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Introduction



We only have our single Universe.  
So it is difficult to collect statistics for the early era 
of the Universe. 

→ A serious obstacle to answer the big question:
How did our universe develop 

from its earliest moments?



Hilary Putnam (1973) 

𝐻2𝑂 XYZ

“In its place there is a liquid that is superficially identical, but 
is chemically different, being composed not of H2O, but rather 
of some more complicated formula which we abbreviate as 
"XYZ“… The experience of people on Earth with water and 
that of those on Twin Earth with XYZ would be identical.”

Twin Earth Thought Experiment



The twin earth can be regarded as 
a simulator of our earth! 

In the similar spirit, we are going to make 
a simulator of early universe 
using different matters.

𝐻2𝑂 XYZ



W.G.Unruh,Phys.Rev.Lett.46,1351(1981).

Bill Unruh first proposed 
a simulator of a black hole 
and its Hawking radiation 
using sound waves in 
transonic fluid flow.

Note that the observations of Hawking radiation out 
of black holes are also quite difficult.  



In order to repeatedly explore the quantum features 
of early universe, let us make universe simulators 
using quantum Hall systems!

Tohoku University experiment group of Go Yusa just started to make the simulator!



The universe simulators can explore
spacetime-dimension-independent
conceptual cosmological issues.



Expanding Universe makes the distance of two points larger in time.



Any physical object cannot return to 
inside owing to rapid expansion of 
the inflationary universe. 

Inflationary 
Universe

Any physical object cannot return 
to outside owing to strong 
attraction of black hole gravity. 

Black HoleCosmological 
Horizon



Hawking 
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Black 
Hole
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Hawking radiation out of cosmological horizon
in the inflationary universe

Hawking 
radiation

Similar to 
Black Hole!

Many people want to explore the Hawking radiation, 
but difficult in the real universe. The universe simulators 
can do that. 



〇 Trans-Planckian Problems of 
Hawking Radiation and Inflationary Universe

〇 Quantum-Classical Transition of 
Field Fluctuation in Inflationary Universe

〇 Detection of Entanglement Structure in Early Universe

Issues the simulators can address:



0=r

Event 
horizon

Hawking 
Particle

L= 𝑟𝐻

L< 𝑙𝑃𝑙𝑎𝑛𝑐𝑘

A precise description of the mode in the past 
regime is required for fundamental 
microscopic theories such as string theory. It 
is possible that Hawking’s approximation is 
incorrect and has serious discrepancy. 
However, his results appear to be correct. In 
reality, the formula for Hawking temperature 
and the BH entropy with horizon area are 
consistent with the other theoretical results 
of generalized thermodynamics and 
statistical mechanics with state counting in 
string theory. Thus, why Hawking's analysis 
works so well despite being semi-classical is a 
mystery. This is called the trans-Planckian 
problem.

〇 Trans-Planckian Problem



Hawking radiation out of cosmological horizon
in the inflationary universe

By WMAP Science team

𝑇𝐻 =
𝐻

2𝜋

Cosmological trans-Planckian problem appears.

Hawking 
radiation

𝑑𝑠2 = −𝑑𝜏2 + 𝑒𝑥𝑝 2𝐻𝜏 𝑑 Ԧ𝑥2
𝐻𝑜𝑟𝑖𝑧𝑜𝑛 𝑟𝑎𝑑𝑖𝑢𝑠 = 1/𝐻



If Hawking's prediction is correct, analog black holes also emit 
Hawking radiation, no matter what the analog black holes are 
made of. Quantum Hall analog horizons possess the magnetic 
length as the cutoff mimicking the Planck length. This phenomenon 
poses a QH analog version of the trans-Planckian problem.



