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THERMAL FLUCTUATIONS

A generalization of quantum-mechanical equations expressed in the hydrodynamic form by in-
troducing terms that involve the diffusion velocity at zero and finite temperatures, as well
as the diffusion pressure energy in a warm vacuum, into the Lagrangian density has been
proposed. It is used as a basis for constructing a system of equations similar to the FEuler
equations, but making allowance for quantum-mechanical and thermal effects, for the model of
one-dimensional hydrodynamics. The equations obtained generalize the equations of the Nelson
stochastic mechanics. A numerical analysis of the solutions of this system allowed a conclu-
sion to be drawn about its validity for the description of the relaxation of quantum thermal
fluctuations.
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1. Introduction

Thermal fluctuations in hydrodynamics have been
taken into account for half a century. However, there
is no consistent quantum-mechanical statistical the-
ory till now that would make allowance for quan-
tum-mechanical and thermal effects simultaneously
[1]. In this paper, we describe an approach to the
development of such a theory, by using the hydro-
dynamic form of quantum mechanics as a starting
point. With this aim in view, we propose to gener-
alize the theory by considering the quantum-thermal
diffusion existing at zero and finite Kelvin tempera-
tures, which reflects the stochastic character of the
environmental influence, and the diffusion pressure
energy density. In this case, we will be be based on
the concept of thermal equilibrium generalized to the
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case where the stochastic influence of both the quan-
tum-mechanical and thermal types are taken into ac-
count simultaneously. As a result, a system of hy-
drodynamic equations is obtained in the case of a
one-dimensional model, which is analogous to a sys-
tem of Euler equations, but differs from it by mak-
ing allowance for quantum-mechanical and thermal
effects.

As a rule, the hydrodynamic equations are derived
from either statistical mechanics or kinetics. In both
cases, specific ideas concerning the medium struc-
ture and the interactions between its components are
used. Accordingly, hydrodynamic fluctuations are ac-
counted for by including a random stress tensor, to-
gether with a regular one, into the hydrodynamic
equations. For the former tensor, only a correlator is
given on the basis of fluctuation-dissipation theorem.

At the same time, hydrodynamics is conceptually
similar to the equilibrium thermodynamics, since it
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is also a model-free theory in principle. Therefore, we
propose to consider the theory describing the relax-
ation of quantum thermal fluctuations of the density
and the drift velocity, under the equilibrium condi-
tion with respect to the temperature, as a stochastic
hydrodynamics. Then, the derivation of correspond-
ing equations can be started from a generalization
of the hydrodynamic form of quantum mechanics at
zero temperature as a model-free theory onto the case
where the self-diffusion in cold and warm vacua is
taken into consideration explicitly. This approach al-
lows the hydrodynamic form of quantum mechanics
to be extended, for the first time, to the case of finite
temperatures and makes it possible to include not
only the self-diffusion, but also the diffusion pressure
of a warm vacuum into consideration.

As a result, in the framework of a one-dimensional
model, we will obtain a system of stochastic hydro-
dynamic equations, which is valid at an arbitrary
temperature. Its specific feature consists in that the
quantum and thermal fluctuations are taken into ac-
count nonadditively. Moreover, those equations can
be written down in the form inherent to equations of
the two-velocity hydrodynamics, which is a general-
ization of the Nelson stochastic mechanics.

In this research, we use the results obtained earlier
in work [2] as a basis. In the cited work, the theory
of (K, k)-dynamics was developed, which made it pos-
sible to introduce a consistent quantum thermal de-
scription of the thermal equilibrium state that differs
from both the standard equilibrium thermodynamics
and the quantum statistical mechanics (QSM).

The idea of (A, k)-dynamics is based on chang-
ing from the classical thermostat model with the
distribution modulus 6., = kgT to the adequate
quantum-mechanical one (the quantum thermostat or
the “warm” vacuum, which is a set of normal modes
with all frequencies w) with the distribution modulus
0qu = kBT. Here, the quantity

h % = s coth (%%) (1)

is called the effective temperature, and the notation

hw
T = —cot
2cho

%:h/QkB

is used for brevity. The advantage of the parameter
T in comparison with the absolute (Kelvin) temper-
ature T consists in that the former never becomes
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zero. This circumstance makes it possible to consider
a contact of the system with the environment at
T > 0 from a common position, which is important,
when fluctuations of both quantum-mechanical and
thermal origins occur simultaneously. This quantity
is accepted as a generalized criterion of thermal equi-
librium for an object in contact with the quantum
thermostat.

The main distinction of the (h, k)-dynamics from
QSM consists in that the state of an object in equi-
librium with a quantum thermostat is not described
by a density matrix, but by a complex wave function
¥(q,w), whose amplitude and phase depend on the
temperature. In the coordinate representation, this
wave function looks like

2

vlaw) = r(8e?) Ve - Lo -, @

where (Ag)? is the coordinate dispersion, and « a
parameter determining the phase.

