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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;ltis
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;! 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;It 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, )/, on the prepared system,that produces
one of a number of distinct outcomes, ¢, which occur with a non-trivial relationship
to the preparation: Pig/AP).
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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).

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 d .U;»[ ) CM( (/’} ]
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Ontic Models Framework

- . _ | Measurement M, .
Ontic State A Preparation \ C”((p y

Outcome,

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.

PlOIM )= fc/fu I]CU ’ 1‘“'
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Ontic Models Framework

Measurement M,

Ontic State A Preparation €y ( (p\l )

Outcome, O

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 )= drw,(1)e, (o]h)=] 0[]

- \ !’lli'( }.' ): \ql Jw
Wavefunction collapse: LE ! ’ |

€, (02 )=|(o[y)f
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Ontic Models Framework

Measurement M,

Ontic State A Preparation €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.

plolM p)=] diw,(2)e, (olk)=] o[y

- !’lli'(}l"):(\[i Y
Wavefunction collapse: /_E’lls .

€, (01 )=| 0| y)f

de Broglie ohm:  1.E|(|\), x| w, (A)=(0, . 1(0l X o)[)

ACISISURS

contextually
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Ontic Models Framework

4 ) Measurement M,

Ontic State A Preparation _ll”.(/*. ' Outcome, o

€, (9|7

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, l[!):f dhw,(n)e, (on)=] oy 2

- !’lli'(}."):(\ql Jw
Wavefunction collapse: ;’_E’lln .

¢ (011 )=[(o|w)f

de Broglie Bohm:  LE[(|)), ¥)] w, (A =00, 1ol X o))

€y (O|A)E0,1] contextually
Must y be part of A?
Perimeter Lnstitute ((..0 UNIVERSITY OF JOHN TEMPLETON Limitations on the ‘P-epistemic
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Is y part of A?

ol A P=A \V-complete

Wavefunction collapse
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Is y part of A?

ol A Y=A " W-complete

Wavefunction collapse

A =21
V-ontic

de Broglie Bohm
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Is y part of A?

ol A V=L W-complete

Wavefunction collapse

yl 1) MY
ol 1) \P-ontic

de Broglie Bohm

).

-

!.'.[lw‘. I-
‘V-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 i 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 QF T, indicating non-locality of the global ontic state.

Local probability distribution may still be stationary under remote operations.

Then L (1), at least, can be well defined for the local operations.

Perimeter Institute JOHN TEMPLETON Limitations on the ‘V-epistemic
May 2013 A FOUUNDATION view of quantum states
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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/

Perimeter Institute (37 UNIVERSITY OF JOHN TEMPLETON Limitations on the ‘V-epistemic
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Quantum State Overlap

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

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

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

=N (A)>0
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Quantum State Overlap

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

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

A,=1h:u,(h)=0

/s

O
- w
K
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Quantum State Overlap

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

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

A= 1hu,(A)=0

€, 0N)=1VAEA,

(Z*.,) UNIVERSITY OF JOHN TEMPLETON Limitations on the ‘V-epistemic
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Quantum State Overlap

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

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

A=A, (A)=>0

()]

€, 0h)=1VREA,

JOHN TEMPLETON Limitations on the ‘F-epistemic
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Quantum State Overlap

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

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

A=A, (A )=>0

[}

plolM, l|‘)ZJ‘\. w2 )d

((3,) UNIVERSITY OF JOHN TEMPLETON Limitations on the ‘V-epistemic
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Quantum State Overlap

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

w. (A

(]

f\ w,(A)d =0 plolM )=o)y \:

(\,3,) UNIVERSITY OF JOHN TEMPLETON Limitations on the ‘V-epistemic
%2 OXFORD . A ’ view of quantum states
FOIINDATION q
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Quantum State Overlap

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

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

f\ w,lA)dr=0 plo|M, W)= [ oy ‘:

fuu,l L ey olh)d h=| o)y :
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Maximally W-Epistemic

f@lu.:}.]c\,lﬁ(p hd =] o)y
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Maximally W-Epistemic

{ a \

w, (A

) [il

Jﬂglu.:}.)C”(([) Ld =] oy ::

