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Verão Quântico - 2019
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Distinguishing Primordial Universe Scenarios

Outline of the talk

I Introduction: Standard Model

I Testing Primordial Universe Scenarios (Theory)

I Testing Primordial Universe Scenarios (Observation)

I Mimicking Starobinsky Inflation

I Overview



Primordial Universe

I Planck ⊕WMAP agree on the 6−parameter ΛCDM model

I CMB is the farthest observable

I Inflation is the most popular primordial universe scenario

I Competitive alternatives: Bounce models, pre-big-bang, ekpyrotic, string-gas cosmology,
etc...

I Three main observables:

scalar spectral index (ns) tensor-to-scalar ratio (r) non-gaussianity (fNL)

I No clear theoretical prerogative

I Current status: there is no reason to privilege one scenario over the others

I Prove by contradiction to distinguish primordial scenarios: a constructive method
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Standard Model

I Spacetime geometry:

ds2 = a2(t)
[
dη2 −

dr2

1 − kr2 − r2
(
dθ2 + sin2 θ dϕ2

)]
I Dynamics equations

H2 ≡

( ȧ
a

)2
=

8πG
3

∑
i

ρi −
k
a2

ä
a

= −
4πG

3

∑
i

(ρi + 3pi)

if ρ + 3p > 0 the expansion is decelerated
(
ä < 0

)

General Properties
I homogeneous and isotropic > 200 Mpc

I exist for at least 13, 7 billions of years

I has been expanding: denser and hotter in the past

I 3 eras: radiation / dust / dark energy

I flat spatial sections (Ωk < 0.005) / Is it (in)finite?
ρrad v a−4 / ρmat v a−3



Thermal History (Microphysics)

I time-energy relation ρrad v T4 ⇒ in radiation era: T v 1
a v

1√
t

t = 1
T2

I Below a few MeV′s: photons, baryons, electrons, neutrinos, dark sector

T v
[
v 3 billions of years

]
galaxies formation

T v 0.25 eV
[
1012 sec

]
hydrogen recombination CMB decoupling

T v 1 eV
[
1011sec

]
radiation-dust era transition

T v 50 KeV [300 sec] light elements formation

T v 0.5 MeV [1 sec] Freeze-out e− + e+ � γ

T v 1 MeV [0.2 sec] neutrino decoupling
Tν ≈ 1.401Tγ

(
p/n free-out

)
T v 200 MeV

[
10−5sec

]
formation of baryons
quarks and gluons confinement

T v 100 GeV − 10 TeV
[
10−10 − 10−14sec

]
particle standard model is still valid

T v 10 TeV − 1019GeV
[
10−14 − 10−44sec

]
beyond particle SM but still classical gravity

T > 1019GeV what’s come next?



Testing Primordial Universe (Theory)

Shortcomings of the Standard Model
I physical mechanism to produce the expansion
I matter / anti-matter asymmetry
I cosmic singularity in a finite past time

I particle horizon
I flatness of spatial sections
I initial condition for structure formation

Inflation
accelerated expansion phase
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Testing Primordial Universe (Theory)

Shortcomings of the Standard Model
I physical mechanism to produce the expansion
I matter / anti-matter asymmetry
I cosmic singularity in a finite past time

I particle horizon
I flatness of spatial sections
I initial condition for structure formation

∆r =

∫
dt
a
⇒

RLSS

RH
∼ 102

Inflation
accelerated expansion phase

t0 = 0 but a ' eHt → η0 = −∞

Bounce
contraction→ expansion

t0 = −∞

“All the time of eternity”’



Testing Primordial Universe (Theory)

Shortcomings of the Standard Model
I physical mechanism to produce the expansion
I matter / anti-matter asymmetry
I cosmic singularity in a finite past time

I particle horizon
I flatness of spatial sections
I initial condition for structure formation

d
dt
‖Ω − 1‖ = −

2ä
ȧ3

Inflation
accelerated expansion phase

ä > 0 and ȧ > 0

Bounce
contraction→ expansion

ä < 0 but ȧ < 0



Testing Primordial Universe (Theory)

Shortcomings of the Standard Model
I physical mechanism to produce the expansion
I matter / anti-matter asymmetry
I cosmic singularity in a finite past time

I particle horizon
I flatness of spatial sections
I initial condition for structure formation

