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Let locally equilibrium configurations N, be found by solving the gradient descent problem (8),

sets of ascending binary distances are calculated R,, ..., R, . The algorithm for selecting
Im
a set {Rl, R, ,....,R, } of configurations that do not match each other boils down to the following
2 k
steps.

The desired set starts with the configuration R,. If d(R,, R,) > 0., then a second configuration
is added to the desired set and Rl.2 = R,. Let us now consider R,. To enable it, two inequalities must be
fulfilled, provided that the configuration R, was enabled earlier, namely: d(R, R) > 6, d(R;, R,) > ...
Continuing the specified process of sorting through the locally available equilibrium configurations,
we obtain the desired set of configurations {Rl, Riz, R Rik} that do not match each other, which are

located in pairs at a distance greater than J,.. It can be verified that the space of configurations with
distance d(-,-) is a metric space. The fulfillment of the axioms of identity and symmetry is obvious,
the fulfillment of the axiom of the triangle (d(R,, R,) < d(R|, R;) +d(R,, R;)) has been verified by the
Monte Carlo method. In all experiments, the axiom of the triangle was fulfilled.
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(a) Equilibrium configuration (b) Equilibrium configuration of (c) Four locally equilibrium configurations
of particle positions at @ = 4 particle positions at @ = 7 of particle positions at & = 25

Figure 2

Figure 2 shows examples of equilibrium and locally equilibrium configurations obtained by
solving problem (8) in experiments with the number M = 10*. In each of the experiments, all the
eigenvalues of the Hesse matrix (9) were found, which turned out to be non-negative in all cases.
In the calculations for solving problem (8), the initial positions of the cluster particles were selected
uniformly randomly from a cube [-L, L]?, where it was assumed that L = 1. In addition, it was
assumed that § = 10719, 5. = 0.05. In Figure 2, the positions of the particles are indicated by red
markers in the form of dots, the edges of blue and black colors have a length in the vicinity of one and
from the interval [1, 2], respectively. It turned out that the solution of problem (8) with an increase in
the number of particles in the cluster, starting from @ = 9, is not the only one. Figure 2, ¢ shows four
different configurations of particles in a cluster at @ = 25. In this case, when calculating by formula (7),
it is necessary to average the number of locally equilibrium configurations.

Table 1. The dependence of the value g, , on @

a 2 3 4 5 6 7 8 12 20 25
0.

Grar %=0.5 %50.5774 %gg 6124 | 0.6425 | 0.6593 | 0.6769 | 0.6888 | 0.7074 | 0.7364 | 0.7465

Table 1 shows the results of solving the problem (8) with subsequent estimation of the values ¢, ,
at @ > 5 according to the formula (7), as well as the known values at @ = 2, 3, 4. It should be noted
that the exact values of the parameter ¢, , at @ = 2, 3, 4 are reproduced with high accuracy within the

KOMIIBIOTEPHBIE UCCIIEJOBAHUS U MOJAEJIUPOBAHUE




The problem of choosing solutions in the classical format of. .. el1583

framework of solving problem (8). According to Table 1, a suitable regression model of the dependence
of the values g,, on @ was constructed, namely ¢,, = 0.401 + 0.129¢'/3, at the same time, the
coefficients of the regression model turned out to be significant at the level of no worse than 2 - 1074,

3. Marking up space using a binary potential

First, let us consider the binary interaction potential nof particr}les in a cluster when U =
= = - £ Dy _,(k i i
= X N<p2(|ql.’j|) = D N¢(|ri"’|)’ where ¢(r) = = [m( ) n( r) ] In units & and r, the Mie

I<i<j< <i<j< " 4
potential can be rewritten in dimensionless form ¢(r) = —2-r™" — -y~ Also, in the future we will

need two derived functions ¢(r): u(r) = £ = 1m (—r‘”‘2 + r"”‘z) u x(r) = ‘%’) = ”—(Zfizm F4 -

r n—m
- %r‘m“‘. The specified binary potential in the form of Mie (Lennard — Jones) is used, for example,

to describe noble (inert) gases [Hirschfelder, Curtiss, Bird, 1954].

Considering the particles in the cluster as balls with a radius %ro = % and equating the volume

of N ball particles to the volume of a cube with a side 2(L+ %), we find L = —% + i:/%ﬂ'N. In
the future, when searching for stationary points of the potential energy function using the gradient
descent method, we will proceed from the fact that the initial positions of the cluster particle centers
are positioned inside the cube [-L, L]°.

Taking into account the lower computational cost of searching for points of the local minimum of
the potential energy function in comparison with other stationary points, we consider two computational
procedures. As part of the first procedure for finding points of the local minimum, we will repeatedly
solve the problem of gradient descent:

X =-U, =~ Z/“l(ri,k)xi,k’
k#i
yl‘ = _in == Zlu(ri,k)yi,k’ (10)
k#i
g=-U, =~ Z:u(ri,k)zi,k’
k#i
where i, k = 1, ..., N; the point above the values x,, y,, z; indicates the derivative of the variable
along which the gradient descent is carried out. The system of 3N differential equations (10) is solved

N N N 172
until the norm of the gradient of the potential energy function || grad U|| = (Z U2+ 3y Uy2, + X U?