J“\T!I,‘,( }'l‘”':f.\.,“‘v( My oln)d n= oy \:

f\ Wyl A Jd h=wlo, )| o[y ‘:
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Maximally W-Epistemic

f‘uu.:}.]c”lﬁ o1 )d b= o[y

Jq‘\f_u,‘,( }'l‘”‘:.l'.\.,“v( Meylo[n)dh=| oy

f\ lll,l‘*./.lc/./.ZUH([). l[‘l‘ oy ‘:

0<mlp,pl=l

W-ontic O 9, |=0 Maximally -epistemic ~ ®|¢, /=1

(\’3') UNIVERSITY OF JOHN TEMPLETON Limitations on the ‘F-epistemic
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Quantum Deficiency Theorem

Harrigan and Rudolph (2007)

Ay=1h 1y (AN)>0] f,uﬁ,l}-.}cl' G[A)d h=1 elo|h)=1, VLAEA,

f,uu.(?.)c(q)ch/ '/.:f_ Cwyln)d "/L+f_!_f_\? w, (M Jel@h)d h=| o)

rLEA,

Perimeter Institute (Ziiﬂ UNIVERSITY OF JOHN TEMPLETON Limitations on the ‘V-epistemic
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Quantum Deficiency Theorem
Harrigan and Rudolph (2007)

Ay=1hu,(N)>0] f.u,i,[}-.}c( O|A)dh=1 elo/n)=1, YAEA,

f,uu.(?.)c(q)lJJ ?.=f_ Wy (n)d "/L+f_f_f_\? w, (M) elQh)d h=| o)

rLEA,

If maximally ‘V-epistemic: JA}__\T_ .ll.‘.[ A dN=[)[o)[

[ oweloh)dn=0 e(g)h)=0. VLEA,

elo[n)=10.1

Perimeter Institute (\’3') UNIVERSITY OF JOHN TEMPLETON Limitations on the ‘V-epistemic
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Quantum Deficiency Theorem

Harrigan and Rudolph (2007)

Ay=1hw,(A)>0] f'ufi,l}-.)cl' G\n)d h=1 elo/n)=1, VAEA,

f,uu.(?.)c(q)lM ?.=f_ Wy (n)d "/L+f_,_f_\? w, (M) el@h)d h=| o)

1SN
If maximally P-epistemic: L__\T w, LA Jd A=)

[ wrlelofh)dn=0 e(n)=0, VAgA,

e(o/h)=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?

Perimeter Institute (3'} e OHN TEMPLETON  Limitations on the \I'-epistemic
i
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How YW-epistemic can we get?

f .1‘“ )(/ _(v)((p.w” (I)M‘ ‘2

OJE Maroney, arXiv:1207.6906

(32)) UNIVERSITY OF JOHN TEMPLETON Limitations on the ‘V-epistemic
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How Y-epistemic can we get?

‘[.\ Ll.1|(}-.)c{ }‘:“)‘-{p-ll')‘ (l)’ll‘ ‘:

OJE Maroney, arXiv:1207.6906

If we assume w(¢.y) is a constant /3 .
(

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,

(,",) UNIVERSITY OF JOHN TEMPLETON Limitations on the ‘F-epistemic
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How Y-epistemic can we get?

[ wslrldizolo.w)l ot |

OJE Maroney, arXiv:1207.6906

If we assume w(¢.y) is a constant /3 .
(

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)<=w,

We can improve on this!
(Barrett, Cavalcanti, Lal, Maroney, forthcoming)

Sewd UNIVERSITY OF
)
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How Y-epistemic can we get?

Suppose for some three ¢
states ¢, ¢, 0, there exists g 0
a measurement M.

I UNIVERSITY OF JOHN TEMPLETON

G )
KQ) OXFORD FOUINDATION

| et fy |
Ps) | PUG,1Py)

o) | Plg)lo,)

M

(‘f_\ (j;
P\q:l0q)  plgslo,)

0 rlg;lo,)
P q,l9,.) 0

Limitations on the ‘V-epistemic
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Page 38/106



Pirsa: 13050018

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

How W-epistemic can we get?

