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PLAN

1. EXPLAIN THE DYNAMICS OF DE BROGLIE-BOHM

2. EXPLAIN WHY IT REPRODUCES THE QUAN-

TUM PREDICTIONS CONCERNING POSITIONS.

3. EXPLAIN WHY IT REPRODUCES THE QUAN-

TUM PREDICTIONS CONCERNING OTHER OB-

SERVABLES, FOR EXAMPLE THE SPIN.

4. EXPLAIN WHAT IS NON-LOCALITY IN THE DE

BROGLIE-BOHM THEORY.

5. ANSWER SOME OF THE MOST FAMILIAR OB-

JECTIONS TO THE DE BROGLIE-BOHM THE-

ORY.



SUMMARY

First Mystery :The measuring devices have apparently

an essential role, that cannot be understood as merely re-

vealing pre-existing properties of the system being “mea-

sured” nor can that role be understood within ordinary

quantum mechanics.

Second mystery : Applied to the EPR situation, this

non-existence of pre-existing properties implies the exis-

tence of actions at a distance.



WHAT TO DO?

Can one get rid of non-locality? NO !

The argument is based only on empirical data and an

elementary logical reasoning.

Can one get rid of anthropocentrism, i.e. of the central

role of measurements? YES



Existential angst: Am I a vector in a Hilbert space?

Which is, in part, simply a function defined on a high-

dimensional space?

What about you?



Once you think about it, it is quite obvious that ordi-

nary quantum mechanics cannot be the complete story.

It does predict results of measurements, very accurately,

but does not say anything about what is going on in the

world.



We need an “ontology”, namely we need to postulate

something that exists outside of laboratories and that is

not just the quantum state.

We need an ontology that includes MORE than the

measuring devices, but LESS than the values of all the

observables.



The theory of dBB- de Broglie (1927), Bohm (1952), (and

Bell):

1. Is a theory of “hidden variables” (although they are

not really hidden),

2. That accounts for all the phenomena predicted by or-

dinary quantum mechanics,

3. That is not contradicted by the no hidden variables

theorems,



4. That explains why measurements do not in general

measure pre-existing properties of a system (in other

words, it explains why measuring devices have an “ac-

tive role”),

5. And that incorporates and to some extent explains

the non-locality implied by Bell’s theorem.



LET US THINK OF THE DOUBLE SLIT

EXPERIMENT

HOW CAN ELECTRONS BE BOTH PARTICLES

AND WAVES?



ELEMENTARY MY DEAR WATSON !

THEY ARE PARTICLES GUIDED BY WAVES.



THE BROGLIE-BOHM THEORY

In the de Broglie-Bohm’s theory, the state of system

is a pair (X,Ψ), where X = (X1, . . . , XN) denotes the

actual positions of all the particles in the system under

consideration, and Ψ = Ψ(x1, . . . , xN) is the usual quan-

tum state, (x1, . . . , xN) denoting the arguments of the

function Ψ. X are the hidden variables in this theory;

this is obviously a misnomer, since particle positions are

the only things that we ever directly observe (think of the

double-slit experiment for example).



A first remark about the de Broglie-Bohm’s theory is

that, in the “Einstein boxes” experiment, the particle is

always in one of the boxes, since it always has a posi-

tion, so there is no paradox and no non-locality in that

situation.

The dynamics of the de Broglie-Bohm’s theory is as

follows: both objects Ψ and X evolve in time:



1. SCHRÖDINGER’S EQUATION : for the quantum

state, at all times, and whether one measures something

or not

Ψ0 → Ψt = U(t)Ψ0

i~∂tΨ(x1, . . . , xN , t) = (HΨ)(x1, . . . , xN)

H = −1
2∆ +V where H is the Hamiltonian and V the

potential.

THE QUANTUM STATE NEVER COLLAPSES.



2. GUIDING EQUATION The evolution of the positions

is guided by the quantum state: writing Ψ = ReiS

Ẋk(t) =
~
mk
∇kS(X1(t), . . . , XN(t)) (1)

for k = 1, . . . , N , where X1, . . . , XN are the actual posi-

tions of the particles.



The theory is non-local because the evolution of the

position of each particle, sayXk, depends on the positions

of all the other particles, X1, . . . , XN , since the value of

the guiding field S(X1, . . . , XN) depends on them. We

will come back to that later.



Double slit experiment : numerical

solution in the de Broglie-Bohm the-

ory.

Motion in vacuum highly non classical !! Note that

one can determine a posteriori through which hole that

particle went !



Note also the presence of a nodal line: by symmetry

of Ψ, the velocity is tangent to the middle line; thus,

particles cannot cross it.



Recent experiment (Science, june 2011).



