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Abstract. The classical problem of the interaction of charged particles is considered
in the framework of the concept of short-range interaction. Difficulties in the
mathematical description of short-range interaction are discussed, for which it is
necessary to combine two models, a nonlinear dynamic system describing the motion
of particles in a field, and a boundary value problem for a hyperbolic equation or
Maxwell’s equations describing the field. Attention is paid to the averaging procedure,
that is, the transition from the positions of particles and their velocities to the charge
and current densities. The problem is shown to contain several parameters; when
they tend to zero in a strictly defined order, the model turns into the classical
many-body problem. According to the Galerkin method, the problem is reduced to
a dynamic system in which the equations describing the dynamics of particles, are
added to the equations describing the oscillations of a field in a box. This problem is
a simplification, different from that leading to classical mechanics. It is proposed to
be considered as the simplest mathematical model describing the many-body problem
with short-range interaction. This model consists of the equations of motion for
particles, supplemented with equations that describe the natural oscillations of the
field in the box. The results of the first computer experiments with this short-range
interaction model are presented. It is shown that this model is rich in conservation
laws.

Key words and phrases: many-body problem, Galerkin method, short-range
interaction

1. Interaction

Studying the motion of a beam of charged particles in an external elec-
tromagnetic field with the interaction of particles taken into account is one
of the most important and popular problems in plasma electronics. In the
framework of the generally accepted approach to its study [1, § 2.3], the time
interval is divided into discrete steps of length At. At each step, based on the
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current positions of the charges and their velocities that define the currents,
the induced field is calculated as a solution of Maxwell’s equations. Then this
‘induced’ field is added to the external field and the new positions and veloci-
ties of the particles are calculated, which they acquire in this field under the
action of the Lorentz force.

The described scheme allows for many variations [1]-[3]. However, these
details do not at all remove the division into processes: for one time step,
first, the charges and their velocities generate a field, and then the field acts
on the bodies through the Lorentz force.

It is quite obvious that what has been said gives a description of a numer-
ical method for studying a certain mathematical model of the many-body
problem with short-range interaction. The latter is explicitly taken into ac-
count in the model: at each step, the field is calculated and the interaction
between particles is carried out through this field, which is described using
the Maxwell’s equations, that is, hyperbolic equations that describe the prop-
agation of signals with the speed of light ¢. However, the model itself remains
undescribed; moreover, the issue of the convergence of the described numerical
method, i.e., the study of the limit at At — 0, is usually avoided.

From a mathematical point of view, it is necessary to combine two models
into one system: a nonlinear dynamic system that describes the motion of
charges based on the Lorentz law, and a linear system of Maxwell’s equations
that describes the dynamics of the electromagnetic field. Separately, these
models are well studied. Dynamical systems with analytic right-hand sides
are solved in analytic functions, and the convergence of the finite-difference
method is proved in the C norm [4]. Maxwell’s equations, as well as linear
partial differential equations in general, are naturally solved in Sobolev spaces,
and an approximate solution is also sought in one or another integral norm, for
example, in L? over the space [5]. However, when combining these models, we
must consider dynamical systems, the right-hand sides of which are elements
of Sobolev spaces, and Maxwell’s equations, in which currents and charges
are combinations of d-functions. We do not have a theorem on the existence
of a solution for such problems.

A detailed description of the model, separated from the numerical method
of its study, is very useful, firstly, in order to be able to assess the quality of the
study in terms of closeness to the exact solution, and not in terms of closeness
to the expectations of the experimenters. Secondly, good mathematical models
always have a large number of symmetries, which correspond to conservation
laws. Checking their performance provides another important criterion for
assessing the quality of the numerical method. Finally, it cannot be ruled
out that less obvious, but more effective numerical methods for studying this
model can be found.

Thus, for example, by means of computer experiments it was found that
the Boris difference scheme for solving the equations of motion corresponds
to the expectations of experimenters more than others [1|. To explain this
effect, Hong Qin et al. [6] showed that this scheme is the phase volume
when integrating the equations of motion of one particle in an external
electromagnetic field. The question of whether the Boris scheme inherits the
properties of the original system in the many-many problem, which, we note,
is not Hamiltonian, was not raised.

