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1. Introduction

Despite the difficulties to accommodate the Standard Model (or extensiom®fheithin
string theory, it is fair to say that significant progress in this direction less achieved during
the last decade. Such progress has in turn led to estimate that there is auianiger of realistic
vacua within the string theory landscape, all of them reproducing ougrlmnderstanding of High
Energy Physics. Helas, to date not a single example of such realisticad@sibeen constructed,
which leads to wonder about the accuracy of the above estimate.

To some extent, part of the problem is due to the fact that most developmemtdarstanding
the string landscape have been performed in the framework of type I¢ shr@ories with back-
ground (closed string) fluxes. While remarkably fruitful, these vacuadacaccurate description
in terms of a 2d Conformal Field Theory (CFT) describing the propagatfistrings in time, which
in general jeopardizes the computation of the 4d effective theory obtaiordhem.

Fortunately, the situation is improved for those vacua that can be desatbed energies
via 10d supergravity. In those cases, higher dimensional geometriaatities encode the most
relevant information about the 4d physical observables. In partidolagme setups the spectrum
of string states and their interactions can be described in terms of highersiomahwavefunctions
and their overlap integrals, which somehow allows to compensate the lackTaleCRniques.

The aim of this contribution is to review some of the efforts made in the literatursbed
the Standard Model in compactifications of type Il String Theory and to extineir resulting 4d
physics. As in these vacua the Standard Model degrees of freedsrfram open strings ending
on D-branes, the latter computation naturally involves understanding trscphyf open string
wavefunctions.

2. D-brane model building

We can distinguish two major (duality related) lines of research in trying to ethiecstandard
Model within String Theory: heterotic model building and D-brane (or typebdel building-. In
this contribution we will focus on the latteff][1], for whose the Standard Ndegrees of freedom
necessarily arise from open strings. At low energies open strings leébd\p SQ2N) orUS(N)
gauge theories localized in the worldvolume gb-Dranes, whereas closed strings lead to type I
supergravity multiplets. In this particular way that the two major features ofdstiireory, gravity
and gauge theories at low energies, are realized in the context ofri2-bradel building.

There are several constructions within D-brane model building leading te- 1 theories
in 4d. Consider for example the caseNyf intersecting Dg-branes wrapping 3-cycld3, on a
factorized torusT® = (T?)! x (T?)? x (T?)3. Each 3-cycle is described in terms of three pairs of
integer numbergn,, m,), which represent the wrapping numbers along the two directiofiEf

Ma= (ngi’ n]icl\)@(ngv m§)®(ng7 mg) (21)

The spectrum of such construction can be computed by performing am&®p in open string
oscillator modes. At the massless level, each stack gftib@nes will engender an” =4 U (N,)

1We could have also added F-theory model building to this list, whose besésiag developed these days.
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Na=3] (1,0 31 | (3-1
No=11 (0,2) (1,o) | (0,-1)
=1 (0,1) | (0,-1) | (1,0
Ng=1| (1,0 31 | 3-1

Table 1: Four stack D6-brane local model leading to the chiral cardaed gauge group of the MSSM.

Super Yang-Mills (SYM) theory in 4d. In addition, at the intersection betwtge stacks of D&

and Dg-branes there will be stretched open strings with twisted boundary corglitiGeneri-

cally, these lead to chiral left-handed fermions transforming in the bifundeheepresentation

(Na, Np) of U(Na) x U (Np) as well as to scalars whose masses depend on the particular angles of
the intersection. In the particular case where each stack ghbshes satisfies the condition

3 ﬁ!ri = rr%rrﬁrnirlrzrg (2.2)

G mnand

with 1' the complex structure moduli ¢T2)', each intersection preserves = 1 supersymmetry
and hence its massless content can be arranged int¢’4d 1 chiral multiplets. In general, the
cyclesll, andlly, will intersect several times, as given by the intersection number

lab = [7](rlrm — ) (2.3)
|
leading tol, replicas of the above chiral multiplet.

