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Abstract. We revise the mathematical formulation of the theory of a particle in
a spherical surface, in particular we show that the system of relations between two
sets of generators of the SU(2) group lead to a formulation of nonrelativistic spin-
one half theory on the sphere S°. First we examine various possibilities to extend
this approach in the case of relativistic motion, then we give formulation for the
Dirac and Maxwell equations in homogeneous space-time where a geometrical point
is associated with the notion of relativistic top. Finally we formulate these equations
in a S surface embedded in R®, using spherical system of coordinates, and examine

the eigenvalue problem.
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1. Introduction

Among all possible values s the spin has a special status. It is frequently con-
sidered that spin-one half is the basic spin serving as building block for systems
with other values of spin. Currently it has been well established that the the-
ory of spin-one half is closely connected with the theory of space-time. This
point of view has been developed, for example, in the theory of spinor repre-
sentation of the space -time [1, 2, 3, 4] or phase space coordinates (twistors)
[5, 6, 7, 8, 9] and in the description of space- time within the basis of Clifford
algebras [10, 11, 12, 13, 14]. It is important that all these approaches lead to a
geometrical basis beyond the standard frames for space-time. It is also impor-
tant to recognize that the Clifford algebra approach faithfully and completely
embeds the spinor and twistor formulations.

In this paper we display the deep relation between the set of generators of
the space-time group and the system of equations for spin-one half particles.

2. Nonrelativistic Equation of Motion for a Particle with Spin One
Half in the Basis of Generators of the Group SU(2)

We start with a simple example to display the relation between the set of
relationships of the generators of the Galilean group and the structure of the
Hamiltonian of a particle with spin 1. At the level of mechanics the relation
between a free particle of mass m Hamiltonian and momentum p is given by
Ly

H=—p2

o (2.1)

This form of the Hamiltonian plays a fundamental role in the classical and
quantum mechanics, in particularly, it determines the structure of the Hamilton-
Jacobi and Schrodinger equations. Within quantum mechanics the algebraic
relation (2.1) is understood as a relation between operators for momentum and

energy given by
0 0

H= iha, p= —ih%. (2.2)
This is a formal way to obtain the Schrodinger equation for the nonrelativistic
spinless particles. Operators H and p are generators of the Galilean group. Now
it comes the question: is it possible to generalize the relation (2.1) to obtain
the quantum equations for a particles with a spin? One, straightforward, form
is to consider the Clifford algebra for space (Pauli complex algebra) [11b]. It
turns out that this program may be realized by making use of the relationships
between the generators of the Galilean group. These relationships are given by
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-,

the following simple system (here (@, b) denotes the symmetric scalar product
between vectors @ and b

—

M =[Fxpl, 72mH=—[Mxp|l+sp, where s=(Fp). (2.3)
The determinant of this system equals zero, yielding:
2mH — 5 ? =0. (2.4)

An important property of (2.3) is observed when the particle is considered to
move in an external electromagnetic field. Let us introduce the field potentials
A and ¢ in a canonical way:

G =g+ A H—H—ep. (2.5)
C

In that case the components of the momentum operator don’t commute. More-
over the commutator is

—

7' xp']= —ihSH, (2.6)

where # is the bivector of the magnetic field’s strength. The system (2.3)
contains then the expression for the Hamiltonian considering spin in a hidden
way. Let us introduce the 3-dimensional orthonormal basis {ex}, £ = 1,2,3
(€j,€;) = d;;. In this paper we have used the symbol (&, [_)') to denote either
the scalar product d = (a@,b) = a'b; or, as in (2.8) below, the formulation of a
vector in Clifford algebra form A = (@,6) = atd,, where {0, } is a basis vector
set in Clifford algebra. Also the three dimensional map i = [e; X ex] = €.

Within this basis the system (2.3) becomes

{7}y 2mH = {FH{7 > + (7, [ < p])}, (2.7)
where the matrix-vector 7; is given by
Tik = [€; X €k).