Inflation
accelerated expansion phase

Quantum Vacuum Fluctuations

physical length much smaller than the
curvature scale

as in Flat Spacetime

Bounce
contraction→ expansion

Quantum Vacuum Fluctuations

Universe is immense with negligible
curvature

very close to Flat Spacetime



Testing Primordial Universe (Observations)

I While waiting for primordial gravitational waves....
I The farthest observable is the CMB
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I Three main observables:

scalar spectral index tensor-to-scalar ratio non-gaussianity

ns =
d log PR

d log k
r =

P
R

P
T

fNL

I but there is also

B-mode polarization, tensor spectral index, running, etc...
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Testing Primordial Universe (Observations)

Connection with observations1 : Correlation functions

two point 〈ζ∗(~k1) ζ(~k2)〉 =
(2π)2

k3 δ(~k1 − ~k2)Pζ (k1) ⇒ (ns , r)

bispectrum 〈ζ(~k1)ζ(~k2)ζ(~k3)〉 = (2π)7δ
(
~k1 + ~k2 + ~k3

) P2
ζ

Π k3
i

A
(
~k1,~k2,~k3

)
⇒ fNL

I Power spectrum parametrization

PR =As

(
k
k∗

)ns−1

ns − 1 =
d ln PR

d ln k

PT =At

(
k
k∗

)nt

k∗ = 0.05Mpc−1

I Tensor-to-scalar ratio

r ≡
PT

PR

k∗ = 0.002Mpc−1
0.94 0.96 0.98 1.00

Primordial tilt (ns 0.002)
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Convex

Concave

TT+lowE+lensing

TT,TE,EE+lowE+lensing

TT,TE,EE+lowE+lensing+BK14

Natural inflation

Hilltop quartic model

α attractors

Power-law inflation

R2 inflation

V ∝ φ2

V ∝ φ4/3

V ∝ φ
V ∝ φ2/3

Low scale SB SUSY
N∗=50

N∗=60

ns = 0.9649 ± 0.0042 , r0.002 < 0.064

1Planck 2018 results. X. Constraints on inflation arXiv:1807.06211v1 [astro-ph.CO]
Planck2018 results. VI. Cosmological parameters arXiv:1807.06209v1 [astro-ph.CO]



Testing Primordial Universe (Observations)

I FLRW Background ds2 = a2(η)
[
dη2 − γijdxidxj

]
I Generic scalar perturbations

ds2 = a2(η)
[
(1 + 2φ) dη2 − 2∇iB dxidη −

(
(1 − 2ψ) γij + 2∇j∇iE

)
dxidxj

]
I Gauge freedom....

I coordinate transformation xα −→ x̃α = xα + δxα g̃µν =
∂xα

∂x̃µ
∂xβ

∂x̃ν
gαβ

I with δxα = (δx0, ∂iξ)

φ̃ = φ −
1
a

(
a δx0

)′
, ψ̃ = ψ +

a′

a
δx0, B̃ = B + δx0 − ξ′, Ẽ = E − ξ,

I matter perturbation

δρ̃ = δρ + ρ′ δx0 δϕ̃ = δϕ + ϕ′ δx0

δp̃ = δp + p′ δx0

or

Tµ(~x, η)ν = Tµ
0 ν

(η) + δTµν (~x, η) ϕ(~x, η) = ϕ0 (η) + δϕ(~x, η)
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Testing Primordial Universe (Observations)

I gauge invariant variables

Φ = φ +
1
a

[
(B − E′)a

]′
Ψ = ψ −

a′

a
(B − E′)

I spatial curvature perturbation

(3)R =
4
a2

[
∇2ψ + 3k

(
ψ +

1
2

)]
ψ is associated with curvature

I Two gauge independent variables

R = ψ + H
δϕ

ϕ′
curvature pert. on uniform-density foliation

−ζ = ψ + H
δρ

ρ′
curvature pert. on comoving foliation (no heat flux)

I Expand the action S =
∫ √
−g R = S(0) + S(1) + S(2) .... Abracadabra!

