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Why Fluxes?

e Standard \" = 1 Calabi-Yau string compactifications suffer from two
well-known problems of string phenomenology

— Moduli stabilization
— Supersymmetry breaking
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Why Fluxes?

e Standard \" = 1 Calabi-Yau string compactifications suffer from two
well-known problems of string phenomenology

— Moduli stabilization
— Supersymmetry breaking

e Generalizations to compactifications with background fluxes may help
solving both since

— Most moduli get lifted by an effective potential
— SUSY can be broken in a controlled way
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Fluxes in Type IIB

e [Type IIB flux compactifications provide an interesting framework for
realizing these ideas. Introducing a non-trivial 3-form flux

F3 RR flux

Gg = :L'f_ —THg Hg NSNS flux
r complex dilaton
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Fluxes in Type IIB

e [ype IIB flux compactifications provide an interesting framework for
realizing these ideas. Introducing a non-trivial 3-form flux

F3 RR flux
G3 = F3 — tH3 H3 NSNS flux
r complex dilaton

— Generates a superpotential \WW which freezes the complex structure
moduli and dilaton [Guk Jafa, Witt

— Induces soft terms in gauge theories living on D-branes
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Fluxes in Type IIB

e Type IIB flux compactifications provide an interesting framework for
realizing these ideas. Introducing a non-trivial 3-form flux

F3 RR flux
m complex dilaton

— Generates a superpotential W which freezes the complex structure
moduli and dilaton [GVW,DRS]

— Induces soft terms in gauge theories living on D-branes

e In addition, this class of supergravity backgrounds

— Embed the Randall-Sundrum scenario by means of a warped metric

— Admit the construction of de Sitter vacua
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D-branes & chirality

e Type IIB flux compactifications naturally involve D-branes, which vield
L"(N ) gauge theories at low energies.

e In order to get a realistic vacuum, however, we need these gauge the-
ories to be chiral.
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D-branes & chirality

e [ype IIB flux compactifications naturally involve D-branes, which yield
["(N) gauge theories at low energies.

e In order to get a realistic vacuum, however, we need these gauge the-
ories to be chiral.

e T wo known ways to achieve chirality in type IIB flux compactification
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Singus vs. Magnus

e Both types of constructions are based on B-type branes, so they are
essentially the same from an stringy point of view.

e However, they look different in a supergravity construction, and in
particular in flux model building.
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e D32's at singularities are easier to embed in warped throat constructions
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Singus vs. Magnus

Both types of constructions are based on B-type branes, so they are
essentially the same from an stringy point of view.

However, they look different in a supergravity construction, and in
particular in flux model building.

D3’'s at singularities are easier to embed in warped throat constructions
in a ‘bottom-up’ fashion, and the soft terms are easier to understand.
Magnetized D7's have a richer and more interesting soft-term pattern,
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Towards realistic vacua

¢ Much of the flux physics in the literature is based on \" = 1 vacua,
over which we have a better theoretical control.

e However, the gauge sector of these vacua is too simple:
no chiral D = 4, \' = 1 flux compactification as above has been found.

Pirsa: 05030099 Page 58/232



Towards realistic vacua

¢ Much of the flux physics in the literature is based on \" = 1 vacua,
over which we have a better theoretical control.

e However, the gauge sector of these vacua is too simple:
no chiral D = 4, \" = 1 flux compactification as above has been found.

Pirsa: 05030099 Page 59/232



Towards realistic vacua

¢ Much of the flux physics in the literature is based on \" = 1 vacua,
over which we have a better theoretical control.

e However, the gauge sector of these vacua is too simple:
no chiral D = 4, \' = 1 flux compactification as above has been found.

Pirsa: 05030099 Page 60/232



Towards realistic vacua

¢ Much of the flux physics in the literature is based on \" = 1 vacua,
over which we have a better theoretical control.

e However, the gauge sector of these vacua is too simple:
no chiral D = 4, \" = 1 flux compactification as above has been found.

