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Abstract: This article discusses the modern knowledge necessary for materials science. Modern scientific knowledge covers on the basis
of the greatest scientific results; complete scientific knowledge: mathematics; mathematical physics; quantum mechanics (not relativistic and
relativistic); quantum physics; quantum chemistry. Theory and modern tools for testing and monitoring with increasing resolution. High
technologies. A research — type methodology has been obtained, but this methodology is also focused on interactions with business. Business
research is not fundamental, but it can be very lengthy.
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For arectangul ar barrier with width 1,the transparency
coefficient D isdetermined by the formula:

2
D = Dye 2K = Dy h V20, (5.1,D)
wherek =+/2m(Uy— E)/h at E < Uy; Dg~1;misthe mass
of the particle.
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Fig.9 Free micro-particle motion through potential barrier: width | and
height U, barrier energy; space is divided into three areas: 1 (x <0),2 (x
(0, I)) and 3 (x >1); direction of movement along the 0X axis; E is the total
energy of a particle; the particle £ > U, passes over the barrier, at E <Uj it
cannot pass through the barrier and reaches a height allowed by E.
According to quantum mechanics, there is a probability =0 (E <U,) that the
particle will cross the barrier and the motion is described by eq. (5,
Schrédinger stationary equation).

The transparency coefficient D depends on the values m | and (Uo-
E), and with their increase the probability of the particle passing
through the barrier decreases. Hence the conclusion that for
macrobodies quantum mechanics passes into the classical one:
particles with large mass do not pass through the barrier. Tunnel
effect: passage of a microparticle through a potential barrier. A
number of phenomena in physics are described by the tunnel effect:
cold emission of electrons (separation of electrons from the surface
of a metal under the action of an external electric field); o - decay
of radioactive nuclei; contact phenomena at the boundary between
solids and others. The tunnel effect is a specific phenomenon and is
observed only at a very small width of the barrier (of the order of
the dimensions of the atoms 10™° m).

Experiments led to the creation of quantum mechanics: 1.
linear emission spectra of gases heated to high temperatures. The
wavelengths are arranged in a series of lines; as J. Ballmer in 1885
year proposes an empirical formula for the visible region of the
hydrogen spectrum A, = R (2% - m2), at m>2, A, is the wavelength
for the corresponding spectral line (Ballmer series) at n=3, 4, 5 and
so on; R=1,097.10'm* is the Rydberg constant. Ballmer's formula
was summarized in 1888 by J. Rydberg 4, = R (n2 - m?). Notation
of the spectral lines of hydrogen in the visible part of: n = 3 is with
H,, red; n=4 is with Hg blue; n=5 is with H, (Hs) violets. In 1906 T.
Lyman discovered such series for n = 1 in the ultraviolet region and
in 1908 F. Pashen discovered for n = 3 in the infrared region for
hydrogen; 2. The phenomenon of radioactivity was discovered by
A. Becquerel in 1896: uranium salts emit highly penetrating
invisible rays from charged o- and B-particles. In 1900, P. Viyar
discovered another type of y-beam without an electric charge; 3. In
1897 year J. Thomson discovered the electron and proved that
cathode rays are a stream of negatively charged particles very close
in characteristics to B-rays; 4. The listed experimental discoveries
led to the conclusion that atoms are not indivisible particles and
scientists began to study the structure of the atom through the
discovery of new particles. Thus, in 1911, after studying the
scattering of particles from various substances, E. Rutherford
discovered that all the positive charge and almost all the mass was
concentrated in the nucleus of the atom with dimensions of the
order of 10" m; Rutherford proposed the nuclear model of the
atom: a positively charged nucleus with an electron shell - electrons
moving in closed orbits. The charge of the nucleus is equal in size
to the total charge of all electrons. This model explains well: the
scattering of a-particles by matter; allows to determine the charge q
of the nucleus; it is shown that g = Ze, where Z is the ordinal
number of the element in Mendeleev's periodic table multiplied by
the elementary electric charge. Contradictions in Rutherford's
model: According to classical electrodynamics, any electric charge
moving rapidly must emit electromagnetic waves. Each electron in
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the electric field of the nucleus has a potential energy U ~ e?/r,
where r is the radius of the corresponding orbit of the electron. The
electron, moving around the nucleus, will continuously emit
electromagnetic waves, which will gradually reduce the energy and
its corresponding orbit until it falls on the nucleus, i.e. the atom will
not be a stable system; the period and frequency of electromagnetic
radiation is also constantly changing, i.e. the emission spectrum
must be continuous. While the experiment shows that atoms emit a
linear (discrete) spectrum. The shortcomings of Rutherford's model
were eliminated in a new quantum model of the atom proposed by
N. Bohr in 1913 on the basis of its three postulates: 1. an atom can
exist only in certain steady states, each of which is characterized
by a certain value of total energy. The stationary states correspond
to certain stationary circular orbits in which the electrons move.
When moving in these orbits, electrons do not emit
electromagnetic waves; 2. When an atom passes from one steady
state to another, a photon is emitted or absorbed. An atom emits a
photon if an electron transitions from a higher energy state Ep, to a
lower energy state E, or absorbs a photon by making a transition
from a lower energy state to a higher energy state. The energy of
the absorbed or emitted photon is equal to the difference in the
energies of the two states: E, = hf = |Ey, - Eq; 3. the momentum of
the electron in stationary orbits can have only discrete (quantized)
values: L, =mvyr,=nh; n =1, 2,3 .... Bohr's 1st postulate defines
the stability of atoms. Bohr's 2nd postulate is related to the
observed discrete spectra of an atom and in accordance with
Planck's quantum hypothesis for thermal radiation. Bohr's 3rd
postulate is not related to anything observed at that moment; it is a
continuation of the idea of quantizing quantities in the microworld.
Its meaning was clarified 10 years later when de Broglie
hypothesized the wave nature of microparticles; It turns out that
the 3rd postulate imposes the condition that an integer number of
de Broglie waves be applied to each possible circular orbit of the
electron: 2zr, = nAy; 272, = n(h/imv,) = mvyr, = nh. In other
words, the electron can only be found in such orbits whose length is
a multiple of the de Broglie wavelength for the electron at the
corresponding velocity.

