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ABSTRACT: We derive a sufficient condition for realizing meta-stable de Sitter vacua with
small positive cosmological constant within type IIB string theory flux compactifications
with spontaneously broken supersymmetry. There are a number of ‘lamp post’ construc-
tions of de Sitter vacua in type IIB string theory and supergravity. We show that one
of them — the method of ‘Kéhler uplifting” by F-terms from an interplay between non-
perturbative effects and the leading o’-correction — allows for a more general parametric
understanding of the existence of de Sitter vacua. The result is a condition on the values
of the flux induced superpotential and the topological data of the Calabi-Yau compact-
ification, which guarantees the existence of a meta-stable de Sitter vacuum if met. Our
analysis explicitly includes the stabilization of all moduli, i.e. the K&hler, dilaton and com-
plex structure moduli, by the interplay of the leading perturbative and non-perturbative
effects at parametrically large volume.
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1 Introduction & motivation

String theory is a candidate for a fundamental theory of nature, providing at the same time
a UV-finite quantum theory of gravity and unification of all forces and fermionic matter.
Mathematical consistency requires string theory to live in a ten dimensional space-time,
and a description of our large four-dimensional physics thus necessitates compactification
of the additional six dimensions of space.

The need for compactification confronts us with two formidable consequences: Firstly,
even given the known internal consistency constraints of string theory, there are unimagin-
ably large numbers of 6d manifolds available for compactification. Secondly, many compact
manifolds allow for continuous deformations of their size and shape while preserving their
defining properties (such as topology, vanishing curvature, etc) — these are the moduli,
massless scalar fields in 4d. This moduli problem is exacerbated if we wish to arrange for
low-energy supersymmetry in string theory, as compactifications particularly suitable for
this job — Calabi-Yau manifolds — tend to come with hundreds of complex structure and
Kahler moduli.

Therefore, a very basic requirement for string theory to make contact with low-energy
physics is moduli stabilization — the process of rendering the moduli fields very massive.
Moreover, as supersymmetry is very obviously broken — and so far has not been detected
— ideally, moduli stabilization should tolerate or even generate supersymmetry breaking.
And finally, the process should produce a so-called meta-stable de Sitter (dS) vacuum with
tiny positive cosmological constant, so as to accommodate the observational evidence for
the accelerated expansion of our universe by dark energy [1-3].

The task of moduli stabilization and supersymmetry breaking has recently met with
considerable progress, which is connected to the discovery of an enormous number [4-8]
of stable and meta-stable 4d vacua in string theory. The advent of this “landscape” [7] of
isolated, moduli stabilizing minima marks considerable progress in the formidable task of
constructing realistic 4d string vacua.

There are several methods of moduli stabilization. The first one uses supersymmetric
compactifications of string theory on a Calabi-Yau manifold, and the strong gauge dy-
namics of gaugino condensation in the ‘racetrack’ mechanism to stabilize the dilaton and
several of the bulk volume and complex structure moduli [9-11]. Recently, this method has
been applied to supersymmetric compactifications of M-theory on GGo-manifolds, where the
structure of the manifolds allows for the racetrack superpotential to generically depend on
all the moduli of the compactification [12].

The second, more recent, method relies on the use of quantized closed string back-
ground fluxes in a given string compactification. These flux compactifications can stabilize
the dilaton and the complex structure moduli of type IIB string theory compactified on
a Calabi-Yau orientifold supersymmetrically [5]. The remaining volume moduli are then
fixed supersymmetrically by non-perturbative effects, e.g. gaugino condensation on stacks
of D7-branes [6]. The full effective action of such fluxed type IIB compactifications on
Calabi-Yau orientifolds was derived in [13]. In type ITA string theory on a Calabi-Yau
manifold all geometric moduli can be stabilized supersymmetrically by perturbative means
using the larger set of fluxes available [14].



If the moduli are stabilized supersymmetrically, parametrically small and controlled
supersymmetry breaking can happen, e.g, by means of inserting an anti-D3-brane into
a warped throat of the Calabi-Yau [6], by D-terms originating in magnetic flux on a D7-
brane [15], or dynamically generated F-terms of a matter sector [16]. This process is known
as ‘uplifting’ and allows for dS vacua with extremely small vacuum energy by means of
fine-tuning the O(100) independent background fluxes available in a typical Calabi-Yau
compactification [4, 6]. The reliability of this last step of uplifting supersymmetric AdS
vacua without unstabilized moduli into a dS vacuum is still under discussion. Some of
the points in question e.g. concern the fact that the existence of D7-brane D-terms as well
as F-terms from hidden matter sectors are very model dependent, rendering statistical
sweeps over large sets of compactifications difficult. Supersymmetry breaking and uplift-
ing by a warped-down anti-D3-brane also remains under ongoing discussion on whether
its presence can be completely described in a probe approximation or causes dangerous
non-normalizable perturbations to the compact geometry [17-22]. Very recently, the use of
internal Fy gauge flux on a CY threefold in heterotic string theory has been used to stabi-
lize all geometric moduli except the dilaton and one Kéhler modulus in a supersymmetric
Minkowski vacuum [23, 24].

Alternatively, in non-Calabi-Yau flux compactifications of type IIB or IIA string theory,
all geometric moduli can be stabilized perturbatively in a non-supersymmetric way using
a combination of background fluxes, D-branes, orientifold planes, and negative curvature.
Examples here are flux compactifications of type IIB with 3-form fluxes on a product of
Riemann surfaces [25] and almost Calabi-Yau 4-folds in F-theory [26], type II compactifica-
tions with generalized fluxes on manifolds of SU(3) (see, e.g., the reviews [27, 28]), as well
as of type ITA with fluxes on a product of two 3d nil manifolds [29]. The ingredients used
typically lead to scalar potential dominated by three perturbative terms with alternating
signs, which depend as varying power laws on the dilaton and the geometric moduli. Such
a ‘3-term structure’ structure generically allows for tunable dS vacua [25, 29]. Supersym-
metry is generically broken in these perturbative mechanisms of moduli stabilization at a
high scale, which typically is the Kaluza-Klein (KK)-scale. The geometric and flux part of
these type ITA compactifications were studied in more detail in [22, 30-37]. The conclusion
there so far seems to be that in absence of the KK5-branes used in [29] (which play a
similar role as ’explicit’ supersymmetry breaking objects as the anti-D3-brane in [6]) there
are no stable dS vacua. A complete analysis including the effects of the KK5-branes in the
language of [22, 30—-37] still remains open.

Finally, in type IIB flux compactifications on Calabi-Yau manifolds there are con-
structions of a ‘hybrid’ type, where fluxes fix the complex structure moduli and the dilaton
supersymmetrically, but the volume moduli are stabilized non-super-symmetrically by an
interplay of non-perturbative effects on D7-brane stacks and the leading perturbative cor-
rection at O(a’3) in type IIB [38], or by perturbative corrections to the Kihler potential
alone. Examples for the latter consist of the Large-Volume-Scenario (LVS) [39], stabiliza-
tion by perturbative corrections to the Kahler potential of the volume moduli alone [40-43]
which are uplifted by D7-brane D-terms [44], and the method of ‘Kéhler uplifting’ [45, 46].

For ‘Kahler uplifted’ dS vacua, an interplay between the leading perturbative correc-
tion at O(a’?) and a non-perturbative effect in the superpotential serves to generate a dS



vacuum with supersymmetry spontaneously broken by an F-term generated in the volume
moduli sector. For some recent reviews on flux compactifications and the associated ques-
tions of the landscape of string vacua and string cosmology ensuing from the meta-stable
dS vacua, with a much more complete list of references, please see [28, 47, 48].

‘Kéhler uplifting’ has the benefit of generating meta-stable dS vacua in terms of just
background 3-form fluxes, D7-branes and the leading perturbative O(a’3)-correction, data
which are completely encoded in terms of the underlying F-theory compactification on
a fluxed Calabi-Yau fourfold. In addition, supersymmetry is spontaneously broken at a
scale of order of the inverse Calabi-Yau volume, measured in string units this is typically
~ Mgur here, and still below the KK-scale), by an F-term generated in the volume mod-
uli sector. No extra anti-branes, D-terms or F-term generating matter fields are needed or
involved. The existing analysis of these models consists of including manifestly the dilaton
and one complex structure modulus [45].

Therefore, in this paper we develop a method towards a rigorous analytical understand-
ing of ‘Kéhler uplifting’ driven by the leading O(a’3) correction to the Kihler potential
of the volume moduli. Our derivation will be carried out in the presence of an arbitrary
number h?! of complex structure moduli. A large value of 3-cycles h*! = 0(100) is a pre-
requisite to use the associated 3-form fluxes for the required fine-tuning of the cosmological
constant.

Note the relationship between the supersymmetric KKLT-type AdS vacua [6] (prior
to uplifting) with the flux superpotential tuned small, the SUSY-breaking LVS-type AdS
vacua [39] (again, prior to uplifting), and the SUSY-breaking ‘Kahler uplifted’ AdS/dS
vacua [45, 46] (inherently liftable to dS by the pure moduli sector itself) discussed here.
These three classes of moduli stabilizing vacua are three branches of solutions in the same
low-energy 4d A/ = 1 supergravity arising from type IIB compactified on a Calabi-Yau
orientifold with D7-branes.

In section 2, we will review the method of ‘Kahler uplifting’ and analytically derive
the existence of the meta-stable dS vacuum for the volume modulus of a one-parameter
Calabi-Yau compactification with A"! = 1 Kéhler modulus, and then extend this to the
case of several Kihler moduli h'"' > 1 explicitly. The interplay of perturbative and non-
perturbative effects implies for h»! = 1 that here a structure of two terms with alternating
signs is sufficient to approximate the volume modulus scalar potential and its tunable dS
vacuum. This contrasts with the ‘3-term structure’ generically necessary in purely pertur-
batively stabilized situations [25, 29]. For h'! > 1 a ‘3-term structure’ reappears for the
additional h' — 1 blow-up Kéhler moduli of a ‘swiss cheese’ Calabi-Yau.

Finally, we will show that we can express the existence of the meta-stable dS vacuum
for the volume modulus in terms of a sufficient condition on the microscopic parameters.
These are consisting of the fluxes, the D7-brane configuration, and the Euler number of the
Calabi-Yau governing the perturbative O(a’3)-correction, which are all in turn determined
by the underlying F-theory compactification on an elliptically fibred Calabi-Yau fourfold.
Thus, the result amounts to a sufficient condition for the existence of meta-stable dS vacua
in terms of purely F-theory geometric and topological data which can be satisfied for a
sizable subclass of all 4d N' = 1 F-theory compactifications, instead of just single ‘lamp
post’ models. We also check that our sufficient condition satisfies the necessary condition



for meta-stable dS vacua in 4d N' = 1 supergravity given in [49] and the longevity of the
metastable vacuum under tunneling.

Section 3 includes the dilaton into a full analytical treatment of the combined dS mini-
mum. We show that supersymmetry breaking happens predominantly in the volume mod-
ulus direction, and explicitly determine the shift of the dilaton away from its flux-stabilized
supersymmetric locus as suppressed by inverse powers of the volume of the Calabi-Yau.

Section 4 extends the analysis by including an arbitrary number of complex struc-
ture moduli with unspecified dependence in the Kéhler and superpotential. We then show
that the shift of the complex structure moduli and the dilaton in general is suppressed
by inverse powers of the volume, and that the dilaton and all complex structure moduli
generically are fixed at positive-definite masses. Finally, we estimate the backreaction of
the shifted dilaton and complex structure moduli onto the volume modulus. The ensuing
shift of the stabilized volume is generically found to be small and suppressed by inverse
powers of the volume. This crucially extends the sufficient condition for the existence of dS
vacua in type IIB F-theory compactifications to a large class of ‘swiss cheese’ style fluxed
Calabi-Yau compactifications with arbitrary Al < 21,

In section 5, we apply our methods to a simple toy model where the Kéhler and super-
potential of complex structure moduli are approximated by the structure found in a torus
compactification. We verify the general results of the previous sections, and show that the
shifts of the moduli and the backreaction effects are either independent of the number of
complex structure moduli h*!, or decreasing as an inverse power of h*!. We conclude in
section 6.

While this paper was being finished, we became aware of [50], whose section 2 contains
overlapping results with our section 2. The main results of section 2 and 3 here have first
been presented in talk by one of the authors in [51]. Additionally, we find numerical dis-
agreement concerning the values of x in section 2 permissible for a meta-stable dS vacuum
of T compared to the results for the same quantity given in section 2 of [50] due to an
approximation used between egs. (16) and (17) ibid.

2 ‘Kahler uplifting” — a meta-stable dS vacuum for the Kahler modulus

We will start with reviewing the structure of ’Kéhler uplifted’ dS vacua in type IIB flux
compactifications on an orientifolded CY threefold [45]. We will at first restrict ourselves
to one-parameter models with A% = 1 and h?>! > 1 so that the Euler number y =
2(htt — h?1) < 0 (which will be shown to be part of the the sufficient condition for the
existence dS vacua). Later, we will extend the analysis given here to all so-called swiss-
cheese Calabi-Yau threefolds with arbitrary A%! > 1 and h*! > Ab!) giving a strong
indication that the mechanism discussed here works for all threefolds with y < 0.

For type IIB compactifications on Calabi-Yau orientifolds with 3-form fluxes and D7-
branes the effective 4d N' = 1 supergravity of the moduli sector is determined by [5, 13,
38, 52]

K=-2In (19+a’3£> —In(S+S)—In <—z/ Q/\Q) : (2.1)
2 CYs



W=Wo+> Ae T, with Wy = L / Gay N (2.2)
p TJCys
Note, that this 4d A" = 1 supergravity has three branches of vacua. Firstly, we may look
for vacua where |Wj| < 1 is tuned small. Then supersymmetric solutions D;W = 0 (with 1
running over all A'*! Kéhler moduli, h%! complex structure moduli, and the dilaton S) sta-
bilizing all moduli, with 4-cycle volumes Re T; > 1, are possible including the o/-correction
discussed above [6]. On swiss-cheese style Calabi-Yau manifolds, a second branch of so-
lutions are the SUSY-breaking AdS vacua of the Large-Volume-Scenario which work for
arbitrary Wy [39], and the third branch consists of the ‘Kéhler uplifted’ solutions studied
below, where typically |Wy| — O(1...10) to get dS vacua.
For one-parameter models we have V = (T + T)%? and we set o/ := 1. Here

V3/(2v/k), (2.3)

and k denotes the self-intersection number of the single Kéhler modulus 7" in terms of

v
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the Poincare-dual 2-cycle volume modulus v of the underlying N’ = 2 theory prior to
orientifolding. The volume of 1-parameter CY threefolds is then given by [13]

]}:%vgz'y(TqLT)?’ﬁ, ReT = - 8,V. (2.5)

Wl

The flux-superpotential Wy is determined by the integral over the holomorphic 3-form € of
the Calabi-Yau and the 3-form flux G(3) [52]. The Kéhler potential K and superpotential
W determine the F-term scalar potential to be

V=el (K“BDCLWDI,W - 3\W|2> (2.6)

with D,W = W, + K,W, and a runs over the dilaton S, the single Kédhler modulus 7" and
the h*! complex structure moduli U;. We will now stabilize the Kihler modulus

T =t+ir, (2.7)

(7 denotes its axion) using the interplay between the leading perturbative o’ correction é
to the Kéahler potential [38] and non-perturbative corrections to the superpotential. For
now, we assume the dilaton S and the complex structure moduli U; to be stabilized already.
Thus, we have to find local stable minima of the scalar potential descending from eq.s (2.1)
assuming DgW = Dy, W = 0.

