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Currently available observational data: PLANCK

6000 T T T T
5000 |
4000} +
= 3000 F ¥
B
S 2000
1000
0 ] | ] 1
500 1000 1500 2000
Multipole moment 7
ne = 0.9639 £+ 0.0047 almost scale invariant
_ excluded
S =0"71+£51
cml — —9.5+ 44 > gaussian signal
orthe — 95 + 22
NL

r < 0.11

isocurvature < 1%

2500 = 0.000 -

Paris - 18" December 2014

compatible with
INFLATION



dal™

T 4 - ¢ -
DIg bang Is a DIy
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Planck 2013 results support the cyclic universe

NO flatness or causal connectedness proble
new mechanism for smoothing the universe prior to the bang

(Submitted on 10 Apr 2013 (v1), last revised 19 Jul 2013 (this version, v3))

new mechanism for generating scale-invariant density perturbations
no transplanckian problem
predictions

NnO observable tensor modes in CMB
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Simple data — simple theory?

Double pendulum: very simple... (F =m~y)

Regge trajectories: QCD, asymptotic freedom... w

perhaps not that simple
M? (GeV?)

a4(2040)

Simple data <= simple theory?

03(1690)

not so.
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Inflation

solves cosmological puzzles
uses GR + scalar fields [(semi-)classical]

can be implemented in high energy theories

string implementation (brane inflation, ...)

makes falsifiable predictions ...

... consistent with all known observations

why bother with alternatives?
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From R. Brandenberger, in M. Lemoine, J. Martin & P. P. (Eds.), “Inflationary cosmology”,

Lect. Notes Phys. 738 (Springer, Berlin, 2007).
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< 1) problem & Lyth bound

& Initial condition & entropy
< Eternal inflation & measure
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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 ¢y, . .99 ,
G. Lemaitre, ~L’Univers en expansion , Ann. Soc. Sci. Bruxelles (1933)

Einstein eternal bouncing universe
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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 ¢y, . .99 ,
G. Lemaitre, ~L’Univers en expansion , Ann. Soc. Sci. Bruxelles (1933)

Einstein eternal bouncing universe
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A brief history of bouncing cosmology

.

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

N\ “ ’ . . o
G. Lemaitre, ‘“L’Univers en expansion’ , Ann. Soc. Sci. Bruxelles (1933) //\
/

Einstein eternal bouncing universe /
SQ > Sl /
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Singularity pb no solved
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[ )

A brief history of bouncing cosmology

.

R. C. Tolman, ‘““On the Theoretical Requirements for a Periodic Behaviour of the Universe’ , PRD 38, 1758 (193

A e, . .9 ,
G. Lemaitre, ~L’Univers en expansion , Ann. Soc. Sci. Bruxelles (1933)

Einstein eternal bouncing universe rd
SQ > 1

/ .{

53>S2>S1

Singularity pb no solved
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Quantized scalar field effect model:

Parker & Fulling ’73: massive scalar field, if (a'a) > 1, then 3 solution (X > 0)

a
a(0) = 0.2/m
- 10/m
- 5/m
-1/m
i i —p i |
«0.8/m -0.4/m o) 0.4/m 0.8/m ¢

FIG. 1. Solution with a(0) = 0.2m™!: time-symmetric
expansion from the minimum radius.
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A brief history of bouncing cosmology

.
(44 . . . . . . 29
R. C. Tolman, “~On the Theoretical Requirements for a Periodic Behaviour of the Universe ", PRD 38, 1758 (1931)
A o, . .99 , A
G. Lemaitre, ~L’Univers en expansion , Ann. Soc. Sci. Bruxelles (1933) 74 \
' \
52 > 51
// \\
[\
Sq / \\
, \\ \\ |
V. \\\.// \/

Singularity pb no solved

A. A. Starobinsky, ““On one non-singular isotropic cosmological model’, Sov. Astron. Lett. 4, 82 (1978)
M. Novello & J. M. Salim, “Nonlinear photons in the universe , Phys. Rev. 20,377 (1979)

