A proposal for the classical limit in Bohm's theory

Davide Romano

University of Lausanne

20.12.2016, Frascati

Davide Romano University of Lausanne

A proposal for the classical limit in Bohm's theory



The classical limit

The classical limit problem

» Quantum mechanics (QM) — Classical mechanics (CM)

Davide Romano University of Lausanne

A proposal for the classical limit in Bohm's theory



The classical limit

The classical limit problem

» Quantum mechanics (QM) — Classical mechanics (CM)

» Phenomenological problem: quantum probability distributions
must converge to classical quantities
(example: Ehrenfest's theorem for position distribution)

Davide Romano University of Lausanne

A proposal for the classical limit in Bohm's theory



The classical limit

The classical limit problem

» Quantum mechanics (QM) — Classical mechanics (CM)

» Phenomenological problem: quantum probability distributions
must converge to classical quantities
(example: Ehrenfest's theorem for position distribution)

» Conceptual problem: two different ontologies for QM and CM

Davide Romano University of Lausanne

A proposal for the classical limit in Bohm's theory



The classical limit

The classical limit problem

» Quantum mechanics (QM) — Classical mechanics (CM)

» Phenomenological problem: quantum probability distributions
must converge to classical quantities
(example: Ehrenfest's theorem for position distribution)

» Conceptual problem: two different ontologies for QM and CM

» The conceptual problem is even more serious than the
phenomenological one
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Ehrenfest’s theorem

» Example: Ehrenfest's theorem
» If W(x) is a narrow wave packet in position space
> m< (X) ==V V((X)) (for linear and quadratic V)

dt?
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The classical limit

Ehrenfest’s theorem

v

Example: Ehrenfest's theorem

v

If W(x) is a narrow wave packet in position space
m< (X) ==V V((X)) (for linear and quadratic V)

dt?
> the mean values of the position and momentum operators
follow a “Newtonian flow”

v
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The classical limit

Ehrenfest’s theorem

v

Example: Ehrenfest's theorem

v

If W(x) is a narrow wave packet in position space

m< (X) ==V V((X)) (for linear and quadratic V)

dt?
> the mean values of the position and momentum operators
follow a “Newtonian flow”

v

Note: formal derivation # real physical derivation

v
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The classical limit

Ehrenfest’s theorem

» Example: Ehrenfest's theorem
» If W(x) is a narrow wave packet in position space
> m< (X) ==V V((X)) (for linear and quadratic V)

dt?
> the mean values of the position and momentum operators
follow a “Newtonian flow”
> Note: formal derivation # real physical derivation
» — This is not a classical trajectory:
in Standard QM, W does not represent objective stuff moving
in space
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de Broglie-Bohm theory

» Quantum theories describing stuff moving in space
1. de Broglie-Bohm theory (wave function + particles)
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» Quantum theories describing stuff moving in space

1. de Broglie-Bohm theory (wave function + particles)
2. GRW (wave function + density matter or flashes)
3. Everett-Many Worlds Interpretation (wave function)
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The classical limit

de Broglie-Bohm theory

» Quantum theories describing stuff moving in space

1. de Broglie-Bohm theory (wave function + particles)
2. GRW (wave function + density matter or flashes)
3. Everett-Many Worlds Interpretation (wave function)

» CM ontology: particles following Newtonian trajectories in 3D

> dBB ontology: particles following Bohmian trajectories in 3D
+ wave function in 3N-D
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The classical limit

de Broglie-Bohm theory

v

Quantum theories describing stuff moving in space

1. de Broglie-Bohm theory (wave function + particles)
2. GRW (wave function + density matter or flashes)
3. Everett-Many Worlds Interpretation (wave function)

v

CM ontology: particles following Newtonian trajectories in 3D

v

dBB ontology: particles following Bohmian trajectories in 3D
+ wave function in 3N-D
The classical limit in the Bohmian framework reduces to:

v
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The classical limit

de Broglie-Bohm theory

v

Quantum theories describing stuff moving in space

1. de Broglie-Bohm theory (wave function + particles)
2. GRW (wave function + density matter or flashes)
3. Everett-Many Worlds Interpretation (wave function)

v

CM ontology: particles following Newtonian trajectories in 3D

v

dBB ontology: particles following Bohmian trajectories in 3D
+ wave function in 3N-D

v

The classical limit in the Bohmian framework reduces to:

1. Making the wave function disappear
(from quantum “holistic” non-locality to classical non-locality)
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The classical limit

de Broglie-Bohm theory

v

Quantum theories describing stuff moving in space

1. de Broglie-Bohm theory (wave function + particles)
2. GRW (wave function + density matter or flashes)
3. Everett-Many Worlds Interpretation (wave function)

v

CM ontology: particles following Newtonian trajectories in 3D

v

dBB ontology: particles following Bohmian trajectories in 3D
+ wave function in 3N-D

v

The classical limit in the Bohmian framework reduces to:

