'!

proac w;rﬁ f quantum meehanics

L /s . i T ¥ . 4 o 4 -
’ : gl b ¢ g . ’ : R a
o Fe s ' Va JLEST > px :
g X g 4 " LY A “ v -
- . 5 9 — 1 5 »r, v b
4 - N ; . .
4 4 £} < o b | ’ - L Y S P 4 y U g N . R
t B T | d 1 y( S
¥ A \
l e ) \ 3
A & 3
g Y | % g |
» TR, Oxdeting! ) ) ' ) & | W
N -y
] 4 Y R " o, » i S A < '~ ~ o -
- " L8 1P 2 E Lt A g % - : e "
P Reiags T8 Rl - - At P ; U ST,
: Y. ! ot F R 3 ! B \.,_. v
oy w . - L - ’
¢ 3 ™ .
“* 9 > &
4 - 144 oS
. \ (s
3 . o ¥
P . e y d
T A g 05 B TR A o
’ 5
‘ z a l lc e el
a0
4

il _9;%% \Instltut d’Astrophysu]ue de Paris
s ""ﬁ;‘:&__'_‘ T
o GR:CO
:,f>~

Y Cryey SIS
Y '-41"‘

po—
LI - |

n:;'n“'

m——
bt -
’ L 'iTﬂE‘YITr

 Aitenese
. )—‘—u—;ﬂ
1\

-
.E,.

0

...._5_
|-

=t ) n i
-’

l|-TWWW7-.




Motivations: (quantum) cosmology

Homogeneous & Isotropic metric (FLRW):

] d 2 _
ds?® = —dt® + a? () 1 —7;Cj2 - e (d92 + sin? 6’d¢2)—
- Spatial curvature
' d
Hubble rate H = “@_ g
a adt

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

w =0 dust
p—=wp . o
W = radiation

L . K 1
+ cosmological constant = Einstein equation: H* 2 =3 (8TGp + A)
.
= = 2 [A —47Gy (p+ 3p)
a 3

Wl
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Particular solution: matter & radiation

Integrate conservation equation:

pla(t)] = pini €Xp {_3 f [1 +w(a)]dIn a} et plm(

p )—3(1+W)

Uini

Phenomenologically valid description
for almost 14 Gyrs!!!
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Wavelength (h~! Mpc)
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Numerical simulation for

large scale structure formation T T T T T T
104 = 1 -|I —
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; \
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é rq:
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A = CMB
10 |— e SDSS Galaxies
= vy Cluster abundance
= Gravitational lensing
s Lyman — o forest
b=y b v e v v i 0
0.001 0.01 0.1
Wave number k (h / Mpc)
Comparison with
observational
Numerical simulations: C. Pichon @ IAP data
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A central problem (though not often formulated thus...): the singularity

Scale factor a(2)/a(t,) >
&/ & PA
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5 = Time
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Singularity problem  Quantum effect?

4=
Scale f: /. o/ &
cale tactor «(2)/a(t,) & 8 4
(:}\ / oo ’b\ SO00 K classical theory
& X\C (5000 K)
Q@f 0‘\
v/ 3
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Pre-Big Bang

Post-EBig Bang
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6000F-" "
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< i
= 3000} §
e |
S 20001
1000 |- —-/ .
kil
0 o T L 1 1 1 I RRE >
30 500 1000 1500 2000 2500 Sl = 0.000 =+ 0.005
Multipole moment 7
ne = 0.9639 £ 0.0047 almost scale invariant
H/_/
_ excluded
Tt T 0.71+5.1 compatible with
cml — —9.5+44 > gaussian signal INFLATION
ortho
— —25 + 22 ,
NL isocurvature < 1%
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Quantum mechanics

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

d -
Evolution = Schrodinger equation (time translation invariance) z’ha 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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Calculated by quantum average (W|O|W)

Usually in a lab:
repeat the experiment

Here one has a single
experiment (a single universe)

Ergodicity

Ensemble

average over
experiments

N

Spatial
average over
directions In

the sky

Quantum
average

Quantum
average
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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
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The measurement problem 1n quantum mechanics

F\
Result ‘

v// {‘T>®‘SGin>}U{|l>®|SGin>} {(\T>+|l>)®\SGm>}
{ -\ “ ' ﬁ\\m

Stern-Gerlach

Statistical mixture

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

1verse 1tself?

What about the Un

—
=
n
D

o s

Atomic beam

Y
“

N

Stern-Gerlach

What about situations in which

one has only one real

?

