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Some motivations

Some motivations/concerns and expectations

Pseudoscalar fields offer a rich phenomenology in inflationary physics.

Signatures of statistical anisotropies and parity violation in CMB correlators.
Parity violating Non-Gaussianity for instance.

Enhancement of gravitation waves. Chiral GW.

Effects on LSS. Non-Gaussian & anisotropic bias.

Pseudoscalars/axions are suitable dark matter candidates.

If present during inflation, DM particles should leave some imprint in the CMB.

Cosmological observations can be used to constraint DM models (couplings):
isocurvature, non-gaussianity, scale dependence, anisotropies, etc.

...
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Stable gauge invariant abelian models. Scalar + vector

General scalar(pseudoscalar) + vector models (allowing for derivative
interactions):

S =

∫

d4x
√
−g

[

M2
P

2
R − L(ΦI , Aµ)

]

Stable and causal gauge invariant (Aµ → Aµ + ∂µα) models:

S =

∫

d4x
√
−g

[

LG − LΦI (ΦI , ∂ΦI)−
1
4
f1(ΦI)F

µνFµν −
1
4
f2(ΦI)F

µνF̃µν

]

A scalar-vector-gravity model:

LG =
M2

P

2
R+ h(ΦI)R ⇒ Non-minimal coupling with gravity

LΦI (ΦI , ∂ΦI) = L(φ,σ) ⇒ Inflaton plus auxiliary fields

f1(φ)F
µνFµν ⇒ Non-diluting anisotropic source (“anisotropic hair”).

f2(φ)F
µνF̃µν ⇒ Parity symmetry breaking.
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Signatures of vector fields during inflation

Anisotropic and parity violating correlations in models of the form (some type of)
f1(φ)F 2 + f2(φ)F F̃ , Golovnev, Vanchurin, Mukhanov, Dimopoulos, Karciauskas, Wagstaff,
Anber, Sorbo, Ackerman, Carroll, Wise, Bartolo, Dimastrogiovanni, Matarrese, Riotto, Liguori,
Ricciardone, Peloso, Valenzuela-Toledo, Rodrı́guez, Lyth, Gumrukcuoglu, Himmetoglu, Shiraishi,
Komatsu, Barnaby, Watanabe, Kanno, Soda, Emami, Firouzjahi...
Angle dependent correlations. Both scalar and tensor correlations

Pζ(k) ≡ ⟨ζ(k⃗1)ζ(k⃗2)⟩′ =
2π2

k3
Pζ

(

k

aH

)nζ−1

, Pζ ∼ (5 × 10−5)2

Pζ(k) ⇒ Pζ(k⃗) = Pζ(k)
[

1 + gζ(k̂ · n̂)2
]

, gζ ∼ 0.3 (back in 2009),

Bζ = ⟨ζ(k⃗1)ζ(k⃗2)ζ(k⃗3)⟩′ =
∑

L=0

cLPL(k̂1 · k̂2)P (k1)P (k2) + perm.

cL = encodes information about the VF couplings, PL = Legendre polynomials

Planck 2015 → −0.0225 < gζ < 0.0363, −10.7 < c0 < 16.7, −89 < c1 < 324, −57 < c2 < 47 .

Optimal estimator for tracking the parity odd features.
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Natural inflation and electromagnetic dissipation

Natural inflation pseudoscalar coupled to U(1)
f1 = 1/4, f2 = αφ/4f, V (φ) = Λ4(1 + cos(φ/f)).

SφA = −
1

4

∫

d4x
√
−g

[

FµνFµν +
α

f
φFµν F̃µν

]

⇓

∇µ

(

Fµν +
α

f
φF̃µν

)

= 0, & ∇µF̃
µν = 0.

