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Spacetime in Superposition

• Still lack a quantum theory of gravity
• General Expectation: Spacetime superposition
• How can this be done without a theory of 

quantum gravity?
• What would a spacetime superposition “look 

like”?  How would we detect it?

UdW detector
 Ω!
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Final state
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UdW detector
à quantum dot Ω!
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single detector two detectors

response

entanglement, 
mutual 
information
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• detector motion 
• spacetime curvature
• initial field state (vacuum, thermal, coherent, etc)
• choice of quantum field (scalar, vector, …)



Quantum Controlled Detectors
Foo/Onoe/Zych

PRD 102 (2020) 085013
Foo/Onoe/RBM/Zych
PRR 3 (2021) 043056

Superposed Detector à use Quantum Control
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ĤI(⌧) = �
⇥
e
i⌦⌧

�
+ + e

�i⌦⌧
�
�⇤

NX

i=1

�i(⌧)�(zi(⌧))⌦ |ciihci|

Measure in control state 
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Superposed trajectories exhibit interference



A Superposed Detector gains information about the field!
<latexit sha1_base64="pPdhJ5mEcjxLOlze5Hgs6MyM+1U="></latexit>

� /
NX

i,j=1

Z ⌧

�1
d⌧ 0�j(⌧

0)e�i⌦⌧ 0
Z ⌧

�1
d⌧ 00�i(⌧

00)e�i⌦⌧”Wji
+ (⌧ 0, ⌧ 00)

<latexit sha1_base64="AU0CWxXJDgYMHlyit+P0s+xYXPw=">AAACCHicbVDJSgNBEO2JWxK3US+CBxuDkBwMMx5ijkEvHiOaBZIQejqdpLFnobtGjMOAFy/+ihcRRbz6Cd4EP8bOAmrig4LHe1VU1XMCwRVY1qeRmJtfWFxKptLLK6tr6+bGZlX5oaSsQn3hy7pDFBPcYxXgIFg9kIy4jmA15/Jk6NeumFTc9y5gELCWS3oe73JKQEttc7ecbQK7BulG0I9z+AD/CJ3zONc2M1beGgHPEntCMqXtm6/U7dNxuW1+NDs+DV3mARVEqYZtBdCKiAROBYvTzVCxgNBL0mMNTT3iMtWKRo/EeF8rHdz1pS4P8Ej9PRERV6mB6+hOl0BfTXtD8T+vEUK32Iq4F4TAPDpe1A0FBh8PU8EdLhkFMdCEUMn1rZj2iSQUdHZpHYI9/fIsqR7m7UK+cGZnSkU0RhLtoD2URTY6QiV0isqogii6Qw/oGb0Y98aj8Wq8jVsTxmRmC/2B8f4N4pycPA==</latexit>

P (th)� P (dS)

<latexit sha1_base64="tzRBfPguH7XnagB1LEe6THOmKUs="></latexit>

T = 
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Superposed 
Thermal

Superposed 
de Sitter

• Superposed detector separated by a distance L
• Single detector cannot distinguish between a thermal bath and 

conformal vacuum of expanding universe at same temperature
• Two detectors CAN  distinguish these two settings 
• Single superposed detector CAN ALSO distinguish these two 

settings

Gibbons/Hawking 
PRD (1979)

Foo/Onoe/RBM/Zych
PRR 3 (2021) 043056

Ver Steeg/Menicucci
PRD 79 (2009) 0440276



Superposed Detectors amplify Harvested Entanglment
Foo/Mann/Zych

PRD 103 (2021) 065013
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• Concurrence à monotonically 
increases with superposition 
distance

• Entangling term identical for both 
superposed and non-superposed 
trajectories

 
è Amplification due to interference 
terms in local transition probabilities

de Sitter Spacetime
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Lm



Schroedinger’s Cat in de Sitter Space
Superpositions of 

stationary detector 
trajectories in a single 

spacetime 

A single detector in a 
superpositions of 

diffeomorphic 
spacetimes

<latexit sha1_base64="aYJ3wJWOY1QwUEyDIzQyz9SshSc="></latexit>

| iFD =
1

2

�
Û(⇠) + Û(⇠ + L)

�
|0dSi|gi

<latexit sha1_base64="QA1dB10k+2F4nvZnYzUXAMYQfbI="></latexit>

| iiFD =
1p
2

�
|⇠i+ |⇠ + Li

�
|gi|0dSi

<latexit sha1_base64="JbbKKpp+J8ZJg8VuIvLKCu68an0="></latexit>

=
1p
2

�
I+ T̂ (L)