Global consistency and cancelation of anomalies will in general requicetlas presence
of an orientifold projection. In practice this amounts to introduce specigicBs, dubbed O6-
planes, which are invariant under the orientifold involutiah together with extra Dg-branes
with wrapping numbergnl,.,m..) = (n},, —m,), that are the image &1, under the action of?.

Open strings in the@b® andaa® intersections lead respectively Itgy chiral fermions in the
(Na,Np) representation o) (N;) x U(Np) as well as to fermions in symmetric or antisymmetric
representations. Moreover, for branes invariant urideéhe gauge group is reduced $@(N,) or
USpN,), depending on their relative orientation with respect to the O6-plane.

The above framework provides then the required building blocks to canstemi-realistic
chiral gauge theories consistently embedded into a consistent theorgrafiqugravity. One of the
most successful local examples is given by the four stack set of 8@ebrwith wrapping numbers
given in TablgJL[[2]. At low energies the gauge group is given by a igfttsupersymmetric model,
SU(3) x SU(2)| x SU(2)r x U(1)g_L, which can be spontaneously broken3o(3) x SU(2), x
U(1)y, with precisely the same chiral content than the MSSM.

3. Magnetized D9-branes and open string wavefunctions

Intersecting D6-branes are T-dual to configurations of magnetizebr&®es, which not only
span the 4d non-compact Minkowski directions, but also the whole 6dadtepace of our string
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theory vacuum. For toroidal setups, the magnetization of the D9-branelatsd to the wrapping
numbers of the intersecting D6-branes in the original configuration as

R

T
nﬁgHNb (3.1)

~ Im Tk

Fax

Roughly speaking, the D-brane magnetization Higgsses the gauge grGupte- 14 Ga, giving
rise to charged W-bosons, fermions and scalars which transform indaifoental representations
of the gauge group. One can easily see that the resulting spectrum mitelwmse in the dual
configuration with intersecting D6-brane branes. Moreover, the waetibns of these charged
fields experience localization effects in the internal space, quite in analitigyhe localization at
the intersections in the dual setup.

Interestingly, at low energies magnetized D9-branes admit a descriptionria tf 10d field
theory, where the D9-brane degrees of freedom are describe@ BpthSuper Yang-Mills action

S= —/dxlo(detg)l/zTr [iFMNFMN + XTDmx (3.2)

In this sense open string states can be understood as wavefunctiomspenprecisely as eigen-
functions of the internal Dirac and Laplace operators

DnD™®' = —mg ' Y D = my g (3.3)

arising from standard Kaluza-Klein reduction. The solutions descrilneldua levels in a magne-
tized torus, and the number of massless fermionic zero modes is given biydleridexl p, which
in the dual D6-brane setup corresponds to the intersection nunBer (2.3).

For 2-tori, the solutions to egp.(B.3) are given in terms of Jafehinctions [3]

- i1l 4p|ZIM z
ian(7,2) ~ exp| T2l AM Z
Yren(T,z) ~exp | —

i
] -9 [|8b|] (lablz, MlablT),  j=0...]lap| =1 (3.4)
which transform with the right) (1) charge under global monodromies. Similarly, for higher di-
mensional factorizable tori, the wavefunctions are given by produgtfoinctions.

Open string wavefunctions are the target space analogous of verextars in the world-
sheet CFT. In particular they satisfy an operator product expansiatian, which allows to com-
pute physical observables as overlap integrals of wavefunctionss, Ttwinstance, 4d Yukawa
couplings can be expressed fs [3]

iy doy ko
+ ||ca| + ||bc|

“ab' O (0 y T“ablbclca’) (35)

Yijk = /T2 (ﬂiaTrmW})fo,mfabc~ 9

This is a neat example where the higher dimensional field theory contains onticl relevant
information about 4d physical observables. Indeed the computationkawéicouplings in the
dual D6-branes configuration involves complicated CFT computations iririhg s/orldsheet.
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4. Open string wavefunctions in flux compactifications

The above simple example illustrates the computational power of open strirgjumations
in cases where a higher dimensional field theory description is valid at levgies. In this sense,
the most interesting cases correspond to situations where there is nat RA@FT description, so
that open string wavefunctions become the only mean to compute 4d physseaables. That is
the case of compactifications which involve curved backgrounds orsfliaxeclosed string fields.

