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Cosmology & String Vacua

Our universe appears to be in a dS phase with             .       
Can we explain this from string theory?

No-go results for dS in heterotic string theory 

Λ ≪ 1

no dS no dSno dS no dS no dS no dS (numerically)

AdS ok AdS ok AdS okAdS ok no AdS no AdS

[Maldacena, Nunez ’00] [Green, Martinec, 
 Quigley, Sethi ’11]

[Gautason, Junghans, 
 Zagermann ’12] [Quigley ’15] [Gonzalo, Ibanez, Uranga ’18][Kutasov, Maxfield,

 Melnikov, Sethi ’15]

The Swampland: not all the Landscape is consistent in a full theory of QG      



Overview

review: 4d, N=1 toroidal orbifold compactification of the heterotic string

prove no-go theorems for dS minima

provide a way to evade those theorems and potentially construct dS minima

extension to higher genera

[Leedom, NR, Westphal ’22]

[Kidambi, Leedom, NR, Westphal WiP]
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New dS no-go theorem

V(T, S) = ek(S,S̄) Z(T, T̄ ) |Ω(S)|2 [(A(S, S̄) − 3)|H(T )|2 + ̂V (T, T̄ )]

Two classes of minima:

FS = 0

FS ≠ 0

∂TV is a weight 2 modular form ⇒ ∂TV|T=i, ρ = 0

2. when are  dS minima?T = i, ρ

∼ FSFS̄ ≥ 0

no dS minima in SUSY preserving setups

1. how to break SUSY?

Extrema:
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Modular landscape of heterotic vacua

Self dual points: W =
Ω(S)H(T )

η6(T )
where

3 < A(S, S̄) < #

A(S, S̄) > 33 −
̂V(T, T̄ )
H(T )

H(T ) = ( G4(T )
η8(T ) )

n

( G6(T )
η12(T ) )

m

𝒫( j(T ))



Modular landscape of heterotic vacua

Into the fundamental domain: an example

0.90 0.95 1.00 1.05 1.10

1× 1014

2× 1014

3× 1014

4× 1014

3 −
̂V(T, T̄ )
H(T )
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Stringy instantons and de Sitter

 no dS minima for             ,               andFT = 0FS ≠ 0
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How can we realise  ?FS ≠ 0

K(S, S̄) = − ln(S + S̄)

K(S, S̄) = − ln(S + S̄)+δKnp(S, S̄)



Stringy instantons and de Sitter

Quite odd in heterotic — no D-branes!

Dig in the literature: very few studies

 no dS minima for             ,               andFT = 0FS ≠ 0

All closed string theories have non-perturbative 

contributions of strength ∼ e−1/gs
[Shenker ’90]

How can we realise  ?FS ≠ 0

+δKnp(S, S̄)

K(S, S̄) = − ln(S + S̄)

K(S, S̄) = − ln(S + S̄)



A working example

Scalar potential in the linear multiplet formalism:

gs ≃ 0.7

metastable dS vacuum

g2
s

2
= ⟨ ℓ

1 + f(ℓ) ⟩
Parametrise Shenker term: f(ℓ) = ∑

n=0

Anℓ−qne−B/ ℓ
[Gaillard, Nelson ’07]



A working example

Scalar potential in the linear multiplet formalism:

metastable dS vacuum

g2
s

2
= ⟨ ℓ

1 + f(ℓ) ⟩

what generates these corrections ? ?
[WiP]

Parametrise Shenker term: f(ℓ) = ∑
n=0

Anℓ−qne−B/ ℓ
[Gaillard, Nelson ’07]



Summary

prove no-go theorems for dS minima

provide a way to evade those theorems and potentially construct dS minima
[Leedom, NR, Westphal ’22]

extension to higher genera [Kidambi, Leedom, NR, Westphal WiP]
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compactify on a genus-2 surface

the moduli structure requires an auxiliary genus-2 surface

Why considering such enhancement?

