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Abstract: <span>The

"psi-epistemic” view is that the quantum state does not represent a

state of the world, but a state of knowledge about the world. &nbsp;lt is
motivated, in part, by the observation of qualitative similarities between
characteristic properties of non-orthogonal quantum wavefunctions and between
overlapping classical probability distributions. &nbsp;It might be suggested
that this gives a natural explanation for these properties, which seem puzzling
for the alternative "psi-ontic” view. &nbsp;l will examine two such

similarities, quantum state overlap and quantum state discrimination, and ask
how far can we reproduce the quantitative values given by quantum theory.
&nbsp;lt will be shown that the psi-epistemic view cannot properly account for
the quantitative values, and so must still rely on the same kind of
explanations as the "psi-ontic" view.<strongr>

<br></strongr></span>
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\V-epistemic theories

* What are they? Why are they?

* PBR and Hardy theorems
Quantum State Overlap

* Epistemic vs. Ontic explanation

* Limitations of the epistemic explanation
Quantum State Discrimination

* Epistemic vs. Ontic explanation

* Limitations of the epistemic explanation

Where does that leave us?
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Why ¥-epistemic?
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Ontological models for
Preparations and Measurements

Perform some sequence of physical procedures, P, that prepares a system to be in
some physical state. Label that state: A .
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Ontological models for
Preparations and Measurements

Perform some sequence of physical procedures, P, that prepares a system to be in
some physical state. Label that state: A .

You probably can't prepare the state exactly. There may be properties you cannot
control, or don't even know about. The preparation only prepares the system to be
in one physical state out of a set of possibilities: L €A,
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Ontological models for
Preparations and Measurements

Perform some sequence of physical procedures, P, that prepares a system to be in
some physical state. Label that state: A .

You probably can't prepare the state exactly. There may be properties you cannot
control, or don't even know about. The preparation only prepares the system to be
in one physical state out of a set of possibilities: L €A,

Perform some sequence of procedures, 1/, on the prepared system that produces
one of a number of distinct outcomes, ¢, which occur with a non-trivial relationship
to the preparation: Pig/ALP).
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Ontological models for
Preparations and Measurements

Perform some sequence of physical procedures, P, that prepares a system to be in
some physical state. Label that state: A .

You probably can't prepare the state exactly. There may be properties you cannot
control, or don't even know about. The preparation only prepares the system to be
in one physical state out of a set of possibilities: L €A,

Perform some sequence of procedures, 1/, on the prepared system that produces
one of a number of distinct outcomes, ¢, which occur with a non-trivial relationship
to the preparation: Prg/M.P).

An "Ontological Model" seeks to explain this regularity in terms of the "ontic"
states A. The preparation, P, is associated with a probability distribution over the
ontic states (1), and the measurement with a conditional response probability

e(qA), such that p l (fl M.P= f dh .U;»( M )CM( (/’}-. )
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Ontic Models Framework

- (n ) Measurement M,

Ontic State A Preparation v lll,‘.(/*. ) €y ( ¢ )|

Qutcome,

A represents the actual physical state of the world after the preparation. It
carries all the factual properties about the system. Any future interactions
are based upon A, and only depend upon P via the properties of A.

plolM ,p)= diw,(2)e, (olh)=] o[y
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Ontic Models Framework

Measurement M,

-

Ontic State A Preparation v lll,‘.{}*. ) €y ( ¢ )|

QOutcome,

A represents the actual physical state of the world after the preparation. It
carries all the factual properties about the system. Any future interactions
are based upon A, and only depend upon P via the properties of A.

plo|M, 11*)2‘[ diw,(h)e, (on)=] oy .

!’ll,'[l }"' ):hrp W

Wavefunction collapse: AE ’ )

ey (0)=l(ofy)f
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Ontic Models Framework

4 Measurement M,

Ontic State A Preparation v _ll,‘.[/*. ) €y, ( (p‘l |

Qutcome,
A represents the actual physical state of the world after the preparation. It

carries all the factual properties about the system. Any future interactions
are based upon A, and only depend upon P via the properties of A.

plo|M, 11!)2‘[ diw,(h)e, (on)=] oy ;

. !’lli'[l }I"):hrpl'w
Wavefunction collapse: )E ’ |

(o12)=| o|y)f

de Broglie Bohm:  AE (|}, X)] w,(A)=(8, 1, 1(0|X]0)[)

€y (O|A)E0,1] contextually
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Ontic Models Framework

(4 Measurement M,

Ontic State A Preparation v Wy, €y ( (p‘l )

OQOutcome,

A represents the actual physical state of the world after the preparation. It
carries all the factual properties about the system. Any future interactions
are based upon A, and only depend upon P via the properties of A.

plo|M, ll’):f dhw,(h)e, (on)=] oy ;

!’ll,'[l }"' ):hrir W

J=[(ofw)f

Wavefunction collapse: AE| ’ )

I\

€y ()

de Broglie Bohm:  AE|(|\)), X)] w, (h)=(8, (o[ X]e)[)

€y (O|A)EL0,1] contextually

Must y be part of A?
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Is y part of A?