〇 Quantum-Classical Transition of Field Fluctuation 
in Inflationary Universe

The accelerated expansion in the inflationary universe provides 
quantum fluctuations of the inflaton field that becomes classical 
fluctuation over the Hubble horizon scale. This primordial fluctuation 
leads to gravitational instabilities that form large-scale structures in 
our universe. However, it is not known how the quantum-classical 
transition of field fluctuation occurs. Because the details and 
mechanisms of the transition process are not known, it remains far 
from profound understanding.

Quantum fluctuation in short range Classical fluctuation in long range

1/H 1/H



〇 Detection of Entanglement Structure in Early Universe

𝑇𝐻 =
𝐻

2𝜋

𝑆𝐻 =
𝐴

4𝐺
= 𝐸𝑛𝑡𝑎𝑛𝑔𝑙𝑒𝑚𝑒𝑛𝑡 𝐸𝑛𝑡𝑟𝑜𝑝𝑦?

Hawking 
radiation

Bekenstein-Hawking Entropy 
for Cosmological Horizon

Ryu-Takayanagi Formula?
Emergence of Spacetime 
From Quantum Information?
It From Qbit? 

𝐴

arXiv:2203.02852 Hikida, Nishioka, Takayanagi and Taki
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II.  Quantum Hall Systems



The quantum Hall effect is observed in two-dimensional electron 
systems subjected to low temperatures and strong magnetic fields.
(Fig. by G. Yusa) 

Landau quantization 

Edge

Sample edge

Magnetic field B electric resistance



Quantum Hall system with edge 
is a typical topological matter.



Edge state

Skipping cyclotron orbits

Magnetic field
Bulk

“Sample edge”,
gapless mode

Skipping cyclotron orbits can be viewed as a quasi-one-
dimensional channel. Such an edge channel behaves like a chiral
Luttinger liquid, along which current flows unidirectionally.

Edge Conductive

Insulating

Landau quantization 
Far from the edge

The chiral field operator in 
terms of density field 𝜚 𝑥

Commutation relation

𝜚 𝑥 , 𝜚 𝑥′ = 𝑖
𝜈

2𝜋
𝜕𝑥𝛿 𝑥 − 𝑥′

𝐸

𝑝
𝑝𝐹−𝑝𝐹

𝐸𝐹

Dispersion relation of 
the Luttinger model

Top view near the sample edge

(slide by G. Yusa)

=> Chiral massless field in one dimension
=> Described by conformal field theory (CFT)

23

Edge Current



The deviation of surface can be effectively described by a chiral boson field.          
(Xiao-Gang Wen  1990)

Zero-point fluctuation
of electric potential at surface :

𝜑 𝑥+ = 𝜑 𝑣𝑡 + 𝑥 ∝ 𝜚(𝑣𝑡 + 𝑥)

V

Edge Current



III. 1+1 dimensional Cosmology 
for Expanding QH Edges



Expanding the universe in the QH edge

Bulk

Edge

“Flat spacetime” 

Bulk

Edge

If this 1D edge can be controlled dynamically,
the edge may be described by (1+1)-dimensional CFT.
=> Toy model for 1+1 dim universe

Hotta et al., arXiv:2202.03731 (2022).
Hotta et al., PRA (2014). Slide by G. Yusa 26

“Curved spacetime”



Expanding Quantum Hall Edges 
in a Cosmology Language

𝑑𝑠2 = −𝑣2𝑑𝜏2 + 𝑎(𝜏)2𝑑𝑥2

𝑎 𝜏 : Scale factor

𝑣: Speed of “light” 
(charge density wave velocity)

𝜏: Proper time

Spacetime metric in expanding region𝜑out 𝜑in

𝐋: length of expanding region

By changing the confinement potential in time with 
injection of additional electrons, the edge is expanded.



