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Limitations and puzzles of the standard model  sosarawin i
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Standard paradigm: inflation!

Phase of accelerated expansion
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Standard Model Failures and inflationary solutions

Singularity Not solved... actually not addressed!

Horizon = a(t) / (27) can be made as big as one wishes
pooa(T
Flatness %\Q—l\: 22 i>0 & a>0
accelerated expansion (inflation)
Homogencity & Isotropy

Initial Universe = very small patch
Accelerated expansion drives the shear to zero...

+ attractor

PGI’tllI‘bati()nS Bonus of the theory: superb predictions!!!

> vacuum state!
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solves cosmological puzzles
uses GR + scalar fields [(semi-)classical]

Inflation can be implemented in high energy theories???
makes falsifiable predictions ...

... consistent with all known observations

Alternative model???
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From R. Brandenberger, in M. Lemoine, J. Martin & PP (Eds.), “Inflationary cosmology”,
Lect. Notes Phys. 738 (Springer, Berlin, 2007).
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solves cosmological puzzles
uses GR + scalar fields [(semi-)classical]

Inflation can be implemented in high energy theories???
makes falsifiable predictions ...

... consistent with all known observations

Alternative model???
singularity, initial conditions & homogeneity

string based ideas (PBB, other brane models, string gas, ...)
Quantum gravity / cosmology

provide challengers / new ingredients!

= bouncing cosmology
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Non singular bounce
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( N

A brief history of bouncing cosmology

.

R. C. Tolman, “°On the Theoretical Requirements for a Periodic Behaviour of the Universe , PRD 38, 1758 (1931)

A 66, . . 29 . 7 \\
G. Lemaitre, ~L’Univers en expansion , Ann. Soc. Sci. Bruxelles (1933) /N

iid \

\/ \
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Singularity pb no solved

A. A. Starobinsky, ““On one non-singular isotropic cosmological model ’, Sov. Astron. Lett. 4, 82 (1978)

V. N. Melnikov, S.V. Orlov, Phys. Lett. A 70, 263 (1979).
M. Novello & J. M. Salim, phys. Rev. D20, 377 (1979).

R. Durrer & J. Laukerman, ‘The oscillating Universe: an alternative to inflation”, Class. Quantum Grav. 13, 1069 (1996)

Many new 1deas, models...

M. Novello & S.E. Perez Bergliaffa, ‘‘Bouncing cosmologies’, Phys. Rep. 463, 127 (2008)

D. Battefeld & PP, “4 Critical Review of Classical Bouncing Cosmologies”, Phys. Rep. 571, 1 (2015)

R. Brandenberger & PP, “'Bouncing cosmologies: Progress and problems’’, Found. Phys. (2017)
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PP & N. Pinto-Neto, Phys. Rev. D78, 063506 (2008)

Standard Model Failures and bouncing solutions

Singularity Merely a non issue in the bounce case!
. b odr . .
Horizon du = a(t) / B can be made divergent easily if ¢, — —
poal(T
Flatness Qo= 28 i<0& <0
dt a3

accelerated expansion (inflation) or decelerated contraction (bounce)

H()m()geneity Large & flat Universe + low initial density + diffusion

tdissipation A |- A h . d . 1 h
P— X PE " RZ cnough time to dissipate any wavelengt
H

> quantum vacuum fluctuations...

ISOU’OPY Potentially problematic: model dependent

Others dark matter/energy, baryogenesis, ...
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matter domination
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PP & N. Pinto-Neto, Phys. Rev. D78, 063506 (2008)

Standard Failures and bouncing solutions

Singularity Merely a non issue in the bounce case!

° t
Horizon  du=a@) / 17 can be made divergent easily if + — —
ti

Flatness Sl -1)= 2 i< 0& <0

as
accelerated expansion (inflation) or decelerated contraction (bounce)

H()m()geneity Large & flat Universe + low initial density + diffusion

tdissipation A |- A h . d . 1 h
P— X PE " RZ cnough time to dissipate any wavelengt
H

> quantum vacuum fluctuations...

