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Motivations: (quantum) cosmology

2

d
Homogeneous & isotropic metric (FLRW) ds? = — d¢* + a*(¢) 1 Ij%f - re (d92 + sin” 9d¢2)
— A1

Hubble rate H = ¢
a

Matter component: perfect luid 1, = pg,, + (,0 + p) u,u,

r

w =0 dust
Equation of state p = wp w4 1

W = radiation
\
+cosmological constant = Einstein/Friedmann equations
2+ =L (826 p+ A
| az _§< /A Np_l_ )
4 LA=4nG (p+3p)
— = |A—dr
- =3 N \PTOP)
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Particular solution: dust and radiation

integrate conservation equation

[ —3(14+w)
P [Cl (t)] = Pini ®XP {_3J [1 + W(Cl)] d lna} = Pini <_>

w—CsSt aini

Phenomenologically valid description for 14 Gyrs!!!!
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Planck 2018
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Planck 2018
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Numerical simulation for

large scale structure formation...
Wavelength A [h™! Mpce]
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A central problem (though not often formulated thus...): the singularity

/ s
/
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Singularity problem...
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Singularity problem... a quantum effect?
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Singularity problem... a quantum effect?
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Quantum mechanics

Physical system = Hilbert space of configurations
State vectors
Observables = self-adjoint operators
Measurement = eigenvalue O|n) =w,|n)

Evolution = Schrodinger equation (time translation invariance) iha lw(f)) = H|w(?))

Hamiltonian
Born rule Prob |w,; 1| = | (n|y(1)) &

Collapse of the wavefunction: | /(7)) before measurement, |77) after

Schrodinger equation = linear (superposition principle) / unitary evolution

Wavepacket reduction = non linear / stochastic
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Quantum mechanics

Physical system = Hilbert space of configurations
State vectors
Observables = self-adjoint operators
Measurement = eigenvalue O|n) =w,|n)

Evolution = Schrodinger equation (time translation invariance) iha lw(f)) = H|w(?))

Hamiltonian
Born rule Prob [a)n; t] = [(n|w®) |’

Collapse of the wavefunction: | /(7)) before measurement, |77) after

Mutually
incompatible

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

Wavepacket reduction = non linear / stochastic KI >
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Predictions for a quantum theory
Quantum average of observable (¥ |0 |¥)

laboratory: repeat experiment

cosmology: a single experiment
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Quantum Cosmology
Hamiltonian GR (3+1)

ds® = g, dx*dx” = — N*dr* + hy; (dx' + N'dr) (dx/ + N/dr)

N \

lapse function 1ntrinsic metric = shift vector
first fundamental form

|—> Intrinsic curvature tensor

3
R, (h)
extrinsic curvature =
second fundamental form
1 oh.;
K.=—V®p =— | VON + VDN !
J J Y 2N J ! S
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Action (Einstein-Hilbert, compact space):

1
S =
1671'GN [

—_— S:[Ldt:

J v/ —8& (R=2A) d4x+2J VhK iid3x] + S matter | P ()]
0

M M
[dt [[d3XN\/Z (Kinij — K* +R - 2A> T Lmatter]

1 67zGN

Canonical momenta

5L \/

= — = (KY — hVK)
Sh.. 167G
I N
oL h (. 0P
JZ'CD — — = \/_ ((I) — N—
oD N ox?
oL
= — =0
ON
primary constraints
. oL
7n=——=0
ON'
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Hamiltonian H Jd3x (ﬂON + 7'N; + ﬂ’jhl-]- + ﬂq’d)) — L

[d% (z°N + n'N; + N# + NH")

variation wrt lapse: # = 0 —— Hamiltonian constraint

variation wrt shift: #' = 0 ——» momentum constraint

—> complete classical description
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Superspace & canonical quantisation

relevant configuration space  Riem (2) = {hl-j (x*), d (xH) | x € 2}

. . Ri1 )
GR — 1variance/diffeomorphisms =—> Conf = 1§m( ) . Superspace
Diff (%)
wave functional ¥ h;; (x), D (x)
+ Dirac canonical quantisation procedure
O 0
rl = — — x®? - —i 20— 2
oh od ON
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A= —i = 0
primary constraints ON
. oY

= —1 = 0
ON.;

