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Abstract: This paper is devoted to comparing the asymptotics of a solution, describing the wave
motion of a discrete lattice and its continuous approximations. The transition from a discrete medium
to a continuous one changes the symmetry of the system. The influence of this change on the asymp-
totic behavior of waves is of great interest. For the discrete case, Schrodinger’s analytical solution of
the initial-value problem for the Lagrange lattice is used. Various continuous approximations are
proposed to approximate the lattice. They are based on Debye’s concept of quasicontinuum. The
asymptotics of the initial motion and the behavior of the systems in the vicinity of the quasifront and
at large times are compared. The approximations of phase and group velocities is analyzed. The
merits and limitations of the described approaches are discussed.

Keywords: Lagrange lattice; continualization; Debye’s quasicontinuum; phase velocity; group
velocity; quasifront; asymptotics; change of symmetry

1. Introduction

We live in the era of big data, Al, ANNSs, and powerful commercial codes. Large
datasets are becoming increasingly available and important in science and technology.
However, our ability to understand various physical phenomena and processes, since
Galileo and Newton times, is based on continuous models [1,2].

Such models are usually described by ODEs or PDEs. Calculus, functional analysis,
theory of differential equations, and other branches of continuous mathematics have
accumulated a huge arsenal of tools for analyzing and understanding these models. At the
same time, computers operate with discrete models. Establishing a relationship between
discrete and continuous models, i.e., between nonlocal (difference or integral) and local
(differential) operators, is nontrivial and interesting problem [2]. Both the problems of
discretization of continuous systems and the continualization of discrete systems are
important [3]. Among these problems is the approximation of nonlocal theories by gradient
ones while preserving the key features of discrete systems.

There is a vast body of literature on continualization of discrete chains. We will restrict
ourselves to mentioning papers and books [4-16] (see also the references cited in these
works). As a rule, this research is devoted to continuous models that approximate well the
vibration frequencies of discrete lattices. Problems of the simulation of wave propagation
in discrete media by continuous models have been studied to a lesser degree [17-20].
Attention to this circumstance is drawn in the paper [21]. Seeger pointed to Schrodinger’s
analytical solution of the initial-value problem for the infinite one-dimensional lattice of
a uniformly spaced point mass with nearest-neighbor coupling by springs [22,23]. This
solution is described by Bessel function with well-studied asymptotics.
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In our paper, we study the possibility of constructing continuous models that satisfac-
torily approximate both the asymptotic behavior of the wave motions of the Lagrange chain
and its behavior in the vicinity of the quasifront. The transition from a discrete medium
to a continuous one changes the symmetry of the system. The influence of this change
on the asymptotic behavior of waves is of great interest. When can a good quantitative
approximation be achieved, and when can only a qualitative match be expected?

The paper is organized as follows: Sections 2.1-2.4 contain the preliminary results.
Section 2.1 is devoted to the statement of the problem and the solution of the discrete
problem. Section 2.2 describes the classical continuous approximation by the wave equation.
Section 2.3 describes the various continuous models, guaranteeing good approximation of
the dispersion curve of the lattice. Section 2.4 is devoted to asymptotics of the solution of
the discrete problem. Section 2.5 describes continuous models that approximated the wave
motion of the discrete lattice. Section 2.6 is devoted to the approximation of phase and
group velocities. Section 2.7 is devoted to asymptotics of continuous approximations and
compares them with the asymptotics of a discrete solution. Section 2.8 deals with nonlinear
problems. The obtained results are summarized in Section 3. The appendix contains some
historical and terminological remarks.

2. Materials and Methods
2.1. Waves in Lagrange Lattice

The original discrete object is the Lagrange lattice (regarding this term, see Appendix A).
This is a lattice of point masses M, located in equilibrium states at the points of the axis
x with coordinates jh (j = 0, £1,£2,43,...) and coupled by elastic springs of stiffness c
(Figure 1).

Figure 1. A lattice of elastically coupled masses.