In the framework of the (%, k)-dynamics, we simul-
taneously introduce a new macroscopic parameter,
the effective influence exerted by the quantum ther-
mostat on the system, which is calculated as the aver-
age of the quantum thermal influence operator, J = J:

ngx/c@-i- =1%Va2 +1. (3)

Here, J° = h/2 is the limiting J-value at the ab-
solute temperature 7' — 0, which corresponds to a
purely quantum influence. In this case, the phase fac-
tor « vanishes, which corresponds to the case of a
real-valued wave function . In the general case, the
temperature dependence of the effective influence is
contained in the radicand in Eq. (3). Taking into ac-
count that » = h/(2kp) and the phase parameter «
in formula (3) satisfies the equality

2 — ginh 2 w
=S ( 7)’
S1 %T

Eq. (3) for the effective influence J reads

h w h hw

2. Effective Influence as a Universal
Characteristic of Transport
Processes. Self-Diffusion Coefficient

First of all, we note that, in accordance with the re-
sults of work [2], the most important thermodynamic
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parameters in the equilibrium state can be expressed
in terms of the effective influence J. In particular,
these are the effective temperature T,

T=-—7J, (5)

the effective internal energy U,
U =wl], (6)

and the effective entropy S,
S=—-kp (1 + In 2}1)

Introducing the limiting values of S and J as T' — 0,
namely, S° = kg and J° = %, which correspond to
a purely quantum influence, the relation between the
effective influence and the effective entropy can be

found:
J=¢° (1 +1n Jﬂ)) (7)

Therefore, it seems natural that the universal con-
stant »¢ is physically defined as the limit of the ratio
between two fundamental macroscopic quantities, the
effective influence J and the effective entropy S,

o1 I
2]{13:71“1£>n0§_@. (8)

However, this is not the end. As was shown in
work [7], the transport coefficients typical of nonequi-
librium thermodynamics can be expressed in terms
of the effective influence J, which demonstrates their
stochastic origin. For instance, this is evident for the
self-diffusion process in a medium with a nonuniform
density after the equilibrium with respect to the tem-
perature has been established.

Really, as was shown in the theory of Brownian
motion at rather high temperatures (¢ > 7) [3], the
uncertainty relation

(Ap)(Aq) = mDr 9)

is satisfied. Here, D7 is the coefficient of ther-
mally driven diffusion. In particular, for a free mi-
croparticle, Dy = kgT'7/m, where 7 is the relax-
ation time, whereas Dp = kgT/mw for a Brow-
nian oscillator [4]. As was shown in work [5], the
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momentum—coordinate Heisenberg uncertainty rela-

tion for a quantum oscillator in the state of equilib-

rium with a warm vacuum looks like
h

(Ap) (Ag) =T = = coth (%f). (10)
2 T

Comparing Eqgs. (9) and (10), this relation can be

rewritten in the form

(Ap)(Ag) = mD. (11)
Then the quantity
h wy _J

is natural to be called the effective self-diffusion co-
efficient. Note that the quantity %/2m in the case of
contact with a cold vacuum — or, in other words, in
the absence of a thermal influence from the environ-
ment — was earlier called by Nelson [6] as the quantum
diffusion coefficient i1/2m = Dyy,.

From Eq. (12), it follows that the coefficient D) ac-
quires the physical meaning of the effective influence
per mass unit. The limiting D-values at high and low
absolute temperatures equal

ID)—)DT:M at kpT > hw/2,
e (13)
D — Dgu = =— at kgT < hw/2.
2m

As was demonstrated in work [7], the effective influ-
ence J can be used to introduce, on the basis of rela-
tion (12), other effective transport coefficients as well,
such as the coefficients of heat conductivity, shear
viscosity, and so on, which characterize nonequilib-
rium processes. Hence, the majority of transport co-
efficients can be expressed in terms of the effective
self-diffusion coefficient DD, which can be, in principle,
measured experimentally.

Concerning the constant s, it can be expressed in
terms of observed transport coefficients, while ana-
lyzing specific experiments. Namely, relations of the
following type are used:

= )= G

where S/m is the effective entropy per mass unit, S/V/
the effective entropy per volume unit, and 7. the
effective coefficient of shear viscosity.

(14)
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3. Standard Quantum
Mechanics in the Hydrodynamic Form

The nonrelativistic field form of standard quantum
mechanics (at T = 0) can be obtained by nullifying
the variation of action functional [8]

(2
szfﬁ/mmWWL

Here, Lo[t)*; 9] is the Lagrangian density for a spin-
less particle at T = 0, whereas 1(q,t) and ¥*(q,t)
are the wave function and its complex conjugate, re-
spectively, which have the meaning of independent
nonrelativistic fields. Below, the consideration is re-
stricted to the one-dimensional case.

It is evident that, in the general case, the functional
Lo[1p*; 1] has to be chosen in the form

2 92

Colvsv] = 0700 (10 + 5 ) vl ) -

— 97 (¢,)U(9)¢(q, 1),

where the parentheses on the right-hand side con-
tain the Klein—Gordon operator in the nonrelativistic
limit, and the potential energy operator U(q) charac-
terizes the energy of regular influence. The indepen-
dent variation of the action in form (16) with respect
to the field ¥* brings about the condition

ta
SLo[y"; ]
dt | dg————— =
ufuces
to
O k2 0%
/dt/dq(@hatJr2maq2

that gives rise to the Schrodinger equation

L i
ot T om 0q?

(15)

(16)

U(qm) —0 (an

+ U(q). (18)
Accordingly, its complex conjugate is obtained by
varying the action in form (16) with respect to 1. The
result differs from formula (18) by the substitutions
of —i for ¢ and ¥* for ¢». We would like to empha-
size that the Schrédinger equations for the complex
wave functions ¢ and ¥* have the sense of Euler—
Lagrange equations, with the wave functions being
always complex-valued in the full-scale quantum me-
chanics.
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Let us written the wave function in the form
¥(g:t) = V/plg,t) exp{ib(g,t)},

where p(q,t) = [1(q,t)|>. This expression, as well as
its complex conjugate, can be substituted directly
into the Schrodinger equations for ¥ and ¥* to ob-
tain a system of equations for the functions p(q, t) and
0(q,t), which has been known long ago in the litera-
ture as quantum mechanics in the hydrodynamic form
[8, 9]. Since we aim at constructing a modified hy-
drodynamics on the basis of the microscopic descrip-
tion, we propose another approach to the problem.
It dictates to develop the theory in the framework
of the Lagrange formulation from the very begin-
ning. Therefore, let us begin from the transformation
of the Lagrangian density £y to variables that are the
most suitable for the hydrodynamic description. As
the functional arguments of the Lagrangian density,
we select two independent real-valued functions, the
probability density p and the phase 6, rather than the
complex wave functions ¢ and *. In essence, they
are close to the mass density p,,, and the drift velocity
v~ g—z, which are typical of standard hydrodynamics.