T = B12 + i det(G)

U =
1

G11
(G12 + i det(G))

SL(2,ℤ)T × SL(2,ℤ)U

⇒

Genus 𝟤: Sp(4,ℤ)

+ mirror symm.



compactify on a genus-2 surface

the moduli structure requires an auxiliary genus-2 surface

Why considering such enhancement?

T = B12 + i det(G)

U =
1

G11
(G12 + i det(G))

+ a1(−a2 + Ua1)

Z = − a2 + Ua1

Sp(4,ℤ)

⇒
Wilson line

Genus 𝟤: Sp(4,ℤ)

[Lopes Cardoso, Lüst, Mohaupt  ’94]



: Kahler potentialSp(4,ℤ)

T = B12 + i det(G)

U =
1

G11
(G12 + i det(G))

+ a1(−a2 + Ua1)

Z = − a2 + Ua1

⇒ heterotic on X6 ⊃ T2

M = (T Z
Z U)



T = B12 + i det(G)

U =
1

G11
(G12 + i det(G))

+ a1(−a2 + Ua1)

Z = − a2 + Ua1

K(2) = − ln [det(M − M†)] = − ln [(T − T*)(U − U*) − (Z − Z*)2]
Kahler potential

[Lopes Cardoso, Lüst, Mohaupt  ’94]

⇒ heterotic on X6 ⊃ T2

[Ferrara, Kounnas, Lüst, Zwirner ’91]

: Kahler potentialSp(4,ℤ)

M = (T Z
Z U)



T = B12 + i det(G)

U =
1

G11
(G12 + i det(G))

+ a1(−a2 + Ua1)

Z = − a2 + Ua1

under :Sp(4,ℤ)

K(2) → K(2) + ln [det(CM† + D)] + ln [det(CM + D)]

⇒ heterotic on X6 ⊃ T2

: Kahler potentialSp(4,ℤ)

K(2) = − ln [det(M − M†)] = − ln [(T − T*)(U − U*) − (Z − Z*)2]
Kahler potential

[Lopes Cardoso, Lüst, Mohaupt  ’94]
[Ferrara, Kounnas, Lüst, Zwirner ’91]

M = (T Z
Z U)
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the superpotential is more involved!

require invariance for :V

V = eG (GiGij̄Gj̄ − 3)G ≡ K(2) + ln |W(2) |
2defining ⇒

must be a modular function

 must be invariantG
⇒

K(2) → K(2) + ln [det(CM† + D)] + ln [det(CM + D)]

W(2) → det(CM + D)−1W(2)

We have a prediction on the form!

⇒

: superpotentialSp(4,ℤ)
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[Mayr, Stieberger ’95]threshold corrections Δa ∼ ba ln (|χ12(M)|2)
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[Mayr, Stieberger ’95]threshold corrections Δa ∼ ba ln (|χ12(M)|2)
⇒

W(2) → det(CM + D)−1W(2) is the prediction, we have to find the physics!

: threshold correctionsSp(4,ℤ)

what about non-perturbative effects in the moduli? 

flashback to :SL(2,ℤ)

W =
Ω(S)H(T )

η2(T )
Ω(S) ∼ e−S

H(T ) = ( G4(T )
η8(T ) )

n

( G6(T )
η12(T ) )

m

𝒫( j(T ))

ring of : SL(2,ℤ) G4, G6, Ξ12 ≡ η24

 is the most general modular function on H(T ) SL(2,ℤ)
[Rademacher, Zuckerman ’38]

W(2) ∼
Ω(S)
eΔa(M)



[Mayr, Stieberger ’95]threshold corrections Δa ∼ ba ln (|χ12(M)|2)
⇒

W(2) → det(CM + D)−1W(2) is the prediction, we have to find the physics!

