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Bouncing or Inflation 7

Standard paradigm in cosmology: Hot Big Bang (HBB) model (e.g.
ACDM + GR FLRW)
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HBB needs to be complemented (horizon and flatness problems)
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Bouncing or Inflation 7

Standard paradigm in cosmology: Hot Big Bang (HBB) model (e.g.
ACDM + GR FLRW)

HBB needs to be complemented (horizon and flatness problems)

Solution = Inflation: Early phase of accelerated expansion dominated
by vacuum energy V(¢) (¢ = scalar field — the inflaton)
a>0, p<—p/3
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Bouncing or Inflation 7

Standard paradigm in cosmology: Hot Big Bang (HBB) model (e.g.
ACDM + GR FLRW)

HBB needs to be complemented (horizon and flatness problems)

Solution = Inflation: Early phase of accelerated expansion dominated
by vacuum energy V(¢) (¢ = scalar field — the inflaton)
a>0, p<—p/3

Alternative solution = Bounce: Early phase of contraction (a < 0)

drRy & dQ(t) -1 5
SH-5, o=tk
da e dt o

>0 and 4 >0 (inflation), or

both <0 for: { d<0 and a<0 (contraction)
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Inflation gives a sound description for the origin of cosmological
perturbations, the properties of their power spectra (almost scale
invariant cosmological perturbations at large scales and small
non-gaussianities)

All observations carried so far support Inflation (or do not contradict it)

CMB measured by Planck 2018

000 1500

50 50
Multipole moment, £
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Problems that inflation is assumed to face:

« Initial Singularity Problem: General relativity (GR) inevitably leads
inflation to an initial singularity2, with which in principle it is not
clear how to impose the initial conditions.
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Problems that inflation is assumed to face:

Initial Singularity Problem: General relativity (GR) inevitably leads
inflation to an initial singularity2, with which in principle it is not
clear how to impose the initial conditions.

Trans-Planckian problem: the wavelengths corresponding to
present observations can be smaller than the Planck length at the
beginning of the inflation = quantum gravity becomes important
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Planck-scale problem: Inflation is very sensitive to Planck-scale
physics, and effects of quantum gravity in the early universe are
important and need to be taken into account
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Planck-scale problem: Inflation is very sensitive to Planck-scale
physics, and effects of quantum gravity in the early universe are
important and need to be taken into account

Initial conditions problem: Many inflationary scenarios only work if
the fields are initially very homogeneous and/or start with precise
initial positions and velocities (" fine-tuning” requires a more
complete formulation with ever-higher energies, such as string
theory)
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Planck-scale problem: Inflation is very sensitive to Planck-scale
physics, and effects of quantum gravity in the early universe are
important and need to be taken into account

Initial conditions problem: Many inflationary scenarios only work if
the fields are initially very homogeneous and/or start with precise
initial positions and velocities (" fine-tuning” requires a more
complete formulation with ever-higher energies, such as string
theory)

Other conceptual problems (eternal inflation, multiverse, etc)
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« Bouncing models can also solve the horizon, flatness.
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« Bouncing models can also solve the horizon, flatness.

Bouncing models are assumed to be free of the aforementioned
problems of inflation
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Bouncing models can also solve the horizon, flatness.

Bouncing models are assumed to be free of the aforementioned
problems of inflation

Bounces through quantum effects (LQC, de Broglie-Bohm, string
theory, etc)
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Bouncing models can also solve the horizon, flatness.

Bouncing models are assumed to be free of the aforementioned
problems of inflation

Bounces through quantum effects (LQC, de Broglie-Bohm, string
theory, etc)

Bounce models have shown to give predictions concerning

structure formation and to produce equivalent perturbations
. . . 4

results like those from inflation models
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COSMOLOGY

LI LIAL I

Debatc

Is the theory at the heart of modern
cosmology deeply flawed?

By Paul J. Steinhardt
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Yet, nothing prevents having both bouncing and inflation occurring
concomitantly (best of the two worlds !)

Early bounce phase followed by inflation = approach considered here !
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Inflation in Loop Quantum Cosmology

LQC is the symmetry reduced quantization of cosmology by
mimicking the constructions used in LQG.
One defines operators representing geometric observables, e.g., the
area operator:

Al0) = Al0),
A = 4\/37 is the smallest nonzero eigenvalue, v is the
Barbero-Immirzi parameter.