In this paper, we consider the simplest formulation of the many-body
problem with short-range interaction described by the wave equation. To add
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boundary conditions to the wave equation, we consider the problem in a finite
domain. The question of setting the radiation conditions in such a problem
does not seem trivial to us, although to simplify the problem it is usually
assumed that the field in the far zone should be equal to zero.

2. Short-range interaction mathematical model

Let there be N identical bodies of mass m, under the assumption of
short-range interaction between them, they produce a field with potential u
and move in it in accordance with the second Newton’s law. The simplest
formulation can be written as follows: the dynamics of particles is described
by the set of equations

mr, = n=1,2,..,N, (1)

and the field dynamics is described by a wave equation

1 9%u
2 Ot

where p is the density of mass distribution:

= Au+p, (2)

p= 725 F—7,) (3)

Here it is reasonable to consider § as a smoothed prototype of Dirac delta
function that tends to the delta function in the limit s — 0.

By virtue of the Poisson formula [7] and regardless of the boundary condi-
tions imposed on the field, this problem becomes classical if we first proceed
to the limit ¢ — oo, and then to the limit s — 0.

Theorem 1. Let there be a family of solutions to the system (1)—(2), param-
eterized by two parameters ¢ > 0 and s > 0, and let it satisfy the condition

u,u; € L2(R3)

at t = 0. If we first proceed to the limit ¢ — 0o, and then to the limit s — 0,
then this solution becomes the solution of the classical many-body problem.

Proof. According to the Poisson formula

RN T T Vo
T 4r |7 — 7|
|7|<ct
47Tcat // |7‘—r 47rc // |r—r - (4

|P|=ct |P|=ct
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Under the assumptions made about the initial conditions, the last two
terms tend to zero as ¢ — oo and we get

. 1 p(1,t)
)= — dv'.
ur 47r///|r«—r«f| ’
R3

Substituting Eq. (3) here yields an expression that, at s — 0, becomes

However, we cannot substitute it directly into (1) because this would lead
to dividing by zero. However, for s # 0, the expression for u is a sum of terms
of the form ¢ (¥ —7,), having an extreme at 7 =7,,. So

V¢S(F - Fn)';:;n =0
and there is no division by zero:

=i =7 Z vqbs(?m - 7_r:n)

n#m

Vu

Now, proceeding to the limit, we get in the right-hand side of equation (1)
exactly an expression that should be in the many-body problem

Tl
me#n ' N m

The proved theorem allows us to hope that for large ¢ the solutions of
the system under consideration resemble the classical many-body problem.
However, it is important to emphasize that the order of proceeding to the
limit is important.

We are interested in constructing a model of many-body motion, in which
short-range interaction is explicitly taken into account, rather than in the
classical limit itself. For our purpose, it is necessary to supplement the
differential equations with initial and boundary conditions.

Let the bodies occupy fixed positions up to ¢ < 0, then for ¢t < 0 we know
u as a solution to the Poisson equation

Au = —p.

At the moment ¢ = 0 the bodies are given initial velocities. Adding the
initial condition u, = 0 to the wave equation, we get the classical initial value
problem for finding the potential u, if we assume that the density p is known.

Let us turn to the boundary conditions. We assume that the bodies do
not radiate waves that are noticeable in the far zone. To treat this problem
numerically, we place the systems in a Dirichlet box G and set the conditions

u‘aG = 0 on its boundary. This box will replace the boundary conditions at
infinity.
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The complete problem is formulated as follows. Given initial positions

7“510) and initial velocities v%) of the bodies, the solution is calculated to the

boundary value problem

N 0
Au’O =7 Z 5s<7_;_7_;§1))7
5

u| =0.
lel

It is required to find the functions 7, (t) and u(x, y, 2, t) satisfying the initial
and boundary value problem:

mr, =

1 0%u N (6)
CEW_AU Z T'—T

with the initial conditions

T o=Ty , ?:vn, u=1uy, u, =0 (t=0)

and the boundary conditions u‘ =0.