Background metric
Nearly de Sitter geometry a(τ) ≈ −1/Hτ with constant Hubble parameter H,

ds2 =
1

H2τ2
(−dτ2 + dxidx

i).
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Natural inflation and electromagnetic dissipation

Steep inflation V (φ) = Λ4(1 + cos(φ/f)). f ∼ MP

Background metric
Nearly de Sitter geometry a(τ) ≈ −1/Hτ with constant Hubble parameter H,

ds2 =
1

H2τ2
(−dτ2 + dxidx

i).
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Equations of motion

Homogeneous scalar field ∂iφ = 0 ⇒ ∂if1 = ∂if2 = 0.

φ′′ + 2aHφ′ + a2
dV

dφ
=

α

f
a2⟨E⃗ · B⃗⟩, A′′

i −∇2Ai −
αφ′

f
ϵijk∂jAk = 0,

H2 =
1

3M2
P

(

1

2
φ̇2 + V (φ) +

1

2
⟨E⃗2 + B⃗2⟩

)

, Ḣ = −
1

2M2
P

φ̇2 −
1

3M2
P

⟨E⃗2 + B⃗2⟩

Vector field solution. Polarization decomposition

Âλ(x⃗, τ) =
∑

λ=±

∫

d3k

(2π)3
ϵ⃗λ(k⃗)Aλ(τ, k⃗)aλ(k⃗)e

ik⃗·x⃗ + c.c

ϵ⃗λ(k⃗) · k⃗ = 0, k⃗ × ϵ⃗λ = −iλ|k⃗|⃗ϵλ, ϵ⃗λ · ϵ⃗λ′ = δλ,−λ′ , ϵ⃗ ∗
λ (k̂) = ϵ⃗−λ(k̂) = ϵ⃗λ(−k̂).

A′′
± +

(

k2 ±
2kξ

τ

)

A± = 0 with ξ ≡
αφ̇0

2fH
.

A+ ≈
1

√
2k

(

k

2ξaH

)1/4

eπξ−2
√

2ξk/aH for large ξ, ξ ≫ kτ/2.

Anber & Sorbo JCAP 0610 018 (2006), PRD 81 043534 (2010), PRD 85 123537 (2012).
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Steep potential slow roll

Backreaction effect due to the gauge field coupling. Large ξ

⟨E⃗ · B⃗⟩ ≈ −I
H4

ξ4
e2πξ,

1

2
⟨E⃗2 + B⃗2⟩ ≈

4I
7

H4

ξ3
e2πξ,

where I ≈ 2.4× 10−4 Anber & Sorbo PRD 85 123537 (2012).

Hubble parameter H2 ≈ V/3M2
P

1

2
⟨E⃗2 + B⃗2⟩ ≈

4I
7

H4

ξ3
e2πξ ≈

4

7

ξ

α
fVφ ≪ 1 for α ≫ ξ.

Slow roll parameter ϵ = −Ḣ/H2

ϵ ≈
2ξ2f2

α2M2
P

+
8

7

ξ

α

fVφ

V
≪ 1
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Perturbations

Equation for the scalar perturbations

δφ′′ + 2aHδφ′ −∇2δφ + a2Vφφδφ = +a2
Nα

f
δ
[

E⃗ · B⃗
]

.

δφ′′+
1

τ

απVφ(φ0)

fH2
δφ′ +

1

τ2
Vφφ(φ0)

H2
δφ ≈ a2

Nα

f
δE⃗·B⃗ ,

δφ(τ, k⃗) =
Nα

f

∫ τ

−∞
dτ1a

2(τ1)G(τ, τ1)

∫

d3xe−ik⃗·x⃗δE⃗·B⃗(τ1, x⃗)

Green’s function

G(τ, τ ′) =
τ ′

∆

[( τ

τ ′

)ν+ −
( τ

τ ′

)ν−
]

Θ(τ − τ ′) ≈
τ ′

∆

( τ

τ ′

)ν+
,

where

ν± ≡
1

2

(

1−
παVφ(φ0)

fH2

)

±
1

2
∆, and ∆ ≡

√

(

1−
παVφ(φ0)

fH2

)2

−
4Vφφ(φ0)

H2
.
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Perturbations

N-point correlation functions

⟨δφ(p⃗1) · · · δφ(p⃗n)⟩ = δ(p⃗1 + · · ·+ p⃗n)

