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The Universe as a closed quantum system: Quantum cosmology

e Hamiltonian GR
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The Universe as a closed quantum system: Quantum cosmology

e Hamiltonian GR

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

x'+dx?
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The Universe as a closed quantum system: Quantum cosmology

e Hamiltonian GR

ds* = g dafda” = —N2dt? + hy; (da' + N'dt) (do? + N7 dt)

n" |
I\
N'dz /

Lapse function

t+dt

x'+dx?
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The Universe as a closed quantum system: Quantum cosmology

e Hamiltonian GR

ds® = g datde” = —N?dt? + hy; (da’ + N'dt) (da? + N7 dt)

" \
,\ Nidt/ . /\ \

| Iz Lapse function Intrinsic metric

= first fundamental form
dt = Nd <

x'+dx?
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The Universe as a closed quantum system: Quantum cosmology

e Hamiltonian GR

ds® = g datde” = —N?dt? + hy; (da’ + N'dt) (da? +N3dt)

n* Shlft vector

N'dt i .
— /\dX\ s / Lapse function Intrinsic metric

= first fundamental form
dt = Nd <

x'+dx?
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The Universe as a closed quantum system: Quantum cosmology

e Hamiltonian GR

ds® = g datde” = —N?dt? + hy; (da’ + N'dt) (da? +N3dt)

n* Shlft vector

L / Lapse function Intrinsic metric

= first fundamental form
dt = Nd < l
v, / Intrinsic curvature tensor R iwt (1)

x'+dx?
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The Universe as a closed quantum system: Quantum cosmology

e Hamiltonian GR

ds® = g datde” = —N?dt? + hy; (da’ + N'dt) (da? +N3dt)

" | \ \ Shift vector
Nidt / - /

= e - Lapse function Intrinsic metric
= first fundamental form
dt = Nd ‘ l
v, / n' Normal to >; Intrinsic curvature tensor 7', (h)
2

Extrinsic curvature Ky = —Vini=—T"ng
= second fundamental form - - VN + VN, Ohi
X! 2N ot

x'+dx’
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The Universe as a closed quantum system: Quantum cosmology

e Hamiltonian GR

ds® = g datde” = —N?dt? + hy; (da’ + N'dt) (da? +N3dt)

S Shlft vector
N'd i .
— t /\d’f\ s / Lapse function Intrinsic metric
= first fundamental form
dt = Nd 4 l
v, / n' Normal to >J; Intrinsic curvature tensor R’ iwt (1)
2
Extrinsic curvature Kij = —Vjni=—I"no
l = second fundamental form = % (VJNZ + VN, a;;j >
x'+dx!
. I a
Action: & = / d*zv/—g (4R —2A) + 2 / BrVhK' | + Smatter
1o GN J M oM _
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5L Vh

. ij = 07 K% —hK
Canonical momenta T 5hy 167G, ( )
5L Vh (. 0P
= —=— (P -N"—
T sh T N ( N 093")
L
) = 0 - =20
| %/X Primary constraints
T =—=0
0N
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5L Vh

. ij = 07 K% —hK
Canonical momenta T 5hy 167G, ( )
5L Vh (. 0P
= —=— (P -N"—
T sh T N ( N afo)
L
) = 0 - =20
| 55/2/ Primary constraints
T =—=0
0N

\ 2

Hamiltonian H = /d?’x (WONJFHM + iy, +7T(D<j>) B - /de (WONeriM +NH+MH¢)
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oL Vh

. ij = 07 K% —hK
Canonical momenta T 5hy 167G, ( )
5L Vh (. 0P
= —=— (P -N"—
T sh T N ( N 093")
L
) = 0 - =20
| %/X Primary constraints
T =—=0
0N

)\ 2

Hamiltonian H = /d% (WONJF#M + iy, +7Tq)<j>) B - /di’)x (WONeriM +NH+MH¢)

Variation wrt lapse = 0 Hamiltonian constraint

. . | | Secondary constraints
Variation wrt shift +* = 0 momentum constraint

\

> Classical description

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13th, 2013 3




e Superspace & canonical quantisation

Relevant configuration space? matter fields

!
Riem () = {hij ("), P (z") | x € Z}

\

superspace

parameters

. . . . Riem (>

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

Dlﬁo(Z)

Wave functional W |/, (z), D(x)
Dirac canonical quantisation

0 . o, 0 a0
T T hy, SR ¥ TN SN,
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oV

| | TV = —¢ SN 0
Primary constraints ST
T [/ 5 M

oV
5hij

Momentum constraint NV =0 = iv§h) ( ) — 81 G, TV
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oV

| | TV = —¢ SN 0
Primary constraints ST
T [/ 5 M

oV
5hij

Momentum constraint NV =0 = Nﬁ-h) ( > — 81 G, TV

Hamiltonian constraint

o2 Vh

_167G.G. : (—SR oA - 167G TOO)
8 Ng]kl&hijéhkl 167G, Ten o O

| | Wheeler - De Witt equation
Giinl = §h—1/2 (hirhji + hihi, — hiihg)

DeWitt metric...
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e Minisuperspace

