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Co-advisor: Dr. Gianguido Dall’Agata

. . .

2



About the speaker . . .

Padova =⇒ Torino

Advisor: Prof. Fabio Zwirner Prof. Pietro Fré
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Motivation

Standard Model (SM) describes strong and electroweak
interactions

Gravitational interactions not negligible at E ∼ MPlanck

=⇒Quest for a unified theory
Bottom-up approach:

→ SM

→ MSSM

→ d = 4 SUGRA

→ D = 10, 11 SUGRA

→ (Superstring/M-theory)
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Outline

1 Supersymmetry and supergravity

2 Compactification and dimensional reduction

3 Fluxes

4 Original part: type IIB supergravity
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I. Supersymmetry and
supergravity
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Why supersymmetry?

Solves the hierarchy problem Mew/MPl ∼ 1016

Improves the UV behaviour of the theory

Coupling constant unification

Candidate for Dark Matter

. . .
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What is supersymmetry?

Supersymmetry: symmetry which relates bosons and fermions

Maximal extension of the Poincaré group (HLS theorem)

Algebra with N spin-1/2 generators (for us N = 1)

Supermultiplets: contain particles with the same mass (exact
susy)

=⇒ supersymmery broken

{Qα,Q β̇} = 2σµ
αβ̇

Pµ ,

{Qα,Qβ} = 0 = {Q α̇,Q β̇}
(1)
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Algebra with N spin-1/2 generators (for us N = 1)

Supermultiplets: contain particles with the same mass (exact
susy)

=⇒ supersymmery broken

{Qα,Q β̇} = 2σµ
αβ̇

Pµ ,

{Qα,Qβ} = 0 = {Q α̇,Q β̇}
(1)

20



What is supersymmetry?

Supersymmetry: symmetry which relates bosons and fermions

Maximal extension of the Poincaré group (HLS theorem)
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What is supergravity?

Supergravity: gauge theory of supersymmetry

Gravity supermultiplet: (spin 3/2, spin 2)

gravitino and graviton

=⇒ describes gravitational interactions: supergravity
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The supergravity action

Complete action depends on three functions:

Kähler potential K

superpotential W

gauge kinetic function f(ab)
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The N = 1, d = 4 supergravity action

Some pieces from the N = 1, d = 4 supergravity Lagrangian:

Lpure = −1

2
e R + e εµνρσ Ψµσν∂ρΨσ + . . .

LKB = e Ki (∂
µz)(∂µz i ) + . . .

V (z i , z) = e eK
[
K i (DiW )(DW )− 3|W |2

]
+ . . .

Some notations:

zi complex scalar fields

Wi ≡ ∂iW

DiW = Wi + KiW
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What can we do?

Superstring theory/ M-theory

⇓ (α′ → 0)

supergravity in D = 10, 11

⇓

Need for an effective theory in d = 4
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Starting point: supergravities in D = 10, 11

Theory Bosonic fields
D = 11 GMN A(3)

N = 1 GMN Φ B(2) A(1) gauge
IIA GMN Φ B(2) C(1) ↔ C(7) C(3) ↔ C(5) C(9) ↔ C(−1)

IIB GMN Φ B(2) C(0) ↔ C(8) C(2) ↔ C(6) C(4) ↔ C(4)
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II. Compactification and
dimensional reduction

44



Compactification and dimensional reduction

→ D = 10 (11) space-time

→ (d = 4 Minkowski) × (k = 6 (7) compact space)

→ Expansion of the D = 10 (11) fields in an infinite tower of
d = 4 fields

→ Dimensional reduction −→ truncation: L→ 0

→ Result: d = 4 theory for a finite numer of fields
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Compactification and dimensional reduction

Simplest example

Free massless complex scalar field in D = 5 on a circle of length L

Action:

S5 =

Z
d5x (∂Mϕ)∗(∂Mϕ) , M = 0, 1, 2, 3, 5

Identification y ≡ y + L

S =

∫
d4x

∫ L

0

dy

L

[
(∂Mϕ)∗(∂Mϕ)

]
, xM = (xµ, y)

Periodicity conditions

ϕ(x , y + L) ≡ ϕ(x , y)
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Simplest example

Free massless complex scalar field in D = 5 on a circle of length L

Fourier series expansion

ϕ(x , y) =
1√
L

∑
n∈Z

ϕn(x) e i( 2πn
L ) y

Infinite d = 4 scalars

S =

∫
d4x

∑
n∈Z

[
(∂µϕn)∗(∂µϕn)−

(
2πn

L

)2

|ϕn|2
]

Kaluza-Klein tower of states

(mn)2 =

(
2πn

L

)2
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Simplest example

Free massless complex scalar field in D = 5 on a circle of length L

Truncation: L→ 0

S =

∫
d4x [(∂µϕ0)∗ (∂µϕ0)]

ϕ0 is massless
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Next-to-simplest example

Introduction of the Scherk-Schwarz twist in the previous example

Action as before

Identification y ≡ y + L

Scherk-Schwarz twist with U(1) symmetry

ϕ(y + L) ≡ e iµL ϕ(y) , [µ] = (mass)

In general

ϕ(y + L) ≡ T ϕ(y)

T symmetry of the action
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Next-to-simplest example

