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 Quantum Causality

 Quantum‐Gravity Interface

 Probing Special Relativity with Entanglement

Fundamental experiments with single photons



Gate U1 acts before U2

|0〉|𝜓〉 |1〉|𝜓〉

Gate U2 acts before U1

targetcontrol

Chiribella et al, Phys. Rev. A 88, 022318 (2013)

Preparation of superimposed causal oders:
the quantum switch



Gate U1  acts before U2  and  U2 acts before U1

ሺ|0〉 + |1〉ሻ|𝜓〉

Chiribella et al, Phys. Rev. A 88, 022318 (2013)

Preparation of superimposed causal oders:
the quantum switch



ሺ|0〉 + |1〉ሻ|𝜓〉

Given U1 and U2, the task is to distinguish whether they
commute or anti‐commute.

anticommutator 

commutator 

What is it good for?

Chiribella et al, Phys. Rev. A 88, 022318 (2013)



standard quantum algorithm

Fixed order of quantum computer gates

U1

U2

Input

Causal orders for quantum computers



The actual setup

Rubino, Rozema, Feix, Araújo, Zeuner,
Procopio, Brukner, Walther

Science Advances 3, e1602589 (2017)

Procopio, Moqanaki, Araujo, Costa, Calafell, Dowd, 
Hamel,Rozema, Brukner, Walther
Nature Communication 6, 8913 (2015)

Surpassing regular QC
average success rate: 
0.976  0015



Experimental Indefinte Causal Order

Experimental aspects of indefinite causal order in quantum mechanics
L. A. Rozema, T. Strömberg, H. Cao, B.H. Liu, PW, Nature Review Physics 6, 483 (2024)



Experiments at the interface
of quantum physics and gravity



TURIS‘ big open question:

How does gravity act on quantum systems ?

more specifically: 

How does gravity act on massless quantum systems, 

including quantum entanglement?



2009  (Fomalont et al.):
gravitational lensing observerd via strong radio signals from
astrophysical sources (i.e. quasars). 

@AtsronomyMag‐Roen Kelly

1,75″

The four «classical» tests of General Relativity

1) Mercury perihelion precession 
1859 (Urbain Le Verrier) & 1882 (Simon Newcombe): 
anomalous precession of the perihelion of Mercury orbital plane

2) Light bending 
1919  (Sir Arthur Eddington), Brazil & South Africa:
total solar eclipse to confirm doubling of the deflection angles (1,75” VS 0,87”)

hatenablog.com

Philosophical Transactions of the Royal Society. 220A (571–581): 291–333.

γ ൌ 0,9998 േ 0, 0003 , ሺγீோ ൌ 1ሻ



The four «classical» tests of General Relativity

1959 (Pound and Rebka) & 1964 (Pound and Snider):
relative frequency shift of light emitted‐absorbed at different heights

3) Gravitational redshift 𝜈 ൌ 𝜈 1 െ 𝑔ℎ
𝑐ଶ

1972 (Hafele and Keating):
four Cs‐atomic clocks on plane show time dilation with 9% accuracy

2022 (Jun Ye group):
Sr atoms enable to detect gravitational‐redshift at millimeter scale (clock uncertainty 7.6 × 10−21 )

4) Shapiro Delay
1967  (Irwin Shapiro):
radio signals of roundtrip Earth‐Venus show time delay of 200 μs 

yorku.ca

NASA/JP
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Matter‐wave interferometry using neutrons
(the «famous» COW‐experiment)

∆𝜑 ൌ
𝑚
ℏ
න∆𝜙 𝑑𝑡

∆𝜙 ൌ 𝑔ℎ

Aharonov‐Bohm phase shift:

The first quantum test of gravity



Quantum optomechanics….   

Experiments at the gravity‐quantum interface
…Quantum matter waves



Newtonian gravity

Classical 
physics

Quantum 
mechanics

General relativity

17୲୦‐ 19୲୦ century  Neutrons (COW) 

Atoms/BEC

Classical test of GR 

Time dilation with clocks

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?



