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Abstract: Atoms continuously interact with the photons of the electromagnetic fields in
their environment. This electromagnetic interaction is the consequence of the thermal non-
equilibrium. It introduces an element of randomness to atomic and molecular motion,
which brings to the decreasing of path probability required for microscopic reversibility of
evolution. In any atomic electron-photon interaction an energy footprint is given to the
atom, and the emitted photon looses energy. The emission of radiation isn’t time reversible
and this causes the irreversibility in macroscopic systems.
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Macroscopic world is irreversible. This is our every day experience. A proof is clear: nobody
can go backwards in time.

On the contrary, all the fundamental laws of physics are symmetric with respect to the inversion
of the time arrow [1]. The first scientist to develop a convincing explanation of this paradox has been
Ludwig Boltzmann, known for two basic contributions to physics: the physical and mathematical
interpretation of the concept of entropy as a measure of what today we popularly name disorder of
atoms, and the equation known as the Boltzmann equation [1]. This equation describes the statistical
properties of a gas made up of molecules: it represents the first approach to govern the time evolution
of a probability [1-3].

Boltzmann's approach to entropy behaviour involves his definition of statistical entropy that
doesn’t consider any molecular correlations [4-6], then introduced by Paul and Tatjana Pavlovna
Ehrenfest as molecular chaos [4-7]. The time evolution of a closed system, in initial highly ordered

state, generate a loss of the initial macroscopic as microscopic free energy in the form of molecular
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correlations [5]. The mathematical-physical formulation is the increase of the Boltzmann entropy. But,
microscopic laws are described by deterministic and reversible differential equations based on the
Newton's classical dynamics or the quantum mechanical equations of motion with the consequence of
resulting time reversible for conservative systems describable by a real Hamiltonian [4,5,8,9]. Gibbs
included molecular correlations between particles in his approach to statistical thermodynamics,
obtaining that the Gibbs entropy conserves the path probability stored in molecular correlations [10].

A fundamental problem in the present statistical mechanics is how indeterministic macroscopic
irreversibility can result from deterministic and reversible microscopic motions [1-5, 11-18]. In this
paper we want to show how the origin of irreversibility can be explained in the continuous
electromagnetic interaction between atoms and environment due to the thermal disequilibrium.

To do so, we consider a Hydrogen-like atom in interaction with electromagnetic wave. The
electromagnetic wave is no more than a flow of photons. They incomes into the atoms and outcomes
from them. At atomic level, the photons can be absorbed by the atomic or molecule electrons, and an
electronic energy transition occurs between energy levels of two atomic stationary states. Then, the
photons can be also emitted by the excited electrons when they jump down into the energy level of the
original stationary state. Apparently, there are no changes in the energy of the atom, but only in the
electronic transition. But, on the contrary, there exists a change in the kinetic energy of the center of
mass of the atom, but its amount is negligible in relation to the energy change in electronic transition
and its time of occurrence (10713 s) is greater than the time of electronic transition (10°!° s). But, its
contribution to the energy balance becomes relevant when we consider a great number of interaction as
it happens in macroscopic systems [16].

Indeed, any atomic stationary state is completely identify by its energy level, expressed by the
principal quantum [22-29] number n. Any electronic transition, between two energy levels identified
by ffor final state and i for initial state, occurs following the quantum selection rule An = ny—n;= £ 1.
We develop our analysis by considering a Hydrogen-like atom, of atomic number Z, in interaction with
an external electromagnetic wave. For such atom, following the approach used in spectroscopy [26-29],
the external orbital electron can be identified by the following quantities:

1. The apparent atomic radius [22-29]:
Ame

r= n (1)

2
m,Ze

where & is the electric permittivity, 7 is the Dirac constant, m. is the mass of the electron, e is
the elementary charge, n =1, 2, 3, ..., is the principal quantum number, always integer;
2. The energy of the atomic level [22-29]:
_ mZ 1
" 32mten? n
3. the Sommerfeld-Wilson rule [22-29]:
§p.dr,=p,r,=nh (3)

where p. = mev. is the electronic momentum, with v, its mean velocity inside the orbital, p. 7, is the

)

angular momentum of the electron, being r, defined by the relation (1). Without lacking of generality,
we chose the geometric reference system in the center of mass of the nucleus, such that the atom is at
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rest with null momentum pum at initial state, before the electromagnetic interaction. Its Schrodinger's

equation, which is [22-29]:

/ n’
VZ

Iy

v r )} o(eyr)= E, ey

2m,, 2m,

“4)
where muy is the mass of the nucleus, m. is the mass of the electron, ry is the nucleus coordinate, r. is
the electron coordinate, V(re —rN) is the electrostatic potential, Ev: is the total energy and w(rN,re) is

the wave function. Now, following the usual quantum mechanical approach [22-29] we introduce the

quantities useful for the analysis of the two bodies problem:
1. The relative coordinates r =r, —r,,

The coordinates of the center of massR = (mNrN +m,r,)/(my +m,),
The total mass M =m, +m,,