With this purpose in view, let us change the argu-
ments in the Lagrangian density (16) by substituting
expression (19) for ¢ and the corresponding expres-
sion for ¥*. Then we obtain

Lo[;9*] = Lo[p; 0] =

Il AW (T
N 8tp 2m3qp8m3qp

hdp KD (mp , ae)

(19)

_U<Q)P+Z§E 2m 9q \29q +Zp87q (20)
Here, the term containing % can be neglected, be-
cause it gives a zero contribution, when the action &
in form (15) is varied with respect to @ or p. The last
term in Eq. (20) is the total derivative with respect to
q, so that it can also be excluded from the definition
of Ly[p; 0]. Therefore, the ultimate expression for the
Lagrangian density Lo[p; 0] looks like

00 h% [0V
Lop; 0] = —hap ~om (&) p—

n? (9pY 1
B (o1

8m \Jq/) p
Varying the action S written in form (15), in which
Lo[p; 0] is taken from Eq. (21), with respect to the
1065
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variables € and p, we obtain the following equations
for the real functions p(q,t) and 0(q,t):

dp 0 [ hoo\

0+ 52 () =° )
86 h: [00Y

3+ 2 (3g) +U0-

2|1 (0p\° 0 [(10p

—— | = (ZF) +2= (=25 = 2
8m [p"’ <GQ) "5 <p3q> ! 2

They coincide with the equations that could be ob-
tained for the functions p and 6 directly from the
Schrodinger equations. However, now it is clear that
they have a sense of the Lagrange—Euler equations for
the action S of type (15) written with the use of the
variables p and 6.

Equation (22) is conventionally assumed to be a
continuity equation for the function p(g,t). At the
same time, taking into account that the quantity
ho(q,t) has the dimensionality of action, Eq. (23) is
considered as an analog of the Hamilton—Jacobi equa-
tion. In so doing, the term in the brackets in formula
(23) is sometimes interpreted as an additional energy
of the quantum origin, Uy, (q), which vanishes in the
semiclassical limit (A — 0).

Surely, Eqgs. (22) and (23) for p and 6, on the one
hand, and the Schrédinger equations for ¢ and 9™,
on the other hand, are formally equivalent. However,
the derivation of the quantum mechanical equations
in the hydrodynamic form (Egs. (22) and (23)) im-
mediately from the least-action principle is physically
more preferable from the viewpoint of constructing
the stochastic hydrodynamics. At the same time, in
order to obtain the sought result, we must solve the
problem of the Lagrangian density form. In our opin-
ion, this form has to involve consistently the stochas-
tic influence of the environment (the quantum ther-
mostat).

4. Quantum Self-Diffusion
in a “Cold” Vacuum

In order to reveal the capabilities of a required gener-
alization for Lo[p; 0], let us first consider the case of
cold vacuum. For this purpose, let us determine the
physical meaning of the second and third terms on
the right-hand side of expression (21). In accordance
with the terminology introduced by Kolmogorov for

1066

Markovian processes in the general theory of stochas-
tic processes [10] and used by Nelson in his stochastic
mechanics [6], the quantity

h 00
= —— 24
L (24)
will be called the drift velocity. Accordingly, the
quantity

_ 1 9p
u unp 34 (25)
will be called the diffusion velocity in a cold vacuum.
We would like to emphasize its stochastic quantum
origin.

In terms of the velocities v and u, formulas (21)—
(23) read

Lolp, 0] = —h%p - ?(vz +u?)p —Up, (21a)

dp 0

o+ gl =0 (222)
90 m , m | o hou|

which makes the generalization possible. From for-
mula (22a), it follows that the standard continuity
equation (22) has a semiclassical character, because
the corresponding probability flux density depends
only on the drift velocity v, whereas the diffusion ve-
locity u generated by the stochastic influence of a cold
vacuum is not taken into account.

In this connection, we recall that the Fokker—
Planck equation
dp 0

—+—(pV)=0

ot Odq (26)

including the total velocity of the probability flux
density

V=v+u (27)

is, according to Kolmogorov [10], the most general
form of a continuity equation. We will demonstrate
that this equation makes it possible to describe the
approach to the thermal equilibrium state by means
of the self-diffusion, with the case of cold vacuum
including.

Attention should be focused on the fact that the

combination Z2'(v? + u?) entering expression (21a)
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for Lo[p,0] is a sum of independent contributions
made by the kinetic energies of drift and diffusion
motions. At the same time, the probability flux de-
pends on the total velocity (27). Hence, the natural
substitution of v? 4+ u? by V2 suggests itself in ex-
pression (21a) in order to obtain the Fokker—Planck
equation. As a result, the total expression for the ki-
netic energy associated with the probability flux will
be taken into consideration. Thus, even the standard
quantum mechanics (at 7' = 0) can be generalized.