Introduction of the Scherk-Schwarz twist in the previous example

General solution

ϕ(x , y) = e iµy 1√
L

∑
n∈Z

ϕn(x) e i( 2πn
L ) y

with action

S =

∫
d4x

∑
n∈Z

[
(∂µϕn)∗(∂µϕn)−

∣∣∣∣µ+
2πn

L

∣∣∣∣2 |ϕn|2
]

Kaluza-Klein tower of states with

mn =

∣∣∣∣µ+
2πn

L

∣∣∣∣
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Next-to-simplest example

Introduction of the Scherk-Schwarz twist in the previous example

Truncation: L→ 0

S =

Z
d4x

h
(∂µφ0)

∗ (∂µφ0)− |µ|2 |ϕ0|2
i

now massive!

m0 = |µ| 6= 0

Observation

Dimensional reduction ∼ local redefinition

ϕ(x , y) = e iµy ϕ(x)
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Supergavity compactifications

Aim:

N = 1, d = 4
effective
supergravity
theory

through

orbifold
compactifications

Orbifold O =M/G
M manifold

G discrete group
acting on M
Examples:
T2 = R2/(Z× Z),
S1/Z2, T2/Z2, . . .

Study:
compactifications
on Tk/(Z2 × Z2),
k = 6, 7
(in some cases
with a further Z2

projection)
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Supergravity compactifications

Six cases studied (bosonic sector)

1 N = 1 (heterotic) supergravity (without YM) Go

2 IIA with O6 orientifold Go

3 IIB with O3/O7 orientifold Go

4 IIB with O5/O9 orientifold Go

5 M-theory (→ IIA) Go

6 M-theory (→ heterotic) Go
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Torus compactifications

Supergravity theory in D dimensions

→ compactify it to 4
dimensions on a k-torus, k = D − 4

coordinates xM = (xµ, x i ), (µ = 0, . . . , 3), (i = 5, . . . ,D)

identification x i ≡ x i + 2πR

metric reduction Ansatz:

GMN(xµ, x i ) =

(
Gµν(xρ) 0

0 Gij(xρ)

)
(2)

Weyl rescaling: string frame → Einstein frame

Gµν = ŝ−1 G̃µν

Torus compactification
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Orbifold compactifications

Orbifold action Z2 × Z′2 on the coordinates

x5 x6 x7 x8 x9 x10

Z2 − − − − + +
Z′2 + + − − − −

Z2Z′2 − − + + − −

=⇒ three invariant two-tori T6 = T2 × T2 × T2
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Orbifold compactifications

Metric components:

GMN =

{
blockdiag (ŝ−1G̃µν ,Gi1j1 ,Gi2j2 ,Gi3j3) D = 10

blockdiag (ŝ−1G̃µν ,Gi1j1 ,Gi2j2 ,Gi3j3 , v̂) D = 11

(3)

where

GiAjA =
t̂A
ûA

(
(û2

A + ν̂2
A) ν̂A

ν̂A 1

)
(4)
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blockdiag (ŝ−1G̃µν ,Gi1j1 ,Gi2j2 ,Gi3j3) D = 10
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Orbifold compactifications

Consequence:

D = 10,

e−2Φ =
ŝ

t̂1t̂2t̂3

D = 11,

v̂ =

(
ŝ

t̂1t̂2t̂3

)2

Orbifold compactification
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Supergavity compactifications

Het IIAO6 IIBO3O7 IIBO5O9 MtoIIA MtoHet

Result:

N = 1, d = 4 effective theories

7 complex scalar fields S , TA, UB (A,B = 1, 2, 3) Summary

Kähler potential K :

K (S ,A ,UB) = − log(S + S)−
3∑

A=1

log(TA + T A) +

−
3∑

B=1

log(UA + UA)

Superpotential W = 0 ⇐⇒ V = 0
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Problems

Ordinary dimensional reduction → V = 0

Need for moduli stabilization:

long range forces mediation
loss of predictivity

Idea

generate a scalar potential by using fluxes

=⇒ moduli stabilization?
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III. Fluxes
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Different kinds of fluxes

Two kinds of fluxes considered:

1 potential p-form fluxes

2 Geometric fluxes
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Potential p-form fluxes

Potential p-form fluxes

Theory with p-forms A(p) and field strengths F(p+1) = dA(p)

Fluxes are non-trivial VEVs for the internal components of
F(p+1)

Generalization of the Zeeman effect
d = 4 Poincaré symmetry preserved
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Geometric fluxes

Geometric fluxes

Scherk-Schwarz twist with global symmetry → mass
parameter

effect absorbed in local redefinition

what happens when the symmetry is local?

