
All You Need to Know about the Quantum Switch

Hippolyte Dourdent, ICFO, QIT group, Barcelona 

130/01/2024
Séminaire CANA, LIS, Aix-Marseille Université

Credits: Midjourney (and all the artists who did not give their consent for the use of their work)



The Quantum Switch, a causal Schrödinger’s cat

• Schrödinger’s cat: a quantum control of the cat’s « alive/dead » state.

ۧȁ0 ⊗ ۧȁ"𝐵𝑜𝑏 ≺ 𝐴𝑙𝑖𝑐𝑒" + ۧȁ1 ⊗ ۧȁ"𝐴𝑙𝑖𝑐𝑒 ≺ 𝐵𝑜𝑏"
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ۧȁ0 ⊗ ۧȁ𝑎𝑙𝑖𝑣𝑒 + ۧȁ1 ⊗ ۧȁ𝑑𝑒𝑎𝑑

2
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• The quantum switch: a quantum control of the causal order between Alice and Bob’s events
[Chiribella, D’Ariano & Perinotti,PRA 88, 022318 (2013)]
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Bob is in the past of Alice
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Alice is in the past of Bob

« Control » «Target »

« Control » «Target »



The Quantum Switch: Basic Recipe
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ۧȁ+ ⊗ ۧȁ𝜓 →
ۧȁ0 ⊗ ۧ𝐴𝐵ȁ𝜓 + ۧȁ1 ⊗ ۧ𝐵𝐴ȁ𝜓

2

• A coumpound system: « control qubit » – « target qubit »

• Three players: Alice and Bob act on the « target » ;
Fiona receives both control and target at the end.

• The order of Alice and Bob’s operations on the target is
coherently controlled by the « control qubit ».

ۧȁ0 ⊗ ۧȁ𝜓 → ۧȁ0 ⊗ ۧ𝐴𝐵ȁ𝜓

ۧȁ1 ⊗ ۧȁ𝜓 → ۧȁ1 ⊗ ۧ𝐵𝐴ȁ𝜓

! Crucial feature !
Alice and Bob each acts once and only once,

but their causal order is quantumly controlled !
Medium: Photon Control: Polarisation Target: Spatial Mode

PBS PBS
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Outline

I – Indefinite Causal Orders : Definition.

III – Advantages in Quantum Information 
from the Quantum Switch

IV- Beyond the Quantum Switch

[Wechs, Dourdent, Abbott & Branciard, PRX Quantum 2, 2021]

II – Device-Independent Certification for the Quantum Switch
[Dourdent, Abbott, Supic & Branciard, arXiv:230812760]



Outline

I – Indefinite Causal Orders : Definition.



𝑀𝑎ȁ𝑥
𝐴
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𝑎 𝑏

A Standard Causal Scenario
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𝑥 𝑦



(Non-Signalling 𝐵 ⊀ 𝐴)

Alice is in the causal past of Bob 𝐴 ≺ 𝐵
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𝑎

𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝑏

𝑀𝑎ȁ𝑥
𝐴

𝑎
𝑀𝑏ȁ𝑦
𝐵

𝑏

A Causal Scenario

𝑥 𝑦

∀𝑥, 𝑦, 𝑦′, 𝑎 
𝑏
𝑃𝐴≺𝐵 𝑎, 𝑏ȁ𝑥, 𝑦 =

𝑏
𝑃𝐴≺𝐵 𝑎, 𝑏ȁ𝑥, 𝑦′
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𝑏
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𝑀𝑎ȁ𝑥
𝐴

𝑎
𝑀𝑏ȁ𝑦
𝐵

𝑏

A Causal Scenario

𝑥 𝑦
(Non-Signalling 𝐴 ⊀ 𝐵)

Bob is in the causal past of Alice 𝐵 ≺ 𝐴 ∀𝑥, 𝑥′, 𝑦, 𝑏 
𝑎
𝑃𝐵≺𝐴 𝑎, 𝑏ȁ𝑥, 𝑦 =

𝑎
𝑃𝐵≺𝐴 𝑎, 𝑏ȁ𝑥′, 𝑦



Causal Separability

with q ∈ 0,1
• A causal resource is causally separable if it is compatible with a well defined causal order.

