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Abstract. The theory of open quantum systems plays a fundamental role in several scientific
and technological disciplines, from quantum computing and information science to molecular
electronics and quantum thermodynamics. Despite its widespread relevance, a rigorous
formulation of quantum dissipation in conjunction with thermal noise remains a topic of
active research. In this work, we establish a formal correspondence between classical
stochastic thermodynamics, in particular the Fokker-Planck and Klein-Kramers equations,
and the quantum master equation. Building on prior studies of multiplicative noise in
classical stochastic differential equations, we demonstrate that thermal noise at the quantum
level manifests as a multidimensional geometric stochastic process. By applying canonical
quantization, we introduce a novel Hermitian dissipation operator that serves as a quantum
analogue of classical viscous friction. This operator allows for a well-defined expression
of heat exchange between a system and its environment, enabling the formulation of an
alternative quantum equipartition theorem. Our framework ensures a precise energy balance
that aligns with the first law of thermodynamics and an entropy balance consistent with the
second law. The theoretical formalism is applied to two prototypical quantum systems, the
harmonic oscillator and a particle in an infinite potential well, for which it provides new
insights into nonequilibrium thermodynamics at the quantum scale. Our results advance the
understanding of dissipation in quantum systems and establish a foundation for future studies
on stochastic thermodynamics in the quantum domain.
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1. Introduction

The study of open quantum systems emerged from the realization that quantum systems rarely
exist in perfect isolation. Instead, they are often coupled to external environments, which
introduce noise and dissipation. The interaction of a system with its surroundings causes
energy exchange and decoherence, influencing its behavior. One of the earliest approaches,
introduced in the 1940s, incorporated nonconservative forces into quantum mechanics within
Schrodinger’s framework, ultimately leading to the renowned Caldirola-Kanai equation [1,2].
This approach is based on the fact that the presence of nonconservative forces in otherwise
Hamiltonian systems can be studied through fully Hamiltonian systems by means of a
nonlinear time transformation (this is a method introduced by Levi-Civita) [1,2]. Despite
facing significant criticism, this approach was shown to be consistent with the physics of open
systems, paving the way for the development of this new direction in quantum theory [3,4].
On this basis, quantum dissipation has been investigated extensively [5-7].

In the following years, the field advanced with the introduction of the quantum master
equation, which describes the evolution of an open system’s density matrix [8—11]. One of the
first examples is given by the Redfield master equation, which describes the time evolution of
a quantum system weakly coupled to the environment [8]. It was used in nuclear magnetic
resonance spectroscopy (NMR), but it does not always guarantee a positive time evolution of
the density matrix [12]. These studies opened the way to various approaches based on the path
integral formulation, the foundations of quantum thermodynamics, and quantum Brownian
motion [13-21].

Simultaneously, starting in the 1970s, a more sophisticated line of research aimed
at finding the most complete mathematical formulation to describe the evolution of the
density matrix of an open system. This effort culminated in the development of the Gorini-
Kossakowski-Sudarshan-Lindblad (GKLS) equation, which characterizes the generator of a
quantum dynamical semigroup [22-26]. This result represents a Markovian evolution that
refines the approximations introduced earlier by the Redfield equation [8], and provided a
significant boost to the rigorous advancement of quantum thermodynamics [27-36]. These
theories led to a deeper understanding of how coherence is lost in quantum systems and the
role of the environment in quantum measurements [37-39]. As the field matured, researchers
developed more refined models to describe quantum equipartition theorems [40—44], and
quantum fluctuation theorems [45—48]. Recently, a critical review of the assumptions and
limitations of Lindblad’s quantum master equation has been carried out [49].

The theory of open quantum systems has established itself as a fundamental framework
in various scientific and technological domains. Its applications span nuclear magnetic
resonance [50, 51], optical pumping [52], masers [53, 54], and lasers [55, 56], as well
as quantum computing [57-60], quantum information [61, 62] and molecular electronics
[63, 64]. Moreover, it provides critical insights into emerging fields such as quantum
biology [65-68], including photosynthesis [69-71], and plays a pivotal role in the study
of quantum thermodynamic devices [72] and the understanding of the arrow of time in
the transition between classical and quantum thermodynamics [73-75]. Additionally, the
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framework of open quantum systems has profound implications in emerging fields such as
quantum metrology and sensing, where controlled decoherence enhances precision in devices
like atomic clocks and quantum interferometers [76—78]. It also plays a critical role in
optomechanics, enabling the study of light-matter interactions at the quantum level with
applications in gravitational wave detection [79, 80]. Moreover, open quantum systems are
integral in understanding the dynamics of complex out-of-equilibrium systems, such as those
observed in nanoscale materials and structures [§1-84].

It is interesting to compare the quantum approaches with parallel developments in
classical stochastic thermodynamics. In this line of research, building on Langevin’s
foundational work [85], the Fokker-Planck equation was initially formulated for a generic
stochastic system [86,87], while the Klein-Kramers equation was developed for a mechanical
system studied in phase space [88, 89]. Stochastic thermodynamics in its true form was
later introduced with the definition of heat for a single random trajectory [90, 91], leading
to a microscopic formulation of the first law. Subsequently, the concept of entropy was also
defined for individual system trajectories [92-94], allowing the second law to be associated
with Langevin’s stochastic approach. Today, the theory of stochastic processes based on
Langevin and Fokker-Planck equations is well-established and widely applied across various
fields of physics, chemistry, and engineering [95-99]. Moreover, the laws of thermodynamics
derived from a microscopic stochastic foundation have been extensively studied and applied to
numerous physical systems [100-105], including holonomic underdamped and overdamped
systems [106—109].

In this work, we aim to explore in detail the correspondences between the classical
Fokker-Planck or Klein-Kramers equations and the quantum master equation. To achieve
this, we first examine the concept of thermal noise in quantum mechanics, building on
our previous studies, where we investigated the effects of multiplicative noise in stochastic
differential equations [110-113]. Specifically, we demonstrate how thermal noise manifests
itself at the quantum level as a multidimensional geometric stochastic process, extending
some of the results obtained in Ref. [111]. We then introduce quantum dissipation by
leveraging the analogy with classical equations, specifically applying canonical quantization,
which replaces Poisson brackets with commutators [114, 115]. The search for analogies
between the evolution equations of classical and quantum open systems is not new, and
several studies have explored this direction [117-120]. The original contribution of our
work is the definition of a Hermitian dissipation or friction operator, which corresponds to
a physical observable and replaces the classical momentum in describing the viscous friction
typical of the Langevin approach. When expressed in the energy basis of the system, this
operator closely resembles the momentum operator, making the physical interpretation of the
proposed model more intuitive. The fact that this operator is Hermitian also allows for the
construction of a mathematically well-defined expression for the heat exchanged between the
system and the external environment, providing a clear physical interpretation. This, in turn,
enables the formulation of an alternative quantum equipartition theorem compared to those
proposed in the existing literature [40-44]. The explicit form of the heat exchanged between
the system and the environment allows for an energy balance that precisely corresponds to
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the first law of thermodynamics. Similarly, we can develop an entropy balance which also
leads to the second law. In the latter, we can identify the entropy flow rate, associated
with heat transfer between the system and the environment, and the entropy production rate,
which corresponds to the irreversibility of the thermodynamic relaxation process. The entropy
production is always positive to satisfy the second law [27-31,33]. This law is also discussed
in terms of the free energy, a quantity that always decreases during the evolution toward
thermodynamic equilibrium. We present two alternative integral expressions for the Hermitian
friction operator, both valid regardless of the chosen basis, along with an explicit form in the
energy basis.

Finally, we have implemented the mathematical apparatus to describe the nonequilibrium
dynamics of both the harmonic oscillator and a particle in an infinite potential well, providing
a comprehensive understanding of the thermodynamic behavior of these ubiquitously used
model systems.

2. Classical approach to stochastic thermodynamics

In order to develop our approach to the noisy quantum dynamics in parallel to the notions of
classical stochastic thermodynamics, we begin by recalling the key results in this domain. We
consider a classical system composed of N particles with masses m;, described by coordinates
7, velocities V; = %7,-, and linear momenta p; = m;V; (i = 1,...,N). Newton’s equations
of motion are given by F; = m;d;, where F; is the total force acting on the particle, and
di = %\75 is the acceleration vector. The total kinetic energy of the system K; can be written
as K() = Zfil %\7,' . \71'.

We suppose that the total force F; includes the following contributions: (i) a conservative
force field describing the system structure, (ii) an external force field representing the work
done on the system, (iii) a friction force mimicking the energy transfer from the particles to
the thermal bath, and (iv) a noise term mimicking the energy transfer from the bath to the
system. The friction and noise forces (ii1) and (iv) represent the so-called Langevin thermal
bath [85]. We then postulate that
g_‘_:{? + fi(t) — miBV; + v/ Dmjfii (1), 1)
where  is the friction coefficient (per unit mass) and D is the diffusion coefficient (per unit
mass). As usual, we assume the following hypotheses on the noises: 7i;(¢) € R? are Gaussian

Fie-

stochastic processes with expectation value E{7;(¢) } = 0, and correlation E{7;(1;) @1 ;(t2) } =
26;j136(t) —t). Here, 0;; is the Kronecker delta, 6(.) is the Dirac delta function, ® is the
tensor product of vectors, and I3 is the 3 x 3 identity matrix [95-97]. This formulation is
consistent with the canonical distribution in equilibrium, and with the first and second laws of
thermodynamics during the out-of-equilibrium evolution, as we briefly discussed below. The
system dynamics can also be stated in terms of the Hamilton equations

5 1 - Y IV 7 —= =
Fi= i, Bi= g + Ji(t) ~ B+ vDmii(0). @
l l
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From a mathematical point of view, Eq.(2) represents a stochastic differential problem
with additive noise [98,99]. We can now apply the Fokker-Planck methodology, which is
briefly presented here for an arbitrary interpretation of the stochastic calculus. Although this
distinction is strictly speaking not relevant here since the classical Hamilton equations have
an additive noise, we will see that the corresponding quantum equations have multiplicative
noise, where this distinction will be essential [95-97]. We consider the stochastic differential

system
Di _ G0+ Y e 3
o= @0+ Y gij(®0)n;), (3)

j=1

with n equations and m noise terms (Vi =1,...,n,Vj = 1,...,m). It assumes a precise meaning
only after declaring the adopted interpretation of the stochastic calculus. In order to achieve
this, we must specify the parameter o, with 0 < o < 1, that defines the position of the point at
which we calculate any integrated function in the small intervals of the adopted Riemann
sum. The Gaussian noises n;(t) (Vj = 1,...,m) satisfy the properties E{n;(¢)} = 0 and
E{n;(t;)n;(t2)} =26;j6(t1 —t2). The introduced stochastic differential equation corresponds
to the following evolution equation for the probability density W (X,7) (the Fokker-Planck
equation) [96,97]

oW (X,1) e,

Er —;a—m[hiw(z,r)]—i§{2a [Z ngj%] W()_c’,t)}
n o m 2 m
+ZZ%«9)@-{[Z&"&"] W()_C’J)}, (4)

where the first term represents the drift, the second is the noise induced drift (which depends
on ) and the third the diffusion (characterizing the effect of the noise). This expression
includes the It6 (o = 0) [121], the Stratonovich (@ = 1/2) [122] and the Hianggi-Klimontovich
(a = 1) [123,124] as particular cases (see Refs. [125,126]). It is interesting to observe that
the theory can be generalized to take into consideration the possible cross-correlation of the
noises [127,128].