Now, let us generalize the Lagrangian density
Lo[p, 0] in form (21a) by carrying out the correspond-
ing substitution. Then we obtain

~ o0 m

Lolp,0] = —h 5Py Vip—Up=
h% 90 dp
= M — = M —_— 2
Lop; 0] — mvup = Lo|p; 0] + 5m 9q 94 (28)

The variation of the action functional S in form (15)
with Lo[p, 6] with respect to 6 automatically brings
us to the Fokker—Planck equation with the quantum
diffusion coefficient Dgy,

op 0 dp 0 h 00 9?p

- 4+ = =—+—|p—=) — Dgu=5 =0.

ot 9"V = ot ag (pm6q> awgge =0
(29)

At the same time, the variation of S with respect to

p almost does not change the Hamilton—Jacobi equa-
tion, in which there appears an additional, in com-

parison with Eq. (23a), insignificant term %g—g. As a
result, the analog of Eq. (23a) looks like
09 m m h Ou h Ov
R+ D2 -2 (2 - 228 £ 22 . (30
o T2Vt 2(“ maq) 2 g (30)

The obtained equations (29) and (30) generalize
Egs. (22a) and (23a) and allow the quantum stochas-
tic influence of a cold vacuum to be consistently taken
into account.

5. Self-Diffusion in the Quantum
Thermostat at T =0

Let us apply the approach developed above to the
description of the self-diffusion, when the quantum
and thermal effects are taken into account simulta-
neously. For this purpose, let us introduce the tem-
perature-dependent Lagrangian density Lo [p, 6] and
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require that it should transform into the expression
for Lo[p, 0] of type (28) obtained as T' — 0. To satisfy
this condition, it is enough to substitute the diffusion
coefficient D, in expression (28) for the diffusion ve-
locity by D in form (8) and to introduce an additional
term Ur(q)p, which makes allowance for the density
of the diffusion pressure energy as a result of the ther-
mal stochastic influence of the environment, into the
expression for the Lagrangian density.

In our opinion, the expression for Ur has to pos-
sess a form that is analogous to the factor —mu?/2
in expression (21a) for a cold vacuum. However, it
must be modified so that Ur — 0 as T' — 0. The
corresponding expression looks like

m [ral? h? 10p\
Ur(q) = -+ {¥} uz = a? <p>,

- 1
8m p 0q (31)

where we use the notation
2 _ o2 W w
a“ =sinh™“»%—, T =coth (%—),
T T

and

Uef DP dq

is the effective diffusion velocity in a warm vacuum.
This quantity is defined analogously to the velocity u
in Eq. (25), but now it is expressed in terms of the
effective diffusion coefficient D of type (12). Hence,
as the Lagrangian density at T' = 0, we choose the
expression

~ o0 m
Lr(p,0) = ~hop— 5 (v+uer)?p = Up = Urp. (32)

For the variation operation to be convenient, let
us rewrite expression (32) in terms of the random
functions 6 and p in the explicit form:

~ o0
Lr(p,0) = ~hop—

2 2 2 2 2
— i @ p_hi'r%%+h7'r2l @ —
2m \Jq 2m  0qdq 8m  p \Jq
R 51 8p2
—Up——a?= ().
PR ) (561)

Varying the action S with £7 written in form (33)
with respect to 6 brings us again to the Fokker—Planck
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equation, which is similar to Eq. (29) with an accu-
racy to the substitution of Dgy, by the effective diffu-
sion coefficient Deg,

dp 0 h 06
ot  0q \' m0q
Analogously, varying S with respect to p leads to the

Hamilton—Jacobi equation generalized to the case of
the stochastic influence of a warm vacuum,

h@+i2 %24_
at  2m \Oq

2
P _q.

57 (34)

h? . 0%
2mT B +U(q) —

h2 1 (0p\° .0 (10p
—— =2 | = (ZE) 2= (=ZE)] =0 35
sm " po <3q) " <p 3Q) ’ (35)
where the notation
—_ w
=r = 272 — 1 = 2coth® (%f) 1 (36)

was introduced for convenience. Note that Zp(T =

The obtained equations (34) and (35), in turn, gen-
eralize Egs. (29) and (30) and make it possible to
consistently take the stochastic influence of a warm
vacuum into account. The latter is indirectly con-
tained in the quantities D, =1, and YT entering those
equations and depending on the world constants A
and k. From the physical viewpoint, this means that
both types of stochastic environmental influence are
taken into account simultaneously: the quantum-
mechanical one characterized by Planck’s constant A
and the thermal one characterized by the Boltzmann
constant kg.

Certainly, the system of the Fokker—Planck equa-
tion (34) and the Hamilton-Jacobi one (35) is a
nontrivial generalization of the Schrédinger equation.
There are two ways of their further application. First,
one can directly solve this system to find the functions
p and 6 of different kinds. As was showed by us re-
cently [12], this procedure makes it possible to calcu-
late nonequilibrium wave functions with temperature-
dependent amplitudes and phases; then they can be
used to calculate macroparameters in nonequilibrium
states. On the other hand, those equations can also be
modified by transforming them to the form inherent
to the equations of the two-velocity stochastic hydro-
dynamics for the characteristic velocities v and wu.
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6. One-Dimensional Model
of Two-Velocity Stochastic Hydrodynamics

To modify the system of equations (34) and (35), let
us express them in the form of equations depend-
ing on the variables of the same kind, the velocities
v and uer, which are typical of any Markovian pro-
cess. As a result, we obtain a system of equations of
two-velocity stochastic hydrodynamics, which gener-
alizes the equations of the Nelson stochastic mechan-
ics to the case of quantum thermal influence from the
environment.