𝑞 + (1 − 𝑞)
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𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝐴 ≺ 𝐵 𝐵 ≺ 𝐴



𝑎

𝑾
𝐴𝐼

𝐴𝑂
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𝑀𝑎ȁ𝑥
𝐴

𝑎ȁ𝑥 𝑀𝑏ȁ𝑦
𝐵

𝑏ȁ𝑦

The Process Matrix Formalism

𝑥 𝑦

• Some processes W are incompatible 
with a definite causal order: 

they are causally non-separable.

𝑊 ≠ 𝑞𝑊𝐴≺𝐵 + (1 − q)𝑊𝐵≺𝐴

with q ∈ 0,1

• Beyond the standard quantum formalism:
[Oreshkov, Costa & Brukner, Nat. Com. 3, 1092 (2012)]

• Local Quantum Theory • No Predefined Global Order

• Correlations : Generalized Born Rule

𝑃 𝑎, 𝑏ȁ𝑥, 𝑦 = Tr 𝑀𝑎ȁ𝑥
𝐴 ⊗𝑀𝑏ȁ𝑦

𝐵 𝑇
.𝑊𝐴𝐵

A generalized channel resource: 
the process matrix
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Process Matrix of the Quantum Switch

• Because the process matrix of the causal interference terms, it is causally nonseparable.

𝑊𝑠𝑤𝑖𝑡𝑐ℎ =
1

2
𝑊𝐴≺𝐵≺𝐹 +𝑊𝐵≺𝐴≺𝐹 + ȁ𝑤ۄ 𝐴≺𝐵≺𝐹ۃ𝑤ȁ

𝐵≺𝐴≺𝐹
+ ȁ𝑤ۄ 𝐵≺𝐴≺𝐹ۃ𝑤ȁ

𝐴≺𝐵≺𝐹

𝑊 ≠ 𝑞𝑊𝐴≺𝐵≺𝐹 + (1 − q)𝑊𝐵≺𝐴≺𝐹
with q ∈ 0,1

AI BI

BOAO

F

Alice ≺ Bob ≺ Fiona

𝑀𝑓
𝐹

AI BI

BOAO

F

Bob ≺ Alice ≺ Fiona

𝑀𝑓
𝐹

AI BI

BOAO

F

« Causal interferences »

𝑀𝑓
𝐹

[Araùjo et al., NJP 17, 2015]



13

Debate on Experimental Implementations of the Quantum Switch

[Goswami et al., PRL 121, 2018]

! Crucial feature !
Alice and Bob each acts

once and only once,
but their causal order is
quantumly controlled !

Is this assumption really 
satisfied in photonic
implementations ?
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Debate on Experimental Implementations of the Quantum Switch

+

𝜓Target

Control

F

𝜙+ 𝜙+𝜙+𝜙+

The quantum switch has a realisation in terms of 
a  post-selection-closed-time-like-curve (P-CTC)

Araùjo, Guérin & Baumeler, Quantum computation with indefinite causal structures, PRA 96, (2017)

Are photonic implementations of the quantum switch 
really implementing a P-CTC ?

Definition of a complexity class for the problems that can be efficiently solved by process matrices: 
BQPℓCTC ⊆ PP
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Debate on Experimental Implementations of the Quantum Switch

+

𝜓Target

Control

F

𝜙+ 𝜙+𝜙+𝜙+

• If
an Event = Space-localized-time-delocalized quantum operation

[Oreshkov, Quantum 3, 206 (2019)]
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Debate on Experimental Implementations of the Quantum Switch

• If an Event = Space-time point

[Paunkovic & Vojinovic, Quantum 4, 275 (2020)]

[Zych, Costa, Pikovski & Brukner, Nat. Com. 10, 2019]

[Paunkovic & Vojinovic, Quantum 4, 2020] [Moller et al. PRA 104, 2021]

• Gravitational Quantum Switch



Outline

I – Indefinite Causal Orders : Definition.

II – Device-Independent Certification for the Quantum Switch
[Dourdent, Abbott, Supic & Branciard, arXiv:230812760]
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Process Matrix of the Quantum Switch

• Because the process matrix of the causal interference terms, it is causally nonseparable.

𝑊𝑠𝑤𝑖𝑡𝑐ℎ =
1

2
𝑊𝐴≺𝐵≺𝐹 +𝑊𝐵≺𝐴≺𝐹 + ȁ𝑤ۄ 𝐴≺𝐵≺𝐹ۃ𝑤ȁ

𝐵≺𝐴≺𝐹
+ ȁ𝑤ۄ 𝐵≺𝐴≺𝐹ۃ𝑤ȁ

𝐴≺𝐵≺𝐹

AI BI

BOAO

F

Alice ≺ Bob ≺ Fiona

𝑀𝑓
𝐹

AI BI

BOAO

F

Bob ≺ Alice ≺ Fiona

𝑀𝑓
𝐹

AI BI

BOAO

F

« Causal interferences »

𝑀𝑓
𝐹

[Araùjo et al., NJP 17, 2015]

How can we certify its causal nonseparability ?

