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Evolution of a Quantum System: New Results.

Motivation of work.

Currently, the study of substances in extreme conditions is relevant. The universe at the moment of
explosion, quark gluon plasma, evolution of black holes, multiphoton processes, etc. In connection with
these problems, the task arises of analyzing methods for describing these physical phenomena, in

particular, the process of their evolution.
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The content of the work.

The paper analyzes the equations of quantum theory for the probability of transitions of systems in the
process of their evolution. The analysis is carried out on the basis of an extended model of methods of
probability theory.

Based on this model, a new equation for the probability of quantum transitions is proposed.

For the proposed equation, the correspondence principle is fulfilled: under certain conditions, it turns into
a well-known equation of quantum theory.
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Evolution of a Quantum System: New Results.

I. The equation for the transition probability of a quantum
system in the method of path integrals, and its interpretation in
probability theory.
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Evolution of a Quantum System: New Results.

The equation of evolution of a quantum system and the
probability of quantum transitions between states.

Consider a system that is defined by the Hamiltonian
I:[ = ﬁsyst + ‘znt(T)v (41)

where the Hamiltonian of the system has a discrete spectrum of eigenvalues (energies)

Hayse|n) = Enln), (4.2)

where n = 1,2,3, ... - the number of the quantum state; |n) - the vector of states;V;,;(7) - interaction
Hamiltonian. The interaction Hamiltonian can have the form

Vint (1) = Eg cos(27). (4.3)
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We will describe the state of the system by a statistical operator 5(t). Equation of evolution of a

statistical operator: R R
p(t) = U6)p(0)U™ (2), (5.1)

where p(t), p(0) — Statistical operators of the system, respectively, at time moment ¢ and ¢ = 0,

0/ (5.2)

The probability of a system transition from state |a) at time ¢ = 0 to state |b) at time ¢ > 0 is determined
by the equation: R . .
P(b,t|a,t = 0) = (blp(t)[b) = (| (t)|a)(alU* (1)[b), (5.3)

U(t,0) = T exp|—

St \

where (a|p(0)|a) = 1. R
The kernel of the evolution operator (b|U(t)|a) is calculated for a specific model of a quantum system.
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Transition probability in coordinate representation.

Feynman (R. Feynman, A.Hibbs, Quantum mechanics and path integrals, M: World, 1968, 382 p.)
presented the amplitude of quantum transitions (b|U(t)|a) in the coordinate representation as an integral
over virtual trajectories in real space:

®|U(t)]a) = ¥ (bla) = / /Py expliS[b, x, a]]Dx(t), (6.1)

rae S[b,x,a] - dimensionless action of a particle along a trajectory passing from point a to point b;
integration is carried out over all virtual trajectories (Fig. 1).
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The probability density of a particle transition is determined by the formula:

o

POla) = v(ia)w 0la) = [ [ Prexpl(Sibixd - Sl ) DxOPK O ()

— 00 —O0

Py is normalizing constant.
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The equation takes the form

oo

P(bs,tlain) = / /PfCOS (S[b; x,a] — S[b;x', a])|Dx(t)Dx' (t)+

+1 7 7Pf sin[(S[b; x, a] — S[b;x’, a])|Dx(t)Dx’(t)

[o elENNe o}

/ / Py sinf(S[b:x. ] — S[b: X', al) [Dx(t)Dx () = 0,

P(b|a):/ /PfCOS S[b;x,a] — S[b;x', a])|Dx(t)Dx'(t).

=} =



Evolution of a Quantum System: New Results.

Transition probability in the energy representation

determined by the equation (4.1). These transitions are shown in the figure.

The system begins to make quantum transitions between states. The quantum states of the system are
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Quantum motion of a particle in the energy representation
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The amplitude of quantum transitions is represented as a sum along trajectories(Biryukov

A. A. Degtyareva Y.V., Shleenkov M.A., Calculating the Probabilities of Quantum Transitions in Atoms
and Molecules Numerically through Functional Integration, Bulletin of the Russian Academy of Sciences:
Physics. 2018, 82, 12, p.1565-1569.)

