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Performance of a multilevel quantum heat engine of an ideal N-particle Fermi system
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We generalize the quantum heat engine (QHE) model which was first proposed by Bender et al. [J. Phys.
A 33, 4427 (2000)] to the case in which an ideal Fermi gas with an arbitrary number N of particles in a box
trap is used as the working substance. Besides two quantum adiabatic processes, the engine model contains two
isoenergetic processes, during which the particles are coupled to energy baths at a high constant energy E, and a
low constant energy E., respectively. Directly employing the finite-time thermodynamics, we find that the power
output is enhanced by increasing particle number N (or decreasing minimum trap size L 4) for given L, (or N),
without reduction in the efficiency. By use of global optimization, the efficiency at possible maximum power
output (EPMP) is found to be universal and independent of any parameter contained in the engine model. For an
engine model with any particle-number N, the efficiency at maximum power output (EMP) can be determined
under the condition that it should be closest to the EPMP. Moreover, we extend the heat engine to a more general
multilevel engine model with an arbitrary 1D power-law potential. Comparison between our engine model and
the Carnot cycle shows that, under the same conditions, the efficiency n = 1 — E—; of the engine cycle is bounded

from above the Carnot value n, = 1 — %
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I. INTRODUCTION

A quantum engine cycle consists of several basic quantum
thermodynamic processes, including quantum adiabatic pro-
cess, quantum isothermal process, quantum isobaric process,
quantum isochoric process, and isoenergetic process [1-5].
Based on these thermodynamic processes, various quantum
engine models have been studied in a series of publications
[1-27]. One of the important attributes shared by quantum
engine cycles is that the working substance is composed of
quantum matter. Using a single particle confined in a 1D
box potential as the working substance, Bender et al. [2]
constructed a two-level engine model by changing both the
potential wall and the quantum state in a specific manner.

For a two-level Bender engine model of a single particle
in various potentials, the performance has been studied
intensively [2,19-22]. It has been found that the efficiency
at maximum power output (EMP) is a constant for a given
potential [19,21] but sensitively dependent on the form of
the potential [21]. Two of the authors of the present work
generalized the Bender model [2] and gave a performance
analysis, extending a single two-state particle into two three-
state particles [23]. These engine models were well established
and analyzed, but under the certain approximations that the
working substance contains only one (or two) particle(s) and
that only two (or three) energy levels are taken into account. It
is natural to generalize these previous models by establishing
an arbitrary M-level engine model that works with an arbitrary
finite number N of particles (with N < M). Moreover, so far
there has been no universal and complete discussion on the
performance of such a quantum heat engine (QHE) model
in the literature [2,19-21,23] and, in particular, the problem
of EMP [26] of the generalized engine model has not been
addressed adequately and clearly.
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In the present paper, we study the performance of an engine
model which consists of two quantum adiabatic and two isoen-
ergetic processes, by extending the previous models of a (two)
two-state (three-state) particle(s) in a potential to a multilevel
engine cycle with an arbitrary number N of noninteracting
fermions confined in a trap. Usually, efficiency is sacrificed to
maximize the power in finite-time thermodynamics [17,26].
By contrast, the finite-time process analysis finds that, for
given minimum trap size or particle number, the power output
can be enhanced by increasing particle number or decreasing
minimum trap size, without decrease in efficiency. We prove
by using global optimization that the efficiency at possible
maximum power output (EPMP) is intrinsic and independent
of the model parameters, such as the potential size, and the
particle number as well as the number of energy levels. The
EMP for any engine cycle can be determined, under the certain
condition that the efficiency of this model is closest to the
EPMP. The general case, in which a M-level engine model uses
the N-particle Fermi gas trapped in an arbitrary 1D power-law
potential as the working substance, is discussed. We compare
the engine cycle with the Carnot cycle, describing the quantum
Carnot cycle which works with N noninteracting fermions in
an arbitrary power-law potential. As expected, the value of the
efficiency of our engine model is found to be bounded from
above the Carnot value.

II. QUANTUM VERSION OF THE FIRST
THERMODYNAMIC LAW AND OF
ADIABATIC THEOREM

The first law of thermodynamics in quantum-mechanical
systems can be expressed as a function of eigenenergies ¢,
and probability distributions p, [5,26],

dE =dQ+dW =Y eudp,+ Y pudes. (1)
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where dQ = ), &,dp, and dW = ), p,de, depict the heat
exchange and work done, respectively. Here we have used dQ
(dW) instead of dQ (dW), since the heat exchange Q (work
W) is a process variable. As in a classical system where the
generalized force Y,,, conjugate to the generalized coordinate

Yu, 18 defined by Y, = —‘;TV:, the force for a quantum system
reads
aw de,
F = = = — —_—, 2
o7 ;pn o )

where L is the generalized coordinate corresponding to the
force F.

