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ABSTRACT

We formulate a thermodynamic theory applicable to both classical and quantum systems. These systems are depicted as thermodynamic
system-bath models capable of handling isothermal, isentropic, thermostatic, and entropic processes. Our approach is based on the use of a
dimensionless thermodynamic potential expressed as a function of the intensive and extensive thermodynamic variables. Using the principles
of dimensionless minimum work and dimensionless maximum entropy derived from quasi-static changes of external perturbations and tem-
perature, we obtain the Massieu-Planck potentials as entropic potentials and the Helmholtz-Gibbs potentials as free energy. These potentials
can be interconverted through time-dependent Legendre transformations. Our results are verified numerically for an anharmonic Brownian
system described in phase space using the low-temperature quantum Fokker-Planck equations in the quantum case and the Kramers equation
in the classical case, both developed for the thermodynamic system-bath model. Thus, we clarify the conditions for thermodynamics to be
valid even for small systems described by Hamiltonians and establish a basis for extending thermodynamics to non-equilibrium conditions.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0205771

I. INTRODUCTION

Exactly 200 years have passed since Carnot published his
work on the efficiency of heat engines.! Thermodynamics describes
macroscopic thermal phenomena in equilibrium and quasi-static
processes, independently of the system dynamics. It is widely applied
and has shown great success in describing thermal phenomena
characterized by intensive and extensive thermodynamic properties.
Massieu’ and later Planck’ combined the total energy with temper-
ature and entropy to derive the entropic potentials.* Subsequently,
free energy was introduced by Gibbs and Helmholtz, completing the
foundations of thermodynamics.’

Statistical mechanics, on the other hand, is a system-specific
theory that describes many-body phenomena in an equilibrium state
based on its microscopic statistical properties.” It was initiated by
Boltzmann’s establishment of the equality S = kg In W, where S is
the entropy, W is the number of possible microscopic states, and
kg is the Boltzmann constant, followed by the introduction of prob-
ability distribution functions in phase space by Gibbs and Einstein
and then by the 1922 definition of partition functions as quantum

discretized eigenstates.” It has thus been a century since statistical
mechanics took its current form.

Attempts to find a relationship between thermodynamics and
statistical mechanics have been successful under limited conditions
for specific systems, especially quantum systems, which are the
subject of quantum thermodynamics.”** However, a fundamental
difference exists between the theoretical foundations of statistical
physics, which is based on a first-principles description of kinetic
systems from a microscopic perspective, and those of thermody-
namics, which relies on a phenomenological description of thermal
systems from a macroscopic viewpoint. For example, in quantum
mechanics, observables are defined as expectation values, whereas
in thermodynamics, they are described by macroscopic intensive
and extensive variables. Consequently, a systematic theory based on
a system-bath (SB) model that describes the relationship between
thermodynamic potentials characterized as intensive and extensive
variables has yet to be firmly established.

Recently, it has been shown that it is possible to evaluate the
free energy on the basis of an SB model from dynamically calcu-
lated work as W > AG (i.e., the minimum work principle), where
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W is the work defined as being done from the outside to the sub-
system by time-dependent external fields under an isothermal time-
irreversible process and AG is the change in free energy. Thus, the
free energy is evaluated as AG = W, with the system being driven
quasi-statically by external fields.”*”’ Using this definition of ther-
modynamic potentials, the first and second laws of thermodynamics
have been verified under fully quantum conditions.”””’

Note that the free energy defined by the partition function is
ubiquitously referred to as the Helmholtz energy AF. However, in
the thermodynamic sense, the free energy as a function of the exter-
nal field, which is an intensive variable, should be called the “Gibbs
energy,” while the minimum work principle or the Kelvin-Planck
statement is typically expressed as W > AF. Since both the free ener-
gies play an essential role in the present study, hereinafter we shall
use the term “Gibbs energy” to refer to what we have previously
called the Helmholtz energy with reference to both our own work
and that of others.

The SB model exhibits time-irreversible dynamics toward the
thermal equilibrium state of the total system owing to the infinite
bath degrees of freedom, while the total equilibrium state obeys a
microcanonical ensemble.” *" The effect of a heat bath is described
by fluctuations and dissipation satisfying the fluctuation-dissipation
theorem, and the system reaches a thermal equilibrium state in
which the energy supplied by fluctuation and the energy lost by
dissipation are balanced.” "' Note that in the theory of open quan-
tum dynamics, fluctuations are essentially non-Markovian noise
expressed in terms of Matsubara frequencies, even in the case of
an Ohmic spectral distribution. Therefore, it is important to adopt
a non-Markovian treatment of fluctuations to describe the correct
thermal equilibrium state in which the subsystem and bath are
entangled (“bathentanglement”).”*”” Moreover, to calculate ther-
modynamic variables, it is necessary to accurately evaluate the heat
Q(t), which is the energy change in the heat bath, from the Hamil-
tonian dynamics.r‘zs In microscopic quantum systems, it is also
essential to include contributions from the SB interactions to main-
tain the first law of thermodynamics, which corresponds to the
energy conservation law for the total system.” "

Although the SB interaction part of the internal energy and
heat, whether in quasi-static or non-equilibrium systems, is diffi-
cult to evaluate within the conventional framework of the open
quantum dynamics theory because the bath degrees of freedom
have been reduced, we can evaluate these quantities numerically by
appropriate treatment of bathentanglement, such as by using mul-
ticonfigurational time-dependent Hartree (MCTDH),"** polaron
transformation,’* and other approaches.”” > Among these, the hier-
archical equations of motion (HEOM) formalism provides a stable
and versatile scheme for performing numerical simulations of a
wide range of problems,”” *”* " such as for spin-lattice systems,"”
the Hornstein-Hubbard model,** and vibrational modes of liquid
water,”""

Although investigations of quantum thermodynamics have
progressed with the help of experimental advances,”” *’ several
issues remain unclear. For example, extensive variables, such as
entropy and susceptibility, have been obtained from the free energy
since they satisfy Legendre transformations, but how are these
defined in the SB model? What is meant by the temperature
derivative of the free energy evaluated from the isothermal pro-
cess described by the SB model? Are the arguments discussed in the
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theory of open quantum dynamics consistent with ordinary ther-
modynamics in the classical limit? The answers to these questions
should provide a basis for extending thermodynamics, defined by
quasi-static processes, to non-equilibrium processes.

In this paper, we develop a thermodynamic theory applica-
ble to classical and quantum systems, expressed as time-dependent
thermodynamic potentials as functions of extensive and intensive
variables, based on the Ullersma-Caldeira-Leggett (or Brown-
ian) model’” ™ extended for thermodynamic studies. Our argu-
ment is based on the dimensionless minimum work principle,
which is expressed using the dimensionless (or entropic) work and
entropic potentials. The results are verified by numerical simulations
based on the low-temperature quantum Fokker-Planck equations
(LT-QFPE)°” and the Kramers equation in the classical limit.

The remainder of this paper is organized as follows: in Sec. II,
we introduce the SB Hamiltonian for thermodynamic processes.
We then define non-equilibrium enthalpy and internal energies. In
Sec. 111, we introduce dimensionless thermodynamic variables, such
as dimensionless entropy and polarization. Then, in Sec. I'V, we dis-
cuss the laws of thermodynamics within the framework of the open
quantum dynamics theory. Using the quasi-static values of work and
heat, we introduce the dimensionless minimum work principle and
maximum entropy principle. We then express the thermodynamic
potentials in terms of intensive and extensive variables in total differ-
ential form. In Sec. V, to verify our results in a numerically rigorous
manner, we introduce quantum and classical reduced equations
of motion for thermodynamic processes and perform simulations.
Finally, in Sec. VI, we present concluding remarks.

