut Fock space. It was first introduced
in [45] to calculate dimensions of spaces with definite fermionic and bosonic occupation
numbers nr and ng and also with definite angular momentum j. It is modified in order
to calculate dimensions of spaces with more occupation numbers specified, i.e. n}, np,
ny, n' and n%. Dimensions of such subspaces can be also obtained numerically from
the rank of Gramm matrix for the overcomplete set of basis vectors. At the end of the
chapter a cross—check of both approaches is provided. The knowledge of dimensions of
certain subspaces is also useful for constructing matrix elements of the Hamiltonian.

In Chapter 5 results for eigenenergies of the system are given. They are obtained
in channels with definite number of fermions and angular momentum. An important
question is to distinguish the discrete spectrum from the continuous one. This analysis
is based on dependence of energies on the cutoff. Thanks to the particle-hole symmetry,
only sectors with np < N? — 1 need to be examined in the theory with SU(N) gauge
group. It turns out that the spectrum in the few lowest fermionic channels is discrete,
while the continuum spectrum appears for many fermions. Because of the supersymmetry,
energies from neighboring fermionic sectors are degenerate. For this reason, for some ng
there are discrete energy levels immersed in the continuous spectrum. It was found for
the case of SU(2) and is now confirmed also for SU(3). We present results for both,
SU(2) and SU(3) cases for comparison with each other and with earlier papers.

In Chapter 6 the supersymmetry multiplets are identified and discussed. Supermul-
tiplets contain SO(3) multiplets of states with equal energies and different numbers of
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CHAPTER 1. INTRODUCTION

fermions and angular momentum. Existence of supersymmetric multiplets is a direct
consequence of the fact that supercharges conserve energy. On the other hand, the super-
charge operators do not conserve bosonic (and fermionic) occupation number. Therefore,
supersymmetry is broken for finite cutoff. In order to identify states which form multi-
plets in the continuous limit, we define so called supersymmetry fractions. They measure
how supercharges map one energy states into other. Values of supersymmetry fractions
in the continuum limit are known. Therefore, they are useful to analyze the degree of
breaking of supersymmetry. Moreover, they help to identify SUSY partners.

In Chapter 7 we present a method to construct wavefunctions of energy eigenstates.
These distributions are used to directly illustrate the effect of nonabelian interactions.
First, given an angular momentum multiplet of states in the Fock space a single rota-
tionally invariant function is introduced. It is an analogue of square of radial part of the
wavefunction in the case of an ordinary three dimensional problem. Then, the structure
of the configuration space in both cases, SU(2) and SU(3) is investigated. The flat valleys
of the potential and directions in which the potential grows fastest are identified. They
are essential in distinguishing between behavior of bound and scattering states. Finally,
behavior of wavefunctions of several energy eigenstates along the flat valleys and steep
directions is studied.

Finally, in Chapter 8 a summary of our results is given.

Some less significant and lengthy calculations are put in appendices. In Appendix A
symmetries of the SYMQM Hamiltonian are discussed. In B we prove after |31| that
there are no SU(2)-invariant bosonic vector states. Appendix C contains a proof that
the recursive algorithm for constructing matrix elements introduced in Chapter 3 is finite.
Finally, Appendices D nad E are related to Chapter 7.

14



Chapter 2

The model

The Yang Mills quantum mechanics is obtained by dimensional reduction [7] of a four
dimensional gauge theory given by the action

1 ,
S= / d'zL = / d' (—ZngFW“ + %wywuw) (2.1)

The gauge group is SU(N) and a is the group index in the adjoint representation. The
strength tensor and covariant derivative are given by

a a a abc Ab Apc
F,ul/ - aﬂAV - aVAu + gf A,u,Ay7 (22)
Dy = 0" — [ AL,

where fe¢ are the structure constants of SU(N).
The Lagrangian contains no time derivative of the field A§. Therefore, Af is not a
dynamical field and the Euler-Lagrange equations for A} are constraints of the system:

oL oL
= 5z 81(5(81-148) =0. (2.3)
G“ is generator of the gauge symmetry and (2.3) is the Gauss law. As A2 is not dynamical,
it can have an arbitrary value. One can use the gauge freedom to eliminate it. In the
following, we work in the temporal gauge, with A3 = 0. In the quantized theory, the
Gauss law [29] is imposed on the states of the Hilbert space. That is, the physical Hilbert
space is composed of states annihilated by G*.

In the dimensional reduction procedure one removes dependence of fields on spatial
coordinates, so that A%(t,¥) = A%(t). In the following we will adopt the notation of
quantum mechanics A — z¢. The resulting dimensionally reduced Lagrangian reads

Ga

1 . 1 7.a a 92 abc c i abec, ) a c
L= 5(131)2 + §1p A0 Oprp® — Z(f b xi-’xj)Q — §gf beapykatapt. (2.4)
The corresponding Hamiltonian is |7]

H = Hy +g°Hy + gHr,

1
HK = §p?p?7
1 2.5
Hv = Zf“bcf“dexi?x?{ﬂgx?, ( )
)
HF — §fabcwaTFk¢bIZ.
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CHAPTER 2. THE MODEL

', are the alpha matrices, i.e. 'y = 7°7* where v* are Dirac matrices. Hx, Hy and Hp
are kinetic, potential and fermionic parts of the Hamiltonian respectively. Spatial indices
i, 7, k take values 1, 2,3 and color indices a, b, . .. range from 1 to N? — 1. Therefore there
are 24 bosonic degrees of freedom in model for the SU(3) group.

Once spatial dependence of A¢ is removed, the gauge group generator G* has partic-
ularly simple form

G" = Fe(atyf — o) (2.6

This is nothing but the total angular momentum in the color space.
In what follows in all explicit calculations the Weyl representation of Dirac matrices
from [46] will be used. The Dirac matrices are

0 __ 0]1 k 0 (% 5 —]10

This theory is not yet supersymmetric. Indeed, in SUSY models the number of bosonic
and fermionic degrees of freedom must match. If ¢ is a Dirac fermion, then there are
4(N? — 1) fermionic d.o.f. On the other hand, the number of bosonic d.o.f. is reduced
by the Gauss law from 3(N? — 1) to 2(N? — 1). The supersymmetry can be achieved by
imposing Weyl or Majorana condition on the spinor ¢. In what follows we choose the
Majorana condition. Then, ) must satisfy 1o = 1) where for the charge conjugation we
use the phase convention

Ve = —iC ()", (2.8)
C = ( _602 2.22 ) . (2.9)

Finally, we proceed to quantizing the system. The quantization procedure gives algebra
of operators

[z, p}] = 670, (2.10)
{08, Py} = 6045 (2.11)

Because of the Majorana condition, components ¥2 cannot be independent. Instead, ¥
can be constructed from a two—component Weyl spinor f¢ (o = 1,2). By definition, the
Weyl spinor satisfies anticommutation relations

{Fa, 15} = 0%0as. (2.12)
The Weyl spinor can be written in a four component notation
i
Uiy = —e % . (2.13)
0

Yy satisfies YUy = —yr, so it is indeed a left-handed spinor. The phase in front is
chosen such that all components of spinor in the next formula (2.14) have common phase.

16



2.1. SYMMETRIES

The Majorana spinor is then constructed from the Weyl spinor and its charge conjugate
[47]:

_ f{:
o=ty e = | 2.14)
it
The spinor ¢* automatically satisfies the Majorana condition because charge conjugation
is an involution, i.e. for any x there is (x¢)c = x-

2.1 Symmetries

Now we come to discussion of symmetries of the Hamiltonian. An extension of this
paragraph can be found in Appendix A. In particular, Appendix A contains proofs that
generators of the symmetries commute with the Hamiltonian.

The supercharges arising from invariance under the supersymmetry transformation
are

Qo = (Dr¥")apy + igfabc@jkwa)a%?%z, (2.15)
where ¥, = —2[[';,T';]. They obey anticommutation relations
{Qa, QLY = 260 H + gTraprG". (2.16)

In the space of physical states, i.e. when G, vanishes, the anticommutator {QQ,QTB}
is proportional to the Hamiltonian. By acting with Q, and Q! on eigenstates of the
Hamiltonian one generates a supersymmetry multiplet. The supercharge operator @),
commutes with the Hamiltonian, so all states in the supermultiplet have identical energy.
Structure of these multiplets is analyzed in detail in Chapter 6.

In the dimensional reduction procedure the full configuration space is reduced to a
single point. Still, the resulting Hamiltonian exhibits an inherited rotational symmetry.
The angular momentum operators are

1
Ji = Lz + Sz = eijk (ﬁ?pi + Z¢aszk¢a> . (217)

Commutators of H and J; vanish and thus the angular momentum is conserved.

A remarkable feature of the four—dimensional theory is conservation of the total num-
ber of fermions ng = >, 2T foT. Tt is not true e.g. in 10 dimensions which is interesting
due to the BFSS conjecture.

Furthermore, there is a particle-hole symmetry:

o= £ s —f
1o — i st (2.18)
Ty — —xy, Py — —Dj.

A natural consequence of this symmetry is that one can find eigenstates of the Hamil-
tonian which are even or odd under (2.18). However, conservation of np is a stronger
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CHAPTER 2. THE MODEL

symmetry. It implies that the full Hilbert space splits into independent sectors with defi-
nite number of fermions. The particle-hole symmetry relates these sectors. For each state
with ny fermions there is a state with 2(N? —1) —np fermions and the same energy. Con-
struction of the other state is given explicitly so all its properties can be easily inferred.
In particular, the particle-hole transformation preserves the total angular momentum.

Moreover, the Hamiltonian has a scaling property

xf — g 3,

1
P! — g"*pf,

fa = Jas
H = Hg + ¢°Hy + gHp — ¢*3(Hx + Hy + Hg).

(2.19)

In what follows g will be set to 1. For any other finite g the spectrum is merely scaled by
¢*/3. Eigenstates are stretched by ¢~/? and all their quantum numbers do not change.

Finally, consider parity. The operators transform under parity in the following way:

p? - _p;'l7
xd — —xf, (2.20)
Ve = (Up)a = Yas¥h-

One can check that the Hamiltonian is invariant under the transformation (2.20). How-
ever, the spinor ¥p does not satisfy the Majorana condition. It follows that states gener-
ated by ¥ p are not invariant under the charge conjugation. Therefore, the Hilbert space
breaks the parity symmetry. A more detailed discussion of parity breaking can be found
in Appendix A.

2.2 Matrix notation

It is convenient to use the so called matrix notation. Let 7% be the N? — 1 generators of
SU(N) in the fundamental representation. They are hermitean traceless N x N matrices
and satisfy multiplication law

1 1 e
ToT® = ﬁ&lbm + 5(@ fobe 4+ dve)Te, (2.21)

where f%¢ and d*¢ are antisymmetric and symmetric SU(N) group structure constants
respectively. For N = 2 the generators are simply Pauli matrices 7% = 0% a = 1,2, 3.

2
The antisymmetric structure constant is f®¢ = e

and the symmetric d** vanishes. For

18



2.2. MATRIX NOTATION

N = 3 the generators are Gell-Mann matrices

L (010 L (0 —i 0
T1:§100, T2:§i00,
000 0 0 0
L f1 00 (001
T3:5 0 -1 0|, T4:§ 000 ],
0 0 0 1 00
L [0 0 —i (000
=-100 0 |, °==-100 1|,
2\ i 0 0 2\ o010
L (00 0 ] 10 0
T"=-( 00 —i |, ™"=—"-101 0 (2.22)
2\ 0 i o0 2v3\ 0 0 -2

Consider an operator with an adjoint color index A% Then A = A*T“ is a N x N matrix
with operator-valued matrix elements. In this notation x; = z{71, p; = pfT*, 1, = Y21,
etc. In the matrix notation the Hamiltonian, angular momentum and supersymmetry
generators are

Hyg =Tr(pipi),
Hy ==Y Tr(la;,x]%),
1<J

Hp =Y TragTr(vf[ts, 2"),
kafs

) (2.23)

Ji = €ijk <2T7’(5Ejpk) + E(ij)aﬁTT(@/Jiﬂ%)) ,

1
Qa = 2Fka5TT<wﬁpk) + szkaﬁTT(wﬁxjxk)a
2

2N

G = —Z[.T“pl] - %{wi,wa}‘f— (1+3Z) ]lN-
The first five operators in (2.23) are color singlets and are given in terms of traces. G*
which is a vector in the color space is represented by a matrix. The last term in G may
look strange, since G must be traceless. However, one has to remember that the two
operators [z;,p;], {¥},%.} have non-vanishing trace. The whole expression is indeed
traceless.

The matrix notation in only a way to rewrite the same operators. However, it is much
more convenient to manipulate with traces of matrix operators rather than to keep the
color indices explicit.
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Chapter 3

The Cut Fock space method

In this chapter we discuss a numerical technique, called cut Fock space method, which is
used to solve our model. It originates from the variational Tamm-Dancoff method [48]
where one uses a small set of trial states to construct an approximate ground state of a
theory. Quality of the variational approach relies on how many parameters one uses to
approximate the ground state and how clever one is in choosing these parameters. The
ground state energy is always approximated from above.

The idea of this method is to first choose a basis in the Hilbert space and then to
introduce a cutoff. The cutoff has to be such that dimension of the cut space is finite.
Then one constructs and diagonalizes matrix of the Hamiltonian in the cut space. The
lowest eigenvalue is an approximation to the ground state energy. It is the energy obtained
with variational technique where all basis states in the cut space are trial states. It is
usually most convenient to work in the Fock space (hence the name) with the standard
occupation number basis. The cutoff is then the maximal occupation number Ng. As
the cutoff increases, energies converge to their exact values.

One of the virtues of this approach is that one can construct not only Hamiltonian,
but also other observables. Having computed eigenvectors of the Hamiltonian, one can
easily obtain expectation value of other observable in these states. Another asset is that
one has a direct access to wavefunctions of energy eigenstates. They will be studied in
following chapters.

Wavefunctions (z|n) of basis states in the configuration space are simply Hermite func-
tions. It is known that (x|n) in practice have finite support, i.e. they are exponentially
suppressed for |z| 2 +/2n + 1. That is, for a finite cutoff n < Np all states are localized
inside a finite box of size L = /2Np + 1. Wavefunctions in the momentum space (p|n)
share the same behavior and thus the momenta are also limited. One can then take a
point of view that the cut Fock space is a regularized Hilbert space. The cutoff Ng plays
a role of both, IR and UV cutoffs which are approximately (2N3)~'/2 and (2Ny)'/2.

The cut Fock space method was already applied with success to other simpler models.
Properties of the cut Fock space were studied for one dimensional quantum mechanics
[49]. The technique was used for computations with high precision for the double well
potential [50] and multiple wells with periodic boundary conditions [51]. Then it was also
applied to SYMQM in two dimensions [39, 40, 41] and finally to four dimensional theory
with SU(2) gauge group [37, 38|.
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CHAPTER 3. THE CUT FOCK SPACE METHOD

3.1 The cut Fock space

In order to construct the Fock space we introduce creation and annihilation operators,
which satisfy the usual commutation rules

a __

a - a a 1 a N
(z§ +1py), az‘T = E(% —ipy), (3.1)

Sl

a2, a’T) = 65, (3.2)

177

Fermionic creation and annihilation operators f2' and f2 were already introduced in
(2.12). The Fock vacuum is defined as usual by

ai|0) =0, f210) = 0. (3.3)

All other states are generated by acting with bosonic and fermionic creation operators
on |0).

Since we would like to construct a Hilbert space consisting only of gauge invariant
states, we use only specific combinations of creation operators. Take a set of matrix
operators A, ..., A, where Ay = A{T*. For each k operators A¢ are in adjoint SU(N)
representation. The lower index k is not related to any symmetry and A, can be any
operators. In the following the object

(A1 A) =Tr(Ay-- A) = AP ASTr(T* - T%) (3.4)

is called a trace operator. If all operators Aj are bosonic or fermionic creation operators
then (A;---A,) is called a brick. For the rest of the thesis the round bracket (-) is used
for a short notation of the trace. It was shown [52] that the space of gauge invariant states
is spanned by states obtained by repeatedly acting with bricks on the Fock vacuum. A
product of bricks is called a composite brick. A state generated by a composite brick has
a definite number of bosons ng and fermions ng

np =Y ala, np =Y fife (3-5)

There are only 2(N?2 — 1) fermionic creator operators £, so the Pauli exclusion principle
implies np < 2(N? —1).

Because the Hamiltonian conserves the fermion number np, it is convenient to work
with subspaces with fixed number of fermions H,,,.. For each np we introduce a different
cutoff Ng. The cut Fock space H,, n, is then the space of all states which contain
precisely np fermions and at most Nz bosons.

The cut Fock space method will be used to construct matrices for several operators.
The angular momentum operators conserve ng and ng, so the cut matrices of these opera-
tors are (J;)np Ny @ Hop Ny — Hnp ng- Eigenvalues of these matrices are exact eigenvalues
of J;. Therefore, we may us eigenvectors of (J?),, v, and (J3)n, n, to construct Hilbert
spaces H,,, ng.;m With definite quantum numbers j and m.

The Hamiltonian conserves np but not ng. The matrix H,, v, : Hnp Ny — Hnp.Ng
has eigenvalues which approximate energy levels of the Hamiltonian in the Ng — oo limit.
In principle, one can construct H directly on subspaces H,,. vy, jm- This procedure would
generate smaller matrices which are easier to diagonalize. However, then one needs to
use bricks with definite angular momentum. The computational cost of this procedure
would exceed the gain from smaller matrices.
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3.2. RELATIONS BETWEEN BRICKS FOR SU(3)

Finally, matrices of ), will be constructed. Supercharges do not conserve ng. In
Chapter 6 we introduce operators Q4 which are closely related to the supercharges @),
and play exactly the same role. Q4 do not conserve ng. Instead, they decrease the number
of fermions by 1. Therefore, We generate matrices (Qi)nFJVBJ\/'/B t Hop Ng = Hop-1,87,-
In practice the two cutoffs N and N are always different.

3.2 Relations between bricks for SU(3)

The full Fock space of gauge invariant states is spanned by all possible composite brick
acting on the Fock vacuum. However, these states are not linearly independent. For
optimization reasons it is necessary to have as few states as possible. Therefore, we try
to identify and remove those bricks which can be expressed in terms of other bricks. The
more complicated case of SU(3) gauge group is addressed in this subchapter.

The Cayley Hamilton theorem states that a matrix is a root of its characteristic poly-
nomial. Let M be a square traceless matrix of size 3. Then, the theorem implies that

M3 = (M)M?* + % (M?) — (M)*) M + é (M)? = 3(M?*) (M) +2(M?)) 15.  (3.6)

Recall that (-) is a short notation for a trace. This theorem holds if the matrix is
operator—valued, i.e. its matrix elements are operators, as long as the matrix elements
commute. Multiply the above equation by another operator—valued matrix O and take a
trace. Then,

1
(M°0) = (M)(M*0) + 5 ((M?) = (M)?) (MO)
3.7)
1 (
= (M0 =30 (M) +2(M%)) (0).
It follows that if a brick contains an expression which is repeated three times and at least

one more operator then it can be written in terms of shorter bricks, e.g. for M = aJ{ag

and O = f1 oz1 there is

+

1
(aiagaia;%%flal) (aiag)(ala;al%flal) + Q(aia;aiag)(al%fl al)
1 1
— —(alab)*(ala} fla}) +6(a§a2) (ffa}) (3.8)

— DN

1
— 5 (alafaiad)(aial)(fa]) + 5 (alabajabajal) (fla}).

[\]

Because the trace of a single matrix operator is zero, i.e. (al) = (fI) = 0, this formula
simplifies if M or O in (3.7) are single creation operators. For M = a! and O = flal it
reads

1 1
(aialalfl%) 2( )(a1f1a3) S(QIGIGD( fag) (3.9)

There are other relations for fermionic operators. The simplest example is vanishing
of a square of single fermionic creation operator.

() = ft et @ere) = — et @) = —(f ), (3.10)
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CHAPTER 3. THE CUT FOCK SPACE METHOD

so (f1f1) = 0. This can be easy generalized. Let M be a operator valued matrix with
anticommuting matrix elements. Then,

(M?) = (M*) =0, M® = 0. (3.11)

The proof of the first two relations is analogous to (3.10). The last equality can be easily
shown by plugging M? into (3.6) and using the first two identities from (3.11). There is
also a Cayley-Hamilton relation for matrix with anticommuting matrix elements:

1 1
M5 = §(1\43)1\42 + g(M5)- (3.12)
It can be proven by a direct calculation. In order to use it for eliminating bricks, one has
to multiply (3.12) by an arbitrary operator O and take a trace. Then,
1, . 1
(M°0) = §(MS)(M?()) + g(M”)(O). (3.13)
They Cayley-Hamilton relation for Grassmann-valued matrices can be also extended to
any SU(N) group [53]. For an N x N matrix M whose entries anticommute it reads

N-1
1 1 , A
M = —N(MQN—l) + 5 > MMV, (3.14)
=1

There is one more identity for SU(3) which is used in eliminating bricks, namely [54]

1 1
Tlertrel = Za{ach} + 5(T{aTch})]lg. (3.15)

Curly brackets denote symmetrization without additional coefficient % Formulas pre-
sented earlier (3.6) — (3.12) allow to discard some bricks because they are expressed by
shorter bricks. (3.15) is different, because it relates bricks of the same length. For any six
bricks that differ by permutations of three operators then one of them can be eliminated.

Finally, the procedure of eliminating dependent bricks is the following. For each ng
and np generate all possible bricks with appropriate occupation numbers. Then, eliminate
as many bricks as possible using relations (3.7), (3.12), (3.11) and (3.15). All composite
bricks with fermionic and bosonic occupation numbers ny and ng form an overcomplete
basis in sector (ng,ng). This overcompleteness cannot be eliminated entirely and is taken
into account in the program for generating matrices.

There is yet another way to eliminate superfluous bricks. It involves objects introduced
below and will be presented in 3.4.