Because the von Neumann entropy SVN = kgTr(p1n p),
with kp being Boltzmann constant, identically vanishes when
the density matrix p is of a pure state [19,21], the Shanon
entropy instead of the von Neumann entropy will be consid-
ered. The Shanon entropy can be expressed in terms of the
probability distributions as

S=—ks ) pulnpy. (3)

The quantum adiabatic theorem [28] predicts that an isolated
system would remain in its initial state during an adiabat.
It is clear from Eq. (3) that the entropy in an adiabatic
process remains constant through no change in the probability
distributions p,, withn = 1,2,3, .. ..

III. A MULTILEVEL ENGINE MODEL OF FINITE N
NONINTERACTING FERMIONS TRAPPED
IN A 1D BOX

An arbitrary state |¢) can be expanded in terms of the
eigenstates |u,) as |¢¥) =), a,|u,), with the expansion
coefficients satisfying Y oo | |a,|* = 1. For an ideal Fermi gas

(@)
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with a finite number of particles confined in a 1D box with
width L, the Schrodinger equation of the system can be written
as

R d*y(x)
2m  dx?

—Ey(x) =0, “

where 1(x) is required to satisfy the boundary conditions
¥(0) = 0 and (L) = 0. The expectation value of the system
Hamiltonian is thus given by E = (Y|H|y) =), ealanl?,

. . . 2232 .
where the single-particle energy spectrum is g, = %, with
m being the mass of a particle, and n = 1,2,3, .. ..

A multilevel QHE model of N noninteracting fermions
in a 1D box potential, consisting of two adiabatic and
two isoenergetic processes, is illustrated in Fig. 1(a). The
isoenergetic and quantum adiabatic processes are, respectively,
identified as:

(i) Isoenergetic process: The potential width L changes
as the potential wall moves, and the system is coupled to an
energy bath in the isoenergetic process where the energy of
the system E(L) remains constant. So the energy exchange
is a form of heat exchange by definition, and the external
fields play the role of heat baths in traditional quantum heat
engines. From a physical point of view, an isoenergetic process
can be achieved when the working substance interacts with
an external field [2,22,27,29,30], as shown in Fig. 1(b). For
instance, when the atom system interacts with a radiation field
[2,22,27], photons are converted from high or low to low or
high states during the operation of the engine, leading to a
change in energetic value. In such a case, the particles undergo
transitions among the energy levels under the action of the
radiation fields if the width of the trapping potential varies
very slowly, thereby indicating that the isoenergetic process
could be realized [31].
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FIG. 1. (Color online) (a) Interaction of a M-level system with an external field E(z). (b) Graphic sketch of a multilevel QHE model of an
ideal Fermi gas with a finite number N of particles in a 1D box trap. At instants A and D, the N particles stay in the N energy levels with
n=12,...,N —1,N, while at instants B and C, the particles stay in highest energy levels withn = M, M —1,....M — N +2,M — N + 1.
In the process A — B(C — D) the system absorbs (releases) energy from (to) energy bath I (II) and the energy of the system is kept unchanged
at a constant energy E;, (E.). In the adiabatic branches B — C and D — A the N-particle system is decoupled from the energy bath and stays

in fixed states.
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(i) Adiabatic process: During the adiabatic process, the
system is decoupled from the energy bath and remains a fixed
state through no change of the probability distributions p,.

The four processes that our engine model operates are
described as follows:

(1) At the start of the isoenergetic expansion A — B, the
finite N noninteracting fermions are assumed to occupy the
lowest energy levels and the system is brought into contact
with an energy bath (labeled I). As a result, the energy of the
system is given by

2h2 N 2h2
-y r=""q, (5)

where G| = Z;N 1i = lN(N + D@N + 1). In this isoen-
ergetic expansion, the state of a single particle is a linear
combination of the M energy eigenstates. Using the condition
>, a2 = 1 with ) being the expansion coefficients of ith
particle occupying the nth eigenstate, the energy of the system
as a function of potential width L is

b= szz ZZ ja?"n. (6)

i=1 n=1

Combination of Eq. (5) with Eq. (6) gives rise to the following
relation:

_ _31 ﬁ: i ‘au)fnz (7)
= . .
i=1 n=1

When these fermions occupy from the Mth to the (M —
N + 1)th level, respectively, the maximum value of L in the

isoenergetic expansion is obtained as Lp = ,/g—fL A, where
Gy=Y", yiitand thus, G, = IM(M + DM + 1) —
{(M — NY(M — N +1)2M — 2N + 1) From Eq. (6), the

force F is determined by Fap(L) = mL2 Zl 1Zn | lal?,
which, according to Eq. (7), can be written as

hlm?
mL3L

FAB(L) = G1~ (8)
The heat quantity Q) absorbed from the energy bath I is
given by

27,2

0 / " (L = "G, (&2 9)
= = — n{— .
h . AB miZ 1 G

1

(2) Inthe adiabat B — C, the system adiabatically expands,
outputing work while isolated from any energy bath. During
this process the system remains in the fixed state and no heat
exchange occurs.

(3) This isoenergetic compression C — D, where the
Fermi system is coupled to the other energy bath
(labeled II), is almost an inverse process of the first process.

At the end of the compression Lp = %Lc, the system
is back in the initial state in which all particles occupy the
lowest energy levels. During this isoenergetic compression,

the expectation value of the Hamiltonian is kept constant as
w2h?