1. THERMODYNAMIC SYSTEM-BATH MODEL
A. Model Hamiltonian

We develop a thermodynamic theory applicable to classical
and quantum systems that can describe isothermal, isentropic, ther-
mostatic, and entropic processes. To achieve this, we extend the
Ullersma-Caldeira-Leggett model (or Brownian model),”> 077
which consists of a subsystem A defined in phase space coupled
to a heat bath B. By using this model, instead of the spin-boson
model,””>** we can obtain the classical results by taking 7 — 0. The
total Hamiltonian is then expressed as

Huo(t) = Ha(t) + Hin(t), (1)
where
Ha(t) = Ha + Hy (1), ©)
with
Hj = L U(4) 3)
2m

being the Hamiltonian for the subsystem with mass m and potential
U(§) described by the momentum p and position 4, and

Hj(t) = ~E(t)u(9) 4)

is the perturbation described as () as a function of the subsystem
coordinate and the external field E(t), which is a thermodynamic-
intensive variable.””** In a typical example, E(t) denotes the laser
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field and u(§) the electric dipole moment. In laser spectroscopy,
the expectation value of the dipole is an extensive variable and is
observed as the polarlzatlon Pa(t) = (u(q)), where (- - -) denotes the
thermal average.’

Although the conventional SB model has been limited to the
investigation of isothermal processes at a constant temperature, here
we extend it to describe thermostatic processes in which the tem-
perature varies with time by introducing multiple heat baths. Thus,
we consider a situation in which N independent heat baths,
each in the thermal equilibrium state at the inverse temperature
By = 1/k T are connected to or disconnected from the subsystem A
using the window function & (¢). The bath part of the Hamiltonian
is expressed as follows:

N
Hip(t) = Y (Hb + &(O)HY) (5)
k=1

Here, the kth bath Hamiltonian is expressed as an ensemble of
harmonic oscillators and is given by

Ak = 5 (f’l;)z + lmk(wk)z()e % ©)
B = omil@i) (x5
j ij 2
where the momentum, position mass and frequency of the jth bath
oscillator are given by p* i x m and of 7 respectively. Here, we
consider the situation where the kth bath is always in the thermal
equilibrium state exp (—fxH%) and heat is transferred to the bath
only when the bath is connected to the subsystem.

The SB interaction, including the counter term, is expressed as

<c V4iV2(4 )}

2m(w5)’
where (:1; is the SB coupling coefficient of the jth bath oscillator and
A and V(q) are the coupling strength and the subsystem part of
the kth SB interaction, respectively. In the study of optical spec-
troscopy, V(g) describes the effects of vibrational relaxation and
dephasing.”"*"’" The counterterm is introduced to preserve the
translational symmetry of the total Hamiltonian at U(g) =0 and
to remove the undesued self-energy divergence that occurs in the
Markovian case.”” "

The major difference when evaluating thermodynamic prop-

HEDY {—AkV(q)c %

j

erties is that in the present model, the interaction term H’f is
reduced with the bath, whereas in the spin-boson model,””" it is
treated separately from the bath.”* ' This makes the classical limit
of the thermal equilibrium state of the time-independent subsys-

tem [E(t) = 0] at f, identical to that of the isolated subsystem as

Pl = exp (—ﬁkI:I(,)\), not as pj = trg{exp [—ﬁk(HOA + I:I{‘+B)]}, while

the quantum equilibrium state is still different from the isolated
one owing to the bathentanglement.”"" This is a desirable feature
for comparison with the conventional (classical) thermodynamic
results, where the interaction is not explicitly considered.

The kth bath at B, is characterized by a spectral distribution
function (SDF) defined as

h ck
INOEDY ; fk,? 8w - ). ®)
J ] ]
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The window function, which we call the “thermostatic field,” is,
for example, defined as

&(t) = 0t - 1)0(t, + At — 1), ©)

where 6(t) is the step function and the time #; is defined as #; = tg
+ (k — 1)At, with initial time o and duration At.

For a fixed temperature B, = B, Ax(t) = Axé(t) [ie, Ap(t)
= A2E.(1)] is the “adiabatic transition field” introduced to describe
isothermal-adiabatic manipulations (e.g., the insertion/removal of
an adiabatic wall or the connection/disconnection of the subsystem
and bath™"").

For a fixed coupling strength A = A, the thermostatic processes
can be described by utilizing &, (¢) for multiple heat baths with dif-
ferent temperatures Ty to set only one bath as being connected to a
subsystem at a time. In this case, the bath temperature is effectively
expressed as

T(t) = ) Tidi(t) (10)
k=1

or the inverse temperature as f(t) = [kpT(t)]™', except in the

adiabatic case.

B. Quantum fluctuation-dissipation theorem

For the kth bath if we con51der the interaction coordinate of the
bath modes as X* =X;c ] x5, k the subsystem A is driven by the exter-
nal force X*(t) through the interaction —V(§)X*, where X*(¢) is
the Heisenberg representation of X* for H. Because each bath is a

harmonic that is Gaussian in nature, the character of X*(¢) is spec-
ified by its two-time correlation functions, such as the symmetrized

and canonical correlation functions defined byw 41,55-57
ci(t) = (X (HX*(0) + X*(0)X* (1)) (11)
and
koo P ok ok
Ri(t) = (XX ()

1 Pr ok, . ok

= Efo dA (X (-ir)X (t)>B, (12)
where (- - ) represents the thermal average of the kth bath degree of
freedom.

The function C¥(¢) corresponds to fluctuation and is analogous
to the classical correlation function X(t), whereas R¥(t) corre-
sponds to dissipation. Both are induced by the bath, and they are
related through the fluctuation-dissipation theorem in Fourier form
as Cw] = hw coth(Bw/2)R{w]."" Note that in the SB system, the
fluctuation-dissipation relation is the condition to have the thermal
equilibrium state, while the detailed balance condition is not satisfied
under the strong or non-Markovian SB coupling conditions.”” *’

With the SDF, these are expressed as

ct) = fomda)]k(w) coth(@)cos (wt) (13)
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and

k < JNw)
R(t) = fo do

In any situation, by choosing the SDF in a continuous form,
the bath degrees of freedom become effectively infinite. The energy
eigenstates of the total system then become continuous and exhibit
time-irreversible dynamics toward the thermal steady state, with
or without time-dependent external fields, while the total system
remains an isolated Hamiltonian system that conserves energy.
When E(t) =0, if the change in Ty is small and At is large, the
total system enters a canonical distribution described as pa ()
~ exp [-Bx(HS + Hf, )], which can be verified from the steady-
state solution of the HEOM and from the solution of the imaginary
HEOM?™ (also see Appendix A).

In this study, we focus on the quasi-static case and assume that
the correlation time of the noise is much shorter than the character-
istic time scale of the system dynamics. Thus, we consider the Ohmic
case described by

cos (wt). (14)

_ hAﬁw
—

J(w)

The correlation functions in Eqgs. (13) and (14) are then
evaluated as’”

2 K K 2.k
SOE zﬁik(l 3 2)5(0 -y Hpett e
I=1

k I=1

(15)

and
RN(1) = A}S (). (17)

Note that in this Ohmic SDF, some of the physical observables,
including the mean square of the momentum, (p?), diverge with-
out the cutoff K because of the divergence of the first and second
terms in Eq. (16) under the infinite summation over [, which is often
referred to as ultraviolet divergence.35‘3’("”‘’"2 However, because the
contributions of random forces from such terms are averaged over
a sufficiently short time, their effect on the dynamics of interest can
be ignored by choosing a finite K.””

We choose the coefficients vf‘ and 71;‘ to realize the relation for
finite K, where the first term on the right-hand side of Eq. (16) is
the classical contribution from the temperature, and the remain-
ing terms are the quantum low-temperature (QLT) corrections.”” It
should be noted that the fluctuation term is always non-Markovian
because of the quantum nature of the noise; it can be regarded as
Markovian only in the high-temperature limit, ﬁkhwo <« 1, in which
the heat bath exhibits a classical behavior.”>”” This is an impor-
tant conclusion obtained from the quantum fluctuation-dissipation
theorem. That is, negative non-Markov terms always appear in the
Ohmic case unless a time coarse-grained Markov assumption is
adopted, which is often unphysical as a description of quantum

. 37-40
thermodynamics.

