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Classical stochastic approach to quantum mechanics and quantum thermodynamics
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We derive the equations of quantum mechanics and quantum thermodynamics from the assump-
tion that a quantum system can be described by an underlying classical system of particles. Each
component ¢; of the wave vector is understood as a stochastic complex variable whose real and
imaginary parts are proportional to the coordinate and momentum associated to a degree of free-
dom of the underlying classical system. From the classical stochastic equations of motion, we derive
a general equation for the covariance matrix of the wave vector which turns out to be of the Lindblad
type. When the noise changes only the phase of ¢;, the Schrodinger and the quantum Liouville
equation are obtained. The component v; of the wave vector obeying the Schrodinger equation is

related to stochastic wave vector by |¢;]* = (|¢;|?).

I. INTRODUCTION

A distinguishing feature of quantum mechanics [1H§]
is its formulation in terms of an unobservable: the wave
function. The presence of unobservables in a theory does
not make it unscientific, as long as they lead to observ-
ables, that is, to quantities that can be observed or mea-
sured experimentally [9]. Any scientific theory has un-
observables to a greater or lesser extent. Significant ex-
amples are the epicycles of Ptolemy, the aether of New-
ton, and the luminiferous aether of Maxwell. Much less
obvious examples are the concepts of time reversibility,
causality, homogeneity of time and homogeneity of space.
The unobservable of quantum mechanics was present in
its very beginning when Schrodinger formulated his equa-
tion in terms of the wave function. Although the wave
function is an unobservable it leads through this equation
to the observable spectral lines of hydrogen.

The question that we address here concerns the possi-
bility of the formulation of quantum mechanics an unob-
servable other than the wave function. Specifically, the
unobservable that we consider here to describe a quan-
tum system is a system of particles obeying the classical
equations of motion [10-13], which we call the underlying
system to avoid confusion with a real system described
by classical mechanics.

The standard formulation of quantum mechanics pos-
tulates that the quantum states are represented by wave
vectors belonging to a complex vector space, the Hilbert
space. In contrast, classical mechanics is represented in
the Hamilton formulation by canonical variables belong-
ing to a real vector space, the phase space. Thus a classi-
cal approach to quantum mechanics, requires a formula-
tion of classical mechanics in terms of complex canonical
variables.

The possibility of using complex variables to express
the classical Hamilton equations of motion was pointed
out by Lanczos [10] who showed that a pair of complex
conjugate variables is also a pair of canonical variables.
The formulation of the quantum equation of motion by
a classical Hamilton equation in complex variables was
given by Strocchi [14]. In his formulation a complex
canonical variable is identified as a component ¢;, which

obeys the complex Hamilton equation associated to the
Hamiltonian function H, identified as the mean value

H=> ¢ Hrdx (1)
J

of the Hamilton operator H.

An equivalent approach was proposed by Heslot [15]
but instead of using a complex Hamilton equation, he
shows that the real and imaginary parts of the wave func-
tions are a pair of real classical canonical variables obey-
ing the real standard Hamilton equation. The classical
representation was then analyzed and explored by several
authors [16-19].

A essential aspect of the classical representation con-
cerns the norm of the wave vector,

J

which is a quantity conserved by the Hamilton equa-
tions of motion associated to the classical Hamiltonian
). This is a nice property since according the wave
vector should be normalized at all times. However, the
conservation property does not determine the value of
the norm. Therefore we should postulate that the norm
has the same value for any possible trajectory in phase
space as this is a basic postulate of quantum mechanics.
More precisely, among all sectors of the phase space de-
termined by distinct values of the norm, we must select
just one of them. As we shall see, the one to be selected
is connected to the Planck constant.

Quantum mechanics is understood as having a proba-
bilistic character. However this character is not clearly
manifested in the usual representation. For instance, no
variable is considered to be a random variable. The prob-
abilistic character is a consequence of the standard inter-
pretation of quantum mechanics [20-22] which introduces
probability in an ad-hoc and a posteriori manner by the
proposition that the square of the absolute value of the
wave function is a probability.

Here we introduce the probabilistic character in an ex-
plicit and a priori form by turnig ¢; into a stochastic
variable. This is accomplished by transforming the equa-
tion of motion into a stochastic equation through the
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addition of a noise term in the Hamilton equations of
motion [23-26]. The noise transforms the trajectories in
the complex phase space into stochastic trajectories, and
it is set up in such a way as to preserve the norm given
by (@) along any stochastic trajectory.

The noise changes in general the absolute value and the
phase of ¢;. A meaningful result of our analysis is that
the Schrodinger and the quantum Liouville equations are
obtained through noises that change the phase but not
the absolute value of ¢. This type of noise also makes
each term of the norm constant. If the noise changes both
the phase and the absolute value of ¢ then we reach the
quantum thermodynamic equation which turns out to be
the Lindblad equation for open system [27-30].

The quantum thermodynamic equation is the central
equation of the quantum thermodynamics that we de-
velop here. Based on this equation we derive the first
law of thermodynamics and the second law of thermody-
namics. This is accomplished by defining the quantum
entropy and the quantum entropy production. The sec-
ond law of thermodynamics is obtained by demonstrating
that the entropy production is nonnegative. To demon-
strate this proposition we use a reasoning similar to that
employed by Spohn [31] which in turn was based on a
theorem of Lieb [32].

