Periodic, Transition and Escape Trajectories for
3D-Kepler 2-Body Problem of Classical
Electrodynamics

ABSTRACT

In a previous paper we studied the Kepler problem for the extended Synge’s 2-body problem
of classical electrodynamics. We have used the radiation terms introduced in our previous
papers and prove an existence—uniqueness of a periodic orbit in polar coordinates which
confirmed the Bohr's hypothesis of the existence of the stationary states in the frame of
classical electrodynamics. Our main aim here is to show the existence of trajectories of
transition of the particle orbiting the nucleus from one stationary state to another excited
state. We also prove the existence of escape trajectories. This is made by a choice of
suitable function space and applying fixed point method.
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1. INTRODUCTION

In [1] J.L. Synge proposed a model of the interaction of two charged particles within the
framework of classical electrodynamics. It is based on the results of V. Pauli [2], who derived
the relativistic form of the Lienard-Wiechert retarded potentials. The Synge's equations of
motion describe the interaction between two particles by accounting for the finite speed of
light propagation. This leads to the necessity of using retarded potentials.

The formulation of differential equations with delays was given by R. Driver [3]. The delays
are not of the previously known type but depend on the unknown trajectories. They are now
called state-dependent delays. Let us note that the Synge's approach describing the
interaction is different from the conventional one, where one considers free fields, then
includes the interaction (via the S-matrix), and then again has free fields (cf. for instance [4],
[5]). In [6], [7] we have considered the existence of solution for the Kepler (plane) orbits of
the 2-body problem. Since the most natural way to consider two particles in electrodynamics
is in a reference frame external to them, we have investigated this problem in [8] - [10]. We
have proved the existence-uniqueness of a periodic solution (orbit). Our research is based
on the extended Synge’s equations, which we introduced by using the generalized, but
relativistic invariant, the Dirac radiation term [11]. On the other hand, the Kepler problem
cannot be ignored, because it is the same problem, only formally mathematically in a
different formulation. That is why, in [12] we have considered the 3D-Kepler problem with
radiation terms and proved an existence of periodic solution. In the present paper we
improve the results from [12] simplifying radiation terms which look like their Lorentz form.
Here we also prove the existence-uniqueness of periodic solutions, including the hitherto
neglected group of equations whose arguments lie to the left of the initial one.

The existence of transition trajectories for the plane Kepler problem are obtained in [13].
Here we prove the existence of transition trajectories from the ground state to an excited




state and vice versa in the real 3D-case. We also present conditions for the existence of
escape trajectories. In this manner we obtain conditions for the existence of all possible
cases of behavior of both particles in 3D-Kepler formulation.

Qualitative characteristics of the solution are obtained by appropriate choice of the function
spaces and using the fixed-point method [14].

We recall the basic facts and denotations from [8] - [10]. The system of equations of motion
with radiation terms in the Minkowski space consists of eight equations:
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with Einstein summation convention. We recall the usually accepted denotations: <>4 is the
dot product in the Minkowski space, e;,e, are charges of the particles, m;,m, - their masses,
¢ — the vacuum speed of the light, F{”(p=12) — the elements of the electromagnetic

tensors, F{?™ (p=12) — the corresponding elements of the radiation terms, A”(p=12) —
the unit tangent vectors to the world lines.

In the previous papers we have proved that every fourth equation is a consequence of the
first three ones. In this way, after some transformation, we reach the system:
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where  G9(1) = (1,90, L2020} F2O = (L2 ©.L,2O.UPEM) are the unknown
velocities of the moving charged particles. By angular brackets we denote
<é,6>:albl+a2b2+a3b3 the dot product in 3-dimensional Eucleadian subspace of the

Minkowski space. The relativistic factors are:
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yield the functional equations for the delays 7, (pq) = (12), (21):
ety = <g(pq) ’ 5(pq)> _ \/<y((p> () — X (t— ) K0P () — X (t qu)> ([8] - [10]).

So, the system (2) - (3) is a neutral type one with respect to the unknown velocities. The
delays 7, (pq) =(12),(21) depend on the unknown trajectories.

This paper consists of two sections and an Appendix. The first section is Introduction, where
we give the basic formulation of the 2-body problem in Cartesian coordinates obtained in
previous paper [8]. Section 2 consists of 10 subsections and includes the main results. First,
we formulate the 3D-Kepler problem in Cartesian coordinates in subsection 2.1 and then in
subsection 2.2 we introduce spherical coordinates and derive the Initial equations in final
form (cf. (7)). This form will be considered on the interval [-T,0] because the arguments of
the unknown trajectories (velocities) take value at this interval. We note that T is the period
of the solution. That is why we call the first group (2) Initial equations, while the second one
(3) — Basic equations. In the second group of equations (3), the arguments of the unknown
velocities are t €[0,) . In fact, what they have in common is the initial point 0. We first solve

the Initial system on the initial interval [-T,0] and then solve the Basic system on the interval
[0,0), as the initial conditions of the Basic system should be the value of the solution of the

first system at t=0. In subsection 2.3 we derive the explicit form of the Basic equation in
spherical coordinates. Subsection 2.4 is devoted to the derivation of the radiation terms in
spherical coordinates. In subsection 2.5 an existence-uniqueness of solution of periodic
boundary value problem for the Initial system is proved. In subsection 2.6 we formulate the
periodic problem for the Basic system and in subsection 2.7 we obtain an existence-
uniqueness theorem for this system. In subsection 2.8 we obtain transition trajectories and in
subsection 2.9 we obtain an existence-uniqueness theorem for the Basic system. Finally, in
subsection 2.10 we obtain existence-uniqueness of escape trajectories.

2. RESULTS AND DISCUSSION
2.1 The 3D-Kepler Problem for 2-charged particles with radiation terms

In this section we consider the above problem but, in a 3D-Kepler formulation. This leads to
different type equations and the delays manifest themselves in another form. In accordance
with the 3D-Kepler formulation of the 2-body problem the first particle P, is fixed at the origin

0(0,0,0), that is, P (x"(t) =0, x{P(t) =0, x¥(t) = 0) t « (~o0,50) which implies
e =0 ufm =0 ulw=0; ut)=0 =0, i¥r)=0 . @)

Then the space part of the isotropic vectors <§(p‘*’,§("q’>4 =0, (pg) = (12),(21) take the form:
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E=(47.67.67) = (70, 0. X7 ) and A, =c .4, =c.



Since the coordinates of the first particle are 0, we omit the superscripts of the second
particle, namely X =3x®,0=0®. We recall the assumption (C): ,/(u®(t),d® (1)) <c <c. Then

the value of the Sommerfeld fine structure constant becomes pg°>=c?/c*=1/137°~0 and
consequently (u,a)/c*=1/137° ~0. We follow denotations from [8] - [10]:
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Principal remark 1. We notice that in the 3D Kepler formulation of the system (2) - (3) split
into two different groups. The first group (2) contains unknown functions with retarded
argument t-z,(t)e[-T,0], while the second one (3) contains unknown functions with

argument te[0,0) . Both intervals have a common point, nhamely 0. The first group we call
Initial equations while the second group — Basic equations. In this way we obtain two groups
equations without delays, The delay caused by finite velocity of the propagation of



interaction manifest in the fact that the first group of equations should be considered on
interval [-T,0], and second group — on the next interval [0, ) .

2.2 Derivation of the Initial Equations

The first group equations (2) take the form
Gle) + Gfl)rad — 0 , G2(12) + Gz(l)rad — 0 , GélZ) + Gél)rad — O .

But the particle P, is fixed (at the origin) which implies G =0(a =1,2,3) and then (2)
become G =0, G{® =0, G*™ =0.

We notice that assumption (C) implies
A, >c®-T?=c’(1- 4% >0 and c’z, + <>“<(2),U(2)>2c2712—Cleézrlzc(c—é)>0.

Therefore G =0 becomes
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But ¢’r, +(X,0)~ ¢ (z’lz + <>‘<:2>j ~c’r, because L) =—~0. Therefore (2) takes

the form:
leczul X1 + 73U < > c? (7 —%) /73,

2, 2
7,C°U, + Xz +173,U, < > C (T, = %) 7y,
2 2
7,,C°U; + X3 +73,Us < > C (Tl —X5) [ 73, -
Since (d,0) =uu, +u,i, + U, , we rewrite the last system in the form:
2 2y, . . 2
(€77, + XUy +73,Uy ™)y + (XU, o+ 735U U, U, + (XU + 735U Ug )y =C° (73U — %) / 735,

(%,Uy +73,UyU, )y + (C2712 + XU, + 712“22)u2 + (XU + 73,U,Up Uy = c? (Tl = %,) 1 735,

(XgUy + 73Uy Ug JUy + (XU, +73,U,Us U, + (szlz + XUy + 112u32)u3 =c? (T1Us = X5) [ 7.

We solve it with respect to u,,u,,u,. Indeed, since c’z, +(X,U)~c’z,, then

2 2
C7y, + XUy + 73,5, XU, +7,U,U, XUs + 73,U Uy
S=] XU +7,U,U, %1, + XU, + 7,,U,° XUy + 70U, | =
XUy + 73,U, U, XU, + 73U, U, %y, + XUy + 7,5U5°

= 1,7 (€%, + XUy + TyUs” + XU, + 7,U,° + XU, + 73,U,°) =

=", (CPry, + 7, (U, U) + (X, 0)) = Czc“z'uz[r12 + 7y, <UC'ZU> + <XC'ZU>] ~c'r,’ (c 7, +(X, U)) =%, >0;
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XUy + 735U, U XU, + 735U, Ug TpoUs — X3

Then we obtain Initial equations:

4 - T12U1;X1 u, = 7,,U, 2—X2 U, = 7,,U, :x3 . (5)

Ty Ty Ty

We look for a solution on the initial set for t e[-T,0], where T is the period of the solution.
Indeed, we notice that all arguments of unknown function are retarded ones t-z,, that is,
U=0%(t-rz,). Therefore, we must look for a solution on the initial set, that is, for
t—1z,(t) €lz,;0], where 7, =min{t—7z,(t):t<[0,T]}. Since t—rz,(t) is increasing function
because 1-dz,(t)/dt >0, we have proved that if the trajectories are T-periodic then z,(t)
is  T-periodic, too. It  follows T —7,(-T)<0-7,(0) & -T -7,(0) <—7,,(0) =
7,(0)<T —17,(0) and then 0—7,(0) <t—7,(t) <T —7,(T)=T —17,(0)=0.
Consequently —T <t—7,,(t) <0 which means 7, =-T and put t—z,(t)=6<[-T,0]. So the
argument of the unknown functions 0 =0(¢) belongs to 6 <[-T,0].

We pass to the spherical coordinates, that is, the second particle P, is located at the point:
% (0) = p(6) cos p(6) cos A(0); X,(0) = p(&)sin p(8) cos A(0); X,(6) = p(6)sin ()
p(0)20; p(6)>0; /1(0)6[—%+5,%—5},0<5<%
and then the velocities and accelerations are:
U, (6) = pcosecos A — p@sin ¢ cos A — pA cosesin A
U, (@) = psin @ cos A + p@Ccos pcos A — pisingsin 4,
U,(0) = psin A+ p Acos A
where p=dp/df and
U, = P COS@COS A — p@sin ¢pcos A — pAcos@sin A —
—2p¢SiN COS A — 2pA C0S pSIN A + 2 p@Asin psin A — pg?® cos ¢ cos A — pA® cos pcos A
u, = gsin @COS A+ p@cospcos A — pAsingsin A+
+2,p( COS COS A — 2 pASin @sin A — 2 p@A cos psin A — p¢? sin pcos A — pA?sin g cos A
U, = psin A+ plcosd+2picosA—pAZsind . (6)
X = (X, %, %), U= (U, Uy, U) s 7y, = pl ¢, (X,U) = pp,(U,0) = p° + p°¢” cos* A+ p*A%;
<u,d>=pp+pp¢2 +p%p¢ , (0,0)/¢? ~0.



