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Abstract

Accounting for the accelerated expansion of the universe during the current dark energy
era or the early phase of inflation within the framework of string theory is an open and
notoriously difficult problem. This thesis presents new perspectives on some aspects of
this long-standing challenge.

The first part explores flux compactifications of ten-dimensional type II supergravities
on group manifolds with orientifolds and D-branes. We classify the possible solutions
allowed by this framework, and look for maximally symmetric backgrounds, with a
particular emphasis on de Sitter solutions. We then develop the tools required to analyze
the stability of the effective scalar potential, the scale separation, the flux quantization,
the compactness of the internal manifold as well as the perturbative regime of the solutions.

The second part is devoted to the study of time-dependent flux compactifications of
ten-dimensional type IIA supergravity on various classes of six-dimensional manifolds
(Calabi-Yau, Einstein, Einstein-Kéahler), in order to construct cosmological backgrounds
where the four-dimensional spacetime is Friedmann-Lemaitre-Robertson-Walker. The
cosmologies we present are universal in that they do not depend on the detailed features
of the compactification manifold. Once the equations of motion are rewritten as an
appropriate dynamical system, the existence of solutions featuring a phase of accelerated
expansion is made manifest. The fixed points of this dynamical system, as well as the
trajectories on the boundary of the phase space, correspond to analytic solutions which
we determine explicitly. Furthermore, some of the resulting cosmologies exhibit eternal
or semi-eternal acceleration, whereas others allow for a parametric control on the number
of e-foldings. We also obtain several cosmologies featuring an infinite number of cycles of
alternating periods of accelerated and decelerated expansions.

The third and last part of the thesis focuses on the effects of warped compactifications
on the spectrum of gravitational waves. When non-smeared O,,/D,, sources are included in
the higher-dimensional theory, the warp factor has non-trivial effects on the Kaluza-Klein
tower of gravitational waves. We study the profile of the warp factor when moving away
from a source, and develop a method to determine the gravitational wave spectrum which
overcomes the difficulties due to the region where the warp factor becomes negative.
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Résumé

Rendre compte de I'expansion accélérée de I'univers durant la phase actuelle d’énergie
noire ou pendant 'inflation dans le cadre de la théorie des cordes est notoirement difficile.
Cette these de doctorat présente de nouvelles perspectives sur certains des aspects de ce
probleme.

La premiere partie de la these explore les compactifications avec flux des supergravités
de type II a dix dimensions sur des variétés de groupe avec orientifolds et D-branes.
Nous classifions les solutions permises par ce cadre, et cherchons des vides maximalement
symétriques, en se concentrant plus particulierement sur les solutions de de Sitter. Nous
développons ensuite les outils nécessaires pour analyser la stabilité du potentiel scalaire
effectif, la séparation d’échelles, la quantification des flux, la compacité de la variété
interne ainsi que le régime perturbatif des solutions.

La deuxiéme partie est consacrée a I’étude des compactifications avec flux dépendant
du temps de la supergravité de type IIA & dix dimensions sur différentes classes de
variétés a six dimensions (Calabi-Yau, Einstein, Einstein-Kéahler), afin de construire des
solutions cosmologiques ou ’espace-temps a quatre dimensions est de type Friedmann-
Lemaitre-Robertson-Walker. Les cosmologies que nous présentons sont universelles en
ce sens qu’elles ne dépendent pas des caractéristiques détaillées de la variété interne.
Une fois les équations du mouvement réécrites sous la forme d’un systéeme dynamique
approprié, ’existence de solutions présentant une phase d’expansion accélérée est rendue
manifeste. Les points fixes de ce systeme dynamique ainsi que les trajectoires sur le bord
de 'espace des phases correspondent & des solutions analytiques que nous déterminons
explicitement. En outre, certaines des cosmologies résultantes présentent une accélération
éternelle ou semi-éternelle, alors que d’autres permettent un contréle paramétrique du
nombre de e-folds. Nous obtenons également plusieurs cosmologies présentant un nombre
infini de périodes alternées d’expansions accélérées et décélérées.

La troisieme et derniere partie de la theése se concentre sur les effets des compactifica-
tions “déformées” sur le spectre d’ondes gravitationnelles. Lorsque des sources O,/D,,
non-moyennées sont incluses dans la théorie a dimensions supplémentaires, le facteur de
déformation a des effets non triviaux sur la tour de Kaluza-Klein d’ondes gravitationnelles.
Nous étudions le profil du facteur de déformation lorsque ’on s’éloigne d’une source, et
nous développons une méthode pour déterminer le spectre d’ondes gravitationnelles, en
surpassant les difficultés dues a la région ou le facteur de déformation devient négatif.
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Introduction

All traditional societies and religions have had their stories of the universe. Inquiries
into its nature, structure, its origin, evolution and fate are long-standing ones. While
being amongst the oldest, it is only recently that these could be addressed in a proper
scientific context. Even a century ago, we did not know why the sky is dark at night nor
why stars shine as they do, we ignored that there are other galaxies than ours, we had
no clue about what the universe actually contains, and perhaps most of all, we did not
understand the universe as an entity on its own.

Recent advances in both theoretical and observational cosmology in the past three
decades have brought to us a complete new perspective on all these questions. Precise
measurements of temperature fluctuations in the cosmic microwave background (CMB)
[8-13] — a snapshot of the universe when it was just 380 000 years old — observations of
type Ia supernovae [14,15], as well as galaxy surveys mapping the distribution of large-
scale structures [16] have established the so-called ACDM standard model of cosmology.
It describes a universe filled with only 5% ordinary atoms, 27% dark matter and 68%
dark energy [11], accounted for by a cosmological constant A. The latter drives the
current accelerated expansion of the universe, but it is fair to say that we do not know
much about its nature. There is now strong evidence that large-scale structures such
as galaxies were seeded by primordial density inhomogeneities, caused themselves by
quantum fluctuations [17—22], which were subsequently stretched to cosmic size during
an era of very rapid expansion called inflation [23-25]. Understanding the microphysical
mechanisms underlying the accelerated expansion of the universe during the current
phase of dark energy or during inflation remains an open problem for modern physics,
and is the central topic of the present thesis.

e Inflation and dark energy

Observations of the CMB and galaxy surveys tell us that on large scales, our universe is
nearly isotropic. Further assuming that we humans on Earth are no privileged observers —
assumption sometimes referred to as the Copernican principle — this also implies that the
universe is homogeneous, which is well described by the so-called Friedmann-Lemaitre-
Robertson-Walker (FLRW) metric,

ds? = —dt? + a(t)?dQ3 (1)

where the scale factor a(t) characterizes how the size of spatial slices evolves in time,
and sz is the spatial metric of either Euclidean space, the three-sphere (in which case
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we talk of a closed universe) or of hyperbolic space (open universe).

These observational facts actually constitute a puzzle within standard Big Bang
cosmology, which goes under the name of the horizon problem. The latter can be
summarized as follows: let us think of the CMB as a precise temperature map of a large
patch of the universe at the time of recombination, when it was much smaller and much
hotter. This patch turns out to be so large that it is made of many (over 40000) causally
disconnected regions, in the sense that the time elapsed since the Big Bang did not
suffice to bring them into causal contact, and these could never exchange any information.
In particular, these disconnected regions could not exchange photons in order to be at
thermal equilibrium with each other. However, this equilibrium is precisely what we
witness in the CMB: we do observe that the temperature is the same everywhere, to
a level of one part in 10°. Calling this a coincidence would be highly implausible, and
one has to come up with a mechanism to explain the correlations of temperatures in the
CMB.

One solution to the horizon problem (and in fact to many other issues of the standard
Big Bang cosmology) is provided by the paradigm of inflation [23-25]. It postulates
that the universe underwent a period of rapid — close to exponential — expansion before
being populated by the matter we know. If this era of accelerated expansion lasted long
enough, it allows us to extend the duration between the Big Bang singularity and the
time of recombination when the CMB was released, so that all past light cones ending
on the corresponding space slice can now intersect before the singularity. In other words,
this allows all points of the CMB patch to have been in causal contact in the past, and
thus would remedy the horizon problem.

For such a period of accelerated expansion to occur, one needs to violate the so-called
Strong Energy Condition (SEC), which can be written in some coordinates as

Roo = Too + g T;; > 0. (2)

It has to be violated because Rgy = —% has to be negative if one imposes ¢ > 0, where
dots stand for derivatives with respect to time t. The simplest way to realize this is to
consider a homogeneous scalar field ¢(t) called the inflaton [24,25], which is minimally
coupled to gravity, !

R 1
S = /d4x g (2 — 590" 90" — V(@)) : (3)

and has a positive potential energy. In this case, Eq. (2) becomes

Ry =2(¢* = V(y)), (4)

from which we read that there is acceleration whenever the potential energy of the
inflaton gets bigger than twice its kinetic energy. In the limit where V() > ¢?, the
scalar field sector behaves as an effective cosmological constant A ~ V| and the spacetime
is approximately de Sitter space, with corresponding exponential scale factor a(t) ~ eVAL,
Thus, dark energy may also be modelled with a scalar potential, provided that the system
stays at a roughly constant value of the potential energy. This can be the case if the

'In this section, the Planck mass is set to 1 for simplicity.
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potential admits a positive, meta-stable minimum which is called a de Sitter vacuum, or
a region of almost flat runaway (that is considered in quintessence models). Constructing
de Sitter vacua from a fundamental perspective will be precisely the subject of the first
part of this thesis.

The classical dynamics of Eq. (3) is given by the Friedmann equation and the
Klein-Gordon equation for ¢,

3H2:%¢>2+V and $+3Hp=V", (5)
where V' = 9,V and we defined the Hubble parameter H = % One can combine these
equations into '

oo H 38 ¥ (6)

- H2 H?2 %ch v’

and the condition for acceleration translates into ¢ < 1. Now, to have a sufficiently
long period of inflation to solve the horizon problem (and other constraints), one needs
to prolong the situation where the potential energy dominates over the kinetic energy.
This can be done with a fairly flat potential V' on which the physical system is slowly
rolling down. This way, the conditions for extended slow-roll inflation can be expressed
as conditions on the shape of the potential [26],

1 /V'\? W
=—| = 1 = 1.
v =g < v ) <1 and |ny| % < (7)

These are called the potential slow-roll parameters.

One can then engineer different types of potential — providing or not an explanation
of why they should have such a shape — and derive the dynamics of the cosmology they
give rise to.

e Ultraviolet sensitivity of inflation and the need for quantum gravity

Scenarios such as (3) are toy-models as long as they remain decoupled from the rest of
physics, and they lack ultraviolet (UV) completions. One way to address these deficiencies
would be to work in the paradigm of effective field theories (EFT). Before diving into it,
let us say a few words about what we call EFT.

Physical processes and phenomena occur over a large range of length scales. Luckily,
most of the time one can study the physics of such phenomena only at the relevant
scale and do not have to resolve the small-scale details of a more complete and more
fundamental theory. For instance, one can thankfully describe fluid dynamics without
having to report the motion and interactions of the atoms that constitute water molecules.
The fluid-mechanical paradigm will be sufficient to describe phenomena up to a certain
length (or energy) scale, beyond which the theory will stop being relevant and should be
replaced by something else. This reasoning is particularly useful when the full theory is
not known or not computable, in which case one can parametrize our ignorance of the
unknown physics by a collection of so-called irrelevant interactions, which decouple and
are suppressed when we consider processes at a low energy with respect to the cut-off
scale where the effective theory breaks down.

Nonetheless, there exist situations where the high energy degrees of freedom do not
decouple, and the low-energy theory is strongly affected by the irrelevant interactions:
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we call this phenomenon UV sensibility. It turns out that inflation falls into this class, as
we will explain below.

The previous claim goes under the name of eta problem(s) [27]. It mainly concerns
slow-roll inflation but variations thereof also arise in most non-slow-roll models (see [28]
for a discussion on this matter). One first observation is the following: the maximal
cut-off A, of inflation as an EFT is obviously the Planck mass M), beyond which quantum
gravitational effects are guaranteed to become relevant. On the other hand, in order for
the EFT to remain valid during the freeze-out of cosmological perturbations, the cut-off
has to be larger than the Hubble scale H, so

H< A< M,. (8)

Now, it is well-known that quantum corrections tend to push the mass of scalar fields up
to the cut-off of the EFT,
Am? ~ A?. (9)

For inflation, the mass of the inflaton is directly related to the second slow-roll parameter
n ~ V" in (7). But since consistency of the EFT requires A, > H, the eta parameter

receives order-one corrections )

Az

which spoils the delicate flatness of the potential needed for sustained inflation. Enforcing
a small physical n would then require to fine-tune the bare parameter and we run into
naturalness issues (note that symmetry considerations can improve the protection of 7
against large corrections but cannot solve the problem entirely).

Another issue arises when considering order-six interactions in the tower of non-
renormalizable operators of the EFT, of the form

[

AV = cV(y) (11)

il

where ¢ is a O(1) constant and V' represents the renormalizable terms in the potential.
In a theory with a single scalar field, it is difficult to justify the absence of couplings of
the form (11). Provided that the cut-off A. is larger than the vacuum expectation value
(VEV) of the inflaton, the operator will only give a small contribution to the potential,
AV <« V. However, such a correction reflects on 77 — because of its dependency on V — as

M2 2
An = 7”635(AV) ~ 2c G{:) >1, (12)
where we have restored the Planck mass. Thus, even if the operator (11) is Planck-
suppressed, it cannot be ignored in discussions of the inflationary dynamics. A similar
argument can be done for more general non-renormalizable interactions, which can yield
comparable or larger effects.

The upshot of the above argument is that inflationary theories have the special feature
that some irrelevant operators of the EFT play a crucial role at low energy, not only for
precision observables, but even for the zeroth-order dynamics. This UV sensitivity begs
for a treatment of inflation in a UV-complete theory of quantum gravity.

4
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e String theory

Up to date, the most developed framework for quantum gravity is string theory, whose
starting point is to replace the point-particles of quantum field theory by finite size objects,
including one-dimensional vibrating strings. There exist five string theories, which are
related to one another by dualities, and they all have 10 dimensions of spacetime. In
this thesis, we will be concerned with the low-energy limit of these theories, which are
10d supergravity theories. The latter can be thought of as supersymmetric extensions of
General Relativity, or alternatively as field theories with local supersymmetry. Of interest
to us, these supergravities admit gravitational backgrounds where the 10d spacetime is
split as a product of an extended 4d spacetime with a 6d compact space

Mg = My x Mg. (13)

At length scales much larger that the characteristic size of Mg, the EFT around the
background is a 4d quantum field theory coupled to gravity whose spectrum depends
itself on the geometry of the extra dimensions. Deriving the precise features of the lower-
dimensional effective theory requires to perform a Kaluza-Klein compactification [29,30].
In particular, compactifying the 10d fields down to 4d will give rise to a certain number of
scalar fields — the so-called moduli — which are associated to the size and shape of the extra
dimensions (we will come back to this point below). We will be particularly interested in
backgrounds where the 4d spacetime My is mazimally symmetric — meaning that it is
either anti-de Sitter, Minkowski, or de Sitter space — coming from compactifications of
10d supergravities.

Let us recall the big picture. We want to account for the observed accelerated
expansion of our universe (dark energy and/or inflation) within the framework of string
theory using its supergravity low-energy limit which is well-understood. The aim is thus
to construct solutions of 10d supergravity where the 4d spacetime is de Sitter, or more
generally FLRW (1). The problem however, is that it turns out to be a formidable task
to do so. Let us give a flavour of why it is the case. Recall that in order to achieve
accelerated expansion, one needs to violate the SEC (2) and we saw that it could be
done with scalar fields with positive potential energy. Thus, one could think that all we
need is a certain compactification for which the 4d EFT has a positive scalar potential
and there should be regions of the field space where one can violate the SEC, or even
(meta-stable) minima of the potential at positive values, if we search hard enough among
all the possible vacua of string theory.

However, there is a twofold problem: (%) all 10d pure supergravities have their energy-
momentum tensors satisfying the SEC, and (7i) the SEC is hereditary, in the sense that
if it holds for the higher-dimensional theory, it will remain valid for any compactification
thereof. This claim constitutes a well-known no-go theorem first discovered by Gibbons
[31,32] and later refined by Maldacena and Nuifiez [33]. It can be stated as follows: cosmic
acceleration is forbidden in models descending from pure 2-derivative 10d supergravity
with time-independent compactifications on non-singular manifolds without boundaries.
Thus, if one ever wishes to model accelerated expansion with 10d supergravity, one has
to circumvent at some point the no-go theorem, typically by relaxing one or several of
its assumptions. We shall review extensively in the next section the various routes one
can follow in order to do so.

In any case, on still has to construct a positive scalar potential with the various
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ingredients provided by string theory. These include fluzes F,, — which are higher-
dimensional generalizations of the electromagnetic flux — they contribute positively to

the potential as [34]
1
Vies ~ Y 5 [ Vlssler B2 (14
p AP IMs

where ¢, are constant coefficients and ¢ is the dilaton, a scalar field predicted in the
massless spectrum of closed strings. One can also make use of the curvature of the
compact manifold gathering the extra dimensions,

V;:urvature ~ - /M V |g6‘R67 (15)
6

so that negatively curved (hyperbolic) spaces help in building positive potentials. One
can also resort to so-called orientifolds sources which are exotic objects with negative
tension: they enter the potential as

Vsources ~ —tension/ \/W> (16)
Yn

where g, is the determinant of the 10d metric pulled-back on the hypersurface 3,, wrapped
by the orientifold. The resulting scalar potential is the sum of all the contributions
mentioned above.

e De Sitter constructions in string theory

Let us present a bird’s eye view of the existing attempts to constructing de Sitter space
from string theory, together with their respective issues. We follow closely [34] and [35],
and refer to these reviews for additional details and a more complete list of references.

e Classical constructions. These will be the central topic of this thesis, and
constitute perhaps the most natural way to build de Sitter vacua. By classical we
mean the tree-level of perturbative string theory, that is 10d supergravity at the
two-derivative level, with fluxes and O, /D, sources. For concreteness, we focus
here on type II supergravities, whose bosonic sector can be decomposed as

S = Sbulk + Ssources 5 with Sbulk = SO + SCS s Ssources = SDBI + SWZ . (17)

We follow Appendix A of [36] for notations and conventions and refer to it for
more technical details. The fields in the bulk action are the 10d metric gpsn (with
M,N =0,...,9), the dilaton ¢ and the Kalb-Ramond two-form b. One considers in
addition Ramond-Ramond (RR) p-form gauge fields Cp with p = 1,3 in type IIA
and p = 0,2,4 in type IIB. The corresponding fluxes (field-strengths) are

1
IIA: H:db,Fo,F22d01+bF0,F4:d03—H/\Cl+§b/\bF0,
1IB: H=db, Fi =dCy, F35=dCy — HANCy, F5 =dCy — HNC,.

(18)
The Sy action then reads

1 _ 1 1
So = 22, d"2+/]g10| <6’ 26 <R10 + 4|dg|* — 2’H|2> ) Z Fp|2) , (19)
p
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where 2x%, = (27)7(a’)* and o is the square of the string length I5. Here, Ry is the
10d Ricci scalar and |g10| the absolute value of the 10d metric’s determinant. The
Chern-Simons Scg terms will not be relevant for the present discussion, so let us
now turn to the sources contributions. The dynamics of D-branes and orientifolds
is captured by the Dirac-Born-Infeld (DBI) action Sppr and the Wess-Zumino (WZ)
term Swyz, whose expression are respectively given by

SDBI = —Cpr/ derlfe*d)\/’L [910 - b] + Jr| )
pt1

(20)
Swz = —Cpup/ E L [Cq] A efb[bH]:,
Zp+1 q

where ¥, 11 is the world-volume wrapped by the source and ¢[-] the pull-back to it.
F denotes here the field strength of the world-volume gauge field. The tension 7},
can be determined from amplitude computations (e.g. the exchange of a closed
string between two D-branes) and is given by T2 = 5-(47%a/)*>~P. The constant

coefficient ¢, is equal to 1 for a D-brane, and equal to —2P~> for an O,p-plane.
We thus see that orientifolds carry negative tension, which makes them crucial in
circumventing de Sitter no-go theorems.

T
2
KRio

Finding de Sitter solutions in this corner of the moduli space typically amounts
to coming up with a particular ansatz (e.g. for the internal geometry and the
fluxes) and then solve the 10d equations of motion (e.o0.m.), including the Einstein
equations for the 10d metric, the e.o.m. for the dilaton and the fluxes, as well as
the Bianchi identities for the latter — sometimes referred to as tadpole cancellation
conditions. We shall go back to these in details in Chapter 1. The 10d solution
corresponds to a critical point of the scalar potential of the 4d effective theory
which is obtained after compactification. One then has to address the stability of
this critical point to make sure that the solution is free from tachyons. Up to date
however, not a single de Sitter solution without tachyons has been constructed
within this set-up. It remains an open problem to understand this obstruction or
to come up with counter-examples. This is one of the main subject of the present
thesis, and will be discussed extensively in the subsequent chapters.

Non-geometric fluxes. These objects arise when one considers a T-duality
chain starting from an NSNS 3-form flux H. To be concrete, let us consider here
a compactification on 7% with such an NSNS 3-form flux Hy;. on some 3-cycle.
Under a first T-duality — say in direction a — the H flux is mapped to so-called
geometric fluxes f%, associated with a twist in the torus topology (these correspond
to the structure constants for compactifications on group manifolds, which we will
consider extensively in Part I of the thesis). One can perform another T-duality
along direction b, which leads to a “dual torus” that is locally geometric but cannot
be described globally in terms of a fixed geometry [37]. The non-geometric fluxes
resulting from T-duality are commonly denoted Q.. The T-duality chain can be
pushed one step further, giving rise to other non-geometric fluxes denoted R, In
summary,

Habc @ fabc & Qabc & Rabc‘ (21)
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These non-geometric fluxes do not have a 10d origin which can be traced back in
actions such as (19), so vacua found within these constructions are qualitatively
different from the above category. The thing of interest is that the @- and R-fluxes
yield contributions in the 4d potential that scale differently in the scalar fields than
the geometric fluxes or the other contributions coming from sources or internal
curvature. For instance, the @)- and R-fluxes give rise to terms in the potential
which scale respectively linearly and cubically in the 6d volume modulus p, and
these terms are particularly useful to offset other contributions, and enlarge the
parameter space. Within this framework, it turns out to be possible to build
meta-stable de Sitter vacua, although they remain scarce [38-40].

However, not having a duality frame in which fluxes can be geometric implies that
the resulting 4d supergravity should describe both string momentum and winding
modes — which are otherwise traded via T-duality — and thus, that some of the
extra-dimensions must be close to the self-dual radius (and cannot be made large)
for the two types of modes to be relevant at low energy. This is problematic to
have good control over the solution since one can no more ignore higher derivative
corrections to the effective action. Hence, although non-geometric fluxes may
constitute interesting ingredients in dS model building and should be considered
in full generality, it is hard to expect constructing trustable dS vacua without
addressing the issue of control over derivative corrections.

e Quantum corrections. The vast majority of de Sitter constructions considered in
the recent literature consist of classical compactifications with fluxes and orientifolds
sources as described in the first paragraph, together with “quantum corrections”.
These include higher-derivative corrections (higher order in o), string-loop correc-
tions (higher order in g4 the string coupling constant), non-perturbative effects, etc.
These corrections are typically used to stabilize the Kéhler moduli. There are two
main constructions going along these lines: the first one is KKLT [41] (named after
the authors Kachru, Kallosh, Linde and Trivedi), the other one being the so-called
Large Volume Scenario (LVS) [42].

In the former case, one starts from type IIB string theory compactified on a
Calabi-Yau three-fold (CY3). The latter is a 6d Ricci-flat manifold equipped with
a globally defined and nowhere vanishing holomorphic three-form. In addition, it
possesses a unique covariantly constant spinor, used to construct a unique two-form
dubbed the Kahler form. When the 10d theory is compactified on the CYj3 in
order to extract the effective 4d theory, the holomorphic and the Kéahler forms are
integrated over two- and three-cycles of the manifold and respectively give rise
to complex structure moduli and Kéhler moduli, which correspond to massless
scalar fields in the 4d theory. The Kéhler moduli characterize the size and volume
of the internal manifold, whereas the complex structure moduli account for its
shape. A basic example would be a two-torus 72 (which is a CYy) of edges I; and
l: the volume [yls is the Kédhler modulus, while the ratio /3 /Iy defining its shape
corresponds to the complex structure modulus.

One then considers a GKP-like warped compactification (again named after the au-
thors Giddings, Kachru and Polchinski) [43], that features RR fluxes and orientifolds.
These admit imaginary self-dual Minkowski solutions which have the important
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property of having all complex structure moduli and the dilaton stabilized.

In order to generate a potential for the remaining unstabilized Kéhler moduli, the
KKLT construction makes use of non-perturbative corrections coming from gaugino
condensation and Ds-branes instantons. After taking these corrections into account,
the resulting scalar potential admits a stable supersymmetric minimum at a negative
value, that is, an AdS vacuum. Furthermore, the latter can be parametrically
scale-separated, meaning that it can truly be perceived as four-dimensional at low
energy, which is a crucial feature for phenomenology.

The last step towards a dS vacuum consists in adding anti-Ds branes (D3): these
break the supersymmetry — which is needed to have de Sitter space — and contributes
positively to the scalar potential in order to uplift the minimum to a positive value.
The D3 are placed (or rather attracted) at the tip of a so-called Klebanov-Strassler
(KS) throat [44] smoothly glued to the CY3. This allows to fine-tune the energy
contribution of the D3 which is necessary to yield a meta-stable dS vacuum without
spoiling its stability.

The LVS shares a similar starting point but takes a different route when it comes
to stabilizing the Kéhler moduli for the Minkowski solution. It incorporates the
leading perturbative o/ correction to the Kahler potential, which can be tuned
against the non-perturbative corrections so to provide a non-supersymmetric AdS
vacuum with exponentially large volume, thus putting the solution in a regime
where further corrections are in better control [42]. One may then do a similar
antibrane uplift as in KKLT to end up with a dS vacuum.

Nonetheless, both these scenarios are at the center of vivid debates about the validity
of each step involved in the construction. It is beyond the scope of this introduction
to go through all the criticisms in details, but let us just mention a few arguments.
Already at the level of the GKP compactification: the construction requires a
small but non-zero constant contribution from the fluxes to the superpotential,
which is often denoted Wy in the literature. The corresponding flux configurations
breaks supersymmetry and one should at this stage (even before adding the non-
perturbative corrections mentioned above) consider perturbative string loop and
higher derivative corrections. However, these are not fully known and it is not
clear whether they are small enough to be counteracted by the non-perturbative
ones [45]. Another related problem is that it is not clear whether it is possible to
achieve a parametrically small W since it would be in tension with the recently
proposed tadpole conjectures [46], although some great progress has been made in
that direction [47-50]. There are also numerous objections regarding control on
the non-perturbative terms added for stabilizing the Kéhler moduli [51,52]. Lastly,
the antibrane uplift to dS is far from being fully understood: it is argued that the
backreaction of antibranes may cause brane-flux instabilities (for LVS, the situation
might be even more dramatic as it was argued recently that uplift scenarios in this
case were out of control due to derivative corrections [53]). We refer to [35] and
references therein for a thorough discussion on these arguments and how they may
be circumvented.

Other constructions. There exist other scenarios for constructing de Sitter space,
which are somewhat less studied in the literature but are worth mentioning briefly.

9
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These include brane-world scenarios with non-compact extra-dimensions [54-56],
or constructions within non-critical string theory [57-59]. The idea in the latter
setting is the following: for non-critical string theories of dimension D, the effective
action receives an extra contribution proportional to D — D, where D, is the critical
dimension. If one considers D > D., then the extra positive contribution to the
effective potential may help in finding de Sitter vacua. However, as pointed out
by the authors of these works themselves, it is complicated to understand whether
there is any perturbative control over these solutions.

e Outline of the thesis
Let us get give a brief outline of the thesis, which is divided into 3 parts.

The first one is devoted to the study of classical de Sitter backgrounds. In Chapter 1,
we describe the precise setting, ansatz and ingredients that we use. The framework is
10d type II supergravity with fluxes and O,/D,, sources compactified on so-called group
manifolds. We discuss their geometry, and provide the equations to be solved in order to
construct maximally symmetric backgrounds. Indeed, although the main focus is on de
Sitter, we also consider Minkowski and anti-de Sitter backgrounds in the analysis.

In Chapter 2, we give a complete classification of the possible solutions allowed in
such a framework. It turns out that there is only a finite number of distinct O,/D,,
source configurations, which are constrained by tadpole cancellation conditions. In
each configuration, we work out the precision orientifold projection and the associated
field content to be plugged in the equations. We study the supersymmetry of these
configurations and how some of them are related by T-duality. This procedure allows us
to divide the solution space — that we refer here to as the Landscape of (anti-) de Sitter
and Minkowski solutions of 10d type II supergravities — into smaller regions with different
properties. This turns out to be useful in order to organize the search for new solutions
but also to understand the absence of de Sitter solutions in certain regions. Indeed, in
some of them, it becomes possible to prove no-go theorems against the existence of de
Sitter vacua. We then present the procedure we follow to solve the equations and look
numerically for new solutions.

Chapter 3 is then devoted to the exploration of this Landscape, and we study in more
details the properties of the backgrounds living in the different regions. We develop tools
to characterize the internal geometry of each solution: this requires to properly identify
the underlying group manifold, and decide whether it is or can be made compact by
taking an appropriate quotient by a discrete subgroup. We also develop some formalism
to generically analyze the stability of the 4d scalar potential, and make some comments
about the scale separation of the backgrounds. All the (anti-) de Sitter and Minkowski
solutions, as well as their properties, are provided in Appendix C.

We proceed in Chapter 4 by taking further the stability analysis through the prism of
consistent truncations. We present very general tools to study the perturbative stability
of classical flux compactifications, and apply them on our database of (anti-) de Sitter
and Minkowski solutions.

We end this first part in Chapter 5, where we discuss more subtle intricacies of de
Sitter string backgrounds including flux quantization, control on large volume and small
string coupling constant gs, scale separation, and the apparent tension which occurs

10
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when one tries to satisfy all these requirements at the same time.

In the second part of the thesis, we turn to time-dependent compactifications of 10d
type ITA supergravity, taking an alternative route towards accelerated expansion (among
the options which circumvent the no-go theorems discussed above). We begin in Chapter
6 by giving a bird’s eye view on time-dependent compactifications: we provide some
context and a state of the art on the existing literature. We then give a summary of the
results found in the two subsequent chapters.

Chapter 7 presents the framework that we use here for the compactification. We
explain our ansatz, provide the equations of motion and discuss how these can be derived
from a 4d and 1d consistent truncations. The set-up we use is “universal” in the sense
that the solutions do not depend on the detailed features of the compactification manifold,
but only on the properties which are common to all the manifolds belonging to that class
(whether they are Calabi-Yau manifolds, Einstein manifolds, Einstein-Kéahler manifolds,
etc.).

We then present in Chapter 8 the solutions that we obtain within this framework.
The complexity depends on the number of fluxes that we turn on. Up to one flux, the
equations can be solved analytically. When two-fluxes are considered, the solutions are
not analytical anymore but one can perform a dynamical system analysis that reveals
a very rich behaviour. In this picture, the existence of solutions featuring a phase of
accelerated expansion is made manifest. The fixed points of this dynamical system, as
well as the trajectories on the boundary of the phase space, correspond to the analytic
solutions mentioned above. Furthermore, some of the resulting cosmologies exhibit
eternal or semi-eternal acceleration, whereas others allow for a parametric control on the
number of e-foldings. At future infinity, one can achieve both large volume and weak
string coupling. We also obtain several cosmologies featuring an infinite number of cycles
of alternating periods of accelerated and decelerated expansions. All the solutions, as
well as further computational details are provided in Appendix B.

The third and last part of the thesis focuses on the effect of compactifications
similar to the ones considered above on the spectrum of gravitational waves. When
one includes (non-smeared) O,/D,, sources in the higher-dimensional theory, the warp
factor is in general non-constant, and has non-trivial effects on the Kaluza-Klein tower of
gravitational waves coming from extra-dimensions. In Chapter 9 we explain the general
set-up used for this analysis. We present the warped background over which Kaluza-Klein
gravitational waves are studied and the key equations defining their spectrum. There,
we also discuss the profile of the warp factor when moving away from a source, which is
more generally a question of interest in de Sitter constructions as well.

Finally, Chapter 10 describes the method we use to determine the gravitational wave
spectrum and in particular to overcome difficulties due to the region where warp factor
becomes negative near the sources, responsible for tachyonic modes. We then present the
results that we obtain, and compare them to unwarped extra dimensions. More details
about the determination of the spectrum are given in Appendix A.
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General set-up and ansatz

Context and motivations

As emphasized in the introduction, string theory backgrounds with maximally symmetric
spacetimes have always been of prime importance. To start with, a 4-dimensional (4d)
de Sitter spacetime is relevant for the connection to cosmology, since it can describe in
good approximation our universe in an early inflation phase, or in the far future. A 4d
Minkowski spacetime is relevant for particle physics models that may be derived from
string theory, or to describe our nearby universe. Last but not least, 4d anti-de Sitter
spacetimes are typically considered in a holographic context, but they also appear in
various phenomenology related topics, for instance in certain constructions of de Sitter
solutions [41,42] or in the matter of scale separation, revived recently in the swampland
program [52,60]. In addition, the general belief that non-supersymmetric solutions are
unstable is shared in various forms for all maximally symmetric spacetimes: see for
instance [61-65] for de Sitter, [66,67] for Minkowski and [68] for anti-de Sitter. The
importance of such solutions, and the common properties they may share, motivates us
here to classify them, within a certain (standard) ansatz. In turn, the classification helps
us finding new types of solutions, as well as new existence no-go theorems, and noticing
few general properties.

We focus here on solutions of 10d type IIA/B supergravities with Dp-branes and
orientifold Op-planes, as candidates for classical string backgrounds. Checking whether
the supergravity solutions actually meet the string effective theory requirements, allowing
them to be in the classical string regime, is not always trivial: see e.g. [2] for de Sitter
and [69] for anti-de Sitter. This will be the subject of Chapter 5. We further restrict
ourselves to a historically standard ansatz, namely one where the extra dimensions are
gathered as a group manifold, defined below. In addition, fluxes living there are constant,
as well as the O,/ D,, contributions to the equations: this last point corresponds to having
Op/D,, sources smeared, or more precisely, considering an integrated version of the
solution rather than a localized one. More details on this ansatz is provided in Section 1.2
and in [70]. One interest of this ansatz is that it allows, through a consistent truncation,
for an equivalent description as a 4d gauged supergravity, also sometimes used to find
those solutions. A further reason to restrict to classical solutions with such an ansatz is
the relative simplicity of the setting, of potential interest to further phenomenological
applications, while still providing a variety of interesting examples: de Sitter solutions,
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Chapter 1. General set-up and ansatz

(non-) supersymmetric Minkowski ones with fluxes, (non-) supersymmetric (non-) scale
separated anti-de Sitter ones, and so on.

The ansatz

As stated above, we are interested in classical solutions of 10d type II supergravities on a
4d maximally symmetric spacetime, i.e. de Sitter, Minkowski or anti-de Sitter, times a
6d compact group manifold M, with D-branes and orientifold planes as sources. The
10d metric reads

ds%o = g dadz” + gm,dy™dy" , (1.1)

where g, denotes the metric of the 4d extended spacetime and gy, is the metric for
the internal space M. We do not include a warp factor, so the sources can be viewed as
“smeared”, or rather, some equations can be considered integrated. We come back in
Section 5.6 to the question of a localized version of our solutions. The reason for our
ansatz is that we will consider intersecting sources, for which a localized description is
notoriously difficult to obtain. For the same reason, we take a constant dilaton e® = g.
The 6d metric is expressed in a flat basis in terms of 1-forms e® as follows

ds% = grndy™dy” = dgpe?e® , e = e?pdy™ ,  de® = —%f“bceb Ae, (1.2)

where the last equation is the Maurer-Cartan equation. It defines f%,. which will here
be taken constant, and thus correspond to structure constants of a Lie algebra. This
algebra underlies the group manifold M. Compactness of the latter requires f%,. =0
(with sum), a condition to be used from now on. In the following, we will additionally
restrict ourselves to work in a basis of {e®} such that f®,. = 0 without sum. This choice
of basis is preferred to prove the existence of lattices and thus compactness [71]. The
f%e can be related in full generality to spin connection coefficients (see e.g. Appendix A
of [72]), so the 6d Ricci tensor in the flat basis can be expressed as

1 , A
2 Red = —[Pacl % — 6°90anf" ge [ bd + §5ah5bj6ci5dgfzajfghb , (1.3)
where we specified to a compact group manifold.

We allow for D,-branes and O, orientifold planes, collectively named sources; p is
their dimensionality, sometimes also called size. For a maximally symmetric spacetime,
the sources must be along the 3 space extended dimensions, therefore restricting the
dimensionality to p > 3. In addition, supergravity fluxes can be purely internal (along
the 6d) or spanning the whole 4d, leaving us to use only the 6d k-forms Fj—o ¢ for RR
fluxes and the 6d 3-form H for the NSNS one. As part of the ansatz, motivated in [70],
the fluxes components in the 6d orthonormal coframe are constant.

For each source, we then split the 1-forms into the two sets {el} and {e®*}, taken
globally distinct. Every flat index can then be specified as being parallel or transverse
to a given source. For instance, for any internal ¢-form F,, we denote by a label () jtg
number of legs along a source, with 0 < n < 2, meaning

F,= LrO €UA. NPt eMINUZEN, . AeSl ... (1.4)

q! qaiy..-aql (q—l)! qay||azy ...aq1
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1.2 The ansatz

and each Fq(zz,_aq is here a constant number. Each source defines naturally parallel and
transverse volume forms, vol; and voly, in terms of the {e”} and {e-}. Few more
useful conventions on our forms include

€1.6 =1, VO]H Avol| = volg = de\/ |gﬁ| = 61 FANPSAAN 66 , (1.5)

1
W gt .5aqbq6b1“~chq+1~-06

Aq AN *6Aq = V016 ‘Aq’2 R ’Aq‘Q = 14qa,1...a,q14(1b1...bq(5alb1 s 5aqbq/q! :

xg (€™ A .. NeM) = et AL N | xEA, = (—1)14, ,

An important distinction to make is whether sources O,/D, (with single p) are
parallel or intersecting. All sources that are along the same directions are said to be
parallel and are part of one set I. We denote by N the number of sets: if N = 1, sources
are said to be parallel, if N > 1 they are intersecting. To stress the importance of
this distinction, let us mention a few de Sitter examples. It turns out that de Sitter
solutions with parallel sources are expected not to exist (conjecture 1 in [70]), while
having intersecting ones was shown to help in [73] to get a positive cosmological constant.
De Sitter solutions satisfying the above ansatz with N > 1 were obtained in ITA for
p = 6, in particular in [74], and in IIB for p =5 in [1].

We will also consider in the next chapter the case of sources with multiple dimen-
sionalities p. For example, one such de Sitter solution is known, with p = 5,7 in [75].
This situation requires a few more notations, and we follow the formalism introduced in
Section 6 of [73]. The sources energy momentum tensor (EMT) is defined via

Z 5SDBI e?
/7 — T2
|glo sources 4K10

where Sppr was given in (20). Its trace ¢V Ty y is denoted T}, and the total

Ty, (1.6)

contribution of sources for each dimensionality p is written 17 () 50 that one can decompose
I
Ty = Y1) =T 7)
p p I

with a split into all sets I for a given p, introducing a 7, l(g)f. Each of the Tl(g)I is
proportional to Ns{p = Nép - N{)p (see (4.12) below for more details), the number of
sources in the set I, given by the difference of the number of O, and D,. With this
notation, the 6d EMT can be written as

aj, by T(p)l
I I
Tap = 225 Oy " Oa b mp+ 1 (1.8)

To make this clearer, let us give an example. For the source configuration considered
in [1] which consists of 3 sets of sources: Os/Ds in sets I = 1,2 that wrap directions
(1,2) and (3,4) respectively, and one set I = 3 which contains Ds branes only along
(5,6), one ends up with the following 6d EMT,

5)1 5)1 5)2 5)2 5)3 5)3
g (D00 T T T0” T” T (1.9)
a p+17p+17p+17p+17p+17p+1 )
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Chapter 1. General set-up and ansatz

with p = 5. The case of single dimensionality p is recovered by dropping the unnecessary
upper ®); we will do so in the following. In addition, we have the 4d trace gLy, =

4, T /(0 +1).

The equations

We give in this section the type II supergravities equations of motion (e.o.m.) and
Bianchi identities (BI), in our framework with sources of multiple dimensionalities,
3 < p < 8. These equations encompass in particular the case of single dimensionality
sources, obtained by setting to zero the appropriate source variables. By combining a
few equations as in [73], one obtains the following useful expression of R4,

Tl(g) 2 : 2
Ri= g0 T g2 IR (1.10)
p p q=0
1.3.1 lIA supergravity
e the fluxes e.o.m.
d(x¢H) — g2 (Fy A x6F> + Fy A xgFy + Fy A x6Fg) =0, 1.11
S
d(*6F2) + HA *6F4 =0 5 (112)
d(*6F4) + HA *6F6 =0 s (].].3)
e the fluxes BI
dH =0, (1.14)
T®1
dFy = _Z 18 voly ) 5 (1.15)
I
701
dFy —HA Fy = Z 1? Vol g, » (1.16)
I
"
dFy, —HAF, = —Z?VOIL(M : (1.17)
I
e the dilaton e.o.m.
T(p)
2R4+2R6+QSZ;’%—|H|2:O, (1.18)
p

« the 4d Einstein equation (equivalent to its trace)

7 _
ARy =g, T~ 2AHP 4 G RP — B = 3|F —5IR) . (119)
p
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1.3 The equations

o the 6d (trace-reversed) Einstein equation

2 1 1
Ry =% <F2 acFy 4+ 51 Fi acae bcd@) +  HacaHy *
J,
+ ST+ T2 (9710 = 2{HP + (R — |Fl” = 3[Ei* 4 3| Fs))
(1.20)
a)j; (b g
3 — I I
with Tab = ;;(5(1 51) 5aHIbHI}m y (121)
o the Jacobi identity (or Riemann BI)
flepfeq=0. (1.22)
1.3.2 |IB supergravity
o the fluxes e.o.m.
d(*GH) —gg(Fl /\*6F3—|—F3/\*6F5) =0, (123)
d(*6F1) + HAx*x¢F3 =0, (124)
d(*6F3) + H A x¢F5 =0, (125)
e the fluxes BI
dH =0, (1.27)
(N1
R Dk S I (1.28)
1
(5)1
AR~ HAFR = 3 Aol (1.29)
1
(3)1
dFs — H A F3 = _Z%mu(w , (1.30)
I
e the dilaton e.o.m.
LT
2Ry + 2R + —0_ _HP2=0, 1.31
4 6 T s g P+l ’ | ( )
o the 4d Einstein equation (equivalent to its trace)
_ T=P ) 2 2 2 2
ARy = g5 ) Tyy' —2|H[” — g5 (2|F3]" + 4| F5]7) (1.32)

p p+1
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Chapter 1. General set-up and ansatz

o the 6d (trace-reversed) Einstein equation

2 1 1 1
Rab: QES (Fl aFl b+*F3 ach3 de“‘ﬁFB acdefF5 deef_ 5*6F5a*6F5 b>
Oub
T Hacde cd | gSTab + 16 b (—gsTho — 2|H|? — 22| F3?) | (1.33)
|y by 1(5)[
I I
with T,p = ZZ& 8" Oay b 4T (1.34)

o the Jacobi identity (or Riemann BI)
fae[bfecd] =0. (135)
Let us stress that the only variables entering the equations are the constants

f bes abc: gSanl Qg gSTl[)J (136)

and that the equations to solve are quadratic polynomials in these variables. The exact
number of (scalar) equations and (scalar) variables will depend on the explicit orientifold
projection, which is discussed in the next chapter.
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Charting the Landscape

In this chapter, we chart the space of solutions — which we will refer to as the Landscape
of (anti-) de Sitter and Minkowski solutions (within this ansatz) — into smaller regions,
according to the possible source configurations. Indeed, not everything is allowed when it
comes to placing the D-branes and orientifold planes: as we will explain in the following,
it can be understood as being constrained by the structure of the Bianchi identities for
the RR fluxes. Only a restricted number of configurations turn out to be possible and
inequivalent and we classify those. This will allow a systematic and organised exploration
of the solutions space, that will be the subject of Chapter 3.

Classification of possible solutions

In ITA, we can a priori have p = 4,6, 8 sources, and in IIB, p = 3,5,7,9. Our ansatz
presented in the previous chapter is however more restrictive. As we will see, sources are
here visible only if their transverse volume appears in the right-hand side of the sourced
RR Bianchi identity. This first implies that we cannot have p = 9 sources, since we do not
consider hypothetical F'_; fluxes. In addition, since we consider constant fluxes, we get
that dFy = 0, so we cannot admit p = 8 source. This leaves us in ITA with p = 4,6, and
p = 3,5,7 in IIB; we will also see that p = 3 sources cannot really contribute here. Given
the above ansatz for solutions on a 4d maximally symmetric spacetime with orientifolds,
we now present a systematic approach that will allow us to determine all possible source
configurations, as well as the allowed fields or variables among (1.36).

1. We first consider an orientifold O,-plane, and place it along the first p — 3 internal
dimensions, in the set I = 1.

2. An O, imposes a projection. Because of our ansatz where variables are constant,
the projection sets to zero many flux components and structure constants [70]. We
then give the explicit list of remaining variables.

3. We finally look at each sourced RR Bianchi identity

()1
dFs_p, — H A\ Fs_p = EPZ]%VOIL(W , Ep= (—1)p+1(_1)[
I

9—p
el

(2.1)
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Chapter 2. Charting the Landscape

where the right-hand side indicates the various p-sources which are present, through
the total contribution Tl(g)l in each set I, together with the transverse volume form
voll(p)l to this set. Using the Maurer-Cartan equation de® = —%f“bceb A e, we
compute the various components on the left-hand side using the list of variables
remaining after the projection. Each potentially non-zero component can be
interpreted as giving rise to a vol | (I the right-hand side, with a non-zero Tl(g)[.
On the contrary, there cannot be any source (in our ansatz) whose transverse
directions do not appear in the left-hand side.! We identify this way the possible
placements of source sets, i.e. the allowed source configurations, and they will turn
out to be very constrained.

4. We then start over by adding another O, in a different set, studying the resulting
projection, the allowed variables and remaining sources. In case this leads to a
contradiction, we take it back and conclude that other sets J can at best contain
D,-branes, implying in our conventions Tl((l)))J <0.

We will proceed in the following with this systematic approach, first considering a
single dimensionality p and then allowing for multiple ones. This will result in identifying
all possible source configurations and the associated sets of variables. This provides
a natural classification of the possible solutions, and we will distinguish the various
possibilities into so-called solution classes.

Anticipating on our results, we now present these classes and the symbols to denote
them. Given our ansatz, a solution class is defined by the number and dimensionalities of
Op. This defines the allowed variables under the corresponding projections. The symbol
to be used is s for single dimensionality of O, and D,,, and m for multiple dimensionalities.
To this, we add a subscript carrying the p’s of the O): for instance mss77 stands for 2
Os and 2 O7. In the case where different choices of O, lead to the same set of allowed
variables and sources (up to the nature of the latter, i.e. D, or Oy), then the class is
defined by the maximum number of O,. This will become clear in the following, but for
example, it will be the case for sggg6 instead of sggg, or mss77 instead of ms77. Finally,
note that a solution is sometimes searched within a certain class, but once found, it ends
up having many variables and sources set to zero, in such a way that it can belong to
another class with more O): in that case, the convention is to place it in the latter.

The classes defined as above amount to consider some sets of source directions as
“equivalent”. This means that directions are equivalent up to a relabeling, not considering
the orientation. For instance, given an O, along directions 123, choosing another set
along 145 or 245 is equivalent since one can consider 1 <+ 2, which does not change the
placement of the first O, ignoring orientation. However, when it comes to a concrete
solution, doing a relabeling (or more generally a change of basis) that does not preserve
source volume forms, in particular their orientation, typically does not lead to a solution.
Indeed, changing the orientation of a source can be compensated by changing the sign of
the corresponding Tl(g)l, which however does not solve the equations anymore. Because of
this, solution classes could be split into subclasses: the variables and source directions of

'Proceeding this way, we neglect the possibility of having sources in a set I such that Tl(g)l =0,
i.e. where O, and D, contributions perfectly cancel each other. We view this here as going beyond our
ansatz. See in particular [76] for a discussion of such Minkowski solutions.
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2.1.1

2.1 Classification of possible solutions

each subclasses can be mapped into each other by some transformation, e.g. a relabeling,
but actual solutions do not survive this transformation. We will have an example of this
for mss77, and will then introduce the subclass mgs,;.

We now turn to the systematic determination of the solution classes, and will provide
summaries of those in Sections 2.1.1 and 2.1.2.

Source configurations and fields for a single dimensionality p

e O3-plane

The case of p = 3 sources is special, because they are transverse to all 6d dimensions,
and are thus only points in M. A first consequence is that no structure constant f%.
survives the orientifold projection. In addition, given our ansatz, only the following flux
components remain after an Os projection

Os: FO HO (2.2)

or in other words
s3:  F3 e, Hape, a,bje=1,..,6. (2.3)

Considering an Os, the left-hand side of the Bianchi identity for F5 boils down to —H A F3,
which can be non-zero with the above components, and proportional to the 6d volume
form. We can then have p = 3 sources. In short we get

s3: 1 Osg (at a point) = p = 3 sources at points . (2.4)

e Oy4-plane

The orientifold projection of an Oy restricts the structure constants and fluxes to be [77]
0 1
O1: fUyes "y, B, BV, HO. (2.5)

The other possible type of structure constants, f‘l\lbl‘c”, is vanishing due to the antisym-
metry of b, ¢, since there is only one direction parallel to the O4. We also recall that we
restrict ourselves for simplicity to a basis where f%,. = 0 without sum. We now place
an Oy in the set I = 1 along the internal direction 1. We deduce the following list of
remaining variables after one Oy projection

sS4 Fo: Fooz, Fyos, Fyo5, Foos, Fozs, Fogzs, Fasze, Fyus,
Fy 46, Fos56,
Fy: Fyi934, Fii1235, Fii1236, Fii1245, Fii2a6, Fii1256, Fi1345,

Fy1346, Fa13s6, I 1456,
H: Hy3y, Hoss, Hoas, Hous, Hoss, Hose, Hsus, Hase,
Hsse, Hys, (2.6)

1 1 1 1 1 1 1 1 1 1
fMy et frasy fraay fresy fraes fisan fias, fise, fas, fas, fises

2 2 2 2 3 3 3 3 4 4
S % e s e fra, e fTes P fPas s, e o, flan,

5. e, Pa, s, Pa, e, fPa, 1, fu, .



Chapter 2. Charting the Landscape

There are 30 fluxes and 30 structure constants. From this list, it is straightforward to
compute the components of dFy and H A F,. It is easy to verify that e! never appears in
these 5-forms. This means the components are purely along directions 23456, i.e. vol| ,,
in other words

s4: 1 Oy (along direction 1) = p = 4 sources along direction 1 . (2.7)

We conclude that imposing one O4 projection with our ansatz allows to have only N =1
set of sources: the one with the O4. In other words, with an O4, p = 4 sources can only
be parallel!

e Os-plane

We turn to p = 5 and proceed as above. We recall the choice of working in a basis where
f%ec = 0 without sum. One Oy projection then leaves us with

Os: fUyer, [, R, R, B HO H® (2.8)
Having the Os in a set I = 1 along directions 12, one is left with the following variables

ss: Fi: Fi3, Fiy4, F1s5, Iig,
F3: F3134, F3135, F3136, F3145, F3146, F3156, F3231, F3935,
F3936, F3245, F3216, F3256,

Fs: Fs12345, F512346, F512356, F5 12456,
H: Hisz, Hios, Hios, Hize, Hzas, Hzse, Hsse, Huse, (2.9)

g, ey flsa, flss, flse,  flas, flas,  flse, fPsa, s, fPse,
s, s, fs6,

VAT TR FPras Pise e o Pas, Pas, s, s, e,
s, flas. o sy P P, ez, o, P,

s, P, fPis, fPas, fPau, f%s,

namely 28 flux components and 36 structure constants. From there one computes dF3,
H A Fi, and deduces the possible non-zero components. It is straightforward to deduce
that source sets can be along the following directions

ss: 1 Os (along directions 12) = p = 5 sources along directions 12,34, 35, 36,
(2.10)

45, 46, 56 .

So contrary to p = 4, we can have here intersecting sources. The source directions in
(2.10) are, apart from 12, all equivalent. We then place a second Oj in a second set I = 2
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2.1 Classification of possible solutions

along 34, and determine the remaining variables to be

ss5: Fiv: Fys, Fig,
F3: F3315, F3316, F3325, F3326, F3a15, F3416, F3405, F340,

Fs: Fs34125, F5 34126,
H: Hiss, Hios, Hzss, Hsze, (2.11)

3 3 3 3 1 4 4 4
[0 et sy fPies [Py [P sy e [T foe

1 1 1 1 2 2 2 2
S e, 0 fisss fess fisas feas [Tsss fTes, [Tsan [T,

s, s, fua, o, fPs, fPs, P, fPu,

namely 16 fluxes and 24 structure constants. We then compute the Bianchi identity
components, and verify that sources can be along

ss5 1 2 Os (along directions 12, 34) = p = 5 sources along directions 12,34, 56 .
(2.12)

We finally consider a third O3 in I = 3 along 56. In this case, the structure constants
are not constrained further, but only the F3 flux remains, i.e. the variables are

sss5 0 F3: Fzazs, F3i136, F31as, Fzwe, F39235, F3923, F3245, F3246,
a .43 3 3 3 4 4 4 4
fN2p, v [P, P16, [Tes, P26, s, e fes, fhees (2.13)

1 1 1 1 2 2 2 2
F % e, 0 Fs3s fless fisas fleas Um0 fTess fTsan [fTeas

5 5 5 5 6 6 6 6
[P13, f23, fPuas P24, [Pz, o3y fTua, foa,

for a total of 8 flux components and 24 structure constants. We compute the Bianchi
identity components, and those remain as above

ss55 ¢ 3 Os (along directions 12, 34, 56) = p = 5 sources along directions 12,34, 56 .
(2.14)

e Og-plane

We proceed as above. One Og projection allows for the following variables

OG faHbJ_CJ_7 fale_C‘P faHbHcHy F0(0)7 2(1)7 4(:2)7 6(3)7 H(O), H(Q) . (215)
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Chapter 2. Charting the Landscape

Placing the Og in the first set I = 1 along 123, we are left with the following variables

s¢: Fo: Fy,
Fo: Foyg, Fo15, Foi16, Fooa, Foos, Foos, Fasa, Foss, Fase,
Fy: Fyi2a5, Faii2a6, Fai12s6, Fai13as, Fai3a6, Faisse, Fao3ss,
Fy 2346, Fa 2356,

Fs 1 Fg 123456
H: Hioy, Hios, Hios, Hiza, Hizs, Hize, Hoza, Hoass,

Hass, Huse, (2.16)
F, ey s flass flass flses fPass fPass [Pses Pass Pass [se,s
F %, ey o s e Pas Pes fPas s, s e o, Pe,
fOaz, f%2, fYss. fles. fPas. fPes, [Pz, f%ss,

1 2 3
AT A R f VI AST R

namely 30 fluxes and 30 structure constants (as for p = 4). From those we compute dFb,
H A Fy, and deduce that the directions of possible sources

s¢: 1 Og (along directions 123) = p = 6 sources along directions 123,145, 146,
(2.17)

156, 245, 246, 256, 345, 346, 356 .

This means that we can have intersecting sources. Given directions 123, the other possible
sets in (2.17) are all equivalent. We place a second Og in set I = 2 along 145, and we
are left with the following variables

S66 - F(] . Fo,
Fy: Foie, Foos, Foos, Fys3q, Fy3s,
Fy: Fyia6, Fii2s6, Fai13a6, Fii13se, Fio23as,

Fg: Ig 123456,
H: Higy, Hios, Hiza, Hizs, Hase, Huse, (2.18)

1 2 2 3 3
fMy et frass fraes fPs6. fPa6. 756,

4 4 4 6
4, e st o e e Pas P20 ey Pess fPass [Oss,

1 2 3
S et fress e [Pz,

namely 18 fluxes and 18 structure constants. We proceed as above and obtain the
following sources

se¢6 : 2 Og (along directions 123, 145) = p = 6 sources along directions 123, 145,
(2.19)

246, 256, 346, 356 .
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2.1 Classification of possible solutions

Given 123 and 145, the other directions in (2.19) are equivalent. We place a third Og in
set I = 3 along 256, and we are left with

see66 : Fy: Fo, Foi1e, Fooa, Fass, Fyiioa6, Fai13s6, Fa23as, Fe 123456,
H: His5, Hiza, Hozs, Huse,

filhpe: flas, e, fPas,  flas, a1, fe, (2.20)

a Y 4 5 5 6 6
F % ey st flesy fPans ez, fUs2, flas,
namely 12 fluxes and 12 structure constants. Proceeding as above we obtain

see66 : 3 Og (along directions 123, 145, 256) = p = 6 sources along directions
(2.21)

123,145, 256, 346 .

Placing an Og along the last set of directions 346 preserves exactly the same variables
and sources. This was already noticed in [74]: the fourth orientifold involution comes for
free. This is why we name the above class sgg6-

e O7-plane

We finally consider p = 7. The components allowed under an O projection are
07: faHbJ_CJ_7 fale_cH7 faHbHCH7 F1(1)7 3(2)7 F5(3)7 H(2) . (222)
We start with one Oy along 1234 and get after projection the following list of variables

sy ki1 Fi1, Fia, Fisz, Fig4,
Fs: F3i125, F3126, F3135, F3i136, Fz1a5, F3146,
F3935, F3923, F325, F3246, F3345, F3346,
F5: F512356, F5 12456, F5 13456, F5 23456,
H: Hiss, Hizs, Hiss, Hisze, Hus, Hie,
Hoss, Hass, Haas, Hoge, Hsss, Hsae,
fa”lbllql Y6, e, P56, flse s
F 4, e ey [Pass P36, fPass Pi5, O O, [,
e o floay floaas flaa, s P e,

4 4 4
o, P, Poa, 2, s, flas.

(2.23)

There are here 32 flux components and 24 structure constants. We obtain the following
possible sources

s7: 1 Or7 (along 1234) = p = 7 sources along 1234, 3456, 2456, 2356, (2.24)
1456, 1356, 1256 .
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Chapter 2. Charting the Landscape

From (2.24), we add a second Oy in the set I = 2 along 1256 and obtain the following
variables

s77r Py Py, Fio,
F3: F3135, F3136, F3145, F3 146,
F3935, F323, F3245, F3246,

Fs: Fs13456, F5 23456,
H: His5, Hizs, Hias, Hus, Hoss, Hosg, Hous, Hoyg, (2'25)

1 2
fMy et fises fs6s

5 5 6 6
S % e s e s P15 s,

Flp e, flaas Paas s s e, e

The Bianchi identity allows for the following source configurations

s77: 2 O7 (along 1234 and 1256) = p = 7 sources along 1234, 1256 . (2.26)

e Summary
Our ansatz with at least one O, and a single dimensionality p allows for only few possible

source configurations and associated field content (variables). This information allows to
classify possible solutions into classes. We summarize these results in Table 2.1.

Solution | Number of sets O, sets Possible D,, sets Field
class with O, directions directions content
53 1 03 pt (23)
S4 10,4 1 (2.6)
S5 1 Os 12 34, 35, 36, 45, 46, 56 (2.9)
855 2 Os 12, 34 56 (2.11)
S555 3 05 12, 34, 56 (2.13)
S6 1 Og 123 145, 146, 156, 245, 246, | (2.16)

256, 345, 346, 356
S66 2 Og 123, 145 246, 256, 346, 356 (2.18)
S6666 3or4d 06 123, 145, 256, (346) (346) (2.20)
S7 107 1234 3456, 2456, 2356, (2.23)
1456, 1356, 1256
S77 2 O7 1234, 1256 (2.25)

Table 2.1: Source configurations allowed in our ansatz for a single dimensionality p,
with at least one O,. To each of those corresponds a list of variables or field content
(structure constants, fluxes) allowed by the orientifold projection. Together, these pieces
of information define a solution class.

e Comments on de Sitter solutions

The results obtained offer a new light on various observations and constraints regarding
de Sitter solutions, and we pause here to comment on those. The question of finding
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2.1 Classification of possible solutions

de Sitter solutions with our ansatz and a single dimensionality p has been studied in
great details and is highly constrained [70,77,78]. A first result is that only p =4, 5
or 6 would allow for solutions, the other p’s leading to no-go theorems. In addition,
we mentioned already that de Sitter solutions with parallel sources are conjectured not
to exist [70], while solutions have been found with intersecting sources for p = 5 or 6.
The details of the intersection was shown in [73] to play a role: let us add a word on
this point. Of particular interest was the case of “homogeneous overlap”, where each
single set I overlaps the other sets in the same manner, i.e. the number of common
directions is the same with each other set and denoted IV,. Different situations are named
“inhomogeneous overlap”. In general, one has 0 < N, < p — 3, where N, = p — 3 means
that sources are parallel. It was noticed in [73] that the choice of homogeneous overlap
with N, = p — 5 for p = 5,6 would simplify the equations of motion and make these
two cases very analogous. As it turns out, the de Sitter solutions obtained for p = 5,6
both verified N, = p — 5. Contrary to the other p’s, the case of p = 4 could only be
loosely constrained in [73].2 An obvious difference with p = 5,6 is that O4/D, only wrap
one internal dimension, so they cannot overlap;® few more differences were pointed out
in [73].

As we now explain, the results obtained here clarify the previous observations:

e p = 4: we obtain that the only possible source configuration is a single set of
parallel sources. This emphasizes the difference with p = 5,6, and makes it very
unlikely to find any de Sitter solution (with our ansatz) for p = 4.

e p = 5,6 and homogeneous overlap: when looking at all possible source configu-
rations, we discover to our surprise that the only possible cases of homogeneous
overlap correspond to those already studied and obey N, = p — 5.4 What ap-
peared previously as an interesting choice turns out to be the only possibility. This
possibility also has a relation to supersymmetry, as we will see in Section 2.1.3.

In more details, the source configurations are those of classes sgg66, S55 Or S555;
de Sitter solutions, however, cannot be found in the latter [1], but were found in
the two former. The same homogeneous overlap can also be achieved in the other
classes s5, sg and sgg, by turning off some of the sets with D).

e p = 5,6 and inhomogeneous overlap: such source configurations can appear in
classes s5, sg and sgg. Only those may then provide new and different examples of
de Sitter solutions.

ZWe note that our ansatz, in particular the specification to group manifolds, was not implemented
n [73]. One constraint put forward in that paper for p = 4 is (4.3): this requirement turns out to be
automatically satisfied when specializing to our ansatz, since then Fs = 0, R, =0, Rﬁf <0, as shown
there in section 4.3. Another constraint, (4.5), remains less trivial.

3We do not consider here sources placed at angles, but only orthogonal ones. It could be that the
former is however contained in the latter by projection.

4Although of no interest for de Sitter, the case p = 7 also exhibits a single possibility of homogeneous
overlap, that is, the source configuration of s77 (possibly extended with an extra source in s7), which
also obeys N, = p — 5.
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Chapter 2. Charting the Landscape

2.1.2  Source configurations and fields for multiple dimensionalities

We proceed systematically to determine the solution classes in the case of multiple
dimensionalities, as done previously for a single dimensionality.

e |IA systematics

Given our ansatz, one can have in type IIA supergravity p = 4,6 sources. We first
consider one Og along directions 123: the variables allowed by the projection are given
in (2.16). From those we compute the components of the Bianchi identity sourcing the
p = 4 sources, namely the terms dFy and H A F5, while the analysis for p = 6 sources is
already made in (2.17). We obtain the following possible sources

me: 1 Og (along directions 123) = p = 4 sources along directions 4, 5, 6, (2.27)
p = 6 sources along directions 123,145, 146, 156, 245,
946,256, 345, 346, 356 .

From this point we have two options: adding an Og or an Oy4. If we add an Og, the list
of remaining variables is given in (2.18), and now the Bianchi identities give

mes : 2 Og (along directions 123, 145) = p = 4 sources along direction 6, (2.28)
p = 6 sources along directions 123, 145, 246,
256, 346, 356 .

From (2.28), we can add an O4 along 6, which up to relabeling, is considered below
in (2.32). The other option is to add a third Og. However, in that case the remaining
variables are given in (2.20), and the Fy Bianchi identity does not allow for any p = 4
source; this is thus not a multiple dimensionalities configuration.

If from (2.27) we rather add an Oy along 4 (all directions being equivalent), the list
of remaining variables is

mae: Fy: Fyis5, Foie, Foos, Foos, Fa35, Foasg,

Fy: Fyioas, Fii2a6, Fii13as, Fiizae, Fiosas, Fiosqe,
H: Hiyss, Hiss, Hizs, Hize, Hazs, Hase, (2.29)

e flass flass Pase Pass Pas, s,
1 4 4 4 4
P, e st o, fPay fPas s, flen Pas P, [,

ez, [flaz, flus,

namely 18 flux components and 18 structure constants, and the Bianchi identities for
p =4 and p =6 give

mae : 1 Og (along 123) and 1 Oy (along 4) = p = 4 sources along 4, (2.30)
p = 6 sources along 123,156, 256, 356 .

Directions being equivalent, we can add an Og along 156. The remaining variables are
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now

maee :  Fo: Foos, Faos, Foss, Fuasg,

Fy: Fiioas, Fiioae, Fii13as,  Fao1sq6,

H: Hyss, Hip, Hizs, Hisse, (2.31)
F, ey s Pass Pass Pass Pas,

4 4 5 6 4 4 5 6
F % et T2 fle2s a2 a2 fsss fless fPass a3,

namely 12 flux components and 12 structure constants, and the Bianchi identities give

maes : 2 Og (along 123, 156) and 1 Oy (along 4) = p = 4 sources along 4, (2.32)
p = 6 sources along 123, 156 .

We cannot add any more source.

Finally, if we rather start by considering one O4 along 4, the list of allowed variables
is given up to relabeling in (2.6). The result of the Bianchi identity of Fy is given in
(2.7), while the F» leads us to the following sources

ma: 1 Oy (along directions 4) = p = 4 sources along direction 4, (2.33)
p = 6 sources along directions 123,125,126, 135, 136,
156,235, 236, 256, 356 .

From there, we can add an Og along 123, bringing us back to the case (2.30). Overall,
this gives 5 possible solution classes.

e |IB systematics

We turn to type IIB supergravity, where our ansatz allows for p = 3,5,7 sources. We
first consider one Os along directions 12. The list of allowed variables is given in (2.9),
and p = 5 sources are given in (2.10). The F; Bianchi identity does not allow for any
p = 3 source. The Bianchi identity for F; leads us to the following

ms: 1 Os (along directions 12) = p = 5 sources along directions 12, 34, 35, 36,
(2.34)
45,46, 56,
p = 7 sources along directions 2456, 2356, 2346, 2345,
1456, 1356, 1346, 1345 .
From there, we can either add one Oy or one O7. Another Os can be placed without loss

of generality along 34. The remaining variables are given in (2.11) and from the Bianchi
identities, we deduce

mss @ 2 Os (along directions 12, 34) = p = 5 sources along directions 12, 34, 56,
(2.35)

p = 7 sources along directions 2456, 2356, 1456, 1356 .

From (2.35), we can add an Oy, which will be considered below in (2.39). We rather add
a third O along 56. The remaining variables are given in (2.13), and the allowed p =5
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sources are the same. However, the F; Bianchi identity does not allow for any p = 7
source, which brings us back to a single dimensionality case.

If from (2.34) we rather add an O7 along 2456 (all directions being equivalent) the
list of remaining variables is

msr: Iy Fryg, Fis, Fig,
Fs: F3145, F3146, F3156, F3231, F3035, F3036,

F5: Fs512345, F512346, F5 12356,
H: Hygy, Hios, Hizs, Hszas, Hsse, Hsse,

1 1 1
fNe, et flaas flas, fse,

3 3 3 1 5 6
F A IR TRE N A VRN RS T ASURIN RS SR ASC R ASE

Fly e fPasy fPass sl [l flaes [Paas [P [P, [
(2.36)
There are 18 flux components and 18 structure constants, and the Bianchi identities
allow the following sources

ms7: 1 Os (along 12) and 1 O7 (along 2456) = p = 5 sources along 12,34, 35, 36,
(2.37)

p = 7 sources along 2456, 1356, 1346, 1345 .

From there we add an Os along 34 (all directions being equivalent), and obtain the
following list of variables

mssrr: Fir Fis, Fie,
Fs: F3145, F3146, F3235, F3a36,
Fs5: F512345, F5 12346,
H: Hiss, Hiz, Hsss, Hsge, (2.38)

iy, e s flass flas,s
F 4, o0 Piss Py P30 s,
fUly oo fPas, fPass fless flass fPaas [P
This gives 12 flux components and 12 structure constants, and Bianchi identities give

mss77 © 2 Os (along 12, 34) and 1 O7 (along 2456) =- p = 5 sources along 12,34,
(2.39)

p = 7 sources along 2456, 1356 .

The last thing we can add from here is an O7 along 1356. Doing so, one obtains the
exact same list of variables as in (2.38), so in that sense, the last O; “comes for free”.
This explains why the solution class was already called ms577. The Bianchi identities
give the same sources as above, and one cannot add any more source. From (2.37), we
could also have added an O7 along 1356. In this case, one ends up again with the same
variables as in (2.38). The Bianchi identities therefore give the same sources, namely

mss77 : 1 Os (along 12) and 2 O7 (along 2456, 1356) = p = 5 sources along 12, 34,
(2.40)

p = 7 sources along 2456, 1356 .
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Solution | Number of sets O, sets Possible D,, sets Field
class with O, directions directions content
my 10,4 4 123, 125, 126, 135, 136, (2.6)
156, 235, 236, 256, 356
mMye 10g,1 04 123, 4 156, 256, 356 (2.29)
mM466 2 Og, 1 Oy 123, 156, 4 (2.31)
me 1 Og 123 4,5,6
145, 146, 156, 245, 246, | (2.16)
256, 345, 346, 356
mee 2 Og 123, 145 6, 246, 256, 346, 356 (2.18)

Table 2.2: Source configurations in type ITA supergravity allowed by our ansatz for
multiple dimensionalities with at least one O,, together with the associated list of allowed
variables or field content. These two pieces of information form together a solution class.

From there, we can only add an Os along 34 to reach the case discussed above. It is
obvious that this extra Os also “comes for free”.

Starting now with one O7 along 1234, the list of variables is given in (2.23) and the
corresponding p = 7 sources in (2.24). Possible sources are as follows

my7: 1 O7 (along 1234) = p = 3 sources at points,
p = 5 sources along 15,16, 25, 26, 35, 36, 45, 46, (2.41)
p = 7 sources along 1234, 3456, 2456, 2356, 1456, 1356, 1256 .

From there, we can add an Os, bringing us back to (2.37). We rather add a second Oy
along 1256 and obtain the variables given in (2.25). The Bianchi identities allow for the
following sources

mz7 2 O7 (along 1234 and 1256) = p = 3 sources at points,
p = 5 sources along 46, 45, 36, 35, (2.42)
p = 7 sources along 1234,1256 .

From there, we can add an Os, bringing us back to (2.40). We will also see below that the
addition of an O3 from (2.41) and (2.42) is not possible with multiple dimensionalities.

We finally consider from the start an Os. The allowed variables are given in (2.3).
Having p = 3 sources is then possible as indicated in (2.4). However, the Bianchi
identities of Fy and F3 do not allow for any p = 7 nor p = 5 source, bringing us to a
single dimensionality case. Overall, we find 6 distinct solution classes (not counting the
“free” O7 or Os).

e Summary

We summarize in Tables 2.2 and 2.3 the source configurations with multiple dimensional-
ities and associated field content (allowed variables) obtained in Section 2.1.2 and 2.1.2.
This information defines the solution classes.
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Solution | Number of sets Oy, sets Possible D,, sets Field
class with O, directions directions content
ms 1 O 12 34, 35, 36, 45, 46, 56
2456, 2356, 2346, 2345, (2.9)
1456, 1356, 1346, 1345
mss 2 O;5 12, 34 56 (2.11)
2456, 2356, 1456, 1356
ms7 105,107 12, 2456 34, 35, 36 (2.36)
1356, 1346, 1345
mss577 1 (or 2) 05, 12, (34), (34), (1356) (238)
1 (or 2) O7 2456, (1356)
my 1 Oy 1234 15, 16, 25, 26, 35, 36, 45, 46
pt, 3456, 2456, 2356, (2.23)
1456, 1356, 1256
mor 2 Oy 1234, 1256 pt, 35, 36, 45, 46 (2.25)

Table 2.3: Source configurations in type IIB supergravity allowed by our ansatz for
multiple dimensionalities with at least one O, together with the associated list of allowed
variables or field content. These two pieces of information form together a solution class.
The p = 3 sources are located at a point, denoted pt. The cases of 1 Os, 2 O7, or 2 O3, 1
Oz, or 2 O3z, 2 O7 form just one class: they all give the same allowed variables and the
same four sources (up to their O,/D,, nature).

T-duality and supersymmetry

Having identified all solution classes within our ansatz with at least one O, a few
comments are in order regarding T-duality relations and the unbroken supersymmetries.

e T-duality

Some source configurations are T-dual to others. For example, the configuration of myg
with 3 sets, i.e. 1 O4 along 4, 1 Og along 123 and 1 Dg along 156 of (2.30) is T-dual
to the configuration of sz5 of (2.12). This can be seen by performing a T-duality along
direction 1 and relabeling 2 <+ 4. Turning the D,-branes into Op-planes, we get that the
sources of mygg in (2.32) are T-dual to those of s555 in (2.14). Similarly, the configuration
of mss77, i.e. 2 Os along 12, 34 and 2 O7 along 1356, 2456, mentioned below (2.39), is
T-dual to the configuration of sgges with 4 Og given below (2.21). One should perform
the T-duality along 6, followed by a relabeling 1 <+ 2, 3 <> 6. Finally, T-dual source
configurations with 2 sets are displayed in Figure 2.1.