Uy = Y OlU N (n3]Uln2) (na|Ulna) (1 |Ula), (11.1)

ni,na,..

where (b] = (ny| - state at a time ¢ > 0; |a) = |n;n) - state at a time t = 0.
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: :
The core of the evolution operator of a quantum system can be represented as a sum along trajectories
from a functional:

111 1
(b|U|a>: Z ////PfexpzS iy na, &a3n1, &1; a, &o)]dEpdErdEs. .., (12.1)
nLN2 0 0 0 0
N
S[b; i n2, Eain, €130, €0) = D Sl thi nk—1, te1; k1l (12.2)
k=1

Example (4.2)
Sk tr k-1, th—1; Ee—1] = 2m (g, — npp—1)Ep—1 + Q. Teos(2m(nie — ng—1)&e—1+

te +tk—1
2
Py is normalizing constant.

te +te—1

+(Q + wnk,nk—l) ) + COS(27T(nk - nkfl)&cfl - (Q - wnk,nk—1)T))](tk - tk*1>'
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The probability of a quantum transition of a system can be represented as a sum along trajectories :

Z //Pf eXp a‘ ;nlufl; aafo] - S[ba '-thCl?aa CO])]d&)dfldCOdCIa (131)

niy,mip= 1 0

The probability of a quantum transition of a system can be represented as a sum along trajectories from a
real functional:

1 1
P(bla) = / / Py cos[S[b; i nu. Ex;a, €] — S[bs . ma, G, ColdéodérdCodCy +
nmi=ly g
1 1
/ [ Prisinlsibs s, €ria,o] = Slbs i Gio, Gldgod€idud. (132)
niy,mi=— 10 0

ni,mi=

1 1
//szSIH 3. 7n1a§17a 50] [ y . 7m17<17a CU]dgodgldCOdcl =0. (133)
1o 0
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The equation is represented in the form

1 1 1 1
Pyt noms tin) = / / / / dodrdCodCy
19 00 0

ni,mip=

X-Pf COS[S[b; ";nlagl; CL,&)] - S[ba ";mlvcl;a'a C0]7 (141)

Biryukov A. A. Degtyareva Y.V., Shleenkov M.A., Calculating the Probabilities of Quantum Transitions in
Atoms and Molecules Numerically through Functional Integration, Bulletin of the Russian Academy of
Sciences: Physics. 2018, 82, 12, p.1565-1569.

15 / 42



Evolution of a Quantum System: New Results.

Diffraction of particles

Ain (Source of particles with momentum p)

S1 S2 S3 Sa Sn
Lattice
with
holes
B¢ (Check in) Screen

Drawing 1. Particle diffraction
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The amplitude of the particle transition from the source a;,, to the point  of the screen is represented by
the expression

N
a) = Z \/P; exp[1S[b; n, a]], (16.1)

Where

Slb;m, a] = wt — k(ran + rpp) — Dimensionless action of a particle along line passing through the points
a,n,b; r,, - line from source to the coordinates of the center of the hole of the diffraction grating;
rp—line from the coordinates of the center of the hole of the diffraction grating to the point on the
screen ; k—the wave vector of the particle; /Py -is the amplitude of the wave function.

The probability of a particle transition is determined by the formula:

P(bla) = ¢(bla)y Z Pj explu(S[b; n, a] — S[b;m, a])]. (16.2)

Py is normalizing constant.
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The equation takes the form

P(bla) =

Z Py cos|(

m,n=1

S[b;n, al

S[b;m, a])]+
+1 Z Py sin(
m,n=1
Therefore

b;n,a] — S[b;m,al)]. (17.1)
Z Py sin[(S[b;n,a] — S[b;m,a])] =0
P(bla) =

m,n=1

Z Py cos[(S[b;n,a] — S[b;m, al)]

(17.2)

(17.3)
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Probabilistic interpretation of the equation for the transition probability

We draw a conclusion from the analysis of the equations (8.3),(14,1),(17.3), that are built on the basis of
the analysis of specific quantum processes. The equation for the transition probability of a quantum
system between states |a) and |b) has the form

N
P(bla) = Z Py cos[(S[b; n; a] — S[b;m; al)], (17.3)

m,n=1

where S[b;n; a] - action along a virtual random trajectory in the space of state symbols between states |a)
and |b);the symbol >~ means summation or integration over all possible pairs of virtual trajectories.

