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Create particles from energy

Einstein (1905)

E = mc2
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Quantum mechanical entanglement

von Neumann / Schrödinger  
(1930s)

The spin of this 
particle is up with 
50% probability.

Quantum mechanics:  
The two particles can  
only be described together, not separately.  
They are entangled .

This particle has 
opposite spin  
(to add up to zero)

Physics Nobel Prize:  
[Aspect/Clauser/Zeilinger (2022)]

https://www.nobelprize.org/prizes/physics/2022/summary/
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Quantum mechanical entanglement

von Neumann / Schrödinger  
(1930s)

The spin of this 
particle is up with 
50% probability.

Quantum mechanics:  
The two particles can  
only be described together, not separately.  
They are entangled .

This particle has 
opposite spin  
(to add up to zero)

| ↑ ⟩| ↓ ⟩ | ↓ ⟩| ↑ ⟩+

Physics Nobel Prize:  
[Aspect/Clauser/Zeilinger (2022)]

https://www.nobelprize.org/prizes/physics/2022/summary/
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Quantum mechanical entanglement

“Spooky action at a 
distance.” 
Einstein in letter to 
Max Born (1947)

von Neumann / Schrödinger  
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They are entangled .

This particle has 
opposite spin  
(to add up to zero)
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Wormholes
[Einstein/Rosen (1935)]

[Stranger Things, Youtube]

https://journals.aps.org/pr/abstract/10.1103/PhysRev.48.73
https://youtu.be/iLu8ykvfuNw
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Holography (AdS/CFT)

[Maldacena (1998)]

The world as a hologram: 

[Ammon/Erdmenger (2015)]

[’t Hooft (1993)]

[Susskind (1995)]

Remember 3D shark? 
Now imagine 4D!

https://doi.org/10.4310/ATMP.1998.V2.N2.A1
https://www.cambridge.org/core/books/gaugegravity-duality/16CCA2E431B24AEF1B51B0F9C5BE755E
https://arxiv.org/abs/gr-qc/9310026
https://doi.org/10.1063/1.531249
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[Maldacena (1998)]

The world as a hologram: 

3D screen3D blue shark 3D red shark

4-dimensional 
shark 
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mathematically corresponds to 
a theory of 4D space plus time (4D cinema)

Our 3D quantum mechanical world (3D screen)

[Ammon/Erdmenger (2015)]

[’t Hooft (1993)]

[Susskind (1995)]

Remember 3D shark? 
Now imagine 4D!
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Holography: entangled pair 
corresponds to wormhole

[Maldacena/Susskind (2013)]

https://arxiv.org/abs/1306.0533
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Spacetime is created by 
quantum entanglement

https://doi.org/10.1126/science.aay9560
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Experiment: Simulation on Quantum Computer
[Jafferis et al.; Nature (2022)]

Comment criticizing this experiment: [Kobrin/Schuster/Yao; preprint (2023)]

Examine spacetime with “quantum glasses”.
[www.quantamagazine.org]

https://doi.org/10.1038/s41586-022-05424-3
https://arxiv.org/abs/2302.07897
https://www.quantamagazine.org/physicists-create-a-wormhole-using-a-quantum-computer-20221130/
http://www.quantamagazine.org
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Our Experiment: Black Hole on Electrical Circuit
[Dey, Chen, Kaminski, Thomale, Erdmenger, et al.; preprint (2024)]

[Lenggenhager, Thomale et al., 
Nat. Commun. (2022)]

https://arxiv.org/abs/2404.03062
https://doi.org/10.1038/s41467-022-32042-4
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Our Experiment: Black Hole on Electrical Circuit
[Dey, Chen, Kaminski, Thomale, Erdmenger, et al.; preprint (2024)]

Realize the wormhole 
and entangled pair 
simultaneously

Model black hole on 
electrical circuit board

Testing holography in 
the lab

[Lenggenhager, Thomale et al., 
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Wormhole in Würzburg
[Google Maps]

Welz-
Haus

https://maps.app.goo.gl/rDPAA4H9HHSRYJ1DA
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APPENDIX



Quantum mechanics in the lab  
    (entanglement on quantum computer)  
can explain the origin of space and time 
    (wormhole in holographically dual gravity)

[Van Raamsdonk; Science (2020)]

[Jafferis et al.; Nature (2022)]
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Geometric picture: three faces of minimal surfaces
[Cartwright,Kaminski; JHEP (2021)]

horizon

2) Emergent spacetime: [Van Raamsdonk; Science (2020)]
     1) Entanglement entropy: [Ryu,Takayanagi; JHEP (2006)]

3) Fine-grained entropy: [Almheiri et al.; Rev.Mod.Phys. (2021)]

black hole interior

Page curve 
(fine-grained S)

➡ Entanglement = Spacetime
[Van Raamsdonk; Gen.Rel.Grav. (2010)]

(UV)

(IR)

R
G

-s
ca

le

https://arxiv.org/abs/2107.12409
https://doi.org/10.1126/science.aay9560
https://doi.org/10.1126/science.aay9560
https://doi.org/10.1126/science.aay9560
https://arxiv.org/abs/gr-qc/9310026
https://arxiv.org/abs/2006.06872
https://arxiv.org/abs/1005.3035
https://arxiv.org/abs/1005.3035
https://arxiv.org/abs/1005.3035
https://arxiv.org/abs/1005.3035
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Entropic c-function increases in thermal state

in thermal state

➡ c-function increases in thermal state (violates c-theorem?)  

➡ constant in vacuum of CFT (c-theorem valid) 

➡ IR limit: thermal entropy

[Cartwright,Kaminski; JHEP (2021)]

in vacuum state

[Zamolodchikov; JETP Lett.(1986)]
[Komargodski,Schwimmer; (2011)]

[Cardy; Phys.Lett.B(1988)]
[Osborn; Phys.Lett.B(1988)]

[Casini,Huerta; Phys.Lett.B (2004)]

[Nishioka,Takayanagi; JHEP (2007)]

[Myers,Sinha; JHEP (2011)]

a4 = β4
ℓ3

H2

∂Sa

∂ℓ

H:   IR-regulator 
:   known constantβ4

https://arxiv.org/abs/2107.12409
https://arxiv.org/abs/1107.3987
https://doi.org/10.1016/0370-2693(88)90054-8
https://doi.org/10.1016/0370-2693(89)90729-6
https://arxiv.org/abs/hep-th/0405111
https://arxiv.org/abs/hep-th/0611035
https://arxiv.org/abs/1011.5819

