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Ontological interpretation (dBB)

3 | e

Louis de Broglie

1927 Solvay meeting and von Neuman mistake ... ‘In 1952, I saw the impossible done’ (J. Bell)
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Ontological formulation (1BB)

: é y

Louis de Broglie (Prince, duke )

David Bohm (Comrhunist)

1927 Solvay meeting and von Neuman mistake ... ‘In 1952, I saw the impossible done’ (J. Bell)
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Ontological formulation (ABB) (t)

Trajectories satisfy (de Broglie) m—— = S
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Ontological formulation (BdB) S (¢)

d*x
Trajectories satisty (Bohm) m d+2 — _V(V T Q)
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Ontological formulation (ABB) (t)

Trajectories satisfy (de Broglie) m—— = S
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. . _ v — A (7“. ?L) C'iS(r.t)
Ontological formulation (dABB)  — m(t)

Trajectories satisfy (de Broglie) m—— = S = VS5

strictly equivalent to Copenhagen QM

probability distribution (attractor) 0= 1 V2|V
Properties: Jto: p (x,to) = |V (z, to)]|? - 2m P

classical limit well defined () —— 0
state dependent

— 1ntrinsic reality

non local ...

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

Surrealistic trajectories?

Non straight in vacuum...

12
m da;gt) = -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.
Banach center - Warsaw- June 30, 2016 R. P. Feynman (1961)
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2nd order: is unstable...

S. Colin & A. Valentini, Proc. R. Soc. A 470, 20140288 (2014)

ruled out!
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1st order: can be tested?
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1st order: can be tested? How????

2nd order: is unstable...

S. Colin & A. Valentini, Proc. R. Soc. A 470, 20140288 (2014)

ruled out!
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1st order: can be tested? How????

2nd order: is unstable...

S. Colin & A. Valentini, Proc. R. Soc. A 470, 20140288 (2014)

ruled out!

Primordial
Perturbation
Theory
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Quantum equilibrium

d :
(Valentini & Westman, 2005) Z& ‘\Ij> — H|\Ij>

Particle in a box - 2D Zaw 3 laQw 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+ (p) o (py) continuity equation
. . 2 .
Energy eigenfunctions ¢,,,, (x,y) = — sin (mx) sin (ny)
T

Energy levels £, = % (m* + n?)
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4

. : 1
Initial configuration Y(z,y,0) = » 7 Pmn(z,y) exp(i0mn)
, m,n=1
p(xayao) — |§b11(.’l?,y)| 4
1
1.0 - Y(x,y,t) = Z Z¢mn($> y) exp i(Omn — Emnt)
m,n=1
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Dynamical evolutions

lime

1.0

(a)
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T3 ygical quantum 3| O onameemmm
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(S
-

Banach center - Warsaw- June 30, 2016

chaotic mixing...
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chaotic mixing...

relaxation towards
equilibrium

just like ordinary
thermal equilibrium



chaotic mixing...

relaxation towards
equilibrium

just like ordinary
fia = pan(t = 100m) thermal equilibrium
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Quantum cosmology
e Hamiltonian GR

ds® = g, dztdz” = —N*dt* + hw d:v + /\/Zdt dx’ + N]dt)

n* Shlft vector

Nid
o /\f/ Lapse function Intrinsic metric

= first fundamental form
dt = Nd a l

v, / n* Normal to >J; Intrinsic curvature tensor R’ iwt (1)
>
Extrinsic curvature Kij = —Vn;=—T%;n
| = second fundamental form _ ! (v N+ VN ahij)
x! IN ot
x'+dx!

1 I .
Action: & = / d*z\/—g (4R — 2A) + 2/ dgw\/ﬁK’i + Smatter

167TGN L J M oM _
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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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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 for W |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 for W |a(?), o(t)]

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

ds® = N? (7)dT — a i (7)i,d tdad

- . B 1+w
Perfect fluid: Schutz formalism (°70) D = Do 55 + 05
N +w)_

canonical transformation: T = — pso_'“"/ S0 p;(Hw)s() Po
+ rescaling (volume...) + units... : simple Hamiltonian:

2
- DT
H — ( Pa /C(_fl.. I ]‘1

N
4a 3% ) \
N

IW

a
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Wheeler-De Witt HY =

- 2¢30-9)/2 [ 9T 10%°T
XY= 30— w) "OT T 402
_ OV 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???

