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Type IIA flux compactifications with O6-planes have been adyfrom a four dimensional effective theory
point of view to admit stable, moduli free solutions. We disg in detail the ten dimensional description
of such vacua and present exact supersymmetric solutiotteeicase when the O6-charge is smoothly
distributed: the geometry is Calabi-Yau and the dilatonoisstant. In the localized case, the solution is a
half-flat, non-Calabi-Yau metric but still with constantadon. Finally, using the ten dimensional description
we show how all moduli are stabilized and reproduce pregide results of de Wolfe etl. [1]. Based on

(7.

This article is based on a talk given by the author at the RTkg¥mp "Constituents, Fundamental Forces
and Symmetries of the Universe”, Naples, Italy, 9-13 Octi200

1 Introduction

String vacua with magnetic fields turned on in the compaatedimensions (“flux compactifications”)
have attracted much attention since many years. The cffeaiaire is that their contribution to the energy
of the system depends on the moduli of the geometry which@tpgphem, so to provide an effective
four dimensional potential for the moduli fields, possibfting some or all of them. Moreover the fluxes
are quantized, so their strength is not another continyoisling free parameter. Together these give a
mechanism for moduli stabilization.

From this point of view, particularly interesting are TypA bacua, since in many models a complete
stabilization of the moduli can be accomplished at treellgveupergravity, that is without appealing to
o’ corrections or actually to string loops or non-perturbagifects. This is because the classical effective
moduli potential generated by the tree level l1A supergyeaction (supplemented with O6-plane sources)
has stablésolatedminima [1,2/3].

Being concretel[1,13], if we consider Type IIA theory on a Géd#au three-fold, switching on R-R
fluxes Fy, F», G4 stabilizes all the Kahler moduli of the internal manifoltb stabilize also the complex
structure moduli, one has to introduce a NS-NS 3-form flijx However this gives a tadpole for the
D6-charge, that can be cancelled by the introduction ofntifidd six-planes. They also help in halving
the complex structure moduli. The full system then staédiall the moduli, essentially at leading order in
o’ andgs.

An approximation widely used in the literature to studyrggrvacua in the supergravity regime, in which
R-R and NS-NS field-strengths are switched on, is the socdt&Balabi-Yau with fluxes” approximation.

It resides in taking the flux contribution to the supergnawdttion and the equations of motion small
compared to the curvature contribution, and it works in Hrge volume limit. Being the fluxes quantized
by Dirac quantization condition, the minimum amount of-form field-strength isF}, ~ (a/)®P~1/2,
Then one requires the contribution of fluxes to the actiongaimall compared to the Einstein tei)
which is of orderL=2 (with L the characteristic length of the manifold). This giv€gL? < 1. In
other words, we must be in the limit of large compactificatianifold with respect to the string length,
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which anyway is the regime of applicability of supergravitynder these conditions, one can neglect the
backreaction of fluxes on the geometry, and work with Calhi-metric solutions. Of course one has
to be careful to remember that in the action the various dmutions are weighted by the string coupling,
and both the dilaton and the volume are (possibly) deterdiyehe fluxes themselves, so it is not always
possible to keep the fluxes to their minimal amount whileéasing the volume.

Such an approximation can also hide subtle phenomena. kongg, even the minimum amount of
flux allowed by Dirac quantization condition can, if cordgdaken into account, change the topology of
the manifold as well as cohomology classes and so on. It igleat how the Calabi-Yau geometry can
approximate disconnected topologies.

Another powerfull tool in the discussion of moduli stabdiion is the reduction to a four dimensional
effective theory, with the computation of the 4d effectivagntial for light fields. Then vacua are found by
looking at its stationary points. Many issues are studiedeneasily than with a ten dimensional approach.
For instance, stability is checked just by looking at theoselcderivatives of the potential. Moreover
non-supersymmetric vacua can be analyzed as well, and ihhemme control on exotic vacua, such as
non-geometric vacual[4].

