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The deBroglie-Bohm interpretation

Louis deBroglie David Bohm
(1892-1987) (1917-1992)
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“I saw the impossible done...
John Bell
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Responses to the measurement problem

1. Deny realism
* Purely operational account of quantum theory

2. Deny the universality of unitary dynamics
» Dynamical collapse theories

3. Deny that v is a complete representation of reality

» Hidden variable models
» Models of reality beyond hidden variables?

4. Deny indeterminism and discontinuity, except as subjective illusions

* Everett’s relative state interpretation, or “many worlds”

Page 3/45



e
.f"f
e
e
.w""/
/"/
Anti-realist Realist
~
‘//
.f"//
.f/
f'f
,./‘
y-complete y-incomplete
.f'f'
‘/'f
e
f‘f-f“/v
-supplemented Y-epistemic

Y
-ontic

Pirsa: 18020069 Page 4/45



The deBroglie-Bohm interpretation for a single particle

The ontic state: ~ (y/(r),{)
A X

Wavefunction Particle
position
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The deBroglie-Bohm interpretation for a single particle

The ontic state: ~ (/(r),{)
7 X

Wavefunction Particle
position

The evolution equations:

ih M = — h;v3.¢, (r,0)+ V(ryp(r,t) Schrodinger's eqn
ot 2m
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The deBroglie-Bohm interpretation for a single particle

The ontic state: (¥ (r),Q)
7R

Wavefunction Particle
position

The evolution equations:

ih M = h;v3.¢, (r,0)+ V(ryp(r,t) Schrodinger's eqn

ot 2m

w0 _ L vsee.n)]

dt m

r=4(1) The guidance eq'n

iS(r,t)/ h

where Y (r,t) = R(r,t)e
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The deBroglie-Bohm interpretation for a single particle

The ontic state: (¥ (r),Q)
7R

Wavefunction Particle
position

The evolution equations:

ih M P h;v3.¢, (r,0)+ V(ryp(r,t) Schrodinger's eqn

ot 2m

o 1
2= [vs(rn)

m

where Y (r,t) = R(r,t)e

r=4(1) The guidance eqQ'n

iS(r,t)/ h

Note: There is no back-action on the wave
The amplitude of the wave is irrelevant —> a pilot wave
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Given Y (r,t) = R(r,t)e""""

The real part of the Schrodinger eg'n is:
s (VS)
ot 2m

+0+V =0

| h° V°R(r,t
where  ((r,t) = — _ (r.7) The “quantum potential”
2m  R(r,t)
The imaginary part of the Schrodinger eq'n is:
R°VS

m

D (R)+ V- =0
ot
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Newtonian form of the particle dynamics:

m % = —[VV(r) + VQ(r,t)]

r=_C(1)

h° V°R(r,t)

where Q(-I',Z) = - _ The “quantum potential”
2m  R(r,t)

(Note independence of quantum potential on magnitude)
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Newtonian form of the particle dynamics:

m % = —[VV(r) + VQ(r,t)]

r=_C(1)

h° V°R(r,t)

where Q(-I',Z) = - _ The “quantum potential”
2m  R(r,t)

(Note independence of quantum potential on amplitude)

How else does deBroglie-Bohm differ from Newtonian mechanics?
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Newtonian form of the particle dynamics:

" % = -[VV(r)+VO(r,1)]

r=_C(1)

h° V°R(r,t)

where Q(-I',Z) = - _ The “quantum potential”
2m  R(r,t)

(Note independence of quantum potential on amplitude)

How else does deBroglie-Bohm differ from Newtonian mechanics?

The dynamics are fundamentally first order

ag(n) = L[VS(I'J)] r=((1)

dt m
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Acting the V operator on the real part of the Schrodinger eg’n gives:

\Y i + (VS); +0+V|=0
Jat  2m
(a + VS'V)VS - V(o +V)
ot m

Taking the time derivative of the guidance equation gives:

dC([) — L[VS(I‘J)] r=L(1)

dt m

N _ L0 4 gys
dt” m\ ot dt

Thus

3 _ vy +vown], ..,

~
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Epistemic state (assuming perfect knowledge of {/(r,¢))

0(E)dC = the probability the particle is within - d of &.