C. Non-equilibrium enthalpy and internal energy

In a typical thermodynamic theory, a system is characterized
by thermodynamic potentials described in terms of intensive vari-
ables, such as electric field E and temperature T, and extensive

ARTICLE pubs.aip.org/aipl/jcp

variables, such as polarization P and entropy S. To construct a quan-
tum thermodynamic theory similar to thermodynamics, isothermal
and isentropic (dE and dP) processes as well as thermostatic and
entropic (dT and dS) processes must be investigated. However, most
investigations, including traditional thermodynamics, to date have
been limited to isothermal processes in which only the external field
corresponding to the intensive variable is manipulated.

Although various quantum thermodynamic studies have been
conducted, it has been difficult to derive thermodynamic laws
involving the total derivative of temperature (dT) owing to the dif-
ficulty of including thermostatic processes. Moreover, these studies
have not introduced extensive variables, such as P, as observables
in open quantum systems, nor have they provided their Legendre
transformations, which play an essential role in thermodynamics.

Here, we show that we can construct a complete description of
a thermodynamic theory from work in isothermal processes (T )
and heat in constant external field (or thermostatic) processes ( Egy ).
For this purpose, we introduce the expectation values of energy
for each component of the Hamiltonian. From the Hamiltonian
[Egs. (2)-(4)], the total energy of the subsystem is expressed as

Ha(t) = Ua(t) + H'(v), (18)
where
Ua(t) = tra{H%pa(£)} (19)

is the self-energy of the subsystem, which is considered “internal
energy” in a quasi-static case, and

H'(t) = —E(t)Pa(t) (20)

is the interaction energy described with the optical polarization
defined as

Pa(1) = tra{u(§)pa()}, (21)

where pa(t) = trg{pwot(t) } is the reduced density operator for the
total density operator Pt ().

While E(¢) is an intensive variable, P () is an extensive vari-
able. This is because for distinguishable M subsystems without
mutual interaction, the total density operator is expressed as f)gM)
=pa ®---® pa, and thus, P5(t) becomes proportional to the size
of the system. Moreover, because the evaluation of Pa(t) requires
a statistical average of the distribution function p(t) even for a
single-particle system, we can evaluate it as a thermal variable.

Because E(t) and P (t) are conjugate to each other, the relation

Ha(t) = Ua(t) - E(t)Pa(t) (22)

is regarded as a time-dependent Legendre transformation between
non-equilibrium enthalpy Ha(t) and internal energy Ua (¢).
The total non-equilibrium enthalpy is now expressed as

N
Hot(t) = Ha(t) + Y. Hiyp(1), (23)
k=1

where HY, 5(t) is the enthalpy of the kth bath, defined as

Hi,p(1) = trtot{m{w(t)ﬁtm(t)}- (24)
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The bath part of the energy (non-equilibrium bath enthalpy) is then
expressed as

N
Hivs(t) = Y Hi,5(t). (25)
k=1

I1l. DIMENSIONLESS THERMODYNAMIC VARIABLES

Although the minimum work principle for an intensive vari-
able, expressed as W} (t) > AGY", provides the condition for deter-
mining the thermodynamic potential from work,” it does not do so
for heat, which is important in determining entropy. We find that
this difficulty can be overcome by introducing the dimensionless
enthalpy of the subsystem, defined as Ha(t) = (t)Ha(t). We use
this to define the changes in dimensionless (or entropic) “intensive
work” and “extensive heat” in time corresponding to power and heat
flow, respectively, as follows:

Wi (t) = try {at[/j(t)HA(t)][)A(t)} (26)

and

O~ e {[peoymaey) 220, @)

These are interrelated by the following time-dependent Legendre
transformation:

mt(t) ext(t)

dt B [ﬁ(t)HA(t)]. (28)
They are then evaluated as

Z(t) _H, (t)dﬁ(t) B (1) ED) dE(t) 09
and

ext(t) _ ﬁ(t) dHA(t) (t) dE(t) , (30)

where P4 (t) is the dimensionless polarization, defined as
Pa(t) = B(t)PA(t). €2

In quantum thermodynamics, work has been defined using the
change in an intensive variable as P4 (¢)dE(t). In typical thermo-
dynamics, however, work can also be defined as the change in an
extensive variable as —E(t)dPa(t). To treat work defined as such,
we further introduce the dimensionless (or entropic) “extensive
work” using a time-dependent Legendre transformation of Wi (t)
as follows:

EXt(t) dwlnt(t)
e dt

~ Ha(1) "’3(” 0

[P (DE(H)]
dPA(t)

(32)

The fundamental difference between the present treatment
and the conventional treatment of thermodynamics is that the
total energy, including the heat bath, is explicitly described by the
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Hamiltonian. Thus, we consider the dimensionless total enthalpy
expressed as

Htot(t) = trtot{ﬁltot(t)ptot(t)}) (33)
where H. tt () is the dimensionless total Hamiltonian defined as
~ A N Ak
Hiot(t) = B()HA(E) + 3 Bl 45 (8)- (34)
k=1

The relationship between dimensionless (or entropic) total work and
heat is then expressed as

dWéﬁf(t) de;:(t) d—Hmt(t) (35)

where
WED) trm{aH“”(” m<t)} (36)

and
de;(t) (37)

Here, to obtain Eq. (37), we consider the case in which the subsystem
is connected to only one bath at the same time and use the following
identity:

trtm{Hmt(t) Opror(1) } 0. (38)

From Eq. (35), we have

dWii(t)  dHuw(t)

e dt (39)

Thus, the thermal current between the subsystem and bath is
conserved as

dQi'(t) __dQits()

dt d (40)

where

dQiys(t)

N
Ry trm{ﬁkHHB(t) L0) } (41)

k=1

We then identify the time derivative of the dimensionless bath
entropy, i.e., Si+5(t) = Si+5(t)/ks, with the dimensionless bath heat
current as follows:

dSin(t) _ dQYs(t)
dt -

(42)

IV. THE LAWS OF THERMODYNAMICS

Quantum mechanics is a first-principles theory, and its log-
ical structure is reasonably simple. By contrast, thermodynamics
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is a phenomenological theory developed on the basis of several
principles and statements. In this section, we deduce thermody-
namics from quantum mechanics using observables, defined as
quantum mechanical expectation values, to clarify the central dogma
of thermodynamics.

A. First to third laws of thermodynamics
1. First law: Energy conservation law

The key principle for energy in quantum mechanics is the
energy conservation law for work, whereas in thermodynamics,
energy is described not only as work but also as heat. In fact, by
adding Eqgs. (30) and (32), we have the first law of thermodynamics
expressed as

dUA(1) _dWS'(1) | dQR'(r)

R 4
dt dt dt 43)

where
Ua(t) = B(t)Ha(t) + E(t)Pa(t) (44)

is the dimensionless non-equilibrium internal energy also expressed
as Ua(t) = B(t)Ua(t). The above-mentioned equality is the con-
sequence of the energy conservation law expressed as the time
derivative of Eq. (23) as follows:

dHtot(t) _ dHA(t) 4 dHIJrB(t)
dt dt da

Then, using Eqgs. (38) and (40), we obtain Eq. (43).

(45)

2. Second law: Increasing internal energy under
time-irreversible process

As an extension of the minimum work principle for work, as
being done from the outside to the subsystem, we consider “the
dimensionless (or entropic) minimum work principle” for the total
system from one equilibrium state to another, expressed as

Wit > (W)™, (46)

where Wit is defined by Eq. (36) and (W )%" represents a transi-
tion that occurs quasi-statically. The proof of the above-mentioned
inequality is given in Appendixes A and B. Unlike the existing mini-
mum work principle, this definition can treat a thermostatic process.
From Eq. (39), the above-mentioned inequality can also be expressed
as

AH > AH,, (47)

which corresponds to “the law of increasing enthalpy” under a time-
irreversible process for a closed system.