To explain the structure of multi-electron atoms, two principles
have been formulated: 1. indistinguishability of elementary
particles - all particles of one type are the same and cannot be
distinguished from each other (for example, to be marked in some
way). Example with two identical balls as A is colored with paint
and B is not; and say that the ball A is located to the left of B. When
exchanging places, another state of the system is obtained! In the
case of elementary particles, this is not possible - when exchanging
the places of the particles, the same happens due to the principle of
indistinguishability. The probabilities for realization of both
conditions must be the same, i.e. the square of the modulus of the
wave functions is obtained the same. This is possible if the two
wave functions differ in sign: ¥(1, 2) = +¥ (2, 1). The wave
function of a system of identical particles is called symmetric if the
sign is "+", i.e. ¥(1, 2) = ¥(2, 1) and antisymmetric if ¥(1, 2) =
—W¥(2, 1). There is a significant difference in the behavior of
systems of identical particles with symmetric and antisymmetric
wave function. In a symmetric wave function, all particles in the
system can be in the same quantum state (this may be the state with
the lowest energy). Definition: Bosons are identical particles in
the same quantum state with the lowest energy and their spin is
an integer multiple of h: 0, h, 2h, 3h, ...; 2. Pauli exclusion
principle for fermions: in a system of identical fermions there
cannot be two particles that are in the same quantum state.
Definition: Fermions are particles described by an
antisymmetric wave function and have a half-spin h/2, 3h/2,
5h/2 .... The electrons are fermions with spin /2 (therefore the spin
quantum number can take values +£1/2), all electrons in the electron
shell of a given atom must be in different quantum states. The
behavior of bosons and fermions in quantum mechanics is described
by quantum statistics - Bose-Einstein statistics for bosons
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1

_ Ei in distribution® =
Bose— Einstein distributiont SEP 0 /kaT — 1

Fermi-Dirac statistics for fermions
1

e EP-)/kgT 4 1
and Maxwell-Boltzmann statistic for ideal gas

Fermi — Dirac distributionf =

Y«

Maxwell — Boltzmann distribution 9 = —————
e EP—p) /kgT

Fundamentals of quantum mechanics
Principles of quantum mechanics

Quantum mechanics [14] described the micro-particles moving and
the interaction between them. At microparticle experiments,
macroscopic instruments interact with the microparticles and
inevitably change their properties. Quantum mechanics allows to
predict the experimental results [14]: the possible values of the
measured physical quantity; the probabilities with which these
values are obtained. The state of a system is defined differently in
each field of physics. Generalization: The state of the system must
allow all measurable properties of this system to be found. In
classical mechanics, a system of bodies is characterized by a
specific number of constants (mass, charges, inertial moments, etc.)
and a specific number of variables (coordinates, velocities,
moments of momentum, impulse moment, energies, etc.). The state
a pure mechanical system of N materials points can describe of (one
multidimensional vector) (multiD vector) with 6N components:
3N coordinates and 3N impulses. Knowing this vector, we can
calculate the system: impulse moment; potential and kinetic energy
[14]:

= w — — v 1,
= Z myryXv, V= Z Vi) T= Z 3 MV 2
k=1 , k=1 , k=12

Where my, ry, vk are mass, coordinate and velocity of the point k.
Newton’s laws are:

, (4, L, V,and T)

(Newton's laws)

Newton's laws in one dimension 1D[20]:
Newton's first law:If there is no forces acting on an
object,it stays in the same state of motion.

Newton's second law:The sum of all the forces acting
on an object determines the rate at which its momen—
tum changes,F .., = dp/dt.

Newton's third law:F orces occur in opposite pairs. If
object A interacts with object B,then A's force on B
and B's force on A arerelated by F g = —Fp,.

Properties for the state of a classical system [14]: (Newton's laws)
with (multiD vector) and forces F acting on the particles, then we
can find (multiD vector) at any subsequent moment, i.e. the
classical state of the system is equivalent to (multiD vector), which
allows the following three properties [14]:

-if we know the vector of the state of the system at a given moment
to, to find all quantities describing the system;

-if we know the vector of the state of the system at a given moment
t0, to find the vector of the state at any subsequent moment of time;

-we can find the state vector with a finite number of measurements.

The construction of the state of the system in classical mechanics
cannot be used in quantum mechanics due to Heisenberg's
uncertainty principle i.e. we do not know both the coordinates and
the momentum of the particles [14]. In quantum mechanics the
three properties of the state remain in force. Particle state in
guantum mechanics is given with wave function ¥@ %), of the
coordinate ¥ and of the time [14].

Zero principle of quantum mechanics (state) [14]: At any
given time, the state of a quantum mechanical system is described
by an abstract complex vector in Hilbert space, called a state vector
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or wave function |¥(q, t)). The generalized coordinate of the
system is q, i.e. set of all coordinates of the system. It is assumed
that W it is normalized:

(g 0)|®(qg )= j ¥(q,t) "¥(g,t)dt = 1. (51,9

It is necessary to emphasize [14] that the quantum-mechanical
information for a system is not as complete as in classical
mechanics i.e. to emphasize the meaning of the zero principle is the
scheme

Quantum mechanical information

in the wave function y contain
maximum possible information

Heisenberg's
uncertainty
principle

in the one (multi D vector) contain

Classical — mechanical information
all the necess information

t.e. the change

In classical physics with real functions of one or more variables
represent the physical quantities for example: the coordinate 7(t) as
a function of time; the velocity #(t) is the first derivative in time t
() = ?(t); the potential energy V() is a function of the distance r;
the kinetic energy T is a function of the mass m and the velocity #:
T = (1/2)mv(#)? = p*/(2m) , where § = m# is the momentum of the
particle, and the momentum is the vector product of the coordinate
# and the momentum of the particle §:L=px7. Replacing
functions in classical mechanics with operators in quantum
mechanics based on:

First principle of quantum mechanics (operators) [14]: A
linear Hermitian operator A is compared to each physical
quantityd. The functional dependences in classical physics remain
unchanged, and the physical quantities are replaced by the
corresponding operators.