1. Making the wave function disappear
(from quantum “holistic” non-locality to classical non-locality)
2. Bohmian trajectories — Newtonian trajectories
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Holistic to Local regime

Holistic regime

» N-particle system: (Q, V)
Wave function: W = W(xy,...,xpn,t)
Configuration: @ = 9Q(q1,...,9n)

Davide Romano University of Lausanne

A proposal for the classical | n Bohm's theory
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Holistic regime

» N-particle system: (Q, V)
Wave function: W = W(xy,...,xpn,t)
Configuration: @ = 9Q(q1,...,9n)

ViV(q1,... t
ic\‘g kY(q1,--,9n5t)

» Guiding equation: gy = e S UG o D)
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Holistic to Local regime

Holistic regime

» N-particle system: (Q, V)
Wave function: W = W(xy,...,xpn,t)
Configuration: @ = 9Q(q1,...,9n)

- : . ViV (qi,...qn,t
» Guiding equation: ¢y = %%W

» The velocity of one particle depends on the position of all the
other particles of the configuration
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Holistic to Local regime

Holistic regime

» N-particle system: (Q, V)
Wave function: W = W(xy,...,xpn,t)
Configuration: @ = 9Q(q1,...,9n)

» Guiding equation: ¢y = %%W
» The velocity of one particle depends on the position of all the

other particles of the configuration

» Holistic (quantum) non-locality
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Holistic to Local regime

The quantum potential Q

B2 V2R(x1,e.xp)
» Q= 2m R(x1,...,xn)
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The quantum potential Q

B2 V2R(x1,e.xp)
» Q= 2m R(x1,...,xn)

» Q does not generally decrease with distance

» Q does not decrease when the amplitude R decreases
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Holistic to Local regime

The quantum potential Q

Q= 12 V2R(x1,-XN)
T 2m R(x1,...,xn)

Q does not generally decrease with distance

v

v

v

Q does not decrease when the amplitude R decreases

Example. Gaussian state: 1) = e~ Blx—x0)®

v
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Holistic to Local regime

The quantum potential Q

Q= 12 V2R(x1,-XN)
T 2m R(x1,...,xn)

Q does not generally decrease with distance

v

v

v

Q does not decrease when the amplitude R decreases

v

Example. Gaussian state: 1) = e~ #(x—%)’
> FQ,Gaussian = 4Rz g2 (X — Xo) [Bowman 201].]

m
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Holistic to Local regime

The quantum potential Q

v

Q= 12 V2R(x1,-XN)
T 2m R(x1,...,xn)

Q does not generally decrease with distance

v

v

Q does not decrease when the amplitude R decreases

v

Example. Gaussian state: 1) = e~ Blx—x0)®

> FQ,Gaussian = 4Rz g2 (X — Xo) [Bowman 201].]

m

v

Q is selective: Q(1)) affects only the particles belonging to 1
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Holistic to Local regime

Factorization of states

> wtot(xl, <oy Xny t) = wl(xlu t) oo 1/1N(XN7 t)

Davide Romano University of Lausanne

A proposal for the classical | n Bohm's theory



Holistic to Local regime

Factorization of states

> wtot(xl, e 7Xn, t) == ¢1(X1, t) . e ’l/]N(XN, t)
y da _ o ViVilant)

local regime: classical non-localit
ot = mr S Wi(gol) (local reg classica cality)
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Holistic to Local regime

Factorization of states

> wtot(xl, e 7Xn, t) == ¢1(X1, t) . e ’l/]N(XN, t)
y da _ o ViVilant)

dt me > Wi(gp.t)

_ 12 ViRe(qi,t)
> Q= 2mi Ri(qx,t)

(local regime: classical non-locality)

(non-classical trajectory)
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Holistic to Local regime

Factorization of states

v

wtot(xl, LIRS 7Xn, t) — ¢1(X1, t) “ e ’l/]N(XN, t)
dax _ b xVieVi(ar,t)

dt me > Wi(gp.t)

Qr = B2 VaRi(ai,t)
k= 2mx " Ri(qe,t)

factorability implies physical independence (Holland (1993))

v

(local regime: classical non-locality)

v

(non-classical trajectory)

v
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Holistic to Local regime

Factorization of states

> wtot(xl, e 7Xn, t) == ¢1(X1, t) . e ’l/]N(XN, t)
y da _ o ViVilant)

dt me > Wi(gp.t)

Qr = B2 VaRi(ai,t)
k= 2mx " Ri(qe,t)

» factorability implies physical independence (Holland (1993))

(local regime: classical non-locality)

(non-classical trajectory)

