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Metrology

Goal: estimate a physical quantity - electric/magnetic fields, frequencies,
temperature...

basic steps: use a sensor (quantum system) to interact with the physical
signal, and then read out the sensor and estimate it.

C. L. Degen et al., Quantum Sensing,
Reviews of Modern Physics, 89, 035002 (2017).
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Preparation

Goal: estimate a physical quantity - electric/magnetic fields, frequencies,
temperature...

basic steps: use a sensor (quantum system) to interact with the physical
signal, and then read out the sensor and estimate it.

C. L. Degen et al., Quantum Sensing,
Reviews of Modern Physics, 89, 035002 (2017).



Metrology

Preparation Evolution
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Goal: estimate a physical quantity - electric/magnetic fields, frequencies,
temperature...

basic steps: use a sensor (quantum system) to interact with the physical
signal, and then read out the sensor and estimate it.

C. L. Degen et al., Quantum Sensing,
Reviews of Modern Physics, 89, 035002 (2017).



Metrology

Preparation Evolution Measurements
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Goal: estimate a physical quantity - electric/magnetic fields, frequencies,
temperature...

basic steps: use a sensor (quantum system) to interact with the physical
signal, and then read out the sensor and estimate it.

C. L. Degen et al., Quantum Sensing,
Reviews of Modern Physics, 89, 035002 (2017).



Metrology

Preparation Evolution Measurements Estimation
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Goal: estimate a physical quantity - electric/magnetic fields, frequencies,
temperature...

basic steps: use a sensor (quantum system) to interact with the physical
signal, and then read out the sensor and estimate it.

C. L. Degen et al., Quantum Sensing,
Reviews of Modern Physics, 89, 035002 (2017).
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* Sensing with Time Crystals;



Floquet time-crystals

[Dominic V. Else, Bela Bauer, and Chetan Nayak, PRL 117, 090402 (2016)]
Combining Floquet dynamics + MBL (many-body localization) can support a DTC:

H(t) = Hypr -|—XZ5(t—nT)
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Floquet time-crystals

[Dominic V. Else, Bela Bauer, and Chetan Nayak, PRL 117, 090402 (2016)]
Combining Floquet dynamics + MBL (many-body localization) can support a DTC:
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Floquet time-crystals

[Dominic V. Else, Bela Bauer, and Chetan Nayak, PRL 117, 090402 (2016)]
Combining Floquet dynamics + MBL (many-body localization) can support a DTC:
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Floquet time-crystals

[Dominic V. Else, Bela Bauer, and Chetan Nayak, PRL 117, 090402 (2016)]
Combining Floquet dynamics + MBL (many-body localization) can support a DTC:
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Floquet time-crystals

[Dominic V. Else, Bela Bauer, and Chetan Nayak, PRL 117, 090402 (2016)]
Combining Floquet dynamics + MBL (many-body localization) can support a DTC:
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Sensing AC fields
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Sensing AC fields
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Sensing AC fields

© H,clt) (b)

H AC :( h;;Sin(wact -+ gbac)g c
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(t):ﬁMBL-i—Xi(S(t—nT)

n=>0
FTC sensor ]:](t) = I:IFTC (t) + [:—’AC (t)

exploit long-range spatial and time
ordering for enhanced metrological

rotocols. . : :
P F. Iemini, Rosario Fazio, Anna Sanpera,

arXiv:2306.03927 (2023)



Sensing AC fields
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Sensing AC fields

A

H(t) = Hpre(t) + Hac(t)

Physical picture
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Sensing AC fields

A

'??9* ¢ ? H(t) = Hpro(t) + Hac(t)

Physical picture
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Sensor performance: ¢ # m, hi # 0, (linear response hac — 0), wac = wWs/2
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Sensor performance: ¢ # m, hi # 0, (linear response hac — 0), wac = wWs/2
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. saturates SQL for a plateau time;

. beyond SQL for exponentially long
time;

. exponentially large sensing protocol,

t* -~ 67N
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Sensor performance: ¢ # m, hi # 0, (linear response hac — 0), wac = wWs/2

1.5 ——rree
=N = 2
-N =3
~— N =4
N_'Q 1'—N:5
Z -N =6
— N =7
~—
LTf 0.5
0012 : .3... .
10 10 10 10 10
t/T
1.2
-N =4
-N =6
Z. Iy—s
™ 0.glEN =10
=
~— 0.6
<N
% 0.4+
0 1 1
10° 102 10* 10°




. scanning frequency:

£ 107! [t/T = 25
1 L < 3 —t/T:5O =
210 t/T = 100
3 ¢ /T = 200

1.02

0.98 0.99 1 1.01

. structured response, robust to
decoherence/noise;

. characteristic time scale:

t* ~|w — 7T|_1

. dual role for the sensor.



Ergodic Sensor

FMBL ERG FTC
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- fast thermalization time ~ O(T);




Ergodic Sensor

FMBL ERG FTC
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Summary
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Floquet Time Crystal sensors offer several advantages:
- slow heating — exponentially slow with system size N
- useful quantum correlations - overcome classical limit;

- robust protocol.



Boundary Time Crystal

open-system sensors

Dominic Gribben, Anna Sanpera,
Rosario Fazio, Jamir Marino,

F. Iemini, arXiv:2406.06273
(2024)




Boundary Time Crystal
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Dominic Gribben, Anna Sanpera,
Rosario Fazio, Jamir Marino,

F. Iemini, arXiv:2406.06273
(2024)
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single-shot runs:
collective enhancement
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Boundary Time Crystal
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Boundary Time Crystal Wo/ K
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Boundary Time Crystal Wo/ K
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Conclusions

- We discussed about

. metrology,

. estimation theory,

. bounds - classical/quantum CRLB, classical limit, standard quantum limit,
Heisenberg limit...

. Fisher information

- Application of TCs in metrology:

. improved performance of sensors: correlations + robust long-time sensing protocol;

- Perspectives:

.other TC’s: higher n-tuples TC’s, ...
.device measurement protocol
.enhance correlations

. Clocks! What are the fundamental limits in our ability to measure time
(within the laws of quantum thermodynamics and many-body theory)?
(in collaboration with Serrapilheira Institute)
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Sensing AC fields
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Sensing AC fields
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Sensing AC fields
Ho(t) = Z( A REEDY h‘“‘)
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Sensing AC fields
Ho(t) = Z( A REEDY h‘”‘)

7 =52

+) 6t — nTs)eS”,

n=1

ﬁAC (t) = hac sin(wAct + QAc)gz

Case with ¢ =m, hYf =0, hae — 0

. Fisher information: Fhac—>0 (t) ~ QO( ) V&I‘(Sz( ))
var(éz (0)) = <§2 Vahy — <S4>12;5 (i) enhancement due to the correlations;

o ‘ wg=2wac t (ii) saturates SQL in time,



Sensing AC fields

- X (saioza 3 acar) +

7 a=x.z

+ ) 6(t —nTs)S?,

n=1

IA{AC (t) = hac sin(wAct + QAc)gz

Case with ¢ = m, h?

=0, hage = 0

. Fisher information:

var(8,(0)) = ($2), — (3.2,
Plws=2wrc ~ T

t* ~ 9,40/6

90|o.;3:2wAc—|—e .

~ p(t)*var(S,(0))

(i) enhancement due to the correlations;

(ii) saturates SQL in time,

(iii) off-resonance time scale for the
optimal growth of Fisher information.
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beyond linear response: hac # 0, wac = ws/2
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growth,
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- sets a characteristic time scale,
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(dominant AC fields over
dynamics)
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