Pirsa: 05030099 Page 61/232



Towards realistic vacua

¢ Much of the flux physics in the literature is based on \" = 1 vacua,
over which we have a better theoretical control.

¢ However, the gauge sector of these vacua is too simple:
no chiral D = 4, \' = 1 flux compactification as above has been found.
e [ he aim of this talk is to describe the Tirst examples of such vacua.

e In particular, we find \" = 1 and \" = 0 chiral flux vacua solving the
supergravity equations, by means of magnetized D-branes.

LN

e Moreover, these vacua are not only chiral, but also vield gauge theorie
remarkably close to the MSSM.
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Towards realistic vacua

Much of the flux physics in the literature is based on \' = 1 vacua,
over which we have a better theoretical control.

However, the gauge sector of these vacua is too simple:
no chiral D = 4, \" = 1 flux compactification as above has been found.

The aim of this talk is to describe the Tirst examples of such vacua.

In particular, we find \" = 1 and \" = 0 chiral flux vacua solving the
supergravity equations, by means of magnetized D-branes.

|

Moreover, these vacua are not only chiral, but also vield gauge theories
remarkably close to the MSSM.

Talk based on:
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General Flux Vacua

e T here is a wide class of type IIB flux compactifications vielding D = 4
Minkowski vacua.

e e, - =

e [ he necessary ingredients are;

— A (warped) compact Calabi-Yau background metric Xg
— O3-planes (and O7-planes) localized in Xg

— D-branes filling M4 and not breaking supersymmetry

— A 3-form flux G3 on Xg such that

'*6(?3 — -’.f;-r.g
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e T here is a wide class of type IIB flux compactifications vielding D = 4
Minkowski vacua. s et

e [ he necessary ingredients are:

— A (warped) compact Calabi-Yau background metric Xg

— O3-planes (and O7-planes) localized in Xg
— D-branes filling M4 and not breaking supersymmetry

— A 3-form flux G3 on Xg such that
'-if[‘ilf:-rf?) pm— ’(_T?,

e [ wo possibilities

— 'fr*3 is a (2.1)—1’Drm 2 N =1
— G3 contains a (0,3) component = \" =0
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An orientifold example

e A simple example of CYg4 is given by a TS /¢ Zr x Z

TO =72 x T2 x T2

#:(z1.22.23) — (—21.—22.23)
2 S 2y 22 A Ey 22 —23)
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An orientifold example

e A simple example of CYj is given by a T®/(Z, x Z5) orbifold

T =T wF T

#:(z1.22.23) — (—=21,—22,23)
y " = - - | = > =
Gf L AZY 223 b k21— 29, —23)
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General Flux Vacua

e T here is a wide class of type IIB flux compactifications vielding D = 4
Minkowski vacua.

e [ he necessary ingredients are;

— A (warped) compact Calabi-Yau background metric Xg
— O3-planes (and O7-planes) localized in Xg

— D-branes filling M4 and not breaking supersymmetry

— A 3-form flux G3 on Xg such that

'%fﬁf:_rfg — -"f:_r'g
e [ wo possibilities

— {-;3 is a (2.1)—1’0[’[‘[‘1 ol — %
= (__;3 contains a (0.3) component = \" =0
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An orientifold example

e A simple example of CYj is given by a T®

iy T T

0:.4z1,22

Y23+ {—=), 22

el O NET =0y

.‘.3]"— {:1.—:: —
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An orientifold example

e A simple example of CYj is given by a T®/(Z> x Z

IS — T T T

21, —22,23)