Interesting case: gravity, invariant under GCT

Twisted torus
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Geometric fluxes

Generalized dimensional reduction: → fields depend on x i

Then:

ordinary dimensional reduction limit

=⇒ equal number of d.o.f.

effective d-dimensional theory

=⇒ dependence on x i cancels due to a symmetry

=⇒ Lie Group with C k
ij

gravitational case: ω k
ij ∼ C k

ij

=⇒ geometric fluxes
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Scalar potential from geometric fluxes

Geometric fluxes generate a scalar potential

VE =
1

8

√
−G̃4 ŝ−1

[
2ω i

jk ω j
il G kl + ω i

jk ω l
mn GilG

jmG kn
]
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Consistency conditions

1 No sources

=⇒ Consistency conditions (Discussion of the
NS-NS sector)
BI: dH +ωH = 0 H = dB
solution:
H = dB +ω B +H , H = const.

if ωH = 0 “tadpole conditions”
2 Jacobi identity:

ω
k

i [j ω
i

mn] = 0

3 Invariance of the volume form:

ω i
ij = 0
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IV. Original part: type IIB
supergravity
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Original part

Study of two examples:

a) IIB with O3/O7 orientifold

a) IIB with O5/O9 orientifold

In each case:

turn on some fluxes

computation of V and W

study of vacua and moduli stabilization
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IIB with O3/O7 orientifold

IIB with O3/O7 orientifold

Fluxes and superpotential

No geometric fluxes

Turn on: F579, F5710, F6810, F6710, H6710 Fluxes

Then

WO3/O7 = 2
√

2 e iα
[
i F579 − U3F5710 + U1U2U3F6810 +

− i U1U3F6710 + SU1U3H6710

]
Independent of TA
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IIB with O3/O7 orientifold

IIB with O3/O7 orientifold

Consequences

Scalar potential positive semi-definite

VO3/O7 =

√
−G̃4 eK

[ ∣∣(S + S)WS −W
∣∣2 +

+
3∑

B=1

∣∣(UB + UB)WUB
−W

∣∣2 ]

Vacua (susy and not) only for trivial values of the fluxes1

=⇒ Maldacena-Nuñez no-go theorem

1in the absence of sources
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IIB with O3/O7 orientifold

IIB with O3/O7 orientifold

Consequences

=⇒ Moduli not stabilized
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IIB with O5/O9 orientifold

IIB with O5/O9 orientifold

Fluxes and superpotential

Geometric fluxes: yes

Turn on: ω 9
57 , ω 7

59 , ω 8
610 , ω 10

68
Fluxes

Then

WO5/O9 = 2
√

2 e iα
[
ω 7

59 T2U2 − i ω 8
610 T2U1U3 +

− ω 9
57 T3U3 + i ω 10

68 T3U1U2

]
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IIB with O5/O9 orientifold

IIB with O5/O9 orientifold

Consequences

Scalar potential accidentally positive semi-definite

=⇒ only
Minkowsky vacua

V (z i ) =

√
−G̃4 eK

[ 3∑
A=2

|(TA + T A)WTA
−W |2 +

+
3∑

B=1

|(UB + UB)WUB
−W |2 − |W |2

]

trivial susy vacuum ω 9
57 = ω 7

59 = ω 8
610 = ω 10

68 = 0

∃ non susy vacua for non-trivial values of the fluxes
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IIB with O5/O9 orientifold

IIB with O5/O9 orientifold

Consequences

=⇒ stabilization of some moduli with geometrical fluxes
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Vacua in IIB with O5/O9 orientifold

Classification of non-trivial vacua:

i) Case ω 8
610 = 0 = ω 10

68 , ω 9
57 /ω

7
59 < 0 (non susy)

〈t2〉 = −ω 9
57

ω 7
59

〈
t3 u3
u2

〉
〈ν2〉 = 〈ν3〉 = 0
〈τ2〉 = 〈τ3〉 = 0

(5)

ii) Case ω 10
68 /ω 8

610 < 0, ω 9
57 /ω

7
59 < 0 (non susy)

〈t2〉 = −
√

ω 9
57

ω 7
59

ω 10
68

ω 8
610
〈t3〉

〈u2〉 =

√
ω 9

57 ω 8
610

ω 7
59 ω 10

68
〈u3〉

〈ν2〉 = 〈ν3〉 = 0
〈τ2〉 = 〈τ3〉 = 0

(6)
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Vacua in IIB with O5/O9 orientifold
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7
59 < 0 (non susy)

〈t2〉 = −
√

ω 9
57

ω 7
59

ω 10
68

ω 8
610
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〈u2〉 =

√
ω 9
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610
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(6)
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Spectrum in type i) vacua

Gravitino mass

m2
3/2 =

〈
eK |W |2

〉
= −1

4
ω 9

57 ω 7
59 〈(st1u1)−1〉

Field Squared mass(
t′3−t′2+u′3−u′2

2

)
32 m2

3/2

τ ′2, τ ′3, ν ′2, ν ′3 8 m2
3/2(

t′3+t′2+u′3+u′2
2

)
0(

t′3+t′2−u′3−u′2
2

)
0(

t′3−t′2−u′3+u′2
2

)
0

s ′, σ′, t ′1, τ ′1, u′1, ν ′1 0
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〈
eK |W |2

〉
= −1

4
ω 9

57 ω 7
59 〈(st1u1)−1〉

Field Squared mass(
t′3−t′2+u′3−u′2

2

)
32 m2

3/2

τ ′2, τ ′3, ν ′2, ν ′3 8 m2
3/2(

t′3+t′2+u′3+u′2
2

)
0(

t′3+t′2−u′3−u′2
2

)
0(

t′3−t′2−u′3+u′2
2

)
0

s ′, σ′, t ′1, τ ′1, u′1, ν ′1 0
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Summary

Supersymmetry

→ SM extension

Supergravity

→ includes gravity

Superstrings/M-theory

→ supergravity in D = 10 (11)

