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Abstract

Eleven-dimensional supergravity can be compactified on AdSy x M7 where M7 can be cho-
sen as the so called squashed seven-sphere. This allows two solutions, depending on the
orientation of the sphere, one with A/ = 1 supersymmetry and one non-supersymmetric.
Both solutions correspond to spontaneous symmetry breakings of the round sphere. How-
ever, recent conjectures concerning the string landscape have led to the statement that
non-supersymmetric AdS vacua should be unstable. By studying the standard model of
particle physics one can make certain predictions about the masses of neutrinos from this
conjecture, leading to measureable predictions from string theory.

This thesis aims to study the mass spectra of the squashed sphere in order to gain
some insight into whether or not any instabilities occur. This could then either disprove
or strengthen the proposed conjectures. The full spectrum is not found but some helpful
steps along the way have been provided. In particular, only the scalar, vector and spinor
spectra are studied.

The thesis also discusses some of the conjectures regarding the string landscape in
more detail and shows how these can be used to make predictions in particle physics. The
concepts of Kaluza-Klein compactification and supersymmetry are also introduced, as well
as some group theoretical methods for studying differential operators on manifolds. The
full mass spectra of the round seven-sphere are derived using two different methods.
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1

Introduction

In the beginning of the twentieth century two theories were formulated that forever changed
how we look upon our Universe. One described the physics of the very small, the other of
the very large. These two theories were quantum mechanics and general relativity. Physi-
cists have since been working on a way of combining the two into one, and thus creating
one sole theory of everything. Today, more than a century after Einstein introduced rela-
tivity, and almost a century after Heisenberg and Schrédinger formulated the foundations
of quantum mechanics, we are still not sure exactly what this theory is. Our best candidate
to date is something called M-theory [I]. It combines all the previous candidates, the five
string theories and eleven-dimensional supergravity, into one. However, this theory is so
complex that we have not even been able to figure out what the M stands for (the leading
candidates are mystery, magic or membrane).

M-theory offers a unique framework for combining all four fundamental forces of Na-
ture. The idea is that instead of just looking at point particles as the fundamental entity, it
includes one-dimensional strings and higher-dimensional objects called p-branes (the gen-
eralisation of membranes to p dimensions). This seemingly simple modification has shown
us that the Universe might be a whole lot stranger than we could have ever imagined before.
One of these strange and remarkable features of M-theory concerns the dimensionality of
spacetime. Most people are probably used to think of Nature as being four-dimensional,
three space dimensions and one time. But if M-theory is correct, we should have eleven
dimensions. So where could these extra dimensions be hiding?

One possible answer lies at the very heart of this thesis, and it is a concept called
compactification 2, B]. The idea is that we consider the extra dimensions as being too
small for us to detect. This has some profound consequences for the theory that we will
discuss in detail. One being that the geometry of the extra dimensions gives us information
about the masses of the particles in the four-dimensional theory.

In this thesis we will mostly study one special type of compactification where we con-
sider our four-dimensional spacetime to be anti-de Sitter (AdS) and the seven extra dimen-
sions to make up a manifold which we call the squashed seven-sphere [4]. This is similar
to an ordinary round sphere in seven dimensions but with a particular deformation added
to the metric.

Since the full M-theory is still unknown we will instead work in its low-energy limit.
There we find the theory of eleven-dimensional supergravity [5]. This is a theory that
combines the ideas of supersymmetry, a symmetry between bosons and fermions, with the
concepts of general relativity [6].

A problem that arises when working in string/M-theory or supergravity is that it
does not seem to give us a unique four-dimensional effective theory corresponding to our
everyday world. In fact, it seems to be giving us an enormous landscape of possible
theories [7]. This landscape is so huge that almost all effective theories seem possible.
So why does our Universe look the way it does? In recent years this question has led to
several conjectures being proposed about the consistency of these effective theories [8] 9].
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These conjectures show us that there is an even larger area of inconsistent effective theories
surrounding the string landscape, an area that has been dubbed the swampland [g].

One conjecture is the Weak Gravity Conjecture (WGC) [10, [IT], 12]. This roughly
states that a consistent theory of quantum gravity must have gravity as its weakest force.
A consequence of this statement (or at least from a sharpened version discussed in Chapter
3) is that non-supersymmetric AdS vacua can not be stable [11]. This sharpened WGC has
then been used to make predictions regarding the masses of the neutrinos in the standard
model of particle physics [13]. It has also been shown to motivate the addition of some
beyond the standard model (BSM) particles, like for example extra Weyl fermions, which
could then lead to measureable predictions from string theory.

The squashed sphere has been shown to give a non-supersymmetric AdS vacuum as
one of its solutions [4]. In order to either disprove or strengthen the WGC we therefore
need to study the squashed sphere in more detailf] The aim of this thesis is to study the
mass spectra of the squashed sphere, and in that way try to contribute to the search for
potential instabilities.

1.1 Outline of thesis

The thesis is organised as follows. We begin our journey in Chapter [2| by discussing the
concept of compactification in detail. This is the foundation of the whole thesis, and
the discussion is needed in order to be able to fully understand the motivation of the
thesis project. The motivation is then discussed in Chapter 3] where we wade through
the swampland of inconsistent effective theories. We there discuss the instability of non-
supersymmetric AdS vacua as well as some other conjectures regarding quantum gravity.
The aim of the thesis project is then to contribute to the work of either disproving or
strengthening one of these conjectures by analysing the instabilities of the squashed sphere.
The mathematical toolbox needed to decipher the spectra is the subject of Chapter 4] We
show how one can get geometrical information about a manifold by considering it as a coset
space. The chapter ends by giving a short description of the relevant differential operators
that will be studied. Chapter [5| gives a preparatory example of the different methods we
want to use in order to solve for the mass spectra on a coset manifold. The main results
of this thesis are found in Chapters [6] and [7] where we explore the squashed seven-sphere
in detail. Chapter [§]summarises the results and discuss where to go from here.

The thesis aims to be accessible for an arbitrary master’s level student of theoreti-
cal physics, meaning that some knowledge about general relativity, differential geometry,
quantum field theory and string theory is assumed. The main text also assumes some
familiarity with group theory and supersymmetry. However, since these are not subjects
that the typical master student may be familiar with we include some introductory notes
on these topics in the end, along with some other useful knowledge. Appendix [A] presents
the conventions used throughout the thesis. In Appendix [B] we introduce the concepts of
group theory. Supersymmetry is introduced in Appendix [C] There we construct the theo-
ries of super-Yang-Mills in ten dimensions and supergravity in eleven dimensions. Note also
that this introduction to supersymmetry was written together with Adrian Padellaro[ﬂ as
a joint effort to gain the background knowledge needed for our separate master’s projects.
Appendix [D] gives a brief introduction to the octonions while Appendix [E] discusses the
Dirac gamma matrices in seven dimensions.

#This point was first raised by M.Duff in conversations with my supervisor.
bGothenburg University, guspadad@student.gu.se
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Kaluza-Klein compactification

This thesis deals with eleven-dimensional supergravity, which is the low-energy limit of the
only available candidate for a theory of everything, M-theory. The idea that we might live
in eleven dimensions, instead of the four that we are used to, probably seems strange to
most people, and one could certainly ask oneself about the relevance of such a theory. In
this chapter we discuss one possibility of how to deal with these extra dimensions in order
to get a sensible theory out of eleven dimensions. The solution is to think of these extra
dimensions as being very small, so small that we are not equipped to feel them. This is
the subject of compactification.

A picture that might help when thinking about compactification is to consider a
tightrope-dancer. When balancing on a thin rope far up in the air the dancer can only
move forwards or backwards on the rope, i.e., he or she is only able to use one space di-
mension. If we instead imagine a small mite living on the rope. This mite can go around
the rope, inside the rope and back and forth on the rope, and is thus able to move around
freely in three space dimensions. In a similar fashion we can think of the extra seven
dimensions from eleven-dimensional supergravity as being too small for us to notice when
we move around in them. This is the so called Kaluza-Klein mechanism, named after its
first explorers the German mathematician Theodor Kaluza, [2], and the Swedish physicist
Oskar Klein, [3].

We will begin by studying the simplest example of compactifying only one dimension.
This is relevant when going from M-theory in eleven dimensions to superstrings in ten
dimensions, or when compactifying the standard model in the way discussed in Chapter
This is also what Kaluza and Klein did when trying to combine gravity and electromag-
netism by going from five dimensions to four [2, [3]. From this we move on to discuss more
general aspects of compactification and analyse what restrictions we can put on the geom-
etry of the different dimensions. We then make a specific ansatz leading to a discussion
of the mass spectra arising due to the compactness of the extra dimensions. In particular,
this allows us to derive the mass operators of eleven-dimensional supergravity compactified
to AdS, x M7. This will then lay the foundation for the rest of the thesis.

2.1 Toroidal compactification

We will start by discussing the simplest type of compactification, that of compactifying

only one dimension on a circle (or one-dimensional torus). This is done as an illuminating

example of how the Kaluza-Klein mechanism works, but also because it is a very funda-

mental concept in string theory, giving us the so called T-duality. We will also use this kind

of compactification in the next chapter when we discuss the Weak Gravity Conjecture.
Consider a general D(= d + 1)-dimensional metric given by

ds? = gb ydaMdz?N. 2.1
MN
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We single out the dimension given by 2% and compactify it by identifying
o= 2?1+ 27R, (2.2)

i.e., it now describes a circle with radius R. The D-dimensional indices, M, N, can be
split into M = (u,d) where p=0,...,d — 1 (the z* coordinates are still considered non-
compact). This means that the metric splits into g% v = {guv. Guds gaa}, where the different
parts corresponds to a metric, a vector and a scalar in the d-dimensional spacetime. The
line element can now be parameterised according to

ds? = g datda” + gaa(dz® + A,dx")?, (2.3)

where gqqA; = g.q.- Here we only consider the case where g,,,, A, and gqq are independent
of the compact coordinate z¢. The line element is invariant under reparameterisations

o' =z 4 NaH), (2.4)
if we at the same time allow the vector to transform as

AL =A, -0\ (2.5)
We thus see that gauge transformations arise as a consequence of the compactification from
higher dimensions [I4]. This is what Kaluza and Klein first understood and in this way they
tried to combine Einstein’s theory of gravity with Maxwell’s theory of electromagnetism
by going from five dimensions down to four [2] 3].

Consider now a massless scalar field, ¢, in D dimensions, and expand the 2% dependence
of this field in a complete set of eigenfunctions

oMy = Y (e R, (2.6)

n=—0oo

where the momentum in the 2¢ direction is quantised as pg = n/R, and n is usually refered
to as the Kaluza-Klein excitation number. The Klein-Gordonf| equation for this massless
scalar is

2
n
0=0yM¢p = 0,0'p + 030 = 0,0"pn (") = 77 On(@")- (2.7)

We see here that the massless modes of the full D-dimensional theory become an infinite
tower of massive d-dimensional fields, labeled by n. We also see that the mass spectrum
depends on the geometry of the compact dimension (here only the radius R). This is
the core concept of Kaluza-Klein compactification [4]. It is also the foundation of this
thesis, where we study the mass spectra arising when compactifying eleven-dimensional
supergravity on a specific kind of geometry, namely the so called squashed seven-sphere.
The idea is precisely this, that the geometry of the compact dimensions determine the
mass spectra of the four-dimensional theory.
One can also see that the d-dimensional mass-squared operator is now given by

2

=2’ (2.8)

M? = —p,p/ =

so that for distances much larger than the compact radii R we will not see the z%-dependent
fields and the theory becomes d-dimensional [14].

#Note that the Klein in the Klein-Gordon equation is the same as in Kaluza-Klein theory.



5 CHAPTER 2. KALUZA-KLEIN COMPACTIFICATION

20

If we now define g4q = €°? we get the Ricci scalar in D dimensions as

1
R= Ry —2e 70" — ZeQC’F,WJW, (2.9)

where R, is the d-dimensional Ricci scalar and F),, the field strength of A, [14]. The
graviton-dilaton action of bosonic string theory becomes
1 .
S=355 dPx\/—gPe ?* (R + 4V, 0V D)
7rR ) (2.10)
=7 diz\/—gle 2®d (Rd — 0,00"0 +40,040"'®y — 462”FWF“”> ,

where ¢? is the determinant of 9w and we have introduced the d-dimensional dilaton
®; = ® —0/2 [14]. From this action we see that ® and o are massless. They will then
label degenerate solutions of the field equations. Although these solutions are degenerate
the physics will still change when we vary ® or . We then call these parameters for the
moduli of the theory, and the space that they parameterise for the moduli space of toroidal
compactification. We will discuss this some more below, but first we consider the effects
of introducing strings.

2.1.1 T-duality in string theory

Compactification also allows for some really remarkable string corrections. This is due to
the fact that a closed string can wind around the compactified dimension.

We consider a two-dimensional conformal field theory on the world-sheet of a closed
string with one periodic scalar field

X =X +21R. (2.11)

The world-sheet action, and thus the equations of motion, are unchanged by this identi-
fication, and in particular the theory is still conformally invariant [14]. We should also
demand that the states are single-valued under this identification. This implies that the
center-of-mass momentum is quantised as p = % just as in the ordinary field theory case
discussed above.

There is, however, another effect present only in string theory (or at least only in
theories including extended objects). This is the winding mentioned above. We define the
winding number, W, by

X (o +7)=X(0)+ 27RW, W eZ, (2.12)

where 0 < o < 7 for the closed string. In other words the winding number is the number
of times the closed string winds around the compactified dimension. The sign of W gives
us the orientation of the winding [15].

The mass-squared operator for a closed bosonic string with winding number W will
become [15]
n?  W?2*R? 2
@‘FT—FJ(NL-FNR—Q), (2.13)
where o’ is the Regge slope, with spacetime-dimension length-squared. One can see that
M? is invariant under the interchange

M? =

~

R%R/:%, n < W. (2.14)
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This means that the theories in the limits R — 0 and R — oo are identical. We refer to
this duality as T-duality. A self-dual theory arise at R = v/a/ [I5]. One should also note
that the level-matching condition of ordinary closed bosonic string theory, i.e. N, = Ng
is modified if both W and n are non-zero, so that we now have Ngp — N;, = Wn [15].

With T-duality one can relate different string theories, like type IIA and type IIB, to
each other. This is a very large area of research in string theory, but since this thesis
mostly deal with supergravity we will not go into more detail on T-duality here. The
interested reader should look up further details in some of the great textbooks on string
theory ([14] or [15] are good places to start), because it is a truly remarkable phenomenon.
We simply state that T-duality seems to be telling us something very fundamental about
string theory, namely that strings have a different concept of geometry than we are used
to. Note also that T-duality seems to be an exact, i.e. non-perturbative, symmetry [14].

T-duality is present in open string theory as well. This introduces some other excit-
ing effects such as interchanging Dirichlet and Neumann boundary conditions, and the
emergence of D-branes [15], but we will not go into this here.

2.1.2 Compactification on T*

Instead of compactifying only one dimension on a circle we can compactify several dimen-
sions on a higher-dimensional torus, 7. The line element can now be written as

ds® = g d X" dX" + gupdY™dY™, (2.15)

where Y™, m = 1,...,k, are the coordinates that make up the k-dimensional torus, all
having period 27, and g, is the metric of the torus. For simplicity we can consider the
rectangular torus. This has all internal circles perpendicular and the metric is thus given
by

1
Gmn = aanémn (no sum), (2.16)
where R, is the radius of circle m [15]. We now do the identification
Y™o+m,71)=Y"(0,7)+20W™, W™ €Z, (2.17)

where W™ is the winding number for the mth dimension of the torus. Expanding this in
modes one finds that the difference between the momenta of the left- and right-moving
sectors is given by

pr =P =2W™ (2.18)

If we imagine that we do not have any anti-symmetric background field the momenta will
simply be quantised as
p? +p7£ = K'rm (219)

where K, corresponds to the Kaluza-Klein excitation number [15].

If, however, the anti-symmetric background field, Bjsy, is turned on we find some new
interesting features of the theory. We get new scalar fields in the d-dimensional theory
from the two-form field strength, Bjsn, when we split it according to the index structure
as By, Bun and B,y,,. Combining this with the scalars from the metric we now have a

k(k+1D) | k(k=1)

total of = k2 scalars.

The relevant part of the action for closed bosonic strings are [15]

S =

/ d2o <gmnna5 - aneaﬁ) DY ™Y ™. (2.20)

2ma!
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By expanding the internal field components in modes in the usual string theory way one
can find that
K = gmn(PL + D) + Bun(pl, — PR),  with Ky, € Z. (2.21)

This can be solved together with Eq.(2.18)) to give

1
pTZL — Wm +gmn (2 n — Bnpwp) ,
) (2.22)
which in turn gives us the mass operator [15]
M? = 2gyn (PL'DY, + PRPR) + 4(Ng + Np = 2). (2.23)

So we see that, although the B,,, term in the action is a total derivative and doesn’t have
any local effect on the theory, it does affect the spectrum. These massless scalar fields will
therefore also take part in the parameterisation of the moduli space when compactifying
string theory on T%. This is what we will discuss next.

2.1.3 Moduli space of toroidal compactification

We have seen that the massless scalar fields arising from compactification will affect the
physics of the theory, but not the action. We call these k% massless scalar fields labeling
the different vacua for moduli, and the space that they span for the moduli space of the
compactification [15].

The moduli space for the field theory can be expressed as the coset space

O(k, k;R)/O(k,R) x O(k,R). (2.24)

We can easily see that the dimensions add up, since we have % —k(k—1) = k? from
the above space, in agreement with the number of scalars from B, and gmn-

However, we saw earlier that when compactifying string theory on a circle we find T-
duality which relates theories with inverse radius. In T* compactification we can write the
metric-dependent term in the mass-squared operator as

(W
gmn (PLPL +PiPR) = (W K)G™ <K> : (2.25)
where G is a 2k x 2k matrix
1 -1 o —lB
G = 29 9 > 2.26
(Bg‘l 2(9 — Bg~'B). (2.26)
The T-duality symmetry then generalises to the interchange [15]

W™ K, GG L (2.27)

There are also some additional discrete shift symmetries given by

1
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where Np,, is an anti-symmetric integer-valued matrix [I5]. These symmetries can be
represented by the matrix operators
0 1
I =

10
7= (1)

acting on G by AGA”T, where A is either I or S. Here I is the inversion and S the shift.
These operators generate the group O(k, k;Z) [15]. This means that the physical moduli
space of T* compactification of string theory is the quotient space [15]

(2.29)

O(k, k; Z)\O(’fv ki R)/[O(k:, R) x O(k, R)]- (2.30)

We will now turn to more general aspects of compactification, and see that many of
the ideas from toroidal compactification resurfaces.

2.2 Compactification of supergravity

Now that we have seen some examples of how compactification works we will turn to a
more general discussion. We will only discuss the case of compactifying eleven-dimensional
supergravity, however, most of the things discussed are equivalent in string theory. After
this general discussion we will go on to a specific ansatz, in the next section, which will be
used to derive the mass operators of interest for this thesis.

We are generally interested in compactifying some (4 + k)-dimensional theory to a
product manifold My, = My X M. In order for us to follow through on the idea that
the extra dimensions should be small we need to choose M} as a compact manifold. This
could, for example, be a torus T*, a sphere S* or something else.

Since all observations of our Universe, to date, seem to indicate that our four-dimensional
spacetime is maximally symmetric, we most often choose My to be such a space [15]. This
means that we can express the Riemann tensor of My as

R
R,uypa = ﬁ(.gupgua - g/LO’Ql/p)? (231)

where g, is the four-dimensional metric tensor, and, as usual, R is the Ricci scalar, pro-
portional to the four-dimensional cosmological constant. We have three possible solutions,
R = 0 implies Minkowski, R < 0 anti-de Sitter (AdS) and R > 0 de Sitter (dS) spacetime.

We now start from the equations of motions of eleven-dimensional supergravity. These
are derived in Appendix[C| but we will shift the notation slightly in order to better conform
with our main reference [4]. Compared to the appendix we will now denote the field
strength of the three-form as F = 2H, and the three-form itself will be denoted Aynp
instead of Bysyp. We will change the sign of the Riemann tensor so that AdS has negative
curvature scalar (as stated above). Capital letters will not be superindices but instead
ordinary spacetime indices in eleven dimensions, M, N, ... for curved and A, B, ... for flat
indices. In this notation the supergravity equations of motions are

2 8
PMNP Dy (@) = 0, (2.32)
1
576

- 1 N 1/ = - 1 - -
Ryn (@) = s9unR(@) = 3 <FMPQRFN PoR _ gMNFPQRSFPQRS> 7

~MPQR PQRM,...Mg =
Dy FMPQR — _ _— PORMiMspy 0 Far s
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plus the Bianchi identity for F' [4]. Here & denotes the spin connection resulting from mak-

ing the choice T, ¢ = 0 for the torsion, and D (&) = Do (@)+ 143 (fMPQRS + Sf[PQRgiD FpQrs

[4]. Here I are the eleven-dimensional gamma matrices. The coordinates of eleven di-
mensions will split into those of the four-dimensional maximally symmetric space, x*
(n=0,1,2,3), and those of the seven-dimensional compact manifold, y™ (m = 4,...,7),
so that we can write

M = (zH y™). (2.33)

As before, this will allow us to split tensors into different components depending on their in-
dex structure. For example the three-form can be split as Ayrnvp = (Auvp, Apvps Aunps Amnp)-
The internal indices (mnp) do not transform under four-dimensional Lorentz transforma-
tions so this three-form now gives us one three-form A4,,,,, seven two-forms, A4,,,,,, 21 vectors
Apnp and 35 scalars A,y in the four-dimensional theory. We can do the same thing to
the vielbein and the gravitino, giving us [4]

A [e a ca
= (e:ﬁ effﬂ) ’ (2.34)
wM = (w,uawm)v

note however that the spinor index of the gravitino will require some extra care. We will
deal with this shortly.

When giving vacuum expectation values (VEVs) to the fields we must be careful not to
break the Lorentz symmetry or the maximal symmetry of the four-dimensional manifold.
This implies that any VEV must be proportional to an invariant tensor. The candidates
are the scalar, the metric and the Levi-Civita tensor. By studying the index structures of
the VEVs we can then see that we must set [4]

(e,) = (en,”) =0,
<F;wpq> = F;wpq> =
(¥ar) = 0.

The only non-zero VEVs are therefore (e,), (€,,*), (Fmnpq) and (Flupo)-
Due to us wanting a product space, My x M7, we should choose

(e, %) = €, (x),

{em™) = € (y),

where the circle on top indicates that the object under it is a background value.

Note, however, that we could have considered a more general warped product space
where (e,%) = f(y)é,*(z) for some warp factor f(y). These warped product spaces are
interesting in many cases of string theory, but in this thesis we will only concern ourselves
with spaces satisfying f(y) = 1.

The diagonality of the vielbein implies that the differential operators will split into two
parts. The Klein-Gordon equation for the massless scalar fields of the eleven-dimensional
theory will for example split into

<F;mpq> =0, (2'35)

(2.36)

0 =Un¢ = Uso + Uro, (2.37)

which means that the differential operator in the seven-dimensional theory corresponds to
a magss operator in the four-dimensional theory, equivalent to what we saw in the case of
toroidal compactification, Eq.(2.7).
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As stated above, maximal symmetry in the external spacetime also implies that the
VEV of the spinor fields must vanish. We are, however, still interested in having unbroken
supersymmetry in the four-dimensional theory. This means that we must constrain the
VEV to stay zero after a supersymmetry transformation. Using the transformation found
in Appendix [C] we get

~ 1 A~ A~ S ~
(6-) = (Dare) = <(DM + o (00”9 4 si1PORg) FPQRS) =0 (239)
We can start by considering the case of non-flux compactification, meaning that all the
components of F' are set to zero. This gives us

D]V]€ =0. (239)

This is the so called Killing spinor equation. It tells us that € is a covariantly constant
spinor. The number of available Killing spinors is the same as the number of available
supersymmetries, i.e., if we have only one spinor satisfying Eq.(2.39) we have N' = 1
supersymmetry, and so on [4]. Since we assume that the full 11-dimensional manifold is
a product manifold we can decompose the Killing spinor into a sum of terms having the
form [4]

e(z,y) = e(z) @n(y). (2.40)

If we start by considering the covariantly constant Killing spinor in the four-dimensional
maximally symmetric theory we find

1

Dys(x) =0 = [Dy, D) =

R 7e(x) =0 = R=0, (2.41)
which means that we are in Minkowski spacetime. In the same way we find in the internal
space that

1
Dpn=0 = [Dy,Dy,]n = ZRmnpq’ypqn =0, (2.42)

which is called the integrability condition [4]. Note that, since we do not assume the internal
manifold to be maximally symmetric, this does not imply that it must be flat [4]. Most
of the known solutions are, however, Ricci-flat, which means that R,,, = 0. Probably the
most important type of Ricci-flat manifolds are the so called Calabi-Yau (CY') manifolds.
This is a class of complex manifolds that exist in any dimension and are generalisations
of the K3-manifold [I5]. Since they are complex this means that they only exist in even
real dimensions and therefore they are mostly relevant when going from ten dimensions
to My X Mg, or perhaps when compactifying M-theory to something other than My x My
like for example M5 x C'Y3. This is a very large subject in string theory, but since we are
interested in compactifying to My x M7 we once again simply refer the interested reader
to a good book on string theory, for example Becker, Becker & Schwarz, which has over
hundred pages on Calabi-Yau compactification [15].

The known solutions of Ricci-flat seven-dimensional Einstein manifolds are 77, K3x T3,
CY3 x S' and the so called Joyce manifolds, which are compact G2 manifolds.

The story is modified when we allow non-zero flux, i.e. non-zero Fy,pnpq and/or Fj .
These fluxes must be proportional to the Levi-Civita tensor. From the Bianchi identity
dF = 0 together with Eq. we find

0= 5(dF)mupor = 50mFopor] = OmFupor — 40 Fogrim: (2.43)
—_——

=0

10
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so that F),,,, must be independent of y. In the same way we see that F},,,, must be x
independent [4].

We now have three options. Either we can keep both F),,,; and Fi,p,q, or we can put
one of them to zero while keeping the other. In the next section we will set Fi,ppq to
zero, and keep only the flux in the external space, but for now we can briefly discuss what
happens in the other two cases.

If we keep the F' terms in both spaces we can write

F/.Ll/pO’ = 2m€,ul/p07
anpq #0,

where the 2m factor is just for convenience. This means that the equations of motion for
Finpq and Ry from Eq.(2.32)) turns into

(2.44)

1
mn, npqrstu
Vi B = gme pa Frstu,

1 1

ij = g (—16m2 — 12anpqanpq> Guv, (2-45)
1 pqr 1 pqrs 2

Ryn = g FmquFn - EgmanqrsF +38m 9mn | -

In order to have R,, = Ag,,, i.e., maximal symmetry in the external spacetime, we must
demand that F? = Frnpg F"P4 is constant. We can, however, see that we are still in AdS,
since F2 >0 = g" R, < 0. The splitting of the spinor is now more complex, and
there are many different types of solution. One case where it is possible to prove that all
supersymmetries are broken is found by setting

Frnpg X M mnpgn), (2.46)

where 7 is the Killing spinor [4]. This also implies that Ay,np o< 7Lmnpn, which are just
the structure constants of the octonions (see Appendix [D]). One possibility is to put this
into the squashed sphere compactification. This will however render a somewhat different
spectra than the one we study, especially leading to broken parity [4]. This is discussed at
more length by Duff et al. in Chapter 10 of [4].

Next we can investigate what happens when we put F,,,c = 0 and Fp,npq X €mnpg-
The important point here is that in contrast to what happens in the next section we
will not get spontaneous compactification to four dimensions. Instead this will lead to a
topology of the type M x AdS7 [4]. This does not, however, align with what we are
trying to accomplish by thinking of the extra dimensions as very small. There is perhaps
some possibility that we are the ones living in the small dimensions and because of the
compactness of these we do not feel the other seven dimensions. But in this thesis we focus
on the AdSy x My solution. The interested reader could for example look in [16].

2.2.1 The Freund-Rubin ansatz

We will now discuss the last case mentioned above, namely to put

<anpq> =0,

O (2.47)
(Fuvpe) = 3méupe(x),

where the 3m proportionality constant is just a choice. This is called the Freund-Rubin
ansatz [4]. With this ansatz we will be able to solve the equations of motions. Since

11
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the VEV of the gravitino must be zero due to maximal symmetry we need not concern
ourselves with its equations of motions. Einstein’s equations become

2 I, = . , 1, .
Ruy - §g;wR = 3m2 <6,upa7'€ypm— - 89,u,V€2> s
° 1. o 3 o o 2.48
Ry — 5 mndt = _gmggmngzv ( )
Ryn = 0.
These are solved by
Ry = —12m2§,,
g v (2.49)

Ryn = 6m2§mna
where §,,, has Minkowski signature and §p,, Euclidean. The maximally symmetric four-
dimensional vacuum is thus seen to be AdS, since we have A = —12m?2.

We next decompose the eleven-dimensional gamma matrices of SO(1,10), T', into
SO(1,3) x SO(7) generators by writing

Ta=(1a®L,70T,), (2.50)
where
{P)/aa PY,B} = 277&,37
{Faa Fb} = 2(5(11)7 (251)
7 =iyl

which allows us to split the covariant derivative into [4]

Du = lo)u + méua'ya'yg),

s . m (2.52)

Dy = Dy = i, L.
The spinor is split in the same way as before into a sum of terms e(z,y) = e(z) @ n(y),

which together with the splitting of the covariant derivative implies that the condition for

the supersymmetry transformation of the gravitino is

D,s(x) =0,

Dyn(y) = 0.

These are now the Killing spinor equations for the external and internal spaces, giving us
the maximal number of unbroken supersymmetries in each space [4]. In AdS spacetime
this is four. We will later discuss the round seven-sphere which allows for eight unbroken
symmetries and the squashed seven-sphere which has two solutions, one with A/ = 1 and
one with A/ = 0, depending on which orientation is used [4]. This orientation reversal will
be refered to as “skew-whiffing”.

The Killing spinor equation for the external space becomes

(2.53)

1 /) .m
Dpn(y) = (8m + fwm“bljab — Qmemafa> n=0 = V,n= zgemafan, (2.54)

where V,, is the covariant derivative with only the spin connection term. This gives us
the integrability condition
S 1
[Dma Dn]n =W, abFabT/ =0, (255)

_4 mn

12
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where W,,,,, % is the Weyl tensor [4]. These linear combinations of the Spin(7) generators
[y generate a subgroup of Spin(7) corresponding to the holonomy group, H, of the con-
nection in Eq.. This means that the maximal number of unbroken supersymmetries
is equal to the number of spinors left invariant by #H, which in turn is given by the number
of singlets in the decomposition of the 8 representation of Spin(7) under H [4].

2.2.2 The mass spectrum

We will now very roughly outline the derivation of the four-dimensional mass operators

found by Freund-Rubin compactification on an arbitrary My. This is done just to give

you an idea of the steps needed. A more detailed derivation is found in [4]. The idea is

to linearise the eleven-dimensional field equations around some arbitrary background, and

then find the mass matrix by substituting the linearised fields into the harmonic expansions

on My. The spectrum is then found by diagonalising the mass matrix for each field [4].
The fluctuations are defined by [4]

gunN(z,y) = gun(z,y) + hvun(z,y), (2.56)
Aynp(z,y) = Aynp(z,y) + apnp(e,y), (2.58)

with ﬁA{NPQ = 46[MANPQ]~ We will also write fynvpg = 48[MCLNPQ]~ The next step
is to put these expansions into the equations of motion and keep only terms up to linear
order. For example, Einstein’s equations turn into [4]

1. . 1o o
SRuN :§ALhMN +VuVihnp - §VMVthP

25 PQR L, = 5 PQR
:gF(M @ InypPor — ngN[NFPQRSfPQRS — Fy @ Fiy SQRhPS (2.59)
. .
- %hMNFPQRSFPQRS + §9MNFPQRSFT QRS PT.

Here we introduced the Lichnerowicz operator, Ap, acting on transverse, traceless, sym-
metric tensors through Arhy,, = —Ohpn — 2Rpmpngh?? + 2R(mphn)p. Next, we split all
indices into spacetime and internal indices, and use the Freund-Rubin ansatz. This gives
us a lot of equations. The (uv)-part of Einstein’s equations becomes (we can now drop the
o-notation)

Vb + 2V, VP, = VuVoh 4+ 2V (V™ — Vb, ™
2 poTE 2 2 (260)
= gmgwe Joore +24m g,whpp —24m~hy,,

and so on [4]. Since pure gauge modes are of no interest to us we will use a particular
gauge that simplifies a lot of things. This is

V" hmy = 0,
1
v hmn e mnhp =0,
( 79mnh’s) (2.61)
vWL@WLJ\TP = 07
Fm¢m(x>y> =0.

With this choice we can easily split all the fields into x and y dependent parts, e.g.,
b (2, y) = Py ()Y (y), hyn(z,y) = Bu(z)Yn(y), and so on [4]. Here Ym1---mp(f‘/) are

13
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transverse modes of the Hodge-de Rahm operator, A, discussed in more detail in Chapter
[l

Now, we simply (again, see [4] for details) expand all equations, using the known
qualities of the different modes, and match the results with the relevant mass terms in AdS.
The resulting mass operators are collected in Table [4]. The different superscripts label
different towers of states. The operators are independent of which topology used as the
compact manifold, and are therefore relevant for both the round seven-sphere in Chapter
and the squashed sphere of Chapter [7] In this thesis we will simply concern ourselves with
calculating the eigenvalues of the different differential operators, not the complete mass
spectrum, i.e., we skip all the constants appearing in the table. The differential operators
appearing in the table are all discussed in more detail in Chapter [

In their derivation Duff et al., [4], find that certain modes must be excluded from some
of the towers. This is, however, not something we need to care about since we are only
interested in finding the eigenvalues of the operators, but it is certainly important when
analysing the actual spectrum.

spin mass operator

2+ Ao

(3/2)1:(2) Dy +7Tm/2

1@ | Ay +12m? £ 6m(Ag + 4m?)1/?
1t AQ

(1/2)®-(1) lD1/2 —9m/2
(1/2)3)-(2) 3m/2 — D35

0+(1),(3) Ao + 44m? £ 12m(Ag + 9m?)'/?
0+ Ap —4m?

0—(1),(2) Q? + 6mQ + 8m?

Table 2.1: Mass operators for Freund-Rubin compactification on an arbitrary internal manifold.

