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I) Non-local quantum detection of 

spacetime features: summary of 

results



A few words about quantum detectors

… to provide operational meaning to particle 

detection in curved spacetime.

• Standard UdW model (Unruh – 76 & de Witt – 79)

W

• Switching function 

• Gaussian

• compact support (with the same integral profile

• fast switching (delta coupling)



A few words about quantum detectors

• Probability of excitation:

where W is the Wightman function of the field -

evaluated along the detector’s trajectory:

• Response function



A few words about quantum detectors

• Entanglement harvesting (upon considering 

several detectors)

• Going beyond the pointlike detectors

• However, smeared detectors are “non-local” and  

violate covariance (due to the ambiguity in the 

time-ordering operation)

E. Martin-Martinez, T. Rick Perche, B. Torres, PRD 101 

(2020) 045017; PRD 103 (2021) 2; 025007. 

• Real detectors have finite size, helps to regularize 

UV divergences, and directly connects to algebraic 

QFT (Schlicht 03, Louko & Satz 06,…)

(imposes restrictions on the motion of detector, limitations 

on curvature, ….)



Detection of “non-local” spacetime features

• A. Smith, R.B. Mann, Looking inside a black hole, CQG 31 (2014) 
082001; Arxiv:1309.4125.

• E. Martin-Martinez, A. Smith, D. Terno, Spacetime structure and 
vacuum entanglement, PRD 93 (2016) 4, 044001; Arxiv:1507.02688.

• K. Ng, R.B. Mann, E. Martin-Martinez, The equivalence principle and 
QFT: Can a particle detector tell if we live inside a hollow shell? PRD 
94 (2016) 104041; Arxiv:1606.06292.

• J. Bicak, W. Cong, DK, R.B. Mann, Quantum detection of inertial 
frame dragging, PRD 103 (2021) 024027; Arxiv:2009.10584.

• W. Cong, J. Bicak, DK, R.B. Mann, Quantum detection of conicity, 
Phys. Lett. B 820 (2021) 136482; Arxiv:2103.05802

• F. Gray, DK, T. May, S. Timmerman, E. Tjoa, Quantum imprints of 
gravitational shockwaves, JHEP 11 (2021) 054; Arxiv:2105.09337.



II) Inertial Frame dragging

https://heasarc.gsfc.nasa.gov/docs/xte/Greatest_Hits/frame.html



Lense-Thirring spacetime (1918) 

J=aM

rotating body

• Spacetime outside a slowly rotating body

• Approximate (linear in a) vacuum solution of EE

• Linear in a approximation to Kerr (1963)

• Encodes gravitomagnetic effects



Frame dragging (gravitomagnetism)

= general-relativistic effect due to the motion (in 

particular rotation) of matter and gravitational waves, 

analogous in a way to electromagnetic induction.  

• Already in the weak field approximation

• Einstein & geodesic equations then yield

Moved from electrostatics 
to electrodynamics



Frame dragging (gravitomagnetism)

• Lens-Thirring (1918) (slowly rotating body)

• Frame dragging inside the 
hollow shell

J

rotating body
Bg

• “radially infalling geodesic” 
experiences “Coriolis type force”

(spacetime outside is dragged 
along the rotation of the body) 



Rotating gravitational waves and shells

• W. Barker, T. Ledvinka, D. Lynden-Bell, J. Bičák, Rotation of inertial 
frames by angular momentum of matter and waves, CQG 34 (2017) 20, 
205006; Arxiv:1710.10360.

• J. Bičák, J. Katz, T. Ledvinka, D. Lynden-Bell, Effects pf rotating 
gravitational waves, Phys. Rev D85 (2012), 124003; Arxiv:1207.2957.



Frame dragging (gravitomagnetism)

• Existence of a BH ergosphere

J

Example of extremal frame 
dragging: particle inside the 
ergosphere has to corotate 
with the black hole

• Astrophysical applications

• Bardeen-Petterson effect – aligning of the 
accretion disc along the black hole spin axis



The Gravity Probe B Experiment

Everitt; et al. "Gravity Probe B: Final Results of a Space Experiment 
to Test General Relativity". Phys. Rev. Lett. 106 (22): 221101 (2011)

https://physics.aps.org/articles/v4/43



III) Quantum detection of inertial 

frame dragging: Toy model



Toy model for quantum detection of 
frame dragging

• Interior of shell: flat & dragged with 
respect to distant stars

Rotating shell

• Place (inertial) UdW inside: can it 
detect the rotating shell and the frame 
dragging? 

