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Critical quantum metrology: H sys ~ Quantum phase transition

P. Zanardi et al., Phys. Rev.A 78,042105 (2008) K. Macieszczak et al., Phys. Rev.A 93,022103 (2016)
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Apparent Super-Heisenberg Scaling Revisited i i i i N t2 N2
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i — \— Superradiant phase transition in the
scaling limit :
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L. Bakemeier, et al., Phys. Rev. A 85,043821 (2012). M.-]. Hwang, et al,, Phys. Rev. Lett. | |5, 180404 (2015).
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L. Bakemeier, et al., Phys. Rev. A 85,043821 (2012). M.-]. Hwang, et al,, Phys. Rev. Lett. | |5, 180404 (2015).



Introduction

«
......
L] [
L .
] .®
“

.®
.
.
.
.
.
.
.
.®

................................................................................................................................................................................................................................................................................

iﬁ S Superradiant phase transition in the
scaling limit :
Q Q/O)O —> 0
Hpgapi = a)Oana T EGZ — /1(61 -+ dT)Ux .......................................................................................
Normal phase A < A, Superradiant phase A > A.
................................... i, .
! oo
-------------------------------------------------- >

L. Bakemeier, et al., Phys. Rev. A 85,043821 (2012). M.-]. Hwang, et al,, Phys. Rev. Lett. | |5, 180404 (2015).



Introduction

.
......
L] .
L .
L2 .
.

.
.
.
.
.
.
.
.
®

..................................................................................................................

----------------------------------------------
.® e
. .

- .
-------------------------------------------------

-------------------------------------------------------------------------------------
. .

Superradiant phase transition in the :
scaling limit :

G »
-------------------------------------------------------------------------------------

-----------------------------------------------------------------------------------
. 3

-----------------------------------------------------
------------------------------------------------

) © D—aSx|0) + [\) @ DaSy|0)

L. Bakemeier, et al., Phys. Rev. A 85,043821 (2012).

M.-J. Hwang, et al., Phys. Rev. Lett. | 15, 180404 (2015).



s TNCRGET ™,
' BT /3" gl ’f},\
g - i N, . ;‘.::.::.0':: . M p - ;“_;:'-:/ - "\._.??*F ‘,* \".:5;_-‘
“. 7 \ ....o-o.’....'.' - " :_,'-:..' '."':/'f?:‘.".': 2 '." %
UAM WAC ere "ol Universit¢ = ./ -
J . P . ,'.l.c:. ..'. " i
= iesrlegel.
Universidad Auténoma RECM O
de Madrid S N

>
. =l o ,-'...:‘-&Z '- —
AA AR de Paris e i
I

..\",“ ‘--' ‘;‘_’r
A

: = 3 ) \‘\!:1‘:\_‘,;.@
Louis Garbe Arne Keller Matteo Bina Matteo Paris




0\0[{ ln.‘
A ’f}\
g'o,,}'}-, i’. > # § N2

' Bt
‘erc "% Université & [/ ¢
'..o.. - [ . e ?.'
Universidad Auténoma .';.’.' R de Parls a}'f "-. .'l #.

\_::V

de Madrid

"k | \ .
: ) \‘\!:1‘:\_‘,;.@

Arne Keller Matteo Bina Matteo Paris




Finite-component critical probe

r————— Q .................................................... A AAA
Hyypi = a)OaTa =+ EGZ - /1(61 T aT)O-x i —_—