Following [38, 45, 46] we can write the resulting scalar potential in the following form

V(T) = X (KTTDTWDTW - 3|W|2) (2.8)

_ R ) Sy )2
_ oK (KTT (WrTr + (Wr - WKy + c.0)] + 365 VY 2|W|2> .

(V-9 +2v)



Here KTT denotes the TT-component of the inverse of the Kéhler metric (K;7)~! where
1, J run over all fields involved.

The non-trivial task is to find stationary points of V(T') with respect to ¢. It is
straightforward to show that the axionic direction has an actual minimum at = = 0.
The Kéhler potential does not depend on 7 and the exponential in eq. (2.1) introduces
trigonometric functions sin(at) and cos(at) into V(7T'). Then it can be shown that V; =0
for 7 = nw/a for n € Z. We restrict to the case 7 = 0 so that after insertion of W we obtain

L 24 76D V2 WP
V- +2v)2

V(t) = e (KTT [a*A%e™?" + (—aAe” "WEKr +c.c)| +3
(2.9)

2.1 Approximating the scalar potential V(T') in the large volume limit

In [45], it was shown that one can get de Sitter minima for 7" at parametrically large volume
Y~ O(100...1000) and weak string coupling gg ~ 0.1. The stable minimum is realized
at é / (219) ~ 0.01 so small that neglecting higher orders in the o’ expansion is well justified
and string loop effects are double-suppressed due to the smallness of gg and the extended
no-scale structure [42]. This minimum can be constructed under the following conditions

e Put a stack of N ~ O(30...100) D7-branes on the single 4-cycle that undergoes
gaugino condensation.! The parameter A is assumed to be O(1).

e Choose the flux induced superpotential Wy ~ O(—30) and the parameter £ ~ O(10).
Note that a Wy of this rather large magnitude does not induce problematic back
reactions, as in type IIB the fluxes are imaginary self-dual (ISD) and of (1,2) or (0,3)
type which limitates the back reaction to the warp factor.

In this setup, one typically obtains a minimum at 7" ~ O(40) so that the non-

—¢T i5 small enough to also trust the

perturbative contribution to the superpotential Ae
Ansatz for the non-perturbative superpotential.

We now want to give a parametric understanding of this scenario by approximating
the scalar potential eq. (2.9) under the constraint of the typical values of the parameters
a, A, Wo, €,~. We use the condition £/(2V) ~ 0.01 and the validity of the non-perturbative
superpotential:

V& |[Wol > Aem (2.10)

Under these approximations, the Kahler Potential and its derivatives simplify in the
following way:

K=-2In <]>+§> ~ —21In (ﬁ) ,

IFor example, the 2-parameter model P$;149 was shown in [63] to have an F-theory lift containing an

Es ADE-singularity for the condensing gauge group, giving a rank of 30. In general, the achievable rank
of the gauge groups is limited for compact CY fourfolds, due to the compactness interfering with enforcing
an ADE-singularity of arbitrarily high rank along a given divisor. Still, on compact F-theory fourfolds very
large gauge groups with very large ranks can be generated, e.g. in [54] F-theory was compactified to 4d on
a compact fourfold to yield a gauge group with 251 simple factors, the largest of which was SO(7232).



B —372/3% N —372/3

Kr

ves oo v
(Kp) ™t = 403 VVAV? + €V 4 4é) Vs 2.11)
" 12(V —§) BRI '

Also the last term of eq. (2.9) simplifies under the approximation eq. (2.10). Implementing

eq. (2.10), the scalar potential eq. (2.9) becomes

e~20 (30 A% + a® A%t) N aAe” Wy 3WEE
6’72t2 272752 64\/?’73159/2 )

—2at

V(t) ~ (2.12)

at

We also neglect the term o e since it is suppressed by one more power of e~* compared

to the second term in eq. (2.12) and obtain a ‘2-term structure’ for the scalar potential

aAe "Wy 3WRE
222 64v29309/2

Note that the flux-superpotential is negative, Wy < 0, so that the two terms have opposite

V(t) ~ (2.13)

sign and a minimum is in principle allowed. Eq. (2.13) is a drastic simplification of the
rather complicated scalar potential eq. (2.9) that allows us to extract an analytic condition
on the parameters to obtain a meta-stable de Sitter vacuum. Factorizing eq. (2.13), we can
write it in terms of two characteristic variables x = a -t and C

L Wod®A (2C e\ —2TWoéa®?
T 242 9292 a2 )7’  64v/294

The overall constant in eq. (2.14) does not influence the extrema of this potential. For

V(x)

(2.14)

completeness, we mention that the stationary point in the axionic direction 7 = 0 is always
a minimum since the mass

a’Ae~ "W, .
2’)/72752 >0 if W() <0 . (215)

V= —
The mass matrix V;; for i, j € {t,7} is diagonal since the mixed derivative V;; vanishes at
7=0.

Note, that it is the presence of the exponential factor in the negative term with the
slower inverse power-law dependence on x, which renders this term as a ‘negative middle
term’ in terms of the analysis of [29]. Here, however, this term shuts down exponentially
fast for large enough z. This combined behavior of being a power-law at small z and an
exponential at larger x is responsible for the fact, that a ‘2-term’ combination with a single
positive inverse power-law term is enough to obtain a tunable dS vacuum.

2.2 A sufficient condition for meta-stable de Sitter vacua
To calculate extrema of eq. (2.14) we need to calculate the first and second derivative with
respect to z (V' = %—Z)

_—W0a3A 1
T 242 g2

V'(z) (C’ — 2z + 2)673:) , (2.16)
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Figure 1. The approximate 2-term scalar potential V' (z) from eq. (2.14) for different values of C.
~WoalA 1 (11
V” (m) = 70 <

_ _5/2(,.2 —x
27 12 2C % (x* + 4z + 6)e ) (2.17)

Solving for an extremum V'(z) = 0 yields
??(z +2)e " =C (2.18)

which cannot be solved explicitly in an analytic way. Plotting the approximate expression
eq. (2.14) of V (z) for different values of the constant C' in figure 1 we observe the following
behavior:

We see that with growing C' we first obtain an AdS minimum. This minimum breaks
supersymmetry since

—3W,
Fro~—2040. 2.19
P (2.19)

Then at some point the minimum transits to dS, and for even larger C' the potential

eventually develops a runaway in the x direction. We can analytically calculate the window
for C' where we obtain a meta-stable de Sitter vacuum by identifying:

e Lower bound on C: V(2yin) = V' (Zmin) =0
e Upper bound on C: V'(zmin) = V" (2min) =0

In both cases we have to solve two equations for two variables {zpin, C'}. For instance,
one can use eq. (2.18) to replace Ce® in V(z) = 0 for the lower and in V" (z) = 0 for the
upper bound which gives equations maximally quadratic in « and then use eq. (2.18) again
to calculate C'. In both cases, there exists only one solution with zyi, > 0.



e Lower bound on C:
(i, C) = {3, 2371} = (25,3.65)

e Upper bound on C:
{Zmin, O} =~ {35782 389} ~ {3.11,3.89}

The region close to {Zmin, C'} is the one relevant for obtaining a small positive cosmological

constant suitable for describing the late-time accelerated expansion of the universe. For

a = 27w /100 the lower bound on z corresponds to a volume V ~ 100 so we are indeed at

parametrically large volume. The allowed window for C' to obtain meta-stable de Sitter

vacuum is approximately X

< M < 3.89 (2.20)
64v/27A

In sections 3 and 4, we will show that fulfilling condition eq. (2.20) is still sufficient

3.65

to obtain a meta-stable minimum of the scalar potential when all the remaining moduli
fields of the Calabi-Yau, i.e. the dilaton and the complex structure moduli, are included
in the stabilization analysis. Hence, this is truly a sufficient condition for meta-stable de
Sitter vacua and no tachyonic instabilities occur by including further moduli, contrary to
the standard KKLT scenario [55, 56].

2.3 hbl>1

We will now proceed to show explicitly that the above argument can be extended to the

full class of all Calabi-Yau threefolds with A" > 1 arbitrary and xy < 0 which are of ‘swiss

2

cheese’ type.© A ‘swiss cheese’ type Calabi-Yau is characterized by a classical volume

given by
hl’l 1 hl’l
V=S k)P =~ (T+T)2 - (T + T;)3/ 2.21
;6 1 ( ) ’Y( ) ;’Y ( ) ( )

where v is the 2-cycle modulus, & = k111 > 0, ki < 0 for i =2... A% and

1.~ V3
t=ReT = =0, d y=—"— 2.22
Re 38V and NG (2.22)
1 N
tlzReTl:§&JiV and 7:2\/{% Vi=2...hbt,

This structure allows us to invert and get
vr = 2vV2y1v/tr . (2.23)

Thus the classical volume of such Calabi-Yaus has a (+ — — —...) signature in intersection
number space. We will look for dS vacua which satisfy ReT; <« ReT for i = 2...hN!
such that V ~ ~ (T + T)3/2, such the h'' — 1 blow-up Kéhler moduli form the ‘holes’ of
the ‘swiss cheese’. This entails choosing the a; for i« = 2...h"!' of the nonperturbative

2For the two Kihler moduli of P?1,1,1,6,9] the Kahler uplifted dS minimum was found numerically first
in [57).

~10 -



superpotential effects on the associated 4-cycles such that a; > a = a; while enforcing
a;t; > 1 to maintain the validity of the one-instanton approximation.
We will again determine the leading terms in £/V as before. The scalar potential reads

V =i (KTITJ [a[aJA[Ajefa(TIJrTJ) + (—CL[AjeiaTIWTTJ + C.C)}

L 24+ TEV +V? W‘2>. (2.24)

+3£— — —
Doy

Guided by eq. (2.13), we extract the terms linear in ¢ and in e~ 97T, suppressing terms which
are of order e~T+Ts) or ée‘aTI as they are subleading in the limit we are considering. We
will see that we are forced to keep terms of order e~a(Ti+T) a5 these will turn out to be of
a relevant order in £/V once the condition of the minimum is imposed. Using the fact that

K1, = Ky, for our choice of f), the relevant part of the potential thus reads

Wo 17 _a 3EWE
V= —EKTITJ (arAse T’KTJ + c.c) + 4{}30 . (2.25)
We have
. T/ .
K= Kp= 220 o (&) gy m g = B2WVE () (a0
1% V ‘ 1% 1%
and the inverse Kéhler metric can be found [58] to be
; 2 o 4V — ¢
K0T — —§<2v+£)H]JKUK+ ];} §t[t]. (2.27)

Now we can apply our limit é / V< 1, use that the k77 = k17 are diagonal, and implement
that t; < t for i = 2...h"!. We then find using eq. (2.23) that

n 4 4. 3 2t
KTT = —§V:“$U + 4t2 = —§VW2\/§’)/\/Z+ 4t2 ~ ?fo

~

KT = 44t (2.28)
7 4 . 4. -3 2V2 ~ /1
KTl — —_ Vgt + 41512 = —*VizQ\/i%\/t»i—F O(1) ~ ivﬁ
9 9 4~; 3 Yi

while KT:Ti = 4t;t; < O(v'V) can be dropped in this limit. Plugging eq.s (2.26) and (2.28)
into the potential eq. (2.25), we get

hl’l

AW o e, 3EWE
V= 2 atAe cos(m)Jr;2 aitiAje” """ cos(a;T;) | + e
L 4ad? VT v
+y == e 2%l | — + 3yivti(at; + 1) | . 2.29
32y 72 Fanhlaiti ) (229)

The cross terms ~ KTTi are relevant to obtain the correct sign of the axion terms in the

—2a;t;

first round bracket. The terms ~ e look subleading. However, at the prospective
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minimum one can show that e~ ~ e~%t ~ é / V. This implies, that the terms ~ e~2ati
are in fact ~ £2 / 1% (including the factor of V in the rectangular bracket) and are thus of
relevant order for minimization.

This potential has a full minimum at at ~ a;t; 3 fori =2...hY, and 7 =7, =0,
if the quantity C' defined in eq. (2.14) satisfies a structurally similar bound on C' as in the
one-parameter case discussed above. However, the numerical interval of C-values allowed
by the metastability conditions increases slowly with hl:t. The size of C ~ |Wj| for given f ,
intersection numbers, and gauge group ranks. As the maximum size of |Wj| is given by the
maximum available fluxes, this implies an upper bound on h'! as the flux is limited by the
tadpole constraint quantified by the Euler characteristic of the F-theory elliptic fourfold.
The magnitude of xcy, can be easily as large as O(10%), so this is not a particularly strong
bound.

Thus we expect this minimum to persist for all ‘swiss cheese’ Calabi-Yau threefolds of
arbitrary h%!' > 1. Moreover, the way how the additional Kahler moduli enter the leading
terms of the scalar potential implies that the inclusion of dilaton and complex structure
stabilization discussed in the subsequent sections will also extend to the h! > 1 case by
virtue of its viability for the first Kiahler modulus. Finally, as the quantity x; v is a
matrix with signature (1, h%! —1) (one plus and the rest minus) [59], we expect the overall
sign structure of eq.s (2.26) and (2.28) to persist even for general non-‘swiss cheese’ type
Calabi-Yau threefolds. As this will lead to a potential with the same basic structure as
eq. (2.29) we may expect this mechanism of stabilizing all K&hler moduli directly into a
dS vacuum via ‘Kéhler uplifting’ to extend to all Calabi-Yau threefolds with x < 0.

2.4 Suppressing flux-induced o’-corrections

We now want to discuss potentially dangerous flux-induced «o'-corrections originating from
|[Wo| ~ O(30). The leading o correction we used to stabilize the volume modulus in
section 2 to the Kiahler potential can be derived from the R* term in the 10d effective
supergravity action, where R is the 10d Ricci scalar. However, for a large flux-induced
superpotential, corrections to the scalar potential descending from the R3G(23) term in the
10d effective action might become relevant even though suppressed by higher powers of the
inverse volume [60] in the scalar potential. To trust our analysis of dS vacua in section 2 -
which takes only the R* a/-correction into account - we need to ensure

Gyl Wg 3
AVR3G<23) ~ f}ll/?) ~ )}11/3 < AV'RAL ~ %7

(2.30)

where we have used that [Wy| ~ O(|G3)|) barring fortuitous cancellations. For the ‘Kéhler
uplifting’ regime V ~ O(100...1000), £ ~ O(10) and |Wy| ~ O(30) the inequality (2.30) is
not a priori fulfilled but rather AVRSG?S) ~ AVga, promoting flux-induced o'-corrections
problematic.