The “standard distribution”

plC. )=l &nf

Note: it is preserved by the dynamics:

i pE0)=lCOf wen P& =P
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Proof of the preservation of the standard distribution:

The velocity field is

v(r,t) = l[VS(‘r,zf)]

m

The probability current density is:
J(r,t) = p(r,1)v(r,1)

Conservation of probability implies

M:—V'j(ra[) =_V.(

p(r,t)VS(r,t)
|

m
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Proof of the preservation of the standard distribution:

The velocity field is

v(r,t) = l[VS(‘r,zf)]

m

The probability current density is:
J(r,t) = p(r,t)v(r,1)

Conservation of probability implies

dp(r,1) V-j(r.f) = -V ( p(r,t)VS(r,t))
ot "

Recall the imaginary part of the Schrodinger eq’n:

Jd , R’VS

—(R)=-V-

ot m
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Proof of the preservation of the standard distribution:

The velocity field is

v(r,t) = l[VS(r,z.‘)]

m

The probability current density is:
J(r,t) = p(r,))v(r,1)

Conservation of probability implies

P _ ity = ——V-(
ot

Recall the imaginary part of the Schrodinger eq’n:

.i(R2>=—V-(RhVS]
ot

p(r,t)VS(l‘,l‘))

m

m

Therefore, it ©(r,t)= R*(r,t) then %(p(r,t) -Rz(r,t))= 0
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Y = E C,/'Z'[}_;'

J
“waves” of the decomposition

Spatial support of 1//,,' = {I' : ’lﬂ-’j (1') ?é U}

CE Spatial support of %/’_,- jth wave is occupied
(& Spatial support of 2/",' Jth wave is empty

If only the kth wave is occupied

Then the guidance equation depends only on the kth wave
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Proof of ineffectiveness of empty waves
Z/, = z/la + 11”/,;

iSih iS /h iS,/h
Re™ =R e +Re

R*=R>+R?+2R R, cod|(S, - S,)/n]

R3VS +RXVS, +R R, cod(S -S,)/nN(S +5, )}

VS =R~
{— h[RHVR,, - R, VR, ]Sin[(S” -S,)/ h]
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Proof of ineffectiveness of empty waves
Z/, = z/la + 11”/,;

iSih iS, /h iS,/h
Re™ =R e +Re

R*=R>+R?+2R R, cod|(S, - S,)/n]

~#|R VR, - R,VR, |sin|(S, -S,)/n]
" R,R, =0, RVR, =0, R,VR, =0

, S S R°VS +R’VS
then R~ = R; + Rl;- and VS§ =-4 : lj, 2
R; + Rf:

s o { RVS, + R2VS, + R R, cos|(S, - S, )/ n N (S, + 5, )}
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Proof of ineffectiveness of empty waves
Z/, = z/la + leb
R eiS/h R ei.Sd/ﬁ + R ef.s,,/ﬁ
- Y b
R*=R>+R?+2R R, cod|(S, - S,)/n]
R>VS +RXVS, +R R, cod(S. -S,)/nN(S +5,)
~#|R VR, - R,VR, |sin[(S, -S,)/n]
" R,R, =0, RVR, =0, R,VR, =0

, S S R°VS +R’VS
then R~ = R; + R/;- and VS =-4 : lj, b
R; + Rf:

VS=R‘2{

KO _ 1 gsr.0)]
dt m

r=C(t)
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Proof of ineffectiveness of empty waves
Z/, = z/la + 11”/,;

iSih iS /h iS,/h
Re™ =Re™ +Re

R*=R*+R?+2R R, cod|(S, - S,)/n]

os o R3VS +RXVS, +R R, cod(S. -S,)/nN(S +5,)
~#|R VR, - R,VR, |sin[(S, -S,)/n]
" R,R, =0, R VR, =0, R,VR, =0
R’VS +R'VS,