Compactification and dimensional reduction

→ moduli

Fluxes

→ moduli stabilization

Original part: IIB on T6/(Z2 × Z2)
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Summary

Supersymmetry → SM extension

Supergravity → includes gravity

Superstrings/M-theory → supergravity in D = 10 (11)

Compactification and dimensional reduction → moduli

Fluxes → moduli stabilization

Original part: IIB on T6/(Z2 × Z2)
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The End

The End
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D = 11 supergravity action

S11 =
1

2k2
11

∫
d11x (−G11)1/2

[
R11 −

1

2

∣∣F(4)

∣∣2]+

− 1

6

∫
A(3) ∧ F(4) ∧ F(4)

In general, given a p-form F(p), we use the convention

|F(p)|2 =
1

p!
GM1N1 · · ·GMpNp FM1···Mp FN1···Np

Back
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N = 1 (heterotic) supergravity action

S =
1

2k2
10

∫
d10x (−G10)1/2 e−2Φ

[
R10 + 4(∂µΦ)(∂µΦ) +

− 1

2

∣∣∣H̃(3)

∣∣∣2 − k2
10

g 2
10

Tr V |F(2)|2
]

where

H̃(3) = dB(2) −
k2

10

g 2
10

ω(3)

the Chern-Simons 1-form is

ω(3) = Tr V

(
A(1) ∧ dA(1) −

2i

3
A(1) ∧ A(1) ∧ A(1)

)
and g10 is a gauge coupling parameter Back
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Type IIA supergravity action

SIIA = SNS + SR + SCS

where

SNS =
1

2k2
10

∫
d10x (−G10)1/2 e−2Φ

[
R10 +

+ 4(∂µΦ)(∂µΦ)− 1

2

∣∣H(3)

∣∣2 ]
SR = − 1

4k2
10

∫
d10x (−G10)1/2

[
M2 +

∣∣F(2)

∣∣2 +
∣∣∣F̃(4)

∣∣∣2]
SCS = − 1

4k4
10

∫
B(2) ∧ F(4) ∧ F(4)
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Type IIA supergravity action

and with

H(3) = dB(2)

F(2) = dC(1) + MB(2)

F(4) = dC(3) +
1

2
MB(2) ∧ B(2)

F̃(4) = F(4) − C(1) ∧ H(3)

Back
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Type IIB supergravity action

SIIB = SNS + SR + SCS

where

SNS =
1

2k2
10

∫
d10x (−G10)1/2 e−2Φ

[
R10 +

+ 4(∂µΦ)(∂µΦ)− 1

2

∣∣H(3)

∣∣2 ]
SR = − 1

4k2
10

∫
d10x (−G10)1/2

[ ∣∣F(1)

∣∣2 +
∣∣∣F̃(3)

∣∣∣2 +

+
1

2

∣∣∣F̃(5)

∣∣∣2 ]
SCS = − 1

4k2
10

∫
C(4) ∧ H(3) ∧ F(3)
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Type IIB supergravity action

and with

F̃(3) = F(3) − C(0) ∧ H(3)

F̃(5) = F(5) −
1

2
C(2) ∧ H(3) +

1

2
B(2) ∧ F(3)

Back
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Torus compactifications

S =
1

2κ2
D

Z
dDx

p
−GD e−2Φ

»
RD + 4(∂µΦ)(∂µΦ)−

1

2
e2Φ

˛̨
F(p+1)

˛̨2–
=

=
1

2κ2
4

Z
d4x

q
−eG4

p
Gk

“
e−2Φ ŝ−1

” heR4 −
3

2
ŝ−2 (∂µ ŝ)(∂µ ŝ) +

+ 4

„
∂µ

„
Φ−

1

4
log Gk

««„
∂µ

„
Φ−

1

4
log Gk

««
+

−
1

4
GmnGpq ((∂µGmp)(∂µGnq) + (∂µBmp)(∂µBnq)) +

−
1

12
ŝ2 HµνρHµνρ +

−
1

2(p!)
ŝ2e2ΦGm4n4 · · ·Gmp+1np+1 (Fµνρm4···mp+1 ) (Fµνρ

n4···np+1
) +

−
1

2
e2Φ 1

p!
Gm2n2 · · ·Gmp+1np+1 (∂µAm2···mp+1 ) (∂µAn2···np+1 )

i
Back
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Orbifold compactifications

S =
1

2κ2
4

Z
d4x

q
−eG4

p
Gk

“
e−2Φ ŝ−1

” heR4 −
1

2
ŝ−2 (∂µ ŝ)(∂µ ŝ) +

−
1

4
GmnGpq ((∂µGmp)(∂µGnq) + (∂µBmp)(∂µBnq)) +

−
1

12
ŝ2 HµνρHµνρ +

−
1

2(p!)
ŝ2e2ΦGm4n4 · · ·Gmp+1np+1 (Fµνρm4···mp+1 ) (Fµνρ

n4···np+1
) +

−
1

2
e2Φ 1

p!
Gm2n2 · · ·Gmp+1np+1 (∂µAm2···mp+1 ) (∂µAn2···np+1 )

i
Back
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N = 1 (heterotic) supergravity (without YM)