�
|⇠i|gi|0dSi

Detector in superposed trajectory 

superposed spacetime/field 

Time evolution
<latexit sha1_base64="JigbDFEhNymfKRtfsmXONEMJ7U8="></latexit>

Û | iiFD =
1p
2

�
Û + Û T̂ (L)

�
|⇠i|0dSi|gi

Measure 
in control 

basis
Foo/RBM/Zych
CQG 38 (2021) 
115010

Giacomini/Brukner
Quantum Sci 4 
(2022) 015601



de Sitter Spacetime

Superposed
de Sitter spacetimes

with different angular separations

Superposed 
de Sitter spacetimes

with different curvatures 

Diffeomorphic
à Equivalent 

to detector 
spatial 

(angular) 
superposition

<latexit sha1_base64="OEGezfnoK7rftW4Lg3OMp8DejhY="></latexit>

1p
2

�
Û + Û T̂ (�✓)

�
|⇠i|0dSi

<latexit sha1_base64="Uw84dmvPonEm16p6Jx3Ch/8yDS4="></latexit>

1p
2

�
Û(l1) + Û(l2)

�
|⇠i|0dSi

Not 
Diffeomorphic 
à Inequivalent 

to detector
spatial 

superposition



Angular Superposition
(diffeomorphic)

Curvature Superposition
(not diffeomorphic)

Energy Gap

De
te

ct
or

 R
es

po
ns

e Planckian
De

te
ct

or
 R

es
po

ns
e

<latexit sha1_base64="tzRBfPguH7XnagB1LEe6THOmKUs="></latexit>

T = 
2⇡

Energy Gap

<latexit sha1_base64="w88U5JMjBYLFtjgMG6WiCktCm58=">AAAB9HicbVDLSsNAFJ3UV1tfVTeCm8EiuIqJYO1GqHXjshb7gDaEyXTSDp1M4sykUEPBv3DjQhG3LvwUd4If4/Sx0NYDFw7n3Mu993gRo1JZ1peRWlpeWV1LZ7LrG5tb27md3boMY4FJDYcsFE0PScIoJzVFFSPNSBAUeIw0vP7V2G8MiJA05LdqGBEnQF1OfYqR0pJTdS9Pqm4ZXkDLPHNzecu0JoCLxJ6RfGn//jvz8FGuuLnPdifEcUC4wgxJ2bKtSDkJEopiRkbZdixJhHAfdUlLU44CIp1kcvQIHmmlA/1Q6OIKTtTfEwkKpBwGnu4MkOrJeW8s/ue1YuUXnYTyKFaE4+kiP2ZQhXCcAOxQQbBiQ00QFlTfCnEPCYSVzimrQ7DnX14k9VPTLpiFGztfKoIp0uAAHIJjYINzUALXoAJqAIM78AiewYsxMJ6MV+Nt2poyZjN74A+M9x8F7ZNJ</latexit>

RA/RB = 0.5

<latexit sha1_base64="jj6Ee9zT1NWgA+o/kWRxeVeBTvk=">AAAB9XicbVDLSsNAFJ3UV1tfVTeCm8EiuIqJQu1GqHXjshb7gDaGyXTSDp1MwsxEqaHgZ7hxoYhbwU9xJ/gxTh8LbT1w4XDOvdx7jxcxKpVlfRmphcWl5ZV0Jru6tr6xmdvarsswFpjUcMhC0fSQJIxyUlNUMdKMBEGBx0jD61+M/MYtEZKG/FoNIuIEqMupTzFSWrqpuudHVbcMz6BlFk/cXN4yrTHgPLGnJF/avf/OPHyUK27us90JcRwQrjBDUrZsK1JOgoSimJFhth1LEiHcR13S0pSjgEgnGV89hAda6UA/FLq4gmP190SCAikHgac7A6R6ctYbif95rVj5RSehPIoV4XiyyI8ZVCEcRQA7VBCs2EAThAXVt0LcQwJhpYPK6hDs2ZfnSf3YtAtm4crOl4pggjTYA/vgENjgFJTAJaiAGsBAgEfwDF6MO+PJeDXeJq0pYzqzA/7AeP8Bf+iTiQ==</latexit>

