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ABSTRACT

We study the relativistic dynamics of a particle carrying a non-Abelian charge in the presence of a non-Abelian background electromagnetic
field. To this end, we extract the non-Abelian Dirac Hamiltonian from a system describing the interaction between the Yang-Mills field and
a spin-1/2 field. The dynamics of a particle with non-Abelian charge is quantized directly by analogy with its quantum theory. By choosing
a suitable non-Abelian gauge field, we investigate the spectrum in two-dimensional space, paying particular attention to the role of the total
angular momentum. Relativistic Landau levels are obtained explicitly by means of an analytical method. The wave functions of the system are
obtained in terms of the generalized Laguerre polynomials. Interesting features of such models are discussed through the spectrum.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5123595

I. INTRODUCTION

The symmetry properties of the elementary particles are formulated in terms of invariance, highlighted mathematically by the symmetry
groups. Yang-Mills theory is formulated in terms of an internal symmetry of group, which is associated with the isospin invariance of strong
interactions, a consequence of the fact that the strong nuclear forces are independent of the electric charges of the particles. Thus, Yang and
Mills felt the need to introduce a new isospin potential field that has a local gauge group—the symmetry group SU(2)—by analogy with
the phase group U(1), which determines the symmetry of electromagnetism. In Ref. 1, a system describing the interaction between the Yang—
Mills field and isotopic-spin-carrying particles in the classical limit is given. A set of classical equations for the motion of a non-Abelian charge
particle is extracted.” > One of the equations of motion, which play an essential role in theoretical physics, is the emblematic Dirac equation.
It is an exactly solvable equation introduced in the context of many equations describing the dynamics of particles in relativistic quantum
mechanics. As a simplified model for complex interactions, the Dirac equation is mainly used in relativistic quantum mechanics. Moreover,
since it can be exactly solved, it is, thus, particularly useful.’”-'° By means of a linear vector potential, the Dirac equation may be transformed
into the Dirac oscillator equation that has attracted a lot of interest because of its numerous physical applications. One of the most interesting
applications of the Dirac oscillator equation is that when its non-relativistic limit is taken, the associated Klein-Gordon equations describe a
harmonic oscillator in the presence of a strong spin-orbit coupling.'’ A further key application is that the (2 + 1)-dimensional Dirac oscillator
contains in itself another germane model in quantum physics: the Jaynes-Cummings model or, more rigorously, the anti-Jaynes—Cummings
version.'”"!® The powerfulness of the Jaynes-Cummings model relies on its simplicity and its capacity to embrace very different physical
situations such as light-matter interaction, dynamics of trapped ions, or Bose-Einstein condensates.'” Furthermore, the Dirac oscillator in
(2 + 1)-dimensional has been used as a framework to study some condensed matter physical phenomena such as the study of electrons in
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two dimensional materials, which can be applied to study some aspects of the physics of graphene.'®!” Additionally, the Dirac oscillator
plays an important role in the description of relativistic many-body problems and supersymmetric relativistic quantum mechanics.”’*’ Dirac
oscillator representation is also proposed in quantum chromodynamics, particularly, in connection with quark confinement models in mesons
and baryons.” It is now accepted in particle physics that all fundamental fermions, electrons, muons, neutrinos, and quarks follow a Dirac
equation.

