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Evidence in favour of v-epistemic
models



The analogy to Liouville mechanics
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Example 1. The impossibility of discriminating non-
orthogonal states

v,)
L‘ v.)

Consider
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Example 1: The impossibility of discriminating non-
orthogonal states

‘WI}
A v.)

Newtoniananalogy: Mysterious. No analogue of non-orthogonality.

Consider
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Example 1. The impossibility of discriminating non-
orthogonal states

Consider v
L‘ v.)
Newtoniananalogy: Mysterious. No analogue of non-orthogonality.

Liouville analogy: Natural wlx,p) u(x p)
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Example 2: Lack of exponential divergence of states
under chaotic evolution

In Newtonian mechanics, exponential divergence of ontic states is the
signature of chaos
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Example 2: Lack of exponential divergence of states
under chaotic evolution

In Newtonian mechanics, exponential divergence of ontic states is the
signature of chaos

In quantumtheory,
<W1(I)’W2 (t)> - <W1 (0) }UIU ¥, (0)>
= (,(0)|w.(0))

No divergencel
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Example 2: Lack of exponential divergence of states
under chaotic evolution

In Newtonian mechanics, exponential divergence of ontic states is the
signature of chaos

In quantumtheory,
<W1(I)|W2 (t» = <V’1 (0) lUEUth (0)>

= <V’1 (0) hfz (0)>
No divergencel

Newtoniananalogy: Thisis puzzling

Liouville analogy: This is natural, due to Liouville's theorem

[ dxdp \[,(x, p.O) N1, (x, p.0) = | dxdp \[p,(x, .0) [, (. p.0)
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Example 3: The impossibility of cloning

non-orthogonal states
(C. Fuchs, 1996)

7))

w, )} implies |¥.) w, ) for s=1,2

Cloning the set {|w, ),
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Example 3: The impossibility of cloning

non-orthogonal states
(C. Fuchs, 1996)

Cloningthe set {|w,).|w.)} implies \W/| Z}-* ‘Ws}
By unitarity, the inner product must be constant
But |, |(z [(w.)2))=|@w. |w.)

Whle 1 1, (v, w W= v, )

w5>for s=12
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Example 3: The impossibility of cloning

non-orthogonal states
(C. Fuchs, 1996)

Cloningthe set {|w,).|w.)} implies \WQ}* Z> —> ‘%)
By unitarity, the inner product must be constant
But [, |(z w.)lz))=|w |w.)

WHIE e )Y = | v,

ws>for s—17

These are equaliff |, |w,)=00r1 |e.orthogonaloridentical
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Example 3: The impossibility of cloning

non-orthogonal states
(C. Fuchs, 1996)

Cloningthe set {|w,).|w,)} implies \Ws}‘ Z> > ‘%)
By unitarity, the inner product must be constant

Bu? KW] |<Z |(‘W2 >|Z>] n '<wl |W2 >‘
WhlleKw]

ws}for s=12

. (el )) =@ e, )

These are equaliff |, |w,)=00r1 |e. orthogonaloridentical

Liouville analogy:
Cloning the set {#,(2), #,(2)} implies u.(z2)v(y) > pu.(2)u.(y) for s=1,2
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Example 3: The impossibility of cloning

non-orthogonal states
(C. Fuchs, 1996)

Cloningthe set {|w,),lw.)} implies \%) Z> =2 |Ws>
By unitarity, the inner product must be constant

But @, [z w2l z)) = [ lw. )
WO [, I e )Y = [ v

These are equaliff |, |w,)=00r1 |e. orthogonaloridentical

ws>for s— 12

Liouville analogy:
Cloning the set {#,(2), #,(2)} implies u.(z)v(y) > p.(2)u (y) for s=1,2
By Liouville's theorem, the classical fidelity must be constant
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Example 3: The impossibility of cloning

non-orthogonal states
(C. Fuchs, 1996)

Cloningthe set {|w,),lw. )} implies \Ws> Z> =3 |Ws>
By unitarity, the inner product must be constant

