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Conformal anomaly cancellation

Absence of conformal anomaly ⇒
c = 26 for bosonic theories

c = 15 for supersymmetric theories

Compacti�ed extra dimensions

or

additional internal degrees of freedom

Many analogies between the two scenarii.
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General setup

Conformal anomaly set to zero by the addition of internal free
fermions.

18 fermions (χI , yI , ωI)I=1...6 for SUSY theories.
Bosonisation :

i∂XI ≡ yIωI .

44 fermions for bosonic theories (or bosonic side of heterotic).

Z1−loop is built by summation

over the spin-structures (ai, bi).

Antoniadis-Bachas-Kounnas '86

Kawai-Lewellen-Tye '86
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Rules of construction (heterotic theories)

Parity group basis Ξ = Vect(b0 ≡ F, b1 ≡ S, b2, . . . bn)

α ∈ Ξ : sector RαNSF+α

GGSO projections associated to each basis vector ; given by the
coe�cients

[bi|bj ] ∈ {−1, 1}
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Correspondance with orbifolds

Z2, Z2 × Z2, freely- or non-freely-acting orbifolds correspond to
vectors b ∈ Ξ .

Twisted sectors appear as spin-�elds.

Equivalence at the fermionic point ; however, twisted sectors are
insensitive to the internal geometry. . .
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N = 1 supergravity

N = 1 supergravity de�ned by :

a Kähler function G = K + log |w|2 ⇒ scalar kinetic terms,
superpotential

a gauge kinetic function fab ⇒ gauge couplings

The expression of K is dictated by the scalar coset.
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No-scale supergravities

N = 1 scalar potential : F -term + D-term

F -term : eG(GIGI − 3)
D-term : (f−1)ab

(
GIT

a
IJ̄ZJ̄

) (
ZIT

b
IJ̄GJ̄

)
D-term > 0 ; vanishes for �at directions.

Cosmological constant :

Λ = VF + VD

∣∣∣
min.

No-scale models : GIG
I = 3 ⇒ VF ≡ 0 identically.

Cremmer-Ferrara-Kounnas-Nanopoulos '83

M3/2 ≡ eG/2 is undetermined at the classical level.
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No-scale supergravity models

SU(1, 1)
U(1)

model :

K = −3 log(T + T̄ ); Lcin. = −3
∂T∂T̄

(T + T̄ )2

T �at direction at the SUGRA level.

Dimensional reductions of superstring theories give no-scale models.

Witten '85 ; Ferrara-Kounnas-Porrati '86

Ex :
SU(1, 1)

U(1)
×

SO(6, 6 + n)

SO(6)× SO(6 + n)
;

SU(1, 1)

U(1)
×

SU(1, n)

U(1)× SU(n)
;

SU(1, 1)

U(1)
×

SO(2, 2 + n)

SO(2)× SO(2 + n)
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Non-free action :

T 4/Z2 : X6,7,8,9 → −X6,7,8,9

SUSY, gauge explicitly broken. Non-invariant states are
projected out.

Free action :
S1/Z2 : X → X + πR

SUSY, gauge spontaneously broken. Masses are lifted.
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Stringy Scherk-Schwarz

e
ieqR

XI

In �eld theory, internal momentum
modes are shifted for charged �elds :

m/R→ m/R+ eq

⇒ mass shift in the presence of �uxes.

SUSY breaking : Charge = helicity
⇒ �Geometrical Fluxes�.

Scherk-Schwarz '79

In string theory :

⇔ freely-acting orbifolds / discrete Wilson lines.

Kounnas-Porrati '88

Kounnas-Rostand '90
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SO(10) GUT

The observed spectrum (+ Higgs, right-handed neutrino) �ts in the
SO(10) representations :

S : 16 S̄ : 16 V : 10

16 = (3,2)1/6 ⊕ (3,1)−2/3 ⊕ (1,1)1 ⊕ (3,1)1/3 ⊕ (1,2)−1/2 ⊕ (1,1)0.

10 = (3,1)−1/3 ⊕ (3,1)1/3 ⊕ (1,2)1/2 ⊕ (1,2)−1/2.

Chiral matter ⇒ (spontaneously broken) N = 1 SUSY.
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Fermionic constructions ⇒ 255 N = 1 vacua.

∼ 15% of the models have 3 families.

Models allowing computerized treatment and statistical methods.
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Z2 × Z2 generic models : T
6/Z2 × Z2 orbifold

F = {ψµ, χ1...6, y1...6, ω1...6 | ȳ1...6, ω̄1...6, ψ̄1...5, η̄1,2,3, φ̄1...8}

S = {ψµ, χ1...6}

b1 = {χ3,4,5,6, y3,4,5,6 | ȳ3,4,5,6, ψ̄1...5, η̄1}; b2, b3.