𝑊 ≠ 𝑞𝑊𝐴≺𝐵≺𝐹 + (1 − q)𝑊𝐵≺𝐴≺𝐹
with q ∈ 0,1



• Is there a general method to certify experimentally the causal nonseparability of a process matrix ?
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Certifying Causal Nonseparability

• Which underlying assumptions are necessary to do so ?

• A certification based on « Trust » (analogy with entanglement)

𝑀𝑎ȁ𝑥
𝐴 𝑀𝑏ȁ𝑦

𝐵

𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝑎 𝑏

𝑊

« Device-Dependent »
(requires complete trust in Alice and Bob)

𝑥 𝑦

« Device-Independent (DI) »
(Alice and Bob are black boxes)

Require knowledge of observed statistics only.

𝑀𝑎ȁ𝑥
𝐴 𝑀𝑏ȁ𝑦

𝐵

𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝑎 𝑏

𝑊

𝑥 𝑦

𝑃 𝑎, 𝑏ȁ𝑥, 𝑦

Min. 
assumptions

Max. 
assumptions
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Interests of certifying Causal Nonseparability without trusting your devices ?

Phenomenological Pragmatical Epistemological

Causal nonseparability can manifest
itself in different ways. Some processes 
may not be causally nonseparable in a 
DI way.

Untrusted devices (black boxes) are
associated with eavesdropper in
communication, cryptography
protocols.

A. Grinbaum, « How device-
independent approaches change the
meaning of physical theories »,
Studies in History and Philosophy of
Modern Physics 58 (2017) 22-30 .

51
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Analogy Entanglement / Causal Nonseparability

𝑊𝑀𝑎ȁ𝑥
𝐴 𝑀𝑏ȁ𝑦

𝐵

𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝑎 𝑏

𝑥 𝑦

𝑊𝑀𝑎ȁ𝑥
𝐴 𝑀𝑏ȁ𝑦

𝐵

𝐴𝐼 𝐵𝐼

𝑎 𝑏

𝑥 𝑦

• Entangled (nonseparable) state • Causally nonseparable process matrix

• Local Quantum Measurements • Local Quantum InstrumentsOperations:

Resource:

Device-Dependent
certification:

• Entangled witnesses • [Non]Causal witnesses

[Araùjo et al., NJP 17, 2015]



A « universal » certification of Causal Nonseparability

Entangled
vs separable states

Causally (non)separable
process matrices

↭

Entanglement witnesses Causal witnesses↭

Device-Dependent
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[Branciard,Sci. Rep. 6, 26018 (2016)][Araújo et al., New J. Phys. 17 (2015) 102001]

𝑆 = 

𝑎𝑏𝑥𝑦

𝛾𝑎𝑏𝑥𝑦𝑀𝑎ȁ𝑥
𝐴 ⊗𝑀𝑏ȁ𝑦

𝐵

• For any causally nonseparable process matrix, there exists a causal witness

𝑆 = 𝑇𝑟 𝑆𝑇𝑊 = 

𝑎𝑏𝑥𝑦

𝛾𝑎𝑏𝑥𝑦 𝑃 𝑎, 𝑏 𝑀𝑎ȁ𝑥
𝐴, 𝑀𝑏ȁ𝑦

𝐵 < 0

𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝑊

𝜌𝑥 𝜌𝑦

𝑀𝑎ȁ𝑥
𝐴 𝑀𝑏ȁ𝑦

𝐵

𝑎 𝑏

𝑥 𝑦

Alice        , Bob        are trusted.

• From Alice and Bob’s measurements, we can calculate a specific quantity. 

• If this quantity is negative, then the process is causally nonseparable.