But [, [(z l(w:)l2)) = @ v )
WO [, I e )Y = [ v

t;/5>for s=12

These are equaliff |, |w,)=0o0r1 |e. orthogonaloridentical

Liouville analogy:
Cloning the set {#,(2), #,(2)} implies u.(z2)v(y) > . (2)u (y) for s=1,2
By Liouville's theorem, the classical fidelity must be constant

But [ dedy [ (zv(») Vi (z)(y) = [de [ (z) {1 (2)
while
[ dsdy [ GO m ) = ([ &) i) |
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Example 3: The impossibility of cloning

non-orthogonal states
(C. Fuchs, 1996)

Cloningthe set {|w,).|w. )} implies |w.)|x) > |¥.)
By unitarity, the inner product must be constant

But [, [(z llw:)l2)) = @ v )
WO [, I e )Y = [ v

These are equaliff |, |w,)=00r1 |.e. orthogonaloridentical

tpfs}for s=12

Liouville analogy:
Cloning the set {#,(2), #,(2)} implies u.(z2)v(y) > p.(2)u (y) for s=1,2
By Liouville's theorem, the classical fidelity must be constant

But [ &dy i (z)v(») V(2w (y) = [ &/ (z) V1:(2)
while
[ &y [ (HmN @ m ) = ([ & (mE JmE) |
| These are equal iff [dz\/p,(2)(m,(2) = 0orl | e disjointor identical™™"




Where the Liouville analogy fails

Pure states: In Liouville mechanics, they are Dirac-delta functions on
phase space

Thus, they have strictly disjoint support
(hence distinguishable, clonable) \

State of complete knowledge = Newtonian state ‘I

In other words: Quantum states are analogous to
states of incomplete knowledge

Consider: Liouville mechanics with an epistemic restriction
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Where the Liouville analogy fails

Pure states: In Liouville mechanics, they are Dirac-delta functions on
phase space

Thus, they have strictly disjoint support
(hence distinguishable, clonable) r
I

State of complete knowledge = Newtonian state "

In other words: Quantum states are analogous to
states of incomplete knowledge

Consider: Liouville mechanics with an epistemic restriction
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The analogy to
Liouville mechanics with an epistemic restriction

Based primarily on unpublished work
with Stephen Bartlett and Terry Rudolph

irsa: 09120071 Page 19/67



L iouville mechanics
w(zx, p)

» ?  Whatis a good epistemic restriction to apply?

\/ l \ -- look to quantum mechanics

£
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Liouville mechanics

p(z, p)
Whatis a good epistemic restriction to apply?

A P
\ 1\ -- look to quantum mechanics

Bl L .*
- -

S

£

Quantum mechanics

Uncertainty principle:

“AQ: A°p — C2, > (R/2)?

where

A%z = (2% - (@)

Cop = 2(3P + PZ) — () (D)
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Liouville mechanics
p(x, p)

Lo, p  Whatis a good epistemic restriction to apply?
\/ 1 \ -- look to quantum mechanics

el ki
£

Liouville mechanics with
an epistemic restriction

Uncertainty principle:

Quantum mechanics

Uncertainty principle:

“A21A2p —C2, > (R/2)?

A2eA2p - C2, > (11/2)3

where where

Alx = (T2> — (“)2 A2y = <12> . <>2

Czp = 5(Zp + PT) — (Z)(P) Czp = (zp) — (2)(P)
(AT Tr(Ap)

(f (@, p)) = [ dadpf(x, BYii(x,p



Liouville mechanics with an epistemic restriction
Assume:

The classical uncertainty principle (for a single particle in 1D):

The only Liouville distributions that can be prepared are those that
satisfy

A%zA%p — CZ,, > (R/2)°
and that have maximal entropy for a given set of second-order
moments.
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Liouville mechanics with an epistemic restriction
Assume:

The classical uncertainty principle (for a single particle in 1D):

The only Liouville distributions that can be prepared are those that
satisfy

8w p— 0=, > (hI2)*

‘x,p

and that have maximal entropy for a given set of second-order
moments.

