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Classicality as non-negativity

Common slogan:
A quantum state is nonclassical if it has
a negative Wigner representation

Continuous Wigner function
for a harmonic oscillator

0)
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experiment admits of a classical explanation
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Classicality as non-negativity

Common slogan:
A quantum state is nonclassical if it has
a negative Wigner representation

Continuous Wigner function
for a harmonic oscillator

0)

Better to ask whether a quantum
experiment admits of a classical explanation

Negativity is not necessary for
nonclassicality: the nonclassicality could
reveal itself in the negativity of the
representation of the measurement rather
than the state
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Classicality as non-negativity

Continuous Wigner function

for a harmonic oscillator

0)

-
e
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Common slogan:
A quantum state is nonclassical if it has
a negative Wigner representation

Better to ask whether a quantum
experiment admits of a classical explanation

Negativity is not necessary for
nonclassicality: the nonclassicality could
reveal itself in the negativity of the
representation of the measurement rather
than the state

Negativity is not sufficient for
nonclassicality: When considering
possibilities for a classical explanation, we
need to look at representations other, than
that of Wigner
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Quasi-probability representations of QM.

States Measurements
p — po(\) {Ek} < {€g, (M)}
po - N — R e, - N—R
[ mp(N)dA = 1 Srép(\) =1

TrlpER] = [dX pp(N) €6, (N)
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Quasi-probability representations of QM.:

States Measurements
b o 1p(\) (Ex} — {€5,(V)}
o : N — R e, :A—R
[ mp(N)dA = 1 Skép(\) =1

TrlpEr] = [ dA pp(X) g, (N)

Examples:

* Wigner representation

* discrete Wigner representation (e.g. Wootters, quant-ph/0306135)
* Q representation of quantum optics

* P representation of quantum optics

* efcetera
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Quasi-probability representations of QM:

States Measurements
p = pp(A) {Ek} < {&g, (M)}
po : N — R e, :N—R
Jrp(A)dA =1 Ykée,(A) =1

TrlpEL] = [dX pp(N) Eg, (M)

This provides a classical explanation if and only if

pp(A) =20 fEk()\) >0
forall p for all {E,}
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Quasi-probability representations of QM.

States Measurements
p < pp(A) {Ek} < {&€e,(N)}
o : N — R e, - AN—R
S rp(A)dA =1 >kéE,(A) =1

TrlpEr] = [dX pp(A) §g,(N)

This provides a classical explanation if and only if

up(A) >0 §e, (M) =20
forall p for all {E,}

Classicality from nonnegativity:
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Quasi-probability representations of QM.

States Measurements
p < tp(A) {Ex} < {6, (N)}
po: N —R e, :N—R
J rp(A)dA =1 > k€E,(A) =1

TrlpER] = [dX pp(X) Eg, (N)

This provides a classical explanation if and only if

pp(A) >0 §e,(A) >0
forall p for all {E,}
lonnegative quasi-probability . Noncontextual hidden variable

epresentation of QM " model of QM
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Quasi-probability representations of QM:

States Measurements
p — pp(A) {Ex} < {6, (N}
o : N — R e, - N—R
J pp(N)dX =1 > kée,(N) =1

TrlpEg] = [ dA pp(X) g, (A)

This provides a classical explanation if and only if

pp(A) 20 §E,(A) 20
forall p for all {E,}
lonnegative quasi-probability - Noncontextual hidden variable

epresentation of QM " model of QM
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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 v

- v-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
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The deBroglie-Bohm interpretation

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

Pirsa: 11010053 ".Z' saw rhe ff?'?pOS'S')’b /e done - " Page 15/298




The deBroglie-Bohm interpretation for a single particle

The ontic state:  (A(T),{) wAr,t
7R
Wavefunction Particle N L)

position
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The deBroglie-Bohm interpretation for a single particle

The ontic state:  (yA(r),{) wir,.
7R
Wavefunction Particle P 0
position

The evolution equations:

2
ih s =— .’_i_.. sz/(r, D+V(rw(r,t) Schrédinger'seqn

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

The ontic state:  ((r),) yAr,L
7 X

Wavefunction Particle e ‘; ( t)

position

The evolution equations:

2
in i = — _7:.1__ sz/(r,t) +V(r)w(r,t) Schradinger'segn

ot 2m

dc.l(t) - 1 [VS(I'

o i I The guidance eg'n
At - ]r z(e) 9 q

where W(r,f)= R(l',,I)em(r"wi
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The deBroglie-Bohm interpretation for a single particle

