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Time crystals are nonequilibrium phases of matter characterized by the emergence of temporal
ordering, in which an interacting many-body system develops robust structure in its time evolution
that is not trivially dictated by the external driving or environment. While related phenomena have
long been studied in classical nonlinear systems, their realization in entangled quantum matter rep-
resents a distinct frontier. The theoretical understanding of discrete time crystals has substantially
advanced, yet recent experiments using modern quantum devices and quantum processors reveal
regimes beyond established paradigms. These developments call for an extended classification of
time-crystalline phases according to both their stabilization mechanisms and their physical char-
acter, including discrete and continuous, closed and open, critical, topological, quasiperiodic, and
controlled realizations. We review recent implementations of time crystals on quantum platforms
and propose such a classification framework, identifying promising directions for the discovery of
novel time-crystalline phases of matter.

I. INTRODUCTION

The original idea of employing quantum devices as universal simulators [1, 2] has motivated a rapid development
in the field of quantum technologies in recent years, putting on a firm footing the capabilities brought by quantum
devices to study nature at its most fundamental level. Even though currently available quantum devices are still
susceptible to noise [3], impressive experimental achievements in the field of quantum simulation [4–7] have opened
up the possibility to explore interesting quantum phenomena employing a range of different platforms [8–11] where
quantum advantage with respect to classical simulation is expected [12, 13]. The maturation of various different
technologies for quantum devices has motivated further interest in the study of dynamics of many-body quantum
systems [14, 15], in particular whether traditional concepts used in the definition of equilibrium phases of matter can
be generalized to the out-of-equilibrium realm.

A nonequilibrium phase of matter that has received considerable attention in recent years is that of time crystals
(TCs) [16]. While these systems have attracted an impressive amount of attention from a theoretical point of view,
the possibility of implementing and observing time-crystalline behavior on current quantum devices has made these
systems one of the most promising potential applications for the near-term use of quantum technologies.

A. Aims and scope

Time crystals have established themselves as an independent research field that has experienced a massive growth,
receiving input from both theory and experiments. On the theory side, this has resulted in a number of reviews
on the subject [17–22], which focus mostly on discrete time crystals. However, the increasing diversity of time-
crystalline phases, differing both in their physical character and in their stabilization mechanisms, indicates that a
unified picture of time-crystallinity is still emerging. In this review, we therefore do not aim to provide an in-depth
theoretical introduction to the topic. Instead, based on the recent advances and extensions of the concept, we provide
a classification of the different types of time crystals that have been identified to date and provide an overview of
their implementation on different quantum hardware.

We focus on experimental realizations of time crystals that have been implemented exclusively on quantum devices,
i.e. platforms that require a description by quantum mechanical laws. A genuine quantum mechanical time crystal
requires that the system under study, and the device, contain a minimal, nonzero amount of entanglement. Including
entanglement as a resource [23] establishes a direct connection with the fields of quantum information theory and
quantum computing. Thus, we deliberately leave out cases concerning the simulation of classical systems by digiti-
zation of their equations of motion, because in this case, the system under study does not contain any entanglement
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and can in principle be simulated efficiently with a classical computer. At the same time, we include systems that
are genuinely quantum mechanical in the sense of requiring entanglement for their physical description, even when
their macroscopic dynamics admit an effective classical field theory or semiclassical description, thereby separating
the notion of intrinsic quantumness from that of classical simulability.

The review is organized as follows. In Sec. II, we give a basic introduction to the theory of time crystals and their
early proposals. We also provide a classification of time crystals based on their different stabilization mechanisms,
providing an outline of both experimentally observed and outstanding cases. In Sec. III, we briefly present the different
quantum platforms currently available for quantum simulation, addressing their individual advantages and limitations
for implementing time crystals. Sec. IV reviews experimental results of time crystals on quantum devices, outlining
current challenges based on their classification. In Sec. V, we give a broad outlook on the outstanding theoretical
proposals to realize time crystals on quantum devices, arguing which of these show stronger potential for immediate
implementations. In Sec. VI, we conclude the review.

II. GENERAL THEORETICAL CONCEPTS
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Figure 1: Schematic view of a DTC breaking the discrete symmetry of the drive. While the drive oscillates with
period T , the system displays subharmonic motion with period 2T . Time crystal phases can be stabilized through
different mechanisms. Prethermal DTCs require large frequencies Ω ≫ J above some characteristic energy scale of
the system J , usually from initially ordered (low temperature) states. In contrast, MBL-DTC is characterized by
the system displaying subharmonic motion starting from random (high temperature) initial states, with the drive
and the MBL phase coexisting. Some genuinely many-body quantum systems, such as Bose-Einstein condensates

(BECs), display time crystal behavior under periodic driving and dissipation to a bath with some effective coupling
Γ. In these cases, the stabilization mechanism is commonly described by effective classical theories (ECTs) or rather

few-body descriptions involving mean-field approaches.

A. Early works on spontaneous time translation symmetry breaking

Time crystals were conceptualized as the time analog of ordinary spatial crystals. Roughly speaking, a time crystal
is a macroscopic many-body system in perpetual periodic motion with a different period than the one governing
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its equations of motion [24]. Among other properties, time crystals develop long-range order [17–19, 22, 25, 26]
(LRO) along the temporal dimension of the space-time manifold, retaining infinitely long-lived memory about distant
time events. The underlying mechanism of time crystal formation is that of spontaneous time translation symmetry
breaking (SτB), where the state of the macroscopic system, be it classical or quantum [16, 27, 28], breaks any temporal
symmetries governing its equations of motion.

The idea of SτB was originally developed in the context of ground states of macroscopic systems [16], with early
proposals suggesting that time crystals could be experimentally observed under equilibrium conditions using a trapped-
ion quantum device [29]. Soon after, the possibility that SτB takes place under equilibrium conditions became a subject
of debate [30–33], given that for isolated systems SτB challenges the second law of thermodynamics. These early
objections were further supported by important no-go results showing that for local Hamiltonians no spatiotemporal
LRO can emerge under equilibrium conditions [34], i.e. if a system experiences SτB, then the system must be out of
equilibrium.

A generic example is a system that is driven by a T -periodic Hamiltonian, i.e., a system with a discrete time
symmetry. The important distinction arises when the response of the system is observed. If a discrete symmetry
is spontaneously broken resulting in a correlated response of the system with the drive that is a multiple of T , i.e.,
nT, n ∈ {2, 3 . . . }, then SτB takes place in a discrete fashion, and one talks about discrete time crystals (DTCs), see
Fig. 1. In frequency space, the system responds at a subharmonic frequency which is in clear correlation with the
underlying periodicity of the drive.

Subharmonic response alone, however, is not sufficient to establish a DTC. A time-crystalline phase should addition-
ally display rigidity of the subharmonic frequency against perturbations of the drive, robustness over a finite region
of parameter space and a lifetime that diverges in the thermodynamic limit. This distinction is particularly impor-
tant for finite-size quantum processors, where period doubling can occur as a transient response without constituting
spontaneous breaking of discrete time-translation symmetry.

The DTC is the clearest manifestation of SτB under nonequilibrium conditions. In a different fashion, SτB can
take place with the system presenting a somewhat uncorrelated response with the drive. This occurs mostly if the
drive is characterized by some relevant energy scales and the system responds oscillating with a frequency completely
unrelated to those energy scales. Another relevant scenario occurs in continuously pumped systems, for instance
when an amplitude-varying wave field is employed as a drive. In that case, the drive is no longer periodic due to the
continuous amplitude ramping, but the system can eventually respond by oscillating with a well-defined frequency.

