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1 Introduction

Chiral 4D string compactifications have several generic features, like extra dimensions, D-
branes, background and gauge fluxes. In recent years global string models compatible with
full closed string moduli stabilisation and a semi-realistic chiral visible sector have been
constructed [1-4]. These models have to satisfy some global consistency constraints, like
RR tadpole cancellation, Freed-Witten anomaly cancellation and discrete K-theory charge
cancellation [5, 6]. Moreover the presence of chiral visible sector D-branes can reduce the
effects that can be used to fix the moduli [7].

One of the brane configurations should host a visible sector that includes the Standard
Model while other brane configurations give rise to hidden sectors. These hidden sectors
are in general needed in order to guarantee the global consistency of the underlying com-
pactification. Even though the coupling of these hidden sectors to the Standard Model
is only gravitational, they may still play an important role to determine the physics of
the visible sector by participating in the process of moduli stabilisation and by providing
candidates for inflation, dark matter, dark radiation and dark energy.

The strongest global constraints come from the cancellation of D7- and D3-brane
charges. The typical presence of O7-planes induces a D7-brane charge that has to be
cancelled by some D7-branes which typically belong to the hidden sector, especially in



models where the visible sector is realised on D3-branes at singularities [2—4, 8, 9]. In order
to cancel also the D3-brane charge in the presence of a large number of positively contribut-
ing three-form fluxes [10], the D7-branes should in general wrap a high degree divisor in
the compact manifold. In Large Volume Scenario (LVS) models [11, 12], these cycles have
very large volume. Moreover, in the models studied so far with small A1 (CY) [1-4], this
divisor has another peculiar feature: the pull-back of the harmonic (1, 1)-forms from the
Calabi-Yau to the D7-brane divisor has a 1D image, implying that any two-form of this kind
is proportional to the pull-back of the Kéhler form. A gauge flux on such a D7-brane has
a remarkable effect: it induces a never-vanishing (inside the Ké&hler cone) Fayet-Iliopoulos
(FI) term in the 4D effective action obtained by compactifying the D7-brane worldvolume
theory. An image of the pull-back with dimension one is a sufficient condition to have
a non-vanishing FI-term. For more generic cases, the FI term is a linear combination of
several Kéhler moduli and might vanish inside the Kéahler cone; other competing effects
in the moduli stabilisation process could however fix the Kéhler moduli such that the FI
term is non-zero.

In order to have a supersymmetric configuration at leading order, the D-term potential
must vanish inducing a non-zero VEV for some charged matter fields if the corresponding
FI-term is also non-vanishing. This 4D result, that has been studied in concrete examples
in [2-4], can also be derived from an 8D perspective: by solving the 8D equations of motion,
a non-zero flux induces a non-zero VEV for the adjoint scalar ® living on the D7-brane
stack, so that [®, ®T] # 0. This condition is solved by a T-brane background [13-15].

T-branes are particular brane configurations for which the non-Abelian Higgs field ®
describing D-brane deformations is not diagonalisable but takes an upper triangular form.
This configuration generates a positive definite contribution to the scalar potential if non-
supersymmetric three-form fluxes are switched on. The volume dependence of this new
contribution can be computed explicitly, and so its influence on moduli stabilisation can
be explicitly analysed. The presence of this uplifting terms allows for dS vacua by tuning
background three-form fluxes.

The paper is organised as follows. In section 2 we present the 4D mechanism to generate
a dS minimum from a hidden sector D7-brane. The flux on such a brane induces a moduli-
dependent FI term in the effective field theory. Vanishing D-terms in turn induce a non-zero
VEV for a hidden sector matter field that when substituted in the F-term scalar potential
gives rise to a positive definite moduli-dependent term that plays the role of an uplifting
term. The positivity of the F-term is understood as a soft mass term for the corresponding
hidden sector matter field. We also study in detail the tuning of microscopic parameters
needed to achieve a viable dS vacuum. In section 3 we present instead the main result
of this article: we show that from a higher dimensional point of view the 4D mechanism
can be understood in terms of the presence of a T-brane. We consider supersymmetry
breaking imaginary self-dual (ISD) three-form and gauge field fluxes in (hidden sector)
D7-branes. The gauge fluxes lead to a T-brane configuration. We expand the D7 action
and find a positive definite contribution to the scalar potential that precisely reproduces
the uplifting term found from the 4D effective field theory point of view. This provides a
higher dimensional implementation of this mechanism. A concrete example is based on the



LVS scenario of moduli stabilisation in which three-form fluxes break supersymmetry. We
present the equivalent analysis for the KKLT case [16] in appendix A where the vacua, as
expected, are only AdS. Finally in appendix B we briefly review the derivation of the 4D
D-term potential from the D7 brane action summarising some useful conventions used in
the literature.

2 4D point of view: dS from hidden matter F-terms

In this section we review a mechanism for obtaining dS vacua based on F-terms of hidden
sector matter fields which are non-zero due to D-term stabilisation.

2.1 Hidden D7-branes and gauge fluxes

Hidden sector D7-branes are a generic feature of globally consistent compact Calabi-Yau
(CY) models because of D7-tadpole cancellation [1-4]. In these backgrounds, the orientifold
involution typically generates O7-plane fixed points. These objects have a RR D7-brane
charge that is measured by —8[O7], where [O7] is the homology class of the four-cycle
wrapped by the OT7-plane. The simplest way to cancel this charge is to place four D7-
branes (plus their images) on top of the O7-plane locus. The resulting D7-wordvolume
gauge group is SO(8). Here, without affecting our final results, we consider a simpler
situation: we recombine the four D7-branes into a D7-brane wrapping the invariant divisor
Dy, in the homology class 4[O7] (where h stays for ‘hidden sector’). Its image will wrap
the same divisor, creating an SU(2) = USp(2) stack (the diagonal U(1) is projected out
by the orientifold action on the Chan-Paton factors). These branes can support a flux F
along the Cartan generator of SU(2):!