Restrict attention from an infinite dimensional configuration space to 2 dimensional space
= mini - superspace
- r? (6 + sin® dp?) b(x) = ¢(t)

. " dr?
hi;dz'da? = a*(t) 1 Tk 5
— kr

WDW equation becomes Schrodinger-like forWV |a(t), o(1))

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

-2 (dé’2 + sin? 9dgp2) b(x) = ¢(t)

dr?

hi;dz'da? = a*(t) T
— kr

WDW equation becomes Schrodinger-like forWV |a(t), o(1))

However, one can actually make calculations!
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Quantum cosmology of a perfect fluid

. -*)

ds® = N4(7)dT — a*“(7)~; L85l b
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Quantum cosmology of a perfect fluid

Perfect fluid: Schutz formalism (*70) D =Py | —

(p,0,5) = Velocity potentials
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Quantum cosmology of a perfect fluid

(p, 0, s5) = Velocity potentials

canonical transformation: T = —pge 2/%0p=LtW g pmw .,
+ rescaling (volume...) + units... : simple Hamiltonian:
Paq ~ pPT :
H=|-——=—-Ka+ —/— | N
La 7 sl \

(1
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Wheeler-De Witt HWVY =0
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Wheeler-De Witt HY =

- 2,30-2)/2 [ 9w 1020
XY= 30— w) "OT T 402
. _ OV
space defined by X > 0 - constraint \If@
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Wheeler-De Witt HY =

- 2a301-2)/2 [ 90 1920
XY= 30— w) "OT T 402
_ oW OV
space defined by X ~ 0 ~ constraint \Ifa — \IJa
Gaussian wave packet
. 1
4 2
>\If . 81y | exp ( ;TOX > 0 —iS(x.T)
_7T<T02 —|—T2) _ T() _|_T2
TX2 1 Ty m
phase S = T2 1 17 - — arctan
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What do we do with the wave function of the Universe???

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013




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 A\an> — an\an>

d .
Evolution = Schrodinger equation (time translation invariance) ihE (1)) = H|w(t))
Hamiltonian
Born rule Probla,: 1] = |(a, |0 (t))|?
Collapse of the wavefunction: | w (t) > before measurement, an> after

Schrodinger equation = linear (superposition principle) / unitary evolution

Wavepacket reduction = non linear / stochastic
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Hamiltonian
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Quantum mechanics of closed systems

Physical system = Hilbert space of configurations
State vectors
Observables = self-adjoint operators
Measurement = eigenvalue A\an> — an\an>

d .
Evolution = Schrodinger equation (time translation invariance) ihE (1)) = H|yY(t))
Hamiltonian
Born rule Probla,: 1] = |(a, |0 (t))]?
Collapse of the wavefunction: | w (t) > before measurement, Cln> after

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

Wavepacket reduction = non linear / stochastic 1, >
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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

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013
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The measurement problem in quantum mechanics pure state

™
Result |\Ijin> — 7(‘T> T ‘l>>® ‘SGm>
l
‘ //\ 7y~ Unitary, deterministic
# Schodinger evolution

3B |
g / 7 W) = exp /

H \\I/in>

1

%( 21SGr) + 1) ® |SG,))

AtomIC beam

Stern-Gerlach

Problem: how to reach the actual measurement || ) @ |SGq) or [1) @ [SG|) 2
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The measurement problem 1n quantum mechanics

\ -'% : »
By A :
e Sl T 18
SIPEA LA

Result

AtomIC beam

Stern-Gerlach
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The measurement problem in quantum mechanics Statistical mixture

{Imesanu{lelsa)}

AtomIC beam

Stern-Gerlach
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The measurement problem in quantum mechanics Statistical mixture

{Imesanu{lelsa)}

e N

¢ (D) @18C) f Uil ®18Gw) | {(11)+11)) ®[8Gw) |

7

=]

AtomIC beam

Stern-Gerlach
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The measurement problem in quantum mechanics Statistical mixture

N {Inelsajuillyelse)}

N )
w2 :
.'- A 4 :
i ‘ :

|
' (M elstufuillelstn} {1 +11) ®[SGw) }
2| 'RV u
4‘| fz\x
{ X AtomiC beam \%

Stern-Gerlach
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The measurement problem in quantum mechanics Statistical mixture

—— {Inesan}u{ineisa)}

L e '
R -
i % oo d B
h g L9 .
L e s \‘ 4
: S | PR
Lol .’.‘- ,'. ""”J". .

(M elstufuillelstn} {1 +11) ®[SGw) }

Result

[ AtomIC beam @

Stern-Gerlach
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The measurement problem in quantum mechanics Statistical mixture

{1y elsenfu{ll) @186,

e N

{Imeisemu{lly @S} {11 +11) ©[5Gw)]
Uw

AtomIC beam

Stern-Gerlach

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

1verse 1tself?

What about the Un

“Atomic beam

Stern-Gerlach

hich

1011S 1N W

What about situat

one has only one realization?

13
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e Possible solutions and a criterion: the Born rule

A Superselection rules
A Modal interpretation
A Decoherent histories

A Many worlds / many minds

A Hidden variables

O

Is the statevector everything?