Then (5) take the form:
U = Cpcowcosi — pPSiNPCos A— pAcosgsin A —ccospcos i N _c2 COS¢@CoS A

1 EQ]_:
Y ey
B (plc)u,—x, B Cpsin @COS A + pPCosSpCos A — pisinpsin A —csinpcos A N _czsingocosl -0
Loople p p
(plc)u;—x;  psinA+picosi—csind  csind
3= 272 =C R = =Q,.
plc P P

In view of (6) we introduce denotations:

P, = 2p¢>sin ¢ cos A + 294,008 pSin A — 2 p@A sin gsin A+ pg” cos pcos A+ pA? cospCos A |
P, = —2p¢>C0S COS A + 245N @SIN A+ 2p@A.C0S pSIN A + pgp* Sin pcos A + pA>Sin pCos A ;
P,=—2picos A+ pA®sini.

Then from (5) we obtain:
HCOS@COS A —@psinpcos A — Apcospsin =B, +Q,
PSiNPCOs A+ ppcospcos A — plsingsin L=P, +Q,;
psinA+plcosi=P+Q,.
To solve the last system with respect to 5, ¢, we calculate:
COS@COSA —pSin@CoSA —pCoS@sSinAi
A=|sinpcosA pcospcosi —psingsinA|=p’cosi;
sin A 0 pPCOSA
BR+Q -sing —cosesind
A, =p?cosA|P,+Q, cosp —singsini|=
P,+Q, 0 cosA
= p?cos A[ (R +Q,)cospcos i+ (P, +Q,)sinpcos A +(P, +Q,)sin 1] ;
cospcosA B +Q —cosesind
A, =p|’sinpcosi P,+Q, -—singsini|=p[(P,+Q,)cosp—(R+Q)sing];
sin A P+Q, cosA
cospcosd -sing B +Q,
A, = pcosi|singcosd cosgp P,+Q,|=
sin 4 0 P,+Q,
= peosA[ (P, +Q,)cos 1 —(P, +Q,)singsin A— (P, +Q,)cosgsin 4 |.
But
P cosgcos A+ P, sinpcos A + P, sin 1 = pg? cos? A+ pd?;
P, cosg — P sing =2p@isin A —2p¢pcos A ;
P,cos A — P, singsin A — P cos@sin A = —2p4 — pg? sin A cos A ;
Q, cospcos A +Q,singpcos A +Q,sinA=—c’/p; Q,cosp—Q sinp=0;
Q,cos A —-Q,singsinA—Q,cosgsinA=0
and then
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2 C
2cos A| pg’cos® A+ pA’ -~ . i
p e p P . p(Zpgb/Isin/l—Zp(/)cos/l) i pCOS/l(—Zp/I—pgDZSInlCOS/l)

' picosd pPcosd

Ib:

pPcos

Consequently, the Initial equations take the form:
2 200 /-1-__2p/i+pgb28in/1008/1

5= pp?cos? A+ pAt— S, G =2pitga— @)
P p
We solve (7) on the initial interval [-T,0].
2.3 Derivation of Basic Equations in Spherical Coordinates
We add the denotations:
A =2p@sin pcos A +2pA.c0s psin A —2p@Asin psin A+ pg® cos pcos A+ pA* €oS pCos A ;
A, =—2p@C0S pCOS A + 2 pASIN Sin A + 2ppA cos psin A + pg’ sin pcos A + pA? singcos A ;
A =-2picosA+pA’sinid
and after substituting (6) in (3) we obtain
. o ” : ee,A, c’cospcosA-u®p & il?
pPCOSpCosA—@psingcosA—Apcospsind =P + 3 3 -
m,c e, m,c® A,
B 2 - @ 2 -(2)
PSincos A+ @pcospcos A — Apsingsin A =P, + elezASZ ¢ sm(pcoszﬂ L P_ % 5 L, 8)
m,c 0 m,c® A,
.. _c2qj () - 2 :(2)
psinA+ApcosA =P, - e1e2A32 ¢ sm/12+u3 L__& > %
m,c P m,c® A,
To solve (8) with respect to p, (p/l we calculate
cos@pcosA —psingcosA —pcosesin A
A=[sinpcosA pcospcosi —psingsind|=p?cosi>0 for p>p,>0, 2\s%—5<% .
sin A 0 pCOSA
To simplify system (8) we denote by
B _ geA, ¢ COSgocos/%—ul‘z’p_ e ﬁ B - ee,A, czsingocos/i—uz(z’p_ e ﬁ
Yomc P’ mc® A, " 2 mcd s mc® A,
B _ 88, c’sini-u?p & ﬁ
°omc? o m,c?® A,
Then system (8) can be rewritten in a compact form:
PCOS@COSA—@psingcosA—ApcospsinA =R +B;
pSingcos A +@pcospcos A — Apsingsin =P, + B,; 9)

psin A+ Apcosid =P, +B,.
Applying Cramer’s formulas one obtains
Calculating the determinants



cospcosA B +B, -—pcosesini

A, =[sinpcosi P,+B, —psingsini|=p((P,+B,)cosp— (P, +B)sing);
sinA P, +B, pCOSA

cosgpcosA —sing P +B

A, =pcosid|singcosiA cosg P, +B,|=

sind 0 P, +B,

= pcos A[—(P, +B,)cosgsin A — (P, + B,)sin psin A+ (P, + B;) cos 4]

we obtain:
p=NTA=(P,+B)cospcosA+ (P, +B,)sinpcos A+ (P, +B;)sinA,

$p=A, ! A=[(P,+B,)cosp— (R, +B)sing]|/ pcos 1,
A=Ayl A=[-(P,+B,)cosgsin A — (P, + B,)singsin 1 + (P, + B,) cos A]/ p.

Consequently
p =B cospcosA+P,singpcos A+ P, sin A+ B, cos@pcos A+ B,singpcos A+ B,sinA ;
P —Bsinp+B —B;sin
P , co0sp — P sing+ B, cosp—B; si go; (10)
pCoOSA
/-i:—Plcowsin/l—stingosin/HPscosﬂ—Blcoswsin/l—stin(psinA+B3cosi_

P

To simplify the right-hand sides of the last equations we calculate
P, cos ¢ cos A + P, sin pcos A+ P,sin A = pg? cos® 1 + pA?,
P,cosg— P sing=-2ppcos A +2ppisin A,
L2 -
—P, cospsin A — P, singsin A + P, cos 1 :—Zp/i—%m.

Then (10) becomes:
p=p@’cos’ L+ pi® + B, cospcos A+ B, sinpcos 1+ B,sin A ;

..:—2p¢)COS/1+2p¢)/18Ini+ B, cosp—B;sing (11)
pCoSA pPCOSA P COoSA
Fo_ 2pA  pgtsin2 , ~BicospsinA-B,singsin 1+ B, cos A
P 2p p
But, since
¢’ —u®pcospcos A —u,? psinpcos A —uP psin A =c® — p°;
u,® psing—u,? pcosp =—pp@cos A ;
0, cosgsin A +u,? singsin A —u,® cos A =— pi
we obtain:

B, cos@cosA+B,singcosA+B,sind =
_ee,A, ¢ —u?pcospcos A —u,? psingcos A —u,? psin A

m,c’ 0
2 U cospcos A+ sinpcosA+U sind
m,c’ A,

eA, c2—p* & P cospcosd+U? singcos A+ sin A
_ 854, P 2 Y 4 2 4 3 .

m,c®  p*  m,c? A,




ee,A, U psing—u,? pcose . ¢ i sing—i? cosg
3 2 2
m,c P m,C A,
.. 2 (2) i ..(2)
__&&A, pppcosi LG sin ¢ —ii,” COS @

m,c® o m,c? A,

B, cosp—B;sing =

—B, cospsin A —B, singsin A+ B, cosA =
e.e,A, u®pcosgsin A +u,? psingsin 1 —u,? pcos .
m,c’ P

| e; U cosgsin A+U? singsin A —U{ cosA

m,c? A,

_egA, —pd . e U? cosgsin A+ singsin 1 - i cos A
- 3 2 2 ’
m,c® p m,c A,

Then (11) become:
eleA Cz— .2 2 :(2) ﬂ :(2) i ﬂ +(2) i ﬂ,
LA, p- & U cosgcosi+U,” sinpcos A +U,”~ sin

D= pi?cos? A+ pi* +

mec®  p° mc’ A,
. —2ppCosA 2¢pAsin A L1 [ een, pppcosd e i?sing—iil?) cosg (12)
P COS A cosi  pcosAl mct p° m,c’ A, '

2‘::

_2pA p’sin2A +1[ e6,A, p_/i+ e U2 cos psin A + U sin gsin A — i cos/ij
p 2p pl mc® p? myc? A,

2.4 Derivation of the Radiation Terms in Spherical Coordinates and Final Form
of the Basic Equations

To make the last step in the derivations of the equations of motion we derive the explicit form
of the radiation term in spherical coordinates. Indeed, since
pO+7)= p(0), p(O+7) = p(0) , p(0+7) = p(0) , PO +7) = P(0) , A(O+7) = A0) , A(O+7) ~ A(6)
and using Schwartz derivative we obtain
u(@+7)-u(0-7) p@+7)—p@-7)

COS@COSA — singpcosA — cos@sin A =
2t 2t ¢ 2t el 2t pEOS®
~ [5COSCOS A — Hpsin ¢cos A — Apcosesin A ;
U, (0+17)—u,(0-1) 3 p@+7)-pO@-1) Sinpcos A + ¢)(9+T)_¢(0_T)pCOS(DCOSﬂ—i(9+7)_1(9_7)p3in¢5inﬂ N

2t 27 2r 27
~ Sin@CoS A + oS pCos A — Apsingsin A;
U (O+7)-Uy(0-7) b(¢9+1)—,b(¢9—r)sini+Z(8+T)—/'1'(6’—r)

cosA ~ psin A+ ApcosA.
2t 2t 2t p p »

Therefore
i® ~ j5 cos @ cos A — @psin ¢ cos A — Ap cos psin A
P ~ 5sin @ cos A + @ cos pcos A — Apsin gsin A
U? ~ psin A+ Apcos i

and therefore <u, u> = PP+ PP cos® A+ p°id .



Then the radiation terms of (12) take the form
U® cospcos A + 0P sinpcos A +UP sind =5,
i® sinp— U cosp = —@pcos 4,
i@ cos psin A + U sinpsin A —0? cos A = —Ap.
Considering A, ~c¢ (12) become:

2 .2 2 oo
5= p?cos? A+ pA? + €8N, C—-p" & p

mc® 0 mclA,
2picus A+ 2ppisin A - AP POCOSA & fpcosi
. m,c’ o’ m,c® A,
¢: =
pPCoSA
D y e A o 2
__ p(p-l-Z(pﬂ,tgﬂ— 9123 2/2(0_ ezz_;
P m,c® p m,c” A,

i:_Zp/i_gbzsinMJri EEd, —p/i+ e —Jp :_Zp/i_(pzsin2ﬂ+ eeh, A & A
P 2 ol mc® p° mc? A, o 2 mec® p> myc’ A,

Finally, we obtain

2 .2 2
D= pp*cos A+ pA® + elezzc P _ %

mc’> P’ mzc3p'
. 2P0 . ee, pp & ..
= _ZPP  opitgh -2 PP G 4 13
¢ - PpAg mc? p? mzcg(ﬂ (13)

_2pA_¢Psin24 L 88 pA &
P 2 m,c® p>  myc®
Remark 2. For 41 =0 we obtain the two-dimensional case without radiation terms

. ., €8 C—p° . 2pp e, p¢
p=pit+ 22 L 5 PP &% PP
m,c’  p p mctp

A= i.

derived in [6], [7].