Ecp=E, = ——
€p ZmL%

Gs. (10)
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Similar to the isoenergetic expansion, the force as a function
of L can be obtained as

h2n?

Fep(L) = ——Go, 11
cp(L) mIAL 2 (11)
and the heat quantity Q. released to the energy bath II is

determined according to

Lp 7T2h2 G2
Fep(L)YdL)| = ——GoIn|[ — ] . 12
/;C cp(L) ‘ iz 2 <G1) (12)

(4) In the adiabatic compression D — A the system is
decoupled from the energy baths. As in the adiabat B — C,
the system remains in the fixed state with no heat exchange in
this compression process.

The engine cycle A - B — C — D — Aisdrawn in the
(F,L) plane [see Fig. 2]. By repeatedly performing the above
sequence of processes, we have a scenario in which energy is
systematically extracted from the energy bath I, some of which
released to the energy bath II and the rest of which delivered
as work. In discussing the engine model, we assume unitary
transformation from a pure state to a pure state. Although the
system may be in a mixed state during any engine process,
the system is assumed to remain in a pure state at the special
instants A, B,C, and D [of course, it is possible for the system
to be in a mixed sate [20] even at these special instants].

The total work per cycle and the efficiency are, respectively,
given by

G G» G
W= e = - Z)m(=), a3
o -0 2m (Li L%) n<G1) ()

2
nzzzl—GzLA=1—&. (14)
On GL% E)

Before ending this section, we would like to point out that,
although no equations of motions and thus no real dynamics
are used to describe the evolution of the quantum system,
the time required for completing a thermodynamic process
should satisfy the condition of quantum speed limit. That is,

Q.=

F(L)

L

FIG. 2. Schematic diagram of a QHE cycle in the plane of the
width L and force F(L). The quantum states of the N particles
and the values of the potential width at the four special instants
are as follows: |uy),|us), ..., |luny_1), and |uy) at instants A and D,
lup ) lupr—1)s - ooy |upr—n2), and |upy_no1) at instants B and C.
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in order for the initial state of the system to evolve through a
unitary evolution to a state, the finite time ~%/FE is required
for completing that transition [32].

IV. OPTIMIZATION ON THE QHE CYCLE

We are now in a position to discuss the power output and
efficiency for the QHE cycle. As emphasized, in order for
the adiabatic theorem to apply, the time scale associated with
the variation of the state must be much lager than that of the
dynamical one, ~h/E [21,23,26,28]. Let 9(¢) and 7o be the
average speed of the variation of L and the total cycle time,
respectively. The speed v(¢) should be slow enough that the
change of L is much slower than the dynamical time scale,
~h/E, and thus the adiabatic as well as isonergetic scheme
remains valid. In other words, the speed ¥(¢) must satisfy the
condition that 7(r) < h/LE, which, together with Egs. (5) and
(14), gives an estimate:

ﬂthzL
2mL3 R?
The total change in the potential with L per cycle, Ly, is
given by
Ly =(Lp—La)+(Lc—Lp)+(Lc—Lp)+(Lp—La)
=2(Lc — Ly). (16)

(1) < (15)

The total cycle time 7y as a function of the average speed is
=L/t =2(Lc — La)/b. (17)

Defining R = L¢/L4 and T’ = G,/ Gy, we find the power
output by using Eqs. (13) and (17),
p_ W _ 706G, BT In(T) a8)
1 4mL} R}—R? ’

which is a monotonous increasing (decreasing) function of G
(or L,), indicating that the power output can be enhanced
by increasing particle number N (or decreasing minimum
potential width L 4) for given L 4 (or N). Note that, according
to inequality Eq. (15), the power output should satisfy the

.. 7*%3G,G,L R*-T
condition that P < LR R’

(P > 0or W > 0) condition can be obtained from Eq. (18) as
R > T, (19)

which depends on the ratio I'. Only when this positive work
condition is satisfied can the positive work be extracted.
The efficiency in Eq. (14) as a function of I" and R becomes

r

Fa

increasing monotonously as I' decreases.
In Fig. 3, we plot the three-dimensional diagram of

(P*.I,R), with P* = P/(Z"T01) being the dimensionless
A

power output. Figure 3 shows that there exists a maximum

dimensionless power output for given values of I" and R. When

the ratio I" is kept unchanged, we have the following condition

by setting the derivative of the power P* with respect to the

ratios R equal to zero:

R} + (3R, +2)=0. (1)

In(T"). The positive work

n=1- (20)
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FIG. 3. (Color online) Dimensionless power output P* as a
function of I and R.