RA/RB = 0.83

<latexit sha1_base64="dj97Rp7HS1Aaq42Au36w+3Q8Bgk=">AAACBHicbVDLTsJAFJ3iC/FVdclmIpG4qi1RZGOCunGJRB4JJc10GGDCdFpmpiakYeHGX3HjQmPc+hHu/BuHx0LBk9zk5Jx7c+89fsSoVLb9baRWVtfWN9Kbma3tnd09c/+gLsNYYFLDIQtF00eSMMpJTVHFSDMSBAU+Iw1/cDPxGw9ESBryezWKSDtAPU67FCOlJc/M5qve1WnVu4aum8m7w2GMOvAS2laxcO6ZOduyp4DLxJmTHJij4plfbifEcUC4wgxJ2XLsSLUTJBTFjIwzbixJhPAA9UhLU44CItvJ9IkxPNZKB3ZDoYsrOFV/TyQokHIU+LozQKovF72J+J/XilW31E4oj2JFOJ4t6sYMqhBOEoEdKghWbKQJwoLqWyHuI4Gw0rlldAjO4svLpF6wnKJVvDvLlUvzONIgC47ACXDABSiDW1ABNYDBI3gGr+DNeDJejHfjY9aaMuYzh+APjM8ftaqU7A==</latexit>

RA/RB

= 0.625

<latexit sha1_base64="dj97Rp7HS1Aaq42Au36w+3Q8Bgk=">AAACBHicbVDLTsJAFJ3iC/FVdclmIpG4qi1RZGOCunGJRB4JJc10GGDCdFpmpiakYeHGX3HjQmPc+hHu/BuHx0LBk9zk5Jx7c+89fsSoVLb9baRWVtfWN9Kbma3tnd09c/+gLsNYYFLDIQtF00eSMMpJTVHFSDMSBAU+Iw1/cDPxGw9ESBryezWKSDtAPU67FCOlJc/M5qve1WnVu4aum8m7w2GMOvAS2laxcO6ZOduyp4DLxJmTHJij4plfbifEcUC4wgxJ2XLsSLUTJBTFjIwzbixJhPAA9UhLU44CItvJ9IkxPNZKB3ZDoYsrOFV/TyQokHIU+LozQKovF72J+J/XilW31E4oj2JFOJ4t6sYMqhBOEoEdKghWbKQJwoLqWyHuI4Gw0rlldAjO4svLpF6wnKJVvDvLlUvzONIgC47ACXDABSiDW1ABNYDBI3gGr+DNeDJejHfjY9aaMuYzh+APjM8ftaqU7A==</latexit>

RA/RB

= 0.625

calibrate 
temperatures

increasing trajectory separation

increasing curvature 
separation



Superposed detector paths in
 a single spacetime

Single detector paths in
 superposed diffeomorphic 

spacetimes
Assume spacetime superposition holds 

for non-diffeomorphic spacetimes

equivalent

Giacomini/Castro-Ruiz/Brukner et.al.
Nat.Commm 10 (2019) 494 1712.07207



Superposed Flat Spacetime

12

Superpose two cylindrically identified flat 
spacetimes è circumferences 𝑙! and 𝑙"

Not globally diffeomorphic: they differ in 
their topological scale



Static detector

13

Foo/Arabaci/Zych/RBM 
PRD 107 (2023), 045014.
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Spacetime A



14

a

a

Accelerating Detector

D
et

ec
to

r R
es

po
ns

e 
∝

 P
E

Spacetime B

Spacetime A

Goel/Patterson/Preciado-Rivas/
Torbian/RBM/Afshordi  

PRD 111 (2025) 025015 2409.06818 



Black Hole Superposition

• Can we detect a black hole in superposition?
– Complicated in general: curvature not constant
–Wightman functions are mode superpositions

• Test lab: BTZ black hole
– Constant curvature black hole
– Superpose using methods from de Sitter space



<latexit sha1_base64="J0F85o8i+CenFwRwxLFwKgh1mSs=">AAAB+HicdVDLSgMxFM3UV62Pjrp0E2wFV2VmFuN0V3DjsoJ9QDuUTJppQzPJkGSEOvRL3LhQxK2f4s6/MdNWUNEDgcM593JPTpQyqrTjfFiljc2t7Z3ybmVv/+Cwah8dd5XIJCYdLJiQ/QgpwignHU01I/1UEpREjPSi2VXh9+6IVFTwWz1PSZigCacxxUgbaWRXseBKI65hfZhOaX1k15yGY+D7sCBu4LiGNJuB5zWhu7QcpwbWaI/s9+FY4CwhXGOGlBq4TqrDHElNMSOLyjBTJEV4hiZkYChHCVFhvgy+gOdGGcNYSPNMhKX6fSNHiVLzJDKTCdJT9dsrxL+8QabjIMwpTzNNOF4dijMGtYBFC3BMJcGazQ1BWFKTFeIpkghr01XFlPD1U/g/6XoN12/4N16tFazrKINTcAYugAsuQQtcgzboAAwy8ACewLN1bz1aL9brarRkrXdOwA9Yb59qcpLs</latexit>