It is clear that [the results of the double-slit experiment]

can in no way be reconciled with the idea that electrons

move in paths. [. . . ] In quantum mechanics there is no

such concept as the path of a particle.

LANDAU et LIFSHITZ

REALLY?



It is not clear from the smallness of the scintillation on

the screen that we have to do with a particle? And is it

not clear, from the diffraction and interference patterns,

that the motion of the particle is directed by a wave? De

Broglie showed in detail how the motion of a particle,

passing through just one of two holes in screen, could be

influenced by waves propagating through both holes.



And so influenced that the particle does not go where

the waves cancel out, but is attracted to where they co-

operate. This idea seems to me so natural and simple,

to resolve the wave-particle dilemma in such a clear and

ordinary way, that it is a great mystery to me that it was

so generally ignored.

J. BELL



HOW DOES THE THEORY OF DE

BROGLIE-BOHM ACCOUNT FOR THE

STATISTICAL PREDICTIONS OF QUANTUM

MECHANICS?

THANKS TO EQUIVARIANCE:



ρt = |Ψt|2 → ρt′ = |Ψt′|2

where Ψt′ comes from Schrödinger’s equation

i~∂tΨ = HΨ



and ρt′ from the pilot equation (mk = 1, ~ = 1)

Ẋk = ∇kS, with Ψ = ReiS.



SO, IF WE ASSUME THAT ρ0 = |Ψ0|2 AT SOME

INITIAL TIME, IT WILL HOLD AT ALL TIMES.

THE STATISTICAL PREDICTIONS OF QUANTUM

MECHANICS ARE RECOVERED, AT LEAST AS FAR

AS POSITIONS OF PARTICLES ARE CONCERNED.

THE ASSUMPTION THAT ρ0 = |Ψ0|2 IS CALLED

QUANTUM EQUILIBRIUM.



HOW DOES THE THEORY OF DE

BROGLIE-BOHM ACCOUNT FOR THE

NON-EXISTENCE OF “SPIN VALUES”?

Consider a Stern-Gerlach apparatus “measuring” spin.

Let H be the magnetic field.
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The particle is guided by the part of the wave function

in the support of which it is.



Why can the “measurement” of the spin in direction 2

change its value in direction 1?



What about interference ?

at t1

| 1 ↓> = 1√
2

(| 2 ↑> − | 2 ↓>)

at t2 and t3

1√
2
(| 2 ↑> | path2 ↑> −| 2 ↓> | path2 ↓>)

The particle follows a unique path, but the wave goes

through both paths (as in the double slit experiment)



at t4

= 1√
2
(| 2 ↑> − | 2 ↓>) | path→>

= | 1 ↓> | path→> → 100% 1 ↓



Blocking path 2 ↓ will change the wave function:

→ |2 ↑> | path 2 ↑ >

at t2 and t3

= 1√
2

(|1 ↑> + |1 ↓>) | path→>

at t4

after the arrow → 25 % ↑ 25 % ↓.



If one combines both waves, one gets a different result

than if one blocks one of them.

The wave function is “physical” because of its “guiding”

property -it is not simply a “probability amplitude”.



Finally, why do “measurements” – other than those

of position – do not (in general) measure a pre-existing

property of the particle.
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H = magnetic field.
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The | ↑> part of the state always goes in the direction

of the field, and the | ↓> part always goes in the opposite

direction.



But if the particle is initially in the upper part of the

support of the wave function (for a symmetric wave func-

tion), it will always go upwards.

  

H

x

z

z  ∣1 ∣1  

Initial position of the electron

z−t 

zt 

Direction of the field

Direction opposite to  the field

1  

1  

0



Now, repeat the same experiment, but with the direc-

tion of the field reversed, and let us assume that the par-

ticle starts with exactly the same wave function and

the same position as before.
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The particle whose spin was “up”, will now “have” its

spin “down”, although one “measures” exactly the same

quantity, with exactly the same initial conditions (for the

particle), but with two different arrangements of the ap-

paratus.
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One can show, using equivariance, that the statistical

predictions for the spin “measurements” are the usual

ones, assuming quantum equilibrium. So, one recovers

the usual quantum predictions also for spin “measure-

ments”, although no intrinsic property of the particle is

being measured. Same thing for other “observables”.
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Therefore the apparatus does not register something

preexisting to the “measurement”, but plays an active

role. This vindicates the intuition of Bohr and others

about the role of the measuring device, but by making it

a consequence of the theory and not some philosophical

a priori.



It is usually the orthodoxy that adopts a naive realism

with respect to operators: the only thing we ever “see”

are particles’ positions, and the calculus with operators

allows us to compute the statistics of those positions in

certain types of interactions (called, misleadingly, mea-

surements). But that does not mean that one has “mea-

sured” an operator (assuming that this expression makes

sense).