Operators of fundamentals physicals quantities [14]. The main
operators in quantum mechanics are:

- operator
i peraor )

(5’?')=(coordinate
- s . . - ... [operator
e3=—ihV = —ma = —ihgrad,; (3,;0};( impuls

~ operator
(5,1);| moment of

impulse

_ {operaror
(5,T);| kinetic
energy
operator

(5.V);| potintial

« V(#) = V(r);
operaror

(5,H);| full energy

Hamiltonian

(5,8); (opemfor)

spin

OE‘:?+ I}(‘?'),

o spin § there is no
SPINS | classic analog ).

The first of quantum mechanics gives the relationship between the
operators describing the physical quantities and the real numbers
that are measured in the experiment.

Second principle of quantum mechanics (admissible values):
When measuring a physical quantity A, only numerical values oy
can be obtained, which are eigenvalues of the operator A of this
quantity [14].

The eigenvalues [14] of the Hermitian operator A are real,
which determines the use of Hermitian operators to represent
physical quantities, i.e. postulates that in the physical experiment
only those values of the physical quantities belonging to the
spectrum of the respective operator are measured. In the discrete
spectrum, the experiment will measure only these discrete values
[14]. The values measured in the experiment depend on the state of
the system and the probabilities for each of the eigenvalues in that
state. Prediction of experimental results in quantum mechanics is
probabilistic; classical physics experimental results are predicted
with absolute certainty [14].

Third principle of quantum mechanics (probabilities) [14]:
In the state |¥) of the quantum system, the probability when

YEAR VII, ISSUE 2, P.P. 70-78 (2021)



INTERNATIONAL SCIENTIFIC JOURNAL "MATERIALS SCIENCE. NON-EQUILIBRIUM PHASE TRANSFORMATIONS"

WEB ISSN 2534-8477; PRINT ISSN 2367-749X

measuring a physical quantity A to obtain the eigenvalue « of the
operator4, corresponding to the eigenstate Ja), is p(a) = Kal¥')P-

For a continuous spectrum p(«) is the probability density in [a,
o +do] eq. (5, p); Decomposition of the wave function ‘¥ in the
basis eigenfunctions [a) of the operator A eq. (5,|¥)); Possible
interpretation of Eq. (5, |¥')) is a representation of the fact that in the
state W of the quantum system the physical quantity has no definite
value, and the vector of the system is a superposition of the
eigenvectors of A ie. the system exists simultaneously in all
elgenstates of A4 as the probability is in the state |a,) e [c.f =
Kan¥)P [14]. The probabilistic interpretation of the coefficients c;,
justifies the normalization of the wave function eqg. (5, 1,¥), which
means that the total probability of finding the system in this basis is
1eq. (5, (P|¥)); If the system state is eigenvector of 4 i.e. [¥)=|a,)
= |c,? =1 and ¢, = 0. Therefore, the probability of obtaining the
value o, in the measurement is equal to 1, and for all other values
the probability is 0. At that reason it is said, that eigenstates of the
operator A the physical quantity A has a certain value [14].
Classical statistical physics [14]: We emphasize that probability is
widely used, but in a different sense. It works with ensembles
containing a large number N of particles. It is assumed that at any
given time each particle has a well-defined coordinate and velocity;
we simply do not have accurate information about them due to the
large number of particles. One particle to have coordinate in [Xx,

x+6x] and velocity in [v, v+8v]; the number of particles in the
ensemble that fall within these intervals is ny < N with probability:
Pi = nw/N, V i €[1, M]. Quantum mechanics [14]: Quantum
mechanics: a quantity A gives a specific non-averaged value in the
general case when the system is not in a single vector of. In the
experiment, an averaged probability distribution value is obtained
from the eigenvalues o., of A with a certain probability [c,f. The
probability in quantum mechanics to measure the eigenvalue o is
the number of measurements Npes in Which we obtain o, divided
by the number of the total number of measurements Ny i.e. an =
Nimeas/Niot- The average value of the quantity A in the state [¥) is eq. ((4)),
in normalized W) it (W¥|¥) = 1 and (4) =(¥}A|W). Use eq. (5, |¥))
and we have the eq. (5, (¥}4|¥)), where we use the orthonormal of
the basis (axlan) = 8k, Because according to the second principle of
guantum mechanics o, the values obtained in the measurement of
the magnitude A, and [c,* according to the third principle is the
probability of measuring this value oy, this results in a well-known
formula for the mean value. Because the operator A" is Hermitian,
A" = A then the average value is real A = % and we have eq. (5,
(A) [11].

_ G.p)( “SiERar
pla)da = [(a|'®)|2de, G.p la s dal
¥y = Z “c,,|a,,),where c,, = {a|'®), G )| Gl ecorposmon or
. W INBASIS |@,)
1=(¥¥)= Z:.Z “C;.Cn(ﬂkmn} = 5.008) OF EIGENY: -\LL‘ES)
N TOTAL
CCnlpn = lel? (5’(‘”‘[‘}) (onm s STE\ITO)
Z“Z“ ;:(‘1'1A‘|‘l"> Z " _ \mEonTHsBASIS
@ == T S D’“”@ﬁfifm )
@ilw)=> > cicfaldla,)= AL, oo 3y
Zkz “Czcu (ﬂklﬂii}_z |cii |2“ii=(A}J (5’(W|ﬁ|w>) ﬁfig:f?i{::)
,_(#ale) _ (#laly) 5.(4y* “ (A")(Rflf‘iifé)
Ay = e - (e =(4). (5,(4)*) i

Equation (5, (AJ) provides the ability to predict the statistical
result (i.e. a large number of measurements) from the physical
experiment in quantum mechanics [14].