constant �
<latexit sha1_base64="Tazy7WHcAT+76nZcUPtjIBfDEt8=">AAAB83icdVDLSgMxFM3UV62vqks3wVZwNWSqrdNdwY3LCvYB7VAyaaYNzSRDkhHK0N9w40IRt/6MO//G9CGo6IELh3Pu5d57woQzbRD6cHJr6xubW/ntws7u3v5B8fCorWWqCG0RyaXqhlhTzgRtGWY47SaK4jjktBNOrud+554qzaS4M9OEBjEeCRYxgo2V+kQKbbAwsKzKg2IJufU6uvTqELlVhCp+zRJ0UfGrVei5aIESWKE5KL73h5KkMRWGcKx1z0OJCTKsDCOczgr9VNMEkwke0Z6lAsdUB9ni5hk8s8oQRlLZsvsX6veJDMdaT+PQdsbYjPVvby7+5fVSE/lBxkSSGirIclGUcmgknAcAh0xRYvjUEkwUs7dCMsYKE2NjKtgQvj6F/5N2xfVqbu22Umr4qzjy4AScgnPggSvQADegCVqAgAQ8gCfw7KTOo/PivC5bc85q5hj8gPP2CcbRkYE=</latexit>

constant r

<latexit sha1_base64="FYD94Kq0NhXpOAlASUvZsQHwP5U=">AAAB83icbVA9TwJBEJ3DL8Qv1NJmI5hYkTsKpCSxscREwAQuZG/Zgw17e5fdORNy4W/YWGiMrX/Gzn/jAlco+JJJXt6bycy8IJHCoOt+O4Wt7Z3dveJ+6eDw6PikfHrWNXGqGe+wWMb6MaCGS6F4BwVK/phoTqNA8l4wvV34vSeujYjVA84S7kd0rEQoGEUrDVisDFKFpIrVYbni1twlyCbxclKBHO1h+WswilkacYVMUmP6npugn1GNgkk+Lw1SwxPKpnTM+5YqGnHjZ8ub5+TKKiMSxtqW3b9Uf09kNDJmFgW2M6I4MeveQvzP66cYNv1MqCRFrthqUZhKgjFZBEBGQnOGcmYJZVrYWwmbUE0Z2phKNgRv/eVN0q3XvEatcV+vtJp5HEW4gEu4Bg9uoAV30IYOMEjgGV7hzUmdF+fd+Vi1Fpx85hz+wPn8AVukkTc=</latexit>

constant t

<latexit sha1_base64="MN48LoIf8Oexz9cNS128CP2HvNw=">AAAB9XicdVDLSgMxFL1TX7W+qi7dBIvgapiZ6rTuCm5cVrC10I4lk8m0oZkHSUYppf/hxoUibv0Xd/6NmbaKih4InJxz783N8VPOpLKsd6OwtLyyulZcL21sbm3vlHf32jLJBKEtkvBEdHwsKWcxbSmmOO2kguLI5/TaH53n/vUtFZIl8ZUap9SL8CBmISNYaemGBTRWX9d+uWKZZ3XXOXWQZVpWzam6OXFqJ04V2VrJUYEFmv3yWy9ISBbpIYRjKbu2lSpvgoVihNNpqZdJmmIywgPa1TTGEZXeZLb1FB1pJUBhIvSJFZqp3zsmOJJyHPm6MsJqKH97ufiX181UWPcmLE4zRWMyfyjMOFIJyiNAAROUKD7WBBPB9K6IDLHAROmgSjqEz5+i/0nbMW3XdC+dSqO+iKMIB3AIx2BDDRpwAU1oAQEB9/AIT8ad8WA8Gy/z0oKx6NmHHzBePwBfg5MT</latexit>