These last two scenarios are related to the notion of a continuous time crystal (CTC). In the latter, it is argued
that a continuous time symmetry is broken; however, the definition of a continuous time symmetry in this case is
somewhat challenging, as the system evolves under nonequilibrium conditions and generically possesses a complex
dynamical structure without a continuous translational symmetry in time. The former scenario is somewhat easier
to identify: if no correlation exists between the response of the system and the drive, we cannot identify the system
as a DTC, even if the broken symmetries are discrete ones. These considerations hint at a more flexible time crystal
classification beyond the current DTC/CTC dichotomy.

Another aspect of time crystals is that they never reach equilibrium because the system keeps finding itself indefi-
nitely in repetitive periodic motion. Thus, for isolated systems, time crystals challenge the conventional understanding
of equilibrium and thermalization inherited from statistical mechanics principles. For a time crystal, fundamental
thermodynamic concepts like ergodicity and entropy are expected to display unconventional behavior compared to
generic systems following the standard statistical mechanics paradigm.

Therefore, to understand the physics of time crystals, we need to address the causes leading to stabilization of
time-crystallinity in macroscopic quantum systems. Moreover, we will see that there is a sharp distinction between
time crystals occurring in the presence of an external environment (open) and those completely isolated from the
environment (closed). The latter case is identified with time crystals that can be realized perfectly on ideal (noise-
free) quantum computers, with the system undergoing purely unitary dynamics. For the former, some degree of
dissipation is necessary to allow non-unitary evolution in the system in order to realize time crystal behavior.

B. Ergodicity and thermalization in closed quantum systems

Consider an isolated quantum system prepared in some initial state |ψ0⟩ belonging to a macroscopically large Hilbert
space. The state evolves under a generic time-dependent Hamiltonian H(t) from an initial time t0 until a final time
t (using units with ℏ = 1):

|ψ(t)⟩ = T̂ e−i
∫ t
t0

dτH(τ)|ψ0⟩, (1)

where T̂ is the time-ordering operator. What is the expected long-time behavior of the system?



4

In the absence of an extensive number of symmetries, an analogy with the ergodic hypothesis for classical systems
can be drawn at the level of the Hilbert space: we expect for sufficiently long times that any state will be visited
at equal rates, i.e. all states become equally likely [35, 36]. Intuitively, this occurs due to the absence of energy
conservation, and the fact that the system continuously absorbs energy from the drive in all possible configurations
and cannot dissipate this energy to any external environment. The result is that in the long-time limit, the system
is driven towards an infinite temperature state, maximizing its entropy [37]. This generic view in the quantum case
establishes an analogy with the second law of thermodynamics of classical systems.

A different but related situation occurs when the system evolves on its own under a time-independent Hamiltonian,
eventually approaching equilibrium. If in the long-time limit the values of local observables coincide with those
predicted by an appropriate statistical equilibrium ensemble, it is said that the system has thermalized [38–40]. If
the initial configuration |ψ0⟩ is chosen to have support in the eigenbasis of H in the interval ∆E = [E − δE,E + δE],
from Eq. (1) any long-time average of a local observable Ô yields:

lim
t→∞

1

t

∫ t

0

dt′⟨ψ(t′)|Ô|ψ(t′)⟩ ≈
∑

ε∈∆E

|⟨ε|ψ0⟩|2⟨ε|Ô|ε⟩. (2)

Given that for a macroscopic system energy level separation scales as δε ∼ exp(−kN) for some constant k, there
are exponentially many contributions in the ensemble average and thus statistical fluctuations in the eigenstates are
expected to be negligible [41]. This results in having equivalent contributions in the weights |⟨ε|ψ0⟩|2, yielding the
microcanonical ensemble average. The above is known as the Eigenstate Thermalization Hypothesis [42–44] (ETH).

Systems following the ETH are frequently identified as ergodic [45, 46]. The ETH is not a universal description for
the late time evolution of generic isolated quantum systems. There are mechanisms by which an isolated quantum
system might fail to display ergodic behavior, normally due to the existence of an extensive number of internal
or emergent symmetries. Examples in this category concern integrable systems [47], or non-interacting, disordered
systems showing signatures of Anderson’s localization [48, 49].

C. Ergodicity breaking mechanisms in driven closed quantum systems

By definition, a time crystal cannot satisfy the ergodic hypothesis. Due to its infinitely long-lived periodic motion,
the system does not populate all available microstates at equal rates, but only those configurations that repeat within
a single periodic cycle. Thus a mechanism is required to circumvent the ergodic hypothesis for a time crystal.

Generalizing the concept of off-diagonal long-range order to SτB, there are two basic defining requirements common
to any definition of a time crystal: (i) the system presents SτB in the thermodynamic limit in some local order
parameter, (ii) it is a many-body system described by a Hamiltonian containing sufficiently short-ranged interactions.
Thus, in accordance with (ii), the following discussion applies to interacting systems.

It should be stressed that additional supporting conditions defining a many-body quantum time crystal have been
put forward in detail in the literature [17–19, 34]. Proposals for time crystals that fall outside this paradigm have
also gained considerable attention in recent years, opening the requirements to include systems hosting long-range
interactions [50], topological order [51], time quasi-crystals [20] or even disordered but structured drives [52]. All these
cases have in common the presence of at least one ergodicity breaking mechanism leading to time crystal behavior.

An important set of problems where different ergodicity breaking mechanisms have been clearly identified concerns
periodically driven quantum systems and DTCs [53, 54]. Due to the periodic symmetry, the dynamics in these systems
are governed by the single-period Floquet operator,

UF (T, 0) := T e−i
∫ T
0

dτH(τ) = e−iHFT , (3)

where HF is the Floquet Hamiltonian, i.e. the Hermitian operator generating the unitary UF (T, 0). Since the
Hamiltonian is explicitly time-dependent, energy is not a conserved quantity in these systems. However, the eigenstates
of HF can be associated with quasi-energies uniquely defined up to mod 2π

T , establishing a close connection with
systems evolving under a stationary, effective Hamiltonian. Even for time-dependent Hamiltonians H(t) hosting
short-range interactions, HF is generically nontrivial and usually involves long-range interactions.

The long-time dynamics of generic periodically driven systems are well understood [55–58] and follow the set of
arguments exposed in Sec. II B for ergodic behavior, although exceptions in the thermodynamic limit have been
reported to occur in certain models [59–64]. Due to the presence of quasi-conserved quantities, it is not surprising
that some periodically driven systems can actually behave in a non-ergodic way in the long-time limit. In general
terms, there are two main escape routes to avoid the ergodic fate: (i) Prethermalization taking place in systems driven
at very high frequencies [40, 65–75], and (ii) periodically driven systems hosting strong spatial disorder [58, 76–78].
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Prethermalization in periodically driven systems occurs when the driving frequency Ω = 2π
T is very large compared

to the intrinsic energy scales of the system [65, 70]. In such cases, the dynamics of the system are governed by a
time-independent, quasi-local, effective Hamiltonian [79] that approximates the true Floquet Hamiltonian HF up to
exponentially long times, such that energy absorption in the system is suppressed [70] by the large drive frequency
Ω. As a result, after all transient behavior has died out, the dynamics of the system enter a prethermal phase
lasting for exponentially long times. If in addition the effective Hamiltonian contains an emergent symmetry below
a certain critical temperature Tc, a suitably chosen symmetry broken initial state corresponding to T < Tc leads to
SτB and the emergence of a prethermal DTC [69]. There is the possibility to realize prethermal time crystal behavior
without spontaneous symmetry breaking in the effective Floquet Hamiltonian, but rather through the emergence of
a global, long-lived U(1) symmetry in the system that approximately commutes with the effective Hamiltonian [73].
In this scenario, not only low-temperature initial states display nontrivial dynamics under periodic driving, but also
high-temperature initial states that explicitly break the U(1) symmetry.

