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Responses to the measurement problem

1. Deny universality of quantum dynamics
* Quantum-classical hybrid models
* Collapse models
2. Deny representational completeness of
- ¢»-ontic hidden variable models (e.g. deBroglie-Bohm)
* y-epistemic hidden variable models
3. Deny that there is a unique outcome

* Everett's relative state interpretation (many worlds)

4. Deny some aspect of classical logic or classical probability theory
* Quantum logic and quantum Bayesianism

5. Deny some other feature of the realist framework?
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The deBroglie-Bohm interpretation for a single particle

The ontic state:  (/(r),Q)

27w
Wavefunction Particle C(1)
position ’
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position )
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The deBroglie-Bohm interpretation for a single particle

The ontic state:  (1/(r),{)

b A N
Wavefunction Particle
o e(7)
position

The evolution equations:

oy (r,t he . .
ih L) — —?—V'l//(r,l) +V(r)w(r,1) Schrodinger's eq'n
Ot 2m

dg(r) _ 1

= [VS(I',I)] e=C(f) The guidance eg'n
dt m '
(r.f)/ h

where W/ (r,1) = R(r,1)e""
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The deBroglie-Bohm interpretation for a single particle

The ontic state:  (1/(r),{)

LA ¥
Wavefunction Par’ri;le L(1)
position
The evolution equations:
oy (r,t he . L
ih L) =——Vyu(r,t)+V(r)y(r,i) Schrodinger's eq'n
Ot 2m
[ I ,
a5(1) = [VS(I‘,I)] b=l() The guidance eq'n
dt m '

where W(r,1)= R(l‘,f)d‘*““” h

Page 6/42



Pirsa: 13010081

(r.t)/ h

Given W(r,1)= R(I‘,I)Ci'\(

The real part of the Schrodinger eq'n is:

05 N (VS)

h° V°R(r.1)

nhere Q(rJ)E_%n R(r,1)

The imaginary part of the Schrodinger eq'n is:

~
%

Ot

0

(R:)+v-[R'V‘SJ
m

The "quantum potential”
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(r.f)/ h

Given W(r,1)= R(r,f)e"‘\(

The real part of the Schrodinger eq'n is:

05 N (VS)

h° VR(r.t)

nhere Q)(r71)5_7177 R(r,1)

The imaginary part of the Schrodinger eq'n is:

:—(R:)+V-[R_V‘S] =0
Ol m

The "quantum potential”
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(r.f)/ h

Given W(r,1)= R(r,f)e"‘\(

The real part of the Schrodinger eq'n is:

05 N (VS)

h° VR(r.1)

nhere Q(rJ)E_%n R(r,1)

The imaginary part of the Schrodinger eq'n is:

:—(R:)+V-[R_V‘S] =0
Ol m

The "quantum potential”
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(r.f)/ h

Given W(r,1)= R(r,f)eiﬁ(

The real part of the Schrodinger eq'n is:

. +(V‘S)_ +0+V =0

Ot 2m -

h” VR(r.t)

nhere Q)(r71)5_7177 R(r,1)

The imaginary part of the Schrodinger eq'n is:

~
%

Ot

0

(R:)+v-[R'V‘SJ
m

The "quantum potential”
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Acting the V operator on the real part of the Schrodinger eq'n gives:

V{(IS - VS) +(_)+I} =0
Ot 2m

(‘—+V‘S'V ]v.se-v(g_)u')

ot m

Taking the time derivative of the guidance equation gives:

de(1) _ l[VS( n]...

dt m
cm’{”:L(L ﬁ.v}vg
dt” m\ ot dit
Thus

dd%(-’) [VV +VQ l‘ ! ]r=§(”
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Newtonian form of the particle dynamics:

d*{(1)
dr’

m

= —[V Vr)+ VQ(r,l)]

r=q(7)

h” VR(r.1)

where (_)(r,l) = — 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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The deBroglie-Bohm interpretation for a single particle

-

The ontic state:  (/(r),Q)

7R
Wavefunction Particle v
L S(7)
position

The evolution equations:

oy (r,t he . L
ih L) - —?—V'l//(r,l) +V(r)y(r,t) Schradinger's eqn
Ot 2m

dg(r) _ 1

= [VS(r,I)] e=C(f) The guidance eg'n
dt m '
(r.r)/ h

where W/ (r,1) = R(r,1)e""

