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1. Essentials of Galactica

System Galactica for gravitational interaction otlles in the form of material points was
created in the beginning of 2012. Then ideas ofinga&imilar systems for other interactions had
appeared. As their structure is similar to systeafa@ica, | have decided to make them in the
form of additional modules for system GalacticaeYhvill be added in description by separate
items, and in the file system by new folders. Systalactica with Coulomb's interactions
represented in section 14. Further till section thé manual of system Galactica with
gravitational interaction between material-pointiies is followed.

The initial Galactica is a system intended fovsw problems in mechanical interaction
of material-point bodies. The interaction is assdmEwtonian. Galactica files are located in
folder GalactcW. This folder contains other folddreCndFls, InpFiles and RunFiles, and also
files GalDiscrp.pdf and GalDiscrE.pdf that contaiaspectively a Russian and English
description of Galactica. The  zipped folders can  beownloaded at
http://www.ikz.ru/~smulski/GalactcW/GalacFoldrs.zip

The system includes named executable files, fetante, glc3b3c, to be run on a
supercomputer under Unix OS, or glc3b3c.exe, taubeunder DOS; an input file galacf26.dat,
and a named initial data file specifying the intéirag bodies and the initial conditions of their
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motion, for instance, sn69JPA2.dat. Below, theefaftle will be referred to as the initial
condition file.

The results yielded by an exe-file are producedutput files. The representation form is
defined by keys specified in the input file gal&tfat. Following a certain number of steps,
characteristics of body motions can be issueds filentaining such data are named 1, 2, 3...
garez28.dat. The file garez28.dat is always prodiwre completion of the program. This file
contains characteristics of bodies at the finatwdation step. This is the main form of problem
solution output.

Besides, if certain keys are set in the inputdééacf26.dat, then parameters defining the
trajectory of bodies whose numbers are also defiméde input file are issued, too. The names
of the trajectory files are as follows: 1t, 2t,. 3ttraekt.prn. The file size is defined by the voim
of the data set in the input file.

If certain keys are set, then a file dice.dassgied. The file contains data on the time of
close approach of bodies, minimal distance betwkedies, and the number of a body
approached by the given body. Each line in thedite.dat is formed on accomplishment of a
certain number of integration steps. The numbersoth steps is specified in the file
galacf26.dat.

With a certain key set, a binary file (or, depewdion the particular computer, an
unformatted file) named galgon4 is issued. This @ibntains the state of the problem in binary
form at the last calculation step. On subsequeat sf the program, calculation is continued
starting from this step, the data contained initipat file and in the initial condition file not
being read out. The latter procedure is requiregbiring problems with long running times. The
interruptions in calculations do not worsen theigoh accuracy.

In the case of an emergency situation, an ertter ErrGlctca is generated; this file
contained a description of the error having ocaur&uch errors can be encountered in opening
files and their reading, and they also can be altrexf insufficient array dimensions or
impossibility to meet accuracy requirements in whtton of bodies merging together on
collision.

In Galactica, the possibility to produce a screémlata is provided. Those parameters
common to all bodies allows one to monitor both #hecution of the program and the
calculation accuracy. In solving a problem on aesapmputer, such data are saved in an output
stream file.

In a version of Galactica with PC display graphiedong with common problem
parameters, images of bodies with their velocitgteres can be produced. The form of images is
defined by keys and parameters set in the inprighllacf26.dat.

2. Differential equations of motion for material-pant bodies

In modern mechanics, a lot of extraneous featuse® been accumulated masking the
clear idea of how interactions are to be calculatél@rifications concerning the algorithm
adopted in Galactica can be found in [1-3].

All quantities in the initial condition and integi@n data files are used in normalized
form. The normalized values results from the reiductof differential equations to non-
dimensional form. Consider the equations in motaile

According to the gravity law, a body with numbeanttracts a body with numberthe
attractive force being

F.=-G mrik ; 1)
lic
whereG is the constant of gravitation, arff} is the radius-vector that connects the massive

bodym, with the massive bodw.
If the total number of bodies is, then thei-th body will be acted upon by all other
bodies, with the net interaction force being
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The second law of mechanicd= F /m, states that, under the action of force (2),ittfe
body will set in motion relative to an inertial (maccelerated) reference system with

acceleration

2= n v
d ooy Mk =120, (3)
dt k#i rik

where 1, is the radius-vector of the body, relative to some center in the inertial frame of
reference. For instance, in treating the interastioetween solar-system objectss the radius-
vector of the bodym with respect to the center of mass of the Solstesy.

Equation (3) gives a system afi Bonlinear second-order differential equation®eing
an arbitrary number. The total number of bodies specified in the input file galacf26.dat.
Besides, the arrays in the program should haveriioges not less than For instance, the exe-
file glc3b3c enables calculation of problems invatyup tor = 300 bodies.

Differential equation (3) is written in a non-acagted (inertial) frame. However, all
bodies move with acceleration, and only their centfemassC in the system of interacting
bodies is non-accelerated (on the condition thatabtion of other bodies on the system of
interest can be neglected). As a rule, observatoa®eing made to measure the coordinates and
velocities relative to some other body used asamdr For instance, in the Solar system the
coordinates of a massive body can be reckoned from the Sun (S); such coordinates

denoted ass; Ysi Zg, and velocitiesys;, Wsi, Vsi The latter coordinates and velocities can be
used to calculate the coordinates and velocitigh@tenter of mass of the Solar system, which,
in projection onto the axig have the form

Xc :Zm [Xsil Msg Ve :Zm Dhsil Mss (4)
i=1

i=1

n

Here,n is the total number of bodies in the Solar systant Mss = Zm is the mass of the
i=1

Solar system or, generally, the mass of all intergdodies.

Note that the motion of a selected body, say, tha, Saries in time, whereas the
reference frame keeps moving without accelerafidgrat is why the frame relates to a certain
time in the motion of the chosen body. For instatice frame attached to the Earth’s equatorial
plane refers to the beginning of a 50-year pergydtem of 1900.0, system of 1950.0, or system
of 2000.0.

The coordinates and velocities of bodies relativethi® center of mas€ taken in
projection onto the axisare

Xci = Xsi- Xc; Yci = Vxsi= Vi (5)
Here, the coordinates are expressed in meters; itmseconds; and masses, in kilograms.

With variables normalized by a characteristic sizéhe system of interacting bodiésn
and their masMss equations (3) acquire non-dimensional form [1Rr the Solar system, we
define the quantityAm so that to render the non-dimensional tifheexpressed in sidereal
centuries. Here, the quantiéymturns out to be close to the semi-axis of thedPtubit. In non-
dimensional form, the equation projected onto thie xais

% - _kzﬂ“ mok(;i(:<3 Xk) ) (6)
Here,x = Xci/ Amis the non-dimensional coordinate of thi body;myx= my / Mssis the non-
dimensional mass of th&-th body; ri :J(& -x)>+(y, - y)>+(z —z)® is the non-
dimensional distance between thi andk-th body;vy = vxcik( is the non-dimensional velocity
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of the i-th body; k, = /Gg\r/ln is the velocity coefficient in sec/mf = ti is the non-
Ss

G Mg, is the time coefficient in sidereal centuries pag.s

Ant

In initial condition files, in solar-system problenthe non-dimensional time = t4f is
expressed in sidereal centuries, each century a¢simgpPsq. = 36525.636042 days.

All quantities in Galactica are used as non-dinmra quantities, including the radii of
bodies Ra), their momenta Kyy), angular momentaMyy), Kinetic €,) and thermal K)
energies. Given two scalédsn andMss the coefficientk, andk; can be found. Afterwards, the
solution can be rendered dimensional using the ditasn

t =Tk Xmi=XAM Vmi=Vi/k; Ra=RailAnm Py =Po[Msdky,
x =M MsdAmk,; E=E[Msdk? E= Eo[Msdk,” 7

If the primary scale is the time expressed, say, in sidereal centuReg, then the scale
lengthAm entering the expression fkrcan be calculated as

Am= (GIMsdkd)™?, (8)

dimensional time; and, =

wherek; = 1/(Psqd24(3600).

In mode KI1 = 0, i.e. in operation with input daad initial conditions specified for a
distributed region filled with substance, a densitypodiesg, expressed in kg/fris used. Given
the scaleAm from non-dimensional radiuRa, and massm, of bodies one can calculate
dimensional quantities:

Ra =Ra,[Am m = m,BERa’ /4. 9)
Then, the total mass of bodikks = Zm and the coefficientk, andk; can be calculated.

i=1
Further calculations are to be carried out by fda®7).

Thus, the solution produced by Galactica can bbalcalated, using scaling factofsn
andMss to various situations. For instance, the probtenevolution of substance ending in the
formation of a star and planets can be employedtins with a widely ranging distribution of
substance. The data obtained in solving this pmbtan also be recalculated to scales over
which galaxies form. On the contrary, with vallWes andMssreduced to a micro-level one can
employ the results for calculating the interactoditibodies at micro-level.

3. Solution method

In Galactica, differential equations of motion ¥ integrated as follows. The value of a
function at a next tim&=T, + AT is calculated using a Taylor series; this sefmsinstance, for
the coordinate is

K
1
X=X, + ;E X, (AT)* (10)

wherex is the derivative of orddcat the timeT,.

The value of velocityx = v is calculated by a similar formula, and the aaegienx, =
dv,
dT
derived by differentiating Egs. (6). Presentlyjyaader calculation scheme is used in Galactica,
l.e. K=6. Here, the sixth derivative is calculated frone tifference of the fifth derivatives.
Addition of each derivative, except for the sixthep improves the solution accuracy by three
orders. The sixth derivative improves the accuragy?2.5 orders. This method ensures a high
accuracy and a good solution dynamics. For instancgouble-length calculations (17 decimal
digits) the inaccuracy does not grow in value dsutations are continued.

In adjusting the integration procedure, more tham tarious methods for controlling
accuracy were tested [4, 5]. Some of those metlaoelsused in Galactica for monitoring the
inaccuracies. Data concerning the accuracy aredssuoutput files. Some relevant data were
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reported in [4, 5] and in other publications; sutdta will also be discussed below in other
sections. From problem solution data, the userjodge the accuracy and, if necessary, take
measures to improve it.

In the present manual, the Galactica algorithmoisdescribed, some elements, however,
will be outlined below as they soon as they becastwessary for discussion of integration data.

4. Input file galacf26.dat
4.1. General description

Table 1 lists enumerated parameters involvedeniriput file galacf26.dat. The numbers
of parameters are given in column 1 of the tablé.pArameters can be subdivided into four
groups: 1) interaction region parameters; 2) gém@ablem solution parameters; 3) parameters
regulating the output of the trajectories of sefmabmdies; 4) parameters defining on-screen data
display.

The digits with point in the fourth column of Tabl are real quantities, and the digits
without point are integer numbers. The real valaesrepresented in format F11.4; the integer
numbers Kimax, Ltk, Ltk2, k2, KI3, KI11, and Kliniformat 112; and others, in format 15. The
string variable is used in format A12.

In the second column of Table 1, first row, theedaf creation of the file version is
additionally given, for instance, 01.02.2012.

4.2. Interaction region parameters

The first group, lines 1+20 and 22 in the tablenpadses parameters for setting input
data and initial conditions of interacting bodiessulting from a uniform distribution of
substance in a certain space region. The regiodefsied in lines 1-3 of Table 1 as a
parallelepiped with sides A, B, and C. The sidegths are relative values, normalized by the
largest length A, so that A = 1. The origin hasrdomates X0, YO, and Z0. Along the axis X, the
region is partitioned into Mu intervals. The lengtB and C are also divided into intervals,
identical in length and close in value to the piaming intervals for the side A. The mass of the
whole region is defined by the volumeéBAC andabsolute density Roa

Table 1. Contents of the input file

Digit starting
No Parameter Designatignfrom the 66"
position
1 Length of region along axis X (A =1) 03.01.2016| A 1.
2 Height of region along axis Y (81) B 1.
3 Thickness of region along axis Z @) C 1.
4 Initial X coordinate of region X0 0
5 Initial Y coordinate of region YO 0
6 Initial Z coordinate of region Z0 0
7 Number of divisions over axis X Mu 2
8 Relative initial density of region Ro0 1.
9 Relative initial density of point body RoS 2.
10 | X coordinate of a separate body Xs 1.5
11 | Y coordinate of a separate body Ys 0.5
12 | Z coordinate of a separate body Zs 0.5
13 | Velocity of the separate body along axis X Us 4 -0
14 | Velocity of the separate body along axis Y Vs 150
15 | Velocity of the separate body along axis Z Ws 5 0.
16 | Angular velocity of rotation of region wu 0.0
17 | Relative X coordinate of the axis of rotation X0 0.5
18 | Relative Y coordinate of the axis of rotation Y0 0.5
19 | Absolute average density of region, kg/m"3 Roa E-7
20 | Absolute density of bodies, kg/m”3 Rob 5000.
21 | Depiction with respect to the first body (selotg | KI10 0
22 | Integration time step at KI1=0 dt 5.0e-4




23 | Maximum dimension of TR array KImax 6000
24 | Number of integration steps in one cycle Ltk aoo
25 | Number of cycles Ltk2 1

26 | Key: input data from file 4 Kl1 2

27 | Key: start of counting time/Step correction Kl4 1

28 | Search of close approaches for body No. atKI3 | bd N 0

29 | Key: writing data to file KI7 0

30 | Number of interacting bodies k2 12
31 | Interval of data (picture) output (in steps) KI3 500

32 | Beginning of step-by-step data (picture) output | KI11 0

33 | Key: writing trajectory parameters Kl12 0

34 | Interval of trajectory parameter output (in shep Kli 50

35 | Display mode Nre 0

36 | Correction of area size on the screen Kli14 1
37 | Coefficient of area form on the screen af 0.72
38 | Coefficient of mass size of the screen Rd 0.08
39 | Coefficient of velocity on the screen amv 3.
40 | Correction factor of step dtk at bodies’ apploac | bt 0.5

41 | Flat depiction of layer to Z Ke 0

42 | Rotation of area relative to X axis through angl | al 10.