INCOMPLETENESS
Hidden Variable Theories

FORMAL COMPLETENESS

Different Individuals Identical Individuals
Specifying specifying Specifying Modifying
Observables Propertles What is Real the Evolution Law
leltmg Enlargmg Enrlchmg 2 Dynamical Unified
Observables Properties Reality Principles Dynamics
Strict Modal Many WPR D o]
Superselection || Interpretations Universes Postulate ynaml.ca
- Reduction
De Fa,cto' Decoherent M_any Reduction by Program
Superselection Histories Minds Consciousness
Born rule not put by hand!

A Modified Schrodinger dynamics
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Hidden Variable Theories

. oA [ VA .
01 . 2m _
Polar form of the wave function U =A(r t)es:t)

S, (VS)

Hamilton-Jacobi .5 L Vr)+Q(r.t) =0
Ot 2Mm o '
quantum )
potential | V“A
- 2m A
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Ontological interpretation (dBB)

Louis de Broglie

1927 Solvay meeting and von Neuman mistake ... ‘In 1952, I saw the impossible done’ (J. Bell)
Twelfth Workshop on Non-Perturbative QCD, Paris - June 13%, 2013 16




Ontological interpretation (dBB)

LQI

Louis de Broglie (Prince, duke )

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

LQ'

Louis de Broglie (Prince, duke ) i

munist)
1927 Solvay meeting and von Neuman mistake ... ‘In 1952, I saw the impossible done’ (J. Bell)
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Hidden Variable Theories

. oA [ VA .
01 . 2m _
Polar form of the wave function U =A(r t)es:t)

S, (VS)

Hamilton-Jacobi .5 L Vr)+Q(r.t) =0
Ot 2Mm o '
quantum )
potential | V“A
- 2m A
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Ontological formulation (dBB) 5 (¢)

Trajectories satisfy (de Broglie) m— = $m = —VS
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Ontological formulation (BdB) (t)

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

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013

U =A(r,t)e”""

1 V2|0

2m

v
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Ontological formulation (dBB) 5 (¢)

Trajectories satisfy (de Broglie) m— = $m = —VS
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v =A (7. /) (»\/'?‘“' (7,7)

Ontological formulation (dBB) 5 (¢)

Trajectories satisfy (de Broglie) m—— = $m = —VS

strictly equivalent to Copenhagen QM
probability distribution (attractor)

Properties: Ito; p (x,to) = |V (z,t0)]|°
classical limit well defined () —— 0
state dependent
— intrinsic reality

non local ...

no need for external classical domain/observer!

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13th, 2013 18



The two-slit experiment:
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The two-slit experiment:

=
=

=
P
/ A g /f
- ——— /
: -

| —
~ ——
T — —— — .- — - e — | —
— — -_t — | — ._:

— N ———
— "
/ G
——
e

——
e —
—— — —

e
¢

== s
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The two-slit experiment:

//
/////
7= =

Surrealistic trajectories?

Non straight in vacuum...

i //

/\-//

—

///
——
jieengser===

1 .t |
T_

19
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The two-slit experiment:

Surrealistic trajectories?

Non straight in vacuum...

-‘_P‘_’__.—av‘-’-'-q
f/’,:;
- it

—

e

//

—

/\/

T

R

-

o

=
——————

\

y

LT {"44
- e 3 o o _,—-'-‘-"’—N'—'
. e e ——
’\ h - ..‘;.— - e ————
. - :_._ _:, =
. =t - - :
e e
PR s
B et
—_— ~ - —

| ___;_ |
i
T_

- /—//\/
F———— ————
. = \‘
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The two-slit experiment:

Surrealistic trajectories?

!

/
-V (X + Q)

Non straight in vacuum...

T
dt?

-‘_P‘_’__.—av‘-’-'-q
f/’,:;
- it

—

//

—

e

/\/

T

R

-

o

=
——————

\

y

LT {"44
- e 3 o o _,—-'-‘-"’—N'—'
. e e ——
’\ h - ..‘;.— - e ————
. - :_._ _:, =
. =t - - :
e e
PR s
B et
—_— ~ - —

| ___;_ |
i
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- /—//\/
F———— ————
. = \‘
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The two-slit experiment:

Surrealistic trajectories?

/#///7//

4 ——
= — —

- Z //{/ Non straight in vacuum...
e _;,;::—M \——///

== e _,_—!-‘-'.‘—-_'—
———
e N T
— -A.—C—‘-‘-‘
—

at ; .’—:.:-ti. ——— ‘ ::_:\Fj;—fﬁj/ /

e 33\%}"*% ﬂ,”//;

— = ///5///;//,
\§ Q, = ‘ 12, (1)

v
m—— = -VX + Q)
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Back to the QC wave function
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Back to the QC wave function

Gaussian wave packet

] S L ,
>\If B 81y | exp ( ;FOX > 0 —iS(.T)
(T3 +T2)° Iy +1°
b T? 1 X log m
ase — | arctan
P T2+ T2 ' 2
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Back to the QC wave function

Gaussian wave packet

s, | Thy? |
>\If — & 5| exp ( 5 oA 2) e~ 00T)
_7T(T02—|—T2) _ TO _|‘T
Ty? 1 1
phase 5 = T2 j—CTQ | ; arctan —2 — —
i T 2 3(11—w)
Bohmian trajectory a=uaqg |1+ (T)
0
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Trajectory

Q(T)

quantum potential
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ey
-
Mt LT T R E——

m potential
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What about perturbations?