1zation

Warsaw - Oct. 17, 2016




What do we do with the wave function of the Universe???
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e Possible extensions and a criterion: the Born rule

O

Is the statevector everything?

INCOMPLETENESS
Hidden Variable Theories

FORMAL COMPLETENESS

Different

Individuals

Specifying
Observables

Specifying
Properties

Specifying
What is Real

Identical 1

ndividuals

Modifying
the Evolution Law

|

leltmg Enlarging Enrlchmg 2 Dynamical Unified

A Su p erse l e Cti ONn 1ru l es Observables Properties Reality Principles Dynamics
. ° Strict Modal Many WPR _

A MOdal in terp retatlon Superselection || Interpretations Universes Postulate ]?{yzllaﬂzl.cal
eduction

- - - De Facto Decoherent Many Reduction by Prosram

A COnSlStent hlStOl"leS Superselection Histories Minds Consciousness 5

A Many worlds / many minds

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

A Hidden variables
A Modified Schrodinger dynamics

Born rule not put by hand!
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Hidden Variable Theories

ov [ V2 ‘

Schrodinger I — = -V V)
S | Ot - 2m (T)
Polar form of the wave function U = A (r,t)e” ™l
2
Hamilton-Jacobi g0 | (VS) V(i) +Q(r,t) =0
Ot 2m
quantum :
potential 1 V74

2m A
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Ontological formulation (1BB)

.

Louis de Broglie (duke »

. w ige s Lo wy e i VTR Y T o e

David Bohm (communist)

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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~Y

— A(r t \#-ih(r.f)
Ontological formulation (BdB) 3 1:(#) U =A(rt)e

d°x ;
1 V2w
Trajectories satisty (Bohm) i d#2 — _V(V T ) 2m |\I‘f| ‘
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' : — UV =A(rt)e S (7,t)
Ontological formulation (1BB) = m(t) r,t

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

strictly equivalent to Copenhagen QM
probability distribution (attractor)

PI’Op@I’thSI Eht(): /) (./If 7[()) _ I\ll <./I:. IL()>|2
classical limit well defined () —— 0 ( — ; V‘\I‘J‘ |
m
state dependent
— intrinsic reality
non local ...

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

Surrealistic trajectories?

Non straight in vacuum...
!

d*z(t)

v
m——s =-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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Aside: a nice hydrodynamical analogy Faraday waves... (1831)
forced standing surface waves

(a)

Interface
—l . Silicone Oil
Test Region

*

Shaker

A() S1N (27Tft)

v

0.19 mm 70 Hz

J. Walker (1978)
Just above Faraday wave threshold Y. Couder et al. 2006)

http://math.mit.edu/~bush/?page 1d=252
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Ry Drop radius 0.07-0.8 mm

p Silicone oil density 949-960 kg m™
p. Air density 1.2 kg m™3
o Drop surface tension 20-21 mN m™!
g Gravitational acceleration 9.81 m s~
V..  Drop incoming speed 0.1-1 m s~!
Voa:  Drop outgoing speed 0.01-1 m s™*
i Drop dynamic viscosity 10°-107' kg m! s7!
Typical it Air dynamic viscosity 1.84 x 10 kg m~! s~
values V D}‘op .kmem.atlc.wscc.)sny 10—100 cSt
v, Ailr kinematic viscosity 15 ¢St
for the T, Contact time 1-20 ms
experiment Cx =V,/V,. Coefficient of restitution 0-0.4
f Bath shaking frequency 40-200 Hz
v  Peak bath acceleration 0-70 m s2
w = 2nf Bath angular frequency 250-1250 rad s1
wp = (o/ pRg)l/ > Characteristic drop oscillation 300-5000 s
frequency
We = pRyV?/o Weber number 0.01-1
Bo = pgR:/o Bond number 10°-0.4
Oh = u(opRy)~/* Drop Ohnesorge number 0.004-2
Oh, = w.(opRy)~'* Air Ohnesorge number 1074107
2 =2nf+\/pR3/o Vibration number 0-1.4
I" =y /g Peak non-dimensional bath acceleration 0-7
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Bouncing droplet...
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Bouncing droplet...
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or bouncing droplets...
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+ subharmonic modulation (larger forcing amplitude) => instability => motion!!!

Warsaw - Oct. 17, 2016 droplets become walkers...



one 1mage per bounce => suppress vertical motion => horizontal mode only
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apparent randomness
of the motion...
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(d)

0.5

x/R
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integrate over time...
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longer times...

and reconstruct the
standing wave pattern!