ISOU’OPY Potentially problematic: model dependent

Others dark matter/energy, baryogenesis, ...
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PP & N. Pinto-Neto, Phys. Rev. D78, 063506 (2008)

Standard Failures and bouncing solutions

Singularity Merely a non issue in the bounce case!

° t
Horizon  du=a@) / 17 can be made divergent easily if + — —
ti

Flatness Sl -1)= 2 i< 0& <0

as
accelerated expansion (inflation) or decelerated contraction (bounce)

H()m()geneity Large & flat Universe + low initial density + diffusion

tdissipation A |- A h . d . 1 h
P— X PE " RZ cnough time to dissipate any wavelengt
H

> quantum vacuum fluctuations...

ISOU’OPY Potentially problematic: model dependent

Others dark matter/energy, baryogenesis, ...
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PP & N. Pinto-Neto, Phys. Rev. D78, 063506 (2008)

Standard Failures and bouncing solutions

Singularity Merely a non issue in the bounce case!

° t
Horizon  du=a@) / 17 can be made divergent easily if + — —
ti

Flatness Sl -1)= 2 i< 0& <0

as
accelerated expansion (inflation) or decelerated contraction (bounce)

Hom()geneity Large & flat Universe + low initial density + diffusion

tdissipation A |- A h . d . 1 h
P— X PE " RZ cnough time to dissipate any wavelengt
H

> quantum vacuum fluctuations...

Shear Potentially problematic: model dependent
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PP & N. Pinto-Neto, Phys. Rev. D78, 063506 (2008)

Standard Failures and bouncing solutions

Singularity Merely a non issue in the bounce case!

° t
Horizon  du=a@) / 17 can be made divergent easily if + — —
ti

Flatness Sl -1)= 2 i< 0& <0

as
accelerated expansion (inflation) or decelerated contraction (bounce)

H()m()geneity Large & flat Universe + low initial density + diffusion

tdissipation A |- A h . d . 1 h
P— X PE " RZ cnough time to dissipate any wavelengt
H

> quantum vacuum fluctuations...

Shear Potentially problematic: model dependent
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Implementing a bounce

Quantized scalar field effect model:

Parker & Fulling *73: massive scalar field, if(a'a) > 1, then solution (K > 0)

_ [IBaB—|Bil* , 83Gm2|B, P2\
O =(TprmE T )

Coherence of the quantum state crucial
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-0.8/m -0.4/m a 0.4/m 0.8/ ¢ FIG. 2, Solution with ¢ (0) = 0.2m™" (solid curve): approach to a Friedmann solution (dashed curve). The horizontal
and vertical scales are logarithmic, and the time origin has been shifted to the initial singularity of the Friedmann
: o — - - < < \ i i .2 . i i i - 2/3
FIG. 1. Solution with a (0) =0.2m 1: time-s metric curve, so that the latter becomes a straight line of slope §. (The deviation of the Friedmann solution from the g «¢

o X law due to the three-space curvature of the closed universe is negligible in the range of ¢{ plotted.)
expansion from the minimum radius.
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Model listing: ’mp’ ement'ng a bounce

Quantum gravity LQG & LQC Non relativistic quantum gravity

Canonical quantum gravity (WdW)
String theory
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Model listing: lmpl ement'ng a bounce

LQG & LQC

Quantum gravity Non relativistic quantum gravity

Canonical quantum gravity (WdW)

String theo ‘
g theory |
1.6 ™ \'
YU K \ classical theory
(S000 K)
1.0 = \
Scale factor a(2)/a(t,) &
' - = O.f
{.
g 0.6
0.4 -
0.0~
] ~~~~~~~~~~ J 4 - ———
0.0 P - r " -l
), SO0 1000 1500 2000 2500 3000
’ . \ wavelenath (nm)
» f " ,: .I".. 6
/i ' .
/ o | : Big Blang
=y L g | |
i i =
] = . Time :
| ] \ ) | o N | | | x | \ 11 ] 2=}