[Araùjo et al., NJP 17, 2015]

𝒲𝑐𝑠𝑒𝑝 ∗ = 𝑆ȁ∀𝑊 ∈ 𝒲𝑐𝑠𝑒𝑝 , 𝑇𝑟 𝑆𝑇𝑊 ≥ 0

• Dual cone of causally separable process matrices:
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Analogy Entanglement / Causal Nonseparability

𝑊𝑀𝑎ȁ𝑥
𝐴 𝑀𝑏ȁ𝑦

𝐵

𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝑎 𝑏

𝑥 𝑦

𝑊𝑀𝑎ȁ𝑥
𝐴 𝑀𝑏ȁ𝑦

𝐵

𝐴𝐼 𝐵𝐼

𝑎 𝑏

𝑥 𝑦

• Entangled (nonseparable) state • Causally nonseparable process matrix

• Local Quantum Measurements • Local Quantum InstrumentsOperations:

Resource:

Device-Independent 
certification:

• Nonlocal correlations

• Violation of Bell inequalities

• Noncausal correlations

• Violation of causal inequalities



(Non)local correlations (Non)causal correlations↭

Local polytope Causal polytope↭

Bell inequalities Causal inequalities↭

Device-Independent
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[Oreshkov, Costa & Brukner, Nat. Com. 3, 1092 (2012)] [Branciard et al., New J. Phys. 18, 013008 (2016)]

The « strongest » certification of Causal Nonseparability

𝑃 𝑎, 𝑏ȁ𝑥, 𝑦 = Tr 𝑀𝑎ȁ𝑥
𝐴 ⊗𝑀𝑏ȁ𝑦

𝐵 𝑇
.𝑊𝐴𝐵

𝑃 𝑎, 𝑏ȁ𝑥, 𝑦 ≠ 𝜆𝑃𝐴≺𝐵 𝑎, 𝑏ȁ𝑥, 𝑦 + (1 − 𝜆)𝑃𝐵≺𝐴 𝑎, 𝑏ȁ𝑥, 𝑦 with 𝜆 ∈ 0,1

• Correlations incompatible with a definite causal order are noncausal. 

• Correlations:

Correlations compatible with the causal order 𝐴 ≺ 𝐵

∀𝑥, 𝑦, 𝑦′, 𝑎 
𝑏
𝑃𝐴≺𝐵 𝑎, 𝑏ȁ𝑥, 𝑦 =

𝑏
𝑃𝐴≺𝐵 𝑎, 𝑏ȁ𝑥, 𝑦′

𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝑊

𝜌𝑥 𝜌𝑦

𝑀𝑎ȁ𝑥
𝐴 𝑀𝑏ȁ𝑦

𝐵

𝑎 𝑏

𝑥 𝑦
Alice        , Bob         are untrusted.

Correlations compatible with the causal order

∀𝑥, 𝑥′, 𝑦, 𝑏 
𝑎
𝑃𝐵≺𝐴 𝑎, 𝑏ȁ𝑥, 𝑦 =

𝑎
𝑃𝐵≺𝐴 𝑎, 𝑏ȁ𝑥′, 𝑦

𝐵 ≺ 𝐴

𝑃 𝑎, 𝑏ȁ𝑥, 𝑦

Noncausal correlations can violate causal inequalities.
[Branciard et al., NJP 18, 2016]

[Oreshkov, Costa & Brukner, Nat. Com. 3, 2012]
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Certification of Causal Nonseparability of the Quantum Switch

𝑀𝑎ȁ𝑥
𝐴 𝑀𝑏ȁ𝑦

𝐵

𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝑊𝑄𝑆
𝐴𝐵𝐹

𝑎 𝑏

𝐹

𝑓

𝑥 𝑦

[Branciard, Scientific Reports 6, 2016]

• Measuring a causal witness

𝑀𝑓
𝐹

𝑃 𝑎, 𝑏, 𝑓 𝑀𝑎ȁ𝑥
𝐴, 𝑀𝑏ȁ𝑦

𝐵 , 𝑀𝑓
𝐹

𝑀𝑎ȁ𝑥
𝐴 𝑀𝑏ȁ𝑦

𝐵

𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝑊𝑄𝑆
𝐴𝐵𝐹

𝑎 𝑏

𝐹

𝑓

𝑥 𝑦

𝑀𝑓
𝐹

• Device-Dependent Certification • Device-Independent Certification

• Violation of Causal Inequality 𝑃 𝑎, 𝑏, 𝑓ȁ𝑥, 𝑦

→ Impossible for the Quantum Switch

The quantum switch is
causally nonseparable,

but it is «causal » 
(it cannot generate noncausal

correlations in this DI scenario).
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Phenomenological Interest from Device-Independent Certification

It is unclear whether the causal nonseparability of any process with a physical realization
can manifest itself in a DI way.