A l . (h) 5LII AOl
momentum H'Y =0 — le % — 87zGNT P
1

same 'V for configurations related by a coordinate transformation

. 57 h X
Hamiltonian Y = |—-167G G, | \/_ (—3R + 2A + 167TGNTOO)

NV Shohy, 162G
4) Wheeler-De Witt equation

1
Gt = (hikh 1+ hyhy — hy 'hkl)
] 0 \/Z J J ]

Y =0

De Witt metric
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A= —i = 0
primary constraints ON
. oY

= —1 = 0
ON.;

A l . (h) 5LII AOl
momentum H'Y =0 — le E — 87[GNT P
4]

same 'V for configurations related by a coordinate transformation

Hamiltonian

Wheeler-De Witt equation
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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(t), 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

S C dr?
hidz'da? = a*(t) ; Tk 5
— kr

e (d92 + sin? 9d902)_ d(x) = ¢(t)

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

Actually make calculations!
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Exemple : Quantum cosmology of a perfect fluid

ds® = N*(r)dr — a*(7)y, jdo "da’
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Exemple : Quantum cosmology of a perfect fluid

ds . — NN : (T ) dr — a . (T ) Yi ] dax t dor J

B 114w

o+0s ] -
N +w).

Perfect fluid: Schutz formalism (°70) n = Do

((p, 0, s) = Velocity potentials

LUTh - 22/11/2018



Exemple : Quantum cosmology of a perfect fluid

ds®* = N*(7)dt — a*(7)~;;dz"dz’
B _ 14w
. L, © + 05 .
Pertect tfluid: Schutz formalism (°70) D=7y | —
N +w)

((p, 0, s) = Velocity potentials

canonical transformation: T = —p. O—S/ S0 <l+w)so/)5 N

\/./

+ rescaling (volume...) + units... : simple Hamiltonian:

9
o DT

]\/T
da aQ>¥ ) \
N

IW

a
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Wheeler-De Witt HY =0
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Wheeler-De Witt HY =
- 2630=)/2 [ 9% 1920
XY= 30— w) "OT T 402
. _ oV
space defined by X > U - constraint I
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Wheeler-De Witt HY =

- 2q30-)/2 [ 90 1927
XY= 30— w) "OT T 402
. _OU Ov
space defined by X =~ 0 ~ constraint \If& — \pa
Gaussian wave packet
§ o1
4 2
>\If . 81y | exp ( ZOX ) 0 —iS(.T)
7 (T5 +172)" T5 + T3
TX2 1 TO T
phase 5 = T2+ 17 - — arctan
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What do we do with the wave function of the Universe???
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The measurement problem in quantum mechanics

Preferred basis: no unique definition of measured observables

Definite outcome: we don’t measure superpositions

-

— collapse of the wave function

LUTh - 22/11/2018



The measurement problem 1n quantum mechanics

{ “Atomic beam

Stern-Gerlach
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The measurement problem 1n quantum mechanics

Result

[ —

{ “Atomic beam

Stern-Gerlach

Statistical mixture

{Imesan}u{lesa)}
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The measurement problem in quantum mechanics Statistical mixture

el i eisentu{il)esay)

Result

( “Atomic beam

Stern-Gerlach
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The measurement problem in quantum mechanics Statistical mixture

T & {Inesenfulllelse))

Result

]
{ e Atomic beam @

Stern-Gerlach
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The measurement problem 1n quantum mechanics

. i
|
) | {11
"

i
{ “Atomic beam

Stern-Gerlach

Statistical mixture

{Imesan}u{lesa)}

'
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The measurement problem 1n quantum mechanics

[ —

Statistical mixture

',“ o N { ®
Result S

{ “Atomic beam

Stern-Gerlach

What about situations in which
one has only one realization?
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The measurement problem 1n quantum mechanics

What about the Universe 1tselt?

Result ~ @

z‘ //

g.

2 NJ
R /
2 «

\
"Atomic beam

Stern-Gerlach

What about situations in which
one has only one realization?
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e Possible extensions and a criterion: the Born rule

> > > >

> b

Superselection rules
Modal interpretation
Consistent histories

Many worlds / many minds

Hidden variables

(o)™

Is the statevector everything?

