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ABSTRACT We consider the problem of energy cost needed for acceleration (deceleration) of the evolution of
a quantum system using the Masuda—Nakamura’s fast forward protocol. In particular, we focus on dynamics
by considering models for a quantum box with a moving wall and harmonic oscillator with time-dependent
frequency. For both models we computed the energy needed for acceleration (deceleration) as a function of
time. The results obtained are compared with those of other acceleration (deceleration) protocols.
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1. Introduction

Controlling of evolution and manipulation of physical processes in quantum systems is of practical importance in
emerging quantum technologies. Achieving such a goal allows one to improve device miniaturization and operational
speed at nanoscale and quantum functional materials. Solving such a problem requires developing of cost-efficient meth-
ods for acceleration and deceleration of quantum processes. One of the methods allowing to accelerate (decelerate) the
quantum evolution, including that in adiabatic regime has been proposed in [1], which was later modified for different
cases and situations (see [2—10]). According to the protocol of this approach, evolution of a given quantum system can be
accelerated (decelerated) by acting some external electromagnetic potential on it. The method was later called Masuda—
Nakamura’s fast forward protocol in quantum mechanics [1]. It is important to note that there are different protocols for
acceleration (deceleration) of quantum evolution. Therefore, an important problem that arises in the context of their prac-
tical applications is energy-efficiency of a fast-forward protocol. Such efficiency can be estimated in terms of so called
fast forward energy cost which was introduced first in the [11] and applied later to different physical systems in [12, 13].
Here we estimate such a cost for Masuda—Nakamura’s fast forward protocol in case of dynamical quantum confinement
by considering harmonic oscillator with time-dependent frequency and a quantum box with a moving wall.

Remarkable feature of the Masuda—Nakamura’s fast forward protocol developed in [1] is the fact that it allows one
to accelerate the time evolution of a quantum system by tuning the external potential that can be reduced to regulation
of an additional phase in the wave function. The improved version of the prescription was proposed later in [4] which is
used for acceleration of the soliton dynamics described in terms of the nonlinear Schrddinger equation and tunneling in
quantum regime [4]. Different modifications and application of the protocol have been presented later in [4-8]. One of the
advantages of the Masuda—Nakamura protocol is its effective application to so-called adiabatic quantum processes. These
processes are those occurring in very slowly evolving quantum systems. An interesting problem in this case is so-called
quantum short cuts, implying the shortest path (in time) to the end of the (adiabatic) processes among others. In [2, 3] the
Masuda—Nakamura protocol was adopted to the problem of short cuts. In the literature, the problem called “short cuts
to adiabaticity” [14—18] (called also “transitionless quantum driving” by Berry [19]). One should also note successful
application of the fast forward protocol to the problem of stochastic [8] and classical [20] heat engine.

This paper is organized as follows. In the next section, we present a brief description of the fast-forward protocol
following [1]. Section 3 presents an application of the fast forward protocol to harmonic oscillator with time-dependent
frequency and quantum box with moving wall. In Section 4, we calculate energetic cost of fast forward protocol for
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the harmonic oscillator with time-dependent frequency and compare it with the cost of inverse engineering protocol. In
addition, Section 4 presents the results for quantum box with moving boundary conditions. Finally, the section 5 presents
some concluding remarks.

2. Fast forward protocol for adiabatic quantum dynamics

Here we briefly recall the fast forward prescription for adiabatic quantum dynamics and it’s application to the har-
monic oscillator with time-dependent frequency [7]. Consider the dynamics of a wave function 1)y under the dynamical
confinement Vo = Vy(x, R(t)) which varies adiabatically (slowly). This adiabatic change is characterized by slowly-
varying control parameter R = R(t) which is given by

R(t) = Ro + e, (1)
with the growth rate € < 1. The time-dependent 1D Schrodinger equation (1D TDSE) for 1)y is given as:
20— 520 Vi, RO @
ot 2m ’ ’

where the coupling with electromagnetic field is assumed to be absent. If R = const the problem reduces to an eigenvalue
problem for stationary bound state ¢y which satisfies the time-independent Schrodinger equation

R h2
E¢o = Hogo = —%55 + Vo(z, R)| ¢o. 3)

With use of the eigenstate ¢9 = ¢o(x, R), one can conceive the corresponding time-dependent state to be a product of ¢
and a dynamical factor as

bo(z, R(t)) = oz, R(t))em=RE), )

