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1. Anisotropic and parity breaking inflationary 

signatures. 

2. “UV complete” model. Stable under radiative 

corrections.   

3. Testing non minimal couplings with gravity 

during inflation.  

4. Chiral Gravitational Waves (GW).  

5. Perturbations as a Source of Primordial 

Black Holes (PBH).

Some motivations
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Inflationary models with vectors

Broken shift symmetry. A potential is generated

V(ϕ) ∝ cos(ϕ/f )

Φ = (b + δΦ)eiϕ/f

ℒ = ∂μΦ∂μΦ* − β(ΦΦ* − b2)2

ϕ → ϕ + c

The symmetry is broken by global effects 

δℒ ∝ e−S(Φ + Φ*)

V(ϕ) = Λ4(1 + cos(ϕ/f )) Natural inflation  
potential
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2nd order EOM



Inflationary models with vectors

A general shift invariant Lagrangian involving scalar, 
vectors and gravity
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Motivation: Higgs Inflation like model. Slow roll  
due to non minimal coupling. 
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Inflationary models with vectors

Equations of motion

Gμν =
1

M2
p (Tϕ

μν + TA
μν −

1
M2

Θμν)

(gμν −
1

M2
Gμν)∇μ ∇νϕ − Vϕ −

α
4f

FμνF̃μν = 0

Gravity

Scalar

Vector∇μ(Fμν +
α
f

ϕ F̃μν) = 0



Inflationary models with vectors

Energy momentum tensor 

Tϕ
μν = ∂μϕ∂νϕ − gμν ( 1

2
gαβ∂αϕ∂βϕ + V)

Θμν = −
R
2

∇μϕ∇νϕ + 2∇(μϕRν)
α ∇αϕ −

1
2

(∇ϕ)2Gμν + ∇αϕ∇βϕRμανβ + ∇μ ∇αϕ∇ν ∇αϕ

Gravity

Scalar

VectorTA
μν = FμαFν

α − gμν
1
4

F2

−∇μ ∇νϕ □ ϕ +
1
2

gμν ((□ϕ)2 − ∇α ∇βϕ∇α ∇βϕ − 2∇αϕ∇βϕRαβ)



Inflationary models with vectors

EOM in FLRW

H2 =
1

3M2
P

1
2

·ϕ2 (1 + 9
H2

M2 ) + V(ϕ) +
1
2

( ⃗E 2 + ⃗B 2) Gravity

Scalar

Vector

·H = −
1

2M2
P

·ϕ2 (1 −
·H

M2
+ 3

H2

M2
− 2

H ··ϕ
M2 ·ϕ ) −

1
3M2

P
( ⃗E 2 + ⃗B 2)

··ϕ (1 +
3H2

M2 ) + 3H ·ϕ (1 +
2 ·H
M2

+
3H2

M2 ) = − V,ϕ +
α
f

⟨ ⃗E ⋅ ⃗B ⟩

A′�′�± + (k2 ± 2 k ξ
τ ) A± = 0 with ξ ≡

α ·ϕ0

2 f H
=

α ϕ′�0

2a f H



Inflationary models with vectors

Solutions for the vector modes

A+ ≈
1

2k ( k
2 ξ a H )

1/4

eπ ξ−2 2ξ k/(aH) , |k τ | ≪ 2 ξ

⟨ ⃗E ⋅ ⃗B ⟩ ≈ − ℐ1
H4

ξ4
e2πξ,

1
2

⟨ ⃗E 2 + ⃗B 2⟩ ≈ ℐ2
H4

ξ3
e2πξ,

ℐ1 ≈ 2.6 × 10−4 ℐ2 ≈ 1.4 × 10−4

The helicity model + is enhanced. Parity breaking feature. 



Inflationary models with vectors

Perturbations equations

δϕ′�′�−
2
τ (1 −

παVϕ

2KfH2 ) δϕ′� +
a2 Vϕϕ

K
δϕ =

a2 α
Kf

δ ⃗E ⋅ ⃗B .

Friction terms combine. They affect the evolution of the 
scalar field and its perturbations. 