The last term of (2.7) corresponds to energy of the interaction between the
magnetic momentum of the spin S = —iA7T and the magnetic field . In fact,

ﬁ@i [ﬁxﬂ) = —ihg, (7?71?) = L(S;al:i)

2mec 2me

Then the spin-one matrices can be constructed from the orthonormal basis
vectors of the three-dimensional space. Now let us try the same procedure to
obtain the Hamiltonian of spin-one half particles. In the standard approach
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the spin-one half-operator is represented by Pauli matrices S = %&', we then
rewrite the system (2.3) in the following way

(7, &) (2mH) = (s + (M, ) (7, ),

s+ (M,&) = (7,8)(P.3). (2.8)

We note, however, that these algebraic relations may be fulfilled iff

(M, ) = (7,[p x p]) =0, (2.9)
which obviously should be obeyed for free particles, because

[7x p] = 0.

But this is not the case in the presence of an external electromagnetic field.
From (2.6) one gets

(M, ) = —mg(ﬁ H) =0. (2.10)

Obviously this equality could not be satisfied in the general case because
one may choose the origin of the reference system by arbitrary way. The
cause of this contradiction lies in the non-completeness of the algebraic ba-
sis {01, 02, o3} which we have used. Indeed the condition (2.9) disappears as
soon as we use the complete ring as a basis {I, o1, o2, o3}. This is a basis of
a four -dimensional Euclidean space. Correspondingly the system (2.8) takes
the form

{ra +i(7,3)} 2mH = {s+i(M + N,&) Hps + (5,7)}, (2.11)
s +i(M + N,&) = {rs +i(7, &) Hps — i(5,5)},

where N = r4p — 7pa, 8 = (F,P) + raps. Separating the expressions for the
basic units {I, (o1, 02, 03)} we obtain

ry 2mH = ((M+N),ﬁ) + 5 p4,
7 2mH = —[(M + N) x p] + sp— (M + N) pa, (2.12)
which contains the Hamiltonian
2mH = pi + 7> + (7, ([P % 0] + (paP — 7' pa)). (2.13)

In the left handed system of reference we get
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4 2mH = ((M—ﬁ),ﬁ)+sp4,

72mH = —[(M — N) x p| + sp— (M — N) pa,

with Hamiltonian
2mH = pi + 5 + (7, ([ % ] — (pap — P pa)), (2.14)
the spin-matrix being given by
Tiap) = [Ca X €5]E(€ns — €5Ea), (2.15)

with {5k}, k= 1,2,3,4 and (é;,é’]) = (Sij.
Let us note the operators N, M are generators of the SO(4) group while
the linear combinations of these operators

My/2 = (M +N)/2 (2.16)

form two set of generators for the SU(2) group. The operator s = (7, p) + r4p4
is the dilatation generator.
The isomorphism between the SO(4) and SU(2) groups is explicitly exhib-
ited in the vector-parametrization of the SO(4) group by
T[SO(4)] = UtaUxb) o (@)7 (B).
[SO()] = Lr20) — 7 @7 (5)
In this representation the spin-matrices (2.15) are interpreted as matrices of
infinitesimal transformations of the SU(2) group:

7 =0Ty /0d(@=0), 7 =aT_/ob(b=0).
And in this formulation the spin-one half operator is defined by
S = —ihy /2,
instead of the usual one given in terms of the Pauli matrices

§=1tg.

The basis {I, —ir,, —it,, —i7, } is then isomorphic to the basis of Pauli matrices
{1,0170'?!70'2}.

Our purpose is to formulate the Pauli equation purely in the terms of the
generators of the SU(2) group or, in other words, in terms of the operators o
and M.
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The Hamiltonian of the spin-one half particle in 4-dimensional Euclidean
space is written as follows

2m H = (ps — i(p,5))(pa +i(P, 7). (2.17)
Now let us use the constraint for four-dimensional coordinates to a sphere
R* =rf+ 7%= (ra +i(F,0))(ra — i(p, 7)), (2.18)

where R is the radius of the three-dimensional sphere S3. We get
1 o P S P
2m H = £ {pa —i(F,6) Hra +4(7, G)Hra — (7, 6) Hpa +i(5, 6)} = (2.19)

(s' — (M, 5))(s + (M, 5),
where s = (7, p)+r4p4 is the Euler operator with the eigenvalue —4i7(0,1,2, ...).
On the sphere S3 one of the eigenvalues of this operator is zero. The eigen-
value of the operator s’ = (p,7) + parys is —4ih. Restricting ourselves to this
eigenvalue of s only we obtain

o2m H = %{—m —i(M,3)}(M,5). (2.20)

