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Abstract

In this thesis we present solutions of spontaneous compactifications of D = 11, N/ =1
supergravity on parallelizable manifolds S*, S and S7. In Freund-Rubin compactifica-
tions one usually obtains AdS vacua in 4D, these solutions usually sets the fermionic
VEV’s to zero. However giving them non zero VEV’s allows us to define torsion given
by the fermionic bilinears that essentially flattens the geometry giving us a vanishing
cosmological constant on My. We further give an analysis of the consistent trunca-
tion of the bosonic sector of D = 11 supergravity on a S3 manifold and relate this to
other known consistent truncation compactifications. We also consider the squashed S”
where we check for surviving supersymmetries by analyzing the generalised holonomy,
this compactification is of interest in phenomenology.






Popularvetenskaplig sammanfattning

Den bésta teorin vi har idag for att beskriva alla interaktioner mellan partiklar dar
gravitiation ar sa pass svag att den inte paverkar interaktionerna &r Standard Modellen.
Partikel acceleratorn pa Cern har sedan borjan av 70 talet tagit fram experimentel data
som stammer 6verens med den teoretiskt berdknade data.

M teori dr den ultimata teorin tror man idag, den beskriver alla fundamental krafters
partiklar inkluderat graviton som &r partikeln som medlar gravitationen. M teori ar den
teori som forenar alla 5 stréngteorier: Typ ITA, IIB, Eg x Eg heterotisk strangteori,
SO(32) heterotisk och Typ I, dér supergravitation i D = 11 ar den lag energi effektiva
teorien pa M-teori. De olika Strangteorier beskriver 6ppna eller slutna stringar. Alla
dessa teorier baseras pa supersymmetri, tyvéarr har inte LHC hittat supersymmetriska
partiklar men man tror idag att supersymmetrin i lagre dimensioner ar en bruten sym-
metri. Till skillnad pa den forsta strédngteorin som bara var bosonisk dér partiklarna
lever pa en 2 dimensionell varldsyta och vibrerar i de 24 andra dimensioner. Om man
introducerar supersymmetri s visar det sig att strangteori lever i 10 dimensioner. Men
i verkliga livet ser vi inte dessa extra dimensioner for att de ar sa pass sma, men de
maéste finnas dar for att teorin ska beskriva konsistenta interaktioner mellan partiklar.

Att reducera ner dimensionerna ir nagot man maste gora for att beskriva effektiva
teorier i 4 dimensioner, det visar sig att siffran for alla l6sningar pa dimensionella re-
duktioner &r ungefir 10°%°. Detta ér en vildigt hog siffra och man refererar till dessa
16sningar som landskapet av strangteori. Genom observationer man gjort i astrofysik dar
man insett att universum accelererar, sétter vissa vilkor pa vad for reduktion vi beh6ver
gbra om vi vill beskriva just varat universum. Ett éppet universum inom allmén rela-
tivitets teori kallas for de Sitter och ett sténgt universum tex en sfiar beskrivs som Anti
de Sitter. Den beriknade kosmologiska konstanten dr véldigt liten 107!°°, man kan
approximera att universum &r i princip platt. Alla dessa lésningar som kommer fran
reduktioner beskriver da ett specifikt universum och ett specifikt vakuum associerat till
detta universum.

Supergravitation visar sig vara den teori efter dimensionell reduktion som kan in-
nehalla Standard modellen, detta &r pga av att den dr 11 dimensionell och ddrmed kan
innehalla geometrier som kan beskriva symmetrin i Standard modellen.

I denna uppsats gar vi igenom dessa dimensionella reduktioner fran tva olika per-
spektiv, den forsta ar genom att reducera ner Lagrangianer och den andra metoden &r
genom att 16sa lagre dimensionella rorelseekvationer. Vi visar ocksa att en férmodan
om olika typer av reduktioner visar sig vara konsekventa med de ldgre dimensionella
teorierna. Vi fortsétter sedan med att gora reduktioner av en speciell typ dér vi antar
att vi har fermionska vakuuum virden som resulterar i att vi fir en reduktion som
beskriver ett platt universum. Vi gar ocksa igenom en deformerad sfir reduktion pa
en sju-sfar som visar sig behdlla en supersymmetri detta visar sig vara relevant inom
phenomenologi som férsoker beskriva en mer realistik reduktion fran M-teori.
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Chapter 1

Introduction

Supergravity is a theory of general relativity and supersymmetry, it was first developed in
1976 by D.Z Freedman, Sergio Ferrara and Peter Van Nieuwenhuizen. They formulated
a four dimensional supersymmetric Lagrangian containing gravity and a gravitino field,
the gravitino field is called Rarita-Schwinger and describes spin 3/2 particles.

Two years after this theory was presented Cremmer-Julia-Scherk [1] found a eleven
dimensional supergravity Lagrangian that was invariant under supersymmetry trans-
formations. Eleven dimensions is very special since that is the highest dimension one
can have if one wants a single graviton in the theory, this was first shown by Nahm [2],
higher dimensions would require higher spin particles than spin two. The reason we
do not consider higher spins than two is because we do not have a consistent theory of
gravity coupled to massless particles in supergravity theories. Supergravity in D = 11
is the low energy effective description of M-theory. Compactifications of D = 11 su-
pergravity could be a good candidate for describing the Standard model symmetries
SU(3) ® SU(2) ® U(1) this was first considered by Witten [3], where he proposed man-
ifolds that have large enough symmetry to contain the Standard Model particles.

CJS also presented us with the particle content of the compactified theory on a seven
torus 77 which is a maximally supersymmetric theory. In this thesis the main focus on
the compactifications of D = 11 supergravity theory on different manifolds which are
parallelizable and admit a torsion term.

In the early 80s supergravity was a very active field, much of the work was done
in compactifying the eleven dimensional supergravity [4-7]. The main feature of these
papers is that the equations of motion admit a spontaneous compactification i.e it should
admit a solution of the metric describing the product My x B” where B7 is a compact
manifold. These spontaneous compactifications assume that we have a vanishing field
strength on the compact manifold, with the exception of Englert’s solution which had a
non-vanishing field strength for both manifolds.

The solutions using a parallelizable manifold that admits a torsion term which flat-
tens the geometry yielding a Minkowsi vacuum in four dimensions My. The seven sphere
S7 received the most attention due having a large enough symmetry group to contain
e.g quarks and leptons. Compactifications of D = 11 ungauged/gauged supergravity
admits an enhanced symmetry often referred to as hidden symmetry. These enhanced
symmetries allows one to show consistent truncations of the compactifications.

The Freund-Rubin ansatz in their configuration only allows for maximally symmetric
spacetime such that the spontaneous compactification is described by AdSy x B7, these
compactifications preserve all the supersymmetry in D = 4. Englert’s solution breaks
all eight supersymmetries even after the choice of orientation on the seven sphere, this is
feature of choosing a non-vanishing field strength for B7. For instance squashed S7 pre-
serves different supersymmetries depending on the orientation this was first published
in [8]. Their choice of orientation on the squashed S7 either preserved N' = 1 super-
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symmetry or A" = 0, both solutions are of interest to phenomenology. The counting of
supersymmetries after compactification has been discussed [8,9] where they used holon-
omy to count, since the number of unbroken supersymmetries is equal to the number of
the spinors left invariant by the holonomy group H. Compactification of other kinds in
particular K3 x T3 [9] have been shown to preserve A’ = 4 supersymmetries however one
interesting fact is that this compactification yields a larger particle content the details
of the particle content. The reason for this is because the particle content is not deter-
mined by the geometry of M7 but rather the topology of the manifold. The topology of
the compactified manifold is important since one can wrap p-branes around closed loops
on the manifold which acts as excitations of particles in lower dimensions. The p-cycles
can be described by a homology group where the dimensions of the homology group is
the Betti numbers, which determines the particle content just as one can see explicitly
in K3 x T3

Using holonomy to find Killing spinors have been proven to be very useful in partic-
ular when it comes to finding membrane solutions of D = 11 supergravity, membrane
solutions were first formulated in the early 90s and very important features of eleven
dimensional supergravity.

Checking whether the compactifications are consistent, ¢.e are the lower dimensional
equations of motions also are solutions of the higher dimensional equations of motion
is something one has to do. The problem of consistency was first considered when one
did compactifications on D = 5 Einstein gravity on a S where after compactification
one obtained Einstein-Maxwell theory including a dilaton. Setting the dilaton field to
zero would yield a unification of electrodynamics and gravity coming from a pure grav-
ity theory in D = 5, this however is not allowed since setting the dilaton field to zero
would not satisfy the equation of motion. This is because we have a source term that is
associated with the dilaton field describing the interactions between the various lower
dimensional fields, hence setting the dilaton to zero would not yield a consistent trun-
cation of the theory and also defeats the purpose of having higher dimensional theories.
One would need to work out the Fourier expansions in order to say something about
the consistency of the equations of motion. Fortunately there is a more practical way of
doing this where one uses group theoretical arguments. A consistent truncation retains
all the group singlets and throws out the non singlets, this is a consistent truncation
since we can not create non-singlets from multiplying singlets.

The consistency of Kaluza-Klein theory was very active in the start of the millen-
nium, where most of the work was done in the D = 11 supergravity theory [10-17] and
for type IIB on S° [18] and recently a consistent truncation of type IIA supergravity
on S [19] was also shown.

Generally consistent truncations on sphere reductions should be such that the isom-
etry group of the sphere should retain all the singlets i.e gauge fields should be retained
under SO(n+1). The general construction is to describe the manifold as a coset manifold
containing a large enough symmetry group to retain all the gauge fields.

The outline of this thesis is as following, we start with supergravity in D = 4,
N =1 and show that it is invariant under supersymmetry transformations. In chapter
3 we discuss compactifications in particular solutions of spontaneous compactification
yielding a Minkowski background. In chapter 4 we discuss the details of consistent
truncations of supergravity where we show an explicit in detail for S3 sphere reduced
on a D-dimensional theory. The last chapter we review the generalised holonomy of
the M5-brane solution and the squashed S7. We also show the relation between the
integrability conditions and the surviving supersymmetries.



Chapter 2

Tools for supergravity

In this chapter we useful topics that one will stumble upon when studying supergravity.
We start off with Poincaré group and extend it to a super group where the fermions are
related to the bosons by a group operation. We then continue with the Cartan formalism
where we briefly introduce frame fields and its applications. From the frame fields we
discuss the Rarita-Schwinger field which is a spin-3/2 field describing the gravitino. This
field is a key component in supergravity because it gives rise to the supersymmetric
partner namely the graviton. We then move forward to first and second order formalism
of general relativity. The second order formalism refers to second order derivatives of the
metric or the frame field in the gravitational field equations. The frame field will be the
dynamical variable describing gravity, the frame field let us go from curved spacetime
to flat spacetime where we now can define our spinors. Therefore using the frame fields
one naturally describes the spinors on the manifold.

The first order formalism also known as the Palatini formalism where we have that
the frame field %, and the spin connection w,., are independent variables and the
equations of motion are of first order derivatives. By solving the spin connection, one
finds a connection with torsion. These formulations will be used later to discuss the
invariance of supersymmetry transformations in supergravity which is the last part of
this chapter. The key references [20], [21] !.

2.1 Supersymmetry algebra

The Poincaré group 1SO(1,3) contains four translations, three rotations and three
boosts. The group corresponds to basic special relativity symmetries that act on the
spacetime coordinate

at — 't = ALY + at (2.1)
where A is the Lorentz transformations and the a* are the translations, where the
Lorentz transformations leaves the metric invariant. The algebra for the generators of
the Poincaré group are given as

[P*,P'] =0, [M,, M"]= —za{ZM,,f], [Py Myy) = 1, Py (2.2)

where P is the generator of translations and M is the generator of Lorentz transforma-
tions. We can raise and lower the indices by multiplying with a metric n. Before we
go further on with spinors let us first discuss the Lorentz group so(1,3) and its irre-
ducible representations. The Lorentz group is homeomorphic to SU(2) & SU(2) where
the generators of SU(2) correspond to J; of rotations and K; of Lorentz boosts defined

as
1
Ji = _§€ijijk7 K; = My; (2'3>

Most of this chapter has been discussed in detail in the author’s previous work [22]

3
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which satisfies the algebra above. Using the algebra above one can construct linear
combinations of J; and K; which are given as

1 ) 1 ,
Ik = §(Jk - ZKk), Il/e = §(Jk +1Kk) (2.4)

which satisfies the commutation relation of two independent copies of the Lie algebra
su(2)

(L, 1] = ey, (I, ] = eijidy, [, ;] =0 (2.5)

We can thus interpret the product of these two linear combinations of the generators
of the SU(2) group as the physical spin where the the lie algebra so(1,3) is related to
su(2) @ su(2).

There exists a homeomorphism SO(1,3) = SL(2,C) which gives rise to spinor repre-
sentations, namely the (%,0) and (0, §) representation which is the central treatment for
fermions in quantum field theory. We can show that there is a homeomorphism between
these two Lie groups by considering 2 x 2 complex matrices, we know that a Lorentz
transformation acts on the four vectors in the following way

't = At (2.6)

We introduce Pauli matrices given as

O A ) B

which can be written as ¥ = x,0" and the determinant of this matrix is given as
7= —xFnx”. There is a relation between the four dimensional Minkowski space and
the 2 x 2 hermitian matrices, in fact there is a isomorphism between them. Using the
relation that Tr(o*c,) = 26, and the Pauli matrices one finds that the matrix & can

be written as 1
r=ouat, b= 5 Tr(o* ) (2.8)

this gives the explicit form of the isomorphism. Consider A € SL(2,C) and consider the

linear map
T — 7 = AZAT (2.9)

due to linearity and the hermitian matrix one can obtain an explicit form of the Lorentz
matrix A this must indeed be a Lorentz transformation

AR, = %Tr(cr”A(r,,AT) . (2.10)

This transformation preserves the determinant and hence the Minkowski norm is invari-
ant. Therefore every Lorentz transformation has the representation given in (1.9) which
is a two-to-one map since if A, B € SL(2,C) then a transformation A(AB) = A(A)A(B)
is indeed valid if one uses (1.10) this shows the group homomorphism. We have now con-
sidered some properties of the Poincaré group and its relations to spinor representations,
let us further extend the group by introducing a graded algebra.

The Super-Poincaré group is an extension of the group with one more type of gen-
erator namely Qé where « is the spacetime spinor index and A = 1,..., N labels the
supercharges. The graded algebra is defined as

0a0p — (=1)"" 0p0q = iC°4Oc (2.11)

where 7, takes the value

(2.12)

0, O, : bosonic generator
Na = L .
¢ 1, O, : fermionic generator
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The commutation relations are given as [B, B] = B, {B, F'} = F and {F, F'} = B, thus
the extended commutation relations for the Super-Poincaré algebra is given as

[Qa, M| = (O-lw)aBQﬁ? [Qa, P'] =0, {Qa, Q,B} =0, {Qa, Q,B} = 2(0.M)QBP/J' :
(2.13)
We will now demonstrate an important property of the super-algebra using the last
commutation rule in (2.13) together with introducing a fermionic operator (—1)¥ = (—)¥
defined via

(=)71B) = |B), ()T|F)=~|F). (2.14)

The new fermionic operator anticommutes with Q) i.e
(5)7QalF) = (5)7IB) = |B) = Qu|F) = =Qa(—)"|F) = {(-)",Qa} =0 (2.15)

evaluation of the commutator above and taking the trace of it gives us

Tr {(=)"{Qa, Qp} } = 2(0") 50 Tr{(—)"} . (2.16)
The conclusion is thus

0=T{(=)"}= > BB+ > (FIIF)=m—ny (2.17)

bosons fermions

this is of course only valid if the Super-Poincaré algebra holds. If one does supersymme-
try theories there is one rule that must always be satisfied and that is that the degree’s
of freedom for bosons are equal to the degree’s of freedom of the fermions.

2.2 Cartan Formalism

In field theories only containing bosonic fields using a non-coordinate basis also known
as vielbein is unnecessary since the fields are generally vectors or tensors. However once
one introduces fermionic fields using a non-coordinate basis is a must since the spinors
are defined by their special transformations properties under Lorentz transformations.
The key references to this chapter will be [20] and [23].

In the coordinate basis, the tangent bundle 7, M is spanned by e, = 9/0x" and the
cotangent bundle T,y M by dz". Consider the linear combination

€a = e exl € GL(m,R) (2.18)

oz’
where e, " is non-degenerate, the linear combination means that the frame of basis which
is obtained by a GL(m,R)-rotation of the vielbein basis e,/ preserving the orientation.
We require that the vielbein is orthonormal with respect to the metric g, such that

g(éou é,@) = eaueﬁyg;w = 5aﬁ . (219)

This relation forms an orthonormal set of T}, M where we have one basis for each tangent
space. If the manifold is Lorentzian the right hand side of the equation above can be
written as 7,3, therefore we can reverse the relation above. This allows us to use vielbeins
to transform tensors and vectors back and forth between coordinate basis of the curved
spacetime and the locally flat spacetime.

Since a vector V is independent of the chosen basis one can write the vector fields
transformations as

V=V M, V=l VI, (2.20)
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A

The dual basis is defined by (0, é3) = d“3 where the basis is given as
0% = e dat (2.21)

these two coordinate basis we have defined are called the non-coordinate bases. The
vielbein has a non-vanishing Lie bracket

[€as €8] = —Qap7éy (2.22)
the (1,37 are called anholonomy coefficients which are defined as
Qg =€, (ea"0ues” —eghoues”) . (2.23)

The anholonomy coefficients come up when one introduces the spin connection, so let
us indeed continue with connections on the manifold using the non-coordinate basis.

We start of with the Levi-Civita connection denoted by V on the manifold M which
is a metric compatible connection Vxg = 0. The Levi-Civita connection is also torsion
free which tells us that components of the connection also known as the Christoffel
symbols T uv are symmetric in the lower indices.