For disordered systems, the generalization of Anderson’s localization phenomenon to interacting systems is known
as Many-Body Localization (MBL) [39, 80–82], and is widely believed to be an ergodicity breaking mechanism in
low-dimensional systems even for non-periodic systems. The MBL phase is characterized by an emergent, extensive
number of conserved quantities (the so called “l-bits" [39, 82, 83]). In simple terms, localization introduces an extensive
number of quasi-local conserved quantities in the system, leading to an effective integrability that breaks ergodicity.
Although rigorous results on MBL for one-dimensional spin chains exist [84], the question of the stability of the MBL
phase in the presence of small ergodic patches (quantum avalanches) is still an ongoing topic of research [85–87].

In the presence of a periodic drive, systems hosting an MBL phase avoid rapid energy absorption in a different
way than systems experiencing prethermalization. Remarkably, if SτB takes place at any point, this proves to
be independent of the initial configuration of the system (contrary to the prethermal case, where the choice of
the initial state clearly dictates the appearance of SτB) [88]. This situation manifests in the so called many-body
localized discrete time crystal (MBL-DTC), where the existence of an MBL phase is the responsible mechanism for
the ergodicity breaking under periodic driving [53, 54, 89]. This form of ergodicity breaking mechanism emerges due
to the presence of robust eigenstate order in the localized phase [25, 90–92], making the MBL-DTC independent of
the initial configuration.

Even though the above mechanisms are considered to be central for witnessing ergodicity breaking dynamics in
periodically driven systems, exceptions exist. The first is that of observed time crystal behavior in disordered dipolar
ensembles [93]. One of the main features of these time crystals is that their spatiotemporal correlations decay rather
algebraically, in contrast to the MBL-DTCs (where correlations do not decay) or prethermal DTCs (where correlations
decay exponentially slow with the driving frequency). Although these systems are highly disordered, sufficiently long-
range interactions are expected to induce delocalization effects [94, 95], which in principle rules out the existence of
MBL in these systems. Prethermalization is also ruled out occur, since the initial state is not a low-energy eigenstate of
the effective prethermal Hamiltonian. Instead, what occurs is that an interplay between disorder-induced localization
tendencies and delocalization effects from long-range interactions takes place, giving rise to a critical time crystal [96]
hosting power-law decaying correlations.

The second exception has to do with driven systems whose underlying dynamics is based on effective classical theories
(ECTs) or few-body descriptions. This situation is expected in time crystals emerging from periodically driven Bose-
Einstein condensates [97]. In these systems, dynamics can be generally understood by an effective classical description
in the thermodynamic limit where the Kolmogorov-Arnold-Moser (KAM) theorem applies, or where the governing
equation of motion becomes a periodically-driven version of the Gross-Pitaevskii equation (GPE) [22]. Alternatively,
an effective low-energy theory of these systems admits a two-boson mode description [97]. A curious fact is that SτB
can occur when the number of particles tends to infinity while the effective number of degrees of freedom remains
finite, as in mean-field or few-mode descriptions [98], with numerical results supporting this claim [99].

D. Stabilization mechanisms in open periodically driven quantum systems

Contrary to the case of periodically driven systems described by unitary dynamics, the concept of ergodicity is not
clearly defined in the presence of an external environment. The effect of the environment in the system dynamics is
frequently modelled as stochastic noise, whose Markovian [100] or non-Markovian [101, 102], nature depends on the
problem at hand.

The quantum dynamics of a system coupled to a Markovian environment are generally described by the Lindblad
equation, which assumes that the reduced dynamics of the system are memoryless, i.e. the future evolution depends
only on the present state. This is the case we will limit ourselves to, given that most up-to-date time crystal models
on open quantum systems have considered the Markovian case [103], although time crystals in the context of non-
Markovian noise have also been theoretically explored [104]. For periodically driven systems coupled to dissipative
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environments, contrary to the closed system scenario it is expected that Floquet heating does not pose a problem
because the absorbed energy from the drive can leak into the environment [105]. This energy leak into the environment
can lead to stable time-crystal behavior, through the analogy of a limit-cycle in the dynamics.

Indeed, even in the MBL-DTC, which is considered to be the most stable and robust closed time crystal, any
coupling to an external environment will generally result in the absence of DTC behavior [106]. This result is in
accordance with arguments questioning the stability of the MBL phase in the presence of a dissipative environment,
although different approaches to circumvent this problem have been proposed [107–112].

An alternative route to witness time crystal behavior in open quantum systems is to turn to the high-frequency
regime, which can host prethermalization and emergent discrete symmetries of the associated Floquet operator that
remain robust in the presence of dissipation. In this regime, coupling to an environment can indeed enhance the
time crystal response in the weak coupling limit [113], until stronger coupling to the environment kills SτB. This
competing effect scenario is reminiscent of the critical time crystals previously discussed, but now the competing
mechanisms are the coupling to an environment and the presence of very large driving frequencies. The result is
a DTC with exponentially-decaying correlations, with lifetime depending non-monotonically on the coupling to the
environment. There remains the question of whether there are steady states for which SτB is preserved indefinitely,
as in the MBL-DTC for closed systems.

In contrast to the case of closed quantum systems, the question reduces to whether the system equilibrates towards
a steady state that explicitly presents signatures of SτB [114]. This is the leading mechanism behind the so called
boundary time crystals [115] (BTCs), where in the thermodynamic limit, the system evolves towards a steady state
where only a reduced portion of the Hilbert space presents SτB (breaking the continuous symmetry of time translation
in that region).

III. QUANTUM PLATFORMS

Here we give a summary of the current platforms employed for realizing quantum time crystals. Many of these
platforms also serve as computing platforms that rely on digital, analog, or hybrid approaches. However, it should be
noted that not all of them are suitable to perform computation tasks, e.g. dissipative BECs are limited in this regard.

Quantum devices based on superconducting (SC) qubits created from Josephson junctions have become increasingly
active in recent years, promoted in part by their fast industrial development [116–121]. Their favorable scalability to
a large number of qubits and fast measurement rates have put SC qubits at the vanguard of research in the field of
quantum simulation, even though qubit coherence times and overall noise reduction of these devices is still an ongoing
topic of research.

Trapped ions were originally proposed as one of the first quantum platforms [122] to perform quantum compu-
tation [123] and simulation [6, 124, 125]. Since then, these devices have seen remarkable progress in their develop-
ment [126–129]. One of the main characteristics of these platforms is that they present long coherence times resulting
from controlled isolation of the qubits. Ions remain confined using strong electromagnetic fields (Paul traps), and
provide a versatile platform to achieve arbitrary couplings between the qubits through controlled laser or microwave
pulses addressing different energy levels. Main research on trapped-ion devices focuses on reducing measurement
times and on finding efficient scalable approaches.

Neutral atoms [130–133] are also very promising platforms for the simulation of quantum time crystals. In these
systems, the atoms are laser cooled and their levels are addressed in order to encode qubits, which are entangled with
one another using Rydberg states. These platforms offer promising scalability, flexibility in how qubits are locally
addressed or non-locally coupled, and potential to transport entangled qubits in arbitrary geometries.