In this work, we extract the Dirac equation from a Lagrangian describing the interaction between the non-Abelian gauge field and a spin-
1/2 field. The equation obtained describes the relativistic dynamics of a particle carrying a non-Abelian charge in a non-Abelian background
electromagnetic field. Despite a large variety of works that have been published concerning the Dirac equation,””*! no one has reported the
dynamics of a particle carrying a non-Abelian charge. Recently, the study of a particle carrying a non-Abelian charge has renewed interest.
The creation of non-Abelian fields in a laboratory is still a challenge, but a very fast progress in this field is being done and there are several
very promising proposals.’’~** Reference 36 has indicated how non-Abelian external gauge fields can be generated with the help of external
lasers. In Ref. 37, the Landau problem on the sphere and the charge and spin dynamics induced by the insertion of non-Abelian flux in an
otherwise Abelian background are analyzed and solved. More recently, the spectrum of the N = 1 supersymmetric Wong equations and the
non-Abelian Landau problem is obtained in the specific case of a spin-1/2 particle in a nontrivial static non-Abelian background magnetic
field.”® The authors of Ref. 39 have extracted the wave functions for a Dirac particle moving under the action of a non-Abelian field. These
wave functions extracted are found to be the same as those obtained by direct resolution of the Dirac equation. All these results have revived
interest in the study of the motion of particles carrying non-Abelian charges in a non-Abelian background field.

The aim of this work is to present a systematic investigation of the analytical spectrum for the non-Abelian Dirac Hamiltonian. We
exploit the rotation symmetry in the system by means of the constant of motion, which is the total angular momentum. The spectrum of the
model is obtained in terms of the generalized Laguerre polynomials. Then, we identify through the energy spectrum the Dirac point, which is
one of the main features for the massless Dirac Hamiltonian.

This paper is organized as follows: In Sec. 1, we define the Lagrangian density that describes the interaction between the Yang-Mills field
and a spin-1/2 field. We obtain the Dirac equation for a particle carrying a non-Abelian charge in a non-Abelian background electromagnetic
field. The Hamiltonian that describes the relativistic dynamics of the Dirac equation is identified. Then, the quantum dynamics of the system
is given in Sec. III. In Sec. IV, we exactly solve the non-Abelian Dirac Hamiltonian in the framework of relativistic quantum mechanics.
Concerning Sec. V, we present some graphics representing energies as functions of various values of non-Abelian field parameters. We present
the results and discussions in Sec. V1. Section VII is devoted to the conclusion. Finally, some calculation details related to the spectra of the
total angular momentum and non-Abelian Dirac Hamiltonian are reported in Appendixes A and B.

Il. LAGRANGIAN DENSITY IN THE CLASSICAL LIMIT

Yang-Mills theory is a non-Abelian formalism with the symmetry gauge group U(2) = U(1) x SU(2). The gauge field, which mediates
the interaction between the charged spin-1/2 fields, is the non-Abelian electromagnetic field. The Lagrangian density describing the physical
system is given by'

1 " _ .
T A %W» D, = Oy +iA,. (1)

The notation A = (0,4) is adopted for the generators of the gauge group U(2), since we wish to keep the U(1) part in the gauge group
corresponding to the generator T = 1, while the T* are the Hermitian generators of the SU(2) group with the Lie algebra [T, T*] = if T,
a = 1,2, 3. The structure constants f"bc will be chosen as real and totally antisymmetric. We have a non-Abelian gauge field associated with a

gauge group U(2) which we describe by the potential A, = A,’:‘ T* and the non-Abelian field strength tensor,

Fyy = =i[Dy, Dy ]
= QuAy - DA, +i[An Ay @)

In expression (1), a possible choice of the Clifford-Dirac algebra of y* matrices (4 = 0, i) is ° = =5 and y°y' = Z;, while the Z;(i = 1,2) stand
for the Pauli matrices. y, m > 0 denote the Dirac spinor field and a fermionic mass term, respectively. ¥ = y'y°, called “psi-bar,” is sometimes
referred to as a Dirac adjoint. Remark that in expression (1) the non-Abelian charges are not visible explicitly. As will be clear hereafter—at a
quantum level—these charges will be measured in units of /. The non-Abelian electric and magnetic fields in the Lie-algebra valued form are
given by

Ei=Fy = 80Ai - aiA() + i[A(),A,‘], Fq = 81'Aj - 8]‘Ai + i[Ai,Aj]. (3)

These background electric and magnetic fields are classic and given by some choice of configuration space function, as a function of time,
within the internal space through the components labeled by A.