We can relate the Levi-Civita connection to the spin connection by the vielbein
postulate

088 + w,%pel — 19,84 =0, (2.24)

prto

if we were to write it in terms of the spin connection w,®, one can consider this the
definition of the spin connection. This is not entirely true since the spin connection
and the Christoffel symbols are not equivalent i.e the spin connection contains more
information than the Christoffel symbols hence does not satisfy the metric compatibility.
The affine connection consist of two parts, one that is symmmetric and one that is anti
symmetric where the anti symmetric part gives rise to a torsion. If we consider the
equation Vye®, = 0 such that

ey + T el + wpee® =0, (2.25)

multiplying with e,*, gives us the correct spin connection definition.

Using the basis defined in (2.18) and taking the exterior derivative one obtains a
two-form, defining the one-form for the spin connection given as w®g = I‘O‘%gm. From
a formal definition of the torsion tensor given as

T(X,Y)=VxY -VyX —[X,Y], (2.26)
using the frame field basis and the dual basis one can write this in the following way
T, =1, =T%,53—Q3,% . (2.27)

As we mentioned before we now see how the anholonomy coefficients are connected
to the spin connection. The one-form spin connection should satisfy the first Cartan
structure equation

A6 + ws NP =T (2.28)

one can see this if one lets the left hand side act with the basis vectors €, and é5. Note
that if one sets the torsion to zero we once again obtain the Levi-Civita connection
There is a similar structure equation for the curvature given as

dwag —|—w°‘5/\w75 :Rag . (2.29)

Since the spin connection describes spinors on your manifold, one can see how vital the
role of using frame fields is.
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If w¥g is defined under a local transformation

W = A% (ATN) 5 + A% (dATY) (2.30)
which implies that the torsion transforms as a Lorentz vector and the components of
the spin connection transforms as a covariant vector under coordinate transformations.
The transformation above implies that

Wi = A0 A g + AT w, TsA (2.31)

where x transforms under coordinate changes and the indices «;, 3,7, § transforms under
local orthogonal rotations, these are the gauge transformation properties of Yang-Mills
potential. Since the metric is invariant under rotations A“g we have that A“ 5505/\67 =
1y With the corresponding gauge group of the Lorentzian manifold SO(D —1,1).

One cannot do supergravity without fermions in the theory so it is natural to in-
troduce a spinor field, as we will see in the next chapter when introducing the Rarita-
Schwinger equation which is a spin-3/2 field that has 2[P/2 components, before we go
on let us just mention the covariant derivative. Since the spinors are described in their
local frame components with the following transformation

1
¥ = exp <—4Aab(m)%b> W(x) (2.32)
thus giving us the covariant derivative defined as
1 a
D, V(zx) = (au + 4 @uan (%) b) T(x) . (2.33)

Hence the covariant derivative contains the spin connection which we showed above
transforms under Lorentz transformations

2.3 Rarita-Schwinger field
We consider the free spin-3/2 field ¥, (x) with the following gauge transformation
W) > W (@) + uea) (2.34)

where we assume that spinor field and gauge parameter € are complex spinors with
(D — 3)2[D /2l spinor components for a given D dimensional spacetime.

We will now consider an action that is Lorentz invariant and invariant under the
gauge transformation above. The action should also be first order in derivatives, the
action can be written as

S—— / dPw¥ A" D, T, . (2.35)
where the y## are gamma matrices satisfying the Clifford algebra

{2 =291 (2.36)

The gauge field ¥, should have an anti-symmetric derivative of the gauge potential
DV, — D,V,. The reason we should have these anti-symmetric derivatives is because
we need two connections one for the Lorentz connection for the flat indices and one
connection for the curved indices. The role of these connections ensures that D,V¥,
transforms as a tensor and the other connection should transform as the covariant vector
like the spin connection.

The equations of motion for this action is given as

APD, W, = 0 (2.37)
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we thus have D — 1 components in the D-dimensional Minkowski spacetime together
with the spinor components 2P/2. This yields us (D — 1)2[D /2l independent equations
and this is indeed enough to determine the components of the spinor field ¥,. The
difference in the spinor field components compare to the gauge parameter components
is called off-shell degree’s of freedom.

We are interested in the on-shell degree’s of freedom since we want the equations of
motion to be satisfied and only contain real particles. The spin content of this field ¥;
where ¥; transforms as spin 1 ® % = % & % under SU(2), however the spin-1/2 particles
are killed by the constraints as we will show below this is desirble since the gravitino
transforms as a vector-spinor. We are indeed left with (D — 3)2[P/2 degree’s of freedom
where our field only contains one gravitino.

In order to evaluate the on-shell degree’s of freedom one has to impose a gauge
condition.

7 =0. (2.38)

We will rewrite the components of the equations of motion as v — 0 and v — 14, this
gives us two equations of motion

NIGU; =0, (2.39)
~7°79(80%; — 9;¥o) + 77050y, =0 . (2.40)

Using the Clifford algebra one can rewrite the first equation of motion gives us the
following gauge condition .
o'V, =0 (2.41)

and for the second equation of motion one can multiply with 7; to obtain a third gauge
condition. The first two terms in the second equation of motion is zero due to ¥y being
a harmonic function satisfying the Laplace equation. Thus the third condition is given
as

Yov; =0. (2.42)

The components of the spinor field ¥; satisfies the Dirac equation and the classical
degree’s of freedom are after imposing the gauge conditions is given by (D — 3)2[D /2,

2.4 4D Supergravity in its first and second order formalism

Let us now start with formulating the first and second order formalism of supergravity.
Supergravity in its simplest form should contain a kinetic term for the graviton and the
Rarita-Schwinger field describing the gravitino. The action is thus given as

1 _
SSG _ ﬁ / le,e (ea,u,ebuleab o ¢M'YHVPDV¢/J) . (243)

The covariant derivative is the same as (2.33), and the supersymmetry transformations
for the frame field and the gravitino are given as

1_ a
de®, = €7 Yy, 6y = Dye . (2.44)

We can check that these SUSY transformations are indeed the correct one by checking
that the commutator of the supersymmetry algebra is satisfied. Two supersymme-
try transformations should give rise to a suitable combination of local supersymmetry
transformations that yields spacetime dependent vector field ey e.
We consider the commutator of two infinitesimal transformations of the vielbein
which is given as
[6617562]eau = DM(EQ’VGEI) (2-45)
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where we have made use of the susy transformation for the gravitino field and the
Majorana flip relation i.e Ayox = —X7Ve\. In order for us to understand what these
transformations are we define the spacetime vector field £* = €xe,v%€; together with
a covariant derivative acting as a spacetime derivative on &" gives us the following
commutation relation

[0er 0e,] = SVDueua +e,” ufy . (2.46)

We first consider the second order formalism of supergravity where the spin connection
and the covariant derivative is torsion-free thus the vielbein postulate is given as

Dye,® =T . (2.47)

Writing out the covariant derivative in the commutator and exchanging the lower indices
in the first term gives us

[Ocrs Oeslen® = €7 0ye, + €,0,E" + €V w, e, (2.48)

the first and the second terms are the infinitesimal action of a diffeomorphism on the
frame field and the last term is the infinitesimal internal Lorentz transformation dye,*
where A%, = £Yw,%,. Note that the first two terms are the Lie derivatives which trans-
forms vectors and tensors correctly.

We can now show that the local supersymmetry transformations leaves the action
invariant up to a linear order, notice that we did not check the commutator of two
gravitino transformations as these will contain higher order terms. We can however
neglect these terms since we consider infinitesimal variations of any equations of motion
must give a linear combination of equations of motion. This means that the susy algebra
closes on-shell.

In the Rarita-Schwinger action we have higher order fermionic terms these terms are
generally quite hard to work with however one can neglect them if one uses a different
formalism namely 1.5 formalism. We have first, third and fifth order fermionic terms,
the higher order terms cancel mutually due to the variation of the Rarita-Schwinger field
w.r.t the vielbein that comes from the contact term. We will now show the invariance
of supergravity in detail.

The variation of the gravitational action is given as

1 b 1 o
0S8y = @/d zxe <R,u1/ - Qg;UJR) (_€7H¢ ) : (2'49)

we obtain this by reducing the frame field susy transformation to

1 1
ey = =&y a, e = (eY'1y) (2.50)

2 2
and ignore the total covariant derivative of 0 R2,,,.5. We see that this is the Einstein field
equation where the conserved symmetric fermion stress tensor 7}, is set to zero since
the fermionic equations of motion are satisfied.
We now continue with the variation of the gravitino field, since we are doing second
order formalism now one can use partial integration since our connection is torsion-free.
The variation for the gravitino field is given as

1 _ v 1 _
S3/9 = —QTGQ/dDzveeglﬁ“ "Dy, = m/dl)ajeev“ ”Ruyab’y“bwp (2.51)

where we partial integrated and used the Ricci identity [D,, D,]y = %Rwawabw. We
have to use gamma-matrix manipulations in order to evaluate the product of the gamma
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matrices. Useful tools for gamma-matrix algebra can be found in the appendix. The
gamma matrix contraction with the Riemann tensor is given as

VuypfyabRuyab = ’Y“VpabR,u,z/ab + 2R,uypb7wjp + 4Rw/'ub’}ll/pb + 4fyuRquy + Z’YPR;U/V“ (252)
the first and second term vanishes due to the Bianchi identity given as
Ruypa + Ryplua + Rpuya — 0 . (2.53)

The third term vanishes due to the symmetry clash of the Ricci tensor and the gamma
matrix y#*?, we end up with the following action

1 1 o
0533 = 202 /dee(R;w - §gMVR)(€7M¢ ) (2.54)

and we see that both variations cancel each other and we have shown that the local
supersymmetry holds for the linear terms in 1),,.

Let us now continue with the first order formalism of supergravity, where we now
have bilinears in the spin connection which is now given as

s = Duan() = 3 Fuctoths = by + By (2.59)

the second part is also known as the contorsion tensor. Before we continue with the vari-
ation of the action using the first order formalism we need to mention a few things about
infinitesimal transformations of the spin connection dw,.;. Taking the exterior deriva-
tive of the first Cartan structure equation without torsion, one obtains the following
relation

egezdwuab = (Dudep))epa — (Dppdeg)ena + (Dipoey)eva - (2.56)

Using this infinitesimal variation and plugging it into the Cartan structure equation for
the curvature one obtains the following relation

5R/u/ab = Dudwuab - Dl/(swuab (257)

the variation of the gravitational action using this relation is then given as
1
05y = 22 /dDac e el (D,,0w, " — D,dw, ) . (2.58)

This infinitesimal variation of the spin connection transforms as a tensor, hence we can
change the Lorentz covariant derivative with a fully covariant derivatives if the torsion
correction is present which it indeed is. The correction term will be related to the torsion
by the connection from the field equations of w,qp, thus giving us the following variation

1

09 =55

/de e eley (2VM5wyab + Twpéwpab) . (2.59)
Using the vielbein postulate where the covariant derivatives commute with the vielbeins
and using the partial integration properties of the torsion-free connection one finds

/de\/—gVMV“ = f/de\/ng,,/w (2.60)

where we omitted the boundary term this term is proportional to K,,” = —1,,,” which
exactly the correction term one needs. Hence our variation of the gravitational action
becomes

1
552 = 5.5 / APz e (Tyael — TPl + Tu”) 50, . (2.61)
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The variation of the of the gravitino field is given as

1 _
53/ = 55 [ 4P (97" sty b, (262)

the gamma matrices are of rank 5,3,1 note however that the rank 3 terms vanish because
of the antisymmetry in the gravitino indices u, p. The gamma matrix manipulation is
thus given as

&u'yuyp'yabd}p = J}u ( HP b + 67[H€ [bep ) 71),0 s (2'63)

solving the equation 0.5 + 053/2 = 0 one obtains that the solution for the torsion is
given as

1- 1-
Taby = §¢a’7y¢b + Z'@Du'yw}pabwp . (2'64)

We now see that indeed we have a connection with the torsion in the first formalism. We
can rewrite the first order formalism into the second order formalism which yields us a
theory that contains four-point gravitino scattering. These fermionic fields are necessary
otherwise the theory would not be locally supersymmetric. The second order formalism
using the torsion is given as

21%2 /d4 w ’Y“VpDz/wp + ESG torszon) (2'65>

where

ESG,torsion =~ 1 <(¢p uwy)(¢p’7,uq/)u + 2¢p7u¢u) (QZ)H’Y : ¢)(1Z,ﬁ : 1/})> ) (266)

this was first published in [24] where they showed that including the variation of fermionic
terms of higher order preserves the local supersymmetry. However this can be seen to
vanish if one considers the 1.5 formalism which is the formalism we will use from now
on.

The 1.5 formalism neglects all the variations of the spin connection where one in-
cludes the contorsion tensor, the reason we neglect the variation of the spin connection
is that the value of w(e, 1) is determined by its field equations. One solves the algebraic
equation §5/0w = 0 and therefore only need to consider the following variation of the
functional S[e,w, )]

D
55 = /d < se + waw) (2.67)

Let us now show how D = 4 N = 1 supergravity is locally supersymmetric using the
1.5 order formalism. We will use the same susy transformations as in the beginning of
this section namely

1
de?,, = 567“1##, 0y, = Dye . (2.68)
We can simplify the gravitino action by introducing the highest rank Clifford element
Y« = —iY0Y17Y273, using this we can express the third rank Clifford matrices as
Y =~y yy, AP = —ie Py, (2.69)

The latin indices are for the local frames and the greek indices are for the coordinate
basis, using these matrices our gravitino can be written as

i o T
Sy0 = @/d‘lxe‘“’p YuYe Yo Duthy (2.70)
Since we are working in the 1.5 order formalism our variations will be

0S8 =385 + 553/2,@ + 553/277/} + 553/2,12) (2.71)
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the variation of the gravitational action was obtained in (2.49), and the second term in
the variation is obtained in the same way as we did in the second order formalism and
is given as

/) _a _
533/276 = @/d4m€uupa(€y wU)(QpM’Y*’YaDVIﬁp) . (272)

Now we consider the new variations w.r.t to the spinor fields, the variation is given using
the susy transformation for the spinor field as

i 7 vpo a
5S3/2:1/’ = W /d4331/1u€“ P VYo Y bR,uuab<w)€ (273)

where we shifted the covariant derivative after partial integration and made use of the
Ricci identity. The last term is the variation of the Rarita-Schwinger equation w.r.t
this is given as

553/2@ = #/&xeﬂumdjpﬁyy,{hDue , (2.74)
using the covariant
_ _ 1 -
%5” = pr - prwuab’}/ab ; (275)

once again we use partial integration and shift the covariant derivatives we also made
use of the Majorana flip relation. The variation of the ¢ can now be written

8

we see that both the variation on the spinor field contains curvature tensors therefore
we can write them together as

i vpo | 1 a
653/271[} = —27/4/2 /d4$6'u‘ P ?ﬁpfy* ((Dy’}/o—) — =YY bRuyab('LU)€> s (276)

i vpo |, 1 a 1 a
0532, + 55’3/2@ = —w/d‘lxe” PT4h Vs <2Tw YaDp€ — Z%%bRW be) . (2.17)

Few remarks on the torsion term in the variation, we have that the covariant derivative
of 7, vanishes this can be seen using the vielbein postulate and this holds for an affine
connection if one makes use of the total covariant derivative. However since we only
make use of the Lorentz covariant derivative we have to add the Christoffel symbols and
use the antisymmetry in the lower indices to obtain the torsion.

We have to evaluate the gamma matrix manipulations now in order to evaluate the
variation fully, note that the gamma matrices in front of the curvature tensor can be
written as

YoYab = iegeabcd'}/*’yc + Zea[a’Yb] . (2.78)

Using this relation one can simplify the curvature tensor term as following
1
P9 ¢y e Ry — de <RC“(w) - 2egR(w)> | (2.79)

Using this and the Majorana flip relation Ay,x = —X7a) and the rewritten curvature
term we see that this term cancels with the gravitational term (2.49). We can now
shown that supergravity in D = 4 is locally supersymmetric to the linear order.

We are left with the higher order terms that needs to cancel out, the second term in
the gamma matrix manipulation above can be written as

P Ry pot(w) = —€P7 D, T (2.80)

where we have used the modified Bianchi identity R,,,* = —DT,," where the
derivative is a Lorentz derivative containing the spin connection. The surviving terms
of the variation w.r.t the spinor fields is given as

i vpo ], a a
5305 + 683125 = — 13 / &2 G ma(Toe Dye + (DyTho™e) . (2.81)
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We have to now evaluate the 653,59 . variation using Fierz rearrangement given as
1
1) A
(")’ ()" = 5 - vaTa)a’ (T4, (2.82)
A

where the expansion coefficients vqg = (—)"4(D — 2r4), 74 is the tensor rank of the
Clifford basis element I" 4. Applying this to the variation gives us

(E’Yaq/’a)(@zu'Y*'YaDu¢p) = (gV*VaDV¢p)TuVa ) (2.83)

where we have used the first order formalism torsion tensor we obtained before and used
the antisymmetry properties of po in the variation of the action. Changing the indices
pp we can rewrite the 0535 . term as

i ~
05396 = e /d4$e“”p”TpU“¢“5V'y*%e , (2.84)

together with the surviving terms of the variation 6.53/3 4, 553/271[) we have

i vpo a7, 7 7
08 = —@/dA‘xe“ P (Tpg (YuysvaDye + wuﬁﬂ*’ybe) + DyTpgb"L/}u’y*’ybE) . (2.85)

Plugging in the definitions of the covariant derivative we see that the spin connection
components of the covariant derivative cancels among them self and we are left with a
total derivative, hence

08 = —ﬁ/d‘lxe“l’poﬁy (Tpgbzﬁuy*’ybe) =0. (2.86)

This shows that the D = 4, N = 1 supergravity theory is locally supersymmetric, the
same can be shown in all dimensions of supergravity with a few modifications. This
sums up supergravity and its tools.
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Chapter 3

Compactifications

We will consider /' = 1 supergravity in 11 dimensions, where the field content consist of
vierbein eﬁ a Majorana anti-commuting spin-3/2 field v¢5; and a antisymmetric 3-form
gauge tensor Ax . From supersymmetry we know that we must have equal amounts of
fermions as bosons so therefore our field content should obey this rule. We can calculate
the field content by counting the state i.e

D(D -3 D — 3)2lP/2] D—2
€y = (2), Ym = (2), AgLm = » (3.1)

where p is the rank of the p-form in our case a 3-form, notice that the anti-commuting
field only takes integer values. By just counting the states for the 11 dimensional su-
pergravity we see that the we have 128 fermionic degrees of freedom and 128 bosonic
degrees of freedom, where we have 44 from the vierbein and 84 from the 3-form gauge
potential. The full Lagrangian including fermions and bosons for the supergravity [1] is
given as

1 . 1- W+ w 1
r— \/fg(4gTSRTs(w) _ 5\I,MFJWVPDN ( : ) wp — ﬂFMNPQFMNPQ
22
- eMNPQUWXYUSRE, oo FVWXY g oo (3.2)
3 - - N
g (\I/MFMNPQVW\I/N + 12\1/WFXY\1/Z) (FvaW + FPQVW) ) .