S(2) =
1
2

∫
dη dx3

(
a
ϕ′

H

)2 [
R′2 − (∂iR)2

]
=

M2
Pl

2

∫
dη dx3

[
v′2 − (∂iv)2 +

z′′s
zs

v2
]

v ≡ zsR zs = a
ϕ̇

H
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Testing Primordial Universe (Observations)

General Relativity
I scalar perturbations (fourier mode)

v′′k +
(
k2 − µ2

s

)
vk = 0 µ2

s =
z′′s
zs

v ≡ zsR zs = a
ϕ̇

H

I gravitational waves

vλk
′′

+
(
k2 − µ2

t

)
vλk = 0 µ2

t =
a′′

a
vλk =

a
2

hλk zt = a

f (R) theories
I scalar perturbations Qs = 3M2

PlF
′2/2F

[
H +

(
F′
2F

)]−2

v′′k +
(
k2 − µ2

fs

)
vk = 0 µ2

fs =
z′′fs
zfs

zfs = a
√

Qs vk = zfs Rk

I gravitational waves

vλk
′′

+
(
k2 − µ2

ft

)
vλk = 0 µ2

ft =
z′′ft
zft

zft = a
√

F vλk =
MPl

2
zft hλk
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Wands’ Duality

I There is a hidden symmetry in the dynamic equation

v′′k +

(
k2 −

z′′

z

)
vk = 0

I invariant under transformation

z̃(η) = c0 z(η)
∫

dη′

z2(η′)

Example: perfect fluid (p = ωρ)

I slow-roll H ≈ ϕ̇ (z ≈ a)

ω→ ω̃ =
1 + ω

−1 + 3ω

dust de Sitter

a ∝ η2 ⇔ ã ∝
1
η

-1 5
3

3
Ω

-1

0.5

2
3

Ω
�

�H1,1L

�H-1�3,-1�3L
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Starobinsky Inflation

I The action in the Jordan frame

S =
M2

Pl

2

∫
d4x
√
−g f (R) =

M2
Pl

2

∫
d4x
√
−g

(
R +

R2

6M2

)
F ≡

∂f
∂R

= 1 +
R

3M2

I in leading order of slow-roll a(t) = a0(te − t)1/2exp
[
−M2

12 (te − t)2
]

I the next order correction a(t) = a0(te − t)−1/6exp
[
−M2

12 (te − t)2
]

I There is three relevant slow-roll parameters

ε1 ≡ −
Ḣ
H2 , ε3 ≡

Ḟ
2HF

, ε4 ≡
F̈

HḞ
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Ḟ
2HF

, ε4 ≡
F̈

HḞ



Starobinsky Inflation

I let us assume the form a(t) = a0(te − t)pexp
[
−M2

12 (te − t)2
]

ε1 =
6

M2 (ts − t)2

(
1 +

6p
M2(ts−t)2

)
(
1 − 6p

M2(ts−t)2

)2 =
6

M2 (ts − t)2 + O(M−4)

ε3 = −
M2

6H2

[
1 +

p
H(ts−t)

(
1 +

3(1−2p)
M2(ts−t)2

)]
[
1 + M2

6H2

(
1 − 3p

M2(ts−t)2

)]1 = −
6

M2 (ts − t)2 + O(M−4)

ε4 = −
M2

6H2

[
1 − 54p(1−2p)

M4(ts−t)4

]
[
1 +

p
H(ts−t)

(
1 +

3(1−2p)
M2(ts−t)2

)]1 = −
6

M2 (ts − t)2 + O(M−4)

I in order O(M−2), the slow-roll are independent of p

ε1 =
6

M2 (ts − t)2 , ε3 = −ε1 , ε4 = ε3



Starobinsky Inflation

I Assuming Bunch-Davies initial state

vk(η) =

√
π|η|

2
ei(1+2γ)π/4H(1)

γ (k|η|)

scalar perturbations PR ≈
1

Qs

( H
2π

)2 (
|kηc |

2

)ns−1

, ns − 1 ≈ −4ε1 + 2ε3 − 2ε4 ,

tensor perturbations PT ≈
2
π2F

(
H

MPl

)2 (
|kηc |

2

)nT

, nT ≈ −2ε1 − 2ε3

I in terms of the number of e-folds

ns − 1 ≈ −3, 51 × 10−2
( N

57

)−1
, r ≈ 3, 69 × 10−3

( N
57

)−2

The Planck 2018 release:

I ns = 0.9649 ± 0.0042 at 68% c.l. (50 < N < 65)
I upper limit r0.002 < 0.10 at 95% c.l.
I including BICEP2/Keck Array BK14 data r0.002 < 0.064



