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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)
7

A ¢y, . .99 ,
G. Lemaitre, ~L’Univers en expansion , Ann. Soc. Sci. Bruxelles (1933) \

Penrose: BH formation Sy > S,

Quantum nucleation? [V

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)

PBB - Ekpyrotic - Modified gravity - Quantum cosmology - Quintom -
Horava-Lifshitz - Lee-Wick - ...

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

, - 2
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Implementing a bounce = problem with GR!

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
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Self consistent bounce:

ds* = dt* — a*(t) (

——>  QOne d.o.f. + 4 dimensions G.R.

R 1

d*zv/—g
S [T
HQ:%(%¢2+V)

J. Martin & PP., Phys. Rev. D68, 103517 (2003)
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QLgp@“gp -V (Sﬁ)

dr?

a2

21092
1 — KCr? .rdﬂ)

Positive spatial curvature



ds? = dt® — a2(t) I 2402
S = a 1—/C7“2 - T

Self consistent bounce:

——>  QOne d.o.f. + 4 dimensions G.R.

d*z/—g

R 1

1 /1 )C . :
H?>==-(2¢p*4V Positive spatial curvature
3\ 2 a2
100 . Y . ; 3
- 2
H 80
—1
| 60 — |
/ _ S 1, §
/ 40 \ a
; _ i \\ / -1
</‘/‘/\/u> 20 \‘\’\\ ./'// _
0o 0.4 I \‘\‘ ‘/./ 72
0.0 | \ J y ]
_ 0FE | , Al , | 3
@ -20 0 20

F. Falciano, M. Lilley & P. P., Phys. Rev. D77, 083513 (2008)
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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...?
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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)

V/A and d(V/A)/dy

2 |
! |
: - o v _ P2

NS I=R—,/3(4R,, R — R?)
—1 ]
) o |

2
Q R. Abramo, P. P. & I. Yasuda, Phys. Rev. D81, 023511 (2010)
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+ K-bounce: L =p(X,p)

| . pur M, Vo 1%
X = 20" 05005 —> T" = (p+p)uu’ — pg
_ox P o . o |
P=2x ¥ vanishing spatial curvature possible in 4 dimensions G.R.?
Uy = Oup P (tbounce) — 00— P (tbounce) < 0
H \/§X
P H(t)
de Sittej“
expansl
precooling
Bounce preheating
dd Sitter |
colntraction i
\ | )
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Quantized scalar field effect model:

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

__ (|B:P—1|Bil* | 8aGm?|By[Pet\':
0= (St )

Probability that it occurs: P ~ 107"
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Singularity problem  Purely classical effect?

1.4 -
Scale f: 7 o/ &
cale tactor «(2)/a(t,) & 8 e
(3" / oo 2\ 5000 K classical theory
&/ X\C (5000 K)
& c®
O
n\(’»"‘ -
L.“ e
:
=
: A
| @
| 2
| -
' >
I 0.,
b22222232222) '
. o
3
= Time
I | | | 1 l | ! | 1 | 1
t

Pre-Big Bang Post-EBig Bang
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Pre Big Bang scenario: (cf. M. Gasperini & G. Veneziano, arXiv: hep-th/0703055)

] =
’I' I \\\ gS
VAN E-BIGBANG POST-BIG BANG
PRE-BIG BANG POST-BIG BANG
2
YA
pe?
WA

string frame Einstein frame
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Quantum cosmology
e Hamiltonian GR

ds® = g datda” = —N?dt* + hy; (dz’ + N'dt) (do? + N7 dt)

/’

" Shift vector
N'dt i . . .
— /\dX\ s / Lapse function Intrinsic metric
= first fundamental form
dt = Nd 4 l
v, / n’ Normal to >; Intrinsic curvature tensor R iwt (1)
)
Extrinsic curvature Kij = —Vjmn;=—T"mno
| = second fundamental form - (v N + VN, Ol >
x' N Ot
x'+dx’!
. I 3
Action: S = / d*zv/—g ('R—2A) + 2/ BrVhEK' | + Smatter
1o GN J M oM _
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. 1 ) 3
In 3+1 expansion: & = /dtL = 17 /dtd%/\/\/ﬁ (Kin” — K*+ 'R — 2/\) + Smatter