Applying Newton’s 2nd law, one obtains the following difference-differential equation
(DDE) governing lattice dynamics [10]

MYjer(7) = c[Yjo1(7) = 2Yj(7) + Yj4a (T)];j = 0, £1, £2, 43, ... 1)
where Y;(7) is the displacement of the jth material point from its static equilibrium position,
and T is the time.

Let us introduce new variables y;(t) = Y;(t)/h, t = Tv/c/M; then, DDE (1) can be
transformed into the following one:

yjtt(t) = yj_l(t) - Zyj(t) +yj+1(t);j =0,£1,42,£3,... )

Suppose that at t = 0, all masses in the lattice are at rest with the sole exception of the
mass numbered zero, which is displaced by 1

y;j(0) = djo, y;t(0) =0 ®)

where §;; is the Kronecker delta.
We use ansatz [24]

yn(t) = exp(i(mhk — ot)) @

where w and k denote the frequency and the wave number, respectively.
The dispersive relationship is

w? = 4sin2(%) 5)
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By reflectional symmetry and periodicity, it suffices to consider the wave numbers in
the interval Brillouin first zone [18].
The solution of DDE (2) with initial conditions (3) can be written as follows [24]
mt/h

Ym(t) = om(2t) = % / cos[ZtSin(%)]cos(mhq)dq (6)
—7mt/h

where ]y, (2t) is the Bessel function of the first kind, of integer order 2m.

2.2. Classical Continuous Approximations by Wave Equation

Now, we use the continuous coordinate x scaled in such a way that x = jh at the nodes
of the lattice. We assume that v, (t) is a discrete approximation to a continuous function
u(mh,t),

Ym (t) = u(mh, t) )

Let us introduce a pseudo-differential operator

th aZk B 2i2 h2 aZ h4 a4 h6 86

ih
dsin®*( —=— ) =2y ———— = —h 1+ =+t +...
S ( 2 ax) & (2K)! ok 521+ 12532 36000 T 20160956 T
®)
Then DDE (2) can be rewritten as a pseudo-differential equation
u(x,t), = —4sin2(—&i)u(x,t) )

2 ox

Leaving only the first term in expansion (8), we obtain the classical wave equation,
i.e., the partial differential equation (PDE) of hyperbolic type

U — Pty = 0 (10)

Let us rewrite initial conditions (3) using the Whittaker—Kotel nikov—-Shannon interpo-
lating function sinc(x) = sin(x)/x [4,25]

_ hsin(mx/h)

u(x,0) Yoz

; u(x,0) =0 (11)
This means that in what follows, we consider the problem in the framework of Debye
quasicontinuum [4].
The solution of the initial-value problem (10), (11) can be expressed as follows

h T 1 sin(r(t—x/h))  sin(n(t+x/h))
u(x,t) = 7 / cos(ght)cos(gx)dg = E[ Fx/h Fx/h

—nt/h

] (12

Some results of the comparisons of the solution of discrete (6) and continuous (12)
models are shown in Figures 2-5. The ordinates are the values of the functions v, (t)/h
and u(x,t)/h.
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Figure 2. Comparison of continuous (12) (blue curve) and discrete (6) (red points) solutions for t = 1.
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Figure 3. Comparison of continuous (12) (blue curve) and discrete (6) (red points) solutions f or
t=10.
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Figure 4. Comparison of continuous (12) (blue curve) and discrete (6) (red curve) solutions for
x =mh, m = [1/h]; [] denotes the integer part of the number. The red curve conditionally connects
the values at discrete points.
ns
04
03

0z

01

-0.1

Curve | == Curve Zl

Figure 5. Comparison of continuous (12) (blue curve) and discrete (6) (red curve) solutions for x = m, m = [10/h]; [] denotes
the integer part of the number. The red curve conditionally connects the values at discrete points.

Obviously, the coincidence is, at best, qualitative.