2 2 »)
then R°=R°+ R, and VS§S-= >
S R +R;

dc(t) 1. ) |
Cl()z_[VS(r,t)] ey =—= I L€ Supportof Y,
At m m
VS CE Supportof ¥,
m
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Double slit experiment
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Transmission through a barrier (probability %)
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Beam splitter experiment
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The deBroglie-Bohm interpretation for many particles

The ontic state:  (y/(r,,1,),§,,G,)

7

Wavefunction on
configuration space

0

Particle
positions

>

S

S
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The deBroglie-Bohm interpretation for many particles

The ontic state:  (y/(r;,1,),§,,&,) % f; R
) T gl .
Wavefunction on Particle -
configuration space positions
>
The evolution equations:
Schrodinger’s equation
Y (r,.r,,t ho_, o, iy ,
in VL) gy e - SV 4V ey
ot 2m, 2m,
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The deBroglie-Bohm interpretation for many particles

>

The ontic state:  (y/(r;,1,),§,,&,)

21 :

]
Wavefunction on Particle -
configuration space positions
>
The evolution equations:

Schrodinger’s equation

Ay (r,,r,,t o, oo, . ,
ih (1/( (;f = ) = - 7;11 V[‘l[’(ﬂ I, { ) - ‘)rn VEI/’ (I'I N e t ) +V (l‘] 8 5 )Z/’ (rl I, 4 )

=1 bbbt

dG, (1 1 7

5O _ Vg sernl L

dt m ¢ =6 (1), ry=C, (1) _ _
JC.(0) 1’ . The guidance equation

;l s [V;’S(rnr:*f)]rf—g,(zx £ =G, (1)

-

iS(r;,ry,t)/ h

where Y(r,,r,,t) = R(r,,r, t)e
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y(r.r,,t) =¢"(r,t) ¥ (r,,t)  Product state
= R (r,,n)e™ " R (1, 1)e™ "
S(r,1,,1) = S8,(r, 1) + 8,(ry, 1)

dg, (1) _ 1 [V, S(r,.r,.0)]

] L
r =G, (1), 1y =Ca (1) —[Vlbl(r]’t)] r=5,(1)

dt m, : m,

dG, (1) 1 I .
__ = [Vzb(rlsrlst)] =, (1), r=0,(1) = —[Vlbl(rlst)] ry=C,(1)
dt m, m,

The two particles evolve independently
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Y (r,n,,t) = E g/(”(rl,t)}( (rw,t) Entangled state

7

(€1,6,) € support of ¢_;”(l‘|,l) ){__(,-2)(1‘3,1) jth wave is occupied
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Y(r,n,,t) = Ecl.g/);”(rl,t) }(f)(rz,t) Entangled state

J

(€:,8,) € support of ¢_;”(rpl) X_(,-'Z)(r_?al) jth wave is occupied
(€,,8,) & support of @”(l‘,,l) ;(f’(r_,_,l) jth wave is empty

If only the kth wave is occupied

Then the particles evolve independently
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Y(r,n,,t) = Ecl.g/);”(rl,t) }(f)(rz,t) Entangled state

J

(€:,C,) € support of ¢;l)(r|.el) )f__(,-z)(l‘g_el) jth wave is occupied
(€,.8,) & support of @”(l‘,,l) ;(f’(rz,l) jth wave is empty

If only the kth wave is occupied

Then the particles evolve independently
But in general, they do not

This implies a failure of local causality and of Lorentz
invariance at the ontological level
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¢a(’ﬁ.ﬂz) be(r,f) X(,(Fgat)

4—% - 2 >0
" ,
Xb (r.? ? t)

electron 1 electron 2

l/f(f’/.,f_a.,t) =
C(’l¢c’l(r ’t))((f(’ﬂ,??l) + Ch@)(r}a[)){h(rgat)
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¢ (r,1) @ (r,1) PACH)

4—% < % 2 <
N ,
X}J(Fg’t)
electron 1 electron 2
W(”jnrg;t) =

Cc d ("] s t)Xa (F s t + C[ ¢b (F ) t)Xb (i‘ k- t
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¢,(r;51)