Fourth principle of quantum mechanics (postulate for
measurement) [14]: If at the measurement of a physical quantity A
is get the eigenvalue « of the operatorA, corresponding to the
eigenvalue |a), then after the measurement the quantum system is in
the state |a).
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The act of measurement prepares the system in the measured
state | a), i.e. the wave function | ') "collapses" in the state | a) [14].
The Copenhagen interpretation of quantum mechanics: before the
act of measurement, the quantum system may be in superposition of
eigenvalues of the operatorA, but the measurement causes the
system to "choose" one of them in which to "collapse”. It is a
random process. It follows that a quantum system can be prepared
in any eigenstate of |a) eigenstate of the operatord: a sufficient
number of measurements are made until we get the eigenvalue of a,
which will signal that the system is in the desired state |a) [14]. This
is due to the fact that: our instruments are macroscopic; the
measurement itself changes the microscopic system due to the fact
that the instrument is much larger than it and in the process of
measurement the microparticle inevitably interacts with the
instrument. This is another difference from classical physics, where
the properties of bodies are measured without the bodies being
changed [14].

In recent years, ways have been found and demonstrated to
measure some quantum systems without destroying them:
demolition-free measurement bubble without breaking [14]. Today,
measurement is an automated process and is an objective process of
microparticle/device interaction [14].

Relation between commutation of two operators and the
simultaneous measurability of the corresponding physicals
quantities [14]: 1-st measurement of the physical quantity A gives
the eigenvalue o of the operators A then the system is in its
eigenstate [a): eq. (5, W collapse |a), [A, A] = 0), the wave function
[¥) is collapse in its eigenstate |a); at 2-nd measurement of the same
quantity A will give the same value |a), because |¥)=]a) [14]. The
mathematical equivalent of that fact is, that every operator
commutates with itself: [A, A] = 0; Measurements of two quantities
firs of A after B: at commutation of the two operators B andA [B
A] = 0 = both operators have the same eigenstates |b)=[a) i.e. wave
function ¥ collapse in [a), which is eigenstate of the operatorB;
which means that after measurement of B the system remains in |a)
[14]. In that state |a) the quantities A and B have a certain value i.e.
2they can to be measured together; or analogically when 1 B
measure and so on, see eq. (5,a, [A B= =0) and (5,b, [B, A] = 0); At
not commutations operators A and B then they have different
eigenstates. When measuring A =|¥') collapses in [a), which is no
longer eigenvalue of the operatorB, but is a kind of superposition of
eigenvalues ofB [14]. When measuring B the wave function [¥)=|a)
will collapses in other state |b) of eigenstates of the B such of
[oY]a). Therefore, quantities A and B cannot be measured together
[14]. If we measure 1% A after B then the system will first be in state
|a) and then in |b) and then vice versa, B is measured, then A is
measured, then the system is first in state |b), then it is in state |a)
see eq. (5, ¢) and eg. (5, d) i.e. different final state [14].

w3, (555
|~1r)—> |ﬂ,)—>|a) (5.a,[A,B]=0)
)2 10y > ey, (5.b,[B.4] = 0)

) §|a>fg_\b>,
%) > [b) S [a),

(5.c.[AB]=0
(5.d,|B.A]=0)

The maximum set of quantities that can be measured
simultaneously (corresponding to mutually commutating) is called a
complete set of dynamic variables of the system [14].

Fifth principle of quantum mechanics (evolution) [14]. The
evolution of the wave function of a quantum system with a
Hamiltonian H in time is determined by Schrodinger's equation:

al'P)

ih? = H|'P), (5, Schrodinger,¥)

where h = h/2r = 1,054x10* J.s is the reduced Planck constant.
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Eq. (5, Schrodinger,¥) is also called the wave equation, it is a
linear homogeneous equation partial differential equation in time
(first order) and coordinates (second order) [14]. This is a parabolic
partial differential equation that is numerically unstable and
requires special methods for numerical integration. Eq. (5,
Schrodinger, W) is differential equation of first order at the time than
the wave function [¥(t)) in every one moment is defined
unambiguously by the wave function |¥(tp)) at a previous moment
to<t. This property expresses the principle of causality in quantum
mechanics. Mathematical methodology [14]: 1. The full use of
mathematics: Example: Theorem of Emmy Noether [17]. Any
finite—parametric  transformation, depending on s constant
parameters of the coordinates and field function zeroing the
variation of the action functional, provide that the equation that the
equations of motion are satisfied, corresponds to s dynamic
invariants, i.e. time—conservation combinations of field functions
and their derivatives. This theorem is also in classical mechanics
[30].2. Mathematical physics: Algebra [31] Abstractly, formally or
axiomatically, presenting new concepts in group theory, field
theory, normalization theory, ideal theory and algebra theory, and
presents internal connections. Many interesting is algebraic
topology. 3. The application of mathematics in theory of material
science. Here is a clear request for the application mathematics and
mathematical physics to describing first and second order phase
transition. Connection between the theory of thermal conductivity
are: Stefan type tasks [1, 22 and 23]. The application mathematics,
and mathematical physics is done through powerful computing
infrastructure. Such a software product is CASTEP [2 and 5].

surface || interfaciale
R

—
VI | VT
1

v T
TmT

Tm-A®
2 X
Ap=1ELE3

—

—
-

A — DAV d —1;2;3;
ch
Tep = Ly,
663,5
a)lc

Fig. 10 Mathematical methodology for first order phase transition
(material science): 1. The full use of mathematics; 2. Mathematical physics;
3. Specific interest to application: a) Stefan—Schwartz solidification of
(cast/mold) 3D FEM ; b) Multiscale approach: 1 Stefan’s task [22]: Asy,
thermal conductivity coefficients; VT, — temperatures gradients at the
interphase surface and R — speed of movement;2 T, — A(x) super-cooled
zone = AV correlation volume, z;, — characteristic time, D — diffusion
coefficient, t; — solidification local time of correlation volume, Ay —
thermodynamic driving force; c) technological solidification 3D FEM; d)
[39] 1 —atom embedidded into the outermost crystal plane, 2 — atom
embedidded into the step edge, 3 — atomin a half-crystal (kink) position, 4 —
atom adsorbed at the step, 5 — atom adsorbed on the crystal face.
Classical mathematical methdology on the works [9;1 and 40; 38 and 39]
AsVTg — 3, VT, = pgQnR, (Flemings, [9])
dxg 1 aT aT dx; 1 Bushev
Efs[ SO0 T axmw}’ﬁlz (Georgieif 1, 40])