» Problem: factorization is not realistic in the macroscopic world

Davide Romano University of Lausanne

A proposal for the classical limit in Bohm's theory



Holistic to Local regime

Factorization of states

> wtot(xl, e 7Xn, t) == ¢1(X1, t) . e ’l/]N(XN, t)
y da _ o ViVilant)

dt me > Wi(gp.t)

Qr = B2 VaRi(ai,t)
k= 2mx " Ri(qe,t)

» factorability implies physical independence (Holland (1993))

(local regime: classical non-locality)

(non-classical trajectory)

» Problem: factorization is not realistic in the macroscopic world

> In fact, | will take the opposite view:
interaction between systems leads to effective factorization
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Holistic to Local regime

Effective factorization by decoherence

» Bohm (1987): effective factorization is produced by
spontaneous interactions with the environment (decoherence)
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Holistic to Local regime

Effective factorization by decoherence

» Bohm (1987): effective factorization is produced by
spontaneous interactions with the environment (decoherence)

> p(x)B(y) = (1 (x)+12(x))d(y) B 01 (x)d1(y)+a(x)a(y)
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Holistic to Local regime

Effective factorization by decoherence

» Bohm (1987): effective factorization is produced by
spontaneous interactions with the environment (decoherence)
Hint

> P(x)p(y) = (Y1(x)+v2(x))p(y) = 1(x)d1(y)+12(x)p2(y)
> if supp(Y1(x)d1(y)) N supp(2(x)2(y)) = 0
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Holistic to Local regime

Effective factorization by decoherence

v

Bohm (1987): effective factorization is produced by
spontaneous interactions with the environment (decoherence)
Hint

Y(x)(y) = (P1(x) +12(x))p(y) =% ¥1(x)d1(y)+1h2(x)p2(y)
if supp(11(x)@1(y)) N supp(2(x)ga(y)) = 0

The WF is effectively factorized in two separate channels

v

v

v
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Holistic to Local regime

Effective factorization by decoherence

v

Bohm (1987): effective factorization is produced by
spontaneous interactions with the environment (decoherence)
Hint

Y(x)(y) = (P1(x) +12(x))p(y) =% ¥1(x)d1(y)+1h2(x)p2(y)
if supp(11(x)@1(y)) N supp(2(x)ga(y)) = 0

The WF is effectively factorized in two separate channels
X € supp(11(x)) and Y € supp(¢1(y))

v

v

v

v
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Holistic to Local regime

Effective factorization by decoherence

v

Bohm (1987): effective factorization is produced by
spontaneous interactions with the environment (decoherence)
Hint

Y(x)(y) = (P1(x) +12(x))p(y) =% ¥1(x)d1(y)+1h2(x)p2(y)
if supp(11(x)@1(y)) N supp(2(x)ga(y)) = 0

The WF is effectively factorized in two separate channels

X € supp(11(x)) and Y € supp(¢1(y))
11(x) becomes the EWF of the system
¢1(y) becomes the EWF of the “environment”

v

v

v

v

v
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Holistic to Local regime

Effective factorization by decoherence

v

Bohm (1987): effective factorization is produced by
spontaneous interactions with the environment (decoherence)
Hint

Y(x)(y) = (P1(x) +12(x))p(y) =% ¥1(x)d1(y)+1h2(x)p2(y)
if supp(11(x)@1(y)) N supp(2(x)ga(y)) = 0

The WF is effectively factorized in two separate channels

X € supp(11(x)) and Y € supp(¢1(y))
11(x) becomes the EWF of the system
¢1(y) becomes the EWF of the “environment”

> P1(x)p1(y) + 2(x)p2(y) = P1(x)d1(y)+12(x)d2(y)

v

v

v

v

v
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Holistic to Local regime

Classical non-locality and effective wave functions

» Effective factorization by decoherence — production of EWFs
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Classical non-locality and effective wave functions

» Effective factorization by decoherence — production of EWFs

» EWFs encodes a local dynamics — classical non-locality
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Holistic to Local regime

Classical non-locality and effective wave functions

» Effective factorization by decoherence — production of EWFs
» EWFs encodes a local dynamics — classical non-locality

» Zurek, Habib & Paz (1993): pointer states are Gaussian states
EWFs — Gaussian states
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Holistic to Local regime

Classical non-locality and effective wave functions

» Effective factorization by decoherence — production of EWFs
» EWFs encodes a local dynamics — classical non-locality

» Zurek, Habib & Paz (1993): pointer states are Gaussian states
EWFs — Gaussian states

> Reduced density matrix in dBB theory in decoherence regime:
proper mixtures of EWFs
improper mixtures of Gaussian states
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Newtonian trajectories

Holland (1993)