M
Suppose for some three 0 0. g,
states ¢, ¢, 0, there exists P 0 plgle.) plgsio.)
' ) 0y | 21q,10,) 0 riglo,)

a measurement M: , ) _
0. | pPlg,lo.) plg,9.) 0

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

(x,+x,.+x. —1)=24x ,x, x

-

X, +x,.+x,, <l -".mz‘ Py |Ds ‘

cd

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

M
Suppose for some three 0 . g,

states ¢, ¢, 0, there exists a)] O PlGalea) PGl
' ) |([1;] 21q,l0,) 0 rig;lo,)

a measurement M. !
0. plg,lo.) plg,9.) 0

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

-

XptXptx, <1 (x,+x,+x,—1)24x,x,.x X =| (| P ‘

o

If o, 0,, 0., are drawn from three Mutually Unbiased Bases x=1/d
2 7
3 d=3"_4
—<] l ) 22—

(

d d’

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

M
Suppose for some three ¢ 9, g,

states ¢ , ¢, 0, there exists |Pa 0 pla.lo,) plgslo.)
‘ 0 | 21q,(0,) 0 riglo,)

a measurement M. oy ,
|q:\ 2 o) plg,o,) 0

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

X,ptx,.t+x,,<1 (x ,+x,.+x. —1)=24x ,x, x

cd

X . =’ o[ Ds

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 ‘F'-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, 1, 4
0, 0 plg,lo,) plg.le,
Oy | P1G119s) 0 Plq;l0,
o | plgyo.) plg,0.) 0

(3') UNIVERSITY OF JOHN TEMPLETON Limitations on the ‘F'-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, 1, 4
0, 0 plg,lo,) plg.le,
Oy | PUG119,) 0 Pl4;l0,
0. | plado.)  plglo.) 0

€ q,|N)=0
€4, r)=0
€,/(q;/A)=0

JOHN TEMPLETON Limitations on the ‘F'-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, 1, 4
0, 0 plg,le,) plg.le,

o, | 2lg, o, 0 g0,
o | plg,o.) plg,o.) 0

€y (q,[1)=0

e (gn)=0 YR elglh)=1 A NANA, =0

€y g5l A)=0

JOHN TEMPLETON Limitations on the ‘F'-epistemic
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)
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How YW-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

(3,) UNIVERSITY OF JOHN TEMPLETON Limitations on the ‘F'-epistemic
. o
L“ OXFORD FOIINDATION view of quantum states
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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.

AmmAu;:’g 1?&/
AN NA =0 a#P#y

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

> Y\ A% = "\ g
1 /f o Ay L AN )d n Z“;u., f\ W, \A)d A
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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.

A{EJmA(!]:’g Ii/
AN NA =0 a#P#y

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

IBZ, f u, (n)dn
Pa,i v Ay "
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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.

ANA, =0  i#]
ANA,NA =8 a#P#y

Choose any state |oj> from the o' th basis.
> 2 )d)
l /Zl,’__“.l_ f‘\w u, A )dn

j\ WA dh=0lg,p)[o)yp)[

gt |
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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{HmA(!]:’g I¢/
AN NA =0 a#P#y

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

Zr . olpi, o /'}‘ il ] "Sl
IETO| ! .
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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.

A({JmA(!]:’g I¢/
AN NA =0 a#P#y

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

Zr L olpi,a /'}‘ Pila ] "Sl
yF0U, 1 ! ‘
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How YW-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.

AmmAu;:’g {¢/
AN NA =0 a#P#y

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

Z (r)(l”nr‘.(f../‘}<l Z“__Mm(|")i.(_t_/'l l

- m,= S—

P=a,i (] (/2 d
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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.

A{EJmA(!]:’g 1¢/
AN ,NA =0 a#P#y

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

s olpiaj) D, 0B a)

= m,= S—

[, (l (/: d
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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.

A,NA, =0 i#]j

i aj

ANAGNA =0 a#P#y

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

Z (r)("’)f,(/_-]'}gl Zﬂ:u__:m{l'j”--“‘,l') |

P#a,i d W,= ) S

d- d

For any Hilbert space of dimension d, there must
exist pairs of states for which w(¢,y)<=1/d

,(3') UNIVERSITY OF JOHN TEMPLETON Limitations on the ‘F'-epistemic
& o R
Y OXFORD FOUNDATION view of quantum states
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Limitations on o(y,)

* The "ontic explanation’ of a quantum state overlap is in
terms of limitations in the resolution of the measurement
process.

