(ICTP

Time crystals and synchronization

The Abdus Salam

International Centre
for Theoretical Physics

International Atomic Energy Agency

IN
quantum systems

Rosario Fazio

N
R L@ UNIVERSITA DEGLI Stubr
() (& & o1 Napour Feperico II



Outline

> Introduction to guantum many-pbody open systems
> Time crystals in closed and open systems

»  Possible applications in gquantum sensing and
quantum thermodynamics

XXVI Giambiagi
Winter School



Time Crystals

Do laws of nature allow for the existence of a time-crystalline
ohase’?

How to define/characterise a time crystal”

A NN

Where to look Tor it?

V. Khemani, R. Moessner, and S.L. Sondhi, arXiv:1910.10/45

‘Sacha and J. Zakrzewski, Rep. Prog. Phys. 81, 016401 (2018)

P Zaletel, M. Lukin, C. Monroe, C. Nayak, and F Wilczek, Rev. Mod. Phys. 95, 0310071 (2023)
Sacha, Time Crystals, Springer (2020)

s it “usetul” for possible applications in quantum technologies?



"Many-boay” limit cycles as time-crystals in open systems

These limit cycles can be understood as a
macroscopic synchronized dynamics characterized
by a time-dependent order parameter
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Synchronization

M. Hajdusek, P Solanki, R. Fazio, and S. Vinjanampathy, Phys. Rev. Lett. 128, 080603, (2022)
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Time crystals & Entanglement
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G. Passareli, X. Turkeshi, A. Russomanno, P. Lucignano, M. Schiro, and R.Fazio, PRL 132, 163401 (2024)



Quantum Technology applications

In guantum sensing

5. Choi, NY. Yao and M .D. Lukin, arXiv:1801.00042 (2017/)
V. Montenegro, M. G. Genoni, A. Bayat, and M. G. A Paris, arXiv:2301.02103 (2023)

F. lemini, R. Fazio, and A. Sanpera, arXiv:2306.03927 (2023)
A. Cabot, F Carollo, and I. Lesanovsky, arXiv:230/.132/7 (2023)
L. Viotti, M. Huber, R. Fazio, and G. Manzano, soon on the ArXiv

As a working fluid in quantum heat engines

- Carollo, K. Brandner, and |. Lesanovsky, Phys. Rev. Lett. 125, 240602 (2020)



Lindblad dynamics for a time crystal 1'=0

- A cloud of N (non-interacting) atoms Jo = g o,
-Laser driven H = woJ, i=1

- Collective decay J_

. T/~ - 1 (. -
p = —if) [Jx,p} + — (JﬂJ - —{ +Jx,p}>

<LIZ> §£:() | <bjz> = ( »
Normal Phase 1 Time-crystal Phase Q /T

~ lemini et al, Phys. Rev. Lett. 121, 035301 (2018)



Thermodynamics of a time-crystals
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Quantum trajectories

Lindblad dynamics p t—|—5t ZKO"O

<raus operators K,
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with probability p, = (K1 K,) R(t) = [(a1,t1), (a2, t2), ... (K, tk), . ..



Collective dynamics of quantum jumps

Quantum jumps (from now on only down jumps) have a e fjpo 0
collective behaviours with statistical properties that reflect £ o |[|[[\WARAAAAAAA

the existence of time crys
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Jumps occurs in bursts separated by quite inert time intervals

This behaviours (at finite number of spins) extends for times much
longer than the typical decay time of the oscillations in the
magnetisation.



Collective dynamics ot quantum jumps

Different trajectories phase-shift with time
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time crystalline phase.
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sharper going deeper in the

The mean value of the waiting times shows a weaker

dependence on the coupling.

When comparing systems of different sizes at fixed coupling,
distributions get sharper on increasing the size of the system.