. g oL h - N
Canonical momenta ™ = —— = vh (K U hK )
Oh; . 167G,
oL Vh [ . 0P
= = — | P - N"—
T 5e T N ( N (%@)
L
7V = 0 —~ =0
| %JX Primary constraints
= — =
ON;

Hamiltonian H — /d% (WONJF#M + iy, +7Tq)<j>) B - /d?)g; (WONeriM +NH+MH7;)

Variation wrt lapse H = 0 Hamiltonian constraint

Variation wrt shift 7' = 0 momentum constraint

AN

> Classical description
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e Superspace & canonical quantisation

Relevant configuration space? matter fields

!
Riem () = {hij ("), P (") | x € Z}

\

superspace

parameters

. . . . Riem (>

GR —— invariance / diffeomorphisms > Conf = — (%)

DIHO(Z)

Wave functional W 1, (), ®(x)]
Dirac canonical quantisation

R . o, .0 0
T T hy, SR ¥ TN SN,
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TV = —1 = ()
. Y 7Y
Primary constraints ST
T [/ 5 M

. ) . 5\11 ~ 0
Momentum constraint N0 =0 = V" ( ST ) = 831G TV
]

> \If 1s the same for configurations {hi;(z), ®(z)}related by a coordinate transformation

Hamiltonian constraint

o2 Vh

167G G, : (—3}% oA + 1 TOO)
L o R Trey +2A 4 16mGy

1
gamz§ﬁﬂﬂmmﬂ+mmm—mmm

DeWitt metric...
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e Minisuperspace
Restrict attention from an infinite dimensional configuration space to 2 dimensional space
= mini-superspace

Ry (d92 + sin? 9d902) d(x) = ¢(t)

dr?

hidz'da? = a*(t) ——
— kr

WDW equation becomes Schrodinger-like forV |a(?), o(t)]

Conceptual and technical problems:
Infinite number of dof — a few: mathematical consistency?

Freeze momenta? Heisenberg uncertainties?
QM = minisuperspace of QFT
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e Minisuperspace
Restrict attention from an infinite dimensional configuration space to 2 dimensional space
= mini-superspace

Ry (d92 + sin? 9d902) d(x) = ¢(t)

dr?
1 — kr?

hidz'da? = a*(t)

WDW equation becomes Schrodinger-like forV |a(?), o(t)]

However, one can actually make calculations!
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Exemple : Quantum cosmology of a perfect tluid

ds® = N*(7)dr — (12(_7‘4)";,"/'(1.1‘/'(1.1,"/.

~ - © + 0s =
Perfect fluid: Schutz formalism (°70) D="mpy | — _+ :
N1 +w).
(p,0.5) = Velocity potentials
canonical transformation: 1T = —p, o5/ 80 p# W) g, Do
+ rescaling (volume...) + units... : simple Hamiltonian:

‘)
2 o
H( Pa _ joq 4 P2

N
4% 1 > \
3

W

d
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Wheeler-De Witt HY =

- 2¢30-9)/2 [ 9T 10%°T
XY= 30— w) "OT T 402
. _ OU O
space defined by X > U - constraint \IJ& - \pa
Gaussian wave packet
. o1
* 2
>\If . 81y | exp ( ZOX ) 0 —iS(.T)
T (I5 +17)" Iy + 717
TX2 1 TO T
phase S = T2 1 72 - — arctan
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What do we do with the wave function of the Universe???
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Quantum mechanics of closed systems

Physical system = Hilbert space of configurations
State vectors
Observables = self-adjoint operators
Measurement = eigenvalue  Ala,,) = a,|a,)

Evolution = Schrodinger equation (time translation invariance) iha W(t)) = H|yY(t))
Hamiltonian
Born rule Prob|a,;t| = |<an|¢(t)>|2
Collapse of the wavefunction: ‘ w (t) > before measurement, @n> after

