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Abstract: Generalizations of Bell's theorem, particularly within quantum networks, are now being analyzed through the causal inference lens.
However, the use of interventions, a central concept in causality theory, remains unexplored. As will be discussed, if we are not limited to
observational data and can intervene in our experimental setup, we can witness quantum violations of classical causal bounds even when no
Bell-like violation is possible. Through interventions, the quantum behavior of a system, that would seem classical otherwise, can be demonstrated.
We will then present a photonic experiment implementing those ideas and consider applications of this framework for measurement-based quantum
computation, quantification of causality in quantum gates and quantum network protocols.
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Causal discovery: learn causal relations from data

Causal compatibility: verify/falsify causal relations from data

Bell’s theorem is a particular example of a
causal compatibility problem!
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“for experiments with entangled photons,
establishing the violation of Bell inequalities
and piol ence”
THE ROYAL SWEDISH ACADEMY OF SCIENCES
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What can we learn at the interface between
Causality and Quantum Theory?
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“for experiments with entangled photons,
establishing the violation of Bell inequalities
and pioneering quantum information science”
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THE ROYAL SWEDISH ACADEMY OF SCIENCES

Quantum Causality!!!
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Qutline
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Common causes
X
Causal Influences
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Does smoking
cause cancer?
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Common causes
X
Causal Influences
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Is obesity
contagious?
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Direct Influences x Common Causes

Does A have some causal influence over B, or all the correlations
pbetween A and B are mediated via a common ancestor?

Observation Intervention
@B @ [AB)
OEREG
p(bla) =) p(bla,A)p(Ala) p(bldo(a)) =Y p(bla,A)p(A)
A A

p(bla) # p(b|do(a))
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Direct Influences x Common Causes

Does A have some causal influence over B, or all the correlations
between A and B are mediated via a common ancestor?

Observation Intervention
&E-® T I
@ E—®

p(bla) =) p(bla,A)p(A|a) p(b|do(a)) = Zp(b\n, A)p(A)
A

| p(bla) # p(bldo(a))

Measure of causality
ACE4_,5 = sup |p(b|do(a)) — p(b|do(a"))|
a,a b
n M
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Do we really have to force people to smoke?
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Instrumental variables

Empirical data is encoded

@_,@’/_,\ in the distribution p(a,b|x)

We can estimate the average causal effect (ACE) from observations alone

ACE 5 >2p(a=0,b=0|x=0) -2
t +pla=1Lb=1x=0)+pb=1x=1)
\@ \‘ Balke & Pearl JASA 1997
@ ACE/_,g = sup |p(b|do(a)) — p(b|do(a’))]

a,a’,b

Y
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Instrumentality inequalities

« Do we have a good instrument? Just like Bell local-realism assumption,
instrumental variables impose strict constraints on which correlations are
compatible with it.

maxz max p(a, b|x) < 1.
/ \ a b X

* Any violation of instrumentality inequalities would be classically
interpreted as a violation of some of the instrumental assumptions.
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The instrumental scenario has two pillars

e Estimation of ACE from observational data.

PHYSICAL REVIEW LETTERS 125, 230401 (2020)

A Quantifying Causal Influences iu the Presence of a Quantum Common Cause
\ Mariami Gachechiladze." Nikolai Miklin®.™" and Rafacl Chaves

@ @ ‘ ACE,4_.g = sup |p(bldo(a)) — p(b|do(a"))]
a,a’,b

e Checking whether we have a good instrument via an instrumental test/
inequality.

nature ARTICLES
p hYSICS https://dol.org/10.1038/541567-017-0008-5

M / \ Quantum violation of an instrumental test

—_— —_— Rafael Chaves®™, Gonzalo Carvacho?, Iris Agresti?, Valerio Di Giulio®?, Leandro Aolita®, Y C h k h | I |
@ @ Sandro Giacomini? and Fabio Sciarrino?* a n We s a e t ese p l a rS

with guantum mechanics?
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Quantifying classical causal influences

\
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* In the simplest scenario all correlations are classical

= Lp

p((l, l"\) — tl[(Afg X 1 m PAB]

x, A)p(bla,A)p(A)

Henson, Lal, Pusey NJP 2014

« But does the classical bounds on the ACE still apply?

