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ABSTRACT: We study N = 1 supergravity with N > 1 chiral superfields in which one of
the fields has a Kéhler potential of exact no-scale type. Such systems admit de Sitter (dS)
solutions in which supersymmetry is predominantly broken by the no-scale field, with only
a small contribution to the breaking coming from the other fields. Metastable dS vacua of
this type were recently shown to be achievable by the finetuning of an NV x N sub-matrix of
the Hessian matrix at the critical point. We show that perturbatively small deformations of
the no-scale Minkowski vacuum into dS are only possible when the spectrum of the no-scale
vacuum, besides the no-scale field, contain an additional massless mode. The no-scale struc-
ture allows for a decoupling of N —2 fields, and metastability can be achieved by the tuning
of O(1) parameters. We illustrate this scenario in several examples, and derive a geometric
condition for its realisation in type IIB string theory. Supergravities in which the complex
structure moduli space is a symmetric space, such as the string theory inspired STU-models,
are non-generic and realise a modified version of the scenario. For the STU-model with
a single non-perturbative correction we present an explicit analytic family of dS solutions
that includes examples with quantised fluxes satisfying the O3-plane tadpole condition.
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1 Introduction

The observation of an apparently accelerated expansion of the universe [1, 2] is perhaps
the most striking discovery of modern cosmology. Recent, combined data from the Cosmic
Microwave Background (CMB) and distant supernovae gives strong evidence for the energy
density of the universe being dominated by a cosmological constant [3, 4], thus making the
present universe well approximated by four dimensional de Sitter space.

String theory may accommodate a small positive cosmological constant through the
numerous metastable solutions forming the ‘landscape’ of type IIB flux vacua, but deter-
mining the statistical properties of such vacua has proven challenging. While constructing
fully generic flux vacua involving a large number of moduli is computationally prohibitive,
much can be learned from subsets of solutions in which a substantial number of moduli can
be made to decouple. In the KKLT scenario [5], complex structure moduli are supersymmet-
rically stabilised at a scale that is much larger than the scale of supersymmetry breaking,
mg/9, thus ensuring that these fields generically can be integrated out of the Wilsonian
effective field theory and do not develop tachyonic directions upon supersymmetry break-
ing. In the Large Volume Scenario (LVS) [6, 7], complex structure moduli obtain masses
of the order of m3/5, but an underlying no-scale symmetry again leads to decoupling and



a substantially more tractable low-energy dynamics, at least in the non-supersymmetric
AdS minimum.! In both KKLT and LVS, the final metastable de Sitter solution may be
obtained by the inclusion of some additional, ‘uplifting’, source of supersymmetry breaking.
Recently, the construction of metastable de Sitter vacua through spontaneous super-
symmetry breaking has received a lot of attention (see for example [9-25] and references
therein). By constructing solutions that are consistently captured by spontaneously bro-
ken N' = 1 supergravity, one can hope for improved computability and a more detailed
picture of this part of the ‘landscape’. Particularly interesting are those solutions which
make use of an exact or approximate no-scale symmetry of the Kéhler potential for some
of the fields. No-scale Kéhler potentials are commonly encountered in the dimensionally
reduced, four dimensional effective theories arising from compactifications of string theory,
and are in the simplest case of a single no-scale modulus 7" and N — 1 other moduli X*

with ¢ =1,... N — 1, given by,
K = Knoseale(T, T) + K(X', X') = =3I (T +T) + K(X',X"), (1.1)

while the superpotential is independent of T,

W = Wy(X?). (1.2)

The perhaps most well-known example of such an effective theory is the dimensionally
reduced type IIB compactification with a single Kahler modulus T', N —2 complex structure
moduli, U?, and the axio-dilaton S.

The F-term supergravity potential is remarkably simplified for no-scale models,
V=l (F,F* = 3|W[*) = e"EF, (1.3)

where a runs over all fields, i runs over the X* fields, F, = D,W = (9, + K,)W and we
have used natural units to set Mp; = 2.4 x 108 GeV to one. For F; = 0, as in the ‘GKP’
type IIB flux compactifications of [26], the X? fields are supersymmetrically stabilised and
T remains a flat direction of the Minkowski vacuum.

Recently, motivated by the numerical solutions of [20, 21, 27], reference [28] constructed
a class of analytical de Sitter solutions in which supersymmetry is predominantly broken
by the no-scale field T', with only a small amount of supersymmetry breaking in the per-
pendicular directions. For type IIB realisations of this mechanism, the smallness of the
supersymmetry breaking in the directions perpendicular to T' can be achieved by tuning of
fluxes, as discussed in [27]. A given critical point is a metastable minimum of the potential
if all the eigenvalues of the 2N x 2N hermitian Hessian matrix,

D2V B2,V
H=| , (1.4)
0%V OV

are positive. In [28], analytical conditions for the positivity of the eigenvalues of the
diagonal N x N sub-matrix 821—)1/ were derived, and it was shown that upon tuning the

'For a recent discussion on the spectrum of the complex structure moduli in de Sitter space, see 8]



N x N off-diagonal block 32bV to vanish or to be very small, the full Hessian could be
made positive definite.

This type of solutions were shown to be realisable in string theory inspired ‘STU’
supergravity models with N = 3, however, a general concern with this method is the
significant fine-tuning needed to ensure metastability: for N > 1, the required O(N?)
fine-tuning of 8317\/ can be greatly limiting.

In this paper, we show that, given a small amount of no-scale breaking, there are
approximate no-scale solutions that require only minimal, O(N?) = O(1), tuning to ensure
the metastability of the Hessian matrix. To do this, we systematically expand the Hessian
matrix, equation (1.4), in the small no-scale breaking parameter e. In particular we note
that to zeroth order in no-scale breaking, OgbV is not small, yet has a structure that ensures
that the mass matrix for all X’ fields is semi-positive definite. This is a well-known property
of flux compactifications of GKP type, that we here fully explore.

No-scale Minkowski vacua have at least two real massless fields corresponding to the
flat directions along the complex field T. We find that, to zeroth order in €, the no-scale
critical points that can be perturbed into de Sitter vacua in addition always have a third
real massless mode in the spectrum of the fields X*. This additional flat direction is
generically lifted at linear order €, while the complex no-scale field T is lifted at order €.
The underlying no-scale symmetry ensures that the 2N —3 real fields that are lifted at order
O(€%) are metastable with positive definite masses. A remarkable decoupling of the heavy
modes in the Hessian matrix at the approximately no-scale critical points then ensure that
metastability can be achieved by the tuning of only two terms, independently of N.

As an illustration, we contrast these findings to those obtained in ‘random supergrav-
ity’ in which the superpotential and Kahler potential are taken to be random functions
in the sense of [29], and in which only a fraction P < exp(—N) of the critical points are

metastable minima.?2

For the approximately no-scale critical points constructed in this
paper, we show that the corresponding fraction is 1/2, independently of N and the value
of the gravitino mass.

The general mechanism presented in this paper appears readily embeddable in flux
compactifications of type IIB string theory, and we derive a sufficient condition on the
complex structure field space geometry for the realisation of the mechanism with minimal
O(1) fine-tuning. When the complex structure field space is a symmetric space, the condi-
tion is violated and O(NN) entries of the Hessian matrix need to be tuned to ensure stability.
However, even when the geometric condition is not satisfied, approximate no-scale dS vacua
can be obtained with a moderate tuning, as we explicitly illustrate by constructing simple
de Sitter solutions in STU supergravity.

While the realisations of this supersymmetry breaking scheme in the simplest models
with a single no-scale field are somewhat restricted and do not allow for an exponentially
large volume, we know of no reason why the general mechanism could not be applied

2Typical critical points in random supergravity for which the supersymmetry breaking scale of the same
order as the supersymmetric masses, ms/2 =~ Msusy, the fraction of metastable critical points, P, scale
with N like InP ~ —NZ2. For approximately supersymmetric critical points with m3z/2 K Msusy, the
corresponding fraction scales like In P ~ —N.



to the case of multiple Kéhler moduli in which an exponentially large volume might be
achievable. Extending this scheme to more general sectors of no-scale fields is an important
future direction.

This paper is organised as follows: in section 2, we review no-scale Minkowski vacua
of NV = 1 supergravity. We continue in section 3 to show how small deformations of the
superpotential can perturb such no-scale vacua into metastable de Sitter vacua, with all
scalars stabilised. In particular, we discuss the ‘no-go’ result that such perturbations are
not possible unless the unperturbed no-scale vacuum has a third real massless direction.
We also explain the generalities of the decoupling mechanism that ensures the stability of
2N —3 real modes of the Hessian, and we derive the surprisingly simple form of the spectrum
of the remaining three modes. In section 4, we present realisations of the mechanism in
supergravity and string theory, and discuss the generalities of models in which the no-
scale modulus appears in the superpotential through a single non-perturbative exponential
term. We also consider the realisation of the mechanism in type IIB flux vacua, and derive
a geometric condition on the complex structure field space geometry for minimal O(1)
tuning. Finally, we discuss the realisation of the mechanism in STU supergravity models.
We conclude in section 5, and list some useful formulae in appendix A.