The ontic state:  (gAT),{) wAr,t
7R
Wavefunction Particle N Z(t)
position

The evolution equations:

2
ih oy(r1) =— h_V;'c//(r7 )+V(ry(r,t) Schradinger'seqn

ot 2m

d‘:}(:) = ’l [VS(I',I)] r=2(s) The guidance eg'n

where W(r,t)=R(r,t)e
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Given W(Ir.f)= R(l’.f)e’s”"” h

The real part of the Schrodinger eg'nis:
oS (VS)
+

ot 21

+0+V =0

where Q(P.T)E—hd vV R(x 1

—

2m R(r.t)

The imaginary part of the Schrodinger eg'nis:

= 2
(—(R3)+V.(R TSJ:O

ct m
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The "quantum potential”
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Newtonian form of the particle dynamics:

m d-:'(,,r) - —[VI'(r) - VQ(r.r)]
ar

N0

r=_(17)

h” V°R(r.t
where Q(rqt)z— S, The "quantum potential®

2m R(r.t)

(Note independence of quantum potential on magnitude)
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IS(r.t)/ hi

Given W(Ir.1)= R(r.t)e

The real part of the Schrodinger eg'nis:
oS (VSY
+

+0+V =0
ct 2m

2 V:
where (J(Tr.1) ! (r,t

—

2m  R(r.t)

The imaginary part of the Schrodinger eg'n is:

7 i |
-(—(R')+V-(R SJ:()

‘ot m
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The "quantum potential”
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The deBroglie-Bohm interpretation for a single particle

The ontic state:  (yA(r),)
7 X

Wavefunction Particle N g ( t)

position

The evolution equations:

2
ih FyAnt) =— _h__ sz/(r,t) +V(r)y(r,t) Schradinger'seq'n

ot 2m

4
dg(t ) = ; [VS(r:rt)] r=L(1) The guidance eq'n

where W(r,1)= R(l',,l‘)é?i:"(r’t)ui
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IS(r.t)/ hi

Given W(r.f)= R(r.t)e

The real part of the Schrodinger eq'nis:
oS (VSY)
—
ct 2m

+0+1V =0

where Q(l‘_r) NV Rix!

e

2m R(r.t)

The imaginary part of the Schrodinger eq'nis:

-f}-(Rl)+V-(RTSJ=(_)

ct m
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The "quantum potential”
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Newtonian form of the particle dynamics:

1°¢
m- ;(f) = —[VT'(r) : 2 VQ(I'J)]
dar-

N0

r=q(7)

it V°R(r.t)
2m  R(r.t)

where ((r.f)=-

The "quantum potential”

(Note independence of quantum potential on magnitude)
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Acting the ¥ operator on the real part of the Schrodinger eq'n gives:

oS (VSY i
v| < +( r+Q+T =0
Ct 2m
7 VS-V
[( + )TS=—T(Q+I')
ct m

Taking the time derivative of the guidance equation gives:

J"(r)

L!f [\_b( ]l=;lzl
jle . .
ngtf)=l(( +L/:"V)VS
dt m\ ct dt
Thus
c?:C(f)
- = -[vIrm+vow.n], ..,




w(r,t

Newtonian form of the particle dynamics:

1 d-:'(,,{) = —[VI'(I') + VOIr. r)]
ar

N

r=3.(7)

h* V’R(r.,t)
2m R(r,t)

(Note independence of quantum potential on amplitude)

The "quantum potential”

where Q(r, t) = -
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w(r,t

Newtonian form of the particle dynamics:

m d‘;(f) = —[VI'(I') - VQ(r.r)]
ar

N

r=_(17)

' V’R(r,1)
2m R(r,t)

(Note independence of quantum potential on amplitude)

The "quantum potential”

where Q(r, )=-—

Nonetheless the dynamics are fundamentally first order

a _1 IVS(r,1)]

dt m =
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Epistemic state (assuming perfect knowledge of W(T.7))

(S )dS = the probability the particle is within d of <.