=t =
becomes less than some small number 6.

To search for stationary points, including points of local minimum, we will minimize the
N N N
expression @ = O(x;, y,, ..., Zy) = % YU + % > Uyz_ + % > UZZ_. As a result, for the second
=1 =1 =1

computational procedure for finding stationary points using the gradient descent method, the following
system of 3N ordinary differential equations can be written:

N

=y =) (le_ Uy + U U, o + U, Uzl_,x/_),
i1 '
N
Vi = _q)y.f - Z (Uxi Ux[.,yj * in in’yj * UZi UZi’yj)’ (1)

i=1

N

=0, ==Y (Ux’_ U, +U,U, . +U, UZ[_,ZI_),
i=1

where j=1,..., N.
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In (11) contains the elements of the Hesse matrix of the second derivatives of the potential energy
function. A Hesse matrix having dimensions 3N X 3N, can be represented as a block matrix consisting

of nine blocks {Ux.x_}, e {UZ.Z‘}, each of which has a size N X N, because i, j=1, ..., N, i.e.,
[0 (Aad]

{U"i”‘f} {U"i’yj} {U"f’zf}
- lo, ) o) (o) 1)

{ Uz,.,xj } { UZ,-,)’_/-} {Uz,-,zj}

Below are the expressions for counting each of the nine block matrices included in (12):

2 2
Uxi,xj = 6,',.,' - [X(ri,k)xi,k + /J(}’i,k)] -(1- 65,1') [X(r,"j)x,"j + ,u(r,"j)],
L
Ux[.,yj = 6[,]‘ ;X(ri’k)xi,kyi,k -(- 5i,j))((r,~,j)xl~,jyi,j,
l
Uxi’zj = 6,-’./- ;X(ri’k)xi’kzi,k - (1 — 6l-’j)X(ri’j).xi’jZl"j’
L
Uy =0 Z Xy — (L= 6 W Dy X0
k#i
Uy =06, oyt + ) = (=6, ) e 2 + ;)
ViV i,j £ ik’ ik ik i,j i,j/,j i,j’ |
L
Uy,-,z_, =0, ;X(ri,k)yi,kzi,k = (0 =0; X (r; )yi jzi js
l
Uz,.,xj = 5;‘,/ ;X(ri,k)zi,kxi,k - (1= 55,1-))((7,',.,-)2,',/%,]"
L
Uzi’yj = 51‘,]‘ ;X(ri,k)zi,ky,‘,k -(1- 6[,]‘)/\/(’”,',]')21',]')’[,]"
L
U, . =6, ) )z +ur )] = (=6, ) [ )z + utr, ),
ZpZ; i,j £ iL,k’%ik ik i,j i,j7%i,j i,j
l

First, we calculate the number of local minima N, of the potential energy function for a different
number of particles in the cluster N = 2, 3, ... For each N, task (10) is performed M times, counting
the initial positions of the particles as uniformly random vectors in the cube [~L, L]>.

Table 2 provides a summary of the results of calculating the number of local minima N, of the
potential energy of the cluster with a different number of particles N. In all solutions of problem (10),
it was assumed that n = 12, m = 6, i. e., the Lennard —Jones potential was taken into account. For each
value of N, M = 5 x 10* numerical solutions of the problem (10) were carried out. It was assumed
that 6 = 10719, 6. = 0.05. The signs of the inequalities “>” in Table 2 mean that the estimates of the
number of local minima are given from below.

Table 2. The results of calculating the number of local minima of potential energy for a different number of
particles in a cluster

N |[2+5]6
N

Im

~
oo

12 15 20 25 30
1 214 18]>29 | >934 | >6922 | >16'423 | > 18’984

Table 2 clearly shows that the number of local minima N, = increases rapidly with the increase
of the number of particles N in the cluster. According to Table 2, we will construct an asymptotic
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regression estimate (in the class of functions N, =b,+ ehN ) of the number of local minima. It
was found that the coefficient b, is not statistically significant (at the level of 0.05), whereas the
coefficient b, is highly significant, therefore it can be written N, o V327N at N > 6. The coefficient
of 0.327 in the regression estimation is significant at the level of no worse then 5.56 - 1078, In other
words, the number of local minima is growing exponentially fast. This assessment is consistent with
the assessments of other authors [Stillinger, LaViolette, 1986; Bupiureitn, [Ttuisia, 1964].

Figure 3 shows spatial samples of locally equilibrium configurations of particles in clusters with
a number of particles 6 and 7, respectively. The straight lines in the graphs in Figure 3 are drawn in
cases where their length differs from one by no more than 0.05. The graphs in Figure 3 and below
depict the potential energy values of each of the locally equilibrium configurations, ranked in ascending
order of potential energy from left to right and from top to bottom.