Now, let us demonstrate that Eqgs. (34) and (35)
allow the equations of stochastic hydrodynamics to
be obtained in the most convenient form. Taking
the aforesaid into account, the matter concerns only
the one-dimensional model. In order to perform the
corresponding transformation, let us first transform
the continuity equation (34) into an equation for
the diffusion velocity. The latter, in accordance with
Eq. (25), can be written in the form
Olnp

9q
First, let us transform Eq. (34) by explicitly introduc-
ing v and uef into it and multiply the result by —ID/p:

D D UV + Uef

P ?)? P PL ;q ot) JF%Z(UJrUcf) =0.
Now, we should differentiate Eq. (37) with respect to
q, change the order of differentiation in the first term,
take into account that %g—’q’ = 8% In p, and introduce
Uer everywhere. As a result, we obtain

2
T + O%(vucf) + (%ugf - ]D)g—q2
This equation can be expressed in a more elegant form
by using the substantial derivative of the diffusion
velocity uef, which is typical of hydrodynamics:

Uef = -D

(37)

(v + uer) = 0. (38)

dues _ 8ucf w 5'qu o
a ~ ot 1" 9q
) 9 uZ 02
_—a—q(vuef)—a—q7+ﬂ)ef87(]2(’u+uef). (39)

In order to express Eq. (35 in the explicit hydrody-
namic form, let us also rewrite it in terms of the vari-
ables v and .,

00 m k.. 0v

—_ 72 — E— —
h8t+ 5V +2Taq+U(q)

_Me 2 _Eauef -
2._T (Ucf m 8q) =0.
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To exclude the function €, we can differentiate
Eq. (40) with respect to ¢, change the order of dif-
ferentiation in the first term, and explicitly introduce
the function v in it, by following Eq. (24). After form-
ing the substantial derivative of the drift velocity v,
we obtain

dv _ (0v  Ovy _
at — \ot " ‘aq) "

2 2 2
+5T%@ R (ETauef Hav).

Recall that the role of velocity v in those equations
is played only by the quantity Av generated by the
stochastic influence. In the case concerned, as well as
at T' = 0, the expressions for p and 6§ are related to the
wave functions of thermal correlated-coherent states,
in which the argument of the exponential function
depends on ¢?. Whence it follows that the last terms
in Egs. (39) and (41) with the second derivatives of
v = Av and uer with respect to g equal zero.

As a result, the system of equations for the one-
dimensional model of two-velocity stochastic hydro-
dynamics has the following general form:

(41)

dues  OUer 0 qu 0 0 qu
= — et o = (puy) — — - (42
dt ot dq 2 Jq (viter) dq 2 (42)
dv 10U 0 u%
— = 4+ Er—-=. 42b
dt m Oq T@q 2 (42b)

Note that, in the general case, the proposed equations
(42) are valid for any temperature. Each equation of
this system makes allowance for the self-diffusion in
a warm vacuum characterized by the coefficient D¢
in uer. In addition, the right-hand side of Eq. (42b)
includes the gradient of the classical potential U(q)
and the gradient of the diffusion pressure energy den-
sity. The latter is associated with the stochastic in-
fluence of a quantum thermostat, actual at T'= 0 as
well. An analogous contribution of the diffusion pres-
sure energy of the quantum thermostat is also con-
tained in the right-hand side of Eq. (42a). This con-
tribution does not vanish even if v = 0.

In order to compare the system obtained with the
equations of the Nelson stochastic mechanics,

ou 0

9t *a*q(vu)v (43a)
dv 10U 0 u?
T mag Tag 2 (43b)
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which are valid only at T" = 0, let us consider the
system of equations (42) in the case of cold vacuum
(T'=0). Then uef = w. In addition, to make the com-
parison convenient, we restore the partial derivative
with respect to the time in Eq.(42a); for this pur-
pose, we combine similar terms in formula (42). As a
result, we obtain

ou 0 9,
E = Fq(vu) 87qu s (443)
dv 10U 0 u?
& mog Tag2 (44D)

One can see that Egs. (43b) and (44b) are identical.
However, the corresponding systems of equations dif-
fer substantially from each other. It becomes notice-
able, when comparing Eqs. (43a) and (44a). The dif-
ference is expectedly associated with the fact that our
theory takes into account the self-diffusion, which oc-
curs even in a cold vacuum. As a consequence, the
equation for the diffusion velocity includes the gradi-
ent of the diffusion pressure energy density.

Below, we compare the solutions of the systems of
equations (43) and (44) in order to establish impor-
tant physical distinctions between them that occur
at T = 0. Actually, it is of interest to elucidate how
the account for the self-diffusion in Egs. (44) in the
case of cold vacuum (at T' = 0) affects the form of
obtained solutions in comparison with those for the
system of equations (43).

7. Analysis of the Solutions
of Egs. (43) and (44)

Note that, as was shown in Sec. 6, the system of
equations (42) was derived taking the self-diffusion at
an arbitrary temperature into account. At the same
time, the system of equations (44) is valid only at
T = 0. Therefore, a correct comparison can be done
only between the system of equations (43), which is a
particular case of system of equations (42) at T' = 0,
and the system of equations (44).

7.1. Method of determination
of the class of an equation

Note that the total derivative of the velocity equals
dv _ Odvdg v Jdv  Ov

it ~oqot ot Vaq o (45)

Let us rewrite Eqgs. (43) and (44) in terms of partial
derivatives. For the sake of convenience, we introduce
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the notation %%% = a(q). Then the systems of equa-

tions (43) and (44) look like
ou ou ov

ov, v ou_

at " “oq  “oq ~ M

and

%—i—(v—l—Zu)@—l—u@:O,

ot dq dq (47)
ov ov ou

ot +U€Tq Yo a(q),

respectively, where u is the diffusion velocity, and v
the drift one. The main difference between systems
(46) and (47) consists in that, when deriving the lat-
ter, the assumption about the self-diffusion was used.