We can ensure the desired hierarchy between the corrections by demanding the choices
of all explicit flux quanta to be of O(1). In general, this implies that |[Wy| >~ O(1) which is
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effectively a percent-order fine-tuning. Since G(3) = F(3) — 5 - H3), we can write

1 1
W():/ FayyAQ -85 — HyANQ=C1—Csy-S. (2.31)
27 CYs ( ) 2 CYs ( )
We will show in section 3, that the dilaton S will be approximately stabilized supersym-
metrically at Re(S) = gg' = —C1/Ca, so that (W) = 2C;. We can reduce |Wp| from
O(30) to O(1) and stay in a dS vacuum if we also reduce gg because according to the
sufficient condition for dS vacua in eq. (2.20)

. W
Whé 3—/02 = const. (2.32)

9s
Note that reducing gg also improves the approximation of neglecting string loop effects.
This translates into the following requirements on the two functions C and Cs:

gs =—-Cy/C; < 1
Wy =2C, ~0O(1) (2.33)

As (7 and C9 are functions of the flux-quanta and the VEV’s of the complex structure
moduli, eq. (2.33) can be fulfilled by choosing O(1) flux-quanta for F(3y and H sy while
choosing the VEV’s of the complex structure moduli in Cs such that Cy < 1. The bound
on Cy which depends on the H s flux-quanta is more stringent than the bound on Cy
which depends on the F3) flux-quanta. This follows from a look at the superpotential
Wo = C1 — SCs , and the way how H(s) enters the 10d type IIB bulk action. The cru-
cial point is that the bulk terms [ dlox\/—ige*wHé’) and [ d%z,/—ge 2R enter with the
same powers of the string coupling. Therefore, the dominant flux-induced O(a’®)-correction
which is ~ R3H (23) will give a correction to the K&hler potential which scales with same
dilaton dependence as the one from the R*-term, but is suppressed by an additional power
1/V?/3. This is because R scales as 1/V'/3 while H(23) ~ 1/V. By keeping fzg Hzy of O(1)
we can then suppress the flux-induced o'-correction by large volume. Furthermore, since
the F(3) flux is suppressed by a further power of g5 the bound is obviously stronger on
the H(3) flux. Thus, tuning of €7 and C3 can alleviate the problem of flux-induced a-
corrections. Reducing fluxes requires additional contributions to fulfill tadpole constraints.
These contributions can be supplied by D3- and magnetized D7-branes.

2.5 F-theory interpretation

Eq. (2.20) forms a crucial result of our analysis. It represents an explicit condition relating
two topological properties of the CY threefold, the self-intersection number & of its volume
modulus, and its Euler characteristic y (via E=¢ (x)), to the flux superpotential and the
rank of condensing D7-brane gauge group.®

Let us briefly comment here on the link to F-theory. Type IIB warped flux com-
pactifications on an O7-orientifolded CY threefold with D3- and D7-branes with varying

3This verifies the numerical evidence fount in [45], indicating that one can trade of larger Wy for smaller
& and still obtain a de Sitter minimum. This now is obvious from eq. (2.20).
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axio-dilaton can be described as the Sen limit of F-theory compactified on an elliptically
fibred CY fourfold. The CY threefold then is the double-cover of the base of the elliptic
fibration under the orientifold projection in the Sen limit [61]. The F-theory description
unifies the different objects of the CY threefold, the O7-plane and the D7-branes including
the non-abelian gauge theories into the geometry and topology of the elliptically fibred
CY fourfold. In particular, points in the base of the fibration, where the torus fibre of the
Weierstrass model degenerates via a vanishing 1-cycle, describe D7-branes. In consequence,
D7-brane stacks with their non-abelian gauge groups are geometrized into the notion of
ADE-type singularities at the points in the base where the torus fibre degenerates. The
type 1IB 3-form fluxes H 3y and F(3), in turn, descend from a single 4-form flux G4 on
the F-theory fourfold. Finally, the Euler characteristic y, and hb!, h?! are completely
determined in terms of the topological data of the fourfold.

Using this information, we immediately see that the sufficient condition for the exis-
tence of 'Kéhler uplifted’ dS vacua in type IIB becomes particularly elegant criterion in
the underlying F-theory construction in so far, as the relation eq. (2.20) places a constraint
on the geometry and topology of the fourfold and the 4-form flux G 4):

e The data entering Wy, &, and y(x), which consists of x, h?!, the intersection num-
ber(s), and the periods of the threefold, are completely determined in terms of the
topological data of the fourfold, and the 4-form flux G 4).

e The rank of the D7-brane gauge group entering a is determined by the ADE sin-
gularity enforced at the degeneration point of the Weierstrass model describing the
elliptic fibration.

Thus, the sufficient condition eq. (2.20) represents a purely geometrical and topological
constraint on the fourfold in F-theory except for the constraint on G y).

2.6 The necessary curvature condition

The discussion so far has constituted a sufficient condition for the existence of meta-stable
"Kéahler uplifted’ dS vacua in type IIB on a CY orientifold. Let us pause here for a moment,
and compare this condition to the necessary condition of positive sectional curvature of
the Kéhler potential which [49] derived from a general 4d N’ = 1 supergravity argument.
The statement there is that a meta-stable dS vacuum cannot exist unless the sectional
curvature of the full Kahler potential of a given model

A =20;;G'G? — Rizma G'GI'G™G™ > 0 (2.34)
is positive, where

0K, Gi=eCPF,  G=K+h|W?, (2.35)

iz

and Rizmn(gi;) is the Riemann tensor of the scalar manifold. For our case of the leading
order O(a/3) correction breaking no-scale and supplying the dominant direction of super-
symmetry breaking Fp (this will be shown in the subsequent sections), this condition is
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2
T

exact | 43.0 | 9.8-107%]25-1073 | 1.3-1072
approx. | 39.8 | 1.4-1073 | 3.4-1073 | 1.9- 1072

(t) m? m m3

Table 1. Numerical results for the minimum (¢), the moduli masses m?, m2 and the gravitino

mass m; /2 The exact results are obtained numerically from eq. (2.9) for Wy = —32.35, the
approximate results from eq.s (2.13) and eq. (2.15) for Wy = —37.73. The masses where determined
by diagonalization of the Hessian of the relevant scalar potential, and multiplying the eigenvalues
with K77 for canonical normalization of the kinetic terms.

equivalent to [49]

3 2
£, 2 (2.36)
8V~ 105m2,

We do now see that satisfying the sufficient condition given here implies satisfaction of
eq. (2.36), as
m§/2 = K| W)? ~ B |(W))? > 0 (2.37)

is guaranteed always in the minimum due to [(Wp)| ~ O(1) > |e~®T)|, while tuning W,
allows (V) ~ 0 to O(10~"*").

Note that satisfying eq. (2.36) requires é > 0 for true dS vacua, which fixes the sign of
€ and thus y. This is consistent with the extremum conditions eq.s (2.18), (2.15) together
with definition of C' in eq. (2.14), as they too dictate Wy < 0 < £>0.

We can rewrite eq. (2.36) by inserting the 2-term potential of eq.(2.14) and the grav-

2 —x,.5/2
1> o (2 - 96;) : (2.38)

The only remaining parameters are x and C. This allows us to check the necessary curva-
ture condition at the upper limit for {z,C} = {3.11,3.89}, i.e. where the meta-stable dS
minimum becomes a saddelpoint in the ¢-direction, see section 2.2. We find

itino mass mg/z ~ (Wo/V)%:

1
1> oo (9\/89 - 83) ~0.014. (2.39)

We do not necessarily expect eq. (2.36) to be violated since this is a necessary condition,
i.e. a dS vacuum does not have to exist even though the inequality is fulfilled. However,
eq. (2.39) is far from being saturated which suggests that the space of actually meta-stable
dS vacua may be significantly smaller than the space of candidate vacua allowed by the

necessary condition.

2.7 Numerical example

Let us display our above analysis with a numerical example from [45]:

2 .
WTE)’ Wo=—3235, A=1, ~— V3 £=798. (2.40)

25’

a =

~15 —



0.00005+

0.00004 -

0.00003 ¢
V()

0.00002 ¢
0.00001 ¢
0

20 40 60 80 100 120 140

t
Figure 2. Dashed curve: the exact potential with parameters Wy = —32.35. Solid curve: the

approximate potential with parameters Wy = —37.73, C' = 3.652.

The choice for v is that for the quintic CPZIL,LI,LI which has intersection number x = 5.
The meta-stable minimum of the exact potential eq. (2.9) lies at ¢ = 43 so that indeed the
approximations in eq. (2.10) are well justified.

é Aefat
= ~0.03 < 1, — ~0.002 k1. 2.41
v ol (2.41)

In figure 2, we compare the exact potential eq. (2.10) to the approximate potential eq. (2.14)
for the parameters eq. (2.40).

We see that the two curves agree sufficiently to justify the parametric understanding
drawn out of the 2-term potential eq. (2.14). The minimum of the approximate potential
is located at t ~ 40. We give a summary of the numerical results for the moduli VEVs and
masses in table 1.

2.8 Vacuum decay

We will now briefly digress to discuss the (meta)stability of the dS vacua we just found.
The vacua are local minima of the scalar potential and thus are classically stable. However,
they will decay non-perturbatively by a tunneling process. There are two known instanton
solutions to the FEuclidean equations of motion in the saddle point approximation — the
Coleman-DeLuccia (CdL) [62-64] and the Hawking-Moss (HM) [65] instanton. Denote the
position of the (meta)stable false vacuum of the volume moduli described in the preceding
section with ¢, t;0 (i = 2... h1!) at vanishing axion VEVs), and its vacuum energy by
Vo. There is a finite barrier in the direction of the large volume modulus ¢t = ReT" at the
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position tp > tg, while the smaller blow-up volume directions in Kéhler moduli space t; do
not show a finite barrier in finite distance from their false vacuum locus ¢; 9. The barrier
in the t-direction protects against classical decompactification by runaway if V4 > 0, as
there is a de-compactified 10d Minkowski minimum at ¢ — oco. In our situation, where
t > t; at the two extrema of the potential with respect to ¢, we can derive the canonically
normalized field ¢ corresponding to ¢ as

©= \/g Int (2.42)

up to small corrections of O(t;/t). As e.g. visible in figure 1, we can thus approximate the
canonically normalized barrier width A as twice the distance between the false vacuum
and the barrier top

3 t
A@:Q\/;(lntB —lnto):\/élnt—B. (2.43)
0

The false vacuum is tuned to be a dS vacuum and for purposes of our late-time cosmology
should be further tuned to yield an exponentially small positive vacuum energy. Thus the
energy difference AV between this false vacuum and the Minkowski vacuum at t — oo is
exponentially small compared to the barrier height

AV =V« Vp. (2.44)

This places us deeply inside the validity regime of the thin-wall approximation to CdL
tunneling [62-64]. In the thin-wall limit tunneling mediated by the CdL instanton gives a
decay rate [64]
Sp(eo)

Loar, ~ e(+4v0/3T%)% (2.45)
The term in the denominator of the exponent is called the gravitational suppression factor.
Here Sg(po) = — [ d*z\/=gV (o) denotes the Euclidean action of the pure false vacuum
dS space solution at tg, t;o (i = 2...h"Y1) which is [6]

2472
Vo

SE(po) = — <0. (2.46)

T denotes the tension of the CdL bubble of true vacuum which in the thin-wall approxi-

mation is given by

o t
T= / dp\/2V (p) =~ /2 VBAp ~ 64/2Vp lnt—B . (2.47)
© 0

0

We see that the gravitational correction in the decay rate is negligible only if

1%
Ap < 4[> (2.48)
Vb

as for Mp — oo we have VOMI% > T2. In our case we typically have (see figure 1 again)

Ap = 0(0.1), so this bound is strongly violated in our own dS vacuum with Vg ~ 107122,

17 -



So, we are in the opposite situation Vp/T? < 1 and thus to first approximation the CdL
decay rate of our class of dS vacua is

_ 247f2 647r2 122
Togr, ~€ Vo -e 12 ~e 1077 (2.49)

This is extremely long-lived, even compared to our cosmological time scales.

We can now compare this with tunneling mediated by the Hawking-Moss instanton [65]
which describes a transition where the field tunnels from the false vacuum first to the top
of the barrier, and then classically rolls to the true vacuum. Here, the decay rate comes

out to be

_ 24q2 1 2472

D ~ 5200 =5E(08) o7 o T vy (2.50)
The ratio between the two decay rates is [6]

2( 1 _ 4
2501 L (VB TQ).
Coar

(2.51)

Thus, for a sub-Planckian barrier thickness Ag < v/2Mp the HM instanton is sub-dominant
to the CdL process, and eq. (2.49) provides a reasonable estimate for the metastability of
our dS vacua.

3 Stabilization of the Kahler modulus and the dilaton

We now include S = s + io explicitly into our analysis. Our strategy will be to first
determine the supersymmetric locus for .S and then include the backreaction from volume
stabilization using perturbation theory in the small expansion parameter

<0.1 (3.1)

|

for typical models. We will use the same logic in section 4 for incorporating the complex
structure moduli.

The flux-superpotential has the form Wy = C; — Cs - S, where the C; and C5 are func-
tions of the complex structure moduli, and the 3-form fluxes. In this section we still assume
the complex structure moduli to be integrated out supersymmetrically. The Kéahler- and
superpotential are given as

K=Kk +K,,  with KK:—21n<7(T+T)3/2+g(s+5)3/2>,
Ky, =-In(S+09) ,
W=0C)—Cy-S+ AeT | (3.2)

Notice that there is a mixing in the K&hler potential due to the S dependence of the pa-
rameter £ controlling the o’ correction. The VEV of s has to be chosen large enough, so

the string coupling gs = 1/(s) stays parametrically small. The scalar potential can be
organized in the following way:

V(T,S) = VD 4 y@9) L yE)  ith
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@ _ ok [ T W  SATVHVE
v = (K Wl (W Wt ) +36Gg eamp T )

V(TS) — K (KTS DrWDgW + c.c) ;
V) = o (KSS|DgW2) . (3.3)

The term V(%) is due to the mixing of T and S in the Kéhler potential.

It was shown in [45] numerically, that eq. (3.3) possesses a meta-stable de Sitter vac-
uum in the large volume limit eq. (2.10) with the dilaton being stabilized close to the
supersymmetric minimum DgW = 0. We now obtain an analytic understanding of these
features using an expansion of eq. (3.3) in £/V and Ae™ /|Wp|.

3.1 Approximating the scalar potential V(T S) in the large volume limit
We can calculate V(T using our results from section 2 and the replacements
W() — Cl — CQS s
é — 6(28)3/2 )
o\ —1
efr —y efrelas ~ (25V2> , (3.4)
to obtain the two term potential

V@)~ 1 <aAe_at [(Cy — C4s) cos(aT) + Coo sin(aT)]

T2 27212
3 3/2 C —C 2 C 212
L BTG = Cosf 4 o] (3.5)
3273t9/2

To derive V(T5) and V) we have to approximate K TS which we find to be 1-st order and
K% which is a 0-th order term:

(C1 + Css) [53/2(—701 + 5C5s)¢ + 8 Ae @t~ 13/2 cos(ar)]

V(9 ~
64 s ~3t9/2
B 702\/s€0%  Ae Cyosin(ar) (3.6)
64 3t9/2 8 sy2t3 ’ )
V) v [(C1 + Cys)? + C307] . 3.7
2 [(C1 + Cas)” + C07] (3.7)

We see that in this approximate expression for the scalar potential the field s is to 0-th
order stabilized by a quadratic potential (C; +Cas)? if we neglect terms that are suppressed

—at

either by £ or e relative to the quadratic potential. The supersymmetric locus is

So = —g; >0 = 0102 < 0. (3.8)

The shift of s to this supersymmetric minimum due to the 1-st order terms V(7) and
V(T8 will be calculated in section 3.3 to first order. The extremum of ¢ to 1-st order is
governed by V(T) only since V() o« DgW and DsW equals zero to 0-th order so that
V(™5 is actually a 2-nd order term. Finally, the axion field derivatives V. and V, can be
minimized for 7 = nw/a for n € Z and o = 0. As in section 2, we restrict to 7 = 0.
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3.2 Moduli masses

Using the approximate scalar potential V (¢, s, 7,0) of eq. (3.3) we can calculate the mass
matrix of the moduli as the second derivative with respect to the real fields. The second
derivatives mixing real and imaginary parts vanish exactly at the axionic VEVs 71 =0 =0
so the mass matrix is block diagonal.