II. STOCHASTIC EQUATION OF MOTION
A. TUnderlying classical system

The underlying system consists of a classical system
with n degrees of freedom. Each degree of freedom cor-
responds to a pair of canonical variables ¢; and p;, and
the Hamilton equations of motion are

dgi _ OH dpi _ _OH (3)
dt — 9p;’ dt g’

which determine trajectories in the 2n dimensional phase
space, which is the vector space spanned by the canonical
variables. The Hamiltonian function is assumed to be of
the form

1 |
"= %;p‘i +§2;Kjkqjqk, (4)
J

which corresponds to a collection of n particles of mass
m interacting harmonically. The coefficients K, are the
entries of a m x n matrix K with positive eigenvalues.
Using the notations ¢ and p for the column matrices with
elements ¢; and p;, respectively, we write

1 1
H=—pp+-qKq. 5
5P Pt 54 Ka ()

We perform a canonical transformation to write the
Hamiltonian function in a more symmetric form in which
it becomes invariant by the exchange of the coordinate

and momentum of a pair of canonically conjugate vari-
ables. Taking into account that K is Hermitian with
nonnegative eigenvalues we may define the matrix Q =
K'/2/\/m. Tt has nonnegative eigenvalues and is Hermi-
tian. The canonical transformation ¢ — x and p — y is
defined by

z=(m)"2q  y=(mQ)"/?p, (6)

and the Hamiltonian function becomes

1 1
H= 3 TQy + E:CTQ:U,
and we see that H is invariant by the exchange of x and
y. In an explicit form,

1
H= 3 Z Qi (T8 + YjYK), (7)
ik

and the Hamilton equations of motion becomes

Let us define the quantity

T= 13w ) (9)

J

It follows from the Hamilton equations that 7 is a con-
stant of the motion, a property that allows us to divide
the phase space in sectors, each one corresponding to a
given value of Z. We then postulate that the only possible
motions of the underlying system are those correspond-
ing to a defined value Z. This value is denoted by u,

S = (10)

The constant p has the physical dimension of
(energy xtime) and it will be seen that y is to be identi-
fied as the Planck constant. This postulate is the crucial
step toward quantization within the present approach.
It enables the appearance in the classical underlying sys-
tem of the characteristic quantum properties such as the
quantization of energy and the zero point of energy.

One can show that Z is an adiabatic invariant [33],
that is, a slow change of the parameters of the Hamilto-
nian will change H but not Z. This result connects the
adiabatic invariance with quantization, an idea advanced
by Ehrenfest which lead to the old quantum mechanics.
The distinction between the approach of Ehrenfest from
ours lies in his use of the invariant as connected to the
motion of one quantum particle as if the particle itself
was a classical particle.

In fact 7 is not constant only in adiabatic changes but
it is universally constant. Let us suppose that H is time
dependent, that is, Q;, depends on time. In this case H
is not a constant of motion because

dH 1Zd9jk

T3 gt (zjxn + Yiyk), (11)

J



but
dz
=
dt
This result allows to say that Z remains forever with the

same value given at the initial time, even if H is time
dependent.

(12)

B. Classical dynamics in complex variables

The Hamilton equations of motion are written in terms
of a set of 2n complex variables ¢; and ¢7, j =1,...,n,
obtained by the transformation

1 1
b; = E(gcj +iy;), ¢ = E(Ij — i)

Using this transformation, we see that the expression (I0)
becomes

(13)

> drh =1, (14)
J

which expresses the postulate introduced above in terms
of the complex variables.

The peculiar transformation from real to complex vari-
ables are canonical transformation leading to the follow-
ing Hamilton equation of motion in complex variables

do, _LoW  do 10w o
dt i ¢ dt — ipog;’
where H is the real bilinear function
M= Hd}on, (16)
ik

obtained from (7)), where Hjr = u(Qx + Q;)/2, and
are the entries of a n x n Hermitian matrix H, that is,
HY. = Hy;, with positive eigenvalues. We remark that
the complex variables ¢; and ¢ are dimensionless, which
justifies the presence of the constant p in the equations
of motion.

The complex conjugate variables ¢; and ¢} are con-
sidered to be independent variables because their real
and imaginary parts are proportional to the coordinate g;
and to the momentum p;, which are independent. From
the peculiar transformation above they also form a pair
of canonically conjugate variables as is manifest in the
equation of motion ([I3)).

From the Hamilton equations of motion (IH), the time
evolution of a state function F is

dF
- {F,H}, (17)
where the term in the right-hand side is the Poisson

brackets defined by

OF OH  OH OF

{Fuy=>(
J

%%_%%)7 (18)

If we replace F by the norm of ¢, defined by
N=3 645, (19)
J

we see that
{N,H} =0, (20)

which means that the norm is preserved along a trajec-
tory in the complex vector space.

The value of A/ cannot be arbitrary. In accordance
with the postulate introduced above and expressed by
equation (I4), it should be equal to the unity. Using
this result and writing the axes corresponding to a pair
of canonical conjugate variables of the phase space as
related to a complex variable ¢;, then the phase space
becomes equivalent to a Hilbert space, which is a vector
space with normalized vectors.

The form (6] of the Hamiltonian allows us to write
the Hamilton equations in the form

do; 1 4
d—tﬂ = mzkjﬂjmk. (21)

Equivalently, we may write equation (2I) in the vector
form

. do

"t
If we set u = h and identify ¢ as the quantum state
vector, we see that it is identical to the quantum equation
that gives the time evolution of the state vector ¢, or the
Schrodinger equation.