The “standard distribution”

p(S.1)= (&)

Note: it is preserved by the dynamics:

wessmsif  p(S0)=y(C0)  then p(S1)=p(E0f

e R —
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Proof of the preservation of the standard distribution:
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Proof of the preservation of the standard distribution:

The velocity field is
v(r,t)= L[V’S(r,,t)]
m
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Proof of the preservation of the standard distribution:

The velocity field is
v(r,t)= L[V’S(r,t)]
m

The current density is:

J(r.t) = p(r,1)v(r,1)
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Proof of the preservation of the standard distribution:

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

The current density is:
Conservation of probability implies

op(r,t) :
=-V-j(r.t
P~ )(r.1)
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Proof of the preservation of the standard distribution:

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

The current density is:

Conservation of probability implies

op(r,t) V-i(r.f) =-v. (p(r,t)VS(r,t)J

ot - m
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Proof of the preservation of the standard distribution:

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

The current density is:
j(r:t) = p(r:t)v(rat)
Conservation of probability implies
op(r,t) _ . i(rf) =V [ p(r,t)VS(r,t)J
Ot m
Recall the imaginary part of the Schrodinger eg'n:
'V
Q(RZ) = _V.(R S]
ot
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Proof of the preservation of the standard distribution:

The velocity field is
v(r,t) = l[VS(r,J.‘)]
m

The current density is:
J(r,t) = p(r,0)v(r,1)
Conservation of probability implies
ap(rvt) . 7 i j(r,t) e NF [p(rvt)vs(r:t)]
ot m
Recall the imaginary part of the Schrodinger eq'n:
'V
Q(RZ) - -V- [R S]
ot
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1s orbital of Hydrogen atom

p(r.0)=R(rje ™"

s d§(t) I[VS(" O =0




Pirsa: 11010053

> ZCJ‘//J'
J

"waves” of the decomposition
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“waves” of the decomposition

Ce Spatial support of ¥ sth wave is occupied
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VY= ZC,-'//,-
J

“waves” of the decomposition

{e Spatial support of ¥ sth wave is occupied
{¢ Spatial support of ¥; sth wave is empty
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*— ZCM
J

“waves” of the decomposition

Ce Spatial support of ¥ sth wave is occupied
¢ Spatial support of Wj 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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Proof of ineffectiveness of empty waves
V=W, Y,
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Proof of ineffectiveness of empty waves
l// — l//a + l//b
iSh iS_/h iS,
Re™ =Re ™" +Re

R* =R? +R} +2R R, cos|(S, — S, )/ h]
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Proof of ineffectiveness of empty waves
v =y +y,
iSh iS,/h iS, /h
Re™ =Re™" +Rse

R* =R’ +R} +2R R, cos|(S, — S, )/ h]

R2VS, +R2VS, +R.R, cos|(S, — S, )/ alV(S, +35,)

VS =R
| =#[R,VR, - R,VR,Jsin[(S, - 5, )/#]
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Proof of ineffectiveness of empty waves
=y +y,
iSh _ iS,/h iS, /h
Re™ =Re™ +Re

R* =R?> +R} +2R R, cos|(S, - S, )/ h]

R2VS, +R2VS, +R.R, cos|(S, - S, )/ alV(S, +5,)
—4[R,VR, ~ R,VR, Jsin[(S, -S,)/]

If RR, =0

then R’ =R§ "‘sz

VS =R 2

Pirsa: 11010053



Proof of ineffectiveness of empty waves
=, + YV,
iSh _ 1y iS,/h iS, /h
Re™ =Re™ +Re™

R* =R +R} +2R R, cos|(S, - S, )/ h]

R2VS, +R2VS, +R.R, cos|(S, - S, )/ alV(S, +3S,)
- AlR,VR, - R, VR, |sin(S, - S, )/ 7]

If RR, =0

then R*=R’+R; and VS

VS =R %

_ RIVS,+R;VS,
- R
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Proof of ineffectiveness of empty waves
W=y, TY,
iSh _ iS_/h iS, /h
Re™ =Re™ +Re"

R* =R?> +R} +2R R, cos|(S, - S, )/ h]

R2VS, +R2VS, +R.R, cos|(S, — S, )/ alV(S, +S,)
—HR,VR, ~ R,VR Jsinl(S, -5, )/ 3]

If RR, ~0

then R? = Ri + sz and VS

VS =R 2

- RIVS, +R}VS,
 R*+R?
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Proof of ineffectiveness of empty waves
=y + h
iSh _ 1 iS,/h iS, /h
Re™ =Re™ +Rse

R* =R? + R} +2R R, cos|(S, — S, )/ A]

R2VS, +R2VS, +R.R, cos|(S, - S, )/ alV(S, +35,)
~1[R,VR, ~ R,VR, Jsin[(S, - S,)/2]

If RR, =0

then R*=R>+R; and VS

VS = R %

- RIVS, +R}VS,
R*+R;

% - 1 [VS(r, ;)] g =2 If (e Supportof ¥,
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Transmission through a barrier (probability 3)
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Transmission through a barrier (probability 3)
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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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Beam splitter experiment

Page 198/298




Pirsa: 11010053

T, . " — i ol S .