We believe that this problem has a unique solution for small . However,
the proof of this assertion requires a more careful description of the class
of functions in which the solution is sought. We confine ourselves to a few
computer experiments with this model.

3. Galerkin method

A natural method for solving the oscillation equation in a finite domain is
the Galerkin method [8]-[10]. Let ¢,, be the normalized eigenfunctions of the

Laplace operator in G, and let a2 be the corresponding eigenvalues. We seek
the solution of the wave equation in the form

u(z,y, z,t) = Zu a:y, z), (7)

where u; are coefficients yet unknown. Then

1 d*u;

poRETS ~|—a u; —72///58(F—?n(t))¢jdxdydz, ji=1,2,..

and

dt2 = Zu V¢| n=12,..,N.

If we truncate the sum over j to any finite number of terms J, then the
system has a unique solution, taking into account the initial conditions.
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In the limit s — 0 we get

1 d*u; ,
2 dt2 +a“ —VZchﬁ, i=12....J (8)
and
dQF J
m dtzn :_Z )V, L < n=12,...,N. (9)
=1

The initial conditions for 7, are given and for u; they are found from
equation (5) using the explicit formulae

a?u // 9 ( )¢ drdydz

or N
)=5> e, (10)
J n=1 "
and
aj(()) =0. (11)

By virtue of the Weyl lemma [11], [12], the eigenfunctions of the Laplace
operator are twice continuously differentiable in the domain considered. There-
fore, the system of ordinary differential equations (8), (9) falls under the
conditions of the classical Cauchy theorem. This means that the initial value
problem for equations (8), (9) with initial conditions (10), (11) has a unique
solution, at least in the vicinity of the initial data. Moreover, standard numer-
ical methods can be applied to this problem, for example, the Runge-Kutta
method [4].
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Figure 1. The first body trajectory at ¢ =1 and ¢ = 10

Example 1. For example, let us take the box in the form of a cube [0, L]3.

Then the eigenfunctions are expressed as

. mmx . Ty . Tkz
sin ——sin Lysm 7 n,m,k € N,
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with the corresponding eigenvalues

2 ™, 2 2
s = ﬁ(m +n® 4+ k°).

Taking the first J functions from this set, the initial positions and velocities
of the bodies, we uniquely determine the initial problem (8)—(11), which we
will solve by the classical Runge-Kutta method of the 4th order.

Let us take, for example, c =1, m =1, vy =1, L = 10 and consider the
problem of two bodies. We place the first body at the point (6,5,5) and the
second one at the point (4,5,5). Let the first body be at rest, and the second
one have an initial velocity ¥, = (0,1,0) In the classical case, this leads to
the rotation of bodies along ellipses around their center of gravity (5,5,5),
and the motion occurs in the xy plane. Our computer experiment shows that
in the case of short-range interaction, the motion also turns out to be planar,
but instead of ellipses, more complex non-closed curves are obtained. If we
set the velocity in the direction of the Oz axis, the motion still remains flat,
only the plane itself changes. Therefore, our system is rich in integrals of
motion.

4. Conclusion

The initial value problem (8)—(11) can and should be considered as a mathe-
matical model describing the many-body problem with short-range interaction.
Equation (9) has a very simple physical meaning of a mechanical equation of
motion (the second Newton law), and equation (8) describes the natural oscil-
lations of the field in the resonator G. The transformation of the box G into
a resonator seems quite natural in the framework of the theory of short-range
interaction.

A few computer experiments that we have managed to perform demonstrate
that this system is rich in conservation laws. However, it is not yet clear to
us how to study them analytically. We hope that further experiments with
this new problem will clarify the issue.