= Ho. (22)

C. Norm preserving noise

We now assume that ¢ follows a stochastic equation
of motion which is the Hamilton equations supplemented
by a noise term,

dg; 1
dt = Z.‘ujzkH]k(bka"i_Cju (23)

where (; is a complex white noise, that is, its real and
imaginary parts are white noises, and also depends on ¢
and ¢*. The noise will be set up in such a way that the
norm N is preserved along the stochastic trajectory in
the complex vector space.

As it stands equation (23]) has no precise meaning. To
give it a precise meaning, we discretize the time in inter-
vals 7 and write the stochastic equation of motion in a
discretized form. Let A¢; be the increment in ¢; when
the time increases from ¢ to ¢t + 7. Then the discretized
version of equation (23] is assumed to be

A, = i Zij¢k +i\/7_'z Gjrdr — %ZKjkﬁbk,
% 3 3
(24)



where G are independent random variables, which we
consider to be the elements of a n X n matrix G, with
zero mean, (G;,) =0, and covariances

(G3kGom) = 2Yjk em.- (25)

from which follows the property 77 ,,, = Vem,jk. The
quantities K, are related to G, and will be found by
imposing the conservation of the norm. The elements
Gjr and Kj; are understood as the entries of two n x n
matrices G and K, respectively.

It is convenient to introduce a n? x n? matrix I' with
elements I',.; which are related to 7, ¢,m. The index r
has a one-to-one correspondence to (jk) and s has a one-
to-one correspondence to (¢m). Using this convention,
set I'ng = yps, OF

2

s = (GrGy). (26)

From this relation it follows that I' is a Hermitian matrix,
'y, = I's,. Being Hermitian, I' can be diagonalized by
a unitary transformation. Denoting by Y the n? x n?
matrix that diagonalizes T' then YTI'Y is diagonal and
its elements A, are the eigenvalues of I'. They are given
by

)\7‘ = Z TIS/FS,STST' (27)

s's

Using (24)),
A_Zﬁ G*

and we see that \. > 0, that is the eigenvalues of the
Hermitian matrix I' are nonnegative, or in other words,
T" is a positive semi-definite matrix.

Let us determine the increment in the norm A due to
a change A¢; in the dynamic variables. It is given by

AN = (Ag;¢; + 65 A¢; + AT Ag;). (29)
i

= Z G Torl?),  (28)

Replacing A¢; in this equation, we find up to terms of
order T

AN = i\/;Z(ij - GZj)Qb;Qbk
ik

__Z Jk+Kk]¢¢k+TZGGJk¢ Dk (30)

jk
The terms containing H;j vanish identically due to the
Hermitian property Hj, = Hj;. Choosing
K =G'G, (31)

which is the sought relation between K and G, and which
we assume from now on, then the last two summations
on the right-hand side of [30) vanish and

AN =iy/T Y 65(G = G . (32)

Jk

If G = G then the increment vanishes and the norm N
is strictly constant along the stochastic trajectory. If this
condition is not imposed, the increment in the norm will
still vanish but in the average, that is, (AN) = 0. The
stochastic equation of motion ([24]) defines a Markovian
stochastic dynamics which determines stochastic trajec-
tories of ¢ in the vector space.

III. FUNDAMENTAL EQUATION
A. Probability density distribution

As the trajectories in the vector space are stochastic,
we may ask for the probability of the occurrence of each
trajectory. In the following we determine the equation
that gives the time evolution of the probability density
distribution P(¢, ¢*,t) of ¢ and ¢* at time ¢. We start
by considering an arbitrary state function F of ¢ and ¢*
of the bilinear type

F=> Fid}or, (33)
jk

where Fj;, are understood as the complex entries of a
n x n matrix F'. The increment AF of such a function is
given by

8f
AF=Y" - A
> st + Y o

+ Z 8(;5] 6¢k Adgy,. (34)

Replacing A¢; in this equation we find up to terms of
order T

AF = —{]: H}+Z\/_Z 6¢] Jk¢k ¢k Gk]¢ )
oOF oOF
—g %;(8 Kjror + 960 5 K597)
O2F
“+7 Z m j[kagngb (35)

Taking the average of both sides of equation (3H), the
term proportional to /7 vanishes. After that, we divide
what is left by 7 to reach the result

oOF

G = S UFH) = S along) + 05

dt
gkl

)

P*F

nogos (36)

2 Yim.je(Ged}

jkém



where here the average are taken over the probability
density distribution P, that is, the average (F) of F is

(F) = /.FququS*. (37)

Taking into account that F is an arbitrary function,
we reach the equation for the time evolution of the prob-
ability distribution P, which is

aP 1 a P 0P
- = —{H P} + JEM Vg en( d)(; T e )
O*¢udr, P
+2 § Yem, i AT A r 8¢Ja¢k (38)

Jjkfm

To reach this equation we bear in mind that the averages
in (B4) are integrals in the complex vector space of the
type 7). The expressions in (B8] are found performing
appropriate integrals by parts and considering that P
vanishes rapidly at the boundaries of integration. The
equation (B8) is recognized as a Fokker-Planck-Kramers
equation [23-26], in several complex variables.