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013

22



Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013

22



Superposition
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Collapse 1 1992 777

Superposition
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Superposition

Collapse 1n 1992 777 Further collapse 1n 2003
on smaller scales???




Superposition

Final (ultimate!) collapse
Collapse 1 1992 777 in 20122




e Both background and perturbations are quantum
Usual treatment of the perturbations?

Einstein-Hilbert action up to 2™ order SE_H = / d*x {R(O) + 0 (Q)R}

Bardeen (Newton) gravitational potential

ds® = a”(n) {(1 +2®)dn” — [(1 — 2®) yi; + hij] da’da’

302 d
conformal time  dn = a(t) 'dt AP = Pl \/’0 tr 4
2 w dn \a
» 1 Mukhanov-Sasaki variable

< 9

1 ' y
/d4x 0L = §/ﬁd3m dn [(9,v)" = 77 0;v0;v v

Simple scalar field with varying mass in Minkowski space!!! z = zla(n)
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e Both background and perturbations are quantum
Usual treatment of the perturbations?

Einstein-Hilbert action up to 2™ order SE_H = / d*x {R(O) + 0 (Q)R}

Classical

Bardeen (Newton) gravitational potential

ds® = a”(n) {(1 +2®)dn” — [(1 — 2®) yi; + hij] da’da’

302 d
conformal time  dn = a(t) 'dt AP = Pl \/’0 tr 4
2 w dn \a
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< 9

1 ' y
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Simple scalar field with varying mass in Minkowski space!!! z = zla(n)
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e Both background and perturbations are quantum
Usual treatment of the perturbations?

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

Classical /Quantum

Bardeen (Newton) gravitational potential

ds® = a”(n) {(1 +2®)dn” — [(1 — 2®) yi; + hij] da’da’

conformal time  dn = a(t)'dt Ad =

! 2- Mukhanov-Sasaki variable

1 ' y
/d4x 0L = §/ﬁd3w dn [(9,v)" = 77 0;v0;v v

Simple scalar field with varying mass in Minkowski space!!! z = zla(n)
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Self-consistent treatment of the perturbations?

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

factorization of the wave function

W= \IJ(O) (CL, T) \If(g) [U, 1 a (T)]
comes from 0t order - L\

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013
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Self-consistent treatment of the perturbations?

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

factorization of the wave function

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

comes from 0th order -

T

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013

Use dBB or...
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The GRW dynamical collapse model
Ghirardi - Rimin1 - Weber

Schrodinger equation

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013
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The GRW dynamical collapse model
Ghirardi - Rimin1 - Weber

Schrodinger equation  d[V) = —i [ |W)dt
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The GRW dynamical collapse model
Ghirardi - Rimin1 - Weber

Schrodinger equation  d|V) = w

Hamiltonian
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The GRW dynamical collapse model
Ghirardi - Rimin1 - Weber

Modified Schrodinger A A
equation with collapse  4/V) = + VAl (C - <C>) dW, | W)

towards C eigenstates
Hamiltonian
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The GRW dynamical collapse model
Ghirardi - Rimin1 - Weber

Modified Schrodinger )
equation with collapse  dIV) = + Al (C ‘1’>
towards C eigenstates

Hamiltonian /

non linear
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The GRW dynamical collapse model
Ghirardi - Rimin1 - Weber

Modified Schrodinger )
equation with collapse  dIV) = + Al (C ‘1’>
towards C eigenstates

Hamiltonian /

) _ non linear
(C) =(V|C|¥)
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The GRW dynamical collapse model
Ghirardi - Rimin1 - Weber

Modified Schrodinger )
equation with collapse  dIV) = + Al (C v)
towards C eigenstates

Hamiltonian /

non linear

break superposition principle
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The GRW dynamical collapse model
Ghirardi - Rimin1 - Weber

Modified Schrodinger
equation with collapse
towards C' eigenstates

break superposition principle

A0 = + e, (C xp>

Hamiltonian /

non linear stochastic

(C) = (V|C|w) 2 (AW)) = 0
/ E (AW, dWy) = didt’o(t — t')

\Wiener process
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The GRW dynamical collapse model
Ghirardi - Rimin1 - Weber

Modified Schrodinger
equation with collapse  dIV) = + Al
towards C eigenstates

Hamiltonian

non linear stochastic —

(C) = <\P5V 2 (dIW;) = 0
break superposition principle

e

() e

/

- random outcomes

)

L (AW, dWy) = dtdt's(t — ¢) ‘Born rule

\Wiener process
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The GRW dynamical collapse model
Ghirardi - Rimin1 - Weber