One may then wonder whether beyond the source configurations, the solution classes
as a whole are actually T-dual. This would mean that the allowed variables or fields
are transformed into each other by T-duality. This is however not the case, as one can
verify using the standard T-duality rules on flux indices [37]. This point was made in [75]
regarding the de Sitter solution with O5&0O7 (belonging to mss77): T-duality on the fields
leads to non-geometric @Q-fluxes, which are not allowed in our settings. So the solutions
cannot be concluded to be T-dual. Anticipating on our solutions, the same will be true
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here. In type IIB, we also find de Sitter solutions in mss77. All of them have either a
f246 or a flog non-zero. T-duality then gives f%gs — Qp5, i.e. generates a non-geometric
Q-flux, so our solutions are not T-dual to geometric ones and are truly new. Similarly
in ITA, our de Sitter solutions in myug admit 5, f*1 non-zero. The T-duality rule is
f%e = —Q., so again, a non-geometric Q-flux would be generated from our solutions,
so they are not T-dual to known geometric ones and are truly new.® Even though the
complete solution classes are not T-dual, the source configurations still are, and this will
be useful for the supersymmetry analysis that we now turn to.

e Unbroken supersymmetries

We have considered various configurations of static branes and orientifolds. It would be
interesting to determine whether those preserve some supersymmetry (i.e. are “mutually
BPS?”), first to have a chance to obtain a 4d supersymmetric effective theory, but also to
avoid possible (open string) instabilities. One set of parallel branes breaks half of type II
supersymmetries. Two orthogonal sets break a further half, i.e. a quarter, if and only if
their total number of Neumann-Dirichlet (ND) boundary conditions, Ny p, is a multiple
of 4: Nyp = 41 > 0 for some positive integer i. In other words, the total number of
directions belonging to one set and not to the other, which is always an even number,
should be a multiple of 4. If this does not hold, supersymmetry is broken.

Given we work in the orthonormal (co)frame, our sets are orthogonal, it is then
straightforward to perform the supersymmetry check. Our configurations are along the
3 external space dimensions, and have for each set p — 3 internal dimensions; only the
latter can be ND. Let us first consider configurations of single dimensionality p > 4.
For p = 4, two different sets only have Nyp = 1+ 1 = 2 so intersecting p = 4 sources
break supersymmetry. For p > 5, let us denote N, > 0 the number of common internal
directions of two orthogonal sets. Two conditions need to be obeyed:

4i=2pp-3-N,), 20(p—-3-N,)+N,<6. (2.43)

The first one is the condition for unbroken supersymmetry; the second one is the
requirement that the total of internal dimensions of the two sets is smaller than 6. We
deduce that 1 <1 < %, and conclude that we must have i = 1, i.e. N, = p—5, to preserve
supersymmetry. Since there is no other possible value for N,, this means that this value
of N, must hold for all pairs of sets, in other words there is an homogenous overlap. As
discussed in Section 2.1.1, the value N, = p — 5 is precisely the one for which solutions
with homogeneous overlap can be found here, as initially advocated from equations of
motion for de Sitter solutions in [73]. This result also implies that configurations with
inhomogeneous overlap break supersymmetry.

We extend the analysis to source configurations with multiple dimensionalities. We
apply the rule Nyp = 4i > 0 to pairs of sources in such configurations, allowing us to
determine those that leave some unbroken supersymmetry. A remaining question is the

5Tt is conceivable that the problematic structure constants f;. disappear via a rotation among
e.g. directions 1 and 2, applied to the Maurer-Cartan equations. However, such a rotation may in turn
transform a single set of Dg along 156 into two sets along 156 and 256. As a consequence, the rewritten
solution, assuming it is still a solution, would have a source configuration which is not T-dual anymore
to the one in ss5, when performing T-duality along the new, rotated, directions. This is another way to
view the obstruction.
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amount of supersymmetry that is left unbroken. Each pair of orthogonal sets verifying
Nyp = 4i > 0 preserves a quarter of the initial amount. It is well-known that adding
a third source as we do with D5/O5 (along 12, 34, 56) or Dg/Og (along 123, 145, 256)
breaks supersymmetry by a further half. For Dg/Og one can add the fourth source
along 346 for free. In those two cases, one then preserves N =1 in 4d. Thanks to the
T-duality relation of these source configurations to those with O4/O¢ and O5/O7 (see
Section 2.1.3), we deduce the number of preserved supersymmetries for configurations
with multiple dimensionalities. The results are summarized in Table 2.4.

Solution Sources directions 4d N of
class allowing for unbroken SUSY | preserved SUSY
83 pt 4
S4 1 4
S5 12, (34, 56) 4,(2,1)
S55 12, 34, (56) 2,(1)
5555 12, 34, 56 1
S6 123, (145, 256, 346) 4,(2,1)
S66 123, 145, (256, 346) 2,(1)
56666 123, 145, 256, (346) 1
S7 1234, (1256, 3456) 4,(2,1)
S77 1234, 1256 2
my 4, 123, (156) 2,(1)
Mag 4, 123, (156) 2,(1)
mM466 4, 123, 156 1
me 4,123, (156) 2,(1)
meg 6, 123, 145 1
ms 12, 2456, (34, 1356) 2,(1)
mss 12, 34, 2456, (1356) 1
ms7 12, 2456, (34, 1356) 2,(1)
ms577 12, 34, 2456, (1356) 1
12, 2456, 1356, (34) 1
my pt, 1234, (1256, 3456) 4,(2,1)
15, 1234, (26, 3456) 2,(1)
mo7 pt, 1234, 1256 2
35, 1234, 1256, (46) 1

Table 2.4: Internal directions of the source sets that allow for unbroken supersymmetry,
for each solution class previously identified. The corresponding number N of preserved
supersymmetries in 4d is given. The sets in parentheses are optional in the class,
to which the amount N in parentheses corresponds. Some classes allow for different
supersymmetry-preserving configurations, then specified on distinct rows.

We see through Table 2.4 that among all possible solution classes, it is eventually
only few redundant source configurations that appear and preserve supersymmetry.
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2.2 The solutions

The solutions

We classified in Section 2.1 the possible solutions with our ansatz into a list of solution
classes, summarized in Section 2.1.1 and 2.1.2. In this section, we look for new solutions
in those classes, most of our efforts being dedicated to de Sitter ones.

Procedure to find solutions

To find a solution with a 4d maximally symmetric spacetime within our ansatz, one has
to solve the equations listed in Section 1.3, together with the constraints

Rysign, T P <o, (2.44)

where the sign constraint on the 4d curvature is e.g. R4 > 0 for de Sitter, and the second
constraint is about possible source sets without O),. This is done numerically as further
detailed in Section 2.2.2.

Prior to this, one should start by choosing a solution class among those listed in Table
2.1, 2.2 and 2.3. This determines the source configuration as well as the allowed variables
to be considered non-zero in the equations; considering that list of variables amounts to
ensure that the orientifold projection is satisfied. Given the source configuration, the
labeling of the sets can be fixed, and the transverse volume forms as well as the internal
energy momentum tensor can be determined; those quantities are needed in the equations
to solve. We provide in the following two examples of single dimensionality (and a priori
inhomogeneous overlap), but the procedure extends to cases of multiple dimensionalities.

e Category ss:

We label the source sets as in Table 2.5.

Set I || Sources Space dimensions
4d [ 1]2[3[4]5]6
1 O5,(Ds5) | ® | @ | ®|® | ®
2 (Ds) ®|®|® ® | ®
3 (Ds) ®|®|® ® ®
4 (Ds) ®|®|® ® ®
5 (D5) ||®|®|® ®|®
6 (Ds) ®|®|® ® ®
7 (Ds) ®|®|® ® | ®

Table 2.5: Os/Ds5 source configuration in the class s5. Sources in parentheses are not
mandatory.
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This leads us to the following volume forms

I=1: V01H1:€1/\€2,V01l1:€3/\64/\65/\€6,

I1=2: V01‘|2:€3/\64,VOIJ_2=61A62/\65/\66,
V01H3:63/\65, V01l3:—€1/\€2/\64/\66,
voly, =e3ned vol, =el A2 Aet Aed (2.45)
vol‘|5:e4/\65, VOIJ_5=€1A62/\63/\66,

1=6: V01H6:64/\66,V01l6:—€1A62A63A65,

I1="7: V01H7:€5/\€6,VOIJ_7:€1/\€2/\63/\€4,

where the —1 in vol | , are due to the 6d orientation. The source energy momentum
tensor is given by

/Ty Tl T2 4T3+ Td T2 4T + T8
Tab — dlag (610’ %’ 10 610 107 10 E130 10 7 (2.46)
TH+ T+ Ty Thh+ T+ T170>
6 ’ 6 '

The list of variables is given in (2.9). The equations to solve are given in Section 1.3,
setting Tl(g’)l = Tl(g)l = 0, thus giving T1¢ = Tl(g).6 As in [1], simplifications occur in
the equations. Because of the Os projection and the fluxes being constant, the e.o.m.
for F1 and the BI for Fj are trivially satisfied: these six-forms vanish identically.
In addition, following the reasoning of Section 3.2 of [70], the off-diagonal a,b,
Einstein equations for a set I with an Os projection are trivially satisfied. With
such a projection for I = 1, we are left with the Einstein equations along the blocks
12 and 3456, i.e. 13 equations.

Category sgs:

Similarly, we label the source sets as in Table 2.6.

Set I || Sources Space dimensions

4d  J1]2]3[4]5]6
1 Os,(Dg) || @ | @ |®|®|®|®
2 Os,(Dg) || @ | ® | ®@ | ® ® | ®
3 (D) R ®|® ® ® ®
4 (Dg) | Q|® ® ® | ®
5 (D) Q| Q|® ® | ® ®
6 (Dg) || @] ®]|® ® ®|®

Table 2.6: Og/Dg source configuration in the class sgg. Sources in parentheses are not
mandatory.

5These equations are formally the same as in [1], up to the volume forms and the T,;. One should

pay attention to the typo in that paper: the missing sign 5. We corrected this here.
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This leads us to the following volume forms
I=1: V01||1=€1/\€2/\63,V01L1:64/\65/\66,
I1=2: V01||2:€1/\€4/\€5,V01L2:€2/\€3/\€6,

I=3: V01||3262/\64/\66, V01L3:€1/\63/\€5,

2.47
I1=4: V01||4:€2/\65/\66,V01L4:—61/\63/\€4, ( )
I'=5: wol =e3netnel vol | =—etne?ne’,
I'=6: wvol =e3neP NS vol, =et AP et
The source energy momentum tensor is given by
T,, = diag Tyo +Ti Tio +Tip +Tio  Tio + Thp + T
al 7 ) 7 b 7 b
TH+ T +Th T +Tio +Thy  Tio + Tip + Thp + T160>
7 ’ 7 ’ 7 ’

The list of variables is given in (2.18). The equations to solve are those of Section
1.3, setting Tl(g)l = Tl(g)l = 0, thus giving Tjg = Tl(g). Regarding simplifications
in our setting, let us mention that the Fy BI is automatically satisfied given our
ansatz. As for p =5, all off-diagonal ay,bi; Einstein equations for a set I with an
Og projection are trivially satisfied. Here the projection is for I = 1,2, leaving the
Einstein equations along 11, 66, and the blocks 23 and 45, giving 8 equations.

Last but not least, once a solution to the equations of Section 1.3 and the constraints
(2.44) is found, a remaining task is to verify that the group manifold M, for which
structure constants have been found, is compact. We will come back to this matter in
greater detail in the next chapter.

Let us add that the equations to solve enjoy an overall scaling symmetry, associated
to a parameter denoted A in Section 5.5 where further details are given. To help in the
search for solutions, this freedom is sometimes fixed at first, by giving a value to one of
the variables, e.g. g5 Tll0 = 10. One should keep in mind that all variable values can later
be rescaled at will, in the absence of possible further constraints, such as requiring the
supergravity solution to be a classical string background. This is true in particular for
the values of the curvatures |R4| and |Rg|, that can for instance be lowered.

Numerical code

The numerical code MaxSymSolSearch (MSSS) used to find new solutions follows the one
used and described in [1], with several extensions and improvements; we refer to that
paper for more technical details. As explained in Section 2.2.1, the first step is to choose
a solution class. This amounts to indicate to the code the sets of sources, their directions,
and the sets in which there are O,. From this information, the code deduces the theory
to use (ITA or IIB supergravity), and the list of allowed variables under the orientifold
projection. As shown in Section 2.2.1, the code also works out the volume forms and
the energy momentum tensor components. From there, the code obtains all equations
to solve, listed in Section 1.3: the equations of motion (e.o.m.) for the fluxes, their
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Bianchi identities, the Einstein equations, the dilaton e.o.m., and the Jacobi identities
on the structure constants. These equations are derived in components, i.e as scalar,
quadratic and algebraic equations. As indicated in Section 2.2.1, simplifications can occur
depending on the class, because some equations are trivially satisfied. The remaining
number N4 of non-trivial equations varies according to the class,” as well as the number
of variables.

At this stage, the code is ready to solve the equations, i.e. look for a solution. Prior
to this, one can indicate at this point further specifications on the solution ansatz. This
typically amounts to set to zero, or to some other value, some of the variables, either to
help the code or to look for more specific solutions within a class. Two kinds of ansétzen
are often used. The first one consists in leaving almost all allowed variables free, and
letting the program look for solutions. This has the potential drawback to leave too
much freedom, potentially diluting too much solutions, if any, in the parameter space,
such that the program may not find them. The second ansatz consists in starting close
to another class for which we know there exist solutions. This means setting many of the
extra (compared to the other class) variables to zero, leaving free only few of them. This
may have the drawback of being too restrictive, and then missing possible solutions in
the starting class. Finally, a more refined approach can be taken to choose an ansatz, for
instance setting progressively one by one some variables to zero, to simplify step by step
a solution.

Once the ansatz is further specified, the code tries to solve the set of Neq equations.
To that end, we make use of minimisation techniques and proceed as follows. Every
equation is written in the form E; = 0, i = 1,..., Noq, and we consider the following
quantity

Neg
S=> (E)?*, suchthat (S=0) <= (B;=0 Vi=1,.,Neg). (248
=1

We then use algorithms implemented in Wolfram Mathematica to minimise S to zero. As
indicated in Section 2.2.1, we add at this point the constraints (2.44). In particular, we
ask for the condition Ry > €, —¢€ < Ry < € or Ry < —e (for instance ¢ = 1073, ¢ = 1077)
depending on whether we look for de Sitter, Minkowski or anti-de Sitter solutions. A
solution is considered valid if one reaches the standard precision S ~ 10730 < ¢, € [1],
with in addition for a Minkowski solution R4 ~ 10~° ~ v/S. This usually requires to do
a two-step minimisation: we first run a NMinimize that yields a first solution s;. One
then refines it by running a FindMinimum, where one uses s; as a starting point. This
last step can sometimes be iterated. Further final validity checks of the solution include
the evaluation of the maximum |F;|, which should be of order 10715,

For a given ansatz (solution class and further specifications of variables), if we obtain
the desired precision after the previous steps, we conclude that we have found a solution,
otherwise we only claim that we were not able to find any solution in this set-up (this
corresponds to the question mark in Table 2.7). This last situation does not necessarily
mean that such solutions do not exist, as e.g. in the case of a no-go theorem. It can also
simply underline the computational complexity.

"We note a typo in [1} on this matter: the number of non-trivial equations for ss5 is Neq = 56.
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(Anti-) de Sitter no-go theorems

Prior to looking for new solutions, it is useful to be aware of existence no-go theorems for
some solution classes. In turn, a failure in finding new solutions may signal a previously
unnoticed no-go theorem. Let us say a few words on these no-go theorems, and find new
ones for both de Sitter or anti-de Sitter solutions.

Most of the de Sitter no-go theorems were established for sources of single dimension-
ality p (see e.g. [70,77,78]). The case of multiple dimensionalities was poorly studied.
For the latter, a few no-go theorems were still obtained, beyond group manifolds, in
Section 6 of [73]. In particular, p = 3&7 was excluded for de Sitter solutions. Some
constraints were also established in ITA, but we note from (2.27) that the overlap of
p =4 and p = 6 considered in [73] cannot happen in our ansatz. We will still make use
of some of the equations of [73] in the following.

It has been noticed with single dimensionality that having intersecting sources instead
of only parallel ones helps to get de Sitter solutions. One may then expect that having
multiple dimensionalities can also help. We illustrate this idea in Section 2.2.3, before
finding a new no-go theorem when adding too many orientifolds in Section 2.2.3. Finally,
this last situation will lead as well to existence no-go theorems for anti-de Sitter, discussed
in Section 2.2.3.

e Warm-up: p = 4&6
De Sitter no-go theorems for single dimensionality sources do not generalize easily to
the case of multiple dimensionalities. We know that for p = 6 alone, one needs for de
Sitter Fy # 0 and Rg < 0. How do those statements get modified with p = 4 on top?
This is a priori an important question when looking for solutions with p = 4&6, because
an O4 imposes Fy = 0 in our ansatz. Let us reproduce here these no-go theorems while
extending to multiple dimensionalities with p = 4&6. We follow the reasoning of [36] to
derive the initial no-go theorems.

We first need preliminary equations. In Section 6 of [73] are given the dilaton e.o.m.,
the ten-dimensional Einstein trace and the four-dimensional one. Combining those, one
reaches there (6.7) given by

Ra+2R10 — [HI” + g7 Z |Fyl” = (2.49)
Introducing a parameter py > 3, another combination leads to (6.10) given by
(po — 3)R4 = —2|H|?> + ¢ Z 8 —po — q)|Fy® + gs (Z Pot Tlo T10> . (2.50)

Now, equating (2.49) and (2.50) for pg = 6 yields

9 3
SRi= —3|H|? + 32 (|Fo|? — |Ful* — 2| Fs|?) + ggsT(A‘) (2.51)

= —2Rs — g2 (IRl +2|Ful? + 3| Fol?) + 277

We recover for Tl(é) = 0 the requirements Fy # 0 and R < 0. However, with Tl(g) > 0 as

can be the case with Oy, these requirements do not hold anymore.
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Similarly, equating (2.49) and three times (2.50) for py = 4, we get

7
SRi= —THP + 792 2|Fo + | Bo|? — |Fo|?) — g5 T (2.52)

= —2Rg + g2 (|F0) — |Faf2 — 2 Fs?) — 219

7

With an Oy setting Fy = 0 and with T1(g) = 0, we recover the known de Sitter requirements
Fy # 0 and Rg < 0 for p = 4. Now with T\0) < 0, i.e. with Dg and possibly a few
Og, we can again wave these requirements. We conclude that allowing for multiple
dimensionalities gives more freedom, i.e. relaxes some of the de Sitter no-go theorems for
single dimensionality.

e A new de Sitter no-go theorem for mygg

Adding too many orientifolds in different sets may however lead to new no-go theorems,
because one projects out many fields. It was already noticed to be the case for 3 Os,
i.e. the class s555, that project out Fj thus forbidding de Sitter solutions [1]. As mentioned
in Section 2.1.3, the source configuration in class mygg is T-dual to the previous one, so
one would as well expect a no-go theorem against de Sitter solutions in mygs. We found
one and prove it in the following.

Inserting the 4d Einstein equation (1.19) in the 6d one (1.20), one obtains

g2
Rab:;(FQachbc"'

+< ub — abz

which was used in [70] to get constraints on the Ricci tensor components. We are now
interested in the case of 2 Og along 123 and 156, and an O4 along 4, i.e. class mygg with
variables (2.31) and sources (2.32). In that case the sources along 1 are all the p = 6
ones, so one has

1 1
§F4 acdeF4 dee> + ZHacde ed

> Cut == (Ra+ 292 Fsl) (2.53)

(6)1 (6)
T T
T =) %: 10 (2.54)

Most interestingly, these three orientifolds impose so much projection that no f%,. with
an index along 1 is left. This implies that R1; = 0. From (2.53), we deduce, using further
the remaining flux components in (2.31)

ﬁ
5
The fact there is no Fb contribution is due to F5 having no component along 1: this,
together with the absence of Fy, is the T-dual statement of having no F; in IIB with 3
Os, and this will allow us to conclude on the no-go. We now compare (2.55) to (2.51)
(where we recall that Fy = 0 with Oy4). It is expected that the coefficients differ given

the former is one equation and the latter is a trace. We deduce

1
goml2 = SRy |HP + IR + 2 Ff (2.55)

Ri+ g2 Fe)*=0 = R4 <0. (2.56)
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This is a no-go theorem against de Sitter solutions. It would be interesting to derive a 4d
version of it, for which one would need the tools developed for no-go theorem 9 of [78].
This would allow us to compute the constant ¢ that characterises the obstruction and
compare it to the swampland de Sitter conjectures [78-81].

e Anti-de Sitter no-go theorems for s555 and myg6

Anti-de Sitter solutions are rarely constrained by no-go theorems, since they typically
are favored by the equations of motion (see e.g. [82]). When having however too many
orientifolds, we will see as above that anti-de Sitter solutions are not possible. We start
with sss55, the class with 3 Os. Combining equations of motion in the case of intersecting
sources with single dimensionality p (with our ansatz on the warp factor and the dilaton),
we obtained (3.5) in [73] that we repeat here

(p—3)Ra = =2[H]* + g2 (7T —p)|F1|* + (5 — p)|F3]* + (3 — p)| F5|?) . (2.57)

It is easy to deduce the no-go theorem for de Sitter mentioned above, for p = 5 and
Fy =0 as in sg55. Looking closer at the allowed variables (2.13) in that class, we actually
realise that H = F; = F5 = 0. This implies

Ry=0, (2.58)

which in particular gives a no-go theorem for anti-de Sitter solutions as well.

As motivated in Section 2.2.3, it is expected to get a similar no-go theorem for the
T-dual source configuration, i.e. 2 Og and 1 O4 as in the class myg5. The equations
derived in Section 2.2.3 are independent of the sign of R4, so we consider the last equation,
namely (2.56). Again, a closer look at the variables (2.31) allowed in mg4gs makes us
realise that Fg = 0. This implies once again (2.58) for myes, and a no-go theorem for
anti-de Sitter. These no-go theorems make Minkowski solutions in those 2 classes very
special.

Results: known and found solutions

We present in Table 2.7 the known and found solutions in our ansatz, classified in solution
classes. To find new ones, we have proceeded as indicated in Section 2.2.1. We looked
for de Sitter solutions in each solution class, while we only searched for Minkowski and
anti-de Sitter solutions in some of them. The new solutions were not tailored in any
specific way in this analysis. They rather serve as a proof of concept for their existence
in certain classes, whenever no solution was previously known in the given class.

We label the solutions with the class name, the sign of the cosmological constant,
and the number of the solution in its class: for instance mi%l is the de Sitter solution
number 1 in the class myg. For s55, we start counting the de Sitter solutions at 28, since
1-27 refer to the solutions found in [1,65]; for all other classes we start at 1.

Let us first comment on de Sitter solutions. To start with, we found new solutions in
classes where solutions were already known: ss5 [1,65], seees [74,89-92] and mss77 [75].
Only one solution was known in mss77 and we found here several. In addition, those
fall in the two subclasses, mss77 and mZz,,. We recall that these solutions have source
configurations which are T-dual to those of sgg66, but the solutions are not, because of
the field content (see Section 2.1.3). Secondly, we found new solutions in the new class
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Solution dsS sol. Mink. sol. AdS sol.
class
S3 X [43]
54 ? [82]
S5 ? [82]
S55 [1,65], 28 [1,83] 1-4
5555 X 1-4 X
56 ? [82]
566 1 [83]
56666 [74], 1-4 [84,85] [84,86,87]
S7 X [82]
Clrdrd X
my ?
mM4g 1-10 1-2 1-5
M466 X 1-6 X
me ?
mee ?
ms ?
mss5 1-4
msr7 ?
ms577 [75], 1—12, 1* [87,88]
my ?
mer ?

Table 2.7: Solutions on a 4d maximally symmetric spacetime with orientifold that
accommodate our ansatz. A reference or a number indicates that solutions have been
found. A reference means that an example can be found in the corresponding paper;
more references are provided in the main text. A number labels a new solution that
has been found in this work; without a reference, it means the solution is the first in its
class up to our knowledge. We recall that when a solution is found in a class, it does not
mean that all possible sources in the class are turned on. A cross (x) indicates a no-go
theorem against finding a solution in a given class. A question mark means that we have
searched for solutions without finding any, potentially hinting at a no-go theorem, or
at computational complexity. An empty box means that we have not searched for a
solution, and are not aware of corresponding solutions in the literature.
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myg where no solution was known before. Some of these solutions have, in terms of sets,
1 O4 along 4, 1 Og along 123 and 1 Dg along 156. This source configuration is T-dual to
that of sss, so finding solutions there may not be surprising; however because of the field
content, the solutions are again not T-dual to geometric ones and are thus truly new
(see Section 2.1.3). These seemingly T-dual solutions in myg, Ss5, Sese6 and mss77, all
have source configurations that preserve supersymmetry, as discussed in Section 2.1.3. It
is also the case for the new solution found in the new class sgg, which essentially differs
from those in sgggg because of the field content. Finally, we find new solutions, which
have source configurations that break supersymmetry. It is the case of the other solutions
found in myg, with 2 additional Dg along 256 and 356, as well as the new solutions found
in the new class mss5, which have at least three sets of D,-branes.

We turn to Minkowski solutions, for which a few references already appear in Table
2.7. A list of known Minkowski solutions on group manifolds (found using supersymmetry
conditions) with parallel sources (i.e. only one set) is given in Section 2.4 of [76]; all but
one of them fit the ansatz of [82]. That ansatz includes some group manifolds, but also
goes beyond them. Regarding intersecting sources, a list of known Minkowski solutions
on group manifolds is given in Section 5 of [73]; a new one, s% 1, was found in [1]. All
those had only 2 sets of sources. To those one should add the solutions in the class sgggs
indicated in Table 2.7. Here, we found new Minkowski solutions in new classes with 3
sets of sources: 4 in ss555 and 6 in mygg. These two classes are very special because of the
no-go theorems against de Sitter and anti-de Sitter solutions, discussed in Section 2.2.3
and 2.2.3. We also find 2 new Minkowski solutions in the new class myg.

We finally consider anti-de Sitter solutions. Beyond references given in Table 2.7,
we can mention the recent works [69,85] that have solutions in sgge6. We find here new
solutions in new classes: 5 in myg (with 3 sets of sources), and 4 in s55 (with 2 sets of
sources). For the latter, we do not find solutions with 3 sets, i.e. with a last set having
Ds. This may hint at a (surprising) no-go theorem or at computational complexity.

For Minkowski and anti-de Sitter solutions, similar points on T-duality relations and
on the supersymmetry preserved by the source configurations can be made, as for de
Sitter solutions. It would also be interesting to know whether these new Minkowski and
anti-de Sitter solutions preserve (bulk) supersymmetry, given their fluxes and geometry.
We do not investigate this question here, but it could in principle be done following the
material reviewed in [93].

For all solutions, a remaining important point is to identify the 6d group manifold
and verify its compactness. This requires tools that will be developed and presented
in Chapter 3. Identifying the manifold, in particular the underlying algebra, is not
straightforward because in each solution, the structure constants are obtained in an
arbitrary basis, suited to the placement of the sources, with metric d,5. Through an
appropriate change of basis, the structure constants can be brought to a form where the
algebra can be recognised. From there one can discuss whether the group manifold can
be compact.

We provide in Appendix C the complete list of solutions. Let us recall, as indicated
at the end of Section 2.2.1, that an overall rescaling is available to modify together the
value of all variables in these solutions; |R4| and |R¢| can in particular be lowered.
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De Sitter, intersecting sources and 4d N = 1 supersymmetry

In [70], 3 conjectures on classical de Sitter solutions have been formulated. Since that
paper, no proof nor counterexample to these conjectures have been found, in spite of
progress in this field. These conjectures are believed to hold true at least for the ansatz
presented in [70] and used in the present thesis, if not beyond it. Of particular interest
here is conjecture 1, claiming that there exists no classical de Sitter solution with parallel
sources, i.e. a single set of sources. We propose here a fourth conjecture, that somehow
extends conjecture 1.

I Conjecture 4. There is no classical de Sitter solution with 2 intersecting source sets.

We believe again that this is true within our solution ansatz, and maybe beyond it,
hence the general formulation of the conjecture.

A first argument in favor of conjecture 4 is that among all de Sitter solutions known
and found listed in Table 2.7, none of them has less than 3 source sets (I =1,2,3). We
also ran specific searches for de Sitter solutions with only 2 sets in several classes, but
did not find any. Let us emphasize that the claim of conjecture 4 is made possible here
for the first time thanks to the classification of solutions, that provides an overview of
the possibilities. The T-duality relations described below also make manifest the role
played by our classification to support this conjecture.

A second argument comes from T-duality. As discussed in Section 2.1.3, some source
configurations are T-dual to each other. If we restrict ourselves to exactly 2 source sets,
we have the following T-duality chains between source configurations of classes, displayed
on Figure 2.1,

T-dual source config. with 2 O,:  s77 566 855 mM46
\ /
ms7
T-dual source config. with 1 O,, 1 Dp: 57 56 S5 my
\
ms me
/
mr

Figure 2.1: T-duality chains between the various classes of solutions.

where by definition, m4 with 2 source sets means 1 O4 and 1 Dg, etc. The different
arrows on one class correspond to different possible choices of directions along which
to perform the T-duality. The placement of source sets and T-duality directions is
not detailed here, but should be clear when looking at the information of each class.
Interestingly, we cover with these two T-duality chains (which only differ by the nature
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of the sources) all classes that can admit exactly 2 sets; in particular, no class is left
isolated. The argument in favor of conjecture 4 is now the following: we know of no-go
theorems on de Sitter solutions in sy and s77 with (at least) 2 sets [73]. The T-duality
relation to the configurations of the other classes suggests no-go theorems there as well.
As discussed in Section 2.1.3, a complete T-duality relation of the classes is not strictly
speaking realised, because few fields in one class can prevent a solution to be T-dual to
another one, even if the source configurations are. This remains a strong hint in favor
of an obstruction on de Sitter for all classes in these T-duality chains, which are all
classes allowing for exactly 2 source sets. This supports conjecture 4. We tried to prove
such a no-go theorem for sgg, inspired by the T-duality relation to s77, but failed. The
proof may again be difficult to achieve, as for the case of a single set in conjecture 1.
Having it would still be very interesting, and further deriving through a 4d version the
corresponding value of ¢ in de Sitter swampland conjectures [78-81].

An interesting consequence of conjecture 4 is the result in a 4d effective theory. The
“effectiveness” refers here to a certain truncation, and for the following implication to
hold, we need a truncation that preserves the contribution of sources (source sets should
not be erased through the truncation). This includes at least consistent truncations as
we will see. If classical de Sitter solutions require at least 3 intersecting source sets, this
implies, as discussed in Section 2.1.3, that supersymmetry is reduced at least by 23, and
since the truncation considered preserves the sources, we conclude

Conjecture 4. implies A 4d effective theory of a classical string compactification,
admitting a de Sitter critical point, can at most be N' =1
supersymmetric.

As mentioned in Section 2.2.4, we know examples of de Sitter solutions admitting
source configurations that break completely supersymmetry, so a non-supersymmetric 4d
theory is a priori also possible (coming then probably with instabilities).

Our solution ansatz actually allows for a consistent truncation giving a 4d gauged
supergravity (see Section 2.3 of [70]). This means that any solution in the latter will
be one in our 10d theory. But there exists many 4d gauged supergravities, defined in
particular by their turned-on gaugings, most of them having no higher dimensional origin
as a classical compactification. It has been already noticed that finding de Sitter solutions
in 4d gauged supergravities with extended supersymmetries (N > 1) seems difficult
precisely when requiring a classical compactification origin. This observation is exactly in
agreement with conjecture 4 and its implication. (Meta-) stable de Sitter solutions in 4d
gauged supergravities with extended supersymmetries typically require Fayet-Iliopoulos
terms (whose higher dimensional origin is in general unclear), non-compact gaugings
(which would correspond to non-compact extra dimensions) [94-99] or non-geometric
fluxes [100] (whose stringy origin is not in a standard classical compactification); some
of the latter examples are even disputed in [101]. More examples and arguments were
provided recently in [99,102], beyond the (meta-) stable case. Further references can be
found in Footnote 7 of [65]. These observations on 4d gauged supergravities are consistent
with our claims, thanks to the consistent truncation allowed by our solution ansatz.
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The constraint phrased in conjecture 4 on classical de Sitter solutions and resulting
4d effective theories is interesting for phenomenology. The configurations of intersecting
sources considered here typically allow to build particle physics models (see [73] or the
recent works [103,104]). Having at most N' =1 in 4d naturally allows for chirality in
those models, as wished for phenomenology. Looking for classical de Sitter solutions
thus provides unexpectedly several required ingredients to build, together with cosmology,
viable particle physics models.
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Exploring the Landscape

In the previous chapter, we decomposed in several classes what we called so far the
Landscape of classical Minkowski and (A)dS solutions of type II supergravities. This
classification was done according to the O, /D,, sources content. We now turn to exploring
each of these regions. One first thing to determine is the existence of dS solutions in a
given class: this is of course not automatic and in some cases the non-existence can be
made precise with no-go theorems which we prove here. In other regions, (A)dS solutions
can be found: we then proceed by characterising their properties, including the study of
the internal space’s geometry (and whether it can be made compact), the stability of the
potential at the critical point, and the possible scale separation. The discussion of these
properties will be completed in Chapter 5 where we analyse the flux quantization and
whether the supergravity solutions are actually weakly coupled while still having a large
internal volume.

Algebra identification and compactness

In this section, we focus on the identification of Lie algebras g underlying the 6d group
manifolds M in the solutions found, and the compactness of M. We first recall in Section
3.1.1 a few useful elements of algebras. We illustrate those in various examples in Section
3.1.2. We then present in Section 3.1.3 the method used for this identification, as well as
the (partly numerical) tools developed. We finally present our results in Section 3.1.4,
namely the identification of all 6d algebras appearing in the solutions found in [1,4, 65],
and what can be said on the compactness of the corresponding group manifold M.

Elements of algebra

We consider a real 6d Lie algebra g. In a given basis, it is expressed by the commutation
relations of the 6 vectors {F,}, a = 1,...,6, in terms of the structure constants f%,.

g : [Eba EC] = fabc an (31)

and the structure constants are bound to verify the Jacobi identities. Real 6d Lie algebras
are classified. Levi’s decomposition indicates that any Lie algebra g is the semi-direct
sum of a semi-simple algebra s and a solvable ideal ¢ called the radical of g

g=sDr. (3.2)
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We will distinguish two cases:
e g =t is solvable (to be defined below).

e g is not solvable. This last case can be further divided in three situations: g = s is
semi-simple, g = s @ v is a direct sum, or g = § D v is a (non-trivial) semi-direct
sum. This division will however not be crucial to us since we will only consider few
algebras that are not solvable.

We now introduce a few elements to define solvability, and a particular case, nilpotency,
of a Lie algebra; a mathematical review on solvable algebras and the corresponding
solvmanifolds can be found in [71]. We first recall that an ideal i of an algebra g is a
subalgebra that verifies [g,i] C i. Any Lie algebra g possesses three series of ideals: the
derived series, the lower central series, and the upper central series. We will only need

the first two: the lower central series { g(k)} N is defined recursively as follows

9 = [00—1),8] . 800) =9, (3.3)

while the derived series { g(k)} e is defined as

g = {g(k—n,g(k—n} . g®—g. (3.4)

The sets of successive dimensions of ideals in the lower central and derived series are
respectively denoted CS and DS. These two sets of integers are readily computable from
the list of structure constants, and are often different from one Lie algebra to another one.
They are basis independent: they will then be useful for the identification of algebras.
And indeed, a first use can be seen through the following definitions. An algebra is
solvable iff 3k s.t. g®) = 0; in other words, its DS ends with 0. An algebra is nilpotent
iff 3k s.t. gx) = 0; in other words, its CS reaches 0. The latter is a particular case of the
former.

Another useful definition is that of the nilradical n of a solvable Lie algebra g: n
is the maximal nilpotent ideal of g. It is unique, and solvable algebras are classified
according to their nilradical. Determining it is thus an important step towards identifying
a solvable algebra.

A necessary condition for compactness of the group manifold is the unimodularity
(also known as unipotence) of the Lie algebra: this is defined as

Vb, > fla=0. (3.5)

The ansatz used to find solutions required a stronger condition, namely f¢., = 0 without
sum on a. This is motivated by an appropriate choice of basis [4,71]. The list of
(isomorphism classes of) indecomposable unimodular real solvable Lie algebras up to
dimension 6 is given in [105]; there are 100 6-dimensional ones. The list of unimodular
real non-solvable 6d Lie algebras is given in [74] and below in Table 3.1: there are only
16 of them. We will also make use of the classification given in [106], which does not
restrict to unimodular algebras, but gives the CS and DS values for all algebras.
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3.1 Algebra identification and compactness

A last element which will be useful is the Killing form. It is a symmetric bilinear
form on the algebra g

B(z,y) =Tr(ad(x) -ad(y)) , =z,y€g — Bab = a0 /% . (3.6)

This (0,2)-tensor, equivalently represented by a (symmetric) matrix, has interesting
properties. To start with, one has

e g is semi-simple iff B has a non-zero determinant,
« g is solvable iff B(g,[g,g]) =0,

o If g is nilpotent then B is identically zero.

In addition, the signature of B is invariant under a real change of basis. This will be
of interest to us for the identification of algebras: we will be interested in the number
of positive and negative eigenvalues of B. Finally, if B only has negative eigenvalues
(implying that it is semi-simple) then g is compact.

A solvable algebra g gives rise to a compact group manifold M whenever a lattice
can be found. Let us consider a discrete subgroup I' of the group G associated to g.
This T is a lattice if the quotient G/I" is compact. This quotient is then precisely the
group manifold M, and it is called a solvmanifold. A particular case is a nilmanifold,
the quotient of a nilpotent group by a lattice. Given an indecomposable solvable algebra,
whether or not a lattice can be found is not always settled. As a consequence, we
cannot always conclude on the compactness of M once the algebra is identified. We refer
to [71,107] for more details on this matter of compactness.

Beyond the elements presented above, many more exist, with associated methods
to help identifying Lie algebras given in terms of their structure constants. We can
mention, among others, the upper central series and their dimensions (US), the number
of generalized Casimir invariants, decomposability properties, etc. We refer the interested
reader to [106]. The above will be enough for our purposes.

Examples of algebras

Let us illustrate the previous definitions with a few examples. We start with low
dimensional real unimodular Lie algebras. In 1 or 2 dimensions, there are only u(1) and
2u(1). In 3 dimensions, there are six of them. We give them below in terms of their
non-zero structure constants in some basis; the directions numbering, 123 or 456, is
chosen for convenience

3u(l) : (f*%=0) (nilpotent) (3.7)
Heiss :  f5 =1 (nilpotent)
a9 =is0(2) :  fl6=1, fi6=—1  (solvable)
gzs=1is0(1,1) 1 fle=1, ffus=1 < flys=1, fo56=—1  (solvable)
s0(3) =su(2) : flog=1, flf5 =1, fro=1 (simple)
s0(2,1) = sl(2,R) flas=1, P =1, fPra=-1 (simple)

Of those, only s0(2,1) does not lead to a compact group manifold. Others are either
compact, or admit lattices giving compact group manifolds.
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’ H Algebra ‘ M compactness ‘ CS ‘ DS ‘ Eigenvalues

50(3,1) X 6 6 3+,3-

Semi-simple 50(3) @ so(3) v 6 6 6-
50(3) B so(2,1) X 6 6 2+,4-
50(2 1) ®s0(2,1) X 6 6 44,2-

50(3) @ 3u(1) v 63 | 63 3

s0(3 )@HeiS3 v 6,4,3 | 64,3 3-

50(3) @ gd : v 6,5 | 6,53 4
Direct sum 50(3) ® g5, 4 v 6,5 | 6,5,3 1+,3-
simple @ solvable ( ;1) @ 3u(1) X 6,3 6,3 2+,1-
s50(2,1) @ Helbg X 6,4,3 | 6,4,3 24,1-
50( 1) @935 x 6,5 | 6,53 24,2-
50(2,1) & g5 4 X 6,5 | 6,5,3 34,1-

50(3) D 3u(l) v 6 6 3-
Semi-direct sum 50(2,1) ® 3u(l) X 6 6 2+4,1-
simple  solvable || s0(2,1) D 2u(1) & u(l) X 6,5 6,5 2+4,1-
50(2,1) ® Heiss X 6 6 2+,1-

Table 3.1: All 6-dimensional real unimodular Lie algebras, that are not solvable. The
compactness is that of an associated group manifold M, possibly thanks to a lattice. CS
denotes the successive dimensions of the ideals in the lower central series, and DS those
of the derived series. Eigenvalues with p+, m— denotes that the Killing form admits p
positive eigenvalues and m negative ones, the remaining 6 — p — m eigenvalues being 0.

In 4, 5 or 6 dimensions, the only (semi)-simple real unimodular Lie algebra that is
indecomposable, is the following 6-dimensional one

50(3,1) : flag=1, ff1=1, fPro=1,fl%6=—1, ffa=1, fo5=1 (3.8)
FPas=1, fleo=—1, fou=-1,f=-1, fls5=1, fPa=1.

This algebra is not compact. From these ingredients, one can build all 6-dimensional
real unimodular Lie algebras, that are not solvable. Following [74,106] (and notations
of [107]), we list them here in Table 3.1, and determine some of their properties. We
provide below few more comments on them, before turning to solvable algebras in 4, 5 or
6 dimensions.

For completeness, we give as follows the structure constants for the semi-direct sum
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L Algebra LM compactness L CS L DS LEigenvalues

3u(l) ®3u(l) v 6,0 [ 6,0 0
Heis3 @ 3u(1) v 6,1,0 | 6,1,0 0
995 @ 3u(l) v 6,2 | 6,2,0 1-
931 @ 3u(1) v 6.2 |6,2,0 1+
Heiss & Heisg v 6,2,0 | 6,2,0 0
g9 - @ Heiss v 6,3,2 | 6,3,0 1-
954 © Heisg v 6,3,2 | 6,3,0 1+
gg,? D995 v 64 | 64,0 2%
gg% P gg,? v 6,4 | 64,0 14,1-
9514 D 034 v 6,4 | 64,0 2+

Table 3.2: 6-dimensional real unimodular solvable Lie algebras, that are decomposable
and do not contain a 4d or 5d indecomposable subalgebra; rather they are a direct sum
of 3-dimensional subalgebras. We also give some properties: the compactness of an
associated group manifold M (thanks to a lattice), the CS and DS, and the number of
positive and negative eigenvalues of the Killing form.

algebras appearing in Table 3.1

s0(3) 23u(l) : flog=1, Ao =1, fPra=1, flas= -1, fPa =1,

flas=1, fOu=-1, ffrs=-1, fP15=1 (3.9)
50(2,1) D3u(l) +  flog=-1, Py =—1, fPa=1, flis=-1, ffu=-1,
flas =1, fPou=1, fP36=-1, fl3 =1 (3.10)
s0(2,1) D2u(l) @u(l) :  flia=2, fri3=—1, fl3=2, flag=1, fPo5=—1,
ffu=1, fl55=1 (3.11)

50(2,1) D Heisg :  fl1a =2, ff1i3=—1, fP3 =2, fPa5 =1, 26 =—1,
fos=1, fo36=1, fl6=1.

For the last two, there could be no basis where f%,. = 0 without sum on a.

Let us comment on the compactness of M indicated in Table 3.1. Most of the time,
its non-compactness is due to s0(2,1). The semi-direct sum b D f can be interpreted
geometrically as leading for M to a fibration, where the fiber comes from f and is over a
base generated by b. Indeed, when one moves in b, there is a change on the elements of f.
In addition, if the base in a fiber bundle is non-compact, the manifold is non-compact as
well. We conclude that so(2,1) D f are non-compact.

There are many more real unimodular solvable Lie algebras, in 4, 5 or 6 dimensions.
Let us first focus on 6d decomposable ones. Those are a direct sum of lower dimensional
real unimodular solvable algebras. If one of those is a 4d or 5d indecomposable one,
then the rest can only be 2u(1) or u(1). Otherwise, either the 6d algebra is 6u(1) or it
contains a 3d indecomposable real unimodular solvable algebra: we list the 6d algebras
built in this way in Table 3.2, together with some properties.
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L Algebra L M compactness L CS DS l Eigenvalue ‘
goks (1#0) ? 6,5 6,5,1,0 e
96.84 ? 6,4,3 6,4,1,0 2
P povo # 0 6,5 6,5,1,0 A(pd — 1)
(|po] + |vol # 0)
goRy® Vo # 0 svp £ 0: 6,5 | s #£0: 65,10 | 2(s2— 12)
(Is| + [vo] #0) svg=0: 6,3 | svg=0: 6,3,1,0
goes % % 0 v £ 0: 65 | vo#£0: 6510 | 2(1—17)
v =0:63 | vp=0:631,0
96.91 ? 6,5 6,5,1,0
gehs™ (novo # 0) v 6,5 6,5,1,0 “dove
00 oor v 6,5 6,5,1,0 —4
9503 ol > 1 vo £0: 65 | vo#0: 651,0 | 2(1— 22)
v =0:63 | vp=0:631,0

Table 3.3: 6-dimensional real unimodular (indecomposable) solvable Lie algebras with
nilradical g5 4, from Tables 28 and 29 of [107], and their properties. The compactness of
an associated group manifold M, when settled, is read from the last remarks of Section
8.3 and 8.4 in [107]; the conditions indicated here on parameters are sufficient, we do
not know if they are necessary. We also give the CS and DS. The Killing form for these
algebras admits at most one non-zero eigenvalue, that we indicate explicitly.

Finally, real 6d unimodular solvable Lie algebras that are indecomposable are classified
according to their nilradical as e.g. in [107], into so-called “isomorphism classes”: for
any such algebra, one can find an isomorphism or change of basis that maps it to one
(and only one) of these classes. Let us give one example: those whose nilradical is gs 4.
These algebras are listed in Tables 28 and 29 of [107]. We have worked out some of their
properties as before, and summarize them in Table 3.3. Let us also mention a typo in
92?%37 whose correct structure constants are provided in the following for completeness

flaa=flas=1, ffas=fss=—flas=—fs6=1, fPos=—fl6=1.
(3.12)

0l .
U6.83 °

Method and tools for the identification

e General method

A 6d Lie algebra obtained in one of our solutions is given in terms of its structure
constants f%. in an arbitrary basis of vectors {E,}. It must correspond to one (and
only one) of the algebras appearing in the tables of [106,107]. Those are however given a
priori in a different basis {E!}, typically with a minimal amount of non-zero structure
constants f%, . This is the reason why the identification of our algebras is challenging.
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3.1 Algebra identification and compactness

The two algebras are isomorphic if and only if there exists a change of basis M such that

/

E,=FE,(M ), & ¢ =M%e, detM #0, (3.13)

where we also indicate the transformation of 1-forms {e®}. The two sets of structure
constants are equivalently related in the following way

Flae = (MH%Mby Me, f5y, (3.14)

The relations (3.14) amount to a high number of non-linear equations (depending on M),
and it would be computationally too involved to try to solve them for every tabulated
algebra. Rather, the method will consist in making use of the (basis) invariants and
ideals defined in Section 3.1.1 to reduce as much as possible the number of candidate
algebras among the tabulated ones. Only then, and if there is more than one candidate
algebra, we will find an explicit change of basis verifying (3.14).

In more detail, to identify a 6d Lie algebra obtained in one solution in terms of its
structure constants, we proceed as follows:

o We start by computing its CS, DS and the eigenvalues of its Killing form. The
DS tells us if it is solvable or not. If it is not, it must be one of the 16 listed in
Table 3.1. As can be seen there, the properties of the algebras allow to discriminate
among all of them except for two. In this last case, we need an explicit change of
basis to conclude. Apart from the latter, the procedure described so far has been
automatized into the numerical tool A1gId, that we present below.

e In case the 6d algebra is solvable, we identify its nilradical. This is easily done
using the definition given in Section 3.1.1 and comparing to tables of nilpotent
algebras. If necessary, one can compute as well the CS, DS of the nilradical to
help in this comparison. If the CS indicates that the 6d algebra is nilpotent, then
the nilradical is the algebra itself. Let us now consider that we face a solvable
non-nilpotent algebra. In case it is indecomposable, one uses the nilradical to find
a table of candidate algebras in [106,107]. For all these candidate algebras, the CS,
DS and eigenvalues can again be computed and compared: see for instance Table
3.3. Once one is left with only few candidate algebras, an explicit change of basis
needs to be found towards one of them. A dedicated numerical tool, AlgIso, is
presented below, providing a numerical matrix M verifying (3.14). Another option
is to find an analytical change of basis; we will give a few examples below.

o A last possibility is that the 6d (real unimodular) non-nilpotent solvable algebra
is decomposable. In that case, the tables of 6d indecomposable algebras are not
useful and one has to devise what are the possibilities, according to the nilradical.
One particular case is that of a decomposition into two 3d solvable algebras: such
algebras are listed in Table 3.2, and their comparison is automatized in the tool
AlgId.

We summarize our procedure in Figure 3.1.
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Algebra g
— compute the CS/DS
— compute the signature of B

(AlgIq)

DS does not reach 0
DS reaches 0

CS reaches 0

g is not solvable g is solvable g is nilpotent
— tdentify in Table 3.1 — determine the
(AlgId) nilT‘adjm/\
g is decomposable g is not decomposable

— identify the candidate
algebras in [106,107]

— if needed, solve (3.14) for
an explicit change of basis

(AlgIso)
g contains 1 or 2 g is a direct sum of
u(1) factor(s) 3d solvable algebras
— identify the 4d/5d part [107] — identify in Table 3.2

(AlgIso) (A1gIq)

Figure 3.1: Summary of the procedure used for the identification of 6d unimodular Lie
algebras.

e Numerical tools AlgId and AlgIso

We present in the following the numerical tools AlgId and AlgIso that we developed
to help us identifying the algebras of our solutions. These tools are however built for a
broader use.

The main input of the code AlgId is a set of structure constants of a Lie algebra,
as well as its dimension. The first part of the code computes the CS, DS, the Killing
form eigenvalues, and its signature. In a second part, these results are compared to a
data base of 6d algebras, namely the 16 of Table 3.1 and the 9 of Table 3.2 (without
6u(1)), and the code indicates any match. These outputs should help identifying the
initial algebra.

This code is meant to work not only for structure constants taking integer or round
values, as e.g. in classification tables, but also when having numerical values as those
obtained in our solutions. Because of the latter, a precision parameter ¢ needs to be
specified, and the code then interprets as vanishing, or sets to zero, various key quantities
smaller than e: this avoids problems related to “numerical zeros” which are not exactly
zero. In our case, a suitable value turns out to be e = 10719,

To compute the CS and DS of an algebra g with vectors {E,}, the code proceeds as
follows. The CS and DS are the set of dimensions of the series of ideals g(;) and gk,
Each of these ideals is obtained by brackets between elements of subalgebras of g. The
idea of the code is to compute all these brackets, and store their result. More precisely,
each bracket gives a vector, which is stored as the rows of a matrix M,, when expressed
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3.1 Algebra identification and compactness

in the initial basis {E,}. Here is an example

[E1, Eo] = f?12F3 0 0 f3 0 ...
[E1, B3] = fPi3B2+ fY3Er & A= 0 A3 00 fhs o | L (3.15)

Determining the dimension of one ideal amounts to finding how many of these vectors
are linearly independent. This could be done by computing the rank of the matrix M,.
But this option is not flexible enough in the case of numerical input, for instance in the
case where two vectors are very similar, and should be equal up to a numerical error.
What is rather done is then to complete the matrix M, into a square one, by determining
the orthogonal space to the rows of M,, and then compute the determinant of the square
matrix. If the determinant is too small, the code considers it to be zero and decides
that the vectors in M, are not independent. On the way, the vectors are normalised to 1
to allow for a fair evaluation of the determinant. This method to determine the linear
independence is actually implemented every time a new vector is added to M,: if it is
found linearly independent, the dimension of the ideal is increased by one; if the vector
is not independent, then it is not added to M,. This is done recursively until one has
tested all vectors obtained by all brackets defining the ideal. One obtains in this manner
the dimension of the ideal, and builds this way the CS and DS of the algebra considered.

The rest of AlgId is straightforward, so let us now present AlgIso. That code aims
at finding an isomorphism between two algebras that are specified as input. If one of the
algebra depends on parameters, as e.g. some of the tabulated ones, these parameters are
automatically turned into variables and the code also searches for appropriate values.
To find an isomorphism between the two algebras, the method amounts to solving the
equations (3.14), where the variables are the matrix elements of M, the change of basis.
To solve these equations, we proceed via a two-step minimisation of a loss function, built
from the equations to solve. More details on this procedure can be found e.g. in [4], where
this approach was used to find supergravity solutions. If a solution to the equations is
found, then the isomorphism M and possible values of algebra parameters are provided.

e Analytical changes of basis

While most non-nilpotent solvable algebras are identified, following the method described
in Section 3.1.3, thanks to a final numerical change of basis, a few can still be determined
by an analytical one. We present some examples below. For the latter, Table 3.1 is
enough for the identification. The analytical change of basis in that case can still serve
further purposes, such as a classicality study [2].

e Solutions 336663, 4

We start with solutions 336663, 4 which have the following non-zero structure constants

88‘_66637 4: f1457 f5147 f3467 f6347 f2137 f256 . (3.16)

From this set, one identifies the nilradical to be g54, with directions and non-zero
structure constants

n= {172737576}7 f2137f256' (317)
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These algebras are thus among those of Table 3.3. To completely identify them, we
determine in the following an analytical isomorphism. A first step is a relabeling on the
set (3.16)

1-22—51,3544-6,5-36—>5: [ o6 Flos fPaer [loas fla5.  (3.18)

This small set of structure constants obeys a few relations, thanks to the Jacobi identities

fleffae =0 < P _ Fao (3.19)
l ] froa fo6
flss  f'se
flepfg =0 & = =" 3.20
27 56] flaa  f326 (3:20)
We then perform the following rescaling
Yy / ]_ / 1
ea;zél A e , e1 = 61 , 64 _ f124 64 (321)
[tas ['s3
leading, thanks to the above relations, to the new structure constants
!/ !/ / !/ / !/
o =—Fa6 =36, [Pos =—FY56 = oy flas =l =1 (3.22)
We introduce the parameters pg = — f2%6 and vy = f355. Given that g # 1o in our
solutions, we identify the algebra to be gg%s°, for both solutions.
e Solution mJ.t-1
For this solution, we have the following set of non-vanishing structure constants:
Mgzl : Flas=fOru, fPss = flas, 15 =[5 (3.23)
The nilradical is identified to be g5.4 with
n=1{1,2,3,4,6}, and f%;3 = f514, (3.24)

so the algebra can be found in Table 3.3. One can perform the following relabeling of
directions

152,2-53,3-55,4—4,5-6,6—>1: flas=flog, 56 = f2a6, fr26 = 36
(3.25)

We have in addition the following signs: f356 > 0, f36 < 0. We then perform the
following rescaling on forms

1 1 1
el — el 7 e23' e2:3 7 b B ’ S — /_f356f536 S
a5/ — 35636 356 —f?36
(3.26)

The new normalization allows to directly identify the algebra to be 98.92*.

3.1.4 Results

Using the method and tools described in Section 3.1.3, we have identified all algebras of
the solutions found in [4], as well as the algebras of the previously found solutions s2; 1
and 3;5 1 - 28 [1,65]. This allows in particular to discuss the compactness of the group
manifolds, using the material of Section 3.1.2 or further results in [107]. We summarize
our findings as follows.
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3.1 Algebra identification and compactness

e De Sitter solutions

| algebra || 50(3) ®s0(3) | 50(3) ®3u(l) | s0(3) ® Heiss | 50(3) @ g34 [ 935 ® 035 |
’ solutions H 32'666 1 ‘ m46 10 ’ 355 20, 21 ’ 555 19 ’ s:{,) 14 ‘
’ compactness H v ‘ v v ’ v ‘ v

[ algebra [ g5idgy) | 5,1 ol [ x| gobs " [ 8oy |
| solutions || st 15 | sd522-27 | sd; 16,17 | sliee 3,4 mas;r 3-6 ] mai 1|
’ compactness H v ‘ v ‘ v ’ v ‘ v ‘

Table 3.4: Algebras identified in de Sitter solutions, leading to compact group manifolds.

| algebra || 50(3 1) [ so(2, 1)6950(2 ) ] 50(3)@50 (2,1) | s0(2,1) ®3u(l) |
’ solutions H m 5 1, 56666 2 ’ m;}) 2 -4, mrr77 2,7,12 ’ mrr77 1 ’ m46 1-9 ‘
’ compactness H X ’ X ‘ X ’ e ‘
| algebra || s0(2,1) @ Heiss | s0(2,1) @ gJ 5 | s0(2,1)®g5y |
solutions s4- 18 Sas 12, mdz, 9, 10 s 1-11, 13, 28,
mis.. 8, 11
| compactness || X ] X ] X ‘

Table 3.5: Algebras identified in de Sitter solutions, leading to non-compact group
manifolds.

Finally, the solution 366 1 was identified to be on go 40,0 ggjééo, but we do not know

whether this algebra can provide compact group mamfolds.

e Minkowski solutions

algebra Heisz ® Heisg | gake”° | 86’20’ g2, @u(l) || s0(3) ®s0(2,1) | 50(2,1) @ 3u(l

| H Loos™ | oo” | ahiout) | | )|
’ solutions H 521 ‘ s 4 ’ s%-- 2,3 ‘ mgs 4 H 8% 1 ‘ mig 1 ‘
’ compactness H v ‘ v ‘ v ‘ v H

| x |

Table 3.6: Algebras identified in Minkowski solutions, leading to compact (v') or non-
compact (x) group manifolds.

Several other Minkowski solutions were found with algebras that may or may not provide
compact group manifolds: we refer in the following to related propositions in [107] that
could help in settling this matter, in case there is a particular interest in a specific
solution. This is the situation encountered for solutions mYs 2 and mgg 3, 5 with algebra
gg ?; @ u( ) (Prop. 7.2.13), mYgq 1, 2 with g5 13 1" @u(1) (Prop. 7.2.6), and mQs 6 with

A EBu(l) (Prop. 7.2.1).
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e Anti-de Sitter solutions

|__algebra [ s0(3) ®3u(l) [s0(3) 9 s [ o35 @als | ggu0 |
[ solutions }[ My 1, 2 [ S5 [ S55 2, 3, 4 [ My 4, 5 }
( compactness w v { v { v { v W

Table 3.7: Algebras identified in anti-de Sitter solutions, leading to compact group
manifolds.

Finally, solution m,4 3 was found on the algebra ggfgf, and we do not know if the latter

can provide a compact manifold.

Stability

In this section, we present the key elements of the 4d effective action

S= [ d*z/|g4 %R—l--a kG —V 3.27
= 94 5 4 29@] ;L¢ ¢ ) ( )

obtained after dimensional reduction and consistent truncation of our 10d solutions,
allowing us to determine their stability. We first discuss in Section 3.2.1 the scalar fields
considered and the scalar potential V', then in Section 3.2.2 the field space metric g;;
and the problem of field redundancy. We present in Section 3.2.3 the numerical tool that
we have developed for these computations, and we finally discuss in Section 3.2.4 the
stability of our solutions, inferred from these considerations, and compare it to various
conjectures.

Scalar fields and potential

As explained above, we consider a restricted set of 4d scalar fields (p,T,07), where
I =1,...,N runs over the sets of (parallel) sources. The 6d volume p and 4d dilaton
7 were introduced together with their potential in [38]. The oy, related to internal
volumes wrapped by the sources, can be defined independently: they were introduced
and motivated in [108,109]. The generic scalar potential depending on o was obtained
in [77] for N =1, and in [70] for N > 1, with a single source dimensionality p; here we
will extend it to multiple dimensionalities.

All these scalar fields are obtained as specific fluctuations around the background
6d metric and dilaton. To obtain the 4d scalar potential, one should introduce these
fluctuations in the 10d action. A first result is the following potential V' depending on

psT
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2 _ _ 1 _ 6T 1 _

p
(3.28)

while Rg, H, Fy, Tl(g)I should still be fluctuated with respect to the o7; we will do so in
the following. Let us emphasize that in this potential, the terms in F5 or Fg are not
obtained in the same way as the others, because of the contribution of corresponding 4d
components; we refer the interested reader to the appendix of [78], which completes the
derivation of the potential. It is shown there that eventually, these terms can be recast
in the same form as the other F}, including the fluctuation to come with respect to oy,
so we treat here all fluxes together.

Each o7 is defined with respect to a given set I of parallel sources. For this reason,
while fluctuations with respect to oy were generically described in the aforementioned
papers, the resulting potential (and kinetic terms described in Section 3.2.2) is dependent
on each specific source configuration. We need here these results for each solution class
of [4], because we have found solutions on a compact manifold for almost all of them
(see Section 3.1.4), justifying the study of a corresponding 4d theory. In addition, the
formulas of [70] need a slight generalization to the case of multiple dimensionalities, as
we encounter in some solution classes. For these reasons, we present here once again
the definition of these fields and corresponding fluctuations, introducing however new
notations and tools allowing a more systematic treatment for any solution class. This
will be used in the numerical tool MaxSymSolSpec (MSSSp) that we have developed, to
provide the potential for any source configuration.

For each set I of p-sources, with certain parallel and transverse directions, one defines
as follows a 4d scalar fluctuation oy on the 6d vielbeins

A By
ey, —or2 ey, . e, —or2 e, , Ar=p—-9, Bp=p—3. (3.29)

The exponents A; and By are chosen in such a way that the determinant |gg| is left
invariant under this fluctuation. This should be done for all sets I of sources (with
possibly different p). Overall, each 6d vielbein e%,, gets multiplied by a product of powers
of oy that we denote 7, as follows
Pr(a)
e — g €%y (no sum) , where 7w, = HO‘] >, Pi(ay,) = As, Prlar,) = Br. (3.30)
I

Introducing these 7, is a convenient novelty. From there, one gets the fluctuations of
each quantity entering the potential (3.28) by going to the orthonormal coframe and
following the vielbein dependence:

—1 -1 -1
Heape — (7Ta77b7Tc) Heape anl...aq — (ﬂ'al .- -Waq) anl...aq v [ — Wa(ﬂ-bﬂ-(}) T e

(3.31)

The dependence in Rg is then obtained using the standard formula
ce rb a 1 eb ¢fc g a
_2R6:5 facf be+§(5 o 5gatf eff be (3'32)
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while the square of fluxes in the potential give rise to the sum of the squares of fluctuated
components. Finally, the fluctuation of the source term Tl(g)I corresponds to that of the
internal volume form vol||,: we get for each set [

" 1" ] 7 (3.33)

CLZQHI

One deduces from these fluctuations and (3.28) the complete potential V(p, T, 07), for
each source configuration.

As an example, the complete potential for the solution class s55 was given in [65]. Let
us give here the potential for the class m4g with only 1 Dg: interestingly, it admits sources
of multiple dimensionalities. The sets are I = 1 with an O4 along 4 and contribution
Tl(g), I = 2 with an Og along 123 and Tl(g)l, I = 3 with Dg along 156 and Tl(g)Q. The
potential is then given by

2 o _
WV(077701702,U3)=—7’ 2/7 1R6(01702703) (3-34)
P
1
+ 5720 %0708 (03 [HW P + 0f | ?)
5 3 37W 3 _9 370N 3 3 _9 T(G)2
—95773 p*1012022032—(150 +ojfoy 203 1? +ofojos” 1;)

o (por (ISP + 0§ PP 4 50t (o5 |21 4 F2P))
where we recall the flux notation H(™1=3, of components having n indices along the set
I = 3. We refer to the result given by MSSSp for the precise expression of Rg(o1, 02, 03)
as a sum of powers of oy times structure constants.

Let us finally recall that in our conventions, the background (i.e. our solutions) is
recovered at p =7 = o7 = 1. Since we have a consistent truncation, this corresponds in
4d to a critical point 94V = 0, while at this point one also has MLEV = %R4. This is

checked on each of our solutions.

Field space metric and redundancy

Following Appendix D of [1], the kinetic terms appearing in (3.27) are given by

1

o 3 1
2 9i0u' 0" ¢ = 2r72(07)? + Sp7%(9p)" = 7 Ou(man)0((m~H)™) - (335)
p

where mgy is the diagonal 6d metric in orthonormal coframe fluctuated with oy; it has
determinant 1. Using the convenient notation introduced in (3.30), we obtain

Mgy = T2 8y (Without sum) . (3.36)

By (m~1)® we denote in (3.35) the coefficients of the inverse of m. It is then straightfor-
ward to obtain the kinetic terms. In particular, the expression for mg;, leads to many
cross terms 0,070"0, i.e. non-diagonal elements of the field space metric g;;.
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An issue is however that the fields oy are sometimes redundant. This can be
understood as follows: each o7 is a metric fluctuation, in correspondence with an
internal volume wrapped by a source set. The independence of the o; can be seen as the
independence of these volumes: for instance if one has Oy along 12, 34 and D7 along
1234, the volumes are not independent and there would be a redundancy in the o;. This
depends entirely on the source configuration, and for each of them, we need to specify a
set of independent o;.

The problem of the redundancy is equivalently seen through the field space metric g;;:
it has vanishing determinant if there are redundant fields. Indeed, redundant fields can
be removed by a field redefinition. But removing some o; would lead to vanishing field
metric coefficients along the 0*c ;, hence a vanishing determinant. A set of independent
fields must then be identified before computing the metric. A concrete way to determine
redundant fields is to find a field redefinition that removes one or more o ; fields completely
from the 7, defined in (3.30) (or equivalently sets these fields to 1). Since the 7, are
the building blocks for the potential and the field space metric (see (3.36)), fields o
removed from the m, will not appear anywhere and were certainly redundant.

A field redefinition to remove fields {ox} from 7, and keep {o)/} can be designed as
follows; it is not the most general, but it will be enough for our purposes

oM — OM H oM, ox »ox . (3.37)
X
One verifies that ox are removed from all 7, if and only if one finds exponents sx s
satisfying
Va, X,  Px(a)+ ) sxuPu(a)=0. (3.38)
M

Let us consider a first particular solution: sxas = 1, and there is a single field to remove,
the last one, i.e. X = N. The field redefinition (3.37) becomes

O[#N —» O[#NON , ON —>ON . (3.39)

This field redefinition was used already successfully in sgge6 [70, 108] and s55 [1]. One
verifies indeed that the condition (3.38) holds, with ) ; Pr(a) = 2(A + B) for p = 6 and
> . Pr(a) =2B + A for p =5, and both vanish. We verify that the same holds for mss77
and mZs,,, allowing there again to remove the last field, curing the redundancy.

Other cases require different solutions to (3.38) to remove differently redundant fields,
for instance when Ja s.t. Y ; Pr(a) # 0. This happens for m4s with O4 along 4, Og along
123, and Dg along 156, 256, 356; these five sets defining o1, 5 respectively. The field
space metric determinant vanishes for five oy, but not for four. We find the appropriate
field redefinition (3.37) to take the form

3 2
01—~ 0105, 02 — 02053 , 03,4 — 03,405 , 05 — 05 , (3.40)

removing o5 from the 7.

Another case is that of mss with 7 sets in the following order: Os along 12, 34, D5
along 56, D7 along 2456, 2356, 1456, 1356. Solutions have been found with all or some
of these sets turned on. We consider the corresponding 7 fields o;. Solving (3.38), we
find the following general field redefinition

012 — 012030507 , 04 —> 0407 , 06 —> 0605 , 0357 —7 0357 - (3.41)
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It allows to remove 035 7 from the 7,, in the case where all sources are present. In the
case where T3 = 0, one can still use (3.41), setting o3 = 1 and removing o5 7. Similarly,
for T = T}, = 0, one can use (3.41) setting o35 = 1 and removing o7. All these cases
amount in the end to setting o357 to 1.1

Once we know which fields o are redundant and should be removed (or equivalently
set to 1), we are left with a set of independent fields, and correspondingly a non-degenerate
field space metric. Let us give this data in one example, with the source sets considered
and ordered, the corresponding independent scalar fields, and the field space metric
expressed in that field basis:

mae (1 DG): 04 (4), 06 (123), DG (156), Oor MM4e6: 04 (4), 06 (123, 156)
Fields: (p,1,01,02,03)

— 0 0 0 0
202
0 2 0 0 0
72
15 9 9
= M2 0 0 _ — —
g’LJ Mp 20.% 20.10.2 20_10_3 (342)
9 27 9
0 0 - = —
20109 20‘2 20903
9 9 27
0 0 - — =
20103 20903 203

We give here for completeness the corresponding data for each case encountered in our
solutions.

S55: 05 (12, 34), D5 (56), Or S555: 05 (12,34,56). Fields: (p,T, 01,02)

— 0 0 0
22
2
—5 0 0
9 T
9ij = Mp 192 6 (3.43)
0 0 — —
0‘1 0109
6 12
0 0o ——- —3
0102 op

ses: Og (123, 145), Dg (256, 346), or seees: Og (123, 145, 256, 346). Fields:

'In the case where Tty = TTy = Tty = 0, one can use (3.41), setting 03,56 = 1 and removing o7:
this redefinition matches the more standard one (3.39). We however do not encounter this case in our

solutions.
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(pv T,01,02, 03)

gij =

2p2

2
M2l 0
0
0

0 0 0 0
2
— 0 0 0
72
27 9 9
0 =3 — -
207 20109 20103
L9
20109 203 20903
9 9 27
0 - - 52
20103 20903 203

(3.44)

mae (3 Dg): Oy (4), O (123), Dg (156, 256, 356). Fields: (p,T,01,02,03,04)

2
gij = M,

— 0
2p?
0 2
72
0 0
0 0
0 0
0 0

0 0 0 0
0 0 0 0
15 9 9 9
TO’% B 20109 B 20103 B 20104
9 27 9 9
_20'102 Tl'g _20203 _2020'4
9 9 27 9
B 20103 B 20903 Tc% 20304
9 9 9 27
B 20104 B 20904 20304 T‘i

(3.45)

mss: Os (12, 34), Ds (56), D7 (2456, 2356, 1456, 1356), or Os (12, 34), Dy (2456,
2356, 1456, 1356), or O5 (12, 34), D7 (2456, 1456, 1356). Fields: (p, 7,01, 02, 04, 06)

2
gij = M,

0 0 0 0
— 0 0 0 0
12 6 3 3
(7% - 0109 B 0104 _0106
6 12 3 3
_010'2 O? —0'20'4 —0'20'6
3 3 12 3
_0104 _0204 ;i 0406
3 3 3 12
7010'6 70‘206 0406 ;%

(3.46)

ms577: 05 (12, 34), 07 (1356, 2456), or m§577: 05 (12, 34), 07 (1456, 2356).
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Fields: (p,1,01,02,03)

— 0 0 0 0
2p?
0 2 0 0 0
72
12 6 3
o= M2 0 0 - - =
gij = M, p 7109 103 . (3.47)
6 12 3
0 0 - — —
0109 o5 0203
3 3 12
0 0 - - 5
0103 0203 o3

Numerical tool MaxSymSolSpec (MSSSp)

The computation of the scalar potential and the field space metric, as described in Section
3.2.1 and 3.2.2, has been automatized in the numerical tool MaxSymSolSpec (MSSSp) that
we have developed. The code first takes as input the list of source sets. From this data,
the fields (p, 7,07) can be defined. A first task is to determine a set of independent fields,
and remove the redundant ones. The user can specify a complete list of redundant fields,
based for instance on Section 3.2.2. Otherwise, the code determines such a list by itself.
To that end, the field space metric is computed and its rank is checked, row after row,
allowing to identify redundant fields. Once a set of independent fields is identified, a
proper field space metric is computed, as well as the scalar potential V. The latter is
obtained by considering the fluctuations m, as described in Section 3.2.1.

With a set of independent fields, the corresponding field space metric and the scalar
potential, the code can compute the mass spectrum, following definitions of Section
3.2.4. This is done for a 10d supergravity solution provided as an input. The code
verifies that it is a critical point of the potential. It then computes the parameter 7y,
the masses? and their associated field space eigenvectors. Note that the mass matrix M
transforms covariantly under (field space) diffeomorphisms, i.e. field redefinitions. So its
eigenvalues, namely the mass spectrum, and in particular the value of 7y, are unchanged
when choosing a different (diffeomorphic) set of independent fields.

Results: stability of the solutions and (swampland) conjectures

Having determined the scalar potential and the field space metric of the 4d effective theory
(3.27), for a set of independent scalar fields (p, T,07), we can compute the corresponding
mass spectrum for each solution of [4]. It is given by the eigenvalues (masses?) of the
mass matrix, with coefficients Mij = gikvd)k@(bj V', at the critical point p =7 =07 = 1.
The connection term due to V vanishes at an extremum, since it is proportional to a
first derivative of the potential. Therefore, one only needs to compute the eigenvalues
of g~ ! times the Hessian of the potential V, at this point. All these computations are
performed using MSSSp.

From the mass spectrum, one reads the stability of the solution (at least due to this
set of scalar fields). For de Sitter and anti-de Sitter solutions where V' # 0, this is better
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captured by the parameter 7y that we recall here

ny = M,? manV8V , (3.48)
where the numerator stands for the minimal eigenvalue among the masses?. The 7y is
computed at the critical point. Note that we use the same definition for de Sitter and
anti-de Sitter extrema, although the sign of V' changes.

