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Simulated experiments : time crystals
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described (in 1D approximation and in the frame oscil-
lating with a mirror and in the so-called gravitational
units) by the following quantum Hamiltonian (Buchleit-
ner et al., 2002),

H = �1

2
@2
z
+ V (z) + �z cos(!t), (21)

where V (z) = z for z � 0 and V (z) = 1 for z < 0.
In the frame oscillating with a mirror, the position of
a mirror is fixed (at z = 0) but the gravitational con-
stant depends periodically on time. In the absence of
the mirror oscillations (� = 0) all classical trajectories
of a particle are periodic with a period increasing with
the energy of the particle. When mirror oscillations are
turned on, classical motion becomes irregular but some of
periodic orbits survive. They are stable resonant orbits
living in regular parts of the classical phase space. There
is 1:1 resonant orbit where a particle moves periodically
with a period equal to the period of the mirror oscilla-
tions T = 2⇡/!. There exist 2:1 resonant orbit where a
particle bounces on a mirror with a period twice longer
than that of the oscillations as well as higher order res-
onances s : 1. Switching to the quantum description, a
motion of a particle is described by Floquet eigenstates.
It may be surprising but classical-like motion of a particle
on resonant orbits can be also observed in the quantum
world. For example, suitable choice of parameters results
in a Floquet eigenstate that is represented by a localized
wave-packet moving periodically along 1:1 resonant or-
bit. This is an example of the so-called non-spreading
wave-packet motion that was discovered more than 20
years ago (Bialynicki-Birula et al., 1994; Buchleitner and
Delande, 1995; Delande and Buchleitner, 1994; Henkel
and Holthaus, 1992; Holthaus, 1995; Zakrzewski et al.,
1995) for a review see (Buchleitner et al., 2002).

We will focus on the 2:1 resonance case (Sacha, 2015b).
A single localized wave-packet moving along classical 2:1
resonant orbit cannot form a Floquet eigenstate because
it moves with a period twice longer than T . However, a
superposition of two such wave-packets that move with
the period 2T but after T exchange their positions can
form a proper Floquet eigenstate and indeed there ex-
ists such a state, see Fig. 2. Two localized wave-packets
can actually form two mutually orthogonal superposi-
tions. Therefore, there exist two Floquet eigenstates,
u1(z, t) and u2(z, t), consisting of two localized wave-
packets moving along the 2:1 resonant trajectory. The
eigenstates u1(z, t) and u2(z, t) correspond to nearly de-
generate (modulo !/2) quasi-energies E2�E1 = !/2+J .
A tiny splitting J is related to a tunneling process. By
superposing u1(z, t) and e�i!t/2u2(z, t) we can eliminate
one of the two localized wave-packets. The remaining
wave-packet evolves along 2:1 resonant trajectory but at
the same time slowly tunnels to a position of the other
missing wave-packet — the full tunneling process is com-
pleted after a period ⇡/J which is very long as compared

T

0

0.03

0

0.03

0

0.03

si
n
g
le

 p
ar

ti
cl

e 
p
ro

b
ab

il
it

y
 d

en
si

ty
0

0.03

0 10 20
z

0

0.03

t=0

t=T/2

t=T

t=3T/2

t=2T

FIG. 3 Left panel: schematic plot of a system of N atoms
bouncing on an oscillating mirror and prepared in a many-
body Floquet state (24). Each of two atomic clouds moves
with a period 2T but they exchange their positions after time
T so that the entire Floquet state is periodic with a period T .
Right panel shows time evolution of the corresponding single
particle probability density (25) for N = 104, g0N = �0.5,
! = 1.1 and � = 0.06. Reprinted and adapted from (Sacha,
2015b).

to T . It is worth noting that in order to observe the de-
scribed resonant behaviour, the resonant condition does
not need to be strictly fulfilled. That is, if the resonance
condition corresponds to an unperturbed classical orbit
with a sufficiently high energy, in the quantum descrip-
tion the nearest in energy unperturbed quantum states
will form the Floquet eigenstates that we look for. In
other words small changes of the driving frequency ! do
not change the behaviour and no fine tuning is necessary
because the motion of localized wave-packets is protected
by local constants of motion related to regular parts of
the classical phase space (Buchleitner et al., 2002).

When we consider N particles bouncing on an oscillat-
ing mirror we observe a similar behaviour if particles are
bosons and they do not interact. That is, in the Hilbert
subspace spanned by Fock states |n1, n2i, where n1 and
n2 = N � n1 are numbers of particles occupying single
particle Floquet states u1 and e�i!t/2u2, respectively, the
lowest quasi-energy eigenstate corresponds to |N, 0i. In
order to describe particles interacting via �-contact po-
tential one has to consider the following many-body Flo-
quet Hamiltonian

HF =
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Experiments

Rydberg crystal in Stuttgart levitated nano-sphere in Vienna



The status

theory developed and 
tested in simulations

control in experiment :

optical double-well potential
cooling of nano-sphere
circular Rydberg states
Rydberg crystals

TheBlinQC.org

http://theblinqc.org