B (z1.22.23)— (—=z1. —22.
ik Sz Sz 2y 23— 23
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An orientifold example

e A simple example of CY5 is given by a T
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An orientifold example

e A simple example of CYg4 is given by a TE/HZH % Z

TE=Fu T T

8 ({z1.2o

L2Y, 22, 23+ \—Z1,—22,23)
y "o o o Ve s o m o
WA l' el ey 'L - lE - l' b w | ]
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An orientifold example

e A simple example of CYg4 is given by a T6 (Z~» x Z») orbifold

O —F T T

#:(z1.,22.23) — (—=z1.,—22.23)
& Sz, 29,23 — £ 21, —23. —23)
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An orientifold example

(Zo x Zo

e A simple example of CY3 is given by a T°/(Z> 2

e By further quotienting by the orientifold action Q2K

6 . i 2
rb — T2 x T2 % T2
2.23)

@ . (z1,22,23) > (—=zx, —22; z3)

Ut S21,29, 23 ) (21,22, —23)

C2: World-sheet parity
R : (:1, 29,23) +—(—21, —29, —;3)

) orbifold

we introduce O3-planes and O7-planes at Z, fixed points.

Pirsa: 05030099

® # L #

Page 76/232



An orientifold example

e A simple example of CY3 is given by a T®/(Z> x Z») orbifold

U>\21,23,23) +—= (—21,—22,23
- 21, %2,23) — %1, —Z2, —23)

e By further quotienting by the orientifold action Q2R

ol (:1. 205 :.3) — (—.‘.1. —2Z9, —33)

C2: World-sheet parity

we introduce O3-planes and O7-planes at Z, fixed points.
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An orientifold example

e A simple example of CYj3 is given by a T®/(Z> x Z>) orbifold

i

. (z1.29,. 23} — {—21.—2Z2.23)

Ly ~=3} o

af CAZ3, 2o, 23t {21, 23.—23)

e By further quotienting by the orientifold action Q2R

C2: World-sheet parity
R :(z1,29,23) +—(—21, —22, —:3)

we introduce O3-planes and O7-planes at Z, fixed points.

I
|
? ®

=
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Adding D-branes

e Absence of tadpole divergences requires that we add D-branes in our
compactification.

e [he simplest way to cancel O-plane charges is to consider D3 and
D7-branes parallel to the O3 and O7-planes.
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Adding D-branes

Absence of tadpole divergences requires that we add D-branes in our
compactification.

The simplest way to cancel O-plane charges is to consuder D3 and
D7-branes parallel to the O3 and O7-planes. 7

This theory is however non-chiral. We may achieve chirality by intro-
ducing internal magnetic fluxes F},, on D7-branes. [Ba s, BGKL,AADS]

T-dual to D6-branes at angles in Zo x Zo. [Berkooz. Douglas, Leigh]

! x T —duality
. g‘ . __..--"_ e .
X
=
Type IIB
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Magnetizing D-branes

USp(2N71) x USp(2N>) x USp(2N3)

(2N7.2N5,1) + (2N3.1,.2N3) 4+ (1.2N5, 2N3)
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USp(2N1) x USp( ) x USp(2N3)

(2N7.2N5,1) + (2N;7,1,.2N3) 4+ (1.2N5, 2N3)
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(2N7:.2N5,1) + (2N3,1,.2N3) 4+ (1.2N5, 2N3)

Magnetizing D-branes

USp(2N1) x USp( ) x USp(2N3)

-
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Magnetizing D-branes

U(N1) x USp( ) x USp(2N3)

g(N1,2N>.1) 4+ g(N1.1.2N3) + (1. 2N, 2N3)

)
=
)
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O
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ON, D7,’s ‘

IN, D7,’s
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Magnetizing D-branes

g(Ny,2N>5.1) 4 g(N1.1.2N3) + (1. 2N5,. 2N3)

2N, D7,’s

N, D7,’s
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Magnetizing D-branes

U(N7) x USp(2N>) x USp(2N3)

N, DL's

2N, D7,’s

Pirsa: 05030099

N1, 2N5.1) 4+ g(N1.1.2N3) + (1. 2N5, 2N3)
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Magnetizing D-branes