(

Nα

f

)n ∫

dτ1 · · · dτna21 · · · a2nG(τ, τ1) · · ·G(τ, τn)

×
∫

d3x1 · · · d3xne−i(p⃗1·x⃗1+···+p⃗n·x⃗n)⟨δE⃗·B⃗(τ1, x⃗1) · · · δE⃗·B⃗(τn, x⃗)⟩ ,

where ai ≡ a(τi).
Spectrum of the perturbations

⟨δφ(p⃗)δφ(p⃗ ′)⟩ = δ(p⃗ + p⃗ ′)

(

Nα

f

)2 ∫

dτ1dτ2 a
2
1 a

2
2 G(τ, τ1)G(τ, τ2)

×
∫

d3x eip⃗·x⃗⟨δE⃗·B⃗(τ1, 0) δE⃗·B⃗(τ2, x⃗)⟩

≈ F(ν+)
δ(p⃗ + p⃗ ′)

p3
N 2 α2 H4

∆2 f2 ξ8
e4π ξ (−25 ξ p τ

)2ν+ .

Approximations used:

∆2 ≈
π2α2V 2

φ

f2H4
, φ̇2

0 =
4f2H2

α2
ξ2, Vφ ≈

α

f
⟨E⃗ · B⃗⟩, −I

H4

ξ4
e2πξ.
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CMB signatures

Scalar power spectrum
Primordial curvature perturbation ζ = −Hδφ/φ̇0

Pζ(p) ≈
F(ν+)

8π4I2ξ2
(−25ξpτ)2ν+ ≈

5× 10−2

N ξ2
(−25ξpτ)2ν+ .

ns − 1 ≈ 2ν+ = −
2fVφφ(φ0)

παVφ(φ0)
.

Gravitational waves

h′′
λ −

2

τ
h′
λ + k2hλ =

2

M2
P

Πlm
λ Tlm, hij(k⃗) =

√
2
∑

λ=±

ϵiλ(k⃗)ϵ
j
λ(k⃗)hλ(τ, k⃗)

Πlm
λ = ϵl−λ(k⃗)ϵ

m
−λ(k⃗)/

√
2, Tij = −a2(EiEj+BiBj)+(· · · )δij = −a−2A′

iA
′
j+· · ·

hλ(k⃗) = −
2H2

M2
P

∫

dτ ′Gk(τ, τ
′)(−τ ′)2

∫

d3q

(2π)3/2
Πij

λ A′
i(q⃗, τ

′)A′
j(k⃗ − q⃗, τ ′) ,
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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
,
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CMB signatures

Non-Gaussianities Anber and Sorbo PhysRevD 85, 123537. Equilateral 3-point
correlator of scalar perturbations.

⟨δφ(k⃗1)δφ(k⃗2)δφ(k⃗3)⟩ ≈ −10−9N
α3H6

f3∆3ξ12
e6πξ δ(k⃗1 + k⃗2 + k⃗3)

k6

3-point correlator of the primordial curvature perturbation

⟨ζ(k⃗1)ζ(k⃗2)ζ(k⃗3)⟩ =
3(2π)5/2

10
fNLP2

ζ

∑

i k
3
i

∏

i k
3
i

δ(k⃗1 + k⃗2 + k⃗3)

fNL ≈ 4.4× 1010P3 e
6πξ

ξ9

Large NG for large ξ, Barnaby and Peloso Phys.Rev.Lett.106, 181301 (2011).

JPBA (UAN) Pseudo-scalars and inflation 31/07/2018 17 / 30



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

1 Inflation with pseudoscalar-vector interactions

2 Slow roll with a steep potential

3 CMB signatures. Spectrum, chiral GW and NG

4 Non-minimal coupling with gravity

5 Inflation with a massive vector

6 Final remarks

JPBA (UAN) Pseudo-scalars and inflation 31/07/2018 18 / 30



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

Non minimal coupling with gravity
We add nonminimal coupling with gravity to the previous system

L =
√
−g

[

M2
P

2

(

1 +
2h(φ)

M2
P

)

R−
1

2
(∂φ)2 − V (φ) −

1

4
FµνFµν −

1

4

α

f
φFµν F̃µν

]

.

where h(φ) = 1
2Xφ2.