• J. Bicak, W. Cong, DK, R.B. Mann, Quantum detection of inertial 
frame dragging, PRD103 (2021) 024027; Arxiv:2009.10584.

• Yes – in time scales that are classically 
impossible!

LT spacetime



Slowly rotating shell

• Outside – Kerr to O(a)…..no horizon, no ergosphere

• Inside

• Manifestly flat!

• Dragged w.r.t distant stars 

• Israel’s junction conditions 

determine shell’s energy 

momentum tensor – perfect fluid



flat

perfect fluid rigid 
spherical shell

Kerr to O(a)

R

Observers corotating with the interior at        
are inertial (dragged by the shell)

Slowly rotating shell



Scalar field

(to linear order in a – expansion in spherical harmonics)

• Inside – spherical Bessel functions

• Outside – given numerically

• Solution continuous across the shell, but 

its derivatives are not:

• Has to be properly normalized w.r.t the 

Klein-Gordon inner product 



UdW detector

• Switching function - compact support:



UdW detector

where W is the Wightman function of the field (in distant 

star vacuum) - evaluated along the detector’s 

trajectory:



UdW detector

• We consider the inertial (rotating w.r.t. distant 

stars) detectors inside the shell: 

• Response function



Results: non-rotating shell vs. Minkowski

• Response function



Results: rotating vs. non-rotating

• Response function



Problem

• Spacetime is a vacuum solution of EE only to O(a)

• The effect is at O(a^2)  (due to sum over m)

• For small              
the higher order in a 

corrections should be small.

Alternatives
1) Kinematic effect – consider non-vacuum (analogue) 

spacetimes      

H. Pfister & K Braun, Induction of correct centrifugal force in a rotating 
mass shell, CQG 2 909 (1985)
H. Pfister, Rotating mass shells with flat interiors, CQG 6 487 (1989). 

• No longer spherical/rigidly rotating 

• No separation of variables possible – need full numerics

2) Use exact shells to higher-orders in a    



Alternatives
3) Use cylinders

• Exact to any order in a & trivially separable

• Prize to pay: fall off at infinity – use concentric & 

counter-rotating cylinders (see Davies et al 96)

flat
inner 
cylinder

(dragged)

outer cylinder 
(counter-rotating)

J. Bicak, W. Cong, DK, R.B Mann, Quantum detection of conicity,  Arxiv:2103.05802. 



IV) Further generalizations



Further generalizations
So far, we recovered some spacetime features by 

performing a local measurement with a quantum probe. 

• M. Saravani, S. Alanveigi, A. Kempf, Spacetime curvature in 

terms of scalar field propagators, PRD93 (2016) 4, 045026.

• A. Kempf, Replacing the notion of spacetime distance by the 

notion of correlation, Front. In Phys. 9 (2021) 247; 

Arxiv:2110.08278.

• T. Rick Perche, E. Martin-Martinez, Geometry of spacetime from 

quantum measurements, PRD 105 (2022) 6, 066011.

• T. Rick Perche, A. Shalabi, Spacetime curvature from ultra rapid 

measurements of quantum fields, PRD 105 (2022) 125011. 

Full geometry of spacetime can be reconstructed from 

local measurements of quantum particle detectors. 



Further generalizations
Idea:

• Penetrate spacetime with an array of quantum 

probes

• Measure their correlations and recover from 

here the Wightman function

• The metric then given by the coincidence limit:

What it means:

Can replace classical rulers and clocks of Einstein’s 

relativity with quantum probes – in scales where the 

former no longer make sense.

(independent of field state)



Summary

1) Quantum probes can be used to locally detect many 
(global) spacetime features.

2) Inertial frame dragging (IFD) is one of the fundamental 
predictions of GR that has only recently been observed by 
classical observations (Gravity Probe B). 

3) We provided a toy example (of a slowly rotating shell) for 
quantum detection of IFD – using the UdW detector.

4) This is possible due to “vacuum thermalization” -- the 
detector is locally inertial (in flat space). The detection is 
local -- can occur on time scales much shorter than by the 
classical light signal travelling to the shell and back.   



Summary

5) The results can be extended to arbitrary order in rotation 
parameter by i) using cylinders (work in progress) ii) 
employing “flat spherical shells” iii) considering analogue 
spacetimes. 

6) More generally, quantum probes can recover the full 
spacetime geometry – in scales where the classical rulers 
and clocks no longer make any sense.

7) Taking this one step further we arrive at:

• E. Tjoa and F. Gray, Modest holography and bulk 

reconstruction in asymptotically flat spacetimes, 

Arxiv:2204.13133. 