Modified Schrodinger ) vl 9
equation with collapse  d/V) = + VAl (C ‘I’> 3 (C - <C>) dt|w)

towards C eigenstates
Hamiltonian /
. . non linear stochastic —  random outcomes
(€)= (IClY) /(4w — o <
5 (AW, dWy) = dedt's(t — t) Born rule
break superposition principle \Wiener Process
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The GRW dynamical collapse model
Ghirardi - Rimin1 - Weber

Modified Schrodinger ) vl 9
equation with collapse  d/V) = + VAl (C ‘I’> 3 (C - <C>) dt|w)
T —

towards (' eigenstates / —
Hamiltonian normalization
. . non linear stochastic — . random outcomes
(C) = (¥|CP) T (dW;) = 0 &
C (AW dWy) = dtdt's(t — t') Born rule
break superposition principle \Wi ener process
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The GRW dynamical collapse model
Ghirardi - Rimin1 - Weber

Modified Schrodinger vl 9

equation with collapse  d/V) = + \/_ C - > 5 (C —(C >) dt|w)

towards C eigenstates —
Hamlltonlan normallzatlon

_ non linear stochast1c _

U|C| ) 2 (A1) = 0 - random out%mes
(AW dWy) = dtdt'o(t — ) Born rule

break superposition principle

\Wlener process

BONUS: Amplification mechanism

L:) Big objects are classical

small objects are quantum!
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The GRW dynamical collapse model
Ghirardi - Rimin1 - Weber

Modified Schrodinger vl 9

equation with collapse  d/V) = + \/_ C - > 5 (C —(C >) dt|w)

towards C eigenstates —
Hamlltonlan normallzatlon

é o) non linear stochastw; - random outcomes
(th) — O %
/ (AW dWy) = dtdt’o(t — t') Born rule

break superposition principle

\Wlener process

BONUS: Amplification mechanism

b Big objects are classical

small objects are quantum!

Primordial perturbations /
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The GRW dynamical collapse model
Ghirardi - Rimin1 - Weber

Modified Schrodinger vl 9

equation with collapse IV w ‘1’> — 5 (C —(C >) dt|w)

towards C eigenstates —
Hamlltonlan normallzatlon

non linear stochast1c _

U|C|W) 2 (V) = 0 - random outc%mes
(AW dWy) = dtdt'o(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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Year first author [ref.] interfering m/my T d in GRW in GRW in CSL in CSL

object A< Ao? < A< MNo? <

1927 Davisson [13] electron 5x 1074 N/A 2x1071%m 10 s71 3x10%3m—2s71 1017 s71 5%x10%% m—2s~1
1930 Estermann [15] He 4 N/A 4x1071%m 101 s71 6x10#m—2s7!  3x1010 s~ 10%° m—2s~1
1959 Mollenstedt [28] electron 5x107* 3x107%s 2x107%m 7x10't st 1023 m~2s~1 1015 s=!  3%x10%6 m—2s!
1987 Tonomura [37] electron 5x 1074 10735 1074 m  2x10M st 2x109m™2s71  4x10' s71  4x10%2 m2s7!
1988  Zeilinger [40] neutron 1 10725 107 m  2x10% st 2x101%m™2s71 2x10% s7! 2x1010 m™2s71
1991 Carnal [9] He 4 6x107%s 107> m  4x10% s7! 4x102m~?s~1 102 st 101? m—2s~1
1999  Arndt [4] Céo 720 6x1073s 100" m  2x1071s7!  2x10¥m™2s71  3x107* s71  3x10'10 m~2s~1
2001 Nairz [29] Cro 840 1072s 3x107" m 10~ s~ 10'? m—2s~1 1074 71 10° m™2s~1
2004 Hackermiiller [24] Cro 840 2x1073s 107% m 10° s7! 102 m~2s! 1073 s~ 1 10° m—%s~!
2007  Gerlich [17] C30H12F30N204 10° 1073s 3x1077" m 10° s~1 1013 m—2s1 1072 71 1010 m—2s~1
2011  Gerlich [18§] Ce0[C12F25]10 7 x 103 107%s 3x107" m 10711 1012 m—2s1 107° 71 108 m—2s7!

Proposed future experiments

Romero-Isart [35] [SiO2]150.000 107 107ts 4x107" m 107671 6x10% m—2s7! 107 8s7! 6x1071m~2s!

Nimmrichter [30] Aus00,000 10® 6x10° s 107" m  2x107%~ ! 2x10° m™2%s7! 2x10717%s7! 2x1073m~2%s7!

Table 1: Bounds on o, A obtained from different diffraction experiments. For each experiment, m = mass of the interfering
object, m, = proton mass, 7 = time of flight between grating and image plane, d = period of grating (or transverse coherence

length in [37]), N/A = not applicable. For each theory (GRW or CSL), two bounds are obtained. This table is the basis for

Fig. 3.
i Feldmann & Tumulka (2011)

__;, 7Y constrained...
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Year first author [ref.] interfering m/my, T d in GRW in GRW in CSL in CSL
object A< No? < A< MNo? <
1927 Davisson [13] electron 5x 1074 N/A

1930 Estermann [15] He

1959 Mollenstedt [28] electron
1987 Tonomura [37] electron
1988  Zeilinger [40] neutron
1991 Carnal [9] He
1999 Arndt [4] Ceo
2001 Nairz [29] Cro
2004 Hackermiiller [24] Cro

2007  Gerlich [17]

2011 Gerlich [18] Ceo [012F25]10

Cs0H12F30N204 10°

4 N/A
5x 1074
5x 1074

1

4

720
840
840

7 % 103

Proposed future experiments

Romero-Isart [35] 15102]150,000

Nimmrichter [30] Aus00,000

6x10"tm—2s1

2%x107 3 m2s~1

10_138_1

2x10~17g—1

6x10° m—2s~1

2%x107 %71 2x10° m2s!

