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Abstract: <span>A fundamental question in trying to understand the world -- be it classical or quantum -- is why things happen. We seek a causal
account of events, and merely noting correlations between them does not provide a satisfactory answer. Classical statistics provides a better
aternative: the framework of causal models proved itself a powerful tool for studying causal relations in arange of disciplines. We aim to adapt this
formalism to allow for quantum variables and in the process discover a new perspective on how causality is different in the quantum world. Causal
inference is a central task in the context of causal models: given observed statistics over a set of variables, one aims to infer how they are causally
related. Yet in the seemingly simple case of just two classical variables, this is impossible (unless one makes additional assumptions). | will show
how the analogous task for quantum variables can be solved. This quantum advantage is reminiscent of the advantages that quantum mechanics
offers in computing and communication, and may lead to similarly rich insights. Our scheme is corroborated by data obtained in collaboration with
Kevin Resch's experimental group. Time permitting, | will also address other applications of the quantum causal models. arXiv:1406.5036</span>
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Clinical trial of | GG

Introduction

Rather than merely ObSErving COTTEIIBONS DEtWeeNn events, SCience Seeks 10 XDIAIN these come@tons N
terms OF Causal INTluences. In the contex! of CLASEICAI VANIDIeS, the CONCEP! OF CIULIVON NAE DeeN NQOrOUS!Y
Oefined, and 3 TaAMEWOrk f0f JEECTIDING SYStems I leE Of INGI CIUSN felalions NaE DEen eSLADISNE]
[Peari_book, SpinesEiAl_book]

Method

IS 2pOICAUONS 2re MANEDI. 3 leslament 10 the Tact Tt 3 CAURA! MOde! CAPIUres the SEE4NCe OF Now the
Sysiem works®. In 2 sense, 11 descnbes how Information fows from one event 0 the other. What woud 2
SIMEAr 20COUNt O the NELATONS DEtWeen 3 S8 Of QUANIUM VAMADIES 100K TReT | Will JISCUSS SOME WaYS N
WHICh CLAGEICA COUEDl MODEIE Musl D# JCIPIED 10 ICCOMMOANE QUANtUM VAMaDIes. NIGRIIGRTNG Now
CIUSION ANT NTOIMATION PrOCESSING are Oferent from the CLIEEICAI Case

Results

Treatment

Fig. 1 RecOvery COMelates win reatment 10 3 SLIISUCH SIQAMCINCE OF 20 SLANAANT AevIaONE

Conclusion

In pariculd’, one SUCh AMerence MOws Ul 10 SOlve 2 Lask Tl 1§ IMPOSEDIe 10 SOlve CLSECAly. “Causal
Inference” refers 10 e PIODIEM Of OREMINING INE CIULM! ElATONE DETWESN 3 G4t Of VaNaDWS, ghven
ODSRNVALONII G252, IN e CILE O IWO CLASHICHI VANaDISE, the COMPLIZONS That Can anse ¥ ONe Variadie 1 3
drect cause Of the Oher are precisely the same a8 those tThat can arise rom 3 COMMON Cause AcAng on DOth,
0 I s IMpossDie 10 OeOUCE the CIUL S7 re from Mem. Yet for quantum vanadles, we show that the
COMeLXIONS 00 &NCOSE 3 SXgNature Of the CaUSA structure, which Jllows US 10 SOWe e CIULM Inference
probiem. We Mustrate this with GXta from 3 proof-0f-concept expenment tha! cOMDOrates our scheme for
QUANTUTM CAURA INference [Agnew_oram)

oduction: classical causal models
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* Mostly men take the drug.

* Men recover on their own.

2> If someone takes the drug,
they are likely to recover
(on their own)

Introduction: classical causal models
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| To treat

- N
Introduction: classical causal models
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Introduction: classical causal models
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Introduction: quantum causal models

Pirsa: 14070021 Page 9/44




Introduction: quantum causal models
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The task:

Inferring causal structure

irsa: 14070021 Page 11/44




Inferring causal structure
Given statistics P(4,B), ...

direct cause... _..Or common cause?

(channel) (bipartite state)

Fundamental task across fields of science:
determine how the system works, so as to control it

The task: classical causal inference
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- Observation and intervention
For two classical variables,

 all P(4,B) are compatible with
both causal structures
= Inference is impossible.

» ... but if we intervene (measure and reprepare A),

- correlation B-4 . quantifies
common-cause influence;

- B-4,, quantifies direct cause.
= Inference is trivial.

The task: classical causal inference

Pirsa: 14070021 Page 13/44




Two quantum variables

with tunable causal relation
coupling:

v

probabilistic
mixture

(l—p)ﬂgﬁA

Tp p;CIA

=

direct common

cause cause
The task: quantum causal inference
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Method - the quantum advantage
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Method - the quantum advantage
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Method — the quantum advantage
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Method — the guantum advantage
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Method — the quantum advantage
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Results
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Results
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Results
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Encore

Causal Tomography
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2eculiarities of quantum conditionals ||

coupling: U:\/l—pl+i\/;U

Common-cause and direct-cause
simultaneously

swap

Map of inferences from A to B:

Encore: causal tomography

Page 26/44



Pirsa: 14070021

Peculiarities of quantum conditionals ||

coupling: U=V1-p1+iVpU

Common-cause and direct-cause
simultaneously

swap

Map of inferences from A to B:

Encore: causal tomography
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- Paths of inference

Encore: causal tomography
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~ Paths of inference

=y

Encore: causal tomography
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=z

Encore: causal tomography
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Paths of inference

appropriate conditional
for coherent superpositions:

pp=Trqpl PB|cp Pcp)

=z

Encore: causal tomography
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=z

Encore: causal tomography

appropriate conditional

for coherent superpositions:

pp=Trqpl P B|cp Pep)

If pop=|w) (w|c®w){wl,
then p; is not linear in ¢
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Causal tomography

- characterizes

what A tells us about B

if their relation is both
common-cause and direct-cause

B & D
0,90, ®0,

" stu

pBC|D = Zsm C

Encore: causal tomography
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Pacip=Ppp®Pc

Encore: causal tomography

Causal tomography

- characterizes

what A tells us about B

if their relation is both
common-cause and direct-cause

- purely direct-cause
= tomography of process
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Prcip—Ppc® 1,

Encore: causal tomography

Causal tomography

- characterizes

what A tells us about B

if their relation is both
common-cause and direct-cause

- purely direct-cause
= tomography of process

- purely common-cause
= tomography of bipartite state
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‘P ze|p reconstructed from experimental statistics

KR, M Agnew, L Vermeyden, D Janzing, RW Spekkens and KJ Resch,
“Inferring causal structure: a quantum advantage”, arXiv:1406.5036

Encore: causal tomography
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Other projects: process tomography with initial correlations
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Other projects: process tomography with initial correlations
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Other projects: causality in quantum fields

Pirsa: 14070021 Page 40/44




Other projects: causality in quantum fields
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Other projects: causality in quantum fields
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Other projects: causality in quantum fields
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