As it stands, however, 1y does not satisfy TDSE in Eq. (2). To overcome this difficulty, we introduce a regularized wave
function

6’69 = ¢o(x, R(t))eiee(z,R(t)) — L [$E(R())dt
= 6@, R(t)e # o EEEW 5)
and regularized potential
Ve = Vo(a, R(t)) + eV (z, R(1)). (6)
Regularized wave function ¢,/ should satisfy the TDSE for regularized system,
6¢Teg h?
— —782 reg Vveg Teg 7
ot 2m + %o ™
up to the order of €.
The potential V' is determined as
y 0o h? Vo
V=-h-I ——-1 - V. 8
Rewriting ¢ (, R(t)) in terms of the real positive amplitude ¢, (z, R(t)) and phase n(z, R(t)) as
bo(w, R(t)) = do(x, R(t))e ), ©)
we see 0 to satisfy
_ m _
02(630:9) = —7-Ond5. (10)
Integrating Eq. (10) over z, we have
050 = Oroidx’ 11
h ¢0 / R¢0 T, (11)
which is the core equation of the regularization procedure. We shall now accelerate the quasi-adiabatic dynamics of

0*7 in Eq. (5) by applying the external driving potential (fast forward potential). For this purpose, we introduce the
fast-forward version of ¢/ as
Yrp = golx, R(A(t)))ein(mR(A(t)))eiv(t)9(ryR(A(t)))e—% Jo B(R(A(s)))ds (12)
For accelerated system, control parameter R now can be rewritten as
R(A(t)) = Ro + €A(t), (13)

where A(t) is the future or advanced time

A) = /0 a(t') dr. (14)
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The wave function of fast forward state given by Eq. (12) satisfies TDSE with a fast-forward Hamiltonian Hpp:

0 K2
ih VEE =HppYrr = <—3§ +Vo+ VFF) VFF.
ot 2m
(15)
Here Vo = Vy(z, R(A(t))) and Vg is given by
2 2
Vip = f%v(t)aﬁ - Opm — ;—m(v(t)ﬁ(aﬁ)? — hw(t)Orn — Ko (t)8 — h(v(t))?ORH.
(16)

3. Application to adiabatic dynamical confinement

Masuda—Nakamura’s fast forward protocol presented in the previous section can be applied to the simplest time-
dependent system such as one-dimensional quantum box with a moving wall and one-dimensional harmonic oscillator
with time-dependent frequency, evolving in the adiabatic regime. The main result for such a task is analytically or
numerically calculated wave function ¥ - of the fast forwarded system and fast forwarding (driving) potential, V.

3.1. Time-dependent harmonic oscillator

Consider first the harmonic oscillator with time-dependent frequency. The evolution of such system is described in
terms of the following non stationary Schrédinger equation:

i Do RU0) = 0240, RO + s (RO, RO, a7

where time dependence of the frequency w(t) is caused by adiabatically changing parameter R(t) defined as R(t) =

v/1/w(t). For adiabatic regime of evolution, the eigenvalue problem can be written in terms of the following Schrodinger
equation:

that gives one the eigenvalue and the eigenstate as
1
b = mw(R) 1/4 1 - TR 2 mw(R) 1/2x
" mh (2nn!)1/2 " h
withn =0,1,2,.... Here H,,(-) are the Hermite polynomials.

Fast forward state and fast forward potential for such system can be calculated analytically. It is given by (see [7] for
details):

rr = Gnlw, RAA@)eH Ao e (M)« ROEME = (g
and
mR

Vip = ——— 17 19
FF " (19)

3.2. Time-dependent quantum box

Now, let us investigate 1D quantum box with a moving wall. The dynamics of a particle is governed by
oY h?

ih— = Hotp = ——0 20

with the time-dependent box boundary conditions as t(x = 0,¢) = 0 and (x = L(¢),t) = 0. L(¢) is assumed to change
adiabatically as L(t) = Lq + €t. Length of the wall L(¢) is to be assumed as control parameter of the confinement.
The adiabatic eigenvalue problem related to Eq. (20) gives one eigenvalues and eigenstates as follows

g, — (N
2m \ L(t)

b = wasm(%x). @
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The phase 6 which the regularized state acquires is given using the formula (11), as

_ooml [T, m o
o = o [ eie=GG
2
m X

Due to the real nature of ¢,,, we find 7 = 0 in Eq. (8) and see that V vanishes.
Now, we apply the fast forward scheme from Section 2. This will be done by changing time ¢ by future time A(t) in
control parameter L(t). By taking the asymptotic limit (¢ — 0, & — oo with ea = v(t) ), the fast forward state can be

written as:
i LA 2 ()2 [ TN

Yrer = g (2, LAL)€ FEAGH i, @3)
t

where L (A(t)) = Lo + / v(t")dt" with the time scaling factor v(¢). In accordance with Eq. (16), the fast forward
0

potential is given by
m L(A®®)) ,
Vip =—— . 24
PET TR I &4

In the next section, we compute energy cost needed for realization of the above models, i.e. for fast forwarding of the
quantum evolution in time-dependent box and time-dependent harmonic oscillator.