U(N1) x USp( ) x USp(2N3)

J(N1,2N5.1) + g(N1.1.2N3) + (1.2N5,2N3)

:M_ DT:-"\

2N, D-’r;'\ I
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Magnetizing D-branes

[ (\-__) % f"'\;:( ) X [HJ;(E\:}

(N31,2N5. 1)+ g(N1,1.2N3) + (1, 2N5,2N3)

ON, D7,’s

|
ON, D7,’s
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Magnetizing D-branes

U(N1) x USp( ) x USp(2N3)

g(N71,.2N>.1) 4+ g(N1.1.2N3) + (1.2N

:N: DT:-"\

2N, D7,’s
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A Left-Right MSSM Example

e | he previous example allow us to achieve a semi-realistic spectrum, by
using the identity U'Sp(2) ~ SU(2)

U(4) x SU(2) x SU(2)

g{4.2.1)4+9(4.1.2)4+(1.2.2)
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A Left-Right MSSM Example

e | he previous example allow us to achieve a semi-realistic spectrum, by
using the identity USp(2) =~ SU(2)

U(4) x SU(2) x SU(2)

gl4.2.1)+9g(4.1.2)4+(1.2.2)
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A Left-Right MSSM Example

e [ he previous example allow us to achieve a semi-realistic spectrum, by
using the identity ['Sp(2) ~ SU(2)
U(4) x SU(2) x SU(2)

g{4.2.1)+9g(4.1.2)4+(1.2.2)

e By performing an adjoint Higgsing of U'(4), we obtain a Left-Right
MSSM spectrum with ¢ generations of chiral matter

SU(3) x SU(2) x SU(2) xU(1)B_r

2)
Page 98/232
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T-dual picture

e [ he appearance of chirality is easier to visualize in the intersecting

D-brane picture

i
]

before
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T-dual picture

e | he appearance of chirality is easier to visualize in the intersecting

D-brane picture

Pirsa: 05030099
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T-dual picture

e | he appearance of chirality is easier to visualize in the intersecting

D-brane picture

allcT
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T-dual picture

e [T he appearance of chirality is easier to visualize in the intersecti

D-brane picture

' - - = '
i Fﬂ_'_'_,_,.-o-' ;. |
_'_ﬂ_,_,-o-"" "--\._\__H_
after :”ff = Lﬂ x"‘!
dl LC fp""

= | ! e - ‘ \-\\_\-__ ‘_l
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S T
| L— % | ' R’“‘HJ

e As well as the adjoint Higgsing

| _,d--"'"'f o T '--.._\_\___
s | = > e Hﬂ"““t.l
betore | | | o e |
. — -\-H\-\-"" =
; & " ] = |

—
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Magnetic Numbers

e Intersecting branes also inspire a description of these models in terms
of topological quantities

Na Number of D — branes
m’  Number of times wrapped on (T2); } =

Units of magnetic flux on (T2),
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Magnetic Numbers

e Intersecting branes also inspire a description of these models in terms
of topological quantities

Ng Number of D — branes
m?:  Number of times wrapped on (T2), g

- == |2 Fg =N,
Units of magnetic flux on (T<); o JT :
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Magnetic Numbers

e Intersecting branes also inspire a description of these models in terms

of topological quantities

N, Number of D — branes
m? Number of times wrapped on (Tj)é
n’  Units of magnetic flux on (T2),

(Fh () (35

D9 — N, (H&.m%:} (HE. mg) (”3-”*3)
D7y — N, (1.0) (n2.m2) (n3.m3)
D5; — Na (ng.mz) (1.0) (1.0)
D3 — N, (1.0) (1.0) (1.0)

e | he orientifold action maps these numbers as

QR (HEI_;;,'I';) > (“:I'_'I“-J_!.)
Pirsa: 05030099
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Magnetic Numbers 11

e In this notation,

our previous Left-Right example reads

(H;—i m‘—) | (n

No=6 |

(g.1) ! (g.