The approach has anyway also bad facets. First of all, on®hewk in a Kaluza-Klein approximation,
expanding the ten dimensional fields on a Kaluza-Klein b@sigable for a Calabi-Yau geometry without
fluxes) and then keeping only light fields. In general themiguaranty that the same basis furnishes the
light fields in presence of background fluestoreover, even finding stable minima of the 4d effective
potential, one cannot be in general sure about the exist#red 0d lift. All these reasons brought us to
undertake the ten dimensional approach, and the followisgudsion is based oh/[7].

In [1] Type IIA string vacua in the supergravity limit werertstructed, by compactifying on the orbifold
T°/(Z3)* and then adding O6-planes. Such vacua were analyzed elissiad in the large volume
regime, by computing the 4d effective potential and degvtrirom a superpotential. Our main result will
be to provide a full 10d description of their vacua with baaating fluxes (7], reproducing their results.

A key ingredient is a smearing procedure. Indeed we showithad case with non-trivial fluxes and
localized sources (O6-planes) the geometry is Calabi-&ad this makes it hard to exhibit explicit exam-
ples. We overcome the problem by homogeneously distrigutie O6-charge on the internal manifold,
which makes it possible to find Calabi-Yau solutions withlyaacting non-trivial fluxes. We stress that
all these solutions haveonstantdilaton, and the string coupling can be kept arbitrarily Bmxerywhere.

Another approach attempted to give a full description ofuheua in[[1] appeared in[8]. The authors
performed a double T-duality of the system to get rid of lg@nd H; fluxes, and then uplifted to M-theory.

2 TypellA Supergravity Solutionswith O6-planes

The starting point to give a full ten dimensional descriptin the supergravity regime of the vacua con-
structed in[[1] are the Lust-Tsimpis solutions [9] (see 4Ed]). They are the most general solutions of
Type lIA supergravity compactified on a warped productdfS, and an internabU (3)-structure mani-
fold, which preserveV’ = 1 supersymmetry in 4d. All the fluxes compatible with the Painécsymmetry
of AdS, are switched on. These include also a “mass parameétes m, which is one of the R-R fluxes
provided by IlA string theory and at low energy is describéthim the so called massive Type IIA super-
gravity [11]. Then we will add O6-planes to them in a way tosgieweN\ = 1 supersymmetry, in order to
be able to realize, among the others, T/ (Z3)? orientifold model of [1].

The internal manifold is taken to be &1/ (3)-structure manifold, so to have one globally defined
spinor that, combined with the four dimensional ones, letconstruct four 10d Killing spinors. An
SU (3)-structure manifold is described by a Kahler 2-fosfrand an holomorphic 3-forrf, like on a
Calabi-Yau 3-fold. But, unlike that case, they are not abdRather their differentials, conveniently split

1 For some attempts to do the Kaluza-Klein reduction with ffuseel|[5, B].



according taSU (3) representations, define the torsion classes and measudeviation from the Calabi-
Yau geometry([12]:

3 _ _
dJ = =S Im (WiP07) + WS AT+ W 1)
dQ = WIS A T + WEPS AT + W3 A Q. )

HereWV; are the five torsion classes, and the spedtif(3) representation is indicated.

In the present setup, supersymmetry only allows the norskary torsion classe®); and W, [9],
where minus stands for the imaginary part. This restrictspthssible geometries to a special subclass of
half-flat manifolds.

