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Quantum Information and Foundations

QI: Information-processing capabilities afforded by quantum systems

No-cloning theorem Quantum Teleportation Superdense coding

Quantum key distributionShor's algorithm

By Bender2k14 - Own work. 

commons.wikimedia.org/w/index.php?curid=34319883

Grover's algorithm
By Fawly - Own work 

ommons.wikimedia.org/w/index.php?curid=106362482

Mailloux et.al.
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Quantum Reference Frames

de la Hamette and Galley

Vanrietvelde, Höhn, Giacomini, Castro-Ruiz

Indefinite causality

Rubino et.al.

Oreshkov, Costa, Brukner

Geometry from entanglement

Cao, Carrol, Michalakis

Periwal et.al.

Krisnanda et.al.

Low energy tests  
of  quantum gravity!

space

time
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A prediction of  linearised quantum gravity.

Not explainable in terms of  semi-classical gravity          Gμν ∝ ⟨ ̂Tμν⟩
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Simulating GME

ℂ2 ⊗ ℂ4 ⊗ ℂ2 = ℋspinA
⊗ ℋgeometry ⊗ ℋspinB



Quantum Circuit
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time
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Optics Simulation

Two-photon scheme: 

  spins         polarisation 

  geometry  path

→

→

Wexp = − 0.514(2)

Entanglement witness
⟹ W ≥ 0

Sexp = 2.401(15)

CHSH inequality violation
S ≤ 2

separable

classical bound



Optics Simulation

Source 1 Source 2



Optics Simulation



geometry qubit

spin qubit

Optics Simulation

Four-photon scheme: Each qubit mapped to photon path
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Local Operations and Classical Communication cannot 
create entanglement.

LOCC

"If  A and B get entangled by 
interacting only with G, then G 
cannot be classical."

Formalised in QI and GPTs.

The experiment can rule out a class of  theories.



Instantaneous interaction?

space

time

| ↑ ⟩ + | ↓ ⟩ | ↑ ⟩ + | ↓ ⟩

| ↑ ⟩ | ↑ ⟩| ↓ ⟩ | ↓ ⟩

Extant derivations of  the effect made use 
of  the static approximation.

We make use of  the path-integral formulation of  QM to compute the 
phases developed during the experiment.

In that case, the effect can be explained by 
a direct interparticle interaction:

Ĥint = − GmAmB

| ̂xA − ̂xB |
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Phases

• Phases are actions, have the same symmetries

• Gauge-invariant + Lorentz covariant (manifestly local)

• Can be computed for arbitrary particle trajectories.

ϕ(s1, s2) =
iSos[xs1

1 , xs2
2 , F[xs1

1 , xs2
2 ]]

ℏ
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Small velocities

Gravitational phases

SF = ∫ dt
Gm1m2

|d(t) |

Newtonian

Exact formula



ϕ(s1, s2) =
G
2ℏ ∫ dt ( m1m2

|d21(t) |
+

m1m2

|d12(t) | )

Observable effects

If  superposition happens in spacelike 
separated regions  no entanglement!⟹

Signal of  the superposition needs time to 
propagate casually between masses.

Signal of  the superposition needs time to 
propagate casually between masses.

Smaller deviations due to retarded interaction could be measured in 
electron interferometry for the EM case!−
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l
d(d + l)

t
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Hypothesis

M m

l td

| ↑ ⟩ | ↓ ⟩

| ↑ ⟩ + eiϕ | ↓ ⟩

δτ = ⌊ t
β ⌋ tP

ϕ =
m
mP

δτ
tP

δτ = ntP, n ∈ ℤ



Results

M m

l td

| ↑ ⟩ | ↓ ⟩

| ↑ ⟩ + eiϕ | ↓ ⟩

T ≈ 4 K P ≈ 10−18Pa
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Tensions

Operational formulations of  QM are strongly time-oriented.

Quantum states are associated with the past of  a system. 

Probabilities are about future results.

ρ Mi

In tension with time-reversal symmetry of  the rest of  fundamental physics.

An issue for the reconstructions of  quantum mechanics.
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Does quantum uncertainty imply time orientation?

No.  

Then why are certain formulations of  quantum theory time-oriented?

Resolution

They are designed to describe the interaction of  macroscopic 
thermodynamical systems with quantum systems.

We remember the past, but not the future.



Φ

xj{ {
ai{ {Preparation

Measurement

Evolution

Two games

Ppre(x |a, Φ) Ppost(a |x, Φ)Φ

?

ai

Φ

x

?

Prediction Postdiction



A process  is inference symmetric if: 
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A process  is inference symmetric if: 

for any choice of  bases.

Φ
Ppre(xj |ai, Φ) = Ppost(ai |xj, Φ)

Inference Symmetry

Unitary evolution is inference symmetric.

Quantum channels are not inference symmetric.

A kind of  passive time-reversal symmetry.

The inference asymmetry of  quantum channels is 
understood as an asymmetry in the inference data.



Ppost(a |x, Φ) = Ppost(a |xb, UΦ)

Φ = UΦ

b

Ppre(x |a, Φ) = = Ppre(x |ab, UΦ)

x x

aa

Purification



Time-asymmetry due to the users of  QM.

QI is about correlations established between agents.

The agent is not explicitly modelled by the theory, but 
represented in the mathematical objects in the theory.

Why the asymmetry?
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Map of  Madness

+ objective collapse models: Penrose-Diósi, GRW...

- Surprisingly different pictures of  the world 

- Designed to give the same predictions (except for objective collapse) 

- But experimental metaphysics can put constraints on them.

Interpretations of  quantum mechanics:



No-Go theorems

Put constraints on various features of  an interpretation.

Bell's 1967 theorem says QM is 
incompatible with: 

- Relativistic causality 

- Reichenbach's principle of  
decorrelating explanation 

- No Superdeterminism
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Put constraints on various features of  an interpretation.

Bell's 1967 theorem says QM is 
incompatible with: 

- Relativistic causality 

- Reichenbach's principle of  
decorrelating explanation 

- No Superdeterminism

P(ab |c) = P(a |c)P(b |c)

Implicit assumption: Absoluteness of  observed events



No-Go theorems

Recent theorem by Bong et.al. shows that 
QM is incompatible with  

- Locality 

- No Superdeterminism 

- Absoluteness of  observed events



RQM

Relational Quantum Mechanics is an interpretation of  QM that 
embraces the relativity of  facts.

In RQM, facts are relations established between two systems.

What is a fact relative to a given system might not be a fact 
relative to another.

Facts can happen relative to any physical system.

"Wigner's facts are not necessarily his friend's facts"



RQM

How does the classical world emerge from the world of  relative facts?

To what extent the relativity of  facts is analogous with special relativity?

How can objectivity be achieved when facts are not shared?
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