2.5 Existence-Uniqueness of Solution of Periodic Boundary Value Problem for
the Initial System

Here we again denote by t =6 and present the above system in an equivalent form setting
r(t) = A1), ¢(t) = p(t) (1) = A1) :

2 2 -
r'=p¢20032/1+p772—C—EGr, ¢:2¢ntgﬂ—2L¢EG¢, ﬁ:_zﬂ_MEG . (14)
P P

n
Assumption (C) in spherical coordinates has the form:
P+ p° A%+ pP¢’ cos® A<T? <c? =|r|<T,|pn|<CT,|pgl<TD C.
By C,”[-T,0] we denote the set of all infinitely differentiable functions, satisfying the
condition r(-T)=r(0) =0. Introduce the following sets:
0
M, ={r eC7[-T,01|r™ ()] < @"Rye*“; r(-T) =r(0) =0; jr(s)ds =o},

T



Ay (r,T) =sUp

(m m)
{r(t)(t) M) o [TO]} (m=012..);

={¢6CT”[—T,0]:¢‘” ()] < "D, $(-T) = 4(0) = i, | ¢<s)ds=T¢o},

_ (m m ¢
4o () =50 {MM

#ET) ot g [TO]}(m 01,2..);

M, = {77 €O T 01 (0] < 07" n(T) = (©) =0; [ n(e)ds =0

™ © -7 )
a)m

j' n(s)ds

<Z_st,
2

d(my (7,7) = SUP e “Mite [—T,O]} (m=012,..),

where 0<6<% , u>w>0 are strictly positive constants, r™ means the m-derivative of r

and rO)=r().

The set M, xM,xM, turns out in a uniform space by introducing a countable family of

pseudo-metrics (cf. [14]): d, (r.4.7).(T.4.7)) =d, (r.7) +d, (4.4) +d, (,77) . Here the index set
is A={012,..}.

We define an operator B=(B,,B,,B,) acting on the function space M, xM,xM,:
t 0 p
B,(r. ¢ n)(0):= [ G, (r, g m)(s)ds - [ﬂ—ljj G, (rg)(s)ds -2 | | G,(r.,)(©)dsdp t<[-T,0]

T-T

3,0 40= + [ 6,04 (ﬂ—lj Jeutrdmiss—1 | J J&,06miism.t <10

B, (r. 4. 7)(0): = j 6, ¢n>(s)ds—(ﬂ—1j [ 6,61 | [ 6,06t ([-T.0

Lemma 1. For some neN the foIIowing inequalities are valid for t €[-T,0] :

|r(t)| ey(m) |r(1) (t)| a)R H(tT) - |r(z> (t)| Y 5 R N
# M
|77(t)| < %Aoe”“”) ’ |77(1) (t)| < a)_:oneﬂ(HT) ,|77(2) (t)| < w—:a)ZAoe’J(“T) ,

|¢<t>|<¢o+—<1>e"“”> o 0l @ o, T, pool=s LA

n

[0 — s) =(s sa)
Aoy (1 r)<# iy (1275 d(s)(r(),r())ﬁa) Edws)( r).(s=12..),

(0) (¢ ¢) < Z ) (¢ ¢) d(s) (¢(s),a(s)) <o %d(mrs) (¢(n+s),$(n+s)) ,(S =1 2,”.) ’

n

— w — s) —=(s sa)n n+s —n+s
d(O)(n,ﬂ)SEd(n)(n,n): dey @, 7)< 0 ?d(ms)(( L") (s=12,..) .



Proof: For the first Bohr orbit € ~10° and then for sufficiently large x>0 and 4T =const.>0

we obtain
t t ty t b ot
r)|=| [ r(”(tl)dtl‘: .[(rl +| r‘z)(tz)dtsztl =.= _[(rl + [ r‘”)(tn)dtn...dtlj <
=T -T -T -T T T

c
n1

I, r " (] " "
< _1e/’(“'T) 4+ nr;l]_ ell(H‘T) + — Roe#(t*'T) < _eﬂT T+ e/xT + — Roe,u('H-T) ~ Roey(t-ﬂ)

H M H H

t t t t bty
9] =gy + [ 4© (tl)dtl‘ |t + [ {¢1 +[r® (y)du}dtl ==|gy+ [ [qa [ (tn)dtn---dtlJ <
-T -T -T -T -T T
< +Bguem +...+—¢”njl1 A +w—:®0e"“”) < i +...+—¢”njll et +w—:<1)0e"(‘”) ~
u u u u

n

@
~ u(t+T)
gy +—Dee :

n n
In a similar way we obtain |;(t)| < - A" | ®) < 2 pAe"“" ... and so on for the
P P

higher derivatives. The inequalities for pseudo-metrics are straightforward, which completes
the proof of Lemma 1.

Corollary 1.
d(0) ((r,¢, 77)1 (rv(Z: 77)) < a)_nd(n) ((r! ¢l 77)1 (rval 77))1 (15)

>

Lemma 2. The distance between particles p(t) satisfies the inequalities 0< p_;, < p(t) < o, -

Proof: Let p,=,p(-T) >0 be the distance between particles at t =—T . Then for sufficiently
large x>0 and 4T =const.>0 we have for t e[-T,0]:

t t
. eﬂ(HT) _1 e;tT _l
PO = py = [Ir(s)ds = p, — R, [ e““ds = p, ~ R, — > py—R,
-T -T

Epmin>0'

t t T
- . e’ -1
In a similar way we infer p(t) < p, + R, I [r(s)ds < p, + R, I e"*Nds < p, + R, = Doy -
L L H

ur HT 1

< p,+R, e -1>0(-T <0)

Finally, we must check that p,;, < P < £o — Ro

Lemma 2 is thus proved.

Lemma 3 (Main Lemma ) The system (14) has a solution iff the operator
B=(B.(r,¢,7),B,(r,4,n),B,(r,¢,m) : M, xM,xM,  —>M xM,xM,k

has a fixed point.

Proof: After integration of (14) in view of r(-T)=0 and 7(-T) =0 we obtain

t t t

)= [ G(rgns), g0 =¢+ [ G,(r.gn)s)ds, nt)= [ G,(r,4,m)(s)ds .

T



Letus put t=0. Then
0 0
0=r(0)= [ G, (r,¢,m)ds = [ G,(r,4,mds =0,
-T -T

#O0) =¢,+ [ G,(r.m)ds = [G,(r.¢mds =0,

0 0
0=7(0)= [ G,(r.4,mds = [ G, (r.gn)ds =0.
-T -T
Therefore,

(O = [ G,(r. s < 1) = [ G, (r. .m0 - (ﬂ——j [ gns)ds |
#0) =+ [, 0008 < 60 =+ [ G, (rpmis (5T - 1] [6,rpm©ds

(16)
70 = [ G,(r.dumds = 10 = [ G, (r.g.mds —[?—lj [6,(r g mE)ds

0
Changing the order of integration and considering that r(0)=r(-T)=0 and _[ r(s)ds=0 we
-T

have

j j G, (r, ¢,7)(s)dsdp = j (0-5)G, (r,¢,1)(s)ds =— j s ) dr(s)

-T-T

= —J sdr(s)=-0.r(0)-T.r(-T)+ f r(s)ds = 0.
-T T
Consequently (16) can be written in the form:

©=[ 6. —[ﬂ—lj [ 6.2 [ Jewpmesdn
thatis, r=B,(r,¢.7) .
In a similar way one obtains:
$0 =4+ [ 8,64 - (ﬂ—ij Je,rgnes- 1 | J Jo,pmeesan
O I e P O X O

We have shown that the solution (r,#,7) of (14) is a fixed point of the operator equation:

(r,¢,m)=(B.(r,¢,7),B,(r,¢,7),B,(r,4,7)) .
Conversely, let (r,¢,77) e M, xM,xM, be a fixed point of B. Then

') = | G (r.gm)ds - (ﬂ—ljje (1., -2 j j G, (r,4.7)(s)dsdp

for t=—T gives
T+T

r(-T) =jTG, (r, ¢,7)ds _(_T"j [G.(r.¢ q)(s)ds——:[ jTG (r,¢,7)(0)dOds =



0 s

jG (r. 4, q)(s)ds—Tij [ G.(r.g.m)(0)d0ds .

-T-T

We show that IG (r,¢,17)(s)ds =0 that implies _[ IG (r,¢,7)(6)d6ds =0 .

-T-T

Indeed, let us suppose that =6>0.Then

J

T

2 0 2 uT -1

s[6®0+6A0+ ¢ )J.e”(SJ'T)dS:((_)(DO-i-(_:AO-i- ¢ Je .
pmin -T pmin H

The last term becomes smaller than § for sufficiently large x>0 and 4T =const.

I&m%m@w

<

jea¢m@w

2
[p¢2 cos® A+ pn? —C—]dt <
P

Consequently r(t) = jGr(r,qﬁ, mds= () =G, (r,¢,n)(t) .

From the second component of B for t =-T we have

¢en=%+fga¢m$—[T;T ﬂjea¢an&—llea¢mwmms
and in view of ¢(-T)=¢, we obtain 0=— _[G (r, o, n)(s)ds—%j. j.G (r,¢,m)(0)dads .

In a similar way we show that

J.G (r,4,1)(s)ds =0=> j j G,(r,¢.7)(¢)ddds =0 and j G, (r.¢.n)(s)ds =0= j _[G,](r $,1)(0)d6ds =0 .

-T-T -T-T
Therefore ¢(t) = F,(r.¢,m) and 7(t) =F, (r,¢,77) , that is, (14) has a periodic solution.
Lemma 3 is thus proved.

Lemma 4. The operator B =(B,,B,,B,) maps M, xM, xM, into itself provided,

(ANl

ur 2 ut = 21T T
e—(ccbo+6Ao+CTsto, VO (A tg(——&j che }qnosq%, [Zcf\uq’o_eje_g,\w
u P @, p) M p 2 Ju

XA, D, e T e T
P 2 ) 2

Proof: For the first component B, (r,#,77) one obtains

0=r(-T)= B<r¢nxTd——je(r¢nX9$——ij(r¢nxmdmh. (17
Then 7

B, (r.¢,7)(0)= jea¢m@$ @~{MG«¢nmm&_iju¢m@$w—
=—IG(r¢nX$$—%IIG(r¢m®NMD 0

and



B, (1, 47)(-T)= ] G, (r. g m)(s)ds - [ Tt 1) Jo.manes-2 ] j G, (. ¢ m)(s)dsclp =
1 j G,(r, ¢ n)(E)ds — [ [ g meustp=0.

Since j (ﬂ —%j dt =0 we obtain

j B.(r, ¢, n)(t) dt= j jG (r,4,7)(s)ds dt — j[ﬂ-ljdtje (r,4,7)(s)ds — j jG (r,4,7)(s)dsd@ =0.