With respect to the system (1), (2), this problem is a simplification, however,
a simplification different from that leading to classical mechanics. By virtue
of theorem 1, we will pass to classical mechanics if we first proceed to the
limit ¢ — oo (long-range interaction), and then to the limit s — 0 (narrowing
the charge density to d-functions). When deriving the system (8)—(11), we
restrict the number of oscillations in the box to a finite number of modes
(Galerkin method) and immediately proceed to the limit s — 0. In this case,
the limit ¢ — oo makes the singularity problem perturbed, and, from the
point of view of the Tikhonov and Vasilieva theory [13], [14], slow variables
correspond to the bodies, and fast variables correspond to the field.
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O 3agavye MHOTUX TeJI C OJIM3KOAeiiCTBUEM

M. M. F'ambapan’, M. 1. Manbix!:?

I Poccutickuti yrusepcumem dpysrc6vs napodos
ya. Muxayzro-Maxaas, 0. 6, Mocksa, 117198, Poccus
2 JlaGopamopus ungopmayuoniox mexnoroeul um. M. . Mewepsakosa
066eduHEHHDIT UHCMUMYM A0EPHIT UCCAeI08aHUT]
ya. HKoauvo-Kropu, 0. 6, Hyona, Mockosckas obaacmo, 141980, Poccus

Awnnoramnus. B cratbe paccMarpuBaercsa KiacCudecKast 331248 O B3aUMOIEHCTBIHI
3apsi>KEHHBIX YaCTUI] B paMKax IpeJcTaBieHus: o oim3koaeiicTeun. O0Cy K Ia10TCst
TPYIHOCTU MATEMATUIECKOTO OMUCAHUS OJIM3KONEHCTBUSA, JJIsi YET0 HEOOXOIUMO 00b-
€IVMHECHUEC JABYX MOZEJIed — HeJUMHEHHOU NUHAMWYECKON CUCTEMBl, OIIUCBIBAIOIIEH
JBUKEHIE JaCTHUIl B II0JIe, 1 KPAaeBON 3aJa49n JjIsd TUIEePOOJINIECKOTrO yPaBHEHUS
nan ypapHeHut MakcBesia, OMUCKHIBAIONINX IT0JI€. YIeJeHO BHUMAHUE IIPOIELype
OCpEeHEHUd, TO €CTh Mepexo/ia OT IOJIOYKEHUN YaCTUI] U UX CKOPOCTEN K IJIOTHO-
cTaM 3apsaia u Toka. [lokazaHo, 94T0 3a/1a49a COJIEPXKUT HECKOJIBKO IMApaMETPOB, IPU
CTPEMJIEHUN KOTOPBIX K HYJIIO B CTPOTO OIIPEJIEJIEHHOM IOPSJIKE pacCMaTpuBaeMast
MOJIEIb MTEPEXOJIUT B KJIACCUIECKYIO 3a7a4dy Muorux Ttej. Ilo meromxy anépkuna srta
3a/1a49a CBeJCHA K TUHAMHUYECKON crucTeMe, B KOTOPOI K ypaBHEHUAM, OIMCHIBAIOIIAM
JUHAMUKY YaCTHII, J00ABIAIOTCA yPABHEHUS, OIUCHIBAIOIINE KOJTEOAHUS TIOJIs B SIIIIH-
Ke. DTa 3a7a4a IpeJcTaBisgeT coboil yIIPOIIeHne, OTJIANIHOE OT TOI0, KOTOPOE BEIET
K KJIACCHYIeCKOU MexaHuke. Fé mperaraerca paccMaTpuBaTh KaK MPOCTEHIIYIO MaTe-
MaTUYIECKYIO MOJIE/Ib, OIUCHIBAIOILYIO 33181y MHOTUX TeJI ¢ OJIM3KOAECTBUEM. DTa
MOJIESIb COCTOUT M3 yPaBHEHUH JBUKEHUsT YACTHUIl, K KOTOPBIM JI00aBJI€HbI YPaBHEHUSI,
OIUCBHIBAIONINE COOCTBEHHBIE KOJIebaHus MoJisd B siuke. [IpeacraBiienbl pe3yibTaThl
MIEPBBIX KOMITBIOTEPHBIX SKCIIEPUMEHTOB € 3TOM MOoAeabio bauskomeiicTeus. [lokazaHo,
9TO MOJEJIb OoraTa 3aKOHAMU COXPaHEHU.

KuaroueBbie ciioBa: 3aja4da MHOTHX TeJi, MeTon [anépkuna, 6/ Iu3K0IeiicTBIE