To find the eigenvalues and eigenfunctions of the Hamiltonian (2.20) we use
the expansion of the solution in spherical harmonics

YJLJ\%(ev ¢7 u}) = Zm,a’ Cin]\fSa'YLm(eﬂ ¢7 1/})550'

where (M + S)2Y A5 = J(J + 1)YA] and (S)2Y5T = 3Y /5, to obtain

(M2 +2(S, M)YYHS = (J(J +1) - )Y S,
with J = 0, %, 1, %, ... . Let us first concentrate our attention on the ground
state J = 0. The eigenvalue corresponding to the ground state is

H(J] =0) = —3a 5% — —l5 b,

a negative value. To avoid negative values in the definition of the energy we
define the Hamiltonian as the sum

H = 1+ 38 = 3 002 +2(5, 500} + 3 62

The term m%%Q 52 we can interpret as a reference energy corresponding to the
spin of the particle. We then get a remarkable expression for the Hamiltonian

of a spin-one half particle, on the sphere S3, as follows

2

H =
mR?

(M? + 5)2. (2.21)
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The spectrum of this operator is immediately given by

HU(J)= 2L J(J+1)¥(J), J=0,11,3 ...

The discreteness of the energy spectrum is a consequence of the compactness
of the group SU(2), the space of which is the space of the solutions. When
R — oo the Hamiltonian (2.21) tends to the Hamiltonian of the free particle
Pauli equation. In that case

and

2 M -
H=—"(=+9)?
mR2(2 +5)

_ 1
- 2mR?

- 1
2h —iFM)? — B*) — — (5, 5)*.
(h — M) ~ 1) = 5 (5,5)
As it has been shown in [15], the Hamiltonian (2.21) corresponds at the classical
level to a spherical symmetric classical top’s Hamiltonian on $3:

S
H =55,

where [ is a moment of inertia.

Let us consider the motion constrained to S3 and in an external magnetic
field. As an antecedent the nonrelativistic equation for spinless particles in
spherical space had first been formulated by Schrodinger [16]. Second the Pauli
equation considers generalized momentum in the gauge invariant form

P=j+<4,

-

to get, when Clifford algebra is considered (p,d) = p*d,, the additional quan-
tity in the Hamiltonian responsible of the interaction between the magnetic
momentum of the charged spin particle with the magnetic field. This quantity
“automatically” appeared in the Hamiltonian as soon as we include an external
magnetic field in the gauge invariant formulation

2mH = (P,5)(P,5) = P> + ([P x P),&) = (5 + ¢A)? + h&(H, &),

where

-, -,

H =25+ ¢A) x (F+ A)].

On the hypersphere S? as a result of the introduction of the gauge field we get
[17]

M =M + ¢B,
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where the constrained gradient operator B = +{[F x Al + (RA + %(f’, A))}.
The strength of the magnetic field is given by

where the constrained gradient operator V = +{[F % %] + (R(% + Z(F, é%))},
whose components obey the commutation relations

[vlvvj] = 2eijkvk7 iujvk = 172u3'

3. Extension of Space-time Coordinates Conserving the Poincaré
Group Relations

We generalize the relevant formulae from the previous section to the relativistic
case. First all the basic operators considered have to belong to the Poincaré
group. The generators of this group are the 4-components of momentum p®
and the 6-components of the angular momentum A “®, from which one builds

two Casimir operators (indices a,b,c,d, ... run from 1 to 4)
1
m2 = papav W2 = WaWaa W, = *ieabchbdea (31)

where W, is the Pauli-Lubanski (axial) vector, which is supposed to be pro-
portional to the total spin of the spinning system. In fact p is a vector, M
a bivector and W a trivector mapped, by duality, into a vector like quantity.
When the system is isolated, p® and M are constants of motion and for any
positive m, the history of the center-of-mass consists of the points of M:

m® &% = M®py + spa, s=a3ps, M® = (a"p" —2’p").  (3.2)

The condition for non-triviality of the solutions of this system is given by
m2 — p*pe = 0.