Fields in N = 1 supergravity
Dilaton : Φ

Metric moduli : t̂A, ûA, ν̂A

NSNS two-form B(2) : B56, B78, B910, Bµν ↔ σ

171



N = 1 (heterotic) supergravity (without YM)

Define

τ1 ≡ B56 , τ2 ≡ B78 , τ3 ≡ B910

Reduced action:

S =
1

2κ2
4

Z
d4x

q
−eG4

heR4 −
1

2

(∂µ ŝ)(∂µ ŝ) + (∂µσ)(∂µσ)

ŝ2
+

−
1

2

3X
A=1

(∂µ t̂A)(∂µ t̂A) + (∂µτA)(∂µτA)

t̂2
A

+

−
1

2

3X
A=1

(∂µûA)(∂µûA) + (∂µν̂A)(∂µν̂A)

û2
A

i
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N = 1 (heterotic) supergravity (without YM)

Redefinitions:

s ≡ ŝ , tA ≡ t̂A , uA ≡ ûA , νA ≡ ν̂A , A = 1, 2, 3

Seven complex scalar fields:

S = s + iσ

TA = tA + iτA

UA = uA + iνA

Kähler potential

K = − log(S + S)−
3∑

A=1

log(TA + T A)−
3∑

B=1

log(UB + UB)

Back
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IIA with O6 orientifold

R : (x5, x6, x7, x8, x9, x10) → (−x5,+x6,−x7,+x8,−x9,+x10)

Combined orbifold/orientifold actions
: x5 x6 x7 x8 x9 x10

R : − + − + − +

Z2R : + − + − − +

Z′2R : − + + − + −
Z2Z′2R : + − − + + −

Four O6-planes:

(6810) , (5710) , (679) , (589)

174



IIA with O6 orientifold

Orientifold action on the fields
Φ → +Φ

B → −B

G → +G

C(1) → −C(1)

C(3) → +C(3)
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IIA with O6 orientifold

Fields in type IIA with O6

Dilaton Φ

Metric moduli t̂A, ûA

B(2) B56, B78, B910

C(3) C5710, C589, C679, C6810

GiAjA =

(
t̂AûA 0

0 t̂A
ûA

)
, A = 1, 2, 3 (7)
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IIA with O6 orientifold

S =
1

2κ2
4

Z
d4x

q
−eG4

heR4 −
1

2
ŝ−2 (∂µ ŝ)(∂µ ŝ) +

−
1

2

3X
A=1

"
(∂µûA)(∂µûA)

û2
A

+
(∂µ t̂A)(∂µ t̂A)

t̂2
A

#
+

−
1

2

h (∂µB56)(∂µB56)

t̂2
1

+
(∂µB78)(∂µB78)

t̂2
2

+
(∂µB910)(∂µB910)

t̂2
3

i
+

−
1

2

„
e2Φ

t̂1 t̂2 t̂3

«h û3

û1û2
(∂µC5710)(∂µC5710) +

+
û2

û1û3
(∂µC589)(∂µC589) +

û1

û2û3
(∂µC679)(∂µC679) +

+ û1û2û3 (∂µC6810)(∂µC6810)
i
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IIA with O6 orientifold

τ1 ≡ B56 , τ2 ≡ B78 , τ3 ≡ B910

ν1 ≡ −C679 , ν2 ≡ −C589 , ν3 ≡ −C5710 , σ ≡ C6810

Non-linear redefinitions:

uA =

√
ŝ û1û2û3

û2
A

s =

√
ŝ

û1û2û3
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IIA with O6 orientifold

Reduced action:

S =
1

2κ2
4

Z
d4x

q
−eG4

heR4 −
1

2

(∂µs)(∂µs) + (∂µσ)(∂µσ)

s2
+

−
1

2

3X
A=1

"
(∂µuA)(∂µuA) + (∂µνA)(∂µνA)

u2
A

#
+

−
1

2

3X
A=1

"
(∂µ t̂A)(∂µ t̂A) + (∂µτA)(∂µτA)

t̂2
A

# i
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IIA with O6 orientifold

Redefinitions:

tA ≡ t̂A , A = 1, 2, 3

The reduced action describes, besides the supergravity multiplet,
seven complex scalar fields:

S = s + iσ , TA = tA + iτA , UA = uA + iνA

with Kähler potential

K = − log(S + S)−
3∑

A=1

log(TA + T A)−
3∑

B=1

log(UB + UB)

Back
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IIB with O3/O7 orientifold

R : (x5, x6, x7, x8, x9, x10) → (−x5,−x6,−x7,−x8,−x9,−x10)

Combined orbifold/orientifold actions
: x5 x6 x7 x8 x9 x10

R : − − − − − −
Z2R : + + + + − −
Z′2R : − − + + + +

Z2Z′2R : + + − − + +

1 invariant O3-plane and 3 invariant O7-planes:

(5678) , (78910) , (56910)
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IIB with O3/O7 orientifold

Orientifold action on the fields
Φ → +Φ

B → −B

G → +G

C(0) → +C(0)

C(2) → −C(2)

C(4) → +C(4)

Fields in type IIB with O3/O7

Dilaton Φ

Metric moduli t̂A, ûA, ν̂A

RR 0-form C(0)

C(4) C5678, C56910, C78910
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IIB with O3/O7 orientifold