(3.9)

Since Vi, and Vi, are 1-st order and Vs is O-th order, the eigenvalues of eq. (3.9) are V
and Vg, to 1-st and 0-th order, respectively.

Next, we note that the kinetic terms of the moduli fields are highly non-canonical. The
kinetic part of the Lagrangian reads as

L = Kg50,80"8 + K30, TO'T + Krpg (8,TO"S + c.c) . (3.10)

We expand the moduli around their minima in small fluctuations, S = (S) + 0S5 and
T = (T) + 6T. Inserting this, we see that in the limit of small fluctuations we get the
K;7((S),(T)) to be constants. In general, one has to diagonalize the Ké&hler metric and
then canonically normalize the kinetic terms in the rotated basis of fluctuations, but here
we find that in our limit £/V < 1 an expansion of the inverse Kihler metric K’ 7 shows us
that K57 is O(£/V) compared to K17 and K55

Thus, differentiating eq. (3.3) and evaluating at s = sg and ¢ = ty;,, we find for the
physical masses

my = |§:0 =3 Vit
—32at Ae~'Coyt®/?(a*1? + dat + 6) + 2976CF | | <5 ¢
= ~ = 3.11
4873t9/2 =t V?’ ( )
S -4 C 1
2 ~ S5 ) N 102
ms — K ‘520‘/?98 — 4S ‘/:95 — W t:tmin ~ ﬁ s (312)
_ t 3A —at A
my = KU Vir = (a)726’262 ~E (3.13)
&= 27 ~2t3 tmt V3
5 -4 C 1
2 ~ 55 ~ # ~
my, = K ‘E:OVO'O' — 272153 — ]>2 . (314)

Here we have used that for our dS solutions with (V') ~ 0 the product at ~ 3 is roughly
constant. In this approximation the fields s and ¢ have the same mass which expresses
that they are in the same chiral multiplet and supersymmetry is unbroken in the S direc-
tion to O-th order. Note, that s, 7 and o are manifestly positive in our approximation.
t could become tachyonic if the exponential term in eq. (3.11) gets larger than the term
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proportional to &. Since m? oc V”(z) of eq. (2.17), a tachyonic direction in ¢ corresponds
to a saddle-point of the potential V(z) which is equivalent to violating the upper bound
on C eq. (2.20) as discussed in section 2.2.

3.3 Deviation of s from the SUSY minimum and SUSY breaking

In this section, we want to analyze the effect of the 1-st order terms 6V = V(1) 4 (125
on the 0-th order potential V(© = V(5 that stabilizes s in a supersymmetric minimum
so = —C1/Cy. We will calculate the shift ds/sp from the supersymmetric minimum sy due
to the 1-st order terms 6V (1) and show that it is indeed small, i.e. O(f/f}) Furthermore, we
will show that naturally there appears a hierarchy m? < m? and show that supersymmetry
is predominantly broken in the T direction, i.e. Fr > Fg where

Fy=f2D,w . (3.15)
Expanding eq. (3.3) to first non-vanishing order for zero axionic VEVs 7 = ¢ = 0 in
ds yields
1
V(t,5) = VOt 50) + 5V (t50)(085)° + 3V (1, 50) + 6V (tso)ds ... (3.16)

Since s = sg + ds should still be a minimum of the full potential we demand

)
NV o gy OV
d(ds) VD (¢, s0)

(3.17)

We see from eq. (3.5) and eq. (3.6) that the term 5Vs(1)(t, S0) involves terms proportional
to € and e~®. The latter can be replaced using the condition eq. (2.18) for the minimum
intats=sq: X

B 27¢ C4

16V Aat(2+at)

—at

(3.18)

This yields a function whose ¢ dependence is given by an overall factor V=3 and a rational
function in at = x. Since we are interested in de Sitter minima with almost vanishing
positive cosmological constant we can set  ~ 5/2 according to section 2.2. The mass term
m? is obtained solely from V(5 so its t-dependence is given by an overall V=2 scaling from

K

the overall factor e™ in the scalar potential. So finally for the shift we indeed obtain a

number of O(1) times our expansion parameter:?

3

08 938 _ 4655 (3.19)

S0 - 20; n

Thus, we have shown that it is consistent to assume the dilaton s to be stabilized ap-
proximately supersymmetrically since the 1-st order potential 6V (1) only has a 1-st order
effect on the position of its minimum. Note that the sufficient condition on C for meta-
stable de Sitter vacua as it is written down in eq. (2.20), holds for the exact minimum of

4For a general supergravity analysis of the influence of supersymmetrically stabilized heavy moduli on
the stabilization of lighter moduli see [66, 67], where the O(f/fi) shifts of the heavy moduli were found, too.
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s. If we approximate s by the supersymmetric minimum sy or to 1-st order by sg+ ds this
will slightly change the bounds in eq. (2.20).

We can also use eq. (3.18) to bring m? into an expression that scales like ¢ / V3. Setting
again x ~ 5/2 we obtain the following hierarchy between the moduli masses

2 2 ¢
m; (at) &
m?2  5sy Y (3.20)

and hence m? < m? parametrically.
Finally, let us calculate the supersymmetry breaking terms Fp and Fg. The direction

Fr has a non-vanishing 0-th order contribution

Ppo~—— 30
/—2C1/CstV

As expected, the first non-vanishing contribution to Fyg is 1-st order. Other than terms
o £/V? we have to add a term o< (s — s9)/V that we evaluate at s = so + ds. Inserting
eq. (3.19) we get

(3.21)

9C1& ~_F 3tCy &

Fg ~ — = ~—tbp— = 3.22
T 0vaV (a0 Y 2

so supersymmetry is predominantly broken in the T' direction which is what one would
expect since t is stabilized in a minimum with spontaneously broken supersymmetry.
The gravitino mass can be approximated to O-th order to

2010y CiCy
RN TR

m3 s, = e |W|? ~ ~107%...1073 (3.23)
which is of order ~ MéUT for typical volumes.

We note that m3/y < ms,m, which renders the supersymmetric starting point for them
a self-consistent approximation. Moreover, the KK scale here is given for a single volume
modulus (i.e. no anisotropies are possible) and the volume given in units of o’ as V=L as

1 1

= ——~ — 3.24
Mk = 1=~ o (3.24)

while he gravitino mass as well as the moduli masses scale at least ~ 1/ V. Here we have
used the relation between 10d string frame and 4d Einstein frame
L _ @07, 568

S M3 25 (3.25)

<

Therefore, the use of a 4d effective supergravity description is justified, although the sep-

aration
mg ;2 1

mrr VU3
will typically be only of O(0.1) here. Nevertheless, there is a parametric hierarchy between
the moduli mass scale, the SUSY and the KK-scale in the limit of large volume Y = .

(3.26)
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{t) (s) my m; m2 mg
ex. 33.3 7.89 82-107° (23-1072|21-107* | 1.3-1073
appr. 32.3 7.92 89-107°[26-1072 | 23-107* | 1.5-1073
|Pr| |Fs| m2
ex. |1.3-10%|33-107%|83-1074
appr. | 1.4-1073 | 2.1-107% | 1.2-1073

Table 2. Numerical results for the VEVs in units of Mp, mass spectrum and SUSY breaking in
units of M2, for the parameters of eq. (3.28). The exact results are obtained from the full potential
for C; = —13.743, the approximate results are obtained from the approximate potential eq. (3.5)—
(3.7) for C7; = —13.926. In both cases, the field VEVs are calculated by numerical minimization of
the respective potential while the moduli masses are the eigenvalues of the second derivative matrix
times a factor from canonical field normalization (see text).

This suppresses potential mixing between the moduli masses and KK masses alleviating
their danger of causing additional tachyonic directions.

We have succeeded now in determining the combined scalar potential of the volume
modulus T" and the dilaton S in a fully analytical form to first order in a perturbation
expansion around the supersymmetric locus for S. The resulting full minimum is a tunable
dS minimum of the same form and type as found in the previous section for 7" alone, and
it is perturbatively stable under the inclusion of the dynamics of the dilaton S.

3.4 Numerical example

Here, we will shortly compare our previous analytic results for combined T', S stabilization
to the exact results that one obtains by analyzing the full scalar potential. For concrete-
ness, we will again use the numerical example of [45]. In this example (see eq. (2.40)), we
had to fix the constants Wy and f which are now given by the flux constants C; and C5 to
0-th order via

R 90\ 3/2
Wy = 204, g:g( 1> . (3.27)
Ca
For comparison, we choose a set of parameters from section 4.1 of [45], i.e.
2 3
a=-" A= 1, V3 £§=0.17133, Cy=-13.743, (Cy=1.4. (3.28)

ﬁ? 7:2\/57

The choice for v and £ again corresponds to the quintic CIP)le,l,l,l,l' For this choice of
parameters we have Wy = —27.49, sg = 9.9 and f = 14.9.

We find the minimum in the ¢ direction of the full potential to lie at ¢ ~ 30. Hence,
our expansion parameters are small:

—at

~(0.006 1.
|Wo|

>~ 0.08 < 1, (3.29)

|
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Figure 3. The approximate potential as a function of ¢t and s. Parameter choice were C7, = —13.926,
Cy =1.4.

Figure 3 compares the shape of the full potential and the approximate potential, while ta-
ble 2 presents a summary of the numerical results. The moduli masses show best agreement
in the axionic sector.

This finishes our numerical analysis. Having included the dilaton manifestly, we are
now led to the inclusion of the remaining fields missing so far in the full analysis, the
complex structure moduli, to which we now turn.

4 Inclusion of complex structure moduli: general analysis

We will now go the final step and include an arbitrary number h?! of complex structure
moduli U; = u; +iv; into our stabilization analysis. A commonly used example of a Calabi-
Yau 3-fold with one Kihler modulus are smooth hypersurfaces in CP*, for instance the
quintic C]P)zll,l,l,l,l' In this case, we generically have O(100) complex structure moduli so
the Euler number of our Calabi-Yau 3-fold will be of the order

x = 2(h" — B3 ~ O(—200) . (4.1)

The analysis of the previous sections led us to expect the leading o correction to the
Kihler potential to be £ = ((10). This needs the dilaton Re(S) = ggl to be at weak
coupling;:

fm B 0922056 = gs~0(0.1) . (4.2)

42 (27)3
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Finding meta-stable minima of an effective scalar potential of O(100) complex scalar fields
is in general a challenging and cumbersome task. A further difficulty enters by the fact
that the explicit form of the Kéahler potential and the superpotential
_ (S, 5
K=Kg+ Ky + Kcs., with K = —21In (7(T+T)3/2+£(2’)> ;

K, = —1n(5’—|—5’) ,
Keo=-m(=i [ a@)new)) . w3)
W = Cl(UZ) — CQ(U’L) -S4+ Ae~ T , (4.4)

of the complex structure sector are only known explicitly for some special Calabi-Yau
threefolds [68]. We neglect the dependence of A on the complex structure sector and assume
it to be constant. Note that A always comes together with an exponential term e~%T in
the superpotential and hence also in the scalar potential. Thus, the effect of a non-trivial
dependence of A = A(z;) on the complex structure moduli stabilization will effectively be
suppressed by an overall factor é / V. However, since in general the function A(z;) is not
known, we cannot go beyond this qualitative argument in a model-independent way. This
leaves us with a possible caveat, as a very steep functional dependence of A(z;) might derail
our perturbative treatment of complex structure moduli stabilization in certain examples.

Similar to eq. (3.3), we can split the full scalar potential into four parts
V=vTy@s Ly L yO) (4.5)

where V(T) contains the F-terms of 7' and the —3|W|? term and V(%) and V() are the
F-terms of S and the Uj, respectively and V(%) mixes the F-terms of T and S. The first
three terms of (4.5) are given in (3.3) while V(U) is given by

V) = K KUT5 Dy WDy, W (4.6)

From our analysis in section 3, we expect a meta-stable minimum of the effective scalar
potential which includes the complex structure moduli to have the following properties: The
complex structure moduli should be stabilized approximately in a supersymmetric mini-
mum like the dilaton since they enter the scalar potential similarly. They are even further
decoupled from the SUSY breaking Kéhler modulus since there is no mixing term in the
Kahler potential for the complex structure moduli. We will show in section 4.1 that the
deviation is in general a 1-st order effect and hence the fields are stabilized supersymmet-
rically to O-th order.

4.1 Deviation of s and u; from the SUSY minimum

In this section, we repeat the analysis of section 3.3 for the additional inclusion of the
complex structure moduli. The 1-st order terms of the scalar potential include terms that
are proportional to either e~ or & so we write it as a perturbance 6V = V() 4 Y (T259) of
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the 0-th order scalar potential V(©) = V(5 4 V() Expanding this to first non-vanishing
order in 6 = (s, u;) around the supersymmetric minimum 6y = (so, ug;) gives

v=vO . Lg_g)ve L (= 00) + oV + VDT —Fo) + ..., (4.7)
QH,_J 6o 6o o
50

where subscript 50 denotes differentiating with respect to 5, evaluated at 50. Notice, that
we again only expand around the real parts of the moduli fields since the supersymmetric
minimum for all axionic VEVs equal to zero is an exact minimum of the scalar potential.