43 | Rotation of area relative to Y axis through angl | bet 20.

44 | Beginning of screen area along x Xe0 300.
45 | Beginning of screen area along y YeO 280.
46 | Image size in X aix 150.
47 | Image size iny biy 70.

48 | Initial data file name FIMA4 sn2010Ap.dat
49 | Number of bodies in trajectory analysis Np 2

50 | Key: body velocity output KI15 0

51 | Velocity color of the first body ipp(1) 3

52 | Velocity colour of the all bodies ipp(1) 4

54 | Number of the first body kpp(1) 1

55 | Velocity color of the second body ipp(2) 5

56 | Free key of the second body 1pp(2) 1

57 | Number of the second body kpp(2) 2

58 | Velocity color of the third body ipp(3) 8

59 | Free key of the third body ipp(3) 1

60 | Number of the third body kpp(3) 4

Apart from bodies obtained by partitioning theiogginto identical volumes, a separate
massive body can be specified. Its mass is defayatie relative density RoS (line 9). The value
of RoS is normalized by the relative density of tegion Ro0, so that RoO = 1.0. The parameters
Xs, Ys, and Zs define the relative coordinateshaf separate body. If the separate body is
located at a distance exceeding the distance bettheeexisting bodies, then this body is added
to the total number of bodies.

The radii and masses of bodies are calculated fraim volumes and absolute density
Rob assuming the bodies spherical. The coordinatebodies are specified at nodes, the
velocities being set zero. The velocity of the safgmbody is defined by parameters Us, Vs, and
Ws. The masses of all bodies are normalized bynihgs of the whole system.

In specifying the initial velocities of bodies,p@ssibility to set rotation of the whole
region at an angular velocity wu is provided. Tlsipon of the axis of rotation is defined by the
coordinates X01 and Y01. The axis of rotation isapjal to the Z-axis.

For integration of such problems, the integratgirp is defined in line 22 as the
parameter dt. The whole system of initial condiéidar bodies is to be generated in the center-
of-mass system. However, with an additional sepaatly introduced, the system of bodies no
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longer remains attached to the center of mass. iksudt, due to the interaction in the system, a
directional motion may emerge.
4.3. General problem solution parameters

This group of parameters is contained in lines2&t32, 40, and 48 of Table 1.

Let us begin with line 24; line 23 will be considd below. The quantity Ltk is the total
number of integration steps. This number shouldrballer than the maximum value of double-
precision integer numbers, 2147483647. If necessaiyreater amount of steps can be set in
parameter Ltk2>1. This parameter defines the nurobeycles to be performed repeatedly, each
cycle comprising Ltk steps.

Key KI1 takes five values: 0, 1, 2, 3, or 4. WitliLk= O, the initial condition file is not
used, and all problem data are defined by paraméescribed in Sec. 4.2. With KI1 = 1, input
data and initial conditions are read out from thépat file garez28.dat. Here, previous problem
solution is being continued. However, the accunaitydecrease due to the round-off on passing
over from binary to decimal digits at the momengeheration of file garez28.dat. In most cases,
such a worsening of accuracy is insignificant. Ptostarting the program, modification can be
applied to the step dT in the file garez28.dat.sTdllows certain calculations to be performed
with regulated accuracy.

With KI1 = 2, input data and initial conditionsearead out from the file whose name is
specified in line 48 as parameter FIMA4. Next twadues 3 and 4 of the key KI1 turn on the
calculation continuation mode with unchanged aanuradere, after each calculation stage,
defined by keys KI7 and KI3, an unformatted (bindre galgon4 is generated. On a new start
of the program, reading data out of the input ditel initial condition file is ignored; instead, all
conditions are read out from the file galgon4.dtessary, modification can be applied to some
conditions. For that, an additional code, not a ponent of Galactica, was written. The values
of the keys differ in that during the first runthle program with KI1 = 3 solution starts with the
file garez28.dat, whereas with KI1 = 4, with tHe Bpecified by parameter FIMA4.

In the first run with keys KI1 = 2 or 4 the firstne step is reduced by one hundred time,
i.e. it is set equal to 0.0 .

Key Kl4 in line 27 controls two functions: the dtaf the count of time and the correction
of step dT. If the key Kl4 = 1 or KI4 = 3, the cdwf time T starts from the value given in the
initial condition file, whereas with Kl4 = 0 or Kl4 2 the time count starts from T = 0. If key
Kl4 = 2 or Kl4 = 3, the mode of the step dT coriactis switched. The step is doubled if the
average change in the angular momentum differamdefor the last five steps is increased by
10 percent.

Parameter Nbd specifies the number of the bodwfoch close approaches to minimal
distances with other bodies will be recorded in mgnover the step interval KI3. In the latter
case, a file dice.dat is to be generated, withstegng close-approach characteristics after KI3
steps; those characteristics include the timehemum distance between the bodies, and the
number of the approached body. With Nbd = O, clagproaches are not registered, no file
dice.dat being generated.

With KI7 = 1 in line 29 after KI3 steps integrati@ata over intermediate intervals are
issued. Those data are accumulated in files 1,.2,@arez28.dat. The total number of generated
files is defined as LtKtk2/KI3. When starting a program, one should obwsdhat the number of
such files would not appear too large. With KI7,m6 intermediate data outputs are produced.

Parameter k2 in line 30 defines the number ofrauing bodies. If arrays in the
executable program has a dimension smaller thanth&) a message «*08G Change the
dimension of arrays *** Change 12 >= k2» will betput to the display screen and also to the
error file ErrGlctca, where k2 is a set numbertHa latter situation, one has to use a program
treating a greater number of bodies. It also shbel#ept in mind that from the initial condition
file parameters for k2 bodies will be read out natter for how many bodies parameters are
available in the file.



In line 31, parameter KI3 defines the number epstfollowing which integration data
are output to files: 1, 2, 3 ..., and also to the dplay (or to supercomputer’s output stream
file). It should be borne in mind that too frequeatdta output makes the counting rate of
Galactica seriously deteriorated.

Key KI11 in line 32 sets the number of the stepaich on during ten steps dT step-by-
step data output will be produced. This key makesssible to thoroughly examine the situation
encountered following a long time from the startcafculations. With KI11 = 0, this option is
made inactivated.

In line 40, the correction coefficient bt for stdp for approaching bodies is specified.
The value of bt can be varied if, on an encounfebalies, the calculation of their merge
becomes difficult.

In line 48, parameter FIMA4 defines the name diahdata and condition file. The file
name can be specified as a string variable invglmmaximum of twelve symbols.

4.4. Parameters for output of trajectories of seied bodies

For investigation of the trajectory of a selectsatly one has to know the kinematic
characteristics of the body with sufficiently higime resolution. For that purpose, parameters
33-34 and 49-60 are intended. Key KlI12 = 1 in B3turns on the option of writing trajectory
parameters in a file. Here, kinematic data of @ertedies are to be chosen following a given
number of steps and after accumulating their amdeafihed in parameter Kimax, such data are
output to trajectory files 1t, 2t, 3t ... traekt.pParameter Kli defines the number of time steps
dT following which kinematic characteristics of beslare sampled.

Parameter Np in line 49 defines the total humidfethe bodies for which trajectory
characteristics will be issued. Key KI15 = 1 indiB0 turns on the option of issuing the velocity
components. With KI15 = 0, only the coordinateshaf bodies are issued.

In subsequent lines, parameter threes ipp(), jtPH() set a particular body. The number
of the body is set by the parameter kpp(). Paramepé) sets the color of the velocity vector in
using the Galactica version operating in graphicddead®?arameter jpp(1) sets the color of the
velocity vector of other bodies. Other paramet@q®)j is not used in the present version of
Galactica. The digits in round brackets at the abparameters give the number of body
sequences in trajectory files 1t, 2t, 3t ... tragkt.@ he total number of such files is defined by
parameter Kimax. In the presented compilationsoofes the value of Kimax should not exceed
15000. In the same codes the total number of bddeshould not exceed three for KI15 = 1,
and it should not exceed six at KI15 = 0. For sgttadditional three bodies, to file galacf26.dat
three lines with parameters ipp(), jpp() and kgpf)each body are to be added.

In case of erroneous setting of the above parametemassage «*05G Change the
dimension of TR *** K[12d0 = 750, KI12e0 = 20» isifput into the error file ErrGlctca and to
the display screen. Here, 750 and 20 are set dioven®f the two-dimensional array for
trajectory parameters TR(KI12d0, Kl12e0), whereZQ is the total number of the records, and
KI12e0 is the number of numerical values registénezhe record.

4.5. On-screen display parameters

Lines 21, 35-39, and 41-47 in Table 1 specify paaters for display of images of bodies
and their velocity vectors on the screen (see E)g.Parametefpp(l) sets the color of the
velocity vectors. Those parameters are used byr@nmaugjoperating with graphics.

Here, the coordinate system employed in the Irsbadition file, i.e. the system attached
to the center of mass of the whole system, is ugete wants to represent the motion of a body
relative to some other body, then in line 21 thg K&LO is to be set to 1. In the latter case, the
coordinate images and the velocity of all bodied W issued relative to the body whose
number is set with parameter kpp(1) in line 54.

As it was mentioned above, the range of stepsvingyout images is specified with key
KI3 in line 31. Parameter Nre in line 35 is usedtoount for the display mode. In the standard
graphics Fortran the mode of display are given ppéndix 2. The influence of mode depends



on the specific computer and executable code. &heinred value can be selected from submitted
ones in Appendix 2. The value of Nre = -3 is prdipahe most acceptable.

Parameter Kl14 in a line 36 is used for maintenasfcesibility of bodies at unlimited
expansion of system.

Parameter af in line 37 allows preservation of gm&hape; i.e., with it, a square is
represented as a square, not a rectangle. In egpagi®n of a body and its velocity on the screen
the sizes on the screen are determined as valuesaleal to maximum values of mass and
velocity. The latter allows one to observe the bedin variation of their masses and velocities in
a broad range during problem solution. For initiepresentation of a body in variously
configured displays correcting coefficients Rd anav in lines 38 and 39 are used.

If the body system is represented with a multitagleregion over the axis Z, then
parameter Ke can be used to specify the numbdreotfatyers whose bodies will be displayed on
the screen. With Ke = 0, this option is off.

In lines 42 and 43, rotations of the body systandisplaying images relative to axes X
and Y can be set using respectively parametersdalbat. Both angles are to be expressed in
degrees.

In lines 44 and 45, parameters Xe0 and YeO spé#u#fyop left origin of the region to be
displayed on the screen. The image scales ovexi® X and Y can be altered using parameters
aix and biy, respectively. To enlarge the image,ghrameters aix and biy are to be increased in
value.

As it was noted above, the velocity vectors ofivittbal bodies can be highlighted with
certain color. The number of the body to be hiditkgl is set by parameters kpp() in lines 54, 57,
etc., and the number of the color, by parametgs) ilm lines 51, 55, etc. In standard Fortran
graphic operators, the correspondence between dloe and its number is defined in file
FrtnColr.omp contained in folder InpFiles.

View the image depends on the parameter Mu. hasefore desirable to set the value of
this parameter, as well as the parameters B andli@ds 2 and 3 they are in the file of initial
conditions. The positions of these parameters eseribed in section 5.

