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Distinguishing Primordial Universe Scenarios

Outline of the talk

> Introduction: Standard Model

> Testing Primordial Universe Scenarios (Theory)

> Testing Primordial Universe Scenarios (Observation)
> Mimicking Starobinsky Inflation

> Overview
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Primordial Universe

> Planck ® WMAP agree on the 6—parameter ACDM model
> CMB is the farthest observable
> Inflation is the most popular primordial universe scenario

» Competitive alternatives: Bounce models, pre-big-bang, ekpyrotic, string-gas cosmology,
etc...
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Planck ® WMAP agree on the 6—parameter ACDM model
CMB is the farthest observable
Inflation is the most popular primordial universe scenario

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

Three main observables:

scalar spectral index (n;) tensor-to-scalar ratio (r) non-gaussianity (fyz)

No clear theoretical prerogative

Current status: there is no reason to privilege one scenario over the others
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Planck ® WMAP agree on the 6—parameter ACDM model
CMB is the farthest observable
Inflation is the most popular primordial universe scenario

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

Three main observables:

scalar spectral index (n;) tensor-to-scalar ratio (r) non-gaussianity (fyz)

No clear theoretical prerogative
Current status: there is no reason to privilege one scenario over the others

Prove by contradiction to distinguish primordial scenarios: a constructive method
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Standard Model s >Te
> Spacetime geometry:
ds? = &) |dif? - s 7 (46 + sin” 0. dy?)
1 — kr?
> Dynamics equations
202 P
a 8nG k a 4nG
sz(f):— - = - =—-— i + 3pi
p 3 ,- Pi 2 a 3 Z[: (oi Di)
if p + 3p > 0 the expansion is decelerated (a<0)
Dy Q, O] 0,
1.0 et = ]
General Properties gOB:E g l z ‘/E g
- . Eo6Fe & | g £ 3
> homogeneous and isotropic > 200 Mpc :orE ‘ 8 |&] %
50408 & £ 5] &
> exist for at least 13, 7 billions of years Eoofd ? £ &=
. . S T B /)
> has been expanding: denser and hotter in the past oof B -
Jioe | 102 1 o\
> 3 eras: radiation / dust / dark energy AN B Bl,, ol ;,’ Y Dat
(Inflation Ends) Stars Sta
> flat spatial sections (€ < 0.005) /Is it (in)finite?
Prad © 1174 / Pmat a73
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Thermal History (Microphysics) £ oeme
> time-energy relation p,,g —~ T* = inradiationera: T - é - % t= #
> Below a few MeV’s: photons, baryons, electrons, neutrinos, dark sector
T -~ [~ 3 billions of years] galaxies formation ] ThaTe
Universe “BigBang”
T~ 025eV [1012 sec] hydrogen recombination CMB decoupling o 'm-:m
108 Ko ) 105 seond
N §
T~ leV [10“5&'] radiation-dust era transition £ \ {
) b 10 gond
T -~ 50KeV  [300sec] light elements formation y x# x 5 o
i
T~ 0.5MeV [l sec] Freeze-oute™ +e¢* Sy il (12
FILIE iz 7 sconds
T -~ 1MeV  [0.2 sec] neutrino decoupling ) Tody e
T, ~ 14017, (p/n free-out) The standard model e
Elementary particles
T -~ [10’5sec] formation of baryons
quarks and gluons confinement
T - [10’10 — 107 4sec E
particle standard model is still valid g
T [10’14 - 10’44sec] R0
beyond particle SM but still classical gravity ’E;;‘ ool

T > 10”GeV  what’s come next? =
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Testing Primordial Universe (Theory)

Shortcomings of the Standard Model
> physical mechanism to produce the expansion

> matter / anti-matter asymmetry

> cosmic singularity in a finite past time
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Testing Primordial Universe (Theory)

Shortcomings of the Standard Model
> physical mechanism to produce the expansion
> matter / anti-matter asymmetry