Pre-BEig Bang Post-Big Bang

TUG - Montpellier / 5 octobre 2022 t




M.Gasperin1 & G. Veneziano, Phys. Rep. 373, 1 (2003), hep-th/0207130 & hep-th/0703055

Pre Big Bang scenario:

PRE-BIGBANG

Js

POST-BIGBANG

pe

String frame

quantum cosmology:

J. Acacio de Barros, N. Pinto-Neto & M. Sagorio-Leal
Phys. Lett. A241, 229 (1998)

S. Vitent1 & PP
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Model listing:

Quantum gravity LQG & LQC Non relativistic quantum gravity

Canonical quantum gravity (WdW)

. . String theory
Ekpyrotic & cyclic /«»@%&Q’ /
S
Branes o
Bulk
K=0
& &
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Ekpyrotic scenario:

Bulk

(5) 5 (890)2 9 5|
R 2

5~ 5(09)" = V(@)
B!

_ T\r{T(Sﬁ — i)

TUG - Montpellier / 5 octobre 2022

Singular. ..



vV

Briet A Radiation &
1st Expanding KE phase Phase 2nd Exp| KE phase Matter Phases
— — —
w~ | w>>1 w1 w=1/3,0

VA @

[1]
LZ) q)lend
D <

P
contracting Dark Energy Phase
m KE phase W —1
wz 1

TUG - Montpellier / 5 octobre 2022




Cyclic extension

Fluctuations
build—up Brane collision Nucleosynthesis

Contraction
Flat & — P—
empty

Dark Energy ﬁ i I Galaxy formation

mode exits previous mode exits next
previous cycle re—enters today crunch/bang Today re—enters next cycle crunch/bang next cycle

radiation/matter radiation/matter
expansion expansion
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small fluctuations

FLRW Expansion




Model listing:

Quantum gravity LQG & LQC Non relativistic quantum graVity
Canonical quantum gravity (WdW)

. . String theory
Ekpyrotic & cyclic /«»@%&Q’ /
Branes O

o 0 Horava-Lifshitz
String gas cosmology $ & Lee-Wick & Quintom
Antigravity F(R). f(T), Gauss-Bonnet
Galileon ds, . dS, AdS
Massive gravity Mimetic matter
AdS, Non-linear electromagnetic action

Multiverse models Spinors & torsion
Strings & AdS/CFT dSi
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. . . K 1
Implementing a bounce = problem with GR! H = — 5 (p+ P)
a

Violation of Null Energy Condition (NEC) o+ P <0

Instabilities for perfect fluids

TUG - Montpellier / 5 octobre 2022




. . . K 1
Implementing a bounce = problem with GR! H = — 5 (p+ P)
a

Violation of Null Energy Condition (NEC) o+ P <0

Positive spatial curvature + scalar field
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2
Self consistent bounce: ds® = dt” — a*(t) (1 ECCTQ I TzdﬂQ)
—>  One d.o.f. + 4 dimensions G.R.
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J. Martin & PP., Phys. Rev. D68, 103517 (2003)
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ds? = dt® — a2(t) I 2402
S = a 1—/C7“2 - T

Self consistent bounce:

——>  One d.o.f. + 4 dimensions G.R.
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. . . K 1
Implementing a bounce = problem with GR! H = — 5 (p+ P)
a

Violation of Null Energy Condition (NEC) o+ P <0
Positive spatial curvature + scalar field

Modify GR?
Add new terms?

