GGI — Workshop
Firenze, April 12th, 2007

FLUX COMPACTIFICATIONS
(CLEARING THE SWAMPLAND)

Gianguido Dall’Agata
(Padua University / INFN)




References

Flux compactifications in string theory: A Comprehensive review.
Mariana Grana (Ecole Normale Superieure & Ecole Polytechnique,
CPHT) . LPTENS-05-26, CPHT-RR-049-0805, Sep 2005. 85pp.
Published in Phys.Rept.423:91-158,2006.

e-Print: hep-th/0509003

Flux compactification.

Michael R. Douglas (Rutgers U., Piscataway & IHES, Bures-sur-
Yvette) , Shamit Kachru (Stanford U., Phys. Dept. & SLAC & Santa
Barbara, KITP) . SLAC-PUB-12131, Oct 2006. 68pp.

Submitted to Rev.Mod.Phys.

e-Print: hep-th/0610102



http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Douglas%2C%20Michael%20R%2E%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Douglas%2C%20Michael%20R%2E%22
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Rutgers+U.,+Piscataway
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Rutgers+U.,+Piscataway
http://www.slac.stanford.edu/spires/find/inst/www?icncp=IHES,+Bures-sur-Yvette
http://www.slac.stanford.edu/spires/find/inst/www?icncp=IHES,+Bures-sur-Yvette
http://www.slac.stanford.edu/spires/find/inst/www?icncp=IHES,+Bures-sur-Yvette
http://www.slac.stanford.edu/spires/find/inst/www?icncp=IHES,+Bures-sur-Yvette
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Kachru%2C%20Shamit%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Kachru%2C%20Shamit%22
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Stanford+U.,+Phys.+Dept.
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Stanford+U.,+Phys.+Dept.
http://www.slac.stanford.edu/spires/find/inst/www?icncp=SLAC
http://www.slac.stanford.edu/spires/find/inst/www?icncp=SLAC
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Santa+Barbara,+KITP
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Santa+Barbara,+KITP
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Santa+Barbara,+KITP
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Santa+Barbara,+KITP
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Grana%2C%20Mariana%22
http://www.slac.stanford.edu/spires/find/wwwhepau/wwwscan?rawcmd=fin+%22Grana%2C%20Mariana%22
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Ecole+Normale+Superieure
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Ecole+Normale+Superieure
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Ecole+Polytechnique,+CPHT
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Ecole+Polytechnique,+CPHT
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Ecole+Polytechnique,+CPHT
http://www.slac.stanford.edu/spires/find/inst/www?icncp=Ecole+Polytechnique,+CPHT

Outline

¢ Part I: An overview of flux compactifications
¢ Setup, problems and solutions
¢ Properties of the effective theories
¢ Part II: Twisted tor1 (and geometric fluxes)
¢ Part III: Effective theories for general backgrounds

¢ Part IV: Non-geometric backgrounds
(Every supergravity from string theory?!)




PART I:
OVERVIEW OF FLUX
COMPACTIFICATIONS



PART I: OVERVIEW

# String Theory as the ultimate unified theory: no
dimensionless free parameters

@ But: ives in 10 (or 11) dimensions.

® [Low energy theory: supergravity

# Standard approach to obtain sensible phenomenology
from string theory: compactification

@ [Field fluctuations in the extra dimensions are seen as
masses and couplings 1n 4d.

*® Hence: low energy properties depend on high energy
choices




PART I: OVERVIEW

Compactification Ansatz to 4 dimensions:

Ml() :M4 X Y@

ds®(z,y) = e*Vdsi(x) + e >V ds, (y)

Other fields proportional to 4d volume (or independent)
Minimal setup: pure geometry

It all fluxes are set to zero F =0, the only non-trivial
equation of motion 1s the Einstein equation

RMN:O




PART I: OVERVIEW

Compactification Ansatz to 4 dimensions:
M 10 = My X Y@

ds®(z,y) = e*Vdsi(x) + e >V ds, (y)

Minimal setup: pure geometry

RMN((E,y) — ()

