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Abstract—We introduce the association-dissociation model of neutral hydrogen molecule, which is
a finite-dimensional cavity quantum electrodynamics model of chemistry with two two-level artificial
atoms on quantum dots placed in optical cavities, based on the Tavis—Cummings—Hubbard model.
The motion of the nuclei can be represented in quantum form. Electron spin transition and spin-
spin interaction between electron and nucleus are both considered. Consideration is also given to
the effects of nuclear and electron spins on the formation of neutral hydrogen molecule.
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I. INTRODUCTION

The modeling of hydrogen chemical processes attracts increasing interest and becomes one of the
primary tasks in recent years, including chemical reactions involving cation Hy [1, 2] and neutral
hydrogen molecule Hy [3]. Quantum chemistry is usually understood as a technique for calculating
the numerical characteristics of stationary atoms or molecules: binding energies, spectra, etc. This
paper is devoted to a different direction: the dynamics of chemical reactions and the influence of the
electromagnetic field and the thermal properties of the environment on them. The task of describing
dynamic reaction scenarios is very demanding in terms of computational resources, and therefore
incompatible with the exact calculation of the characteristics of stationary structures. We assume
that the exact values of the binding energies, electron tunneling and their interaction with the field
are test parameters that can be determined not only by standard computational methods (Hartree—
Fock, Monte Carlo and density functional), but also selected from observing the outcomes of dynamic
association-dissociation scenarios, the mechanisms of which we are building. This paper provides
a method for extending the cavity quantum electrodynamics (QED) model to complex chemical and
even biological models by studying the association-dissociation reaction of hydrogen molecule. This is
significant because this model can be modified in the future for use with more intricate chemical and
biological models, which necessitate an understanding of hydrogen chemical processes. In this paper,
the association-dissociation model of neutral hydrogen molecule is introduced in detail, and the effects
of nuclear and electron spins on the formation of neutral hydrogen molecule is compared.

The most commonly used cavity QED models are the Jaynes—Cummings model (JCM) [4] and the
Tavis—Cummings model (TCM) [5], describing the dynamics of one or a group of two-level atoms in
an optical cavity, which are the fundamental models for strong coupling (SC). JCM and TCM have
been generalized to several cavities coupled by an optical fiber — the Jaynes—Cummings—Hubbard
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Figure 1. The hybridization of orbitals of two hydrogen atoms, and the formation of bonding orbital and antibonding
orbital.

model (JCHM) and Tavis—Cummings—Hubbard model (TCHM) [6]. The value of these models and
their modifications is that it allows us to describe a very complex interaction of light and matter in
the framework of finite-dimensional QED models. Recently, a lot of research on SC models and its
modifications has been done [2, 3, 7—12]. We adapted these SC models in this paper to fulfil the
requirements of modeling of hydrogen chemical reaction.

This paper is organized as follows. In Section 2, we introduce the theoretical model, considering both
nuclear and electron spins. We also consider the effects of photonic modes £2° and Q" on the quantum
evolution and the formation of neutral hydrogen molecule. Some technical details of density matrix and
Hamiltonian are included in Section 3. Then, we get some results from simulations in Section 4. Some
brief comments on our results and extension to future work in Section 5 close out the paper.

2. THEORETICAL MODEL

The theoretical model, called the association-dissociation model of neutral hydrogen molecule, is
detailed in our earlier work [3]. Each energy level in this model, including atomic and molecular, is
divided into two levels: spin up 1 and spin down 1. According to the Pauli exclusion principle [13],
there can only be one electron per level. The excited states of the electron with the spins for the first
nucleus is denoted by |OI>€ and |0%>e (usually simply written as |01),, which can denote both |0{>6 and

]0%)6). Then, | — 11)e — ground electron states for the first nucleus. For the second nucleus — |02)
and | — 12).. Hybridization of orbitals is possible only for atomic excited states |01 2).. Hybridization of
atomic orbitals (AO) and formation of molecular orbitals (MO) are shown in Fig. 1, where antibonding
orbital and bonding orbital take the following forms, respectively

S S
V2 V2
where |®1), are also called molecular excited states, and |®;), are molecular ground states.

