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Abstract

The usual equation for the motion of electrons in the deterministic Rutherford-Bohr atomic
model is conservative with a singular potential at the origin. When a dissipation is added, new
phenomena appear, mainly a contraction of orbits for large time. A special model is studied
in which the dissipation coefficient varies as the inverse of the square of the distance to the
nucleus, and it is shown that this equation has contraction properties similar to the case of a
linear damping, but the backward equation shows affine growth of the orbits for large time,
which is more realistic than the exponential growth in the case of linear damping.

Key words: gravitation, singular potential, global solutions, spiraling orbit.



1 Introduction

The usual equation for the motion of electrons in the deterministic Rutherford-Bohr atomic
model is conservative with a singular potential at the origin. When a dissipation is added to
the basic equation
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modelling Coulomb’s central force (with ¢ the elementary charge, m the mass of the electron
and gg the vacuum permittivity) written as

" u
with )
co = g

0" dmegm

we obtain an equation of the general form

u” + f(tu,u ) +CO% =0. (1.2)
U
where f is a suitable non-negative function. In the paper [3] the first author considered the
special case where f is a positive constant d, which leads to the simple equation
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Such an equation appears when trying to understand the long term dissipation induced
by random shocks of wandering cosmic corpuscles with the atoms, and in [3] it was observed
that the behavior of the solutions opens the door to new explanations of totally independent
phenomena: cosmological redshift (cf. [7, 12]), aging of electrical appliances, gigantism of
arthropods and plants in the carboniferous era. Although that equation does not have any
solution for which |u(#)| is an exact decreasing exponential Ce™", the type of contraction pro-
duced by this kind of strong dissipation is basically uniform and when we try to guess the size
of atoms in the distant past, the presumably exponential growth for the backward equation is
totally unrealistic.

u” + du’ + co 0. (1.3)

This observation leads us to study the effect of a somewhat different dissipation mechanism
which has already been studied in the literature, in particular by the second author, with a
different purpose, cf. eg.[9], in connection with a conjecture of Euler (cf. [2]) on long term
collapse of the solar system. Here, we assume that the effect of wandering corpuscles is
negligible far from the nucleus and maximal when we approach it. In this case, a reasonable
model improving (1.3) may be
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with a¢ and § some positive constants.
In the present paper, we report on the asymptotic behavior of the solutions to (1.2) and

more precisely (1.4). In Section 2 we recall, to make subsequent comparisons easier, the



Rutherford-Bohr atomic model with its circular orbits. In Section 3, we collect some general
properties of (1.2). Section 4 is devoted to the special case of (1.4) and the associate backward
problem, with part of the technicalities in the appendix (Section 6). Special properties of real
solutions are discussed in Section 5. The physical interpretation of the results is outlined in
the concluding Section 7.

2 Recalling the classical Rutherford-Bohr model.

The Rutherford model (cf.[10]), which served as a basis for Bohr’s model [1] of the hydrogen
atom, is based on a corpuscular conception of protons and electrons and the application of
Coulomb’s law for electrostatic forces. Denoting by ¢ the common absolute value of the charges
of proton and electron, the equation of motion, considering the unique proton of the nucleus as
the center of coordinates, can be written in the plane of the orbit in complex form. Denoting
by w the position of the electron in the complex plane, we have
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The electron is travelling on a circular orbit

lu(t)| =R (2.2)
so that the solutions take the form
u(t) = Rexp(iw(t + to) (2.3)
with 2 .2
w’ = ym—e (2.4)

In particular the constant velocity of the electron is
W/ (t)] =v=KR'/?

for some positive constant K. This is consistent with the analogous property given by the
third Kepler’s law for the planets motion driven by the gravitational field of the sun. In the
framework of Bohr’s modelization, it is assumed that the radius R can take only the values of
a sequence of the form 7, = rqn? with n a positive integer. In particular the electron cannot
“fall” on the nucleus.