Note that, for a two-level (or three-level) engine with a single
(or two) particle(s) in a box trap, I' =2 (I' = 13/5) and
Eq. (21) reduces to the corresponding one in Ref. [19] (or
Ref. [23]). Mathematically, the maximum power can be found
by using global optimization that sets the derivatives of the
power P* with respect to the ratios R and I' equal to zero.
In such a case, the maximization conditions aaikfl R=Rp = 0
and %h:r‘,pl = 0 lead to the solution at Rqp 2~ 2.9525 and
Lopt 2 3.7532, yielding the universal value of the EPMP,

Nopt =~ 0.5697. 22)

However, the values of I'op, Rop, and nop are determined
at the possible maximum power output. Physically, contrary
to the continuous variation of R (the ratio of the maximum
potential width Lo to minimum potential width L,), the
ratio I' (the ratio of the energy-level number M to the
particle number N) for a small particle-number N must be
discrete since both N and M are positive integers. As a
consequence, the maximum dimensionless power output Py,
and the corresponding efficiency 7, change discretely, as
shown in both Table I and Fig. 4. For a model with a fixed
particle-number N, the optimal energy-level number M can
be determined, based on the principle that the ratio I (this
value is nothing but the optimal value of I',, in physical
meaning) should be the one closest to the value of Iop. As

TABLE I. The optimal values of M, I',, R,,, and n,, for different
values of N.

N M Iy R N

2 4 5.0000 3.4360 0.5765
3 5 3.5714 2.8898 0.5723
5 8 3.4546 2.8586 0.5773
10 16 3.6494 2.9103 0.5691
20 32 3.7596 2.9390 0.5647
50 79 3.7024 2.9242 0.5670
80 126 3.6878 2.9204 0.5676
100 158 3.7256 2.9302 0.5661

021133-4



PERFORMANCE OF A MULTILEVEL QUANTUM HEAT ...

(@) —o—TI=2.0714
124 —A—T1=35714|
—6—TI=5.5000
1k
0.8}
‘o
0.6
0.4h
02k
0 i
0 1 2 3 4 5 6 7 8 9 10

PHYSICAL REVIEW E 86, 021133 (2012)

(b) —
09+ i
08+ ——T=2.0714] T
07k || —A—T=35714| |
’ /| —e+T=5.5000
06 ’ .
& o5 i
041 .
03+ ,
02+ 1
01 ,
0 Il Il 1 1 L
0 1 2 3 4 5 6 7 8 9 10

FIG. 4. (Color online) For different values of I" at given particle number N = 3, dimensionless power output P* (a) and efficiency 7 (b) as
functions of R, respectively. The values of I are adopted 2.0714 with M = 4, 3.5714 with M = 5, and 5.5000 with M = 6, respectively.

an example, for an engine model with N = 3 particles, the
optimal energy-level number is given by M =5, since the
ratio I';, = 3.5714 is closest to 'y = 3.7532. It can be seen
from Table I that, when N as well as M increases, the physical
values of R,, I',,, and n, approach the corresponding the
optimal values at the possible maximum power output, Rop,
Lopt, and nop, respectively, implying that the EPMP given in
Eq. (22) would be reached when N becomes large enough
(see more details in the Appendix).

Figure 4 displays the dimensionless power output (a) and
efficiency (b) as functions of the ratio R for different values
of T'. It is shown that the efficiency 5 increases as I' (R)
decreases (increases), while there exists a maximum value of
dimensionless power output P* as a function of R (I') for given
I' (R). Combing Egs. (25) and (20), we plot the performance
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FIG. 5. (Color online) Dimensionless power output P* versus
efficiency 7 in the case of N = 3. The values of dimensionless power
output, withI" = 2.0714 (M = 4),and with [’ = 5.5000(M = 6), are
represented by a red and a blue solid line with circles and squares,
respectively. The dimensionless power output for Iy = 3.7532
(which is determined under the possible maximum power) is denoted
by a black dashed line with asterisks.

characteristic curve of P* — n, as shown in Fig. 5. Figure 5
displays that the curve of the dimensionless power output
versus the efficiency is parabola-like. It can be seen from Fig. 5
that, when P* < P}, there are two different efficiencies for
given power output, where one is smaller than 7, and the
other is lager than ,,. When n < n,,, the dimensionless power
output P* increases as the efficiency decreases, such that the
efficiencies, larger than n,,, are the optimal values for the heat
engine. That is, the optimal region of the efficiency is given by

M <1 < 1. (23)

The value of n,, is the allowable value of the lower bound
of the optimal efficiency. The ratio R determining the
structure of the engine model should satisfy the relation
R > R,,, where R, is determined from Eq. (21) and thus
depends on the value of I". In constructing the structure of the
engine cycle, the condition that L = R,, L 4 must be fulfilled
in order for the engine to operate in the optimal region given
in Eq. (23).

V. GENERAL CASE

In order to consider the general case, we will consider 1D
power-law potentials whose energy spectrum are parameter-
ized by the form of [33-35]

&, = hown?, 24)

where w is the trap frequency, n is a positive integer quantum
number, and o is the index of the single-particle energy
spectrum. The frequency @ can be expressed in terms of
the trap width L as w = AL~?, where A is a constant for a
given potential and 6 is a trap exponent [36] in dependence
of the trapping potential. There are several special cases as an
prominent example: (i) 0 = 6 = 2 for a box and a harmonic
potential, A = ”22—;"2 for a box potential, while A = 2 for a
harmonic potential [21], with m being the particle mass. (ii)
o =6 =1 and A = mhc for extremely relative particles in a
box potential [37]. (iii)) 0 = %, 60 =2,and A = %2 for a quartic
potential [33].
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The power output P = W /1y, with 7 defined in Eq. (17),
is given by
MGy 1 R°-T