Gaussian wave packet

8T, |° Toy 2 |
>\If — & 5| exp ( 5 oA 2) e~ 0T
T (T§+T12)" fo 1
T*? 1 lo
phase 5 = T2 1 17 - — arctan
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What do we do with the wave function of the Universe???

Gaussian wave packet

8T, |° Toy 2 |
>\If — & 5| exp ( 3 oA 2) e~ 50T
T (T§ +T12)" Lo+ 1
T*? 1 lo

phase 5 = T2 1 17 - — arctan

] 0 5

| T 3(1—w)

dB trajectory a=ag |1+ | —
1o

Banach center - Warsaw- June 30, 2016




Q(T)

quantum potential

J. Acacio de Barros, N. Pinto-Neto & M. A. Sagorio-Leal,
Phys. Lert. A241, 229 (1998)
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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) (dfz) 2
i=1

(radiation) fluid / constant equation of state (7

conformal time choice N — a

t—mn
2 2 2
GR Hamiltonian  [J — R S
24 2402

Canonical commutation relations

[&, Ha] — [é:’ﬁ:] — 7 B_ — 2—13 In (al/ag)
Rescaling: B+ = §In(araz/a;

H=12— (p> +p>)a ?
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R
HS
|
Q
HS

mixed representation for the wave function

A::\Ij — p::\j[j |
I, = —id/da
B:: — 28/817::

Hilbert space H

H C { f(aap—l—vp—) c C /() dCL/_ dp-l—/_ dp—|f(a’7p—|-7p—> |2 < 00 }

aQMék) k’2

Oa? 4q?

eigenvalue equation HW = (> Ut = 2y ®
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R
HS
|
Q
HS

mixed representation for the wave function

A::\Ij — p::\j[j |
I, = —id/da
B:: — 28/817::

Hilbert space H

H C { f(aap—l—vp—) c C /() dCL/_ dp-l—/_ dp—|f(a’7p—|-7p—> |2 < 00 }

. 27 1(K) 2
eigenvalue equation HWV = (*U oY, /k 1K) _ 27 /(K)
da? 402" :

k* = 4(p% +p?)

Banach center - Warsaw- June 30, 2016




R
HS
|
Q
HS

mixed representation for the wave function

A::\Ij — p::\j[j |
I, = —id/da
B:: — 28/817::

Hilbert space H

H C { f(a7p—|—7p—) c C /() dCL/_ dp-l—/_ dp—|f(a’7p—|-7p—) |2 < 00 }

. 27 1(K) 2
eigenvalue equation HWV = (*U oY, /k 1K) _ 27 /(K)
da? 402" :

k* = 4(p% +p?)

Wave function

U (a,py) = /O d/ / B, / dB_ (¢, By) elP+P+4A-r-TyF) ()
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Self-adjoint Hamiltonian / da d2p (H\Ij)* U = / da d2p U* (HU)

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

O
O O O B
[ae| ap [ s jiesnPe <o
0 — OO — 00
v=5v1—k general solution for the energy eigenmodes c. = 1andc. =0

Mék)(a) — c Vald,(al) + c_ValJ_,(al)

ci, =0and c_ =1
Linear fluid momentum
Phuia = —10)
.o . oU
Schodmger Evolution operator Za—n = HU
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Initial gaussian wave function

2(1—204)/4 ac | 1 | i
\IJO(a’) — <a,,p:|\110> — CXP —5&2 ( 5 Z;L[ini>
JO‘“/Q\/F(OH—%) - -

Propagator G(a,pst, Clo,p(:)-) = (a,p+|Ulag, p3)

= 6@ (py —ply) / At e A ()it (o)

+ regularisation Ay = An(1 + ic)

G(a,ag;n) = i ﬁ?oe%(“%“gv&_mwﬂ% i
2AM 2Amn
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LJCAI |




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') 1|O 1|5 2|O 25
n n
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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
- XU~ D~ 0goo

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

variable-mass scalar field in Minkowski spacetime

. 1 _—
+ Fourier transform v (7, @) = 372 / A’k vy, (77)e’ij
(27) R3

—— (D55 = / dn / A3k {v;v;’+vkv;

Lagrangian formulation...

Banach center - Warsaw- June 30, 2016

(v’)2—5ij87;v(9jv | (@ve) v?