T-T T-T

Besides
[B.(r, 4, m)(®|< [[G, (r,4,n)(S)|ds+ [ |G, (r, ¢, m)(s)|ds <

t

8l

o7

2 t 0
< [E(DO +TA, + CTJ[ [ereMds+ | e"(s”’ds] <
2

-T -T

0

J

T

+ <

2
(p¢2 cos’ A+ pn’ —C—J ds
P

2
(p¢2 cos® A+ pn’ —C—J ds
P

2

1 e"-1)Y_. . c eT(_ ¢
<e'®n (—+ Ch,+CTA, +— |=e““D 2| T, +TA, +— | <R,
ﬂ p

7R p

For the second component of B we have:

0)=B,(1.4.1)O) s =4 [ §,(r 45~ -3 j [ e.nes -+ [ [,

0 p
-2 j ,(r n)(e)ds [ [e@sms
and
¢(_T) = B¢(rv¢! U)(—T) <
-T+T l

jJG (r,4,m)(s)ds - = j j G, (. ¢, m)(s)dsdp <

T35

b =dh | 8,0 4005 (

J Gy(rg.m)(s)ds —— j j G, (.4, 7)(s)dsdp.

Therefore
B,(r, ¢ )(-T) = += j G(rM)(s)ds_Tl | J G, (r,¢,7)(s)dsdp = ¢ .
BeS|des 7

I B,(r 4=, + | [ G,(r. 4S5t - | (ﬂ—ljdt [ 6,87 - | [ 61,8100 =T

T T



and

B, (r. . m)®)|< ¢ + [ G, (r. 4,m)(s)|ds + [ G, (r, 4. m)(s)|ds <

ds <

S%+j

2¢ntan A —ﬂ
P

0
ds+ J‘
-T

2¢ntan A —M
Y%

T 7 20, t (s+T) i (s+T)
<@y +| 20,A6° tan| — =0 |+ —— je” ds+Ie” ds <
2 P Na o

— ut
<| Loy Agtan| Z-5]+< 2¢ @’ < et
@, 2 pP) u

For the third component of B we get
_2r_77_¢zsin2/1‘ | 2rn #sin24

B, (r.8.m®)|< [|G,(r ¢ m)s)|ds+ [[G, (r.g.m)(s)ds < | > 505+ | 3

= 2 uT t 0 — 2 T T
< A, + D " Ie“(S+T)dS+ J‘ e#6 M ds | < g#t+T) 2CA, + @ e" iSA QHUET) .
)2 ) p2 Ju

‘dsﬁ

-T

0

T

j B, (r,4,7)ds|dt < j j |G, (r,¢,m)ds[dt + j j G, (r.¢,m)ds|dt <

-T-T -T -T

2EA. .2\ LS t 0 BN .24\ L gus+T) _ touT
S[Q+LJ[J‘ je“(p”)dpds+j Ie”“*”dsdt < CA [ I ¢ 1ds+‘|‘ € 1ds <
p 2 N=7 T p 2 N5 H TOH

S [25/\0 N (Dozem J[eﬂ(tq) _1+ (e"T _1)(e;z(t+T) _1)] g[z(—;AO . CDOZG”T ]ezm P

- 2 2 - 2S——§.
p 2 JZ u p 2 )u 2

Lemma 4 is thus proved.

Introduce on the Cartesian product M, xM, xM, a family of pseudo-metrics:

ny ((r,8,72), (T, 7)) = Ay (1, ) + d ) (6 8) + Ay (7,77), (M=0,1,2,...) .
Theorem 1. The system (14) possesses a unique solution belongingto M, xM,xM, .

Proof: We show that the operator B=(B,(.),B,(),B,()):M,xM,xM, —>M, xM,xM,

U
possesses a unique fixed pointin M, xM,xM, . Indeed, in view of Lemma 3 the operator B

maps M, xM, =M, into itself. It remains to show that B is a (@, j)— contractive operator.
Recall A, ~c* and we obtain:

@ cos® A +n’ + —CZ
2
£

2
i(pgéz cos’ A+ pn® — C—J
op P

2
C

S[(DOZ +Aozez,l(m) n AzjeZH(M);
P

2
i[p¢2 cos® A+ pn? —C—J
or P

2
=0; ‘i(pqﬁz cos’ A+ pn® — C—j‘ = |2,o¢cos2 /1| < 2¢C;
o¢ p

0 2 o2 2 Czj
—| p@~CcoS" A+ pn° ——
5/1( P

2
<2t T, ‘i(p(ﬁz cos® A+ pn? —C—J‘ =[2pn|< 2c;
on P



{2¢ ta”‘—jﬁ@e““”); ‘ (2¢ tan 4~ 210 j‘ ‘ 2% ucem.

op p or p Pl P

i(2¢ tanﬂ——) ‘Zntan/l——‘|¢|<(2/\ tan(;[/z 5) )e/l(HT)

op 5

%(%ntam— js 22(‘1’0//‘20 5)e2~<tm - (2¢ntanﬂ——¢j <20, tan (z/2-5)e“;
cos® (/12— n P

o 2r77 ¢ sin 21 < 2(_:/\06”(1”) o 2 #*sin24 B 2A0eu(l+T) .

ap - ;’52 ’ or P 2 = ﬁ ,

6 _Zﬂ_qﬁ 5|n2/1 < D T ki _2r_77_¢25in2/1 <262 Kl _m_¢ sin24 <_(T.

oL P 2 877 P 2 P

The Iast estimates imply

$.1)(5) =G, (T, 4,77)(5)|ds <

ds]+

[cp +A +p ][jez”‘“”j|r(|o)—Ir(|o)|ol|od5+Iez’*“”)IIr(|0)—lr(p)|0||0dSJ+

t
+2(‘:[ j g s + j e”‘“”ds]d (6,4) ++2CD, ( j g tm)
-7 -7 -7

j n(p) ~77(p)dp|ds + j A j n(p) - 77(p)dp

t 0
+2@, tan [% _5J( j e““ M |5(s) - 77(s)|ds+ j e““ 1 n(s) —ﬁ(s)|dsJ <
-T

-T

2 3u(t+T) _ 3ul 3u(t+T) 3ul _
££®02+A02+%j(e - 1+e 1]d(r,r)+26[e 1+e 1)d(¢,¢)+

3y 3u° 3u 3u
e3,u(t+T) -1 e3 e3,u(t+T) -1 eSyT -1
+2CD + d +20,tan| ——o + d(n,n) <
0( 30 3 (1.17) [ j 3 3 (n.17)

3ut
2(e 1 q

3/,1 (m)((l’,¢,77),(F,¢7,77)):>

{d) +A + +20d> +2® tan[ H
p° 2

2(e*7 -1)

3u Ay ((r.8,7),(F 6,77))

2
Aoy (B, (r,4,7), B.(T. 4,77) )< {cpo2 +A)} +%+26¢>0 +2d, tan (%—5)}
For the second component we obtain

[B,(r. 4. m)(t) = B, (T, . M®)|< [ |G,(r 8,7)(s) ~ G,y (T, 4, 7)(5)|ds + [ [, (r. 4, m)(5) ~G,(T. 4, 7)(s)] ds <

= 2u(t+T) 2uT 2u(t+T) 2uT
< X0 [e 1+92 zlld(r,r)ﬁ%(e 1.6 ljd(r,F)+
P

o 2u 2u 2u
2;1(t+T) _ 2ul _
(2/\ tg(z/2- 5)+2ij[ L8 1Jd(¢,¢)+
p 2p 2p
3u(t+T) _ 3ul 2u(t+T) _ 2uT
s 2Py [Tl e LNy )+ 20, tan(n 12— 5)| & L e <
cos’(z/2-8)\ 3u 3u 2u 2u



C A, e 1 g T [ T ¥ _1 sty -
S(DO|:[?+COSZ((7Z'/2)—5)] 7 +[/3+A0tan(2 §)+ﬁ+tan(2 5])—;1 ] ((r¢77) (r,¢,;7)),

Therefore

1oy (B (1. 4,1), B, (T, .7) <

cD, DA, e —1 Zq) +C L 2™ _1 o
SH P’ +COSZ((77/2)—5)J 1 { 5 Aot )ta”(z 5D—ﬂ :ld(m)((r’¢,77),(r,¢,77)).

For the third component we obtain

B,(r.¢.)®) ~B,(F. £, D)< [[G,(r.4.7)(5) ~G, (7. .7)(S)|ds+ [ [G, (1. ¢7)(8) -G, (7, 7)(S)|ds <

= 2u(t+T) _ 2uT 2,u(l+T) _ 2ul
S2cﬁ120 (e - 1+e2 : J 2A, { : 1 e : ljd(r,F)+
p U u u
eZﬂ(HT) _1 eZy _ _ e3,u(t+T) _l eS/JT S 2C ey(HT) _1 e;tT _l _
+(DO( 5 + 5 d(¢,¢$)+(1>02 3 + % d(77, )+ —= + d(n,7) <
u u u p u u
2CA, T -1 2A, e -1 e 1 e -1 4t e -1\ .. -
( ~2 2 + AO +(I)0 +(D02 2 +—= e%(t T’d(m)((r,¢,77),(r,¢,77))
p u p U u H p U
and therefore
dim (B, (r.4,7).B, (T, 4,7)) <
2CA, T -1 2A, e -1 e _1 e _1 Atce’ -1 -
[ ~; Tt — +@, + O+ — A ((ri8,7), (T, 6,77)) .
P H p U U u p U

The above inequalities imply
dm ((B.B,,B,).(B,,B,, B, ) < (K, + K, +K,)d(, ((r.6,7),(F.4,7)).-
For sufficiently large x>0 and small 6>0 K +K,+K <1.If the last inequality is not

satisfied we can apply Corollary 1 (cf. (15)) and obtain a)—n(Kr +K, + K,])<1. Therefore, the
y7i
contraction inequality becomes
" -
(m) ((B ¢ 77) (Br' ¢ 'I) E(Kr + K;r) + K:;)d(m+n) ((r’¢777)7(r!¢!77))

which shows that the following map arises: j:A— A j(m)=m+n. It is easy to verify that the
space M, xM,xM, is j-bounded and B is a (®, j)—contractive operator in the sense of

[14]. The fixed point of B is a solution of (14).
Theorem 1 is thus proved.

2.6 Formulation of the Periodic Problem for the Basic System and some
Auxiliary Propositions
t t t
Letusset p=r, p=¢, i=n.Then p(t)=p0+jr(s)ds; ¢(t):¢O+I¢(S)ds, A(t):fn(s)ds.
0 0 0
Recall g?~0, A, ~c and reduce system (13) to the following one:



P = pg?cos? A+ pn 4222 % p_F r,é,n),
Jolls pn m o2 me (1, ¢,m)
2ré ee, rg & -
= +2¢mtgA——L2 = ——2-G=F,(r,4,7), 18
¢ gty o m203¢ (1. é,1m) (18)
-2r 2sin24  ee, r el ..
== ’7_¢ + 122 z_ 23’75F;7(r:¢a’7)-
P 2 m,c® p° m,C

We look for a solution (r,¢,7)e M, xM,xM, of (18) such that p(t) and A(t) to be T-
periodic ones and ¢(t)—>« as t—>o. To simplify the next calculations, we recall
denotations T, =kT(k=0,1,2,...). Obviously T,,-T, =T .

As above denote by r™ (), (m=0,1,2..) the m-th derivative of the function r(t) and

r(o)(t):r(t). By C;”[0,.0) denote the set of all infinitely many differentiable T-periodic

functions. Introduce the following sets of functions, where T, =kT (k=0,1,2,...) and 0< 5<%:
Tk+1

M, :{r eCTw[O,oo):‘r(m)(t)‘gcomRoe"(”k); r(T,)=0; j r(s)ds:O} tell,T.];

T

(m) t _ (m) t
d(k,m)(r.r)=sup{r()w;()eﬂ“m :te[Tk,TM]} ; (k=012,...)(M=012,..);

M, :{¢ecT°°[o,oo) 10 )< "0, 6(T) =4y, | H)ds =T¢o}t el Teal

™ ()-8 ()
I E—
[

d(k,m) (¢1¢7) :sup{ ) it e[Tk 'Tk+1]} ' (k :0’1121"' )’(m :0112:) '

<z s\
2

ST ¢ E[kaTkA]} : (k =0,12,... ), (m =0,1 2,) .