2.2.3 Further demands on M-

In order to have massless Yang-Mills fields in the external space we need to demand that
M7 admits the existence of some Killing vector fields that generates the isometry group of
M7 []. The most obvious example would of course be a group manifold. The only group
manifold in seven dimensions that is also Einstein is the flat seven-torus, 77 = [S!]7, with
the isometry group U(1)” [4]. We will, however, not deal with this here but instead focus
on another type of manifolds admitting a group of motions. These are the homogeneuous
spaces corresponding to cosets G/H discussed in Chapter We will especially look at
the round seven-sphere SO(8)/SO(7) and the squashed seven-sphere %. Other
solutions are also possible [4].

2.3 Compactification on a (G5 manifold

A G5 manifold is a manifold that has as its holonomy group the exceptional Lie group Gs.
Whenever you compactify from eleven dimensions to My x M7 and want to have N =1
supersymmetry you will constrain My to have G5 holonomy. This means that there should
be one Go-covariantly constant Killing spinor, i.e.

Va,n =0. (2.62)

14
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In the Freund-Rubin solution this is exactly what we have. The Killing spinor equation is
Vo = i%l“an, (2.63)

when V is the covariant derivative of the tangent space group, SO(7), but we can make it
G4 covariant by introducing

Van = (Va - i%l“a) n = 0. (2.64)

As stated in Appendix [B] G4 is one of the five exceptional Lie groups. It has rank
2 and dimension 14. Tt is a subgroup of Spin(7) which is the covering group of SO(7).
The reason why we get N/ = 1 supersymmetry in G5 compactification is that the spinor
of Spin(7) decomposes as 8 = 7+ 1 under G2, and the singlet exactly corresponds to the
covariantly constant Killing spinor [I5], as per the discussion in Section [2.2.1]

A G5 manifold is characterised by a real, covariantly constant (with respect to the Go
covariant derivative), three-form, ¢qp.. This also has a dual four-form, usually denoted
Yabed = *Pape- The three-form defines a metric on M7 [17]

Det(g)

Jab = "314]

1 .
¢a0162¢b0304¢650607€C1 = *¢aclcz¢bC3c4w6102%C4' (265)
4!

If the Killing spinor is Majorana and well defined over the whole of M7 the three-form
can also be expressed as [17]
Gape = —10L ape- (266)

The three-form can be chosen as the structure constants of the octonions, ag., and we
will use the above relation in Appendix [D] to derive all possible contractions between agp.
and its dual four-form cgpeq. Since this identity holds for any three-form of a Go manifold
with a well-defined Majorana Killing spinor, the contraction identities found in Appendix
[D] will hold for any three-form characterising such a G2 manifold.
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Quantum gravity and the swampland

One of the big problems with string theory, in its present formulation, is that it does not
seem to single out our Universe as the only solution [7]. In fact it gives us an enormously
vast landscape of different possible theories, depending on, for example, how we compactify
the extra dimensions. This landscape is so huge that it almost seems like you could pick
any reasonable effective theory and find it in some limit of string theory. However, in
recent years several ideas on how to exclude seemingly consistent effective theories from
this landscape of possibilities have been proposed. It has been conjectured that there exists
an even vaster area of inconsistent theories called the swampland [§]. Vafa and others have
proposed a collection of specific conjectures concerning how to distinguish a consistent
theory from an inconsistent one.

Here we discuss some of the proposed criteria and show examples where they are upheld
in string theory and supergravity. We also discuss how one can apply them to the standard
model of particle physics in order to put constraints on neutrino masses. Several of these
conjectures have been used in other cases as well, resulting in some rather non-trivial
predictions [I8, 19]. It is therefore of great relevance to either prove or disprove these
conjectures, which is the motivation of this thesis, as discussed below.

Before turning to the conjectures of the swampland we briefly discuss gauge/gravity
duality, since this is needed for some of the later discussions.

3.1 Gauge/gravity duality

One of the most exciting areas to emerge from string theory in the last twenty years is the
gauge/gravity duality (sometimes referred to as the AdS/CFT duality) [20]. This describes
a correspondence between operators in a D-dimensional quantum field theory and local
fields in a (D + 1)-dimensional theory of gravity [2I]. The statement is that the field
theory lives on the boundary of the gravity theory, and this is therefore sometimes called
holography [22].

One can study a system of IV coincident D3-branes in type IIB string theory and take
different limits of the 't Hooft coupling A = 4wgs N, where g5 is the string coupling and N
is held fixed (and large). In the limit A > 1 the branes will collapse into a black brane (the
generalisation of a black hole), and one can find that the near horizon limit is described by
AdSs x S% [22]. In the other limit, A < 1, one instead finds that the low-energy excitations
corresponds to SU(N) gauge fields that realise a four-dimensional conformal field theory
called N' = 4 super-Yang-Mills [22]. We then have two different theories in the opposite
limits, and the conjecture is that these are equivalent [20].

The duality has not yet been proven, but it has been succesfully tested in a lot of
different cases, and no counterexamples have been found. The gauge/gravity duality is
therefore strongly believed to be true [22].

One very useful thing about the correspondence is that it relates strongly coupled
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systems in one limit to weakly coupled systems in the other limit [22]. So instead of doing
difficult calculations in a strongly coupled field theory we can go over to the weakly coupled
gravity theory, and vice versa. This allows us to perform calculations that previously were
thought to be nearly impossible.

The idea that a gravity theory has a dual field theory picture will be of great use to us
when we discuss the conjectures regarding the string landscape and the swampland.

3.2 The Weak Gravity Conjecture

The most important conjecture for this thesis is the Weak Gravity Conjecture (WGC).
The simplest version of the WGC can be stated roughly as follows: Given a quantum field
theory coupled to gravity there must exist some object with an elementary gauge charge,
where the corresponding repulsive force is greater than the attractive force of gravity [10].

In a U(1) gauge theory coupled to gravity we can consider two objects with mass m

and minimal equal charge ¢ placed a distance r from each other. The repulsive electric
2
q

force on the two objects will be Fp ~ ;. The attractive force due to gravity is given by
Fy ~ % ~ MZL’TQ, where Mp; is the Planck mass, and G Newton’s constant. Now, the
Pl

WGC claims that F; < F which implies that the lightest state in the spectrum satisfies

m
My S (3.1)

There are several motivations for the WGC. One is that it certainly is true in our
Universe, the gravitational force being by far the weakest of the four fundamental forces
of Nature. Another argument is that it seems to always be true in string theory, our only
known UV consistent theory able to couple a quantum field theory to gravity [10].

As an example we can study the spectrum of heterotic string theory. The heterotic
string is constructed by combining bosonic degrees of freedom in one direction with super-
symmetric degrees of freedom in the other direction. We will use the convention that the
left-movers are bosonic and the right-movers supersymmetric. The bosonic string lives in
26 dimensions and the superstring in 10, so in order to combine these one must compactify
the extra 16 dimensions in some way. This should be done on some even and self-dual
lattice [23]. These conditions on the lattice arise at the one-loop level. There are only
two even and self-dual lattices of dimension 16, namely the weight lattices of Eg x Eg and
Spin(32)/Zsy. This gives us two possible heterotic theories, and we call them the Eg x Fg
and the SO(32) heterotic strings. However, this distinction is only available in ten dimen-
sions; once we compactify a number of dimensions the two theories will share the same
moduli space [15].

When compactifying the heterotic string on the d-dimensional torus T¢ we get a
U(1)'6+24 gauge symmetry, whose charges make up an even self-dual lattice, i.e. (pr,pRr) €
['16+dd  This is so because we need to compactify 16 + d of the left-moving dimensions
and d of the right-moving ones [15].

The mass spectra of the heterotic string is given by

L = lp% +Np—1= lp% + Ng, (3.2)
2 2 2
where Ny, and Npg are the oscillator contribution for the left- and right-movers, respectively
[15]. We are interested in the lowest mass states for a given set of charges. By writing
%(pZL —p%) = Ng— N +1, we see that if we put N, = Ng = 0 we must have p2 —p% = 2.
On the other hand, if p% —p%z < 2 we can have Ng = 0 but Ny, must be non-zero. This state
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has %M 2 — %p%, and is a so called BPS state. These are massive short representations
of extended supersymmetry algebras, where the mass equals the central charge (for more
information on extended supersymmetry, and its representations, see Appendix . The
BPS state saturates the WGC bound. If instead p% — p% > 2 we can put Ny = 0 which
gives us %MQ = %p% — 1. This is not a BPS state. It obeys the strict inequality M? < p%.
So we see that the heterotic string gives us some examples of the WGC being valid.

We can also motivate the conjecture by considering an electrically charged black hole
with mass M and charge Q. The action of such an object in four dimensions is

|
5_ /d{%ﬁ_g <2i _ 4FWF‘“’) . (3.3)

The most general static and spherically symmetric solution is the Reissner-Nordstrom
metric

ds® = —=Adt* + A7 dr? +r7dQ?, (3.4)

where A =1 — 24 4 7,—22, and we use units where G = 1 [15]. The event horizon of this

black hole is at 7y = M £/ M? — Q?, and we see that it can only be present for M > |Q)|.
If M < |Q| we get a so called naked singularity. These are, however, forbidden by the
cosmic censorship hypothesis [15].

In particular, an extremal black hole is a black hole saturating the Reissner-Nordstrém
bound, i.e., with M = |Q|. We know that all (non-BPS) black holes should be allowed to
send out Hawking radiation. But, if the WGC is incorrect we have m > ¢ for all states in
the spectrum. This means that when the black hole radiates a particle it will afterwards
have M' < |@'], violating the extremality bound. The only solution is for the WGC to
hold with at least one type of particle in the spectrum satisfying Eq..

The WGC was first introduced by Arkani-Hamed et al. in [I0], and there they also
give a generalisation of the conjecture to include more general types of charged objects.
As an example, consider a p-form Abelian gauge field in D dimensions. Then there must
exist electrically and magnetically charged objects of D — 1 and D — p — 1 dimensions
respectively. According to the generalised conjecture these then have tensions satisfying

2\ 2 L\ 2
T.< (% Tow<(—) |, .
<(5) - () )

where ¢ is the coupling constant having dimension m?*'=P/2 [I]. The bounds are satu-
rated by BPS states but are strict for other types of objects. This fact, together with the
case of the heterotic string, motivates a small sharpening of the WGC that we will discuss
next.

3.3 A sharpened WGC, and AdS instability

Ooguri and Vafa, [I1], have proposed a sharpening of the WGC allowing the inequality of
Eq. to be saturated if and only if the underlying theory is supersymmetric and the
states saturating the bound are BPS states.

One motivation for the sharpened conjecture comes from considering extremal black
holes, again. If we allow these black holes to emit particles at the bound small perturbations
could easily tip the scale in the wrong direction, and the black hole would thus violate
the WGC. In this case we must have a good reason for why this does not happen. In the
supersymmetric case the BPS states do not allow for these fluctuations and instead provide
us with a robustness of the conjecture [I1].
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19 CHAPTER 3. QUANTUM GRAVITY AND THE SWAMPLAND

The sharpened conjecture is further motivated by the cases we have already seen, e.g.
the heterotic string, and the charged branes discussed in the previous section. In connection
to those two cases it has been shown that string corrections to the mass/charge ratio of
extremal black holes also aligns with the sharpened conjecture [24]. The idea is that if the
mass/charge ratio of the extremal black hole is exact it would yield an infinite number of
exactly stable particles, which seems highly improbable.

Kats et al., [24], study the higher derivative corrections, such as, e.g., R? or F* terms,
to the action of the non-supersymmetric charged black holes arising when compactifying
the heterotic string on a d-dimensional torus. When discarding the contribution from the
dilaton field this gives a (10— d)-dimensional Reissner-Nordstréom black hole charged under
the U(1) gauge field of the heterotic string (either SO(32) or Eg x Eg). They find that the
leading order corrections are of the form M = |Q|(1 — &(Q)), with e(Q) > 0 [24].

When the dilaton field is included it does not give a Reissner-Nordstrém black hole but
something called a GHS black hole (for Garfinkle, Horowitz and Strominger) [25]. This is

defined by
oM oM\ ! Q%2
2 _ (4 _ 2 _ 2 _ 2
ds® = <1 R)dt +<1 7“) dr —i—'r<r i )dQ, (3.6)
where 2 o
- 0
720 = =200 <1 - Qe ZTJT ) , (3.7)

and ¢y is the limit of ¢ at infinity [24]. This has a dilatonic type charge D = —Q?/M which
for an extremal black hole is D = —M. Kats et al. find that the corrections to this charge
is given by D ~ —|Q|(1 — o//Q?), and to the mass/charge ratio by M ~ |Q|(1 — o//Q?).
This means that the net force between two particles of mass M, with dilatonic charge D
and U(1) gauge charge @, F' ~ W, will be repulsive. This is in agreement with
the sharpened WGC [24].

The proposed sharpening of the WGC may seem like an innocent modification, but,
as we will now see, it comes with an important consequence for AdS vacua supported by
fluxes.

Let us consider an AdS vacuum supported by a flux, i.e. with a (p+ 1)-form gauge po-
tential with field strength along AdS given by Fi, . 4,,, ~ €i;..4,,,. A good example of such
an AdS vacuum is the one appearing in the Freund-Rubin compactification of 11D super-
gravity discussed in the previous chapter. It has been shown that a non-supersymmetric
AdS space of this type is unstable if there is a p-brane charged with respect to the flux
with charge smaller than tension [26]. This is due to the fact that a spherical brane can be
created that expands to the AdS boundary in finite time, since the repulsive force of the
charge will win over the tension. This reduces the flux, implying that the vacuum is unsta-
ble. It could however be a slow expansion and the system could possibly be quasi-stable
[26]. The sharpened WGC states that these branes must be present, and a corollary of the
sharpened version is therefore that non-supersymmetric AdS vacua supported by fluxes
must be unstable [I1]. This is a rather remarkable result from such a simple conjecture,
giving us strict constraints on what we can expect from a consistent theory of quantum
gravity. It is therefore imperative that the sharpened WGC is tested and either proven or
falsified, which is the motivation for this thesis.

In the holographic dual picture the situation gets even worse. Due to gravitational time
delay the lifetime will get shorter and shorter as we move closer to the horizon, eventually
becoming instantaneous in the near horizon limit. This implies that the dual field theory
could not even be meta-stable [I1].
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3.3.1 Compactifying the SM and constraining neutrino masses

As an example of the large footprint the sharpened conjecture leaves we can study the
Standard Model (SM). Arkani-Hamed et al., [27], has shown that compactifying the SM
plus gravity to two or three dimensions results in a rich landscape of possible vacua.

We will compactify the SM on a circle (compare with Section . This produces a
reduced action of the gravitational sector

1 2
ML) , (3.8)

1R , s (OR\? 1Ay
~ g VeV = My (n) TR

Sgr — /dgx,/—g(3)27rr

where R is the Ricci scalar, V,, the field strength of the graviphoton, A the cosmological
constant, M is the reduced Planck mass, R the radion field and r is a scale parameter
proportional to the expectation value of R [27]. Parenthesised indices indicate which
dimension the quantity belongs to, for instance, A4y is the four-dimensional cosmological
constant.

Because of the 4D cosmological constant term in Eq. the classical potential will
grow quickly when we make the circle smaller, but since the cosmological constant is so
small the quantum effects become important. At one-loop level the corrections comes from
the Casimir energy [27]. For a particle of mass m the contribution is of the form e=27mR
when R > 1/m [27]. Thus, for any R, the only relevant particles are those with m < 1/R,
since the others are exponentially suppressed. They contribute ~ F=50— % to the effective
potential of a massless state, where F are for bosons/fermions (with periodic boundary
conditions), and ng is the number of degrees of freedom [27]. In the standard model we
only have two massless particles, namely the graviton and the photon, each having two
bosonic degrees of freedom. The effective potential is then

27T7"3A(4) 47‘3
VIR) = =5 ~ Soro°

(3.9)

Comparing the two terms we see that for large radii the classical part wins and the vacua
will expand, while for small radii the quantum effects take over and the compact dimension
shrinks. This gives us a maximum at

1 1/4
mar = | Tan_9Ar ~ 2 ) 1
R <1207r2A(4)> Opm (3.10)

using the current experimental value of Ay [27]. The associated mass scale is then m =
m ~ 1073eV, close to the neutrino mass scale around 1072 — 10~ teV [13].

When we start from a radius smaller than R, the dimension will shrink. However,
when we reach a level where the inverse radius is comparable to the mass of the lightest
particles in the spectra their contribution must also be accounted for. In the SM the lightest
particles are the neutrinos, which according to the above will contribute to the potential

with a different sign, since they are fermions. The potential will now look something like

27TT3A(4) B 4r3 .
R2 720mRE

1=Ve,Vy,Vr

V(R) =

3 LTS@(R-—R) (3.11)
7207 RS ! ’ '

with © being a step function and R; = 1/m,, [13]. Every neutrino has two degrees of
freedom if they are Majorana and four if they are Dirac. We now see that, depending on
the masses of the neutrinos, we could also get a minimum for the potential.
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At the moment we do not know the masses of the neutrinos, but they are constrained
by measurements on solar and atmospheric oscillations [13]. From these measurements
we only know the difference in mass (squared) between the neutrinos. If we denote this
difference between neutrino ¢ and j as Amfj the experimental values are

Am3, = (7.5340.18) x 10~ °eV?,
Am2, = (2.44 4 0.06) x 1073eV?, for normal hierachy (NH), (3.12)
Am3, = (2.51 4 0.06) x 107%eV?, for inverted hierachy (IH),

where normal hierachy means that m,, < m,, < m,, and inverted means m,, < m,, <
my, [13]. We do not know which ordering is the correct one. From NH we now find

My, = 8.6 x 1073eV,  m,, ~4.9 x 1072V, (3.13)
where vy can be arbitrarily light, and IH implies
My, &My, ~ 4.9 x 10726V, (3.14)

with v3 being arbitrarily light [I3]. Using these experimental values one finds that for
Majorana neutrinos the minima will always be present, independent of the mass of the
lightest neutrino. This means that we have a new SM vacuum with negative potential, i.e.
we have AdS; x St [27]. If the neutrinos instead are Dirac one finds that the vacua can be
either dS, AdS or Minkowski [27]. Ibanez et al., [I3], found that the bounds of the lightest
neutrino are the ones given in Table 3.0]

NH IH
Minkowski m,, < 6.7TmeV my, < 2.1meV
de Sitter 6.7meV < m,, < 7.7TmeV | 2.1meV < m,, < 2.56meV
anti-de Sitter 7.TmeV < my, 2.56meV < m,,

Table 3.1: Mass ranges of lightest neutrinos for different vacua configurations according to [I3].

Since the SM is non-supersymmetric, this will also be true of these vacua. The sharp-
ened WGC then tells us that if the AdS vacua are stable the underlying effective theory,
i.e. the four-dimensional SM, will belong to the swampland, and hence lack a consistent
UV completion. We thus see that Majorana neutrinos in the minimal SM is contradicted
by the WGC, and that the mass of the lightest Dirac neutrino is heavily constrained.

It could also be interesting to study the effect of the uncertainties in the value of the
cosmological constant. From Eq. we see that the minimum is highly dependent on
the values of Ay). Ibafiez et al., [13], found that in order to avoid AdS vacua, when using
Majorana neutrinos, the cosmological constant would need to be much larger than the
present experimental values. For the Dirac case, however, they found a lower bound on
A(4). This is very interesting since it is probably the only known example of a theory not
involving dark energy yielding a non-vanishing value of the cosmological constant [13]. By
plugging in the present experimental value they also found a lowest bound on the lightest
Dirac neutrino in order to avoid the AdS vacuum. This bound is m,, > 7.7 x 10~3eV for
NH and m,, > 2.56 x 10~3eV for IH [13]. This would then mean that the WGC predicts
the neutrinos of the standard model to be massive Dirac fermions.

One could also wonder what would happen if we went beyond the standard model,
and perhaps included some extra fermions. Ibanez et al. show that adding one or two
light Weyl fermions to the SM makes it possible to avoid the AdS vacuum even if one
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considers Majorana neutrinos [13]. If we add two Weyl fermions to the SM the bounds on
the Majorana neutrinos even reaches a level measureable through neutrinoless double beta
decay. The same result is found by adding an extra Dirac fermion or gravitino [I3]. It is
also possible to add other types of particles, like axions, to the SM. This leads to a large
number of different bounds on the mass ranges of the neutrinos in order to avoid the AdS
vacua. As an example of the results we collect the bounds connected to normal hierarchy
in Table for inverse hierarchy a lower bound on the axion mass is also found. An
equivalent analysis is done for the compactification of the SM on a two-torus, with similar
results. The complete results are collected in Table 5 of [13].

Model Majorana (NH) Dirac (NH)
SM no my,, <7.7x 1073
SM + Weyl | m,, <09 x1072 [ m,, < 1.5 x 1072
my < 1.2 x 1072

SM + Dirac mp <2 x 1072 yes
SM + 1 axion no my, <7.7x1073
> 2 axions yes yes

Table 3.2: Bounds for lightest neutrino masses, in eV, to avoid an AdS vacuum for different models [I3].
A yes (no) implicates that we always (never) avoid the vacuum.

The above discussion has shown us that the WGC can be used to make predictions
regarding the masses of the neutrinos of the SM as well as the possible addition of some
BSM physics. Some additions even lead to measurable values of the masses. Such a
prediction has long been awaited by the string theory community, and it is therefore of
great importance to either prove or disprove this conjecture.

3.4 Instability of the squashed sphere

It has been shown that the squashed seven-sphere allows for two different AdS vacua, one
with N/ = 1 supersymmetry and one with N' =0 [4]. The two solutions are related by the
so called “skew-whiffing” which means that the orientation of the sphere is reversed [4].

Duff et al., [4], also show that both these solutions satisfy the Breitenlohner-Freedman
stability criteria, which is the AdS analogue of the positive mass criteria in Minkowski
space.

However, if the sharpened WGC is correct we should have no stable non-supersymmetric
AdS vacua. So how does this align with the above statement? Well, fortunately there are
other ways that a non-supersymmetric solution can be rendered unstable.

One possibility is that the answer lies in perturbative effects, in coupling constant
space, due to massless global singlet marginal operators (GSMOs). Marginal operators are
operators of the same dimension as spacetime. Global singlet marginal operators are then
marginal operators that are invariant (singlets) under the available gauge symmetries [28].

The argument uses that a supergravity solution, AdS,; x Mz, is dual to a conformal
field theory in the large N limit, through gauge/gravity duality [20]. There could then
be some 1/N corrections to the beta functions of the dual field theory which could lead
to tadpoles on the gravity side, effectively shifting the true vacuum of the supergravity
theory [29]. The kind of operators that could be vulnerable to these corrections are just
the massless GSMOs [29].

The beta function for a coupling constant, g, connected to a certain operator can be
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expanded in the 1/N perturbation as

ﬁ:ﬁ(g—g*)+g+..., (3.15)
N

for some constant a, and kK = § — D, where § is the dimension of the operator and D
is the dimension of spacetime [28]. The fixed point at N — oo is given by g = g.. For
non-marginal operators we have x # 0 and the beta function has a zero at g — g« = — 7,
so the effect is just to shift the fixed point. But, when we have marginal operators there is
no zero and the conformal fixed point is removed. This would then cause the theory to flow
towards some far away point in coupling constant space. The dual theory will therefore
not exist for large but finite N, but only in the N — oo limit [28].

Murugan, [28|, argues that, for N' = 2 supersymmetry, all non-supersymmetric solu-
tions due to skew-whiffing should contain at least one such GSMO. This is due to the fact
that all supergravity compactifications of the form AdSy x My has an AdS,; massless gauge
multiplet transforming in the adjoint representation of the symmetry group of My. The
dual field theory must then also contain such a multiplet, corresponding to the supersym-
metric completion of the conserved global vector currents of the symmetry group. This
multiplet is conserved under skew-whiffing since it only depends on the global symmetry
group of the field theory. The scalars, m and S, of this multiplet for A" = 2, could then be
used to form a condensate

O ~ Tr(nS), (3.16)

which is thus a GSMO of the theory. This could then lead to the vacuum being unstable
[28]. The problem is that for A/ = 1, which we are interested in, the gauge multiplet does
not contain the scalars. It should still be possible to create similar condensates but it is
unclear exactly where they should appear. With this thesis we therefore aim to study the
mass spectra of the squashed sphere. If we could find the complete spectra we could use
it to look for the corresponding condensates of Murugan, and thus either strengthen the
WGC or perhaps disprove it.

Another possibility is that the instability is due to non-perturbative effects related
to Witten’s bubble of nothing [30]. Witten showed that an Rg x S! geometry admits a
solution where a bubble of nothing can nucleate and expand until it takes over the whole of
spacetime [30]. Further investigations have also been able to show that the same thing can
happen in AdS geometries [28]. It is in general, however, very complicated to see if these
bubbles can be constructed. One needs to know a whole lot more about the theory. Many
geometries have been shown to allow these bubble solutions and at the moment there are
no indications that the squashed seven-sphere should be an exception.

3.5 Moduli spaces and the swampland

In Chapter 2] we briefly discussed the moduli space of compactifying string theory on the
k-dimensional torus. The moduli space is of course a more general concept than this. It
describes the set of parameters that defines a certain solution of a theory. This could
be something as abstract as the eccentricity of an ellipse, or it could be something more
concrete as the free parameters of the standard model. The idea is that a transformation
in the moduli space corresponds to changing the specific solution, but not the theory, you
are looking at. For example you can move around in the moduli space of the ellipse and
get ellipses of different eccentricity but all of them will still be ellipses. The same thing
happens in compactification of string theory, you can change the vacuum by changing the
value of the scalar fields, but we still consider it the same theory (please note that some
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authors have another interpretation of the word theory, interchanging it with what we call
a specific solution of a theory).

In an article by Ooguri & Vafa, [9], they propose five conjectures regarding the moduli
space of a consistent quantum field theory coupled to gravity. We will briefly discuss them
here and then look at an example where they are satisfied, namely type I1IB supergravity.

As we saw in Chapter [2] toroidal compactification of string theory led to the moduli
space being parameterised by massless scalar fields. In string theory this is always the
case, i.e. there are no free parameters in string theory [I5]. But we could very well
imagine that it is possible to construct a consistent theory of quantum gravity where there
are fixed coupling constants that does not depend on scalar fields. The values of these
constants would then also be part of the parameterisation of the moduli space. However,
Ooguri & Vafa’s first conjecture forbids these imagined theories. The moduli space, M,
of a consistent theory of quantum gravity is conjectured to be parameterised solely by
the inequivalent expectation values of massless scalar fields [9]. This is something that
of course already is at the core of string theory, and since no other consistent theories of
quantum gravity are available at the moment we leave the discussion at that.

A natural metric for the moduli space is now given by the kinetic term of the available
scalar fields [14]. We thus write

ds® = gij(¢)de'de’, (3.17)

for some massless scalars ¢;, we will see an explicit example of this below. The second
conjecture now concerns distances in the moduli space. The shortest geodesic between two
points in the moduli space is conjectured to be able to take arbitrarily large values. lL.e., for
a fixed point pg € M one can always find another point p € M such that d(p,po) > T for
any positive T'. In other words, the moduli space must be non-compact [9]. This conjecture
is true in all known examples of string theory [9]. Connected to this is the third conjecture:
The theory in the limit 7" = d(p, po) — oo, for some fixed point pg, will have an infinite
tower of light states, compared to the theory at pg, with mass decreasing as m ~ e~ for
some o > 0 [9].

The third conjecture implies that low energy effective theories defined in a specific point
of the moduli space can only be related to other effective theories defined by neighbouring
points, or, put in another way, the low energy effective description will break down when
we move too far in the moduli space [12].

If we take some effective field theory and compactify it on a circle the theory will have
the radius of the circle, R, as its moduli. The metric of the moduli space will therefore be

ds* = (f)é (3.18)

The distance between a fixed point Ry and some other point R is then given by

R
R _ log R — log Ro. (3.19)
Ro R
We directly see that the second conjecture is satisfied, since we are able to always find
an R that gives an arbitrary size to this distance. In particular, if we take the limit of
R — oo we see that we get light Kaluza-Klein states, since m ~ % But we also have
T ~logR = m ~ e T, which aligns with the third conjecture.
If we instead take the limit R — 0 we should again expect some light states, since
lim f;; 0 % diverges. The states can, however, not be particle states, since these are given
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by Kaluza-Klein modes which are highly massive in this limit. So the only option is that
these states are some extended objects (e.g. strings or branes) that wrap around the circle.
Conjecture three thus has the remarkable corollary that a consistent theory of quantum
gravity must include extended objects capable of wrapping a compact dimension [12].

The fourth conjecture states that the curvature of the moduli space is strictly negative
near the points at infinity (if the dimension is larger than one) [9]. This is given by the
fact that there are points infinitely far away while the volume of the space is finite.

The final conjecture is the statement that the moduli space should be simply-connected
[I1]. In all known examples from string theory the moduli space is found by the quotient

M =TT, (3.20)

where 7 is some simply-connected space (often a so called Teichmiiller space), and I' is
some group action on 7 [9]. For example, the space O(d,d;R)/[O(d,R) x O(d,R)] of
toroidal compactification is a Teichmiiller space, while the T-duality symmetry O(d, d; Z)
is a group action on it, implying that the moduli space of toroidal compactification is of the
above type [14]. Further, all known I"’s in string theory are generated by group elements,
gi, having fixed points. These fixed points are then gauge symmetries of M. We could
equally well consider the whole of T" as a broken gauge symmetry of M [9].

If every element of I' can be decomposed to elements with fixed points this implies that
M is simply-connected, since all loops v C M can be identified with an element in I' of
the form [] ¢;, implying that every segment of the loop can be contracted to a point [9].

We now turn to an example that includes all of these conjectures, type IIB supergravity
in ten dimensions. This theory has two scalar fields, namely the dilaton, ¢, and the axion,
X. The corresponding kinetic term in the Lagrangian is given by [31]

1
Liin =~ (ama% + e%aﬂxaux) . (3.21)

By introducing the variable A = x + ie~?, and thus combining the two real scalar fields
into one complex, we can rewrite the Lagrangian as

O AOF \*
=2 22
This means that the metric of the moduli space can be expressed as
dAd\*
ds? = 2222 3.23
o7 Im)? (3:23)

The geodesic distance from a fixed point A\g € M to another point A € M is given by
T ~ log (Im\) — log (ImXg) . (3.24)

This is of course divergent, and when we take the A — oo limit we see that there are light
states with mass ~ e~7. So that conjectures two and three are upheld [9].
It is easy to show that the line element is invariant under the transformations

A—=A+1, A— —1/A, (3.25)

generating the group SL(2,7). In fact, it can be shown that the full moduli space can be
described as the coset space [31]

M =g[(2, Z)\SL(Q’ 1R)/50(2)- (3.26)
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By integrating the line element over the fundamental region of this coset space one can
see that the volume of the moduli space is finite [I5]. But, at the same time it allows
for infinite distances. This must mean that the metric has a constant negative curvature,
which in turn means that conjecture four is satisfied.

Because both A - A+ 1 and A — —1/X have fix points in the fundamental region of
SL(2,7) the moduli space must be simply connected. This means that the last conjecture
is also true for this case. And thus, all the conjecture are true for type IIB supergravity
[9].

Ooguri & Vafa, [9], give a few more examples, and also discuss some counter examples
when a quantum field theory is decoupled from gravity. This means that these conjectures
need only be true in a theory of quantum gravity.

3.6 Symmetries in quantum gravity

Another criteria for the swampland is that we can not have any global symmetries in a
consistent theory of quantum gravity. This can be motivated from a number of different
directions, for instance, by studying C, P and T violation in particle physics or inflation
and baryon number non-conservation. We will only give one argument using our beloved
black holes. The interested reader is referred to Witten’s discussion on the matter in [32].

Consider a particle charged under some global symmetry of the theory. This could
for example be lepton or baryon number conservation. If this particle gets eaten by a
black hole any information of the symmetry is lost to us, due to the no-hair theorem.
Even when the black hole evaporate due to Hawking radiation we still do not get the
information back. This implies that black hole formation and evaporation does not conserve
global symmetries. On the other hand, gauge symmetries such as electric charge are
conserved by black holes. Since, for instance, an electrically charged black hole will radiate
away electrically charged particles. This implies that a theory combining quantum theory
and gravity should only have gauge symmetries as its fundamental symmetries, no global
symmetries [32].

String theory once again gives us further motivation for this criteria, since all symme-
tries appearing in string theory are either local or approximate [32].

The criteria of only having local symmetries is connected to the WGC by the following
argument. When we take the limit ¢ — 0, for the coupling of some gauge symmetry, the
local symmetry will effectively become global. There must therefore be something that
stops this limit from being taken smoothly. The answer is given by the WGC.

The conjecture states that we have some light charged particle with

me < geMpy, (327)

and the same should hold for a magnetic monopole, with the inverse coupling. The mass of
these monopoles should also be proportional to the energy stored in their magnetic fields,
which is linearly divergent [10]. The effective theory must then break down at a scale given
by

A < geMpy. (3.28)

So that when the gauge coupling goes to zero the cut off also goes to zero, stopping the
limit from being taken smoothly [10].

We now leave the discussion of the string landscape and the swampland. The next
chapter will provide us with some of the mathematical tools needed to decypher the mass
spectra of the squashed seven-sphere.
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Geometry of coset spaces

We now discuss some connections between group theory and geometry. In particular,
two important equations are derived. The first describes how to find the eigenvalues of a
covariant derivative acting on some harmonic function on a coset space, this is our so called
master equation . The second formula connects the Riemann tensor of a coset space
with the corresponding structure constants, Eq.. The chapter ends by a discussion
about the differential operators appearing in the mass operators of Table

4.1 Lie groups acting on manifolds

For a physicist it is natural to think of a Lie group as the set of transformations acting
on a certain manifold. For instance, in quantum mechanics we have the rotations in R3
represented by the group SO(3), the Poincaré group acting on Minkowski spacetime, and
so on. In this chapter we will expand this notion to more general situations. We will study
a Lie group, GG, a manifold, M, and the differentiable mapping o : G x M — M satisfying

1) o(e,m)=m for any m € M, and e being the identity element

2) o(g1,0(g2,m)) = o(g192, m). (4.1)

Moreover, the action is said to be transitive if, for any mq, mo € M, there exists an element
g € G such that o(g,m1) = me, i.e. that every point on the manifold can be reached from
every other point on the manifold [33].

We also define the isotropy group of m € M as the subgroup of G satisfying

H(m)={g € Glo(g,m) = m}. (4.2)

Sometimes H is also called the stabiliser or little group of m, and it is a Lie subgroup
of G [33]. The isotropy group can be thought of as the group that fixes a point on the
manifold. For example, if we stand at the north pole of a two-sphere we can rotate around
the polar axis without changing our position. The two-sphere therefore has U(1) as its
isotropy group.

The tangent space group of an n-dimensional Riemannian manifold is always SO(n).
This is the group of frame rotations that leaves the metric invariant. The isotropy group
is always a subgroup of the tangent space group [4].