Nk

a\/€1

~

€1 — 1 — H//H2
slow-roll parameter

A+/€1

)




. . w? (n, 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

Ulo(n,@)] = [ [ Ui (k' ox) = [ [ UK (&) O (vg)

y, ! R.I«R.I
‘ k - ’ ’
1 on :Hk \I!k
. 1 O? 1 2
R.I R.I
H," = 5 2w2(77,k) (vk )
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_2%6 Qk (77) 11/ 2

Gaussian state solution W (7, vg) =
-

. . d |
Wigner function W (vi, pr) = /2_7:32\1,* (Uk: B g) PR (vk N g)

large squeezing limit mmy W o d (pr + k tan ¢puk)

Stochastic distribution
of classical processes

realization spatial direction

— AT(E,«?/)‘ AT(E, e)
] (2154 - (2ncen)
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_2%6 Qk (77) 71/4 2

Gaussian state solution W (7, vg) =
-

. . d |
Wigner function W (vi, pr) = / 2_:’2\11* (vk B g) PR (vk N g)

large squeezing limit pmmy W o § (pr + k tan dpog)

Stochastic distribution
of classical processes

realization spatial direction

— AT(E,G/; 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)

d|W
7;"‘“>

— Hp | U
a Hi Vi)

\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

log (i> =N
Uin
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log (H™") log (\)

Harmonic oscillator
fundamental state

N 7

1
4
WV, = E log 2 )l=N
k Ain
T 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
fl
fl
[
[
. . '\(/ :
Harmonic oscillator <& :
fundamental state 5% i
~ fl
fl
1 [
Z ' [
= | — e—évi t‘ | log g = N
Tr inflation radiation matter din
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Primordial Power Spectrum

Standard case

2

a
Two physical scales | Hubbleradius H™'= s, b
wavelength A= 2% ~ o
J -k pe—2 —kn

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

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

log [ 2 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 i > H-L
k1) = —00 kn — 0~
W~k "a

X




Planck + ACT + SPT data Theoretical prediction
(quantum vacuum fluctuations)

6,000 I I I I I I I
Fiducial ACDM I
A ACT
SPT
Pl k .
» Pane Data points... observed
5,000 |
4,000 |
e
=
k 1
AN )
== 3,000 |
)
_|_ —
)
: A
2,000 | I * i
; ! L
: ii"H B LA
1,000 | ||!i sAgliREs: agté
3 N -
O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 \
10’ 10° 10°
¢
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e Both background and perturbations are quantum
Usual treatment of the perturbations?

Einstein-Hilbert action up to 2" order

Bardeen (Newton) gravitational potential

ds? = a2(n) {(1 + 2®) dr? — [(1 — 2) 7,5

conformal time  dn = a(t)'dt AD — P1

/!

Sp_p = / d'z [R® + 5@ R|

N

Mukhanov-Sasaki variable

1 i -~
/d4:v 0L = 5 / Vydix dn | (0,v) — 47000,v A S
Simple scalar field with varying mass in Minkowski space!!! z = z|a(n)]
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e Both background and perturbations are quantum
Usual treatment of the perturbations?

Einstein-Hilbert action up to 2" order

Sp_p = / d'z [R)+ 6@ R|

Classical

Bardeen (Newton) gravitational potential

ds? = a2(n) {(1 + 2®) dr? — [(1 — 2) 7,5

conformal time  dn = a(t)'dt AD — P1

/!

N

Mukhanov-Sasaki variable

1 i -~
/d% 0L = 5 / Vydix dn | (0,v) — 47000,v A S
Simple scalar field with varying mass in Minkowski space!!! z = z|a(n)]
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e Both background and perturbations are quantum
Usual treatment of the perturbations?

Einstein-Hilbert action up to 2" order

Sp_p = / d'z [RO)+6P R

Classical /Quantum

Bardeen (Newton) gravitational potential

ds? = a2(n) {(1 + 2®) dr? — [(1 — 2) 7,5

conformal time  dn = a(t)'dt AD — P1

/!

N

Mukhanov-Sasaki variable

1 i -~
/d% 0L = 5 / Vydix dn | (0,v) — 47000,v A S
Simple scalar field with varying mass in Minkowski space!!! z = z|a(n)]
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Self-consistent treatment of the perturbations?

Hamiltonian up to 2" order ~ H = H ) + H o) + - -

factorization of the wave function

U = W) (a,T) U o) [v, T (T)
comes from 0t order L\
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Self-consistent treatment of the perturbations?

Hamiltonian up to 2" order ~ H = H ) + H o) + - -

factorization of the wave function

T = U (a,T) Vo [U,T;

comes from 0t order —

T

Use dBB...
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Self-consistent treatment of the perturbations?