When the coupling strength is fixed and the contribution of
work from the SB interaction is incorporated into the system, which
is the case in the present Brownian-based model, we have the
equality,

AWR'(H) _ dWia(1)

4
dt da (48)

and Eq. (46) reduces to

Wit s (Win® (49)
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This relation is an extension to thermostatic processes of the min-
imum work principle for isothermal processes, which states that
thermodynamic weight is maximized in a quasi-static equilibrium
state. Because not only the intensive variables 3(t) and E(t) but also
the extensive variables P4 (¢) and H (t) may change independently
during a non-equilibrium transition between the two equilibrium
states, we can obtain the relationship for heat with the use of Eq. (28)
as

A < (5™, (50)

which is equivalent to “the principle of maximum entropy.” This
is because for the transition from equilibrium state 1 at time ¢, to
equilibrium state 2 at ¢, we have

L1 dQA(t,)

dr’ < AS™, 51
v T() dtf £ <AS, 1)
where
dQa(t) { a,aA(r)}
i =tra HA(t) 781’ (52)

is the system heat current,”® which satisfies B(t)dQa(t)/dt
- Q5 () .

From Egs. (40) and (51), the law of total entropy production is
expressed as

ASior 2 0, (53)

where AS is a total entropy difference between the equilibrium
states at time #; and t;, defined as

t
ASior = AST' + ft L‘;‘;(t)dt (54)

Here, S+ 5(t) = ksSi+5(t) is the bath entropy [see Eq. (42)].

We can also obtain the inequality for dimensionless
(or entropic) extensive work using the Legendre transformation
(32) for Eq. (49) as

- - t
Wit > (WEH™. (55)

3. Third law: Zero-temperature limit of the SB model

In the framework of open quantum dynamics theory, the third
law of thermodynamics should describe the state of the subsys-
tem in the limit of zero temperature, but anomalous behavior has
been found in the spin-boson system at zero temperature.””*” Thus,
entropy may not be zero even at zero temperature because of the
essential role played by bathentanglement: the entropy may diverge
as B — oo as the classical approximation (fhw, < 1, where wx is
the characteristic frequency of the subsystem) collapses in the low-
temperature regime. This implies that some statements of the third
law of thermodynamics, such as “the entropy of a system at absolute
zero is a well-defined constant,” do not hold for quantum systems
described by an SB model, whereas Nernst’s statement “it is impos-
sible for any procedure to reach T = 0 in a finite number of steps,”
which is equivalent to the assertion that “thermodynamic states
with T = 0 do not exist” seems reasonable—although theoretically
anything is possible.
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B. Thermodynamic potentials

1. Massieu-Planck potentials: Entropic
state representation

Quasi-static dimensionless (or entropic) work and heat are
related to the (dimensionless) Massieu—Planck potentials, which are
entropic thermodynamic potentials defined as Legendre transforms
of entropy.”” Two of these functions are the Massieu and Planck
potentials, introduced as dimensionless forms of the Helmholtz and
Gibbs energies and defined as @5 = BF, and Ea = BG,, respectively.
The other two are entropy-derived potentials: the dimensionless
entropy IT and its conjugate entropy ®4. Because these two do not
seem to have previously been given names, here we refer to ITx as the
Clausius entropy (C-entropy) after Clausius, who first introduced
entropy,” and to ®,, associated with the partition function that
manifestly includes an intensive variable, as the Boltzmann entropy
(B-entropy). In the present case, we can introduce the Massieu and
Planck potentials and the B-entropy as A®%" = —(Wg)®, AEM
= (W%, and AOF" = (QF")®, respectively.

Thus, from Egs. (49) and (55), we obtain the dimensionless
(or entropic) minimum work principle for the intensive and
expensive work defined as being done from the outside as

Wi > ~AE® (56)
and
Wi > AT (57)

The latter inequality is a generalization of the Kelvin-Planck state-
ment, often used as a definition of the second law of thermodynam-
ics, for isothermal processes. From Eq. (50), we obtain

Qi < A0, (58)

which we call “the principle of maximum dimensionless heat
generation” and which is equivalent to “the principle of maximum
B-entropy.”

From Egs. (28) and (32), we find that these entropic potentials
are related by the following Legendre transformations:

O (t) = EF (1) - P (H)E (1) (59)
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and
O (1) = BX'(£) + B () HY' (1), (60)

respectively, where the quasi-equilibrium values of the potentials are
evaluated from Egs. (49), (50), and (55). From these, the C-entropy
can be expressed as

I (1) = DT (£) + B (O HE (1), (61)

The Planck potential is convex for the inverse temperature
B¥(t) and the external field E¥(t) (see Appendix C). Thus,
the natural variables of the Planck potential are B%(t) and
E®'(t), described as EI'[BT(t), E*(t)]. From Egs. (59)-(61),
we can express the Massieu potential and the dimension-
less entropies as @ [B¥(t), PY(1)], O [HY' (¢), E¥(1)], and
O AT (1), PP (t)]. The various relationships between the
entropic potentials and intensive and extensive variables can be
derived for these potentials.”” It should be noted that although we
chose enthalpy as the natural variable, it is possible to choose inter-
nal energy for the description of the dimensionless thermodynamic
potentials (see Appendix D).

We summarize the dimensionless thermodynamic (or
entropic) potentials as functions of the natural variables in total
differential form in Table I.

2. Helmholtz-Gibbs potentials: Energy
state representation

From dimensionless thermodynamic variables, potentials are
naturally expressed in the entropic representation, while the energy
state representation of potentials is commonly used in ther-
modynamics. For convenience in numerical simulations and to
facilitate extension to non-equilibrium states,”” ' we introduce
these potentials by evaluating them for the isothermal case and
constant-external field (thermostatic) cases.

For fixed B(t) = B (isothermal case), the inequalities (49) and
(55) for F'(t) = = (W) ®/B and G (t) = —(W ") ®/B reduce
to

Wit > AFF (62)

TABLE |. Total differential expressions for the quasi-static (qst.) entropic potentials as functions of the intensive variables
B%(t) and E%(t) and the extensive variables H3 () and A3 (t). Entropy has two definitions, depending on whether
the work variable is intensive or extensive. Of these dimensionless entropies, the commonly used one, which we call Clau-
sius entropy (C-entropy) and involves only extensive variables, is expressed as H/‘ft[st‘, Pﬁs‘], whereas the less widely

used one, which we call Boltzmann entropy (B-entropy), is expressed as 625'[H

Legendre transformations as shown.

qst

I, E%!]. The potentials are related by the

Qst. Potential Differential form

Natural var. Legendre transformation

Massieu doS = ~HIMdpet — E¥ P
Planck da2® = —HPdpet + PP AES
B-entropy deS = pTdH + P‘}:td@qs‘
C-entropy cll'[j_{‘St = /3C‘S‘dHf\St - ]:"q“de_{ft

t pHast
B qu S
—~qst t Hqst
B, E* EF = of + E¥PY
qst  pqst qst _ —=qst qst 7 yqst
HE Q¥ = ¥ 4+ priyy

qst  past qst _ xqst qst 7 yqst
H™, P A = o 4 ety
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and
Wi > AGY, (63)

where we define the extensive work W4 and intensive work Wi by

AW (1) . Opalt)
) 7trA{HA(t) 7} (64)

and

lnf

We can then evaluate the two free energies as AFS" = (Wg")%
and AGY' = (WJ)®. The inequality (62) corresponds to the
Kelvin- Planck statement. From Eq. (32), these intensive and exten-
sive works satisfy the time-dependent Legendre transformation,
expressed as

ext(t) dWmt(t)
dt dt

+ Pa(t)E(t). (66)

While the Planck potential is convex for the external field E%(¢),
the Gibbs energy is concave for E%*(¢) because G (t) = —EL' (1) /p.
From Eq. (59), the Helmholtz and Gibbs energies satisfy the
Legendre transformation expressed as
F(t) = GY'(t) + P () E™ (1) (67)
When we fix the external field E(¢) = Egy, the inequality for the
dimensionless entropy reduces to

[M a0 a

where the system is in equilibrium at times t; and ¢, and we have
introduced the time-integral form so that H, (¢) can be treated even
when it has a singular point as a function of . From Appendix C, we
can prove that the dimensionless entropy is concave as a function of
enthalpy, expressed as

AQT, (68)

2 oast
ror®
A(HL' (1))

(69)
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From the total differential form of the dimensionless entropy pre-
sented in Table I, we obtain 9@Y'(¢)/OH () = f¥(t). Thus,
Eq. (69) reduces to

qst
B 0
OHF (1)
which means that the heat capacity is positive, ie, OHy'
(t)/OT(t) > 0, with the use of dB¥ (t) = —dT* (¢)/ks[ T*'(£)]*.
For the constant-external-field process, we also have the
relation (see Appendix E), expressed as

9G¥ (1)

SgSt(t) - qut(t)

(71)

where S3(t) = ks®}' (£). Using Eq. (71) and the principle of min-
imum dimensionless work, we can prove that the Gibbs energy is
convex for the temperature T%(¢) (see Appendix F). Thus, the nat-
ural variables of the Gibbs energy are the temperature T9'(¢) and
the external field E¥(¢), expressed as G3' [ T (¢), E¥(t)].