Eventually, we can write the Fokker-Planck [86,87] (or Klein-Kramers [88,89]) equation
associated with Eqs (2) in the following form

N 2
Di av Iw aw W
=— INBW D 5
Z]ml arl Za—» a—» + B +szl a—» + Zml 8ﬁ27 ( )
where W = W (71, ...,FN, D1, -+ pN, t), and we introduced the effective potentlal energy V =
VN —’ = . . 9 W

components of p;. A more interestmg form for the following developments can be found by
introducing the Poisson brackets as follows [129]

88W ={A W}+p Z {xi, pxiW } + {y”py’W}+{Zl’leW})

N

+Dzmi ({xi7 {xivw}} + {yi7 {yiaw}} + {Ziv {Zi,W}}) ) (6)

i=1
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where 7 = (x;,¥i,2i), Pi = (Pxi» Pyi» Pzi)» and we defined the Hamiltonian function as .77 =
Ko+V =Ky+Vy— Zl 1fz 7= 70— Zl 1fz 7;, where 77 = Ky + V). Here, the three terms
of drift (Liouville), friction and noise can be easily recognized.

The asymptotic behavior of Eq. (6) for large times is characterized by the canonical or
Gibbs distribution [130]. Indeed, if the forces ]_‘; are constant in time and the integral defining
the classical partition function

Za= [ [ e b7 @ agdp ™

is convergent (with § = (7,....,7y) € & C R and p = (py,..., py) € R*N), then the
asymptotic solution of Eq. (6) is given by the Gibbs distribution in phase space

Wey(d.) = e 5707 ®)
cl

This can be easily proved by substitution. This asymptotic solution allows the identification
of the diffusion constant through the expression D = kgT 3, referred to as classical Einstein
fluctuation-dissipation relation [96,97].

We define the internal energy & of the system as the average value (with respect of
the probability density defined by Eq.(6)) of the sum of kinetic energy and potential energy
& =E{Ko+Vp} and we calculate the rate ¢ as follows

¢ _y dE{L} dE{Q
dr _i;fl E{v} +2[3( > NkgT — ]E{Ko}) d{t } d{t 3 o)

This expression represents the first law of thermodynamics, from which we can identify the
rate of average work d]E{L} done on the system with the average power Zﬁv \ fi- E{V;}, and the

dJE{Q}

remaining term with the rate of average heat entering the system. This identification is
consistent with the Sekimoto definition of heat for a stochastic trajectory [90,91]. We observe
that the heat flux is zero when the classical equipartition of energy is satisfied. At equilibrium
in fact each of the 3N quadratic terms of the kinetic energy takes on the value kBT

In order to substantiate the previous explicit expressions of the heat rate, we can obtain
the second law of thermodynamics by introducing the Gibbs entropy of the system as

S = —kgE {logW} = —kg / / W log Wdgdp. (10)
R3N J o

This expression means that the microscopic (non-averaged) entropy along a given system
trajectory is defined as —kplogW, consistently with Refs. [92-94]. The evolution equation
can be rewritten as

8W

—»

5 =AW= Zaﬂ, (11)
where f, = —BWp, — kBTﬁm,-g—gf. We note that the derivative g—g{ represents a divergence
with respect to the components of p;. These premises lead to the entropy rate in the form

dy_ldE{Q} lNJJ
dt T dt ﬁT /Ra/v/ Td qdp. (12)
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We observe that the second term (entropy production) is always non-negative since it is
constituted by a quadratic expression [100-105, 107]. Therefore, we obtain the second law of
the thermodynamics in the classical form

ds S ldIE{Q}

d — T dt ~’
where the equality is satisfied only for quasi-static transformations, evolving not far from
the thermodynamic equilibrium (for further details, see Ref. [107]). It is interesting to note

(13)

that this thermodynamic structure is preserved even when we treat a holonomic system with
arbitrary mechanical constraints [106, 107]. This scheme can be generalized to introduce the
overdamped approximation [106—-108], and the case with multiple reservoirs [109].

In the continuation of the article we will develop a similar procedure for a quantum
system in contact with a thermal bath. We begin by studying thermal noise at the quantum
level in the next section.

3. Thermal noise in quantum mechanics

3.1. A stochastic Hamiltonian

Let us now consider a quantum system that is subjected only to the action of stochastic
forces. The noise forces fsi = /Dmyfi;(t), included in Eq. (1), can be associated with a
potential energy Vy; = —/Dm;fi;(t) - 7;, such that f;i = —%‘;S_i (here, the subscript s means
stochastic, and the subscript i indicates the particle number)f We assume that there are no

external forces applied (f,- = 0, Vi) and no dissipative mechanisms present, and introduce the
Hamiltonian 7) = Ky + Vj. We then study the system described by the stochastic Hamiltonian
I = I — ?]:1 Dm;ii;(t) - 7. We introduce the stochastic vector 7i = (71, ...,7iy) € RV,
and the quantities A; = —v/Dmx1, Ay = —/Dmiy1, A3 = —/Dmz1, Ay = —/Dmox;,...,
Asy = —/Dmyzy. Therefore, the stochastic Hamiltonian can be written as

3N
= o+ Y, Ay (14)
k=1

We consider now the Schrodinger equation describing this stochastic system
¥

T

and we introduce an orthonormal basis {(pn(c_]’) (RN (C} in the Hilbert space of the wave-
functions W(q,t), equipped with scalar product denoted by the symbol (-|-). We have that
(On|Om) = [ @ Oudg = 8y, and an arbitrary wave-function can be expanded as W(q,t) =
an(t)@n(g) (we adopt the Einstein summation notation for the elements of the basis), with
coordinates a, = (@,|¥) € C. By substituting ¥ = a,¢, in Eq. (15), and performing the
scalar product by ¢,,, we get

JGY = in (15)

L day
<(Pm‘%(l)n>an = 1h77 (16)
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or, equivalently,

Yn L gl Ao+ Y (puli) ()
dr ik Om| 70 Pn)an i & Om| Ak Pn)Anni,

where the operators A; have been previously defined. It is clear from this equation that in this
case the noises act multiplicatively on the system. In Appendix A, we prove the following

general property: given the stochastic differential equation

4y
df <C+ Y Djnj(t) >y, (18)

we can determine the expectation value E{¥} of the vector y € C" with the ordinary
differential equation

dE {3} <C+2oc y D2> E{3}, (19)

di “

where « is the discretization parameter introduced in Eq. (4). Here, C and D; are arbitrary
complex matrices n x n, and the real noises 7(z) satisfy the properties described above. This
result generalizes Eq. (13) of Ref. [111] for the scalar geometric Brownian motion to the case
of the multidimensional geometric Brownian motion (and complex variables). If we identify
the vector y with the vector of the coordinates a,, in Eq. (17), this property eventually leads to

dE {am} 1
dt

2 3N
5 (OulA00NE (@) = 5 Y (00lAc0:) (@401 E (). 20)
k=1

It means that the expectation value (with respect to the thermal noise) of the wave-function
should satisfy the equation

JE{¥} 1 200 &
o = E%E{T}—;;AkE{T}, 1)

where %), Ay (and then A%) are Hermitian operators. The evolution of the wave-function
norm is described by

d
GELE) =

JE{¥}
ot

E{‘F}>+<E{‘P}’8E{T}>

E{‘P}>

OC3N 5
%E{‘P}— 7 YL AE{Y) ). (22)
k=1

1 20 A,
= —ME{¥}— 5 ) A;E{¥}
in he S

{

By using the Hermitian character of .7 and A7, we get

d 4o N 4o N
B} [E(¥)) = - h—kz (BLE AR L)) =~ L B (P AE ()
- ‘;“ Y IAE (¥} 2 <0. 23)

k=1
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The norm of the averaged wave-function is therefore not conserved during the system
evolution (except for the Itd case with & = 0, which preserves the norm trivially as it
eliminates the effects of noise). This result is important since it explains that we cannot use
the Schrodinger equation with stochastic Hamiltonians to achieve our aim, because the state
of the system cannot remain pure. This means that we must describe the evolution of a mixed
state and this must be done through the density operator and the corresponding Liouville-von
Neumann equation [114,115].

3.2. Dynamics of the density operator

A mixed state is described by M wave-functions Wi,...,%¥)s, associated with the
corresponding probabilities py, ..., pps, With le‘-”: 1 pj = 1. The density operator is therefore
defined as p(q,q,t) = 21}/1:1 pi¥; (Z],t)‘ij (¢',1). The expectation value of an observable f is
then calculated as E{f} = Zlyzl pi{¥lf¥;) = | fply—4dq, where f represents the operator
acting only on the variables g. If we adopt the orthonormal basis {(p,,(c‘j) ‘R3N — C}, we
have that W; = ayj @y, with ai; = (@|¥;). Hence, the expectation value of f can be written as
E{f}=/ Zj}/lzl P jax;f Pea,;9,dG = Prnfux = Tr(p f), where we identified the representations
Pun = X011 pjaxjayj and fiu = [ @ fordd = (@n]f Or)-

The density matrix pyy, satisfies certain properties that will have to be fulfilled during the
time evolution [114,115]:

(i) its trace is unitary, indeed Trp = pg = Y1 pjakja;; = YL pi (W) = 1

(i1) the diagonal elements are non-negative since we can write Py = ZI}/I:1 Pjak;a; ;=
21]‘.4:1 pil{@[¥;)|? > 0 (without the sum over k);

(iii) the density matrix is Hermitian, in fact we have that py, = 21]‘4:1 pjaia, i and then

Pik = Z]Ju:l P @y jakj = Pkh> OF p"* = p (T means “transposed™);

(iv) the density matrix is positive-definite since v/ *pv = ViPkhVh = Z]}il PjViQijVhay, i =

Y pi(vag)* (vaay;) = X0 pjlvea;|> > 0.

For a system defined by the Hamiltonian .7Z the time evolution of the density matrix is
described by the Liouville-von Neumann equation [114, 115]

Cfl—f = zlh [, p], (24)
where [A, B] = AB — BA is the commutator of A and B. This equation describes the evolution
of a mixed state, taking into consideration the Schrodinger equation for each state ¥;. If we
consider the stochastic Hamiltonian in Eq. (14), we get

dp

1 3N
dt ~ in

1
[#0,p]+ = Y [Ak, p] i (25)
ih =
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This approach is somewhat analogous to that developed in Ref. [116]. This stochastic equation
for the density matrix has a form similar to Eq. (18), but it describes the dynamics of a matrix
and not of a vector. Therefore, we need to introduce a transformation to rewrite it with an
unknown vector. We define first the Kronecker product of two matrices A and B through the
block matrix

ay B apB a;sB

anB apB axB

A®B= (26)

a31B axB az3B

This operation is non-commutative and is useful to convert equations like Eq. (25) to the
standard vector representation. To do this, we also need to define the vectorization of a matrix.
This operation converts a matrix A into a column vector A by juxtaposing the consecutive rows
of the matrix and transposing the result

aip a2 a3
az; az azs

: T
A= =A=\|ajjapayz...ar1a»ar;...a31a3asz...|" . 27
a1 an an - lan1anaiz...az1axnass...as a3 as;3 ... 27

The important relation between the Kronecker product and vectorization is given by the
following properties

A=BC=A=BxI)C=(IxC")B, (28)
Z=ABC=Z7Z=(A®I)(I®C")B, (29)

where [ is the identity matrix. These properties allow us to state that the vectorization p of p
is described by the following equation
dp 1 U B4 .
——=— (BRI ) p+—= Y, (Ac®I—TQA]) mifp, (30)
dt ih ih (=
which is exactly of the form given in Eq. (18). Therefore, we can obtain the evolution of the
expectation value E{p} through Eq. (19). This yields the following result
dE{p} 1 ey 2003 N2 (A
= (-1 E - — ArRI—1®A, ) E . 31
o = (el -10A ) E{p} hzkg(/@ ®AL ) E{p} 3D

Using again the properties of the Kronecker product and the vectorization process, we can
rewrite the equation in the matrix formalism as follows

3N
EAP) L. 1pY) - 7 L e AcE (R (32

We can also remember the definition of the operators Ay, and thus write the explicit form of
this equation

N
T = SR RN~ 27 Y ls b EApI+ b e E 0] + o e Bl )

(33)
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We emphasize that the quantum terms concerning the thermal noise are closely analogous
to those obtained in classical mechanics, see the third line of Eq. (6). Indeed, performing
the formal substitution {-,-} — ﬁ [-,-] (Poisson brackets — commutators: canonical
quantization), the noise terms become like those in Eq. (33). The presence of the constant
2o will be discussed below, and is concerned with the stochastic interpretation adopted. In
conclusion, Eq. (33) describes the evolution of a mixed state for a quantum system with
stochastic terms. We want to emphasize that this equation was obtained rigorously and that
the analogy with the classical case was only observed a posteriori. It is important to note that
the expectation value symbol used in E {p } refers to the average with respect to thermal noise,
and should not be confused with the quantum average of an observable, which now becomes
E{f}=Tr(E{p}f). InE{f}, the expectation value symbol refers of course to both quantum
indeterminacy and thermal noise.