)(b|do(a) Zp bla, A)p(A

p(b|do(a tr[(1® N")pAB] = tr [N, pB]

ACE g >2p(a=0,b=0|x=0) -2

+pla=1b=1x=0)+pb=1x=1)

(
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Quantifying classical causal influences

* In the simplest scenario all correlations are classical

p(a,b Zp alx, A)p(bla,A)p(A)
/ N\

®_’® _’ p(a,b|x) = tr[(M; ® Ny )paB]

Henson, Lal, Pusey NJP 2014

« But does the classical bounds on the ACE still apply?

)(bldo(a) Zp bla,A)p(A

p(bldo(a)) = tr[(1® N”)pABJ = tr [Npp5]

ACEgp >2p(a=0,b=0|x=0) -2 (
—‘—’,7([? = 1, [7 == ]_|\ = U) - ‘U(D = l|\ — 1)
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Qutline

- Quantifying quantum causality -
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Quantifying classical causal influences

* In the simplest scenario all correlations are classical

2N Z
®_’® _’@:_ p(a, b|x) = tr[(M; ® Ny )pAaB]

x,A)p(b

’ /\ ) ,U ( ’\ )

Henson, Lal, Pusey NJP 2014

« But does the classical bounds on the ACE still apply?

)(b|do(a) Zp bla, A)p(A

p(b|do(a tr[(1® N")pAB] = tr [N, pB]

ACE g >2p(a=0,b=0|x=0) -2 (
+pla=1b=1x=0)+pb=1x=1)
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Quantifying quantum causal influences

e Quantum ACE

pa(a, blx) = Tr (M ® Mj)o]
@f \. o = wl¢) (@t + (1—0)n/4
® 1) = (1/V2)(| T1) + 1 44)
po(bldo(a)) = po(bldo(a’)) = Tr[(M§)n/2] =1/2
ACE 4 .5 =0

e Classical ACE

ACE, 5 >2p(a=0,b=0|x=0) -2 (
+p(a=1b=1x=0)+pb=1x=1)

050 — gz, OV — oy

Quantum effects
can lead to an

O"=% = —sin (71/8)0x + cos (71/8)07 overestimation of
0=l = (ox +07)/V2 causal influences!
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Quantifying quantum causal influences

Result 1. Every pure entangled state can generate correla-
tions that violate the classical bound on ACE. Moreover, en-
tanglement is necessarv but not sufficient for such violations.
Result 2. Every pair of incompatible rank-1 projective qubit
measurements can generate correlations that violate the clas-
sical bound on ACE. Moreover, incompatibility of both Al-
ice’s and Bob’s observables is necessary but not sufficient for
the violation.

 Even though no Bell inequality can be
violated, we still can witness the non-
classicality of the correlations.

« A guantum common source leads to na
overestimation of causal influences if the
x chassical bounds are used.

S
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(0,0]

)

Beyond quantum causal influences

Result 3. In the instrumental scenario with dichotomic mea-

surements qACE is lower bounded as

qACE,_,z > ) (p(0,0]x) +p(1,1]x))+Z—1, (11)
x=0,1

g=max [[] (@£ ) (=1)*(p(a,0x)

—p(a,1]x))).
a=0,1 x=0,1

— V.o

Q. 0.2

0 0.1 0.2 0.3 ni4

p(0,00)

p(bldo(a))

qACE ,_, 5 = max(tr[(N}

0.5

/
/ b ll: )pB])
a,a’,b

— tr[(1® N{)pas] = tr [Ngps]
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SCIENCE ADVANCES | RESEARCH ARTICLE

Experimental test of quantum causal influences

Iris Agresti', Davide Poderini’, Beatrice Polacchi’, Nikolai Miklin??, Mariami Gachechiladze®,