U =-16.5054 U=-15935

U=-12.7121 U =-12.3029 0.5@ 0.5 @
0.5 0.5 03 0. SL

~ 05
v 0355203% 0404705
w0 0.5 U=-1s. 5932 U =-155331
-0.4
-0.5 0
04 05 vy 0 0.5 _0 5 —0. 4L _
0 0. 0495 . -~ 0 5 05 0.5
y =04 -0.5 5205 0.5 -0.5
(a) Two locally equilibrium cluster configurations (b) Four locally equilibrium cluster
atN==6 configurations at N = 7
Figure 3

Let the values of potential energies of locally equilibrium configurations be concentrated in the
interval [min U, , max U, |. In this case, the relative range of changes «;, in the potential energies of

S . . . 2(max U, —min U
the equilibrium configurations is determined by the formula «, = f;i‘;l];’:’—m So for N = 12,

15, 20, 25, 30 it is found that x, = 0.1695, 0.1479, 0.1346, 0.1042, 0.1000 respectively, i.e., with
increasing N, the relative interval «, decreases. Considering that the coefficient «, is non-negative,
a suitable regression formula was constructed to estimate the dependence «j, on N, namely «, =
= 0.054 + == 1414 , N > 12 at a coefficient value level not higher than 0.012. Thus, with an exponential
increase in the number of local minima, their relative energy concentration range decreases, i.e.,
there is a rapid increase in energy degeneracy of various local minima. This means that individual
locally equilibrium spatial configurations can be very different, whereas their energies can be close to
each other.

As an example, we will construct a pair of locally equilibrium cluster configurations with N =
= 30, which, on the one hand, are spatially noticeably different from each other, on the other hand,
their energies differ slightly. Let the desired equilibrium configurations have numbers s and A. Let

us determine the relative distance between the energies of the equilibrium configurations by the
2|Ulms Ulmh

formula: « , = F=57 . We will assume that a certain set of locally equilibrium configurations
o Im,s lm h

has been found in M experiments on solving the system of equations (10). Let us choose from this
set such a pair of configurations with numbers s and A, for which the maximum is realized D =
= max d(R;, R,), when k , <0,.

s,y k h<6,(
Figure 4 shows the result of calculations in the form of a pair of locally equilibrium
configurations that differ markedly from each other, whose energies differ slightly. Although it was
believed that M = 5-10%, 6, = 107, it turned out that D = 0.9899, i.e., a pair of configurations are
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U =-121.2478 U =-121.2385

Figure 4. Example of a pair of markedly different locally equilibrium configurations of a cluster with N = 30,
whose energies differ in the second decimal place

spatially noticeably distinguishable. To clearly indicate the difference between a pair of configurations,
edges with lengths in the vicinity of one are marked in blue, while edges with lengths in the vicinity
of 3.5 are marked in black. As indicated by the presence of several long black ribs, the configuration
on the right in Figure 4 is noticeably more elongated than the configuration on the left.

Figure 5 shows two graphs describing the statistics of a population of 18’984 local minima of
a cluster with N = 30 particles. A histogram of the distribution of local minima in energy is plotted
on the left graph. A suitable density curve for the normal distribution is also shown. It can be seen
that the envelope of the histogram differs slightly from the density of the normal distribution, having
a noticeable positive coefficient of asymmetry. The right graph shows a diagram of the scattering of
potential energies of locally equilibrium configurations of the cluster under consideration.

Table 3 provides a summary of the results of calculating the number of saddle configurations N,
of the potential energy of the cluster with a different number of N particles. When numerically solving

problem (11), it was assumed that L = if/%nN , this is somewhat more than in previous calculations.

In addition, in all calculations for different values of N, it was assumed that M = 10°, § = 10719,
o, =0.05.

0.35
03F ~118} -
0.25} 12
0.2}
~-122F
0.15}
~124
0.1t
-126
0.05}
0 -128 L
-128 —124 —120 116 5000 15000

U

Figure 5. Histogram (left) and scatterplot (right) of energies of locally equilibrium configurations of cluster
particles at N = 30
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Table 3. The results of calculating the number of saddle configurations of potential energy for a different number
of particles in a cluster

N | 213 5 6 7 8 12
N — 121415 77 536 | > 4557 | > 86’423

Sc

~

\%
Vv

From a comparison of Table 3 with Table 2, it follows that the number of saddle configurations
is growing even faster than the increase in the number of configurations of local minima with an
increase in N. According to Table 3, a regression model was built to estimate the number of saddle
configurations, namely N, oc e*%47N N > 4, whose coefficient is significant at the level of no worse
then 2.22 - 1071, A comparison of the two regression models shows that the coefficients in exponents
at N differ from each other by 2.90 times, i. e., roughly speaking, N, o« N[2n.190'

Figure 6 shows the saddle configurations of two clusters with N = 4 and N = 5 particles in each.
Note that all four saddle configurations of a cluster consisting of four particles are flat shapes.