Let us finally recall from [1] that the minimal eigenvalue of a mass matrix can only
get lowered if one adds more fields. Therefore, if an instability is detected within our
set of fields, it will not be cured with more fields, and we can conclude on a unstable
solution. We now study the stability of each solution of [4] according to the sign of the
cosmological constant.

e De Sitter
The values of iy for each de Sitter solution of [4] are given in Table 3.8 and 3.9.

class Sgs Sas66 Mg

solution 1 1 | 2 [ 3 | 4 1 | 2 [ 3 | 4
—nv_ || 3.6170 || 18.445 | 2.6435 | 2.3772 [ 3.6231 || 3.6764 | 3.7145 | 2.2769 | 2.8266
class mys

solution 5 6 [ 7 ] 8 | 9 [ 10

| —nv ][ 0.36462 | 3.0124 | 2.0672 | 2.3554 | 2.6418 | 1.2539 |

Table 3.8: Values of —ny obtained with the set of independent fields considered for each
de Sitter solution in type IIA.

class i mas Mg
solution || 28 1 | 2 [ 3 [ 4 1 ] 2 [ 3 | 4
—nyv ][ 3.2374 | 2.5435 | 2.6059 | 2.7126 | 3.3574 || 4.7535 | 3.5034 | 3.2722 | 3.1779
class Mismr mis.
solution 5 | 6 | 7 [ 8 | 9 [ 10 [ 11 | 12 1

| —nv [ 4.7957 [ 4.9129 [ 3.4210 | 3.5611 | 2.9333 [ 2.9003 | 3.4806 | 2.8966 | 5.0483 |

Table 3.9: Values of —ny obtained with the set of independent fields considered for each
de Sitter solution in type IIB.

A first observation is that 7y < 0 for all de Sitter solutions, in agreement with
Conjecture 2 of [70]. This means that the solutions are unstable, and that a tachyon can
be found among the fields (p, T, 07) considered, in agreement with the proposal made
in [108]. While always successfully tested (see however [65] for a counter-example on a
non-compact manifold), the check of this proposal is here extensive, since many different
solution classes have been considered, including some (e.g. mj;) where de Sitter solutions
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are found for the first time. We finally point out that for each solution, there is one and
only one tachyonic mass in the spectrum.

A second observation is that most values are of order -1, in agreement with the refined
de Sitter conjecture [62,63]. This is not surprising from the perspective of [65], where it
is argued that less generic stability behaviours need to be searched in specific corners of
the parameter space, and here, we have not performed such dedicated searches. Our aim
was rather to get (generic) solutions in many different classes.

Two exceptions are nevertheless worth being mentioned. The first one is mZGE), which
admits a comparatively low value |ny| = 0.36462. As indicated in Table 3.5, the group
manifold is however non-compact. The second one is 836661, which admits a comparatively
high value |ny| = 18.445. There, the group manifold is compact, see Table 3.4. However,
such a high instability is phenomenologically uninteresting.

Last but not least, let us add a word on the solution s7519 found in [65]. Back then,
its algebra was not identified. Thanks to the work of Section 3.1, we now know this
algebra, and as indicated in Table 3.4, the group manifold is compact. This is interesting,
because this solution admits the lowest |ny| value known for a solution on a compact
manifold: 7y = —0.12141. This emphasizes the need for dedicated searches when it
comes to stability of de Sitter solutions.

e Minkowski, and a new conjecture

For Minkowski solutions, we do not compute 7y but look directly at the mass spectrum,
provided in Appendix C. Interestingly, we observe the systematic presence of a massless
mode, in all solutions, the other masses being non-tachyonic. In solutions m$s2 and
mg%l — 6, there are even two massless modes. The systematic presence of such a 4d
massless scalar field in classical, or at least 10d supergravity, Minkowski solutions is
commonly believed to be true. Examples are ubiquitous in the literature, a first one
being Calabi-Yau compactifications (with A1 > 1). There, the presence of flat directions
is related to the more general no-scale property of the potential [110,111], which can in
some models remove the dependence on some fields in the scalar potential. Less common
examples include M-theory compactifications [112], compactifications to 6d [113], or
maximal supergravity in 4d [114], all having Minkowski solutions with massless scalar
fields, some being flat directions. The systematic presence of a massless scalar field was
even proven in compactifications to 4d N' = 1 supergravity, coming from supersymmetric
Minkowski solutions of 10d type ITA supergravity with certain Og/Dg [115,116] (see
also [40]). This idea goes along with that of a systematic tachyon in de Sitter solutions.?
Following this line of thoughts and our observation, we propose here the following
conjecture:

2Relations between the tachyon in a de Sitter solution and the sgoldstino in a (no-scale) Minkowski
solution, the latter being the limit of the former, have been discussed in [108,109,117-119]. At first
sight, we do not know whether our conjecture matches such a sgoldstino interpretation, but it would be
interesting to investigate this further.
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Massless Minkowski Conjecture: (3.49)

10d supergravity solutions compactified to 4d Minkowski always admit a 4d massless

scalar, among the fields (p,T,07).

The fact the massless mode should be among (p, 7,07), and the claim not depending
on supersymmetry (of the solution or of the 4d theory), are important additions with
respect to previous related statements. The conjectured massless scalar field is also not
necessarily a flat direction. These points make the conjecture more interesting, connecting
directly to the proposal of [108] stating a systematic de Sitter tachyon among the same
fields. In addition, the complete set (p, T, 07) is necessary: the massless mode is indeed
not among (p,7) alone in sg5 1, m26 1,2, m266 1-6, as can be tested with MSSSp; it is
however in 8255 1-4, probably because of the more limited supergravity contributions.
Note that in heterotic string at order o/?, the field 7 is massless in a Minkowski solution
so the conjecture is valid, while fields o; cannot be defined. Let us finally mention the
recent apparent counter-example [120], where Minkowski solutions are found with all
moduli stabilized. Those are however obtained on mirrors of rigid Calabi-Yau manifolds,
which are better described as Landau-Ginzburg models, having A% = 0. As indicated
there, since these models have no Kéhler moduli, they do not have a proper 10d target
space geometric description, and circumvent our conjecture by being not describable in
10d supergravity.?

An option would be to restrict the conjecture to solutions with 4d effective theories
preserving at most NV = 1 supersymmetry. Such a weaker statement could then be related
to the Conjecture 4 of [4], requiring at most A/ = 1 in the 4d effective theory for de
Sitter solutions: the massless mode of Minkowski may then, once again, be related to the
tachyon of de Sitter, both observed to be among (p, 7,07). Nevertheless, preserving more
supersymmetry typically corresponds to having less supergravity ingredients, leading
to a simpler scalar potential, that would be less likely to generate a mass. So we stick
to the above version of the conjecture. In addition, there exist examples of Minkowski
solutions leading to a 4d theory with N/ > 2 and having a massless scalar, starting with
solution s2:1.

The conjecture applies in particular to classical Minkowski string backgrounds (see
however below about corrections), and can as such get a swampland interpretation.
Of course, it agrees with the anti-de Sitter distance conjecture [60], which provides
in the asymptotics of field space a Minkowski solution with a massless mode coming
from a tower. The conjecture (3.49) is however stronger as it is not strictly about the
asymptotics, and the massless mode is rather to be found among the light modes of
the 4d theory (see a related discussion in Section 3.3.1). A swampland-type corollary
statement would then be the following;:

3Similarly, without Kéahler moduli, one cannot define internal volumes related to our p and o7, and
maybe not even the 4d dilaton 7 which needs p. From this perspective, that example may even be viewed
as being in agreement with the conjecture.
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Massless Minkowski Conjecture (swampland corollary): (3.50)

In a quantum gravity 4d effective theory with a scalar potential V (¢'), if a critical point
(04;V = 0) can be found in a region of field space corresponding to a classical and per-
turbative quantum gravity regime, and if this critical point is Minkowski (V = 0), then

the mass matrix admits a vanishing eigenvalue.

In addition, the conjecture (3.49) specifies among which fields the massless mode can
be found. Note that a vanishing mass matrix eigenvalue is equivalent to a degenerate
Hessian of V. The above leads us to propose the following strong version of the conjecture:

Strong version: (3.51)

If the above Minkowski critical point is realized, then there is no 4d tachyon, meaning
Vv V
0=min VOV = — = VYV .
M, M,

In other words, the inequalities of the refined de Sitter conjectures of [62—64] are

saturated.

The strong version adds the information that the massless mode is the minimal eigenvalue
of the mass matrix, meaning that there is no tachyon. This is indeed what we observe in
our solutions.

There are two reasons to be careful about these swampland versions (3.50) and (3.51).
First, a quantum gravity effective theory would a priori contain many corrections going
beyond the classical and perturbative regime. Even though they would be small in such
a regime, there is no reason here (e.g. without supersymmetry) for them to vanish. Any
such non-vanishing correction could alter the claim of a vanishing mass. One should then
be careful with the interpretation of the “classical and perturbative regime”: whether
this means a truncation of corrections (10d supergravity interpretation) or whether these
are small, could change the statement. Second, we know that any additional scalar field
with respect to our set (p,7,07) can a priori lower the value of min VOV (see below
(4.19)). From this perspective, there is no reason for having no tachyon. In the literature,
tachyons are however not observed in Minkowski compactifications (we do not consider
here open string moduli, and e.g. Dy-brane instabilities). So the strong version remains
plausible. This conjecture deserves in any case more investigation, and we hope to come
back to it in future work.

Contrary to other swampland conjectures related to stability, the conjecture (3.49)
does not depend on whether the solution is supersymmetric or not. Let us add here a word
on this last question. The solutions found in [4] were obtained by solving the equations
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of motion and Bianchi identities. Conditions for supersymmetry, as e.g. phrased in the
language of generalized complex geometry with SU(3)xSU(3) structures [83,93], were
not considered. Therefore, we see no reason for our solutions to be supersymmetric. For
Minkowski solutions, a quick test goes as follows. Supersymmetric Minkowski solutions
with Oz typically need to have their H- and F3-flux related through the ISD condition:
x6H = € g, I3 [43], where for simplicity we do not specify the sign ¢ and we fix e? = g,.
The class of Minkowski solutions with O,/D,, found in [82] generalises this relation to

« HO = ¢ gsFéO_)p. The latter can be read in the smeared limit from the supersymmetry
conditions as a particular solution, using the calibration condition ¢*[8 Im®;] = vol)|.
Then, a hint for supersymmetry in a Minkowski solution is that appropriate components of
H and g,Fs_, take the same value. It is not the case in any of our solutions, except when

both vanish. We conclude again that our solutions are unlikely to be supersymmetric.

e Anti-de Sitter

The values of ny for each anti-de Sitter solution of [4] are given in Table 3.10. We note
already that all values satisfy 7y 2 —1, in agreement with the conjecture of [52] (see also
Footnote 4).

class S5 My
solution 1 2] 3 | 4 1 | 2 | 3 | 4 | 5
| nv ] 0.7785 | -4 | -3.8495 | -2.4901 || 1.2531 [ 1.5483 | 1.5537 | 1.3004 | 1.2548 |

Table 3.10: Values of 1y obtained with the set of fields considered for each anti-de Sitter
solution.

The stability of anti-de Sitter solutions is more delicate. Let us first recall useful
formulas valid for a 4d anti-de Sitter spacetime, extremum of a potential

R4 3 14
Re 3 _\_V (3.52)
4 M2

where [ is the so-called anti-de Sitter radius, appearing in the standard metric as follows
2

ds? = i—g(sz + dx,dz#). Perturbative stability then requires for any scalar of mass m

to verify the Breitenlohner-Freedman (BF) bound, expressed in 4d as

m? > —4% = < 2 : (3.53)
from which we deduced an upper bound on 7y in an anti-de Sitter solution. From this
criterion, we see that all solutions with positive iy in Table 3.10 are perturbatively
unstable.

Of interest are then the three anti-de Sitter solutions found with a negative 7y (on
compact group manifolds): not only those are perturbatively stable (at least within these
fields), but their mass spectrum only has positive masses?. This perturbative stability
may challenge to some extent the swampland conjecture on non-supersymmetric anti-de
Sitter solutions [68], in case these solutions are non-supersymmetric. The latter is not
straightforward to determine, and the quick test proposed for Minkowski solutions at the
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end of Section 3.2.4 would not work for anti-de Sitter solutions, because of an extra term
in the supersymmetry conditions, depending on the cosmological constant [93]. However,
as argued for Minkowski solutions, we still believe that our anti-de Sitter solutions are
unlikely to be supersymmetric, making the above perturbative stability interesting.
Finally, we notice also the surprising values taken by 7y in these perturbatively
stable solutions. Of particular interest is s;;2 which gets 7y = —4.0000 and s;;4 with
ny ~ —2.5. The reason for such specific values might come from the particular field
content of these solutions. Such choices for a solution ansatz may be of interest, and
deserve more investigation. We will come back to these peculiar values in Section 3.3.1.

Scale separation

In this section we discuss the possibility of having scale separation in new anti-de Sitter
solutions, found in previously unexplored solution classes s ; and my, [4]. We also
comment on a corresponding mass gap in Minkowski solutions. We first provide a general
discussion and few observations in Section 3.3.1. We then prove in Section 3.3.2 no-go
theorems for anti-de Sitter solutions in s;; and my, on nilmanifolds (including the torus)
or manifolds with a Ricci flat metric, both argued in the Introduction to be relevant for
scale separation.

General comments on mass gap and scale separation

As recalled in the Introduction, scale separation is a gap between the first non-zero mass
of a tower of states (here taken as the Kaluza—Klein tower) and a 4d effective theory
typical energy scale; such a gap then allows for an appropriate cut-off scale that truncates
the tower. For anti-de Sitter, the 4d scale considered is given by the cosmological constant,
while for Minkowski, it is set by the mass of light modes. To determine whether there is
a scale separation with the first massive Kaluza—Klein state, one should access the latter
scale. Beyond the torus, e.g. on group manifolds, this is not an easy task: it typically
requires to determine the eigenvalues of the Laplacian operator, as done e.g. in [121,122]
for nilmanifolds. In particular, the first non-zero eigenvalue, of interest here, is not
necessarily related to Rg, the internal scalar curvature which sets another scale.

Beyond the Laplacian eigenvalues, another contribution to the mass of 4d modes is
(the second derivative of) the scalar potential. In this analysis, we only access the latter,
and deduce from this potential our mass spectrum, displayed in Appendix C. In addition,
we only consider scalar fields with a dependence on 4d coordinates, i.e. our truncation
could be viewed as limited to the zero-modes of Kaluza—Klein towers. Their vanishing
masses then get corrected by the scalar potential contribution: such fields are typically
thought of as light modes. This interpretation is at least valid on a Ricci flat 6d manifold;
a more careful analysis might be necessary here on group manifolds. Still, from this
point of view, the mass spectrum we have at hand should not allow us to identify any
scale separation. In our perturbatively stable anti-de Sitter solutions, s;52-4, this seems
consistent with the fact we do not observe important hierarchies between the masses?
and Ry4. In particular, |ny| is of order 1 (see Table 3.10).%

4This agrees with the anti-de Sitter conjecture of [52] which compares the mass of light modes to the
cosmological constant, analogously to the criterion on 7y of the refined de Sitter conjecture [63]. The
former differs from considering the mass scale of a tower, and the discussion on scale separation of [60].
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Despite the fact that we may not access the right scales to discuss scale separation,
we will provide in the following two hints, that would conclude on the absence of scale
separation in the new anti-de Sitter solutions found in the classes s;; and m 4. A first
hint is about integer values of conformal dimensions that we discuss below, a second one
is given by no-go theorems for anti-de Sitter solutions discussed in Section 3.3.2. Prior
to this, we will also say a word on Minkowski solutions.

As mentioned in the Introduction, so-called DGKT anti-de Sitter solutions, that
we interpret as being part of sy, exhibit scale separation. Through the standard
holographic correspondence, the light mode spectrum of these solutions with masses m?
corresponds to dual CFT operators with conformal dimensions A, via the relation

AA=3)=m’? & Ai= g + %\/9 + 4m22 | (3.54)

where [ is the anti-de Sitter radius defined in (3.52). As first discussed in [123,124] and
computed more generally in [125], supersymmetric DGKT solutions satisfy the surprising
property that the A take integer values. As pointed out in [126], it is also the case of
some non-supersymmetric solutions, but not of all of them.

One may wonder whether this specificity of integer conformal dimensions is related
to having scale separation, at least for some solutions of this class. If this would hold,
one could simply test the light mode spectrum of other solutions: getting integers would
at least be a hint of scale separation. For A being an integer, one gets, using (3.52) at
an anti-de Sitter extremum, the following first possible values

27712_2041062840 70 88

Py o 377373777373 777373
We can then compare these numbers to our anti-de Sitter solutions found in new classes:
none of them has a spectrum giving values close to the above. One could argue that
we are considering a limited set of scalar fields, and adding more fields could alter our
values, but we believe the modification would not be important. Let us also emphasize
that some of the solutions were noticed in Section 3.2.4 to have integer or half integer
values of 7y,. These seemingly special values however do not match any entry of the
list (3.55). Following this line of thoughts, one may conclude on the absence of scale
separation in these new anti-de Sitter solutions.

(3.55)

Before presenting another argument, let us say a word on the new Minkowski solutions
found in [4]. We already mentioned in Section 3.2.4 the apparent systematic presence of
a massless mode, from which we draw the Massless Minkowski Conjecture (3.49). We
note in addition for some solutions, namely sg551, mgﬁl and m2662, 3,5, the presence of
a gap in the mass spectrum: see Appendix C. The most important is in m261: a ratio
between two consecutive masses? is 7390.9. While such a gap is important, it remains
hard, as discussed above, to conclude anything with respect to the first massive mode
of a tower. But these examples deserve more investigation, such as the study of the
Laplacian spectrum. We note however that according to Table 3.6 and the discussion
below, none of these gapped solutions were shown to be on a compact manifold, while
compactness remains crucial in this discussion, e.g. with respect to the Kaluza—Klein
towers.
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No-go theorems for anti-de Sitter on Ricci flat or nilmanifolds

As motivated in the Introduction, scale separation in anti-de Sitter solutions on group
manifolds could be limited to those on nilmanifolds, including the torus, or manifolds
with a Ricci flat metric. It is the case for the solutions found in the solution classes
Seee6 109,84-86,127] and m;;-- [69,87,88]. In [4], two new solution classes with anti-de
Sitter solutions on group manifolds were discovered, s; and m,4, sharing the same
T-duality relation as the former two classes. We prove however in this section that
anti-de Sitter solutions cannot be found in these classes on nilmanifolds, or manifolds
with a Ricci flat metric, giving a hint against scale separation in these classes. We also
compare this situation to that of the first two classes.

We start with the solution class s55 with Os along 12, 34 and Ds along 56. We
first consider the 6d (trace-reversed) Einstein equation combined with the 4d Einstein
equation [4, (B.23) & (B.24)]. We take the trace of the former along 56. Using the field
content of that solution class [4, (2.14)], we obtain

2 Y §PRey =R+ [H? + 2 (1R + B + |F5[?) + % (T3 —Tw) ,  (3.56)
a,b=>5,6

where T5 = Tl(g)?’ < 0 because it corresponds to the contributions of D5 along 56. Using
further Einstein traces and the dilaton e.o.m., namely [4, (B.1) & (B.22)], to eliminate
some fluxes, we get

2 3" §PRuy — 2Re = 2Ry + %Tf’o . (3.57)
a,b=>5,6
One has A
2 ) 0"Rap —2Re=—2 Y 6""Rap - (3.58)
a,b:5,6 a,bzl

The field content of s55 indicates that all structure constants have one index which is 5
or 6. Therefore, using the Ricci tensor on a group manifold

1 . .
2 Red = —[Pacld — 6" 90anf" ge [ bd + §5ah5bj(sci5dgflajfghb ; (3.59)
we obtain
6 4 .
2 ) 0URap—2Re= Y Y <5Cdfbacfabd + (fa)® — 2(fdab)2>
a,b=>5,6 a,b=1c,d=1

6 4 4
= D U aefNat Y Y () (3.60)

a,b=1c,d=1 a=>5,6 b,d=1

The first term in (3.60) is a partial trace of the Killing form. The Killing form identically
vanishes for nilmanifolds. In addition, a manifold with Ricci flat metric, i.e. Ry = 0,
has (3.60) vanishing. We deduce

Nilmanifold or Ricci flat in s55: 2 > 6"Rqp — 2Rg > 0 . (3.61)
a,b=>5,6
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3.3 Scale separation

For an anti-de Sitter solution in s, the right-hand side of (3.57) is however negative.
This leads to a no-go theorem on anti-de Sitter solutions in the class s55 on nilmanifolds
(including the torus) or manifolds with Ricci flat metric. Interestingly, as can be seen in
Table 3.7, solutions sz;2-4 of [4] were found on the algebra g3 5 @ g9 5, which can lead to
a solvmanifold with a Ricci flat metric (see e.g. [76]). Of course, it is not the case for
these solutions, which have Rg < 0.

We turn to the solution class myg. It has Oy along 4, Og along 123, and possible Dg
along 156, 256, 356. The contributions of the latter are denoted Tl(g)2,T1(g)3, T1(g)4 and
are negative. We proceed as above, taking the trace along 56, to first get

(p)
1 T
2 3 PR = Rat|HP+g2 (IBf? + |F1|?) +20s (7(Tf§)2 + T+ TN -y ﬁ

a,b=>5,6 p

using that Fy = Fg = 0 in this solution class, and then

2
2 Y8Ry —2Rg = 2Ry + =g, (152 + 7 + 1) (3.62)
a,b=>5,6

The field content of myg indicates that structure constants always have one index which
is 5 or 6. We conclude as above

Nilmanifold or Ricci flat in mag: 2 > 6""Rep — 2R >0, (3.63)
a,b=>5,6

and deduce from (3.62) a no-go theorem on anti-de Sitter solutions in the class m4s on
nilmanifolds (including a torus), or manifolds with a Ricci flat metric.”

These no-go theorems are certainly consistent with our searches for solutions in s.;
and mys. Whether or not they prevent from getting scale separation is not established,
but as argued in the Introduction, this is possibly a relevant criterion. Let us finally
compare to the situation in the other classes. Proceeding similarly for mss77 with Oj
along 12, 34 and Oy along 2456, 1356, we obtain the following equality

2 3" §"Ru —2Re = 2Ry + %ng) . (3.65)
a,b=>5,6

For the same reason as above, the left-hand side has to be positive or zero on nilmanifolds
(including a torus) and manifolds with a Ricci flat metric. To avoid a no-go theorem
for an anti-de Sitter solution in mg,, on such a manifold, we deduce the requirement

Tl(g) = l(g)l + Tl(g)2 > 0. This means that the positive contribution of O7 in those
should not be dominated by that of possible D7, negative. Getting such a requirement is
interesting, but we also identify an important difference with sz, and m,4: the absence

5As a side remark, one deduces the following constraints for Minkowski solutions

Minkowski solutions in ss5 on a nilmanifold : fs’ﬁbd =0, T130 =0, (3.64)
Mink. sol. in mus on a nilmanifold :  f>%,y =0, Tl(g)z = Tl(g)s = ngh =0,

leading to the conclusion that only two sets of sources can be present in either of those classes. This is
consistent with our solutions in s25 and m3s, and those already known.

75

).
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of directions with only D,-branes. This difference is even stronger with sgges Where
we have difficulties identifying relevant directions over which to trace as above: doing
so brings further contributions to the equations, leading to looser requirements, not
worth being indicated here. The presence or absence of directions with only D,-branes
is related this way to the possibility of getting anti-de Sitter solutions on Ricci flat or
nilmanifolds, which in turn could be related to scale separation. These relations deserve
more investigation.
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Consistent truncations and stability

In this chapter, we re-examine the stability of our solutions through the prism of consistent
truncations. We present numerical tools to analyse the perturbative stability of classical
flux compactifications, and apply them on our database of (A)dS and Minkowski solutions.

Context and motivations

As in any dimensional reduction, a fundamental aspect is the truncation: the 10d fields,
developed on an infinite basis of 6d modes, need to be truncated to a finite set, whose
physics will be described by the 4d theory. There exist different choices of inequivalent
truncations. Phenomenologically, the most relevant one is a low energy truncation: one
truncates to the lightest modes. In practice, this is difficult to realise since it requires
to first determine the complete mass spectrum, in order to identify the lightest modes.
What is however often considered is the truncation to massless scalar fields, a.k.a. moduli,
which are simpler to determine. Another common truncation is called a consistent
truncation: the corresponding 4d theory describing the resulting finite set of modes is
such that any of its 4d solutions also solves the 10d equations of motion. In practice, this
corresponds to a finite set of modes which are, in some sense, independent or decoupled
from those truncated. This set of modes may however contain both light and heavy
modes, while other light modes may have been truncated. In this work, we will perform
consistent truncations: as we will recall, finding an instability within this set of modes is
sufficient to conclude on the instability of the 10d solution. Although phenomenologically
debatable, this truncation will then be enough for our purposes. We implement it, as well
as the corresponding dimensional reduction and resulting 4d theory, in an automated
fashion in the code MSSV.

Proving that a truncation is consistent is challenging. It first requires to find an
appropriate truncation ansatz, and then verify that all 4d equations are captured by 10d
equations. As we will review in Section 4.2.1, it remains expected that the truncation of
the 10d fields to left-invariant fluctuations on group manifolds is a consistent truncation,
even in presence of (smeared) Op,/D, sources. The resulting theory is expected to be a
4d gauged supergravity. But this has typically been verified in a case by case analysis, for
various compactifications and source configurations. In this chapter, thanks to a detailed
comparison between the 10d equations given by the code MSSS [4] and the 4d equations
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provided by the new code MSSV, we prove that the truncation to left-invariant scalar
fields on group manifolds is consistent for all 21 solution classes in type IIA/B described
in Chapter 2, corresponding to various O,/D,, source configurations. We actually get
more: we show a perfect matching between 10d and (combinations of) 4d equations
of motion, with the same amount of equations on both sides. This means that there
is actually no extra degree of freedom in the 10d ansatz (even though there are more
constraints to satisfy in 10d). This matching ensures that the 10d solutions of [1,4,65]
are critical points of our 4d scalar potential. This will allow us to study their stability
using the 4d theory, and corresponding tools in MSSV.

The chapter is organised as follows. We first discuss in Section 4.2.1 consistent
truncations and truncations to left-invariant modes on group manifolds, before specifying
our truncation ansatz, and recalling the orientifold projections. We then detail in
Section 4.2.2 the dimensional reduction, starting from 10d type II supergravities and
compactifying towards a 4d maximally symmetric spacetime, ending up with a 4d theory
of the form (3.27). We give in particular the scalar potential including the axions in
equations (4.14) and (4.15). We also discuss the computation of the scalar fields kinetic
terms. We can then motivate and define the mass matrix and the 7y parameter, to be
used in stability studies. The truncation, dimensional reduction and stability analysis
are then implemented in the code MSSV, presented in Section 4.3. A first use of this
code is then the verification in Section 4.4 that we have a consistent truncation of our
10d starting point. This is achieved thanks to a comparison of 10d and 4d equations of
motion, as explained previously. Note that both codes, MSSS and MSSV, have compatible
conventions. This could allow to use them further together, for instance MSSS for the
search of solutions and MSSV to study the stability. We turn in Section 4.5 to analysing
the stability of the previously mentioned solution database. We start by determining and
discussing in Section 4.5.1 the generic flat directions in each of the 21 solution classes.
Those appear as massless modes in the spectrum of 10d solutions. We then study the
spectrum and stability of de Sitter solutions in Section 4.5.2, Minkowski solutions in
Section 4.5.3 and anti-de Sitter solutions in Section 4.5.4. We comment on the results
and compare them to corresponding swampland conjectures. Finally, we give a summary
in Section 4.6 and provide an outlook.

Dimensional reduction on group manifolds

We first present in Section 4.2.1 the truncation of 10d fields, commonly followed when
compactifying on 6d group manifolds. We then use it in Section 4.2.2 to perform the
dimensional reduction from 10d to 4d, with a focus on scalar fields and their scalar
potential V. This reduction is implemented in the code MSSV described in Section 4.3,
and further used in Section 4.5 to study the 4d stability of 10d compactifications.

Truncation ansatz

We present here the truncation ansatz of the 10d fields to be used to derive our 4d theory.
For phenomenology, one would like to truncate to the 4d light fields, eventually providing a
4d low energy effective theory. Unfortunately, for non-Ricci flat manifolds, it is generically
not known what the lightest fields are (see however recent progress in [128,129]). A
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4.2 Dimensional reduction on group manifolds

different truncation is then usually considered on other manifolds, e.g. those with an
SU(3) x SU(3) structure: that truncation has been argued to correspond to a consistent
truncation [122,130-139]. The finite set of 4d fields kept by such a truncation contains a
priori both light and heavy fields, but this set is characterised by a certain independence
with respect to other fields. This has the advantage to guarantee that a solution to the
4d equations of motion is also a solution to the 10d ones, which can be useful when
looking for new solutions.

Here we restrict ourselves to 6d manifolds being group manifolds (see reviews in
[5,71,74]). Those often carry an SU(3) x SU(3) structure. They admit a basis of 1-forms
{e}, a = 1,...,6, that are left-invariant under the group action. The same holds for
wedge products of e, with constant prefactors. Under a few assumptions, it was shown
in [139] that for compactifications on group manifolds, expanding all 10d fields in a
basis of forms that are left-invariant under the group action gives rise to a consistent
truncation. The resulting 4d theory is then a gauged supergravity [140,141]. This was
proven in the absence of orientifold projections and localized sources. As detailed below,
we will consider here D-branes and orientifolds but restrict ourselves to smeared sources.
In that case, it is still expected that the 4d theory, a gauged supergravity, is a consistent
truncation and this has been explicitly checked either formally [100,142-144] or in several
examples [74,75,88]. In Section 4.4, we will verify in detail that all compactifications
considered here give rise to a 4d theory that is a consistent truncation.

Since the left-invariant fields, to be considered here in our truncation, are not guar-
anteed to be the lightest fields in the theory, we will only obtain an upper bound on the
smallest masses. However, for some simple group manifolds, namely nilmanifolds, recent
progress in the understanding of the lightest modes [121,122] indicate that the consistent
truncation actually contains the lightest fields in the theory. However, as pointed out
in [61], it is also possible that for other group manifolds, the left-invariant fields have
masses that are larger than the Kaluza-Klein scale. We refer to [122, Sec. 5] and [5] for
further related discussions.

As mentioned above, the forms that are left-invariant under the group action are
wedge products of the e* with constant prefactors. The 4d scalar fields are obtained by
expanding the 10d fields in terms of left-invariant forms. In this case the prefactors, i.e.
the 4d scalar fields, are still functions of the 4d spacetime coordinates x* but they are
constant as functions of the internal group manifold coordinates y”*. For example, the
10d dilaton gives rise in this truncation to a single real scalar ¢1pq(z*, y™) — Pag(z#) - 1,
where 1 is the left-invariant 0-form on the internal group manifold. Another example are
the axions, such as By = $bay(2")e® A € + ... where the bgp(2#) = —by,(2#) are a set of
4d scalar fields that arise from the truncation and reduction of the field By. There will
be additional terms in the expansion of Bs that will give rise to the internal Hs-flux via

H3=dBy; = dz"A9,By+¢e*A0,Bs (4.1)
1

a0 Rapee® A b A €€,

1 1
= 5(‘)Vbab(x”)da:” Aet Aeb — ibab(x“)facfeb ANef Nel +
where e = €%, (y)dy™ and 0, = €"4(y) Om. Here, hgp is fully antisymmetric and
denotes the constant flux number threading internal 3-cycles, that should be quantized in

string theory provided e® A e? A e is a harmonic form. The same type of flux quanta will
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appear as constant prefactors for RR fluxes. In the above expansion we have neglected
potential 4d 1-forms that would arise via By D A, ,dz" A e® since we are only interested
in scalar fields and we will neglect potential gauge fields in the models discussed below.
We have also neglected a 4d 2-form that arises from By D %bwdx“ A dz¥ since it is
projected out by orientifold projections in our settings, as discussed in the next paragraph.
However, for the 10d RR forms C), there can be such 2-forms in 4d and they will have to
be dualized into scalar fields using the 4d Hodge star.

Finally, for the 10d metric we assume a block diagonal unwarped form, consistently
with the smeared sources we consider as well as the dilaton being independent of ™

ds? = Gy daMda?y = G pdatda” + Gapelel . (4.2)

The background 4d metric is that of a maximally symmetric spacetime: we restrict
indeed to compactifications to 4d de Sitter, Minkowski or anti-de Sitter. This restricts
the possible 4d background fluxes and the allowed sources. The background 6d metric
should be §,p; the left-invariant components G, can be viewed as fluctuations around
the former. Those are the 4d scalar fields generalizing the usual Kéhler and complex
structure moduli beyond Calabi-Yau compactifications.

Let us present an example of the set of 4d scalar fields resulting from this truncation
performed together with the orientifold projections. We consider the solution class sss:
this type IIB setting includes O5 (and possible D) along internal directions 12, Os (Ds)
along 34 and possible D5 along 56. As a result, the list of 4d real fields, that are all
functions of x*, is given by

ss5 0 Gi11,G12,Go2,G33,G34,Gaa , Gs5, Gs6 , Gee
C2 12,02 34,0 56, C4 1356 , Ca 1456 , Ca 2356 , Ca 2456 ; C6 123456 (4.3)
b13,b14,b23,b24,0.

These fields are worked out automatically in the code MSSV presented in Section 4.3.
The number of fields for each solution class to be considered is listed in Table 4.1, while
we give for completeness in Table 4.2 the number of the fields for the other 13 solution
classes.

| Class || s55 | s555 | S66 | Sece6 | mas | mace | mss | mssrr |
| #offields || 22 [ 14 [ 22 ] 14 [ 22 | 14 [ 22 [ 14 |

Table 4.1: The number of scalar fields for each solution class where new solutions have
been found in [4].

In Table 4.1, the matching of the number of fields in different solution classes is
remarkable. It may be understood by T-duality, as we now explain. The 10d theories are
known to be generally T-dual to each other, and so should be the generic development
in left-invariant fields. What matters then are the configurations of orientifolds which
project out certain fields. The classes with 22 scalar fields have 2 sets with O-planes,
and those sets are T-dual to each other when going from one class to the other, as
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displayed on Figure 2.1 (provided the right background isometries are there). Since the
orientifold projections are crucial in fixing the number of scalar fields, it makes sense
to get the same number of fields. Similarly, in the classes with 14 scalar fields, the sets
with O, are T-dual to each other when going from one class to the other. There are two
ways to see this. First, one can consider only 3 sets with O, there, since the fourth one
in sgee6 and mss77 is shown to bring no further projection [4]. Alternatively, one can
add without constraint an Og to ss55 and an Og to myes (transverse to direction 1 in
conventions used here), making the resulting configurations of O, planes T-dual to each
other among the 4 classes with 14 scalars. Note that we restrict here to geometric setups:
this means we allow in the NSNS sector for the Hz-flux and the metric fluxes f%,, but
no non-geometric fluxes. Since the metric fluxes can become non-geometric fluxes under
T-duality, each of the different classes above can give rise to different 4d theories and
deserves to be studied in its own right. Non-T-dual de Sitter solutions were in particular
found in several of them. This observation does not change the number of fields.

| Class [ s3 | sa]s5] 56| st ] s | ma]me]| mes]| ms]|msr | mr] me]
| #offields || 38 [ 38 [38[38[38[ 22|38 [38] 22 [38] 22 | 38 [ 22 |

Table 4.2: The number of scalar fields for each of the remaining 13 solution classes of [4],
given for completeness.

Dimensional reduction

Having presented the truncation ansatz of our 10d fields, we are now ready to perform
the dimensional reduction to 4d, eventually obtaining the corresponding 4d theory. As
a starting point, the 10d actions for type IIA and type IIB supergravity are given in
equations (12.1.24) and (12.1.26) in [145] and read explicitly

SUA/B = Sxs + S + Scs,
1 1
SNS = 72 d10$ —Ge_Qd) RlO + 4ap,¢a“¢ - 7|H3|2 9 (44)
2K, 2
with, in type IIA!
1 10 2 2 1 ?
Sp = I dYzv -G <F0 + |Fy + FyBal” + ’F4 +C1 ANHs + §F0 By A Bz' > )
10
1 1 1
Scs = ——5 /32 A (F4 + ~FyBy /\BQ) A <F4 + =FyBa A Bz> 7 (4.5)
4k 2 2
and in type IIB
1
Srp = PR /dwx\/ -G <\F1|2 +|F3 — Cy H3|2
10

1 1 1 1
+2’F5—202/\]:[3+232/\F3+2F1/\Bg/\32

)

'"We have changed the sign of the C1 A H3 term to match the convention in for example [146, App.
C]. This sign change is standard in the type ITA flux compactification literature and without it the 10d
solutions would not solve the 4d equations of motions so it is clearly required.
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1
Scs = —2/04/\H3/\F3. (46)
4K,

While most of the above 10d actions is standard textbook material, there have been
arguments presented for additional terms. For example, T-duality maps the Fy Bas A Bsy
term in type IIA into Fy A Ba A By which we included as additional term in the |F5 + \2
expression in Sy above [147]. This term is important and has been argued for using
T-duality in the context of axion monodromy inflation in [148]. We are here interested
in critical points at which axions like By vanish. Thus, for us this term only affects
our results in the mass spectrum if appropriate F; and Fy fluxes are present. This only
happens in the anti-de Sitter solution sz;1. Likewise, there should be extra terms in the
Chern-Simon’s action Scg as for example discussed for type IIA in [146, App. C]. We
will take those terms into account below, when defining the Fg flux that is dual to a
spacetime filling Fy flux.

We will expand all fields as described above and integrate over the internal six dimen-

sions. We also rescale the 4d metric G, of determinant G4 and curvature R4, towards
2%
volg

internal volume of the group manifold is given by volg = (27va/)~% [ dSy\/Gg, where
we recall the string length definition I, = v/o/. This leads to the 4d Einstein frame

/dlow —Ge 2Ry = (277\/&)6 dixy/—Gavolge 2 Ry + ...

- (27r\/&)6/d4x\/?gR4+... (4.7)

g of determinant g and curvature Ry, as follows: G, = guv- The dimensionless

Using that 2x2, = (27)7(a/)? we can identify M, = (770/)7%.2 With this we obtain the
4d action in terms of the real 4d scalar fields ¢' and the 4d Einstein frame metric G

M? 1 4 . .
s [atevs (Fm Jrosod v as

Since we are only interested in the 4d scalar potential V', we neglected in Syq the 4d
vector fields and 3-form fields. We also dualized 4d 2-forms b} = b} awdat A dz” into
scalar fields using dp® = %4dbb.

Lastly, we want to include Dp-brane sources and O,-planes that fill the space in 4d
and wrap internal (p — 3)-dimensional spaces ¥,_3 in the group manifold. Thus, we need
necessarily p > 3 in order to have a maximally symmetric 4d spacetime. We will work in
a smeared limit in which we do not keep track of the position of the localized sources
in the internal space but we rather “smear” them over the internal space. We do not
include the worldvolume fields for the D,-branes, so that the source contributions to the

10d action are given by

SOP/DP = _TOP/DP / <d4$ dp_?’y vV ‘G + BQ‘ 6_¢ - €_B2 Z Cq> ‘ /\j(ig_p) s (4.9)
q

M31x%, 3

2Note that different conventions would lead to M, depending on the vev of the internal volume and
that of the dilaton (or the string coupling), the fields being then only fluctuations: see e.g. [149, (4.3)] in
arbitrary dimensions. Here, the fields ¢ and vols are not fluctuations but contain the full values.
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where |G + Ba| denotes the absolute value of the determinant of the tensor G + Bs, here
further pulled back to the worldvolume. The (9 — p)-form j(X9_,) can be understood as
the constant unit volume form on the (9 — p)-dimensional space ig_p that is dual on the
internal manifold to X,_3: it satisfies fig_p §(X9_p) = 1. We also indicated that the fields

need to be pulled back to the source worldvolume which is given by M3! x >p—3. Note
that the pullback of By to the worldvolume of the D,-branes and Op-planes vanishes for

all solution classes to be considered, namely those of Table 4.1, except for mss and sgg.>
1
The tension of No, Op-planes is Tp, = —2p*5NOP(27r)*pa’ _%, and for Np, D)p-branes

one has Tp, = NDP(Qﬂ')_pa’_pTH. Note that one can in principle add an arbitrary
number of Dj,-branes but the number of O,-planes is fixed by the number of fixed points
of the corresponding Op-plane involution. The second term in the above action So,/p),
does not contribute to the 4d scalar potential, but is relevant for the (sourced) Bianchi
identities and the tadpole cancellation conditions that need to be imposed in addition to
the 4d equations of motion. These extra conditions can for instance be found in [36, (2.7)]
in our conventions.

The first term in the action above does contribute to the scalar potential and can be
rewritten as

_ 4 -3 - s
SOp/Dp = _Top/Dp / d*xdP Py /|G + Ba|e ¢‘M3,1><Ep,3 /\j(zg_p)
_ N 3¢ VoLBp-3
= —To,/p, (2mVa!)P /d v/ —ge (wolg)? (4.10)
where we introduce the following notations
volBy_3 = (2mVa/)37P / APy \/|Ge + Bo| . (4.11)
p—3

9

voly,_3 = (2m@)3—?/d1’—3y |G| .

p—3

with G standing for the internal components of the 10d metric, and vol,—3 denotes the
dimensionless volume of the internal space ¥,_3 wrapped by the source. For a given
dimensionality p, the sources can wrap different internal (p — 3)-dimensional spaces Eé_g,
I =1,2,... We recall the notion of a set I of sources being along the same dimensions, and
we introduce the corresponding numbers of N(I)p Op-planes and N ép D,-branes wrapping

the same 22{73. We then follow the conventions of [36,70,73] and use the notation 7 1(5)] A

3Since By is odd under the orientifold involution its pullback to an Op-plane worldvolume is zero.
However, for some D,-branes the pullback of B to the worldvolume is non-zero in our solution classes
mss and Sgs. Their contribution to the scalar potential is however quadratic, so they do not contribute
to the gradient of the potential, but only to the mass matrix. On the 10d side, contributions from the
source action to the 10d B-field equation of motion have appeared in [150, (5.3)], but we ignored them
in [4] where we looked for new 10d solutions; it is a priori unclear to us whether there would be such
contributions for the various solution classes. Since however the contributions in mss and sgg do not
alter the gradient of the potential, the 10d B-field equation of motion is unlikely to change. In any case,
our solutions then remain critical points of the potential, and the truncation is consistent with our 10d
B-field equation.

4Strictly speaking, ng' )T has been defined beyond the smeared case, but for Ba|s,_; = 0; we naturally
extend here the definition. Note that the on-shell value of this quantity is not modified, since at our
critical points, axion vevs vanish.
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defined in the smeared case via the following equation

g l(g)l 1 3 5 a7l 1 1

My Ty _ Vo \P3 (9P _

>yl (27r)Po/pJ§1 (2mVa )P (2P Ng, — Np,) volB ,_3
1

—5arl 1 I
W (21) Nop — NDP) ’UOprig . (412)

Let us also recall that we defined

T =51 (4.13)
1

Combining all the contributions above, the scalar potential is then given by

. ]\42 62¢ 1 €2¢
V(') = TPWZG <_R6+2’H3’i2nt+2|:F02+ |F> + FoBalfy
1 2
+ |Fy + C1 AN Hg + —Fy By N\ By
2 int
1 1 2
“l_F6+C3/\H3+§F2/\B2/\B2+6FOBQ/\BQ/\BQ :|
int
T(p) 1)
-y 1016l> : (4.14)
Sy p+ Lwvolg

in type ITA and by

_ My e

: 1 e2¢
VIB(ph) = ( — Rs + §|H3|12nt = [lFlhznt + |F5 — Co A Hs |3y

2 :|
int

(p)
-y LAY (4.15)
p:3579p+ 1 volg

2 wolg

1 1 1
+‘F5_202/\H3+2BQ/\F3+2F1/\B2/\BQ

in type IIB.> We used | - |int to denote the contractions of the form only with respect
to the internal metric G4 on the group manifold. For type IIA we have dualized a
spacetime filling F; flux into an internal Fg flux [86,146] and for type IIB we have used
the self-duality of F5 to write a spacetime filling flux as a completely internal flux, which
effectively removed the factor of 1/2; see also [78, App. A] and [149] on spacetime filling
fluxes.

5We generically include p = 9 sources in VB, However, a tadpole constraint on them would require
to cancel the Og-plane charge with that of Dg-branes, meaning here Tl(g) = 0. Such sources would then

not contribute to the potential, except indirectly through the Og-projection. Because of T1(g> =0,p=9
sources have anyway not been considered in [4,5], i.e. in the solutions to be discussed in Section 4.5.
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Let us recall that if one restricts to algebras for which ) f*,, = 0, the Ricci scalar
for 6d group manifold is explicitly given

1 1
Rg = ~5 [ floe G — 2 el s Goe GG . (4.16)
This provides its contribution to the scalar potential.
Let us now say a word on the kinetic terms and the field space metric Kj;. Its

computation is automatized in MSSV. The kinetic terms for the axions arise from the
squares of the field strengths. For example, for F},;; one finds following (4.1)

Skin, F, —gz | 40 V=Gl (4.17)
10
1

A dPzv/-G acpam 0, GH G101 G202 GO0, C i,
10

M2
= /d4a:\/ (9 .Cp aras...ap 9 g Gubigazb: | Gqarbe g v Cp b6y ... by

Given our definition of the field space metric (or kinetic matrix) K;; above in equation
(4.8), we see that the entries corresponding to the C), axions would be Mg /2 multiplied
by €?? and a combination of components of the inverse internal metric. In particular,
at the special point where we set all diagonal metric entries as well as e2? to one and
the off-diagonal ones to zero, all the C), axions as well as all By axions will give rise to a
diagonal K;; submatrix with entries Mg /2.

In order to find the kinetic terms for the dilaton and the scalars G (z#) arising from
the internal metric one has to calculate the Ricci scalar Rjg. After doing the rescaling to
4d Einstein frame and after doing appropriate integrations by parts of second derivative
terms, one can subtract the background R4 and Rg and then add the 49,00 ¢ term
from equation (4.4) to get the final kinetic terms. An illustration of this procedure on
few fields can be found in [1, App. D].

Neglecting flux quantization, as well as quantization of N / D, and that of the

structure constants [2], the type II supergravity actions have a large symmetry group
that allows one to rescale and shift the fluxes. This enables us to move any given point in
field space to the point where all axionic scalar fields and all off-diagonal metric entries
are equal to zero and all diagonal metric entries and the dilaton e? are equal to one.
Since the classical scalar potential has a complicated dependence on the fields but is
quadratic in the fluxes and linear in the sources, it is much easier to solve the equations
of motions and find critical points at a fixed point in field space in terms of the flux
parameters. One can then use the rescaling and shifts of the fluxes to move the critical
point. If one can find in this way a point in field space at large volume, large complex
structure and weak string coupling, where also the necessary quantization is obeyed, then
one can trust the corresponding solution as a classical string background.

Given that most corrections to the classical flux potential are not known, it is not
exactly clear where the trustworthy large volume and weak coupling regime begins. We
therefore do not focus on this point but are rather interested in the mass spectrum for a
given critical point. While the actual masses of the fields can change under the above
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rescalings (see e.g. the A-rescaling discussed in Section 5.5), the 7y parameter defined in
(4.19) below cannot. This also means that the number of tachyons cannot change under
this rescaling. This will be important and sufficient for our analysis below that we can
hence carry out at any point in field space.

From the field space metric K;; defined in (4.8) and discussed around (4.17), one
obtains the mass matrix

My = K'9V;0,V , (4.18)

where Vv, = 0;vu, — I jkvy is the covariant derivative on vy and I jk denotes the Christof-

fel symbol associated with Kj;;. The eigenvalues of M are the masses?. Considering its

minimal eigenvalue, denoted by “min”, one defines for V' # 0 the parameter
(KV;0,V)

9 min
ny = Mp % . (4.19)

As explained above, the sign and value of 7y are not sensitive to rescalings of the fields,
so it will be a useful parameter in the following, when studying the stability of solutions
in the context of the swampland program.

The fields {p'} to be considered can always be brought to a canonical basis {4},

where the field space metric K;; becomes 9;;, i.e. the kinetic terms become diagonal and
g’
OpI *
In terms of matrices, one has (K;;) = PT5P, where § is simply the identity matrix;
we refer to [65, (2.2)] for more detail. The fields one-forms (or here their coefficients)
are obviously related by 9,4" = P';0,¢’. One can then consider the mass matrix

M in the canonical basis, of coefficients M), = § V;@,;V. One can verify that M =

PMP~!' = §7'P~TVOVP~!, where the matrix VOV computes the Hessian of V in
the non-canonical field basis. We will use these formulas to get our spectrum data.
Indeed, the code MSSV first computes the matrix P using the relation (K;;) = PT§P, and
introducing an orthonormal matrix O and a diagonal one D, such that P = D~'O. Then,
the mass matrix is computed with M =61P-TvoV P!, From there, its eigenvalues
and eigenvectors are determined. Expressing the eigenvectors in the non-canonical basis
(to understand their field directions) then amounts to using the relation 9,¢" = P%;0,¢’,
or in short in the code, » = Pyp. We will obtain in this way the spectrum data, and use
it to analyse the stability of solutions in Section 4.5.

normalized. This change of basis is given by the field space diffeomorphism P?; =

The code MSSV

In this section, we briefly present how the code MSSV works, and provide a few useful
commands. MSSV stands for Maximally Symmetric spacetime Solutions V', where V' refers
to the complete scalar potential V' obtained via the dimensional reduction described
above. The code has been developed with Wolfram Mathematica 13. MSSV takes as
input the source configuration corresponding to a certain solution class, meaning the
number of Op-planes, of D)-branes, and the directions along which they are placed. This
is also referred to as the “model”, since this data determines the 4d theory and its field
content. Once executed, the code begins by using the user’s input to find the left-invariant
scalar fields and the background fluxes after the orientifold projections. The code then
computes, following Section 4.2, the 4d kinetic terms and scalar potential for these fields
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4.3 The code MSSV

and fluxes and packages them as per equation (4.8). The code also determines those of
the scalar fields that are generic flat directions, as discussed in Section 4.5.1. In the code
we have set M, = 1.

The next required input is that of a concrete 10d solution obtained from the code
MSSS and listed in the accompanying database [4]. This amounts to assigning values
to all the fluxes appearing in the variable fluxes. Through the command AnalyseSol,
after performing a few checks on the 10d solution, the code is then able to extract the
mass spectrum and the ny value (see equations (4.18) and (4.19)). It also provides the
mass matrix eigenvectors for the tachyonic and massless modes. In the case of multiple
massless modes, the corresponding eigenspace is degenerate and the code chooses a
random basis in field space that spans it.

Note that the computation of the mass spectrum by the code assumes to be at a
critical point, where 9,,;V = 0, axions (including off-diagonal metric components) vanish,
and diagonal metric components as well as e® are set to one. While it would be easy
to change this and allow computations at generic points in field space, we find that
generically the code would become very slow. In addition, all models analysed below do
correspond to critical points.

We now list a few useful commands; more are provided in the code.

e RunModel — Initializes the model, then prints out the left-invariant scalar fields and
background fluxes for the chosen source configuration along with any generic flat
directions, i.e. left-invariant scalar fields that generically do not appear in V.

e AnalyseSol — Computes and prints out information regarding the mass spectrum,
including masses of the fields, number of massless fields and their field directions,
number of tachyons and their field directions, etc. This is computed for a given
solution that satisfies 9.,V = 0 at the critical point defined in the variable extremum.

e fields — Returns the left-invariant scalar fields for the chosen model.

o fluxes — Returns the set of F,, H3, and metric fluxes for the chosen source
configuration. Recall that we set f,, = 0 without the summation over a.

e VGen — Returns the scalar potential as a function of the left-invariant scalar fields
at a generic point in field space.

e V — Returns the scalar potential as a function of the flux parameters defined in
the variable fluxes and evaluated at the critical point defined in the variable
extremum.

The two most useful commands are RunModel and AnalyseModel, which must be
evaluated before calling on the other commands. Finally, let us mention that the notebook
allows to analyse different source configurations as well as several solutions, without
having to quit or restart it. Indeed, the main part of the code is run once and for all,
and one can then just call commands, or redefine the input. This allows in particular the
user to evaluate once a whole notebook where many solutions have been entered to be
analysed.
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Chapter 4. Consistent truncations and stability

Consistent truncations

In this section, we verify explicitly that the 4d theory obtained by the truncation and
dimensional reduction described in Section 4.2 is a consistent truncation of our 10d starting
point. We recall that (smeared) O, /D, sources are present in our compactification. We
verify the consistent truncation for all 21 solution classes.

To prove the consistent truncation, it suffices to show that the 4d and 10d actions
yield the same equations of motion (eoms). On the 4d side, the eoms for the scalar fields
©' at an extremum, denoted by “ext”, read

0
0’ v

=0. (4.20)
ext

Note that we restrict ourselves here to solutions without kinetic energy. The (trace of
the) Einstein equation reads, for a maximally symmetric spacetime,

Ry — 4V =0, (4.21)

and we use in this section M, = 1.

On the 10d side, the equations of motion are the flux eoms, denoted schematically
F; = 0, the 6d Einstein equations E% = 0, the 4d Einstein equation E; = 0, and the
dilaton eom D = 0. These can be found e.g. in [4]. For instance, we define

0 e e
E4:R4—Zm+Z|Fq| : D:2R4+2R6+Zp+1—\H3] . (4.22)
P q=0 P

Note that in [4], the authors considered the trace-reversed 6d Einstein equations, and
considered linear combinations of eoms to obtain Ej4, thus one expects that the matching
with equations (4.20) and (4.21) should only hold up to taking linear combinations. Let
us add that the metric used in [4] is 04, allowing to raise 6d Einstein equation indices
towards F.

For each class of solutions, we determine in components the 10d eoms using the code
MSSS [4]. We remove from those the equations trivially satisfied. In 4d, we compute the
components of the generic gradient at the extremum, 8¢iV’eXt, with the help of MSSV.
At this stage, one can already check that the number of 6d Einstein equations matches
with the number of scalar fields arising from the internal metric, and that the number of
10d flux eoms matches with the number of axions appearing in the potential (that is,
without counting the fields associated to generic flat directions). From these two lists of
equations, one can then verify the matching, which goes as follows.

For the fluxes, one has (after the appropriate labelling)

0

Fi:28ai

Vv

, (4.23)

ext

where a’ denotes the i-th axion. The non-diagonal 6d Einstein equations £ correspond
to the variations with respect to the non-diagonal metric scalar fields G, simply via

0

Eab _
0G 4p

V

) a#b. (4.24)

ext
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The diagonal ones are related by

0
0Gaa

2E% 4+ §9° g, = 4 174 B (4.25)

ext

where the above 6d trace accommodates the fact that E® correspond here to the
trace-reversed equations. Finally, the dilaton and the 4d Einstein equation combine as
follows

2B, — D =2 QV , —E44+ D =Ry —4Veyy . (4.26)
8¢ ext

It is remarkable that the same matching of equations works for all solution classes
considered, thus proving in each case the consistent truncation. Although this is not
surprising, given all other working examples in the literature recalled in Section 4.2.1,
this remains a non-trivial check. It was made possible thanks to the two codes MSSS and
MSSV that generate all equations to be considered for all solution classes, using the same
conventions. Finally, let us recall from [4] that finding 10d solutions would require in
addition to solve the flux Bianchi identities (including the tadpole conditions) and the

Jacobi identities on the f%,., to guarantee having a group manifold.

Stability analysis

Stability of solutions with maximally symmetric spacetimes is at the heart of several
swampland conjectures, as recalled in the Introduction; it also plays an important role
for phenomenological models. In this section, we use the 4d theory discussed in Section
4.2 and the corresponding code MSSV described in Section 4.3 to study the stability of
the de Sitter, Minkowski and anti-de Sitter solutions found in [1,4,65]. The solutions
database can be found in two files provided with [4]. These solutions were found with the
code MSSS [4] which is compatible with the present code MSSV. The conventions of [36,73]
followed in [4] are the same as in the present thesis, and we verify in particular that these
solutions are critical points of the scalar potential V' obtained here, satisfying VV =0 as

well as V = MTER4. This is actually formally ensured thanks to the analysis described
in Section 4.4 regarding consistent truncations. The stability of these solutions has
already been analysed using MSSSp in [5], considering only the 4-6 scalar fields (p, T,07)
corresponding to some dilaton and diagonal metric fluctuations. Thanks to the above
dimensional reduction, embedded in the code MSSV, we now have a complete set of scalar
fields, a corresponding scalar potential as well as kinetic terms. This allows us here to
provide a more complete analysis of the perturbative stability of these solutions. The
latter will essentially be discussed in terms of the parameter ny defined in (4.19), or
the spectrum of masses?, which are the eigenvalues of the mass matrix (4.18). Both
are evaluated at the critical point of the potential, corresponding to the solution, where
the axions and off-diagonal metric components vanish, while the diagonal ones and the
exponential of the dilaton are equal to one. Note that thanks to the lemma in [1, Sec.
3.3], we know that adding more scalar fields, thus increasing the size of the mass matrix,
can only lower its minimal eigenvalue. As a physics consequence, solutions are expected
to be more unstable here than they were found to be in [5]. We also recall from Section
4.2.1 that the 4d theory used here is unlikely to be a low energy effective theory, but is
rather a consistent truncation. Therefore, we analyse the stability using modes that are
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not necessarily the lightest, but form an independent set with respect to other, truncated
modes. Since the masses? obtained this way give upper bounds, our conclusions on
instabilities should be sufficient.

We first discuss in Section 4.5.1 the appearance of flat directions in the various
solution classes defined in Chapter 2. We then turn successively to the stability of de
Sitter, Minkowski and anti-de Sitter solutions, in the respective sections 4.5.2, 4.5.3 and
4.5.4.

Flat directions

Compared to the partial stability analysis of [5], a new phenomenon is here the presence
of massless modes in the spectrum of all de Sitter, Minkowski or anti-de Sitter solutions in
certain solution classes. This should be distinguished from the massless mode discussed
in the Massless Minkowski Conjecture [5], systematically observed to be present for
Minkowski solutions among the fields (p, 7, 07), but not in de Sitter or anti-de Sitter
solutions.

Massless modes observed in solution classes for any cosmological constant can nat-
urally be interpreted as being flat directions. Indeed, specifying a solution class fixes
the orientifolds, it thus determines a set of scalar fields and their generic potential,
independently of the cosmological constant. We verify this interpretation by explicitly
identifying scalar fields that do not appear in the generic potential of their solution class.
We list those in Table 4.3 for the solution classes to be considered in the subsequent
stability analysis, and in Table 4.4 for the remaining 13 classes of solutions.

| Class || ss5 | sss5 | ses | seee6 | muas | maes | mss | msstr |
| Flat dir. field || Cs (1) [Cs (D) [Cs (1) | @ [CGB) [ ) [C ()] o |

Table 4.3: We consider all solution classes of [4] for which the stability of a solution
will be analysed in Section 4.5. For each of them, the dimensional reduction described
in Section 4.2.2 provides a finite set of fields {¢’} and a scalar potential V. We list in
this table the fields ¢’ such that 0,1V = 0 generically: this means ¢! is a flat direction.
While we actually provide in the table a p-form, the number in parentheses corresponds
to the amount of its components remaining after the orientifold projections, thus to the
number of scalar fields being generic flat directions in the solution class.

The flat directions identified in Table 4.3 correspond to some RR axions. So they
can indeed be distinguished from the Minkowski massless mode conjectured to be among
(p,7,07). Tt is easy to understand why these axions do not appear in their scalar potential.
In type IIB, Cg could only enter the potential (4.15) through an Fr-flux (the dual of a 4d
Fs-flux): it would appear through a term proportional to a geometric flux coming from
dCg. This 6d 7-form is however obviously vanishing. Therefore Cg only appears in kinetic
terms as a fluctuation, and is then a flat direction. F3 and thus Cg are however odd under
an Or involution, so Cg has to be projected out by an O7, as in ms577. On the contrary, in
type IIA, Cs can appear in the potential (4.14) through Fg, the dual of a spacetime-filling
Fy. A potential term for C5 would appear through dCs, a maximal 6d form proportional
to >, f%p- We however require the latter sum to vanish (implemented in our ansatz)
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due to the 6d compactness. So (all components of) Cj are also flat directions. C5 is odd
under an Og-plane involution: one then verifies that four Og-planes as placed in sggs6
project out all C5 scalar fields. The absence of these flat directions in sggeg and mss77,
as indicated in Table 4.3, is consistent with the observation in the next subsections that
the only solutions without massless mode belong to these two classes.

{ Class | ss | s7,mz [ sa, ma | ss, ms | se, me | str, mrr | mes | msr |

{Flat dir. field H Cy (15) T 6] ‘ Cs (5) ‘ Cs (1) ‘ Cs (3) ‘ Cy 3456 ‘ Cs (1) l %] ‘

Table 4.4: Analogous table to Table 4.3, indicating flat directions for the other 13 classes
of [4], for completeness. For s77 and my77, with O7 placed along internal directions 1234
and 1256, only one of the three Cy components is a flat direction.

To those generic flat directions in solution classes, one may add more flat directions
appearing when setting to zero (generically, or even in a solution) some contribution
to the scalar potential, e.g. a background flux. Let us consider as an example Cy,
which only appears in the potential (4.15) through Fj, i.e. as dCy proportional to
J1eCadefla- In s55, as indicated in (4.3), the following Cy components are possible:
C4 1356, C4 1456, C4 2356, C4 2456. The allowed structure constants (by Os projections) that
could contribute to the potential of C4 are then f%,. with a = 5,6, bc = 13, 14,23,24. As
a consequence, if one considers as a “subclass” of s55 the one with these 8 f%,. vanishing,
then one gets “generically” in this subclass the 4 axions of Cy being flat directions. The
Minkowski solution 3(5351 can be viewed as part of such a subclass, since these 8 structure
constants vanish in this solution.

This analysis of flat directions will help us understanding some of the massless modes
appearing in the following. To conclude, let us add a remark: RR axions enjoy a
continuous shift symmetry in supergravity that is broken in string theory to a discrete
shift symmetry. This makes their moduli space compact and one in principle does not have
to stabilize them for phenomenology. Unless one breaks this symmetry by appropriate
fluxes one expects that these axions will remain flat directions at the perturbative level.
Non-perturbative effects are however generically leading to a sinusoidal potential for
these axions (see for example [151, Sec. 2]). The size of these effects is model dependent
and we will not study it here.

De Sitter solutions

We compute for each de Sitter solution the mass spectrum with MSSV. We report in Table
4.5, 4.6 and 4.7 the values of the iy parameter, comparing them to the values obtained
with the restricted set of fields (p, 7, 07). We also give the number of massless modes and
the number of tachyons. Those can be compared to the total number of fields in each
class (Table 4.1) and the number of generic flat directions (Table 4.3).

91



Chapter 4. Consistent truncations and stability

class sgs Sas66 Mg
solution || 1 1 [ 2 [ 3 | 4 1 [ 2 [ 3 | 4

| —nv [5] || 3.6170 |[ 18.445 [ 2.6435 | 2.3772 | 3.6231 | 3.6764 | 3.7145 [ 2.2769 | 2.8266 |
| —nv || 3.7405 |[ 20.836 [ 2.8604 | 4.7167 | 3.8438 |[ 4.0177 | 4.0679 | 3.6681 | 3.6321 |
[m?<0 || 17,4° [17,0°[27,0° [ 17,19 [ 17,10 [[27,4° [ 17,4" [ 27,40 [ 27 47 |

class mis

solution 5 | 6 [ 7 | 8 | 9 | 10

| —nv [5] || 0.36462 | 3.0124 [ 2.0672 | 2.3554 | 2.6418 [ 1.2539 |
| —mv || 5.1535 [ 3.7518 [ 3.5399 | 5.9109 | 3.8699 | 8.1124 |

| m?<0 ] 27,4° [17,40] 27,40 [ 27,40 | 27,40 [ 1~ 40 |

Table 4.5: Spectrum information for each de Sitter solution in type IIA. We first provide
the value of —ny for the fields (p, 7, 07) obtained in [5], then the one obtained here with
the complete set of scalar fields of the above dimensional reduction. By i, j°, we also
indicate the number j of massless modes and i of tachyons.

class sax
solution 1 ‘ 2 ’ 3 ’ 4 ’ 5 ’ 6 ‘ 7 ‘ 8 ’ 9
| —nv [1] ][ 2.8544 [ 2.7030 | 2.9334 | 2.8966 | 2.9703 [ 2.9146 | 2.5101 | 2.7790 [ 2.2494 |
[ —nv | 3.9131 [3.8971 [ 3.9214 [ 3.9370 | 3.9022 | 3.9063 | 3.8974 | 3.8532 | 3.9062 |

[ m?<0 [ 17,4° [22 40 [ 17,4 17,4° [1-4° [ 17,40 [ 27,4° [1-,4°] 27,40 |

class 3;5
solution 10 | 1 [ 12 | B | 14 [ 15 [ 16 | 17 [ 18
| —nv [1,65] || 2.0908 | 2.9354 [ 2.7548 [ 2.9518 | 1.7067 | 2.9336 | 2.8404 | 2.8748 | —3.7926 |
[ —mv ][ 2.7609 [ 3.9209 [ 3.5411 [ 3.5950 | 4.0847 | 4.2994 [ 3.7656 | 3.7224 | 17.5906 |

[ m?<0 [ 27,4° [ 17402740174 [1-4° [ 17,40 [ 17,4° [1-,4° | 27,47 |

class 535

| 20 [ 21 | 22 | 23 | 24 [ 25 | 26 | 27
| —nv [65] ]| 0.12141 [ 1.3624 | 1.7813 | 1.0525 | 1.2253 [ 0.95955 | 0.90691 | 1.0438 [ 1.1172 |
| —mv || 2.5948 ] 6.4415 [ 4.3007 | 2.4940 | 4.0269 | 2.7322 [ 3.0085 | 3.9184 | 3.9970 |

[ m?<0 [ 27,4° [ 1740 [ 17,40 27,4" [2740 [ 2740 [ 274" [ 2740 | 27 40 |

solution 19

Table 4.6: Spectrum information for each de Sitter solution in type IIB. We first provide
the value of —ny for the fields (p, 7, 07) obtained in [1,65], then the one obtained here
with the complete set of scalar fields of the above dimensional reduction. By i~,j°, we
also indicate the number j of massless modes and ¢ of tachyons.

Let us start our comments by mentioning that all de Sitter solutions are perturbatively
unstable, i.e. tachyonic, in agreement with Conjecture 2 of [70]. It is even true for the
special solution 3;518: this solution was the only known perturbatively stable dS solution
without a tachyon in the fields (p,7,07) and we have now proven that it is actually
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class oz mas Mamrr
solution || 28 1 [ 2 [ 3 | 4 1 ] 2 [ 3 [ 4

—nv [5] |[ 3.2374 |[ 2.5435 | 2.6059 | 2.7126 | 3.3574 || 4.7535 | 3.5034 | 3.2722 | 3.1779 |
—nyv ][ 3.7586 || 3.4316 | 3.4460 | 3.4221 [ 3.8729 |[ 32.725 [ 3.7931 | 3.8289 | 3.7733 |
m?<0[[27,4° [27,3° [ 17,30 [27,3° [ 17,3 |/ 27,00 [ 27,0° [ 17,17 [ 17,10 ]

class Mimr mistn
solution 5 | 6 [ 7 | 8 | 9 | 10 | 11 [ 12 1
| —nv [5] || 4.7957 [ 4.9129 [ 3.4210 | 3.5611 | 2.9333 [ 2.9003 | 3.4806 | 2.8966 | 5.0483 |
| —nmv ][ 5.0140 [ 5.1358 | 3.7551 | 3.9213 | 3.7903 | 3.8044 [ 3.9849 | 3.4820 || 5.2673 |
[m?<0[[ 17,19 [17,1°[27,0° [ 17,0° [ 27,07 [ 27,00 [ 17,0° | 27,0° || 17,10 |

Table 4.7: Spectrum information for each de Sitter solution in type IIB. We first provide
the value of —ny for the fields (p, 7, 07) obtained in [5], then the one obtained here with
the complete set of scalar fields of the above dimensional reduction. By i~, j°, we also
indicate the number j of massless modes and ¢ of tachyons.

unstable.® This stability does not survive the inclusion of the other scalar fields here. It
becomes even strongly unstable, going from 7y = 3.8 to ny &~ —17.6. All other solutions
are also very unstable with ny < —1, most of them however with |ny| ~ O(1). This
situation is in agreement with the refined de Sitter conjecture of [62,63]. Such values of
ny are in particular observed for solutions 3;519, 24,25, and mj65. Those four solutions
all had |ny| < 1 with the restricted set of fields, giving hope that dedicated searches as
in [65] could provide viable solutions for a slow-roll cosmological scenario; they now all
verify ny < —1. Still, we also observe that for most solutions, the value of 7y is not
drastically modified when considering all the fields as here. There are a few notable
exceptions to the latter, the most impressive change being observed for m5+5771 going
from ny = —4.75 to ny =~ —32.7. We note that this solution is on a non-compact group
manifold [5]. The solution s§6661, which also has a very low value, 7y ~ —20.8, but does
not go through a drastic change, is on a compact manifold. To summarize, all de Sitter
solutions are now perturbatively unstable with ny < —1, i.e. exhibit strong instabilities.

Another important aspect of the instabilities are the field directions of the tachyons.
As conjectured in [108], the restricted set of fields (p, T, 01) always contains one tachyon, a
claim verified in all solutions (except s3;18 as mentioned above). Note that the tachyonic
direction among these few fields varies, as studied in [65]. Interestingly, we observe here
that some solutions have more than one tachyon, meaning that a new one appears, due
to the new fields considered. Analysing the directions of the mass matrix eigenvectors,
we can determine the fields responsible for the tachyons. Most of the time, a first tachyon
(if not the only one) is essentially due to the dilaton and diagonal metric components:
it is interpreted as the one previously seen, predominantly along (p, 7, 07). If there is a
second tachyon, then the first one typically has the most negative mass squared and is

5As argued in [65], this uncommon stability could be related to the fact that the 6d group manifold is
in that case non-compact.
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often easily distinguished from the other one, predominantly along RR and NSNS axions.
This becomes striking in solutions mgr5779, 10, which have one quasi-massless tachyon
predominantly along Cy, the other tachyon being the previously known one.

The distinction between tachyons becomes less clear for solutions 83_518 — 27: there
the two m? < 0 have similar values, and important contributions of diagonal metric
components can be found in both tachyonic directions. This different behaviour of
the spectrum may not come as a surprise, since these solutions were all found looking
precisely for very specific tachyons [65]. The same phenomenon (m? values become close,
relevant diagonal metric and dilaton contributions in both tachyons) occurs for solutions
mf{63 —5,7—9, m;53 and m;57712. Finally we note that 3&662 and m5+5771, 2,7 exhibit
the same mixed contributions in the tachyons, with however two fairly separate negative

m2.

It would be interesting to relate these differences in the spectrum to specific features
of the solutions. Even though this would deserve more study, we note already that almost
all solutions which have more than one tachyon are on non-compact manifolds [5]. The
only exceptions are 3;519, 22 — 27 which were however found with non-generic, dedicated
searches. This observation should be related to the discussion of massless scalar fields,
that we now turn to.

Last but not least, we observe the appearance of massless modes; none had been
observed before within (p, 7, 07). Massless modes have been discussed already in Section
4.5.1 on flat directions. As indicated in Table 4.3, solution classes ss5 and ms5; admit
(the only component of) Cg as a flat direction. We recover it here as systematically
contributing to the massless modes eigenvectors. The other contributions to these
eigenvectors in type IIB classes are (some of) the Cy components. For the solutions 5;5,
there are always 4 massless modes: one is due to Cg and the others to combinations of
3 of the 4 C4y components. We see a priori no reason to choose some component of Cjy
and not the others. Nevertheless, in 3;512 — 17,22 — 28, only C4 1356 , C4 1456 , C4 2456
appear in massless modes, while C4 2356 appears in tachyons. Similarly, in 3;510, 11,
Cy 1456 , C4 2356 , C4 2456 appear in massless modes and Cy 1356 in tachyons. This is a
surprising asymmetry. More generally, we suspect that combinations of 3 Cy components
are (non-generic) flat directions of sg; as discussed in Section 4.5.1, maybe because of
F5 = 0 in all solutions considered. Another surprising observation is the presence of only
3 massless modes in m5+5 solutions, while the same fields are present to start with as in
s5+5. Again, those are due to Cg and combinations of Cy components. The reduction from
4 to 3 massless modes going from 3;5 to mg% could be due to a different (non-closed)
Fi-flux in the latter, because of the presence of D7-branes. Finally, in mss77, Cg is
projected out and only 2 components of Cy remain. The massless mode observed there
in some solutions is a combination of these 2 Cy components, but it is also worth noting
that some solutions mgr577 do not have any massless mode. It would be interesting to
understand why, and more generally, determine combinations of Cy components being
flat directions in (subclasses of) type IIB.

Turning to type IIA, we observe the “T-dual” behaviour, as already discussed for the
number of fields in each class around Table 4.1: sérﬁ and mIG have 4 massless modes as
S5+5, while 8;666 solutions have 1 or no massless mode, as mgrm?. The class sgg allows for
1 C5 component which is a flat direction; the other massless modes are due here to a
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combination of C3 components (6 are allowed). In myg, C5 has 3 components, all flat
directions. The remaining massless mode is a combination of 1, 2 or 3 components of
Cs3 among the 4 allowed. Finally in sgggg, Cs is projected out and Cs has 4 components.
The massless mode observed for some solutions is a combination of 2 Cs components. As
for type IIB, it would be interesting to prove that combinations of Cs can in type ITA
subclasses be flat directions.

After this stability analysis, one may wonder whether there is a de Sitter solution which
is more promising, phenomenologically, than others. If we stick to basic requirements of
compactness of the 6d manifold and the absence of massless mode, we note a surprising
(and disappointing) correlation. All solutions of m5+577 with one massless mode are
precisely those on a compact manifold, while those without massless mode are on non-
compact ones. Similarly, the 4 mg)g solutions with only three massless modes (instead
of the four of sf;) are on non-compact manifolds. Regarding type IIA, sd;s43,4 which
have one massless mode are as well on a compact manifold, while sér6662 which has
none is on a non-compact one. The only exception would be s§6661, having no massless
mode on a compact manifold. This seems to come however at the cost of a very strong
instability: ny ~ —20.8. Finding phenomenologically appealing de Sitter solutions
would thus require more efforts. Let us nevertheless give a word of caution on these
phenomenological interpretations, because of the distinction between low-energy and
consistent truncation mentioned in Section 4.2.1: for this warning we refer to the
discussion at the end of Section 4.5.3 on Minkowski solutions. Let us also recall that
massless axions could phenomenologically be less problematic, and corrections to our
perturbative study may make them massive: see the discussion at the end of Section
4.5.1.