V. N. Melnikov, S.V. Orlov, Phys. Lett. A 70, 263 (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)
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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 “,, . .99 , A
G. Lemaitre, ~L’Univers en expansion , Ann. Soc. Sci. Bruxelles (1933) / \\

Singularity pb no solved

A. A. Starobinsky, ““On one non-singular isotropic cosmological model’, Sov. Astron. Lett. 4, 82 (1978)
M. Novello & J. M. Salim, “Nonlinear photons in the universe , Phys. Rev. 20,377 (1979)

V. N. Melnikov, S.V. Orlov, Phys. Lett. A 70, 263 (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”, 1406.2790
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Model listing:

Quantum gravity LQG & LQC (A Ashtekar) Non relativistic quantum gravity

Canonical quantum gravity (WdW)
(N. Pinto-Neto)
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Singularity problem  Purely classical effect?
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Pre Big Bang scenario:

] =

’I' I ‘\\ gS

VAN E-BIG BANG POST-BIG BANG

PRE-BIG BANG POST-BIG BANG
2
YA
pe? L
string frame Einstein frame

M.Gasperin1 & G. Veneziano, Phys. Rep. 373, 1 (2003), hep-th/0207130 & hep-th/0703055
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Pre Big Bang scenario:
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’I' I ‘\\ gS

VAN E-BIG BANG POST-BIG BANG

PRE-BIG BANG POST-BIG BANG
2
YA
pe? L
string frame Einstein frame

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

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

Quantum gravity

LQG & LQC (A. Ashtekar)

Canonical quantum gravity (WdW)

Ekpyrotic & cyclic

Branes

(J.-L. Lehners)

(N. Pinto-Neto)

Bulk

Paris - 18t December 2014

Non relativistic quantum gravity



Ekpyrotic scenario:

Bulk
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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 (A Ashtekar) Non relativistic quantum gravity

Canonical quantum gravity (WdW)
(N. Pinto-Neto)

Ekpyrotic & cyclic oo /
Branes (J.-L. Lehners) b?w&@
Bulk . .

k=0 Horava-Lifshitz

String gas cosmology $ & Lee-Wick & Quintom
(R. Brandenberger) |7 )
Antigravity : F(R), /(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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Singular ... ,
.. the Universe contracts towards a

“big crunch” until the scale factor a(z) is so small that
quantum gravity etfects become important. The presump-
tion 1s that these quantum gravity etfects introduce devia-
tions from conventional general relativity and produce a
bounce that preserves the smooth, flat conditions achieved

during the ultraslow contraction phase.

PRL 105, 261301 (2010)

J. Martin, P. P., N. Pinto-Neto & D. Schwarz, PRD65, 123513 (2002) + PRD67, 028301 (2003)
... spectrum depending on a nonphysical normalization functions...
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Non singular bounce
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Non sigular bounce . where the Universe
stops contraction and reverses to expansion at a finite value
of a(t) where classical general relativity is still valid. A
significant advantage ot this scenario 1s that the entire
cosmological history can be described by 4D effective field
theory and classical general relativity, without invoking
extra dimensions or quantum gravity etfects.

PRL 103, 261301 (2010)
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Standard Failures and inflationary solutions

Sin gu lari ty Not solved... actually not addressed!

can be made as big as one wishes

Horizon dH:a@)/: ;(1:)

Flatness  ~lo-1= -2 i>0 & a>0
accelerated expansion (inflation)

Homogeneity & Isotropy

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

+ attractor

Perturbations  Bonus of the theory: predictions!!!

Others  dark matter/energy, baryogenesis, ...

> vacuum state!
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P. P. & N. Pinto-Neto, Phys. Rev. D78, 063506 (2008)

Standard Failures and bouncing solutions

S | N g U I al | ty Merely a non 1ssue 1n the bounce case!

. 2
HOI’IZOI’I duy = a(t) / (27) can be made divergent easily if ¢, — — ¢
t: a\T
Flatnhess i|Q—1|: 2 i<0&a<0
dt as

accelerated expansion (inflation) or decelerated contraction (bounce)

HOoOmMo gene Ity 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...

|Isotropy Potentially problematic: model dependent

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

Standard Failures and bouncing solutions

S | N g U I al | ty Merely a non 1ssue 1n the bounce case!