Table 1: Bounds on o, A obtained/tr
object, m, = proton mass, 7 =
length in [37]), N/A = not a
Fig. 3.

rent diffraction experiments. For each experiment, m = mass of the interfering
foht between grating and image plane, d = period of grating (or transverse coherence

. For each theory (GRW or CSL), two bounds are obtained. This table is the basis for

Feldmann & Tumulka (2011)

— ) 7 constrained...
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~2
Example: free particle evolution H = 27';
(e

and projection on position operator ' = 7

initial double gaussian wave function

Uy U+
X
standard wave function modified wave function
time evolution time evolution with collapse
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~)
Example: free particle evolution /7 — Qp_
T

and projection on position operator ' = 7

initial double gaussian wave function

VARV PP
Xz
standard wave function modified wave function
time evolution time evolution with collapse
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AN

v
2m
and projection on position operator ' = 7

Example: free particle evolution H =

initial double gaussian wave function

(VAR U+

standard wave function modified wave function
time evolution time evolution with collapse
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AN

v
2m
and projection on position operator ' = 7

Example: free particle evolution H =

initial double gaussian wave function

(VAR U+

standard wave function modified wave function
time evolution time evolution with collapse
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AN

Example: free particle evolution H = 2p_ Animations provided by V. Vennin... thx!
(e
and projection on position operator (' =

initial double gaussian wave function

(VAR U\

Locdlization

standard wave function modified wave function
time evolution time evolution with collapse
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Spontaneous collapse amplification mechanism

/N identical particles
N

collapse operator: (' = Z T;actingon ¥ ({7:})) = Ve (R)) @ W (174 }))
i=1
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Spontaneous collapse amplification mechanism

/N identical particles

N

collapse operator: (' = Z T;actingon ¥ ({7:})) = Ve (R)) @ W (174 }))

d|Wrel (1731)) = {

1=1

A

_iHrel Bl

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013
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N—1

1=1

dt+fz

dW“)} Uro ({73}))
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Spontaneous collapse amplification mechanism

/N identical particles

N

collapse operator: (' = Z T;actingon ¥ ({7:})) = Ve (R)) @ W (174 }))

d|Wrel (1731)) = {

i=1
. N-—1 -
—iH o] — 5 2 (7; — (# )2 | dt + A Z
b usual quantum QJ

behavior
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Spontaneous collapse amplification mechanism

/N identical particles

N
collapse operator: ' = Z T;actingon ¥ ({7:})) = Ve (R)) @ W (174 }))

i=1
A (7)) = { i~ 1Y (o ()|t 4 3 Z dW“’)} o (i)

_ LZ; usual quant_um <:ﬂ
behavior
R ny R A\ 2]

A (R)) = § | =ifley — 5 (R (B))| de VA (R~ (R)) Wi b0, ()
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Spontaneous collapse amplification mechanism

/N identical particles

N
collapse operator: ' = Z T;actingon ¥ ({7:})) = Ve (R)) @ W (174 }))

i=1
d[Wrer ({ri})) = { —iHyel — % dt + /7 Z dww} e ({7:}))

_ g usual quantum <:B
behavior
. N~y 27

A (R)) = § | =ifley — 5 (R (B))| de VA (R~ (R)) Wi b0, ()

b | m.aCI'O | <J

objectification
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ARV

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013

29



VARV
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Animations provided by V. Vennin... thx!

VARV

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013

29



Animations provided by V. Vennin... thx!

VARV

X

Amplification mechanism — ~ oc N (number of particles)
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Animations provided by V. Vennin... thx!

VARV

X

Amplification mechanism — ~ oc N (number of particles)
B\ 1
Amry

0,(00) =
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Animations provided by V. Vennin... thx!

VARV

X

Amplification mechanism — ~ oc N (number of particles)

Amry

4.7 cm for a proton

0,(00) =
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Animations provided by V. Vennin... thx!

VARV

X

Amplification mechanism — ~ oc N (number of particles)

02(09) = (1o )i/

5> 4.6 x 107" m for 1g object
Amry

4.7 cm for a proton
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Animations provided by V. Vennin... thx!

VARV

X

Amplification mechanism — ~ oc N (number of particles)

o.(o0) = (

h

Amry

4.7 cm for a proton

5> 4.6 x 107" m for 1g object

\ 5.9 % 107%® m for the Earth
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Constraints:

Atomic energy levels

Nuclear energy levels
Diffraction Experiments

Proton Decay
Spontaneous Xray emission

Spontaneous IGM warming

Dissociation of cosmic H
Decay of supercurrents

Latent image formation
Thermalized spectral distorsions

Neutrino and kaon oscillations
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Constraints:
(falsifiable theory!)
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Constraints:
(falsifiable theory!)

