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Abstract: & nbsp;In the framework of ontological models, the features of quantum

theory that emerge as inherently nonclassical always involve properties that

are finetuned, i.e.& nbsp; properties that hold at the operational level but break& nbsp;at the
ontological level (they only hold for fine tuned values of the ontic parameters). Famous
examples of fine tuned properties are noncontextuality and locality. We here

develop a precise theory-independent mathematical framework for characterizing
operational fine tunings. These are distinct from causal fine tunings& nbsp;&€” aready
introduced by Wood and Spekkens& nbsp;&€” & nbsp;as they do not involve any assumption
on the underlying causal structure. We show how all the already known examples of
operational fine tunings fit into our framework, we discuss possibly new fine tunings

and we use the framework to shed new light on the relation between nonlocality

and generalized contextuality. The framework is set in the language of functorsin category
theory and it aims at unifying the spooky properties of quantum theory aswell as

accounting for new ones.

Pirsa: 19090093 Page 1/87



irsa: 19090093

A mathematical
mework for
operational fine tunings

Lorenzo Catani

Joint work with Matt Leifer

N4 CHAPMAN
AN UNIVERSITY

Page 2/87



Edit View Insert Format Arrange Tools Slide Show Window Help

Contents

Motivation

Examples

- Preparation noncontextuality
- Parameter independence
- Time symmetry

The framework

Applications

Conclusion

Pirsa: 19090093 Page 3/87



M Flle Edit View Insert Formal Arrange Tools Slide Show Window Help

Motivation

Motivation

* We want a better understanding of QT.

|

Single out the inherently non-classical features.
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Motivation

Motivation

 We want a better understanding of QT.

|

Single out the inherently non-classical features.

* These features come from the comparison of QT and ontological
models (no go theorems).

* These features unavoidably involve fine tunings.

Fine tunings = properties that hold at the operational level, but cannot hold at the
ontological level (they hold only by fine tuning of the ontic parameters).
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* Fine tunings characterize nature with a conspiratorial connotation.
How to deal with them?
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Motivation

* Fine tunings characterize nature with a conspiratorial connotation.
How to deal with them?

- Provide a physical explanation of why they arise.
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Motivation

* Fine tunings characterize nature with a conspiratorial connotation.
How to deal with them?

- Provide a physical explanation of why they arise.

- Develop new ontological framework for QT free of fine tunings.
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Motivation

Motivation

* Fine tunings characterize nature with a conspiratorial connotation.
How to deal with them?

- Provide a physical explanation of why they arise.

- Develop new ontological framework for QT free of fine tunings.

* We first need to properly define them.
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Motivation

Comparison with causal fine tunings

* Already discussed by Wood and Spekkens in the framework of
causal models:

The probability distribution induced by a causal model M is no
fine tuned if its conditional independencies continue to hold for
any variation of the causal-statistical parameters in M.

C.J. Wood and R.W. Spekkens, NJP 17, 033002 (2015)
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Motivation

Comparison with causal fine tunings

* Already discussed by Wood and Spekkens in the framework of
causal models:

The probability distribution induced by a causal model M is no
fine tuned if its conditional independencies continue to hold for
any variation of the causal-statistical parameters in M.

C.J. Wood and R.W. Spekkens, NJP 17, 033002 (2015)

* Here we do not want to make any assumption on the causal
structure. We refer to operational fine tunings.
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Operational approach to physical theories

* A physical theory is just a tool to predict the statistics of
outcomes from experimental procedures.

T
p(ul|P, T, M)
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Operational quantum theory

P T
% g

(Density Operator) (CPTP Map)
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Operational quantum theory

P T
% &

(Density Operator) (CPTP Map)

\\
Y
p(u|P,T, M) = Tr(e(p) Ev)

(Born Rule)
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Ontological model

N. Harrigan, R.W. Spekkens, Found. Of Phys. 40, 2, 155-157 (2010)

* The system has definite properties even if no observer and no
experiment.

* These are represented by the ontic states A € A

* Experimental procedures:
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Ontological model

N. Harrigan, R.W. Spekkens, Found. Of Phys. 40, 2, 155-157 (2010)

* The system has definite properties even if no observer and no
experiment.