Are there « alternative DI » certifications that include the quantum switch ? 

Not all causally nonseparable processes can violate a causal inequality.

[Araùjo et al., NJP 17, 2015]

[Wechs et al., PRX Quantum 2, 2021]

[Oreshkov & Giarmatzi, NJP 18, 2016]
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Towards the Network-Device-Independent Certification of Causal Nonseparability

𝑀𝑎ȁ𝑧
𝐴 𝑀𝑏ȁ𝑤

𝐵

𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝑊

𝑎 𝑏

𝑧 𝑤

𝑃 𝑎, 𝑏ȁ𝑧, 𝑤

Analoguous method for certification of entanglement:
[J. Bowles, I. Šupić, D. Cavalcanti & A. Acin, PRL 121, 2018]
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Towards the Network-Device-Independent Certification of Causal Nonseparability

𝑀𝑎
𝐴′𝐴 𝑀𝑏

𝐵′𝐵

𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝑊

𝑎 𝑏

𝐴′ 𝐵′

𝜌𝑧 𝜌𝑤
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• Step 1: Semi-Device-Independent Certification with Trusted Quantum Inputs (SDIQI)

𝑀𝑎
𝐴′𝐴 𝑀𝑏

𝐵′𝐵

𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝑊

𝑎 𝑏

𝐴′ 𝐵′

𝜌𝑧 𝜌𝑤

𝐸𝑎,𝑏
𝐴′𝐵′

𝑎,𝑏

𝑃 𝑎, 𝑏ȁ𝜌𝑧
𝐴′ , 𝜌𝑤

𝐵′ = Tr 𝑀𝑎
𝐴′𝐴 ⊗𝑀𝑏

𝐵′𝐵
𝑇
. 𝑊𝐴𝐵 ⊗𝜌𝑧

𝐴′ ⊗𝜌𝑤
𝐵′ = Tr 𝐸𝑎,𝑏

𝐴′𝐵′
𝑇
. 𝜌𝑧

𝐴′ ⊗𝜌𝑤
𝐵′

Distributed POVM (D-POVM):

[Dourdent et al.,PRL 129, 090402 (2022)]



∀𝑎 

𝑏

𝐸𝑎,𝑏
𝐴′≺𝐵′ =𝐸𝑎

𝐴′ ⊗𝟏𝐵
′

• Definition A bipartite D-POVM that can be decomposed as a convex mixture of D-

POVMs compatible with the causal orders                       and
𝔼𝐴

′𝐵′

𝐴′ ≺ 𝐵′ 𝐵′ ≺ 𝐴′

𝔼𝐴
′𝐵′ = 𝑞𝔼𝐴

′≺𝐵′ + (1 − 𝑞)𝔼𝐵
′≺𝐴′

∀𝑏

𝑎

𝐸𝑎,𝑏
𝐵′≺𝐴′ =𝐸𝑏

𝐵′ ⊗𝟏𝐴
′

𝔼𝐴
′≺𝐵′ ≔ 𝐸𝑎,𝑏

𝐴′≺𝐵′

𝑎,𝑏
𝔼𝐵

′≺𝐴′ ≔ 𝐸𝑎,𝑏
𝐵′≺𝐴′

𝑎,𝑏

with    is said to be causally separable.q ∈ 0,1

• A causally separable process matrix can only generate causally separable D-POVMs.

• Any causally separable D-POVMs can be realised by local operations on a causally separable process matrix.

𝐴 ≺ 𝐵 → 𝐴′ ≺ 𝐵′

𝐴′ ≺ 𝐵′ → 𝐴 ≺ 𝐵
30

Causally Separable Distributed POVM



• If a causally nonseparable process matrix can generate a causally nonseparable D-POVM, we say that its causal
nonseparability can be certified in a Semi-Device-Independent with trusted Quantum Inputs (SDIQI) manner.
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SDIQI Certification of Causal Nonseparability

• Causally nonseparable D-POVM from the quantum switch:

𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝐴′ 𝐵′

𝐹𝑡

𝑎 𝑏

𝑓

𝑊𝑄𝑆
𝐴𝐵𝐹

𝐹𝑐 𝐸𝑎,𝑏,𝑓
𝐴′𝐵′

• For the operations:

𝑀𝑎
𝐴′𝐴 = ȁ ۧ𝑎 ۦ ȁ𝑎

𝐴𝐼 ⊗ ȁ ۧ𝟏 ۦ ȁ𝟏
𝐴′𝐴𝑂 ۦۧ, 𝑀𝑏

𝐵′𝐵 = ȁ ۧ𝑏 ۦ ȁ𝑏
𝐵𝐼 ⊗ ȁ ۧ𝟏 ۦ ȁ𝟏

𝐵′𝐵𝑂 ۦۧ,

𝑀𝑓=±
𝐹 = 𝟏𝑭

𝒕
⊗ ȁ ۧ𝑓 ۦ ȁ𝑓

𝑭𝒄

• The quantum switch is causally nonseparable in a SDIQI way.

is causally nonseparable.𝐸𝑎,𝑏,𝑓
𝐴′𝐵′

• Protocol: Find quantum systems and operations such that the generated D-POVM is causally nonseparable,
whose causal nonseparability can be certified with the violation of a witness inequality.
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• Step 1: Semi-Device-Independent Certification with Trusted Quantum Inputs (SDIQI)

𝑀𝑎
𝐴′𝐴 𝑀𝑏

𝐵′𝐵

𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝑊

𝑎 𝑏

𝐴′ 𝐵′

𝜌𝑧 𝜌𝑤

𝐸𝑎,𝑏
𝐴′𝐵′

𝑎,𝑏

𝑃 𝑎, 𝑏ȁ𝜌𝑧
𝐴′ , 𝜌𝑤

𝐵′ = Tr 𝑀𝑎
𝐴′𝐴 ⊗𝑀𝑏

𝐵′𝐵
𝑇
. 𝑊𝐴𝐵 ⊗𝜌𝑧

𝐴′ ⊗𝜌𝑤
𝐵′ = Tr 𝐸𝑎,𝑏

𝐴′𝐵′
𝑇
. 𝜌𝑧

𝐴′ ⊗𝜌𝑤
𝐵′

Distributed POVM (D-POVM):

[Dourdent et al.,PRL 129, 090402 (2022)]
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Step 2:The Network-SDIQI Certification of Causal Nonseparability

𝑀𝑎
𝐴′𝐴 𝑀𝑏

𝐵′𝐵

𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝑊

𝑎 𝑏

𝐴′ 𝐵′

ȁ ۧ𝜙+

𝐸𝑎,𝑏
𝐴′𝐵′

𝑎,𝑏

ȁ ۧ𝜙+

𝑀𝑐ȁ𝑧
𝐶′ 𝑀𝑑ȁ𝑤

𝐷′

𝑃 𝑐, 𝑎, 𝑏, 𝑑ȁ𝑧, 𝑤 = Tr 𝑀𝑐ȁ𝑧
𝐶′ ⊗𝐸𝑎,𝑏

𝐴′𝐵′ ⊗𝑀𝑑ȁ𝑤
𝐷′

𝑇
. ȁ ۧ𝜙+ ۦ ȁ𝜙+

𝐶′𝐴′
⊗ ȁ ۧ𝜙+ ۦ ȁ𝜙+

𝐵′𝐷′

𝑐 𝑑

𝑧 𝑤

𝑃 0, 𝑎, 𝑏, 0ȁ𝑧, 𝑤 = 𝑃 0ȁ𝑧 𝑃 0ȁ𝑤 𝑃 𝑎, 𝑏ȁ𝜌𝑧
𝐴′ , 𝜌𝑤

𝐵′satisfy

𝐶′ 𝐷′

Relax the assumptions with
self-testing techniques.
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Step 3: The Network-DI Certification of Causal Nonseparability

M𝑎ȁ𝑥
෨𝐴𝐴 M𝑏ȁ𝑦

෨𝐵𝐵

𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝑊

𝑎 𝑏

ሚ𝐴

ψ1
ሚ𝐶 ෨𝐴

E𝑎,𝑏ȁ𝑥𝑦
෨𝐴 ෨𝐵

𝑎,𝑏

ψ2
෨𝐵෩𝐷

M𝑐ȁ𝑧
ሚ𝐶 M𝑑ȁ𝑤

෩𝐷

𝑐 𝑑

𝑧 𝑤

෨𝐵ሚ𝐶 ෩𝐷

𝑥 𝑦

[Dourdent et al., arXiv:230812760]
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The Network-DI Certification of Causal Nonseparability

• Network: Causal Scenario + 2 Additional Separated Parties

• Scope: All Causally Nonseparable Process Matrices that can generate a causally nonseperable D-POVM.

