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— Starting tension

No signalling from the future: An OPT 1s causal if the
probabilities of an operation do not depend on the choice of any
later operation.

Relativistic Causality: A change in the initial data in a region S,
does not produce any change in the regions outside the causal past

and future ot S.
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— Starting tension

Does quantum mechanics imply time orientation?



— Plan

e Quantum Information and the arrow of time
* Towards time-symmetric causation
* Next steps
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I Prcdiction vs Postdiction [

Prediction: Given a preparation, a test and the result of the
preparation, calculate the probabilities of the outcomes of the test.
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I Prcdiction vs Postdiction [

Postdiction: Given a preparation, a test and the result of the Zes7,
calculate the probabilities of the outcomes of the preparation.
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— Closed Systems

G N
P, (xla,U)=|x|U|a
{} e, U) = [(x|Ula)|”

Bayes' theorem

(x|a, U)P(a)

alx,U) = pre
pOSt( | ) P(x)

What are P(a) and P(x)?



— Closed Systems

We are doing inference using the Born rule.

P(a) and P(x) are a priori probabilities.
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— Closed Systems

We are doing inference using the Born rule.

P(a) and P(x) are a priori probabilities.

1
Pri P(a) = —
rior P(a) y

1

Data P(.X) Z pre(xlal’ U)P(Cl) R Z ‘(Xl U|d>‘ d d

Posla]x, @) = [(x|U|a)|* = P, (x|a,U)

pre




B Time agnostic probabilities

A process @ is inference symmetric if:

Ppre(xj | aia (I)) — Ppost(ai | -xfja (I))

for any choice of bases.

Closed quantum systems are inference symmettic.



I Time-Reversal i

Passive: Describe physical events in reversed order.

Active: Find a process that undoes the original process.

Passive

P,(x|la,U) < » P(alx,U)
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— Open Systems

(xyl|lab,U) =P, (ab|xy,U)

pre post

P, (x|ab,U) = Z P,.(xy;|ab,U)

pre(xy | a, U) - Z pre(xy | ab




— Open Systems

(xyl|lab,U) =P, (ab|xy,U)

pre post

1
Ps(ab|x,U) = d_y 2 P,,sab|xy;, U)

dy
Ppost(a |xy7 U) — Z Ppast(abi | xy9 U)



— Direction of inference h

pre('xy | a U) — U U — post(a |xy9 U)

p,,e(xlab U) = U U (ab|x,U)



— Direction of inference h

(x|ab,U) = dyP,,(ab|x, U)

pre

1
pre(xy | a, U) — d_ post(a |xy7 U)
B

Inference symmetry broken in the simplest way



I Channcls |8

A quantum channel is represented by a CPTP map.



B Chaoncls i

{&} Generalised Born rule
Given B P, (x|a, ®) = tr|xXx|®[|aXa|]
7}

Bayes' theorem

(x|a, ®)P(a)
P(x)

pre
pOSt(a | x, @) =



N Channcls |8
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_ Inference Symmetric Channels _

P,.(x|a, ®)
P,alx, @) =
tr| xXx | P[4]

j@=% o] =+

A channel is inference symmetric iff it is bistochastic.




— Purification h

Any quantum channel can be understood in terms of a
unitary interaction with an ancilla system.

This allows us to understand the inference asymmetry of
the quantum channels.



Purification h

(x|a,®) = (al|xb, Ug)

pos pas

/\ ﬁ;
E — Ug

vV YV




— Purification h
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— Purification h
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Purification h

(x|a,®) =P, [(a|xb, Up)

post post

o] = [
The inference asymmetry of quantum channels is
understood as an asymmetry in the boundary data.




— Two Maxims h

There exists a unique deterministic effect.

The choice of an operation does not affect the probabilities
of the outcome of an earlier operation.



— Maxim 1 h

There exists a unique deterministic effect.

Mathematically correct: the trace 1s the only CPTP map
to the trivial space.

Physically correct: there is fundamental unpredictability
in QM.

But not a difference between past and future: there is
fundamental unpossdictability 1n QM.



— Maxim 1 h

When predicting, there exists a unique deterministic effect.

When postdicting, there exists a unique deterministic state.



— Maxim 2 h

The choice of an operation does not affect the probabilities
of the outcome of an earlier operation.

Mathematically correct: a consequence of conservation

of probabilities.

Physically correct: experimentally corroborated.