3.3 The algorithm

In this part we present the algorithm for constructing matrix elements of interesting
operators. The same algorithm is used for both cases, SYMQM with SU(2) and SU(3)
group, so it is presented in a general form for a group SU(N).

First we introduce the notion of a trace operator. Take n operators A}, k=1,...,m,
where a is the color index. Each Af is a fermionic of bosonic creation or annihilation
operator. Then, (A;---A,,) given by the formula

(Ay - Ap) = A% oo A% (T ... T%m) (3.16)
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3.3. THE ALGORITHM

will be called a trace operator. The number m of operators inside the trace (3.16) is
called the length of the trace. In particular, identity is a trace operator of length 0, i.e.
1d = %TT(]IN). A product of trace operators is called a composite trace. Length of a
composite trace is the total of all lengths of single traces in the product. All operators of
our interest, i.e. angular momentum, Hamiltonian and supercharges can be expressed by
traces of creation and annihilation operators. The angular momentum has a particularly
simple form

Ji = 2i(afas) — 2i(abas) + (f] f2) + (f111),
Jo = 2i(alas) — 2i(afar) — i(f] f2) + i(f3 1), (3.17)
Js = 2i(abar) — 2i(alas) + (f{f1) — (ff2).

The explicit expression for Hamiltonian is much more complex and is not given here.
The cut Fock space can be decomposed into subspaces with definite occupation num-
bers

Hop Ny = @Hn, (3.18)

where the sum runs over n = (nj, nf, ng,n%,n%) > 0 which satisfy > n% = np and
>in < Na.

Given a composite brick P one can associate the occupation labels n with P. Each
component of n is the total number of corresponding creation operators in P. A subspace
‘H, is spanned by all composite bricks P with occupation labels n acting on the Fock
vacuum.

3.3.1 Maximally annihilating form

The maximally annihilating form is an analog of the Wick’s expansion. Consider an
operator (a;a ) The Wick’s expansion is

1
(aja) = ala(T°T?) = [a}'af + 62| (T°T") = (ala;) + 50 (3.19)

The operator on the right is normal ordered and each term is a trace operator. However,
not always all operators in the Wick’s expansion are trace operators. For example, in the
Wick expansion of (a;alaza)) there is a term a’'af afag (T*T*T°T?). Note that the order
of color indices is dlfferent for creation/ annlhllatlon operators and SU(N) generators.
We would like to use the matrix notation introduced in Chapter 2, so the trace—operator
structure has to be preserved. The maximally annihilating form is defined in a way that
all operators are trace operators and it is as close to the Wick’s expansion as possible.
Consider a trace operator A = (A1 - Ap) with m > 1. With operator A we associate
annihilation rank v = (vh, vh vh, vE, vy). Tt is defined in the following way. Let y; be the
number of operators f; minus the number of operators f1 in the set {A;41,..., Ay} for
i=0,...,m. Then v} is defined as the maximum of all y;’s. That means that if a state
has quantum numbers n and nk < v}, then it is annihilated by A. The other components
of v are defined in analogous way. Note that different operators with the same quantum
numbers can have different annihilation ranks. For instance, a trace operator (aJ{al) has

annihilation rank v = (0,0,1,0,0) while the operator (aya!) has v = (0,0,0,0,0).
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CHAPTER 3. THE CUT FOCK SPACE METHOD

A cyclic permutation of operator A is understood as (A;... A, A;... A;_1). Consider
now the set N of annihilation ranks v; of all cyclic permutations of A and annihilation
ranks ; of cyclic permutations of At = (AT ... Al). We say that (A;... A Ay ... Ai_) is
maximally annihilating rotation of A if v; or ; maximizes A (in lexicographical order).
The crucial observation is that either v; or v; is nonzero for the maximally annihilation
rotation. For instance, the maximally annihilating rotation of (ajala,) is (alasay).

Let A be the maximally annihilating rotation of A. We now show how to transform
A into the following expression:

A=A+R, (3.20)

where R is a linear combination of products of trace operators. Each product of trace
operators in R has total length smaller than m. Operator A can be written in the
following way:

(A A = A7 A (1T
= A% .. A AS (T T T 4 R (3.21)
= (Ay--- AnA) + R

The remainder R is

R=) A3 AL AT AP ALY - Ay (T - T, (3.22)

where [, |1 is a commutator or anticommutator, depending on whether both, A{* and A}
are fermionic or not. Coefficients ¢; are (—1)* where k is the number of j € {1,...,i—1}
for which [A?I,A?"]i is an anticommutator. Because all operators A{ are creation or
annihilation operators, each (anti)commutator [A}*, A?|1 is zero or £6*0%. We take the

sign into account by changing ¢;, which now can be £1 or 0. Now,

R = e Ag - AT AT - A (T T, (3.23)
i=2
In order to perform sum over a; we use the identity T5Ty = %(Zlékj - ﬁézjékl. This is

in fact the only place where the value of N is used. For ¢ = 3,...,m — 1 the trace in
formula (3.23) is

1 1
O (Tal .. .Tam) = 5(T‘12 .. .Taifl)(TaiJrl .. .Tam) _ _(T‘12 RS B N A2 S S .Tam).

2N
(3.24)
For : = 2,m it is
N?2 -1
§araz(par . pamY — T ...Tm > 2
( )= S ) m>2,
N? -1
Jaran (a1, amy — T% ... Tom-1), > 92 3.25
( )= ) m>2 (3.25)
N? -1
yue(ruTe) = 7

In each case R can be written in terms of products of traces. The total length of traces
in each product is equal to m — 2. Up to this point A was rotated by one position and an
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3.3. THE ALGORITHM

additional remainder was produced. This procedure is continued until A is turned into
its maximally annihilating rotation. Then it is applied to each trace operator in R to
turn it into its maximally annihilating rotation.

Now, take a composite trace operator B = B; - - - B, where each B; is in its maximally
annihilating rotation. We associate annihilation rank v with B in the following way. Let
1; be the difference of numbers of operators f; and flT in trace operators Bjyq - B,.
Then v is maximum of all y;. Let now N be the set of all annihilation ranks v, and D,
which correspond to permutations B, () - - - By(y) and their conjugates Bi(p) e Bl(l). We
say that B is in the most annihilating permutation if its annihilation rank or annihilation
rank of its hermitean conjugate maximizes A (in lexicographical order). The maximally
annihilating form of B will be denoted by B.

We now commute trace operators in B in such way that it transforms into maximally
annihilating permutation. Commuting trace operators reduces to commuting creating
and annihilation operators between different traces. This gives contractions of color
indices between traces. Such contractions are eliminated by the following relation:

1
§aib; (7" - - .Tam)(Tbl .. .Tbk) — §(Ta1 L e-rbiv L pbepby o pbieipaiga T

1
— ﬁ(TQl o T T ) (T Tl b L b,
(3.26)

Finally, commuting traces produces only more products of trace operators. Therefore, B
can be written as

B=B+R, (3.27)

where R is a combination of products of trace operators. Length of each composite
trace in R is smaller than length of B. Next, we turn all trace operators in R into
their maximally annihilating rotations and all composite traces into their maximally
annihilating permutations.

Finally, take an arbitrary linear combination of products of trace operators C'. Trans-
form all trace operators in C' into their maximally annihilating rotations and all products
of these into their maximally annihilating permutations. The result of this procedure is
called mazimally annihilating form of C. What is important, all trace operators and thus
also products of these have positive annihilation rank v (or ) in the sense that it has a
nonzero component and the first nonzero component is positive. The only exception is
the identity for which v = v =0

3.3.2 Recursion

We now present the algorithm of computing the matrix of a given operator A. Assume
that A is given by sum of composite traces: A = 3 o;[]; O;; where O;; are trace
operators and «; are constants. Assume that each O;; is given in maximally annihilating
form.

Recall that the full Hilbert space is decomposed into orthogonal subspaces (3.18) and
each subspace H,, is spanned by all composite bricks with occupation numbers n acting
on the Fock vacuum. The matrix of operator A can be written in a block form with
blocks Alpm : Hn — Hy. Dimension D,, of H,, is finite for each n. It can be determined
numerically as it will be shown below or calculated from the character method which is
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CHAPTER 3. THE CUT FOCK SPACE METHOD

presented in Chapter 4. Clearly, each block A|,m, can be expressed as a combination of
products of block of components of A: O;;|ym». Therefore, we assume that A is a trace
operator itself: A= (A;...An).

Let 7% be the number of creation operators f! in A minus the number of annihilation
operators f,. Let il be defined in analogous way. Then n = (nk, 1%, nk, "%, "%) is
called creation labels for A.

The block A|ym is known a priori in several cases. If A is an identity operator then
Alpn is an identity matrix for n = n’ and vanished otherwise. The block vanishes for
any A if n’ # n+n. It is also true when the annihilation rank v of A is greater than
n for at least one of five components. Similarly, the block vanishes when annihilation
rank 7 of AT is greater than n’ for at least one component. From now on we assume that
none of these is true. Moreover, if v is greater than & then we calculate AT’nn' and write
Aln’n - (A’Ll-”nn’)]L

Let {B;} be the set of all bricks that contain at least one creation operator correspond-
ing to the first not vanishing component of n (e.g. if nk # 0 it is f{ and if nk, = 0 # n2,
then it is f;r , etc.). Next, remove all bricks for which H,,,, where n; = n — n;, is empty.
In particular, all bricks for which at least one component of n; is negative have to be re-
moved. H,, is then spanned by composite bricks acting on Fock vacuum, each containing
at least one brick from the set {B;}. Now, take an orthonormal basis [e}") in the sector
Hn,. Then, vectors |vy) = B;|e}") span H,. The index k enumerates all pairs (i, j) on
the right hand side. Vectors |v;z) may be not orthogonal and the number of them can be
larger than the dimension D,, of H,,. This will be taken into account by orthogonalization
matrix.

The block element of A is constructed in two steps. First, a block in the overcomplete
basis is built:

(Alwn)ie = (e |AJug) = (e | ABjle}) - (3.28)
It can be written in a block form:
i (AB1)[nm,
Alun = ; . (3.29)
(ABy)|arn,

For each block, one finds first the maximally annihilating form of AB; and then constructs
(AB;)|nm,;- After the whole block A|ym, is constructed, we orthogonalize basis of H,,. Let
Sh be the Gramm matrix in the sector Hy:

(BIBIHmm cee (BJ{Bq”nlnq
S, = : : . (3.30)
(B(];Blﬂnqm SR (B;Bqﬂnqnq
Matrix S, has exactly D, nonzero eigenvalues );. Eigenvectors w! of S, which correspond

to nonzero eigenvalues are used to construct basis of H,. More precisely, the orthonormal
basis is given by

n\ __ 1 !
) = 7 Skl (3:31)
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These states are indeed orthonormal:

1
(emler) = > wwg, (vilo) =
kj

VA

A wm*wk(sn)jk
vV AmA o J

. (3.32)
. § : m* 1l
" J

Finally, we construct the orthogonalization matrix R, by setting its matrix elements to

(Rn)p = ﬁwi Then, A|yy is the product of the block in overcomplete basis and the

orthogonalization matrix:

(AlwnRn)i = > (Alwn)it(Ru)ig = Y _ (€X' [Alvy) %wi = (el |AleD) . (3.33)

k k
The block A|ym is constructed. We give now summary of the algorithm.

1. Find all bricks B; with creation labels n; such that the first nonzero component of
n; is at the same position as for n and n; = n — n; is non negative.

2. For each brick B; write the operator AB; in its maximally annihilating form.
3. Find all blocks (AB;)|nm, and use them to construct Alym.
4. Write all operators Bj B; in maximally annihilating form.

5. Find all blocks (Bij)|ninj and construct Gramm matrix Sy,.
6. Diagonalize S, and construct the orthogonalization matrix R,,.

7. The matrix block of A is Alyn = AlpmRa.

The algorithm is recursive, so it requires a proof that it is finite. The proof is given in
Appendix C.

3.3.3 Diagonalization

Some remarks concerning diagonalization of matrices are in place. Assume that we con-
structed matrices of the Hamiltonian H, square of total angular momentum .J? and the
third component of angular momentum J; in a sector with ng fermions and at most Npg
bosons. In order to obtain energies one can diagonalize H and then eventually act with
J? and J3 on eigenvectors to check what are their quantum numbers. This procedure is
however ineffective.

Recall that J? and J3 conserve the number of bosons ng (c.f. 3.17) while H does not.
Therefore, matrices of angular momentum decompose into smaller matrices on subspaces
with fixed np:
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J?
np=1 JQ O
92 np=2
0 .
JgB:NB
I3 np=
3,np=1 J O
3,np=2
Jsny = . (3.35)
O J3,TLB=NB

We diagonalize J?_ for each np. Since these matrices are smaller, it is much faster
to diagonalize them. For each value of angular momentum j we construct a projection
matrix PfB. It maps the sector H,,,, onto a subspace H,,, ; corresponding to given j. The
projection matrix is composed of eigenvectors of J2. Then J; on these small subspaces
are

Tsnsg = Pl oiT3ns Pas- (3.36)

npj

These matrices are yet smaller and can be diagonalized for each ng and j separately.
The projection matrices P, ., from H,, ; to H,, ;m are given by eigenvectors of J3,,, ;.

Then the projection matrices from H,,, to Hyp jm are Poyim = Pug imPngj. We con-
struct a transition matrix
Png:l,j,m O
PnB:27j7m
Pny.jm = y . (3.37)

0

PNB:NB7j7m

Finally, we construct the matrix of Hamiltonian in a channel with given (j,m): Hy, jm =
P]TVB imHAN PNg jm- It is much smaller than the initial full matrix Hy, and thus diago-
nalization is faster.

3.4 Gauss elimination for bricks

It was mentioned at the end of subchapter 3.2 that there is one more way to eliminate
superfluous bricks. Here this method is presented.

Gauss elimination for bricks is based on an observation that the usual Gauss elimina-
tion which can be used to identify linearly dependent vectors, works also for bricks. If
a set of composite bricks 8; acting on the Fock vacuum gives linearly dependent states,
ie.

> a;%;10) =0, a; # 0, (3.38)
then the composite bricks themselves are linearly dependent:

> ;B =0. (3.39)
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This is not true for general operators. However, it holds for composite bricks because
they consist only of creation operators. The idea is to identify linearly dependent states
(3.38) and based on this knowledge eliminate unnecessary bricks. The procedure is the
following.

1. Choose a sector with occupation numbers n and assume that the Gauss elimination
was already performed for all n’ such that n —n’ > 0.

2. Take all bricks B; (i = 1,...,q) with occupation numbers n; such that n; = n — n;
is nonnegative.

3. Order bricks B; such that n; is positive fori = 1, ..., and vanishes forz = [+1,...,q.
That means that the first [ bricks give rise to composite bricks. The last ¢ — [ bricks
B; acting on the Fock vacuum give a state in H,,.

4. Construct the Gramm matrix S,. Note that matrix elements (B!B))
1 x 1 for i,i" > 1.

n;n, have size

5. Perform Gauss elimination for S,. It has to be done in such way that first row
1 =1,...,0 are used to eliminate elements in other columns. That is, in the first [
steps the pivot element is chosen from the first [ rows. In the remaining ¢ — [ steps
the pivot elements are chosen from the last [ — ¢ rows.

6. Bricks B; with ¢ > [ that correspond to rows which vanish can be removed. They
are linearly dependent with other composite bricks.

Using the Gauss elimination one removes all dependent bricks. Still, bases generated
in sectors H,, are overcomplete. It happens for the following reason. Consider occupation
numbers n = (0,0,3,1,0). If one constructs a block matrix element of an operator A in
this sector, then two bricks, By = (ala!) and B, = (ala)) are taken into account. Then,

A= ( izl ) 540

The occupation labels in the smaller sectors are n; = (0,0,1,1,0), n = (0,0,2,0,0). Each
of them is one-dimensional. The single basis vector in H,,, is Bs |0) and the basis vector
in Hy, is By ]0). The matrix A|,, has then two columns. One corresponds to B;5; |0)
and the other to By ]0). This is in fact the same vector, so the basis generated in H,,
is overcomplete. This overcompleteness cannot be removed if one would like to preserve
gains comming from the recursive nature of the algorithm.

It turned out that with this algorithm all bricks with more than six creation operators
were eliminated. That means that all simple bricks which are longer than 6 are expressed
in terms of composite bricks.

Motivated by this observation, we found a relation between generators of SU(3). First
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we assumed a general form

1
TUTETUT T T = (T TR T T T T 1,

+ Ci1i2i3i4i5i6 (Tail T2 ) [Tai4 T%s Taiﬁ] (3‘41)

where [-] is the traceless part of a matrix, i.e. [M] = M — 3(M)13. The equation (3.41)
can be regarded as a set of equations with unknown coefficients A, B, C, D, E, F. There
are over 260 thousand equations labeled by different sets of indices (a1, as, as, aq, as, ag).
Indices (i1, 12,13, 14,15, 16) are permutations of (1,2,3,4,5,6). This gives 4320 free coef-
ficients. Their number can be reduced to 1134 because of symmetry of the trace under
cyclic permutations. This set of equations can be solved e.g. with Mathematica!. The
essential statement is that a solution exists. Because of certain relations between SU(3)
generators the solution is not unique. There are in fact 432 free parameters. We do not
give explicit form of the solution because it is rather complicated. Nevertheless, existence
of relation (3.41) implies that there are no bricks that are longer than 6.

Finally, we found that there are 786 bricks for the SU(3) symmetry group.

3.5 Eigenvectors in terms of composite bricks

Recall that we are interested not only in values of energies of the Hamiltonian but also
in wavefunctions of the bound states. Here we reconstruct states in the Fock space from
eigenvectors of the Hamiltonian in the matrix representation.

Once the Hamiltonian Hy,, ;. is diagonalized, its eigenvectors {c'} are known. Here,
q = (np,j,m, F) are quantum numbers of the corresponding state and [ labels elements
of the vector. We assume that {c]'} are given with respect to the orthogonal basis in
H,p ng- That is, once the Hamiltonian was diagonalized on the subspace H,,,. vy jm the
eigenvectors are transformed back to H,, .y, with the transition matrix. In what follows
the quantum numbers q are omitted for simpler notation.

Sectors corresponding to occupation numbers n are sorted in lexicographical order. Tt
is then easy to identify which coefficients ¢; correspond to which H,. The eigenvector
{ca1} can be given with two labels {c}'}. In each subspace H,, there is a basis |e'). The
ket |¢) corresponding to {c'} is then

[y = cl'lel). (3.42)

The orthogonal basis is given in terms of the orthogonalization matrix R, and bricks

LA Mathematica notebook for solving (3.41) is available at http://th.if.uj.edu.pl/ ambrozinski/SU3_relation.zip
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acting on basis in lower sectors. Therefore,

) = 10) + Y e ler) = 10) + Y e D (Rua vk
n,l k

n>0,l

=10+ L D).

We continue to express |ef?) in terms of basis of yet lower sectors until ¢ is given in terms
of composite bricks acting on the Fock vacuum

=S (H Bil> 10) . (3.44)

This form of state |¢)) can be then used to construct the wavefunction. Wavefunctions
are discussed in Chapter 7.

(3.43)

3.6 Additional variational parameter

The cut Fock space method is effectively a variational method for finding the lowest
energies of a system. For a given nrp and Np the Hilbert space has a finite number
of basis states |e;). A general state is given by a combination [¢)) = ), b/|e;). The
lowest energy is approximated by the minimum of (¢|H|¢)) with respect to coefficients
{b;} with the constraint (¢ |t)) = 1. This is precisely the lowest eigenvalue of the matrix
((e)|H|em)),,,- The second eigenvalue is the minimum of (¢'|H|¢’) with normalization
(¥'|¢") =1 and orthogonality condition (¢'|¢)) = 0, etc. With increasing N the number
of variational parameters b; grows and thus the approximation is more accurate. We now
present a way to introduce another variational parameter to the method and show its
influence on the final result.
Basis of the Fock space are states

n,x) = 1) @ |x)p = H (fah) X“H (ai")" [0), (3.45)

where n = (n¢) and x = (x%) denote bosonic and fermionic occupation numbers respec-
tively. These states are not gauge singlets. An orthogonal basis {|e;)} of the space of
gauge invariant states Hy,, for given np was introduced earlier in this chapter. It can be
expressed as linear combinations of states (3.45):

) = ™ n,x) (3.46)

Wavefunctions of bosonic states in the configuration representation z(x|n) are given
by Hermite functions. The basis can be modified by introducing a parameter w > 0 in
the following way:

B<33|n>Bw = w? plwzn) g,

e, Zcz"lnx =S ™ 0y, @ X (3.47)

nx
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CHAPTER 3. THE CUT FOCK SPACE METHOD

where d = 3(N? — 1) is dimension of the bosonic configuration space. States |n,Xx),
satisfy proper orthogonality relations and therefore states |e;) , are orthogonal.
Matrix elements of the position operator in the modified basis |n, x)  satisfy

pulmlatin)y, = [ e, mla)at (aln),,

=w! /dd(wm) g(m|wx)wz! (wxn) 5

=w ! g(mfaf|n) .

(3.48)

A similar proof shows that 5 (m/|pf|n)y , = w g(m|pf|n) . Finally, it can be read from
(2.17), (2.6) and (2.5) that matrix elements of other operators in the orthogonal basis
le) yield

Slelzilem),, = w™ (elaf]em),

Jelpilem), = w (elpflen),

w<€l|<]i‘em>w = (el]Jilem),

el Golem), = (e G*lem), (3.49)
el Hrlem),
SelHylen), = w™ (e|Hylen),

olelHrlem), =w™ (e Hr|en).

It is significant that matrix elements of J; and G are invariant under w. It follows that
ler),, are gauge invariant because G* |e;) = 0. Therefore, states |e;)  form an orthogonal
basis of the Hilbert space of gauge singlets. Moreover, given an angular momentum
multiplet |j,m) = >, ™ |e;), the scaled combination [j,m), = >, |e;),, is also an
angular momentum multiplet with the same quantum numbers (j, m).