In this work, we analyze only the homogeneous
systems of equations (46) and (47), so that we put
a(q) = 0. The most important issue that determines
the procedure of solution of those equations is the
establishment of the type of an equation: elliptic,
hyperbolic, or parabolic one. It is known that, while
solving hyperbolic equations, the concept of a char-
acteristic, i.e. an integral of a certain characteristic
equation, is used. The elliptic operator has no char-
acteristics in the real region, and, generally speaking,
elliptic differential equations describe stationary equi-
librium states in physics. Hence, the establishment of
the class, which the corresponding system belongs to,
allows a conclusion about the character of solutions
of the equation to be drawn and a certain physical
interpretation for them to be given.

Proceeding from the aforesaid, let us begin our ana-
lysis. Equations (46) and (47) compose a system of
quasilinear partial differential equations of the first
order for two unknown functions u(t,q) and v(¢,q).
Therefore, following [14], let us express each of the
equations in systems (46) and (47) in the form

L1 = Ajus + B1uq + Chvs + Dlvq, (48)
Lo = Asuy + Bguq + Covy + Dg’l}q,
where A;, B;, C;, and D; (i = 1,2) are known func-
tions of the variables ¢, ¢, u, and v. Let all the
functions under consideration be continuous and pos-
sess continuous derivatives of required orders. It is
well known that the linear combination af, + bf, of
the partial derivatives of a function of two variables,
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f(z,y), is a derivative in the direction determined
by the relation % = %.If the functions x(l) and
y(l) parametrize a certain curve and if It = §, the
combination af, + bf, is a derivative of the function
f(z,y) along this curve. This fact allows us to change
from the analysis of the systems of partial differential
equations (46) and (47) to the analysis of algebraic
equations.

Consider such functions wu(t,q) and w(t,q), for
which the coefficients in the differential equations (48)
depend only on ¢ and g. Let us find a linear combi-
nation

L=MXLi+ XLo (49)
such that its differential would contain derivatives
only along a single direction. Such a direction depend-
ing on the point (¢,q), as well as on the values of
functions u(t, q) and v(t,q) at this point, is called a
characteristic. Let this direction be given by the ratio
t; : ;. Then, as was mentioned above, the condition
that the functions u(t, ¢) and v(t, ¢) in the differential
expression L are differentiated in the same direction
looks like

AA; + XA, _ A CL + A0 . ti

_ _h 50
MB1+XBy MDD+ XDy a3y (50)

since the coefficients of the wu;, uz, v¢,, and v, deriva-
tives in the expression L are determined by the corre-
sponding terms in proportions (50). Multiplying ex-
pression (49) by t;, we obtain

Lty = (M AL+ MaAg)ust; + (M By + Ao Ba)ugt; +

+ (MC1 + A2 Co)vety + (M D1 + Ao Da)vgty =

= (AMA1 + AA2) (w — ugqr) + (M1 B1 + Ao Ba)ugt; +
+ (MCL+ MC2) (v — vgqr) + (M D1 + X Da)vgty =
= (MA] + X As)u + (MO + AaC)u —

— [(MAL 4+ X2A2)qr — (M B1 + Mo Ba)ti|ug —
—[(MC1 + A2C2)qr — (M D1 + Ao Da)ti]vg =
= (MAL + X A2)u + (M Cr + A Co)uy,

(51)
because, owing to Eq. (48),
(MAL+ Ao Ao)qr — (M B + AeBo)ty =
= (MC1 + A2C2)q — (MDD + A2 Do)ty = 0. (52)
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Analogously, when multiplying L by ¢;, we obtain
Lg = (M B1 + XaBa)up 4+ (M1 D1 + Ao Da)vy. (53)

If the functions u(t, ¢) and v(¢, q) are solutions of sys-
tem (48), and if the expression L has a derivative in
the direction ! determined by the ratio ¢; : ¢;, Eq. (50)
yields easily a system of two linear homogeneous al-
gebraic equations for the parameters A\; and Ao,

AM(Arq — Biti) + A2(A2q1 — Baty) = 0, (54)
A (Crqr — Daty) + A2(Caqr — Daty) = 0.
System (54) has a nontrivial solution if its determi-
nant equals zero, i.e.

A1q — Bity Asqr — Baoty|

—0. 55
Ciq — D1ty Coqr — Doty (55)

which is convenient to be written as a quadratic form

at} — 2btyq + cq; =0, (56)
where a = [BD], 2b = [AD] + [BC], ¢ = [AC], and
[XY] =X1Ys — XoY7.

Depending on the determinant sign of form (56),
the equations can be classed as follows.

1. If b® — ac < 0, the quadratic form (566) differs
from zero at any real t; and ¢;. Consequently, there
is no real characteristic direction, and the system of
differential equations belongs to the elliptic type.

2. If b2 — ac > 0, there are two characteristic direc-
tions at every point. The directions are given by the
ratio t; : q; and correspond to two different roots Aq
and Az of the quadratic form (56). In this case, the
system of differential equations belongs to the hyper-
bolic type.

3. In the case b* — ac = 0, expression (56) has a
single root of multiplicity two. There is a degenerate
direction corresponding to this root. The system of
differential equations belongs to the parabolic type.

7.2. Analysis of Eqs. (46) and (47)

On the basis of aforesaid, let us analyze the system of
Nelson equations (46). The corresponding coefficients
are

A1:1, Blz'l), C1:0, Dlzu, (57)
AQZOa BQZ_U7 02:17 DQZU-
From whence, it follows that

b2 —ac=—u?<0.
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Therefore, the hydrodynamic system of Nelson equa-
tions is elliptic and cannot be used to analyze the evo-
lution of fluctuations in the framework of a quantum-
mechanical description of the system.