B. Master equation

The fundamental equation (38)) was derived above con-
sidering a discrete time stochastic equation of motion and
then taking the continuous time limit. Here we consider
another derivation of the fundamental equation by con-
sidering a continuous time equation of motion but dis-
cretized variables ¢ and ¢*. To simplify the notation we
write ¢ in the place of (¢, ¢*) and consider the following
Kolmogorov equation, or master equation,

= {W(p,¢P) - W(,0)P(9)}, (39)

where W (', ) are the entries of a stochastic matrix W.
A stochastic matrix holds two properties: 1) the off diag-
onal entries W (', p) are nonnegative and represent the
probability rate of the transition ¢ — ¢’, and 2) it holds
the property

> W(p ') =0. (40)

From these two properties, it follows from the Perron-
Frobenius theorem that P(p,t) > 0 if at the initial time
it holds this property, and it is normalized at all times,

> Plp.t)=1. (41)

It is more convenient to construct the backward Kol-
mogorov equation, or adjoint master equation,

L o(p) = S We Q) - Q9)h.  (42)

We consider three types of transitions. The first is
defined by
¢] - ¢ - ¢J + HJ€¢€7 (43)
* /% * € *
b = P = Op — in mk @y (44)

and occurs with rate one. The contribution of this tran-
sition to the right-hand side of equation ([#2) is given by
the expression

1 oP . OP
i %:{ijz@% — Hijop 87‘);?}' (45)
The second type is defined by
¢j = ¢ = ¢j T ivegjudr, (46)
Pe = O = 01 F IVEGem P (47)

and occurs with transition rate oy, jix > 0, which holds
the property

= Oml,kj- (48)

The contribution of this transition to the right-hand side
of equation (42) is given by the expression

Qym,jk

2 Z ik 3T A r 8¢ ad)* g]f¢€gkm¢m7 (49)

Jjklm

which is real due to the property (@S]).
The third type is defined by

¢j ¢ - ¢j ng]glkd)kv (50)

op = O = dp —

occurring with rate ay; e > 0. The contribution of this
transition to the right-hand side of equation ([42) is given
by the expression

Egljgfk¢J7 (51)

. 09 0Q
" anjuegiigod 5 obn + 1,
,3 ak;,zzngQEk{a¢j o 907 o5}

which is real due to the property (ES]).

Replacing the expressions obtained above in the right-
hand side of equation ([@2]), it becomes identical to the
adjoint equation (3@, if we set

Vkm,je = Cem, kGt (52)
Taking into account that i e is the covariance

G5, Gip), then the random variables GG ;5 must obey the
km™~"J J y
relation

(GimGie) = Qm,jkGjtGhom- (53)

This is accomplished if the absolute value of Gj; is a
random variable but not its phase. Indeed, if we write
Gjr = Rjre'™* then

(GrnGije) = (Rim Rje)e
which is of the form (G3]).

—iakm eia]‘g, (54)



C. Central equation

Equation (B8] that governs the time evolution of the
probability density distribution Z2(¢,¢*) is the fun-
damental equation of the present stochastic approach.
From this equation we derive the equation for the time
evolution of any bilinear state function such as th covari-
ances pjr = (¢;¢r) of the stochastic variables ¢;. The
equation that give the time evolution of pjj is obtained
from (3Y) but we may as well use the equation ([B4) by
replacing F by ¢;¢;. The result is

d 1
o= =S "(Hipu — pieH
"= % (Hjeper. — pjeHar)

- Z(ij,mfplk + ij'le,mk) + 2 Z Ykm,jLPlm - (55)

m Im

Once this equation is solved, the average (F) of a bilinear
function F is obtained by

(F) = Fikprj- (56)
ik

Equation (BB) is the central equation of the present
approach and is the most general form of an equation for
the covariance p; that can be derived from a noise that
is linear in ¢; and which conserves in the average the
norm of ¢;. The coeflicients 7¢; i are not arbitrary. As
mentioned above, v 1., = Ykm,¢; and the eigenvalues of
the n2 x n? matrix with elements Yej,km are nonnegative.

The central equation (B3) can be written in matrix
form as follows. We first define the covariance matrix p
as the n X n matrix with elements p;,. Then we introduce
n x n matrices A7% whose entries are all zero except the
entry at row j and column k which equals 1. Notice that
AJ% is not an entry of a matrix but denotes one of a
collection of n? matrices. Their entries are denoted by
A%fT and are given by

ATE = §500km. (57)

The matrices A7* form a complete basis for the expansion
of any m x n matrix. For instance, in terms of this set
the matrix p has the expansion

p=> piA*. (58)
jk

In terms of the basis matrices, the central equation
[BH) becomes
dp 1
£ _ g
prial u[ , 0]
) Ve (AT pATFT — AT AL p— p ATRT AP - (59)

jkém

where [H,p] = Hp — pH stands for the commutation
between the matrices H and p.

Using (B6]), the average of (F) of a bilinear state func-
tion F is determined from p by

(F) =TrFp. (60)

The matrix p holds the following properties. It is a
Hermitian matrix with unit trace,

Trp =1, (61)

and is a semi-positive definite matrix, which means that
its eigenvalues are non-negative. These properties, which
allow us to call p a density matrix, follow from the defi-
nition of p as a covariance matrix, that is,

P = / 0; 61 Pdpds”, (62)

and from the properties of the distribution density which
are & > 0 and normalization,

/ Pdde* = 1. (63)

The Hermitian property p7;, = pi; follows from ©2). As
p is Hermitian its eigenvalues are real. To show that
the eigenvalues are nonnegative it suffices to consider a
transformation that diagonalizes p and use this transfor-
mation to change the variables ¢; to new variables ¢3.
Taking into account that p;r = (¢;¢5) then (¢ ¢y") will
be diagonal and coincides with the eigenvalues p; of p.
Therefore, p; = (¢}¢}) > 0.

The fundamental equation was construct in such a way
that the norm was conserved in the average, which means
that

W) = Z Pij (64)

is constant. Choosing this constant to be equal to unity,
then Trp = 1. Alternatively, it follows from equation
@9 that dTrp/dt = 0. The semi-definite property of
p is also preserved at all times because at any time pj
keeps being a covariance.