Note: There is no back-action on the wave
The amplitude of the wave is irrelevant -> a pilot wave
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Proof of the preservation of the standard distribution:

The velocity field is
l ,
v(r,t)=—|VS(r,1)]
m

The probability current density is:
j(r,0) = p(r,0)v(r,1)

Conservation of probability implies

PED _ v, 1)

ol
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Proof of the preservation of the standard distribution:

The velocity field is
I ,
v(r,t)=—|VS(r,1)]
m

The probability current density is:

Conservation of probability implies

Op(r,1) eV i(rf) = _v_(p(r,I)VS(r,l)]

Ot m

Recall the imaginary part of the Schrodinger eq'n:

%(R:)_v_[k-vs]
Ol

m

-~

Therefore, ifp(l‘,t):R:(r,t) then :—I(p(l’,l)—R:(r,f))zo
0
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Proof of the preservation of the standard distribution:

The velocity field is
L i
v(r,t)=—|VS(r,1)]
m
The probability current density is:
J(r,0) = p(r,0)v(r,1)

Conservation of probability implies

Op(r,1) V. i(rf) = _v_(p(r,I)VS(r,l)]

Ot m

Recall the imaginary part of the Schrodinger eq'n:

0 R*VS

T(]Q‘ ) =-V.

Ol m

, 0 >
Therefore, if p(l‘,t) = R'(r,t) then Tl(p(r,l) -R (r,f)): 0
0
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1s orbital of Hydrogen atom

w(r,t)=R(r)e """
a0 1o
0 — VS " T = ()
dr m[ r ,)]' )
© "0 © © ©
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1s orbital of Hydrogen atom

Le)

—
J%
N —"
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W = Zc_ W,
j

"waves" of the decomposition
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W = Zc_ W,
j

"waves" of the decomposition
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W = Zc_ W,
j

"waves" of the decomposition

€ Spatial support of Y/, Jth wave is occupied

W,

J

7

Spatial support of /th wave is empty

X
R
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W = Zc_ W,
j

"waves" of the decomposition

€ Spatial support of Y/, Jth wave is occupied

s

J

7

Spatial support of Jth wave is empty

X
R
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Proof of ineffectiveness of empty waves
l// - l//c: T l//b

Re®" =R """ + R,e™"
R*=R*+R?>+2R R, cos|(S, —S,)/#]

——_— R’VS +RVS, +R R, cos|(S. —S,)/nV(S +58,)
| ~#[R VR, — R,VR ]sin[(S. - S,)/#]

If RR, ~0, RVR, ~0, R,VR ~0

Pirsa: 13010081 Page 23/42



Proof of ineffectiveness of empty waves
l// = l//c: T l//h

Re®" = R e"" + R g™
R*=R*+R>+2R R, cos|(S, —S,)/#]
o R’VS +R}VS, +R R, cos|(S, —S,)/n]V(S, +5,)
| —h[R VR, —R,VR ]sin[(S, - S,)/#]

If RR, ~0, RVR, ~0, R,VR ~0
R’VS +R;VS,
R’ +R;

then R*=R>+R; and VS=

do(1) _ L[V.S’(r,!)] e = V3, r¢ { e Support of ¥/,
dt m ; m
V*S‘A

If { e Support of ¥/,

m
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Double slit experiment

Note: Classically free motion is not rectilinear motion
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e —--,__-—__-‘_.-.-.-
e
A ——

Transmission through a barrier (probability %)
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e e e  t—
e
”"

Transmission through a barrier (probability %)
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The deBroglie-Bohm interpretation for many particles

The ontic state: (y/(r,1,),§,,¢,) B .
y =
| t 5.
Wavefunction on Particle »
configuration space  positions
>
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The deBroglie-Bohm interpretation for many particles

The ontic state: (y/(r,,15).§,,65) 4 ¢ =
A o
Wavefunction on Particle 3
configuration space  positions
>

The evolution equations:

Schrodinger’s equation

-

oW (X, 1,1 /- - ,

p Q¥ tl) R Vip(r,.r,,1)— : Vi (e, e, ) + V() )y (r,r,, 1)
ot 2m, ) 2m, ° ) ) )

dC (1 | ‘ -

..,;![( ): [VI‘S(I‘],I':,/)]I_I ¢ (r) pamta ()

