Can Decoherence make quantum theories unfalsifiable?
Understanding the quantum-to-classical transition without it

N

X. Oriols
Universitat Autonoma de Barcelona
E.mail: Xavier.Oriols @uab.es

EmQMI15

Emergent Quantum Mechanics
OCTOBER 23rd-25th 2015 VIENNA




Can Decoherence make quantum theories unfalsifiable?
Understanding the quantum-to-classical transition without it

| Acknowledgment: |
Bohmian dissipation Quantum-to-classical transition

Damiano Marian (UAB) Albert Benseny (Japan)

Financial Support:

. Ministerio de Ciencia e Innovacion under Project No. TEC2012-31330
. DURSI of the Generalitat de Catalunya under Contract No. 2009SGR783
. Grant agreement no: 604391 of the Flagship ”Graphene-Based Revolutions in ICT and Beyond”.




What does decoherence mean?

Does it appears when dealing with open systems ?

Or it is also present in Closed systems ?

Does it appears at an ontological level of the theory ? Or not?

Decoherence is somehow a ‘‘fuzzy” concept!
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‘ Introduction

Phenomenologic
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Quantum-to-classical

Dissipation,...
lrreversability,...

Good news for a quantum engineers ! They can easily put the
dissipation and irreversibility into their models.

.\u, Bad news for foundations of quantum mechanics ! Unless they clarify
- or eliminate decoherence, it is difficult to test the universality of
- quantum theories.
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| 1.1.- Conditional (Bohmian) wave function

Orthodox quantum theory:

An object cannot be a wave and a particle simultaneously !

Bohmian quantum theory:

But two objects can !
Specially, if one 1s a wave and the other 1s a particle.
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M m unpredicatble and deterministic
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1.1.- Conditional (Bohmian) wave function

The many-particle wave function The many-body problem

0P O
ih (x1,x2’ ,XN,t):{Z_h_a_z—l_U(x]’xZ""’xN’t)}(b(xl’xZ”"’xN’t)

a=1 2'm a.xa

“lives”in RN
r_—

—> D(x,,x,,.Txy,1) Point Particle

—> WY(x, 1) =P(x, (1), x,(2),..x,.., x\ (2),1)

Non-Linear

= {—h—a—+U(xa,§cb[t],t) +G(x,,%,[11,0) +i-d (x,, %, [11,0)  P(x,.1)

2m ox’ .
[X. Oriols, Phys. Rev. Lett. 98, 066803 (2007)]
[T.Norsen, Found. Phys 40, 1858 (2010)]

The conditional wave function

X e, T
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| 1.2.- Single-particle (conditional) dissipative wave functions

Usual single-particle L OP(x,1) h? 92
Schrodinger equation: th % | 2m*ox +U(x,1) p W(x,1)

“Conditional”

: : 2 2
single-particle i ST ={- h a—+U(x,t)+G(x,t)+i-J(x,,l‘)}‘P(x,l‘)

3 . * 2
Schrodinger equation: ot 2m* ox
[X. Oriols, Phys. Rev. Lett. 98, 066803 (2007)]

Use G(x,t) and i-J(x,t) to produce an electron changes
from the state {E,k} to {E’,k’}

ihaw(x’t):{ 1 (—ihi+/1<b(tl)j +U(x,t)}‘P(x,t)

% . .
at 2 n Hermitian Hamiltonian
2 2 2 K2
H 0¥ (x,1) _) h a—2+U(x,t)+ih/M)(tl) 0 N A D (1) W)
ot 2m* ox m*  ox 2m*
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1.2.- Single-particle (conditional) dissipative wave functions ‘

Without phonon With phonon
S . . . . s . . .
2 5
& 04 & 04 - (QMAMM
£ 02 8 02
[ - =
Eo0=0.18 eV 2 2
=- 8 -1 & 0 . : . & 0 : : :
Kr=-2,2¢% m 1 2 3 4 5 6 1 2 3 4 5 6
Position (m) g 10-7 Position (m) " 10-7
T=0.85 PS x10-13 Without phonon x10-13 With phonon
. 6 _ 6 oint) Particle
well=4nm  Z O P
barr = 0.8 nm E* E4
Height= 0.5 eV 2 - 2|
0 . . . : 0 . : - .
1 2 3 4 5 6 1 2 5 4 5 6
Position (m) X 10-7 Position (m) z 10-7
L 0¥P(x,r) | hP 9° L 0¥(x,t) | K 9 hAD(1) 9 AP(1)
ih Ey —{—Zm*ax2+U(x,t) Y(x,t) ih PR —zm*ax2+U(x,t)+z m*‘ g+ 2m*1 W(x,t1)
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1.3.- Single-particle (conditional) dissipative wave functions

Scattering mechanisms 30 |
(Fermi Golden Rule)
25
1.- Acustic Phonons.
2.- Optial phonons < 20t
(0.036 eV) =
3.- Optial phonons 15t
(-0.036 eV), O
4.- Impurities 8 10l SCATTERING

(Np=10%7 cm-3)

With —@— # particles

5 With —#— Ramo-Shockley-Pellegrini i
Without —0U— Ramo-Shockley-Pellegrini
< = Without —O— # particles
= 0 T T T T T T T T T T
0,0 0,2 0,4 0,6 0,8 1,0

Applied bias (V)
Freely available at http:\euroep.uab.es\bitlles
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| 2.1.- A “frustrating” single-particle Bohmian attempt |

’ Classical and Bohmian similarities |

.- Both deal with particles.
.- Both deal with single-experiments (not ensemble of experiments).
.- Both have no measurement postulate (it is just a type of interaction).