Bohr’s theory explains neither why all electrons so luckily always choose a circular orbit rather
than other elliptic possibilities, nor even how the first atoms of matter could appear, even in
the simplest case of the hydrogen atom. If an electron is left without initial velocity in the
close surrounding of a proton, an atom will never appear since the electron will collide with
the proton in a very short time. The problem of the origin of the initial kinetic energy of
the electron is left open. Besides, there is no explanation of why some circular orbits would
be stable and not the others. An attempt to circumvent that problem is quantum mechanics
leading to Schrodinger’s equation (cf. [11]). For the time being, in the same track as [3, 6],
we shall avoid quantum considerations, even though such a framework is presently considered
necessary to understand the electromagnetic waves produced by hot matter (and therefore to
consider spectral properties and the redshift problematics).



3 General results for equation (1.2)

In this section, we investigate the standard relevant questions for the solutions of the general
equation (1.2).

3.1 Existence and uniqueness
We introduce the total energy

B(t) = g [2(t) -

o
|u(t)|

where u(t) is a solution of (1.2) on some interval [0,7"). Assuming for simplicity that f €
CH(R* x C?%;R"), it is clear that a unique local solution exists for any initial data u(0) €
C*,4/(0) € C. Moreover the identity

E(t) = — f(t, u,u)/[2 < 0

implies
vVt €[0,T), E(t) < E(0)
providing
1 Co
“|u')*(t) < — = + E(0).
2 |u(t)]

This shows that the only way for the solution to be non-global is vanishing of «(7"), in which
case the equation does not make sense beyond 7.
3.2 Bounded trajectories

The next result generalizes a boundedness result of [3] for any function f.

Theorem 3.1. Let ug # 0 and assume the initial smallness condition
|luo||up|? < 2co. (3.1)

Then the local solution u of (1.2) on [0,T) with initial conditions u(0) = ug; uw'(0) = uy, satisfies
the inequality

2
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In particular if u does not vanish in finite time, u is a global bounded non-vanishing solution.

Proof. The inequality (3.1) is equivalent to F(0) < 0. Then the inequality

B(1) = 5l 1) — 1 < B(0) = s > ~E(0)
gives
u(t)] < — Co1 _ 2couo|

Tuo] — §|U6’2 2¢o — |U0HU6\2



3.3 Convergence to 0 of non-vanishing bounded solutions

As in the case of the conservative equation (1.1) which is well known to have hyperbolic and
parabolic trajectories, (1.2) may have some unbounded solutions if the damping is sufficiently
weak for large values of u. The next result shows, on the other hand, that in sharp constrast
with (1.1), (1.2) does not have any periodic trajectory at all under mild conditions on f.

Theorem 3.2. Assuming that f is uniformly positive and bounded for u bounded independently
of (t,u'), for any solution u of (1.2) such as |u(t)| is global, positive and bounded on R, we
have

lim |u(t)] = 0. (3.3)

t—4o00

Proof. Since u never vanishes, it is clear that u € C?(R*,C) and we have

E'(t) = —f(t,u(t), o' (1)) (1) (3.4)
In particular, E(t) is non-increasing. Then we have two possibilities
Case 1
tLIerooE(t) = —00. (3.5)
Then since —2 > —FE(t) we conclude that
|u(t)|
i )] =0
Case 2
lim E(t) = E* > —oc. (3.6)
t——+o0

Then E(t) is bounded and by our hypothesis on f we have for some v > 0
t
vVt e RT, E(0)— E(t) > V/ |/ (s)|ds.
0

In particular v’ € L?(R*,C). We have assumed that u(t) is bounded, hence precompact in R+
with values in C. Therefore if (3.3) is not satisfied we may assume that for some sequence ¢,
tending to 400

lim u(t,) =w # 0. (3.7)

n—-4o0o

On the other hand, for u,(s) = u(t, + s), we have

lim wu, =0 (3.8)

n—-+0o00
in the strong topology of L?(0,1) and in particular, by Cauchy-Schwarz-inequality we find

lim wu(t, +s)=w (3.9)

n—-+00



uniformly on [0,1]. Since w # 0 this implies

im ultn + 9) =Y (3.10)
oo Ju(tn + 5)[° - Jw]?
uniformly on [0, 1]. But then by the equation
. "o w
nll&loo Uy, = co—‘w’3 (3.11)

in the strong topology of L?(0,1). This is contradictory with (3.8). Indeed it implies for

instance .