The above properties are valid as long as &2 conserves
the properties of a probability density distribution stated
above. But this is indeed the case as we have demon-
strated above.

The equation (B9) is formally identical to the quantum
master equation |27, 28] introduced by Lindblad [29] and
by Gorini, Kossakowski, and Sudarshan [30], describing
the time evolution of a density matrix of a quantum open
system. The distinguish feature between them is that
equation (BJ) was obtained by considering that p is a
covariance matrix. Of course, as we have shown above,
it turned out to be a density matrix.

It is worth considering the time evolution of the aver-

age X; = (¢;). From (B6) we find

dx 1 1
S/ E Hi Xk — — E ; 65
dt i k ik Xk B . VikXk> (65)

where v, = (Kji).



IV. QUANTUM MECHANICS

The noise defined by the last two terms of (24]) changes
the variable ¢; by changing both the phase 6; and the
absolute value r; of ¢; = Tjei‘gf. However, if the noise is
of the type given by the equation

Ad; = (iV7E ~ 57)é5, (66)

where ¢ is a random variable with zero mean and variance
7, then the noise still changes the phase §; but not the
absolute value of ¢;. To show this result it suffices to
write this equation in the equivalent form

¢ = eV, (67)

where ¢' ¢;j + A¢j. This result shows that ¢7¢; = r
is 1nvar1ant and the norm N is conserved in the strlct
sense.

The noise defined by the expression (Gl corresponds
to set 27v,¢ km = Y9;00km. The equation (B6) reduces to

d 1
G = )

f O*F
wZoﬁ% % oo +72¢J¢ka¢a¢k> (68)

and the fundamental equation (B8] becomes

d 1
o E{Hw@}

00,2 96,7 0207 P
PG e RV L

which reduces to the simpler form

%:i{g MY+ 2269 ()

In this case the equation (B3] becomes

d 1
i = =S "(Hipa — pieH, 71
= % (Hjeper — pjeHer), (71)

which can be written in the matrix form as

—[H, pl, (72)

which is the quantum Liouville equation, if we set u = h.
The equation (G5]) for x; becomes

2 — ST Hioxk — =X 73
7 Wzk: JRXE = 57X (73)

We remark that the equation ([{I)) does not have the
terms corresponding to the noise. However, this does
not mean that the effect of the noise is not present. The
variable ¢; is still a stochastic variable which is reflecte-
din the last term of equation (73).

The equation (T1)) has a special type of solution which
is pjr = ;5. Replacing this form of p in the equation
(1), we see that it is indeed a solution as long as 1;
fulfills the equation

dip; 1
- E 4
dt 'L/Jz gk1/}ka (7 )
or in matrix form
dy 1
— = 75
i Hip, (75)

where 1 is a column matrix with elements 1;, and

p =9yl (76)

were 1T is a row matrix with elements (U A solution
of this type is called pure state and equation (75) is
identified as the Schrodinger equation, if we set y = h.
We remark that 1; should not be confused with ¢; nor
with x; = (¢;). This last quantity obeys the equation
([@3) which differs from (7)) by the presence of the term
—x;/2 which makes x; to vanish in the long term.
The relation between ¢; and v; is

Vi = (05 %) = Pik; (77)
and in particular
i 1* = (|5 *) = pjj- (78)

Due to the invariance of the norm given by (G64)) it follows
the usual normalization of 1;,

Sl = 1. (79)

The average (F) given by equation (56) now reads
Fy =D eiFjry, (80)
jk

which is the usual expression for the quantum average.

V. QUANTUM THERMODYNAMICS
A. First law of thermodynamics

We start by writing the central equation (B9) in a more
convenient form as follows

dp 1

— —[H L
7 iu[ ,pl+ L,

L=>yr (81)



where

1
L7 = 5 3 (sl d®p, A7) [ 4%, 4]

77 JAT, p AT + 4 [ATT, pACT]Y, (82)

and we are using a convention concerning the index nota-
tion defined by the replacements jk — r and fm — s, and
Yjk.em = Vkjem, and we remark that L™ = L". Defining
the auxiliary matrices

B" = Z FYrsAsv

then L" acquires the simpler form

Cr=> A% (83)

1
L' = {4, pB™T — C"p] — [A"T, B"p — pC"T]}.  (84)

Notice that Bzfq = Yjk,em and Cg:fl = Ykj om-

From the central equation (§Il) we determine the equa-
tion that gives the time evolution of the average (F) =
Tr(Fp) of a bilinear state function. It is given by

aiF) 1 .

= wTrF[H, o] + Z TeFL. (85)

In accordance with thermodynamics the change in the
energy £ of an open system equals the heat introduced
into the system minus the work done by the system on the
environment, which is the law of conservation of energy,
or the first law of thermodynamics. The work is assumed
to be the increment in a potential V due to the external
forces. The conservation of energy is then written as

dE) o dw)
el (86)

where ® is the flux of heat into the system. We assume
that the Hamiltonian function A is the sum of the energy
function £ and the potential V of the external forces,

‘H = € + V. Bearing this in mind, we write
dU
— =9 87
dt ’ (87)

where U = (H).

To determine the expression of ®, we calculate the left-
hand side of equation (87) using equation (B88). The re-
sult for the flux is

=)o, (88)

where
o, =TrHL". (89)

Equation (1), with ® representing the total flux of heat
into the system, expresses the conservation of energy, or
the first law of thermodynamics.

