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The features for the unsteady process of thermal equilibration (“the fast motions”) in a one-dimensional
harmonic crystal lying in a viscous environment (e.g., a gas) are under investigation. It is assumed that initially
the displacements of all the particles are zero and the particle velocities are random quantities with zero mean
and a constant variance, thus, the system is far away from the thermal equilibrium. It is known that in the
framework of the corresponding conservative problem the kinetic and potential energies oscillate and approach
the equilibrium value that equals a half of the initial value of the kinetic energy. We show that the presence
of the external damping qualitatively changes the features of this process. The unsteady process generally has
two stages. At the first stage oscillations of kinetic and potential energies with decreasing amplitude, subjected
to exponential decay, can be observed (this stage exists only in the underdamped case). At the second stage
(which always exists), the oscillations vanish, and the energies are subjected to a power decay. The large-
time asymptotics for the energy is proportional to =¥ in the case of the potential energy and to t =/ in the
case the kinetic energy. Hence, at large values of time the total energy of the crystal is mostly the potential

energy. The obtained analytic results are verified by independent numerical calculations.
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I. INTRODUCTION

In this paper, we study the influence of an external viscous
environment (e.g., a gas) on the unsteady process of thermal
equilibration in an infinite one-dimensional harmonic crystal
with nearest-neighbor interactions. The model of a damped
harmonic crystal was used in our recent papers [1,2], where
we discuss the ballistic heat propagation in such a structure
(“the slow motions™). As opposed to [1,2] now we consider
the fast motions, i.e., the fast vanishing oscillations of the
kinetic and potential energy. This oscillations are well known
for those who deal with molecular dynamics simulation (see,
e.g., Ref. [3], Fig. 5.11).

We assume that initially the displacements of the crystal
particles are zero and the particle velocities are random quan-
tities with zero mean and a constant variance. The kinetic
energy per particle (as well as the corresponding kinetic
temperature) is distributed spatially uniform, whereas the
potential energy is zero. Thus, the thermodynamic system is
far away from thermal equilibrium. It is well known that in the
framework of the corresponding conservative problem (in the
absence of external damping) the kinetic and potential ener-
gies oscillate and approach the equilibrium value that equals
a half of the initial value of the total energy (equipartition
of kinetic and potential energy). For a harmonic crystal the
process of thermal equilibration was first time investigated
by Klein and Prigogine in Ref. [4]. Thermal equilibration
in harmonic crystals in the conservative case was consid-
ered in many studies, e.g., Refs. [5-19]. The more complete
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bibliography can be found in recent paper by Kuzkin [20],
where the analytic solution in the integral form is obtained for
an infinite harmonic crystal with an arbitrary Bravais lattice
and a polyatomic cell with an arbitrary structure. The time
evolution the kinetic temperature during the thermal equili-
bration in a harmonic crystal was considered in Refs. [4,6,14—
20], the entropy was under consideration in Refs. [7-9,21].
Thermal equilibration for a system of quantum oscillators is
considered in Ref. [22].

In the paper, we show that the process of thermal equi-
libration in the presence of a viscous external environment
is more complicated than in the conservative case and has
two stages in the underdamped case [23], which is generally
assumed in the paper. In the presence of damping, the limiting
values for the kinetic and potential energies, clearly, are zero.
At the first stage, the qualitative description of the process
is as follows: The kinetic and potential energies oscillate
approaching an exponentially decaying curvilinear asymptote.
Unexpectedly, for any positive value of the specific viscosity
for environment, there is the second stage, which can observed
in the underdamped case only for very large values of time.
The kinetic and the potential energies at the second stage are
subjected to a power decay. Another one unexpected result is
as follows: the principal term of the large-time asymptotics
is proportional to #=3/? in the case of potential energy and to
t73/2 in the case of the kinetic energy. Hence, at very large
times the total energy of the harmonic crystal is mostly the
potential energy.

The paper is organized as follows. In Sec. II, we consider
the formulation of the problem. In Sec. Il A, some general
notation is introduced. In Sec. II B, we state the basic equa-
tions for the crystal particles in the form of a system of ordi-
nary differential equations with random initial conditions. In
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Sec. I C, we introduce and deal with infinite set of covariance
variables. These are the mutual covariances of the particle
velocities and the displacements for all pairs of particles. We
obtain two infinite systems of differential-difference equations
involving only the covariances for the particle velocities,
and only the covariances for the displacements, respectively.
The similar approach was used in previous papers [1,2,14—
16,18,19,21,24-28]. In Sec. III we simplify the obtained equa-
tions using the assumptions of uniformity for the variance of
the initial values of the particle velocities. Finally, we obtain
four infinite systems of ordinary differential equations for the
energetic quantities, which we call the generalized kinetic
energy, the generalized potential energy, the generalized total
energy, the generalized Lagrangian. The kinetic energy, the
potential energy, the total energy, and the Lagrangian, are
particular cases of those quantities. It is sufficient to solve the
equations for any two of these four energetic quantities to cal-
culate all of them. We choose the generalized Lagrangian and
the generalized potential energy as basic variables, since the
corresponding equations have a simpler structure. In Sec. IV
we use discrete-time Fourier transform to get the analytical
solutions for the Lagrangian and the potential energy in
the integral form. In Sec. V all the energetic quantities are
evaluated for the large values of time. To do this we use the
method of stationary phase and the Laplace method [29]. The
corresponding calculations are given in Appendices A-D. In
Sec. VI, we present the results of the numerical solution of the
initial value problem for the system of ordinary differential
equations with random initial conditions and compare them
with the obtained analytical solution in the integral and the
asymptotic forms. In Sec. VII we discuss the large-time
behavior of energetic quantities in the underdamped case.
Finally, in Sec. VIII, we discuss the basic results of the

paper.