Experimental concepts with single photons

Satellite‐based missions

Table‐top experiments



Clocks at different heights in a gravit. field

LaserLaser

δh

g

f
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Introduction
Δɸg ~ 10‐6 rad

Gravitationally induced phase shift on a single photon
Hilweg, Massa, Martynov, Mavalavala, Walther, New J. Phys. 19, 033028 (2017)

Measuring space‐time curvature using maximally path‐entangled quantum states
Mieling, Hilweg, Walther, Physical Review A 106, L031701 (2022)

Interferometic phase‐shift due to hight difference

Philip 
Walther
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Δ𝑓/𝑓 ൌ 𝟏𝟎ି𝟏𝟔



Introduction

Δɸg ~ 10‐6 rad

Interferometic phase‐shift due to height difference

SPDC Photon source

Superconducting detectors

Quantum‐dot Photon source

Hollowcore Fibres

Limits and prospects for long‐baseline optical fiber interferometry
C. Hilweg, D. Shadmany, P. Walther, N. Mavalvala, V. Sudhir,
Optica 9, 1238 (2022)



IntroductionPassive noise stabilization in the city of Vienna

Vibration insensitive spool

new precision lab – decoupled ground floor
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Δh = 2m

ΔΦ!""#$% &- ΔΦ!"'"$% &= ε = 0

Differential measurements
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From superposition to quantum entanglement
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Tutorial: Boson behaviour of photons
Hong‐Ou‐Mandel effect

Hong, Ou, Mandel,  PRL 59, 2044 (1987) 
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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 (2004)



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



(Greek: gyros ‐ rotation, skopeein ‐ to observe )
Optical gyroscope – Sagnac interferometry

Fiber Optic Gyroscope (FOG)           



Sagnac interferometry



|𝟏⟩𝑪𝑪𝑾|0⟩𝑪𝑾

|0⟩𝑪𝑪𝑾|𝟏⟩𝑪𝑾
 𝑒𝜟𝝓𝒔

Optical Sagnac effect – single photons



|𝟐⟩𝑪𝑪𝑾|0⟩𝑪𝑾

|0⟩𝑪𝑪𝑾|𝟐⟩𝑪𝑾
 𝑒𝟐𝜟𝝓𝒔

Optical Sagnac effect – two photons N00N state



|𝟐⟩𝑪𝑪𝑾|0⟩𝑪𝑾

|0⟩𝑪𝑪𝑾|𝟐⟩𝑪𝑾
 𝑒𝟐𝜟𝝓𝒔

Optical Sagnac effect – two photons N00N state

Entanglement‐enhanced optical gyroscope
M. Fink, F. Steinlechner, J. Handsteiner, J. P. Dowling, T. Scheidl and R. Ursin

Volume 21, May 2019

N=1 N=2



Experimental scheme – fiber loop frame 



Δ𝜙ா ൌ
8𝜋𝐴 · Ωா

𝜆 𝑐

𝑆 ൌ
8𝜋𝐴
𝜆 𝑐 ൎ 38 

𝐴 ൎ 715 𝑚ଶ

𝐿 ൌ 2 𝑘𝑚 

Δ𝜙ா ൎ 2.81 𝑚𝑟𝑎𝑑 

Δ𝜙ா ൌ 𝑆 Ωா cos 𝜃  𝜃

𝜃

𝐴

𝑑 ൎ 1.4 𝑚

𝑆 Ωா ൌ 2.83 േ 0.07 𝑚𝑟𝑎𝑑
𝜃 ൌ 0.03 േ 0.33 °

∆

Δ𝜙ா௦ ൌ 2.83 േ 0. 07 𝑚𝑟𝑎𝑑

Experimental Scale factor calibration
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Quantum entanglement probing earth rotation 



𝜃 ൌ 0°, maximum Δ𝜙ா

1‐photon vs entangled 2‐photon fringes



∙

Δ𝜙ா
ሺଵሻ ൌ 2.77 േ 0.18 𝑚𝑟𝑎𝑑Single photons:

Δ𝜙ா
ሺଶሻ ൌ 5.51 േ 0.54 𝑚𝑟𝑎𝑑Two photons:

1.97

24.58 േ 1.62 ℎ
Earth’s periodicity:

Quantum entanglement probing earth rotation 

Silvestri, Yu, Strömberg, Hilweg, Peterson, Walther
Science Advances 10, eadov0215 (2024)



10ିଽΔ𝜙ௌ Δ𝜙ீோ

Outlook – probing curved space time…?



10ିଽΔ𝜙ௌ Δ𝜙ீோ

Outlook – probing curved space time…?

𝐿 ൌ 54 𝑘𝑚𝑃 ൌ 6 𝑘𝑚



Summary – Photonic Quantum Interferometry

Measurement of Earth rotation (non‐inertial reference frame)
 Sagnac phase‐shift using single‐photons and two‐photon NOON states

Measurement of general relativistic effects
 Gravitationally‐induced phase shift acting on entangled photons 

Experimental Indefinite Causal Order
 Photonic quantum switch for foundations and applications
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