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Basic cosmology: the standard model and its difficulties

Homogeneous & Isotropic metric (FLRW).

- r? (d6? + sin® 6d¢?)

dr?
1 — Kr?

ds* = —dt* + a* ()

dt
a(t)

—> Conformally flat space
d82 — CL2 (77) (—d772 + ”Y@'jd.ibida?j)

Conformal time dn =

Matter component. perfect fluid: T, = pg,., + (p + p)u,u,

w = 0 dust
p=wp 1
w = — radiation

3
. e . , K 1
+ cosmological constant = Einstein equation: [~ + — = 3 (8TGp+ A)
a
a 1

- =3 A —4rnGy (p+p)
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Primordial Cosmology

I
\ OXFORD GRADUATE TEXTS
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Problems with standard model:

Singularity

Horizon

Flatness

Homogeneity

Perturbations

Dark matter

Dark energy / cosmological constant

Baryogenesis

lopological defects (monopoles)
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Problems:

Singularity a(t) — 0

Horizon

Flatness

Homogeneity

Perturbations

Dark matter

Dark energy / cosmological constant

Baryogenesis

lopological defects (monopoles)

Scale factor a(2)/a(t,)

Time
| |
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Problems: Time

Singularity

Horizon

Flatness

Homogeneity

Perturbations

X LSS
. Big-Bang

Dark matter

Dark energy / cosmological constant ™~

Infinite redshift

Baryogenesis |

Time

lopological defects (monopoles)
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Problems:

Singularity

Horizon

Flatness Derit = SH ( = Lot =1 — K=0 Flat space

Homogeneity

Unstable!

i .
— 10 -1] = -2 -
Perturbations “

Dark matter

Dark energy / cosmological constant

Baryogenesis

lopological defects (monopoles)
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Problems:

Singularity

Horizon

Flatness

Homogeneity

Perturbations

Dark matter

Dark energy / cosmological constant

L

Baryogenesis

Accepted solution = INFLATION

lopological defects (monopoles) :
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Problems: Time

Singularity

now |
Horizon

Flatness

Homogeneity

Perturbations

Dark matter

] 0 -30 5
1075 |

Dark energy / cosmological constant :~ [nflation

Baryogenesis

Accepted solution = INFLATION

lopological defects (monopoles)

AllB Big-Bang
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Problems:

THE M™AIN TRER QF THE
TNELATICNARY UNIVERSE SCENAR\]

Singularity

Horizon

Flatness

Homogeneity

Perturbations

Dark matter

Dark energy / cosmological constant

Baryogenesis

Accepted solution = INFLATION

lopological defects (monopoles)

(Linde’s book)
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te(k)

Lk

From R. Brandenberger, in M. Lemoine, J. Martin & P. P. (Eds.), “Inflationary cosmology”,
Lect. Notes Phys. 738 (Springer, Berlin, 2007).

& Scalar field origin?
& Trans-Planckian

_ t
t; £(t) = ZO@ < £y,

aQ

S

S x & Hierarchy (amplitude)

V(Sﬁ) —12
< 10
Ap* =

& Singularity

t(::oo); a(t) — 0
Q Vvalidity of classical GR?
Einf — 10—3]\41?1
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Inflation

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

can be implemented in high energy theories
makes falsifiable predictions ...
... consistent with all known observations

string based ideas (brane inflation, ...)
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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

string based ideas (brane inflation, ...)

Alternative model???

purely classical theory
Quantum gravity / cosmology

singularity, initial conditions & homogeneity
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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

string based ideas (brane inflation, ...)