From Eq. (60), we obtain the Legendre transformation for the
enthalpy as

HE(t) = G (1) + T (1) S¥(¢). (72)

Because the Gibbs and Helmholtz energies are related by the Leg-
endre transformation for E¥*(¢) and P{™(¢), the Helmholtz energy
is also convex for the temperature T*'(¢). Thus, from Eq. (18), we
obtain the Legendre transformation between the Helmholtz energy
and internal energy as follows:

UF(1) = F& (1) + T (1) ST (1) (73)

From Egs. (67), (72), and (73), the thermodynamic potentials are
expressed in terms of the natural variables as F{ [T (t), P (t)],
HE[ST (1), E¥(1)], and USSP (¢), P ()], respectively.

We summarize the thermodynamic potentials as functions of
the natural variables in total differential form in Table II.

Although Table II is similar to the well-known table of ther-
modynamics for the equilibrium state, we have obtained it from a
dynamical approach using a quasi-static process and have not relied
on calculation of the partition function. This indicates that the same
results can be obtained not only theoretically but also experimentally
by measuring heat and polarization in quasi-static processes.

TABLE |1 Total differential expressions for the quasi-static (qst.) thermodynamic potentials as functions of the inten-
sive variables T%%!(t) and E%!(t) and the extensive variables S (f) and P5™(t), which are related through Legendre

transformations.

Qst. potential Differential form

Natural var. Legendre transformation

Helmholtz dFY" = ST AT + E® Py
Gibbs dGY = —s¥'dTe - PIdE™
Internal dU‘lS‘ T‘ls‘ds‘lst E®'gpY!
Enthalpy qu“ T‘l“dsqst PP AES

t st

7%, pd
t t t
qut, E9st Gqs Fqs EqsthS
t t t t t
s3, p¥ qu Fqs + Tq“s‘ls
qst  pqst qst _ qst qst qst
SFLE HE = GY + TS
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V. NUMERICAL DEMONSTRATIONS

A. Reduced equations of motion for thermodynamic
processes

We consider the standard Brownian model described as
V(@) = g although, if necessary, we can treat nonlinear SB cou-
pling, which is critical for the description of molecular motion.*"*>""
We then set p(q) = pg and introduce the time-dependent potential
defined as

U'(g:t) = U(q) — pgE(t). (74)

For the reduced density matrix element pa(q,qst)
= (qlpa(t)|q’), we introduce the Wigner distribution function,
which is the quantum analog of the classical distribution function in
phase space, defined as

1 o ipx, X X
WA(P’Q)EEIW dxe® /hpA(q—E,q+ 5)' (75)

The Wigner distribution function is a real function, in contrast to
the complex density matrix: it reduces to the classical distribution
function in the classical limit.

We choose the coefficients vf and #¥ in Eq. (16) for finite
K. Then, we incorporate this contribution using the HEOM
formalism.””” To reduce the computational cost, we employ the
Padé spectral decomposition (PSD) scheme for 7f and v} to
enhance computational efficiency while maintaining accuracy.”
For time-dependent 3(¢), the decomposition constant becomes a
time-dependent function as v;(t).

Under quasi-static conditions, we assume that the time scale
of the quantum thermal fluctuations S(¢)%/2n is shorter than that
of the subsystem. Thus, the SB coherence among different heat
baths [e.g., the kth bath and the (k+ 1)th bath] is negligible.
Under this condition, we can describe the system dynamics using a
K-dimensional hierarchy instead of a (K x N)-dimensional hierar-
chy, where N is the number of heat baths.

1. Low-temperature quantum Fokker-Planck
equations (LT-QFPE) for thermodynamic processes

Under the PSD scheme, the equations of motion for the Wigner
function are expressed as’’

P \ K ,
&Wa(p» gt) = —(ﬁqm(f) + > (1) + Bk (p, g5 t))Wﬁ(P» gt)
1

K
- Op()Wisa (p.g3t)
=1

K
= > mi(D)O(p, s 1) Wi (p, g3 1), (76)
I=1

where7i = (...,1,...) isa K-dimensional multi-index whose com-
ponents are all non-negative integers and ¢ = (0,...,1,0,...) isthe
kth unit vector. The multi-index 7 represents the index of the hier-
archy. Physically, the first hierarchical element, W(p,q,t), corre-
sponds to Wa(p, g, ), and the rest of the hierarchical elements serve
only to facilitate the treatment of the non-Markovian system-bath
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interaction that arises from the hierarchical low-temperature expan-
sion of the noise correlation functions in terms of e In the
Wigner representation, the quantum Liouvillian takes the form,””*

- Ly (W 0) = =2 Lw(p, g

oo 1 82n+1 U’(q; t) hZ 82 n b
S ot o) o0
(77)
The operators appearing in Eq. (76) are defined as
. A 0
o, () =-——~—, (78)
"= 50 op
N Aﬁ(t)( m 0 )
Oo(pg;t) = + (79)
o(pr 1) P* B ap
A 0
O(p,q:t) = 2Ama—p (for 1 <1< K), (80)
and
A A K A
Ex(past) = Dp(1) ) O1(ps gs1). (81)
1=0

Owing to the presence of low-temperature correction terms, the sys-
tem and bath are entangled, ™ i.e., prot (t) # p (£)pn(t), where p (¢)
= tr{prot(£) }.

Because we consider the case in which the time scale of the
quantum thermal fluctuations S(¢)h/2m is shorter than the time scale
of the subsystem 1/wa, the coherence between the subsystem and
different heat baths [e.g., the kth and (k + 1)th baths] is taken into
account by the time-dependent Matsubara frequencies expressed as
v ( t) .

2. Kramers equation for thermodynamic processes

The Wigner distribution function reduces to the classical dis-
tribution function in the limit # — 0, and hence, we can directly
compare the quantum results to the classical results.”” The classical

limit of LT-QFPE is the Kramers equation expressed as’” "

/3,/6

0 A
S W) =~ La(OW (prait)

Aza( m 8)
+———\p+ <= |Wpqt)
w op\P ¥ B0 9p (p-g5t)

(82)
where the classical Liouvillian is defined as
_p __p9o o' (gt) 0
La(W(pg) = =2 S W(pa) + 58D S w(.a)
(83)

The description of the Kramers equation is equivalent to that of the
Langevin equation,™
dU’(g;t)

mg+A° g+ ——=>+ Q) =0, (84)
dq

J. Chem. Phys. 160, 234112 (2024); doi: 10.1063/5.0205771
Published under an exclusive license by AIP Publishing

160, 234112-9

6€:90:0 ¥20¢ dunr ¥¢


https://pubs.aip.org/aip/jcp

The Journal
of Chemical Physics

with the Gaussian white noise defined as

A
0]

It should be noted that W(p, g; t) in the Kramers equation is a prob-
ability distribution function, whereas g in the Langevin equation is a
sampling trajectory and cannot be a distribution function unless the
trajectories are averaged over for noise sampling.

Although it is physically impossible to change the temperature
of a heat bath with infinite specific heat, Egs. (76), (82), and (84) take
forms in which f in the equations of motion derived under the ther-
mostatic process has been replaced with (t). It should be noted,
however, that in the non-Ohmic case, the temperature changes even
on the time scale on which the noise correlations are defined. This
makes it difficult to apply the fluctuation-dissipation theorem to
characterize the noise, and thus, a simple replacement 8 — S(¢) is
not allowed.