Einstein frame We define the metric ḡµν = Ω(φ)gµν , where Ω(φ) ≡
(

1 + 2h(φ)
M2

P

)

.

L =
√
−ḡ

[

M2
P

2
R̄−

1

2
ḡµν∇̄µφ̄∇̄ν φ̄− V̄ (φ̄)−

1

4
F̄µν F̄µν −

1

4

αφ(φ̄)

f
F̄µν ˜̄Fµν

]

,

where dφ̄/dφ = K1/2, V̄ (φ) ≡ V (φ)
Ω2 , F̄µν F̄µν ≡ ḡµαḡνβFαβFµν and

K(φ) =
1

Ω
+

3M2
P

2Ω2

(

∂Ω

∂φ

)2

=
1 + 6(X + 1

6 )X
(

φ
MP

)2

(

1 + X
(

φ
MP

)2
)2 .

Why this is useful? Correlation functions are invariant under conformal transformation of the

metric. Often, it is easier to calculate the correlators in the Einstein frame.
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Non minimal coupling with gravity

Applications. Resurrect models disfavored by Planck.
Example: Natural inflation. α = 0 and V (φ) = Λ4(1 + cos(φ/f))
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Non minimal coupling with gravity
Scalar perturbations. Back to the pseudoscalar model. Some boring details...

φ̄′′
0 + 2ā H̄ φ̄′

0 + ā2 V̄φ̄ =
ā2

Ω2 K1/2

Nα

f
⟨E⃗ · B⃗⟩ .

δφ̄′′ + 2ā H̄

(

1 −
π α V̄φ̄

2K1/2 f H̄2

)

δφ̄′ + ā2

(

V̄φ̄φ̄ +
d ln(Ω2K1/2)

dφ̄
V̄φ̄

)

δφ̄ =
ā2 N α

Ω2 K1/2 f
δ
E⃗·B⃗

,

δφ̄(τ̄ , k⃗) =
Nα

f

∫ τ̄

−∞

dτ̄1
ā2(τ̄1) Ḡ(τ̄ , τ̄1)

Ω2 K1/2

∫

d3x e−ik⃗·x⃗ δ
E⃗·B⃗

(τ̄1, x⃗) ,

Where:

Ḡ(τ̄ , τ̄ ′) =
τ̄ ′

∆̄

[(

τ̄

τ̄ ′

)ν̄+
−

(

τ̄

τ̄ ′

)ν̄−
]

Θ(τ̄ − τ̄ ′), with

ν± ≡
1

2

(

1 −
π α V̄φ̄(φ̄0)

K1/2f H̄2

)

±
1

2
∆̄ ≈ −

1

2

(

π α V̄φ̄(φ̄0)

K1/2fH̄2

)

±
1

2
∆̄ ,

∆̄ ≡

√

√

√

√

(

1 −
π α V̄φ̄(φ̄0)

K1/2f H̄2

)2

−
4

H̄2

(

V̄φ̄φ̄(φ̄0) +
d ln(Ω2K1/2)

dφ̄
V̄φ̄(φ̄0)

)

.
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Non minimal coupling with gravity

Pseudoscalar coupled to gauge fields. Results for the scalar and tensor spectrum.

Scalar perturbations spectrum

P̄ζ(p) ≈
F(ν̄+)

8π4I2ξ2
(−25ξpτ)2ν+ ≈

5× 10−2

N ξ2
(−25ξpτ)2ν+ .

n̄s − 1 ≈ 2ν̄+ = −K1/2
2fV̄φ̄φ̄(φ̄0)

παV̄φ̄(φ̄0)

(

1 +
d ln(Ω2K1/2)

dφ̄

V̄φ̄(φ̄0)

V̄φ̄φ̄(φ̄0)

)

.