Mutually
incompatible

Schrodinger equation = linear (superposition principle) / unitary evolution}

Wavepacket reduction = non linear / stochastic 1, >
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The measurement problem 1n quantum mechanics pure state

et

Py ;) — 7 (1) +11)) ® [SCin)

Z
‘ o Unitary, deterministic
Schodinger evolution

%( 2 [SGr) + 1) ® [SG))

Result

"AtomiIcC beam

Stern-Gerlach

Problem: how to reach the actual measurement ‘ T > X ‘SGT> or |1)®|SG|) 2
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The measurement problem in quantum mechanics Statistical mixture

{\T>®\SGT>} {

\SGO}

[ “Atomic beam

Stern-Gerlach

What about situations in which
one has only one realization?
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The measurement problem in quantum mechanics

What about the Universe 1tselt?

Result 4‘

“Atomic beam

Stern-Gerlach

What about situations in which
one has only one realization?
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Hidden Variable Theories

oA\ - V2 _
Schrodinger | —— = -V /]
S | Ot - 2m (7) _
Polar form of the wave function v =A(r,t) et (7,1)
2
Hamilton-Jacobi 05 | (VS5) -V (r)+Q (r,t) =0
Ot 2m
quantum ;
potential  _ 1 V<A
- 2m A
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U= A(r,t)eSrY

Ontological formulation (dBB) 5 (¢)

dx (A VA

Trajectories satisfy (de Broglie) m— =

dt [z t)]E —Vo
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v =A (’r. f) ()/,“5'(r.f)

Ontological formulation (BdB) 3 (t)

2
d L 1 VQ‘\IJ‘

Trajectories satisty (Bohm) L dt2 — —V(V T Q) @ = 2m ||
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U= A(r,t)eSrY

Ontological formulation (dBB) 5 (¢)

dx (A VA

Trajectories satisfy (de Broglie) m— =

dt [z t)]E —Vo
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. . _ v = A <, f) o iS (r,t)
Ontological formulation (dBB)  — w(t) ,

dx (A VA

Trajectories satisfy (de Broglie) m— =

dt [z t)]E —Vo

strictly equivalent to Copenhagen QM
probability distribution (attractor)

Properties: Tto: p (x, to) = | ¥ (z, o) |
classical limit well defined () — 0
state dependent
— intrinsic reality

non local ...

no need for external classical domain/observer!
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The two-slit experiment:
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The two-slit experiment:

/////%

Non straight in vacuum...

Surrealistic trajectories?

T _\"... —— _fi’ﬁ
x :_— ..‘. .-..- e ——— -

/V/
———— A2z (1)

v v
m——p = -V + Q)

... a phenomenon which is impossible, absolutely impossible, to explain in
any classical way, and which has in it the heart of quantum mechanics.

Cargése / 18 september 2014 R. P. Feynman (1961)




Back to the QC wave function

Gaussian wave packet

o -

phase

Hidden trajectory

(5 +T2)°

81 g

g —

T? 1

Qo
=
@)
—
Qo
-

TG + 172
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Q(T)

quantum potential

J. Acacio de Barros, N. Pinto-Neto & M. A. Sagorio-Leal,
Phys. Lert. A241, 229 (1998)
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TN — ey s e . o  —

)

m potential

J. Acacio de Barros, N. Pinto-Neto & M. A. Sagorio-Leal,

Phys. Lett. A241, 229 (1998)
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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...?

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:

o' = da*
» 6, =0

; Average scale factor

a
— Mean Hubble parameter

/ )
1 d .

H. = (aee"):Hqté’i

o ‘ | (9@ + 3H92 =
o P —I_pT 12
v 2M?2 2;9@'
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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/cyclic scenario:

Bulk

1 2 3 6290.?.2-
(5)_5(890) _5 5'
R 1

(4) 2
o= 5 09) V(9
4./
(¢ — i)
i mep,
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Singular ...



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)
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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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Ekpyrotic solution:

Wekp > 1 > Pekp X g3t wen) g6 when

ﬁ

Hence a singular bounce!

phase Wlth wbounce < _].

Problem: regular bounce » —

So finally...

