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TURIS‘ big question:

How does gravity act on quantum systems ?

This subquestion: 

How does a photon feel time? How do entangled photons feel time?



Newtonian gravity

Classical 
physics

Quantum 
mechanics

General relativity

17th- 19th century 
Neutrons (COW) 

Atoms/BEC

Classical test of GR 

Experiments at the gravity-quantum interface ?

How does gravity act on massless quantum systems, including quantum entanglement?

Photonic
quantum 
systems

And what was done so far?

None of the experiments performed to-date show unique signatures of general 
relativity and quantum mechanics in a single experiment! 



1) Gravitational redshift 
Einstein predicted the gravitational redshift of light

as a  direct consequence of the equivalence principle in 1907.
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light
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Two «classical» tests of General Relativity involving 
light

In 1924 Eddington pointed out that 
that this effect might be measured 
in the spectral lines of a white 
dwarf star, which has a very high 
density and gravitational field.

Redshift

Sirius B (Adams, 1925) ~ 𝟏𝟗 𝑘𝑚/𝑠

40 Heridani B (Popper, 1952) ~ 𝟐𝟏 𝑘𝑚/𝑠

Sirius B (Greenstein et al, 
1971)

𝟖𝟗 ± 𝟏𝟗 𝑘𝑚/𝑠

Sirius B (Hubble ST, 2005) 𝟖𝟎, 𝟒 ± 𝟒, 𝟖 𝑘𝑚/𝑠
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Source (emitter)
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1) Gravitational redshift 

𝐸𝛾= ℎ𝜈𝑒

ℎ𝜈𝑒=14,4 kev
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1) Gravitational redshift 
Einstein predicted the gravitational redshift of light

as a  direct consequence of the equivalence principle in 1907.

𝜈𝑟 = 𝜈𝑒 1 −
𝑔ℎ

𝑐2

In 1972 Hafele and Keating brought four cesium-beam atomic 
clocks aboard of a Boeing 747. They flew twice around the world and 
ones comparing the clocks with a reference clock placed on Earth, they 
confirmed gravitational time dilation with a 𝟗% accuracy.
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1) Gravitational redshift 
Einstein predicted the gravitational redshift of light

as a  direct consequence of the equivalence principle in 1907.

𝜈𝑟 = 𝜈𝑒 1 −
𝑔ℎ

𝑐2

In 1976 a rocket flight with a hydrogen powered maser (atomic clock) on 
board was launched to a height of 10,000 km. Comparing its rate with an 
identical clock on the ground, in 1979, Vessot, Levine et al confirmed 
gravitational time dilation with a 𝟕 ∙ 𝟏𝟎−𝟓 accuracy (Gravity Probe A).

104 km

In 1972 Hafele and Keating brought four cesium-beam atomic 
clocks aboard of a Boeing 747. They flew twice around the world and 
ones comparing the clocks with a reference clock placed on Earth, they 
confirmed gravitational time dilation with a 𝟗% accuracy.
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The success of failure: 
Doresa (GSAT0201) 
and Milena 
(GSAT0202)
Soyuz launch in August 
2014

33 cm

v =10 m/s
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Two «classical» tests of General Relativity involving 
light

1) Gravitational redshift 
Einstein predicted the gravitational redshift of light

as a  direct consequence of the equivalence principle in 1907.

𝜈𝑟 = 𝜈𝑒 1 −
𝑔ℎ

𝑐2

In 2010 Chou et 
al detected ?
reported ? time 
dilation at 
different 
gravitational 
potentials due to 
a change in 
height near 
Earth’s surface of 
less than 1 meter.

33 cm

v =10 m/s



2) Shapiro effect
In 1962 Irwin Shapiro suggested that, by sending some strong radio signals to Venus, when it is in opposition to 
the Earth and the Sun, one could observe a time delay effect of 𝟐𝟎𝟎 μs when measuring the round-trip travel 
time of the radar beam bouncing off Venus surface. 

In 1964, with the 120 foot Haystack antenna in Westford, Shapiro 
and his team began plans to carry out the experiment. 
The experiment first took place from November 1966 until August 
1967. The delay was measured by Shapiro with 10% accuracy 

yorku.ca

Two «classical» tests of General Relativity involving 
light
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Two «classical» tests of General Relativity involving 
light

Newer versions of this experiment work with 
transponders on space probes. Thus with the Viking 
Mars probe of 1979 the predictions were confirmed 
to an accuracy of 1%. 
In 2003, with the space probe Cassini an accuracy of 
𝟏, 𝟐 ∙ 𝟏𝟎−𝟓 was achieved.

NASA/JPL-
Caltech)



But:

• This was all classical physics

• What about quantum physics?