1
lim s(1—s)u"(t, + s)ds = co/ s(1— s)als&2 =2#0
n—-+oo Jq 0 ‘

w|

while on the other hand
1 1
/ s(1—s)u"(t, + s)ds = —/ (1 — 28)u/(tn, + s)ds — 0.
0 0

This contradiction concludes the proof. ]

As an immediate consequence of the previous theorem and the results of Sections 2 and 3,
we obtain

Corollary 3.3. Assume |ug||lup|> < 2co. Then assuming that f is uniformly positive for
u bounded independently of (t,u’), the local solution of (1.2) with initial conditions u(0) =
ug; u'(0) = uf, either vanishes in finite time, or tends to 0 as t tends to infinity.

4 The case of equation (1.4).

It is not difficult to find some solutions which vanish in finite time, when ug and v are collinear
with opposite orientation. On the other hand this cannot happen for up and u( not collinear.
Indeed in such a case u(t) has to remain bounded and as for the simpler model (1.3), we find
that, as a consequence of

(uAu')

d )
_ A = -7

dt
the vector (u A u') remains bounded away from 0 on any finite interval. As a special case of
our previous corollary, we have

Corollary 4.1. Assume |ug||ub|? < 2co. Then the local solution of (1.4) with initial conditions
u(0) = ug; u'(0) = u(, either vanishes in finite time, or tends to 0 as t tends to infinity.

Remark 4.2. In [3] we established that all solutions of equation (1.3) are bounded for t > 0,
cf. also [8, 9]. For the conservative equation(1.1), there are many unbounded solutions, for
instance real positive solutions with initial positive velocities have a linear growth at infinity
as soon as u0u62 > 2¢o and there are even the unbounded solutions

u(t) = (20) " (1 + 1)’

win



(with b > 0 arbitrary) corresponding to the limiting case ugu'02 = 2¢y. Since boundedness in
(1.3) is produced by dissipation and the dissipation in (1.4) becomes very weak for large values
of |u(t)|, it is natural to wonder whether (1.4) may have unbounded positive solutions. We
show in Section 5 (Proposition 5.1) that it is indeed the case.

Now we state the most important property of (1.4) which makes the difference with (1.3)
and saves us from one of the big contradictions concerning the size of atoms in the distant
past.

Theorem 4.3. Let us consider the backward equation of (1.4)

v v

— =0 4.1
’2 -1-00‘0‘3 (4.1)

"
Y S
v a? + |v

Then the size of |v(t)| grows up at most linearly for large time. More precisely, for any non-
vanishing global solution v of (4.1) there exists a number p, € [0,00) such that

@]
t—li?oo t — (4‘2)
We shall rely on the identity
d((v,v) 1 ] co  |JvAd)?
— — —arctan— p = —— + ———— 4.3
dt{ o] ey } EERETE (43)
combined with p ( )
' VAV

both proved in the appendix. The invariance under rotations of the equation (4.1) allows to
reduce one dimension in the system. In fact if we define the new unkowns

1
r=|v|, fzr’—farctanf, C=r A7
a a

the above identities lead to the equations

1 r co 12 )
/ /! /
T :5arctana +§7 E :_7‘72—’_7‘737 e :mg (45)
For the proof of the theorem we shall rely on the following technical lemma
Lemma 4.4. Let W (t) := (r(t),&(t),4(t)) be a solution of (4.5) with r(0) > 0 and forward
mazximal interval [0,w) and assume that, for some m > 0,

' €0
r(O)Zm—i—mT(O). (4.6)

Then w = 400 and, for each t € [0,00),

r'(t) > m.



Proof. We will prove that

r'(t) >m, t€0,w). (4.7)
Then a standard continuation argument implies that w = 4+-00. By contradiction assume that
the claim (4.7) does not hold. We take the first instant 7 € (0,w) such that (1) = m.

The definition of 7 together with (4.6) imply that +/(¢) > m if t € [0,7). In consequence
r(t) > r(0) +mt if t € (0,7]. Also, from the second equation of (4.5),

Co Co
r(t)?2 (r(0) +mt)?

After integrating this inequality,

€0 €o

€r) > €0) = [ g Bmys > 60) = [ s = 60) -

Since r(t) is increasing on [0, 7] the first equation in (4.5) implies that

r(0)

(1) > %arctan — +&(7) > ' (0) —

Co
mr(0)

This is the searched contradiction because /(1) = m is not compatible with the assumption
(4.6). O

We are ready for the proof of the theorem.

