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The deBroglie-Bohm interpretation for a single particle

The ontic state: (y/(r)ag) W(r:t
7N

Wavefunction Particle N\ 0

position
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The deBroglie-Bohm interpretation for a single particle

w(r,

The ontic state:  (yA(T),L)
7R

Wavefunction Particle
position

7N

The evolution equations:

2
ih oy(r,i) = — i_ VZW(I',I) +V(rw(r,t) Schradinger's eq'n

ot 2m
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The deBroglie-Bohm interpretation for a single particle

The ontic state:  (yA(1),L) yA(r,t
7R

Wavefunction Particle P i L)

position

The evolution equations:

2
ih oy(r,1) = — E—Vzl//(l',t) +V(r)w(r,t) Schradinger's eq'n

ot 2m

asr) _ 1
dt o — [VS(I’,I)]

r=t(e) The guidance eqg'n

where W(r,1)= R(l‘,t)eisir’”m
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The deBroglie-Bohm interpretation for a single particle

The ontic state:  (yA(1),L) yA(r,t
7N

Wavefunction  Particle i L)

position

The evolution equations:

2
ih oy(r.1) = — i.. Vzl[/(r,t) +V(r)y(r,t) Schrédinger's eqn

ot 2m

%(;Q — i[VS(r,t)] r—2(0) The guidance eq'n

where W(r,1)= R(l',,t)t?i"l‘;{r’tmi
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Given YA(I.t1)= R(l'nf)i’hg“m !

The real part of the Schrodinger eq'nis:
F:S (vS )
- T
ct 2m

5,

+O+1"=0

j —

- h- V-R(r.t

where Q(l’,f) S Rr.1)
Zm e

The "quantum potential”

The imaginary part of the Schrodinger eg'nis:

G VS |
i—(R-)+V.(R ):0
cl 11
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Newtonian form of the particle dynamics:

1°((1 -
m=D o1y + VO 1) -

dt

N

i V- R(r.t)
2m  R(r.r)

(Note independence of quantum potential on amplitude)

where (J(r.f)=—

he "quantum potential”
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Acting the ¥ operator on the real part of the Schrodinger eg'n gives:

oS . (VS) . _
Y7('+(V')+{)+V =)
Ct -

2m

) VSI ¥
(f-+ 'YJTS=—V@HJW
Cl m

Taking the time derivative of the guidance equation gives:

cfh(f)
At [V‘\( T)] r={(t)
sz';(_f) B 1 [ C N d | T]V o
dr’ m\ct drt :
Thus
cf:C {
i Poses ()——ﬁU(N+WWerﬂhm} Page 93



Epistemic state (assuming perfect knowledge of ¥/(1.7))

ol (g% = the probability the particle is within dQ of <.

The "standard distribution”

9
w -

ple.t)= ‘t//(; f)

Note: it is preserved by the dynamics:

2
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w=.c¥,
J

"waves” of the decomposition
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et —

Transmission through a barrier (probability 3)
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YA(r.x,. )= .75'5“ (5:1) Z“'(l':.\f} Product state
— Rl (rp t)e:-sl (r;0) /A RZ (rzj t)eiSz (r ) AR

S(n,1,,1) = S5, (, 1)+ 5,(x,, 1)
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y(r.r,.1r)= chgffr;“(l'lj) /‘:j;z'}(l'__,.f) Entangled state
:
(§,.5,) € support of ¢§1) (ry,1) Ij'ZJ(rzat) Jth wave is occupied

(§,.5,) € support of ¢an (r,,1) ij’(rz,t) Jth wave is empty

If only the Ath wave is occupied

Then the particles evolve independently

But in general, they do not
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AGRIENAGR) IAGR)

y(r,.r.t)=
C{?(ﬁﬁ(f}. r)Za(.r_" f) +Cb¢b(’}“ I)Zb(r_‘" f:

‘%,_J

both waves occupied
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The deBroglie-Bohm interpretation

Louis deBroglie David Bohm
(1892-1987) (1917-1992)

"I saw the impossible done...



The deBroglie-Bohm interpretation for a single particle

The ontic state:  (yAT).<)

7N
Wavefunction Particle )
position >

The evolution equations:

oy(r.t o, . e
pA(r.1) —-7—T'1//(r.f)+7 (rw(r.r) Schradinger's eqg'n
ct <M

-~
~t
[

dl(t | ,
() = —'[VLS(I'J)] B EHS The guidance eg'n
dr — m o

where W(I.f)=R(r.f)e

iS(r.a)ih
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y=Yew,

J
"waves” of the decomposition

;E Spﬂ'hﬂ' SUPPOI"T Of l//] J-]-h wave I8 occupied

S¢ Spatial support of ¥/ Jjth wave is empty

If only the Ath wave is occupied

Then the guidance equation depends only on the Ath wave
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y=Yew,