A careful consideration finds that the density Lagrangian (1) is invariant under the non-Abelian gauge transformations, leading to gauge
invariant equations of motion. The Euler-Lagrange equations of motion are given by
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OuFuy +i[Fu, Au] = 99"y, (4)

iy (O, + iA) Y - %y/:o. (5)

Let us concentrate on Eq. (5) that stands for the Dirac equation for a non-Abelian charged particle in a non-Abelian background
electromagnetic field. It can be written in the form

L OY _
lhE 7H'(l/, (6)

where H is the non-Abelian Dirac Hamiltonian, describing the relativistic dynamics of a particle moving on a plane in the presence of

non-Abelian external electric and magnetic fields.

I1l. QUANTUM DYNAMICS

A starting point of the quantization procedure, for a system, is to adopt its classical description as a framework. However, the dynamics
of a particle with non-Abelian charge is quantized directly at the opposite of the Abelian case of an electrically charged particle. In the
representation of U(2) = U(1) x SU(2), we have

=1, [T%T"]=if"T, a,b,c=1,2,3, ?)
leading to the non-Abelian charges Q* = h%ﬂ and the Abelian charge Q° = A1. We have the following commutation relation:
[Q%Q"] = 2if"Q". (8)
Consequently, the non-Abelian Dirac Hamiltonian is given by
H=cSi(pi+ A) + ¢ +mc’Ss, i=1,2, ©)

where
Ai= AMQ" = hA;, ¢=¢"Q" =chAy, A=0,a (10)

Here, ¢ and A; are the non-Abelian scalar and vector potentials, respectively. X; and X3 are Dirac matrices, p; is the momentum operator,
m is the rest mass of the electron, c is the speed of light, and 4 is the reduced Planck’s constant.

We study the Dirac Hamiltonian describing the movement of the relativistic electron carrying a non-Abelian charge and undergoing
non-Abelian electric and magnetic fields in the plane. The dynamics of the system is determined by the algebra, spanned by the following
commutation relations:

[xl,pl] = ihﬂ, [XZ,pz] = ihﬂ, (11)
[21,22] =2iX3, [22,23] =2i%, [23,21] =2i2,, (12)
[Q1, Q2] = 2ihQ3, [Q2, Qs3] =2ihQ1, [Qs, Q1] = 2ihQ;. (13)

We note with interest that the non-Abelian charge operators still commute with the Dirac matrices,

[Z,Q1] =0, [2,Q:] =0, [25,Q3] =0,
[21,Q2] =0, [22,Q3] =0, [¥3,Q1] =0, (14)
likewise the fermionic operators still commute with the bosonic operators.

In the Heisenberg picture, by using the above commutation relations, we obtain from the Dirac Hamiltonian (9) the following equation
of motion, which is Wong’s equation, in the form

mk; = 5F; Q" + E' Q"
=5Cj]‘-ij+&‘, (15)
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where the right-hand side represents a generalization of the Lorentz force. This equation describes the non-relativistic dynamics of a
spinless particle, with color or internal symmetry degrees of freedom, moving in a background electromagnetic field.

At this stage of transformation of the model, we take note of the fact that the fields present the expected configurations, namely, the
non-Abelian magnetic field F;? is perpendicular to the plane, while the non-Abelian electric field E: lies in the latter. Hence, we have the
following general form for the non-Abelian gauge fields:

1 3
Ai= —EB&']'X;' - /327:1 €iaQas ¢ = —XiEi + ¢4 Q. (16)

This choice leads to the non-Abelian magnetic field F; and electric field &, given by

Fi2 = Bl -25°Qs, (17)

B

Cc

&=Ly g 6-21-2

9

($2Q3 — ¢3Q2), (18)

with the notation
E; = hE', B = hB". (19)