M4 x Y6 1s a direct product  The internal space 1s Ricci-flat

A(y) =0 Riynn(y) =0




PART I: OVERVIEW

® Ansatz Ml() — M4 X Y@

® Supersymmetry <= 41 | 0¢,, = V,;,n = 0
® Integrability

V2 = R*Ygn = 0

® Result: Ys 1s a vpecial holonomy manitold




PART I: OVERVIEW

This 1s a general result for any geometric reduction

Mp = Mg x Yp_y4

Special holonomy manifolds were classified by

Berger (19565):

D-d Yo
6 Calabi-Yau (H=SU(3))
7 Gs-manifolds
8 Spin(7)




PART I: OVERVIEW

¥ Special-holonomy manifolds specify the vacuum

Y The lower dimensional effective theories describe the
dynamics of the fluctuations around these backgrounds

¥ Example: metric fluctuations

MmN (Z,y) = garn (Y) + dgmn (2, y)

The background is not changed it:

0
Ry (g3sn +99mn) =0
This forces:
s gom MODULI FIELDS




PART I: OVERVIEW

MODULI SPACE
(SPACE OF DEFORMATIONS)

;
Problem: HUGE VACUUM DEGENERACY |




PART I: OVERVIEW

¥ For minimal supersymmetry
Ys has SU(5) holonomy = Calabi-Yau

¥ Since ‘86 Standard-Model like vacua have been

searched

& Heterotic string theory has large gauge groups partially
broken by compactification

¥ Huge number of CY manifolds

¥ Moduli ¢Z related to the size and shape of Y¢ have flat
potential




PART I: OVERVIEW

More modern approach: Intersecting Brane Worlds

Gravity
propagates in.
STANDARD D=10 HIDDEN
MODEL SECTOR




PART I: OVERVIEW

Can we remove the vacuum

degeneracy!

Q AdJ non perturbative effects (difficult to

compute and control)

Q Add Nevew-Schwarz and Ramond-Ramond
fluxces!




PART I: OVERVIEW

& Introducing fluxes constrains the system




PART I: OVERVIEW

4.; Furthermore: introducing fluxes means adding
energy to the system

*i; Effective theory 1s deformed

N
& Vacuum degeneracy may be lif

No-go theorem forbids this!




PART I: OVERVIEW

THE NO-GO THEOREM
(ASSUMPTIONS)

¥ Standard action (no higher curvature corrections)
o' R*+ ...

& All massless fields have positive kinetic energy

¢ Semi-negative definite potential: Vp < 0

¥ Smooth solution

¥ Warped product Ansatz:

ds?(z,y) = e*A W) (dsi(x) T dS%f@ ()




PART I: OVERVIEW

THE NO-GO THEOREM

The trace of the Einstein equation on the space-time
indices becomes an equation for the warp factor:

(D — 2) " 1e@DIAY2(D-DA _ p | 2AT

For a p-form I, respecting Poincaré invariance

g vypomq...Myp— | d 1 :
T — —F,UJ/,OO'ml...mp—LLF'u < = | D — 2 (1 N ;) F

Integrating by parts (r.h.s positive definite for M4 or dS)

2
/ (Ve(D_Q)A) < 0= A = const
Ye




PART I: OVERVIEW

THE NO-GO THEOREM

The trace of the Einstein equation on the space-time
indices becomes an equation for the warp factor:

0i= 2 —I—GQAT

For a p-form F;, respecting Poincaré invariance

T OO o Tl | d 1 2

We are left with 2 options:

1) Minkowski (R4 = 0) and NO fluxes
2) Anti-de Sitter spacetime (R4 < 0) with flux




PART I: OVERVIEW

THE NO-GO THEOREM

String theory can avoid (naturally) these constraints.