The form of representation of integration dataehes on many factors, including the
Fortran and compiler version, and also the scrgpa &nd screen resolution. Given in folder
INCndFls together with reference initial conditifiles for solved problems are images of bodies
contained in bmp-files. The names of those filemade with the initial condition files. For
instance, for the initial condition file sn49jplaidthe images are contained in the file named
Sn49jplc.bmp.

Body images are also available in the folder Iligd#YArea. One can find here six
examples of the input file galacf26.dat; in the filames, the extension dat is replaced with other
symbols. Those symbols denote the type of problemghich the interaction between bodies
formed by a region filled with substance is conséde In such problems, body images are
contained in bmp-files, where the body names gpeesented with symbols forming the input
file name. For instance, the input file galacf26.6presents interaction of 64 radially moving
bodies, the image being given in file 64r.omp.

The input files contained in this folder give \aars examples of using parameters for data
display; the outcomes of a particular choice ofapasters are easy to trace considering graphic
files.

5. Initial condition and integration data files

Initial condition files, for instance, files sn4@at, sn49jplc.dat, etc. in folder InCndFls,
and also output files: 1, 2, 3, etc., and file gdBedat are identical in structure. In describimng t
files, we will use designations of two kinds: 1)subscribed Roman type, and 2) italic type. The
latter designations are used in programs, andaditmeer designations, in printed materials.

Each of the above-mentioned files begins with ao§@4 numbers: TO, omm, Um, dTp,
Px, Py, Pz, AMx, AMy, AMz, Spsx, Spsy, Spsz, E, Ett, dT, i2b, j2b, k2b, A, B, C, and Mu.
Those numbers are common to all interacting bodibsen, fifteen numbers for each k-th body
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follow: om(k), (X(k,0),q=1,3), (U(k,0).q=1,3), (dUWk.a),q=1,3), (Sp(k,a),q=1,3), Ra(k), Et(k).
Here, g is the subscript listing the variables dherthree coordinates x, y, and z.

The general parameters are the following:
TO — time in relative units, for instance, in sodgstem files in sidereal centuries, each century
comprising 36525.636042 days;
omm — maximal mass of body reduced by the totakmésll bodies;
Um — maximal velocity in relative units;
dTp — time step in relative units at the previoieps
Px, Py, Pz — projections of the total momenturmrhefwhole body system on the coordinate axes;
AMx, AMy, AMz — projections of the total angular m@ntum of the whole body system;
Spsx, Spsy, Spsz — projections of the sum of tigellan momenta due to self-rotation of bodies
around their axes (spin projections);
E — total kinetic energy of all bodies at the giveamentTO;
Em — maximal kinetic energy of all bodies startirgm the beginning of integration;
Ett — thermal energy of all bodies which the bodese acquired during their merging on
collision;
dT — current time step in relative units;
i2b, j2b, k2b — number of nodes obtained on partitig of the substance array over the axes X,
y, and z, respectively;
A, B, C — dimensions of the array over the axeg and z;
Mu — total number of divisions of the array oves Hxis x.

The last seven parameters are used in settingatileg bodies in the form of a substance
uniformly distributed in the space with density Roa

Next, 15 parameters for each body follow:
om(k) + myx — non-dimensional (relative) mass of the kth body (k and are the numbers of
bodies in different texts);
(X(k,q),0=1,3)+ x, ¥, z — non-dimensional barycentric coordinates of the ikth body; for
solar-system files in equatorial coordinate system;
(U(k,0),9=1,3)} vy, Wi, Vzi— non-dimensional velocities of the k-th body;
(dUp(k,q),q=1,3) x, v®, z® — non-dimensional derivatives of the fifth order fhe k =i-th
body;
(Sp(k,0),0=1,3)+ Soxix Syi» Sz — non-dimensional angular momenta (spins) duehéo self-
rotation of the k 3-th body. A body is assumed to get a spin if theybloas formed as a result of
the merge of other bodies having approached edwr to a distance smaller than the sum of
their radii. Initially, the rotation of bodies cadre ignored, with their spins being defined as
Sx=Spyi=Spz=0. This strategy is adopted in the initial conditfdes given below.
Ra(k) — non-dimensional equivalent radius of theikth body; this radius is calculated from the
mass and average density of the body, the bodyressbspherical;
Et(k) — E; — non-dimensional thermal energy of the kth body. This energy has arisen from
merging of several bodies in one body due to t@ansdtion of kinetic energy into thermal
energy.

Initially, the thermal energy of bodies can be eetgd, i.e. it can be set to zeE=0,
this being the case in the provided initial comhtifiles. As two massive bodies, and my
merge together, the thermal energy of the resultady is calculated as

2
E, = ke (11)
2(my, +m,)
wheremyi = My, andvy is the non-dimensional radial velocity of the masdodym relative
to the bodym,;.
On merging, the mass of theh body increases, assuming the valye+ mq the mass
of the k-th body being put equal to zero. The changes afrdinates, velocity and spin
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projections, and body radius due to the merge afidsoare calculated using the algorithm
described in Sec. 11.3 of [1, 2]).

In the last line of the initial condition file, fevnumbers can be written: date of generation
of initial conditions, total number of bodies, masisthe system, scale size in meters, and
velocity coefficient: date, k2ylss Am, k. The date is represented as an integer numbelvingo
eight digits: year, month, day. This line is noadeby Galactica, and it is absent from the
calculated data file.

In Appendix 1 there is the sample of program in IWGdd software for generation of
initial condition file.

6. Trajectory files 1t, 2t... traekt.prn

As mentioned in Sec. 4.4, the names of trajeditey look as 1t, 2t, 3t ... traekt.prn. All
the names look similarly except for the last filekt.prn. Each record refers to one time; it
contains Kl12e numbers. The total amount of thelmensis defined by the expression

Kl12e = 3(KI15 + 1)Np + 2, (12)
where KI15 and Np are parameters specified in npetifile galacf26.dat and described in Sec.
4.4.

The record starts from moment of time T in non-ensional units. Then, the kinetic
energy of the whole system E follows. Then, forhebody, three coordinates, x, y, and z are
issued. With KI15 = 1, also issued are the velesiirx, vy, vz. All those parameters, including
time, are represented as non-dimensional quanfgessSec. 2).

The total number of the records in the files ahdirt volume are defined by the
parameters described in Sec. 4.4. If the total arnofirecords is small, then just one trajectory
file traekt.prn will be generated. To the end o fltle, a record comprising ten general problem
parameters is appended: T, Tem, Em, Ett, AMz1,lNls, Um, omm, and Amz,

Here, T is the time at which the calculation of glneblem was over;

Tem is the time at which the kinetic energy of slggstem was maximal;

Em is the maximum value of the kinetic energy @& $lystem;

Ett is the thermal energy of the system at thedrnte calculation;

AMz1 is the angular momentum of the whole systelatine to the axis z at the first calculation
step;

Nb is the total number of bodies in the systenhatiteginning of the calculation;

Lsls is the number of merges, i.e. the number didmthat, on approaching one another, formed
a single body;

Um is the highest velocity in the calculation run;

omm is the mass of the largest body;

AMz is the angular momentum of the whole systenatnet to the axis z at the end of
calculation.

If preceding files, e.g. a file 1t, are outputerththe file traekt.prn has the same volume,
and after the final record this file contains retsoleft from the preceding file.

In Galactica, the kinetic energy of the systeraisulated as

E = Zl: 05mv?. (13)

As it was noted above, on merging of two bodiesttiegmal energy is calculated by
formula (11). As it will be shown below in Sec. Betangular momentum AMz ¥, is
calculated by formula (14).

7. Close-approach file dice.dat

As it was mentioned in Sec. 4.3, if the paramblied is non-zero, then the distances to
which the body with number Nbd approaches otherdsoare calculated. On accomplishment of
KI3 calculation steps three numbers are to be evrith the file dice.dat: time at which a closest
approach to a certain body occurs, the numberigfoibdy, and the distance to which the bodies
approach one another. The total number of suclrdsdo the file is Ltkltk2/KI3.
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We used this option while investigating into thgpeach of asteroids to planets and
Moon [6-7]. Fig. 1 and Fig. 7 in [7] show data ab& on the basis of file dice.dat.
8. On-screen display

In solving a problem on a PC with a Galactica paogmwith graphic option, numerical
data concerning the integration process and argidtustrating the position of planets with their
velocity vectors are given out to the display soréalowing a certain number of integration
steps (see Fig. 1). The data allow one to monher dolution process and judge on solution
reliability. In using a no-graphics version of Galea, only numerical data are output to the
screen. In solving the problem on a supercompttiergata are issued to the output stream file.

The first 16 parameters reproduce the values ohcomparameters:

TO, omm, Um, dTp, Px, Py, Pz, AMx, AMy, AMz, Spsx,sypSpsz, E, Em, Ett,
used in the initial condition and integrated dalesfdescribed in Sec. 5. The remaining three
parameters are the integration step nuntethe value of this stedT, and the change of the
angular momentumM, taken in projection onto the axasIt should be remembered here that
the total number of the integration step at Ltk2 also includes the number of cycles performed
with a number of steps Ltk.

1.9ADBEARABOABBEAE-B1A  9.986599505787660E-001 15.262213869302140
1.900B0APAEAOBAEAE-B10  1.234723475976807E-018 —1.084202172485504E-018
2.472673047824909E-018  1.081760992678619E-605 -1.686331142683044E-004
3.791217242035128E-004  ©.0ODAOGODOAODAGGE-GE O .DAEANAAAODAGAOAE+60A
0.POEOOAAGOPAONRE+0PA  B.60B432591162210E-003  8.688432591162210E-003
0. PAEARAAAOPAOOAE +0PA 1  1.400POOODOEODBEOE-BE? &

0. PAAARAAANPAAORAE +0PA /// v

Values of parameters Jupiter

Y T - AL, B, B, Py, fufwiu}: M,, S, 5,,5;,
EE_  E, L, dT My M,

St (:)f,ﬂdbrcﬂmy
» —& Veniy
Mars i
Ewarth and Moon

Fig. L On-screen representation of integration data faraggn system (6) as viewed from the South
Pole. Explanation and denotation of numerical patans are given in italics.

Those quantities enable an analysis of the evaiutibthe system and the integration
process of Egs. (6). Each of the quantities, thgelst mass omm m,,, the momentuni, the
angular momenturivl, the sum of intrinsic angular momer8athe kinetic energi, the thermal
energyk; of all bodies, and the relative chang®lf) of the projection of the angular momentum
M onto the axig, allow the user to get an idea how the solutionv@asand, in case of an error,
to spot the error.

An important control factor is the relative changfedM,. In the absence of external
actions, we have:

Mz = z rn(vyi X -V y|): const (14)
i=1

That is why the relative change of the angular muona

oM, = (Mz - MZO)/MZO|
should be zero (her&),ois the value of the angular momentum at the initiae). If the angular
momentum appears to be non-zero, the non-zero galugd be considered as a consequence of
some inaccuracy having occurred in numerical irategn of the problem. More details about the
inaccuracy ofoM; and the relation of this inaccuracy with the inaecies of coordinates and
velocities can be found in [4, 5].
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In January 2014 in the program Galactica the chaumgge made to the calculation of the

relative changed{M,) of the projection of the angular momentum:
oMz = (Mzar Mza1)/Mzay, (15)
whereM_, = M, + Sp;is z-projection of the aggregate angular momentum;

Sp: is z-projection of the sum of the angular momenta duedlf-rotation of bodies
around their axes (spin projections);

M.a1 IS z-projection of the aggregate angular momentumaeatrittial moment of time.

Non-zero values of the momenta Px, Py, or Pz ferwimole system may point to an
occurrence of an inaccuracy in some particularctiva. Extraordinarily high values of the
maximum mass omm and velocity Um will suggest tbera likely source of inaccuracies.

9. Examples of input files galacf26.dat

The folder InpFiles contains examples of inpuedil such files can also be found in the
subfolder Area. The input file galacf26.dat desdjnte solution of the problem of 3000
axisymmetric bodys interaction with a file of imiticonditions axsymba3t.dat. An input file
galacf26.v01 was used in solving the problem ontitayéred ring structures [8]. The file
FrtnColr.omp gives the color numbers, from 1 toddgpted in standard Fortran graphics. Those
colors can be set for displaying the velocity vextof certain particles. As it was mentioned
previously, the colors are set with parameters)ippthe input file.

The folder Area gives six examples of input filalapf26.dat with setting initial
conditions for interacting bodies obtained by pianing a substance region into a certain
number of bodies. Instead of the extension «ddte, rames of the files contain symbols
identifying the body system obtained. For eachha input files, a graphic bmp-file is also
provided, whose name begins with the same symiBakw we give a list of the problems
represented with those files:

1) galacf26.3br — radial interaction involving tareodies;

2) galacf26.3b1 — three bodies with specified aagrdte of rotation of the initial region;

3) galacf26.4bo — four bodies with specified rataél velocity;

4) galacf26.64r — radial interaction involving 6ddies;

5) galacf26.64w — interaction of 64 bodies at Sipatirotational velocity of region;

6) galacf26.65b — interaction of 65 bodies, of wh&% bodies are represented with substance
distributions in a region and the remaining bodsides at a distance from the region.