Minkowski solutions

The mass spectrum of each Minkowski solution is computed with MSSV. We report in
Table 4.8 the number of massless modes and tachyons, comparing them to the number of
them within the restricted set of fields (p, 7,07). The total number of fields in each class
can be found in Table 4.1 and that of generic flat directions in Table 4.3.

class 595 $955 mi Milg
solution 1 1 [ 2 | 3 | 4 1 [ 2 1 | 2
[m*<0([5 | 0-,1°][0=,1°]0,1°[0~,1° J0~,1° |[0=,1° [ 0~,2° |[ 07,20 [ 0—,2° |
| m*<0 JJo,7°[[27,2°]0°,3°[07,3° [0-,3°[[17,6" [ 17,7 [[07,3° [ 0—,3° |
class mgg
solution 3 ‘ 4 ‘ 5 ‘ 6

| m*<0([5] | 0-,2° [07,2°]07,2°[07,2° |
| m?<0 |[17,3° 17,39 07,3 [ 0,3 |

Table 4.8: Spectrum information for each Minkowski solution in type ITA/B. We indicate
by i, ;" the number j of massless modes and i of tachyons, first for the fields (p,7,07)
as obtained in [5], and then for the complete set of scalar fields considered here.
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In [5] the Massless Minkowski Conjecture was proposed: it postulates the systematic
presence of a massless scalar field among (p, 7, 07). This was verified for all the solutions
we consider here. While including new fields, we observe here the appearance of more
massless modes. A first explanation for those are the flat directions due to RR axions,
indicated in Table 4.3. This interpretation is perfectly verified for m266 solutions: while
they had 2 massless modes among (p,T,07), we observe here a third one, with field
directions in the 3 eigenvectors being purely among the diagonal metric, the dilaton, and
C5 (the flat direction). Let us recall that massless modes form a degenerate eigenspace, so
the exact field directions of each eigenvector is not a relevant information, the eigenvectors
are provided in random combinations. In mIG, eigenvectors are along diagonal metric
components and the dilaton as in previous massless modes, together with the 3 Cjs
components (flat directions) and some of By, C3 and off-diagonal metric components. In
type 1IB, the same holds for sg51 with contributions to massless modes from diagonal
metric components, the dilaton and Cg (the flat direction), as well as Cy and Cy. In
these last two examples, it would be interesting, as for de Sitter solutions, to understand
why extra axions contribute to massless modes. For sg551, the interpretation is again
clear, with the same previously known contributions and that of Cg, the flat direction.
Finally, sg552 — 4 provide an interesting novelty: all three massless modes are along Cj,
the diagonal metric components and the dilaton. This means that there is one additional
massless mode along diagonal metric components and the dilaton, not seen previously
with (p, T,07): we verify this by noticing that the eigenvectors distinguish gs5 and geg,
while those are not distinguished with (p, 7,07) and a set of Os/Ds along directions 56.
The presence of this extra massless mode makes sense, given that the T-dual source
configuration in mYs, has 2 massless modes among (p, 7,07). This extra mode seems to
become tachyonic for sJ--1, a discussion we now turn to.

A surprise in the spectrum of Minkowski solutions are indeed tachyonic directions.
In addition to diagonal metric and dilaton contributions, the eigenvectors are along
off-diagonal metric and Cy components in s2--1, off-diagonal metric and C3 components
in m261, 2, and off-diagonal metric components in m2663,4. We do not have a clear
understanding of their appearance. Let us note however that 52551 and m261 have
non-compact 6d manifolds, and the compactness has not been established for m262 and
mYgs3 [5]; this may allow to discard these solutions. The solution mJge4 seems however
to be on a compact group manifold; maybe the detailed lattice ensuring this compactness
should still be investigated.

More generally, we conclude that the Massless Minkowski Conjecture is still verified.
However, its strong version [5] is in tension with the present results: indeed, it states
the absence of 4d tachyonic directions in Minkowski solutions. Nevertheless, one should
be careful with the interpretation of this strong version of the conjecture. The latter
might indeed be applied more strictly to low-energy effective theories of quantum gravity,
while the present consistent truncation is probably not such an effective theory. If a
low-energy truncation would keep less modes, the resulting spectrum would be different.
In particular, it could avoid the phenomenon of “space invaders”, where including a
priori more massive modes leads to having smaller (or even tachyonic) masses. If this is
avoided, the strong version of the Massless Minkowski Conjecture may still hold.

The strong version also refers to other swampland conjectures, and as such could be
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more sensitive to the connection to string theory. We then note that the validity of the
solution m2664 as a classical string background has not been tested; this requirement
combined with that of the existence of a lattice ensuring the 6d compactness can be
challenging [2]. It could then turn out that the present work does not provide any
counter-example to that conjecture; we hope to come back to these matters in future
work.

Anti-de Sitter solutions

We compute for each anti-de Sitter solution the mass spectrum with MSSV. We report in
Table 4.9 on the values of the 7y parameter, comparing them to the value obtained with
the restricted set of fields (p, 7, 0r). We also give the number of massless modes and that
of tachyons, obtained with (p,7,07) and obtained here. The total number of fields in
each class can be found in Table 4.1 and the number of generic flat directions in Table
4.3.

class Sx5 Myg
solution || 1 | 2 | 3 [ 4 1 | 2 | 3 [ 4 | 5
| nv [5] |[0.77850 | —4 | —3.8495 [ —2.4901 |[ 1.2531 [ 1.5483 | 1.5537 | 1.3004 | 1.2548 |
| mv ][ 11436 [ 25632 [ 2.1117 | 2.7870 |[ 1.9213 | 1.9873 [ 2.0293 | 1.8554 | 2.1590 |
[ m2 [5} ” 1BF,OO IoBF’OO [ 0BF700 [ OBF’OO H ]_BF’OO ( 1BF’00 [ 1BF700 ( 1BF’00 ( 1BF,00 ‘
{ m2 ” 1BF75O T lBF’60 ( 1BF760 ( 1BF760 H 2BF740 ( lBF’40 ( 1BF750 ( 1BF’60 ( 1BF760 ‘

Table 4.9: Spectrum information for each anti-de Sitter solution in type IIA/B. We first
provide the value of 7y (note the definition and sign convention in (4.19)) for the fields
(p, T,071) obtained in [5], then the one obtained here with the complete set of scalar fields
of the above dimensional reduction. By ¥, j%, we also indicate the number j of massless
modes and i of tachyons (those with m? below the BF bound).

Let us first recall that for anti-de Sitter solutions, a 4d perturbatively stable scalar
field has a mass m verifying the Breitenlohner-Freedman (BF) bound

m? > —4% = < Z : (4.27)
with the anti-de Sitter radius [ (see e.g. [5, Sec. 3.4.3]). Most solutions were already
found unstable within the fields (p, 7, 07), as can be seen in Table 4.9. For these unstable
solutions, the addition of fields only makes 7y slightly larger, i.e. the solution more
unstable. Looking at the eigenvectors for their tachyonic mode, we do not easily identify
the previous tachyon. Diagonal metric components and dilaton always contribute to it,
with however Cy for s55-1, By for my,2, 3, or off-diagonal metric components for m;65.7
One of these solutions, m,41, gets in addition a second tachyon. Both tachyons there get
also very mixed contributions from the various fields.

Three other solutions, s;;2 — 4, were found to be perturbatively stable within the
fields (p, 7, 07). These solutions admitted in addition, among these fields, only positive

"We note also for some of these solutions the appearance of other negative m?, however not tachyonic.
Their eigenvectors also get mixed contributions.
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m?. Here, the addition of the new fields generates one tachyon for each of these solutions
(and one additional negative m? for s554). There again, the eigenvectors get very mixed
contributions. We conclude that all anti-de Sitter solutions are here found to be unstable
(with tachyons partly along axions). Since masses squared below the BF bound are
forbidden in supersymmetric anti-de Sitter solutions, we conclude that all the anti-de
Sitter solutions above are non-supersymmetric, confirming this suspicion of [5]. The
tachyons we found provide perturbative instabilities in agreement with the swampland
conjecture of [68].

Another phenomenon when adding the new fields is the appearance of massless modes.
In type IIB, the generic flat direction is Cg. In addition, massless modes are along
By, Cs,Cy for s;51 and Ba, Cy for s;;2 — 4. In type IIA, the generic flat directions are
the 3 components of (5. In addition, massless modes are along C3 for my41,2, By, Cs
for myg3, Be, C1, C3 for my4,5. As for de Sitter and Minkowski solutions, it would be
interesting to see whether these axionic massless modes are actually flat directions of
solution subclasses.

Summary and outlook

In this chapter, we derived a 4d theory for compactifications of 10d type II string theory
on 6d group manifolds. In particular, we obtained a scalar potential V' and the kinetic
terms. Our setting includes NSNS- and RR-fluxes as well as (smeared) Op-planes and
D,-branes, and the metric fluxes associated to the group manifold. Once implemented
numerically in the code MSSV, we used this scalar potential to prove that we actually
perform a consistent truncation. We finally analysed the stability of 10d solutions with
4d maximally symmetric spacetimes.

We first described in Section 4.2.1 our truncation of the 10d fields, which consists
in keeping the left-invariant scalar fields on the group manifold. As discussed there,
those are not guaranteed to be the lightest fields (for generic group manifolds) but they
are providing a consistent truncation before orientifolding [139]. It is expected that the
same still holds after including orientifold planes, as shown in various examples. In
Section 4.4, we proved explicitly that our truncation is consistent for all 21 solution
classes of [4]; let us recall that these compactifications include orientifolds. To reach
this result, we compared the 10d equations of motion provided by the code MSSS [4] and
the 4d equations given by MSSV. Even though a consistent truncation may differ from
a low energy truncation, it is sufficient for our purposes when studying the stability of
solutions.

Based on this truncation, we derived in Section 4.2.2 a corresponding 4d theory
starting with 10d type II supergravities with O,/D,, sources. We got in particular the
scalar potentials in equations (4.14) and (4.15), and computed the scalar kinetic terms.
Those allowed to define the mass matrix in equation (4.18), that provided us with the 4d
mass spectrum. This derivation is automated in the code MSSV, a Mathematica notebook
presented in Section 4.3. This code further computes the mass spectrum for a given
solution and related quantities characterising stability. This code was then used in
Section 4.5.1 to identify generic flat directions in the various solution classes, that would
appear as massless modes in the spectrum.
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We finally turned in Section 4.5.2, 4.5.3 and 4.5.4 to the stability analysis of 10d
solutions with 4d de Sitter, Minkowski or anti-de Sitter spacetimes, respectively. These
solutions were obtained in [1,4,65], forming a convenient database. Their stability had
only been analysed partially on a restricted set of fields denoted (p, T,07) in [5], and
we commented here on the comparison to the stability properties now observed when
including all the left-invariant fields. A first result is that all de Sitter and anti-de Sitter
solutions at hand are found unstable, despite several candidates found stable within the
restricted set of fields. This is in agreement with various conjectures, as discussed in
those sections. We also discussed at length the field directions of the tachyons: it is
often possible to identify a previously observed tachyon among the fields (p, 7, 07), while
the new fields, e.g. RR and NSNS axions, contribute to a different one. But in some
instances, the contributions of the various fields are more mixed.

We also commented on the numerous massless modes that we observed: some
correspond to the generic flat directions, but further contributions from other axions
are often noticed. Those may signal further flat directions due to peculiarities of the
solutions considered, e.g. some vanishing flux, that could be viewed as a solution subclass.
For Minkowski solutions more specifically, we verified that the Massless Minkowski
Conjecture [5] holds, but we also note that checking its strong version is more subtle,
and we discussed it. In particular, requiring the compactness of the 6d manifold together
with our supergravity solutions being in a classical string regime may not be achieved;
this would remove potential counter-examples to this strong version.

In general, correlations are observed between the number of tachyons, of massless
modes, or the value of the 1y parameter, and whether or not the 6d manifold is compact.
(Non)-compactness is one feature of the solutions considered which could explain the
differences observed; it would be interesting to identify others.

Several questions as well as opportunities are raised after this work, having now the
code MSSV available; some ideas were already mentioned in the introduction. To start
with, one may consider verifying that the truncation to left-invariant modes on group
manifolds is a consistent truncation, in full generality. By this we mean allowing for
any possible D, source configuration without orientifold. Indeed, within our ansatz,
compactifications with orientifolds have all been classified in [4], and we checked those here
already. In turn, this restricts to anti-de Sitter solutions, according to Maldacena-Nunez
no-go theorem [33]: only those do not require orientifolds. While the same procedure
could be followed combining the codes MSSS and MSSV, and we expect this to work, the
challenge could be on the amount of equations and variables to consider, larger in absence
of orientifold projection.

We suggested in the introduction to combine the search for 10d solutions performed
with MSSS and the stability analysis done with MSSV. One could even consider using
MSSV alone, i.e. the 4d scalar potential, to find new solutions. Their 10d origin would
however require to satisfy further constraints, namely the flux Bianchi identities (or
tadpole cancellation conditions) and the Jacobi identities on the geometric fluxes. This
may still be a useful approach to find interesting critical points of the 4d potential,
using new techniques such as gradient descent algorithms. This could be combined with
requirements on stability or tachyonic directions, as e.g. in [65].

Last but not least, it would be interesting to rewrite the 4d theory obtained here
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as a 4d (gauged) supergravity. This has been achieved in a variety of examples (see
Section 4.2.1). We mentioned there in particular the approach using SU(3) x SU(3)
structures, allowing to reach a 4d N/ = 2 supergravity, or N’ = 1 with an orientifold
projection. While this formalism is very appealing, it seems unfortunately not to apply
to some of our solution classes, where we reach N' = 1 via the specific placement of a
D,-brane (and not an O,-plane). It is for instance the case for the 28 de Sitter solutions
of 5;5, where the source configuration (O5 along directions 12, 34, D5 along 56) preserves
N = 1 supersymmetry in 4d. Formulating the corresponding 4d theory as an A/ = 1
supergravity seems then challenging, but we hope to come back to this question in future
work.
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Intricacies of classical de Sitter back-
grounds

Within the swampland program, conjectures were proposed asserting that any theory
of quantum gravity, like string theory, and its 4d low energy effective theories, cannot
admit solutions with a (quasi) de Sitter space-time [79], at least in some limit [63, 80]
that could correspond to a classical perturbative regime. In this chapter, we revisit this
situation and claims in great detail on interesting examples. We focus on some of the
10d supergravity solutions admitting a 4d de Sitter space-time presented above, and we
test to a rare extent all requirements for them to be a classical string background. Even
though the solutions do not pass all tests, this detailed analysis should provide useful
tools for such studies, as well as a better understanding of the mechanisms behind this
apparent obstruction.

Motivations

Finding classical de Sitter solutions of string theory is usually done in two steps. First,
one typically looks for solutions of 10d type II supergravities with a 4d de Sitter space-
time and a compact 6d manifold M. Such solutions with intersecting D,-branes and
orientifold Op-planes were found on M being a group manifold in [1,74,75,89-92]. The
second step is to verify that these supergravity solutions are classical string backgrounds,
by satisfying a list of requirements, including a small string coupling gs and a large
6d volume in units of the string length [s. Studies on this topic were so far rather
negative [70,92,152-154] despite possible loopholes, leading to the situation that no
stringy classical de Sitter solution has been found, in line with the swampland conjectures.
In ref. [1], we have obtained new de Sitter solutions of 10d type IIB supergravity with
intersecting O5/ D5 sources, thus fulfilling the above first step. In the following sections,
we provide a detailed 10d analysis of the second step, on two of these new solutions.
Group manifolds are characterised by an underlying Lie algebra with structure
constants f%.. The latter can be related to the spin connection coeflicients of the 6d
metric, as can be seen e.g. in the Maurer-Cartan equations de® = —%f”bceb A e€. The
f%e then enter our 10d equations as variables. When looking for solutions in [1], we
allowed for a maximal freedom in the f%,., in a basis of one-forms e* where the metric
was 0qp. This simplified the search of solutions, but had the drawback of making the
identification of the algebra and group manifold cumbersome. We typically got many
non-zero structure constants, while Lie algebra representatives in classification tables
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only have a few. Algebras of some solutions could still be identified, with an isomorphism
to our sets of f%,.. We could then verify the existence of a lattice, a discrete action on the
6d group manifold that provides its compactness. Algebras and lattices are particularly
simple for the de Sitter solutions 14 and 15 of [1], providing us, up to a change of basis,
with a complete knowledge of their 6d geometry; we thus focus in the following on
these two solutions. The details of these solutions can be found in Appendix B.1; these
correspond to solutions S5+514, 85+515, but in this chapter we keep the notation of [1] for
consistency and simplicity since we merely consider solutions of the same class 3;5.

To ensure that a 10d supergravity solution is a classical string background, we identify
in practice five requirements to be met: a small g,, large 6d radii r@="1 6
ls, quantization of fluxes, a fixed number of orientifolds Néf), and lattice quantization
conditions. We believe these requirements are sufficient; whether they are necessary is
discussed at the end of Section 5.7. The last three requirements need the detailed 6d
geometry, so they were only partially checked on the solutions in [1]. We now complete
the study for solutions 14 and 15. We summarize the requirements as follows

in units of

gs << 1 ) Ta >> 1 9 Nqal...aq € Z I (5'1)
Nl'ez, NI <N} , N,quantized ,

where for simplicity, we will choose a hierarchy factor of 10, i.e. 0 < g5 < 10~1, ¢ > 10.
The index I = 1,2, 3 refers to the sets of internal dimensions (ab) wrapped by the O5/Ds
sources: I =1 along (12), I = 2 along (34), I = 3 along (56). The number of sources
along each set is defined as N! = Né5 - N 11)5. It enters the source contributions T},
to the equations of motion and Bianchi identities. Our solutions have non-zero fluxes
Fy, F3, H, giving the flux integers Nyq,...q, along some of their components. Finally, the
N, are numbers entering the f%,., quantized because of the lattice. The relations to the
supergravity solution data (in the left-hand side below) go as follows

gs)\Nqal...a
gqua1...aq = ra1 pag 1 ) (5.2)
Tl = 6gs A2 N/ fo, = T\ N,
s+10 POl g0l ’ C T‘b’l“c )

without sum on the indices, and the indices a |, denote the directions transverse to the
set I. The three types of supergravity variables (fluxes, source contributions, structure
constants) are here expressed in units of 27ls. The radii r* are introduced through a
normalisation convention of the one-forms e® that we will come back to. The parameter
A > 0 is an overall rescaling parameter of the solution that we are free to introduce. We
refer to Section 4 of [1] for more details.

In the following, we test solutions 14 and 15, expressed in the appropriate basis,
upon the requirements (5.1). To that end, we provide in Section 5.2 the material needed
by first discussing the 6d geometry of the group manifold for solution 14. We give a
basis of globally defined one-forms, determine lattice quantization conditions, and discuss
the number of orientifolds. We determine the needed harmonic forms and related flux
components. We then test in Section 5.3 the solution 14 upon the different constraints
(5.1). As announced, it does not succeed in satisfying all of them, but we give explicitly
various values obtained, allowing to evaluate how far the solution is from a classical string
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background. The same procedure is followed in Section 5.4 for solution 15, for which the
results are worse. We finally relate the problem of classical de Sitter solutions to that of
scale separation in Section 5.5. We argue there that one should at best expect a bounded
region in parameter space for both problems. We end with an outlook in Section 5.7.

6d geometry of solution 14

In this section, we present in detail the geometry of the 6d group manifold for our de
Sitter solution 14. We also obtain the material needed to test, in the next section, the
requirements (5.1) that would allow this solution to be a classical string background.

Foreword on the change of basis

As explained in the introduction, solutions 14 and 15 of [1] were found in a basis of
one-forms associated to a 6d metric dqp, @ = 1, ..., 6, giving respectively 8 or 7 non-zero
structure constants. As detailed in Section 2.3 and Appendix C of [1], a change of basis
can be performed to new one-forms e® = e%,,dy™, associated to a new “metric” denoted
Gab

dsZ = gmndy™dy™ = gapee’ . (5.3)
The coordinates y™ =16 parameterize circles: y™ € [0, 27[ and we require the identifi-
cations y™ ~ y™ + 27. As we will see, the radii r* > 0 are inside the e%,,. The metric
gab has the interesting properties of being block diagonal along the pairs of a-indices (12),
(34), (56), along which are the sources, and the determinant of these blocks is equal to 1.
For both solutions, the new basis gives only 4 structure constants. The corresponding
algebras are then easy to identify: solution 14 is on 93.5 &) ggf), and solution 15 is on
g3, 411 <) g;}l, using notations of [105]. Both admit lattices, allowing the group manifolds to
be compact. We come back to those in detail below. The new one-forms were denoted
with a prime in [1], and the solution data (flux components, structure constants, etc.)
was given explicitly in Appendix A of [1] under the names solution 14’ and 15’. We refer
to Section 2.3 and Appendices A and C for more details on these solutions; in the rest of
this chapter, we work in the new basis and drop the prime. We now focus on solution 14,
while solution 15 is treated in Section 5.4.

Lattice, orientifolds
For solution 14, the 4 structure constants are given by

f?35 = —0.28930 , f355 = 0.013433 , (5.4)
floa = —0.67154 , fO14=0.41310.
This corresponds to two copies of the three-dimensional solvable algebra g3 -. We rewrite

them in terms of real positive numbers Ni 236 > 0 and the radii 7, as in the following
Maurer-Cartan equations

NQTZ Ng’l”g
de? = eSned, ded = ———e’Ae’, de® =0, (5.5)
735 7245
NlTl N67’6
del = —— e net def = -2 el net det =0.
rAr6 ) rlpd )
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Let us focus on one of the two copies. As discussed below, an expression for globally
defined one-forms is given by

1

N- 4

¢ =12 <N2> (cos(V/NNsy?)dy? = sin(v/NaNay®)ay? )
3

Ny
e® = rody’ . (5.6)

1
Na\ %
ed =3 ( 3) <sin( NoN3y®)dy? + cos( N2N3y5)dy3> :

2,3

Their normalisation is such that e A €2 = r2r3dy? A dy®. The forms >3 can be written

in terms of the rotation matrix

[ cos(v/NaN3y®) —sin(v/NaN3y®)
Aly’) = < sin(v/N2N3y®)  cos(v/NaNsy?) > ’ o7

which plays an important role. One verifies that the one-forms e® are globally defined,
meaning invariant under y® ~ y® + 27, thanks to a coordinate identification

(¥)ys2r = A(=27) (y)y5 (5-8)

where the 2-vector (y) stands for 32, 4%. Such an identification is admissible if the entries
of A(—27) are integer (more generally, one may also allow for shifts of coordinates by
multiples of 27). This gives the lattice quantization conditions, and ensures at the same
time that we have globally defined one-forms. We refer to [71] for more details. So here, a
first possibility is to have v/No N3 € N*. In that case, the coordinates are simply mapped
to themselves, i.e. they are globally defined: one is back topologically to a torus 7, with
a non-Ricci flat metric. A second possibility is v/No N3 € N+ %, where the rotation gluing
acts as a Zs on the coordinates. Another possibility is «/NaoN3 € N + i that mixes 32
and y3. These different lattices give rise to different topologies. We refer to [155] or [76]
(sections 2.3 and 5) for more details on these geometries. Further discussions and Betti
numbers can also be found in [155], as well as two more lattices involving constant shifts
of coordinates, not included here. Ricci flat versions were recently considered in [66,67].

In the case of a torus, with v/NaN3 € N* each coordinate is that of a circle
without further identifications. Our orientifold involution conditions can then be
mapped to conditions on coordinates: o(e?) = €2, 0(e3%) = —e35 are equivalent to
o(y?) = y?,0(y>°) = —y>°, as can be seen through the forms (5.6). This involution
action on coordinates is the standard one on circles, so the counting of fixed points is the
usual one, i.e. 2 per transverse circle. This gives Né5 =24 = 16. In the following, having
this lattice in mind, we will impose the bound N SI < 16. For the other, more complicated
lattices, this bound could be lowered, but smaller values for NI will as well be obtained.

Harmonic forms

With the above basis {e?} of globally defined one-forms, we can now determine the
harmonic 1- and 3-forms with constant coefficients ': those will be needed for flux

!Further harmonic forms can be obtained in the {e®} basis with globally defined functions as coefficients,
such as cos(v/ N2 N3y®), etc.; we will not need those.
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5.2 6d geometry of solution 14

quantization. To that end, we look for all closed and co-closed 1- and 3-forms 2. This
is complicated due to the Hodge star, involving here the inverse metric (5.3) which has
off-diagonal components ¢g?°. As a warm-up, let us consider the metric to be 4. In that
case, one obtains e*,e® and el Ae? A€l el Aed A€l 2 Nned Aet, €2 Aed Aed. These
forms are representative of cohomology equivalence classes. Changing the metric to gu
should not change these classes, since the latter are topological, so we should get the
same number of forms. In addition, the representatives may only differ by an exact piece.
This is what we obtain by an explicit computation: the 1-forms remain e*, e®, while the
harmonic 3-forms with constant coefficients are now

wi=e'ANe* Al +dop, wy=e2Aed e+ doy (5.9)

wy=e' AN’ ANeb+dog, wi=e?NeSAet +doy

with the following exact pieces

1
01 = aflyg (el Ae?+ :;34695663 A e4> (5.10)
25
af146f235g34 +g56 5 6
— f6 e Ne
14
00 =af?ss( —et Ae? + &93465 A el
£6
14
af?s5 169" + g3t 4 A et
a f325 cne
03 = 912f325 63 A 66
(f%14)% + (f325)2(1 + (g'2)?)
04 = 912f614 63 AN 6’6
(fO14)% 4 (f325)2(1 + (¢'2)?)
12
where o = g

(f235)% 4+ (fla6)2(1 4 (912)?)

We verify that those are non-zero only because of the (inverse) metric off-diagonal
components.

To perform the quantization, we will need to normalise these harmonic forms. Using
the duality to the homology, and changing representatives of a same (co)homology class,
we have the following equalities

2
/ w1 :/ et Net neb :7”17“47”6/// dyt A dy* A dyS
3 I 0
= (2m)°rtr et (5.11)

and the same holds for all four w;. Indeed, the e Ae? Ae€ involved are precisely those that
give dy™ A dy™ A dyP times an appropriate (constant) normalisation. This is consistent

2For a lattice that does not give a torus, some of the closed and co-closed forms may turn out not
to be harmonic, because they are actually not globally defined; we refer to [155] on that point. This
subtlety would only remove some flux components to quantize, i.e. lead to less constraints, so we do not
consider this point any further.
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with the formulas used so far for flux quantization, given that the only flux components
that need to be quantized are those along harmonic forms. We have just verified here
that these forms can be integrated, and the result is in agreement with the normalisation
ansatz used so far, that relates the radii r* to the integral of e*. The formula (5.2) for
the quantized flux can thus be consistently used on the harmonic components.

Flux quantization

Fluxes should be quantized if and only if they are harmonic forms. This condition comes
from having a flux F' = dA, where A is locally but not globally defined, i.e. F' is closed
but not exact, in other words harmonic. It is then the transition function or patching
of the gauge potential A that gives the quantization condition. Let us consider the
equations solved by the fluxes in our solutions

dF1:0,d*6F1:0, ng%O,d*GFZJ,:O, (512)
dH =0, dxg H #0 .

F1 is thus harmonic, while F3 and H are not but may contain pieces which are. Only the
harmonic parts of these fluxes should be quantized. Doing such a proper flux quantization
requires a good knowledge of the geometry, and in particular of the harmonic forms. The
lack of such a knowledge for most solutions of [1] led us to quantize all flux components,
as also done in the literature, but this is overconstraining. Here, using the harmonic 1-
and 3-forms identified above for solution 14, we are able to express our fluxes within the
general Hodge decomposition

Fq = tharmo + dA + *¢dB , (513)
where Fiyparmo, A, B are globally defined forms. We obtain more explicitly for solution 14

H:d(b13€1A63+bz4€2/\64) , F1:F15€5 , (5.14)
F3 = F3u, w1 + F3u, w2

+gs_1 *xg d (CL1261 Ae? 4 agqe® A et + asg e® /\66) ,
where g5 is introduced for notation convenience, and

b1z = —0.34083 , bos = 0.99383 , g.F15 = —0.27398 ,
9gsF3., = 0.12430 , gsF3,, = 0.012539 , (5.15)
a1z = 0.82025 , azqs = —2.0877 , asg = —0.55448 .

We deduce that only three flux components need to be quantized: Fis, F3.,, F3u,. TO
that end, we use the normalisation (5.11) for the harmonic forms, which justifies the use
of the initial formulas (5.2).

Checking requirements for a classical solution

With all the material obtained in the previous section, we are now ready to test solu-
tion 14 against the requirements (5.1). Given the supergravity solution data, namely
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5.3 Checking requirements for a classical solution

the left-hand sides of (5.2), we need to find 8 real parameters (gs,r*, A) and 8 inte-
gers (N15, N3w,, N3w,, NI, NoN3, N1 Ng), that satisfy the constraints (5.1). The source
contributions are given by

95Ty = 10, g,T?% = —0.088507, g,Tiy = —0.77652 . (5.16)

Solution 14 has the particularity of having T120 < 0: this implies that among the N/, an
upper bound should only be imposed for I = 1. We recall from [1] that O5 may still be
present in the set I = 2.
For a better comparison to the results of [1], we start by testing our solution without
imposing the lattice conditions. We then get the following solution to the other constraints
No lattice condition: (5.17)
rl =86.658 , 12 =272.28 , 3 =10.834 , r* =18.142 ,
r5 =198.25, % =10.562 , A = 789.30 , g, = 0.068818 ,
Nis=—-1, N3y, =38, N3, =135,
Nl=16, N>=-17, N3 = -14,
Ny = 0.0028913 , N3 = 0.084801 = (0.015659)? /N> ,
Ny = 0.0018814 , Ng = 0.077905 = (0.012107)?/N; ,
where we give the highest products N1 Ng and No N3 obtained. Those remain far from 12,
but are less far from the other lattice allowing for (1/4)2. We also obtain a solution to
these constraints with N} = 14, NoN3 = 1 and Ny Ng ~ 1078, Solutions with lower N},
down to N} = 1 can also be found. On the contrary, imposing lattice conditions (and the
other requirements) without the bound on N} leads us at best to N! = 50960, namely
No orientifold bound: (5.18)
r! =57.907 , 2 =162.65 , r> =10.014 , r* = 354.99 ,
r® =2999.3, % =10.014 , A = 186.97 , g, = 0.099885 ,
Nis =—44, N3, = 1370, N3, = 3280,
N} =50960, N2 =—-1195, N2 = —1241 ,
Ny = 0.28572 , N3 = 3.5000 = 12/N> ,
Ny = 0.22048 , Ng = 4.5356 = 12/N; .
As expected, we can lower this N! when rather verifying the other lattice quantization
conditions
Ny = 0.20794 , N3 = 1.2023 = ($)* /N, (5.19)
Ny =0.10602 , No = 2.3581 = (4)° /Ny ,
and N} = 13000 ,
Ny =0.56756 , N3 =0.11012 = (
N1 =0.18581, Ng =0.33636 = (
and N! = 3219 ,

)% /Ny (5.20)

NN
SN—
[
~
=z
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Chapter 5. Intricacies of classical de Sitter backgrounds

and the other quantities verifying their constraints. These values of N! remain far too
high.

Lattice conditions and the bound on N/ have however to be respected in any case for
the compactification to make sense, and we should rather test the string regime through
the values of g5 and the radii. Imposing all requirements but those on the radii, we find
the solution

No large radius condition: (5.21)

rl=7.4234 , 2 =4.0198 , r® =0.24159 , r* = 1.9131,

r5 =16.164 , % = 0.11150 , A = 1.0076, g = 0.097666 ,

Nis5=—45, N3y, =2, N3y, =2,

Nl=14, N>= -8, N3=-18,

Ny = 0.27890 , N3 = 3.5855 = 12/N, ,

Ni = 0.019150 , Ng = 52.218 = 12/N; .
Two radii are substringy, i.e. smaller than 1. We can also bring all of them to be greater
than 1, except 7% which gets lowered to 0.025984. We get as well 1245 > 10 at the cost
of having 73 = 0.032184 and 7% = 0.93577. Using the lattice with (1/4)? does not change
this situation. If rather we require large radii but relax the bound on g5, we do not find
any solution to the constraints (5.1). Note that a similar analysis and result has been
obtained for a known de Sitter solution of type IIA supergravity in Section 6 of [74]. As

there, we conclude that our de Sitter supergravity solution 14 cannot be made a classical
string background.

Solution 15
The 4 structure constants of solution 15 are given by

f235 = —0.60208 , f355 = —0.058853 , (5.22)
fe1 = —0.10206 , f%4; = —0.015345 ,

giving two copies of the solvable algebra g?:i. We focus here on one. We rewrite it as

2 3
NS, ded = e NP, deP =0, (5.23)

2
de =
r3pd

with real positive numbers Na 3 > 0. Globally defined one-forms can be written as in
(5.6) where one replaces the rotation matrix (5.7) by the following “weighted hyperbolic
rotation matrix”

1
COSh(\/ N2N3y5) — (%) 2 sinh(\/ N2N3y5)
1
- (%) * sinh(v/N2N3y?) cosh(v/NaN3y®)

This gives the normalisation e A €3 = r2r3dy? A dy® 3. The above matrix evaluated at
—27 provides again the lattice quantization conditions, by requiring the entries to be

3Slightly different expressions of the one-forms would allow for the same normalisation. In particular
another one more analogous to (5.6) is possible, but it would not lead to an appropriate lattice quantization.
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5.4 Solution 15

integers. We obtain [71]

N.
cosh(v/NaN327) = ny, n? —nong =1, F?’ - , (5.24)
2 N2

for n1 23 € N*. Note that na = n3 is not a solution to these conditions, hence the need
of the “weight” in the hyperbolic rotation.

The harmonic 3-forms with constant coefficients in {e®} basis are formally the same
as (5.9) and (5.10), up to the relabeling 1 <+ 4, 2 <+ 3, and setting ¢°¢ = 0; this is how
we define w2 here below. This can be understood by looking at the algebras and the
metrics. Similarly, the harmonic 1-forms are now e', e>. We then obtain for this solution
the following Hodge decomposition of the fluxes

H:d(b2462/\€4) , F1:F15€5 , (5.25)
F3 = F34,, w1 + F30, wo

—{—9;1 *Gd(algel A e? +a3463/\e4+a56€5/\€6) )
where

bos = 0.0018085 , gsFy5 = 0.13944 |, (5.26)
9sF30, = 0.0014004 , gF3,, = 0.00013677 ,
a1s = 1.0117 , azs = 0.048104 , azs = —0.15985 .

This gives again only three flux components to quantize. For completeness, we finally
give the source contributions

95T}y = 10, gsT?% = 0.49663, g;T5) = —0.10585 . (5.27)

We now test this solution as done above for solution 14. Without imposing the lattice
conditions we obtain a first solution to the other requirements (5.1)

No lattice condition: (5.28)
rl =108.00, 2 =47.861 , r® =21.302, r* =12.912 ,

rd =25.270 , % =10.826 , A = 2372.7 , g, = 0.0014851 ,

Nis=1, N3y, =6, N3, =1,

Nl=15, N?=14, N} = -3,

Ny = 0.0028540 , N3 = 0.0014083 ,

Ny = 0.0038956 , Ng = 0.00083305 .

We find other solutions down to N} = N2 = 1. On the contrary, imposing the lattice
quantization conditions is more difficult. Imposing no bound on the number of sources
N. ’2, we can satisfy the other constraints if we trade the integer conditions for numbers
greater than 1. We then get a solution with N! ~ 755.40, N? ~ 1746.1, which remains
too high. Finally, imposing only the lattice conditions, the bound on N, SI and the flux
quantization, to test the string regime on g; and r%, we could not find any solution.
These results are worse than for solution 14. The de Sitter supergravity solution 15
cannot be made a classical string background.
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Chapter 5. Intricacies of classical de Sitter backgrounds

Scale separation for de Sitter

In this section, we discuss the matter of scale separation, and its relation to the require-
ments for a string classical regime. Consider a 10d (anti-)de Sitter solution with 4d
cosmological constant A, and a tower of Kaluza—Klein states of mass scale my g coming
from the compactification on the 6d manifold. Having a 4d low energy effective theory,
involving a finite number of degrees of freedom, is only possible if one truncates the tower
of states by the 4d energy cutoff. This requires what is called scale separation, namely

VIAl < mkk (5.29)

It means that the typical 4d energy scale can be decoupled from the 6d one. In view of
phenomenology, it is important to know whether scale separation can be achieved.

In many anti-de Sitter solutions, scale separation can actually not be reached: see
e.g. [156-160] for recent papers on this point, and [87,88,161,162] and references therein
for older related works. This has led to recent swampland conjectures [52,60] forbidding
scale separation (see also [78,163,164]). Interestingly, one classical counter-example
exists, the so-called DGKT anti-de Sitter solution [86] (extended recently in [85,165,166]).
The latter belongs to the general N’ =1 SU(3)-structure AdSy class [167], as first shown
in [168]. A criticism of this solution is the problem of “smeared” sources, and we refer
to [1] for more references and discussion on this point. This example remains interesting
here for two reasons. First, its framework is very analogous to ours: it is a classical 10d
supergravity solution, on a torus, and its intersecting sources configuration is analogous
to ours. Another similarity is the presence of flux integers not constrained through the
tadpole or Bianchi identity: here these are the harmonic components of F3, giving the
N3, . Secondly, the DGKT solution admits a parametric control (with asymptotic limit)
on the scale separation, which is the same that governs the validity of the solution as a
classical string background: the more classical (small gs, large volume, etc.), the better
the scale separation. This provides an example of a relation between these two important
problems.

For de Sitter solutions, a similar relation was sketched in [70]. First, it was first shown
there that a classical de Sitter solution requires a small 6d curvature scale |Rg| compared
to that of the average internal length 27r: |Rg| x (27r)2 < 1. This is a priori possible
on some manifolds thanks to internal hierarchies and/or fine-tunings. In addition, such a
hierarchy in a de Sitter solution was shown to automatically imply scale separation, in
the sense of

Ry < (27T1T>2 | (5.30)
Let us test here scale separation with the de Sitter solution 14 in the case where we
ignore lattice conditions (5.17): all other requirements for a classical solution are then
satisfied. With these values and the A-rescaling, we first compute (in units of 27ly)

(R4 =3.6370-107%) < (1/(2nr)? = 1.1873 - 107°) , (5.31)
where r = ([] ra)%. For completness and illustration, we compute for this set of values
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5.5 Scale separation for de Sitter

the square of the Planck mass in units of 27l

27ly)? _ A 2 o
R RN |
K10 6 9s a=1 lS

= 2.5767 - 1013 = (5.0761 - 105)2 . (5.32)

The scale separation condition (5.30) is verified, since we consider here hierarchies of
order 10 per length. This result is however only preliminary, since the largest radius 72
gives a smaller value, as well as the 6d curvature

1/(2rr?)? = 3.4167- 1077, |Rg| = 1.2162-107° . (5.33)

A tower of modes associated to the radius r? would then be difficult to separate or

truncate *. The internal hierarchy |Rg| x (277)? < 1 is also not verified, due to the
unsatisfied lattice conditions. The lack of complete classicality (in the sense of satisfying
requirements (5.1)) seems here again related to difficulties in having scale separation.

Even though classical de Sitter solutions may admit scale separation, we do not
expect the same parametric control as in DGKT. As expressed in [1], classical de Sitter
solutions may not exist at parametric control in an asymptotic limit, but they could still
be present in a bounded region of parameter space. In such a “grey zone”, parameters
are large/small enough to accommodate a classical regime as in the requirements (5.1),
but they remain bounded by these same constraints and cannot be taken asymptotically.
At best, one may then have scale separation in this bounded region, controlled by a
bounded parameter. In the following, we illustrate this idea with a simple transformation
that allows us to move in parameter space. We use a scaling parameter v > 1 to act as
follows on the entries in the right-hand sides of (5.2)

r = ytert, g —=199s, Nk =Y Nk, A=A, (5.34)

and we do not consider any quantized H-flux nor F5 above because there are none in
solutions 14 and 15. The powers x4, g,nx and their signs are not fixed. However, we
relate them in such a way that the left-hand sides of (5.2) remain invariant. Taking for
simplicity Va, x, = =, we get

Ng=13=qr—g, ni=4r—g, ng=z. (5.35)

By not affecting the quantities in the left-hand sides of (5.2), we are guaranteed to still
have a solution to the 10d equations. R4 is also invariant under this simple transformation.
The 6d radii are however changed, so the ratio of the cosmological constant to a Kaluza—
Klein mass goes as the latter, and the scale separation is improved with smaller r¢,
i.e. x < 0. This specific v-scaling then does not help in getting classical solutions,
which rather require large radii. Such a situation where two requirements go in different
parametric directions is common for classical de Sitter solutions, due to the many bounds
to satisfy. This leads to the bounded region in parameter space, as we illustrate in
table 5.1 with the different possible signs of x, g, corresponding to various parametric
directions.

4The Kaluza—Klein spectrum on a group manifold can actually be more involved than a simple inverse
radius dependence: see e.g. [122] and references therein for explicit spectra.
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Chapter 5. Intricacies of classical de Sitter backgrounds

We see from table 5.1 that in any direction of the v-scaling, a parameter bound
is met. Some cases in this table were also observed in the explicit example in section
III. The simple ~v-scaling was considered here for the purpose of illustration. Other
transformations may do better on some of the requirements, e.g. for the lattice conditions
or the scale separation. Specificities of given solutions may also help. Nevertheless, it
remains unlikely that an asymptotic limit would be opened in some parametric direction.

Another transformation worth being mentioned is the following $-scaling: it results
in having f%., gsFy—135, H rescaled by 1/8 and gsT{, by 1/8%, with 8 > 1. This
mimicks the overall A-rescaling introduced in [1] and leaves 10d equations invariant, thus

guaranteeing a solution. It can be generated as follows, with 3 ieN

1 _2
r® — 631, gs—> B 3¢gs, A=A, NSI—>NSI,
2
Nla_>N1a7 NSabc—>ﬂ3N3abca NHabc—>NHabca

4 _2
N5abcde — B3N5abcde ) Na — /8 3Na . (536)

Since R4 scales as 372, the quantity Ry x (2mr%)? scales as ﬁ_%, meaning that the
scale separation gets enhanced when the classical regime is better verified. This is an
improvement with respect to the «v-scaling discussed above. Constraints on fluxes and
sources remain satisfied, but this scaling will hit a bound due to the lattice conditions,
as in the top right corner of table 5.1. Our conclusion of a bounded region for classical
de Sitter is thus not altered, but this $-scaling could be interesting for anti-de Sitter
solutions on a flat torus, if any. In particular, the exponent in the conjecture of [60]
would be given by a = %.

Let us also stress two differences with an anti-de Sitter solution, that are made more
obvious with table 5.1. An anti-de Sitter solution would allow for all N < 0, in which
case there is no upper bound on |N!|, contrary to the above N} < NO In addition, in
the DGKT anti-de Sitter solution, one has f%,. = 0, which is not posmble for de Sitter
solutions on group manifolds that require Rg < 0. The former thus does not face the
lattice conditions. Removing these two constraints relieves bounds in parameter space.

To conclude, if a region of classical de Sitter solutions exists, we do not exclude that
scale separation also takes place there. We believe however that it would be at best
controlled by a bounded parameter, contrary to the DGKT solution and despite several
similarities with that framework. Such a bounded region or grey zone with classical and
scale separated de Sitter solutions remains to be found. As recalled in [1], an asymptotic
limit for the 6d radii is not appropriate from a phenomenological point of view, since
those should get bounded from above by observations. A conservative lower bound on
the average mass 1/(27r) in (5.31) would be the LHC energy scale, namely 14 TeV. We
now rewrite the formula (5.32) for the (reduced) 4d Planck mass as follows

1
I 2T\ 4 _
= (ﬁp> > 6.7188 1074, (5.37)

r gs T

with the length 27, = 1/M,,. The lower bound in (5.37) is then obtained using the above
LHC value and ¢g; < 0.1. From this perspective, the room for classicality is actually
restricted. If one asks in addition for scale separation, and if R4 should then match the
scale of early universe inflation, most likely higher than the LHC scale, the range (5.37)
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5.6 A word on smeared sources

| i >0 | z<0 \
With 4x = g:
classical v/, classical x (r® bound),
g<0 scale sep. X, scale sep. v/,
fluxes, lattice v/, fluxes, sources v/,
sources x (N} < N(l)p) lattice x (integer cond.)
With 42 = g:
classical x (gs bound), | classical x (r?, gs; bounds),
g>0 scale sep. X, scale sep. v/,
lattice, sources v/, fluxes, sources, lattice x
fluxes x (integer cond.) (integer cond.)

Table 5.1: Starting with a de Sitter solution, we act with the y-scaling (5.34), (5.35)
on the parameters. We indicate with a v' or x whether or not it helps in meeting the
various requirements. When it does not, the limiting bound is written in parentheses.
The “integer condition” bound refers to integer numbers having to be greater than 1.
Since N} is very constrained, 1 < N! < Nép in a de Sitter solution, we restrict when
possible to the scaling leaving this number invariant, namely 4z = g.

gets even more restricted [169]. This is where having a warp factor and a varying dilaton
could help with hierarchies, even though in the concrete setting of [170], the values were
not drastically altered by such effect.

A word on smeared sources

Beyond the question of the classical regime, or the verification of compactness, the
main criticism against our solutions is a standard one on intersecting sources: they are
“smeared” [171-173]. Note that, contrary to D-branes, smearing O-planes is particularly
prohibited, since by definition, an O-plane stands at a fixed point. It is worth noting
that our solution 14 is special since it has T4 < 0. This means that it can be interpreted
as having Os-planes only along the set I = 1, i.e. directions (12). It could then be
interesting to localize first these sources, while those along orthogonal directions could
remain as smeared branes.

We prefer to view our solutions as solving an integrated version of the equations,
which trades functions (warp factor, dilaton) and distributions (source d-functions) for
constants; see a discussion in [61]. The question remains whether a localized version
exists; it would capture the backreaction of our O,/D,,. This is a well-known supergravity
problem [174-177]: while localized solutions exist for parallel sources, e.g. [170], they
are most of the time unknown for intersecting ones (see however [178-180] in anti-de
Sitter). It is also unclear whether finding a localized solution in supergravity is relevant:
indeed, the backreaction of sources is a priori important only close to them, where stringy
contributions should also be taken into account. In any case, it is often believed that this
problem could be cured in full string theory. Interestingly, this question has reappeared
recently in the context of the swampland, with the conjectures [52,60]. The anti-de Sitter
solution [86] is a counter-example to the latter. The main criticism against this solution
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Chapter 5. Intricacies of classical de Sitter backgrounds

is again its non-localized intersecting sources. This has motivated a (partial) localization
of this anti-de Sitter solution [165,166]. It would be very interesting to study our de
Sitter solutions with intersecting sources in this new light.

Outlook

In this chapter, we have tested whether two 10d supergravity de Sitter solutions of [1]
could be promoted to classical string backgrounds. Having identified the requirements
(5.1) to be met, we have derived all the necessary material to perform these checks, to a
rare extent in the literature. Eventually, our solutions do not pass these tests, as they
fail to satisfy simultaneously all requirements, despite partial positive results. We also
discussed the relation of this problem to that of scale separation, and what one should
expect on the latter for classical de Sitter solutions. We believe that the tools developed
here and the explicit results obtained should be useful in future studies.

Whether supergravity solutions could be classical string backgrounds has already been
partially analysed on de Sitter solutions of [1]. Solution 14 did not appear as the most
favored one: four other solutions were doing better regarding the partial requirements
imposed there. But for those, a complete knowledge of the 6d geometry was missing,
preventing us to go further (see however the appendix here). It would be interesting to
focus more on them, or more generally, to try with other solutions, possibly obtained
from ours by small deformations or transformations, that could help in satisfying the
requirements. A family of de Sitter solutions obtained by varying one parameter is
depicted in Figure 1 of [91]. In such a family, one may eventually find a bounded region
of classical solutions, as discussed in Section 5.5.

As it appears from this work, the question of whether one can obtain classical de Sitter
solutions of string theory is not settled. Even though we have not found an example for
now, our study highlighted how close one can get, and how involved these tests actually
are. A related matter is the definition of the requirements for a classical solution: one
may consider our requirements on g5 and the radii as conservative. Can one allow for
slightly higher values of gs7 What length or volume should actually be bigger than /5 on
our group manifolds? Precise answers to these questions depend on the corrections to
effective theories, and those are typically difficult to determine, especially away from a
more standard Ricci flat compactification. If any room could be gained from this side, it
would certainly be interesting.
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Bird’s eye view on time-dependent
compactifications

Context and state of the art

As it has been emphasized in the previous chapters, obtaining realistic 4d cosmologies
from the ten-dimensional supergravities that capture the low-energy limit of superstring
theory has proven notoriously difficult. At the turn of the century, it was thought that
accelerating cosmologies were as difficult to achieve as de Sitter space itself, being subject
to a famous no-go theorem first discovered by Gibbons [31,32] and later rediscovered
by Maldacena-Nuifiez [33] in a string-theory context. More precisely, a matter whose
stress-energy tensor in the higher-dimensional theory implies Rgp > 0, as a consequence
of the Einstein equations, is said to satisfy the strong energy condition (SEC). The SEC
implies that time-independent compactifications of the higher-dimensional theory can
never lead to 4d cosmologies with accelerated expansion (which includes de Sitter space
as a special case).!

However, as was first pointed out in [181], time-dependent compactifications evade
the no-go and can lead to 4d Einstein-frame accelerated expansion for some period of
time [182-187]. Such transient acceleration is in fact generic in flux compactifications,
see [188] for a review, although de Sitter space is still ruled out by the SEC, if the
time-independence of the 4d Newton’s constant is obeyed in a conventional way [189]. If
instead the time-independence of the 4d Newton’s constant is obeyed in an averaged way,
even de Sitter space is not ruled out by the SEC, although the so-called dominant energy
condition does rule out non-singular de Sitter compactifications [190] (see also [191,192]
for a recent discussion on energy conditions).

In [189], Russo and Townsend greatly refined the no-go of [31-33]: one of their
conclusions is that, even if one imposes the SEC and the time-independence of the 4d
Newton’s constant in a conventional way, late-time accelerating cosmologies are not ruled
out. However, no late-time accelerating cosmologies from compactification of the ten- or
eleven-dimensional supergravities arising as low-energy effective actions of string theory
have ever been constructed. Indeed, the eternal accelerating cosmologies of [193,194] are
such that the acceleration of the scale factor tends to zero at future asymptotic infinity,
so that there is no cosmological horizon.

!The no-go was also extended in [33] to the case of massive ITA supergravity, a theory which does not
obey the SEC.
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Chapter 6. Bird’s eye view on time-dependent compactifications

Ref. [187] reinterpreted the accelerating solutions of [181] from the point of view
of a 4d theory with a scalar potential. It was found that there is always a big-bang
singularity near which the scale factor behaves as a power law: S(T) ~ T %, which does
not lead to enough e-foldings for inflation [193,195]. The transient acceleration of the
solutions could, however, be used to describe the current cosmological epoch [186]. The
general characteristics of one-field inflation with an exponential potential were studied
in [196], while cosmologies from an effective theory with multiple scalar fields were studied
in [197-199]. In particular, the analysis of [200] could be relevant for the swampland
conjecture [79]. Cosmological solutions of gauged supergravities and F-theory have been
studied in [74,89,90,94,95,201-208].

Summary of the results

In the following chapters, we re-examine some of the previous statements in the context
of universal cosmologies, obtained by compactification to 4d of 10d Type IIA supergravity
(with or without Romans mass) on 6d Einstein, Einstein-Kéahler, or Calabi-Yau (CY)
manifolds. In this context, the term “universal” means that the anséitze that we consider
do not depend on the detailed features of the manifold on which we compactify, but only
on the properties which are common to all the manifolds belonging to that class. For
example, our ansatz for the CY compactification exploits the existence of a holomorphic
three-form and a Kéhler form, but does not assume the existence of any additional
harmonic forms on the manifold.

Our universal cosmologies are obtained by solving the ten-dimensional supergravity
equations: we do not start from a 4d effective action. Nevertheless, it turns out that all
of the resulting 10d equations of motion are obtainable from a 1d action where all fields
only depend on a time coordinate. In other words, there is a 1d consistent truncation of
the theory, S14. The fields in question are the dilaton ¢ and two warp factors A, B (one
for the internal and one for the external space), while, by virtue of our ansatz, all fluxes
manifest themselves as constant coefficients in the potential of Si4, cf. Table 7.1 below.

Moreover we show that a two-scalar 4d cosmological consistent truncation, Syq, of
the 10d theory to ¢, A is possible in certain special cases. In other words, every solution
of cosmological Friedmann-Lemaitre-Robertson-Walker (FLRW) type of Syq uplifts to
a solution of the ten-dimensional equations of motion. Again, the different fluxes show
up as constant coefficients in the potential of Syq. At least for a certain range of the
parameters in the potential, we expect our Syq to coincide with the universal sector of the
effective 4d theory of the compactification, see [122] for a recent discussion on consistent
truncations vs effective actions. Much of the literature on string-theory cosmological
models uses a 4d effective action and a 4d potential. We make contact with the potential
description in Section 7.3.

Whenever a single “species” of flux is turned on,? we are able to provide analytic
cosmological solutions to the equations of motion. These are described in detail in Section
8.1. Whenever multiple fluxes are simultaneously turned on, one cannot give an analytic

2Here we use an extended notion of “fux” that also includes non-trivial curvature, but excludes the
fields A, B, ¢ (the warp factors and the dilaton).
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solution in general, although this can still be possible for certain special values of the
flux parameters. Whenever exactly two different species of flux are turned on, although
an analytic solution is not possible in general, a powerful tool becomes available: as we
show in Section 8.2, the equations of motion can be cast in the form of an autonomous
dynamical system of three first-order equations and one constraint. The use of dynamical-
system techniques in general relativity is of course not new: refs. [181,189,209-214] in
particular are closely related to the strategy employed here. One of the novelties of the
present work is to give an exhaustive analysis of universal cosmological solutions from
compactification on the previously mentioned classes of manifolds.

The resulting dynamical system description is rather intuitive and captures several
generic features of cosmological solutions coming from models of flux compactification.
Each solution is represented by a trajectory in a three-dimensional phase space. The
constraint forces the trajectories to lie in the interior of a sphere, with expanding
cosmologies corresponding to trajectories in the northern hemisphere. Whenever the
system of equations admits fixed points, these correspond to analytic solutions.

The boundary of the allowed phase space corresponding to expanding cosmologies,
i.e. the equatorial disc and the surface of the northern hemisphere, are both invariant
surfaces. This implies that trajectories that do not lie entirely on these surfaces can only
approach them asymptotically. Trajectories that do lie entirely on either of these surfaces
also correspond to analytic solutions (namely analytic solutions with a single species of
flux turned on: indeed restricting the trajectory to either the surface of the sphere or
the equatorial disc, corresponds to turning off one of the two species of flux). Moreover,
the intersection of these two invariant surfaces — the equator — constitutes a circle of
fixed points, and corresponds to a family of analytic solutions with all flux turned off,
described in Section 8.1.1. The dynamical system generally possesses a third invariant
surface, an invariant plane P, whose disposition depends on the fluxes of the solution.

The analytic solutions corresponding to fixed points are all cosmologies with a power-
law scale factor, S(T') ~ T%, with % < a < 1. The fixed points at the equator correspond
to power-law (scaling) cosmologies with a = %, while a = 1 corresponds to either a
fixed point at the origin of the sphere (whenever the dynamical system admits such
a fixed point), or a fixed point in the bulk of the sphere and on the boundary of the
acceleration region. In the former case the corresponding cosmology is that of a regular
Milne universe, whereas in the latter case it is a Milne universe with angular defect. In
addition, we find fixed points corresponding to cosmologies with a = %, %, or %. The
list of analytic solutions is given in Table 8.1.

Trajectories interpolating between two different fixed points asymptote the respective
scaling solutions in the past and future infinity. Note in particular that we find no fixed
points with a > 1 (which would correspond to eternally accelerating scaling cosmologies).

The question of acceleration becomes particularly transparent in the dynamical
system description: the acceleration period of the solution corresponds to the portion of
the trajectory that lies in a certain region in phase space. This “acceleration region” is
entirely fixed by the type of flux that is turned on, with the different cases summarized
in Table 6.1.

This clarifies why (transient) accelerated expansion is essentially generic in flux
compactifications: there is always a trajectory that passes by any given point in phase
space (corresponding to some particular choice of initial conditions). By making sure that
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65
0 4 6
A1
0 o %)
4 %) %)
6

Table 6.1: Different types of universal two-flux compactifications and their corresponding
acceleration regions in the phase space. The values of 312 — corresponding to the two
species of flux that are turned on in the solution — depend on the type of flux and its
number of legs along the external-space, internal-space and time directions, cf. (8.10).
The absence of an acceleration region is denoted by the empty set &.
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a trajectory passes by some point in the acceleration region of the northern hemisphere,
we can thus obtain a cosmological solution that will necessarily feature a period of
accelerated expansion. Moreover, the only non-trivial requirement, namely the existence
of an acceleration region in phase space, is not difficult to satisfy, as can be seen from
Table 6.1.

In the dynamical system description, the calculation of the number of e-foldings, N,
also becomes particularly transparent, since the flow parameter is simply the logarithm
of the scale factor. Most instances of transient acceleration are such that the number
of e-foldings is of order one, N ~ (1), as was mentioned earlier. The exceptions that
we find all correspond to dynamical systems with fixed points on the boundary of the
accelerated region, and they all give rise to hyperbolic FLRW cosmologies (k < 0). In
addition, there is a flux turned on corresponding to one of the following being non-zero:
A, m, ¢, ¢y, Or cyp; see Table 7.1 for the 10d origin of these coefficients.

The first of these solutions is examined in Section 8.2.1 and is obtained from compact-
ification on a 6d Einstein manifold with negative curvature (A < 0). The second solution
occurs in ITA supergravity with non-vanishing Romans mass (m # 0) compactified on
a Ricci-flat space, and is described in Section 8.2.2. Despite having vanishing Romans
mass, the three remaining solutions (k < 0 and ¢y, cp, or ¢, # 0) are all qualitatively
very similar to the one of Section 8.2.2.

The k, A < 0 solution has been studied before in [193] (see also [194]) with somewhat
different methods. It features a conical accelerating region, with a fixed point pg at the
origin of the cone (which coincides with the origin of the sphere), and a second fixed point
p1 on the surface of the cone. Both pg, p; lie on the invariant plane P. The invariant
manifolds of py are the equatorial disc (in which pg is an attractor) and the vertical
z-axis (in which pg is an unstable node). There are generic trajectories that asymptote
some point on the equator at past infinity, cross into the acceleration region (the interior
of the cone) at some point p’, then exit the acceleration region again at some point p”,
and asymptote p; at future infinity, see Figure 6.2.

These trajectories correspond to accelerating cosmologies with N — oo as p” — py.
In other words, we can continuously increase the number of e-foldings and make it as
large as desired, by choosing the trajectory such that the exit point from the acceleration
region is sufficiently close to p1, see Figure 6.3.

Note also the presence of semi-eternal trajectories that enter the acceleration region
at some point p’, and reach the fixed point p; at future infinity, without ever exiting
the cone. The limiting case, p’ — po, is the unique trajectory which reaches py in the
past and p; at future infinity: it corresponds to eternal acceleration, with acceleration
vanishing asymptotically at future infinity. In the vicinity of py the universe becomes de
Sitter in hyperbolic slicing. This is not asymptotic de Sitter, however, as pg is reached at
finite proper time in the past. The solution can be geodesically completed beyond pg in
the past, by gluing together its mirror trajectory in the southern hemisphere.
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(a) (m, k) (b) (m, )

(c) (¢:x) (d) (x;9)

Figure 6.1: Trajectories in phase space corresponding to two-flux cosmological solutions
with accelerated expansion. The corresponding dynamical systems are given in Sections
8.2.2, 8.2.3, 8.2.4. The pair of fluxes that are turned on in each case is indicated below
each subfigure. The trajectories (blue lines) interpolate between a fixed point on the
equatO}“ in the past infinity, corresponding to a cosmology with a power-law scale factor
S ~ T3, and another fixed point at future infinity. For cases 6.1c and 6.1d the second
fixed point is also on the equator, and thus the solution asymptotes the same scaling
cosmology in the past and future infinities. Cases 6.1a and 6.1b asymptote at future
infinity a fixed point in the interior of the s 9helre which corresponds to a cosmology with
a power-law scale factor S ~ T and S ~ T'25 respectively. Cases 6.1c and 6.1d describe
the same system, but employ different parametrizations which interchange the role of
the two fluxes that are turned on. The transient accelerated expansion corresponds to
the portion of the trajectory within the acceleration region depicted in green.
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Figure 6.2: Three trajectories lying on the invariant plane P of the dynamical system
obtained from the compactification with k, A # 0. The point pg corresponding to a Milne
universe is depicted in green. The point p; (and its mirror in the southern hemisphere)
is drawn in blue and corresponds to a Milne universe Witlll angular defect. The equator
fixed points coincide with a scaling cosmology with S ~ T3 and are illustrated in purple.
The blue trajectory features transient acceleration with tunable number of e-foldings,
whereas the red one corresponds to semi-eternal acceleration. Depicted in purple is
the unique (fine-tuned) trajectory corresponding to eternal acceleration. The solution
becomes de Sitter in the vicinity of the origin, which is reached at finite proper time. The
solution can be geodesically completed in the past beyond the point at the origin, by
gluing together its mirror trajectory in the southern hemisphere.
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N
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Figure 6.3: Number of e-foldings N as a function of [, which parametrizes the distance A
between the z-coordinates of p” and py for the (), k) model, viz. | = —log A + const.

log S

log T
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Figure 6.4: Plot log—log of the scale factor S (in blue) as a function of the cosmological
time 7. It corresponds to the (A, k)-compactification (with [ = 2). The green dot
corresponds to the beginning of inflation; the red one to its end. The red dashed line
coincides with the Milne fixed point S o T" and asymptotes the curve at future infinity.
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From a given trajectory in phase space, it is then straightforward to reconstruct
the scale factor S(T") as a function of the cosmological time, as depicted in Figure 6.4.
This gives access to all the cosmological data (Hubble parameter H, slow-roll parame-
ters € and 7, the spectral tilt ng, or the tensor-to-scalar ratio r) needed for phenomenology.

To our knowledge, the £ < 0, m # 0 solution has not appeared before in the
literature. Like the previous solution, it features a conical accelerating region, with a
fixed point pg at the origin, and a second fixed point p; on the surface of the cone. Both
o, p1 lie on the invariant plane P. However, unlike the previous solution, the fixed
point p; is now a stable focus on P, and an attractor in the direction perpendicular to
P. This allows for generic trajectories that asymptote some point on the equator at
past infinity, cross into the acceleration region (the interior of the cone) at some point
p’, exit the acceleration region at some point p”, then enter again at some point p”,
and so on, as they spiral into p; asymptotically at future infinity, see Figure 6.5. This
asymptotic spiraling corresponds to an infinite number of periodic cycles of alternating
periods of accelerated and decelerated expansion, each cycle contributing a finite number
of e-foldings, so that N — oo.

Figure 6.5: Example of a spiraling trajectory around p; in the (m, k)-compactification.

As in the previous system, there is here a unique (fine-tuned) trajectory which reaches
po at finite proper time in the past and asymptotes p; at future infinity. In the vicinity of
Do, the universe becomes de Sitter in hyperbolic slicing. The solution can be geodesically
completed beyond pg in the past, by gluing together its mirror trajectory in the southern
hemisphere.
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Figure 6.6: Two trajectories lying on the invariant plane P of the dynamical system
obtained from the compactification with m, k # 0. The point py corresponding to a Milne
universe is depicted in green. The point p; (and its mirror in the southern hemisphere)
is drawn in blue and corresponds to a Milne universe Witlrll angular defect. The equator
fixed points coincide with a scaling cosmology with S ~ T'3 and are illustrated in purple.
The red trajectory enters and exits the acceleration region an infinite number of times,
spiraling around pi, see Figure 6.5 for a zoom around this region. Depicted in blue is
the unique (fine-tuned) trajectory: the solution becomes de Sitter in the vicinity of the
origin, which is reached at finite proper time. The solution can be geodesically completed
in the past beyond the point at the origin, by gluing together its mirror trajectory in the
southern hemisphere.
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To our knowledge, none of the remaining systems, exhibiting a parametric control
on the number of e-foldings, corresponding to & < 0 and non-vanishing ¢, (B.210), co
(B.267) or ¢; (B.284), has appeared before in the literature. These are all captured
by the 4d consistent truncation (7.22) with potential given in (7.25). While they all
correspond to solutions with vanishing Romans mass, they are all qualitatively very
similar to the (m, k) case analyzed above: they all feature a hyperbolic FLRW universe
(k < 0) with one type of non-vanishing flux, and they all admit solutions with an infinite
number of cycles of alternating periods of accelerated and decelerated expansion. In the
“rollercoaster cosmology” scenario of [215] it was argued that an oscillatory behavior of
this type could be relevant for inflation.
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The framework

In this chapter, we begin by presenting in Section 7.1 the general set-up and the ansatz
that we use, and provide a convenient packaging of the equations of motion to be solved.
We make contact with the 4d cosmological quantities, such as the FLRW scale factor,
the w parameter, the number of e-foldings, etc. We also discuss in Sections 7.2 and 7.3
how the system can be reduced to a 1d or 4d consistent truncation, respectively.

General set-up

Our ten-dimensional metric is a warped product of a four-dimensional FLRW cosmological
factor and a six-dimensional compact internal space. The ansatz for the ten-dimensional
metric in 10d Einstein frame reads

ds%o — 62A(t) <€2B(t)gwjdxﬂdxlf +gmndymdyn) ’ (71)

where the scalars (warp factors) A, B only depend on the conformal time coordinate,
while 4™ are coordinates of the internal six-dimensional space. The unwarped 4d metric
is assumed to be of the form

gudatda” = —dt? +dQ3 | (7.2)

where t is the conformal time, and the spatial 3d part of the metric is locally isometric
to a maximally-symmetric three-dimensional space of scalar curvature 6k. Explicitly,

A2 = 7;(D)da’da’ ;. RY = 2kyy; (7.3)

with 7,7 =1,2,3, and RZ(?) is the Ricci tensor of the metric v;;. The 3d metric is thus
locally a sphere (k > 0) or a hyperbolic space (k < 0); the case k = 0 corresponds to flat
space.

The correct frame in which the predictions of our model should be compared to the
cosmological data is the four-dimensional Einstein frame: this is the frame in which
the effective four-dimensional Newton constant becomes time-independent. The 4d
Einstein-frame metric reads

dsip = —S%r% 4 52407 | (7.4)
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where the scale factor is given by

S = tAtB (7.5)
and we have introduced of a new time variable 7 defined via
db_ sasen (7.6)

dr
Note that 7 is neither the conformal nor the cosmological time. It is simply the coordinate
with respect to which the equations of motion are simplest to solve.
In terms of the cosmological time coordinate T,

. S°, (7.7)
the metric takes the standard FLRW form,
ds?p = —dT? + §2d03 . (7.8)

Suppose we have an explicit solution of our set of equations for all fields, so that
in particular we can construct the explicit expression of the scale factor. We may then
always engineer a 4d perfect fluid of density and pressure p and p respectively, such
that the scale factor in question can be seen as resulting from the 4d Einstein equations
sourced by the stress-energy tensor of that fluid,

§.2787TG_£
5] T 3P

<g> = —?(p+ 3p)

where the dot refers to differentiation with respect to T'. Solving the above system for p,
p we obtain

(7.9)

wi=Po L 255 (7.10)
p 3 3(k+S?)
In particular, it follows that for k > —S? (and in particular for k& = 0), the condition for
acceleration is equivalent to w < —%. Of course, unless w is constant, the first equality
in (7.10) is simply a definition, rather than an equation of state. Nevertheless, even for
non-constant w, this quantity is useful insofar as it allows us to compare to the equations
of state of the different cosmological eras.

The conditions for expansion and acceleration read

0<S= —%dTS‘2

o (7.11)
0<S= —55_3d38_2 :
The number of e-foldings, N, is defined as
N = /dlnS, (7.12)

where the limits of the integral should be taken at the beginning and the end of the
acceleration period.

130



7.2 1d consistent truncation

1d consistent truncation

In all of the compactifications presented here, the internal 6d components of the Einstein
equations and the dilaton equation reduce to'

?A = — % (04U — 405U)

7.13
d2¢p = —04U , (7.13)

where U is a function (potential) that depends on the compactification and on the flux
that is turned on, given in (7.16) below. The external 4d Einstein equations reduce to
the following two equations,

2B = & (04U — 305U)

9 9 1 9 (7.14)
72(d;A)? + 6(d.B)? + 48d,Ad, B — L (d,¢)* =U .

The second line above is a constraint, consistently propagated by the remaining equations
of motion (i.e. the 7-derivative of this equation is automatically satisfied by virtue
of the remaining equations). The important point to note here is that, as we shall
see, the remaining (flux) equations of motion can be solved without imposing any
additional conditions. The above equations of motion “know” about the flux content of
the background which enters via U in the form of constant parameters, cf. Table 7.1. The
bottom line is that we are left with three second-order equations for three unknowns (the
two warp factors A, B and the dilaton ¢), together with a constraint, which only needs
to be imposed once at some fixed initial time, and amounts to imposing an algebraic
condition on the constants parameterizing the fluxes.

Moreover, equations (7.13), (7.14) can be derived from a one-dimensional action given
by

Siq = /dr {1( —72(d,; A)* — 6(d, B)* — 48d,Ad, B + %(dTgﬁ)z) ~ NU(A, B, ¢)} ,

N

(7.15)
where N is a non-dynamical Lagrange multiplier which should be set to N’ =1 at the end
of the calculation; it can be thought of as originating from the lapse function. Variation of
the action (7.15) with respect to A imposes the constraint (second line of (7.14)), while
variation with respect to the fields A, B, ¢ is equivalent to their respective equations of
motion in (7.13), (7.14). The potential U is in general a function of all three scalars A,
B, ¢. Explicitly, it is given by

!The bosonic sector of type ITA supergravity is given in Appendix B.
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%Cie—qﬁ/Q-i-GA-&-GB + %C%€—¢+12A + %Ci6¢+4A + C§£/€—¢/2+6A — 6kel0ATIB Y (B.27), (B.28)

T2b3e~H12AT6E 4 3 200/2+104468 CY (B.113),(B.114)

%02 €7¢/2+6A+GB + %m2€5¢/2+18A+6B _ 6k616A+4B o 6)\616A+6B E (B 125) (B 126)
” . , (B.

12 @/ 2HOANOE | 12— HI2A 4 302 o0 HAA _ Gel6ATAE _ )e164465  EK (B.188), (B.189)

8 (2¢/2H10AF6B Ly 250/2+18A+6B _ 6);016A+45 _ 6\ o164+65 EK (B.194), (B.195)
%Cie—qﬁ/Q-i—GA—&-GB + %C?eB¢/2+14A+6B _ GLkel6A+AB _ )\ 16A+6B EK (B.199) .
(7.16)

In the above we have indicated the type of compactification in which the potentials
appear (E stands for Einstein, EK for Einstein-Ké&hler, CY for Calabi-Yau), as well as
numbers of the respective equations of motion.

Note that the potential encodes all the information about the flux (which is generically
non-vanishing from the ten-dimensional point of view), as well as the external and internal
curvature contributions. Indeed, this information is encoded in U via the different
constants appearing in (7.16), whose 10d origin is summarized in Table 7.1.

m | zero-form (Romans mass)
cy internal two-form
ch external three-form
bo internal three-form
Cy mixed three-form
Cyp external four-form
Co internal four-form
Cegr mixed four-form
k external curvature
A internal curvature

Table 7.1: List of the constant coefficients entering the potential (7.16) of the 1d consistent
truncation, and their 10d origin. A form is called external (resp. internal), if all its legs
are along the external (resp. internal) directions; mixed if one of its legs is along the
time direction, while all remaining legs are internal.

Note also that, in terms of the potential, the derivatives of the scale factor with
respect to cosmological time, cf. equations (7.11), take the form

$18% = LU + 4(d, A)? + 5 (d-¢)?
558 = & (09U — 4U) — 8(d;A)* — £(d-¢)* .
Moreover, the quantity
SS  9pU —4U — 96(d, A)? — 2(d,¢)?

_ = _ : 7.18
k+ 52 20U + 48(d,A)2 + (d, )2 (7.18)

(7.17)
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that appears in (7.10), is written in terms of the k-independent part of the potential,
U=U +6kS*. (7.19)
In particular we see that

w = —1 <= dgU = 6U + 144(d, A)? + 3(d,$)? . (7.20)

Cosmological 4d consistent truncation

In a subset of the cases we present here, the equations of motion (7.13), (7.14) can be
written in terms of a potential V' (A, ¢) which only depends on A and ¢,

dEA — _4%624A+638AV
2B = 624A+63(%V + 504V — 9 16A+4B
dZ(ZS — _624A+6Ba¢v

—12ke!6AT4B 4 oy 24468 — 144(d, A)? + 12(d, B)? + 96d, Ad, B — (d,¢)? .

(7.21)

As can be verified, these equations can then be “integrated” into a four-dimensional
action,

Suq = / d4x\/§(R — 249" 9, AD, A — 19" 0,00,6 — V (A, ¢)) . (7.22)
Indeed, in terms of the scale factor (7.5) and the cosmological time coordinate (7.7),

taking suitable linear combinations thereof, equations (7.21) can be written equivalently
as

S 1 o 1.
A VA -
S 2 6¢

-\ 2
S 2k 1 . 1.
21 = v - A2 -2
(5] o2 tranieat

S (7.23)
. 3.
. 3.
¢+ g(]ﬁ =0,V .
On the other hand, the 4d equations of motion resulting from (7.22) read
Ry = 29,0V + 240, A0, A + 30,00, ¢ (7.24)

VHO,A = 504V 5 VFOup =0,V .