𝑑𝑠2 = −exp 2Θ 𝑥+, 𝑥− 𝑑𝑥+ 𝑑𝑥−

exp 2Θ 𝑥+, 𝑥− : Conformal factor

𝑥+, 𝑥− : Light cone coordinatesTime

Conformally flat spacetime metric

Flat

Flat

𝑥0

𝑥1

𝑑𝑠2 = −𝑣2𝑑𝜏2 + 𝑎 𝜏 2 𝑑𝑥2

Outline:

Expanding 
region

Hotta, et al., arXiv:2202.03731 (2022) 

Smoothly connect Regions I and II for 𝑥in
+

Space

(= 𝑣𝑡)

(= 𝑥)

and Regions II and III for 𝑥out
+

The expanding edge can be regarded as 
FLRW (Friedmann–Lemaître–Robertson–Walker)  metric 
Simulator in 2D dilaton gravity model including 
JT (Jackiw-Teitelboim) model

𝑑𝑠2 = −𝑣2𝑑𝜏2 + cos2 2𝜆𝑣𝑡 𝑑𝑥2
𝑅 : Curvature
𝑅 = −4𝜆2 (AdS) 

or +4𝜆2 (dS)

FLRW metric

𝑑𝑠2 = −𝑣2𝑑𝜏2 + cosh2 2𝜆𝑣𝑡 𝑑𝑥2

AdS

de Sitter
28

Input wave

Output wave

Slide by G. Yusa
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Region II



Region I + Region II

Region II:

Region I:

𝑥𝑖𝑛
± = 𝑥𝑖𝑛

0 ± 𝑥𝑖𝑛
1

𝑑𝑠2 = −𝑒𝑥𝑝 2Θ
𝑥+ 𝑥𝑖𝑛

+ + 𝑥− 𝑥𝑖𝑛
−

2
− 𝑙𝑛

𝑑𝑥𝑖𝑛
+

𝑑𝑥+
𝑑𝑥𝑖𝑛

−

𝑑𝑥−
𝑑𝑥+𝑑𝑥−

𝑥± = 𝑥± 𝑥𝑖𝑛
±

𝑑𝑠2 = −𝑑𝑥𝑖𝑛
+ 𝑑𝑥𝑖𝑛

−



Region II + Region III

Region II:

Region III:



We can fix this transformation using the two coordinates in Region II.

Our Result:

𝐹𝑜𝑢𝑡(𝑋)



Any expanding edge corresponds to
an expanding universe 

in one of 1+1 dilaton gravity models. 



Dilaton Field

1+1 dimensitonal dilaton gravity model as effective theory of expanding edges:

potential term

By controlling the potential term, any expanding QH edge can be described.





(1)

(2)

(3)



Integration of Eq(3) →

Subtraction of Eq(3) from Eq(1) →

(4)

(5)

Substitution of Eq(4) into Eq(5) →

Reversed relation of  Eq(4) →

Expanding edge 
information

The potential term yields the desired edge expansion!

exp(2Θ 𝑣𝑡 )



exp(2Θ 𝑣𝑡 )

Quantum Hall Edge Expansion 1+1 Dimensional Dilaton Gravity 

Early Universe Simulator!



AdS spacetime emerges.



de Sitter spacetime (inflationary universe)



“Einstein-Rosen Bridge” in de Sitter Spacetime + Two Flat Spacetimes



Traversable Untraversable
𝑆𝑚𝑎𝑙𝑙 𝐿 𝐿𝑎𝑟𝑔𝑒 𝐿

“Einstein-Rosen Bridge” in de Sitter Spacetime + Two Flat Spacetimes



𝜑out 𝑥out
+ = 𝜑in 𝐹(𝑥out

+ )

𝜑out(𝑥) 𝜑in(𝑥)

∇2𝜑 = 0





de Sitter/anti de Sitter universe 

de Sitter (𝜆 = 0.5) AdS (𝜆 = 0.5𝑖)

𝜑
o
u
t,
𝜑
in

𝜑
o
u
t,
𝜑
in

𝑥

Input wave: Gaussian 

𝐹out(𝑋) = −
𝐿

4
+

1

2 2𝜆
arcsin

1 + sin 𝜆𝐿

2
𝑒4 2𝜆𝑋 − 1 − sin 𝜆𝐿

2

1 + sin 𝜆𝐿

2
𝑒4 2𝜆𝑋 + 1 − sin 𝜆𝐿

2

𝑥 denots 𝑥in
+ and 𝑥out

+ for 𝜑in and 𝜑out, respectively.