We can obtain the equations of motion for this Lagrangian by considering variations
w.r.t metric the 3-form gauge potential and the anti-commuting gravitino field, the
equations of motion are given as

ST Dg(@) T =0 (3.3)
Dp(@)ETURS — (04) 2 MNPQUWXYUSRE o frv
1 1 . . . A
Rrs(@) — §QTSR(W) =51 (gTSFMNPQFMNPT — SFMNPTFSMNP> ) (3.5)

The super-covariant derivative and the covariant derivative is given as

ﬁg(@)‘l’T = Ds(d))\I/T + Té\/[NPQFMNpQ\I/T (3.6)
1
Dg(&)¥p = dgUp + ZQSABFAB\IIT . (3.7)
The notation
TSMNPQ _ (12)—2 (FSMNPQ . 8F[MNP77Q}S> (3.8)

15
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used in the supercovariant derivative is coming from the gamma matrix manipulations
in the fermionic part of the Lagrangian as one can see this only appears in the gravitino
EOM. The supercovariant spin connection and the supercovariant field strengths are
given as

. (o -
&nrs = wars(ely) + 5 (2\I/MF[S‘IJR] + ‘I’SFM‘I’R) (3.9)
Fynrg = Funpo — 3‘i’[MFNP‘I’Q] (3.10)

where the un-hatted field strength tensor is just the regular 4-form. Looking at the
spin-connection term (1.9) the second term is the contorsion tensor, the torsion tensor
is given as

i .
Tuna = §‘I’BFMNABD‘I’D — iUy aTN . (3.11)

The first term is totally antisymmetric while the second term is antisymmetric in only
M and N. The capital letters (A, B,... =0,...,10) refer to the tangent space indices
and (K,L,... = 0,...,10) refer to the world indices. We are also using the following
metric signature (+, —,...,—), our eleven dimensional I'-matrices are in the Majorana
representation and they form a imaginary representation of the Clifford algebra in 11
dimensions. The I'-matrices satisfy the following condition

{Ta, T} =27 13, (3.12)
where 7P is the metric. The spinors in our Lagrangian satisfy the Majorana condition
ri,r=ric, (3.13)

where C' is the charge conjugation matrix. Since 11 dimensional supergravity is a max-
imally supersymmetric theory the Majorana spinor has 32 real components hence the
identity matrix in (1.12). When we consider dimensional reductions of the 11 dimen-
sional supergravity theory we split the spinor components in their respective submani-
folds, this will be clearer when we consider compactifications including fermionic parts
of the Lagrangian. The supergravity equations of motion are invariant under the local
supersymmetry transformations

Seqy = —ieT AWy, (3.14)
1 .
oW = DM(@)E — m (FNPQRM + 8FPQR5]\]\£> FNPQRE (3.15)
3_
5AMNP = §€F[MN\PP] 5 (316)

where ¢ is the fermionic supersymmetry transformation parameter.

3.1 Toroidal compactification

Let us consider a simple dimensional reduction, where we want to compactify the extra
dimensions on a 7-torus which is a product of seven S'. We will only consider the
bosonic part of supergravity in this chapter the Lagrangian is given as

1 - . 1. . R
,CZR*]I—E*F4/\F4+6F4/\F4/\A3. (3.17)
Let us first mention a few things about doing dimensional reductions on the field strength

tensors assuming we have (D + 1) dimensions and want to reduce it to D dimensions.
The field strength tensor with n-index is defined as F,, = dA,_1 so for each time we
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reduce the dimension we obtain a (n—1) gauge potential which lives in the D dimensions
spacetime and the (n — 2) potential lives on S' direction. The gauge potential can be
expressed as

Ap1(z,2) = Ap_1(z) + Ap_o(z) Adz (3.18)

and the field strength tensor is given as
F,=dA,_1 —dA,—a N Ay . (319)

As a side note before actually considering the toroidal compactification on 11 dimen-
sional supergravity, let us consider the (D + 1) bosonic Lagrangian which takes the
form

— R — Yoo — Lo g2
L=¢R 26(8¢) 5, €€ Er (3.20)

using the equations above we can obtain the dimensionally reduced Lagrangian given as
1 1
L =eR — —e(0¢)* — =
eR — 5e(00)* — 5
L om-1 a¢ 172
— 5 (n=Day+a¢ 2 _

(a¢)2 _ 266_2(D_1)a¢]:2
1 pe2(D—n)av+ae 2 (3.21)
2(n — 1) nele

We can use this reduction on our 11 dimensional supergravity theory with some modi-
fications, notice that the dilaton vectors appear which live on the S' direction. We can
now consider the bosonic part of our supergravity theory (1.17) doing the dimensional
reduction of our kinetic term yields us

i*F4/\F4 = iea"ﬁ*Fy\Fﬁ—é Z edi'¢*F§AF§+% Z % FiI NFY + Z elisk Oy FiIk p ik
i 1<j 1<j<k

(3.22)
where the @ terms are the dilaton vectors coming from the dimensional reduction of the
p-forms. Dilaton vectors only appear when one does compactifications on the kinetic
terms this is why we do not see them in the bosonic action in 11 dimensions. For each
time we reduce the field strength tensor we obtain a n-form field strength from the n-
form in (D + 1) dimension and an (n — 1)-form from the n-form field strength. We see
that the lower the p-form is from the reduction the more dilaton vectors appear which
one can see in (2.22). The index of the dilaton vectors labels the internal (11 — D)
indices in D dimensions. We also obtain vielbein dilaton scalars which come from the
dimensional reduction of the vielbein, these are given as

1 1 N . . - - .. ..
o7 *FaNFy= §Ze”i'¢*f5A}‘5+Zebif‘¢*}"{J ANFP (3.23)
i i<j

The last term is the Chern-Simons term which one deals with separately. One can write
out the dimensional reductions for each field strength and for the gauge potential which
are given as

L ] , ] . ,
Fy=Fy+ By nde' = S B nda' nde — 6Fl”’C Adzt A d2I A d2* (3.24)
. - - 1= 1~
Fy=Fy+ Finde — §F21m Adzt A dz™ — aFllm” Adzt A dz™ A dz" (3.25)
N 1 1
Az = As+ AL N d2P — §A71’q NdzP N dz? — équT ANdzP Ndz? Ndz2" (3.26)

This is a very messy calculation since we are dealing with 64 terms in total. In order
to obtain all the Chern-Simons terms for each dimension going from 11 dimensions to
4 dimensions one can see that the p-forms should have the same rank as the dimension
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we are evaluating for. Therefore we choose the appropriate p-forms for each reduction
and perform a partial integration over the volume where one also uses properties for
differential forms namely

d(w? ANw?) = dwP? ANw? + (=1)Pw? A dw? . (3.27)

The Chern-Simons terms for all the dimensions are given in [25]. Either way our dimen-
sionally reduced Lagrangian for the bosonic supergravity is given by

1wy 1 -z 1 B
,C:R*]l—2(8@2—4866“‘1’*}74/\]5’4—m;ealqs*Fg/\Fg—4%6“”¢*F2”/\F2”

1 L. g 1 S | S g
-5 2 elish® 5 Il \ ik _ 1 STt w FinF - 5 S i FINFY + Lppa

i<j<k i i<j
(3.28)

If we go all the way down to 4 dimensions which is ideally what we want, we obtain
a maximally supersymmetric supergravity with 32 supercharges i.e N' = 8. The field
content should give us 128 bosons and 128 fermions. We immediately obtain the correct
amount of fermions from counting the states the rest of the field content will come from
our gauge potential A3y and the metric. From the metric we obtain one graviton g,
seven vectors g,; and 28 scalars g;;. The Majorana field is decomposed into 8 gravitinos
and 56 half spin fields. Like we have stated previously we need equal amounts of bosonic
and fermionic degrees of freedom and the rest of the bosons are coming from the 3-form
gauge potential and its dual potentials. The gauge potential A,;; gives us 21 scalars
and A;j, yields us 35 scalars where as the dual potentials of these fields gives us the
corresponding pseudoscalars. The last 7 scalars are coming from the A,,; potential and
this is the entire field content of the toroidal compactification of bosonic supergravity.

We have seen how Kaluza-Klein compactifications are done, however there are dif-
ferent compactifications which will be of more use to us namely Freund-Rubin compact-
ifications.

3.2 Freund-Rubin compactifications

We will now consider Freund-Rubin compactifications where instead of doing compact-
ifications starting from the Lagrangian like we saw in the previous chapter, we instead
do compactifications at the level of the equations of motion [4].

We begin with a simple example where we consider Einstein-Maxwell theory in D
dimensions the equations of motion is given as

1
RMN _ 5gMNR = —8rGOMN (3.29)

1
o (MFMN) =0 (3.30)

where FMN is a totally antisymmetric tensor of rank s — 1. The corresponding anti-
symmetric field strength tensor will be of rank s, the energy-momentum tensor is then
given as

1
@MN — FLl...L 71MFL1...LS_1N _ 7FL1__L,FL1”'LSQMN ) (331)
° 2s! °
We are interesting in finding solutions of the equations of motion such that (1.29) can

be split into a s-dimensional manifold and of a (d — s)-dimensional Riemann manifold
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i.e M = Mg x M(q_s). The flux field is proportional to the Levi-Civita tensor on the
M manifold. The Maxwell equation admits the following solution

1
Ml..‘Ms — SMlmMsf (332)
|9s]
Ml---lis7 fi M = 7...,.1\4 =
MM, _ )€ or Mi=m s = Ho (3.33)
0, otherwise .

where f is a constant with the dimension mass squared. Notice that the second term
in 8MN becomes a constant cosmological term meanwhile the first term vanishes except
for when M = p and N = v and is proportional to g"*”. The scalar term is given as

Fr, . Ffls = sl f2son(gs) . (3.34)

The source term will have different cosmological terms with different cosmological con-
stants on our sub manifolds. We can now find what the Einstein equations reduces too
by defining Ry and Ry;_s. We begin with contracting the Einstein field equations with
the metric gpsny let us also drop the constant 87G for now

1 1
gunRMY — §9MNQMNR = gunFr,.p,_ PR N gGMTS,FLl...LSFLI"'LngN
(3.35)
using equation (1.35) and ganvg™Y = D we obtain
2 totew D o ..

R(2— D) = 2f"sgn(gs)ee,..0,_1vE =/ senlgs)en e e (3.36)

Rewriting this and contracting the levi-civita tensor gives us

D — 25!

R=—f? sgn(9) 55— (3.37)

this is the Ricci scalar. We can contract the Einstein field equations with the metric
ansatz using the Ricci scalar let where we first consider the M _, manifold

1 1
gmanDW_ls - §gmngm”R = gmnFLl...Ls,lmFLl"'Lsfln - gmnTS'FLI.“L571FL1---L5719WWL
(3.38)
notice that the first term vanishes now since M # p and N # v. We eventually end up

with
(s!=1)(D —s)

Rp_s = f2 Sgn(QS) D—9 ’ (339>
and the Ricci scalar for the manifold Mg when contracting with g, gives us
sl(d—s!—1
Ry =—f* Sgn(gs)—( ) (3.40)

d—2

Notice that Rp_s and Rg have different signs this tells us that the manifold Mj is
a compact manifold with negative scalar curvature this is because the time-dimension
lives in this manifold. The manifold Mp_, has a euclidean signature which satisfies
the condition that a Riemann manifold is positive definite. For d > s + 1 it follows
that G f? > 0 which tells us that the Ricci scalars have different signs and R, has the
same sign as ¢, hence when M, has the time dimension then Mp_; is compact and
vice versa. In 11 dimensions we will have compactification on either 7 or 4 space-like
dimensions where the large space-time i.e has one time and (D — s) space dimensions.

Our solution to Maxwell equations only exists if we can split our manifold to M x
Mp_s. Without supersymmetry one could choose a arbitrary s-form and we would not
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be able to obtain information about the compactified dimensions. In 11 dimensional
supergravity one has a 4-form field strength tensor which assures the solution of the
Maxwell equation. We are only interested in 4-dimensional theories which admits max-
imal symmetry vacuum solutions. Since we are using mostly minus metric the vacuum
should be invariant under SO(4,1) which is de Sitter space, SO(3,2) which is anti de
Sitter space and the Poincaré group is for Minkowski space.

A requirement of maximal symmetry is that the vacuum expectation value of any
fermion field should vanish and we set it to

(o =0. (3.41)

Spontaneous compactifications of 11 dimensional supergravity is natural framework of
Freund-Rubin compactifications, the vacuum for these type of compactifications suffer
from huge cosmological constants due to the reason of only considering the bosonic
sectors of the Lagrangian.

We can however introduce non-vanishing fermionic fields which will lead to flat
Minkowski vacuum due to the introduction of the torsion that flattens the geometry.
Since our gravitino field is anti-commuting its classical limit vanishes we cannot have
a classical gravitino field. We can however form bilinears and quadlinears which has a
classical interpretation therefore there is a possibility that some bilinears will be non-
zero [5,6] i.e

(WATBL | TBngCy £ 0 . (3.42)

We will consider the compactifications that admit a Minkowski vacuum, which were
found in [5,6,26], where one considers a direct product of seven dimensional compact
space and four dimensional Minkowski spacetime.

The metric ansatz for these type of compactifications is given as

<g;w> = Nuv, <gmn> = Gmmn; <9mu> = <gl”l> =0 (3-43)

where our space-time coordinates are M = (u, m) where the Greek indices are the four
dimensional world indices and the Latin indices are our compact seven dimensional world
indices. The supercovariant 4-form field strength vanishes

(Frrun) =0, (3.44)

this is a result from the Bianchi identity and the fact that the supercovariant field
strength tensor transforms covariantly under supersymmetry. Note that (3.10) does not
imply the vanishing of the supercovariant field strength due to Lorentz invariance in
four dimensions however we have non-vanishing bilinears given as

- 1
<\Il[urup\1ja}> = g ‘94‘5/J,Vpa
B 1 (3.45)
<\I’[mrnp\11q]> = gfmnpq :
We will split the gravitino field as
T = (T2, p) (3.46)

here the Latin indices are the 1/2-spin fermions and the Greek indices are the 3/2-spin
fermions. We have now included fermions into our compactification therefore we need
to have a non-vanishing torsion which is fully anti-symmetric on the internal space. Our
torsion defined in (3.11) is such that the first term is totally anti-symmetric while the
second term is only antisymmetric in M and N.
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Before we investigate further on the torsion term let us first define a parallelizable
connection since we are interested in obtaining Minkowski vacuum we have to set our
curvature tensor to zero i.e

Run(@)=0. (3.47)

We consider the vielbein formalism in order to find the solution, we denote Wer ™! the
tangent space connection associated with spin connection @ the vielbein postulate is
given as

VKeRL = 8}(6? — WKLR + WSKLR =0 (3.48)

the curvature of Wy is zero due to
Rim™(T) = By B Rirr” () - (3.49)

Notice now that the spin-connection will not necessarily be zero however our covariant
derivative will take the form
M = EXoxEf . (3.50)

This is the Weitzenbock connection whose curvature vanishes identically [27]. By setting
the spin connection to zero one obtains that the spin connection is given entirely in terms
of the gravitino bilinears

i/ - -
wapo(e'ar) = =5 (20aljo¥p) + UcTa¥s) (3.51)
and we can write the spin connection in terms of its torsion tensor [26]

wapc = —(Tapc — Tacs +Tcan) - (3.52)

The main property of the Weitzenbock connection is that parallel transport is path-
independent and it is possible to define parallelism of vectors at different spacetime
points. Notice now that the torsion we defined in (3.11) is slightly different from the one
we just obtained, the first term in the torsion we defined vanishes since it gets canceled
with other terms in the 11 dimensional supergravity Lagrangian. Also notice that it
does not appear in the equations of motion, one last remark about the first term is that
it is trivial for a spin-connection when considering a compactification with Minkowski
vacuum

TAyN = =0 TAW (3.53)

The vanishing of the supercovariant spin-connection simplifies the equation of motion
for the gravitino field, which is now given as

B9 00 =0 . (3.54)

The solution for this equations of motion are provided by a constant anti-commuting
Majorana fermions W 4, i.e
Uy(x) =Ty (3.55)

the equations of motion (3.5) is also satisfied because of (3.44). The gravitational equa-
tion is split into
Ryw(@) =0, Rpmn(@)=0 (3.56)

this is always satisfied since the spin connection is zero. We are interested in a flat
Minkowski metric that has a vanishing connection and torsion. Therefore we need
to solve the curvature equation R,,,(@) which will tell us something about the seven
dimensional geometries. We will consider both the fermionic and bosonic degree’s of
freedom in our compactification.
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The supersymmetry transformations for this framework is given as

defy = —ieT Ay | (3.57)

o0, = dye (3.58)
3_

5AABC = §€F[AB\IIC] . (359)

Supersymmetry is preserved when all the fermionic degree’s of freedom are annihilated
by the vacuum. Let us now investigate some solutions coming from the compactification.