INCOMPLETENESS
Hidden Variable Theories

FORMAL COMPLETENESS

Different

Individuals

Specifying
Observables

Specifying
Properties

Specifying
What is Real

Identical

Individuals

Modifying
the Evolution Law

)

leltmg Enlarging Enrlchmg 2 Dynamical Unified

Observables Properties Reality Principles Dymnamics

Strict Modal Many WPR D o

Superselection || Interpretations Universes Postulate ynaml.ca

- Reduction

De Factq Decoherent Many Reduction by Program
Superselection Histories Minds Consciousness

A. Bassi & G.C. Ghirardi, Phys. Rep. 379, 257 (2003)

Modified Schrodinger dynamics
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Modified Schrodinger dynamics
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Ontological interpretation (dBB)

a3

987)

Louis de Broglie (12 -1

1927 Solvay meeting and von Neuman ““5th assumption”...
John Stewart Bell (1928 - 1990) “In 1952, I saw the impossible done’
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Ontological interpretation (dBB)

Louis de Broglie (1892 - 1987) (duke)

1927 Solvay meeting and von Neuman ““5th assumption”...
John Stewart Bell (1928 - 1990) “In 1952, I saw the impossible done’
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Ontological interpretation (dBB)

Louis de Broglie (1892 - 1987) (duke)

1927 Solvay meeting and von Neuman ““5th assumption”...
John Stewart Bell (1928 - 1990) “In 1952, I saw the impossible done’
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Trajectory formulation (ABB)

Louis de Broglie (192 - 1

A, e _
987) (duke)

1927 Solvay meeting and von Neuman ““5th assumption”...
John Stewart Bell (1928 - 1990) “In 1952, I saw the impossible done’
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Trajectory approach to QM

(1) ordinary QM
ov [ h*V*
Schrodinger equation zha — ST FV(r)| U

Polar form of the wave function WV = A(r, t)eis (r,t)/h

» fromnowon,h = 1

Modified Hamilton-Jacob1 equation

quantum

potential — _ 1 V°A
- 2m A
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Trajectory approach to QM
Ontological formulation (1BB)

dr U*VVw

(1) trajectory satisfying

m— = 8m
(de Broglie pilot wave eq.) dt | W (’I“, t) ‘2

LUTh - 22/11/2018
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Trajectory approach to QM
Ontological formulation (BdB)

r(t) trajectory satisfying - dz_’r
(Bojm modified dynamics) d 2

V(' +@)

LUTh - 22/11/2018
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A (fr" f) C“i'S(r,t)
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Trajectory approach to QM

Ontological formulation (dBB) Jr(t)
Jr(t) trajectory satisfying md_r — Sm vy = VS(r,t)
(de Broglie pilot wave eq.) dt W(r,t)|? |

strictly equivalent to Copenhagen QM
probability distribution (attractor)

Properties Sto; p(r to)| W (1 to)

classical limit well defined () —— 0 ( —
state dependent

— 1ntrinsic reality

non local ...

no need for external classical domain/observer!
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Trajectory approach to QM

: : — U =A(r,t) etS (1)
Ontological formulation (dBB) 3r (1)
3r(t) trajectory satisfying md_'r — Qm vV — VS(r,t)
(de Broglie pilot wave eq.) dt |\Ij (T, t) |2 ’

® str1ctly equivalent to Copenhagen QM

~ probability distribution (attractor) *
Properties: { ﬁ Tto; p(r, to)| Y (7, to)|”

classical limit well defined () —— 0 ( _ 27171 Vil\j“PI
state dependent
— intrinsic reality

non local ...

no need for external classical domain/observer!

“Bohr brainwashed a whole generation of physicists

into thinking that the job was done 50 years ago. ”

Murray Gell-Mann LUTh - 22/11/2018



Example: the 2-slit experiment

Surrealistic trajectories?

Non straight in vacuum...

d*x(t)
= -V (V
m—s V(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.

LUTh - 22/11/2018 R. P. Feynman (1961)



Example: the 2-slit experiment

§

Surrealistic trajectories?

Non straight in vacuum...

d°z(t
m dxtg) = -V IV +Q)

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

LUTh - 22/11/2018 R. P. Feynman (1961)



Example: the 2-slit experiment

Surrealistic trajectories?

Non straight in vacuum...
!

d*z(t)

v v
m—s = -V X+ Q)

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

LUTh - 22/11/2018 R. P. Feynman (1961)



Example: the 2-slit experiment
Surrealistic trajectories?