> cosmic singularity in a finite past time

> particle horizon

v

flatness of spatial sections

v

initial condition for structure formation

Inflation Bounce
accelerated expansion phase contraction — expansion
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Testing Primordial Universe (Theory)

Shortcomings of the Standard Model

> physical mechanism to produce the expansion

> matter / anti-matter asymmetry

> cosmic singularity in a finite past time

> particle horizon

> flatness of spatial sections

> initial condition for structure formation

Inflation

accelerated expansion phase

=0 but a=e

n today 1 today

astlight cont

— 10 = —00

MB

0 Big Bang

without inflation

bv1ar\u

MB

A\

Big Bang

?BPﬂ{E} *  PPEEGSMO
dr R
Ar= | = = 2B 2
a RH
Bounce

contraction — expansion

t) = —c0

1)

“All the time of eternity
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Testing Primordial Universe (Theory)

Shortcomings of the Standard Model
> physical mechanism to produce the expansion

> matter / anti-matter asymmetry

> cosmic singularity in a finite past time d
—IQ-1|l=-—=
ol [

v

particle horizon

v

flatness of spatial sections

v

initial condition for structure formation

Inflation Bounce
accelerated expansion phase contraction — expansion

a>0 and a>0 a<0 but a<0
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Testing Primordial Universe (Theory)

Shortcomings of the Standard Model
> physical mechanism to produce the expansion

> matter / anti-matter asymmetry

> cosmic singularity in a finite past time

v

particle horizon

v

flatness of spatial sections

v

initial condition for structure formation

Inflation Bounce
accelerated expansion phase contraction — expansion
Quantum Vacuum Fluctuations Quantum Vacuum Fluctuations
physical length much smaller than the Universe is immense with negligible
curvature scale curvature

as in Flat Spacetime very close to Flat Spacetime
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Testing Primordial Universe (Observations)

> While waiting for primordial gravitational waves....
» The farthest observable is the CMB
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Testing Primordial Universe (Observations)

> While waiting for primordial gravitational waves....
> The farthest observable is the CMB

1000 1500 2000 2500
‘

» Three main observables:

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

o

dlogP,, -
" ik 7o I
> but there is also

B-mode polarization, tensor spectral index, running, etc...
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Connection with observations! : Correlation functions
two point  (* (kl)akz»—( i - k) Pc(k1) = (1.7
bispectrum (¢Unekika) = @n's (ki + ko + k) 5/ (Kl Ks) - = fu
i

> Power spectrum parametrization

K\t dlnP,, N
P, =A; -1=—2 N
Z (k) * dInk p 3
K\
P, :A,(;) ks = 0.05Mpc™! O
: =
> Tensor-to-scalar ratio / \
q \
P ) s
r==-2Z ky = 0.002Mpc™!
P.@?

ng = 0.9649 £ 0.0042 , rp002 < 0.064

IPlanck 2018 results. X. Constraints on inflation arXiv:1807.06211v1 [astro-ph.CO]
Planck2018 results. VI. Cosmological parameters arXiv:1807.06209v1 [astro-ph.CO]
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Testing Primordial Universe (Observations) Ll

» FLRW Background ds? = d*(n) [dn2 = y,;,-dxidxf ]
> Generic scalar perturbations

ds? = a®(n) [(1 +20) dp? = 2ViBdx'dn - ((1 - 20) v + 2V, ViE) de'd |
> Gauge freedom....

5 Ox® o
» coordinate transformation x* — X% = x* + 6x* 8uv = B 8ap
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FLRW Background ds? = d*(n) [dn2 = y,;,-dxidxf ]
Generic scalar perturbations

ds? = a®(n) [(1 +20) dp? = 2ViBdx'dn - ((1 - 20) v + 2V, ViE) de'd |
Gauge freedom....