& Exotic theories (Type * theories)

& Use non-compact manifolds
¥ Introduce sources (D-branes and O-planes)

¥ Must produce negative tension (O-planes)

¥ Higher derivative terms (stringy corrections)

Natural in Heterottc theory for anomaly cancellation




PART I: OVERVIEW

MODULI SPACE
(SPACE OF DEFORMATIONS)

S

This 1s “The Landscape of Flux Compactifications”




T —— T TR— 5 —

PART I: OVERVIEW

—— - _—'—“' oo

-

k

Determine the number of different vacua

s

Determine their properties (classity them)
g

Extract phenomenology (A, «,...distribution)

Measure? (anthropic vs. entropic selection)




PART I: OVERVIEW

THESE LECTURES’
APPROACH:

EFFECTIVE THEORIES
(BotTTOM-UP)




PART I: OVERVIEW

¥ What kind of effective theories do we get?
¥ How much can we believe these theories?

¥ Which 4d supergravities have a stringy origin and
which ones have not?

¥ Can we realize any 4d sugra from some 10d

construction?

¥ Equivalence classes?




PART I: OVERVIEW

Fluxes generate a potential for the moduli fields:

Let us give a v.e.v. to the common sector 3-form

(Hrjx(z,y)) = hrik

The 3-form kinetic term becomes a scalar potential in 4d

H NxH
Mio

V(gab)

But there 1s more...




S/

PART I: OVERVIEW

Fluxes determine (non abelian) gauge couplings:

/H/\*H = /d% —g4 (0,B, 0" B’ ga,

i 8“Bl/ag,ubguc habc T o )

2 Vector fields from the metric g;,rand tensors B, ;

¥ Gauged SUGRA (couplings and potential) fixed by the

gauge group (and symplectic embedding)

Jacobi identities = 10/11d Bianchi identities



PART I: OVERVIEW

A LIGHTNING REVIEW OF

GAUGED SUPERGRAVITIES




PART I: OVERVIEW

¥ Standard supergravity has a scalar manifold A/
describing their g-model

& A subgroup of its isometries are realised as global
symmetries

(

[Q Deformation Remarkably°

global symmetries ==

7 No need of O(g”) terms to

consistently close the action

¥ This process modifies

[Lagrangean Susy rules

O(g) mass terms O(g?) potential O(g) fermion shifts




PART I: OVERVIEW

Explicit realization in 4d: {9, wz“ Allu A 0%}
Consider the 1sometries §¢% = €*kS (@)

A subgroup can be gauged by the vector fields

D, 0" = 0,0" +| Geometric relations

D,S;i = Ne . + k4 fl
Modified SUSY rules ’ A7 ! 7

SO Bt B0 (D) 77547, ,¢* + gy, S¥e;

GXA = A (9) Dot i+ fAB) Y FL e + g NAE

Scalar potential: W == NAQABNZ-B — tr SQ




PART I: OVERVIEW

& Introducing fluxes generates a backreaction on Y
(and 1ts moduli space)

¥ The 4d effective theory has a potential

Moduli acquire mass

¥ Which modes should we keep?

“Small fluxes” approximation




PART I: OVERVIEW

“Small fluxes” approximation

For zero fluxes the geometry is given Mg = My X Yg

Turning on fluxes dxH =

Ryn = Hmin’mjj

[inear approx. = No backre~=t~=

(H small compared to the c Good supergravity

. * * '
We also need to impose flux approximation:

1
B = N il b
2ral Jo, » H << ».




PART I: OVERVIEW

¢Other 1ssues:

¢Consistent truncations vs. Effective
theories
(do we actually need a vacuum?)

¢ Effective potentials may not contain all
the 10d information




PART I: OVERVIEW

AN EXAMPLE: IIB ON

CALABI-YAU + FLUXES
(T®/Z>XZ> WITH O-PLANES)

Reminder of IIB action and Bianchi

1 1
S /dlox\/—ge_% (R + 40, 90" P — §H2>

2
2%10

1
41
1
4k2,

| 1 -
/dmx\/—TJ <F5+F§+§ §>

/C4/\H3/\F3 N
dFs = Hg N Fjy

TECQ—I—ieq) GgEF—TH dFB:HB/\Fl




PART I: OVERVIEW

AN EXAMPLE: IIB ON

CALABI-YAU + FLUXES
(T®/Z2XZ> WITH O-PLANES)

