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Essential: Preparation, control and manipulation of quantum states with high-fidelity and in a fast and robust way

Shortcuts To Adiabaticity

PHYSICAL REVIEW LETTERS
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Fast Optimal Frictionless Atom Cooling in Harmonic Traps: Shortcut
to Adiabaticity
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(a) Inverse engineering

(b) Transitionless quantum driving (counter-diabatic protocols)
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Shortcuts to adiabaricity (STA) are fast routes 1o the final esults of slow, adiabaic changes of the
controlling parameters of a system. The shortcuts are designed by a set of analytical and numerical
methods suitable for different systems and conditions. A motivation 1o apply STA methods to
quantum systems s o manipulate them on timescales shorter than decoherence fimes. Thus
shortcuts 10 adiabricity have become instrumental in preparing and driving internal and mtional

s
mechanical systems, and statistical physics. Shorteuts o adiabaticity combine well with other

concepts ques, in particular, with . and p scientific
and engineering questions such as finding speed limits, quantifying the third law, or determining
process energy costs and elficiencies. Concepts. methods. and applications of shorteuts to
adiabaticity are reviewed and promising prospects are outlined, as well as open questions and
challenges ahcad.
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Techniques of Shortcuts To Adiabaticity

(a) Inverse engineering

PRL 104, 063002 (2010); J. Phys. B: At. Mol. Opt. Phys. 42 241001 (2009)

(b) Transitionless quantum driving (counter-diabatic protocols)

J Phys. Chem. A107, 9937 (2003); J. Phys. A 42, 365303 (2009); PRL 105, 123003 (2010); 111, 100502 (2013)

(c) Fast-forward scaling approach

Proc. R. Soc. A 466, 1135 (2010); Phys. Rev. A 78, 062108 (2008)
(d) Rapid-scan approach

PRL 110, 240501 (2013)

(e) Time-scaled dynamics for STA

PR Research 2, 013133 (2020)

(f) Lax Pair from Classical Nonlinear Integrable Systems to Quantum

PRL 117, 070401 (2016)

Enhanced STA, Optimal control theory and so on ....



Implementation of STA in Harmonic Trap

Fast Optimal Frictionless Atom Cooling in Harmonic Traps: Shortcut to Adiabaticity
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Haibing Wu: PRA 97, 013628; Science advances, 4 eaar5909 (2018) Fermi gas
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Engineered swift equilibration of a
Brownian particle

Ignacio A. Martinez', Artyom Petrosyan', David Guéry-Odelin?, Emmanuel Trizac®
and Sergio Ciliberto™

A fundamental and intrinsic property of any device or
natural system is its relaxation time r,,,,, which is the time
it takes to return !o equuhbnum after the sudden change ol

is
and is often obhmod by a mmplex feedback process. To

over:omn the limitations of such an apwoath alternative
based itable drivi ath

demonstrated™’, for isolated quanlum and classical systems*”,
Their exunsion to open :yslems in :onh:t with a !Mrmonat
block for

Here, we design a

protocol, named Engineered Swift Equilibration (ESE), that
shortcuts time-consuming relaxations, and we apply it to
a Brownian particle trapped in an optical potential whose

properties can be controlled in time. We implement the process \ )
experimenhlly, shmvlng that it allows the system to vnd\ N—
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APPLIED PHYSICS LETTERS 109, 113502 (2016) G

Fast equilibrium switch of a micro mechanical oscillator

Anne Le Cunuder,' Ignacio A. Martinez,' Artyom Petrosyan,' David Guéry-Odelin,?
Emmanuel Trizac,® and Sergio Ciliberto'®

'Université de Lyon, CNRS, Laboratoire de Physique de I'Ecole Normale Supérieure, UMRS672.
46 Allée d'Italie, 69364 Lyon, France

*Laboratoire de Collisions Agrégats Réactivité, CNRS UMR 5589, IRSAMC, Toulouse, France
*LPTMS, CNRS, Univ. Paris-Sud, Université Paris-Saclay, 91405 Orsay, France

ber 2016)

(Received 6 June 2016; accepted 2 Sep ber 2016; published online 16 Sep
We demonstrate an accurate method to control the motion of a micromechanical oscillator in
contact with a thermal bath. The experiment is carried out on the cantilever tip of
microscope. Applying an appropriate time dependent external force,

necessary to reach equilibrium by two orders of magnitude compared to the intrinsic equilibration

omic force

we decrease the time

ze the energetic cost of such a fast equilibration, by measuring with kg T
accuracy the energy exchanges along the process. Published by AIP Publishing
[http://dx.doi.org/10.1063/1.4962825)
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Controlling the speed and trajectory of evolution
with counterdiabatic driving