Now, for any subgroup, H, of G we can construct the coset space G/H which will be
a manifold called a homogeneous space, with dim(G/H) = dimG — dimH. Especially, if G
acts transitively on the manifold M and H(m) is the isotropy group of m, then G/H (m)
is a homogeneous space homeomorphic to M [33]. In this context G is usually referred to
as the isometry group of M. Note that some extra care may be needed if the groups are
non-compact.
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A good example of a coset space is the two-sphere, S2. The group that acts transitively
on S% is SO(3) and the isotropy group is SO(2). This means that one can express the
two-sphere as the coset space

SO(3)/50(2) = S (4.3)
This is generalised to higher dimensions by [33]

SO(n+1)/S0(n) = S™. (4.4)

That this is true can be proven by Hopf fibration, but we will not go through this here.

It is important to note that the coset G/H is only a group if H is a normal subgroup of
G. For instance, this is not the case for SO(2) in SO(3) so that S? is not a group manifold.
The same holds for S™ in general. However, in the special case of S3 = SO(4)/SO(3) we
have a group structure, which is also expected since S? is isomorphic to SU(2) [33].

A certain manifold can often be described by several different cosets. For example
SO(8), Spin(T), SU(4) and Sp(2) all act transitively on S” and they have the corresponding
isotropy groups SO(7), G2, SU(3) and Sp(1). This means that we can express S” by [4]

SO(8) Spin(7) SU(4) or Sp(2)

SO(T) ~ G.  SUB)Y ' Spa) (+5)

There may be several different ways in which to embed the subgroup, H, in G, this could
then lead to different topologies [4].

4.2 A master equation

We will now study the eigenvalues of differential operators acting on the harmonic functions
living on a coset manifold. These transform as irreducible representations of the isometry
group (G). This will lead us to a master equation, Eq.7 that is used many times
throughout the thesis. The derivation closely follows the ones given in [4] and [34]. In
order to find a general expression independent of which representation we are in at the
moment we will suppress the indices of the tensors or spinors as well as the tangent space
indices which characterise the irreducible representation.

Consider a Lie group, G, and its subgroup H. The complement will be denoted K,
so that G = H x K. We only study reductive groups where [H, K] C K, since all known
coset space compactifications of eleven-dimensional supergravity are of this type [4]. One
can note that demanding reductivity is the same thing as saying that H is the isotropy
group of the coset space. If G is symmetric, as is the case for ordinary spheres S™ =
SO(n+1)/S0O(n), we will also have [K, K| C H [34].

The indices M, N, ... will run over all generators of G, a, b, c,... will be flat indices in
G/H, m,n,p,... curved indices in G/H and i,7j,... are indices in H. The complete set
of generators on G will hence be denoted Th; and they split into two types, namely the
generators of H, T;, and the generators of K, Tj,.

We denote coordinates on G/H by 3™ and we can associate a unique element in G,
Ly, with every point y™ through

L,=ev"Te (4.6)

where y* = e,,%y"™, and e,,* are the components of the vielbein on G/H [34]. In other

words, L, is the element in G that represents the coset G/H. This implies that, with
g € G, we have left translation, defined by

a

gLy = Lyh, (4.7)
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where L,/ is a new point and h € H, both uniquely defined by the action of g. We want to
find an expression for the one-form L, YarL, = eMTy in the algebra of G, and we do this
by defining the connection on H, Q = Q, ‘dy™, through

Ly'dLy = T, + Q'T; < 0L, = —(e,,°Ta + 2,/ T3) L, ", (4.8)

were we have used that 0 = d(L,'Ly,) = (dL,')L, + L, dL,, and * = e,,*dy™.
Using the relevant representation of L, 1 we can obtain any given harmonic Y, which
means that we equally well can write

OmY = —(e,,°T, + Q,,'T})Y. (4.9)
The fact that d> = 0 gives us
d(Ly_ldLy) = (dLy_l)(dLy) = (dL;l)LyLy_l(dLy) = ((dLy_l)Ly)(LljldLy). (4.10)

We thus see that w = L;ldLy satisfies the Maurer-Cartan equation dw + w? = 0, since, as
we saw before, (dL;l)Ly = —L;ldLy. This implies that

dw = d(eT,) + d(Q'T};) = —w?. (4.11)
Considering only reductive algebras we have
(T, + QT;)? = e AT, Ty + QA QD TTy + 29T, A €T,

1 1 . ) .
= —e* NePf T, + SN O £ T +Q A e £, °T,

2 2 (4.12)
=0
_ 1 b c a 7 br a
= 5€ Nefp Ty + 0 Ne’ f,T,.
If we now project out the coefficent of T, in Eq.(4.11)) and use the above result we get
1 .
de® = —er A€l fr — QN f o (4.13)
The spin connection is defined to be torsionless, de® = —w® A e?. Comparing this to the
above expression we find
i 1
wmab = 7meiab - iecmfcab' (414)

Since G is a reductive algebra and 7; are the generators of the Lie algebra of H we can
fix the embedding of H in the tangent space group by writing

Ty = —£,%%,,, (4.15)

where 3 are the generators of the tangent space group, SO(n), [4].
Plugging all of the above results into the definition of a covariant derivative acting on
a harmonic Y we have

. . 1
VY = 0,Y 4w, Y = [— (e%Ta + Q)T ) - <mefj o 4 §efn f;l”) zab] Y
:_Qénfibczbc

= —e,,*T,Y — 5emc £,
(4.16)
This is our so called master equation. To underline the importance of this in the work to

come we state the final result one more time
1
VY + Zepn fe YuY = —e,,°T,Y. (4.17)

We will use this equation when deriving the mass spectra of both the round and the
squashed seven-spheres.
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4.3 The curvature

In this section we build on the above results to find a formula for the Riemann tensor ex-
pressed solely in the structure constants of G and some vielbeins, Eq.. The derivation
follows that of [34] and [35].

Without loss of generality we can assume the Killing form to be block diagonal, so that
KMN = fMRSfNSR =0for M € Hand N € K.

As we saw in Eqs.(4.13) and the vielbein and H connection satisfy

a[men}a + fbcaembenc + fibaQ[miﬁn}b = 0, (418)
O + Fi' 0 0+ fupen e, = 0. (4.19)

A connection, w,,” (y), defining parallel transport on the manifold is called #nwvariant
if it also commutes with all group elements. One can construct the most general form of
an invariant connection by writing

wmbc (y) = Qmifz’cb + emawabc(o)‘ (420)

Here w,”.(0) is an arbitrary invariant tensor in the adjoint representation of H, restricted
to the coset [35]. One such set of tensors are the structure constants, which means that we
can choose w,’ (0) = 3 f,.”. This will give us the same expression as in Eq.(L.14). With
this we can rewrite Equation (4.18) as

a[men]a -+ W[ma|b| en]b = 0 (421)
The Riemann tensor is defined in the usual way
Rmnab = 2a[mwn] ab + 2w[ma\c\wn] cb' (422)

Plugging in the results of Equations (4.19) and (4.21), rewriting it a bit and using the
Jacobi identity for the structure constants we find our formula for the Riemann tensor
expressed only in the structure constants of G and vielbeins [35]

a 1 a c a 7 1 a c e
Ry = (2be fae" + Joi"fae' + G ac" fep > epnen”. (4.23)

Note that f,,¢ = 0 for symmetric coset spaces. This formula will be used in Chapter @
when calculating the Riemann tensor of the squashed seven-sphere.

4.4 Differential operators on forms, spinors and tensors

Since our master equation concerns differential operators acting on some arbitrary har-
monic functions, we must know what these operators are. In seven dimensions we are
interested in differential forms of rank zero up to three (higher ranks are related to these
through the Hodge star operator [4]). The relevant operator for these are the corresponding
Hodge-de Rahm operators. For supergravity we are also interested in the Dirac operator
acting on spin-1/2 and the corresponding operator acting on the gravitino, with spin-3/2.
The graviton is a symmetric transverse and traceless mode and the corresponding operator
is the Lichnerowicz operator. We start by discussing the Hodge-de Rahm operator acting
on zero-forms, one-forms, two-forms and three-forms.
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4.4.1 Hodge-de Rahm

For a general p-form

1
w = Ewmlmmpdazml Ao Adx™, (4.24)

the Hodge star operator is defined by

9] ma..m,
* W= mwmlmmpe ! i emp @ TP N N dx™P (4.25)
where D is the number of dimensions. We define the exterior derivative, d, as mapping

p-forms to (p + 1)-forms
dw = (p + 1)a[m1wm2...mp+ﬂ- (426)

The adjoint of d, 6 = (—1)P % dx, then maps a p-form into a (p — 1)-form
ow = —V”wnml_._mpfl. (4.27)

If dw = 0 we call w closed, if dw = 0 we call it coclosed. If w can be expressed as da for
some form a we call w exact, and coezact if w = dav [4].
We can now define the Hodge-de Rahm operator, A, as [33]

A = ds + od. (4.28)

A form satisfying Aw = 0 is called harmonic. The norm of w can be defined in the usual
manner [4]

(w,w) = /d7w\/§wm1,,_mpwm1"'mp. (4.29)
Due to the adjoint relation between d and § one can show that they satisfy [33]
(w, dw) = (dw,w), (4.30)
which means that we have
(w, Aw) = (w, dow + ddw) = (dw, dw) + (dw, dw), (4.31)

and hence A > 0, with equality if and only if w is closed and coclosed [33].

We will need the explicit expressions for the Hodge-de Rahm operator acting on zero-
, one-, two- and three-forms, since the others are related to these by the Hodge star
operator in seven dimensions. IHodge-de Rahm acting on a p-form will henceforth be
denoted A,. Using the expression for w in Eq.(4.24)), and acting with A on a zero-form,
¢, in D dimensions, we find [33]

Aod = dd¢ + 5dp = dp = — x d x (Opdz™)

= \/§ mn
= —xd <(D_1)!3m¢g enpa..ppdZP? A -+ A dzPP
1 nm o - (4.32)
= — % mf)pl[\/ﬁg @l €nps..ppdTPE A - A da
1
= —78”{ nm o _ _D .
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In a similar way we can find explicit expressions for all Hodge-de Rahm operators. The
results being [4]

A0¢ = _D¢7
Aywp, = 0w, + R, wh,
4.33
Aowmn = —Owpmp — 2Rmnpgw?? — 2Rp[mwn}p, ( )
Aswmnp = —Owmnp + 6Rq[mnrwp]qr + 3R[mqwnp}q.

Another operator that we will need is the linear operator Q = xd. The eigenfunctions
of @ can be shown to be in a one-to-one correspondence with the eigenfunctions of the Aj
operator, or more precisely one can show that Q% ~ A [4].

4.4.2 Dirac and Lichnerowicz

The Dirac operator acting on a regular spin-1/2 fermion is defined in the usual way

(D1)20)a = i(v")o” Vathg, (4.34)

where V, is a covariant derivative without an affine connection. When acting on the
gravitino we need to include the affine connection acting on the vector index of the spin-
3/2 particle. We write

D3/otna = i(m)a” (Dmt)n,s, (4.35)

where D,, now has an affine connection term.
For spaces with R, = 6m2gm, one can prove that the eigenvalues, A, of the Dirac

operator are bounded by [4]

A > gm (4.36)

This is saturated by the Killing spinor discussed in Chapter [2]
The final operator of interest to us is the so called Lichnerowicz operator. This is an
operator that acts on transverse trace-free symmetric tensors, and it is defined by [4]

Aphin = =0l = 2Ripngh?? + 2R, Pl (4.37)

This is not positive semi-definite in general, and in fact one needs some knowledge about
the Riemann tensor in order to put any bounds on the eigenvalue spectrum [4].
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The round seven-sphere

We will now study the spectrum of the round seven-sphere. This is done in two ways in
preparation for the more complicated case of the squashed sphere. Both methods use our
master equation of Chapter Eq.. The first method uses the square of the master
equation in order to be able to express the eigenvalues in terms of the quadratic Casimir
operator. In the second method we expand the spherical tensors, or spinors, in modes and
act on these with the master equation, for the different differential operators.

We will first need to discuss the geometry of the sphere, as well as the representations
appearing in the spectrum. This is not done in much detail, since a more thorough pre-
sentation is available in [4]. Any uncertainties that may appear can certainly be resolved
by studying that paper.

Note that in this chapter we denote the SO(7) gamma matrices by 7, and the SO(8)
matrices by I',.

5.1 The sphere as a coset space

As previously explained the n-dimensional sphere S™ can be expressed as the coset space
SO(n 4+ 1)/S0O(n), i.e., the isometry group divided by the isotropy group. Moreover,
SO(n + 1) acts transitively on S™ so that we also have a homogeneous space, as a sphere
should be. As discussed in Chapter [d] the seven-sphere can be described by several different
coset spaces, but we will choose to only work with SO(8)/SO(7). The tangent space group
is of course also SO(7), which simplifies things a bit.

We embed the sphere in R® as the surface of radius 1/m

Sundy™Mdy™ = m™2, (5.1)

where y™ are Cartesian coordinates, M = 1,...,8 and the metric dysn is the ordinary
eight-dimensional Kronecker delta, invariant under SO(8).
Since S7 22 SO(8)/SO(7) the induced metric on the sphere will be [4]

2 _ ymyn m ., n
ds® = <5mn + m_2 — ypyp> dy dy y (52)

where m,n,p=1,2,...,7.
This is consistent with the sphere having the Riemann tensor

Rmnpq = m2 (gmpgnq - gmqgnp)a (53)

as expected from a maximally symmetric space [36]. This can also be found using Eq.(4.23])
with the generators of SO(8)/SO(7). The Ricci tensor is then given by Ry, = 6m2gm,
and the Ricci scalar by R = 42m?.
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5.2 Representations

The massless spectrum of eleven-dimensional supergravity is given by the multiplet con-
sisting of one graviton (transforming in 1 = (0,0,0,0) under SO(8)), eight gravitinos
(8 = (0,0,0,1)), 28 spin 1 fields (28 = (0,1,0,0)), 56 spin 1/2 fields (565 = (1,0, 1,0)),
35 scalars (35, = (2,0,0,0)) and 35 pseudoscalars (35. = (0,0,2,0)). It should then be
possible to derive all massive multiplets from this massless one by multiplication with some
massive representation of SO(8) [37],

R®{1,8,,28,56,, 35,,35.} . (5.4)

Since it is known that the massive gravitons are in one-to-one correspondence with
the spherical SO(8) tensors sitting in the (n,0,0,0) representation, we use this as the
multiplying representation above. This multiplication is done in [37]. However we must
also add lower helicity states to the spin-2, 3/2 and 1 fields to make them massive, in a
form of Higgs mechanism [37]. The result is infinite towers of representations given by

spin-2 : (n,0,0,0),
spin-3/2: (n,0,0,1) ® (n—1,0,1,0),
spin-1: (n—1,0,1,1) ® (n,1,0,0) ® (n — 2,1,0,0),
spin-1/2: (n+1,0,1,0)® (n —1,1,1,0)® (n — 2,1,0,1) ® (n — 2,0,0, 1),
spin-0: (n+2,0,0,0)® (n —2,2,0,0) ® (n —2,0,0,0) ® (n,0,2,0) ® (n —2,0,0,2).
55
Since the Dynkin labels must be non-negative integers the representations above Ezvitlr)l

negative labels, e.g. (n — 2,0,0,0) for n = 0,1, does not exist for those n. For every n
Eq.(5.5) gives an irreducible representation of OSp(8,4) (n = 0 is the massless multiplet)

[4].

The massless SO(8) multiplet decompose under SO(7) as [3§]

0,0,0,0) — (0,0,0),
0,0,0,1 0,0,1),
0,1,0,0 1,0,0) & (0,1,0),

5.6
1,0,1,0 (5.6)

2,0,0,0
0,0,2,0

2,0,0) ¢ (1,0,0) @ (0,0,0),

(
(
(
(
(
( 0,0,2).

)= )

)= )

)= )@

) —(1,0,1) & (0,0,1),
)= )@

)= )

~~ o~ o/~~~

5.3 Quadratic Casimir approach

We now turn to the calculation of the eigenvalues of all the differential operators found in
Table for the above representations.

The first method discussed is one where we use the results of Chapter 4|and express the
differential operator as a generator of G/H. Since the round seven-sphere is a symmetric
space the structure constants in Eq. are zero and we have

Va¢ - CT(Z¢7 (57)
the constant c is added for dimensional reasons. Squaring this gives

0¢ = AT, Tw¢ = —*(Cq — C ), (5.8)
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where Cg and Cg are the quadratic Casimir operators belonging to the respective groups.
In the last equality we simply rewrote 1Tp7, = ThTar — T;1; = —(Cq — Ch), and we have
chosen the Killing form to be diagonal, as can always be done for compact semi-simple Lie
algebras. The indices i, j,... are here taken to be in H.

The quadratic Casimirs for the vector representation ((0,1,0,0) and (1,0,0) respec-
tively) of SO(8) and SO(7) can be calculated using the formulas of Appendix B} along
with the normalisation (A;,\j) = d;;. This gives us Cg = 12 and Cy = 6, so that
—Uee = 662¢a-

To find the constant we use our knowledge of the Killing vectors. There are 28 Killing
vectors on S7 satisfying the Killing equations

VK =0. (5.9)

Acting with another derivative on this, and using that the Killing vectors are transverse,

one finds

2VV (o Ky = 0K, + VOV K, = 0K, + [V, V] K, (5.10)
= 0K, + RY K, = 0K, + 6m*K;, = 0. '

Comparing this with the above expression for —[¢, one sees that ¢ = m?. Now we are
ready to turn to the differential operators in Table

5.3.1 The integer ranked forms

The Hodge-de Rahm operator acting on a scalar, Ay, is simply equal to —[J, so that the
spectrum of the scalar is given by

— ¢ = m?*(Cq — Cx ). (5.11)

For the SO(8) representation (p,0,0,0) we have C = p(p + 6) and for (0,0,0), in SO(7),
Cpg = 0. This implies that
Agp = m*p(p + 6)¢. (5.12)

Hodge-de Rahm acting on a vector, or one-form, is equal to Aj¢y, = =L + R, On.-
For S™ R,,” = 6m?2d". The spectrum of the vector representation, (p—1,1,0,0) in SO(8),
is thus

Aim = m?[p(p + 6) — 1) + 6m>drn = m*[p(p + 6) + 5]pm, (5.13)

since, according to the formulas in Appendix[B] C¢ = p(p+6)+5 and for (1,0,0) in SO(7)
we have, as mentioned above, Cyg = 6.
For the two-form

A2¢mn = —Udmn — 2Rmpnq¢pq - 2Rp[m¢n}p' (5'14)
In this case the curvature terms are

_2Rmpnq¢pq - 2Rp[m¢n}p = —2m? (gmngpq - gmqgnp)(bpq - 12m25€m¢n]p
= 2m29mqgnp¢pq + 12m2¢mn = _2m2¢mn + 12m2¢mn (515)
= 10m>2dpn.

The representation (p — 1,0,1,1) has Cg = p(p+ 6) + 8 and (0,1,0) gives Cy = 10. This
means that

Nodmn = m?[p(p + 6) — 2|Pmn + 10m> P, = m>[p(p + 6) + 8]dmn. (5.16)
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For the three-forms we are actually interested in the linear operator = *d, but since
Q? and Az have the same eigenvalues, as mentioned in Chapter , we will here study the
Hodge-de Rahm operator on a three-form. When doing the mode expansion method below,
the linear operator will be used instead. We have

A3¢mnp = _D¢mnp + 6Rq[mnr¢p]qr + 3R[mr¢np]rv (517)
and

6Rq[mnT¢P]qT + 3R[mr¢np]7‘ = 6m2 (5E1n5:n - gqrg[mn)(bp]qr + 18m256n¢np]r

(5.18)
= —6m2¢mnp + 18m2¢mnp = 12m2¢mnp’

so that for (p —1,0,2,0) — (0,0,2) or (p —1,0,0,2) — (0,0,2) we get
A3bpnp = m2[p(p +6) +9 — 12+ 12 = m*(p + 3)*> = Qdbmnp = Tm(p+3), (5.19)

since Cg = p(p+6) + 9 and Cy = 12 in both cases. Using this method it is not possible
for us to decide which sign goes with which representation.

5.3.2 The Lichnerowicz operator

The Lichnerowicz operator, Ay, acting on a symmetric, traceless and transverse tensor
hmn 18 defined by
ALhmn = _Dhmn - 2Rmpnthq + QR(mPhn)p- (520)

For the seven-sphere the curvature terms are

_QRmanhpq + 2R(mphn)p = _2m2 (gmngpq - gmqgnp)hpq + 12m2(5p h W

(m'm

= —2m2gmnhpp +2m%hopn + 12m%hpny, = 14m2hpn,.  (5.21)
—_—

=0, traceless

The representation (p — 2,2,0,0) goes to (2,0,0) which means that Cq = p(p + 6) + 12
and Cg = 14. The Lichnerowicz operator thus has the eigenvalues

ALhmn = m2[p(p + 6) + 12 — 14 + 14) Ay, = m2[p(p + 6) + 12] Ay (5.22)

5.3.3 The half-integer spins

To find the eigenvalues of the Dirac operator we use a similar approach. We start with the
ordinary Dirac operator

Drjop = "Vth = M, (5.23)
and act on this with another Dirac operator, i.e.,
"V "Vath = = " Vi Vath = =00 = 7"V, Ve = A%, (5.24)
g77L’L fy,’L'L

We then use the identities

1 1
v[mvn}wa = QRmnaﬁwﬁ = ngnpq(’qu)aﬁwﬁa (525)
and : ]
Y Ypg = ’ymnpq — 45 Y g~ 25[’;}5. (5.26)
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Plugging this into Eq.(5.24)) gives us
2 m2 mn [m n] mn
A Y= -0 — ? (’7 pqg 40 [p'y a 26[pq]> (gmpgnq - gmqgnp)w

2

(5.27)
m 1
= _Dw + T(S[T;ﬁ(gmpgnq - gmqgnp)q/} = —D¢ + ZRTZJ = _Dw +

42m?
4

The SO(8) representations for the spin-1/2 are (p,0,1,0) and (p,0,0,1). These gives us
Ce = p(p+7) +7 and they both go to the (0,0, 1) representation of SO(7), with Cyy = 2L
This means that —0 = [p(p + 7) + £Jm?, and

Y.

2

M= [plp+7) +z+442] m2p = (p—l— ;) mip = A=+ (p—i— ;) m. (5.28)
However, we again see that this method is unable to tell us which sign goes with which
representation. This problem will be resolved when we use the method of expanding in
modes below.

The eigenvalues of the Dirac operator when acting on a spin-3/2 field are found in the
same way, however the covariant derivative must now also include a connection for the
vector index of the gravitino, we denote this derivative with D,,. The Dirac operator is
then

m3/2¢p = iVn(Dnz/})p = Ay, (5.29)

and we act with one more Dirac operator to get
/\2¢a = _’Vm/Yanang = —’Ym"D[mDnt - Dwg

mn 1 o o Iy
== 5 <Rmnpq’¢q =+ Rmn B ¢£> - D¢p
——

2 S (5.30)
:ZRmnq (qu)ag
2 1 mn q
= ml/pr - 5'7 Rmnp wq~
We also have
1 1
37" gm0 = Ognp) = 5 (7 = %) = 9T =Wy - 5, (5.31)
and because of the gauge choice we made earlier, v™,,, = 0 (Eq.(2.61])), we can now write
(7! = 62) g = —tp- (5.32)
This finally gives us the eigenvalues of the spin-3/2 operator as
2 2 42
Ny = (D)o + )b = | -0+ T 1) . (5.33)

We have the representations (p —1,1,1,0) and (p —1,1,0,1) in SO(8) and these gives
us Cg = p(p+7) + 13, while the SO(7) representation is (1,0,1), giving us Cy = %. This
means that —Oty, = m?[p(p + 7) + 2]¢bm and

5 491 N, 7
N=lpp+ D+ im = (ptg) mt = A=£(p+g|m (5.34)

We can not say anything about the sign this time either. We will now turn to the other
method, where we expand the harmonics in modes.
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5.4 Mode expansion method

As mentioned earlier there is another method one can use to find the eigenvalues of the
different differential operators. This is inspired by an article from Gibbons & Perry [39].
Since the curvature contributions will be unchanged we will only concern ourselves with
the derivatives. The spherical tensor is expressed as

T = T]\/jlu,]\/[nij1 .. .yM", (535)

where Thy, ., has the symmetry properties of the irreducible representation we are in.
For example, if we take the vector representation we write the tensor of rank n + 1 as

TrQmy... M, (5.36)

which is anti-symmetric in P and @ and symmetric in the M;’s. It is also traceless on
any pair of indices. We will not write out the T in the following but simply impose its
symmetries on the y’s, so that the vector is given by

(Mg Ml Mo g M (5.37)

vy oy .y

In particular, we will look at how these tensors split into the irreps of SO(7), so that if we
have an SO(7) index a we write the vector as

¢a — y([lMy]Wl]y]WQ o ijn. (538)

It is also natural to here introduce a notation using the Young tableaux of Appendix
P

—
The Young tableau of the vector, (p — 1,1,0,0), is for example ; e[e]e}- E], and we

thus write the vector as qﬁ%mﬂ. We now see directly from the tableau how to expand the
tensor in modes.

5.4.1 The scalar

Using this method we expand the scalar representation, (p,0,0,0), in modes as
¢ = y(M |y Mp), (5.39)

The y’s are SO(8) vectors and the SO(8) indices M; split into (a,8 = -), where a are seven
dimensional SO(7) indices (we will often omit the 8 index, since it is just a scalar index).
By acting with a derivative on 4™ and using our master equation again, we find

Vay™ = —(T,yM)s. (5.40)

Since the generators of SO(8) can be written as (Thn )79 = 25]@?\, we directly see that
the index structure must be

VayM = (—T,8)8%M = —yM. (5.41)

When taking the next derivative, in order to end up with the box operator, it can either
hit the same y™ or a new one. So we need to know two things: First

Vay(MVayN) = y((lMy(]lV). (5.42)

38



39 CHAPTER 5. THE ROUND SEVEN-SPHERE

To evaluate this we need to use the full SO(8) vectors. In SO(8) the Kronecker delta is
left invariant, i.e.,

oMY = ypyg 679 = iyl +udlud = walyl = oMY — My, (5.43)

But the mode expansion must be traceless. This means that the delta term will be zero,
and we have

yMyl) = —yMyN). (5.44)

We also need to know what happens if the derivative acts two times on the same y.
This can be checked in steps. One sees that

VoYM = (T,y™)" = (Tus)®yd" = 60y™, (5.45)

(M

which tells us that
VoV M = —vayM = —7yM, (5.46)

Now, when the first derivative hits we get one term from every y, adding up to a total
of p terms. We then get p(p — 1) terms when the next derivative act on another y and p
terms, with an extra seven in them, from when the second derivative act on the same y.
This means that we have

O¢™ = —[p(p — 1) + Tpl¢ = —[p(p + 6)]0, (5.47)

which is the same result we found when using the Casimir method.

5.4.2 The one-form
As previously stated the vector is expanded as

¢ =y My My Mo, (5.48)

Y
We are again interested in the box operator acting on this expansion. The only new thing
compared to the scalar case will be the added anti-symmetry. From the first derivative we
get

VidE = (VypylM)yMilyMz Mo M (g Milyy Mo My gy [IMy Mgy Mo g My

a

p—1 such terms.

[]VIyMl]yMg M ]\/Il]yMQ M Ml]yéwz My

= Oy CyMe - yIMy, .y Y

— iy
p—1 sugg terms.
(5.49)
Acting with the second derivative we get lots of terms, we can evaluate this in steps.
When acting on the first term in the equation above we get

VOGS pyMyMilyMa sy [Mgby Mily Mo o [My Milgby Mo
—

p—1 terms (550)

Ml]yM2 e y[M yl] Mo

= —y''y yMe

where we used that y!™y™1] = 0 because the scalars commute. But y[Myéw = —y([lMyN]
80 the two remaining terms cancel. Using the same arguments, and the results from the

scalar case, when acting on the next two terms in Eq.(5.49) we end up with
O = ~[p(p +6) — 1]¢7 (5.51)

precisely as in the case of the Casimir method. To get the eigenvalues of A; we simply
add the contribution from the Ricci tensor.
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40 CHAPTER 5. THE ROUND SEVEN-SPHERE

5.4.3 The two-form

For the representation (p — 1,0, 1, 1) we could expand using two spinors, but since an even
number of spinor indices gives a tensor we can also use Young tableaux to understand how

to split the two-form in modes. The only way to construct a two-form Young tableau in this
P

——
ofefe].[e]

°
1%
2]

representation is by writing with p — 1 symmetric and three anti-symmetric

boxes. This gives us the mode expansion
o = ylM MM M (5.52)

Acting with V. on this we get four different kinds of terms, depending on which y it acts
on. Acting a second time we get four or five terms for every one of the first four. We skip
writing them out here. After some cancellations and using the previous results one ends
up with

068, = —[p(p +6) — 2J¢F, (5.53)

as before.

5.4.4 The Lichnerowicz operator

The Lichnerowicz operator act on hg, in the representation (p — 2,2,0,0) which is the

(BN ] .l.l

'E]. We express this as
alb

Young tableau

hab _ y([l]V[yMﬂy[NyMQ] M3 o yMp. (554)
Acting with the first derivative gives us
N
G Py Yy 5

yyﬁﬂmywyyﬂ” yy@Mﬂ[sz1A@ o (5.55)

p—1 such terms.

Acting with the second derivative and rewriting some terms in the same way as before,
using the symmetries of the modes, we again find the same results as above, namely

— ORE” = [p(p + 6) — 2]n 5" (5.56)

5.4.5 The Q-operator

Q is the linear operator xd acting on a three-form, ¢ = ¢gpedr®dzbdzc. We express the

three-form as g
e = vy gLy My M (5.57)

The derivative in ) gives us

oe].[e]

ofef.[e]
—(p-1)

d[e}. [e]

Va (5.58)

[o]o]e]~

BERD
BERD

The second tableau can be turned into the form of the first by writing

M-
ozméyb%@de]—MN@N%EMﬂﬂh yMyN Pyl M 550
M- M. .
— My Pyl = Lyl NPy M)

4
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We thus have

ofefe].[e] 1 d[efe].[e]
a a
L€ L€
The Hodge-star operator will then give us
(xdd)egg = = gicess™ UM vl vy MMy (5.61)
Now, in eight dimensions we can form the projection operators
po=1 (5NN L Ni..N4 5 69
=5\ MMy T MMy : (5.62)
This means that we can write
1 5
IeMl_..]\/‘,hgT]VL"“M8 = £ .y, (5.63)
which, in our case, implies
€esgs” YaYoyeya = FAWey 1ygy, (5.64)
and we get
(kd@)abe = F(0 + 3yl v vl vy ™ g™ = F(p + 3) Pabe- (5.65)

5.4.6 Spin-1/2

For the spinor representation the generators are the gamma matrices. As mentioned earlier
we will denote the eight-dimensional matrices with I'™ and the seven-dimensional by 7.
Using our master equation on a spinor Zﬁ we have

1
§(Fa8)a62f3‘, (5.66)

where A = (o, &) are the spinor indices of SO(8) belonging to either (0,0,1,0) or (0,0,0,1).
We can construct the SO(8) matrices explicitly as

{5 D0 )

so that the chiral gamma matrix is

1 8 1 0
rt...T _(0 ) (5.68)

Vo 2a =

given that o!...07 = 1.
The o-matrices are anti-symmetric and real, and we want the SO(7) matrices to be
hermitian. This means that we can define them as v* = +ic® We also want them to

satisfy v ...~47 = +i, so we choose the minus sign, i.e., ¥¢ = —ic®. This gives us
0 0 -1
M _ v
L0 () -
re s
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42 CHAPTER 5. THE ROUND SEVEN-SPHERE

The SO(8) matrices satisfy
PEETP(CT)CP = (047, (5.70)
which means that we can write

;]LWEAZB (Fa)CD + y]\/lzézg(I@)CD — (FM)AB

(5.71)
MZB( )AD + yMzg(FB)AD — (PM)CBEé

— y
If we now choose A = « we get
pUSHIP = MBIl ¢ (O)OPSE — iyl () P8 =Vl (5.7)
=0

if we instead had chosen A = & we would have found iyé\/[(ﬂya)aﬁilg = —yMx4 Note that
we do not make any difference between a and & in SO(7), since there is only one spinor
representation, (0,0, 1).

We can now find the eigenvalues of the Dirac operator. The representation (p,0,0,1)
corresponds to « and (p,0,1,0) to &. The spinor is expanded as

Yo = yMr . yMelsA, (5.73)

By first acting with the covariant derivative we get

1
Vatha = —py iy M) 4 Sy M (ag) 755 (5.74)
One easily finds that
(= 0
Fw—<0 iW)’ (5.75)
giving us (Tas)a” = —iv® and (Fag)dB =i7?, so that
1
Vatha = —pyMiy™2 . yMp) — ziy(Ml M) (10), 55 (5.76)

Acting with iv* on this we get

. a . a 1 a
i(7)a"Vatbs = —ip(r")o "y y"SE + Sy M () () S (5.7)

Using the results of Eq. (5.72]) this becomes

7 7
—py My Me)pA iy(Ml LyMISA = _(p+ i)y(M1 L yMenA (5.78)
Exactly as when using the quadratic Casimir approach, but we now see that we get the
minus sign for the (p,0,0,1) representation. Had we chosen the & instead we would have

found the plus sign belonging to the (p,0,1,0) representation.
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43 CHAPTER 5. THE ROUND SEVEN-SPHERE

5.4.7 Spin-3/2

The last operator we will deal with is the spin 3/2 operator, 123/2. This is done in the
same way as the spin 1/2 operator, the only difference is that we start in the SO(8)
representation (p —1,1,0,1). We expand as

Va0 = y([lMyMﬂyM .. .ny’Eﬁ. (5.79)

We act with the covariant derivative first, and get

/ M-
Dythaa = Sapy™My™Mil .=y My M)y MMM 2 y[MyM”u-yMP(Fbs)fE?-

2
(5.80)
We now act with the SO(7) gamma matrices, and multiply with 4, on each block of this
(either on the «, § part or the &, 5 part of the gamma matrices)

. . M
Z('Yb)aﬁwaa,B :way[MyMl] lyz[zMbeb il i(p — Dyl (M Ml],ybyMz o
h/—/
=0
1
+2 yIM M) Mo Ly Monbay, w4 (5.81)

7 7
= T;Z)a,a - (p - 1)77Z)a,a - iwa,a = *(p + §)¢a,aa

where we once again used the results of Eq..