II. MATHEMATICAL FORMULATION
A. Notation

In the paper, we use the following general notation:
t: the time;
H(-): the Heaviside function;
&(+): the Dirac § function,;
(-): the expected value for a random quantity;
dpq: the Kronecker § (8, =1 if p=g¢g, and §,, =0

otherwise);

def
811: Sn = (Sn();

Jo(+): the Bessel function of the first kind of zero
order [30];

['(-): the Euler integral of the second kind (the I func-
tion) [30];

C®: the set of all infinitely differentiable functions;

Z: the set of all integers.

B. Dynamic equations for a crystal
and random initial conditions

Consider the following system of ordinary differential
equations:

v =F, ou =, (D

AWM OO

FIG. 1. A one-dimensional harmonic crystal.

where

F: = o§Lu; — nv;, 2)

wo & \/C/m. 3)

Here i is an arbitrary integer which describes the position of a
particle in the chain; u;(t) and v;(¢) are the displacement and
the particle velocity, respectively; F; is the specific force on
the particle; 1 is the specific viscosity for the environment;
C is the bond stiffness; m is the mass of a particle; 9, is the
operator of differentiation with respect to time; £; is the linear
finite difference operator:

Liw; = uiy — 2u; + u;_y. 4)

System of ODE (1) describes the motions of one-dimensional
harmonic crystal (an ordered chain of identical interacting
material particles, see Fig. 1).

The initial conditions are as follows: For all i,

u;(0) =0, vi(0)=p, 5
where the normal random variables p; are such that
(0i(0)) =0, (pi(0)p;(0)) = ki(0)d;;, (6)

where «;(0) is a given function of i € Z. Later, in Sec. III,
it will be assumed that «;(0) do not depend on i. It is useful
to proceed with the derivation of basic equations in Sec. II C
not taking into account this supposition. Note that in the latter
more general case, the boundary conditions at the infinity may
be needed. These boundary conditions should guarantee that
there are no sources at the infinity, or give a mathematical
description for such a source. In the case under consideration
in the paper, these special boundary conditions are not nec-
essary, we will use the requirement of spatial uniformity for
all physical quantities instead. At the same time, in numerical
calculations (see Sec. VI), where we deal with a model for a
finite harmonic crystal, we use periodic boundary conditions
Eqg. (90) to provide the spatial uniformity.

C. The dynamics of covariances

According to Eq. (2), F; are linear functions of u;, v;.
Taking this fact into account together with Eqgs. (5) and (6),
we see that for all ¢

(i) =0, (v;)=0. @)

Following Ref. [31], consider the infinite sets of covariance
variables

def

def
Epq = (Upltg),

def
Vpg = (UpUg),

Kpg = <vpvq>' )

Thus, the variables &, ,, v, 4, k4 are defined for any pair of
crystal particles.
We call the quantity

(C))
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the generalized kinetic energy. It is clear that quantities mx« ), ,
equal the estimated value for doubled kinetic energy 2K, ,
for particle with number p. Accordingly, we identify the
quantities

def , 1 -1
T, = kg K, p=mkg «kp, (10)
as the kinetic temperature. Here kj is the Boltzmann constant.

For simplicity, in what follows, we drop the subscripts p

. def .. def
and g, i.e., & = &p.¢» etc. By definition, we also put gl = &0

etc. Now we differentiate variables Eq. (8) with respect to
time taking into account equations of motion Eq. (1). This
yields the following closed system of differential equations
for covariances:

hE=v4v', (11)
8,v+nv:w(2)£q“§+/<, (12)
ke +2nic = W L£,v + wgﬁqu, (13)

where £, and L, are the linear difference operators defined
by Eq. (4) thatacton &, ,, v, 4, &p4, Bpg With respect to the
first index subscript p and the second one g, respectively. The
initial conditions that correspond to Egs. (5) and (6) are

£p0(0) =0, vp(0) =0, Kpg(0) =K,(0)84. (14)

Taking into account these initial conditions, it is useful to
rewrite Eq. (13) in the following form:

ok + 2nk =w(2)£pv+w(2)£qu+,3, (15)
where singular term 8 is
B = kp(0)8,45(2). (16)

Equations (11), (12), and (15) should be supplemented with
initial conditions in the following form, which is conventional
for distributions (or generalized functions) [32]:

&li<0 =0, Kli<o = 0. (17)

Now we introduce the symmetric and antisymmetric dif-
ference operators

V|t<0 =0,

S def A def
2SS L L, 20, g, (18)
and the symmetric and antisymmetric parts of the variable v:

208 défv—i—v—r, 2vAd£°fv—vT. (19)

Note that & and « are symmetric variables. Now Eqgs. (11),
(12), and (15) can be rewritten as follows:

0, +2n)k = 2w8£svs + ZwSEAvA + B,
(20)

& =2v°,

@ +nnh = —w(Z)EAé, @ +nns = a)éﬁsé +r. (21)

This system of equations can be reduced (see Ref. [1]) to one
equation of the fourth order in time for covariances of the
particle velocities «,

[(8, + 7])2(8,2 +2nd, — 4w§£s) + 4(a)(2)£A)2]K
= (@ + (37 + nd, —203L°)B, (22)

or, alternatively, to one equation of the fourth order in time for
covariances of the displacements &:

[0 + n)2(02 + 209, — 4R L°) + 4(2L™) e
=2(0, + n)B. (23)