For system (47), the coefficient B; is different, and

A1:17 B1:2U+U, 01:0, D1:u7

58
142:07 Bngu,ngl, DQZ’U. ( )
As a result,
b2 —ac=0,

which testifies that the system of equations (47) is
parabolic. In other words, the system is of the evolu-
tion type and therefore can be used to describe the
evolution of perturbations emerging at fluctuations.

Let us determine the characteristic direction for
system (47). Following to what was said above, we
compose a linear combination of two equations from
this system and require that it should contain deriva-
tives of the functions u(q, t) and v(g, t) only in a single
direction (u;,v;) given by (¢, q):

L =u+ (2u+v — Au)ug + Avg(u + Av)vg = 0. (59)

Then, according to Eq. (50), the conditions determin-
ing the direction (¢;,q;) look like

a = (2u+v — )i,

60
Aq = (u+ )t (60)
From whence,
(A—1)2=0. (61)

This means that there is one characteristic direction
in problem (47), and it is determined by the condition

q = (u+0v)t. (62)
From Egs. (60)—(62), we obtain the following charac-
teristic equation for u and v:

u; +v; =0. (63)
The meaning of Eq.(62) consists in that the char-
acteristic in the (g,t)-plane represents the motion of
probable perturbations with a velocity that is a sum
of the drift and diffusion components:
dgq

— =u-+wv.

7 (64)
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While applying this system, the following circum-
stance should be born in mind. The fluctuations of
macroscopic parameters, e.g., the temperature, den-
sity, or pressure, inevitably perturb the variables
and v in hydrodynamic equations. The evolution of
those perturbations can be described and examined,
by using the system of equations (47).

7.3. Numerical simulation
of solutions of Eqs. (46) and (47)

Our considerations presented above will be illustrated
by numerically simulating the solutions of systems
(46) and (47). A model equation for those systems is
the transport equation written in the vector form

WA=y,

ot g (65)

where y = (u,v)T, A € R?*? is the matrix of the sys-
tem, and f € R2. Let us consider the Cauchy problem
on the real axis for systems (46) and (47):

y(q,0) = yo(q),
qgeR, t>0.

To solve the problem in the (g,t) plane, a mesh with
the step h along the g-coordinate and the step 7 along
the t-one was used:

Whr = Wh X Wr,

Wh = {Qk = kh, k= 0,:|:].7 :|:2, },

wr ={t, =n7, n=0,1,2,...}.

The solution of the problem was analyzed with the
help of the implicit three-layer scheme
n+l __  n+l

- A(y)% to

Byp ™ — dyp +yp !

2T

(66)

characterized by the approximation order O(72+ h?).
Problem (65) was solved, by using the iteration me-
thod. Let us demonstrate that scheme (66) is abso-
lutely stable. For the homogeneous scalar equation

dy dy

% g

the solution of problem (66) is sought in the form
ylch _ nneikhe, (67)

where i = v/—1 and 6 € R. Substituting Eq. (67) into
the equation

By —dyp yp o) Vit Y
27 2h ’
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and making simple transformations, we obtain the
equation for n:

pn® —4n+1=0, (68)
where p = 3+ 2ayisinf and v = 7.

Let us determine the set G of points in the complex
plane, p = r+is, for which the roots of Eq. (68) do not
exceed unity by absolute value. The boundary of the
region G consists of points pu, for which |n| < 1. Let
us use Eq. (68) to express the parameter p in terms
of the variable n:

4 1
p=--—.

noon?
It is evident that if |n| = 1, then, putting n = e~%,
we obtain

= 4e' — 2%,

When the argument ¢ varies from 0 to 2w, the point
w1 describes a closed curve I', whose equation in the
complex plane u = r + is is convenient to be repre-
sented in the parametric form,
r =4cosp — cos2p,

. . (69)
s = 4siny — sin 2¢.

From Egs. (69), one can see that the curve T is sym-
metric with respect to the real axis r. It intersects this
axis at the points ;(0) = 3 and u(m) = —5, where the
derivatives

6 sin 5

(2sin ¢ — sin 2¢)3

ds  cos2p—cos2p  d’s

dr? ~

dr ~ 2sing —sin2p’

are not determined. One can see that the second
derivative of the curve I' is negative at 0 < ¢ < 7
and positive at @ < ¢ < 27. This fact testifies that
the closed curve I' is convex upward in the upper
half-plane g and convex downward in the lower one.
Therefore, the region bounded by the closed curve I'
is convex (Fig. 1). The straight line p = 3+ s is tan-
gent to the curve I' at the point p = 3. The other
points of this straight line are located in the region
outside the curve I'. Let us demonstrate that, in this
region, the condition || < 1 is satisfied, so that the
locus of points outside the curve I is a stability region
for scheme (66).

Really, let us consider the solution of the equation

(3+is)n? —4n+1=0,
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provided that 0 < s < 1. Then one of the roots,

24 I—is
"= T3 s

)

which corresponds to the maximum of the absolute
value |n|, can be written in the form

6 i) (3 is)

9452 + O(s).

’]7:

Its absolute value equals

4552+s4
N

M="grw =

= 1,M:1f
4(9 + s?)

Therefore, all the points u = 3 4 2a~yisinf are lo-
cated in the stability region, where |n| < 1. Hence,
scheme (66) is absolutely stable and does not depend
on the quantity v = 7. The stability region G is il-
lustrated in Fig. 1.

While carrying out the numerical simulation, we
analyzed the solution obtained, when the initial con-
dition for one of the variables was subjected to a cer-
tain perturbation in a vicinity of the point ¢ = 0
in comparison with the reference homogeneous initial
condition. This perturbation of the initial condition
mimics the fluctuation of a macroscopic parameter in
the physical system. The numerical calculations car-
ried out according to the proposed implicit scheme
gave rise to the following result. An arbitrary per-
turbation, even an infinitesimally small one, in the
system of Nelson equations results in an unconfined
growth of the variables u and v. This is a consequence
of the elliptic character of the Nelson equations, which
are intended for the description of stationary pro-
cesses, such as a flow around a body, electrostatic
problems, stationary problems in the gravitation the-
ory, and others.