* These are represented by the ontic states A € A.

. Probability Density
* Experimental procedures:

N p(A)
P — pp(A) . / \ .

T — Tr(\N)

Probability Density

M, u— Enru(N) ‘ / '\fw‘u(/\)
- > )
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Ontological model

* The system has definite properties even if no observer and no
experiment.

* These are represented by the ontic states A € A.
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Ontological model

* The system has definite properties even if no observer and no
experiment.

* These are represented by the ontic states A € A.

* Statistics (classical probability theory):

p(u|P,T,M) = / AN'dN Eaa,u (AT (N, MNpep(N)
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Ontological model — Hidden assumptions

* Free choice: The experimenter is free to choose the input
variables (associated to (P, 7, M) ) however she/he likes.
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Ontological model — Hidden assumptions

* Free choice: The experimenter is free to choose the input
variables (associated to (P, 7, M) ) however she/he likes.

 No-retrocausality:

1) no signaling from the future to the past
2) measurement independence.
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Ontological model — Hidden assumptions

* Free choice: The experimenter is free to choose the input
variables (associated to (P, 7, M) ) however she/he likes.

 No-retrocausality:

1) no signaling from the future to the past
2) measurement independence.

 A-mediation: the ontic state of the system mediates any
correlation between the preparations and the measurements
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* No-retrocausality:

1) p(uilri,ra) = p(u|r)

2) p(Alur,ri,r2) = p(Alug, 1)
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* No-retrocausality:

1) p(uilry,ra) = p(usfr)

pluy, ug, Ay, ro) = plus|uy, Ay ey, ro)p(Awy, ry)p(uy|ry)
2) p(Mur,ri,re) = p(Auy, r)
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* No-retrocausality:

1) p(uilri,ra) = p(u|r)

pluy, ug, Ay, ro) = plus|uy, Ay ey, ro)p(Awy, ry)p(uy|ry)
2) p(Mur,ri,re) = p(Aug, r)

] )\_mediation: p(-u.2|'u‘| , ,X, T, .f_g) = -p(-'u.2|,\, !3)
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* In general, we only assume the existence of an ontic extension
for each experiment in the theory:

1) (P, T,M)= (P, T,M,A\)
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* In general, we only assume the existence of an ontic extension
for each experiment in the theory:

1) (P, T,M)= (P, T,M,A\)

2)  p(u|P,T,M) = p(u, \|P,T, M)

such that

/ p(u, \|P, T, M) = p(u|P, T, M)
A
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Preparation noncontextual ontological model

R.W. Spekkens, Phys. Rev. A 71, 052108 (2005)

Operational equivalences imply ontological equivalences.

p(ulP,T,M) = p(u|lP', T,M) ¥ M,T,u
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Preparation noncontextual ontological model

R.W. Spekkens, Phys. Rev. A 71, 052108 (2005)

Operational equivalences imply ontological equivalences.

p(ulP,T,M) = p(u|lP', T,M) ¥ M,T,u

U

p(u, \|[P, T, M) = p(u, \|P",T,M) VA€ A ¥V M,T,u
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Preparation noncontextual ontological model

R.W. Spekkens, Phys. Rev. A 71, 052108 (2005)

Operational equivalences imply ontological equivalences.

p(u|P, T, M) = p(u|P',T,M) ¥ M,T,u

4

p(u, \|P, T, M) = p(u, \|P",T,M) YA€ A,V M,T,u

No preparation noncontextual ontological model is consistent with QT.
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Preparation noncontextual ontological model
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Examples N u

Preparation noncontextual ontological model

P, are two experiments.

u u U A U A
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Bell’'s scenario
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Examples

Parameter Independence

Operational no signaling implies ontic no signaling.
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Parameter Independence
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Parameter Independence
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Bell’s local causality

Parameter independence + outcome independence.

Outcome independence:

{ plalb=0,2,y) = plalb =1, 2,y)

p(bla = 0,z,y) = p(bla = 1, x,y)
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Bell’s local causality

Parameter independence + outcome independence.

