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Competing QG Theories

How do we choose between different (versions of) theories?

Make contact with experiments!



Gravity +Quantum

Neat! But gravity is classical....
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Gravitons might never be detected

These methods do not work for gravity in our universe. 

To detect Compton scattering from a graviton one would need 
a detector the size of  Jupiter, who might collapse under its 
own weight.

Establishing that a field is quantum:

The existence of  a particle of  the field. 
In EM, the existence of  the photon has been determined 
by the photoelectric effect and Compton scattering.



Do we even need QG?

Fundamental limits on testing predictions of  quantum cosmology.

Probing the QG regime of  particle physics is impractical.

mP ≈ 1016 TeV/c2 14 TeV/c2

CM energy at the LHCPlanck-Mass

If  QG has no experimental consequences (short of  jumping into a black hole), 
does it exist?



Field sourced by a superposition

What is the field generated by a mass in superposition?

?

If  the field is classical...

It might (wait for the) collapse of  the superposition.

Penrose Diósi or Ghirardi-Rimini-Weber models
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Field sourced by a superposition

What is the field generated by a mass in superposition?

If  the field is classical...

It might get sourced by the expectation 
value of  the stress energy tensor.

Schrödinger-Newton, Semi-Classical 
gravity

Gμν ∝ ⟨ ̂Tμν⟩



Field sourced by a superposition

What is the field generated by a mass in superposition?

If  the field is classical...

Or sourced at random from one of  the 
terms.

Post-Quantum theories

J. Oppenheim 
arxiv.org/abs/1811.03116



Field sourced by a superposition

What is the field generated by a mass in superposition?

If  the field is quantum...

It will be in a superposition



Field sourced by a superposition

What is the field generated by a mass in superposition?

If  the field is quantum...

It will be in a superposition

It will cause a superposition 
in the test mass.



Field sourced by a superposition

How do you detect such a superposition?

If  the gravitational field is quantum, then it can create superpositions of  masses.

In reality, the forces are too small to displace a mass in 
this way.

But not only are the masses in a superposition, they are 
entangled!



Proposals



A Test!

A classical field cannot entangle two masses.*

If  gravity can entangle two masses, then gravity cannot be mediated by a classical* system.
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GME

space

time

| ↑ ⟩ + | ↓ ⟩ | ↑ ⟩ + | ↓ ⟩

| ↑ ⟩ | ↑ ⟩| ↓ ⟩ | ↓ ⟩

Preparation

( | ↑ ↑ ⟩ + | ↑ ↓ ⟩ + | ↓ ↑ ⟩ + | ↓ ↓ ⟩) |CC⟩ |gCC⟩

Superposition

| ↑ ↑ ⟩ |LR⟩ |gLR⟩ + | ↑ ↓ ⟩ |LL⟩ |gLL⟩ + | ↓ ↑ ⟩ |RR⟩ |gRR⟩ + | ↓ ↓ ⟩ |RL⟩ |gRL⟩

ℋspinA
⊗ ℋspinB

⊗ ℋCMA
⊗ ℋCMB

⊗ ℋgeometry

During free fall, gravity is not strong enough to appreciably change the 
position of  the particles (Position Eigenstate Approximation)

State evolves by acquiring a phase according to ϕ = −
Et
ℏ

where  is calculated using the Newtonian potential:E E = −
Gm2

r

eiϕLR | ↑ ↑ ⟩ |LR⟩ |gLR⟩ + eiϕLL | ↑ ↓ ⟩ |LL⟩ |gLL⟩ + eiϕRR | ↓ ↑ ⟩ |RR⟩ |gRR⟩ + eiϕRL | ↓ ↓ ⟩ |RL⟩ |gRL⟩

Free Fall
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Free Fall
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time

| ↑ ⟩ + | ↓ ⟩ | ↑ ⟩ + | ↓ ⟩

| ↑ ⟩ | ↑ ⟩| ↓ ⟩ | ↓ ⟩

t

Δx d ϕLR =
Gm2

d + 2Δx
t
ℏ

ϕRR =
Gm2

d + Δx
t
ℏ

= ϕLLϕRL =
Gm2

d
t
ℏ



( | ↑ ↑ ⟩ + | ↑ ↓ ⟩ + | ↓ ↑ ⟩ + | ↓ ↓ ⟩) |CC⟩ |gCC⟩
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GME
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Preparation