F = (2rd)F — *B, (2.1)

where +* B is the pullback of the NS-NS B-field on Dy,. In order to cancel the Freed-Witten
anomaly [17, 18], the gauge flux (2wa/) F has to satisfy the following quantisation condition:

(2ma/)F + Cl(QDh) € H*(Dy,Z). (2.2)
In the chosen configuration Dy, is an even cycle, and so ¢;(Dy) is an even integral two-form
(in a CY ¢1(D) = —[D]). This means that the gauge flux is integrally quantised and in
principle can be set to zero (for a different situation with non-spin D7-brane divisor, i.e.
c1(Dy) odd, the gauge flux cannot vanish because of (2.2)). On the other hand, F may be
forced to be non-zero by the presence of a half-integrally quantised B-field. This is typically

the case for compactifications with non-perturbative moduli stabilisation.? Therefore F

! As the two divisors are in the same homology class, the flux on one brane is equal in absolute value to
the flux on the other brane but with opposite sign.

2 A non-perturbative superpotential Wy, can be generated by D-branes wrapping four-cycles Dy, that
are typically non-spin. In order to have a non-zero Wy, the flux F,p on these branes should vanish. If F,p
is half-integral, the B-field must be half-integral as well to have F,, = 0. Hence the B-field is in general
chosen in such a way to cancel the flux Fy,p, on O(1) E3-instantons wrapped around different divisors since
they contribute to Wy only if they are invariant under the orientifold involution. Another option is to
consider rank-2 E3-instantons and set B = 0 [19]. This often produces a too large volume of the compact
manifold in the LVS scenario (as discussed in [4]).



is generically non-zero, causing the SU(2) gauge group to break down to U(1), where the
U(1) group is anomalous. This anomaly gets cancelled by the Green-Schwarz mechanism
and the U(1) gauge boson becomes massive by eating up a combination of an open and a
closed string axion.

The closed string modulus 7; whose real part parameterises the Einstein-frame volume
of the divisor D; in units of £, = 2mva’ gets a flux-dependent U(1)-charge of the form:

1 .
Gnj = €f4 /D Dj ANF, (23)
s JDy

where Dy is the two-form Poincaré dual to the divisor Dy (here we take the extra-
dimensional coordinates dimensionful). Moreover the gauge flux F yields a moduli-depend-
ent Fayet-Iliopoulos (FI) term which looks like (see appendix B for more details):

S e¢/21/ _ it
MZ - v i ), N 27r§j: - Z‘Jh] a1}’ (2.4)

where ¢ is the dilaton (e{?) = g,), V is the Einstein-frame CY volume in units of £, = M !
where the string scale is related to the Planck scale as M; = g;/ 4Mp / VATV, t; are two-
cycle moduli, J = tjf)j is the Kéhler form expanded in a basis of (1, 1)-forms Dj and
K/M2 = —2InV is the tree-level Kiihler potential for the T-moduli.

A non-zero Fj, induces also D7 matter fields ¢; = |¢;| % charged under the anomalous

U(1). These are in the symmetric representation of the U(1) group, i.e. their charges are
qp; = +2. States with charges of both signs are typically generated for D7-branes wrapping
large degree divisors, like in the cases under study.?® In this brane setup (brane and image-
brane on top of a divisor Dy, in the same class as 4Dg7, with D7 the divisor wrapped by
the O7-plane), the number of chiral fields with charge +2 is [21]:*

1 12
oL / ;_;/_2/ ;c>:/ F. 2.5
v 262 < DhﬂDh( ) Do7NDy E? Do7nDor ( )

There are also neutral chiral fields which are counted by h%2(Dy) and parameterise defor-
mations of Dy. The resulting D-term potential takes the form [22-24]:

2 2
OK M3 0K\  « ;]2
Vb = 2Re MRe(fn) Z dg; P; 37@ + o ZJ: Qh]87Tj ~ Re(Th) Zj: 9, — SR

(2.6)
since fi, = Th,/(27) and the Kahler metric K for charged D7 matter fields depends just on
the real part of the axio-dilaton Re(S) = s [25, 26]:

~ 2
KDKZ]@]Q:Z@. (2.7)
j j

3See [20] for concrete computations in analogous situations.
“Notice that the form (2.5) makes the chiral index manifestly invariant under the orientifold involution

(F — —F and the charge changes sign). It can alternatively be written as Iy(1) fDo7ﬂDo7(F - F).
Remember that the B-field takes part in defining what F” is.



2.2 Uplifting term from hidden matter F-terms
Writing the Kéhler moduli as T; = 7; + it);, the vanishing D-term condition reads:

> gl = €(m). (2.8)
J
When £(7;) is non-zero,” the equation (2.8) forces at least one chiral field ¢ with positive
charge to get a non-zero vev (assuming that & > 0; when £ has opposite sign, the roles
of positive and negative charge states are exchanged). If there were only modes with
negative charge (pure chiral spectrum) this equation would not allow a supersymmetric
configuration and in particular it would set (¢;) = 0 Vj [35]. On the other hand, when the
D7-brane is wrapping a large cycle (like in the models we are considering), there will be
modes with charge of both signs.
The relation (2.8) fixes the combination of |¢;| and 7; corresponding to the combination
of #; and 1); eaten up by the anomalous U(1), which acquires a mass of the form [24]:

2

M
My =~ 7Re(f1;7) (fe+12) (2.9)

where the open and the closed string modes are charged under the anomalous U(1). Here
for simplicity we are considering the case when only one open string modulus ¢ gets a
non-zero vev®

The two terms in (2.9) are proportional respectively to the open and closed string
axion decay constants fy and fy, which are given by:

9K, PK

fE=0? ~ €~ o M3 and fg ~ WM]?, ~ 2, (2.10)

Since £/ME ~t/V ~1/7 < 1 for cycles in the geometric regime, we realise that fp > fy,
and so the combination of axions that is eaten up is mainly given by 6, which is then
taking a large mass. Since at this level of approximation we are stabilising the moduli
supersymmetrically, this tells us which combination of moduli (partner of the axions) is
taking a large mass: the relation (2.8) fixes a combination that is mainly given by |¢|
leaving a flat direction that is mostly given by 7. Consequently the mass of the anomalous
U(1) is of order the Kaluza-Klein scale
AMP ~ My ~ M, ~ ! ,
71/2 V2/3 p1/6 Voll/6
since via dimensional reduction the Planck scale Mp is related to the string scale My as
Mp ~ M,V'/2. By substituting the VEV

|9 _ & _ar t 4o

= == —M 2.12
s q4 qp 4TV P ( )

MU(l) ~

(2.11)

This happens in models we want to consider, i.e. a D7-brane wrapping a large cycle with one-dimensional
second homology group: when the volume of the CY is non-zero, the FI-term on such brane does not vanish
as soon as the flux is different from zero.