2

IOShear — 2P1 Z 622 X a_6 >> IOFluid

ﬁ Singularity!

Cargese / 18 september 2014
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Non singular bounce
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Y. Cai, R. Brandenberger & PP, Class. Quantum Grav. 30 (2013) 075019 [arX1v:1301.4703]
A nonsingular bounce model

L6 ()] = K(¢, X) + G(¢, X)Oé with kinetic term X = ; b

Specific choices: K(¢,X)= M2l —/g\(gb)] X+ BX* - V()

LR

9(®)/ 90 ‘

1.00 |

0.75}

0.50 |

0.25}

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

T € -0.50 -

-0.75

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




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...

(1 —g)M2 +6yHe + 33¢*

2 2
3(1—g)M° H + (9”yH

?WQ $4
Y E
Pl

M§19,¢> ¢ + 33H ¢

1
2

3 3 9PHY'  36y¢°
1 — 3
3 L. 3Gy .

2M =
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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
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LOg (a min )

Matter Ekpyrotic
Domination Contraction
PRE-BOUNCE BOUNCE PHASE POST-BOUNCE

Cargese / 18 september 2014




ﬁ Anisotropies can remain small all throughout!!!!

explicit example...

Vo=10"", go=1.1, B=5 ~v=10"3
by =5, b, =05, p=0.01l, g=0.1
Py =2.8x 10719 My, =22x107°
Mgo=34x10"% Mys=—-56x10"°
Gini = —2, Gini = 7.8 x 107°
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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
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Anisotropies 2.50x10° 5 -
i g ,i\\"
000E~"""" T U S

s © am» © aED ©
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- ©
- ©
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é ?.—.~.~.~°'§'°~.\ ./'/ i
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-5.00x10° | ; = 0, il
\ i \ i \ \ L
i

0.1} e AORNA :

PR ASR L i :
0.0 -
s s BRI I
O | T— 4 e 9,
-0.1 F T~ i —_—- -
: °~. 3
: S
- s

L ]
..~
-_—
-_c am
.—._.—.—.—
.—._.—.—I._.—.—.‘

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

Cargese / 18 september 2014




Density parameters
and shears

0.0 - e e
2.0x10° N _

i \i

I i vy
-4.0x10° Y -

) | : ) i | ) | . ! |
-3.0x10* 0.0 3.0x10° 6.0x10° 9.0x10"
{
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Density parameters
and shears

(. =

P
r P1

0.0 - e e
2.0x10° N _

i \i

I i vy
-4.0x107° |- Y -

) | : ) i | | . ! |
-3.0x10* 0.0 3.0x10° 6.0x10° 9.0x10"
{
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Density parameters
and shears

(), = Pr
P

0.0 - e e
2.0x10° N _

i \i

I i vy
-4.0x107° |- Y -

) | : ) i | | . ! |
-3.0x10* 0.0 3.0x10° 6.0x10° 9.0x10"
{
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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 S jo-1j= 2" i>0 & a>0

aj3
accelerated expansion (inflation)

Homogeneity & Isotropy

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

+ attractor

Pe rtur bat | ONS  Bonus of the theory: superb predictions!!!

> vacuum state!

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

> vacuum state! ... debatable though
|Isotro PY Potentially problematic: model dependent

Others  dark matter/energy, baryogenesis, ...
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+ h’bj] d$zd£133}

]

ds? = a®(n) {(1 +20) dif* — [(1 - 20) 3

Perturbations

Initial conditions

fixed 1n the

ESA/PLANCK ' COLLABORATION

N
»* oo
- JMH'I 1\.‘

Ty
R

r .ﬂf
"
o~
- E

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

a(n)
<I>g ®
= T (k)
N N

ASSUME LINEARITY THROUGHOUT
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A generic model-independent treatment of the bounce phase?

Geometric matching conditions?

Continuity of metric

Continuity of extrinsic curvature [ H ] i}

Perturbations?
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Self consistent bounce:

ds* = dt* — a*(t) (

——>  QOne d.o.f. + 4 dimensions G.R.