Proof. We distinguish two cases.

Case 1: For every t € [0,00), r'(t) < 2 %

Case 2: There exists some ty € [0, 00) such that 7’(tg) > 2, /T(Ctoo).
In the first case we solve the differential inequality to deduce that

r(t) = Ot*3) ast — 400

and p, = 0.
Assume now that we are in the second case. We shall apply Lemma 4.4 to the translate
solution W (to + .) with m = T(Ct%). As a consequence, for each t € (tg,00), /() > m. Along

the lines of the proof of the Lemma we observe that the two integrals below are finite:

oo ds *©  ds
I = — Iy = .
! / a+r(s)2 / r(s)?

In particular, the third equation of (4.5) implies that £(t) < £(0)e’* and as a consequence

00682
13:/0 TES;3d5<oo.

Now we can use the third and second equations to prove that ¢(t) and &(¢) have limits at
infinity,
£(00) = £(0)e’", &(o0) = £(0) — colz + Is.



Finally, from the first equation,

Jim r(t) = %Jr&( 00).

After invoking L’Hopital rule, p, = r'(c0). O

Remark 4.5. The number u, can be arbitrarily large. This can be shown by an application
of Lemma 4.4 with m — oo.

The above proof allows to estimate i, in terms of the initial conditions if r'(0) > 2 ( y- Note

that Iy < 1/"2 (3 — arctan("2)), £(00) < £(0)eM, Ty < PRl
0

5 Some special results for real solutions of equation (1.4).

5.1 The equation (1.4) has unbounded solutions.
Proposition 5.1. Let ug,uf be both positive and such that

6475 _ ct/?
UO > max{ia 2 1/2}. (51)
Then u is unbounded and more precisely
/
VE>0, u(t) > uo+ %t. (5.2)
Proof. We establish by contradiction that
u/
wzo,umjziA (5.3)
Assuming the contrary, let
/
= inf{t > 0,4/(t) < %}. (5.4)
Then by definition
/
Vte (0,T), o'(t)> % (5.5)
!/
and «/(T) = -2, hence

c T u'?(s
B - Lt 2 :E(o)—a/o a2+i2)( s > ¢ Ly 5/ a2+u2 ds  (5.6)

1/2
since ug > 2% implies £(0) > iu{ﬁ. In addition, u is increasing on (0,7") and the inequality

1 Cco 1 ,9 (&)
E(t) = —u?(t) - — < —uh” — =2
(*) 2u() ut)_QUO Uug
shows that
vt € (0,7), u’(t)<u0 (5.7)



Using this inequality in (5.6) we obtain

LI R r L
) >ZU/0— Ug ) ms.

Multiplying by 32 and simplifying by u}?, we obtain

T
o @+ u?(s)
As a consequence of (5.5), we have u(s) > %s and in particular this now implies
T > 1
7< 325/ — ds< 325/ s
0 @2+ 202 0 a2 4 202

/
A standard change of variable o = %
a

> 1 2T
5 | ul? 2d8:au”
0 0
a“ + 165 0

and we end up with the inequality

s provides the value

contradicting our assumption on u.

5.2 Real solutions of the backward equation

(5.8)

For real solutions of the backward equation (4.1), we have the more precise estimate given by

Proposition 5.2. For any real solution v and more generally if v and v’ are collinear, we

have -
vt >0, [u(t) < |vol +t(% + |vpl)-

Proof. Since v and v’ are collinear, our basic identity reduces to

d oo
—{ (v, ) — farctanm} —_ 9 <0
dt U vl a [v]?
which implies in particular
d (v,0") 7 (vo,v5) 1 [vo|
dt vl K — +2a + [vo| g ey

and finally
7T
< — o).
0(8)] < Jool +¢ (5= + 1))

(5.10)

(5.11)



Remark 5.3. The sublinear rate of growth of solutions of (4.1) is likely to be optimal. Actu-
ally, large solutions tend to behave as solutions of the simpler equation
/

"5 b =0 5.12
e O o1
which has the explicit real positive solutions
¢
o(t) = go(t +0).
However the optimality of inequality (5.10) itself is not clear, since as a tends to 0, the right
hand side blows-up.