Inserting the Einstein metric (7.4) into the above, and assuming that A, B, ¢ only depend
on the time coordinate, results precisely in (7.23). Therefore, Syq of (7.22) is a two-scalar
consistent truncation of IIA for cosmological solutions: all cosmological solutions (i.e. all
solutions with a metric of FLRW type and scalar fields that only depend on time) of Syq
lift to ten-dimensional solutions of ITA supergravity.
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For the different compactifications admitting a consistent cosmological truncation of
the form (7.22), the potential reads,

[ 7203e~¢124 ¢ %cﬁe‘b/ 214 CY with internal 3- and 4-form fluxes

%cie*d’/%l&“ + %m265¢/2*6‘4 —6Xe %1 E with external 4-form flux

%Cg€¢/2_14‘4 + %m265¢/2_6’4 — 6Ae 34 EK with internal 4-form flux

%cie“f’/Q_lSA + %0?634’/2_1014 —6Xe 84 EK with internal 2-form, external 4-form.
(7.25)

Of course terms with & (the external 4d spatial curvature) cannot appear at the level of

the 4d action, but rather they potentially arise as part of its solutions.

It is known [216,217] that there exists a consistent 4d truncation in the case of
the universal CY sector, i.e. a consistent truncation to the the gravity multiplet, one
vectormultiplet and one hypermultiplet. Remarkably, the action S4q of (7.22) is a
sub-truncation thereof to the graviton and two scalars, such that all information about
the flux (which is generically non-vanishing from the ten-dimensional point of view)
is carried by the potential V' via the constants m, by, co, c,. The latter correspond
respectively to non-vanishing zero-form flux (Romans mass), internal three-form flux,
internal four-form flux, and external four-form flux; A is the scalar curvature of the
internal Einstein manifold, cf. (B.119).

Note that: (7) not all compactifications considered here admit the sub-truncation
(7.22), (7.25) to gravity plus two scalars; (i) the Einstein and Einstein-Kéhler cases in
(7.25) reduce to CY in the A — 0 limit.
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Cosmological solutions

We now present the various solutions that we found within this framework. Section 8.1
discusses the analytic solutions obtained when one type of flux is turned on. Section
8.2 explains the dynamical system techniques used here, illustrated with some notable
cases in subsections 8.2.1 — 8.2.4. We then close this second part of the thesis with a
discussion on possible future directions in Section 8.3. Further details of all analytical
solutions and all two-flux dynamical systems studied here can be found in Appendix B.

Analytic solutions

In the present analysis we find three different types of analytic solutions:

o Critical (scaling) solutions. Their metrics are of power-law form,

ds? = —dT? + T%°d03 | (8.1)

in terms of the cosmological time T, with a = %, %, %, %, 1. They admit an

interpretation as critical points in an appropriately defined phase space, as described
in Section 8.2.

e Type I solutions. They interpolate between two asymptotically power-law metrics,

2 2
ds® = —dT? + T3dQ; ; ds* — —dT? +T3d0; , (8.2)

as T — —oo, T — +0oo respectively. In terms of the dynamical system description,
they correspond to trajectories interpolating between two fixed points on the

equator.

The corresponding coordinate patches are parameterized by coordinates T4 o e?+7,

for certain parameters b+ which depend on the particular solution. If b_ is positive,
T — —oo corresponds to T — 0. It follows that the solution reaches a singularity
at finite proper time in the past. If b_ is negative, 7 — —oo corresponds to T — o0,
and is therefore reached at infinite proper time in the past. An identical analysis
holds for the patch parameterized by T, corresponding to 7 — +o0. All four
different possibilities are realized in the analytic solutions presented here: 7 — o0
corresponding to T4 — 0, or T4 — o0.
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o Type II solutions. They interpolate between an asymptotically power-law metric,
ds? — —dT? + T 403 | (8.3)

at either 7 — —oo or 7 — 400, with a+ = %, and a critical solution at 7 = 0 (which
is reached at infinite proper time) with a =1 or a = %. In terms of the dynamical
system description, they correspond to trajectories interpolating between one fixed

point on the equator and an interior fixed point.

Table 8.1 below summarizes the different types of analytic solutions constructed here,
the corresponding type of compactification, and the section in which the explicit details
of the solution can be found.

Critical Type 1 Type II
k<0 (B.AL) k>0 (B.35) k < 0 (B.40)
¢ #0and k <0 (B.50) © # 0 (B.4T7) ¢ #0and k <0 (B.55)
CY X #0and k <0 (B.71) x #0 (B.61), x # 0 and k > 0 (B.65) X #0and k <0 (B.71)
€#40and k<0 (B83) | ££0(B73),¢£0andk >0 (B.77) | €#0and k<0 (B.83)
&x#0and k<0 (B.95) &x #0and k>0 (B.89) &x #0and k<0 (B.95)
&, x,h#0and k <0 (B.103) by # 0 and ¢o # 0 (B.115) &, x,h#0and k <0 (B.103)
X <0 (B.132) 2> 0 (B.130) X <0 (B.13D)
A< 0andk <0 (B.143) A>0and k>0 (B.141) A< 0and k<0 (B.142)
m# 0 and A <0 (B.145) m # 0 (B.134) p#0and A <0 (B.173)
E m # 0and k < 0 (B.155) ¢ #0and A >0 (B.172) m # 0 and k <0 (B.152)
m#0, k,\ <0 (B.157) » #0and m # 0 (B.148)

w,m #0, k<0 (B.160)
o,m #0, k,A <0 (B.163)
h#0and A <0 (B.190)
EK co # 0 and k < 0 (B.196)
cy # 0 and k <0 (B.202)

Table 8.1: List of all the analytic solutions, besides the zero-flux, flat 4d space solution
of Section 8.1.1. We list the corresponding compactification manifold, the type of non-
vanishing flux, together with a reference to the explicit details of the solution. Critical
solutions correspond to fixed points in the dynamical-system description. All CY critical
points correspond to regular Milne universes except the one with ¢ # 0, which is a Milne
universe with angular defect. The A\ < 0 critical point corresponds to a scaling cosmology
with a = %. The m # 0, A < 0 critical point corresponds to a scaling cosmology with
a= %. The k, A\, m, ¢ # 0 solution corresponds to AdSy in hyperbolic slicing. The
h # 0, A < 0 critical point corresponds to a scaling cosmology with a = 1%. All the
other critical points correspond to Milne universes with angular defects. Type I solutions
always correspond to trajectories interpolating between two points of the equator. Type
IT solutions interpolate between a fixed point on the equator and an interior fixed point.
For all type IT CY solutions, the internal space warp factor e and the dilaton ¢ tend to
a constant at future infinity, except for the ¢ # 0 solution for which e?,e? — co. For
all type II Einstein solutions, e — 0o, ¢ — const. at asymptotic infinity, except for the
(m, k) solution for which e — 0.

Minimal (zero-flux) solution

The simplest solution to the form equations is given by vanishing flux. Let us consider
the remaining equations of motion. The internal Einstein and dilaton equations give,
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8.1 Analytic solutions

cf. (7.13),
A=caT+dy ; ¢:C¢T+d¢, (8.4)

for some constants ca, da, ¢y, dy. The external Einstein equations give, cf. (7.14),
B=cpT+dp; %cé =12¢% + ¢% + 8cacp , (8.5)

where cp, dp are constants. The second equation above is the constraint, which implies
in particular that the ratio r defined by

ri=— (8.6)

must satisfy r < —% orr>—1

to constant dilaton (cy = 0).
This solution thus implies a power-law form for the 4d part of the Einstein-frame
metric,

. The points where the constraint is saturated correspond

=]

ds?lE _ _6(24CA+603)Td7_2 + e(SCA—i—QCB)Td:Z;Z ’ (87)

where we have appropriately rescaled the 7, Z coordinates to absorb d4, dp. In terms of
a coordinate T o e(12¢4+3¢8)7 e have a power-law expansion,

ds2p = —dT? + T3da2 . (8.8)

The time coordinate T ranges from 1" = 0, where we have a singularity, to T = oo.
Depending on the values of c4, cg and cg, we can have solutions with constant dilaton
such that the warp factor collapses (e — 0), or decompactifies (¢4 — o0) as T — 0
or oo respectively. The opposite behavior is also possible, i.e. e4 — 00,0 as T'— 0, 00
respectively. We can also have solutions with constant internal space warp factor, such
that either ¢ — +00 or ¢ — Foo, as T — 0 or co.

8.1.2  Single-flux solutions

In the case where a single type of flux is turned on, it is always possible to solve the
equations analytically. Let us suppose a potential of the form

U = cetHPBe (8.9)

for some real constants ¢, «, 3, v, whose precise values depend on the type of flux turned
on. More specifically, let n¢, ns, n; be the number of legs the form has along the time,
3d space, and internal directions respectively. Then, for an RR form we have

0 = 18(1=n)~2(— 1" (ny4ni) ;6 = 6(1—n)—2(—1)"ny; 7= (—1yn 2t Re )

2
(8.10)
For an NS-NS three-form the constants «, § are as above, but v = —(—1)".
In the following, it will be useful to set
q:=c[x(a—48)° - 58*++%] . (8.11)
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e Case ¢ # 0
Let us set )
In [%TE sech®(cpT +dg)] , ¢>0
E(7) = ) (8.12)

In [% esch®(cpr +dg)] . ¢<0

where cg, dg are arbitrary constants. The A, B, ¢-equations of motion are then solved
by
= g5g(a@ —4B)E +cat +da
B= ﬁ(3ﬂ—a)E+cBT+dB (8.13)
(f): %E+C¢T—|—d¢,

where ca, da, ¢, dB, ¢y, dg are arbitrary constants subject to the conditions
acqg + feg +7cp =05 ada+ Bdp +vdg =0 . (8.14)

Moreover, the constraint (7.14) reduces to

1 2

503) + —CCQE = 72¢%4 + 48cscp + 6¢% . (8.15)
q

For 7 — +£o0, tPe scale factor In S grows linearly in 7. This results in a scaling solution

with S(T") ~ T'3. For ¢ > 0, S goes to a constant in the 7 — 0 limit. In the case ¢ < 0

we have instead,

8p
(o —68)(a —28) +48y*

InS—dIn|r|; 0:= (8.16)

in the 7 — 0 limit, where we took (8.15) into account. This results in a scaling solution
with S(T') ~ T*, where
0

BT R
Taking (8.10) into account, we see that there are no scaling solutions with a > 1 (ac-
celerated expansion). However, there is one case which gives a = 1 (scaling solution
with vanishing acceleration): it involves negative external curvature and is described in
Section 8.2.1.

(8.17)

e Case g =10

For special values of n;, ng, n; it is possible to have ¢ = 0. It can be seen that this occurs
only if the flux is anisotropic in the 3d spatial dimensions. The A, B, ¢-equations of
motion are then solved by

A= S48 — a)ef + cat +dy

480%

B = (o —3p)e” + cpr +dp (8.18)

2
12¢%

_ cy FE
gb——ge +cyT +dg
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8.1 Analytic solutions

where c4, da, ¢, dB, ¢y, dy are arbitrary constants and
cp =aca+ fep+ycy 5 dp =ada+ Bdp +vdg . (8.19)
Moreover, the constraint (7.14) reduces to
¢, = 144¢% + 96cacp + 12¢F (8.20)

The scale factor is given by

InS = (4dca+cp)m+ (4da + dp) + B—CQGCET‘ME . (8.21)
12¢3
The conditions for accelerated expansion read
c1 4 el >0 ; 20% + 20362'5 + ca(dey — cp)et <0, (8.22)
where we have set
Bc
c1:=4dcy+cg; c9:i= i ti=cpT+dg . (8.23)
12CE

For concreteness, let us assume cg > 0. The conditions (8.22) can then be written as

Goe' > =813 & +11-\1-85)<de <—-&+3(1+/1-8¢), (8.24)

where ¢; := ¢;/cp; i = 1,2. Let us also denote By := —¢; + % (1 + 1 — 861), appearing
in (8.22). Since By >0 for all ¢; < %, one needs ¢o > 0 for the second condition to be
satisfied, so we restrict to that case in the following. Furthermore, it holds for t; < t < to
with,

B_ B
ti=In——, to=In—". (8.25)
C2 C2

If 0 < & < 3: the first condition in (8.22) is always satisfied and the number of
e-folds is thus given by

N =Gty —t1) + & (e — ") (¢1>0) . (8.26)

For the value ¢; = %, B_ = B, and there is no accelerated expansion.
If ¢, < 0: the first condition in (8.22) is satisfied for ¢ > t¢ with
to=In—L . (8.27)
C2

Note that for all ¢; < 0, t1 < typ < t2. In this case, the number of e-folds is given by
N =& (ta — to) + & (e — €'0) (é1 <0) . (8.28)

For ¢; — 0, t{ — —oo but N is however finite and

lim N= lim N = % . (8.29)

c1—0~ é1—0t
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Plugging (8.25) into (8.26) and (8.28), we observe that N only depends on ¢;, and reads
explicitly

Lo+ vT=8a) +aln |1 (1+VI=8a)| ifa <o,

N(&) = (8.30)
3V =8 + & In (P =a=a ifé >0.

For ¢; < 0, N is monotonously increasing from 0 to % For 0 < ¢ < %, N admits a

maximum Npax = 0.59980 at ¢; = 0.038148, see Figure 8.1. It is the maximal number
of e-folds one can obtain in such one-flux solutions.

N

0.67

0.1

&1

-0.1 0.1

Figure 8.1: Number of e-folds N as a function of the parameter ¢;, for one-flux compact-
ifications. N reaches a maximum of Ny,.x = 0.59980, for ¢; = 0.038148.

Two-flux solutions: dynamical system analysis

Let us now consider the case where the potential consists of two terms,

2
U= Z cie’ . Ep= A+ BiB+vid , (8.31)
=1

where ¢;, «;, B, 7; are real constants. We shall assume that the potential is not everywhere
non-positive, so that we can take ¢; > 0, while ¢o is unconstrained.

e The system

Let us define the following phase-space variables,
v=eP24 A u=eP24,.B; w=e2d¢. (8.32)
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8.2 Two-flux solutions: dynamical system analysis

In terms of these, the equations of motion become an autonomous dynamical system,

(%a 1B2) u® — (ag + 381 —4B2) uv — (a1 + 3az — 652) v — Syvw
— (—5502 + 5782) w” + g5¢1 [ag — a1 +4(B1 — B2)] (8.33)
dou = % ( as + by + 3B2) u? — (* a1 — 4ag — 1252) uv — (—60&2 + 18&2) U2 — %’yluw
— (9302 + §B2) w* + fye1 [on — a2 + 3 (B2 — Bu)]
dow = — 679u? — 48y9uv — 72720 — L B1uw — Savw — 3 (1 — )W + e (2 —m)

where do = e£1/2d7, and we have used the constraint to eliminate the terms with cy
from the equations of motion. Moreover, the constraint reads

7207 4 6u® + 48vu — Jw? = 1 + cpe2 7 (8.34)

To better analyse the behavior of the flow at infinity, it is useful to compactify the phase
space as in [212,214]. We introduce the new variables

2 v/
-2 =% . L—__va (8.35)
dv+u 2v/3(4v + u) V6(4v + u)

Note that in these variables the condition of expansion is equivalent to z > 0. The system
(8.33) becomes

r = %( a2 +2B82(=2 + 2)](=1 + 2% + y* + 2%) + [~a1 — 261 (-2 + x)]22>
y = %( (2V372 + Boy) (=1 + 22 + 9% + 22) — (2v3n + Bly)zQ) (8.36)

2 = %z(alx +4V3y1y — 2B1(—1 4 2z + 2%) + 2682 (-1 + 22 + * + 22)) )

where f' =d, f and dw := VL 4o, while the constraint (8.34) now reads

V62
c1(l — a2 — % — 22) = ¢y P2 B (8.37)
Let us also note that
6
dw = \\/;l eP124r AT = \‘/fgemf‘”B—El/?dw : (8.38)

as follows from the previous definitions.

e Invariant surfaces

The equations of motion (8.36) imply
%(;E2~|—y2+22)/:%(—1+x2+y2+z2) ( )
8.39
X (042:76 +4V3y0y — 26122 + 282 [(—2+ @)z + 7 + 22]) ;
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so that the unit sphere,
S={(z,y,2) eR® | 2? +y* + 22 =1}, (8.40)

is an invariant surface. This implies that trajectories which include some interior (resp.
exterior) point of the three-dimensional unit ball will remain there; such trajectories
correspond to ¢1, ¢ having the same (resp. opposite) sign. Similarly, trajectories that
include a point on the sphere S must lie entirely on S. As can be seen from the constraint
(8.37), trajectories on & must have ¢y = 0.

Moreover, it follows immediately from the third line in (8.36) that the plane z = 0
is another invariant surface, so trajectories which include some point in the upper
(resp. lower) half of the three-dimensional space z > 0 (resp. z < 0) must lie there
entirely. Similarly, trajectories which include a point of the (x,y)-plane must lie entirely
on that plane. The latter trajectories must have ¢; = 0, as follows from (8.37).

The intersection of the two invariant surfaces above, the unit circle C in the z =0
plane, is also an invariant surface. In fact C is a circle of fixed points,

pc € C:={(z,y,2) |:U2+y2:1andz:0} . (8.41)

Each point pe corresponds to a trajectory (solution) with ¢1,co = 0, i.e. the minimal
solution of Section 8.1.1. In particular, the ratio r defined in (8.6) is related to the polar

angle via,
1
tanf =2 =+ /12r2 + 8r — 1 . (8.42)
T 2r
Another consequence of the system (8.36) is that the plane
P:={(z,y,2) ER® |ax + by +c=0} , (8.43)

is an invariant surface, where the constants a, b, ¢ are obtained as solutions of the system
of equations!

(oo — 4B32)a + 4V/3y2b — 262 = 0

8.44
[y — a1 — 4(Ba — B1)] @ +4V3(72 = 1)b = 2(B2 — B1)e =0 . (&40

Indeed, in this case, (8.36) implies
(az +by) = L(az + by +¢) [Bo(2* + y* — 1) + (B2 — 1)Z?] . (8.45)

Allowed trajectories must therefore either lie entirely on P, or be limited on either side of it.

As follows from (8.36), the flow equations are invariant under (z,w) — —(z,w), so
that each trajectory in the z > 0 region is paired to a “mirror” trajectory in the z < 0
region. As we are ultimately interested in expanding cosmologies, we will restrict our
attention to the z > 0 region. On the other hand, taking (7.17), (8.37) into account, the

condition for acceleration is written as?

'Solutions to this system exist, provided (a182 — a2f1)? + (@192 — azy1)? + (Biy2 — Bay1)? # 0.

*More precisely, the left hand side of the second inequality in (8.46) is equal to %eiEl 2°8%8.
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8.2 Two-flux solutions: dynamical system analysis

I S(T)>0<= (B1—B2)22 = Ba (2 +y*) + B2 —4 >0, (8.46)

which defines an acceleration region in the phase space. Depending on the values
taken by f1, B2, it can be a cone, a cylinder, a ball (regular or deformed) or the region
above a horizontal plane, see Table 6.1 and Figure 8.2 below.

Z

N\
N

e S R — T

Figure 8.2: Vector field generated by the dynamical system (8.36), plotted in the invariant
plane P. Here, the acceleration region is a cone, depicted in green. The generic equator
fixed points are illustrated in purple. This example corresponds to the case A\ k # 0,
studied extensively in Section 8.2.1, and coincides with the northern hemisphere of Figure
6.2.

Note that different pairs of 512 lead to acceleration regions of different shape. Al-
though the solutions are invariant under 8y <+ (39, this leads to a reparametrization of
the phase space of the corresponding dynamical system. Put differently, although the
solutions are invariant under reflections along the diagonal of Table 6.1, the shapes of
the acceleration regions are not.

Moreover, using (7.10), (7.18) and (8.37) we have

w=1-— %BQ + %,82 (172 + y2) + %(BQ — 51)22 . (847)
Note that in the presence of external curvature (with the convention ¢c; = —6k), the

above expression is to be replaced by

22

_ 1
w—1_§61x2+y2+z2‘

(8.48)

Eqgs. (8.46), (8.47) are consistent with the fact that the acceleration condition is equivalent
to w < —%, if k+52 > 0.
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It is also possible to obtain an expression for the number of e-foldings N directly in
terms of phase space variables. Indeed, solving (8.35) for for v, u, w, and taking (8.32)
into account, we obtain

dyA=13z; dB=1-2z; dup=2V3y. (8.49)

In particular this implies d,,(4A + B) = 1, which, taking (7.5) into account, is equivalent
to

dlnS = dw . (8.50)

This means that the flow parameter of the system (8.36) is simply w = In S%, so that
S =5y at w = 0. It follows that

N = /dw , (8.51)

where the limits of the integral should be taken as the points of entry and exit of the
trajectory into and out of the acceleration region (8.46), respectively.

e The scale factor

Given a solution (z(w),y(w), z(w)) of the above dynamical system, it becomes possible to
reconstruct the corresponding expression for the scale factor S(7'), which is the quantity
we are ultimately interested in, in order to construct all the observables related to the
cosmological model.

One can integrate (8.38) to obtain

T(w) = \/E / ; dw'2(w') exp {(12 - %) AW + (3 - 5;) . % (d)] . (8.52)

where T' = (0 corresponds to the lower bound w — —oco and S = ¥ = 0. Note that
since we restrict to z > 0, T is ensured to be positive. Here, A, B, ¢ are completely
determined by the solution (and the data of initial conditions) via (8.49), and can be
computed by numerical integration. In practice, we solve the system over a finite range
[Wmin, Wmax), Which gives the bounds to be used in the integrals. One can then numerically
invert (8.52) to obtain w(7") = log S.

Alternatively, we can compute the parametric curve (logT'(w),w) with parameter w
which corresponds to the log—log plot (log T’ 1log.S), as shown in Figure 6.4. In such a
plot, the freedom in the parameter ¢; can be thought as a freedom to move the curve left
and right.? Furthermore, since the dynamical system is autonomous, meaning it does
not depend on w explicitly, every shift of a solution is also a solution, viz.

Z(w) is a solution = Z(w + ) is a solution . (8.53)

This means that the log—log plot can also be shifted up or down at will. The only freedom
left is the choice in the initial conditions (xg, yo, 20)-

3This may also be thought as a freedom in tuning the value of Hy, the Hubble parameter at a given
To.
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From (8.52), one can express S and S as functions of w,

g_ds _(dr b fdTdw\ T dS AT\ e
—dr - \dS - \dwdS © dw \ dw Ctw)
.. d . dwd ., e¥ t
S=—8=—_—§5=—1(1-= (8.54)
dT dT dw 12 ( t) ’

e 2 2 / "

S =% [t7 4+ 3t — (3" +¢")]
where t(w) is the integrand in (8.52), and #' = dyt. From this, one may compute the
Hubble parameter H = S/S and its derivatives as functions of w, as well as other quan-
tities such as the tensor—to—scalar ratio r or the scalar spectral index ns. In principle,
these could allow to further assess and restrict the viability of the models obtained in
this way (beyond the mere number of e-foldings V), but this goes beyond the scope of
the present work, although it would be interesting to explore these constraints in future
work.

In the following four subsections we will study in depth four dynamical systems.
The first two correspond to the two open FLRW cosmologies described in Section 6.2.
The one with negative internal curvature is studied in Section 8.2.1, whereas the one
with non-vanishing Romans mass in Section 8.2.2. Both admit solutions with infinite
or parametrically controlled number of e-foldings. The remaining two systems, studied
in Sections 8.2.3 and 8.2.4, were chosen for the richness of their fixed-point structure,
allowing for different interpolating solutions. All the other possible two-flux dynamical
systems can be found in Appendix B.2, and are summarized in Table 8.2 below.

m Cyp Cx Cegr cy ch bo co k A
m %] (B.243) %] %] %] o %] (B.261) | (8.83) (8.96)
¢, | (B.243) 1) (8.111) | (B.205) | (B.278) 1] %) 1] (B.210) | (B.237)
Cy 1] (8.111) 1%] (B.216) %) (B.218) %) 1) (B.220) | (B.249)
Ceel o (B.205) | (B.216) %) 1) (B.226) 1) o (B.223) o
cr %) (B.278) %) %) 1) %) 1) %) (B.284) | (B.290)
Ch 1] 1] (B.218) | (B.226) %) 1] %) 1] (B.228) | (B.255)
bo 1) @ %) %) %) %) @ (B.231) @ %)
co | (B.261) %) o %) 1) %) (B.231) %) (B.267) | (B.273)
k| (8.83) | (B.210) | (B.220) | (B.223) | (B.284) | (B.228) o (B.267) o (8.55)
A | (8.96) | (B.237) | (B.249) o (B.290) | (B.255) @ (B.273) | (8.55) @

Table 8.2: All possible two-flux dynamical systems. A & indicates that the corresponding
pair of fluxes does not relate to a possible subcase of (7.16).

Case study I: \, k

Let us begin with the case where A, k # 0. From (8.36), we obtain the dynamical system

¥ =2 (3:2+y2 22—1)+222
y =2y (ZL‘2 + o2 22— 1) (8.55)
d=z 142 -1z +2y° - 2% ,

_1
2
1
2
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Chapter 8. Cosmological solutions

where we have set ¢; = —6A, coa = —6k, (a1, f1,7) = (16,6,0), (a2, f2,72) = (16,4,0).
Moreover, we assume A < 0, so that ¢; > 0 as required in Section 8.2. The constraint
(8.37) reduces to

AN1—2?—y? —2?) = ke P (8.56)

so that k < 0 (resp. k > 0) restricts to trajectories in the interior (resp. exterior) of the
invariant surface S, cf. (8.40). Trajectories on S require k = 0, while those on the z =0
plane require A = 0. The points on the equator C of S require k, A = 0.

Besides S and the invariant plane z = 0, the plane y = 0 is also an invariant surface.
Since egs. (8.55) are invariant under y — —y, we may restrict our attention to trajectories
lying in the y, z > 0 quadrant.

The condition for acceleration (8.46) reduces to

S(T) >0+ 22>2 (22 +4%) , (8.57)

so that accelerated expansion occurs in the portion of the trajectory that lies in the
upper half of the cone defined in (8.57). Moreover, from (8.47) we have

2 2.2
'ty —z
w = % , (8.58)
e+ Yyt + 2z
so that w = —1 whenever the trajectory passes by the z-axis. Equations (8.57), (8.58)
imply that the acceleration condition is equivalent to w < —%.

e Critical points

For z > 0 there are two critical points of the system (8.55), given by

Both p; 2 lie on the invariant y = 0 plane. Moreover, p; lies on the boundary of the
acceleration cone and in the interior of S, while py lies outside the cone and on the
boundary of S.

On the z = 0 plane, the origin py = (0,0,0) is an isolated fixed point. In addition,
we have an invariant circle of fixed points pe: the equator of the sphere S. These points
require k, A = 0 and correspond to the minimal solutions of Section 8.1.1.

The linearized system at p; has eigenvalues —1 (double) and —2. The corresponding
eigenvectors are along the z and y directions, respectively. The linearized system at pg
has eigenvalues —2 (double) and 1. The corresponding eigenvectors are along the x, y
and z directions, respectively.

The critical points of the dynamical system correspond to solutions that can be given
analytically: p; corresponds to the singular Milne universe given in (B.142); ps requires
k =0 (which is consistent with the fact that it lies on S) and corresponds to the critical
solution with A < 0, which is a decelerating power-law expansion. The origin pg requires
A = 0 (which is consistent with the fact that it lies on the z = 0 plane) and corresponds
to the regular Milne universe of (B.40).
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8.2 Two-flux solutions: dynamical system analysis

e The invariant surface S

Restricting to trajectories on S, the system (8.55) implies
d=3—-2)(2®+y*—1); ¥y =3y@@®+y*-1). (8.60)
It follows that the projections of all trajectories on S to the z = 0 plane are of the form
a(:r—%)%—by:O; a,be R, (8.61)
i.e. straight lines passing by the point (z,y) = (%, O), which is the projection of ps onto

the z = 0 plane. These trajectories correspond precisely to the solutions of (B.127), and
require k = 0. More specifically, the slope of the line (8.61) is related to the constants in

(B.127) via
3v3
a_ V3 (8.62)
b 20c4
e The invariant plane z =0
Restricting to trajectories on the z = 0 plane, the system (8.55) reduces to
o =2+t —1); Y =2+ —1). (8.63)
It follows that all trajectories on the z = 0 plane are of the form
ar+by=0; abeR, (8.64)

i.e. straight lines passing by the point (x,y) = (0,0). These straight lines correspond
precisely to the solutions of (B.35), and require A = 0. More specifically, the slope of the
line (8.64) is related to the constants in (B.35), (B.36) via

CL_ C¢

—=— . 8.65
e The invariant plane y =0
On the plane y = 0, the system (8.55) reduces to
=2z (22 — 122 — 1) + 222
( 2 ) (8.66)

Z=z[1+2@ -1z -2 .

All trajectories of the reduced system are attracted by the stable node p1, except for the
two trajectories on S which start at the two antipodal points (z,y,z) = £(1,0,0) € C,
and end on either side of the unstable node ps.

Using a perturbative analysis, it is possible to obtain an analytic description of the
trajectory connecting pg and p; near the critical endpoints. In the neighborhood of pg
the system (8.66) admits the solution

x = %czezw - 20464“ +0 (66‘“) i oz=ce’ =340 (65”) , (8.67)
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so that the (z,z) trajectory attains pg in the w — —oo limit, tangentially along the
vertical direction (z-axis). Moreover the constraint (8.56) imposes

c=1/|2]e" . (8.68)

It can be seen from (8.58), (8.67) that w — —1 as the trajectory tends to pyo. However
it would be incorrect to conclude that the solution becomes asymptotic de Sitter, since
the pg point is reached at finite cosmological time in the past. Indeed this can be seen
explicitly by reconstructing the metric corresponding to the solution (8.67), (8.68): taking
into account the relation between d7" and dw, cf. (8.38), we obtain

dT = S3dr = \/ﬁ ze*dw . (8.69)
Moreover from (8.49) and (8.67) we obtain the perturbative expression for A and z.
Plugging into (8.69) and integrating we obtain*

T= 4o+ [1- %0262“’ +0 ()] , (8.71)

1
VN €€
where we imposed T'— 0 as w — —oo. Taking (8.68) into account gives

VIEIT =Spe? [1 - tce®™ + 0 (e)] (8.72)

where we have set Sy := e*40tBo 50 that S = Sy e¥, cf. below (8.50). Finally, inverting
the perturbative series (8.72) we obtain

S =k T [1+LANe 312+ 0 (TY)] . (8.73)

It then follows from (7.10) that w = —1 + O(T?), in agreement with our previous result.
Indeed up to and including terms of order O(T*) the spacetime metric becomes that of
de Sitter space in hyperbolic slicing,

T 1
dsig = —dT? + |k|A? sinh? <A> A7, A= ——eto (8.74)

VIAl

where A is related to the scalar curvature R of de Sitter via A? = 12/R. This is not
asymptotic de Sitter, however, as T' = 0 is reached at finite proper time in the past,
where the space becomes a regular Milne universe. The solution can thus be geodesically
completed in the past to T' < 0, by gluing together its mirror trajectory in the z < 0
region, cf. the comment in the paragraph preceding (8.46).

A similar analysis can be performed in the neighborhood of p;. In that case we obtain
S — 2\/WT, so that w — —%, as the trajectory approaches p;.

4We have obtained the perturbative solution to a very high order in e?*

consistent with the closed expression,

, and we have shown that it is

2¢/2[A[ e 0T = ce* + arcsinh(ce®) . (8.70)
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e Comparison with the analytical solutions (B.139)
It follows from the system (8.55) that the ellipse,

r=1; 4 +2.°=1, (8.75)

is an invariant submanifold. The upper vertex of the ellipse (at z = %) is the critical

point p;, while the left and right vertices (at y = :l:g) are both in pec. The two
trajectories starting at either the left or the right vertex of the ellipse and ending at the
upper vertex, correspond precisely to the analytic solutions around (B.139).

e Potential and kinetic energies

The acceleration period can in fact be understood as a competition of the kinetic and
potential energies of the system, as we would like to illustrate here.

Let us recall that, by comparing the energy-momentum tensor of a perfect fluid and
that of a homogeneous scalar field ¢, one can assign to the latter the following pressure
and energy density,

1.
p@:;pz—V(so),
1.

(8.76)
pe = 5"+ V().
The acceleration condition w = p,/p, < —1/3 then translates to
p*<V(p), (8.77)

i.e. there is acceleration whenever the potential energy dominates (twice) the kinetic
energy.

In our models, the 2-field 4d potential has the shape of an exponential “wall”, and the
system can be thought in field space as thrown against that wall: initially the potential
energy V is exponentially small and the kinetic energy K dominates. Eventually the
system reaches the wall and starts climbing it, K decreases while V increases; when
2K =V, acceleration begins, which starts to significantly dissipates energy (the Hubble
term in the EOM of ¢ acts a friction term). When the potential energy becomes too
important, the trajectory undergo a turnaround and goes back down the wall; the system
starts to accelerate again and inflation stops whenever 2K = V. Such a trajectory is
depicted in Figure 8.3.

More quantitatively, in that case study the 4d potential is given by

V(A) = —6xe 34 . (8.78)

To compute the kinetic energy, one first has to canonically normalize the fields,

A— A=4V3A, b= ¢ . (8.79)
Then, using ¢"" = S(7) ™3 = exp (—13A4 — 3B), the kinetic energy reads
1 -
K =257 ((d,A) + (dr0)%) . (8.80)
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Figure 8.3: The scalar potential V' plotted over the field space (A, ¢). On it lies a typical
trajectory featuring transient inflation: acceleration starts at the green dot and stops at
the red dot. A these two special positions, the potential energy equals twice the kinetic
energy.

We further use that dw/dr = v/—=X/z 34138 cf. (8.38), and

dw  v=A 1 84438

A =d,ASs = :
;T \/% 2 (8.81)
drp = dugp - = 2 2v/3y AT
dr z
to obtain
2 2 2 2
K=—6r21Y _y THY (8.82)
z z

The condition for acceleration S > 0 < V > 2K then precisely recovers the condition
(8.86), which defines the boundaries of the acceleration region.
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Case study II: k,m

We now turn to the case where k, m # 0. Here, the system of equations reduces to

1
=2z (2 +y* - 1) + 5(3 —21)22
2
y =2y (e +y* 1) —y2® - 5\/52 (8.83)

1
2 = 37 (w(4x —3) +4y® + 5V3y — 227 +2> ,

while the constraint reads
12k22 A28 =2 (22 492 4 22— 1) (8.84)

The invariant plane P is given by the equation

52 +V3y=0. (8.85)
The acceleration condition reads
22> 22 +y7) (8.86)
with ) ) )
w = m . (8.87)

e Critical points

The critical points are

1 D /2
pC ) pO ) pl - (147_14\/57 21) . (888)

Both pg and p; lie on the boundary of the acceleration region and on the invariant plane.
The point pg requires m = 0, and corresponds to the critical solution of (B.40); the point
p1 corresponds to the critical solution of (B.152).

The behavior close to the fixed point pg is similar to that of the (A, k) system analyzed
in the previous section. As the trajectory approaches pg, we have w — —1, and the
solution becomes de Sitter-like. This however is not an asymptotic de Sitter, as pqg is
reached at finite proper time in the past. At pg spacetime becomes a regular Milne
universe, and the solution can be geodesically completed in the past by gluing its mirror
trajectory in the z < 0 region.

Close to the fixed point p; we may linearize and solve (8.83) analytically. The solution
reads, up to terms of order O(e=%),

A=A+ 5w+ Fce ¥ fw)
B = By+ %w—2ce™ f(w) (8.89)
¢ = o — w — 10ce™f(w) ,
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where ¢ is an integration constant, and we have defined

f(w) == V17 cos (ﬁw) +/7sin (ﬁw) . (8.90)

In addition, the constraint imposes

k= S m2e2Aet2Botsoe2 (8.91)

4

It can be seen that, up to and including linear terms in w, the solution (8.89) corresponds
to the critical solution of (B.152), with 7 ~ e=2*. The acceleration can also be calculated
analytically, cf. (8.46) and Footnote 2,

S = —1—520 e [\/ﬁcos <\/T77w> — 3V/7sin (ﬁw)] : (8.92)

up to terms of order O(e~3*). There is an infinite number of periodic cycles of accelerated
expansion followed by decelerated expansion, each of which lasts a half period, thus
contributing a number of e-foldings equal to

AN = /L7, (8.93)

where we have taken (8.51) into account. The scale factor can also be expressed in terms
of the cosmological time,

S = \/Z\/WT + %050 (19\/ﬁcos <\/T771nT> —17V/7sin <ﬁlnT>> +0 <;> ,
(8.94)

where to lowest order, InT ~ w + const. The fixed point is reached as T" — oo.

The oscillations of the system can be captured for instance by the equation of state
parameter w. Since these are exponentially damped, we rather consider the following
quantity,

W(w) = — <w(w) + ;) e, (8.95)

plotted in Figure 8.4, which is positive whenever there is acceleration, and negative
otherwise.
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10T

N

-10f

Qﬂ

Figure 8.4: Plot of W as a function of w, as defined in (8.95). (Half-) periods of
acceleration correspond to W > 0. As w increases, the duration of these accelerated

periods tends to 4/ 1—777T in the variable w.

Case study Ill: A\, m
We proceed with the case where A, m # 0. Here, the dynamical system is given by
= (6 — 4) (3:2+y2—1) — 2?
y =6y (2® +y* —1) - 5v32 (8.96)
=z [61‘2—3:L‘+y (5\/34—631)} ,
together with the constraint

2 2 2 A2 —2A-5¢/2
-2 —y" —2"=-12—e . (8.97)
m

For A < 0, this forces the trajectories to lie within a unit ball in three-dimensional phase
space. The invariant plane is given by

P= {(z,y, 2) €R3 | 152 — V3y = 10} : (8.98)
The acceleration condition reads
w24yt < % : (8.99)
with,
w=-1+2(z"+y%) . (8.100)

e Critical points

There is a unique critical point of the system (8.96) away from the z = 0 plane, given by

1
"= (25\/3, —5,8\@) : (8.101)
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The critical point p; lies on the invariant plane P. The linearized system at p; has
one real and two complex conjugate eigenvalues: %—8 (—47 -2+ 2\/5) The eigenvectors
corresponding to the real and complex eigenvalues are orthogonal and parallel to the
invariant plane P, respectively. It follows that for trajectories in P, p; is a stable focus;
for trajectories orthogonal to P, p; is a stable node.

In addition we have a circle of fixed points on the equator C of the sphere S,

pe € C:={(z,y,2) | s* +y°=1; 2=0} , (8.102)

and an isolated fixed point,

p2=(%,0,0) , (8.103)
which lies on the z-axis. The linearized system at po has eigenvalues %(—5, —5,1). The
eigenvectors corresponding to the negative eigenvalue are along the x and y directions,
whereas the eigenvector corresponding to the positive eigenvalue is along the z direction.
It follows that for trajectories in the z = 0 plane, po is a stable singular node; for
trajectories orthogonal to the z = 0 plane, po is an unstable node.

The critical points of the dynamical system correspond to solutions that can be given
analytically: the point p; corresponds to the solution (B.145). The point ps corresponds
to the critical solution with A < 0, and requires m = 0. The critical points p¢ correspond
to the minimal solution of Section 8.1.1, and require m, A = 0.

e The invariant surface S

Restricting to trajectories on S, the system (8.96) implies

g =6(x—3)(2*+y*—1); y =6 (y—i— 2—\5/3) (®+y*—1) . (8.104)

It follows that the projections of all trajectories on S to the z = 0 plane are of the form
1 5 —_0N -

a(x—§)+b<y+ﬁ)—(), abeR, (8.105)

i.e. straight lines passing by the point (x,y) = (%, —%) These trajectories correspond

precisely to the solutions of (B.134), and require A = 0. More specifically, the slope of
the line (8.105) is related to the constants in (B.134) via

a 64cy +13cp

= 8.106
2 5v3cn (8.106)
e The invariant plane z =0
Restricting to trajectories on the z = 0 plane, the system (8.96) reduces to
?=6(x—2)(®+y*—1); ¢ =6y(a®+y°—1) . (8.107)
It follows that all trajectories on the z = 0 plane are of the form
a(z—32)+by=0; abeR, (8.108)

i.e. straight lines passing by the point (z,y) = (%, O). These straight lines correspond

precisely to the solutions of (B.127), and require m = 0. More specifically, the slope of
the line (8.108) is related to the constants in (B.127) via
a 3v3 Cy

= . 8.109
b 20 ¢y ( )
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e The invariant plane P
On P, the system (8.96) reduces to

y =2y(-1 25+20\fy+228y ) — 5v/322 (8.110)
2 = 2 2 (25 + 200v/3y + 228y?) .

All trajectories of the reduced system spiral into the stable focus py.

Case study IV: ¢, x
Let us finally consider the case where p, x # 0. The system of equations is given by

x’:x2—3xz2+y2+%z2—1
Yy =V3(2®+yP+22-1) +%<\/§—6y> 22 (8.111)
2 = —%z (9x+\/§y+6z2—6) ,
together with the constraint,
—3222e MATOBYY _ 2 (2 4y 2 1) (8.112)
The invariant plane is defined by
3t —V3y=4, (8.113)

and the acceleration condition is simply given by

2
z> \/; : (8.114)

so that a trajectory undergoes acceleration whenever it passes above the z = \/g plane.
The equation of state parameter reads

w=1-22%. (8.115)

This system admits no fixed points, apart from those lying on the equator C. Nevertheless,
it is worth being discussed, in view of its connection with analytic solutions.

As argued previously, the particular case ¢ = 0 and x = 0 corresponds to one of
the fixed points on C, and coincide with the minimal solution (8.8). When only ¢ is
turned on, the solutions are restricted to the boundary S of the phase space (and their
projection on the z = 0 plane are straight lines); if both fluxes ¢ and x are turned on,
trajectories live generically in the bulk and connect two fixed points of C. In the former
case, the trajectory that maximizes the number of e-foldings NN is the one passing by
the North pole: it obviously maximizes its length inside the acceleration region, but
also turns out to maximize its “time” spent inside the region (which is not necessarily

155



Chapter 8. Cosmological solutions

-0.2 0.2

Figure 8.5: Plot of the scale factor S and its derivatives S, S as functions of 7, with
parameter r = —% This special value yields the extremal case with N = Nyax = 0.30408.

the same). Numerically, this maximal number of e-foldings can be determined to be
Npax = 0.30408.

Now, let us turn to the corresponding analytic solutions (B.43) found for ¢ # 0, x = 0.
There exists a family of solutions parameterized by a real number® r < —%, with the
following scale factor,

S(7) = e D7 coshi (2/—33 — 487 1) . (8.116)

Having the explicit scale factor S at hand allows us to compute the derivatives S , S and
determine the values of 7 for which accelerated expansion starts and stop (or in other
words determine the values of 7 for which one can satisfy both S>0and S > 0), see
Figure 8.5. We can then readily compute the number of e-foldings N (r) and extremize it
with respect to 7, see Figure 8.6. The maximal value is reached for ry.x = —%, which
precisely gives the same Nyax = 0.30408 as above, and is of course in line with the bound
Nmax < 0.59980 found in Section 8.1.2 for one-flux compactifications.

Outlook

It has been known for some time that transient accelerated expansion is not difficult to
achieve in flux compactifications arising from string-theory effective 10d supergravities.
What the present work is suggesting is that cosmologies featuring eternal or semi-eternal
acceleration, or a parametric control on the number of e-foldings are also generic! The
necessary ingredients in all instances thereof seem to be a negative spatial 4d curvature

5The solutions actually depend on two parameters,  and cp, but it turns out that the number of
e-foldings only depends on the former, so we can restrict to cg = 1.
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N

0.30408

0.1r

L | | r
-1.9 -1.125 -0.85

Figure 8.6: Number of e-foldings N as a function of the parameter r, for the one-flux
solutions ¢ # 0. There is a restricted range permitting transient acceleration, and the
maximal value is reached for rp.x = —%, giving Npax = 0.30408.

(open universe), and a fixed point on the boundary of the acceleration region in the
interior of the phase space.

To our knowledge, this is also the first time where examples of spiraling cosmolo-
gies with an infinite number of cycles alternating between accelerated and decelerated
expansion have been shown to arise from compactification of string-theory effective
10d supergravities. This so-called “rollercoaster cosmology” has been argued to be a
potentially viable alternative for inflation [215].

In all examples exhibiting a parametric control on the number of e-foldings, the
acceleration vanishes asymptotically at future infinity, where spacetime approaches a
Milne universe with angle defect. Moreover, these are all captured by the 4d consistent
truncation (7.22) with potential given in (7.25), and require turning on one of the
parameters A\, m, c,, ¢o or ¢;. Smooth accellerating cosmologies, without Big Bang
singularities, are also possible, and they correspond to unique fine-tuned (therefore
unstable) trajectories in phase space. Instead of a singularity at 7' = 0, the spacetime
approaches de Sitter space (in hyperbolic slicing). This, however, is not an asymptotic
de Sitter, as T' = 0 is reached at finite proper time. These solutions can be geodesically
completed to T' < 0 in the past, as explained previously.

As we have shown, the techniques presented here allow us to straightforwardly
translate the trajectories in phase space to the explicit form of the scale factor S(T') of
the corresponding FLRW solution, as a function of cosmological time. From this, the
other cosmological observables can all be readily computed.

Our approach has been to work with the 10d equations of motion, not with a 4d
effective potential. Nevertheless, in certain cases a graviton plus two-scalar (dilaton and
warp factor) consistent truncation to a 4d theory Syq is possible, such that all cosmological
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solutions of Syq lift to ten-dimensional solutions of IIA supergravity. This does not mean
that solutions of Syq uplift to 10d solutions with only dilaton and warp factor: all
information about the flux (which is generically non-vanishing from the ten-dimensional
point of view) enters the 4d potential of Syq via certain constants.

The action Syq is in fact a consistent sub-truncation of the universal CY consistent
truncation of [216,217]. Indeed, it was shown in those references that the 4d effective
theory of the universal sector of CY type II compactifications is also a consistent truncation
of 10d type II supergravity. We thus expect the consistent truncation Syq of (7.22) to
be part of the 4d effective action, and thus subject to e.g. the analysis and constraints
presented recently in [208].

A general stability analysis of the cosmological solutions presented here would require
considering (small) perturbations in the space of all 10d fields. We shall leave this
important point for future work.

The dynamical system techniques as applied here, limit us to solutions with a maxi-
mum of two species of flux. It would be desirable to overcome this limitation and explore
richer solutions with all possible fluxes turned on, in each universal compactification
class.

Finally, setting aside the still unresolved conceptual issues associated with smeared
orientifolds and D-branes, including such sources in our analysis would certainly enrich
the structure of the phase space of the dynamical systems presented here, potentially
leading to the appearance of fixed points corresponding to de Sitter solutions. It would
be interesting to explore this possibility further.
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Kaluza—Klein gravitational waves in
a warped toroidal background

Context and motivations

Gravitational waves astronomy has developed in recent years at a remarkable pace.
In the latest run (O3) of ground based detectors LIGO and Virgo (lately joined by
KAGRA and GEO), one to two candidate events were detected every week [218,219].
Further recent or coming observations are promising, including results by NANOGrav
(and PTA) [220], while numerous exciting experiments are planned, among which the
awaited eLISA. This impressive new observational window provides non-trivial tests
of General Relativity [221], but it also offers the prospect of discovering new physics.
Recent reviews on expectations for fundamental physics from gravitational waves can
be found e.g. in [222-225]. One fascinating example would be evidence for new scalar
fields, possibly axions, as described through scalar-tensor models. Such fields could for
instance be present in scalar clouds around black holes, thus having various impacts
on emitted gravitational waves, or even lead to scalar waves, or effects on black hole
shadows [226-229]. Another interesting example are constraints or predictions that can
be made with gravitational waves in string theory frameworks [230-233]. In this work,
we are interested in new fundamental physics at high energy, that could leave specific
signatures in gravitational waves detectable in future experiments. This is possible
if the high energy events are taking place in the early universe. Indeed, the redshift
due to cosmological expansion can then lower the frequency of primordial gravitational
waves, allowing for an observation by e.g. eLISA. Typical high energy events in the early
universe leading to the emission of such gravitational waves are related to primordial black
holes [234] or (electroweak) first order phase transitions [235-238]; others can be found
e.g. in [239]. Here we are interested in extra dimensions and related Kaluza-Klein towers,
typically considered at high energies. Recent studies on their impact on gravitational
waves include [240-242]. We focus in this chapter on the Kaluza—Klein tower of (massive)
gravitational waves obtained from certain extra dimensions. We assume that events
of high enough energy, possibly in the early universe, have excited the first states of
this tower, and that the corresponding emitted primordial gravitational waves could be
detected in future experiments. Such a possibility would provide a very distinct signature
of extra dimensions. A crucial question is then that of the precise spectrum of these
four-dimensional (4d) Kaluza—Klein gravitational waves.

We are interested here in a background with a warp factor. Many bottom-up
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phenomenological constructions, or top-down models coming from string theory com-
pactifications, include extended objects as branes, that typically host matter and gauge
interactions. Such extended objects back-react on the geometry: this is captured in the
metric by a function H called the warp factor. It is thus legitimate to consider such
a warped gravitational background. Many BSM studies have used backgrounds and
warp factor coming from Randall-Sundrum models [243,244]. Motivated by a string
theory origin, we rather use here the warp factor coming from p-brane solutions in
supergravity compactifications (see e.g. [82]). A specificity is that the Dy-branes in that
case, as well as orientifold Op-planes to be considered, are not only back-reacting on
the geometry: they also source a U(1) gauge field (or a generalization thereof). The
latter is also described by the warp factor H, which is in turn the solution to a Poisson
equation, i.e. a sourced Laplace equation. The warp factor to be considered in such
a string or supergravity compactification context is thus not simple, since it involves
Green’s functions on compact spaces, typically poorly known. We nevertheless tackled
this question in [170] and provided a complete expression for such a generalized Green’s
function on a torus T¢, and consequently of the warp factor generated by a distribution
of D,/0, sources: illustrations are provided in Figures 9.1 and 9.2. This allowed us
to provide a first estimate of the spectrum of Kaluza—Klein gravitational waves, on a
background being a warped product of Minkowski and toroidal extra dimensions. This
material is reviewed and extended in section 9.2, building on [245,246]. In the present
work, we will overcome previously unnoticed difficulties and make important technical
improvements, that will allow a much more complete and precise determination of this
spectrum.

Figure 9.1: Tllustration of the warp factor H on a torus T¢, due to the distribution of
sources detailed at the beginning of section 10.1: D,-branes at the center and O,-planes
on the sides. Detailed specifications: d = 3, p = 6, H is represented up to a constant
and rescaled, i.e. g5 *(L/ls)(H(o) — Hp), and valued on the vertical axis in terms of the
coordinates ¢!, o2 on horizontal axis, while ¢ = 0.

The aim of this chapter is the determination of the Kaluza—Klein gravitational waves
spectrum, but various problems encountered related to the warp factor and its sources
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I,/L

A

|
o=
>
DO |—

Figure 9.2: Illustration of the warp factor H along one periodic coordinate o € (—%, %],

generated by D,-branes at o = 0 and O, at 0 = % The average of H is adjusted such
that H = 0 at a string length ¢ = % from the O,. This leaves a “negative region”,
depicted in gray, where H < 0. To avoid this problematic region, we will conduct the
analysis on a restricted domain D of size A = 1 — 2%. Detailed specifications: d = 2,
p = 7, the source distribution is given at the beginning of section 10.1, H is rescaled as
g1 (L/15)¥2H and plotted along o2, while o' = 0.

could be of broader interest, and find echoes in the recent string compactification literature.
To start with, the warp factor has been at the center of many recent discussions, often
connected to (anti-) de Sitter compactifications. The warp factor and its determination
plays a crucial role in testing some swampland conjectures in specific anti-de Sitter
solutions [165,166]. Choosing for it and the dilaton non-standard boundary conditions
close to O, sources has lead to debated new de Sitter solutions [247-251]; we come back
to this discussion in detail in section 9.2.2. As here, though on a different background
metric, the impact of the warp factor on the Kaluza—Klein spectrum appeared important
in [252], as it revealed new light states that could play a critical role in the KKLT
scenario [41]. Kaluza—Klein spectra, in warped compactifications to anti-de Sitter, were
also computed recently in e.g. [253-256] (see also [161,257] in relation to scale separation),
even though the warp factor is then of different origin and takes a different form. Last
but not least, the validity of supergravity approximations has been tested in detail in
standard Minkowski compactifications with Og in [173], building in part on [170].
More generally, this question of supergravity approximations and regime is at the
heart of many of the above works, and became dramatically important for the KKLT
scenario in the recent works [258,259]. There, one considers as extra dimensions a warped
compact Calabi-Yau manifold, where the warp factor is generated by various D,/O,.
It has been pointed out [258] (see also [260]) that the negative region around an O,
meaning where H < 0 as illustrated in Figure 9.2, is likely to be large, i.e. of order of the
size of the Calabi-Yau itself, in order to realise the KKLT scenario. This is problematic
because within the used supergravity description, the warp factor is considered positive:
see [170] or section 9.2.1 here. A first reason for requiring H > 0 is that it enters the
metric, and a change of sign would lead to problematic loci. The place where H = 0
is thus sometimes referred to as the orientifold horizon or the singularity. A physical
resolution to this problematic negative region is then hoped to come from string theory:
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one argues that the classical and perturbative string regime corresponding to supergravity
does not hold anymore in that region, and new stringy physics takes over. To enforce this
argument in our simple setting, we use the prescription of [170] that fixes the horizon at
a string length distance from the O,, as depicted in Figure 9.2: this way, we ensure that
string degrees of freedom should come in and the supergravity description breaks down.
We give more details in Section 9.2.1, and compare to the compactifications of [258]
and [173]. In [258], other ingredients set the size of this horizon or singularity, forcing
it to be large. This implies the need of a stringy description over a large region of the
Calabi-Yau. A first sketch of such a possibility has been proposed in [259]: it invokes
non-perturbative stringy contributions to resolve this problematic region.

This negative region, on top of being unphysical in our supergravity description,
became even more problematic to us because it would lead to tachyonic modes in the
Kaluza—Klein spectrum. We argue indeed on general grounds in Section 10.1.1 and
Appendix A.1 why such a negative region is likely to always generate tachyons. Due to a
precision matter discussed in Appendix A.3, this phenomenon became more manifest
to us when the negative region was large compared to the overall size L of the torus
(e.g. for L/ls < 10). We thus developed tools in Section 10.1.2 to ignore that region,
and solve our spectral problem on a restricted domain D where H > 0, as illustrated in
Figure 9.2, allowing for a spectrum without tachyonic modes. It would be interesting to
see whether this problem of tachyons and the tools developed here could apply to the
framework of [258,259].

The spectrum is determined on the restricted domain D where the supergravity
description can be trusted. One may wonder whether the remaining region where H < 0,
requiring a stringy description, could lead to important modifications of the spectrum.
Capturing this extra contribution from another region actually amounts to fixing bound-
ary conditions for each eigenmode on the restricted domain. This is a standard procedure,
used for instance at the horizon of black holes. One may then reformulate the question by
asking how much the spectrum is dependent on the boundary conditions imposed in D.
As detailed in Section 10.1.2, we consider here periodic boundary conditions on D: this
is actually a generic choice for any (square-integrable, piecewise-continuous) function on
an interval. For this reason, we believe that the spectrum determined here is robust. It
would be interesting to test the dependence on the boundary conditions more thoroughly.
Leaving periodicity on D would however require a different resolution method, which
goes beyond the scope of the present work.

Beyond this treatment of the negative region, several important improvements are
made in the numerical method used to solve the eigenmode equation, in comparison
to [170]. Those are detailed in Section 10.1.3 and Appendix A.2. Various innovations
allow to reach a better precision, and many more points (Fourier modes), making use in
particular of the hyperoctahedral symmetries of the problem. We get this way a part
of the spectrum for T with d = 1, ..., 6, while the analysis stopped at d = 3 in [170],
and many more eigenmodes for the first dimensions d. The spectrum is given in Section
10.2, and a summary of the results is provided in Section 10.3. Comparison to the older
method and (tachyonic) spectrum of [170] is made in Appendix A.3.
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The general set-up

Building on [170], we present in Section 9.2.1 the warped background over which Kaluza—
Klein gravitational waves are studied, and in Section 9.2.3 the key equations defining
their spectrum. We allow ourselves a digression in Section 9.2.2, where we comment
on the profile of the warp factor when moving away from a source, connecting to the
discussion of [248,249] on boundary conditions.

The toroidal p-brane background and its warp factor

We are interested in Kaluza—Klein gravitational waves propagating in a 4d Minkowski
space-time, corresponding to a compactification on a D-dimensional toroidal p-brane
background. In this subsection, we present this background, following [170]. The
D-dimensional background metric is, in Einstein frame,

-3

2 —2-p-3 v 13,7 Bl m3, n
dsp = H D2 (nudafda” + 6;da’da?) + HD=20,,,dy™dy" . (9.1)

The 4d Minkowski indices are u,v = 0,...,3, while the compact toroidal indices are
i,7=4,...,pand m,n=p—+1,...,D—1. The p-brane world-volume is along the first p+1
dimensions, labeled with p and 4, and it is transverse to the remaining D —p—1 dimensions
labeled with m. The distinction between the parallel and transverse dimensions is made
thanks to the warp factor H, which has different powers along these different directions.
The transverse torus T¢, with d = D — p — 1, will play a crucial role in the following,
because the warp factor only depends on its coordinates H(y). Here and in the following,
we denote d-dimensional vectors with a boldface, e.g. y. We will consider a square
torus, i.e. each coordinate verifies the identification y™ ~ y™ + 2w L with same radius L.
Convenient coordinates will then be o™ = y™/(2rL) € (—3,3].

The p-brane background is a solution to an Einstein-Maxwell-dilaton type of theory.
The warp factor captures the back-reaction of the p-brane, but it also gives the dilaton, and
the flux or field-strength sourced electrically (or magnetically, according to conventions)
by the p-brane. The latter gets translated into a Poisson equation on H over the
(unwarped) compact transverse torus T¢, whose solution is given by a generalized Green’s
function G. In the following we will consider not only one but a distribution of such
sources, each of them having a charge Q;, and placed at a position y; in T¢. More
precisely, in reference to the corresponding stringy objects, the sources will be named

D,-brane or orientifold Op-planes, with D-dimensional charge

Qp, = —(271l)" %95 , Qo, = —2"""Qp, , (9.2)

where 5 is the string length (or the fundamental length in a broader setting), and gs a
constant related to the string coupling. In such a distribution of sources, the resulting
warp factor was shown in [170] to be given by

H= Z Q:G(y — i) + Hy , (9.3)

with a constant Hy. Both the generalized Green’s function G and the constant Hy are
non-trivially determined, as we will now recall. We consider in the following a chargeless
source configuration, i.e. with )", @Q; = 0: in the absence of extra fluxes, this vanishing is
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required by compactness [170].

The generalized Green’s function G on the torus T¢ was discussed and studied in [170],
using Courant-Hilbert [261], or the comparatively recent [262] based as well on century-old
mathematical references. Both H and G have to be periodic on T¢, so a first naive
expression as a Fourier series is

1 e27rin-a'

(2nL)T2 intn?
nezd*

G(o) = — (9.4)

with Z%* being Z® without 0. This sum is however not absolutely convergent for d > 2.
An appropriate regularization is provided thanks to the following expression

G(o) = (2nL)>¢ / dt(l— H 03(c |4771t) (9.5)
0

in terms of the theta function #3 = 6. This expression holds up to a constant, which
will not matter in H thanks to ), @; = 0. Studying this expression in [170], we could
recover analytically the expected behaviour close to the source, namely

_ 1 _ 1
d>3: (27rL)d 2 G(o) ~g2_50 —— I‘(%) —
42 o
1
d=2: G(o)~g2_9 o In|o|, (9.6)
_ 1 o
d=1: (2rL)" Glo) ~grsg —o5+ o

The constant Hy is a crucial piece of information. One first shows that it is the
average of H: for ), (Q); = 0, using the periodicity in ¢, one gets

N

/ d%c H = Hy . (9.7)

1
2

One also verifies thanks to (9.6) that the d-dimensional integral of G is finite. In the
case where ), Q; # 0, one could add to G a constant opposite to its d-dimensional
integral, allowing to recover (9.7). We show additionally in [170] that this average of H
(9.7) appears in several important places, including the 4d Planck mass, or a condition
necessary to have a standard massless 4d gravitational wave. It is then required to have
Hy # 0. Its value actually plays an important role, as we now explain.

To avoid singularities and signature changes in the background metric (9.1), we
require H > 0. As indicated with Figure 9.2, the source distribution considered however
typically generates a part of the space where H < 0. This happens close to the O,. Such
sources remain necessary on a compact space because they provide charges opposite

The convention here is

Os(c|T) = Ze%l not ) =142 Z q cos(27rna) , with g =€ .

nez n=1
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to those of the D,. A strategy then consists in controlling the size of this “negative
region” where H < 0, by allowing it to be at most of string length size away from the
Op. The reason is that below a distance 27ls, new stringy physics is expected while
supergravity description breaks down, so our analysis can in any case only be trusted up
to this point. Fixing this distance is made possible thanks to the constant Hy, which
“shifts H vertically” in Figure 9.2. The corresponding prescription of [170] was

Hy = = min {Z QiG(o - az-)ha_aj':li} : (9.8)

such that H = 0 at a distance |y — y/| = 27, i.e. [0 — oj| = &, of any O, labeled
j or closer to it. Note that in each circle of T¢, a distance of 27l at least should be
allowed on each side of an O, to be able to have a further “positive” region described
by supergravity. So circle perimeters should be larger, i.e. 2rL > 2 x 27l; or L/l5 > 2.
Finally, in the approximation L > [, concrete values for Hy were computed from (9.8)
in [170] for d > 2, using (9.6), namely
d>3: H0:g5227d777%11(d7T2) , d=2: H():gsiln<lL> ) (9.9)
S
Few comments are in order regarding the prescription (9.8). Relative to 7, the
metric of the transverse torus is proportional to H472L?.2 One may then view vH, or
at least v/Hy, as part of the physical radius, contributing to the volume of these compact
dimensions; we come back to this point in Section 9.2.3. The resulting ambiguity between
L and v/Hy was lifted in [258] by completely fixing L, and letting Hy capture volume
fluctuations. On the contrary, Hy was set to 1 in [173] to match the smearing conventions,
leaving the freedom to L, and verifying in that case the validity of supergravity approx-
imations. The prescription (9.8) is yet another option. Whatever choice is made, the
volume or corresponding radius, as a 4d scalar field, could be stabilized at a given value
by further physical ingredients generating an appropriate potential. These are precisely
physical requirements (on Euclidian instantons), necessary to realise the KKLT scenario,
that fix in [258] Hp to a low value. Our compactification setting is much simpler, and
although it could be interesting to study the effective 4d action using e.g. [263-266], we
will leave here the volume and radius unfixed. Therefore, we do not consider any further
constraint than (9.8) on Hy and L, and will analyse the outcomes for various values of L.

Aparté: moving away from a source

We make here side comments on the profile of the Green’s function and the warp factor
when moving away from the sources, the related symmetries and boundary conditions.
Close to a source, the generalized Green’s function on T? exhibits a spherical symmetry
as can be seen in (9.6). For d > 2, this symmetry is however broken further away from
the source: there is indeed no SO(d) symmetry among coordinates ¢™ in the complete
expression (9.5). Showing this analytically, following Appendix A of [170], and getting a

2From this observation, one could argue that a proper evaluation of a “string length distance” from an
O, for the prescription (9.8) should include the warp factor, or at least Ho. This makes the determination
of Hp more complicated, and for simplicity we stick to the prescription as stated. The method developed
here to determine the gravitational waves spectrum can in any case be adapted to a different value of Hy.
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coordinate-dependent correction to the spherical behaviour (9.6), turns out to be difficult.
The breaking of this symmetry can nevertheless be verified numerically, as displayed in
Figure 9.3.
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(b) Figure 9.3a seen from above

Figure 9.3: Green’s function G(o) given in (9.5) for d = 2, evaluated on the vertical axis
in Figure 9.3a in terms of the horizontal o', 02 coordinates. The same is displayed from
above in Figure 9.3b, with horizontal cuts at fixed values of G(o). Close to the source
(at & = 0) we verify the spherical symmetry, but it is broken further away, where the
circle turns to an approximate square.

In the warp factor H (o), the spherical symmetry around sources gets broken for
an additional reason: the presence of other sources. This is made manifest in Figure
9.4. This point highlights the need to use the complete expressions of G and H, instead
of only (9.6). This is important when evaluating H, to compute the constant Hy as
proposed with the prescription (9.8). The computation of Hy in (9.9) rather made use of
the spherical symmetry, valid there only thanks to Is/L < 1.
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(a) Figure 9.1 seen from above (b) Horizontal cut at —0.3

Figure 9.4: Warp factor H for d = 3 displayed in Figure 9.1, viewed from above. Figure
9.4a and 9.4b show horizontal cuts at fixed values of H (several values for 9.4a, one
value for 9.4b). The breaking of spherical symmetry around sources is made explicit by
contours evolving from circles to angular shapes. Similar illustrations can be obtained
for d = 2.

A related question has been discussed in [248,249], following new 10d supergravity
de Sitter solutions obtained in [247] with a non-standard ansatz. There, the metric
exhibits several different warp factors, to describe Og, /Og_ orientifolds transverse to a
circle of coordinate y (i.e. d = 1 here). We simplify here the discussion by restricting
the setting considered there to the present ansatz. We take the Og, to correspond to a
stack of Dg (with one Og) located at y = 0, and the Og_ to be an Og located yo: this
matches the source configuration considered here, detailed at the beginning of Section
10.1. The focus will be on the Og at yo. The ansatz of [249] boils down to ours if
the three functions considered there, W, A, ¢, verify the following relations to our warp
factor: e=*W = H, e = g, H _%, A = 2W. Those functions are discussed there by related
functions fi—123. Their first derivative with respect to y verifies, in our setting, f/ = W’
Vi.

The discussion of [249] is that of the boundary conditions to impose on the various
functions close to the Og at yg. Two possible boundary conditions are put forward: the
permissive ones and the restrictive ones. We translate them here in our setting

Permissive : H’\y_war =5 (9.10)
H Qo, 1

Restrictive : — == 9.11

estrictive : - yorit 2 Hlyot (9.11)

where we take H > 0. As we will see, it turns out that the restrictive boundary conditions
require one condition more than the permissive ones, so the question is: which boundary
conditions should be imposed? To see the difference, one considers the following expansion
for H (and more generally for exponentials of the functions f; in [249])

H(y) = a1y — yo| + a2 |y — yo|* + Oy — vo|*) . (9.12)
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This means that H(y = yo) = 0, which is always possible by adjusting the constant Hy,
and this property actually holds in the d = 1 warp factor considered in [170] (see Figure
3); in [249] this is a property of the solution considered. In addition, the expansion
(9.12) is precisely about the above discussion: the profile of the warp factor when going
away from the source. Indeed, the leading behaviour |y — yo| is guaranteed by the
Green’s function close to the source (9.6), and the subleading terms in (9.12) are possible
corrections to it. The permissive boundary conditions give one condition only, on the
leading term, while the subleading terms all give vanishing contributions at yo. On the
contrary, the restrictive boundary conditions require to look at two terms in the Taylor
expansion, the pole and the constant one, the remaining ones vanishing at yg. This
expansion for the restrictive boundary conditions is captured by the following in [249]
(for each function f;)
L R
Restrictive : d; +ef = d; + et
v — yol Y — yol

— dl =dlt, el =¢F, (9.13)

(3 (2 K3

where the superscripts L, R refer to each side of the equation, here given by (9.11). With
the other boundary conditions, only one coefficient is fixed
Permissive : dF = d¥ . (9.14)

The choice of boundary conditions has far reaching consequences in the context of
[247-249]. Indeed, [248] considered restrictive boundary conditions and generalizations
thereof, and deduced a no-go theorem against de Sitter solutions, thus potentially in
contradiction with the solutions of [247]. The latter however verified only specific
permissive boundary conditions, while violating the restrictive boundary conditions,
given that in their solutions, el # eF.

In our setting, this difference is even more dramatic. Indeed, considering only the
warp factor H, expanded as in (9.12), we compute both boundary conditions and get
(up to higher powers of |y — yo|, which vanish at yg)

Permissive :  a; = % , (9.15)
1 1
Restrictive : —— + 2 _ Qos < — az> = q = @os , ap=0.
ly—wol a1 2a1 \Jy—w| @ 2
(9.16)

In other words, the restrictive boundary conditions do not allow for a correction in
ly — y0|? in H when moving away from the source. This is in line with the fact that
solutions of [247] do not satisfy those boundary conditions. This was made more explicit
in [250] which indicates precisely |y — yo|? corrections in the various functions.

In the present context, given the complete expressions we have for the Green’s function
and warp factor, we could attempt, as mentioned above for d > 2, to determine the
corrections away from the source for d = 1. Interestingly, for d = 1, the Fourier series
(9.4) provides an exact expression of the Green’s function. This allows us to find an

alternative expression valid on one interval o € (—%, %],3 by identifying the Fourier

3We thank D. Junghans for pointing to us the possibility of such an expression.
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coefficients: we give it here in the last equality

e27rma

(2rL)"' G(o) = /OOO dt(l—«93(a|47rit)) == 5y = —% (02 — o]+ é) , (9.17)
nez*

where again, the first two expressions are periodic while the last one is only valid on
one interval, and should be mirrored on other intervals. It is interesting that the last
expression for G(o) captures all corrections away from the source. This result is in
agreement with the warp factor we already identified around Figure 3 in [170]: we
obtained there the following complete warp factor

H(y) = %

with yo = wL. In other words, the warp factor found for d = 1 with our source
configuration has only the behaviour close to the sources, without correction, contrary
to the other dimensions d as mentioned above. In particular, the quadratic terms of
(9.17) drop out by charge cancelation, the requirement of ags = 0 is verified, and so are
the restrictive boundary conditions.* This is also the case of standard warp factors for
Dg/Og in a (non-compact) Minkowski space-time, as mentioned in [249]. In that respect,
the de Sitter solutions of [247] are certainly different.

While this choice of boundary conditions is connected to other interesting questions
in [249], one point is particularly emphasized: the failure of the supergravity description
close to the source. As mentioned already, considering short distances could involve
string scale physics, and thus a break-down of the supergravity description. This is even
more manifest here as e? diverges close to the Og since the warp factor vanishes, so one
argues that the string coupling cannot be considered weak anymore. The supergravity
equations that define the solutions, the warp factor and its expansion, may then be
disputed. This brings us back to the idea of considering a string-length distance away
from the source, as discussed around the prescription (9.8). We will come back to this
idea in Section 10.1.2.

(o~ o)+ v € (pom0] & Hlp) = Lly— ol , ye 0,2], (919

Gravitational waves and their spectrum

We are interested in 4d gravitational waves propagating on the background of Section
9.2.1, so we consider the fluctuations

Nuv = N + Py (9.19)

where h,,, depends a priori on all D coordinates. One then decomposes it as a Kaluza—
Klein tower of 4d gravitational waves, each mode being generically labeled by N

W_Zh (") Y (y™) . (9.20)

We could add a dependence of 1y on the other extra coordinates z* but as shown in [170],
those will not play any role, especially for toroidal directions. The modes h ,, are taken

AThe fact our setting verifies the restrictive boundary conditions might be expected from [248]. There,
it is argued that similar boundary conditions should be obtained whenever one works with the standard
DBI + WZ action for sources. The latter holds for us, given our background is a standard type II
Minkowski solution.
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transverse and traceless in 4d; this can be viewed as a consistent truncation [170,246].
Provided the 1y are orthonormal eigenfunctions of a certain modified Laplacian operator,
to be specified, with eigenvalues MIQV, then each mode satisfies the Pauli-Fierz equation
of a massive spin-2 field with mass My in Minkowski

(n“amA - M?V) Y, =0, (9.21)

at linear order. This was shown in [245] to hold for any energy-momentum tensor,
i.e. any matter content of the theory, thanks to having a maximally symmetric 4d
background space-time. The generality of these equations, describing propagating 4d
Kaluza—Klein gravitational waves on a warped Minkowski background, is thus interesting.
A generalization of this setting was considered in [246] allowing fluctuations of the full
D-dimensional metric, leading to additional 4d vector and scalar contributions with
interesting effects. We refer to [170] for more details.

As shown in [170], on the background metric (9.1) with the transverse torus T¢, the
modified Laplacian operator and corresponding eigenmode equation boil down to

o 0

0 e B

vy = (2nL My)* Hy . (9.22)

In absence of any source, the warp factor is given by its constant part, H = Hy. As
explained at the end of Section 9.2.1, we then simply face a torus of radius v/ HoL. The
Kaluza—Klein spectrum in that case is the standard one: the masses are

)2 _ N?
(MN ) - (9.23)

This is precisely what we recover from (9.22), writing 1y as a Fourier series on T¢, with
N = |n|, n € Z?. The variation of H beyond this average, due to the presence of D,
and O, sources, makes the equation (9.22) much more complicated to solve. The main
purpose of this work is to determine how much the spectrum deviates from the standard
one (9.23) in presence of a (non-trivial) warp factor H. To that end, few techniques were
introduced in [170], and they will be greatly improved in the following. Finally, let us
recall that

d>2, l£>>1 = My~MY, (9.24)

while we stated below (9.8) the minimal value: L/ls > 2. Deviations from the standard
spectrum are thus expected close to this last bound.
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10.1.1

The spectrum

Issues and method to determine the spectrum

We present here the method, both analytical and numerical, used to determine the
Kaluza—Klein gravitational waves spectrum, defined in Section 9.2. The spectrum is
governed by the eigenmode equation (9.22), while the reference for this spectrum is the
standard one obtained in the absence of sources, i.e. with a trivial warp factor, given
in (9.23). To determine the spectrum, we first need to overcome difficulties due to the
negative region where H < 0 (see Figure 9.2), responsible for tachyons. This is discussed
in Sections 10.1.1 and 10.1.2. The numerical method is then presented in Section 10.1.3
and Appendix A.2.