U=-84806 U =-8.1979 U =-7.8535 U =-7.5303
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(a) All saddle configurations in a four-particle (b) All saddle configurations in a cluster with five
cluster, N = 4 particles, N = 5
Figure 6

As in the case of equilibrium configurations, the relative interval of change in the potential
energies of saddle configurations «,., calculated by the formula «,. = % was estimated.
It turned out that for N = 4, 5, 6, 7, 8, 12, the relative intervals of change in the energy of the saddle
points were k. = 0.4464, 0.5857, 0.6544, 0.7018, 0.7835, 0.8152. Based on these data, the regression
dependence of the coefficient «,. on N. It turned out that x,. = 1.034 — %, N > 4, where a pair of
coefficients of the regression model are significant at the level of no worse then 2.59 - 10~*. Thus, the
relative interval of change in the energy of saddle points with increasing N can be assumed to tend to
a certain constant value.

Note that in the numerical solution of problem (11), it was not possible to detect the presence
of local maxima in the Lennard —Jones binary potential. There were exclusively saddle configurations
and configurations of local minima.

4. Conformational transitions with binary potential

Consider the joint positioning of equilibrium configurations and saddle configurations, for
example, when N = 7. Taking into account Table 2 and Table 3 at N = 7, the number of equilibrium
configurations will be N, = 4, while the number of saddle configurations will be — N, = 536.
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Figure 7. Distribution of the number of positive and negative eigenvalues of the Hesse matrix of saddle
configurations (left); distributions of potential energies of saddle, U,. and locally equilibrium configurations,
U, (right)

im

Figure 7 on the left shows two distributions of the number of saddle points with the same
values of the number of positive p, = 6, ..., 14 and negative m, = 1, ..., 9 eigenvalues of the
Hesse matrix (12) for the selected number of particles in the cluster N = 7. Both distributions are
symmetric, because the equality was true for each saddle configuration p,+m, = 3N -6|,_, =15, a =
=1, ..., 536. Figure 7 on the right shows the distributions of potential energies of saddle (U, markers
in the form of dots) and locally equilibrium configurations (U, , markers in the form of pentagrams).
It can be clearly seen that the potential energies of locally equilibrium configurations lie below the
corresponding energies of saddle configurations. For convenience, all potential energies in groups of
saddle and locally equilibrium configurations are subordinated in ascending order.

Let us consider the question of the transformation of an arbitrary saddle configuration into
one or another equilibrium configuration, bearing in mind the effect of a force equal to the anti-
gradient of potential energy. We will denote by w, i = 1,..., N, = 4 the number of saddle
configurations, which, after some variation of the initial configuration, under the action of an anti-
gradient of potential energy, turn into one, two, etc. equilibrium configurations. By some variation of
the initial configuration, it is understood that a small random vector 6{§,, ..., &;,} was added to the

saddle configuration {x(lsc), . zg\‘;”)}. Wherein it is considered that 6 = 0.05 and a set &, ..., &, —
uniformly random numbers from the interval [—1, 1]. The number of variations of saddle configurations
was chosen in proportion to the value 250p,, @ = 1, ..., N,. = 536 and varied from 250 x 6 = 1500
to 250 x 14 = 3500. After each variation, gradient descent was applied by solving problem (10),
followed by reaching one of the four equilibrium configurations.

Figure 8 shows a typical calculation sample in the form of four graphs, on which straight lines
connect saddle and equilibrium configurations in four cases when one, two, three and four equilibrium
configurations are achievable from the saddle point, respectively. For this calculation, the number of
corresponding saddle configurations was: w, = 26, w, = 102, wy = 194, w, = 214, at the same
time w, +w, + wy +w, = 536. From the analysis of numerical frequency values, it can be seen that the
proportion of saddle configurations, of which a single equilibrium configuration is achievable, is a small
value ~ 4.8 %. Of the majority of saddle points (= 76.1 %) three and four equilibrium configurations
are achievable. As in Figure 7, in Figure 8, saddle configurations are marked with markers in the form
of dots, while locally equilibrium configurations are marked with markers in the form of pentagrams.

We will define and study the mechanism of transformation of the cluster geometry, similar
to conformational fluctuations. The conformations of macromolecules were considered earlier [Bup-
mreiH, [ItuneH, 1964]; currently this direction is under intensively developing in the context of
computational experimentation [Chakraborty, Banerjee, Wales, 2021].
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Figure 8. Ways of achieving equilibrium configurations from each saddle configuration in a cluster with N =7

Let the excitation energy AE be transferred in some way to a locally equilibrium cluster /m,,,
initially having one of the equilibrium configurations with energy U, . The new energy of the
0

max U], i.e. U, + AE € [minU
0

Taking into account Figure 8, it is clear that the energy range [min U, max U] is densely filled

with various saddle configurations. Let the new cluster configuration sc, coincide with such a saddle

configuration, whose energy is closest to the energy U, +AE,i.e. USC1 = U,, +AE. For the transition
0

from the saddle configuration sc, = {x(ll), ey z%)} to one of the locally equilibrium configurations,

problem (10) was solved, while randomly perturbed positions of the saddle configuration were
selected as initial positions according to the formula: {x(ll) +6&,, ..., zg\}) + 6§3N}, where 6 = 0.05,
£, ..., &y are uniformly random numbers from the segment [—1, 1]. After entering one of the
equilibrium configurations /m, with energy U I, the whole procedure was repeated. As a result,

cluster U, + AE should enter the range [min U max U,_].
0

sc? sc?

a chain of conformational transitions was built: Im, — sc;, — Im; — sc, — ... The number of different
saddle configurations, which did not exceed the number of equilibrium configurations, amounted to the
number four for this particular case.

