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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 | GGG

Introduction

Ramer than merely oDSENING COMMRIADONE Detween events, LCeNOe Seeks 10 exDIaN these comealions n
terms Of CAUSd Infliuences. In the context Of CLASEICH! vanaDies, the cONCEP! OF CIUEINON NAE Deen Narout y
aenned, and 2 Tramework for QeELNDING SySiems N termd O NG CIULN reldliont NaE Deen eslabished
[Pear_book, SpinesEwl_book]

Method

IS 2pOICATONS are MANFDIZ, 3 lestament 10 the Tact a1 3 COULd MOde! CAPIres Ihe SEEENCE OF “Tow the
Sysiem works®. In 3 sense, It descrides how Information fiows from one event B the other. What would a
Emiar account of the rETONS DEtWEEN 3 541 OF QUANIUM VANADIES 00K TRET | Wil JIBCUSS BOME W2y N
WHICh OGS COUED MOSHIE Musl D# TIPS 10 JCCOMMOANE QUANtUM VAMADIes, NIgRIIGRTING NOw
CAURAION INT NIOMMAINSA DIOCEESING Jre OFrent TOM N CLIGELICII Caee

Results

Treatment

Fig 1 Recovery COTelates win reatment 10 3 SLAIEICY SIQAMCINCE OF 20 SLANAANT deviaDons

Conclusion

In particuld’, one SUCh JMerence MOWS Ul 10 SOIve 3 Lask T Ik IMPOSEDIE 10 KOIve COSECAlY “Causdl
Inference” refers 10 the DIODIM Of OMEMMINING INE CULA! MEIATIONE DESWESN 3 B4t Of VaNaDWS, ghven
OOSRNVAtONAl G2 IN e CALE Of tWO CLASSICH! VANaDIEE, IHE COMBLIIONS That CIN arise ¥ ONe VaraDie 1§ 3
arect cause Of the Other are precicely the same 28 those tThat can arike oM 3 COMMON Cause acting On DO,
0 & IMpossDie 10 OeOUCE The CIURY structure from Mem. Yel for quantum vanadles, we show that the
COMeLAIONE 00 &NCOSE 3 BINature OF thie CIURM slruciufe, which Jiiows us 10 oive e CluLdl Inference
probiem. We Mustrale this with OXa from 3 proof-0f-0oncept expenment tha! COMODOTAles OUr SCheme for
QUANTIUM CAULN INference [Agnew_oram)

Introduction: 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
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hot

to treat
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Introduction: classical causal models
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Introduction: classical causal models
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Introduction: quantum causal models
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Introduction: quantum causal models
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The task:

Inferring causal structure
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- 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

irsa: 14070021 Page 12/44




~ Observation and intervention
For two classical variables,

« all P4,B) are compatible with
both causal structures
= Inference is impossible.

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

- correlation B-A4 . quantifies
common-cause influence;

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

The task: classical causal inference
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Two quantum variables

with tunable causal relation
coupling:

)

probabilistic
mixture

(1-p) P4

+p p:;IA

p=7

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 guantum advantage
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Method — the quantum 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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Iﬁeculiarities of quantum conditionals ||

coupling: U=vV1—pl1+iVpU

Common-cause and direct-cause
simultaneously

swap

Map of inferences from A to B:

Encore: causal tomography
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coupling: U=vV1—pl1+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

==

Encore: causal tomography
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- Paths of inference

==

Encore: causal tomography
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- Paths of inference

appropriate conditional
for coherent superpositions:

pp=Trp( P B|cp Pep)

==

Encore: causal tomography
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- Paths of inference

==

Encore: causal tomography

appropriate conditional

for coherent superpositions:

pp=Trp( P B|cp Pep)

If pep=|w) (w|c®lw){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,

Pgclp— A

" stu

Encore: causal tomography
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Prcip=Prp®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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pBClD:pBC®1D

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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Pc|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
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Other projects: causality in quantum fields
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Other projects: causality in quantum fields
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Other projects: causality in guantum fields
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