δϕ(τ, ⃗k ) =
α
Kf ∫

τ

−∞
dτ1 a2(τ1) G(τ, τ1)∫ d3x e−i ⃗k ⋅ ⃗x δ ⃗E ⋅ ⃗B (τ1, ⃗x ) .

G(τ, τ′�) =
τ′ �
Δ [( τ

τ′�)
ν+

− ( τ
τ′�)

ν−

] Θ(τ − τ′�) , with

ν± ≡
1
2 (3 −

παVϕ

fH2K
± Δ)

Δ ≡ 3 (1 −
παVϕ

3fH2K )
2

−
4Vϕϕ

9H2K

K = 1 + 3
H2

M2

H ≫ M



Inflationary models with vectors

Perturbations equations
Friction terms combine. They affect the evolution of the 
scalar field and its perturbations. 

Mukhanov-Sasaki equation for the perturbations 

S(2)
δϕ = ∫ d3x dτ

1
2 [u′�2 − c2

s (∇u)2 + ( z′�′�
z

− m2a2) u2] + ∫ d3x dτ a4 α
f

u
z

δ[ ⃗E a ⋅ ⃗B a]

⇒ u ≡ z δϕ , z ≡ a F
2G
ϵK

,with

u′�′� + (c2
s k2 + m2a2 −

z′ �′�
z ) u =

α
f

a4

z
δ[ ⃗E a ⋅ ⃗B a] ,

u(s)′�′�+
σ
τ

u(s)′�−
1
τ2 (ν2 −

1
4

− σ) u(s) ≈
α
f

a4

z
δ ⃗E a⋅ ⃗B a

This is the equation 
that we solve.



Inflationary models with vectors

Perturbations equations
Friction terms combine. They affect the evolution of the 
scalar field and its perturbations. 

Spectrum of the scalar perturbations

Amplitude

Pζ(k) ≃ P̄ζ (−
csk

2aH )
γp−1

P̄ζ ≃
H4

4π2K ·ϕ2
0 ( ϵK

2 G F2 c3
s ) 1 +

4 G F2 c3
s ℱ

𝒩ϵK ( α 𝒩 H
Δ K f )

2 e4πξ

ξ8 ( 26ξ
cs )

γp−1

.

γp − 1 = 3 − σ ± Δ , σ ≡
π α Vϕ

Kf H2
, Δ2 ≡ (1 − σ)2 + 4 (ν2 −

1
4

− σ)
Spectral index

Vacuum Sourced 



Inflationary models with vectors
Spectrum of the scalar perturbations
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4π2K ·ϕ2
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2 G F2 c3
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Inflationary models with vectors

Tensor perturbations
Chiral sourced gravitational waves. 

ds2 = a2(τ)[−dτ2 + (δij + hij)dxidxj],

Sh2 =
M2

p

8 ∫ d3xdτ a2 (1 −
ϕ′�2

2a2M2M2
p ) h′�2

ij − (1 +
ϕ′�2

2a2M2M2
p )(∇hij)2 ,

h′�′�ij + (2
a′�
a

+
β(τ)′�
β(τ) ) h′ �ij + k2ct(τ)2 hij =

2
β(τ)M2

P
TEM

ij ,

β(τ) ≡ (1 −
ϕ′�2

2a2M2M2
p ) < 1 and ct(τ)2 ≡

1 + ϕ′�2

2a2M2M2
p

1 − ϕ′�2

2a2M2M2
p

> 1.

C. Germani & Y. 
Watanabe  

JCAP 1107 (2011) 031



Inflationary models with vectors

Tensor perturbations
Chiral sourced gravitational waves. 

h′�′�λ − 2 ( 1
τ

−
β′�(τ)
2β(τ) ) h′�λ + k2ct(τ)2 hλ =

2
β(τ)M2

P
Πlm

λ TEM
lm

β(τ) ≡ (1 −
2ξ2

3α2

f 2

M2
p

K) < 1 and ct(τ)2 ≡
1 + 2ξ2

3α2

f 2

M2
p
K

1 − 2ξ2

3α2

f 2

M2
p
K
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Inflationary models with vectors

Spectrum of tensor perturbations
Chiral sourced gravitational waves. 