‘_‘r”’_—-_‘““

Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment
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Beam splitter experiment

Page 214/298




Pirsa: 11010053

e "m““‘l‘k\

Beam splitter experiment
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Transmission through a barrier (probability 3)
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Beam splitter experiment
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The deBroglie-Bohm interpretation for many particles
The ontic state: (y(r,.r,).8,.5,)

7 t

Wavefunctionon Particle
configurationspace  positions
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The deBroglie-Bohm interpretation for many particles

The ontic state: (y(r,,1;).8,.5,)

7 t

Wavefunctionon Particle
configurationspace  positions

¥,

The evolution equations:

Schrddinger's equation

B OW(r, T, 1) _ h°

Va(r,.r,,t)—
ot 2m W, ) 2m,

1 2

~

h
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The deBroglie-Bohm interpretation for many particles

The ontic state: (y(r,.1;,).8,.5,) r,
7 A I.r,)
Wavefunctionon Particle

configurationspace  positions

The evolution equations:

Schrédinger's equation

ikaW(r”rz’t):——;Vfw(rl,rq,t)— - Voy(r,r, )+ V(r,r)y(r,r,, {)
ot 2m, " 2m, '“ " y

-

. (t) 1 -
;t = m [VIS(rJSr.?:it)]rj=;j(r):rg=;3(r)

a (1) 1J . The guidance equation
¢}t N m__l [st(r“r:’t)lj =8 (£),r2 =8, (f) :
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y(r,.r,. 1) =¢" (x.1) 77 (x,.1)

Pirsa: 11010053

Product state
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The deBroglie-Bohm interpretation for many particles

The ontic state: (y/(r;,1,).8,.5,) ¥
2 A n.r,)
Wavefunctionon Particle
configurationspace  positions
The evolution equations: -
Schrédinger's equation
0 ¥ 23 g =y
ih y(r,,r,,1) =N .. 0 —— VN . 1) Vi B e 5. 1)
ot 2m, “ 2m, ‘“ " :

—

&, _ 1
:It = mf [VIS(rJSr.?at)]rj=;1(r):rg=;2(f)

&) _ 1

dt m_[V;S(r“r'”t):L =§; (£).r>=8, (t)
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l//(l.l-r:-”=¢'“(l'l.f) Zq.‘h(l_:-[)

| Pirsa: 11010053

Product state
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YyAr,.r,.[)= ;ﬁ'“(rl,r) /j‘“(r:_r) Product state

=}21(l'1,f)€;31(r1'r)m &(rzat)eﬁ:(rz:)fﬁ

S(n,x,, 1) = S,(x, 1) +5,(x,,1)
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i x. D—¢" .0 2 (. 1) Product state
= Rl(rpf)ef&(rz,f)fﬁ Rz(rz,t)efﬂz(r::)fﬁ
S(n,x,, 1) = S,(x, 1) +5,(x,,1)

4 1 ]
cgc}f ) h m, [Vls(rl’rz’ t)] =4 (), =5 (1)~ ;l[vls1 (I'I,f)] n=§ )
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w(r,.x,.1)=¢" (xr.1) 7' (r,.1) Product state
le(rl’t)effi‘n(r:,r)M Rz(rpt)efsz(rz,f)m

S(x,r,,1) = S,(x, 1)+ S,(x,,1)

t 1 1
4;5 ) - m, [VIS(rl,r:’ t)] n=4 (), =G ()~ ;l[vl‘a (I'I,f)] n=4 ()

&,(t) _ 1 :
dt — m. [VgS(l‘],rz, t)] 5 =8, (6), =Ly () = ;[VL’SZ (rg,t)]

- 2

r=0;(£)
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t//(rl_r:_r')=¢“‘(rl.,r)z'“(r_,_.r) Product state
=R1(l'1,f)eI3‘(r”t)m Rz(rz,t)ehsz(rz,t)m
S(n,x,,1) = S5/(x, 1)+ S,(x,,1)

&) 1 1
clft . m [VIS(I'I,I'E, t)] =8 (), =4 () ;[VIS‘ (r"t)] =4 ()