2.3. Various Gradient Models

Leaving a finite number of terms in expansion (8), one obtains the so-called interme-
diate continuous model [8]. The use of Padé approximations [14,17] gives a “model with
modified inertia” (the term was proposed in [26]). Two-point Padé approximations or other
interpolation methods [6,14,20] are also used.

It is interesting to compare different approaches to the determination of coefficients in
the equation described in various gradient theories

92 ot
(1- ﬁ%lhzﬁ + ﬁ%zhzlﬂ)”tt = h?(u + Py ux + /3%{2h4“xxxx>xx (13)
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The easiest way is to expand the original nonlocal pseudo-differential operator (8) in a
Maclaurin series. In this case, one obtains 7. = 0, %, = %, B, = 31@.

Unfortunately, a simple increase in the number of terms in such an expansion insignif-
icantly increases the accuracy of the approximation, leading at the same time to an increase
in the order of the approximating PDEs [8,9]. One can improve approximations without
significantly increasing the PDE order using Padé approximations [17]. In the simplest case,
one obtains ,B%{l =0,p% = ﬁ, B2, = 0. The approximation accuracy increases; however, it
is not possible to approximate well the dispersion curve of the discrete lattice in the entire
first Brillouin zone. Various interpolation methods turned out to be more promising, using
the beginning and end of the first Brillouin zone as interpolation nodes.

Eringen’s model [5] used calibration ,B%l =0, Br1 = 0.386, B2 = 0. Andrianov, using
two-point Padé approximations [6], obtained p%; = 0, B11 = v/0.25 — 72 ~ 0.386, B2 = 0.

_64—mt
= T
7T

4 24 . o
—0.0411, %, =0, B3, = 258, Br1 ~ 0218, pi; = SHL=T" ~ (0.00578. This calibration
excellently approximates the lattice dispersion curve in the first Brillouin zone.

Kunin's calibration is [4] p%; = 0, B3, = 545, By =~ 0.225, 7, = 1.

Lazar et al. [11] called this model the theory of nonlocal elasticity of bi-Helmholtz

type and proposed it for the one-dimensional case f%. = 0, f, = -8 B ~ 021882, =

472 7
% ~ 0.0103.
The mixed nonlocal model proposed by Challamel et al. [13] used the following
parameters: 7, = -8 B, ~0218,p3, =0, %, = —% ~ —0.0348, B%, = 0.

2 7

Askes et al. [12117fiiscussed a number of gradient models, including those involving
the fourth time derivatives. Usually, the fourth-time derivative is used for providing the
causality of the gradient models [27] (by analogy with Timoshenko’s theory for beams).
However, for the original model—the Lagrange lattice—the perturbation propagates in-
stantly [21]. This is due to the fact that the masses are connected by inertialess elements.
There is nothing surprising in the fact that the continuous approximations of the Lagrange
lattice also do not satisfy the causality principle. To construct a Timoshenko beam theory,
physical effects, such as rotary inertia and shear deformations, were additionally taken into
account. The physical model of the lattice that provides the causality principle should be
more complex than the Lagrange lattice. Such meta-lattices are a popular object of actual
research, but this topic is far from the aims of our paper.

In [15], the authors described another strategy for constructing a continuous theory
assuming that there are two masses per periodic cell (so-called two-field continuum theory).
In this case, the continuous model is described by two coupled PDEs. The advantage of
this theory lies in the naturalness of generalization to the nonlinear case [28,29].

The order of the PDE that described continuous approximation, i.e., the number of
retained coefficients beta, depends on the number of requirements for the approximation.
It should be specified in advance what exactly and in what ranges of variation of which
variables should be well described by the continuous model. The results described in this
section show that the 4 coefficients give a good approximation, wherein PDE has the 4th
order in the spatial variable.