Demanding 86 to still be a minimum of V we get an expression for 66 in terms of 0-th
order terms that is similar to eq. (3.17):

V=0 & 0= (Vi) " sV (4.8)

We will now estimate the correction 86 for a general complex structure sector to be
of the order é / v multiplied with terms depending on K., Wy and derivatives of these
expressions with respect to s and w;. First, let us note that the matrix VS (); has to be
positive definite. It is not sufficient to demand the weaker condition of Breltenlohner—
Freedman vacuum stability [69] since we are spontaneously breaking supersymmetry in the
T direction to obtain a de Sitter vacuum. Hence the feature( ;)f AdS space that keeps a

tachyon from exponentially rolling down a negative definite Vﬂ P is absent in our case. To

analyze the scaling of Vg( ;“ with respect to our expansion parameter & / v only the overall
0 Yo

factor eX is relevant since there is otherwise no ¢ dependence in V(9. Hence
0 -2

To analyze the scaling of 5‘/'5(1) with respect to é / V, we have to build the derivatives of
0

VI and V(9 with respect to s and u; respectively and evaluate at the supersymmetric
minimum. Note that it is not a priori clear that since V(I scales with & / V3 this also
applies to the derivative of Vg with respect to g. For the derivatives of VD) we can re-
place the term proportional to e~% by an expression in é / v using the ¢t minimum condition
eq. (2.18) after differentiation. Furthermore, we use V() ~ 0 at the minimum of ¢, i.e. de
Sitter, and at ~ 5/2 to obtain

3
v o Ke.s (3Wo + 25(Wp) ) Wo—
i 8s B Ve
To calculate the derivatives of V(19 note that V(15 in eq. (3.6) can be brought into the
form

D _ £ 24 —at £2
VIS = _eKes Doy ( SWOSA 3Wo) € + = ~ é ) (4.11)

213 V2 v
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by using the identities for the 0-th order covariant derivative and the superpotential

DsWy = _M ’
2s
WO = Cl — CQS s (4.12)

to replace the parameters C; and Cy in eq. (3.6). Differentiating with respect to 6 and

at

afterwards setting DgWjy = 0 and replacing terms proportional to e~ using eq. (2.18),

only the following term survives:

(1,5) _ 33 K. £
V) = 38 cRes W (DsWo)g, 5 (4.13)
After calculating the derivatives (DsWp)s and (DgWjy),, we finally obtain
3, 3
1 _ 0 Kc.s. _
Vi) = gz @ " BTWo =125 (Wo)s) =5
Vi = 30 e (11 (Wo)sy — 3 (Wohuy) = (4.14)

1o 20 s V3

We conclude that §VV scales as a product of Wy and an expression of derivatives of

to
Wo. Both terms scale linearly in the flux quanta of G3). We also expect Vfog to scale

0o 0o
quadratically in the flux quanta of G(3), due to differentiating twice with respect to 6. So

finally going back to eq. (4.8) we indeed obtain

80; ~ 4 (4.15)
1%

to be a 1-st order perturbation of the supersymmetric minimum 50. The scaling of 56

described in eq. (4.15) induces the scaling of the covariant derivatives in

DWW ~ (DiWO)go 860 ~ é for i = s,uy,...,up21 , (4.16)

since D;W = 0 at 0-th order and all components of 80 scale with é / V. For the F, terms,
this implies a scaling o & / V2,

Note that our analysis does not take into account a possible dependence of 660 on
h?1. This implies the potential caveat that a perturbative expansion of the shift from
the supersymmetric minimum in é /f) might not be consistent for large h?!, as we will
now discuss. The parts of the scalar potential V(T and V(TS depend on Uy,. .., U2
via the flux superpotential Wj. Hence, when we calculate the deviation of the 0-th order
supersymmetric VEV of the dilaton or a complex structure modulus along the lines of
section 3.3 to 1-st order we might expect the deviation to depend on the number of fields
that are supersymmetrically stabilized. In the worst case, one could expect the deviation to
grow with the number of fields included such that the 1-st order deviation would eventually
become of the same order as the 0-th order VEV which would make our perturbative
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expansion valid only up to certain number of fields included. This is what one could
expect naively, since a growing number of fields could 'pull away’ the supersymmetrically
stabilized fields from their VEVs via 6V (1) the stronger the more fields are included.
However, we will give here a short argument why we expect no such deleterious depen-
dence of the shifts 60 on h%! to arise. Upon inspection of eq. 4.8 concerning the u; = Re U;
we see that we can approximate the mass matrix V;:{;O
within which we will typically find realistic examples.

entering there by two extreme cases

Consider first the non-generic case, where Vg(oaz ~ (u?)diag(O(1),...,0O(1)) is roughly
0ovo
diagonal, where u denotes the common mass scale assumed for this non-generic case. Now
we note that 6V9£1) ~ |(Wo)g,| and from the 3-cycle decomposition of the CY threefold we
0

have

h2,1
1
Wo=— Gy ANQ ~ /G/Q+/G/Q>
07 2 Joy, @ ;< Pl CEN
h2’1
= Y (wIw) + MU). (4.17)
i=1

Here the Hi(Uj) denote the periods of the CY, the complex structure coordinates Poincare
dual to the U,. At a generic point in the interior of moduli space of a generic CY we
expect the periods, in being the dual complex structures, to have the same sizes as the U;,
and thus 5‘/0-(»01) ~ [(Wo)g, | will be roughly constant in h?!. For our first case of a roughly

diagonal mass matrix this implies that the shifts 50 are roughly constant in h%!.
Now consider the 2nd generic case of a non-diagonal mass matrix which we approxi-
mate by V(;(O(; ~ (u?)O(1) Vi, j = 1...h*'. In this case, each row on the Lh.s. of eq. (4.18),
ovo
which is eq. (4.8) before inversion, contains a sum over all §6; with roughly equally sized
coeflicients.

VA0 66 = —ovY (4.18)

o 0o 0o

Now as V”. has roughly equal sized entries everywhere, eq. (4.18) should have a solution

b0
- 1 1

for the shifts of the complex structure moduli, where 1 denotes the mass scale of the eigen-
values of a mass matrix with roughly equal entries everywhere. As a given tree-level mass

matrix VQSOQZ for a given model will in general fall in between these two extreme cases, we
ovo

expect no positive power of h*! to appear in the shifts 50.

We will supplement this line of thinking by an explicit example based on 7. This is
presented in section 5, and we will show there that, in fact, the dependence is harmless as
there we will have ds ~ const., and di ~ 1/h%1.

We finally note in passing, that the structure of the complex structure superpotential,
eq. (4.17), and the corresponding Kéahler potential eq. (4.3)

Kes. = —In (UGIIN(U;) — TIYU;)T;) (4.20)
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ensure, similarly to the case for S in its potential eq. (3.7), that e’ does not contain more
inverse powers of the U; than the F-terms K ZIJ_DUZ. WW This implies, that there is no
finite potential barrier in finite field space distance in the space of the complex structure
moduli and the dilaton which separates the flux vacuum locus from a possible Minkowski
minimum at large ReU; or ReS. Instead, the scalar potential of the complex structure
moduli and the axio-dilaton grows at large distance without limit. This justifies their
neglect in the treatment of vacuum decay in section 2.8.

4.2 Backreaction on the Kahler modulus

We will now derive an expression for the 1-st order shift in d¢ of the Kéhler modulus due to
2-nd order terms in the scalar potential. §¢ will then be used to calculate the perturbance
of the mass m? ~ K T, V;gT) due to these 2-nd order terms.

Splitting eq. (4.5) into 1-st order V(*) and 2-nd order 6V = V(1:9) 4 y(5) 1y (U)
terms we can perform an expansion in 0t along the lines of eq. (3.16)—(3.17) in ¢ and obtain

0V 2),

T

(4.21)

The scaling of V) and V() is (£/V)? from the |D;W|? term, times an 1/V? from the
overall factor e, Evaluating V(%) to 2-nd order we can make use of eq. (4.11) in only
keeping terms linear in DgWy. So we get

2 &
V@ ~ TR (4.22)
which additionally depends quadratically on the flux quanta. Effectively, all ¢ dependence
of 6V is captured in an overall factor 1 / V4 50 that differentiating with respect to ¢ will
just give an overall factor o —1/t. The expression for Vth) was calculated in eq. (3.11).
It scales quadratically in the flux quanta since it is proportional to WOQ. Inserting into
eq. (4.21), we obtain

5t €A

t Y

where A is a function which is O(1) in the fluxes, whose overall sign and dependence on

: (4.23)

h*! and hence the smallness of ¢/t is in general unknown.

We can expand the perturbed mass m?

1
i =m? + (8ym3) ot + 5(afnﬁ) 5t + ...

~ ~ ~ 2

2

_OWo 8 ke [ 3188 5 (E8 : (4.24)
4sV? Y 2y V

So if A is negative it cannot cause a tachyonic direction in ¢. However, if A is positive,
only values of A that are smaller than roughly O(10) can be allowed to keep the spectrum
tachyon free. Due to its constant scaling in the fluxes we typically expect A = O(1).
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Let us pause here again to discuss a possible dependence of the expansion on h*!. Once
it is shown that the dilaton and complex structure moduli are stabilized supersymmetrically
with a 1-st order deviation one expects this to induce a 2-nd order term in the potential.
This is due to the quadratic dependence of V() and V() on the respective F-terms and the
structure of V(79 which is a 1-st order term times Fs. Since V(T) is a 1-st order term we
expect an effective 1-st order correction on the stabilization of t. A correction of the VEV of
t induces a correction in m? which could in the worst-case create a tachyonic direction in ¢.

Similar to the situation discussed above for the deviation of the dilaton and the com-
plex structure moduli from the supersymmetric minimum, there is the danger that the
correction to m? will be negative and scale with positive powers of h%!. Then, a non-
tachyonic ¢ direction would only be possible up to a certain upper bound on h%'. Note,
that in case the correction to m? is positive, a scaling with h?! would even increase m?

and make this direction more stable in the end.

At this point, we have succeeded now in determining the combined scalar potential of
the volume modulus 7,the dilaton S, and an arbitrary number h*! of complex structure
moduli U; in a fully analytical form to first order in a perturbation expansion around the
supersymmetric locus for the S, U;. The resulting full minimum is a tunable dS minimum
of the same form and type as found in the previous section for 7" or T" and S, and it is
perturbatively stable under the inclusion of the dynamics of the dilaton S and all U; (with
certain caveats, as there may be non-generic dependence on h*! in the coefficients of the
perturbation expansion).

5 Inclusion of complex structure moduli: concrete toy example

We will now work out the dependence of the 1-st order deviation from the supersymmetric
minimum and the 2-nd order Kahler modulus backreaction on h%! for a concrete choice
of the Kahler potential and superpotential for the complex structure sector. Our guiding
example will be the complex structure of a (possible orbifolded) T orientifold compactifi-
cation.

We will show that here the 1-st order shifts from the supersymmetric minimum are
actually either independent of h?! or even decrease with negative powers of h*! for our
specific choice of K. and Wj. Furthermore, we will show that the backreaction on the
Kahler modulus will not introduce a tachyon. This means that our construction: a Kahler
modulus stabilized by the interplay of the leading o’ correction and non-perturbative ef-
fects together with approximately supersymmetrically flux stabilized dilaton and complex
structure moduli can contain meta-stable de Sitter vacua for an arbitrary large value of
h>! in this toy model. We will show this by explicitly calculating the minima of the scalar
potential for the Kihler modulus, the dilaton and h%*' complex structure moduli.
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Our guidance from the example of T gives us an Ansatz for complex structure sector

h2,1

Koy — —In <_i / 0 A Q> — (U0 (5.1)
CYs3 i—1
]’L2’1 h2’1
Wo=c1 + ZdliUz' — (CQ + Z dgiUi) .S, (5.2)
=1 =1

with the flux constants ¢;, d;; € R. The structure above has been found for the various
orientifolded orbifolds of T discussed in [56]. The toroidal orbifold-orientifold are orb-
ifold limits of non-trivial CY threefolds, yet at the orbifold point they preserve the simple
structure of Kihler potential of the untwisted complex structure moduli inherited from 76,
which enables us to do explicit calculations. Explicating the arguments of the previous
section on a general CY threefold compactification requires knowledge of the periods of the
threefold, which in general is not available.

5.1 The supersymmetric minimum for the dilaton and the complex structure
moduli

We now want to calculate the position of the supersymmetric VEVs of the dilaton and
complex structure moduli which corresponds to their 0-th order VEV when the Kéahler
modulus is included in the stabilization. We have the D;W = W, + K;W that follow from
eq.s (5.1), (5.2):

et diUi+ (e + 30, doils) S

DgW = = )
5 S+5 .
Dy W = _at > i U5 — diUi + (62,+ > jzi dogUj — doiUs) S ‘ (5.3)
Ui +U;
To obtain the supersymmetric minima we need to solve
Re(DsW) = Re(Dy,W) =0, (5.4)
Im(DsW) = Im(Dy,W) =0 . (5.5)

We see that due to ¢; € R setting v; = Im(U;) and o = Im(S) to zero will always be a
solution of the eq.s (5.5).

5.1.1 Solving for real parts
We now have to solve the equations

a + Zl dyiu; + (CQ + ZZ dziui) S
2s
c1 + Zj;éi dljUj —dyu; — (CQ + Zj?é,l: deUj — dziui) S
2ul-

=0,

=0. (5.6)

In general, an analytic solution of these h*! + 1 non-linear equations is difficult to obtain.
However, if we restrict the flux parameters to di; = do; = d; the h?! equations Re(Dy,W) =
0 obtain a symmetric structure in d;u;. The solution will always respect the condition

d1u1 = d2u2 == dh2,1uh2,1 =du . (57)
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Hence, the h?! equations Re(Dy,W) = 0 are all equivalent and effectively only two equa-
tions remain:

o+ h>Ydu + (ca + h*' du) s
2s
_a+t (h?Y —2)du — (e + (h?! —2) du) s
2ui

=0,

=0. (5.8)

Now, finding solutions for s and du as functions of ¢, co and h*! reduces to solving a
quadratic equation. The detailed form of these expressions is not instructive for our anal-
ysis. If instead we solve for the flux constants ¢; and ¢y as a function of s, du and h*!

c1=—(h*'—1+4s)du, (5.9)
1—s+h?ls

e = du, (5.10)

and insert this result into eq. (5.2) we find
Wy =2du(l-s). (5.11)

This now tells us how to explicitly construct supersymmetric minima for the fields s
and wu; that fulfill our sufficient condition eq. (2.20) for de Sitter vacua: We choose Wy and
¢ (and hence s) so that eq. (2.20) is fulfilled. Then eq. (5.11) fixes the value of du and
eq.s (5.9) and eq. (5.10) determine ¢; and co. For every complex structure modulus, only
the product d;u; is fixed and the VEVs of the u; can be chosen by adjusting the parameters
d;. Note that for s = 1 the superpotential eq. (5.11) vanishes. We are not interested in
this peculiar VEV of the dilaton since we demand small string coupling, i.e. s ~ O(10). So
from now on we will always assume s > 1.

5.1.2 Solving for imaginary parts

We now solve the eq.s (5.5) for a more general choice of v; # 0. However, we still restrict
to 0 = 0 so the real and imaginary parts of the complex structure moduli fields decouple:

v+ (3 daivi)

Im(DgW) = ) ~0,
(D, W) = — 2= _272:" duvi) s _ (5.12)

In this case the h*! equations Im(Dy, W) = 0 are manifestly the same other than in the case
Re(Dy, W) = 0 where those terms were just highly symmetric. Clearly the two equations

Zdliyi == ZinVi =0. (513)

These two equations leave h%! — 2 of the v; undetermined and in the special case di; = do;

are solved by

that was considered in the previous subsection this degeneracy is even increased to h?! —1.
This corresponds to k%! — 1 flat axionic directions in the scalar potential so we should ob-
serve exactly this number of massless axions in our following analysis.
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5.2 Approximating the scalar potential V (7T, S,U;) in the large volume limit

In the following, we restrict K.s and Wy to be of the form that we specified in eq. (5.1)
and eq. (5.2). Then, the parts V() V(5 and V(9 are obtained from eq. (3.5)~(3.7) by
the replacements

Ci —ca+ ZdliUi ;

Cy — o+ ZinUi ;

K
K +Kqgs s o Kr+Kgs+Kes. (5‘14)

With these replacements calculating V), V(5 and V(5 in dependence of the real field
components of T', S and Uj; is straightforward. The only complication arises from the fact
that C1 and C5 are complex now in contrast to section 3 where they were assumed to be real.

The Kahler metric of the complex structure sector is diagonal and hence is the inverse
KYi0 = diag (U; + U;)?) . (5.15)

With Dy, W already calculated in eq. (5.3) we can write down the scalar potential for the
complex structure sector:

V(U) = Z ¢+ Z dljuj — dyju; — (02 + Z dzj’u,j - dgiui> S+ (Z dzjyj) o
i J#i j#i j
2
+ Z dijvj — (Z dojvj) s — (ca + Z dojuj — dojui) o . (5.16)
J J G

5.3 Moduli masses

We now want to find extrema of the scalar potential V' and check if the second derivative
Vij is a positive definite matrix. This is the case if all eigenvalues of V;;, i.e. the moduli
masses are positive. We will calculate analytic expressions for the moduli masses, show
that they are always positive for the real parts and never negative for the imaginary parts
(axions) of the moduli fields in this section. Thus we can exclude tachyonic directions in
the scalar potential.