We now recall how the energies are calculated to show how w can be included. First,
for given ny matrices of operators Hyx, Hy, Hp, J; are constructed in the cut space Hy,,.
Then, J? and J; are diagonalized. They are w-independent. Next, the three matrices
(Hx)ng:, (He)ng, (Hp)n, are projected to the subspaces Hy, jm. Their dependence on
w is given by (3.49). Therefore, w can be taken into account be constructing

(Ho)Npjm = w* (Hg ) ng.jm +w ™ (Hy ) Npjm + @ (Hp) N joms (3.50)

where all matrices on the right hand side are constructed for w = 1. Finally, w is chosen
such that the lowest eigenvalue of (H,)ny jm is minimized. This requires diagonalizing
(Hy,) Ny, jm multiple times. However, subspaces Hy, ;. are reasonably small, especially
for small 7, and this minimization does not consume significant computer resources.

We come to discussing the effect of including w. Results concerning the energies are
given in Tab. 3.1. In the sector (ng,7) = (0,0) the smallest eigenvalue with cutoff Np
minimized with respect to w is smaller then the the lowest eigenvalues for cutoff Ng + 2
with w = 1. That is, including the parameter w effectively increases the cutoff by 2. The
effect is similar for (ng,7) = (2,1). In the singlet channel for six fermions inclusion of w
effectively rises N by almost 1.

In Tab. 3.2 optimal values of w for different channels are given. It can be seen that all
values of w are similar. They are slightly larger for np > 4. This means that the functions
are in general wider for high np which may be a slight indication that the spectrum is
continuous in these sectors.

= w? (et Hilem),
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3.6. ADDITIONAL VARIATIONAL PARAMETER

Ny lowest eigenvalues in sector with quantum numbers (np, j)
(0,0), now | (0,0) with w || (2,1),now | (2,1) withw || (6,0), now | (6,0) with w

0 15 12.9919 15 12.99
1 15 12.9919 17 14.41 9.06 7.83
2 13.327 12.9517 14.35 12.15 6.12 5.10
3 13.327 12.9517 13.03 11.47 4.59 3.74
4 12.8821 12.6322 12.05 11.25

) 12.8821 12.6322 11.54 11.04

6 12.7123 12.6203 11.20 10.79

7 12.7123 12.6203 10.97 10.64

8 12.6339 12.5911

9 12.6339 12.5911

10 12.6038 12.5889

Table 3.1: The lowest energies in selected sectors. In each case the energy is given with keeping w =1
and minimizing the energy with respect to w.

j nr 0 1 2 3 4 5 6 7 8
0 1.22 1.21 1.15 1.15 1.14
1/2 1.31 1.23 1.15 1.16
1 1.25 1.22 1.15 1.15 1.15
3/2 1.27 1.22 1.15 1.15
2 1.25 1.20 1.15 1.16 1.15

Table 3.2: Optimal values of w in each (np,j) channel. The value depends on the cutoff and is given for
the maximal cutoff available.
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CHAPTER 3. THE CUT FOCK SPACE METHOD

3.7 Modifications for SU(2)

Up to this point the cut Fock space method was discussed in reference to the SU(3)
theory. The case of SU(2) is simpler. Some changes can be done to the algorithm so that
a higher cutoff can be reached. In this part we briefly discuss these modifications.

For SU(2) there is a relation similar to (3.41), but it decomposes a product of three
SU(2) generators:

1 1 1 1
ToTTe = §(T“Tb)TC — §(T“TC)Tb + E(TbTC)T“ + §(T“TbTC)]lg. (3.51)

This implies that there are no bricks longer than three. Some bricks can be eliminated
because of invariance of trace under cyclic permutations as for the SU(3) case. The
Cayley-Hamilton theorem applied to a matrix M of size 2 x 2 implies that M? can be
expressed in terms of (M?) and (M). Therefore, there are no bricks of the form (a/a/b'),
where b' is any creation operator. All independent bricks can be easily identified and
there are 35 of them.

The relation (3.51) has further consequences. It implies that there are no single—trace
operators of length higher than three. One can calculate all commutators of single-trace
operators beforehand and then use the in the program for calculating matrix elements.
Because of this, one does not have to calculate the maximally annihilating form of an
operator during a run. Instead, one uses the commutators to write AB; = B;A+[A, B;] (cf.
(3.29)). This is in principle possible also for SU(3). However, the formula (3.41) limits
the single—trace operators to length 6 and in practice there are too many commutators
to be calculated and memorized.

Secondly, it is relatively easy to construct operators with definite angular momentum
from single—trace operators. Using operators with definite angular momentum allows one
to construct matrix elements of the Hamiltonian directly in channels H, . n,jm. Then
one does not have to diagonalize the matrix representations of J? and .J; but directly
the Hamiltonian H. This significantly reduces the time needed for diagonalization and
allows one to reach higher cutoffs.

Both of above simplifications are taken into account in [38]. This allowed the authors
to reach a cutoff Np = 18 in all fermionic sectors. In this thesis SU(2) case is used only as
a guidance for analysis of SU(3) and we are interested in small N behavior. Therefore,
we do not incorporate modifications discussed above.

3.8 Summary

In this chapter the cut Fock space method was presented. The bosonic and fermionic
creation and annihilation operators and the Fock vacuum state were introduced. Because
of the Gauss law, only gauge invariant states and operators are relevant. In the ma-
trix notation, creation and annihilation operators are given by operator—valued matrices.
Gauge invariant operators are traces of products of such matrices. They are called trace
operators. A special class of trace operators, namely those which consist only of creation
operators are called bricks. Composite bricks are products of bricks. The whole physical
Fock space is generated by composite bricks acting on the empty state.

In the Hilbert space we introduce a cutoff Np for the maximal number of bosonic
excitations. In this way the full space is reduced to a finite dimensional cut Fock space.
In this subspace operators are represented by matrices. Because angular momentum and
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Hamiltonian conserve the total number of fermions, it is convenient to work with sub-
spaces with definite ng. It is argued that the spectrum of angular momentum operators is
exact for finite cutoff because the angular momentum operators conserve the total num-
ber of bosons ng. The spectrum of the Hamiltonian is recovered only in the Ng — oo
limit.

All possible composite bricks acting on the empty generate an overcomplete basis. In
subchapters 3.2 and 3.4 we have shown how to reduce the number of bricks to minimum.
The three basic relations are

e invariance of trace under cyclic permutations,

e Cayley-Hamilton theorem for matrices with commuting and anticommuting matrix
elements (3.6) and (3.12),

e linear dependence of products of three SU(3) generators 7% (3.15).

We argued that more bricks can be removed with Gauss elimination. We found that there
are no bricks that are longer than 6. Finally, we explained this by showing existence of
a decomposition formula for product of six generators 7% (3.41).

In 3.3 we proposed an algorithm for computing matrix of an operator. The key point
is transforming an operator to its maximally annihilating form. For an operator A and a
brick B the maximally annihilating form of AB (3.29) is given by BA+ R where R is the
maximally annihilating form of [A, B]. Therefore, calculating the maximally annihilating
form of AB is the same as calculating commutator of A and B and giving it in a form
convenient for further computations. Overcompleteness of basis is taken into account
by introducing orthogonalization matrices R,. The algorithm is recursive. Proof of its
finiteness is given in Appendix C.

We presented an effective way to diagonalize the Hamiltonian. It is efficient first to
diagonalize the matrix of angular momentum .J? and .J5. This is because these operators
conserve the total number of bosons. Therefore, they can be diagonalized on smaller
subspaces which is much faster.

Finally, it was shown how to reconstruct a state in terms of composite bricks acting
on the Fock vacuum from eigenvectors of operators in matrix representation. This form
of states is used in Chapter 7 where we construct and study wavefunctions.
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Chapter 4

Number of gauge invariant states

In the previous Chapter we introduced a set of vectors [v¥) which span a sector H,, for
given occupation numbers n. Tt was noted that |[v*) form an overcomplete basis. The
proper dimension of H,, can be read out from the number of nonzero eigenvalues of the
Gramm matrix S,. However, these eigenvalues bare some numerical errors. Therefore,
one would like to cross check if there is a clear distinction between zero and nonzero
eigenvalues and if the dimension of H, obtained in this way is correct. Secondly, the
knowledge of dimensions of sectors a priori provides a check for completeness of the set
of bricks. To this end an analytic way of calculating the number of independent SU(3)
gauge invariant states in a given sector is presented. It is called character method because
the number of states is given by an integral of characters over the group as it is shown
below. The analysis in this chapter is based on [45] and modified. Introduction to the
group theory and definitions of objects used in this chapter can be found e.g. in [55].

4.1 The character method

A general gauge invariant state in the Fock space can be written in the following form:

|3> = ta1...anb1...bma¢_11’f R a(.l"T bif | .. fs:’:j |O> . (41)

11 in aq

All bosonic and fermionic creation operators are in adjoint SU(3) representation. In this
chapter the adjoint representation is denoted by R. Assume that in the combination (4.1)
there are n’; bosonic creation operators afT for each 7 and n% fermionic creation operator
f8 for each a. The state |s) has occupation numbers n = (nk, n%,n%, nk,n%). In order
to simplify notation we introduce

np = (ng,ny,ny), np =ng+np+ny, (4.2)

ng = (np,ne), np = np+ np.
The state |s) is in the representation
Sym(&"BR) x Sym(®"5R) x Sym(®"8R) x Alt(®"FR) x Alt(®"FR), (4.4)

where Sym and Alt are symmetrization and antisymmetrization of the tensor product.
Let D, be the number of independent singlet states in sector H,. D, is equal to the
number of trivial representations that appear in the product (4.4). From orthogonality
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CHAPTER 4. NUMBER OF GAUGE INVARIANT STATES

properties of characters it follows [56] that D,, is given by an integral of character over
the group SU(3):

Da= [ di (RIGh BN, (RN RICE(R) (45)

where p is the Haar measure of SU(3). Characters of symmetric and antisymmetric
powers of representation R are constructed with Frobenius formula later in this chapter.
In order to make the integral (4.5) simpler, we use the generating function

Gla.b) = Y Y alFayral? (~by) "k (~by)"F Dy (4.6)

n% =0 ng=0

Symbols a = (ai, az, az) and b = (b, bg) are introduced for shorter notation.

Let U be an element of SU(3) in the fundamental representation. U can be decomposed
as U = WAWT where W is unitary and A is diagonal with det(A) = 1. Then A =
diag(z1, 22, z3) depends on two parameters because 212923 = 1. We write z; = ¢'%. The
character x(R) depends on A and does not depend on parameters of W. Therefore, it
would be convenient to have a Haar measure p (cf. (4.5)) integrated over parameters of
W. This measure is given by the formula (Cf. [57])

i H 205 Z@ [Tz - (47)

1<J

where ¢ € [0,27] and dp(z) = D,z 6(v — 27k). In this parametrization character of an
element R in adjoint representation is given by Schur function

X(R) = x({z}) = det (257 / det({z]"}), (4.8)
where [; = 3 — ¢ is partition of the adjoint representation of SU(3). This is exactly the

Weyl determinant formula |[58|. The determinants can be calculated explicitly and the
character is

1 1 1 1 1 1
x({z:}) = det 22 22 22 / det 21 2 23
2z 2z 2 (4.9)
S (RIS 5 S
1<J J

The character of R* is given simply by
X(R*) = x({zF}) = 27—1 (4.10)

The character of symmetric and antisymmetric powers of y(R) is given by the Frobenius
formula [56]:

n

i ( Rk
G- > TTHE (1)

ik k
G- 3 oI (12
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Finally, we introduce auxiliary functions

Fsym(a, {6:}) zanxg;m (4.13)
Fae(0,{6:}) = > (=0)"x'1(R). (4.14)

Functions Fysy,(a,{¢:}) and Fau(b,{¢;}) can be simplified in the following way:

CONATIIE STAD ol | £t e ol ol | EY e LEb )

e e s it ¢
L (5) = (e
:wp( Z}n@-gﬁ>+mﬂ—a0:41—@II(L—Zq_{

ij

(4.15)
Similarly, one can show that
Pulb oh) = (1-0)* [ (1-02). (1.16)
]
Then the generating function G has the form
Glat)= [ anTT Fomasn o) T Eute o) (4.17
We change the variables
¢ —— > ¢, o — Y b5 (4.18)
j#i j

The jacobian is 1/3. Integration over the last variable is over [0, 67| giving 3 identical
integrals (from the dp function). This cancels with the jacobian and dp(¢3) is replaced
by 0(¢3). The generating function is

1 (1—b)(1—b, L d@
G(a,b)_6<(1_al)(1_a2 1—&3) / x
(1_m2x1_®2) (4.19)
Y el e e e
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4.2 Calculation of the generating function

The integrals are calculated one by one:

G(a,b) = ! (( (1=56){1 —b) >)2/d22G1(a, b, z5),

6 \ (1 —a)(l—a)(l—as c

Gi(a, b, zp) = /dzng(a,b, 21, 22), (4.20)
c

Ga(a, b, 21, 20) = 1 H ((Z] — 2)(z; — b12;) (% — baz;)

2179 - Zj — CL12¢>(ZJ‘ — CLQZi)(Zj — CL3ZZ')7

where C is the unit circle on the complex plane. The range of indices 4, j is 1,2,3. Re-
member that z3 = 1. The integral is done by residues. After the integrals are calculated,
the dimensions D,, of sectors H,, are read from the Taylor expansion of G(a,b) around
0. Therefore, in all calculations it is assumed that a; and b, are small.

First we perform the integral over z; by residues. There are seven simple poles in z;
variable: z; = 0, ax, arzo. The residues are

(1= 22)* [T, I 1oz — ba2i)

resgGe = , 4.21
o, [T, ar(l — agze)(z2 — ax) ( )
where z; =0, z3 =1,
-1 — 1— i —b1z)(z; — byz;
resn, Ga = — (22 — (22 —ax)(1 — ax) (2 — bizi) (25 — box )’ (129)
apza(22 — Q)1+ ar)(1 = arz) o Tloa(z —anzi)
where z; = a;, 23 =1 and
1— 1—ag)(l— — b1z — byz;
T€Sa,z G2 = (1= ap20)(1 = ag)(1 — 2) H %) 2% ), (4.23)
azza(1 + ap)(z2 — ax)(1 — aiz) it n;ék(zj anzz)

with 21 = agze, 23 = 1.

resoGGo has four simple poles, zo = 0 and z9 = a,. There are six simple poles of
resq, Ga, namely 2 = 0, 29 = a, for n # k and 2z, = a,ay. Finally, res,, .,G2 has four
simple poles zo = 0 and 29 = a,. None of these functions has poles of higher order.

Now the function G4(a,b, z3) from (4.20) is

Gi(a, b, z) = /dzng(a,, b, z1,29) = resgGy + Z(Tesang + 7€Sa;2,G2) (4.24)
¢ k

Finally, G(a, b) is an integral of G;(a, b, z2). It is again calculated by residues. The form
of the integrals becomes somewhat more complicated:

11, ba 21,0

P = et L @ T a0 — Dl — )
a; — 1) [ [, (a; — by)(aibo — 1)(aman — 1)(am — ay,
XZ( )1, (a )( )( )( )

a;(a; + 1)

where m and n are such that (i, m,n) is a cyclic permutation of (1,2, 3).
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res., G =

1 [1.(ax — ba)(arbe — 1) [ (ar — )T iz @i — D II, b2

Zi;ﬁj(ajaj — 1) ai(1 + ay) Hi;ﬁk(ak — a;) Ak Hz’;ﬁkaf

(ax — 1)*(ar + )(TLis @ — 1) [T, (ax — ba)(af — ba)(arba — 1)(azba — 1)
ar(1+ ax + ai) [ (ar — ai)(af — a;)(ara; — 1)(aja; — 1)

N Z . (a; — ag) [1,(a; — ba)(a; — arbs)(ar — a;ba)(abs — 1)

 \ai(a = ap)(ar — af) (1 + @) (@ay = 1)(a; = am)(a; = ayam)(ax = aiam)

+

a(ar — ai)(a; — am)(am — a;ax) (1 + a;)(aZar, — 1)(a;a; — 1)(a;a5a,, — 1)

(ara; — 1) T (@i — ba)(@iar — ba)(araibe — 1)(aibe — 1) >>

where m is assumed to be different then i and k, i.e. (¢, k, m) is a permutation of (1,2, 3).

(—1+az)’ Ha(ak - ba)z(ai = ba) (=1 + agbs)*(—1 + aiba)
ay (1 + araq) [Tz (ar — ai)?(af — ai) (=1 + apai)* (=1 + afa;)

res,2Gr =

[1.(ar — ba)(an — ba)(aran — bo)(—1 + agba ) (—1 + anba)(—1 + ara,be)
(ar — ap)?(ara, — a))(—1 4+ ajagay)

reSaua,G1 = —2

< TI !
a?(1+4aj)(a; —a) (=1 + aja;)(—1 + ajaray)’

j:kvn J

where | # k,n.
Finally,

1 (1 =01)(1 = by) 2
G(a,b) = 6 ((1 —ay)(1 —a)(1— “3>>

X <7’€80G1 + Z resq, G + TesazGl + Z resakanGl)
k

k<n

(4.25)

The dimension of H, can be read out from Taylor expansion of G. The explicit
expressions for residues are rather involved, so it is convenient to use a program for
symbolic manipulations, e.g. Mathematica to do the Taylor expansion. The dimension
of sectors with given ng,np is given in Table 4.1.

4.3 Comparison with the numerical approach

In this chapter we have shown a method to calculate dimensions D,, of sectors H, an-
alytically. A direct, numerical way to find D, was presented in Chapter 3. First, one
constructs the Gramm matrix of scalar products of all vectors that span H,. Then, D,
is equal to the number of nonzero eigenvalues of the Gramm matrix.

For a cross check of these two approaches we present histograms of eigenvalues in
illustrative sectors in Fig. 4.1. The D,, largest eigenvalues (where numerical value of D,
follows from the character method) are marked with red bars. Bars which correspond to
smaller eigenvalues are blue. One can see that the large and small eigenvalues are well

43



CHAPTER 4. NUMBER OF GAUGE INVARIANT STATES

np ng
0 1 2 3 4 5 6 7 8
0 1 0 1 4 5 12 11 16 28
1 0 6 12 30 72 114 180 234 240
2 6 18 66 198 444 810 1212 1590 1776
3 11 70 292 870 2048 3926 6135 8010 8780
4 30 228 969 3192 7941 15396 24549 32520 35694
5 75 624 3042 10224 26010 52260 84669 112632 123888
6 186 1632 8328 29376 77030 157348 258150 346292 381908
7 381 4008 21366 77448 207684 431712 717150 967104 1067382
8 885 9156 51078 190500 520782 1097892 1839834 2495124 2760186
9 | 1785 20108 115894 441212 1225864 2617004 4423238 6024572 6672230
10 | 3618 42300 249780 971028 2737962 5903544 10048302 13743936 15242292

Table 4.1: Total number of states in sectors with given ng and np.

separated. Also, the number of large eigenvalues agrees with the dimension D,. This
holds also in all other sectors. More precisely, the ’zero’ eigenvalues are always smaller
than 107'2 and the 'nonzero’ are larger than 1073.

The agreement also means that all relevant bricks are included. If that was not the
case, that there would be not enough large eigenvalues.
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60F
50f
40
30r
20¢
10F
10°14 IOI‘10 10I‘6 10“2 102 10-1 IOI‘“’ IOI‘6 10I‘2 10
eigenvalues eigenvalues
(a) n = (0,0,3,3,2) (b) n = (1,0,3,2,2)
60f
50¢
40
30F
20¢
10

10°14 10710 10°° 1072 102
eigenvalues

(C) n= (27 17 1, 17 1)
Figure 4.1: Histograms of eigenvalues of the Gram matrices Sy, in three different sectors with quantum

numbers n. Red bars correspond to D, largest eigenvalues where D, is the dimension of H,, which
follows from the character method.
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Chapter 5

The spectrum

Spectrum of a Hamiltonian is a basic characteristic of a model. The main goal of the
cut Fock space method is to find eigenvalues of a given operator. Here, we apply this
algorithm to find energies of the supersymmetric Yang-Mills quantum mechanics. In
particular, it is interesting to identify type of the spectrum, whether it is continuous or
discrete. The nature of the spectrum can be identified from behavior of energy levels
for growing cutoff [59]. If a given eigenvalue converges fast, then it corresponds to a
discrete energy in the continuum limit. A signature of a continuous spectrum are many
eigenvalues which decrease slowly (to zero if there is no mass gap) as the cutoff increases.
As it was mentioned before, the fermion number and angular momentum are conserved.
Therefore, we study the spectrum in channels with definite nr and j.

First we present the results for the SU(2) theory. We give a short review of other
methods and then proceed to detailed analysis of the spectrum obtained with our ap-
proach. This part serves as a check of our program and a guide to understand the results
for the more complicated model with SU(3) gauge group. Finally, we proceed to analysis
of the spectrum of SYMQM with SU(3).

5.1 SYMQM with SU(2) gauge group

5.1.1 Review of other approaches

The SU(2) model has been already extensively studied in [38]. The energies were obtained
in all fermonic sectors and all angular momenta for cutoff up to Ng = 18. The method
used was analogous to our approach, but it included modifications discussed in 3.7. These
modifications incorporate computing matrix elements in channels with given angular
momentum. This is possible for SU(2) because the algebra of operators is much simpler
than in the SU(3) case. One can then rearrange all single—trace operators so that they
have definite angular momentum and calculate all commutators.

There exists yet another way to obtain energies in the SU(2) case [42]. However, it is
limited to channels with zero angular momentum and ny = 0,2. In these channels it is
very effective and enables one to reach very large cutoff Ng = 60 for np = 2 [43]. We
give more details concerning this approach in Chapter 7.

