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Motivation

– Heterotic E8 × E8 string: unified descrip-

tion of phenomenology (?)

→ unresolved problems...

– Strong coupling limit: heterotic M-theory

→ de Sitter, assisted inflation solutions

– Moduli stabilization:

In type II: fluxes and nonperturb. effects

(pert. effects → Kähler moduli)

In het. M-theory: so far only nonp. effects

But G(4) 6= 0 always!

⇒ flux-induced superpotential
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Horava-Witten

– M-theory on
� 1,9 × S1/ � 2:

11d SUGRA: gIJ , Ψα
I , CIJK (G = dC)

Massless chiral gravitinos on
� 1,9

⇒ gravitational anomalies

To cancel them: E8 gauge fields on each

boundary

E 8 E 8

11 d

SUGRA

10 d 10 d

2ZS1

Description of strongly coupled heterotic

E8 ×E8 string theory
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– Compactification to d = 4:

Compactify 10d on CY (3)

But: dG ∼ κ2/3δ(x11)dx11(trF2 − 1
2trR

2)

⇒ Background with G 6= 0

→ warping of M4 × CY (3) × S1/ � 2

→ 6d manifold X: generically non-Kähler

⇒ 7d: 6d SU(3) str. fib. over S1/ � 2 !

E8 gauge anomaly cancellation

⇒ λ2 ∼ κ4/3, λ - gauge coupling

S11d = 1
κ2(S

(0) + κ2/3S(1) + κ4/3S(2) + ...)
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– Linear solution:

To 1st order in κ2/3:

δds211 = bηµνdx
µdxν

︸ ︷︷ ︸

4d

+hmndx
mdxn

︸ ︷︷ ︸

6d

+ k(dx11)2
︸ ︷︷ ︸

interval

Witten: ∃ solution of

δsusyΨI = 0, dG = sources, DIGIJKL = 0

(Gauntlett and Pakis: Einstein eqs follow)

→ VX(x11) ∼ V0 − c(xm) x11

⇒ singularity at VX(x11
0 ) = 0

Need: nonlinear solution; new effects (higher

derivative corrections, M5-branes...)
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Heterotic M-theory

– Field content:

• universal moduli

ds2dir.pr. = ds24+e2agmndxmdxn+e2c(dx11)2

a - CY volume, c - interval size

→ b = b(a, c), hmn = hmn(a, c),

k = k(a, c)

N = 1 susy: chiral superfields S, T

S = e6a + iσS, T = e(c+2a) + iσT ,

dσS = ∗4dB Bµν = Cµν11, Cmn11 = σTJmn

• non-universal moduli

h2,1 complex, h1,1 Kähler,

dim(gauge group) CI’s: charged matter
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– Effective 4d action:

N = 1 SUGRA + chiral and vector multi-

plets

• 0th order: {Φi} - all chiral superfields

kinetic term: 2Kīj ∂µΦ
i ∂µΦ̄j̄ ,

Kuniv. = −3 ln(T + T̄ ) − ln(S + S̄)

• κ2/3 order: gauge field action

No corrections induced by metric and

C-field distortion

• κ4/3 order:

- gauge fields and charged matter (CI)

- O(κ4/3) distortion of the background

- O(κ4/3) terms in 11d action: R4

- flux superpotential: W ∼ G , U ∼W 2
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Flux-induced superpotential

– SU(3) structure:

• 6d SU(3) structure:

comp.: J ∧ Ω = 0 , J ∧ J ∧ J ∼ Ω ∧ Ω̄

dJ = −3
2 Im(W1Ω̄) + J ∧W4 +W3

dΩ = W1 J ∧ J + J ∧W2 + Ω ∧W5

W1, ...,W5 - torsion classes

Complex manifold ⇒ W1,2 = 0

(req. in het. str.)

• 7d SU(3) structure: J̃, Ω̃, v - vector

v: ivJ̃ = 0, ivΩ̃ = 0 ; J̃, Ω̃ - comp.

⇒ 6d SU(3) str. man. fibered over v
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– Spinors: ∃ two SU(3) singlets

θ, θ∗: ∇(T)
a θ ≡ (∇a − 1

4τabcγ
bc)θ = 0 ,

a = ({m},11)

• Gravitino:

Ψµ = ψµ⊗(aLθ+a∗Rθ
∗)+ψ∗

µ⊗(a∗Lθ
∗+aRθ)

aL = a∗R → G2 structure

• Bilinears:

two kinds: θ†γa1...apθ , θTγb1...bqθ

J̃ab = −iθ†γabθ , Ω̃abc = −iθTγabcθ
va = θ†γaθ

• Mass term:

1
2e
K/2(Wψ̄µγµνψ∗

ν + c.c.)