Samples of input files galacf26.dat are availaddso in a folder InCndFIs\Preprtn for
start on the account of three samples of files lué tnitial conditions: axsymb30.dat,
axsymb3c.dat and axsymb3t.dat in a graphic modieeofccount.

10. Initial condition files for several solved prollems

The folder InCndFls contains initial data and ialitcondition files for some solved
problems. The data structure in those files wasrde=d in Sec. 5. Here, additional information
about the use of such files is given.

The folder contains files of three types: 1) mlitcondition files; 2) body image files,
named similarly to the initial condition files; Bjput files galacf26.dat, whose names are formed
by symbols g26 and by the names of the initial doomdfiles. Files of the last type are presented
only for several typical problems.

Files sn49f.dat and sn49jplc.dat were used tosinyate into the evolution of the Solar
system over a time interval of 100 million years p}. The files contain the masses, the
coordinates, and the velocities of the planetsMben, and the Sun by the date 30.12.1949 with
Julian day JD = 2433280.5. The data in the file9grid.dat were borrowed from later Jet
Propulsion Laboratory (JPL) ephemeredes in compangith sn49f.dat, namely, from DE406
ephemeredes. That is why data in sn49jplc.dat mccarately reflect the properties of the Solar
system. The files contain data for eleven bodiasaddition, a line for the twelfth body is
reserved. To this line, data can be input for anfjywehicle or an asteroid whose motion in the
Solar system is to be investigated.
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The file sn69JPA2.dat contains initial conditidns the date June 28, 1969 with JD =
2440400.5. Apart from the mentioned bodies, thie &dditionally contains data for three
asteroids: Ceres, Pallas, and Vesta, so that we &dwtal of fourteen bodies. The masses, the
coordinates, and the velocities in that file wemerbwed from the reference data of DE405
ephemerides [9]. In comparison with sn49f.dat amBgplc.dat, calculation by that file yields a
better agreement of calculated data with the DEgliiemerides for the planets from Jupiter to
Pluto.

The files sn49e5n.dat, sn49e5n2.dat and sn49e&in@adtain data for three compound
models (1-st, 2-nd, and 3-rd) of Earth rotation 1@]. The data for the eleven solar-system
bodies precede the data for the bodies employdlerEarth rotation model. Their parameters
are based on the same data as the parameterQindsiére, except for the Earth mass. In those
files, the mass of the central body of the compomadel of the Earth is reduced by the mass of
the peripheral bodies considered in the model.

The files sn49S6J4.dat and sn49S6J5.dat contaanfdathe 4-th and 5-th compound
models of the Sun [11-14]. Appearing first are datathe eleven solar-system bodies. Those
data are based on the same sources as the pamimesed9jplc.dat, except for the Sun mass.
The mass of the central body in the Sun model dsiged by the mass of peripheral bodies
involved in the model. Then, parameters of thepgbenal bodies appear. In sn49S6J5.dat, the
model involves ten bodies, and in sn49S6J4.detyailves five bodies.

The file sn49S6J6.dat contains initial data arnigbinconditions for the problem about the
action of the compound Sun model on Mercury [15]e Tile involves two objects, Mercury and
the compound model of the Sun, the latter modeblinmg a central body and ten peripheral
bodies.

The files sn08AsAp.dat and sn08AsDA.dat [6, 7,19$-contain data about the eleven
solar-system bodies and, in addition, asteroidspimoand 1950 DA by the date 30.11.08 with
Julian day JD = 2454800.5. The masses of the elevan-system bodies here are the same as in
sn49jplc.dat. The coordinates and velocities ofiibdies are based on the DE406 ephemerides.
The coordinates and the velocities of the asteraei®e calculated by an original procedure of
[7] from the orbital elements of the asteroids bared from the NASA database of small bodies
[20, 21].

In Sn2010Ap.dat, the data for the Solar system Apdphis are taken by the date
04.01.2010 with Julian day JD = 2445200.5. The emsse the same as in sn49jplc.dat. The
coordinates and the velocity of Apophis were boedwWwrom the same sources as in previous
files (see [7]).

The files snK02102.dat and snKo2110.dat contaimairdata and conditions for models
of three-layered ring structures, the second antthtenes, respectively [8, 22]. The mass of the
body system is taken equal to the mass of theeeBindar system. The former file predicts a
stable structure with the mass of the central Hmelgg equal to the Sun mass, and the latter file
predict an unstable structure with the mass ot#mgral body equal to half the Sun mass.

As noted above, all the parameters in the files gaven in non-dimensional form: the
masses are normalized by the mass Mss of the bgstgns in kilograms; the sizes, by the
characteristic size Am of the system in meters; twedvelocity is multiplied by the coefficient
kv expressed in sec/m. For solar-system problerasntin-dimensional time is expressed in
sidereal centuries, and the barycentric equataadardinate system by the epoch 2000.0 is
adopted. For sn49f.dat, the epoch 1950.0 is adoptethe end of the file, an information line is
appended indicating the date of creation of int@hditions, the number of involved bodies, and
also the values of Mss, Am, and kv.

Apart from the above-listed files contained indi@l InCndFls, other three initial
condition files axsymb30.dat, axsymb3c.dat, and/eks8t.dat are available; those files refer to
axisymmetric interaction of 30, 300, and 3000 bsdespectively. Those files, contained in
folder Preprtn, can be used for testing Galacticdes. Besides in this folder there are the
samples of input files galacf26.dat for start ofcwalation of the mentioned three files of the

14



initial conditions. The input file settings are fargood presentation of the results in graphical
mode account. The parameters for good represemtatioresults in graphic mode of the
calculation are established in the input files.
11. Executable files

The folder RunFiles contains executable files.l@dblists the names of the main exe-
files for PC and for a Unix OS supercomputer. le trames, the following agreements are
adopted. Symbols glc mean Galactica. Digit 3 meatisrd version of the program intended for
common use; the last number of the version in iddial use was 34a. The character «b» with
subsequent symbols means the total number of hodies

Table 2. Names of main exe-files of Galactica

!\rll?gr]gftrinog Without For PC For a UNIX OS
bodies graphics With graphics supercomputer
300 glc3b3c.exe | glc3pb3c.exe glc3b3c; glc3b3ce
30000 glc3b30t.exe| glc3pb30t.exe glc3b30t

Executable files without graphics compiled by FamtrPowerStation v4.0. Codes with
graphics, which are compiled by the Compaqg Visuaitren Professional Edition v6.5.0 in
Fortran standard graphics, have in a name the [ette

The code named glc3b3ce capable of calculatingo®diies on a supercomputer operates
with extended digit length (34 decimal symbols)isTprogram can read initial condition files
with double length numbers, and it generates iategr data files with digits of quadruple
length. The speed of calculation with this progran33 times lower in comparison with other
codes. It makes sense to use this version of Gedaict solving such problems as encounter of
an asteroid with a celestial body or for calculgtthe motion of spacecrafts involving launch
and landing trajectory portions, i.e. than a clapproach of bodies is involved in the problem.
All codes except for the latter one use doubletlemgmbers.

12. Generation of initial condition file

After getting acquainted with the preceding sewjahe user is ready to tackle its own
problem. In solving each problem, tasks may be emssed whose solution will require
accomplishment of some other subtasks. A few suchlgms were solved in [1, 2, 4-8, 10-19,
22-23]. All problems having been resolved and thefiguration of the body system and the
initial motion, defined, the user can proceed wgémeration of an input data and initial condition
file. As applied to the problem of axisymmetric ardaction of N bodies [24], the file
InCnPrpr.mcd exemplifies a procedure for generatiban initial condition file. The sample is
written in MathCad software (see Appendix 1). Th@anple can be implemented using any
programming language or mathematical software. \Betaking the sample as an example, we
will comment on the particular actions. In the penb of interest, the following configuration of
interacting bodies is defined: around a centralybpéripheral bodies are located. The velocities
of the bodies are chosen such that the bodies alowg elliptic orbits with eccentricity e.

ltem 12.1 of Appendix 1 defines the total numbérirderacting bodies Nb and the
lengths of indexes i and il. Since an index bewiitls zero, the largest value of N is smaller than
Nb by unity.

ltem 12.2 defines the main constants, namely, dbestant of gravitation G, the
astronomical unit AU, the sidereal year in daygaRd in secondssR,

Item 12.3 defines the Earth mass mEr, the Sun milgsshe mass of the Solar system
Mss the body densities Roba, the major semi-axidhefdrbit of the peripheral bodies (a), the
eccentricity of the orbit (e), and the inclinatierof the orbit plane to the xy-plane, which is
assumed to be the Earth’s equatorial plane.

In 12.4, for all the interacting bodies, masseskilograms and radii in meters are
calculated.

Then, in item 12.5 the algorithm of [1, 2, 24]ngplemented to determine the coordinates
and velocities of the peripheral bodies in the togiane. Here, the notation introduced in our
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book «The Theory of Interaction» [1-2] is usemh is the trajectory parametep; is the
interaction parameter, and the pericenter parasmeter B and y: R, being the radius and,v
velocity.

This algorithm is intended for calculating theeirstiction of an arbitrary number of
bodies. That is why one has to check that the eritlinot be overcrowded with the bodies. This
check can be performed as follows: the distancerdmt two bodies do reduced by the sum of
their radii should be more than 50. Otherwise in.32.1 the major semi-axis value “sfiould
be increased using the coefficidqt

The problem of axisymmetric interaction of bodress solved exactly in [1, 2, 24]. Here,
the peripheral bodies move along ellipses. In iigh® those orbits are calculated, and they are
plotted in coordinates ynb-xnb. The index i2=1\8in MathCad can be used to call for plotting
graphs not for all bodies. Here, orbits are to lo¢tgd for each third body. Those graphs confirm
that the set configuration of interacting bodiemteed axisymmetric, and the bodies move in an
elliptic orbit with the required eccentricity e.

In item 12.7, the orbit plane rotates through agleae relative to the axis x. Here,
differential equations (6) «work» along all thead#raxes, X, y, and z, despite the fact that the
initial statement of the problem was planar. Duehte latter rotation, to 20 trustworthiness
criterions considered in [4, 5], one more criteraan be added. If integration of Eqgs. (6) yields
orbits deflected from the initial plane, then thevidtions should be identified as inaccuracies of
the integration method.

In item 12.8, we pass to non-dimensional varialitese, mg., is the sum of the masses
of all the bodies involved in the system, Am is flwaling length factor in meters, andakd k
are the scaling time and velocity factors expressedl units. Those factors were described in
Sec. 2.

In the latter example, the scaling factor Am ikgkated from the condition that the non-
dimensional time unit should be equal to siderealtury 100Pss Since Am is determined with
some non-zero inaccuracy due to extraction of accrdmt, then a procedure for refining the
quantity Am is to be applied.

In item 12.9, according to formulas (4)-(5) theiables are reduced to the center of mass
of the system. Here, for instance,Xcand Vxg.; are the coordinate and the velocity of the
center of mass. In the problem of interest, ifigigthe center of mass is at the origin, so that the
above values are both close to zero. Nonethelesgrocedure should be accomplished, and the
parameter values of the center of mass, examinkd. |atter examination is a check of the
algorithm for calculating initial conditions. Inghpresent case, the values of the parameters are
within 410, That is why for performing Galactica calculatiomith a lower error preparation
of initial conditions with a better accuracy is veégd. For instance, it would be desirable that the
initial conditions be prepared with a larger numlegigth than it can be made in MathCad.

In item 12.10, projections of the angular momentMixy.1, Myn+1, and Mz.1 of the
whole body system and the absolute value of thelangnomentum MO are calculated. For the
problem of interest, the total angular momenturthefwhole system can also be calculated as

MOO = (Nb — 1) [Rpup. (16)

Then, the check is to be performed. The sum of diorensional masses of the system
should equal unity. We determine the relative eafothe angular momentum MO and its value
MOO calculated by formula (16), and also the re&inaccuracy of the scaling factors Am, k
and k. Those checks enable evaluation of the inaccuvadlye algorithm, and also the value of
the computational inaccuracy. As it is seen, hieerésidual of the scaling factors is zero. This
result was obtained through refinement of Am imit&2.8.