Now that we have shown several examples of how our methods work we will move on to
the squashed sphere. This is not a symmetric space so the structure constants of Eq.
will not vanish automatically. This will lead to more complex situations. First we need to
discuss the geometry of the squashed sphere in order to find the structure constants and
the Riemann tensor, which we will need in order to derive the eigenvalues.
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6

Geometry of the squashed sphere

In this chapter we study the geometry of the squashed seven-sphere. This is mainly done by
Sp(2)xSp(1)¢
Sp(1)AxSp(1)B+¢
to derive the curvature and Killing metric. Here Sp(1)4 and Sp(1)® make up the
SO(4) = Sp(1) x Sp(1) subgroup of Sp(2), and Sp(1)B+¢ denotes the diagonal Sp(1)
subgroup of Sp(1)? x Sp(1)¢. We will also briefly discuss other ways of looking at the

geometry. But first, a few words on the meaning of squashing.

regarding the sphere as the coset space and using the results of Chapter

6.1 How to squash a sphere

There are several, equivalent, ways of describing the squashed seven-sphere. As mentioned
above we will mostly consider it as a coset space and work from a group theoretical per-
spective. But to see the meaning of squashing it is easier if we use another approach.

The squashed seven-sphere corresponds to a spontaneous symmetry breaking of the
round sphere. The seven-sphere can be recognised as an S® bundle over S* [4]. This
means that we can express the metric as a combination of the S* metric and a gauge part
coming from the S% ~ SU(2), in a sort of inverse Kaluza-Klein mechanism [4]. This metric
can be written as

1
ds® = du® + 1 sin? u¥? + A2 <Ji — cos? %EO , (6.1)

where du? + isin2 ,uEZZ is the S* metric, 0 < p < 7, and both ¥; and o; are one-forms
satisfying the SU(2) algebra [4]

1
do; = — €0 Aok, i,k =1,2,3, (6.2)

and correspondingly for ;. The cos? £3; term is the gauge potential of an SU(2) instan-
ton. Note that if this was zero we would simply have S* x S [4]. The parameter \ is a
constant that deforms the SU(2) fibres relative the S* space. There are two values of A
that gives us an Einstein metric, these are A> = 1 and A2 = %, where A\? = 1 corresponds to
the round sphere and \? = % to the squashed sphere [4]. Note that all values of A could be
considered as some squashing of the sphere but only these two gives us an Einstein metric,

therefore when we talk about the squashed sphere we always refer to the A2 = % case.

6.2 The algebra of the coset space

We now turn to considering the squashed sphere as the coset space %, beginning

by deriving the algebra of this space.
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45 CHAPTER 6. GEOMETRY OF THE SQUASHED SPHERE

Since Sp(2) is isomorphic to SO(5), which has SO(4) as a subgroup we will start there.
We can realise SO(4) with the help of the gamma matrices along with the conventions

a __ 0 o“ a B1 _ af
Tl A PR ST (6.3

where 4
o = (—il,o"),
i (6.4)
c% = (+il,o"),
and o; are the ordinary Pauli matrices, satisfying [0}, 0] = 2i€;j,01 and {0, 05} = 20;;.
The generators of SO(4) are the usual anti-symmetric combinations of two matrices,
78, Using the conventions above these are

af [@=0]
N 0\ _ [oc% 0
T < 0 5a5> = < 0 5[%51> ' (65)

To go from SO(4) to SO(5) we use the chiral gamma matrix, 7%, and add the generators
725 = Al@~5] {6 the ones given above. With our conventions these have the form

5 1 0 ab5 0 —Ua
7‘(0 O) == (2. (6.6)

It is easy to check that the set {y®% 2%} satisfies the SO(5) algebra.

To keep track of the different Sp(1) algebras appearing in the coset space we denote
them with different superscripts A, B or C. As mentioned in the beginning of the chapter
Sp(1)4 x Sp(1)B is the SO(4) subgroup of Sp(2), and Sp(1)¢ is the algebra appearing in
G together with Sp(2). We then embed Sp(1)4 x Sp(1)BT¢ in Sp(2) by introducing the

generators [40)]
A . ) o; 0
Spl Ll = —5 <OZ 0> y

B, . _ _1(0 0 6.7
Spr i Ji = 2<0 ai>’ (6.7)
c o
Spl : l’i = —50'1
Next, we define
_;_ tfo; O
H’L—Iz— 9 (O O> ®ﬂ2><27 (68)
Hz =J,+ L,
_ (0 0 o .
where J; = —35 0 o ® loxo and L; = —5l4x4 ® 0;. These six generators, H; and H;,

comprise the H in the coset G/H [40)].
For the complement, in the decomposition G = H x K, we define the generators [40]

1/0 —0o¢
Qo = 3 <_a g ) ® Loxa,
(6.9)

Note that @, are just the ¥* generators mentioned earlier. The normalisation has here
been chosen for later convenience, and the relative factor between J; and L; in T; comes
from demanding the Killing form to be diagonal.
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46 CHAPTER 6. GEOMETRY OF THE SQUASHED SPHERE

We will also use the 't Hooft symbol defined by

O_Ocﬂ — .770[607' — {nzoi = _62]'7

o ; (6.10)

8 = 77(160Z = {Zk =t

= Cijk-

By using the above generators we can now find all the structure constants of the coset.

This can then be used to find the Riemann tensor, as in Chapter Since we will not

always know where the calculations are going to end up, we use the indices i, j, k for the
intermediate steps and then place the correct indices where they should be in the end.

The easiest structure constants to find are the ones from [H, H]. We can directly see

that, since [0, 0] = 2ieju,

[HZ', H]] == Eiijk- (611)
The different Sp(1) algebras all commute with each other, which means that
[H;, Hy] = [J; + Ly, J; + L) = [, Ji] + [Ly, Ly = 65 (g + L) = 653,y (6.12)

The structure constants involving the T; generators gives us

2 3 2 3
[H;,T;] = [J; +Lg,%(t7a - iLa)} =7 (3, Ja] — 75 Lo Lal [L;, La
=€ijkJk =€ijiLr (6.13)

2 3
= JECisk <Jk - §Lk> = €431

and
70.3] = 3 (= 320,005 - 39| = & (s +

4 9
— geijk (Jk + 4Lk) .

The squashed sphere is not a symmetric space, and therefore has [K, K] C K + H. This
means that the above expression should be able to give us both something in H; and in
T;. With this in mind we write

9
{Liv L ]
J ) (6.14)

[Ta, Tb] = €ijk [Cl(Jk + Lk) + co \/>(Jk — 3Lk)]

oo st oo )

for some constants ¢; and co. Comparing this with the above result we get a system of

(6.15)

equations for ¢; and co which is solved by ¢; = g and ¢ = \[, which means that
6 1
[T(z’TB] = 56&61%[‘_’]; - %edi)éT‘E' (616)

Turning to the structure constants involving @,
i fo; O 1 /0 —o*\| i
war- [ 9400 7))
i 0 dnfo” 0 g
-7 —ai k + gxe :
4 | \uiny'o 0 ) 0
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47 CHAPTER 6. GEOMETRY OF THE SQUASHED SPHERE

In particular, if we set a = a = 1,2, 3, and write 61 = ic%6' or —ig6%, we find

1 1.
[Hi, Qa] = §6meb +50"Qo. (6.18)

Setting o = 0 instead gives us
1.
[H;i, Qo] = —iéng. (6.19)
The bracket [Qq, @3] is evaluated as

1 0 —o“ 0 —of 1 (oB5% — 5258 0
[QmQﬁ] 4 |:<—o¢ 0 > ) <5-ﬁ 0 >:| T4 < 0 FPo — 5005)

6.20
2 0 nfa k

If a=a,58=0 we get

o e
Qe =gat (0 5) =[5 (7 0 (0 )] e
=H

and one can write

t (0 O 2 3
= =—J;= i + L —(Ji — 5 L), 22
5 (0 O’k) J, Cl(J + )+CQ\/5(J 5 ) (6 )
which is solved by ¢; = —% and cg = \/5 implying that
[Qa, Qo] = b5 Hy, — ,MH - T (6.23)
;
Setting a = a, 5 = b instead leads to
ok 0 3 1
[Qa, Q] = 6bak <0 Uk> €avk i + 5 €awi i+ \/gﬁabéTa- (6.24)

From a quick calculation one can see that L; commutes with (). This helps us a great
deal in evaluating the last two commutators. Here we have

0=t e =0l =[5 5)-(5, )]

‘ " ) (6.25)
_ (0 o0\ _ 1 0 77,‘;” _ Lsai 0 1
T 4\oige 0 ) T a\gied® 0 47 \1 0)°
Now, taking a = a gives us
1
[H;, Qa) = €@ — 2%@07 (6.26)
and o = 0 has 1
[H}”QO] - iérszba (627)

since (51‘-1:0 =0.
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48 CHAPTER 6. GEOMETRY OF THE SQUASHED SPHERE

Finally, the last commutator to check is

2 3 2
T; = —|Js — =Ls = —
[ anﬂ] \/5[ a 9 aaQﬁ] \/5
and we just evaluated this commutator, so multiplying the above results with the new
prefactor we get, for 5 = b

[Ja, Qsl, (6.28)

[T5, Q] = \}gﬁachc — \}55%@0, (6.29)
and for =0
Ta Qo] = —=65Q.. (6.30)

V5

Collecting all these results the non-zero structure constants are

¥ 2
£ii* = eijn, fiF = e,
1 . .
' = foi" = 50 fur' =
1 .
fia® = o “iabs fab' = €abis
1 s
0
fur =" = 755‘12’ foa" = 552,
! .3 (6.31)
b
fia” = i fur' = e
. o2
b = J—
fia = Ciai b = 5 Cabiy
f ¢ _ —LG R f c f a 1 .
ab /5 e’ ab = Joe = 75 abes

1
V5

Note that we get exactly the results of Bais et al., [35], if we instead take @, =

f&bo = foab = fbozz - = dab-

% <50a _ga ®1oxo and Ty = #(J,—%Li). However, as we will see, our normalisations

better aligns with Duff et al., [4].
By using the expressions for the octonionic structure constants found in Appendix [D]

= —€ijk and a: (632)

g5 = —0ij, a ik

ijk

we can see that the structure constants of the complement, i.e, f&i)é, [ ¢ and f&bo, can be
1

— /5 %abe

these are exactly the structure constants appearing in our master equation, Eq.(4.17)), and

we have derived several identities for these structure constants in Appendix D]

combined into one expression, faEE = where a = (0,4,4). This is very useful since

6.3 Killing metric and curvature

With the structure constants given by Eq.(6.31) we can now see that the Killing metric is
diagonal. Since

kuN = fur® fvg® (6.33)
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gives us

1 1 1
Kij = —2 <€ik15jkl + 1(5(”‘(5]@ + ﬁz'abﬁjab> = -2 <5ij + Zéij + 4(52']‘) = —352‘]‘, (6.34)

1 1 1 1
Ky = —2 ( GRiGH T 7% T 1 Gab T Gae ]ab> = —20; (1 -1 1" 1> = —50;3,
(6.35)
1 3 9

Koo = —2 <45ai5az —05(“6’“ + 55ab5ab> = —5, (6.36)

1 o1 3 1 1

Kab = —2 | 504i0} + =€aci€hei + 5m5b + —€oi€pe T = €acd€bed + =0ailbe

2 2 10 10 ) ) (6.37)

1 3 3 2 1
:_2a 1 A = —U0gb,
5b(2+ +10+5+5+5> 664

and we get the same result for r ;.
The curvature two-form can be evaluated using Eq.(4.23). For example, we have

1 .1 . o 1 A
R, = <4faéOfDEc + §fa%0fDEZ + ifaiofDEl + ZchOfEac + 4fDéOfEac> ele”,
. (6.38)
where (DE) can be either (de), (dé), (d0) or (0e) according to Eq.(6.31]). Evaluating this
further we find

. 1 6 1 1 3 1 1 d e
R a = _%63511 + %edéa o 0 €ead e 6 + 2706dea + Oedea B Zedea + ﬁﬁdea “

=0
1 3 1 1 1 3
+ <—205ad - %&zd - 45ad+ 205 >€ e + <25ae + 205ae =+ 5ae> 0 e’
1 9 17 1
:gedéaed é_ —5 waeted + —5,166 %e e* + geadeede
(6.39)
In the same way we find the other non-zero curvature forms to be
1 1
RO& =% Vel — geabcebe
17 2
R = — 20 e’ + 5“51)66 et
) (6.40)
_ b C
R = gpe'e’ - geabc 55ad5be€ e + 5 ab€ €
" 2 5
R“Z;: ge&bce e’ + 5ad5 elef + 46’ aeb,

We now see the benefit of using our normalisation, for these are now the same forms as
found by Awada et al., [41], and later used by Duff et al., [4]. Note that Awada et al.
use a metric equivalent to Eq. in their derivation. From these we can calculate the
curvature scalar, using RAB = %RABCDeC A el and we find

89
=—. A1
R 10 (6.41)
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50 CHAPTER 6. GEOMETRY OF THE SQUASHED SPHERE

To relate this to the ordinary round sphere we will define m? = 20 so that R = 42m? and
Ry, = 6m2gy exactly as in the round case.
It will also be useful to calculate explicit expressions for the spin connection. We use

Eq.(4.14) to find
i 1 ¢
wmoa = 2Qm6az — 2Q?fn5al — 27\/56%6(1@,

_ c
w a 60&7

m a 2\/7

1 .
w4 = —Q:neiba—i— 29% “ba 2\/5€$n€éba,

(6.42)
wm b \/> m ab + \/‘eibeci)a’
wmal; = Q;n €iba — 2\/’ m €ba

To be able to use these we must also find an explicit formula for Q¢ . This is done by using

Eq.(8.1.17) in [4], and solving for Q¢ . This gives us

QL = —2e,,%5% cot p + V/5e,, 5%,
o _ agh (6.43)
—e :

m 2\/> m a

where p is the parameter appearing in Eq.(6.1)).

6.4 The squashed sphere as a (G, manifold

We saw in Chapter [2] that the integrability condition for the Killing spinor only includes
the Weyl tensor. So in order to discuss the holonomy of the squashed sphere we need to
find an expression for this.

The Weyl tensor is defined by the relation

Wabcd = Rabed — m2 (gacgbc - gadgbc)- (644:)

The integrability condition, Eq.(2-55), only involves a term of the form W, /.4 which
we will define as Wy,. It is then a straightforward, but somewhat lengthy, task to use
Eq.(6.40) to find that the only non-zero terms of Wy, are [4]

4 1
Woi = 5 |0 T 2€z‘jw§-,;] ;
4 -
Wij = ¢ Vi +7g3-] :
47 1 1 1
Wi = A 5%‘%;; - 2€ijk70];:| ; (6.45)

4 1
W, = 5 [70% + 26ijk7jl%:| ’
4
We can also see that [4]

Wi =0, WO% = eijijk, and VV;jA = Wij + eijkWOk- (6.46)

50



51 CHAPTER 6. GEOMETRY OF THE SQUASHED SPHERE

From Eq. together with the identifications of Eq. we get 14 independent
Wap- This means that the holonomy group of the squashed sphere, with the connection of
Eq., is generated by these 14 generators. So what is this group?

Well, the fact that the dimensionality is 14, together with our previous discussions on
certain manifolds, hints at the possibility of the squashed sphere being a G2 manifold.
And, this is in fact the case [4]. The 14 generators generate the spinor representation of
G2 [35].

This implies that there is only one Killing spinor, as per the discussion in Section
The Killing spinor is then covariantly constant under Ga-covariance, i.e.,

Van = (Va - i%’ya> n =0, (6.47)

and we can use it to write the three-form as
Qbabc = _iﬁryabcn- (648)

These things will be used in the next chapter when we discuss the Killing spinor equation
in more detail. There we will use the octonionic structure constants, aqp., as the three-form
and normalise the Killing spinor according to n = 1.
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Mass spectra of the squashed
seven-sphere

This chapter presents the main results of the thesis. We calculate the eigenvalues of some
mass operators on the squashed seven-sphere. The operators dealt with are the ones acting
on the scalar, the vector and the spinor. This analysis turn out to be immensely more
difficult than for the round sphere, and we will not complete the task. The mass operators
are still the same as in the round case, but the differential operators are not. This is due
to the squashed sphere not being a symmetric space, and the f, part of Eq. will
therefore generally not vanish.

We start by discussing how the different representations split into representations of G
and H. The tangent space group is of course still SO(7), as in the round case, and as for
all seven-dimensional manifolds.

7.1 Representations

From the discussion of the round sphere we know that the scalar, spinor and vector corre-
spond to the SO(8) representations

(TL,0,0,0), (na07071)57(n707170)67 and (TL— 1717070)~ (71)

So we want to decompose these under Sp(2) x Sp(1) to find the representations under G.
These decompositions are listed in Chapter 8 of [4], so we skip replicating this here. What
happens is that they get decomposed into sums of several terms. For example, the scalar
decomposes as

[n/2]

(n,0,0,0) — Z (n—2r,r;n —2r), (7.2)

r=0
where [n/2] denotes the integer part of n/2, and (p, ¢; ) is a representation of Sp(2) x Sp(1)
[42].

The other interesting thing to know is how our G representations decompose under H,
in G/H. There are several books of tables giving us these decompositions, we have used
McKay & Patera [38].

We will often use the (10, 1) representation of the previous chapter. From McKay &
Patera, [38], we find that this decomposes under SU(2)4 x SU(2)B+C as

(10,1) — (1,1) & (0,2) & (0,0). (7.3)
One also finds that the spinor (0,0, 1) of SO(7) decomposes as [3§]

(0,0,1) — (1,1) & (0,2) & (0,0), (7.4)
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53 CHAPTER 7. MASS SPECTRA OF THE SQUASHED SEVEN-SPHERE

so it seems like the (10,1) representation could be very useful when dissecting the Dirac
spectra, of the spinor. The vector decomposes as

(1,0,0) — (1,1) @ (0, 2). (7.5)

Note that, in order to find these decompositions, one has to go via the Go decomposition
of SO(T7).

7.2 The scalar

We begin with the easiest spectra, the scalar. Since the SO(7) generators of the scalar
is zero, the f-term in the master equation will vanish once again. Using the quadratic
Casimir approach we thus simply find

Aop = —Uop = =T, T, 0. (76)

In the same way as before we can write 17,7, = —%mQ(CG — Cp), where the %Omz

is added for dimensional reasons, note that it is numerically equal to 1 (we saw in the

previous chapter that m? = %). For the scalar we have Cpr = 0 which means that
20
Ao = ijCg, (7.7)

in agreement with the results of Nilsson & Pope, [42].

7.3 Killing spinor equation

Next we analyse the Killing spinor equation on the squashed sphere. This gives us some
first indications of the problems arising when squashing the sphere.
As seen in Chapter 2] the Killing spinor equation is

m

(Van)ﬂ = i;(%)ﬁv% (7.8)

and the Killing spinor must obey the integrability condition
Wmn ab')’abn =0, (79)

where W is the Weyl tensor.
We can construct a useful representation of the seven-dimensional gamma matrices by
writing [43]

('Ya)bc = —1Ggbc, a,bc=1,...,7,
(Ya)gy = . (7.10)
(fya)bg - _Z5Gb7

where agqp. are the octonionic structure constants introduced in Appendix [D] This rep-
resentation is discussed in more detail in Appendix [E] There we also construct explicit
expressions for v, v(3) and 4 which will be needed below. One important thing to
remember is the symmetry properties. In seven dimensions we have that v(!) and ~®)
are anti-symmetric while (9 and v®) are symmetric. These properties are then reflected
around v, so that Y(a) and 7y are symmetric while 75y and 7(g) are anti-symmetric.

We can now solve the integrability condition and find an explicit expression for the
Killing spinor. This is done by first writing

(Wab)ysns =0 <= (Wap)yana = —(Wap),s0s- (7.11)
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54 CHAPTER 7. MASS SPECTRA OF THE SQUASHED SEVEN-SPHERE

The non-zero parts of the Weyl tensor are listed in Eq.(6.45)). These gives us, for example,

1

4
(Woi)yana = ¢ |:(70i)'yd77d + 26¢jk(73,;)«,d77d]
(7.12)

4 1
= —(Woi)ysms = ~E [(702’)78778 + 2€ijk(73;;)w87787}

which, using the expressions in Appendices [D] and [E] for the octonions and the gamma

matrices, and setting v = 0, implies

1 1
Siana + 5 €ijkCippqla = 0 = diana + S€ijrejmdiana = 20iana = 0 = n; = 0. (7.13)

Continuing in the same manner we find that the Killing spinor has the simple form

0
0
0
0
pu— .14
=101 (7.14)
0
0
1
with perhaps some function in front.
Turning to the Killing spinor equation we now find
) m
(Van)p =i 9 (Va) gy1y = Yy ((Ya) gene + (Va) gsMs) - (7.15)
If we now take [ = 8 this becomes
m 1
0= ——0acnec = Oans + *wade('Vde)Bwnv = Oa1s. (7.16)

2

This means that there should not be any function in front of 1 in Eq.(7.14)). If we instead
put 8 = b we find

m 1 1 3 m
E(SabﬁB = _éfadeadebné% = 87\/5aadeadebT78 = méabWS = Eéabn& (717)

This proves that the Killing spinor of Eq.(7.14) solves the Killing spinor equation.
Using the Killing spinor equation and the expression agp. = —ifYapen from Appendix
[D] we can also find an identity that is needed later on

Vaaped = =iV a(bean) = —2i07peaVall = M VoedYa) = — M0 Yabed) = —MCabed-  (7.18)

7.4 Spin 1

The eigenvalues of the vector harmonics have already been found by Yamagishi, [44], but
we will employ the methods of Chapter [5] in particular the quadratic Casimir approach,
to see that this still work for the squashed sphere. We find that they need to be somewhat
modified, or rather that we need to square the master equation one extra time. This
analysis is also done by Duff et al., [4], but we will do it in more detail.
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The relevant differential operator for the one-forms are of course the Hodge-de Rahm
operator. Acting on vectors this is

k*Y, = A\\Y, = —0Y, + RuY, = —0Y, + 6m?Y,, (7.19)

where, once again, m? = % for the squashed sphere.
Taking our master equation (Eq.(4.17)) acting on a vector and squaring it we have

1 [+ 1 C
<vb .y szef> <Vb iy, d> Y, = (TyTyY)a. (7.20)

Evaluating this, and using that the tangent space generators in the vector representation
are just 533, we get

1 1 1 1
(TT3Y)a = OVa + 5(VO S50 Ye + 5148V Yo + 5 f Bef VYo b LS, 4 BeySeaYa
1 1 1 1
_ DYa + 5(beacb)yvc + 5 acb vb}/c + 5 acb vb}/c + Zdeb fzzcb Yd

= DYa - %(vbfabc)}/c - fabcvbYVc - %fabcfdbcyd-
(7.21)
We again press on the fact that since we are working in the orthogonal groups, there is no
difference between upper or lower indices, and we raise and lower them as we please.
Now, the structure constants of the coset space can be expressed as fupe = —%maabc,
which we saw in the previous chapter, and the octonionic structure constants are diver-
genceless, i.e., V®agp. = 0. This means that

2 2 2 2
(TbTbY)a = DYa + gmaabcvbY’c - %aabcadchd = DYa + gmaabcvbY:: - gmzyav (722)

where we used the identity agpcadpe = 6044 from Appendix [D] We can once again write
(TyTpY)o = —%mQ(CG — Cp)Y,. Together with Eq.(7.19)), which gives us

0Y, = 6m?Y, — k%Y, (7.23)
this means that
20 2 2
— ng(C’G — COy)Yy = 6m?Y, — k%Y, + gmaabCVbYc - ngYa
(7.24)
3 K2 10
= agweVpYs = —8mY, + i’iya ~ 5 m(Cc — Cr).
m

Using the Killing forms found in Chapter@we can see that Cg = gCSU(Q)A +2Csu(2) pyc
1

and applying the formulas for the Casimirs found in Appendix [B| we get Cy = 32 Using
this above gives us

3 K2 1012 10 3 K2 10

If we now define the operator DY, = au.VyYe and square this we find

D2Ya = aadGVd(IebCVbY; = aade(vdaebc)vb}/; + aadeaebcvdvb)fc- (726)

From Appendix @I we know that agge@epe = 25;}Cd — Cadbe, and we can also see that
2604V 4V, = V.V4 — Odgc. Therefore

DzYa = aade(vdaebc)vb}/c + chaY;: - |:]Y'a - CadbcvdvbY::- (727)
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Now, the anti-symmetric properties of cupeq implies that cupeqVeV Yy is simply a Bianchi
identity for the Riemann tensor, so that term is zero. Since the one-forms are diver-
genceless we can write V.V,Y. = [V, V4]Ye = RuYs. So we only need to analyse
the term ag4e(Vgaese)VoYe. When evaluating the Killing spinor equation we saw that
Vatped = —MCapeq and in Appendix [D] we derive the identity aggeCaebe = —4aape. Plugging
all of this in we find

D?Y, = 4mag,.VyYe + k*Y, = 4mDY, + £?Y,. (7.28)

This means that, from Eq.(7.25)), we must have

3k2 10 2 3k2 10 40
<I{ — ng> =4m <K — ng> + K% = TR? — —m?*Cg

2m 3 2m 3 3
2k 400 160
<:>/{4—m/€(28—1—4000):—7m40é—7m400
81 27
2 2 4
o m m o 400 4, , 160
P — —(14 4+ 20C = —(14420Cq)% — —m*C% — —m'C 7.29
= T4 20C0) ) = G+ 20Ce)? - miCE - Pmica (129
196, 80 4
_81m +81mCG
20 7 1 49
2 2
=R = — Co+ —+—=4/Co+ = |.
" 9m<G+10 NG G+2o>

We can see that these eigenvalues perfectly align with the ones found by Yamagishi, [44].
So this does not give us anything new. But it shows us that this method should work.
However, when we next turn to the Dirac equation we will encounter some peculiarities.

7.5 Dirac operator

The eigenvalues of the Dirac operator has been found by Nilsson & Pope, [42], in a com-
pletely different way than the methods we work with in this thesis. However, when we go
to higher spins this method becomes extremely complicated. The hope is that our methods
could more easily be generalised to the higher spin cases. It is then very important that
we understand these methods completely. We therefore start with the Dirac case, where
we know the eigenvalues, and try to resolve as many question marks as possible.

7.5.1 Solving Dirac directly

We begin by trying to solve the Dirac equation directly using the generators of the (10, 1)
representation discussed in the previous chapter. Our master equation can be used to
express the Dirac operator as

- a - a 1 C . 1 C a a
Y*'Vap = —iy <2fba2bc +Ta> W =—i <8 b Y Ybe + Ta) . (7.30)

As stated above, the (10, 1) representation split into (1,1) @ (0,2) @ (0,0) under H. These
representations have the dimensions 4, 3 and 1 respectively. So, in order to see what is
happening, we want to use our gamma matrices, with the octonions, and try to get our
(10, 1) basis into this splitted, 4 + 3 + 1, form.

The indices of the different Sp(1) algebras will be denoted as I; : A, J; : A and L; : A,
so that, for example, the (1, 1) representation has indices (A, A). Since H; = I;, we see that

56



57 CHAPTER 7. MASS SPECTRA OF THE SQUASHED SEVEN-SPHERE

these only have indices without any dots or tildes. This indicates that we should change
the basis so that H; lives only in the first 4 x 4 block. Following the approach of Aspman
& Nilsson, [45], we start by interchanging columns two and three, where we think in 2 x 2
blocks, and then interchange the corresponding rows. For example, this means that we do
the transformation

0 0 1 0 01 0 O 01 0 O
|0 o1 0 1 0 0 o1 1 1 0 0 O
i=11 0 0 0|7 1t 00 ol |00 1] (7.31)
0 1 0 o 00 1 o 0 0 1 o
and, especially, this means that we get
op 0 0 0
1[0 o5 00
Bi==3510 0 0 o] (7.32)
0 0 0O

as we wanted. Note that we define the tensor product to mean that we put the left term
into the right term, i.e.,
01 0
1= :
not= (7)), (7.39)

instead of the, perhaps, more usual reversed meaning. This is only a definition, and this
particular choice simplifies a lot of things for us.
We apply the corresponding transformations to all the generators, and the result is

o1 0

0 0/’
HA,:*E 1®o; 0 ’
v 2 0 g1+ 1®o0;

o b (—3]1®Ua 0 )

@ NG 0 O'a®:ﬂ.—%:ﬂ.®0'a ’
1 0 —0,®1

Q“:2(5a®ﬂ 0 )

Next, we want to do a change of basis that resembles what we do in quantum mechanics
when we go from % ® % to 1 @ 0. This is done to every 4 x 4 block, in the generators, to
bring them into the same basis as the gamma matrices. Starting with, for example, the
first block in H;

H=—

N | .

(7.34)

Z' .
§(O'i)AB(SABa (7.35)

)

we find the (-,-) entry by multiplying with %8 from both sides, i.e. %EHZ»(DET, where

€= <_01 é) [40]. Doing this we get

1 T A4 : 1
Bs B _ AA_\ B..  _ ' Ty
_ 5\@5 (0i) 4704 \@533 == (0i) i 7epa = 4Tr(5015 )=0. (7.36)

The (j,-) entry is instead found by multiplying with %(O‘j)AA = %5

left and with %6 ;p from the right (the (-, j) entry is found by the opposite multiplication

AA(O']')AB from the
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but with a —i in front of the o;). For (j,-) we thus have

vt adg By s B Y L ad v L ooy Ls
2\/55 ( (Uz)B A \/5503 45 (UJOZ)A €pa 1 r(eojoic’) 2(;3:‘37)

In the same way we find that the (-, j) entry is equal to %515, which we already knew since
the matrix still had to be anti-hermitian after the change of basis. Lastly we find the (j, k)
entry by multiplying with ic; from the left and —ioy, from the right, as

UJ)A

AA(Uj)AB(Ui>BC5AB(—7J)(Uk)CDﬁ€DB = —Ze?AA(JjUZ'Uk)ABEBB
1

= —%Tr(sajamksT) ==1

2i6jik; = _ieijk-
(7.38)
We recognise that we can combine these entries and write the full block as a t’ Hooft

symbol, —%U?B, so that we now have

1 ()™ 0
H;, = —3 < 0 NE (7.39)
We do the same thing for H; and Tj; and end up with
(7;)*"
! 2
(€)jr |0
0 [0
(7.40)
3(7a)"
1
T = s
2V
(€a)jk —50a;
50ak 0

where for example (€q);r are 3 x 3 matrices, Mjj, enumerated by a, and all the empty
blocks are filled with zeros. We see that these generators are now almost in the 4 +3 + 1
form.

We also want to perform this change of basis on the second and third block of the @,
generators, but this time we skip the ¢ when finding the (7,-) and the (j, k) entries. The
result is

0 (ﬁa)gj 5a6
1
Q=1 , (7.41)
_(ﬁa)kv 0
dary
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where now (ﬁa)ﬁj is a 4 x 3 matrix and (77a)k7 a 3 x 4 matrix, both enumerated by «.

It is a good idea to check whether or not we have done anything illegal. This is done by
verifying that our refurnished generators still satisfy the algebra. We will not go through
this here, but by using the identities for the 't Hooft symbol, found in the end of [46], one

soon finds that the whole algebra is still satisfied (this can also be done rather quickly by
of

using a computer). For example, since 7; 77? T = —0;j0%7 — €, |, we directly see that
[H;, Hj| = €5, H, as expected.

Before turning to the Dirac equation it is useful to first express the gamma matrices in

a similar form as the generators. By using that a_ 5 = —7725 and s = €53 We find
(7:)*"
V=1 )
—(€)jk | 0ij
—dik 0
(7.42)
0 _(ﬁa)gj —0ap
Yo =1 = —2iQq.
(7)", 0
dary

To solve Eq.(7.30)) we also need to evaluate the f-term, i.e. %’ya fa berpe = _87\1/5%’)07“1’0‘
We use the expression given in Appendix [E] for 744 in our basis. This gives us

(aabcfyabc)mn = _6i5mn7
(aabc’Yabc)mg = 07 (743)

(aabcyabc)gs =42 y

which means that

3i _
L [l o 100 = () an
8 —42\1}, for (u,v) = (8,8).
The Dirac equation now reads
- . i e Z a C
iV V) = — <w Ti+17"Qa + g7 £ %c> Y = . (7.45)
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Remarkably, this gives us a completely diagonal matrix

-5 0 0 0 0 0 0 0
0 —-15 0 0 0 0 0 0
0 0 —15 0 0 0 0 0
110 0 0 -150 0 0 0
M=2a+ 2= o o o o 17 0 o0 o|% (7.46)
0O 0 0 0 0 17 0 0
0 0 0 0 0 0 17 0
0O 0 0 0 0 0 0 9

This should then be compared to the results found by Nilsson & Pope [42]. This is done
in more detail in the next chapter, we can just mention here that the results do not agree.
For some reason this method does not seem to give us the whole picture. We therefore
move on to the method corresponding to what we did for the vector.

7.5.2 Quadratic Casimir approach

The next method we will use is similar to the vector case, i.e. a variation of the quadratic
Casimir approach of the round sphere. We start by noting that the result found for the

round sphere, namely Eq. (5.27),
Ny = -0y + w =~y + m 2, (7.47)

is still valid for the squashed sphere, since only the Ricci tensor and Ricci scalar enters in
the calculation, and these are equal for the round and squashed sphere [35]. So with this
in mind we square our master equation acting on a spinor,

V) (Vaet)as

(7.48)
where we used that the tangent space generators Y., = %(’Yab) Using now again that
fape = —QTmaabc and that V%ag,. = 0 we get

(Tbwa)oc = ‘:h/}a + ifdec (Vde)aﬁ(vcw)ﬂ + 6i4ffgc fdec (/Ygff}/de) 1/’6 + 8<

m ¢ 1
(TyTy1h)a = Dtoe — —aabe(Vab)o” (V) g + ——m2Aadeabe(VaeToe) o Vs

6 144
_ o m de i [d ce]  ocde
= g 6 aabc(%zb) (V ¢)B + 144 (26bc Cdebc) ('Ydebc 4y [b(sc] 251)0) (0
_ _m B oc L2 B l 2
Dwa 6 aabc(Vab)a (v 1/})5 1447’77, Cabcd(’}/abcd)a ¢5 12m 1/) (7 49)

Our expressions for the gamma matrices, found in Appendix [E] implies that

CabedVabed = 24 (750)
As before, we write 1Ty, = —%m2(CG — Cp) and then move around some things to get
(omitting spinor indices)
6 7 40
aabc’Yabvcw = Emw - 577“/} - mA”L/} + ?m(CG - CH)w
6., T 40 (7.51)
=(63m——X\——m—mA+ —m(Cg —Chq) ) 9.
m 2 3
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If we now want to follow the same recipe as in the spin-1 case we should square the operator
on the left hand side of this equation and try and find some equation for this square that
can be solved. If we define DY = agpe7ap VY and square this we find

E2¢ = - 16m[)¢ - 2macde’>/cdefvf¢ - 4’chvcvd7/] - 4ccdef’}/efvcvdw

o (7.52)
- 12D¢ + acefadg]h')’efghv \Y 1;[}7

where we have skipped all the intermediate steps, it is just a lot of manipulation of the
octonionic structure constants and of the gamma matrices. We also used that Vgape.q =
—MCyupeq as before.