B. Second law of thermodynamics

If we wish to describe an open system regarded as a
thermodynamic system in the sense that it obeys the laws
of thermodynamics we need to introduce two quantities
which are the entropy S of the system and the flux of
entropy V.

Let f(z) < 0 be a decreasing and convex function of x
defined on the interval 0 < z < 1, and such that f(1) = 0.
We also require that z f (z) — 0 when 2 — 0. An example
of f(z) holding these properties is the function —Inz.
The entropy S of the system is then defined by

S = Hijf(pj), (90)

where k is some positive constant and p; > 0 are the
eigenvalues of the matrix p, which are subject to the con-

dition
> opi=1, (91)
J

following from Trp = 1.

Considering that 0 < p; < 1 it follows that S > 0.
The minimum value of the entropy is S = 0 which occurs
when one of the quantities p; equals one, which is the
case of pure states. In terms of the matrix p, the entropy
can be written as

S=rTrpf(p). (92)

Deriving S with respect to time and using the central
equation (&I, we find

— = HZTI’LTf(p). (93)

By calling S the entropy we wish that it describes the
thermodynamic entropy. A distinguishing property of
thermodynamic entropy is that it is not a conserved
quantity. For instance, a system that has its energy in-
creased only because of heat flow must have its entropy
increased. Therefore, the right-hand side of (@3)) is not
in general the entropy flux.

Concerning the entropy flux, we assume with Clau-
sius that the entropy flux is the ratio between the heat
flux and the temperature of the environment. More pre-
cisely, we assume that the total entropy flux is a sum of
entropy fluxes coming from distinct parts of the environ-
ment which are at distinct temperatures. The entropy
flux ¥, coming from the r-th part of the environment at
temperature T;. is

(94)

where @, is the heat flux coming from the r-th part which
we assume to be given by the expression (89)). However,
we cannot adopt the Clausius relation in the strict sense



because no temperature has yet been defined. But we can
still assume the Clausius relation, with the understanding
that T;. > 0 are parameters of the present approach.
Replacing the expression for the heat flux given by
[®9) in ([@4), we find the desired expression for the flux of
entropy coming from the r-th part of the environment,

1
U, = —TrHL". 95
E (95)

The total flux of entropy is

U=>"1,. (96)

The right-hand side of (@3) must be the sum of the
entropy flux ¥ from the environment and another term
corresponding to the creation of entropy which is the rate
of entropy production IT within the system, defined by

ds
— =1+, (97)

From this relation we determine II using the expressions
of the flux of entropy ¥ and dS/dt. Before that, we define
p" through the relation

BrH = f(p") + cr, (98)

where ¢, is such that Trp, = 1, and 8, = 1/kT,.. From
this relation and equation (@8] we may write ¥, as

U, = rTeL" f(p"), (99)

where the constant C, has disappeared because TrL" =
0. Subtracting ([@9) from (@3], we find

M =rY TL'{f(p) - f(p")} (100)

According to Clausius the increase in the entropy S of
a system is larger than or equal to the entropy flux ¥
into the system,

(101)

which constitutes the second law of thermodynamics.
Taking into account the equality ([@7), the Clausius ex-
pression (I0I) of the second law can be written in the
equivalent form

I >0. (102)
In the following, we will demonstrate this inequality prov-

ing thus the Clausius expression for the second law of
thermodynamics.

C. Positivity of the entropy production

To show that II > 0, we demonstrate that each term
of the summation in (I00) is nonnegative, that is, we
demonstrate that IL. > 0,

I = kTrL"(p){f(p) — f(P")}

and L" is given by (84)).

Our procedure is to show (a) that II, is a convex func-
tion of the eigenvalues py of p, and (b) that I, is bounded
from below at p = p", in which case II,, = 0. If the first
proposition is demonstrated, then the second proposi-
tion can be met if p = p" is a double zero of II, which
amounts to say that L™ vanishes when p = p". This con-
dition leads consistently to the vanishing of ¥, as well.
The vanishing of L" is fulfilled by demanding that

(103)

B'p" =p'C, (104)
which we assume from now on. As B” and C" are defined
in terms of v, s and p” depends on T, this condition
establishes a relation between the correlations «, s and
the parameter ;..

To show that II, is convex it suffices to show that

R, = TI‘LT(p)f(p)

is convex because L"(p) is linear in p. We provide the
demonstration of convexity of R, for the case in which
L(p) has a diagonal form, which is equivalent to express
L"(p) as

(105)

L= (A7 o, AT (A [, AT, (106)
in which case
R, = \RTe{[f, AT p] A" + [f, A"p] AT} (107)
Next, we consider the following term of R,
T[f, Ap] AT, (108)

where for simplicity we have dropped the index of A",
and we observe that it is the limit when € — 0 of the
expression
1
“Tr{ef Ape==/ AT — ApAT}. (109)
€
The expression ([I08) is convex if the first term of (I09) is
convex as the second term is linear in p. To see that this

is the case it suffices to write it in the following symmetric
form

Tr{(eaf/zApl/2e_8f/2)(e_af/2p1/2ATe€f/2}. (110)

In the general case, instead of terms of the type (I08]),
we face terms of the type

Te[f, A"p] B, (111)



which is equal to

ST, ATl Ac, (112)

We then expand A" in another basis set A’® in such a
way that the expression (I12) becomes diagonal in A’s,
that is,

D OATY[f, A% pl AT, (113)

Now each of the terms of the summation is similar to
(I08) and we may apply the same reasoning above to
show that it is convex. This concludes the demonstration
that I, > 0 and II > 0.