Ψa – does not contribute; K = −3 lnV(7)

10



On shell: torsion ↔ fluxes

Off shell: independent!

– Dimensional reduction of 11d action:

ds211 = ds24 + ds27

• Flux term: Ψ̄MΓMNPQRSΨNGPQRS ⇒

W (flux) =
1

2

∫

a∗LaRG ∧ J̃ ∧ v

+
1

4

∫

[(aR)2G ∧ Ω̃ + (a∗L)
2G ∧ ¯̃Ω]

• Kinetic term: Ψ̄MΓMNPDNΨP ⇒

W (geom) =
i

4

∫

(aR)2 v ∧ dJ̃ ∧ Ω̃

+
i

4

∫

(a∗L)
2 v ∧ dJ̃ ∧ ¯̃Ω

− i

16

∫

a∗LaR [dΩ̃ ∧ ¯̃Ω + d ¯̃Ω ∧ Ω̃]

− i

4

∫

a∗LaR dv ∧ v ∧ J̃ ∧ J̃

− 1

6

∫

(a∗LdaR − aRda
∗
L) ∧ J̃ ∧ J̃ ∧ J̃
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• Warp factors:

ds211 = e2bηµνdxµdxν+e2fgmndxmdxn+e2k(dx11)2

b, f, k = function(xm, x11)

J̃ = e2fJ , Ω̃ = e3fΩ , v = ekdx11

|aL|2 + |aR|2 = eb

• Weakly coupled het. E8 × E8:

W ∼
∫

(H + idJ) ∧ Ω

In weakly coupled limit: G = v∧H, aL → 0

• G2 structure: Φ = Re Ω̃ + J̃ ∧ v

W =
1

4

∫ (

G ∧ Φ − i

2
dΦ ∧ Φ

)

a∗L = aR → Not good for het. E8 × E8!
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de Sitter vacua

Becker, Curio, Krause: dS vacua can ∃ in het-

erotic M-theory

– Scalar potential: N = 1, d = 4 SUGRA

U = eK
(

KAB̄DAWDB̄W̄ − 3|W |2
)

+ UD ,

DAW = (∂A +KA)W , UD ∼
∑

a
(C̄T aC)2

W = Wtree+Wnon−pert , Wtree = ΛpqrCpCqCr

Wnon−pert = WOM +WGC

• Kähler and complex structure moduli:

As for weakly coupled het. theory

• Charged matter:

〈C〉 6= 0, but very small

• Orbifold length:

Main new issue ! → ∃ U > 0 local min.
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– Nonlinear solution: all orders in κ2/3

Warp factors only ; gmn - Calabi-Yau

Curio-Krause: k(x11) = −b(x11)

VCY (x11) =

∫

d6x
√
g e6f(x

11) = Vv(1 − S x11)2

Singularity at x11 = 1/S ⇒ x11 < 1/S

V(L,Vv) - average CY volume

Moduli: (a, c) → (Vv, L) , Vv - fixed

S = V + iσS, T = LV1/3 + iσT

K = − ln (ReS) − 3 ln (ReT )

Wnon−pert = W (S, T ) - depends on σS, σT
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– Nonzero Wflux: Enough for dS vacuum?

Wflux = W (flux) +W (geom) =

=
1

4

∫

eb[G ∧ Ω̃ + iv ∧ dJ̃ ∧ Ω̃] , v = ekdx11

Wflux(GCK) = 0 → Mink. vacuum

Susy breaking: δG = v ∧H ∼ v ∧ ¯̃Ω

⇒ Wflux 6= 0 , Solve
∂U(L)

∂L
= 0

Result: ∃ local min. with U > 0

But: occurs at L0 > Lmax ≡ 1/S

still: L0, Lmax - very close

→ Gaugino condensation may help...
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OM FluxGC

L′
0 Lmax L0 L
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Summary

– 4d effective action of heterotic M-theory:

• Flux-induced superpotential

– De Sitter vacua

– Open issues:

• C-field moduli...

• Boundary contr. to superpotential...

• Combining Wflux and Wnon−pert...

• Higher derivative corrections...
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