But not a difference between past and future:
difference between known and unknown



— Maxim 2 h

An operation is a set E = {E,} of CP maps such thatz E isa

CPTP map.
The probability of outcome x is given by P(x|p, E) = tr E [p].

y [Ifj = T P(x|p.E)= |E

If two operations {E, } and {F,} are composed in sequence:

P(xy|p,F < E) =t F,|E[p]|.



— Maxim 2 h

Then
P(x|p,FeE)= ) tr F,[E[p]| = tr E[p] = P(x|p,E)




— Maxim 2 h

But clearly
P, (y|p,FeE)= ) tr F,[Elpl] = tr F,[Elp]]




— Maxim 2 h




— Maxim 2 h
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— Maxim 2 h

P(x|a, FoF) = Pp,,e(xlabc, UpelUp) =Px|a,E)



— Maxim 2 h

P(x|a,FoE) = P,,(x|abc, Ul-U)



I Ly the asymmetry? |

There are two asymmetric aspects:

* We are interested in prediction

* We consider time-asymmetric boundary conditions

Both can be understood in terms of thermodynamics:
* We remember the past, and not the future

* We make choices that affect the future, not the past

Ismael, How physics makes us free, Oxford University Press (2016)

Price, Time’s arrow & Archimedes’ point, Oxford University Press (1997)

Mlodinow and Brun, Relation between the psychological and thermodynamic arrows of time. Phys. Rev. E 89, (2014)
Rovelli, Agency in Physics. arXiv:2007.05300 (2020)

Rovelli, Memory and entropy. arXiv:2003.06687 (2020)



— arXiv

[Submitted on 12 Oct 2020] http:/ /arxiv.org/abs/2010.05734
Quantum information and the arrow of time

Andrea Di Biagio, Pietro Dona, Carlo Rovelli




— Plan

e Quantum Information and the arrow of time
* Towards time-symmetric causation
* Next steps



I Tikcavays

Transition probabilities do not care about the direction of
time.

There 1s a difference between known and unknown.



B Unscrambling [

Diagrammatic calculus is useful for systemic thinking,
very legible, and suited for "distributed" processes.

But... there is a strange mix between the "physical" and
"inferential” aspect of the theory.

/\
\/

Also, all probabilities are implicitly prediction probabilities.
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[Submitted on 7 Sep 2020 (v1), last revised 9 Sep 2020 (this version, v2)]

Unscrambling the omelette of causation and
inference: The framework of causal-inferential
theories

David Schmid, John H. Selby, Robert W. Spekkens

Unscrambling
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— Prepare-Measure _
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— Generators _

%7 Pure state preparation

% Pure state measurement

Unitary transformation
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— Summary

Separate causation (necessary correlations) from inference.

Think about causation time-symmetrically.

More goals:

Use Gibbs-preserving maps to talk about thermodynamical
aspects.

Use a more elaborate quantum/classical interface.
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Causarum Investigatio and the Two Bell’s Theorems of

Bell's theorems still bite. John Bell

Authors Authors and affiliations

Howard M. Wiseman (], Eric G. Cavalcanti

Modify:
* The causal structure: Compositionality # Causality

* Inferential structure: Principle of Decorrelating Explanations



Time-symmetric reconstruction? _

1844 |

Toolbox for reconstructing quantum theory from rules on information acquisition

Philipp Andres Hohn,
Quantum 1, 38 (2017).

Quantum theory from questions

Philipp Andres H6hn and Christopher S. P. Wever
Phys. Rev. A 95, 012102 — Published 3 January 2017

Replace "questions and answers" with
"interactions and values of observables'.

QM allows to calculate the probability of
an event, given other events.



Time-symmetric reconstruction? _

Ao

Toolbox for reconstructing quantum theory from rules on information acquisition

Philipp Andres Hohn,
Quantum 1, 38 (2017).

Quantum theory from questions

Philipp Andres H6hn and Christopher S. P. Wever
Phys. Rev. A 95, 012102 — Published 3 January 2017

Replace "questions and answers" with
"interactions and values of observables'.

QM allows to calculate the probability of
an event, given other events.



— Thank you _

To be continued....

Thank you for listening!



Realist Version of Theorem 8

Relativistic
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!

No Super-
determinism

Decorrelating
Explanation

Reichenbach’s
Principle

Bre.
determination |

Local
Causality

Contradiction with Quantum Phenomena