:\ﬂ,‘g — 4

Pirsa: 05030099

|
(0.-1) | (1,0)
| G

(0, —1)

Page 108/232



Magnetic Numbers 11

e In this notation, our previous Left-Right example reads

N, : (n&, m}l) T (u{:—: mf{) | (HE, mg
Na=6| (1,0) (g.1) (g.—1)
N,=2| (0.1) a0 | @—)
Ne=2| (0.1) | (0.-1) | (1.0)
N.—21 1.9 (g.1) (g.—1)

e | he chiral spectrum can be computed by means of the intersection

product

Pirsa: 05030099

Ly = [Qal - [Qs] =TI (nimj — mini)
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Adding Background Fluxes

e We now want to include a background 3-form flux G35 = F3 — 7H3.
It must satisfy

— Bianchi identities: dF3 —dH3 —0

— Quantization conditions: v F3. [ H3 Z, VX ecH3Xe.Z)
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Adding Background Fluxes

¢ We now want to include a background 3-form flux G3 = F3 — 7H3.
[t must satisfy

— Bianchi identities: dF3 —dH3 —0

— Quantization conditions: s F3. s H3 Z, vYXIcH3(Xs.7Z)
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Adding Background Fluxes

¢ We now want to include a background 3-form flux G5 = F3 — 7H3.
[t must satisfy

— Bianchi identities: dF3 =dH3 =0
— Quantization conditions: s F3, [ H3s €
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Adding Background Fluxes
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— Bianchi identities: dF3 —dH3 =0
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Adding Background Fluxes

¢ We now want to include a background 3-form flux Gg3 = F3 — 7H3.
[t must satisfy

— Bianchi identities: dF3 =dH3 =0

— Quantization conditions: s F3. [ H3 Z, vXIeH3Xe.Z)
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Adding Background Fluxes

¢ We now want to include a background 3-form flux Gg3 = F3 — 7H3.
[t must satisfy

— Bianchi identities: dF3 = dH3

0
— Quantization conditions: v F3, [y Hs €

Z. _E—:Hgfj{bZr
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Adding Background Fluxes

e We now want to include a background 3-form flux Gg3 = F3 — 7H3.
It must satisfy

— Bianchi identities: dF3 — dH3

O
— Quantization conditions: fsF3, s H3 €

Z. ._Z_:HE,{XI_-,.Z}

Pirsa: 05030099 Page 117/232



Quantization conditions

e It is easier to characterize fluxes in the covering space T2 x T? x TZ2.
T®/(Z> x Z>) contains 3-cycles whose volume is 1/4 of those in TP°,
hence

[ F3. [y H3 € 4Z, <X <=H3(T%Z)

e [ he orientifold modding 2R adds an extra factor of 2, unless 2 con-
tains an odd number of exotic O3-planes (i.e., O3's with positive ten-
sion and/or RR charge) o

... but there are no exotic O-planes in our construction.
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Quantization conditions

e It is easier to characterize fluxes in the covering space T2 x T2 x T2,
T®/(Z> x Z») contains 3-cycles whose volume is 1/4 of those in T°,
hence

s F3. [y H3 € 4Z, +vx<=H3(T%Z)

-~

e [ he orientifold modding 2R adds an extra factor of 2, unless 2 con-
tains an odd number of exotic O3-planes (i.e., O3's with positive ten-
sion and/or RR charge)

... but there are no exotic O-planes in our construction.
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Adding Background Fluxes

¢ We now want to include a background 3-form flux G3 = F3 — 7H3.
It must satisfy
— Bianchi identities: dFs —=dHz =0
— Quantization conditions: S5 F3, [ H3 € 8Z vX = H3(TC.Z)

It also carries a D3-brane charge given by

NViiux = Jps H3 A F3
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Adding Background Fluxes