⇒ T 6/Z2 × Z2 orbifold.

Remarks :

Z2 × Z2 (or Calabi-Yau) ⇒ E8 → E6 × U(1)2.

Right-handed fermions ψ̄1,2,3,4,5 ⇒ SO(10) algebra.

Tristan CATELIN-JULLIEN PhD defense



Intro
Breakings
Duality

Cosmology

Introduction
General construction
Partition function and spectrum
Duality

Z2 × Z2 generic models : T
6/Z2 × Z2 orbifold
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Z2 × Z2 generic models : translation orbifolds

ei = {yi, ωi | ȳi, ω̄i}, i ∈ {1 . . . 6}

⇒ Xi → Xi + π R

z1 = {φ̄1...4} z2 = {φ̄5...8}

⇒ Hidden E8 breaking.

NB : x = {ψ̄1...5, η̄1,2,3} belongs to the parity set.
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Z2 × Z2 partition function : fermionic blocks

Spin structure for each element of the parity basis :

(a, b); (a+ h, b+ g); (ε, ξ); . . .

(Sums over spin-structures are implicit)

Z = [osc.]× (−)a+b+abϑ [ab ]ϑ
[
a+h1
b+g1

]
ϑ
[
a+h2
b+g2

]
ϑ
[
a−h1−h2
b−g1−g2

]
× ϑ̄

[
ε
ξ

]5
ϑ̄
[
ε+h1
ξ+g1

]
ϑ̄
[
ε+h2
ξ+g2

]
ϑ̄
[
ε−h1−h2
ξ−g1−g2

]
× (−)H1G2+H2G1 ϑ̄

[
ε+H1
ξ+G1

]4
ϑ̄
[
ε+H2
ξ+G2

]4
×Γ6,6

[
hi|si

gi|ti

]
× eiΦ

eiΦ : modular invariant phase ; given by GGSO coe�cients.
This gives all the 255 models.

Tristan CATELIN-JULLIEN PhD defense
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Matter spectrum : twisted planes

3× 16 twisted sectors, in 3 planes : B1, B2, B3.

Spinorials of SO(10) : Spin(ψ̄1...5).

b1 + λ3e3 + λ4e4 + λ5e5 + λ6e6 λi ∈ {0, 1}

Vectorials of SO(10) : weight−1/2 excitations

b1 + λ3e3 + λ4e4 + λ5e5 + λ6e6 + x
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Outline

1 A brief introduction to string theory
From particles to strings
Free fermionic constructions
Supergravity theories

2 Explicit breakings vs. spontaneous breakings

3 Spinor-vector duality in a class of heterotic Z2 × Z2 models
Introduction
General construction
Partition function and spectrum
Duality

4 Cosmological evolutions from superstring theories
Context
Construction of the model
Range of validity of the ansatz ; additional terms in V1−loop

The case of the other moduli
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Principle

Twisted sectors ⇒ representations

S : 16 S̄ : 16 V : 10.

Duality exchanges :

n(S + S̄)↔ n(V )

E6 :
27 = 10⊕ 16

27 = 10⊕ 16

Tristan CATELIN-JULLIEN PhD defense



Intro
Breakings
Duality

Cosmology

Introduction
General construction
Partition function and spectrum
Duality

Principle

Twisted sectors ⇒ representations

S : 16 S̄ : 16 V : 10.

Duality exchanges :

n(S + S̄)↔ n(V )

E6 :
27 = 10⊕ 16

27 = 10⊕ 16

Tristan CATELIN-JULLIEN PhD defense



Intro
Breakings
Duality

Cosmology

Introduction
General construction
Partition function and spectrum
Duality

Principle

Twisted sectors ⇒ representations

S : 16 S̄ : 16 V : 10.

Duality exchanges :

n(S + S̄)↔ n(V )

E6 :
27 = 10⊕ 16

27 = 10⊕ 16

Tristan CATELIN-JULLIEN PhD defense



Intro
Breakings
Duality

Cosmology

Introduction
General construction
Partition function and spectrum
Duality

Principle

N = 2R superconformal

Spectral �ow ⇔ α
x−map7→ α+ x.

SCFT breaking ⇔ �x-map� breaking ⇔ E6 → SO(10)× U(1) .

ε, ξ spin-structures for x : N = 2R broken by insertion of

(−)εti+ξsi+siti (−)εGi+ξHi+HiGi

ei zi
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E�ect of the di�erent cocycles

Twisted plane h = 1

(−)εt+ξs+st ⇒ ε = 1 massive SO(10) spinors

(−)ht+gs ⇒ h = 1 massive whole sector is lifted

(−)(ε+h)t+(ξ+g)s+st ⇒ ε+ h = 1 massive SO(10) vectors
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Constructing the dual of a given model

In the B1 plane ; N = 2R is broken i� :

∃ ei, [ei|x] = −1 (i = 1, 2) ou ∃ zi, [zi|x] = −1.