6 At this level of approximation all the other combinations (leaving 225 96; |¢;] invariant) are flat direc-
tions. However these are fixed by positive definite soft mass terms at subleading order in the 1/V expansion
(this happens in the considered setup, see (2.14)).



into the F-term scalar potential for the matter field ¢, one obtains a moduli-dependent
positive definite contribution to the total scalar potential which can be used as an up-
lifting term. In fact, the main contribution to the F-term potential for ¢ comes from
supersymmetry breaking effects which generate scalar soft masses of the form

mg =m3, — F'F19,0;n K | (2.13)

where mg/, = e/ 2|W| is the gravitino mass expressed in terms of the 4D Kihler potential
K and superpotential W. Given that the Kahler metric for D7 matter fields K depends
just on the axio-dilaton S which is fixed supersymmetrically by turning on three-form
background fluxes H3 and Fj, i.e. F¥ = 0, the soft masses for D7-matter fields from (2.13)
are simply given by:

mg =m3,y > 0. (2.14)

This important relation ensures that the F-term scalar potential for the canonically nor-
malised hidden matter field ¢ = s~/2¢ is positive definite and can indeed play the role of
the uplifting term:

Cu
Vap = mng = m§/2‘¢|2 = VB;JS Méa (2.15)
where (writing 6V = kt3)
6\ qr W2
Kes T
o= e [ 2 L 0. 2.16
Cup = € <k> qe 8ms ” (2.16)

Note that the three-form fluxes H3 and F3, which fix the dilaton S as well as the complex
structure moduli, are also responsible for breaking supersymmetry by inducing non-zero
F-terms for the Kéahler moduli T'.

2.3 Gauge fluxes and non-perturbative effects

Let us show how the uplifting term (2.15) can be successfully combined with the effects
which fix the Kédhler moduli 7" to obtain in the end a viable dS vacuum. A crucial ingredient
to freeze the T-moduli is the presence of a non-perturbative superpotential W, generated
by either gaugino condensation on D7-branes or E3-instantons.

Note that a non-vanishing gauge flux F on Dy might induce chiral states between the
hidden sector D7-stack and any E3-instanton (the situation is very similar for the gaugino
condensation case) which transform in the fundamental representation of the hidden SU(2)
gauge group. If the E3-instanton wraps the divisor Dg3 and carries no gauge flux, the
number of these E3 zero-modes is given by [27-30]:"

1
Ipr_p3 = / F. (2.17)
g? DhﬂDEg

If present, these charged E3 zero-modes can prevent the contribution of the E3-instanton to
the superpotential if their VEV is zero, since they appear as prefactors in Wy, [5, 7].% Let

"The index is actually proportional to F — Fgs, but since Fgz = 0 then 27ma’Frz = B and
27T05/(F — FE3) = .7:

81f the E3-instanton wraps the same four-cycle wrapped by the magnetised D7-brane, i.e. Dgs = Dy,

thﬂDE3

the presence of charged E3 zero-modes is almost unavoidable.



us consider the simplest case with just one charged matter field ¢ and a Kéahler modulus
T with the following U(1) transformations:

3¢ =igsp  and 5T_1;LT (2.18)
s

The corresponding non-perturbative superpotential takes the form (setting from now on
Mp =1)
2m
Wop = Ag"e N T (2.19)

and its U(1) transformation looks like

Whp = Wy, <n¢ (5T> iWhp <nq¢ — N) . (2.20)

Hence Wy, is U(1)-invariant only if

ngy = — (2.21)

N
This condition can be seen as a constraint that removes the tuning freedom to obtain a dS
vacuum in models where T is fixed by non-perturbative effects as in the KKLT case [16].
On the other hand, if T is fixed via perturbative corrections like the volume modulus in LVS
models, the condition (2.21) does not impose any restriction on the possibility to obtain
dS vacua. The problem to uplift KKLT-like vacua using F-terms of hidden matter fields
which are non-zero due to D-term stabilisation, can be seen also by noting that (2.21) can
be rewritten as

qr OW

¢’ d¢ oot or 0T

Recalling that D;W = W; + WK and the expression (2.6) for the D-term potential
Vp = D%/ (2Re(f;)), (2.22) becomes

D¢W+qlDTW ¢ ar 0K
or W i ¢ toror

(2.22)

469 - D, (2.23)
showing how the D-term is proportional to a combination of F-terms. Hence vanishing
F-terms necessarily imply a vanishing D-term. KKLT vacua are characterised by the fact
that DrW = 0, and so (2.23) with D = 0 implies DyW = 0, showing the impossibility
to obtain a dS vacuum following this mechanism. On the other hand, if DrW # 0 as in
LVS models [11, 12], D4W can also be non-vanishing giving a viable uplifting term even
if D = 0 at leading order. We shall discuss the LVS case in some more detail in the next
subsection and describe the KKLT case in appendix A.

2.4 dS LVS vacua

Let us now consider LVS vacua [11, 12] with magnetised hidden sector D7-branes and
E3-instantons where K and W take the form:

(532 b
2 ) tey

K=-2In (V + and W =Wy + Age T (2.24)



x(CY)¢(3)
2(2m)3
volume depends on the big cycle 7, and the small cycle 75 as:

where ( = — is a constant controlling the leading order o’ correction and the CY

V=Ml ? A3 (2.25)

where )\, and Ay depend on the triple intersection numbers. The crucial difference with the
KKLT case is that only Ty is fixed by non-perturbative effects while T is stabilised thanks
to perturbative o’ corrections to K leading to a supersymmetry breaking AdS vacuum for
¢ = 0. Hence we can perturb this vacuum with the inclusion of magnetised branes and
hidden matter fields which can lead to a dS solution.