Non straight in vacuum...

d;b A2z (t)

=== ——— e O _ m — _v (V + Q)

e T i e d¢2

... a phenomenon which is impossible, absolutely impossible, to explain in
any classical way, and which has in it the heart of quantum mechanics.
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Example: the 2-slit experiment
Surrealistic trajectories?

Non straight in vacuum...

3.@.:,;rz////t/’//4_/—«—””/;”’j d*z(t)

< e ,
T - m

g S e 3

v
- VX +Q)

... a phenomenon which is impossible, absolutely impossible, to explain in
any classical way, and which has in it the heart of quantum mechanics.
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Example: the 2-slit experiment
Surrealistic trajectories?

Non straight in vacuum...

3.@.:,;rz////t/’//4_/—«—””/;”’j d*z(t)

< e ,
T - m

g S e 3

v v
= -V X +Q)

... a phenomenon which is impossible, absolutely impossible, to explain in
any classical way, and which has in it the heart of quantum mechanics.
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Example: the 2-slit experiment average reconstructed trajectories

SRS E L oo (single photons)
;M/leﬂ///////é weak measurements

M o , S. Kocsis et al., Science 332, 1170 (2011)

Transverse coordinate[mm]

3000 4000 5000 6000 7000 8000
Propagation distance[mm]

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

LUTh - 22/11/2018 R. P. Feynman (1961)




| —— =
ot 4 ox?

\_

4 N
oY 107

)

phase

£x? |
S(x, 1) = | > arctan (

2 2
12+ 1

Gaussian wave packet

Use dBB trajectory 1n min1 superspace!

X < a scale factor

LUTh - 22/11/2018
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quantum potential

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

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

.

-
-----------------------
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3
A simple Bianchi I model ds® = —N*(t)dt* + Z a; (t) (dﬁz) 2
i=1

(radiation) fluid / constant equation of state W

contormal time choice N — a
t—mn

GR Hamiltonian —

Canonical commutation relations

[CAL, Ha] — [é:’ﬁ:] — 9 B_ — 2—13 In (al/ag)
Rescaling: B+ = §In(aiaz/a;

H=12— (p> +p>)a ?
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®)
K
|
Q
HS

A::W — p::\If
mixed representation for the wave function A L
[I, = —10/0a
By = i0/0p.

Hilbert space H
H ~ {f(a,p ,p—) 6@;/ da/ dp / dp_ | f(a,py,p-)|° < OO}
0 — 00 — 00

. 27 /(K)
eigenvalue equation HW¥ = (?U > oYU, k? 22,1(’@ — 2y

Wave function

(a, P4 - / e / a8, / AB_ (L, By, B )e Prrrth-r-)y ¥ (g)
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R
K
|
Q
HS

A::W — p::\If
mixed representation for the wave function A L
[I, = —10/0a
By = i0/0p.

Hilbert space H

H ~ {f(a,p Y. 6@;/000@/0:0(129 /de\f(a,p )| <<><>}

. .z 02U
eigenvalue equation HV = (?U | > 5 52 /4
a

k* = 4(p% +p?)

Wave function

(a, P4 - / e / a8, / AB_ (L, By, B )e Prrrth-r-)y ¥ (g)
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Self-adjoint Hamiltonian / da dzp (H\Ij)* U — / da d2p g (H\If)

automatically satisfied if / da Mék)*(a)b{é,k) (a) =60 — 1)

0
[ae| ap [ s jiesnPe <o
0 — 00 — 00
v =2v1—k? general solution for the energy eigenmodes e and e — 0
L= =
Mém(a) =cyvVald,(al)+ c_valJ_,(al) {
ci =0and c_ =1
Linear fluild momentum
Phuia = —10)
| oU -
Schrodinger — — Evolution operator Za—n = HU
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Initial gaussian wave function with S. Vitenti

2(1—2@)/4 & 1 1 | }
\IJO(CL) — <Cl,p:|\lj()> — CXP —5&2 ( 9 Z;L[imi)
OO‘+1/2\/P (+ %)

Propagator G(a,p+, ao,pg ) |Ulay, : )

=63 (py — p’__)/O d/ e_wQA"Z/{ék)(a)Z/{(k)*(a’)

il
)
L

14

+ regularisation Ay = An(1 + ic)

N

2AnN

o

Gla. ag:n) = z\/aaoe%(aerag)/&—mw/QJV (2@20 )
m

: da 0S5 7 ov* oV _
dBB trajectory dn = o, = Gk (\If 5 aa\If )
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|