J
"waves"” of the decomposition

S€ Spatial support of ¥/, Jth wave is occupied

<« & Spatial support of l//h; Jth wave is empty

If only the Ath wave is occupied

Then the guidance equation depends only on the Ath wave
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Reproducing the operational predictions

Consider a measurement of 4 with eigenvectors o, (r)
or(r)x(r') = or(r)xr(r’)
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Reproducing the operational predictions

Consider a measurement of 4 with eigenvectors o (r)
or(r)x(r') = or(r)xr(r’)

irsa: 09120089 Page 20/83



Reproducing the operational predictions

Consider a measurement of 4 with eigenvectors o, (r)
op(r)x(r’) = op(r)xir(r')
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Reproducing the operational predictions

Consider a measurement of 4 with eigenvectors . (r)

!

or(r)x(r') = op(r)yi(r')
3, ceor (D)X (r') = 3, crow(r)x (')

L

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

xi(r)xe(x) =0 if j#k
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Reproducing the operational predictions

Consider a measurement of 4 with eigenvectors o (r)
Or(r)x(r') = or(r)xi(r')
> g CkOk(T) xir =3 L CEOR(T )Xk ()

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

xi(@®)xe(r) =0 if j#k
Probability density of ((,(')being in the support of the jth wave

i . J

If.’;;(;'JL.(Q)\;;(Q_ )|')
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Reproducing the operational predictions

Consider a measurement of 4 with eigenvectors o (r)
Or(r)x(r') = op(r)xi(r’)
D . CF or(r)|x(x') = > L CROR(r )Nk (r')
Assumption: different outcomes of a measurement correspond to

disjoint regions of the configuration space of the apparatus

GIEXR(E) =0 if £k

Probability density of ((,(')being in the support of the jth wave
leror () xr (¢

Total probability of the jth wave being the occupied wave

- .-‘
k|
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Reproducing the operational predictions

Consider a measurement of 4 with eigenvectors o (r)
Op(r)x(r’) — or(r)xi(r’)
DL ckor(r)x(r’) = Y, ceon(r)xr(r’)
Assumption: different outcomes of a measurement correspond to

disjoint regions of the configuration space of the apparatus

vlE xsle ) =0 U 3£k
Probability density of ((,(')being in the support of the jth wave

|10 (€)X k(C)]7
Total probability of the jth wave being the occupied wave
|l'_'."f!, |J

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

Consider a measurement of 4 with eigenvectors o.(r)
Or(rx(r') = op(r)ye(r')
Dk cror(m)]x(r’) = >, cror(r)xi(r’)

Assumption: different outcomes of a measurement correspond to

disjoint regions of the configuration space of the apparatus

G(r)xe(e’) =0 if j#Ek

Probability density of ((,(')being in the support of the jth wave
leror (O ()]
Total probability of the jth wave being the occupied wave
|(‘-"'f!' |:I

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

Consider a measurement of .4 with eigenvectors o.(r)
or(r)x(r') = or(r)xi(r')
D ekor(r)x(r’) = >, ceon(r)xe(r’)

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

i )xe(r) =0 i j#£k

Probability density of ((,(')being in the support of the jth wave
leror (O xr(¢)]F
Total probability of the jth wave being the occupied wave
er |

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

: 09120089 : : T r ¢ T
E(;g‘ (‘1"1.‘ (T-}"I‘, (1 ) — & {'}j (I J
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Reproducing the operational predictions

Consider a measurement of 4 with eigenvectors o.(r)
Or(r)x(r') — or(r)yi(r')
D ckor(r)x(r’) = Y, ceor(r)xe(r’)

Assumption: different outcomes of a measurement correspond to

disjoint regions of the configuration space of the apparatus

XA Ixeity =0 & j£k
Probability density of ((,(')being in the support of the jth wave

) )

ko (C)xr(C)]
Total probability of the jth wave being the occupied wave
|f_'.",'!. |:J

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

Consider a measurement of 4 with eigenvectors o, (r)
or(r)x(r’) = op(r)ye(r')
Y ek dr(r)x(@’) — >, cudr(r)xe(r’)
Assumption: different outcomes of a measurement correspond to
disjoint regions of the configuration space of the apparatus

it (@) =0 j#k

Probability density of ((,(')being in the support of the jth wave
leror (O ()]
Total probability of the j/th wave being the occupied wave

iy

| C Je

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

Consider a measurement of 4 with eigenvectors . (r)

!

Or(r)x(r’) — or(r)\i(r’)
DL ek dr(r)x(r') = Y, ceon(r)xe(r’)

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

!