In order to generate a non-vanishing Ts-dependent contribution to W, the B-field is
generically chosen to cancel the FW anomaly on the small cycle T;. This leads to a non-
vanishing gauge flux on the stack of hidden sector D7-branes wrapping the big cycle T}, [2].
Thus T} acquires a non-zero U(1)-charge g, generating a moduli-dependent FI-term. The
corresponding D-term potential reads:

T /q 2
Vp =L (i’|¢’2 _ &)) 7 (2.26)
Tp \ S
where the FI-term takes the form
@ 0K  3qp
—_ P _ T 2.27
& 2 0Ty, 4wy ( )
Therefore the total scalar potential is
2
_ _ T (4, 2 3% 1 5 2 Vr(T)
Viow = Vo + Vi = = (%10 = 22 ) 4 Sl + HED g

where mg/Q = & |W| ~ W2 /(25V?) is the gravitino mass and Vz(T) is given by [11, 12]:°

] e 2asTs e~ 0sTs 3 83/2w2
VF(T)ZK(QSAS)Q\/E —4a,AWoTs 2 + C4V3 0

(2.29)
Note that the prefactor of the non-perturbative effect does not depend on the matter field
¢ since Ty does not get charged under the anomalous U(1). Minimising with respect to ¢

we find: )
- M3 9Th

ey g, 230)

2mqy
Substituting this VEV back in (2.28) we obtain (writing 7, = (V/Ay)*/® and setting s=g;1):

_Gs VVO2 Csub
‘/tot - 5 |:cup W (1 - V2/3> + VF(T):| ) (231)

9Notice that in LVS, for Wy # 0, the AdS minimum is already non-supersymmetric. The flux induced
SUSY breaking is captured in the effective field theory by a non-vanishing F-term for the large modulus
field T; which is proportional to Wy. Other fields such as the dilaton and ¢ itself will also contribute to the
breaking of supersymmetry but their F-terms appear at higher orders in the 1/V expansion. The leading
contribution to the goldstino comes from the fermionic component of T.



with

2/3 2
3gpA 4%
cp = 22N and  cop = %. (2.32)
gy 69590,

The first term in (2.31) is the uplifting term (neglecting corrections proportional to csp
which are subleading for V > 1):

Voo— 9sCup W(]2
wp T T R)3

(2.33)

This term modifies the scalar potential such that it now admits a dS minimum. In fact,
minimising (2.31) with respect to 75 we obtain:

= SASWO\/E AsTs (1 — 6) . . 1 1
V= oA, e (1= c/4) with €= o~ O Ly < 1. (2.34)

Substituting this result back in (2.31) we find an effective potential for the volume V:

3\ 3¢\ ? 3¢
13 _ PN _3j2 [ [9€
Cup V 23 € (1 <4> ) + 4g§’/2] , (2.35)

el =In (lej'o) —Inym+ 1n(1(1__62) —ln <c;{jo> [1 - SlnTS + 0(62)] . (2.36)

_ oWy

‘/tot (V) 2V3

where

with cs = 4asAs/(3)s). Given that In7, ~ O(1), (2.36) scales as e ! =In (cswlo) (1+ O(e)),
and so it can be rewritten iteratively as:

el=In (C‘;J - %m Ll In (c%ﬁ(})] + O(e). (2.37)

The uplifting term (2.35) does not have a large tuning freedom since, as can be seen
from (2.32), cyp is an O(1) number which depends just on triple intersection numbers and
gauge flux quanta. On the other hand, the second and the third term in (2.35) have a
strong dependence on g5 and as = 27/N (where N is the rank of the condensing gauge
group) while a milder logarithmic dependence on Wy. Hence a vanishing vacuum energy
can be obtained by tuning the depth of the original AdS minimum by a proper choice of
background fluxes, i.e. of g; and Wy. In general, for N = 1 and large values of Wj of order
100 the scalar potential has a runaway behaviour unless A, is tuned to values of order 100
to compensate the large value of Wy. In this case the potential has a dS minimum around
Y ~ 100 if Cup is of order 0.01 and g, is appropriately tuned so that the third term in (2.35)
is of the same order of the first two. Larger values of N and smaller values of W give rise
to dS minima for larger values of V.

Let us see the tuning of the vacuum energy more in detail by minimising the poten-
tial (2.35) with respect to V that leads to:

3¢ 3\s € 8
4g3/ T2 /2 {1 BER (62)] T g Vs, (2.38)



which substituted in (2.35) gives a vacuum energy of the form

g WE /3 27\ 9 5
<‘/t0t>_EW [Cupv/ —m 1—§6+O(€)

where V (and hence € given in (2.37)) should be meant as a function of the underlying para-

, (2.39)

menters (like Wy and g5) following the minimizing equation (2.38). Setting this expression
equal to zero and plugging the result for ¢, back in (2.38), we find:

2/3

Comparing this result with the location of the AdS vacuum for ¢,, = 0 we find that the
shift of the VEV of 7, is proportional to e:

ATy
_ATs B4 0. (2.41)
TS‘C =0 3
up
Plugging this result in (2.34) the shift of the volume VEV is instead of order
A
|V =B (1+0>e) —1~144(14 O(e)) — 1, (2.42)
cup=0

showing that for ¢ < 1, i.e. in the regime where higher order instanton contributions to
W can be safely neglected, the new dS vacuum is at values of the volume which are about
one order of magnitude larger than those of the old AdS vacuum.

We conclude this section by showing in figure 1 how the position of a leading order
Minkowski minimum changes as a function of g for three values of N, for fixed Wy = 1
and natural values of the underlying parameters, while in figure 2 we present the same
behaviour for fixed N = 6 and different values of Wy. To do this, we plot what is inside

the square bracket in eq. (2.39) and we call it Vj (i.e. V = %(Vtot)).

2.5 Open questions in the 4D approach

The uplifting mechanism described above from the 4D effective point of view is based on
two crucial ingredients, gauge and background fluxes, which induce non-zero hidden sector
F-terms via D-term stabilisation. This mechanism for obtaining dS vacua seems to be
rather generic and elegant but it raises some open questions which we list below:

e Is it consistent to include an anomalous U(1) in the 4D effective field theory if it
acquires a mass of order the Kaluza-Klein scale?

e What is the correct higher-dimensional understanding of this uplifting mechanism?
Are we actually expanding the effective theory around a solution which at leading
order is supersymmetric?

e Does a non-zero VEV for ¢ correspond to a brane/image-brane recombination (or
better a bound-state) that makes the whole procedure inconsistent since the flux —F
on the image brane would cancel off with the flux F on the brane? This would mean
that we have expanded around a supersymmetry breaking solution which might not
be under control.
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Figure 1. Vacuum energy (Vp) as a function of g5 for Ay = Xy = Wy = A, =1, ¢4 = 2¢p, ( = 2
and a; = 2w /N. The intersection of the three curves with the abscissa shows the value of gs that
gives a minimum where at leading order (V) =0 for N = 2 with V ~ 7.5 - 107 (green), N = 6 with
V ~6.5-10° (blue) and N = 10 with V ~ 3 - 10* (red). Notice that we have plot Vy = %(th)
instead of (Vi1), as we are interested in the zeros.