We can introduce orientifold six-planes in the picture. 3éare not genuine supergravity objects, rather
they are defined by projecting the Type IIA string theory. léger the supergravity action can be enriched
with terms that describe the interaction of O-planes withltdw energy fields. In Type IIA string theory,
an O6-plane is obtained by modding out the theory by the elis@ymmetry operatd? = Q,(—1) 0",
where(,, is the world-sheet parity;;, is the left-moving spacetime fermion number anid an isometrical
involution of the background. The fixed point locusmofs the O6-plane. In Type IIA string theory an
O6-plane is a BPS object that preserves half of the supersyrias, by relating the two Majorana-Weyl
supersymmetry parameters according1o = Oe~. In the vacua we are going to construct we want
to preserve 4d Poincaré symmetry, so the O6-planes wil $pa AdS, factor and will wrap a three
dimensional cycle in the internal manifold. In order to ebtagain vacua with four supercharges, we must
place the O6-planes in such a way to preserve the four sugrgreb of the background. This is achieved
by wrapping the planes on supersymmetric 3-cyZlewhich in the case af U (3)-structure manifolds are
generalized special Lagrangian 3-cyBIES]:

J|§; =0 RGQ|Z =0 ]ImQ|Z = —Volyg, . (3)

The description of the low energy dynamics is achieved aatiteg order i/, by adding to the Type IIA
supergravity action a Dirac-Born-Infeld and a Wess-Zunt@rm for the O6-planes. The main modification
is a violation of the Bianchi identity for the R-R 2-form fieldrengthF%, since O6-planes couple to the
R-R 7-form potentialC'; and are thus magnetic sources for

dFQ = 2mH3 - 2#6 53 5 (4)

whereds is the O6-charge distribution, a 3-form localized ¥n Hj is the NS-NS 3-form field-strength
andy is the Einstein frame D6-charge. By imposing supersymmeérgan find the following solutions,
where everything is determined by the geometry:

. 4 4i
Fy = ge*¢/2J+F2 ng?mew“ Re() féfed’/‘l:Wf
Gy = fdVoly + %mew AJ ¢, f, A = constant —ieE =Wy . (5)

In particular, the geometry is again a special subclass Ibflad Some explanations are in order, is
the R-R 4-form field-strengtly; is a Freund-Rubin parameterjs the IIA dilaton andA is the warp factor
which is found to be constank;, is the irreducible component @, transforming in thes of SU(3), and
is constrained by the O6-charge distribution:

~ 2 108

dFy = ——e%/4 (f2 — —m262¢) ReQ — 26 03 . (6)
27 5

Generalizing the argument in/[9] one can show that thesecanaldy solutions of the equations of motion.

2 Supersymmetry forces to be antiholomorphic with respect to the almost complexcstire J, and the pull-back of the NS-NS
2-form potentialBz on X to vanish.
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From [B) and[(B), keepings a localized form, we can derive the inequality > 22m?e2?, from
which an important observation follows. As long as the massumetern is different from zero)V; is
non-trivial and there arao Calabi-Yausolutions (by careful analysis; = 0 leads to trivial Calabi-Yau
solutions without fluxes and O6-planes). Constructingiekgxamples of half flat manifolds which solve
the equations, even without O6-planes, is difficult (for soattempts seé [6] 9]). One possible way out
is to apply a smearing procedure, much like the smearing bfdhes: the O6-charge is homogeneously
distributed over the internal manifold, while the orieatif projection is kept untouch&:By substituting
the localized charge distributiaiy with the smeared one:
4m?

L6 5§meared: e7<15/4 ReQ (7)

it is possible to find solutions witm? > 0 and f = 0, F», = F» = 0. These are Calabi-Yau geometries
with non-trivial backreacting fluxes.

More generally, every Calabi-Yau 3-fold that admits an-daiomorphic involution provides a solution
of our equations, with O6-planes along the fixed point lodub® involution. Moreover, as we will see in
the next section, in such geometries all moduli can be stehlil

By integrating[(¥) on a cycl€ symplectic partner of, it is possible to show that the dilaton is fixed to

5
T$/4 _ M6 8
¢ 8m2/Volg ’ ®

and the 4d cosmological constant is fixed as well. Summay,zime solution is completely described
by an internal Calabi-Yau manifold defined byand(2, with an antiholomorphic isometrical involution

o. Further constraints come from the integral quantizatibfiuxes, and this mechanism provides the
stabilization ofall moduli.