Shamreen Iram ©"7, Emily Dolson ®?27, Joshua Chiel ®'7, Julia Pelesko?, Nikhil Krishnan?3,
Ozenc Giingor', Benjamin Kuznets-Speck'#, Sebastian Deffners, Efe llker ©¢, Jacob G. Scott®'235 and
Michael Hinczewski ®'=

The pace and unpredictability of evol are critically in a variety of modern challenges, such as combating drug
resistance in pathogens and cancer, understanding how species respond to environmental perturbations like climate change

and d artificial for agri Great prog has been made in quantitative modelling of evolu-
tion using ﬁtness landscapes, allowmg a degree of pi for future y histories. Yet fine-grained control of the
speed and distributions of these traj: ies i eluswe We p an app h to achieve this using ideas originally

1! dina letel: d|fferent text: di drwmg ﬁe control the behaviour of quantum states for applica-
tions like and i I d atoms. these |deas for the first time in a biological
context, we show how a set of external control parameters (that is, varying drug and types, e and
nutrients) can guide the probability di of g ypes in a lati aleng a specified path and tume mterval This
level of control, allowing empirical optil ion of i y speed and traj has myriad p { i from

hanci dapti ies for di: to the d of th /! crops in pi for climate change, to

accelerating bi ing thods built on 'y models, like di d i of b I
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Fig. 1. Schematic diagrams of the optimized mode (de)multiplexer using STA. (a) Top view.
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Frictionless Atom Cooling in Harmonic Trap

PRL 104, 063002 (2010)
Hamiltonian [H = p?/2m + mw(t)?*§%/2 ]
\\\ \ / //
Invariant [I(t) = 1/2[(1/b%)¢*mwg + %7%2}] e =/
\\\. \ ///
[%; 0] — [B+w(t)2b:w§/b3] 10
8.
In general the state is a superposition of “expanding modes” 6
Q
g V(1 x) 4
4 ’ A N\ 2
Y(tx) = 3, cne’ P (x|n(t))
\_ b g . 0

an(t) = —(n+1/2)wof(f dt’ /b?

10



Scaling law and Self-similarity

Time-dependent Gross-Pitaevskii equation The condition is required:
oy B2 92 1 (1) time-dependent g(t) g() = go/b()
ih— = [———2 + mo (1) +g|w|2] ¥
o 2m ox° 2 (2) Thomas-Fermi limit
With self-similar dynamics ) 2 tdqs’
bto@)?h=2, = | &
b? o b

[ Y(x,1) = b2 ef i e ETOMY, (x /b, 0) ]

2
Solution of the Ermakov equation: scaling factor [;5 +w(t)*b = “o ]

b3 JPB 42, 241001 (2009)
which makes the wave function satisfies PRA 84, 031606 (2011)
- () = ‘dr’ PRX 4, 021013 (2014)
5 IV _ _h_fiz_‘p+"’_“’3p2\p+gb|\p|2q, o b PRL 77, 5315 (1996)

2
ot 2m 9p 2 NJP 12, 113005 (2010)

These results are applicable to trapped BECs, TG gas and Fermi gas.
11



e | S — Variational approach for STA

Time-dependent 1-D GP equation with harmonic potential

Chaos 30, 053131 (2020)

2

Lagrange densit =i aw*— *%)—1‘%
Jrang o ["C 2(‘/’at 1/’at 2 | 9x

1 1
— S ORI = NIyl ]

By choosing Gaussian ansatz [Vf(x, f) = A(f) exp [_ 2;2( 5 + ,-b(t)xZ]]

The variational approach gives the following differential equation:
. 1 :
a+ a)z(t)a = = { | PRL 77, 5320 (1996); PRL 83, 1715 (1999)
a Nolinear Optics, B. A. Malomed, Progress in Optics 43, 71 (2002)

This allows us to study the case of weakly interaction, except for g=0 or g=c

Also appliable to other scenario: Frequency-Tunable Transmon Superconducting Qubits /1, ~ 4k + LE,¢* — LE,¢*

nonlinear harmonic oscillator : J.J. Garcia-Ripoll et. al. PR Appl. 14, 044035 (2020)