* W-ontic theories can account for quantum state overlap entirely in
terms of limitations of the measurement process

* The "epistemic explanation’ of a quantum state overlap is in

terms of overlaps in the prepared probability distributions.

* Y-epistemic theories cannot account for quantum state overlap
entirely in terms of overlaps in probability distributions.

* In the limit of large Hilbert spaces, the quantum state overlap must
still be accounted for entirely due to limitations of the measurement
process, some pairs of states.

Perimeter Institute J(aq UNIVERSITY OF JOHN TEMPLETON Limitations on the ‘P-epistemic
L)
May 2013 ‘e’ OXFORD FOIUNDATION view of quantum states
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How YW-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, =8 i#])

i aj

AN NA =0 a#P#y

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

Z (')(I')f.“-./'}gl Z“__“_rm(|-n.<_f._;l 1

=, (/ Wy=— 5 <

d- d

For any Hilbert space of dimension d, there must
exist pairs of states for which w(¢,y)<=1/d
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Limitations on o(y,d)

* The "ontic explanation’ of a quantum state overlap is in
terms of limitations in the resolution of the measurement
process.

* W-ontic theories can account for quantum state overlap entirely in
terms of limitations of the measurement process

* The "epistemic explanation’ of a quantum state overlap is in

terms of overlaps in the prepared probability distributions.

* Y-epistemic theories cannot account for quantum state overlap
entirely in terms of overlaps in probability distributions.

* In the limit of large Hilbert spaces, the quantum state overlap must
still be accounted for entirely due to limitations of the measurement
process, some pairs of states.

Perimeter Institute (sa) UNIVERSITY OF JOHN TEMPLETON Limitations on the ‘V-epistemic
L
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How Y-epistemic?

Quantum State Discrimination
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Quantum State Discrimination

Take two preparations, ¢, and .
Given a system which may have been prepared either way,
your best guess as to which cannot succeed better than h<1

If the distributions are non-overlapping this is puzzling:

(ﬁ] UNIVERSITY OF JOHN TEMPLETON Limitations on the ‘V-epistemic
‘E“' OXFORD FOIINDATION view of quantum states
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Quantum State Discrimination

Take two preparations, ¢, and .
Given a system which may have been prepared either way,
your best guess as o which cannot succeed better than h<1

If the distributions are non-overlapping this is puzzling:

The ‘W-ontic view must again explain this in ferms of limitations
of all possible measuring devices.
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Quantum State Discrimination

Take two preparations, ¢, and .
Given a system which may have been prepared either way,
your best guess as to which cannot succeed better than h<I

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

Take two preparations, ¢, and .
Given a system which may have been prepared either way,
your best guess as to which cannot succeed better than h<1

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

Chance of guessing right: l—%f min{u, (A, w,(M))d

(\’"ﬂ UNIVERSITY OF JOHN TEMPLETON Limitations on the ‘V-epistemic
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Symmetric overlap

j min{(w, (), w,(A))d A
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Symmetric overlap

f;uml Wl ) gl 2)) ey (gln)d i< f_tlwf}.l(.”*q|).h/ ).

min\ﬁf wy 2 )€, lgln)dn, _[ wol )€y (gl )d n)
ch_u ql.)=1

f min(w, (A, w,(A))d L= Z min(plg|M ), plg|M,¢))
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Symmetric overlap

fmml Wl ) e 2)) ey (gln)d i< f W, (2)eylgln)d

._;min\ﬁf w2 )eylgln)d }..fgl.;,i}.JLqu|}.'Jc/}.3
ch_u ‘1‘}- =1

f min(w,(A), w,(n))d /Z min(plg|M ), pl g|M,op))

4 q; L

Plalw I=plaw 1

P P19 varm ]
min | min|plq ||, plado]] min{1=plglw ). 1= plglo]]  1-|plglw|-plglo]
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Symmetric overlap

f;uinl Wl ) g 2)) ey (gln)d i< f W, (2)eylgln)d

._;min\ﬁf w2 )eylgln)d ‘/..J‘.ll.;,"-/.JL”fq“. )d 1)

ch_u ‘1‘}- =1

f min(w,(A), u,(n))d /Z min(p(g|M ), pl g|M,0))

q, q, \.;.
plalw 1-plg v l
O AL | ;::g”|np| |

min | min|plq,w], plailo]] min|1=plglw|. 1= plg.lo)) 1=|plg|w|-plqlo]
fr}]i!!._‘!l(:.|k]]LMq‘?.]c/).'-»I!l.I.U..iL”qu.}c/}.
r)zitr_ffgl,,, (N)eylglh)dr)

f min (g (A))d < Z min( plg|M,D,))
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State Guessing Games