2 Unbroken no-scale vacua

The remarkable properties of no-scale supergravities [30] have long been appreciated by
many authors (for a colloquial review of some of the early developments, see for in-
stance [31]). In this section, we review some elementary results on moduli stabilisation
in unbroken no-scale vacua, and introduce some useful notation.

For the no-scale Kéhler potential of equation (1.1) and the superpotential of equa-
tion (1.2), the scalar potential in equation (1.3) has no-scale solutions with Fr = K7W (X?)
and F; = 0. For these vacua, the potential (1.3) results in vanishing entries in the Hessian
for all components involving T or T

m?"? = miy = mk; = m% =0, (2.1)

K mgb for the entries of the Hessian matrix.

where we have adopted the notation 8asz =e
This is of course directly related to the vacuum expectation value of T" not being fixed
in the no-scale solution. The fields X have non-vanishing entries of the Hessian that are

given by (see appendix A for useful formulae),

—k
my = ZiZ 5+ WK, (2.2)
m3; = 2Z;W (2.3)

where we have introduced the Kéhler invariant and diffeomorphism covariant symmetric
tensor Z;; = D;D;W = 0;F; + K;F; — I‘%Fk, which for F; = 0 reduces to Z;; = 0;F}. For
future reference, we note that in this notation, the critical point equations, 9,V = 0, can
be written as [32],

ZyF* = 2WF,, (2.4)

and imply that the no-scale vacuum enforces Zp; = 0 and Zpr = 2W K, for W # 0.



The Hessian matrix (1.4) for the no-scale system is then given by,

m2. 07 | md, 07
b oK 0 mi| 0  m} _
mio 0T | m2. 07
0 my | 0 md
0 0" 0 0"
ok 0 ZuZ'5+ KW | 0 27, W o)
0 0" 0 0"
0 27 W 0 Zg ZF; + K| W|?

We note in particular that the ‘off-diagonal’ terms, m

2

v

are not necessarily small compared

to the ‘diagonal block’, m?j. Since the potential (1.3) is semi-positive definite and vanishes
at the no-scale minimum, the eigenvalues of the Hessian matrix must also be semi-positive
definite. To see this explicitly, we diagonalise the Hessian matrix. For ease of representa-
tion we neglect the trivial 7" and T directions and choose a basis in which the fields are
canonically normalised at the critical point, Kjj|cp. = di5. The complex symmetric matrix
Z;; can be Takagi factorized as Z = UXU T where U is a unitary matrix whose columns are
orthonormal eigenvectors of ZZ, ¥ = diag(\1, ... Ay_1), and the ); are real and nonnega-
tive, with A? the eigenvalues of ZZ. We note that upon performing the (2N —2) x (2N —2)
unitary transformation

U0
HoUHU with U= e (2.6)
0
the matrix H can be written as
Y24 65WE 2WE
2WE 22+(5§j‘W‘2

After rearranging the rows and columns in an obvious way, H takes the block diagonal

form
N+ W2 2W N 0 0
QWA N+ W2 0 0
H = 0 0 M4 [W[]2 2W) (2.8)
0 0 2W s A3+ |[W|?




Each 2 x 2 block can be diagonalised by the unitary transformation,

1 1 1
U2x2 = ﬁ Jitw _ it ) (2'9)
where W = €W || and the corresponding eigenvalues of H are given by
miy =N £ 2WIN + W= (A £ W), (2.10)

showing that the Hessian H is manifestly semi-positive definite.

In sum, no-scale vacua have T" unfixed with a vanishing mass, a vanishing cosmological
constant and a semi-positive definite spectrum for the X* fields. In this paper, we investi-
gate how small no-scale breaking perturbations to the superpotential, §W (T, X*), may lift
the T' modulus and give rise to meta-stable vacua with a positive cosmological constant.

3 Approximate no-scale vacua

In this section, we discuss how small perturbations to the superpotential can result in
potentials admitting metastable de Sitter vacua. The no-go theorem of [33] is then relevant:
if the supersymmetry breaking F-term is completely aligned with a single field, T', with a
no-scale Kahler potential, then no dS minima are obtainable, independently of the form
of the superpotential. Here, we keep the unperturbed form of the Kéhler potential, (1.1),
and only consider superpotential corrections as

W = Wy(X) 4+ 6W(T, X", (3.1)

which then necessarily have to induce non-vanishing F'-terms for some of the fields perpen-
dicular to 7', as discussed in [28].

We are particularly interested in the regime in which the superpotential correction is
small compared to Wy, such that [0W/Wj| < 1, and we furthermore assume that deriva-
tives of SW (T, X*) are not very large compared to the scale of the perturbation itself. This
can for instance be realised if W (T, X*) is given by the sum of some non-perturbative
corrections which are all small compared to Wy.? In natural units and denoting partial
derivatives of the superpotential with subscripts, we then expect,

QW) ~ O(BWr) ~ OBW;) ~ O(Wry) < O(Wo) ~ O(W;) ~ O(Wy;) . (3.2)

This assumed hierarchy for the superpotential terms justifies a perturbative expansion in
the no-scale breaking.
For the approximate no-scale solution, we may write the F-terms at the minimum as,

Fr = KW + Wy, (3.3)
where f; is a unit vector, ||f;|| = 1, and we study the perturbative expansion in the small

parameter e.

3We do note however that these conditions are not satisfied in some classes of string compactifications:
for example, in KKLT vacua |Wp| is tuned to be small compared to the flux scale and |§W/Wp| is not small.



3.1 Ciritical point equations

The critical point equations in the 7" and X* directions determine much of the structure
of the approximately no-scale vacua. The equation drV = 0 is to leading order in a
perturbative expansion in € and |dW/Wy| given by

I 4 S
KTT|W0‘2€2 = —Wo 6WTT — gKTRe (Wo (5WT) . (35)

Two properties of this equation are particularly noteworthy: first, while the F-term in the
X' subspace is corrected at O(e), derivatives of §W — which we by equation (3.2) relate to
the magnitude of |§W| — appear first at order ¢2. Thus, consistently with equation (3.2)
we can realise the scaling,

O(E2 Wp) ~ O(W) ~ O(SWr) ~ O(SWr;) < O(Wy) ~ O(Wj) ~ O(Wy;). (3.6)

Equation (3.5) then receives subleading corrections at O(€®), and the smallness of the F-
terms in the X* subspace assumed in equation (3.4) may be achieved by the tuning of
Wo(X?). Second, the reality of the left-hand side of equation (3.5) enforces that,

Im (W@(SWTT) =0. (37)

The remaining critical point equation, 0;V = 0, is most illuminatingly phrased as a con-
dition on the supersymmetric masses of the X' fields, explicitly given by an eigenvalue
equation involving Z;;. To see this, we note that to leading order,

Zri = Wy + K;dWr + Ko F; = KrF; + O(e?), (3.8)

so that the critical point equation 8;V = 0, which can also be written as Z;, F* = 2WF;
as in equation (2.4), implies that,

ZijFl = -WF, (3.9)

up to corrections of O(e?). Contracting the complex conjugate of the equation above with
Z;7 and using the equation again, we find to linear order in e,

(ZZ)/F; = |W|*F;, (3.10)

implying that ZZ has an eigenvalue equal to |W|? to this order (in the basis in which
K5 = d;3), with F; being the corresponding eigenvector.

Equation (3.10) directly affects the spectrum of approximately no-scale vacua. From
equation (2.10) we find that it implies the existence of one real field in the X‘-sector with a
vanishing mass at zeroth order in €. Thus, out of all exact no-scale vacua, only the subset
with at least three real massless degrees of freedom can be perturbatively lifted to de Sitter
vacua (or deformed to non-supersymmetric AdS vacua).

The interpretation of the critical point equation as a condition on the supersymmetric
mass spectrum is quite familiar: in [34] it was shown that for critical points at which super-
symmetry is spontaneously broken in the X’-sector, without a dominant contribution from



the no-scale field, obey a similar eigenvalue equation derived from equation (2.4). Consis-
tently, supersymmetric Minkowski solutions that can be perturbed to non-supersymmetric
vacua also have at least one massless direction [28].

Finally, upon using the critical point equation (3.5), we find that the vacuum expec-
tation value of the scalar potential at the critical point is given by,

e BV = 2Re(KTWodWr) + |Fj|? + O(e*)
2 _ _
=3 KTRe (WooWr) — KTTWo6Wrr + O(e%) (3.11)

where the reality of the scalar potential is ensured by equation (3.7).

3.2 The perturbed mass-matrix

By introducing a small amount of supersymmetry breaking in the directions perpendicular
to T, we avoid the no-go theorem of [33] and may potentially find metastable de Sitter
vacua. Since the additional supersymmetry breaking is small by assumption, a perturbative
expansion around the no-scale vacuum is well-motivated. We now show that the Hessian
matrix takes a very simple form upon performing such an expansion.

