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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. 

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

from its earliest moments?



HilaryPutnam(1973) 

Ὄὕ XYZ

άLƴ ƛǘǎ ǇƭŀŎŜ 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 
Ϧ·¸½άΧ ¢ƘŜ ŜȄǇŜǊƛŜƴŎŜ ƻŦ ǇŜƻǇƭŜ ƻƴ 9ŀǊǘƘ ǿƛǘƘ ǿŀǘŜǊ ŀƴŘ 
that of those on Twin Earth with XYZwould be identicalΦέ

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.

Ὄὕ 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 
usingquantum Hall systems!

Tohoku University experiment group of Go Yusajust 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
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Hawkingradiation out of cosmologicalhorizon
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. 



Trans-Planckian Problems of 
Hawking Radiation and Inflationary Universe

Quantum-Classical Transition of 
Field Fluctuation in Inflationary Universe

Detection of Entanglement Structure in Early Universe

Issues the simulators can address:



0=r

Event 
horizon

Hawking 
Particle
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A precise description of the mode in the past 
regime is required for fundamental 
microscopic theories such as string theory. It 
ƛǎ ǇƻǎǎƛōƭŜ ǘƘŀǘ IŀǿƪƛƴƎΩǎ ŀǇǇǊƻȄƛƳŀǘƛƻƴ ƛǎ 
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.

Trans-Planckian Problem



Hawkingradiation out of cosmologicalhorizon
in the inflationary universe

By WMAP Science team
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Cosmological trans-Planckian problem appears.

Hawking 
radiation

Ὠί Ὠ† ὩὼὴςὌ†Ὠᴆὼ
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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.



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



Detection of Entanglement Structure in Early Universe
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Hawking 
radiation

Bekenstein-Hawking Entropy 
for Cosmological Horizon

Ryu-TakayanagiFormula?
Emergence of Spacetime 
From Quantum Information?
It From Qbit? 
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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

ά{ŀƳǇƭŜ ŜŘƎŜέΣ
gapless mode

Skipping cyclotron orbits can be viewed as a quasi-one-
dimensionalchannel. Suchan edgechannelbehaveslike a chiral
Luttingerliquid,alongwhichcurrent flowsunidirectionally.

Edge Conductive

Insulating

Landau quantization 
Far from the edge

The chiral field operator in 
terms of density field ′ὼ

Commutation relation
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Dispersion relation of 
the Luttingermodel

Top view near the sample edge

(slide by G. Yusa)

=>Chiralmasslessfield in onedimension
=>Describedby conformalfield 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 :

•ὼ =•ὺὸὼ ᶿ′ὺὸὼ
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Edge Current



III. 1+1 dimensional Cosmology 
for Expanding QH Edges



Expanding the universe in the QH edge

Bulk

Edge

άFlatǎǇŀŎŜǘƛƳŜέ 

Bulk

Edge

If this 1Dedgecanbecontrolleddynamically,
the edgemaybedescribedby (1+1)-dimensionalCFT.
=>Toymodelfor 1+1 dim universe

Hotta et al., arXiv:2202.03731 (2022).
Hotta et al., PRA (2014). Slide by G. Yusa 26
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Expanding Quantum Hall Edges 
in a Cosmology Language

Ὠί ὺὨ† ὥ† Ὠὼ

ὥ† : Scale factor

ὺΥ {ǇŜŜŘ ƻŦ άƭƛƎƘǘέ 
(charge density wave velocity)

†ȡProper time

Spacetime metric in expanding region• •

Ἐ: length of expanding region

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



Ὠί ÅØÐςɡὼȟὼ Ὠὼ Ὠὼ

ÅØÐςɡὼȟὼ : Conformal factor

ὼȟὼ : Light cone coordinatesTime

Conformally flat spacetime metric

Flat

Flat

ὼ

ὼ

Ὠί ὺὨ† ὥ† Ὠὼ

Outline:

Expanding 
region

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

Smoothly connect Regions I and II forὼ

Space

( ὺὸ)

( ὼ)

and Regions II and III forὼ

The expanding edge can be regarded as 
FLRW (FriedmannςLemaîtreςRobertsonςWalker)  metric 
Simulator in 2D dilatongravity model including 
JT (Jackiw-Teitelboim) model

Ὠί ὺὨ† ÃÏÓς‗ὺὸὨὼ

Ὑ: Curvature
Ὑ τ‗ (AdS) 
or τ‗ (dS)

FLRW metric

Ὠί ὺὨ† ÃÏÓÈς‗ὺὸὨὼ

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:
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Region II + Region III

Region II:

Region III:



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

Our Result:

Ὂ ὢ



Any expanding edge corresponds to
an expanding universe 
in one of 1+1 dilaton gravity models. 



Dilaton Field

1+1 dimensitonaldilaton gravity model as effective theory of expanding edges:

potential term

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