3.3 Spontaneous compactifications

We consider the Freund-Rubin ansatz for the 3-form field in the external space, whereas
the 4-form field strength takes the following form

Fupys = 6mocapss , o fB...=0,1,2,3 (3.60)
Fxrmn =0, otherwise (3.61)

where my is a constant. Using this ansatz one can plug this into (3.5) and obtain that
the gravitational equation is reduced to

R, = —12mg,. , (3.62)

this is what we obtained when deriving the ansatz for the Freund-Rubin compactificaiton
when plugging in the appropriate s-form and choosing D = 11. This type of solution
is yet again AdS-spacetime because of the different signs and is indeed the maximal
symmetric solution. Notice that the seven dimensional surface is S7 with the tangent
space group SO(7) [28]. Introducing the gravitino field and looking for M* x B” com-
pactifications where M?* is the Minkowski spacetime and B7 is the compact manifold.
Since we are working in the Weitzenbdck connection we only consider the manifold B7
to be parallelizable where the curvature tensor vanishes everywhere [29] therefore the
only parallelizable spheres are S', S3 and S7.

Few remarks on the ansatz, we need to see that it indeed satisfies I'y; U™ = 0. Let
us assume that it does one can obtain the ansatz in the following way

11@32[,_o = ((40,1) & (1,7)) ® (4s,8)|

- (3.64)
(41)@43,\:;/)@(5,7?8) .
Ho J @

Since there are 32 Majorana components for 11 dimensional supergravity one splits
them up in this way to obtain the ansatz where we have 8 gravitino fields with the greek
indices and 56 spin-1/2 fields with the latin indices. Checking the ¥ = 0 components
now using the ansatz above we obtain

Tp @M = (Do ¥ + T 0) = (Yo @ 18)(H* ® 0) + (v° ® 7a)(J ® 6°)
=% @0+ 1T @70 = 47T R0+ T/ T ®0 ,

we see that we need to fix constants for the gravitino fields and the spin-1/2 choosing
U =T7(H*®6) and U* = 4(J ® 0*) fixes this problem and the condition is satisfied.
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M* x S7 solution

We will consider the following form of the gravitino Wy, [26]

U = 7(H®®0), T =4(J® 0% (3.65)
where
J=(a,a,c,c)l,
HS = 5 aJ ,
i . (3.66)
6 =(1,0,0,0,0,0,0,0)" ,
0 =10 .

The parameters a,c are constant real Grassman variables which guarantees that the
graivitino satisfies the Majorana condition (3.13) since we are in odd dimensions we
would not be able to impose a Weyl condition [30]. The vacuum expectation value for
the super-covariant 4-form field strength as we put it should be equal to zero therefore
equation (2.10)

FMNPQ = 3\1’[MFNP\I’Q} . (3.67)

Evaluating the right hand side of the equation for the 4D Minkowski space gives us
\i/[arfgg‘l/p} = ﬁ[a ® érBoHp] ® 0

= —J Va5V Y5 V5Y
= —JCW[OCC_IC%C_IW%%%}J (3.68)

= — Va8V
= i/i&‘agopj’}gj ,

where k is a constant coming from the ansatz and we have used fully anti-symmetric
gamma matrices can be expressed as a Levi-Civita density and the C' are the charge
conjugation matrices coming from the hermitian gamma matrix components. We have
also made use of the I'-matrix splitting

=791, I'"=47"0r" (3.69)

Doing the matrix multiplication in the last row gives us Jvs.J = 4ac, therefore our RHS
becomes

\if[arﬁoll’p] = /<c4iac€a30p . (370)
We can now compare this result to our ansatz (3.61) and see that the constant takes the
value mg = 6iac. We can also evaluate the torsion term in these solution by looking at

(3.53), the calculating is straightforward
i -
Tabe = iqjarbq]c

i - -
= §(J ®04)(v5 @ 1) (J ® 6.)
) (3.71)
= %j’YE)JéTaTbTCH
)
= ——  GQabc -

3

We have used the octonionic structure constant —agp. = 07 7,77.0 and again our grav-
itino ansatz. This is the torsion for the compact manifold S” and is fully anti-symmetric
in its indices and vanishes anywhere else. The spin-connection (3.51) is then given as

K10

Wabe(€m) = _Taabc (3.72)



24 CHAPTER 3. COMPACTIFICATIONS

the spin-connection vanishes for the external space i.e

wapy(€;) =0 (3.73)

so we choose it bo be the Minkowski spacetime M?. Since the spin-connection vanishes
for the space we can set the metric to be of Minkowski metric and the curvature tensor
vanishes. We have thus solved the equation

Ry (%) = 0 (3.74)

since we found a torsion that is fully anti-symmetric in its indices and is parallelizable
on the compact manifold, therefore we have obtained a four dimensional theory with
zero cosmological constant [5,7].

M* x S3 x T* solution

Our Freund-Rubin ansatz for the gravitino field will take the same form as the first case,
as we mentioned S® is also parallelizable together with 7. In this compactification we
define 6% as

6% = (116,720,7%6,0,0,0,0) . (3.75)

The field-strength tensor for the Minkowski space is given as
Fogop = 12ikaceq g0 (3.76)

as one would expect. The torsion for the parallelizable S3 manifold is given as

S
|

o

=1
Ql
o

S
o

<

® 0%, J ® 0°

(3.77)

SN =D .

= 5(J@ 09 (s @ m)(J ©6°)

= —2iKkacegp;

where the indices are @, b, ¢ = 1,2, 3 and we also used the octononic structure constants
however this time with (3.75) as the parametrization. The Einstein equations that we

have to solve are
R,w=0, Run=0, Ruz=0. (3.78)

The Minkowski space is once again satisfied since the spin-connection vanishes, the
torsion for S? is parallelizable which again is satisfied by R, (@) = 0. The maximally
symmetric solution to the 4-torus curvature tensor is also satisfied therefore we have
obtained the M* x S3 x T? compactification. The 4-torus admits no torsion since it is
a flat metric.

M* x T7 solution

This solution is also a solution where the gravitino components are non-vanishing, our
ansatz for this solution is given as

T = (H* ® 0) (3.79)
=0, (3.80)

These solution has a vanishing spin-connection since both the manifolds are flat hence

wapc(ey;) =0. (3.81)
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The torsion is automatically zero since no parallelization exists, and we have obtained
a maximally symmetric case namely M* x T7.

We haven’t mentioned the supersymmetry transformations for these solutions. Let us
consider the first solution, by plugging the Freund-Rubin ansatz into the supersymmetry
transformation for the vielbein we obtain

dely = —iel W, — iel,
= —ig(Y* ® 1) (Ha ® 0) —ie(y* @ 7°)(J @ 0,)
= —iEy Py JO — iEY° T,

where we have made use of (3.66), we see that there is no way to shift the spinor
parameter € such that this vanishes. The second supersymmetry transformation is given
as

0V 4 = 0ae (3.82)

this is zero as long we choose a spinor parameter that is constant. The third one is given
as

3_ 3_
dApNp = §5F[aﬁqlo'} + iér[ab\lfd (383)

once again we cannot choose the spinor parameter such that shifting the fields make
it vanish. This tells us that supersymmetry is completely broken in the solution for
M?* x 87, the same applies for the solution of M* x §3 x T%. In order for the super-
symmetry to be preserved the supersymmetric fermionic charges must annihilate the
vacuum, which they clearly don’t. The supersymmetry would also be preserved if one
considered a commuting spinor parameter in general our supersymmetry transformation
will not vanish since we have nonzero bilinears.

The solution M? x T7 however preserves supersymmetry since there exists such a
parameter that shifts all the fields to make them vanish i.e

e=T®40 (3.84)
where T' = (—a, a,c, —c)”. Thus the transformation for the vielbein becomes
delyy = —iel W, = —i(T ® 0)(Hy ® 0) = —iTy574J =0

this is indeed zero if one works out the matrix multiplication. The second supersymmetry
transformation dW,; is also zero since our spinor parameter is constant. The third
supersymmetry transformation is given as

i

5 sy ) = 0. (3.85)

3_ 3_
dAMNP = igr[aﬁ\po‘] = 5£’Y[a’YBHa] ®0

We have thus seen that choosing this spinor parameter for the 7-torus solution preserves
N = 2 supersymmetries.
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Chapter 4

Consistency of sphere reductions

In this chapter we will consider the bosonic sector of the eleven dimensional supergrav-
ity Lagrangian where we now introduce Yang-Mills gauge fields that are associated with
the isometry group of the n-sphere. There is several known consistent truncations of
maximally supersymmetric supergravity, e.g for eleven dimensional supergravity com-
pactified on S7 and S* [11,13], S® for Type-IIB supergravity [18] and for Type-ITA
supergravity the compactified sphere S® gives rise to consistent truncation [19].

We have mentioned the toroidal reduction the bosonic sector of eleven dimensional
supergravity, where we have that the global symmetry of the torus reduction is GL(n, R)
which is enhanced when we reduce the dimensions. This is the result of scalars com-
ing from the Kaluza-Klein reduction of the metric and the higher dimensional fields.
In particular if one considers a Lagrangian containing gravity and a p-form the en-
hancement of the global symmetry can occur if (D, p) is equal to (11,4) and (11,7) for
eleven dimensional supergravity and (10,5) and (10,4) for the Type-I1A supergravity.
Since a 4-form is dual to a 7-form the corresponding enhanced symmetries are given
as SL(8,R)/SO(8) in D = 4 and SL(5,R)/SO(5) in D = 7. In the (10,5) case we
have that our p-form is self-dual and the corresponding enhanced symmetry is given as
SL(6,R)/SO(6). Further condition is needed in order to have the enhanced symmetry
of D =4 on T7 and that is the Chern-Simons term, these terms need to be considered
since they account for the missing axions when one takes the duals of the field strengths
thus giving a enhancement of F~ group.

A consistent Kaluza-Klein reduction on S™ that retains all the gauge fields of SO(n+
1) will be possible only if the coset of the scalar manifold GL(n,R)/O(n) will become
large enough to contain the SO(n + 1) group of the n-sphere. The global symmetry can
be written as GL(n,R) ~ Rx.SL(n,R), where the R factor is the trombone symmetry for
the equations of motion and SL(n,R) is the invariant group for our Lagrangian. The
scalar coset GL(n,R)/O(n) describes the diffecomorphism and the general coordinate
transformations of the compactified torus which makes our theory Lorentz invariant.
We can achieve this by introducing dilatonic scalar together with gravity and the p-
form field strength, two cases for the consistency of the theory will arise when we have
a 2-form or a 3-form.

The key reference for this chapter will be [10].

4.1 Scalar coset Lagrangians

We will now establish scalar coset Lagrangians and show that they are invariant under
the group enhancements. First we establish the hidden symmetry of toroidal compact-
ifications, in order to see that the lower dimensional theories of this type of compact-
ification has a larger group structure requires some work. As we will show one has to
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dualise the field strengths and introducing a Lagrange multiplier which can be viewed
as a field on its own giving us the correct amount of axions to support the enhancement.
Toroidal compactifications gives us ungauged supergravities, as we described above one
can do compactifications on spheres where we now obtain gauged supergravities. These
gauged supergravities will give us scalar potentials which is a result from more compli-
cated structures these scalar potentials describes effective theories. We will consider the
S3 case later on where one promotes T2 to a gauge theory where the six gauge poten-
tials from the Kaluza-Klein reduction where SO(4) C SL(4,R) global symmetry can be
gauged with the six vector potentials becoming Yang-Mills fields of SO(4). These con-
jectures are only valid for a p-form taking the value p = 2, 3. Let us evaluate the toroidal
compactifications in lower dimensions and see how group structure is enhanced and later
on discuss the conjecture of gauging these compactifications to describe sphere compact-
ifications. In the appendix the reader can find an example of coset representatives and
Iwasawa decomposition which will be useful in order to understand the enhancement.

We consider higher toroidal reductions in particular n > 6, yielding us the following
exceptional groups Fg, E7 and Fg for D =5, D = 4 and D = 3 respectively. Showing
the invariance of these groups follow the same principles as above, however there is a
inconsistency in the amount of axions and the positive roots of the exceptional groups.
Counting the degree’s of freedom for the axions on an n-torus are given as in(n — 1)
for the vielbein reductions and in(n — 1)(n — 2) for the axion fields coming from the
4-form for n > 6 we have the following number of axions (35,56,84) meanwhile the
positive roots for the exceptional groups are given as (36,63,120). Constructing the
coset representative in this case would fail due to the discrepancies of the number of
fields. This problem can be fixed by taking the hodge dual of the 4-form field strength
which will yield us the missing axions. Let us consider the D = 5 case we want to dualise
the 4-form we get a 1-form field strength where one has a 0-form gauge potential. From
previous discussion on the Lagrangian for the scalar manifold one must now introduce
the 3-form potential the Lagrangian for the field strength it given as

! @$ 1 ijklmn
L= —56 ¢ * F(4) A F(4) — 514(0)”]C AN dA(O)Emn A F(4)€ Jkl ) (41)

One can see from the toroidal reduction Lagrangian given in chapter (3.28) that these
are the relevant terms where the last term is the Chern-Simons term for D = 5. The
dualisation requires us to add a Lagrange multiplier to enforce the Bianchi identity
dF(4) = 0 this also implies that we cannot have bare potentials in our Lagrangian. We
can view the Lagrange multiplier as an auxiliary field which can artificially enlarge the
symmetry, integrating the auxiliary field then reduces the symmetry [31]. The following
Lagrangian is given as

1 = 7 1 ijkfmn
L= % Flyy A Flgy — 5 Ak N dA@)emn N Fraye TR — xdF) - (4.2)

Taking the variation w.r.t x indeed gives us the Bianchi identity, if we vary w.r.t 4-form
field strength we obtain the following equation of motion
. 1 -
ea ¢ * F(4) = dX — iA(o)ij N dA(O)gmnéz] mn . (43)

The 4-form field strength is no longer a field strength instead it is a auxiliary field that
we then integrate over to obtain the dualisation given as

1 ijkfmn
Gay =dx - 514(0)@% A dA)omne ™ (4.4)
substituting this back into the Lagrangian yields us

1 —aé
L= —56 ? x G(l) A G(l) . (4.5)
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The dualisation of the field strength has the effect of reversing the sign of the dilaton
vector @, the effect of the dualisation has turned the Chern-Simons term to its fully
modified term %.e the non-linear Kaluza-Klein modifications these terms are expressed
in the vielbein basis where the basis is given as

W= dzt 4 Ay + Ay N dZ (4.6)

The coset representative will contain these modified field strengths.

We have now found the missing axions and we need to introduce more generators for
the positive roots in order to construct a coset representative. The extra positive root
generator we denote as J together with the commutation rules in (C.16) the algebra is
extended to

[H,J)=—aJ, [EJ,J]=0, [EY J=0, (4.7)
[Eijk’ Eﬂmn] — _Eijkémnj )

The dilaton vectors are associated with the Fg algebra and the dilatonic scalars are
associated with the Cartan generators, notice that we have an relation now coming from
the extra generator namely

6ijk + 6€mn =—a ) (49)

when i, j, k, £, m,n are all different. The negative dilaton vector is indeed the one coming
from y, the new axions will generate an extra term in the coset representative. The coset
representative obtained from (C.18) together with the extra generator and taking the
exterior derivative yields us

1 - = 2o ) Lo . L
vyt = idqb-H—i—Ze%bij’d’]—"’(l)jEﬂ + 30 e3P B e T0G )T L (4.10)

i<j i<j<k

This coset representative will indeed make the Lagrangian of the scalars in D = 5 Ejg
invariant as we will sketch soon. Using the Iwasawa decomposition one can find the
field-dependent transformation O such that V' = OVA is of upper triangular form.
The upper triangular gauge is usually called Borel gauge, the Borel subgroup of any
Lie group is generated by the positive roots generators and the Cartan generators.
We obtain our coset representative by exponentiating the Borel subalgebra including
the Cartan subalgebra. The subgroup of Eg is USp(8) therefore the field-dependent
transformation O is a USp(8) matrix. Notice now that the invariance of (C.9) we
used the transpose of the matrix A € SL(2,R), since USp(8) is unitary one needs to
modify the invariance of the coset representative. Due to Eg not being orthogonal, we
therefore define Cartan involution which introduces a generalised transpose #. We
denote the positive root generators, negative root generators and the Cartan generators
by {Ea,{E_&,IjI }} where @ ranges over all positive roots, our algebra 7 effects the
mapping

7. (Eg,BE_g,H)— (—E_g,Eg,—H) . (4.11)

We can construct a generalisation of M = VTV now using the generalised transpose and
the mapping, we define

X =7r(X"1, (4.12)

thus for compact lie groups with an orthogonal group this simply is the regular transpose
as we have seen in the lower dimensional reductions. If the generator is compact but has
a unitary group then we obtain the matrix X', using this we can rewrite the Lagrangian
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(C.9) as a generalised form giving us
L= iTr (a0v#v)~tav#y))
ol ~15(p#)-1 —1p#y -1 (P #
—ZTr((V oV oV (V)Y (VY + V) (4.13)

1
=T (ovv=t vy h* + avvtovy )

Where we have used the following relation VOV~1 = —9VV~!. We can now insert the
coset representative in the equation above and one can obtain the scalar Lagrangian for
D = 5 supergravity. Using the normalisation conditions