P="= 7 T 25)

where G| = Z; 1i79,Gy = Z£M7N+l i, and I’ = G,/ Gy,
yielding the positive work condition

R>T? (26)

The efficiency of the generalized engine model is then
given by

r
RY"

Defining the dimensionless power output P* = P /(-5 G‘”’, ) and

n=1-— 27)

using the extremal condition of (d Jr=r, =0, we have
ROV 4+ T[-R,(0+ 1)+ 601 =0, (28)

in a similar manner adopted in Sec. III. For a box trap,
Eq. (28) becomes identical to Eq. (21). Under the positive
work condition that was given by Eq. (26), we can obtain
the optimal value R = R,, and thus determine corresponding
efficiency n,, of the model working with a given potential. For
simplicity, through our discussions the working system has
been assumed to be in a state that the fermions occupy the
consecutive energy levels. On the other hand, the EPMP, in
which the optimal values of both I" and R are only determined
by Eq. (28), is rarely dependent of the choice of the energy
levels. Thus, the EMP, as the one closest to the EPMP, will be
rarely influenced by our choice of the energy levels for given
particle number N.

VI. RELATIONSHIP BETWEEN EFFICIENCY OF THE
QUANTUM ENGINE CYCLE AND THAT OF THE
CORRESPONDING QUANTUM CARNOT CYCLE

In this section we discuss the relationship between the
efficiency of the QHE cycle mentioned above and that of
the Carnot cycle consisting of two quantum adiabatic and
two isothermal processes. In a quantum isothermal process,
the N-particle Fermi system as the working substance is
coupled with heat baths at constant temperatures, 7, and
T., respectively, whereas occupation probabilities are kept
constant during any adiabatic process, as shown in Fig. 2.
(The N-particle system is coupled to heat baths at constant
temperatures T = 7, and T = T,, instead of E = Ej; and
E = E_, in the processes A — B and C — D, respectively.)

We first consider an M-level system of a single particle
in a 1D power-law trap. For a three-level system with a
single particle, S,El) = |a,|* n = 1,2,...,M). These occupa-
tion probabilities should satisfy the Boltzmann distribution
gV, = DM D/T with A, (L) = [(n + 1)° — 1]A/L° and
n=12...,M — 1, where A was defined below Eq. (24).
According to the condition that Zflw:l () = 1, the occupation
probability 51(1) of the ground state is written in terms of trap
size L and temperature 7':

= : (29)
1 ZM | e— (7 —DA/(kpTL)’
n—=
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which shows that the occupation probability depends on
the actual number of energy levels involved. The canon-
ical partition function Zy for an ideal N-particle Fermi
system can be determined by the exact recurrence re-
lation [38-40] Zy = + >4 (=D, Zy_y, where 2z =
> expl—kan® /(kpTL?)] and Zy = 1. Using the above
recurrence relation, one can readily obtain the following
recursive scheme for the occupation probabilities [39]:

EN) = exp[—An® /(kBTL")Z =MD +1],  (30)

where £V and £V~ represent the occupation probabilities
of the nth state for system with N and N — 1 particles,
respectively. The expressions of occupation probabilities for an
ideal Fermi system with an arbitrary number of particles [41]
can be found using the recursive scheme.

Let S(J) be the entropies of the working substance at
different instants J = A,B,C, and D, the heat exchanges
O and Q. are Oy, = Ty[S(B) — S(A)] and Q. = Tc|S(D) —
S(C)|. According to the first law of thermodynamics, the work
W per cycle can be calculated as

W=0y-0,=(T,—T)ISB) - S(A)]. (3D
In obtaining Eq. (31) the relations S(C) = S(B) and S(D) =
S(A) for two adiabats have been used. The efficiency of the
quantum Carnot engine, . = Q , 1s thus given by

T.
nc—l—Th (32)

Because the occupations probabilities &) with n =
1,2,...,Min Eq (30) are fixed in the adiabatic process, there
exists a relation = (LB ).

In the branch A= B 'with fixed initial potential width L 4,
the total energy of the M-level system of N noninteracting
fermions can be expressed as E(L) = A Y L=%&™). The

maximum value Lg = ./ % L 4 of potential width, where G| =

SN n%and G, =32, .. n° atinstant B is achieved,
only under the conditions that £ =1 withn = 1,2,...,N
atinstant Aandn =M - N+1M-N+2,.... M —1,M
at instant B. It is clear that this condition can be completely
satisfied in the isoenergetic process described above. However,
it is impossible to achieve a state in which N fermions occupy
either the highest or lowest N energy levels in the presence
of a heat bath. We find from Eq. (30) that, for the quantum
isothermal process A — B in which E(Lg) < E(L,), this

condition cannot be fulfilled and thus Lz < ,/g—fL 4. As a

consequence, we have the inequality

E, T,
h h

That is, under the same conditions, the efficiency of our engine
model is bounded from above the Carnot value. Note that the
inequality Eq. (33) is independent of the form of the potential,
the particle number, as well as the energy-level number.
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VII. SUMMARY AND DISCUSSIONS