Mimicking Starobinsky Inflation

I Starobinsky-like scale factor

a(t) = a0 (ts − t)−1 exp
[
−

M2

12
(ts − t)2

]
η =

∫
dt

a(t)
=
−6

a0M2 exp
[

M2

12
(ts − t)2

]
a(η) = −

1
η

√
3

M
√

ln(η̄)
, η̄ ≡ −

a0M2

6
η

I Since M >> 1: ln(η̄) ≈ ln
(
a0M2/6

)
� 1 and approximately constant

I in leading order

ε1 = −ε3 = −ε4 =
1

2 ln (η̄)
zs(η) = −

√
6
η

1
ln (η̄)

I using wands’ duality

zB
s (η) = c0.zs(η)

∫ η

η∗

dη′

zs(η′)2 = C1η
2 ln (η̄)

[
1 + O

(
1

ln (η̄)

)]
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What’s the embedding dynamics?

I GR with perfect fluid / scalar field / ...
I F(R) without matter content / with conventional matter / ...

I Collapsing with scalar field: zB
s = aB ϕ̇/H

I Quasi-de Sitter should be mapped into a quasi-matter dominated universe

ϕ̇2 ' 2V ⇒ ϕ̇ '
√

3H ⇒ zB
s (η) ≈ aB

s (η)

I consider the background dynamics

aB(η) = aB0 η
2 ln(η̄)

[
1 −

2
3 ln (η̄)

+ O

(
1

ln2 (η̄)

)]
I using FLRW eq.’s

ϕ′2 = 2
(
H 2 −H ′

)
, a2V =

(
2H 2 + H ′

)
V(η) = 6

a2
B0

1
η6 log2(η̄)

[
1 + 15

6 ln(η̄) + O
(
ε2

)]
ϕ = −

√
12 ln

[
η̄ ln5/12(η̄)

]
+ O

(
ε2

)


V(ϕ) = V0
√

1 − ϕ/ϕ∗ e
√

3ϕ



Quantum Bounce

I Quantum mechanisms: Wheeler-deWitt, Superstring motivated (Ekpyrotic), LQC



Quantum Bounce

I Wheeler-deWitt: Quantum Cosmology with Fluids

The action reads S =
M2

Pl

2

∫
d4x
√
−g R −

∫
d4x
√
−g p

I Assuming matter content described by dust (p = 0) ⊕ radiation (p = 1
3ρ)

H = N
(
−

p2
a

12a
− 3κa +

Pr

a
+ Pm

)
I Classical motion ( ȧ

a

)2
= N2

[
−
κ

a2 +
1
3

( pr

a4 +
pm

a3

)]
I Quantum WdW (N = a)

i
∂

∂η
Ψ (a, η) =

(
−

1
12

∂2

∂a2 + 3κa2
)
Ψ (a, η) .

I Interpretation of QM: Many-worlds, Consistent histories, De Broglie-Bohm,(((((Copenhagen
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I Bohmian trajectories

I Polar form Ψ = |Ψ| exp (i S/~)

I guidance relations

ȧ = −
a(3ω−1)

2
∂S
∂a

a(T) = a0

1 +

(
T
T0

)2
1

3(1−ω)

I Quantum WdW

i
∂

∂η
Ψ (a, η) =

(
−

1
12

∂2

∂a2 + 3κa2
)
Ψ (a, η) .



Quantum Bounce

I Loop Quantum Cosmology: semi-classical states have a master equation

I LQC has an analytical solution for scalar field
I dynamics

H2 =
M−2

Pl

3
ρ

(
1 −

ρ

ρc

)
, Ḣ = −

M−2
Pl

6
(ρ + p)

(
1 −

2ρ
ρc

)
, ρ̇ + 3H (ρ + p) = 0

I scalar field such that p = ωρ ⇒ ρ = ρc
( aB

a

)3(1+ω)

a(t) = aB
(
1 + α2 (t − tB)2

)1/3(1+ω)

ϕ(t) − ϕB =

√
ρc(1 + ω)
α

arcsinh
(
α(t − tB)

)
V =

ρc(1 − ω)
2

sech2

 α (ϕ − ϕB)√
ρc(1 + ω)