The set of relations (3.2) generates the well known Proca equations [18] which
can be written as:

m® u* = —pU" + p*Up, Uy =pau®, U™ = (p“u’ —p'u®). (3.3)

Thus we have generalized the system (2.3) to the relativistic case which again
occurs related to spin-one equations. The question arises: which kind of struc-
tural relations must be used for the generators of the Poincaré group to obtain
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the relativistic equations of motion for spin-one half particles? First let us
note that in the system of relations (3.2) the Pauli-Lubanski operator, which
plays essential role in the formulation of Poincaré groups for spinning parti-
cles, disappeared because the Pauli-Lubanski vector is trivial for the angular
momentum taken as orbital angular momentum. It is well known that its value
in non-trivial iff the angular momentum is taken as total angular momentum
consisting of orbital and spin parts. Our goal is to define the spin part by
extending the coordinate part in the relations (3.2). For that purpose let us
consider first the massless case where the extension of the coordinate part
yields W, = spq.
For our purpose we present the spin part in the form

1
Sab _ LabcpC _ §€ab6dycpd, (34)
with 1
Labc _ §6ab0dyd, (3.5)

where L corresponds to a trivector therefore it is skew symmetric in the
tensor indices. Inserting the total angular momentum defined by

M = (ap® — a®p®) + L*p,, (3.6)
into (3.1) we get

1
Wa - *ieabcdpbeCdpqyppq = 7pa(ybpb) = SPa, (37)

with (y’py) = —s. Thus for m = 0 we can build the following identities
Mp® + (2p")pa = 0,

1
§nabchbCPd +5pa =0, (y'pp) = —s. (3.8)

We suggest that the spin part should have also the same structure for the
case of positive mass, so that the total angular momentum is defined by (3.6).
From the L*¢ and p, one can build also the fully skew symmetric tensor K *>¢:

1
Kabcd _ L[abcpd] _ Z(Labcpd + Lbcdpa + Lcdapb + Ldabpc). (39)

In four -dimensional space this tensor is proportional to the also fully anti-
symmetric Ricci tensor e?*°? with entries 1 or -1 according to the parity of the
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permutations of abcd:

1
Kabcd _ ieadeK& (310)
One may also invert this relation getting the contraction
1 abed
KO = EeadeK . (311)

With those definitions one may obtain the following identity
m2 ,abe — Sp[aMbc] + 4deabcd) (3.12)

where 3ple M = p, MP¢ 4 py M + p, M. Remembering that the tensor L%
is linked to an axial four- vector by (3.5) we can be transform (3.12) into the
following system

1
m? y* = §eadeMbcpd + Kop®. (3.13)
Now let us summarize all these identities into one set of relations. We get

m? x% = Mabpb + 8Pa, S = TPq, M = (xapb - xbpa) + Labcpcy

m2 Labc — 3p[aMbc] + 4deade7 Kabcd _ L[abcpd]. (314)

This set of relations generates the well known Dirac-Kéhler equations [19]. By
dividing M, into self-dual and anti-self dual parts:

My, = My, + M, M = LecdMy = +iM,

a
and introducing the complex values
x—i—a = @ + iya’ T = g% — ,L-ya,
wt =s5+iKy, w™ =5 —iKj,

we can transform (3.14) as follows

m? a7t = Mgp, +wp?,

a

(3.15)

m? =% = M}p, +wtp®.

This system of operators generates the following equations of motion [20]
07, = B,
M, — a”dm - ieuvaﬂaad]ﬁ = %1/&4“
Yoy — Outp = %ﬂ’u'
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4. Generalization to the Relativistic Case

Following Pestov [21] we will consider a homogeneous space-time that differs
from the Minkowski space-time by geometrical and topological properties. We
remark here that in Clifford algebra this is equivalent to use complex algebra
and some constraint [14b]. In the non-Euclidean five-dimensional Minkowski
space-time M7, with Cartesian coordinates x* , A = 0,1,2,3,4

ds* = (dz°)? — (dz")? — (da?)? — (da®)? — (dx*)? (4.1)
consider the constrain to the one sheet hyperboloid H* given by
et = (20)? — (') — (2?)? — (@)’ — (') = —R?%,  (42)
where R is the hyperbolic radius of H*. The vector fields
Py = 080y, My, = (26;, — 2,05)0,, (4.3)

where z\ = ny,2", are generators of the Poincaré group of the five-dimensional
Minkowski space-time. All vector fields M), are orthogonal to the radius-vector
R = x¥0,. Using this expand P, in the direction of the radius-vector R and
the one orthogonal to it, to obtain the vector fields