On the other hand, the algorithm proposed in this thesis allows us to calculate energy
levels in all (ng,j) channels. On the other hand, the cutoff is much smaller. It is
Np = 8 — 11 depending on ng. Results of the computations for all ng, N and several
angular momenta are shown in Figs 5.1 - 5.4. Values of the energies were checked against
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[38] and perfect agreement was found.

An important characteristic of a spectrum is its type — discrete or continuous. It was
argued [49] that the two types of spectra reveal a different behavior for a finite cutoff.
Energy levels which belong to the discrete spectrum converge very fast, e.g. exponentially.
On the other hand, eigenvalues of the Hamiltonian which correspond to the continuous
spectrum decrease to 0 like 1/Np. Identification of the type of spectrum is the main
subject of following paragraphs.

5.1.2 Spectra in sectors with given number of fermions

We start discussing spectra for particular np with np = 0. We first comment on the
‘stepwise’ convergence of eigenvalues in Fig. 5.1. In the bosonic channel the parity is
conserved. The creation operator a;r has negative parity. Therefore, states with odd ng
(see eq. (3.5)) have negative parity. For a given Np, all states with ng < Np are included
in the basis of the cut space. When Np changes from an odd to even value, the basis of
odd states does not grow and eigenvalues corresponding to odd states remain constant.
Similarly, energy levels of even states do not change when Np changes form an even to
odd value.

For np = 0 (Fig. 5.1) all energies converge fast with growing cutoff. This behavior is
typical for discrete spectrum. The fact that the spectrum is discrete is contrary to what
one may naively expect. Indeed, if the three matrices X; commute then the potential
vanishes: V = — 37, Tr([X;, X;]*) = 0. The region where the potential vanishes forms
a vector subspace in the configuration space which we call flat valleys. Such situation
usually generates a continuous spectrum. On the other hand, the potential becomes
steeper in the transverse directions as one moves deeper inside the valleys. The transverse
oscillations cost more energy and thus the effective potential inside the flat valleys grows.
Therefore, the eigenstates of the Hamiltonian with ny = 0 are localized and the spectrum
is discrete. A simpler system with similar properties was studied in [60]. The sector with
one fermion shares the same behavior (Fig. 5.2).

The picture is different with two fermions (Fig. 5.3). In the j = 0 channel the
lowest energies approach 0 and the convergence is much slower. This is a signature of
a continuous spectrum. This is because inside the flat valley the contributions form
interactions of bosonic and fermionic degrees of freedom with the potential have different
sign. They cancel exactly causing the effective potential to vanish. The flat valleys are
open and the spectrum is continuous. The eigenenergies corresponding to the continuous
spectrum will be denoted by Ef where k = 0,1, ... 1is the label of the energy level. The two
lowest energies £ correspond to the continuous spectrum, so Ej = Ej for £ = 0,1. The
second excited energy which belongs to the continuous spectrum goes through discrete
energy levels. It is marked with triangles in Fig. 5.3. The third energy seems to be
Eg - E5.

Even with two fermions, the j = 1 channel has discrete spectrum (Fig. 5.3). In the
next sector, with angular momentum j = 2 the spectrum is again continuous. With our
data we checked that the spectrum is continuous for all even j and discrete for odd j at
least up to j = 6. For three fermions the spectrum is continuous for all j.

All these effects, i.e. nonvanishing effective potential in a flat valley, cancelation be-
tween bosons and fermions and finally discrete spectrum inside continuous one were
already observed for simpler supersymmetric systems [60, 12, 61].
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5.1.3 Scaling relations

There are interesting scaling relations for eigenvalues corresponding to the continuous
spectrum. They originate from dispersion relations for energies. In [49] the free Hamil-
tonian in a one dimensional quantum mechanics was studied with the cut Fock space
method. For this system there is a standard dispersion relation E(p) = %pz. It was
shown that in the infinite N limit momentum is related to the label of energy level by

p= \/;TB(m + 1). It follows that the energies satisfy

e Tm A1)

=0.1,... Nl
o N, m=0,1, (5.1)

In the continuum limit the energies fill densely the positive real axis. In [38, 43] it was
argued and checked numerically that the scaling of energies are similar for the continuous
spectrum in SYMQM. Although the relation (5.1) does not hold precisely, it was shown
that NgE,, converge to nonzero constants and ratios of the energies agree, i.e. ES /Ef ~
(m+1)?/(k+1)% Corresponding results based on our data are presented in Figs 5.5 and
5.6. Both scaling relations are confirmed for the three lowest energies in the continuous
spectrum £, Ef and E5. For the third excited continuous energy we took £ = E5. The
scaling relations suggest that £ = Ej5 is smaller than the theoretical expectation. This
can be an effect of too small cutoff or misidentification of the continuous energy.

nf=0 j=0 nf=0 j=2
0123456 789101112 0123456 789101112
Ty : T T

—

—

8 3 8t —
m m
6 B 6 ————
4 S 4
2 2t
ol ol
0123456 789101112 0123456 789101112
Np Np

Figure 5.1: Spectrum of the SU(2) theory in the bosonic sector. The maximal cutoff is Np = 12. There
are no states with angular momentum j = 1 (cf. Appendix B). Energies corresponding to even and odd
states are marked with red and blue color respectively.

49



CHAPTER 5. THE SPECTRUM

0123 456 789
N

Figure 5.2: Spectrum of the SU(2) theory in sector with a single fermion.

nf=2 j=0 nf=2 j=1 nf=2 j=2
0123456782910

OIIII\\\\\ OIIII\\\\\\ OIIII\\\\\\
0123456728910 0123456738910 0123456738910

NB NB NB

Figure 5.3: Spectrum of the SU(2) theory in sector with two fermions. For j = 0 the two lowest energies
correspond to continuous spectrum. The third line from the continuous spectrum crosses two discrete
energy levels. This line is marked with triangles. Fourth energy from the continuous spectrum is probably
the fifth excited energy.
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nf=3 j=1/2 nf=3 j=3/2 nf=3 j=5/2

0 1 01 2 3 4 5 6 7 8
14+ 14+

12+ 12+

8r 8r Y
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| | \
4 4r R
2+ 2+ 1
O L O L L 1 1 1 1 1
0 1 01 2 3 4 5 6 7 8

Ng

Figure 5.4: Spectrum of the SU(2) theory in sector with np = 3.

Figure 5.5: Scaled energies for SU(2) in channel with np = 2, j = 0. The energies corresponding to
the continuous spectrum scaled by the cutoff Np converge to constant values. This is in agreement with
(5.1). The convergence is best for lowest energies. The cutoff is too small for NgE$ to level off or it is
misidentified as an energy from the continuous spectrum.
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Figure 5.6: Ratios of the energies for SU(2) satisfy the relation ES, /E{ ~ (m +1)?/(k + 1)? (flat lines)
in the continuum limit. The higher ratio F3/FEy has not yet converged for Ng = 10.

5.2 The spectrum for the SU(3) gauge group

Here our results for the SU(3) symmetry group are presented. In order to obtain the
spectrum we constructed matrices with sizes up to 36000. Computations were performed
on a supercomputer Deszno located in the Institute of Physics at Jagiellonian University.
96 cores were used in parallel with the OpenMP interface using up to 256 GB shared
memory.

The eigenenergies of the model are shown in Figs 5.7 - 5.15. All energies are obtained
in channels with definite total angular momentum j (cf. 3.3.3). For SU(3) there are more
degrees of freedom and therefore there are many more states for a given Ng compared
to the SU(2) case. This is reflected by a larger density of eigenvalues. Because there are
more degrees of freedom, the energies are generally larger for SU(3) than for SU(2). As
before, parity is conserved in the bosonic channel.

The general picture is similar to the case of SU(2). For zero and one fermion the
spectrum is purely discrete. Unlike in the SU(2) case, the argument from Appendix B
doesn’t work and there are states with j = 1 for np = 0.

The main difference from SU(2) is that in the sector with two fermions the spectrum is
still discrete. It means that there are not enough fermions to cancel with bosonic degrees
of freedom and the effective potential does not vanish. The flat valleys remain closed.
For the cutoff we were able to reach the continuous spectrum is best manifested for the
ground state of np = 6 and 57 = 0. We checked the scaling of the energies to confirm this
conclusion. The result is shown in Fig. 5.16. The scaled energies are given for all ng
in channels with the lowest angular momentum (i.e. j = 0 for even ng and j = 1/2 for
odd ng). For np = 0,1,2,3,4,6,8 we picked the lowest energy. For ngp = 5,7 we chose
the first excited energy, because those seem to be better candidates for the continuous
spectrum (cf. Figs. 5.12, 5.14). Scaled energies corresponding to the continuous spectrum
should be flat for large Ng. All energies are divided by E(Np = 1) so that the overall
scale for each channel is removed. From Fig. 5.16 one can see that the scaled energies
become more flat as the number of fermions grows.

As it was mentioned in the Introduction, the Yang—Mills quantum mechanics without
fermions was considered as a zeroth order approximation to pure gauge SU(2) theory
in a small volume in [30, 31]|. In [33, 32| authors give numerical results also for SU(3).
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Their results are obtained numerically by a variational technique, which is essentially the
same as our method (but restricted to nyp = 0). In Table 5.1 we present comparison of
the lowest energies in several channels with given angular momentum and parity. The
results are consistent. The relative difference usually does not exceed 4%. Naturally, the
results differ less in cases where both methods are more precise (i.e. for lowest energies).

sector | cut Fock space | Rayleigh-Ritz | relative difference
12.5889 12.5887 0.0016%
0t 15.39 15.38 0.07%
17.24 17.23 0.06%
0~ 17.75 17.8 -0.28%
1+ 18.77 18 4.1%
22.4 >20
1- 16.52 17.05 -3.2%
18.5 23 -24%
o+ 14.806 14.854 -3.2%
17.159 17.26 -0.59%
2- 18.37 >20
3~ 16.10 16.5 -2.5%
4+ 17.3 18 -4%

Table 5.1: Comparison of lowest energies in the bosonic sector for the SU(3) case obtained by our method
and [32]. Since both approaches are variational, lower values of energies give better approximation to
energies in the continuum limit. In the 0% sector results are perfectly consistent - eigenvalues differ only
at the last digit which was given in [32]. In other channels our results are usually slightly more accurate.

Concluding, the spectrum of the SU(3) theory has discrete and continuous part. In
contrary to the SU(2) case, for SU(3) the spectrum is discrete for two fermions. The
continuous spectrum is moved to channels with higher nr because more fermions are
needed to have supersymmetric cancelations between fermionic and bosonic degrees of
freedom. Only then the effective potential in the flat valleys vanishes. Our results indicate
that this occurs for np = 6.
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nf=0 j=2
4 5 6 7 8 91011

M i : . m m
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Figure 5.7: Spectrum of the SU(3) theory in the bosonic sector. The maximal cutoff is Np = 11.
Energies marked with red correspond to states with positive parity and blue to negative parity. Even
energies are marked only for even Np because they do not change when Np passes from even to odd
value. Conversely, odd energies are marked only for odd Np.

nf=1 j=1/2 nf=1 j=3/2 nf=1 j=5/2
0
25
20+
15+
[8a]
10+
5,
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

Np Np Np

Figure 5.8: Spectrum of the SU(3) theory with a single fermion.
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Figure 5.9: Spectrum of the SU(3) theory with two fermions.
nf=3 j=1/2 nf=3 j=3/2 nf=3 j=5/2
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Figure 5.10: Spectrum of the SU(3) theory with np = 3.
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nf=4 j=0 nf=4 j=1
1 2 3 4 5 0 1 2 3 4 5 0 1

0
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nf=4 j=2
2 3

0 0 0 .
o1 > 3 4 s o 1 2 3 4 s o 1 2 3
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Figure 5.11: Spectrum of the SU(3) theory with np = 4.
nf=5 j=1/2 nf=5 j=3/2 nf=5 j=5/2
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Figure 5.12: Spectrum of the SU(3) theory with np = 5.

56

Np




THE SPECTRUM FOR THE SU(3) GAUGE GROUP

0
25 T T

0
25

nf=6 j=1
1 2

0
25

nf=6 j=2
1 2

0 ‘ ‘ 0 ‘ ‘ 0 ‘ ‘ ‘
0 1 2 0 1 2 0 1 2 3
Np Ns Ng
Figure 5.13: Spectrum of the SU(3) theory with np = 6.
nf=7 j=1/2 nf=7 j=3/2 nf=7 j=5/2
0 1 2 0 1 2 0 1 2 3
25 : 25 : : 25 : : :
200
15} 1
10t :
s |
0 0 : 0
0 1 2 3 0 1 2 3 0 1 2 3
NB NB NB

Figure 5.14: Spectrum of the SU(3) theory with np = 7.
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Figure 5.15: Spectrum of the SU(3) theory with np = 8.

051

0.0 ! :

L.

ng=0, j=0, lowest state
ng=1, j=1/2, lowest state
ng=2, j=0, lowest state
np=3, j=1/2, lowest state
ng=4, j=0, lowest state
ng=5, j=1/2, 1*" excited state
ng=6, j=0, lowest state
ng=7, j=1/2, 1*" excited state

ng=8, j=0, lowest state

Figure 5.16: Scaled energy NgFE for SU(3) in sectors with np = 3,...,8. All energies are divided by F
for Ng = 1. In each channel the lowest j was picked, i.e. 7 = 0 for even np and j = 1/2 for odd ng. In
most sectors the lowest energy state was picked. For np = 5,7 the first excited state was chosen because
these seem to be better candidates for states in the continuum spectrum. For states corresponding to

the continuum spectrum the scaled energy should be flat.
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Chapter 6

Supersymmetry multiplets

Having computed spectrum of the model, we are now interested in its supersymmetric
properties. It is known [62] that energy eigenstates of a supersymmetric model form
supersymmery multiplets (or supermultiplets). A supermultiplet is a representation of
the supersymmetry algebra (2.16). In each supermultiplet there is a Clifford vacuum
|2). It can have any angular momentum j. For j > 0 it is degenerate and belongs to
a (2j + 1)—dimensional representation of rotational group. By acting with supercharges
on |Q2) one recovers the whole supermultiplet. Other elements of the supermultiplet also
form multiplets of angular momentum. The supermultiplet has in total 8; + 4 states.
Half of them has odd and half of them even ng. In general, these representations are
reducible. The only exception is 7 = 0.

A powerful method to identify supermultiplets in organized way is to use supersymme-
try fractions [38]. One can check whether two states are elements of the same multiplet
by acting with a supercharge on one of them and analyzing the overlap with the other
state. A supersymmetry fraction is essentially such an overlap.

In this chapter the parameter w (cf. Chapter 3) is not included, i.e. here w = 1.

6.1 Supersymmetry multiplets in the continuum limit

The four supersymmetry generators Q, introduced in (2.15) satisfy anticommutation
relations (2.16) which play a central role in supersymmetric theories. They are however
not the only operators which fulfill the algebra (2.16). Moreover, they are somewhat
inconvenient because they do not form a spin multiplet. For this reasons we introduce
operators Q, (o= =£):

QT - _eiW/4Q4 ;

4 6.1
Qf =¢m1Q;. (6

The overall phase is chosen such that the phase factors simplify when Ql are written in
terms of traces. Q form a spin doublet. The magnetic quantum number of operator
QL ism==+1/2, ie. [Js, Ql] = j:%QL. Both QL rise the fermionic number ng by +1.
Their conjugates

Qy = em1Qy,

, 6.2
Q_ =em1Q, (62)
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also form a spin doublet and have opposite quantum numbers. The new supersymmetry
generators fulfill following commutation relations:

{Qa. Qs} ={Q}, 2} =0,
{Qon Q};} = 25a6H7 (63)
[H,Q.] = [H,Qf] = 0.

Now we come to discussion of the structure of a supermultiplet. A Clifford vacuum
|2, m) is defined by

Qn|Q2,m) =0 a = j:%. (6.4)
Assume that it has np fermions, angular momentum j and energy E. The magnetic
number m is kept explicit. One has to keep in mind that the Clifford vacuum has
nothing to do with the vacuum of the model, i.e. the state with the lowest energy. In
order to avoid confusion, it will be always called a Clifford vacuum or a vacuum of a
supermultiplet. If £ = 0 then Q] |2, m) vanishes and |2, m) is a supersymmetry singlet.
Indeed,

191 192, m)||” = (2,m]Qa QL0 m) = (O, m|2H — Qf,Q,|,m) = 0. (6.5)

If this is not the case, new states are created by acting with QI on |2, m). With the aid
of Clebsh-Gordan coefficients, these states can be arranged in spin multiplets

1 1 1 1 1
’Q7m>:—\/ﬁza:<j,m—a,§,a|j—§,m) Ql|Q,m—a>, m:—j+§,...,j—§,
1 . 1 o1 | o1
|Q+,m>:—@;(],m—a,ﬁ,ab+§,m>QL|Q,m—a>, m:—]—é,...,j%—é,
1 ) .
Q0,m) = ﬁQT_QHQ,m), m=—j...,J.
(6.6)

If 5 = 0 then |Q2_,m) = 0. Otherwise none of these states vanishes. All of them are
normalized thanks to the relation of Clebsh-Gordan coefficients
1 I 1 ‘ .
Z (]:té,m—a7§,a|j,m> =1 foralljzﬁandm:—],...,]. (6.7)

(67

Obviously, (6.7) is not valid for j = 0 when it is taken with the minus sign, because there
is spin —% on the left hand side. The three new states have energy E because the su-
percharges commute with the Hamiltonian. |Q_,m),|Q.,m),|Qo, m) are spin multiplets
with total angular momentum j — %, J+ % and j respectively. Together with the vacuum
|2, m) they form a supersymmetric multiplet.

Several remarks concerning supermultiplets are in place. A supersymmetry multiplet
is closed under the action of supercharges. That is, Q, or QL acting on an element of a
supermultiplet gives zero or combination of other elements. It follows that none of the
three states [Q2_,m), |Q4,m), [, m) can be a vacuum state of another supermultiplet.

The full supersymmetry multiplet forms a diamond in the (ng, j) plane (cf. Fig. 6.1).
The exception is j = 0 — there is no state |Q2_,m), i.e. the lower node (np +1,j — 1) in
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Figure 6.1: Structure of a supermultiplet together with supersymmetry fractions. For j = 0 the bottom
vertex and the two lower links are absent.

Fig. 6.1 is not present. In the supermultiplet there are 45 + 2 bosonic states (i.e. states
which contain an even number of fermions) and the same number of fermionic states. As
a consequence, a supersymmetry multiplet with nonzero energy does not contribute to
the Witten index.

For finite Np there is only a finite number of states in each (ng,j) channel. In Fig.
6.2 the total number of multiplets in each sector for the SU(3) gauge group and Np = 2
is given. Each circle is a vertex of a diamond or a triangle. These figures are the
same as the diamond in Fig. 6.1 and they correspond to supermultiplets. The number
inside each diamond or triangle is the number of according supermultiplets for finite Np.
These numbers are determined in such way that the total number of supermultiplets
adjacent to a vertex (np,j) is the same as the number of angular momentum multiplets
in the sector (ng, 7). This is motivated by the fact that each SO(3) multiplet belongs
to exactly one supermultiplet. However, one has to keep in mind that for a finite Npg
the supersymmetry is broken and there are actually no supermultiplets. Therefore, the
number of supermultiplets determined in this way has no strict meaning. In particular,
there is a negative number of (1,5/2) supermultiplets for SU(2) with Ng = 2 (cf. Fig.
6.3).

For j = 0 the supermultiplet is an irreducible representation of the algebra (6.3).
In this case is consists of four states. For j > 0 the representation is contains 25 + 1
irreducible representations of the supersymmetry algebra. An irreducible representation
can be constructed starting from |2, m) with a single value of m. Then the other three
states in the (small) supermultiplet are \/%TEQL €2, m) and ﬁQT_ Ol |, m). Each of these

states has definite magnetic number, but QI |2, m) do not have definite total angular
momentum. For convenience, in this thesis we use full supermultiplets with complete
angular momentum multiplets.

6.2 Supersymmetry fractions

A useful tool to analyze the supermultiplets are supersymmetry fractions. They serve
two purposes. First is studying breaking of the supersymmetry for finite cutoff. Second
is identifying supermultiplets. Consider two angular momentum multiplets [ngjmE) and
Inp + 15'm'E"). A supercharge QI maps [npjmE) into |np + 15'm’E’) if they are in the
same supermultiplet and m’ = m + «. A supersymmetry fraction measures the overlap.
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Figure 6.2: Structure of the angular momentum multiplets and supersymmetry multiplets for SU(3) and
Np = 2. Numbers in circles represent the number of angular momentum multiplets in a given channel.
The numbers in between are the numbers of supermultiplets (the diamonds).

Figure 6.3: Structure of the angular momentum multiplets and supersymmetry multiplets for SU(2) and
Np =2.
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Figure 6.4: Supersymmetry fractions as a function of cutoff. Np is the cutoff in the sector np = 1. The
cutoff for np = 0 is higher by 2.

It is defined by

4 ) 1 . 4 2
Qe G'EGE) = 1 D |(np + 15'm B[ QL InpjmE)[" (6.8)

mm’a

Formulas (6.6) together with the anticommutation relations (6.3) give straightforward

D> UM Qu|Q, )P =) [(Q4,m|QalQ,m))|* = 4E(j + 1),

mm/a mm/a (69)
S 1@ mlQule- m) = 3 (0 m|Qul s, m)* = 4

These relations specify what are the supersymmetry fractions within a supermultiplet. If
the Clifford vacuum |2, m) has np fermions, energy F and angular momentum j, then
the fractions are

. . 1 .
jvE) = UGnp+1 (jvE‘j+_aE> :]_l_]-v

|
dnp (]+_7E 9

2
o1 . . o1 .
Uy J—§,E)J,E = Quptl ];E‘]—E,E =J.

The supersymmetry fractions are denoted by rectangles in Fig. 6.1. The supermultiplet
is closed under the action of QL so other fractions must necessarily vanish.