Measurement problem exacerbated
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Classicalization of Cosmological Perturbations

A\

Predictions of the theory: Calculated by quantum average <\IJ\O|\I!>
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Classicalization of Cosmological Perturbations

Predictions of the theory:

Usually in a lab:

repeat the experiment

A\

Calculated by quantum average (W|O|W)

Ensemble ,
Quantum
average over
average

experiments
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Classicalization of Cosmological Perturbations

Predictions of the theory:

Usually in a lab:
repeat the experiment

Here one has a single
experiment (a single universe)

. > Ergodicity

A\

Calculated by quantum average (W|O|W)

Ensemble ,
Quantum
average over
. average
experiments
Spatial
average over | :> Quantum
directions in average
the sky
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Inflationary perturbations: quantum fluctuations / expanding background

Classical temperature fluctuations

— XU
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From quantum to classical cosmological perturbations?

Classical temperature fluctuations

— XU
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From quantum to classical cosmological perturbations?

Classical temperature fluctuations promoted to quantum operators

AT
— XV

T
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From quantum to classical cosmological perturbations?

Classical temperature fluctuations promoted to quantum operators

AT
— X U
T

a\/a)/lvz

L . 1 ;
second order perturbed Einstein action *d5 = 5 / d'z | (v')° = 6000, - (

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013
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From quantum to classical cosmological perturbations?

Classical temperature fluctuations promoted to quantum operators

AT
— XV

T

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

(v’)2—5ij&;vﬁjv | (@ve) v

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013

a\/€1

~

€1 — 1 — H//H2
slow-roll parameter
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From quantum to classical cosmological perturbations?

Classical temperature fluctuations promoted to quantum operators

AT
T XU variable-mass scalar fields in Minkowski spacetime
1 ' (ay/e)”
second order perturbed Einstein action *d5 = 5 / d*z | (v')" — 699,000 A : \/61, v?
1

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013
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€1 — 1 — H//H2
slow-roll parameter
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From quantum to classical cosmological perturbations?

Classical temperature fluctuations promoted to quantum operators

AT
T X VU variable-mass scalar fields in Minkowski spacetime

/! ]
. : : 1 g A/ €

second order perturbed Einstein action *é5 = - / d*z | (v')* — 699,000 A (a \/Ei) v?

1

2
€1 /H/ /H2
slow-roll parameter

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

/]
S— G COP J /dn/dgk VLU + VU (a 61) k*
A+/€1

Lagrangian formulation...
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. . w? (n, k)
Hamiltonian

—_
H:/d?’k {pkp,zﬂkav;; k? (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)

P! R.IR.I
‘ k - ’ ’
) o =H, " ¥,
. 1 0% 1 2
R.I “R.I
H," = w?(n, k) (vk )

: 9, (vfj’l) S 2

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013




Gaussian state solution W (7, vy,) =

_2%6 Qk (77) |

dx

T

Wigner function W (v, p) = / m— (Uk: — %

2772

oo )

2

large squeezing limit mm@p W o § (pr + k tan drvg)

Stochastic distribution
of classical processes

realization spatial direction

Ergodicity

(

\ /

AT$,6)>£ . <AT§§,6)

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013
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_2%6 Qk (77) 71/4 2

Gaussian state solution W (7, vy,) =

: , d |
Wigner function W (vg, pr) = / S (vk B g) PR (vk N g)

large squeezing limit mm@p W o § (pr + k tan drvg)

Stochastic distribution
of classical processes

realization spatial direction

— AT(E,G/)' AT(E, e)
] (2154 - (21

Animations provided by V. Vennin... thx!
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Primordial Power Spectrum

Standard case

Quantization in the

Schrodinger picture

(functional representation) d?’}
Pi

: g 2 ~ 2

with H,; = ) - w(k,n)vx

_ k2 (a\E)/l

B(B + 1)
772

S

d|W
7;"“>

— Hy |Ug)

U — Uk
) e,

—_— ] —
Pk Ton

a(n) = Lo(—n)'TP

b —2
(de Sitter: 5 = —2)

Parametric Oscillator System
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Primordial Power Spectrum

Standard case

Quantization in the

Schrodinger picture
(functional representation)

d|W
7;"‘“>

— Hy | Tg)

Power-law inflation example

dmn

. pQ
with Hi = 2’“ - w (k,m)o;
2 1.9 (@\/61)”
and W (k777) o k a/\/a
B(B+1)
S 5

Y

U = Uk
=il
Pe=1ig
o) = o)+
=

(de Sitter: 3 = —2)

Parametric Oscillator System
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Primordial Power Spectrum

Standard case

Quantization in the ) 2 Fe()
Schradinger picture Ui (n,vg) = k(1)
(functional representation) T
d|Wg) - - Dy
0 = Hp |V with H, = —k
a k| V) E= 5
/ ‘()2 2 2
(e = —2i8h + Sw™(n, k)