The expression (17.3) allows one to calculate the quantum transition probability outside the perturbation
theory method. The expression allows performing calculations using the Monte Carlo method.
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We represent the equation for the transition probability in the form

N
= Z In.m P (S[b;n; al, S[b;m; a)), (19.1)

m,n=1
where P(S[b;n;al, S[b;m;al) = Py | cos[S[b;n;al — S[b;m;al |,
Gn.m = cos[S[b; n; a] — S[b; m; a]| cos[S[b; n;a] — S[b;m;a) |~

is the function takes the value +1 or -1, or 0 depending on the action values S[b; n; a], S[b; m;a]. We
represent the equation in the form

N
= ZP(b;n a Z In.mP(S[b;m; al, S[b; m; al), (19.2)

m#n=1

where P(S[b; n;al, S[b; m;al)- the probability of a couple of joint events. They are characterized by
numbers S[b; n;a], S[b; m; a]. Summation is carried out for all pairs of joint trajectories.
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Let us replace random numbers in equations (19.1),(19.2) with random events:
a — Ain;b— By; S[b;n; a) — Sgni. Let's write the equations for random events

N N
P(By | Ain) = Z (Spni) + > GumP(Spni N Spmi), (20.1)
n=1 n#Em=1
N
PBy | Ain) =Y gnumP(Stni O Spmi), (20.2)
n,m=1

where P(Sfn; N Sfmi) - probability of random joint events. The equations are presented in diagrammatic
form in Figure 4.

Equations (20.1), (20.2) show that the quantum process takes place in the space of random events
(trajectories) that are pairwise compatible.
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FIGURE 3
n
P(bla) = Plo——sd) = 3 gunP(s__ya)
n,m m

Figure 3
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Hypothesis.

We believe that the quantum process is realized in the space of random events (virtual trajectories), which
are all compatible with each other. We prove that the transition probability of a quantum system satisfies
the equation:

N
P|a)= Z Gnm P(S[b;n;al, S[b;m;al) + 4 Z Inmike P (S[b; n; a], S[b; m; al, S[b; k; a])+
n,m=1 n<m<k=1
4. 4+ 28 g1 N P(S[b; 1;a], S[b; 2;a), ..., S[b; N; al). (22.1)

gnm =+1lor —1lor O,n#m; gnn,=+1,n=m; gpmr =+10r —1,0r 0.

Where P(S[nn; n;nygl, S[nin; m;nyl, S[nin; k;ny]) - the probabilities of compatibility of three trajectories.
The equation is constructed in the theory of stochastic processes in the space of joint events.

Biryukov A. A. Equations of quantum theory in the space of randomly joint quantum events. EPJ Web of
Conferences 222, year 2019, pages 03005, https://doi.org/10.1051/epjconf/201922203005
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Model of the space of joint random events
with symmetric difference and sum of events
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KOLMOGOROV’'S AXIOMS:

INITIAL CONCEPTS:

) — a set of elementary events w, space of elementary events.

§ — a set of subsets from €2, set of casual events A, B, C, .... .
AXIOM I:

§ — is algebra of sets (exist AU B, AN B, A\ B, ..., which belong §).
AXIOM 1I:

The probability of an event (a set measure) is entered P(A) > 0.
AXIOM 111

P(Q) =1

AXIOM 1V:

not joint events if follows AN B =0, P(A+ B) = P(A) + P(B)25 /42
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Joint events in Kolmogorov's axiomatics

Definition: two events Sy, .Sy are joint, if S; N .Sy #0;
probability of association of joint events

P(Sl U SQ) = P(Sl) + P(SQ) — P(Sl n SQ) (251)

Definition: events Sy, .55, ..., Sy are joint, if S, NS, 20,5, NS, NSk #0,....5 NS N...NSy £0,
where n,m, k,...=1,2,..., N.
Probability of association of N joint events