;i )xe(r') =0 i j#£k
Probability density of ((.(')being in the support of the sjth wave

leron(C)xr (¢
Total probability of the jth wave being the occupied wave
|(f".'!, |'}

If the jth wave comes to be occupied, then one can postulate an
effective collapse of the guiding wave
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Do measurements reveal attributes of the particles?

Position measurements are "statistically faithful:

(w|F®|y)=[de F(Q) p(¢)
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Do measurements reveal attributes of the particles?

Position measurements are "statistically faithful”:

(w|F®|y)=[dc F() p)

But momentum measurements are not:

although

(wlPly)= [ (m ] o)

we have, for example:

P’ (1 (ag)
W —fw) = | \5’"[5} i ©_
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Do measurements reveal attributes of the particles?

Position measurements are "statistically faithful”:

<l// IF (R)‘ 1//) = J‘dﬁ_ F (C) p(@)

But momentum measurements are not:

although

wIPly) = [ (m%E) (0
we have, for example:

,

P’ 1 (dg)
(W —fw)= | \5’"[5} i ©_
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If we define energy as a function of the configurationand the wavefunction

oS(r,t VS
s ®=-0 O L oy +vir
L r=4(¢) 2m
- —r=4(¢)
Recall imaginary part of S.E. is oS + (VS)Z +0+V =0

ot 2m
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If we define energy as a function of the configuration and the wavefunction

£,(8) =~

Recall imaginary part of S.E. is

oS(r,1)

Ot

r=£(z)

(VY

2m

oS

+0(r)+V(r, t)

ot

then it is not conserved in detail, but is conserved on average

| drp(r,0E, (O = [dr |y(r,0)

Pirsa: 09120089

(vS)

2m

+Q+V

—r=L(z)

+ (vs) +Q+V =0
2m

(r,1)
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If we define energy as a function of the configuration and the wavefunction

oS(r,1) (VS )
£,(6)=- = +OI(r) +V(r, t)
Ot r=0(f) L 2m r=t ()

6S+(VS)2 +Q+V =0
ot 2m

Recall imaginary part of S.E. is

then it is not conserved in detail, but is conserved on average

| (VS
Jarp(r.0e,@©) = [drlw(r.nf| -2 +0 4V (r0)
= ) =
= [dry (r,0) - —— V> +V(r) p(r,1)




Contextuality

No overlap in 3D Overlap
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Contextuality

11
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"Surrealistic” trajectories?
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Contextuality

= == 1¢¢:>
) N~

)

)

Conclusion: it does not make sense to associate an attribute
with an operator without also specifying the full experimental
arrangement

)

"Surrealistic” trajectories?

irsa: 09120089 Page 43/83



Contextuality

= == /)

0
¢
X

)

)

Conclusion: it does not make sense to associate an attribute
with an operator without also specifying the full experimental
arrangement

)

"Surrealistic” trajectories?
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Contextuality

No overlap in 3D Overlap

irsa: 09120089 Page 46/83



Contextuality

s :> s

)

"Surrealistic” trajectories?

4
W

)

$
X

)

Conclusion: it does not make sense to associate an attribute
with an operator without also specifying the full experimental
arrangement
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Contextuality

X

)
)

"Surrealistic” trajectories?

¢
(X
y‘:‘o

)

)

Conclusion: it does not make sense to associate an attribute
with an operator without also specifying the full experimental
arrangement
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Contextuality

= — 4)
) =

¢
44

)

)

Conclusion: it does not make sense to associate an attribute
with an operator without also specifying the full experimental
arrangement

)

"Surrealistic” trajectories?
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Note however that a criticism remains: deBroglie-Bohm has



Contextuality

% Soe s ) E%@\%D

)

)

Conclusion: it does not make sense to associate an attribute
with an operator without also specifying the full experimental
arrangement

)

"Surrealistic” trajectories?

irsa: 09120089 Page 50/83

Note however that a criticism remains: deBroglie-Bohm has



Classical limit

Operational correspondence vs. Ontological correspondence
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Classical limit

Operational correspondence vs. Ontological correspondence

Do we need to recover Newtonian trajectories for
macroscopic objects?
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Classical limit

Operational correspondence vs. Ontological correspondence

Do we need to recover Newtonian trajectories for
macroscopic objects?

If so, there are problems
One example: Newtonian trajectories can cross
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Classical limit

Operational correspondence vs. Ontological correspondence

Do we need to recover Newtonian trajectories for
macroscopic objects?

If so, there are problems
One example: Newtonian trajectories can cross

Possible solution: Decoherence in configuration space
Eliminates interference, thereby allowing crossing
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Classical limit

Operational correspondence vs. Ontological correspondence

Do we need to recover Newtonian trajectories for
macroscopic objects?

If so, there are problems
One example: Newtonian trajectories can cross

Possible solution: Decoherence in configuration space
Eliminates interference, thereby allowing crossing
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Classical limit

Operational correspondence vs. Ontological correspondence

Do we need to recover Newtonian trajectories for
macroscopic objects?