Wol A Y=A  W-complete

Wavefunction collapse
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Is y part of A?

Wol A Y=A  WY-complete

Wavefunction collapse

A=)

*u”’( M V-ontic

de Broglie Bohm
I
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Is y part of A?

Y=A " W-complete

Wavefunction collapse

A=)

() \V-ontic

de Broglie Bohm
A

‘Y-epistemic
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Why Y-epistemic?

* Qualitative similarities between quantum wavefunctions and
classical probability distributions:

Indistinguisability of non-orthogonal quantum states
Collapse as Bayesian updating

Exponential increase in complexity

No-cloning of probability distributions

Non-unique decomposition of a density matrix

et al.

* But can the W-epistemic point of view account for the
(quantitative) quantum properties?
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Some problems

* Hardy's ontic state indifference theorem

* Operations performed at remote locations must change A locally

* A novel form of non-locality for isolated systems.
« PBR's factorisability theorem

* Preparations of remote product states must be correlated to A locally

* A novel form of non-locality for product states.

* If we can accept non-locality for ‘W-ontic theories, then we
cannot dismiss V-epistemic theories on this basis.

* Perhaps this is what we should expect from QFT? Even the global vacuum can show Bell
Inequality violations in QFT, indicating non-locality of the global ontic state.

Local probability distribution may still be stationary under remote operations.

Then 11,(1), at least, can be well defined for the local operations.
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Some (more) problems

* How well does the W-epistemic view reproduce the
quantitative properties?

* Indistinguishability of non-orthogonal quantum states

* Quantum state overlap

- A test designed to perfectly select a given quantum state,
will select a non-orthogonal quantum state with a minimum
probability a>0

* Quantum state discrimination

- Two non-orthogonal quantum states can be distinguished in
a single test with a maximum probability h<1/
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Quantum State Overlap

Take two preparations, ¢, and .
For any measurement for which: p| M, p)=1
it turns out plg|M,p)=za>0
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Quantum State Overlap

Take two preparations, ¢, and .
For any measurement for which: p| qM,9)=1
it turns out plg|M,p)za=>0

This has a natural interpretation in the ‘V-epistemic view

JOHN TEMPLETON Limitations on the ‘I'-epistemic
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Quantum State Overlap

Take two preparations, ¢, and .
For any measurement for which: p| M, p)=1
it turns out plg/M , y)=a>0

This has a natural interpretation in the ‘V-epistemic view

€,/ 9|A)>0
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Quantum State Overlap

Take two preparations, ¢, and .
For any measurement for which: p/| qM,9)=1
it turns out plg/M , y)=a>0

This has a natural interpretation in the ‘V-epistemic view

A=A, (A)>0

€, 0/h)=1VLEA,
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Quantum State Overlap

Take two preparations, ¢, and .
For any measurement for which: p/| qM,9)=1
it turns out plg|M , y)=a>0

This has a natural interpretation in the ‘V-epistemic view
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Quantum State Overlap

Take two preparations, ¢, and .
For any measurement for which: p| qM,9)=1
it turns out plg/M , y)=a>0

This has a natural interpretation in the ‘V-epistemic view

plolM, t|!'2j‘\. w,lA)d A
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Quantum State Overlap

Take two preparations, ¢, and .
For any measurement for which: p/| qM,9)=1
it turns out plg/M , y)=a>0

[ w,(h)dr=0 p(olM,p)z [0y
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Quantum State Overlap

Take two preparations, ¢, and .
For any measurement for which: p (q|M,9)=1
it turns out plg/M , y)=a>0

For the ‘Y-ontic view, the quantum state overlap must be
explained as limitations in the resolution of the measurement

f\ w,lA)dr=0 plOIM )] o)y \:

f‘u”,( M€y oA )d L]y :
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Maximally W-Epistemic

[ w,(Mey(or)dr=| ol
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Maximally W-Epistemic

Jaglu.:},]c_\,l'([)\}. d h=| |y j:

[ wmdn=] w(meylol)dnslonf

f\ Wl A Jdh=wl, )| o[y \:
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Maximally W-Epistemic