In item 12.11, we calculate the number Mu to beduis the input file galacf26.dat for
specifying initial conditions for space-distributedbstance. Here, the parameter Mu is not used.
However, for right representation of bodies in d¢riapmode this number should be made
consistent with the number of bodies Nb. The tdddlow exemplifies matched parameters for
different values of Nb:
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B C Mu Nb
0.5 0.25 4 30
0.9 0.6 7 300
0.9 | 0.7955| 15| 3000

In item 12.12, initial data and conditions are tten in a prn-file, for instance,
axsymb30b.prn. The file contains 15 columns. Tha fivo lines contain general data involving
24 parameters. That is why six zeroes at the ertleoSecond line are to be removed, and the
file is to be renamed in a dat-file, for instanaesymb30b.dat.

After the first two lines, additional lines, eacbmprising 15 values, appear. The total
number of the lines is equal to the total numbethef bodies involved in the problem. At the
end, there appears an information line, whose fitshber is the date of creation of the initial
condition file: year.mm.dd.

The next two graphs show the coordinates and imsdn the body system. Those
values enable a check of the sought configuratianned in the problem statement. As it is seen
from the graphs, the coordinates and velocitiethefbodies form an axisymmetric pattern; in
other words, they correspond to the problem ofyamtimetric interaction of the bodies.

The above-considered program InCnPrpr.mcd was tsegnerate the following files:
axsymb30.dat, axsymb3c.dat, and axsymb3t.dat for380, and 3000 bodies, respectively.
Those files permit check of operability of the dies, evaluation of the total errors in solving
the problem, and integration step adjustment engwirequired accuracy of problem solution.

At the end of the sample program, two more poares outlined which may appear
necessary is setting initial conditions. In item11® an algorithm for calculating the number of
steps Ltk and the corrected time step value dTexact solution of the problem from one date
with Julian day JD1 to another date with Julian ddd2 are considered. The need in the
calculation arises in solving problems on inte@tf solar-system bodies.

If the non-dimensional time in Galactica calcudas is expressed in sidereal centuries,
then the time differencATjd in Julian days is transformed into the numié&rin sidereal days.
Given the step dT, we calculate the number of ste¢kisto be rounded to a close value Ltk.
Then, the corrected step dTc is to be determined.

Here, the calculations were performed for two asas: (i) in resumed calculation mode
(with key KI3 set to 1 or 3), and (ii) in initiabéculation mode (with key KI3 set to 2 or 4). Ireth
latter case, as it was mentioned previously, tHeutaion at the first step is to be performed
with the step 0.00dT.

At the end, check of the calculated values ofdukl dTc is to be performed.

Item 12.14 gives an algorithm for reading out aiial condition file or an integration
data file of type garez28.dat. This becomes neadsdtting initial conditions from a calculated
data file of an analogous problem. Besides, thgardhm can be used for analyzing the output
data.

In the first line, the number of bodies Nbg andex lengths ig and ig2is are defined. In
the first line, the number of bodies is set. Hamstead of the operator READPRN, the operator
READ is used. The latter operator permits readingad a non-ordered file. After the reading,
required quantities can be displayed as shownamtaph.

13. Problem solving procedure

After the user has made his decision concernirg dbnfiguration of the system of
interacting bodies, their masses, sizes, and liniteditions, including the coordinates and
velocities of the bodies, he has to proceed witlhegation of an initial condition file. For passage
to non-dimensional variables, one has to choosagddition to the mass of the systemgsMbne
more scaling factor, namely, the distance Am opa-dimensional time unit. In the latter case,
the quantity Am will be defined using the non-dirsiemal time.

Next, in accordance with Sec. 12, one has to m®dan initial condition file, for
instance, a file named initial.dat. In generatihg tatter file, one has to introduce into the
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algorithm, where possible, all checks (in Sec.sE¥eral such checks were outlined), so that to
achieve full compliance of file parameters with ttetermined configuration of the problem. As
it was shown in Sec. 12, it would be highly dedeato output the configuration of body
positions and velocities in graphic form. With egenumber of involved bodies, the latter offers
a most reliable checking strategy. Then, one hageterate numerical values for the input file
galacf26.dat. In Sec. 4, a description of the patars entering that file is given and their
functional meaning is indicated. For first startsh® problem, only necessary functions are to be
used. Subsequently, as may be necessary, otheiolusane by one, can be added.

Then, the user is invited to choose an exe-fibenfifolder RunFiles. For instance, if, in
the system of interest, the total number of intiéingdoodies is k2 = 29, then the exe-file intended
for 30 bodies is to be used. An exe-file intendadtfeating a greater number of bodies can also
be employed. Yet, such an exe-file will use moreMRAemory space; in some cases this
circumstance will slow down the solution of the lgiesm.

If the user solves a problem with the help of Gtda for the first time, a most
appropriate strategy would be to choose from thHdefs InCndFls, Preprtn, and InpFiles a
sample input file and a sample initial conditiole fiand then test the operation of the chosen
exe-file in various modes of operation.

Then, the user may start its own problem: firstroene step and, then, over a few steps.
Here, errors in reading-out of the input file oe thitial data file can be encountered. In theelatt
case, the user must use another program, e.g.réigeam InCnPrpr.mcd, to read out the files
with the operator READ, and get output the valueallgparameters. As a rule, errors in reading
out the input file can be identified through comgan with a similar readable file.

If the running time of the program is long, theubkas to perform calculations over short
running time to determine the time required for@img one step and, then, he has to evaluate
the time required for solving the whole problem.ehthe user has to calculate, using the
formulas given in Secs. 5 and 6, the total voluheutput files: 1, 2, 3 ... garez28.dat, and 1t,
2t, 3t ... traekt.prn. It is also necessary to chiéhek this volume does not exceed the volume
allocated for the solution of the problem.

After the start of the exe-file, through obsergatof data on the display screen or data
issued in the output stream file (see Fig. 1) tker can monitor the solution process. For the
user, each of the 20 issued parameter describ&&an8 can serve an indicator of the specific
features of the problem. The behavior of thoserpatars can be helpful in revealing an error in
the problem statement or, on the contrary, thisabiein can justify the problem statement, or
even help in predicting the final result.

For analysis, data should be represented in gedphin. To be analyzed is the variation
of the coordinates of individual bodies in timeg.ithe trajectories of the bodies. If the
trajectories are cyclic, then the orbit elementbadies should be identified, and the evolution of
elements in time, analyzed.

In our previous publications, a number of methaxd programs for analyzing calculated
data were developed. In the future, we are goirgptpt the programs for general use and apply
them to the Galactica system.

14. Module of system Galactica with Coulomb's inteaction
14.1. Introduction
14.1.1. Area of application for module with Couldsninteraction

In physics Coulomb's interaction usually is consedeon the basis of the two-body
problem. In quantum mechanics behavior of ensembiegarticles and their properties are
studied as a result of statistical processing ob-partial interactions. Together with such
guantum-mechanical consideration of the microwaldumber of researchers continue to apply
classical mechanics for explanation of a seriestofphenomena. A.D. Vlasov [25] in his
researches has concluded about justice of theicdhsdectrodynamics laws in atom and about
inability of probabilistic interpretation of atomghenomena. F.M. Kanarev [26]-[27] explains
atoms radiation spectra on the basis of classiegsips. During several decades M. Gfigki
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consistently considers the microworld phenomenaetbaon the Coulomb's mechanism of
interaction. For example, he explains diffractidmepomena by electron spin precession [28].
Using binary Coulomb's interactions, M. Gmyzki explains single and double ionization,
radiation of one or triplet lines, diffraction oégticles at their dispersion on atoms and molecules
[29]. He has showed that taking into account oficactof atom electron shell explains
Ramsauer’s effect about low dispersion of electrantheir low energy [30]-[31]. On the basis
of classical mechanics M. Gryiski has received equations for determination ofokibe
braking energy of particles by any medium in alhraativistic spectrums of energies [32].

The above-mentioned researchers obtained the eatedaesults by analytical methods.
However, all these tasks are difficult, and onlpagate problems of many particles interaction
can be solved even at high mathematical level saarcher. Therefore use of high-precision
numerical methods of solution of these problem€ofilomb's interaction opens a prospect of
determined knowledge of the microworld.

As shown in works [1], [2], [33], the essential njga of particles trajectories happens at
velocities of motiornv > 0.1c, wherec is speed of light. Therefore it is possible todstigate the
phenomena unto velocities of this order by systema@ica with Coulomb's interaction. It is
necessary to use exact expression for the foredéeofromagnetic interaction of two particles [1]
in the case of higher velocities. Further we hapepdate system Galactica by the module for
calculation of electromagnetic interactions at higiocities which are now called relativistic
ones.

14.1.2. Essentials of the module

The module is intended for solving problems in naggbal interaction of material-point
particles according to the Coulomb’'s law. Moduleledi are located in folder
GalactcW/ModCoulm. This folder contains other fokleinCndFsQ, InpFilsQ and RunFilsQ.
The folder GalactcW contains files GalDiscrp.pdfdaalDiscrE.pdf that are manual of
Galactica respectively in Russian and in Englishe Eipped folders can be downloaded at
http://www.ikz.ru/~smulski/GalactcW/ModCIFIds.zip

The system includes named executable files, fetamte, glk3b30e, to be run on a
supercomputer under Unix OS, or glk3b30.exe, toupeunder DOS; an input file galacf26.dat,
and a named initial data file specifying the inttirsg bodies and the initial conditions of their
motion, for instance, axsykl09.dat. Below, thedaftle will be referred to as the initial conditio
(IC) file.

The results yielded by the executable file arelpoed as output files. The representation
form is defined by keys specified in the input fijalacf26.dat. Following a certain number of
steps, characteristics of body motions can be dssliles containing such data are named 1, 2,
3... garek29.dat. The file garek29.dat is always pced on completion of the program. This
file contains characteristics of bodies at the lfioalculation step. This is the main form of
problem solution output.

Besides, if certain keys are set in the inputdé¢acf26.dat, then parameters defining the
trajectory of particles, whose numbers are alsonddfin the input file, are issued too. The
names of the trajectory files are as follows: 1t,32 ... traekt.prn. The file size is defined by the
volume of the data set in the input file.

If certain keys are set, then a file dice.dasgied. The file contains data on the time of
close approach of bodies, minimal distance betwkedies, and the number of a body
approached by the given body. Each line in thedite.dat is formed on accomplishment of a
certain number of integration steps. The numbersoth steps is specified in the file
galacf26.dat.

With a certain key set, a binary file (or, depewdion the particular computer, an
unformatted file) named galgok?2 is issued. This Gbntains the state of the problem in binary
form at the last calculation step. On subsequet sf the program, calculation is continued
starting from this step, the data contained initiput file and in the initial condition file not
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being read out. The latter procedure is requiregbling problems with long running times. The
interruptions in calculations do not worsen theigoh accuracy.

In the case of an emergency situation, an erter ErrGlctca is generated; this file
contained a description of the error having ocalr&uch errors can be encountered in opening
files and their reading, and they also can be altresf insufficient array dimensions or
impossibility to meet accuracy requirements in whtton of bodies merging together on
collision.

In Galactica, the possibility to produce a screémlata is provided. Those parameters
common to all bodies allows one to monitor both #heecution of the program and the
calculation accuracy. In solving a problem on aesopmputer, such data are saved in an output
stream file.

In a version of Galactica with PC display graphiesong with common problem
parameters, images of bodies with their velocitgteres can be produced. The form of images is
defined by keys and parameters set in the inprigillacf26.dat.

14.2. Differential equations of motion for materigdoint particles

Let there is a system & material points (particles) with massesmfand electrical
chargesy, wherei = 1, 2 ..N. Let's designate dimensional coordinates and itele®f particlei
asXmi, Ymi» Zmi, Vxmi, Vymi, Vzmi iN the non-accelerated system of coordinatesivel&d the center of
massC. In particular, the coordinates can be expressetheters and velocities in m/sec. A
particle with numbek acts on-th particle by the electrostatic action, whichlwg written down
as Coulomb's force projection onto the axiso:

= w , (17)
‘gd Ijjmik
whereey is dielectric permeability of medium, in which tparticles are situated;
Vonik = \/(er = X )* F Vi = Yok *  (Zi = Z)® — (18)

is the distance between th#éh andk-th particles.