Eq. is, however, troublesome. The 7Y terms will give us some symmetric com-
bination of two covariant derivatives, and this is not something we know how to evaluate.
So instead we use a little trick. We can add the Dirac operator to the operator we want to
square without violating any rules. This should give us some terms with v(® in them. In
seven dimensions v®) and 44 are dual, so with some luck and a good choice of parameters
we could perhaps get rid of the bad parts.

So we define the operator D = acde(%d)aﬁ(vew)ﬁ + f(Vc)aﬁ(Vcw)g, where £ is a pa-
rameter we want to decide, and then square this (once more omitting the spinor indices).
We skip the intermediate steps also this time and just give the result

D¢ = — 16maaseyas VY — Acabeatab VVY + (€ = Dy VOVI + (€2 — 12)0¢
- 4§aabc'7avbvcw - 2maabc’7abcdvdw - mfcabcd’)/abcvdw + aabcadef’)/bcdevavfw

+ 26aabeVdap V VY.
(7.53)
The parts we want to get rid of are the ones with v®) or v, So we dualise

1 .
- mgcabcd’)/abc = _mfégabcdefgaefg’}/abc = _ngaefgf)/defg- (754)

Comparing this to the term with agpcVaped above we see that these two will cancel if € = —24.

The two last terms with v®) and v will actually also cancel when we put & = —2i,
this can be checked in the same way as above, but we can also evaluate the terms using
our expressions for the gamma matrices. If we for example take the (8,8) component of
the two terms we have

(aabcadef’Yabef + 2£aab(c7d)ab)88 = QabcQde f Cabe f + 2igaab(cad)ab

. » (7.55)
= —daapetdap + 12i§0cq = —240cq + 12004,

which is zero for £ = —2¢. By doing the same thing for the other component we find that
they all cancel each other for the same value of &.
So, if we now put £ = —2¢ we have

D% = —16maapeYab VD —4CabedVab V VU — 87 VOV Y — 160000+ 8iape1a VO V. (7.56)

We can next use that VIevdy, = %Rc‘ief(’yef)aﬁwg as we saw in Chapter [5, and that
0= % — A2, This gives us

. 1
DQw - _16maab07abvcw - 4R¢ + 16)\2 + 2R + Zaabc’YaRbch’Yde - §Cabcd7ab76chd6f

. 1
= _16maa607abvc — 2R+ 16)\2 + Zaabc'YadeRbcde - §Cabcd'7/cdefRabef-

(7.57)
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Dualising between v(®) and 4%, as well as between a and ¢, turns the last term into

v ijk b o gabidk

1
-5 Cabcd’chefRabef = m €abed Ecdefmnp az‘jk’)/mnpRabef = 12.6 efmnp ijkYmnp Rabef

2

1 . . ..
=3 <5g?aijk7iijabe F+ 662?5%%]‘;%%’%@3@6 F+ 35;jjcégfspaijk7mnpRabe f)

= gRaabc’Yabc - 27faab07dbcRad + zaabcyadeRbcde

. 9 . 9 .
= l4im QabcYabe — 12im QabeYabe T Zaabc’YadeRbcde

= QimQQabCVabc + 1@abeYade Rbcde-
(7.58)
The second term in this expression will add with the corresponding term of Eq.(7.57)). The

Riemann tensor can be written as
Rabcd = Wabcd + 2m26((313; (759)

where Wpeq is the Weyl tensor, which means that
2iaabc'YadeRbcde = 2iaab07ade (Wbcde + 2m253§> = 2Z‘aabc'7aWbc + 4im2aab67ab07 (760)

where Wy, = WeapeaVea- We can then use the expressions in Eq. to evaluate the
part involving the Weyl tensor. After a bit of calculation, and splitting of the indices into
(0,4,7), we find that this part is actually zero [40)].

The gamma matrices of Appendix [E] tells us that

_5ab

QabeYabe = 61 = 6¢A. (7.61)

Putting all of this together

D% = —16magpcYapVe) + (—2R + 1677 — 36 A) ¢

7.62
= —16mDy — 32imy"V1p + (—84m> + 16A? — 36m>A) v, (7.62)

where we added and subtracted 16mévy*V,v on the left side in order to get the full D
operator back. This can be re-expressed as

(D 4 8m)*p = 16(\ — m)%¢p — 36(1 + A)1p. (7.63)
Using Eq.(7.51) we can see that
179 6 40
Dy = —=mip — (A + %)% —mAp + =m(Co — Cn)v. (7.64)

If we now assume that D and A commute, so that we can diagonalise them simultaneously,
we can plug Eq.(7.64)) into Eq.(7.63) to find the eigenvalues. Setting o = a gives us four

roots, these should correspond to the (1,1) and (0, 2) representations so we put Cp = %2,
as before. The result is
)\12:—&:&2—\/57% CG‘F@,
! 273 20 (7.65)
L C R P
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These should then also be compared to the results of Nilsson & Pope, [42]. This is also
done in the next chapter. We can of course directly see that these do not give the same
results as in the previous example, and they also do not align perfectly with Nilsson &
Pope.

For the v = 8 component, corresponding to the singlet representation, (0,0), we put
Cq = C = 0 which gives us one root corresponding to the known singlet

A=——m, (7.66)

and three roots with other, nonsensical (complex-valued and strange), eigenvalues which
we throw away.

7.5.3 (45 covariance

A third option is to define a G5 covariant derivative and use this to evaluate the Dirac
equation. As discussed in Chapter [2] this derivative is

~ m
Vo=V, — i;ya, (7.67)
where V, is the ordinary covariant derivative used in the previous sections. Using this

derivative will change things a whole lot. We rewrite our master equation as

~ m m
Va'(/) - Eaabc’)/bcw = _(Ta + 77a)"/}a (7-68)

2

where we simply added the term to make the derivative Go covariant. Squaring this we
find

- m - m? 7 20 m?
(D - 7aabc’>/bcva — T+ CabedYabed — m2) ¢ = <_m2(CG’ - CH) -— + ZTnf}’aTa) w

6 144 12 9 4
(7.69)
We can use our master equation to rewrite the last term as
) , m m? m?
im Tty = —ima (Va = T5ancthe ) ¥ = =M + i QuaYapeth = —mAv — - AV,
(7.70)
where A is the same matrix as appearing in Eq.(7.50]). This means that
~ 6 ~ 40
AapeYab V) = — + Tma) + 6\ + gm(C’G —Cy)Y 4+ 2mAy
f . 0 (7.71)
=—0y—-—my+ —m(Cq — Cg) +2mAp,
m 2 3
where we used that O = O — imy*V, — ZmQ.
We follow the recipe of the previous section and define the operator
D = aabc’)/ab@c + g'}/a@a' (772)

When squaring this we note that this new derivative satisfies Vaapeq = 0 and [@a, @bw =
iWabw. Then we can use dualisation to find that £ = —2i again cancels some bad terms,
and, since vy,,Wap = 0, almost all terms actually cancel. In the end, the only thing left is

. 7 2
D2 = 1600 = —16 <D — imAV, — 4m2> W= 16 ()\2 n %) ~144m?. (7.73)
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From Eq.(7.71) we find

4
Dy = (63m - gm — %)\2 + gom(CG —Cp) +2mA — 2\ — 7m> P
(7.74)
1 4
= (05m 5 _ang —O(CG —Cy) + 2mA> .
2 m 3

Combining Eqs.(7.73) and (7.74) we now have a quartic equation for ), again assuming
that D and A commute. We still hope that the 8th component correspond to the singlet
so we set Cg = C'y = 0. This does in fact give us the same eigenvalue as before, namely

A=—-m, (7.75)
which is the known eigenvalue of the singlet [4]. However, the roots we throw away are
different, i.e., the full equation is not the same as before. For the other block, a =1,...,7,

the quartic equation does not factorise in a nice way, and we can not get any sensible
eigenvalues out of it. So something seems to be missing in this method.
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8

Conclusions and outlook

In this thesis we have studied the mass spectra of eleven-dimensional supergravity com-
pactified on the squashed seven-sphere. We now give a short summary of the motivation
for this study and then move on to discuss the results and where to go from here.

In Chapter [3| we discussed some proposed conjectures about features of a consistent
theory of quantum gravity. One of these was the sharpened version of the Weak Gravity
Conjecture (WGC) [10]. This led to the corollary that non-supersymmetric AdS vacua
supported by fluxes must be unstable [II]. We saw that one could use this to make
predictions regarding the masses of neutrinos and the size of the cosmological constant.
In particular we saw that, in order to have Majorana neutrinos, we need to include some
beyond the standard model physics [I3]. This could then lead to measurable predictions
from string theory, something that has long been looked for.

The squashed seven-sphere allows for one non-supersymmetric AdS vacua supported
by a flux. It therefore provides us with a great opportunity to test the WGC. In order to
look for possible instabilities it is important that we know more about the mass spectra of
the theory.

In this thesis we studied a few different methods that could be used to find the mass
spectra. These were applied to the ordinary round seven-sphere with great success, how-
ever when moving on to the squashed sphere some problems were encountered. This was
most evident in the Dirac operator spectra. We first tried to solve for the Dirac operator di-
rectly by using a specific representation of the generators, namely the (10, 1) representation
dicussed in Chapter [l This gave us the eigenvalues

15
AM=2——,

17
Ao =24+ ——, 8.1
2 4\/5 ( )
)\3:2—i-i

45

When instead using a method that involved squaring our master equation, Eq.(4.17),
we found the eigenvalues

m 25 63
A2 = —EiTm CG %7
m 25 49 (8.2)
—_ 7:l: -
Asa =g+ —3=m/Ca+ 55
7
)\0 = —§m,

plus three non-sensical roots that we threw away. None of these perfectly align with the
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previous results of Nilsson & Pope, [42]. They found that

)\:——:lz—m\/CG+

m /
A= —j:— —
m C’G+2O

We thus see that the second method came really close. The only difference is the 63 under
the square root of \j 2, instead of the 81 from [42]. Another possible problem is that A,
which is the correct eigenvalue of the singlet representation, only comes out for exactly that
representation, i.e. when setting Cqg = Cp = 0, otherwise the resulting quartic equation
does not factorise in a good way. This is also in contrast to Nilsson & Pope who found
that the singlet is contained in the whole tower having the 81 eigenvalue above, meaning
that it is the special case of that eigenvalue when Cg = 0.

The problem here is, probably, that we assumed our operator D = agpcYap Ve — 207*V*
to commute with the traceless matrix

(8.3)

(8.4)

If this is not the case we should not be able to diagonalise the two operators simultaneously
[40]. This has actually been shown to be the problem in the last few days by Nilsson &
Pope and the solution will be discussed in a future paper [40].

By using that our (10, 1) representation has Cg = 14—9, since Cg = Cgp(2) + 3Csp1) A,
we find that the eigenvalues of Nilsson & Pope are

~ —3+8V11

45 (8.5)
1424

45
These obviously do not align with Eq.(8.1)), but we can see that if we instead had

A=

\ 2 15
1= 7= T 7=
V5 4V (8.6)
2 17 ’
Ay =

VAPV

we would have had the results of the second row in Eq..

We also used a method that incorporated the Go holonomy of the squashed sphere.
This gave us the correct eigenvalue for the singlet, i.e., A\ = —%m, but again only when
we set Cg = Cyg = 0, otherwise the equation did not factorise in a manageable way. For
the other components it did not factorise in a good way at all, so something seems to be
missing from this analysis. Here we again assumed that our differential operator commuted
with the traceless matrix, so this could at least be part of the problem also in this case.

As mentioned above the problem with the second method has been resolved, but the
other two methods are still not understood completely.

The same type of problems that arose for the Dirac equation also seems to be present
for the higher spins. It would therefore be very interesting if these could be resolved
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completely in the case where we know the answer, so that we can fully trust our methods
when moving on to the unknown.

In addition to our representation of the squashed seven-sphere as the coset space
%, it has been shown that one can express it as the coset space gﬁ—g;, where
Sp(1) is one of the algebras in the SO(4) = Sp(1) x Sp(1) subgroup of Sp(2) [47]. This
coset space has however not been studied in as much detail as the one we consider. A
corresponding treatment of this coset space would therefore be very interesting, and could

perhaps lead to some simplifications.
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Conventions

Dear Reader, if the thought of living in a world with eleven dimensions worries you, you
will probably tremble in fear when facing the immense vastness of the convention-space of
theoretical physics. This appendix will serve as a guide through this wilderness.

A.1 Weights

Symmetrisation and anti-symmetrisation, written y(®y?) and y[@y? respectively, is defined
to have weight one, meaning that Tjq = Ty if the tensor is anti-symmetric in a and b.
We thus have, for example,

1
ylaytl = 5(@/“9" —yPy*). (A1)

With this convention, an arbitrary tensor Ty splits into its symmetric and anti-symmetric
parts as
Tob = Tiap) + Tiav)- (A.2)

A.2 A matter of signs

The Minkowski metric will always have the signature n*® = diag(—1, +1,4+1,...,+1).
The two-dimensional Pauli sigma matrices are defined in the usual way as

S S () M (T

0% = (—il,0"), a=0,4, i=1,2,3,
% = (+il, o).

and we define

(A4)

The sigma matrices are generalised to higher dimensions through the introduction of
the gamma-matrices, v, which in four dimensions are constructed as

4o = (;a "Oa) . (A.5)

These satisfy the Clifford algebra {7*,v%} = 21®#. It may be worth noting that this is in
contrast to our main reference [4], who uses {y*,7%} = —2n®3. In even dimensions we can
create the chiral gamma-matrix, and we will always choose it to have the form

<§ _0]1) . (A.6)
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The general definition is, in D dimensions,

Y = (i)', (&.7)

where the inclusion of the ¢ depends on whether or not we can have both Majorana and
Weyl fermions in the given dimension. In odd dimensions we instead find that

P = £ ()1, (A.8)

where we choose the plus sign. We will do most of our work in seven dimensions, where
we thus use the convention
ALy =4, (A.9)

The anti-symmetrised combination of gamma-matrices, which we write for example
7P = Ale~Banland similarily for other numbers of matrices, will appear frequently.
Sometimes we will denote it as 4™, so that we have 4} = 4% and so on. The set of
anti-symmetrised combinations of different numbers of matrices form a complete basis of
the Clifford algebra.

We also introduce the 't Hooft symbol nf‘ﬁ , and its dual ﬁf‘ﬁ , defined by

o = iniaﬁai,

. (A.10)
7P = iﬁiaﬁaz,
which in our conventions satisfy
of {”?i =0,
Me =\ Gj
Mg = Cijk (A11)

—af . {77;)1 = +5;7
Me =\ Gj

M = Cijk-
There are several identities involving the 't Hooft symbols that we will need. Most of them
can be found in the end of [46].

A.3 Indices

The matter of indices is a very tricky one in this type of work, since we move around in so
many different dimensions, use a lot of different sets of operators and so on. We will try to
be as clear as possible every time we change the meaning of the indices. The general rule
is that capital letters belong to higher dimensions than lower case letter. When discussing
compactification we thus use capital letters for the full dimension and split it into p, v, ...
for spacetime and m,n, ... for the compact dimensions. ¢, j, k will most often be reserved
for three-dimensional indices, as for example when we discuss the algebra of the squashed
seven-sphere, or the Pauli matrices 0.

The beginning of the alphabet, i.e., a,b,c, A, B,C or «, 5, etc., will usually indicate
flat indices while m,n,p, M, N, P, u, v, p etc. usually indicate curved indices. Greek letters
will many times also be reserved for spinor type indices, so that for example we usually
write (ya)aﬁva@z;ﬁ, for the Dirac operator.

When we work in the orthogonal groups we raise and lower indices with 64, so we
don’t really need to bother with the right placing. We will therefore be a bit sloppy with
the indices at those occasions.
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Group theory and Lie algebras

This appendix discusses the theories of groups and Lie algebras. These are both extremely
huge subjects on their own and we will simply give a brief introduction and state the
necessary results. If however the subjects presented in this chapter feels unfamiliar or
uncomfortable to you, we highly recommend looking them up in some of the available text
books. Our main references are Fuchs & Schweigert [48], Wybourne [49], Hamermesh [50]
and Ramond [51]. Group theory is probably one of the most fascinating subjects out there
so you will not regret it.

The sections discussing the eigenvalues of the quadratic Casimir and the dimension of
irreducible representations will be a bit more technical. This is partly because the results
have not been found anywhere else and also because they are crucial for the work in this
thesis.

B.1 Groups

A group, G, is a set of elements, g, with an associated composition law (multiplication,
addition, etc.) that satisfies the following four axioms,

NIfgi,920€ G = q192 =93 € G, (closure)

2) If g1,92,93 € G = (9192)93 = 91(9293), (associativity)

3) There is a unique element, e, called the identity element, B1
such that eg = ge = g,Vg € G. (B.1)

4) There is a unique element, ¢! € G, called the inverse of g,
satisfying gg ' =g g =e.

Note that instead of writing out any symbol (+, -, x, etc.) for the composition law we
simply put two elements next to each other. The set could be finite or infinite and it could
be discrete or continuous.

If g1g2 = g2g1 the group is called Abelian. One example of an Abelian group is the
integers, which is a discrete group under addition. The identity element is zero, and the
inverse of any element is minus the element. It is easily seen that this satisfies all the
axioms of group theory.

The class of groups that we are most interested in here are the so called Lie groups.
They are characterised by the fact that they are differentiable manifolds. Lie groups can
be either finite- or infinite-dimensional. The classical examples that we will study are
SO(n),SU(n) and Sp(n).

A subgroup of G is a subset of the elements in G satisfying the group axioms on their
own. Note that a group G will always contain at least two subgroups, namely the identity
element, and the group itself. If H is a subgroup of G we can construct a right or left
coset by taking an element in G not in H and compose this element from the right or left
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with the whole of H. Two cosets are then either disjoint or identical as sets. A normal
subgroup is defined as satisfying tHx~' = H for all x € G. This is the same as saying
that the right and left cosets constructed from H are the same. If G does not contain any
normal subgroups (except the trivial ones {e} and {G}) it is said to be simple.

A representation of a group is defined as a set of matrices satisfying the multiplication
laws of the group, i.e. ab = ¢ = T'(a)I'(b) = I'(¢), for a,b,c € G and I'(a) being the
matrix representing the element a. The representation is said to be isomorphic to the
group if it is one-to-one, or homomorphic if many-to-one. Note that a representation is
only defined up to a similarity transformation since, if I - I', = S —I1;8, for all T';, and
Det(S) # 0, we have

DT = S7'0887'T;8 = ST, S = (L), (B.2)

so I'; and I", are equivalent representations. Note also that if I'D and T'® are two represen-

(1) .
tations of a group, then so is I'; = F6 F?z) . However, since I' is block diagonal, it is

1
said to be a reducible representation. On the contrary, if there are no similarity transforma-

tions taking I' into block diagonal form, then I' is said to be an irreducible representation,
or irrep for short.

B.2 The symmetric group and Young tableaux

There is a very important family of groups called the symmetric groups, S,. These are the
groups of all permutations of n objects. This group has several important applications, for
example when we discuss wavefunctions for several particles in quantum mechanics. Con-
sider a system of n identical particles, specified by their coordinates z,,. The wavefunction
must then have certain symmetry properties under permutations of these coordinates, i.e.,
be in an irreducible representation of S,. We denote an object in S,, permuting particles
x; and z; by (ij). This acts on the wavefunction by

(th)p(z1, 22, Ziy ooy Ty Tp) = V(X1, T2y oo Ty oy Ty oo Ty (B.3)

We can take the example of Sy to further illustrate how this works. The group S has two

elements, the identity e and the permutation (12). It also has two irreps, corresponding to

a symmetric or an anti-symmetric function. These are e = (12) =1 and e = 1, (12) = —1.
The unit element can therefore be decomposed as
1 1

e= 5(6 + (12)) + 5(6 —(12)), (B.4)

and this decomposes the wavefunction into two parts, corresponding to the symmetric and

the anti-symmetric part (this is the same as we do with any tensor when we split it into

symmetric and anti-symmetric parts). If we consider the wavefunction to have the form

Y(x1,x2) = P(x1)P(22), We get
Y — % (¢1(21)P2(x2) + d1(22)P2(21)) +% (01(21)P2(22) — d1(22)P2(21)) - (B.5)

symmetric anti-symmetric

This can be represented by the notion of Young tableaux. We let each function ¢; be
represented by a box, [, and each particle location, x;, by the number i. When we place
several boxes together the rule is that horisontal boxes are symmetric and vertical boxes
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are anti-symmetric. The resulting diagrams must not grow vertically in the left-to-right
direction, or horisontally in the top-to-bottom direction. This means, for example, that
H45 is not allowed but gﬂj is. Dimensions of the irreps are then found by counting the
number of ways one can place the numbers 1,...,n into the n boxes so that they increase
both horisontally and vertically. In So we only have [1]2], and , so that we have two

one-dimensional irreps.

1]2]
3
However, here we have the possibility of placing the numbers in another order, namely,
1]3]
2

the irreps and , so that in total we have three different irreps, two of dimension

When instead going to S35 we can construct so called hooked diagrams of the form

. This indicates that there is a two-dimensional irrep under S3. Note that S5 also has

one and one of dimension two.

The counting of all possible ways to place the numbers in boxes gets rather complicated
when going to higher S,’s. But, as always in group theory, there is a nice trick. This is the
so called hook formula. It works like this: In each box you place a number corresponding

to how many boxes are to the right of your box plus how many boxes are directly below
311

1] ['
The hook formula is then to take n!, for S,,, divided by the product of all the numbers you

have filled in. For S3 we thus get %‘ = 2, which we already saw before.

Now, to find the corresponding wavefunction of a given diagram we need to introduce
Young operators. We once again use S3 as an example. The diagram [ | [ ] gives us the
operator corresponding to the symmetric case

your box, and add the number one for your box. For the hooked diagram of S3 we get

Rs=e+ (12)+ (13)+ ..., (B.6)

where all terms have a plus sign. If we instead take the diagram @ we find the anti-

symmetric operator

Ri=e—(12)+(13) —..., (B.7)

where even permutations have a plus sign and odd ones have a minus sign. For the hooked
diagrams we need to define two operators corresponding to the symmetries of the first row

2] we get

and the first column. For é

P=ec+(12), top row,

B.8
Q=e—(13), first column. (B:8)
We then construct the Young operator as
Y =QP =e+ (12) — (13) — (123). (B.9)
The diagram ; 3 instead gives us
Y =e— (12) + (13) — (132). (B.10)
We can now decompose the unit element as
1 1 1 1, ,

This is very useful when searching for decompositions of wavefunctions or more general
tensors.
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There is another useful formula connected to the Young tableaux. This counts the
number of ways we can place numbers that are strictly increasing in the vertical direction
but only weakly increasing in the horisontal direction. For example, this could count the
degrees of freedom of a tensor having the symmetry properties implied by the tableaux-
structure in its indices. For a tensor in n dimensions we place an imagined n in the first
box, and then n + 1 in the next horisontal box and so on. When going down one line we
place an n — 1 in the first box, and then step up as we go to the right as before. The
multiplication of all these numbers is then the numerator of a quotient that will give us
the degrees of freedom. The denominator is the same as in the hook formula above, i.e.
the product of all the numbers corresponding to how many boxes are to the left and below
each box.

An example is certainly in order. Take a rank six tensor in six dimensions, with
symmetry properties implied by 5, i.e., it could perhaps be written Tjuy(cq)(ef), Where
a,b,....f=1,2,...,6. We start with the numerator, we place a six in the first box, then
a seven, an eight and finally a nine. In the next line we have five and six. This means that
the numerator is 6-7-8-9-5-6. To find the denominator we fill in the numbers as before,

this gives us g 11 211 The tensor thus has
N = 6';'2'2'2'6 —=3-7-9-6 = 1134 degrees of freedom. (B.12)

This is a very neat trick to count the degrees of freedom. One can also connect this to the
dimension of a specific irrep of the Lie algebras, especially to A,.

B.3 Lie groups

As previously mentioned, the Lie groups are a class of groups that are also differentiable
manifolds. They are usually realised as matrix groups, and there are three classical infinite
families, and five exceptional groups. The Lie groups appear frequently in physics appli-
cations, the most canonical example perhaps being the generators of angular momentum
in quantum mechanics.

The most general matrix group is the general linear group, GL(n,F), which is the
group of all matrices with non-zero determinant, defined over some number field F, e.g.
the real numbers. We can put some restraints on this group. For instance, if we demand
that the matrices have unit determinant we get the special linear groups, SL(n, ).

The classical Lie groups are subgroups of GL with the constraints that they leave some
matrix, G, invariant. We get three cases

ReO(n), G=1 = RGR! =G,

UeUn), G=1 = UGU' =G,

0 1
-1 0

(B.13)

M € Sp(n), G:( ) = MGM" =G.
We usually combine these with the constraint of unit determinant, and denote the cor-
responding groups as SO(n),SU(n) and Sp(n). We can also have different signatures
in these groups, this is denoted by for example SO(p,q) which means that it leaves a
Minkowski-like metric, with signature (p, ¢), invariant, as for example the Lorentz group
SO(1,3) which leaves the ordinary four-dimensional Minkowski metric invariant.

It is often a troublesome task to prove whether or not two Lie groups are isomorphic.
We first must check that they are topologically the same and then see if they obey the
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same multiplication table. One simpler way of analysing the groups is to first linearise
them. For example, if we have A € SL(2,R) we can write this as

1+a b
A= ("1 L), (B.14)
14+a

The multiplication of two such elements will give us complicated non-linear relations. If
we instead linearise A near the identity element (here the unit matrix) we get

_(1+4da b\ (10 da &b 2
A(5a, 5b, (SC) == < Se 1fr—fggc> ~ (0 1> + <(SC —5CL) +O(5 )

_ (é (1)) +da ((1) _01> +6b <8 é) e (g 8) (B.15)

=1+ aTy + 0015 + 6cT5,

where T; are called the (infinitesimal) generators of SL(2,R). The analysis of the linearised
group elements introduces us to the subject of Lie algebras.

B.4 Lie algebra

If a system has a certain symmetry generated by some object T, according to the above
definition of the generators, the corresponding Lie algebra is defined by the relation

[T, T = f*.T° (B.16)
where f% are called the structure constants of the algebra, and [-,-] is called the Lie
bracket. The bracket satisfies [A, B] = —[B, A], and is usually realised as a commutator.

The algebra must also satisfy the Jacobi identity
[Ta> [Tb> TCH + [Tb7 [TC7 Ta]] + [ch [Taa Tb“ =0, (B17)
or expressed in the structure constants

fade fbcd + fbde fczzd + dee fabd —0. (B]_S)

Due to the anti-symmetry of the Lie bracket an Abelian algebra has [T, 7% = 0.

The Lie algebra is by definition a vector space, with the Lie bracket taking the réle of
the multiplication. The generators can therefore be seen as basis elements in the tangent
space of the group around the identity element. We can then write an arbitrary group
element, g, close to the identity element as g = 1 + 6,7%. Performing this transformation
several consecutive times results in an exponential mapping of the algebra to the group,
i.e. we get an arbitrary element of the group as g = ™. This exponential mapping does
not always work perfectly (but in the cases we are interested in it does). It is, however,
very useful. For instance, it tells us that for Abelian groups we have e4e®? = e4+5 5o that
(eM)~! = e=4. For SO(n) we have that an element satisfies RT = R~!, and since R = e*
this means that A7 = —A. We also see that the constraints of unit determinant implies
that TrA = 0, since 1 = Det(e?) = T = TrA = 0.

There is a special representation of any Lie algebra called the adjoint representation.
This is the representation of the algebra on itself. We can thus write the generators of the

adjoint representation as
(T, = —f.. (B.19)
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The matrices of the adjoint representation have the same dimension as the Lie algebra.

To every Lie group there exist an associated Lie algebra, and we will denote this by
lower case letters, so that for example the Lie algebra of the group SO(n) is denoted so(n)
(in the main text we will, however, not always make this extinction, but instead let the
context tell us whether we mean the group or the algebra). As we saw above so(n) is the
set of all anti-symmetric, real n X n matrices. Note that two Lie groups can have the same
algebra but still be different as groups, we then say that they are locally isomorphic. We
are now ready to classify all finite-dimensional simple Lie algebras.

B.5 Cartan classification

In this section we study the complex versions of sl(2,R), i.e. the algebra spanned by all
complex linear combinations of the basis elements. Doing this will lead us to a classification
of all the finite-dimensional Lie algebras. This was first done by Cartan and is therefore
called the Cartan classification. We will do it rather quickly and skip many details, so
the unfamiliar but interested reader should really look up a more detailed derivation, we
recommend looking in Fuchs & Schweigert [48].

The idea is to start from the sl(2) algebra, given by
H' E'l = +2F!,
[ . T} o (B.20)
[EL,E'] = H".

All quantum physicists out there can compare this with the algebra of angular momentum
in QM (there we usually denote Ey as J1 and H is most often taken as the z-component of
the spin operator, J,). To get a new quantum number that can be measured simultaneously
with the one from H', we introduce another set of sl(2) generators, such that

[H', H*] =0,
[H?, E%] = +2F%, (B.21)
[E3,E%] = H?.

The commuting generators, H', are called the Cartan generators, and the E% are called
step-operators. The Cartan generators span a subalgebra, called the Cartan subalgebra,
and all states are labeled by two integers, the eigenvalues of H' and H?. This means that
the weights of the states are two-dimensional quantities.

We now have some options. One possibility is that all the mixed brackets could be
zero, this would however indicate that we only have a direct sum of two si(2) algebras, and
that is not a simple algebra. So to get something truly new we need to allow for non-zero
commutators. We thus define ‘ ‘

[H', E]| = + AT E| (B.22)
where A% is called the Cartan matriz.

We also need to study the brackets [E}, E7] and [EY, E2]. By acting with H' on these,
ie. taking [H',[EL, E]] and [H',[EL, E2]], we see that both of these brackets will give
possible new elements (step-operators with fixed weights) in the algebra (this is a good
exercise for the interested reader). It is, however, possible to define one of them to be zero
in order to find the smallest possible new algebra, so we set [EL, E?F] = 0. This will now
allow us to decide the complete Cartan matrix by evaluating the different commutators of
all the step-operators. We soon find

A — <_21 —21> , (B.23)
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which is the Cartan matrix for si(3,R).

The rows of the Cartan matrix, corresponding to the eigenvalues of each Cartan gen-
erator acting on the step-operators, are called roots of the algebra, denoted «;. For every
root « the corresponding step-operators, E¢, generates an sl(2) subalgebra. The real vec-
tor space spanned by the roots is called the root space of the algebra, and the dual vector
space is called the weight space.

We define the positive roots to be the ones where the first non-zero entry in a certain
basis is positive, and the simple roots are those positive roots that can not be written as a
sum of some other positive roots. All roots can be expressed as linear combinations of the
set of simple roots, with all coefficients having the same sign.

Now, in order to do this more generally we start by choosing a maximal set of commut-
ing linearly independent elements among the semisimple elements of g. We denote these
as H*, and we should then have

[H',H] =0, fori,j=1,2,...,7 (B.24)

The subalgebra spanned by the H%’s is called the Cartan subalgebra of g, and we will denote
it by go. Note that a semisimple Lie algebra can have many different Cartan subalgebras,
but they are all related. They all also have the same dimension r, called the rank of the
Lie algebra. The rank gives us the maximal number of quantum numbers available to label
states of a system with symmetry algebra g.

The Lie algebra g is spanned by all elements, y, satisfying

[h,y] = ay(h)y,  for h € go, (B.25)

where «y is the root of the Lie algebra corresponding to the element y [48]. This also
means that we can decompose g in a direct sum of vector spaces g, = {y € g|[h,y] =

a(h)z,Yh € go} as
9= @ga =9 ® @ga- (B.26)
« a#0
This is called the root space decomposition of g relative to go. We can thus have a basis
constructed entirely from H*® and elements E“ satisfying

[H', E“] = o' E°. (B.27)

This is the Cartan- Weyl basis. As we said earlier we will call the vector o’ for a root of g.
The set of non-zero root vectors is denoted A and the set of positive roots is denoted A..
Lastly, we denote the set of simple roots by II. The number of simple roots is equal to the
rank of the algebra. We can now write the Cartan-Weyl basis as

Bew = {Hi|i=1,...,r} U{E%a € A}. (B.28)

Earlier we saw that also the brackets [E®, E®] could be non-zero. Using the action of the
Cartan generators on this bracket one finds [48]

(B E°] = NogB*P, ifa+peA,
[E*, EP] = gija/ H, for a+ =0, (B.29)
[E* EP] =0, otherwise.

Here we introduced some metric denoted g;; that is dual to the so called Killing form,
defined by - o
kY = fh (B.30)
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If we denote the simple roots as a(? the Cartan matrix can be defined as

(a®, ali))

=
AT=200, 0y

(B.31)

where (a9, ) is the inner product of the two roots, defined by the metric gij- We can
also define the coroot of a as

2
o= 2 (B.32)
(a, )
which turns the equation for the Cartan matrix into
A7 = (a®, a0)), (B.33)

We will once again refer to the duals of the roots as the weights and denote them A, so
that ' ‘
Nio? =67, (B.34)

in particular, we call the weights dual to the simple coroots for the fundamental weights,
A#)- One can then use the fundamental weights as the basis of the weight space, this basis
is usually refered to as the Dynkin basis. We call the Dynkin basis components of a weight
for the Dynkin labels, these can be used to label an irreducible representation as we will
see in a while.

There is a unique root, called the highest root, 8, for any simple algebra g such that

0,0) > (a,r) Va € A. (B.35)

Now, in order to classify all simple finite-dimensional Lie algebras it simplifies things
a lot if we also fix the constants in Eq.(B.29). This leads us to the Chevalley-Serre basis,
defined by the relations [48] -
[sz Hj} =0,
[H', ] = £ AV EL,

A . A B.36
[EY, B2 ] = 0 HY, (B.36)

where (audEg-[)I*AjiEjE means that we act on E% 1 — A7 times with the Lie bracket,
e.g. (adp: )2E% = [E%,[E%, E%]] and so on. The relations of Eq.(B.36) completely, and
uniquely, characterises the Lie algebra g. From the use of this basis and the definition, we
can find that the Cartan matrix satisfy
A =2 Vi,
A =0 = AV =0, for i #j,
A € {0,-1, -2, -3} for i # j,
Det(A) > 0,

(B.37)

and through these relations we find all simple finite-dimensional Lie algebras [48]. There
are four infinite families, A,, B;,C, and D, (where r denotes the rank of the algebra),
called the classical Lie algebras, and five exceptional algebras, Fg, E7, Eg, Iy and Go. One
can find that A, is isomorphic to su(r + 1), B, to so(2r + 1), C, to sp(r) and D, to
so(2r). Table VI of Fuchs & Schweigert lists the complete Cartan matrices of all simple
finite-dimensional Lie algebras [48].