Each nucleus will form a potential well around itself, and the electrons will be bound in these potential
wells. The association reaction of Hy is described as follows: two electrons in the atomic ground
orbital —1 with large distance between nuclei, corresponding to different directions of the spin, absorb
respectively photon with mode QT or Q¥, then they rise to atomic excited orbital 0. When nuclei gather
together in one cavity from different cavities through the quantum tunneling effect, the potential barrier
between the two potential wells decreases, and since the two electrons are in atomic excited orbitals, the
atomic orbitals are hybridized into molecular orbitals, and the electrons are released on the molecular

‘(I)l>e = (|01>e - ’02>6) ) ’(I)0>e = (’01>e + ‘02>e> )
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excited orbital ®;. Then, two electrons fleetly release respectively photon with mode w' or wt, and fall
to molecular ground orbital ®¢, stable molecule is formed. The dissociation reaction of Hy is the reverse
process of the association reaction, and finally the decomposition of hydrogen molecules is obtained.

In this paper we adopt the second quantization [14, 15]. The entire system’s Hilbert space for
quantum states is C and takes the following form

|W)e = |photon)|electron)|nucleus),

where the quantum state consists of three parts:

|photon) = |p1) .+ P2)wt|P3) 0t |P4) Qi |P5) Qs s (la)

lelectron) = [11)1, 1) 5y, 103 Ta, 1a) s, 115) e 16 7Y Tty 180y (1b)
org org or_1 or_1 oro oro or_1 or_1

|nucleus) = |k)n, (le)

where the numbers of molecule photons with the modes W, wh are p1, poa, respectively; ps, py are the
numbers of atomic photons with modes QT, Q¥, respectively; ps is the number of photons with mode Q,
which can excite the electron spin from 1 to | in the atom. [; jcfq 2 ... gy describes atom state: [; =1 —
the orbital is occupied by one electron, [; = 0 — the orbital is freed. The state of the nuclei is denoted
by |k)n: k = 0 — state of nuclei, gathering together in one cavity, & = 1 — state of nuclei, scattering in
different cavities.

2.1.  Nuclear and electron spins

We introduce spin photons with mode Q° in our model, thus transition between 1 and | is allowed.
Electron spins must strictly satisfy the Pauli exclusion principle. We stipulate, that independent electron
spin transition is allowed if and only if electrons are in atomic excited state. Since this transition will
obscure the spin-spin interaction between electron and nucleus (this interaction can only occur when
the electron is in the ground state, and is very weak compared to the independent electron spin transition)
when the electron is in the ground state. Electron spin transition is also forbidden when electrons are in
molecular state corresponding to |0),,, which contravenes Pauli exclusion principle. The stable formation
of Hy is only realized through state, where two electrons with different spins situated in orbital ®.

Only when the electrons reach the atomic ground state does nuclear spin interact with them. When
an electron is in the ground state of an atom and its spin is different from that of the nucleus, they can
exchange spins. The symbol for this interaction, known as the spin-spin interaction, is oey i, here 7 is
index of atoms. With the aid of this interaction, the electron with the | absorbs a photon with mode ©?,
and the nucleus with the 1 emits a photon with mode 2. Now electron spin up and nucleus spin down.
In contrast, the nucleus with the | can also absorb photons with mode Q", and the electron with the 1
can also release photons with mode Q°.

The initial state |¥;p,;1q1) for the association process is shown in Fig. 2, where two electron with |
are in different atoms, and two nuclei with 1 can interact with electrons and exchange spins. We put

three photons with different modes QF, Q+ and Q° at the start. This means that only one of the electrons
can complete the spin exchange with the nucleus, because at the initial moment we only have one spin
photon with mode 2°. Thus, we have two situations of formation of Ha:

e the first nucleus with 1 and the second nucleus with |, denoted by |¥ inar);

e the first nucleus with | and the second nucleus with 1, denoted by [V, /).