III. THE CASE OF A UNIFORM INITIAL KINETIC
TEMPERATURE DISTRIBUTION

Following Refs. [24,31], we introduce the discrete spatial
variable

rEpiyg (24)

and the discrete correlational variable

n=q-p (25)
instead of discrete variables p and g. We have

. k 4 n . k n 26)

In what follows, we consider the case when the initial

values «,(0)8,, of the covariance variables «,, do not depend
on the spatial variable k, and depend only on #, i.e.,

1p(0) = Ko, 27)

where i is a given constant. From the physical point of view
this means that we have a uniform distribution of the initial
value for the kinetic temperature

Tplimo = To = kz' &, (28)

where

m_ko (29)

& 5

is the initial value for both the total and the kinetic energy. In
the case of a uniform initial conditions it is natural to assume
that for r > 0 we also have

qu = én- (30)

In the case Eq. (27) of the uniform initial kinetic tempera-
ture distribution, to measure the estimated value of the (dou-
bled) potential energy, we introduce the following quantity:

Kpg = Kn,

2, = mag((up-1 = up)®) + (upsr —up). (1)
Provided that Eq. (30) are true, one has

21, , = 211,
M (2, p + Ep 1. p1 — 2Ep p1 + Epiit pri

- ng,erl)
= _zmw(%['nén |n:0' (32)

We call quantities I, , = f1, the generalized potential en-
ergy. The following identities are true for any quantity ¢, 4
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suchthat¢,, = ¢, , = 2,, :
Z‘CSCIM{ = Cprig T 8p—1.g = Hpg + Cpgr1 + {pgi
= 2§p+1.q - 4§p,q + 2§p71,q = 2£n2n» (33)

2£A§p,q = Cptig T Ep—1.g = Epagr1 — Epg—1 =0. (34)

Now, taking into account Egs. (17) and (16), Egs. (22) and
(23), can be rewritten as

(@ + n)(87 + 219, — 40} L, )K,
= &(37 + nd, — 20§ L,,)8(1)5,, 35)

@ + (37 + 218, — 40§ L)1, = —2E0038(t) LSy, (36)

respectively.
It is useful to consider also the following quantities:
A, =K, - 11, (37)
and
&y =Ky + 11, (38)

We call these quantities the generalized Lagrangian and
the generalized total energy, respectively. The corresponding
equations for these quantities can be obtained by means of
applying of the operator £, to Eq. (36) and calculating the sum
or difference of both parts of Egs. (35) and (36). Taking into
account initial condition in the form of Eq. (17), this yields

(97 + 203, — 403 L,) A, = E93,8()8,, (39)

@ + (37 + 203, — 403 L,)Ex
= & (37 + nd, — 4§ L,)8(t)8, (40)
respectively. The corresponding initial conditions are
Ailico=0, &lico=0. (41)

To calculate every energetic quantity from the set Ko, Ty,
Ao, & it is enough to solve any two equations from the set
of Egs. (35), (36), (39), and (40). In what follows, we deal
with Egs. (39) and (36) which have a simpler structure. The
generalized kinetic energy and the generalized total energy in
this case can be calculated as follows:

K,=A,+ 11, (42)

&, = A, +211,. (43)
IV. SOLUTION OF THE EQUATIONS FOR

ENERGETIC QUANTITIES

A. The Lagrangian Ao

We apply the discrete-time Fourier transform [33,34] with
respect to the variable n to Eq. (39). This yields

A + 20 Ap + A Ap = E,8(), (44)

A=4wo

sin —

q
ik (45)

where

Ap(q,t)= Y A,exp(—ing). (46)

n=-—00

Here and in what follows, g is the wavenumber, i is the
imaginary unit. In order to obtain Eqgs. (44)—(45) we used the
shift property [33] of the discrete-time Fourier transform:

Y Awsiexp(—ing) = exp(kiq) Ap(q.1).  (47)

n=—00

Equation (44) together with initial conditions in the form
of Eq. (41) is equivalent [32] to initial value problem for
the corresponding homogeneous equation with the following
classical initial conditions:

Arli=o = &0, % AFli—o = —2n&. (48)
The corresponding solution is

(2)

AP,
AF(Q7I) = ) _
Ap's gl <4,

g <lql<m;

AP (g, 1) = e

i S V)
x| =1 sm(—A;él_ nzn 2 + cos(\/Az——772t)i|,

A;l)(q, 1) = Ee !

3 (A2 £ ny/n? — A2 — p?)el =V A
X

| ) 2(A? =) 7
(49)
where
g = 2 arcsin &. (50)

In what follows, we generally assume that the underdamped
case

nN<dwgy &= g<m (1))

is under consideration. The critically damped and the over-
damped cases are briefly discussed in Sec. VF (see also
Figs. 4 and 5). Now we apply the inverse transform,
A 1 ["
A, = — Ar exp(ing)dgq, (52)
27 J_,
and get the solution in the integral form for A,. The La-
grangian A equals
A 1 (7
A() = Ar dq. (53)
27 J_

B. The potential energy 1,

Applying the discrete-time Fourier transform to Eq. (36)
yields

O3TIy + 2002115 + A20, T = 88ow? sin? g 5(1).  (54)
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Equation (54) together with initial conditions in the form of
Eq. (41) is equivalent [32] to the initial value problem for
the corresponding homogeneous equation with the following
classical initial conditions:

Mpli—o =0, 0Tlpl—o =0, 0Tlp|_, = 8&w]sin® %
(55)
The corresponding solution can be written as follows:
nP + 17, g<lgl <
Mr@ =1 (0 . ) (56)
HF + H ’ |CI| < qs
O _ M (57)
VD)
& 2 ,—nt
nd = 2(‘;@ ¢ cosh(\/n — A1), (58)
50A2 e
ny = RETw cos(\/.Az —n21). (59)
Now we apply the inverse transform
. 1 ["
I, = — I[1r exp(ing)dq (60)

2 J_,

and get the solution in the integral form for IT,. The potential
energy I, equals

b2

. 1
Iy = — IF dg. (61)
2

-7

C. The conservative case = 0

In the conservative case integral Eq. (52) can be calculated
in the closed form:

~

& [T
Ay = — cos Af cosng dq
7 Jo

24,
=

This yields [35]

2
cos(dwpt sin Q) cos(2nQ)dQ. (62)

A, = EgJon(dapt). (63)

For large time ¢ the asymptotics of the Bessel function J,
is well known [30], thus Eq. (63) can be written in the
asymptotic form

A = S(=1)"
" 21 wot

In the conservative case it is useful to take é’,, as the second
energetic variable (instead of I1,), since Eq. (40) simplifies to

8,&E, = Ey8(1)5,. (65)

cos (4sz — %) F o). (64)

The corresponding solution is
En = Eodu, (66)

i.e., the total energy &) conserves, keeping the initial value for
the total (or kinetic) energy.

According to Eqs. (37) and (38), the generalized kinetic K,
and potential IT, energies equal

. &
m=§m+mwwn
& (=" 4 —3/2
=28, + —— 4wt — — o™/,
2|: +mcos<w0t 4)i|+ (t )
(67)

L &
nn = ?O[an - J2n(4a)0t)]

& (=D" 7 -3/2
= =8, - —— 4ot — — o3
2 |: 27 wot COS< @l 4>i| )

(68)

These results are in agreement with ones previously ob-
tained in Refs. [4,14].

V. ASYMPTOTICS FOR THE ENERGETIC
QUANTITIES AS ¢t — o0

Unlike the conservative case the inverse Fourier transforms
of quantities Eqs. (49) and (56) cannot be evaluated in closed
forms. Instead of this for large time we can proceed with
asymptotic estimation of the corresponding integrals.

In this section we use the following notation:

1
0¥ Z 1602 — n2. (69)

A. The Lagrangian Ao

Due to Eq. (49) the integral in the right-hand side of
Eq. (52) can be represented as follows:
N 1 [ 1 ("
Ay = — AF cosngdq + —/ Ap cosngdqg
2 T Jg
EA$+A?. (70)

It is easy to see that integral f\ﬁll) defined by Egs. (70) and
(49) is a sum of two Laplace type integrals and, therefore,
it can be estimated by the Laplace method [29]. However,
integral A [also defined by Egs. (70) and (49)] is a Fourier
type integral and therefore it can be estimated by the method
of stationary phase [29].

Calculation of the asymptotics for quantities A®, A(D
is presented in Appendices A—B, respectively. In the most
interesting particular case n = 0, the result is [36]

AV =& - (32 7P 4 126)V2
8./2mn wy 5127 PP}
+0u"?), (71)
A 2) _ goe_m

b4
= —— | 24/wcos <4wt — —)
O 22t [ Ve 4

n . T e
2\/6_051n<4a)t—z)i|+0< t ) (72)
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B. The potential energy I,

Calculation of the asymptotics for generalized potential
energy II, is presented in Appendices C-D, respectively.
We have

f, = 19 + A0 4+ A2, (73)

where T1(V is a Laplace type integral, and [1? is a Fourier
type integral. For n = 0 one gets

A 1 T g() e M
1o = —PV/ n®aqqg=>2""—, 74
0 - A F aq ) (74)
a1 = & 1732 N 172 (307 + 3603 )v/2
8.2 1 wy 5127 2w}
e
+O(t_7/2)+0< ; ) (75)
4&ywpe™ e
n® = —% cos <4a)t - Z) + 0( ) (76)
[0}

Here symbol PV means the Cauchy principal value for the
corresponding improper integral.

C. The total energy &

Calculating the asymptotics by Eqgs. (37), (38), (70), and
(73) results in

£, =210 + &V + £, (77)
EN = AP + 2010, (78)
5(2) A(Z) + ZH(2) (79)

For the nonoscillating term Sé ) due to Egs. (71) and (75)
one has

5(1) g, 1732 n 173/ (7)2 + 20&)3)3\/5
8./27n wy 5127 n*l?w;

LOu + o(e_tm ) (80)

For the oscillating term EAéz) due to Egs. (72) and (76) one gets

n f,_’oe*”t —7’]2 T
ED = [ cos (4wt — —)
O 2wg/2mt L 8w/ 4

n . T e
2ﬂ51n(4wt—z)]+0( t ) 1)

The latter term becomes zero as n — +0.

D. The kinetic energy Ko

Calculating the asymptotics by Eqgs. (37), (70), and (73)
results in

K, =194+ KD + K2, (82)
K:(l) A(l) + 1-[(1) (83)
K@ =A® 4 1®, (84)

For the nonoscillating term I@f,l) due to Egs. (71) and (75)
one has

342 e
£ — =52 L oG- 0( )
" 64ﬁ won3/2 +O( )+ t

(85)

for any integer n. Note that the principal term of expan-
sion for K is of order =32 and does not depend on n,
whereas expansions for [TV, A(D, £ have principal terms of
order t —%/2,

For the oscillating term IC(()Z) due to Egs. (72) and (76)

one gets
K@ = Eoe ™ [8wg — 0’ cos <4wt - z)
0 2wo 2t L 8w/ 4

n . T e
—2ﬂ51n(4wt—z>]+0< ; ) (86)

E. The conservative case (y = 0)

In the particular case n = 0 the terms of asymptotic ex-
pansions for energetic quantities with superscript “(1)” equal
zero since the integration is carried out over the interval of
zero length. The corresponding asymptotic formulas for these
terms are not valid. At the same time, according to Egs. (D1)
and (D2),

. &
P = ?O (87)

This yields the same results as ones obtained in Sec. IV C by
a different approach.