7
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The simplest way of representing all Lie algebras is through their Dynkin diagrams.
The idea is to associate every simple root with a node in the diagram. Every pair of simple
roots are then connected by max{|A¥|,|A7"|} lines. If two roots are of different length
we draw an arrow pointing towards the shorter root. The Dynkin diagrams of the finite
dimensional classical Lie algebras are

A, oo —0—o,
B, oo 0 09,
Cri  e—0——0—a=e, (B.38)
D, *o—o— ,
and of the five exceptional algebras
FEs : Q—Q—I—Q—.,
Er: o—o—I—o—o—o,
(B.39)

Algebras where all roots are of equal length is called simply laced. These are easy to spot
when analysing the diagrams, since they are the ones with only single lines between every
pair of nodes, i.e., A, D,, Eg, E7 and Eg.

It is also possible to add a node corresponding to minus the highest root, i.e. —0, of
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the algebra. This will generate the so called eztended Dynkin diagrams. These are

A, A,
B, : ,
}—F —o—eo—»
Cy o= e 0 —06=0,
-DT‘ : 9
(B.40)
EG : 3

E7Z (H—.—I @ ® o,
Eg: .—.—I—.—.—’ ® O,

Fy: O—e—e—9—=o,
G : o == 3

The extended diagrams are also the diagrams of the affine Lie algebras, which has Det(A) =
0. We will, however, not discuss these algebras here.

B.6 Representations of Lie algebras

A specific representation is constructed by first choosing the basis vectors of the represen-
tation space to be simultaneous eigenvectors of the Cartan generators, H*. These basis
vectors are denoted as |[A\'), so that

HYNY = XX, (B.41)

where ! are the components of the weight vector A = (A!,...,\"). We will henceforth,
somewhat misleading, refer also to these components as weights. Note that in the adjoint
representation, these are the roots. There is an important theorem in representation theory
which states that for a given irreducible representation, the highest weight, denoted |A),
is non-degenerate and fixes the representation uniquely [48]. The highest weight state
satisfies

E“A) =0, Vo e Ay (B.42)

The highest weight can be expanded in the weights, A\’ as
A=D1 (B.43)
i

where the I’ are some expansion coefficients. Another way to specify an irreducible rep-
resentation is by their Dynkin labels, as mentioned before. These are an ordered set of
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numbers, (n!,n2,...,n"), defined by

n' = ) _ (A, ab). (B.44)

The roots may also be expressed in the weights. In this thesis we will only need to
concern ourselves with the families B,, C, and D,. The results are found in Wybourne
[49]

By: [P, NP LAY (B.45)
Cp: {207, £0P £ N1}, (B.46)
Dyt {£NP £}, (B.47)

where the ranges of p and ¢ are given at the end of the curly braces. The corresponding
positive roots are found by setting the first entry in every root to be positive. Using this
together with the expansion of the highest weight we can find formulas for the expansion
coefficents, I%, in terms of the Dynkin labels for all algebras. For these we find [48]

r—1 r
B.: F=Yn4+l
Zn + 5
i=k
Cr: 1F=>"n, (B.48)
i=k

nrfl —nT

D fe Z;:gni-l—nr_;iﬂﬂfork:1,2,...,r—1,
" for k=r

If we express the weights in terms of the roots we can use the Cartan matrix to find
the inner product of the weights. For B,, C, and D, we have

(N, V) = K6, (B.49)

where K are constants differing between each family of algebras. These are [49]

1
B: K=-——",
2(2r — 1)
1
K= ——
C, T (B.50)
1
D',‘. K—m.

We will later normalise these to one in all cases so that the weights form an orthonormal
basis, o -

(A, N) = 0Y. (B.51)
B.7 Eigenvalues of the quadratic Casimir
The quadratic Casimir operator is defined by

Cr = kg TT?, (B.52)

where kg is the inverse of the Killing form.
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One important property of the Casimir operators is that they commute with all the
generators of the algebra, i.e., [Cr,T? = 0, V T®. Schur’s lemma then tells us that, if
we are in an irreducible representation of the algebra, the quadratic Casimir must be a
multiple of the identity operator [48]. We thus write

CR = /iabRaRb = CR]l, (B.53)

where cp is a constant that only depends on the representation R.
In the Cartan-Weyl basis we can write the quadratic Casimir in terms of H* and E®
as [48]
-
Cr=)Y wyH'H + Y (E*E™"+ E“E®). (B.54)
jil CMEA+

This can then be rewritten using the definition of the highest weight state

CrlA) = (A, N)|A) + > (E*E~* + E~“E®)|A)

aEA L

= (A N)[A) + Y [E*ETIA) (B.55)
aEA L

= (A AN)A) + D (a,A)A) = cqlA).
aEA L

Our goal is to express these eigenvalues in the Dynkin labels. It is helpful to define the

Weyl vector, 6, as
=1 Y (B.56)

(XGA+

i.e. as half the sum of all the positive roots. Using this in the expression for the eigenvalues

above we get
cr|A) = (A, A+ 20)|A). (B.57)

The Weyl vector can also be expanded in the weights as
5= &N (B.58)
Solving for §% in the different algebras we find [49]

_ 1
B, : (5’:7"—2—1—5,

Cr: 8'=r—i+l, (B.59)
D, : 8 =1 —i.
By using the expansions of both A and J in the weights we can now find an expression
for the eigenvalues of the quadratic Casimir expressed solely in the expansion coefficients

I*, which in turn can be expressed in the Dynkin labels according to Eq.(B.48). First we
write

cr = (A, A+ 20) Zz N Z U 260)X | = 117 4 267) (M, M), (B.60)

i,
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Now, using the results of Eq.(B.45)) and (B.59)) we find

1 T
B, : = N+ 2r—2i+ 1),
CR 2(27"1); (I"+2r—2i+1)
1 L
L =—— SN Ul +2r—2i+2), _
Cr: cp 4(”1);1( +2r — 20+ 2) (B.61)

1 L
Dy: ep=— SCU+2r — 20).
CR 4(7’—1); (I" +2r — 2i)

Finally, we use Eq.(B.48) to find our sought formulas [40]

T
B, : cR:2<2:_1)Z an—i—— <Zn +2—|—2r—21—|—1> ,

1=

r

C, : cR— Z Zn] (Zn +2r—2z+2> )

] %

1
1 r—1 r—2 nr- 1+
. _ J — 9
D, : CR_4(1"—1) 1 Zn + Z + —— 4 2r—2

i= j=t

N (nr—14_ nr)? }

(B.62)
These are the main results of this section. In particular, we can evaluate these in the
algebras we are interested in, namely sp(2), so(3), so(5), so(7) and so(8). This gives us
the following results

1
sp(2): cgp=-—=[n1(n1 +4)+ 2na2(na + 3) 4+ 2n1n9],

12
1{ni(n + 2)
80(3) . 2w,
1 no
so(b): cpr =5 [nl(nl +3)+ 7(77,2 +4) +nina|,

1 3
so(7): cgr =10 [nl(m +5) + 2ng(ne +4) + %(ng + 6) + 2n1ng + 2n9ns + ning| ,

1
B {m(m +6) + 2na(n2 + 5) + n3(ns + 6) + ng (ng + 6)

+ 2ni1n9 + ning + ning + 2n9ns + 2nong + ’)”L3’)”L4] .

so(8): cp=

(B.63)
From this we can also see that sp(2) ~ so(5) if we only exchange nj <> ng. As mentioned
above we will later normalise according to K = 1 for all algebras, so that one simply drops
the prefactors in the above formulas. Next we will derive a formula for the dimension of
an irreducible representation as a function of its Dynkin labels.

B.8 Dimension of irreducible representations

If ¢ is a unitary irreducible representation of a compact semi-simple Lie group, charac-
terised by its highest weight state, A, then the dimension of ¢ is given by the famous Weyl
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formula [49)]

mm@pzrluixxw. (B.64)

aEA L

We use the results from the previous sections, namely the different expansions in the
weight vectors, to rewrite this. For B, we find

Dim(p) = [] (A<+5a 11 Zg;i} Z) ). (B.65)

The denominator can be evaluated as

11 Z&(AJ’,@:(HZM(M,M)) 1D -9, a7+ (HZé’“()\k,)\s—)\t)>,
P

aEA, j ar g stk

aEA L aEA L

(B.66)
where the expressions for the positive roots in terms of the weights in Eq.(B.45) has been
used. Using now that (A, M) = K69 we get

(H 510) (H (89 + 57“)) (H(as - 5t)> . (B.67)
q,r s,t
Defining m’ = [ + §' we evaluate the numerator in the same way and find

) ) ()

a€A+ 7

Combining the two gives us our result

_ mP md +m” m® —m' mt
p ar s,

Doing the same thing for C, and D, we find that C; gives us the same expression while

D, h
* _ mP —m? mP +md
Dim(y) = H( - ) ( T ) (B.70)
p,q

We can now use the results of Eq.(B.48) and (B.59)) to write this in terms of the Dynkin
labels. The results are [40]

r—=1_4 , n" 1 r—=1 r—1_j r
—p V' + 5 +tr—p+3 '+ ) +n"+2r+1—-p—
B, : Dim(gp) = (H ZZ—P 2 p 2> <H Zl—p Z]—q p Q)

. r—p+s3 b 2r+l1-p—gq
b —p+q
(B.71)
. it AT —p+1 St Y+ 2r+2-p—g
Cr+ Dim(p) = H r—p+1 H 2r+2—-p—gq
p psq
X (H Zz=p”i—z§=qnj—p+Q>
o —p+q
(B.72)

83



84 APPENDIX B. GROUP THEORY AND LIE ALGEBRAS

r—2 i | n""ldn” r—=2 34 n""l14n”
N+ —— + oI + B 4+ 2r —p—q
D, : Dim(yp) = (H iz 2 2= 2 )

2r—p—gq
P,q
r—92 i nW'flin'r r—2 ] n'l'*linr (B73>
o sz':pn"‘#_z]':qn -3 —pbtyq
P.q Pty 7

where the +is +if p,g=1,...,7—1 and — if p, ¢ = r. For the algebras we are interested
in we especially find

sp(2) : Dim(p) = é(nl + 1)(n2 + 1)(n1 + na + 2)(n1 + 2n2 + 3),
6 (B.74)
so(5) : Dim(p) = E(nl + 1)(n2 + 1)(n1 + na + 2)(2n1 + 1ng + 3),

note that these, once again, change into each other under the interchange of n; <> ny. For
s0(7) we get

Dim(p) ni + 1)(n2 + 1)(ng + 1)(n1 + na2 + 2)(n2 + ng + 2)(2n + n3 + 3)

1
= 720 (B.75)

X (n1 +ng + ng + 3)(n1 + 2ng + ng + 4)(2n1 + 2ng + ng + 5),

and for so(8)

Dim(yp) = Kzo(nl + 1)(n2 + 1)(ng + 1)(na + 1)(n1 + n2 + 2)(n2 + n3 + 2)(n2 + nqg + 2)

X (n1 +ng +ng + 3)(ny +ng + ng + 3)(n2 + n3 + ng + 3)
X (n1 +ng +nz +ng +4)(n1 + 2n2 + nz +nyg + 5).
(B.76)
These formulas will be helpful when considering the particle representations appearing in
the supergravity theory compactified on different manifolds.

B.9 Decomposition of groups

Given an algebra g with a subalgebra h, h C g, (we will refer to g as the ambient algebra
in this context) we can usually embed h in g, so that irreducible representations of g
break up into several irreducible representations of h. These decompositions are called
branching rules. These rules tell us how a state in the original system, with g symmetry,
gets organised into states labeled by some h symmetry. This can be written as

A €D banM, (B.77)
MEP+

where A is an irrep of g, M an irrep of h, P, is the set of highest weights for irreducible
representations, and bpjs are called the branching coefficients. These coefficients gives
the multiplicity of M under the decomposition of A. A specific branching can also be
characterised by a projection matriz. If we for example have an irrep of su(3) given by
(m ng), and a corresponding projection matrix, P, for how an irrep of su(2) is embedded
in su(3), then we get the branching rules by writing

> <n1> = (P1 Py) (Z;) — (Pin1 + Panz) = (Nyu))- (B.78)
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There is also a useful rule stating that, if

A P bauM, and Ew @ benll, (B.79)
MePy IlePy
then
A®E— PbaybznM 11 (B.80)
M,II

One can classify the different embeddings according to the properties of the smaller
algebra under the decomposition. We will most often concern ourselves with the case where
h is a maximal subalgebra of g. This means that there are no intermediate steps in the
embedding, i.e., we can not write h — [ — g, for some other algebra [ C ¢g. The rules
for non-maximal subalgebras follow directly by applying the embedding of the maximal
subalgebras in steps.

If all step-operators of h are also step-operators of g we call h for a regular subalgebra
of g, otherwise we call it a special subalgebra.

There is a very simple prescription for finding all regular maximal subalgebras of an
algebra. You start from the Dynkin diagram of the ambient algebra and add a node
corresponding to minus the highest root. This will yield the so called extended Dynkin
diagrams of g, see Eq.. One then simply removes any node corresponding to some
simple root, and receives the Dynkin diagram of a regular maximal subalgebra. Note that if
g = A, one needs to discard two roots in order to find a proper maximal regular subalgebra,
since the removal of one node only gives back the original diagram. There are also a few
exceptions (five to be exact) when working with the exceptional algebras (sounds almost
obvious when you write it out like this), resulting in non-maximal subalgebras [48]. This
trick does not work for the special subalgebras. There we instead use that if g is simple,
then any n-dimensional representation of g gives us an embedding of g into si(n) [48]. If
the corresponding representation space is selfconjugate and symplectic we can embed it in
sp(n), and if it is selfconjugate and orthogonal we can embed it in so(n). Both of these
embeddings are special and (except for a few cases) maximal. If g is not simple one can use
the matrix representation to look for the embeddings. This is done in [48]. The exceptional
algebras must be done on a case-by-case basis while the classical Lie algebras gives some
more general results.
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An introduction to supersymmetry

JOHANNES ASPMAN AND ADRIAN PADELLARO

This appendix was written together with Adrian Padellard? in a joint effort to gain the
necessary background knowledge needed for our separate master’s projects. The text serves
as an introduction to the subject of supersymmetry. This is intended for the average
master’s level student of theoretical physics unfamiliar with the subject, and therefore
includes a lot of explicit calculations, often more than has been found anywhere else.
Since this appendix is written with the intent of being somewhat self-contained there will
perhaps be some overlap with the rest of the thesis, this may also lead to some contrasts
in conventions, but we will always try and note the differences.

The first section gives a short motivation to why supersymmetry is interesting. We
then introduce the simplest possible supersymmetric theory, the Wess-Zumino model. In
Sections and we discuss representation theory for supersymmetry and SO(N)
respectively. After this we introduce two other formalisms more suitable when interactions
are included, namely the notions of superfields and superspace, Section then shows
how we can express the coordinate transformations in superspace in a manifestly covariant
way. In the last two sections we construct two supersymmetric theories of great importance,
super-Yang-Mills in ten dimensions and supergravity in eleven dimensions.

C.1 Introduction and motivation — Why SUSY?

Supersymmetry, or SUSY for short, is a symmetry between fermions and bosons. It relates
every boson to a fermion superpartner, and vice versa. The partner of the known bosons
are named after the boson with the added suffix -ino, for example the photon has as its
partner the photino, and so on. The partner of the fermions get a prefix s (for scalar,
or super, depending on who you are asking), so we have the selectron, the sneutrino, the
squark and so on.

In this appendix we will introduce some of the most important aspects of supersymme-
try. We will also show how one can incorporate these ideas into supersymmetric theories,
such as super-Yang-Mills and supergravity. But first we will try to motivate why it is
important, or at least interesting, to study supersymmetry. There are of course a lot of
reasons, and we will only mention the ones we find most significant. Although supersym-
metry is interesting for both mathematicians and physicists we will focus mostly on the
physical applications.

There are three fundamental constants of physics. The speed of light, ¢, Planck’s
constant, i, and Newton’s constant, G. From these one can create the Planck units, which

2Gothenburg Univeristy, guspadad@student.gu.se
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should then set the natural scale for fundamental interactions. We get [15]

hG

_ ~ -35
l hG
tp =L =/ — ~ 539 x 1075, (C.2)
& C
he 19 2
mp =\~ 1.22 x 107 GeV /c*. (C.3)

In the standard model particles acquire their mass by interacting with the Higgs field [52].
The renormalisation of the Higgs interactions gives a large contribution to the mass of the
Higgs boson, and this leads to the conclusion that the mass of the Higgs boson should be
the greatest mass scale available. However, in 2012 the Higgs boson was experimentally
found to have a mass of only around 125GeV /c?, [53], much lighter than the Planck mass.
This discrepancy between the Higgs mass and the Planck mass is called the hierarchy
problem of the electroweak scale.

In supersymmetry the hierarchy problem is solved since the superpartners cancel the
Planck scale quantum corrections. This is because there is a relative sign present when
doing calculations involving fermion loops as opposed to boson loops in quantum field
theory, and imposing supersymmetry forces the two loop corrections to exactly cancel each
other out [52].

One may note in this context that there is another vastly different scale in Nature,
namely the neutrino mass scale, which happens, for unknown reasons, to be very close to
the dark energy scale, deduced from the observed value of the cosmological constant, A.
This is briefly discussed in Chapter

The way in which supersymmetry cancels UV divergences in loop correction calcula-
tions has made it possible to construct more finite quantum fields theories, or at least it
has been shown that they are finite up to higher order correction than before. It also
led to the formulation of certain non-renormalisation theorems giving some insight into
whether a theory is renormalisable or not. For instance, one theorem states that as long
as supersymmetry is broken a particle who is massless at tree level will still be massless at
any finite order of perturbation theory [54].

One theorem also states that if the classical potential vanishes at some point in field
space, the effective potential will vanish at that point to all finite orders of perturbation
[54].

Another aspect of supersymmetry that involves the standard model is the question of
the unification of the three gauge coupling constants which set the scales of three of the
fundamental forces, the electromagnetic, the strong and the weak force. These coupling
constants are energy dependent and some decades ago, before more precise measurements
had been done, they seemed to be able to meet at a certain energy scale. For many years
people tried to find a way to unify these forces into one at this scale. Later on when the
measurements became more precise it was found that they would not actually meet at one
point but instead cross each other at different energies [52].

But, if one includes supersymmetry and the extra superparticles the energy dependence
of the coupling constants gets modified. It has been found that this leads to the existence
of a unique point where all three coupling constants meet, making it possible to unify the
three forces into one single gauge group [52].

The two superpartners of supersymmerty should be of equal mass, but we have not
found any superpartners to the known particles at these mass scales. This means that,
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if supersymmetry is a true symmetry of nature, it must be spontaneously broken in our
present Universe.

We consider a single conserved supercharge, which is a spinor, Q. As we will see later,
the superalgebra is given by [54]

{Qa, Qs} = 2(c") 3P (C.4)

This means that the Hamiltonian

H = |QJ*. (C.5)

It follows that if supersymmetry is not broken, i.e., that the @, annihilate the vacuum,
the energy of the vacuum is zero. Since of course

H|0) = |QI*|0) = 0. (C.6)
However, if supersymmetry is spontaneously broken, i.e. Q,|0) = «|0) # 0, we find
(0[H|0) = (0[|Q[*|0) = o® > 0. (C.7)

So the energy of the vacuum is positive [54].

As discussed in this thesis the Weak Gravity Conjecture of Ooguri & Vafa, [I1], has
been shown to imply that non-supersymmetric AdS vacua are unstable.

This could mean that our present Universe possibly is in an unstable state, and should
then be moving towards a state where it will have supersymmetry. It could of course be
in a local minimum of the potential, but due to quantum tunneling it should still be able
to escape and move towards a supersymmetric global ground state.

Lastly, one should also mention that our leading candidate for a theory unifying all the
fundamental forces of Nature, string/M-theory, in its present formulation, needs supersym-
metry on the world sheet to work [I5]. So supersymmetry seems to be a deep fundamental
symmetry of Nature.

These are just a few of the reasons why one should study supersymmetry, and hopefully
you have been motivated to keep reading this text.

C.2 The Wess-Zumino model

To introduce supersymmetry we start by studying one of the simplest models, called the
Wess-Zumino model. This was the first example of a four-dimensional interacting super-
symmetric model, introduced by Julius Wess and Bruno Zumino in 1974 [55]. This will
involve a lot of explicit calculations and manipulations, but since this is something that
you encounter all the time in supersymmetry, we will go through it in detail in this section
to familiarise ourselves with the framework.

Consider a field theory consisting of one complex scalar field and one Dirac spinor field.
For simplicity we can split the complex scalar field into

1
V2

where now both A and B are real scalar fields. We thus have the kinetic Lagrangian

¢=—(A+iB), (C.8)

1 1 _
Lo = —50,A0" A~ S0,B9"B + %ma Wi, (C.9)
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where we employ the convention that latin indices belong to ordinary spacetime, while greek
indices will be used for spinors. This Lagrangian is invariant under the supersymmetry
transformations defined by

0A = —igr,

0B = —5757%

0 = 70u(A — ir°B)e,

61 = —E0,(A — i’ B)v*,

where ¢ is an anti-commuting (Grassmann) parameter called the supersymmetry parameter
[54]. These transformations will be derived later when we talk about superspace, but for
now we simply state them and check that the given Lagrangian really is invariant under
them. We also see that these transforms fermions into bosons and bosons into fermions,
which is exactly what supersymmetry represents.

If we transform the Lagrangian accordingly we get

(C.10)

SLo = —0,6A0°A — 8,6 BB + %&/haam + %%aaa(sw
= §A0A + 6BOB + %5%“ Wt + %%aaaaw

= —igp0A — &y>y0B — ge-aam — iy° B}y 0 + %Wé‘w”ab(A — iy’ B)e,
(C.11)
where we used partial integration in the second step and plugged in the given transforma-
tions in the last step. We now use that y%y® = 7% 4+ 4% and that v is anti-symmetric
in a and b while 9,0, is symmetric, which means that we can drop terms where these two
multiply each other. This gives us

§Lo = —z’s‘wDA—éy5wDB—%58“(A—i75B)6a@Z)—%58,1(A—i75B)7a60b¢+%7]JD(A—i75B)5.

(C.12)
Then we perform partial integration, again dropping the v term because of symmetry
considerations, leading to

0L = idA(—&p + %51/} + %&s) + OB(—&y%) + %éfy% + %&755). (C.13)

Now, for the Lagrangian to be invariant under supersymmetry we want this to vanish, and
we see that this requires

zig,_g :;5 .. (C.14)
but this is exactly the demands on a Majorana spinor since we then have [54]
p=y'c, o =-cC, (C.15)
which implies that we can do a Majorana flip
ve =pTCe = —TCTyp = 7Oy = &y, (C.16)

and similarly for ¢5¢e since Cpp and (v°C),p are both anti-symmetric (Section will
discuss this in more detail). This means that if we take the spinor field to be Majorana
the Lagrangian will be invariant under the supersymmetry given by .

Now we want to find the algebra of the supersymmetry transformations. We start by
introducing two different transformations é; and do and then check how the commutator
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of these act on the different fields. Starting with the scalars, e.g. A (the case for B is
equivalent), we have

[(51, (52]A = (51(—i§21,/)) — (52(—i§11,/)) = —iéz(éﬂ/}) + ’i€_1((52¢)

o 5 o 5 (C.17)
= —i89(Y 0, (A — iv°B)e1) + i€1(7* 04 (A — i7y° B)ea).
As above, we can do a Majorana flip which tells us that
1Y% = —&97%1,
17 €2 27 €1 (C.18)

= 5 = 5
g17"7"e2 = 827"y €1

Plugging this into the expression above we can see that the B-terms will cancel and the
A-terms will add, so in the end we have

[51, (52]14 = —2i§27a€18a14. (019)
We now define
= —iEQ = —iE%Qq = —icaQ% = +ic, Q. (C.20)
Using this in the above expression for the commutator we get
(8182 — 5201)A = (=i)*(6785){Qa, Qp}A = —2i5e15(1")a A, (C.21)
but B
—£76,Qp = 351 Qp = —5€15Q”, (C.22)
so we must have
{Qo, @7} = -2i(1"), "0 A. (C.23)

Using the Weyl notation with dotted indices, which will become crucial in the later dis-
cussions on superspace and supergravity, this can be written as [54]

{Qa, Q1A = —2i0y ;0. A, (C.24)

Now we want to redo this for the spinor field, v, but first we will have a short Fierz
interlude. Fierzing is a way of expanding a spinor bilinear form in the gamma basis, i.e.,
for a bilinear of two spinors ¥y we write

Yaxs = ©0CagthX + L1755V YaX + -+ -, (C.25)

for some coefficients x; [52]. To find these x;’s we simply check term by term

Chaxp = Vx = 20C*P Copthx = —dzothy = 20 = ——, (C.26)

= s

(1)*Paxs = DX = 2175 PV g0vax = A0f21ax = 71 = . (C.27)

) _ _ 1
(Ve) P Yaxs = PeX = 2 Tr (e ) PYaax = —82605 P Vaax = a2 = 3 (C.28)

(w7Y°) P Yaxs = Dy x = T3(17°) P (YY) aptVavsX = —23Tr (7 YY) hvar5 X
_ 1
= 40y x3Y Y. 5X = x3 = T
(C.29)
. ) . 1
(V)P haxs = P7°x = 2a(~Try° )y x = —dzapy®x = 24 = - (C.30)
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So this means that we have

Yaxs = —%Cawx + i(v“)aﬁw'mx - é(v“b)agwabx + i(v“v‘r’)aﬁw%%x - %(75)@1/175%

(C.31)
This will very soon be needed when we now go on to study the commutation of the
transformations acting on the spinor

[01,02] e = 01(7°0a(A — iv° B)ez)a — (1 ¢+ 2) = (v%0a(—i(E¥) + 17 (E7°¢))e2)a — (1 > 2)

= —i(£10a9(Y*€2)a — £17°0a¥(v*7%€2)a) — (1 ¢+ 2).
(C.32)
We see that we can use

o 1 a\af = 1 abyaf =
Eg 56) = 1(’7 ) 552%51 — g(’Y b) 552%(:51 (C.33)

from the Fierz identity to rewrite this. We begin with the first term
£10a0(7"€2)a — 8200 (Y7€1)a = £150a0° (v*)Le2y — £250a0° (v*)LE1y = —2€1(5829) 0t (V)]

1_ 1_
= —561’71752(%)573#6(7“)1 + 16171)062(%&,873”5(7“)2

1 1
- _5517b52(7a7b8aw)a + 1517b652(7a7b08a7p)m

(C.34)
where we have plugged in the result of Eq.(C.33) in the third step.
The second term is
—e17° 0. (17 e2)a — (1 ¢ 2) = —215(Y°0a®h)’ (1*7°) o VE2y — (1 ¢+ 2)
= 21582, (Y7 0a1)? (7*7°) .

The Fierz identity of Eq.(C.33]) can be used again, and gives us

(C.35)

1_ 1_
5617"52(%)@(758&/1)5 (V') — 1617“52(’%0)57(758#)’8 (7*7°) " .
.36
1_ 1_
= §€wb€2(7“757w53aw)a — 1617“62(7“75%(;753@%&)&.

We can move the v°’s next to each other, picking up a sign in the first term but not in the
second one. The 7°’s then square to one. Adding these results together we have

. 1 — a 1 = a
(01, 02] 10 = —Z( - 56171’62(7 10a)a + 17" €2(V* V600t

4
1 1
- 5517b€2(va7b3a¢)a - Zél’ybc@(’y(l%caaiﬁ)a) (C.37)

= ie17°22(V* 10t ) o = 2iE17€20000 — €17 22707 Outa
= _22'527&518(11/}04 + i§2’7b517b7aaa¢a-

The first term is just what we got for the scalar fields in Eq. (C.19), while we recognise
the Dirac equation in the end of the second term. This means that we have found our
supersymmetry algebra, but only on-shell. Could this problem be solved?

How about interactions? There may be mass and potential terms that we have not
included yet. However, we have seen that it is a rather cumbersome calculation to add
terms and then check if we still have supersymmetry. Is there an easier way to do it?
This together with the problem of only being on-shell for the algebra is solved when we
introduce the concept of superspace in Section [C.5]
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C.3 Representation theory for D=4 supersymmetry

The Wess-Zumino model contains three fields related by supersymmetry transformations.
It is one example of a supermultiplet. We are interested in exploring other possible com-
binations of fields which can form a supersymmetric Lagrangian. In group theoretical
language we are looking for (irreducible) representations of the supersymmetry algebra. In
general we can have more than one supersymmetry, leading to larger multiplets.

The supersymmetry algebra is [54]

{Q4, Qp,} = 202, Pud, (C.38)

where the indices 4, j,... run from 1,..., N, for N different supersymmetry generators.
In this section we will construct irreducible representations of this algebra for one-particle
states where, because P? = —m? is a Casimir operator, all particle states have equal mass
[54]. The massive as well as the massless case will be studied.

If we consider the massive case we can boost to the rest frame, where P, = (—m,0,0,0).
Recalling that ¢ = (00, ol o2, 0'3) = (—]l, Ui) (note that this convention differs from the

rest of the thesis), where o are the Pauli matrices, we have

0P, = —mo® = <7Z)l Tg) . (C.39)
The algebra in the rest frame becomes
i A m 0 i i
@@ =2( 1) o =2msa, (C.40)
af

Note that we have discarded the dotted indices. Boosting to the rest frame corresponds
to a partial gauge fixing, for which the remaining transformations that keep the gauge
choice invariant is called the Little group [54]. In our case the Little group is SO(3),
rotations of the space components of P,. But both representations transform identically
under the Little group and therefore dotted and undotted indices correspond to the same
representation.

We can now define a set of operators

. 1 . 1 -
ay = \/?—lep aL- = ﬁ@liv
C.41)
, 1 1 (
ay = \/T—mQZQa a;i = \/T—mQ%

With this normalisation these operators fulfill the algebra of creation and annihilation
operators as we are used to in quantum mechanics, i.e.

aé,aj = aT-,ar =0,
{at, ag;} = 650as.

The representations (all the one particle states) of such an algebra are usually constructed
from a vacuum. The vacuum |Q) is defined by the condition

agl) =0 Vi, p. (C.43)

We can build all the states in the Hilbert space by acting with creation operators ali on

the vacuum. The creation operators change the magnetic quantum number (i.e. the L,
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eigenvalue) of the states they act on by £1/2. More specifically al{i and agi raise, and lower
the quantum number, respectively. The 2N different creation operators generate a total
of 22V states.

To analyse the complete spectrum of particles for any given AV and vacuum with spin
S we will employ a group theoretical approach. By defining a new set of operators

1 - -
Fl:ﬁ all—i—aL, l:17,N
1 - -
V= NG ah+aby),
N+ _ b :z T: (C44)
F +:E_a1—au-,
3N+ %aé —agz:

and a new index r,t = 1,...,4N these operators satisfy an SO(4N) invariant algebra
{r7, 1"} = 6" (C.45)

This shows that our original algebra spans a subset of SO(4N') representations
(remember that we originally had 22N gtates but this algebra would generate 2N states)
[56].

However, physical states are characterised by their SU(2) representation (spin). These
are not manifest in the new algebra, instead we can define a third set of operators

g, =d, 1=1,....N

AH =Y eapal, (C.46)

which satisfy [56]
{qg,q;ﬁm} = —eapdl, (C.47)

These can be put in a more compact form by introducing indices p,q = 1,...,2/N and the

2N x 2N matrix
0 1
pq _
AP — <_]1 0) . (C.48)
Pq

With this notation the algebra becomes

{qﬁ,qz} = —eapA™?. (C.49)

We have arrived at an algebra that is manifestly invariant under SU(2) x USp(2/N') which
is a subgroup of SO(4N).

The fundamental multiplet (the multiplet constructed from an S = 0 vacuum) is given
by decomposing the 22V SO(4N) states into SU(2) x USp(2N) states. The decomposition
is given by [56]

2N S N4+ 1,1) + N 2N) + -+ N+ 1=k [2N]e) + -+ (L,[2N]n).  (C.50)
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The first label is the dimension of the SU(2) representation given by D = 25 + 1. The
second label is the dimension of the totally anti-symmetric traceless representation of
USp(2N) with k indices, given by

M...(M+1-k) M...(M+3—k)

[M], = o — i) . k>2
i, M...(J\ilﬂ—k) o

We will demonstrate the method for N' = 3. Starting from an S = 0 vacuum the
decomposition given by equation (C.50) is

(4,1) + (3,6) + (2, [6]2) + (L, [6]3) = (4,1) + (3,6) + (2,14) + (1, 14).

If we gather the multiplet content in terms of spin in a table we have

S Multiplicity
0 14

: 14

2

1 6

3

5 1

The multiplet constructed from an S = 1/2 ground state is given by the S = 0 multiplet
using angular momentum addition. For example the fourteen S = 1/2 particles give rise to
fourteen S = 1 and S = 0 particles when combined with the ground state. The complete
decomposition is

1 1
0®= ==
®2 2’
1®1—1@0
22 ’
s (C.51)
2 272
3®1—2€B1
22 '
In total the S = 1/2 multiplet is
S Multiplicity
0 14
1
3 20
1 15
3
5 6
2 1

For the massless case there is no rest frame, so the best we can do is to pick a frame
where P, = (—F,0,0, E). In this frame the SUSY algebra is

{Q".Q;} =4ES,.

After introducing the normalised operators, as for the massive case, the algebra becomes
the algebra of N creation and annihilation operators. The operators are ladder operators
of helicity rather than spin. Moreover we only have one type (for each supersymmetry)
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of creation operator. This means we only have one type of index to worry about when it
comes to anti-symmetrisation. We introduce a vacuum, this time it is a helicity eigenstate,

a'|Qy) =0, Vi,

where A denotes the helicity. When constructing the Hilbert space we have AN anti-
commuting operators that at most appear once, acting on the vacuum. Therefore we
have a total of 2V states. A state with m operators has helicity A + m/2 and the multi-
plicity is the combinatorial factor (i\n/ ) For example in the case of N' = 8 starting from
A = —2 we have the following state content [54]

Helicity Multiplicity

2 1
3/2 8

1 28
1/2 56
0 70
~1/2 56
~1 28
-3/2 8

—2 1.

The choice of N/ = 8 and A = —2 was not arbitrary. It is the unique maximal SUSY
multiplet containing spin 2 but no higher spins. For larger N (or smaller \) we would
get particles with spin higher than 2. We can also see that the number of bosonic and
fermionic states are equal, as required for supersymmetry.