Hamiltonian up to 2" order ~ H = H ) + H o) + - -

factorization of the wave function

T = U (a,T) Vo [U,T;

comes from 0t order —

T

Use dBB...

Question: what 1f 1mnitial perturbation out of quantum equilibrium?
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Recall: Hamiltonian

f_% /-
H:/dSk {pkp;;—kvkvz k? (@ve) }

collection of parametric oscillators with time dependent frequency

Simpler model: spectator scalar field in an expanding and finite size Universe

VvV | 1,
)3

1

oy 1
kla — w ZE;( 2m@q2l2qur)w
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Recall: Hamiltonian

H = /dgk {pkp;; + vkv;;

collection of parametric oscillators with time dependent frequency

w? (n, k)

]{72 (CL 61)//

/€1

Simpler model: spectator scalar field in an expanding and finite size Universe

T

= oy e Tige)  H = )3
k, r=1,2
a® — m ,
3_@@_2 1 0* 1
kla — w Z@t_rzl 2m 0g2 2

Banach center - Warsaw- June 30, 2016
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dBB trajectory of the field component — m T m

w p'(ti)
0,
= ()
2

0p p
Statistical distribution | O, | —S8m

ﬁ’QT(O-5tcntcr)

N 1o 1 .,
Z&f;( QmQQEIZmM%)w

Relaxation of a 2D harmonic oscillator

(time dependent mass & frequency)

4 -2 0 2 4

P~/ (tcnt- or) ﬁQT(tcnt.cr)

(constant mass & frequency) /
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Out-of-equilibrium time evolution

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

~ expansion: there 1s a retarded time. ..

0.01

0.008 |

0.006 |

tret

0.004 |

0.002 ¢

N

I

0.002 0.004 / 0.006 0.008 0.01
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Freezing the pdt
out of equilibrium



~

p'(t:) Pr(ti)

4 2 0 2 4

,5'(0 . 5tcntor) ﬁ&)T( 0-5tcutcr)

4 2 0 2 4

p~, (tcnt. cr) ,5 QT(tcnt.cr)

without expansion
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p'(t:)

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

ﬁl(trot(0-5tontcr)) ﬁQT(trct(O-5tcntcr))

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

ﬁ,(trct(tcntcr)) ﬁQT(trot(tcntcr))

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

with expansion

S. Colin & A. Valentini,
Phys. Rev. D88 103515 (2013)



p
H = dgpl —
/q” W

measures “out-of-equilibrium-ness™

0.5 | | | | | | | | | - freezing of
" - with spatial expansion | OMt-Oﬁequilibrium

e ~— no spatial expansion
0 ‘ modes

t x 107
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Initial out-of-equilibrium conditions
S. Colin & A. Valentini, Int. J. Mod. Phys. D 25, 1650068 (2016)

width deficit

\ ,‘" — _J‘v‘_
\

Ll
Ky
N

+ Co

depend on micro configuration

3 |

| l | |
%1 10 20 30 40 ‘
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log

armonic oscillator
undamental state

74

70 inflation radiation matter

N

log| — | =N

0y

|

|
)
N

Out-of-Equilibrium
initial density:
less quantum noise
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log (H ™1 log (A

enough time
to equilibrate

armonic oscillator
undamental state

74

70 inflation radiation matter

Small wavelengths

=

Out-of-Equilibrium
initial density:
less quantum noise
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Very long wavelengths

no time
to equilibrate

enough time
to equilibrate

Harmonic oscillator <& Small wavelengths

fundamental state\ _
Up = (5) o b ’

70 inflation radiation matter

N

Out-of-Equilibrium
initial density:
less quantum noise
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CosmoMC chains
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The GRW dynamical collapse model
Ghirardi - Rimini - Weber

Modified Schrodinger ) o
equation with collapse  d|V) w \If} — % (C — <C>) dt| )
towards C' eigenstates .

Hamiltonian normalization

non linear stochastlc _

U|C|W) 2 (dW,) = 0 - random outcgﬁmes
(AW dWy) = dedt'd(t — t') Born rule

break superposition principle

\Wlener process

BONUS: Amplification mechanism

/ Grown perturbations

Big objects are classical
small objects are quantum!

Primordial perturbations /
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Conclusions

dBB = testable formulation of QM

quantum non-equilibrium may produce new effects
most systems did reach equilibrium

primordial perturbations maybe not...

specific shape for the primordial spectrum

comparable with data!

not incompatible with Planck... for the time being!

more work still needs be done
(other modifications of OM can be tested...)
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Dziekuje!