Te(H;H;) = 205, Te(E]Ef) =0, Tr(Ej(Ef)*) =6"%5,, Tr(HE}) =0, (4.14)

and
Tr(EVRER™) =0,  Tr(EYH(E™)#) = 65{,60,0% , (4.15)
we obtain the following scalar Lagrangian
1 a7
&;5 + 3P (Fy,)? Z e B (Fg)550)% + 5¢ TGw)T - (416)

1<j z<]<k

The last term is precisely the Lagrangian we wrote down in (4.5), where the extra axions
came from. This concludes the coset scalar Lagrangians we can apply the same reasoning
to D =4 and D = 3, we summarise the coset groups in the table below

G K
D =10 O(1,1) -
D=9 GL(2,R) 0(2)
D=8 | SLB3.R) x SL(2,R) | SO(3) x SO(2)
D=7 SL(5,R) 50(3) x SO(5)
D=6 0(5,5) 0(5) x O(5)
D=5 Eé(+6) USp(8)
D=1 Erio) SU(8)
D=3 Es(1s) SO(16)

For D = 4 and D = 3 our extra generators are defined as x* which comes from taking
the dual of the 2-form potentials to get O-forms for D = 4 case and for D = 3 case one
has to take the dual of the 1-form potentials. The coset representative for the extra
axions coming from the given potentials is then given as

Veatra = exiJi . (417)

Our discussion so far have been about toroidal compactifications, the goal is to obtain
consistent sphere reductions [10]. We are interested in S™ reductions that have a SO(n+
1) local gauge symmetry, this is essentially the ungauged theory that would result from
performing a reduction on a n-torus which has a scalar coset that is at least SO(n +1).
For a reduction on S™ to be consistent, a reduction on a 7™ must contain a global
symmetry group that has a maximal compact subgroup that is large enough to contain
SO(n + 1). The consistency referred to here is that the gauge bosons should live on
the n-spheres corresponding isometry group and be retained in the truncation together
with the massless scalars, this will be discussed in later chapters. Let us establish why
we need to have simple-laced enhanced symmetry meaning that the simple roots of the
dilaton vectors b and @ have the same length. The dilaton vectors @ associated with the
axions coming from the p-form field strength form the weights of some representation
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of SL(n,R), if an enhancement of global symmetry is to occur the dilaton vectors must
become additional simple positive roots.
The lengths for the dilaton vectors are given as

2p - -p—1)

=2
—5—
|dl B3

(4.18)

6 will take the value of § = 4 the reason is because the dilaton vectors @; associated
with the axions are to have the same length as b; then the coupling of the field strength
must take this value. This is a requirement because we are restricted to simple-laced
enhancements. An extensive analysis of different values of § can be found in [32], they
found that the dilaton vectors 51 associated with the axions coming from the metric
reduction always have § = 4.

Notice that the rank of the p-form can not exceed the dimension, since we are
including a dilaton field our only possible ranks of p-forms will be of p = 2 and p = 3,
this gives us the following cases

8
=3: = —— 4.19
p =5 (4.19)
2(D—-1)
=2: a*="—. 4.20
p a D3 (4.20)
Our Lagrangian for these sphere reductions will take the following form
. 1. - Aol s .
L= Rxl — §*d¢ Adp — 56 mb*F(m A F(p) (4.21)

doing a T™ reduction of this using p = 3, the global symmetry will be enhanced to

. O(n,n)
D—-n>3: Rxm, (4.22)
D-n=3: OD-2D-2 (4.23)

0D —2)x 0(D - 2)

the coset scalars above can be obtained when doing toroidal compactifications of bosonic
string theory this corresponds to the T-duality. Using the p = 3 we can either to a
compactification on S2 or SP~3, if we consider the n = 3 we obtain the following coset

group
0(3,3) SL(4,R)
RXx ————">—~Rx ———+ 4.24
0(3) x O(3) SO4) ( )
we can then see that the toroidal reduction will indeed contain a large enough local
symmetry group to contain the Yang-Mills gauge fields. We will have six gauge potentials
coming from the 7° reduction these gauge potentials can be gauged such that the global
symmetry will be SL(4,R) and the subgroup is SO(4) these will indeed be the Yang-
Mills gauge fields of the isometry group of the sphere S3.
Let us conclude this chapter with a table summarising the possible consistent reduc-
tions of these types

p-form Dilaton | Higher-Dim | Lower-Dim | Sphere | Gauge Group | Extra fields
Fo) Yes Any D D -2 5* SO(3) None
Fis) Yes Any D D -3 S3 SO(4) A
Fg) Yes Any D 3 SP=3 | SO(D -2 None
Fu) No 11 7 51 S0(5) Aly)
F(4) No 11 4 S7 50(8) ¢[ijk€]+
Fi5) =+F5 | No 10 5 S° 50(6) None
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notice that e.g in S7 we have to deal with extra pseudoscalars coming from the metric
ansatz the number of pseudoscalars are 35 which are in a different representation of
the isometry group SO(8). The table above summarises the consistent reductions for
eleven dimensional supergravity and Type-11A supergravity, recently in [19] they found
a consistent truncation of Type-ITA reduction on a S® with the gauging I1SO(7) as the
isometry group for the sphere. These are all maximally supersymmetric compactifica-
tions of supergravity as they preserve all the 32 supercharges.

4.2 Consistency checks

We now move on to look at the reduction of S™ let us first establish what consistency
means and how one achieves it. The references that has done the consistency checks for
the symmetric potentials coming from the spherical reductions are discussed in detail
[15,16].

We start with the scalar fields which are parametrised by the coset SL(N,R)/SO(N)
submanifold of the full scalar coset of the gauged supergravity, and they are described
by a symmetric potential. We have seen from before that the maximal supergravity
can be parametrised by the coset F11_p/K where F11_p is the exceptional group and
K is the maximally compact subgroup. Our focus will be on the subgroup of the
exceptional group namely SL(N,R), we can use the local SO(4) transformation in order
to diagonalise the scalar potential as we have seen in the previous chapter using the
Iwasawa decomposition. The Lagrangian is given as

2

e lL=R- 7(&0 ((Z X; > —2 i X}) (4.25)
=1

where the last term is the potential. The N quantities X; are restricted to the constraint

N
[[xi=1, (4.26)
=1

which can be parameterised in terms of (N —1) independent dilatonic scalars ¢ described
as

-

Xi —e %E P , (4.27)
where b; are the weight representations of SL(N,R) satisfying the following relations

- o 8 - .
bi+bj =83y — 55 D> bi=0, (@ b;)b; =8 . (4.28)

The last relation allows us to write the scalar tensors in terms of the dilaton i.e
. 1 -
F=—7 Z bilog X; , (4.29)

we can now find the equations of motion for the scalar where we derive the potential
w.r.t the dilatonic fields the equation of motion after doing this yields us

2
2 1
Dlog X; = 29” | 2X7 = X, 3 Xj = > Xj+ & (Z Xj) : (4.30)
J J J

Using the potential one can find consistent truncations for D = 4,5,7 these have been
found in [?], where they found embeddings of lower dimensional theories will be solutions
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of the higher dimensional theories. Namely one can find consistent truncations of e.g
D = 4 where we have eight supercharges, we set the scalar potentials to be pairwise and
one finds the potential to be
V=-4¢g"> X.X, , (4.31)
a<b
this example gives us a U(1)* truncation, the discussion on consistent truncations will
be considered later on.

The known results for consistent truncation where the lower dimensional equations
of motion also satisfy the higher dimensional equations of motion, can be described by
the same formulas. The relevant parts of the higher dimensional supergravity theories
include the metric and a antisymmetric tensor field ﬁ’( D), from now on the hatted objects
are the higher dimensional components. For the given dimensions the field strengths for
D =4 and D = 7 are duals of each other namely F(7) = >T<13’(4) and vice versa meanwhile

for the D = 5 case we have a self-dual field strength given as ﬁ(5) = F(5) + %F@, the
expression for the metric and the field strengths will be given as

- 1 .- Do

d5* = AP Tds} + 592N% > Xty (4.32)
A ~ 1 _

Fipy =g (2X22 = AX) ¢(p) — % SOX; e dX Ad(p?) . (4.33)

Where €(p) is the volume form of the metric ds7, and
A=>"Xud, (4.34)
i

and the p; are the embedding coordinates on the sphere which satisfies the constraint
wit; = 1. If we set all the scalar fields ¢ to vanish we obtain the metric for the round-
sphere assuming we have X; = 1. When the scalars are non-zero we which parametrised
inhomogeneous deformations of the round sphere metric. The scalars also appear in the
field strength so we have to check the consistency of the reduction for the field strength.
The Bianchi identity and the field equation are given as

dF =0, d*F =0 (4.35)

the ansatz for our field strength should satisfy both these equations. One can show
that the ansatz indeed satisfy the Bianchi identity by substituting the lower dimen-
sional equations of motion for the scalars. The exterior derivative only acts on the u;
coordinates which gives us

(2

> (D log X; — 4¢*°X? + 2¢*X; ij) d(p?) =0 (4.36)

J J
we can use the constraint p;p; = 1 which gives us the following equation

Olog X; = 49°X7 —29°X; Y _X;+Q . (4.37)
j

The @ term is undetermined i-independent quantity, we also have that the scalar fields
are satisfied by (3.49) it then follows that ), log X; = 0. This implies that the left hand
side must vanish and we get an equation for (), doing the substitution for () into the
equation above we retrieve the equation of motion for the scalars where again the last
two terms are assumed to be zero when summed over ¢. Checking that the field equation
is satisfied requires slightly more work.
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We consider the metric
ds® =Y X;'du? (4.38)

where we now split the sphere coordinates into p; = (pa, fo), we can thus write the
metric in terms of u, giving us

1

—1

9ap = X5 dap + mﬂauﬁ . (4.39)
The inverse metric is given as

9°% = Xobop — 0 pappXaXs - (4.40)

Let us go back to the field strengths now, we introduce a tensor density eps, .. a, and
using the metric to find the upper index components of the field strength, we can then
establish the field strengths given as

U

o FVI...VD = _V1VD , 4.41
g gV 2 g A2 (4.41)
N 1 Xalta
V— FvieVDo1o — eV1VD-19 9 <a) , 4.42
g gN72,U/0 g A ( )
where
v=y" <2Xi2u? - AX,) . (4.43)
i

It is now convenient to define the Hodge duals for the field strengths we just written,
there is several relation given [16] that one needs to define the Hodge duals. We will
just present the results for the dual field strengths and referred to the article for more
details, thus Hodge duals of the equations above is given as

~ T U A 1 X ,U
*ay.an = Weal...an, *Foy.om1v = —mﬁal...an,lyay (’BA’B) .
(4.44)
We can rewrite this as

it is now straightforward to show that the field equation is indeed satisfied, the relation
that are required to show this is given as

d,uj VAN Zj = _(52'3' — /J”Lj)VV, dZ; = nu;W . (446)

Hence the field equation is given as

Xifbi
A

) dx¥ NdZ;—8,,,0, (XA“) da” Ny AZ; =0
(4.47)
where we have used the relations above. This concludes the consistency check for the field
strength equations of motion, we are now left with the most computational consistency
check namely the Einstein field equations. We will write the rewrite the metric to

gV 2diE =0, (AUQ> dz’ A\W =9, (

d3® = A"dsh + AT X Nd? (4.48)

where

a=—2 b=—"2 (4.49)
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We will denote the lower dimensional spacetime indices as u, v, ... and the cosine direc-
tions i.e the parametersation of the sphere coordinates as a 3,7, .... Keep in mind that
we split our cosine directions.

The Ricci tensor for the given metric is given as

R 1 1 1
Ry, = Ry — ZXi‘zauXi&,Xi - §A—1X;1u§aﬂxiayxi - iA_QO#A&,A

+ %a (A_Qé?AAa’\A - A—lmA) G

—a (Z XP— AT XG 28T X 2A‘2(X3u?)2> uv
i J

A

4.50
Rog = Rop + %bgaﬁA*QDA - %bgagA’:ga,\A(‘)’\A — %A*lmgaﬁ (4.50)

1 1 1
+ 5A*lg’yéc‘AgMaAgﬁg - ZA*Q&XAE)BA - iAflvaaﬁA
- ibgaﬁA_zavAmA + %bgaBA_lvva

A 1
Roy = —§A—2U(X;10HXQ — X510,X0) o

notice that R, and R,g are the lower dimensional Ricci tensors, where I, is obtained
from the Lagrangian (3.48). Having obtained the Ricci tensors we can check that the
equations of motion are satisfied where the field equation is given as

Run = Sun (4.51)

where ) D_3
Sun=——— (F}y — —— " F? ) . 4.52
MN= 9D 1) < MN T pp 1) IMN (452)

One can now find the Sy tensors using the field strengths given above the result is
given as

N B 1,
Suy = G AN WE0,Xi0,X; — SAT20,00,A

_ %N? (U2~ 05A0°A + AX; 120, X,0° X ) g
Saﬁ = %bA_?)Uanﬁ + %A_ZgaﬁXfl,ufakXiaAXi — %bA_g’a)\Aa)‘A (4'53>

| P . _ _
- 54 2(X, ' 0nXa — Xo ' 0xX0) (X510 X — X510 Xo) s

A 1
Sap = —5A72U (X300 Xa = X5 0uX0) e -

One now needs to use different relations given in [16] to show that the left hand side
is equal to the right hand side, the calculations for simplifying the Ricci tensors can be
found in the appendix C. We see that the Ricci tensor R, is given as

. 1 1 1

Rug = ibA*:”Uang + §A*2gaﬁxi—1ﬂgakxia*xi - ibA*?’a,\AaAA w50
4.54

1, o o _ _ _

—5A 2(X5'0nXa — Xo ' 0rX0) (X5 0M X — X510 Xo) paks

thus it is true that ]A%ag = gag is indeed satisfied, this is true for all the equations. Hence
we have checked the consistency of spherical reductions described by the scalar coset
SL(N,R)/SO(N) where we have scalar fields with gravity and a p-form field strength.
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4.3 Consistent S® reduction

We start off with the Lagrangian

) (4.55)

L =R — %@d& A dgg — %e‘a‘f’%ﬁ(p) A F(
we have seen that toroidal reductions where one includes the dilaton field will yield
a consistent reduction of certain sphere, our main focus here will be S3. Due to the
enhancement of the global symmetry which results in a subgroup being large enough to
contain the Yang-mills gauge fields, we can thus consider a consistent reduction where
one keeps all the SO(4) Yang-Mills fields AZ) together with the scalar fields described
by a symmetric tensor T;;, where the index are vectors under the isometry group SO(4).

The metric is given and the field strength is given as

482 — ypo (A%d 2 4 g PATPRT DDy 456
D — Sp-3 T4 i HilZH5 ) ( )

1 _ _ . . L
Fay = Fa) + geiriainia (g *UAT?Dp't ADp’ A Dy 't
_ 39—2A—2DM1'1 A DILLZQ A DT‘Zg]T;UC)u],uk o SQ—IA—lFiliz A DM’L3E4JM]> ’

2
oV (D-2)/26 _ A-1y 572 7

(4.57)
where
pat =1, A=Tyu'y), U=2TyTpp's/ — ATy, Y = det(Ty;) . (4.58)
The i, j,... have the range of 4 values, the gauge covariant derivatives are defined as
Dy’ = dy' + gAG 1, DTy = dTy; + gAL) Ti; + g AlY T (4.59)
and the field strength for the 1-form is given as
Fi) = dAY, + g Al A A (4.60)

where the gauge potentials denotes the SO(4) gauge potentials coming from the isometry
group of the sphere S3. The lower dimensional fields in the Kaluza-Klein ansatz involve
the metric ds%,_;, the six gauge potentials Az(Jl) of SO(4) and the ten scalars fields
described by the symmetric tensor Tj;, together with the 2-form potential coming from
the modified Chern-Simons fields where the field strength is given as

1 ij L jis m oA g
F3y = dAp) + g Gkt (F(g) A A’(“f) - ggA(jl) A A’(Cl) A A(lf) . (4.61)

We will now find the lower dimensional equations of motion by plugging in the ansatz
above in the higher dimensional equations of motion given as

a2 1 sr
dxd¢ = —50,6 ¢F(3) A *F(g) ,
d(e™"3F ) =0, (4.62)

~ 1 N ~ 1 /4 2 N
——— Z(F3 ., - —2 _F2Z2§ ) )
Ry 2(9M¢3N¢+ 1 ( MN = 3(p gyt ®IMN
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The consistency check for the Einstein field equation is very complicated however if the
dilaton equation of motion and the field strength field equation is satisfied then the
Einstein field equation is satisfied automatically. Like we saw in the last chapter we
also have the Bianchi identity dﬁ’(g) = 0 however this time since we have a modified
Chern-Simons term we have an additional constraint that the lower dimensional field
equation must satisfy which is given as

1 211 131
dF(3) = §€i1i2i314F(21)2 A F(§)4 . (463)

In order to show that the embedded field equations are satisfied we have to calculate

the hodge dual for the field strength, using the definitions in appendix we obtain

_ 20 £ 1 i
e V8D 2)¢*F(3) 69 —=€ijke * F(3) A WD A D,uk A Duﬁ —qgUep_3
. 1
g~ 'T;;" « DTy, A (u"DF) — ﬁTZ.;lTj « F9 NDukF A Dpl
g

(4.64)

)

Plugging in the dual field strength into the field equation gives us the following lower
dimensional equations of motion

1
(—1)PD(T, Ty, *F(2)) —29T, ' * DTy §eijkg*F(3)/\F(M),

k[i

(—1)PD(T;,! « DTiy) = 2 (2T Ty — TisTiw) €p—3 — Tjpa Ty % F3) A F)

- i&j (292 (2Tnank = (Thk) ) ep—3 = Tpy T + Fi3) N ) )

d(Y_l * F(3)) =0.
(4.65)

We introduced the unimodular matrix Tij = YiTZ-j, the consistency of the field equation
for the field strength is indeed consistent since there is no cosine coordinates of the
sphere S in the lower dimensional field equations. Notice that we would not have a
consistent compactification if we were to set the gauge potentials to zero, the reason is
because of the term 29Tk_[i1 * DT}, since this acts as a source for the equation of motion.