𝑥

𝐹𝑖𝑛
−1 𝑥 =

1

4 2𝜆
ln

1 + sin 2𝜆 2𝑥 − 𝐿
2

1 − sin 2𝜆 2𝑥 − 𝐿
2

×
1 + sin 𝜆𝐿

2

1 − sin 𝜆𝐿

2
𝐹(𝑥) = 𝐹𝑖𝑛

−1 𝐹out(𝑥)

𝜑out 𝑥out
+ = 𝜑in 𝐹(𝑥out

+ )

𝜑in

𝜑outRedshift

𝜑out 𝜑in

Blueshift

𝜑in 𝑥 ≔ 𝑎 exp −
𝑥 − 𝑏 2

2𝑐2

45

Hotta, et al., arXiv:2202.03731 (2022) 

cos2
cosh2

Slide by G. Yusa
45



Cosmological horizon features in de Sitter case: 



Output wave form in de Sitter case

Analog- Trans-Planckian Region



Hawking radiation emission out of the cosmological horizon in QH edge system











Hawking radiation out of Region II



QH edge mimics a quantum field 
in a curved spacetime.

Interestingly, there is a possibility that 
the QH edge is also described by
a quantum gravity model. 



Edge fluctuation as quantum matter in 1+1 dim classical spacetime

න𝐷𝜑 exp(𝑖𝑆𝑔 [𝜑])

𝜑(𝑥)

Quantum superposition 
of field configurations
in a fixed background spacetime



Can the same edge be regarded as a  1+1 dim quantum gravity system? 

න𝐷𝑔 exp 𝑖𝑆 𝑔 ?

𝛿𝑔𝜇𝜈(𝑥)

Superposition of quantum spacetimes
in 1+1 dimensions

What kind of quantum gravity theory?

(In progress.)



IV. New Condensed Matter Physics 
from Expanding Edge Experiments



Study of expanding edges open a new physics of quantum Hall systems. 

Accessible issues:

(1)This experiment can determine whether conformal symmetry 
of edge currents survives or not. (Chern-Simon + edge effective theory?)

(2) This experiment can determine whether interaction 
of edge excitations appears or not. (Free field theory?)

(3) This experiment can determine whether bulk-edge interaction   
appears or not. (Do gapped bulk excitations interact edge excitations?)



Quantum Energy Teleportation (QET) Experiments 
using Quantum Hall Edges

Zero-Point Energy Physics of Quantum Hall Systems



intpozeroE −

You may feel that zero-point energy of 
quantum fields is saved in a locked safe 
under your ground … Inaccessible Free 

Energy…
…Huh…

Unable to use by local operations



AE

BE−

Measurement Point

BE+

Quantum Energy Teleportation (Hotta, 2008)

Announcement of 
measurement result

Local operation
dependent on
measurement result

Distant measurement of 
zero-point Fluctuation
at B

Local operation and classical communication allow extraction of zero-point energy 
in the entangled vacuum state!

Measurement 
result

Measurement 
energy cost:

Negative energy
allowed in QM

BA EE 



Recently, an experiment result of finite-temperature version of 
QET has been reported using nuclear magnetic resonance.



We are able to perform direct observation of teleported 
energy for the vacuum state using the QH edge!
Long-distance QET is possible using expanding edges.

63



Summary

We have started creating quantum universe simulators 
made of QH edges. Conceptual cosmological issues 
including Hawking radiation, trans-Planckian problem, 
and quantum-classical transition of field fluctuation 
can be studied in the experiments. The expanding edge 
currents will be explored to open a window of new QH 
physics.