Z,(v) = ZM[fmn(f)Zm(r)*fm(r)ln(f)] + K, (@) — L,(v) for (Kashchiev,[38])
t 2 1st monolayer
—nNg (f v(t/) d.'t/) )
0

surface
coverd

For eq. (Kashchiev [38]): Zn, fmn, fams Kn, Ln —complex number of n

atoms, frequencies of attachment/detachment of atoms for nucleus,

transient frequencies of entry and exit of the system from ready

[ ar ar ]
$0Xps0 T 0Xpyr0]

&, =1—exp

. (Markov [39],
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complexes; for eq. (Markov, [39]) ®1 — 1 monolayer covered, Ng —
saturation nucleus density; v — rate of advance of steps. Kashchiev’s
equation is designet for variable supercooling. It provides basis
information for different supercooling of the total of nuclei of the
new phase and number of atoms or particle make up the nuclei.
Knowing the number of particles that make up the nuclei, we can
apply the lattice models or software product CASTEP [2 and 5]: for
an ideal crystal or for real polycristals. The mathematical
methodology within Fig. 10 and (Flemings [9], Bushev and
Georgiev [1 and 40], Kashchiev [38], Markov [39]) present a multi—
scale from macro- to average level ie. the need of quantum
mechanics:

Formal integration eq. (5, Schrédinger, ¥) =

_ causality
(5%,0,%,);| and

evolutio

[E()) = U(t, to)[Fltg)),

. evolution
. (5,0,1); (operrator or

o) = et i )
propagator.

independent

Hamiltonian

Ht=H, (S,i});(is Hermitian
operator

= 3. p‘ropagator]
(5’ U,Z),( is unitary

U(t,t)T = Ut tp) L.

If Hindepend of t = eq.(5,U, 1) istrue;
if H depend of t the propagator can be
found solving the eq.(5, Schridinger,'¥).
In all cases U connects ¥ in two dif ferent
moments of the time with eq. I[5,‘1",, U, ‘l’&u)'
If we know ¥ at moment of time ty and

-

-t Not that:
the propagator U we can found wave a(:to:to) =1. (5J U, 3)

function in every moment of the time t.

-l’}(:tn,t) have two arguments:initial moment t,
and the moment of calculationt. Theinvers
operator will evolve ¥ in oposite direction: 4
Ut ts)™t = Ulte,t). Due to the condition
for normalization: (¥(t)|'¥(t)) =1 we have

(5, normalization)

1= (F(OI() = (Pte)| UL, 1) TT (L, tg)|E(to)). 1

Because (‘¥(ty)[¥(t,)) = 1 and because
eq.(ZS,no‘r‘nmIizatitm) is perfodmed
for any ['¥(t,)) we find it
(5, Schrodinger, ﬁ)
20,0
m————--
at

Uis unitary
in general casels
for H denped t

[0(2,t6)10(8,t) = 1, (5,0, 4) |

= HU(ty,0).

Explain of the math methodology [14]: For a fixed t, and t is an
independent variable, we can replace eq. (5, ¥y, U, W) in eq. (5,
Schrodinger, W) as we obtain (5, Schrodinger, U) with initial
condition eq. (5, U, 3) [14]. Therefore, the propagator eq. (5, U, 1)
satisfies the Schrodinger equation with an initial condition that does
not depend on the state of the system, unlike the Schrodinger
equation eq. (5, Schrodinger,¥') for the wave function. Note [14] the
operator equation eq. (5, Schrodinger,U) is much more difficult to
solve than solving eq. (5, Schrédinger,'¥'). The reason is that solving
eg. (5, Schrodinger,U) for U(ty, t) is equivalent to solving eq. (5,
Schrodinger, W) for an arbitrary initial condition for [W(t)) [14].

Heisenberg’s relation for uncertainty: States with certain values
of physical quantities

Clasical Mechanics Quantum Mechanics

D,=(A-41)" a:4aT=4

D,=(A-4)*
N (D,) = {P|D,|¥) =
I
N Limy (|(@-a1)’|¥) =
A A, . Ay A and
N A_ A7 2 —
2 AN, (w.(a-a1)"w)
k=1

((a-a1)w (a-21)%)=

[(a—a1)%|* = 0.
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If (D,)=0 of physical quantity A i.e. (4 — A1) orA|w) = A|¥),
A certain value in state [¥), which is one of the eigenstates |a,) of
the operator 4: [¥) = |a,). And more the average value of A is the
eigenvalue of 4 in this state: 4=ay,. For physical quantities A=B has
simultaneously defined values, such as only those states |a,), which
are simultaneously eigenstates of the respective operators A4 and3:

;i‘aﬂ) = an‘aﬂ)' ﬁla’u) = ﬁ?l'a’ll)- (5,3 and E)

From eq. (5, 4 andB) that it follows at commutation of the
operators A and B i.e. [4,B] = 0 and they have the same
eigenvectors, they can have simultaneously certain values i.e. they
can be measured simultaneously with any accuracy if the quantum
system is in any eigenstates of 4 andB. Definition: A set of physical
quantities is called complete if the respective operators switch with
each other and this set cannot be extended. Definition: A set of
physical quantities is called complete if the respective operators’
commutation with each other and this set cannot be extended.