The previous example is invariant under CPT, however most multiplets are not. To
build a quantum field theory with such a multiplet it is required that one adds a CPT
copy of the multiplet to the theory. For example, consider the case of N' = 1 starting from
A = 3/2. The multiplet is (3/2,2) but CPT requires that we also have (-2, —3/2) states.

C.4 Majorana representation in SO(1,3)

For the Wess-Zumino model it turned out that we needed our spinors to be Majorana
for the Lagrangian to be invariant under supersymmetry transformations. In this section
we will review the construction of a Majorana representation of gamma matrices in four
dimensions. We hope that this will make the transition to gamma matrices generalised to
higher dimensions easier.

Gamma matrices are a set of matrices y* that satisfy the Clifford algebra

{¥*,74"} = 2n*¥ where we have chosen 7" = diag(—1,1,1,1). (C.52)
If a set of matrices v* satisfy the Clifford algebra then so will also the sets (fy“)T, —(’y“)T
and —(7#). It is then known that these matrices are related by similarity transformations.
We define matrices A, C; and C_ by
AT A = —(y1)] (C.53)
Cilyrey = ()T . (C.54)
We can also find a matrix v° with the properties (75)2 =1, {75, v“} =0 and (75)Jr =7°.
Which is used to construct a projection matrix.
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If we pick one of the matrices C'y we can form a basis for all 4 x 4 matrices using y*.
The basis is composed of the matrices

C

e
7[/WV} C
'y[“y”'y”] C
7SC.

If for example (’y“C)T = —(y*C), it is sometimes said that +* is anti-symmetric (or
symmetric if there is a plus sign). But this is just abuse of notation and what is really
considered is the matrix v#C. We expect a basis for 4 x 4 matrices to have 6 anti-symmetric
and 10 symmetric elements.

We will now go ahead and show a way to build a Majorana (real) representation of
gamma matrices via tensor products of Pauli matrices. We have four real 2x2 matrices at
our disposal: o', ¢ = io?, 03 and 1. Let

70:€®03:>(70)2:—Il
1 1 3 1)2

Y =0 K0c” = (v =

) 5 5 (2)2 (C.55)
V=0’®s’= (v7) =1
73:ﬂ®01:>(73)2:11.

Since (A® B)(C® D) = AC ® BD and we want all gamma matrices to anti-commute, the
trick is to make sure that the Pauli matrices pairwise (i.e. each slot in the tensor products)
anti-commute an odd number of times.

Now, from equations (C.53)) and (C.54) we see that A = C_ =+ in our representation
because the matrices v# are real. Moreover CT = —C_ which we will see is important for
the construction of our basis. From equation ((C.54)) we could also find Cy, a matrix that
commutes with !, v2 and 42 but anti-commutes with 4°. By trial and error one finds
C, = v'92%~3, which just like C_ is anti-symmetric.

In general a spinor is said to be Majorana if 1) = 1A = T C_. But in our representa-
tion A = C_ and thus a spinor is Majorana in the Majorana representation if 1 = ¥*. A
Majorana spinor has half the degrees of freedom compared to a Dirac spinor because we
have gone from two complex to two real degrees of freedom.ﬁ

There exists a second restriction one can put on Dirac spinors to reduce the degrees
of freedom due to the matrix 7°. These are called Weyl spinors, they can be constructed
from Dirac spinors using a projection

e
2
One may ask if it is possible for a spinor to be Majorana and Weyl at the same

time. Since Majorana spinors are real it would then be necessary for 7° to be real as
well. We could try to form 7% as 4% = 70y1~%43

(Vo

b (C.56)

v2~3, which indeed would be real. But then
(75)2 = —1 # 1. The correct v° for SO(1,3) is 4° = i7"y'42y3 which is not real. We can
therefore conclude that in four dimensions it is not possible for a spinor to be Majorana
and Weyl at the same time [54].

PNote that although a Dirac spinor has four components they are not independent if they are solutions
to the Dirac equation.
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We previously observed that the choice of C' corresponded to two different sets of basis.
The fact that they are different and how they differ is important for supersymmetry. In
particular we need to know the symmetry properties under transposition. Denote n anti-
symmetrised gammas by 4" =~ ~#nl I we transpose 4 Cy we get

T n(n—1) n n n(n—1) n
(W)Ci) = ()" L) = (@M1 T AL forns0.  (CAT)

It is useful to make a table for the two choices of C. The result is Table [C.I] For super-
symmetry we need vC' to be symmetric and v°C' to be anti-symmetric, which corresponds
to the choice C' = C_.

C=0Ct C=C_
Symmetric | Anti-symmetric | Symmetric | Anti-symmetric
C 1 1
MOl 4 4
+y@C 6 6
AB)C 4
7°C 1 1

Table C.1: Number of symmetric and anti-symmetric matrices in four dimensions. The numbers in each
cell show how many symmetric respectively anti-symmetric matrices you get from each class of matrices,
for the two choices of basis. Note that in both cases they add up to 10 symmetric and 6 anti-symmetric
matrices.

One could naively try to construct a basis using a symmetric C' but then all symmetric
matrices would become anti-symmetric and vice versa. This would give us 6 symmetric
and 10 anti-symmetric matrices which can not constitute a basis. We will later see that
the symmetry properties of C' are dimension dependent.

C.4.1 Real representation of SO(8)

For the spinor representation of SO(8) = SO(2-4) = D, we are looking for 24 = 16
dimensional matrices satisfying the Clifford algebra with Euclidean signature

{7} = 26" (C.58)

Thus for all matrices v we have (y#)? = 1. This will end up making it so that all matrices
are forced to be symmetric if we insist on keeping them real. In terms of tensor products

we have
M=cl®lelel

72:5®03®01®5
’}/3:5®0'3®0'3®E
V=ed®eal
75:s®01®5®01
76:5®01®5®03
F=eRe®1®l
PB=eRcl®lee,

and 77 = y142344540778 = 63 @ 1 ® 1 ® 1. If we solve for C1 we find Cy = 1 and
C_ = ~7. This gives us Table The important observation here is that 4” is in fact
real. Therefore we could impose reality (Majorana) and Weyl constraints simultaneously.

(C.59)
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C=0; C=C_
Symmetric | Anti-symmetric | Symmetric | Anti-symmetric
C 1 1
MOl 8 8
A@C 28 28
AB)C 56 56
NOTe] 70 70
NOTe] 56 56
NOrg 28 28
NGl ]
+'C 1 1
Table C.2: Number of symmetric and anti-symmetric matrices in eight dimensions. The numbers in each

cell show how many symmetric respectively anti-symmetric matrices you get from each class of matrices,
for the two choices of basis. For both choices of C' we get a total of 136 symmetric and 120 anti-symmetric
matrices.

C.4.2 Real representation of SO(1,9)

The spinor representation constructed from the Clifford algebra for SO(1,9) has dimension
25 = 32 with one matrix satisfying (70)2 = —1. The reason we first constructed the real
representation of SO(8) is that it is in fact simple to extend the construction to SO(1,9).
Let v* be the eight matrices constructed previously for SO(8), then the eleven matrices
{re, T} for SO(1,9) are

F0:€®]116

IM“=¢t®@~y* for a=1,...,8

Lo (C.60)
I'"' =0°® 14

=1 .11 =—lwodwls.

This particular choice of I''! coincides with the usual projection matrix (which is real for
S0(1,9)). C- =T%and Cy =T!'..T? = 03 ®1® 1 ® 1 ® ¢ both of which are anti-
symmetric. We see that spinors can be both Majorana and Weyl in 1 + 9 dimensions. It
is again useful to construct a table over the basis elements with their index structure and
symmetry that can be used in calculations, the results are found in Table For example
C_ is off-diagonal, composed of two 16-dimensional pieces (C_)aﬁ- and (C_)agp-

98



99 APPENDIX C. AN INTRODUCTION TO SUPERSYMMETRY

C=C_
Symmetric | Anti-symmetric
Coj 1
(ro) 4 10
(r®0) 4 45
(r90) 4 120
(F0),4 210
(r®0) 4 252
(r90),4 210
(r0) 4 120
(r®0),4 45
(r90) 4 10
T70),.; 1

Table C.3: Number of symmetric and anti-symmetric matrices in ten dimensions. The numbers in each
cell show how many symmetric respectively anti-symmetric matrices you get from each class of matrices,
and their index structure. An analogous table exists where dotted and undotted indices are exchanged.
The total number of matrices is 528 symmetric and 496 anti-symmetric, as expected for a basis of 32-
dimensional matrices.

C.4.3 Real representation of SO(1,10)

We can follow a similar recipe to extend the SO(8) representation to SO(1,10) which is
odd-dimensional. If we include v we have nine anti-commuting matrices which we can
extend to eleven by following the same recipe as for SO(1,9). The list of gamma matrices
in terms of tensor products is then

F0:€®]]_16
“=c'o@y* for a=1,...,9 (C.61)
F10203®ﬂ16.

There is no projection matrix in odd dimensions. If we tried to construct one in the naive
way it would just be proportional to the identity matrix. In 1410 dimensions we still have
C_ =T, When constructing the table of basis elements in odd dimensions we have to be
careful. Since we no longer have a projection matrix the second half of the table does not
constitute new basis elements (they are not linearly independent). The result is Table
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C=C_
Symmetric | Anti-symmetric

Cap 1

r® 11

Er@)g; * 55

TOC) * 165
TWC) * 330
(T®0) . 462

aB

Table C.4: Number of symmetric and anti-symmetric matrices in eleven dimensions dimensions. The
numbers in each cell show how many symmetric respectively anti-symmetric matrices you get from each
class of matrices, and their index structure. The total number of matrices is 528 symmetric and 496
anti-symmetric, as expected for a basis of 32-dimensional matrices.

C.5 Superfields in four dimensions

A superfield is the extension of a regular field with bosonic coordinates to fields with
fermionic or Grassmann coordinates. The new coordinates are Z4 = (22, 6,,0%) with 6,
and 6% being anti-commuting Grassmann numbers. Coordinates are also parameters for a
group element [54]

G(z,0,0) = exp{i(—xaPa +0%Qq + 9_@(2‘5‘) } (C.62)

The action of G(0,¢,&) on G(z,0,0) is a new group element with new parameters. We say
that multiplication of group elements induce motion (transformations) of the parameters
(coordinates). Tt is precisely this representation we are interested in, but of the generators.

Infinitesimal transformations of coordinates are associated with differential operators.
We will go ahead and implement the generators of supersymmetry as differential operators
with respect to super-coordinates. Although this is the initial idea behind what is called
superspace we must now turn it into a meaningful formalism.

First we have to introduce the analogue of differentiation for Grassmann coordinates.
Two familiar but modified properties are assumed

0
B_§ B
8000 0,7, (C.63)
0 0 0
Bov) — B gy _ pb Y
89“(0 0 ) <8009 )0 0 (89“0 ), (C.64)

and similarly for dotted indices. The second property is just the Leibniz rule with a minus
sign because J, is assumed to anti-commute with §%. Because (90‘05)* = 6%0% we also
have

B R 6 _ s B 3.
( Qae) = ( 9a> 0° =6," = (0a)" = —0a. (C.65)

With these defining properties of Grassmann derivatives understood we can go ahead
and construct a coordinate representation of the supersymmetry generators as follows,

Qu = o~ i0" 0%, (C.66)
O = _a(Zc'v T i0%0%,00. (C.67)
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However we still have to confirm that these in fact do satisfy the supersymmetry algebra.
We will check the non-trivial anti-commutator {Qa, Q /3’}'

{Qu: Qs = = {00.0} +{00, 070300} + {i08:0700, 85} + {08,070, 0° %30, |
—

= 0+i0% 400 + 0% 100 + 005023000 {éﬁ, 69 } = 20" ;.

=0
(C.68)
Therefore our representation is indeed a valid choice for the SUSY algebra.
We now turn to the fields these generators act on, the superfields, in particular scalar
superfields. They can be written as power expansions in their Grassmann coordinates in
the following way

B(2) = D) + 0°0a () + Bax(z) + ~0°6%bos () + 20405 (2) + 0°0° .00,
2 27 o (C.69)

- %9“9%@% + %eax;méﬁm + imeéc7 503070".
That the expansion terminates is due to the anti-commuting properties of Grassmann
numbers. In four dimensions the indices a and & take two values, therefore any term with
three @ or three # has the same Grassmann number at least twice. Grassmann numbers
square to zero and therefore the expansion terminates. In higher dimensions the expansion
will be longer, but will still terminate after a finite number of terms.

As we will see in a moment this superfield turns out to be a reducible representation

of SUSY. To see that we introduce a new set of operators

a .
Dy = — + z’agﬁaﬁaa,

] ‘99“8 (C.70)
Dd = —% - iHﬁUgdaa,

which satisfy {Da,Dd} = —21’038&1. But perhaps more importantly {D,Q} = 0 for all
combinations of indices on D and Q. Thus D, and Dg are covariant derivatives with
respect to supersymmetric transformations. Now we can put constraints on the superfield
with the use of covariant derivatives, which are invariant under supersymmetry, reducing
the degrees of freedom of the superfield and therefore also the size of the representation.
Two possible choices are D,® = 0 or Dy® = 0, a field that satisfies one of these constraints
is called a chiral superfield. We will pick the latter and solve the constraint to find our
new field using a trick. The trick is to find a similarity transformation 7' such that

Da® — —05® = —T719,Td = 0. (C.71)

Then we can solve 5@ = 0 and transform back to ® = T'®. We start off by finding our
similarity transformation 7' satisfying

— T7'04T = Di = —04 — 10”0504, (C.72)
which has the formal solution T = ¢ 735" % but should be thought of as the correspond-

ing power series (which will be finite). We can go ahead and write out the expansion and
simplify

o _a B 104(1_. 0 o _a L og
T =1+i0%07 070, — 50%0, ,0°0° 05,0700, = 1 + 007,070, + L6°0°0.  (C.73)
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In the last step we used the following properties

0900 = 0% = c,p0°0° = _Leasg2 _ 665,
2 (C.74)

o . 1 .o .
0,0% = 6% = —edﬁ-eaeﬁ = 560%2 = 9997,
and the trace of Pauli matrices

aéﬁ."y a b _ o ab
€€, 505y = 2n™°.

Now that we have found a compact expression for T' we are almost done. The solution to
0a® =0is

~ 1 1

® = 6(y) + 0°Va(y) + 5070 bas(y) = d(y) + 0*¢aly) + SO°F (y). (C.75)
All that is left to do is to go back to our old basis

d=Td = <1 + ieaagﬁ-éﬁaa + i02§2D> <¢ + 67, + ;921?’)
1 ! ha_a pf ha_a pf 1oz
= ¢+ 07, + 5«92F +i6%" Beﬂam +i0%" Beﬁaam% + 19292@

s j P e
= ¢(x) + 0°¢a(z) + 0°F(z) 4 i60°0" 5958(1(;5(:1:) — %028(11/10‘(96)02 695 + 19292&;)(;5).
(C.76)
Note that a lot of terms dropped out because they had more than two Grassmann coordi-
nates in them.

C.5.1 Transformations in superspace

So far all that we have done is construct an irreducible superfield. We have not yet seen
the utility of using the superspace formalism. It would be useful if we could find the SUSY
transformations for the fields in our superfield via the superspace formalism. We start by
noting that a transformation of the superfield is generated by Q. and Q4 in the following
way

5@ = (¢Q + &Q)® = (c“Qu + £aQ%) D. (C.77)
If we want to examine the transformation of the field ¢(x) we observe that

o(z) = ®(x,0,0) (C.78)

6=0=0 .
Now it is straightforward to see that, from the definition of the generators and the covariant
derivatives, we have

5-p = 6.® = (eQ+£Q)®| = (eD+&D)®| = eD®
6=06=0 0 0 0

In the last step we used the fact that we are working with a chiral superfield. Thus the
transformation for ¢ is d.¢p = €*1),. We can keep doing this for all our fields. For ¢, we

have

58(1/%1) = 0c (Daq))

(C.79)

= (eQ +2Q)Dy ©
0

= (¢"DsDa — 2 ({D;, Da} — DuD;)) cp‘ = #DsD, ®
0

= (eD+&D)D, ®
0

0

0 + 2@303 50 @

0
= 2ePeqsF + 2ic? Bgﬁaaqﬁ = 2eoF + 2i0? Bgﬂaa¢.
(C.80)
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Note that we used the fact that

DDy ®| = 2e,5F, (C.81)

0

which we can invert to get F' in terms of ®.

e®DgD,, ® = 2P e g F = —4F = F = —%DQ i ) (C.82)
With this result at hand we can find the transformation of F' as well.
6. F = (eQ + 2Q) <_41D2> P = {No terms with three §} = —%DD2 P .
= { Using that @ is chiral } = %56 [DB,DQDQ} ?
_ %B (_{Dﬁ, Da}m + DoDyD* — D“{Da, DB} + DO‘DBDQ> d 0 (C83)
— —%‘BDO‘{DQ,DB} o - is‘BJZB@aDa o = z’éﬁagﬁ-aaw
= igy 65;702660‘5 O0atps = 15 0g1).

Interestingly 6. F = 0 is the Dirac equation.

C.5.2 Actions in superspace

At the end of the day we want to be able to write down an action for our models. As
we will see it is relatively straightforward to write down a manifest supersymmetric ac-
tion in superspace. However, the final Lagrangian should not depend on the Grassmann
coordinates and therefore we need a method for integrating them out.

Integration is defined such that

/deaeﬁzég , /déaéﬁz—ég,

/d29 0? =1, (C.84)
JESE
which is consistent with having d?6 = —% de> dg? €ap- This we can check, but first we
need the following result
/d&a 036, = —25%97]. (C.85)

Then we can go ahead and check the consistency of our choice

1 1 1 1
/d29 6° = —4%/@19@ 6% 0,057 = 26a5676/d90‘ 0,0 = 5%55/55@5;;1 = 3ap’* = 1.
(C.86)
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Observe that integration acts just like differentiation for Grassmann coordinates. Therefore
we can instead think of it as such and explicitly write

0
dg* = — = — D*
/ 904

0
/dea:_5:+Dd ,
1 (C.87)
/ d?0 = —= D?| |
0
/ =1 p?| .
4 0
Now we can write an action as
S ~ /d% d%6 d%6 o, (C.88)

where D,®* = 0, then we start integrating. In the next calculation everything following
the first equality is evaluated at 8 = 6 = 0 but it is not written out explicitly to reduce
clutter.

_ 1 _ 1 » _ _
/d26 20 0*® = —D*D*®*® = — e3¢’ D*DP Dy D,;0* O
16 16 s
=
(Ds®*)® +0 (C.89)

1

aB o A *
= —6ase?’ DD (DaD;o")o.
We can look at just the last part

DeD? (DQDBQ*)cp — Do (DﬁDaDB(I)*> &+ D~ (DQDB‘I)*>D’B(I>
———
[DB,DQDB} o

- —4iD°‘< #1081 Dj0,0" <1>) (D@@@*)D% n (DdDBq>*>DaD5<I>

- —4Z<D 0%, D00 q»*)@ —8iclhlot Dy 0, <I>*( ]<I>) n (DQDBQ*)DO‘DBQ

= —8e¢ 76a6ag[a |5|5](ab8 )P — 8266”0 8|a‘1/1ﬂ VP +4esp P,
(C.90)
Going back to equation (C.89) we find
1 Ny _ 1
Toease DD’ (DaDso* )@ = 16( 80040700, ®"® — 8iti" O, + 16F"F )

1
= — (1617“b8b8 D + 8i0, 5% + 16|F| )

= (O8)0 + 20,000 + |FI* = ~0,6°0% + S0,00"6 + | FI2.
(C.91)
and so we have found our kinetic Lagrangian

Liin = —049" 0" + 50,05"% + | F|*. (C.92)

Now we can start adding interactions. It is useful to employ a dimensional counting
scheme. The superfield ® is a scalar field, as is evident from the first term in the expansion,
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and therefore it has mass dimension 1. The second term is 01 where ¥, (x) is a spinor
which has mass dimension 3/2. To match the first term ¢ must have mass dimension
—1/2 and because [ d?6 6? is dimensionless the consistent thing to assign d?6 is dimension
1. Tt turns out that the unique non-zero combination which gives a dimensionless action
using [ d?0d?f is ®*®, the kinetic term. However we can still construct actions using
1l dix (d20 + dzﬁ_) with dimension —3. We write the interaction Lagrangian as

1 1
L= /d2e <)\<I> + §m<1>2 + 3g<1>3> + c.c. (C.93)

Here A\, m and g are constants (dimension 2, 1 and 0 respectively). Then we start inte-
grating (note that the evaluated at # = # = 0 notation is suppressed).

1
Ly= /d29 AP + c.c. = —ZD2<I> +c.c. = \F + \'F*,
1 2 2 1 «@ 1 2
L, = 3™ d“O\P* + c.c. = —Zm(D ®)(D,P) — ZmCDD d + c.c.

1 .
= — (Yo — 49F) + c. = —%ﬁ - %W + moF +m* ¢ F*,
Ly = —5D*®" 4 c.c. = =<2 D° (38°Da®) + c.c. = —4 ((D°9)Da® + 8°D°®) + c.c.

%
- —% (28(D®)Dy® + P2 D?®) + c.c. = —gw? 4 g¢tF — %qﬁ*zﬁ? + g (¢")2F™.

(C.94)

We see that there are no terms in the Lagrangian which has derivatives acting on the

field . The field has no dynamics, its sole purpose is to make sure that the superfield

® transforms properly under SUSY (in other words that we get a superfield back after a

transformation). Thus, we can use the equation of motion for F' (and analogously for F*),

F4+ X +m "+ g*(¢")* =0 (C.95)
to eliminate it from the Lagrangian. This would give us the on-shell Lagrangian

Lion—sheity = — A(m*¢* + g*(¢%)?)
- = mo(N +me + g (8)?) (C.96)
— 00% — g0* (9" +¢"(¢7)?) +cc.
The terms linear in F' are a sign of instability because a non-zero F' will minimise the
potential. If F' picks up a VEV (F') the transformation of 1, becomes

o = 220 (F) + 20 F + 2i0° 15°0u0. (C.97)
We expect the ground state to have F(z) = ¢q(x) = ¢(z) = 0 but the supersymmetry

transformation takes ¢, — 2, (F') which is non-zero. This means that our ground state
solution has spontaneously broken supersymmetry.

C.6 Differential forms in superspace

We have seen that supersymmetry transformations are equivalent to coordinate transfor-
mations in superspace. This means that, in order to be able to formulate a supersymmetric
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theory of gravity we would like to express these transformations in a manifestly covariant
way. This is done by introducing a framework for differential forms in superspace.

We can define a new set of coordinates ZM = (2™, 6") in superspace, where M is a
super-index, m ordinary curved bosonic indices and p fermionic Grassmann indices. We
will use M, N, P, ... for curved indices and A, B,C, ... for flat, where, e.g., A = (a,a).

The geometrical interpretation of superspace comes from studying the covariant deriva-
tives, as is done in both Maxwell and Yang-Mills theory, where the field strength ten-
sors are in both cases defined by [D,,D,]¢ = iF,,¢, and in ordinary gravity where
Dy, D,)Ve ~ R,,°, VP for the Riemann tensor, or if there is torsion (i.e. T, # I'V,)

L owme
we have the Ricci identity

[D,, D)V? = —R, PV’ — T, °D, V. (C.98)

uv o Iz

Earlier we also saw that in the supersymmetric case we have (in four dimensions)
{D.,Ds} = —2io!!.0,. All these identities can be derived in superspace.
A simple superspace to use is in ten dimensions. We then have

zZM = (2™ o"), (C.99)

where 2" are 10 real bosonic coordinates and * are 16 real Grassmann coordinates (which
will become Majorana spinors when we express them in flat indices). There are two types
of derivatives

0 0

The introduction of supervielbeins gives us a basis in the tangent plane as
EM(2)0n = Ea(2), (C.101)

where FE, is a Lorentz vector and E, a spinor [54]. Note that the ordering is important in
this expression.
In cotangent space we instead have the one-forms

dz™ = (dz™, doM), (C.102)
and in flat coordinates [54]
A — M A A a o
EXNZ)=dZ" Ey©(Z2), E°=(F*, EY), (C.103)
bos. ferm.
where
E_¢ E
A _ m m
Ey*(Z) = <E#“ Eua) . (C.104)

Here we see that the diagonal blocks are bosonic and the off-diagonal ones fermionic.
Note that we do not have a super-Lorentz group, i.e., the Lorentz transformations in
the tangent plane are only bosonic [54]

(B, E*) E5 (B, EP L. (C.105)

A super-Lorentz group would have mixed the different parts. This means that the super-
aspects of superspace only sits in the coordinate transformations.

Together with the frame fields E4(Z) we also need a spin connection, which is a one-
form. We write

1
wAB = (wab7wa5) = (wabawabi(rab)aﬁ)z (0106)
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which means that we only have one superfield, w;,,” = (Wpna’, wuab).

The exterior product in superspace is defined by
dM N AN = () NM @ N A M, (C.107)

where (=)™ = (—1)? and (—)* = (—1)! [54]. The wedge-sign will sometimes be dropped,
but all products of forms are done with this exterior product. This means that we can
introduce a general p-form as

(p)

A==dZM AN A dZMpAMpli, (C.lOS)

1
p!
where the ordering has been chosen so as to minimise the number of signs entering at later
stages. For example, we write a one-form as

A=dMAp(2) = de™ A (2) + dO* A, (2). (C.109)
An exterior derivative is introduced by
d=dzMoy = dx™ 0y, + do"0,. (C.110)
This is defined to act through right action, which means that

(» (9 (p) (@) () (9
d(ANB)=ANdB+ (-1)dA N B. (C.111)

It has all the usual properties of an exterior derivative, i.e. d(A+ B) = dA+ dB, dd =0
and it maps a p-form to a (p + 1)-form by

d(A) = ;'dle A Nd2Md A, o, (C.112)
since d(dz) = 0.

If we write all our equations in terms of differential forms and exterior derivatives they
will be manifestly covariant under general coordinate transformations. However, gauge
theories also transform covariantly under a local structure group. In Yang-Mills theory
this is a compact Lie group and in gravity theories this is the Lorentz group [54]. We
consider differential forms which span a representation (X) of this structure group

A% — A = A°X,%(2). (C.113)

This implies that the exterior derivative does not map a tensor to a tensor (this was why
we needed to introduce a connection earlier).
If we instead introduce a covariant derivative as

DA® = dA® + A%w,?, (C.114)
or

(p)
DA =d" ... dszdzNiAMPWM1 (z) + dzM .dzMszNwNTAMp”_Ml (z)iT™,

0zN
(C.115)
this maps a p-form into a (p + 1)-form and a tensor into a tensor.
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We can construct one tensor from the exterior derivative and the connection, this is
the curvature (or field strength) tensor

R = dw + W (C.116)

The general form for this is a Lie algebra valued two-form
1 1
R= EdszzNRMN = 5aledzNRMN%’T?", (C.117)

while in gravity one usually omit the ¢7", and the algebra is then the Lorentz algebra.
For a general p-form super vector field, V4(z) we have

DVA = avA + VBuwpA, (C.118)
and the Ricci identity is found by applying the covariant derivative twice
DDVA = D(AVA + VPwp?) = VA + d(VPwp?) + (VP )wp™ + VPwp“wc?
=VBdwg? — dVBuwp? + dVBuwp? + VBwzCuw A (C.119)
= VB(dwp® + wpuwe?) = VERGA.
Similarly, for a p-form V4(z)
DDV4 =D (dVa — w,PVi(-1)P)
=d*Vy —d (wA Vp(=1)P) — P, Bave + w,CwsPVe(=1)PH (—1)P
= — (=1)Pw,Bdvp — (=1)P(— )pdeBVB — (=P, Bave — w,Cws Vs

(dLL)A +CL)A Wo )VB _RA VB

—1)
—1)

(C.120)
If we write this in flat indices we find

DDVA = D(EPDVA) = EB(DDVA) 4+ (DEB)DpVA
=TB
= EBECDcDpVA 4+ TEDVA
1 1
= EE® DDy VA=V Ry —=TPDpVA = VP o BPE  Ropp” — S BEPE Tep "DpV”
1[Dc,Ds}

— [De, Dp}VA = (—)PCHBIVPR A — Ty PDpVA,

(C.121)
where we have introduced the torsion one-form as T4 = dE4 + FBw BA, and the graded
commutator, [-,-}, which is an anti-commutator if both arguments are fermionic, otherwise
a commutator [

In the same way one can show [54]
[Dc,Dp}Va = —Repa®Vp — Tep PDpVa. (C.122)

Now, higher derivatives will not give us new tensors or forms, since d?> = 0, but instead
we will get identities, more precisely the Bianchi identities. There are two types of Bianchi
identities. The first type is

DR =0, (C.123)

°Note that if we had ordinary left action for the derivative we would have T* = dE* + EPwgz*, which
implies Ty, 4 = 2(8[MEN]A +W[NA\B| EM]B). This has an extra relative sign compared to our expression.
The sign is eliminated if we let w — —w in superspace.
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which is easily seen from

DR =dR+ Rw — wR = d(dw + w?) + (dw + w?*)w — w(dw + w?)

= d*w + wdw — (dw)w + (dw)w — wdw = 0. (C.124)
The second type is of the form
DT = EPRRA, (C.125)
which follow from
DT = dT4 + TPuwp? = d(dEA + EBwp?) + (dEP + E€w P)wpt (©.126)

= EBdwp? + ECw Pwg? = EBPRZA.

These will be used in the subsequent sections when we do super-Yang-Mills and super-
gravity.

C.7 Supersymmetric Yang-Mills in D=10

In this section we will study the theory of supersymmetric Yang-Mills in ten dimensions
with the goal of finding the equations of motions and the supertransformations of the
fields present in the theory. This is done as a preparation for studying supergravity in 11
dimensions, which follow roughly the same procedure, however, more complex.

We choose to do it in ten dimensions since this simplifies a great deal of things. Al-
though one may feel that it is strange to work in ten or eleven dimensions it is quickly
found to be much more comfortable than the awkward four dimensions. Ten dimensional
super- Yang-Mills is also highly connected to superstring theories. Superstrings are in turn
connected to the theory of supergravity in eleven dimensions discussed in the next section.

In ten-dimensional super-Yang-Mills theory we have the superspace coordinates

M= (2™, M), (C.127)
where m = 0,...,9 are the ordinary, curved, spacetime coordinates and = 1,...,16 are
the fermionic coordinates. The Yang-Mills field is now a super-1-form

A=dx"Ap(x,0) + do"A,(z,0), (C.128)

but this implies that, using dimensions appropriate for four dimensions, A, has dimension
L~Y2_ This is highly unphysical, and therefore we must hope for this field to vanish.
In flat coordinates this turns into

A=FEYA, = E°A, + E“A,, (C.129)
where A, is a 16-dimensional Majorana-Weyl spinor. We saw earlier that the Bianchi
identities are of the form DF = 0, so if we start from this we can write

1
DF =0 = §D(EBEAFAB) =0

1 B A 1 B A 1 B A _

= SEPEY D Fap+ ;EP(DES)Fap — 5 (DEE)E Fap =0
ECDq TA TB

— ECANEPANEAD Fpc + EC NEBANEAT 5 PFpe + EB ANEANECT, 5P Fpe

= EYNEP NEA (DaFpo+ Tag” + (-1)PC(-1)ATy5 " Fpe) = 0

1
o §EC NEBAEA (D[AFBC} + T[ABDF|D|C}) =0
(C.130)
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So the Bianchi identities for super-Yang-Mills read

DiaFpey + Tiap” Fipjey = 0. (C.131)

C.7.1 Solving the Bianchi Identities

The title of this section might seem a bit strange, how can we solve an identity? It is after
all an identity so no new information should be available. However, we will find that some
constraints can be put on the fields in the theory making it so that the Bianchi identities
no longer are identities. Instead they become equations that we can solve to find the actual
degrees of freedom in the new (constrained) theory.

We start by splitting the Bianchi identities into four different cases (for the different
combinations of the types of indices, «, 3,7 or a,b,c). We also note that we only have
torsion in the fermionic indices, i.e. only T ;¢ is non-zero, and actually it can be put equal
to 2i(I'*)4p. This is easily seen from Eq. in the last section. This gives us

Dy, Fyg = 0,

DioFyyy = 2D Fyy + Dy Fap = 0,

DiaFpay + Tiag” Fippy = DaFy + 2D(F,)q + 2i(I") Foa = 0,
DiaFsn) + Tap " Fippy) = DaFy) + 20 (0 Flafy) = 0-

(C.132)

Now, since the components of Fiyp do not mix under Lorentz transformations (this is due
to the fact that the flat indices are not superindices) Fyp, Fip and F,g are independent
Lorentz tensors. This means that we can constrain one of them without losing any of
the Lorentz symmetry. So for instance we could put F,g = 0 without breaking Lorentz
invariance. This will however heavily affect the relations above and this will mean that
the Bianchi identities no longer are identities, and we can instead solve them to find new
information.
Plugging this constraint into the above equations we now have

D[anc] =0,
ZD[“FZ’}'Y + DWFab =0,
2D(5F, ), + 2i(T") gy Fy = 0,
() (@ Flafy) = 0-
The last equation could imply that F,3 = 0 but plugging this into the second or third
equation would then mean that the entire field Fl4p is either a constant or equal to zero,
and this would in turn mean that the whole theory is meaningless (trivial). So we hope
that this is not the case.

We start by trying to solve the last equation, and we do this by decomposing Fj,z into
irreducible representations of SO(1,9) by writing

(C.133)

Fop = Fop + (T'a) g, X7, (C.134)

where F,z is such that (I‘“)‘”Fm = 0. Putting this into the last equation one finds

(T @p Flaly) + (T (ap(Ta)ysX° = 0. (C.135)
Now we are lucky, because there is a Fierz identity in ten dimensions that tells us
(Fa)(aﬁ(ra)'y)é =0. (0136)
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The proof is easily done by checking the expansion coefficents for the symmetric matrices
in SO(1,9). This means that the x? term drops out without giving us any information.
On the other hand, we can multiply Eq. with T9T'®) to find Fag = 0. This implies
that we want x® to be non-zero, which in turn implies that Fy,3 = (I'y)gyx”. Using this in
the other equations above, i.e., the second and third of Eq., we get

Dy Fap + 2D}, (Ty)),5x° = 0,

A (C.137)
2D(5(Fa)7)5x + QZ(F )ﬁvaa =0.