Alternative model???

purely classical theory
Quantum gravity / cosmology

singularity, initial conditions & homogeneity

bounces (always in WdW - recall N. Pinto-Neto’s talk)
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Ekpyrotic scenario:

Bulk

4Ty
V(p) = —Viexp (
R Mp,
= B e e
I aOW)
2.0 .
1.5 .
= as(-n)"
o i 1/2
1.0F a=t| 7| .
0.5 -
N
-6 4 -2 0 2 4
g
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Sandard Haitiures and seme ( bouncing) solulions

® Cingularity
® Horijon
@ ‘Slatness

@ Homogenetty)

@ Derturbations
@ Others
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Sandard Haitiures and seme ( bouncing) solulions

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

A @DY%DTI dg = a(t) /t it dr can be made divergent easily if + — — O
@ ‘Slatness

@ Homogenetty)
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Sandard Haitiures and seme ( bouncing) solulions

6iﬁ911[(1ﬁtt) Merely a non 1ssue 1n the bounce case! & o
@Dﬁ% on du = a(t) /t it 6:(1:) can be made divergent easily if ¢, — —¢ o
B Slatmess 5 10-11--2; ek

as
accelerated expansion (inflation) or decelerated contraction (bounce) 0

® Derturbations
@ Others
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Sandard Haitiures and seme ( bouncing) solulions

A 6in9u[aritt> Merely a non issue in the bounce case! & o

" ' bdr . g
A du = a(t / can be made divergent easily if ¢+, — —
Horizon w=alt) | < @

. d ; . .
® Slatness —lo—1/=—2- i<0&a<0

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

A @Dm[)g N eltt) Large & flat Universe + low 1nitial density + diffusion

tdissipation A |- A h t t d . t 1 th o
R X R1/3 | AR%I cnougn tume to dissipate any waveliCeng
H

> yacuum state!

@ Derturbations
@ Others
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Sandard Haitiures and seme ( bouncing) solulions

A 6in9u[aritt> Merely a non issue in the bounce case! & o

- , t ° o .
A {DDrtg on dug = a(t) / a7 can be made divergent easily if ¢, — —« o
ti

. d ; . .
® Slatness —10-1=—2— i<0&a<0

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

A @ omogen eltt) Large & flat Universe + low initial density + diffusion

tdissipation A |- A h t t d . t 1 th o
R X R1/3 | AR%I cnougn tume to dissipate any waveliCeng
H

> yacuum state!

@ Derturbations  see coming slides &
@ Others
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Sandard Haitiures and seme ( bouncing) solulions

A @{ngu[aritt) Merely a non issue 1n the bounce case! & O
13 @Drfg on dy = a(t) /t it C;Z) can be made divergent easily if + — — o
® Slatness <~ lo-1)= -2 i<0&a<0

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

A @ omogen ettt) Large & flat Universe + low initial density + diffusion

tdissipation A |- A h t t d . ¢ 1 th O
Frrerte X R1/3 | AR%I cnougn tume to dissipate any waveliCeng
H

> yacuum state!

@ Derturbations  see coming slides &

A therg dark matter/energy, baryogenesis, ... ﬁ%

-
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Perturbations: s = CL2(77) {(1 + 20) d772 — [(1 —29) Vij T hij] dmidmj}

Initial conditions
fixed 1n the a (77)
contracting era

O Oy
= T;; (k)
i3 i
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Perturbations: s = CL2(77) {(1 + 20) d772 — (1 —29) Vij T hij] dxidxj}

SHu 1 p 3K
—> e=l 9=l [ re (1 )
v v

SIC(I—CS) u = 0 PC :Akns_l C082 W | w

200

10 C ) D

150

Klg, )

50

-10 - I
10 [~ T

1 1 1 |
1000
k or n

Bunch-Davies vacuum initial conditions: quantized perturbations over a classical background!!!

15 L1
100
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A specific model: 4D Quantum cosmology

/\/_< 6/) f>(14:1;

Perfect fluid: D= wp bounce
no horizon problemit o > —% @
- 12w :
N, =n, — 1= |
: B ” 1 + 3w :
Results: E T | E
| S ~ 4 X 1()_2\/-72,.S — 1 |

s om ooe Soe De DO DES DEE DS DD DS DSE  DEDE  BDGE  DEEE DDES  DDGS  DDGN  DEES  BDGS DDGS DDGS IS S IS BEE O BEm e Ea.
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Quantum cosmology

ds* = N?(7)dr — 0,2(7)74,;3- dz'da’

+ canonical transformation

rescaling (volume ...)
units

+ Technical trick:

Wheeler-De Witt HY = ()
- 2030-)/2 [ w1920
=30 —w) "OT T 402
— @8@ - OU
constrain ax — aX

= a simple Hamiltonian:

2
D
H = ( Pa _ KCa A

da
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WKB exact superposition: 1 — / e " p(E) g (T)dE

Gaussian wave packet - 3 ~ o~ (ETo)*
- S
T, ! T2 |
> W = 0 5 exp ( . 0X 2) e—ZS(X,T)
(15 +17%)" ¢+ T
Tx* 1 T, =
phase S5 = T2+ T | 5 arctan T 7
- _ 1
Bohmian trajectory 7\ 2|30
0
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quantum potential
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Usual treatment of the perturbations?

Einstein-Hilbert action up to 2" order OSp-_p = / d*x {R(()) + 0 (2>R}

Bardeen (Newton) gravitational potential

ds* = a*(n) {(1

conformal time dy = a(t) 'dt

1 _
/ dte oL = / JdPE i

20) dn® — [(1 — 29®) ;5

B Z” )
(0,0)° — ¥90,00;0 + v
2

N

Mukhanov-Sasaki variable

Simple scalar field with varying mass in Minkowski space!!! 2 = z|a(7)]

Wave function? No question about it ...
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Usual treatment of the perturbations?

Einstein-Hilbert action up to 2" order OSp-_p = / d*x {R(O) +0 (2)R}

Classical /Quantum

Bardeen (Newton) gravitational potential

ds* = a*(n) {(1

conformal time dy = a(t) 'dt

1 _
/ dte oL = / JdPE i

20) dn® — [(1 — 29®) ;5

B Z” )
(0,0)° — ¥90,00;0 + v
2

N

Mukhanov-Sasaki variable
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Our treatment of the perturbations? Self-consistent ...

Hamiltonian up to 2" order /] = H ) + Hp) + - -
Bardeen (Newton) gravitational potential

ds® = a*(n) {1+ 28 dn® — [(1 — 2D) 45 + hyj| d'da’ |

conformal time dn) = ¢°“ 'dT

AD — 3L, \/p p, 4 (E
2 w dn \a

factorization of the wave function

VU = \Ij(()) (&, T) \IJ(Z) [Ua 1;a (T)]
|

comes from 0th order -
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Our treatment of the perturbations? Self-consistent ...

Hamiltonian up to 2" order /] = H ) + Hp) + - -
Bardeen (Newton) gravitational potential

ds® = a*(n) {1+ 28 dn® — [(1 — 2D) 45 + hyj| d'da’ |

conformal time dn) = ¢°“ 'dT

AD — 3L, \/p p, 4 (E
2 w dn \a

factorization of the wave function

¥ = W(q) (a.7) ¥z [0, T3 (T)

comes from 0th order -

T

Need dBB!!!
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+ canonical transformations:
. - d | i ? 4
: on / ' ( 2502 2 a (2)

//
a
. // 27,2
Fourier mode V. + (c k ) v = 0
a

¢ = w #0 / Bunch-Davies vacuum initial conditions

S
\ —zc < kN

\/ZCk
\ /

+ evolution (matchings and/or numerics)
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S(x)

10

10 T l T l T l T T
= - /%e S(X)/ E
- [¥m S(x)] E
108 — E— /S(X)/ —
10° —
; v(x)
| L s(z) = a2,
4 / l !
10" [~ N \V 0
N .}'/— \\\ P
E\\ I/ \ A =
= v/ ol -
2 [ ‘ll' \ [} - 7]
10 ! ] .
; : | b k=107
1 | il [ v | 1 | Lol 1 | 1 | 1 | 1 | 1 5
1x10° -8x107 -6x10" -4x10” 2x10" O 2x10" 4x10” 6x10’ 8x10" 1x10° 10" T . — T T T T . —
X
T

S
50
|
\

\

v(x)

10° .

= |- IRe v(x)/ .