To achieve proper thermodynamic behavior, we must add a dissipation mechanism to the
thermal fluctuations just introduced. In fact, the energy of the system & = Tr(JHE {p}) with
only the noise terms would always be increasing as seen from the following direct evaluation.
In a first step, we have

d& _ dTr(SE{p})
dr dt

2 D X
= =S LT B p)) + (34)

T <jf dEjf”) ZZD Y. miTe (o s o B0+

where the ellipsis represents the y and z terms. Here, we have used the definition of the
commutator and the cyclic property of the trace operation. In a second step, we now remember

that [52),x;] = —ilipu/my (see below for details), and get
4o _2eby B} + o= 222 Y T ([pl Ep ) +
:2aDZTr(E{p})—|—... = 6NaD, (35)
k=1
where we used the canonical commutator [py,xx] = —ih. This result shows that the energy

increases linearly over time if we include thermal fluctuations alone. To maintain energy finite
we must then add dissipation terms, equivalent of Langevin’s classic thermal bath. This will
be described in the next section.

4. Dissipation in quantum mechanics

In order to introduce a dissipation mechanism — friction — into the previously obtained
equation, we exploit the analogy with the classical approach. Following this principle, we
develop the quantum counterpart of the second line of Eq. (6), by transforming the terms
PuW, puW, and pyW into Hermitian operators. Since the product of two Hermitian
operators is not necessarily Hermitian, but their symmetrization is always Hermitian, we
substitute them with the quantum symmetrizations 3(@E{p} +E{p}Ox), 3(O,E{p}+
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E{p}®y), and %(@ZkIE {p} +E{p}O,4), where Oy, Oy, and O are Hermitian operators
to be determined (Vk = 1..N), taking the role of classical momenta. By adding the friction
terms to Eq. (33), we obtain the complete equation

dEd{tP}_i[%, {}_zg‘_Dzmk(xk,[xk,E{p}n [yk,[yk,E{pHH[Zk,[Zk,E{p}n)

N
_h Y ([xb@xkE {P}+E{p} Oul + [yi, OE{p} +E{p} O]

+ 21, OxE{p} +E{P}®zk]> ; (36)

where we now have to study the structure of the friction operators @y, ©y, and O,
Vk = 1..N, and the fluctuation-dissipation relation linking the diffusion constant D with the
friction coefficient B. For the following developments, it is useful to rewrite the previous
equation in the more compact form

M_i% E{p }_w_ngk< y rsk,[rsk,E{pHQ

dt S=X,),2

% ﬁ‘. ( )3 rvk7®skE{p}+E{p}®sk]>> (37

—X7y <
where we defined 7y = (xk, Yk, k) = (Fxks F'yk, Fzk). We have now to find the Hermitian friction
operators Oy, s = x,y,z, k = 1,...,N, in such a way that the asymptotic behavior of the
equation is described by the canonical quantum distribution

1 _ %
limE{p} =E{p},, =~—e ™7, (38)
qu
where Z, is the quantum partition function
_ M
Zou=Tr <e ) . (39)

We will see how this assumption leads to friction operators similar to momentum operators.
An interesting alternative solution has been proposed in the literature and is based on the
substitution pgW — (g GwE{p} +E{p}gw), where non-Hermitian friction operators gg
are considered (the symbol T means “adjoint operator”) [118-120]. This choice leads to
some simplifications in the calculations but one cannot associate friction operators with a true
physical observable.

In our case, we impose the asymptotic quantum canonical distribution to Eq. (37), and
we obtain the relation
i4"‘[ﬁ_lm’< B D)y = OuE P}y T E (P O (40)

or, equivalently,

4aDmy [ A M My
i mak Fsks>€ kBT‘| =Oge 3" +e BT O, 41)
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for s = x,y,z, and k = 1,...,N. From a mathematical point of view, this equation in @y is a
matrix equation of the form AX + XA = C, which is sometimes called Sylvester or Lyapunov
equation, see e.g. Refs. [131-133]. We prove in Appendix B that this equation has the unique
solution

~+oo

x=- [ etcerae, (42)
0

if A has all eigenvalues with negative real part. For solving our equation, we let X = O,
_ M _ M

A=—e BT and C = —i4°‘l§lmk |:rskae kBT:| . These definitions ensure that the eigenvalues of

A are with strictly negative real part. Hence, we can write the explicit solution of Eq. (41) as
4oDmy [T e, gl _ A gt

O = in" / ebe ' {rsk,e kzﬂ] e8¢ " ge, (43)

0

where we find a double exponential matrix. Although this expression seems rather
complicated, it leads to a particularly interesting result when projected onto the energy basis
of the Hamiltonian operator. If we assume that the spectrum of the system is discrete and
non—degenerate,ﬂ\fve then have that .79, (§) = E,9,(g), with (@,|@n) = Oun. In this basis,

_ 20 _ En
the operator e *87 is diagonal with elements e *s87. To simplify the notation, we introduce

the quantity e, = e_’% > 0. Therefore the central matrix [rsk,e_ka(%] is composed of the
following elements
[roese 87 |pg = ok, precug — epdpjrsk jq = sk, pg(€g —€p). (44)

The structure of the friction operator in Eq. (43) assumes the form

A4aDmy [T _ e
GSk’gj:lW/o e 64§5gprsk,pq(eq—ep)e e-léﬁqjdé
,406Dmk Foo —eE —ei& _406Dmk ej—ey
— / . . — J d et ; . 45
l—ﬁh /0 e rsk,éj(ej ef)e g ! ﬁh rsk,fjej_'_eZ (45)
To further simplify this expression, we prove a simple relation between the position
. L . . o . a )
coefficients ry ¢; = (@¢|r@;) and the momentum coefficients py ¢; = —zh((pg|m(pj>. We

start by considering the canonical commutator [ry, ps] = ifi, and then we get [ry, pfk] =

”skpfk - Pfk’”sk + PskTskPsk — PskV'skPsk = [rskapsk]psk + Dsk [rslwpsk] = 2ihpsk- Hence, we can
. 1 h . .

write the commutator [ry, 79| = [re, Ko + Vo] = Z—mk[rsk, pfk] = ;Tk psk. Projecting the latter

rillatlonsmp onto the energy basis of the system, .;ve obtain ry ou 7% i — Ho0pTsk,pj =

,;1—]( Psk.tjs OF equivalently ry ¢, Eq8yj — Eeyprsn pj = rlTk Pskj» leading to the result ry ¢iE; —

Epro = I;TFZ Psk,¢j- Finally, we have proved the direct link between position and momentum

H Dot . N —ey E/—E;
Fsk(j = ,;772 I:I"D,- féé( Substituting the latter relationship and the property =~ = tanh (M)

) ejtey 2kpT
into Eq. (45), we get

E/—E;
_ 2aD tanh( 2k5T >
sklj — kBTﬁ Psk.(j Esz_? .
B

(46)
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To impose the maximal similarity between @y and pg we can assume the fluctuation-
dissipation relation

kT
D= . 47
0l (47)
This means that we can construct the quantum relaxation with any kind of stochastic

interpretation, 0 < o < 1, except the Ito interpretation with o¢ = 0, which cancels the effects of

noise in the multidimensional geometric Brownian process, as mentioned before. As a special
case, we observe that with the Stratonovich interpretation, & = 1/2, we restore the Einstein
fluctuation-dissipation relation D = kgT 3, discussed in the classical formalism. Once Eq.
(47) is assumed, the friction operators take the final form
tanh <Ez”kf?)
B
®sk,€j = Psk,ﬁjTEj- (48)
2kgT
This result shows that in quantum relaxation viscous friction is not proportional to the

momentum of the particles but to a new operator that resembles momentum but depends on
the energy levels of the system and the temperature itself. As we will see below, this difference
is related to the fact that quantum equipartition is different from classical equipartition. As a
final result, once Eq. (47) is assumed, we have the complete evolution of the density matrix
governed by the equation

N
dE{p} = ! [%,E{p}]—th’I;B ka< Z [rska[rsk7E{p}]]>

dt ih = S

2ih =1 \srmz

+£i ( Z [rsk7®skE{p}+E{p}®sk]>> (49)

where the friction coefficient B controls the rate of relaxation toward quantum thermodynamic
equilibrium. Let us again emphasize that Eq. (49) is strictly analogous to Eq. (6) once
we adopt the canonical quantization by replacing Poisson brackets with commutators. The
quantum novelty is that new friction operators @y must be introduced. Their final form in an
arbitrary basis is given by Eq. (43) combined with Eq. (47), and results in

kT [+° . i !
®sk:l l;l / e Se ® [rskae kBT]e se
0

Another different integral form for the friction operator, always in an arbitrary basis, is

dE. (50)

obtained in Appendix C. It reads as

Oy = E/ e+l’<3(%npske lkB(%nlog [coth (g“ﬂﬂ dn. (5D

This expression shows again that the friction operator is strongly related to the momentum
operator, and it yields again Eq. (48) when the energy basis is adopted. Moreover, the
following expansion is also proved in Appendix C

1

W[%a [, psi]] +

®sk = Psk — [%7[%7[%7[%7[95/(“”"', (52)

1
120(ksT)?



Explicit noise and dissipation operators for quantum stochastic thermodynamics 15

where all coefficients of the development are written in terms of Bernoulli numbers. We see
that when the thermal energy kg7 is high enough (that is, much larger than the energy-level
separation) the system approaches the classical behavior and in fact @y — pg. Recall that
the Caldeira-Leggett model is obtained from ours by assuming that @y = pg. [13—15]. This
means, looking at Eq. (52), that this model is approximate and holds only for sufficiently high
temperatures.

We obtained the representation of the friction operator on the energy basis only for a
discrete, nondegenerate spectrum. Nevertheless, Egs. (50), (51) and (52) are valid in any case
since they are purely operator relations. In particular, they are also valid in the continuous
spectrum case. For example, for free particles the Hamiltonian function coincides with the
kinetic energy and thus it is simply obtained from these relations that @y = py. (in fact %)
commutes with pg in this case). However, it is important to note that the continuous spectrum
is typically observed in non-confined systems for which there is divergence of the partition
function, and thus the canonical asymptotic distribution is actually not reached. The case of a
degenerate energy spectrum is discussed in the Appendix D for completeness.