Superposition

Free Fall

(eiϕLR | ↑ ↑ ⟩ + eiϕLL | ↑ ↓ ⟩ + eiϕRR | ↓ ↑ ⟩ + eiϕRL | ↓ ↓ ⟩) |CC⟩ |gCC⟩

Recombination

eiϕLR | ↑ ↑ ⟩ + eiϕLL | ↑ ↓ ⟩ + eiϕRR | ↓ ↑ ⟩ + eiϕRL | ↓ ↓ ⟩

Measurements

GME

ℋspinA
⊗ ℋspinB

⊗ ℋCMA
⊗ ℋCMB

⊗ ℋgeometry

space

time

| ↑ ⟩ + | ↓ ⟩ | ↑ ⟩ + | ↓ ⟩
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eiϕLR | ↑ ↑ ⟩ + eiϕLL | ↑ ↓ ⟩ + eiϕRR | ↓ ↑ ⟩ + eiϕRL | ↓ ↓ ⟩

Δx ≫ d ⟹ ϕRL ≫ ϕLL, ϕLR, ϕRR

| ↑ ↑ ⟩ + | ↑ ↓ ⟩ + | ↓ ↑ ⟩ + eiϕRL | ↓ ↓ ⟩

Entangled ϕRL ∼ 1

ϕLR =
Gm2

d + 2Δx
t
ℏ

ϕRR =
Gm2

d + Δx
t
ℏ

= ϕLLϕRL =
Gm2

d
t
ℏ

space

time

| ↑ ⟩ + | ↓ ⟩ | ↑ ⟩ + | ↓ ⟩

| ↑ ⟩ | ↑ ⟩| ↓ ⟩ | ↓ ⟩

t

Δx d

GME



⟹ m ≈ 10−14kg ≈ 1012amu

| ↑ ↑ ⟩ + | ↑ ↓ ⟩ + | ↓ ↑ ⟩ + eiϕRL | ↓ ↓ ⟩space

time

| ↑ ⟩ + | ↓ ⟩ | ↑ ⟩ + | ↓ ⟩

| ↑ ⟩ | ↑ ⟩| ↓ ⟩ | ↓ ⟩

t

Δx d

GME

Entangled      ϕRL =
Gm2

d
t
ℏ

≈ 1

Decoherence:      t ≈ 1s

EM Isolation:      d ≈ 200μm

≈ 10−6mP



So what?

If  two systems  and  are interacting via a third system , and they become 
entangled as a result, then  cannot be a classical system.

A B G
G

Classical defined as "no interference effects" or "no non-commuting variables".

If  GEM is detected then: 

- gravitational field is not classical (but not necessarily quantum!) 

- gravitational field is a non-causal classical field, 

- gravity is not mediated by a field: direct interparticle interaction,



So what?

We used the Newtonian term  to compute the phases.HG = −
GMm

|x1 − x2 |

This is a valid approximation in this situation: small velocities and .|x1 − x2 | ≪ ct

GR tells us that gravity is mediated locally by a field, the metric tensor.

This has physical degrees of  freedom: gravitational waves.

By B. P. Abbott et al. PhysRevLett.116.061102 .



Superpositions of  geometries

GR tells us that gravity is mediated locally by a field, the metric tensor.

If  GME is detected then we have 
superpositions of  spacetimes in the lab.



GME

Two masses in optical traps a distance  from 
each other

L

H = H0 + Hg

H0 =
p2

A

2m
+

1
2

ω2x2
A +

p2
B

2m
+

1
2

ω2x2
B

Hg = −
Gm2

L + xB − xA

Hg ≈ −
Gm2

L (1 +
xA − xB

L
+

(xA − xB)2

L2 ) |xA − xB | ≪ Lif



GME

Hope for entanglement if
Gm2(xA − xB)2

L2
∼ ℏω

⟨(xA − xB)2⟩ ∼ ⟨x2
A⟩ + ⟨x2

B⟩ ∼
2ℏ
mωNear the ground state of  the oscillators:

η :=
2Gm
ω2L3

∼ 1



Non-Gaussianity

Like entanglement, Non-Gaussianity is a quantum information resource.

Non-Gaussianity cannot be created by an interaction with a classical field.

Linearised Quantum Gravity predicts that a Bose-Einstein condensate will develop 
non-gaussianity as a result of  self-gravitation.