E |Sm v(x)/ ;
100 | — M -
10" - —
10° —

S —

N 7 . .\\ /(.‘ :\\ /’f‘ .~\ I \'

=N/ \ /7 \ \l'_.' =

-\ |l \ y ]
ot 1T :

: ! " | R=10
| : |
1x10° 5%10" 0 5%10°
X
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S(x)

10

10 | | | | | | |
= - /%es(x)/ E
; ISm S(x)/ E
108— - /S(x)/ —
10° —
. v(x)
3($) a§(1—3w),
104__ _ ' l O’
NI - v Best fit to the data!!!
AW, N/ \, AR} =
o\ " I 1 -_:'i -
" i
2 i x |
10717 i b
; : | b k=107
| | il L | | | L | | | | | | | | | 5
1x10° -8x107 -6x10" -4x10" -2x10° O 2x10" 4x10’ 6x10" 8x10’ 1x10° 107 T T . — T T T ! —T
X
T ¥
L ol Ef
T 10" g
0 Z ]
- |
- |
108 l | | % |
L == Rev)/ - L 10_2 B ‘
E |Sm v(x)/ E %
10°- | — P - &F
4 _
10" = ] 10
=
-~
2 - E
10— ] -6
— ——~———— ] 10 [ m
N g NN
=N/ N \‘I DAY BN =
;\”I \‘,I \'l ‘|I' ; L | | | L l l l l
10°F l | . 100 1000
i : : ! E:]0'3 k or n
I ! | ! : ] ! | !
1x10° 5%10" 0 5%10° 1x10°
X
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(l+ I)Cl

Data!

6000 - :
: gig
5000 - A :
4000 F .
o - Wavelength (h~! Mpe)
N 3000 L ] i 10* 1000 100 10 1
: 10 — Illlll 1 | Illlll 1 | Illlll 1 | Illlll 1 | IIIT:'
i , A |99 - -
2000 \ ‘ . - _
[ 8 { _
: [] B |. | |
1000 B — 104 — 1 . —
_ ] - E V V | ]
o - 'h T _
| . A | A - |
= B — ]
10 20 50 100 200 500 1000 Hl - »{4 T -
= — LY
! 3 1000F "N, E
Ry - ]
>, - |
ks F | :
S a i
= i 1L
=
=z 100 =
2 : 5
No obvious oscillations ... 2 I o ]
10 e SDSS Galaxies —
- v¢ Cluster abundance -
N = Gravitational lensing -
i s Lyman — o forest |
1 [ |lllll 1 ] |lllll 1 ] |lllll 1 ] |lllll 1 ] 11}
0.001 0.01 0.1 1 10
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I(I+1)C, /27 (uK)*

6000

4000

2000

* WMAPI
= WMAP3

— 0=10" k,=10" Mpc"

f
.. il
!
1’:
T P
* IIIIII| | IIIIIII| | IIIIIII|
10 100 1000

l
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spectrum Py o k” \CI)k|2 X Agkns—l

ds?® = az(n) {(1 + 29P) 01772 — (1 —-2®) Yij +@] dajidfbj}

a’ h

id. grav. waves: /" + (kQ ) n =~ =
a a

GXp(—an) 3 2 2 1.n
Hini X PhO(]C |hk| x A k"T
V kN -
same dynamics + initial conditions | > same spectrum
12w : : : :
N, =ng — 1= T o scale Invariance + ampllﬁcsiltlon

CMB normalisation A~ = 2.08 x 107"

—— bounce curvature Toap” ~ 15000,
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WMAP constraint

n, =0.96+0.02= w8 x107*

predictions
spectrum slightly blue
power-law + concordance -~ ~ (.02
T C (T) A2
C<S> A2
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Numerical aside (Mike’s talk monday)




Numerical aside (Mike’s talk monday)

Scaling

31
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dBB Cosmology without inflation? Possible and testable!

& New solutions to old puzzles

=299 - -
%{j mOIlOpOleS e H\/\ NoO Slngularlty
Dark energy ...
¥ G.R. ...
Model dependence

New predictions (oscillations, 778§ ...)

Future

Other models (many fluids, scalar fields, ...)
Non gaussianities
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