If so, there are problems
One example: Newtonian trajectories can cross

Possible solution: Decoherence in configuration space
Eliminates interference, thereby allowing crossing

Is this kind of decoherence ubiquitous?
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Failure of Lorentz invariance

The deBroglie-Bohm interpretation is not Lorentz invariant,
although its statistical predictions are
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Failure of Lorentz invariance

The deBroglie-Bohm interpretation is not Lorentz invariant,
although its statistical predictions are

There are deBroglie-Bohm interpretations of relativistic quantum
field theories, but these too fail to be Lorentz-invariant
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Failure of Lorentz invariance

The deBroglie-Bohm interpretation is not Lorentz invariant,
although its statistical predictions are

There are deBroglie-Bohm interpretations of relativistic quantum
field theories, but these too fail to be Lorentz-invariant

This implies an unobservable preferred rest frame, which is a
kind of underdetermination
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Failure of Lorentz invariance

The deBroglie-Bohm interpretation is not Lorentz invariant,
although its statistical predictions are

There are deBroglie-Bohm interpretations of relativistic quantum
field theories, but these too fail to be Lorentz-invariant

This implies an unobservable preferred rest frame, which is a

kind of underdetermination

Response:
Lorentz invariance is an emergent symmetry - a statistical
consequence of quantum equilibrium
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The underdetermination criticism

Underdetermination: when there are many possible choices of
ontological structure that are consistent with observations
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Underdetermination of the supplementary variables

Standard approach - Position preferred
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Underdetermination of the supplementary variables

Standard approach - Position preferred

The ontic state:  ((r), C)
ﬂ \ W(r’

Wavefunction  Particle

in positionrep'n  position

TN

The evolution equations:

2
ih 6!//(1‘,1‘) — —_Vzv/(r, t)+V(r)|//(r,t) Schradinger's eq'n
Ot 2m
dfi(tt) = ; [VS(I‘,I)] r=¢(t) The guidance eqn
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Underdetermination of the supplementary variables

Alternative approach - Momentum preferred (Epstein, 1952)

The ontic state:  (yw(p), )

7R w(p,1
Wavefunctionin Particle
momentum rep'n momentum /\ﬂ:(t)

The evolution equations:

2
l'hay/(pjt) = —p—l//(p,t) +V(th )y/(p,t) Schradinger's eg'n
ot 2m
dn(t)
dt [V S(pJ)] p==(t) The guidance eq'n
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Underdetermination of the supplementary variables

This freedom is based on the canonical transformation:

3

r'=p

!

p'=-r
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Underdetermination of the supplementary variables

This freedom is based on the canonical transformation:

3

r=p
p'=-r
Response:

-- There are mathematical difficulties with potentials such as

V(ry=e’/lr
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Underdetermination of the supplementary variables

This freedom is based on the canonical transformation:
r'=p
p=-r

Response:

-- There are mathematical difficulties with potentials such as
V(r)y=e’/lr

-- Are macroscopically distinct states always disjoint in momentum?
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Underdetermination of the supplementary variables

This freedom is based on the canonical transformation:

r'=p
p'=-r
Response:

-- There are mathematical difficulties with potentials such as
V(r)y=e’/lr

-- Are macroscopically distinct states always disjoint in momentum?

The problem returns for the case of a deBroglie-Bohm theory of
the electromagnetic field:
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Supplementary variable: Electric field or Magnetic field?



Underdetermination of the supplementary variables

Multiple treatments of spin:
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Underdetermination of the supplementary variables

Multiple treatments of spin:

Bohm, Schiller and Tiomno approach
Supplementary variables: particle position and orientation

The particle is taken to be an extended rigid object which makes
a 'spin’ contribution to the total angular momentum

or

Pir

Bell's minimalist approach
Supplementary variables: particle position

The effect of spin is seen only in the dynamics of the particle
positions

The operational predictions are reproduced by virtue of
ocdlization of pointers
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Underdetermination of the supplementary variables

Multiple treatments of quantum electrodynamics:
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Underdetermination of the supplementary variables

Multiple treatments of quantum electrodynamics:

Bohm's model of the free electromagnetic field
Supplementary variables: electric field (or magnetic field)

combined with

Bell's model of fermions (indeterministic, discrete) and Colin's
continuum version of it

Supplementary variables: fermion number at each lattice point
(Note: field variables for fermions have been problematic)

or

11

Struyve and Westman's minimalist model of QED:
Supplementary variables : magnetic field (or electric field)

irsa: 091

(the classical EM field carries an image of pointer positions)

Page 72/83




Underdetermination of the dynamics: guidance equation
(Deotto and Ghirardi, 1998)
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