The reduced mass = (m]j,1 +m! )71 ,

The momentum of the center of mass P =M R = —ihV,,

The momentum of the reduced mass particle p = ur =—iaV_,
The wave function l//(l‘, R): (p(r) 3(R),

the energy Ecu = P?/2M of the free particle center of mass,
the energy £, of the bound particle of reduced mass, such that £, = E,, + E

A e A A T o

u

10. The electrostatic potential V(r) =-Ze’Ir,
s0, the equation (4) becomes [22-29]:

2 2
h
——Vi+V(r)|-—Vi |v(r,R)=E_y(r,R 5
(Ewer)- 2 vler)- Bten) g
Now, we introduce, in order to separate the equation (5) in the following two equations:
hZ

I Vi9(R)=E,,9R)

[—%Vf " V(r)J olr)=E,plr)

Now, we introduce the interaction with an external electromagnetic wave. The electromagnetic

(6)

radiation is no more than a flux of photons, characterized by [22,29]:

1. An energy E,evaluated as:

Ey:hv %

where h is the Planck's constant (6.62607 x 103* J s), and v is the frequency of the
electromagnetic wave;

2. A momentum p, evaluated as:

hv
p,=—

¢ (8)
Now, considering an atom of principal quantum number n, and we define our control volume as the

sphere of radius equal to n + 1 with center in the center of mass of the atom. So, the interaction
between the electromagnetic radiation and the Hydrogen-like atom can be studied as the interaction
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between the flux of photons with an open system (the atom of principal quantum number 7), through
the border of the control volume defined by the sphere of radius:

=

dre i’
= ZO > (n+1)
m,Ze
¢ ©)
with center in the center of the atomic nucleus. The atomic electron absorbs the incoming photon when

its frequency v is the resonant frequency, required by the transition between the initial £; and final E
energy levels [22-29], corresponding to the quantized energy:

E, -E,
v =—
h (10)
where 4 is the Planck's constant. Emission of the this photon results in the reverse process. Considering

the absorption process, at initial state we chose the geometric reference system in the center of mass of
the nucleus, so the atom is at rest with null momentum pusm. The momentum of the incoming photon is
hvu./c, where u. is the versor of propagation of the electromagnetic wave, and c is the velocity of light

in vacuum. When an electron absorbs the incoming photon, the atomic momentum becomes [22-29]:

hv
patm :__uc
c (11)

As a consequence of the absorption of the incoming photon, the electron undergoes an energy levels
transition, from the stationary state of energy E; to the stationary state £y and the final energy of the
atom can be evaluated by using the energy balance analysis and it results:

2 2
E, =FE +hv—§“ﬁ:Ei +hv—(h—v)2
‘ (12)
where p?.m/2M is the Kinetic energy gained by the atom, and M is the mass of the atom. Consequently,
we can obtain [22]: ( )
E,—E,
hy=——»_ "1 Y
oM

(13)
In the same way, but for the emission of a photon, we can obtain [22]:
(Ez' B Ef )
hv
2M ¢?

hv =

1+
(14)
As a consequence of the absorption of the photon, the laws of conservation of momentum and energy
due to the absorption of the photon, hold to:

P=MR'

p'=ur’

P = 1; _ Il;_]; _ mNp;;;%pN
R'= mx' +myry _ p. Py

M M (15)
where py is the momentum of the nucleus and p. is the momentum of the electron, ¢ = (m;‘ +m, )_1

and M =m,+m, . Consequently, the Schrodinger's equation becomes [22-29]:
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h2
I ViaR) = Ee, 9(R)
h2
290 |te)=0)
a (16)
When the photon is emitted, following the same approach, we can obtain:
h2
- M szlg( ') = ECM'g( Y)
A V(r) |olr)=E,olr)
(17)

with the wave function given as w(r, R') = (o(r)l9(R'). The wave function for the electron in a whole

adsorption-emission process doesn’t change, while the center of mass (approximately the atomic
nucleus) wave function changes as follows:

I(R)= Lexp(ik-R) before the interaction with k= 2M

(272')3/2 7ECM Uy
(18)
1 o . ) . M m,
‘9(R) = Wexp(zk 'R) after the interaction with k= \/7( E,, JrH th (uCM +“c)
Now, we can evaluate the energy footprint of the process as:
kg, = A(hv)=AE,, :<‘//(1‘5R)|H|l//(l‘,R')>=%hv (19)

where H is the Hamiltonian of the interaction. As a consequence of this energy footprint in the
electron-photon interaction due to the continuous thermal disequilibrium in the Universe, which is no
more than an energy lost in any process, it occur a symmetry breaking in the energy level electronic
transition. Our results agree with the results obtained by Doyle: the electromagnetic interaction adds an
element of randomness to atomic and molecular motions, erasing classical path probability [4,5], and
photon emission and absorption destroy nonlocal molecular correlations, justifying Boltzmann's
assumption of molecular chaos [4,5].
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