Among (X, p) with a given set of second-order moments, Gaussian
distributions maximize the entropy
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Valid epistemic states for one canonical system

p(x,p) >0
[z, p)dzdp = 1
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Pure epistemic states r.
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Multiplicity of convex decompositions of a mixed epistemic state
Into pure epistemic states
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Quantum mechanics

Uncertainty principle:

v(p) +ihXZ >0

/Az-f'l (‘-”1-!’1 (.'.r'l..rg (Tr'l.,e;g \
Cpy.y A%py Cpraz Cprp
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(0 -1 )
1 0
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Quantum mechanics

Uncertainty principle:

v(p) + ih= > 0

Single particle in 1d:

(AQ 1 ¢ !1 - < e (l:trl-pg N \ AZx (-{.r.p : 0 -1
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N G A%xA°p - CE, > (R)2)
i 0
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Quantum mechanics

Uncertainty principle:

v(p) + ihZ > 0
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Liouville mechanics with
an epistemic restriction
Uncertainty principle:

T -ehiE = 0
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Quantum mechanics

Uncertainty principle:

v(p) +ihXZ >0

Single particle in 1d:

/Azll (1"’1 P1 (.Trl ro ('rrl py e \ #,
. 5 o G A<x Czop -~ (0 =1
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i 1
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Liouville mechanics with an epistemic restriction
Assume:

The classical uncertainty principle:

The only Liouville distributions that can be prepared are those that

satisfy
p) ez >0

and that have maximal entropy for a given set of second-order
moments.
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Liouville mechanics with
an epistemic restriction
Uncertainty principle:

v(p) +ihE > 0

Quantum mechanics

Uncertainty principle:

v(p) + ihZ > 0O
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Liouville mechanics with an epistemic restriction
Assume:

The classical uncertainty principle:

The only Liouville distributions that can be prepared are those that

satisfy
W)t ih=E =0

and that have maximal entropy for a given set of second-order
moments.
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Liouville mechanics with an epistemic restriction
Assume:

The classical uncertainty principle:

The only Liouville distributions that can be prepared are those that

satisfy
qlp)ih= >0

and that have maximal entropy for a given set of second-order
moments.

Among valid i with a given ~, multi-variate Gaussians maximize the
entropy

irsa:f:lzg?) — (‘277)!!/12|A,.‘1/2e><p (_%(Z o (z>)T’Y_l(Z = (Z)))
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Quantum mechanics H = (&1, P13, 095~ )

Uncertainty principle:

v(p) +ihXZ >0
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Quantum mechanics R = (-i'liﬂp-i':.f*m )
vi; = 2(5({Ri, R;}) — (Ri)(R;)
[Ris R)] — (hS”

Uncertainty principle:

v(p) +ihXZ > O

(A% (*11*1 Crray Crypy -
Cpr.ay A’ P1 (m 2 Cprp
(p) =2 Crpay Caypy A? 22 Crypy
Croay Cpopy Cppr A%p,
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Quantum mechanics

Uncertainty principle:

v(p) + ihZ >0
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vij = 2(3({Ri, Rj}) — (Ri)(R;)
[Ri; Rj| = ihX;;

2((R; - (R;))(R; — (R;)))

= 2({R;R;) — (Ri)(R;))

= ({R;, R;}) + ([Ri, Rj]) — 2(R;)(R;
= Yij -+ HJZ;J'

(Y, (v(p) + ihXZ)Y)
= 32i,; ¥ (vij + thZ;;)Y;
=200 Y (R - (Ri)) ¥ Y;(R; - (R;)))
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Quantum mechanics R = (-i'lijfu--i'-_nfm ) _
W o Yij = 2(5{({ Ri, Rj}) — (R;)(R;)
ncertainty principle: .
R, R;] = ihZ;;

v(p) + ihZ > O

. ok x 2((Ri - (R))(R; - (R;)))
(8% Com Corz Coim -\ = 2((RiR;) — (Ri)(R;))

(J T A 14| (J 1 Coi.0n
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19, Crpy Crop 2 (31‘2 |
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Valid epistemic states for a pair of canonical systems

Uncorrelated distributions

p(z1,p1,22,p2) = p(xq,p1) p(xo, p2)

Correlated distributions
1
eg. p(x1,p1,72,p2) = A3(x1 — 22)5(p1 + p2)
This corresponds to the entangled state of Einstein, Podolsky and Rosen

1Y) = [dxq dxo 6(x1 — x2)|x1)|22)
= [dp1 dp2 §(p1 + p2)|p1)|P2)
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Valid deterministic transformations