The physical origin of our model coincides with that of the classical Langevin equation.
This model describes the dynamics of a particle immersed in a thermal bath by decomposing
the forces acting on it into a deterministic and a stochastic component. The deterministic
force typically includes conservative interactions, and a linear friction term that accounts for
the dissipative effect of the surrounding medium. The stochastic component represents the
fluctuating influence of the thermal bath, modeled as a random force with zero mean. A
key physical assumption is that the thermal bath consists of a large number of microscopic
degrees of freedom in thermal equilibrium, which interact weakly and rapidly with the
particle [10]. This separation of timescales justifies modeling the random force as a Gaussian
white noise, characterized by a delta-correlated autocorrelation function. The assumption of
delta-correlation—implying no memory—gives rise to the Markovian hypothesis, whereby
the future evolution of the system depends only on its current state, not its past history [96,97].
This Markovian behavior is valid when the relaxation time of the bath is much shorter than
that of the particle. As a result, the bath remains effectively unperturbed by the dynamics
of the particle, and its influence can be captured statistically via the fluctuation-dissipation
theorem, which relates the noise amplitude to the friction coefficient and temperature. This
framework yields a stochastic differential equation—the Langevin equation—that captures the
mesoscopic dynamics of the system while coarse-graining the microscopic details of the bath.
The emergence of irreversibility in the Langevin description stems from this coarse-graining
over the bath degrees of freedom. While the full microscopic dynamics of the combined
system (particle + bath) are time-reversible and governed by Hamiltonian or Newtonian
mechanics, the elimination of the bath variables introduces an effective asymmetry in time.
Friction leads to energy dissipation, while the stochastic term models thermal agitation
without recovering the detailed information lost to the bath. This asymmetry manifests
macroscopically as entropy production and defines the arrow of time in nonequilibrium
processes, despite the underlying time-reversible laws at the microscopic scale [73—75]. The
quantum Caldeira-Leggett equation is based exactly on the same physical assumptions of the
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Langevin model [13-15], and in fact it can be obtained directly by applying the canonical
quantization to the Fokker-Planck equation (keeping the momentum operator as the friction
operator). The development of quantum models via canonical quantization of the Fokker-
Planck equation has recently emerged as a successful approach to circumvent the need for
explicitly modeling the thermal bath, as required in the original formulations by Langevin or
Caldeira-Leggett [118-120]. An alternative approach to introduce friction is based on the
Green-Kubo formalism, relating the effective friction coefficient to microscopic dynamics via
time-correlation functions. Specifically, the friction is expressed as the time integral of the
autocorrelation of the fluctuating force exerted by the thermal bath [134, 135]. This approach
provides a first-principles derivation of dissipative behavior, linking friction to equilibrium
fluctuations through linear response theory. This approach is more complex though more
refined. It is important to remark that the Langevin equation automatically converges to
the classical canonical distribution whereas the Caldeira-Leggett equation has asymptotic
thermodynamic behavior that does not converge to the quantum canonical distribution. For
this reason in this work the quantum friction operator does not coincide with the momentum
operator. This modification to the original Caldeira-Leggett model allows us to obtain the
correct thermodynamic behavior, as we describe below. We will directly show the comparison
between Caldeira-Leggett approach and ours to clarify this point.

Before studying the development of the quantum stochastic thermodynamics, let us
observe that Eq. (49) has the exact form of a master equation and meets its basic constraints
[9,52,117]. Indeed, Eq. (49) can be written in the form
ddQ;J = ﬁjrs@rs; (53)
where .Z}j, is the complete quantum Langevin relaxation superoperator. The evolution does
not change the trace of the density matrix and therefore } ;% = 0. This relation can be
easily verified for our master equation. Moreover, the density matrix of the system must be
Hermitian at all times. Consequently, ijm = Zjirs, and this constraint is also verified by
our equation. The following two constraints concern the positive definiteness of the density
matrix. The diagonal matrix elements must be non-negative and therefore .Z;; < 0. If we

. doj;
suppose that p;; = 1 and all other components are zero, then the equation % = ZijrsOrs
implies that % = Ziiii» and since p;; is already at its maximum value, it can only remain
constant or decrease, whence .Z5;;; < 0. Moreover, we must have that .Z; ;;; > 0 (j # i). Indeed,
if 0;; = 1 and all other components are zero, then we have % =.Z}jii (j#1),and since ;; =0

is already at its minimum value, it can only remain constant or increase, which proves that
Zjii > 0. Both constraints .Zj;; <0, and .Zj;;; > 0 (j # i) can be verified for our evolution
equation.

5. Quantum stochastic thermodynamics

We now consider the previously obtained evolution equation where we add the effect of
external forces in order to be able to represent work done on the system. Specifically, we
introduce the force fk = (fwk» fyk- fok ) applied to the k-th particle. The effect of these forces
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is described by the potential energy — ZQ’ZI fk - Tk, and therefore we can write

d 1 kT
d_f ih Z Z fsk sk, O ? ﬁ ka< Z [rska rska@“)
=1s=xy2 S=XPZ
ﬁ N
o Y Y [rwOuo+ 004 |. (54)
k=1 S=X,),2

In studying quantum thermodynamics we have simplified the notation and introduced p =
E{p}. The applied forces should be considered as perturbations to the system. This means
- _ M
that when fy = 0,Vk = 1,...,N, we have that lim; ;0 = 0. = Zie kT Based on this
qu
evolution equation for the density matrix, we can obtain expressions of the first and second
laws of thermodynamics.

5.1. First law of thermodynamics

To develop the first law of the thermodynamics, we introduce the internal energy & of the
system, defined as the average value of the Hamiltonian operator, i.e. & = Tr(%0). The time
variation of this internal energy can be developed as follows

d&  dTr(Hpo) do
@A o\ Ay ) o

We need to substitute here the terms coming from Eq. (54). The classical Liouvillian term
leads to
Tr (S [A5, 0]) = Tt (0 — Hpoto) =0, (56)

because of the cyclic property of the trace. Concerning the effect of the forces, we need to
develop Tr (7 [r, 0]) = Tr(Hrseo — Hors) = Tr ([#, re) 0), where we used again the
cyclic property of the trace. We can now use the previously obtained relation [rg, 7] =
,jl—i Dsk» and we get

1)
Tr (A [y, 0]) = —,;—kTr (ps0) = —iRE {vy} | (57)

where vy = pg/my is the particle velocity component (s = x,y,z, k = 1,...,N). An arbitrary
noise term delivers the contribution

i
Tr (% [rsk7 [rsk: QH) = Tr([%vrsk] [rsk7 Q]) = _I’lrl_kTr (psk [rska Q])
i h?
- - ;TTr([psk,rsk] 0= (58)

Moreover, the friction contribution corresponds to the term

ih
Tr (% [rsk> ®st + Q®sk]) =Tr ([%7 rsk] (®st + Q®sk)) - _m_kTr (psk <®st + Q®sk))

ih
= - m_k]E {psk®sk + ®skpsk} . (59)
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Summing up all contributions, we obtain the following result

d& skOsk + Oy
T=Y ¥ ME{u}+28 NkBT 2 Y 5 {”" < "”"}], (60)
k=15=x,y,2 =15=x,y,2
or equwalently
s X br O +0;-p
t =1 k 2
dE{L} dE{Q}
= ) 61
dt * dt D
This represents the first law of the thermodynamics, where we can identify the rate of average
work dEth} done on the system with the average power Zszl fk -E{V} of the external forces.

This term is identical to the one obtained in the classical analysis of the problem.

The second term in Eq. (61) represents the average heat rate di {Q}

1 E Pk ®k+®k Dk

entering the system.

The term 5 - } represents a kind of modified average kinetic energy of the
particle, where we observe a quadratic form (symmetrized) composed of the momentum of
the particle and its friction operator. It is the quantum counterpart of the classical kinetic term

kaIE{ Dr- Pr}- It is important to note that when the modified kinetic energy of the system

is smaller than %NkBT then heat enters the system, and when the modified kinetic energy
is larger than %NkBT then heat leaves the system. This exactly represents the concept of
relaxation toward thermodynamic equilibrium. It is also seen how the friction coefficient
B governs the rate of convergence to equilibrium that is, the rate at which equipartition is
attained.

Our expression of heat flow entering the system allows us to obtain an interesting form
of the quantum equipartition theorem. Indeed, assuming we are in the case with no applied
forces, when the thermal equilibrium is reached we have that ‘{d—‘f = 0, and thus we get the
relation

1 i O+ O - i 3
E = —kpT 62
e { 5 kT, (62)
where the average value must be determined with the asymptotic canonical distribution

Oeq = Ziwe_"BiT (and where the subscript k is not summed). By considering a single component
we can write

1 E { psk®sk + G)skpsk } _ kgT
2my 2 2
where s and k are not summed. The latter relation represents the quantum equipartition

(63)

theorem written for a single quadratic term of the modified kinetic energy. This result has
now been obtained from the asymptotic behavior of the evolution equation of the density
matrix. It can be also proved independently of the evolution equation of the density matrix
as follows. Assuming that we are at equilibrium, we search for a proof of Eq. (63) when
projected onto the energy basis of the system. In this situation, it takes the following explicit
form

1 Tr { psk@)sk + G)skpske—,:BLg } _ Iﬂ, (64)
kaun 2
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or, equivalently,

E—E \ _E
1 Yy tanh ( 2T ) e T kgT ©5)
P Psk,rt Psk, — = )
my — SK, 1t V' SKk,tr Ezth?r un 2

where we explicitly indicated the sums over r and ¢ (since s and k are not summed). Here, as

_ En
before, we can introduce the quantity e, = e *7 > 0, and we can then write

o\ e kgT

er+ey ro_ B 66

2mk ZZ (psk rt Psktr E—E, > Y e 5 (66)
2kpT

The quantity in the round bracket, which we refer to as c,;, represents a symmetric matrix, thus

satisfying ¢,; = ¢;. Hence, we have that } .Y, cre, =Y, Y, cirer =Y, Y ; cree;. This allows us

to say that ). ¥, c,re, = E(Zr Yi.cner+ Y, Y, crer), and therefore Eq. (66) simplifies to

kBT psk rtpsk tr 1 kBT
e . 67
Now, the first quantity in round bracket is a skew-symmetric matrix d,; = —d;,, and then we
have that ), ), dye, =Y,Y , dires = =Y., ) ;dye;. So, the expression is further simplified as
kpT e kT
B ZZ (psk ot Psk, tr) roo_ B . (68)
r ot V Zk €k 2
To complete the demonstration, we verify that the relationship ), %’Eﬁ” = Tk s
true for any value of r. We previously proved that rg , = ,;Z b{: “‘g , when we adopt
the energy representation. The skew-symmetric matrix d,; = % can be therefore

rewritten as d,; = %rsk,n Psk,tr- Since this matrix is skew-symmetric, we also have that d,, =
— 2k g 1rDskc - Then we can write dyy = 55 (Fgk e Dskcr — TsktrPsk,re ). Now, from the canonical
commutator [rg, psx] = ih, we have that Y, (v Dsk ¢ — Pskri¥ske) = ih0, which means
Y (PskcrtPskir — Psiresier) = ih, Vr. Hence, we can write Y, d; = 3¢, Vr. We have finally
proved that ), M = 7 is true for any value of . Therefore, Eq. (68) is demonstrated
and the quantum equlpartition theorem is re-obtained with a calculation developed directly
at equilibrium, without using the density matrix evolution equation. Importantly, this direct
demonstration proves the equipartition of energy for each individual quadratic term, as shown
in Eq. (63).

To summarize, we can say that in quantum mechanics the expectation value of each
quadratic term of the energy at equilibrium is not equal to %kBT, but each modified quadratic
term (with the friction operator) takes on exactly the value %kBT.