Alessia Suprano’, Emanuele Polino', Giorgio Milani', Gonzalo Carvacho’,
Rafael Chaves’*, Fabio Sciarrino'*
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Experimental test of quantum causal influences

Iris Agresti', Davide Poderini’, Beatrice Polacchi’, Nikolai Miklin??, Mariami Gachechiladze®,

Alessia Suprano’, Emanuele Polino', Giorgio Milani', Gonzalo Carvacho’,

Rafael Chaves’*, Fabio Sciarrino'*
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Experimental test of quantum causal influences

Iris Agresti', Davide Poderini’, Beatrice Polacchi’, Nikolai Miklin??, Mariami Gachechiladze®,

Alessia Suprano’, Emanuele Polino', Giorgio Milani', Gonzalo Carvacho’,
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Experimental test of quantum causal influences
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Applications in Quantum Computing

PHYSICAL REVIEW A 108, 022222 (2023)

Quantifying quantum causal influences

Lucas Hutter,' Rafael Chaves,”* Ranieri Vieira Nery,” George Moreno ©,>* and Daniel Jost Brod ®'

Quantum Circuits

|(1,> I A Gate ||ACEg
Local 0
U CcNor || /8
|b> [R— cz || n/8
B gate ||0.5878

ACEp(U) = IEIIETD(p( bldo(a),p(bldo(a™)) |Vswar| o0.6427
a)|\o

SWAP 1
Lﬁ)

p(bldo(a)) =try (U la,b)a,b

Measurement based QC

7 ACEQ(‘L('})) < 2/7(
I

,/7 /’

ACEq(|G§ )G

) = 2E[(1 - 2¢)]

/ Any pure entangled state
/’ surpasses the maximum

quantum E achievable by
— es. S€parable states
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See Davide Poderini’'s talk for fresh results on
interventions and its applications

=N <1V > quant-ph > arXiv:2404.05015 =t

Observational-Interventional Bell Inequalities

Davide Poderini, Ranieri Nery, George Moreno, Santiago Zamora, Pedro Lauand, Rafael Chaves
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Qutline

- Edge Interventions . -

In collaboration with I. Veeren, D. Poderini, S. Zamora, P. Lauand
M

Pirsa: 24090096 Page 29/41



Pirsa: 24090096

What about other causal networks
beyond the instrumental scenario?

For three observable variables, there are only
three inequivalent classes of DAGs

A<«-——oa — B

A a \.)’ / 5 a
VAN VARRWAVAN

B—C A«-—B—(C

|
(a) The Instrumental scenario. (b) The Triangle scenario. (c) The UC stenario.
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= I' /<1V > quant-ph > arXiv:2404.12790

—— Quantum
0.35 4 — QObservational
—— Interventional
0.30 A
0.25 1 6=l‘[/8
r 6=atan(2/5)
0.20 A
8=atan(1/3)
0.15 A
0.10 A
0.05 A
0.00 +-
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Quantum non-classicality in the simplest causal network

Pedro Lauand, Davide Poderini, Rafael Rabelo, Rafael Chaves

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
S

See Pedro Lauand’s talk for the use of interventions on the UC scenario
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For the triangle, however, node interventions are useless.

A+—oa—=B A<~—a ()

\ \ v T

NN/

(‘v

But what about edge/partial interventions?

Ae— B —=C
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Edge interventions?

- Classically, they are probably non-sense. In a quantum setting, however, latent
nodes represent sources of quantum states that we do have control over.

A
/
A+— B —=C 1 AN

\A / - /l‘ / o 1'i— 8 7(.
\ / - / \B/

W, =tra | W, ) <‘I'*.v

N | =

\Ilint — ’\II?1><\IIT'1| X |\Il7,2><\117,2 \Il(1><\11(1‘ & |\Il»*><\p*j’
P.(a,b,cly % a) = tr[(As @ By ® Cc)¥int]

Edge interventions are not inputs!
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Edge interventions?

- Classically, they are probably non-sense. In a quantum setting, however, latent
nodes represent sources of quantum states that we do have control over.