A represents the fundamental area gap and sets an energy scale,

3
Pe = 187 (%) mp;j.



Outline Bounce and Inflation Bounce in LQC Predicting N, ¢ Analytical Results Perturbations Constraining v Summary
[e] lele]ele]e}

In LQC, the matter density is bounded from above®,

P = Pe,

and the Friedmann equation is modified to

8
H = p<1—p>.
3mp1 Pc
Considering for instance v ~ 0.2375, as suggested from black hole
thermodynamics: p, >~ 0.41m{4:>1.
In LQC, the modifications are purely due to quantum geometry,
and matter satisfies the same field equations as usual. For a scalar

field, N
¢+ 3Ho + V 4(4) = 0.
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= The big bang singularity is replaced by a quantum bounce, which
naturally happens at p = p,

= In all cases studied so far, the singularity is resolved

(f(R) universe, Brans-Dicke models, the closed FLRW model, FLRW
models with A with any signs, the Bianchi models, the Gowdy model,
which incorporates the simplest types of inhomogeneities in full GR, ...)
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= The big bang singularity is replaced by a quantum bounce, which
naturally happens at p = p,

= In all cases studied so far, the singularity is resolved

(f(R) universe, Brans-Dicke models, the closed FLRW model, FLRW
models with A with any signs, the Bianchi models, the Gowdy model,
which incorporates the simplest types of inhomogeneities in full GR, ...)

Does a slow-roll phase compatible with observations arise naturally
from the quantum bounce ? or is an enormous fine tuning needed ?
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Inflation " can easily” be achieved by a fluid dominated by vacuum

energy V/(¢),
¢ = scalar field — the inflaton

BUT

How easily, or better, how probable is inflation ?
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Inflation " can easily” be achieved by a fluid dominated by vacuum

energy V/(¢),
¢ = scalar field — the inflaton

BUT

How easily, or better, how probable is inflation ?

4

We need a proper definition of a Liouville measure (ambiguous in GR
because of the singularity !).
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Inflation " can easily” be achieved by a fluid dominated by vacuum

energy V/(¢),
¢ = scalar field — the inflaton

BUT

How easily, or better, how probable is inflation ?

4

We need a proper definition of a Liouville measure (ambiguous in GR
because of the singularity !).

4

But it can be well defined when the singularity is resolved by a
(quantum) bounce



Outline Bounce and Inflation Bounce in LQC Predicting N,

infl Analytical Results Perturbations Constraining v Summary
[ee]ele] Tele}

It was found that the probability for the desired — i.e., in agreement
with CMB measurements — slow roll inflation in an
LQC solution is less than about one part in a million

2
m

P(not realized)<2.74 x 107°, for N, ~ 60, V = 7¢2

=- the same conclusion applies to other common inflaton potentials, as
also in WI

= |Slow — roll inflation is an attractor in LQC'! ‘
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In the framework of LQC, the background evolution can be divided into
two classes:

15 > 0, KE dominated
Py = 59"(ts) = V(4(ts)) = { <0, PE dominated

A potential dominated bounce is either not able to produce the desired
slow-roll inflation or leads to a large amount of e-folds of expansion

. In the latter, any new
physics due to the bounce is washed out (we will see this later).
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In the kinetic energy initially (well) dominated case,
%(b(tg)z > V/(¢(tg)), the evolution can always be divided into three

phases (which are rather universal
)
‘ +1, bouncing
w(p) = Ps _ € (-1,1), transition
P -1, inflation

Inflation I
Quantum o law ne
Geometry Power—law ¥
Pre-inflation I Power-law )
Starobinsky ¢s=5

8 —= Bounce

4

Pre-bounce Phase
af the Universe

= This universal behavior appears both in Cl and in WI
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Predicting N,

Initial conditions set at the bounce predict a high probability of inflation
(bounce where the kinetic energy dominates — stiff matter dominated).

But can we make predictions about the total number of efolds given
some V(o) ?
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Predicting N,

Initial conditions set at the bounce predict a high probability of inflation
(bounce where the kinetic energy dominates — stiff matter dominated).

But can we make predictions about the total number of efolds given

some V(o) ?