From here on, solving the problem follows a standard path. One way to relate the Hamiltonian H to an appropriate Lie algebra is to
construct its bosonic and fermionic representations. For this purpose, let us consider the Fock operators (see, for example, Ref. 40),

Y AT VRN T SN AT (W
ai R (-xz + wpt); a; R (xl wp;); (20)

[a,-,a}] = §;1. (21)

with

Here, w = £, with B being the Abelian magnetic field. We introduce the chiral oscillators (a.., al) that verify the Fock algebra [ai, al] =1,
defined through the expressions

1 1
ar = — (a1 Fiap), aiz—( J{iiaf). (22)

V2 V2

All these expressions may be inverted to express the original x; and p; in terms of a and al.
Concerning the fermionic representations, we set for the fermionic Fock operators

S, = %(z1 +i%5). (23)
These quantities suitably satisfy the following commutation relations:
[Z,,2-]= %5, [83,5:] = 25, (24)
The sector concerning the ladder operators is given by
Q= Qi +iQ). (25)
These operators satisfy the following commutation relations:
[Qi, Q-]=hQs, [Q3,Qu] = +2hQ.. (26)
We obtain the following commutation relations:
[Z7,Q:] =0, [25,Q:] =0, [25,Q:] =0, [Qs,25]=0. (27)

By using the non-Abelian gauge potentials (16) and the above representations of the bosonic and fermionic sectors, one gets the following
expression for the non-Abelian Dirac Hamiltonian:
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H-= —2ic2+(%a+ +6Q-)+ 2ic27(\/%ai +Q+)

-1/ %[(El +iE;)(ay + af) + (E; —iEy)(a- + ai)]

+ (1 = ih2) Qs + (d1 +ih2) Q-
+ H’IC223 + ¢)3Q3. (28)

IV. SPECTRUM OF THE NON-ABELIAN DIRAC HAMILTONIAN

Now, we should try to diagonalize the Hamiltonian (28). In order to restrict the analysis toward a solvable situation, let us set the following
only vanishing components:
Ei=0, ¢;=0, i=1,2. (29)

Indeed, the rotations in internal space around the a = 3 direction are still possible for this choice. We note that E° and B° are the Abelian
electric and magnetic background fields, while their non-Abelian counterparts are given by ¢3 = p and f3, respectively. The Hamiltonian (28)
becomes

H = —2icS, (Vhwa, + fQ-) + 2icE_(Vhwa! + pQ;)
+mc*Zs + pQs. (30)

The aim of this part is to solve (30) in the standard context where the commutation relations (11)-(14) hold, paying particular attention to
the role of the total angular momentum.
It is easy to show that the total angular momentum of the Hamiltonian (30), defined as follows:

1 1
L=hala, —ala_+ 523) + 5Q3’ (31)

is a conserved quantity of the system. Hence, the system possesses two conserved quantities, whose Poisson bracket vanishes on account of
their gauge invariance under the non-Abelian gauge transformations. These may be diagonalized in a common basis of eigenstates. We will
then consider the Hilbert space of physical fermionic states as being the 2* = 4 dimensional tensor product of two copies of the Hilbert space
spanned by |+) and |-). We therefore get

HH)=[H) @), o) =[H) @) ) =) el+), - o) =[-) @) (32)
The states space can be reported to an orthonormal basis defined by
{l£:4) =) = +)h =)} (33)

All the fermionic operators of the system may be represented in this basis.
We finally associate with the fermionic operators the following tensor products of the usual Pauli matrices o, and 03:

2.=0:®1, Z3=03®1, (34)

Qi=hl®o., Q=hl®a;, (35)

o3 et Yol 26 9)

) and ((1)), respectively. The following matrices are defined for the base vectors:

(o -0+
o - ()e()

where

1

Set |+) and |-) by (O
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The particular representation of the (Q., Qs3) algebra considered here is given by

Q3|+, £) = £h|+, +), Q3|+, F) = Fhl+, F),
Qs+, F) = Al£, £), Qi|F,F) = A|F, £). (39)