Solid-state devices based on nitrogen-vacancy (NV) centers were experimentally realized as quantum registers [134–
136], and are now being actively used for quantum simulation [137, 138]. In these devices, a 14N vacancy sits between
13C diamond cells, with devices operating at room temperature. During single-qubit operations, the electron spin on
the NV is optically addressed to an excited state, which in turn induces a hyperfine level splitting in one proximal
nuclear spin.

Photonic quantum computing [139, 140] platforms are currently in development[141]. The resilience of photons
against external noise makes them ideal candidates for the processing and transmission of quantum information
employing linear optics elements. However, these devices suffer from scalability issues, as well as from difficulties in
generating entangled operations employing photons. This can be circumvented by coupling the photons strongly to
matter using resonators and Kerr non-linear optical microcavities [142, 143].

Alternative platforms are also being actively developed and explored for quantum simulation and for realizations of
time crystals. Examples include quantum dots on semiconductor structures [144–146], electron–nuclear spin systems in
semiconductors [147] and cold atoms platforms coupled to a radiation field [148], as well as platforms of Bose-Einstein
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condensates (BEC) [149, 150] and magnon condensates in superfluid Helium [151]. These have become highly relevant
to realize a variety of time crystals, especially in the presence of dissipation.

Another platform recently employed for realizing time crystal behavior is based on spin-maser devices [152, 153],
where self-driven oscillatory systems employ feedback schemes to compensate losses due to decoherence, thus main-
taining the overall periodic motion over large atomic ensembles.

Recent years have also seen an impressive advance in the development of platforms capable of performing uni-
versal quantum computation beyond qubits by exploiting higher-dimensional quantum systems, whose basic unit of
information is the qudit. These platforms comprise a varied number of different physical setups, including trapped-
ions [154, 155], superconducting circuits [156–158], ultracold molecules [159], photonic circuits [160], solid-state bosonic
ladders [161], silicon-photonic integrated circuits [162], NV centers [163] and semiconductor-based platforms [164, 165].

IV. IMPLEMENTATIONS

In this section we present an overview of the time crystals that have been observed on quantum devices. In
particular, we provide a classification of these implementations according to the different stabilization mechanisms
for the observation of temporal order. We also identify unobserved cases that show potential for implementation on
available hardware.

A. Many-body localized time crystals

Figure 2: (Adapted from Ref. [166]) Digital (gate-based) implementation of the MBL-DTC on a superconducting
quantum processor, where the model consists of a periodically kicked 1D Ising chain with nearest-neighbor

interactions and random local fields. In the MBL-DTC phase, different random instances of initial product states
lead to robust subharmonic oscillations in the autocorrelation of all local observables, in contrast to the thermal
phase where an arbitrary initial state choice leads to fast thermalization and absence of spatiotemporal order.

The first experiments observing time crystals under periodic driving were originally performed on trapped-ion
devices; in particular, the MBL-DTC was reported to be observed in Ref. [167] on a trapped-ion device with all-to-all
connectivity and power-law decaying interactions. Importantly, Ref. [167] states that the system undergoes MBL
despite interactions being long-range with couplings decaying as a power-law with exponent α > 1. The considered
model is a periodically kicked Ising Hamiltonian, where a kick parameter serves to tune away from the perfect spin-flip
scenario. Despite the small system size (ten trapped ions), the experiment reported evidence of robust subharmonic
response for a wide range of parameters, identifying the phase diagram of the MBL-DTC. However, due to the long-
range nature of interactions and the highly polarized states, it is not clear that the true stabilization mechanism in
this case is due to MBL, but rather points towards a prethermal time crystal [168].

Soon after, it was theoretically proposed that superconducting qubit-based platforms also represent suitable hard-
ware candidates for the implementation of several MBL-DTC models [169]. This analysis led to the first observation
of the MBL-DTC in these platforms in Refs. [166, 170, 171], where the model under consideration is a disordered,
periodically-kicked Ising chain. Even though these devices suffer from strong decoherence effects, clear signatures
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of subharmonic response could be witnessed for random initial “bitstring" states, a characteristic signature of the
MBL-DTC, see Fig. 2.

Follow-up works on these platforms investigated the observation of MBL-DTCs further. In particular, Ref. [172]
has reported experimental results on a superconducting qubit platform for a two-dimensional disordered version of
the anisotropic Heisenberg model with signatures of discrete SτB. Given that the existence of MBL in two or more
dimensions is under debate, it is not clear whether MBL is the actual stabilization mechanism in this case, even
though the system presents a considerable degree of disorder.

More recently, making use of superconducting qubit-based machines with the largest available number of qubits,
critical properties of the MBL-DTC [173] have been investigated. This system has also been employed to address
performance characterization of these machines [174] as well.

The MBL-DTC has also been observed on a programmable spin-based quantum simulator comprising 27 13C nuclear
spins close to an NV center [175]. In this case, an effective chain of dipole-dipole interacting spins is periodically kicked,
where disorder is inherited from random positional placements of the nuclei in the system.

Recently, a 3T -periodic DTC from a disordered Floquet chiral clock model has been realized employing supercon-
ducting trasmon qudits [176], where robust eigenstate order beyond qubit architectures is reported.

B. Prethermal time crystals

Figure 3: (Adapted from [177] and [178]) Implementation of prethermal DTCs on a trapped-ion device [177] (left)
and the NMR quantum emulator [178] employing fluorapatite (Ca5(PO4)3F ) crystalline structure (right), with both
systems hosting long-range interactions. In the experiment in Ref. [177], a spin polarized initial state displays the

slow decay in the magnetization dynamics (pannel B). The survival of the prethermal phase up to finite
thermalization time scales starting from low-energy density states of the effective Hamiltonian Heff is a distinct

signature of prethermal DTCs (pannel C). In the NMR experiment of Ref. [178], the initial state is represented by a
classical (unnormalized) state of the form M̂z = 1

2

∑
l σ

z
l . The system is kicked with γ acting as a tuning parameter

related to changing the period of the drive or the effective Hamiltonian interactions. Deep in the DTC phase, a clear
subharmonic response of the autocorrelation function at stroboscopic times is reported.

The prethermal DTC was observed for the first time in Ref. [177], where the experiment reported observation
of prethermal time-crystal behavior on a 25-ion trapped-ion quantum simulator, whose effective Hamiltonian is an
all-to-all Ising Hamiltonian with uniform local fields, see Fig. 3. The observation of subharmonic response at high
enough driving frequencies from polarized initial states is the characteristic signature of the prethermal discrete time
crystal.

Prethermal DTCs have also been experimentally realized on superconducting qubit platforms. Implementation of
periodically-kicked Ising models with uniform interactions and fields in alternative lattice geometries like the Kagome
or Lieb lattice have recently shown signatures of prethermal DTC behavior [179]. The discrete SτB is attributed to
two different mechanisms in this cases, namely the existence of protected boundary modes or noise inducing period
doubling oscillations. Prethermal DTC behavior beyond period doubling has also been observed on superconducting
processors in Ref. [180], where robust period-quadrupling (4T ) oscillations have been reported. In this case the
prethermal phase is stable against introducing moderate disorder in the system. It was also observed that prethermal
DTCs can emerge and be stabilized in the presence of long-range interactions in these platforms [181]. In this case,
Trotterization schemes are employed to treat the long-range interactions. Recently, in Ref. [182] a prethermal DTC has
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been realized for systems consisting of 72 superconducting qubits. Moving away from purely digital implementations,
Ref. [183] reported the observation of a U(1) prethermal DTC on a superconducting quantum processor under a
digital-analog scheme, even in the presence of disorder.