At first, we find that setting all imaginary parts of the moduli to zero

T=0=1v;=0 (5.17)

is a solution of

V,=V,=V,, =0. (5.18)
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This is the same axionic behavior that we found in section 3 for 7 and 0. We again find that
the components of V;; that mix real and imaginary components vanish for this solution, i.e.

Vi Vie Vi, 0 0
Va Ve Vay, 0 0

Vi = Vii ot Vs os Vi oy s 0 0 (5.19)
0 0 0 Ve Vie Ve,
0 0 0 Vor Voo Vou,
0 0 0 Vior Virso Viran,

In our approximation V> é , the real components s and u; are stationary points to
0-th order of V(W) + V(5 while t is a stationary point of the first order term V(T) which

was analyzed in section 2. Solving
Ve=V, =0 (5.20)

for s and w; is equivalent to solving eq. (5.4) which we already did in section 5.1.1. We had
found a solution by setting the flux constants di; = do; = d; so that the minima fulfilled
condition eq. (5.7), i.e. the product d;u; = du for all u;. We can write the scalar potential
manifestly as a function of d;u; if we write the exponential of the Kéhler potential

Kew _ 1 [d _ D (5.21)

- Hl 2ui - Hl 2diui - 1_[2 2diui

and all other terms in V already appear manifestly as functions of d;u;. This simplifies the
evaluation of the (2h%! + 4) x (2h%! + 4) matrix V;; at the stationary points d;u; = du.
After building the second derivative of V' with respect to at least one d;u; we have to set

(&

the d;u; = du. Thus, all entries of V;; will be mostly equal for differentiating with respect
to different u;, up to proportionality to d;, d; or d;d; at the stationary point. The same
story holds for the axions which are set to d;v; = 0 after differentiating. For mixed u; and

v; components we get

d>v
Viw, =di | ————— =diVidu ,
" (dtd(dz’uz‘)> dyui=du v
‘/:sul- = dz‘/sdu y
d*Vv
VTV' = dz T TR = d’LVT 18]
' (de(din‘)) divi=0 ’
Vou, = diVoaw - (5.22)
For the pure v; components of V;; we get
d*V )
VVW. =d;d; < = didjVay av (5'23)
! T\ d(divi) d(d;v;) divi=d;v;=0 ’
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which basically also holds for the pure u; components with the additional subtlety that
the diagonal components i = j differ from the off-diagonals i # j which we choose to
parameterize in the following way:

A2V
sy = iy (Y
Vai ! (d(diui)d(dﬂj)>

The different form of V,,,, and V,,,; can be anticipated from eq. (5.16). VW) s a
function of the form Y, gx(>"; sFa;) with sf = 1 for the z; representing the axionic fields

-1 =k
sP = (5.25)
1 1#k

(5.24)

_ {d?(Vdudu + Vdudu) 1= ]
did;Viu du i

dluzzdj Uyj =du

v; and with

) with respect

for the x; representing the u;. The slightly more complicated structure of V'
to the w; is the reason for the two different results in eq. (5.24).

Thus, the calculation of V;; effectively reduces to the calculation of two matrices, one
for the real parts and one for the imaginary parts of the moduli fields. The matrix for the

real parts is of the following type:

‘/tt ‘/ts dlv;fdu cee thvlv;ﬁdu
Vit Vis d1 Vs qu e dp2a Vi au
dlv;fdu dlvtsdu d%(Vdudu + Vdudu) cee dlth»lvdudu . (526)
A2 Vedy dp2aVeaw — dpeadiVawaw - @20 (Vawdu + Vawdu)

For the imaginary parts, we have the same structure except the Vd,, 4v term equals zero.
We now want to obtain the eigenvalues of these two matrices to 0-th order. All terms

at or f and are therefore neglected.

involving a t or 7 derivative are proportional to either e~
The expressions for the eigenvalues are in general rather cumbersome so we simplify again
by setting d; = d for all i. According to section 5.1.1, this corresponds to demanding the

VEVs of the u; to have the same values. The eigenvalues are then given by

1 ~ ~ 1/2
m%,Q 25 V;s + (h27lvuu + Vuu) + ((VSS - (hZ’IVUU + Vuu))2 + 4h2’1‘/5u> :| ’ (5‘27)
B 2(c _ 1)\2
m? =V, = (s — 1) fori=3,..., K1 +1. (5.28)

(2u)h*! 2523’

Note, that we consider the masses of the moduli before canonical normalization. However,
the squared masses of the canonically normalized fields will have the same overall sign as

those of the unnormalized fields due to positive definiteness of the Kéahler metric K17,
2

It is obvious that the mass m; in eq. (5.28) is manifestly positive whereas it is more
difficult to see this analytically for miQ since it is a rather complicated function of s, u
and h*!. For m? we find that it is a sum of two positive terms but for m2 positivity is not

obvious. However, for typical VEVs s and u we can plot m3 as a function of h%! and show
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Figure 4. (2u)
structure moduli.

-m?2 as a function of h?! for s = 10 and three different VEVs of the complex

that it is indeed positive, see figure 4. This is of course not a strict argument that miQ is
never negative. For our analysis though, it is sufficient to show that for every h%! we can
choose moduli VEVs which are consistent with our framework, as for instance weak string
coupling, which yield positive miQ.

In the axionic sector we obtain the eigenvalues

Pu?[h2 + 1+ 22 (B2 — 1) — 1)s + (B2 (h2! — 1)% + 1)s?]

2 _ _
my _VGU - (2u)h2,1 853 ’)/th ) (529)
A’ h? [R% (s — 1)2 + (s + 1)
2 2,1
R Ve , 5.30
e Y (2u)h*' 85 ~2t3 (5:30)
mf =0, fori=3,...,h> +1. (5.31)

The axion masses simplify significantly due to V,, = V,, = 0 at the supersymmetric
minimum. Indeed, we find h%! — 1 massless axions as we had anticipated at the end of
section 5.1.2. The positivity of m? and m3 is obvious from eq. (5.29) and eq. (5.30).

In [70] it was shown that for every unfixed axionic direction one gets a tachyonic
direction in the real components of the moduli fields if all moduli are stabilized supersym-
metrically. Note that this is not in contradiction with the fact that the masses eq. (5.27) and
eq. (5.28) are positive which we have seen above. The crucial difference to the setting in [70]
is that we are not stabilizing all fields supersymmetrically, i.e. supersymmetry is sponta-
neously broken in the T direction and so the argument of [70] does not apply in our case.
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The presence of massless axions per se does not constitute a serious failure of the
moduli stabilization procedure, since axions couple only derivatively to all other fields at
the perturbative level, and they are expected to receive a potential from non-perturbative
gauge theory effects at some lower scale. A more general choice of fluxes, and/or having
a CY threefold more general than 7° will in general lift all of these axions, too. However,
a detailed analysis of the stabilization of these complex structure moduli axions is model-
dependent. Sometimes the additional non-perturbative effects which typically give them a
scalar potential may not be sufficiently suppressed in scale. In such a situation the mixing
of the axion masses in the total moduli mass matrix may have to be taken into account to
rule out further potential accidental tachyons, which is again a model-dependent issue.

5.4 Deviation of s and u; from the SUSY minimum

In this section, we apply the analysis of section 4.1 to our explicit T%-based toy example
for the complex structure sector eq.s (5.1), (5.2). Restricting ourselves again ourselves
again to the case d; = d, we expand around the supersymmetric 0-th order minimum
o = (so,up) for s and w;. Then 50 is given by eq. (4.8). The matrix VQEOO%,O is written down
in eq. (5.26) if one eliminates the row and column that includes the derivatives with respect

to t. Performing the matrix operations of eq. (4.8) one obtains

60 = (8s,6u,...,0u) . (5.32)
With 5V9£1) = (5%5)1),51@(3), e 5V1$§)) the components of 66 are given by
0
h2715vu(01) Vou — 6‘/:9(01) (hQ’IVuu + Vuu)
0s = ~ , (5.33)
Vtss(hzlvuu + Vuu) - h2’1‘/3%
My sy
bu = — Voo Vo~ OVy Ve (5.34)

‘/;s(h2’1vuu + Vuu) - h2’1‘/;2u ’

so essentially there is a non-trivial mixing between (5‘/5(01) and 5V1§01 ),

Now we are at the point where we can investigate the h>! dependence of 56. Inserting
all necessary second derivatives of V' in eq. (5.33) and eq. (5.34) and replacing the constants
¢1 and ¢y according to the supersymmetric minimum conditions eq. (5.9) and eq. (5.10) we

get
65 3(so— 1)*(47s% — 40s0 + 37) £ 1
so 80(sg + 1)2 V +O h21 )’ (5.35)
Su  3(so— 1)*(4Ts —40s0+37) ¢ 1 (5.:36)
w0 S0(s3 + 12 EXTRAN(RLE |

Also terms proportional to e~ have been replaced using eq. (2.18). We see that ds has a
constant asymptotic behavior in h?! whereas du decreases with 1/h%1. Most importantly,
neither s nor du grow with positive powers of h%!. This is a very crucial point in our anal-
ysis since as mentioned above h%! = O(100) often appears in common realistic examples
of the Calabi-Yau space like the quintic.
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Of course, the specified Kéhler potential and superpotential of eq. (5.1) and eq. (5.2)
strictly speaking only hold for toroidal compact spaces. However, this semi-realistic con-
struction still gives us an example for a possible h>! dependence of the deviations from
the supersymmetric minimum.

5.5 Backreaction on the Kahler modulus

We now apply the analysis of section 4.2 to our example eq. (5.1) and eq. (5.2). We cal-
culate 6V = V(T8 L () 4+ V) by expanding to first non-vanishing order in sg + s
and ug + du and replacing ¢; and cg by the supersymmetric minimum condition eq. (5.9)
and eq. (5.10). This yields

VTS o  33d(2u0) ™" Wol(so — Dug ds + h*Lsp(so + 1) du] €
405212 Vv’
V) ~ d?(2u0) =" [(s0 — 1)ug 85 + h*!sp(s0 + 1) du]®
B 25312 ’
2h2.1 (90 ) " 1 _(p21 _9 1 2
V) ~ d“h™>" (2up) ™" [(s0 + 1)uo 58; ( )(s0 — 1)so du ‘ (5.37)
25312

Knowing the leading order behavior of §s and du in h?! from eq. (5.35) and eq. (5.36),
we hence expect V(79 and V9 to grow maximally O(1) and V) to grow maximally
O(h*!). The dependence of ds equals the dependence of A on h?! since m? oc W@ and W
is independent of h?!, see eq. (5.11).

If we insert the values of ds and éu calculated in the previous section, the O(h??!)
contribution to V) cancels to zero. Note, that we cannot directly insert equations (5.35)

and (5.36) but have to take the expressions where e =%

is not replaced yet. The replacement
has to be performed after differentiation of 6V (2) with respect to ¢ since those two operations
do not commute. Hence, we are left with an O(1) expression for A which interestingly does
not depend on d and u, i.e. A = A(s, h*!). A is a rational function where the numerator
and denominator are both polynomials of degree four in s and degree two in h%!.

We plot A for typical values of s as a function of h?! in figure 5. By taking the limit
s, h*! — 00, one can show A < 0.6. Furthermore, for s > 5, A is negative with |A| < 1.2.
Hence, we conclude that A is always in a region where according to our analysis at the end
of section 4.2, it does not induce a tachyonic direction in t.

We conclude by noting that our exemplary construction eq. (5.1) and eq. (5.2) has
passed both potential caveats: it maintains small first-order shifts of the supersymmetri-

cally stabilized moduli and limits the backreaction on the Kahler modulus VEV.

6 Conclusions

‘Kéahler uplifting’” has the benefit of generating meta-stable dS vacua in terms of just back-
ground 3-form fluxes, D7-branes and the leading perturbative O(a’®)-correction, which
data are completely encoded in terms of the underlying F-theory compactification on a
fluxed Calabi-Yau fourfold. In addition, supersymmetry is spontaneously broken (typically
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Figure 5. A for different values of s.

~ Mgaur here, which is below the KK scale) by an F-term generated in the volume moduli
sector. No extra anti-branes, D-terms, or F-term generating matter fields are needed or
involved. We emphasize that the perturbative O(a/®)-correction breaks supersymmetry
spontaneously. In a similar fashion as in spontaneously broken gauge theories where the
ground state does not respect the full symmetry but the underlying action is invariant
and thus protected from dangerous corrections by the full gauge symmetry, we expect
the spontaneous breaking of supersymmetry to enhance control over the back-reaction of
the various branes and orientifolds. This is because the underlying action itself still does
respect the full unbroken supersymmetry. Furthermore, the backreaction of the supersym-
metric D7-branes with their gauge groups is fully accounted for in the language of F-theory
describing them as ADE-type singularities of the elliptic fibration of the F-theory 4-fold.

Here, we have developed a method towards a rigorous analytical understanding of
‘Kéhler uplifting’ driven by the leading O(a/?) correction to the Kihler potential of the
volume moduli. Our derivation was carried out in the presence of an arbitrary number h?!
of complex structure moduli. A large value of 3-cycles h?! = (O(100) is a prerequisite to
use the associated 3-form fluxes for the required fine-tuning of the cosmological constant.
We have given an argument for the existence of meta-stable dS vacua in so-called ‘swiss
cheese’ type Calabi-Yau compactifications of negative Euler characteristic with an arbi-
trary number hb! of Kihler moduli. The interplay of perturbative and non-perturbative
effects in generating this dS minimum implies for one-parameter models with 2! = 1 that
here a structure of two terms with alternating signs is sufficient to approximate the vol-
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ume modulus scalar potential and its tunable dS vacuum. This contrasts with the ‘3-term
structure’ generically necessary in purely perturbatively stabilized situations [25, 29]. For
hY1 > 1 a ‘3-term structure’ reappears for the additional h!' — 1 blow-up Kéhler moduli
of a ‘swiss cheese’ Calabi-Yau.

Exploiting this ‘2-term structure’ (or, alternatively, the ‘3-term structure’ for A1 > 1),
we have shown that we can express the existence of the meta-stable dS vacuum for the
volume modulus in terms of a sufficient condition on the microscopic parameters. These
are consisting of the fluxes, the D7-brane configuration, h!, and the Euler number of the
Calabi-Yau governing the perturbative O(a’3)-correction, which are all in turn determined
by the underlying F-theory compactification on an elliptically fibred Calabi-Yau fourfold.
Thus, the result amounts to a sufficient condition for the existence of meta-stable dS vacua
in terms of purely F-theory geometric and topological data which can be satisfied for a
sizable subclass of all 4d N’ = 1 F-theory compactifications, instead of just single ‘lamp
post’ models.

Our sufficient condition survives both explicit inclusion of dilaton stabilization by fluxes
as well as an arbitrary number of complex structure moduli. Supersymmetry breaking hap-
pens predominantly in the volume modulus direction, and explicitly determine the shift of
the dilaton and all complex structure moduli away from their flux-stabilized supersymmet-
ric locus as suppressed by inverse powers of the volume of the Calabi-Yau. We have also
checked the longevity of the metastable vacuum under tunneling.