Figure 9 shows typical results of a computational experiment illustrating various formats of
conformational transitions in the form of “switches”. A switch is understood as a nonstationary
conformational oscillation in which equilibrium and saddle configurations from fixed sets are quasi-
periodically repeated. An arbitrary switch S, . can be characterized by a pair of integers, where is the
number of equilibrium and saddle configurations p (p > 1) and ¢ (¢ > 1) manifested in a conformational
oscillation.

The thickness of the arrows in Figure 9 illustrates the frequency of transition between cluster
configurations in a chain of conformational transitions, whose length in all calculations was 300. There
are also geometric miniatures of clusters in saddle (top) and locally equilibrium (bottom) formats.

Figures 9, a and 9, b shows the switches S 12 and S 22 At the same time, if in Figure 9, a
both locally equilibrium positions are achievable from one saddle configuration, then in the example

in Figure 9, b is from two. Finally, Figures 9, ¢ and 9, d show examples of switches S ,, S

4.4
5. Marking space using a multiparticle potential

Let us consider the marking of space using a multiparticle potential U, with maximum partiality.
Taking into account (4), (5), we write down the desired potential:

Uy = N o [ 13
N—N;‘PN(qi)—N;ﬁb(a} (13)
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U=-154447 1 _ _14.8759 U =-77431

% —15.4447 wﬁm
NE = 0.49062 N AE = 1.0752 ME =7.8551

U=-15935 U= —216-5054 U=-15935 U=-165054 U= —15.59322 U = -16.5054 %U = _15.5331

(a) Switch S, (b) Switch S, , (c) Switch § 5,

U =-12.4534 U =-12.857

U= —13.4285% % U!— -12.5019
B

U =-15.5932 U =-16.5054

N U =-15.935 % = -15.5331

(d) Switch § , ,

AE =3.0794

Figure 9

N
where ¢(r) = Lr™ — Lo g = |ql, q; = T; — T, T = % D r,— the center of symmetry of the
J=1

cluster particles. The parameter estimation g,y 1s given in the second section, namely g,y = 0401 +
+0.129N'/3.

Let us define the procedure for searching for equilibrium configurations of cluster particles with
potential energy (13) by the gradient descent method, then

U e g, 1 & (q )
. N N i k
X=—m—=- — | (x; = x5) — — — | (x, = x.0)
l 0x; NQE,N »,u q.n 0 = o) N;’u «N (% = Fos
ou £ [ q. 1 & (q )
. N N i k
V== Pl =0 =Ye) = ) M| | Ok = Yes) | (14)
i 8}’[ NQiN 7 q*,N i cs N ; N k cs
z —_%—_S_N_,u i (z. -7 )_i N'u(i)(z —7.)
i aZi qu,N » q*,N i cs N - . k cs/ |

where u(r) = @ =n (—r‘”‘z + r‘m‘z), it was believed that n = 12, m = 6.

A new quality was found when estimating the number of locally equilibrium configurations in
the multiparticle potential (13) by repeatedly solving the system of equations (14) at different values
of the number of particles in the cluster N. Starting from the value N = 4, the number of equilibrium
configurations turned out to be infinite, while they are not separated from each other. It also turned
out that the energy of each of the equilibrium configurations is the same and equal —&,. In the
calculations, it was assumed that &,, = 1. Below we show that all equilibrium configurations in the face
of the positions of the cluster particles are located on a sphere, whose center corresponds to the center
of symmetry of the cluster, while the radius of the sphere is equal to g, N

To illustrate the existence of an infinite number of equilibrium configurations, a series of
calculations of the system of equations (14) was performed to find the number of equilibrium
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configurations N, in a cluster of four particles, i.e., at N = 4. The parameter ¢, that separated one
equilibrium configuration from another varied within the framework of the corresponding criterion.
In all calculations, the initial positions of the cluster particles were selected uniformly randomly

from the cube [-L, L]?, where it was assumed that L = —% + % ,3/ ‘3—‘7rN . The number of calculations M of

the system of equations (13) for each of the parameter values §, was chosen equal 10*. The parameter §
in the gradient descent completion criteria was considered as equal to 107'°. According to Table 4, the
number of equilibrium configurations increases rapidly with decreasing parameter .. This indicates
that there are infinitely many equilibrium configurations, which are not separated from each other.
Thus, unlike the binary potential, where the equilibrium configurations are separated from each other,
there are infinitely many nonseparated equilibrium configurations in the multiparticle potential.