» U(x) = R(x)e%s(x) in Schrodinger equation
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» U(x) = R(x)e%s(x) in Schrt')dinger equation
» quantum Hamilton-Jacobi: E + (VS) +V+Q=0
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Newtonian trajectories

Holland (1993)

» U(x) = R(x)e%s(x) in Schrt')dinger equation
» quantum Hamilton-Jacobi: E + (VS) +V+Q=0

» 279 order formulation: Cg—t); =-VV-VQ
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Newtonian trajectories

Holland (1993)

V(x) = R(x)e%s(x) in Schrt')dinger equation

v

v

quantum Hamilton-Jacobi: E + (VS) +V+Q=0

24 order formulation: Cg—t); =-VV-VQ

» Newtonian motion: Q@ — 0 (negligible |Q| and VQ)

v
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Newtonian trajectories

Holland (1993)

V(x) = R(x)e%s(x) in Schrt')dinger equation

v

v

quantum Hamilton-Jacobi: E + (VS) +V+Q=0

279 order formulation: Cg—t); =-VV-VQ
Newtonian motion: @ — 0 (negligible |Q| and VQ)

2 major problems:

v

v

v
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Newtonian trajectories

Holland (1993)

V(x) = R(x)e%s(x) in Schrt')dinger equation

v

v

quantum Hamilton-Jacobi: E + (VS) +V+Q=0

24 order formulation: Cg—t); =-VV-VQ
Newtonian motion: @ — 0 (negligible |Q| and VQ)
2 major problems:

1. Q is state dependent

v

v

v
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Newtonian trajectories

Holland (1993)

V(x) = R(x)e%s(x) in Schrt')dinger equation

v

v

quantum Hamilton-Jacobi: E + (VS) +V+Q=0

24 order formulation: Cg—t); =-VV-VQ
Newtonian motion: @ — 0 (negligible |Q| and VQ)
2 major problems:

1. Q is state dependent
2. Approach for closed systems (particle in a box problem)

v

v

v
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Newtonian trajectories

Holland (1993)

V(x) = R(x)e%s(x) in Schrt')dinger equation

v

v

quantum Hamilton-Jacobi: E + (VS) +V+Q=0

24 order formulation: Cg—t); =-VV-VQ
Newtonian motion: @ — 0 (negligible |Q| and VQ)
2 major problems:

1. Q is state dependent
2. Approach for closed systems (particle in a box problem)

v

v

v

>
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Newtonian trajectories

Proposal: open quantum potential approach

> Idea: applying Holland's strategy to post-decohered states.
In dBB theory, they are EWFs described by Gaussian states
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Newtonian trajectories

Proposal: open quantum potential approach

> Idea: applying Holland's strategy to post-decohered states.
In dBB theory, they are EWFs described by Gaussian states

2
» Gaussian state: ¥(x) = Ae™ 42
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Newtonian trajectories

Proposal: open quantum potential approach

> Idea: applying Holland's strategy to post-decohered states.
In dBB theory, they are EWFs described by Gaussian states

2
» Gaussian state: ¥(x) = Ae™ 42

» Quantum potential: Q = %(1 — gé)
(82 = [+ (5]
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Newtonian trajectories

Proposal: open quantum potential approach

v

Idea: applying Holland's strategy to post-decohered states.
In dBB theory, they are EWFs described by Gaussian states

2
Gaussian state: ¥(x) = Ae™ 42

v

» Quantum potential: Q = %(1 — gé)
(52 — 32[1 + (2322)2]
Q — 0 for M — oo or h < A (macroscopic regime)

v
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Newtonian trajectories

Proposal: open quantum potential approach

v

Idea: applying Holland's strategy to post-decohered states.
In dBB theory, they are EWFs described by Gaussian states

%2
Gaussian state: ¥(x) = Ae™ 42

v

» Quantum potential: Q = %(1 — gé)
(52 — 32[1 + (2322)2]
Q — 0 for M — oo or h < A (macroscopic regime)

v

v

The Bohmian trajectory of a macroscopic system becomes
approximately Newtonian
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Newtonian trajectories

Emergence of the classical world from dBB theory

» de Broglie-Bohm theory — Newtonian mechanics under the
following conditions (conditions for the classical limit):
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Newtonian trajectories

Emergence of the classical world from dBB theory

» de Broglie-Bohm theory — Newtonian mechanics under the
following conditions (conditions for the classical limit):

1. Decoherence regime
Production of EWFs — quantum to classical non-locality
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Newtonian trajectories

Emergence of the classical world from dBB theory

» de Broglie-Bohm theory — Newtonian mechanics under the
following conditions (conditions for the classical limit):
1. Decoherence regime
Production of EWFs — quantum to classical non-locality
2. Macroscopic system
Q goes to zero — Newtonian trajectories
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Newtonian trajectories
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