YES, if instead of setting ICs at the bounce we choose them deep in
the contracting phase
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Anawoan

wnuend

Set the ICs
over there

asiamun Yy Jo
aseyd 3dunog-ald
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l

ICs taken far back in the contracting phase, where quantum effects are
negligible, p < p., = classical (GR) evolution

¢ and ¢ randomly chosen (flat distribution) with a fixed p(t;) < per,
t; < tg. System evolved from the contracting phase up to the end of
inflation.
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Monomial (chaotic) potential:

_ Vo (o
2n MPI

I quadratic
o quartic
| sextic

Summary
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The number of e-folds during the preinflationary phase N ¢inq, from
the bounce to the start of slow roll: around the start of slow roll,

= tsrv pkin(tsr) = ¢2(tsr)/2 (R V((b((tsr)) At the bounce,
Prin(thounce) = Por» then, we have that

) ~ _ Pecr
- 6
a (t)

a(tsr) 1 Per
Nowing=In|————| ~—In| =— | ~4.3.
e ! |:a(tbounce):| 6 ! (V*>

using py(ty,) ~ V. < (1.6 x 10'°GeV)* (Planck 2018)

pkinetic(tsr ~ pV(tsr)‘
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I guadratic
[ quartic
[ sextic

Npreinﬂ
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Double well (Higgs-like) potential:

V:VO ].— - 3

"¢;|>|V|. S — A v
o |gl<vl e Igl<vl
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Analytical Results®

Dynamical regimes:
« Kinetic dominated regime ¢°/2 > V/(¢):

3
$+3HI~0 = (t) = +1/2per L?i)}

211/6
247rpcr (ti tB) ] /
7 2l

mp) tp

Using a(t) = ap [1 +

V2P
[H g (¢~ 1)/

arcsmh [ 247Tpcr ]
mPl

o(t) = +

}1/2’

o(t) = ¢+
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expansion

—— ¢ numenic

¢ analytic

¢ numeric

¢ analytic

3.50

In(alag) 107" titey

= the approximate equations work quite well from the transition point,
$°(t,)/2 = V(&(t,,)), in the contracting phase up to the transition
point in the expanding phase !
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+ Classical contracting regime p < pg,:

H ~ 2 _ It [ 8 (1—|—a)v

+w)t—te) 3(t—te) | 3mh o

where a = V/(¢%/2), w = (1 — a)/(1 + ). Taking some instant
t,, between the transition time, ¢°(t;,)/2 = V(&(t;)), and the
bounce time, t,, < t, < tg, from H we find

V(¢a) _ VI¥a
Vige) 431

From the expression for H:

e Lta 3maa

a BT g\ el +a)V(ga)
Given some "averaged” & = solve for ¢, = obtain t, — tg = we
find ¢p
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« The postbounce transition regime (tg — t;):
At time t; in the postbounce regime, ¢°(t,;})/2 = V(é(t;)),

+
+ Mmp) : 247Tpcr ty — tp
ty) = aF arcsinh R
¢( tr) ¢B 2@ ( m%l tp|
From ¢(t;;) and ¢(t;) (using ¢ from previous step) = obtain
t — tg and then the value for ¢(t;}).
« Start of inflation (w = —1/3), ¢t

t; is not far from t,: we can expand ¢(t) close to t;,

iz
¢i = ¢tr + ¢tr ttr tjrv

tr
ttr

12

éi gbtra

. t
V(g) =~ V(%) + Vg (d0) ti G In -,
tr
andat t=1t; = w=—1/3 = ¢ = V(¢;) = can solve for t; and
then obtain ¢(t;)
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« Inflation regime (t; — t.,q):
End of inflation:

e=—H/H? ~ (mpVy/V)?/(167) =1 = ¢oq

Number of efolds:

Niwg () = In (“) .o (V) do

. 2
al mPl ¢end
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Perturbations in LQC

The effective scalar (and tensor) perturbations in LQC are given by
//
E

pik + Qi =0, Qiﬁkz—;

)

where a' = da/dn, dn = dt/a(t).
For a kinetic energy dominated bounce,

2arp, (t — tg)2]"°
a(t) ~ ag ll—i- ZpC( 5) ]

>
Mmp) tpy

The term a”/a defines a characteristic radius ), A = a/a’ and a
characteristic energy scale at the bounce (,(tg) = 0),

_ |4 VBTpe

t=tg
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: Transition
Bouncing Slow-rall inflation