¥ A very simple (singular) Calabi—Yau manifold 1s the

ZoxZ9 orbifold of T®
4 5 6 4

¢ The orbifold action is Zs -
79 -

Ao  —

& This results in a factorized (T?)3

¢ Each torus has one complex structure modulus U' and
one Kahler modulus T




PART I: OVERVIEW

The complex structure moduli are

i 1 i -
U" = e (\/detg@ - 7/912> where g' =
11

The Kahler moduli are

T = ¢ + i\/detg

They also follow as deformation parameters of the
complex structure

Q=apnX*U) - AFA(U) with «o,3 € H3(M,R)

*6O4 +iJ = T'w;  with w € H*(M,R)




PART I: OVERVIEW

We can actually write the surviving basis of 3-forms
dy* A dy® A dy® dy® A dy” A dy®
dy° A dy® A dy® dy* A dy” A dy?
dy* A dy” A dy® dy° A dy® A dy®
dy* A dy® A dy? dy° A dy” A dy®

O — (dy4 4 Uldy5) A (dy6 i U2dy7) A (dy8 i UdeQ)

And of 2-forms
dy* A dy® dy® A dy’ dy® A dy?

*x6Cy +iJ = THdy* A dy® + T?dy® A dy” + T?dy® A dy”




PART I: OVERVIEW

The moduli describe Kaehler maniftolds with

potentials

K. = —log i/ﬂ/\ﬁ

A _

plus a factor for the axio/dilaton S

KS:—IOg(S—S)




PART I: OVERVIEW

Before introducing fluxes the solution 1s flat

9
dsiy = W) (—dyd + dy? + dy3 + dy3) + e 24W) (Z(dyz-)?)
1—=4

We can turn on 3-form fluxes on the 5-cycles

G =Hys — SFrr = (hA = SfA) o — (ha — Sfa) B

The backreaction on the geometry generates
only a warping in the geometry

——rrLp f

vQ 4 A il ! |
NN 2O/ 4

am()éﬁm()é 4+ ploc




PART I: OVERVIEW

Consistency further imposes that the flux gives
a solution to the equations of motion only 1f 1t 1s

of type imaginary selt dual (ISD), 1.e.

G+1xG =0

Supersymmetry turther restricts to type (2,1)
and primitive, 1.e.

G(3,0) — G(O,S) — G(1,2) — ()
and

JNG =0




PART I: OVERVIEW

et us now describe the deformation to the effective action

» No-backreaction approximation justified because
full solution 1s warped Calabi-Yau:

ds® = 24\ (—dz§ + dxy + dxs + dxg) + e 24 W dsty (y)

» For “small” fluxes €2A(y) ~ 1

» Light fields are CY moduli

» Masses are related to the warp-factor

@' ~ barmonic forms Aly) = méz #+ 0




PART I: OVERVIEW

The scalar potential follows from reduction of the 3-
form kinetic term

Y6i(g_s)_ 2

GNAxG 1/ Gt AxG ./ GNG
Ys Z(S_S) I Ys (S_S)

4d potential  topological term

1
§(G—|—Z*G)

The topological term 1s used to cancel tadpoles

dF5 = —G /\a+ ploc
Integrated e xm + Q"°°(Nps, Nos, Nprz,...) =0




PART I: OVERVIEW

For small fluxes G* can be expanded on the basis of
harmonic 3-forms and we get the N=1 potential

V =X (g DWD;W — 3[W?)

for the famous superpotential

W= [Gre

which depends only on the axio/dilaton and complex
structure moduli

W =c¢,U*+d,SU*




PART I: OVERVIEW

€9
<'The consequences are:

“We cannot stabilize all the moduli

(no Kahler dependence)

“The potential is positive definite
(no-scale model)

Q |
<The only supersymmetric vacua are

Minkowski




PART I: OVERVIEW

We can use the effective superpotential to describe

the 10d vacua by minimizing W:

(/

DUiW — 5’UzW aU’LKW — / G N X(Q,l)

1 _
DeW agW—I-asKW:S S/G/\Q

G(3,0) — G(O73) — G(172) — ()

e 26,
No conditions on G§\,’P)