• « Device-Independent »: 
Require knowledge of observed statistics only. [Dourdent et al., arXiv:230812760]
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DI and Theory Independent Certification of Relativistic Indefinite Causal Orders
[Van der Lugt et al, Nat. Com. 14, 2023]

• DRF Inequality: 𝑃 𝑝 = 0, 𝑏 = 𝑥 𝑤 = 0 + 𝑃 𝑝 = 1, 𝑎 = 𝑦 𝑤 = 0 + 𝑃 𝑓 ⊕ 𝑝 = 𝑧𝑤 𝑥 = 𝑦 = 0 ≤
7

4

≤
3

4
≤ 1

Max. correlations from λ between Charlie and the causal order Alice/Bob 

Test nonclassical correlations between P and F (CHSH ineq.)

𝐴𝐼

𝐴𝑂

𝐵𝐼

𝐵𝑂

𝑀𝑎ȁ𝑥
𝐴

𝑎

𝑀𝑏ȁ𝑦
𝐵

𝑏

𝑃

𝑀𝑝ȁ𝑤
𝐶

𝐶

𝜆

𝑥 𝑦

𝐹

𝑀𝑓ȁ𝑧
𝐹

𝑓

𝑧

𝑤

𝑝



Outline

I – Indefinite Causal Orders : Definition.

III – Advantages in Quantum Information 
from the Quantum Switch

II – Device-Independent Certification for the Quantum Switch
[Dourdent, Abbott, Supic & Branciard, arXiv:230812760]



The Quantum Switch : Origins

v 38

“The processing of quantum states, however, is not the ultimate physical model 
of computation that can be conceived within the quantum framework.”

« Higher-order quantum computation »

“there exist higher-order computations that are admissible in principle—
i.e. their existence does not lead to any paradoxical or unphysical effect—
and yet cannot be realized by inserting a single use of the input black box
in a quantum circuit with fixed causal ordering of the gates.”

La Reproduction Interdite ( Not to be Reproduced ), 
Magritte, Brussels, 1937



The Quantum Switch, Advantage in Information Processing

v

ȁ ۧ1

ȁ ۧ0

ȁ0ۄ + ȁ1ۄ

2
⊗ ȁ𝜓ۄ →

1

2
ȁۄ + ⊗ 𝑈𝐴, 𝑈𝐵 ȁ𝜓ۄ − ȁۄ − ⊗ 𝑈𝐴, 𝑈𝐵 ȁ𝜓ۄ

39

• A Simple Quantum Advantage in Discrimination Task

P

• Either 𝑈𝐴, 𝑈𝐵 = 𝑈𝐴𝑈𝐵 + 𝑈𝐵𝑈𝐴 = 0

• Or 𝑈𝐴, 𝑈𝐵 = 𝑈𝐴𝑈𝐵 − 𝑈𝐵𝑈𝐴 = 0

ۧ"ȁ+ "

ۧ"ȁ− "

F
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Advantages from the Quantum Switch
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Advantages from the Quantum Switch

Tool to Compare Quantum Circuits 
with and without indefinite causal orders ?



Outline

I – Indefinite Causal Orders : Definition.

III – Advantages in Quantum Information 
from the Quantum Switch

IV- Beyond the Quantum Switch

[Wechs, Dourdent, Abbott & Branciard, PRX Quantum 2, 2021]

II – Device-Independent Certification for the Quantum Switch
[Dourdent, Abbott, Supic & Branciard, arXiv:230812760]
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Beyond the Quantum Switch, [Wechs, Dourdent, Abbott & Branciard, PRX Quantum 2, 2021]

Choi matrix of a map:

Link product:

[Chiribella, D’Ariano, Perinotti, PRL 2008, PRA 2009 ]
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Beyond the Quantum Switch, [Wechs, Dourdent, Abbott & Branciard, PRX Quantum 2, 2021]

Process Matrices as Quantum Supermaps

𝑎𝑙𝑙 𝑊′𝑠

𝑊𝑄𝑆

𝑊𝑂𝐶𝐵

 “Process matrices” W [Oreshkov, Costa & Brukner, Nat Comms 2012]

Which one are physical ? Let us start with what we know !
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Beyond the Quantum Switch, [Wechs, Dourdent, Abbott & Branciard, PRX Quantum 2, 2021]

• Internal operations = CPTP maps
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Beyond the Quantum Switch, [Wechs, Dourdent, Abbott & Branciard, PRX Quantum 2, 2021]

• What kind of quantum circuits are 
incompatible with definite causal orders ?