Concerning the (2., X3) algebra, its representation is given by

|+, ) = £+, ), 3|+, F) = £+, F),
SiF E) = |5 1), Zu|FF) = |1 F). (40)

The construction of the representation of the whole system is now straightforward if we consider the tensor product of the representations of
the bosonic and fermionic sectors.
The total angular momentum is, therefore, given by

aIaJr —ala_+1 0 0 0
oot
L=k 0 a,ay —ala- . 0 . 0 . (41)
0 0 a,a, —ala_ 0
0 0 0 aim - aia_ -1
Concerning the non-Abelian Dirac Hamiltonian, it is expressed as follows:
me + hp 0 —2icV hway 0
0 mc* - hp —2ichB —2icV hway
H=| ; ) ) . (42)
2icV hwa, 2ichf -mc” + hp 0
0 2icV/hwal 0 -mc® - hp

Thus, one can write the eigenvalue equation of the total angular momentum®! (the details are given in Appendix A),
L¥)=h(+ DY), £=n.—n_, (£=0,1,2,---), (43)
with the eigenfunction given by

¥) = [al) pi(alal)|) @ [+,+) + [al]" g2(ala")|20) ® |+, -)
+[al]" ps(alaD)lw) |-, +) + [al] P pa(alaDlw) @] -,-), (44)
where [Q) is the vacuum state for both bosons, i.e., a+|Q0) = 0. ¢1(alal), g2(alal), gs(alal), ps(alal) are the power series in the product
of the creation operators starting with power zero.

We note that the Hamiltonian H and the total angular momentum L commute, the eigenfunctions (44) are also the eigenfunctions of the
Hamiltonian H. Therefore, we may write the eigenvalue equation

H|Y) = E|¥). (45)

Equation (45) can be solved exactly (the details are given in Appendix B). We obtain the energy spectrum,*’

Ep s = :l:\/46277(2n_)7) +m2ct+ W2p?, T=4%, n-=0,1,2,..., (46)
where

hZﬁZ

P(Znﬂr) =hw(n- +1) + -

+T%\/4h3w(ﬂ2 +p2)(n- + 1) + A + mh2p(mp — 2h32). (47)

The corresponding abstract eigenstates are given by
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1 2¢V hw

m|‘l”> = 7lm(f’l7 + 1)|1’l+, n7> ® ‘+, +)

(n_,%)
(Ef,_ ) +mc = hp) 4 hw
i — -+1)-1 1,n_ ,—
i 2B x &, i (n-+1) |ne +1,n-) @ [+, -)

+lne+Lno) ® |-, +)

Vhw (E,_ 4 + mc* — kp) 4t hw
= 1- _+1 2,n- - =), 48
hp (E(Tn,,i) +mc? + hp) * (E(Tnﬂi) —hp)? —m2ct (n—+ 1) ln. +2,n-) ®| ) (48)

with NV (,_ ) being a normalization factor still to be determined from some independent requirement. |n,,n_) = ﬁ(ai)"* (al)™|Q0)
n ) (no)!

are normalized chiral Fock states. It may be shown that, in the configuration space representation, the wave functions of these chiral Fock
states are given as’’

_ =" nl e _:ojg
_\/ﬁ mu e e 2L, (1), (49)

(%1, 2|14, 1)

wherel = ny —n_, n=min(n_,ny) =n_ + %(Z - |¢]) and L‘fl(r) are the generalized Laguerre polynomials, while r = %(x% +x3), ¢ = i

V. GRAPHICAL REPRESENTATIONS OF THE ENERGY LEVELS

In this section, we present some graphics representing energies as functions of various values of non-Abelian field parameters for the
sake of more transparency and also compare them with existing results in the literature. Moreover, this will allow us to appreciate the effects
of non-Abelian field as compared to the Abelian case. Let us adopt the following notations: m = 1,c¢ = 1,k = 1. Figures 1 and 2 show the
graphic representations of the eigenvalues (46) for various values of the non-Abelian field parameters, while Fig. 3 presents the non-relativistic
approximation of these eigenvalues.