R 1

d*zv/—g
S [T
HQ:%(%¢2+V)

J. Martin & PP., Phys. Rev. D68, 103517 (2003)
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QLgp@“gp -V (Sﬁ)

dr?

a2

21092
1 — KCr? .rdﬂ)

Positive spatial curvature



Perturbations: ds® = CL2(77) {(1 T 2(1)) d772 _ [(1 _ 2(1)) Vij T hij] dxidxj}

1
< > b — SHu g1 Do . 3K
2020 a\l po+ Py P,Q°
/1 _ 2 0" 2 _
U —I—_k 3 BK(l—cS)_u:O
0" Po4(7)
V()= I3K(1_C§):QZ(77)’

Non trivial transfer matrix

A B
TR =1 o) D)

“Caus ality” argument. .. J. Martin & PP, Phys. Rev. Lett. 92,061301 (2004)
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"known physics” known physics

2 F l l 5
\; - | | ]
AN B I boulnce I N
- | ~ ~ | _
- | 1 7 | .
B | o | | o | _
B | | _
N | | I "out”-—-spectrum J
~'In"'—spectrum | | | | .
- _ | | ]
B 5 | | | _
B 1 | | | _
N C | | | |
- l s / |I| \ N l \!\4 .
nin _770 +770 nout

Actual shape depends on the microscopic parameters

J. Martin & PP, Phys. Rev. D68, 103517 (2003)
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Perturbations: ~ ds” = a2(77) {(1 +29) @1772 — [(1 = 29) ;5 + hij) dxidxj}

SHu 1 P 3K
< % v 2a°6 95\/,0 +p (1 a2)
© © P
- (9// | o k h
w4 k= o = 3K (1= )| u=0 Pe = Ak"s ! cos® (| w—>
| | k.
\ J 10 '

-
llllllllllllllllllllllllllllllllllllllllll

200

150

Kle,

=
— -3
N
/M

N

10 [
50

10 [

1000
k or n

100

Different parameters
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Model for the bounce phase only:

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

= S 2' | = 1.5§
05E eI EREN:
= SR ¢ = =
- ! o H(t = _
025k p(1) (1) = |
0F . 0F
025 = A E
05E LW p+p E 1
10"
10"
10*F
I . |
0 10 20
[
Slow

Oscillations + C conserved

R. Abramo & P. P., JCAP 09, 001 (2007)
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k-mode mixing ...
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A few problems...

spectral index n <1

Non gaussianities.: phenomenological description S = — / d*zv/—g {R + (09)” + V(¢)}
REYZAS n\", 5 n\*
am)=ap |1+=(— | +23(— ] + =0+ N\) [ — + scalar field
2 \ Nc Ne 24 e
/2 9
i—Q = - (H* —H + K)
¢/l i 2H¢/ 4 CLQ‘/,qb — 0
6 , - ¢/2 i}
— ?H = -2V (¢) |1 2V ()
1
R’ T=¢5/2—> 0 =1
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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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 (F1, k2, k3; 1)

2
0 (k1 + ko + ks3) /

Bu (k. ko 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- ]{g)- <r 3y Ky (ki) K (ky) K (ki) Ko (k) N K (k) Ka(k:) }

k; k2k? k2 k2
_O'(i,j,E) | \O'(’L',j,E) £ B J 14 1 h

S =

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

equilateral k1 = ko = ks = k fat = = Ky (k. k. B
k2 K2(k) + Ky (k) K,
squeezed ki = k; =k & ky=p <k fao = —230T & Z(fk(;)[( 7
folded ko = ks = 5k proa _ 40 Ka (k) [Ky (k) — 16K (2k)
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

103h Mpe™! < konys < 103 Mpe™! ———p 102 Sk S 10° with QO <1077
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Conclusion

Bouncing cosmology = testbed for new ideas, interesting, potentially useful...

not yet an alternative to inflation

PP., Cosmological Perturbation Theory, arX1v:1303.2509 (2013)

D. Battefeld & PP, A Critical Review of Classical Bouncing Cosmologies,
Phys. Rep. (2014) [arX1v:1406.2790]

Primordial Cosmology

OXFORD GRADUATE TEXTS
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