Dual model :

Reverse [ei|b1] and/or [zi|b1].
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Example : sector-by-sector duality in the �rst plane

[b1|e1] = 1

[x|e1] = 1

[x|e2] = −1

et

[.|.] e1 e2
e3 −1 1
e4 1 −1
e5 1 1
e6 −1 1

[.|.] e1 e2 rep. e1 e2 rep.

B1
0000 1 1 ∅ 1 −1 ∅

B1
0001 −1 1 V −1 −1 S

B1
0010 1 1 ∅ 1 −1 ∅

B1
0100 1 −1 ∅ 1 1 ∅

B1
1000 −1 1 V −1 −1 S

B1
1100 −1 −1 S −1 1 V

B1
1010 −1 1 V −1 −1 S

B1
1001 1 1 ∅ 1 −1 ∅

B1
0101 −1 −1 S −1 1 V

B1
0110 1 −1 ∅ 1 1 ∅

B1
0011 −1 1 V −1 −1 S

B1
1110 −1 −1 S −1 1 V

B1
1101 1 −1 ∅ 1 1 ∅

B1
1011 1 1 ∅ 1 −1 ∅

B1
0111 −1 −1 S −1 1 V

B1
1111 1 −1 ∅ 1 1 ∅

Left side : [b1|e2] = 1 ; right side : [b1|e2] = −1.
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Conclusion and interests

Large class of natural SO(10) GUT models ; large proportion of
3-families models.

Intuitive proof of the duality, based on the lifting of SO(10)
representations by freely-acting orbifolds.

Information about the structure of the vacua space (analogous to
mirror symmetry).

Hint for a selection mechanism ?
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The case of the other moduli

Stringy cosmologies

At the supergravity level :
Di�culties to construct realistic stringy cosmologies.
Compacti�cations with �uxes ⇒ AdS or �at.

Maldacena - Nuñez '01

Corrections to supergravity :

Flux compacti�cations : H3, F3 stabilize S and U i ; T i runaway
Graña, Minasian, Petrini, Tomasiello '06

Graña, Minasian, Petrini, Waldram '08

Non-perturbative : possible stabilization of T i

However :
Thermal e�ects ? SUSY breaking scale dynamics ?
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Thermal heterotic strings

In �eld theory :

Temperature ⇔ insertion of (−)F in the path integral

Euclidean time compacti�cation, radius R0 =
1

2πT

In superstring theory :

Temperature ⇔ Scherk-Schwarz compacti�cation of Euclidean time
with Q = 2a

Cocycle : (−)am̃+bn+m̃n
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Spontaneous supersymmetry breaking

Temperature ⇒ boson/fermion mass gap

Temperature breaks supersymmetry.

Additionnal internal breaking.
Scherk-Schwarz on a compact dimension, wiht radius R5

⇔ cocycle

(−)(a+Q)m5+(b+Q̃)n5+m5n5

(a+Q, b+ Q̃) generic R-charges.

Examples :

Q = 0 (Temp.) Q = h Q = ε
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Heterotic partition function

(R0, R5) ⇒
Kähler modulus t = ImT ≡ R0R5

complex structure modulus u = ImU ≡ R0/R5

Finite temperature thermodynamics :

Z

V4
= FStr. = −VStr. = PStr.

(quantities obtained in the string frame)

energy density ρ = T
∂P

∂T
− P .
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Potential in the Einstein frame

S = a+ ie−2φ �axio-dilaton�.

Rescaling of the metric

VEin. =
VStr.

(ImS)2
, PEin. =

PStr.

(ImS)2
, . . .

⇒ VEin., PEin. =
1

(stu)2
g(u)

z3 = (ImS)(ImT )(ImU) = stu. Ansatz :

u is frozen
z = Im Z is the only lifted direction

K = − log(S − S̄)− log(T − T̄ )− log(U − Ū) = −3 log(Z − Z̄)

⇒ Z is a no-scale modulus.
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E�ective supergravity vs. FRW equations

In the Einstein frame, the supergravity action reads :

S =
∫
d4x
√
−g
(

1
2
R− gµνKIJ̄∂µΦI∂νΦ̄J̄ − VEin.

)
De�ne :

M2
3/2 = eG =

1
z3

=
1
sR2

5

:= e2αΦ

Φ : scalar coupled to gravity, in a FRW evolution

Sgrav. =
∫
d4x
√
−g
(

1
2
R− 1

2
Φ̇2 − V (Φ)

)
Kinetic term normalization : α =

√
3/2
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Einstein and SUGRA equations compatibility

Ḣ + 3H2 = −2k
a2

+
1
2

(ρ− P )
(Hubble + variation of the spatial components)

Φ̈ + 3HΦ̇ = −∂V
∂Φ

Ansatz : (T, M3/2) ∝ 1
a
⇒ H = −αΦ̇.