Vo

30

20

-20

=30

Figure 2. Vacuum energy (1)) as a function of g, for Ay = Ay = A, =1, ¢4 = 2¢, { = 2 and
as = 2w /6. The intersection of the three curves with the abscissa shows the value of g, that gives
a minimum where at leading order (V') = 0 for Wy = 1 with V ~ 6.5-10° (blue), Wy = 10~° with
YV~ 1.8-107 (green) and Wy = 1071% with V ~ 3.5 - 107 (red).

These questions can be clearly answered only by developing a higher-dimensional under-
standing which we present in the following section.

3 8D point of view: dS from T-branes

In this section we present an 8D description of the 4D dS vacua presented in section 2.
The key-ingredient of this higher-dimensional understanding is the presence of T-branes
induced by gauge fluxes.

- 11 -



3.1 T-brane background due to gauge fluxes

We consider a stack of N D7-branes wrapping a compact four-cycle Dy, in the CY three-fold
X3. Since Dy must be holomorphically embedded in X3, it has an inherited Kéahler form
and it is a Kahler manifold. When the closed string fields have vanishing VEVs, the 8D
theory living on their worldvolume is a twisted N'=1 SYM theory [31]. The field content
is made up of an 8D vector and a complex scalar ® in the adjoint representation of the
gauge group (in this case U(N)).

The compactification on Dy, breaks the 8D Poincaré invariance and breaks the A/ = 1
8D supersymmetry. Thanks to the topological twist, four supercharges are still preserved.
Hence the fields organise themselves in 4D A = 1 supermultiplets. We have a 4D vector
multiplet with gauge field A,, and two chiral multiplets with complex scalars A and ®
in the adjoint representation. Due to the twist, the scalar ® transforms in the canonical
bundle of Dy, like a (2, 0)-form, while A is a (0,1)-form on Dy. The 8D supersymmetric
equations of motion also split according to the breaking of the 8D Poincaré group. Along
the compact direction they are given by:

FO2_ F20 _ ¢ Iad = 040t =0, (3.1)

where F is the curvature of the gauge bundle along Dy and 94 is the holomorphic covariant
differential relative to its connection and

Ty N F — [@,qﬂ —0, (3.2)

where J is the Kahler form on Dy, (in this case it is the pullback of the Kéhler form of X3,
i.e J) = ¢*J). Note that this relation is valid for a canonically normalised 8D scalar field.
In 4D these equations boil down to F- and D-term conditions respectively. The second one
will receive perturbative corrections. However in the cases we shall consider, the volume
of Dy, is very large and these corrections are negligible.

The structure group of the gauge bundle on Dy breaks the 4D gauge group to its
commutant. As an illustrative example, we consider a stack of two D7-branes with gauge
group U(2) and we choose F to be an Abelian flux along the Cartan of SU(2):

]—'=f®<1 0), (3.3)

0 -1

where f is a (1,1)-form on Dy. We will consider the case when f is the (non-trivial)
pull-back of a two-form of X3. This solves automatically the F-term eq. (3.1).

Regarding the D-term eq. (3.2), the flux F and the Kahler form Jy,) determine if ®
can be zero or not. In particular, for simplicity (but without affecting our final results)
we will restrict to the case when the pull-back map from two-forms on X3 to two-forms
on Dy, has a 1D image (typical of the CY Swiss-cheese explicit models of [2-4]) generated
by the (1,1)-form w on Dy. This implies that for any combination ajljj its pull-back is

t*ajDj = aw. Then, Jyy = tw (where t is a linear combination of the coefficient of the
CY Kahler form J = t;D;), f = nw and

JmANf=(tn)wAw. (3.4)
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This is different from zero for non-zero volume of Dy, (in our cases this always happens if
we want to keep the volume of X3 different from zero as well, since volDy, o t ~ Tb).lo

Hence (3.2) implies that the commutator [®, ®1] is non-zero. The simplest solution is given

_ (0w
c1>_<00>, (3.5)

that solves (3.2) if o A @ = tn w Aw. Recall that ¢ is a (2,0)-form. On a local patch
of Dy, we have ¢ = @pdz; A dzo, where ¢ is a scalar field and 21, 29 are complex local

by the nilpotent matrix:

coordinates. The solution (3.5) is called a T-brane (because of the triangular form of the
matrix) [13-15]. This VEV for ® does not change the D7-brane locus but anyway breaks
the gauge group to the diagonal U(1) of the original U(2). This is interpreted as a bound
state of the two branes, even though the locus is made up of two copies of Dy,. In particular
the broken (Cartan) U(1) disappears from the low energy spectrum, where no FI term will
appear.

3.2 4D uplifting term

As we will claim later, the solution described in the previous section is the leading piece
of the solution in the presence of supersymmetry breaking ISD three-form fluxes for large
volumes of Dy, and X3. We can then plug this into the 8D action of the D7-branes and
expand around this solution. When the supersymmetry breaking three-form fluxes are
equal to zero, no dS uplift term is generated (by consistency). In fact the scalar potential at
tree level is positive definite or identically zero (depending if we switch on supersymmetric
fluxes).

To see how the situation is modified by the presence of three-form fluxes, we need to
compute the coupling of the relevant closed string p-form potential to the D7-worldvolume.
Eventually we switch on a T-brane background and see how this interplays with three-form
fluxes.