There have been experimental realizations of prethermal DTCs on alternative platforms apart from trapped-ions
and superconducting qubits. For instance, in Ref. [184], a prethermal DTC was observed on a 3D system of 13C nuclei
in diamond at room temperature. The system is driven in a way such that the carbon nuclei get hyperpolarized by
surrounding NV centers, whose dynamics alternates between fast and slow drives. The process generates an effective
quasi-conservation law, responsible for prethermalization. Given the long-range nature of interactions, it is concluded
that the time-crystalline order observed in these case corresponds to a critical DTC.

Solid-state NMR devices have also been employed to witness prethermal DTCs. In Ref. [178], a crystal structure of
Ca5(PO4)3F was employed to obtain a quasi-1D nuclear spin ensemble, which is subjected to high-frequency periodic
driving and displays subharmonic response of the spin-spin correlations.

Going beyond qubit-based architectures, prethermal DTC behavior has been recently observed on a trapped-ion
qudit processor [185]. In this case, a periodically-driven S = 1 chain is shown to undergo prethermal behavior
due to Hilbert-space localization mechanism. The emergent symmetry of the effective Hamiltonian locks initial low-
temperature states into a symmetry sector of the Hilbert space.

C. Effective classical theories and few-body time crystals

Figure 4: (Adapted from Ref. [186]) Observation of a CTC employing a BEC magnon condensate [186]. In the
experiment, the BEC is transversally driven by highly polarized optical pump with increasing amplitude. After some
pumping time, the amplitude of the drive is kept constant, and the system features subharmonic oscillations on the

cavity photon number NP (t), which acts as order parameter.

The first realization of a continuous time crystal (CTC) employed a Bose-Einstein condensate of 87Rb atoms in
optical cavities in the presence of dissipation [186], see Fig. 4. In this case, the intracavity photon number is the
relevant order parameter for witnessing SτB as the optical pump strength of the laser is linearly ramped, displaying
a clearly oscillating pattern. The model is described by an effective atom-field equation that incorporates nonlinear
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effects. In Ref. [187], a transition from a dissipative CTC to a dissipative DTC was experimentally observed. This
transition is achieved by first applying a linear ramp of the pump field to realize a CTC, followed by a periodic drive
locking the collective response of the system to the first subharmonic frequency.

Apart from CTCs, dissipative DTC behavior has also been reported in BEC obtained from sodium atoms [188],
where oscillations featured by radial breathing mode acting as the drive are reported to have a different frequency
than those corresponding to the observed crystalline mode, thus signaling SτB. In Ref. [189] a CTC in noble spin
gases of 129Xe and 87Rb atoms has been implemented through optical pumping. This experiment is at the boundary
between open CTC and, due to the feedback, controlled TCs. In this case, the stabilization mechanism is few-body as
the collective dynamics can be described by a set of nonlinear Bloch equations. Time crystal behavior and SτB were
observed in laser-driven Erbium samples [190]. These consist of four-level atoms driven by continuous-wave lasers.
The effective Hamiltonian driving the system is time-independent, but oscillations of finite frequency were reported to
exist in this case, which is a signature of CTC. The system was analyzed under Lindblad dynamics, but is effectively
few-body, as evidenced by the mean-field analysis.

More recently, realizations of a CTC in an electron-nuclear spin system of a semiconductor have been reported [147],
where the system undergoes auto-oscillations for very long times. By employing magnetic fields, the electron spin
polarization precesses through a process of dynamic nuclear polarization. The result is a collective subharmonic
response of the system even in the absence of an external drive; the system becomes time-dependent because the
Overhauser field of nuclear spins is not parallel to the average electron spin in the nonlinear regime. Applying a
magnetic field enhances the precession accordingly for CTC behavior. In Ref. [191], the same solid-state device
was employed in the presence of a periodic drive achieved by periodically modulating the excitation polarization.
This in turn results in the observation of collective oscillations that are nT periodic, i.e. the system becomes a DTC.
Collective synchronization between CTCs due to diffusion and mediated coupling processes has been recently reported
in experiments using these solid-state devices [192].

A dissipative DTC was observed [193] in low-temperature, microwave pulse-addressed doped 28Si. In the experi-
ment, initially polarized spins are driven by a "spin-locking" protocol that allows the spins to interact following an
effective central spin model. The spin-locking is followed by a pulse sequence that compensates variations in the
Rabi frequencies, completing realization of a Floquet cycle. The resulting spin polarization displays subharmonic
oscillations characteristics of DTC behavior in the presence of dissipation due to magnetic impurities and charge
noise. DTCs stabilized by dissipation have also been reported in recent experiments involving atom-cavity platforms
of BEC [194].

Transitions between different time-crystalline regimes in dissipative environments have also been experimentally
realized recently. In Ref. [195], a BEC from 87Rb atoms was strongly coupled to an optical cavity, witnessing a
transition from a dissipative CTC to a time quasi-crystal with two dominant subharmonic frequencies. A classical
orbit analysis concludes that this transition corresponds to passing from a limit cycle characterizing the CTC to a
limit torus characterizing the time quasi-crystal.

Dissipative time crystals have also been observed in Kerr-nonlinear optical microcavity setups described by effective
classical theories. In Ref. [196], a dissipative DTC was realized by driving the microresonator through injection locking
driving of two independent laser pulses. Due to the locking mechanism, spontaneous formation of optical solitons
with a different periodic pattern around the resonator from that of the modulated background takes place, with the
system featuring SτB.

Strongly interacting Rydberg gases have also been employed in experiments to realize time crystal behavior, mostly
comprising dissipative time crystals. A dissipative CTC was observed in Ref. [197] employing a 85Rb vapor cell at
room temperature traversed by parallel probe and reference beams, and a counter-propagating coupling beam. The
transverse beam generates a coherent coupling between the atomic ground state and different Rydberg states, causing
subharmonic oscillations in the monitored transmission signal between the reference and probe beams. Multiple time
crystals, including DTCs and high-harmonic time crystals, have also been realized by similar protocols involving
Rydberg ensembles [198–200]. In Ref. [201], a time-crystalline response was observed employing a superfluid quantum
gas of ultracold atoms forming a BEC. In this case, the observation corresponds to a DTC where the system collectively
oscillates with period ∼ 2T , with T being the period of the radial breathing mode that excites the atomic cloud forming
the condensate. The dynamics can be captured by an effective classical description based on the Gross–Pitaevskii
equation, and equivalently by a low-dimensional few-mode model with almost negligible dissipation. In Ref. [202], a
CTC in a dissipative Rydberg atomic gas was experimentally controlled near its critical boundary to a thermal phase,
in order to achieve multi-parameter estimation in the context of quantum metrology.

Feedback schemes are currently being explored in the context of time crystals. Ref. [203] reported the observation
of time crystal behavior on a driven Rb-Xe spin-maser system with a feedback-induced retarded interaction, which
causes SτB in the system if the feedback is strong enough. The study concludes that time crystal behavior in this
case originates from the retarded feedback interaction.

Time crystals resulting from magnon dynamics in BECs have also been reported [204–208]. The systems under
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consideration normally admit an effective classical theory that incorporates nonlinear effects. These experimental
findings establish a connection between the field of nonlinear wave propagation dynamics and Floquet time crystals.

A CTC from polaritons resulting from continuous wave optical excitations has been observed in Ref. [209], where the
photoluminescence spectra show the development of a subharmonic peak as the optical excitation power is increased.
The model describing the system is analogous to a Gross-Pitaevskii equation, where the effects of the dissipative
reservoir are included. It is concluded that the dynamics of the reservoir are essential to observe SτB in the system.
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Figure 5: (Obtained from Ref. [210]) Observation of a discrete-time quasicrystal. In Fourier space, discrete time
quasicrystals are characterized by the emergence of several subharmonic frequency contributions away from

incommensurate driving frequencies ω1, ω2. This results in observing different quasi-periodic temporal patterns in
the transverse spin polarization ⟨Sx(t)⟩.