Matter-wave interferometry using neutrons

(the «famous» COW-experiment)

∆𝜑 =
𝑚

ℏ
න ∆𝜙𝑔 𝑑𝑡

∆𝜙𝑔 = 𝑔ℎ

Aharonov-Bohm phase shift:

The first quantum test of Newtonian gravity



Measuring Airy functions (2002);

qBounce (2015)

Neutrons and Newtonian gravity



Neutron interferometry revisited in 2020

The first quantum test of Newtonian gravity



Atomic fountains (1999)



Atomic fountains (2022)



So far all quantum experiments can be explained by 
the Schroedinger equation with a Newtonian 
potential

No Newtonian model when photons are used



Photonic quantum interferometry:

a quantum version of the Shapiro? Gravitational

Redshift? experiment



Photons at different heights in a gravit. field

LaserLaser
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Phase shift:

∆𝜑 =
2𝜋𝑐∆𝑡

𝜆
=

2𝜋𝐿𝑔ℎ

𝜆𝑐3

Time delay:

∆𝑡 =
𝐿𝑔ℎ

𝑐3

∆𝜑 =
2𝜋𝐿𝑔ℎ

𝜆𝑐3

Gravitational interferometry for single photons



Gravitational interferometry for single photons

∆𝜑 =
2𝜋𝑛𝐿𝑔ℎ

𝜆𝑐2

• Maxwell equations for a gravitating waveguide
predict the following a change of the wave
vector:



∆𝜑 =
2𝜋𝑛𝐿𝑔ℎ

𝜆𝑐2
= 𝟏𝟎−𝟒 𝑟𝑎𝑑

L = 𝟏𝟎𝟎 𝑘𝑚

h = 𝟏 𝑚

Gravitational interferometry for single photons
• The gravitational interaction changes the wave vector according to:

𝛿𝛽 =
2 𝜔2𝑛2𝑔 𝛿ℎ

𝑐4 𝛽
≈ 1.3 𝑥10−9 /𝑚 R Beig et al 2018 Class. Quantum Grav. 35 244001

• To get a measuarable signal, the arms of the interferometer need to be of the order of L =100 km:

Δϕ = δβ L ≈ 10-4 rad

h



Δ𝑓/𝑓 = 𝟏𝟎−𝟏𝟕∆𝜑 = 𝟏𝟎−𝟓 𝑟𝑎𝑑 ∆𝜑 =
2𝜋𝑛𝐿𝑔ℎ

𝜆𝑐2
= 𝟏𝟎−𝟒 𝑟𝑎𝑑

L = 𝟏𝟎𝟎 𝑘𝑚

h = 𝟏 𝑚

Gravitational interferometry for single photons
• The gravitational interaction changes the wave vector according to:

𝛿𝛽 =
2 𝜔2𝑛2𝑔 𝛿ℎ

𝑐4 𝛽
≈ 1.3 𝑥10−9 /𝑚 R Beig et al 2018 Class. Quantum Grav. 35 244001

• To get a measurable signal, the arms of the interferometer need to be of the order of L =100 km:

Δϕ = δβ L ≈ 10-4 rad

• Corresponding to a strain sensitivity of   
∆𝐿

𝐿
≈ 10−16.

• Photon loss in 100km fiber: 20dB (= 1% transmission rate). h



Many challenges in real-world scenario

• fiber thermal noise

• systematic errors

• seismic noise 

• acoustic noise

• laser noise

• dispersion

• Nonlinear effects

o self-phase modulation

o stimulated Raman scattering

o stimulated Brillouin scattering

o etc.Δ𝑓/𝑓 = 𝟏𝟎−𝟏𝟕∆𝜑 = 𝟏𝟎−𝟓 𝑟𝑎𝑑



Gravitational interferometry for single photons

Δ𝑓/𝑓 = 𝟏𝟎−𝟏𝟕∆𝜑 = 𝟏𝟎−𝟓 𝑟𝑎𝑑

▪ Stabilization scheme

𝑔



From superposition to quantum entanglement



Gravity effects on quantum entanglement

Path-entangled photon pairs
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▪ Mach-Zehnder setup

▪ N-input particles (photons) are propagating either along mode a or b 

▪ |N>a|0>b or |0>|N>b which is called N00N-state

▪ Oscillation of interference fringes is proportional to N
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Gravity effects on quantum entanglement

Path-entangled photon pairs

Walther et al.
Nature 429, 158 (2002)
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Phase shift:

∆𝜑 =
2𝜋𝑐∆𝑡

𝜆
=

2𝜋𝐿𝑔ℎ

𝜆𝑐3

Time delay:

∆𝑡 =
𝐿𝑔ℎ

𝑐3

∆𝜑 =
2𝜋𝐿𝑔ℎ

𝜆𝑐3

Gravitational interferometry for single 
photons/pairs of photons



Main effect (3 orders of magnitude): Earth 
rotation

file:///C:/Users/Piotr Chrusciel/Documents/prace/waveguides/talks/2021 Penn State/Penn State May 2021.pdf


1st generation experiments: 
measurement of Earth‘s rotation using quantum light

a.k.a: quantum Sagnac gyroscope
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Impression from the real experiment
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Quantum interference probing earth rotation 



First results with continuous light



Gravitational waves?



Next steps

• rotation of Earth and single photons (source broke …)

• rotation of Earth and entangled photons (next year?)

• varying h and classical light 

• varying h and single photons

• varying h and entangled photons

• Measuring the response of quantum light to spacetime curvature with a 
satellite experiment



Measuring curvature?





Team: Photonic Gravity-Quantum Experiment
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Thank you!