The solution obtained for the system of equations
(47) corresponds to a perturbation wave running
along the spatial coordinate. In addition, the evolu-
tion of the perturbation shape is also observed. In
Fig. 2, the numerical solutions of system (47) are
shown for various time moments ¢t = 0 (a), 7 (b), 207
(¢), and 507 (d), where 7 is the step of integration
over the time.

O(s?) < 1.
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8. Discussion of Results and Conclusions

The idea to use the Lagrangian density L[p;6] in
quantum mechanics seems to be suggested for the
first time by Fenyes [11]. The expression proposed
by him yields the Fokker-Planck equation contain-
ing the total velocity of a probability flux V' with the
diffusion coefficient equal to either Dy, or Dr. Ho-
wever, the generalized diffusion coefficient Do was
not introduced. Note that, in the cited work, a differ-
ent equation of motion of the Hamilton—Jacobi type
was derived. Moreover, the obtained system of equa-
tions for the functions p and 6 was asserted to be
completely equivalent to the Schrédinger equations
for the functions ¢ and *, despite that the Fokker—
Planck equation, unlike the Schrédinger one, leads to
the irreversibility.

In our approach, in contrast to that used in work
[11], quantum thermal fluctuations and the diffusion
pressure energy density associated with the stochas-

@

u=3+is

G

Fig. 1. Boundary of the stability region for scheme (66)

w,v w,v
v v
t=0 a t=207¢ (4
u u
9o q ‘) q
u,v u,v
2 v
F= b t=507 d
u u
q, q 9, q

Fig. 2. Results of numerical studies of the system of equations
(47)
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tic influence of the environment (the quantum ther-
mostat) at ' > 0 were consistently taken into ac-
count. Ultimately, we have represented the Fokker—
Planck and Hamilton—Jacobi equations as the sys-
tem of equations (42) for a one-dimensional model of
the two-velocity stochastic hydrodynamics. The cor-
responding self-diffusion coefficient is governed by the
effective influence of the environment depending on
the fundamental constant s = %

In our opinion, this way can be used to construct
a full-scale stochastic hydrodynamics, which involves
not only the self-diffusion, but also the shear viscos-
ity, and to apply it to the description of such in-
teresting media as nearly perfect fluids (NPFs). For
this purpose, it is necessary to change from Eq. (42b)
for the drift velocity to an equation that generalizes
the Navier—Stokes equation to the case with the self-
diffusion.

Our analysis testified that the self-diffusion coef-
ficient Dos = J/m may be, probably, the most ade-
quate characteristic of transport phenomena and can
play an important role in the description of dissipa-
tive processes in NPFs. At present, there appears a
possibility to determine De experimentally by study-
ing the diffusion of massive quarks in a quark-gluon
plasma obtained at the collision of heavy ions.

The numerical analysis of the solutions obtained
for the particular case of system (42) in form (44),
which is valid at T' = 0, showed that those equations
describe the relaxation of perturbations. Hence, the
self-diffusion can be considered as a hydrodynamic
mechanism driving the relaxation of quantum ther-
mal fluctuations. The behavior of the solutions of sys-
tem (42) in the general case will be done elsewhere.

Thus, we suppose that the hydrodynamic ap-
proach, which is proposed in this work, to the
quantum-mechanical theory allows one to study, in
principle, quantum thermal fluctuations on the basis
of the obtained hydrodynamic equations.

The authors are grateful to N.F. Shul’ga, I.M. Mry-
glod, A.G. Zagorodny, 1.V. Volovich, N.M. Plakida,
and Yu.P. Rybakov, as well as the participants of sci-
entific seminars guided by them at Kyiv, Kharkiv,
Samara, and Moscow, for fruitful discussion of the
results reported above.
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O.H. I'oaybesa, C.B. Cidopos, B.I'. Bap’axmap

YNCEJIBHE MOJEJJTIOBAHHS ITPOIIECY
PEJIAKCAIIIT KBAHTOBO-TEILJIOBUX ®JIVKTYAIIIN

Peszmowme

IIpononyerbcsa y3araJbHEeHHsSI PIBHSAHb KBAaHTOBOI MEXaHIKH B
rigpoauHaMivHii popMi IIJISIXOM BBEJIEHHSI B I'yCTHUHY JIaTDaH-
JKHMaHa d4JIeHiB, 110 BPaXOBYIOTb AUMY3iiiHY IIBUAKICTH NP
HYJIBOBIiM 1 CKIHYEHHHX TeMIlepaTypax, a TaKOXK eHeprilo Iu-
dysiitnoro tucky remroro BakyyMmy. Ha it ocHoBi giis moze-
JIi OHOBMMIPHOI TifpoguHaMiku Oyye€ThCsl CUCTEMAa PiBHSAHD,
aHaJIOriYHUX piBHAHHAM Eitjiepa, aje 3 ypaxyBaHHSIM KBaHTO-
BUX 1 TerioBux edekriB. BoHu sBIAIOTH COOOI0 y3arajbHEHHS
piBHAHB cTOXacTU4YHOI MexaHikn Hesbcona. YucespHuit anasis
MMOBEIIHKH PillleHb JaHOI CUCTEMU JO3BOJISE 3POOUTU BUCHOBOK
npo 11 NPUJIATHICTH /IS OIIUCY IPOIIECY peJiaKcallil KBAHTOBO-
TENIOBUX (DIIYKTyalii.
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