These field equations transform under SO(4) local group. Obtaining these field
equations requires one to use over antisymmetrisation identity €[ivinigis VZ-S] = 0 and most
terms cancel among themselves.

We can now check the dilaton equations consistency by first checking the equation
of motion for the dilaton given in (4.57), this yield us

2

A 1

dp = | =—— ( (D—4)Y txdYy — A™ 1dA> : (4.66)
D -2

one has to find the hodge dual coming from the term dA which itself is related to the

S3 coordinates. The Hodge dual of this 1-form is given as
. o 1 . . , .
#(Tijn' D) = = €inigiais Tien'ep—s N (ATi g — Ty Thop? pF) > Dy’ A Dt (4.67)

plugging this into the dilaton equation we find the equations of motion are given as
D-5 D jy—1 Ly 2 -1
T(—l) dY ™ xdY) = 29 (2T 155 — (Thi)")ep—3 — Y * F(3) A Fiz (468)

1 —1p—1p—1 Lj kl
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The lower dimensional Lagrangian is given as

D-5__ | S
Lpg=R+l- ==Y LedY NdY — T DTy ATy DTy = Y™ % Figy A Fs)
1

Ll s i 1 1o~ = ~
4Y 2];]611?7[1 *F’L] /\F(k‘f 92}/2(21‘1”7‘!” _ (7‘;2)2)

AR e
4.69

this Lagrangian gives us the equations of motion we have obtained above, the derivation
of the equations of motion can be found in the appendix using this Lagrangian. The last
term in the Lagrangian is the scalar potential, and the Lagrangian is invariant under
the scalar coset SL(4,R)/SO(4).

4.4 Truncations of reductions

We will now consider two consistent truncations of the S3 reduction above, we first
consider the truncation for SO(4) ~ SU(2)r x SU(2)g. From a group theory argument
one can see the Lie group of SU(2) being isomorphic to S% where one either picks the
right-action or the left-action. We achieve this truncation by considering the self-dual
or the anti-self-dual of the SO(4) gauge potential AZ({)
?
Al
The choice of sign determines with group action we consider, we label the isometry
group indices as 0, 1,2,3 and write the gauge potentials in term of triplets given as

1
1 2 03 _ 412 _ 43
1) = _iA(1)7 A(l) = A(l) = A(l) s (471)

1
01 __ 423 _—_ 1 02 __ 43
Ay =40 =340, Ap =4

these are the gauge potentials of SU(2)r. In order to be consistent we also have to
truncate the scalar fields where the truncation requires us to set all the scalars equal to
each other. This will just give us a single degree of freedom where the scalar is a singlet,
the scalars can be described as

T = X0ij - (4.72)

We set the scalar Y = X%, and we will now express the cosine coordinates of the sphere
in terms of Euler angles

1 . 1 .
to + i3 = cos 506’(7’“@/2, {1 + g = sin 5961(1/’”’)/2 , (4.73)

calculating the line element one will find that we can write these angles in terms of left
invariant one forms given as

o1+ iog = e W (df +isin0dp), o3 = dip + cosfde . (4.74)
These one forms satisfy the SU(2) algebra

1
dog, = —5€apr0p Aoy . (4.75)

Using the Euler angles now we can rewrite our ansatz where one notices that the covari-
ant derivative of the cosine coordinates can be written as Dy’ = >~ (04 — gA‘(j‘l)), thus
the ansatz we described in (4.57) is now given as

1 2(D—5)

2 vois g2 —=5= @
dSD—XD 2d8D—3+ZX D-2 za:(ga—gA(l)),

oV (D=2)/2¢ _ x D=5 : (4.76)
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where the volume form (23 is given as

Q) = éeam(% — gAZ) A (05— g AL ) A oy — gAT,) (4.77)
All fields that transformed non-trivially under SU(2)g has been set to zero and all the
retained fields are singlets under SU(2). The ansatz for SU(2) truncation parameterises
homogeneous deformations of the S3. Since S3 is isomorphic to SU(2) where the Lie
group is a group manifold, these type of dimensional reductions are consistent by default
since all the fields are retained as singlets. The non-singlet are discarded thus will not act
as sources for the fields that we truncate. Notice that we do not have any warp factors
A in the metric ansatz thus concluding that this is indeed a homogeneous deformation
which tells us that this is a group manifold compactification.

Consistent truncations of SU(2) where one compactified on a S* can be found at [17]
where they considered a second order formulation, meanwhile a consistent reduction for
AdS7 x §* given in [11] where the truncation was of SU(2) but in the first order formal-
ism. As we can see there has been consistent truncation of different compactifications
leading to the same consistency, this consistency truncation for S* goes back to [33],
where they obtain the same Lagrangian as [11] including the modified non-linear Chern-
Simons modifications €23y as well as €)(5) these terms will not allow for taking the gauge
limit ¢ — 0. Since the Chern-Simons terms are gauge invariant, there should not be
any scalars included in these terms otherwise it would ruin the supersymmetry. Taking
the gauge limit of certain compactifications has been shown to lead to certain already
known consistent truncations [14] where they instead considered truncations of U (1), we
will discuss the consistency for S% under this truncation and compare to other known
results.

We will now discuss truncation for U(1) x U(1) which is a subgroup of SU(2) x SU(2)
gauge fields of the full SO(4) ansatz. The range of our vectors will now be denoted as

i,7...=1,2,3,4, and we will set all the gauge potentials Aﬁ) to zero except for A%f)
and A:()’f). We write them as
12y _ 41 34 42
The parameterisation for the S? is now given as
1+ ipg = e, s 4 iy = fine’®? . (4.79)

We will set certain scalars to zero and only keep two scalars X; and Xo, this writing
our symmetric scalar tensor as

Tij = diag(X1, X1, X5, X5) (4.80)
where we now have
2
Y = (X1X2)?%, A=X12+ Xofid, U=2Y (X7 — AX;) . (4.81)
=1

The ansatz using this parameterisation gives us

2
d3% = (X1X) 72 (ADQ‘st%s +g AP > X (dﬂ? + fi; (d‘m B 9142(1)) )
=1

eV (D-2)/26 = Afl(Xng)% .
(4.82)

2)7
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We will express the field strength tensor in terms of its dual F(3), using the truncation
above we obtain

2
o~ V8/(D=2dsfr _ggz (X2 AXi) €p_3 + 2192)(;1 * dX; A\ d(fi2)
=1

QZX 2d(p2 A (dg; — gA(l)/\*F(Q)—i—g Syt * Fia)

(4.83)

2

The truncation for this case is non-trivial since the scalars X; and Xy parameterises
the inhomogeneous deformations on the sphere 52, these type of deformations could be
some squashed sphere where we now have warp factors in the metric ansatz. Comparing
previous work concerning the truncation of U(1)? has been studied in detail [14], let us
briefly present the results in this discussion.

They considered two limits of S* one that goes to a flat 4 dimensional space and the
other one where the metric contains a S? where the consistency of the S* reduction of 11
dimensional supergravity will be a consistent S® reduction of ten dimensional reduction.
The reduction to a flat four space R* will yield us a massive supergravity in D = 7 with
a topological massive 3-form potential, this limit will not be discussed here although it
is worth mentioning.

Our focus will be on the R x S limit which yields us a consitent type IIA reduction
on S3. We begin by writing the Lagrangian for D = 7 N = 2 supergravity which contains
the metric, the dilaton and the 3-form vector potential and the SU(2) Yang-Mills gauge
fields

2
e 'L=R- (8¢) mef¢+4gmef¢+4ge L %e WQS(F( )) s
1 7¢5 a 2 a '

we will set the mass parameter to m = 0, and make the rescalings of the gauge fields
and the scalars to be

- —, 1 = = i 1 i _1
p=9¢ — 5(‘11 + d2)A, Ay = 65/\14(1)7 g=e3'g, (4.85)

where A is a constant. The fields can be parameterised by X; and X5 they parameterise
two dilatons described as

X, =e*X!,  Xo=e X}, (4.86)

here we have introduced factors of e* which are the scaling symmetries for our equations
of motion. We consider equations of motion for eleven dimensional supergravity where
we now also rescale the cosine coordinates of the S* as

1
po=e My, pi =g (4.87)
where the constraint is now given as
e+ it =1 (4.88)

Taking the limit A\ — oo we obtain the constraint p)u; = 1 where ¢ = 1,2, notice now
that since p is unconstrained our definition of A takes the following form once the limit
is taken )
A = es? ZX{;L? . (4.89)
i=1
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We can now use these rescalings and constraint to obtained the new ansatz for eleven
dimensional supergravity which is now given as

_ - 2 D)
st = e {8000+ 5 (5 S (a0 (a0 ) )
i=1
2

5 1 & _
*F(4) = eé)‘{Qg Z (Xguui — AXa) €(7) + % ZXi_l*don A d(ﬂzz)
a=0 i=1

1 & —2 2 % ol ni}
(4.90)

where * denotes the dual of the 7-form. Notice now that the constraint we have above
after taking the limit yields us a parameterisation of a 3-sphere, where the coordinate
1o now instead parameterises the forth direction being R, which just covers the real line.

We can now go from eleven dimensional supergravity down to Type-11 A supergravity
by compactifying the real line into a circle by interpreting it as an angular coordinate,
we can also now drop the prescaling factor e} due to the trombone symmetry of D = 11
equations of motion. The trombone symmetry scales the metric and the 3-form potential
by constant factors up to the rank of the p-form and the indices of the metric. We can
use the same tactic as before when we did toroidal compactification using the standard
Kaluza-Klein metric ansatz

83, = e 6%ds3y + e3%(dz + Awy)? (4.91)
and the 4-form becomes
Py = 2% % Figy A (dz + Ay) + e~ * Fg) . (4.92)

We can now interpret our limited ansatz and we obtain the Type-ITA reduction ansatz
of $3, which now is given as

2
dsty = AVH(X1X0) / ds} + g AN X X) YD Xy (dpi? + (e + 9 A))
i=1

2 2

_ < 1 1o

e Fgy =293 (XPuf — AX,) ey + 2 > XX Ad ()
=1 i=1

1 & iy Az
T3 ;Xi 2d(ug) A (dipi + gAfyy) AFFlyy

(X1Xp)?

e2? ,
A

(4.93)

where ¢ is the dilaton of this theory. Thus we have sketched how one obtains a reduction
from S* of eleven dimensional theory down to a Type-ITA theory compactified on a
53, where the parameterisation of the scalars now describes the inhomogeneous sphere
deformations just like the ones we saw when we considered a truncation of U(1) x U(1)
for the case of S3 reduction of a Lagrangian including gravity, a dilaton and a 3-form
field strength.
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Chapter 5

Holonomy and the squashed S’

In this chapter we will define properties and the integrability conditions for surviving
supersymmetries. Holonomy' has been shown to be a very useful tool for checking how
many supersymmetries one has left after compactification or in the case of membrane
solutions. The amount of Killing spinors that are invariant under the holonomy group
‘H is equal to the amount of supersymmetries one has. The key references in this chapter
are [34-39].

5.1 Holonomy of M-theory and integrability conditions

The focus here is still supergravity however this discussion can be extended to the entire
M-theory, one important feature of supersymmetric theories is that fermions come in
naturally. We therefore invoke that the manifold M7 should have a spin structure such
that the second Steifel-Whitney class disappears [23]. We have seen in the previous
chapters that the isometries of the groups on the sphere determines the number of
massless gauge bosons and we will now see that the holonomy group H determines how
many massless gravitinos there are.

Two questions of interest is what are the symmetries of supergravity (M-theory)
and how many supersymmetries can vacua in supergravity preserve. It has been shown
that not only does supergravity have hidden internal symmetries as we argued in the
previous chapter but also the theory admits a hidden spacetime symmetry. The number
of preserved supersymmetries are given by the number of singlets appearing in the
decomposition of the 32-dimensional representation of G under G D H, where H is the
generalised holonomy group [36, 38].

We consider the bosonic sector of supergravity where we set ¥y = 0, the supersym-
metry transformations are simplified to dedyy =0and dAynp = 0. The supersymmetric
transformation rule for the gravitino is reduced to purely bosonic part which is given as

1 1
oWy = Dpe = (aM + qon P Tas + oo (DN PRE - STIMNP Q) FNPQR) e=0,
(5.1)

where the regular Riemann covariant derivative involves the spin connection with the
spin structure group Spin(10,1) which is a double covering of SO(10,1). The equa-
tion above is what determines how many Killing spinors are satisfied i.e how many
supersymmetries are left, the decomposition of the spinors is given as

e(z,y) = €(x) ®n(y) (5.2)

'Holonomy measures how vectors and tensors on the fiber transform under parallel transport around
a closed loop

43
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where €(x) is a anti-commuting component and 7(y) is a commuting spinor component
on the compact manifold.

The supercovariant derivative above is describing the generalised holonomy, let us
illustrate a simpler case where we set Fiypgor = 0. We see that we are just left with the
Riemannian covariant derivative where the integrability condition is given as

MMN = [DM,Dn] = RMN(LU) s (5.3)

=

as one would expect, since this is the definition of the curvature. The Killing spinors
are covariantly constant with respect to the Levi-Civita connection, i.e they correspond
to the singlets under the decomposition 32 of Spin(10,1) under the holonomy group
H(D) satisfying (5.1). The Ambrose-Singer theorem describes the Lie algebra of the
holonomy group in terms of the curvature, the dimensions of the Lie algebra spanned by
the connection should be in agreement with the dimensions of the Lie algebra spanned
by H [23]. The Killing spinors satisfy the integrability condition (5.3) where the sub-
group of Spin(10, 1) are generated by linear combinations of Spin(10,1) generators I'4p
corresponding to the holonomy group H of the spin connection.

When considering a non-vanishing field strength Fypgr # 0 the Killing spinors
satisfy the Killing spinor equation above where we now have the generalised connection.
We see that the Clifford algebra is larger where the holonomy group now is spanned by
{132,T4,TuB,Tapc,Tapcp, Tapcpr} which is the Clifford algebra in D = 11 where
the structure group G is GL(32,R). The dimensions of the Clifford algebra is given as

Dim C(11,5) = <101> 4 (T) + (121> + (131> + (141> 4 (151> _ 1024 (5.4)

this coincides with the dimensions of Lie algebra ¢l(32,R). The Lie algebra of the
holonomy group of the generalised connection is spanned by the values of the curvature
under the structure group. The supercovariant curvature takes its values in the spinor
representations of the Clifford algebra, however it does not contain any term that is
proportional to the identity 135 and thus the trace of the curvature is

Tr(Rasn(w)) = 0 (5.5)

hence the spinor values on the trace elements vanishes. The curvature takes its values in
the subset M (R) C M3z2(R) where the corresponding lie algebra is given as sl(32,R) =
MY, of SL(32,R) [40]. The holonomy group of the generalised connection must be
contained in SL(32,R). The Lie algebra for the generalised connection takes values
of the 1023-dimensional Lie subalgebra which is spanned by its traceless generators
{Ta,Tap,Tapc,Tapep,Tapepr}- The first order integrability condition (5.3) changes
when we now consider the generalised connection when Fagpop # 0, one can see that the
curvature takes on larger values spanned by a larger Lie algebra of the holonomy group
‘H. We will see that when we consider compactifications this does is not necessarily true
since the holonomy group might be smaller.
The generalised holonomy group of D = 11 supergravity is given as

H(w) D SL(32 —n,R) x (R " @.7. @ R3?7F) = SL(32 — n,R) x R"G?™™)  (5.6)

a similar expression can be written for the Lie algebra. We thus see that the amount of
n supersymmetries on preserves is classified by the generalised holonomy group H(w).
The integrability condition is an algebraic equation compare to the Killing spinor
equation which is a differential equation, in general it is easier to determine the sur-
viving supersymmetries by considering the integrability conditions. One thing to notice
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however is that if one considers the Levi-Civita connection one immediately see’s that
taking higher order integrability conditions i.e [Dp, Mysn]| yield no new information.
This is not the case when we consider Fapop # 0, since it takes its values in the Clif-
ford algebra. Therefore once we introduce a non vanishing field strength we need to
check higher order integrability conditions in order to have all the generators generating
the generalised holonomy group.

In most cases the first integrability condition does not give the complete set of
generators so one needs to close the algebra, however higher integrability conditions
completes the entire set of generators corresponding to a structure group under the
holonomy group.

Higher order integrability conditions can be thought of as corrections to the curvature
Run away from the original base point, therefore we obtain more information about
the connection between the holonomy group H(w) and the generalised connection. We
will now go further into these examples and let us consider a example of the M5-brane
and then go to a squashed S7 with the fibration S® < §7 — S%.

5.2 generalised holonomy of the M5-brane

We will review an example of how higher order integrability conditions give rise to the
entire span of generators for M5-brane. We will just present the result from [34,37] to
show the significance of holonomy groups and integrability conditions.

The first integrability condition for D = 11 supergravity is given as

1 1 ~ 1~ =
Myy =Run() = ZRMNABFAB + §V[MQN] + §Q[MQN] ; (5.7)

where Q is the extra term from the generalised connection. We are now working the
entire Clifford algebra of D = 11 supergravity such that the holonomy group takes its
values in the Clifford algebra C/(R'%!). Higher integrability conditions are just the co-
variant derivatives of the first order integrability condition, i.e higher order integrability
conditions is just further away from the base point, they are given as follows

1 -
Mayn =DaMyn =VaMyn + Z[QA’ My, 5.9
5.8
1 -

Mapyun = DaMpyun = VaMpun + 1[97 Muyn])  etc.