We start by reviewing what happens to a single D7-brane. Its 8D action is given by
expanding the DBI and CS actions

S = —pu7STr {/d8§ e_¢\/— det(1*e?/2G ap + Fap) — /(L*Cﬁ ANF + L*Cg)} ,  (3.6)

where p;! = (27)3(2ma’)*, * is the pull-back map from the bulk to the D7-brane world-
volume and F = (2ra’)F — 1*B. We want to understand what is the coupling of the bulk
fields to the open string scalar ®. For a single D7-brane, this field controls the deformations
of the D7-brane worldvolume in the orthogonal directions in the bulk. For a D7-brane we
have one (complex) dimensional normal bundle. In local coordinates for an open patch
of the CY three-fold X3, z! and 22 are complex coordinates tangent to the D7-brane and

3

23 is orthogonal to it. We then make the identification 2® = (27a/)® and expand the

10The expression Jmy A f is always different from zero under the sufficient assuption that the pull-back has
a 1D image on H> (Dn) and that Dy is a large cycle. However it is a quite generic feature of a background
with Kahler moduli stabilised by several effects whenever they imply J(,) not orthogonal to the flux f.
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closed string fields around z* = 0, keeping only the leading terms and making the given
identification. We will follow [32, 33] and refer to them for more details.

The basic ingredients are three-form fluxes encoded into the complex three-form G5 =
F5 — 7H3, where F3 and Hjs are the field strengths of the (respectively) RR and NSNS
two-form potentials and 7 = e~ ? + iCy is the axio-dilaton. The three-form G3 can be
decomposed into imaginary selfdual (ISD) and anti-selfdual (IASD) pieces:

1
Gy = 5(Gs Fixs Ga), x6GE = +i G . (3.7)

These components can be decomposed in irreducible pieces of the SU(3) structure group
of the CY manifold. For example the ISD component in 10 representation of SO(6) splits
into 10 = 1 @ 3 © 6 where the singlet is the (0,3) piece Gy;; and the antisymmetric and
symmetric representations are

Az = %(eikéGl_Jj —eueGrz) S5 = %(QEZGEM + €57Gike) - (3-8)
For the IASD 10 component the definitions are analogous (after taking the complex con-
jugate). Following [32, 33] we neglect the non-primitive components A;; and A;; as they
are incompatible with the CY topology (even though there can be a local component)
and set to zero S3; and Ss; since these components would generate a FW anomaly on the
worldvolume of the D7-brane (that happens when ¢*G3 is a non-trivial three-form on the
D7-brane worldvolume).

We can now expand the axio-dilaton and the B-field in powers of ®:

r = —[1+ B era)0? + B (2ra)28% + (27 rgglef?] (3.9)
9s
: / * 1 S 1 * R
Bis = —igsmal | (Gia3)"® — 55’33‘1’ — G123 + 5(533) d |, (3.10)
/
T . = *
Bz = =% (<S50 + (1) — Su® + (S2)"®) | (3.11)
where the B-field has been derived from dBs = —I}Irln% and 733 can be computed from the

10D supergravity equation of motion 733 = %]G |2 (assuming that localised sources give a
negligible contribution). Here and in the following we define (setting A = 0)

3
]_ mm/ nn/ / ].
G* = 50" 9™ ¢ Gajmnk Gapmrmre = |Gr2sl” + 3 D I1Sul (3.12)
k=1
Finally, from
dCg = Hz A C4 — *ReG3 and dCgs = H3 A Cg — *RedT , (3.13)
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we obtain

: . 1. -1 -
Cuypa'12 = —17TO/<(G123) @—G123@+§Sggq)+§(533) (I)), (3.14)
T . e _
Cuupali = -1 2 (S§Q®+(322) (I)*(Sii) <I>*S11(I))7 (315)
gS7T20/2 . 12
Chvporiza = == {[~2G123833+(S11.592)" — 511 S35 +2(G133533) "] @ +h.c.

+[|S33>—| S33]* —4|G1as|*+|S11[*+| G2 | +4| G123 — [ S22 *—|S11 [*] | @]
—G—igswo/[733+(ng)*]¢>2+h.c.}. (3.16)

We now plug these expressions in (3.6) and expand up to quadratic order, obtaining
the following contribution to the 8D Lagrangian (we do not write the kinetic terms):

e * * 1 * *
£5 =260 + % {(55)" (Grap)” ~ Guml + (5" [(S)" - S

1
—(Giﬁg)*S;),g — 5(522)*511 — 2i’7’33} ‘1>2 + h.c. + [‘I) aA] , (317)

where the terms in the last line are linear in ® and in the derivatives of the connections.

This is the result for a single D7-brane. When we have several D7-branes on top of
each other, each one will contribute with a term like (3.17). Moreover, the gauge group
is enhanced from U(1)" to U(N), due to the massless strings stretching between different
branes. The gauge field A and the scalar field ® live in the adjoint representation of U(N).
The terms in the Lagrangian that vanish for zero three-form fluxes are

S * * 1 * *
£ =296 P o + % { (559) (1) — Gl + 3 (S0)" [152) — S

1
—(G133)" S33 — 5(522)*511 — 217‘33} Trd? + h.c. + Tr(®0A) . (3.18)

We now want to insert in this Lagrangian the T-brane background (for simplicity we
take N = 2 D7-branes in the stack). Since the matrix ® is nilpotent and A is diagonal (it
is along the Cartan), we have:

Trd? =0  and  Tr(®POA+P[A,A) =0. (3.19)

The only contribution to the vacuum energy is then given by the first term in (3.18). Hence
the term contributing to the dS uplift is

Lop = 295|GPo A . (3.20)

Let us see what is the volume dependence of this term. First of all, consider the
three-form fluxes. Since they are quantised according to W f23 Gs = np — tng (with
ng,ny € Z), the field strength has to go like (using M, = £;1)

Mp

ST (3.21)

Gmnp ~ (TLF — TnH)MS ~ (TLF — TnH)
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Hence,
1 ME M3
GI2 ~ (=302 ~ =22 _ e
Finally, from the T-brane equation of motion (3.2) and assuming that the D7-brane wraps

(3.22)

a large cycle (whose volume is 3 | Dy J(Qh) ~t? ~ 7, ~ V?/3) we have

2 a2 . Mp
Hence the uplift term in the 4D potential takes the form:!!
C
Vip = 1555 M (3.24)

where Cyp ~ 2gsn [ Dy |C;7 2w Aw is a constant that depends just on three-form and gauge
fluxes (the dilaton is also a flux dependent function after stabilisation) since we set G =
MQPV. This term is positive definite and is therefore suitable to uplift an AdS LVS vacuum
to a dS solution. Note that (3.24) has the same volume scaling as the uplifting term (2.33)
which we found using the 4D effective action.