However, there are still some possible caveats. Possible mixing with KK modes may
not decouple fast enough with increasing volume of the Calabi-Yau in a given example to
avoid further tachyonic directions. The structure of the 1-loop determinants of the con-
densing gauge groups used for volume moduli stabilization is not known in general, and
it may display a dependence on the complex structure moduli which might be sufficiently
strong to possibly derail our perturbative treatment of complex structure stabilization in
some examples.

Finally, we have estimated the backreaction of the shifted dilaton and complex struc-
ture onto the volume modulus. The ensuing shift of the stabilized volume is generically
found to be small and suppressed by inverse powers of the volume.

In conclusion, we have given arguments towards a sufficient condition for the existence
of meta-stable dS vacua in terms of, ultimately, purely F-theory data which can be sat-
isfied for the sizable class of fluxed ‘swiss cheese’ type Calabi-Yau compactifications with
arbitrary At < 21,

Acknowledgments

We are deeply indebted and grateful to J. Louis for many enlightening comments and
discussions at many stages. We thank S. de Alwis, W. Buchmiiller, J. Conlon, L. Covi, K.
Givens, L. McAllister, and M. Serone for helpful comments and discussions. This work was
supported by the Impuls und Vernetzungsfond of the Helmholtz Association of German
Research Centres under grant HZ-NG-603, and German Science Foundation (DFG) within
the Collaborative Research Center 676 ”Particles, Strings and the Early Universe”.

40 —



Open Access. This article is distributed under the terms of the Creative Commons
Attribution Noncommercial License which permits any noncommercial use, distribution,
and reproduction in any medium, provided the original author(s) and source are credited.

References

[1] SuPERNOVA COSMOLOGY PROJECT collaboration, S. Perlmutter et al., Measurements of
and A from 42 high redshift supernovae, Astrophys. J. 517 (1999) 565 [astro-ph/9812133]
[INSPIRE].

[2] SUPERNOVA SEARCH TEAM collaboration, A.G. Riess et al., Observational evidence from
supernovae for an accelerating universe and a cosmological constant, Astron. J. 116 (1998)
1009 [astro-ph/9805201] [INSPIRE].

[3] WMAP collaboration, E. Komatsu et al., Seven-year Wilkinson Microwave Anisotropy
Probe (WMAP) observations: cosmological interpretation, Astrophys. J. Suppl. 192 (2011)
18 [arXiv:1001.4538] [INSPIRE].

[4] R. Bousso and J. Polchinski, Quantization of four form fluzes and dynamical neutralization
of the cosmological constant, JHEP 06 (2000) 006 [hep-th/0004134| InSPIRE].

[5] S.B. Giddings, S. Kachru and J. Polchinski, Hierarchies from fluzes in string
compactifications, Phys. Rev. D 66 (2002) 106006 [hep-th/0105097] [INSPIRE].

[6] S. Kachru, R. Kallosh, A.D. Linde and S.P. Trivedi, De Sitter vacua in string theory, Phys.
Rev. D 68 (2003) 046005 [hep-th/0301240] INSPIRE].

[7] L. Susskind, The anthropic landscape of string theory, hep-th/0302219 [INSPIRE].

[8] M.R. Douglas, The statistics of string/M theory vacua, JHEP 05 (2003) 046
[hep-th/0303194] [INSPIRE].

[9] J. Derendinger, L.E. Ibdfiez and H.P. Nilles, On the low-energy D = 4, N = 1 supergravity
theory extracted from the D =10, N = 1 superstring, Phys. Lett. B 155 (1985) 65 [INSPIRE].

[10] M. Dine, R. Rohm, N. Seiberg and E. Witten, Gluino condensation in superstring models,
Phys. Lett. B 156 (1985) 55 [INSPIRE].

[11] B. de Carlos, J. Casas and C. Munoz, Supersymmetry breaking and determination of the
unification gauge coupling constant in string theories, Nucl. Phys. B 399 (1993) 623
[hep-th/9204012] [INSPIRE].

[12] B.S. Acharya, K. Bobkov, G. Kane, P. Kumar and D. Vaman, An M-theory solution to the
hierarchy problem, Phys. Rev. Lett. 97 (2006) 191601 [hep-th/0606262] [INSPIRE].

[13] T.W. Grimm and J. Louis, The effective action of N =1 Calabi- Yau orientifolds, Nucl.
Phys. B 699 (2004) 387 [hep-th/0403067] [INSPIRE].

[14] O. DeWolfe, A. Giryavets, S. Kachru and W. Taylor, Type IIA moduli stabilization, JHEP
07 (2005) 066 [hep-th/0505160] [NSPIRE].

[15] C. Burgess, R. Kallosh and F. Quevedo, De Sitter string vacua from supersymmetric D
terms, JHEP 10 (2003) 056 [hep-th/0309187] [INSPIRE].

[16] O. Lebedev, H.P. Nilles and M. Ratz, De Sitter vacua from matter superpotentials, Phys.
Lett. B 636 (2006) 126 [hep-th/0603047] [INSPIRE].

— 41 —


http://dx.doi.org/10.1086/307221
http://arxiv.org/abs/astro-ph/9812133
http://inspirehep.net/search?p=find+EPRINT+astro-ph/9812133
http://dx.doi.org/10.1086/300499
http://dx.doi.org/10.1086/300499
http://arxiv.org/abs/astro-ph/9805201
http://inspirehep.net/search?p=find+EPRINT+astro-ph/9805201
http://dx.doi.org/10.1088/0067-0049/192/2/18
http://dx.doi.org/10.1088/0067-0049/192/2/18
http://arxiv.org/abs/1001.4538
http://inspirehep.net/search?p=find+EPRINT+arXiv:1001.4538
http://dx.doi.org/10.1088/1126-6708/2000/06/006
http://arxiv.org/abs/hep-th/0004134
http://inspirehep.net/search?p=find+EPRINT+hep-th/0004134
http://dx.doi.org/10.1103/PhysRevD.66.106006
http://arxiv.org/abs/hep-th/0105097
http://inspirehep.net/search?p=find+EPRINT+hep-th/0105097
http://dx.doi.org/10.1103/PhysRevD.68.046005
http://dx.doi.org/10.1103/PhysRevD.68.046005
http://arxiv.org/abs/hep-th/0301240
http://inspirehep.net/search?p=find+EPRINT+hep-th/0301240
http://arxiv.org/abs/hep-th/0302219
http://inspirehep.net/search?p=find+EPRINT+hep-th/0302219
http://dx.doi.org/10.1088/1126-6708/2003/05/046
http://arxiv.org/abs/hep-th/0303194
http://inspirehep.net/search?p=find+EPRINT+hep-th/0303194
http://dx.doi.org/10.1016/0370-2693(85)91033-0
http://inspirehep.net/search?p=find+J+Phys.Lett.,B155,65
http://dx.doi.org/10.1016/0370-2693(85)91354-1
http://inspirehep.net/search?p=find+J+Phys.Lett.,B156,55
http://dx.doi.org/10.1016/0550-3213(93)90512-N
http://arxiv.org/abs/hep-th/9204012
http://inspirehep.net/search?p=find+EPRINT+hep-th/9204012
http://dx.doi.org/10.1103/PhysRevLett.97.191601
http://arxiv.org/abs/hep-th/0606262
http://inspirehep.net/search?p=find+EPRINT+hep-th/0606262
http://dx.doi.org/10.1016/j.nuclphysb.2004.08.005
http://dx.doi.org/10.1016/j.nuclphysb.2004.08.005
http://arxiv.org/abs/hep-th/0403067
http://inspirehep.net/search?p=find+EPRINT+hep-th/0403067
http://dx.doi.org/10.1088/1126-6708/2005/07/066
http://dx.doi.org/10.1088/1126-6708/2005/07/066
http://arxiv.org/abs/hep-th/0505160
http://inspirehep.net/search?p=find+EPRINT+hep-th/0505160
http://dx.doi.org/10.1088/1126-6708/2003/10/056
http://arxiv.org/abs/hep-th/0309187
http://inspirehep.net/search?p=find+EPRINT+hep-th/0309187
http://dx.doi.org/10.1016/j.physletb.2006.03.046
http://dx.doi.org/10.1016/j.physletb.2006.03.046
http://arxiv.org/abs/hep-th/0603047
http://inspirehep.net/search?p=find+EPRINT+hep-th/0603047

[17]

[18]

[19]

[20]

[21]

22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

O. DeWolfe, S. Kachru and M. Mulligan, A gravity dual of metastable dynamical
supersymmetry breaking, Phys. Rev. D 77 (2008) 065011 [arXiv:0801.1520] [INSPIRE].

I. Bena, M. Grana and N. Halmagyi, On the existence of meta-stable vacua in
Klebanov-Strassler, JHEP 09 (2010) 087 [arXiv:0912.3519] [INSPIRE].

A. Dymarsky, On gravity dual of a metastable vacuum in Klebanov-Strassler theory, JHEP
05 (2011) 053 [arXiv:1102.1734] [InSPIRE].

J. Blaback et al., The problematic backreaction of SUSY-breaking branes, JHEP 08 (2011)
105 [arXiv:1105.4879] [INSPIRE].

I. Bena, G. Giecold, M. Grana, N. Halmagyi and S. Massai, The backreaction of anti-D3
branes on the Klebanov-Strassler geometry, arXiv:1106.6165 InSPIRE].

C. Burgess, A. Maharana, L. van Nierop, A. Nizami and F. Quevedo, On brane back-reaction
and de Sitter solutions in higher-dimensional supergravity, arXiv:1109.0532 [INSPIRE].

L.B. Anderson, J. Gray, A. Lukas and B. Ovrut, Stabilizing the complex structure in
heterotic Calabi-Yau vacua, JHEP 02 (2011) 088 [arXiv:1010.0255] [INSPIRE].

L.B. Anderson, J. Gray, A. Lukas and B. Ovrut, Stabilizing all geometric moduli in heterotic
Calabi-Yau vacua, Phys. Rev. D 83 (2011) 106011 [arXiv:1102.0011] [INSPIRE].

A. Saltman and E. Silverstein, 4 new handle on de Sitter compactifications, JHEP 01 (2006)
139 [hep-th/0411271] [INSPIRE].

X. Dong, B. Horn, E. Silverstein and G. Torroba, Micromanaging de Sitter holography, Class.
Quant. Grav. 27 (2010) 245020 [arXiv:1005.5403] [INSPIRE].

M. Grana, Fluz compactifications in string theory: a comprehensive review, Phys. Rept. 423
(2006) 91 [hep-th/0509003] INSPIRE].

M.R. Douglas and S. Kachru, Flux compactification, Rev. Mod. Phys. 79 (2007) 733
[hep-th/0610102] [INSPIRE].

E. Silverstein, Simple de Sitter solutions, Phys. Rev. D 77 (2008) 106006 [arXiv:0712.1196]
[INSPIRE].

C. Caviezel et al., On the cosmology of type IIA compactifications on SU(3)-structure
manifolds, JHEP 04 (2009) 010 [arXiv:0812.3551] [INSPIRE].

R. Flauger, S. Paban, D. Robbins and T. Wrase, Searching for slow-roll moduli inflation in
massive type IIA supergravity with metric flures, Phys. Rev. D 79 (2009) 086011
[arXiv:0812.3886] [INSPIRE].

U.H. Danielsson, S.S. Haque, G. Shiu and T. Van Riet, Towards classical de Sitter solutions
in string theory, JHEP 09 (2009) 114 [arXiv:0907.2041] INSPIRE].

M.R. Douglas and R. Kallosh, Compactification on negatively curved manifolds, JHEP 06
(2010) 004 [arXiv:1001.4008] [INSPIRE].

T. Wrase and M. Zagermann, On classical de Sitter vacua in string theory, Fortsch. Phys. 58
(2010) 906 [arXiv:1003.0029] [INSPIRE].

U.H. Danielsson, P. Koerber and T. Van Riet, Universal de Sitter solutions at tree-level,
JHEP 05 (2010) 090 [arXiv:1003.3590] [INSPIRE].

B. Underwood, A breathing mode for warped compactifications, Class. Quant. Grav. 28
(2011) 195013 [arXiv:1009.4200] [INSPIRE].

_ 49 —


http://dx.doi.org/10.1103/PhysRevD.77.065011
http://arxiv.org/abs/0801.1520
http://inspirehep.net/search?p=find+EPRINT+arXiv:0801.1520
http://dx.doi.org/10.1007/JHEP09(2010)087
http://arxiv.org/abs/0912.3519
http://inspirehep.net/search?p=find+EPRINT+arXiv:0912.3519
http://dx.doi.org/10.1007/JHEP05(2011)053
http://dx.doi.org/10.1007/JHEP05(2011)053
http://arxiv.org/abs/1102.1734
http://inspirehep.net/search?p=find+EPRINT+arXiv:1102.1734
http://dx.doi.org/10.1007/JHEP08(2011)105
http://dx.doi.org/10.1007/JHEP08(2011)105
http://arxiv.org/abs/1105.4879
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.4879
http://arxiv.org/abs/1106.6165
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.6165
http://arxiv.org/abs/1109.0532
http://inspirehep.net/search?p=find+EPRINT+arXiv:1109.0532
http://dx.doi.org/10.1007/JHEP02(2011)088
http://arxiv.org/abs/1010.0255
http://inspirehep.net/search?p=find+EPRINT+arXiv:1010.0255
http://dx.doi.org/10.1103/PhysRevD.83.106011
http://arxiv.org/abs/1102.0011
http://inspirehep.net/search?p=find+EPRINT+arXiv:1102.0011
http://dx.doi.org/10.1088/1126-6708/2006/01/139
http://dx.doi.org/10.1088/1126-6708/2006/01/139
http://arxiv.org/abs/hep-th/0411271
http://inspirehep.net/search?p=find+EPRINT+hep-th/0411271
http://dx.doi.org/10.1088/0264-9381/27/24/245020
http://dx.doi.org/10.1088/0264-9381/27/24/245020
http://arxiv.org/abs/1005.5403
http://inspirehep.net/search?p=find+EPRINT+arXiv:1005.5403
http://dx.doi.org/10.1016/j.physrep.2005.10.008
http://dx.doi.org/10.1016/j.physrep.2005.10.008
http://arxiv.org/abs/hep-th/0509003
http://inspirehep.net/search?p=find+EPRINT+hep-th/0509003
http://dx.doi.org/10.1103/RevModPhys.79.733
http://arxiv.org/abs/hep-th/0610102
http://inspirehep.net/search?p=find+EPRINT+hep-th/0610102
http://dx.doi.org/10.1103/PhysRevD.77.106006
http://arxiv.org/abs/0712.1196
http://inspirehep.net/search?p=find+EPRINT+arXiv:0712.1196
http://dx.doi.org/10.1088/1126-6708/2009/04/010
http://arxiv.org/abs/0812.3551
http://inspirehep.net/search?p=find+EPRINT+arXiv:0812.3551
http://dx.doi.org/10.1103/PhysRevD.79.086011
http://arxiv.org/abs/0812.3886
http://inspirehep.net/search?p=find+EPRINT+arXiv:0812.3886
http://dx.doi.org/10.1088/1126-6708/2009/09/114
http://arxiv.org/abs/0907.2041
http://inspirehep.net/search?p=find+EPRINT+arXiv:0907.2041
http://dx.doi.org/10.1007/JHEP06(2010)004
http://dx.doi.org/10.1007/JHEP06(2010)004
http://arxiv.org/abs/1001.4008
http://inspirehep.net/search?p=find+EPRINT+arXiv:1001.4008
http://dx.doi.org/10.1002/prop.201000053
http://dx.doi.org/10.1002/prop.201000053
http://arxiv.org/abs/1003.0029
http://inspirehep.net/search?p=find+EPRINT+arXiv:1003.0029
http://dx.doi.org/10.1007/JHEP05(2010)090
http://arxiv.org/abs/1003.3590
http://inspirehep.net/search?p=find+EPRINT+arXiv:1003.3590
http://dx.doi.org/10.1088/0264-9381/28/19/195013
http://dx.doi.org/10.1088/0264-9381/28/19/195013
http://arxiv.org/abs/1009.4200
http://inspirehep.net/search?p=find+EPRINT+arXiv:1009.4200

[37]

[38]

[39]

G. Shiu and Y. Sumitomo, Stability constraints on classical de Sitter vacua, JHEP 09 (2011)
052 [arXiv:1107.2925] [INSPIRE].