To explore this further we expand D, x” in gamma matrices. We only need to expand
in the ones with one dotted and one regular index in Table ie.,
Dax” = 6,76 + (T)o  bap + (L) Gapea. (C.138)
If we contract the second equation in Eq.(C.137)) with (T'.)?" we find, on the left hand side
2(Ce) "D (s(Ta)ysx’ = 2(Cela) 5 DX’ = 2(Lea)’sDpx° + 20caDpX”, (C.139)
with one symmetric and one anti-symmetric part. On the right hand side we get
2i(T.)P7(T%) 5 Fy = 20T [FCFZ’} Flp = 32iF,.. (C.140)

Now, since Fy. is anti-symmetric, this tells us that

i) Dﬁxﬁ =0,
) j (C.141)
i1) Fap = Tﬁ(Fab)aﬁDaxﬁ.

We see that i) implies ¢ = 0 in the expansion of Dy x?.

It is also necessary to contract with (I'g,a,..as)?7 to see if we can say anything about
the other terms in the expansion. The right hand side will be identically zero since we will
have a trace over (F(5)Fb). This means that we have

0= 2(Fa1~--asra)65D5X6 = Z(Falm%)ﬁw(ra)ws [(Fb1b2)66¢b1b2 + (FCL“%),B&CZ)CL--%

=2 Tr[rbleFaF(@] ¢b1b2 + QTT(FCL“CALFCLFLL;[...a5>¢cl...(:4

—_——
=0

= 2Tr[77abrq..‘C4Fbra1...a5]¢cl...04
—92.16 <5nab6bclczc3c4 ) ¢cl...¢:4 + nabecl...C4ba1Mas(z)qm%TrFll

[a1a2a3a4as5]

=2-16- 577a[a1 ¢a2...a5] + nabeqmcwalm% ¢Cl...C4TrF11‘

(C.142)

Then setting a = a5 we see that ¢, ., = 0, giving us Dox? = (Fble)aﬁaﬁble.

Putting this into ii) in Eq.(C.141)) we get
i i ; . .
Fap = 176 Can) (0o bca = =15 TCal™) bt = 2005000 = 2da- 3 143,
=-2165¢4
This implies that ¢q, = —%Fab, so that

Dax” = =5 (0)o" Fup. (C.144)
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Looking back at Eq. we can now see that there are only two ordinary spacetime
fields present in the theory, namely F,p(z) and x*(z). The first equation tells us that the
f-expansion of F,, will have xy® at first order in # and the second equation tells us that it
will come back to Fy;, at the next order.

However, when we did Wess-Zumino earlier we saw that we needed auxiliary fields to
make it supersymmetric off-shell, but they are not present here. This means that we should
have some equations of motion hidden in Eq..

If we write down Dirac’s equation for x®

1 i
(PX)o = (1*)apDax” = —5-{Das Dg}x” = 5 (DD + DsDa)x” (C.145)
1 1 1 )
= 5736(—5@‘“’)@5&()) = E(T‘Lb)aﬁDﬁFab-
Using the second equation in Eq.(C.133)) we can write this as

1 1 1
—g(F“b)aﬁD[an]/ﬁ = —§(P“b)a5(Danﬁ — DyFap) = —§(F“b)aﬁ (Da(T') X" — Dp(La) gy X7)

1 1
= -3 (Da(Fabe)M) —~ Db(rabra)m) X' = =5 (-18Da(I)ayx”)

= 9(Px)a-
(C.146)
But (Px)a = 9(Px)a must imply that (Px)s = 0 which is just Dirac’s equation in absence
of any sources.
If we instead take the first equation in Eq. and contract it with DB(F“)/BV we
get, for the first term

1
Ds(T)D, Fyy = §(F“)57{D5,D7}Fab = —i(T")P(T.) g, D Fup = —16iD F oy, (C.147)
where we have used that (I'*) g is symmetric, and that {Dg, D} = —2i(I'c)3,D¢. For the
next term we instead find

2D5(0) " () oy P’ = D ((1°Ta) s Dox” = (0°T0) 5D’

= Dg | 10Dyx? — 2DpX”? + (T4)"7 (T0)5DaX’
————
=(Px),=0 (C.148)
= 8DsDyx" = 8([1)5, Dy] + Dbpﬁ)xﬁ

——
=0

= 8(—(Thastx"x"}):

Combining the two terms we get the Yang-Mills equations of motion with a source term
{
DFap = _§(Fb)aﬁ{Xa,XB}‘ (C.149)

Off-shell Yang-Mills with pure spinors

The constraint we put on F4p above gave us a set of equations only valid on-shell, i.e. we
did not find any auxiliary fields. To find the off-shell behaviour of the theory we should
instead try to find some lesser constraints to put on the component fields. This turns out
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to be a rather complicated subject that demands the introduction of so called pure spinors.
We will not get into this here, but it has been proposed that instead of putting F,53 = 0
we can set

Faﬂ — (Fa)aﬁFa 4 (Falaz...cw)&BFalanaS7 (0.150)

which may lead us to an off-shell super-Yang-Mills theory [57].

C.7.2 Supertransformations and the Lagrangian

Now that we have investigated the Bianchi identities we want to find the supertransforma-
tions of the theory and see what kind of a supersymmetric Lagrangian we can build using
our fields.

The supertransformations are J. XO‘IQZO = —ieQ XQ}@:O’ and at # = 0 we can change
@ — D, but we have to be careful, because D also contains gauge fields. At # = 0 we have
the transformation

5 X — _2'5—57_)5 & +ig(x*A+ Ax?). (C.151)
6=0 6=0

The gauge fields appearing here are something we want to get rid of. This means that we
should probably do a gauge transformation. Since we normally have

oAx® = x“A — Ax“, (C.152)

we can see that choosing A = iéﬁAg means that we can define a supersymmetry transfor-
mation as

1
0s = 0. +0p = 0sx* = —iE D)™ = igﬁ(rab)ﬁa b (C.153)
The transformation of Fy; is instead given by
0sFap = —1EQFy + Faph — AFyp = _iéwéDaFab

. . (C.154)
= —i€ (Q(F[a)\ampb}xg) = —2i°(Ta) o Do) X°-

Now, what Lagrangian can we build from our two available fields that is invariant under
these SUSY-transformations? We have one field that satisfies the Dirac equation and one
that satisfies the Yang-Mills equation, so we should have two terms giving these equations.
Since both fields are in the adjoint representation we should also have a trace over the
generators. This gives us the Lagrangian

L= —%Tr [F‘“’Fab} +iTr [X*(PX)a] - (C.155)

The sign of the Dirac term must be checked, because we have created the field from a
superfield without knowing what it was going to turn out to be. The sign should be such
that the Yang-Mills equations of motion with a source is correct. To check this we vary
our Lagrangian with respect to the components A},. We have

Ok e [ 5Py + ix (1) i {6 Aa, Xﬂ}] - [(2D“Fab + (D)) {x%, Xﬂ}) 5Ab] :

0A"
(C.156)
and we see that the minus sign on the Dirac term gives us the same sign as before for the
equations of motion. This means that our Lagrangian is

1
L= —Tr [QF“bFab + z‘xa(wbx)a] . (C.157)
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To see if this Lagrangian is invariant under the SUSY-transformation we simply vary it
6oL = —Tr [ F™5, Fyp + i05x™ (PX) + iX* (PO:X)a | - (C.158)

The trace makes it possible for us to do partial integration on one of the Dirac terms, and
when we move them around the minus sign from the partial integration will be cancelled
by the anti-commuting properties of x%, so we will get two equal terms that add up. Using
this and plugging in the supersymmetry transformations of the fields we get

0oL = ~Tr | =2iF ™ (D0 )ogDyx” + 27 Fup (1) 4 (1) Do |
— Tr [Qz'Fabéo‘(Fa)aﬁDbxﬁ _ iéO‘Fab(Fach)agDcxﬁ} (C.159)
_ {%Fabél(ra)aﬁpbxﬂ _ 9iFabza (Fa)aﬁpbxﬁ} —0.

So our Lagrangian is invariant under the SUSY-transformations. We will leave the super-
Yang-Mills theory here and move on to supergravitation in 11 dimensions. This will in
great deal follow the same procedure as in this section, but with an increased level of
complexity.

C.8 Supergravity in D=11

We have now reached the final supersymmetric theory to be discussed in this appendix,
eleven-dimensional supergravity. The outline of this section will in large part follow the
procedure of super-Yang-Mills. Starting with finding the Bianchi identities, then impose
some constraints to be able to solve them and find the equations of motion. We will then
use these to construct a Lagrangian and find supersymmetry transformations (from the
supertranslations) that leave this Lagrangian invariant.

Since the procedure largely follows the last section we omit many of the calculations,
and instead simply mention the important steps.

Note that supergravity is synonymous with local supersymmetry. In fact, one cannot
have a local supersymmetry without gravity, since the superalgebra will contain local
translation parameters, i.e. diffeomorphisms, giving us general relativity [21].

There are two interesting coincidences when we consider eleven-dimensional theories.
Eleven dimensions is the highest dimension allowing supersymmetry, if we do not consider
higher spin theories, when compactifying to four dimensions [58]. Seven extra dimensions
is also the lowest number that can contain the SU(3) x SU(2) x U(1) gauge group of the
Standard model [58]. This seems to point at some deep relevance of eleven-dimensional
theories. In fact, our best known candidate for a theory of everything lives in exactly eleven
dimensions. This is M-theory, and its low energy limit is eleven-dimensional supergravity.

In eleven-dimensional supergravity we only have three spacetime fields present. These
are the vielbein (or graviton), e,,,*, the spinor (gravitino), ,, and a three index field By,
(similar to a Maxwell field) [6]. The corresponding field strengths are the curvature, R,
the spinor field strength, Sy, ~ 941y, and H = dB.

The curvature is a Lie algebra valued two form which we define in superspace using
the connection as [54]

1
R,B = §ECEDRDOAB = dzMdNOnwyal + deMwy A Cd2N oy (C.160)
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C.8.1 Bianchi identities

The three fields of d = 11 supergravity obey the Bianchi identities
DT4 = EBRZ4,
DRA5 =0, (C.161)
dH = 0.
The first two were derived in Section and the last one follow from the fact that
H =dB, and d*>B = 0.
There is a theorem by Dragon which states that, for d > 3 (d = 3 is different due to the
so called Dragon window [59]), the curvature automatically solves the second equation if

the first equation is satisfied [60]. So we need not analyse the second equation any further.
From the first equation we find

while the last equation tells us

1
0=dH =d <4'EDECEBEAHABCD>

1 1
- IED - BYDHapop + IEDECEB?\E’SHGBCD + 3 more terms
—TG
1 11
= IEDECEBEAEF,D[FHABCD} + E§EDECEBEAEF(_1>AF11AF GH|G\BCD} 1 3 more terms
e D[AHBCDE} + 2T[ABFH‘F‘CDE} = 0
(C.163)
So the Bianchi identities are now
D E D D
DiaTpey ™ +Tiap  Tigicy = Brapey ™ (C.164)
DuuHpepmy + 2Tap" Hipiopey = 0. (C.165)

Next, we will investigate what constraints one can impose on the fields of the theory.

C.8.2 The constraints

We start by studying the dimensions of the different parts of 7'y 5 ¢ and Hapcp. The rules
for counting the dimensions are that a spinor index sitting downstairs will contribute +1/2
(in dimensions of inverse length), while if it instead sits upstairs it will give —1/2. The
bosonic indices gives £1 respectively. H has dimension —3 and T' dimension 0. This
gives us

di . L—l
— 1men8110n ( ) dimension (L_ ! )
af /2
T ° 0 oyt o
Taﬂ’y HGB’Y‘S _ 1/2
, 1
@ . Hab'yé 0
T, 1/2 H 1/2
- . 3/2 abcd
ab H 1
. abed
Tab 1

The available field strengths in the theory have dimensions
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dim (L71)
Rabcd
St 3/2
Habcd 1

One can also have something with dimension zero, which can be put proportional to the
gamma matrices. This means that we put all components of T"and H with other dimensions
to zero. The only surviving parts of T are T_,”, T,”, T,° and T, which, because it’s
dimension is zero, we normalise as 2i(I'*)o3. Since the spin connection is undetermined up
to a tensor we can also make a choice to put T7),¢ = 0.

For H we only have two surviving parts, namely Hgpeq and Hgpys, which as with the
corresponding T-part is put equal to 2i(I'sp)~s-

Plugging these constraints into the Bianchi identities of Eq. we will get eight
equations from the first identity and seven from the last.

For example we can start with the (870, a) equation. This gives us
DTo0)" + gy Tieto) " + Tty Tiets)” = Biaye) (C.166)

Using that Taﬂ'y =T,;° =0, and DI'" = 0, we see that the left hand side is zero. The right
hand side has R( By 5)“, but this is identically zero since the two last indices on the Riemann
tensor are Lorentz indices, which do not mix fermionic and bosonic. So this equation only
tells us that 0 = 0. Doing similar manipulations on the other equations we end up with

(876, a) 0=0
(B35, ) 20T 8y T1e15)* = Bigye)”
(Bvd, a) 4de(56(Pa>|€|’Y) =R’
(076, ) | DTy, " +i(T€) 16T, " = Ry 5)”
(Bed, a) i(T")asTey® = Rypg”
(bcd, a) | DsTy,~ + 2D[ch]5a + 2Té[bGTIGIC] *
(bed, a) 0=Ry.q"
(bed, ) Dp T + T Tigq)* = 0
(afryde) 0=
(aB~yde) (F'a)(@s(T?)45) =0
(abyde) 0=
(aBcde) 0=

( ) (Ff)éerabc = 6T(€[an(rbc]>|7l|5)
(abede) | DeHapea + 1201}, "(TyepJpe = 0
( )

L
D[aHbcde] =0

In 11 dimensions (Fa)(aﬁ(rab),}/5) is identically zero. This is shown by contracting with
the symmetric gamma matrices. In fact, it suffices to contract with 'V, I'®) and T since
the contribution from the other symmetric matrices are given by the mirroring in T'D,

From dimensional and index structure arguments we can see that we can put

T BV = xHade<Fde)6’y + YHayazazaq (" 29%), (C.167)

a

with « and y being some constants. These can be solved for using the (fvd,«) and
(Bvd, a) equations of the left table and the (abcde) equation of the right table (these are
the equations of dimension 1). One needs to follow the example of the Yang-Mills theory
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and contract with all symmetric gamma matrices. After a bit of manipulation one finds

— _ 1 — __1
T =—gg and y = 385 -

The last torsion component, Tab7 can be decomposed into irreducible parts (as we did
for one of the components of F' in Yang-Mills)

T, =G, + 2G[a’3 (Ty)" + G (), (C.168)

with
G, (T)," =G, (T");* = 0. (C.169)

This means that we have

TP = G, TP — G, + GT P

= 11G, — G(28° — T°T,) 4+ 10GT, (C.170)
= 9G, + 10GT,
Tl = —T,,I°T% = —9G,I'* — 10GT,I'* = —110G, (C.171)
and
T D¢ = Ty (D21¢ — 2rlopbley = 18G° — 90GT™. (C.172)

Using this in the equations of dimension 3/2, and again contracting with the symmetric
gamma matrices, we obtain conditions on G and G, namely that they are zero. It is also
seen that Gab'y drops out. This is good, because Gabv is the spin 3/2 analogue of the Weyl
tensor in ordinary general relativity. If this did not drop out of Einstein’s equations the
geometry would be fixed.

The constraints on G and G, means that

T =0, (C.173)
Tl =0, (C.174)
T, % = 0. (C.175)

The last equation is the equation of motion for the spin 3/2 field (the gravitino), since the
Lagrangian is ~ ©,['®¢Oy1p.. Varying this we find 9y1p.'*¢ = 0, and we can see from the
index structure that T, " ~ dj,1y.
From the equations of dimension 2 we find the equations of motion for R and H. These
are Einstein’s equations for R,
1 1 1

Rab - inabR = %nabH2 - ﬁHa010203Hb01C2037 (0176>

with H? = HgpeqH®?, and for H we get

1 (

~TiggCae HeyHe, (C.177)

Ddeabc =
Lastly, the dimension 5/2 equation does not give us any new information, it’s simply
the Bianchi identity for the spin 3/2 field.
We have now solved the Bianchi identities, and found three equations of motion. Next
we go on to construct supersymmetry transformations of the fields, and then write down
a Lagrangian that is invariant under these transformations.
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C.8.3 The supersymmetric transformations

In this section we will define supergauge transformations and see how the different fields
transform under these. These transformations are then combined with Lorentz transforma-
tions in order to construct the sought supersymmetric transformations. This corresponds
to what we did in the Yang-Mills case where we combined the coordinate transformation
from superspace with the gauge transformation of the structure group of Yang-Mills, in

Eq.(C-153).

We use a parameter €4 to characterise an infinitesimal change in coordinates. The
transformation of a tensor superfield will then be [54]

5 VA = Moy vA L VBLA = —¢BEMoy VA + VELA, (C.178)

where LBA is the representation of the Lorentz group that corresponds to the tensor
structure of V. To make this covariant under Lorentz transformations it is necessary to
change the derivative to a covariant derivative,

Dy VA =0y VA 4+ (—)YMBVBu,, 57, (C.179)
and we write DV 4 = EgMD) VA, This gives us
6eVA = —BDpVA L VBCuo gt + VELGA (C.180)

Since the connection is Lie algebra valued {CwCBA acts as a field-dependent Lorentz
transformation on V2. This means that one can put LBA = —§CwCBA resulting in the
manifestly covariant (under Lorentz transformations)

5eVA = —69DoVA, (C.181)
for any tensor field V4. In particular, since the vielbein generally transforms as
OBy = —eLo Byt — el E A + By P LA
= —M (0B — (-)"MomELY) — omet + By P Lp? (C.182)

= —Ouet — ¢t (TLMA —wp® + (—)MLWMLA) + By 2L,

and the connection combines with 93764 to form a covariant derivative, the supergauge
transformation of the vielbein will be

0Byt = =Dyt — 8Ty, 4. (C.183)

The connection generally transforms as

dwnpra® = =€ 0w a” — On€twopa® + wpaLe® — (ML w0y 0P - o LL",
(C.184)
which means that the supergauge transformation is
Sewpra” = —ERcpra”, (C.185)

using the definition of R,y 47 in Eq.(C.160).
When we did Yang-Mills we combined the supertransformation with a transformation

from the structure group. We do a similar thing here and write the supersymmetric
transformation of the vielbein as a supergauge transformation combined with an additional
Lorentz transformation

SEy A = Dyt — 8T, + E P LA (C.186)
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Using the higher components of €4, which enter in the derivatives, we can transform
the 8 = 0 components of the vielbein, and it’s inverse, into the forms

- (0 ). - (0 ). e

Note that we henceforth drop the # = 0 and only write E MA‘.

The transformation of the connection can be written in the same way as a combination
of a supergauge transformation and a Lorentz one

Swpra® = —€Repa® + wppa Lo — (-)MATOL Cuwp B — oL ,5. (C.188)

AB

Since the connection is Lie algebra valued we can gauge away w, which means that

(C.189)

We can put the 6 = 0 components of £€* to e® and the zero-components of €% and L ap
to zero, while choosing higher components to preserve the gauge. This is in line with what
we want to do, since it is the £* components that parameterise the local supersymmetry
transformations.

This implies that we must have

5EMA‘ —0. (C.190)

Using our results from before, regarding which torsion components are non-zero, we can
evaluate this as

3B, = (0=~ Ty, + BL) |
= —9,% — £92i(1%)5, = 0 (C.191)
— & = =2i(1) g 0.

The transformation of the graviton can be found from

Se® = 0B, | = —Dp&®| — EPTp,,"| + €, " Lp"| = —6°T4,, %), (C.192)
where
Tppn® = E,,“Tpe® = E,,"Tp," = 2in,,,”(T) g (C.193)
This gives us
Sep® = —2iePy,, 7 (1) 5. (C.194)
Moving on to the gravitino we have
5 = 6E,, | = ~Dn®| - €°T5,,%). (C.195)

We use results from before to write

1

Tﬁma — EmCT,BCa — EmCT,Bca — emc <36

, 1
Hcalagag (FalaQakg)ﬁa + 7Ha1.“a4 (I‘Cal---a4)>

288
(C.196)
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So that the transformation of the gravitino is

1 1
(Wm = —'DmE(x) - Eemc (_365([:a41—xa1a2a3] + mrca1a2a3a4> Hala2a3a4

= —Dpe(x) — %wmc (Fcal--~a4 + 81“[“1“2“35341) Ho,..ay (G.197)
= —Dye(x).
For the three index field By p the general transformation is given by [54]
6Bunp = —0LByunp — 35[MfLB|L\NP} (C.198)
= —&" (0 Bunp — 3(=) "M Briv ) — 300E") Birinp)-
The last term is pure gauge and the supersymmetric transformation will be
S¢eBunp = —&" (0Bunp — 3(=)"M 0 Birinp)) - (C.199)
For the physical field, By,pp, this is just
4By = —€*Hommnp = —€“E,PE,“E, PHopcp = —32°E,"E,°E, " Hoped
= —6ic”e, e, V)" (Dea)as = 61Ty (C.200)

— 5anp = %isf[mnwp].

C.8.4 The Lagrangian

Now, we will rewrite the equations of motions in curved indices, since this is where the
physical fields are. After doing this we simply write down a Lagrangian for these fields
that gives the equations of motion and that is invariant under the supersymmetric trans-
formations found in the previous section.

However, when going over to curved indices we will find that both the equations of
motion and the transformations will be modified.

The only non-zero components of Hapcp are Hupeq and Hypys (as we saw earlier), and
this is of course also true when we go to curved indices. This means that we can write

M N P
Huped = ELMENEPEC Hynpg = ¢, e e Hympg + €476, 04" Hunnpo

= eameb"ecpedq (Hmnpq + wppwq”Hmnpa) = eameb”ecpedq (Hmnpq + 2i¢p”¢qo(f‘mn)pg) .
(C.201)
One can use this to rewrite the equations of motion for H, Eq.(C.177). The left hand side
gives us

Ddeabc = ERdDR [edqeamebnecp(ﬂqmnp + 2i¢np¢pg(rqm)pa)]
= e, e, e, e’ D" (Hymnp + 2i40,"1," (Lgm) po) (C.202)
= D1 (qunp + 2i¢np¢pa(rqm)pa)-
The right hand side instead becomes

1

1152 Emnpml"'mS (Hml"'m4Hm5~-m8 + 20, Ymo Umgmay Hms..mg + 20Hm, s Yms Vmelmzms

- 4wn11 ¢m2 Fm3m4 wms @Z)ms I‘m7ms ) .
(C.203)
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We can put in some anti-symmetrisations and move around the gamma matrices to write

1

B 1152 emnpml'“ms (Hm1~~~m4Hm5--~m8 + 8i7/)[mlrm2m3¢m4]Hm5...mg + 8iHm1...m41/)[m5Fm6m7¢m8]

- 64¢[m1szmswm4]w[msrm6m7¢ms]>'
(C.204)
If we do the same with the left hand side and then define I:Imnpq = Hpnpg + 81 Unpidy
we find the equations of motion looking as we are used to see them

,Dqﬁqmnp = - mlmmgﬁml...m4Hm:)...mg- <0205)

1152 “mnp

We can do the same for the other fields and get the other two equations of motion as

1 1 ~ 1 - ~
Ry — §gmnR = %9mnH2 - EHmmpngHnmmpSv

(C.206)
"D, = 0,
where D,,, = Dy, + ﬁemc (Fcal“'a4 + 81“[“1“2“3634] f[a1a2a3a4~ It is important to note that
our definition of the spin connection has led us to an expression where the stress tensor
has a relative sign as opposed to say M. Duff et al. [4], this means, for example, that in
our convention AdS space will end up having a positive curvature scalar.
The transformations will also pick up an H, and we have

de,, = —2ie(x) Yy,

m

S = —Dime(a), (C.207)
3.
5anp = §Z€F[mnd}p]7

From the available fields we can now build a Lagrangian. One can again follow the same
procedure as in the Yang-Mills case. There we created a Lagrangian from the usual terms
involving the available fields and then used the fact that the variation of the Lagrangian
should give us back the equations of motion to set the relative signs and possible constants.
The obvious way to start is with

1

1 1
L= feeb”eamRmn“b + iwml“m"pDnl/Jp ~ 103

; o @ Hmnpg ™", (C.208)

But, when one starts to vary this one quickly notices that an extra term is needed to give
the equations for H. This term will be something like H A H A B.
The Lagrangian will turn out to be [4, 211 [6]

1 1 1
L :ZeebneamRmnab + mermnppn¢p _ meHmnqumnpq

1
* 4- (144)2eemlmm“Hml--~m4Hm5---m8Bm9-~-m11 (C.209)

_ T 144e(¢mrmnwzwan + 12wwrmywz>(wayz 4+ ﬁwxyz),
where the last terms comes from D and H. This Lagrangian is invariant under the su-
persymmetry transformations found before and gives the equations of motion when varied
with respect to the fields.

With this we end our discussion on supersymmetry and supergravity.
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D

Octonions

We here define the octonions and discuss some of their properties. The octonions naturally
arise when we study the mass spectra of the squashed seven-sphere. It is therefore of
interest to understand what they are and how they work.

D.1 Basics

The octonions are the last of the normed division algebras, the others being the real
numbers, complex numbers and the quaternions, and are the generalisation of the complex
numbers to include seven imaginary units. The seven imaginary units are defined to satisfy
the multiplication rule

0405 = —0gp + AapcOc, (D.1)

where agp. are the totally anti-symmetric octonionic structure constants defined by [61]
aqpe = 1, for (abc) = 123,246,435,367,651,572, 714. (D.2)

This can also be expressed by splitting the indices as a = (4,4, 7), where i = 1,2,3, and
1 =4,5,6. The non-zero parts are then
a7l~3 = —51']‘, aiﬂ% = _Eijky a%ﬁ% = fijk' (D.3)

The complete eight dimensional division algebra is given by adding the real unit og = 1
to the set, and we denote the set of octonions as ©. That there are only four normed
division algebras is a theorem due to Hurwitz [61]. Note that it is not true that R, C,H
and O are the only division algebras, it is actually rather easy to construct other types.
They are, however, the only normed division algebras [61].

A division algebra can be defined as an algebra where the operations of left and right
multiplication by any non-zero element can be inverted, and a normed division algebra is
a division algebra that is also a normed vector space.

As can be seen from the multiplication rule the octonions are not assocative, i.e.,
(040b)0c # 04(0p0c), but they are alternative. This means that the associater, defined by
[060b0¢] = (040p)0c — 04(0p0¢), s totally anti-symmetric. There is a theorem, connected to
Hurwitz’, which states that R, C,H and O are the only alternative division algebras [61].

Using the multiplication laws of the octonions we can easily prove that, for example by
evaluating (040p)0c04b,

GacdAbed = 66&1); (D4)

and we directly see that we also have agpcaap. = 42.
We can define the dual of ag,. as

1

Cabed = geabcdefgaefga (D5)
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where we used the totally anti-symmetric levi-civita symbol, defined by €1934567 = +1.
From this and the above definition of a,,. we can see that cgp.q satisfies

Cabed = 1, for (abed) = 4567, 3751, 6172, 5214, 7423, 1346, 2635, (D.6)
or B
CijkT = €ijks  Cijrr = —€ijhy  Cij = Ol (D.7)

Using this we also see that
Qabelcede = 252% — Cabcd- (DS)

In the next section we will discuss how one can relate the structure constants to the
seven-dimensional gamma matrices using the Killing spinor. After this is done we will be
able to derive further identities for contractions of a and c.

D.2 Octonions and the Killing spinor

We can also express the octonionic structure constants using the Killing spinor and the
gamma matrices in seven dimensions. As usual we use the convention that these seven,
anti-symmetric, matrices satisfy

AlooiqT =4l = A®107 = j¢haT] (D.9)

We write
Qabe = — 1T YabeT, (D.lO)

where 7 is the Killing spinor and 7 = 1. Now, from this we find that

1 7 1_ _
Cabed = Eeabcdefgaefg = _éneabcdefg’)/efgn = —EUVQdeefg’Yeng = NYabcd"- (Dll)

There is a very useful Fierz identity involving the Killing spinor. In seven dimensions
the symmetric gamma matrices are ¢ and 4. This means that 7y = 777 = 0. Using
this leads to the Fierz identity

3)

11
=M+ =7V ys)n- (D.12)

M=y A8

Adding this together with the same expression, but with n = «%n, we find that

a7 5 1 =~ = 1 — a _
YYa + 00 = 3 (77" an + 7m) + 4*87(3)17 (Y*¥@)Ya +Y(3)) 1 = 7, (D.13)

or, re-expressed using the normalisation 7m = 1,
YNYa =1 — 1. (D.14)
This means that we have

GabeGede = — N VabeN Yede = —NVab Ve Ve Ved = —NVabVed

~ b b (D.15)
=" (’Vabcd - 26cd> n= 25Cd — Cabed-

So we see that this expression for the structure constants are in line with the one we had
before.
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There are other identities following from using the Fierz identity. Since we will need
them at different places in the thesis, we derive them here. First off we have

AqdeCdebe = — 11 Yade T VdebeT) = U Yad Ve Ve Ydbel) = 11Yad YdbeT)

a d . a a a o
[ [db5c]]77 = 1] <’Y 08 + 7%l + 7 %0 — vdbcéd) n (D.16)

= 4i1Yapen) = —4agpe-

= Giny

In the same way we find

<

L _ L . [ab
CabedOdef = — U1 Yabed N VdefN = — T YabeYefn = 617y la [e d an

o lab ] f e
= —6a"" .0 = —3(a(aple| 0 — Afar|£10g))-

(D.17)

The other identities that we will need are all derived in the same way, so we simply list
them here.
The identities for cgpq are

b
CabcdCdefg = Qabclefg + 90[0‘ [eféi - 65???1’
CabedCedef = 86?? - 2Cabef7 (D.18)
CabcdCbede = _246(167

CabcdCabed = 168.

Contracting ¢ with a gives us the two identities of Eqs. (D.16) and (D.17) as well as

CabedQabe — 0. (D.19)

D.3 Octonions and Gy

It may also be worth mentioning that the exceptional group Ga, discussed at different
places in the thesis, is highly connected to the octonions. It can be defined as the group of
automorphisms of the octonions [61]. In fact, all the exceptional Lie groups can be defined
using the octonions. The other four can be defined as the isometry groups of different
projective planes. We can define Fy as the isometry group of the octonionic projective
plane OP2, Eg of the bioctonionic projective plane (C ® O)P2, E; of the quateroctonioc
projective plane (H® O)P? and Fg of the octooctonionic projective plane (O ® O)P? [61].

We can also relate the octonions to the so called G2 manifolds, the squashed sphere
being an example, discussed in Chapter 2] These are characterised by a real, covariantly
constant three-form, and this three-form can be chosen as the octonionic structure con-
stants. This is implied by the fact that the three-form can be expressed as

¢abc = _iﬁ’Yabcn7 (D-QO)

where 7 is the Killing spinor of the G2 manifold, see Chapter 2] This is of course exactly
the form we saw above for the structure constants of the octonions.
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Gamma matrices and SO(7)

In Appendix [C] we gave a general discussion on the gamma matrix representation of SO(n).
In this appendix we instead focus on SO(7) since this is the tangent space group of seven-
dimensional manifolds. We especially give a useful basis for the seven-dimensional gamma
matrices in terms of the octonionic structure constants. This is the basis used in Chapter
[71 We will also list a couple of identities involving contractions of gamma matrices, these
are valid in all dimensions.

E.1 Gamma matrices in seven dimensions

In seven dimensions we only have one possibility of choosing the symmetry properties of
the gamma-basis. The properties are also reflected around ~73) g0 we only need to list
the properties up to 43). The gamma matrices of SO(7) are eight-dimensional and we
therefore want 28 anti-symmetric and 36 symmetric matrices. The only way of choosing
them is then

Symm. | Anti-symm.
C1 1
C~M 7
Cy®@ 21
C~®) 35

Note that this was used already in Appendix [D] when deriving the Fierz identity for the
Killing spinors.

E.2 Our basis

One can use the octonionic structure constants of the previous chapter to construct a very
useful basis for the SO(7) gamma matrices. We define [43]

v —iagpe for (8,7) = (b,¢),
(g’ = {—wab for (8,) = (b,9) (=

with a,b,c = 1,2,...,7. As we saw before, v, is anti-symmetric so that (3,7) = (8,¢)
must give us +idq.. Using the properties of the octonions one can easily check that these
matrices satisfies
Y1yr =1l (E.2)
as we wish for them to do. From this we can also construct all the (") we will however
only need v, 43 and v so we skip the rest.
Starting with v we write

(7ab)76 = (’7[a)|'ye|(7b})e§ - (’Y[a)he\(’}/b])e& + (7[a)\78|(7b})857 (E3)
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which means that [40]

(ra)es = (e (01)es = (~iaje))(~i0e) = — 5 (G — hea) = . (B)
As well as
(Yab)ed = (Va) jce| (V) )ed + (Va) e8] (Ve))8d = (—iaq)ce|) (—ip)eq) + (—i0(q)c|) (10p))
= _%(aaceabed — peclacd) + O = 3(25;‘35 ~ Cachd — 2043 + Chcad) + 055 (E5)

b
= 2531 + Cabeds

where cgpeq 18 the dual of ag.. Here we also used some of the contraction identities of the
octonions derived in Appendix [D]
The other matrices are found in the same way. For 43 we have [40]

('Yabc)mn = 62‘(5[(;nabc]n) — Z'fsmnaabm
('}/abc)m8 = Z.Cabcmy (E6>
(7abc)88 = iaabc-

While 44 instead takes the form

(’Yabcd)mn = 85[(;710b0d]n) + CabedOmn,
(’Yade)mS = 45m[aabcd]v (E7)

(’Yabcd)sg = Cabcd-
A good control that one should do is to check whether these matrices are traceless. This

is directly seen by inspection of ¥(!) and v(2). For v the trace is given by

(Vabc)mm + (7abc)88 = Gi(smabc}m - iémmaabc + iaabc = 6iabca - 7iaabc + iaabc =0. (ES)

la

So it is in fact also traceless. The same holds for v(*.

E.3 Contraction identities

Here we simply list a few useful identities involving contractions of gamma matrices rep-
resenting SO(n), for arbitrary dimension n. Many of these are used in various places of
the thesis. The identities can also be found in [4], but since they use the convention that
{Yas W} = —2n4p, there are some sign differences between our lists.

Ya Yo = Yab + ab, (E.9)
YabYe = Yabe + 2V[aObc) (E.10)
Y Yed = Vg — 46 [“[C'Vb]d] — 2685, (E.11)
~abeny, = ,yabcd + 37[ab52]7 (E.12)
a7 = 7 = 6, 10;] — 67160y, (E-13)
Y aeg = 1o p + 97, 00 + 1841 00 — 635%s, (E.14)
M = 4 We 4 pylbrbuy gbala (E.15)
R (n(i;?;)nal_..a,. (B.16)
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