F. The critically damped and the overdamped cases

In the critically damped (n = 4wp) and the overdamped
cases (1 > 4wp) the terms of asymptotic expansions for en-
ergetic quantities with superscript “(2)” equal zero since the
integration is carried out over the interval of zero length. All
other formulas remain valid.

VI. NUMERICS

In this section, we present the results of the numerical
solution of the system of ordinary differential equations (1)
with random initial conditions Eqgs. (5) and (6). It is useful to

rewrite Egs. (1) in the dimensionless form
O = Lill; — nv;, 0 = Uy, (88)

where

j=%
=

ﬁiu ~ def U ~ def - def 17

; , T=wt, =-—. (89
a woa o
Here a is a constant with dimension of length, e.g., the lattice
constant (the distance between neighboring particles) [1,2].
We consider the chain of 2N + 1 particles and the periodic
boundary conditions
u_nNy = uy, V_N = Un. (90)
The initial conditions that correspond to Eq. (5) are

#;(0) =0, (0) = p;, oD
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where p; are generated normal random numbers that satisfy
Eq. (6), where, without loss of generality, we can take «;(0) =
1. We use ScCIPY software [37]: the numerical solutions of
system of ODE (88) are found using the standard PYTHON
routine scipy.integrate.odeint. We perform a series of
r = 1...R realizations of these calculations (with various
independent p(,y;) and get the corresponding displacements
and particle velocities as functions of discrete time #/: fi(,; (/)

and ¥, (1/), respectively, where t = i/ o JATF.

According to Egs. (8), (9), (32), and (29) the ratios Ko;
and I1y; of the dimensionless kinetic and potential energies
to the initial value of the total energy can be calculated as the
following averages:

R
1 ,
Koi= Zl(vw) , 92)
| R
oy, = R D luyittryiot + teyitiryivt — 2uei)’l, (93)

r=1

respectively. The ratios Ag; and &; of the dimensionless
Lagrangian and the total energy to the initial value of the
dimensionless total energy are

Ay = Ko — T, (94)

& = Ko + I,. (95)

All calculations were performed for the following values of
the problem parameters: N = 20, R = 10000. We verify that
the numerical results for K ; and I actually do not depend
on i, and use quantities Ko = Kooand Iy = Iy to compare
the numerical and analytical results.

Numerical results for &y,Ko, [Ty, A can be compared with
the analytical solutions in the integral form given by Egs. (43),
(42), (61), and (53), respectively, and corresponding asymp-
totics (see formulas in Sec. V). The analytical solutions in
the integral form are calculated using the standard PYTHON
routine scipy.integrate.quad. A comparison in the case
7 = 0.5 (the underdamped case) is presented in Figs. 2 and 3.
Figure 3 corresponds to the case of large values of time,
when exponentially-decaying terms of the asymptotics almost
vanish. One can see that the numerical and analytical so-
lutions in the integral form are in a very good agreement.
Also, the same graphs confirm the accuracy of formulas for
the asymptotic solution for large values of time presented
in Sec. V. The analogous comparisons for the critically
damped and overdamped cases are given in Figs. 4 and 5,
respectively.

VII. DISCUSSION

In this section we discuss the large-time behavior of ener-
getic quantities in the underdamped case.

From the formal point of view, the exponentially decaying
terms of the asymptotic expansions [the ones with superscripts
“(0)” and “(2)”’] are much less than the power-decaying terms
[the ones with superscript “(1)”]. It seems, therefore, that the
exponentially decaying terms can be dropped out. However,
the calculations show that actually the terms with different
decay approximate the solution at different timescales.

—— Total energy
—— Kinetic energy
—— Potential energy
Lagrangian
_02 i
—0.4+
0 2 4 6 8 10 12
t

FIG. 2. The ratios of the total energy &, the kinetic energy
Ko, the potential energy Iy, and the Lagrangian A, to the initial
value of the total energy versus the time 7 in the underdamped
case (77 = 0.5). Comparing the analytical solutions in the integral
form given by Eqgs. (43), (42), (61), and (53), respectively (the solid
lines); the corresponding numerical solutions (the crosses); and the
corresponding asymptotic solutions (the dotted lines).

In Figs. 2 and 3 one can see that in the underdamped
case the unsteady process of thermal equilibration has two
stages. At the first stage (“the large times”), when the quantity
e " is not yet very small, the qualitative description of the
process is as follows: the kinetic and potential energies os-
cillate approaching the curvilinear asymptote. The asymptote
corresponds to the term lilf)o) described by Eq. (74), which
is equal to Se™  The total energy also oscillates (with
a smaller amplitude than the kinetic and potential energy)
approaching the asymptotic level & e~"'. The Lagrangian
oscillates around zero and approaches zero. The oscillatory
motions are described by the terms &, (2),1662),1=IE)2),1~\52) ex-
pressed by Egs. (81), (86), (76), and (72), respectively. The
amplitudes of oscillations for all energetic quantities are of

0.0025
—— Total energy
— Kinetic energy
0.0020 4. —— Potential energy
- R Lagrangian
0.0015{ el ey
oootod TR e

0.0000 4

—0.0005 1

—0.0010 1

—0.0015 T T T T
15 16 17 18 19 20

t

FIG. 3. The same quantities as in Fig. 2 versus the time 7 for large
values of time (the underdamped case 7 = 0.5).
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—— Total energy

— Kinetic energy

—— Potential energy
Lagrangian

-0.2 T

DO A

FIG. 4. The same quantities as in Fig. 2 versus the time 7 in the
critically damped case (7 = 4).

order O(t ~'/2¢=""). In the limiting case of zero dissipation the
first stage transforms into the solution describing the thermal
equilibration in the corresponding conservative system.