First, we note that the general expression for perturbed non-degenerate eigenvalues up
to second order is given by,

2 2 2 ‘57”?43’2
mAtt:mA)O—l—émA—l—Z 5 5 +.... (3.12)
° B#AmA’o_mB‘o

This expression is not directly applicable to the perturbative analysis of the approximate
no-scale vacua as three real degrees of freedom (Re(7"), Im(7") and one real component of
the eigenstate of ZZ with eigenvalue |[Wy|?) are degenerate and massless at zeroth order in
no-scale breaking. Taking this degeneracy into account, we will find equation (3.12) useful
in determining the structure of the dominant contributions of the Hessian matrix. In the
following section we describe how 2N — 3 fields are stabilised with positive definite masses
2 O(mg)2), one real direction generically is lifted at O(e), and the Hessian eigenvalues of
the remaining two fields take a strikingly simple form.

3.2.1 Masses for the X* fields

We begin by considering the spectrum of all fields perpendicular to 7.

While one real direction in the X* field space has a vanishing mass at zeroth order
(by equations (3.10) and (2.10), as discussed above), the remaining X* fields are expected
to obtain masses of order max(A;, Wy). The no-scale breaking induces small perturbations
to the exact spectrum of these fields, but for ¢ < 1, the corrections are too small to
destabilise these fields. This partial decoupling — which is a direct consequence of the no-
scale structure of the Kahler potential — significantly simplifies the problem of assessing
the stability of the perturbed critical point. In principle, these 2N — 3 real degrees of
freedom may still affect the general stability of the system by Hessian cross-couplings that
may destabilise lighter fields. We will see however, that the no-scale structure again makes
these contributions negligible, thus ensuring the complete decoupling of all but one X" field.



We now turn to the remaining, light X? field and determine its mass and couplings
to leading order in the perturbative expansion of equation (3.6). These expressions are
most easily analysed by considering the sub-matrix of the Hessian that involve only the
X' fields, and in a basis in which the fields at the critical point are canonically normalised,
i.e. Kijlcp. = 0i5. We will see in section 3.2.2 that this explicit neglect of the cross-terms
between the X fields and the no-scale modulus is perfectly justifiable to O(€?).

The Hessian submatrix involving only the X* fields is to linear order in € given by,

7]{/- —_ —
mmi; | ZaZ g+ g WP 22i;W N 0 (DiZy,) F*
mg; m3; 2ZgW  Zg 2+ WP (DiZg)F* 0
(3.13)

Thus, in comparison with the no-scale Hessian of the X' field sector of equation (2.5), we
note that the only structural correction to this sub-Hessian at O(e) is given by the second
term of equation (3.13). We are interested in the lightest X field, which — as discussed in
section 3.1 — to linear order in € corresponds to the eigenmode of ZZ with an eigenvector
proportional to F;. The corresponding orthonormalised (sub-)Hessian eigenvectors for the
modes with eigenvalues 0 and 4|W|? are given by,

1 [ F
(e \ﬁ :F](TZ s (314)

where we, as in equation (3.4), have introduced the unit vector f; = exp(—idw)F;/||Fil|,
where again Jy = arg(W).

We now note that Hessian cross-terms between the v;_ direction and the more massive
X fields — that generically are lifted at O(e”) — enter the mass matrix at O(e), as v+ are
eigenvectors of the Hessian to leading order. Thus, from equation (3.12), we see that they
affect the mass of the lightest X field at second order in perturbation theory by O(e?) <
O(e), and may consistently be neglected. This is a crucial property of the metastable vacua
with only O(1) fine tuning that we construct in this paper.

The Hessian eigenvalues of the lightest X' field, which we will refer to as the ‘1’
direction, are to linear order in € then given by,

miy = 4W|* = Re (DiZ) f' [ f*W)e, (3.15)
mi_ = Re((DiZj) [ 7 f*W)e. (3.16)

As a final word of caution, we note that if Re ((D; Z;x) f' f7 f*W) is of order O(e), then
the structure of the X sector sub-Hessian is identical to that of the unbroken no-scale
Hessian to O(e), and the critical point equation (3.9) again enforces that the mass of the
lightest field vanishes. Consequently, in this case the lightest X field is lifted at O(e?), and
cross-couplings with heavier X* fields can then not be neglected in general. Metastability
then requires that O(N) elements of the Hessian matrix may have to be tuned small.

In sum, most of the fields perpendicular to the no-scale field obtain positive definite
masses of the order of max(\;, W) (cf. equation (2.10)) and do not develop instabilities in



the approximately de Sitter no-scale vacuum. The lightest X field is generically lifted at
O(e), and the detailed form of the squared mass depends on the covariant tensor D, Z.. It
thus seems plausible that only a very modest amount of tuning of the superpotential pa-
rameters can result in positive eigenvalues for all the X? fields. In section 4, we demonstrate
that this is indeed true in explicit examples.

3.2.2 Decoupling and stabilisation of the no-scale direction

To find a metastable de Sitter minimum, we must also stabilise the no-scale modulus T'.
Upon using the critical point equations (3.5) and (3.9) we find that to quadratic order in e,

4 .

mi o = —5KiRe (WoW7) , (3.17)
S 4 .

map = KTWWppr — 3 KrRe (Wewr) . (3.18)

Since these contributions to the mass of the no-scale modulus are of order O(€?), and thus
quite small compared to other entries of the Hessian matrix, some care must be taken to
ensure that cross-couplings do not destabilise the no-scale field. Naively, this would require
the fine-tuning of the 2(N — 1) elements, m?,, m% of the Hessian, however, we now show
that such fine-tuning is not necessary: enforcing the critical point equations ensures that
none of the cross-terms contribute with any significant destabilising terms.

In section 2 we showed that m?T and m%. vanish in the no-scale vacuum. The correction

T
at O(e) is given by,

m?T = KT (Zij}_?j +WFl) + 0(62)
m?T = Krp (ZZJF] —l—WFZ) =+ 0(62)

i
S G
e
™ M
(3] [\
~— ~—
w
—
Ne)

(3.20)

where we used the critical point equation (3.9) in the last step of both equations.

In second order perturbation theory, these terms then contribute negatively to the
eigenvalues of the (mostly) T-field eigenstates at order O (64W6L / mfi) according to equa-
tion (3.12). Thus, the contribution from the lightest X field is expected to enter at O(e?),
while the other X? fields contribute at order O(e*). However, as the leading contribution
from m%T and mg,T enter at O(e?), these potentially destabilising corrections are sublead-
ing and do not contribute significantly to the (de-)stabilisation of 7' (as long as N < 1/€?).
Indeed, the smallest eigenvalues of the Hessian matrix are to O(e?) given by,

mizl‘i = m?pf + ’m%T‘

= —%KTRG (W&WT) + KTW(SWTTT — gKTRe (W(SWT) . (3.21)

Equation (3.21) is one of our main results, and indicates that — given some small amount
of supersymmetry breaking in the directions perpendicular to 7' — all moduli can be
stabilised in approximate no-scale compactifications with a very small amount of tuning.

,10,



Let us summarise: the Hessian matrix of the approximately no-scale system is schemat-
ically given by,

2 2 2 2 2 2

My Mgy My | Mpp My Mpj
2 2 2 2 2 2

Mip M| May | Mar |[Mn| My
2 2 2 2 2 2

My | Myt My | My | My | My

H = el =

2 2 2 2 2 2

M || My Mor | Mg
2 2 2 2 2 2

My |Map | Miy | Map M| My

m2 m2— m m. m. m.
,/T i/ 1 i/j/ i/T Tl 1 le/
N€2 N62 N€2 N€2 N€2 N€2
~ 62 ~ € ~ € ~ 62 ~ € ~ €
~ 62 ~ € ~ 1 ~ 62 ~ € ~1

= m2 (3.22)
= Mg , )

N62 N62 N62 N€2 N62 N62
~ 62 ~ € ~ € ~ 62 ~ € ~ €
~eX| ~e ~1 ~eX| ~e ~1

where we for simplicity of presentation have taken O(\,) ~ O(|Wy|) to set the scale of the
matrix, and highlighted the dominant elements.

We have shown that most X? fields decouple at zeroth order in the no-scale breaking
and receive squared masses of the order of O(e°), cf. equation (2.10). The critical point
equations imply that only no-scale systems with three real flat directions at zeroth order in
the no-scale breaking support approximately de Sitter solutions, as discussed in section 3.1.
One of these directions (here taken to be the v1_-direction) is generically lifted at O(e), and
the corresponding squared mass may be rendered positive by a modest amount of tuning.
The remaining two flat directions are lifted at O(e?), with no significant contribution
coming from the cross-terms with other moduli.
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Thus, the approximately no-scale de Sitter vacua are meta-stable if m?_ > 0, which
corresponds to
Re ((DiZp) ' 7 f*W) > 0, (3.23)

and m%_ = m2TT — |m2| > 0, as given by equation (3.21). The tuning of the Hessian
matrix necessary to obtain such vacua is of order O(1), which should be compared with

O(N?) for similar vacua obtained in [28].