~1/4
e—Qk(U) Vi
w? (k,m) 0

n °
(L T A

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013
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log (H™") log (\)

/.

inflation radiation matter

log <i> =N
Uin
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Harmonic oscillator
fundamental state

o
70

N 74

log (H™") log (\)

log (&> =
Uin
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Harmonic oscillator
fundamental state

N
70

‘\

log (&> =
Uin
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Harmonic oscillator
fundamental state

N

k k2

log (H™") log (\)

log| — | =
Uin

inflation radiation matter
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Primordial Power Spectrum

Standard case

2

a
Two physical scales | Hubbleradius H™ ' = 7, b
wavelength A= & ~ o
J -k p~—2 —kn

Sub-Hubble regime log (H™Y) . log (\y) Super-Hubble regime

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

log | 2 N
. O — | =
Bunch Davis vacuum 5 Qin

inflation radiation matter
L> sets initial conditions f (kn — —o0) = € /v/2k

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013
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X
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Primordial Power Spectrum

Standard case

TP fr = 0 with w2k = k2 — 2P D and  filkn — —o0) = e/v/2k

772
O = ifk
L » Uniquely determines Tk _____.y Jie Qk; — < ]2c> — <Uk:>2

Evaluated at the end of inflation(kn — 07), this gives P, (k) = 573 ((D) — <@k>2)

1

P,(k) = Agk™ !
2@2MP2)1€1 ( ) >

and eventually P (k) =

ith = 2 5 ~ 1
with ng B8+ 5=

Planck: 1 —n., = 0.0389 = 0.0054

Twelfth Workshop on Non-Perturbative QCD, Paris - June 13", 2013
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Primordial Power Spectrum

Standard case

T (kS =0 with W2k, =k~ PP TD and  filkn — —o0) = e*7/v/2k

Y

Oy = LTk

sl Re Oy, = (%) — (0)°

L& » Uniquely determines fj |

k‘3
Evaluated at the end of inflation(kn — 07), this gives P, (k) = 573 ((@,%) — <@k>2)

1 Angular scale
S _ ns—l 9° 18" 1 0.2 0.1 0.07
and eventua”y PC(k) — 2a2M2 . Pv(k) — ASk 6000 : |
Pl 1 5000 | 3 .
gs,oan
= 3000
with ng =264+5 =~ 1 8
Br~—2 " .
. 3 10 50 500 1000 1500 MLET" 2500
Plaan 1 - TLS — 00389 1 00054 Multipole moment, /
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Primordial Power Spectrum

Standard case

Y
G o= ik
. . 2 gR Q . A 2 A 2
Uniquely determines f Cllp = <Uk;> — <Uk>
k3 2 2
Evaluated at the end of inflation(kn — 07), this gives P, (k) = >3 ((0) — (0x)*)
1 g Planck+WP
L o ng — 1 N ~ == f:/z:zk :VF: highL
and eventua”y PC(k) o 2a2M2 6 P’U(k) o ASk é/o = l/\l/aturzl I::I[]tioE;AO
Pl 1 é -1 = Power law inflation
N SB SUSY
£ 5 . =—: Moot
/BN_Q = 8 : //// o | \\ ‘ V o &
= / \\ Ve d3
Plaan: 1 L ns _ 0.0389 + 0.0054 S 0.936 0.944 0.955n(l)ﬁi?3ia(|).?ﬁ?((,J);\S)Wb 0.984 0.992 1.000
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Primordial Power Spectrum

Modified Theory

Modified Schrodinger equation

Extended Gaussian
wave function

- - 1/4

2 Ref
W () = | 22D | oy Lot (1) ok — 5 ()] ik () + e () — 19mE () (1)}

Modified equation of
motion
| o ik
: l 2 :

O = =200 + 50+ e i+ [P (0, k)—207] fi =0
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Primordial Power Spectrum

Modified Theory

Modified Schrodinger equation

d|0) = —it, \\If}dn+ﬁ(ék - <(§,c>)@‘1w77 y) — %(Ok _ <(§k>)2dn W)

Extended Gaussian
wave function

- - 1/4

2 Ref
W () = | 22D | oy Lot (1) ok — 5 ()] ik () + e () — 19mE () (1)}

Modified equation of
motion
| o ik
: 1 2 :

O = =200 + 50+ e i+ [P (0, k)—207] fi =0
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Primordial Power Spectrum

Modified Theory

Modified Schrodinger equation

d|0) = —iF, \xp>dn+ﬁ(@k - <@k>)de y) — %(vk - <@k>)2dn Uy

Extended Gaussian
wave function

- - 1/4

2 Ref
W () = | 22D | oy Lot (1) ok — 5 ()] ik () + e () — 19mE () (1)}

Modified equation of
motion
| o ik
: 1 2 :

O = =200 + 50+ e i+ [P (0, k)—207] fi =0
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Conclusions

Quantum measurement problem very severe 1n cosmology

Test?
(non equilibrium...)

dBB ontology

Two possible extensions of QM can be used

(Born rule not set by hand)
Spontaneous collapse
Constraint on ")
- collapse time v
Plenty of new effects awaiting to be discovered/understood... - final spread [_;.
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