0 0 =X

Wy, = tral|Uy ) (U, ] =

lv|t=

Vint = ’\PT’1><\I}71‘ %Y \II‘:Q><\II‘:2 ® |\I](1><\I]u| ® |\II»‘5><\IIJ’

Pu(a,b,cly A a) = tr[(Aq @ By ® C.)¥int]

Edge interventions are not inputs!
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Edge interventions?

- Classically, they are probably non-sense. In a quantum setting, however, latent
nodes represent sources of quantum states that we do have control over.

A
SN
As—p—C

\ [ /o N/
o o/ \/

Wy, = tral[¥y)(¥,]] =

lv|t=

Wing = [T, ) (U, | @ [V, ) (| © (W) (| © [W5) (T

Py(a,b,cly A a) = tr[(Aq @ By ® C.)¥int]

Edge interventions are not inputs!
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Edge interventions?

- Classically, they are probably non-sense. In a quantum setting, however, latent
nodes represent sources of quantum states that we do have control over.

) 0 X

Wy, = tral| W, (¥, ]] =

| =

N

L

\I’int — ’\Il‘,q > <\II‘:1

® | \Il".") > <\II Y2

X |\I;“> <\I;” | 0%

\Ild><\IId’

Py(a,b,cly A a) = tr[(Aqs @ By ® C.)¥int]

Edge interventions are not inputs!
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Improving non-classicality detection with edge intervention

Let’s take the distribution of [Boreiri et al PRA 107 (2023)], known to be non-

classical in the range 0.785 <u2 <1. Not detected by inflation!
By, ®C.) W) (VP|]

/

\

n— € Pu.(ll. b. c) = tI'[(Aa
; o Ap : [00)(00| + |11){11|,  _ - 1
\ B - ./41( | To)(Tol , [1o) = u[01) 4 v |[10)
AIH (L] 11) = z’|(f)1>—“HEQ>

- With partial interventions and inflation we can detect and
expand the non-classicality of the scenario!
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Improving non-classicality detection with edge intervention

Let’s take the distribution of [Boreiri et al PRA 107 (2023)], known to be non-

classical in the range 0.785 <u2 <1. Not detected by inflation!
By, ®C.) |\I/><\11H

/

\

S Pu(a,b,c) = tr[(Aq ®
| ” Ag ¢ 00)(00] + 11)(11], -
\ ’ / Az, :|T0)(To|, [1o) = u|01) + v [10)

1) (L] [11) = v|01) — u[10)

Ai,
- With partial interventions and inflation we can detect and
expand the non-classicality of the scenario!
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2 & G B o .
|¥ ¢ & & % rlassicality in the triangle

Reconhecer texto
A B
y .
A = o » B 3 ‘\ /’ M= A

\ / As-—ao —— B
X f
B Y | ,-
C

(a) Double intervention DAG. (b) Carrot DAG :).

p(a,b,c) = 3~ P(a,a,b,b,c) S = (AB), + (AB); + (AB), — (AB) <2

pla,b,c|B 4 a) = P(a,b,c) = E P(a.a,b,b,c)
( ‘I

- (A ]} — 5 ; f 1 :l”*hl)l: (le' )
’ \ g e (LD N
b, |y 4 b),= P(a,b,e) = E P(a,a.b, b, c)

—

pla,

pla.b,e|B # a.v 4 b) = P(a.b,c) = Z Pla.a.b. b, e) :::51[))‘::' = :'-1]}:' c
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Minimum non-classicality in the triangle

- A B -
A<«—a——B il \ /’ S A

(b) Carrot DAG :).

)
)
N
+
=
[—
|
.

Violated for ¢ <1 — /2 — 1 &~ 0.3564
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* Interventions and the quantification of causal
influences allow for new method to detect
nonclassicality

* It is a almost unexplored new tool

* Application in foumdations, guantum computing,
guantum crypto and comm, guantum nets...

Take-Home
Messages

Edge interventions increase the scope of
applications, for example, minimum non-locality in
the triangle
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