4. Energy cost needed for fast forwarding of the evolution of a quantum system

The practical application of the above (or any other) fast forward evolution prescription is closely related to the
question: how much energy one needs to use to apply the prescription. In other words, the effectiveness of the fast
forward protocol depends on the cost of energy to be spent: as smaller the energy cost as effective the protocol. Here we
consider the problem for estimation of the energy cost needed for application of the Masuda—Nakamura’s fast forward
protocol. According to the Ref. [11] energy cost to be paid for a given fast forward protocol is determined as:

Trr

1
C= 7 [ I es)
Trr
0
where || A|| denotes the Frobenius norm defined as follows: ||A|| = y/Tr [ATA} and H is the total Hamiltonian of the
system, which is given by
H = Hy + Vrr,

where Hj is the Hamiltonian of the standard system (to be fast forwarded) and Vg is the fast forward potential given
by Eq. (16). Here we estimate the energy cost for two systems adiabatically evolving under the dynamical confinement.
Namely, we consider the time-dependent harmonic oscillator and the quantum box with moving wall described above.
Let us start with the time-dependent harmonic oscillator given by Eq. (17).

According to [12] the energy cost needed to fast forward a quantum system with an unbound (discrete) spectrum
(which is the case for our system) can be rewritten as

TrF

1 _
Crp=— Udt, (26)
Trr )

where T shortened or fast-forward time and U is the internal energy given by the following formula

U = Tr(pHrr), 27
with density matrix p defined as follows:
o0
p(t) = In) folnl, (28)
n=0

where {|n)} is the exact solution of TDSE (15) and f,, is the Fermi—Dirac distribution having the form
£, = 1
T eBEn(LAM) ) 417
For the time-dependent harmonic oscillator, the expression of U can be written as (see [7] for details):

2 . .
T = A (4TZL2 L mL2> (29)

8 8
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472 mkT\? / N\ 2
14— 12 /= -
w5a() (%)

1 ¢2 1
L=Lo+v( ) (30)

2Trr  3T:p

. t t?
L=o————]. 31
(TFF T%p)

with

A= N?

and

Thus, for the cost, we have the formula

1 Trr
C =—/Udt
FF TFF
0
T,

AR2 /FF 1 mA

—dt — —— [ (LL — 1.?)at
27 8T, /
FF 0

TrF
o 4mTF 2

Trr

0
A A d
m . .
= —dt ——(LL) +2L2%)dt
4mTFF / L2 +8TFF /( dt( )+ )
0
T

0

TrF

A2 1 mA .
d L2dt.

= _— t —_
4mTF F L2 4TF F
0 0

Using Eq. (31), one obtains

T U t 2 \?
gt T magt [ o (g )
ATpp 0/ 4TpF ) Trr Tip

2 (1 1 1 mA
=mA Trp — =Tpp + —Tpp | = —-0°.
" 4TFF<3 rr 2FF+5FF) 120"
Then
17 AR 1 A
_ m
— dt = —dt + —— 2. 2
CFF TFF /U 4mTFF / L2 + 120U (3 )
0 0

= FF Protocol
= IE Protocol

F1G. 1. Energy cost for the fast forward protocol (blue) with control parameter L given by Eq. (30) and
the inverse engineering protocol (red) with the initial frequency wy = 1 and the final frequency wr = 10

In the case of the control parameter L(t) chosen in the form

T 2
L(t)=Lo+ v (t — I gin ”t) : (33)
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. 2
L=7 (1 — cos Wt) , (34)
Trr

TrFr

we have

Trr
1 _ Ah? 1 34m
0 0

3
=== FF Protocol | ]
e | E Protocol | 7

107 10° 10 10%

Tee

FIG. 2. Energy cost for the fast forward protocol (blue) with the control parameter L given by Eq.(30)
and the inverse engineering protocol (red) with the initial frequency wg = 1 and the final frequency
wWp = 10