Prior to determining the spectrum, we first have to fully specify the background, by
indicating where we place our sources, i.e. give the vectors o; (or y;). From now on, we
consider the D,-branes to be all at the origin in coordinates o (or y). The orientifolds
O, are at the 2 fixed points of each circle of T9: those are at ¢™ = 0 or % There are
thus 2¢ distributed Op. As specified in Section 9.2.1, we take an overall vanishing charge
>, Qi = 0. Since the charge ratio (9.2) is given by a factor 2479, this always gives 16
D,, at the origin. Note that one O, also sits at the origin, making the total charge there
slightly less negative. The positive charges, that give a negative H, are then at all the
other positions of the O, as illustrated in Figure 9.2. This charge distribution exhibits
certain discrete symmetries, which will be very helpful to the numerical resolution, as
described at the end of Section 10.1.3. We now enter the details of the determination of
the spectrum.

Negative region and tachyons

To determine the spectrum, we first improved the (numerical) method presented in [170],
as detailed in Section 10.1.3. The resulting spectrum for d = 1,2, 3 is given in Appendix
A.3. Doing so, we however noticed the systematic presence of tachyons at low L/l
i.e. eigenmodes with MJQV < 0. We understood that those are due to the negative region,
meaning the region discussed in the Introduction and Section 9.2.1 where H < 0. This
can be seen in several ways. First, it was noticed in [170] (see e.g. Figure 2 or Section
4.2) that low L/l make the variation of H stronger and the negative region larger, so
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the impact of this region could then be more important. Secondly, the relation between
tachyons and the negative region is most easily seen using the eigenmode equation (9.22),
as follows

3 3 3
0< / 1 dlo |0vN|? = — 1 dlo Y0%)N = (ZwLMN)Q/ 1 de H [yn|? . (10.1)
2 2 2
For a constant H, we deduce that H MJQV > 0. A negative constant H then leads to a
tachyon. More generally, we infer that if the negative region is sufficiently large, as at
low L/ls, it may dominate the above integral, at least for some mode, and a tachyon can
appear. Similarly, probing the negative region may require a small enough wavelength
of the eigenmode, which may then lead to a negative integral (10.1), making the mode
tachyonic. Small wavelengths correspond to Kaluza—Klein modes high in the tower.
Those could then be truncated by our numerical approach, that only considers a finite
number of modes. At low L/I,, the negative region is larger, and such modes are more
easily reached. This may explain why we only noticed tachyons at low L/ls, while they
may always exist as long as H < 0 in some region. This interpretation seems confirmed
in Appendix A.3. Finally, in Appendix A.1, we provide an analytical resolution of the
eigenmode equation in the non-compact case, also corresponding to the behaviour close
to a source: for an O, we conclude again on the presence of tachyons.

Neither these tachyons nor this negative region are however physical! As explained
in the Introduction and Section 9.2.1, our supergravity description breaks down in the
negative region and a proper description would require string theory. Our equations
should not be trusted anymore in that region. Computing the spectrum, we should then
find a way to fully ignore the effects of this region, in particular the tachyonic modes. To
that end, we develop a procedure, presented in the following.

Restricting the domain and reformulating the eigenmode equation

We introduce a domain D where the warp factor is non-negative, and solve the eigenmode
equation on D only. We recall that ¢™ € (—%, %] and that [;/L < 1/2. We also recall
that O, close to which H < 0, are placed precisely at ¢ = L as specified at the

2
beginning of Section 10.1. We then define

ls m 1 I 1
A=1 2L, D {o-, |o |_2 7 2/\ (10.2)
The region of interest is thus reduced by a factor A, as in Figure 9.2, and we introduce

an appropriate coordinate to span it

M=\t = D= {T, |T™| < ;} . (10.3)

This is designed to guarantee H > 0 on D, relative to prescription (9.8) that refers to

a distance |o — oj| = lf from an O, source j. This domain actually excludes a little

more than needed by this prescription, as depicted for d = 2 in Figure 10.1. We will then
adjust the prescription.

The restricted domain D leads us to slightly modify the prescription (9.8). We now

consider points of D which are the closest to the O, sources (except the one at the origin,
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Figure 10.1: Regions in a quarter of T%=2, the rest of the torus being obtained by axis
symmetry (as in Figure 9.1 and 9.4a). The O,, are placed at the four corners, and depicted
by red and blue dots; the one at the origin (blue dot) is not problematic thanks to the
16 additional D,, present there which give an excess D), charge. The restricted domain D
is light blue, while the excluded region is gray. The negative region corresponding to
prescription (9.8) is darker gray and bounded by circles of radius {;/L around the O,,.
In general, these regions are actually not exactly circular as discussed in Section 9.2.2.
We see that the excluded region is larger than what is a priori needed, leading to the
adjusted prescription (10.4).

due to the additional Dy-branes there). In d = 2, as illustrated in Figure 10.1, these are
the corners of the white rectangle. Those points are simply given by o = Ao for each
source j located by o;. Indeed, the proportion A is preserved thanks to the Intercept
Theorem (or Thales’s Theorem). We then need to compare the values of H at these
various points, and take the most negative one. This gives the adjusted prescription

HO =S mjax {— ZQZ G()\O‘j - 0'1)} . (104)

It would match the previous prescription (9.8) for a vector of norm |o;| = %: in that
case one has for j =i that |\o; — 0| = 2%]@\ = % as in (9.8). Some o have however
different norms. In any case, the adjusted prescription (10.4) guarantees that H > 0
on D. This gives appropriate boundary conditions to H to have a well-defined spectral
problem on D.

We then consider the warp factor restricted to D only, and introduce some rescaling
for convenience

- 1 /[ d—2 _ 1 /L d—2
H(t) =N 0 <z> H(o)|l,, Ho=X 0 <l> Hy . (10.5)
S S S S
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The rescaling removes in the non-constant part of H all dependence on the physical
parameters L, [; and g5, except through the overall A\. We now solve the eigenmode
equation (9.22) on D only, considering now 1 (7) defined in that restricted domain. We
rewrite that equation on D as

0O (r) = (2 ) H () () (106)

introducing as in [170] the convenient eigenvalues

uk = My L? g (2) : (10.7)

What will matter are not the actual eigenvalues, but their comparison to the standard
spectrum (9.23) in the absence of sources. We now define the relevant ratio to the
standard spectrum

fN:&:'uiN Whereuﬁt):i.
M](\?t) MS\Sft) V-2H,

In the following, we will refer to this ratio and its difference to 1 as the deviation, with
respect to the standard spectrum.

(10.8)

To solve the eigenmode equation (10.6), we finally need a further rewriting. The
warp factor and the eigenfunctions are now continuous functions defined on D only. We
can consider them as periodic on successive copies of D, up to cuts at points at the
boundaries. This allows us to develop them as Fourier series on D. Equivalently, as
square integrable functions on an interval, they can be developed on the basis of functions
formed by integer Fourier modes. Writing them as Fourier series on D corresponds
to completely ignoring the negative region, and is again a way to provide appropriate
boundary conditions for H and 1y to have a well-defined spectral problem. We now
drop the N, considering only one eigenmode, and get

H(t) = Z A, 7T o(T) = Z Crn €T (10.9)

meZd meZd

From (10.6) or (10.9), the zero mode with pp = 0 is given by 1)y being a constant (a
continuous harmonic function on a compact space). From now on, we consider other
eigenmodes and p # 0. For each of these modes, the eigenmode equation (10.6) becomes
thanks to (10.9) the tower of equations

2
Pen—Y emdnm=0, Vnez’. (10.10)
H mezZd

The ¢, are the variables, together with the unknown u, while the coefficients d,, are
fixed by H. Let us determine the latter, before solving this reformulated eigenmode
equation (10.10).

One obtains the d,, as the following Fourier coefficients

1 (L\%?
dm = )\2 — \ 7
s <ls> /_

1

[V

ddr e 2TMTH(AT) . (10.11)

1
2
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10.1 Issues and method to determine the spectrum

We further use the following Fourier series expression for H

727r1n T

H(o) = Hy — & L — Z p2rinee o ZQZ P (10.12)

nezd*

based on the Green’s function (9.4). We recall that this last Fourier series is not absolutely
convergent and requires regularization. However, as argued in [170], we will truncate this
infinite sum, thus avoiding this issue. We will also verify numerically in Section 10.1.3
the successful matching of the truncated Green’s function and the proper expression
(9.5). Using the various definitions and sources positions, we rewrite the above as

ls =2 —2 77 2rin-o 1 4—d —2min-o
H(o) = g, <L> APHo+ > e X 5 (162 > e )
neZd* Op
(10.13)
We deduce

d
- -2 § : 1 - Z i sin(m(An —m)?)
A 2d =0 A 2H - 16_24 d 27r1'n,0',
m m,0 0+n€Zd* 47T2’I’L2( . (& g 7r( — m)q ,
D

(10.14)

where ¢ labels the g-component of the d-vectors. We note that for A ~ 1, i.e. L/l; > 1,
the last product boils down to dp, 5, reproducing the result of [170]. This is a consistency
check since for A ~ 1, D matches the full T¢, considered here.

As a side remark, let us note that dg is not only Hp, contrary to H(eo). This is
because the average of the sum of Green’s functions (or the varying part of H) is not
vanishing over the restricted domain. More precisely, one verifies that it is vanishing for
A = 1 and m = 0 thanks to the cancellation of charges, but not otherwise. This is only
an observation since we will not make use of this zero-mode dg, which is also the average
of H. In particular, the deviation of the spectrum with respect to the case of a “constant
warp factor” is computed with the standard spectrum (9.23), corresponding to the case
without any source.

Having determined the d,,, the problem now amounts to solving the tower of equations
(10.10), to obtain the eigenvalues p and corresponding eigenfunctions in terms of their
coefficients ¢,,. More precisely, we are interested in the deviation fx (10.8) between the
eigenvalue for a (massive) state and the corresponding standard value, in the absence
of sources. We now turn to the numerical method used to solve the tower of equations
(10.10) and thus the eigenmode equation, determining this way the spectrum.

Numerical method to determine the spectrum

Determining the mass spectrum of Kaluza-Klein gravitational waves on our D,/O,
warped toroidal background amounts to solving the eigenmode equation, decomposed
into a tower of equations (10.10). To that end, we present in the following and in Appendix
A.2 the numerical method used. Its starting point is similar to the one of [170], namely
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Chapter 10. The spectrum

having a vanishing determinant, but we improve it on many levels to be detailed, allowing
us to reach a more precise spectrum, with more eigenmodes and in more dimensions
(d=1,...,6, whereas we stopped at d = 3 in [170]). That spectrum is given in Section 10.2.

To deal with the tower of equations (10.10), we start by imposing a truncation: we
truncate the series (10.9) of the warp factor and the eigenfunction, keeping for each of
them only a finite sample I' of the Fourier modes in momentum space, depicted in Figure
10.3. This is done by retaining momenta whose norm is smaller than a value r. The size
of the sample is denoted n = dim T, and typically goes as r%. As will be detailed, the
larger r (and n), the better the precision. We will be able to reach large n, and verify on
that occasion that the truncated warp factor matches well its formal expression (9.3),
(9.5), as depicted on Figure 10.2.

Warp factor

\
r

-0.4 -0.2 0.2 0.4

Figure 10.2: Comparison between the exact and the truncated warp factor. Here d =2
and the plots are along 7!, at fixed 72 = 0. The red dashed line represents the exact H,
while the blue line stands for the truncated H, with » = 10 and n = 316.

We then establish a bijective map between the momenta m kept in I" and integers from
1 to n (see Appendix A.2 for more details). Improvements have been made w.r.t. [170] in
establishing this sample and this map. The latter allows to write the coefficients ¢, as a
n-dimensional vector ¢. The tower of equations (10.10) becomes a finite system, written
in matrix form as

o) - =0, (10.15)

where O(u) is an n X n matrix, depending on the unknown p and the dy, coefficients
(10.14). Since 1 is not identically zero by construction, and its n first Fourier modes are
assumed not to be all zero, ¢ is not a null vector. So (10.15) requires

det O() =0, (10.16)

which can be further written as a polynomial equation. It can be solved numerically for
a reasonable n (in our case not larger than ~ 80), since this operation has complexity?

'We measured that the time ¢ taken for such a computation obeys logt = C'n+ By, where the constant
By is different from one dimension d to another, while the constant C' seems to be the same for all d.
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10.1 Issues and method to determine the spectrum

O(e“™). This does not allow for a high precision, especially for d > 3 where such a
n corresponds to a small radius r (for d = 4 one has r ~ 2), meaning that only the
very first modes are not truncated. However, this first resolution still provides a good
overview of the spectrum and its organization (degeneracy, approximate eigenvalues). In
addition, for d = 1, 2, it already gives good estimates of the spectrum, detailed in Section
10.2. In particular, this reveals that the largest observed deviation occurs for the lightest
(massive) mode. In addition, the deviation seems to grow with d; this motivates us to
access the spectrum for d > 3 with a satisfactory accuracy. As this requires a larger and
larger number of points n, we need yet another rewriting of the problem to be solved.

To reduce the number of variables and equations to solve, and thus be able to reach a
higher precision, we can make use of the symmetries of the source distribution, specified
at the beginning of Section 10.1. While the D), are at the origin, the orientifold O, are,
for each circle of T?, at the 2 fixed points at ¢™ = 0 or % Considering the O, with
mirrors (e.g. at 0" = j:%), we see them placed for d = 2 at the corners or on the edges
of a square (see Figure 9.4a and 10.1), and generalizations thereof in higher dimensions
d. This distribution is invariant under the exchange of the O,: these permutations form
the so-called hyperoctahedral group of degree d, that we denote G. For d = 2, one
has G = D4 with dim Dy = 8. An interesting consequence is that for d > 2, H and
the lightest eigenmode 1) inherit this symmetry?. This gets translated in their Fourier

coefficients, which are related to each other under transformations of G
H(g-0)=H(o) <= dyn=dn, VnecZ'  Vged. (10.17)

Pi(g-o)=y1(o) <<= cgn=cCn, Vn e 72, Vg e G. (10.18)

As noted previously, the highest deviation from the standard spectrum always occurs for
the lightest mode, so we focus on the latter and its associated mass p; in the following, and
assume the property (10.18). This observation allows us to reduce drastically the number
of independent Fourier coefficients to determine (for d = 6, this number is reduced by a
factor O(10%)), and correspondingly the number of independent equations (10.10). We
reach this way higher r and n, i.e. larger samples, necessary to get a reasonable precision
in high dimensions d. This last improvement w.r.t. [170] was crucial to get interesting
results on the spectrum for d = 4,5,6. The details of this technical simplification are
given in Appendix A.2. The upshot is that one can merely consider the points in the
sample I' that are not equivalent under the action of G, i.e. the points

- T . . = dimD
For instance, for d = 2, one can consider the following representatives,
F={mel, m'>0and0<m?<m'}, (10.20)

as illustrated on Figure 10.3.

2Let us note that for the special case d = 1, the lightest mass is rather associated to an odd mode.
For d > 2, the higher modes can be odd under certain transformations of GG, and even under others.
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Figure 10.3: Example of the sample I' (in blue) of size r for d = 2, and the smaller
sample I' (in red), sufficient to determine the spectrum. Here, n = 56 and n = 12.

Eventually, one has n Fourier coefficients d,,, to compute, and 7 equations to solve

2 ~
’Z’L Cn — E : CR(m) dR(n—m) =0, vynel, (10.21)
1

mel

where R(m) denotes the representative of m in T'. We refer to Appendix A.2 for its
explicit implementation, and for the derivation of (10.21).

As explained above, we start by solving the determinant equation (10.16). This
provides a good overview of the spectrum, but also a good estimate of the lightest mass
that we are interested in. In fact, we use this first value as a “seed” for our algorithm: we
make use of minimization techniques that look for a solution to the system of equations
(10.21) close to the seed, this time with more Fourier modes (i.e. larger r and n). More
specifically, we run a FindMinimum in Mathematica, where the quantity to be minimized
is the sum of the squares of the left hand sides in (10.21) (see e.g. Appendix B of [1] for
a more detailed description of this method, in a different context). The output provides
a refined value for p; and the deviation f;. We then repeat the same step, and use the
refined value as a new seed, and with a larger r (and n). We repeat this procedure until
we reach a satisfactory precision on u; and fi, i.e. when the latter converge towards
fixed value, typically when the value does not vary of more than 1% with respect to the
previous step. This method allows to reach very large n, at most n ~ 1.5 - 10° for d = 6.
This is a significant improvement with respect to the first attempts made in [170], that
reached at most n ~ 50. It also allows us to reach r ~ 10 for every dimension d, and to
rigorously compare the deviation obtained in each case.

Thanks to all these innovations, this method provides us with interesting, precise and
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new results on the spectrum of Kaluza—Klein gravitational waves on this warped toroidal
background. We now turn to those.

Spectrum

We present in this section the spectrum obtained for Kaluza—Klein gravitational waves
on the warped toroidal background of Section 9.2.1. The D, /O, sources generating the
warping are placed as specified at the beginning of Section 10.1. The numerical method
used to determine this spectrum is presented in Section 10.1.3 and Appendix A.2. While
based on initial ideas of [170], it got improved on many levels allowing us to present here
more precise results as well as new results, especially regarding the higher dimensions
d = 4,5,6. We also had to face the issue of the negative region, where H < 0, that
leads to tachyons in the spectrum as discussed in Section 10.1.1, Appendix A.1 and A.3.
Thanks to a restriction of the domain on which relevant functions are defined, we could
overcome this issue, as described in Section 10.1.2. The spectrum obtained prior to this
restriction is given for completeness in Appendix A.3 and exhibits (unphysical) tachyonic
modes, while the resulting tachyon-free spectrum is given in the following.

When giving the spectrum, we display the eigenvalues uy defined in (10.7), pro-
portional to the Kaluza—Klein masses My. More importantly, we provide the value of
fn= MN/MJ(\?t) = MN/ME\S}t) given in (10.8), the ratio to the standard mass or eigenvalue
in absence of sources. The deviation 1 — fy evaluates the difference from a standard
toroidal spectrum, and thus the impact of a non-trivial warp factor. As recalled in (9.24)
and several occurrences in Section 10.1, the standard spectrum is recovered at L/l; > 1
(for d > 2). This is verified in the tables below with fx close to 1. We also recall
that L/ls > 2, so the largest deviations we will observe will happen at “low” L/l =~ 10.
It is also for those values of L/l that reaching a satisfactory precision is the most difficult.

We start by giving in Tables 10.1, 10.2 and 10.3 the spectrum obtained for d = 1,2, 3
using simply the determinant method described in Section 10.1.3. We present the first
modes of the tower, specifying for each dimension d the size n of the sample considered
and the corresponding radius r (see Section 10.1.3). The corresponding precision is
already good for d = 1,2, but will be improved below for d = 3. The modes of the
standard spectrum are labeled by an integer N: at each such level, the modes obey a
certain degeneracy. This degeneracy gets partially lifted when moving away from that
standard spectrum by lowering L/l;. We distinguish the modes whose eigenfunction is
symmetric (s) or antisymmetric?® (a) under & — —o, and indicate in parentheses for each
of those their degeneracy, e.g. s(2). The combinatorics explaining these degeneracies are
discussed in Appendix A.3. The modes are ordered in the tables according to their mass
at high L/ls; when lowering the latter, we note that this order can get modified.

3 Antisymmetric modes would be projected out by orientifolds, since the metric should be symmetric
under the involution. We keep them here for completeness.
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N 1 2

L/ls || a/s a | s a | s
un || 1.369 | 1.593 || 2.846 | 3.081
10 || fv || 1.061 [ 1.234 || 1.102 | 1.193
pn || 1.010 | 1.175 || 2.099 | 2.273
102 || fnv [/ 09897 | 1.151 || 1.028 | 1.113

pn || 0.9829 | 1.143 || 2.043 | 2.211
103 fn 1] 0.9809 | 1.141 || 1.019 | 1.103

Table 10.1: Spectrum of the first Kaluza—Klein modes for d = 1, with eigenvalue py
and deviation fy from the standard spectrum, according to the value of L/ls. Sample
specifications: r = 20, n = 41.

N 1 V2

L/l [[afs || s(1) | a2 | s(1) s(1) [ a2 [ s(1)
UN 1.028 1.069 1.311 1.571 1.742 1.870
9 fn 1] 0.9046 | 0.9407 | 1.154 || 0.9775 | 1.084 | 1.164
pn || 0.9916 | 1.034 | 1.269 1.517 | 1.679 | 1.794
10 fn 1] 0.9115 | 0.9506 | 1.166 || 0.9863 | 1.092 | 1.166
pn || 0.6105 | 0.6492 | 0.7251 || 0.9288 | 0.9576 | 1.005
102 fn 1] 0.9295 | 0.9884 | 1.104 1.000 | 1.031 1.082

un || 0.4539 | 0.4735 | 0.4995 || 0.6719 | 0.6776 | 0.6925
103 || fnv |[ 0.9519 [ 0.9929 | 1.048 || 0.9964 | 1.005 | 1.027

Table 10.2: Spectrum of the first Kaluza—Klein modes for d = 2, with eigenvalue pn
and deviation fy from the standard spectrum, according to the value of L/ls. Sample
specifications: r = 4.5, n = 69.

182



10.2 Spectrum

N 1 V2

L/ls || a/s s(1) [ a3 | s(2 s(1) [ a@®) | sB3) | a®) [ s(2
UN 0.8353 | 0.8553 1.124 1.513 | 1.234 | 1.487 | 1.620 | 1.6457
7 In 0.7012 0.718 0.9437 0.898 | 0.7322 | 0.8825 | 0.9618 | 0.9763 ?
UN 0.7356 | 0.8012 1.063 1.330 | 1.172 1.339 | 1.528 | 1.563 7
10 In 0.744 0.8103 1.075 0.9509 | 0.8378 | 0.9579 | 1.093 | 1.118 7
UN 0.2534 | 0.2615 | 0.2655 || 0.3593 | 0.3658 | 0.3700 | 0.3739 | 0.3771
102 In 0.9859 1.017 1.033 0.9883 | 1.006 | 1.018 | 1.029 1.037
un || 0.07941 | 0.07962 | 0.07972 || 0.1122 | 0.1125 | 0.1126 | 0.1127 | 0.1128
103 N 0.9994 1.002 1.003 0.9986 | 1.001 1.002 1.003 1.004

Table 10.3: Spectrum of the first Kaluza—Klein modes for d = 3, with eigenvalue puy
and deviation fy from the standard spectrum, according to the value of L/l;. The
question mark in the last entries indicates that the identification of the modes as being
part of the same multiplet as those at higher L/l is not certain. Sample specifications:
r=2.6, n =8l.

The spectrum for d = 3 is illustrated in Figure 10.4 for the first two N. We see
that the modes are degenerate to the standard spectrum values for large L/ls, and the
degeneracy gets lifted when lowering L/I,, leading to the strongest deviations.

M
20F
151
10f =m== mmmm—— EEEwwwww—w
0.5 I
el
0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 Is

Figure 10.4: Mass spectrum for d = 3 for the ﬁrst two levels N, normalised to 1 and
2 for readability, in terms of log £ - We take for = the four values of Table 10.3. The
standard spectrum is represented by the dashed hnes and the spectrum obtained here
with non-trivial warp factor by plain lines.

The values obtained in Tables 10.1-10.3 should be compared to those of Appendix
A.3 and to [170], where we did not restrict to the domain D that excludes the negative
region, and took a constant value of Hy instead of the prescribed one as here. The
spectrum gets here corrected, and a crucial difference is the absence of tachyon for d = 2
and d = 3, when probing the same low values of L/Is as in Appendix A.3. Regarding
the deviation fn, which is the interesting physical effect of the warp factor, we reach at
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best fy & 0.70, i.e. 30%. For d > 2, the smallest fxn values are obtained for the lowest
L/ls, the lightest mode and the highest d. This motivates us in the following to further
restrict the study to only the first mode with u; and investigate all d up to 6. The more
advanced numerical techniques presented in Section 10.1.3 will allow us to do so, while
reaching a better precision thanks to a larger sample.

Before this, let us briefly comment on d = 1. This case is special, mostly because
there is no divergence at the sources. As a consequence, one can find a finite constant Hy
which makes H > 0 everywhere, as done around Figure 3 in [170]. Here we still use the
restricted domain and adjusted prescription (10.4) for consistency, leading to a variation
of the spectrum in L/ls (contrary to Appendix A.3 and [170]). Despite this variation,
it is not true for d = 1 that the spectrum matches the standard one at large L/l as
discussed in [170]. So fn does not particularly go to 1 in that limit. Another observed
specificity of d = 1 is that the first massive mode is antisymmetric, contrary to higher d.

We turn to studying the lightest massive mode, whose deviation is observed to be
the strongest. We give in Tables 10.4-10.9 the values of u; and 1 — f; for d = 1,...,6.
We note that 1 — f; is not always positive, which means that the deviation from the
standard spectrum can either increase or decrease the mass. We also give the constant
gs LHy obtained from the adjusted prescription (10.4). As mentioned above, its value
for d = 1 is special and varies strongly with L/ls, but it is more regular for the other d.
The precision reached is higher than above (in the sense of reducing the error), thanks to
the additional steps described in Section 10.1.3 allowing us to use a larger sample. The
results are however only obtained with two significant digits.

L/l 10 102 | 10® | 10*

g: ' Hy 6.0 96 103 104

11 14 1.0 0.98 | 0.98

1—f1 ] —0.061 | 0.010 | 0.020 | 0.020

Table 10.4: First non-zero eigenvalue p1 and deviation f; from the standard spectrum for
d = 1, together with the constant g; ' Hy obtained from the adjusted prescription (10.4).

L/l 10 102 | 10% | 10*

g:1Hp || 0.84 2.3 3.8 5.2

11 0.99 | 0.61 | 0.49 | 0.42

1—f; ] 0.091 | 0.071 | 0.054 | 0.041

Table 10.5: First non-zero eigenvalue p1 and deviation f; from the standard spectrum for
d = 2, together with the constant g; ' Hy obtained from the adjusted prescription (10.4).
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L/l 10 | 10? 103 10*
gs'Ho || 0.1 | 0.15 0.16 0.16
I 0.65 | 0.25 0.079 0.025
1—f1 103410015 |64-107% | 56-107°

Table 10.6: First non-zero eigenvalue p1 and deviation f; from the standard spectrum for
d = 3, together with the constant g;'Hy obtained from the adjusted prescription (10.4).

L/l 10 102 103 10*
gs1Hp || 0.012 | 0.025 0.025 0.025
11 0.35 | 0.064 | 6.3-1072 | 6.3-1074
1—f1 || 062 | —0.018 | —=2.0-1073 | —2.0-1074

Table 10.7: First non-zero eigenvalue p1 and deviation f; from the standard spectrum for
d = 4, together with the constant g; ' Hy obtained from the adjusted prescription (10.4).

L/l 10 10? 103 10*
g7 'Hy || 3.9-1073 | 6.3-1073 | 6.3-107% | 6.3-1073
7 <0.17 0.013 4.0-107* | 1.3-107°
1—-f1 > 0.65 —0.02 | -2.0-1073 | —2.0-107*

Table 10.8: First non-zero eigenvalue p1 and deviation f; from the standard spectrum for
d = 5, together with the constant g; ' Hy obtained from the adjusted prescription (10.4).
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L/l 10 102 103 10*

g:'Ho || 1.6-1073 | 2.0-1073 | 2.0-1073 | 2.0-1073

L1 <0078 |[23-1073| 22-107° | 22-1077

1-fi > 0.69 —0.02 | —-2.0-1073 | —2.0-107*

Table 10.9: First non-zero eigenvalue p; and deviation f; from the standard spectrum for
d = 6, together with the constant g;' Hy obtained from the adjusted prescription (10.4).

The largest deviation |1 — f1] is obtained for the lowest L/I; and highest dimension:
it is of 69% for d = 6. This strong deviation is one of the main results of this analysis.
We illustrate the evolution of the first non-zero mass in terms of the dimension in Figure
10.5, compared to the standard spectrum. We finally make side comments on the values
of g7 1Hp: those match the ones obtained analytically in (9.9) at large L/l for d > 3,
and slowly vary from there. This however does not hold for d = 2: the constant obtained
by the prescription, while obeying the behaviour of (9.9) in L/I4, seems to differ by a
constant shift of approximately 0.6. This could correspond to the next order after the
leading behaviour of (9.6).

M1

0.8
0.6
04rF —

0.2f

0 % 2 3 4 5 6
Figure 10.5: First non-zero mass M; for d = 1,...,6 (plain lines), compared to that of
the standard spectrum normalised to 1 (dashed line), for L/l; = 10.

Summary and outlook

Kaluza—Klein gravitational waves, most likely of primordial origin, would provide a
very specific signature of extra dimensions, in the form of a specific discrete spectrum.
Motivated by this possibility, we determined in this work such a spectrum in the case
where the extra dimensions include a warped torus T¢.* While the Kaluza—Klein spectrum

4Considering other compact spaces would be very interesting, especially those appearing in different
string compactifications. To that end, the Laplacian spectrum on e.g. a nilmanifold [122] or a Calabi-Yau
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10.3 Summary and outlook

on a torus is well-known (we refer to it as the standard spectrum), we aimed here at
measuring the effect of a non-trivial warp factor H, by evaluating the deviation of the
resulting spectrum with respect to the standard one. We recall that a warp factor is
a generic ingredient in BSM models as well as string compactifications, that captures
the back-reaction of D,-branes, as well as here orientifold O,-planes. Characterising its
impact on the spectrum is thus important. We considered the warp factor that would
appear in common toroidal string compactifications, determined in [170], which differs
from other options in the literature such as that of Randall-Sundrum models [243,244],
providing interesting novelties. We first tackled this problem in [170] and reviewed the
relevant material in Section 9.2.1 and 9.2.3. New information on the profile of the Green’s
function and the warp factor away from the sources is discussed in Section 9.2.2. We
then made here important technical progress that eventually allowed a more precise and
extended determination of the spectrum. The results are presented in Section 10.2. We
first gave in Tables 10.1-10.3 the spectrum for the first massive Kaluza—Klein gravitational
waves for d = 1,2,3, according to the ratio L/l of the radius of T¢ to the string (or
fundamental) length. For large L /I, one recovers the standard spectrum, while for small
ratios, 2 < L/ls < 10, the deviation is the most important. We illustrated these results,
as well as the corresponding lift of degeneracies of the Kaluza—Klein modes, in Figure
10.4. We then focused on the lightest (massive) mode, for which the deviation is observed
to be the highest, and we determined it for d = 1,...,6 in Tables 10.4-10.9 according
to L/l;. We illustrated the results in Figure 10.5: the highest deviation is obtained for
d = 6 at low L/l, and amounts to 69%. The Kaluza—Klein mass is thus significantly
lowered because of the warp factor.

To reach these results, we had to overcome an important physical challenge: the
negative region, depicted in Figure 9.2, where H < 0. As discussed in the introduction,
the warp factor, and this negative region in particular, are currently at the center of
many different investigations in string theory, and the present work may provide insights
to these other related topics. We recalled there that H < 0 close to orientifolds in the
supergravity description. This is however unphysical, so this description is expected to
break down, and be resolved by extra stringy physics. For this reason, the prescription
of [170] was to place the “horizon” where H = 0 at a string length from O,. Thanks
to the extra numerical precision gained here, we however realised that the negative
region would generate tachyonic modes in the spectrum (see Appendix A.3). We argue
in Section 10.1.1 and Appendix A.1 why this should happen in general. We excluded
completely this negative, unphysical region from our analysis, and solved the eigenmode
equation, that determines the spectrum, on a restricted domain D where H > 0. We
described this restriction in detail in Section 10.1.2 and illustrated the domain D in Figure
10.1. This resolution, as well as several important numerical improvements presented in
Section 10.1.3 and Appendix A.2, provided us with the tachyon-free, precise spectrum
of Kaluza—Klein gravitational waves on a warped toroidal background described above.
It would also be worth investigating richer compactifications, as initiated in [268] in
the case of a Klebanov-Strassler warped throat. In addition, it would be interesting to
link the Kaluza-Klein towers obtained in such constructions with existing Swampland
conjectures, in the case of spin-2 fields.

manifold [267] would be useful.
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Details on the determination of the
gravitational wave spectrum

This appendix provides additional details and supplementary material for Chapters 9
and 10.

Tachyon in a non-compact case

In this section, we show analytically in a specific example the presence of tachyonic
eigenmodes, due to the negative region close to an orientifold O, as discussed in
Section 10.1.1; for completeness we also study the case of a D,-brane. We consider the
situation where the approximate behaviour (9.6) close to the source can be used, which
also corresponds to the standard non-compact Green’s function and warp factor. The
differential problem to solve is the eigenvalue equation (9.22), which takes the form

AY(r) + M>H(r)(r) =0, (A1)

where H is the warp factor, » parameterizes the position in the transverse torus T<, of
Laplacian A. We seek to determine the allowed eigenvalues M?, especially their sign.
We focus in the following on d = 3 for simplicity.

Orientifold source and negative region

Let us consider the problem in the vicinity of the origin, » = 0 where an orientifold Og
is located. The warp factor then takes the approximate form

HﬁHl—g, (A2)
r

where r = |r|, and H;, C are positive constants. We consider at first the problem in the
region 0 < r < C/Hy, where H is negative. We take the eigenfunction v to only depend
on the radial coordinate r. The differential equation (A.1) then reduces to

d? d
2 2
r 2 + QT—T + A(Cr — Hyr?) | ¢¥(r) =0, (A.3)

where we have set A\ = —M?2. By rescaling \, r, we may henceforth set H; = C = 1,
without loss of generality. Two linearly independent solutions

e VAT (1 - 4Vi2;2VAr) s e VAT UL - VA, 2,2Vr) (A.4)
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Appendix A. Details on the determination of the gravitational wave spectrum

can be given in terms of the confluent hypergeometric functions of the first and second
kind, 1 F, U, also known as Kummer’s and Tricomi’s function respectively. For —b ¢ N
as here, 1 F1(a;b;z) is an entire function of both a,z € C. Tricomi’s function can be
defined in terms of 1Fj(a;b;z).! For our purposes it suffices to note that U(a, 2, 2)
asymptotes ﬁ, as z — 0.

The first of these solutions is real-valued for any A € R, as can be seen from the
defining series expansion of Kummer’s function (equation (1) of p.248 of [269]); in
particular, A is allowed to be negative (despite the above notation \A) To obtain a
discrete spectrum for A, we may impose “separated” boundary conditions. As an example,
we pick

$(0) = 1b(ro) =0, (A.5)

for some fixed radial distance ry > 0. The first boundary condition then implies
¥(r) o< 1 Fy, since U diverges at r = 0. For fixed g, the second boundary condition only
has solutions for a discrete spectrum of values for A. For example, let us consider rg = 1,
which is the location of the “horizon” where the warp factor vanishes. Figure A.1 depicts
fA) = e~VATo 1F1(1 — %\Aﬂ :2v/A 1) as a function of A, for 79 = 1. The spectrum
of A is then given by the zeros of the function f. We note that there are no zeros for
negative )\, i.e. the spectrum of M? is strictly negative.

251

201
0.05[
151
‘ ‘ ‘
\i/ N
of
0 -0.05

L L L
-15 -10 -5

CYR (b) A>1

Figure A.1: Graph of f(\) = e VA FI(1— 2VX;2;2V/)) as a function of \. At A =0
we have f = 1. For a better illustration, the graph is separated in two pieces, cutting at
A =1, where the function is continuous. Importantly, all the zeros of f are located at
positive A.

These conclusions remain unchanged if we impose boundary conditions with 0 <
ro < 1, so that the warp factor is negative over the whole domain of definition [0, rg]
of the differential problem. However, the behaviour changes if we impose boundary
conditions with r¢ > 1, in which case the warp factor does not have definite sign in the
domain [0, 7p]: there are then zeros for both negative and positive A. This means that
the spectrum is not bounded, neither above nor below. We conclude that this example
exhibits in any case tachyonic eigenmodes, i.e. M? < 0, as long we probe the region
where H < 0.

!This can be seen e.g. in equation (7) of p.257 of [269]. That equation can be extended to all ¢ € Z by
continuity.
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A.1 Tachyon in a non-compact case

D,-brane source

For completeness, let us now consider a warp factor corresponding to a Dg-brane source
located at the origin

C

with Hy, C positive constants. The differential equation (A.1) then reduces to

2

d d
2 2
r 12 + 2r - AHir+Cr)| ¢(r)=0. (A.7)

As before, we may set Hy, C' = 1, without loss of generality. Two linearly independent
solutions are given by

AT+ VA 22V s VAT U+ VA 22V . (A8

As before, it can be seen that the first solution is real-valued for any A € R. To obtain a
discrete spectrum for A, we again impose the following “separated” boundary conditions

$(0) = ¢(ro) =0, (A.9)

for some fixed radial distance rg > 0, which we may choose to be ry = 1 for simplicity. The
first boundary condition implies ¥ (r) o 1 F}. Figure A.2 depicts f(\) = e~ VAo 1F1(1+
%ﬁ; 2; 2\57’0) as a function of A, for 1o = 1. The spectrum of X is then given by the
zeros of the function f. We note that this time, there are no zeros for positive A, i.e. the
spectrum of M? is strictly positive.

(a) A< —1 (b) A= -1

Figure A.2: Graph of f(\) = e~ VA 1Fi(14 3vX;2;2V/)) as a function of A. At A =0
we have f = 1. The graph is again cut in two, at A = —1 where there is no discontinuity.
Importantly, all the zeros of f are located at negative A.

In the D)-brane case, these results are independent of the value of 9. This is related
to the fact that the warp factor is positive over the whole domain of definition [0, r¢] of
the differential problem, for any value of ro. We conclude on the absence of tachyonic
eigenmodes in that case.
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Numerical details

Making use of the symmetries

In this section, we come back to the numerical method used to determine the spectrum.
Let us recall that we initially want to solve (10.10), that is a set of n equations. As
mentioned in Section 10.1.3, one can use the symmetries of the problem to drastically
reduce the size of the system, by merely working with the points m € [ which are
non-equivalent under the action of the symmetry group G. This is because in (10.10), the
norm |n|? is naturally invariant under G, and the convolution product is also invariant
whenever (10.17) and (10.18) are satisfied (i.e. when we consider the first Kaluza—Klein
mode). Indeed, Vg € G, we have

Z Crm Ap—m = Z Cogm! Ap—gm’ = Z Con! dg—l,n,m/ , (A.10)

meZd m/=g—1.-meZd m/eZ4

so acting on m in that sum also leaves it invariant. In this case, the system reduces to
only n equations

2 ~
|Zlcn— Z Cm dp—m =0, Ynel. (A.11)
1 mel

We also make use of (10.17) and (10.18) to only consider ¢, and dyy, for m € T, leaving
us with only 7 unknowns ¢, (in addition to p;) and only 7 Fourier coefficients d,, to
compute. To that end, we need to choose a representative R(m) € I of the equivalence
class [m] defined by the relation m ~ n < m = g - n (this amounts to define what we
use as I).

Let us note that, in d dimensions, the hyperoctahedral group GG can be represented
as the signed symmetric group of permutations of a set {nl, - nd}. This provides a way
to readily implement its action on points n € I': the orbit of one point is given by the
set of possibilities of permuting its components and flipping their signs. Thus, it suffices
to sort (say in decreasing order) the absolute value of the components of m to pick a
representative R(m), as hinted around Figure 10.3. This algorithmic definition of the
representative has the advantage to be simple to implement in a computer. For instance
in Mathematica, one has

R[n_] := ReverseSort[Abs([n]]. (A.12)

With this at hand, one finally recovers (10.21), that is the set of equations to be solved.

Bijective map

In order to manipulate the elements n of I' (or r ), it is useful to assign them a label,
that is an integer index. This way, the coefficients d and ¢ have an index which is an
integer instead of a vector, and this allows to organize the equations and put them in an
appropriate matrix form, as was done in (10.15). We thus need to introduce a one-to-one
map?

F T —{1,2,..7}. (A.13)

To implement such a map, one can do the following. Consider a vector n € T (for
concreteness we focus on d = 2, but everything can be generalized trivially): following
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A.3 Tachyonic spectrum

the previous subsection, one can take its first entry n! to be positive, so it goes from

0 to [r], where [-] denotes the integer part. Then for each of these possibilities, n? can

run from 0 to max {nl, V2 — (nl)Q}. We then use this construction of I' to label its

elements: we start with the origin (indexed 1), then we increase n', there are now 2
possibilities for n? (indexed 2 and 3 in order of increasing n?), then we increase n' again,
and so on.

In order to implement the inverse map F~', we construct a d-dimensional array
[r] X [r] x ... x [r], denoted F. Whenever a point n is added to T via the above algorithm,
its label is added at the entry of F that corresponds to the coordinates of n (modulo a
shift of 1 because indices start at 1 in Mathematica). Let us take an example: in d = 2,
and say r = 3, F is 3 x 3 matrix. The point (0,0) is labeled 1, so the entry Fi; takes the
value 1. The next point (1,0) is labeled 2, so Fa; takes the value 2. The next point (1,1)
is labeled 3, so Foo takes the value 3, and so on. The advantage of this approach is that
both F and its inverse F~! are executed in constant time O(1).

Tachyonic spectrum

In this section, we provide for completeness the Kaluza—Klein spectrum obtained for
d = 1,2,3 using the same method as in [170], namely the determinant method explained
around (10.16) and a constant Hy given by (9.9). The spectrum is improved with respect
to [170] in terms of precision and number of modes thanks to the bijective map described
at the beginning of Section 10.1.3. We give in Tables A.1-A.3 the spectrum of the first
modes of the tower, together with the sample specifications (see Section 10.1.3).

A crucial difference with the results of Section 10.2 is the presence here of tachyons
for d > 2,% as indicated in Tables A.2 and A.3. The resolution of the eigenmode equation
is indeed performed here on the complete torus T¢, including the negative region where
H < 0. As discussed in Section 10.1.1 and Appendix A.1, this region is responsible for
tachyonic modes in the spectrum. The solution proposed in Section 10.1.2 is then to
solve the equation on a restricted domain D that excludes the negative region. One can
compare the resulting spectrum in Section 10.2 to the one here, at the same L/I,, and
note the absence of tachyon in Section 10.2.

Let us recall that we only consider a finite set of eigenmodes, because of the truncation
made to solve the problem, as discussed in Section 10.1.3. When varying L/ls, we can
follow the evolution of the mass of each mode (or multiplet of modes with certain
degeneracies). We note that the tachyons only become apparent to us at low L/l,. In
addition, they correspond to modes which were among most massive at higher L/l,, and
which disappear when lowering L/l;. This is made manifest in Tables A.2 and A.3. As
already mentioned in Section 10.1.1, we understand this phenomenon as follows: the
eigenmodes need to have a small enough wavelength, i.e. a high enough mass, to probe
the negative region. When L/l becomes small, the region becomes large and modes
at high mass within our truncation then have the appropriate wavelength to become
tachyonic, through the integral (10.1). In other words, tachyons may always be present
in the spectrum, but for high L/I,, they would lie outside our truncation. It would be

2Given that there is no divergence at the source for d = 1, one can find a constant Hy that makes
H > 0 everywhere, as done in [170], thus avoiding any tachyon in that case.
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interesting to test further this interpretation.?

N 1 2
a/s a s a s

pn || 0.9800 | 1.1400 || 2.037 | 2.205
fn 1] 0.9800 | 1.1400 || 1.018 | 1.102

Table A.1: Spectrum of the first Kaluza—Klein modes for d = 1, with eigenvalue p and
deviation fy from the standard spectrum, using the (improved) method of [170]. Sample
specifications: r = 20, n = 41.

N 1 V2 2v/5
L/l |[a/s || s1) | a(2) | s(1) s(1) [ a2 | s(1) Tachyon
pn || 0.7537 | 0.7944 | 0.9709 || 1.154 | 1.245 | 1.340 56.51 i
9 fn || 0.8914 | 0.9395 | 1.148 || 0.9651 | 1.041 1.121 /
pn || 0.7378 | 0.7798 | 0.9435 || 1.131 | 1.213 | 1.305 10.54
10 fn || 0.8932 | 0.9441 | 1.142 || 0.9681 | 1.039 | 1.117 2.852
un || 0.5439 | 0.5749 | 0.6260 || 0.8192 | 0.8350 | 0.8692 2.920
102 fn || 0.9312 | 0.9843 | 1.072 || 0.9918 | 1.011 | 1.052 1.118
un || 0.4539 | 0.4735 | 0.4995 || 0.6719 | 0.6776 | 0.6925 2.247
103 fn || 0.9519 | 0.9929 | 1.048 || 0.9964 | 1.005 | 1.027 1.054

Table A.2: Spectrum of the first Kaluza—Klein modes for d = 2, with eigenvalue py
and deviation fy from the standard spectrum, according to the value of L/ls, using the
(improved) method of [170]. Sample specifications: r = 4.5, n = 69.

3An estimate of the wavelength is given by 1/N = 1/|m|. The criterion for a tachyon to appear would
then be that the wavelength is shorter or of the same order as the typical size of the negative region,
i.e. 1/N < 2l,/L. We verify approximately in Tables A.2 and A.3 this inequality L/(2ls) < N for the
tachyonic mode. In addition, we also note that N = r, since the tachyon is among the highest modes of
the truncation. Given a value of r, we deduce that a tachyon will appear for L/ls < 2r.
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N 1 V2 V6
L/ls || a/s s(1) [ a®B) [ s(2) s(1) T aB) | sB) [ a®B) [ s Tachyon
un || 0.6681 | 0.7627 1.049 1.350 | 1.153 | 1.237 | 1.464 | 1.526 5.237 1
7 In 0.7052 0.805 1.108 1.007 | 0.8607 | 0.9236 | 1.093 | 1.139 /
pn || 0.5899 | 0.6969 | 0.8729 1.118 | 1.027 | 1.028 | 1.205 | 1.275 3.019
10 In 0.7442 | 0.8792 1.101 0.9971 | 0.916 | 0.9175 | 1.075 | 1.138 1.555
pn || 0.2433 | 0.2504 | 0.2538 || 0.3444 | 0.3507 | 0.3542 | 0.3575 | 0.3607 0.6231
102 In 0.9704 | 0.9988 1.013 0.9714 | 0.9892 | 0.9991 | 1.008 | 1.017 1.015
un || 0.07906 | 0.07927 | 0.07937 || 0.1117 | 0.1120 | 0.1121 | 0.1122 | 0.1123 0.1944
103 In 0.9974 1.000 1.001 0.9966 | 0.9991 | 1.000 | 1.001 1.002 1.001

Table A.3: Spectrum of the first Kaluza—Klein modes for d = 3, with eigenvalue un
and deviation fy from the standard spectrum, according to the value of L/l;, using the
(improved) method of [170]. Sample specifications: r = 2.6, n = 81.

We finally add a word on the degeneracies of each level. In the limit of large L/l
one recovers the standard Kaluza-Klein spectrum (9.23) on the torus T¢. There, the
eigenmodes are the Fourier modes, and the label N of each level is given by the norm
of the vector m € Z% of the eigenmode. The spectrum is thus discrete and corresponds
to points in Z? obtained when increasing the norm. Because of the symmetries of the
lattice, the spectrum is degenerate; the degeneracy corresponds to the number of lattice
points having the same norm. An illustration is provided in Figure 10.3. Knowing the
exact degeneracy and the mass gap is actually a non-trivial question. It corresponds
to a “generalized Gauss circle problem” in arbitrary dimension d. For d = 2, it is the
problem of determining how many integer lattice points there are in a circle centered at
the origin and with radius r as in Figure 10.3. In that case, the first levels are given by
N =1,v2,2,4/5, ..., while the degeneracies are respectively given by Dy = 4,4,4,8, ... .
This knowledge is interesting to us, as it allows to classify the masses for the non-standard
spectrum, for which the degeneracy is (partially) lifted: see Figure 10.4. Indeed, because
of the different mass values, it is then unclear which one corresponds to a given level N.
For d = 2, we now know that the first 4 masses correspond to N = 1, then the next 4
masses correspond to N = /2, etc.

It is easy to determine the degeneracy of levels due to vectors m = (+1,...,+1,0, ...,0),
i.e. k unit vectors (or their opposite) in d dimensions: those give N = Vk. In that
case, provided that no vector of a different kind contributes to that level, one gets the
degeneracy

d
D\/E:<k>><2’“, 1<k<d. (A.14)

This provides the first k levels for k < d < 3, and the first 3 levels for d > 4. We thus
give the degeneracies of the first 3 levels in table A.4. They are useful to identify the
eigenmodes in the spectra: the one given above or that of Section 10.2.
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Level
1] 27 3
N 1] 27 3
1Dy 21 271 2
N |[1[V2] 2
| 2[Dv[4]4T14
g N |[1[vV2]V3
Z|3|Dy |6 ]12] 8
< N |[1[Vv2]V3
2|4 Dy |8 [24] 32
N |[1][vV2]V3
5Dy [10] 40 | 80
N |[1][v2]V3
6| Dy |12 ] 60 | 160

Table A.4: Label N and degeneracy Dy of the first 3 Kaluza—Klein levels for each
dimension d.
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Cosmological solutions

In this appendix, we provide supplementary material related to the cosmological solutions

presented in Chapter 8. For each type of compactification (Calabi-Yau, Einstein, Einstein-

Kéhler) we give the explicit ansatz for the fluxes and show how the equations of motion

reduce to the form given in (7.13). Before working out each case in depth, let us display

here for convenience the generic action and equations of motion, that we shall be using.
The ten-dimensional ITA action with Romans mass m reads

1
S = —2 "z /(- R (a¢>) 2, M2 F?
1o , ' (B.1)
o= [2 6/2 2 5¢/2>
+23' +24' G+2me + Scs
where Scg is the Chern-Simons term. The resulting equations of motion (EOM) read as

follows:

e Einstein EOM’s,

1
Ryn = *8M¢8N¢+ 6m2€5¢/29M + 4€3¢/2<2F2 - égMNF2>

i 1 PSR TS
12° (3HMN g9l ) 486 <4GMN ~ gymNG ) ’
where it is understood that (I)?WN = @MMQ,,,MPCI)NMQ'“MP, for any p-form ®.
e Dilaton EOM,
0=-V%¢+ §eS‘W2F2 - ie“’ﬁH2 + i«9‘15/2(;2 + 5m /2 (B.3)
8 12 96 4
e Forms EOM’s,
0 = dx(e*/2F) + /2 H A <G
0=dx(e ?H) 4+ e?F A*G — %G AG + 3P mxF (B.4)
0= dx(e?”*G) —HAG .
Additionally the forms obey the Bianchi identities,
dFF=mH; dH=0; dG=HAF. (B.5)
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Appendix B. Cosmological solutions

Analytic solutions

Compactification on Calabi-Yau manifolds

We follow the ansatz of the consistent truncation of [216], but we work directly with
the 10d equations of motion. We will furthermore restrict to the case without fermion
condensates.

The ansatz for the ten-dimensional two-form F', three-form H and four-form G reads

1 1
F=da; H=dxAJ+dB; G= gpvoL;—l—J/\(dv—a/\dx)—idﬁ/\ImQ—idﬁ'/\ReQ ,
(B.6)

where @, x, &, & are 4d scalars, a, v are 4d one-forms, and f is a 4d two-form. We shall
also introduce the 4d three-form h := dB. The ansatz for the ten-dimensional metric in
10d Einstein frame reads

dS%O _ 62A(I) (62B(I)guydxudxl/ + gmndymdyn) 7 (B7)

where the scalars A, B only depend on the four-dimensional coordinates z#, while y™
are the CY coordinates. The equations of motion are as follows,

0 — ¢~8A—2Byn (68A+2B8MA) _ %e?"z’/%“’wda? 4 le’¢’4‘4(8x)2 _ %67¢74A74Bh2
1 _6A_ 1 _ 3 _6A—
_ 3726¢/2 6A=2B(qy o pdy)? + Ee<z>/2 64[(9¢)? 4 (9¢")?] + Ee(;s/z 64—6B 2
(B.8)

coming from the internal (m,n)-components of the ten-dimensional Einstein equations.
The external (u,v)-components give rise to

RY = g,, (V2 A+ V2B +8(0A) + 2(0B)* + 1004 - 0B)
— 80,40, A — 20, B0, B — 160,,A0,)B + 8V ,0,A + 2V,,0, B

3 1 1
+ 56*¢74A8MX8VX + §€3¢/272A72Bda!2w + 16

1 o s 3 4/ 6A_
+ 5e<f>/2 64(0,£0,¢ + 0,0, + §e¢/2 64728 (dy — a A dx)2,

1 1 3420428, 2 1 4 uaup,o $/2—6A 2 "2
+16gwj(—2e da -3¢ h* — 3e [(&f) + (0" ]

9
B 6e‘¢_4’4(8x)2 B 5€¢/2_6A—6B(p2 _ §e<¢>/2—6A—QB((j[7 —aA dx)g) )

_4A— 1
Pp—4A 4Bhl2“,—|-§8u(;5(9y¢
(B.9)

while the mixed (p, m)-components are automatically satisfied. The dilaton equation
reduces to

0 = ¢~ 10A-4Byp (68A+238M¢) _ %ewzfsAsz ((‘35)2 4 (85’)2} _ %€3¢/274A74Bda2

i gef¢f6A72B(8X)2 i %67¢76A76Bh2 4 ie¢/278A783(p2 _ ge¢/278A74B(d,y —aAndy)?.
(B.10)
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B.1 Analytic solutions

The F-form equation of motion reduces to the condition
d(e3/7104 1) da) = @e?/?T2A71Bq8 — 3e?/2T240x A wq(dy — a A dy) . (B.11)
The H-form equation gives rise to two equations,

d <e_¢+4A+2B %4 dx> =(dy—aAndy) A(dy—aAndy) — e?2t24qa A *4(dy —aAdy) ,

(B.12)
and,
d (e—¢+4A—2B x4 dﬁ) = —dEAdE + e9/2T2A-4B g, (B.13)
The G-form equation reduces to
d (/2024528 4 ) = hndg!
d (e¢/2+2A+2B x4 d§’) — —hAdE (B.14)
d (e¢/2+2‘4 *4 (dy —a A dx)) =2dy Ady,
together with
0=d (¢e¢/ 2+2A*4B) : (B.15)
which can be integrated to
o= e_¢/2_2A+4Bccp 7 (B16)

for some constant Cop-

e Cosmological ansatz

We will now make a cosmological ansatz for all fields, i.e. one that is (in general) only
invariant under the isometries of the 3d spatial part of the metric. We assume that all
scalars are functions of the time coordinate ¢ alone. The one-forms are assumed to be of
the form

a=qa(t)dt; vy=~(t)dt, (B.17)

for some scalars a, v which may be time-dependent in general. With some abuse of
notation, we have denoted by the same letter the one-forms and the corresponding scalars.
In the following all equations of motion will be expressed exclusively in terms of the
scalars, so hopefully no confusion will occur. The three-form A is assumed to be of the
form

h = cpy/y dat Ada? Ada? (B.18)

where ¢, is a constant. The unwarped 4d metric (A.2) is assumed to be of the form of
eq. (7.2), while the 4d Einstein frame metric is thus given by (7.4).

Substituting the ansatz above into the form equations of motion (B.11)-(B.16), we
obtain the following system: eq. (B.11) reduces to

coch =0 . (B.19)
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Appendix B. Cosmological solutions

Eq. (B.12) reduces to

Y=o / "S- 2BW) 4 g (B.20)

where c,, d, are constants. Eq. (B.13) is automatically satisfied. Eq. (B.14) reduces to
dq <€¢/2+2A+2Bdt§) = cpde’

d, <e¢/2+2A+ZBdt€/> — —epdi

where d; denotes the derivative with respect to t. Note that if eq. (B.21) is satisfied for
some &, &' # 0, this implies

(di€)? + (deg)? = 2¢fe™ @7 44748 (B.22)

(B.21)

for some arbitrary real constant ceer.
The system (B.21) can be integrated to give

€¢/2+2A+23dt§ — Chgl + Cg

(B.23)
6¢/2+2A+23dt§/ = —cpd +cer
for some constants c¢, c¢s. Let us define a new time variable v by
t
u(t) = / Qe e [0() /242A() +2B(t))] (B.24)
If ¢, # 0, the solution to (B.23) reads
§ =sin(cpv + dg) + « ;& = cos(epy + dg) — & , (B.25)
Ch Ch
where d¢ is an arbitrary constant. If ¢, = 0, the solution to (B.23) reads instead
§ = ceV + dg ; f/ = cgrv + df/ , (B.26)

where d¢, d¢r are are arbitrary constants. This then concludes the solution of all equations
of motion for the forms.

e Adapted time coordinate

In the following we will use the time variable 7 defined in (7.6). The internal Einstein
and dilaton equations, (B.8), (B.10) reduce to

A2A = 3 2e=¢/2H6AT6B _ 1 :2,—¢+124 _ 12 ¢H4A _ 12 o—@/2+6A
T 16 ~@ 8 87X 33 (B 27)
2, _ 1.2 —¢/246A+6B | 1 2 —¢+12A _ 3 2 ¢+4A | 1 2 —¢/2+6A :
dz¢ = 4c e + 5¢h€ 5C3€ + 3CEee .

The external Einstein equations (B.9) reduce to
_9kel6A+4B _ %Cie—qb/Q-&-GA—i-ﬁB n %C%€—¢+12A + %cied’HA 4 %C§£/€—¢/2+6A — 2B
—12kel0AT4B 4 cfpe*d’/HM%B + e o124 4 3cie¢+4A + 2025/67¢/2+6A = 144(d, A)? +12(d, B)?
4 96d, Ad, B — (d,¢)* .
(B.28)
The second line above is a constraint, consistently propagated by the remaining equations

of motion. Indeed the 7-derivative of this equation is automatically satisfied by virtue of
(B.27) and the first equation in (B.28).
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e |IB solution

Although the main focus of the present work is on ITA supergravity, let us note that
the minimal solution can be easily generalized to include a non-trivial axion C. The
ten-dimensional Lagrangian,

L=R-1(0¢)* - 1e*(0C)* , (B.29)

together with the ansatz (A.2) for the metric, now lead to the following equations of
motion: for the axio-dilaton we have

d,C =ce™ d2¢p =22, (B.30)

for some real constant ¢,. The Einstein equations reduce to
d;A=cy d;B=cp, (B.31)

for some real constants ca, cp, together with the constraint
12¢% + & + 8cacp — 1—12(d7¢5)2 - %026_%’ =0. (B.32)

The solution for the axio-dilaton reads
C= Z—qﬁ tanh(cym +dy) +do 5 ¢ = ;lnz‘zl + In[cosh(cgT + dg)] (B.33)
a ()

for some constants dg, dy. Taking the above into account, (B.32) reduces to the constraint
(8.5). It readily follows that, apart from the axio-dilaton, the IIB solution is identical to
the minimal solution.

k#0
As before, we will take

p=h=0; x=dy; &=de; & =dg, (B.34)
which still solves the form equations (B.11)-(B.16) in the case of k # 0. Let us consider
the remaining equations of motion. The internal Einstein and the dilaton equation give,
cf. (B.27),

A=cat+da; ¢=coT+dy, (B.35)

for some constants d 4, dg, exactly as for the minimal solution. From the first equation
in (B.28), we obtain the solution for B,

1
B = —4(cat +da) + Zf(T) : (B.36)
where,
2
In [ sech?(cpT +dg)] ., k>0
f(r) = ) , (B.37)
In [ﬁcsehz(cBT +dp)] , k<O

for some constants cp, dg. Moreover, the second equation in (B.28) (the constraint)
reduces to an algebraic condition,

ci 4 48¢4 = 3¢c% (B.38)

for k of either sign. In particular this implies, r < |%|, cf. (8.6). In the following we
consider the two cases in (B.37) in more detail.
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Appendix B. Cosmological solutions

e Type | solution: closed universe

Let us set k > 0. The 4d Einstein-frame metric reads

4k
dsip = sech3(cBT)( —dr? + CTCOSh2(CB7')dQ%> , (B.39)
B

where we have set da, dg = 0 for simplicity. Since the sign of ¢g can be absorbed in
the definition of 7, we may suppose cg > 0 without loss of generality; the inequality is
saturated in case c4, cB, ¢y all vanish. In terms of coordinates T4 o ¢F2¢BT the metric
asymptotically takes the form of (8.2), where a1 = % For ¢g > 0, 7 — 400 corresponds
to T4 — 0, where a singularity is reached at finite proper time.

e Type Il solution: open universe

Let us now set £ < 0. The 4d Einstein-frame metric reads
2 3 2 % . 12 2
dsjp = csch®(cp7)( — d7° + ——=sinh*(cp7)dQ% ) , (B.40)
B

where we have set d4, dp = 0 for simplicity. Since the sign of ¢p can be absorbed in the
definition of 7, we may suppose cp > 0 without loss of generality.

The 7 — 400 asymptotics of the warp factors are exactly the same as for k£ > 0. For
7 — 0, on the other hand, the function f tends to f — — In(4|k|7?), while the constraint
imposes ca, ¢y = 0. Hence in the 7 — 0 limit the solution reads

A=dy; B=—-4ds—iln{dlk|r?); ¢=d,, (B.41)

Note that comoving geodesics reach 7 = 0 at infinite proper time. The metric becomes
asymptotically that of a regular Milne universe,!

ds? = —dT? + |k| T2d03 | (B.42)

where we have defined T = 2(0337')_%. The warp factor of the internal space and the
dilaton are constant.

p#0

Let us now take

p=e WP h=0; x=d; E=de; €=dg,  (B43)

which still solves the form equations (B.11)-(B.16) in the case of ¢ # 0. Let us consider
the remaining equations of motion. Egs. (B.27) reduce to

424 = %Ci67¢/2+6A+6B . d2¢ = icief¢>/2+6A+63 ’ (B.44)

! Recall that the spatial 3d part of the metric is locally isometric to a hyperbolic space of scalar
curvature 6k, cf. (7.3). An explicit parametrization is given by,
1

02 =
A% = T

(dx2 + sinh®y dc72) ,
with do? the line element of the two-sphere.

204



B.1 Analytic solutions

while (B.28) reduce to the following two equations,

1.2
T2CpC
cle ¢/2TOATEB — 144(d, A)? + 12(d- B)? + 96d-Ad- B — (d-¢)” .

—¢/2+6A+GB _ d?.B
(B.45)

To obtain an analytic solution we proceed as follows. We define f := —¢/2 4+ 6A + 6B,
which by virtue of the equations of motion (B.44),(B.45) obeys, d2f = —QC?pef. The
solution to this equation reads

C2
f=In2 —2In [cosh(cgT + dy)] , (B.46)
)

for some constants ¢4, dgy. Plugging back into (B.44), and the first line of (B.45), we
obtain the solution

A=cpr+dy — %f
B=cpr+dp+1if (B.47)
¢ =12(ca+cp)T +12(da +dp) — 5 f ,

for some constants cy4, cp, da, dp, and f as given in (B.46). Moreover, the second line
of (B.45) imposes the constraint

¢, = —12cp(16c4 + 1lcp) | (B.48)

which implies r < —%. The 4d Einstein-frame metric reads
dsip = e(24eatben)Tooh 3 (coT) (—dT2 + e_(16cA+4CB)Tsech(cqu)de) , (B.49)

where we have set da, dg, dy = 0 for simplicity.

Let us assume cg4 > 0, without loss of generality, since the sign of ¢, can be absorbed

(12cA+303i%c¢)‘r

in the definition of 7. In terms of coordinates T4 o e , the metric

asymptotically takes the form of (8.2), where a1 = %

If eg > 0, 7 = —o0 corresponds to T = oo while 7 = oo corresponds to T4 = 0,
where a singularity is reached at finite proper time. The situation is reversed for cg < 0:
T = —oo corresponds to T = 0, where a singularity is reached at finite proper time,
while 7 = 0o corresponds to T} = oo. For a certain range of parameters, this model

exhibits transient accelerated expansion, where S(T), S(T) > 0, cf. Figure B.1.
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10

/ \ \ t :j

Figure B.1: Plot of S(T'), S(T) as a function of 7, for cg = —1, r = —1.4.

e Critical solution: ¢ £ 0, k<0

Let us now consider k # 0. The equations of motion (B.27), (B.28) admit the following
solution,

A=-2In|r|+da+3dy; B=-2In|r|—4da+16dy; ¢ = —75In|r|—36ds+4d, ,

(B.50)
for an arbitrary constant d, and k, dy subject to the conditions
dy = — 115 ln(%ci) ;o k= —%Cé <0. (B.51)

The 4d metric is that of a singular Milne universe with angular defect, cf. Footnote 1,
ds® = —dT? + Z|k| T2dQ} | (B.52)

where we set 1" oc ”7"_% and dQ3 is the line element of a locally hyperbolic three-space.
The warp factor of the internal space and the dilaton scale as e oc T3/28 ¢® « T/7
respectively.

e Type Il solution: ¢ #0, £ <0

We will now construct a solution interpolating between future or past infinity 7 — o0,
and the above critical solution in the 7 — 0 limit. Let us use an ansatz of the form

A:CAT+dA+f(T) i B :CBT+dB+€Bf(T) ; ¢:C¢T+d¢+€¢f(7') , (B-53)

for some (non-linear) function f and constants ¢, d, e. Moreover we will require that
the equations of motion (B.27) and the first line of (B.28) reduce to a single differential
equation for f. These requirements impose the following condition on the spatial
curvature,

k=-3c (B.54)
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(open universe) and, after some redefinitions of the constants, lead to the solution,
A=caT+da+39(7)
B = —4(cat +da) + 16g(7) (B.55)
¢ = —36(caT +da)+4g(7)

where
g=15In % — 15In[sinh?®(cyT + dy)] - (B.56)
The second line of the constraint then reduces to
cp = i28\/§cA . (B.57)
The 4d Einstein metric reads
ds?p = csch? (c¢7)( —dr? + ;Z% sinh2(c¢7)d§2i) ) (B.58)
[

where we have set d, dy = 0 for simplicity. The metric asymptotically takes the form
(8.2), where at = % On the other hand, for 7 — 0 we have

g— —ﬁIZ ln(%cz) — % In|7| . (B.59)

In this limit the solution (B.55) thus takes the form given in egs. (B.50), (B.51). In other
words, for 7 — 0 the solution asymptotes the critical solution. Comoving geodesics reach
7 = 0 at infinite proper time.

x 70

Let us now take

dpx =e?™42Be, o g=de; € =dg; 9=0; h=0, (B.60)

which still solves the form equations (B.11)-(B.16) in the case of x # 0. Let us consider
the remaining equations of motion. Equations (B.27) and the first line of (B.28) are
solved by

A=caT+da+ TIGf
B=cpr+dp—1f (B.61)
¢ =—d(cat+da)+3f,
with "
fi=In z—f — 21In [cosh(cgT + dg)] (B.62)
X
while the second line of (B.28) reduces to
3c;, = 128¢% + 96cacp + 12¢% (B.63)
The constraint imposes in particular, r < —%(1 +v3)orr> @(1 —/3).
The 4d Einstein metric reads

dsézlE _ _6(24CA+6CB)Td7_2 + €(8CA+2CB)Tdf2 ’ (B64)

where we have set d4, dp, and dy = 0 for simplicity. In terms of the coordinate

T o e(2eatiden)T T ¢ [0,00), the metric takes the form (8.2), with ax = %
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e Type | solution : £ >0

Let us now consider k # 0. Equations (B.27) can be solved to give

A=cat+da+ 1:9(7)

(B.65)
¢ = —4(cat +da) + 3g(7)
for some constants c4, da, where
C2
g=In % — 21In [cosh(cyT + dy)] - (B.66)
Taking the above into account, the first of (B.28) can be solved for B,
B=—-4A+1f, (B.67)
where
C2 2
In [ sech®*(cpT +dp)] , k>0
0123 2
In [mcsch (ceT+dB)] , k<O

for some constants cp, dg. Plugging the solution into the second line of (B.28) we obtain

the constraint

%= %6124 + ci , (B.69)

for either sign of k.
Let us first consider the case of a closed universe (k > 0). The 4d metric reads, with
da, dp, dg = 0 for simplicity,

4k
ds? = sech3(cBT)< —dr?+ TCOSh2(CBT) dQ%) . (B.70)
‘B
e Type Il and critical solutions: k < 0

Let us now set k < 0. The 4d Einstein metric reads
2 3 2 % . 19 2
dsjp = csch”(cpT)( — d7° + —5—sinh*(epT) dQ ) - (B.71)
B

§¢ #0

Let us assume that eq. (B.22) is satisfied for some arbitrary real constant c¢er, and let us
take
xX=dy; ¢=0; h=0. (B.72)

This ansatz thus solves the form equations (B.11)-(B.16) in the case of £,&' # 0. Let us
consider the remaining equations of motion. Equations (B.27) and the first of (B.28) are
solved by

A=caT+da+ éf
B =cpr+dp— %f (B73)
¢ =12(cat +da) — 3f ,
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with ,
fi=1n 2% — 2In [cosh(cyT + deer)] | (B.74)
1334

while the second line of (B.28) reduces to

¢, = 24cacg + 3¢k (B.75)
which implies in particular, r > —%. The 4d Einstein metric reads
dsZE = —eleatbep)Tqr2 | (Scat2ep)Tqz2 (B.76)

e Type | solution: k£ > 0
Let us now take k # 0. Equations (B.27) can be solved to give

A=cyt+dy+ %g(r)

B.77
¢ =12(cat +da) — 39(7) , (B0
for some constants c4, da, where
2c2
g :=1In [ sech?(cyT + dy)] (B.78)
ge!
Moreover the first of (B.28) can be solved for B,
B=—4A+1f, (B.79)
where ,
In [ sech®(cpT +dB)] , k>0
= : (B.80)
C2
In [ﬁCSChQ(cBT + dB)] , k<0

for some constants cp, dp. Plugging the solution into the second line of (B.28) we obtain
the constraint
3ch = 192¢% + 4c] (B.81)

for either sign of k, which imposes |r| < %. Let us first consider the case of closed universe
(k>0). The 4d Einstein metric reads,
2 3 o 4k 2 2
dsjp = sech (CBT)( —d7” + —- cosh (CBT)ko) , (B.82)
2]
where we have set d4, dg, dy = 0 for simplicity.

e Type Il and critical solutions: k < 0
Let us now set k < 0. The 4d part of the Einstein metric reads

4|k
dsip = CSChg(CBT)< —dr?+ % sinh2(cBT)in) . (B.83)
‘B
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X,§, & #0

Let us now take,

X i p=0; h=0. (B.84)
This ansatz thus solves the form equations (B.11)-(B.16) in the case of x, &, & # 0. Let
us consider the remaining equations of motion. Equations (B.27) and the first of (B.28)
are solved by

_ _$—4A-2B
=€ CX

A=13f+ 19
B=cpr+dp—3f—1g (B.85)
with , ,
f:=In [i;—*“ sech?(ca7 +da)] ; g:=1In [Z—%’ sech?(cy7 +dg)] (B.86)
g/ X
while the second line of (B.28) reduces to
12¢} = 4¢% + 3¢, (B.87)

which imposes |r| < v/3. The 4d Einstein metric reads
dsip = —e%B7dr? 4+ e257d? | (B.88)

where we have set da, dp, and dy = 0 for simplicity.

e Type | solution: k£ >0
Let us now assume that k£ > 0. Equations (B.27) are solved by

A=3f+159; o=—-3f+39, (B.89)
with,
2c2 3
f:=In [Cg—z sech?(ca7 +da)] ; g:=1In [% sech?(cy7 + dg)] (B.90)

Moreover the first equation of (B.27) can be combined with the first of (B.28) to solve
for B,

B =—4A+ ih, (B.91)
where ,
In [ sech?(cpT +dp)] , k>0
h = , (B.92)
2
In [ﬁcschQ(cBT +dp)] , k<O

for some constants cp, dg. Plugging the solution into the second line of (B.28) we obtain
the constraint
3ch = 4c% + 3¢5 (B.93)

which imposes |r| < § Let us first consider the case of a closed universe (k > 0). The

4d Einstein metric reads

4
dsiE = sech3(cBT)< —dr?+ C—f cosh%cm’)dﬂi) , (B.94)
B

where we have set dy4, dg, and dg = 0 for simplicity.
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e Type Il and critical solutions: k£ < 0

Let us now set k < 0. The 4d Einstein metric reads

4|k
dsip = csch3(037)< —dr? + % sinh2(cBT)sz) . (B.95)
‘B
h? X’ 5, £, # 0
Let us take
x=e?" 2B o =0 (B.96)

This ansatz thus solves the form equations (B.11)-(B.16) in the case of h, x,&,&" # 0.
Let us consider the remaining equations of motion. Equations (B.27) are solved by

A=lf+lg; o=-1f+3g, (B.97)

with
26?4 eCATTdA

(g + e 2+ A

(/.2
f:=In } i g:=1In [ sech®(ce +dg)] , (B.98)
X

Moreover the first equation of (B.27) can be combined with the first of (B.28) to solve
for B,

B=—-4A+1h, (B.99)
where,
In [% sech®(cgT +dp)] ., k>0
h = , (B.100)
2
In [%CSC}P(CBT +dp)] , k<O

for some constants cp, dg. Plugging the solution into the second line of (B.28) we obtain
the constraint

3ch = ch + 3¢5 (B.101)

for either sign of k. Let us first consider the case of a closed universe (k > 0). The 4d
Einstein metric reads

4
dsip = sech?’(cBT)( —dr?+ CTk cosh2(cB7')in> , (B.102)
B

where we have set d4, dg, dy = 0 for simplicity.

e Type Il and critical solutions: k& < 0

Let us now set k < 0. The 4d Einstein metric reads

4|k
dsip = CSChg(CBT)< —dr?+ % sinh2(cBT)in) . (B.103)
‘B
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Compactification with background flux

The cosmological ansatz can be easily modified to accommodate a non-vanishing back-
ground flux for the three- and four-forms, as in [217],2

H= dx/\J—l—d5+ boReQ2; G = pvoly+JA(dy— a/\dx)+ coJ NI — dg/\ImQ—%Dg'/\ReQ ,

(B.104)
with background charges by, co € R, where the covariant derivative is defined as: D¢ =
d¢’ + bpa. The internal (m, n)-components of the Einstein equations now read

1 1
—8A—2B 8A+2B —¢—4A (5. )2 —$—4A—4B}2
0=e VH (e®4T2P9,A) + ge =44 (px)? — 5° ¢ h

+ie¢/276A [(85)2+(D§’)2] o#/2—6A—6B 02 1 18e~9~ 4A+2Bb2 7 6¢/276A+2BC(2).
16 16 16
(B.105)
The external (u,v)-components read

R = g (V2 A+ V2B +8(0A)2 + 2(B)> + 100A - 0B)
— 80,40, A — 20,80, B — 160, A0, B + 8V ,0,A + 2V,0,B

3 4 I
+5e ¢ 4Aauxayx+1e¢ 44 4Bhfw+ au¢au¢+ Loorroa 0,€0,€ + D€' D¢

116glw< _ %€¢74A74Bh2 N 3e¢/276A (65) + (Df ) } . 6€f¢f4A(aX)2

_ 5$/2-6A-68 o? — 288" o— 4A+23b2 gcge¢>/2f6A+28>

)

(B.106)

while the mixed (u, m)-components are automatically satisfied. The dilaton equation
reads

0 = ¢~ 10A—4Byu (eSA-i-QBa ¢) _ %eqb/Z—SA—QB [(85)2 n (DE')Q} + ge—qﬁ—GA—QB(aX)Q

_|_ie—¢—614—63h2 4 ¢/2 8A-8B 2+72€ ¢— 6Ab2 icged’ﬂ_SA.