(6.10)

6.3 Finite cutoff effects

For a finite cutoff the supersymmetry is broken. Now we analyze restoration of the
supersymmetry for growing Ng. For small cutoff the supersymmetry fractions are far
from the values given by (6.10). We say that the supersymmetry is recovered when the
supersymmetry fractions are close to their exact values. Next we address the problem of
identifying superpartners when two supermultiplets are almost degenerate.
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Consider a supersymmetry fraction g, (ji%, Ei|j, Ey). For alarge cutoff it is expected
that the fraction is zero unless corresponding states, labeled with ¢ and k, are in the same
supermultiplet. In particular, F; and Ej should be almost the same if the fraction is
nonzero. In contrast, for a small cutoff eigenstates of the cut Hamiltonian do not give a
good approximation to exact bound states. In this situation the supersymmetry fractions
Gnp(j £ %, Eilj, Ey) are small but nonzero for many different pairs (i, k).

Analysis of supersymmetry fractions for growing cutoff provides us the information at
which value of Np supersymmetry is approximately restored. In Fig. 6.4 dependence of
supersymmetry fractions ¢ (3, F;|0, Ej,) on the cutoff is shown for selected i and k. All
states with (ng, 7) = (0, 0) are Clifford vacua, so the exact values of shown supersymmetry
fractions are 0 and 1. For the ground state in the bosonic sector there is only one
fraction, ql(%, Ey|0, Ey), which is significant. It approaches 1 fast and we may say that the
supersymmetry between the two corresponding states is essentially restored for Ng ~ 7.
In general higher cutoffs are required to regain supersymmetry for higher eigenstates.
This is because the lowest energy states converge first.

Behavior of fractions ql(%, E;|0, Ey), i = 3,4 in Fig. 6.4 is related to an approximate
degeneracy of energies with np = 1 and Ng = 9 (cf. Fig. 5.8). We address this
case on a general ground. Suppose that with the available cutoff a good approximation
of a bound state |npjmkFE) is obtained. Denote its (exact) superpartner a in channel
np+1,7/=75=+ %) by |ng + 1j'm’E). In general, for larger number of fermions cutoffs
are smaller and thus the approximation is worse. Therefore, a good approximation of the
state |np + 17'm’'E) is given by some combination

np + 1i'm'E) & Y cilnp + 1im'E) (6.11)

i

where [np + 1j'm'E;)  are eigenstates of the Hamiltonian for cutoff Np. The question
is which states contribute to the sum (6.11). Each energy E; has an error A; which is a
finite cutoff effect. States which have energies equal within the error A mix for higher
Np and give a better approximation of exact eigenstates. Therefore, only these ¢; are
nonzero for which |E; — E| < A;. If the cutoff is not very small and |np + 1j/m'E) is
not a highly excited state, then the errors A; are small and the energies F; have to be
almost degenerate. The supersymmetry fractions ¢,,.(j'E;|jE) for the cutoff Np are fully
determined by coefficients ¢;. In order to calculate values of the fractions first assume
that |npjm#FE) is vacuum of a supermultiplet. Then the supersymmetry fraction is

np (]/EZUE) =

1
= 3 Ly + 17w QL InemB)|

mm/a

1 2
T 4E Z ’ Ny (e 1i'm Einp 4+ 1j'm'E) (np + 15'm'E|Q! [npimE) ‘
e (6.12)

1 1 . / . . 2
= 1E Z ’Ci|2 ", §,B|j’m> (npjm' — 5E|Q5QL|TLF]TTLE> ’

Z e

2F
2

*

V2E (j,m, = a|jm+a>
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6.4. DETAILED ANALYSIS OF SUPERSYMMETRY FRACTIONS

Finally, we use the following property of Clebsch-Gordan coefficients:

2.

mao

_ (2§’ +1) (6.13)

1
<j7m7 Eaa’j,m + Oé>

and obtain
) ) . 1
Iy (J'EiJE) = (j’+ 5) [T (6.14)

If [npjmE) is not a Clifford vacuum then it is |Q2,, m) or |2, m) from (6.6). One can
show by an analogous proof that then

St 1
i (J'EiJE) = (] + 5) [T (6.15)

In both cases q,,.(j'E;|jF) is the exact supersymmetry fraction multiplied by |¢;|*. Con-
cluding, the supersymmetry fractions ¢,, (i’ E;|jE) add up to the exact value. Therefore,
if one finds several fractions ¢,, (5 E;|jE) which sum up almost to j + % or j' + % then
the superpartner of [npjmFE) is given by (6.11) where ¢; are determined up to phases.

Consider again the supersymmetry fractions ¢, (3, £;|0, Ey) (Fig. 6.4). For Ng up to 7
the fraction ¢i(3, F4|0, E1) grows while ¢;(3, 3|0, E}) is close to 0. For N = 8 the two
fractions interchange. This is because the energy of the state |1, %, Ey4) decreases faster
than the energy of |1, %, E3) and labels of energies are swapped at Ng = 8. For Ng =9
the fractions are 0.46 and 0.47 and sum up to 0.93. Based on earlier analysis we conclude
that a good approximation to the superpartner |2, m) (cf. ( 6.6)) of the first excited
state in the bosonic sector |0,0, Ey) is given by a combination of the third and fourth
state:

g 1
[ m) = VOAGE 1, 5om, By) 4+ VOATE R L g m By (6.16)
9

Np=

B=

Such situation as described above, with several supersymmetry fractions which add up
almost to an exact value is in fact very common. The main reason for this is that because
large number of degrees of freedom density of eigenstates is large. Therefore, states that
correspond to different but close energies mix easily for a finite cutoff. Obviously, these
states disentangle for a cutoff which is high enough. Nevertheless, if energies of different
supermultiplets are almost degenerate, the needed cutoff is very large.

All above considerations address only the case of discrete spectrum. This is because
the continuous spectrum appears in channels with many fermions. There the density of
energy states is higher while the available cutoff is small. This makes the analysis of
supersymmetry fractions yet more demanding.

6.4 Detailed analysis of supersymmetry fractions

A general method for identifying superpartners was presented. Here more examples are
considered. In particular, full identification of a supermultiplet with a Clifford vacuum in
sector (0,0) is carried out. In Tables 6.1 - 6.4 supersymmetry fractions for several (ng, j)
channels are shown. A fraction ¢,.(j + %EﬂjE) can take values either j + % or j+1
depending on whether corresponding states are in (np —1,j+3) or (np, j) supermultiplet
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respectively. Analogously, ¢, (j — %E/|jE) =+ % or j if the states are in (np —1,7 — %)
of (np,j) supermultiplet. Because the cutoff we are able to reach are not very large,
the supersymmetry fractions are in general significantly smaller than their values in the
continuum limit. Still, they give valuable information on at least some supermultiplets.

In Tab. 6.1 there are shown supersymmetry fractions ¢, (3 E;|0, Ej). All states from
the (0,0) sector are vacua of a (0,0, E) supermultiplet. Therefore, for all of them there
should be a supersymmetry fraction equal to 1 with some states with (ng,j) = (1,3).
The states from channel (1, %) belong to one of three supermultiplets, (0,0, E), (0,1, E)
or (1, %, E). Therefore, only some of them share nonzero supersymmetry fractions with
states in the (0,0) sector.

The first two columns of Tab. 6.1 were already analyzed in the previous part of this
chapter. Tt was stated that the ground states in (0,0) and (1, 3) sectors are elements of
the same multiplet. The superpartner of the first excited bosonic state, |0,0,15.48) is a
combination of third and fourth excited states in the channel (1, ). The third column is
related to the singlet |0,0,17.47). There are five fractions which correspond to doublets
in single fermion sector that add up to 0.83. Energies of these doublets range from 17.88
to 18.85. These states will possibly mix for higher cutoff and give the superpartner of
|0,0,17.47). This is consistent with the energy dependence on the cutoff (cf. Fig. 5.8).
For E ~ 18 all energies decrease by AE ~ 1 when Npg changes from 8 to 9. Therefore,
the error bars to these energies are of order 1. All five energies are the same within error
bars and thus the states can mix before the continuum limit is reached.

Consider fractions ¢5(0, Ej|3, Ej) (Tab. 6.2). In the first column there are two sig-
nificant fractions ¢»(0,13.34[3,12.72) and ¢»(0,13.45|3,12.72) which add up to 0.92.
This is evidence that a combination of states |2,0,13.34) and |2,0,13.45) gives the
last state of the supermultiplet (0,0,12.6). In the second column the largest element
is ¢2(0, 15.67]%,14.48) = 0.3. If |1, %, 14.48) is vacuum of a supermultiplet, then the
exact value of the fraction is 0.5. If this is the case then there should be a fraction
¢2(1, E|3,14.48) ~ 1.5. Indeed, there is g(1,15.62|3,14.48) = 0.65 x 1.5.

Finally, we study supersymmetry fractions qo(j’, £'|1, E) with j* = 1 (Tab. 6.3) and
j = % (Tab. 6.4). Since the bosonic state is always a vacuum of a supermultiplet, the
exact values of fractions are 1 and 2 respectively. For the bosonic ground state with 7 =1
the relevant fractions are go(3,17.5|1,16.66) = 0.77 and ¢o(2,17.44[1,16.66) = 0.76 x 2.
It is remarkable that in both (ngp = 1,5’) channels the approximation of the energies
is of the same quality (F ~ 17.5) as well as the fractions ¢ ~ 0.76 X @ezqet.- For the
first excited bosonic state the susy fractions are rather poor: qo(%, 20.75|1,18.79) = 0.53
and qo(%, 20.74|1,18.79) + QO(%, 20.82|1,18.79) = 0.52 x 2. Again, the approximation of
energies and fractions are similar for |1, 3,20.74) and |1, 2,20.82).

Analysis of all other sectors is similar. Summary of identified supermultiplets is given
in Tab. 6.5. Also values of supersymmetry fractions are given to indicate how strong is the
identification. Clearly, large difference of energies in a supermultiplet means that states
did not yet converge and one should not expect large values of fractions. Supersymmetry

fractions given in Tab. 6.5 are normalized, i.e. divided by exact values.

6.5 Summary

In Fig. 6.5 all identified supermultiplets are shown. Triangles with vertices in sectors
(np,0), (np+1,3), (np+2,0) and all diamonds are fully identified supermultiplets. They

66



6.5. SUMMARY

are marked with blue color. The triangles which have vertices at (ng, j), (np+1,j—1) and
(np+1,j+ %) are marked with green color and represent diamonds with one element not
identified. Green lines correspond to two states out of three in a multiplet with Clifford
vacuum in (ng,0). Not identified states are marked with a question mark in Tab. 6.5.
There are also many energies in between for which there were no supersymmetry fractions
much different from 0. In the continuum limit all states should group in supersymmetric
multiplets. The method which was used for finding the energies is variational, so all
energies are approximated from above. For this reason all states in Fig. 6.5 are shifted
to the lowest energy in the corresponding multiplet.

We succeeded to fully identify four supermultiplets (cf. Tab. 6.5). In general, it is
easier to identify states which ’open’ the multiplet, i.e. the vacuum in the sector with
nrg fermions and two states with ng 4+ 1 fermions. The remaining state which ’closes’
the supermultiplet is significantly harder to find. This is because with more fermions the
lowest energy state has smaller energy than in those with less fermions and the density
of eigenenergies is higher (see Figs 5.7 - 5.15). Therefore, even if the Clifford vacuum is
a low excited state, the state which closes the supermultiplet has ny + 2 fermions and
is highly excited. For excited states one needs a higher cutoff before the convergence is
reached. On the other hand, the available cutoff gets smaller for more fermions.
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np=0,7=0

E | 126 1548 1747 17.88 1832 19.76
1272 | 0.99 - - - - -
1448 | - -
1552 | - 001 - - - -
1588 | - 046 -
1596 | - 047 001 - - -
16.46 | - - -
16.69 | - - - - - -
16.97 | - - - - - -
17.09 | - - - - - -
175 | - - - - - -
1758 | - - - -
1788 | - - 011 003 - -
1826 | - - - - - -
1832 | - - - - - -
1852 | - - 02 014 004 0.2
1862 | - - 042 003 005 -
1873 | - - 006 002 001 @ -
1885 | - - 005 061 001 @ -
18.96 | - - - - - -
19.08 | - - - - - -
1921 | - - - 0.02 0.03 0.2
193 | - - - - - -
19.46 | - - - - - -
19.66 | - - 001 003 011 0.06
19.73 | - - - - 052 -
19.75 | - - - - - -
20.03 | - - - - - -
20.11 | - - - - - -
20.38 | - - - - - -
2047 | - - - - - -
20.57 | - - - - - -
20.74 | - - - - - 003
20.75 | - - - - - -
20.79 | - - - - - -
20.92 | - - - - 0.02 0.1
20.99 | - - - - - -
21.16 | - - - - - -
2117 | - - - - - 001
21.33 | - - - - - -
21.34 | - - - - - 001
21.49 | - - - - - -
215 | - - - - - 0.1
2157 | - - - - - -
21.64 | - - - - - 0.3

1, j=1/2

ng =

Table 6.1: Supersymmetry fractions between sectors (ng,j) = (0,0) and (1,1/2).
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negp = 1, j = 1/2

E 12.72 1448 15.52 15.88

8.8 - - - -
11.57 - - - -
12.47 -
13.34 | 0.71 - - -
13.45 | 0.21 - - -
14.23 - - - -
14.64 - - - -
14.82 - 0.11 - -
15.09 - - - -
15.55 - - - -
15.67 - 0.3 - -

{(4)
16.61 | - - 0.09  0.02
16.83 | - - 012 0.4
17.05 | - - 014 o001

{(7)
18.05 | - - 0.04 028

nF=2,j=O

Table 6.2: Supersymmetry fractions between sectors with (ng,j) = (1,1/2) and (2,0).

np=0,j=1

E 16.66 18.79 19.02 19.11
(9)
17.5 0.77 - - -
:(12)
19.46 - 0.11 - 0.14
(4)
20.11 - - 0.02 0.14
20.38 - - - 0.4
:(3)
20.75 - 0.53 - -
20.79 - 0.1 0.04 0.04

(6)
21.49 - - 0.4 -

1, j=1/2

ng =

Table 6.3: Supersymmetry fractions between bosonic sector with j = 1 and fermionic sector with j = 1/2.
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np=0, j=1
E | 1666 1879 19.02 19.11
{(12)
17.44 | 0.14 - - -
1755 | 152  0.04 0.01 .
:(16)
19.38 - 0.1 - 0.24
) :(6)
? 20.1 - - - 0.15
= (3)
— 20.41 - 0.02 - 0.92
L 2054 | - 0.04 : i
s 20.58 - 0.02 0.03 0.14
20.66 - - - -
20.74 - 0.73 - 0.02
20.75 - - . .
20.79 - 0.12 . .
20.82 - 0.31 - -
20.88 - - - -
20.93 - 0.11 - -
:(9)
21.47 - - 0.38 -
21.52 - - 0.8 .

Table 6.4: Supersymmetry fractions between bosonic sector with 7 = 1 and fermionic sector with j = 3/2.
Rows with no supersymmetry fractions greater than 0.1 are omitted. Numbers of omitted states are given
in brackets.
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energy fractions
ey N/\m R J ;Q ”?\z

- o/ R ~ N N o/ R

; R 2 2 o / * N N
(nr,J) g, ~ ~ + . . N S
S + + g, D D ~ ~
& & £ N N [f Z

£ N > > S S

(0,0) 12.6 - 12.72 13.4* - .99 - .92%
(0,0) | 15.48 - 15.92% ? - 93* - ?
(0,0) 17.88 - 18.85 ? - .61 - ?
(0,0) 18.32 - 19.7* ? - .63* - ?
(0,1) 16.66 17.5 17.55 ? 7 76 ? ?
(0,1) 18.79  20.75 20.78%* ? .03 .02 ? ?
(0,1) 19.11  20.38* 20.41 ? .54* .53* ? ?

(0,2) | 1489 1527 1529  17.06 9 95 75% 67*
(0,2) | 17.41 1847 1849 ? 72 79 ? ?
(0,2) 17.79 18.94 18.98%* ? .66 ek ? ?
(0,2) 18.7 20.8 20.83%* ? .6 .63% ? ?
(0,3) 16.1 16.75 16.8 ? .86 9 ? ?
(0,3) 18.77  20.9* 21.02 ? 5% .66 ? ?
(1,1/2) | 14.48 15.67 15.62 ? .6 .65 ? ?
(1,1/2) | 15.52  16.93* 16.72 ? .02 .75 ? ?

(1,3/2) | 13.39 13.86 13.97 14.96 .83% .88%* 2% 18
(1,3/2) | 13.96 14.97 15.05 ? S73% 8% ? ?
(1,3/2) | 14.83 15.81 16.14 ? T1* T1* ? ?
(1,5/2) | 16.13 17.61 17.94 ? .49 5T* ? ?

(2,0) 8.8 - 9.84 12.74 - .83 .08
(2,1) 10.97 13. 12.93 ? .62 ek ? ?
(2,2) 10.43 12.68 12.72 ? 59* .59 ? ?

Table 6.5: Energies and supersymmetry fractions in identified supermultiplets. Fractions are divided
by the value they should take in continuum. The closer the normalized supersymmetry fraction is to

one, the higher is the quality of identification of a supermultiplet.

Stars mean that the fraction is

summed over two states and energies are averaged. Question marks stand for unidentified states and
corresponding supersymmetry fractions in a supermultiplet. Dashes stand for states which do not appear

in a supermultiplet.

71



CHAPTER 6. SUPERSYMMETRY MULTIPLETS
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Figure 6.5: All identified supermultiplets. The diamond and two triangles with two vertices at j = 0 are
completely identified multiplets. The other triangles correspond to diamonds with one state unidentified.
Lines correspond to triangle multiplets with one vertex not identified.
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Chapter 7

Wavefunctions

This chapter is dedicated to wavefunctions in coordinate representation for SU(2) and
SU(3) gauge groups. The wavefunctions of supersymmetric Yang—Mills quantum mechan-
ics in two dimensions are studied in great detail. The complete solution of the model,
i.e. explicit formulae for wavefunctions and corresponding energies was given for SU(2)
gauge group [23|. Later, wavefunctions of the vacuum were found for general SU(N) [8].
For D = 4 only s—waves of SU(2) were analyzed so far [42]. In this thesis a new, more
general approach is proposed. In principle, it can be used to study wavefunctions with
arbitrary angular momentum and for any SU(N) gauge group. It is used here to analyze
the cases of SU(2) and SU(3).

We will now briefly review the approach of [42]. It is a numerical technique to obtain
energies and eigenstates of s—waves in D = 4 for SU(2). The idea of this method applied
to the two—fermion sector is following. There is one symmetric and one antisymmetric
combination of spinors that create two fermions. Each of these two can be contracted in
three different ways to give a gauge and rotationally invariant operator. These six oper-
ators acting on the Fock vacuum generate a basis |e,,). A most general gauge invariant
state with 7 = 0 is a combination of these basis states, where the coefficients are functions
hum(r, u,v) of three bosonic variables:

6

Y) = Z R (7,1, 0) em) - (7.1)

m=1

The three invariants (7, u, v) are discussed later in this chapter. The Schrédinger equation
H|¢y) = E ) is a system of six coupled differential equations for functions h,, in a
three dimensional space. There exists an ’angular momentum’ L related to a differential
operator in variables (r,u,v). Eigenstates of the angular momentum are 6-component
"spherical harmonics’. They are functions of two angle variables v and v. The spherical
harmonics can be found analytically. Finally, one can introduce a basis for the radial
part of functions with given L. There is a natural cutoff in this complete set of functions.
It is equivalent to the cutoff for the number of bosonic excitations which is used in this
paper. With this method one can reach N = 60 [43]. A limitation of this approach
is that it addresses rotationally invariant states. In particular, it gives no information
about sectors with odd number of fermions.

Here we propose a new approach. One starts with an angular momentum multiplet
expressed in terms of composite bricks acting on the empty state. States in the Fock space
are in one to one correspondence with wavefunctions in the configuration space. Because
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1.0

0.8]
0.6/
0.4

0.2}

0.0

Figure 7.1: Two ways to analyze non-localized energy eigenstates. Circles are energies of the free
one—dimensional quantum mechanics. Blue line represents fixed energy limit with E, = 0.5. Red line
corresponds to the ground states for each Npg.

of fermions, the wavefunctions are multi-component. It is shown how to construct a
rotationally invariant single-component function p(z). This functions is an analogue to
probability density of bosonic variables. Next, the structure of the potential is studied
in a fixed gauge and some characteristic directions in the configuration space are chosen.
These are the flat valley (i.e. a direction in which the potential vanishes) and two steep
directions, where the potential grows fastest. Finally, sections of wavefunctions along
these directions are studied.

The main purpose of analyzing the wavefunctions is exploring the difference between
states corresponding to discrete and continuous spectra. In 7.3.2 we discuss the expected
behavior of bound and scattering states. We argue that the localized states are well
approximated by the cut Fock basis already for finite cutoff. On the other hand, the
scattering states are non—localized and they can be reconstructed only when one goes to
high Np.

There are two ways to study scattering states. First is to inspect the limit of constant
energy I/ = F, = const while Ng — oo. It was mentioned in Chapter 5 that the eigenen-
ergies corresponding to the continuous spectrum decrease slowly to 0 as one increases
Np. Therefore, at every few values of the cutoff there is a state with energy £ ~ FE,.
Such limit was studied in [43] for SU(2). It was observed that a periodic function is
recovered as the cutoff grows. When Np increases, new peaks are reconstructed. Period
of the function agrees with the dispersion relation for energy E,. For SU(2) the constant
energy analysis requires increasing cutoff by about 10 at each step.

Another approach to address scattering states is to fix the energy level (e.g. the lowest
state) and raise N one by one. Then the energy converges to zero. One does not recover
a periodic function. Instead, the probability density is smeared over an increasing range.
Explanation of this behavior is given in detail later. This type of analysis is easier from
the numerical point of view, because one does not need large cutoff.