Practicalities



eiϕLR | ↑ ↑ ⟩ + eiϕLL | ↑ ↓ ⟩ + eiϕRR | ↓ ↑ ⟩ + eiϕRL | ↓ ↓ ⟩

ϕLR =
Gm2

d + 2Δx
t
ℏ

ϕRR =
Gm2

d + Δx
t
ℏ

= ϕLLϕRL =
Gm2

d
t
ℏ

space

time

| ↑ ⟩ + | ↓ ⟩ | ↑ ⟩ + | ↓ ⟩

| ↑ ⟩ | ↑ ⟩| ↓ ⟩ | ↓ ⟩

t

Δx d

GME

eiΔϕLR | ↑ ↑ ⟩ + | ↑ ↓ ⟩ + | ↓ ↑ ⟩ + eiΔϕRL | ↓ ↓ ⟩

| ↑ ⟩(eiΔϕLR | ↑ ⟩ + | ↓ ⟩) + | ↓ ⟩( | ↑ ⟩ + eiΔϕRL | ↓ ⟩)

ΔϕRL = ϕRL − ϕRR, ΔϕLR = ϕLR − ϕRR



space

time

| ↑ ⟩ + | ↓ ⟩ | ↑ ⟩ + | ↓ ⟩

| ↑ ⟩ | ↑ ⟩| ↓ ⟩ | ↓ ⟩

t

Δx d

GME

| ↑ ⟩(eiΔϕLR | ↑ ⟩ + | ↓ ⟩) + | ↓ ⟩( | ↑ ⟩ + eiΔϕRL | ↓ ⟩)
as entangled as

| ↑ ↑ ⟩ + | ↑ ↓ ⟩ + | ↓ ↑ ⟩ + eiϕeff | ↓ ↓ ⟩

ϕeff = ΔϕRL + ΔϕLR

with

=
Gm2t

ℏ [ 1
d

+
1

d + 2Δx
−

2
d + Δx ]



Entanglement

In QM, two systems are entangled if  their state cannot be written as a product state:

|Ψ⟩ent ≠ |ψ⟩ |ϕ⟩

How do you detect entanglement?

tr(Wρ) ≥ 0 ∀ separable , andρ tr(Wρ) < 0 for at least one entangled  ρ

∴ tr(Wρ) < 0 ⟹ ρ is entangled

This only works if  you assume you know the physics of  the system described by ρ

Entanglement witness: an observable  such that W



Decoherence

If  the two masses interact with the environment, they will get entangled with it, and 
this will make it impossible to see the interference effects.

|Ψt0 ⟩ =
1

2
( |0⟩ + |1⟩)|ψ⟩env

|Ψt1 ⟩⟨Ψt1 | =
1
2 ( |0 ψ0⟩⟨0 ψ0 | + |0 ψ0⟩⟨1 ψ1 | + |1 ψ1⟩⟨0 ψ0 | + |1 ψ1⟩⟨1 ψ1 |)

trE |Ψt1 ⟩⟨Ψt1 | =
1
2 ( |0⟩⟨0 | + α |0⟩⟨1 | + ᾱ |1⟩⟨0 | + |1⟩⟨1 |)

α = ⟨ψ1 |ψ0⟩

⟶ |Ψt1 ⟩ =
1

2
( |0⟩|ψ0⟩ + |1⟩|ψ1⟩)



Decoherence

Decoherence on the position basis is well understood theoretically and experimentally.

⟨x | ·ρ |x′ ⟩ =
i
ℏ

⟨x | [ρ, H] |x′ ⟩ − Γ(x − x′ )⟨x |ρ |x′ ⟩

Modelled by a master equation:

 controls the decay of  off-diagonal terms in the position basis.Γ

⟨x | [ρ, H] |x′ ⟩ ≈ 0 ⟹ ⟨x |ρ(t) |x′ ⟩ = e−Γ(x−x′ )t⟨x |ρ(0) |x′ ⟩



Decoherence

Two limiting regimes, depending on the wavelength  of  the probing system:λ

Long Wavelength (LW):                        

Larger superpositions decay faster.

λ ≫ |x − x′ | ⟹ Γ(x − x′ ) ∼ Λ |x − x′ |2

Short Wavelength (SW):                        

Decay-rate saturates: one collision is enough to tell where the system is.

λ ≪ |x − x′ | ⟹ Γ(x − x′ ) ∼ γ

⟨x |ρ(t) |x′ ⟩ = e−Γ(x−x′ )t⟨x |ρ(0) |x′ ⟩

Γ(Δx) = γ (1 − exp [−
Δx2

λ ])



Decoherence

Thermal photons:       and for  we have   LW regime.λbb ∝
1

kBT
T = 5K λbb ∼ 1mm ⟹

Air molecules:             and for  we have   SW regime.λair ∝
1
kBT

T = 5K λair ∼ 0.1nm ⟹

Γbb
sc ≈ 1036s−1 R6T9Δx2 Γair ≈ 1026 s−1 PR2T−1/2

T ≈ 4 K P ≈ 10−17mbar

Hard, but not unprecedented



Casimir-Polder

Need to make sure that the only force present is gravity.