12
(B.107)
The F-form equation of motion reduces to the condition
0 = @df — 12b9e? x4 DE' . (B.108)
The H-form equation reduces to
d (€7¢+4A+2B *4 dx) = cop voly . (B.109)
The G-form equation of motion reduces to
d (eW 2424428 dg) — h A D€'+ 12bpvoly
d (6¢/2+2A+2B 4 D§’> — _hAde (B.110)

OZCOdIB,

*We have redefined: £ — co + 4wé with respect to [217).
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together with the constraint

0=d (cpe¢/2+2A_4B ¥ 3cox + 12bog) . (B.111)
The latter can be integrated to solve for ¢ in terms of the other fields,

@ = (C = 3cox — 126 ) e 2AT4B=/2 (B.112)
where C' is an arbitrary constant.

e Type | solution: bg,co # 0

If we want by, ¢p # 0, then we must set h, D' = 0, as follows from (B.108), (B.110).
It is then consistent to take x, & = constant, and ¢ = 0. This ansatz solves all form
equations of motion. Let us consider the remaining equations of motion. Eq. (B.105)
and the dilaton equation (B.107) reduce to

424 = 18b(2)6—¢+12A+GB+%C(2)e¢/2+10A+6B 3¢ = T2b2e¢TI2AT6B _ %6(2]6¢/2+10A+6B ‘
(B.113)
The external Einstein equations (B.106) now reduce to the following two equations,

—36bRe¢H12446B _ Cge¢/2+10A+GB — 2B

+144b2e ¢ F12AF6B 4 3 200/2410A468 _ 144(d, A)? + 12(d, B)? + 96d, Ad, B — (d,¢)? .
(B.114)

The second line above is a constraint, consistently propagated by the remaining equations
of motion. Indeed the T-derivative of this equation is automatically satisfied by virtue of
(B.113).

Equations (B.113) and the first of (B.114) are solved by

A= —{5(cpT +dp) — 1 f — 539
B=cpr+dp+3f+1ig (B.115)
¢ =—3(cpT+dp)— f+ 39,

with,
2 C2
f:=In [3%2(2) sech®(ca +da)] ; g:=In [% sech?(cyT + dg)] (B.116)
while the second line of (B.114) reduces to
3ch = 4ch + 3¢5, (B.117)

which imposes |r| < § The 4d Einstein metric reads

ds?y = —e_%cBTcoshﬁ(cAT)cosh%(c¢7) dr? + e_chTCOShQ(CAT)COSh%(C¢T)d.fQ ,

(B.118)

where we have set d4, dp and dy = 0 for simplicity. In terms of the coordinates

T, = e(_lzjcBigcAi%cd’)T, the metric asymptotically takes the form (8.2), where ay = %
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For a certain range of parameters, this model exhibits transient accelerated expansion,
where S(T"), S(T') > 0, cf. Figure B.2.

40
20+ .
— S
— S
/ | | \ . T
/ -3 -2 -1 —
—20 1}

Figure B.2: Plot of S(T), S(T) as a function of 7, for cg = —1, r = 0.67.

Compactification on Einstein manifolds

We will now consider (massive) IIA backgrounds for which the internal 6d manifold is
FEinstein,

where R,,, is the Ricci tensor associated to gy, and A € R. The 10d metric is as in
(A.2). We assume the following form ansatz,

F=0; H=0; G=ypvoly, (B.120)

where ¢ is a 4d scalar.
The resulting equations of motion are as follows. The internal (m,n)-components of
the Einstein equations read

2B\ = ¢ BATIBYyM (8428 4) 4 %m265¢/2+2A+2B I %e¢>/276A763(p2 . (B.121)
where m is the Romans’ mass. The external (u, v)-components read

R = g, (V2A + V2B + 8(9A)? + 2(0B)? + 1004 - B)
1
= 80,A0,4 — 20,B0,B ~ 160, A0,) B + 8V,,0,A + 29,0, B + 50,00,6 (B.122)

5eb/2-6A—6B 2 +m265¢/2+2A+23) ’

+ %guu( - ¥

while the mixed (u, m)-components are automatically satisfied. The dilaton equation
reads

0 = ¢ 10A-4Byp (€8A+2Baﬂ¢) _ %m2€5¢/2 + %605/2—814—88()02 . (B.123)
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B.1 Analytic solutions

The F, H-form equations are automatically satisfied, while the G-form equation of
motion reduces to

p= C¢€_2A+4B_¢/2 , (B.124)
where ¢, is an arbitrary constant.

As before, we will assume that the unwarped 4d metric is of the form (7.2) and
moreover that A, B, ¢ only depend on time. Eq. (B.121) and the dilaton equation (B.123)
reduce to

24 16A+6B | 1, 2 5¢/2+18A+6B | 3 2 —¢/2+6A+6B
d;A = —Xe + qgm-e ¢/ + f5C0€ ¢/ (B.125)
d2¢ = _%m265¢/2+18A+GB i icie—¢/2+6A+6B ‘

The external Einstein equations (B.122) reduce to the following two equations,
\el6A+6B _ 91 16A+4B _ %Cie—¢/2+6A+6B — 2B
_12NI6AT6B _ 9k JJ6AAB |12 50/2+18A+6B | Cie—¢/2+6A+6B — 144(d, A)? + 12(d, B)?

+96d,Ad, B — (d;¢)? .
(B.126)

The second line above is the constraint, consistently propagated by the remaining
equations of motion.

A#£0

For m, k, ¢ = 0, the system of equations in (B.125) and the first of (B.126) can be
solved to give

A=car+da+ 159(7)

B =—%(cat +da) — 159(7) (B.127)
(b =CyT + d¢> ,
for some constants ca, da, ¢y, dg, where
CQB 2
In [§sech*(cgT+dB)] ., A>0
g= , (B.128)
2
In [%cschz(cBT +dp)] , A<0

for some constants cp, dp. Plugging the solution into the second line of (B.126) we

obtain the constraint
12 2 C?z) 4 80

2ch = A, (B.129)
3
10"

3
for either sign of A\. The constraint imposes |r| <

e Type | solution: A >0

Let us first consider an internal space of positive curvature (A > 0). The 4d Einstein
metric (A.2) reads

sy = —e34Tsech s (cpr)dr? + e3%Tsechs (cpr)di (B.130)

where we have set d4, and dg = 0 for simplicity. To examine the asymptotic behavior of
the metric it suffices to consider cg > 0 (the other cases are obtained by inverting the
sign of 7). The metric asymptotically takes the form of (8.2), where ay = %
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Appendix B. Cosmological solutions

e Type Il and critical solutions: A < 0

Let us now set A < 0. The 4d Einstein metric reads
dsip = —680"”(3501”1%(CBT)dT2 + C%CATCSChg(CBT)dZEQ , (B.131)

The 7 — oo asymptotics of the warp factors are the same as for A > 0. For 7 — 0,
on the other hand, the function g in (B.128) tends to g — — In(5|A|72). Moreover, the
constraint imposes cy4, ¢y = 0. Hence, in the 7 — 0 limit the solution reads

A=dy—+WBNT); B=-8da+5mWm(BAN); s=d,. (B.132)
Asymptotically, at infinite proper time, the metric reaches the form
ds?y — —dT? + T2dz? (B.133)

where we have defined T o 775. The warp factor of the internal space scales as e oc T4,
while the dilaton is constant. This is also an exact solution of the theory in its own right.
For a certain range of parameters, this model exhibits transient accelerated expansion,

where S(T), S(T) > 0, cf. Figure B.3.

0.2 _ S

——
— -1 T

Figure B.3: Plot of S(T)7 S(T) as a function of 7, for ¢cg = —1, 7 = —0.26. In the 7 — 0
limit, we have S(T),S(T) — 0.

Type | solution: m # 0

Setting k, A, ¢ = 0, the system of equations in (B.125) and the first of (B.126) can be
solved to give

A=cat+da— 359(7)
B enr i dn (B.134)
¢ =—22(3cs+ cp)T — 2(3da +dp) + Sg(7) ,

for some constants c4, d4, cg, and dg where
02
g =In[-5 sech®(cyT + dy)] (B.135)
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B.1 Analytic solutions

for some constant dg. Plugging the solution into the second line of (B.126) we obtain
the constraint

5 = 1924 + 128cacp + 13¢h | (B.136)
which imposes r < —% orr > —% .

The 4d Einstein metric (A.2) reads
ds?lE — _6(24CA+GCB)TCOSh% (C¢’T)d7'2 + 6(88A+2CB)TCOSh% (C¢7')df2 , (B137)

where we have set d4, dp and d4 = 0 for simplicity. To examine the asymptotic behavior
of the metric it suffices to consider ¢4 > 0. The metric asymptotically takes the form
(8.2), where ax = % For a certain range of parameters, this model exhibits transient

accelerated expansion, where S(T'), S(T) > 0, cf. Figure B.4.

— S

/ol.4 \ 04 T — S

Figure B.4: Plot of S(T), S(T) as a function of 7, for ¢z = 1, 7 = 0.075.

ANEF#DO
Assuming B is constant (we may set B = 0 for simplicity) and setting
k=3ix; m,p=0, (B.138)

the system of equations in (B.125) and the first of (B.126) can be solved to give B = 0,
¢ = cyT + dgy, for some constants cg, dg, and

%ln [gi;‘\sechz(cAT—i—dA)] , A>0
A= : (B.139)
2
+In [g—‘:‘\‘cschg(cAT +da)] , A<O0

for some constants c4, d4. Plugging the solution into the second line of (B.126) we
obtain the constraint
o (B.140)

[

2 _
Cp =

for either sign of A.
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Appendix B. Cosmological solutions

e Type | solution: A >0

Let us first consider the case X > 0. The 4d Einstein metric reads

1
ds?p = sech3(ca7) ( —dr?+ Cif COSh2(CAT)in) , (B.141)
A

where we have set d4, and d, = 0 for simplicity, and we took (B.138) into account. For

T — 400 the metric asymptotically takes the form of a power-law expansion (8.2) for

1
G/j::g.

e Type Il and critical solutions: A < 0

Let us now set A < 0. The 4d Einstein metric reads

16|k
ds?y; = esch®(c AT)( s 6L | inh?(c AT)sz) : (B.142)
€A

where we took (B.138) into account. The 7 — oo asymptotics of the warp factors are
the same as for A > 0. For 7 — 0, on the other hand, the function A in (B.139) tends
to A — —1—16 In(8|A|7%). Moreover, the constraint imposes ¢, = 0. Hence, in the 7 — 0
limit, which is reached at infinite proper time, the solution reads

A= —1—16111(8|)\|7'2) ;i B=0; ¢=dy. (B.143)
The metric asymptotes a singular Milne universe with angular defect,

ds? — dT? + 4|k| T?d03 (B.144)

where we have defined T' oc 7-3. The warp factor of the internal space scales as e? oc T4,
while the dilaton is constant. This is also an exact solution of the theory in its own right.

Critical solution: A,m # 0
Setting k, ¢, = 0, the system of equations in (B.125), (B.126) admits the solution

A=—-2n|r|+da; B=2Zhlr|+dp; ¢=5hn|r|+dy, (B.145)

for arbitrary constants da, dg, dg subject to the conditions

5
9da +3dp + 3ds = —3In(8m?) ; A= —3m2e?at2% <0 (B.146)

The 4d Einstein metric takes the form

ds?, = —dT? + T%dz? (B.147)

where T o 773 The warp factor of the internal space and the dilaton scale as e? oc T/4,
e® < T~1/5 respectively.
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B.1 Analytic solutions

Type | solution: ¢, m # 0

Setting ¢, = m?, the system of equations in (B.125) and the first of (B.126) can be
solved to give

A=caT+dy — ig(v‘)

B =—%(cat +da) + 39(7) (B.148)
¢ = —4A )
for some constants c4, da, c¢g, and dg where
82
g=1In [fn—%’ sech®(cyT + dg)] | (B.149)

for some constant dg. Plugging the solution into the second line of (B.126) we obtain
the constraint

cp=Fzca - (B.150)
The 4d Einstein metric reads
ds?p = —e'%4Tcosh®(cym)dr? + 34T cosh?(cy7)dT? (B.151)

where we have set d4, and dg = 0 for simplicity. The metric asymptotically takes the
form (8.2), with agx = % For a certain range of parameters, this model exhibits transient

accelerated expansion, where S(T'), S(T) > 0, cf. Figure B.5.

20
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e — S
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Figure B.5: Plot of S(T'), S(T) as a function of 7, for c4 = 1.

Type Il and critical solution: k,m # 0

Setting k = —3m?, the system of equations in (B.125) and the first of (B.126) can be
solved to give

A= 3(cat+da) — 5 n [% sinh?(cyT + dy)]

B= —3f35(CAT+dA)+24A (B-152)
¢ = %(CAT—F da) —20A ,
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Appendix B. Cosmological solutions

for some constants c4, da, ¢y and dy. Plugging the solution into the second line of
(B.126) we obtain the constraint

Co = j:\/%cA . (B.153)
The scale factor reads
2
5% = \/; )% csch(cyT + d¢)‘ . (B.154)

In the 7 — 0 limit, which is reached at infinite proper time, the solution reads

A= %dA — L n (%7'2)

112
=—3d, +244 (B.155)
¢=2dy—20A .

The metric asymptotes a singular Milne universe with angular defect,
ds® = dT? + I|k| T%dQ} | (B.156)

1
2

where we have defined T" o< 77 2. This is also an exact solution of the theory in its own

right.

Critical solution: k, A, m # 0
Setting ¢, = 0, equations (B.125), (B.126) admit the solution
A:—%ln\ﬂ—i—Ao; B = By ; qbzlioln\ﬂ—i—qﬁo, (B.157)
for Ag, By, ¢ arbitrary real constants and
k= _%6—16,40—480 : om?= 22756—181‘\0—630—5<250/2 C A= _%e—lﬁAo—ﬁBo . (B.158)
We thus obtain a singular Milne universe,

dsip = dT? + Z|k|T?dQ;, . (B.159)

Critical solution: k, ¢, m # 0
Setting A = 0, equations (B.125), (B.126) admit the solution

A= 71—161n|7'| +A4y; B= f%ln|7'| +By; ¢= iln|7’| + ¢q , (B.160)
for Ag, By, ¢ arbitrary real constants and

L — _3 p—16A0—4Bo 2

_ 3 . _ 1,-18A0—6Bo—5¢0/2 . 2 _ 1,-6A0—6Bo+¢o/2
5 ; mT = je ;oc, = g€ . (B.161)

We thus obtain a singular Milne universe,
dsip = dT? + |k[T2dQ;, . (B.162)
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B.1 Analytic solutions

AdS solution: kK, A, m,p # 0

A different analytic solution is obtained by setting A, ¢ = 0, and A\ = m?, Cp = ++/5m.
Equations (B.125), (B.126) then reduce to

—%erGB — 2ke*P = d2B

B.163
—%erﬁB — ke*B = (d,B)? . ( )
Let us define a new time variable o via
do = 2B (B.164)
in terms of which the equations read
—1m2e?P = q%2B
2 - Mo
B.165
—im?e* —k = (d,B)*. ( )
These can be integrated to give
2
B=1ln [272—}3 sech?(cpo + dg)] ; k= —c% (B.166)
for some real constants cg, dg. The 4d Einstein metric reads
2
ds?y = 272—}23 sech?(cpo)(—do? 4+ dQ3) , (B.167)

where we set dg = 0 for simplicity. This is an AdS4 metric in conformal coordinates. To
see this, we may define a new coordinate 7', such that cos T = sech(cpo), in terms of
which the metric takes the well-known form,

dsip = 2 (—dT? + |k| cos>Td3) . (B.168)

m2

For T' € [, 7], this parameterizes AdS, in global coordinates and hyperbolic slicing.

A #0
Setting k, m = 0, the system of equations in (B.125) and the first of (B.126) can be
solved to give
A= —gglear +da) + 5 f(r) + 159(7)
lel—8(cAT—i—dA)—%f T)—%g T) (B.169)
¢ = (cat +da) + 1 f(7)

o

—~

for some constants c4, da, where

02
) In [ﬁ sech2(0¢7 + d¢)] , A>0
f= —% In [ sech?(cpT + dg)]; 9= ’
T c}
In [ﬁ esch?®(cgm+dg)] . A<O
(B.170)

for some constants dp, ds. Plugging the solution into the second line of (B.126) we

obtain the constraint

B=2A+ch. (B.171)

for either sign of A\. The constraint allows any r € R.
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e Type | solution: A >0
Let us first consider the case A > 0. The 4d Einstein metric (A.2) reads

dsip = —6_%CATCOSh%(CBT)SeCh%(C(bT)dTQ + e_l%cf”cosh%(CBT)Sechg(c¢T)d£'2 ,
(B.172)

where we have set da, dy and dp = 0 for simplicity. To examine the asymptotic behavior
of the metric it suffices to consider ¢, > 0. The metric asymptotically takes the form
(8.2), with ay = 1.

e Type Il solution: A <0
Let us now set A < 0. The 4d Einstein metric reads

dsip = —67%6‘47008}1%(CBT)CSCh%(CQbT)dﬂJ + 67%0‘47-60811%(CBT>CSChg(C¢T)de .

(B.173)

The 7 — +oo asymptotics of the warp factors are the same as for A > 0. For 7 — 0, on
the other hand, the function f in (B.170) tends to a constant, while g — — In(5|\|72).
Moreover, the constraint imposes c4, cg = 0. Hence, in the 7 — 0 limit, which is reached
at infinite proper time, the solution reads

A=dys—+WBNT); B=-8da+ 5N d=d,. (B.174)

The metric takes the form ,
ds? — —dT? + T2dz? (B.175)

where we have defined T o 7=5. This is not an exact solution of the theory, unless

¢, = 0. In this case we recover precisely the critical solution with A < 0. Hence the

model interpolates between two metrics of the form (8.2), one with a = § for |7 — o0,

and one with a = % for 7 — 0. For a certain range of parameters, we can have transient

accelerated expansion, where S (T),S(T) > 0, cf. Figure B.6.

— S
0.1} _S
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Figure B.6: Plot of S(T),S(T) as a function of 7, for ¢4 = 1. In the 7 — 0 limit, we
have S(T),5(T") — 0.
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B.1.3

B.1 Analytic solutions

Compactification on Einstein-Kahler manifolds

We will now consider (massive) IIA backgrounds for which the internal 6d manifold is
Einstein-Kéhler,
Rinn = Agmn (B176)

where R,,, is the Ricci tensor associated to g, and A € R. In addition there is a real,
closed Kéhler two-form J, dJ = 0.
Let us first consider the massless limit, and we take the form ansatz,

F=0; H=dyAJ+dB8; G=yvolu+JAdy+icJAJ. (B.177)
The internal (m,n)-components of the Einstein equations now read
2B )\ — o~8A-2Byn (eSAHBaMA) T %67‘1’74‘4(6)()2 _ %e*¢’4‘4’43h2
| B H/26A6B 2 | T 0/2-6A+2B2 (B.178)
The external (u,r)-components read
R = gu (VPA+ V2B +8(0A)* + 2(0B)* + 100A - 0B)
— 80, A0, A — 20,B9,B — 160(,A0,)B + 8V ,0,A + 2V ,0, B
+ 379, x 0 x + 2B R2  + 20,00,¢
1 ( _ %8¢74A74Bh2 _ 6@’¢’4A(8x)2 _ 5e¢/276A763(p2 _ 9C(Q)e¢>/276A+ZB) 7

+ 169w
(B.179)

while the mixed (u, m)-components are automatically satisfied. The dilaton equation
reads

0= e—lOA—4Bvu (68A+2Bau¢) 4 %e—¢—6A—2B<8X)2

4 %67¢>76A763h2 4 ie‘zﬁ/z*SA’BBgoz _ %cged’/z’m ‘ (B.180)
The F-form equation of motion reduces to the condition
0=ph. (B.181)
The H-form equation reduces to
d (e_¢+4A+QB *4 dx) = cppVoly . (B.182)
The G-form equation of motion reduces to
O=coh, (B.183)
together with the constraint
0=d (<pe¢/2+2A*4B n 3c0x) . (B.184)
The latter can be integrated to solve for ¢ in terms of the other fields,
¢ = (C —3cpy ) e 2AT1B=9/2 (B.185)

where C' is an arbitrary constant.
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Appendix B. Cosmological solutions

C():O

In this case, we set

—244+4B—¢/2 .
?

© = cpe dix = cxe¢_4A_2B , (B.186)

and in addition we impose
coch =0 . (B.187)
All form equations are then satisfied. The internal Einstein and dilaton equations reduce
to
24 _ _\,16A+6B | 3 2 —¢/246A+6B _ 1 2 —¢+124 _ 1 2 ¢+4A
d7A = —)e + g€ / SChe §C\ € (B.188)
_ A+6B - A 4A ’
d3¢: icie ¢/2+6A+6 + %0}216 o+12A %cie‘“ 7
The external Einstein equations reduce to

\e16A+6B _ o1 16A+4B _ %Cie—¢/2+6A+6B i %C%e—¢+12A 4 %Ci6¢+4A — 2B

_19\e16AH6B _ op 16A+AB | Cie—¢/2+6A+6B n Cze—¢+12A i 3Ci6¢+4A _

144(d, A)? +12(d, B)? + 96d, Ad, B — (d,¢)* .

(B.189)
e Critical solution: h, A # 0
Setting k, ¢, ¢, = 0, equations (B.188), (B.189) admit the solution
A=—-U|r|+Ay; B=3iln|r|+Bo; ¢=—1n|r|+d0, (B.190)
for Ay, By, ¢o arbitrary real constants and
= %6_12A0+¢0 ;A= *%6_16A0_6B0 . (B.191)
We thus obtain a power-law, flat universe expansion,
ds?y = dT% + T11da? (B.192)

where we have set T' |T‘7%. The warp factor of the internal space and the dilaton
scale as e o« TV4, e® oc TV/1 respectively.

60#0

In this case, we reinstate the Romans mass (m # 0) and we set
p=0; x=0; h=0. (B.193)

All form equations are then satisfied. The internal Einstein and dilaton equations reduce
to

d72_A — _)\616A+6B + 1166(2)8({)/2—&—1014—&—63 5¢/2+18A+6B

1, 2
+Eme

B.194
2 = _%C%€¢/2+10A+6B _ gm2e5¢/2+18A+GB . ( )

The external Einstein equations reduce to
\el6A+6B _ 9. 16A+4B _ C(Q)e¢/2+10A+6B — 2B

_12)\616A+GB _ 12]€616A+4B + 3C(Q)e¢/2+10A+GB + m265¢/2+18A+GB — 144(dTA)2 + 12(dTB)2

+96d,Ad, B — (d,¢)? .
(B.195)
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B.2 Two-flux dynamical systems

e Critical solution: k, cg # 0
Setting m, A = 0, equations (B.194), (B.195) admit the solution

A=—iLInt+A4y; B=-3W7+By; ¢=oInt+¢o, (B.196)

for Ag, By, ¢g arbitrary real constants and

2 _ 2 _—1049—6Bo—¢0/2 . _ _ 5 —16A0—4B
ch = {3€ 0=6Bo—¢o/2 . | — —56€ 073P0 (B.197)

We thus obtain a singular Milne universe,

dsip = dT? + B|k|T%dQ;, . (B.198)

cf;éO

A different ansatz with non-vanishing two-form flux is also possible,
F=c/J; H=0; G=pvoly, (B.199)

where c; is a constant. This automatically satisfies the Bianchi identities and the form
equations of motion provided

p = c e 2ATAB—¢/2 (B.200)

Y

for some constant c,. The remaining equations of motion are as in (7.13), (7.14), with
potential given by

3

2¢f

e Critical solution: k, cy # 0

The equations of motion with potential (B.201) admit the solution
A=—2Int+A); B=-4W7+DBy; ¢=olnT+¢o, (B.202)

for Ag, By, ¢g arbitrary real constants and

C% — %6_14AO_6BO_3¢0/2 : k — _%6—16A0—4Bo . (B203)

We thus obtain a Milne universe with angle defect,

dsip = dT? + 8|k T%dQ;, . (B.204)

Two-flux dynamical systems

In this appendix, we provide some more details on the dynamical systems arising from
compactifications with two species of fluxes turned on. For each of them, we give the
system of equations together with the constraint, the equation defining the invariant
plane P (when it exists), the equation defining the acceleration region, the equation
of state parameter w, as well as the list of critical points together with their stability
analysis whenever it is relevant.
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Appendix B. Cosmological solutions

Compactification on Calabi-Yau manifolds

$,&F#0

System of equations,

3
§(m2—2xz +y? + 427 — 1)
1
y, = 5 ( 3,%'2 \/§y2 6y22 + \/§>
1
2 =— —5% (9x+\fy+6z —6) )
Constraint,
—222626/6 68 — ci (.’E2 + y2 + 22 — 1) .
Invariant plane,
T+ \/gy =2.

Acceleration condition,
.
z — .
3

w=1-—222.

Equation of state parameter,

Critical points: p¢.

e,k #0
System of equations,
9
x’:2$3+x(2y2—22—2) + 22
y’:y(2x2 2)+2y -1—\[2

1
2 = —iz (—4x2+9x—4y2+\/§y+222 —2> .

Constraint,
[
12kz2€10A—2B+§ — Ci (IEQ +y2 4 22 _ 1) )

Invariant plane,
z—3vV3y=0.
Acceleration condition,
2> 20 +y°)
Equation of state parameter,
B 22 4+ 92 — 22
@2y 422

(31 /2
bc, DPo, DP1= 14714\/§7 21 .

Critical points,

226

(B.205)

(B.206)

(B.207)

(B.208)

(B.209)

(B.210)

(B.211)
(B.212)

(B.213)

(B.214)

(B.215)



B.2 Two-flux dynamical systems

The point p; lies on the boundary of the acceleration region. The linearized system at

p1 has one real and two complex eigenvalues: —2, —1 £ 4/ 1—77 It follows that p; is a

stable focus (resp. node) for trajectories within (resp. orthogonal to) P. This model is
qualitatively very similar to the one analyzed in detail in Section 8.2.2.

X, §#0

System of equations,

S 2, 2
x —2(336 +3y° +2° — 3)

1
y = —5\/3 (:1:2 +y® +32% - 1) (B.216)

z':z<x+\/§y> .

Constraint,

2 _3¢
—52262’4 2 Cé, = ci (mQ +y? 22— 1) . (B.217)

The acceleration condition is impossible to satisfy, and w = 1.
Critical points: pc.
X, h #0
System of equations,
o =322+ 32 +222 -3
v =—V3(®+yP+22° 1) (B.218)
2 =z (.CU + \/gy) .
Constraint,
1 _
—gz%ﬁeg“‘ W= (PP -1) (B.219)
The acceleration condition is impossible to satisfy, and w = 1.
Critical points: p¢.
X,k #0
System of equations,
x’:2x3+2x(y2+22—1) — 22
y =2y (22 + 97 + 2% — 1) — V32 (B.220)
z’:z<2x2+x+2y2—|—\/§y+222—2) .

Constraint,
AkPe2AAB=0 = 2 (22 4P + 22— 1) | (B.221)
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Appendix B. Cosmological solutions

Invariant plane,
32 —V3y=0.

Acceleration condition impossible to satisfy, and w = 1.

Critical points: pe, po-

£k #0
System of equations,

3
x’:2x(w2+y2+z2—1)—522
V3

y':2y($2+y2+z271)+722

z’:%z(8(m2+y2+z2—1)+6x—2\/§y> .

Constraint,

6]{:22610A+4B+% = ngl (x2 49?4 22— 1) .

Invariant plane,

z+V3y=0.

Acceleration condition impossible to satisfy, and w = 1.

Critical points: p¢, po-

§h#0

System of equations,

= (2£U2 + 2% 4 22 — 2)

| W

y = 7%\/3 (2:62 + 2y2 + 22— 2)

P %z (Sx—\/gy) .

Constraint,
2.2 6A-2

1 2 2 2 2
[ 2 = , —1 .
22 cpe Cee (ac +y +z )

Acceleration condition impossible to satisfy, and w = 1.
Critical points: p¢.

h,k # 0

System of equations,

x’:2$(1‘2+y2+22—1)—322
z/:z<2x2+3$+2y2—\/§y+222—2) .

228

(B.222)

(B.223)

(B.224)

(B.225)

(B.226)

(B.227)

(B.228)



B.2.2

B.2 Two-flux dynamical systems

Constraint,
125224810 = o2 (22 4 4% + 22 - 1) .

Invariant plane,

z4+V3y=0.

Acceleration condition impossible to satisfy, and w = 1.
Critical points: pe, po.

Coybo # 0
System of equations,
1
= 5 (6(z — 1) (z® +y* — 1) + 2%)
1
y = — <\/§—3y) (:132—|—y2) —3y+§\/§(2—3z2)
1
7z = 27 (:L‘(6x -7 +vy (6y+ \/3)) .
Constraint,
3
—72()(2),226214_% = 50(2) (2 +y*+22—1) .

Invariant plane,
9x + \/gy =10.

Acceleration condition,
3 (a:2 + yz) <1.

Equation of state parameter,

w:—1+2(m2+y2) .
Critical points,

bc, DpP1= (17%7()) )

all outside the acceleration region.The point p; lies in the region exterior to S.

Compactification on Einstein manifolds
e, AF#0

System of equations,
=Bz —-2)(z*+9° - 1)+ %zQ
y = 3y(a® + 4 — 1) + %222
7 =1z [—990 +62% +y (6y - \/5)} )

Constraint,

1
6A22e10A+5 — icé (2 +y*+2—1) .

(B.229)

(B.230)

(B.231)

(B.232)

(B.233)

(B.234)

(B.235)

(B.236)

(B.237)

(B.238)
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Appendix B. Cosmological solutions

Invariant plane,

3z —5V3y—2=0. (B.239)
Acceleration condition,
i>a?+y7. (B.240)
Equation of state parameter,
w=-1+2(2%+y?) . (B.241)
Critical points,
bc, DP1= (%7010) ) (B242)

all outside of the acceleration region. In particular p; lies on the invariant plane.

wp,m#*0

System of equations,

(=142z) (-1+ x? + y2) + 322

[—Gy + (5\/§ + 6y) (22 +y?) + V3 (-5 + 6,22)} (B.243)

=1z [—9x+6m2+y(6y—\/§>] .

[ IV

Constraint,
1 1
—§m222612A+3¢ _ 503) (ac2 +y? 4 22— 1) . (B.244)
Invariant plane,
32 —V3y—4=0. (B.245)
Acceleration condition,
I>a?+y7. (B.246)
Equation of state parameter,
w=-1+2(2*+y%) . (B.247)
Critical points,
e, m= (%550 . (B.248)

all outside the acceleration region. In particular p; lies on the invariant plane and in the
region exterior to S.

X, AF#O0
System of equations,

o= Br—2)(2*+y2 - 1) +3(x—1)22
Yy = —V322+3y(a® + 47 + 27 - 1) (B.249)
2=z [x+\/§y+3(x2—|—y2+z2—1)
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B.2 Two-flux dynamical systems

Constraint,

3
622124680 — §cf< (332 +yP 42— 1) .

Invariant plane,

3x—V3y—2=0.
Acceleration condition,

L a2 42422

3 ) )
Equation of state parameter,

w=—1+42?+y*+2%) .

Critical points,
_ (2
bc , pl_(gvoao) .

The point p; lies on the invariant plane, outside the acceleration region.

h, XA #0

System of equations,

/
x

(=2 +32) (=1 + 22 + 9?) + (=5 + 3x)2>
Y =V322 +3y(—1+ 2%+ + 2%
z[3x—\/§y—l—3(x2+y2+z2—1)] .

/
z

Constraint,

1
6122 ATOBFo — 50,21 (m2 92 + 22— 1) .

Invariant plane,

x+\/§y—%20.

Acceleration condition,
L2422
3 Yy :

Equation of state parameter,
w=—1+2(z*+19>+2?) .

Critical points,

_ (2 _ (11 1 2 2
pbc p1 = (§)050) ) b2 = <18’18\/§79\/;) .

(B.250)

(B.251)

(B.252)

(B.253)

(B.254)

(B.255)

(B.256)

(B.257)

(B.258)

(B.259)

(B.260)

The points p; and ps both lie on the invariant plane, in the region inside the invariant

sphere S, outside the acceleration region.
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Co, M # 0
System of equations,
2’ = §(=1+22)(~1 +2® +4%) + 227
3 [~6y+ (5VB +69)(a + 4) + VE(-5 + 422)] (B.261)

2 =1z [$(—7 +62) + y(V3 + 6y)} .

Constraint,
1 3
—§m2z268‘4+2¢ = 508 (2 +y*+2°—1) . (B.262)
Invariant plane,
3t —V3y—4=0. (B.263)
Acceleration condition,
3> 4y (B.264)
Equation of state parameter,
w=—1+2(z*+19?) . (B.265)
Critical points,
bc, DP1= (%7 _%70) ) (B266)

all outside the acceleration region. In particular p; lies on the invariant plane and in the
region exterior to S.

co, kK #0

System of equations,
a’ = 2x(—1+2% +y?) + 3(7 — 22)2?
Y = —3(V3+6y)2” + 2y(—1+2” + % + 2°) (B.267)
Z =1z [2 + 2 (=7 + 42) + y(V3 + 4y) — 222] .

Constraint,
6k 22e8A—2B—% gcg (2 +y*+2°—1) . (B.268)
Invariant plane,
3¢+ 7V3y=0. (B.269)
Acceleration condition,
22> 22 + ) . (B.270)
Equation of state parameter,
w=—%+ %(mQ + %) — %22 . (B.271)
Critical points,
pc, Po, pP1= (276,—25, 123> : (B.272)
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B.2.3

B.2 Two-flux dynamical systems

The point p; lies in the region inside the invariant sphere S. Both pg and p; lie on the
boundary of the acceleration region and on the invariant plane. The linearized system at

p1 has one real and two complex eigenvalues: —2, —1 % 3¢4/ 1% It follows that py is a

stable focus (resp. node) for trajectories within (resp. orthogonal to) P. This model is
qualitatively very similar to the one analyzed in detail in Section 8.2.2.

C(),)\#O

System of equations,

(=24 3z)(—1+2° +y°) + 327
y(—1+2” +42) — 222 (B.273)
2 =1z [w(—? +62) + y(V3 + 6y)} .

’

T
’

Yy

Constraint,
6122684 % = gcg (2 +y*+22-1) . (B.274)
Invariant plane,
z+V3y—2=0. (B.275)
Acceleration condition,
I>a? 442, (B.276)

with w = —1 + 2(2? 4 y?). Critical points,

bci; P1= (%7070) ) (B277)

all of them outside the acceleration region. p; lies in the interior of § and on the invariant
plane.

Compactification on Einstein-Kahler manifolds

p, cp 0

System of equations,
2’ = (=5 + 62) (=1 + 2” +¢?) + 227
L |=6y+3(V3+ 2y)(a? + 9?) + V(=3 + 4%)] (B.278)

=1z [—9$ + 627 4+ y(—V3 + 6y)} .

Constraint,
3 1
_50?2268A+2¢ = ici (2 +y*+ 22— 1) . (B.279)
Invariant plane,
3¢ —V3y—4=0. (B.280)
Acceleration condition,
T>at 4y (B.281)
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Appendix B. Cosmological solutions

Equation of state parameter,

w=-1+2(2%+y?) . (B.282)
Critical points,
bc, pP1= (%7 _gvo) ) (B283)

all outside the acceleration region. In particular p; lies on the invariant plane and in the
region exterior to S.

k?,C‘f#O

System of equations,
1
=2z (2 +y*— 1)+ 5(5 — 2x)2>

33
2

1
7 = 57 (x(41: —5) + 4y? + 33y — 222 +2) :

y =2y (2*+y° 1) —y® — 22 (B.284)

Constraint,
3
6k22e 205 = S (a® 4y 27— 1) (B.285)
Invariant plane,
9z +5V3y =0 . (B.286)
Acceleration condition,
22> 22 + o) . (B.287)
Equation of state parameter,
2,2 .2
_ T Ay 2 (B.288)

W= ——"—,
$2 +y2 + 22
Critical points,

pc , Po pP1 = <256’_3£é§7 £> . (B289)
The point p; lies in the region inside of the invariant sphere S. It lies on the boundary
of the acceleration region, as well as on the invariant plane. The linearized system at

p1 has one real and two complex eigenvalues: —2, —1 + 3i4/ 13—3 It follows that py is a

stable focus (resp. node) for trajectories within (resp. orthogonal to) P. This model is
qualitatively very similar to the one analyzed in detail in Section 8.2.2.

A, Cr ;é 0
System of equations,

/
Tr =

(=54 62)(—1+2? +y?) — 27
y =3 [(\/3 +2y)(2® + 9% — 1) + \/§z2} (B.290)
2=z [3(2* +y?) —22] .
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B.2 Two-flux dynamical systems

Constraint,
3 5 3¢
6A (2% +y?+22—1) = 52267_2‘40? : (B.291)
Invariant plane,
9z +V3y—6=0. (B.292)
Acceleration condition,
R T (B.293)

Equation of state parameter,
w=-1+2(z"+y%) . (B.294)
Critical points,
pes m=(30%), m=(&¥ %), m=(3-%0).  (B295)

The points ps and p3 lie in the region exterior to S, while p; lies on the invariant sphere.
The points p1, p2, ps all lie on the invariant plane and outside the region of acceleration.
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| C.1

Minkowski and (anti-) de Sitter solu-
tions

We list in this appendix the (anti-) dS and Minkowski solutions found in this work,
and discussed in the first part of the thesis. They are first ordered according to their
cosmological constant, in Appendices C.1, C.2 and C.3. In each of those, we follow the
order of solution classes of Table 2.7. Solutions are labelled accordingly, as described
there. While solutions have been found to a satisfactory precision level (see Section 2.2.2),
we round them here to 5 significant digits for readability. The variables are expressed with
the following symbols: Tio[I] for gsTi,, Fylay,...,aq] for gsFya,..apy Hla,b,c] for Heyp,
fla, b, c] for f%.. Only the non-zero variables are given. We also provide R4 and Rg.
All values should be understood in units of 27ls. Note though that as indicated at the
end of Section 2.2.1, each solution can go through an overall rescaling of its values. The
source sets are here labelled with a single index I, independently of the dimensionality p.
We thus specify the internal directions wrapped by each set. The sets with O, are the
first ones, and their number can be read from the class name.

For each solution, we provide the stability data discussed in Section 3.2. We first
give the mass spectrum, namely the mass matrix eigenvalues: masses?. For de Sitter
solutions, we give an eigenvector ¥ in field space (in the (p, 7, 07) basis) corresponding to
the tachyonic direction. For (anti-) de Sitter solutions, we also compute the parameter
ny. We refer to [5] for more details. Algebras corresponding to the f%,. are identified in
Section 3.1.4 for all solutions.

De Sitter solutions
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Appendix C. Minkowski and (anti-) de Sitter solutions

8;_51

I=1:12, I =2:34, I = 3: 56,

Tio[1] — 0.47704, Tyo[2] — 0.30751, Tio[3] — —0.053848, Fy[5] — 0.067964, F}[6] — —0.16337,
F3[1,3,5] — 0.029423, F3[1,3,6] — 0.042531, F3[1,4, 5] — 0.071507, F3[1,4, 6] — 0.25908,
F3[2,3,5] — —0.0029428, F3[2,3,6] — —0.011609, F3[2,4,5] — —0.026656, F3[2, 4, 6] — —0.056824,
H[1,2,5] — —0.089255, H[1,2,6] — —0.020459, H[3,4,5] — —0.10652, H[3, 4, 6] — —0.0097439,
f11,3,5] — —0.20034, f[1,3,6] — —0.019633, f[1,4, 5] — 0.075638, f[1,4,6] — —0.060835,
£12,3,5] — 0.078361, f[2,3,6] — —0.045623, f[2,4,5] — —0.019626, f[2,4, 6] — 0.012723,
£[3,1,5] — 0.0062025, f[3,1,6] — —0.013864, f[3,2,5] — 0.042311, f[3,2,6] — —0.061633,
f14,1,5] — 0.016689, f[4,1,6] — —0.051754, f[4,2,5] — —0.16991, f[4,2,6] — —0.037573,
f15,1,3] = —0.0012195, f[5, 1, 4] — 0.00029436, f[5,2,3] — —0.046738, f[5,2,4] — 0.011281,

£16,1,3] — —0.00050733, £[6, 1,4] — 0.00012246, £[6,2, 3] — —0.019444, f[6,2, 4] — 0.0046932 .

R4 =0.011482, Rg = —0.062461, ny = —2.8544,

masses® = (0.086586, 0.048623, 0.044431, —0.0081936) , ¥ = (0.512,0.83441,0.15942, 0.12727) .
3;52
Tio[1] — 0.46469, Tyo[2] — 0.4183, T1[3] — —0.13527, F1[5] — —0.054338, F}[6] — 0.09419,
F3[1,3,5] — 0.19696, F5[1,3,6] — 0.029077, F3[1,4,5] — —0.14439, F3[1,4, 6] — —0.018361,
F3[2,3,5] — —0.14504, F3[2,3,6] — —0.023914, F3[2,4, 5] — 0.1403, F5[2, 4, 6] — 0.01418,
HI1,2,5] — —0.0061166, H[1,2,6] — 0.019678, H|3,4,5] — 0.0072392, H 3,4, 6] — 0.029453,
f11,3,5] — —0.043274, f[1,3,6] — —0.12877, f[1,4,5] — —0.0053473, f[1,4,6] — —0.19337,
£12,3,5] — 0.11672, f[2, 3, 6] — 0.095978, f[2,4, 5] — 0.12856, f[2,4, 6] — 0.073781,
£13,1,5] — —0.075441, f[3,1,6] — 0.10485, f[3, 2, 5] — —0.017193, f[3, 2, 6] — 0.10796,
f4,1,5] — 0.070637, f[4,1,6] — —0.11098, f[4,2, 5] — 0.033071, f[4,2, 6] — —0.091882,
f[5,1,3] — —0.028108, f[5,1,4] — —0.027949, F[5,2, 3] — 0.084778, f[5,2,4] — 0.0843,
f16,1,3] = —0.016215, f[6,1,4] — —0.016124, f[6, 2, 3] — 0.048908, f[6,2, 4] — 0.048633.
R4 =0.01048, R¢ = —0.072118, ny = —2.7030,

masses? = (0.12192,0.054898,0.02209, —0.0070818) , ¥ = (0.59801,0.78544, 0.083651,0.13587) .
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C.1 De Sitter solutions

3;53

Tio[1] — 0.72554, Tyo[2] — 0.56275, Tio[3] — —0.11084, F1[5] — —0.046697, F1[6] — —0.14894,
F3[1,3,5] — —0.3778, F3[1,3,6] — —0.053076, F3[1,4, 5] — 0.078924, F3[1,4, 6] — —0.0016181,
F3[2,3,5] — 0.0067415, F3[2, 3,6] — —0.015912, F3[2, 4, 5] — —0.0036507, F3[2,4, 6] — —0.003343,
HI1,2,5] — —0.011276, H[1,2,6] — 0.046065, H|3,4,5] — —0.028408, H[3, 4, 6] — 0.039204,
f[1,3,5] = 0.036555, f[1,3,6] — 0.1166, f[1,4,5] — —0.13275, f[1,4, 6] — 0.25613,

f12,3,5] — —0.0070935, f[2,3,6] — —0.022625, f[2,4,5] — —0.075855, f[2,4, 6] — —0.077621,
f[3,1,5] — 0.055343, £[3,1,6] — 0.077441, f[3,2,5] — 0.08688, f[3,2, 6] — —0.23348,

f14,1,5] — —0.012378, f[4,1,6] — —0.0034012, f[4,2,5] — —0.06379, f[4,2,6] — —0.017528,
f15,1,4] — —0.009863, f[5,2,4] — —0.050828, f[6,1,4] — 0.0030922, f[6,2,4] — 0.015935.

R4 =0.019772, Re = —0.1156, ny = —2.9334,

masses® = (0.1202,0.074661, 0.042293, —0.014499) , ¥ = (0.5718,0.79714,0.1371,0.13717) .

35+54

Tio[1] — 0.35972, T1o[2] — 0.52854, Tho[3] — —0.061607, F;[5] — —0.055616, F1[6] — —0.089616,
F3[1,3,5] — —0.2955, F3[1,3,6] — 0.14475, F3[1,4,5] — 0.053224, F5[1,4,6] — —0.01737,
F3[2,3,5] — 0.036808, F3[2,3,6] — —0.033252, F3[2,4,5] — —0.043811, F3[2, 4, 6] — 0.014833,
H[1,2,5] — —0.0044838, H[1,2,6] — 0.014822, H[3,4,5] — 0.01242, H[3,4, 6] — 0.0093064,
f[1,3,5] — 0.021656, f[1,3,6] — 0.044792, f[1,4,5] — —0.026067, f[1,4,6] — 0.2064,

f[2,3,5] — —0.018528, f[2,3,6] — —0.033604, f[2,4, 5] — 0.05014, f[2,4,6] — —0.013342,
f[3,1,5] — —0.057579, f[3,1,6] — 0.011876, f[3,2,5] — —0.18459, f[3,2, 6] — —0.18172,
f[4,1,5] — 0.0086028, f[4,1,6] — 0.040689, f[4, 2, 5] — 0.01433, f[4,2,6] — 0.052753,

f[5,1,3] — —0.00083758, f[5, 1,4] — —0.021022, f[5,2, 3] — —0.0009261, f[5,2,4] — —0.023244,

£16,1,3] — 0.00051981, £[6,1,4] — 0.013047, £[6,2, 3] — 0.00057474, f[6, 2, 4] — 0.014425 .
R4 = 0.010644, Rg = —0.079291, 1y = —2.8966,

masses? = (0.081167,0.046349,0.018831, —0.0077075) , ¥ = (0.59942,0.77513,0.12971,0.15182) .
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8;_55

Tio[1] — 0.5488, T10[2] — 0.49801, T10[3] — —0.09235, Fy [5] — —0.1363, F1[6] — —0.035535,
F3[1,3,5] — —0.058902, F3[1,3, 6] — —0.32976, F3[1,4, 5] — 0.011126, F3[1,4, 6] — 0.1021,
F3[2,3,5] — —0.0067774, F3[2,3,6] — 0.0038507, F3[2,4,6] — —0.005906, F3[2, 4, 5] — F3[2,4,6],
H[1,2,5] — —0.041183, H[1,2,6] — 0.015758, H[3,4, 5] — —0.034816, H|3, 4, 6] — 0.018389,
f11,3,5] — —0.12993, f[1,3,6] — —0.033873, f[1,4,5] — —0.20816, f[1,4, 6] — 0.095049,
£12,3,5] — 0.025631, f[2,3,6] — 0.0066821, f[2,4, 6] — 0.04532, f[3, 1,5] — —0.054525,

£[3,2,5] — 0.22297, f[3,2,6] — —0.099548, f[4,1,5] — 0.0012519, f[4,1, 6] — 0.018843,

f14,2,5] — 0.006346, f[4,2,6] — 0.095521, f[5,1,4] — 0.0025089, f[5,2,4] — 0.012718,

£16,1,4] — —0.0096234, £[6,2,4] — —0.048783, f[2,4,5] — f[2,4,6], f[3,1,6] — —f[2,4,6] .

R4 =0.016346, R¢ = —0.094138, ny = —2.9703,

masses® = (0.091114, 0.065509, 0.03436, —0.012138) , ¥ = (0.56953,0.79882,0.14606,0.12724) .
3256

Tio[1] — 0.18633, Tio[2] — 0.099822, T10[3] — —0.023249, F}[5] — —0.06428, F}[6] — —0.034831,
F3[1,3,5] — 0.01078, F5[1,3,6] — —0.026777, F5[1,4, 5] — —0.016182, F3[1,4, 6] — 0.033328,
F3[2,3,5] — —0.015359, F5[2,3,6] — 0.10935, F3[2,4, 5] — —0.0041419, F3[2, 4, 6] — —0.14142,
HI1,2,5] — —0.024728, H[1,2,6] — —0.0016963, H[3,4,5] — —0.020168, H|[3, 4, 6] — 0.016339,
f[1,3,5] — —0.043546, f[1,3,6] — —0.03002, f[1,4, 5] — —0.040593, f[1,4, 6] — —0.024861,
f12,3,5] — 0.10185, f[2,3,6] — —0.050296, f[2,4, 5] — 0.10301, f[2, 4, 6] — 0.0087766,
£13,1,5] — 0.03814, f[3,1, 6] — —0.032997, f[3, 2, 5] — —0.005429, f[3, 2, 6] — —0.022669,
F4,1,5] = —0.09408, f[4,1,6] — 0.0059857, f[4,2,5] — 0.0090268, f[4, 2, 6] — 0.025832,
f[5,1,3] — 0.0098816, f[5, 1,4] — 0.0044069, f[5, 2, 3] — 0.0036326, f[5, 2, 4] — 0.0016201,

£16,1,3] — —0.018236, [6,1,4] — —0.008133, f[6, 2, 3] — —0.006704, f[6,2, 4] — —0.0029898 .
R4 = 0.004057, Rg = —0.025322, ny = —2.9146

masses? = (0.030262,0.013323, 0.0092559, —0.0029562) , v = (0.56648,0.80047,0.14645,0.12997) .
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3;57

Tio[1] — 0.32241, Tyo[2] — 0.25405, Tyo[3] — —0.1001, Fy[5] — 0.027908, F}[6] — 0.079651,
F3[1,3,5] — 0.057728, F3[1, 3,6] — —0.0003245, F3[1,4,5] — —0.11383, F3[1,4, 6] — 0.0043009,
F3[2,3,5] — 0.12422, F3[2,3,6] — 0.015909, F3[2,4, 5] — —0.18375, F3[2,4, 6] — —0.010172,
HI[1,2,5] — —0.0042465, H[1,2,6] — —0.014838, H[3,4,5] — 0.014738, H[3, 4,6] — —0.016011,
£[1,3,5] — —0.0078082, f[1,3,6] — —0.14573, f[1,4,5] — 0.01363, 1,4, 6] — —0.059324,
f12,3,5] — 0.14929, f[2,3,6] — —0.10111, f[2,4,5] — 0.11852, f[2, 4, 6] — —0.081211,

£13,1,5] — —0.036299, £[3,1,6] — —0.10329, f[3,2,5] — 0.0019146, f[3,2,6] — 0.028735,
f[4,1,5] = 0.045777, f[4,1,6] — 0.12971, f[4,2, 5] — 0.0092216, f[4, 2, 6] — —0.044147,
£15,1,3] — 0.0014146, f[5,1,4] — 0.0011256, £[5,2,3] — 0.1058, f[5,2,4] — 0.084183,

£16,1,3] = —0.00049565, £[6, 1,4] — —0.00039437, £[6, 2, 3] — —0.037071, £[6, 2, 4] — —0.029496 .
R4 = 0.0064113, Rg = —0.045751, 5y = —2.5101,

masses? = (0.09705,0.033829,0.014147, —0.0040233) , v = (0.61748,0.7735,0.071634, 0.12359) .

3;58

Tyo[1] = 0.19717, Tyo[2] — 0.14783, T1o[3] — —0.021473, F1[5] — —0.078205, F1[6] — 0.0049412,
F3[1,3,5] — —0.0099514, F5[1,3,6] — 0.011265, F5[1,4, 5] — —0.053599, F3[1, 4, 6] — 0.17075,
F3[2,3,5] — 0.018747, F3[2,3,6] — —0.029133, F3[2, 4, 5] — —0.051305, F3[2, 4, 6] — 0.085993,
HI[1,2,5] — 0.015719, H[1,2,6] — 0.0048415, H[3,4,5] — 0.03184, H[3, 4, 6] — 0.023596,
f[1,3,5] — —0.12703, f[1,3,6] — 0.028513, f[1,4,5] — 0.012977, f[1,4, 6] — 0.014053,

£12,3,5] — —0.086914, f[2,3,6] — —0.033169, £[2,4,5] — —0.025341, f[2, 4, 6] — —0.026465,
£13,1,5] = —0.011566, f[3, 1, 6] — 0.00064098, f[3,2,5] — —0.0058617, f[3,2, 6] — 0.00062058,
£[4,1,5] — 0.046748, f[4,1,6] — 0.031485, f[4,2,5] — —0.077789, f[4, 2, 6] — —0.091042,
£15,1,3] — 0.00041274, [5, 1, 4] — 0.00029964, f[5, 2, 3] — —0.00115, £[5,2,4] — —0.00083489,

£16,1,3] = 0.0065325, £[6, 1, 4] — 0.0047425, £[6, 2, 3] — —0.018202, £[6,2, 4] — —0.013214.
Ry = 0.0042994, Rg = —0.030339, 5y = —2.7790,

masses? = (0.03168,0.015949,0.010753, —0.002987) , ¥ = (0.57994,0.78615,0.14473,0.15715) .
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8;_59

Tio[1] — 0.35204, Tyo[2] — 0.32339, Tio[3] — —0.12879, F1[5] — 0.05975, F1[6] — —0.058962,
F3[1,3,5] — 0.11186, F3[1,3, 6] — 0.059735, F5[1,4, 5] — —0.21025, F3[1, 4, 6] — —0.094019,
F3[2,3,5] — 0.042689, F5[2, 3, 6] — 0.030822, F3[2,4, 5] — —0.060858, F3[2,4, 6] — —0.043124,
HI1,2,5] — 0.0086458, H[1,2, 6] — —0.0086346, H[3, 4, 5] — —0.0085054, H[3, 4, 6] — —0.015009,
f11,3,5] — —0.1416, f[1,3,6] — —0.23025, f[1,4,5] — —0.06172, f[1,4, 6] — —0.10511,

£12,3,5] — 0.065963, f[2,3,6] — —0.095767, f[2,4,5] — 0.06644, f[2,4, 6] — —0.079327,

£[3,1,5] — 0.00092451, f[3,1,6] — —0.011556, f[3,2,5] — —0.061413, f[3,2,6] — 0.061127,
f[4,1,5] — —0.0068416, f[4,1,6] — 0.018309, f[4,2,5] — 0.1371, f[4,2,6] — —0.13586,

f15,1,3] = —0.13707, f[5,1,4] — —0.061505, f[5,2, 3] — 0.0067551, f[5,2,4] — 0.0030311,

£16,1,3] — —0.1389, £[6,1,4] — —0.062327, f[6, 2, 3] — 0.0068453, £[6,2, 4] — 0.0030716.
R4 = 0.0065997, Rg = —0.051929, ny = —2.2494 |
masses® = (0.15427,0.045378, 0.015301, —0.0037113) , & = (0.6478,0.75245,0.047002, 0.10938) .

5410

Tio[1] — 10, Ty0[2] = 10, T1o[3] — —0.3259120382713294, F} [5] — 1, Fy[6] — 1,
F3[1,3,5] — —0.1349772714306872, F3[1, 3, 6] — —0.7456107008676475,
F3[1,4,5] — 0.4757995474652397, F3[1,4, 6] — —0.2227565010250167,
F3[2,3,5] — —0.4614346028465642, F3[2, 3, 6] — 0.0426792857654753,
F3(2,4,5] — 0.2860470205462396, F3[2,4,6] — —F3[2,4, 5], H[1,2,5] — 0.9376250941912930,
HI[1,2,6] — —0.2994901148924934, H|[3,4, 5] — 0.6659796477910178,

HI[3,4,6] — —0.7329190688589823, f[1, 3, 6] — —0.1969129428812132,
fI1,4,5] — —0.2753236733652662, f[1, 4, 6] — 0.3984487144549955,

£12,4,5] — —0.0799090201373039, f[2, 4, 6] — 0.3243522244088599,

£13,1,6] — —0.2002924300421296, f[3, 2, 5] — 0.4230701843222834,

£13,2,6] — —0.0284354195594737, f[4,2, 5] — —0.1236377141499939,

£14,2,6] — 0.5018478206399179, f[6,2, 4] — —0.0889546337076675,

FI1,3,5] — £[1,3,6], f[3,1,5] — £[3,1,6], f[5,2,4] — —£[6,2,4].
R4 = 0.05046560105547959 , R = —0.7152057317272771, 1y = —2.0907955384379524 ,
masses® = (5.0863,1.233,0.57277, —0.026378) , ¥ = (0.50049, 0.81331,0.21722, 0.20212) .
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s11
Tio[1] — 0.72539, Tyo[2] — 0.57602, Tyo[3] — —0.11238, Fy[5] — —0.046382, F}[6] — —0.14989,
F3[1,3,5] — —0.37962, F3[1,3,6] — —0.054102, F3[1,4,5] — 0.078715, F5[1,4, 6] — —0.00035418,
F3[2,3,5] — 0.0058597, F5[2,3, 6] — —0.014748, F3[2, 4, 6] — —0.0036669, F3[2,4,5] — F3[2, 4, 6],
H[1,2,5] — —0.011716, H[1,2, 6] — 0.045795, H[3,4, 5] — —0.02785, H[3, 4, 6] — 0.039606,
f11,3,5] — 0.036064, f[1,3,6] — 0.11655, f[1,4,5] — —0.13436, f[1,4, 6] — 0.25498,
f12,3,5] — —0.0072143, f[2,3,6] — —0.023314, f[2,4,5] — —0.075938, f[2, 4, 6] — —0.077789,
£13,1,5] — 0.056116, f[3,2, 5] — 0.086816, f[3,2,6] — —0.23712, f[4,1,5] — —0.012879,
£14,1,6] — —0.0033548, f[4,2, 5] — —0.064383, f[4,2,6] — —0.016771, f[5, 1,4] — —0.010266,
f[p,2,4] — —0.05132, £[6,1,4] — 0.0031768, f[6,2,4] — 0.015881, f[3,1,6] — —f[2,4,6] .

R4 =0.02004, Rg = —0.11684, ny = —2.9354,
masses® = (0.12054, 0.076154, 0.042724, —0.014706) , & = (0.5719,0.7971,0.13641, 0.13769) .
5112
Tyo[1] — 7.7271771858613970, Tyo[2] — 2.2569215718539540, To[3] — —0.1443613520399306,
F1[5] — 1, F3[1,3,5] — 0.4942839801759979, F3[1, 3, 6] — —0.2974725565593828,
F3[1,4,6] — —0.0819919421531531, F3[2,3,5] — 0.0065197489236415,
F3[2,3,6] — —0.2445092180276900, F3[2,4, 5] — 0.2193161877900493,
F3[2,4,6] — 0.3644682080232862, H|[1,2, 5] — —0.4230470081250839,
HI[1,2,6] — —0.2646546977657695, H[3, 4, 5] — 0.2589549673229080,
H[3,4,6] — —0.7901065711295830, f[1,4,5] — —0.1277833635641377,
f[1,4,6] — —0.5365645111668850, f[2,3,5] — —0.4614839479014394,
f12,4,5] — —0.1062270206129369, f[2,4, 6] — —0.0551085436402409,
£13,1,5] = —0.0119865546470415, f[3,2,5] — 0.2444904911694590,
f14,1,5] — —0.0650526285279246, f[4,1,6] — —0.2731570906621740,

£16,1,4] — 0.0984021196994866, f[3,1,6] — — f]2,4, 6] .
R4 = 0.059663051023583824 , R = —0.4094726936749863 , ny = —2.935420188208411 ,
masses? = (2.7155,0.63285, 0.25637, —0.04109) , & = (0.46387,0.85232, 0.19198, 0.1467) .

243



Appendix C. Minkowski and (anti-) de Sitter solutions

5413

Tio[1] — 10, Tyo[2] — 0.77399, T10[3] — —0.20221, F;[5] — 0.82894, F3[1,3,5] — 0.1905,
F3[1,3,6] — 0.00375, F3[1,4, 6] — —0.0039311, F3[2, 3, 5] — —0.46675, F3[2,3, 6] — —0.57687,
F3[2,4,5] — 0.0022733, F3[2,4,6] — 0.67087, H[1,2,5] — 0.17259, H[1,2,6] — —0.00071525,
HI[3,4,5] — 0.0026425, H[3,4,6] — —0.78712, f[1,4,6] — —0.19142, f[2,3,5] — —0.66446,
f[2,4,5] — —0.54418, f[2,4,6] — 0.46713, f[3,1,5] — —0.10243, f[3,1,6] — 0.1473,

£13,2,5] — —0.041972, f[4,1,6] — —0.17985, [6, 1,4] — 0.058422 .

R4 =0.037791, R¢ = —0.5941, ny = —2.9518,

masses? = (2.3792,0.59264,0.10413, —0.027888) , ¥ = (0.41291,0.87252,0.22255, 0.13672) .

sh-14

Tio[1] — 10, Ty0[2] — —0.0885069318066244, T10[3] — —0.7765198126057072,
Fi[5] — —0.2739820106484752, F3[1,3,5] — —0.5612239678297053,
F3[1,3,6] — 0.7199875113561189, F3[1,4, 6] — 0.0527969424771896,
F3[2,3,5] — 0.6773312203822072, F3[2, 3, 6] — —0.3132864455247597,
F3[2,4,6] — 0.1780541307257305, H|[1,2, 5] — —0.0045785440625781,
HI[3,4,6] — 0.2288818622936161, f[1,4, 5] — 0.8435712996340920,

£11,4,6] — 0.6715419200224235, f[2, 3, 5] — —0.2892985071257778,

£12,4,5] = —0.0614203186917094, f[2, 4, 6] — —0.8104719938914240,
£13,1,5] = 0.0162126509210115, f[3,2, 5] — 0.0134334990107109,

£16,1,4] — 0.4131042712391767 .

R4 = 0.022658272206244612 , Re = —0.7577021085288538 , ny = —1.7067392663765713 ,

masses? = (1.9928,0.24874,0.02597, —0.0096679) , ¥ = (0.11993,0.95779,0.06937,0.25189) .
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8;_514'

Tio[1] — 10, T10[2] — —0.0885069318066244, T1¢[3] — —0.7765198126057072,
F1[5] — —0.2739820106484752, H|[1,2,5] — —0.0045785440625781,

H[3,4,5] — —0.2875146945871226, H[3, 4, 6] — 0.2288818622936161,
Fs[1,3,5] — —2.7580681436956810, F3[1, 3, 6] — 1.0980873478564690,
F5[1,4,5] — —8.9169397596149600, F3[1,4, 6] — 3.4691323044710350,
F5[2,3,5] — 1.0708724813659480, F3[2, 3, 6] — —0.3132864455247597,
F3[2,4,5] — 3.3175634705051610, F3[2, 4, 6] — —0.8579415960403540,
f[1,4,6] — 0.6715419200224235, f[2, 3, 5] — —0.2892985071257778,

f13,2,5] — 0.0134334990107109, f[6,1,4] — 0.4131042712391767,

g'? — 1.2068822060495703, g3+ — —3.3068641863224433, ¢°° — 1.2561707236473398 .

R4,Re,ny unchanged .
sa15

Tho[1] = 10, To[2] — 0.4966295777593360, T10[3] — —0.1058505594207743,
F1[5] — 0.1394435290122775, F3[1, 3, 6] — 0.0034027792189916,

F3[1,4, 6] — —0.0003267933126085, F5[2, 3, 5] — 0.0090828099128681,
F3[2,3,6] — —1.1496878282089060, F3[2,4, 5] — —0.0048365319588065,
F3[2,4, 6] — 0.6091051220227705, H[1,2,6] — —0.0001845709594129,
H([3,4,5] — —0.0010888652794866, ]2, 3, 5] — —0.6020820458095239,
f[2,4,5] — —1.1306855450590460, f[3, 1, 5] — —0.0698547712340311,
f[3,1,6] — —0.1916598129974718, £[3,2,5] — —0.0588533218001099,

f[4,1,6] — 0.1020574931847763, f[6,1,4] — 0.0153448261959478 .
R4 = 0.019443278089360194 , Rg = —0.8853409197705556 , ny = —2.9336294934114315,

masses? = (1.6415,0.057392,0.031507, —0.01426) , ¥ = (0.60222,0.77078,0.17269,0.11581) .
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5415

Tio[1] — 10, T10[2] — 0.4966295777593360, T10[3] — —0.1058505594207743,
F1[5] — 0.1394435290122775, F3[1, 3,5] — —0.0107806592596513,
F3[1,3,6] — 1.3680017138866560, F3[1,4,5] — 0.0259862634523308,
F3[1,4,6] — —3.2923433827652360, F3[2, 3, 5] — 0.0090828099128681,
F3[2,3,6] — —1.1496878282089060, F3[2,4,5] — —0.0218936788185686,
F3[2,4,6] — 2.7681720095568790, H[1,2, 6] — —0.0001845709594129,
H[3,4,5] — —0.0010888652794866, f[2, 3, 5] — —0.6020820458095239,
f[3,2,5] = —0.0588533218001099, f[4, 1,6] — 0.1020574931847763,
f16,1,4] — 0.0153448261959478,

g*? — 1.1869299658443528, ¢+ — 1.8779592464658086 .

R4,Re,ny unchanged .
54516

Tio[1] — 10, Tip[2] — 1.0653924581926100, T1o[3] — —0.2865487441401781,

F1[5] — —0.3830798073971085, F3[2,3, 5] — 0.5088261106821323,

F3[2,3,6] — 1.0453549102326770, F3[2, 4, 6] — 0.3522836755847258, F3(1,3,6] — F3[2,4, 6],
HI[1,2,5] — 0.0392319041342279, H[1,2, 6] — —0.0939555787571918,

HI[3,4,5] — —0.0125416177756354, H[3, 4, 6] — 0.2939059636978374,

f[2,3,5] — —0.3584729155627473, f[2,4, 5] — 0.9572822432446080,

f[2,4,6] — —0.5911827525101534, f[3,1, 5] — 0.2190447474382595,

f[3,1,6] — 0.1889887396788805, f[4,1,5] — 0.1145962804793664,

£16,1,4] — —0.0456860378765839, f[3,2,5] — —f[4,1,5], f[1,4,5] — —f[2,3,5].
R4 = 0.0498453380802234 , R = —0.8996299138736688 , 1y = —2.840382369328406 ,

masses? = (1.6235,0.26174,0.12567, —0.035395) , ¥ = (0.48957,0.83657,0.20509, 0.13567) .
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517

Tho[1] = 10, Tyo[2] — 1.1283773832265060, T10[3] — —0.3209376228220143,

F1[5] — 0.4281135811392881, F3[2, 3, 5] — 0.7295336312279515,

F3[2,3,6] — —0.9244213776567620, F3[2,4, 6] — 0.2952514287937376, F3[1,3,6] — —F3[2,4, 6],
HI[1,2,5] — —0.1097182799067921, H[1,2, 6] — —0.1163339858329525,

HJ[3,4,5] — —0.0405195014515629, H|3, 4, 6] — —0.3150079434109206,

f[2,3,5] — —0.3272913073142077, f[2,4,5] — —0.8339260055526270,

f[2,4,6] — —0.7780888837446737, f[3,1,6] — —0.2873520591201465,

f[4,1,5] — —0.1208702926537678, £[6, 1,4] — 0.0578627940639531,

fI1,4,5] — £12,3,5], f[3,2,5] — f[4,1,5].

R4 = 0.05683770674055544 , Re = —0.8942359209665893 , ny = —2.8748253009196407 ,

masses? = (1.6346,0.33106,0.14162, —0.04085) , @ = (0.48741,0.84003, 0.20034, 0.12901) .
5418

Tio[1] = 10, Tio[2] = 5.0453, To[3] — —1.7065, F1[5] — 0.14502, Fy[6] — 1.1791,

F3[1,3,5] = —0.032396, F3[1,3,6] — —0.17114, F3[1, 4,5] — —0.22672, F3[1,4, 6] — 0.041315,
F3[2,3,5] — 0.55732, F3[2,3, 6] — 0.038508, F3[2, 4, 6] — —0.62288, H[1,2,5] — 0.69483,
H(3,4,5] — 0.46484, H[3,4,6] — —0.82698, f[1,3,5] — —0.034063, f[1,4, 5] — 0.012660,

f[1,4,6] — 0.15053, f[2,3,5] — 1.5799, f[2,4,5] — 0.27154, f[3,2,5] — 0.12647,
f15,2,3] — 1.2374, f[5,2,4] — 0.21267, £[6,2,3] — —0.15219, f[6,2,4] — —0.026158..

R4 =0.028430, Rg= —0.44861, ny = 3.7926,

masses? = (4.4552,3.6110, 0.29362, 0.026956) , v = (0.49697,0.84917,0.046867,0.17244) .
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5419

Tio[1] — 10, Ty0[2] — 0.12358, Tio[3] — —0.39675, Fy [5] — 0.032992, F} [6] — 0.16433,
F3[1,3,5] — —0.52888, F3[1,3,6] — 0.10898, F3[1,4, 5] — 0.29728, F3[1,4, 6] — —0.056703,
F3[2,3,5] — 0.46336, F3[2, 3,6] — —0.47205, F3[2,4, 5] — —0.069697, F3[2, 4, 6] — 0.87424,
HI1,2,5] — 0.0018436, H[1,2,6] — 0.010455, H[3,4,5] — 0.15470, H[3, 4,6] — —0.029492,
f11,3,5] = 0.058151, f[1,3,6] — 0.32171, f[1,4,5] — 0.11066, f[1, 4,6] — 0.56519,

£12,3,5] — —0.92088, f[2,3,6] — —0.059007, f[2,4, 5] — —0.48068, f[2,4, 6] — —0.41926,
£13,1,5] = 0.0050094, £[3,1,6] — —0.028443, f[3,2,5] — 0.011003, f[3,2, 6] — —0.0028411,
f14,1,5] = 0.0060442, f[4,1,6] — 0.060379, f[4,2,5] — —0.0063015, f[4,2, 6] — 0.0012974,
f15,1,3] = —0.061155, f[5,1,4] — —0.026674, f[5,2,3] — —0.066026, f[5,2,4] — —0.028799,

f16,1,3] — 0.012278, f[6,1, 4] — 0.0053553, f[6,2, 3] — 0.013256, f[6,2,4] — 0.0057819.
R4 =0.0031779, Re=—0.44861, ny = —0.12141,
masses? = (1.7237,0.060109, 0.0058657, —0.000096456) , & = (0.35911,0.91283,0.19064, 0.037871) .

5420

Tio[1] — 10, T1p[2] — —0.19097, Tio[3] — —1.1799, Fy[5] — 0.15119, F}[6] — 0.17554,
F3[1,3,5] — —0.23901, F3[1,3,6] — —0.64579, F3[1,4, 5] — —0.017596, F3[1,4,6] — 0.19754,
F3[2,3,5] — —0.16767, F3[2, 3, 6] — 0.88008, F3[2,4, 6] — —0.22116, H[1,2, 5] — —0.0097969,
f[1,4,6] — 0.71835, f[2,3,5] — 0.36455, f[2,4,5] — 1.2126, f[3,2,5] — —0.046623,

£15,2,3] — 0.15822, £[5,2,4] — 0.52631, £[6,2,3] — —0.13627, f[6,2,4] — —0.45329 .
Ry =0.019450, Rg= —0.72144, ny = —1.3624,
masses® = (2.6116,0.37159, 0.028935, —0.0066248) , 7 = (0.10243,0.94233,0.030698, —0.31715) .

85521

Tyo[1] — 10, T1o[2] — —0.13516, T10[3] — —0.67689, F}[5] — 0.25041, F; [6] — —0.18033,
F3[1,3,5] — —0.41712, F5[1,3,6] — 0.57791, F3[1,4, 5] — 0.0044424, F3[1,4, 6] — 0.30091,
F3[2,3,5] — 0.055123, F5[2, 3,6] — 0.87210, F5[2, 4, 6] — 0.22542, H[1,2, 5] — 0.012410,
H[3,4,5] — —0.14114, H[3,4,6] — —0.22801, £[1,3,5] — —0.37658, f[1,4, 5] — 0.43325,
£[1,4,6] — 0.64505, f[2,3,5] — —0.28801, f[2,4,5] — 1.0164, f[3,2,5] — 0.035108,
£15,2,3] — —0.063291, f[5,2,4] — 0.22337, £[6,2,3] — —0.087890, f[6, 2,4] — 0.31018.

R4 =0.023161, Re=—0.75279, ny = —1.7813,
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masses® = (1.9567,0.28341,0.030287, —0.010314) , 7 = (0.092869, 0.96324,0.077710, —0.23978) .
5122

Tio[1] — 10, Ty0[2] — 0.11698, Tyo[3] — —0.25961, Fy [5] — 0.22288,

F3[1,3,5] — 0.64570, F3[1,3,6] — 0.16612, F3[1,4, 6] — 0.023090, F3[2,3, 5] — —0.70283,
F3[2,3,6] — 0.63805, F3[2,4, 6] — —0.49421, H[1,2,5] — —0.012009, H[3,4, 6] — —0.21608,
f11,4,5] = 0.18908, f[1,4,6] — —0.66397, f[2,3,5] — 0.48234, f[2,4, 5] — 0.64579,

f12,4,6] — 0.72271, f[3,1,5] — 0.040164, f[3,2,5] — 0.036900, £[6,1,4] — —0.067815.