As a summary, we have extended the previous models
in Refs. [2,21,23] by considering a QHE that consists of
an arbitrary number of fermions in a trap. Considering the
finite-time processes, we explicitly derive the expressions of
power output and efficiency and demonstrate that the power
output can be enhanced, but without decrease in efficiency,
either by increasing particle number as well as energy levels
involved in the engine model or by decreasing minimum value
of the potential width. We find that the EPMP is universal and
independent of any parameters, including the maximum and
minimum values of potential width, the particle number, and
energy-level number. The optimal region as well as positive
work condition of the engine cycle has been found, which can
provide a new theoretical basis for the performance evaluation
and improvement of the quantum heat engine. We discuss the
generalized engine cycle model, which proceeds with an ideal
Fermi gas with an arbitrary number of particles trapped in
an arbitrary power-law potential. This generalized model is a
microscopic analogue of the classical Carnot engine and its ef-
ficiency is proved to be bounded from above the Carnot value.

A natural extension of our work would be to take into ac-
count other Hamiltonians [36,42]. For example, if the working
substance consists of N bosons in a trap, the case becomes
more complex [43]. We also expect that the performance
characteristics of other models exhibiting interaction between
particles [24,36,42] can be studied in the future.

ACKNOWLEDGMENTS

This work is supported by the National Natural Science
Foundation of China under Grants No. 11265010,
No. 1114200, No. 11065008, No. 10974033, and No.
11191240252, the State Key Programs of China under Grant
No. 2012CB921604, and the Foundation of Jiangxi Educa-
tional Committee under Grant No. GJJ12136. J. H. Wang
is also very grateful to professor Dorje C. Brody for his
instructive discussions.

APPENDIX: THE PROBABILITY OF FINDING
A PHYSICAL VALUE OF I CLOSE TO THE BEST
VALUE T, = 3.7532

Now we turn to discussion on the probability of finding a
physical value much closer to the optimal value of Iy (as
as well as the EPMP 7,y). Since I' = g—f, where G, and G,

2N?4+6M(M—N+1)—3N+1
QN+D)(N+1) >

were defined in the text, the ratio I’ =
leading to

Moy = (N = D+2,/3(N + D[(@Top — DN + 2L g + 11.
(A1)
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FIG. 6. (Color online) M as a function of N. The upper
[M = M(Top + 6,N)] and lower [M = M (T, — 6,N)] bounds of
M are denoted by a black solid line and a blue dash-dotted
line, respectively. The optimal M [M = M(I'qy,N)] at possible
maximum power output is the red dashed line. The probability
of finding a physical value of T',, approaching the optimal I'yy
is proportional to the blue region between the lower and upper
bounds.

Assuming I'y, = oy = 8, where § << 1, both I', and Ty
were defined in Sec. IV, M can be written as

1
My = L(N = 1)

+ +/BINHD[(AT o £45 — )N + 2Top £25 + 11.
(A2)

Let o = |M,, — Mgy, it is not difficult to verify that

B 28 +68/N
AT — 14 QI+ 1)/N

V(N + D[N@L — 1) + 2T + 1.

(A3)
In obtaining Eq. (A3), we have used the approximate expan-

45+25/N _ 1 45428/N
T—1+@r+D/N — 1+ 2 AT—1+2T+1D)/N +

vided that § << 1. We find the leading order of the expansion
of Eq. (A3) is satisfied with a form as o o« N, when N tends
to be large enough. Since the probability of finding a physical
value approaching the optimal I, is proportional to the value
of p, it increases as N increases. As an example, in Fig. 6
we plot the region of o' = M(N,Top +8) — M(N,Top — 8)
in the (N, M) plane, adopting the values of § = 0.3000 and
LCope = 3.7532. 1t can seen from Fig. 6 that, when the particle
number N increases, the probability of finding a physical
value that close to the optimal Iy, increases, implying that
the optimal value of I'gy as well as 7oy wWould be reached
when N tends to be large enough.

e

sion \/1 + .., pro-

[1] R. Kosloft, E. Geva, and J. Gordon, J. Appl. Phys. 87, 8093
(2000).

[2] C. M. Bender, D. C. Brody, and B. K. Meister, J. Phys. A 33,
4427 (2000).

[3] E. Geva and R. Kosloff, J. Chem. Phys. 96, 3054 (1992); 97,
4396 (1992); 102, 8541 (1995).

[4] H. T. Quan, Y. X. Liu, C. P. Sun, and F. Nori, Phys. Rev. E 76,
031105 (2007).

021133-7


http://dx.doi.org/10.1063/1.373503
http://dx.doi.org/10.1063/1.373503
http://dx.doi.org/10.1088/0305-4470/33/24/302
http://dx.doi.org/10.1088/0305-4470/33/24/302
http://dx.doi.org/10.1063/1.461951
http://dx.doi.org/10.1063/1.463909
http://dx.doi.org/10.1063/1.463909
http://dx.doi.org/10.1063/1.468844
http://dx.doi.org/10.1103/PhysRevE.76.031105
http://dx.doi.org/10.1103/PhysRevE.76.031105

RUI WANG, JIANHUI WANG, JIZHOU HE, AND YONGLI MA

[5] H. T. Quan, Phys. Rev. E 79, 041129 (2009).