Chance of guessing right: L=< [ min{u, (), 1, (1)) 2
Working only from the results of a quantum measurement

can't improve your chance of guessing right.... So what is
the best quantum guess?
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Quantum Best Guess

Y Y
Y ] 0

l
: ‘ =y | pl )
(] ‘ W[ | | | ¢ | - Zr; ”"”‘\; )i (1‘\/ ! f

max I L—|(plo)f
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Quantum Best Guess

Y Yl ] l
Y | 0 Z ‘ \ . s
(] ‘ aln‘:‘ll ‘ | | Y q, | - q ”"”\; ]Jl (1‘\[ . l‘ i) = l o (I')‘ ll\

max l L—| o)

. cosla/2)|o =sinlat/2)|y Y v

cosa cos“(a/2) sm(a/2)

simao=| o W
cosla/2 )y =smla/2)|d ¢ sm(a/2) cos(a/2

COsS (L

max(2sm (a/2), 2cos (a/2))=1+|cos (a/2)—smn (/2]
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How Y-epistemic?
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How Y-epistemic?
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1 ,’fmmlu,p{/.l.;l,ﬁ/. = SI+y | Y|

_[mmi‘u"['/,%.u_..‘_(}.Hc/ L=(1=v1=[wlo)f) <l wle)f

fmm(lull,(}_i.u,;‘i)_]](/}_ wlw,o)(1=v1=| o)
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How Y-epistemic?

l - i N ' 3
1 ,’fmm!u,p{/.l.;l..ji/.Hc/f,-"jll+\l |l|‘|(|) ")

_[mmi!la'[},k.gn,.‘,(},ild A<(1=v1=|Cwlo)f) <[ w|e))

ffm”(.lll,-‘}-*~!l.;‘”-]]i/}- oy, o)(1=v1=|w|e)])

0<wmlp,pl<l]

W-ontic WO, /=0 Maximally W-epistemic ~ @! ¢, /=1
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Symmetric overlap

_[ min{w, (), u,(n))d )= Z min(plg|M,p), plg/M, o))

|1¢' |
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Symmetric overlap

_[ min{w, (M), u,(h))d = Z min( p(g|M ), plg|M, o))

Y |1¢' |
|y ] 0
P Wl I yip
min Plo | 0

f;:mzl‘u,’.*}_J._u,.,{}_l!cf }_'*'f\ Wl )d r <[ ylo °

» cos(a/ 2] —smlat/2)|y " Y

cosa smo=| P|o p o cosT(a/2) smTla/2)

coslat/2 )y =smla/2)|o ¢ sm(a/2) cos(a/2)

cosa
min(2sin’(a/2),2cos*(a/2))=1 ‘uus'ﬂr_/l# sin"l(f.lll‘ L=y 1=|(p|o)[
fmr‘n[u,l,[}.l.uﬁ[}, ))d h<1—=\1—=|(y|o)|
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How Y-epistemic?

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

of dimension d>3.

There exists a measurement M.
M
q 9> E
0 P\q:19,) plgslo,)
JATRIN 0 plg:lo,)
plaglo.) plg,le,) 0
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= OXFORD FOUNDATION view of quantum states
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How Y-epistemic?

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

of dimension d>3.

There exists a measurement M.
M
4, q, q;
’ PUafs) P10 00l fanuJLHdkﬁz:nmwpxﬂu.wH
JARN 0 plg;lo,) Y, q 1 1
plg.lo.) plg,o.) 0

fnmﬂumﬁj4mjhhuythdh=U VL DY

.

’?ﬁ)’) UNIVERSITY. OF JOHN TEMPLETON Limitations on the ‘V-epistemic
e’ OXFORD FOIUNDATION view of quantum states

Pirsa: 13050018 Page 75/106



Pirsa: 13050018

~

Click on Tools to convert
PDF documents to Word or

How Y-epistemic?