4—% 4-%

|
CJI

@, (r;,1)

l/f(f’/.,f_a.,t) -

C(«I¢H (F/ b Z)Xd (FQ ) t

+C,

¢/1(FI » [)Xh(r;’ at.
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¢a (Fl-’t) ¢b (”}.ﬂ t)
H —%—
N ,
I I X (15,0)
S G
'l/f(]"/_,f':;t) -
C(«I¢c!(r/-’t))(w(r2-’l + Cf qﬁh(rl?t)){h(r;”t.

H_J

occupied wave

d‘;z(t)= 1 [V

dt m,

ra

ZS(rl » l‘: ’ t)] r =G, (1), r=C5(1)
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¢a(l",,l‘) qjl)(”}ﬂt) X, (15,1)
I I \Xb(’ﬂzsf)
4 >

'l/f(]"/_,f':;t) -
Cc«|¢u(}‘l’t))(a(r,??l +C!¢I)(F}9t)){h(rjat_

H_I

occupied wave

ZS(rl » l‘: ’ t)] r =G, (1), r=C5(1)

Wm0y

' 2 ‘ time dt m,

ra
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8,(r1)  4,(r.0) 2,

.. ........ 'l/}(]f'“]":;[) _
C(‘l¢c! (F ’ Z)Xd (F.? ’ Z) + Chqﬁh (FI ° Z)Xh("‘? ’ t)

%_J

both waves occupied

:' Lz? | time
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8,(r1)  4,(r.0) 2,r)

.. ........ 'l/}(]f'“]":;[) _
C(‘l¢c! (F ? Z)Xu (F.? ? l) + Chqsh (FI b Z)Xh(";’ ) t)

%_/

both waves occupied

Failure of local causality

=
ﬁ e -"-““".m_- = " _.11__—: imasinn bt
| S rotnemes A AR e -

| time
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Reproducing the operational predictions

Consider a measurement of A with eigenvectors ¢ (r)

Pr(r)x(r) = dp(r) xi(r')
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Reproducing the operational predictions

Consider a measurement of A with eigenvectors ¢ (r)
¢r(r)x(r") = ¢p(r)xr(r’)
Dk crdr()]x(r’) — >, crdr(r)xe(r’)

Assumption: different outcomes of a measurement correspond to disjoint
regions of the configuration space of the apparatus

X () xe (™) ~0 if j#k
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Reproducing the operational predictions

Consider a measurement of A with eigenvectors ¢ (r)
Pr(r)X(r") = Pr(r)xx(r')
>k ki () x(x") = >, crdr(r)xx(x”)

Assumption: different outcomes of a measurement correspond to disjoint
regions of the configuration space of the apparatus

X () xk(®) ~0if j#k

If the jth wave comes to be occupied, then one can postulate an effective
collapse of the guiding wave

> ok CkPR(T) — ¢5(r)
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Reproducing the operational predictions

Consider a measurement of A with eigenvectors ¢ (r)
¢r(r)x(r") = ¢p(r)xr(r’)
Dok crdr()]x(r’) — >, crdr(r)xi(r’)

Assumption: different outcomes of a measurement correspond to disjoint
regions of the configuration space of the apparatus

X () xe () ~0 if j#k

If the jth wave comes to be occupied, then one can postulate an effective
collapse of the guiding wave

> ok CkPR(T) — ¢5(r)

Decoherence makes the process effectively irreversible
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Criticisms

- Fails to satisfy the action-reaction principle

- The quantum state plays an epistemic role in determining the initial
distribution but it also plays an ontic role in the guidance equation

- Underdetermination of preferred variable and of the form of the
dynamics

- Lorentz-invariance at the operational level, failure of Lorentz
invariance at the ontological level

- Involves more contextuality and nonlocality than necessary to
avoid contradiction

- Everett in denial?
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The “standard distribution” as quantum equilibrium

204 A, Valentini and H. Westman
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