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Problems:

THE MAIN TRER QF THE
TNFLATIONARY  UNIVERSE SCENARLY

Singularity

Horizon
Flatess

Homogeneity

Perturbations

Dark matter

Dark energy / cosmological constant

Baryogenesis

[ Accepted solution = INFLATION ]

Linde’s book
Topological defects (monopoles) (Linde’s book)
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solves cosmological puzzles

uses GR + scalar fields [(semi-)classical]
can be implemented in high energy theories
makes falsifiable predictions ...

Inflation

... consistent with all known observations
string based ideas (brane inflation, ...)
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solves cosmological puzzles

uses GR + scalar fields [(semi-)classical]
can be implemented in high energy theories
makes falsifiable predictions ...

Inflation

... consistent with all known observations
string based ideas (brane inflation, ...)

Alternative model???
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Le(k)

ti

From R. Brandenberger, in M. Lemoine, J. Martin & P. P. (Eds.), “Inflationary cosmology”,

Lect. Notes Phys. 738 (Springer, Berlin, 2007).

& Scalar field origin?
& Singularity
Elt(ﬂ:oo)? a(t) — 0

& Trans-Planckian
t
300 = 66 < r,,

ag
QHierarchy (amplitude)?
Vip)
At
© Validity of classical GR?
Einf =~ 10_3MP1

< 10712
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solves cosmological puzzles

uses GR + scalar fields [(semi-)classical]
can be implemented in high energy theories
makes falsifiable predictions ...

Inflation

... consistent with all known observations
string based ideas (brane inflation, ...)

Alternative model???

singularity, initial conditions & homogeneity
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singularity, initial conditions & homogeneity
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solves cosmological puzzles
uses GR + scalar fields [(semi-)classical]
can be implemented in high energy theories
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makes falsifiable predictions ...
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string based ideas (brane inflation, ...)
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singularity, initial conditions & homogeneity

string based ideas (PBB, other brane models, string gas, ...)
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solves cosmological puzzles
uses GR + scalar fields [(semi-)classical]
can be implemented in high energy theories

Inflation

makes falsifiable predictions ...

... consistent with all known observations

string based ideas (brane inflation, ...)
Alternative model???

singularity, initial conditions & homogeneity

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

purely classical theory

bounces
provide challengers / new ingredients!
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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)

G. Lemaitre, ““L’Univers en expansion’, Ann. Soc. Sci. Bruxelles (1933)

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)

M. Novello & S.E. Perez Bergliaffa, “Bouncing cosmologies”, Phys. Rep. 463, 127 (2008) / \

Penrose: BH formation |/ \

// }

/
/
/

L

/ﬁ Sy > Sl\/ Sz > Sy > 51\

\ > f
L

L

Quantum nucleation?

PBB - Ekpyrotic - Modified gravity - Quantum cosmology - Quintom -
Horava-Lifshitz - Lee-Wick - ...
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Pre Big Bang scenario:

Os

(cf. M.Gasperini & G. Veneziano, arXiv: hep-th/0703055)

ag

PRE-BIG BANG

/L

string frame

POST-BIGBANG

PRE-BIGBANG

POST-BIGBANG

Einstein frame

HRI - Allahabad - 14" December 2010




HRI - Allahabad - 14" December 2010

= 1




Ekpyrotic/cyclic scenario:

Bulk

orb
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Singular ...
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Sandard ,w;%o and seme (bouncing) solulicns

@ Oingularity
® Horizon
@ Slatness

@ Homogeneitt

@ Derturbations
® Others
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Sandard ,w;%a and seme (bouncing) solulicns

@ Oingularity
® Horizon
@ Slatness

@ Homogeneitt

@ Derturbations
® Others

Merely a non issue in the bounce case!
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Sandard ,w;%a and seme (bouncing) solulicns

A 6{ngu[atftt> Merely a non issue in the bounce case!

’ B bodr
® Horigon  du=ap) /t e
@ Slatness

@ Homogeneitt

@ Derturbations
® Others
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Sandard ,w;%a and seme (bouncing) solulicns

A 6{11911[(1{&{) Merely a non issue in the bounce case! & Q

® Horion  du=al) | .t Cf(l;

d i . .
@ Slatness — 101 =-2— i<0&a<0

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

@ Homogeneitt

can be made divergent easily if ¢ — — Q

@ Derturbations
® Others
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Sandard ,w}%a and seme (bouncing) solulicns

A 6{ngu[arftt> Merely a non issue in the bounce case! & Q

® Horion  du=al) | .t Cf(l:)

d a . .
@ Slatness —lo-1=-2- i< 0&a<0

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

can be made divergent easily if ¢ — — O

A @Dmog eneftt) Large & flat Universe + low initial density + diffusion

tdissipation A (1 X A

XX
tHubble R%{/ 3 AR?