7.1 Structure of fermionic wavefunctions

In Chapter 3 it was shown how to obtain eigenstates of the Hamiltonian. These eigenstates
are expressed in terms of creation operators acting on a Fock vacuum. In this part of the
theses we study their wavefunctions in the configuration space.
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Let n = (n%) and x = (x%) denote bosonic and fermionic occupation numbers re-

7

spectively. n? take integer, nonnegative values while x% are 0 or 1. As before, a,b =
1,...,N? — 1 are color indices, i = 1,2, 3 is the spatial index and o = i% is the Weyl
spinor index. Labels n and x have 3(N? — 1) and 2(N? — 1) components respectively.

The basis of the Fock space with no restriction to gauge-singlet states is

1 a
[, %) = In) @ ) = [T [ ] == (@i 10). (72)
Hun e
These states satisfy relations
ajlaf |, x) = 1 In, x), falfaln, x) = xa I x) . (7.3)

where no sum over indices is performed. Bosonic states |n),, bosonic creation and

annihilation operators a’', a? and the Fock vacuum |0) depend on the parameter w

introduced in 3.6. In this chapter the index w will remain implicit.
The coordinates in the bosonic 3(N?—1)-dimensional configuration space are € = (x%).
A ket |z) 5 is defined by the relation

zy |33>B =z} |m>B ) (7.4)

where 27 is the position operator. Wavefunction of bosonic states |n), are simply wave-
functions of eigenstates of the harmonic oscillator

plaln)y = [T\ ey eap(—(wrt P/2) g (), (7.5)

where H,(x) is the Hermite polynomial.

In order to handle the fermionic states, a representation of |x) . is needed. In what fol-
lows we incorporate the matrix representation of fermions [63]. In this notation fermionic
creation and annihilation operators are represented by matrices and wavefunctions are
columns. For the simplest case of one fermionic type there is a vacuum state |0), and a
state with one fermion |1) .. The states and operators are represented as follows:

me=( 7). r=(10) (7.6
me=( ). =(10) (x7)

Then the action of creation and annihilation operators is

fT |O>F:|1>F7 f|1>F:|0>F7 f|O>F:fT|1>F:O‘ (7~8)

A wavefunction of a general state |¢) is a two—component function

o(x) = ( iégg ) . (7.9)

Wavefunctions associated with the zero- and one-fermion part are given by scalar products
Oy (z) = (z,X]9) , x=0,1. (7.10)
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This representation naturally generalizes to a larger number of fermionic types. Con-
sider again SYMQM. The label x has 2(N? — 1) components, each taking values 0 or
1. Therefore, x has 220V*~1 possible values and the wavefunction is a column of size
22(N*~1) " Elements of the column are bosonic wavefunctions labeled by .

Consider a general state |¢). Its expansion in basis states is given by

[0) = > e(n,x) [n,x) (7.11)

with some complex coefficients c(n, x). Then the x-component of the wavefunction of
|¢) is the scalar product

ox(@) = (&, x|8) = ) c(n,X) p(@(n) . (7.12)

The fact that a wavefunction has many components introduces a major difficulty to
analyzing them in a direct way. For SU(2) the column (¢, (x)) has 22%3 = 64 and for
SU(3) it has 22*® = 65536 elements. Fortunately, we consider only states in sectors with

2 _
definite number of fermions. Then (¢, (x)) has only 2<Nn 1 elements that are
F
nonzero. Still, the direct study of ¢, (x) is complicated. For example, consider a multiplet

N271)),
ng
component complex-—valued bosonic functions in a 3(N? — 1)-dimensional bosonic space.

For instance, for SU(3), j = 1 and np = 2 these are 360 functions of 24 variables.

|¢p™) with angular momentum j. Then [¢™) is represented by a (25 + 1) X (2(

7.2 Probability density from fermionic wavefunctions

A wavefunction carries full information about a state. In particular, it depends on
fermionic occupation numbers and angular momentum. In order to simplify the wave-
functions, we would like to integrate out fermionic degrees of freedom and angles which
correspond to rotations in the physical space. To this end we introduce the probability
distribution p(x). Take an angular momentum multiplet |¢™). Then the probability
density is defined as

plae) = |0y (), (7.13)

which sums over fermionic occupation numbers and the magnetic quantum number.
Studying p(x) is easier since it is a single-component real function. Still, it depends
on many variables. However, there are some simplifications. It is shown in Appendix D
that p(a) is invariant under rotations. It is also gauge invariant because the original states
|¢™) are such. Because of these symmetries p(x) depends only on 3(N?—1)—(N?—1)—3 =
2N? — 5 invariants of gauge and rotation transformations.

One more step needs to be taken before p(x) can be considered as a probability
density integrated over rotations and gauge transformations. Suppose we are interested
in calculating the expectation value of an observable A in a state given by a wavefunction
(x) and A(x) is invariant under rotations and action of gauge group. Rotations are
parameterized by 3 angles @ = (6y,0,,603). Gauge transformations depend on N? — 1
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angles & = (v, ...,ay2_1). Then there are 2N? — 5 variables left. They will be denoted
by y = (y1,...,%n2_5). A depends only on y. The mean value of A is

me=/MM@W@WZ/@mwﬂm&wWWﬁwWﬂm&M

(7.14)
:/@mwwww/mwwumw=/@mwww%@»

where J is the Jacobian. The integral was reduced from 3(N?—1) to 2N?—5 dimensional.
N2 + 2 variables were integrated out, so the Jacobian J(y) is proportional to N2 p
order to take the Jacobian into account, the function p(x) will be multiplied by rV"+2,

Concluding, rN**2p(x) is the probability density, summed over fermionic degrees of
freedom and integrated over angles which correspond to rotations and gauge transforma-
tions. The integration over rotational angles is performed by summing over members of

the angular momentum multiplet. In order to further simplify the analysis we will choose
some interesting directions in the configurations space.

7.3 Wavefunctions for SU(2) gauge group

7.3.1 Invariants

For the SU(2) gauge group a general wavefunction depends on 9 variables z¢. It was
argued previously that p(x) defined in (7.13) depends on 2N? —5 = 3 gauge and rotation
invariants. For SU(2) they can be found explicitly. If * = (2¢) is treated as a 3 x 3
matrix then it transforms under rotations and SU(2) in the following way:

x—x' =UzxV! (7.15)

where U,V are both SO(3) matrices. U corresponds to gauge transformation (in adjoint
representation) and V' to rotation in the configuration space. It is known that one can
diagonalize & with U and V' [64, 65]. We define y = diag(y1, ys, y3) by

x = UyVT. (7.16)

The diagonal terms y; are defined uniquely up to permutations and reflection of two
of them. These symmetries give 24-fold degeneracy. We impose additional constraint
y1 > Y2 > |ys| so that the diagonal elements are uniquely defined. Under this constraint
y; are proper invariants of gauge transformations and rotations. It convenient to introduce
other set of invariants [42]:

=yl sty =Y ()
70 = y1yays = det(xf), (7.17)
rfu=yiys + v Husyr = Y (1) (2h)? — afagalal).

a,b,i<j

Note that if » vanishes, then the other two variables are undetermined. If u = 0 then
also v = 0. Moreover, two of these variables are bounded, 0 < u < 1/3, |v| < 3732, The
potential takes the form V = %r‘lu.
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We will be interested in two directions in the configuration space, namely the flat
valley and the steepest direction. Potential vanishes when v = 0. Since then also v
vanishes, the flat valley is one-dimensional and can be parameterized by r. In terms of
y; the potential vanishes when two variables vanish, i.e. only y; is nonzero.

The potential grows fastest for v = 1/3 which implies v = +373/2. There are thus
two steep directions and both are one dimensional. In terms of y; the steep direction is
Y1 =1ys =1/V3, y3 = £r/V3.

Although the wavefunction p(x) depends on y, in practice it is given as an explicit func-
tion of & (7.16). Therefore, we calculate p(x) along certain directions which correspond
to values of invariants in the flat and steep directions. The directions are parameterized
as x = r& where |Z| = 1. Versor of the flat direction is denoted by &. Versors of the
two steep directions are Egteep and & sieep-

100 1 100 1 1 0 0
"i.flat = 000 ) "i:steep = —= 010 , zﬁ;teep = — 0 -1 0
000 V3l 01 v3\ o o -1
(7.18)
For &, and &g, the invariants y; are the diagonal elements. i;teep corresponds to
Y1 =1y = —y3 = 1//3. Note that P& ooy = —TEsteep. In the following we will drop &,

and slightly abuse the notation by taking r&.., with positive and negative r. This way,
both steep directions are included. This is done merely for the convenience to include
both steep directions on one plot.

7.3.2 Bound and scattering states — models and expectations

Here we recall what is the characteristic behavior of states associated with discrete and
continuous spectrum in general quantum mechanical models. It will serve us as a hint
to analyze wavefunctions of SYMQM. The states which correspond to discrete spectrum
are bound states, i.e. their wavefunctions are localized. That is, the probability density
is centered at minimum of the potential and vanishes as one moves away to infinity.
Because the basis of the Fock space consists of localized states, the bound states can be
well approximated for finite Np.

Bound states are typical for a potential which grows to infinity in all directions or at
least V() > Vj for |z| > ry (then there may be discrete energies smaller than V4). In the
considered model the potential has flat valleys and neither condition is fulfilled. However,
although the potential has a flat valley, its width shrinks as one moves outwards. The
transverse oscillations cost more energy as one moves along the valley and an effective
potential is generated. The effective potential is unbounded from above and vanishes
only at the origin. On the other hand, because of the supersymmetry, interactions of
the potential with bosonic degrees of freedom may cancel and then the effective potential
vanishes. However, in the purely bosonic channel such cancelations cannot take place
simply because there are no fermions. Therefore, the effective potential is present for
np = 0 and the spectrum is discrete. Surprisingly, the effective potential does not vanish
also for nonzero but small np. Only in sectors rich in fermions the supersymmetric
cancelations are possible.

For ng large enough the continuous spectrum appears. The continuous spectrum is
associated with scattering states. They are not localized and non—normalizable. The
scattering states are concentrated in regions where the potential is flat. The probability
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density does not decay for x| — oo. A scattering state cannot be well approximated
for finite N because the basis of cut Fock space consists of localized functions. Instead,
such state is reconstructed step by step as the cutoff grows.

In order to better understand what is the behavior of scattering states, consider a three
dimensional, quantum mechanical, free Hamiltonian H = %Z?Zl p?. This simple system
can be solved analytically. Its spectrum in all channels with definite angular momentum
is continuous and ranges from zero to infinity. For vanishing angular momentum the
wavefunctions are just the spherical waves

(7 = |/ 2500 719
where p = /2E [66].

One way to analyze scattering states is to fix £ and observe how the functions approach
the spherical wave. However, as it was mentioned in the introduction to this chapter,
states with given E appear at every few Np. The cutoff that we are able to explore is
too small to perform this analysis. Instead, we analyze the ground state and thus take
the limit £ — 0.

For E — 0 the wavefunction (7.19) converges to a flat function. With the cut Fock
space method one does not exactly recover a ground state of the theory, but rather an
approximation which improves for growing cutoff. Therefore, one should expect that the
ground state will be approximated by a roughly flat function. Because Np effectively
gives an infrared cutoff (cf. Chapter 3), the flat function is smeared over a finite region
which grows with Np.

Sp(?), np=0, ground §tgte 777777 Ny=2
AT Ss e-e-o Np=4
0.025¢ R SoL : ,,,,, Np=6
e -
0.020¢ " Np=8
_ Ci mmem Np=10
£ 0.015F S Np=12 &
Y ~
0.010¢
0.005
0.000 E=:"1 =

Figure 7.2: Wavefunctions of lowest eigenstates for free SU(2) with np = 0 and np = 1. As there is no
potential, the wavefunctions depend only on the radius . The angular momentum for np = 0is j =0
and j = 1/2 for np = 1. Wavefunction with np = 2 is exactly the same as in the sector with np = 0. It
is obvious since the free Hamiltonian has no fermionic terms.

For comparison, consider the free Yang-Mills quantum mechanics with SU(2) symme-
try H = Tr(p;p;). Because of symmetry of the Hamiltonian, the wavefunctions should
depend only on one invariant 7. Therefore, instead of 7V°*2 = 16 we multiply the proba-
bility density p(x) by r®. The function r®p(x) is then the probability density integrated
over all variables apart from the radius. Wavefunctions of ground state in channels with
ng = 0,1 for finite cutoffs are shown in Fig. 7.2. One can see that the wavefunction
move outside as the cutoff grows. This is in agreement with what was expected.
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7.3.3 Interacting case — results

Finally, consider the interacting case. Profiles of wavefunctions with np = 0,1,2,3 are
presented in Fig. 7.3. They correspond to the ground states, which for np = 0,2 and
np = 1,3 are in channels with j = 0 and j = 1/2 respectively.

For ngp = 0 the wavefunction converges to a fixed shape. In fact, the wavefunction
moves a little deeper into the flat valley. Convergence is seen for Ng ~ 4. In the steep
direction the wavefunction initially decreases with Np and finally converges for Ng ~ 4.
We shall also note that the values of wavefunction are of the same order inside and
outside of the valley. The wavefunction in the steep direction is the same for positive and
negative r. This is because for nyp = 0 the parity is conserved. The two steep directions
are related by the parity transformation. The behavior of wavefunction in np = 1 sector
is essentially the same. The wavefunction converges to a fixed shape although the rate
of convergence is slower. For np > 0 the parity symmetry is broken wavefunctions are
different for » > 0 and r < 0.

Channels nrp = 2,3 correspond to continuous spectrum and thus the behavior of
wavefunctions is very different. In both cases, the probability density moves deeper into
the flat valleys as the cutoff grows. In turn, in the steep directions the wavefunctions get
significantly smaller. That is, the probability density concentrates along the flat valleys.

As it was observed in Chapter 5, there are discrete energies immersed in the continuous
spectrum for np = 2,3. The two plots in Fig. 7.4 show the second excited state of
(np,j) = (3,1/2). We see that the wavefunction vanishes along the whole the valley.
Indeed, values of the wavefunction are of the order of numerical errors. In the steep
direction the function decreases and approaches the origin as the cutoff grows. This
behavior may be considered strange. However, this is merely a consequence of looking
only along the steep and flat directions. A combined plot gives a more complete picture.
First, we introduce another flat direction

(7.20)

~/
L flat =

o OO
S O =
o O O

It can be mapped into the flat direction & f,,; defined in (7.18) with gauge transformations
and rotations. On the other hand, it is orthogonal to &sueep. One can see that the
probability density is concentrated around the origin with some preference of the flat
direction. This is similar to the behavior of ground state in the purely bosonic sector
(cf. Fig. 7.3). The difference is that the wavefunction vanishes along the bottom of the
valley.

In conclusion, lowest energy states with np = 0,1 fermions are localized near the
origin and thus they are bound states. Ground states in channels with np = 2, 3 fermions
penetrate the valley and are scattering states. There are also bound states for np = 2, 3.
These observations are in agreement with conclusions of Chapter 5 where the discrete
spectrum in ngp = 0, 1 sectors and continuous spectrum for nyp = 2,3 were identified.
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Figure 7.3: Plots of wavefunctions of ground states in sectors np = 0,1,2,3. The angular momentum
is j =0 for np = 0,2 and j = 1/2 for np = 1,3. The versor is & = &;4¢ for the flat direction and
T = @steep for the steep direction.
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SU(2), ng=3, 2" excited state, flat direction SU(2), np=3, 2" excited state, steep direction
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Figure 7.4: Plots of wavefunctions of the second excited state in sector with three fermions and j = 1/2.

SU(2), np=3, 2™ excited state

Figure 7.5: Second excited states for np = 3, j = 1/2, Ng = 8. The parametrization is & = ta“:'flat +
5&gtcep- Lhe blue surface represents the potential.

7.4 Wavefunctions for SU(3) gauge group

Now we analyze wavefunctions for the SU(3) gauge group. There are 24 bosonic degrees
of freedom x¢. Equivalently, they are expressed in terms of three hermitean traceless 3 x 3
matrices X; = 2¢7°. The gauge transformation of X; is X; — UX;UT, where U € SU(3).
The potential and wavefunctions are gauge invariant. Therefore, analyzing any of them
along the orbits of gauge transformations gives no new information about dynamics of the
system. One would like to eliminate these directions. This can be achieved in two ways.
One is to find gauge invariants, as is was done for SU(2). However, these are difficult to
find for SU(3). Another way is to fix the gauge. This procedure is straightforward and
eliminates precisely N? — 1 = 8 degrees of freedom of X;.

7.4.1 Fixing the gauge

The procedure of gauge fixing consists of several steps. One starts with a general U in
the fundamental representation of SU(3) and a general set of three traceless, hermitean
matrices X;. In the first step U is used to diagonalize X;. This done, there is a residual
gauge transformation that leaves X; unchanged. In following steps the gauge transforma-
tions are used to impose additional constraints on Xy and X3. The procedure continues
until no more constraints on X; can be introduced.
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Consider first a generic case. The gauge transformation U can be chosen such that
X is diagonalized and the diagonal elements are in the increasing order. Once X is
diagonalized, the gauge is fixed up to transformations with U = diag(e'?, ™%, e~ ¢~%),
Now the question is how this gauge freedom can be used to fix matrix elements of Xo.
First, consider a general matrix M = (m;;). The transformation applied to M is

miy ei¢—iwm12 e2i¢+i1/)m13
(]]\4(]Jr = G_Zé—Hid}le ' m22 6Z¢+2wm23 . (721)
672z¢7zwm31 671¢721wm32 Mas

Omne can see that U can be used to set the off-diagonal matrix elements (X3);2 and
(X2)23 to be real and positive. In the generic case this additional condition fixes the
gauge completely. The conditions on matrices X; can be translated to constraints on
coordinates x{:

8
I
I
8

(7.22)

T

| S

— 00
IN

3
] <

e}

The space of configurations in the fixed gauge is 16-dimensional.

There are many nongeneric cases in which the procedure presented above does not
completely fix the gauge. For example, if X; = 0 then after the first step the residual
gauge group is the full SU(3). It is then used to diagonalize X5 and set (X3)12 and (X3)23
positive.

Other special case is when X is not zero, but the two lowest eigenvalues are equal.
Then the remaining gauge freedom after the first step is

0
Us 0 : (7.23)
0 0 (detU,)*

U:

where U, is a general U(2) matrix. Then it is used to diagonalize the upper—left 2 x 2
block of X, with increasing order of eigenvalues. There still remains a gauge freedom
with U = diag(e™®, e™, e~~%). 1t is utilized to set the coefficients (X5)3 and (X3)a3
positive.

A third degenerate case is when all three eigenvalues of X are different but (X5)2 = 0.
Then after fixing (X3)23 > 0 there is still a freedom of one phase in U. It is used to set
(X3)13 to be positive.

These are not all special cases. Moreover, all of these three contain some degenerate
‘'subcases’. Therefore, some care has to be taken in order to completely fix the gauge.
The complete procedure is presented in Appendix E. It is chosen in such a way that the
conditions (7.22) are always fulfilled after the final step of gauge fixing.

One may question the necessity to completely fix the gauge rather then to restrict
the gauge fixing to (7.22). However, when the gauge is only partially fixed, some gauge
freedom still remains. This leads to 'false’ flat valleys as will be shown later.

7.4.2 Flat and steep directions

After the gauge is fixed, a wavefunction depends on 16 coordinates, which are encoded
in matrices X;. This is still too many to analyze behavior of the wavefunctions. Again,
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we consider flat and steep directions. The potential is given by

V==Y Tr(X, X)) == Tr([X:, X,]). (7.24)

1<j 1<J

V is nonnegative and has flat valleys. Indeed, each i[X;, X;] is hermitean, so —[X;, X;]?
is semipositive definite and so is the trace. The potential vanishes only if [X;, X;] = 0
for all i, 7. These equations together with constraints (7.22) give six different solutions.
There is one six—parameter solution

Xvab = 373 4 28T, (7.25)

The other five solutions do not satisfy additional constraints which follow from fixing
the gauge. More precisely, although they satisfy (7.22), they fall into the special cases
mentioned before. The special cases impose additional constraints which are not fulfilled
by these solutions. An example of such ’false valley’ is

Xl = 07
. T3+ \/igxg Ty 0
Xy == Ty —x3 + \%x% 0 , (7.26)
2 0 0 248
73L2
xi+ sy /e 0
Xy= | w@ai/al —ai+ zai 0
0 0 —\%x%

One can easily check that it satisfies (7.22) and the potential vanishes on this configu-
ration. However, if X; = 0 then the gauge symmetry is used to diagonalize X,. The
matrix X, in (7.26) is not diagonal and thus this set of matrices does not fulfill all gauge
constraints.

The probability density p(x) is invariant under rotations. Therefore, we would like
to construct rotational invariants from (7.25). The two vectors o5 = (23,23, 23) and
Uy = (2%, 25, 2§) transform under rotations like ordinary vectors. There are three rotation
invariants, namely o3, 02, U3 - Us. They can be rewritten in terms of other parameters

which will be more useful for later purposes:

r? =5 + 03,
cosp = w.
|Us]] 73]

This gives us the complete description of the flat valley.

Second interesting direction is the one in which the potential grows fastest. The
scaling of the potential is known, V(rX) = r*V(X). Tt is therefore enough to find such
configuration X, normalized by the condition Y, Tr(X?) = 1, which maximizes V(X).
First observe that we can assume Tr(X?) = % for each 7. Indeed, if this assumption is
not fulfilled, there exists a rotation matrix R;; such that X = R;; X; where R;; satisfies
Tr(X[?) = 3. The potential is invariant under rotations, so V(X') = V(X).