Outcome independence:

{ plalb=0,2,y) = plalb =1, 2,9)

p(bla = 0,z,y) = p(bla =

J

plalA,b=0,z,y) = pal\,b
p(b|A,a =0,2,y) = p(b|\, a
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Bell’s local causality

Parameter independence + outcome independence.

Outcome independence:

{ plalb =0,2,y) = plalb =1, 2,9)

p(bla = 0,z,y) = p(bla = 1, x,y)

U

{ b(al)\* b . Ua £y U) - p((l’)\, b - I’ Ly U)

p(b|A,a =0,z,y) = p(b|A,a = 1,x,y).

Local causality + ontological model framework inconsistent with QT.
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Examples N u

Time symmetry fine tuning

M.S. Leifer and M.F. Pusey , Proc. Roy. Soc. A 473, 2202, 20160607 (2017)

Operational time symmetry implies ontological time symmetry.

Operational time symmetry:
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Time symmetry fine tuning

M.S. Leifer and M.F. Pusey , Proc. Roy. Soc. A 473, 2202, 20160607 (2017)

Operational time symmetry implies ontological time symmetry.

Operational time symmetry:

U9

I
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Time symmetry fine tuning

M.S. Leifer and M.F. Pusey , Proc. Roy. Soc. A 473, 2202, 20160607 (2017)

Operational time symmetry implies ontological time symmetry.

Operational time symmetry:

U9 u2

I I

M o

I

o 79

p(l’,]\-"l,T) ("U,.l, U9 ’Th Tz) = p(,l“,f\f’l’,T’_) ('11,2, Uy |'T‘2§ ’T’l)
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Time symmetry fine tuning

Operational time symmetry implies ontological time symmetry.

pep,,my (U, u2|r1, r2) = popr a7y (U2, w2, 1)

4

P(pP,M,T) (w1, uz, )\‘7’13 T2) = PP M’ T") (w2, w1, k(N) \’7‘2_«. 1)

E:A— A
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Time symmetry fine tuning

Operational time symmetry implies ontological time symmetry.

pep,,my (U, u2|ry, r2) = popr a1y (U2, w2, 1)

4

P(pP,M,T) (w1, uz, A 1‘7’13 T2) = PP/ M T") (w2, w1, k(N) \’7‘2_«. 1)

E:A— A

No time symmetric ontological model is consistent with QT.

Pirsa: 19090093 Page 48/87



Fila Edit View Insert Formal Arrange Tools Slide Show Window Help

Time symmetry fine tuning
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Time symmetry fine tuning
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The framework

No fine tuning condition

A property of an operational theory is no fine tuned if it is preserved at
the ontological level:

S ppo(ule, pp(tls)pg (e slr) = 3 by, (ule. Do ts)py, (e, slr)

s,t,c s,t,c
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The framework VAN

No fine tuning condition

A property of an operational theory is no fine tuned if it is preserved at
the ontological level:

S pgoule, pp(tls)pg (e slr) = 3 by, (ule. Do tls)py, (e, slr)

s,t,c s,t,c

\

> pro(uswlX e pp (A ts)png (e sr) = Y pny (u,w|X, e, t)po(A ts)pn, (¢, s|r)

A,H?f,{' "iata{‘
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The framework

Extra conditions

* Ontic extension

th.,-_ (w,w|A, 7, e) = py, (ur, c)

* Structure preservation

i. Identity: f; =1 = h; =1,

ii. Composition: f, o f1 = hgoq hy
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The framework

Extra conditions

* Ontic extension

th.,-_ (w,w|A, 7, ¢e) = py, (ur, c)

Wt

* Structure preservation

i. Identity: f; =1 = h; =1,
ii. Composition: fy o f1 = hgoq hq

iii. Convexity: ofy+ (1 —o)fi = cho+ (1 —0c)hy, o€ |0,1]
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The framework

Extra conditions

*  Ontic extension

th.,-_ (w, w|A, 7, ¢e) = py, (ur, c)

Wt

* Structure preservation

i. Identity: f; =1 = h; =1,
ii. Composition: fy o f1 = hgoq hq
iii. Convexity: ofy+ (1 —o)fi = cho+ (1 —o)hy, o€ [0,1]