(LQC: Dressed Metric)
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: Transition
Bouncing Slow-rall inflation

(LQC: Dressed Metric)

4

Near the bounce, the wavelengths can be larger, equal, or smaller than
the corresponding characteristic scale = in general impossible to
assume that the universe is in the Bunch-Davies vacuum at the bounce.
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Modification of the scalar and tensor power spectrum due to particle
production

Ap(k) = |ax + 5k\2A7G2R(k)a Ap(k) = |oy + /8k|2AI(7;R(k)

where
s > [ Tk
1+ [1+cos <>] csch < >
V3 \[kB

S E AREARIES

k
csch? (\/%k ) cos(2kng + ¢y),
B

2
ot + Bl

2

X

where 1) is the conformal time at the bounce and kg = \/pcag/Mp is
a characteristic scale also at the bounce (the shortest scale, or largest
wave number k, that feels the space-time curvature during the bounce)
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= there is now a k-dependence. To be consistent with the CMB
observations (almost scale independent spectrum), it (the
k-dependence) needs to be small

= This gives a constraint on the characteristic scale kg of the bounce:

0.94 0.95 0.96 0.97 0.98 0.99
T

£

kg _ | 31x10*Mpce™, in20
"~ | 1.9x 10 *Mpc !, inle
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Likewise, this also gives a bound on the total number of e-folds from
the bounce until now

ks _ V87pcap _ V8TPe N

o mp) Q4o mp)

= N, 2142 (using Barbero-Immirzi parameter  ~ 0.2375)

Since N~ 60 = from the bounce until the end of inflation: N282
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Model

Quadratic
Quartic
Sextic
Starobinsk

> (|¢bs]
(|eps]
(|¢bm]
(||

= 3.5mp|)
4.0mp|)

= 4.5mp||)
3.5mp|)
Ompy|)

= 4.5mp|)

Perturbations Constraining ~y

[e]ele]e]e] J

11
115.46

5

Summary
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Constraining the Barbero-Immirzi parameter

In general, the Barbero-Immirzi parameter parameter is an arbitrary
parameter. Can we constrain it ?

In LQC = scale dependent corrections to the spectrum = sets a
constraint on the typical scale at the bounce, kg:

kg<1.9 x 10 *Mpc ! (at 10)

1/2
ke = VOTPardB _ mm( i > e Mt = NT2139—gIn(7)

a a; a, a a
Ny = In <0>:|n (1 end “reh 90 >
aB dB di dend 9reh

a
= Npre + Ninﬂ + Nreh +In <O) )

reh

3
= Npre + Ninﬂ279 - 5 In(ﬁ)/)
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Quadratic
Quartic

Senxtic

107 0.001 0.010 0.100
4
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For the a-attractor models’:

o ()]

|1+ tanh (ﬁ)r

V(¢) =

n=0 = T model
n=1 = E model (for &« = 1 = Starobinsky model)

For o <« 1,
2 12
nszl—ﬁ*, r:a—f,
N, =50 — 60




Outline Bounce and Inflation Bounce in LQC Predicting N, ¢ Analytical Results Perturbations Constraining v Summary
[e]e]e]e] Tele]

From:

n, = 0.9649 & 0.0042,  r < 0.036, at 95%CL

10, for n=0,
as 17, forn=1,
67, for n=2.

From the constraint shown before:
3
NpreJrinﬂz?g - E |n(7)'
N3
51.2, for n=0and o = 10,

7S¢ 63.4, forn=1and =17,
64.2, for n=2and o = 67,
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The results are generic for any bounce model that is kinetic energy
dominated (stiff matter) at the bounce.

Results extended also for the quantum bounce in the context of the de
Broglie—-Bohm interpretation
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Summary

Inflation is the standard paradigm to solve the outstanding
problems of the Hot Big Bang model;

Bouncing models have also shown to lead to similar results and to
be free of issues that inflation is claimed to have;

+ Yet, nothing prevents inflation to emerge even in bouncing models
= and in fact inflation is highly probable in bouncing models !
Initial conditions set at the bounce = predicts a high probability
for inflation to happen;

Initial conditions set at the deep contracting phase = precise
predictions can be made about the duration of inflation
(impossible in GR !);

Adds new level of constraints that can then be put on different
inflation models and also on free parameters of the bounce model
when contrasting the results with the observations.
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