5 Ox® o
coordinate transformation x* — %% = x* + 6x® 8uv = FrTr 8ap

with 6x2 = (6x°, 3¢)

~ 1 ’ ~ 4 ~ ~
f=0--(ae. J=y+Za’ B=B+&'-¢, E=E-¢&
a a

matter perturbation
85 = 6p + p &x° 6p = 6p + ¢’ 6x°
5p=6p+p ox°
or
"X, )y = T4, () + 6T, (X, 1) e, 1) = ¢, () + 65X, 1)
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Testing Primordial Universe (Observations)

> gauge invariant variables
1 ! ’ al !
O=¢+-[B-Eral ¥=y-—B-E)
a a
> spatial curvature perturbation

4 1
OR = = [V2w + 3k (1// + 5) Y is associated with curvature
a

> Two gauge independent variables

[
X =g+ —"f curvature pert. on uniform-density foliation
(4

1)
L =y+H —//) curvature pert. on comoving foliation (no heat flux)
P
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Testing Primordial Universe (Observations)

> gauge invariant variables
1 ! ’ al !
O=¢+-[B-Eral ¥=y-—B-E)
a a
> spatial curvature perturbation

Y is associated with curvature

ORr = iz [V2¢/ + 3k(l// + 1)
a 2

> Two gauge independent variables

[
X =g+ —"f curvature pert. on uniform-density foliation
¢
[
L =y+H —//) curvature pert. on comoving foliation (no heat flux)
o
> Expand the action S = f V=gR=89 15D 1@ Abracadabra!

s<2>:%fdndx’( %) (27 - @27

2

M Z// .
= TP] dndx® [v’z —(Ov)* + isz V =z Zg=a—
Zs
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Testing Primordial Universe (Observations)

General Relativity
> scalar perturbations (fourier mode)

wr@-dn=o 2=L|  veam  aa

&
T|s
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General Relativity

> scalar perturbations (fourier mode)

"
" 2 2 _ 2 _ %
vk+(k —,us)vk—O ys—z—
s
> gravitational waves
7’
A’ 2,2\ A = p_ Y
Vi +(k —p,)vk—O M= —

CBPF/@®)

V=L is=a

s

PRGEosSmMo



Testing Primordial Universe (Observations)

General Relativity

> scalar perturbations (fourier mode)

> gravitational waves

f(R) theories

> scalar perturbations

b4
v;(’+(k2—,uf)vk:0 ul = ;
s
A7 2 _ 2\ A 2 _d”
Vi +(k —/J,)vk:O M= —
Z//
Z 2_ 2 _ 2 _
K -ui)we=0 = s

> gravitational waves

A7’ 2 2\, A4 _ 2 _
W - =0 =

PRGEosSmMo

V=L is=a

s

0, = 3M1§IF/2/2F[%” 4 (%)J‘2

s = aN0Os Vk = s 2k

M
i =avF VﬁZTPIZfrhﬁ
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Wands’ Duality

> There is a hidden symmetry in the dynamic equation
Z//
v,’(’+(k2——)vk =0
b4

> invariant under transformation

. dy’
() = coz(n) f 2a0)
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Wands’ Duality
> There is a hidden symmetry in the dynamic equation
Z//
v,’(’+(k2—?)vk =0

> invariant under transformation

o di’
() = co Z(n)fzz(n,) @

)

Example: perfect fluid (p = wp)

> slow-roll Hzx¢ (z=a)

_ 1+w 3 3 @
wo>0= —
-1+3w
dust de Sitter
> .1
axn & aoc —

n
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Starobinsky Inflation

> The action in the Jordan frame

M3 M2 R
_rm 4 _m 4
S= -5 fd xV=gf(R) = - fd xV-g (R+ F)

o R

F=s—=1+—
OR 3M?