12



Perturbed Kepler-problem

analogous to fictitious classical particle with unit mass

( 1 1 N )
i+ W (6) 1 gN U(@) = S0’ Oa + 5 + g2 :
a+t+ow(Ha=—+ ——) Ta
a> \2ma?
2
N
&) = — + —*(Ha* + + £
(a) (® 7 )
atOandtf [ /aﬁ4+ gN a.?:l\ i -
oU/da = 0 ——) oV2m " Neoi Py
UA L N . : bang
_ '74a“f1 + \g/‘)_af =1 Al | | |
&7 0 0.2 0.4 0.6 0.8 1
a(0) = aj, a(ty) = a, 07
adiabatic reference a(0) = a(t) = 0, L
1 gl ! 1 1 | H
- \/m \ 4(0) = ﬁ(tf) — 0, / 0 0.2 0.4 ’ 0.6 0.8 1

N these boundary conditions imply the

———————— > minimization of energy, with O kinetic energy.

13



https://www.researchgate.net/publication/228059473_Perturbed_Kepler-problem_in_general_relativity_with_quaternions

Time-optimal Bang-Bang Control
b
. ] . . . B J= / dt = t;.
N“;’ 0 4 . ) 0
y . . . X1 = X2,
o o) T 08 Chaos 30, 053131 (2020)
N 0) ' PRIV
X, = —ux, + - + ——,

S - ’ 1 x; 21 xf

0l : : : : : \. J

0 0.2 0.4 0.6 0.8 1

t/tf
10 T T T ( )r 12 T T
B C
s) L The minimum time for bang—bang scheme

A c 10 - ~. N

N . ) - /1
2 4 6 8 10 ) N tr o log(as) + —
: [-.g=0101._ £
“e TF limit
4- = BEF T T T T T T o
- 29

0
Iog(wf/wo)
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By choosing ansatz for bright soliton vx,t) = A(t)sech[i] b’

I [

Fast Non-adiabatic Soliton Compression

New J. Phys. 20, 015005 (2018)

(a)
a(t) | e
Ermakov-like Equation 0.8
0.6 RED: Adiabatic
a0
-~ BLACK: STA
a 2 4 28(t) =0 SOLID: Stron
a+a)a(t)=T IR . otrong g
wea’(t) mw a*(t) 0.2 DASHED: Weak g
0 '
0 0.4 0.6 0.8 1
0 T
12} (@n+) (b)
10} -500 100 ‘
3000 oL /B
8; W -1000 .‘ QSL TQSL — —<5
6 l 2. 2000 '
i -1500
Nt t=10 oo | SN e
2 g o -2000 g . -
. . . -0.25 -0.2 -0.15 -0.1 -0.05 0
O: ‘/j . & e TN g(t) 0 0.2 0.4 0.6 0.8 1
T
-2 -1 0 | .

Stronger non-linearities lead to a better overall performance
15

X Sci. Rep. 6, 38258 (2016)



o [ Arbitrary Power-law Potential

PR Research 2, 023125 (2020)

A d

Lagrange density e U 1
L=—( ‘/’w*—iw) -3

2\ or ot 5

|
Excited state is chosen as Ansatz

—x2 ) X L

The variational approach gives the following coupled differential equations:

4 ; ) ) 32n% +2n+ Da3Or¢) 1
2 1 in(t) + -
Y kC(n) = =, q=2 2n + 1 a(t)
2n+ 1)a P a /
. q- 54 o
S—K(t)ZxO_EC(n)=O e T
\ k=0 ) =, T 10~
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Effective Scaling Approach for STA

Time-dependent 1-D GP equation with harmonic potential

Lagrange density L=-

1 1 (Vn)\?
0:6 + §(v¢)2 + g(f) +V(x, 1)+ gn

n

PRA 104, 063313 (2021)

Hydrodynamic equation:

Madelung transformation [ ¥ = \Vn(x, et ]

on 0(nve) )

o T ox >

o(Ve) +9, (P(X, 1) + lv2 + V(x,t) + gn) =0,
ot 2 J

Modified Ermakov equation connecting from noninteracting to TF limit

e 2
+wta= =+
a (t)a i
R0.995¢
P(0,0) - E? gn(0,0) — EY
A= E0 B = EO 0.99 Lo
10° 102 10" 10° 100 10> 10°
g

See the talk by Chinmayee Mishra
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Raman coupling, Q/E,