identification

<latexit sha1_base64="Ki0V2vlBbUigsVdGM13Ozhfdbkg="></latexit>

ds2 = �
✓
r̃2

l2
�M

◆
dt̃2 +

✓
r̃2

l2
�M

◆�1

dr̃2 + r̃2d�̃2

Arias-Henriques/
Gregory/Scoins

JHEP 05 (2022) 063

<latexit sha1_base64="RjEQvnD4nkSGWP1hksuUq4Oo37A=">AAAB7nicdVDLSgMxFM3UV62vqks3wSK4GjJTbZ1d0Y3LCvYB7VAyadqGZpIhyQh16Ee4caGIW7/HnX9j+hBU9MCFwzn3cu89UcKZNgh9OLmV1bX1jfxmYWt7Z3evuH/Q1DJVhDaI5FK1I6wpZ4I2DDOcthNFcRxx2orGVzO/dUeVZlLcmklCwxgPBRswgo2VWiOp2L0UvWIJuV7ZKyMfIjcIgkpQtQT55fPgDHoumqMElqj3iu/dviRpTIUhHGvd8VBiwgwrwwin00I31TTBZIyHtGOpwDHVYTY/dwpPrNKHA6lsCQPn6veJDMdaT+LIdsbYjPRvbyb+5XVSM7gIMyaS1FBBFosGKYdGwtnvsM8UJYZPLMFEMXsrJCOsMDE2oYIN4etT+D9p+q5XcSs3fql2uYwjD47AMTgFHqiCGrgGddAABIzBA3gCz07iPDovzuuiNecsZw7BDzhvnynqkCQ=</latexit>

horizon

<latexit sha1_base64="4CFfWz88J92Yu2eZ1yloioeVvN4="></latexit>

� ! �+ 2⇡
p
M

Identified AdS =  BTZ Black Hole



One Detector in Superposed 
Anti de Sitter Space Arabaci/Foo/RBM/Zych 

PRL 129 (2022) 181301



AdS BTZ =
Identified 

Rindler Ads

Superposed BTZ

The Superposed BTZ Black Hole

<latexit sha1_base64="4CFfWz88J92Yu2eZ1yloioeVvN4="></latexit>

� ! �+ 2⇡
p
M

<latexit sha1_base64="Br/nTC1j0hfBsrG82gdiuas2zEE="></latexit>

� ! �+ 2⇡
p

MA
<latexit sha1_base64="bdNkrnL8r0nDgWmU4Ve8GFUg24s="></latexit>

� ! �+ 2⇡
p

MB

<latexit sha1_base64="AJMjRrftfJiLt6VULlvzwMniYtw=">AAAB6HicdZDLSsNAFIYn9VbjrerSzWARXIUk1bQuxKIbN0IL9gJtKJPppB07uTAzEUroE7hxoYhbfRj3bsS3cdIqqOgPAz/ffw5zzvFiRoU0zXctNze/sLiUX9ZXVtfWNwqbW00RJRyTBo5YxNseEoTRkDQklYy0Y05Q4DHS8kZnWd66JlzQKLyU45i4ARqE1KcYSYXqF71C0TSOKo59aEPTMM2yXXIyY5cP7BK0FMlUPHnRj+PnN73WK7x2+xFOAhJKzJAQHcuMpZsiLilmZKJ3E0FihEdoQDrKhiggwk2ng07gniJ96EdcvVDCKf3ekaJAiHHgqcoAyaH4nWXwr6yTSL/ipjSME0lCPPvITxiUEcy2hn3KCZZsrAzCnKpZIR4ijrBUt9HVEb42hf+bpm1YjuHUzWL1FMyUBztgF+wDC5RBFZyDGmgADAi4AXfgXrvSbrUH7XFWmtM+e7bBD2lPH2sekF0=</latexit>

M
<latexit sha1_base64="vtXJ55UqQAzUoASKOhnnJ+0K2Qc=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWARXIUk1bTuat24EVq0tdCGMplO26GTSZiZCCX0E9y4UMStW//CL3Dnxm9x0iqo6IELh3Pu5d57/IhRqSzrzcjMzS8sLmWXcyura+sb+c2tpgxjgUkDhywULR9JwignDUUVI61IEBT4jFz5o9PUv7omQtKQX6pxRLwADTjtU4yUli7OuyfdfMEyj8uuc+RAy7SsklN0U+KUDp0itLWSolDZqb/T5+pLrZt/7fRCHAeEK8yQlG3bipSXIKEoZmSS68SSRAiP0IC0NeUoINJLpqdO4L5WerAfCl1cwan6fSJBgZTjwNedAVJD+dtLxb+8dqz6ZS+hPIoV4Xi2qB8zqEKY/g17VBCs2FgThAXVt0I8RAJhpdPJ6RC+PoX/k6Zj2q7p1nUaVTBDFuyCPXAAbFACFXAGaqABMBiAG3AH7g1m3BoPxuOsNWN8zmyDHzCePgAnkZFx</latexit>