N N N N
P(lJ Sn Z = > P(SunSw)+ D P(SaNSmNSk)+...+ (DY P(SiN...NS).
n=1 n=1 n<m=1 n<m<k=1

(25.2)
Rozanov Yu. A, Lectures on probability theory, 1968,Science,Moscow,p.120.
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Symmetric difference joint events in Kolmogorov's axiomatics

Symmetric difference of two joint events
Sl_ =5 \ (Sl n 52), s 52_ =55 \ (Sl n SQ), P(Sl_ @] 52_) = P(Sl) + P(Sg) — 2P(S1 N Sg) (261)

Symmetric difference of N joint events

N N N
P(US)=>_PSn) =2 > P(SunSm)+
n=1 n=1 n<m=1
N
+Y T P(SaNSmNSk) ..+ (=2 T P(S1n SN N Sy). (26.2)
n<m<k=1

Prohorov A. B., Ushakov V.G., Ushakov N.G., Problems in the theory of probability, 1986,
Science,Moscow, p.328.

27 / 42



Evolution of a Quantum System: New Results.

In addition to Kolmogorov's axioms.

Let's define quantum joint events.
Two events S7, S4 are quantum joint, if S{ N S # 0, probability of association of events

P(STUS]) = P(ST)+ P(S3) + P(S{n5S3)
Symmetric sum of two quantum joint events is a postulate
S =87u(S{nsSy, , SF=S3u(S{nST
P(STUSy) =P(S) + P(S3) +2P(S{n S3)
Symmetric association of N quantum events S, is sum:

N N N
P(lUsH=>_PsH+2 Y P(Sinsy,)-
n=1 n=1 n<m=1
N
—4 Y P(SInSLNSY) 4.+ (=2 P(SIN SN .. N SE).
n<m<k=1

(27.4)
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The uniform equation for a symmetric difference and

symmetric sums of random joint events

Let's designate joint events S,,, S{ one symbol S,,.

Let's designate events S;,, S;" one symbol S.

These designations give the chance to write down the equations for
P(UN. Sy), P(UX, S}) in the form of one equation

P(JS.) ZP ) +2 Z GumP(Sn N Spn)+

n<m=1

N
Y Gk P(Sa NS N Si) .+ 2V g NP(S1 NS, NN Sy),  (28.1)

n<m<k=1
=+1or —1,0r0, gnmk = —Gnm, -

gn,m
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The equation for probability of transition
between the random joint events
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The equation for for probability of transition between the

random not joint events

The event Ain (tin) is realized at the moment time ¢;,. The event By (t¢) is realized at the moment ¢ty > ¢;,. One
of the events S,,,n = 1,2,...N, is realized at the moment ¢ (t; >t > t;,). Equation for events:

N N
BfﬂAm:Bfﬂ(U Sn)ﬂAinZ U(BfﬂsnﬂAm)Z

n=1 n=1 n

C=

ani

1

The probability of transition from an event A;, (tin) to an event By(ty) is defined equation

N N

N
P(ByNAiwm) = P(BsO (| Sn)NAin) = U ByN(Sp)NAin)) = Y P(BfNSNAin) =

n=1 n=1

It is possible to present in a look of Markov equation.
N
P(By | Ain) = P(By | Su)P(Sn | Ain)

It is possible to write down in a look By N S, N Ajp = Spns, P(f | 1) = 30, P(Stns)

(30.1)

> P(Sgni) (30.2)

(30.3)
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The equation for probabilities of transition in space of the

random joint events
The equation for the random joint events we will write down in a look

N N N
By Apm =By (| ) Sn)nAim = BN SN Ain) = | Spni- (31.1)
n=1 n=1 n=1

We will designate By N S, N Ay = S'fm, BN S, N Ay = Sni-
It is possible to present the offered equation in a look

N N N
P(By | Ain) = P(|J Spni) =Y P(Spni) +2 Y gumP(Spni O Spmi)+
n=1 n=1 n<m=1
N
+4 Z gnmkP(animemiﬂkai)+...+
n<m<k=1

+287 G150 NP(Sf15 0 Sp2i N N Spni),
qn,m. = +]- or — ]., OTO.
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The equation for probabilities of transition in space of the
random joint events

It is possible to present the offered equation in a look

N
n,m=1
N
+4 Z gnmkP(Sfm'ﬂSfmiﬂkai)—l—...+2N_1g12__NP(Sf1iﬂngiﬂ...ﬂSfNi), (32.1)
n<m<k=1

gnm =+1or —Lor 0,n#m; gnn=+1,n=m; gpme =+1 0or —1,0r 0.

