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Outline

Ultra-cold atoms bouncing on an oscillating mirror(s)

discrete time crystal and quasicrystal
crystalline structure in the time domain

1D 2D ND
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Single particle bouncing on the mirror

periodically oscillating mirror static mirror
system is integrable → all

trajectories are periodic orbit

H = p2

2
+ z + F (z + λf (t))

f (t) = f (t + 2π
ω )

H0 =
1

2
(3πI )3/2 , I = const

θ = Ωt + const , Ω = dH0

dI

θ ∈ [0, 2π)

θ
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Single particle bouncing resonantly on an oscillating mirror

resonant condition ω = nΩ → only resonant trajectories are periodic orbits

H = p2

2
+ z + F (z + λf (t))

H0 =
1

2
(3πI )3/2 , I = const

θ = Ωt + const , Ω = dH0

dI

θ ∈ [0, 2π)

transformation to the frame
moving along a resonant orbit
Θ = θ − ω

s
t

resonant trajectories are
stationary

averaging over the fast time
variable

e�ective Hamiltonian that
describes motion of a particle
close to a resonant orbit

He� = P2

2me�

+
∑

f−khkse
iksΘ

Arkadiusz Kuro± Time crystal phenomena in ultra-cold atoms



Single particle bouncing on an oscillating mirror

example: f (t) = cos(ωt) where ω = nΩ

laboratory frame e�ective description

H =
p2

2
+ z+F (z+λ cos(ωt)) He� =

P2

2me�

+V0 cos(nΘ)

phase space portraits (n = 3) λ ≪ 1
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Single particle bouncing on an oscillating mirror

example: f (t) = cos(ωt) where ω = nΩ

laboratory frame e�ective description

H =
p2

2
+ z+F (z+λ cos(ωt)) He� =

P2

2me�

+V0 cos(nΘ)

crystalline structure in time domain Θ = θ − ω
n
t
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Quasicrystal structure in time domain

periodic driving

f (t) =
∑

f ck cos(kωt) + f sk sin(kωt)

substitution rule B→BS and S→B

B → BS → BSB → BSBBS → BSBBSBSB → BSBBSBSBBSBBS

K. Giergiel, A. Miroszewski and K. Sacha, PRL 120 140401 (2018).
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Oscillating mirror: quantum description
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Two-dimensional temporal lattices
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Single particle bouncing between two orthogonal mirrors

static mirrors
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Single particle bouncing between two orthogonal mirrors

resonantly oscillating mirrors with frequency ω = nx,yΩx,y
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Two-dimensional temporal lattices
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Di�erent phases in two-dimensional temporal lattices
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Di�erent phases in two-dimensional temporal lattices

AK, R. Mukherjee, F. Mintert, K. Sacha, Phys. Rev. Res. 3 043203 (2021).
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Di�erent phases in two-dimensional temporal lattices

AK, R. Mukherjee, F. Mintert, K. Sacha, Phys. Rev. Res. 3 043203.
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Implementation of non-separable 2D lattice

in the time domain
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Single particle bouncing in the wedge with the angle 45◦

static mirrors
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Non-separable 2D lattice in the time domain

shaking protocols of two mirrors → lattice geometries
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Ultra-cold bosonic atoms: 2D Lieb lattice

K. Giergiel, AK, A. Kosior, K. Sacha, Phys. Rev. Lett. 127, 263003 (2021)
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N-dimensional temporal lattices

Image

Image

Image

Image

W. Golletz, A. Czarnecki, K. Sacha, AK, New Journal of Physics, 24, 093002 (2022).
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Summary

Unique platform for modelling crystalline structure in the time

domain.

Great �exibility in designing temporal N-dimensional lattice

geometries.

Comfortable platform for quantum simulations of �at band

many-body physics.
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