(FLRW)




N |

(FLRW)

5 I I I I 10

, a=10, 0 =3, aj; = >’ , a =10, o0 =3, ayy = *°

— H.i = —0.150 H

— Hip = —0.050 H

—  Hin = —0.015 — Hiy = —0.015

1|5 2|0 25 80 EI') 1IO 1|5 2|O 25
n n
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Quantum equilibrium

d -
— V) = H |V
W) = A,

Particle in a box - 2D Zaw 3 132¢ 182¢ | Vw
ot 20a? 20y \

infinite square well - size 77

Density of actual configurations

op 0O 0
, I 4 N .y .
p(x,y,t) — 5 T (p) o (py) continuity equation
. . 2 .
Energy eigenfunctions ¢,,,, (x,y) = — sin (max) sin (ny)
T

Energy levels £,,, = % (m* + n?)
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4

.. : 1 .
[nitial configuration Y(z,y,0) = » 7 Pmn(z,y) exp(i0mn)
, m,n=1
,O(ZU,y,O) — |§b11(.’l?,y)| 4
1
1.0 - Y(x,y,t) = Z Z¢mn($7 y) exp i(Omn — Emnt)
m,n=1
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Typical quantum 3¢
trajectory...
7+
Y r
Close-up of a trajectory near a node

| F
1.34 |
1.30 t

y 1.26

LIS |

-
-
-
- -

-
-
— -
- -
-
- -
-
—
- -
-
-
-

1.35 1.40 1.45 1.50 1.55
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(o
T

(S
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chaotic mixing...



Dynamical evolutions

time

1.0- (d)

0.5

1.0~

0.5-
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chaotic mixing...

v
relaxation towards

equilibrium

just like ordinary
thermal equilibrium
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048 i

0054 g

015 e

0.05 . ]

0.1

0.1. A

046 yc+i

0.1\,.5.._._5‘. .

°-05,4f,...;.-f

0.15 .- e
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chaotic mixing...

\ 4
relaxation towards

equilibrium

just like ordinary
thermal equilibrium
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(l+1)Co/2m (uK?)

quantum vacuum fluctuations
Back to cosmology

6,000 —
Fiducial ACDM I
A ACT .
ST Data points... observed!
5,000 -
4,000
3,000 + *
2,000 - ¢ ’Fﬁi
il I!I !!!l- *rT
- iinll-"= i 7
1,000 | . K (I f& _
O \

10! 102 103
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re 30 Ms
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Inflationary perturbations: quantum fluctuations / expanding background

Classical temperature fluctuations

AT
T ~ O ~ dgoo
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Inflationary perturbations: quantum fluctuations / expanding background

Classical temperature fluctuations promoted to quantum operators

AT
T ~ ® ~ dgoo
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Inflationary perturbations: quantum fluctuations / expanding background

Classical temperature fluctuations promoted to quantum operators

AT
T ~ ® ~ dgoo

L . 1
second order perturbed Einstein action o5 = J / d*z
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Inflationary perturbations: quantum fluctuations / expanding background

Classical temperature fluctuations promoted to quantum operators

AT
- XU~ D~ 0goo

(v’)2—5ij(%vﬁjv | (@ve) v
a\/€1

~

€1 — 1 — H//H2
slow-roll parameter

L . 1
second order perturbed Einstein action o5 = J / d*z
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Inflationary perturbations: quantum fluctuations / expanding background

Classical temperature fluctuations promoted to quantum operators

AT
- XU~ D~ 0goo
L. . 1 ' : va)
second order perturbed Einstein action *6S = 5 / d'z | (/)" = 69000, - (aa\/iil) v

variable-mass scalar field in Minkowski spacetime /
€1 — 1 — H//H2
slow-roll parameter
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Inflationary perturbations: quantum fluctuations / expanding background

Classical temperature fluctuations promoted to quantum operators

AT
- XU~ D~ 0goo

L . 1
second order perturbed Einstein action o5 = J / d*x

variable-mass scalar field in Minkowski spacetime

. 1 g
+ Fourier transform v (n,x) = 372 / d°k v, (n)e'™
(27) R3

ﬂ (2)53 — /d??/dgk {U;UZ/—I-Uka

Lagrangian formulation...

