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Framework

 Spontaneous breaking of conformal invariance:

SO(4, 2) → SO(4, 1)

 Gravity is unimportant, can describe mechanism in 
flat space

 Related ideas
Rubakov’s U(1) model

Galilean Genesis
Creminelli, Nicolis & Trincherini, 1007:0027

Rubakov, 0906:3693

 Non-inflationary mechanism

 DBI realization
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Assume existence of conformal weight 0 fields χ
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∫
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couples to an effective metricχ=⇒ geffµν = φ2ηµν

λ > 0



Spontaneous breaking V (φ)
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Spontaneous breaking V (φ)

φAssuming homogeneous evolution,

φ̈ = λφ3

=⇒ φ(t) =

√
2√

λ(−t)
(assuming E = 0)
−∞ < t < 0

Coming back to Sχ = −1

2

∫
d4x

(
φ2ηµν∂µχ∂νχ+ φ4λχχ

2
)
.

=⇒ geffµν = φ2ηµν ∼ 1

t2
ηµν de Sitter

∴     will acquire scale inv. perturbations
     (if      is sufficiently small)

χ
λχ
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Background                is annihilated by the 10 generators:φ̄(t) ∼ 1

t

δPi , δD , δJij , δKi ; i = 1, 2, 3.

Define: δJ−2,−1 = δD , δJ−2,i =
1

2
(δP i − δKi) , δJ−1,i =

1

2
(δP i + δKi) .

=⇒

we can assemble these 10 generators into an anti-symmetric matrix δJab , with a, b taking the six

values (−2,−1, i). The commutation relations then take the form

[δJab , δJcd ] = ηacδJbd − ηbcδJad + ηbdδJac − ηadδJbc (71)

where ηab = diag(−1, 1, δij) is a 5d Minkowski metric with one time direction. These are the

commutation relations of so(4, 1). Thus we have the symmetry breaking pattern

so(4, 2) → so(4, 1). (72)

The other 5 generators don’t annihilate φ̄I , and no linear combination of them does,

δP0φ̄I =
dI
t
φ̄I , (73)

δJ0iφ̄I = −dI
t
xiφ̄I , (74)

δK0φ̄I = −x2dI
t
φ̄I , (75)

Acting on perturbations, ϕI = φI − φ̄I , the conformal transformations are

δPiϕI = −∂iϕI , (76)

δJijϕI = (xi∂j − xj∂i)ϕI , (77)

δDϕI = −(dI + xµ∂µ)ϕI , (78)

δKiϕI =
(
−2xidI − 2xix

ν∂ν + x2∂i
)
ϕI . (79)

δP0ϕ̄I = −dI
t
φ̄I − ϕ̇I , (80)

δJ0iϕ̄I =
dI
t
xiφ̄I + (t∂i + xi d

dt
)ϕI , (81)

δK0ϕ̄I = x2dI
t
φ̄I +

(
2tdI + 2txν∂ν + x2 d

dt

)
ϕI . (82)

The so(4, 1) subgroup is realized linearly, and the other 5 generators are not.

16

Commutation relations of SO(4,1)
ηab = diag(−1, 1, 1, 1, 1)

∴ SO(4, 2) → SO(4, 1)
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Quantum fluctuations: assuming adiabatic vacuum, 

=⇒ red spectrum
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√
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4
√
2π

H(1)
5/2(−kt) → 3

4π3/2

1

k5/2t2
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But weight-0 field gets S.I. spectrum:
Assuming            for simplicity,λχ = 0

χ̈k + 2
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 2nd field only amplifies to a constant (attractor)
 Contrast from other 2-field mechanisms...

e.g. Buchbinder, Khoury & Ovrut, hep-th/0702154
     Creminelli & Senatore, hep-th/0702165
     Tolley & Wesley, hep-th/0703101

 No special tuning necessary
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 -     is conformally coupled to gravity (here: minimally-coupled) 
 -     is a spectator field (here: drives cosmology)
ψ
ψ
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 Galilean Genesis Creminelli, Nicolis & Trincherini, 1007:0027

LGenesis =
1

2
(∂φ)2 + c

(
1

2

(∂φ)2!φ

φ3
− 1

4

(∂φ)4

φ4

)
.

wrong sign =⇒ φ =

√
3c√

2(−t)

 - Violates Null Energy Condition
 - Superluminal propagation

 -     is conformally coupled to gravity (here: minimally-coupled) 
 -     is a spectator field (here: drives cosmology)
ψ
ψ
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If these fields have background evolution                , then φI ∼ 1

tdI

SO(4, 2) → SO(4, 1)

Special cases:                       ; χ̄ = const. (d = 0)φ̄ ∼ 1/t (d = 1)
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 Coset construction: non-linear realization of SO(4,2), with linearly 
realized SO(4,1) subgroup.

Hinterbichler, Joyce & Khoury, to appearIn progress...

cf. Coleman, Wess & Zumino (1969); Salam & Strathdee (1969); Low & Manohar (2002).
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where matter fields               couple to
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χ̃ = Mχ

=⇒ conformal invariance broken explicitly at 1/MPl

At sufficiently early times, gravity can be neglected:

φ(t) !
√
2√

λ(−t)

ḢE = − 1

2M2
Pl

φ̇2 = − 1

λt4M2
Pl

=⇒ HE(t) ≈
1

3λt3M2
Pl

Contracting universe 

−∞ < t < 0
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Flatness and Homogeneity

HE(t) ≈
1

3λt3M2
Pl

=⇒ aE(t) ! 1− 1

6λt2M2
Pl

Nearly static

Universe becomes increasingly flat and homogeneous:

3H2
EM

2
Pl =

K

a2E
+

Cmat

a3E
+

Crad

a4E
+

Caniso

a6E
+ . . .+ ρφ

! const.
∼ 1

λ2t6M2
Pl

Akin to ekpyrotic cosmologies (contracting universe with w >> 1)
Gratton, Khoury, Steinhardt & Turok (2003);
Erickson, Wesley, Steinhardt & Turok (2004).
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Duration:

V (φ)

φ

(gravity becomes important)
φend ! MPl

φbegin ! λ1/4MPl

(quantum corrections dominate)

kend
kbegin

=
φend

φbegin
= λ−1/4=⇒

Note: Modes are all super-Hubble by φend

O
(
φ6/M2

Pl

)
.



DBI extension

LDBI = −φ4
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Hinterbichler, Khoury & Miller, to appear

Special conformal transformations realized non-linearly:

δεφ = ε(φ+ xµ∂µφ) ;

δvφ = vµx
µφ− ∂µφ
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Equation of motion is more intricate...

...but still admits a 1/t solution:

− d

dt



 φ̇√
1− φ̇2/φ4



− 2φ̇2

φ
√

1− φ̇2/φ4
+ 4φ3

(
1 +

λ

4
−
√

1− φ̇2/φ4

)
= 0

φ(t) =
1 + λ/4√
1 + λ/8

√
2√

λ(−t)



Conclusions

 Spontaneous conformal symmetry breaking: SO(4, 2) → SO(4, 1)

 For scalar      of conformal weight     , this is realized byφI dI

φI ∼ t−dI

 Action for Goldstones        fixed by symmetry breaking patternϕI

=⇒

 Gravity unimportant at early times, universe driven to flatness 
and homogeneity

Background is attractor

=⇒ Conformal weight-0 fields      acquire S.I. spectrumχ

 Generic Predictions: - significant non-gaussianity

- negligible gravity waves