The integrability condition for M5-brane was first considered in [37] where the authors
closed the algebra by checking the commutators of the generators coming from the first
order. They found that the spinor representation after doing so is SO(5)4 and the
generalised holonomy group was given as

H(M5) = SO(5)4 x 6R*™) | (5.9)

this coincides with the results from [36], where the M 5-brane is split in 6/5 with the
holonomy group given as SO(5)1+ D SO(5,1) x SO(5)4+ x SO(5)_ with the spinor decom-
position (4,4,1)+(4,1,4) = 4(4) +16(1). Thus we have 16 singlets under this holonomy
group which preserves half the supersymmetry of the M 5-brane.

Closing the algebra by hand might be inefficient if one deals with larger Lie algebras,
hence it was shown that the missing generators shows up in higher order integrability
conditions [34]. The M5-brane solutions is given as

ds?y = Hy Pda? + 0P aif?

(5.10)
Fijr = €ijkimOmHs
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where x,, are the longitudinal direction and y are in the transverse direction spanned by
{y*} and Hj(#) is a harmonic function. The supercovariant connection is given as

Q= —§H‘1/28,- In HK,;, € = —581- In HT® + gai[jak] In HTj, (5.11)
where I'°, K,; and ’73;.C are generators of the Lie algebra?. They are defined as
1 i .
%= 5|ew,€lmrwklm, Ky =TiPf, Tiw=T5P, (5.12)

where P5+ = %(1 + I'®) are the BPS projection operator, one thing to stress is that
I'® does not appear in the generalised curvature and hence will not contribute to the
generalised holonomy group.

The first order integrability for the longitudinal direction is zero M, = 0 since its
trivial along the brane, the non zero components are given as

MmZRm:H_l/Q (fli (aiajlnH—gailnHajlnH) +11851](8H)2) ICNj ( )
5.13
2 2

The generators found in the first order integrability does not close the algebra, since
we are missing generators of K, and KC,;; which were found in [37] where they closed
the algebra finding the linear combination of the generators forming the complete set of
generators. The missing generators will come from higher order integrability conditions,
the second order is given as

My = M/WAICP”“ My = ;M/ﬁﬂ; Myi; = Mﬁfa’c”k T %MZZ'KKW ) (5.14)

k vkl
MiuV = 07 Miu] MZUICV’C + MZ/L] lCl/k£7 Ml]k = 1,]]@727)1 )

where the components of Mapsn are functions of H and its derivatives where two com-
ponents are given as

M, = Lg-se (aj In H0;0;In H — Lo, 1nH(8H)2> 05 -
o s | (5.15)
ke _ A ¢ ¢ '
My = o H 1 (a[] In HO'jy In H — 6,1;6° In H' Oy In H) M -

The second order gave us the generator K,;; and in similar fashion the third order
integrability condition My,,; = [Dk,[D;, Ry;]] gives the last generator /. The 10 gen-
erators from Tjj, correspond to SO(5) and {K,, K., Kpuij} span the 96-dimensional Lie
algebra RY where they transform as spinor representations of SO(5),. The generalised
holonomy is then given as

Hars = SO(5)4 x 6R*) | (5.16)

this is the same result as they got in [36,37]3. Similar calculation can be performed on
the M2-brane with a 3/8 split where the generalised holonomy group is given as
Hare = SO(8), x 12R%(®s) (5.17)

where the spinor representations are under transformed under SO(8); and yield 16
singlets i.e (2,16) = 2(8) 4+ 16(1). This result was first obtained in [41] and by using
the generalised holonomy approach one could find that the results coincide as they
considered in [34, 37].

2Notice from before that the generators of the connection should take values in the Clifford algebra
therefore we have generators in terms of I" matrices

3The 96 dimensional Lie algebra R% is decomposed as four dimensional spinors representation with
6 copies of the same reducible representation i.e Has = SO(5) x (R*® @ .6, @ R*®),
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5.3 Squashed S’

We will now consider the squashed S” sphere which admits the following isometry group
SO(5) ® SU(2), the generalised holonomy group is Go. We consider the case of sponta-
neous compactification where one yields two different solutions depending on the orien-
tation one chooses.

The supersymmetry N = 8 is broken down to N' =1 or /' = 0, however it is not
clear from the level of first order integrability condition that these two different solutions
are in fact different. The Freund-Rubin ansatz is given as

Fp,l/po = 3m6uupm p=0,1,2,3, (5'18)

where m is a constant and the rest of the components vanish. This leads to a spontaneous
compactification of the form AdS; x X7, where X7 is a compact Einstein manifold,
plugging in the Freund-Rubin ansatz in the equations of motion for D = 11 supergravity
yields us the following solutions

Ry = —12m%g.,,  Rpn = 6m>gm, . (5.19)
Decomposition of the Clifford algebra is given as
F'v=melysely), n=0123 m=1,..7 (5.20)

with the usual direct product split of the spinors e(z#) ® n(y™) gives us the following
Killing spinor equations

D,e = <8“ + igﬂaﬂ”yaﬁ + m’yu*y5> e=0
1 ; (5.21)
Dmn = <Bm + ZQm“bFab — 2mFm) n=0.
The structure group of these two connections are Spin(3,2) and Spin(8), notice that
the when m = 0 we have the regular Levi-Civita connection with the holonomy group
Spin(3,1) ® Spin(7). Introducing the generalised connection we enlarge the holonomy
group to be of the structure group Spin(3,2)® Spin(8). The equation of motion for R,
admits a maximally symmetric AdS space which has four Killing spinors, hence we are
only interested in the number of Killing spinors satisfied by the Killing spinor equation
for the internal space X 7. The first integrability condition for the internal space X7 is
given as

1 1
[Din, Dn]n = —iRmn“‘Tabn + 5m Lol (5.22)

if the Killing spinor equations admits eight covariantly constant spinors then the space
is maximally symmetric ¢.e the curvature tensor is given as

Rmnpq = m2 (gmpgnq - gmqgnp) . (523)

This corresponds to the round S7, where the holonomy is trivial 4 = 1 hence preserves
N = 8 supersymmetries in D = 4 with a local SO(8) invariance. We are interested
in different solutions of the Einstein field equations namely squashed S7 which has the
same topology as the round S” yields different vacua which can be thought of as a
spontaneously broken theory of the original theory. We will consider the squashed S”
with the Hopf fibration S? < S7 — S4, which admits two orientation depending on the
choice of the sign of the Freund-Rubin ansatz. We denote F; = me4 as left orientation
and Fy = —mey4 as right orientation.
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The metric for the squashed S7 is given as
1 1
ds® = dp® + 1 sin? pw? + 1)\2(14 + cos fiw;)? (5.24)

where w; and v; are linear combinations of the 1-forms forming the SU(2) algebra which
satisfy the condition

1 1
do; = *geijko-j Nog, d¥; = —§e,~jk2j AR (5.25)

The A is the squashing parameter describing the deformations of the sphere, for the
round sphere we set A2 = 1 and for the squashed sphere we have that A2 = 1/5. The
values of the parameters are obtained from using the Einstein condition Ry, o g.p Where
the Ricci tensor is defined as Ry, = diag(a, a, o, , 8, 8, 8), a is the S* coordinates and
B are the S3 fibers.
The spin connection for the squashed S7 with the splitting of the coordinates a =
(0,i,2) where i =1,2,3 and ©+ = 4,5, 6 is given as
1. 1., A 1N
Qp; = — cot pe’ + 5)\61, Qy; = 5)\67’, Qij = €ijk (cot pet + (2 — A) ek>
1 J 1 0 k
sz = —ﬁéi]’ke s sz = —5)\5”'6 — 5)\6ijke 5

and the curvature tensors are given as
3 o1 5 1 | -
Roi = (1 — 4)\2) A net+ 1 (1 — )\2) €ijrke’ N ek, Ry = Z)\Qeo Ae' — 1(1 — /\Q)Gijke] AeF
3.5\ ] o 5 3 1 - -~ 1
Rij:<1—4)\>61/\€J+2(1—)\)61/\6J, Rgﬁzﬁel/\ej+§(

1 . A 1 A P 1 ~ 1 .
R = 1)\262 Nel — Z(l —A%)ed Aet — 1(1 — M)eine’ Aef + 1(1 — A)8ijef Ak

1-— )\2) (eijkeo Aek et A ej)

(5.26)

We can now discuss the first order integrability condition for both the orientations, the
right orientation Killing spinor is different from the (5.21) up to a sign given as

1 )
Dy = <8m + ZQmabFab + 2mFm> n=20. (5.27)

The generalised connection takes its values in the algebra spanned by {T'sp, s}, the cor-
responding structure group is SO(8). The integrability condition for both orientations
are the same i.e

[DTVM Dn]n = _%Rmnabrabn + %m2rmnn = %Cmnabrabn =0, (528)
hence the first order is not sufficient enough to distinguish the orientations, since the
Killing spinor solving the integrability condition might not solve the Killing spinor equa-
tion for one of the choices of orientation. The skew-whiffing theorem [42] states that at
most one orientation can have N > 0, an exception is the round S7 which admits V' = 8
for both orientations since its a symmetric space that admits orientation-reversing isom-
etry. In order to determine the spinors that are invariant under the holonomy group for
the squashed S” one needs to go beyond the first order to obtain the number of singlets
in the decomposition of spinors under SO(8).

Using the curvature terms and plugging in A> = 1/5 we can analyze the Weyl tensor
Cmn- It turns out that we obtain 21 components of the Weyl tensor which are linear
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combinations of I'y, given as

4 1 4 4 1
Coi = R <Fo¢ + 2€iij5,;> ., Gy = = (Fij + Fg}) . Co = — (Fog + 251‘ijij)
4
ij 5

(5.29)

4 1 1 1
CGi=x (‘Fi“ Ui+ 5005 — Eijkr()l%) » €

i = E i3 5 5 (2Fg§» + 1T + eiijOkz)

not all of these are independent, it turns out that 7 of these are redundant and we end
up with

4 1

Coi = R <To¢ + 2€¢ij5,;> (5.30)
4

Cij = 5 (Fij + F%Jﬁ) (5.31)
4 1 1 1

We have 14 linearly independent combinations which correspond to the generators of
the exceptional group Ga, the structure group is SO(7) and the generalised holonomy
group would decompose as 8 — 8 — 7 + 1 under SO(8) D SO(7) D Gy. This is
not the correct generalised holonomy group since both orientations would decompose
in the same way leading to both orientations having A/ = 1 this is not true due to the
skew-whiffing theorem. The first order integrability condition is not sufficient enough
to determine the generalised holonomy.

The second order integrability condition for a general Freund-Rubin compactification
[43] is given as

1
Mémnn = 1 (vfcmnabrab + Cmnﬂara) n= 0 ) (533)

the F sign correspond to left and right orientation respectively. The complete linear
combinations for the second order integrability condition was given in [34], they found
21 My,,, that are linearly independent combinations of the Dirac matrices. The inde-
pendent generators from the second order can be written as

2 ; 2
Mij =T F §\/Sim€ijkrk7 M; =T F g\/gimfi, M = 6T, ; £ 2v/5imTy |
(5.34)

together with the generators above i.e {COi,Cij,Cij} which span the GGy and the extra
generators from the second order integrability condition one finds that they generate
the 21 dimensional algebra of SO(7). The embedding of SO(7) into SO(8) is however
different, since the decomposition of the spinors representations are different. Taking
SO(7)_ to be left orientation the decomposition is 8 — 7+1 which has one singlet hence
preserves N’ = 1 supersymmetries. The right orientation turns out to have no singlets
where the spinor decomposition is given as 8, — 8. The conclusion is that both higher
order integrability and the embedding of the algebra is important in evaluating the
surviving supersymmetries. The generators that came from the first order integrability
condition is enough to close the algebra but it would just be the subalgebra of the
generalised holonomy algebra.
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Chapter 6

Discussion

The consistency of sphere reductions have been well studied, where one shows that the
conjecture of gauging ungauged supergravity is possible if one can retain all the gauge
field singlets under the isometry group of the sphere SO(n + 1). This can be done by
introducing a dilatonic scalar together with gravity and a p-form field strength, where
the dilaton vectors are associated with the simple roots of the given Lie algebra, forming
the proper coset manifold that retains all the gauge fields. The simple roots should have
equal length as the dilaton vectors due to needing simple-laced enhanced symmetry. The
further down we go in dimensions there will be a discrepancy in the degree’s of freedom
of the p-form and the simple roots, this is however fixed if we take the hodge dual of
the field strength which yields us the correct amount of axions. The lower dimensional
equations of motion will be embedded into the D = 11 equations of motion which then
guarantees the consistency. The scalar potential comes from the duality transformation
of the field strength and the dilaton field in the lower dimensional equations of motion.

We have seen how spontaneous compactification of parallelizable manifolds yields
us four dimensional Minkowski background. Parallelizable manifolds allows us to write
down the Weitzenbock connection on the manifold explicitly in terms of the fermionic
bilinears, this flattens the geometry where the curvature gets canceled by the torsion.

The ansatz where we set the supercovariant field strength <F uBcp) = 0 however
breaks all of the supersymmetry for My x S7 and My x S% x T* since there is no
spinor parameter that allow us to shift the fields to become zero i.e satisfying the susy
transformations.

The solution of My x T preserves two of the supersymmetries but breaks the Lorentz
invariance due to the non-vanishing fermionic fields, in contrast to the bosonic sector of
supergravity where the compactification of T7 preserves all supersymmetries. These can
be seen from the holonomy group being trivial i.e H = 1 resulting in having eight Killing
spinors satisfied by the gravitino transformation which tells us that all 32 supercharges
are preserved. We want to point out that the scalar potential for this configuration is
unknown in our case. One sees that the equations of motion are satisfied allowing us
to perhaps use consistent truncation in order to evaluate the scalar potential. However
since it breaks Lorentz symmetry one would like to find a Freund-Rubin ansatz with a
non-vanishing field strength on the compact manifold Fypeq # 0.

The squashed S7 with the Hopf fibration S < S7 — S* considered in chapter 5
has a vanishing field strength on the compact manifold X7. This solution turns out to
have a A/ = 1 supersymmetries surviving after compactification for left orientation and
breaks down to N’ = 0 for the right orientation.

The Freund-Rubin compactifications in the cases we have discussed, either breaks
the Lorentz invariance or the gravitino condition Wj; # 0. One has to choose which one
to break since there is no decomposition of the gravitino field ¥, (z) and ¥,,(y) that
satisfies both the gravitino condition and does not break the Lorentz invariance.

o1



52 CHAPTER 6. DISCUSSION

An interesting case would be to consider domain walls in bosonic supergravity, where
one considers non-Killing spinor Vjse # 0. Under this construction one obtains that all
the fields {Uy, e M, Ay np} are non-zero compare to if € was a Killing spinor where we
set fermionic field to zero ¥;; = 0. However if one introduces bilinears such that after
one acts with the local supersymmetries gives rise to a fermionic field with a mass i.e
Wy # 0. In a sense the non-Killing spinors give rise to a non-vanishing fermionic field
that allows us to introduce bilinears that have a non-vanishing expectation value.

The domain wall solutions in lower dimensions would have the fermionic VEV in
only one direction and not the entire space, essentially we would only break Lorentz
invariance in one direction. Hence one could perhaps construct domain wall solutions
of M3z x R x X7 or membrane solutions with non vanishing fermionic bilinears.
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Appendix A

Clifford Algebra

The representation of the Clifford algebra can be written in terms of the Pauli matrices
o; and are constructed in the following way

Yon—-1 =03Q 03X ...0 0301
Yon =030 03K ... Q0302
Yon+1 = 03R®03Q ... 03K 03 .
The decomposition of gamma matrices in Kaluza-Klein reductions where K, is the
internal space and the spacetime is M,,, can then be written as Dirac matrices 4 of
M, x K,
even, odd : fu =7, ®1, I = ~y
odd, even : fu =Y @, =1
even, even : fu =% ®1, fz =YV
odd,odd: T,=01®7,®1, T

Gamma matrix manipulations are given by the general formula

S ) (A1)

M.y V] .. Vs
i Vs (D —1r—s)!

General order reversal of gamma matrices is given as
e (YT )/2 e (A.2)

a example of how to use gamma matrix manipulation
Vg7 = 1 g+ 69 87+ 6915 7, (A3)

The Clifford algebra of 2™ x 2™ matrices for both even and odd representations one
can distinguish the antisymmetric and the symmetric gamma matrices by a charge
conjugation matrix. There exist unitary matrix C' such that each matrix Cy4 is either
antisymmetric or symmetric. The symmetry depends on the rank of the ¥4 in other
words

(O = —t,Cy"), 1, ==£1. (A-4)
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Appendix B

Hodge duality

The r-form Q" (M) is isomorphic to the (m — r)-form Qm — r(M) on a M dimensional
manifold. If M is equipped with a metric g we can define a natural isomorphism between
them called Hodge * operation. We define the totally antisymmetric tensor € by

+1, if (m1...pm) is an even permutation
€t ofim = -1, if (p1...pm) is an odd permutation . (B.1)

0, otherwise

To raise or lower the indices we use the metric

Ui pm — ,—1
€ ™= g 6/il---lﬁm .