¢ We now want to include a background 3-form flux G3 = F3 — 7H3.
[t must satisfy
— Bianchi identities: dF3 =dH3 =0
— Quantization conditions: Js-F3, [y H3 € 8Z, vX cH3(TS,Z)

It also carries a D3-brane charge given by

\T'IU ¢ — .JT]__*3 H?} F3
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Adding Background Fluxes

¢ We now want to include a background 3-form flux G3 = F3 — 7H3.
It must satisfy
— Bianchi identities: dF3 =dH3 =0
— Quantization conditions: f=F3, [ H3 € 8Z, 7X = H3(T®.Z)

It also carries a D3-brane charge given by

Nfjux = ._JIITI'S H3 A F3
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Adding Background Fluxes

¢ We now want to include a background 3-form flux G3 = F3 — 7H3.
It must satisfy
— Bianchi identities: dF3 =dH3 =0
— Quantization conditions: fF3, [ Hy € 8Z, VI cH;3TZ)

It also carries a D3-brane charge given by

Viiux = Jpe H3 A F3
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Adding Background Fluxes

¢ We now want to include a background 3-form flux G35 = F3 — 7H3.
It must satisfy

— Bianchi identities: dF3 =dH3 =0

— Quantization conditions: [y F3, [v H3 87,  v¥ c Hs(TS.Z)

It also carries a D3-brane charge given by

Veiux = Jre H3 A F3

e We choose a constant ISD flux of the form

G3 = Gyy3dZ1d20d23+ G553 d21dzpdz3+G 53 dz1d20dZ3+ G55 dZ1dZpdz3

USY brea king

N
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Tadpoles

e In order to build a consistent D-brane model, RR tadpoles must cancel.
In particular, D3-brane tadpoles read

e In the present context we have

l

.‘\-{_}3 p— 64
Nauyx = n-64, neN
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Tadpoles

e In order to build a consistent D-brane model, RR tadpoles must cancel.
In particular, D3-brane tadpoles read

e In the present context we have

Noz = 64 L _ ._
e v Y NanlnZ2.3 -0 v
Nfjux = n-64, ne N } o TE o a"a for G3 =0
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Tadpoles

e In order to build a consistent D-brane model, RR tadpoles must cancel.
In particular, D3-brane tadpoles read

e In the present context we have

—% z \.*r‘ ’;':I <0 fDr {:-;3 =

.\-{__}3 — 64
Nfjux = n-64, neN
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Tadpoles

e In order to build a consistent D-brane model, RR tadpoles must cancel.
In particular, D3-brane tadpoles read

e In the present context we have

.\-{_'}3 - 64
Neguyx = n-64, neN
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Tadpoles

e In order to build a consistent D-brane model, RR tadpoles must cancel.
In particular, D3-brane tadpoles read
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Tadpoles

e In order to build a consistent D-brane model, RR tadpoles must cancel.
In particular, D3-brane tadpoles read

e In the present context we have

l

..\-{_'_}3 — 6‘:1 T A -*;I ”H _”?I e
‘\'-flu'r. — n-64. nc N e
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Tadpoles

e In order to build a consistent D-brane model, RR tadpoles must cancel.
In particular, D3-brane tadpoles read

Nos = 64 FR L
Niux = n-64, neN Seats
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Tadpoles

e In order to build a consistent D-brane model, RR tadpoles must cancel.
In particular, D3-brane tadpoles read
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Tadpoles

e In order to build a consistent D-brane model, RR tadpoles must cancel.
In particular, D3-brane tadpoles read

e In the present context we have

.\-{_'}3 p— 6'{1
,\._ﬂu._,\ — n-64. nc N
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Tadpoles

e In order to build a consistent D-brane model, RR tadpoles must cancel.
In particular, D3-brane tadpoles read

e In the present context we have

.\_{_-}3 — 64
‘\_ﬂ“y\ — n-64. nc N
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