Dielectric masses will feel a force due to changes in the zero-point energy of  the 
vacuum.

VCP ∝ ℏc
R
r7

This will dominate over the gravitational attraction at short distances.

Imposes a limit on the distance of  closest approach on the masses.



Achieving Superposition

t ≈ 10μs m ≈ 10−21kg

Δx ≈ 50nm



Summary

First direct evidence of  the non-classical nature of  gravity.

Low energy experiment possible thanks to advances in quantum technology.

Claims based on quantum information-theoretics arguments.

If  we trust our best theories (GR+QM) then this will be the first direct evidence 
of  the quantum nature of  spacetime.



Theory



No-Go Theorem



No-Go Theorems

Examples

Bell's 1st theorem: a local hidden-variable theory cannot reproduce the statistics of  
entanglement.

Kochen-Specker theorem: there is no joint probability distribution for the results of  
incompatible measurements.

Local Friendliness: If  QT is universally valid, then either A. consequences of  free choices 
propagate superluminally, or B. facts are relative.



• Introduction to process theories 
• Causal process theories 
• Generalised probabilistic theories 
• Diagrammatic characterisation of  classicality + entanglement 
• Proof  of  the no-go theorem

Theory Lesson Plan
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Process Theories

Process Theories are a new framework for understanding and building theories that 
highlights transformations and compositionality. 

They have their roots in Category Theory, but they are used in computing, natural 
language processing, and quantum foundations + quantum information theory. 

They come with an expressive graphical calculus.

There are two main components of  a process theory:

Systems Processes



Examples of  process theories:

Process Theories

Theory System labels Processes

Set Theory Sets Functions

Topology Topological spaces Continuous Maps

Linear Algebra Vector spaces Linear transformations

Pure QM Hilbert spaces Unitary transformations, pure states 
preparations, pure state projectors.


Operational QM Hilbert spaces Trace-non-increasing 
transformations



Processes are wired together via systems to give new processes:

Process Theories

(g1 ⊗ g2) ∘ ( f1 ⊗ f2) = (g1 ∘ f1) ⊗ (g2 ∘ f2)↔



Processes are wired together via systems to give new processes:

The wires in the diagrams can be deformed, what matters is the connectivity.

Process Theories



There are three kinds of  distinguished processes:

States Scalars Effects

Process Theories



Close-similarity with bra-ket notation:

QM as a process theory

State  ket↔

ψ ↔ |ψ⟩

Effect  bra↔

ϕ
↔ ⟨ϕ |

Scalars  amplitudes↔

ψ

ϕ
↔ ⟨ϕ |ψ⟩



But easier to read:

QM as a process theory

A B

U

V

ϕ

↔ (𝕀A ⊗ ⟨ϕ |)V(U ⊗ 𝕀B)
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Causal Process Theory

A PT is causal if  there exists a unique effect for each system type.

there is also a unique scalar.⟹



QT as a Causal Process Theory

They are the most general maps from density operators to density operators.

Φ[ρ] = trY[U[ρ ⊗ σ]]

U

σ

Φ =

Completely Positive Trace Preserving (CPTP) Maps are a causal process theory.



States  density matrices↔

ρ ↔
ρ ≥ 0

tr ρ = 1

Discard  tracing↔

↔ trA

A linear map   is trace-preserving Φ ⟺ ∀ρ : tr Φ[ρ] = tr ρ

Φ =

Completely Positive Trace Preserving (CPTP) Maps are a causal process theory.

QT as a Causal Process Theory



Causal Process Theory

Causal Process Theories are automatically non-signalling:

s

TA T2

a b
A

A′ B′ 

SA SB

B



Causal Process Theory

Causal Process Theories are automatically non-signalling:

s

T T′ 

a b

A′ 

s

T

a b

=
s

T

a b

=
s

T

a

=
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GPT

Generalised Probabilistic theories are process theories designed to deal with theories 
with probabilistic predictions.

Processes belong to convex spaces.