> in leading order of slow-roll a(t) = ay(t, — nHl/ 2exp [—I‘f—zz(te - 1)2]



PRGEosSmMo

Starobinsky Inflation

> The action in the Jordan frame

M2 R2
S= fd“x\ﬁf(R)_—fd“x\F( 6M2)
of R
F= =" 2

v

in leading order of slow-roll a(z) = ap(f, — nHl/ 2exp [ M—z( 1)2]

. 2
> the next order correction a(t) = ag(t, — t)"/6exp [—1‘1'1—2([(, - t)z]
> There is three relevant slow-roll parameters

€ =—-—— |, GE=—= , € = —=
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Starobinsky Inflation

2
> let us assume the form a(r) = ao(t, — 1)’ exp [—%(te - 1)2]

6 (1 > %) 6
M=(t5— _
5= > st S+ oM™
M2 (t; — 1) = 6 ) M2 (t; — )
M2(t5—1)*
_r__ 3(1-2p)
_ M2 [l * Ho,-n (l t 2 )] _ 6 Lo
T 6H? M2 3 LT M2 —1)?
1+ 85 (1- =2 s
[ 6H? ( M2 (t,—1)2 )]
5 [1 _ 54p(l*211):| .
M MA(t5—1) _
“= o ST 7 +OMY
14+ -2 3(1-2p) M=t — 1)
H(ts—1) M2 (15—-1)%

> in order &(M~2), the slow-roll are independent of p
6

=0 € =—€ , € = €3
M2 (1, - 1)?

€1
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Starobinsky Inflation

> Assuming Bunch-Davies initial state

Valnl

) = 5= T )

. 1
scalar perturbations P, ~ — (

s

ng—1
o B ) 5 ns—12—4€1+2€3—264,

2 n
2 (H ki T
tensor perturbations P, ~ F (M7) (%) ,  nr -2 -2
Pl

v

in terms of the number of e-folds

-1
nx—lz—3,51x10’2(ﬁ) , rz3,69><10’3(ﬁ)
57 57

=
The Planck 2018 release:

ns = 0.9649 + 0.0042 at 68% c.1. (50 < N < 65)
upper limit 79 gp2 < 0.10 at 95% c.1.
including BICEP2/Keck Array BK14 data r g2 < 0.064

v

v

v



Mimicking Starobinsky Inflation

> Starobinsky-like scale factor

2
a(t) = ap (ts — H! exp [—% (ts — t)z]
12
([ d -6 M? 3
n—f% = o CXp[E(ts—t) ]
sy =L VB - oM
P My T=""%

> Since M >> 1: In(77) =~ In (a0M2 /6) > 1 and approximately constant

PRGEosSmMo



Mimicking Starobinsky Inflation

> Starobinsky-like scale factor

2
a(t) = ag (ts — 1) exp [—% (s — t)z]

[ dt -6 Mo
"‘f%_aowe)‘p[lz(' t)]

1 V3 _ a()M2
am=-- —— ==
1 M +/In(7) 6
> Since M >> 1: In(77) =~ In (a0M2 /6) > 1 and approximately constant
> in leading order
6—6—6—71 ()—ﬁ1
T T G T )

> using wands’ duality

B T dy’
HOE cm(n)f — = Ci’ In(@)
0 Zs(T] )

140

PRGEosSmMo



Mimicking Starobinsky Inflation

What’s the embedding dynamics?
> GR with perfect fluid / scalar field / ...

> F(R) without matter content / with conventional matter / ...

. -
contracting -~

Phase

v

CBPF/(

PRGEosSmMo

inflation

v
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Mimicking Starobinsky Inflation e o
What’s the embedding dynamics?

> GR with perfect fluid / scalar field / ...

> F(R) without matter content / with conventional matter / ...

» Collapsing with scalar field: zZ = ag ¢/H

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

(,bz ~2V = @ = V3H = zf(n) ~ af(n)
a(t) a(t)
/ s
N \\
‘el ) inflation
contracting had
phase
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Mimicking Starobinsky Inflation

What’s the embedding dynamics?
> GR with perfect fluid / scalar field / ...
> F(R) without matter content / with conventional matter / ...
» Collapsing with scalar field: zZ = ag ¢/H
> Quasi-de Sitter should be mapped into a quasi-matter dominated universe
(,bz ~2V = @ = V3H = zf(n) ~ af(n)

> consider the background dynamics

_ 2 | 2 1
ag(n) = agon ln(n)ll @) o (1n2 (ﬁ))J

> using FLRW eq.’s
g?=2(7-") .  &V=0a7+ )