Consider one component of the potential, namely V (X, X3) = —Tr([X;, X5]?). Max-
imizing this component with Tr(X?) = % and constraints from the gauge fixing gives a
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unique solution. It is

_ L

7
0
0

[=2)

X1:

1
.
0 (7.28)
0

0 0 0 0

00 |, Xx,=| 0 0
1 1

0 7% v Y

Obviously, maximum of the potential is not greater than sum of maxima of the three
components, i.e.

marxV(X) < — Zmaxxi,XjTr([Xin]Q). (7.29)
i<j

Suppose that there exists a matrix X3 such that Tr(X3) = 3 and Tr([X1, X,]?) =

Tr([Xs, X3)?) = Tr([X1, X3]?) with X, X, given by (7.28). If it is true, then the set
(X1, Xs, X3) necessarily maximizes the potential. There are two such matrices Xj:

0 0 —=% 0 0 %
Xg= 00 0 |, x4=[ 0 0 0 (7.30)
=0 0 —d= 0 0

Concluding, there are two one-dimensional steep directions, just as for the SU(2)
gauge group. In particular, these solutions are invariant under rotations. That is, for a
given SO(3) matrix R;; the configuration X| = R;; X; is gauge—equivalent to X;. In other
words, rotations of the two steep directions are special cases of gauge transformations.

For consistency with previous paragraphs, we denote the versors of the two steep
directions by &eep and &,,,. As in the SU(2) case, —&/,,,, can be transformed with the
gauge transformation to ®s..p. Therefore, in all profiles we use only one steep direction

Zsieep and let 7 to be positive and negative.

7.4.3 Analysis of wavefunctions

Consider first the noninteracting case. The Hamiltonian has only the kinetic part,
H = Tr(pip;). As in the SU(2) case the wavefunction depends only on the radius.
Therefore, the probability density has to be multiplied by 723. The profile of the prob-
ability distribution in the noninteracting case is shown in Fig. 7.6. One can see that
indeed the wavefunction moves outwards as the cutoff grows.

Let us now come to the interacting case. Previously it was shown that p(x) needs to
be multiplied by a factor v *+2 g0 that is can be considered as the probability density
integrated over the gauge group and rotations. For SU(3), r’*2 = r!'. However,
additional factor has to be taken into account.

The flat valleys are three dimensional. They are parameterized by the radius r and two
angles 0, ¢ (cf. (7.27)). It turns out that p(x) does not depend on two angles, but only on
the radius r. Therefore, it is convenient to consider probability density integrated over
the gauge group, rotations and the two angles 6 and ¢. Another 72 has to be included
and finally, p(x) has to be multiplied by r'3.

For the steep direction the situation is reversed. Spatial Rotations are included in
gauge rotations. Thus, p(x) needs to be multiplied only by ¥ which comes from integra-
tion over the gauge group. However, for consistency p(x) in the steep direction is also
multiplied by 7'3. Only then one can compare wavefunctions in the two directions.
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Figure 7.6: Plot of the wavefunctions of ground state in the noninteracting case for ng = 0 and j = 0.

First, consider the ground state in the purely bosonic sector (Fig. 7.7). One can see
that the probability distribution converges for Ng =~ 8. The profile in the steep direction
is suppressed compared to the flat direction. Moreover, it penetrates the valley deeper
than the region where the potential is nonzero. All these effects are similar to the case
of SU(2), yet there are some differences. First, the convergence is slower. Secondly, the
steep direction is suppressed stronger than for SU(2). This may be caused by higher
dimension of the configuration space. There are more allowed directions, so the steepest
one is naturally more disfavored. For ny = 2 behavior of the probability distribution is
very similar. The convergence is even slower, but rather clear.

Next, take the first excited state for np = 7. One can see that in the flat direction the
probability density grows while in the steep direction it is suppressed. This may be the
first step of the characteristic behavior of wavefunctions of scattering states, which was
observed for SU(2) (cf. Fig. 7.3). On the other hand, bound states for SU(3) share the
same tendencies for small cutoffs. Therefore, a firm statement can be given only from
analysis for higher Np.

Finally, consider the other states presented in Fig 7.8 — the first excited state for
ngp = 5 and the ground state for np = 6. These are the candidates for the scattering
states with minimal number of fermions (see Chapter 5). The probability distribution
moves outwards as the cutoff grows. However, this effect is not stronger than for the
lowest eigenstate for np = 2 and Np < 5. Therefore, the asymptotic behavior of these
profiles remains unclear.

Concluding, analysis of wavefunctions for the SU(3) gauge group is more delicate than
for SU(2). In sectors with small number of fermions, the convergence is slower that for
SU(2), but is clearly seen in our data. Moreover, suppression of the steep direction is
stronger. For five and six fermions the wavefunctions share some behavior of scattering
states, but it could be a small—cutoff effect. Finally, the first excited state with seven
fermions is a candidate for a scattering state. This is in agreement with scaling relations
for continuous spectrum (cf. Chapter 5).
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Figure 7.7: Plots of wavefunctions of ground states in sectors ny = 0. The angular momentum is j = 0.
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Chapter 8

Summary

In this thesis the cut Fock space approach was used to study the supersymmetric Yang-
Mills quantum mechanics in D = 4. Central results concern the theory with SU(3) gauge
group. However, substantial part of the analysis is redone also for SU(2), mainly for
comparison. Our studies cover the following topics:

e construction of the basis of cut Fock space,

e algorithm for constructing matrix representation of operators H, J; and ), in oc-
cupation number basis,

e spectrum of the model obtained numerically,
e restoration of supersymmetry in the continuum limit,
e wavefunctions of energy eigenstates.

These points will be now discussed in order.

The Fock space consists of states which are singlets of the gauge group SU(N). Basis
of the Hilbert space is generated by so called bricks (cf. [52]). A brick is a trace of product
of creation operators contracted with SU(N) generators, e.g. (alal) = al'a} Tr(ToT?).
The whole Hilbert space is spanned by composite bricks (i.e. products of bricks) acting
on the empty state. The set of vectors generated in this way is overcomplete. This is
because the set of all possible bricks is not independent. Eliminating dependent bricks is
nontrivial but essential for performance of the numerical algorithm. In 3.2 we addressed
this problem for SU(3). Many bricks can be eliminated with the following relations:

e invariance of the trace under cyclic permutations,

e Cayley-Hamilton theorem for matrices with commuting (3.6) and anticommuting
(3.12) matrix elements,

e symmetric combination of product of three SU(3) generators reduces to shorter
bricks.

After these relations are exploited to reduce the number of bricks, the Gauss elimination
algorithm can be applied. With this method one eliminates all dependent bricks. It was
found that all bricks consisting of more than six creation operators can be reduced to
shorter ones. This fact was explained by showing that there exists a solution to (3.41).
It follows from (3.41) that a trace of product of seven or more SU(3) generators can
be expressed by a combination of products of shorter traces. Finally, the number of
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independent bricks is finite and 786 bricks were found. The structure of SU(2) group is
simpler and there are only 35 independent bricks.

After construction of the occupation number basis, a cutoff N for the maximal number
of bosonic excitations is introduced. Because of the Pauli exclusion principle, the total
number of fermions np is limited by 2(N2?—1), so no cutoff for ng is needed. The resulting
cut Fock space is spanned by composite bricks which consist of at most Ng bosonic and
any number of fermionic creation operators. In this finite-dimensional space operators
are represented by matrices. In 3.3 a recursive algorithm for calculating matrix elements
of the Hamiltonian and other relevant operators is introduced. In Appendix C finiteness
of this procedure is proven. The Hamiltonian and angular momentum conserve the total
number of fermions, so their matrix elements can be generated in each sector with given
nr independently. Supersymmetry generators change the number of fermions by one, so
they are represented by matrices which act between sectors.

The program was used to construct matrix representations of angular momentum,
Hamiltonian and supersymmetry generators for certain cutoffs in (or between) sectors
with given np. Construction of these matrices was performed with a parallel program
on a supercomputer Deszno at the Jagiellonian University. The main limitation was
the amount of available memory (256 GB). First, matrices of angular momentum were
diagonalized. Then, the Hamiltonian was diagonalized in subspaces corresponding to
given total angular momentum j and the third component m.

The Hilbert space H can be split into subspaces Hp, n = (nk, n%, nk,n%, n%) with def-
inite occupation numbers of bosons and fermions for corresponding labels n. In Chapter
4 a group theoretical approach was used to calculate dimensions D,, of H,. Our analysis
is an extension of a method discussed in [45] where sectors with total number of bosons
np = nh + n% + n% and total number of fermions np = nk + n% are considered. An
essential component of this technique is the generating function

G(al,ag,ag,bhbg Z Z Cll 2 bl) ( bg)n%Dn (8].)

B_() n%=0

D,, is expressed as an integral of character over the SU(N) group. The generating
function was calculated by residues and an explicit result was given in (4.25). Then,
D,, were extracted from Taylor expansion of G. The dimensions were checked against
the number of independent vectors determined numerically in the computer program and
an agreement was found (cf. Fig. 4.1). The dimensions of channels with definite total
occupation numbers ng and ng were given in Tab. 4.1. Tt is in perfect agreement with
earlier results [45]. As expected, dimensions D, grow fast with np.

In Chapter 5 we analyzed the spectrum for SU(2) and SU(3) cases. Dependence of
the eigenenergies on the cutoff Ny is crucial for identifying type of the spectrum. Discrete
energy levels converge very fast to the exact value. On the contrary, if the continuous
spectrum is present, then all eigenvalues F,, converge slowly to zero for fixed m. From
another point of view, one can recognize a continuous spectrum by a distribution of
eigenenergies that fill densely a full interval as Np grows. The spectrum for SU(2) was
already found with a great precision in [38] and served as a check of our program. A
perfect agreement was established. The spectrum is purely discrete for np = 0,1 (cf.
Figs 5.1-5.2). It is continuous for two and three fermions (cf. Figs 5.3-5.4). Moreover,
there are discrete energy levels immersed in the continuous part. For the SU(3) case the
cutoffs we were able to reach were significantly smaller than for SU(2), especially for large
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np. However, a number of regularities already appear. Our results in the purely bosonic
part of the Hilbert space were compared with [32] where no fermions were considered.
Very good agreement was found (cf. Tab. 5.1). It was argued in |38, 43] that eigenenergies
corresponding to the continuous spectrum should satisfy the scaling relation (5.1):

(m+1)?

En ;
x N,

(8.2)

where m is the label of the energy. Therefore, the scaled energy Ng x E,, should approach
a constant when Ng — oco. This effect is seen clearly for SU(2) for at least the two lowest
energies in the (ng,j) = (2,0) sector (cf. Fig. 5.5). Ratios of the lowest energies also
agree with the prediction of (5.1), i.e. E,/Fy =~ (m + 1)® (cf. Fig. 5.6). For SU(3)
the scaled energies grow approximately linearly with increasing Ng for np < 4 and seem
to be approximately constant for np = 5,6,7,8 (Fig. 5.16). Therefore, the spectrum is
purely discrete for ngp < 4. It seems to be continuous for np = 6,7,8. The intermediate
sector np = 5 is disputable. Because of the particle-hole symmetry, the energy levels for
8 < np < 16 are the same as for 16—n g fermions. Therefore, supersymmetric cancelations
can happen only in the middle sectors. Only then there are enough fermionic degrees
of freedom. For a more detailed picture concerning the type of spectrum a higher cutoff
would be needed.

In Chapter 6 we studied supersymmetric structure of the model for a finite cutoff. Fi-
nite Np breaks the supersymmetry. This is because the supercharges Q, do not conserve
the number od bosons. However, the supersymmetry is being restored as Np grows. For
exact supersymmetry massive states form supersymmetry multiplets. For a given state
one can act on it with Q, and QI to recover the other states in its supermultiplet. To
check how much the supersymmetry is broken for a given cutoff we used supersymmetry
fractions

tor (EVE) = 152 3 |{ne + 1i'm' B QL g m )|,

mm/«

(8.3)

where |npjmFE) is a state with np fermions, total angular momentum j, the third com-
ponent of angular momentum m and energy E. Values of supersymmetry fractions are
known when the supersymmetry is exact. g, (j/E'|jE) is j or j + % if the two corre-
sponding states are in the same multiplet and zero otherwise. Therefore, supersymmetry
fractions can be used to measure the SUSY breaking. We found that at least for some
low energy states the supersymmetry fractions converge to their exact values (cf. Fig.
6.4). They were used to identify supermultiplets. Four complete supermultiplets were
fully identified. More supermultiplets were found with one state in the channel with high-
est nr missing. Complete list of identified supermultiplets is given in Tab. 6.5 and an
overview picture is presented in Fig. 6.5. We concluded that within the available cutoff,
some supersymmetry is already restored at low energies and small number of fermions.

Finally, in Chapter 7 we studied the wavefunctions. For a given state |¢) the prob-
ability density |¢ ()| in the configuration space is a multi-component function. The
label x corresponds to occupation numbers of fermions and variable @ is a 3(N? — 1)
dimensional coordinate. As were are not interested in particular dependence on fermionic
degrees of freedom, sum over x was performed. For an angular momentum multiplet |¢™)
a sum over elements of the multiplet eliminates dependence on rotations. The probability
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distribution

pla) =) |o () (8.4)

is a real, single-component function. p(x) is gauge and rotationally invariant. This is
proven in Appendix D.

We were interested in behavior of the wavefunctions inside and outside flat valleys of
the potential. To this end we identified the directions in the configurations space in which
the potential vanishes and grows most rapidly. For SU(2) this was done with invariants
(7.17) introduced in [42]. There is one direction in the space of gauge and rotation
invariants where the potential is flat and there are two steep directions. We observed
that the low energy wave functions converge to a fixed shape as the cutoff grows. They
are a little stretched along the flat valleys, as one may expect. On the contrary, the
scattering states penetrate the flat valleys deeper for increasing Np (Fig. 7.3). They
remain localized in the steep direction.

For SU(3) structure of the potential was studied in a fixed gauge. The full procedure
of fixing the gauge is given in Appendix E. As for SU(2), there are two one—dimensional
steep directions. The flat direction is six dimensional. The flat valley can be parame-
terized by three angles which correspond to rotations and three rotation invariants. As
it was pointed out, p(x) does not depend on rotations. Moreover, it turned out that
in all studied cases p(x) depends only on the radius r = (x?a:?)l/z. For small ng the
energy eigenstates correspond to discrete energy levels. Convergence of p(x) to a fixed
shape is observed (Fig. 7.7). The available cutoff for large np is small and the studies of
wavefunctions in these sectors are preliminary.

To summarize, we analyzed the supersymmetric Yang-Mills quantum mechanics in
four dimensions with SU(2) and SU(3) gauge groups. The case of SU(2) was already
considered before and served mainly as a check of the program for numerical calculations.
Results for SU(3) with fermions are original. Only the purely bosonic channel was ad-
dressed in earlier papers. The studies were performed with the cut Fock space method.
On the technical side, we identified independent bricks which generate basis of the Hilbert
space and developed a recursive algorithm for constructing matrices of relevant operators
in the occupation number basis. The program worked nicely. Results are consistent with
previous results for SU(2) and the purely bosonic sector for SU(3). Dimensions of H,,
calculated analytically and numerically agree.

The numerical results provide information about dynamics of zero modes of the su-
persymmetric Yang—Mills theory. In the sector with no fermions the spectrum is discrete.
Although the potential has flat valleys, the transverse oscillations give rise to an effective
potential. It prevents wavefunctions from propagating in these directions. The situation
is identical for small number of fermions. Only in channels rich in fermions the super-
symmetric cancelations of bosonic and fermionic degrees of freedom is possible. Then the
effective potential vanishes and flat valleys are open. The spectrum becomes continuous.
For SU(2) this happens already for two fermions and for SU(3) the smallest required
number of fermions is np = 5 or 6. Because of the particle-hole symmetry, spectra for
numer of fermions large enough are again discrete.

The supersymmetry is broken for finite cutoff Nz. It is recovered for Ng — oo and then
all states are grouped in supermultiplets. A full angular momentum and supersymmetry
multiplet is labeled by (ng,j, E) where (ng,j) are the number of fermions and total
angular momentum of the Clifford vacuum (cf. Chapter 6). All 85 + 4 states of the

92



multiplet are degenerate and have energy F. Restoration of the supersymmetric structure
takes place first for low energy states and is best seen for small nr. Four supermultiplets
were completely identified and for eighteen more there is one state missing (due to the
finite cutoff effects).

Finally, the wavefunctions were analyzed. In earlier papers [42, 43| only wavefunctions
of s—waves were studied (and thus only channels with two fermions were available). In
this thesis we developed a new method that gives access to all (np,j) sectors. We have
shown for SU(2) that the bound states converge to a fixed shape for Ng — co. On the
other hand, the scattering states penetrate the flat valleys of the potential deeper as the
cutoff grows. Analogous study of the SU(3) case shows similar behavior of bound states.
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Appendix A

Symmetries

In this chapter we discuss symmetries of the Hamiltonian. The Hamiltonian conserves
angular momentum, total number of fermions and supercharge. Apart from these there
is a particle-hole symmetry which relates sectors with np and 2(N? — 1) — np fermions.
All this symmetries were mentioned in Chapter 2. Here they are analyzed in more detail.
In the following part we use definitions of operators introduced in Chapter 2. Recall
definition of the Hamiltonian:

H = Hg + ¢*°Hy + gHF,

1
HK = §p7,qp?7
1 (A.1)
HV = Zfabcfadeﬂj?xjx?xj,
/[: aoc, /.a (&
Hp = §f Py) T707k¢bxk-
The Majorana spinor 1) is
-1
77/}(1 — 61'71'/4 _{? (A2)
ot
1
A.1 Number of fermions
The operator of the total number of fermions is
np =y falfe (A.3)

It is more convenient to write it in terms of ¢». One can find that the matrix 7° is given
by

-1 0 00

s | o =100

=1 0 o0 10 (A.4)
0 0 01
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Then, it is easy to check that

1
ngp =8 — §¢“T75¢“. (A.5)

The kinetic part and potential obviously do not change the number of fermions. One
needs to show that Hp commutes with %175

[Hp, 7120 = £ fobe[in®yhyb, Py

9

:zabcc at 0k 5,0 pat 5.0k, b
2.f g, (P TPy 20 — p* a0y ) (A.6)
Z aoc . .Cc a

= S (1" = ") ¢

—0.

Finally, conservation of the total number of fermions is proven.

This symmetry is in practice the most important one in calculating spectrum of
SYMQM. One can consider each sector with definite np separately and the full Hilbert
space splits into 2(N? — 1) parts. Taking a channel with definite ny is easier than e.g.
taking states with definite angular momentum.

A.2 Parity

In Chapter 2 we noted that the Hilbert space breaks the parity symmetry. It is a con-
sequence of the condition that ¢) has to be a Majorana spinor. We will now show how
this happens in detail. Color indices are irrelevant for this discussion and are implicit
throughout this part.

First, take a Dirac spinor . It can be parameterized in a convenient way by two
2—component spinors ¢ and y. These can be used to form left— and right—handed spinors

=) o= (1) (A7)

Next, ( is used to build a Majorana spinor 1y,;. In turn, y is used to construct an ’anti-
Majorana’ spinor vy;, i.e. ¥y satisfies the Majorana condition with a - sign (¢y;)c =
—57.- The explicit formulas are

¢M=¢L+(¢L)C=(g), ¢M:wR_(¢R)C:(§)> (A.8)

where ¢ = —05¢*. A sum of ¥y, and v;; gives a general, Dirac spinor
1 1 [ (+¥x )
= — + v, = — = . A9
The parity transformation interchanges the left— and right—handed spinors. Indeed,

1 <p+><p) 0, _ L (E+x)

N =___( > = = — . A.10

Y= yr \/§(CP+XP 7Y V2 \ ¢+ X ( )

It follows that (p = x and xp = (. One can also see that (1;;)c is a Majorana spinor
while (¢5r)c is "anti-Majorana’.
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We quantize the system by imposing standard anticommutation relations on ¢ and y:

{Car o} = {¢I.¢J} =0, {Car G5} = s,
{Xar x5} = {xhxbE =0, {Xar X5} = s (A.11)
Then the Dirac spinor v satisfies
{va s} = {0l 0} =0, {ta, ¥}} = Gap- (A-12)
The empty state |0) is defined by
Ca |0) = xa |0) = 0. (A.13)

The other states in the Hilbert space are generated by repeatedly acting with ¢ and xT
on |0).

We are interested in parity-transformation of states. The parity—transformed empty
state satisfies conditions

(CP)al0)p = (xP)a 0)p = 0. (A.14)

We see that |0), = |0), i.e. |0) is invariant under parity. Take now a different state, e.g.
|s) = ¢1]0). The transformed state is

1) p = (Cp)} 10) = ()1 10). (A.15)

Recall that for the Yang—Mills quantum mechanics to be supersymmetric a condition
1 = Y has to be imposed. Therefore, 1 contains only ¢ and not y. The Hilbert space
consists of the empty state |0) and all states obtained by acting with ¢ on it. Therefore,
|s) is an element of the Hilbert space, but |s) , is not. In fact, only |0) survives the parity
transformation. We can see that the parity is broken on the level of the Hilbert space.

A.3 Particle — hole symmetry

The particle—hole transformation of operators is the following:
af
2

af
a a __ in/4 _f1 _0.5.a
— — —
2

a a

In the view of the discussion on parity, it is important to note that 1, is a Majorana

spinor. Now, it has to be shown that it is a symmetry of the Hamiltonian. Obviously, the

kinetic terms and potential do not change under the particle-hole transformation. Proof
for the last term is following:

i 0
H_>__abcaT0kbxc:__abcaT500k05bl,c
F 5 Vpn Y Y Vel LA e e e B e S (A1)
; .
= Lyl = H.
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Therefore, this is a true symmetry.
The name of this symmetry lies in the transformation of states. The transformation
of fermionic operators is

fi—= =1 J5 = i (A.18)
Therefore, the definition of empty state transforms into
£5110),, =0, (A.19)
i.e. |0),, is the state with the maximal number of fermions
10),, = ] f27[0). (A.20)

One can readily see that a state [¢) with ng fermions transforms to state |¢) , with

2(N? — 1) — np fermions. It follows that the spectra in corresponding fermionic sectors
are the same and one needs to study only ny < N? — 1.

