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Understanding Quantum Gravity using operational
approach

An operational approach is one that grounds some phenomena in
measurements of physical observable using tools such as detectors, rods,
and clocks → “Bottom up” approach

This work aims to use such approach by studying quantum information
structure of space-time specifically encoded by a superposed Minkowski
spacetime.

Specifically, study of entanglement generation in superposed Minkowski
spacetime
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Entanglement harvesting

Take two uncorrelated particle detectors and allow them to locally
interact with a free quantum field.

After some time, these two detectors will become entangled, even if
they remain space-like separated.

This can be attributed to the entanglement existing in the quantum
vacuum. Entanglement vanishes if the separation between the
detectors and energy gap of the detectors is very large.

How does global structure of spacetime2 affect entanglement
harvesting phenomena?

2E. Martin-Martinez, A. R. H. Smith, and D. R. Terno, Phys. Rev. D 93, 044001 (2016).
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Geometry+ Superposition

Gravity is inherently a theory of Geometry

One uniqueness of QM is superposition principle

Geometry + Superposition

→ Superposition of “semi-classical” space-time states - respective
amplitudes not related by global coordinate transformation.

Disclaimer!! Not a full theory of QG! But assume that this is a valid
solution within an anticipated theory .
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Setting the background geometry

Quotient Minkowski spacetime M0 ∼ M/J0

M0 ≃ M/J0

JL1
0 : (t, x, y, z) → (t, x, y, z + L1)

JL2
0 : (t, x, y, z) → (t, x, y, z + L2)

L1 L2+

J. Foo, C. S. Arabaci, M. Zych, and R. B. Mann, Phys. Rev. D 107, 045014 (2023).
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Setting the background geometry

Quantum fields on M0

Φ̂(x) =
1√
N

∑
n

γnϕ̂(Jn
0 x)

N =
∑

n γ
2n, [Φ̂(x),

˙̂
Φ(x′)] = δ(x− x′)+ image terms

γ = ±1 denoting untwisted and twisted field.

Vacuum 3: Same as Minkowski vacuum |0⟩F

3J. Foo, C. S. Arabaci, M. Zych, and R. B. Mann, Phys. Rev. Lett. 129, 181301 (2022).
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Setting the background geometry

Quantum Detector
Model systems that couples to quantum fields
Operational approach to probe quantum fields
Example: Atom-Field interaction

Transition 
of detector coupled 

to a field
Field quanta  
(particles)

Upwards

Downwards

Absorption

Emission

Energy Gap E 

0

1 1

0
Excitation Deexcitation

Unruh deWitt Detector
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Some Calculational Details

Calculation

Hilbert space: HA ⊗HB ⊗HΦ ⊗HS

⇓

Initial state: |ψi⟩ = |0, 0⟩ ⊗ |0⟩F ⊗ |+⟩

|±⟩ = 1√
2
(|L1⟩ ± |L2⟩)

Interaction Hamiltonian:

Hint
D (τD) = λχD(τD)

(
σ+(τD) + σ−(τD)

)
︸ ︷︷ ︸

SU(2) ladder operator

⊗
∑
i=1,2

Φ̂[xiD(τD)]︸ ︷︷ ︸
Quantum Field

⊗ |Li⟩⟨Li|︸ ︷︷ ︸
Spacetime

where σ+(τD) = ei ΩDτD |1⟩⟨0|, σ−(τD) = e−i ΩDτD |0⟩⟨1|,
ΩD=Energy gap of detector
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Some Calculational Details

Unitary evolution:

U = T̂

[
exp

{
− i

∫
dt

(dτA
dt

)
HA(τA(t))⊗ I+ I⊗

(dτB
dt

)
HB(τB(t))

}]

Final state:
|ψf ⟩ =

∑
n

λn|ψ(n)
f ⟩ =

∑
n

Un|ψi⟩

Joint density operator of the detectors:

ρ±AB = TrΦ[⟨±|ψf ⟩⟨ψf |±⟩]

=


1− PE,A

± − PE,B
± + E± 0 0 X±

0 PE,B
± − E± C± 0

0 C∗
± PE,A

± − E± 0
X∗

± 0 0 E±

 ∼ ‘X’ state

E± = PE,A
± PE,B

± + |C±|2 + |X±|2 ∼ ϑ(λ4)
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Some Calculational Details

Transition Probability

PE,D
± =

1

4
[PL1

D + PL2

D ± 2PL1L2

D ]

PLi

D =

∫
dt dt′ηD(t)ηD(t′) e−i ΩD(τD(t)−τD(t′)) WLi

(
xD(t), xD(t′)

)
where, ηD(t) = e−

t2

2σ2

PL1L2

D =

∫
dt dt′ηD(t)ηD(t′) e−i ΩD(τD(t)−τD(t′)) WL1L2

(
xD(t′), xD(t)

)
WL(x(t), x(t′)) =

〈
0
∣∣∣ Φ̂L(x) Φ̂L(x′)

∣∣∣0〉
=

1

N
∑
n,m

γnγm
〈
0
∣∣∣ ϕ̂(Jn

0Lx) ϕ̂(J
m
0Lx

′)
∣∣∣0〉

WL1L2(x(t), x(t′)) :=
1

N
∑
n,m

γnγm
〈
0
∣∣∣ ϕ̂(Jn

0L1
x) ϕ̂(Jm

0L2
x′)

∣∣∣0〉
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Some Calculational Details

P
Li
D

= P
M
D +

σ

2
√
π

∞∑
p=1

e−p2L2
i /4σ2

pLi

[
Im

(
e
ipLiΩD erf

( ipLi

2σ
+ σΩD

))
− sin(ΩDpLi)

]

P
M
D =

1

4π

[
e
−σ2Ω2

D −
√

πσΩD erfc(σΩD)
]

P
L1L2
D

=
1

N

∑
L1n=L2m

P
M
D +

σ

2
√

πN

∑
L1n ̸=L2m

e−(L1n−L2m)2/4σ2

(L1n − L2m)

[
Im

(
e
i (L1n−L2m)ΩD erf

( i(L1n − L2m)

2σ
+ σΩD

))
− sin(ΩD(L1n − L2m))

]
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Results Transition probabilities

Comparison of transition probabilities for different
characteristic lengths

Untwisted Field Twisted Field 
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Results Transition probabilities

Comparison of transition probabilities for single and
superposed cylindrical space

Untwisted Field Twisted Field
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Results Entanglement harvesting

Measure of entanglement

Peres-Horodecki criterion:Necessary condition, for the joint density
matrix of two quantum mechanical systems to be separable

N =
∥ρΓA∥ − 1

2
=

∑
|Negative eigenvalues of ρΓA |

Conditions to produce entanglement:

|X| > PD,E , |C| >
√
E

E = PAPB + |C|2 + |X|2 → Second condition is never satisfied
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Results Entanglement harvesting

Comparison of Concurrence C = 2N for
a
σ = 0.09, L1

σ = 0.5, L2

σ = 0.9

Untwisted Field Twisted Field

a =
√
(xA − xB)2 + (yA − yB)2 + (zA − zB)2, For simplicity we consider

a = zA − zB.
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Results Entanglement harvesting

Other ongoing works

Arbitrary superposition of two spacetime states and measure of joint
density matrix in arbitrary control state

L1 L2+cos (t) sin (t)

Consider trajectory of the detectors to be also in superposed state

Consider field vacuum is also quantum controlled ↔ Gravitational
and matter degrees of freedom are coupled.

Future direction : Connection to Noncommutative geometry?
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