K-bounce, Ghost condensates, Galileons...?
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—> Modity GR to non singular theories (curvature invariants)

' ' dV

= d'ay/— j — — =1
L S = 167TG / X R+Zg@ — V() 17

R. Brandenberger, V F. Mukhanov and A. Sornborger, Phys. Rev. D48, 1629 (1993)
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+ K-bounce: L =p(X,p)

| . pur M, Vo 1%
X = 20" 05005 —> T" = (p+p)u'u” — pg
_ox P L . o | |
P="ox 7 vanishing spatial curvature possible in 4 dimensions G.R.?
Uy = Oup P (tbounce) — 00— P (tbounce) < 0
H \/§X
PH()
“de Sitter
expansion
precooling
Bounce preheating
dg Sitter |
colntraction i
C | y
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. . . K 1
Implementing a bounce = problem with GR! H = 5 (p+ P)

Violation of Null Energy Condition (NEC) o+ P <0
Positive spatial curvature + scalar field

Modify GR?
Add new terms?

K-bounce, Ghost condensates, Galileons...?

Various instabilities may arise!
(e.g. radiation for matter bounce or curvature perturbations)

ﬁ
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The problem with contraction: BKL/shear instability

ds® =dt* — a?(t) ) e*Wo'o’ Ricci flat:

S AN

; Average scale factor

a
— Mean Hubble parameter

/a
1 d, .

o' = dx’

6

Pshear X a
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slow contraction solution:

3(14+werp) > 76 pen @ — 0

Problem: regular bounce » E phase with  WhHounce < —1

So finally...

2
IOShear — 2P1 Z 922 X a_6 >> IOFluid

ﬁ Singularity!
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Y. Cai, D. Easson & R. Brandenberger JCAP 08, 020 (2012)

A nonsingular bounce model: ghost condensate & Galileon

Lo (z)] = K(p, X)+ G(é, X))o with kinetic term X = %mgbé‘“gb Fluid
Specitic choices: K(¢,X)=M3[1 —/g\(cb)] X+ BX° —V(¢) G(X)=~X

9(#)/g90 |-

1.00 |

0.75}

0.50 |

0.25}

A%

| E—— SV (¢) =
g(9) = 0.25 | |

T € -0.50 -

VAL IPCRVET:

-0.75

-1.00
125) V(0)/Vo

+Bianchi

Vo=10",g0=1.1,8=5,y = 107> :
by =5,b,=0.5,p=0.01,¢g=0.1 &

u e HW EN T | W N W il I e e el S NV 1 P e o S Sa—




Stress-energy tensor

Tfy — (—K —+ QXG@ -+ G’ngngqb) Juv -+ (K,X —+ G)X ¢ — 2G7¢)Vﬂ¢vy¢ — G,X(VMXVV¢ -+ V,/Xv,u¢)

ﬁ

Energy density & Pressure

1 . . .

po = 5 M2(1— ) + ° 53" + 3yH® + V(0)
1 . 1 . -

po = 5 M2(1 - g)d* + 506" — 167 — V(9)

+Fluid p = wp

Einstein equation + V , T"" = ()

+ modified Klein-Gordon P¢ + Do + V., = 0
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with...
?WQ 14
Y E ®
Pl
1 . .
2M§19,¢> ¢+ 3B8H "

NVHY'  367¢°
2M = 2M =

3 L. 3Gy .

(1 —g)M2 +6yHe + 33¢*

2 2
3(1—g)M° H + (9”yH

5 (1 - g)v¢*
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S phases:

A. Matter contraction Produces scale invariant perturbations
B. Ekpyrotic contraction Removes anisotropies
C. The bounce 1tself e Leads to expansion
| T)eqsi]y
D. Fast-roll expansion e Connects to standard model!!
E. Radiation + Matter + ... ./ .. BB cosmology
- Paec ",
@ _____________________________
R,
- >

lLog(a) = : | ~ Log(a)

Matter Ekp} rotic Log(.a min )

Domination Contraction

PRE-BOUNCE BOIU/NCE PHASE POST-BOUNCE



explicit example...
Vo=10"", go=1.1, B=5 ~v=10"3
by =5, b, =05 p=0.01, ¢=0.1
Py = 2.8 X 10710 My, =22 x107°