Ref. [33] also studied corrections to the soft terms due to a non-zero gauge flux on the
D7-brane worldvolume. In principle we should consider this effect as well, as the T-brane
solution contains a non-zero flux. However, the extra contribution given by the presence of
non-zero gauge fluxes is suppressed with respect to (3.24). In fact, following [33], we find a
correction of the form |G|2|®[2|F|2M;*. The factor |F|>M;* goes like V=2/3 (due to two
powers of the inverse metric) and provides a suppression factor of order V=2/3 for the flux
correction to the uplift potential.?

One could also question the procedure of expanding around the T-brane solution when
three-form fluxes are switched on since they modify the equations of motion for ®. However
a careful analysis reveals that the new solution is only a small perturbation around the
used T-brane background and that this perturbation does not affect the uplift term.'3

4 Conclusions

In this paper we have shown how a dS minimum can arise in type IIB CY compactifications
if a T-brane is present among the hidden sector D7-branes.

We have first reviewed the 4D effective field theory picture that has been studied in [2—
4]: the dS uplift term is generated by a fluxed D7-brane in the hidden sector. The flux on the
D7-brane induces an FI-term. When this is different from zero, the D-term potential forces

"No factor V*/3 appears after integrating over Dy. This is because we are taking a volume one surface
and treating the volume modulus as a parameter. The canonical normalised 8D scalar that appears in (3.2)
has already absorbed the factor coming from this modulus.

'2As we have a non-abelian stack, one should have in principle included terms from the Myers action,
proportional to TrieC and TrisieC. For the solution (3.5) these are zero, as Tr® = 0 and Tr[Re®,Im®] = 0.

13Here we have considered the expansion of the 8D action in ® up to quadratic order. This reproduces
the controlled expansion in ¢ in the 4D approach, where it is more manifest that the higer order terms are
suppressed by powers of the volume V.
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some charged hidden sector modes ¢ to get a non-zero VEV. When three-form fluxes are
switched on, supersymmetry is broken and a positive soft supersymmetry-breaking mass-
squared is produced for ¢. Since the VEV of ¢ is different from zero, due to the D-term
condition, this mass term produces a constant positive definite term that can be used to
achieve dS vacua. We have explained how this term can lead to a dS minimum by tuning
Wy and gs.

This description can raise some concerns. First of all, in the effective field theory we
have a non-vanishing FI-term. This means that the fluxed D7-brane is not supersymmetric.
In fact, from the 4D point of view we see that it is the VEV of ¢ that restores supersymmetry
(at the leading order). The field ¢ describes deformations of the D7-brane. The effective
theory we have used is defined for the D7-brane on a given locus and corresponds to ¢ = 0.
On the other hand, this effective theory is telling us that the VEV of ¢ is non-zero. This
means that the right minimum is not the configuration around which we are expanding.
Moreover, note that to cancel the FI term it is enough that only one charged hidden field
takes a non-vanishing VEV. In particular one could wonder whether open string modes
with opposite charge could get non-zero vev: in our case, where all the soft mass terms are
equal to mj /o >0 (see (2.14)) this does not happens, as it would not lead to a minimum
of the full scalar potential. In other setups, with a different susy breaking pattern, there
could be tachyonic mass terms for some open string modes; these could allow a minimum of
the full potential where modes with opposite charge get non-zero vev: however, as one can
check, one obtains a de Sitter uplift term also in this case if at least one open string mode
with positive charge has positive mass term. The case of pure chiral spectrum (where
open string modes have negative charge and £ > 0) does not lead to a supersymmetric
configuration and we have not considered it here.

All these considerations led us to conjecture that the right supersymmetric configura-
tion, that one should expand around, is a T-brane solution of the 8D equations of motion
for the theory living on the D7-brane worldvolume. This takes place indeed when a non-
zero gauge flux prevents the adjoint field ® to commute with its conjugate. One can check
that this is realised if an off-diagonal element of ® gets a non-zero VEV that corresponds
to a chiral state in the 4D effective field theory. To check this conjecture, we considered
a simple SU(2) model that has a T-brane solution, i.e. a proper VEV for ®. Three-form
fluxes induce some particular couplings for ® in the 8D worldvolume theory. After substi-
tuting the non-zero VEV of ® in these couplings, we obtain exactly the uplift term found
by using the 4D approach.

We have therefore succeeded to obtain metastable de Sitter string vacua starting from
standard manifestly supersymmetric configurations with supersymmetry broken sponta-
neously. The mechanism is understood from both the 4D effective field theory and the
higher dimensional one. The phenomenological implications of this class of de Sitter sce-
narios have been studied in [34]. It would be interesting to construct a consistent compact
setup with a global T-brane solution, as those constructed via tachyon condensation in [35]
and where moduli stabilisation is obtained in a dS LVS minimum. In principle this could
be done in the global models presented in [2—4] (where the uplift mechanism was studied
only form the 4D point of view) by constructing the tachyon matrix realising the T-brane
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configuration and studying its stability and its low energy spectrum like in [35]. We leave
this for future work.
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A AdS KKLT vacua

In this appendix we consider for completeness the case of KKLT vacua. Unlike the LVS
vacua discussed in the text in this case, as expected, there are only supersymmetric AdS
vacua. We focus on KKLT-like vacua with magnetised D7-branes and E3-instantons where
K and W take the form:

¢b

— 7 and W =Wy + Ap"e T . Al
T+ T)e 0+ A9 (A.1)

K=-3Wn(T+T)+c

where o > 0. The original KKLT model with just a closed string mode T can easily be
recovered by setting ¢ = n = 0. The two K&hler covariant derivatives read:

DrW = —aAg¢te T — 3 (1 + MW) W

T+T 3(T+T)~
DyW = nAg™ e T 4 o— 0y, A2
¢ ¢ T+ T (A.2)
Imposing D7W = 0 implies:
aA¢"e T = __3_ (1 + ac¢)¢)) w. (A.3)
T+T 3 (T+T)~