Jaglw[},jic_mj(p}}_ d =] 0|y

Jq.\.:!l,,lﬁ }"‘”;J.\,_,“t.-‘- L)€y olh)d h<|(ofy ‘:

f\ Wl Jd =l )| o)y \:

0<mlp, /<]

W-ontic Ol®,P|=0 Maximally W-epistemic 0| ¢, /=1
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Quantum Deficiency Theorem

Harrigan and Rudolph (2007)

A=A, A)>0) f W, (A)elg|A)d h=1 elo[n)=1, VAEA,

J w,(AJeloln)d }.=f_ \ ,llw[}v')t/}-.+fm\¢ Wy AJe(QIN)d A=| ||

AEA,
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Quantum Deficiency Theorem

Harrigan and Rudolph (2007)

Ay=1h:u,(A)>0) Mf.tlfi,(?-.}cl' A )dA=1 elp/n)=1, VAEA,

[w, (M) eloln)dr=] \wjkMk+me“JLkNWJJL=MN¢f

AEA,

If maximally V-epistemic: f}__\? .u”.[ Ad k=]l

J . wnelgln)dn=0 e([h)=0, VAEA,

]

e(o|h)=10,1]

Perimeter Institute 5% )') UNIVERSITY OF JOHN TEMPLETON Limitations on the ‘V-epistemic
MGY 2013 A 'Z-"; OXFORD FOIINDATION view Of quantum states

Page 33/106



Quantum Deficiency Theorem

Harrigan and Rudolph (2007)

Ay=1h:u,(A)>0) f.u,i,(}-.)cl'(|)|}-.)d}-,=l e(o/n)=1, VAEA,

[ (n)eon)dr=]

LEA,

.ll.,[?.)t/?-ﬁf}_i\? W (A Jeloin)d A=)
If maximally ‘V-epistemic: L_\? W, | n)d /‘»:\ Y| |

A)=0, VAEA

f_ u,AJelo|A)dA=0 el ,
MEN, LY

e(o|r)=10,1]
In a Hilbert space d>2, there are no maximally ‘V-epistemic theories

But between which states and how close can you get?
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How Y-epistemic can we get?

[ mlildr=oloy) o f

OJE Maroney, arXiv:1207.6906
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How Y-epistemic can we get?

'[-\.-. 'u'l‘(}")d }v:l')((b, II!)‘ (Nlll ‘:

OJE Maroney, arXiv:1207.6906

If we assume o(d,y) is a constant P o
between all pairs of states: () < :

2d°-4d+4 2 d
For any Hilbert space of dimension d, there must

exist pairs of states for which w(¢.y)<=w,
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How ‘Y-epistemic can we get?

I.\__u”,(}.,)d r=0(¢, )| oy

OJE Maroney, arXiv:1207.6906

If we assume o(d,y) is a constant . -
(

2d°-4d+4 2 d

between all pairs of states: () <

For any Hilbert space of dimension d, there must
exist pairs of states for which w(¢.y)<=m,

We can improve on this!
(Barrett, Cavalcanti, Lal, Maroney, forthcoming)
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How W-epistemic

Suppose for some three
states ¢ , ¢,, 0., there exists

a measurement M.

JO

q,
D, 0

|'Pe‘,

HN TEMPLETON
FOIITNDATION

['H ql ‘(i’."v:
D) | Plg,l0.)

A
Click on Tools to convert
PDF documents to Word or
Excel.

can we get?

M

q, qs
P1q:10,)  P14519,)

0 riglo,)
P\ q,(9,) 0
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How Y-epistemic can we get?

M
Suppose for some three 9 g, g

states ¢, 9,, O, there exists P 0 plgle.) plgsio.)
| (R AUACT 0 p\g;lo,)
a measurement M. | ,

o) | Plailo.) plgle) O

Caves, Fuchs, Schack (2002): such a basis exists whenever

-

XptX,+x.. <l  (x,+x,.+x.,~1)24x,%,.%., -".mzf Dol D ‘

falt

JOHN TEMPLETON Limitations on the ‘V-epistemic
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How ‘Y-epistemic can we get?

M
Suppose for some three a ¢, g;

states ¢, 9,, O, there exists P 0 plglo.) plgslo.)
l |'i']?1 ['H ql‘ti‘h: “ /}: l"j‘;(i}.l‘

a measurement M. ) ,
o) | Plgilo.) plgle) O

Caves, Fuchs, Schack (2002): such a basis exists whenever

-

XptX,+x.. <1l (xp+x,.+x.,~1)24x,x,.%..

ol

.\'m,,=’ Du| Py

If o, 0,, 0., are drawn from three Mutually Unbiased Bases x=//d
d-37_ 4

| 22—

d d’

2« |
(

JOHN TEMPLETON
FOIITNDATION
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How Y-epistemic can we get?