EEEEE

SOC BEC

at single particle level

/ &Z The Hamiltonian for spin-1 SOC BEC is described by
R B p> 1 o ( 9 !
H ="+ —mw*[z — 2o(t)]” + a(t)p. F, + hQF,.
2m 2

s
il gf Raman-induced SOC
il ";‘f -
L $° Ly -y In absence of the transverse potential (Q = 0)

Nature 471, 83 (2011)

Physical implementation ey
e; .o,

,LM — . —

U,(t) = ¢~ 19xq (1) p=ize(t)p/h imé(t)e/h
Unitary operator:  [f(t) = Uo(t)UUs(t) { |
Us(t) — ¢~ 0p(t) =IO F: —imBe(t)2F: /i ,~ibe(t)pF /(fiw?)

F3 _ . : 2 1

0T, Unitary transformation:  H, = Z/{(t)H(t)Z/IJ‘(t) — iﬁL{(t)L[T(t) il 1+ Zmws?
Effec}vetenfo r field MQ{J‘M 2m 2

Ar=0,F2 Ap=Q,F e,
m:1_(2‘2_mF:1 W‘—» €y

My =0 /2 m )
Spin rotation phase: o(t) = T Be(T)zo(T)dT
0

Nat. Commun. 7, 10897 (2016)
19



Inverse engineering

We can obtain auxiliary differential equations:
Fe(t) + w? [zc(t) — zo(t)] = 0

Bo(t) + w? [B(t) — B(t)] = 0

The time evolution of the state:| | V() = U(t)e_iHOt/hUT(O)N’(O))‘

[Wms(0)) = U(0)[¢n) |x)

[Tns(£)) = ™" U()[1Pn) | Xs)

Fast transport with spin flip

CC(O) =0, ©(0) =0, Z.(0) = 0,\

Te (tf) - d, Le (tf) = O, fi‘c (tf) = ().

aC(O) — ac(o) — ac(o) =0,
e (ty) = de(ty) = Ge(ty) =0,
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Fast transport with spin flip

xo(t)/d, z.(t)/d

0 0.2 04 0.6 0.8 1

t/ty
0 = ~
< & s
-~ he ot
@ =5 \ / E
~ \ /
O 3 -
Y -10 ! 1
. N A
= 15} 5 4
;T \ s
= \ /
8 \ 2
= 20+ A
s _
(b)
25 L L " L
0 02 04 0.6 0.8 1

FIG. 1. (a) Dependence of the trap position zo(t)/d (solid
blue line) and the center of mass z.(t)/d (dashed red
line) of atoms on time t/t;. (b) Dependence of the SOC
strength B(t)md/h (solid blue line) and the auxiliary param-
eter 3.(t)md/h (dashed red line) on time t/t;. All quantities
are dimensionless. The parameters 5 = 10 and d = 10.

Initial state

|\Ij($a0)> —

DN | —

(1, V3, 1) " ® |¢(z,0),

$(2,0)) = (%)/ 55 [_;‘_} |

Final state:

W (x,t5)) =

DN | =

(1, —v2,1)"

® |[P(,tr)),

wt) = () oo [-E20]

0.25
0.2
S‘\ 0.15
0.1
0.05
0
x)d
0 ) | l | 15
x/d

FIG. 2. (a) Depicts the propagation contour map of wave
packets during the fast transport process designed using the
inverse engineering method. (b) Illustrates the density dis-
tribution of the total wave function |¥(z,t)|? (black line) at
t = 0 and t = tf, along with the density distribution of the
three spin components |¥; o _1(z,t)|?, denoted by blue solid
line, black dotted line, and red dashed line, respectively.
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Spin rotation

v = % [H,z| = 2 + a(t)F,

m

5
| 7|

-0.5 0

FIG. 3. Time evolution of the wave packets with spin-
up (solid blue line), spin-zero (dotted black line) and spin-
down (dashed red line) components at different times: ¢

0,t5/4,t5/2,3t5/4,t5.
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Time evolution of spin components (F;) during

the fast transport, representing (F,) (solid black line), (Fy)
(dashed red line), and (F.) (dotted-dash blue line).
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Fast wave-packet splitting (preparation of spin-dependent coherent state)

PHYSICAL REVIEW LETTERS 129, 130402 (2022)

The single particle Hamiltonian is reduced to 1 e —
Wave Packet Dynamics in Synthetic Non-Abelian Gauge Fields
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Constant SOC strength and velocity

Aso = h/(ma)

wty = 2km
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Nonlinear interaction

C2/C0 = —0.005
GP equation:

1
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Qubit Readout by Tunable Longitudinal Coupling

LC oscillator longitudinally coupled to a two-level with time-dependent coupling

,
H = 7"02 +wa'a+ g ()o@ + a).