Scaling Q/WO > 1

limit

11



Finite-component critical probe

s Q .................................................... . A AAA

. Hgpapi = wpa'a+—o.—AMa+a')o, /.;V —
Scali

=. it $2/wo > 1 L 3

e eteeeerratatatateteeearanananatatneeeeasananataeneeenanananaeaeaeeenenannanananeesenannanananennast® : Parameter Probe

g = )\/ QWO ——» Quantum phase transition
g — 1

11



Finite-component critical probe

11
e Q .................................................... . A AAA
. Hgpapi = wpa'a+—o.—AMa+a')o, /.;V —
Scali
=. it $2/wo > 1 L 3
e eteeeerratatatateteeearanananatatneeeeasananataeneeenanananaeaeaeeenenannanananeesenannanananennast® : Parameter Probe

g = )\/ QWO ——» Quantum phase transition
g — 1

-----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
A 3

5 Prepare trivial
Estimation 1) ground state
protocol '

® .
“, .
NN NN NN NN N NN SN EEE NN NN NN NN EEE NS NN NN EEEEE NN EEE NN EEE NN EEEEE NN EEE NN EEE NN EEEE NN EEE NN EEE NN NN NN NN EEE NN EEE NN EEEEE NN EEEE SN EEEE NN EEEEE NN EEEEEEEEEEEEEEEEEEEEEEEEEE®




Finite-component critical probe

11
e Q .................................................... . A AAA
. Hgpapi = wpa'a+—o.—AMa+a')o, /.;V —
Scali
=. it $2/wo > 1 L 3
e eteeeerratatatateteeearanananatatneeeeasananataeneeenanananaeaeaeeenenannanananeesenannanananennast® : Parameter Probe

g = )\/ QWO ——» Quantum phase transition

g— 1
: “ Prepare trivial Adiabatic
Estimation 1) ground state 2) sweep
protocol :
¥(g)) = 10) @ [1) g(t) 10 — 1

® .
“, .
NN NN NN NN N NN SN EEE NN NN NN NN EEE NS NN NN EEEEE NN EEE NN EEE NN EEEEE NN EEE NN EEE NN EEEE NN EEE NN EEE NN NN NN NN EEE NN EEE NN EEEEE NN EEEE SN EEEE NN EEEEE NN EEEEEEEEEEEEEEEEEEEEEEEEEE®




Finite-component critical probe

L A AAA

. Hpppi = wpa'a+—o0,—AMa+a)o, /.)V \/

Scalin
: it $2/wo > 1 P !
et eeerateseatesratestasesaasasaeasnaeeeeaseseasesaasaseaseseasasaanasnasaseraseasaseanaresasnanaenan®® 3 Parameter Probe

_ Quantum phase transition
g = A/+/Quwo P

g—1
: Prepare trivial Adiabatic Measure
Estimation 1) ground state 2) sweep 3) ground state

protocol

.
. *
....................................................................................................................................................................................................




Finite-component critical probe

----------------------------------------------------------------------------------------------------------
. .
*

: Q
HRabi — a)OaTa -+ EGZ _ /1(61 T aT)O-x

Scaling Q/WO > 1

limit

. *
---------------------------------------------------------------------------------------------------------

-----------------------------------------------------------------------
.

5 Prepare trivial
Estimation 1) ground state
protocol '

.
.
----------------------------------------------------------------------

------------------------------------------------------------------------
03

: Prepare trivial
Driven-dissipative 1) initial state
case :

*
.
-----------------------------------------------------------------------

12
A AA A
o — \/
Parameter Probe
Quantum phase transition
g— 1

Adiabatic Measure

2) sweep 3) ground state
g(t):0—1 (¥(9)|0l¥(9))

Long-time Measure

2) evolution 3) steady state

i [5(0) WHI0N(D)

.
----------------------------------------------------------------------------------------------------------------------------



Evaluation

Quantum Fisher information
Groundstate  [1)(g)) = S(£)[0) ® |1
Squeezing £ = —Loo(1 — 42

= —zlog(l — g%

QFL G = A[0avl0a) + (Oav1))?]

Protocol duration

13



Evaluation

Quantum Fisher information Protocol duration
roundsize  [35(g)) = S(¢)[0) @ |1}
S i — 1 — g2
queezing £ = i log(1 — g°)

QFL G = 4l0av10a) + (Oav1)?)