1
M, =aP, + g(R, p,), (4.4)

The vector fields M,, and M, are generators of the group of conformal trans-
formations of H* because

[M#,MV} = 7le, [M)\,MW,] :nAuMu 777)\1,Ml,. (45)
Define now the vector fields (compare with (2.16))
Mo = My, My = Mg+ Mz, My = Mg+ Mszy, Mz = Mszy+ M3, (4.6)

with components
_ 1,2 1 11 21 3 1 4
Mo = (R + 525, 5207, 52027, 537027, 5202"),
Ml = (0, —Xy4, 71‘3,582,:61),

M2 = (O?x?)? —Z4, —.Tl,J?Q),

M3 - (07 —X2,T1, —T4, L]5.3)' (47)
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The vector fields Mgy, M;, Ms, Mj are continuous, linearly independent and
do not vanish at any point of H*. They obey (M,, M) =0 for a # b, a,b =
0,1,2,3 and

(Mo, Mo) = —=(My1, My) = =(Ma, My) = (M3, M3) = R* + 3.
From (4.5)-(4.7) follow the commutation relations
[Mo,./\/li] == 0, and [MZ,M]] = 2€ijkMk7 i,j, k = 1, 2, 3. (4.8)

The one sheet hyperboloid (4.2) admits a simply transitive group of trans-
formations with the generators (4.6) having as the only nontrivial structure
constants

f213 = f??1 = ffz =2. (4.9)
Therefore, we will supply H* with a metric of the type (4.9) and thus transform
H* into the hyperbolic space-time Hi;. From (4.6)-(4.9) it follows that the
vector field My is absolutely parallel with respect to the connection on Hiy
induced by the vector fields (4.6). For comparison we note that the vector field
My = % defined in (4.7) is also absolutely parallel. Also it can be shown that
in the homogeneous space-time Hi; a geometrical point of the spatial cross
section can be associated with the notion of a top. From (4.2)-(4.9) it follows
that the cross section of H* at the hyperplane 2° = 0 is a three-dimensional
spherical surface
(@) + (2)* + (%)% + (2%)* = R? (4.10)
immersed in a four-dimensional Euclidean space.
Now within these geometrical notions we can generalize the equation (2.21)
for the top. Let us remember before the generalization of the Pauli equation
into the Dirac equation. This can be displayed in the following scheme:

Hp = 5.(.0)* = (£ = me)(& +me) = (5.6)* —
Hp _ 55
Lpet e me (BN g
(p’o’) TD+mc
— 22§ = (&,p) + Bmc) V.

In the same way we get [22]



Advances in Applied Clifford Algebras 8, No. 2 (1998) 247

o o
o Det| e me @M+
(G, M) +2h =L +mc

H .M 2h 01
- =Py, = ((04, Ti>+ﬂm0+75 R) Wy, 75 = (I O>' (4.11)

The spectrum of this equation for the free motion case may easily be found
taking into account that the operator (&, M) + 2h commute with Hp. The
eigenvalues of this operator are known

(G, M) +2h)¥ = (n+1)¥, n=0,1,2,...
As a most important result we find following formula for the spectrum of (4.11)

2 1)2
&= C\/ch2 + h(ig%) (4.12)

From physical considerations it is clear that for large n and R, the formula
(4.12) will approach the properties of the classical top. Indeed, in the limit of
large R it follows from (4.12) that

_ 2, J?
E=mc* + 37.

The Dirac’s equation was first generalized to the de-Sitter space by Dirac itself
[23]. He also formulated this equation in the conformal space [24].