4 Examples in supergravity and string theory

We expect that the general properties of the approximately no-scale vacua considered in this
paper are broadly applicable to many different examples, including those involving more
complicated, multi-field no-scale Kéhler potentials. Here, we will as a proof of principle
demonstrate that this type of vacua is indeed obtainable in supergravity, and in particular
we focus on string theory inspired supergravities of STU-type. In the simplest scenarios,
we find some limiting conditions. For more involved examples, we expect these constraints
to be relaxed, and we look forward to exploring these possibilities in future work.

Before delving into the details of an explicit STU-model, we first note some common
properties of large classes of models.

4.1 Models with one non-perturbative effect: generalities

The simplest model one can consider which realises decoupling from approximate no-scale
vacua involves a single non-perturbative, no-scale breaking superpotential correction,

SW = A(XHe T, (4.1)

By performing a trivial, constant Kahler transformation, we can choose Wy € R at the
critical point. The stabilisation of the T-axion is ensured by equation (3.7), from which we
infer that at the critical point,

W = s|dW| = s|Ale™ 7, T =ReT, (4.2)

where 7 denotes the real part of 7" and s € {—1,+1}. From equation (3.17) we see that
s = +1 corresponds to m,7 < 0, which immediately implies that there is a tachyon. We
therefore set s = —1. The value of the scalar potential at the critical point is given by
equation (3.11), which evaluates to

1
V =B KT o> Wy oW | <1 — a) . (4.3)
T

Thus, minima with V' > 0 have ar > 1. The smallest scalar mass is easily computed from
equation (3.21)
2 2 2 2a 2 2
my_ = Moz — |mpp| = 7Woy(SW\ (1—1]1—7%a%) . (4.4)

Thus, we find that sz_ > 0 for ar < v/2. In sum, metastable de Sitter can be found only for

1<ar<v2. (4.5)
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The above constraint (4.5) appears very restrictive and one might wonder whether it can be
realised in a controlled supergravity regime. Since we clearly want 7 = Re(T") > 1 to sup-
press o’ corrections we need a < 1. In type IIB string theory this may be achievable if the
non-perturbative term (4.1) arises from gaugino condensation on a large stack of D7-branes.
In this case the full correction has the form 6W = Ae~%/(T'X") where f(T, X?) is the gauge
kinetic function [35]. Due to the non-renormalization theorem of [36], the gauge kinetic
function takes the form f(7T, X?) = fire¢(T)+ fL17100P(X8) 4 foP(T, X?) = T+ fL-looP( X )+
S0 en(XY)e T, For Re(T) > 1, it seems reasonable to assume that f(7,X") ~
fee(T) =T, but it would certainly be interesting to check this in explicit models.
Furthermore, the critical point equation (3.5) implies to leading order in € that,

4
WE = SWolAlf(ar) (46)

where we have defined f(x) = (22 + 2z) exp(—z). The function f(x) is semi-monotonically
increasing in the range € [1, /2], and reaches a maximum at x = /2. As f(z) is bounded,
this constrains the ratio between €? and |A|/Wj obtainable in any model. In particular we
find
R
4 f max WO 4 f min 7

where fumin = f(1) = 3/e ~ 1.104 and fuax = f(V2) = 2 (1 + V2) exp(—V2) ~ 1.174.
Numerically, we then have,
L |4

0.639 < - — < 0.680. 4.8

(4.7)

Thus any realisation of de Sitter vacua through the mechanism we have described above
including the exact no-scale Kéahler potential for a single no-scale field and a single non-
perturbative term is somewhat constrained. As we have seen, the constraint (4.8) follows
directly from the critical equation 97V = 0, which requires §Wr = O(¢?), and the metasta-
bility condition ar < v/2 from equation (4.5). Adding more Kéhler fields could in principle
allow for less restricted models, and it would be interesting to study this in detail.

4.2 Simple examples in supergravity

In this section, we illustrate the general mechanism of decoupling by an approximate no-
scale structure in the simplest possible supergravity models. While we do not expect these
to directly capture the intricacies of supergravities arising from the dimensional reduction
of string theory, they nicely illustrate the basic properties of the general mechanism.
First, we consider a system of two chiral superfields, T"and X with the Kéhler potential,

K=-3Wn(T+T)+ XX, (4.9)

and the superpotential W = Wy (X)) + Wp,(T) with,

Wo = wo + ewpX — %XQ + %X?’, (4.10)

Wyp = Ae™ T (4.11)
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where we take wp, w3 € R. For € < 1, this system has a non-supersymmetric solution at
X = 0 with Fx = ewp and Fr = Krwy + O(W,,;). Consistently with equations (2.10)
and (3.10), the real and imaginary components of X have masses which to zeroth order in

€ are given by m% L= 4w, and m3%_ = 0. At linear order in € we find that,
m’+ = 2wi + O(€%), (4.12)
mix = —2wj + ewows + O(e?). (4.13)

The lightest component of the X field is then metastable for 0 < ewgws < 4w3, and the
stabilisation of the no-scale modulus may proceed as in section 4.1. Thus, we conclude
that the mechanism presented in this paper admits very simple explicit realisations.

The decoupling mechanism discussed in this paper is readily generalised to systems
with many interacting fields, and can, in particular be realised in ‘random supergravity’ [29].
To illustrate this, we consider an ensemble of critical points in which the value of the super-
potential and the tensors Z;; and D;Z;;, are taken to be random tensors with independent
and identically distributed entries, subject to the critical point equations (3.5) and (3.9) .
The no-scale sector involving T is not assumed to be random, but rather to be stabilised
as in the discussion of section 4.1, or generalisations thereof. Consistently with our general
discussion, simulations of such systems with O(100) fields show that most of the X' fields
are stabilised with masses m 2 ms/s, and a single real field in the X i_sector remains sig-
nificantly lighter than mj/,. The fraction of all critical points that are metastable vacua
is P = 1/2, independently of N, in agreement with our discussion around equation (3.16).
This should be compared with the corresponding fractions for critical points without an un-
derlying no-scale structure [29, 37, 38]: for typical critical points with (W)? ~ O(eig(ZZ)),
a fraction of P = exp (—O.QN 2) of the typical critical points with are metastable, and for
approximately supersymmetric critical points with (W)? < O(eig(ZZ)), the metastable
fraction is given by P ~ exp(—0.35N). Thus, in random supergravity, the relative fre-
quency, P, of metastable approximately no-scale vacua is exponentially larger than the
corresponding value for vacua without this structure.

4.3 Examples in type IIB string theory: generalities

An appealing feature of the class of de Sitter vacua presented in this paper is that they rely
on ingredients which are readily available in compactification of string theory on Calabi-
Yau manifolds. In particular, flux compactifications of type IIB string theory include all the
ingredients necessary to realise this scenario: the Kéahler potential for the Kéhler moduli
sector is of the no-scale form to leading order in the o’ and g, expansions, and it is plausible
that among the possible choices of quantised three-form flux, there are theories admitting
€ < 1. In this section, we consider such flux vacua in more detail, and derive a geometric
condition on the complex structure moduli space which must be satisfied in order to achieve
de Sitter vacua with an O(1) fine-tuning of the Hessian matrix.

Type IIB string theory compactified on an orientifold, Ms, of a Calabi-Yau threefold
M3, reduces to a four-dimensional N' = 1 effective supergravity if the supersymmetry
breaking scale is much smaller than the compactification scale. The relevant degrees of
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freedom of such compactifications include the axio-dilaton, S = e~® — iCy, the complex
structure moduli, U?, wherei = 1,. .., h%l(Mg), the complexified Kahler moduli, 77, where
r=1,..., hfr’l(]\;[g,), the 2-form axion multiplets G with a = 1,..., h> (M3) and possibly
open string moduli. Many simple orientifolds have hEI(Mg) = 0 and therefore no scalars
arising from the Bs and (9 fields. For simplicity, we here consider only this case, and
we furthermore do not explicitly include the action of additional open string degrees of
freedom arising from stacks of D-branes.

The leading order Kahler potential for the Kéahler moduli is given by Ko gscale =
—2InV, where V denotes the volume of the compactification manifold in units of /. In
this paper, we focus on models with a single Kéhler modulus, 7', and as V ~ (T + 7)3/ 2
the Kéhler modulus may then play the role of the no-scale field of equation (1.1).

The Kahler potential for the complex structure moduli, U?, and the axio-dilaton, S, is
given by

QAQ), (4.14)

R(S,8,U%,07) = —In(S + §) — In(i /
Mg

where Q denotes the holomorphic (3,0)-form on Ms. Thus, to leading order in o’ and g,

and in the absence of open string moduli, these fields do not mix with 7" in the Ké&hler

potential and may serve as our X* field sector.