Substituting this result into DgyW we obtain:

_ | 3n ) B no w
DoW = T+T+aC(T+T)O‘<1 a<T+T>>]a¢> (A-4)

DyW = 0 has a solution at:

) B 3n . no -1
CHTre T+ T (1 )) ' (45)

Plugging this solution back in (A.3) we find:

aA¢te T = — —
T+T

bt a(Tnjj T) (1 a a(Tnjj T)>_1
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The parameter e is very small since a(T'+7T) > 1 in order to neglect higher order instanton
contributions to W. It is clear that the solution with n # 0 is just a small perturbation
with respect to the supersymmetric solution of the original KKLT model with ¢ =n = 0.
Because of the relation (2.23), the D-terms are automatically zero. Thus the new system
keeps featuring the same supersymmetric solution of the original KKLT model. Let us
study the form of the scalar potential to see if it can admit also dS solutions. Writing
T =7+4i¢ and ¢ = |¢| ' and minimising with respect to the axions, the F-term potential

1

at leading order in an ¢~ expansion reads:

B a2A2|¢)|2n6_2aT B (IAW()|¢|"€_GT WO2 |¢’2

Vi . A7
i 67 272 “2r)3 (2r)° (A7)
On the other hand, the D-term potential at first order in e ! looks like:
L[ g 3\
Vp=— —qr— | . A8
D - <q¢c(27)a QTQT ( )

Minimising Vit = Vp + VF with respect to |¢| we find at leading order:

Vw416l [ o 3
= 107 s (g 13y ) (49)

Setting this to zero gives (we discard the solution |¢| = 0 since it gives a run-away for 7

when substituted in Vi ):

(A.10)

which has the same leading order form of (A.5) once we impose the U(1)-invariance condi-
tion (2.21). Plugging this solution back in Vo4 we end up with:

N a2A2‘¢|2n€72CLT B aAWOI(b‘nefaT q7T3W02

Viot ~ . A1l
fot 67 272 qp 1671 (A-11)
Minimising with respect to 7 we find at leading order:
ovi 3A2 2n ,—2at QAW n,—aT
tor ,_ ATGTTH | @ AWOIPe™ (A.12)
or 37 272
This equation admits a solution at:
3W,
aAp|le™"" = =2, (A.13)
2T

which reproduces (A.6) at leading order. Hence we conclude that this model can admit
only supersymmetric AdS vacua.

B D-term potential from D7-branes

In this appendix we shall work out the exact form of the gauge kinetic function and the
FI-terms following [22] and appendix A.3 of [24]. The 4D D-term potential that arises from
the dimensional reduction of the D7-brane action takes the form:

2
ey B.1
VD 26 127 ()
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where:

N |

pr = (2m)3(2ma/) 74, 11:/ JANF, L= /J/\J. (B.2)

Given that the real part of the gauge kinetic function is [22]:
Re(fi) = g; 2 = ur(2ra/)?e %1, (B.3)

the D-term potential can be rewritten as:
2 2 2
Vp = % </~L727T0/67¢-71) = % & (B.4)
Let us work out the expression of the Fl-term &. If we expand J and F in a basis of
(1,1)-forms as J = tg-s)f)j (tgs) are two-cycle volumes in the string frame and in units of /5)

and F = f, Dy, we get:

L= fk/ D/\Dk:ts)fk D; ADj A Dy = kit ft?, (B.5)
X3

where the triple intersection numbers £;j;, are defined as:

1 . . .
kijk = KG/ Dj VAN Dj AN Dy . (B.G)
s J X3

Given that the gauge flux is quantised as (l~) denotes the two-cycle dual to the divisor D):

F = F =2mny ng € 7, (B7)

Dy 2ra Jp,

we find that the flux quanta f take the form:
Ji By = 2mng = f = (B.8)
—— i =2mn = n .
omal Jp, k= Jk @
and so the FI-term becomes (using £5 = M 1):
—¢ £2 2
e

§= oy (27:()/) kit i, M (B.9)

From the dimensional reduction of the 10D action we have:

2m)3 ora/ \* M2
2 = BT oz (2mal) " Mp B.1

where V = ¢3¢/ V(s is the CY volume in Einstein-frame. Hence (B.9) can be rewritten

=)y,

in Planck units as (where t; = e_d’/Qt]

& [ 2md e 92 1 / B 2o’ \ 2 ot
vz =) T [, T = (T ) gy (B.11)
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The quantities k;j;ny are integers and give the charge of the j-th Kahler modulus under
the anomalous U(1) living on the i-th divisor:

k 16N / D;\NF (B.12)
b — . . ‘
g GETE = o \ 2nad et Jp, J

Moreover, using four-cycle moduli:

1 1
and the fact that K/M2 = —2In) we have that:
0K t;
T = —ﬁ , (B.14)
J
and so (B.11) takes the form:
& ora’\? 0K

On the other hand, the gauge kinetic function (B.3) can be rewritten in a more compact
form using (B.13) as:

_ e ? 1 1 2 2
Re(fl) =g; 2 = W§ /Dl JANJT = W (27TO/) Re(TZ) . (B.lﬁ)

Therefore the exact expressions of & and f; depend on the choice of the fundamental unit
of lengths ¢,. Let us give two examples:

1. For £, = o/ we have [22]:
(277)7 1/2 %1%

= (2m)"ng, ni € an =—9 , .
2m)? Z d M2 59 B.17
together with:

T; & 0K
fi= (27;)5 and Mg = —(21)%q;; T (B.18)
P J
This is the convention we followed in this paper. If the Kéhler moduli are instead
redefined as (QTTZ)E; — T; [22], the new expression of f;, & and M become:
& g; OK o _ 1 [gs M3
=T aE = amrar, ™ s TV v (B-19)
2. For £, = 2mv/o/ we have [24]:
1/2 2
M
fk =Nk, ng € 7 and ]\452 = gj TP , (B.QO)
T
together with:
T; &i qij OK
R d = B.21
fi 2T an M3 21 0T} ( )

If the Kéhler moduli are redefined as ;F—;r — T; [23], the new expression of f;, & and
M, become:

& g 0K o1 [gs M3
=T = = e d M;= = _=. B.22
4 MET @em2or; s T oemzV o v (B:22)
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