2
- d(x,1) h 92 aR (X,t) n 8 R2 . .
h =<{———+U(x, P(x, (x’t) V(x,t) _O
Y { 2:m ox. HU t)} (1) ot ox ( )
[1] N. Rosen, Am. J. Phys. 32, 377 (1964). 2.- Quantum Hamilton-Jacobi:
r r o
®(x,1) =R(x,t)e* " ,
S (x,1) LU+ 1 (aS(x,t)j +Q()rc,t) _0
ot 2m 0x
3 equations and only ; -
2 unknowns: R(x,1) S(x.0) 3.- Matemathical condition:
Q(x,0)=0

EmQM 2015 (Vienna) X.Oriols, UAB Spain 12



2.2.- A natural many-particle Bohmian attempt for the center of mass

The reason of the previous bad results is because and apple is not
a single-particle system! We Try a many-particle system !

\/ . \/ . . . \/ \/ =
phada ' ke )

L 0D(x,, X, ,..., Xy, 1) 2
ih 1 gt N {;__mg+U(xl,x2, Xy ) r P(X, Xy, Xy, 1)

We study the transition for the center of mass ! (not for an individual electron)

1 N
Y :xcm:_ xi
kﬂi'lili'lil'iliiiiiiii 1 NS
(\/Nxcm+x1) 5
=X, — =2,..N
YiT JN +1 /

az h2 N az g

+U(X,,, 5 Vyseees yN,t)}‘P(xl,xz,...,xN,t)

2
iha‘P(xcm,yz,...,yN,t) _J__h __ Z :
ot 2N-mox, 2m%50y,
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2.2.- A natural many-particle Bohmian attempt for the center of mass

1.- Wave-equation for the center of mass of a many body system:

2 N
lh a‘P(xcm,)ézt,.”, yN,t) :{ h Z +U(xcm7 y27"'7 yN,t)}lP(xl’XZ""’xN’t)

2.- Quantum Hamilton-Jacobi:

Oza—S+U+1Mvcm+Qcm+Z(~mv +Qj M = N-m
ot 2
\ 4
Vj(xcm9§at)=laS(me’y2"”’yN’t)
m axj
2
r 1 0S(X,5 Yyseees Yyst) dX _[t] J N

vcm('xcm’ ,l')z o’ X Nm—— - —— U+ + ;

EmQM 2015 (\_Iienna) [1] D. Tena, A. Benseny, X.Oriols, submitted (2015). X.Oriqls, UAB Spain 14 .



2.2.- A natural many-particle Bohmian attempt for the center of mass

3.- Conditions for the Quantum-to-Classical transition of the center of mass:

lim e lim,__ aiQ‘”" o< /N
xcm

N >0
T ox,

& 0 ¢ 0
For particles with lim., Z—Q = I —Q,dx, =0
exchange interaction j=2 axcm o0 axcm

Clear evidences for the ontological goal of quantum and classical re-unification
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2.2.- A natural many-particle Bohmian attempt for the center of mass

Error(%) =100 Xy =Xy

Bosons

Particles

1.5 |

Energy (eV)
gy (e¥) Parabolic

potential

0.5

% 05 15 2 25
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2.2.- A natural many-particle Bohmian attempt for the center of mass

50 -

Error(%) =100 XCM (t)d XCM(t)
Xy () Yy 7
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| 2.3.- A conditional wave function for the center of mass

| How the quantum non-locality disappears ? ‘

Bohmian quantun heory:— J Nonlocal

Two-particle Coulomb interaction  Time 4.87 (fs) Xavier Oriols © 2005
WAVE PAGUET 2 WAVE PAGUET 1

Central energy 0.045 eV .- ‘_'-.,I(;:_entral energy 0.050 eV

.- Bohmian trajectories lives

in physical space R3 S ool
.- Many-particle wave function lives ¢ ..l

in configuration space R3N

400 400

%2 (nm) %1 (nm)

() Bohm trajectories at the real space  [] Bohm trajectory at the configuration space

dx . [t] 0
m Sl eml?d

-2 U+Qcm+in = N

dx . [t] 0
m =
dt ox,

— U
dt ox

cm

N-
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3 | 2.3.- A conditional wave function for the center of mass

| How the quantum randomness disappears ? |

Bohmian quantum theory: unpredicatble and deterministic

X (0) S

e

Yy
‘ [ .
Sl
. * X (1)O
~
® (©)
' NS

U

3rd experiment:
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FAPP, predictable and
deterministic evolution.
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2.3.- A conditional wave function for the center of mass ‘

2 2 -
9P ) 09 e B =0, x, 1.0 W(x,. 1)
ot 2m ox,

Blue = Schrodinger eq. Red = "Classical” conditional eq. TIME:1.5e-014 (s)

@ 8000 U1 CQUc 9
=
2 6000
£
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o .
5 001 3 equations
"3 2000
&
; 0 1 1 | 1 1 1 J
-1 0.5 0 0.5 1 15 2 25 3 0 ] % OW

Position (m) <107

R0 Sk Glx,,x[t],0)+i-d (x,,x,[t],1)

A new equation for an intermediate domain of physics where the behavior
of the system is neither purely quantum nor classical.
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| 3.- Conclusions

Two main messages:

and the many-body problem makes

Message 1-- Decoherence
quantum theovies universal and nfalsifiable FAPP- T his is a very

attractive feature for a quantum engineer (http:\europe.uab.es\bitlles),

but a disgusting oneé for those int
quantum mechanics.

Message 2.~ (Main result)- Classical mechanics appears in a Verd
when dealing with the

natural way from Bohmian mechanics,
center of masses of a very large number of pavticles with exchange

symmetry-

Th
ank you very much for your attention
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