We discuss the superpotential and its Kéhler covariant derivatives, for more details
see for instance [32]. Compactifications with quantised NS-NS flux, H3 = dBy, and RR
flux, F3 = dC5, on non-trivial three-cycles of M have a superpotential which is a linear
combination of the periods of (2,

W= QAGy=N T, (4.15)
M3
where we have introduced the complex three-form flux Gs = F3 — iSH3, which takes on
2(h?! + 1) quantised values as N = f— iSh. Here II denotes the period vector of the
three-form €.
The F-terms in the axio-dilaton and complex structure sector are then given by

Fg=DgW = —m, (4.16)
F,=D;W = N - D;II. (4.17)
The tensor Z, has the components,
Zss =0, (4.18)
Zg; = —N;JrDéH, (4.19)
Zij = FijuN - DMIO* = —(S + S)FijnZ's | (4.20)

where we have used the identity D;D;Q = }"ijk.DkQ, with i, denoting the ‘Yukawa
couplings’ of the special geometry.?

4The coefficients Fijr can be obtained by taking three holomorphic derivatives of the A' = 2 prepotential,
or by evaluating Fi;r = i [QU) A % =i [QU) A D;D;D;;Q(U). These ‘Yukawa couplings’
determine the field space Riemann curvature as, R;;1; = —KizKy; — K7 Kiy + exp(K)_Fikmszm.
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Furthermore, upon acting with three covariant derivatives on the superpotential, we
find the components,

DsZss =0, DiZss=0, (4.21)
FijiF*
DiZic = — Yk 4.22
1458 S+S ) ( )
Diij = fijk]\_i . ﬁ* + Dk(./fwg)]\_f . Déﬁ* =
- -,
= —Fijk(S + S)Fg — D(Fije)(S+ S)Z 5. (4.23)

Equations (4.16)—(4.23) determine much of the structure of the type IIB flux vacua.
Of crucial importance for our discussion of the (O(1) fine-tuning of the Hessian ma-
trix in section 3.2.1 was that the lightest X’ field was lifted at O(e). We noted that
if Re(WD;Zif'f7f*) was of O(e?), then cross-couplings with heavier X' fields were
negligible, and meta-stability requires the fine-tuning of O(1) terms. In contrast, for
Re (WD;Zj.f f7 f*) ~ € we found an additional cancellation of the remaining O(€) correc-
tions, and the lightest X* field would be lifted at O(e?) with a generic O(N) fine-tuning of
the Hessian as a result. Here, we note that equation (4.23) implies that the condition of
minimal O(1) fine-tuning of the Hessian matrix in type IIB string theory can be phrased
as a geometric constraint on the field space curvature. More precisely, minimal tuning
requires:

Di(fjkg)f_ifjf_k7€§ = O()  [for O(1) finetuning] . (4.24)

While this condition is expected to be satisfied for generic ‘special geometries’, it fails in
some well-studied models in which the complex structure moduli space is a symmetric
space with covariantly constant Riemann curvature for which Dy (F;;r) = 0. As discussed
in section 3.2.1, in this case the lightest X* field is lifted at O(e?) together with the no-
scale field T', and cross-couplings with the heavier complex structure moduli are no longer
automatically negligible. However, as we now illustrate in the case of the STU-models,
even in this case one can construct examples of this type of vacua.

4.4 The STU-model with one non-perturbative effect

Let us exemplify our findings in the simple ‘STU-model’ with three complex moduli: the
axio-dilaton S = e~? — iCy, a complex structure modulus U and a complexified volume
modulus 7. This model arises by compactifying type IIB string theory on T /Zy x Zs, if we
restrict ourselves to the isotropic sector and take the three 72 in the T to be equal. The
latter can be for example imposed by an extra Zs symmetry that rotates the three T2, see
section 2 in [39]. In this model, the complex structure moduli space is a symmetric space,
so that from our general discussion around the condition (4.24), we expect m?_ ~ eng /2
and that O(N) = O(3) terms need to be fine-tuned to ensure the metastability of the
lightest direction in the SU subspace.

In the presence of F3 and Hgs fluxes the resulting Kéhler and superpotential are

K = —3log(T +T) —log(S+S) —3log(U +U), (4.25)

,16,



W = ap + 3ia1U 4 3axU? 4 iazU? + S(iby + 30U + 3iboU? 4 b3U?)
+W”p(57 T7 U) ) (426)

where the real coefficients a;,b; € Z correspond to the F3 and Hj3 fluxes respectively. In
particular, if we set (27)%a’ = 1, then

/ ngai, / ngbl, (427)

where the ¥; are 3-cycles in the integer homology of the orientifolded space. This leads to
N = f —iSh = @—iSb and the above superpotential. The above Kahler and superpotential
give rise to the usual type IIB no-scale Minkowski vacua discussed in [26]. We will below
determine the parameters a;,b; in terms of the vacuum expectation values of the moduli
and the parameter € (see eq. (4.31)). Plugging these into the superpotential above leads to
a superpotential that contains terms up to quadratic order in e.

The volume modulus T appears in the superpotential only through non-perturba-
tive corrections, which arise from Euclidean D3-branes and from gaugino condensation on
D7-branes, and to leading order take the form W, = A(S,U)e %", Naturally these non-
perturbative corrections are small compared to the tree-level flux contribution so that we
can think of them as a perturbation around the no-scale Minkowski vacuum and apply
our general approach. Since the moduli S and U are stabilised by the fluxes at tree-level
one can assume that the small perturbation does not shift their minimum much so we can
neglect the dependence of A on S and U and treat A effectively as a constant:®

Wy = Ae T (4.28)

To simplify the equations, we set a1 = ag = by = bo = 0. Then W and all its Kéhler
covariant derivatives are real, if we set the imaginary parts of S, T and U to zero. In
particular this means that we can trivially solve half of the critical point equations by
setting Im(S) =Im(7") =Im(U) = 0.

It is convenient to solve this system by considering the ‘inverse problem’ of finding the
fluxes which will allow for a minimum at the moduli vevs S = Sy, T' = Ty and U = Uy with
So,To, Up € R. By appropriate SL(2,Z) transformations we can always ensure that Sy and
Uy are in the fundamental domain (i.e. being larger or equal than one). This is important if
we want to count dS vacua, but since we are only interested in their existence we refrain from
explicitly doing these SL(2,Z) transformations. Furthermore, our supergravity solutions
require Sy > 1 and T > 1 in order to ensure that string loop and o’ corrections are small.

The critical point equations are solved by the F-terms,

1 (e=0)

Fg = —W
ST s, 0 ¢

5 As we discussed above there should be one real direction among S and U that gets generically a mass of
O(e) which is still sufficient to treat A as constant. In the simple STU-model there are further cancellations
and this light direction only gets a mass at 0(62) so that the dependence of A on this light direction could
be important. It would be interesting to explicitly calculate the function A(S,U) in this model to check
whether it is justified to take A to be constant.
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A
Fr = Ko W + €%,
To

3 (e=0)
Fy = —W, ) 4.29
U AU, O € ( )
where A\ = Ty §Wr/e? is a real number of order O(e"), and where WO(GZO) denotes the flux
superpotential at the critical point to zeroth order in e, or equivalently, the value of W at
the non-supersymmetric Minkowski minimum with unbroken no-scale symmetry. The flux
superpotential can be expressed in terms of A and Ty as,
- 4N
Wée 0 _ ?(2 + aTp) . (4.30)
The choice of normalising the F-terms of equation (3.4) in terms of WO(EZO) is convenient
as this way the e-expansion of the fluxes truncates at second order:

a = [-1 (8 + aTp (4 + aTp)) 2> 7

7+ 24T,
g (72 et = o aTy)
A <2(2+aTO) T, (8+aly)
) )

“T 9 18° 7" 36 (2 + aTp
Uo

by = =2 4.31
1 SO ag , ( )
be — A (1 + 26LT0)6 aTp 62

5T SUB 6 12+aly) )

A= — 2@.

CLTO

In this particular example some fluxes turn out to be of O(e). This is not generic but
rather due to the simplicity of this model. One might worry further that the appearance
of parametrically small ¢ and €2 terms are in tension with having quantized fluxes. This
could be resolved by appropriately choosing the values Sy, Ty, Uy and the overall scale .
However, we do not expect such a hierarchy (or tuning) in the vacuum expectation values
of the moduli to naturally arise in this simple model since it has such a limited number
of flux quanta. Generic string compactifications have however very large numbers of flux
parameters and should more naturally allow for a parametrically small e.