Now let us consider the Dirac—Maxwell system of equations in the hyper-
bolic space-time. We write the Dirac equation in the homogeneous space-time
in the form

¥ Deth = i, (4.13)
where the Minkowski space Clifford algebra is generated by the well known
7'+ ==, and Do =Va+32Ba — 5 fpa

the B, being the components of the vector potential of the electromagnetic
field. Taking into account the structure constants (4.9) [V, V] = f5 V., we
have

[Da;Db] = fngc + %Gabv
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where

Gab =VaVy = VB, — fchc

a

are the components of the strength tensor of the electromagnetic field in the
basis V,. The Jacobi identity [D,[Dy, D¢]] + [Dy[De, Dol + [De[Da, Do]] = 0
results in the first four Maxwell equations

vaGch + vcha + chab + f(;ichd + fl;icGad + fcdade =0. (414)

To establish the other four Maxwell equations we use
éab —_ %eadech-

Then eq. (4.14) can be written in the following equivalent form

- - 1, -
VG J G G =0, (4.15)
from which follows the second group of Maxwell equations

4
dlay1d (4.16)

1
VoG™ + f,G% + 3 fh.Ged =
where the j® are components of the current vector. In three-dimensional vector
form the Maxwell equations are written

-,

ja:(cp7])ﬂ Aa:(¢7_1[1‘>7 Ei:FOi; Hz:%elij]k7 iaj7k:1a2a3'
And from (4.14)- (4.16) we obtain the standard formulae

E=-VoA-V¢$, H=rotA=VxA-24. (4.17)

Now consider the Coulomb law in equations (4.14)-(4.16). In Euclidean
space the Coulomb potential can be derived as a solution of the equations
of electrostatics, invariant under the Galilean group of motions including ro-
tations and translations. We then look for the Coulomb-like potential for the
equations (4.14)-(4.16). From (4.14)-(4.16) it follows that for a constant electric
field E = —V¢ and, consequently, ¢ obeys the equation

A¢p = —4ma?p.

The invariant of the group of rotations O(4) on a three-dimensional sphere of
radius a is either the arc length or the angle between radius-vectors x and Y
(here considered as corresponding to two S% tops),
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1
X = (a",2%,2%2"), Y = (y", v, 9>, y"), cost = aﬁ(ﬂsly1+m2y2+x3y3+x4y4)-

Since

.0 .0 1, .. o
g — (i L i Y = L (piad g
M;; cost) = (x 507 " axi)cose a2(xy xy'),
setting in (4.18) p = 0, ¢ = ¢(z), where z = cosf, we obtain the equation for
¢(2) [21]
d*¢ do
1-2%)— —3z— =0.
(1-=z2 )d22 3zdz 0

The general solution to this equation is of the form

z
V1—2z2

where ¢; and ¢ are arbitrary constants.

Introduce the frame of reference with respect to which one of the charged
tops is at rest and has the coordinates (0,0,0, —R). In this system consider
a stereographic projection of the three-dimensional sphere (4.10) from point
(0,0,0, R) onto the hyperplane 2* = 0 with Cartesian coordinates x, v, z. We
have

P(z) =1

+ co :c1c0t0—|—c2,

1

2 2 2 2
I 2 2R 3 2R 4 — pri=R

2R? _ _
2yRrD LT = Yizprz T = 22 Re TTTRZ)
where r? = 22 + y? + 22. It may be verified that in the coordinates x,y, 2

R r

and, consequently, the Coulomb potential on the S3 can be written in the
following form

(4.20)

We complete this section with an important remark+-, that the potential
(4.20) coincides with the known Cornell (potential, which has been defined
empirically and successfully applied to the description of the mass spectrum
of the charmonium [25].
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5. Equations in Spherical Coordinates

Let us rewrite equation (4.11) in spherical coordinates. We are looking for

spinorial wave functions of the following form

6H(MYE(0,0) +id (r)Yim (0,0)
m(r6,9) = ( Y)Y (0,46) + 10 ()Y, (6, 0) )

jm

R s
(FM)Yjr, = h(J? = L2 = DY, = —h(1+ W)Y},
+ _ (@F)y £
}/Jmi T Y]m7
po ] D), j=L+1)2
N +l, j=0—1/2,

we get
(€ —me)ot = GRUH +[(1+ ) — U
(E+mepp™ = —CGe™ [+ fm)s + 710",
(€ —me)¢™ = —LGHW™ —[(1+ ) + E2)w,
t+1) R
ot = €+ 12y 9 _
(€ + me) 0"+ [+ 5) - — —— 67,