The expression (17) for force projection onto theés a, is written down in CGS
electrostatic system. The formula for force prog@ctonto the axegn, andz;, looks similarly.
Therefore all expressions will be written down hemed below for one projection. With
summation of all particles forces (17), the Coultsribrce of their action upon the particle with
number will be

N -
Z qk(xrm ;(mk) ' (19)
ki €4 Mmik

where summation fdc= 1, 2 ..N, excepk =1, is designated by symbal

Under the action by force (19) theh particle will set in motion relative to an non-

accelerated reference system with acceleration
Wiy _ G 50 Gl = X) (20)
dt  mia &

Below the problem is solved in non-dimensional fofdharacteristic siz&m of an area,
in which there are electric particle, is set forAtl chargesqg; are reduced by absolute value of
electron charge., which e, = +4.8029810"° cm*?g"*Sec’, for example, in CGS electrostatic
system. The masses are reduced by total mabkkssof all system of interacting particles. Then
equation (20) will look in non-dimensional form so:

Fi =0

N —
W g, > BN o5 N (21)
dT k#i K
wherex = X,/ Am;
Re =X = %)% + (¥, = )2 +(z - 2)*; (22)
O =G/€; Omi =~ 0s/My; (23)
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=m/Msgs; Msszzm; (24)

N N @25)
T=tl k= g =Y/(Amk,). (26)

Expression (21) for three projectiorsy andz represents -Bl second order differential
equations, which determine motion of the chargedigd@s. Non-dimensional chargeg; of
particles can be positive and negative. Value af-dionensional variables, which describe
motion by equations (21), depends on arbitraryrmpatarAm Its value can be chosen such that
non-dimensional tim& has been in convenient units for considerationntdractions in the
microworld.

If the primary scale is time coefficiekt then the scale lengthm entering the expression
(26) fork; can be calculated as

e2 1/3
Am= (—zj . (27)
gd D}\/I SS Ekt

Gravitational interactions in program Galactica determined by the following non-
dimensional equation (6) in [34]. Let's copy ittt changes:

dv, _ mq(x X)
e I N 454 A 2 S N T 28
dT ; rIk 1= (28)

It is visible from comparison (21) with (28) thaetalgorithm for gravitational interaction
can be adapted to Coulomb's one if, first, to regiag, = myk with gox and, secondly, to multiply
expression (28) for acceleratiom/dT by gni. These changes were done in program Galactica,
and Fortran-program glk3pb30.for for Coulomb's iatéion is created [35].

14.3. Solution method

This item is identical to sectidh Solution method

14.4. Input file galacf26.dat

This item is identical to section 4 with the ideatiname.

Unlike gravitational interactions, the possibilgief item 4.2. for Coulomb's interaction
aren't used. Besides, the name of the binary &ilgak?2 is used instead of name galgon4.

14.5.1nitial condition and integration data files

Section 5 with the identical name, is basis fas ttem. Some differences for Coulomb's
interaction are given below.

Each of initial condition files, for example, ax$98.dat in folder InCndFsQ, and also
output files: 1, 2, 3, etc. and file garek29.dagibewith a set of 25 numbers: TO, omm, Um, dTp,
Px, Py, Pz, AMx, AMy, AMz, Spsx, Spsy, Spsz, E, Hxit, dT, i2b, j2b, k2b, A, B, C, Mud.
Those numbers are common to all interaciagticles. Then, sixteen numbers for each k-th
particle follow: om(k), (X(k,q),9=1,3), (U(k,q),03), (dUp(k,q),q=1,3), (Sp(k,q),q=1,3), Ra(k),
Et(k), qo(k). Here, g is the subscript listing tregiables over the three coordinates X, y, and z.

The general parameters represent the following:

TO — time in non-dimensional units;

omm — maximal mass of body reduced by the totakméasll particles;

Um — maximal velocity in non-dimensional units;

dTp — time step in non-dimensional units at theviotes step;

Px, Py, Pz — projections of the total momentumheaf whole particle system on the coordinate
axes;

AMx, AMy, AMz — projections of the total angular m@ntum of the whole particle system;
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Spsx, Spsy, Spsz — projections of the sum of tigellan momenta due to self-rotation of bodies
around their axes (spin projections);
E — total kinetic energy of all particles at theg@ivmoment0;
Em — maximal kinetic energy of all particles stagtfrom the beginning of integration;
Ett — thermal energy of all bodies which the p&tchave acquired during their merging on
collision;
dT — current time step in non-dimensional units;
ed — dielectric permeability of medium, which thare the particles in.

Next, 16 parameters for each particle follow:
om(k) + mg — non-dimensional mass of the k-th particle (k and are the numbers of particles
in different texts);
(X(k,q),9=1,3)+ x;, ¥, Z — non-dimensional barycentric coordinates of thei&h particle;
(U(k,0),0=1,3)} v, Wi, Vzi— non-dimensional velocities of the k-th particle;
(dUp(k,q),q=1,3) x, v®, z® — non-dimensional derivatives of the fifth order fhe k =i-th
particle;
(Sp(k,0),0=1,3)+ Soxix Syi» Sz — non-dimensional angular momenta (spins) duehéo self-
rotation of the k 5-th particle. A particle is assumed to get a spihe particle has formed as a
result of the merge of other particles having apphed each other to a distance smaller than the
sum of their radii. Initially, the rotation of paes can be ignored, with their spins being define
asSxi=Spyi=Spz=0. This strategy is adopted in the initial conditides given below.
Ra(k) — non-dimensional equivalent radius of theikh particle;
Et(k) —Es — non-dimensional thermal energy of the kth particle. This energy has arisen from
merging of several particles in one particle du¢ramsformation of kinetic energy into thermal
energy.
go(k) — non-dimensional charge of the kth particle.

In Appendix 3 there is the sample of program In@iEPmcd in MathCad software for
generation of initial condition file.

14.6. Trajectory files 1t, 2t ... traekt.prn
This item is identical to section 6.
14.7. Close-approach file dice.dat
This item is identical to section 7.
14.8. On-screen display

This item is identical to section 8. Similarly Fid in section 8 for gravitational

interaction, Fig. 2 yields output for Coulomb'sairatction [35].

1.000000000000000E-010 0.999727944522533 307.702140230615
1.000000000000000E-010 -58.673617379354035E-019 5.673617375554035E-019
.336508689942018E-019 &.673617Y37958584035E-019 -5.371593013523018E-002
L1E23928527828917 0.000000000000000E+000  0.000000000000000E+000
.000000000000000E+000 12.87915888860771 12.87915888860771
L000000000000000E+000 1 1.000000000000000E-007
L000000000000000E+000

L T T e s Y =

N

Fig. 2. Axisymmetric Coulomb's interaction betwéeparticles with parameters for oxygen at@: the
central particle;1 — the first peripheral particle2 — the second peripheral particle. Case of circular
motion.
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14.9. Examples of input files galacf26.dat

Section 9 gives samples of input files for diffreroblems of gravitational interaction.
These samples show functions of various parameidile galacf26.dat.

The folder InpFilsQ contains example of input fdalacf26.dat, which was used for
axisymmetric Coulomb's interaction of 9 particleed Fig. 2) in work [35]. This folder also
contains input files with changed names g26_2p26 @ptk, g26_175ptk, g26_473ptk for
problems with 2, 3, 175 and 473 particles. Filethw and 3 particles were used in work [35].
The force of attraction between a peripheral plartand the central particle is maximal for
axisymmetric configuration with 175 particles, anthimal for one with 473 patrticles.

14.10. Initial condition files for several solvedgblems

Section 10 involves initial condition files for n@us problems of gravitational
interaction. The folder INCndFsQ contains file ax8@.dat for axisymmetric Coulomb's
interaction of 9 particles. Thus 8 peripheral mdes move along elliptic orbits with eccentricity
e = 0.15. This folder also contains initial conditibles with analogical names for interaction of
2, 3, 175 and 473 particles. Their orbits are esclThe program InCnPrClb.mcd, contained in
this folder, is intended for creation of such @ittondition files.

14.11. Executable files

In section 11 the executable files, which arehia tolder RunFiles, are described in the
case of gravitational interaction. The folder Rus®i contains executable files in the case of
Coulomb's interaction. Table 3 lists the nameshef main exe-files for PC and for a Unix OS
supercomputer. In the names, the following agre¢sneme adopted. Symbols glk mean
Galactica with Coulomb's interaction. Digit 3 meanthird version of the program intended for
common use. The character «b» with subsequent dgmmbeans the total number of bodies
(particles).

Table 3. Names of main exe-files of Galactica \@tsulomb's interaction

Number of WithoutFor PC W For a UNIX OS
interacting particles : . supercomputer
graphics graphics
30 — — glk3b30e
300 glk3b3c.exe| glk3pb3c.exe -
3000 glk3b3t.exe| glk3pb3t.exe glk3b3t

Executable files without graphics compiled by Famt PowerStation v4.0. Codes with
graphics, which are compiled by the Compaq Visuaidtren Professional Edition v6.5.0 in
Fortran standard graphics, have in a name the [ette

The code named glk3b30e capable of calculatingp&Qicles on a supercomputer
operates with extended digit length (34 decimal Isyts). This program can read initial
condition files with double length numbers, angenerates integration data files with digits of
guadruple length. The speed of calculation witls fhiogram is 33 times lower in comparison
with other codes. All codes except for the lattee ase double length numbers.

14.12. Generation of initial condition file

In section 12 the recommendations for generatiomital condition file, the part of
which can be used in the case Coulomb's intergcaom given in the case of gravitational
interaction. As it is noted in section 12, there &atures of algorithm for calculating initial
conditions for each task. As applied to the probtdraxisymmetric Coulomb's interaction [35],
the file INCnPrClb.mcd (see Appendix 3) exemplifeeprocedure for generation of an initial
condition file. This sample can be implemented gsiany programming language or
mathematical software. Below, taking the sampleaasexample, we will comment on the
particular actions. In the problem of interest, thkowing configuration of interacting particles
is defined: around a central particle, peripheraitiples are located. The velocities of the
particles are chosen such that the particles méwegeelliptic orbits with eccentricitg. The
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central particle has a positive charge, and pergllanes have a negative charge. Such problem
has a exact analytical solution. In works [1], §2Id [24] it is given for gravitational interaction,
and in work [35] — for Coulomb'’s one. Such axisyrtmoeconfigurations are unstable at certain
parameters. Therefore in the case of numericaltisalwf the particles interaction equations,
their dynamic features are determining. In work][B& interaction between the central particle
and eight and two peripheral particles, and alseraction between two particles are considered.
The program InCnPrClb.mcd was used for generatiomital condition file for these tasks.
Here it also was used for generation of initial dition file for these tasks to the number of
particles 175 and 473.

ltem 14.12.1 of Appendix 3 defines the total numbkinteracting bodies Nb and the
lengths of indexes i and il. Since an index begitis zero, the largest value of N is smaller than
Nb by unity.

Item 14.12.2 defines the main constants, accorthn@6], namely, masses of electron
me, protonm, and neutromm, in kg; charge of electror. in CGS electrostatic system; base
radiusRy, which atom nucleus radius is determined by

Ro = RoBw ™", (29)
whereAy is mass number of an atomic nucleus.

Besides, the item 14.12.2 defines electron raRiyslielectric permeability of mediumy
in CGS electrostatic system and the first Bohrstaradiusagy, by which the average distance
between electron and nucleus (see p. 749 [36pterchined:

_ Qg 2 _
I =5 B =10, 4. (30)
whereZ;, is charge of an atomic nucleus;

n, andl, are quantum numbers.

Item 14.12.3 defines axisymmetric configurationthwB peripheral particles by the
example of oxygen atom, including atomic numBgrnucleus chargg, and quantum numbers
n, andl, for determination of average distanae= r,, between peripheral electrons ring and
nucleus by formula (30). This item also definesdhgts eccentricity of peripheral particles and
the plane inclinatiom of their orbitsxgyo in the coordinate systery z, for which the equations
(21) are written. The orbits plamgy is revolved through an angigrelative to the axis.

In item 14.12.4 the masses of the central partigl@nd the peripheral particles; in
kilograms, and also their radam, andram; in meters are calculated.

Then, in item 14.12.5 the algorithm of [1, 2, 24l] is implemented to determine the
coordinates and velocities of the peripheral pididn the orbit plane. Here, the notation
introduced in our book «The Theory of Interactighs2] is useda; is the trajectory parameter,
W1 is the interaction parameter, and the pericerdeaipeters are fand y: R, is the radius and
Vp is velocity.

This algorithm is intended for calculating theeirstiction of an arbitrary number of
particles. That is why one has to check that thoét evill not be overcrowded with the particles.
This check can be performed as follows: the distdmtween two particles divided by the sum
of their radii should be more than 50. OtherwiseSec. 12.1 the major semi-axis value “a”
should be increased using the coefficiept k

The problem of axisymmetric interaction of bodwess solved exactly in [1, 2, 24, 34].
Here, the peripheral bodies move along ellipsestem 14.12.6 those orbits are calculated, and
they are plotted in coordinates ynb(xnb). The inik,2.. N in MathCad can be used to call for
plotting graphs not for all particles. For examplee orbits will to be plotted for each third
particle at the index i2=1,3.. N. Those graphs iconthat the set configuration of interacting
particles is indeed axisymmetric, and the partictem/e in an elliptic orbit with the required
eccentricitye.