Table 4. Dependence of the number of equilibrium configurations in a cluster with N = 4 on the parameter ¢,

0.05 | 0.02 | 1072 | 1073
25 114 | 386 | 7382

0

c

im

We illustrate the positioning of an infinite number of equilibrium configurations of a multiparticle
potential on the surface of a sphere with a radius ¢, ,, whose center coincides with the center of
symmetry of the cluster. Let us make up the abbreviation of Lomonosov Moscow State University —
MSU from the positions of N = 114 cluster particles. Let us ensure that this, when chosen as the
initial configuration, leads to an equilibrium configuration obtained as a result of solving the system of
equations (14). Figure 10 shows the result in the form of a sphere of radius g, , on whose surface the
points indicate the positions of the first 57 particles (Figure 10, a) and the second 57 (Figure 10, b), the
positions of which are distinguished by a sign. Straight lines connect the vertices, the distance between
which is in the vicinity of 0.1463.

(a) The locally equilibrium configuration of N = (b) The locally equilibrium configuration of N =
= 114 particles, the positions of 57 of which = 114 particles, the positions of 57 of which
reproduce the abbreviation MSU reproduce the inverted abbreviation MSU

Figure 10
We define a procedure for searching for stationary (saddle) configurations of cluster particles
with potential energy (13) by the gradient descent method. To do this, we will solve the

problem (11), (12), where we take the multiparticle potential (13) as a potential. Let us write down the
expressions for the nine blocks of the Hesse matrix (12) of the multiparticle potential (13); then

U £ 1 ( q; ) q; 1 4i
N N i 2 i i 2
= ——Xx|— (X~—XA) +,U(_) 6['_ X( )(xl‘_xc‘) -
Ox; 0x; qu’N {Ljf’N q.n) " ¢ q.n)] " qu,N Y Y

oty mlas ool )
S el B X[ =) = x)" = —p|—
N4,y NCIiN an) N \4q,n
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where y(r) =

Table 5. Dependence of the number of saddle configurations in a cluster with N = 4 on the parameter ¢,

0.05 | 0.02 | 102 | 107
337 | 1235 | 2811 | 9324

c

0
N

Sc

As it turned out, as a result of solving problem (11), (12) with potential (13) at N = 4, the number
of saddle points is infinite. To illustrate the latter statement, Table 5 shows the results of a computational
experiment on counting the number of saddle points N, by solving problem (11)—(13).

In all calculations, the initial positions of the cluster particles were selected uniformly randomly
from the cube [-L, L]?, where it was assumed that L = %f/g—%N. The number of calculations M

of the system of equations (11)—(13) for each of the parameter values 6, was chosen equal 10*.
The parameter & in the gradient descent completion criteria was considered equal 107*. According
to Table 5, the number of saddle configurations is growing rapidly with decreasing parameter J,.. This
indicates that there are infinitely many saddle configurations and that they are not separated from each
other. As a criterion for the selection of saddle stationary points, the number of negative eigenvalues
of the Hesse matrix of potential energy (12) at a stationary point was calculated; this number should
be greater than zero.

To illustrate the positioning of saddle points relative to a sphere (radius g, ), on which
locally equilibrium configurations of potential energy (13) are concentrated, a cluster with N = 50
was considered. The search for saddle stationary points in the cluster was carried out in a series
of M = 200 computational experiments to solve the problem (11)-(13). The choice of the remaining
parameter values, including the choice of the initial positioning of the cluster particles, corresponded
to the choice of the parameter values of the previous task.
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Figure 11 shows the result of the calculations in the form of two distributions of the positions
of the cluster particles. The distributions with minimum and maximum potential energy values in the
considered series of calculations are shown on the left and right. It can be clearly seen that the particles
move away from the sphere as the potential energy increases. Note that the potential energy values
are given in relative terms when it is assumed that the potential energy parameter &,, = 1. Blue and
black straight lines connecting the positions of the cluster particles are drawn for the convenience of
depicting the cluster as a whole. The lengths of the blue and black edges are less than one and between
one and two, respectively.

U =-0.3349 U =-0.062159

Figure 11. Mutual positioning of saddle and locally equilibrium configurations of cluster particles with N = 50

6. Examples of particle dynamics with a multiparticle potential

Let us consider the dynamics of cluster particles, taking into account the specifics of the
multiparticle potential. Let at time ¢, ¢ € [0, T] some locally equilibrium configuration x,(t), y,(t),
z(t), i = 1, ..., N of the positions of the cluster particles be determined by solving the system of
equations (14). In this case, the positions of the particles lic on the surface of a sphere of radius ¢, ,
while the center of the sphere coincides with the center of symmetry of the cluster.

Consider the following scheme of random effects on the positions of cluster particles:

N
, 1

X, > x;=x;+p|& — NZ@ + NAx,
=1
| &

Vi 2 YiEyikpn= 5 20|+ NAY,
=1
&

;=L =z+p|d - N ;| + NAz,
j=1

wherei =1, ..., N, p — a small non-negative number, the amplitude of a random disturbance, &, n, £ —

uniformly random numbers from the segment [0, 1]; the vector Ar = (Ax, Ay, Az) can be interpreted
as the displacement vector of the cluster as a whole. We solve the system of equations (14) again,
choosing as the initial particle distribution the values x}, y!, z;, i = 1, ..., N. The found equilibrium
positions of the particles x,(z + 1), y,(t + 1), z.(t + 1), i = 1, ..., N also lie on the surface of the sphere,
they are considered as the next step in the dynamics of the cluster particles. Repeating the above
procedure many times, we will construct the dynamics of the cluster particles.