5.2. Second law of thermodynamics

In this section we develop a balance equation for the von Neumann entropy of the system
defined as follows

& = —kgTr(olnp) = —kpE(In p). (69)

Let us first justify mathematically the possibility of calculating the logarithm of the density
matrix ¢. Since p is Hermitian and positive definite, we have the spectral decomposition
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o = P*TDP, where D is diagonal with positive elements (the eigenvalues p; of o), and P

is unitary (P~! = P*T). We define a diagonal matrix L, whose elements are given by the

quantities In p;. It means that D = e”. We have therefore that o = P*T DP = P*T ¢l P = TP,

and we can define the logarithm of the density matrix as In o = P*T LP. This procedure makes

it possible to determine in principle the logarithm of the density matrix at each instant of time.
Consequently, we can now calculate the time derivative of entropy

ds’ do d

— = —kgTr{ —1In —Inp |. 70
7 B ( 2 metoo Q) (70)
We observe that %lng = g‘lfl—f = %Q_l only if p and ‘fl—f commute. This is not true in

general for the density matrix, so we must proceed differently. There are general formulas for
calculating the derivative of the logarithm of a matrix, however we prefer to use the following
direct technique. Since o = P*TDP, and Inp = P*TLP, we have golnp = P*TDPP*TLP =
P*T DLP. Therefore, we can write

7 = —kpTr(glng) = —kp Y pilnp;, (71)

where ', p; = 1 since Tr(g) = 1. This expression shows the direct relationship between the
von Neumann quantum entropy defined in Eq. (69) and the Shannon entropy, introduced and
largely used in information theory. Moreover, this relation allows us to determine the entropy
time derivative by considering the eigenvalues of the density matrix. We get

ds’ dpi dpi dpi
& e kT Lo+ ) = kY PLinp, 72
r B zi:(dt np;+ dt) B; 77 npi; (72)

since }; % =0, being }; pi = 1. We prove now that this expression exactly coincides with

the first term in Eq. (70), and therefore the second term is zero. To do this, we develop the
following calculation

—kgTr (‘;—f In g) = —kgTr [(P*"DP+ P*"DP + P*" DP) P*" LP]

= —kgTr [PP*" DL+ PP*"LD + DL, (73)

where we used the cyclic property of the trace and the fact that P*’ P = PP*T = ]. Now,
LD = DL since D and L are diagonal matrices, and %(PP*T) = PP*T + PP*T = O since
P*Tp = PP*T = . Hence, we obtain that Eq. (73) is given by —kg¥, %ln pi. It means
that the first term in Eq. (70) coincides with Eq. (72). To conclude, the time derivative of the
quantum entropy can be written as

d dp;
—kpTr (—an g) — —kgzi"fln Di. (74)

We also have the auxiliary result which states that Tr (g% In g) = 0.
We can now develop the entropy balance by considering the density matrix evolution
equation given in Eq. (54). The Hamiltonian contribution leads to the following term

Tr ([, 0] In o) = Tr (Hpelnp — 075 In o) = Tr (4 [p,Ing]) =0, (75)
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where we applied the cyclic property of trace, and recalled that ¢ commutes with Inp. The
contribution of external forces is also zero, in fact

Tr ([ry, o] In o) = Tr (ryolno — orgIng) = Tr (ry [0,In o]) = 0. (76)
To complete the entropy balance, we rewrite Eq. (54) in the compact form

d do _ 1

o = A+ Ao+ Ro=Zo, (77)

where o7 p represents the term with the external force, % the friction and noise contributions
(the quantum Langevin bath), and .Zp the sum of all terms in the evolution equation. The
symbols o7, %, and . must be interpreted as superoperators acting on the density matrix.
Since the Hamiltonian and external force contributions are zero in the entropic balance, we
can write that

ds’

Similarly, the average heat rate defined in previous Section can be written as

dE o
{0} =Tr(Zo) = kgTTr | Zo——: 0 (79)
dt kT

Therefore, we can write the second law of the thermodynamics as
d 1dE{Q} d%)

= 80

d T dt dr ’ (80)
Where

= —kpT 1 — 81

e[ 7o (ot 72 ). 1)

The term T er} represents the entropy flow, that is, the amount of entropy entering the

system due to heat exchange. In other words, it represents the disorder carried by heat. It
can be positive or negative depending on whether the heat flow is incoming or outgoing. The
term %, on the other hand, represents the production of entropy, that is the entropic increase
due to the irreversibility of the thermodynamic transformation. It must always be positive for
consistency with classical thermodynamics.

The entropy production can be further simplified as follows. Starting with the expression

of the asymptotic canonical distribution .4, = Zique_k?, we can calculate its logarithm as
Ing., = <ln ZLW) I— k%% This expression can be easily proved by taking the exponential

exp [(ln ZL)I — kiﬂ, and by observing that / and 77 commute. Indeed, we find that

qu
exp [(ln ZLqu> IZ%T} =exp [<ln ZLqu) I} exp (—,f—%) = 0eq, Proving what is required. Then,
in Eq. (81) we can substitute If—’% = —Ingey+ <ln Z%ﬂ() 1. It is observed that the term (ln Z%,) 1
cannot contribute to the entropy production since Tr [% o] = 0, due to trace preservation during
time evolution. These considerations finally lead to the following form of entropy production
ds)

7 = kgTr [,%’g (ln Oeq —In g)} (82)
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We consider now the system without externally applied force, which is described by the
evolution equation ‘jl—f = % [, 0] + Zo = ZLo. From Eq. (82), we can also obtain the
alternative form

dd—i/p = kgTr [ZQ (ln Ocq —In g)} . (83)
Indeed, we can replace the relaxation operator % with £ since we have that
Tr ([0, 0] Ingeq) = Tr([#, 0]Inp) = 0. Importantly, it has been shown that quantum
equations for the evolution of the density matrix that are in the form of the classical Fokker-
Planck equation involve rates of entropy production which are always non-negative during the
relaxation toward equilibrium [119, 120]. Thus, we can write

ds)

- >0, (84)
corresponding to the second law of thermodynamics. It will be also proved numerically with
some specific examples in a following Section. We remark that the non-negativity of the
quantum entropic production is discussed in several works, with different approaches and
methodologies [27-31,33].

To show a further connection with non-equilibrium thermodynamics, we also introduce
the Helmholtz free energy .# = & — T.¥, and we study its evolution. We recall the internal
energy definition & = Tr(.7%0), the entropy definition . = —kpTr(oln o), and then we get
the expression . = Tr(% ) + kgTTr(pln ). We now remember the previously discussed

relation ) = —kgT In 9., + kT (ln i) I, and we obtain
F =kpTTr(olno— 0lngey) —kpTInZgy,. (85)

This expression gives the time evolution of the free energy in terms of the density matrix
during the relaxation process toward equilibrium. It is immediately seen that when
equilibrium is reached, the free energy takes on the asymptotic value .# = —kpT InZ,, which
corresponds to the well-known expression of equilibrium statistical mechanics. Furthermore,
the first part of Eq. (85), evolving over time, can be identified with the relative entropy of o
with respect to g.,. We can indeed write

f = kBTy(Qmeq) _kBTanqu, (86)
where we introduced the quantum relative entropy of p; with respect to o, as

Z(01]02) = Trlo1Ing; — o11ngy]. (87)

It represents a distance measure between the states described by the two density matrices
01 and oy [136]. We remember that Klein’s inequality affirms that the quantum relative
entropy . (01|02) is non-negative, and it is zero if and only if o; = 9o [137]. It means that
7 (0]0eg) > 0, and we immediately see that free energy always takes values larger than its
equilibrium value

F > —kgTnZy,. (88)
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On the other hand, we can also observe that the free energy always decreases as time increases.
Indeed

d.F do do
=kpTTr| —Inp— —1
ar =kp r<dl‘ no dr nQeq>7 (39)

where we used the property stating that Tr (g%ln Q) = 0, for any density matrix o. Since

ilf = Z 0, comparing with Eq. (83), we obtain the important relationship

dF  1d%,
oo 77- ©0)

Since 422 dt £ >0, we find that - d 0; < 0, which means that free energy always decreases toward its
value corresponding to thermodynamlc equilibrium. Indeed, we know from non-equilibrium
thermodynamics that a negative value of free energy change is a necessary condition for a
process to be spontaneous (irreversibility). We finally demonstrated the perfect consistency
between our quantum expressions and macroscopic non-equilibrium thermodynamics.

6. The secular approximation

We develop here an approximation for the dynamic equation of the density matrix valid in
the case of energy representation. First, we observe that under this assumption the evolution
equation can be written as

domm 1
dt _lh(E —E )Qnm‘i‘%nmijgija (91)

where, for simplicity, we do not consider the effects of external forces (see Eq. (77), with

o/ = 0). The relaxation operator can be obtained as

+ —
”mll m] Z nqqi + ijm + ijm 6’” erppm7 (92)
where
[3 N Eq—Ey,
B kgT e 2kgT
Fabcd = h—2 Z my Z rsk,abrsk,chEba (93)
— a
k=1  s=x)yz Cosh< ST )
Ed—EC
kgT ﬁ e 2kpT
+
Fabcd Z my Z Fsk,ab"sk od 7N %94)
8 k=1 s=xyz cosh < 2dkBT">

This exact explicit form makes it easy to verify the basic constraints mentioned at the end of
Section 4 concerning the consistency of time evolution with the properties of the density
matrix [9, 52, 117]. It also allows us to introduce the secular approximation based on
decoupling the elements on the main diagonal, i.e. the populations g,,, from the so-called
coherences o, n # m. In this approximation, it is also assumed that the equation of the
generic coherence depends only on the coherence itself, thus resulting in a scalar ordinary
differential equation. For these coherences, we obtain
dopm 1
dt  in

(En— Em) 0nm — YamOnm (With n # m), (95)
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with
Yam = — nmnm - Zrnqqn mmnn menn + Zrmppmv (96)

where n # m. These equations represent the phenomenon of decoherence, i.e. g, — 0 (with
n # m) for t — co. The density matrix is in fact diagonal for long times on the energy basis.
For the populations on the main diagonal, we get

d
= Y Waii— (Z an> O, 97)

i#n q#n
where
N E;j—En
B kgT B e 2kgT
Wai = Ui+ i = 5 Y Y, sl ———, (98)
[ S=X,3,2 cosh < Zlk_BTn>

which are real and positive by construction. The coefficients W,; are the probabilities of
transition from the state i to the state »n per unit time, in the Markov approximation. Therefore,
Eq. (97) represents a Pauli master equation, and Eq. (98) the corresponding Fermi’s golden
rule [9, 138, 139]. The detailed balance

En
Wo e BT e
== seqnn (99)

‘/Vin eilelT Qeq,ii

is always verified and ensures the asymptotic convergence to the canonical distribution
[140]. We try to reconstruct the expressions of heat and entropic production in the secular
approximation. The average heat rate can be obtained as

dE
d{tQ} =Tr (‘%Q%) = Z('@Q)nnEm (100)

n

and since dg’"’ = (% 0)nn, from Eq.(97) we get

dE
;IQ} =L [Z Whioii — (Z Wi") Omn | Bn =3 ), (WnitiiEon = Win0mnEn) (101)
n |i#n

i#n n i#n
Under the assumption that the density matrix is approximately diagonal with the elements
described by the Pauli master equation, the definition of the entropy rate in Eq. (74) continues

to hold with p; = o;;. Therefore, we can write

dﬁ’ d
- = — BZ an In Onn = —kBZ [Z Whioi — (Z "Vm> an] lIlQ,m
n |i#n i#n
= - kBZ Z Whi 0ii In 0 — Win 0 In an) . (102)
n i#n

Summing up, the entropy production rate can be obtained as

ds, d 1dE{Q}
dt — dt T dr ’

(103)
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En
where we can use Eqgs. (101) and (102). Now, considering that 9.q ,, = ie_k?, we get
E, = —kpTInZy, —kpT In 0¢y ny. If we introduce this expression into Eq. (101), we eventually

obtain the entropic production in the form

Oeq,
dl — kBZ Z mQu tn@nn)l 4 . (104)

n l#n nn

This quantity can be rewritten as

dy 1 0 -
— = _kB Z Z Whi0ii — annn) In =™ + = k Z Z Win0nn — lel) In ;q.i” ) (105)
n l#}’l n l7él’l u

where in the second part we simply swapped the dummy index names. We can now change
the signs to the terms in the second row, getting

dﬁ’ 1 0 0ii
— = _kB Z Z Whioii — mQrm) In =< + = kB Z Z niOii — ann) In .
n i#n n i#n Oeq,ii
QiiQeq,nn
= _kBZZ leu ann) ln—q- (106)
n i#n OnnOeq,ii
To conclude, we use the detailed balance stated in Eq.(99), and we get final form
d;ﬂ 1 W, 0
— = _kBZZ Whioii — ann)ln Wn € . (107)
n i#n inOnn

Importantly, this is the classical Schnakenberg’s form for the entropy production rate
associated with a Pauli master equation [100]. We then demonstrated the consistency of
the secular approximation with this entropic production expression, widely used in systems
described by a master equation [141]. We remark that the Schnakenberg’s formula is always

mQu

nonnegative since the term Wy;0;; — Wi 0nn has the same sign of the term In . The entropy

production rate remains therefore nonnegative also within the secular appr0x1mat10n

7. Applications

In the following, we describe the implementation and the results obtained for the evolution
equation of the density matrix for two specific well studied instances: the harmonic oscillator
and the infinite potential well; both cases are of theoretical and applied interest (e.g. for
photons, phonons or quantum dots). They are described by the following Hamiltonian

operator
P2
=4 1
I > +V(x), (108)

where m is the mass of the particle and V (x) is the corresponding potential.