Two-point Padé approximation with a larger number of terms gives [20] 8%,

2.4. Asymptotic Behavior of Schrodinger’s Solution

The solution of a discrete problem (6) predicts that even at arbitrarily small ¢ all masses
begin to move. Displacement of m-th mass rapidly decreases with the increase in m, as may
be seen from the leading term of the Maclaurin expansion of the Bessel function [30], 9.1.7.

t2m

Tam+1) 14

Jom (Zt) ~

where I'(...) is the gamma function.
Thus, the speed of propagation of disturbances along the Lagrange lattice is infinite.
This fact is a consequence of the use of the static elastic Hooke’s law for the bond connecting
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neighboring masses in the lattice. In molecular dynamics, such an approximation can be
used as long as the conditions for the applicability of the Born-Oppenheimer approximation
are satisfied [31,32]. This approximation uses the assumption that the motion of atomic
nuclei and electrons in a molecule can be treated separately based on the fact that the nuclei
are much heavier than the electrons.

However, it should be noted that the causality principle is not formally fulfilled in this
case, which must be taken into account in some cases [27].

Schrodinger’s solution has the following asymptotic for large t and fixed x [30,33]

Ym(t) = Jom(2t) ~ \}( [cos(rtm — 2t 4+ 0.2577) + cos(rtm + 2t — 0.257)] ~ 15)

0564189584 564189584 [c — 2t 4 0.257) + cos(rtm + 2t — 0.2571)].

At the region of the quasifront, the Nicholson-type asymptotic with the following
leading term is valid [21,34,35]

1, .2(m—1t)

t/m~1land |t —m|1>>, (17)

Ym(t) = Jom(2t) ~

where Ail...] denotes the Airy function.

Numerical results obtained in [19,36] show that the behavior of the solutions of a
discrete system is fundamentally different from the behavior of the solutions of classical
continuous approximation both in the vicinity of the quasifront and in various asymp-
totic limits.

2.5. Improved Continuous Models for Describing Wave Motion

Calibrations of Equation (13) are aimed at the most accurate approximation of the
dispersive curve of the lattice model. Below, we set the problem of the best calibration of
Equation (13) to describe the wave motion of the lattice.

The solution of the initial-value problem (11), (13) can be written as follows

t/h

u(u, t) = % / cos[2tPA(q)]cos(mhq)dq (18)
0

where function PA(z) is

hz\/l — B h222 + B3 htzt

(19)
2\/1 + 2 h2z% + B3, izt
For a good approximation of the phase velocity, we require
PA(rt/h) =1 (20)

This velocity characterizes well only monochromatic waves. “This is not the velocity
of physical propagation of any quantity” ([37], page 291).

In the case of superposition of monochromatic waves forming a wave train with close
wave number values, the proposed Hamilton group velocity [38—40] is used as a useful
characteristic. It characterizes the motion of the wave train as a whole with high accuracy.
Therefore, it is important to provide a good approximation of the group velocity; for this
aim, we require

d(PA
PR =0 @
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For a good approximation of the discrete solution at the region of the quasifront, it is
necessary that

PA(z) = %[hz - %(hz)S ] 22)

For a better approximation of the dispersive curve of the lattice model, it is also useful
to set the condition
PA(057/h) = V/2/2 (23)

In any case, there should be
0.< 1= pral’a” + Proli'’ (24)

This condition guarantees the stability of the solution [18].
Unfortunately, it is impossible to satisfy conditions (20)—(24) simultaneously. We have
to use some weakening of the above requirements; e.g., we can weaken condition (22) in

the following way
1 1 3
PA(z) = E[hz - ﬂ(hz) +...] (25)
This leads to a less accurate approximation of the lattice quasifront.

From conditions (20), (21), (23)—(25), one obtains
B2, = 0.027199, B2, = 0.000317, p%; = 0.056134, p%, = 0.000828 (26)

Another option is to neglect condition (23), slightly worsening the approximation of
the lattice dispersive curve in the first Brillouin zone. Then, from conditions (20)-(22), (24),

one obtains

2_8 _ 1272424
T =T ~ 004736, pf, = T ~ 0.00763, @

Pri = 126;72-(2 ~ 0.01389, %, = 0.