Tk+l
M, ={77 eC[0,0) 7™ (B)] < @"Y (e () =0; [ n(s)ds =0

T

jn(s)ds

(m) ) _ =(m)
d(k,m) (n.m)= Sup{ M—:(tﬂe

Here u> w are strictly positive constants.

The set M, xM,xM, turns out in a uniform space by introducing a countable family of
pseudo-metrics (cf. [11]):

dg,m ((r,8,7), F.4.7)) = d(k,m)(r1F)+d(k,m)(¢va)+d(k,m)(’7-ﬁ) .
Here the index set A= {(k, m)} consists of the ordered pairs of numbers (k,m=0,12,...).

t t
Lemma5. If (r,p,n)eM, xM,xM, , then p(t) = p, +Ir(s)ds and A(t) :J.n(s)ds are T-periodic
0 0

functions and !im((p0 +I¢(s)dsJ_oo(p0 @ >0) .
0

t+T t t T
Proof: Let us set s=p+T . Since J' r(s)ds=jr(p+T)dp=jr(p)dp and .[r(s)ds=0 it follows

T 0 0 0



t+T =T
pt+T)=p, + j r(s)ds = p, + j r(s)ds + j r(s)ds+jr(s)ds+ j r(s)ds = p, + j r(s)ds + j r(s)ds + jr(a)de o).

In a similar way we prove that /1(t+T)_A(t) We notice that for every t>T there is meN
such that [0,t]=[0, T, ,JUIT. ,,t]. If t > then m—o which implies

o(t) = %+J¢(s)ds—%+2 f $(s)ds+ J¢(s)ds>¢o+mT¢o j [p(s)jds >

k=0 7, T Tea

>, +mTg—T max{\qﬁ(s)\ selT,,, k+2]}m:)w°°'

Lemma 5 is thus proved.

Lemma 6. The distance between particles p(t) is a bounded function.
ur

-1
:pmax b

em —1 t
Proof: p,,=p—Ry <p)=py +[1(s)ds < p,
0

Recall that 4 is sufficiently large.

Lemma?7. The sets M,,M, and M, are closed.
The proof is straightforward.

Lemma 8. If (r,¢,7)eM xM,xM, , then F (r,,n)t), F,;(r,¢,n)(t) and F (r,¢,n)t) are T-

periodic functions.
The proof is straightforward.

Lemma 9. ([16]) If F.(r,¢,7)(t), F,(r,4, 7)), F,(r,4,7)(t) are T -periodic function, then

[ TR (g prcpos = | f JF(r¢n)(p)dpds T T ) phcnds = f j F, (r.¢.7)(P)dpds

[ [Frgmordpas= [ [ F,(r.d.m)(p)dvds

Te T T Teaa

We assign to the periodic problem (18) the operator
B=(B,,B;,B,):M, xM,xM, —>M, xM,xM, defined by the formulas:

B, (1. g m)(0):= JF(rM)(s)ds [——fjj Fngn©s-T [ [F.gnEddo  telr,1,.]
B,(r, 4= ¢0+j F,(r.g.m)(s)ds - [ ]jF(rqﬁn)(s)ds—iTj Frg.m(S)dsdo . te[T, T,.]
B, (r.¢1)(t):= j F,(r.¢.n)(s)ds [ jj (g (E)ds [ [F,0pmeuso, term, .0,
k=0,12,...

Remark 3. Assumption (C) implies
r? + p?n? + p?¢? cos A < R,%e® + p? (Yo2 +®02)32”T <c?<c? and
A +12 =% - p*n’ — pPp? cOsA<T?, A +@’p°cos® A<T? A2 +p°n’ <T?.

Recall [eje,|/m, =e,”/m, and 0<p=c/cl 1.



Lemma 10. The following estimates of the right-hand sides of (18) are valid:

ee, 2
|F(r¢77)|—‘ PP COS® A+ pn® + 2 12 € <
mZ p m2C
2 (t-Ty)
<C(D ey(t Tk)-‘rCA e”(t Tk)+e2 { 1 +(0 Roe#[ JS
m2 pmln C3
2
<e’II D, +TA, +e—[ 1 +a’§0J :
pmln C
2
ee, r e .
|F(f¢77)| +2¢ tg/l——zz—f_ 2_j|<
m,c® p°  m,c
C =) 2 (= (t-T) 2 t-To)
< 2C(Dge” +2CDOAOEZ‘I(FTk)tg (1_5]4_&((:@0(3# . W ®Oe,u j L
Pin 2 m2 Czpminz C3

2 - 2
C
< et { +2A," tg ( 5) +i£ ——t w—sﬂd)o < et
pmm m2 c pmin c

|2r77 ¢ sin24 . ee, Iy e
[F, (.11 )|—| 2 Tmel ot me

2TA eﬂ(t’Tk) 1 B 62 CA e/’(t’Tk) a)ZA e/‘(t’Tk)
< 0—+E®Ozezy(t T) 4 2 20 o+ 0 - <
pmin m2 c pmin c

[ 28N, @eT e c o’
Sel:(t Tk)(_0+0—+_2A0 ﬁ+_3 .
pmin 2 m2 c pmin c

Lemma 11. (Main Lemma B) The problem (18) has a solution (r,é,77) e M, xM,xM, iff the
operator B has a fixed point belongingto M, xM ,xM,

7| <

The proof is similar to the one of Lemma 3.
2.7 Existence-Uniqueness Theorem for the Basic System

The main result is:
Theorem 2. Let the following inequalities be fulfilled:

2 2 4T 2 = 2 T
|:C(D +CA, +e_[ ! wfoﬂe <R,; &+ {+2Ae‘”tg( j+ez( ZC 2+a)3ﬂe D, <D ;

pmln c min mz c pmin c :u
- 24T 2 = 2 ut = 2 4T 2 = 2 24T
28, Do & ) S | AP LAy Do G C Lo T s,
pmin 2 mZ c pmin c H pmin 2 m2 c pmin c H 2
[ e’ 1 Lo el —
cd>0+cA0+mz[ >+ CR"H( j
L 2 pmin
2—C+2A £y Z- i 622 eﬂT _1 <ad, ;
| Pain 2 C Prin’ °
[2cA, @™ & T 2 -
=0y 0 +e—2A0 72C 2+‘o—3 1+e ! <whA,and so on.
L Prin 2 mz c Pin c tUT

It follows infinite number inequalities for higher derivatives.



Then there exists a unique solution of (18) belonging to M, xM =M,

Proof: First we show that B maps the set M, xM, xM, into itself. Indeed, since

Tt/ +_
j(i—gdtzo we obtain

Tk T

kfl B, (r,¢,n)(t)dt= j jF (r, ¢, n)(s)ds dt — j (———Jdt | F(r. o r;)(s)ds—Tj 1TF,(r,¢, n)(s)dsdg =0
and

B, (.4 m)(T,) = j F. (1. gr)(s)ds— ( j j F(ra O [ [F.gn(Eddo=

== j F.(r.¢, n)(s)ds—— jj F.(r,¢,7)(s)dsd6 =0

(cf. the proof of the Main Lemma ). In view of the first inequality from Theorem 2 we obtain

B, (r,4, q)(t)\<j\F (r.¢,m)(s)|ds+ = j IF.(r.¢, n)\ds+— j j\F (r.¢,)|dsd@ = j\F (r,¢,m)|ds+ j IF.(r.¢,m)|ds <

Tk T

2 2 ur 2 2 ut
<e" W Td, +TA, +e— 1 +w§°j (1+e 1} <e“W Ed +CTA, +e( ! +w5J ¢ ~— <R,
pmln c H H pmln ¢ H

Therefore Br(r,¢,77)eM,.
For the second component we have B,(r,¢,7)(T,)=¢, and

j B,(r.gmdt=¢T + HF (r,¢,m)dsdt - j [T—~jdtf F,(r.,m)(s)ds — HF (r.¢,n)(s)dsd@ =gT

Te T Te T

2 T e c o )|e”
B,(r, g, m)(t)| < g™ + e = 1 2A 6" tan ——5j+—2 +— D, <P,
‘ ¢( #m)( )‘ X oo 0 2 m, czpminz c? P 0 0

Consequently B,(r,g,n)eM,.

TkAl
For the third component we obtain j B,(r,¢,m)(t)dt=0, B, (r,¢n)(T,)=0 and
T

ZCA (I) yan 2 = 2 ut
B, (r.gm)(t)| < [ Ze +62A{ ¢ +a)3]]eeﬂ(I—Tk)SAoe/l(t—Tk),

min mZ Czpminz c ,Ll
uT 2 = 2
B (1, 4,m)(s)ds| < LAy, Py i + 22 Lﬁ’i ems Tods <
0| .2 2
Prin 2 m2 c Phin H T,

< 726"0 R LA Y [ ; +MZJ el
hS 0 < .
Prin 2 mZ Czpminz C3 H H 2

For the first derivatives we have respectively

Tkl 2 2 MT
R < J. |F.(r.¢,n)(s)|ds <| T®, +TA, + ! +w 5“ 14871 <wRe",
dt pmln C /'lT




= 2 - 2 T
< E, 2A,e tan [— 5) €2 o, 148 Lo e,
pmin 2 m2 C pmln c IUT
77

= 2 uT 2 - 2 uT
< Eho Do + 2| 4—60—3 1+ 1< A"
pmin 2 m2 c pmin c ﬂT

We notice that in the right-hand sides of the above inequalities the power of the frequency

<|F.(r g+ 2 [ [Frnolds <

<|F,(r.4, n)(t)\

Fﬂ(r,¢,ry)(s)‘ ds <

increases which implies a satisfying of the inequalities for the higher derivatives.
To prove that the operator B is contractive one we use the inequalities:

Rod(kn)((r¢77) (r.¢,7)) and ﬂ ~0

(kO

and obtain
oF
< 67;‘/)(5) p(s)|+ \r(S)—r(S)\
oF |e ™ | et OF, | e =
< ap — kO)(r )+ o € dkO)(r )+ o iy (k,o)(¢,¢)+
OF | e#t10
+ 6/{ p Aoy, 77)"‘ on e”(t Tk)d ko) (17,77 <
oF |1 |oF.| |oF.| |oF |1 |oF —
<eHtT | = = = | (d o (P F) +d ) +d D)
[ap o 6/1 on j( (k,O)( ) (k,O)(¢ #) (k,o)(77 77))
oF, oF, |
where " oy are supremums of the partial derivatives.
P n

Then in view of the definition of B, (r,4,7) we have

T.4,m0)|<

[e““m e’ —1) 'aﬁr 1 |oF, oF |1 |oF,

< o —|—+ |+ +|—

Y7 oplu |or OA|u 677
oF, oF.| |oF.| |oF.|1 |oF

<eHt me r LA Rl 2 el bl 4 r r

5p or a4 on (ko)(( G, (T ¢ 7))

It follows d(k,O)(Br(r.¢,n).Br(f.%ﬁ)) <K dyo,((r.4,7),(T.4,77)) , Where

e (|oR |1 |oF |, |oR ], [oF |1 | |oF,

K, = + +[—L —

ap 6!’ OA |1 677

In a similar way we obtain d, 0)(B (r.¢,1),B,(F.4,7)) <K,dy o, ((r.¢,7),(F.4.,7)) , Where

g

](d(kﬁ)(rlr) +dyo (¢.0)+ Ao (U:ﬁ)) <

+

+

oF,|1 |oF,| |oF,| |oF,|1 |oF,
K¢: 7 I a2 a2 ) S )
aplu |or| |og| [oa|u |on

and d, (B,(r.¢.7).B,(F.4.7)) < K”d(km(("% n).(T.¢.7)) , where



oF

)

oF,
op |u

1+6lf,,

or

+ aﬁ”
o¢

+6If” !

alu

;IT
K,=— on

The above inequalities imply:
dio (B (r.8.m),B,(r,6.1), B,(r.6,m)).(B,(T.4.7), B,(T.4.77).B,(T.4,7))) <

<(K, +K, +K, g o ((r.8.7), (T.8,7)).