Stable hydrogen molecule is defined as follows |[Ha) = co|¥ finar) + cll\I/'fmal>, where ¢g, c; are
normalization factors.

Due to the introduction of nuclear spin, we need to introduce nuclear spin photon with mode Q™ and
consider the spin state of the two nuclei. Thus, the definition of quantum state space must be rewritten.
Above all, Eq. (1a) is expended as follows |photon) = |p1) 1 |p2)ut|P3)ar|Pa)al |Ps) s |pe)an, Where pg
is the number of photons with mode ©", which can excite the nuclear spin from | to 1 in the atom.
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Figure 2. The situation with consideration of spin-spin interaction between nucleus and electron. The formation of

neutral hydrogen molecule is possible when we put three photons with different modes QT, Q% and Q°, and both nuclei
are with spin up at the start. Blue and yellow dots represent electrons and photons, respectively. Red up and down
arrows represent nuclear spins 1 and |, respectively.

Analogously, Eq. (lc) is expended as follows |nucleus) = [k)n|k1)n, |k2)ny, Where k; jc(1 21 describes
nuclear spin of the first or second atom. k; = 1 — nucleus with 1, k; = 0 — nucleus with J.

Spin-spin interaction between nucleus and electron with slight intensity g, is usually ignored.
However, experiments indicate that when we introduce spin-spin interaction, molecular hydrogen
occurs in two isomeric forms: one with its two proton nuclear spins aligned parallel — orthohydrogen,
the other with its two proton spins aligned antiparallel — parahydrogen. The spin-spin interaction is also
called hyperfine.

2.2, Thermally stationary state

We define the stationary state of a field with temperature T" as a mixed state with a Gibbs distribution
of Fock components

G(T); = czoexp (—h;;;?) p)(pl,

where K is the Boltzmann constant, ¢ is the normalization factor, p is the number of photons, w, is the
photonic mode. We introduce the notation v /v, = p, where vy, denotes the total spontaneous emission
rate for photon from cavity to external environment and 7, denotes the total spontaneous influx rate for
photon from external environment into cavity. The state G (T)f will then exist only at p < 1, because

otherwise the temperature will be infinitely large and the state G (T)f will be non-normalizable. The

population of the photonic Fock state |p) at temperature T is proportional to exp (— h[g"TC) In our model,
we assume y = exp (— %) from where T = Kli"("f/u).

The following theorem takes place [16].

Theorem 1. The thermally stationary state of atoms and fields at temperature T has the form
Pstate = Pph @ Pat, Where ppy, is the state of the photon and py is the state of the atom.
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3. HAMILTONIAN AND DENSITY MATRIX

The quantum master equation (QME) in the Markovian approximation for the density operator p of
the system takes the following form

ihp = [H,p| +iL (p), (2)

where L (p) is as follows

L(p)=) Le(p)+ Y L (p)

kel k'eK!
= (AkpA,L - % {p, A,QAk}) + > W (A,tpAk - % {p, AkA,Q}) :
kex K ex’

where K is a graph of the potential photon dissipations between the states that are permitted. The
edges and vertices of K represent the permitted dissipations and the states, respectively. K’ is a graph
of the potential photon influxes between the states that are permitted. Ly (p) (Lg (p)) is the standard
dissipation (influx) superoperator corresponding to the jump operator Ay (Axs), and the term g (vx)
refers to the overall spontaneous emission (influx) rate for photons for k € K (k' € K').