For 8 — 0 and p — 0, we recover the standard Abelian magnetic field B and the expected result, which is that the Landau levels are doubly
degenerate. In addition, the non-Abelian parameters remove the degeneracy and the Landau levels are then shown.

p:O B=3

FIG. 1. E, yasa function of 2 for n_ =0,...,5 and for a fixed value of the quantum number n.. The black and blue lines represent the eigenvalues E?n,,_) and
E(‘n_vf), respectively, while the red and green lines represent the eigenvalues E(‘n_#) and E(*,,_,), respectively. For B — 0, the Landau levels are doubly degenerate.
J. Math. Phys. 61, 022302 (2020); doi: 10.1063/1.5123595 61, 022302-7
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3 ]

FIG. 2. Plots of E yasa function of p? forn_ = 0, .. ., 5 and for a fixed value of the quantum number n.. The black lines represent the eigenvalues E(*,L'_), the blue lines

(n_,+
represent the eigenvalues E, ), the red lines represent the eigenvalues E, ,,, and the green lines represent the eigenvalues E{,_+- For p — 0 the Landau levels are
doubly degenerate.

12 T T

Energy/B
Energy/B

2 ' 2
B°/B p°/B
FIG. 3. E(”f,'f’i) (the non-relativistic approximation of E¢, ), as a function of B?/B in (a) and as a function of p?/B in (b), for n_ = 0, ..., 5 and for a fixed value of the
quantum number n.. The red solid and blue dashed lines represent the eigenvalues E(”fﬁ _yand E{‘,’f +» respectively. For 3 — 0 and p — 0, the Landau levels are doubly
degenerate.

VI. RESULTS AND DISCUSSIONS

We have exactly solved, in this paper, the Hamiltonian describing the relativistic dynamics of a particle carrying a non-Abelian charge
in a non-Abelian background electromagnetic field. The results found are, to some large extent, original and are in well agreement with those
obtained in the literature for particular cases. For example, when we remove the contribution of the non-Abelian terms, namely, by setting
B =0and p = 0, we obtain the two-dimensional Dirac equation in the presence of an external Abelian magnetic field and the eigenvalues (46)
become as expected

E(n,,i) = i\/4czha)(n_ +1)+ m2ch. (50)

J. Math. Phys. 61, 022302 (2020); doi: 10.1063/1.5123595 61, 022302-8
Published under license by AIP Publishing


https://scitation.org/journal/jmp

Journal of
Mathematical Physics ARTICLE scitation.org/journal/jmp

The corresponding eigenstates are given by

1 2¢V hw
=—i (n- + )|ny,n_) @ [+, +
Noi_s) o) (E(n_,x) — mc?) | ).t

+ > Mb— > >
Hne + Lno) @ |-, +) (51)

with N,_.) being a normalization factor. We recover exactly the same energy spectra as in Refs. 8 and 9.

Furthermore, the Dirac points play a central role in many phenomena in condensed matter physics. One meet them, in particular, in the
graphene, where they favor electron conduction in ultra-relativistic movement. Our two-dimensional non-Abelian Dirac model can describe
such properties of electrons in graphene. Indeed, it is sufficient that the energy of the model is identified with that of an ultra-relativistic
particle in the zero mass limit. Effectively, for massless charge carriers, the energy spectrum (46) reduces to

Efy 1) = £ /4c277(2nﬂr) + h2p2, (52)

where

202
Pl = ho(n_ + 1) + % + r%\/4h3w(/32 +p2)(n_ + 1) + K4BL (53)

The above result is discussed in Refs. 43 and 44, where the relativistic particle has been identified to the neutrino in the Abelian magnetic field.
In these works, the velocity of the light is replaced by the Fermi velocity, which is approximate to vr ~ ﬁc.