LUTh - 22/11/2018

(U/)Q _é“ij@ivaj,v | (a\/a) U2

Nk

a\/€1

~

€1 — 1 — H//H2
slow-roll parameter

A+/€1

)




o w? (1, k)
Hamiltonian

—_—
H = /d?’k {pkp;; + vpvy | K2 (V) }
A/ €1

collection of parametric oscillators with time dependent frequency

factorization of the full wave function /real and imaginary parts

Vo, z)] = ]| ¥ (v, 0k) = || 9% (v&) Uk (vg)

p ! R.I«R.I
‘ k - ’ ’
. 1 O? 1 2
R.I R.I
H," = : sz(n,k) (vk )
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_2%6 Qk (77) 11/ 2

e_Qk (n)vk

Gaussian state solution W (7, vy,) =

T

. , q |
Wigner function W (v, pr) = /2_;'2\1,* (vk B g) . (Uk . g)

large squeezing limit @ W o< 0 (pr + ktan ¢pvg)

Stochastic distribution
of classical processes

realization spatial direction

— AT(E,«?/)' AT(E, e)
] (2154 - (2ncen)
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_2%6 Qk (77) 11/ 2

e_Qk (n)vk

Gaussian state solution W (7, vy,) =
-

. , q |
Wigner function W (v, pr) = /2_;'2\1,* (vk B g) . (Uk . g)

large squeezing limit @ W o< 0 (pr + ktan ¢pvg)

Stochastic distribution
of classical processes

realization spatial direction

— AT(E,«?/)' AT(E, e)
] (2154 - (2ncen)

Animation provided by V. Vennin
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Primordial Power Spectrum

Standard case

Quantization in the

Schrodinger picture
(functional representation)

dmn

R pz
with — Hy = ZF +w? (k)i
2 ,  (ay/€)”
and W (k;777) k a/\/a
— 772

d|W
z‘"“>

= Hp | Vi)
Uk = Uk
0
Pk — Dur
o) = o)+
B —2

(de Sitter: § = —2)

Parametric Oscillator System
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Power-law inflation example



Primordial Power Spectrum

Standard case

Quantization in the

Schrodinger picture
(functional representation)

d|Wg)
1
dn

— My | )

\Ijk: (777 Uk) —

with

2 ReQ (1)
.
. Di

1/4

e—Qk(n) Vi
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log (H™") log (\)

7

inflation radiation matter
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Harmonic oscillator
fundamental state

-

k

T

)

1
4

log (H™") log (\)

N 7

inflation

radiation matter
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Harmonic oscillator
fundamental state

N
70

"~

inflation

radiation

matter
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log (H~* log (A
I
I
I
i
i
I
I
]
]
l
l
I
I
I
i
. . '\(/ :
armonic oscillator <& :
undamental state 5% i
I
’ I
1 [
i i
k — — e—%’l}i t‘ : lOg _CL =N
7T inflation radiation matter din
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Primordial Power Spectrum

Standard case

2

a
Two physical scales | Hubbleradius H™'= s, b
velength A= 2 ~ 0
waveleng = 7 52 T

Sub-Hubble regime log (H™*)  log (\x) Super-Hubble regime

harmonic oscillator
L i /
_ k2 N>
Up=—] e 2%
= () 7%
/]

1 ( ¢ ) N
. O — | =
Bunch Davis vacuum 5 Ain

inflation radiation matter
L> sets initial conditions fx(kn — —o0) = " /\/2k
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A< H 1 E E > H-L
k1) = —00 kn — 0~
W~k “’

X




lllllllllllllllllllll'llllllllllllllllllllllllllllllllllllllllllllllll
' ' '
v, ' . '

=

“ 2 _ SW : A A ANANDNAANNAN A
vk —I_ |:k - U(/r})i| vk o O I—- 5' | ‘ 7 i # k { h i & -I : .'|' “ o o\l o o .','I. ol'll .lig.- o,"ol' o{fv' o' \ I."ol'llofol'“oll'fol' .',".\'ll.l.,J.'....
‘ ’ ﬂ‘ ; VIRV :'u W l".-' PR VA U l‘\," oo i'._-' W

Vacuum state . § § § _

Potential

- L ' -

— Growing mode
- (I)+(k9 n)

Initial conditions fixed! ¢

LW -

compare

dQ\If 2m i Decayin _
| 5 [E—U($)]\If=() : mode

dz? A B 5 = ' -
: : O_(k, :
- ; ; &) :Conformal time 5~

(time independent
Schrodinger equation)

q Transmission & Retflexion coefficients!
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lllllllll|lllllllllll'llllllllllllllllllllllilllllllllllllllllllllllll
' ' '
“ ' ' [

=

/! 2 L - N SW X ~.E | L : - r
vk—l_[k _U(77>i| /Uk_() L\ub,i,&tfQ;ﬁr\;i,&-I:',:q'.ﬁ.,.n.".ll..5,.,'.',.3/.-'.".'.'.)J' "il'.\nll.;...

