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In a nutshell:
Quantum correlations can imply causation

observed correlations compatible observed correlations can
with both causal relations herald causal relation
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1. Why causal explanations?



Clinical trial of NGB

Introduction

Rather than merely observing correlations between events, science seeks to explain these correlations in
terms of causal influences. In the context of classical variables, the concept of causation has been rigorously
defined, and a framework for describing systems in terms of their causal relations has been established
[Pearl_book, SpirtesEtAl_book].

Method

Its applications are manifold; a testament to the fact that a causal model captures the essence of “how the
system works”. In a sense, it describes how information flows from one event to the other. What would a
similar account of the relations between a set of quantum variables look like? | will discuss some ways in
which classical causal models must be adapted to accommodate quantum variables, highlighting how
causation and information processing are different from the classical case.

Results

Recovery

Treatment

Fig. 1: Recovery correlates with treatment to a statistical significance of 20 standard deviations.

Conclusion

In particular, one such difference allows us to solve a task that is impossible to solve classically. “Causal
inference” refers to the problem of determining the causal relations between a set of variables, given
observational data. In the case of two classical variables, the correlations that can arise if one variable is a
direct cause of the other are precisely the same as those that can arise from a common cause acting on both,
so it is impossible to deduce the causal structure from them. Yet for quantum variables, we show that the
correlations do encode a signature of the causal structure, which allows us to solve the causal inference
problem. We illustrate this with data from a proof-of-concept experiment that corroborates our scheme for
quantum causal inference [Agnew_draft).




* Mostly men take the drug.
 Men recover on their own.

= If someone takes the drug,
they are likely to recover

(on their own) /




More than correlation: Causation
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“Causality — reasoning, models and inference”, J. Pearl, Cambridge University Press, 2009.
“Causation, Prediction, and Search”, Spirtes, Glymour and Scheines, MIT Press, 2000.



Causality and quantum foundations




2. The task: causal inference — and why it is hard



Inferring causal structure
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Randomized drug trials: C
when causal inference is easy e
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No randomization
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What makes causal inference possible?
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= correlations with R reveal causal structure



3. Quantum causal inference
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Information symmetry for quantum systems
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Information symmetry for quantum systems
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4. The quantum advantage

How observed correlations
can reflect the causal relation



o. |

P

D
I

.

e channel ¢

* measure 0,;® 0,
e correlation or anti-correlation?

Intuitive example
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* bipartite state p
* measure 0,;® 0,
e correlation or anti-correlation?

Intuitive example
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Choi-Jamiotkowski isomorphism

between channels and operators: CP(pA):pB:TrA(XAB p,®1,)
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5. Experimental realization
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Resolving a probabilistic mixture
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Probability of common cause — experimental results
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6. Application

how causal inference relates to
open quantum system dynamics



Evolution of an open (quantum) system
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Evolution of an open (quantum) system
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8. Outlook

superpositions of causal structures
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Highlights

program: reconcile classical notion of causality with QT
- provides new perspective on 'quantumness’
the quantum advantage:
- classically, information symmetry prevents causal inference
- quantum correlations can reveal causal structure
- quantum advantage for novel kind of task
tabletop experiment with tunable causal structure
application as test of Markovianity

circuit that 'superposes' two causal relations
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