The group of canonical transformations with quadratic Hamiltonian

Only canonical transformations preserve the uncertainty principle
Only quadratic Hamiltonians preserve the gaussianity
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Valid measurements
Sets of indicator functions  {&(, p)}

£A.(:?f, p) = probability of k given (x,p)

§k(1,p1)

(7
©
Q

p(z1, p1, 22, p2)

Q
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Valid measurements
Sets of indicator functions  {&i.(x, p)}

£L.(m, p) = probability of k given (x,p)

§k(1,p1)

u(x1,p1,x2,p2)

p(x2,p2) o [dridpy £(z1,p1) 6(z1 — 22)d(p1 + p2)
= {(z2, —p2)

Pirsa: 09120071 '“ (12 1)2) X I (!.'1'1([])1 g(’lrlf })1) “ (11 ? ])1 ) ;132' })2)
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S —
Valid measurements for one canonlcal system

Exlz,p) 2 0

> pélz,p) =1 YzVp
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Measurement-induced transformations

Measure x in a

reproducible way
N T ]
| ' H T
| ” H | I
11“ % > D |l IH " L |l -
.
I
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Measurement-induced transformations

Measure x in a

reproducible way
| th
i
| :!'|.!'l > P
I H M H ‘
| —— |
ZZIIIfIIIIfIIﬁIIZIfIIﬁZZIIfIIZIﬁﬁIZIZ.‘.‘l'
x -
“Collapse”
— = Bayesian updating

+ uniformly random mixture
of translations 8%&t p
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Note: the evolution is deterministic if the apparatus is treated internally

Internal apparatus

External apparatus Measure x o
@@ " Preparex
Measure x [__I - | ]F‘ ") \
| '|
, —~ o — |
(M - N ] |
- \ i f
@ S ~. l\\ -’rf
- L Y : /
Unknown disturbance to p Interactby £t = Tsys Papp

ﬂ .. Final x of apparatus reflects initial x of system
.~ Final p of system reflects initial p of apparatus
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The position of the internal-external cut doesn’t matter



Note: the evolution is deterministic if the apparatus is treated internally

Internal apparatus

External apparatus Measure x I
[ 7\ / J Prepare x h
Measure x @J //, J,.:’f ﬂ "} \1
CA X | ' \\u a
Unknown disturbance to p Interactby it = Tsys pﬂ';‘)

D .. Final x of apparatus reflects initial x of system
.~ Final p of system reflects initial p of apparatus
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The position of the internal-external cut doesn’t matter



Non-commutativity of measurements
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Measure X then P~
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Measure P then X




Note: the evolution is deterministic if the apparatus is treated internally

Internal apparatus

External apparatus Measure x P
Ha / Prepare x .
Measure x @3 ‘f' |f}

1Y) = [dxq dxp §(x1 — x2)|x1)|22)
— I dp1 dp> 5(1-’1 . 7’-2)'“’1)'_:!-’2)

On particle 1, measure either X or P
QOutcomes for measurements of X or P on partlcle 2 become certaln
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The EPR experiment

AN AB)
N

‘ )

1YY = [dxq dxp §(x1 — x2)|x1)|2D)
= [dpy dp2 5(p1 + p2)|p1)|P2)

On particle 1, measure either X or P
Outcomes for measurements of X or P on particle 2 become certain
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]
u(z1,p1, 72, p2) = +6(z1 — 22)8(p1 + p2)

1
pu(x2,p2) = 7

Initially A is completely ignorant of 2

If A measures xon 1, she infers x of 2 \ %1’2

If A measures p on 1, she infers p of 2 \I i

"RS@ecision does not affect the reality at 2, Page 54/67
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The Wigner representation

Weyloperators  w(u,v) = exp(—ivx — tup)
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The Wigner representation

Weyloperators 1 (u,v) = exp(—f.-r_..*fi? — up)

Pointoperators A(xz, p) = —(2 32 [ dudv exp(ive + iup)w(u,v)
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The Wigner representation

Weyloperators  w(u, v) = eXD(—’i'lJ.T? — tup)

Pointoperators A(z, p) = -(2 2. [ dudv exp(ive + tup)w(u,v)