Heisenberg’s relation for uncertainty math schemes are [14]: For
two not commutation operators 4 and B i.e. [4,B]# 0

used D, = (A —A1)°,Dg = (B - B1) (5.D,4,Dp)
|[4,B] =iC, (5.iC)
T = —i[A,B] = —i(AB - BA),

€t =i(AB-BA) = i(BA-AB)=C (5.2)
Ay=A-7A1,Az=B-Bi= D, =A% D =53, (5.4%,42)
[34.8g] = iC. (5.iC)
(Da) = (P83} = |3, (5 <BA>,)
(D) = (¥[33|¥) = B|" Dy

Kalb)| < llallllbll, and | 3(2)| < |zI.
scalar product

of 2 vectors na, &) =(2-2)/(2D)
is product of

; 2nd: =
|z| =y #(2)? + 3(z)2.
its lengths
JDa)Dp) = B4 |[[|Bp¥| = |(Ba'¥|Bp¥)| = |F((B2F|Bp'Y))| =

- - " - N 1,,. - N ~
|((ﬁn“’|AB“’> - (’%‘FMB‘F) )/Zil =32 HAAT‘AB‘P) - {AB‘PMA‘PH =

(5. H(ﬁ,q)(ﬁa))

(5,Inequalities,1 and 2)

Use inequalities: 15¢

1 FE . 1 P
§|(“'|AAAB‘P) —{(¥|Bpdn¥)| = §|(‘P|[3A:AB]|‘P)| =

1, 1
i 1) = 500

And finally it obtained

Ay= J{D_A), Apg= J(E), =

1
> —
A= Z(C).

(5 uncertainty)
! Ay, Ap

Heisenberg

(5. uncertainty)
Aand B

Heisenberg s ratio uncertainty of two quantities A and B [20].
Heisenberg uncertainty ratio: examples: coordinates and
momentum; commutation[x,5,] = 0 Very important example
Heisenberg uncertainty. The commutation of the operators of the
coordinate ¥ and the momentum B, = —ih(d/dx) is [%5,] = 0;
the mathematical presentation is eq.(5, [%, ﬁx]:O) because eq.(5,
1, [®,P,]=0) inthat case = ¢ =11 and € = h . Therefore, the
Heisenberg ratio of coordinate and momentum (5, Heisenberg) i.e.

(5, Heisenberg)
A A, =1/2
AN, >1/2
AA,=h/2|

AEAt =h/2

[#D,] = %D, — D= —zh(xa - ax)
, d d , S,
—zh(xa—xa — 1) = iR, (5,xp,l=0)
df(x)

d 3 3
a[xf(_x)] =flx) +x ot

(51, [xp]=0)

we have inequalities shown see (4, Heisenberg). The inequality (5,
Heisenberg) shows that in quantum mechanics it does not allow the
simultaneous measurement with absolute accuracy of the coordinate
and momentum of a particle. The ratio AApx = h is a fundamental
physical limitation and cannot be overcome by increasing the
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accuracy of measuring instruments. However, h is a very small
number to reach in an experiment, but there are already experiments
testing the ratio of Heisenberg (albeit in other variables).

2.1.2 Einstein methodology [21] very important

Principle of relativity (in a limited sense) [21]: if, with respect to
K, K" is a uniformly moving coordinate system devoid of rotation,
= natural phenomena follow their course with respect to K’ exactly
according to the same laws as with respect to K [21].

Contradiction [21]: the law of ¢ with the principle of relativity;
avoid: by modifying the relationship between place (41) and time
(A1) to K and K i.e. transformation [21] law for Al and At quantities
of an event passing from one K’ to the other K; (see Scheme 1):

Schemel. i —— EH

for use ,,Lorentz transformation® K, for Al, At use ,,Galileo’s
transformation® as ,,Galileo’s transformation [21] is derived from
,,Lorentz transformation in which c is replace by the sign for c:

Lorentz transformation

v
y_ X—vt y ,_tm e . .
x Yy =wz =gt = Galileo’s transformation
1-2 1-2 X=x—-vty=yz'=zt'=t
& & , f f .

Mathematical-physical model for the law of transformation
between (x, v, z, t) and (X, ¥, 7, t) [21]; Substituting x with the
value of ct in the 1st and 4th equations of ,,Lorentz transformation‘
we get the connetion between K and K’ [21]:

x—uvt
x' = =
v
1-3
c
x = ct= v =x'= ct/
t——x

=,
]1 - i .
c? . Thus c is the same with respect
to K’ [21]. When the light rays move in another direction, the result
is the same [21].

Heuristic value of the theory of relativity from the experiment of the
two postulates [21]: 1. The principle of relativity is valid; 2. The
speed of light propagation in vacuum is considered to be equal to
the constant ¢ [21]. When combining the postulates, the law of
transformation is obtained for the perpendicular (_L—lar) coordinates,
X, ¥, Z, and time t, which constitute the processes of nature. For this
we did not receive the ,,translation of Galileo , but unlike the class
of mechanics, we receive the ,translation of Lorentz “[21].
Postulate 2 [21] has been accepted by actual (1920) knowledge and
has become an important methodology. Knowing the ,Lorentz
translation “, it is combined with the principle of relativity and the
theory is summarized as follows [21]: Each general law [21] of
nature must be constructed in such a way as to be transformed into a
law of exactly the same form, when instead of the space-time
variables X, y, z, t of the initial coordinate system K, the space-time
variables X, y' Z' t are introduced to a new space K'. Thus, the
relationship between the variables (x, y, z, t) and (X, y, Z/,t)is given
by the ,translation of Lorentz “ [21]. It is a definite mathematical
condition that the theory of relativity requires a natural law, and by
virtue of this the theory becomes a valuable heuristic aid in the
search for general natural laws [21]. If a general natural law is
found that does not satisfy this condition, then at least one of the
two basic assumptions of the theory would be refuted [21]

Basic for physics are the two laws of conservation [21]: the law of
conservation energy; law of conservation mass; quite dependent on
each other. Classical mechanics [21] is modified to comply with the
requirements of the special theory of relativity: mainly the laws of
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fast motions with velocities of matter v not much less than of c;
only the rapid motions of ions and electrons [21]. The body has the
same energy = the body with mass (m + Eg/c?) moving with speed
v; the inertial mass varies depending on the change in body energy.
The inertial mass of a system of bodies can be considerred as a
measure of its energy [21]. The law of conservation of mass [21] of
the system becomes identical with the law of conservation of energy
and is only provide that the system neither receives nor radiates
energy [21]. Faraday—Maxwell success [21] in interpreting
electromagnetic action from a distance led physicists to believed
that there were no such thigs as instantaneous remote action
(without the involvement of a mediating medium [21]) such as
Newton’s law of gravitation [21]. According to theory of relativity,
remote action at the speed of light always replaces the place of
instantaneous remote action or remote action with final transmission
speed [21]. This is due to the fact that velocity ¢ plays a major role
in this theory. The theory of relativity for contraction [21] of the
ether is correct; according to theory there is no ,particularly
preferred “(unique) coordinate system since the introduction of
another idea [21]. Michelson and Morley’s mirror system has
shrunk to a coordinate system at rest relative to the sun [21].