A.4 Conservation of supercharge

The proof of supercharge conservation is much simpler in the Majorana representation.
The Gamma matrices in this representation are

o_( 0 o2 1 0 -0

= ( 09 0 ’ 7= —01 0 ’

2 ]1 O 3 O —03

e ( bO), s=( 0 ) (A.21)

Note that (7°)7 = =7, ()T = 4. In Majorana representation the alpha matrices are
real, i.e. I'y = I';, where * denotes complex conjugation. It follows that 3%, = —3;.
The charge conjugation matrix is

o 0 —iUz
C = ( Cigy 0 ) . (A.22)
The Majorana condition for spinor ¢ written explicitly reads

V2 = (1he)l = —iCap(7°)yayps" = ¢l (A.23)
Supercharges are also self-conjugate. Indeed,
QL = (Tiw™)api — igf ™ (S50 ) e
= (Cet")aph — igf (=St ajzl = Qa.
The Hamiltonian has a particularly simple form

H = L {Qu QL) = Quu. (A.25)

where no summation over « is performed. Obviously, it commutes with @),.
Conservation of supercharge gives rise to supersymmetry multiplets. These multiplets
consist of four states in different ny channels. One can combine multiplets of the super-
symmetry and angular momentum. This gives rise to 8j+4-dimensional representation of
the two algebras. It consists of 2j + 1 states with angular momentum j and ng fermions,
angular momentum multiplets with j' = j+1/2 and 5 = j — 1/2 in ng + 1 channel and
a multiplet with j' = j with ng 4 2. These multiplets are studied in detail in Chapter 6.

(A.24)
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Absence of vector states in the bosonic
sector for SU(2)

It is shown that for the SU(2) gauge group there are no states with angular momentum
j = 1 and no fermions. This proof is done after [31]|. For a proof by contradiction, assume
that ¢;(z) is a wavefunction with j = 1. Variable z¢ has an adjoint color index a = 1,2,3
and space index ¢ = 1, 2, 3. For convenience it will be treated as a matrix where a stands
for the row index and ¢ for the column index. Gauge transformations and rotations are
represented by orthogonal matrices R, S € SO(3) and they act on z¢ as left and right
multiplication respectively

zf — 2} = R*2%S;;. (B.1)
The wavefunction is a gauge singlet and vector with respect to rotations:

The matrix = can be diagonalized with two matrices R, S € SO(3) [64], i.e. = = RdS
where d is a diagonal matrix. Then

Vi(z) = ¥;(d)S);. (B.3)

Let us fix the index i. Consider a diagonal matrix D € SO(3) such that D;; = —1 and
the other two diagonal elements are —1 and 1. Clearly, d and D commute. It follows that

Yi(d) = ;(DDd) = ¢;(DdD) = 1;(d)Dj; = —i(d). (B.4)

This implies ¥;(d) = 0 and it holds for each ¢ = 1,2,3 and all d. From (B.3) it follows
that ¢;(x) = 0 for all z. The wavefunction must vanish identically and therefore a vector
state cannot exist.
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Appendix C

Finiteness of the recursive algorithm

In 3.3 we presented a recursive algorithm for finding matrix elements of operators in
the Fock space representation. In each step of this algorithm one needs to find matrix
elements of other operators (cf. formula (3.29)). It needs to be shown that such procedure
is finite. This is done in this chapter. All symbols defined here are introduced in 3.3.

In a given step of the algorithm a matrix element A, is calculated. Assume that the
annihilation rank v of A is not smaller than the annihilation rank & of Af. Otherwise,
one would construct matrix element of A" and use the relation Alyn = (Af|un)T.

Let L(A) be the length of the trace operator A and |n| =" n% + Y. n% be a norm
of the occupation number n. We define recursion level of the block Al,m, by

R(A,0',n) = L(A) + | + |o']. (C.1)

It will be shown that one needs only matrix elements with smaller recursion level to
construct the block Alnm.

There is a triangle inequality for L(A), |n| an |n’|. Namely, each quantity is not greater
than the sum of the two others. In particular, |n| < L(A) + |n’|. If A consisted only of
creation operators, then we would have |n’| = L(A) + |n|. However, we assumed that
v > U, so A contains at least one annihilation operator. Therefore, |n'| < L(A) + |n]|.

First we show that (AB;)|um,, which are building blocks of A|yy, (formula (3.29)) have
recursion levels smaller than R(A,n’,n). The operator B; is a brick, so it is composed
only of creation operators and therefore L(B;) + |n;| = |n|. It is easy to check that the
maximally annihilating permutation of AB; is B; A. Therefore, the maximally annihilating
form of AB; is £B;A+R. The sign is ’-’ if both, A and B; are fermionic and ’+’ otherwise.
The remainder R = ), a; [[, Cw is a combination of products of trace operators. The
length of operator R is defined by L(R) = max; ), L(Ck).

R originates from commutators of operators in the product AB;. A commutator of
creation and annihilation operator is proportional to identity. Therefore, each commuta-
tion removes two operators from the product, so L(R) < L(A)+ L(B;). The block R|yn,
is a combination of products of blocks Ckl|n§€lnkl- For each k, [

R(Cii,nyy,ny) = L(Cr) + [njy| + [0yl

< L(Cy) + <|n’| + ZL(CM)) + <|nz| + ZL(O’“)) (C.2)

i<l 1>
< L(R) + [0’ + |ng| < L(A) + L(B) + 0] + |n]
L(A) + 0’| + [n| = R(A, n,n’).
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The block (B;A)|nn is calculated as a product of Bi|ym and Ay, where ni = n’ —n;
and n; is the creation label of B;. The brick B; contains only creation operators, so
In| = |n’| — |n;| and L(B;) = |n;|. Recursion levels of these blocks are

R(B;,n',n}) = L(B;) + |n'| + |n}| = L(B;) + 2|n’| — |n;| = 2|n’| < R(A,n’,n),

C.3
R(A, 1, m) = L(4) + ] + In| = L(A) + || + ]n| — L(B) < R(A,w,m). ()

We have shown that each element in the block matrix (3.29) has recursion level smaller
than R(A,n’, n).

It remains to calculate the recursion levels of block in the Gramm matrix. The product
of two bricks B!B; transformed into its maximally annihilating form is B;B] + R’. The

block BZB]- nn; 18 a sum of 15’]-15’14T nng; X BZ nyn; and R'|pn;. Here, ny; =
n —n; — n; and we know that |n;;| = [n| — |0;| — |0;| = |n| — L(B;) — L(B;). Recursion
levels of these three blocks are following
R(B],n;;,n;) = 2|n| — 2L(B;) < R(A, ', n) — 2L(B)),
R(R,,l’li, nj) = L(R/) + ‘1’12| + ‘l’lj’ < L(BZ + L(B] + ‘Ilz‘ + ‘Iljl
=2|n| < R(A,n',n) — 2L(B;).

ninj = B]

_ —

(C.4)

I ~—

We have shown that the recursion levels of all blocks that we need to construct A|ym,
are smaller than the recursion level of the block itself. It was assumed that [n| # 0. If |n|
is zero, then the block is calculated in the sector containing only the empty state. Since
we know that the first component of annihilation rank of A is positive, it annihilates
Fock vacuum and the block vanishes. The recursion level is always nonnegative and it
is zero only for identity operator in the Fock vacuum state. Therefore, one needs only a
finite number of recursive steps to construct a given block. In order to construct A|ym
one needs at most R(A,n’,n) steps.
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Construction of zero angular
momentum functions

In 7.2 we constructed the probability density p(x). Given an angular momentum multiplet
|¢™) with total angular momentu j we constructed a wavefunction ¢ (), where x labels
occupation numbers of fermions. Then the probability distribution is given by

plx) = |o ()|’

D.1
= " (zx|o™) (¢ ]@X) (0

p(x) is gauge and rotationally invariant. Invariance under gauge transformation is ob-
vious since the wavefunction ¢ (x) is gauge invariant. Here we prove invariance under
rotations, i.e.

L?p(x) =0, (D.2)

where L; = €ijkTiD) 1S an orbital momentum operator.

First, we introduce some useful notation. The symbol x has 2(N? — 1) components
x%. In a sector with np fermions there are nyp components of x which have value 1
and the other elements are zeros. x can be alternatively written as a pair (a, a) where
a=(ay...,a,,), = (ay,...,q,,) are color and spinor indices for which x& = 1. The
range of indices is a; = 1,...,8, a; = i%. We assume that pairs (a;, ;) are ordered in
some way. Then the wavefunction of [¢™) can be written as (xaa|¢™).

Complex conjugation of the wavefunction can be transformed by using properties of
time reversal operation

(¢"|raa) = r (xacd™)r
0™)p = (=1)"|o7™), (D.3)

lxaa), = (—1)" |xa — o) .

where mq = ), ;. Then, the probability density p(x) can be expressed as

pla) =) [(zaalg™)|” =) (~1)"" (zaal¢™) (za - alp™™). (D.4)

aam aam
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FUNCTIONS

The orbital angular momentum operator can be written as

1 1
=15+ sL-Ly+ 5Ll (D.5)

where Ly = Ly + iL,. From now on indices 7, j will take values {+, —,3}. The angular
momentum [; is a differential operator and it satisfies the Leibniz rule. For any two
different states |1;) and |1) there is

Li({@[¢n) (@) = (Li (@|¢1)) (2[2) + (2[th1) (Li (@)2))
= (®|Lil¢r) (x[t2) + (@[th) (@|Li[1)2) -
Relation (D.6) applied to (D.4) gives
LiLip(e) = 37 (=1 (

aam

(waa|L;Lj|¢") (wa — al¢™™) + (waa| L") (wa — a|Ljs™™) + (D7)
(aa|L;|o") (va - alLj - m) + (waals”) (za - a|LiL;|o™") )

(D.6)

We plug the relation between total and orbital angular momentum, L; = J; — S, into
(D.7) and gather terms with double J;, double S; and mixed.

LiLip(x) =Y (=1)"™"" (T T)ij + (TS)ij + (S8)y;) - (D.8)

aacm

The corresponding terms are
(T T)ij = (waalJiJ;|¢™) (xa — a|¢™™) + (zac|Ji|¢™) (za — af J;[¢™™)

D.9
+ (waal)lg") (@a — al 6" + (waclo™) (wa — alislo ), O
(T8)ij = — (waa|SiJj|¢"™) (xa — a|¢™™) — (waclJiS;[¢™) (za — alo™™)
 (zaclS|0") (ea — al o ") ~ (zacl 10" (wa—alSlo ™)
— (zaal5;[¢™) (za — alJi|l¢p™™) — (zaalJ;|¢™) (xa — alSi|¢™™) '
— (wac¢™) (wa — S Jj|¢™") — (wacld™) (wa — alJiS;|o™™)
(55), = (@aa|S.5,[0") (za ~ afo™) + (vanlS|o") (va—alS0")
+ (zaalS;|¢") (va — alSi|¢™") + (zaald™) (xa — alS;S;le™™) .
Action of spin operators on kets |[xaca) can be easily read from (2.17)
S |lraa) = % Z a; |zaar) , (D.12)
Sy |lraa) = Z Sap—1/2 |Taal) (D.13)
!
S_|xaa) = Z Sop1/2 |Tact) . (D.14)
i
where
ai:(al,...,akj:%,...,anF). (D.15)

In the following we consider (J.J )i;, (JS);; and (SS);; separately. Moreover, in each
case the sum over (i,7) splits into (¢,7) = (3,3) and (4,5) = (+,—),(—,+) and these
vanish independently. For clarity, further considerations are organized in paragraphs.
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Terms with double J;.

Z(_l)m+ma(jj)33 (D.16)

= (m* 4+ m(-m) + m(—m) + (—m)*) (zac|¢p™) (xa — alp™™) = 0. (D.17)
Before we consider (JJ);; with ¢, j = £, recall that

Jelim) =jG+1) —mm=E1)|j,m=E1). (D.18)

(TT) s +(TIT )4
=> =07 (

S0 +1) = m(m = 1)+ j(G +1) = m(m +1)) (waalg™) (wa — als™)

GG+ 1) = mlm + 1) (zaadg™) (za — als- )

+ G+ 1) = mlm = 1) waalg™™) (za — als~" )

4560+ 1) = mOm +1)+ G +1) — m(m — 1) {zaaljm) (za - alo™) )
= S0 (206 + 1) - ) (waals™) (wa — alo™)

1) = m(m + 1)) (waals™ ") (wa — afg ")
) = m(m — 1)) (zaalg™ ") (za — alo~" V) )
= > (-1"(26G + 1) — m?) (zaale™) (wa - alo™)
)
)

(D.19)

In the third equality terms with the same m were gathered, hence additional minus sign
from (—1)™.

Mixed terms. Note that [J3, 53] =0

(TS)s3 = —m(xaa|Ss¢™) (xa — alp™™) —m
m (xaaSs|¢™) (xa — a|p™™) —m
m (waa|Sy|6™) (wa — ale™™) —m
m(zac|¢™) (xa — alSs|¢™™) +m

=0

(zaa|Ss|¢™) (xa — alo™)
(zaa|d™) (wa — o|Ss]o™™)
(zaalp™) (xa — alSs|o™™)
(zaa|d™) (wa — o|Ss|o™™)

(D.20)

For (i,7) = (+—), (=, +) in all brackets of the form (zaa|.J;S;|¢)) we would like to move
S; to the left and use (D.12). Therefore, we need commutators of S; with .J;. The required
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relation is

J+S_ "‘ J_S+ — S_J+ + [J+,S_] + S+J_ + [J_, S+]
- S_J+ + [S+, S_] + S+J_ + [S_, S+] (D21)
- S,JJF + SJFJ,.

=30 (= Vil + D) = m(m 1) (waalS_ 6" ) (wa — alo™)

— Vi +1) = m(m - 1) (xaa|S,[¢" ) (wa — alo™™)
— Vi +1) = m(m 1) (xaa|S_|¢") (za — afp™ ")
— Vi + 1) = mm +1) (zac|S. |¢") (wa — alp" ")
— Vi + 1) = mm +1) (zac|¢™") (za - alS_|6~")
— Vi + 1) = mm = 1) (zaal™ ) (za - alSi|67")
— Vi + 1) = mm = 1) (zaal¢™) (za — afS_[¢~ ")
— Vil + D= m(m+1) (waals™) (@a —alS:[6~" V) ) ()
=30 (+ ViGD = mim = 1) (waals_|¢") (za — ale~ ")
+ VGG + 1) = mm + 1) (zaa|S.|6") (wa — alo™ ")
~ VGG 1) = m(m = 1) (waalS_[¢") (wa - ale™" )
— Vi + 1) = mm +1) (zaa|S. 6") (wa - alo" ")
VGG + 1) = mm = 1) (zaalé™) (@a — afS_|¢~ ")
+ VGG + 1) = mm + 1) (zaale™) (wa — a|S. oY)
~ Vi + 1) = mm = 1) (zaalé™) (@a — afS_[¢~ ")
— Vil + D) = mm+1) (waal¢™) (@a - als.|s~) )

Terms with double S;. In (S8S)s3 each S3 acts to the left giving a constant mg or
—Myg,. Therefore,

(88)33 = (M2 —mZ, — m2 + (—ma)?) (xaal¢™) (xa — a|p™™) =0 (D.23)
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Finally,

S (1) (S8)4- +(S8) )
= > (-1
+ 5 (waalsLst1o") (wa — alo™) + | (zaals| SL|6") (za — alo™)

+ 5 {waals™) (@a — alS|S 6" + | (zaald™) (za - als'Sio )

+(@aals]o") (za — a]SL67") + (wac|S!|6") (wa — alS}[o7") )
= Z<—1>ma(

s Z wa(al) 0") (wa —alo ™) + 3 3 (@alat),|6") (wa — alo )

D.24
+ 3 Z (xaa|p™) (xa — (a’i)ﬂqb_m) + % Z (raalp™) (xa — (alj_)l_|¢—m> ( )

+ Z (waak]¢™) (wa - (al)|o™) + Y (zaak|s™) (@a— (al)jo™) )
kl

+ = Z za(a®) |¢™) (xa — alp™™) + = Z xa(o |¢m (Ta —alp™)
+ = Z za(ah) ™) (xa — alo™™) + = Z za(at), [¢™) (xa — alp™™)

- Z (wa(al )i[6") (wa — alo™™) = Y (wa(al ) [o") (wa — alo™) )
= 0.

In the third equality the sum over @ and a was reorganized so that there is an identical
bracket (xa — alé~™) in each term. To this end the variables were changed in the
following way. In the third term

a—a =(ak). (D.25)
Then,
(@) = a, ma = mq. (D.26)
A opposite change was done in the fourth term. In the fifth term
a—a =a, (D.27)
and then

" =a. (D.28)
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An opposite change was performed in the sixth component. The ket |zaa) is created by
one less operator fl and one more operator fi than |xaa). Therefore, mear = mg — 1
and (—1)™e’ = —(—1)™=, hence additional minus sign.

We proved than all terms in (D.8) vanish and therefore L?p(x) = 0. The proof is now
complete.
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Appendix E

Gauge fixing for SU(3)

In 7.4.1 we consider gauge fixing for a set of three bosonic variables X;. Each X; is a
hermitean, traceless 3 x 3 matrix. The gauge transformation is X; — UX,UT, where
U is an element of SU(3) in the fundamental representation. In 7.4.1 we shown how to
completely fix the gauge in the generic case. Gauge fixing can be represented by conditions
coordinates x¢ (cf. (7.22)). There are however certain configurations X; which have to be
addressed separately. This is because in these cases there is come residual gauge freedom
left. This freedom leads e.g. to identification of false flat valleys of the potential (c.f.
(7.26)). In this appendix all such cases are discussed.

The procedure of gauge fixing is algorithmic. That is, it consists several steps. At each
step there is some gauge symmetry available. It is then used to transform X; so that they
satisfy some additional constraints. The gauge freedom at each step depends on particular
configuration of X;. For example, in the first step X; is diagonalized. In the generic case
it is then invariant under gauge transformation only with U = diag(e'?, ™, e~ %),
However, if X; = 0, then it is invariant under gauge transformation with general U €
SU(3). In Tab. E.1 we introduce notation for residual gauge symmetries which will be
used in what follows.

@ U — general SU(3) matrix @ U = diag(e'®, e'®, e=21)

_( U2 0 g =2 id id

U= ( 0 (detlUs)* ) @ U = diag(e™*'?,€'?,e'?)

@ U (detU)* 0 @ U = diag(e'?, e~ ¢'?)
0 U,

@ U = diag(e'®, e, e~ ¢~)

Table E.1: Notations for residual gauge freedom in midsteps in the procedure of gauge fixing. Us stands
for a general, SU(2) matrix.

Recall how the gauge is fixed in the generic case. First, one diagonalizes X; and sets the
diagonal elements in increasing order. The residual gauge freedom is @ . The diagonal
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matrix X is invariant under transformations with such U. The gauge transformation is
then used to set two matrix elements (X5)2 and (X3)a3 real and positive. This fixes the
gauge completely.

In 7.4.1 we considered three basic degenerate cases. They are summarized in Tab.
E.2 together with the residual gauge freedom and how one can use it to impose further
constraints. There are certainly many more different cases. Nevertheless, there are usually
similar to one of the three basic cases.

special case residual gauge freedom | action

X:1=0 @ use U to diagonalize X, and
then treat X3 as Xs in the
generic case

after diagonalization of X, diagonalize upper—left 2x2

two eigenvalues are equal, e.g. submatrix of X, and set

(X111 = (X1)20 (X2)13, (X2)23 positive

after diagonalization of X; ma- @ set (X2)13 and (X3)e23 positive

trix element (X5)12 vanishes

Table E.2: The basic degenerate cases in gauge fixing procedure.

Finally, we proceed to describing the full algorithm. At each step X; obey some
constraints. There is a residual gauge symmetry that does not violate these constraints.
The residual symmetry depends on both, constraints and particular configuration X;. The
gauge symmetry is then used to perform some action (such as to diagonalize a matrix) so
that X; are subject to stricter constraints. This leaves a smaller symmetry group which
is then used in next step. Different residual gauge symmetries allow for different sets of
actions. In each case an action with highest priority is chosen. The list of possible actions
is

1. diagonalize X;,
2. diagonalize a 2 x 2 upper—left or lower-right submatrix of X,

3. set an off-diagonal matrix element to zero; (X;)12 has priority over (X;)a3 and (X;)a3
has priority over (X;)i3,

4. set an off-diagonal matrix element positive, (X;)12 has priority over (X;)s3 and (X;)a3
has priority over (X;)i3.

First action has highest priority and the last has lowest. Each action concerns only one
of the three matrices X;. We say that X; has always priority over X5 and X, has priority
over X3. That is, if the same action is possible for X; and X, then it is done for Xj.
By diagonalization we mean diagonalization with setting eigenvalues on the diagonal in
increasing order.

The full procedure of gauge fixing is presented in a flowchart, Figs E.1 and E.2. In-
terpretation of the flowchart is following. The pink rectangle is the first step. Rectangles
represent new constraints that are imposed on matrices X;. These conditions can be
always fulfilled by performing an action on X; which is allowed by the residual symme-
try group. Each diamond represents a question. If the condition in a diamond node is
fulfilled, then there is a degeneracy and the 'yes’ arrow has to be followed. Otherwise,
one has to follow the 'no’ arrow. The blue triangle in Fig. E.1 means that one should
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move to the triangle in Fig. E.2. Some arrows have additional symbols, @ e ,@

. These denote the residual gauge transformations at given stage. For brevity we use
X =X, Y =Xy, Z7 = X3. Moreover, ’diagonalize UL of M’ means: ’diagonalize
2 x 2 submatrix in the upper-left corner of M’. Similarly, LR stands for ’the lower-right

submatrix’.
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