MQ’Q = 3.4 X 10_6, M@)g = —5.6 x 107
¢ini — _2, ¢ini = 7.8 X 10_6‘
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Hubble parameters

1 5X1 0-4 [ 5.00x10° - |

2.50x10° F

1.0x1 0-4 — o.oo;

-2.50x107 -

5 - V_/:"'.?‘ ‘
5OX1 O  .5.00x10° _”. :
| | \

0.0
H

-5.0x10 H
— - -H1
------ H
-1.0x10™ 2
_____ H3

-1.5x10™

-4.0x10* -2.0x10* 0.0 2.0x10*  4.0x10°
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Energy densities [ t t
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Anisotropies 2.50x10° 5 -
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Density parameters
and shears

(), = Pr
P

0.0 - e e
2.0x10° | RN i
-4.0x107° | y -

) | : ) i | | . ! |
-3.0x10* 0.0 3.0x10° 6.0x10° 9.0x10"
t
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Energy densities Y. Cai, R. Brandenberger & PP, CQG 30, 075019 (2013)
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Perturbations:  ds” = a”(n) { (1 +2®)dn” — [(1 — 2®) 7, + hy; d.cvzdazj}

Initial conditions
fixed in the
contracting era
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Perturbations: ds® = @2(77) {(1 T 2(1)) d772 _ [(1 _ 2(1)) Vij T hij] dxidwj}

a(n)
O Oy
= T;; (k)
i3 o

ASSUME LINEARITY THROUGHOUT

"“central feature of bouncing cosmology = the bounce™ ...
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A generic model-independent treatment of the bounce phase?

a(n)
A

Geometric matching conditions?

«——! identify

T = 1] —
n_ N4 Continuity of metric [a] =0 OK
Continuity of extrinsic curvature [ 7], = () 77
Perturbations? [C ]: — () 299
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Perturbations: ds® = CL2(77) {(1 T 2(1)) d772 _ [(1 _ 2(1)) Vij T hij] dxidxj}

1
< > b — SHu g1 Do . 3K
2046 a P _I_pgp ngﬂz
/! _ 2 ‘9,/ 2
u+_k 3 SIC(I—CS) u=0
0" Py4(7)
V()= ’3’C(1_C§):Q2m>’

Non trivial transfer matrix

A B
TR =1 o) D)

“Causality” argument...
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J. Martin& PP, PRD68, 103517 (2003)

very much model dependent...

Resulting spectrum
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1()2 T 1 T T 11 T
| 2 b s e e e
200 §
10° - J
2 ,H.
| - I
‘ primordial spectrum - ;
= 107
S 100 L > o
> N - ;
5 t
10 - -
50
6|
0 10— _
1 1 I| | | 1 1 I| |
100 1000

Different parameters
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Perturbations 1in the K-bounce

1 1
p=po+px(X —Xo)+ pop+ pxop(X — X0)+ 5pXX(X — Xo)? + 5}9@@@2 T

S ' T 5 ) I E 1.5E !
05E et -1 = 1E

: i X E = = ' .
025§ p(t) S H(t) 05;_ g z ) ;

05E

10*
10’
1071
0 G / | 20
Slow

Oscillations + C conserved
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Another 1ssue...

spectral index n <1

Non gaussianities.: phenomenological description S = — / d*zv/—g {R + (09)” + V(¢)}
a(n) =a _1+1 7 2+)\ 7 3+£(1+)\ ) 7 i + scalar field
e 2 \"e "\ ne 24 Y\ ne
/2 9
i—Q = - (H* —H + K)
¢/l i 2H¢/ 4 CLQ‘/,qb — 0
6 , - ¢/2 i}
— E’H = -2V (¢) |1 2V ()
1
R’ T=¢5/2—> 0=
EV — ——
Vo “slow-roll”
W
W= complete set of parameters

perturbed metric ds” = g, dat'dz” = a” (—€2®d772 +e Yy da’da’ )