 “Quantum combs”

• A fixed causally ordered process 𝑊𝑃→𝐴→𝐵→𝐹 𝑎𝑙𝑙 𝑊′𝑠

𝑊𝑄𝑆

𝑄𝐶 − 𝐹𝑂𝑠

𝑊𝑃→𝐴→𝐵→𝐹 𝑊𝑂𝐶𝐵

 “Process matrices” W [Oreshkov, Costa & Brukner, Nat Comms 2012]

[Chiribella, D’Ariano & Perinotti, EPL 2008, PRL 2008, PRA 2009]
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Beyond the Quantum Switch, [Wechs, Dourdent, Abbott & Branciard, PRX Quantum 2, 2021]

• Internal operations = Quantum Instruments
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Beyond the Quantum Switch, [Wechs, Dourdent, Abbott & Branciard, PRX Quantum 2, 2021]

𝑎𝑙𝑙 𝑊′𝑠

𝑊𝑄𝑆

𝑄𝐶 − 𝐶𝐶𝑠

𝑊𝐶𝑆

𝑄𝐶 − 𝐹𝑂𝑠

𝑊𝑃→𝐴→𝐵→𝐹 𝑊𝑂𝐶𝐵

• The classical switch   𝑊𝐶𝑆

1 2

• QC-CC = Causally separable process matrices => Beyond ?
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Beyond the Quantum Switch, [Wechs, Dourdent, Abbott & Branciard, PRX Quantum 2, 2021]

• Internal coherent operations (Kraus op)
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Beyond the Quantum Switch, [Wechs, Dourdent, Abbott & Branciard, PRX Quantum 2, 2021]

𝑎𝑙𝑙 𝑊′𝑠

𝑄𝐶 − 𝑄𝐶𝑠

𝑊𝑄𝑆

𝑄𝐶 − 𝐶𝐶𝑠

𝑊𝐶𝑆

𝑄𝐶 − 𝐹𝑂𝑠

𝑊𝑃→𝐴→𝐵→𝐹 𝑊𝑂𝐶𝐵
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Beyond the Quantum Switch, [Wechs, Dourdent, Abbott & Branciard, PRX Quantum 2, 2021]

• The quantum switch 𝑊𝑄𝑆

𝑊𝑄𝑆

𝑎𝑙𝑙 𝑊′𝑠

𝑄𝐶 − 𝑄𝐶𝑠

𝑊𝑄𝑆

𝑄𝐶 − 𝐶𝐶𝑠

𝑊𝐶𝑆

𝑄𝐶 − 𝐹𝑂𝑠

𝑊𝑃→𝐴→𝐵→𝐹 𝑊𝑂𝐶𝐵
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Beyond the Quantum Switch, [Wechs, Dourdent, Abbott & Branciard, PRX Quantum 2, 2021]

• The Grenoble Process

𝑎𝑙𝑙 𝑊′𝑠

𝑄𝐶 − 𝑄𝐶𝑠

𝑊𝑄𝑆

𝑄𝐶 − 𝐶𝐶𝑠

𝑊𝐶𝑆

𝑄𝐶 − 𝐹𝑂𝑠

𝑊𝑃→𝐴→𝐵→𝐹 𝑊𝑂𝐶𝐵𝑊𝐺



QI Advantage: K-unitary equivalence determination problem

• To quantify how a given class of circuits
performs for some task, we optimise over the
corresponding higher-order transformations
(characterised with SDP constraints) in order
to maximise the success probability of the task.

• 𝐾 reference boxes which implement black-box
unitary operations 𝑈1, … , 𝑈𝐾 , and a further
unknown target box that implements one of

the 𝑈𝑘 with probability
1

𝐾
.

• Aim: to determined which of the reference
boxes is implemented by the target box, while
using each of the 𝐾 + 1 boxes exactly once.

𝐾 = 2

0.875∗

0.875∗

0.875

0.875

0.875

0.6919

0.6998

0.6998

0.7080

0.7093

𝐾 = 3

[Wechs, Dourdent, Abbott & Branciard, PRX Quantum 2, 2021]

*[Shimbo, Soeda & Murao, 2021]
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Take Away Memes : Conclusion



55

Take Away Memes : Conclusion

[Dourdent et al., arXiv:230812760]
[Van der Lugt et al, Nat. Com. 14, 2023]
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Take Away Memes : Conclusion