The coupled-system Hamiltonian in Eq. (2) is expressed by the total energy operator

H=Hs+ Hp + Hyyp + Hspin—flip + Hspinfspirw

where Hy,, denotes the quantum tunneling effect between H 4 and Hp, which are the associative and
dissociative Hamiltonians, respectively. Hp;,— 1, describes the electron spin transition (spin-flip) and
H gpin—spin denotes the spin-spin interaction between nucleus and electron.

Rotating wave approximation (RWA)[17]is taken into account zZ- ~ £~ <1, where w, stands for
cavity frequency and w,, for transition frequency. We presume that w, = wy,.

We will directly quote and transform the definitions of H4, Hp, Hyun, Hspin—siip irom our earlier
paper [3]. Thus, H 4 has following form

Ha = (Ha icta + Hamor + Hajint) 000,
where ana;ﬂ verifies that nuclei are close. And,

HA,fz‘eld = thaLTawT + hwialiawi, HA,mol = thUjJTO'wT + th'O':LiO'w%

Hpint = gt (aLTUwT + awTUlT> + gt (alﬂwi + aquIﬂ) )

where % is the reduced Planck constant or Dirac constant. H 4 fe1q is the photon energy operator,
H 4 mol is the molecule energy operator, H 4 ;,; is the molecule-photon interaction operator. g,, is the
coupling strength between the photon mode w (with annihilation and creation operators a,, and al,

respectively) and the electrons (with excitation and relaxation operators ol, and oy, respectively). Then,
Hp is described in following form

Hp = (Hp fictd + Hpmol + Hp int) 0}0n,

where alon verifies that nuclei are far away. And,

HD,field = hQTaI}Tam + hQia}Nam, HD,at = Z (hQTO';r]T,iO'QT’i + hQiagziyiO'Qi’i) y
1=1,2

Hp int = Z {gm <a;rﬁam7i + amagm) + 9q1 <a}2¢09¢7i + agwgu)} ,
i=1,2

where Hp fie1q is the photon energy operator, Hp 4 is the atom energy operator, Hp ;s is atom-photon
interaction operator. gq is the coupling strength between the photon mode Q (with annihilation and
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creation operators agq and a}l, respectively) and the electrons in the atom (with excitation and relaxation

operators 0}2 ;, and oq ;, respectively, here ¢ denotes index of atoms).

Hyyy describe the hybridization and de-hybridization, realized by quantum tunneling effect, it takes
the form

Hyyn = €20-I)TUWTO-T Ol (0-11 + Un) + ClUWTUI}TUL¢UML (0-71-1 + Un)

w$

+ ClalTUwTUw¢Uli (0); + an) + (()UwTO':LTO'w¢O'T (JL + O‘n> ,

wl

where ajﬂ Ot UL 0,1 verifies that two electrons with different spins are at orbital ®; with large tunnelling

intensity (2; ot ULT ULUW verifies that electron with 1 is at orbital ®q and electron with | is at orbital ®1,
T

L verifies that electron with 1 is at orbital ®; and electron

with low tunneling intensity (y; aLTawaww
with | is at orbital ®(, with low tunneling intensity (1; (fwﬂfjﬂ(fwali verifies that two electrons with
different spins are at orbital ®¢ with tunnelling intensity (o, which equal to 0.

We assume that the electron spin transition only occurs when the electron is in the atomic excited
state, and we only consider the spin-spin interaction of the electron with the nucleus when the electron
is in the atomic ground state. Thus, Hpin— 115 takes the form

Hpin—f1ip = Z {(U}ZMJQM + U}Lp,iam,i) [hQSQESCLQS + hQSO'gZS’,L-O'QS,i
i=1,2
+a0s T - P
gas | 0qs0Qs 4 + agqs O-QSJ: 5

T
Qg

H gpin—spin tasks the form

Hspin—spin = Z {(UQTJ'U;[NJ- + O'inio';rli,i) [hQsa})SaQs + hQSO'gZS’iO'QsJ'
i=1,2

where o, oot ; + 0& ,Oqu; verifies that electron is in the atomic excited state; ¢ denotes index of atoms.