Let the displacement vector of the cluster particles as a whole be absent at the beginning,
i.e., Ar = 0. In this case, it should be expected that the cluster particles will randomly wander along
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the surface of the sphere, radius g, ,. Figure 12 shows an example of calculating the dynamics of
cluster particles when it was assumed that N = 50, p = 0.05, T = 10°. As the initial distribution x,(0),
¥;(0), z;(0), i =1, ..., N the positioning of the cluster particles on a circle was chosen. In Figure 12, a
and Figure 12, b, the initial positions of the cluster particles are marked with markers in the form of
bold black dots. Figure 12, a shows the initial positioning of the cluster particles, as well as the further
dynamics of three random particles from N. The trajectories of each of the three particles can be seen
to randomly wander around the sphere. Figure 12, b shows the trajectories of all cluster particles.

02 ‘....a¢...
0 o*
B °
_0.2 :. ...
-04 . N

1 -0.5 y 1 -05 vy
(a) Trajectories of three randomly selected cluster (b) Trajectories of all cluster
particles, N = 50 particles, N = 50
Figure 12

The results of the computational experiment in Figure 12 demonstrate that the cluster particles,
initially concentrated on a circle, tend to be quasi-uniformly distributed over the surface of the sphere,
while the sphere as a whole is at rest.

Consider the motion of cluster particles for the case when the displacement vector Ar of the
cluster as a whole is different from zero. To illustrate this case, we assume that the displacement
depends on time and corresponds to a curve on the plane called the Bernoulli Lemniscate, which in
appearance corresponds to the infinity symbol “co”. In this regard, let us assume that Ar = (LBx(t +
+ 1) — LBx(t), LBy(t + 1) — LBy(t), 0), where a pair of functions LBx(t), LBy(t), defines a parametric

2nt
LBy(t) = p

27t in 2
COs ¢ sin - cos

L 1€[0, T].

-2 2nt
I+sin” <

entry of the Bernoulli Lemniscate, when LBx(t) = Py

in2 2nt >
+sin T

Figure 13. Movement of a cluster of particles along a curve close to the Bernoulli Lemniscate, N = 100

Figure 13 shows an example of a numerical implementation of cluster dynamics, provided
that N = 100, p = 0.05, T = 35 and that the displacement of cluster particles followed the Bernoulli
Lemniscate. The trajectories of the cluster particles are given for the convenience of perception, spheres
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are constructed for each of the time points on which the positions of the equilibrium configurations of
the cluster particles are located.

7. Marking the space using a combined potential

Let us consider the layout of the configuration space using a combination of binary U, and
multiparticle potential U,, with maximum partiality. Taking into account (2), (4), (5) let us write down
the desired potential:

P N P N q
2 N i
Uyn = 5 Z ¢(ri’j)+FZ¢(q : ), (15)
i, j=1 (i#J)) i=1 #N
LN
where ¢(r) = L1 — o g = |ql, q; =T T T = '21 r; — the center of symmetry of the
f=1

cluster.

Within the framework of the combined potential (15), it is necessary to determine the choice
of a pair of parameters &), and &). In section No. 3, devoted to the description of the cluster using
a binary potential U,, it was assumed that &, = &, = 1. In section No. 5, where the multiparticle
potential U, was studied, it was assumed that &), = &,, = 1, at the same time, the potential value U,
for all equilibrium configurations was —1. If we assume that the interaction of particles in a cluster
is described only by a multiparticle potential U,, then it is necessary that the value of potential
energy U, in locally equilibrium configurations correspond to the characteristic values of potential
energy, which we find after averaging the potential energies of locally equilibrium configurations with
a binary potential.

Table 6. The average values of the potential energies of the equilibrium positions of the binary Mie potential
(n =12, m = 6) depending on the number of particles in the cluster N

N 21341516 |7 |8 12152025 | 30 | 50 | 100
—Fzz 113169 |13]16]19 |34 |48 | 72|98 | 124 | 234 | 531

Thus, assuming that U,, = 72, where 72 is the average value of the potential energies of locally
equilibrium configurations of the binary potential of Mi, we find &, = —72. Table 6 shows the values
of the average potential values of the locally equilibrium positions of the binary potential, depending
on the number of particles in the cluster.

According to Table 6, a suitable regression curve g, = 2.663N + 0.170 - N6 N > 2 was
constructed, whose the coefficients are highly significant at a level not less than the value 6.8 - 1073,

As a result, it turns out that the cluster can be described both in terms of binary and multiparticle
potentials. After taking into account the dependence €, = 2.663N +0.170-N 16 on N both potentials U,
and U, become comparable and can be mutually combined, e. g., according to the additive scheme,
when it is assumed that

g=e(l-0)=1-0, & =0ey=0(2663N+0.170-N'°), (16)

where o € [0, 1] — a parameter describing the proportion of the multiparticle potential in the cluster
description.
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Let us define the procedure for searching for locally equilibrium configurations of cluster
particles with potential energy (15) according to scheme (16) by the gradient descent method, 1. e.