2.6. Approximation of Phase and Group Velocities

Phase V,;,(k) and group Vg(k) velocities for discrete lattice (2) can be written as
follows [4,40]:

sin (&
V() = “’,(ck) =2 gf) (28)
Ver (k) = da;il(ck) = hcos(kzh) (29)

Since we use Debye quasicontinuum [4], we can consider the wave numbers in the
interval Brillouin first zone, f% <k< %
The phase and group velocities of the continuous approximations (13) are

vl = R(2) (30)
v = (2) 1 4+ 1222 —(B71 + Br1) —2(Bl, — BRo)°2* + (B11BRy + BToBRy) 12t (31)
& (14 B2 1222 + B2, h4z4) (1 — B h222 + BA,hiz?)

where Fy (z) = h \/17[3%{1;1222%%2;,424*.
V1+B31h222+ 2 hizt
Calculations using parameter (26) or (27) give identical results, so we restrict ourselves
to values (27). Figures 6 and 7 present the results of comparing the phase and group
velocities of the discrete model and its continuous approximation (13) with parameters
(27). The results for discrete and continuous models are in excellent agreement.
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Figure 6. Comparison of phase velocities for continuous (13), (27) (curve 1) and discrete (2) (curve 2)
models. The abscissa shows the values z/1; the ordinates show the values V,;,/h. Curve 2 condition-
ally connects the values at discrete points.
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Figure 7. Comparison of group velocities for continuous (13), (27) (curve 1) and discrete (2) (curve 2)
models. The abscissa shows the values z/k; the ordinates show the values Vg, /h. Curve 2 condition-

ally connects the values at discrete points.

2.7. Asymptotic Behavior of Continuous Approximations

Let us construct the asymptotics of the continuous approximations. We obtain the
asymptotics of the initial motion from expression (18) by expanding the integrand into a
Maclaurin series and leaving the first term of the expansion. As a result, we obtain

w2 " 1= pag)? + Ba(ha)*
u(x, t) ~ — O/ 5 By (P ﬁz(hq)4cos(xq)dq (32)

To compare formulas (32) and (14), the numerical values of the functions u*(x) = u(x, t)/t?
(for parameters (27)) and y*(m, t) = ya,,(2t) /1> are presented in Figures 8-11.
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Figure 10. Function y*(m, t) at t = 0.1. The curve conditionally connects the values at discrete points.
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Figure 11. Function y*(m,t) at t = 0.01. The curve conditionally connects the values at discrete
points.

Using stationary phase approximation [33], we obtained asymptotics of solution (18)
for large t and fixed x

A
u(x, t) ~ 7i [cos(rtx/h — 2t 4+ 0.257T) + cos(mtx/h + 2t — 0.2577)] (33)
Here, A ~ 0.564354394 for parameters (26) and A ~ 1.23654811 for parameters (27).
The structure of the asymptotics of solutions to the discrete and continuous problems
in this case is the same; for the discrete problem, we have A ~ 0.564189584. The choice of
parameters in the form (26) has a clear advantage.
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A good approximation of the behavior of the solution in the vicinity of the quasifront
is important. From expression (18), we have

B .2(x/h—t
B 2=t
Vi vt
Here, B = 1 for parameters (26) and B = 2 for parameters (27).

The structure of the asymptotics of solutions to the discrete and continuous problems

in this case is the same; for the discrete problem, we have B = 1. The choice of parameters
in form (26) has a clear advantage.

u(x,t) ~ ] (34)

2.8. Nonlinear Problems

Investigation of the asymptotic behavior of nonlinear waves in discrete and continuous
systems is a separate, complex problem. The fact that the improvement of the approxima-
tion of the pseudo-differential part of the operators improves the general approximation
of the discrete system has been shown both numerically and analytically in a number of
works, for example, [41-44].