Wigner representation  W;(z,p) = Tr(pA(x,p)]

Pirsa: 09120071 Page 57/67




The Wigner representation

Weyloperators  w(u,v) = exp(—ivx — iup)

Pointoperators A(z, p) = ﬁ [ dudv exp(ive + iup)w(u, v)

Wigner representation  W;(z,p) = Tr(pA(x,p)]
We(z,p) = Tr[EA(z,p)]
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The Wigner representation

Weyloperators  w(u,v) = eXD(—i'(.-’.‘I' — fup)

Pointoperators A(z, p) = —(2——32 [ dudv exp(ive + tup)w(u,v)

Wigner representation  W;(z,p) = Tr(pA(x,p)]
We(z,p) = Tr[EA(z,p)]
| dxdaW;5(z, p)We(x,p) = Tr(pE]
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The Wigner representation

Weyloperators  w(u,v) = exp(—ivZ — tup)

Pointoperators  A(x,p) = ﬁ [ dudv exp(ive + iup)w(u, v)

Wigner representation  Wj5(x,p) = Tr(pA(x,p)]
We(z,p) = Tr[EA(z,p)]
[ dadaWj (e, p)Wp(a. p) = Tr(E]

This can be generalized
W5(z1,p1,22,p2) = Tr[pA(z1,p1) @ A(x2,p2)]
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Gaussian quantum mechanics

Gaussian state p: one that has a Gaussian Wigner rep'n

Wp(2) = GyarzzexP (—3(2 — @)1z~ (2))
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Gaussian quantum mechanics

Gaussian state p: one that has a Gaussian Wigner rep'n

Wp(z) = (2“_)”_-12,”1,29)(0 (—%(z. — 2Ny 1z - (*‘5)))

Note: < 4 g “7)!>p e <7 > W 5 therefore Y (ﬁ) S— 7(11;75)

Therefore, the Wigner rep ' n satisfies the classical uncertainty principle
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Gaussian quantum mechanics

Gaussian state p: one that has a Gaussian Wigner rep'n

Wo(2) = Goyis 2P (—3(z — @)y (z - (2))

Note: (ZFp'); = (*p')y v, therefore Y(p) = v(Wp)

Therefore, the Wigner rep’'n satisfies the classical uncertainty principle
Gaussian measurements and transformations: preserve Gaussianity

One can prove

Theorem: Liouville mechanics with an epistemic restriction is
empirically equivalent to Gaussian quantum mechanics
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Categorizing quantum phenomena

Those arising in a restricted Those not arising in a restricted
statistical classical theory statistical classical theory
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Categorizing quantum phenomena

Those arising in a restricted Those not arising in a restricted
statistical classical theory statistical classical theory

Wave-particle duality
collapse
noncommutativity

Teleportation _
entanglement No cloning

Quantized spectra  coherent superposition

Key distribution Bell inequality violations Quantum eraser

: Bell-Kochen-Specker theorem
Improvements in metrology

Pre and post-selection
Computational speed-up ‘paradoxes’
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Categorizing quantum phenomena

Those arising in a restricted Those not arising in a restricted
statistical classical theory statistical classical theory
Noncommutativity Bell inequality violations
Entanglement Computational speed-up
Collapse Bell-Kochen-Specker theorem
Wave-particle duality Certain aspects of items on the left
Teleportation Others
No cloning
Key distribution
Improvements in metrology
Quantum eraser
Coherent superposition
Pre and post-selection “paradoxes”
Others...

Quantized spectra?

Pirsa: 09120071 Partl C] e StatIStICS '? Page 66/67
N Aars




Categorizing quantum phenomena

Those arising in a restricted Those not arising in a restricted
statistical classical theory statistical classical theory
Noncommutativity Bell inequality violations
Entanglement Computational speed-up
Collapse Bell-Kochen-Specker theorem
Wave-particle duality Certain aspects of items on the left
Teleportation Others
No cloning
Key distribution
Improvements in metrology
Quantum eraser
Coherent superposition
Pre and post-selection “paradoxes”
Others...

Quantized spectra?

Pirsa: 09120071 Partl CI e Statlshcs '? Page 67/67
Mk Aars