S =
1

2κ2
4

Z
d4x

q
−eG4

heR4 −
1

2
ŝ−2 (∂µ ŝ)(∂µ ŝ) +

−
1

2

3X
A=1

"
(∂µ t̂A)(∂µ t̂A)

t̂2
A

+
(∂µûA)(∂µûA) + (∂µν̂A)(∂µν̂A)

û2
A

#
+

−
1

2

„
e2Φ

t̂1 t̂2 t̂3

«h t̂3

t̂1 t̂2
(∂µC5678)(∂µC5678) +

+
t̂2

t̂1 t̂3
(∂µC56910)(∂µC56910) +

t̂1

t̂2 t̂3
(∂µC78910)(∂µC78910) +

+ t̂1 t̂2 t̂3 (∂µC0)(∂µC0)
ii
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IIB with O3/O7 orientifold

Axions:

τ1 ≡ C78910 , τ2 ≡ C56910 , τ3 ≡ C5678

νA ≡ ν̂A , σ ≡ −C(0) , A = 1, 2, 3

Define

tA =

√
ŝ t̂1t̂2t̂3

t̂2
A

s =

√
ŝ

t̂1t̂2t̂3
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IIB with O3/O7 orientifold

S =
1

2κ2
4

Z
d4x

q
−eG4

heR4 −
1

2

(∂µ ŝ)(∂µ ŝ) + (∂µσ)(∂µσ)

s2
+

−
1

2

3X
A=1

h (∂µûA)(∂µûA) + (∂µν̂A)(∂µν̂A)

û2
A

+

+
(∂µtA)(∂µtA) + (∂µτA)(∂µτA)

t2
A

ii
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IIB with O3/O7 orientifold

Finally

uA ≡ ûA , s ≡ ŝ

S = s + iσ , TA = tA + iτA , UA = uA + iνA

Kähler potential

K = − log(S + S)−
3∑

A=1

log(TA + T A)−
3∑

B=1

log(UB + UB)

Back
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IIB with O5/O9 orientifold

R : (x5, x6, x7, x8, x9, x10) → (+x5,+x6,+x7,+x8,+x9,+x10)

Combined orbifold/orientifold actions
: x5 x6 x7 x8 x9 x10

R : + + + + + +

Z2R : − − − − + +

Z′2R : + + − − − −
Z2Z′2R : − − + + − −

One invariant O9-plane and three invariant O5-planes:

(5678910) , (910) , (56) , (78)
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IIB with O5/O9 orientifold

Orientifold action on the fields
Φ → +Φ

B → −B

G → +G

C(0) → −C(0)

C(2) → +C(2)

C(4) → −C(4)

Fields in type IIB with O5/O9

Dilaton Φ

Metric moduli t̂A, ûA, ν̂A

C(2) C56, C78, C910, Cµν ↔ σ
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IIB with O5/O9 orientifold

S =
1

2κ2
4

Z
d4x

q
−eG4

heR4 −
1

2

(∂µ ŝ)(∂µ ŝ)

ŝ2
−

1

2
e−2Φ (∂µσ)(∂µσ)

ŝ2
+

−
1

2

3X
A=1

"
(∂µûA)(∂µûA) + (∂µν̂A)(∂µν̂A)

û2
A

#
+

−
1

2

3X
A=1

(∂µ t̂A)(∂µ t̂A)

t̂2
A

+

−
1

2
e2Φ

h (∂µC56)(∂µC56)

t̂2
1

+
(∂µC78)(∂µC78)

t̂2
2

+

+
(∂µC910)(∂µC910)

t̂2
3

ii
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IIB with O5/O9 orientifold

Axions:

τ1 ≡ C56 , τ2 ≡ C78 , τ3 ≡ C910 , νA ≡ ν̂A , σ

Definitions:

tA =

√
ŝ t̂2

A

t̂1t̂2t̂3

s =
√

ŝ t̂1t̂2t̂3
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IIB with O5/O9 orientifold

S =
1

2κ2
4

Z
d4x

q
−eG4

heR4 −
1

2

(∂µŝ)(∂µŝ) + (∂µσ)(∂µσ)

s2
+

− 1

2

3X
A=1

h (∂µûA)(∂µûA) + (∂µνA)(∂µνA)

û2
A

+

+
(∂µtA)(∂µtA) + (∂µτA)(∂µτA)

t2
A

ii
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IIB with O5/O9 orientifold

Finally

uA ≡ ûA , s ≡ ŝ

Seven complex scalar fields

S = s + iσ , TA = tA + iτA , UA = uA + iνA

Kähler potential

K = − log(S + S)−
3∑

A=1

log(TA + T A)−
3∑

B=1

log(UB + UB)

Back
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M-theory (→ IIA)

R : (x5, x6, x7, x8, x9, x10, x11) → (−x5,+x6,−x7,+x8,−x9,+x10,−x11)

Combined orbifold actions
: x5 x6 x7 x8 x9 x10 x11

R : − + − + − + −
Z2R : + − + − − + −
Z′2R : − + + − + − −
Z2Z′2R : + − − + + − −
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M-theory (→ IIA)

R action on the fields
G → +G

A(3) → +A(3)