6 Appendix.

6.1 Proof of (4.4)

Since v/ A v/ = 0 we have

d N /" vAv
dt(v/\v) vAv L
because v A v = 0.
6.2 The derivative of |v(t)|
Since |v(t)| = /|v(¢)|?, we have
d 2(v(t), v'(t) _ (v(t),V'(t))
Loty = )) _
dt 2¢/Jo(t)] v(t)]

6.3 Proof of (4.3)

We first compute

d
dt

(arctan Mt”) _ L e@®.rE) - ©@),v(E)
t

a

1+ LG afo(?)] “To@)(e? + o))

Then, dropping for convenience the variable ¢ in all subsequent calculations , we evaluate

T = (o) (o) ) = o)+ () )
Since , , ,
(i) =~ =5
we end up with

4 @)V E) _ <v Uu) Iy L0 e <”,v~> ML (6.2)

dt Ju(t)] o]’ [0l [of? [l [of?

By replacing in (6.2) the vector v by its expression in (4.1), we find, after combining with
(6.1), the equality

(6.1)

/|2

d { (v,v")

|v|}__co v Av
dt N

o at g TR

whence (4.3).
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7 Conclusion.

Under minimal assumptions on the function f, we have obtained that all bounded solutions
of the general equation (1.2) converge to 0 for ¢ large. This applies in particular to the model
(1.4) and at least for all sufficiently small initial data. Ultimately, the rate of decay should
be similar to (1.3). On the other hand, the linear expansion for the backward equation (4.1)
makes the model more realistic than (1.3). However, the exponential rate of decay for positive
time, as examined in [3] is not very realistic either, and if we want to avoid an unrealistic
apocalypse prediction in 20 000 years or so, it is probably necessary to take account of some
other phenomena precluding that electrons approach the nucleus too closely. It is in fact quite
possible that the electro-static attraction becomes repulsive at short distances, cf [5] for some
mathematical models in this direction.

References

[1] N.BoHR, On the Constitution of Atoms and Molecules, Philosophical Magazine, Series
26, vol. 1, (July 1913) , 1-24.

[2] L.EULER, Part of a letter from Leonard Euler, Phil. Trans. 46 (1749-1750), 203-205.

[3] A.HARAUX, On some damped 2 body problems , Evolution equations and Control theory,
vol 10, Issue 3, (2021) 657-671, Doi: 10.3934/eect.2021009

[4] A.HARAUX, On Carboniferous Gigantism and Atomic Shrinking. Preprints 2020,
2020110544 (doi: 10.20944/preprints 202011.0544.v2).

[5] A.HARAUX, On a variant of Newton-Coulomb’s law. Preprints 2020, 2020120741 (doi:
10.20944 /preprints 202012.0741.v1).

[6] A.HARAUX, The method of adapted energies for second order evolution equations with
dissipation, Interactions between elasticity and fluid mechanics, EMS series in Industrial
and Applied Mathematics vol. 3 (2022), 1-58.

[7] E.HuBBLE, M.L. HumAsoN, The Velocity-Distance Relation among Extra-Galactic
Nebulae, Astrophysical Journal, vol. 74, p. 43.

[8] A.MARGHERI, R.ORTEGA AND C. REBELO; First integrals for the Kepler problem with
linear drag, Celestial Mech. Dynam. Astronom 127 (2017), no. 1, 35-48.

[9] A.MARGHERI, R.ORTEGA AND C. REBELO; On a family of Kepler problems with linear
dissipation. Rend. Istit. Mat. Univ. Trieste 49 (2017), 265-286.

[10] E. RUTHERFORD; The Scattering of a and / Particles by Matter and the Structure of
the Atom, FE. Rutherford, F.R.S. Philosophical Magazine, Series 6, vol. 21 May 1911, p.
669-688

[11] E. SCHRODINGER; An Undulatory Theory of the Mechanics of Atoms and Molecules,
Phys. Rev. vol. 28, no 6, decembre 1926, p. 1049-1070 (DOI 10.1103/PhysRev.28.1049)

[12] F. Zwicky; The redshift of extragalactic nebulae, Helvetica Physica Acta, Vol. 6 (1933),
110-127.

11