VI. FOKKER-PLANCK-KRAMERS
STRUCTURE

A. Fluctuation and dissipation

The classical Fokker-Planck-Kramers (FPK) equation
describes a massive particle under the action of a con-
servative force plus, a dissipative force, and a fluctuating
force 23, 126]. These forces give rise to three terms in the
equation which are the Hamiltonian part, the dissipative
part, and the fluctuation part. In the following we show
that the central equation has a similar structure and can
thus be understood as the quantum version of the FPK
equation.

From the expressions (8I)) and (84)), the central equa-
tion can be written in the form

. dp v
where J” is the current, given by
J" = iu(B"p — pC™). (115)
Defining D™ = Bt — C", the current becomes
T = ip(D"p — [p,C™). (116)

Replacing it in ([II4)), the central equation, it acquires
the form

- d - r r . T s
wd—f = [H,p] +in Y _[A",pD" T —ip > [A",[C", pl],

(117)
which has the form of the FPK equation. The three terms
on the right-hand side are respectively, the Hamiltonian
part, the dissipative part, and the fluctuation part.

Using the relation (I04]), we find the following form for
the term related to the dissipation,
D" = (p")tCrpr - C". (118)
Therefore, the equation ([I4) can be set up if we are
given C" and p".
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B. Detailed balance

The stationary solution p** of the central equation
([II9) is determined by

[H,p] =D _[A", T (p*)] = 0.

T

(119)

Depending on the covariances of the independent ran-
dom variables, that is, on B" and C", the stationary
solution may in addition obey a detailed balance condi-
tion. Denoting in this case the stationary solution by
p°, the detailed balance condition is equivalent to say
that each term of (IT9) vanishes, that is, [H, p°] = 0 and
J7H(p°) = 0, or

B"p° = peC"t, (120)
for all v, which is the expression of the detailed balance
condition. This solution is understood as describing the
thermodynamic equilibrium, understood as the state de-
void of currents.

We remark that the detailed balance condition (I20])
should not be confused with the relation (I04) between
B" and C"1. If we use relation ([04]), the detailed balance
condition is just p® = p", for all r. Bearing in mind that
the expression of p” for distinct r has the same form
given by equation (@), differing only on the parameter
T,., we see that the detailed balance condition occurs if
all the parameters T,, = T are equal. In this case we may
identify the common value T as the temperature of the
system and the p° is given by SH = f(p°®) + ¢, or

p°=f1(BH —¢),

where f~! is the function inverse of f. We recall that
the function f is related to the entropy by S = kTrf(p).

If f = —Inx, in which case the entropy is given by
S = —kTrplnp, then f~! = e~ and

(121)

1
pe = Ee_ﬂHa
where § = 1/kT, which is the Gibbs equilibrium state

for a system at a temperature 7.

(122)

C. Non-equilibrium stationary states

Writing L" in terms of the current J", the expression
for the heat flux ®,, the entropy flux ¥, = ®,./T,., and
the rate of entropy II, are given by

P, = inJTT[AT, H], (123)
m:%ﬂfWﬂﬂﬂm (124)
I, = —TrJ"T[A", f(p) — f(o"))- (125)

i



The total heat flux, the total entropy flux and the total
entropy rate are are

=)o, (126)
\I/:Z\IJT:ZTL@, (127)
(128)

H:ZHT.

In the stationary state ® and II+ ¥ vanish. If in addi-
tion the thermodynamic equilibrium is established, which
occurs if all 7, are equal, then all currents J” vanish. In
this case ®,., U,., and II,. as well as IT and ¥ also vanish.
If the stationary state is not an equilibrium state, which
occurs if at least of 7). is distinct from the others, then
at least one of the currents J" are nonzero. In this case,
II and ¥ are nonzero, although their sum vanishes. As
II > 0, then in the nonequilibrium stationary state

II=-V>0. (129)

D. Examples

We have proposed a quantum FPK equations which
was obtained through the canonical quantization [34].
For a system of quantum particles of mass m the quan-
tum FPK equation reads [34]

in%2 = H, )

1
T
5 +§zj:%[xg,pgg + 90

(130)

mﬂ Z %> 2.0

where z; represents the position of particle j, and

( ﬁj *5]‘H

- ;).

9= zhﬁ]

We see that this equation has the form of equation (I04)
if we set p=n, 4; =z,

Ym Yi9;i
Oj = h;—ﬂjIj, and Dj = # (131)
The expansion of g; gives
B 5
95 = ps + 5y [H,p] + Sp (L [Hpsl) + (132)

where p; is the momentum of particle j. As g; is related
to dissipation we see that the quantum friction is not
generally proportional to the momentum as is the case
of the classical case, as is manifest in the classical FKP
equation.
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For bosons the canonical quantization leads to the fol-
lowing equation [35, 136]

0 .
i = [H,pl + i Y _{lay, pg]] - la} 9,01}

J

S (CHCAC BT I CED

where a; and a} represent, respectively, the annihilation
and creation of a boson in a one-particle state labeled by
the index j, and

1
95 = f(e
J

—B,H;  _B;H;
150 g eIt ag)-

(134)

Again we see that this equation has the form of equation
(104, if we set p=h, A; = aj,

Cj = L

—ja», and D; =
hB;

hg]

VII. CONCLUSION

We have derived the equations of quantum mechan-
ics and quantum thermodynamics from the assumption
that a quantum system can be described by an underlying
classical system of particles. Each component ¢; of the
wave vector ¢is understood as a complex variable whose
real and imaginary parts are proportional to the coordi-
nate and momentum associated to a degree of freedom of
the underlying classical system. The equation of motion
is considered to be a stochastic equation so that ¢; is a
stochastic variable. This result leads us to conclude that
the density matrix p obeying either the quantum Liou-
ville or the Lindblad equation is the covariance matrix
associated to the random wave vector ¢. In this sense
the present approach gives a meaning to the off-diagonal
terms of p.