Vi) = %m [1+ s + 0(€)]

\ V(@) = Vo T = glgs e3¢
¢ =-Vi2In|7n’/ 2@ + 0 ()
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Quantum Bounce

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

contracting

phase SRS P
/ N
/ bounce \
e S
- Cd
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Quantum Bounce
> Wheeler-deWitt: Quantum Cosmology with Fluids

M2
The action reads S= Tm f d*x V—gR - f d*x vV—-gp

> Assuming matter content described by dust (p = 0) @ radiation (p = %p)

2
H:N(—p—“ “3ka+ +P,,,)
12a a

12
axs _ 2 K L(pr  DPm
(3) =~ [—;w(;u;;)]

> Classical motion

> Quantum WdW (N = a)
.0 1 & 2
za—nq’(a,n) = (_Eﬁ + 3ka )‘*I"(a,n).

> Interpretation of QM: Many-worlds, Consistent histories, De Broglie-Bohm, Copenhagen



Quantum Bounce

credit: N.Pinto-Neto, PRD 79, 083514 (2009)

\+\ /
\*\J 21 . / |

ESRE B

\
\/

0

> Bohmian trajectories
> Polar form ¥ = |¥| exp (i S/h)

> guidance relations

a®e~b 53
2 da

1
2130w
1+ (z) ]
To

a=

a(T) = ag

> Quantum WdW

0 1 6%
i— = 2
i - (a,m) = ( 2 5 + 3ka

PRGEosSmMo

)‘P(a,n),
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Quantum Bounce

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

» LQC has an analytical solution for scalar field

> dynamics

M2 : M2 2
H2=—"‘p(1—£) : H=—T"]<p+p)(1—p—”) , p+3H(p+p) =0

C



Quantum Bounce

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

» LQC has an analytical solution for scalar field

PRGEosSmMo

> dynamics
L P My? 2p
Hz—ip(l *) , H=—i(p+p)(1——) . p+3H(p+p) =0
3 Pc 6 Pe
an\3(+w)
> scalar field such thatp = wp = P:Pc(,*f)

17301
at) = aB(l +a?(t— tB)Z) Bz

pe(l + w)

() —¢p = arcsinh (a(z = tB))

- _
_ o w)sechz a(p - vp)

1%

2 Vol + w)
= ‘/?(1 + w)Mp

30

i 0
t[lp1]
credit: J. Mielczarek, PLB 675 p.

273,(2009)
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Quantum Bounce

> Qur solution:

2 2
V3 ¢’ —=2a°V 1 1
V(@) = Vol —olgme 3¢ = - - -1
IS0 olone @ @?+242V  6In(7) 6«
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Quantum Bounce

> Qur solution:
- 24’V 11

Vi
V() = Vo VT = plgn 3 -
(ISVORESGEGE S = ¢'2 22V 6hnGp - 6

> Scalar perturbations

// 1( +
v+ ( 2p)k2 ]VZO 7= P pa
Pc Z H

7 dfj Tdp (7 22 (7d
v(n)zBlz+Bzzf g—sz Z—Zfdnzv+—zf nfdnzv
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Quantum Bounce

> Qur solution:
V) =VoVi-glp.eV¢ =  w=

- 24’V 11
cp’2+2a2V “6Iln@m) 6

> Scalar perturbations

// 1( +
v+ ( 2p)k2 ]VZO z= Prr,
Pc Z H

7 dfj Tdp (7 _ 22 (7d
v(n)zBlz+Bzzf 7;7_](2[ Z—Zfdﬁzv+—zf nfdnzv

> Matching Conditions

i = 3
before crossing v = g H(yl)(—kr]) y=5+te

n di
through the bounce v(n) = B1z+ Baz f 7;7
z

> power spectrum

2

k3X

2~ 22 |7

~ 1736 x 1073 [/%)k—zfv ny—1= -2
Pl



Quantum Bounce

> Tensor perturbations

( 2p)k2 ZT}\/:O
Pc ir

’”
v

4=

v(n) = Bizr + Bozr

PRGEosSmMo

a

Vl - ZP/Pc

T =

mdg (7 21 ndy (7.
—sz 7”[ dﬁZTv+fZTf *Zfdflzrv
2y Pec ko
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Quantum Bounce