MA
<latexit sha1_base64="q/99tdHpFA/4vRGIWutYM+jEt7g=">AAAB6nicdVDLSsNAFJ3UV62vquDGzWARXIU01bTuSt24EVq0D2hDmUwn7dDJJMxMhBL6CW5cKOLWrX/hF7hz47c4aRVU9MCFwzn3cu89XsSoVJb1ZmQWFpeWV7KrubX1jc2t/PZOS4axwKSJQxaKjockYZSTpqKKkU4kCAo8Rtre+Cz129dESBryKzWJiBugIac+xUhp6fKiX+vnC5Z5WnHsExtapmWV7ZKTErt8bJdgUSspCtW9xjt9rr3U+/nX3iDEcUC4wgxJ2S1akXITJBTFjExzvViSCOExGpKuphwFRLrJ7NQpPNTKAPqh0MUVnKnfJxIUSDkJPN0ZIDWSv71U/MvrxsqvuAnlUawIx/NFfsygCmH6NxxQQbBiE00QFlTfCvEICYSVTienQ/j6FP5PWrZZdEynodOogTmyYB8cgCNQBGVQBeegDpoAgyG4AXfg3mDGrfFgPM5bM8bnzC74AePpAykVkXI=</latexit>

MB



Probing a Superposed BTZ Black Hole

<latexit sha1_base64="fo0rH/kU+Q4hvlnM5QI703eCcFY=">AAACEXicbVDNS8MwHE39nPOr6tFLcAgDYbRjqHga86AXYYL7gLWUNEu3sKStSSqMsn/Bi/+KFw+KePXmzf/GrOtBNx+EPN77/Uje82NGpbKsb2NpeWV1bb2wUdzc2t7ZNff22zJKBCYtHLFIdH0kCaMhaSmqGOnGgiDuM9LxR5dTv/NAhKRReKfGMXE5GoQ0oBgpLXlm2blCnCOvcQGdeEgdFWU3PIFVJ6aOvBcqvfEaE+iZJatiZYCLxM5JCeRoeuaX049wwkmoMENS9mwrVm6KhKKYkUnRSSSJER6hAelpGiJOpJtmiSbwWCt9GERCn1DBTP29kSIu5Zj7epIjNZTz3lT8z+slKjh3UxrGiSIhnj0UJAzq3NN6YJ8KghUba4KwoPqvEA+RQFjpEou6BHs+8iJpVyv2aaV2WyvVG3kdBXAIjkAZ2OAM1ME1aIIWwOARPINX8GY8GS/Gu/ExG10y8p0D8AfG5w9QxJwV</latexit>

�B : � ! �+ 2⇡
p

MB
<latexit sha1_base64="5qMv2OAsanOdWs1xSEM6mBeS1z4=">AAACEXicbVDNS8MwHE3n15xfVY9egkMYCKMdQ8XTpge9CBPcB6ylpFm2hSVtTVJhlP0LXvxXvHhQxKs3b/43Zl0Puvkg5PHe70fynh8xKpVlfRu5peWV1bX8emFjc2t7x9zda8kwFpg0cchC0fGRJIwGpKmoYqQTCYK4z0jbH11O/fYDEZKGwZ0aR8TlaBDQPsVIackzS84V4hx59XPoREPqqDC94TGsOBF15L1QyY1Xn0DPLFplKwVcJHZGiiBDwzO/nF6IY04ChRmSsmtbkXITJBTFjEwKTixJhPAIDUhX0wBxIt0kTTSBR1rpwX4o9AkUTNXfGwniUo65ryc5UkM5703F/7xurPpnbkKDKFYkwLOH+jGDOve0HtijgmDFxpogLKj+K8RDJBBWusSCLsGej7xIWpWyfVKu3laLtYusjjw4AIegBGxwCmrgGjRAE2DwCJ7BK3gznowX4934mI3mjGxnH/yB8fkDTZqcEw==</latexit>

�A : � ! �+ 2⇡
p

MA

𝛼 𝛽<latexit sha1_base64="QpvwQLb8qor7iB3GemVZMm2F2O8=">AAAB6nicdVDLSgNBEOyNrxhfUcGLl8EgeFp2NUa9xXjxIiRoHpAsYXYySYbMPpiZFcKST/DiQRGvXv0Lv8CbF7/F2ayCihY0FFXddHe5IWdSWdabkZmZnZtfyC7mlpZXVtfy6xsNGUSC0DoJeCBaLpaUM5/WFVOctkJBsedy2nRHZ4nfvKZCssC/UuOQOh4e+KzPCFZaurzonnbzBcs8SXCAUlJKiFW0LfsQ2aY1RaG8VXtnz5WXajf/2ukFJPKorwjHUrZtK1ROjIVihNNJrhNJGmIywgPa1tTHHpVOPD11gna10kP9QOjyFZqq3ydi7Ek59lzd6WE1lL+9RPzLa0eqf+zEzA8jRX2SLupHHKkAJX+jHhOUKD7WBBPB9K2IDLHAROl0cjqEr0/R/6Sxb9ols1jTaVQgRRa2YQf2wIYjKMM5VKEOBAZwA3dwb3Dj1ngwHtPWjPE5swk/YDx9AFvwkZM=</latexit>