« w sufficient statistics for A
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The framework
Extra conditions

* Ontic extension

th.,-_ (w, w|A, 7, ¢) = py, (ur, c)

Wt

* Structure preservation
i. Identity: f; =1 = h; =1,
ii. Composition: fy o f1 = hgoq hy
iii. Convexity: ofy+ (1 —o)fi = cho+ (1 —0c)hy, o€ |0,1]

« w sufficient statistics for A

plu, t|lw,r, s, ¢) = plu, t|\, r, s, ¢)
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The framework
Preparation noncontextuality

Z i, (ule,t)pp(t|s)pys, (e, s|r) = Z pr, (ule, )po(t|s)ps, (¢, s|r)

s,t.e s, t,e

: : . ] 1
f(] = fi =1, so pi(ule,t) = (S.th(: , pi(e, 5|»’) = (SH,-J‘F(‘ )

where E N. = 1.
C

Operational equation restored: pz’(’?-ﬁ”f') = PQ (H’f)
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The framework
Preparation noncontextuality

Z Py (ule,t)pp(t|s)pys, (¢, s|r) = Z pr, (ule, )po(t|s)ps, (¢, s|r)

s, t.e s, t.e

: . . 1 __
f(] = .)(1, =1, so pi(ule,t) =dur—, pi(e, SI’r) = ds,r

|
N, "N’
where Z N.=1.

Operational equation restored: pp(’?-ﬁ”f') = PQ (H’f)

* No fine tuning condition implies ZI—’/H, (wWMN)pp(u, Ar) = ZP!H (w|/\)1-’c3(?-!« Alr),
A A
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The framework

Preparation noncontextuality

Z i, (ule,t)pp(t|s)pys, (e, slr) = Z pr, (ule, )po(t|s)ps, (¢, s|r)

s,t.e s, t,e

. : . ] 1
f(] = fi =1, so pi(ule,t) = (S.th(: , pi(e, 5|»’) = (SH,-J‘F(‘ )

where E N. = 1.
[

Operational equation restored: pz’(’?-ﬁ”f') = PQ (H’f)

No fine tuning condition implies Z Pho (W[A)pp(u, Alr) = ZI—’!H (W[A)pq (u, Alr),
A A

Condition i. implies g = hy = Iz ,ie. pn,(WA) =d,2 Vi€ {0,1}and
w= A\
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The framework

Preparation noncontextuality

Z i (ule,t)pp(t|s)pys, (e, slr) = Z pr, (ule, )po(t|s)ps, (¢, s|r)

s,t.e s, t,e

. : . ] 1
f(] = fi =1, so pi(ule,t) = (S.th(: , pi(e, 5|»’) = (SH,-J‘F(‘ )

where E N. = 1.
[

Operational equation restored: pz’(’?-ﬁ”f') = PQ (H’f)

No fine tuning condition implies Z Pho (W[A)pp(u, Alr) = ZI—’!H (W[A)pq (u, Alr),
A A

Condition i. implies g = hy = Iz ,ie. P, (WA) =d,n Vi€ {0,1}and
w= A\

Ontological equation restored: }U)(’Uw )\’?') — PQ (‘?-h )\"f')-
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The framework

Categorical framework

Operational Category Op = (P, F)
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The framework N u

Categorical framework

Operational Category Op = (P, F)

P ={plui,uz, ..., up|ri,ro,...,7m)}

F=A{fi:plur,...,un|r1,....7m) = pQd,...;ul|rl, ..., )}
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The framework s

Categorical framework

Operational Category Op = (P, F)

P ={plui,uz, ..., up|ri,ro,...,7m)}

F=A{fi:plur,...,un|r1,....7m) = pQ,...;ullrl, ..., )}

Ontological Category On = (Pa, H)

Pa ={p(ur,ug, ..., Up, A1, Aa, .., N[, 72, 0o )
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The framework N u

Categorical framework

Operational Category Op = (P, F)

P ={plui,uz, ..., up|ri,ro,...,7m)}

F=A{fi:plur,...,un|r1,....7m) = pQd,...;ul|rl, ..., )}

Ontological Category On = (Pa, H)
PA = {I)(ulau’z? v ?u'n.-'.s Al? )\21 et Al|7.la 7'21 R 1?-'?”-)}

Ho={h;:p(ur,...,Up, Aty ooy ATy ooy 7)) = ‘p('u'l.. N _‘Iui“wl% o -.wl|'f"i-. o )

™.