R4 = 0.0028407, Re= —0.80087, ny = —1.0525,
masses® = (1.6969, 0.099699, 0.0037153, —0.00074744) , & = (0.34472,0.91135,0.21299,0.072416) .
57523
Tio[1] — 10, T10[2] — 0.84108, T10[3] — —1.7713, F1[5] — 0.28275,
F3[1,3,5] — 0.76288, F3[1, 3, 6] — 0.34090, F5[1,4, 6] — 0.18689, F3[2,3,5] — 0.23849,
F3[2,3,6] — 0.70671, F5[2,4,6] — 0.32182, H[1,2,5] — 0.047753, H[3,4,6] — —0.19749,
f[1,4,5] — 0.15989, f[1,4,6] — —1.0319, f[2,3,5] — —0.35628, f[2,4,5] — 0.81719,
f12,4,6] — —0.32259, £[3,1,5] — 0.078001, f[3,2,5] — —0.24951, £[6,1,4] — —0.41774 .

R4 =0.038665, Rg=—0.77384, ny = —1.2253,
masses® = (2.1222,0.21211,0.072030, —0.011844) , ¥ = (0.59221,0.79571,0.10757, 0.067508) .
3;524
Tio[1] = 10, T10[2] — 0.19660, T1[3] — —0.44890, F1[5] — 0.23918,
F3[1,3,5] — 0.70008, F5[1,3,6] — —0.072124, F3[1,4, 6] — 0.044829, F3[2, 3,5] — 0.60939,
F3[2,3,6] — 0.68494, F3[2,4,6] — 0.47273, H[1,2,5] — 0.019075, H[3,4, 6] — —0.22522,
f11,4,5] — —0.11312, f[1,4,6] — —0.73817, f[2,3,5] — —0.45730, f[2,4,5] — 0.70098,

£12,4,6] — —0.64254, f[3,1,5] — 0.054422, f[3,2, 5] — —0.062521, £[6,1,4] — —0.10923.
R4 =0.0061178, Rg=—0.79288, ny = —0.95955,

masses? = (1.7245,0.11797,0.0082620, —0.0014676) , ¥ = (0.38671,0.89718,0.19939, 0.075995) .
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5425

Tio[1] = 10, Tyo[2] — 0.28255, Tyo[3] — —0.66015, F1[5] — 0.24822,

F3[1,3,5] = 0.73650, F3[1,3, 6] — 0.0099987, F3[1,4,6] — 0.070509, F3[2,3,5] — 0.52642,
F3[2,3,6] — 0.71248, F3[2,4, 6] — 0.44686, H[1,2, 5] — 0.025515, H[3,4,6] — —0.22535,
f11,4,5] — —0.051498, f[1,4,6] — —0.80098, f[2,3,5] — —0.43118, f[2,4, 5] — 0.74004,

£12,4,6] — —0.57251, f[3,1,5] — 0.064822, £[3,2,5] — —0.090691, f[6,1,4] — —0.15442..
Ry = 0.010180, Rg=—0.78633, ny = —0.90691,

masses® = (1.7623,0.13189,0.014432, —0.0023081) , ¥ = (0.43152,0.87989,0.18312,0.077785) .
54526

Tio[1] — 10, T10[2] — 0.60749, T10[3] — —1.3921, F1[5] — 0.26812,

F3[1,3,5] — —0.77550, F3[1, 3, 6] — —0.23680, F3[1, 4, 6] — —0.15385, F3[2,3,5] — —0.31347,
F3]2,3,6] — —0.72645, F3[2, 4, 6] — —0.36053, H[1,2, 5] — 0.041294, H[3,4, 6] — —0.20803,
f[1,4,5] — —0.10180, f[1, 4, 6] — 0.96159, f[2, 3,5] — 0.36993, f[2,4,5] — —0.80647,

£12,4,6] — 0.38869, f[3,1,5] — —0.077154, £[3,2,5] — 0.19087, £[6,1,4] — 0.31938 .

R4 =0.026903, Rg=—0.77236, ny = —1.0438,

masses® = (1.9625, 0.17832,0.045753, —0.0070202) , ¥ = (0.55137,0.82094, 0.12983,0.072063) .
5427

T1o[1] — 10, T10[2] — 0.69681, T19[3] — —1.5499, F1[5] — —0.27379,

F3[1,3,5] — 0.77212, F3[1, 3,6] — —0.28080, F3[1,4, 6] — 0.16865, F3[2, 3, 5] — —0.27968,
F3[2,3,6] — 0.71969, F3[2,4,6] — —0.34410, H[1,2,5] — 0.044110, H[3, 4, 6] — 0.20379,
f[1,4,5] — —0.12773, f[1,4,6] — —0.99090, f[2,3,5] — 0.36320, f[2,4, 5] — 0.81222,

£12,4,6] — 0.35892, £[3,1,5] — 0.077686, f[3,2,5] — 0.21447, f[6,1,4] — —0.35893 .
R4 =0.031484, Rg=—0.77199, ny = —1.1172,

masses? = (2.0231,0.19153,0.055590, —0.0087933) , ¢ = (0.56984,0.80991, 0.12007,0.070019) .
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5128

Tio[1] = 2.2601, Tyo[2] = 5.167, T10[3] = —0.46062, 1 [5] = 1, F3[1,3,5] = —0.16181,

F3[1,3,6] = —0.0038892, F3[1,4, 6] = 0.16022, F3[2,3,5] = —0.0001645, F3[2, 3,6] = —0.1408,
F3[2,4,5] = —0.13582, F3[2,4, 6] = —0.0045142, H[1,2,5] = 0.057659, H[1, 2, 6] = 0.84321,
HI[3,4,5] = —0.38, H[3,4, 6] = 0.26525, f[1,4,5] = —0.052068, f[1,4,6] = —0.68811,

£12,3,5] = —0.062695, f[2,4,5] = 0.00011416, f[2, 4, 6] = 0.00020752, f[3,1, 5] = —0.00002051,
£13,2,5] = —0.015941, f[4,1,5] = —0.0099985, f[4,1,6] = —0.13214, f[6,1,4] = —0.54525,

£13,1,6] = —0.00020752,
Ry = 0.070923, Rg=—0.18693, ny = —3.2374,
masses? = (2.6997,0.83912,0.17195, —0.057401) , ¥ = (0.39746,0.91322,0.04005, 0.080317) .

Sesl

I=1:123, I=2:145, 1 =3:256, I = 4: 346,

Tio[1] = 10, T1o[2] = 8.6452, T19[3] = —0.8438, T9[4] = —0.8438,

Fy = 1.2685, F5[1,6] = —0.053287, F[2, 4] = 0.18526, F5[2, 5] = —0.44051,

Fy[3,4] = 0.44051, F»[3, 5] = 0.18526, F4[1,2,4,6] = 0.20229, F4[1,2,5,6] = 0.080552,
Fy[1,3,4,6] = —0.080552, F4[1,3,5,6] = 0.20229, H[1,2, 5] = —0.095031, H[1,3,4] = —0.095031,
H[2,3,6] = —0.69318, H[4,5,6] = —0.79175, f[1,2,3] = —0.48293, f[1,4,5] = 0.50315,

f[2,4,6] = —0.38643, f[2,5,6] = —0.15388, f[3,4,6] = 0.15388, f[3,5,6] = —0.38643,

f14,2,6] = —0.37091, f[4,3,6] = 0.14769, f[5,2,6] = —0.14769, f[5,3,6] = —0.37091,
R4 =0.25915, Rg=—0.90769, ny = —3.617,
masses® = (5.5537, 1.1135,0.91621, 0.39899, —0.23434) , & = (0.21153,0.95997,0.13038,0.1293, 0) .

Sg6661

I1=1:123, I =2:145, I =3:256, I =4: 346,

Tio[1] = 10, T1o[2] = —0.64856, Tyo[3] = —0.28674, T1[4] = —0.62522,

Fo = —0.5871, F5[1, 6] = 0.56149, F»[2, 4] = 0.49009, F5[3,5] = —0.551,

HI[1,2,5] = 0.24103, H[L, 3, 4] = 0.098649, H[2,3,6] = —0.25101, H[4, 5, 6] = 0.45935,
£[1,2,3] = 0.11063, f[1,4,5] = —0.71643, f[2,1,3] = —0.028654, f[2,5,6] = —0.73726,
f[3,1,2] = 0.10166, f[3,4,6] = —0.71741, f[4,1,5] = 0.10447, f[4,3,6] = 0.11384,

£15,1,4] = —0.027882, f[5, 2, 6] = 0.11078, f[6, 2, 5] = —0.10152, £[6,3,4] = —0.027844,
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Ry =0.0019, Rg=—04338, ny = —18.445,
masses® = (2.6542,0.51278,0.11832, 0.025737, —0.0087616) ,
¥ = (—0.21114, —0.97063, —0.10494, —0.0044338, 0.047676) .

52_6662

I=1:123, I =2:145, [ =3:256, I = 4: 346,

Tio[1] = 0.28747, Tyo[2] = 10, Ti0[3] = —0.27065, Tio[4] = —0.29230,

Fy = 0.59808, F5[1,6] = 0.72514, F5[2,4] = 0.48711, F»[3, 5] = 0.50209,

H[1,2,5] = —0.026084, H[1,3,4] = —0.12392, H[2,3,6] = —0.55827, H[4, 5, 6] = —0.074278,
£[1,2,3] = —0.79263, f[1,4, 5] = 0.048506, f[2, 1,3] = 0.032869, f[2,5,6] = —0.032187,
£13.1,2] = —0.023594, f[3, 4, 6] = 0.032142, f[4, 1, 5] = 0.023626, f[4, 3, 6] = 0.52596,

£15,1,4] = —0.032823, f[5,2,6] = —0.52523, f[6,2, 5] = 0.035605, £[6, 3,4] = —0.049535,
R4 =0.016318, Rg=—0.54431, ny = —2.6435,
masses® = (2.6325,0.25768, 0.021208, 0.011834, —0.010784) ,
# = (—0.11873, —0.95004, —0.14484, —0.23405, —0.087002) .

Sf—ii-6663

I=1:123, I =2:145, [ =3:256, I = 4: 346,

Tio[1] = 10, T1o[2] = —0.022254, Tyo[3] = —0.56181, Tyo[4] = —0.022254,

Fp = 0.27366, F5[1, 6] = 0.15807, F5[2, 4] = —0.88473, F5[3,5] = —0.66851,

F4[1,2,4,6] = —0.040498, Fy[2, 3,4, 5] = 0.064472, H[1,2,5] = —0.011617, H[1,3,4] = —0.13984,
H[2,3,6] = 0.011617, H[4,5,6] = —0.19831, f[1,4,5] = —0.50423, f[2, 1, 3] = 0.25402,

£12,5,6] = 0.85671, £[3,4,6] = —0.80274, £[5,1,4] = —0.23802, £[6,3,4] = —0.14951,
Ry =0.0066281, R¢=—0.64803, ny = —2.3772,
masses? = (2.1906,0.2362, 0.036109, 0.003449, —0.0039391) ,

U = (—0.10262, —0.93062, —0.25695, 0, —0.23957) .
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+
Seeeed

I=1:123, I =2:145, I =3:256, I = 4: 346,

Tyo[1] = 10, Tyo[2] = —0.11433, T1[3] = —0.68982, T1o[4] = —0.11433,

Fy = 0.68725, Fy[1, 6] = —0.49234, F5[2, 4] = —0.48960, F,[3, 5] = 0.55498,

F4[1,2,4,6] = 0.023125, F4[2,3,4,5] = —0.024432, H[1,2,5] = —0.023765, H[1,3,4] = —0.32922,
HI[2,3,6] = 0.023765, H[4,5,6] = —0.55765, f[1,4,5] = 0.73078, f[2,1,3] = 0.1262,

£12,5,6] = 0.52498, f[3,4,6] = 0.77209, f[5,1,4] = 0.18561, f[6,3,4] = 0.17568,

R4 =0.033794, Re=—-0.47223, ny = —-3.6231,

masses® = (2.876,0.62526, 0.047899,0.017462, —0.03061) , ¥ = (0.17002,0.96611,0.16803, 0,0.097448) .
mi(il

I=1:4, I=2:123, I = 3: 156,

Tio[1] = 0.055518, Tio[2] = 0.91544, T1o[3] = —0.012619, F5[1, 5] = 0.068521,

Fy[1,6] = —0.12113, F5[2,5] = 0.029417, F5[2, 6] = —0.27374, F4[3, 5] = —0.024587,

F3[3,6] = 0.20380, Fy[1,2,4,5] = —0.012313, Fy[1, 2, 4, 6] = 0.0020369, F4[1, 3,4, 5] = 0.0086934,
F4[1,3,4,6] = 0.0013222, H[1,2,5] = 0.020813, H[1, 2, 6] = —0.040268, H[1, 3,5] = 0.025725,
HI[1,3,6] = —0.054176, H[2,3,5] = —0.030633, H[2,3,6] = 0.021713, f[1,4,5] = 0.12212,
F[1,4,6] = 0.022477, f[2,4,5] = 0.26303, f[2,4, 6] = 0.048411, f[3,4, 5] = —0.19690,

£13,4,6] = —0.036239, f[4,2,5] = —0.01635, f[4,2,6] = —0.0030093, f[4,3,5] = —0.040938,
£]4,3,6] = —0.0075347, [5,2, 4] = 0.0044539, £[5,3,4] = 0.011152, f[6, 2, 4] = 0.0025194,

f16,3,4] = 0.0063081,
Ra =0.0025394, Rg=—0.069048, ny = —3.6764,
masses? = (0.23781,0.043113,0.0095625, 0.0042868, —0.002334)

¥ = (—0.49298, —0.86049, —0.048158, —0.11911, —0.0044811) .
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m;"62
I=1:4, I=2:123, I = 3: 156,
Tyo[1] = 0.021786, To[2] = 0.21625, To[3] = —0.0050741, F>[1, 5] = 0.05579,
Fy[2,5] = —0.053314, F»[2, 6] = 0.036657, F»[3,5] = —0.13111, F,[3, 6] = 0.094822,
Fy[1,2,4,6] = 0.0014442, Fy[1,3,4,5] = 0.004467, F4[1,3, 4, 6] = 0.00090447, H[1,2,5] = 0.045867,
HJ[1,2,6] = —0.0071595, H[1,3,5] = —0.020177, H[2,3,5] = —0.015322, H[2, 3, 6] = —0.0021738,
f[1,4,5] = 0.022176, f[1,4,6] = 0.036871, f[2,4,5] = —0.031927, f[2,4, 6] = —0.053084,
f[3,4,5] = —0.079393, f[3,4,6] = —0.132, f[4,2,5] = —0.013161, f[4,2,6] = —0.021882,
£[6,2, 4] = 0.0076445,
R4 = 0.0010218, R = —0.016884, ny = —3.7145,
masses® = (0.05838, 0.0064771,0.0036211, 0.0016224, —0.0009489) ,
¥ = (—0.49448, —0.85989, —0.046114, —0.1178, —0.008685) .
mj{63
I=1:4, 1=2:123, I =3: 156,
Tip[1] = 0.52281, T'0[2] = 0.065807, T1o[3] = —0.029745, F>[1, 5] = —0.078038,
F»[1,6] = —0.033188, [3[2, 5] = —0.092832, F[2, 6] = 0.25624, F»[3,5] = 0.012313,
Fy[3,6] = 0.093103, F4[1,2,4, 5] = 0.03363, F4[1,2,4,6] = 0.052371, F4[1,3,4,5] = —0.046776,
Fy[1,3,4,6] = —0.10158, H[1,2,5] = 0.097704, H[1,2,6] = —0.010041, H[1,3,5] = —0.23018,
HJ[1,3,6] = —0.12995, H[2,3,5] = —0.036589, H[2,3, 6] = 0.052514, f[1,4,5] = —0.0063799,
f[1,4,6] = 0.0030219, f[2,4,5] = —0.043334, f[2,4, 6] = 0.020526, f[3,4,5] = —0.0065711,
f[3,4,6] = 0.0031125, f[4,2,5] = —0.11424, f[4,2,6] = 0.054112, f[4, 3, 5] = —0.070979,

£]4,3,6] = 0.03362, f[5,2,4] = 0.018851, f[5, 3,4] = 0.011712, £[6,2,4] = —0.044327,
£16,3,4] = —0.02754,

R4 =0.0030452, R = —0.016095, ny = —2.2769,
masses® = (0.16326, 0.049326,0.014903, 0.0022091, —0.0017334)

¥ = (—0.5219, —0.81615, —0.17652, —0.16336, —0.06057) .
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C.1 De Sitter solutions

mis4
I'=1:4,1=2:123, 1 =3:156, I =4:256, I =5: 356,
Tio[1] = 10, T10[2] = 5.5434, T1o[3] = —0.28263, Tio[4] = —0.34668, To[5] = —3.0483,
F5[1,5] = —0.0046132, F5[1,6] = —0.86711, F»[2,5] = —0.0071933, F3[2, 6] = 0.62328,
F3[3,5] = 0.28752, F5[3,6] = —0.56401, F4[1,2,4, 5] = 0.069428, F4[1,2,4, 6] = —0.073577,
Fy[1,3,4,5] = 0.41804, F4[1,3,4,6] = —0.47935, F4[2, 3,4, 5] = —0.23603, F4[2, 3,4, 6] = 0.20559,
H[1,2,5] = —0.42143, H[1,2,6] = 0.16444, H[1, 3, 5] = —0.36009, H[1, 3, 6] = 0.40252,
H[2,3,5] = —0.68041, H[2,3,6] = 0.45725, f[1,4,5] = 0.47613, f[1, 4, 6] = 0.26763,
f12,4,5] = —0.343, f[2,4,6] = —0.1928, f[3,4,5] = 0.22756, f[3,4,6] = 0.12791,
f[4,1,5] = —0.5254, f[4,1,6] = —0.29533, f[4,2,5] = —1.1177, f[4,2, 6] = —0.62827,
f[4,3,5] = 0.17583, f[4, 3, 6] = 0.098834, f[5,1,4] = 0.35275, f[5,2,4] = 0.75044,
f[5,3,4] = —0.11805, f[6,1,4] = 0.17608, £[6,2, 4] = 0.37458, f[6, 3,4] = —0.058926,
R4 =021259, Rg=—0.76168, ny = —2.8266,
masses? = (5.1417, 2.5653, 1.2597,0.92638, 0.34999, —0.15023)
¥ = (0.476,0.87352, —0.049169, 0.04948, —0.037752, —0.064036) .

mJi,5

T=1:4,1=2:123, I =3:156, I =4:256, I =5: 356,

Tio[1] = 10, Tip[2] = 0.089559, Tio[3] = —0.0014549, Tho[4] = —0.12442, Tyo[5] = —0.020044,
Fb[1,5] = —0.054582, Fy[1,6] = —0.87864, F[2, 5] = 0.18170, F5[2, 6] = —0.0428,

F5[3,5] = —1.0043, (3, 6] = 0.31220, Fy[1,2,4, 6] = —0.038841, Fy[1, 3,4, 5] = 0.0031155,
Fy[1,3,4,6] = —0.0062571, Fy[2,3,4,5] = 0.26643, H[1,2,5] = 0.36510, H|[1, 2, 6] = 0.99268,
H1,3,5] = 0.052376, H[1,3,6] = 0.17775, H[2,3,5] = —0.87116, H[2,3, 6] = 0.10088,

f[1,4,5] = —0.0024863, f[1,4, 6] = 0.032591, £[2,4, 5] = —0.00018986, f[2, 4, 6] = 0.0024887,
f[3,4,5] = 0.0012693, f[3,4,6] = —0.016639, f[4,1,5] = —0.023942, f[4,1,6] = 0.31384,
f[4,2,5] = 0.00036106, f[4,2,6] = —0.0047329, f[4,3,5] = —0.00050343, f[4, 3, 6] = 0.0065991,
f[5,1,4] = —0.013785, £[5,2,4] = 0.00020788, f[5, 3, 4] = —0.00028985, f[6, 1,4] = —0.095571,

£16,2,4] = 0.0014413, f[6, 3, 4] = —0.0020096,
R4 =0.0035366, R¢=—0.038434, ny = —0.36462,
masses? = (3.9077,1.8356,0.20839, 0.07304, 0.00126, —0.00032237) ,
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Appendix C. Minkowski and (anti-) de Sitter solutions

7 = (—0.51698, —0.8149, —0.17672, —0.19284, 0.00063048, —0.015972) .
mJ,6
I=1:4,1=2:123, I =3:156, I =4:256, I =5: 356,
Tio[1] = 10, T1o[2] = —0.056703, To[3] = —0.000039105, T19[4] = —0.17140, Tyo[5] = —0.89612,
Fy[1,5] = 0.17355, F2[1,6] = —0.16826, F5[2, 5] = 0.78091, F»[2, 6] = 0.43765,
Fy[3,5] = —0.093708, F3[3,6] = —0.016276, F4[1, 2,4, 5] = 0.0097804, F4[1, 2,4, 6] = —0.0010561,
Fy[1,3,4,5] = 0.051354, Fy[1,3,4, 6] = —0.0055164, F4[2, 3,4, 5] = 0.97045, F4[2,3,4, 6] = 0.021534,
HI[1,2,5] = —0.038322, H|[1,2,6] = 0.080497, H[1,3, 5] = —0.66493, H[1, 3,6] = 0.67871,
H[2,3,5] = —0.17221, H[2,3,6] = —0.27621, f[1,4,6] = 0.0028299, f[2,4, 6] = — £[6, 2,4],
f[3,4,6] = 0.00062974, f[4,1,6] = 1.1245, f[4,2,6] = —0.050407, f[4, 3,6] = 0.0095924,
f[5,1,4] = 0.29524, £[5,2,4] = —0.013235, f[5, 3, 4] = 0.0025187, £[6, 1,4] = —0.24375,
£[6,2,4] = 0.010927, f[6,3,4] = —0.0020793,

R4 = 0.025555, Rg=—0.43692, ny = —3.0124,

masses? = (3.9604, 2.0538, 0.31293, 0.080416, 0.013095, —0.019246) ,

v = (0.39122,0.81467, —0.25082, —0.27852, —0.1723, —0.11441) .
mi,7
I=1:4, 1=2:123, I =3:156, I =4:256, I = 5: 356,
Tio[1] = 10, T10[2] = 1.231, T1g[4] = —0.41407, Tyo[5] = —0.22002,
F5[1,5] = —0.86747, F5[1,6] = 0.80575, F»[2,5] = —0.33502, F»[2, 6] = —0.080621,
F5[3,5] = 0.29941, F5[3,6] = —0.12093, F4[1,2,4,5] = —0.0059089, F4[1,2, 4, 6] = 0.0071751,
Fy[1,3,4,5] = —0.0031397, F4[1, 3,4, 6] = 0.0038126, F4[2,3,4,5] = —0.63918,
F4[2,3,4,6] = 0.0013336, H[1,2,5] = —0.16391, H[1,2,6] = —0.28872, H[1, 3, 6] = —0.31351,
H[2,3,5] = 0.88184, H[2,3,6] = 0.72621, f[1,4,6] = —0.19050, f[3, 4, 6] = 0.035408,
f4,1,6] = —0.70120, f[5,1,4] = —0.13255, f[6, 1,4] = 0.16096,

R4 =0.051861, Re¢=—-0.33773, ny = —-2.0672,
masses® = (4.2779, 1.3549, 0.2529, 0.2332, 0.03157, —0.026802) ,

7 = (0.52897,0.82878,0.12912, 0.1256, —0.023729, 0.017464) .
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C.1 De Sitter solutions

mIGS
I=1:4, I=2:123, I =3:156, I =4:256, I = 5: 356,
Tio[1] = 10, T1[2] = 1.1329, T10[3] = —0.047213, T1o[4] = —0.36849, Tjo[5] = —0.34388,
Fy[1,5] = 1.16, Fy[1, 6] = 0.35495, F5[2, 5] = 0.058393, F»[2,6] = —0.10173,
F5[3,5] = —0.20905, F»[3,6] = —0.017627, F4[1, 3,4,5] = 0.047094, F4[1, 3,4, 6] = 0.072761,
F4[2,3,4,5] = 0.36756, F4[2,3,4,6] = 0.56788, H[1,2,6] = 0.20821, H[1,3,5] = 0.081993,
HI[1,3,6] = 0.047365, H[2,3,5] = 0.18002, H[2,3, 6] = —1.167, f[1,4,5] = —0.14323,
f[1,4,6] = 0.092704, f[2,4,5] = —0.013694, f[2,4, 6] = 0.0088635, f[3,4,5] = 0.02839,
f[3,4,6] = —0.018375, f[4,1,5] = —0.64444, f[4,1,6] = 0.41710, f[4,2, 5] = 0.082569,
f[4,2,6] = —0.053442, f[5,1, 4] = 0.24838, f[5,2,4] = —0.031823, f[6, 1,4] = 0.040763,
£16,2,4] = —0.0052227,

R4 =0.058901, R¢=—0.36229, ny = —2.3554,

masses? = (4.5142,1.4638,0.12601, 0.072419, 0.019515, —0.034684) ,

U = (—0.59793, —0.79614, —0.032498, —0.0074837,0.076122, —0.04174) .

+
M 469

I=1:4, I=2:123, I =3: 156,
Tyo[1] = 2.3582, Tyo[2] = 0.48564, Tyo[3] = —0.14556, F3[1, 5] = —0.20255,
F5[1,6] = —0.039083, F5[2, 5] = —0.0014989, F5[2, 6] = 0.0077682, F3[3, 5] = 0.0015074,
[5[3,6] = —0.62275, Fy[1,2,4,5] = —0.16121, F4[1,2, 4, 6] = —0.19422, Fy[1,3,4,5] = —0.05474,
F4[1,3,4,6] = —0.059983, H[1,2,5] = —0.58038, H[1,2,6] = —0.11199, H[2, 3, 5] = —0.071827,
H[2,3,6] = 0.13254, f[1,4,5] = —0.014297, f[1,4, 6] = 0.011866, f[3, 4, 5] = 0.11639,
£13,4,6] = —0.096608, f[4,2,5] = —0.073867, f[4,2, 6] = 0.061309, f[4, 3, 5] = 0.22131,
f[4,3,6] = —0.18369, f[5,2,4] = 0.0066995, f[5, 3, 4] = —0.020072, £[6,2, 4] = —0.03472,
£16,3,4] = 0.10402,
Ry =0.01948, Rg=—0.093534, ny = —2.6418,
masses® = (0.73377,0.22015, 0.084047, 0.020082, —0.012866) ,

7 = (0.5243,0.81491,0.16459, 0.17724, 0.050354) .
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Appendix C. Minkowski and (anti-) de Sitter solutions

mJ;10

I=1:4, I=2:123, I = 3: 156,

Tio[1] = 1.0414, T1[2] = —0.024954, T1o[3] = —0.18988, Fy[1,5] = —0.054017,

F[1,6] = 0.049286, F3[2,5] = 0.11254, F5[2, 6] = —0.063389, F3[3, 5] = —0.20671,

F3[3,6] = 0.064899, Fu[1,2,4,5] = 0.16296, F4[1,2,4,6] = 0.035464, F4[1, 3,4, 5] = —0.27918,
Fu[1,3,4,6] = —0.028805, H[1,2,5] = 0.20416, H[1, 2, 6] = 0.14499, H[1, 3, 5] = 0.18054,
HI[1,3,6] = 0.0063486, H[2,3,5] = 0.049823, H[2,3, 6] = 0.028726, f[1,4, 5] = 0.0002223,
11, 4,6] = 0.0026105, f[2,4,5] = —0.00084459, f[2,4,6] = —0.0099182, f[3, 4, 5] = 0.00090002,
£13,4,6] = 0.010569, f[4,2,5] = 0.035286, f[4,2, 6] = 0.41437, f[4,3,5] = 0.018223,

f14,3,6] = 0.21399, f[5,2,4] = —0.17188, f[5,3,4] = —0.088762, f[6,2,4] = —0.18838,

£16,3,4] = —0.097283,
Ry = 0.0020327, Rg= —0.041506, ny = —1.2539,
masses? = (0.47078,0.1756, 0.042927,0.0029872, —0.0006372) ,
7 = (—0.31927, —0.90628, —0.14898, 0.19575, —0.12736) .

mis1

I=1:12, 1=2:34, [ =3:56, I =4:2456, I =5:2356, I =6: 1456, I = 7: 1356,
Tio[1] = 1, T10[2] = 0.40965, Tyo[3] = —3.1313 - 107, T0[4] = —0.053217, Tyo[5] = —0.0092735,
T10[6] = —0.00016486, T10[7] = —0.043252, Fy[5] = —0.22187, F;[6] = —0.078553,

F3[1,3,5] = —0.15921, F3[1,3,6] = —0.15796, F3[1,4,5] = —0.20668, F3[1,4, 6] = —0.063676,
F3[2,3,5] = 0.029101, F3[2, 3, 6] = 0.0063373, F3[2,4,5] = 0.15168, F3[2,4, 6] = 0.18072,
HI[1,2,5] = 0.1014, H[1,2,6] = —0.047922, H[3,4,5] = 0.16404, H[3,4, 6] = —0.12833,
f[1,3,5] = —0.13246, f[1,3, 6] = 0.2164, f[1,4,5] = 0.14238, f[1,4, 6] = —0.094809,

f[2,3,5] = 0.14693, £]2,3,6] = —0.069881, f[2,4, 5] = —0.039316, f[2,4, 6] = —0.097488,
f[3,1,5] = —0.068956, f[3, 1,6] = 0.12569, f[3,2,5] = —0.093779, f[3,2, 6] = 0.056352,
f[4,1,5] = —0.10651, f[4,1, 6] = 0.08305, f[4,2,5] = —0.042607, f[4,2,6] = —0.061736,
f[5,1,3] = —0.027059, f[5, 1,4] = 0.008422, f[5,2,3] = —0.0048102, f[5,2,4] = —0.017341,

£16,1,3] = —0.0082548, £[6, 1, 4] = —0.0090315, f[6,2, 3] = 0.013849, f[6, 2,4] = —0.019847,
R4 =0.012683, Rg=—0.095557, ny = —2.5435,
masses® = (0.25785,0.19856, 0.13284,0.061518, 0.054618, —0.0080648) ,
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C.1 De Sitter solutions

7 = (0.47634, 0.83174,0.19612,0.20396, 0.0040682, 0.034975) .
m;'52
T=1:12, I =2:34, I =4:2456, [ = 6: 1456, I = 7: 1356,
Tio[1] = 1,T10[2] = 0.52948, Tp[4] = —0.10152, Ty[6] = —0.046308, T1o[7] = —0.037988,
F1[5] = 0.1755, F1[6] = 0.091816, F3[1,3,5] = —0.15299, F3[1, 3, 6] = —0.057731,
F3[1,4,5] = 0.20799, F3[1,4, 6] = —0.046086, F3[2,3,5] = —0.19793, F3[2, 3,6] = —0.15965,
F3[2,4,5] = 0.16758, F3[2,4,6] = —0.040334, H[1,2,5] = —0.032156, H[1, 2, 6] = 0.1053
,H([3,4,5] = —0.051015, H[3,4,6] = 0.14757, f[1,3,5] = —0.031329, f[1,3,6] = —0.17231,
f[1,4,5] = 0.085189, f[1,4,6] = —0.10795, f[2, 3, 5] = —0.00037676, f[2,3, 6] = —0.12381,
f[2,4,5] = 0.18707, f[2,4,6] = —0.1351, f[3,1,5] = —0.034965, f[3,1,6] = —0.19981,
f[3,2,5] = —0.0015592, f[3,2, 6] = 0.1123, f[4,1,5] = —0.046789, f[4,1, 6] = 0.05653,
f[4,2,5] = 0.079254, f[4,2,6] = —0.05598, f[5,1,3] = 0.031953, f[5,1,4] = —0.018806,
f[5,2,3] = —0.011485, f[5,2,4] = 0.041502, £[6,1, 3] = 0.077132, f[6,1, 4] = 0.035947,
f[6,2,3] = —0.04109, £[6,2,4] = —0.027612,
R4 =0.025958, Rg=—0.12355, ny = —2.6059,
masses® = (0.26217,0.16278, 0.12817, 0.066834, 0.06477, —0.016911)
7 = (0.45995, 0.86092, 0.1783, 0.12363, 0.011867, 0.0073728) .
m;53
IT=1:12, I =2:34, I =4:2456, [ = 6: 1456, I = 7: 1356,
Tio[1] = 1, T10[2] = 0.39649, Tio[4] = —0.13597, T1[6] = —0.0044617, T1[7] = —0.0016095,
F1[5] = 0.059917, Fy[6] = 0.02568, F3[1, 3, 5] = 0.00041564, F3[1,3, 6] = 0.00015725,
F3[1,4,5] = —0.037163, F3[1,4, 6] = 0.23926, F3[2, 3, 5] = 0.10469, F5[2, 3,6] = —0.075765,
F3[2,4,5] = 0.25509, F3[2,4,6] = —0.22331, H[1,2,5] = 0.018151, H[1,2,6] = 0.012143,
HI[3,4,5] = —0.024397, H[3,4, 6] = 0.02125, f[1,3, 5] = 0.34509, f[1,3, 6] = 0.21035,
f[1,4,5] = —0.0017562, f[1,4, 6] = —0.00080959, f[2,3,6] = —0.27667, f[2,4, 5] = —0.053521,
f[2,4,6] = 0.075134, f[3,1,5] = 0.055747, f[3,1, 6] = 0.033981, f[3,2, 6] = —0.00027177,
f[4,1,5] = 0.15453, f[4,1,6] = 0.071239, f[4,2,5] = 0.028637, f[4,2,6] = —0.040202,
f[5,1,3] = 0.20748, f[5, 1, 4] = 0.0034883, £[5,2, 3] = —0.0293, f[5,2, 4] = 0.011216,
f[6,1,3] = 0.17777, £[6,1,4] = —0.0081389, f[6,2, 3] = 0.046644, f[6,2,4] = —0.018335,
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Appendix C. Minkowski and (anti-) de Sitter solutions

R4 =0.020481, Rg=—0.12722, ny = —2.7126,
masses® = (0.43621, 0.3025, 0.07476, 0.029728, 0.017301, —0.01389) ,
7 = (0.55604,0.81549, 0.098113, 0.096111, 0.07969, 0.024069) .

mi.4

I=1:12, 1=2:34, [ =3:56, [ =4:2456, I =5:2356, [ =6: 1456, [ = 7: 1356,
To[1] = 1, T1o[2] = 0.79176, T1o[3] = —0.026181, T10[4] = —0.11482, T10[5] = —0.058768,
Ti0[6] = —0.07157, Tyo[7] = —0.036564, F} [5] = 0.049133, F1[6] = —0.3157,

F3[1,3,5] = 0.0023854, F3[1,3,6] = 0.13983, F3[1,4,5] = —0.0018503, F3[1,4, 6] = —0.10956,
F3[2,3,5] = 0.0093444, F3[2,3,6] = 0.30172, F3[2,4,5] = 0.0078262, F3[2,4, 6] = —0.024632,
HI[1,2,5] = 0.23093, H[1,2, 6] = —0.053949, H[3,4,5] = 0.21663, H[3,4, 6] = 0.022755,
f[1,3,5] = —0.058367, f[1,3,6] = 0.011708, f[1,4,5] = —0.13198, f[1,4, 6] = —0.065907,
f[2,3,5] = —0.042264, f[2,3,6] = —0.037247, f[2,4,5] = —0.23808, f[2,4, 6] = —0.077091,
f[3,1,5] = —0.15019, £[3,1, 6] = 0.1257, £[3,2,5] = 0.037172, £[3,2,6] = —0.099223,
f[4,1,5] = —0.020208, f[4, 1,6] = —0.052354, f[4,2,5] = —0.097708, f[4,2,6] = —0.0082088,
f[5,1,3] = 0.015919, f[5,1,4] = —0.0081269, f[5,2, 3] = —0.0099126, f[5, 2, 4] = 0.005096,

£16,1,3] = —0.042985, f[6, 1,4] = 0.022004, f[6,2,3] = 0.026795, f[6,2,4] = —0.013684,
Ry =0.033613, Rg=—0.11129, ny = —3.3574,
masses® = (0.32162,0.2238,0.097703, 0.080953, 0.04155, —0.028213) ,
¥ = (0.42536, 0.89622, 0.095324, 0.069018, —0.01847, —0.040805) .

+
Mggrrl

I=1:12, I =2:34, [ =3:1356,1 = 4: 2456,
Tio[1] = 1, Ti0[2] = —0.07936, T10[3] = 0.40065, Tyo[4] = —0.40663, F,[5] = 0.26286,
Fy[6] = —0.053736, F31, 4, 5] = —0.25386, F3[2, 3, 5] = 0.044692, F3[1, 4, 6] = 0.091146,
F3(2,3,6] = —0.0632, H[1,2,5] = —0.016356, H[3,4, 5] = 0.25937, H[1,2, 6] = —0.041749,
HI[3,4,6] = 0.038482, f[5,1,3] = 0.25208, f[5,2,4] = —0.17534, £[6,1,3] = 0.28717,
£16,2,4] = 0.074302, f[1,3,5] = 0.2044, f[1, 3, 6] = 0.48235, f[2, 4, 5] = 0.063944,
£12,4,6] = —0.05613, f[3,1,5] = —0.0062549, [3,1,6] = —0.01476, f[4,2, 5] = 0.0024215,
f14,2,6] = —0.0021256,

Ry =0.0019652, Rg=—0.042929, ny = —4.7535,
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C.1 De Sitter solutions

masses? = (0.4787,0.24925,0.029271,0.014598, —0.0023354) ,

7 = (0.12012, —0.95576, —0.028666, 0.25498, —0.079111) .
"7";_5772
I=1:12, I =2:34, I =3:1356,1 = 4: 2456,
Tio[1] = 0.39149, T10[2] = —0.037084, Tyo[3] = —0.071447, T1o[4] = 0.65108, Fy[5] = —0.084985,
F1[6] = —0.31118, F3[1,4,5] = —0.0059985, F3[2, 3,5] = —0.01598, F3[1,4, 6] = —0.093141,
F3[2,3,6] = —0.032537, H[1,2,5] = —0.034905, H[3, 4, 5] = 0.11369, H[1, 2, 6] = 0.0038944,
HI[3,4,6] = —0.0010591, £[5, 1, 3] = 0.073946, f[5,2,4] = —0.0016865, f[6,1, 3] = 0.24134,
f[6,2,4] = —0.02824, f[1,3,5] = —0.25493, f[1,3,6] = 0.015225, f[2,4, 5] = 0.15877,
f[2,4,6] = —0.048646, f[3,1,5] = 0.18839, f[3,1,6] = —0.011251, f[4,2,5] = 0.01366,
f[4,2,6] = —0.0041853,

R4 =0.017441, Rg= —0.076121, ny = —3.5034,
masses? = (0.26179,0.13316,0.014967,0.0080815, —0.015276) ,
v = (0.37062,0.92139, —0.027258, —0.078704, —0.082072) .
Mg57r3

I=1:12, I=2:34, [ =3:1356,1 = 4: 2456,
Tyo[1] = 0.10391, Tyo[2] = 0.16488, Ty0[3] = —0.016864, Tyo[4] = —0.016864, F[5] = —0.025133,
Fy[6] = —0.16238, F3[1,4,5] = —0.021515, F3[2, 3, 5] = —0.01636, F3[1, 4, 6] = 0.074891,
F3[2,3,6] = —0.051884, H[1,2,5] = 0.1121, H[3,4,5] = 0.076829, H[1, 2, 6] = —0.069412,
H{[3,4,6] = 0.058085, f[6,1,3] = —0.012982, f[6,2, 4] = —0.012982, f[1,3,5] = 0.055126,

£12,4,5] = 0.041919, f[3,1,5] = 0.050093, f[4,2, 5] = 0.065875,
R4 =0.0045531, Re¢=—0.011514, ny = —3.2722,
masses® = (0.070903, 0.014266, 0.0087496, 0.0024451, —0.0037247) ,

= (0.4319,0.88855,0.1044, 0.1142, 0) .
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Appendix C. Minkowski and (anti-) de Sitter solutions

Mgsrrd
I=1:12, I =2:34, I =3:1356,1 = 4: 2456,
T1o[1] = 0.45199, T1o[2] = 0.29433, Tio[3] = —0.043543, T1o[4] = —0.043543, Fy[5] = 0.051509,
F1[6] = 0.26368, F3[1,4,5] = —0.030379, F5[2, 3, 5] = —0.052113, F3[1,4, 6] = —0.072095,
F3[2,3,6] = 0.14403, H[1,2,5] = —0.13471, H[3,4,5] = —0.17112, H[1,2,6] = —0.094273,
HI[3,4,6] = 0.12252, f[6,1, 3] = 0.020642, f[6,2,4] = 0.020642, f[1,3,5] = —0.074879,
f[2,4,5] = —0.12845, f[3,1,5] = —0.098833, f[4,2,5] = —0.057615,
R4 =0.011738, Re= —0.032824, ny = —3.1779,
masses? = (0.18893,0.041491,0.024343, 0.006295, —0.0093255) ,
7 = (0.43789,0.88332,0.12479,0.11147,0) .
m;},775
IT=1:12, I =2:34, I =3:1356,1 = 4: 2456,
Tio[1] = —0.064412, Ty[2] = 0.4785, Tyo[3] = —0.007451, Tyo[4] = —0.007451, Fy[5] = 0.15359,
F1[6] = 0.18186, F3[1,4, 5] = 0.0023579, F3[2,3,5] = —0.0023524, F3[1,4, 6] = —0.067459,
F3[2,3,6] = —0.063327, H|[1,2,5] = —0.12592, H[3,4, 5] = 0.11951, H[1,2, 6] = 0.13358,
HI[3,4,6] = —0.092897, f[6,1,3] = 0.0051214, f[6,2, 4] = 0.0051214, f[1,3, 5] = —0.19341,
f[2,4,5] = 0.19295, £[3,1,5] = 0.27746, f[4,2,5] = —0.27812,
R4 =0.0019152, R = —0.0071851, 7y = —4.7957,
masses® = (0.26356,0.13546, 0.0012618, 0.00098383, —0.0022962) ,
7 = (0.35331,0.93501, —0.027321, 0.013431, 0) .
m;'5776
I=1:12, I =2:34, I =3:1356,1 = 4: 2456,
Tio[1] = 0.67182, T10[2] = —0.094833, T10[3] = —0.009195, T10[4] = Ti0[3], F1[5] = —0.18732,
F1[6] = —0.21629, F3[1,4,6] = —0.069422, F3[2,3,6] = F3[1,4,6], H[1,2,5] = —0.14442,
HI[3,4,5] = 0.14945, H[1,2,6] = 0.11761, H[3,4,6] = —0.15745, f[1,3,5] = —0.36121,
fl2,4,5] = —f[1,3,5], f[3,1,5] = 0.26982, f[4,2,5] = —f[3,1,5], f[6,1,3] = —0.0053141,

716,2,4] = f16,1,3),
R4 =0.0023552, Rg= —0.0083805, ny = —4.9129,
masses® = (0.45272,0.19968, 0.0014455, 0.0012059, —0.0028928) ,
¥ = (0.35065, 0.93594, 0.0020433, —0.032402, 0) .

262



C.1 De Sitter solutions

+
Mggrr T

I=1:12, 1 =2:34, I =3:1356,1 = 4: 2456,

Tho[1] = 1,T10[2] = 0.96829, T1o[4] = —0.28566, T10[3] = —0.13815, F1[5] = —0.30382,
F1[6] = —0.33842, F3[1,4,5] = 0.048987, F3[1,4, 6] = 0.05421, F3[2,3,5] = —0.12112,
F3[2,3,6] = —0.10184, H[1,2,5] = —0.024807, H[1,2,6] = —0.3069, H[3, 4, 5] = 0.29781,
HJ[3,4,6] = —0.1961, f[1,3,5] = 0.049702, f[1,3,6] = —0.030596, f[2, 4, 5] = —0.020729,
f[2,4,6] = —0.034844, f[3,1,5] = 0.4302, f[3,1,6] = —0.26482, f[4,2,5] = —0.022984,
f[4,2,6] = —0.038634, f[5,1,3] = —0.34838, f[5,2, 4] = —0.020232, f[6, 1, 3] = 0.20726,

£16,2,4] = —0.032866,
R4 =0.037858, Rg=—0.064418, ny = —3.421,
masses® = (0.62528,0.47689, 0.057455, 0.026924, —0.032378) ,

¥ =(0.39299,0.91772,0.03649, 0.021945, —0.039089) .
m;5778
I=1:12, I=2:34, T =3:1356,1 = 4: 2456,
Tio[1] = 1, f]2,4,5] = 0, T10[2] = 0.38463, T1o[4] = —0.075911, Tyo[3] = —0.070294,
Fy[5] = —0.40134, F}[6] = —0.1518, F5[1, 4, 5] = 0.069139, F3[1, 4, 6] = 0.025857,
F3[2,3,5] = —0.050848, F3[2,3, 6] = —0.025092, H[1,2,5] = —0.10906, H[1,2,6] = —0.1663,
H[3,4,5] = 0.16742, H[3,4, 6] = —0.33927, f[1,3,5] = 0.030643, f[1, 3, 6] = —0.062096,
£12,4,6] = 0, f[3,1,5] = 0.10625, f[3,1,6] = —0.2153, f[4, 2, 5] = —0.027693,
f[4,2,6] = —0.014767, f[5,1,3] = —0.081342, f[5, 2, 4] = —0.01845, £[6, 1, 3] = 0.15255,

£16,2,4] = —0.0091045,
R4 =0.019711, Rg= —0.034616, ny = —3.5611,
masses? = (0.509, 0.1253,0.029292, 0.013056, —0.017548) ,

¥ = (0.39247,0.91709, 0.056825, 0.033463, —0.023711) .
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+
Myg5779

I=1:12, I =2:34, [ =3:1356,1 = 4: 2456,

Tio[1] = 1, Ty0[2] = 0.35086, Tio[4] = —0.000037783, Ty0[3] = —0.090423, F}[5] = 0.17143,
F1[6] = 0.17787, F5[1,4, 5] = 0.35651, F5[1, 4, 6] = 0.11205, F3[2, 3,5] = —0.025709,

F3[2,3,6] = —0.015791, H[1,2, 5] = —0.00038072, H[1, 2, 6] = 0.16276, H[3, 4, 5] = —0.095935,
H[3,4,6] = 0.15619, f[1,3,5] = 0.17737, f[1,3,6] = —0.28878, f[3,1, 5] = 0.027193,

£13,1,6] = —0.044273, f[4,2,5] = —0.11253, f[4,2,6] = —0.11655, f[5, 1,3] = —0.014749,

f[5,2,4] = 0.04027, f[6,1, 3] = 0.014241, f[6,2,4] = 0.024734,
R4 =0.012244, Re= —0.089117, ny = —-2.9333,
masses? = (0.19582,0.089391, 0.046288, 0.0069341, —0.0089789) ,

7 = (0.45671,0.85731,0.20184,0.1253, —0.00083919) .
M57710

I=1:12, I =2:34, I =3:1356,1 = 4: 2456,

Tio[1] = 1, Typ[2] = 0.22554, Tp[4] = —0.0017644, T1o[3] = —0.05895, Fy[5] = 0.018004,
F1[6] = 0.22278, F3[1,4,5] = 0.13535, F3[1,4, 6] = —0.34611, F3[2, 3, 5] = —0.003407,
F3[2,3,6] = 0.01705, H[1,2,5] = —0.093626, H[1,2,6] = —0.086751, H|[3,4,5] = —0.17802,
HI[3,4,6] = —0.035572, f[1,3,5] = —0.34208, f[1,3, 6] = —0.068354, f[3,1,5] = —0.033679,
f[3,1,6] = —0.0067298, f[4,2,5] = 0, f[4,2, 6] = —0.13075, f[5, 1, 3] = 0.01225,

f[5,2,4] = —0.0067179, £[6,2,4] = 0.033619,

R4 =0.008297, Re= —0.082007, ny =—-2.9003,
masses® = (0.18601, 0.074824,0.031424, 0.0045174, —0.0060158) ,

¥ = (0.4472,0.85893,0.21089, 0.1333, —0.0034951) .
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+
Mygg7r11

I=1:12, I=2:34, [ =3:1356,1 = 4: 2456,

Tyo[1] = 1, Tyo[2] = 0.22558, Tyo[4] = —0.03301, T1o[3] = —0.047252, Fy [5] = 0.07129,
Fy[6] = 0.40424, F3[1,4, 5] = —0.019431, F3[1,4, 6] = —0.10771, F3[2, 3, 5] = 0.0026386,
F3]2,3,6] = 0.022276, H[1,2,5] = —0.060697, H[1,2,6] = 0.13547, H[3,4,5] = —0.37583,
H([3,4,6] = 0.044517, f[1,3,5] = —0.10513, f[1,3,6] = 0.012452, f[3,1,5] = —0.11979,
£13,1,6] = 0.014189, f[4,2,6] = 0.035884, f[5, 1, 3] = 0.057879, f[5, 2, 4] = 0.0016953,

£16,2,4] = 0.014312,
Ry = 0.013256, Rg= —0.027736, ny = —3.4806,
masses® = (0.47349, 0.044026, 0.019742, 0.0073066, —0.011535) ,

U= (0.40291, 0.90746, 0.098306, 0.066818, —0.007421) .
m;r57712

I=1:12, I =2:34, I =3:1356,1 = 4: 2456,

Tyo[1] = 1, Tyo[2] = —0.020994, T1o[3] = —0.44158, Tio[4] = 0.35501, F [5] = —0.28314,
F1[6] = 0.020063, F3[1, 4, 5] = —0.096704, F5[1, 4, 6] = 0.01269, F3[2,3,5] = —0.14117,
F3[2,3,6] = 0.16128, H|[1,2,5] = 0.0073583, H|[1,2, 6] = 0.0098314, H|[3, 4, 5] = 0.16407,
H[3,4,6] = —0.21909, f[1,3,5] = —0.083967, f[1,3, 6] = 0.062978, f[2,4,5] = —0.28112,
£12,4,6] = —0.40774, f[3,1,5] = 0.0024625, £[3,1,6] = —0.001847, f[5, 1, 3] = 0.14943,
£15,2,4] = —0.21529, f[6, 1, 3] = —0.10302, £[6,2,4] = —0.28704, f[4, 2, 5] = —0.0028201,

f]4,2,6] = —0.0040902,
R4 =0.016322, Rg=—0.05496, ny = —2.8966,
masses® = (0.44749, 0.25896, 0.026744, 0.010937, —0.011819)

¥ = (0.19862,0.96945, 0.0087219, —0.14259, —0.01742) .

265



Appendix C. Minkowski and (anti-) de Sitter solutions

x4
M7yl

I=1:12, I =2:34, [ =3:1456,1 = 4: 2356,

Tyo[1] = 1, T1o[2] = —0.14921, Tyo[3] = —0.010785, Tyo[4] = Tio[3],, F1[5] = 0.23733,
F1[6] = 0.26419, F5[1,3,6] = —0.071529, F3[2,4,6] = —F3[1,3,6], H[1,2,5] = 0.17952,
H[1,2,6] = —0.15497, H[3,4,5] = —0.18274, H[3,4, 6] = 0.19088, f[1,4, 5] = 0.5109,
£12,3,5] = f[1,4,5], f[3,2,5] = —0.41478, f[4,1,5] = f[3,2,5], f[6,1,4] = —0.0051027,
f16,2,3] = f[6,1,4],

R4 =0.0027482, Re = —0.0092648, ny = —5.0483,
masses? = (0.93309,0.31193,0.00155, 0.0014002, —0.0034685) ,
¥ = (0.34756,0.93684, —0.011322, —0.037404, 0) .

Minkowski solutions
S551

I=1:12, [ =2:34,  =3:56,

Tio[1] = 0.0053035, Ty0[2] = —0.036698, T1o[3] = 0.23829, F3[1,3,5] = 0.079466,

F3[1,3,6] = —0.10085, F5[1, 4, 5] = 0.083997, F3[1, 4, 6] = —0.029797, F3[2, 3, 5] = 0.052531,
F3[2,3,6] = 0.047731, F3[2,4, 5] = —0.069737, F3[2,4, 6] = —0.01231, f[1, 3, 5] = 0.003039,
£11,3,6] = 0.0013338, f[1,4, 5] = 0.0048401, f[1, 4, 6] = 0.0089686, f[2,3,5] = —0.0020841,
£12,3,6] = 0.0024116, f[2,4,5] = 0.00016488, f[2,4,6] = —0.0057166, f[3,1, 5] = 0.030623,
£13,1,6] = 0.032105, £[3,2,5] = 0.020769, f[3,2,6] = 0.0031838, f[4, 1, 5] = 0.023694,
£[4,1,6] = 0.032186, f[4,2,5] = 0.0093169, f[4, 2, 6] = 0.020989, f[5, 1,3] = —0.073303,
£15,1,4] = —0.091413, f[5,2, 3] = —0.11303, f[5,2,4] = 0.045887, f[6, 1, 3] = —0.0028902,
£16,1,4] = —0.07716, f[6,2, 3] = 0.060108, f[6, 2, 4] = —0.11056,

Ryi=0, Rg=—0017241,

masses? = (0.052928, 0.0021215,0.00005291, 0).
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C.2 Minkowski solutions

83552

I=1:12, 1=2:34, [ =3:56,

Tio[1] = 1, T1o[2] = —0.01029, Ty0[3] = 0.40819, F3[1, 3, 6] = 0.25963, F3[1, 4, 6] = 0.1769,
F3[2,3,6] = 0.31373, F3[2, 4, 6] = —0.18935, f[1,3,5] = 0.25151, f[1,4,5] = 0.19442,
£12,3,5] = 0.15194, f[2,4,5] = —0.64202, f[3,1,5] = 0.13744, f[3,2,5] = —0.076135,
£[4,1,5] = —0.19357, f[4,2,5] = 0.55299, £[6, 1,3] = 0.084844, f[6,1,4] = —0.071486,

£16,2,3] = —0.0021672, [6,2, 4] = 0.23605,
Ry=0, Re=—0.11649,
masses® = (0.83127,0.07301, 0.068032, 0) .
88553

I=1:12, I =2:34, I =3:56,

Tho[1] = 1,T0[2] = 0.45016, T1o[3] = 0.2758, F3[1, 3, 6] = —0.15407, F3[1, 4, 6] = 0.44154,
F3[2,3,6] = 0.21176, F3[2,4,6] = 0.15532, f[1,3,5] = 0.40512, f[1,4,5] = 0.010458,
f[2,3,5] = 0.12269, £[2,4, 5] = 0.15527, f[3,1,5] = —0.0096352, f[3,2, 5] = —0.24852,
f[4,1,5] = —0.22339, £[6,1, 3] = —0.1286, f[6,2, 3] = —0.10094, f[6,2,4] = —0.13871,

Rs=0, Re=—-0.14383,
masses? = (0.2163,0.098852, 0.045967,0) .
S5554

I=1:12, I=2:34, I =3:56,

Tyo[l] = 1, Tyo[2] = —0.11111, Tyo[3] = 0.46692, F3[1,3,6] = —0.11301, F5[1, 4, 6] = 0.34733,
F3[2,3,6] = 0.30083, F3[2,4,6] = —0.045329, f[1, 3,5] = 0.2766, f[1,4,5] = —0.17052,
f12,3,5] = —0.27582, f[2,4,5] = —0.25716, f[3,2,5] = 0.21512, f[4,1,5] = 0.12779,

£16,1,3] = —0.12305, f[6,2, 3] = —0.14059, £[6, 2, 4] = —0.20715,
Rs=0, Rg=—0.11298,

masses® = (0.27831,0.077819,0.032095,0) .
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Appendix C. Minkowski and (anti-) de Sitter solutions

mig1
I=1:4,1=2:123, I =3:156,
Tho[1] = 2.1676, Tho[2] = 0.0094995, T1o[3] = —1, F»[2, 5] = 0.019929, F>[2, 6] = 0.33076,
Fy[3,5] = 0.010943, F»[3,6] = 0.099361, F4[1,2,4,5] = —0.13174, F4[1, 2,4, 6] = 0.38654,
Fy[1,3,4,5] = —0.049892, F4[1, 3,4, 6] = 0.054594, H[1,2, 5] = 0.063142, H[1, 2, 6] = 0.09965,
HI[1,3,5] = —0.30783, H[1,3,6] = —0.39066, f[2,4,5] = —0.0037153, f[2,4, 6] = 0.0017274,
f[3,4,5] = —0.00089793, f[3,4, 6] = 0.00041749, f[4,2,5] = 0.087441, f[4,2,6] = —0.040656,
f[4,3,5] = —1.0193, f[4,3,6] = 0.47393, f[5,2,4] = —0.073129, £[5, 3,4] = 0.85247,
f[6,2,4] = 0.040618, f[6,3,4] = —0.47349,

Rs=0, Rg=—0.015368,

masses? = (3.3631,0.45394,0.067729,9.1638 - 1075,0) .

mYe2
I=1:4,1=2:123, I =3:156,
Tio[1] = 0.13033, T10[2] = 0.59346, T1o[3] = —0.25891, F»[2,5] = —0.11038, F»[2, 6] = —0.23729,
Fy[3,5] = —0.0057951, F5[3,6] = —0.073035, H[1,2,5] = —0.11108, H[1,2,6] = 0.071214,
H[1,3,5] = 0.033558, H[1,3,6] = —0.086773, f[2,4,5] = 0.26228, f[2,4,6] = —0.40397,
f[3,4,5] = —0.30188, f[5,2,4] = 0.18217, f[5,3,4] = —0.20391, £[6,2,4] = —0.31933,
16,3, 4] = 0.15688,

Rs=0, R¢=—0.023897,

masses? = (0.52608,0.077079,0.021226, 0, 0) .

Mes1
I=1:4,1=2:123, I =3:156,
Tio[1] = 0.15998, T1o[2] = —0.17570, T10[3] = 0.54357, F,[2, 5] = 0.23575,
Fy[2,6] = —0.058553, F»[3, 5] = —0.07524, F5[3, 6] = 0.14100, H[1,2,5] = 0.076732,
HI[1,2,6] = 0.13386, H[1,3,5] = —0.064786, H[1, 3, 6] = 0.063202, f[2,4, 5] = —0.05151,
f[2,4,6] = 0.01468, £[3, 4, 5] = 0.24009, f[3,4, 6] = —0.11041, £[5,2,4] = 0.098223,
f[5,3,4] = 0.33923, £[6,2,4] = 0.14162, [6,3,4] = —0.17514,

Rs=0, R¢=—0.026276,

masses® = (0.26972,0.074729,0.020261, 0, 0) .
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C.2 Minkowski solutions

0
Myge2

I=1:4, 1=2:123, I =3: 156,
T1o[1] = 0.00089705, T10[2] = —0.12343, T10[3] = 0.67703, F,[2,6] = —0.073204,
Fy[3,5] = 0.095626, F»[3, 6] = —0.25448, H[1,2,5] = —0.0019212, H[1, 2, 6] = 0.0099455,
H[1,3,5] = 0.0087639, H|[1,3,6] = 0.000016316, f[2,4,5] = —0.11340, f[2,4, 6] = 0.12143,
f[3,4,5] = 0.001685, f[3,4,6] = —0.10207, f[5,2,4] = —0.09093, f[5,3,4] = 0.17684,
f[6,2,4] = 0.33283, £[6,3, 4] = —0.04542,
Ri=0, Rg=—0.039542,
masses? = (0.23513,0.03448, 0.00023868, 0, 0) .
MQ663
I=1:4, 1=2:123, I =3:156,
Tio[1] = 0.038745, Tio[2] = —0.0089326, T'o[3] = 0.015046, F5[2, 6] = 0.090971,
Fy([3,5] = 0.016576, F»[3, 6] = 0.0084743, H[1,2, 6] = 0.0093718, H[1, 3, 5] = —0.086888,
HJ[1,3,6] = —0.010563, f[2,4, 5] = 0.0067077, f[2,4, 6] = 0.029515, f[3,4,5] = 0.10123,
f[3,4,6] = 0.011584, f[5,2,4] = —0.0087884, f[5,3,4] = 0.10755, f[6,2, 4] = 0.048721,
£[6,3,4] = 0.026565,
Rys=0, R¢=—0.00043667,
masses? = (0.026127, 0.015642, 0.00062489, 0, 0) .
mYee4
I=1:4, 1=2:123, I = 3: 156,
Tio[1] = 0.036472, Tyo[2] = 0.56902, T1o[3] = —0.054643, F5[2, 5] = 0.18885,
Fy[2,6] = 0.11872, F5[3,5] = —0.16477, F3[3,6] = —0.062198, H[1,2, 5] = 0.049683,
HJ[1,2,6] = —0.011537, H[1,3, 5] = 0.0051745, H[1,3,6] = 0.068309, f[2,4, 5] = —0.052342,
f[2,4,6] = 0.22423, f[3,4,5] = 0.14330, £[3,4, 6] = —0.14454, £[6,2, 4] = 0.012182,
f[6,3,4] = —0.072132,
Ri4=0, R¢=—0.036741,

masses? = (0.17069,0.012707,0.0044701,0,0) .
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Appendix C. Minkowski and (anti-) de Sitter solutions

Me65

I=1:4,1=2:123, I =3:156,

Tio[1] = 0.65414, Ty[2] = 0.55886, T10[3] = —0.070139, F3[2, 5] = —0.31326,

Fy[2,6] = —0.19336, F3[3, 5] = 0.20421, Fy[3,6] = —0.15304, H[1,2, 5] = —0.20324,
HI[1,2,6] = —0.014823, H[1,3,5] = 0.016713, H[L, 3,6] = —0.29836, f[2, 4, 5] = 0.043513,
£12,4,6] = —0.23363, f[3,4,5] = —0.16787, f[3,4,6] = 0.11717, f[5, 3, 4] = —0.028836,
£16,2,4] = —0.015351, 6,3, 4] = 0.086384,

Rs=0, Re=—0.034908,

masses? = (0.32049,0.11059,0.0073101, 0,0) .
m2666
I=1:4, 1=2:123, I =3:156,
Tio[1] = 0.1391, Tyo[2] = 0.21921, T10[3] = 0.6068, F3[2, 5] = 0.17163,
F[2,6] = 0.030109, F5[3, 5] = 0.032577, F3[3, 6] = —0.33822, H[1,2,5] = —0.083254,
HI[1,2,6] = 0.098809, H[L, 3, 5] = 0.099749, H[1,3, 6] = 0.034276, f[2, 4, 6] = —0.048187,

£13,4,5] = 0.11704, f[5,2,4] = —0.037857, f[5, 3,4] = —0.023053, f[6, 2, 4] = 0.26141,
£16,3,4] = 0.033041,

Rs=0, Re=—-0.059001,

masses? = (0.21201,0.035651,0.013395, 0, 0) .

Anti-de Sitter solutions
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C.3 Anti-de Sitter solutions

Sg51
I=1:12, 1=2:34,
Tip[1] = 0.65385, T9[2] = 0.067793, F1[5] = 0.011227, F1[6] = —0.070069, F3[1,3, 5] = 0.16616,
F3[1,3,6] = 0.17837, F3[1,4,5] = 0.11969, F3[1,4,6] = —0.2383, F3[2,3,5] = —0.075801,
F3[2,3,6] = —0.077512, F3[2,4,5] = —0.0060063, F3[2,4,6] = —0.079968, H[1,2,5] = 0.064459,
HI1,2,6] = 0.0056405, H[3,4, 5] = 0.069322, H[3,4,6] = —0.17184, F5[1,2,3,4, 5] = —0.008645,
F5[1,2,3,4,6] = —0.0013851, f[1,3,5] = —0.27755, f[1,3,6] = —0.0073778, f[1,4,5] = —0.25336,
f[1,4,6] = —0.039444, f[2, 3,5] = 0.054799, f[2, 3,6] = 0.057591, f[2,4,5] = 0.059283,
f12,4,6] = 0.0022988, f[3,1,5] = 0.0028896, f[3, 1,6] = —0.0044766, f[3,2, 5] = 0.0019835,
f13,2,6] = —0.020978, f[4,1,5] = 0.016741, f[4,1,6] = 0.0075944, f[4,2,5] = —0.014713,
f14,2,6] = 0.020748, f[5,1, 3] = —0.14682, f[5,1,4] = —0.13679, f[5,2,3] = 0.093115,
f15,2,4] = 0.086751, f[6,1, 3] = —0.023524, f[6,1,4] = —0.021917, f[6,2, 3] = 0.014919,
£16,2,4] = 0.0139,
R4 = —0.033561, Rg= —0.0073162, ny =0.7785,

masses” = (0.19854, 0.060726,0.04147, —0.0065318) .
Sgs2
I=1:12, 1=2:34,
Tio[1] = 0.28653, T[2] = 0.19465, F3[1,3,5] = 0.030441, F3[1, 3, 6] = —0.18245,
F3[1,4,5] = 0.1287, F3[1,4,6] = —0.047985, F3[2, 3, 5] = 0.09543, F3[2,3,6] = —0.049685,
F3[2,4,5] = 0.16944, F3[2,4,6] = 0.045125, H[1,2,5] = 0.013663, H[1,2,6] = —0.086069,
H[3,4,5] = —0.087243, H[3,4,6] = 0.0012479, f[1,3,6] = —0.15281, f[1,4,6] = 0.13141,
f12,3,6] = —0.095775, f[2,4,6] = 0.082363, f[3,1,5] = 0.067638, f[3,1,6] = 0.011932,
f13,2,5] = —0.10792, f[3,2,6] = —0.019038, f[4, 1,5] = 0.078652, f[4, 1,6] = 0.013875,
f14,2,5] = —0.12549, f[4,2,6] = —0.022138, f[5,1, 3] = —0.02027, f[5, 1,4] = —0.061815,
f15,2,3] = 0.057795, f[5,2,4] = 0.076739, f[6,1,3] = —0.09923, f[6,1,4] = 0.085335,
f16,2,3] = 0.014035, f[6,2,4] = —0.012069,

R4 = —0.015208, Re¢= —0.017287, ny = —4,

masses® = (0.070021, 0.044657, 0.027383,0.015208) .
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Appendix C. Minkowski and (anti-) de Sitter solutions

S5e3

I=1:12, [ =2:34,

Tio[1] = 0.39238, Ty[2] = 0.5567, F3[1,3,5] = 0.091642, F3[1,3,6] = 0.19088,

F3(1,4,5) = —0.21033, F3[1, 4, 6] = 0.23536, F3[2, 3, 5] = —0.010403, F5[2, 3, 6] = —0.0046634,
F3(2,4,5] = —0.20495, F3[2, 4, 6] = —0.091878, H|[1,2, 5] = 0.0040374, H[1, 2, 6] = —0.16052,
HI[3,4,5] = —0.10526, H[3, 4, 6] = 0.00052599, f[1, 3, 6] = 0.31796, f[1, 4, 6] = —0.016139,
£13.2,5] = 0.018778, £[3,2, 6] = 0.00052518, f[4,2,5] = 0.36995, f[4,2, 6] = 0.010347,
£15,1,3] = —0.0057443, f[5, 1,4] = 0.00029156, f[5, 2, 3] = 0.08266, f[5,2,4] = —0.2441,

£16,1,3] = 0.20538, £[6,1,4] = —0.010425, £[6, 2, 3] = —0.092728, f[6, 2, 4] = 0.0047066,

R4 = —0.036862, Re= —0.023797, ny = —3.8495,

masses> = (0.20393,0.11596, 0.074406, 0.035475) .
Sgs4
I=1:12, [ =2:34,
Tyo[1] = 0.14258, Tyo[2] = 0.58135, F3[1,3,5] = 0.075163, F3[1,3,6] = —0.1116,
F3[1,4,5] = —0.11823, F3[1,4, 6] = —0.2689, F3[2,4,5] = —0.19084, F3[2, 4, 6] = 0.065352,
HI1,2,5] = —0.0073236, H[1,2,6] = —0.15603, H[3,4, 5] = 0.0029354, H[3,4, 6] = 0.0040146,

11, 3,6] = 0.20098, f[4,2,5] = —0.35082, f[4,2, 6] = 0.021637, f[5, 1, 3] = 0.0088588,
£15,2,3] = —0.11714, f[5,2, 4] = 0.18033, f[6, 1, 3] = 0.14363, f[6,2, 3] = —0.027522,

R4 = —0.024424, Rg = —0.023691, ny = —2.4901,

masses? = (0.15904, 0.067206,0.039032, 0.015205) .
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C.3 Anti-de Sitter solutions

myel

I=1:4, 1=2:123, I =3: 156,

Tyo[1] = 1.1971,T1o[2] = 0.072312, T1o[3] = —0.062975, F5[1,5] = —0.041978,

Fy[1, 6] = 0.14026, F5[2, 5] = 0.066399, F5[2, 6] = 0.21752, F»[3,5] = 0.011368,

Fy[3,6] = —0.011895, Fy[1,2,4,5] = —0.11379, F4[1,2,4,6] = —0.19903, F4[1, 3,4, 5] = —0.28462,
Fy[1,3,4,6] = 0.28620, H[1,2,5] = —0.079033, H[1,2,6] = —0.10719, H[1,3, 5] = —0.072608,
HJ[1,3,6] = 0.077682, H[2,3, 5] = 0.21997, H[2,3,6] = —0.13693, f[1,4,5] = —0.042794,

f1,4,6] = —0.025141, f[2,4,5] = —0.019349, f[2,4,6] = —0.011367, f[3,4, 5] = —0.0097687,
f[3,4,6] = —0.005739, f[4,2,5] = 0.37334, f[4,2,6] = 0.21933, f[4,3,5] = 0.16584,

f[4,3,6] = 0.097433, f[5,2,4] = —0.17777, f[5, 3,4] = —0.078969, £[6,2,4] = —0.053204,

£16,3,4] = —0.023634,
R4 = —0.048164, Rg=—0.02412, ny = 1.2531,

masses® = (0.49918,0.13392, 0.060085, 0.054407, —0.015089) .
M ye2
I=1:4, I =2:123, I = 3: 156,
Tio[1] = 0.7165, Tyo[2] = 0.0763, T1[3] = —0.10534, F,[1,6] = 0.24176,
F5[2,5] = 0.037154, F3[2, 6] = —0.000011568, F5[3,5] = —0.042859, F3[3, 6] = 0.0067886,
Fy[1,2,4,5] = —0.13513, F4[1,2,4,6] = —0.17510, F4[1,3,4,5] = —0.13777, F4[1, 3,4, 6] = 0.16894,
HJ1,2,5] = 0.0036697, H[1,2,6] = 0.004547, H[1, 3,5] = 0.0038034, H[1, 3, 6] = —0.0037413,
H[2,3,5] = 0.19615, H[2,3,6] = 0.19189, f[1,4,5] = —0.045081, f[1,4, 6] = 0.010927,
f12,4,5] = —0.00053083, f[2,4, 6] = 0.00012866, f[3,4,5] = —0.0010236, f[3, 4, 6] = 0.0002481,
f[4,2,5] = 0.27295, f[4,2,6] = —0.066157, f[4, 3, 5] = 0.28289, f[4, 3, 6] = —0.068567,
f[5,2,4] = —0.18495, f[5,3,4] = —0.19169,

R4 = —0.019002, R¢= —0.012802, ny = 1.5483,

masses? = (0.38901,0.18817,0.031941, 0.013066, —0.0073556) .
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Appendix C. Minkowski and (anti-) de Sitter solutions

Mye3
I=1:4,1=2:123, I =3:156,
Tio[1] = 5.9022, To[2] = 0.67951, To[3] = —0.88782, F3[1, 5] = 0.32655,
Fy[1,6] = 0.61787, F2[2, 5] = —0.060571, F»[2, 6] = 0.032012, F»[3, 5] = 0.13077,
Fy[3,6] = —0.069114, F4[1,2,4,5] = —0.30798, Fy[1,2,4,6] = 0.49291, F4[1,3,4,5] = —0.50027,
Fy[1,3,4,6] = —0.44836, H[2,3,5] = 0.75352, H[2, 3, 6] = 0.23160, f[1,4,5] = —0.10747,
f[1,4,6] = 0.093925, f[4,2,5] = —0.79910, f[4,2, 6] = 0.69839, f[4,3,5] = —0.37013,
f[4,3,6] = 0.32348, f[5,2,4] = 0.62420, f[5,3,4] = 0.28912, f[6,2,4] = —0.32990,
£[6,3,4] = —0.15280,
Ry=—0.1534, Rg=—0.11122, 5y = 1.5537,

masses® = (3.2576, 1.5711,0.26172, 0.109, —0.059584) .
mye4d
I=1:4,I=2:123, I =3:156,
Tio[1] = 0.072202, T1o[2] = 1.0613, T'[3] = —0.090953, F3[1, 6] = 0.35610,
Fy[3,5] = 0.075768, Fy[1,2,4,5] = —0.20253, H[1,3,5] = —0.046817, H|[1, 3, 6] = 0.016544,
HI[2,3,5] = 0.040552, H[2,3,6] = 0.0087218, f[1,4,5] = —0.42575, f[1,4,6] = —0.059404,
f[2,4,5] = 0.11424, f[2,4,6] = —0.21770, f[5,1,4] = —0.19798, f[5,2,4] = 0.17149,

£16,3,4] = —0.042125,
Ry = —0.020509, Re = —0.053926, ny = 1.3004,
masses” = (0.4783,0.10213,0.034824, 0.030265, —0.0066676) .

M 46D

I=1:4, 1=2:123, I =3:156,

Tio[1] = 0.05707, Tho[2] = 1.3103, T10[3] = —0.091524, F3[1, 5] = —0.28057,

Fy[1,6] = —0.092774, F5[2, 5] = 0.26093, F»[2, 6] = 0.086279, F»[3, 5] = 0.019,

Fy[3,6] = —0.057461, Fy[1,2,4,5] = —0.061201, F4[1,2,4,6] = 0.18509, H[1,3, 6] = 0.043744,
f[1,4,6] = —0.40037, f[2,4, 5] = —0.25405, f[2,4,6] = 0.20285, f[5,1,4] = 0.07293,

£15,3,4] = —0.04517, f[6,1,4] = —0.22056, £[6,3,4] = —0.014936,
R4 = —0.019001, Rg=—0.072802, ny = 1.2548,
masses® = (0.4181,0.16632, 0.043898, 0.028584, —0.0059604) .
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