. 2
HOI’IZOI’I duy = a(t) / (27) can be made divergent easily if ¢, — — ¢
t: a\T
Flatnhess i|Q—1|: 2 i<0&a<0
dt as

accelerated expansion (inflation) or decelerated contraction (bounce)

HOoOmMo gene Ity 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...

|Isotropy Potentially problematic: model dependent

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

Standard Failures and bouncing solutions

S | N g U I al | ty Merely a non 1ssue 1n the bounce case!

. 2
HOI’IZOI’I duy = a(t) / (27) can be made divergent easily if ¢, — — ¢
t: a\T
Flatnhess i|Q—1|: 2 i<0&a<0
dt as

accelerated expansion (inflation) or decelerated contraction (bounce)

HOoOmMo gene Ity 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...

|Isotropy Potentially problematic: model dependent

Others  dark matter/energy, baryogenesis, ...
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Implementing a bounce = problem with GR! I =

Violation of Null Energy Condition (NEC) o+p=>0

Instabilities for perfect fluids
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Implementing a bounce = problem with GR!

Violation of Null Energy Condition (NEC) o+p=>0
Positive spatial curvature + scalar field

Modify GR?
Add new terms?

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

Instabilities...
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The problem with contraction: BKL/shear instability

ds® =dt* — a?(t) ) e*Wo'o’ Ricci flat:
i gt — drt
» 6, =0
; Average scale factor
Q
— Mean Hubble parameter
a
1 d /
H’i — ) (aee’i) — H + (9@
Friedman equations ae® di
P 1 12
H? = | b:
3M?2 6 Z z . .
P T Pr 12
H = 0:
2M§1 2 ZL: ‘
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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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Ekpyrotic solution:

3(1 wekp) > @_6 when a — ()

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

So finally...

2
IOShear — 2P1 Z 622 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

Llo(x) = K(¢p, X)+ G(o, X))o with kinetic term X = % L POH Fluid
Specific choices: K (6,X) = M2 [1 - g(9)] X + X - V() G(X) =X

9(0)/ 90 ‘

1.00 |

0.75}

0.50 |

0.25}

A%

0.00 B ,__',:'___ Vi(p) =
g(¢) = 025 | |

T € -0.50 -

VAL IPCRVET:

-0.75

1,00}
125) Vi(o)/Vo

+Bianchi




Log(a min)

Matter Ekpyrotic
Domination Contraction
PRE-BOUNCE BOUNCE PHASE POST-BOUNCE
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5 phases:

A. Matter contraction Produces scale invariant perturbations
B. Ekpyrotic contraction Removes anisotropies

C. The bounce itself Leads to expansion

D. Fast-roll expansion Connects to standard model!!

E. Radiation + Matter + ... BB cosmology

Paris - 18t December 2014




Energy densities Y. Cai, R. Brandenberger & PP, CQG 30, 075019 (2013)

f t ‘-

10-10 B ? ..—../-. '\.‘\. ————— p63 ; |

-o._..—.. .\.
Y
\..~.
®
_— s..
. ~..~ “
7 K\ -
: o/ .“\ © - :
' ’/ e fl*® °
] Py o [ ] (J
_12 ' o™ o . \. (! -'.~
e ;—" o’ / Vi \ ! ®e
."’| ‘o‘ y \0 N :
.—'—.’ ! o'. 7 .0 \0 '
ju— |‘o‘ P \ 'S \. ]
,,,, ] _ - AN :
00000 L" \ N
- = \N ° \.
- - = - ' \ ® \. -
- : N\ \.
N\ ~.
~ ‘e ~.
N . ~
' S o ‘N '
14 : ~ *e ~. :
- I \\ ‘s. ~S, '
_ : Y ® o \. ] -—
~ ® e ~. '
) S o .. ~. :
~ .o \.
S .0 \.
~ \.\
~
: ~ ’.. .\|
= " N .. |\. =
N
1 L 1 1 | 1 IS ‘e o~