In this article, we make only some obvious points about the asymptotic behavior of
nonlinear solutions. Let the quasilinear discrete chain have the form

Yin(H) = yja(t) = 2y;(t) +yja(t) + ey} (1);j = 0,£1,£2,43,...; 0 <e << 1 (35)
Its continuous approximation can be written as follows:

02 o*
(1= ﬁ%lhzaixz * ﬁi2h4@)”” = 12 (u + By PPty + Brohitxexx) oy e’ (36)

Analyzing the asymptotic formulas obtained in previous sections, it is easy to verify
that the behavior of discrete and continuous systems at small times, as well as at large t
and fixed x, coincides with the behavior of linear systems. The approximation of the wave
front and quasifront requires additional research; for example, see [41].

3. Results and Discussion

The Lagrange lattice is a good benchmark for testing gradient elasticity theories. Using
these theories allows one to describe wave propagation in a discrete medium that retains
(at least qualitatively) the asymptotic properties of the original lattice.

The results of our research can be formulated as follows: The use of continuous models
described by low-order PDEs allows a good quantitative approximation of the behavior
of a discrete system at large t and fixed x, as well as in the vicinity of the quasifront. The
approximation of the behavior of a discrete system is used for small times.

Kolmogorov wrote about the nontrivial relations between discrete and continuous
mathematics [2]: “It is quite probable that with the development of modern computing
techniques, it will become understood that in many cases it is reasonable to study real
phenomena without making use of the intermediate step of their stylization in the form of
infinite and continuous mathematics, passing directly to discrete models.

Pure mathematics was successful developed mainly as the science of the infinite.
Apparently this state of affairs is deeply rooted in our consciousness, which operates
with great ease with an intuitively clear understanding of unbounded sequences, limiting
processes, continuous and even smooth manifolds, etc.”.

The advantage of continuous models lies in the possibility of using the powerful
arsenal of continuous mathematics for their analysis. At the same time, in applying the
continuous models to describe a discrete structure, one must bear in mind the natural limi-
tations of these approximations in order to avoid various “paradoxes” and artifacts [1,45].
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Appendix A
Some Terminological Remarks

In this paper, we use the term “Lagrange lattice”. This term is often used in the
literature, see, e.g., [38]. On the other hand, Brillouin [40] and some others authors use the
term “Newton lattice”, referring to Principia (livre II, proposition XLIX). However, this
section of the Principia, dedicated to the definition of the speed of sound, does not contain
any equations in explicit form.

Some authors [19,46] mention research by Johann (Iohann) Bernoulli in connection
with the lattice under consideration. These studies were originally described by J. Bernoulli
in letters to his son Daniel on 11 October and 26 December 1727 (see [47]) and published
in 1728 [48]. ]J. Bernoulli’s goal was to determine the spatial form of the fundamental
vibration mode of a continuous string. Since he could only operate with ODE, J. Bernoulli
replaced the problem of vibrations of a continuous string with a problem of vibrations of a
weightless stretched finite elastic thread along which equal point masses are located on
equal distances. Increasing the number of masses from 2 to 6 and examining each of these
cases, ]. Bernoulli made a general conclusion about the shape of the fundamental vibration
mode of continuous string.

Conventionally, one can discuss “Johann Bernoulli’s method of finding the shape
of the fundamental mode from the infinite limit of lumped masses on an elastic string
(1727)” [49] and consider J. Bernoulli a pioneer of the continualization method. It can also
be noted that the equations contained in [45], in modern notation, are written in the form
(1) [10].

The term Born-Karman model of lattice dynamics is also often used for the DDE
(1) [11,13,21]. This is quite justified in molecular physics because in this science, it is an
asymptotic model based on the Born-Oppenheimer approximation [31,32].

As for classical mechanics, we can mention that Lagrange in his Analytical Mechan-
ics [50] not only wrote Equation (1) in modern form but also studied its solutions and
properties for the first time. This allows us to consider the use of the term “Lagrange lattice”
to be justified.
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