"If  you can do two things, then a third thing you can do is flip a coin to chose which 
one to do"

If   and  are states, then there is a state    for any .ϕ ψ pϕ + (1 − p)ψ p ∈ [0,1]

Given a transformation , then      .T T[p ϕ + (1 − p) ψ] = p T[ϕ] + (1 − p) T[ψ]



Classical Systems in GPTs

A classical system with configurations space :X

state  probability distribution over ↔ X processes  stochastic maps↔

discarding  marginalising over ↔ X



Classical Bit

X = {0,1}

↔ (p0
p1) ↔ (1

0) ↔ (0
1)p

X

0

X

1

X

0

X
↔ (1 0) 1

X
↔ (0 1) = P(1 |p) = (0 1) ⋅ (p0

p1) = p1
p
X

1

0 1



Quantum systems in GPTs

A quantum system with Hilbert space :H

discarding  tracing over .↔ H

state  density operators on ↔ H

ρ

H

processes  CPTP maps↔

H

Φ



Quantum systems in GPTs

The vectors of   are not the states of  a causal GPT!H

If   are normalised states,  is not a normalised state.|ψ⟩, |ϕ⟩ ∈ H p |ψ⟩ + (1 − p) |ϕ⟩

The causal GPT associated to QM is that of  density matrices and CPTP maps



Qubit

H = ℂ2

↔
1
2 (𝕀2×2 + ⃗r ⋅ ⃗σ ) ↔ (1 0

0 0) ↔ (0 0
0 1)ρ

H

0

H

1

H

↔ (1/2 1/2
1/2 1/2) =

1
2 ( |0⟩ + |1⟩)(⟨0 | + ⟨1 |)+

H
↔ ( 1/2 −1/2

−1/2 1/2)−

H
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Classicality in GPTs

= ∑
x∈X

x

x

e

s

= ∑
x∈X

P(e |x)P(x |s)
X

= ∑
x∈X

x

X

x

X

The absence of  interference as the characterising feature of  classicality.

P(e |s)

e

s

=



Classical Interface in GPTs

Measurements have classical outputs

Destructive 
measurement

M

A

X

M

A

XB

Non-destructive 
measurement

M
A

X

ρ

B

Probability 
distribution



Classical Communication

M

A

X

B

C

A′ B′ 

x

X

x

X= ∑
x∈X M

A
B

C

A′ B′ 

Classical Interface in GPTs



Entanglement in GPTs

A bipartite state is separable if  it can be written as a mixture of  uncorrelated states.

Separable:
s

A B
= ∑

x∈X

px
sA
x

A

sB
x

B

A state is entangled if  it is not separable.



LOCC entanglement

Local operations and classical communications cannot create entanglement:

= ∑
x∈X

px
sx

A

s′ x

B

Ms

X
C

s′ 

A B

x

X

x

X= ∑
x∈X M

C

s s′ 

A B

= ∑
x∈X

MxCx

s s′ 

A B

Result valid with no further assumptions about systems  and   valid beyond QT.A B ⟹

p−1
x = Mx

s′ 
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No-Go Theorem



No-Go Theorem

1. No-Signalling between  and  
 they can be treated as different systems in a GPT.

A B

⟹

2.  and  interact indirectly via mediator  
  is also a system in the GPT, and interactions are of  the form:

A B G

⟹ G

3.  is a classical system 
the identity process for  can be decomposed

G

⟹ G

G
= ∑

x∈XG

x

G

x

G

⋯ ⋯



IA

a
G

b
A B

g

IB

G

Ix
A

a b

A B

Ix
B

= ∑
x∈XG

BA

LOCC entanglement

G

b
B

IA

a
A

g

x

x

IB

= ∑
x∈XG

G B

b̃x

G

ax

A

= ∑
x∈XG

px

B

b̃x

= ∑
y∈XG

G B

b̃x
y

y = ∑
y∈XG

py|x
BG

y bxy

ax

A

∑
x,y∈XG

py|xpx

G

y bxy

=



No-Go Theorem



Theories

LinQG: G is quantum

Newtonian interaction: G is not a physical system.

Schrödinger-Newton: A and B are signalling

Spontaneous collapse models: No entanglement

Post-Quantum Classical Gravity:  No entanglement.



Alternative

Based on the Constructor Theory of  Information

Another proof

"Non-classicality" defined as the existence of  non-commuting observables.



• Introduction to process theories 
• Causal process theories 
• Generalised probabilistic theories 
• Diagrammatic characterisation of  classicality + entanglement 
• Proof  of  the no-go theorem

Theory Lesson Plan
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End

Questions?

Thanks for your attention!

Exciting times