On the other hand, for m # 0 and hp < mc®, the non-relativistic limit of (46) leads to the following result:

hZ/;Z

Ef\}{lli,i) = hwc(n, + 1) + 7

234
hﬁ+£
m2  m

ih\/z%(ﬁl +p) (o + 1) + (mp — 2h?), (54)

where Eajff 1) is the non-relativistic limit of the energy spectrum and w, = % is the cyclotron frequency. For the case p = 0, i.e., for a vanishing
non-Abelian electric field, the energy spectrum (54) is similar to that found in Ref. 38.

VIl. CONCLUSION

We extracted the Dirac equation from the Lagrangian describing the interaction between the non-Abelian vector field and a spin-1/2
field in the classical limit. The quantum dynamics of a particle with non-Abelian charge has been obtained by means of a direct quantization
procedure, paying attention to the physical dimension of the obtained quantum variables. Wong’s equation, which generalizes the Lorentz
force in the non-Abelian case, is obtained. Exact solutions are then obtained for the Hamiltonian describing the relativistic dynamics of a
particle carrying a non-Abelian charge in the presence of non-Abelian external electromagnetic field. The analytical expressions of the wave
functions describing the relativistic energy levels are obtained in terms of the generalized Laguerre polynomials. We found that in the limit
where f and p tend to zero, the standard Abelian magnetic field B is recovered. Moreover, the expected result, which is that the Landau
levels are doubly degenerate, is obtained. We have also found that, similarly to the graphene case, the so-called Dirac points are present in
the energy spectrum. Around these points, the dispersion relation is linear and atoms behave like massless particles moving with a modified
speed tending to that of the light. In a forthcoming paper, we will investigate various generalizations of the present model, namely, the Dirac
equation with a non-Abelian charged with nonlinear couplings or the non-Abelian Dirac equation in noncommutative phase space.

ACKNOWLEDGMENTS

We would like to thank Professor Jan Govaerts for tirelessly sending us interesting documents.

APPENDIX A: ON THE DERIVATION OF THE SPECTRUM OF THE TOTAL ANGULAR MOMENTUM

Here, we give some details about the determination of the total angular momentum quantum states. In a Bargmann-Fock space setting,
the angular momentum has the following differential representation:
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X0y, —x-0Ox_ +1 0 0 0
— 0 x+ax+ - x—ax_ 0 0
L=h 0 0 X+0x, — x_0Ox_ 0 (AD)
0 0 0 X:O0x, —x-0x_ — 1

We look for eigenstates expressed in terms of eigenfunctions of separate variables. We then write

o () (x0)
(2) (2)
B ERERRIES)
00 | (42
¢ (e (x-)

The eigenvalue equation L|¥) = hx|¥), where « stands for the quantum number, splits as follows:

RO, - x-0: )¢ ()90 () = hixe - 1) (x)¢Vx), (A3)
Ry, — 220 )P (2P (x2) = hiep? ()P (x2), (A4)
R, Ox, = x-0: )¢ ()92 (x-) = hgY ()92 (x-), (A5)

R By, — 220 ) ()P () = Al + DY ()P (x). (A6)

Equation (A3) may be rewritten as follows:

0 0x, 0 (xy)  x0x¢V(x) .

o (x.) o0 (x ) b 7
The solution of Eq. (A7) is given by
¢Erl)(x+) = cgl)xﬁ*, ¢(_l)(x+) = c(_l)xf’, (A8)

where ") are arbitrary coefficients. We require that the constants n. satisfy the relation n, — n_ = x — 1. If the functions ¢\ are analytical

in the complex plane, the constants n. must take non-negative integer values. Therefore, we have « = £ + 1, £ running through non-negative
integer values. Then, we obtain