It is more convenient to use the trigonometrical coordinates defined by

tanz = 5, sinz = (r/R)\/1+7?/R%
In this notations eq. (5.2) becomes

E sinzgt = ((+1)sinz UF + (sinzL — (£ — 1) cosz) ¥,

€T

Etsinal™ = —({ —1)sinz ¢~ — (sinxdi +(f+1)cosz)pt,
x
Esinzg™ = —(0—1)sinz U~ — (sinzL + ((+ 1) cosz) U+,

EFsina ¥t = (0 + 1) sinz ¢ + (sinz — (£ — 1) cosz)g™,
Et =&+ me

(5.1)

(5.3)
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The solutions we are looking for have the form

ot =3 apsin®z, Ut =3, by sin®
= kcosxsink_lx \a— Ck coszsin® ! x.
k9 ) k

Substituting these series into eq.(5.3) and equating the expressions with sink
and cos® we obtain a system of algebraic equations for the coefficients a, b, g, c:
E ap_1 = (é + l)bk_l + (k —{+ I)Ck+1 — (k — ﬂ)ck_l,

Etbp1 =+ Vag_1+ (k—L+1V)grr1 — (k—£)gr_1,
Eigk = —(ﬁ — 1)Ck — (k + 0+ l)bk,

Ete, = —(l—=1)gr — (k+ £+ 1)ag.
Presenting this system in matrix form

Jk+1 A Ck—1
E+0(k—¢+1 =(A ,
(a0 - (20 ) = (i (1)
where the matrix (A)
(A) = ETET +1—k? —2&~
o —2&* EET+1-K2 )"
To obtain the regular solutions we equal the determinant of this matrix to zero:
i ETET +1—k? —2E~
Det(A)—Det( _og+ et 412 0
The energy spectrum coincides with (4.14)

£ —m2 + (n+1)2/R2.

Introduce now the Coulomb potential . For that purpose it is enough to

substitute X sinz + & cosz for EXsinx , where v = €?/(i - ¢). In that case
we look for solutions of the form

¢ = exp(—Dz) Y, [arsin® Tz + Ay, cos xsin® 1],
Ut = exp(—Dx) Y, [brsin® Tz + By, cos xsin®~1+5],
¢~ = exp(—Dzx) Y, [gk cos xsint 1Tz 4+ Gy sinF ),

U~ = exp(—Dzx) Y, [ck cos zsint 1T x + Eysin*+oz]
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Inserting these functions and equate the expressions in sin® and cos® to get
for the coefficients the system of equations

e 41 k+s—1¢ D
E™ — — A, = b — — —F.—
Wk~ g R Ok R kT gtk
o k+s+0+1
_EAIH-Q + TR G2
+1 k+s—1¢ D
£ty — — B, = — _ZG.—
k™ 2tk R M R kT RUk
« k+s+0+1
_ﬁBk+2 + R k2
E- @ ‘-1 k+s+1¢
2 G- =g = — E By + Db—
RGk RI* 2 K+ 2 & + Dby
a k+s—0—1
—RIk+2 TBM-Q,
et a (-1 k+s+¢
fEk — ECk =— o2 G + R Ay + Dag—
_e, _k—|—8—€—1A
RO2T Tz k2
@ -1 k+s+0+1 D
g™ —G — b B
gk+R2 k R R kTt ROk
{—1 k+s+0+1 D
Etep+ 2 g = - ZA
Ck+R2 k R Ik R ak+R ks
E- @ +1 k+s—0+1
fAk-f-Eak: R? Bk+ R2 Ek_DCkv
+ a l+1 k+s—0+1
— B+ =b, = A — D gg.
7 Br+ pbe = Ak + 72 Gk 9k
For the regular solutions the determinant of the system above must be zero
«a 41 k+s—4¢ D
Tap — = A — b —E, =
E ay Ak~ bkt —p—a+ pE =0,
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5+bk—%3k—€;1ak k+;_£gk+%Gk:07
%Gk - %gk + é};zlEk - k+;2+63k — Dby, =0,
%Ek — %ck + E};le - k+;2+£14k — Day, =0,
579k+%Gk+€];16k k+s;€+lbk_%Bk:O»
€+ck+%Ek+€;%lgk+k+$;€+1ak7%Ak:0,
%Ak'i‘%ak—g;;lBk—k+sR—2€+1Ek+Dck:0’
%Bﬁ%bkf;j/xr’”s};f“GHngzo.
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