The F-terms in the (S, U) subspace of equation (4.29) are aligned with the unit vector
f=(1/(450),3/(4Uy)) as in (3.4) and section 3.2.2, which upon canonical normalisation
is given by fI' = (1/2,4/3/2), independently of the field vevs and fluxes. The gravitino
mass at the de Sitter vacuum is to O(¢”) given by,

(2 + aTp)* N

2 _ K 2 _
M2 = W= g ot

(4.32)
We may now proceed as in section 3 to systematically extract the eigenvalues of the
Hessian matrix.
The heaviest fields in the system correspond to the linear combination of S and U
that are perpendicular to f;. These fields are lifted by the fluxes at order O(e) with the
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physical masses (we define MZ-2 to be the eigenvalues of V" in a canonically normalised
basis):

16

M22+ = §m3/2, (433)
4
ME = md,, (134)

up to corrections of O(¢). In addition, one heavy real degree of freedom corresponding to the
vy direction of equation (3.14) is lifted at O(e°) by the fluxes. By explicit diagonalisation,
we confirm equation (3.15) to zeroth order in e,

M}, = dm3,, . (4.35)

The remaining three real degrees of freedom corresponding to v1—, Re(T") and Im(T") are
lifted at order €2. From our general discussion in section 3.2.2, we expect that if the lightest
X field (the vi_ direction) is lifted at O(e?), then an O(NN) fine-tuning is necessary in order
to ensure that cross couplings with heavier X fields do not destabilise the vacuum. In this
STU example however, we find that such cross-terms — which we in general expect to
enter at O(e) — are absent both at O(e) and O(e?). Thus, in this particular model, the
lightest X-field is lighter than the generic expectation, but this still does not result in an
increased amount of tuning needed in order to achieve metastability.
The physical masses of the three lightest degrees of freedom are then given by,

2 _ 2(aT0)2 2 2

Ly (27 +a 1())Tn3/26 ’ (4'36)
1
2 _ 2 2 373
z\(iL2:t = mmg/Qe (21 — 2a TO + 14aT0 (437)

+\/4aTo(aTo + 1) (aTo(alp(aTo(aTo + 7) + 27) + 26) — 33) + 217) ,

The metastability condition of these de Sitter vacua (which for only 7' being lifted at
O(e?) is given by aTy < v/2, cf. equation (4.5)), here translates into the marginally stricter
condition m%Q L >0, or,

1 < aTy < aT, ~ 1.383 = /1.914, (4.38)

where aT} is given by equation (A.20) in the appendix.
The cosmological constant for these de Sitter vacua is given by,

2 2
ms o€

V= (2 + aTy)?

<(aTD — 1)(2 4+ aTp) — 3¢ — 262> : (4.39)

We want to point out that our general analysis provides sufficient and necessary con-
ditions only for ¢ < 1 and if all quantities scale with € in the way we assumed. For larger
€ or at points in moduli space where the scaling is different, it is very well possible that
dS vacua still exist and their features can deviate from our predictions. Since for simple
models we can find explicit, analytic families of dS vacua it might be possible to map out
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the entire parameter space of stable dS vacua that are connected to our analytic families.
While we leave this interesting task for the future, we give one simple example for the
STU-model that shows that

e stable dS vacua also exist when we move away from the regime of validity of our
general ansatz.

e we can find examples with correctly quantised fluxes.

e we can choose the flux numbers so small that even in simple models it is possible to
satisfy the tadpole condition.

In particular, if we take the superpotential to be
W =—2+18U%+ 5 (6U + 2U?) — 3¢ T, (4.40)

then we find stable dS vacua with Sy ~ 2.02, Uy ~ .67 and a1 ~ 1.73. In particular
aTy > /2 which disagrees with our general prediction. We can also explicitly calculate the
F-terms and find that ||(Fs, 0, F7)||/W ~ 0.72 is not small and we cannot view this solution
directly as a small e-deformation of a no-scale Minkowski vacuum. Similarly, |[0W7 /W] is
not small.

The integer fluxes in the superpotential (4.40) are ag = —2,a2 = 6,01 = 2,b3 = 2,
which leads to the tadpole condition (cf. for example [40])

1 1 1
B (aobg + 3(121)1) = 5(—4 + 36) = ZNog =16, (4.41)

where the factor 1/2 in front of the fluxes is due to the fact that the above tadpole condition
is derived in the covering space, before taking into account the orientifold projection. We
see that we exactly satisfy the tadpole condition in our simple example.

There are additional tadpole constraints due to the presence of O7-planes. The O7-
plane charges and tensions can be canceled by D7-branes, which also need to be present
to generate the non-perturbative correction to the flux superpotential. It would be very
interesting to study this in detail.

5 Conclusions

We have shown that N’ = 1 supergravities in which one of the fields has a Kahler potential
of no-scale type admit de Sitter solutions that can be rendered metastable upon the tuning
of only two parameters, independently of the number of chiral fields, N. These vacua arise
from small superpotential perturbations to the well-known non-supersymmetric no-scale
Minkowski vacuum. The perturbation induces small F-terms in the directions perpendicu-
lar to the no-scale modulus, F; = O(eW). No-scale vacua that can be perturbatively lifted
to de Sitter space have one real massless mode along the F; direction in field space, in addi-
tion to the massless no-scale modulus. This massless mode appears as a direct consequence
of the critical point equation and extends the theorem of [28] for non-supersymmetric de-
formations of supersymmetric Minkowski solutions to have at least one real flat direction.
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At the de Sitter critical point, the lingering approximate no-scale structure of the
Hessian matrix ensures that 2N — 3 real modes receive positive definite eigenvalues that are
(at least) of the order of the gravitino mass, mg/, = eX/2|W|. The remaining three modes,
which we denote ‘v;_’ and ‘T+’, are lifted at O(¢) and O(e?), respectively. In general,
the stabilisation of such light modes require fine-tuning of off-diagonal Hessian cross-terms
with heavier modes, however, in section 3.2.2 we found that the no-scale structure again
leads to a cancellation of the leading order cross-terms, thus reducing the question of the
full stabilisation of the vacuum to that of two 2 x 2 matrices. Metastability can then be
obtained by tuning the ratio of the off-diagonal entries to the diagonal entries of these
matrices, which we showed corresponds to requiring

Re (WD Zyfif7f*) >0, (5.1)
and ensuring that
4 — a— 4 _
- EKTRe (W(SWT) - |K W(SWTTT - gKTRe (WéWT) | > 0. (52)
With this moderate tuning, the spectrum of the lightest modes is given by,
mi_ ~ m§/2e >0, My ~ mg/zez >0. (5.3)

We stress that this mechanism for the decoupling of many modes is different from the
well-known supersymmetric decoupling, in which many fields are given positive definite
supersymmetric squared masses at some scale mgusy > m% /20 In contrast, the ‘decoupling
by no-scale’ developed in this paper does not require large (or small) supersymmetric
masses for any of the fields, but is rather ensured by the very particular no-scale structure.
For approximate no-scale de Sitter vacua, the (classical) vacuum energy is hierarchically
smaller than the generic supergravity expectation,

(V) ~ m3 o Mie® < m3 o Mg, (5.4)

Since the no-scale form of the Kéhler potential often appears in the four dimensional
effective theories derived from dimensional reduction of string theory, we expect that the
general scenario presented in this paper is relevant for constructing metastable de Sitter
vacua in string theory. In section 4.3, we considered the embedding of this scenario in
the type IIB ‘landscape’ of flux compactifications, in which fine-tuning of three-form fluxes
can ensure that e < 1. We derived a geometric condition on the complex structure field
space geometry for the realisation of the minimal version of this scenario with O(1) fine-
tuning. We expect this condition to be satisfied for generic Calabi-Yau compactifications,
but we note that it fails in toroidal orientifold compactifications in which the complex
structure moduli space is a symmetric space. However, also in this case metastable de
Sitter minima can be found, and in section 4.4 we explicitly constructed such solutions in
STU-supergravity models.

The simplest examples of the mechanism for obtaining metastable de Sitter vacua
presented in this paper have two obvious short-comings. First, if the single no-scale mod-
ulus considered in this paper is stabilised by a single non-perturbative effect with éW =
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Aexp (—aT), then metastable de Sitter solutions are only obtainable for 1 < aRe(T) < v/2
and 0.639¢2 < |A/Wp| < 0.680€2. While gaugino condensation on large rank gauge groups
gives a < 1, so that V ~ (Re(T))3? > 1 and mg /2 < Mp) are consistently achievable, it
remains to be established that the compactification volumes can be made large enough to
neglect all o’ corrections. Moreover, A is in general a modulus dependent function, and we
have not fully assessed the severity of the constraint for |A/Wy| in string theory models.
Second, the mass of the lightest two moduli is comparable to the (classical) vacuum Hubble
parameter, and this may complicate the construction of viable cosmologies for these vacua.

However, while in this paper we have considered single no-scale modulus theories and
in particular focused on the special case in which the no-scale symmetry is broken by a
single non-perturbative superpotential correction, we know of no reason why the general
mechanism presented in this paper should not be extendable to more general theories
in which these shortcomings may be overcome. For example, it will be interesting to
embed this mechanism in the Large Volume Scenario, which has a multiple moduli no-
scale sector and in which the no-scale symmetry is broken by perturbative o/ corrections
and non-perturbative superpotential corrections, so that exponentially large volumes are
obtainable [6, 7]. There are good reasons to believe that such embeddings can successfully
be achieved: small Kéhler deformations of no-scale models give a positive diagonal term
in the Hessian along the sGoldstino direction [41], and the approximately no-scale ‘Kéhler
uplifting’ scenarios such as those outlined in [10, 42, 43] exhibit a similar mass scaling for
the no-scale field (quadratic in the perturbation) as in our solutions (5.3).