/"L () ”]/ L The guidance equation
ag, (1 ‘

. - [V.“S(rl’r.‘")]r. 8 (1), =8,(1)

dt m, AN

)r,\'(r;‘.r_...'] h

where w(r,,r,,1)=R(r,,r,, 1)e
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e//(r],rz,,):¢Hl(r“,);{(:](r3‘{) Product state
— lel(rlﬂ!)(')l.\'][r].!] h ]ez(r:-![)c,_\';“.;_” h

S(ry,r, 1) =8,(x, 1)+ 5,(x,,1)

IS (1) | . ] -
dg, ( — [VI.\(rl,r:,f)] -t (). 1, _._[rlz—[vl.‘sl(rl,f)]
dt m, T m

v =C (1)
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w(r,r,,t)= Zc.igbl;”(rl,_!) ;(.f)(rz,!) Entangled state
J

(G1.G.) € support of (é;'“(rp[) ,’{.(,-:](l';,f) Jth wave is occupied
e

(§.8,) & support of ¢.”(r,,1) 77 (r,,1)  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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X, (r5,1)

‘/ 2
: '\
Zh (F_‘ 1,)
electron 1 electron 2

w(r,rt)=
c.:f¢u(l'i’,)zu(r_‘1[)+('.h¢h(l'jﬂ,)k/h(r_‘1,)
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w(r,rt)=
¢, (11,0 2,12, 1|+ (1,00 2, (12,1)

Pirsa: 13010081 Page 33/42



w(r,rt)=
.10 2 12,1+ (1,00 2, (12,1)

occupied wave

dg:(’): | [V,S(r,.r,.0)]
dt m, )

I"l ;1(f]. |"~ ;"(-’)
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w(r,rt)=
.11, 212, 1|+ (1,00 2, (12,1)

occupied wave

cjg“(,) l Y
_ - — V,S(r,.r,. 1 I
= | dt m:[ UL )]'1 S1(1): =6, (7)
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%_J

both waves occupied

Failure of local causality
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%_J

both waves occupied

Failure of local causality

Pirsa: 13010081 Page 37/42



Reproducing the operational predictions

Consider a measurement of A with eigenvectors ¢, (r)
o1 (r)x(r') = op(r)xk(r')
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Reproducing the operational predictions

Consider a measurement of A with eigenvectors ¢, (r)
O (r)x(r') = Ok(r)xk(r')

[ZA- f‘f.-OA-(I‘)],\(I‘I) — Z;‘. crOr(r)X J.-(I‘f)

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

f\.f'(r’),\;l-(r’) ~0if j#Ek
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Reproducing the operational predictions

Consider a measurement of A with eigenvectors ¢, (r)
O (r)x(r') = or(r)xr(r’)
[Z;l. f’;.-OA-(I‘)],\(I‘I) — Z;‘. CrOk(r)X J.-(I‘f)

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

f\.f'(r’),\a-(r’) ~0if j#Ek
Probability density of (¢,¢’) being in the support of the jth wave
;o (Ox; ()P
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Reproducing the operational predictions

Consider a measurement of A with eigenvectors ¢, (r)
k(X)X (') = Ox(T)xk(r')
[ZA. f‘;.-OA-(I‘)],\(I‘I) — ZA. CrOkR(r)X J.-(I‘f)
Assumption: different outcomes of a measurement correspond to
disjoint regions of the configuration space of the apparatus
X (0)xp(x') =0 if j #k
Probability density of (¢,¢’) being in the support of the jth wave
;05 (x5 (<)
Total probability of the jth wave being the occupied wave
e;1°
If the jth wave comes to be occupied, then one can postulate an
effective collapse of the guiding wave

> ok CkOk(r) = ¢;(r)
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Reproducing the operational predictions

Consider a measurement of A with eigenvectors ¢, (r)
O (r)x(r') = Ok(r)xk(r')
[ZA. f‘A-OA-(I‘)],\(I‘I) — Z;‘. CrOr(r)X J.-(I‘f)
Assumption: different outcomes of a measurement correspond to
disjoint regions of the configuration space of the apparatus
X;(0)xp(x') =0 if j #k
Probability density of (¢,¢’) being in the support of the jth wave
l¢jd; (C)xi(¢)I?
Total probability of the jth wave being the occupied wave
ej1°

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

ZA-('!"O’["(I‘) — ¢;(r)
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