The special principle of relativity [21]: the principle of the physical
relativity of all uniform motion.

The 4D spatio—temporal continuum of the theory of relativity, in its
most essential formal properties, shows a clear connection with the
3D continuum of Euclid’s geometry space. An important
connection, the coordinate of time t is replaced by the imaginary

quantity V=1-ct, Natural laws that meet the requirements of the
special theory of relativity take mathematical forms in which the
coordinate of time plays the same role as the three spatial
coordinates. Formally, these four coordinates in Euclidean
geometry.

Gauss co—odrinates:

Scheme.2.

Scheme 2 shows an arbitrary surface with an ,,infinitely dense* grid
of coordinate curves u— v—curves; Each point P and its neighbor P’/
are represented by: P:u,v; Pru+du,v+dv, According to Gauss
ds? = g, du® + 2g,;dudv + gzzduZ’ where gu1 g1z oz, depend in a
specific way on the u— and v—curves. If the points on the surface
form a Euclidean continuum, only in this case the points Xj, Xz, Xs,

X4, Can be connected to the points on the continuum and we just
have ds* = dx? + dx3 + dx3 + dx}

General principle of relativity [21]: All reference bodies K, K/, etc.,
are equivalent for describing natural phenomena (formulation of the
general laws of nature), regardless of their state of motion [21]. The
coordinate system of Gauss takes the place of a reference body. And
the fundamental idea of the general principle of relativity: “All
Gaussian co-ordinate systems are essentially equivalent for the
formulation of the general laws of nature.”

2.2 Quantum physics
Leander Litov [17] from the infinity small to the infinity large

1|0’341|0’?"10’251}]’221|0’1"10’141p’1"10’6 1m 10% 10 10™ 10 10% IIOZ“‘

Leptons Atomic Virus Earth Galaxies
Quarks Nuclei Cell Radius
Elementary Atom Earth to Observable

radius of
Univers

particle Sun

Physics (from the ancient Greek guowdg (physical) - "atural”, pdaig
(physical) "nature") is a natural science that studies the general and
fundamental laws that determine the structure and evolution of the material
world [19]. Physics has two great sections: Theoretical and
Experimental, which develop mutually. Theoretical physics are
mathematical models whose results are confirmed by physical
experiments. Mathematical physics was separated from theoretical
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physics more than 2000 years ago. The creation of quantum
mechanics and the theory of relativity defines a new meaning of
mathematical physics [18]. Quantum physics is a branch of
theoretical physics that combines: quantum mechanics; quantum
field theory with applications in particle physics; nuclear physics;
high energy physics, and other; quantum optics; and subsections of
solid-state quantum theory or quantum statistics.

Quantum physics is necessary to understand the properties of solids,
atoms, nuclei, subnuclear particles and light i.e. and understanding
quantum principles has necessitated fundamental changes in the
way people view nature [17]. The main task of physics is to try to
answer two fundamental questions [17]: 1. What are the elementary
components of matter? 2. What are the fundamental forces
controlling fiery behavior? Quantum physics considers both
questions through the maximum generalization: from the infinite
small (elementary particles) to the infinitely large physics
(Universe) [17]. What is the universe made of? The modern answer
is: 4% normal matter; 23% Dark matter; 73% dark energy [17].

Elementary particle - for it there is no experimental evidence for
the existence of an internal structure, i.e. it is not composed of
smaller particles. Elementary particles [17 and 18]: Fermions: 1.
Quarks: Upper (u-quarks), Lower (d-quarks), Strange (s-quarks),
Charming (c-quarks), Bottom (b-quarks), Top (t-quarks); 2.
Leptons: Electron, Positron, Muon, Taon, Nutrino, Antineutrino;
Bosons: Photon, W boson, Z boson, X boson, Y boson, Higgs
boson, Graviton, Gluon; Hadrons: 1. Mesons: Peony; 2. Baryons:
Proton, Neutron. Peony (short for pi (x meson) are three elementary
particles: n° n* and m, which are the lightest mesons and are
formed by a quark and an antiquark. It is known that each particle
type has a similar antiparticle with the same mass but with opposite
charge (for example electric charge) [17 and 18]. Elementary
particles are the basic building blocks of matter. Hadron is a particle
that interacts strongly. Hadrons are made of quarks, but differ in
type and number. The quarks connect in the hadrons by gluons
exchange.

The elementary particles are classified on the basis of their mass
until the creation of the standard model: leptons (from Greece
leptos - small, light); mesons (from Greece mesos - middle);
baryons (from Greece baris - heavy) see Fig.10

Standard Model of Elementary Particles

three gene mtions of matter ntzmstions Mfoce cariers

[fermions) [bosons)
| I} 1l
=22 Marsies =12 Gt =171 Gatees a =104 97 et
u « 8 -~ O G H
up charm top gluon higgs
=T Marsiet =0 Mt =i 1M Carie? a
d -« 8 - 8 .
down strange | bottom photon
]
=0LSLL Mt =L 58 M =L 70 Gaet =1 19 Cafes
1 1 1 a
D IV (@ || @
electron muan tau Z hoson
.
1.0 e L BN 16 2 Mt =i X Gt
Ve Vi Vi N W
electron muon tau
: . . W boson
neutrino neutrino neutino

Fig. 11 of [19] in the right column are the calibration bosons and the Higgs

boson and see Table 2 of [17]. Gravity is not included in the standard
model.