The understanding of the wave vector ¢ as a stochastic
variable and p as its covariance matrix allows an inter-
pretation of quantum mechanics other than the standard
interpretation [20-22]. As the trajectory in the Hilbert
space are stochastic the present approach may fit the con-
sistent history interpretation of quantum mechanics [§]
since the several trajectories are possible, each one oc-
curring with a certain probability. The present approach
is also in accordance with the standard interpretation if
we bear in mind that Trp = 1, which means that p;; can
be interpreted as a probability.

Acknowledgment

I wish to thank Jacob Barandes for calling my atten-
tion to the papers of Strocchi and Heslot.



12

[1] D. Landau and E. M Lifshitz, Quantum Mechanics (Perg-
amon Press, London, 1958).

[2] E. Merzbacher, Quantum Mechanics (Wiley, New york,
1961).

[3] A. Messiah, Quantum Mechanics (Wiley, New York,
1961); 2 vols.

[4] J. J. Sakurai, Adavanced Quantum Mechanics (Addison-
Wesley, Reading, 1967).

[5] J. J. Sakurai, Modern Quantum Mechanics (Addison-
Wesley, Reading, 1994).

[6] D. J. Griffiths, Introduction to Quantum Mechanics
(Prentice Hall, Upper Saddle River, 1995).

[7] A. F. R. de Toledo Piza, Mecinica Qudintica (Editora da
Universidade de Sao Paulo, Sdo Paulo, 2002).

[8] R. B. Griffiths, Consistent Quantum Theory (Cambridge
University Press, University, 2002).

[9] M. J. de Oliveira, “Structure of the Scientific Theories”,
Revista Brasileira de Ensino de Fisica, 43, ¢20200506
(2021).

[10] C. Lanczos, The Variational Principles of Mechanics
(University of Toronto Press, Toronto,1949).

[11] H. Goldstein, Classical Mechanics (Addison-Wesley,
Cambridge, 1950).

[12] L. D. Landau and E. M. Lifshitz, Mechanics (Pergamon,
Oxford, 1960).

[13] V.I. Arnold, Mathematical Methods of Classical Mechan-
ics (Springer, New York, 1978).

[14] F. Strocchi, Rev. Mod. Phys. 38, 36 (1966).

[15] A. Heslot, Phys. Rev. D 31, 1341 (1985).

[16] S. K. Gray and J. M. Verosky, J. Chem. Phys. 100, 5011
(1994).

[17] T. Bodurov, J. Math. Phys. 39, 5700 (1998).

[18] J. S. Briggs and A. Eisfeld, Phys. Rev. A 85, 052111
(2012).

[19] H.-T. Elze Phys. Rev. A 85, 052109 (2012).

[20] R. Omnes, The Interpretation of Quantum Mechanics
(Princeton University Press, Princeton, 1994).

[21] G. Auletta, Foundations and Interpretation of Quantum
Mechanics (World Scientific, Singapore, 2001).

[22] O. Freire Jr. (editor), The History of Quantum interpre-
tations (Oxford University Press, Oxford, 2022).

[23] N. G. van Kampen, Sochastic Processes in Physics and
Chemistry (North-Holland, Amsterdam, 1981).

[24] H. Risken, The Fokker-Planck FEquation (Springer,
Berlin, 1989), 2nd ed.

[25] C. Gardiner, Stochastic Methods (Springer, Berlin, 2009),
4th ed.

[26] T. Tomé and M. J. de Oliveira, Stochastic Dynamics and
Irreversibility (Springer, Cham, 2015).

[27] H.-P. Breuer and F. Petruccione, The Theory of Open
Quantum Systems (Clarendon Press, Oxford, 2002).

[28] D. Manzano, larXiv:1906.044 78

[29] G. Lindblad, Commun. Math. Phys. 48, 119 (1976).

[30] V. Gorini, A. Kossakowski, and E.C. Sudarshan, J. Math.
Phys. 17, 821 (1976).

[31] H. Spohn, J. Math. Phys. 19, 1227 (1978).

[32] E. Lieb, Advan. Math. 11, 267 (1973).

[33] M. J de Oliveira, Braz. J. Phys. 52, 67 (2022).

[34] M. J. de Oliveira, Phys. Rev. E 94, 012128 (2016).

[35] M.

36] M.

18
19

J. de Oliveira, Phys. Rev. E 97, 012105 (2018).
J. de Oliveira, Brazilian Journal of Physics 53, 121
2023).

—


http://arxiv.org/abs/1906.04478

	Introduction
	Stochastic equation of motion
	Underlying classical system
	Classical dynamics in complex variables
	Norm preserving noise

	Fundamental equation
	Probability density distribution
	Master equation
	Central equation

	Quantum mechanics
	Quantum Thermodynamics
	First law of thermodynamics
	Second law of thermodynamics
	Positivity of the entropy production

	Fokker-Planck-Kramers structure
	Fluctuation and dissipation
	Detailed balance
	Non-equilibrium stationary states
	Examples

	Conclusion
	Acknowledgment
	References