—{—hQ”agn aqn + hQnO'g)n’iO'Qn,i + Gen (O’en’i + Jlm)] } ,

where am,iagnﬂ. + am’iagi’i verifies that electron is in the atomic ground state. And o, ; takes the

form oep; = aQsang iag)n oqn ; and ol isits hermitian conjugate operator.

en,t

On a p-photons state, the photon annihilation and creation operators a and a' are described as

. alp) = v/plp = 1), . al0) =0,
if p> 0, i if p=0, i
a'lp) = p+1p+1), a'|0) = 1),
Operators a,zt, a1, agt, aql, ags, agn and their hermitian conjugate operators all obey the rules in (3).

The interaction of molecule with the electromagnetic field of the cavity, emitting or absorbing photon
with mode w™™, is described as

ot 115 1005, = 1005, 115, ol 1005, (1% = 1)% 0)5, .
|15, 1005, = 10Ve, 115,. ol 1005, 1105, = [1)5, 10V,

The interaction of atom with the electromagnetic field of the cavity, emitting or absorbing photon with
mode QT+, is described as

oqril DL 10) o, = (00, D0 s ode 100 1 = 110,100,

oro or—i oro or—1 oro or—1q oro or—1

(3)

il an 10 ar, = 1000 D0, s 0 1000, 100, = 115,100, -

org or_1 org or_q org or_1 org or_q
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The nuclei’s tunneling operators have following form o,,|1),, = |0), J;Q|O>n = |1),,. And the inter-
action of atom with the electromagnetic field of the cavity, emitting or absorbing photon with mode Q*
and causing electron spin-flip, is described as

Uﬂs,i|1>2ti,‘0>iti, = ’0>lti,|1>iti,’ 0'228,1‘|0>2t¢,|1>iti, = |1>Zti,|0>iti,’

oro oro oro oro oro oro oro oro
ool 1) 0V = 1000, 1%, o 0V 11 = (1T (0)%,
or_1 or_1 or_1 or_q or_q or_1 or_1 or_1

And the interaction of nucleus with the electromagnetic field of the cavity, emitting or absorbing photon
with mode Q™ and causing nuclear spin-flip, is described as ogn ;|1),, = [0)y,, agnﬂ.lo)ni = 1)p,.

1.0
0.8 1
0.6 1
Q
0.4 1
intermediate states
— |Winitiar)
0.2 — |Wnar), [Winar)
— |H2)
0.0

00 02 04 06 08 10 12
t le-3

Figure 3. The evolution with consideration of electron spin transition and spin-spin interaction between electrons
and nuclei. Probability of state |W;n4t:a1) is denoted by cyan solid curve, and probability of states | ¥ f,q:) and
| U iq:) is denoted by brown solid curve, the curve of time-dependent probability of state [Hz) is denoted by red solid
curve, and other intermediate states are in gray.

4. SIMULATIONS AND RESULTS

Now we introduce the numerical method to simulate the evolution of system. The solution p (¢) in
Eq. (2) may be approximately found as a sequence of two steps. In the first step we make one step in the
solution of the unitary part of Eq. (2):

p(t+dt) =exp (—;Hdt) p(t) exp (;Hdt)
and in the second step, make one step in the solution of Eq. (2) with the commutator removed
p(t+dt) :ﬁ(t—l—dt)—ir%L(ﬁ(tert))dt. (4)
In simulations: h =1, QT = QF = 101°, W' = w¥ = 5% 10%, Q* = 107, Q" = 108; g+ = gor = 108,

Gt = gt =5 * 107, gas = 107, gen = 105, (o = 10°, ¢1 = 107, (o = 0. We consider the leakage of all
types of photon in Markovian open systems, and its dissipative rate all are equal yor = v = Y+ =