U, v

& q 1 N
. v |4
X = - ax _82 ;ﬂ(rl k)'xzk quN M q*N X — ; ( *N)(.xk Xes :i,
(9U e | q. N
. N i
yi=- ==& ) ur )y — —5— |H|— |-y ( )(y -y, (A7)
i ay 2; k kK Nq*’N 7 q*,N cs kz *N k cs
ou g | . 1 &
. 2,N ’ N q; qk
4= ==& ) M)z — =5 || |G~ 2) — 5 M(—)(Z = Ze5) s
i azi 2 ; k%0 k NqiN » q*,N i cs N ; q*,N k cs

where u(r) = ¢(’ ) — . (—r‘”‘2 4 om2

that n =12, m = 6

Table 7 shows the results of a computational experiment to calculate the number of locally
equilibrium configurations N, in a cluster consisting of N = 12 particles. In each of their
experiments M = 3 - 10° calculations of the system of equations (17) with random initial positions

). In the calculation results presented below, it was assumed

of the cluster particles were performed. It was also assumed that L = —% + %13/%71'1\7, § = 10710,
0. = 0.05.

Table 7. Dependence of the number of equilibrium configurations on the proportion of the multiparticle potential,
N=12

o 0 [001[025][05]075|1-102|1-10"*]1
N 358 | 285 | 156 | 93 | 42 5 1 0

Im

According to the results of the computational experiment presented in Table 7, by varying the
proportion o of the multiparticle contribution to potential energy, it is possible to vary the number
of equilibrium configurations in the cluster up to the construction of a single configuration. The
implementation of a single equilibrium configuration means that over time, with arbitrary shaking
of the positions of particles in the cluster, they occupy well-defined positions, while the equilibrium
configuration as a whole is invariant with respect to shifts and rotation of the cluster as a whole.

Figure 14 shows the results of calculating a cluster with the number of particles N = 50 in two
cases when o = 1 — 107 and o = 1. It is clear that the spherical shape of the cluster is provided by
the main contribution to the potential of the multiparticle component. In Figure 14, a, a more or less
uniform arrangement of particles on the sphere is ensured by a binary contribution to the potential. In
Figure 14, b, the random distribution of particles on the sphere is, determined by the initial random
positioning of particles when solving the problem (17). A graph of one of an infinite number of possible
locally equilibrium configurations is given. The lines highlight those segments whose length does not
exceed 0.85.

The study of the dependence of the number of saddle configurations on the parameter o= was
carried out using the example of several clusters with N = 3, 4, 5. The problem (11), (12) with

a combined potential energy (15) has been repeatedly solved, provided that L = }L N %nN . For a cluster
with N = 3, the number of saddle configurations turned out to be several units, when o € [0, 1], at the
same time, it was assumed that 6 = 10719, 0, = 0.05. For clusters with N = 4, 5 the number of saddle
configurations was finite at o € [0, 1), § = 10719, 5. = 0.05. The number of saddle configurations
became infinite at o = 1, it was assumed that 6 = 10™*. Apparently, the same pattern will remain for
all other clusters with N > 5 as for clusters with N = 4, 5, i.e., at o € [0, 1) the number of saddle
configurations will be finite, while for o = 1 — the number will be infinite.
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0
Y -05 -05 X
(a) A single equilibrium configuration (b) One of the possible locally

in the case when N = 50, 0 = 1 —107%  equilibrium configurations in the case
when N =50, 0 =1

Figure 14
8. Conclusion

The paper presents a formulation and some approaches to the problem of choosing a solution
in the classical format of describing a molecular system. The classical format of description in terms
of molecular dynamics and the potential energy function provides an understandable way to choose
a particular solution or, stated otherwise, a way to mark up the configuration space with a set of
stationary points of the potential energy function. The marking of the configuration space using the
potential energy function can be used in the problem of choosing a solution in the quantum mechanical
format of describing a molecular system, for example, in connection with the theory of quantum
measurement.

The choice of one or another markup of the configuration space is related to the following
two physical and mathematical problems. A direct selection problem arises when the potential energy
function is given and a set of stationary points is obtained from it. Conversely, the inverse choice
problem occurs when a set of stationary points is given and it is necessary to reconstruct the
corresponding potential energy function from it. The present work considers the direct problem of
choice.

The potential energy function of a monatomic molecular system from a set of multiparticle
contributions has been constructed along with an algorithm defined for constructing a spectrum of
multiparticle potentials. The features of the configuration space markup using a binary potential and
a multiparticle potential of maximum partiality are considered in detail. If the number of stationary
points is large but finite at a binary potential, the set of stationary points can be infinite at a multiparticle
potential under certain conditions. When combining binary and multiparticle potentials, the possibility
of influencing the markup of the configuration space by changing the number and location of stationary
points is demonstrated.
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