By now, a variety of time crystals have been realized experimentally, showing stabilization mechanisms away from
the three conventional ones previously discussed. We group them here not because their mechanisms are necessarily
unknown, but because they cut across the MBL/prethermal/ECT distinction or combine several ingredients.

A remarkable class of DTCs are observed on disordered dipolar ensembles [93], corresponding to the so called
critical time crystal discussed in Sec. II C. In the experiment, an ensemble of nitrogen-vacancy impurities in diamond
is periodically driven. The impurities have an electronic spin S = 1, from which two-levels are isolated to realize
qubit degrees of freedom. The interaction between spins decays with distance as ∼ Jijr

−3
ij , placing the system at

the marginal case α = d, where localization and delocalization compete. The system is periodically driven through
a sequence of microwave pulses alternating between interaction-dominated evolution and global spin rotations. SτB
is observed in the spin polarization, which presents a clear subharmonic pattern, signaling the emergence of DTC
behavior. A similar experiment involving nitrogen-vacancy centers was carried out in Ref. [211], where thermalization
dynamics of DTCs involving Z2 and Z3 symmetries were probed.

DTCs have also been observed in ordered dipolar spin ensembles [212, 213], where nuclear magnetic resonance
(NMR) data was reported to feature subharmonic response in spatiotemporal correlations and the average magneti-
zation. Since these systems consist of highly 3D ordered structures, the existence of a MBL phase is ruled out as the
leading mechanism behind the observed DTC behavior. In addition, the states employed in the experiment are rather
high-temperature states of the effective Floquet Hamiltonian, which also rules out prethermalization.

In Ref. [214], nuclear spin clusters in molecules described by central spin models were driven under periodic kicks.
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The total magnetization of the system shows the characteristic 2T period doubling of a DTC. The experiments are
reported to be performed in the low-frequency regime of the drive, which in principle rules out prethermalization to
be the true stabilization mechanism.

A different category concerns topologically ordered time crystals. Digital quantum simulation of Floquet symmetry
protected topological (FSPT) phases employing an array of 26 superconducting qubits [215] has shown evidence of
SτB at the boundaries of the one-dimensional system. This is in stark contrast with behavior in the bulk, where no
oscillations are present. The system is disordered and thus it is claimed that deep in the FSPT phase, MBL is present.
However, both the presence of topologically protected edge modes and the three-body nature of interactions in the
system could indicate that such stabilization mechanism indeed goes beyond the presence of MBL.

The observation of a prethermal, topologically ordered DTC was reported in Ref. [216] on a 18-qubit quantum
processor. The considered model is that of a periodically driven rotated surface code, where stabilizer operators show
SτB in the autocorrelation function in the small disorder regime. The drive is kept fixed and at T ∼ 1.4µs of the
corresponding circuit runtime, which ensures to work in the high-frequency regime. Interestingly, in the prethermal
regime, individual qubit magnetizations are shown to decay quickly to zero without oscillating, and the presence of a
DTC in this case is witnessed by subharmonic oscillations in rather quasi-local operators.

Rydberg gases in the presence of an electric field have also been employed to witness time crystal behavior [217–
219]. In this case, strong electric fields are employed in order to obtain discrete time crystal behavior under the Stark
effect. The system is dissipative, which can in principle prevent localization of the dynamics (rather resulting in a
stable steady state limit that breaks SτB).

In Ref. [220], a prethermal DTC realized on a quantum processor of NV centers on 13C was employed to devise
frequency-selective quantum sensor of time varying AC fields. It was shown that the prethermal lifetime of the DTC
can be extended by orders of magnitude using this selective sensing mechanism in the AC fields. This enhancement
of the DTC order parameter by external action is characteristic of controlled time crystals.

Moving away from purely periodic temporal patterns, the experimental realization of time quasicrystals presents
as a very promising emerging field. Time quasicrystals have been first observed in magnon condensation in superfluid
3He [221] forming a BEC. Also more recent realizations of discrete time quasicrystals have taken place in NV centers
on 13C ordered structures [210], see Fig. 5, where the stabilization mechanism is rather suspected to be intimately
related to the critical time crystals [93]. Prethermal quasicrystals have been realized on superconducting quantum
circuits [222]. Recent advances in the emergent subfield of time rondeau crystals has led to experimental realization
of this new form of spatiotemporal order on NV center quantum platforms [223].

Finally, we will mention that despite being conceptually different from the many-body time crystal, implementations
of photonic time crystals [224–227] are currently being explored. In photonic time crystals, subharmonic response is
observed in the refractive index of certain materials, with the process happening already at the single-particle level
due to the system having a non-trivial topology. Including nonlinear medium could in principle allow for interactions
between the photons as in standard parametric down conversion processes. Photonic time crystals have been realized in
experiments by applying mode-locked lasers in semiconductors, first proposed in Ref. [228] and recently experimentally
realized [229].

E. Overview

A classification of time crystals is desirable to establish a connection between the various time crystals and the
available quantum devices for their implementation. Until now, only a few classes of time crystals have been exper-
imentally realized on quantum devices, but it is expected that new theoretical proposals will be implemented in the
near term. Table I summarizes different types of time crystals, along with their ergodicity-breaking or stabilization
mechanisms discussed in Secs. II C and II D.

The rows of Table I should be read as phenomenological characters of temporal order, while the columns indicate
the dominant stabilization or ergodicity-breaking mechanism. These categories are not strictly mutually exclusive:
a topological DTC may also be prethermal, a controlled TC may employ feedback on top of an otherwise MBL
mechanism, and a critical TC may arise from the competition between disorder and long-range interactions. The
table is therefore intended as an organizing map of present evidence and theoretical possibilities, rather than as a
mutually exclusive taxonomy of phases. In particular, entries marked as observed may represent different levels of
evidence, ranging from robust finite-time signatures on noisy devices to stronger indications of an asymptotic phase.

The first category concerns systems realized in the ideal limit of an almost noise-free or error-corrected quantum
device, where the time evolution in the system can be regarded to a good extent as unitary (closed systems). As
previously discussed in Sec. IIA, if a discrete symmetry is broken and the system responds in correlation with the
drive (i.e. subharmonically), this leads to the observation of a DTC [233]. To date, the observation of DTCs is limited
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Overview of Time Crystals on Quantum Devices

Ergodicity breaking / stabilization mechanism

TC type MBL Prethermal ECT/few-body Other/Unknown

Closed DTC [166, 167] [177] [201] [212, 214]

Dissipative CTC ? ? [186] ( ) [230]

Dissipative DTC ? ( ) [113] [194] ?
Critical ? [184] ? [93]

Controlled ( ) [231] [220] [203] ?
Topological [215] [216] ? ?
Time quasicrystals ? ( ) [232] [221] [210]

Time rondeau crystals ( ) [52] [223] ? ?

Table I: Table of observed , unobserved ? and theoretically predicted ( ) realizations of time crystals on
quantum devices, depending on the ergodicity breaking or stabilization mechanism. We note that MBL and
prethermal mechanisms are common routes to stabilize SτB in closed systems, whereas ECT or few-body

descriptions are common in systems in the presence of dissipation. References are representative rather than
exhaustive.

by the coherence times of currently available noisy devices, but subsequent hardware improvement is expected to
bring these time crystal realizations to firmer grounds.