) enough time to dissipate any wavelength O
——> vacuum state!

@ Derturbations
® Others
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Sandard ,w}%a and seme (bouncing) solulicns

A 6{ngu[arftt> Merely a non issue in the bounce case! & Q

® Horion  du=al) | .t Cf(l:)

d a . .
@ Slatness —lo-1=-2- i< 0&a<0

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

can be made divergent easily if ¢ — — O

A @Dmog eneftt) Large & flat Universe + low initial density + diffusion

Ldissipation A A . o
dtH pb:) = o~ (1 + ) enough time to dissipate any wavelength O
u (§] H
’ ——> vacuum state!
A C.Derturbationé see coming slides Q

® Others

HRI - Allahabad - 14t December 2010 11




Sandard ,w;%o and seme (bouncing) solulicns

A @{ngu[ar{m Merely a non issue in the bounce case! & @

i , B tdr . .
A @ DL13ON dy = a(t) /t ) can be made divergent easily if ¢ — —¢ O

® Slatness g1 =08 i<0&a<0
dt a3 @
accelerated expansion (inflation) or decelerated contraction (bounce)

& @Dng eneftt) Large & flat Universe + low 1nitial density + diffusion

Ldissipation A A . o
dtH pb; x = (1 + ) enough time to dissipate any wavelength @
u (§] H
’ ——> vacuum state!
A Cberturbativné see coming slides Q
A therg dark matter/energy, baryogenesis, ... Qz%

=T =
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dr?
2 _ 12 2 2 102
Self consistent bounce: ds” = dt” —a”(?) (1 — Kr? rde )
—>  One d.o.f. + 4 dimensions G.R.
R 1
4
\ 1 S:/d L\ —(g 67—5 H@@“@—V(gp)
o I Pl
2 , 1 [1, K o :
H? =~ | -p* +V | — — Positive spatial curvature
402 3 2 0,2
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V/A and d(V/A)/dg

o Wiy /
de /%
1}
O mmmmmmez==
0.1
-1t E
V() = ol
-2t ‘ ‘ ‘
-2 -1 0 1 2
4 -0.1}
~0.2! ,
~150° =100 =50

Influence of the spatial curvature?

—> Modify GR to non singular theories (curvature invariants)

0
T

HRI - Allahabad - 14t December 2010
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d
— L

dy

/3 (4R, R — R?)
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K-bounce: L = p(X, )

| ny o w, v o nv
_ox P .y . G e
P=2258x ~ vanishing spatial curvature possible in 4 dimensions G.R.?
w, = 8“_4;3 P (tbounce) =0 = D (tbounce) <0
124 \/§X
A H(t)
“de Sitter
‘expansion
precooling
Bounce preheating
de Sitter
contraction
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K-bounce: L = p(X, )

| ny o w, v o nv
_ox P .y . G e
P=2258x ~ vanishing spatial curvature possible in 4 dimensions G.R.?
w, = 8“_4;3 P (tbounce) =0 = D (tbounce) <0
124 \/§X
A H(t)
( :
' de Sitter
expansion
precooling
Bounce preheating
dd Sitter
contraction
. J
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Perturbations: ~ ds” = a” (1) {(1 +20) d772 — [(1 = 2®) vij + hyj] dxidxj}

Initial conditions
fixed in the
contracting era
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Perturbations: ~ ds” = a” (1) {(1 +20) d772 — [(1 = 2®) vij + hyj] dxidxj}

Initial conditions
fixed in the
contracting era
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Perturbations:

() {(1+22) dp® — [(1 —29) 3i; + hy) da'da’

pa(n)

HRI - Allahabad - 14" December 2010
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Perturbations: ~ ds” = &2(77) {(1 + 2) d772 — [(1 = 2®) vij + hyj] dxidxj}

paln)

-

+
(I)g

Oy

\

ASSUME LINEARITY THROUGHOUT

Vd
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A potential problem with bouncing cosmologies:
Does linear perturbation theory still make sense?

|Dr| > 1
T | T T | T T | T T T
0=0.01
|
g
£ E
5 L
(D]
o
|90
|
— P k" k=107
—— P ()K" k=107
nel a~ o -5 g
— P )k k=107 |
- P/ K" k=107
| | | | | | | %
25 50 75 100
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A generic model-independent treatment of the bounce phase?