¢(+1)(x+)¢(,1)(x_) _ c(f)c(,l)xf(mx_)”*

= xbo" (xxo), (A9)

where n_ and /£ are non-negative integers. ' (x;x_) being the analytical functions in the complex plane. The solutions for Egs. (A4)-(A6)
may be constructed in the same manner. We have

4 _
¢ ()P () = PP (x)”

=59 (xixo), (A10)

0 -
‘/)S) (x+)(/>(_3) (x-) = Cf)C@x:l (x4x— )"

=x" o (x0), (Al1)

¢ )9 (x-) = P Ox (eax )™

= x29W (xx0). (A12)

In conclusion, the abstract spectrum for the total angular momentum presents as follows:
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(ui@)%‘”(aiabmo
) = @) 9P (alah)|0
(a T)ZH (3) T T |QO

)
; , hk=h({+1), £>0. (A13)
@) “”( I 1)l)

The same procedure also applies for Egs. (A3)-(A6) with £ < 0. The eigenstates and the eigenvalues of the angular momentum L are given by

(@) PP (alal)|Q0)
(a»“““ (2)(a+a )| Qo)
<a+) Do @alal)0o)
(@)™ (alal)|Q0)

\w) = , hik=h(+1), £<0. (A14)

APPENDIX B: ON THE DERIVATION OF THE SPECTRUM OF THE HAMILTONIAN H

We provide in the following some details of the eigenvalue of the non-Abelian Dirac Hamiltonian. Substituting the state (A13) into the
Schrodinger equation H|W) = E|¥), we get the following system of equations:

(mcz+p)<,o(1)(aJr f ) —2icVh a+a1:(,o(3)(a]talr):E(p(l)(alr T)
(mc2 —p)(p(z)(a+a ) - 21ch[3’(p(3) (atal ) 2icV h a+a a+a ) E(p(z)(a D),

(B1)
2icV hw(p(l a+u ) + 2ichfg 2)(a D- (mc2 - p)(p(3)(aja_) (a+a ),
2icV hw(p( a+a ) (mc + p)(p( )(a D= (p(4)(aiai),
where the expression of the Hamiltonian (28) has been used.
Clearly, the system of Eq. (B1) reduces as follows:
[hzwze(aim)z + hwe[3hw — & + s_]aIm + chw(hw — e, —e-) —ere_(e - hzﬁz)](pe)(ajai) =0, (B2)
where
(E+mc®)(E — mc®) + 2hpE (E + mc*)(E - mc?) + 2hpmc2
+ = , €= . (B3)
4c? 4c?
In a Bargmann-Fock space by using the expression of the analytical function ¢ (x,x-), Eq. (B2) becomes
[hzwzsn_(n_ - 1) + hwe[3hw — & + e-|n— + ehw(hw — e, —e-) — e.e_(e — hzﬁz)] =0. (B4)
A straightforward computation of Eq. (B4) gives the following expressions for the energy spectrum:
Efpay = 2\/ACPY_ +mict 4 2p2, T=% n=0,1,2,..., (B5)
where
2 hzﬁz 1 30(B2 + p? 434 2 2
P = ho(n- +1) + 5 + TE\/MI w(B? +p?)(n- + 1) + B B* + mhp(mp — 2h52). (B6)
The corresponding eigenfunctions are given by
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() oM (eexo)
(@) 9P (xex)
() o (ex) [
()0 (xx0)

[¥) = (B7)

where
; 2¢vV hw
(EF —mc? - hp)

(n_.£)

Olx,x) = - (n- + 1o (xsx_), (BS)

¢

(El, , +mc® - hp) 4cthw
0P (1) = =) T B hp i (n-+1) = 1]p%(xsx0), (B9)

(%)

T 2 2
(4) Vhw (E(n,,:t) +mc - hP) 4c hw (3)
+X—) = 1- _+1 ~)s Bl
L N T A= | L ey s couer Gl (B10)

(n_,x) (n_,%)

o (xex2) = c(3)(ex)™, (B11)

where ¢(3) is an appropriate normalization.
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