MA

<latexit sha1_base64="PyYQ1bBAh0Plxz2wRdMvI7zuEfk=">AAAB6nicdVDLSgNBEOz1GeMrKnjxMhgET8uuxqi3EC9ehATNA5IlzE5mkyGzD2ZmhbDkE7x4UMSrV//CL/DmxW9xNqugogUNRVU33V1uxJlUlvVmzMzOzS8s5pbyyyura+uFjc2mDGNBaIOEPBRtF0vKWUAbiilO25Gg2Hc5bbmjs9RvXVMhWRhcqXFEHR8PAuYxgpWWLi961V6haJmnKQ5RRsopsUq2ZR8h27SmKFa26+/sufpS6xVeu/2QxD4NFOFYyo5tRcpJsFCMcDrJd2NJI0xGeEA7mgbYp9JJpqdO0J5W+sgLha5Aoan6fSLBvpRj39WdPlZD+dtLxb+8Tqy8EydhQRQrGpBskRdzpEKU/o36TFCi+FgTTATTtyIyxAITpdPJ6xC+PkX/k+aBaZfNUl2nUYUMOdiBXdgHG46hAudQgwYQGMAN3MG9wY1b48F4zFpnjM+ZLfgB4+kDXXSRlA==</latexit>

MB

<latexit sha1_base64="E2xZw30vZfKp3hllFrwMu50ZkbU="></latexit>
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<latexit sha1_base64="65EeDf8bwVQ3OnhMJx46ErEJGKU=">AAAB83icdVDLSgMxFM34rPVVdekmWARXQ6a2tV0IRTcuK9gHdIaSSTNtaJIZkoxQhv6GGxeKuPVn3Pk3pg9BRQ9cOJxzL/feEyacaYPQh7Oyura+sZnbym/v7O7tFw4O2zpOFaEtEvNYdUOsKWeStgwznHYTRbEIOe2E4+uZ37mnSrNY3plJQgOBh5JFjGBjJd+nBsNL6CcCev1CEbn1Oip7dYjcCkKlWtUSdF6qVSrQc9EcRbBEs1949wcxSQWVhnCsdc9DiQkyrAwjnE7zfqppgskYD2nPUokF1UE2v3kKT60ygFGsbEkD5+r3iQwLrScitJ0Cm5H+7c3Ev7xeaqJakDGZpIZKslgUpRyaGM4CgAOmKDF8YgkmitlbIRlhhYmxMeVtCF+fwv9Ju+R6Vbd8Wy42rpZx5MAxOAFnwAMXoAFuQBO0AAEJeABP4NlJnUfnxXldtK44y5kj8APO2yfHv5Dk</latexit>

⌘ = ±1

untwisted

twisted

Arabaci/Foo/RBM/Zych
PRL 129 (2022) 181301

<latexit sha1_base64="RYEH0w8IxHGJVTS1H9x/ZC47r1o="></latexit>
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<latexit sha1_base64="Wb50vDKx95fN/IxLcuVvUpC18EY="></latexit>

W (x, x0) = h0|�(x)�(x0)|0i



<latexit sha1_base64="hY9g9bC+rqrzVHjR9Vq2gZuR42M="></latexit>

Dashed lines:p
MB/MA = (n� 1)/n

where n = {3, . . . 8}

Resonant peaks at integer 
values of  (mass ratios)1/2  !