G o.10, o
wWo =
0.08} 100
0.06} | 500

o /) LL

0.8 0.9 1.0 1.1 1.2

9

Critical 1

scalin GA ~
Q.F.I.g 32 A%(1 — g)?




Evaluation

Quantum Fisher information Protocol duration
Ground state ‘w(g» — S’(f)‘m ® ) €np = W 1 — g2.
S i 1 2 E 2 I | |

queezing £ = _Zlog(l — g ) 15 L
- € €
afl  Ga = 4[(0a010a0) + (avl)?) 5 1L
0.5 F
(;QOJO o/ ; 0 | :
Wo = O 05 1 15
0.08| .. p
0.06} e

0.04;
0.02; J

0.8 0.9 1.0 1.1 1.2

9

Critical 1

scaling GA ~
Q.Fl. 32A%(1 - g)?




Evaluation

Quantum Fisher information

P(g)) = S(€)|0) ® |})

Ground state

Squeezing £ = _i log(l — 92)

QFL G = AL0aYI0AY) + (0av18))7]

Ga o.10 s
0.08| (00
0.06|
0.04|
0.02| J L

_ e

0.8 0.9 1.0 1.1 1.2

Critical 1

scalin GA ~
Q.F.I.g 32A4%(1 — g)?

Protocol duration

(from time-dependent perturbation theory)

o 9
Adiabatic ,(g) 9 wo (1 _92)3/2

evolution 1+ ¢?
Critical scaling 9 ds 1
Evolution T = / — N
time 0 v(s) “ovl=g



Results

A

Hamiltonian: Gwo ~ <N>2T2 Saturate Heisenberg limit
% Optimal in nois
Driven-dissipative: Gwo ~ <N>T g Metrologyy

14



Results

A

Hamiltonian: Gwo ~ <N>2T2 Saturate Heisenberg limit
_ o % Optimal in noisy
Driven-dissipative: Gwo ~/ <N>T Q. Metrology

- L. Garbe, M. Bina, A.Keller, M. G. A. Paris, and S. Felicetti, Phys. Rev. Lett. 124, 120504 (2020).
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A universal feature of ultrastrong coupling

Nonlinear quantum resonators
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Quantum Rabi model
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- S. Felicetti and A. Le Boité, Phys. Rev. Lett. 124, 040404 (2020).

Take place In driven-dissipative systems

Pumped Kerr resonators
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- N. Bartolo, F Minganti,W. Casteels, and C. Ciuti, Phys. Rev.A 94,033841 (2016).
- R. Rota, F Minganti, C. Ciuti, and V. Savona, Phys. Rev.A 112, 10405 (2019).
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Implementations in quantum technologies

Atomic Systems

- A.Dareau et al., PRL 121,253603 (2018).

- M.-L. Cai et al,, Nat. Comm. 12, | 126 (2021).

Circuit QED
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- D. Marcovic et al.,, PRL 121,040505 (2018).

Polaritonics

- S.R.K. Rodriguez et al., PRL |18,247402 (2017).

-T. Fink et al., Nat. Phys 14, 365 (2018).

Opto/electro-
mechanics

- G. Peterson et al.,, PRL 123,247701(2019).
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Master equation
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Master equation
p=—ilH,p| + kN(a"pa —1/2 {aaT, ph)

Hamiltonian
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Qubit readout

Master equation
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Hamiltonian
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- P.Krantz et al, Nat. Comm. 7 1417 (2016).
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Master equation
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- P.Krantz et al, Nat. Comm. 7 1417 (2016).
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Master equation
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Hamiltonian T * $ T
_ata at2 4 42 51242 il
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Dispersive coupling Hqc — 5&] a'za,_‘-& - P.Krantz et al, Nat. Comm. 7 11417 (2016).
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Master equation
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Hamiltonian # $ : * #
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Master equation
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Qubit degradation is proportional to: 25
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Open questions

- Can we overcome

- What is the impact
the critical slowing down?

of previous knowledge?