Background closed string fluxel§ [4] have become an essential ingtédi@odel building in
the past few years, mainly because of their utility to lift massless scalaek bupersymmetry or
implement cosmological models. The best understood setup where theyr éppeat of warped
Calabi-Yau compactifications with magnetized D3/D7-branes, 3-form IRRand NSNS K3)
fluxes. As the equations of motion requiie— SH; to be an imaginary self-dual 3-form, constraints
arise on the vev of the axiodilatd the complex structure moduli and the D7-brane positions.

Some of the semi-realistic models of intersecting D6-branes, like the local M®8Mruction
in Table[], admit also a perturbative dual description in terms of magnetiz&i/EH8anes. Hence,
in those models (or in their global completions) it is possible to implement moduli stthlizor
soft supersymmetry breaking through the presence of closed strireg ffiiik

Finally, techniques to compute open string wavefunctions in the presendesefd string
fluxes have been recently developed[ih [6]. In terms of magnetized &$br compactifications
with closed string fluxes often involve elliptic fibrations (2-tori fibered cwvdid basds,) with RR
3-form fluxes []. The simplest examples of such fibrations are giyewisted tori, whereB, is a
four-torus and the fibration is specified by a set of structure constgniisr the vielbein 1-forms

det = %ft"j‘ceb/\ec (4.1)

The higher dimensional description field theory description of D9-bréesw given in terms
of type | supergravity. There are, in particulgeneralized internal Dirac and Laplace operators
which account for the effect of the closed string background on tlea sfring fluctuations. Ne-
glecting the warpind,these read respectively for W bosons, charged matter fermions dadssca

1
D™DWF = —mgWe Ty (m 4e<"/2F3> @ = my " (4.2)

D™D ®PP — Oy, OP]O™B 4 2ip™B (FPY — PP 1 e%/2(Dpd™9P)F,MP = —mg pP-aP

with Dy, the internal covariant derivative. Solutions to these equations carubd foy using the
non-Abelian Fourier transform

Ye(9) = Ermz)(vg)dJ(?o) (4.3)
ye
wherert,(yg) are the irreducible unitary representations of the 4d gauge algébra [9]

Uq being theU (1) gauge generators of the D9-branes.

2For a discussion of the effect of the warping on open string wavefum:ﬁee@].
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In simple models with just aB" fibration, the resulting wavefunctions are similar to the ones
encountered in D9-brane compactifications waitttique magnetizatioand no closed string fluxés

-

i)  gmiN2-(mQu)*im2 H (N-2;N- Qu) etk (4.5)

whered is the Riemanrd -function, whose operator product expansion has been worketout
cently [10], andN is a square matrix, whose diagonal entries contain the quanta of magnetic flux
and the off-diagonal entries contain the closed string fluxes. Thetigfemomplex structur€y
entering in this expression is related to standard complex structure by agonthl rotation, whose
angle is given by the ratio between the open and closed flux densities faléorf] for details.

As a byproduct, from the point of view of the dual setup with D3/D7-brattes analysis in
terms of open string wavefunctions reveals that D7-brane Kaluza-Kleiresnad not affected by
closed string fluxes, whereas D7-brane winding modes suffer Ladetgeneracies due to the effect
of the closed string flux. Mass formulae for these modes can be foufiil in [6

5. Conclusions

D-branes provide a neat framework to embed semi-realistic chiral gaegeedh within String
Theory. In those cases where a 10d field theory limit is a good descrifitiow anergies, the open
string degrees of freedom are described in terms of wavefunctionsseTplay a similar role to
vertex operators in CFT, allowing to compute 4D observables in terms ofapvertegrals. In
particular we have briefly seen how these techniques allow also to compisiegdiobservables in
compactifications with closed string fluxes.
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