-

hi st pluy,...,uplwi, .. wi Ty ) = plul, o wl A, Ay, 1)
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The framework

No fine tuning condition - Categorical framework

A property of an operational category Op = (P, F) is no fine tuned if
there exists a convexity preserving functor ( that preserves it in an
ontological category On = (Pp,H)
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The framework

No fine tuning examples - Categorical framework

g |
Op = (P, F) On = (Pa, H)

* Preparation Noncontextuality

P=0 Uno
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The framework

No fine tuning examples - Categorical framework

g |
Op = (P,F) On = (Pa, H)

* Preparation Noncontextuality
P=qQ

* Parameter Independence

Yo(P) = Yi(P)
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The framework

No fine tuning examples - Categorical framework

g |
Op = (P, F) On = (Pa, H)

* Preparation Noncontextuality
P=qQ

* Parameter Independence

Yo(P) = Y1(P)
* Time Symmetry

P =11(Q)
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Applications

Relation between nonlocality and contextuality

Kochen-Specker contextuality™ is considered to be a
generalization of nonlocality.
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Applications

Relation between nonlocality and contextuality

Generalized Involves operational fine
Contextuality tuning.
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Applications

Relation between nonlocality and contextuality
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Parameter independence
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p(blr = 0,y) = p(blx = 1,y)
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plalX, x,y = 0) = p(alA
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Relation between nonlocality and contextuality

Nonlocality = failure of Bell’s local causality

7\

Parameter independence Outcome independence

plalz,y = 0) = pla|z,y = 1) I ﬁ!b =0,z2,y) = }(u\b =1,2,v)
p(blx = 0,y) = p(blz = 1,vy) (bla = 0,2,y) = p(bla=1,x,y)

4 4

plalX,z,y = 0) = pla|\,xz,y = 1) plalA, b= 0,2,y) = pla|\,b=1,2,v)
p(b|A\,x =0,y) = p(b|\,x = 1,y) p(b|A,a = 0,2,y) = p(b|A,a = 1,2, y)
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Nonlocality = failure of Bell’s local causality
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Parameter independ Outcome independence

plalb=0,2,y) = plalb =1,z,¥)
p(bla = 0,2,y) = p(bla = 1,z,y)

4

plalA,b=0,2,y) = plalA\,b=1,2,y)
p(b|A,a = 0,2,y) = p(b|A,a = 1,2, y)
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Outcome independence

'u|b—[] xr,y) = }(u|b—'l x,Y)
(bla = 0,2,y) = p(bla =1,z,y)

4

plalA,b=0,2,y) = plalA\,b=1,2,y)
p(b|A,a=0,2,y) = p(b|A,a = 1,2, y)

Pirsa: 19090093 Page 77/87



M Fille FEdit View Insert Formal Arrange Tools Slide Show Window Help

Pirsa: 19090093

Applications

Relation between nonlocality and contextuality

Nonlocality = failure of Bell’s local causality

¢
/ \ ausaf ﬁne f””fn
]

Parameter independence Outcome independence

plalx,y =0) =plalr,y =1)
p(blz = 0,y) = p(blx = 1,y)

4

plalA, x, u—lf) = plal\, z,y = 1) plalA, b
p(b|A,x = 0,y) = p(b|\,x = 1,y) p(b|A
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Conclusion

* Mathematical framework for operational fine tunings.

* It accommodates existing examples and provide ground for new
ones.
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Conclusion

Future challenges

Study novel fine tunings, in particular group symmetry fine
tunings (e.g. Lorentz symmetry group,...).

Resource theory of fine tunings and look for applications in
guantum computation.

Develop new ontological model for QT free of fine tunings.
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