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Motivation

Context: quantum physics in the presence of external gravitational fields

Ongoing efforts to demonstrate gravitationally-induced quantum interference

• Matter-wave interferometry (Colella et al. 1975; Kasevich & Chu 1992; Sorrentino
et al. 2012) – Newtonian gravity suffices

• Optical interferometry (Zych et al. 2012; Hilweg et al. 2017) – beyond Newtonian
desciption, but insensitve to gravity gradients

So far: no experimental realisation of quantum interference, where the phase shift is
explicable only using general relativity

1/16



Schematics
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Single Photons
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â

b̂

â
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Photon Pairs
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Photon Pairs
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â
out

b̂
out

7/16



Photon Pairs
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Setup

Static space-timemetric

g = −c2N(x)2dt2 + hij(x)dx
idxj

Riemann curvature

R0i0j = c2N∇i∇jN Rijkl = Rijkl

Gordon’s optical metric

g̃ = −c2(N(x)/n(x))2dt2 + hij(x)dx
idxj

Lagrangian

L[F ] = −1
4 g̃

abg̃cdFacFbd L[φ] = −1
2 g̃

ab(∇aφ)(∇bφ)
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Setup

Neglecting polarisation degrees of freedom, consider scalar quantum field operator

φ̂(t,x) =

∫
dω√
2ω

[â(ω)e−iωtuω(x) + â†(ω)e+iωtūω(x)]

Mode functions satisfy

(n/N)∆(uωN/n) + (nω/cN)2uω = 0

Normalisation gives standard commutation relation

[a(ω), a†(ω′)] = δ(ω − ω′)

Vacuum state |0⟩

â(ω) |0⟩ = 0
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Phases and Beam Splitters

First approximation: eikonal equation

ϕ(xB) = ϕ(xA) +

∫
γ

nω

cN
k̂idx

i

Beam splitter coupling at x∗:

1

2

3

4

φ̂3(t,x∗) = T φ̂1(t,x∗) +Rφ̂2(t,x∗)

φ̂4(t,x∗) = Rφ̂1(t,x∗) + T φ̂2(t,x∗)

|T |2 + |R|2 = 1 T̄ R+ R̄T = 0

(
â†1(ω)ū1,ω(x∗)

â†2(ω)ū2,ω(x∗)

)
=

(
T R
R T

)(
â†3(ω)ū3,ω(x∗)

â†4(ω)ū4,ω(x∗)

)
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Quasi-Schrödinger Picture

Themode-couplings can be realised by unitary transformations ÛBS and Ûϕ:

ÛBS |0⟩ = |0⟩ Ûϕ |0⟩ = |0⟩

ÛBSâ
†Û †

BS =
1√
2
(a† + ib†) ÛBSb̂

†Û †
BS =

1√
2
(b̂† + iâ†)

T = 1/
√
2

R = i/
√
2

Ûϕâ
†Û †

ϕ = a†e−iϕ′
Ûϕb̂

†Û †
ϕ = b̂†e−iϕ′′
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Mach-Zehnder Interferometer

Consider single modes and symmetric beam splitters

|ψ⟩ = |1, 1⟩ = a†b† |0⟩
ÛBS |ψ⟩ = i

2(a
†a† + b†b†) |0⟩ = i√

2
(|2, 0⟩+ |0, 2⟩)

ÛϕÛBS |ψ⟩ = i√
2
(e−2iϕ′ |2, 0⟩+ e−2iϕ′′ |0, 2⟩)

ÛBSÛϕÛBS |ψ⟩ = i
2
√
2
(e−2iϕ′ − e−2iϕ′′

)(|2, 0⟩ − |0, 2⟩)− 1
2(e

−2iϕ′
+ e−2iϕ′′

) |1, 1⟩

Probability of finding both photons in the samemode

p = 2
∣∣∣ i
2
√
2
(e2iϕ

′ − e2iϕ
′′
)
∣∣∣2 = 1

2(1− cos(2∆ϕ))

Compared to coherent states or single photons: doubled fringe frequency

The intermediate state 1√
2
(|2, 0⟩+ |0, 2⟩) is a special case of a maximally

path-entangled “NOON” state 1√
2
(|N, 0⟩+ |0, N⟩).
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Sensitivity to Curvature

Previous proposals for NOON-state interferometry: redshift (Anastopoulos & Hu 2021),
frame dragging (Brady & Haldar 2021), PPN parameters (Rivera-Tapia et al. 2021)
assumed linear dependence of∆ϕ ∝ ∆h.

Linear dependence∆N ∝ ∆h is explicable using the weak equivalence principle:
N = 1 + gz/c2 and hij = δij is flat space-time.

Excess probability

δp = p− p̃

−GM⊕/(R⊕+h)

potential
const.+ gh

potential
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Sensitivity to Curvature
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Figure 1: Excess probability, δp, for single photons and NOON states with wavelength
λ = 1500 nm, spectral with δλ = 1 nm, and arm length l = 100 km.
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Conclusion

Optical NOON-state interferometry experiments at sattelite altitudes…

• are beyond a Newtonian description of gravity

• are sensitive to gravity gradients

• simultaneously demonstrate signatures of quantum physics and general relativity
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