Now, let us do similar calculations for the quantum box with moving wall. Energy U for accelerated dynamics of the
quantum box with moving wall looks as follows (for details see [7]):

o - 7T27_l2N?’l1_|_24<ka>2<N>4+...
24m L2 2 h?2 L
2 —4
L6 HlG(ka) (N) . ]
w2 N2 372 h? L

Here we also considered two cases: the first one takes place if the control parameter L(t) is given as polynomial function,
the second one takes place if L(t) is trigonometric function. As for polynomial L(¢), it is as follows:

(36)

N .. .
—  —(mLL —mL?
6

2 3
L:LO—H‘)(;TLLFF—;T;F>. (37)
The energetic cost is given by
TrFr Trr
Crp = —— / Udt = By —— / L+32f (38)
Trr ) 24Trp ) L2 90’

where B; and Bs are the following constants:

—4
T2 h? N3 24 (mkT\* [ N
B, — 142 - 39
YT 2am +7r2(h2) ] Tp (39)
N 16 (mkT\2 (N
m m
By=— |14+ — — 40
! 6[+3W2(h2)<L>+ (40)
For the case of trigonometric control parameter, one has L(t) in the form
_ Tpr . 27
Lt)=1L t— —t1 . 41
) 0+v( 2m SlmTFF) @b
For the energetic cost, we obtain the expression
TFF TFF
Crp = — Udt = By — / 1+BT]2 (42)
FE = Tpp T ouTep ) L2 TP
0
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FIG. 3. Energy cost of the fast forward protocol with L given by Eq. (37) for the parameters Ly = 1
and Lr = 10
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FIG. 4. Energy cost of the fast forward protocol with L given by Eq. (41) for the parameters Ly = 1
and Lr = 10

Fig. 1 compares plots of the energy cost as function of time for Masuda—Nakamura’s (blue line) and the inverse
engineering (IE) (red line) fast forward protocols for the time-dependent harmonic oscillator (see [12] for details). Energy
cost for IE protocol is obtained numerically by using the following IE Hamiltonian [12] :

1rb2(t)  W2(H)b(t) wo Buwo
Hig)== th ( — 43
Hie) =5 |50 oy +2b2(t)}co ( 2 ) “43)
where b(t) is the dimensionless function satisfying the Ermakov equation:
b(t) + w?(t)b(t) = wo /b7 (1) (44)

The calculations were done for the control parameter L(t) given by Eq. (30). As the plot shows, the cost for the Masuda—
Nakamura protocol is much smaller than that for the inverse engineering one and the curves are almost parallel to each
other. Fig. 2 presents similar plots for the form of L(t) given by Eq. (33). It can be seen that the costs are completely
different than that in Fig. 1, both qualitatively and quantitatively, i.e. the cost for Masuda—Nakamura’s fast forward
protocol in Fig. 1 is much smaller than that in Fig. 2. In addition, at the initial time the difference between the costs
are much smaller than that at longer times. In Fig. 3, the time-dependence of the energy cost for the Masuda—Nakamura
protocol is plotted for the quantum box with moving wall for the control parameter given by Eq. (30). Fig. 4 presents
similar plot for the case when L(¢) is given by Eq. (33). Comparing plots of the costs presented in Figs.3 and 4 with those
in Figs. 1 and 2, one can conclude that the costs for the time-dependent harmonic oscillator and for the quantum box with
moving wall within the Masuda—Nakamura fast forward protocol are almost equal for the same systems (provided they
are estimated for the same control parameter).
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5. Conclusion

In this paper, we proposed two models where Masuda—Nakamura’s fast forward protocol can be applied in the adiabat-
ic regime and the energy cost for the implementation of such protocol can be computed. In particular, Masuda—Nakamura’s
method for the fast-forward evolution [1,2] is applied for the acceleration of the evolution of the time-dependent box with
slowly moving wall and the harmonic oscillator with slowly varying time-dependent frequency. The quantitative compar-
ison of the energetic cost of the Masuda—Nakamura protocol with the inverse engineering protocol is given. In particular,
the plots of the energy cost for the Masuda—Nakamura and the inverse engineering protocols in Figs. 1 and 2 shows that
the Masuda—Nakamura protocol requires less cost than the inverse engineering protocol. The results obtained in this paper
can be used for further development of energy-efficient and resource-saving low-dimensional quantum devices.
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