𝒫h =
k3

2π2 ∑
λ

|hλ |2 ≈
H2

ct
π2M2

P (1 +
·ϕ2

2M2
pM2 )

𝒫(s)± = 𝒜± H2

β2M2
P

e4πξ

ξ6

Vacuum

Source

𝒫t± =
H2

ctπ2M2
P(1 +

·ϕ2

2M2
pM2 ) (1 + 𝒜± H2

β2M2
P

e4πξ

ξ6 )
Enhancement of Chiral GW

𝒜+ ≃ 8.6 × 10−7 & 𝒜− ≃ 1.8 × 10−9
Different 

amplitude for each 
polarization



Inflationary models with vectors

Spectrum of tensor perturbations
Chiral sourced gravitational waves. 

r ≡
∑λ Pt,λ

Pζ
, Δχ ≡

Pt,+ − Pt,−

Pt,+ + Pt,−
.

Pt,λ ≃
4𝒜λ𝒩
9π2β2 ( Λ

MP )
8 e4πξ

ξ6
≃

9𝒜λ

π2𝒩I2
3α2β2

ξ2, r ≃ 2.9 × 102 ξ4

α2
, Δχ ≃

δχ
1 + δχ

,

Late time (end of inflation) behavior

𝒫t± =
H2

ctπ2M2
P(1 +

·ϕ2

2M2
pM2 ) (1 + 𝒜± H2

β2M2
P

e4πξ

ξ6 )

δχ ≡
𝒩𝒜+

3 ( Λ
MP )

4 e4π ξ

ξ6
≃

27𝒜+M4
pξ2

2I2
3𝒩α2β2

. —> “Very” chiral!



Inflationary models with vectors

Spectrum of tensor perturbations
Chiral sourced gravitational waves. 
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Inflationary models with vectors

Spectrum of tensor perturbations
Measurable parameter. Tensor to scalar ratio. 

r =
𝒫t+ + 𝒫t−

𝒫ζ
=

H2

ctπ2M2
P(1 +

·ϕ2

2M2
pM2 )

2 + (𝒜+ + 𝒜−) H2

β2M2
P

e4πξ

ξ6

𝒫ζ

Statistics of the sourced GW. Non gaussianities. 

Inflation and Pseudoscalars Steep potential CMB signatures Non-minimal coupling Massive vector Final remarks

CMB signatures

Chiral gravitational waves spectrum Sorbo JCAP06(2011)003, Barnaby,
Moxon, Namba, Peloso, Shiu, Zhou PhysRevD.86.103508, Cook & Sorbo JCAP11(2013)047, ...

⟨h+h+⟩ ≈ A+ H2

M2
P

e4πξ

ξ6
1

k3
, ⟨h−h−⟩ ≈ A− H2

M2
P

e4πξ

ξ6
1

k3
.

With A+ = 8.6× 10−7,A− = 1.8× 10−9 . Testing the statistics of (sourced) GW, Shiraishi,
Hikage, Namba, Namikawa, Hazumi Phys.Rev.D94, 043506, arXiv:1606.06082. (Scale
dependent and sizeable GW due to source fields like axions)

⟨B+B+B+⟩ at 3σ with LiteBIRD

Tensor to scalar ratio r = 1
Pζ

2V (φ0)
3π2 M4

P
+ 2.7× 102 ξ4

α2

(

f Vφ(φ0)

V (φ0)

)2
,

JPBA (UAN) Pseudo-scalars and inflation 31/07/2018 16 / 30



Observations

Lite BIRD: Light satellite for the studies of B-mode polarization and 
Inflation from cosmic background Radiation Detection (2020).



Observations

Lite BIRD: Light satellite for the studies of B-mode polarization 
and Inflation from cosmic background Radiation Detection.



1. Gravitational waves can be a good quantity to “detect” 

parity breaking signatures in the early universe.  

2. Topologic terms like F~F acquire non trivial dynamics 

when coupled to a scalar field. 

3. Kinetic couplings are useful to reduce the velocity of 

the inflaton. At the same time, they suppress the 

amplitude of the scalar perturbations.  

4. Kinetic couplings with the Einstein term maintain 2nd 

order derivatives in the EOM.   

Conclusions and Remarks