3 Moduli Stabilization

The next step is to use the class of solutions previouslyddondiscuss the possible presence of free
moduli. The question is —is there a continuously conne@edly of vacua, or do they form only a discrete
set? We will answer by exploiting the class of smeared Cafahisolutions, but the same discussion could
be carried over in the localized case.

First of all we split the VEV of a field strength in two piecesg. Hs = HI™ + dB,. The first
piece, closed and non-trivial in cohomology, represergsititegral flux contribution, while the second
one, exact, encodes any other oscillation or deformationsuch a separation there is of course some
arbitrariness. From our smeared Calabi-Yau solution, kB3 to be harmonic, so the natural choice is
to take "X harmonic as a representative of the conomology class, @mduse the gauge freedom to put
also B, harmonic. The fact that this is always possible shows thatagbe any physical non-harmonic
component inB,: these have vanishing VEV and are massive. Then we can exgéiffdand B, in an
harmonic basis and substitute in the solutldn (5), to seed parameters are left.

We can easily handle thE®/(Z3)? orientifold model of [1]. The geometry is the orbifold limif a
Calabi-Yau manifold withh?! = 0, h''! = 12, where 9 of the 12 Kahler moduli arise from the blow-up
modes of %3 singularities. We will not discuss the twisted moduli hesiace they fit well in the general
Calabi-Yau case [7]. It's useful to introduce an integradibaf harmonic forms: the 2-forms (odd under
o) w; such that[ w; A we A wg = 1 andw? = 0; the 4-forms (even under) w* = w; A wi, Wherej, k

3 We must note that while the smearing of a large number of lsrangerfectly justified, the smearing of a small number is,les
as well as the fact that the orientifold projection cannosimeared.



are the two values amorig2, 3 besides. The field-strengths are split according to:
Fy = FI'"™ 4 dA, + 2m B
Hs = H™ 1 dB,
Gy =G+ fdVoly + dCs + By AdA; + mB3
e?/? % Gy = F{"™ 4+ dCs — Hy A C3 + By NG™ + im B3 . (9)

Notice that beingd; harmonic, it is actually vanishing on a Calabi-Yau manifditien we expand on the
harmonic basis both the fluxes, integrally quantized, aeddhms possibly containing free moduli:

P = fhw; By = b w; (10)
G = ¢; ' J=e 2yl (11)
W™ — P Req Cs— —5 1m0 12

87 4 /Volg > 4 /Nolg (12)
Félux = €p W1 A wa A ws , (13)

where f7, e;, p andeq (as well asm) are quantized in suitable units, aWdlg = e3¢/2v'v20v%. The
could-be moduli are, ¢ and the axions’ and¢, which pair into 4d chiral fields. The only non-trivial
tadpole cancellation condition ia p = ug. Substituting in the smeared solution we get= — f?/2m.
Taking for simplicity f* = 0 we also get:

;1[5 eieses o 3 (51 1
el V6 m i

= . 14
6 15 ereaen p&=ep (14)

We could also compute the 4d cosmological constafif]. Everything is in perfect agreement with the
results of [1].

The same machinery applies to general Calabi-Yau solutigtis general backreacting fluxes and
smeared O6-planes, as discussedlin [7]. In general theematgh equations to fix almost all the would-be
moduli: all the Kahler and complex structure moduli, thiatdin, all axions fromB; and one axion from
Cs. The remaining’’; axions turn out not to be fixed yet, but this is not a phenontgioal problem. Tak-
ing values on a compagt!, there cannot be any dangerous runaway behavior and anyoathigibution
to their effective potential lifts them.

Acknowledgements FB warmly thanks the organizers of the RTN workshop “Counstits, Fundamental Forces and
Symmetries of the Universe”, 2006, for having given him tppartunity of present this talk.
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