Q) =0, (2(1)Q(0)) 8(1). (85)

3. Isothermal work and constant-external-field heat

We denote the solution of the reduced density elements
obtained from Eq. (76) under any E(t) by Wg(p,q,t), whereas
that of the classical distribution function obtained from Eq. (82) is
denoted by W(q,p; t). The polarization and enthalpy at time ¢ are
evaluated as

Po(t) = ptea{aWy(p ) gy (86)
and
IS
Ha(t) = trA{[% +U' (g t)]Wd(p,q; t)}, (87)

respectively. By replacing Wy(p,q,t) with W(p,g,t) in the above,
we can evaluate the classical results. The dimensionless heat current
in Eq. (27) is expressed as

dQ:;t(t) = —trA{(I:f) W@(p, q; t)} + ml;x(t) (1 + 2; }11)

K

-2 trA{ %p Wz (P g; t)} (88)

1

for the quantum case and as

dQst(t) _ _trA{(‘Z’) W(p, g; t)} + 7m2(t) (89)

for the classical case. However, we find that the accuracy of the
numerical result obtained from Egs. (88) and (89) is not sufficient
because the heat current dQ, (t)/dt does not become zero even when
the system approaches equilibrium, and the errors accumulate over
a long simulation time. Thus, we calculate the dimensionless heat
current using Eqs. (86) and (87) as

4D _ iy O gayea (o

dE(t)

a (90)
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From Eq. (52), the bath plus SB interaction heat is defined
as

dQrs A OProt
QITB(t) :trtot{HHB(t)PTt(t)} (91)

and satisfies d(Q, (¢) + Qp,(2))/dt = 0.

B. Numerical results
1. Simulation details

We perform simulations for an anharmonic potential system
to demonstrate that our theory provides a practical means of com-
puting thermodynamic variables and thermodynamic potentials for
arbitrary systems. Thus, we consider a quartic anharmonic poten-
tial with external interaction described by u(q) = 4. The potential
function is expressed as

U'(q) = V24" + Usg® + Usg* - E(t)q, (92)

where the harmonic and anharmonic constants are U, = 0.1, Uj
=0.02,and Uy = 0.05.

Snapshots of the potential surface with the eigenstates and
eigenenergies are shown in Fig. 1. In the isothermal process, the
first excitation energy is AEg..(t) ~ 0.8, and so the bath temper-

(@)

FIG. 1. Potential surfaces with (a) E(t = 0) = 0.2 and (b) E(t = 7%') = 0.5 are
represented by the black curves. The blue and red curves represent the ground
and excitation states at their respective excitation energies. From this figure, the
bath temperature is considered to be low when T = 1/(kgf3) ~ 0.3 and high when
T =1/(ksp) ~5.0.
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ature is considered low when T =1/(ksf) ~ 0.3 and high when
T= 1/(kBﬂ) ~ 5.0.

To obtain a comprehensive theory for thermodynamic poten-
tials, not only the external field E(t) but also the temperature T(t)
must be time-dependent as intensive variables. Thus, we simulate
both isothermal and thermostatic processes.

We consider an isothermal process driven by a quasi-static
change in E(t) that consists of (i) equilibrium, (ii) quasi-static, and
(iii) equilibrium steps, defined as

(i) 02 (t<0),
E¥(t) =1 (ii) 02+03¢/t™ (0<t<t™), (93)
(iii) 0.5 (' <t).

Here, the constant 7% is the time duration parameter for the quasi-
static process, and we set %" = 1.0 x 10%.

To calculate SqASt(t), we consider the thermostatic transition
with fixed external field E(t) = 0.2 after isothermal evolution until
time ¢ = 0. The time profile of T(t) is set by

(1) To (l’ < 0),
T() =4 (i) (1L.0+t/1™)Ty (0<t<t™),  (94)
(iii) 2T, (™ <),

where Ty is the initial temperature. We perform the simulation
for three different cases: To = 5.0 (hot), 1.0 (intermediate), and
0.3 (cold).

We summarize the conditions of the numerical simulation for
the above-mentioned two cases in Appendix G.

2. Results

Figure 2 shows the time profiles of E%(t) and the cal-
culated P3(t) in the isothermal case [T(t)=0.3]. As E%(t)
increases, P (t) also increases because of the conjugate relation-
ship OGP (t)JOE®(t) = P¥(t). In the classical case, as can be
seen from the steady-state solution of the Kramers Eq. (82), we
have Z3 = tra{exp [-B(t)Ha(t)]} and, as in the conventional ther-
modynamics case, the results are independent of the SB coupling
strength. In the quantum case, however, P?:t(t) becomes smaller
with a smaller SB coupling strength. This difference arises from the
bathentanglement, which is described by the low-temperature cor-
rection term in the LT-QFPE (also see Refs. 77 and 78). However,
as the SB coupling becomes stronger, the system approaches the
Smoluchowski limit, where motion is suppressed and the difference
from the classical result becomes smaller.””

The change in the Gibbs energy AGY" in the isothermal process
is evaluated from (Wi")%", Then, to examine the description of the
thermodynamic relation, we compute AHY = —~T*9(AGY'/T)/OT
and AS§ = ~OAGY' /T and compare these values to the separately
calculated values of AHY(¢) and ASY(¢) from Eqgs. (18) and (58),
respectively. The results are presented in Table II1, from which it can
be seen that Eqs. (E3) and (E5) are valid.

Figure 3 presents the time profiles of T(t) and the change
in entropy ASY(t) as a function of ¢ in the constant-external-
field case A = 1.0. Because SI(t) satisfies the conjugate relation
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FIG. 2. (a) Time profiles of E%!(t) for (i) equilibrium, (ii) quasi-static, and (iii) equi-
librium steps. (b) Calculated values of Pa(t) in the classical case (dashed line)
and the quantum case (solid line) for different SB coupling strengths. The red,
green, and blue curves represent the strong (A = 1.5), intermediate (A = 1.0),
and weak (A = 0.5) SB interaction cases, respectively. The classical results are
independent of the SB bond strength, and all overlap.

TABLE III. Enthalpy and entropy changes and temperature derivative of the Gibbs
energy for each interaction strength A. Here, AHE and ASE are calculated from
Egs. (E3) and (E5), respectively. The results in this table indicate that the relation
AGE = AHS + THASS is satisfied.

A AHP  AHY ASH ASy AGY
05 -0.170 -0.170 -7.63x107> -7.62x107> —0.147
1.0 -0.181 -0.180 -9.81x107% -950x1072 —0.152
15 -0.192 -0.192 -0.117 -0.116 ~0.157

IGE (1) /0T*!(t) = —ST'(1), the variation of ST (¢) in time is sim-
ilar to that of P$™(#), while $¥"(¢) does not increase linearly with
t because the role of T(t) in G¥(t) is completely different from
E(t). At low temperatures, quantum bathentanglement becomes
important, and the differences between classical and quantum
results are pronounced. At high and intermediate temperatures Ty
=5.0 and 1.0, on the other hand, the contribution from the Mat-
subara frequency terms becomes smaller, and so the quantum result
almost overlaps with the classical result.
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FIG. 3. (a) Time profiles of %!(¢) for (i) equilibrium, (ii) quasi-static, and (i) equi-
librium steps. (b) Time profile of SI*(t) for different temperatures in the classical
case (dashed line) and the quantum case (solid line) for different SB coupling
strengths. The red, green, and blue curves represent the cases of high (Tp = 5.0),
intermediate (To = 1.0), and low (T, = 0.3) bath temperatures, respectively.
The classical and quantum results approach each other at higher temperatures
and almost overlap for the intermediate- and high-temperature cases.