Dissipative time crystals comprise systems whose dynamics cannot be understood without taking into account
effects from the surrounding environment. Since a certain degree of dissipation takes place between the system and
environment, the evolution of the system is no longer unitary. The presence of dissipation allows the system to leak
energy with the (macroscopic) environment, and thus the stabilization mechanism of these time crystals relies on the
emergence of a steady state or a limit cycle that breaks any time-translational symmetries of the system. Dissipative
DTCs and CTCs have been mainly implemented on platforms of BECs and Rydberg atoms. In particular, CTCs
have until now not been observed in a (in principle) noise-free scenario.

A different category comprises those time crystals observed in disordered dipolar ensembles, also known as critical.
In critical time crystals, the decay of the dipolar interaction strength with distance is an essential feature competing
against the presence of disorder in the system, as discussed in Sec. II B. These types of time crystals have gained
considerable relevance in the field of quantum simulation employing NV center devices.

Another type of time crystals concerns controlled systems and systems hosting topological properties. The reason
to consider these two cases separately is the potential direct connection these TCs have with quantum error correction
(QEC) protocols. Even though for quantum error correcting codes the whole system of logical and physical qubits
can be considered as a closed system, the logical subspace is naturally an open system being entangled with the rest
of the qubits necessary for error correction. Thus, these time crystals, if implemented, would resemble neither purely
closed nor open systems.

There has been recent interest in moving away from the concept of a perfect crystal in time, relaxing the periodicity
condition in order to allow for quasi-ordered spatiotemporal patterns in many-body systems. Thus, we also include
the novel route to witness partial time order in driven systems, those known as time quasicrystals [232, 234, 235]. In
analogy with conventional quasicrystals in space, time quasicrystals develop almost periodic patterns along the time
dimension. More concretely, a discrete time quasicrystal is a system responding to a quasiperiodic drive with a set of
frequencies that are not harmonics of the original drive. If the original drive is quasiperiodic, it will generally have a
spectral decomposition with peaks at frequencies ωp =

∑
l n

(p)
l ω

(p)
l , i.e. linear combinations of some incommensurate

frequencies. The discrete time quasicrystal breaks this apparent order by responding quasiperiodically with a different
set of frequencies ω̃p than those of the drive [22].

Finally, we also include new advances in systems where spatiotemporal order at stroboscopic times coexists with
temporal disorder in the micromotion. The idea is that even though the Floquet theorem does not apply to these
temporally disordered systems, prethermalization [40] can still take place in the system, e.g., by employing random
multipolar drives [52, 236, 237]. Even though spatiotemporal correlations decay algebraically in this case, employing
large dipolar structured drives can significantly increase the lifetimes of the prethermal phase, even to exponential
scale. These new systems realized through non-periodic, but otherwise structured drives, have been called time
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rondeau crystals

V. FURTHER PROPOSALS

Over the past decade, research on time crystals has generated a broad range of potential applications, with theoret-
ical developments advancing rapidly [22, 238]. Here we outline several active research directions focused on proposals
for realizing quantum time crystals that may be implementable on near-term quantum devices.

The most promising proposals for immediate implementation on current quantum hardware concern time crystals in
the context of clean (disorder-free) DTCs. These systems present a clear computational advantage for the realization
of time crystals on quantum devices because they avoid the overhead caused by statistical averaging in disordered
systems. Some proposals to realize clean DTCs involve periodically driven quantum spin chain models [239–245],
two-dimensional DTCs [246], kicked boson [247] and hardcore-boson models [248], clock models hosting long-range
interactions [249] and models of Rydberg atoms [250, 251].

Periodically driven spin-ladder models employing ultra-cold atoms to realize time crystal behavior have been put
forward [252]. In this case, the couplings among different directions of the spin ladder are alternated within a single
period of the drive. The stabilization mechanism for these time crystals is shown to go beyond the prethermal regime
even in the presence of strong interactions. Another route to construct clean DTC models relies on the presence of
Floquet dynamical symmetries [253, 254], gauge symmetries [255] or integrability [256].

A widely studied approach to clean TCs involves the application of high-frequency driving, which induces a prether-
mal regime in which SτB may occur. These approaches generally rely on high-frequency expansions of the effective
Floquet Hamiltonian [257]. Recent work has shown the robustness of this phase against transverse and longitudinal
perturbative fields [258], with some prethermal phases displaying critical properties [259, 260]. It has also been pro-
posed that Hilbert space fragmentation can lead to very long-lived DTCs in the absence of disorder even at moderately
small values of the driving frequency [261]. Even though prethermal DTCs are in general strongly dependent on the
initial state configuration, it has been recently proposed that prethermalization can exist for arbitrary initial states in
models hosting zero-dimensional corner modes [262]. There have been several proposals to realize disorder-free time
crystals in quantum dot systems [263, 264].

For disordered systems undergoing MBL, the MBL-DTC for the kicked, disordered Ising chain and its variants
has now been studied extensively, remaining an active area of research as a paradigmatic model for DTC behavior.
Recent results show the connection between temporal spin correlations and spectral characteristics of the model [265].
It is known that MBL is the driving ergodicity-breaking mechanism; however, understanding the phase diagram in
full generality remains an active area of current research [266, 267]. Away from the standard MBL mechanism based
on short-ranged interactions, alternative localization mechanisms based on the Stark effect involving strong electric
fields have been proposed to observe time crystal behavior [268–271]. Other proposals involve chiral Floquet phases of
interacting bosons in combination with MBL [272]. The combination of disorder and prethermal DTCs at very high
frequencies has been explored in quantum spin chain models [273]. The simulation of two-dimensional models [274] and
system forming highly geometric patterns [275] in the presence of disorder further support the possibility to implement
higher-dimensional MBL-DTCs employing superconducting qubits hardware, as well as quantum dots [276, 277] and
diamond-based [278] quantum simulators.

Topological quantum time crystals [51] have also been proposed, with only a few implementations being so far been
realized on quantum devices, as discussed in Sec. IV. Some of these proposals involve the presence of interactions
in systems undergoing MBL [279, 280], magnon dynamics in interacting spin systems [281] as well as tight-binding
models subjected to periodic drive [282, 283]. The unification of topological quantum systems and nonequilibrium
dynamics shows great potential in finding genuine time crystal phases [284] in cases where the stabilization mechanism
is rather unknown (see Table I).

In the context of dissipative time crystals, several proposals have gathered considerable attention. One of them is
boundary time crystals [115, 285–290], where a small portion of the Hilbert space undergoes SτB, whereas the rest
of the system remains time-translational invariant and regarded as an environment. Due to the low-dimensionality
of the system, some boundary time crystal models admit exact solutions [104]. In addition, these systems can host
multipartite entanglement in the steady state [291, 292], and are expected to be highly relevant in the development of
quantum sensing applications [293–297]. Recent works have explored the role of long-range interactions in boundary
time crystals [298], the presence of dynamical quantum phase transitions [299] and topological properties [300, 301].