-3.0x10° 0.0 3.0x10* 6.0x10* 9.0x10°
t

Paris - 18t December 2014




Energy densities Y. Cai, R. Brandenberger & PP, CQG 30, 075019 (2013)
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Perturbations: ds® = @2(77) {(1 + 20) 01772 — (1 —29) Vij T hij] dxidxj}

a(n)

Initial conditions
fixed 1n the
contracting era

Paris - 18t December 2014




Perturbations: ds* = a” 7] 1+ 2 d772 — (1 —-2¢ Yij T hij dmidmj}

a1

Initial conditions
fixed in the
contracting era
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Perturbations: ds® = CL2(77) {(1 T 2(1)) d772 _ [(1 _ 2(1)) Vij T hij] dxidxj}

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

ASSUME LINEARITY THROUGHOUT

"central feature of bouncing cosmology = the bounce”... (C. Burgess)
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Hubble & potential: tensor example
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Hubble & potential: scalar example

J. Martin& PP, PRD68, 103517 (2003)

|
|
|
|
I -
X
2o

initial
conditions

Inflation Era

frorrr T T

V,(n), #° and k?

up + [k° = Vu(n)] ue =0
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Resulting spectrum: very much model dependent... PP, PRD6S, 103517 (2003)

C'known physics” known physics =
B | | _
? - | | —
~ - | | -
~ _ | bounce | :
s | < > | ]
- | | | | ,
- | o | | o | :
- I | :
N | | I "out’—spectrum =
~ 'In"' —spectrum | | | | ]
- _ | | ,
- L “ 1 :
N PR | ]
- P — _
- | el / || \ 1. \1\; ]
Nin —To "‘770 Tl out
7]
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J. Martin& PP, PRD68, 103517 (2003)
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very much model dependent...

Resulting spectrum

(l)"/
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Non-Gaussianities k./k, A

squeezed equilateral
1.0

S = —/d%@ [R +(99)° + V((/ﬁ)}

ds® = a® (—e**dn? + =2V, daida”) k./k, |

A 051, 1 1 1 1 1
0.0 folded L0
2 3 4

a 1 5(1 + A

uE (2 () ()

| | ao 2 \ 1N Ne 24 Ne

: :

I [

I I T = ¢?)2

I . I }_
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equation of motion for perturbations DWW =S8 [V 1)

/ \

D =08+ F(n)0,+k*>+W(n)

Fn)=2H-9¢"/¢") W) =2H —H¢"/¢' —2K)

random variables 7« = {‘I’u)(n—),‘lf’(l)(n—)}

spectral matrix (i, (k1) 2y (k2)) = Ok, k, Pap (k) ¥ =

. 1
bispectrum Ly at 74 (Uy, Wy, Wy ) = igklkgkglg\lf (k1, ka2, k3)

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

5(ky + ko + k) K1 (ki) K (k) Ky (k) Ka(k:) Ky (k) Ko (k:)
- [T (ki+k—k Y 4 i)y ) A2
fNL 31]<3 (k17k27k3) ( _I_ ’ E) ; k??k% kzk%

I o (i,5,0) o(,7,0) ¢ i z _
5

3T K (ky, ka, ks) G(%:@

LY i DY 2 Ky (ki) K1 (kj) +
r, 2 - VK () -
33\ K2 k2 /
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15k% K7 (k)

equi _

NL Y Kk, k, k)

w _ _ 20k% Ki(k) + Ki(k)Ki(p)
NL 3T Kg(k, k,p)

fola _ 40 K (k) [K1(k) — 16K (2k)] |

x3

T = gy Ks(k, k, 2k)

fNL2_>>1

X. Gao, M. Lilley & PP, JCAP 07, 010 (2014)
X. Gao, M. Lilley & PP, 1406.4119 (2014)
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Summary of possible problems

Contraction Expansion
- =<
N, E
Ekpyrotic Kinetic NEC
Phase Phase  X=Xc I
—t I ! l I I
. 2)
t ek—beg the tek—end tB beg t hc—entry : t=0 Lhe Bend

fan > 1

+ phase 1nitial conditions
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Thank you
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