Suppose ¢, ¢, b, are from any three MUBs in a Hilbert space
of dimension d>3.

There exists a measurement M.
M
q, q, q;

0. 0 g, ) plg.lo,) , A A\ g a , | ‘
. . #1820, {qIJ fnmquLHdtiz:nmup(AU.mH
90 | 21q,l0,) 0 rlqlo,) - q

o) plgilo.) plg,lo.) 0

INmNUWUJ4mthquLHJL=U VEL DY

From orthogonality: [ minlug, (1) 0y, (R))dr=0  i#;
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A general result: the inclusion-exclusion principle....

v U A, Z,\"-‘.- ZI_.\":-1,'WJHFZI__.,‘I\":-'f,‘l'hf_'1-f.a|-~
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How Y-epistemic?

A general result: the inclusion-exclusion principle....

viU A4, Z V|4, Z v, 1.1.14—2“ vid,nd nd ..
and the Bonferroni inequality:

v U, A, Z V(A4 Z v(4, A
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How Y-epistemic?

A general result: the inclusion-exclusion principle....
viud)=2 vi4 -2, v(4n4)+2  v(4,n4,n4,)..

and the Bonferroni inequality:

viU A4 Z V(A | Z ‘I\'!‘I‘, A

Substitute:
‘.1,_: (I)m_r“_(l)“j

viANB| fmm{!l_,f}.]._ub.t}.Hc/ ).
vi4AUB) f

max(u (), ugln))dn
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How Y-epistemic?

A general result: the inclusion-exclusion principle....

viud)=2 v(4)=2  v4,nd)+X  v(4,n4,n4,)..
and the Bonferroni inequality:

ViU A, Z Vi, | Z vid,n

Substitute:
1; = (I)m D(I)li ]

v(ANB)| fmm{!l_,f}.]._ub.E}.Hc/ .
vi4AUB) f

max(u (), ugln))dn
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How Y-epistemic?

A general result: the inclusion-exclusion principle....
viud)=2 vi4 -2, v(4n4)+2  v(4,n4,n4,)..

and the Bonferroni inequality:

v U A Z V(A | Z vi4,n4

Substitute:
“Ir: ‘I’(,_;-O(Dm

viANB| fmmi!lr_,f'/.].ga‘;).t}.Hc/ ).
vi4AUB) f

max(u (), ugln))dn

_f min|ug, (A),maxg,, (g (M))|d }':}Zr—-u | f min{wg, (M), wg (A))d A

—ZI, ot} f min{wg (A),wg, (M) wg (A))d A
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How Y-epistemic?

f min(wg, (h),max,., (uq, (h))|d ‘/.BZ.:({ , J min(wg, (h),wg (A))d A

—le o, ). f min(ug, (A), we, (M), g (A))d A

J‘””.”I:.“m }_]“l[lhl:l/_:l‘.llyki}_Ild}_:(] ”_:'I';:'Y jH”H‘_llm‘./‘:,!lfﬂl/..‘:t/ﬂ:(] !I:.f'
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How Y-epistemic?

fmz‘nl'glq,“I‘/.J.mu.\'l.',l, Auwg (N))|d W= » rJ"mz‘n(u,,,”I' Mg, (N))d N

A E

_Z“ o f min(wg (M), wg, (M), ug (A))d A

fJmm‘llm"/.f'.;lll,[}.]'.‘ll\*‘}.I'd}.=(l VELEDY j”””‘!'m"’v:-!'m'-’--‘:‘”F“ 1#]

l I!I.I, (A )d M Zl f;i:ii}lgl,l. (A ), wg (A))d A
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How Y-epistemic?

fm,-;;[!m,ﬂl?.J.mu_\-l,“_” Aug (N))|d W= o IJ"HH“H(H,,,III( Mg, (N))d A

A

_Zl; one 1 f min(wg (M), wg, (M), ug (A))d A

ffm'n'l‘um"/.Z'.;l“,['/.]'.‘llwi}.I'd}.=(l VELEDY j”””‘!'m"/v:-!‘m'-’--‘:‘”F“ 1#]

l I!I'I, (A )d M Zl Jammluq. (A ), ug (A))d A
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How Y-epistemic?