Early proposals to realize time crystals in atom-cavity setups of BECs [302, 303] have led to an immense activity
in recent years involving dissipative time crystals. These include the survival of the DTC phase in the presence of
dissipation for one-dimensional disordered [106] and ordered spin systems [304], fermionic [305, 306], bosonic [307, 308]
and spin-boson models [309], as well as spin systems with long-range interactions [310–314] or central spin models [315].
Dissipative time crystals have also been predicted to exist for quantized charge density wave (CDW) rings coupled to an
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environment, where a metastable ground state of the system is formed and displays periodic oscillations [316]. In this
case, decoherence acts as a source to break SτB. Realizing limit cycles resembling time crystal behavior in dissipative
systems has also been explored in two-dimensional spin models [317] as well as chiral atomic systems evolving under
nonlinear master equations [318]. These cases can be regarded as a subclass of CTC emerging through dissipation or
the presence of self-organizing, non-Markovian dynamics depending on the initial state choice [319]. Complementing
these findings, it has been reported that the dynamics of CTC in the presence of dissipation cannot be faithfully
captured by mean-field approaches if the initial state of the system is highly correlated [320]. The nonequilibrium
transition occurring in dissipative DTC models has also been explored in the periodically driven quantum van der
Pol model [321]. More recently, chaotic synchronization between dissipative time crystals [322] has been explored,
as well as models involving non-Markovian dissipation [323] that are particularly relevant for systems comprised of
interacting Rydberg gases [114].

Periodically driven BECs are widely regarded as natural setups to realize dissipative time crystal behavior. It has
been shown that BECs coupled to a cavity can display time crystal behavior in the thermodynamic limit [324] or
lead to a metastable DTC phase [325], with recent proposals for few-mode models [326]. Along these lines, numerous
proposals involving cavity QED and Kerr resonators to realize time crystals in the presence of dissipation have been
put forward [327–334], even in the presence of nonlinear effects [335].

An interesting avenue is to realize time crystals in ultra-cold atom ensembles bouncing on an periodically oscillating
mirror [99, 336–340]. In this case, the atoms strongly attract each other forming a BEC, and the overall dynamics can
be effectively described by a Gross-Pitaevski equation and mean-field approximation. Further theoretical approaches in
the context of BEC to realize time crystals have been put forward [98, 341–346]. This can have important implications
for synchronization approaches in CTC realized in BECs [347]. Proposals for realizing emergent limit cycles on atom-
cavity systems also exist [302].

In the area of quantum computation and quantum information processing, there have been a number of proposals to
develop quantum error correction using time crystals [348–351]. This subfield of research comprises the controlled time
crystals shown in Table I. Special mention in this category deserve those systems defined in the context of monitored or
measurement based quantum systems [352–354] and monitored quantum clocks [355]. Recent approaches explore the
application of measurement-based feedback schemes to time crystal stabilization in the presence of decoherence [231,
356].

It is possible to relax the strict periodic dynamical constraint of time crystals by applying quasi-periodic structures in
time. These systems include time quasicrystals [232, 234, 235, 357]; also in dissipative environments [358]. More exotic
systems include engineering time crystals in time domain [359, 360] and timetronics [361]. Going away from systems
with pure periodicity, but with otherwise structured drives in time domain, temporal disorder in the micromotion
coexists with long-range order at stroboscopic times: these are the so called time rondeau crystals. In this case,
high-frequency driving similar to the case of prethermal DTCs is the leading stabilization mechanism for initial
states breaking the discrete symmetry of an effective Hamiltonian; nevertheless, correlations are expected to decay
algebraically [52]. The stability of time rondeau crystals in the presence of dissipation is a current topic of interest [362].

Many theoretical proposals have explored new platforms to realize time crystals. These include the realization
of time crystals using superconducting Higgs modes [363–366], phonon vibrational modes [367], hybrid Josephson
junctions [368], time crystals emerging from excited eigenstates and many-body scars [369–371] or in few-body sys-
tems [372], and proposals to realize DTCs in long-range interacting systems [50, 373–381].

In the quest to realize higher-dimensional time-crystalline phases using quantum hardware, proposals involving
qudit-platforms have also received considerable attention lately [382]. The possibility to observe time-crystalline
behavior employing these devices [185] paves the way towards simulating these systems beyond qubit architectures,
for which several theoretical works have been put forward [268, 383–388]. More exotic proposals involve fractional and
non-hermitian DTCs [295, 389], time crystals emerging from spatial translation induced SτB [390], coupled models of
continuous and discrete time crystals [391], and recent theoretical developments in the study of out-of-time ordered
correlators (OTOC) crystals [392, 393].

Even though current applications involving DTCs are limited, there is ongoing interest to explore the role time
crystals can play in the context of quantum spin networks related to machine learning models and quantum reservoir
computing [394–398].

Finally, proposals for photonic devices that involve the realization of time crystals are varied [399–406] and being
actively explored in the context of metamaterials [407–411] and nonlinear photonic time crystals hosting superluminal
k-gap solitons [412]. Several works consider that there is an ECT mechanism behind these systems [413], which is
usually the case in the presence of dissipation [414]. An interesting research route along these lines is to realize pairs of
entangled plasmons in these systems [415]. Photonic time crystals have been proposed as systems in which Anderson’s
localization can be generalized to the time domain [416].
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VI. CONCLUSION

Based on our review, we find that various new types of time crystals, beyond the DTC and CTC dichotomy,
have emerged and have already been realized experimentally. This demonstrates the capabilities brought by current
quantum devices to study such nonequilibrium phases of matter and explore their properties. Nevertheless, a unifying
framework covering all of these cases is still lacking, with several fundamental questions remaining open.

A particularly interesting direction concerns understanding the transitions between the variety of existing time
crystal phases having different stabilization mechanisms as summarized in Table I. It is also relevant to understand
whether such (necessarily nonequilibrium) transitions between time crystal phases occur abruptly, perhaps sharing
some analogies with the standard theory of phase transitions in equilibrium, or whether they instead constitute a
nonequilibrium crossover.

Along these lines, exploring the effect of these transitions on entanglement and also stabilizer entropy [417] is
a promising route to understand how quantum information changes between time crystal phases. Intuitively, the
amount of entanglement existing in deep time crystal phases is expected to be moderate, considering that the system
presents a rather close-to-classical dynamical behavior. By appropriate parameter tuning, the system can be brought
to a critical regime separating two different time-crystal phases. In this regime, the existence of nonlocal correlations
is expected to be enhanced and captured by several entanglement witnesses. Achieving this degree of control in time
crystal dynamics has promising potential implications in the development of optimal strategies to manipulate and
further exploit entanglement as a resource on different quantum devices.

One important application of time crystals concerns the storage of quantum information in systems where inter-
actions are otherwise expected to induce nontrivial dynamics and information scrambling. Time crystals overcome
information loss through coherent superposition effects, making it possible to store various types of quantum data
ranging from low-energy states, as in the prethermal TC, to general product states in the MBL-DTC case. This
is particularly relevant in settings where the system is externally driven due to outside conditions; in this case, ap-
propriately engineering the interactions to realize a TC can prevent otherwise rapid thermalization (see Sec. II B).
Another relevant scenario concerns the notion of designing quantum memories for practical purposes through quantum
low density parity check (qLDPC) codes [418]. Elevating passive qLDPC codes to driven quantum memories is an
interesting route in this domain.

Another promising route in this direction is that of stabilization mechanisms including non-unitary operations, i.e.
measurement and feedback schemes, which can conveniently be incorporated during circuit execution times.

Time crystals have various potential applications within quantum technologies, particularly in quantum sensing
and metrology [419]. As discussed in Sec. V, many proposals consider time crystals as good candidates to develop
highly reliable quantum sensors capturing disturbances in the subharmonic motion of the system due to external
perturbations. This high sensitivity of time crystals to external disturbances can also be employed for quantum
metrology tasks. For example, high-precision parameter estimation can be achieved by tuning a time crystal into a
phase where the quantum Fisher information becomes significantly enhanced.

Finally, the overview presented in Sect. IV E shows a promising window for near-term implementations that have
yet to be explored, particularly those already theoretically predicted in Table I.
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