Fields in M-theory (→ IIA)
Metric moduli t̂A, ûA

A(3) A5611, A5710, A589, A679, A6810, A7811, A91011
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M-theory (→ IIA)

S =
1

2κ2
4

Z
d4x

q
−eG4

heR4 −
1

2
ŝ−2 (∂µ ŝ)(∂µ ŝ) +

−
1

4
GmnGpq (∂µGmp)(∂µGnq)−

1

12
GmnGpqG rs (∂µAmpr )(∂µAnqs)

i
Axions:

τ1 ≡ A5611 , τ2 ≡ A7811 , τ3 ≡ A91011

ν1 ≡ −A5710 , ν2 ≡ −A589 , ν3 ≡ −A679 , σ ≡ A6810
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M-theory (→ IIA)

S =
1

2κ2
4

Z
d4x

q
−eG4

heR4 −
1

2
ŝ−2 (∂µ ŝ)(∂µ ŝ)−

1

4

(∂µv̂)(∂µv̂)

v̂2
+

−
1

2

3X
A=1

"
(∂µ t̂A)(∂µ t̂A)

t̂2
A

+
(∂µûA)(∂µûA)

û2
A

#
+

−
1

2

3X
A=1

1

t̂2
Av̂

(∂µτA)(∂µτA) +

−
1

2

1

t̂1 t̂2 t̂3

h û3

û1û2
(∂µν3)(∂µν3) +

û2

û1û3
(∂µν2)(∂µν2) +

+
û1

û2û3
(∂µν1)(∂µν1) + û1û2û3 (∂µσ)(∂µσ)

ii
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M-theory (→ IIA)

Redefinitions: introduce r such that

r−1 ≡
√

v̂ ŝ−1 ⇐⇒ ŝ =
√

v̂ r

and tA such that

t2
A ≡ t̂2

Av̂ ⇐⇒ tA =
√

v̂ t̂A

Then

v̂ = r−
2
3 (t1t2t3)

2
3

ŝ = r
2
3 (t1t2t3)

1
3
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M-theory (→ IIA)

S =
1

2κ2
4

Z
d4x

q
−eG4

heR4 −
1

2
r−2 (∂µr)(∂µr) +

−
1

2

3X
A=1

"
(∂µtA)(∂µtA)

t2
A

+
(∂µûA)(∂µûA)

û2
A

#
+

−
1

2

3X
A=1

1

t̂2
Av̂

(∂µτA)(∂µτA) +

−
1

2

1

t̂1 t̂2 t̂3

h û3

û1û2
(∂µν3)(∂µν3) +

û2

û1û3
(∂µν2)(∂µν2) +

+
û1

û2û3
(∂µν1)(∂µν1) + û1û2û3 (∂µσ)(∂µσ)

ii

198



M-theory (→ IIA)

Redefinitions:

ûA =

√
u1u2u3

su2
A

, r =
√

su1u2u3

Then

S =
1

2κ2
4

Z
d4x

q
−eG4

heR4 −
1

2

(∂µs)(∂µs) + (∂µσ)(∂µσ)

s2
+

−
1

2

3X
A=1

"
(∂µuA)(∂µuA) + (∂µν̂A)(∂µν̂A)

u2
A

#
+

−
1

2

(∂µtA)(∂µtA) + (∂µτA)(∂µτA)

t2
A

i
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M-theory (→ IIA)

νA ≡ ν̂A , A = 1, 2, 3

Seven complex scalar fields

S = s + iσ , TA = tA + iτA , UA = uA + iνA

and Kähler potential

K = − log(S + S)−
3∑

A=1

log(TA + T A)−
3∑

B=1

log(UA + UA)

Back
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M-theory (→ heterotic)

R : (x5, x6, x7, x8, x9, x10, x11) → (+x5,+x6,+x7,+x8,+x9,+x10,−x11)

Action on the coordinates
: x5 x6 x7 x8 x9 x10 x11

R : + + + + + + −
Z2R : − − − − + + −
Z′2R : + + − − − − −
Z2Z′2R : − − + + − − −
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M-theory (→ heterotic)

Invariance of the Chern-Simons term under the R projection calls
for a non-trivial action on the fields:

Action on the fields
G → +G

A(3) → −A(3)

Fields in M-theory (→ heterotic)
Metric moduli t̂A, ûA, ν̂A

A(3) A5611, A7811, A91011, Aµν11 ↔ σ
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M-theory (→ heterotic)

Axions:

τ1 ≡ A5611 , τ2 ≡ A7811 , τ3 ≡ A91011

S =
1

2κ2
4

Z
d4x

q
−eG4

heR4 −
1

2
ŝ−2 (∂µ ŝ)(∂µ ŝ)−

1

4

(∂µv̂)(∂µv̂)

v̂2
+

−
1

2

3X
A=1

"
(∂µ t̂A)(∂µ t̂A)

t̂2
A

+
(∂µûA)(∂µûA) + (∂µν̂A)(∂µν̂A)

û2
A

#
+

−
1

2

3X
A=1

1

t̂2
Av̂

(∂µτA)(∂µτA)−
1

2
s−2 (∂µσ)(∂µσ)

i
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M-theory (→ heterotic)