In item 14.12.7, the orbit plane rotates throughaagles relative to the axis x. Here,
differential equations (21) «work» along all theei axes, X, y, and z, despite the fact that the
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initial statement of the problem was planar. Duehte latter rotation, to 20 trustworthiness
criterions considered in [4, 5], one more critergam be added. If integration of Egs. (21) yields
orbits deflected from the initial plane, then theidtions should be identified as inaccuracies of
the integration method.

In item 14.12.8, we pass to non-dimensional véembHere, mg.; is the sum of the
masses of all the particles involved in the systAm,is the scaling length factor in meters, and
k: and k are the scaling time and velocity coefficientsresged in Sl units. Those parameters
were described in Sec. 2 and 14.2.

In the latter example, the scaling factor Am ikgkated from the condition that the non-
dimensional time unit should be equalRg =1:10" sec. Since Am is determined with some
non-zero inaccuracy due to extraction of a cubat,rthen a procedure for refining the quantity
Am is to be applied.

It should be noted that ratica2Am =3.23 for given unit of timBy,, i.e. the order is close
to 1. In this case the scaling factor Am is a cbiamastic size of a considered system, namely an
average size of orbit&

In item 14.12.9, according to formulas (4)-(5) treiables are reduced to the center of
mass of the system. Here, for instancey.X@nd Vxg.1 are the coordinate and the velocity of
the center of mass. In the problem of interestiailhy the center of mass is at the origin, so that
the above values are both close to zero. Nonewhdles procedure should be accomplished, and
the parameter values of the center of mass, examirtee latter examination is a check of the
algorithm for calculating initial conditions. Inéhpresent case, the values of the parameters are
within 5108, That is why for performing Galactica calculatiomith a lower error preparation
of initial conditions with a better accuracy is vegd. For instance, it would be desirable that the
initial conditions be prepared with a larger numleeigth than it can be made in MathCad.

In item 14.12.10, projections of the angular motuenMxy+1, Myn+1 and Mz, of the
whole particle system and the absolute value ofatigular momentum MO are calculated. For
the problem of interest, the total angular momentfnthe whole system MOO can also be
calculated by formula (16). Then, the check is ¢operformed. The sum of non-dimensional
masses of the system should equal unity. We deterrthe relative error of the angular
momentum MO and its value MOO calculated by form{@k), and also the relative inaccuracy of
the scaling factors Am,;kand k. Those checks enable evaluation of the inaccucdcthe
algorithm, and also the value of the computationatcuracy. As it is seen, here the residual of
the scaling factors is zero. This result was ole@ithrough refinement of Am in item 14.12.8.

In item 14.12.11, we calculate the number Mu tabed in the input file galacf26.dat for
specifying initial conditions for space-distributedbstance. Here, the parameter Mu is not used.
However, for right representation of particles iraghic mode this number should be made
consistent with the number of particles Nb. Thddgddzlow exemplifies matched parameters for
different values of Nb:

B C Mu Nb
0.5 0.25 4 30
0.9 0.6 7 300
0.9 | 0.7955 15 3000

In item 14.12.12, initial data and conditions avetten in a prn-file, for instance,
axsykl09.prn. The file contains 16 columns. Thstftwo lines contain general data involving 25
parameters. That is why one zero at the end ofitteline is to be removed, and six zeroes at
the end of the second line are to be removed, hedile is to be renamed in a dat-file, for
instance, axsykl09.dat.

After the first two lines, additional lines, eacbmprising 16 values, appear. The total
number of the lines is equal to the total numbethefparticles involved in the problem. At the
end, there appears an information line, whose fitshber is the date of creation of the initial
condition file: year.mm.dd.
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The next two graphs show the coordinates and igedn the particle system. Those
values enable a check of the sought configuratianned in the problem statement. As it is seen
from the graphs, the coordinates and velocitiethefparticles form an axisymmetric pattern; in
other words, they correspond to the problem ofyamisetric interaction of the particles.

The above-considered program InCnPrpr.mcd was tsegnerate the following files:
axsyk175.dat and axsyk473.dat for 175 and 473qgbestirespectively. Those files permit check
of operability of the exe-files, evaluation of thetal errors in solving the problem, and
integration step adjustment ensuring a requireduracy of problem solution. These
axisymmetric configurations are noticeable by thaximal force of attraction between a
peripheral particle and the central particle far #75 system particles, and minimal — for the 473
system particles. If there are more particles imfigoration, that peripheral particles are
rejecting from the center.

ltem 14.12.13 gives an algorithm for reading auiratial condition file or an integration
data file of type garek29.dat. This becomes ne@dadtting initial conditions from a calculated
data file of an analogous problem. Besides, thgardhm can be used for analyzing the output
data.

In the first line, the number of bodies Nbg andex lengths ig and ig2 are defined. Here,
instead of the operator READPRN, the operator REAsed. The latter operator permits
reading-out of a non-ordered file. After the reaggimequired quantities can be displayed as
shown in the graph.

Item 14.12.14 gives changes for files generatibproblems on interaction of two, 175
and 473 particles.

14.13. Problem solving procedure

Section 13 gives recommendations about the prokl@otion sequence of gravitational

interaction. They are applicable as well for Coubsnnteraction.
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Appendix 1. Example of MathCad program for generatng an initial condition file
for gravitational interaction
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InCnPrpr.mcd . Example of calculation of the initial conditions fa the
program Galactica. Completed 11.02.2012, modifietl7.09.201218:00

12.1. Number of bodies

Nb = 30 N:=Nb-1i=0..N il1=1..N
12.2. Constants
_11 PSd
G- 6.67259 10" AU - 1.49597870691 10 P 4= 365.25636042 K oy o= ——
- 36525
dsc= 24 3600 Pgyge= Pggdsc
12.3. Properties of bodies and of their motions
mEr- 5.9742 16" M g - 332951.3 mEr M gg - 1.991787350282 10
Roba-= 5000 ka:: 1.0 a- ka-AU e - 0.2056 ¢€0:=0.409

12.4. Masses of bodies in kg and their radius@s in
1

3
e o MssMs [ 3
o~ Ms My N ' | 4-Rob

12.5.Coordinates and velocities of bodies acordindly to:
Smulsky J.J. Axisymmetrical problem of gravitatibmaeraction of N-bodies // Mathematical mi
2003, Vol. 15, No 5, Pp. 27-36. (In Russian
http://www.smull.newmail.ru/Russian1/IntSunSyst/@is4.doc).

N
201 +1
1 1 1
o q=- Rp=a—— f,=025 1=-G(m,+mf
1" 1 e P a4 N Z (2~ 1) H <'Tb m1N>
i2=2 Si T
1 2 .
wp- | M dp- " g0, - (i1- 1)-dg o 1 =-0.829462508294625

Coordinates and velocities in the plane of orbitsan m and m/sec

. _ 0
xo, = Rp cos{cpou) yo., - Rp-sur(cpou) 20,-0 ul= 1.328246909803620°
VXQ, = fvp-sir((p0i1> vyQ, - vp-co%cpoiﬁ vz, = 0  f,=16.12083740509405

Checking the distanses between bodies. If d is lebsin 50, it is need to increase a.

2 2 2 do
do - J (g, x0 |+ (yo, - yo, |+ (20,- 20,7 d:- d = 784.3895396357486

<2- rarq)

Appendix 1 (continued)
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12.6. The exact motion of bodies. Checking the planned néiguration of the problem

, 2Tt
J=50 @,=0 j==1.J @ g

rnq = Rp Ra:= Rp
1,j - Dy - 1.1Ra
oy teose w0y g [faye1ag Ow
xn, ;= rnbll,j-cos<cpj> ynh, ;= rnbll’j-sir((pj> i2.-1,3.N
1.9810'%
9.9210'° &
ynbiz'j 0 e=0.2056
-9.9210'°
-1.9810'%
19810t 092100 0 9921010  1.9810
12,]
12.7.Coordinates and velocities in the equatorial plane
XM, = X0, ym); = yo,-cog€0) - za, sin(€0) zm, = yo, -sir(e0) + zg,-cog(€0)

VXms, = VX0, Vyms, = vya,-cog€0) - vzq,-sin(€0) vzms := vyo,-sin€0) + vzq,-coq€0)
xmy =0 ymy:=0 zmy=0  vxmg =0 vymg=0 vzmg-0
12.8. The transition to the dimensionless variables

m%‘*o ms, ;= ms+m maQ = i
o +1° 1
m%w 1
Determination of the length scale that the dimensidess time unit is equel one sidereal centt
1
(G "3
B SV s T 13
t - Am =1.0979607703095810
100-P 2
sdsc Ky

Appendix 1 (continued)
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Clarification of Am

Am 1
Am - 1.097960770309582 10k vi= | ——— Am:= Am = 1.097960770309581’2013
+1 \
X ym zm ram
T = AR p— rg =——
Am % Am Am Am
vx = vxmsk,,  vy= vymsk, vz = vzmsk
12.9. The center of mass of the interacting bodies
Xcy =0 Yc, =0 Zcy =0 Vxcgy:=0 Vyc, =0 Vzg =0
XciH:: Xci+mo|->ﬁ YciH:: Yci+mo|-yi ZCIH:: Zc|+mo|-zi
chlH:: ch|+mo|-v>g VycI+1 = Vyci+ mo-vy; Vch1 = Vzc|+ mQ-vz
Coordinates and velocities relativelythe center ahass
X=X - XCy, 4 Yiim Y- YCy. 4 z=2-20, 1 XCy, 1 :*1.0587911840678750722
19

VX TK T VXGy g WV e g VR VA VG vk =-3.3881317800172610
12.10.Angular momentum of the system of bodies

Mx. .= 0 My, = 0 Mz =0

ML = mQ:(vyz - vay) My =mo(veg - vax)  MIz - mg{vyx - vey)

MY, , = <Mxi> MLy My, = <Myi> MLy, Mz = <Mzi> + M1z
5

23

Mx 1= 1.976592491471410

N My 1= —6.0874273655235650

Mz, , =1.4044360950903650 *

N
Verification
msy, = 0 mS{+ 1= Msy+mo ms;\|+ 1= 1.000000000000002
N -mol-Rp-vp-k v J 5

. . / 2 2
MO0 = e MO = [(Mxy, 1)7+ (Myy 4]+ (Mzy )
MO - MOO — 1 1
MO MO 1.7707748822859120 16 Am- ==

MO kt'kv Am

12.11.To coordinate the size of area with the number ofddies need to change the B <=1 and
C1 <=1 so that Nbar> = Nb.

1 B C Mu Nb
B-05 C1-025 Mu-cell(Nb+2® — dT=1210° Mu=4  o9902° 430
Nbar:= (1+ My-(1+ Mu-B)(1+ MuCl)  Nbar= 30 Nb = 30 0-9 0.7955 15 3000

Appendix 1 (continued)
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12.12.Writing data to the file name.prn

k-=0.14 l=7..12 12:-5..14 Ro’k::O RO,7:: MXN+1 RO,8:: MyN+l
Ro'gzz MZN+ 1 Rl,O: 0 Rl,l: dT R1'2:: 1 R1,3:: 1 R1,4:: Nb
R1.5:: 1 R1,6:: B R1,7:: C1l R1,8:: Mu Ri+2,0:: mol Ri+2,1:: Xi
Ri.227Y Ri237%3 RV R, R.,g5vz R, =0
Ri213°™@ R 5470

Information line at end of file 3= Nb+ 2

Rg o~ 20120917 Ry ;= Nb Ry, =Mgg Rgy=Am Ry, -ky Rg,-0

13,4 v 13,12

WwwwRITEPRN"@assymiiBtpmi'- R~ "axsymb30.prn"  "axsymb3c.prn" "axsymb3t.prn”

It is necessary 6 zero at the end of 2-nd line offde name.prn to remove and to renanféento a
name.dat.

Verification coordinates and velocities

[ )
® [ ]
[ ]
[ ]
[ ]
®
0.005 ®
[ )
[ ]
[
]
y 0 ® q
XX )
[
[ )
[ ]
-0.005 e
[ ]
[ )
[ ]
® [ ]
[ ]
~0.0099 e .
-0.0108 -0.0054 3.2)}6 5 0.0054 0.0108

Appendix 1 (continued)
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9.68 [ v (]

® ()
® ®
[ ] [ ]
485 o °
() ()
> q
vy 0.02837 ®
(X X))
® [ ]
o [}
-4.8
o [}
® ®
® )
() ()
-9.62 - -
-10.54 -5.27 0 5.27 10.54

VX

12.13.Calculating the number of steps and the step sizeirfan accurate account from one
with Julian day JD1 to another date with the JD2.