Vacuum state - 5 § § )
: : Potential

—

— Growing mode
- (I)+(k, 77)

—

—

Initial conditions fixed! ¢

LW -

compare

dQ\If 2m i Decayin _
1,2 | > [E — U(m)] v = () - mode -

h . .
: : O_(k, :
i : : ) :Conformal time i~
llllllllllllll:llllllllIll;llllllIlllllllllIh.llllllllllllllllll

q @1 & Reflexion coefficients!
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Primordial Power Spectrum

Standard case

Y4+ wi(k,n)fi =0 with w?(k,n) = k> B(B j D and  fe(kn — —oo) = &% //2k

2500

7]
l 0 — i Ji
2 ~ N
L > Uniquely determines fk : L e Qk — <U,%> — <Uk;>2
kS
Evaluated at the end of inflation(kn — 07), this gives P, (k) = 573 (D) — (Dk)°)
P k 1 P k A k ! Angular scale
— — ng — o 90 18 1 0.2 0.1 0.07
and eventually P (k) M2 e, (k) S “ ,
th ns =26+5 ~ 1 =
WI S /6 —I_ /BN—Q 2000 \ ’
1000 (-r‘u:&wﬁ‘.‘- | l l |
Planck: 1 —n., = 0.0389 + 0.0054 " VU mledereeed
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Planck + ACT + SPT data Theoretical prediction
(quantum vacuum fluctuations)

6,000 I I I I I I I
Fiducial ACDM I
A  ACT
SPT
Planck .
» Pane Data points... observed
5.000 |
4.000 |
i
=
: f
N )
=< 3,000 |
S}
_|_ —
)
: A
2 000 | ! * i
i g {
: ii"H Il i LA
1,000 F ll!i .t (I aeté |
3 N -
O | | | | | | | | | | | | | | | | | | | | | \
10 102 10°
¢
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Both background and perturbations are quantum
Usual treatment of the perturbations?

Einstein-Hilbert action up to 2nd order

SE—H — /d4ilf {R(O) + 5(2)R

Self-consistent treatment of the perturbations?

Hamiltonian up to 2nd order

factorization of the wave function

U=V (a,T) Vv, T;a(T)
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Both background and perturbations are quantum
Usual treatment of the perturbations?

Einstein-Hilbert action up to 2nd order

SE—H — /d4ilf {R(O) + 5(2)R

Self-consistent treatment of the perturbations?

Hamiltonian up to 2nd order

factorization of the wave function

U=V (a,T) Vv, T;a(T)
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Both background and perturbations are quantum
Usual treatment of the perturbations?

Einstein-Hilbert action up to 2nd order

SE—H — /d4ilf {R(O) + 5(2)R

Self-consistent treatment of the perturbations?

Hamiltonian up to 2nd order

factorization of the wave function

U=V (a,T) Vv, T;a(T)
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Both background and perturbations are quantum
Usual treatment of the perturbations?

Einstein-Hilbert action up to 2nd order

Ly / d'z [RO + 5O R

Self-consistent treatment of the perturbations?

Hamiltonian up to 2nd order

factorization of the wave function

U=V (a,T) Vv, T;a(T)

comes from Oth order
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Out-of-equilibrium time evolution

~ Usual behaviour = evolves towards equilibrium
(Minkowski or slowly expanding Universe)

o Inflation: there 1s a retarded time...