If K, +K,+K, is not smaller than 1, we choose mj, in such a way that (”J (K, +K,+K, )<1.
Y7

Then we have
dio (B (r.8.m),B,(r,61), B,(r.6,m)).(B,(T.4.7), B,(T.4.,77),B,(T.4,7))) <

[0

s(#j (K, + Ky + K, )dge oy ((r,8,7),(F.0.7))-

For the derivative w:

F,(r,¢,n>(t)—$ kf F,(r.g.m)(s)ds, t [T, T,,,] e obtain

I

|dB, (r.¢,m)(t) dB, (ﬁ%ﬁ)(t)\
\ dt dt | =

\
I[

<K' ((r,g,m).(F.0.77) -

z(s)\

]ds<

p(s)— p(S)\

It follows
dyy (B, (r.4.7),B, (F.4.7)) < Kf%d(m (r.gn),(F.6.,7)) »
Ay (B, (r.4.7),B,(F.6.7)) < K;gdm (r. .. (. 6,7) ,
dyy (B, (r.4.m).B,(F.8.7))< K,ﬁ%d(m (r.4,m).(F.4,7))
and hence

A ((B-(r.6.2).B,(r. ). B, (r.6.m)).(B, (7. 6,7),B,(F.4.,7). B, (T.4.7)) ) <
<(K' K +K, )ﬂmﬂ i (1. 8), (7. 6.77)) -

d’B,(r, 4 n)(t) _ dF.(r,4,m)(®)
dt? dt

dyeay ((B.(r 6.1). B,(r 6.1), B, (1, 6,m)). (B, (T, ,7), B, (T, 4,7), B, (T, 6,7)) ) <
(K +K2+K, )ﬂ:i2 dgem ((r.2:7).(T.4,77)) @nd so on.

dR.(r,¢,n) dFs(r.¢,n) dF,(r.é,m)
dt dt ' dt
unknown functions I',#,77 and therefore their estimates contain @°. But the estimates for the

For the second derivative

1 t € [-I—k lTk+1] We 0bta|n

contain the third derivatives of the

It is easy to see that

second derivatives contains @ . Consequently, the power of @ does not increase.

Define the map j:A— A in the following way:



kO =(m), k0= 2m)..;jk)=(km), j*(kD)=(k2m),....
It is easy to verify that the space M, xM,xM, is j-bounded in the sense of [16]. Indeed,

Sup{d(k' p+mg) ((rv¢1 77)1 (F! 5, 77)) : p}:

zsup{d(k,mms)(r’?) :ms} +Sup{d(k,9+ms)((pl @) :ms} +Sup{d(k,P+ms)(n’ﬁ) :ms} < 2(R0 Jr(1)0 +A0)eﬂ <o (S :112!31' )
Therefore, operator B possesses unique fixed point which is a solution of the problem.
Theorem 2 is thus proved.

2.8 Continuous “Jump” from the Ground State to an Excited State and Vice
Versa

To describe the transitions of the moving (second) particle from the ground state to a higher
energy excited state we apply a radial force p(t) to (18). From the mathematical point of
view, we add this force to the first equation and assume that p(t) possesses some suitable
properties:

lees| & &

> S t—p+p0t);

.. .2 2 32
= COS“ A+ pA® —
P=pPp P. mc2 o2 me

|elz|p¢ &
—— (19)
m,c® p°  myc

@ = —2pp +2¢/Itgl+
P
—2p/i_¢25in2/1 |e1e2| p/1 e
o 2 m,c® o> my,c’
We would like to point out, however, that this transition is performed along a certain
continuous trajectory. We show the existence of such trajectories.

A= A,

We recall that we have already solved the Initial system on [-T,0]:

2 2 .
P = pg? cos? A+ pn? — = ¢ =241 tg,1_2r¢ .__2rp_¢°sin22
P P Yo 2

and we take the values of the solution at the right end t =0 to be initial conditions for (19).

We modify the function spaces. Denote again by C;”[0,0) the set of all infinitely
differentiable T-periodic functions such that r(T,)=0,(k=0,1...). Let ky,keN,0<ky <k . We
redefine every function r(.) e C;”[0,%0) (denoting again by r(.)) in the following way:

r(t), te[0,T, ),

r()=yr@®+r@t),tefm, . T1,

r), te(,»)
where F()eC”[0,») and F(t) >0, where F(t) = p(t).
The function 7(t) is defined on [T, , T, ]. Itis T-periodic and F(T, )=...=F(T,)=0 and

Tk+1
| F(s)ds =T 7 (k =ky,....k, ~1), 7, = const. > 0.

T

Then we rewrite the above system for t €[0,) :



pOF (0005 A0+ p 07 O -2 L+ & vty + v, [T, T,]
. = m, p°(t) mye

{(t) = (.4 7) =
|eleZ| 1 ez2

r(t),t € [0, OO) \ [Tko!Tkl]

PO 0005 20+ PO (O —22 S5 4
§0 = 2000 o snwtga+ 58 TOK & 50 e g, teo) (20)
p(t) mc® p*(t)  myc
) FOsin220 kel ron® & . B
=" R CRLICUORE B

and because of <U,ﬁ> = pp+ p @i cos’ A+ p°A4 we obtain for the energy of the second particle

2) o 2 .7 2 2 ..
dw' ezz[L+rr+p Ppcos” A+ p myJ:>

dt s c?
WA () =—e, [_L+L+%j‘(r‘r’+p2¢¢'§cosz A +p2777'7')ds].
pt) p0) cy

For t =T one obtains:

1 1 17 , e, |
W, =—ezz( —+—j(rf+p2¢¢cosz/1+p277i7')dsj= 2
0

= j(r'r’+ PP cos® A +p277ij)ds _

0

-—
p(TM)  p(O) c’

We naotice jr(s)'r’(s)ds = _T[ r(s)dr(s) =r(T)f(T)-r(0)r(0)— .T]. F(s)dr(s) = —_T[ r*(s)ds;
[ p*¢dcos’ Ads = p? (& ) cos” (&) [ #(s)F(s)ds = p* (&) cos® A(&) { | ¢(s)d¢(s)} =
= p*(&)cos” A&, {¢(T)¢'(T) ~4(0)4(0) - | ¢2(s)ds} =—p*(&)c0s’ A& [# (s)ds;

[ P*niids = p* (;) [ n(s)dri(s) = p° (gT){n(r)ﬁ(r) ~n(0)i(0) - | rf(s)ds} =—p*(gy) [ (s)ds .

But (U,0) = p* + p’A> + p’¢’ cos’ A =r’ + p’¢” cos’ A+ p’n® . Since T is small number, we
assume p ~const., 4 ~ const. and then

T T T
[I rids + jp2¢g}5 cos® Ads + jpznijdsj =
0 0

. y ) —e,’
W, =—e,? [C—Zj(rr + pPodcos? A+ pzmy)dsJ =2
i (21)

) C

— %(I 2 (s)ds + p2 (&) cos’ A& )J.¢2 (s)ds+ pz (6r )'[772 (S)dSJ.

To obtain transition (“forbidden” in Quantum mechanics) trajectories we introduce the
following function spaces:

M, = {r(.) € C,“[0,00): dztrm(t)

Tia
<@"Re“™; [ r(s)ds =0,(k =0,1,.... k —1, k;, k. +1..);

T

I r(s)ds=TH,; w <" (R, +Ry)e" ™ (k =kg, k, +1,..., K, —1)}
M, = { $eC."[0,0): % < "D f #(s)ds =T ¢, (k = 0,1,...)}, (22)



T +1
" AT j n(t)dt =0,

T

{77 eC,’[o, s%—&,(kzo,l,...)}

(k,m=0,12,..).

jn(s)ds

Lemma 12. The solution (r,4,7) of (20) belonging to |\7|r xM,xM, generates transition

trajectories.
Proof: Indeed, in the interval [O,Tko] the distance between particles p(t) is T-periodic

function and p,;, = p, =R, (e =1)/ 1< p(t) < p, + Ry (€7 =1)/ 11 = p, -

Let us calculate
Ty

p(T,)=py+ j r(s)ds =

Tio Tios1 Tig+2 Tt Ty
_p0+jr(s)ds+J'r(s)ds+ + I r(s)ds+ J' r(s)ds + I r(s)ds +...+ I r(s)ds+J‘ r(s)ds=
Tioa Tigs1 T2 Ty
Tigs1 Tigs2 Tq1 Ty
=+ j r(s)ds + j r(s)ds +...+ j r(s)ds + j r(s)ds=p, +(k, —k,)T ..
Tio Tiost Ty2 e
Tk+1

Then since I r(s)ds=0, (k =k, k, +1,...) we infer that the distance function p(t) increases in
T

the interval: [T, ,T, ] from p0+_|'r(p)dp te[0T ] to py+T +Jr(p)dp te[T,,») and

Ty

further on it remains periodic one p(t) = o, + I r(p)dp, where p =p, +T 4 T
Ty

Lemma 12 is thus proved.

Principal Remark. Substituting r(t) by r(t)+f(t) we notice an increasing of the energy.
Indeed,

W, = iz [Irz(S)dH[po I ((p)+f(p))dp] cosu(&)j¢52(s)ds+(po+T(r(p)+r~(p))dpj Iﬁz(s)d5]>WT_

0 0 0

In such a way we proved an existence of transition (jump) trajectories of the second particle
(electron) from the ground state to a higher energy excited state after absorbing energy
caused by the radial periodic force f(t) .

In what follows we prove an existence of functions (r,¢,77) e M, xM,xM, which guarantee

an existence of such trajectories. We endow |\7|er¢><M” with a saturated family of
pseudo-metrics
d(m,k)((r!¢! m, (F@,ﬁ)) = d(m,k) (r,T) +d(m,k) (¢, (Z) +d(m,k)(77’ 7)),
where
d"r(t) d"T(t)

r,r)=su
Ui (1) p{w dt™ dt™

(t T)
e e[T,; k+1]}



¢MWJrﬂw%§dﬁ@—dﬁpewmwemﬂ@%.

_ 11d™"®t) d"7@®)| . .
d(m,k)(ﬂ,ﬂ)=5Up{F " gt e;(tT)'te[Tk'Tkﬂ]

(k,m=0212,...).

The set I\7|r xM,xM, turns out in a uniform space with countable family of pseudo-metrics
(cf. [14]). Here the index set consists of the ordered pairs A={(k,m)} of numbers k,m=012,...

Lemma 13. The sets M,,M,, M, and M, xM,xM, are closed.
The proof is given in the Appendix.

Lemma 14. ([16]) If (r,¢,7) eM xM;xM, , then F.(r,é,7)(t), F;(r,¢,m)(t) and F,(r,é,7)(t)
are T-periodic functions.