Introduce a field r such that

r−1 ≡
√

v̂ ŝ−1 ⇐⇒ ŝ =
√

v̂ r

and tA such that

t2
A ≡ t̂2

Av̂ ⇐⇒ tA =
√

v̂ t̂A

Then

v̂ = r−
2
3 (t1t2t3)

2
3

ŝ = r
2
3 (t1t2t3)

1
3
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M-theory (→ heterotic)

S =
1

2κ2
4

Z
d4x

q
−eG4

heR4 −
1

2

(∂µr)(∂µr) + (∂µσ)(∂µσ)

r2
+

−
1

2

3X
A=1

"
(∂µûA)(∂µûA) + (∂µν̂A)(∂µν̂A)

û2
A

#
+

−
1

2

(∂µtA)(∂µtA) + (∂µτA)(∂µτA)

t2
A

i

205



M-theory (→ heterotic)

Finally:

uA ≡ ûA , ν2 ≡ ν̂A , s ≡ r , A = 1, 2, 3

S = s + iσ , TA = tA + iτA , UA = ûA + i ν̂A

Kähler potential

K = − log(S + S)−
3∑

A=1

log(TA + T A)−
3∑

B=1

(UB + UB)

Back
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Supergravity compactifications

N = 1
(heterotic)
supergravity
(without
YM)

Go

τ1 ≡ B56

τ2 ≡ B78

τ3 ≡ B910

s ≡ ŝ
tA ≡ t̂A
uA ≡ ûA

νA ≡ ν̂A

IIA with O6
orientifold

Go

τ1 ≡ B56

τ2 ≡ B78

τ3 ≡ B910

ν1 ≡ −C679

ν2 ≡ −C589

ν3 ≡ −C5710

σ ≡ C6810

uA =
q

ŝ û1 û2 û3

û2
A

s =
q

ŝ
û1 û2 û3

tA ≡ t̂A

IIB with
O3/O7
orientifold

Go

τ1 ≡ C78910

τ2 ≡ C56910

τ3 ≡ C5678

νA ≡ ν̂A

σ ≡ −C(0)

tA =
q

ŝ t̂1 t̂2 t̂3

t̂2
A

s =
q

ŝ
t̂1 t̂2 t̂3

uA ≡ ûA

s ≡ ŝ

IIB with
O5/O9
orientifold

Go

τ1 ≡ C56

τ2 ≡ C78

τ3 ≡ C910

νA ≡ ν̂A

σ

tA =

r
ŝ t̂2

A
t̂1 t̂2 t̂3

s =
p

ŝ t̂1 t̂2 t̂3

uA ≡ ûA

s ≡ ŝ

M-theory
(→ IIA)

Go

τ1 ≡ A5611

τ2 ≡ A7811

τ3 ≡ A91011

ν1 ≡ −A5710

ν2 ≡ −A589

ν3 ≡ −A679

σ ≡ A6810

r−1 ≡
√

v̂ ŝ−1

t2
A ≡ t̂2

Av̂
v̂ =
r−

2
3 (t1t2t3)

2
3

ŝ =
r

2
3 (t1t2t3)

1
3

ûA =
q

u1u2u3

su2
A

r =
√

su1u2u3

νA ≡ ν̂A

M-theory
(→
heterotic)

Go

τ1 ≡ A5611

τ2 ≡ A7811

τ3 ≡ A91011

r−1 ≡
√

v̂ ŝ−1

t2
A ≡ t̂2

Av̂
v̂ =
r−

2
3 (t1t2t3)

2
3

ŝ =
r

2
3 (t1t2t3)

1
3

uA ≡ ûA

ν2 ≡ ν̂A

s ≡ r

Back
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Orbifold compactifications

After some non-linear re-definitions

S =
1

2κ2
4

Z
d4x

q
−eG4

heR4 −
1

2

(∂µs)(∂µs) + (∂µσ)(∂µσ)

s2
+

−
1

2

3X
A=1

"
(∂µuA)(∂µuA) + (∂µνA)(∂µνA)

u2
A

#
+

−
1

2

3X
A=1

"
(∂µ t̂A)(∂µ t̂A) + (∂µτA)(∂µτA)

t̂2
A

# i

208



Orbifold compactifications

The reduced action describes, besides the supergravity multiplet,
seven complex scalar fields:

S = s + iσ

TA = tA + iτA

UB = uB + iνB

(A,B = 1, 2, 3)
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IIB with O3/O7 orientifold

No geometric fluxes

8 3-form fluxes from the NSNS sector,

Hmnr : H579, H5710, H589, H5810, H679, H6710, H689, H6810

8 3-form fluxes from the NSNS sector

F(3) : F579, F5710, F589, F5810, F679, F6710, F689, F6810

Back
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IIB with O5/O9 orientifold

24 geometric fluxes

ω m
nr :

ω 5
79 ω 7

95 ω 9
57

ω 5
710 ω 7

105 ω 10
57

ω 5
89 ω 8

95 ω 9
58

ω 5
810 ω 8

105 ω 10
58

ω 6
79 ω 7

96 ω 9
67

ω 6
710 ω 7

106 ω 10
67

ω 6
89 ω 8

96 ω 9
68

ω 6
810 ω 8

106 ω 10
68

(8)

8 3-form fluxes from the RR sector:

F(3) : F579, F5710, F589, F5810, F679, F6710, F689, F6810

Back
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