In sum, we anticipate that the methods and results presented in this paper can be
usefully applied to find fully controlled, simple de Sitter vacua in string theory. The
explicit construction of such vacua is an important problem for the future.
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A Useful formulae

We often use subscripts to indicate scalar derivatives, for example 9,V = V,,. The potential
and its derivatives at a critical point with V, = 0 are [34]:

V= F(FF - 3w, (A1)
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V, = e ( DoDyW)F® — 2FGW) = K (Zabe - 2FGW) , (A.2)
Vi = e ( (DoDyDW)F (DanW)W) = K (UabCF - abW) (A.3)
Vg =e ( R gF°F? + K jF,F — F,F + (D DW)(Dy D) — 2K 5| W |2

— (= RypoaF F" + K gF.F® — F,Fy+ (22) 5 — 2K WP, (A.4)

where we used the definitions F, = D,W, Z,, = Dy,Fy and Uy = Dy Zp. and D, is the
Kaéhler and diffeomorphism covariant derivative such that for example Z,, = 0, Fp+ K Fp—
re Fe.

The derivatives of our Kéahler potential with respect to the no-scale modulus are:

K =-3In(T+T)+ K(X'X"), (A.5)

%KT % , (A.6)
Kyr = 3KTKT, (A7)
KKy = gKﬁT, (A.8)
My = oK. (A.9)
Rygrr = %KTTKTT' (A.10)

In our conventions the Kihler potential is symmetric under 7' and T exchange so that
derivatives with respect to T and T are the same, for example Ky = K7 = Kgp.

Straightforward calculations lead to the following covariant derivatives:

W = Wo(XY) + oW (X", T), (A.11)
Fr = KW + Wy, (A.12)

4
Zrr = OWpr + §KT5WT + 2Kpr W, (A.14)
Zpi = OWp; + K;i6Wop + K¢ F; | (A.15)
Zij = Wij + KiFj + K;F; =T} Fy + (Kij — K K;)W (A.16)
Urrr = KrrrW + Wrrr + KpdWrr + 2K1rrdWr (A.17)

4
Urri = 2K F; + 0% F; + gKTaTFi

4
= QKTT(KZ'W + WZ) + K;Wrr + oWy, + *KT(Ki(;WT + 5WT1') , (A.18)

3
Uijr = (0r + K1) Zij = KrZij + 6Wrij + KidWr; + K;0Wr; — T556Wry,
+ (Kij + KK — T5Kp)sWr (A.19)
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A.1 STU-model

The requirement MgQ_ > 0 for the squared masses of (4.38) determines the upper bound

aly < aTy with,
228 — 3¢+ 5764/ 3
38+c

c= {5/53477 — 108105389 + \3/53477 + 108105389 .

N

1
aly = — | =12+ /3(38 +¢) +

- ~ 1.383 A.20
12 ; (A.20)

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.

References

[1] 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].

[2] 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].

[3] N. Suzuki et al., The Hubble Space Telescope cluster supernova survey: V. Improving the
dark energy constraints above z > 1 and building an early-type-hosted supernova sample,
Astrophys. J. 746 (2012) 85 [arXiv:1105.3470] [INSPIRE].

[4] PLANCK collaboration, P.A.R. Ade et al., Planck 2013 results. XVI. Cosmological
parameters, Astron. Astrophys. 571 (2014) A16 [arXiv:1303.5076] [InSPIRE].

[5] 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].

[6] 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].

[7] J.P. Conlon, F. Quevedo and K. Suruliz, Large-volume flur compactifications: moduli
spectrum and D3/D7T soft supersymmetry breaking, JHEP 08 (2005) 007 [hep-th/0505076]
[INSPIRE].

[8] K. Sousa and P. Ortiz, Perturbative stability along the supersymmetric directions of the
landscape, JCAP 02 (2015) 017 [arXiv:1408.6521] [INSPIRE].

[9] U.H. Danielsson et al., De Sitter hunting in a classical landscape,
Fortsch. Phys. 59 (2011) 897 [arXiv:1103.4858] [INSPIRE].

[10] M. Rummel and A. Westphal, A sufficient condition for de Sitter vacua in type IIB string
theory, JHEP 01 (2012) 020 [arXiv:1107.2115] [INSPIRE].

[11] M. Cicoli, A. Maharana, F. Quevedo and C.P. Burgess, De Sitter string vacua from
dilaton-dependent non-perturbative effects, JHEP 06 (2012) 011 [arXiv:1203.1750]
[INSPIRE].

— 24 —


http://creativecommons.org/licenses/by/4.0/
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/10.1086/307221
http://arxiv.org/abs/astro-ph/9812133
http://inspirehep.net/search?p=find+EPRINT+astro-ph/9812133
http://dx.doi.org/10.1088/0004-637X/746/1/85
http://arxiv.org/abs/1105.3470
http://inspirehep.net/search?p=find+EPRINT+arXiv:1105.3470
http://dx.doi.org/10.1051/0004-6361/201321591
http://arxiv.org/abs/1303.5076
http://inspirehep.net/search?p=find+EPRINT+arXiv:1303.5076
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://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/10.1088/1126-6708/2005/08/007
http://arxiv.org/abs/hep-th/0505076
http://inspirehep.net/search?p=find+EPRINT+hep-th/0505076
http://dx.doi.org/10.1088/1475-7516/2015/02/017
http://arxiv.org/abs/1408.6521
http://inspirehep.net/search?p=find+EPRINT+arXiv:1408.6521
http://dx.doi.org/10.1002/prop.201100047
http://arxiv.org/abs/1103.4858
http://inspirehep.net/search?p=find+EPRINT+arXiv:1103.4858
http://dx.doi.org/10.1007/JHEP01(2012)020
http://arxiv.org/abs/1107.2115
http://inspirehep.net/search?p=find+EPRINT+arXiv:1107.2115
http://dx.doi.org/10.1007/JHEP06(2012)011
http://arxiv.org/abs/1203.1750
http://inspirehep.net/search?p=find+EPRINT+arXiv:1203.1750

[12] M. Cicoli, S. Krippendorf, C. Mayrhofer, F. Quevedo and R. Valandro, D-branes at del Pezzo
singularities: global embedding and moduli stabilisation, JHEP 09 (2012) 019
[arXiv:1206.5237] [INSPIRE].

[13] A. Hebecker, S.C. Kraus, M. Kuntzler, D. Liist and T. Weigand, Fluzbranes: moduli
stabilisation and inflation, JHEP 01 (2013) 095 [arXiv:1207.2766] [INSPIRE].

[14] J. Louis, M. Rummel, R. Valandro and A. Westphal, Building an explicit de Sitter,
JHEP 10 (2012) 163 [arXiv:1208.3208] [INSPIRE].

[15] U. Danielsson and G. Dibitetto, On the distribution of stable de Sitter vacua,
JHEP 03 (2013) 018 [arXiv:1212.4984] [INSPIRE].

[16] J. Blabédck, U. Danielsson and G. Dibitetto, Fully stable dS vacua from generalised fluzes,
JHEP 08 (2013) 054 [arXiv:1301.7073] [INSPIRE].

[17] C. Damian, L.R. Diaz-Barron, O. Loaiza-Brito and M. Sabido, Slow-roll inflation in
non-geometric flux compactification, JHEP 06 (2013) 109 [arXiv:1302.0529] [INSPIRE].

[18] C. Damian and O. Loaiza-Brito, More stable de Sitter vacua from S-dual nongeometric
fluzes, Phys. Rev. D 88 (2013) 046008 [arXiv:1304.0792] [INSPIRE].

[19] M. Cicoli et al., Explicit de Sitter fluz vacua for global string models with chiral matter,
JHEP 05 (2014) 001 [arXiv:1312.0014] [INSPIRE].

[20] J. Blabéck, D. Roest and 1. Zavala, De Sitter vacua from nonperturbative flux
compactifications, Phys. Rev. D 90 (2014) 024065 [arXiv:1312.5328] [INSPIRE].

[21] U. Danielsson and G. Dibitetto, An alternative to anti-branes and O-planes?,
JHEP 05 (2014) 013 [arXiv:1312.5331] [INSPIRE].

[22] M. Rummel and Y. Sumitomo, De Sitter vacua from a D-term generated racetrack uplift,
JHEP 01 (2015) 015 [arXiv:1407.7580] [INSPIRE].

[23] S. Ferrara, R. Kallosh and A. Linde, Cosmology with nilpotent superfields,
JHEP 10 (2014) 143 [arXiv:1408.4096] [INSPIRE].

[24] R. Kallosh and A. Linde, Inflation and uplifting with nilpotent superfields,
JCAP 01 (2015) 025 [arXiv:1408.5950] INSPIRE].