Arabaci/Foo/RBM/Zych
PRL  129 (2022) 181301

2111.13315

Consistent with Bekenstein’s 
black hole mass quantization 
conjecture 

<latexit sha1_base64="T6wI0WqT9lrDhblCJqX5Xcl1+nQ="></latexit>

Condition on |±i = (|MAi± |MBi)/
p
2 and trace out the field



Rotating Superposed Black Holes

<latexit sha1_base64="T67MfejrrqM4+FonmjiBFeeaRKI="></latexit>
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<latexit sha1_base64="c+HjzgFNKtEkC4OfEMYOo1GM8f8="></latexit>

f = �M +
r2

`2
+

J2

4r2

Suryaatmadja/Arabaci/
Robbins/Foo/RBM/Zych
PRD 110 (2024) 066018



Response Parametrized by Energy Gap

<latexit sha1_base64="MgBxnifHZwj3VkL6dujIgU0A+k4=">AAAB9HicbVDLSgMxFL1TX7W+qi7dhBZBKNQZwcdyrBuXFewD2qFk0kwbmnmYZArD0L8Q3LhQxK0f465/Y6btQlsPXO7hnHvJzXEjzqQyzamRW1vf2NzKbxd2dvf2D4qHR00ZxoLQBgl5KNoulpSzgDYUU5y2I0Gx73Lackd3md8aUyFZGDyqJKKOjwcB8xjBSkuO6KWV2uQ8a7eTXrFsVs0Z0CqxFqRsl7qV56md1HvF724/JLFPA0U4lrJjmZFyUiwUI5xOCt1Y0giTER7QjqYB9ql00tnRE3SqlT7yQqErUGim/t5IsS9l4rt60sdqKJe9TPzP68TKu3FSFkSxogGZP+TFHKkQZQmgPhOUKJ5ogolg+lZEhlhgonROBR2CtfzlVdK8qFpX1csHq2zXYI48nEAJzsCCa7DhHurQAAJP8AJv8G6MjVfjw/icj+aMxc4x/IHx9QMfxpSs</latexit>

r+B/r+A

Resonant 
peaks at 
rational 
values of  
horizon radii!



Superposed Cosmic String
Arias/Chinga/Gauvin/RBM

(in progress)



Topological Cosmic String

<latexit sha1_base64="DOXbfVB1fYWmTspHC9AyNpsrs3k="></latexit>

�⌫ =
2⇡

N
= 2⇡(1� 4µG)

Superposition of two 
Topological Strings



Superposed 

Not-Superposed 

<latexit sha1_base64="AoU5YG3gjxpWjT+4MJG2zTtvc5w=">AAAB6nicbZC7SgNBFIbPxltcb1FLm8EgWIXdFIlNMGhjJRHNBZIlzE5mkyGzs8vMrBCWPIKNhSKW+i72NuLbOLkUmvjDwMf/n8Occ/yYM6Ud59vKrKyurW9kN+2t7Z3dvdz+QUNFiSS0TiIeyZaPFeVM0LpmmtNWLCkOfU6b/vBykjfvqVQsEnd6FFMvxH3BAkawNtbtdaXYzeWdgjMVWgZ3DvnzD7sSv33ZtW7us9OLSBJSoQnHSrVdJ9ZeiqVmhNOx3UkUjTEZ4j5tGxQ4pMpLp6OO0YlxeiiIpHlCo6n7uyPFoVKj0DeVIdYDtZhNzP+ydqKDMy9lIk40FWT2UZBwpCM02Rv1mKRE85EBTCQzsyIywBITba5jmyO4iysvQ6NYcEuF0o2Tr17ATFk4gmM4BRfKUIUrqEEdCPThAZ7g2eLWo/Vivc5KM9a85xD+yHr/AfyYkJ0=</latexit>

N = 2



Open Issues

• Other Examples
– Non-constant curvature
– Dynamics

• Hilbert Space?
– Basis of spacetime states

• Role of the Vacuum?
– Different vacua in different branches?

• Entanglement?  Mutual Information?
• Connections with other quantum gravity approaches?
• Experiments?

Sajeendran/Foo/RBM/Wang
In progress

Paczos/Foo/Zych
2406.19037



Summary
• Construction of superposed spacetimes
– superposed (identified) flat space
– curvature-superposed de Sitter
– Generalizable to other spacetimes (cosmic string)

• Mass-superposed black hole
– Response peaks at rational values of horizon ratio
– Holds for rotating black holes as well
– Consistent with Bekenstein’s Conjecture

• Provides a pathway for understanding effects 
of quantum gravitational phenomena even 
without a quantum theory of gravity!

• Can we witness this in the lab?

Arabaci/Foo/RBM/Zych
PRL 129 (2023) 181301 

2208.12083

Foo/Arabaci/Zych/RBM 
PRD 107 (2023), 045014.

Goel/Patterson/Preciado-Rivas/
Torbian/RBM/Afshordi 

PRD 111 (2025) 025015 

Suryaatmadja/Arabaci/
Robbins/Foo/RBM/Zych
PRD 110 (2024) 066018