Geometric matching conditions?

a(n)
identify Continuity of metric ajL =0 OK
| . Continuity of extrinsic curvature [H]+ =0 777
AN Perturbations? [C ] L =0 299
) —
n- N+

HRI - Allahabad - 14t December 2010
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Perturbations: ~ ds” = a”(n) {(1 4+ 2®)dn” — [(1 — 2®) ~;; + hy;] dz'da’ }
3Hu 1 0 3K
 C— b = 0=, —*2 (1—
2a%0 a\/Pso + Dy ( p¢a2)
u’ + k2—7—3K(1—c§)]u:0
g’ Poy(7) o0 ]
Vu(n)E_+3IC(1_C§): ) —— Exact
0 Q24(n) isofF e Quadratic -
— - - - Quartic
S 100
Non trivial transfer matrix ,
50

HRI

- Allahabad - 14 December 2010
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"known physics" known physics

Vu(m)

bounce

|
|
|
|
|
|
2 o
: 2

|
|
|
|
|
|
|
|
[ "out"-spectrum
|

C"in""—spectrum

It n(n+2)

|
|
|
|
|
|
|
|
I
" 47/ \\1 :
. 0
e o
] 4 1 | 1 wt?

|
|
|
|
|
|
|
|
I
el
MNin —TMo +Mo Mout

Actual shape depends on the microscopic parameters
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Perturbations:

200

150

50

<—

B 3Hu
2020

ds? = a®(n) {(1 +2®) dn? — [(1 — 2®) 5 + hey] da’da’ }

—1_3/C
ppa?

Different parameters

1
100

More on this
HRI - Allahabad - 14" December 2010

1
1000
k or n

: cf. M. Lilley’s talk tomorrow!
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1 1
P = Do +pX(X —Xo) +p<p90+pX<p90(X —X0> + §Z9XX(X —X0)2 +

Model for the bounce phase only:

1.5

1

05E
0E
05
1E

2

pangSOQ _|_

20

Oscillations + C conserved
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Features ... Figure provided by C. Ringeval

T T T T TTTT | T T T T TTTT T T T T T TTT
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Bouncing cosmology!

7

& New solutions to old puzzles

& No singularity

©
¢

)

G.R. ..
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Bouncing cosmology?

% monopoles = ?77?

Dark energy ...

Model dependence ...

Bouncing cosmology!

& New solutions to old puzzles

& No singularity

QGR. ..
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Bouncing cosmology? Bouncing cosmology!

ﬁ monopoles = ??7? & New solutions to old puzzles
(@ i ’
Dark energy ... & No singularity
Model dependence ... QO GR. ..

New predictions (oscillations, 775 ...)
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Bouncing cosmology?

% monopoles = ?7?

Dark energy ...

Model dependence ...

New predictions (oscillations, 775 ...)

Future

String implementation

An example of non gaussianities in a matter bounce

/

w=0 <= n,=1

matter bounce = contraction phase dominated by dust
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Bouncing cosmology!

& New solutions to old puzzles

&)
-

No singularity

&/

¥ G.R. ...
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Bouncing cosmology?

% monopoles = ?7?

Dark energy ...

Model dependence ... Q

-2.0

New predictions (oscillations, 775 ...)

Future

L : L
String implementation

An example of non gaussianities in a matter bounce

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 20

w=0 <= n,=1

matter bounce = contraction phase dominated by dust
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Bouncing cosmology!

& New solutions to old puzzles

M
)l

¥ No singularity
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Bouncing cosmology? Bouncing cosmology!

% monopoles = ??7? & New solutions to old puzzles
Dark energy ... < No singularity
Model dependence ... QO GR. ..

New predictions (oscillations, 775 ...)

Future

String implementation

An example of non gaussianities in a matter bounce

/

w=0 <= n,=1

matter bounce = contraction phase dominated by dust
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Bouncing cosmology? Bouncing cosmology!

% monopoles = ??7? & New solutions to old puzzles

EERI

Thank you for your attention!

Model dependence ... QO GR. ..

& i :
Dark energy ... ¥ No singularity

New predictions (oscillations, 775 ...)

Future

String implementation

An example of non gaussianities in a matter bounce

/

w=0 <= n,=1

matter bounce = contraction phase dominated by dust
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