[25] R. Kallosh and T. Wrase, Emergence of spontaneously broken supersymmetry on an
anti-D3-brane in KKLT dS vacua, JHEP 12 (2014) 117 [arXiv:1411.1121] [INSPIRE].

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

[27] A. Saltman and E. Silverstein, The scaling of the no scale potential and de Sitter model
building, JHEP 11 (2004) 066 [hep-th/0402135] [INSPIRE].

[28] R. Kallosh, A. Linde, B. Vercnocke and T. Wrase, Analytic classes of metastable de Sitter
vacua, JHEP 10 (2014) 011 [arXiv:1406.4866] [INSPIRE].

[29] D. Marsh, L. McAllister and T. Wrase, The wasteland of random supergravities,
JHEP 03 (2012) 102 [arXiv:1112.3034] [INSPIRE].

[30] E. Cremmer, S. Ferrara, C. Kounnas and D.V. Nanopoulos, Naturally vanishing cosmological
constant in N =1 supergravity, Phys. Lett. B 133 (1983) 61 [INSPIRE].

[31] D.V. Nanopoulos, The march towards no scale supergravity,
NATO Adv. Study Inst. Ser. B 352 (1996) 677 [hep-ph/9411281] InSPIRE].

— 25 —


http://dx.doi.org/10.1007/JHEP09(2012)019
http://arxiv.org/abs/1206.5237
http://inspirehep.net/search?p=find+EPRINT+arXiv:1206.5237
http://dx.doi.org/10.1007/JHEP01(2013)095
http://arxiv.org/abs/1207.2766
http://inspirehep.net/search?p=find+EPRINT+arXiv:1207.2766
http://dx.doi.org/10.1007/JHEP10(2012)163
http://arxiv.org/abs/1208.3208
http://inspirehep.net/search?p=find+EPRINT+arXiv:1208.3208
http://dx.doi.org/10.1007/JHEP03(2013)018
http://arxiv.org/abs/1212.4984
http://inspirehep.net/search?p=find+EPRINT+arXiv:1212.4984
http://dx.doi.org/10.1007/JHEP08(2013)054
http://arxiv.org/abs/1301.7073
http://inspirehep.net/search?p=find+EPRINT+arXiv:1301.7073
http://dx.doi.org/10.1007/JHEP06(2013)109
http://arxiv.org/abs/1302.0529
http://inspirehep.net/search?p=find+EPRINT+arXiv:1302.0529
http://dx.doi.org/10.1103/PhysRevD.88.046008
http://arxiv.org/abs/1304.0792
http://inspirehep.net/search?p=find+EPRINT+arXiv:1304.0792
http://dx.doi.org/10.1007/JHEP05(2014)001
http://arxiv.org/abs/1312.0014
http://inspirehep.net/search?p=find+EPRINT+arXiv:1312.0014
http://dx.doi.org/10.1103/PhysRevD.90.024065
http://arxiv.org/abs/1312.5328
http://inspirehep.net/search?p=find+EPRINT+arXiv:1312.5328
http://dx.doi.org/10.1007/JHEP05(2014)013
http://arxiv.org/abs/1312.5331
http://inspirehep.net/search?p=find+EPRINT+arXiv:1312.5331
http://dx.doi.org/10.1007/JHEP01(2015)015
http://arxiv.org/abs/1407.7580
http://inspirehep.net/search?p=find+EPRINT+arXiv:1407.7580
http://dx.doi.org/10.1007/JHEP10(2014)143
http://arxiv.org/abs/1408.4096
http://inspirehep.net/search?p=find+EPRINT+arXiv:1408.4096
http://dx.doi.org/10.1088/1475-7516/2015/01/025
http://arxiv.org/abs/1408.5950
http://inspirehep.net/search?p=find+EPRINT+arXiv:1408.5950
http://dx.doi.org/10.1007/JHEP12(2014)117
http://arxiv.org/abs/1411.1121
http://inspirehep.net/search?p=find+EPRINT+arXiv:1411.1121
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/10.1088/1126-6708/2004/11/066
http://arxiv.org/abs/hep-th/0402135
http://inspirehep.net/search?p=find+EPRINT+hep-th/0402135
http://dx.doi.org/10.1007/JHEP10(2014)011
http://arxiv.org/abs/1406.4866
http://inspirehep.net/search?p=find+EPRINT+arXiv:1406.4866
http://dx.doi.org/10.1007/JHEP03(2012)102
http://arxiv.org/abs/1112.3034
http://inspirehep.net/search?p=find+EPRINT+arXiv:1112.3034
http://dx.doi.org/10.1016/0370-2693(83)90106-5
http://inspirehep.net/search?p=find+J+Phys.Lett.,B133,61
http://dx.doi.org/10.1007/978-1-4613-1147-8_35
http://arxiv.org/abs/hep-ph/9411281
http://inspirehep.net/search?p=find+EPRINT+hep-ph/9411281

[32] F. Denef and M.R. Douglas, Distributions of fluz vacua, JHEP 05 (2004) 072
[hep-th/0404116] [INSPIRE].

[33] R. Brustein and S.P. de Alwis, Moduli potentials in string compactifications with fluzes:
mapping the discretuum, Phys. Rev. D 69 (2004) 126006 [hep-th/0402088] [INSPIRE].

[34] F. Denef and M.R. Douglas, Distributions of nonsupersymmetric fluz vacua,
JHEP 03 (2005) 061 [hep-th/0411183] [InSPIRE].

[35] M. Haack, D. Krefl, D. Liist, A. Van Proeyen and M. Zagermann, Gaugino condensates and
D-terms from DT-branes, JHEP 01 (2007) 078 [hep-th/0609211] [INSPIRE].

[36] I. Antoniadis, K.S. Narain and T.R. Taylor, Higher genus string corrections to gauge
couplings, Phys. Lett. B 267 (1991) 37 [INSPIRE].

[37] T. Bachlechner, M. Marsh, L. McAllister and T. Wrase, unpublished notes.

[38] J. Bausch, On the efficient calculation of a linear combination of chi-square random variables
with an application in counting string vacua, J. Phys. A 46 (2013) 505202
[arXiv:1208.2691] [INSPIRE].

[39] J. Shelton, W. Taylor and B. Wecht, Nongeometric flux compactifications,
JHEP 10 (2005) 085 [hep-th/0508133] [nSPIRE].

[40] A. Font, A. Guarino and J.M. Moreno, Algebras and non-geometric flux vacua,
JHEP 12 (2008) 050 [arXiv:0809.3748] [INSPIRE].

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

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

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

— 26 —


http://dx.doi.org/10.1088/1126-6708/2004/05/072
http://arxiv.org/abs/hep-th/0404116
http://inspirehep.net/search?p=find+EPRINT+hep-th/0404116
http://dx.doi.org/10.1103/PhysRevD.69.126006
http://arxiv.org/abs/hep-th/0402088
http://inspirehep.net/search?p=find+EPRINT+hep-th/0402088
http://dx.doi.org/10.1088/1126-6708/2005/03/061
http://arxiv.org/abs/hep-th/0411183
http://inspirehep.net/search?p=find+EPRINT+hep-th/0411183
http://dx.doi.org/10.1088/1126-6708/2007/01/078
http://arxiv.org/abs/hep-th/0609211
http://inspirehep.net/search?p=find+EPRINT+hep-th/0609211
http://dx.doi.org/10.1016/0370-2693(91)90521-Q
http://inspirehep.net/search?p=find+J+Phys.Lett.,B267,37
http://dx.doi.org/10.1088/1751-8113/46/50/505202
http://arxiv.org/abs/1208.2691
http://inspirehep.net/search?p=find+EPRINT+arXiv:1208.2691
http://dx.doi.org/10.1088/1126-6708/2005/10/085
http://arxiv.org/abs/hep-th/0508133
http://inspirehep.net/search?p=find+EPRINT+hep-th/0508133
http://dx.doi.org/10.1088/1126-6708/2008/12/050
http://arxiv.org/abs/0809.3748
http://inspirehep.net/search?p=find+EPRINT+arXiv:0809.3748
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/10.1088/1126-6708/2004/11/085
http://arxiv.org/abs/hep-th/0408054
http://inspirehep.net/search?p=find+EPRINT+hep-th/0408054
http://dx.doi.org/10.1088/1126-6708/2007/03/102
http://arxiv.org/abs/hep-th/0611332
http://inspirehep.net/search?p=find+EPRINT+hep-th/0611332

	Introduction
	Unbroken no-scale vacua
	Approximate no-scale vacua
	Critical point equations
	The perturbed mass-matrix
	Masses for the X**i fields
	Decoupling and stabilisation of the no-scale direction


	Examples in supergravity and string theory
	Models with one non-perturbative effect: generalities
	Simple examples in supergravity
	Examples in type IIB string theory: generalities
	The STU-model with one non-perturbative effect

	Conclusions
	Useful formulae
	STU-model