> Tensor perturbations

( 2p)k2 ZT}\/:O r = -
zT

Pec V1 -2p/pc
T di mdy (7 _ 21 ndy (7.
v(n) = Bizr + Bozr g—sz 777[ dﬁZTv+fZTf fgfdf]zrv
7 % Pe 7

> Matching Conditions

’”
v

4=

; [— 3
before crossing vi(n) = % H(yl)(—kn) s + €
7 dﬁ
through the bounce v(n) ~ Bizr + Bazr >
ir
> power spectrum
2
po—ax X 2Mpy l‘ ~ 4645 x 1073 L2 |je = —2e
7 2% 27 ¢ Mg,
> tensor-to-scalar ratio
P 8
p= =L = ¢
Pg
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Overview

> Starobinsky Inflation

2 12
ns—l=-3 5 r=n = r=3(n; - 1)

Consistency relation (single field slow-roll): n=-r/8 = n= —% (ng — 1)
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Overview

> Starobinsky Inflation
12

1=-2 - 3 (1= 12
ng—1=-— s Er— = —
N 5 r=1n r ng
Consistency relation (single field slow-roll): n=-r/8 = n= —% (ng — 1)
> Our model
2
ns—1=—2¢ , rzgecz = r==z (ng — 1)

ny = —2¢.



Overview

> Starobinsky Inflation

2
ns—l:—N

Consistency relation (single field slow-roll):

> Our model
ng— 1 =-2¢

ny = —2¢.

> we are a factor 2/9 smaller!

(K:BPF_F PRGCosSMo
r=3(n,— 1>
m=-r/8 = n=-3@m-17
2
r=3 (- 1)?

Convolution of two contributions




PRGEosSmMo

Overview

> Starobinsky Inflation
12

2 2
nx_l:_ﬁ 5 r:ﬁ = r=3(mg—1)
Consistency relation (single field slow-roll): m=-rl8 = n= —% (ns — 1)
> Our model
2
2 2
ns—1=—2¢ , r=3e = r=§(ﬂs—1)
n = —2€
> we are a factor 2/9 smaller! Convolution of two contributions
The mapping: inflation — bounce
a(t), a(t),
2\ (0] 3 e
Starobinsky: [=>| = = ~ =M3 €2 @
r F 2 M \ )
AV | inflation
z 2 contracting g ‘_\
matter bounce: (—X) = 3Ml%1 phase
zr
. 2
This gives a factor 0 t 0 t

&



Overview

PRGCosmo
> Starobinsky Inflation
2 12
ng — 1 N N r:ﬁ = r:3(ns—1)2
Consistency relation (single field slow-roll): n=-rl8 = n= —% (ng — 1)2
> Our model
2

ns—1=—2¢ , rzgecz = r==z (ng — 1)
ny = —2¢.

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

5 . . The mode-mixing
The mapping: inflation — bounce _———

2 inflation: decreasing @ constant mode
. Z 3 . .
Starobinsky: (—S) o =~ Ml%l Z bounce: increasing @ constant mode
ar F 2
2 v=D1z+D>z f =
matter bounce: Mp,
2 In our case we get a S
This gives a factor =
L
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Conclusion

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

> Control of each contribution to the power spectrum
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Conclusion

> We constructed the “best-fit to data” matter-bounce model
> Control of each contribution to the power spectrum

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

> We need ways to discriminate primordial universe scenarios

> Constructive method might give a systematic route...
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Conclusion

> We constructed the “best-fit to data” matter-bounce model
> Control of each contribution to the power spectrum

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

> We need ways to discriminate primordial universe scenarios

> Constructive method might give a systematic route...

Thanks for your attention!

ArXiv:1902.05031 [gr-qc]