Tensor perturbations

ds̄2 = −ā2(τ̄ )
[

−dτ̄2 + (δij + h̄ij)dx̄idx̄j
]

T̄EM
ij = −ā2(EiEj +BiBj) + (· · · )δij .

⟨h±h±⟩ ≈
H̄2

π2M2
P

(

1 +A± N H̄2

M2
P

e4πξ

ξ6

)
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ns and r

Chiral gravitational waves spectrum

Spectral index of scalar perturbations

n̄s − 1 ≈ 2ν̄+ = −K1/2
2fV̄φ̄φ̄(φ̄0)

παV̄φ̄(φ̄0)

(

1 +
d ln(Ω2K1/2)

dφ̄

V̄φ̄(φ̄0)

V̄φ̄φ̄(φ̄0)

)

.

Tensor to scalar ratio

r̄ ≈
2V

3π2 M4
P Ω2 Pζ

+ 2.9× 102K
ξ4

α2

(

f V̄φ̄

V̄

)2

.
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Features of the non-minimally coupled case

The amplitude of the scalar spectrum is NOT suppressed due to the presence of the
non-minimal coupling.

Non-Gaussianities on scalar correlators are NOT suppressed either.

Non trivial effect on the higher order statistics of the sourced gravitational waves.

Modified bound on r̄:

r̄ < 1.7× 10−2
(

fobs
NL

)2/3
K2ϵ2.
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Inflation with a massive vector

Work in progress with L. Sorbo and M. Anber.

Retains the nice features of the massless case, chiral GW spectrum, etc.

A “Higssed” mechanism to add mass to the vector boson.

The transverse modes are decoupled from the longitudinal mode.

The longitudinal mode under control.

A possible way out of the large amplitude spectrum.

Hopefully, this mechanism suppress the non-Gaussianities of the perturbations.
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Inflation with a massive vector

Some details of the massive case Work in progress with L. Sorbo and M. Anber.
Equations of motion

∇µ

(

Fµν +
α

f
φF̃µν

)

−m2Aν = 0.

Longitudinal mode

dAc

dx2
+

[

1 +
µ2

x2
+

2/x2

(1 + µ2/x2)2

(

1−
µ2

x2

)]

Ac = 0

with

Ω(x) ≡
[

1 +
µ2

x2
+

2/x2

(1 + µ2/x2)2

(

1−
µ2

x2

)]1/2

.

Adiabatic evolution:

Ω′

Ω2
=

−x6
(

µ2 + 2
)

− 3x4
(

µ2 − 2
)

µ2 − 3x2µ6 − µ8

(x6 + x4 (3µ2 + 2) + x2µ2 (3µ2 − 2) + µ6)3/2
≪ 1 .
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Inflation with a massive vector

Some details of the massive case
Transverse modes. They are decoupled from the longitudinal mode evolution!

(

∂2
τ + k2 +

m2

H2τ2
±

ξk

2τ

)

A±(k, τ) = 0, with ξ =
αφ̇

2fH
.

Solution

A+ =
e

πξ
2

√
2k

Wiξ,iµ(2ix), with x = −kτ, µ =

√

m2

H2
−

1

4
.

Analytical approximations for large ξ and ξ ≫ µ can be done and the estimate for the spectrum
is suppressed by the mass parameter:

Pζ(p1) ≈
1225D(µ)

64ξ2µ14
(−8ξp1τ)

2ν+ .
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Final remarks and hopes

Interesting possibilities for the GW production mechanism with a pseudoscalar
coupling term.

Statistical anisotropy, parity violating and scale dependent effect are interesting
effects that naturally arise in vector field models.

DM models can be constrained by cosmological observations. Selfcouplings and
couplings with the inflaton of the DM sector can be constrained by cosmological
parameters such as isocurvature, non-gaussianity, GW, etc.

Non minimal coupling with gravity is an interesting avenue to explore. This can
bring some interesting models such as natural and chaotic inflation inside the
allowed ns, r region.

Non trivial modification of the tensor correlators due to non-minimal coupling
with gravity.

Suppression of the correlation functions for massive vector field case.
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