We assign to the problem (20) the operator B=(B,,B,,B,) defined on M, xM =M, for
te[T,,T,,,] by the formulas:

j j F.(r.4, n)(s)ds—— j [ F.(r.¢m)(s)dsdo,

Tk T

Bu¢mm—jF«¢m®@ (

j j F(rigm)(s)ds —— j [ F,(r.4,n)(s)dsdo,

Tk Tk

@m¢mm:%+15m¢m@m—(T

j j F.(r.¢, n)(s)ds—— j [F,(r.g.m)(s)dsdo

Tk T

Bu¢mm—jFu¢m@m (
te[T,T..] (k=0123,..).
Recall that Assumption (C) implies R%e™" + p* (A" + @, )e*" <t” <c’,and 0< f=C/c<1.

Lemma 15. The following inequalities are valid:

< . R )
< 6(®0+Ao)+|el 2|( 12+waoj+rmax:|ep(t-n);
L m2 min c
[ 2R e &|( Re 2
|F¢(l’,¢. 77)| < Ry +2A, tan [Z j |e1 | - +a’_3 D, T
L Prmin 2 m, C Phin C
—2 A 2T (D 2 uT e ur 2
||:]7(r’¢, 77)|£ RyAge it e |e1 2| R.e +a)_3 A, QT
pmin 2 m2 C pmln

The proof is straightforward.

Lemma 16 (Main Lemma) The problem (20) has a solution (r,¢,77)e|\7|r><M¢><M,7 iff the

operator B has a fixed point belonging to M, xM,xM, .



Proof: We consider only the case te[T, ,T,] because for t<[0,T, )u(T,,») the proof

repeats the one from the previous subsection. Let (r,¢,77)e|\7|r><M¢><MU be a T -periodic
solution of the system:
rt) =F.(r,g,n)t), ¢O) =F,(r,g,n), n(t)=F,(r,gn)(t) .

Then after integration (in view of F(T,) =0=r(T,) =0) we obtain:

()= [F(r.gn)s)ds, gt) =g, + [ F,(r,d,m)(s)ds , n(t) = [ F,(r,¢.n)(s)ds

and put t =T, , which implies 0=r(T,,,) = Tl Ifr(r,qﬁ,n)(S)ds = Tl Ifr(r,qﬁ, 1n)(s)ds=0.
Therefore r(t) = jF (r,¢,n)ds = r(t) = IF (r,¢,m)ds— [?—%j ]:l lf, (r,¢,m)(s)ds .

Tiar
Changing the order of integration and considering that f(t) = F, (r,4,7)(t) and _[ F(s)ds=TT,

T

we have
[ TF,(r. . m)()dsp = J (T,a—9F (1. 4. )()ds = j (Ta =9 (s T,., [ H(s)ds— | si(s)ds -

Tk+1

T (1) ~1() = [ SAr(s) =Ty (F(T,.) =P () = (T (T, ) ~Tur () + | r(s)ds =0,

T

t - -T Tis1 - } ]
Consequently r(t) = _[ Fr(r,¢,77)ds—[t 2 k ;j I F.(r,¢,77)ds can be rewritten in the form:

Ty Ty

((t) = jF (r, ¢ 7)ds —Et il ;j jF (r, ¢ 7)ds— = jf E (. ¢,7)dsdp .

The last equallty means r =B, (r,¢, 77) )
Repeating the above reasoning we conclude that ¢=B,(r,4,77), n=B,(r,¢,7). In other
words

(r.g.m) =(B,(r.¢.17).B,(r.$.7). B, (r.4,1)), n=B,(r..n),

that is, the operator B has a fixed point.

Conversely, let (r,¢,7)eM, xM,xM, be a fixed point of B. Then

(1) = jF(r 4.n)ds - [ TT ;j j E(r, ¢n)ds——;[1jiF(r 4.n)dsdp

which for t =T, implies

0=r(T,) jF(rM)ds [TTT 1)]F(rM)ds——ﬁF(rm)deds:

2 T Te T

Test Test s

—0= ;IF(r¢n)ds——ij(r¢n)d6ds

T Te Tk



Tt

We show that I F.(r.¢.m)(s)ds=0. Indeed, let us suppose that

Te

Ty
in view of Lemma 15:
Thia

2 1)
[ F.(r.gm)s)ds s[c<®o+Ao>+ |6162|[ S+ ]+fmje” =
Ty mz Prin c H

and the last term becomes less than & for sufficiently large #>0 and 4T =const.
Consequently,

Tk\l

I F.(r,¢,m)ds|=&>0. Then

rt) = I F(r g n)(s)ds= r(t) = F.(r. 4, m)(t) .

In a similar way for the second and third components of B we obtain ¢(t) = F,(r.¢,n)(t) and
n(t) =F,(r,¢,n)(t) which completes the proof.

2.9 Existence-Uniqueness Theorem for the Basic System

The main result is the following theorem:
Theorem 3. Let the following inequalities be fulfilled:

e 2 ~
|:6((DO+AO)+ |en1] 2|[p1 2+w 50J+rmax:|£SRo+Ro;

2 c H
2 ut e R e,uT 2 )
¢, + Re +2A0tan(z—5j+ £ 2|(—2° 2+w—3J —2<@;
Phrin 2 mz c Phrin ¢ H
ut ur e ur 2
2R AET D6 |e12| R.e P Ly 4 ls/\o;
Phin 2 m, C pmm c
/JT uT ur ur Ml
2R A e o8 \ele\ R.e +_a% A |8 11 1e7-1) 7 5.
Prin m, (¢’ C u T 2 2
Mt e
1081 c(<I> +A)+|e“| ! CURO o e <R, +R,);
/JT L m2 pmin C
ur 2 e,uT e e;lT 2
148 b (2R on tan( j lse| R° =+ 2 | @, < by ;
ﬂ (Do Phrmin 2 m, C Prin c
HT ur 2 uT e ur 2
148 1 R + Dot |e1 o[ Ree +w—3 A, | < wA,and so on.
/J pmin 2 mZ C pmln c

(For higher derivatives see Appendix)
Then there exists a unique solution of (20) belonging to M, xM,xM, .

Proof: First we show that B maps the set M, xM, xM, into itself. Indeed, since

Taa _
I (t T 1)dt =0 we obtain
LT 2

Tl B.(r, ¢, m)(t) dt= f IF (r.¢,m)(s)dsdt - f [ Jdtf F.(r,¢,m)(s)ds -

Tk Tk

_T; f IF (r.¢,m)(s)dsd 0 + I F(s)ds =T,

Te Tk



and

B,(r.4,1)(T,) = f e 1)~ (1

T

Tk 41 Tk .1 0

Tk T
(cf. the proof of the Main Lemma).

We must show the inequalities for t [T, T, ;1. k
numbers. For the first component we have

|

'R,

c

B, (r, ¢, m)(®)| < I[F (r,¢.m)(s) + F(s)]ds|< | T(D, +

Tk
1
:Dmin2 !

For the second component we have

Test Tega t

jB (rgm®dt=4T + [ [F,(r.gmdsdt- j

Te T

lece,|

2

g{(‘;((bﬁ Ay)+

and

ut

B, (r. (0] < 4, +|[ F, (1. 4.m)(6)ds] < 6, {22"9#
R,e“

S{% +{2R°e +2A,tg (Z ) [
p 2 C pmln

and finally for the third component we obtain:

Tk+l

[ B,(rgmt)dt=0, B, (r,¢n)(T,)=0,

|elez |
m2

2R A e |elez| R’

i j+rmax}—_
[ T
-
+2A0tan(7[ j |
2

j j F.(r.9, n)(s)ds—— HF (r.4,m)(s)dsdd =

= j F (r,4, n)(s)ds—— [ [F.(r.g.m)s)dsdo =0

=k, k, +1,...k, -1, where k, <k, are natural

(pmin2 !

< (Ry +Ry)e ™.

A)+Iel |

2

2 t
@ o =
5° J+ rmax} je”‘s Tds <
c 2
ell(t Te) 1

Y7,

T €

[ [F.(r.gmdsdo =4T

Te T

2
v Do | gutt < D,
¢ )| u

jdtj F,(r,4.m)ds—

€6, | eﬂT

-’ . I e T g <
m2

LN

2
C 7

Cpmln

2 uT
@, %
+ 2

B, (r.¢.m)(®)| {
)7

and

j B, (r.4,7)(s)ds

s{

&

C pmln

jds

t-Ty)

min

< +

”F (r,¢,77)dpds

Tie Tw

J[35%-

M

C3

R, et
C pmln

R e,uT

2R A e
pmin
2R A

| el
mZ

2

2 u

2
[0

+ (DOZEHT ‘8182‘

-1

2 u(t=Ty)
w e (t-T,)

>+ — JAO}— <e"TWA,
c H

Tk1€

j jF (r,4,n)dsd@

Tk T

+

}_

T

jﬁu¢mm

L 1em-1
2

J'ds<

1 e"-1
+

C3

N (DO eyT
2 [

s{

pmin m2 C pmm

HT
]AO:Ie ’ l[ "
M

<—-0.

T 2 2

e

Therefore B (r,¢,7)eM,, B,(r.gn)eM,,B (r.g,n)eM, .

For the first derivatives we have respectively

a8, (610 1
BERDOL<[e oo £ [

d

S <



HT 2 ~
<148 2 ! C(D,+ Ay) + [ee,| + 2 ?" +7, e <w(R, +R,)e“ ™ ;
ILIT m2 pmln C

* % Il':¢(f:¢,f7)(s)dss

I 2 euT e R e/.lT 2
<1+ ¢, + Ry +2A, tan (f j |e1 d +w—3 @, e < b e
/1 pmin 2 m2 C pmln c

dB, (r, ¢ ()

<|F,(r .+ - j F,(r.¢m)(s)|ds <

<[14 e —1) 2R, A" N q’ozeﬂT e | Rye” +C”_2 A o0 < A it
;UT pmin 2 m2 C pmln C3 ’ ’
For the higher order derivatives see Appendix.

We show that the operator B is (®, j) — contractive one in the sense of [14], [15].
In view of Appendix

Aoy (Fr(r!¢! n), F.(T, é, ’7)) <K/ dyo ((I’,¢, n.(T.é,, 77)) )

where
ut 2 uT 2
K, =|| @2+ A, +—2 2lee,| — 24 20, @ £ e % —22 R, e2 er—3 +D,+2p, A, [
meln /l m2 C pmin c
and
dix.o) (F¢(r, ¢.n),F, (T, 4, 77)) <K, ((I’,¢, m.(T. 8., 77)) )
where

ROCDDeZ"T 2|e1e2| R,®,e" 2c1>01\0e2”T 1, d)oe“T |e1e2| e .