[6] P. Perrot, A to Z of Thermodynamics (Oxford University Press,
Oxford, 1998).

[7] E. Geva and R. Kosloff, Phys. Rev. E 49, 3903 (1994).

[8] M. O. Scully, M. S. Zubairy, G. S. Agarwal, and H. Walther,
Science 299, 862 (2003).

[9] M. O. Scully, Phys. Rev. Lett. 104, 207701 (2010).

[10] M. O. Scully, K. R. Chapin, K. E. Dorfman, M. B. Kim, and
A. A.Svidzinsky, Proc. Natl. Acad. Sci. USA 108, 15097 (2011).

[11] T. Feldmann and R. Kosloff, Phys. Rev. E 61, 4774 (2000); 68,
016101 (2003); 70, 046110 (2004).

[12]J. Z. He, J. C. Chen, and B. Hua, Phys. Rev. E 65, 036145
(2002).

[13] E. Wu, L. G. Chen, E. R. Sun, C. Wu, and Q. Li, Phys. Rev. E
73, 016103 (2006).

[14] F. Wu, L. G. Chen, S. Wu, E. R. Sun, and C. Wu, J. Chem. Phys.
124, 214702 (2006).

[15] J. H. Wang, J. Z. He, and Y. Xin, Phys. Scr. 75, 227 (2007).

[16] H. T. Quan, P. Zhang, and C. P. Sun, Phys. Rev. E 73, 036122
(2006).

[17] Y. Rezek and R. Kosloff, New J. Phys. 8, 83 (20006).

[18] M. J. Henrich, G. Mahler, and M. Michel, Phys. Rev. E 75,
051118 (2007).

[19] S. Abe, Phys.Rev. E 83,041117(2011); S. Abe and S. Okuyama,
ibid. 83, 021121 (2011).

[20] S. Abe and S. Okuyama, Phys. Rev. E 85, 011104 (2012).

[21] J. H. Wang, J. Z. He, and X. He, Phys. Rev. E 84, 041127 (2011).

[22] C. M. Bender, D. C. Brody, and B. K. Meister, Proc. R. Soc.
London A 458, 1519 (2002).

[23] J. H. Wang and J. Z. He, J. Appl. Phys. 11, 043505 (2012).

[24] Y. Lu and G. L. Long, Phys. Rev. E 85, 011125 (2012).

[25] S. W. Kim, T. Sagawa, S. De Liberato, and M. Ueda, Phys. Rev.
Lett. 106, 070401 (2011).

[26] J. H. Wang, J. Z. He, and Z. Q. Wu, Phys. Rev. E 85, 031145
(2012).

[27] J. H. Wang, Z. Q. Wu, and J. Z. He, Phys. Rev. E 85, 041148
(2012).

[28] M. Born and V. Fock, Z. Phys. 51, 165 (1928).

[29] A. B. Adib, Phys. Rev. E 71, 056128 (2005).

[30] H. Katsuda and M. Ohzeki, J. Phys. Soc. Jpn. 80, 045003
(2011).

[31] Asdiscussed in Ref. [22], an energy bath is ultimately equivalent
to a thermal bath, as lies in the fact that while energy is a well-
defined concept in quantum mechanics, temperature a priori
is not. In fact, the temperature of the bath varies continuously

PHYSICAL REVIEW E 86, 021133 (2012)

during an isoenergetic process, even though the energy of the
system is kept fixed. For our engine model, the Hamiltonian H
of the quantum system depends parametrically on a predefined
time-dependent function A(#) which, as an external controlled
parameter, “switches” from 1(0) to A(t) during a given switching
time 7. Aiming to realize an isoenergetic process, we model
an energy bath that exchanges energy with the system in
order for the work done by the external parameter A to be
precisely counterbalanced. As in a classical system [29,30],
when a quantum system evolves from an initial state [¢(0))
to a state |y(¢)) through a unitary evolution, one possible
way of achieving this is to demand the constancy of the
expectation of the Hamiltonian through < ﬁ =[H(@),H{)] +
L = [H(t),H(t] + 23 = 0.1tis clear that this condition is
fulﬁlled by the system Hamiltonian at any two instants satisfying
[H (), H(t)] = — 22 2.

[32] V. Giovannetti, S. Lloyd, and L. Maccone, Phys. Rev. A 67,
052109 (2003); J. Opt. B 6, S807 (2004).

[33] J. H. Wang and J. Z. He, Eur. Phys. J. D 64, 73 (2011); J. Low
Temp. Phys. 166, 80 (2012).

[34] S. R. de Groot, G. J. Hooyman, and C. A. ten Seldam, Proc. R.
Soc. London A 203, 266 (1950).

[35] V. V. Kocharovsky, M. O. Scully, S. Y. Zhu, and M. S. Zubairy,
Phys. Rev. A 61, 023609 (2000).