Unexpectedly, there is the second stage (see Fig. 3), that
can be observed only when the quantity e~"' becomes very
small [38] (“the very large times”). The expressions for all
energetic quantities at the second stage are subjected to a
power decay, i.e., from the formal point of view the corre-
sponding terms &, K", I1{", A{" are principal terms of the
corresponding asymptotic expansions. The formulas for these
terms are Eqgs. (80), (85), (75), and (71), respectively. Another
one unexpected result is as follows: the principal term of the
asymptotic expansion for Ky is proportional to 7~/ in the
case of the kinetic energy and to =3/ for all other energetic
quantities. In the limiting case of zero dissipation the second
stage disappears.

The calculations show that in the case 7} < 1 the asymp-
totic formulas for the power-decaying terms can give wrong

—— Total energy
1.01 —— Kinetic energy
—— Potential energy
0.8 Lagrangian
—0.2 .
0.00 0.25 0.50 0.75 1.00 1.25 1.50
t

FIG. 5. The same quantities as in Fig. 2 versus the time 7 in the
overdamped case () = 8.0).

1.50 7 — .
I‘\ \\\ —— Total energy
VN - . —— Kinetic energy
1.251 \\ \\ B —— Potential energy
\ \\‘ Ny P Lagrangian
1.00 1 L
0.751
0.50 1
0.25 1
0.00 1
—0.25+
—0.50 T T T T .
0.0 2.5 5.0 7.5 10.0 12.5 15.0

t

FIG. 6. The ratios of the total energy &, the kinetic energy K,
the potential energy [Ty, and the Lagrangian A, to the initial value
of the total energy versus the time 7 in the case of very small
dissipation (7 = 0.02). Comparing the analytical solutions in the
integral form given by Eqgs. (43), (42), (61), and (53), respectively
(the solid lines); the corresponding asymptotic solutions (the dotted
lines), and approximate asymptotic solution, wherein the terms with
superscripts “(1)” are dropped out (the dashed lines)

results at a timescale that corresponds to the large, but not
very large times. Thus, to approximate the solution at such
a timescale, it can be preferable to drop out the power-
decaying terms and use only the exponentially decaying terms
of asymptotics (the ones with superscripts “(0)” and “(2)”).
This fact is illustrated in Fig. 6.

VIII. CONCLUSION

It the paper, we have obtained the analytical solutions
in the integral form describing the thermal equilibration in
a one-dimensional damped harmonic crystal (see Sec. IV).
These solutions describe the time behavior of the energetic
quantities (the total energy, the kinetic energy, the potential
energy, and the Lagrangian). The analytical solutions are in an
excellent agreement with independent numerical calculations
(see Sec. VI).

The most important result of the paper is large-time asymp-
totic formulas for energetic quantities presented in Sec. V (see
the derivation in the Appendices A-D).

The main conclusions of the paper can be formulated as
follows:

(i) In presence of small viscous external damping (i.e., in
the underdamped case) the process of thermal equilibration
is more complicated than in the corresponding conservative
system and has two stages that correspond to large and very
large times (see Figs. 2 and 3).

(ii) In the critically damped (see Fig. 4) and the over-
damped (see Fig. 5) cases the process of thermal equilibration
has only one stage, which is similar to the second stage in the
underdamped case.

(iii) At very large times (i.e., during the second stage) the
total energy of an underdamped harmonic crystal is mostly the
potential energy. The same conclusion is true for large time
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behavior of a critically damped and an overdamped harmonic
crystal.
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APPENDIX A: CALCULATION OF THE
ASYMPTOTICS FOR A?)

Following to the general procedure of the method of sta-
tionary phase [29], according to the localization principle, we
claim that for # — oo the integral A® defined by Eqgs. (70)
and (49) equals the sum

AP =3 "AP(g) +00™) (A1)
of contributions A?(g;) from the critical points ¢ = g; in the

interval of integration [q; r]. In the case under consideration,
there are two critical points: the stationary point g; = 7 of the

phase function
¢(q) = VIA* (@) — n?l, (A2)

and the boundary of integration interval g, = §. The contribu-
tion from the stationary point g; = 7 can be calculated as

f x(q — n)[cos (\/.A2 — nzt)
q

n sin (/A — n?1)
N A —

Here and in what follows, x(g) € C* is a nonnegative even
function such that

—nt

~ c e
AP(q)) =

:| cosngdgq. (A3)

g
x(@) =1 for |q|<§,
5z (A4)
€
x(@=0 for |q|>?,

€ > 0 is a small enough number to get the integrand with a
unique isolated critical point. The expression for the principal
term of the asymptotics for the contribution from an isolated
boundary stationary point g = g, is [29]

qx
/ 2@ — 4)f (@) explid(@1) dg

o0

—1 2n ———— f(g.) +O0@")
0 (gt T

X exp [i¢(q*)t + %T sign ¢”(q*)]- (AS5)

P(m) = /1605 — n?, (A6)

2
4wy;

1603 — n?