JD1949- 2433280.5 JD1969- 2.4404005 £0 ID1999- 2.4515425 fo dT=l-1076

JD1:= JD1949 JD2=JD1969 ATjd = Ml AT = ATid Ltkr::ﬂ
36525 k dT
sd_Jc

Ltkr :1.94931581528460507 Ltk .= 19500000

At kI3 =1 or = 3 for file garez28.dat
dTcy - SkrdT dTcl= 9.99649136043387H0 '
At kI3 = 2 or = 4 for file name.dat
dTc2:= & dTc2= 9.99649187256184]2(57
Ltk - 0.999

Verification
Ltk-dTcl- AT =0
(Ltk - 1)-dTcz+ 0.001-dTcz- AT =0

Appendix 1 (end)
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12.14.Reading the file of type garez28.dat

Nbg:= 30 Ng:= Nbg- 1 ig:=0..Ng ig2:= 0.. 23+ Nbg 15
P%gZ -~ READ("garez28.da}" "garez28.dat" "g28c10"

Tg- P3 Mmax~ P4 Vmax P23 dTpg:- P2 Pxg- P2 Pyg- P2 Pyg- P2
Mxg:= P2, Myg - PZ Mzg- P2, Ssxg- P2, Ssyg- P2, Sszg- P2,

Eg- P2, Egmax P2y, Etg- P2, dTg- P2, i2b- P2, j2b- P2,

k2b = P2, Ag:= P2, Bg-P2, Cg-P2, Mug-P2,

mog, = P2, ig15 X9y~ P2s, ig15 Y9~ P2g, ig1s 29~ P27, ig1s

VXQy = P2g ig1s W9 " P2g. ig1s V29 T PZg.igas M9y T P75

Tg = 9.9990009999999920 °
0.0099 —
° L i
[ ]
[ ]
[ ]
[ ]
0.005 @
[ ]
[ ]
[ ]
B | ]
yg 1.287510 © ° ‘
XY b
[ ]
[ ]
[ ]
-0.005 @
[ ]
[ ]
° [ ]
[ ]
[ ]
~0.0099 a . °
-0.0108  -0.0054 ;76051075 0.0054

Appendix 2. Modes of display in the standard greplof Fortran
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Symbolical argument Cod Description
$SMAXRESMODE -3 graphics mode with highest
resolution
$MAXCOLORMOD | -2 graphics mode with most colors
E
$DEFAULTMODE -1 restore screen to original mode
$TEXTBWA40 0 40 x 25 text, 16 grey
$TEXTC40 1 40 x 25 text, 16/8 color
$TEXTBWS0 2 80 x 25 text, 16 grey
$TEXTCS80 3 80 x 25 text, 16/8 color
$MRES4COLOR 4 320 x 200, 4 color
$MRESNOCOLOR 5 320 x 200, 4 grey
$HRESBW 6 640 x 200, BW
$TEXTMONO 7 80 x 25 text, BW
$HERCMONO 8 720 x 348, BW for HGC
$MRES16COLOR 13 320 x 200, 16 color
$HRES16COLOR 14 640 x 200, 16 color
$ERESNOCOLOR 15 640 x 350, BW
$ERESCOLOR 16 640 x 350, 4 or 16 color
$VRES2COLOR 17 640 x 480, BW
$VRES16COLOR 18 640 x 480, 16 color
$MRES256COLOR 19 320 x 200, 256 color
$ORESCOLOR 64 640 x 400, 1 of 16 colors
(Olivetti)

Appendix 3. Example of MathCad program for generatng an initial condition file

36




for Coulomb’s interaction

InCnPrClb.mcd . Example of calculation of the initial conditions for the
program Galactica at Coulomb's interactions. Completed 03.09.2Q1
modified 17.09.2014

14.12.1. Number of bodies
Nb:=9 N =Nb-1i=0..N il1=-1..N N =8
1412.2. Constants

From Handbook by Yavorsky & Detlaf: pp.749, 910291
913.

mg - 9.109% 10> my - 1.6725210°" mpo- 1.6748210° e - 4.80298 10"

RO- 1510 Rg-=1510" agy-52916710" ed-1 a, -1

14.12.3. Properties of bodies and of their motions

3n 211 -

) e o 1 ) nInilntY) CRoAL

Ay =16 Zp‘78 nG=2 Ip=1 rg=agy % rn=ROAN
0.15 P

a-rga, e-015 £0:- 0409 a=3.307293780 %  r =3.779763149684620 =

14.12.4. Masses of bodies in kg and their radiuses
Zpn=AN-Zp My=ZpMp+ZyMpe  My=Mg ramy = rp ram, = Rg

14.12.5.Coordinates and velocities of bodies acordindly to:
mulsky J.J. Axisymmetrical problem of gravitatibmaeraction of N-bodies // Mathematical modelling
2003, Vol. 15, No 5, Pp. 27-36. (In Russian
http://mww.smull.newmail.ru/Russianl/IntSunSyst/@is¥.doc).
For two bodies interactions see item 14.12.14.

2«0 4+1 N
1 o 1
oq=- Rp-=a—— f. -0.25 .
1" 1ve ay N _;Zz Si{(iZl)-n
12= N
10—9_eeZ N
i = (N1 3
med ul =-1.3156575230932020
1 2T .
vp = dp ==~ @0, = (i1-1)-do o 1 =-0.869565217391304
a1-Rp N

Coordinates and velocities in the plane of orbitsn m and m/sec

: 3
xo, = Rp co{cpoiﬁ Yo, = Rp-sn(q;oﬂ) 29, =0  u1=-1.3156575230932020

Appendix 3 (continued).
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VXQ, 1= - Vp: S|r((p0|1> vyo, - vp-co%(pOu) vzq, =0  f, =2.804865846209121

Checking the distanses between bodies. If d is lassn 50, it is need to increase a.

B - 2 B 2 2 ~do _ 3
do - J(x% x01> +<on y01> + (20, zol> d - <2'ran1> d =7.1719969698411170
14.12.6.The exact motion of bodies. Checking the planned nfiguration of the

problem

J=50 (po;:o j=1..3 (Pj3:(pj,1

Rp _ Rp
My o g 1)cosg- g0y - a g Ra BCEERIRCEY Dy =1.1Ra
=, ;- cos<(p> yn, =, | sn(cp) i2-1,2.N

4.1810 11

\

ynbiz’j 0 \« e=0.15

11

-2.0910 X %
41810 1
4181011 -2.0010 11 0 20010t 4181011
xnby |
14.12.7.Coordinates and velocities in the equatorial plane
Xm, = X0, ym, = yo,-coq€0) - zq,-sir(€0) zm, = yo,-sin(e0) + zo,-cog€0)

VXMS, = VX0, vyms, := vy0,-cog(€0) - vzQ,-sin(e0) vzmsg = vyo,-sir(e0) + vzo,-cog€0)
xmy=0  ymy:=0 zmy:=0  vxmg:=0 vymg:=0 vzmg:=0

Appendix 3 (continued)
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14.12.8. The transition to the dimensionless véemb

m%::o ms ;= mg+m mao = i . ;15
1 i ms, Py =110
+1
90 -Zp 49, -1

Determination of the length scale that the dimensidess time unit is equel one 107-15 of second.

3
1 <10 g'e ez>
Ki=—— Ami=| — ° _ -11
tp 2 Am =2.04976713050377I0
M ed'mg, 'Ky
+1
Clarification of Am
ed-m -Am
. 1
Am - 2.049767130503774 18" ky = L Am =
794 2 k -k
10 “-eq thv
X y z ra _
oo, ol a1 Am=2.0497671305037720 1
' Am ' Am Am Am
2-a
vy = vxmsk,, vy =vymsk,, vz =vzmsk, Am =3.226994618834738
m
14.12.9.The center of mass of the interacting bodies
Xcy =0 Ycy,=0 Zcy=0 Vxgyi=0 Vycg,=0 Vzg =0
Xe,q = Xg - max YC .1 -G may, 26,1 - 26+ mq7
VXCIH:: VXc + mQ-vx VyclH:: Vyc + mQ-vy. Vchlzz Vz¢ + mo-vz
Coordinates and velocities relativelythe center aihass
B B B _ -20
X =X-Xey 1 VY- Yey 4 z:=z-2¢y, 4 Xcy, ,=-2.0328790734103210

VX VR VXGY g WV VO g VAT VE VIS e =5.2041704279304210 18

14.12.10 Angular momentum of the system of bodies
Mx. =0 My. := 0 MZi =0

ML =-mQ vz - vgy)  MIy = mQ-{(vgz - vz%) M1z = mQ:(vyx - vy

‘, _
MX;, ;= <Mxi>+M1xi My, ;= \Myi> Mly, Mz

1 =*9.66535216190283550719 Myy, 1 = 0.053108187925464

_
it1° \Mzi> M1z

MXy .

Mz 1 0.122526400051667

N

Verification

Appendix 3 (continued)
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msg, - 0 msr+1 = ms[+mQq ms[\|+1 =1

N-mq Rpvpk,, 2 2 2
Moo L MO - (Mo 1P My 1P (May
MO~ Moo _, Ipm. L1

14.12.11.To coordinate the size of area with the number of ddies need to change the B <=1
and C1 <=1 so that Nbar> = Nb.

1 B C Mu Nb
B-025 Cl-0.1 Mu-ceil(Nb+ D3 dT-1010" Mu=3 oo o2y
Nbar- (1+ MY-(1+ MuB)-(1+ MuCl)  Nbar= 9.1 Nb=9 0-9 07955 15 3000

14.12.12 Writing data to the file name.prn

k=0.14 1:=7..12 2=5..14 Ry =0 Ry 7= MXN+1 Ry g~ MyN+1

Roo"Mzy 1 R0 R =dT R
R1,5:: 1 R1,6:: B R C1l R

R1’3:: 1 R1’4:: Nb

-1
1,7 187 MU Ry g-ed Ri20"M3 R._5,7X%
Ri22 %  Rios 3 R VN Roos W Riope Vg Ry -0
Ri2137™@ R.p1470 R.515 90

Information line at end of file 13:= Nb+ 2

R0 = 20120918 Rg ; =Nb Rg,=mg ., Rgg=Am Rj, =k, R3,=0
WwWwWWRITEPRI("assyk00m)i- R e 0.15 0 0.15 0.15

"axsykl09.prraxsykc09.prn"axsyk175.prn" "axsyk473.prr

It is necessary 1 zeroat the end of 1-nd linear@@lzero at the end of 2-nd line of file name.prn
to remove and to renamehe file into a name.dat.

Verification coordinates and velocities

1.26 v 328.39 -
[} () ° °
0.63 164.19
4 op ¢ | vy o) o «
000 P/
0.63 -164.19
[ ] [} " o
-1.26 a )
-1.37 069 0 069 1.37 328.39 -

-357.91"178.95 O 178.95 357.91
VX

Appendix 3 (end)
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14.12.13 Reading the file of type garek29.dat

Nbg = 9 Ng:= Nbg- 1 ig:= 0..Ng ig2:= 0.. 24+ ( Nbg+ 3-16
P%gz = READ("garek29.daj" "garek29.dat" "axsyk473.dat" "axsykl09.dat"
Tg:= P3, Mmax~ P4 Vmax- P2 dTpg- P2 Pxg- P2 Pyg- PZ Pyg- P2
Mxg = P27 Myg = P28 Mzg = P?9 Ssxg-= P%O Ssyg- P%l Sszg- sz
Eg- P2, EQmax- P4, Etg= PZ. dTg- PZ, i2b:= P2, j2b- P2,
k2b = P24 Ag:-P2, Bg-P2, Cg=P2, Mug-P2, edg:= P2,
mogg - I3225+ ig-16 XQg - I:)226+ ig-16 ng - I3227+ ig-16 ZQg - I:)228+ ig-16
VXQg a I:)229+ ig-16 Vng a P23O+ ig-16 Vzgg a P231+ ig-16 dux% a P232+ ig-16 duygg a P233+ ig-16
duzg = P2y, ig16 SPXG = P, ig16 SPYY = PZe. g1 SPZY = PL7, ig16
ragg - I3238+ ig-16 Eth - P239+ ig-16 qug - I:>240+ ig-16 Datag- P%5+ Nbg- 16

Nbgrd:= P25 \ps16 M sSSg™ P27, nbg1s AMI= P25 \pg16 Kvg™ P2, nbg 16

1.44 - o Tg=0.0299999001
072 ®
q
yg 0 ¢
[ X N J
)
—0.72 °
[ J
-1.44 -
-1.57 -0.79 0 0.79 1.57
xg
14.12.14. Change in items for Nb-paricles interactions
<9 2
2:04+1 my'm, 10 "-eq
Nb =2 aq=- Rp=a—— Mpy = pl = -
l+e aq my -+ my m pr-sd

Nb =175 AN=348 Zp=174 nn=174 PM=2*10"10 B=08 C1=0.55

Nb =473 AN=946 Zp=472 nn=472 PM=2*10~9 B=09 Cl1=0.676
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