7.1. The harmonic oscillator

In the case of the harmonic oscillator, we have V(x) = %ma)zx2 where ® = \/k/m is the
classical angular frequency and k is the elastic constant. We study the relaxation to thermal
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Figure 1. Results for the quantum harmonic oscillator in contact with a thermal bath. In each
column are represented the plots corresponding to an initial density matrix (16x16) given by
ok (0) = A/, with f =1,2,3,4 (_/ is a normalizing factor). In the first row, we show
the total energy &, the potential energy %me]E {xz}, the kinetic energy %nE { pz}, and the

modified kinetic energy ﬁ]E { m } We observe that the total energy converges to %ha) +

1o ho.
ho/(e*sT —1), the potential and kinetic contributions converge to 2w+ 37w /(e*” — 1), and
the modified kinetic energy to %kBT, proving the quantum equipartition theorem. In the second

row, one can find the behavior of the total entropy rate %, the entropy flow rate % dEth} , and

the entropy production rate % , which is always positive. In the third row, we plot the entropy
-, and the Helmholtz free energy .%. We remark that .% is always decreasing and converges
to —kgT InZ,. Finally, in the fourth row, we show the following quantities: the coherence
measure C = N|| 0yma (t)]|2, Where 0,,mq is 0 with all diagonal elements turned to zero (without
main diagonal), and where || - |5 is the spectral norm; P is the purity measure defined as Tr(o?)
(takes the value 1 if and only if the state is pure); finally, d is the distance between ¢ and g,
defined as d(t) = ||o(t) — 0eq||2- Dashed lines correspond to the Caldeira-Leggett model. We
adopted the parameters i=1,kg=1,T =1, 3 =0.3, 0 =1, and m = 1 in arbitrary units. We
calculated 1000 times the exponential of a 256x256 matrix with a time step 7/200.
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equilibrium when the harmonic oscillator is embedded in a thermal bath. We recall that the
quantum harmonic oscillator is characterized by the energy levels 4@, = E, ¢, with

1
E, = ho <n—|—§>, n>0, (109)

and by the eigenfunctions

1 mo\ /4 _mo 2 mo
o= () e B (|5 (110)

where H,(z) are the Hermite polynomials. We can calculate the matrices associated to the
operators x and p as Xp, = (@n(x)|x@y, (x)) and py, = —ih{@,(x)| %(pm (x)), and we eventually
obtain the results

h
S =\ o (S 1V T+ a1V ) (111)

and

/ h
Pnm = —i % (8n+l,m\/ n+1— 5n,m+l\/ﬁ> ) (112)

forn>0and m > 0.
In the case of the harmonic oscillator, the friction operator defined in Eq. (48) is simply
obtained as
tanh (2]}3—“})
Oun = Prm——5 (113)
2kgT

and this means that in this particular case ® is given by a constant multiplying the operator p.
These premises allow us to write the evolution of the density matrix in the form

h
B tanh (ﬁ)
R LA
2ih Zkf:T

do 1

kgT B
dr ih

[, ] = [, [, o]] +

lx, po+op]. (114)

We projected that equation onto the energy basis and solved it numerically to observe
the thermodynamics of the system during its relaxation towards thermal equilibrium. The
results are displayed in Fig.1, where we plotted the evolution of main quantities over time
for different initial conditions, taking a 16x16 density matrix as a practical example of
implementation. As an initial condition we considered a mixed state composed of the
weighted energy eigenfunctions with probability p; = .4 /k/, for chosen values of the
parameter f, and .4 a normalizing factor of the 16x16 density matrix in the energy
representation. The initial density matrix takes the form gy (0) = A4 /k/, 04, (0) = 0 if h # k.
For large values of f, the probabilities rapidly become negligible as k increases, and thus
only low-energy states are populated; for large values of f, the initial energy will be fairly
low. For small values of f, on the other hand, the probabilities decrease more slowly with
k, and even high-energy states can be appreciably populated. Hence, for small values of
f, the initial energy can be quite high. Recall that the asymptotic mean energy at thermal

“ho
equilibrium is given by 3w+ 7@/ (e*” —1). Here we have used the introduced combination
of states to obtain two initial conditions in which the initial energy is higher than the thermal
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equilibrium energy, and two initial conditions in which the initial energy is lower than the
thermal equilibrium energy. The first two cases (with f = 1,2) are shown in the first two
columns of Fig.1, and the other two (with f = 3,4) in the next two columns.

In the panels of the first row, we observe the evolution of the energy contributions.
The total energy decreases towards equilibrium in the first two cases and increases in the
following two, consistent with the initial conditions adopted. It is well seen that both
kinetic and potential contributions converge to the same value corresponding to half of the

Jo .
total equilibrium energy %ha) +ho/(e’sT —1). In fact they are both quadratic terms of the
Hamiltonian operator. They do not, however, converge to the classical equipartition value ’%,
since this principle is no longer strictly verified in the quantum domain. But it can instead
- S 1 0+0 :
be observed that the modified kinetic energy 5 {%} does indeed converge to the
value "BTT restoring the validity of the equipartition theorem, with an extended meaning: the

difference between ]% and ﬁE {m} during the relaxation describes the heat entering

or leaving the system.

In the first two columns of Fig.1 the total energy decreases because of the outgoing heat
and in the other two the energy increases because of the incoming heat. These heat flows
generate an entropy flow rate (displacement of disorder) that can be negative or positive. This
can be seen in the panels of the second row of Fig.1, where the entropy flow rate is negative
in the first two cases and positive in the other two. The total entropy rate can also have a
sign that depends on the initial conditions and the state of progress of the relaxation process.
Regardless of the signs of the entropy flow rate and the total entropy rate, it is important to
note that the entropy production rate is always positive, in accordance with the second law of
thermodynamics. This term, in fact, corresponds to the irreversibility and spontaneity of the
process rather than the direction of heat flow.

In the third row of the figure, we depict the evolution of the total entropy . and the
Helmholtz free energy .% as functions of time. While the total entropy may increase or
decrease depending on thermal fluxes, the Helmholtz free energy always decreases, eventually
reaching its equilibrium value —kpT InZ,, = 37 + kT In[1 — exp(—£)]. This decrease
characterizes spontaneous processes, consistently with the second law of thermodynamics.

In the last column of Fig. 1, we present several quantities that characterize the evolution
of the density matrix. Firstly, we consider a measure of coherence, which quantifies the
magnitude of the off-diagonal terms in the density matrix. It is defined as C = N||g,ma(?)]|2
(with N=16 in this example) where p,,,,s is ¢ with all diagonal elements turned to zero
(without main diagonal), and where || - ||, is the spectral norm. This measure thus describes the
decoherence process as the dynamics progresses towards thermodynamic equilibrium. Note
that the system periodically reaches a state without coherence terms (i.e., characterized by
a diagonal density matrix), while complete decoherence is achieved only asymptotically due
to thermal fluctuations. Furthermore, even at points where coherence is absent, the state is
never truly pure, as evidenced by the evolution of P = Tr(¢?), which represents the purity of
the state (P = 1 if and only if the state is pure, while P < 1 for any mixed state). It can be
observed that the initial state is closer to being pure when f is large (rightmost column), as
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only a few energy states are occupied. Consequently, purity may either increase or decrease
during the evolution towards equilibrium, depending on the initial conditions. Finally, we have
represented a quantity that measures the distance d(t) = ||o(f) — 0eql|2 of the density matrix
from its equilibrium value. This quantity is always decreasing, and its decay is comparable to
that of coherence.

We introduce a comparison between our model and the Caldeira-Leggett model [13—15].
Developed in the early 1980s, it was designed to provide a microscopic description of quantum
dissipation by coupling a system linearly to a bath of harmonic oscillators that represent its
environment. This framework enabled the study of quantum Brownian motion. While the
model qualitatively captures dissipative dynamics, it presents significant challenges when
describing equilibrium statistical properties. In particular, the reduced density matrix of the
system does not generally yield the canonical Boltzmann distribution expected from statistical
mechanics. This incompatibility becomes especially pronounced in the strong-coupling or
low-temperature regimes, where system-bath correlations are non-negligible. Consequently,
the thermodynamic consistency of the model can break down, and naive application of
equilibrium concepts may lead to incorrect predictions. For the harmonic oscillator, the
Caldeira-Leggett model assumes the form

do 1 kT

[x, [x, 9]]+2%[x,p9+9p]~ (115)

Compared with our model, the only difference is that the term tanh (22—“}) ZZ—“’T does not
B B

appear. The results for this model can be observed in Fig. 1 and correspond to the dashed lines.
The main point, which highlights the thermodynamic incompatibility, is described by the
plots in the first line where we see that the total energy of the system does not asymptotically

converge to the expected value, which corresponds to %ha) +ho/ (e’fBiT —1). Although the
other curves have a qualitative behavior similar to that of our model, the deviation of the
asymptotic regime from the correct one makes the Caldeira Leggett model inconsistent with
equilibrium quantum statistical mechanics. This point further justifies the introduction of our
approach, based on the canonical quantization of the Fokker-Planck equation, which allows
us to correct this drawback and obtain the correct quantum thermodynamics.

It is important to add some comments concerning the numerical solution of the master
equations. If we consider a system with N levels or states, the master equation corresponds
to a system of differential equations with N> unknowns. Since the system is linear, it is
described by matrices (or superoperators) having dimensions N x N2. The transition from
the original master equation to the extended version with N2 unknowns takes place via the
introduction of Liouville superoperators, obtained through Kronecker products [36]. This is
the method adopted in our simulations. Unfortunately, this technique involves extremely large
matrices for systems that require a large number of states. However, for most physical systems
the overall Liouvillian superoperator is sparse, and therefore the number of operations and
memory cost associated with its construction and elaboration is reasonably practicable even
for certain classes of multi-body systems. Of course, there are specific efficient methods
for particular systems. The covariance matrix approaches are primarily used for Gaussian
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systems, such as quadratic fermionic/bosonic Hamiltonians, often in the context of Lindblad
master equations. For these systems, it is possible to derive equations of motion for the
covariance matrix, describing the overall dynamics [142,143]. However, these techniques can
not applicable to strongly interacting, non-Gaussian systems. Moreover, the Bethe ansatz
methods have been developed to solve integrable models in many-body quantum physics
(e.g., Heisenberg spin chains), and extended to non-equilibrium master equations, especially
in interacting particle systems. These techniques use the integrability of the system to
construct exact eigenstates of the non-Hermitian superoperator governing the master equation
[144,145]. These approaches are only mentioned for completeness but go beyond what is
developed in this paper. Moreover, they are often applied to systems where it is not interesting
to observe asymptotic behavior for long times, which is instead the main focus of our work.

7.2. The infinite potential well

For the infinite potential well the potential energy is defined as V(x) =0 if 0 < x < L, and

V(x) = oo if x < 0 or x > L. The energy levels for this infinite potential well are given by
2 h*n?