Thermodynamics ot autonomous clocks

Autonomous clocks do  not require any time-dependent control that . . .
| A clock: continuously provides a time reference to an external
would necessitate another external clock.

observer.
PAUL ERKER et al. PHYS. REV. X 7, 031022 (2017)
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There are fundamental costs associated with accurate and
precise timekeeping

The laws of thermodynamics dictate a trade-off
between the dissipated heat and the clock's Increasing the accuracy and/or the resolution

performance. requires a larger amount of entropy



Thermodynamics ot autonomous clocks

Emanuel Schwarzhans®,"” Maximilian P. E. Lock®," Paul Erker®,' Nicolai Friis®,' and Marcus Huber®"*"

AUTONOMOUS TEMPORAL PROBABILITY CONCENTRATION: ... PHYS. REV. X 11, 011046 (2021)
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The purpose of a clock is to produce a reqular  One should increase the complexity of the
sequence of ticks out of an irreversible process clockwork in order to induce the tempora
(that leads to an increase of entropy) probability concentration

s a time crystal a potential good clock?



Thermodynamics ot autonomous clocks

Figures of Merit SO e o

resolution: how frequently the clock ticks. It is defined as the inverse of the mean
(both over each trajectory and over the ensemble of trajectories) waiting time T

accuracy: is a measure of the relative dispersion of the waiting times, indicating how
many ticks the clock provides before its uncertainty becomes greater than the average

time between ticks. T
Accuracy = (—)
o

Fano factor: The Fano Factor of the clock can be written as the inverse of the product

resolution x Accuracy. 5
O-T

-ano ractor = —

T




Time-crystal as a clock

Down-jumps are used as ticks. It is useful to introduce 2

tick tick threshold that gives a tick after a certain amount of
guantum jumps.
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While the resolution s

choice of the threshold,

associated to the collective dynamics of jJumps.

featureless and simply decreases with the
‘Ne accuracy shows non-trivial dependence

—xistence of an optimal

threshold




Time-crystal as a clock

Accuracy limited by entropy production with
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Quantum Sensing

The least uncertainty on the estimated parameter
s settled by the quantum Cramer-Rao bound

(1) the initialization of the sensor in

an '"advantageous/entangled’

state, 1
(i) a time interval in which the Ah(t) >
sensor interacts with the signal of - \/MFh (i)

nterest (in our case nh), so that
the unknown parameter is
encoded In the state of the ,
SONSOT Fh(t) — 4<8hw(t7 h)mhw(tv h)> — 4|<¢(t, h)‘ahw(ta h)>|

(li1) a measurement on the gquantum

Quantum Fisher information (that for pure states is)

sensor. By collecting the statistics

f the r r \ . . . | |
Of tne repeated protocol, one The quantum Fisher information provides the ultimate

lower bound to the achievable uncertainty for optimized
with maximal accuracy. quantum measurements

infers the value of the parameter



The Model

@ psm@id+0)  © _ The quantum sensor is described by the
’ Hamiltonian Hg which is coupled for a given

S time to the signal V(t)

The signal is an AC field whose amplitude
" we want to measure

~ h
V = 5 sin(wpt + 0) Z o;

The sensor is described by a Floguet Hamiltonian that can enter a TC phase

=Y gt + Y trar =0 Y ot —n1)e

oA=xI,2 N=—0




MBL Quantum Sensor

SQL: indepenadent spins

Ergodic phase: correlated spins, non-
resonant

Ah(t)

Note: No claim of optimality

MBL Quantum Sensor: it takes advantage
from 1) resonant condition, 1) (moderate)
oresence of guantum correlations, i) exp-
' ' arge interrogation time

t ~ O(T) tn ~ €N £y ~ B!



Dissipation and sensing

¢ Here we considered the case in which there is no external
noise. This will strongly affect MBL and the existence of time-

crystals.

¢ [he presence of an external environment is compatible with
time crystals (dissipative/continuous/boundary 1Cs)

Quantum enhancements and entropic constraints to Boundary Time Crystals as sensors of AC fields

Dominic Gribben, Anna Sanpera, R. F., Jamir Marino, Fernando lemini
arXiv:2406.06273



Conclusions

« Time crystals can be used as autonomous clocks

+ |sthe behaviour generic of dissipative 1Cs ?

| discussed Floguet TCs as quantum sensors for AC-tields.

- Their optimal performance offer several advantages, overcoming the SQL,

allowing long-time sensing measurements times exponentially large with the
number of spins
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