α =

√
3ρc

2
(1 + ω)MPl

0

5

10

15

20

25

30

−1 0 1 2
p
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Quantum Bounce

I Our solution:

V(ϕ) = V0
√

1 − ϕ/ϕ∗ e
√

3ϕ ⇒ ω =
ϕ′2 − 2a2V
ϕ′2 + 2a2V

= −
1

6 ln (η̄)
≡ −

1
6
εc

I Scalar perturbations

v′′ +

[(
1 −

2ρ
ρc

)
k2 −

z′′

z

]
v = 0 z =

√
ρ + p
H

a

v(η) = B1z + B2z
∫ η dη̄

z2 − k2
∫ η dη̄

z2

∫ η̄

d¯̄η z v +
2k2

ρc
z
∫ η dη̄

z2

∫ η̄

d¯̄η z v

I Matching Conditions

before crossing vin(η) =

√
−πη

4
H(1)
γ (−kη) γ =

3
2

+ εc

through the bounce v(η) ≈ B1z + B2z
∫ η dη̄

z2

I power spectrum

PR =
k3

2π2

∣∣∣∣∣ vz
∣∣∣∣∣2 ≈ 1.736 × 10−3

 ρc

M4
Pl

 k−2εc ns − 1 = −2εc
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Quantum Bounce

I Tensor perturbations

v′′ +

[(
1 −

2ρ
ρc

)
k2 −

z′′T
zT

]
v = 0 zT =

a√
1 − 2ρ/ρc

v(η) = B1zT + B2zT

∫ η dη̄
z2

T

− k2
∫ η dη̄

z2
T

∫ η̄

d ¯̄η zT v +
2k2

ρc
zT

∫ η dη̄
z2

T

∫ η̄

d ¯̄η zT v

I Matching Conditions

before crossing vin(η) =

√
−πη

4
H(1)
γ (−kη) γ =

3
2

+ εc

through the bounce v(η) ≈ B1zT + B2zT

∫ η dη̄
z2

T

I power spectrum

PT = 2 ×
k3

2π2

(
2MPl

∣∣∣∣∣ v
zT

∣∣∣∣∣)2

≈ 4.645 ε2
c × 10−3

 ρc

M4
Pl

 k−εc nt = −2εc

I tensor-to-scalar ratio

r =
PT

PR

=
8
3
ε2

c
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Overview

I Starobinsky Inflation

ns − 1 = −
2
N

, r =
12
N2 ⇒ r = 3 (ns − 1)2

Consistency relation (single field slow-roll): nt = −r/8 ⇒ nt = − 3
8 (ns − 1)2

I Our model

ns − 1 = −2εc , r =
8
3
ε2

c ⇒ r =
2
3

(ns − 1)2

nt = −2εc

I we are a factor 2/9 smaller! Convolution of two contributions

The mapping: inflation −→ bounce

Starobinsky:
(

zs

zT

)2

=
Qs

F
≈

3
2

M2
Plε

2
c

matter bounce:
(

zs

zT

)2

= 3M2
Pl

This gives a factor
2
ε2

c
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The mode-mixing

inflation: decreasing ⊕ constant mode.

bounce: increasing ⊕ constant mode.

v = D1 z + D2 z
∫ η̄ dη

z2

In our case we get a
ε2

c

9



Conclusion

I We constructed the “best-fit to data” matter-bounce model

I Control of each contribution to the power spectrum

I In the near future, we expect to have decisive new observational data of the very early
universe.

I We need ways to discriminate primordial universe scenarios

I Constructive method might give a systematic route...

Thanks for your attention!
ArXiv:1902.05031 [gr-qc]



Conclusion

I We constructed the “best-fit to data” matter-bounce model

I Control of each contribution to the power spectrum

I In the near future, we expect to have decisive new observational data of the very early
universe.

I We need ways to discriminate primordial universe scenarios

I Constructive method might give a systematic route...

Thanks for your attention!
ArXiv:1902.05031 [gr-qc]



Conclusion

I We constructed the “best-fit to data” matter-bounce model

I Control of each contribution to the power spectrum

I In the near future, we expect to have decisive new observational data of the very early
universe.

I We need ways to discriminate primordial universe scenarios

I Constructive method might give a systematic route...

Thanks for your attention!
ArXiv:1902.05031 [gr-qc]