M
Suppose for some three ¢ g, 7,
states ¢ , ¢,, O, there exists P 0 plglo.) plgsio.)
' |n;1;! rlq, 0, 0 riglo,)

a measurement M. e _
|{]J[ rlglo.) plg,le,) 0

Caves, Fuchs, Schack (2002): such a basis exists whenever

XptXy+x.. <l (x,+x,.+x.,~1)24x%,%,.%., .\'m,,=’ 0, |0,

If o, 0,, 0., are drawn from three Mutually Unbiased Bases x=1/d
d=4

In any prime power dimension Hilbert space there are ¢+/ such MUB's

JOHN TEMPLETON Limitations on the ‘I'-epistemic
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How Y-epistemic can we get?

Suppose ¢, ¢, b, are from any three MUBs in a Hilbert space

of dimension d>3.

There exists a measurement M:

M
9, 19, 4
0, 0 plg,lo,) plglo,
06) | P14,10y) 0 p\gslo,
0. | Plg,o.) Plg.o,) 0

FosEr
T
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(.
\'%"‘Z-"" OXFORD FOIINDATION view of quantum states

Pirsa: 13050018 Page 42/106



Pirsa: 13050018

How W-epistemic can we get?

Suppose ¢, ¢, b, are from any three MUBs in a Hilbert space

of dimension d>3.

There exists a measurement M:

M
9, 1, 4
0, 0 plg,lo,) plglo,
05 | P14,10) 0 P\q;l0,
19:) | Plgilo.)  plgslo.) 0

€y (q,|1)=0
€, (q,/A)=0
€y (g;5|0)=0

JOHN TEMPLETON
FOIITNDATION

Limitations on the ‘V-epistemic
view of quantum states
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How Y-epistemic can we get?

Suppose ¢, ¢, b, are from any three MUBs in a Hilbert space

of dimension d>3.

There exists a measurement M:

M
9, 14, 4
0, 0 plg,lo,) plglo,
05 | P14,10) 0 AUALS
19:) | Plgilo.)  plgslo) 0

€y q,/N)=0
€,(q.|N)=0 VA, Z” €ylglh)=1  A,NA,NA, =8

€y (g;5|0)=0

JOHN TEMPLETON Limitations on the ‘I'-epistemic
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How Y-epistemic can we get?

In a d-dimensional prime power Hilbert space, let |0i>be the
i'th basis state from the o'th MUB.

A,NA, =0 i#]

aj-

AN NA =0 a#P#y

'g*ﬂ RO JOHN TEMPLETON Limitations on the ‘I'-epistemic
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How W-epistemic can we get?

In a d-dimensional prime power Hilbert space, let |oi>be the
i'th basis state from the o'th MUB.

A NA, =0 i#]

aj-

AN NA =0 a#P#y

Choose any state |oj> from the o' th basis.

> 2 . |
: /f Uswa,r Apr Iu“"!( - }(/ . Zl: TN Jﬂ.\i,r 'u“- ,"(' M ) d A

P ” T JOHN TEMPLETON Limitations on the ‘I'-epistemic
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How ‘Y-epistemic can we get?

In a d-dimensional prime power Hilbert space, let |0i>be the
i'th basis state from the o'th MUB.

A NA,,=0  i#]j

)

A”'I.ﬂ/\t\,fﬂ/\\,,‘:ﬂ a#EP#Y

Choose any state |oj> from the o' th basis.
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How Y-epistemic can we get?

In a d-dimensional prime power Hilbert space, let |0i>be the
i'th basis state from the o'th MUB.

A NA,=0  i#]j
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Amﬂ/\mﬂ/\\,,‘.-ﬂ a#p#y

Choose any state |oj> from the o' th basis.
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How Y-epistemic can we get?

In a d-dimensional prime power Hilbert space, let |0i>be the
i'th basis state from the o'th MUB.
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AN NA =0 a#P#y

Choose any state |0j> from the o' th basis.
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How Y-epistemic can we get?

In a d-dimensional prime power Hilbert space, let |0i>be the
i'th basis state from the o'th MUB.
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How Y-epistemic can we get?

In a d-dimensional prime power Hilbert space, let |oi>be the
i'th basis state from the o'th MUB.

Ay NA, =0 i#]
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ANANA =0 a#P#y

Choose any state |oj> from the o' th basis.
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How W-epistemic can we get?

In a d-dimensional prime power Hilbert space, let |0i>be the
i'th basis state from the o'th MUB.

A NA,,=0  i#]j
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Choose any state |oj> from the o' th basis.
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