VI. CONCLUSIONS

The virtue of thermodynamics lies in its ability to describe
macroscopic thermal phenomena resulting from complex micro-
scopic interactions in a system-independent manner as changes
in thermodynamic potentials, which are described as interrelated
intensive and extensive variables using Legendre transformations.
This virtue should be preserved when we develop a quantum ther-
modynamic theory rather than an open quantum dynamical theory,
although in either case, the theory must be specific to the SB model.
Moreover, as a first-principles argument based on the SB model,
the thermodynamic laws themselves should be derived within the
framework of open quantum dynamical theory. Thus, in the present
study, we have demonstrated the following:

1. A model consisting of multiple heat baths at different tem-
peratures (thermodynamic SB model) has been introduced to
describe the thermostatic process. Work and heat have then
been defined as the expectation values of the Hamiltonian
system.

2. Extensive variables, such as polarization and enthalpy, have
been defined as physical variables that can describe not only
equilibrium but also non-equilibrium processes.

ARTICLE pubs.aip.org/aipl/jcp

3. Dimensionless (or entropic) work and heat satisfy the time-
dependent (non-equilibrium) Legendre transformations as
extensive variables and their conjugate intensive variables.

4. Weevaluate the Massieu and Planck potentials using the mini-
mum value of the dimensionless extensive and intensive work,
respectively, and we evaluate the Boltzmann entropy using the
maximum value of the dimensionless heat (the principles of
dimensionless minimum work and dimensionless maximum
entropy). Expressions for the entropic potentials in total dif-
ferential form as functions of natural variables are presented
in Table I.

5. These principles are a consequence of the fact that the num-
ber of energy states (thermodynamic weights) is maximized
(or entropy is maximized) when the distribution of states
becomes a canonical ensemble for the energy given at that
instant, even if the energy of the subsystem changes with time
due to temperature changes in the heat bath.

6. The Gibbs and Helmholtz energies, enthalpy, and internal
energy can be evaluated from entropic potentials. The expres-
sions for these functions in total differential form as functions
of natural variables are presented in Table II.

7. The first and second laws of thermodynamics also follow
naturally from these arguments.

8. Numerically accurate simulations in both classical and quan-
tum cases have been performed using the reduced equations
of motion developed for the thermodynamic SB model.

9. The differences between the classical and quantum results can
be attributed to quantum entanglement between the system
and bath (i.e., bathentanglement).

The above-mentioned statements indicate that the model and
formalism introduced in the present study are powerful means
for accurate simulation and analysis of thermodynamic problems
in both classical and quantum regimes. If the limitations due to
computational cost can be removed, it will be possible to investi-
gate the thermodynamic properties of any system as a subsystem,
such as molecular liquids and proteins, using the Langevin formal-
ism as classical examples,”” and spin-lattice®” and superconductor
systems.®

Finally, using the present model, the definitions of non-
equilibrium intensive and extensive variables, and the reduced equa-
tions of motion, it is possible to study thermodynamic processes in
a fully non-equilibrium regime. Thus, we will show in a subsequent
paper that the thermodynamic relationships presented in Tables I
and IT can be systematically extended to the non-equilibrium regime
in terms of the time-dependent intensive variables E(t) and T(¢)
and extensive variables Pa () and Su (t) by introducing waste heat.*’
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APPENDIX A: DIMENSIONLESS MINIMUM WORK
PRINCIPLE

To obtain the dimensionless minimum work principle for
multiple-bath systems, the derivation of the Jarzynski equality is
modified.””*’

We assume that the subsystem is initially connected only to
the first bath (k =1), and the total density operator at time fg is
expressed as

Jnit 1
tot = init
Ztot

e—fim(fo)’ (A1)

where Hio(t) is defined in Eq. (34) and Zit is the total partition
function expressed as

Zuat (t0) = ZLIB(to)f[ Zs, (A2)
=2
with
75 (b = trAHBk{e—ﬁk(HA<r>+Hf+B(t>)} (A3)
and
Zﬁ = ter{efﬁkH‘k3 } (A4)

Under the assumption that only the Nth bath as being connected to
the subsystem at a time ¢, the partition function of the final state is
given by

N-1
fi k
Zim=ZN v is(D ] 2. (A5)
k=1

The time evolution of the total system from f, to  is described by the
operator G(t,fy). We then have

ZA(t)
ZA(to)

- mot{ Gh(tt)e o Gie, to)eH‘“‘(’”)ﬁiﬁit}, (A6)

where Za(t) = Zk | 15/Z& [for &, (t) + 0] is the partition function of
the subsystem.
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Let |D;) and |E;) be the eigenkets of the operators Hior(fo) and
Hiot(t). The right-hand side of Eq. (A6) is then expressed as

S e EPIE| Guar (1 10) D) (D), (A7)
irj

where p(D;) = (Di| exp (—ﬁtot(to ))|D;i)/ZE5 is the population of the
ith state. Applying Jensen’s inequality to Eq. (A7), we obtain

e (Ha(®) L Za(0)
e—<1ﬁ‘ltot(t0)> - ZA(t()).

(A8)

Taking the logarithm of both sides of Eq. (A8), we have the
inequality,

t 0 -~ I\ A / ’ -
[ Wtrtot{Htot(t )Prot (¢ )}dt > —AEa, (A9)

0

where B4 (t) = In Za(t) is the Planck potential.
When the kth bath is connected to and disconnected from the
subsystem, we have

trtot{[HA(t)+HI+B(t)](%37tt(t)} =0 (A10)
and
Ak Oprot () B
trtot{HB 81’ } =0. (All)

Thus, the left-hand side of Eq. (A9) reduces to
t OHw(t) .
ft trtot{é;,()f?tot(f/)}dt,- (A12)

In the case where the work due to the SB interaction is incorpo-
rated into the system, we thus obtain the dimensionless (or entropic)
minimum work principle expressed as

fto ttrA{%[[)’(t')HA(t')]ﬁA(tl)} > AZ.  (A13)

APPENDIX B: EQUALITY OF THE MINIMUM
WORK PRINCIPLE

In this appendix, we consider only the quasi-static case
and omit the superscript k in Eqgs. (5)-(7). When J(w) is
Ohmic, the spectral density is invariant under the transformation
Hi.p — aH,p with mj — m;j/a, wj - awj, and ¢; > acj, wherea > 0
is a dimensionless scaling parameter.

Because the dynamics of the subsystem depend only on tem-
perature, J(w), Ha(t), and pa(t) in the quasi-static process are
independent of the choice of a. Therefore, we can set the parameter
a = f,/p(t) for later convenience without loss of generality, where
B, > 0 s the arbitrary inverse temperature.
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Using Kubo’s identity, we have®

BB R (480) _ B H (1)

_ f " e -DBOH ()
0

x {B(t+ At)Hor(t + At) = B(t)Hiat (1) }

y e—lﬁ(t-#At)I:Ilo((HAt). (B1)

Expanding Eq. (B1) in At and taking the limit At — 0, we obtain
_ / " e -DBOH ()
0

x %[[S(t)HA(t)]ef/lﬂ(t)Htm(t). (B2)

Q e*ﬁ(f)ﬁtm(f) —
ot

Here, we have employed the equality,

SIBORW (0] = £ [BOHAD] (®3)

il

using the fact that B(¢)Hi+p(t) is time-independent because the
time-dependent terms in $(t) and Hi.g(t) cancel out. Taking the
trace of the total system on both sides of Eq. (B2), we obtain

9 BOH ()
YNGR t{ [ﬁ(t)HA(t)]}, (B4)

where Zy (t) = trioi{e " (OH () }/Zg is the partition function of the
subsystem and Zg = trg{e F(V5()} is the bath partition function,
which is time-independent. Dividing both sides of Eq. (B4) by Z (1),
we obtain the equality,

SO = waf SEOBROPT O ®9)

where we have introduced the quasi-static Gibbs energy Ga(t)
=-InZx(t)/B(t) and the reduced density operator in the quasi-
static process p3™ (t). Solving Eq. (B5) for dGa (t)/dt, we obtain

4G (0 ma(Fa(0pE (1)} - GI(1) AT (1)
dt T¥(t) dt
Ftea{u(@ps () 0. (B6)

By comparing Eq. (B6) with dG3" = -S¥'dT% + PPAE™, the
entropy and polarization are evaluated in terms of the partition
function as

SEU() = ke[ B (O tra{HA()PL ()} ~InZa(1)]  (B7)

and
PE (1) = ra{u(@)py (1)} (B8)

APPENDIX C: CONVEXITY AND CONCAVITY
OF THERMODYNAMIC FUNCTIONS

We show the convexity of the Planck potential for 3% (¢). For a
fixed external field E(t) = Ejy, consider the two equilibrium states

ARTICLE
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FIG. 4. Schematic illustration of the convexity of Z,>. The blue curve represents
the Planck potential as a function of the inverse temperature P for fixed E = Egy.
The red line represents the tangent line of the blue curve at the inverse tempera-
ture 3,, expressed as (E;™)1 — (H™)1(8 - B1). The red line is below the blue
curve.