: threshold correctionsSp(4,ℤ)

what about non-perturbative effects in the moduli? 

build the most general modular function using the ring of : Sp(4,ℤ) ℰ4, ℰ6, χ10, χ12, χ35

H(2)(M) =
6

∏
i=1

𝒢i(M)𝒫(M)

𝒢i(M) =
ℰ4ℰ6

ℰ10
−

ℰ4ℰ6

ℰ10 σi

m

ℰ2
6

ℰ12
−

ℰ2
6

ℰ12 σi

n

ℰ5
4

ℰ2
10

ℰ2
6

ℰ12
−

ℰ5
4

ℰ2
10

ℰ2
6

ℰ12 σi

ℓ

W(2) ∼
Ω(S)
eΔa(M)



without computing , we prove: V(M)

these extrema are always either Minkowski or AdS minima because FM = 0

V = 0 if W = 0

V < 0 if W ≠ 0

all 6 fixed points  are extrema: 

since  is a Siegel modular function,

σi

V(M) ∇V(M)|M=σi
= 0

: extremaSp(4,ℤ)



without computing , we prove: V(M)

these extrema are always either Minkowski or AdS minima because FM = 0

V = 0 if W = 0

V < 0 if W ≠ 0

all 6 fixed points  are extrema: 

since  is a Siegel modular function,

σi

V(M) ∇V(M)|M=σi
= 0

: extremaSp(4,ℤ)

⇒ can we uplift requiring  as in                                ? FS ≠ 0 [Leedom, NR, Westphal ’22]
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What have we found + What has to be done

prove new no-go theorems for dS minima

provide a way to evade those theorems and potentially construct dS minima

made considerable progress in extending to genus 2

understand the origin of  termse−1/gs

relate our findings with the Swampland program

extend the extrema analysis made for  to SL(2,ℤ) Sp(4,ℤ)
→ new landscape of vacua

→ extension of the no-go theorems: new dS vacua?

[Leedom, NR, Westphal ’22]

[Kidambi, Leedom, NR, Westphal WiP]

Thank you



Backup:  theoremsSL(2,ℤ)

with



flashback to :SL(2,ℤ)

Ω(S) ∼ e−S

H(T ) = (G4(T )
η8(T ) )n( G6(T )

η12(T ) )m𝒫( j(T ))

 inherits its automorphic properties from moduli-dependent threshold corrections:W

W ∼ Λ3 ∼ μ3
0e− fa

bafor gaugino condensation
gauge kinetic function

fa = kaS

tree
level threshold corrections Δa

⇒ W ∼
e−kaS/ba

(η(T ))2− 2kaδGS
ba

S ≡ S + δGS ln η2(T )

W ∼
e−kaS/ba

η(T )2

W(2) → det(CM + D)−1W(2) is the prediction, we have to find the physics!

[Kaplunovsky, Louis ’95]

[Dixon, Kaplunovsky, Louis ’91]

[Derendinger, Ferrara, Kounnas, Zwirner ’95]

+(b′ a − kaδGS) ln η2(T ) + ⋯

W =
Ω(S)H(T )

η2(T )

Backup:  superpotentialSL(2,ℤ)



Backup:  extremaSp(4,ℤ)
∇V → (CM + D)T ∇V (CM + D)gradient:

at the fixed points: (Cσi + D)T ∇V|M=σi
(Cσi + D) = ∇V(γα ⋅ σi) = ∇V(σi)

vectorisation: given a  matrix , 
construct a  column vector  as

m × n A
mn × 𝕀 vec(A)

vec(A) = (a11, …, am1, a12, …, am2, …, a1n, …, amn)T

→

⇒

PT AP = A → (PT ⊗ PT)vec(A) = vec(A)
(𝕀 − PT ⊗ PT)vec(A) = 0 eigenvalue problem

but, we have  matrices  α ∀ σi

⇒

diagonalisation problem⇒

6 fixed points , , each with a stabiliser group  
s.t.    for all matrices 

σi i = 1,…,6 Σσi

γα ⋅ σi = σi γα ∈ Σσi
⊂ Sp(4,ℤ)