The theoretical standard model [17, 18 and 19] is construction
describing the strong, electromagnetic and weak interactions of all
elementary particles

Table 2. The fundamental interactions in nature [17].
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Gravity is not included in the standard model. Basics of the
standard model [17+19]: 1b. AIll known matter consists of
fundamental particles: 6 leptons (electron, muon tau-lepton and
three generations of neutrinos) and 6 quarks (u, d, s, ¢, b, t), uniting
in three generations of fermions; 2b. Quarks participate in strong,
electromagnetic and weak interactions; charged leptons (electron,
muon, tau-lepton) - in weak and electromagnetic interactions;
neutrino - only in weak interactions; 3b. The carriers of the three
interactions (strong, electromagnetic and weak) are the calibration
bosons: 8 gluons for strong interaction (symmetry group SU (3)); 3
heavy gauge bosons (W, W, Z) for weak interaction (symmetry
group SU (2)); one photon for the electromagnetic interaction
(symmetry group U (1)). These interactions arise and are a
consequence of the postulate: our world is symmetrical with respect
to three types of calibration transformations; 4b. The weak
interaction can mix fermions of different generations, leading to
instability of all particles except the lightest, and to such effects as
disruption of CP invariance and neutrino oscillations. External
parameters for the standard model are [17 and 19]: lepton masses
(3 parameters, the neutrino is assumed to be massless) and the
quarks (6 parameters), which are interpreted as constants of the
interaction of their fields with the Higgs boson field; the
parameters of the CKM-matrix of quarks, which are interpreted as
constants of the interaction of quarks with the electroweak field;
two parameters uniquely related to the Higgs boson; three
interaction constants related to the calibration groups U (1), SU (2)
and SU (3) and characterizing the relative intensity of the
electromagnetic, weak and strong interactions. The standard model
a combination of electromagnetic and weak interaction was
formulated by S. Glashow, S. Weinberg and A. Salam, and was
completed by P. Higgs, a spontaneous symmetry violation
explaining the origin of the mass of the elementary particles [17, 18
and 19].

Methodology [21]: Schrodinger equation — Klein-Gordon equation
— Dirac equation; introduced with next simple scheme on the base
[21, 35, 20 and 32]; Very simple scheme idea of our methodology
[21]: Schrodinger equation — Klein-Gordon equation — Dirac
equation; introduced with next simple scheme on the base [21, 20,
33 and 32];

‘Similarly Relativism or That means that time dependeni
( Not the E is associated ) =>{ in state of define energyis
the operatorihd/dt efEt/h

energy and frequency is
than Plank— Einsteins

E=ho.

associated with angular
frequency @ — elat/n,

|:T.‘mt relationship bemem] That allows the energy to be]
=

relation

4 solution
W = cpiEt/hy

5|-h%c*VP¥+mict=E* ¥

1 Schrodinger equation; 2 solutions; 3 Klein-Gordon equation; 4
solutions; 5 Hamiltonian eigenvalue problem (criteria of energy);
and the end Dirac proposed that for a particle like an electron, (and
other spin 1/2 elementary particles like quarks, it turned out,) the
square root produces a simple linear combination of the individual
square root terms [20]:

7

3 3
\/(mCZ)Z +Z_ l(ﬁi)z = agmc’ +Z_ i bic
i= i=

— AT
) +or — g* £
We must also present the potential of Yukawa [33]: r
where g is a constant with the dimension of electric charge, i.e.,
cm.3/2 sec.—1, gr.1/2 and with the dimension cm.—1.

Quantum mechanics; Solid state physics [3] are old fundamental
knowledge. Engineering knowledge based on fundamental
knowledge is presented in [13 and 29]. A long period of time has
passed in engineering research (or engineering physics) to the
obtained engineering results. Work [7] is also of great importance
for the circular economy. With the zone melting method; and the
results in [7] are also associated with a significant environmental
effect. Engineering studies are important for the phase stability and
performance of casting [7]. The use of modern testing tools in [7]
and even more so in mathematical experiments based on quantum
[2 and 5]it will be studied as [7] will be very simplified.

There is a very good methodological coincidence between metal
science [8] and solid state physics [11]; there is also a
methodological coincidence between [8] and [9]. In [9] it is
measured supercooled per melt. Thus develop Stefan’s task [1] of
taking into account the latent heat of melting connects fundamental
theory and engineering research.

S

PGS =208 > 5055

9,287zec

| |
¢'16s

1

Fig.12. First order phase transition in complex geometry by finite
elements method. This result combine with result of Fig.10 and Classical
mathematical methodology on the works [9, 1and40, 38 and 39] and
CASTEP [2 and 5] introduce the idea of multi—sale approach/

Now can use heuristic methods. | [12] a very good study of
heuristic rules for the formation of laws was made. A basic cycle
[12] is proposed: problem—method—solution, respectively
hypothesis—conclusions—verification. Heuristics rules by American
physicist Holton and Roller present seven steps for formulating
laws [12]. 1. Knowledge of modern science; 2. Close knowledge of
natural experience and observation; 3. Reaching the question or
problem; 4. Preliminary knowledge of the type of expected solution;
5. Specific concepts that analyze the problem situation; 6.
Emergence of a working hypothesis, by trying the simplest
hypothesis, various independent checks are made; before accepting
an experimental result of significance, never consider the
hypothesis as beyond and necessarily reevaluate an reformulate the
old knowledge in the light of the new; 7. Design and perform
experiments that are more specific and better specific and better
controlled.

General consideration of [38] the classical density approach and
[39] is good base approaching simultaneous use with CASTEP.
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It is well known that mathematics [16, 25, 26, 30, 31] is decisive
for science; an area of accumulated knowledge becomes a science
after applying mathematics to it. Mathematical physics is also
evolving, for example quantum mechanics intervenes in hitherto
classical fields [27]. The difficulty in the development of
knowledge is the verification of consistency in old knowledge and
complex assessments of nuances in knowledge [24, 27, 28, 32, 36,
37].

3. Conclusions - Materials Science Knowledge

Modern materials science requires research to work with
complete modern knowledge. Much work is being done in the
direction of the theory of maximum unification [34 and 35]: 1.
Multi — scale approach. In (34) an approach to the theory of
everything is given; based on very large scientific results and the
means of mathematics. 2. Synergetic. In [35] the quantum theory of
the field in a solid body is used and the theory of excitation is
considered. According to Haken, the term synergetic means a union
of sciences.
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