Biryukov A. A.,Equations of quantum theory in the space of randomly joint quantum events.
EPJ Web of Conferences 222, year 2019, pages 03005, https://doi.org/10.1051/epjconf/201922203005
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I

Interpretation of the stochastic process equation

for joint events
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Model of physical system

Let's consider system which can stay in states n = 1,2..., N.

The system eventually makes transitions between states.

The transition of the system from the state n;, at the time ¢;,, to the state ns at the time t; > t;, is
carried out along a certain random trajectory determined by the set of numbers 17,11, n2,...n5.
Action of system is determined for each trajectory:

S[nin7n17n27 ...,’I’LN,’I’Lf]

Action of system we shall present as:S[n;,,n,ns| where n(ni,ns,...,ny) a multiindex.
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Interpretation of the stochastic process equation

for joint event
To events By, A;, we put in conformity of the states ny = b, n;, = a.

To events Sy,; we put in conformity the action of system S[ng;n;n;,] = S[b;n;al.

The equation in space of the states of system becomes

P |a) Z Inm P(S[b; n; a], S[b; m; a])+

n,m=1
N
+4 Y gumkP(S[bin;al, Sbymsal, Sbi ki al) + ..+
n<m<k=1

+2N’1912.,,NP(S[b; 1;al, S[b; 2;al, ..., S[b; N; al).

(35.1)

gnm =+1or —Lor 0,n#m; gnn=+L,n=m; gnme =+10or —1,0r 0.
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FIGURE 4

n

P(bla) = Ple——sa) = 3 gunP(b <:>a> +

n

+ n;k gnmkP(b@a) +

k

n

+ > gnmklP<b@a> +
n,m,k,l

l
Figure 4
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Probabilities of transition for in pairs joint events

The equation in space of the states of system becomes

Z Inm P (S[b; n; a], S[b; m; a])

+lor —1,0r 0,n#m; gun

:—’—1”]1_

(37.1)

38 / 42



Evolution of a Quantum System: New Results.

Therefore

Probabilities of transition for in pairs joint events
We do a postulate

P(S[b;n;al, S[b;m; al) = GumPr | coS[Stni — Spmil |
nm = COS[ani

Smil| €os[Sfni

N

n,m=1

(38.1)

Spmil |71
Pb|a)= Z Py cos[Stni — Spmil-

(38.2)

(38.3)
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Results
1. The system of axioms of probability theory is supplemented by a new axiom on joint quantum random

events. A symmetric sum of events is introduced.
2. In the new set of general events we have the equation for stochastic process
N N

N n=1 n<m=1
+4 Z gnmkP(animemimeki) +...+2N_1912“.NP(Sf1iﬂngiﬂ...ﬂSfNi), (39.1)
n<m<k=1

3. The equation in space of the states of system becomes

P(b|a)= Z Gnm P (S[b; n; al, S[b;m; al)+

n,m=1

N
+4 Z Inmk P (S[b;n; al, S[b;m;al, Sb; k;a]) + ...+
n<m<k=1

—|—2N_1g12,_,NP(S[b; 1;a], S[b; 2;al, ..., S[b; N; a)). 40 / 4322)
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Results

4. For the case when events in the process are only joint in pairs

P(Sfm ﬁSfmi ﬂkai) =0, P(Sfli meQi N ...ﬂSfNi) =0

N
The equation has the form P(ByN4;) Z P(S, Z 9(Sn, Sm)P(S, NSy,)  (40.1)
n>m=1
The equation in space of the states of system becomes
N
P(b|a) Z Py cos[S[b;n; a] — S[b;m; al). (40.2)
n,m=1

This equation describes real quantum processes (particle diffraction, quantum transitions, and others).
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Thanks for your attention!
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