The Hodge star is a linear map taking Q"(M) — Q™ "(M) whose action on the basis
vector of 2" (M) is defined as

*(Cll"ul VANPIRAN de'uT) - W%E#l“.“?«uﬂ_l...umdﬂg?‘—i_l A A dzl/m (B 2)
Defining the one form as
1 H1 Hr
w= ﬁwmmmda: Ao Ndatr (B.3)
acting with the star operation we obtain
*W = 77"'(771 ’i’r)'wm_,,HTe‘“"'“”,,Hl,_,l,mdxl’r“ AL ANdx™ (B.4)

Acting with the hodge star twice should give back the same r-form as we started with

up to a minus sign i.e
wxw = (=1)"m "y

for a Riemannian manifold and for a Lorentzian we have

sk w = (=)=,
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Appendix C

Iwasawa decomposition and coset
group

For simplicity we will now consider the SL(2,R) this would be the coset group for a
T? reduction, the SL(2,R) is the non-compact group of SU(2) and its associated Lie
algebra is essentially the same as that of SU(2). The generators for SU(2) satisfy the
following Lie algebra

[H,Ey]|=+2FEy, [Ey,E_|=H. (C.1)

H is the Cartan subalgebra generator and E are the raising/lowering operators, the
representation for the generators can be written as a 2 x 2 matrices

I R

where H = 13 and Fy = %(7'1 + 79) where 7; are the Pauli matrices. We now consider
the exponentiation of the H and E; and define

V = e2?H X+ (C.3)

where ¢ and y are fields depending on the coordinates of a D-dimensional spacetime.

We can rewrite the exponent as
39 yes?®
e2? yez
V= . C4
( 0 e§¢’> (C4)
Computing the exterior derivative one finds

1
Ay = SA0H + e?dyE, . (C.5)

We can now define the following matrix M = VTV, using the above matrix we can
obtain the following matrices

¢ ¢ ¢ PN2 e
_[e xe -1 _ (et e"X xe
M= <X6¢ e™? + e¢x2> M= ( e? ) ’ (C.6)

using these matrices one can now define the kinetic Lagrangian for the scalar fields

1 1
—5(8@2 - §€2¢(8X>2 - (C.7)
This Lagrangian is SL(2,R) invariant and we can show it by considering a matrix
A € SL(2,R) which is given as

L= %Tr(aMflaM) —

Az(i Z) ad—ch=1, (C.8)
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we then shift the matrix V to V"’ = AV which yields us M — (V")TV" = AT MA this
gives us that our Lagrangian is manifestly invariant i.e

L— iTr (A~oM(AT) AT MA) = %Tr (oM~ tom) . (C.9)

Notice however that the shift we used makes the V" matrix is not of the upper triangular
form, which is not correct since acting with A ruins the transformation of SL(2,R) on
the fields ¢ and x. We can however fix this by introducing a local transformation O
that acts on the V on the left and we also multiply by the constant SL(2, R) matrix on
the right. Defining the transformation as

V' = OVA (C.10)

where the matrix O will restore the upper triangular form of V'. One can find the unique
orthogonal matrix O that does the job of restoring the upper triangular form, and it is
given by

o= <C2 +e2(cx Jra)2>—1/2 <e¢(ci<c+ a) e¢(cxc+ ) > (.11)

This matrix restores the upper triangular form of the SL(2,R) matrix ¥V and we can
now interpret the action of SL(2,R) in terms of transformations on ¢ and x. The
matrix O also leaves the Lagrangian invariant since it compensates for the SL(2,R)
transformations with the constant parameters of A. Since O is local it depends on both
the constant parameters and the fields leaving the Lagrangian invariant, we can see this
by doing the following transformation

M= M =)V = ATVTOTOVA = ATMA . (C.12)

We have parameterised points on the scalar manifold in terms of upper triangular gauge
matrix, where acting with a matrix A allows us to get to any other point on the scalar
manifold. We can do this if we compensate with a O(2) transformation that makes us
stay in our original parameterisation scheme in terms of our upper triangular matrices
V. We can specify points on the scalar by the coset SL(2,R)/O(2) where SL(2,R) is
the global symmetry and O(2) is the local symmetry.

In general one does never need to find the orthogonal matrix O, since one can use
Iwasawa decomposition that states that every element g in the Lie group G obtained by
exponentiating the Lie algebra G can be uniquely expressed as the following product [44]

9 = 9gKgHIN - (C.13)

Here g is the maximal compact subgroup K of G, gy is the Cartan subalgebra of
G and gy is the exponentiation of the positive root part of the algebra G. Our coset
representative V is constructed by exponentiating the Cartan generators and the full set
of positive root generators. We can write our coset representative as V = gygn acting
with the general group element of A € G which means that VA is some group element
of G. Using the Iwasawa decomposition tells us that we can write our group element
in the form gx)’" where V' is of the form g¢};¢%. This assures that there exist a way of
pulling out an element O of the maximal compact subgroup K of G such that we can
write VA as OV'.

Let us now continue with the analysis of roots as we have mentioned above. The
generators of a Lie algebra G can be organised into Cartan generators H which commute
with each other and also with the raising and lowering operators Ez, we can generalised
the commutation relation we mentioned in the start of the chapter as

[H,Ez] = GE . (C.14)



99

The & are called the root vectors associated with the generators Ez the root vectors can
be negative or positive, positive roots are associated with the raising operator and the
negative roots are associated with lowering operator. The commutator of two non-zero
root generators Ez are given as
[E&’Eﬁ] = N(« B)EDH/B , (C.15)
for some constant N (a, 3). Lie algebras can be classified by classifying all possible root
systems, these root systems can be characterised in terms of simple roots. Simple roots
are subset of positive roots that allows one to write linear combinations of the simple
roots. There are as many simple roots as there are root vectors which tells us that the
rank of the algebra is equal to the number of simple roots.
We can now proceed to lower dimensions of toroidal compactifications we encoun-
tered in chapter 3.1 using these scalar cosets to obtain the enhanced symmetries of lower
dimensional bosonic supergravity. We will consider compactifications when n-torus is

n < 5 where our dimensions will be D = 11 — n > 6. The axionic scalars will be Aéo) j

and A(O)ijk in each dimensions and the dilaton vectors gij and @, for these axions form
the positive root generators. The dilaton vector l_);-j comes from the reduction of the
vielbein where the linear combination of the simpe roots are given as gij = — ﬁ + f;
and the d;;;, comes from the 4-form field strength reduction with the linear combination
aijr = ﬁ + f; + f/; — g. We can construct a coset representative V for G/K by exponen-
tiating the associated positive roots with the axions as coefficients and exponentiating
the Cartan generators with the dilatons as coefficients. If one can identify the subset of
the dilaton vectors corresponding to the simple roots of the Lie algebra then one can
identify the group G for each dimension. All Lie algebras are classified in terms of their
Dynkin diagrams e.g the exceptional group Fg has the following Dynkin diagram

G193

b1z bas b4 bas bss

for higher exceptional groups we just add more roots to the Dynkin diagram. For

— 2 we just have one dilaton vector bis where the algebra is SL(2,R) for n = 4
we have the following dilaton vectors (512, bas, b, d123) and the Dynkin diagram is of
SL(5,R), last but not least for n = 5 our dilaton vectors are (512, 523, 534, 545, d123) and
the corresponding Dynkin diagram is of D5 or O(5,5). We can see the dilaton vectors
as the positive roots of the given algebra, we therefore introduce commutation relations
for the Cartan generators and the generators E;/ associated with the dilaton vectors
l_)}j and the generator F“* associated with the dilaton vector d;jr- The commutation
relations are given as

[H,EJ] = by B, [H,E9*) = @, E7*
[E7, Ey'] = 6,E 5Ek ; C.16
(B, E'i%] = 35[’E\m\yk} : (C-16)
[Emk: Eémn] _

Notice that these commutation rules for the generators above are the ones for SL(n,R),
however we have an extra commutation rule for the dilaton vector d@;;, which extends
the algebra from SL(2,R) to larger ones which precisely corresponds to n > 3. If
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we remove the dilaton vector associated with the generator E*/* we indeed obtain the
Dynkin diagram for SL(2,R) Lie group.
We can write the coset representative for all the cases of n < 5 as

(H@ 0>jEij) exp ( Z A(O)UkEz]k) y (017)
1<J 1<j<k

we order the terms in a anti-lexigraphical' where we invert the lexigraphical order such
that we order in the following way (24)(23)...(14)(13)(12). Computing the exterior
derivative yields us

t\.’)\»—A

Ayt = dgf) A+ et 0F B+ 3 ex®ndp, Bk (C.18)
1<J 1<j<k

where one needs to use the commutation relations together with the two identities
1
deXe ™ =dX + = [dX X]+ o[ (X dX]] + (C.19)

AYe X =Y +[X, Y]+ %[X, (X, Y]] +.... (C.20)

The terms ]:i(l)j are coming from the vielbein reduction and the Fg);;, coming from
the 4-form, the scalar Lagrangian for these cases where n < 5 can be written as £ =

LT (@M 1OM).

1Given two partially ordered sets A and B then the lexigraphical order of the Cartesian product
A X B is defined as
(a,b) < (a',b), iff a>d or a=d,b<¥

the result is a partial order.
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Calculations

D.1 Equations of motion for S”—3

The Lagrangian is given as

Lp_s=Rx1— Dlin*Q «dY NdY — %TJl « DTj. AT, DTy — %Yfl * Fi3) A F(3)
YT T« F A — L@ VERTT — (T)?)
(D.1)
we also define the field strengths as
F(Zg) = dAY + gA* A A’(“f) (D.2)
ﬂw:d&m+éwu<ﬁ%AA%—;@ﬁgAﬁﬁAA%>. (D.3)

Ignoring the variation of metric which would give us the Einstein field equations and
only consider the variation of the scalar field, the gauge potential and the vector Y. We
begin with the variation of the vector Y which is given as

D -5
16
P 1 P
—Z5yY 2Ek11}f1 *FZ'] /\F(I%) — 5925YY2 (21—;]111”1 — (T 1)2) ,

Sy S = —

6y(Y_2 xdY NdY) — %5yY_1F(3) A F(g)
(2

using the relation Tij = Y%Tz'j and after partial integration where all the boundary
terms are set to zero we obtain the following equation of motion of the dilaton given as

D-5 _ 1 _
4jzfduf1*dY):5g%2nfnj—(ﬂJ%qL3—Y’1*Fb>AFb>
Lo im17-1 ] k 09

The variation of the 2-form gauge potential and the 1-form gauge potential is given by

1. - . . - o o )
6A9:—Zﬂf*DE%AH?@WH@+gﬂmﬂm+gﬁmﬂm%—}%ﬂ;@f*F%
1,4 1 ij oL g km x qmé

) (
(D.6)

AN
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Neglecting the total derivatives and and using the relation Tk}lfgm =1 we end up with
the following terms

1 sy m e P LTl DP ATl Al
048 = _thrijl * DT’]k A Tkgl(SAAngmz - thrijl * D,‘r]kl A kaléAAl(%Tém
1

1 L g
—SV T g NdoaA — (Y ITMT 5 Y

) DéAA’gf) (D.7)

Lo ij ke

doing the partial integration and using the scalar relation above we obtain the following
equations of motion

d(Y '« Fz) =0 (D.8)
P 1
(_1)DD(Tik1Tj£1 * F(k;)) = 24T, k[z * DT] ieiju * F(g) A F(ng) . (DQ)

Notice that we relabeled some terms and the (—1)” term comes from doing a partial
integration on differential forms where D is the degree of the p-form.

The last variation is w.r.t 077 the terms that will contribute to the equations of
motion will be

1- . D T P ’
orS = —ZT; « DTy A Ty DTy — 1Y—%Ti;lTj;l * Fg) ANFl3) =67V 1, (D.10)

we will deal with the potential later on. Using the following relation 5TT1»;1 = —T@%TT kj
and rewriting the terms above we obtain

1. - ~ - 1
578 = _ZT’;l « DT, AT, DorTy + 1Y*%Tzle 7T+ F

ke
in o) N FE

(D.11)

Lo, 1moc & &1
Y T2 T T+ F )

Relabeling the second and third term and doing partial integration on the first term
yields us

orS = ( 1)PD ( * DTM) Tke 7Ty + Y QTkélTké 07T T * F(nl§ A Fgy )

—rF—1g-1 17— kj L
+ ZY 2TM T, 5TT& T]m * F(J) /\F(m)

(D.12)

gathering all the terms we obtain

1~ ~ .
608 = 5Ty 61T ((=1)PD (T;;" # DTjr ) + T Tyt # F5 A FE) + T Tyt % FS) A FBY)
(D.13)
We now have to deal with the potential, which is given as

1 1 . - -
o1V = 39°Y 37 (T Tym (2755 = (T0)?)) (D.14)
taking the variation we obtain
2 Pl oo s s
5V = —g V7 (T 00Ty (20T — 2(T0)?) + T Tim (200 T Ty — 2Ti07Tp™ ) )

Ty
1 _
=39 27 60Ty, (2 (QT&-T&- - ) (2T Tyi — szpTgm)) .
(D.15)
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We thus see that the variations are all the same now and we obtain the following equa-
tions of motion

(-1)PD (Tgl s 'DT]k> =29% 2T Tk — TijThr) €p—3 — Ty T F(e2k) NEG]
« FE5 A F{g)")
(D.16)

1 ~_
= 7% (292 <2TnkT nk — (Tkk)Q) ep—3—Tp Toi

D.2 Einstein field equation consistency check
The Ricci tensor is given as

N 1 1 1
Ry =Ry — ZX;QaMXia,,Xi + §A—1X;1M§auxia,,xi — iA_QauA&,A

+ %a (A‘%A@AA - A—luA) 9w

—a (Z X7 = ATIXPEE Y X - 287X + 2A‘2(X3u$)2) uv
i J
. 1 1 1 D.17
Rop =Rap + 5bgaﬁA—zmA — 5bga,BA—?’aAAaAA — §A_1Dga5 (D.17)
1 1 1
+ §A*1g75(‘3}\gawa)‘gﬁ§ - ZA’QBQAQBA — §A*1vaaﬁA
1 1
— ZbgagA*QC%A@VA - 5bgaﬁAflvwam

A 1. _ _
Rop = =354 U(X10, X0 — X510,X0) ta
and useful properties are given as
DN A = AX P17 — AN (X pd)?
1 1
g ==-A"19sA + =
af =5 Bo T aks
1
Vod* A =23 X7 207 X7p3 Y X+ 4A(X7p7)? — AN XD ? + §A—laaAaaA
i J
Rag = A" Gap Y Xy = A7H(XP 17 )Gap + A7 (Xa — X0) (X5 — Xo)ptais — A (Xa — X0)dap
v
-3 A ya -3 Av.pon M _ 4
Ogas = X, X0 X 5a5 + X, O\ Xp0 Xoflaflg — 4(Xa(5a,3 + XONaHﬂ) + 2048 ZX]' + NVQQB
J

90 0gar 0955 = X5 *O0Xa0* X 00 + X 1 X00* Xoflafis
— ATHX' X0 — X TOaX0) (X510 X5 — X0 Xo)pans -

We can use these relations to simplify the Ricci tensors which will be needed for checking
that the equations of motion are satisfied for the Einstein field equations. The scalar
equation of motion can be written as

4
OA = X; ' 100 X0 X + 4X2p? — 2X7u3 Y X — AV (D.18)
J
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Let us first consider Rag using the relations above we can expand the Ricci tensor to

Rog=A""905> Xy — A2(X717)Gap + A2 (Xa — X0) (X5 — Xo)ttaps — A H(Xa — X0)dag
Y

1 o _ _ 2 _
+ ibgaﬁA 2Xi 1/,1,@28/\)(1'8/\)(1' + QbQQBA 2Xi3Hz2 — bgagA 2Xi2u? Z Xj — NbgaﬁA 1V
J

_ _ Lo g - -
— 200 ATPX2 U2 — 2905 ATHXEuZ)? — 3 'X 300X 00 X Y605 — 54 LX 300 X00 Xofiafis

2 1
— 20N (Xabap + Xofialts) — A ' Gap > Xj — A—lﬁvgaﬁ + iA—lxjaAXaaAXaaaﬁ
J

I ol _ _ _
+34 1X 305 X00 Xofiafis — 54 2(X, oA Xa — X ' 0rX0) (X510 X — X 10 Xo) s

1 1
- ZA*aaAaﬁA - 5A*lvaagA — bgagATXP U — bgas AT (X ul)?

1 —1 2 —1+v2,,2 —2 2, 2\2 —1+vy3,,2 171
+ 5bgapA (22}&—% Xiui;Xj—l—élA (X2u2)? — 4A X+ AT VA0A

we can simplify this using the following relations
fla = Na/,an Jap = 504,8 + ﬂaﬂﬁ . (D-lg)

First we gather some terms that will not disappear

R - _ _ I
Rop D = 2bgapA 2 X210 > " X+ bgapA™ > X7 + bgapA T (XP17)? = b SU2gus
J J

Rug D%bgagA’2Xi_1u?8,\Xi8)‘Xi
Rugp D%A*Z(XQI&XQ — X' X0) (X5 0N X — X5 0N Xo)paps
notice that some terms cancel among them self and we end up with the following terms
Rap = =A7(X203)Gas + A (Xa — Xo)(Xp — Xo)aty — A (Xa = Xo)das
+ %bgagA_2X;1 120 X;0M X + %bA_SUan/g — %bga/BA_?’@)\A@)‘A

2 2 1
— 0gap ATV = 207N (Xodap + Xoflailp) — NgaﬂA—lv - ZA_QﬁaAaﬁA

N

- %A—lvaaﬁA — bgas AT XP 12 + ibgagA_Q (4xPp? — 401 (X))
1 o oo _ _ _

— SATHX 00X — X O X0) (X5 0N X — X 0N Xo) pais

2

after more algebra manipulations making the rest of the non surviving terms canceling
among them self, we can finally simplify the Ricci tensor to

1 1 1
Rap :§bA_3U29a,8 + §A_29aﬂXz‘_1M12a)\Xia)\Xi - §bA_33AA3AA

1 -2 -1 -1 —19X —1gA (D20)
_iA (Xa 8,\Xa—XO 6AX0)(X5 0 Xﬁ_XO 0 X()),u,a,u,g.
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