Yol = VQs = YOn = ].07
4.1.  Formation of neutral hydrogen molecule
In Subsection 2.1, we introduce feeble spin-spin interaction between electrons and nuclei. Initial

state is |Winitial), described in Fig. 2, where two electrons with | are both in atomic ground orbital

LOBACHEVSKII JOURNAL OF MATHEMATICS
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as above, and two nuclei are with 1. Spin-spin interaction is permissible, and it only happens when
electron is in atomic ground orbital, which is close to nucleus. Comparing to independent electron spin
transition strength gqs, strength of spin-spin interaction between nucleus and electron gy, is extremely
slight. Thus, we provisionally neglect independent electron spin transition in ground orbitals in order to
study the effect of spin-spin interaction on formation of neutral hydrogen molecule.

We assume that pgr = pgr = pas = pon = 0.5 and p,+ = p,. = 0. This means that photons with
modes Q, QF, Q% Q™ will be continuously injected into the system, while another photons with w, wh

will not be replenished.

1.01 (a) -
Pt
. ‘/./”,,.,‘
7
S
7 -
0.6 y Z
) 7 .
/./ J A A e
N /i Ho )4
I —_— 0
/s :
/i
" A
a3
0.0l <
00 02 04 06 08 1.0 1.2
t -

107 (b)
084 1.001 e
4
0.751 /
1
1
0.6 @ 0.50 1 ','
Q h
0.4 0254
' ) ---- T-dependent
0.001 =2 . T T
0 1 2 3
0.24 Tos le5
0.01 —— u-dependent
0.0 0.1 0.2 0.3 0.4 0.5

Hos

Figure 4. Effect of photonic mode Q. In (a), curves of |Hy) are corresponding to u&s (red solid), uds (yellow
dashed), ud,s (magenta dotted) and ugs (green dash-dotted), respectively. In (b), red solid curve represent |Hs),
when time of evolution reaches 0.0012s, with the increases of pgs from 0 to 0.5. Red dashed curve in inserted figure

represents the T'-dependent probability of |H2) when time reaches 0.0012s.

.09 . —

0.81

0.6

Q

0.4+ 1
— |Hy)Hr

0.2 IHz)
....... [Ho)Hee

0.0 —

1.0
0.8 1
0.6
Q
0-47 0.25,
---- T-dependent

0'007 T T T T

0.21 0 1 2 3
Tﬂn led
004 — u-dependent
0.0 01 0.2 0.3 0.4 0.5

00 02 04 06 08 10 12

t le-3

Har

Figure 5. Effect of photonic mode Q™. In (a), curves of [Hz) are corresponding to uén (red solid), udn (yellow
dashed), pun (magenta dotted) and pu&n (green dash-dotted), respectively. In (b), red solid curve represent |Ha),
when time of evolution reaches 0.0012s, with the increases of uon» from 0 to 0.5. Red dashed curve in inserted figure

represents the T'-dependent probability of |H2) when time reaches 0.0012s.

According to numerical results in Fig. 3, we found brown solid curve representing |V f;pq) and

|W'ar) Tises and reaches 0.5 at the end. |Upjpq) and [,

", ) are described in Fig. 2, where two

electrons with different spins are fastened in molecular ground orbital, corresponding to |0),,]1)y,]0)n,
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and [0)n |0}, [1)n,, respectively. It also means that formation of Ha (|H2) = co|¥ finar) + c1|W;00)) s

achieved (red solid curve also rises and reaches 1) and free hydrogen atoms are no longer in existence.
Thus, we can say that formation of neutral hydrogen molecule is possible.

4.2.  Effect of electron spin

Now we investigate the effect of photonic mode Qf on the evolution and the formation of neutral
hydrogen molecule. We assume that puor = pugr = pon = 0.5 and g = e = 0.