One has

¢"(m) = — (A7)

Taking the real part of Eq. (AS), wherein f(g) = A(g),

) = Epe ! { in
@="= " VAXg) —n?

to calculate the integral in the right-hand side of Eq. (A3)
results in

B 4./16w2 — n?
AQ(m) = &y(—1)' e

2wo/ 21t

[t
\/— sin (\/m’ - _>]

) cosng (A8)

16w; — 1
e
+0< ; ) (A9)

To finalize the calculation of asymptotics for f\flz) we need
to estimate the contribution from the critical point ¢, = 4.
One has

d(q) ~

diplg — q'"* + dsplg— gl +...,  (A10)

gne
lmx(q>~°—|q g +..., (A11)

as g — ¢ + 0. Here ¢ ), is a positive constant. It follows from
the Erdeliy lemma [29] that

o0
_ . w _B
f q" ' x(q)explitq®)dg ~ At~ «, (A12)
0

where A is a nonzero constant. Applying Eq. (A12) in the
cases =1, o =1/2and B = 1/2, a = 1/2 yields

AO(q) = o<em) " 0<em) - 0<em>. (A13)
" t 2 t

Thus, the asymptotics of /A\Slz) equals to the right-hand side
of Eq. (A9).

APPENDIX B: CALCULATION OF
THE ASYMPTOTICS FOR f\f,l)

One has

A 1 9 ~ ~
A;”:z_/ Ar cosngdg = AP + AV (BI)
TJ-g

where
A = S f N ey Y
n 2T -G Z(Az _ 772)

X cosnqgdq. (B2)

Following to the general procedure of the Laplace method
[29], we claim that for t — oo the each integral A(P®) can be
asymptotically approximated by contribution

AP ~ AP D (ge) (B3)
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from the global maximum point g for the functions +¢(q)
[defined by Eq. (A2)] lying in the interval of integration
[—g; 4]

At first, consider the integral AV, The maximum point
for ¢(g) is the internal point ¢ =0, and ¢(0) = 7. The
expression for the corresponding contribution in the case of
an internal isolated maximum point g = g, is (see Ref. [29],
Eq. (1.25) [39]):

/ x(q — g.)f (q)explep(q)t]ldq

~ Y et ™ explo(garl, (B4)
k=0
where
_T(k+3),d 2k{ [¢<q,>—¢<q>r“%}
*= T 26! (dq) Y v —a.
(BS)
Now we take f(q) = L,(g), where
o™t A2 4/ — A2 —
Li(q) = 026 TIA 7 Ui cosng, (B6)

to calculate the coefficients c¢;. To do this we use MAPLE
symbolic calculation software. In this way, we find

co =0, (B7)

i.e., we deal with a degenerate case, and

&o
= B8
“ 8/2mn wy (B8)
Eo((12n2 = 3)n? — 12w2)V2
0 = ()(( n m wo)\/— (B9)
5127 2w}
Thus,
ADE)
z 1732 1 2[(120% = 3)n? — 1263]V2
- 8./27n wy 5127 n*lw}

+0317"?). (B10)

To finalize the calculation of asymptotics for A(" we
need to estimate the integral A(’™). The maximum points
for —¢(q) are boundary points 4, and —¢(g) = 0. Due
to the symmetry, these two points bring equal contribu-
tions, therefore we can estimate only one of them at g = 4.
One has

L_(q)~ Lipe " (g —q)" "7, (B11)

as g — ¢ — 0. Here L, is a nonzero constant. It follows from
the Watson lemma [29] that

L _8
/ q" 'x(q)exp(—tq*)dgq ~ Bt "« (B12)
0

where B is a nonzero constant. Taking into account Eq. (A10)
and using Eq. (B12) in the case § = 1/2, o = 1/2 one gets

[\’(11)(_) _ O(e—tm ) '

Thus, the asymptotics of A(" equals to the right-hand side
of Eq. (B10).

(B13)

APPENDIX C: CALCULATION OF THE
ASYMPTOTICS FOR 11,

The integral in the right-hand side of Eq. (60) can be
represented as follows:

I, =119+ 10 + 1% +R, (&)
. L/ (7
o = ;</ +/_ )I‘[fvo) cosngdq, (C2)
0 q+e
b = L('/q6 Hg)coandq), (C3)
2 —g+e

g—e
/ / ) ‘> cos ng dq, (C4)
-7 g+e

(Hg)) + H(F])) cosngdq
g—e€
+e€

=i

s

I

B
1 A~

oy

°

where € > 0 is a small enough number. Again, the integral
lalgl) is a Laplace type integral, whereas the integral f[f) isa
Fourier type integral.

The asymptotic expansion for large time of the integral
M1? is the sum of the doubled contribution from the boundary
stationary point ¢ = ¢, = 7 [where ¢'(g,) = O]:

(l'[;o) + 1'[1(;2)) cos nq dq], (C5)

1,\_[’(12)(7_[) _ _goe_nt
k4 /N2
x/ x(q—m) cos/f‘ A= )coandq
q —n?
e
+0< t ) (C6)

and the doubled contribution from the boundary point g =
g + €. The latter term is discussed at the end of this Appendix
[after Eq. (C18)], where we deal with the estimation of the
reminder R. Applying Eq. (A5), wherein f(g) = P(q),

Eoe M cosng  A?

i A2 —p?’