[36] J. H. Wang and Y. L. Ma, Phys. Rev. A 79, 033604 (2009); J. H.
Wang, H. Y. Tang, and Y. L. Ma, Ann. Phys. 326, 634 (2011).

[37] R. K. Pathria, Statistical Mechanics, 2nd ed. (World Scientific
Publishing Co., Singapore, 2003).

[38] P. T. Landsberg, Thermodynamics with Quantum Statistical
Illustrations (Interscience, New York, 1961); D. 1. Ford, Am.
J. Phys. 39, 215 (1971).

[39] H. Schmidt, Am. J. Phys. 57, 1150 (1989).

[40] P. Borrmann and G. Franke, J. Chem. Phys. 98, 2484 (1993).

[41] For the finite N, the chemical potential u ~ Fy — Fy_;, where
Fy = —kpT InZy is the Helmholtz free energy. When N
tends to be 1nﬁn1ty, EM ~ gN-D = £ we find from Eq. (30)
that§, = TRT ZN T which coincides with
the standard grand-canonical distribution function for a Fermi
system [38] with u = ‘)FN

[42] J. H. Wang, J. Z. He, and Y. L. Ma, Phys. Rev. E 83, 051132
(2011).

[43] A Bose system does not obey the Pauli exclusion principle. For
an ideal N-particle Bose system, there exists an exact recurrence
relation for the canonical partition functions [33,36,38—40],
which is different from that obtained in a Fermi system.

elen Hl/kBT+l ’

021133-8


http://dx.doi.org/10.1103/PhysRevE.79.041129
http://dx.doi.org/10.1103/PhysRevE.49.3903
http://dx.doi.org/10.1126/science.1078955
http://dx.doi.org/10.1103/PhysRevLett.104.207701
http://dx.doi.org/10.1073/pnas.1110234108
http://dx.doi.org/10.1103/PhysRevE.61.4774
http://dx.doi.org/10.1103/PhysRevE.68.016101
http://dx.doi.org/10.1103/PhysRevE.68.016101
http://dx.doi.org/10.1103/PhysRevE.70.046110
http://dx.doi.org/10.1103/PhysRevE.65.036145
http://dx.doi.org/10.1103/PhysRevE.65.036145
http://dx.doi.org/10.1103/PhysRevE.73.016103
http://dx.doi.org/10.1103/PhysRevE.73.016103
http://dx.doi.org/10.1063/1.2200693
http://dx.doi.org/10.1063/1.2200693
http://dx.doi.org/10.1088/0031-8949/75/2/018
http://dx.doi.org/10.1103/PhysRevE.73.036122
http://dx.doi.org/10.1103/PhysRevE.73.036122
http://dx.doi.org/10.1088/1367-2630/8/5/083
http://dx.doi.org/10.1103/PhysRevE.75.051118
http://dx.doi.org/10.1103/PhysRevE.75.051118
http://dx.doi.org/10.1103/PhysRevE.83.041117
http://dx.doi.org/10.1103/PhysRevE.83.021121
http://dx.doi.org/10.1103/PhysRevE.85.011104
http://dx.doi.org/10.1103/PhysRevE.84.041127
http://dx.doi.org/10.1098/rspa.2001.0928
http://dx.doi.org/10.1098/rspa.2001.0928
http://dx.doi.org/10.1063/1.3681295
http://dx.doi.org/10.1103/PhysRevE.85.011125
http://dx.doi.org/10.1103/PhysRevLett.106.070401
http://dx.doi.org/10.1103/PhysRevLett.106.070401
http://dx.doi.org/10.1103/PhysRevE.85.031145
http://dx.doi.org/10.1103/PhysRevE.85.031145
http://dx.doi.org/10.1103/PhysRevE.85.041148
http://dx.doi.org/10.1103/PhysRevE.85.041148
http://dx.doi.org/10.1007/BF01343193
http://dx.doi.org/10.1103/PhysRevE.71.056128
http://dx.doi.org/10.1143/JPSJ.80.045003
http://dx.doi.org/10.1143/JPSJ.80.045003
http://dx.doi.org/10.1103/PhysRevA.67.052109
http://dx.doi.org/10.1103/PhysRevA.67.052109
http://dx.doi.org/10.1088/1464-4266/6/8/028
http://dx.doi.org/10.1140/epjd/e2011-20158-4
http://dx.doi.org/10.1007/s10909-011-0411-8
http://dx.doi.org/10.1007/s10909-011-0411-8
http://dx.doi.org/10.1098/rspa.1950.0139
http://dx.doi.org/10.1098/rspa.1950.0139
http://dx.doi.org/10.1103/PhysRevA.61.023609
http://dx.doi.org/10.1103/PhysRevA.79.033604
http://dx.doi.org/10.1016/j.aop.2010.09.013
http://dx.doi.org/10.1119/1.1986074
http://dx.doi.org/10.1119/1.1986074
http://dx.doi.org/10.1119/1.16123
http://dx.doi.org/10.1063/1.464180
http://dx.doi.org/10.1103/PhysRevE.83.051132
http://dx.doi.org/10.1103/PhysRevE.83.051132