&,(1) 1 :
dt - m. [VZS(rlerwt)] =8, (1), n=4(6) — ‘m_z[vzsz (I'Z,f)] n=§()

The two particles evolve independently
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YAY,.T,.T)= ZC.:(A;““]‘” 2, (x,.) Entangled state
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w(n.r,. 1))=Y c ¢ (x.1) 7" (r,.1) Entangled state
J

(§.5,) € support of ¢(1) (n.0) 7 ﬁz) (r,f)  jth wave is occupied
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YAx,.T,.[)= chgﬁ;l'(l“vr) /‘_’j.“"(l':.r) Entangled state

(§.5,) € support of ¢(1) (r,7) 152} (r;,f)  jth wave is occupied
(§,8,) € support of ¢ (x;,1) 27 (r,.1)  jth wave is empty
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w(n.r,.1)=>Y c ¢ (x.1) 7" (r,.1) Entangled state

(€1=§z) € SUPPO"'"' Of ¢?} (rpt) 252) (l'z,f) ﬂh wave Is occupied
(§.8,) € support of g9 (r,0) 27 (r,,1)  jth wave is empty

If only the Ath wave is occupied
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w(n.r,.0)=>Y c ¢ (x.1) 77" (r,.1) Entangled state
]

(§,.5,) € support of g7 (x;,1) 757(ry.1)  jth wave is occupied
(§,.5,) € support of ¢(11 (r,1) ;{52’ (r;,1) jth wave is empty

If only the Ath wave is occupied

Then the particles evolve independently
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G (r,.1) @, (r,.1)

X \15.1)
e - 3
Zp(15.1)
electron 1 electron 2

W r,.r.r)=

Cu(b(l( rf‘f)zt'!(’}'r)+cb¢b(r]‘r)zb(’}'r)
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@, (r,.1) @, (1.

4—3 4-9

electron 1

l)

A

o

—

"

Zb(r_""f)

electron 2

W(rp rz;t) ™
1 Do (1 ]+ 0 (1, D) 2, (13, 1)
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¢a(r‘.,t)

@,(1,,1)

Za(rz 2 t)

3

X

I 1lt\/’tﬂb(rzat)

S

W(rprz;t) .
1 Do (1 1]+ i (1, D 2, (1, 1)
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AGR)

4—% 4-9

|
4

@, (1;,1)

xa(rz ? I)

i

20l

l 1.L\;L’.J!a("'zrar)

S

wir,r )=
7 D, (1 ] + i (1, D 2, (1, 1)

W—J

occupied wave




@, (r,1) @, (r.1)

XalT3:1)
_— e
l | #@D
- G
w(r,n:t)=

b a1 1) + iy () 7, (1. 1)

H—I

occupied wave
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dgz(t) _ L[V

dt m2 ZS(r]_B rZ b t)] r =EEAEE=E, (1)



P,(r.1) @ (r,1)

Xa(rz £ t)

T

2

I 1l'\/'tfb(rzat)

S

W(rprz;t)z
c#a(rpt)la(rzsq+cgl¢b(r1=f)lb(r2=q

\ﬂ—’

occupied wave

dgz(t) =L[V
dt

m,

S(r.1,.1)] r =5 =L, (1)

I flme



i r,.r.r)=

Cf-lsﬁa(f'-f)za(":-fi +Czkﬂb(f}-f)zb(rg.r:

H—I

occupied wave
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gr==
.
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| time




AGRIENAGR) Xa(12.0)

‘ \Zb(rzat)
< =

~ -

Wir, i) =
Ca‘;éa(’}‘ T)Za(’:l“r)+cb¢b(’}‘ I)Zb(r:‘ f)

e paE
eI
T e e

.lh....mu
rresss 'ﬂ.o'll Wi b %W« ‘s
(L1} Eﬁ : i LTE] ﬁ: : " :,. W

sg : W
s
E R both waves occupied
T

R = ,
----- HiER R e o
il
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: I time



(ry,1)

Ka

X (15, 1)

(|

L

N
e~y
™
—
"~
| —
p=N
—~
ey,
Wy
™
ey
"~
| —
©
..“.._”r ..”..“...“ u..
”.um HHHH
LK HUHHH
i T

both waves occupied

Failure of local causeali

time

o 4 i R
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The "standard distribution” as quantum equilibrium

' B
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Piguse 7. Smocthed § ((a), (¢) and (¢]), compared with (9ff (%), (d) and (/)), ot tUmes ¢ =0
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