P(g) = — (C7)
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to calculate the integral in the right-hand side of Eq. (C6), and
taking into account Eqgs. (A6) and (A7), results in

4(—1)"Eywpe™

__*= _ H6w2 — n? _Z)

Vart(16a7 — n2)* COS( 16wy —n"t = 7
e M

+0< )
‘

We represent integral 1() as follows:

NP (r) =

(C8)

n

~ 1 q N A
i, = 5/ My cosngdg = ADH 4 AVC . (C9)
—q

where
sy Boe [T AR
IT,, =— oy I cosngdg. (C10)

At first, consider the integral [T{V™*). Again (see Appendix B),
the maximum point for ¢(q) defined by Eq. (A2) is ¢ =0,
and ¢(0) = n. Applying Egs. (B4) and (BS) [wherein f(q) =
P(g), and P(q) is defined by Eq. (C7)], to calculate the
corresponding contribution, one can get

co=0, (C11)

i.e., we deal with a degenerate case, and
&
82wy
Eo((—12n% + 3)n? + 36w3)V2
5127 e} '

Here, to calculate coefficients ¢y, we again used MAPLE
symbolic calculation software. In this way we find

= (C12)

(C13)

C) =

SL)
HV!

752 [(—12n® + 3> + 36w5]ﬁ}

B ;32
=& + 3
8.2 n wo 512/ n® 2wy

+0a7?). (C14)

Now we need to consider the integral I1{V™). The max-
imum points for —¢(g) defined by Eq. (A2) are boundary
points g = £(§ F €):

N 1 EA
v = —(/ Hg)coandq)
T \Jo

The corresponding contribution is discussed in what follows
[after formula Eq. (C18)], where we deal with the estimation
of the reminder term R.

Now consider the reminder term R defined by Eq. (C5).
We need to estimate the contribution to integral Eq. (Cl)
from a neighbourhood of the point ¢ = ¢. We asymptotically
approximate integrand in the neighbourhood of ¢ = ¢ using
Eq. (A10), and

(C15)

P(@)=e"(Pi(g—@ " +P+...). (C16)
Accordingly, one has
R~R_ i+Ry+..., (C17)

where

R, o e_,,,[/" 1 — cosh(¢12|q — 61|l/2l)
€ q9—4q

+/‘”51 cos(pi2lg — q1'/* 1) q}
q _q

/O 1 - COSh(¢1/2|CI|1/2l)

€1 —cos 1724
+/ (¢1/2|6]| ) q}
0 q

= 2¢7"'[Chi(v/egi/ot) — Ci(vegpipn)].  (CIB)

Here ¢, is defined by Eq. (A10), Ci(-) is the integral cosine,
Chi(-) is the integral hyperbolic cosine [30]. Thus, for large
t the reminder R is the sum of contributions from the bound-
ary points g £ €, which must be totally compensated in the
sum with the corresponding contributions from the boundary
points for integrals [TV and [T?®). Hence, to estimate the
contribution to integral Eq. (C1) from a neighbourhood of the
point ¢ = ¢ we need to take into account the correction terms
in expansions Egs. (A10) and (C16).
We introduce the substitution

o(q) =0, (C19)

where ¢(g) is defined by Eq. (A2) [and expansion Eq. (A11)].
One has

dq = dQ[1 + 0(Q)].

Analogously, the next term Ry in Eq. (C17) is the sum of
contribution of the boundary points (which again are totally
compensated) and a contribution from g = §. Taking into
account Egs. (C16) and (C20), one can estimate the latter term
as follows:

0
Ro(§) e"’[ / x(Q) cosh(Cy IQll/zt)dQ}

—€

(C20)

- [ / x(0) COS(C1|Q|1/21)in|

(C21)

The last formula is obtained using the Erdeliy lemma and
Watson lemma in the case 8 = 1, ¢ = 1/2 and taking € < €
in Eq. (A4).

Thus, the asymptotics of [T, equals the sum of the right-
hand side of Eq. (C8), the right-hand side of Eq. (C14), and
the term fIﬁ,O) calculated in Appendix D in the particular case
n=0.

APPENDIX D: CALCULATION OF THE INTEGRAL 11"
Since € introduced by Egs. (C1)—(C5) is an arbitrary posi-
tive number, the integral Hf) ) can be calculated as

. 1 4
o =_—pv / Y cosngdg, (D1)
T 0

where symbol PV means the Cauchy principal value for the
corresponding improper integral.
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In what follows, we consider only the case n = 0. Accord-
ing to Egs. (57) and (45), one gets

O _ Eoe™ (4wgsing/2)?
F-7 2m (4w sing/2)? — n?
g‘ —nt 2
_ coe PR — . D2
2w 8wy — n* — 8w cos g
Thus,
. Epe !
o = %(1 +aipy, (D3)

T Zd
pzpvf _ ndg
o 8—n%—8cosqg

=n*{J(w)— T(0)
+ lim [J(@G@—-e) = TG+ Mg pege DD

where J (g) is the following integral that can be calculated in
the closed form [35]

_ dq _ 1
T@ = [ it = = 2.

lal < 1bl;

(D5)

200y — Vb —a’tand+a+b
(9) = . (D6)
Vb —a*tani —a—b
One can see that
J0)=0, J@@)=0, (D7)

whereas at g = g the argument | Z(q)| of logarithmic function
has indeterminate form 0/0. One can obtain the following
expansions (¢ — +0):

2
4oy

- _ 2
Z(G+e) = n\/mé-‘rO(E ),
_ 4w(2) 2
Z(G—e)= me—i—O(e ). (D)
Now it follows from Eqgs. (D8) and (D5) that
el_i)IEO[J(q_—G)—J(q_-i-E)]:O (D9)
and
Y = M. (D10)
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