0.01

Freezing the pdf

0.008 | eqeq e
out of equilibrium

0.006 |

tret 7
0.004 |
0.002 |
) L7 f_’____;_————f""//

0.002 0.004 / 0.006 0.008 0.01
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~

5(t:) ) p'(ti)

Freezing the pdf
out of equilibrium

4 2 0 2 4 4 -2 0 2 4 4 2 0 2 4

0’ (0.5t cnter) Por(0-5tenter) ﬁ’(tr Ot(O : 5tontcr) ) ﬁGQT( trct(o : 5tcntcr) )

ﬁ,(tcnt.cr) ﬁQT(tcnt.cr) ﬁ,(trct(tcntcr) ) ﬁQT(tr ot(tcntor) )
without expansion with expansion
OUT OF EQUILIBRIUM

EQUILIBRIUM
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log (H™') , log (A\x)

7

inflation radiation matter
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Harmonic oscillator
fundamental state

e

k

T

)

1
4

log (H™")  log (Ax)

N 7

inflation

radiation matter
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Harmonic oscillator
fundamental state

. 1/

70 inflation radiation matter
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log

armonic oscillator
undamental state

' 74

70 inflation radiation matter

N

log| — | =N
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log

armonic oscillator
undamental state

' 74

70 inflation radiation matter

N

log| — | =N

ut-of-Equilibrium
initial density:
less quantum noise
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log

enough time

to equilibrate

armonic oscillator Small wavelengths

undamental state

log| — | =N

R

70 inflation radiation matter

ut-of-Equilibrium
initial density:
less quantum noise
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> usual spectrum

N
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2 2%
= S5
oubmm
c L __
5 2=
=
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~
N—"
=10
i
—_
™
N—"
0
s
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i
©
O
7p)
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O

Harmon

fundamental state

5

Uin

log (
matter

} L B N N N N N N N N N N _§ _§B N _§ _§ |/

8

radiation

inflation
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Equ
less quantum no
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1 dens

1nitia

1SC
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Harmonic oscillator
fundamental state

=

\Ijk — E e_gvi
T

Out-of-Equilibrium
initial density:
less quantum noise

log (H™* log (A

inflation

Very long wavelengths
no time

radiation matter
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enough time

to equilibrate
Small wavelengths

> usual spectrum



Harmonic oscillator
fundamental state

=

\Ijk — E e_gvi
T

Out-of-Equilibrium
initial density:
less quantum noise

less power <

log (H™* log (A

&

l’l',

inflation

no time

to equilibrate

radiation matter
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enough time

to equilibrate
Small wavelengths

Very long wavelengths

> usual spectrum



P
H= [ dgpln| —

measures “out-of-equilibrium-ness™

05 | | | | __ freezing of
out-of-equilibrium
modes

- ~— with spatial expansion
0 i . ~— no spatial expansion

t x10'3

Toulouse - Feb. 9, 2018




Initial out-of-equilibrium conditions P(k) = P(k) osé (k)

width deficit

on

+ Co | + C3

L
s
N .

0.1 | ‘ ' l
0 10 20 0 4 50 60 N
™ \ .
p1vot scale
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5,000

1,000 -
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1T T T 1T

Fiducial ACDM

A=10"%8& =10
A=103%¢4=1
ACT

SPT

Planck
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6,000

5,000

4,000

.rg)

T (uK

2

-l

/

3,000

f

.‘.

(¢ +1)C

‘{.a

2,000

1,000 -

T T T T T 11

Fiducial ACDM

———e A=1073 5 =0
o A=10736 =1
s ACT

+ SPT
e Planck

small
angular

scalej
|

102
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6,000

5,000

1,000 -

Fiducial ACDM
........ CA=10778,=0
e A= 10758, =1
B _x — 1[:1:3..{.;1 = small
v A=1073,8 =1
. ACT angular
+ SPT
Planck SC&ICj
R
large
- dngular _
scale
101 10
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6,000 —
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Fiducial ACDM
......... A=107"86=10
e A= 10758 =
e A=1073,5,=10 small
5000L ~ = A=107"¢ =
. ACT angular
- SPT
Planck SC&IGj
4,000 |- -
fl‘ﬁ
3,000 | !
S) large
+ - dngular .
2,000 scale !
1,000 | | -
0 ] | | | | L1 1 | | | | L1 1
101 10

Better fit???

v

CosmoMC chains
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1. Jower bound
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K

Bayes factor Bga
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k-1: upper bound
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101

109

10*2 Decisive

10+1> Strong

10*! Substantial

10%9-> Undecided

10*% Null preferred

1079 Null preferred

10~! Null preferred

1071 Null preferred



CONCLUSIONS
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