K¢ = 2 m, 2 pm m 22
P Poin’ COS2 (—5} M Prin Prin”
2

“ ee “T 2 2

L +2A,€" tan(z—éj lee| 2| Ree 420 tan( 5j+ezw3
Phrin 2 m, C pmm 2 m,C
and
d(k’o) (F’7 (r'¢’ 77)! F’I (r'a’ﬁ)) < K7]d(k,0) ((I’,¢, 77)! (F! a: ’ 77)) ’
where
K :[ZROA 2|elez| RyA, O Z\Jﬂ“‘ ZAOeFT |e1e2| A, et LD 1 ZROe/zT |ele | Roe’” & 2?2
" 0 2 0 5
Prin m C pm'” H Prin m C Prin Prin m C pmln mZC

The above inequalltles imply
(k 0) ((F (r ¢ ’7) F (r ¢ 77) (r1¢177))’(|:r(r1¢7177)1 F¢(F,¢7,ﬁ)F,](F, 5!77))) <
< (Kr + K,/; + Kn)d(k,o) ((r,¢,7]),(F,¢7,77)).
If K, +K,+K, is not smaller than 1 we take m sufficiently large such that
(K, +K, +K, )— <1.
U

Then



Aoy ((F (r.gm), Fy(r ). F, (r,6,m)),(F (T, 6,7), F, (F.6,7)F, (T.4,7)) ) <
<(K 4K, +K )ﬂ gy (1 4:7). (F.8.77) )

For the first derivative we get

; [(dBr(r,qﬁ,n) dB,(r,¢.7) dB,](r,qﬁ,n)J {dBr(F,J,ﬁ) dB, (. 4.7) dB,,(F,J,ﬁ)J}
(k1) ' <

d ' dt ' dt d ' dt ' dt
<(KHK} K, )ﬂ g, ((r.7), (T, 8,77)) -

d’B, (K)(r,¢, 7)) _ dF.(r, ¢ 7)(t)
dt? dt

; HdzBr(r,gzﬁ,n) d?B,(r,¢,7) dZB”(r,¢,n)J [dZB,(r,a,ﬁ) d?B, (T, 4,7) oIZBU(r,M)B<
(k,2) ) <

For the second derivative ,te[T,,T.,] we obtain

dt? ’ dt? ' dt? dt? ’ dt? ' dt?

3(K2+K +K ),u (km)((r¢’7)(r¢77))

dF.(r,¢,n7) dF,(r,¢,;) dF (r,¢,1)
da ' da dt

unknown functions I',4,77 and therefore their estimates contain the multiplier ®°. But the

contain the third derivatives of the

It is easy to see that

estimates for the second derivatives contain @’ . Consequently, the power of @ does not
increase.

Define the map j:A— A in the following way: j(k,0)=(k,m), j*(k,0)=(k,2m),...;

kD =(m), j2(kD=(k2m),...

Itis easy to verify that the space M, xM,xM,, is j-bounded in the sense of [14]. Indeed,
sup{dye p.m) (1. 87), (T, 6.77)) : P} =

=Sup{d(k,p+m5)(rlr) :ms} +Sup{d(k,p+m5)(¢l 5) :ms} +Sup{d(k,p+m5)(77177) :ms} < 2(R0 + ﬁo +(DO +Yo)eﬂ <®©
(s=123,...). Consequently, B has a fixed point which is a solution of the problem

formulated- an existence of transition trajectories.
Theorem 3 is thus proved.

To show an existence of transition trajectories from exited to the ground state we consider
the system

2
pdcos’ A+ prf — lee| 1 eza'r'—F,te[rko,Tkl]

2

= m m,C
rZFI'(r!¢177): | |2 p 22 !
€6l 1 e .
pd cOs* A+ pr’ — mzz = m22(:3 F,te[0,0)\[T, ,T,]
2
§="29  ogpan s+ 210 & - f=F, (g, tel0) (23)
p m,c® p°

—2r Zsin24  |eg,|r ez 5
77_¢ | 2| 77 23775F7](r,¢,77),t€[0100)'
Yo 2 mC /3 mZC

We introduce the following function spaces:

77:



Tk
"R ™W; [ r(s)ds =0,(k =0,1,...k, =L kK, k. +1,..);

T

dr r(t)

{r()
TTI r(s)ds=Tr,;
{77 eC;

(k,m=0,12,..).

d™ (r(t)—F(t))
dt™

<o"(R,-R)e"“ ™ R, >R, >0,(k =k, k, +1,...,kl—1)}

"D ; j¢(s)ds =T, (k=0,1,.. )}

T
@"A" W [ pt)dt =0,

T

|d” f7(t)

jn(s)ds

7T
35—5, (k :O,l,...)},

Then the energy decreases from W, to V\:/T :
2
;

[ ﬁz(s)ds] <W, .

0

W, i—[ | r'Z(s)ds+[po o (r(p)—F(p»dp] cos 4(&)| ¢2(s>ds+[po +T(r(p)—f<p»dp]
The proof repeats the above reasoning.

Lemma 17. The solution (r,¢,7) of system (23) belonging to I\7Ier¢xM” generates

transition trajectories from excited state to the ground state.
Proof: Indeed, in the interval [O,Tko] the distance between particles p(t) is T-periodic

function and p,,, = p, - R, (e”T —1)/ u< p(t) < py+ Ry (€7 —1)/ 1= Py -

Let us calculate
Tkl

pT)=p+ j r(s)ds =

Tio Tios1 Tig+2 Ty Ty
_p1+jr(s)ds+jr(s)ds+ + j r(s)ds+ j r(s)ds + [ r(s)ds +..+ [ r(s)ds+ [ r(s)ds=
Tt Tgs1 T2 Tig1
TM+1 Tk0+2 Tklf Tk1
=p, + j r(s)ds — j F(s)ds +...+ j F(s)ds+_[ F(s)ds=p, — (k, —k,)T F;.
Tko Tk0+1 Tkrz Tkrl

Tk +1

Then since _[ r(s)ds=0, (k =k, k +1,...) we infer that the distance function p(t) decreases
Tk

in the interval [T, , T, ] from p1+Jr(p)dp tel0,T ] to p-T, +Ir(p)dp tell, o) and it

T,

is again periodic one p(t) = p, —(k, — k)T F + I r(p)dp.

T,

Lemma 17 is thus proved.
Numerical verification of the results obtained

The inequalities from Theorem 3 can be checked using the results from [17], [18].
For the first Bohr orbit we have p,=5310"m, p. =510"p_ ~54.10" while for the
second one p, =225,4.10"m=216.10"m (cf. [11]). In order to describe the transition, we use



po+ (ki —ko)T =p, and obtain 53.10™ +(k, —k,)T =21,6.10™" =k, —k, =21,6.10™ /T . The last

estimate shows that the particle (electron) must perform 16.10Y/T rounds to pass from the
first stationary state to the second one. Since 1-p%~1, v=6,55.10", w=271~4,1.10", then

T =1/v =1/(6,55.10"") 153.10*®, k —k, =21,6.10"/1,53.10 " ~14.10° .
Considering the values (cf. [12]-[14]) e5/m, 1078, ¢~3.10%, and choosing x=10" =

e =e"® ~ 4,62 and ¢° <1 sufficiently small we verify the inequalities from the above

@,
Theorem 3:

. y 1 (41.10°))] 1
5,410 (022 +Y,2)4,62+10° o +
{ (@ +Y, ) [(5.10“)2 137.9.10° | 10 ~ <Ro+ Ry

L) 62{525" +2A tg(—5]+10‘8[ ! +(4r1-1016)2H1§

@, 310°(5.10%)2.137  27.10% )|10" "'
-11 42 16\ 2
462 2R(in+5,4.10 ©;462 _ R, _ 2+(4,1.1o )2.44,62 %S
5.10 2 9.10°(5.10™) 27.10 10

Passing to the next stationary state can be achieved in a similar way.
2.10 Existence-Uniqueness of Escape Trajectories

To obtain escape trajectories we again must change the function spaces. Namely, we apply
the radial force on the interval [Tko,oo) and introduce the spaces:

m T m
:{r(.)ecT”[o,oo): ddtrnft) gmeOe”("Tk’;Jr(s)ds:O,(k:O,l,..., - ddtrnft) < "R,
Tk
T d™ (r(t)+F(t 4
[ r(syas =T, W <" (R, +Ry)e W (k =Ky k, +1,...>},
Tk

e

{ﬂeCT [0,0): ‘

(k,m=0,12,...).
One can prove as in Lemma 17 that p(t) >« as t—o for t>T, . For the angle function

"D ; j¢(s)ds =T, (k=0,1,.. )}

" AT j n(t)dt =0,

T

jn(s)ds

7T
35—6, (k :O,l,...)},

o(t) there are various cases. If we choose the last space we obtain escape trajectories with
o(t) > . But another possible case is the function ¢(t) to be bounded one and yet p(t) - «.
This case is realized provided:

ope

3. CONCLUSION

g” ¢(t)

"D e T Tqﬁ(s)ds =0,(k=0,1,.. )}

In the present paper we have formulated conditions for the existence of periodic orbit of
particle moving around a nuclei, transition from on energy level to another one and escape



motion. This is performed in the 3D-Kepler formulation of the 2-body problem. In this manner
we confirm N. Bohr hypothesis from 1923. We propose the main goals of Bohr's hypothesis
from [18]. The starting point for Bohr’s theory of the atom is the recognition of the fact that
Rutherford’s model of the atom cannot, within the framework of classical physics, explain
that stability which one knows from everyday life experience to be a property of the atom.
According to classical electrodynamics (at the time - author's note), a system composed of a
positive nucleus with electron orbiting about it would inevitably radiate light, so that the orbits
of the electrons would shrink and finally collapse into the nucleus.”

In fact, we confirm the famous Bohr’s hypothesis in the framework of the present classical
electrodynamics on the base of our generalized Synge’s model.

We note some papers studying similar problems with different approaches [20] - [25].
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APPENDIX

Al. Solution Sets Are Closed
(k+D)T

M, ={r € C;”[0,0) :‘r““) (t)‘ <@"R e, rOkT) =0; jr(s)ds :o} telkT,(k+DT];
kT
(k+D)T
M, :{¢6CT°°[O,00):‘¢(m)(t)‘£a)mcl)oe”(tkT), O (KT) = ¢, I ¢(s)ds:T¢o},te[kT,(k +T] ;

KT
<Z_ s
2
(k=0,12,... )(m=0,12,..).
Indeed, let {r,}7, e M, {2, M, {in,j2, €M, be convergent sequences. We show that
their limits belong to corresponding sets, thatis, r, e M;,¢, e M, € M, . We have
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It follows
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A2. Lipschitz Estimates for the Right-Hand Sides
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Then in view of |ee,|/m, =5 /m, we get

ee,(c’ —rz)i+ e, (c*—r’) n° +¢p°cosd
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In a similar way we obtain estimates for
oF, oF, oF, oF, oF, oF, oF, oF, oF, oF, oF, oF, oF, oF,
or'apor'on' op ar "op'oran op ar "op ' aran
It is easy to verify that the upper bounds of all partial derivatives contain a multiplier
because the radiation terms possess second derivatives of the unknown functions.

2

A3. Estimates of Time-Derivatives of the Right-Hand Sides of Basic System

In view of the Assumption (C), r2 + p?n? + p?¢? cos A < Ry2e®T + p?Y,2e®T + p?d 2’1 <2,
and
ee, ¢ C'F—p’n’t—p’¢’ cos At + ddp’r cos’ A +ijnp’r
m,p> m, c -
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Therefore
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It is easy to see that the inequality is always satisfied:
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But in view of the values p~53.10*, w~ 27.6,55.10'° ~4,1.10%, :]—2 ~107%, c~3.108(cf.
2

[12]-[14]) we conclude that the last inequality might be satisfied for suitable values of the rest
constants.

3 2

For the third derivative |d B, (k)(r3,¢,77)(t) |:|d F’(r'?’”)(t)| and then the term iz Ff—s

dt | | dt | o° p
becomes % Fj—i:%g&“ and so on.
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one can make similar estimates.
. . dF (r,é,n)(t _ .

We notice that the estimate of % contains @® and therefore we obtain

478, (R)(r O | _[dF, 8O _ 2 g guitin
dt? e T

(cf. the definition of M xM xM, ).

It is obvious that in the brackets remains » and the same is valid for the Lipschitz estimate
in view of the definition of metric between the second derivatives.