.-qst

a=1 at time t; and a =2 at time t,. Under this condition, the
dimensionless minimum work principle is expressed as

[ E O < (=3, =),

4

where (EqASt)a is the Planck potential for « = 1 or 2. We then apply

the inequality (C1) for the thermostatic process as follows:

ﬁ(t)—{ﬁl (=t

C2
ﬁz (l’ > t1). ( )

The left-hand side of Eq. (C1) can be evaluated as —Ha (t1) (8, — f3,)-
Because the system is in equilibrium at ¢;, the enthalpy is expressed
in terms of its equilibrium value as Ha(t1) = (H{™)1. Using HY™ (1)
= —9ET'(t)/0p*'(t) for Eq. (C1), we obtain

Eqst) i aEKSt[ﬁ:Eﬁx]
e B o,

—~

(B-B)<(BY), (C3)

As shown in Fig. 4, the left-hand side of Eq. (C3) corresponds to the
tangent line of the Planck potential. The inverse temperature 3, and
B, are arbitrary, indicating that the Planck potential is convex with
respect to B3 ().

In the same manner and from the property of the Legendre
transformation, we can show the convexity and concavity of the
dimensionless entropic potentials. We summarize the results in
Table IV.

TABLE IV. Convexity and concavity of the entropic potentials for the natural variables.

Potential Symbol Convexity and concavity
. ¢ 5ast
Massieu oY B%: convex P concave
= t

Planck qs B convex E*": convex
t t

B-entropy @)qS H}: concave E®: convex
t t st

C-entropy Hqs HY": concave P¥: concave
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APPENDIX D: INTERNAL ENERGY REPRESENTATION

For the description of the entropic potentials, here we employ
the internal energy instead of the enthalpy. From Table I, we have

d.-qst Hqstdﬁqst 4 qutqust (Dl)
Substituting Eq. (22
daf(t) = -

) into this, the Planck potential is expressed as
UL (0)dB* (t) + PY(£)dE*(¢), (D2)

where E%(t) = B (t)E*'(t). Applying the Legendre transforma-
tion to this, we obtain the Massieu potential and B-entropy in the
internal energy representation as

dOF () = —UL (1)dp* (1) - E* (1)dPY (1) (D3)
and
deT(t) = p*(t)dUF (1) — E¥(1)dPT (1), (D4)

where we have used E®(t)P¥(t) = E¥'(+)PI(t) and B¥(¢)
HE (1) = ¥ () UF (t) — E¥ ()PP (t). In Eq. (D4), the B-entropy
is expressed in terms of extensive variables, while the value of
B-entropy is unchanged. However, in the internal energy representa-
tion, we cannot obtain the C-entropy from the Legendre transforma-
tion of the B-entropy, because the sign of the second term in Eq. (D4)
is opposite to that presented in Table I.

APPENDIX E: ENTHALPY AND GIBBS ENERGY
AS FUNCTIONS OF T9(t) AND S%(t)

Here, we consider the fixed-external-field process [E(t) = Egy].
From the total differential form of the Planck potential presented in
Table I, we have

ELW e B0 -
dt
Because the Gibbs energy is defined as G3 (t) = ~E3"(¢) /B for arbi-
trary f3, we can replace § with f3%(¢). In this way, we can extend
this definition of the Gibbs energy to the thermostatic process. Then,
substituting £ (¢) = -B%(¢)G¥" (¢) in Eq. (E1), we have

4 wes o] = 0, &)
which leads to
HP(0) = s (MO 0) (E3)

Equation (E2) can then be rewritten as

dGa(t) _ EX'(D) + B (OH(1) dB™ (1)
dt (B* (1)) dt

and thus, we have

(E4)

2 OGa(t)
OB (t)’

where we have applied the Legendre transformation in Eq. (60) to
the right-hand side of Eq. (E4).

Sa(t) = ks(B*(1))

(E5)
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APPENDIX F: CONCAVITY OF THE GIBBS ENERGY

Here, we prove the concavity of the Gibbs energy for T%(¢) for
a fixed external field E®(t) = Eg,. We then consider the transition
from equilibrium state 1 to another equilibrium state 2, as given in
Appendix C, where the inequality (C1) holds. For the thermostatic
process defined in Eq. (C2), we obtain the inequality expressed as

= (H), (B2 = po) < (BY), - (BX),: (F1)

Then, using the equality (H{™); = ((@%"), - (E¥)1)/p1, which
we obtain from the Legendre transformation for the dimension-
less B-entropy in the quasi-static (equilibrium) state 1 (i.e., (@?\St)l
= B (H)1 + (EX)1), we obtain

qst ﬂZ =ast /gZ =ast
O,(5 1)@, - ReE, @
Dividing both sides of Eq. (F2) by —f3,, we have the inequality for the

Gibbs energy as
(qut) (T2 _ Tl) (Gqst)

where we have used the definitions of the quasi-static entropy
(S¥)1 = kg (©3"); and of the quasi-static Gibbs energy (G3')a
= —(E¥")a/Ba (@ =1,2). Because we have Eq. (71), Eq. (F3) leads
to the concavity of the Gibbs energy for the temperature.

We summarize the convexity and concavity of the thermody-
namic potentials in Table V.

(GOME

APPENDIX G: NUMERICAL SIMULATION DETAILS

The numerical calculations in Sec. V B were carried out to
integrate Eq. (76) with Egs. (77)-(81) in the quantum cases and

TABLE V. Convexity and concavity of the thermodynamic potentials for the natural
variables.

Potential Symbol Convexity and concavity
t 5ast
Helmholtz Ff T%": concave P convex
. t
Gibbs GY T%: concave E®: concave
qst qst, ast
Internal energy U A, S Al convex P, convex
Enthalpy H} ST convex E¥: concave

TABLE VI. Parameter values used for the simulations of the isothermal process.
Here, dx and dp are the mesh sizes for position and momentum, respectively, in the
Wigner space. The integers N and K are the cutoff numbers used in the LT-QFPE.

A N K dx dp
0.5 s s 0.2 0.2
Classical 1.0 e e 0.2 0.2
1.5 e e 0.2 0.2
0.5 6 3 0.2 0.2
Quantum 1.0 7 3 0.2 0.2
1.5 8 3 0.25 0.35
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TABLE VII. Parameter values used for the simulations of the thermostatic process.
Here, dx and dp are the mesh sizes for position and momentum, respectively, in the
Wigner space. The integers N and K are the cutoff numbers used in the LT-QFPE.

To N K dx dp
0.3 s cee 0.2 0.2
Classical 1.0 e e 0.25 0.25
5.0 cee cee 0.3 0.4
0.3 7 3 0.25 0.3
Quantum 1.0 7 2 0.3 0.45
5.0 7 1 0.3 0.6

Eq. (82) with Eq. (83) in the classical cases, using a fourth-order
Runge-Kutta algorithm with the predictor-corrector method incor-
porated into the fourth-order Adams-Bashforth method and the
fourth-order Adams-Moulton method.*> We set the time step
&t = 0.001. Uniform meshes were employed to discretize the Wigner
function with mesh sizes of Ny = 64 and N, = 64 in the q and p
directions, respectively.

Other parameters for the isothermal and thermostatic processes
are listed in Tables VI and VI, respectively.
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