The dynamical equation of the cavity field regarding losses reads

& = ig.(H)o” — K@/2 — \[Kin,
K is the decay rate of the LC oscillator.

The equation of motion for the expectation value

(@) = —ifo®)e f ge(s)e*/?ds.
0

for the cavity initialized in its vacuum state.
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Inverse engineering 0.4
&~
The effective Hamiltonian reads 3 03
S
S
Hoe = VIOHV(E) — 0 [V ()]V(t) = wrata + %02 < 0.2
~
X 0.14
with the unitary transformation S
V(t) = €W exp [— igc—(:_,t)cfz(a‘L +a)] exp [— g:)—(t)az(aT - a)] 0.0 1% - . : ;
o ' 0.00 0.25 0.50 0.7 1.00
when the conditions ¢ /t F
k/2m =1 MHz, g,0/2n = 21 MHz, w,/27 = 6.6 GHz:
2 2 CO)=03 C(t)=03
; t 2g.(D)g.(t 8e( gl
6,(t)zgcg)_gz)(t)Jr g(azg(), ) —x/1006)
() + 0g.(t) — g:(0] = 0. £(0) = £0) = &(ty) = &(ty) = 0. o= T
o
are satisfied / " ge(s)ds = g/ (26). o) = & o ( =t ) cos” ( =t ) |
Loy 8D _ g0 280e0 ’ ey N\
W} Wy wr final cavity displacement
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» Homodyne operator

Cavity displacement and Signal to noise ratio (SNR) M(T) = V& / ' ds(al ,(t) exp(ig) + Qout () exp(—ig)).
= Fluctuation of the operator
g 100 Mue(T) = My(1) = (My(7)).
X = SNR
3 10_2 SNR(7) = [(Me) — (M)l .
< VMBS + (ME)
I
~ 1074
< (@) 10— (b) 102
10761 -
0.00 0.25 0.50 0.75 1.00
t/t o
/ f — 10—3_ 10—1.
p!
STA: polynomial (orange) and trigonometric (red)
conventional sinusoidal modulation (blue) 1064 : : : : 1044 : : : :
0.000.250.50 0.75 1.00 0.00 0.250.500.75 1.00
T/t T/t

0 = w/4andr = 20 (dB) = e?!' = 100

Larger value of the SNR at times shorter than the coherence times. .
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. . ~ 10
Floguet engineering g |
E 10°
= 10
: : : E10! &
We propose a driven Hamiltonian e 7
1072 10-°
fiee(E) —RVBEIIG =) ol a) 0.0 05 10 0.0 05 10
t/ts t/ty
In the Floquet frame through the transformation o i) —X(B)o" (@ ¢ hersutq. gelfheosuly,
() — - 5z 4 ata . : : :
W) —=p {IQ eosguEl(a alia)s == Floquet modulation circumvents the implementation

problem of the counter-diabatic term.

We compare the averaged Floquet Hamiltonian with the counter-diabatic term

~ T - . .
,Hf;%) (t) = %/ )\(t)é'z(flTe_chos vt e delQCOSI/t)dt - _igz(t) O_Z(a'l' - a).
0

l /T /\(t)e_’-Qcos vtdy — 71'@ l /T /\(t)emc"s”tdt . iQZ(t)‘
" T Jo wp

T Jo wr

PRL 123, 090602 (2019) gz(t)

v O'Z T
D cos(vt)o“(a' + a)

Hre(t) = Qusin(vt)(6? + a'a) +
PR Appl. 18, 034010 (2022)
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Controlled-Phase Gate Fast Multi-Partite State Generation
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Take Home Message (Further work: Variational Approximation/Hydrodynamcis for SOC BECs)
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Xo(t) + 0*[xc(t) — x0(2)] = O,
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Thank You for Your Attention!
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PRL 112, 150402 (2014).
PRA 97, 013631 (2018)
PRA in press (2024)

also appliable to cQED & QD

Schrédinger cat generation
Phys. Rev. B 96, 115308 (2017)
spin-to-charge conversion

Phys. Rev. B 98, 125411 (2018)
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QD with longitudinal coupling
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