Probability
Distribution
Function
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Comparison with actual
Faraday wave pattern



forms quantised bound states
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Morgan Freeman's "Through the Wormhole" / Science Channel
Season |, episode 6 - How Does The Universe Work?
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self-interfering classical particle!

Slit

experimental setup
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actual snapshots
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a couple of trajectories... Warsaw - Oct. 17. 2016




apparently random again
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more trajectories!




Morgan Freeman's "Through the Wormhole" / Science Channel
Season |, episode 6 - How Does The Universe Work?
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statistical determinacy

4‘0 L L
C
" ('T[
30

00 -G .30 0 30 60 o 90 -90 -60 -30 0 30 60 o 90

20

10-

One slit + fit

Y. Couder and E. Fort, Phys. Rev. Lett. 97, 154101 (2006)
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Y. Couder and E. Fort, Phys. Rev. Lett. 97, 154101 (2006)

-90 -60 -30 0 30 60 o 90

Tao slit + fit

... 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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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
,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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1.34

1.30 |

LIS b

Typical quantum 3|
trajectory...

Close-up of a trajectory near a node

1.35 1.40 1.45 1.50 1.55
X
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chaotic mixing...

[1n: 1I

N

—4
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Dynamical evolutions 10,

lime

1.0- (d)

0.5

1.0~

0.5-
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chaotic mixing...

relaxation towards
equilibrium

just like ordinary
thermal equilibrium



p(t = 0) por(t = 0)
| 0.3, :
02|

0.1 {3

chaotic mixing...

048 vl o 0.15~  e ]/'elaxatiOrl tOWCZrdS
| ‘ - ' equilibrium

just like ordinary
thermal equilibrium

0.15 .- | e o ", 015
0.1

005
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p(t =0) par(t =0)

o.3w-"

chaotic mixing...

p(t = 507) por(t = 507)

relaxation towards
equilibrium

just like ordinary
par(t = 100m) thermal equilibrium

03,
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(l+1)Co/2m (uK?)

Back to cosmology quantum vacuum fluctuations

6,000 .
- Elg_l:_mal ACDM I
SPT . ‘

=™ Data points... observed!

4,000 |

3,000 *

2.000 | . j‘%
|| I g d
s No” —

' A ' *
1,000 + " il! “l - 1 _
T "
0 \

101 102 103
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log

armonic oscillator
undamental state

74

70 inflation radiation matter

N

log| — | =N

0y

|

|
@D
N

Warsaw - Oct. 17, 2016




Out-of-equilibrium time evolution

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

Inflation: there 1s a retarded time...

0.01

Freezing the pdt

0.008 cqeq
out of equilibrium

0.006

tret
0.004
0.002 |

0.002 0.004 / 0.006 0.008 0.01
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4 2 0 2 4

p~'(0.5t‘cntcr) p~’QT(O-5tcntcr)

4 2 0 2 4

ﬁ,(tcnt cr) p QT(tcut'Cr)

4 2 0 2 4

without expansion
EQUILIBRIUM

Warsaw - Oct. 17, 2016

4 2 0 2 4 4 -2 0 2 4

ﬁ'(trct(O . 5tcnt.cr) ) ﬁQT( trct—(o -5tcntcr) )

4 -2 0 2 4

ﬁ,(trct(tcntcr)) IE’QT(trct(tcntcr))

-4

with expénéion
OUT OF EQUILIBRIUM



Very long wavelengths

no time
to equilibrate

enough time
to equilibrate

Harmonic oscillator
fundamental state

Small wavelengths

Ve = | — e 2%

70 inflation radiation matter

Out-of-Equilibrium
initial density:
less quantum noise

Warsaw - Oct. 17, 2016




6,000 I I I | | B 1 I I I 1 | I B | I | | 1 1 L I | 1
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’ + ACT angular
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4,000 |
Better fit?
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6,000

5,000

4,000

2)

(ks

. -

)

= 3,000

f

L6+ 1)C

2,000

1,000

|

|

P - — . — - -

small
angular

scales
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Better fit?



Conclusions

B cosmology works amazingly well

® perturbation theory fits the data

B demands initial conditions from quantum vacuum fluctuations
® described by the Schrodinger equation

B quantum mechanics works amazingly well

® can be described by actual particle trajectories
® there exists an analog hydrodynamical system
® theory can be tested 1f out-of equilibrium

® only known regime possible = cosmology
® demands itial condition with less quantum noise

® predicts less amplitude on large scales
® TO BE CONTINUED...
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