X. Gao, M. Lilley & P. P., JCAP 07,010 (2014)
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1
perturbations up to 2nd order X (x,n) = X 1) (x,n) + §X(2) (e,n) + - - DV =86 [\If(i_l)}

first order ’(’1) + F' (n) (1) VQ\I/(l) Win)¥q =0

/ N
-3) (e )

positive spatial curvature: decomposition on the 3-sphere

\Ij(l) Z qjﬁmn Qﬁmn X (97 90)
tmn Legendre
Qemn (X0, 0) = Ron(X)Yem (0, )  hyperspherical harmonics f

Rne(X)—\/ n+€+ \/flc ) f;ﬁ COS \/_X)}

effect of the bounce itself: initial conditions = classical gaussian fields

spectra
D1 T k) —

Y/ b (k) (K)) = b P (h
_\IJ/(1) (kﬂ?—)_ Zo (k) (i (k) 25 (K')) = 0k i Pij (k)

5nn’ 5%’ 5mm’
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Uy, + [k2 — V()| ue =0
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2nd order Wl + 2 (% f;) (o) — VW) + 2 (H 2K — H%/:) U9y = Sa)
Sy = 4 (2%2 H' + 2 q;/,/ + 6/C> fo%l) + 8\1!’(21) +8 (2% + %) Uy Wiy + 80y VAT () — g (Vi)
+| (’H H?;) + Vz} 2F (V1)) + F (6))] +H [2F (Y1) + F ()]
| F(X) = (V2V2 4 3KV%) 1 |ViV7 (3V/XV,X = 6} (V4 X)?)
general solution = > Gropipe 2ij (k. p1,p2im) i (p1) a; (p2)

D1,pP2

\ Uy (k) = U (kyn) + > Grpr po Tij (K, p1, poi m) & (p1) 25 (o)

D1.D>

n
sz kp17p27 E/ dnG k s 11, 77 Z] ('ZC P1,P257] )
n—

Green
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. 1
Bispectrum (¥ (k1,n) ¥V (k2,n) V (k3,1)) = 59k koks B (k1, k2, k35 1)

2
0 (k1 + ko + ks3) /

Bu (k. b bs) = 2 s [Pars (k1) Pas (k) + Paw (k2) Parw (ks) + Pass (s) P (k)

/7P\p\p(k) -+ 11P\Ij\p/(k') -+ 4P\p/\p/(/€)

5(k1 + k2 + k3) ( - T kit k- kg)- <r 3y Ky (ki) K (ky) K (ki) Ko (k) N K (k) Ka(k:) }

k; k2k? k2 k2
_0-(7:7.].72) | \O'(’L',j,E) £ B J 14 1 h

S =

B STKS (k17 k27 k?))
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15k Ki(k)

equilateral ki = ko = ks = k fat = - Ky (k. k. B
20k2 K2(k) + K; (k) K,
squeezed ki = k; = k & kp=p <k i = ~ 37 (Z(k,k(,;) =
folded ko = kg = 5k proa _ 40 K (k) [Ka (k) — 16K, (28)]
NLo QY Ks(k, k,2k)

N

11.5

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
o 455

107°h~  Mpc < koo <10°A Mpe ———————— 5 102 Sk S 108 with Qi <1077
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T

Conclusion

. . I“ —"known physics” known physics 3
nOt eaSy % o1 o0z o3 o4 ;j 06 07 08 08 1 % o1 o0z 03 o4 ;25 06 07 08 09 ’1_\
N
~ bounce

/

Ll (z)] = K(¢, X) + G(o, X)Uo

Energy

Density
[

"out' —spectrum
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not predictive?
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Matter I Ekpyrotic | Log(@ i) Q—UAN TUM B OUN C E ?

Domination Contraction

PRE-BOUNCE BOUNCE PHASE POST-BOUNCE
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