E, = o2 2 1,

and they are associated with the eigenfunctions

Pn(x) = \/%sin (”Tm) , (117)

satisfying the eigenvalue equation 7y¢, = E,¢,. As before, we can evaluate the matrices
associated to the operators x and p as X, = (@, (x)|x@y(x)) and p,, = —ili{@, (x)\%(pm (x)).
The resulting expressions are

4nmL (—1)"cos(nm) — 1 L
Xnm = 77:2 5 2>2 (1_6nm)+§6nm; (118)

(116)

(m?>—n
and
2nm (—1)"cos(nm) — 1
. ( )m2 _(n2 )
for n > 1 and m > 1. The matrix mechanics of the infinite square well is discussed in
Refs. [146, 147].
For the infinite potential well the potential energy is defined as V(x) =0if 0 < x < L,

and V (x) — oo if x < 0 or x > L. The friction operator defined in Eq. (48) is obtained as

(1—8um), (119)

242
tanh [4 ﬁziBT(nz mz)]
Onm = Pnm R (120)
Gkt VM)
These explicit calculations allow us to write the evolution of the density matrix in the form
d 1Y 1 kB Tﬁ B
— = |, 0] — —— — |[x,® 0. 121
dt lh[ 079] hz [xv[xag]]+2ih[x7 o+o ] ( )

As before, we projected that equation onto the energy basis and solved it numerically to
observe the thermodynamics during the relaxation toward thermal equilibrium. The results
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Figure 2. Results for the quantum infinite potential well in contact with a thermal bath. In
each column are represented the plots corresponding to an initial density matrix (15x15) given
by o (0) = A /k/, with f = 1.5,3,4.5,6 (¥ is a normalizing factor). In the first row, we
show the total energy &, the potential energy & — 5-E {p?}, the kinetic energy - {p*},

pO©+0Op
2

and the modified kinetic energy ﬁ]E{ } We observe that the modified kinetic energy

converges to %kBT, proving the quantum equipartition theorem. In the second row, one can

4 1 dE{Q}

ar > T dr
production rate —*, which is always positive. In the third row, we plot the entropy .,
and the Helmholtz free energy .%. We remark that .% is always decreasing and converges
to —kpT InZ,. Finally in the fourth row, we show the following quantities: the coherence
measure C = N|| 0yma (t)]|2, Where 0,4 is 0 with all diagonal elements turned to zero (without
main diagonal), and where || - ||» is the spectral norm; P is the purity measure defined as Tr(o%)
(takes the value 1 if and only if the state is pure); finally, d is the distance between ¢ and g,
defined as d(t) = ||o(t) — 0eq||2. We adopted the parameters =1, kg =1, T =1, B =1,
L =2, and m = 3 in arbitrary units. We calculated 1000 times the exponential of a 225x225
matrix with a time step 0.007.

the entropy flow rate , and the entropy

find the behavior of the total entropy rate

4,

in Fig. 2, where we plotted the evolution of main quantities over time for

different initial conditions. As before, we adopted two initial conditions corresponding to
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an initial energy larger than the equilibrium energy (first two columns), and two initial
conditions with energy smaller than its equilibrium value (following two columns). It can
be seen from the graphs in the first row that the total energy converges to the thermodynamic
value & = ZLW Y. Eqexp(— kb,;"T)’ where Z, = ¥ exp(—,i—"T). In this case the kinetic and
potential contributions do not converge to the same limit because the potential term is not

quadratic. The former converges toward 5-E {p?} and the latter towards & — 5-E {p*},

where the average value is calculated through the canonical distribution. In addition, the
modified kinetic energy converges towards %kBT, numerically proving the new version of
the energy equipartition. In the second row of plots we see that the entropy flow rate is
negative or positive depending on whether the heat is outgoing or incoming. The total entropy
rate can also be positive or negative depending on the direction of heat flow. But entropy
production is seen to be always positive since it is related to the irreversibility of the relaxation
process. In the third line we show the evolution of entropy and Helmholtz free energy:
the total entropy can increase or decrease while the free energy always decreases until it
reaches the equilibrium value —kgT InZ,,. In the fourth and final row of Fig. 2, we show
the evolution of the coherence measure, of the purity measure and of the distance from the
canonical distribution. It is observed that while starting from a diagonal density matrix the
coherence first increases and then decreases going towards thermodynamic equilibrium. The
purity increases or decreases depending on the initial condition, as already observed for the
harmonic oscillator. Finally, the distance of the density matrix from the canonical distribution
i1s monotonically decreasing with time.

8. Conclusions

In this work, we have exploited the formal connections between classical stochastic
thermodynamics and quantum open systems, with a particular focus on the interplay between
thermal noise and dissipation. We initially proved that thermal noise in quantum mechanics is
not compatible with Schrodinger equation since the state cannot be pure. We then introduced
the mixed states via the density matrix described by the Liouville-von Neumann equation.
The quantum effects of thermal noise are proved to be equivalent to those of a multi-
dimensional geometric Brownian process. This enabled the introduction of appropriate terms
describing thermal fluctuations into the master equation and they are closely resembling
to those classically obtained. By further leveraging analogies with classical equations, we
introduced a novel Hermitian dissipation operator, which enables a reasonable quantum
description of friction. This operator provides a clear physical interpretation of dissipation
within quantum systems.

The new friction operator allows for a physically clear definition of heat exchange and
therefore leads to the introduction of quantum thermodynamics. Indeed, we demonstrated
that the proposed framework allows for a well-defined formulation of the first and second
laws of thermodynamics in the quantum regime. An alternative quantum equipartition
theorem, derived from our approach, offers a new perspective on the distribution of energy
in open quantum systems, distinguishing it from classical equipartition results. In classical
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equipartition, each quadratic energy term corresponds at equilibrium to an energy contribution
kgT

equal to “%=. This is not true in quantum mechanics, and so one must change either the
definition of kinetic energy, or the equilibrium value ]% While various works in the literature

have investigated the new value to substitute in place of l%, here we have modified the

definition of kinetic energy so as to respect the classical value. This can be done precisely
because of the mathematical form of the new friction operator. This result allows us to
provide a new contribution to the many studies of quantum equipartition found in the recent
literature [40-44].

Our formalism ensures that energy dissipation and entropy production adhere to
fundamental thermodynamic principles, reinforcing the consistency between quantum and
classical descriptions of non-equilibrium processes. In particular, the entropy production rate
is always positive, confirming the validity of the second law. The proposed model therefore
represents a useful approximation describing the quantum Brownian motion of an arbitrary
system. It is particularly useful for modelling mesoscopic systems with an intermediate
behaviour between classical and quantum regimes. Additionally, our results highlight the
intricate role of quantum fluctuations in shaping the thermodynamic behavior of quantum
systems, which has implications for the stability and control of quantum states in practical
applications.

As a first, simple validation of our theoretical framework, we applied it to two
fundamental quantum systems: the harmonic oscillator and a particle in an infinite
potential well. Our numerical analyses confirmed the expected relaxation dynamics and
thermodynamic behavior, including the irreversible approach to thermal equilibrium. The
results underscore the robustness of our formulation in capturing the essential features of
quantum dissipation and stochastic dynamics. Furthermore, the application of our model to
these well-defined quantum systems provides a benchmark for testing future developments
in quantum thermodynamics, particularly in scenarios where quantum irreversibility and
decoherence effects become relevant. We also discussed a comparison with the Caldeira-
Leggett model.

Beyond its immediate applications, this work provides a foundation for further research
in quantum thermodynamics, stochastic quantum processes, and the development of quantum
technologies. Future studies could extend this framework to more complex quantum systems,
including many-body interactions and strongly correlated environments. Additionally,
the incorporation of non-Markovian effects into our model could yield deeper insights
into quantum thermodynamics and its applications in emerging quantum technologies.
Understanding the interplay between dissipation and decoherence is crucial for advancing
quantum computing, quantum sensing, and the design of novel quantum devices that operate
far from equilibrium.

Our results also contribute to the ongoing efforts to establish a unified description of non-
equilibrium processes in both classical and quantum domains. The introduction of a Hermitian
dissipation operator opens new possibilities for refining the theoretical underpinnings
of quantum thermodynamics, with potential implications for quantum nanotechnologies.
Moreover, our findings pave the way for experimental verification, as the proposed framework



Explicit noise and dissipation operators for quantum stochastic thermodynamics 34

can be tested in controlled quantum systems such as trapped ions, superconducting qubits,
and ultracold atomic gases. Future experimental studies could provide valuable feedback
for refining theoretical models, ultimately bridging the gap between abstract quantum
thermodynamics and its real-world implementations.

Appendix A. Multi-dimensional geometric Brownian motion

We consider a stochastic differential equation

‘z <C+,2’1D nj(t >y, (A1)
where ¥ € C", C and D; are arbitrary complex matrices n x n, and the real Gaussian noises
nj(t) (Vj=1,...,m) satisfy the properties E{n;(t)} = 0, and E{n;(t|)n;(t2)} =26;;6(t1 —t2).
We need to determine the average value E {y} of the vector ¥ € C". In order to use the Fokker-
Planck equation stated in Eq. (4), we need to move from complex to real variables. To begin,
we consider a simple map 7 = Aw : C" — C", where A is an arbitrary complex matrix n x n.
If A= R+ iM, with R and M real matrices n X n, the decomplexification procedure can be
written as

Re?7 R —M Rew ~ [ Rew
— =A A2
()= (o ) () =) a2

where A is a real matrix 2n x 2n. We verify that this operation does not substantially change
the spectrum of the matrix. We introduce the matrix U and its complex conjugate as

1 I, il « 1 I —il,
U=—| ~Uf= . , A3
\/5 < ily I ) \/§ ( ily I ( )

where I, is the identity matrix of order n. It is possible to verify that UU* = I,,,, or equivalently
U~! = U*. Now we can also verify that

~ R —M R+iM 0
o= 2 )o= (M5 ) s
and similarly
U U* = . A5
( M R—}Lln> < 0 R—iM—?LIn> (A-5)
By taking the determinant of both sides, we get
det (A — AbLy) = det(R+iM — Al,) det(R — iM — AL,). (A.6)

It means that the eigenvalues of A are the eigenvalues of A = R + iM combined with those
of A* = R—iM. In other words, if A is an eigenvalue of A = R+ iM, then A and A* are
~ Rey
eigenvalues of A. That said, we can decomplexify Eq. (A.1) by introducing X = ( I e): ) €
my
R?", and we get

d¥
== <C+ZD (i ) (A7)
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where the operator ~ is defined in Eq. (A.2). We can now use the Fokker-Planck equation
stated in Eq. (4), by first defining h; = Cirxy, and g; = D .ikXk (With sums over k). This
Fokker-Planck equation assumes the form

ow d /~ L d? ~ ~

7 = _a_xl- [(Cikxk + ZOCDJ"/CSDL,'/(XS) W] + —aXiaxj [(Dk7,~tx,Dk7jpxp) W] 5 (A8)
and allows us to determine the evolution of E {xq} = [pon x,WdX. We find the time derivative
as

dE {x oW e D 4D ¥
it - /Rzn K /Ru g5 (v 20D 45D ivxs) W]
2
+ [ Ty [ DhDip) W) a3
= | 8 [(Cacxi 20D 4D %) W] d¥ = CuE {3} + 20D 45D B i} (A.9)

R2n

where we used the property [pon (Pg—;”,d)? = — [pm l//%df, valid when the functions ¢ and ¥
are sufficiently regular at infinity. It means that

EFE (A 5\
=(C+2a ) D;|E{x}. A.10
dt ( + Jg j | EAx (A.10)
Coming back to the complex notation we finally obtain the ordinary differential equation
dE {y} v 2 | s
=(C+2a) D;|E A1l

which is the result used in the main text. A similar approach can be found in Ref. [110].