In Fig. 4 (a), we chose four instances that vary in various uqs: puds =0, pds = 0.1, pd. = 0.3,
pds = 0.5. We discovered that neutral hydrogen molecule forms more quickly the higher the pqs. The
circumstance, where ud,s = 0 (in this case, Td, = 0K) occurs is where formation moves the slowest,
indicated by red solid curve. The fastest formation occurs when g, = 0.5, indicated by green dashed-
dotted curve. The probability of the |Hy) never approaches 1 when the ugqs is equal to 0. However,
once pqs is bigger than 0, the probability of |Hs) will reach 1 as long as the duration is long enough.
Atomic photons are continuously reintroduced back into the system since molecular photons are not
regenerated. As a result, the whole system will gradually change to create a stable molecular state.

We now raise pgs from 0to 0.5. In each case we take the value of state |Ha) when the time of evolution
is 0.0012s. We can intuitively perceive the trend of |Hy) with the growth of uqs in Fig. 4 (b). Probability
of |Hg) is close to 0 when pqs is near to 0. It begins to increase as the ugqs rises, then it reaches a top,
which is close to 1. From the inserted figure in Fig. 4 (b), we can see that the T-dependent curve of
probability has the same trend as the p-dependent curve, but there is a hysteresis near 0K.

4.3.  Effect of nuclear spin

Then, we investigate the influence of photonic modes Q2" to the evolution and the formation of neutral
hydrogen molecule. We assume that uqgr = a1 = pos = 0.5 and p v = p,0 = 0.

In Fig. 5 (a), we chose four instances that vary in various pqgn: pbs =0, pd. = 0.1, ud. = 0.3,
g = 0.5, We discovered that neutral hydrogen molecule forms more quickly the higher the pgn.
However, compared with the %, the promoting effect of the 2 on neutral hydrogen molecular formation
is not so great due to the weaker spin-spin interaction. The circumstance where pd,, = 0 (in this case,
T3, = 0K) occurs is where formation moves the slowest, indicated by red solid curve. But probability
of |[Ha) is much higher than the case where ugn» is equal to 0. This is because in the initial state, we
have only one electron spin photon, but there are two nuclei both with 1, which means that at most
two nuclear spin photons will be released. The fastest formation occurs when ug,, = 0.5, indicated by
green dashed-dotted curve. The probability of the |[Hy) never approaches 1 when the ugn» is equal to 0.
However, once ugn» is bigger than 0, the probability of |Hs) will reach 1 as long as the duration is long
enough.

We now raise pon from 0to 0.5. In each case we take the value of state [Ho) when the time of evolution
is 0.0012s. We can intuitively perceive the trend of |Ha) with the growth of pon in Fig. 5 (b). Probability
of |Hs) is close to 0.5 when pgn is near to 0. It begins to increase as the ugn rises, then it reaches a top,
which is close to 1. For photonic mode Q", the T-dependent curve of probability has a hysteresis, too.

5. CONCLUDING DISCUSSION AND FUTURE WORK

In this paper, we simulate the neutral hydrogen molecule formation in the association-dissociation
model of neutral hydrogen molecule. We introduce spin-spin interaction into the system and derived
some analytical results of it.

Above all, we studied spin-spin interaction between electrons and nuclei in Subsection 4.1. In this
part, we investigated the formation of hydrogen molecule. Then, the effects of temperature variation of 2°
and " on the formation of neutral hydrogen molecule is obtained in Subsection 4.2 and Subsection 4.3:
the higher temperature, the faster process of neutral hydrogen molecule formation. We have established
the adequacy of our model for describing chemical scenarios, taking into account the effects of photons
of various modes. In particular, the effect of nuclear spin photon is present, but it is much less than that

LOBACHEVSKII JOURNAL OF MATHEMATICS
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of electron spin photon. If we compare Figs. 4 and 5 obtained above, we can see that the mode Q¢ affects
the association reaction much more than the mode Q".

Our model is temporarily rough, but its advantage is in simplicity and scalability. And in future this
model can be generalized to many modifications for laying the foundation for future complex chemical
and biological models.
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