g, (‘/.)):d}.;z;‘_” Hl"min(u,,,w( Mg, (A))d A
_Z“ e i f min{uwg (M), g, (M) g (A))d A

f min|wg, (A, max;,,

J‘m”’“:.“m }.:'.‘ll“’[l/.:'.‘ll\*':}."(/},ZU ”_:'I'J:'Y jH”H‘_llm‘./‘:,!lf”l/..‘:J/‘:(] !Ix_f'

l I!I.I, (2. )d ). Zl Jammluq. (A wg (A))d A
ai y=0, ] 1l BJ

fmm(u,',(}'-l.,u,:,i}.Hc/}. oy, ) 1—=v1-=|{ye)])
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How Y-epistemic?

g, (W) ARz [ minlug, (1), ug, (1))d 2
_Zr. e, fk f min(wg, (N, wg, (M), wg (A))d A

f min|{wg, (A, max;,,

J’”””Um Mg (ML (W) dh=0  a#p#y f”””‘!'(,,"’v:-!'m'-"-‘:‘/’F“ 1]

l I!I'I, (2. )d ). Zl Jammluq. (A wg (A))d A
ar =0 ] 7] gJ

fnmz(;u,l,(}'-i.;{,:‘i}.]Jc/}. wly, o)1=y 1= yple)[)
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How Y-epistemic can we get?

In a d-dimensional prime power Hilbert space, let |Bj>be the

i'th basis state from the 'th MUB.

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 |Bj>be the
1'th basis state from the 'th MUB.

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

For any Hilbert space of dimension >=d, there must

exist pairs of states for which ®(¢,y) <= @,
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Limitations on @(y,0)

* As in the case of the quantum state overlap, V-ontic
theories account for the inability to perfectly discriminate
quantum states entirely in terms of limitations of the
measurement process.

W-epistemic theories cannot account for quantum state
overlap entirely in terms of overlaps in probability
distributions.

* In the limit of large Hilbert spaces, the
indistinguishability must still be entirely due to
limitations of the measurement process for some pairs of
states.
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Noise Tolerance
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Finite precision loophole?
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Quantum State Overlap
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Quantum State Overlap
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For any Hilbert space of dimension >=d, there must

exist pairs of states for which ®(¢,y) <= @,
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Finite precision loophole?
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For any Hilbert space of dimension >=d, there must

exist pairs of states for which ®(¢,y) <= @,
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How precise?
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For any d>3, there exists a value of £>0 for which®, <1.
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For any d>3, there exists a value of >0 for which®, <1.

There is no finite precision loophole.
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For any d>3, there exists a value of >0 for which®, <1.

There is no finite precision loophole.

The precision required is high (a minimum fidelity of £>99.7%
for d=4) but is not beyond the bounds of possibility with the
best ion traps.
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* Qualitatively quantum state overlap and quantum state
discrimination are accounted for by:

* Overlapping probability distributions in the epistemic view
* Resolution of measurement process in the ontic view

* Quantitatively neither quantum state overlap nor quantum state
discrimination can be accounted for entirely in terms of
overlapping distributions.

* The y-epistemic viewpoint must also rely on resolution of the
measurement process.

* Insofar as there is a puzzle for the y-ontic point of view, there is
a puzzle for the y-epistemic point of view.
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* Qualitatively quantum state overlap and quantum state
discrimination are accounted for by:

* Overlapping probability distributions in the epistemic view
* Resolution of measurement process in the ontic view

* Quantitatively neither quantum state overlap nor quantum state
discrimination can be accounted for entirely in terms of
overlapping distributions.

* The y-epistemic viewpoint must also rely on resolution of the
measurement process.

* Insofar as there is a puzzle for the y-ontic point of view, there is
a puzzle for the y-epistemic point of view.
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* Invery high dimension Hilbert spaces, m, © = 0.

* One of the principal responses to the Hardy and PBR theorems would
be that we cannot isolate separate Hilbert spaces. So there is only
One Big Hilbert space - of very high dimension!

* Are ony,0) and ®y.p) constant between all pairs of states?
Unlikely.

* The average value =.[ oy, 0)dpdp may be higher.

* One possibility that remains: maximally epistemic with respect to a
given basis.

* The only constructive models of y-epistemic theories (LJBR and
ABCL) seem to have values of o, ® lower than this.

* Either a better model is possible, or a better limitation!
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