K. Becker, M. Becker, M. Haack and J. Louis, Supersymmetry breaking and o corrections to
fluz induced potentials, JHEP 06 (2002) 060 [hep-th/0204254] [iNSPIRE].

V. Balasubramanian, P. Berglund, J.P. Conlon and F. Quevedo, Systematics of moduli
stabilisation in Calabi-Yau flux compactifications, JHEP 03 (2005) 007 [hep-th/0502058]
[INSPIRE].

M. Berg, M. Haack and B. Kors, On volume stabilization by quantum corrections, Phys. Rewv.
Lett. 96 (2006) 021601 [hep-th/0508171] [iNSPIRE].

M. Berg, M. Haack and E. Pajer, Jumping through loops: on soft terms from large volume
compactifications, JHEP 09 (2007) 031 [arXiv:0704.0737] INSPIRE].

M. Cicoli, J.P. Conlon and F. Quevedo, Systematics of string loop corrections in type 1IB
Calabi-Yau fluz compactifications, JHEP 01 (2008) 052 [arXiv:0708.1873] [INSPIRE].

G. von Gersdorff and A. Hebecker, Kdhler corrections for the volume modulus of fluz
compactifications, Phys. Lett. B 624 (2005) 270 [hep-th/0507131] [INSPIRE].

S. Parameswaran and A. Westphal, De Sitter string vacua from perturbative Kdihler
corrections and consistent D-terms, JHEP 10 (2006) 079 [hep-th/0602253] [INSPIRE].

A. Westphal, De Sitter string vacua from Kdihler uplifting, JHEP 03 (2007) 102
[hep-th/0611332] [INSPIRE].

V. Balasubramanian and P. Berglund, Stringy corrections to Kahler potentials, SUSY
breaking and the cosmological constant problem, JHEP 11 (2004) 085 [hep-th/0408054]
[INSPIRE].

L. McAllister and E. Silverstein, String cosmology: a review, Gen. Rel. Grav. 40 (2008) 565
[arXiv:0710.2951] [INSPIRE].

D. Baumann and L. McAllister, Advances in inflation in string theory, Ann. Rev. Nucl. Part.
Sci. 59 (2009) 67 [arXiv:0901.0265] [INSPIRE].

L. Covi et al., De Sitter vacua in no-scale supergravities and Calabi- Yau string models, JHEP
06 (2008) 057 [arXiv:0804.1073] [INSPIRE].

S. de Alwis and K. Givens, Physical vacua in IIB compactifications with a single Kdihler
modulus, JHEP 10 (2011) 109 [arXiv:1106.0759] [iNSPIRE].

A. Westphal and M. Rummel, A sufficient condition for de Sitter vacua in type IIB, in SFB
Block Meeting — “Particles, Strings and the Farly Universe”,
http://wwwiexp.desy.de/stb676/events/files/SFB_BlockM-24.2.11.pdf, DESY, Hamburg
Germany February 24-25 2011.

S. Gukov, C. Vafa and E. Witten, CFT’s from Calabi- Yau four folds, Nucl. Phys. B 584
(2000) 69 [Erratum ibid. B 608 (2001) 477] [hep-th/9906070] [INSPIRE].

F. Denef, M.R. Douglas and B. Florea, Building a better racetrack, JHEP 06 (2004) 034
[hep-th/0404257] [iNSPIRE].

P. Candelas and H. Skarke, F' theory, SO(32) and toric geometry, Phys. Lett. B 413 (1997)
63 [hep-th/9706226] [INSPIRE].

43 —


http://dx.doi.org/10.1007/JHEP09(2011)052
http://dx.doi.org/10.1007/JHEP09(2011)052
http://arxiv.org/abs/1107.2925
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.2925
http://dx.doi.org/10.1088/1126-6708/2002/06/060
http://arxiv.org/abs/hep-th/0204254
http://inspirehep.net/search?p=find+EPRINT+hep-th/0204254
http://dx.doi.org/10.1088/1126-6708/2005/03/007
http://arxiv.org/abs/hep-th/0502058
http://inspirehep.net/search?p=find+EPRINT+hep-th/0502058
http://dx.doi.org/10.1103/PhysRevLett.96.021601
http://dx.doi.org/10.1103/PhysRevLett.96.021601
http://arxiv.org/abs/hep-th/0508171
http://inspirehep.net/search?p=find+EPRINT+hep-th/0508171
http://dx.doi.org/10.1088/1126-6708/2007/09/031
http://arxiv.org/abs/0704.0737
http://inspirehep.net/search?p=find+EPRINT+arXiv:0704.0737
http://dx.doi.org/10.1088/1126-6708/2008/01/052
http://arxiv.org/abs/0708.1873
http://inspirehep.net/search?p=find+EPRINT+arXiv:0708.1873
http://dx.doi.org/10.1016/j.physletb.2005.08.024
http://arxiv.org/abs/hep-th/0507131
http://inspirehep.net/search?p=find+EPRINT+hep-th/0507131
http://dx.doi.org/10.1088/1126-6708/2006/10/079
http://arxiv.org/abs/hep-th/0602253
http://inspirehep.net/search?p=find+EPRINT+hep-th/0602253
http://dx.doi.org/10.1088/1126-6708/2007/03/102
http://arxiv.org/abs/hep-th/0611332
http://inspirehep.net/search?p=find+EPRINT+hep-th/0611332
http://dx.doi.org/10.1088/1126-6708/2004/11/085
http://arxiv.org/abs/hep-th/0408054
http://inspirehep.net/search?p=find+EPRINT+hep-th/0408054
http://dx.doi.org/10.1007/s10714-007-0556-6
http://arxiv.org/abs/0710.2951
http://inspirehep.net/search?p=find+EPRINT+arXiv:0710.2951
http://dx.doi.org/10.1146/annurev.nucl.010909.083524
http://dx.doi.org/10.1146/annurev.nucl.010909.083524
http://arxiv.org/abs/0901.0265
http://inspirehep.net/search?p=find+EPRINT+arXiv:0901.0265
http://dx.doi.org/10.1088/1126-6708/2008/06/057
http://dx.doi.org/10.1088/1126-6708/2008/06/057
http://arxiv.org/abs/0804.1073
http://inspirehep.net/search?p=find+EPRINT+arXiv:0804.1073
http://dx.doi.org/10.1007/JHEP10(2011)109
http://arxiv.org/abs/1106.0759
http://inspirehep.net/search?p=find+EPRINT+arXiv:1106.0759
http://wwwiexp.desy.de/sfb676/events/files/SFB_BlockM-24.2.11.pdf
http://dx.doi.org/10.1016/S0550-3213(00)00373-4
http://dx.doi.org/10.1016/S0550-3213(00)00373-4
http://arxiv.org/abs/hep-th/9906070
http://inspirehep.net/search?p=find+EPRINT+hep-th/9906070
http://dx.doi.org/10.1088/1126-6708/2004/06/034
http://arxiv.org/abs/hep-th/0404257
http://inspirehep.net/search?p=find+EPRINT+hep-th/0404257
http://dx.doi.org/10.1016/S0370-2693(97)01047-2
http://dx.doi.org/10.1016/S0370-2693(97)01047-2
http://arxiv.org/abs/hep-th/9706226
http://inspirehep.net/search?p=find+EPRINT+hep-th/9706226

[55]

K. Choi, A. Falkowski, H.P. Nilles, M. Olechowski and S. Pokorski, Stability of flux
compactifications and the pattern of supersymmetry breaking, JHEP 11 (2004) 076
[hep-th/0411066] [INSPIRE].

D. Liist, S. Reffert, W. Schulgin and S. Stieberger, Moduli stabilization in type IIB
orientifolds (I): orbifold limits, Nucl. Phys. B 766 (2007) 68 [hep-th/0506090] [INSPIRE].

S.S. AbdusSalam, J.P. Conlon, F. Quevedo and K. Suruliz, Scanning the landscape of flux
compactifications: vacuum structure and soft supersymmetry breaking, JHEP 12 (2007) 036
[arXiv:0709.0221] [INSPIRE].

K. Bobkov, Volume stabilization via o corrections in type IIB theory with fluxes, JHEP 05
(2005) 010 [hep-th/0412239] [INSPIRE].

P. Candelas and X. de la Ossa, Moduli space of Calabi-Yau manifolds, Nucl. Phys. B 355
(1991) 455 [INSPIRE].

J.P. Conlon, F. Quevedo and K. Suruliz, Large-volume flux compactifications: moduli
spectrum and D3/DT soft supersymmetry breaking, JHEP 08 (2005) 007 [hep-th/0505076]
[INSPIRE].

A. Sen, Orientifold limit of F-theory vacua, Phys. Rev. D 55 (1997) 7345 [hep-th/9702165]
[INSPIRE].

S.R. Coleman, The fate of the false vacuum. 1. Semiclassical theory, Phys. Rev. D 15 (1977)
2929 [Erratum ibid. D 16 (1977) 1248] [iInSPIRE].

C.G. Callan Jr. and S.R. Coleman, The fate of the false vacuum. 2. First quantum
corrections, Phys. Rev. D 16 (1977) 1762 INSPIRE].

S.R. Coleman and F. De Luccia, Gravitational effects on and of vacuum decay, Phys. Rev. D
21 (1980) 3305 [INSPIRE].

S. Hawking and I. Moss, Supercooled phase transitions in the very early universe, Phys. Lett.
B 110 (1982) 35 [INSPIRE].

D. Gallego and M. Serone, An effective description of the landscape. I, JHEP 01 (2009) 056
[arXiv:0812.0369] [INSPIRE].

D. Gallego, On the effective description of large volume compactifications, JHEP 06 (2011)
087 [arXiv:1103.5469] [INSPIRE].

P. Candelas, X.C. De La Ossa, P.S. Green and L. Parkes, A pair of Calabi-Yau manifolds as
an exactly soluble superconformal theory, Nucl. Phys. B 359 (1991) 21 [InSPIRE].

P. Breitenlohner and D.Z. Freedman, Positive energy in anti-de Sitter backgrounds and
gauged extended supergravity, Phys. Lett. B 115 (1982) 197 [INSPIRE].

J.P. Conlon, The QCD azion and moduli stabilisation, JHEP 05 (2006) 078
[hep-th/0602233] [INSPIRE].

— 44 —


http://dx.doi.org/10.1088/1126-6708/2004/11/076
http://arxiv.org/abs/hep-th/0411066
http://inspirehep.net/search?p=find+EPRINT+hep-th/0411066
http://dx.doi.org/10.1016/j.nuclphysb.2006.12.018
http://arxiv.org/abs/hep-th/0506090
http://inspirehep.net/search?p=find+EPRINT+hep-th/0506090
http://dx.doi.org/10.1088/1126-6708/2007/12/036
http://arxiv.org/abs/0709.0221
http://inspirehep.net/search?p=find+EPRINT+arXiv:0709.0221
http://dx.doi.org/10.1088/1126-6708/2005/05/010
http://dx.doi.org/10.1088/1126-6708/2005/05/010
http://arxiv.org/abs/hep-th/0412239
http://inspirehep.net/search?p=find+EPRINT+hep-th/0412239
http://dx.doi.org/10.1016/0550-3213(91)90122-E
http://dx.doi.org/10.1016/0550-3213(91)90122-E
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B355,455
http://dx.doi.org/10.1088/1126-6708/2005/08/007
http://arxiv.org/abs/hep-th/0505076
http://inspirehep.net/search?p=find+EPRINT+hep-th/0505076
http://dx.doi.org/10.1103/PhysRevD.55.R7345
http://arxiv.org/abs/hep-th/9702165
http://inspirehep.net/search?p=find+EPRINT+hep-th/9702165
http://dx.doi.org/10.1103/PhysRevD.15.2929
http://dx.doi.org/10.1103/PhysRevD.15.2929
http://inspirehep.net/search?p=find+J+Phys.Rev.,D15,2929
http://dx.doi.org/10.1103/PhysRevD.16.1762
http://inspirehep.net/search?p=find+J+Phys.Rev.,D16,1762
http://dx.doi.org/10.1103/PhysRevD.21.3305
http://dx.doi.org/10.1103/PhysRevD.21.3305
http://inspirehep.net/search?p=find+J+Phys.Rev.,D21,3305
http://dx.doi.org/10.1016/0370-2693(82)90946-7
http://dx.doi.org/10.1016/0370-2693(82)90946-7
http://inspirehep.net/search?p=find+J+Phys.Lett.,B110,35
http://dx.doi.org/10.1088/1126-6708/2009/01/056
http://arxiv.org/abs/0812.0369
http://inspirehep.net/search?p=find+EPRINT+arXiv:0812.0369
http://dx.doi.org/10.1007/JHEP06(2011)087
http://dx.doi.org/10.1007/JHEP06(2011)087
http://arxiv.org/abs/1103.5469
http://inspirehep.net/search?p=find+EPRINT+arXiv:1103.5469
http://dx.doi.org/10.1016/0550-3213(91)90292-6
http://inspirehep.net/search?p=find+J+Nucl.Phys.,B359,21
http://dx.doi.org/10.1016/0370-2693(82)90643-8
http://inspirehep.net/search?p=find+J+Phys.Lett.,B115,197
http://dx.doi.org/10.1088/1126-6708/2006/05/078
http://arxiv.org/abs/hep-th/0602233
http://inspirehep.net/search?p=find+EPRINT+hep-th/0602233

	Introduction & motivation
	`Kähler uplifting' — a meta-stable dS vacuum for the Kähler modulus
	Approximating the scalar potential V(T) in the large volume limit
	A sufficient condition for meta-stable de Sitter vacua
	h*1,1>1
	Suppressing flux-induced alpha'-corrections
	F-theory interpretation
	The necessary curvature condition
	Numerical example
	Vacuum decay

	Stabilization of the Kähler modulus and the dilaton
	Approximating the scalar potential V(T,S) in the large volume limit
	Moduli masses
	Deviation of s from the SUSY minimum and SUSY breaking
	Numerical example

	Inclusion of complex structure moduli: general analysis
	Deviation of s and u(i) from the SUSY minimum
	Backreaction on the Kähler modulus

	Inclusion of complex structure moduli: concrete toy example
	The supersymmetric minimum for the dilaton and the complex structure moduli
	Solving for real parts
	Solving for imaginary parts

	Approximating the scalar potential V(T,S,U(i)) in the large volume limit
	Moduli masses
	Deviation of s and u(i) from the SUSY minimum
	Backreaction on the Kähler modulus

	Conclusions