Identi�cation of the 1/a4 terms :

ρ =
6α2 − 1
2α2 − 1

P

α2 = 3/2 ⇒ ρ = 4P : analogous to 5D radiation.
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Temperature ↔ SUSY breaking duality

Only temperature :

PEin. =
1

(stu)2
u4 f(u)

Temperature + SUSY breaking :

PEin. =
1

(stu)2

(
n∗T u

4 f(u) + n∗V
f(1/u)
u

)
.

n∗T : number of boson-fermion pairs.

n∗V : counting of pairs is weighted by (−)Q (massive
fermion/massive boson).
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Solving the constraint ρ = 4P

Numerical/theoretical treatment : a solution u0 exists for

− 1
15

<
n∗V
n∗T

< 0.

Φ not stabilized in a no-scale structure ; cosmological evolution.
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Additional terms for V1−loop

Generic form of the one-loop potential in spontaneously broken
SUGRA :

1
32π2

StrM2 Λ2 +
1

64π2
Str

(
M4 log

M2

µ2

)
+ . . .

Spontaneously broken N = 4 ⇒ corrections only ∝M4
3/2.

Spontaneously broken N < 4 ⇒ additional terms : ∝M2
3/2 or

constant.
Constant, small Wilson lines ⇒ SUSY breaking to N = 2, 1, 0
⇒ possible generation of k, Λ

Tristan CATELIN-JULLIEN PhD defense



Intro
Breakings
Duality

Cosmology

Context
Construction of the model
Validity ; additional terms
The case of the other moduli

Additional terms for V1−loop

Generic form of the one-loop potential in spontaneously broken
SUGRA :

1
32π2

StrM2 Λ2 +
1

64π2
Str

(
M4 log

M2

µ2

)
+ . . .

Spontaneously broken N = 4 ⇒ corrections only ∝M4
3/2.

Spontaneously broken N < 4 ⇒ additional terms : ∝M2
3/2 or

constant.
Constant, small Wilson lines ⇒ SUSY breaking to N = 2, 1, 0
⇒ possible generation of k, Λ

Tristan CATELIN-JULLIEN PhD defense



Intro
Breakings
Duality

Cosmology

Context
Construction of the model
Validity ; additional terms
The case of the other moduli

Additional terms for V1−loop

Generic form of the one-loop potential in spontaneously broken
SUGRA :

1
32π2

StrM2 Λ2 +
1

64π2
Str

(
M4 log

M2

µ2

)
+ . . .

Spontaneously broken N = 4 ⇒ corrections only ∝M4
3/2.

Spontaneously broken N < 4 ⇒ additional terms : ∝M2
3/2 or

constant.
Constant, small Wilson lines ⇒ SUSY breaking to N = 2, 1, 0
⇒ possible generation of k, Λ

Tristan CATELIN-JULLIEN PhD defense



Intro
Breakings
Duality

Cosmology

Context
Construction of the model
Validity ; additional terms
The case of the other moduli

Outline

1 A brief introduction to string theory
From particles to strings
Free fermionic constructions
Supergravity theories

2 Explicit breakings vs. spontaneous breakings

3 Spinor-vector duality in a class of heterotic Z2 × Z2 models
Introduction
General construction
Partition function and spectrum
Duality

4 Cosmological evolutions from superstring theories
Context
Construction of the model
Range of validity of the ansatz ; additional terms in V1−loop

The case of the other moduli

Tristan CATELIN-JULLIEN PhD defense



Intro
Breakings
Duality

Cosmology

Context
Construction of the model
Validity ; additional terms
The case of the other moduli

�Spectator� moduli

Exponentially small contributions in V1−loop (away from
Hagedorn transition)

⇒ remain �at at 1−loop.

Soft breaking terms ∼M3/2 ⇒ stabilisation (twisted and

untwisted moduli)
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Additional SUSY-breaking moduli

Example : 2 radii case. Spontaneous breaking along R0, R5, R6.

2 equations :

U ≡ R5/R6 stabilization ;

Ansatz consistency : state equation ρ = 5P (analogous to 6D
radiation)

Explicit construction of cosmological solutions :

Heterotic N = 4, E8 × E8 gauge,

Q5 = Q6 = γ + γ′ (E8 helicities).
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Conclusion

Explicit construction of thermal early cosmologies, with
dynamical SUSY-breaking scale.

Supergravity corrections obtained by Z1−loop, controlled by the
no-scale structure.

Stabilization of M3/2 when the no-scale structure breaks down.

M3/2 ∝ T is a critical solution for the evolution (attractor).

Bourliot-Kounnas-Partouche '08
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