Appendix B. Solution of the Lyapunov equation

We consider a matrix equation of the form
AX+XB=C, (B.1)

where A, B, C, and X are complex matrices n X n. We can use the property given in Eq. (28),
and we get

AvI-IoB")X=CeC”. (B.2)
This equation can be used for numerical applications when the matrix A ® 1 —1® BT (n? x n?)
is nonsingular. We search therefore for the n? eigenvalues of the matrix A ® I —I® BT to

detect when Eq. (B.1) or Eq. (B.2) has only one solution. We suppose that U € C" is an
eigenvector of A® I — I ® BT with eigenvalue y. We then have

(AeI-1B")U =10, (B.3)
which is equivalent to

AU+UB=1U. (B.4)
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Let v € C" now be an eigenvector of B with eigenvalue i, i.e. By = v. We can write

AUv+UBv =yUv = AUv+ uUv = yUyv, (B.5)
which corresponds to
A(Uv) = (y—u)Uv. (B.6)

This equation states that ¥ — u is an eigenvalue, say A, of A. So, we obtain that L = y— u,
or Y = A + u. Finally, we can state that the eigenvalues y of A® I — I ® B” are given by all
the possible sums A + p of the eigenvalues of A and B. We finally proved that the matrix
problem in Eq. (B.1), or Eq. (B.2), has a single solution if and only if all possible sums of
the eigenvalues of matrices A and B are different from zero. We consider now the differential
problem

X =AX +XB, (B.7)
where A, B, C, and X are complex matrices n x n. It can be rewritten in vectorized form as
X=(Agl-1oB")X eC", (B.8)
with solution

X(t)=exp[(ARI—1®B") (t —19)] X (to). (B.9)

For the the property proved above, lim; .. X (t) = 0 if and only if Re(2; + ;) < 0 for all i and
J» where A; and u; are the eigenvalues of A and B, respectively. Coming back to the matrix
notation, we obtain the solution in the form

X(t) = AT0X (19)eB0 ), (B.10)
which can be proved observing that
X(t) = A0 X (1) eBU10) 4 A1) X (1)BU—10)B = AX + XB. (B.11)

From previous results, we deduce that X (r) = ¢~ X (1y)eP %) — 0, when ¢ — oo, if and
only if Re(A; 4+ pj) < 0 for all i and j. If we are in the condition in which X(#) — 0 when
! — oo, We can write

foo +o0 o0
/ X(Wdi=A [ X@di+ [ x(1)deB, (B.12)
fo fo fo
or
+o0 +o0
—X(tg) =A X(t)dt + X(t)dtB. (B.13)
fo lo

If X(t9) = C, and tp = 0, we get
oo oo
—C=A / AlCeP dr + A'CeP dtB. (B.14)
0

0
We have therefore proved that the equation AX + XB = C has only one solution given by

—+oo
X=— / AcePdr, (B.15)
0

when Re(A; 4+ ;) < 0 for all i and j. In particular, the equation AX + XA = C has only one
solution given by

—+oo
X=— / A dr, (B.16)
0

when Re(4;) < 0 for all i.
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Appendix C. Alternative integral form of the friction operator
We start by Eq. (41) combined with Eq. (47), resulting in
2mykgT ) £y 2
i m;;lB |:rsk7 kBT:| = @ue B +e B Oy, (C.1

and we define the following Heisenberg operators

iyt iApt B it iyt it iyt

Fa(t) =e" i rge” 0, Og(r) =e" 7 Oge 1, pylt)=e"h pge” . (C.2)
Therefore, Eq. (C.1) can be rewritten as

A AN L A A
Y (”sk —e ‘Bl ige "BT) =0y +e "' Ogpe 57, (C.3)
where ¥, = zzm’}f 5L We consider now the matrix expression f(A) = e*Be=*4, where A and B

are constant matrices and A is a scalar parameter. We note that this quantity is the solution of
the differential problem == f =[A, f(A)], with the initial condition f(0) = B, see Eq. (B.10).
We can prove the followmg Baker-Hausdorff formula

¢"Be™* =B+[A,B] + ! 5114 1A Bl + 5 1 A A4 B + . (C.4)

Indeed, we can develop f(A) = e*Be~*4 in power series as f ( ) =% 2Ok 5
we can obtain the derivatives by starting from f(0) = B, and df =[A, f(A )] Iteratlvely,
f(A) _ A

e JALS ( )]] and similar expressions for higher orders. Then, we

have f(0) = B, % = [A,B], d?L? = [A,[A,B]], and so on. When we substitute A = 1
in the power series, we obtain Eq. (C.4). This result can be used in both left and right

we obtain that

hand sides of Eq. (C.3), where we can also introduce the relations %Fsk = %[ﬁk,%], and
4 G)sk == [@Sk, %)), typical of the Heisenberg picture. So doing, the Baker-Hausdorff series
become Taylor expansions, and we get

~ - h h
O (1) + Oy (t+lﬁ) =% [’7sk(t) — Pk (l+lkB—T)] (C.5)

where we have implied an analytic continuation from real to complex times. We can now
introduce the Fourier transform of a function g(¢) as .7 {g} (@) = [T g(t)e '®'dt. By
Fourier transforming Eq. (C.5), we obtain

7 {04} () <1+e_’<%> = %7 (@) (1 —e_kalT), (C.6)

from which we get

wh

o [ o 1—e kT o oh
F {®sk} ((l)) = %S {I’sk} (CO)—wh = WS {rsk} (w) tanh | —— ). (C.7
By using the definition of ¥, this equation can be rewritten as
B tanh <2k T> tanh <2k T)
F {04} (0) = iom7 {Fy} (0)—— = F {Pa} (0) —5—, (C.8)

2kpT 2kpT
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where we used the relation %Fsk = %[ﬁk,%] = n% Psk»> corresponding to iom.Z {7y} (0) =
F {Ps} (o) in the transformed domain. By applying the Fourier anti-transform and moving
from the Heisenberg to the Schrodinger picture, we obtain

| R el tanh <2k T) ; 2%

Ou=rne 1 | F ) () L dwet T, (€9)
2kpT
where
o0 i z)fof

F{pab @) = [ eV pye e onan, (C.10)
We can substitute Eq. (C.10) into Eq. (C.9), and we get

1 [t ime ine . tanh <2k T)
O = =— / / et pge e i B gE g, (C.11)

2% J—oo J-wo Soh_

2kpT

where we adopted the substitution & = 7 —¢. We can now change the order of integration
and exploit the following Fourier transform/anti-transform pair (see Ref. [148], Equation No.
612.1)

e tanh(5w) i 2 w|g|
———¢ '"%do =<1 th C.12

/w 50 P=508 M 35 €12

1 [te2 m|&| ; tanh (S w)
— [ Zlog|coth 08 g = — . C.13
27r/ 6°g{°° (45)]6 I (13)
We assume 6 = 2k 7» and we obtain from Eq. (C.11), through Eq. (C.12), the relation

2kpT [+ | iné i Tk

Oy = 71:1;‘1 » et pge 1t log [coth( Bzhm)} d&. (C.14)

We then apply the change of variable & = ,{BLTTI, and we finally prove Eq. (51) of the main
text. It is seen using Eq. (C.13) that when the energy base is adopted, we find Eq. (48)
again. It is also interesting to note that for free particles 7 = Ky (there is only kinetic
energy), and thus it is easily obtained via Eq. (C.13), with @ — 0, that Oy = py. To
conclude, we develop an interesting series expansion for ®. To do this, we apply the Baker-
Hausdorff formula to Eq. (51). We define the symbol [74), py],, through the recursive relation
[%7}%1{]0 = Psk»> and [%7psk]n+l - [%7 [%7psk]n]- Then we have [%J%k]l - [%7psk],
[%J)Sk]z = [%7 [%7psk”’ [%apsk].’) = [%a [%’ [%7psk]]]s and so on. Hence, we get

2 —+oo n

l
=ty o, 1
where
o0
L=[ n'og [coth (—|n|>}dn, n>0. (C.16)

We observe that I,, = 0 is n is odd, and therefore we calculate the values of I»,, n > 0. We
consider Eq. (C.13) with 6 = 1/2, and we find

+oo . tanh 1
%/ log {coth (@)} ¢ — tanh (50) (C.17)

(0]
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Here, we substitute the classical power series for the exponential ¢’ =¥ "% kl, (ion)*, and

the following power series for the hyperbolic tangent

400 22n (22n _ 1) anxzn_l T
tanhx = n; 2! , x| < > (C.18)

where By, are the Bernoulli numbers. By equalizing the coefficients of the power series, it is
easily found that

22n+2 -1
L, =2n(—-1)" B C.19
for n > 0 (moreover, I,—1 = 0 for n > 1). By substituting this result in Eq. (C.15), we get
1 22n+2 -1
Ou=4)Y ——— | —8B . C.20
sk nzb (a2 [0, Psk]an G o (C.20)

Since B, = 1/6, B4 = —1/30, and Bg = 1/42, we have the expansion given in Eq. (52) of the
main text.

Appendix D. Friction operator with degenerate energy spectra

We suppose to consider a system with a degenerate discrete spectrum, described by the
eigenvalues/eigenvectors equation )@ = E, ¢,x, Where n is the principal quantum number
enumerating the distinct energy levels, and k represents the degeneration. Thus, for each value
of n there are multiple eigenfunctions identified by the k index. Every eigenspace can be
orthogonalized, and thus we can write (@,x|®un) = OumOn. Such a degenerate discrete basis
can be used to represent any element of the Hilbert space of wave functions. Indeed, given
the element W, we can write the development ¥ = a,; @, (we adopt the Einstein summation
notation for both n and k), with coordinates a,; = (@.|¥) € C. If we have a linear operator
T =AY, where 7 belongs to the same Hilbert space as ¥, we can write T = Ad,x Qni = AniA Qpi.-
Hence, the coordinates of T can be obtained as T,,,;, = (@un|T) = (@un|AQuk) ank. Each operator
A can be therefore represented in the degenerate basis by means of the object A, =
(©mn|A@ur) with four indices. It is true for coordinate operators, momentum operators and
also for the density matrix. We search for the representation of the friction operator in this
degenerate case. We start by observing that the representation of the Hamiltonian operator

is found as I ok = (Qumn| 70 Puk) = ((th\En(Pnk> En(Qun|Pnk) = EnSumOin. In the
same basis, the exponent1a1 operator e "17 can be represented by means of the expression
A
(e kBT) =e kBT OnmOwn. As before, to simplify the notation, we introduce the quantity
mh,nk

_ En . _
e, = e "7 > (0. Therefore we can write that (e kBT) = €,0,mOn. Moreover, we also
mh,nk

N
_ée kBT

obtain the useful representation (e ) —e¢ 5§, Ony- The central operator in Eq.
mh,xy
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_ N
(50), [rst,e *8T], is composed of the following elements

Ay Ay Hy
TRkgr) .. — T kgl 7Y .
[rstae B ]xy,lj = Tstxyab | € "B —|e "B Tst,ab,ij
ab,ij xy,ab

= rst,xy,abeaSaiSbj - exgxasybrst,ab,ij
= Tyt xy,ij€i — €xVst xyij — (ei - ex)rst,xy.,ija

and therefore the representation of the friction operator assumes the form

A , #
2mkpT [T [ _c ~tgr ) _Ee FgT
G)sl‘,mh,nk = ZT/ e s¢ [rshe kBT]xy,ij s dé
0 ..
mh,xy ij.nk
,zm[kBT oo _ _ .
= ZT/O € gemSmx5hy(ei - ex)rst,xy,ije Sei 5inSjkdé
2mkgT [T _ _
= lt—/ € Sen (en - em)rst,mh,nke éendg
h 0
=1 Yst mh,nk-
7 ent e st,mh,n

40

(D.1)

(D.2)

This expression represents the friction operator on an arbitrary degenerate basis and can be

used for developing and solving the master equation in the degenerate case we are describing.

Recall that in such a case all operators will have four indices and thus also the principal

unknown given by the density matrix.
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