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Abstract

New exact analytical bound-state solutions of the 3+1 Dirac equation for sets of couplings and radial poten-
tial functions are obtained via mapping onto the nonrelativistic bound-state solutions of the one-dimensional
generalized Morse potential. The eigenfunctions are expressed in terms of generalized Laguerre polyno-
mials, and the eigenenergies are expressed in terms of solutions of equations that can be transformed into
polynomial equations. Several analytical results found in the literature, including the Dirac oscillator, are
obtained as particular cases of this unified approach.

Keywords: Klein-Gordon, DKP, Morse,

1. Introduction

In nonrelativistic quantum mechanics there are several potential with physical interest that allow for
exact solutions, thus offering the possibility of extracting physical information in a way which is not possible
otherwise. Among them is the the generalized Morse potential Ae~** + Be=2%* [[1]]-[6], the singular harmonic
oscillator (SHO) Ax? + Bx~2 [3]], [7]-[22]], and the singular Coulomb potential (SCP) Ax~' + Bx~2 [, [7]-
[LLO], [190, [21], [23]-[29]], which have played an important role in atomic, molecular and solid-state physics.

In arecent paper [30], it was shown that nonrelativistic bound-state solutions of the well-known SHO and
SCP in arbitrary dimensions can be systematically generated from the nonrelativistic bound states of the one-
dimensional generalized Morse potential. The method amounts to a mapping via a Langer transformation
[31]. In the present paper, that method is extended to the 3+1 Dirac equation with scalar, vector and tensor
radial potentials. This extension of the method used in Ref. [30] is an interesting way of providing an unified
treatment of many known relativistic problems via a mapping onto a unique well-known one-dimensional
nonrelativistic problem, allowing to obtain some new exact analytical bound-state solutions for a large class
of problems including new types of couplings and potential functions. We highlight vector-scalar SHO plus
nonminimal vector Cornell potentials and nonminimal vector Coulomb (space component) and harmonic
oscillator (time component) potentials, vector-scalar Coulomb plus nonminimal vector Cornell potentials
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and nonminimal vector shifted Coulomb potentials, vector-scalar SCP plus nonminimal vector Coulomb
potentials, and also a pure nonminimal vector constant potential. Furthermore, we show that several exactly
soluble bound states explored in the literature are obtained as particular cases of those cases. In all those
circumstances the eigenfunctions are expressed in terms of the generalized Laguerre polynomials and the
eigenenergies are expressed in terms of irrational equations.

The paper is organized as follows. In Sec. II we review, as a background, the generalized Morse potential
in the Schrodinger equation. The Dirac with vector, scalar and tensor couplings and its connection with the
generalized Morse potential and the proper form for the potential functions, are presented in Sec. III. In Sec.
IV we draw some conclusions.

2. Nonrelativistic bound states in a one-dimensional generalized Morse potential

The time-independent Schrodinger equation is an eigenvalue equation for the characteristic pair (E, )
with E € R. For a particle of mass M embedded in the generalized Morse potential it reads
d*y(x) 2M

oty (E - Vie™™ = Vae ™)y (x) = 0, )

where @ > 0. Bound-state solutions demand f_ J:o dx|y)> = 1 and occur only when the generalized Morse
potential has a well structure (V; < 0 and V, > 0). The eigenenergies are given by

V2 a2 1\
E, = -1 |y Bav2Mva i L @)
4V, MV, 2
with
MV, 1
n=0,1,2,... < ————— — —, (3)
ha\2MV, 2

This restriction on n limits the number of allowed states and requires M|V|/ (ha/ V2M Vz) > 1/2 to make the
existence of a bound state possible. On the other hand, on making the substitutions

has, = \-2ME,, (haé =2~2MV,e™ ™, C)
the eigenfunctions are expressed in terms of the generalized Laguerre polynomials as

Y () = N, e 2L (¢), Q)

where N, are arbitrary constants.

3. The Dirac equation

The time-independent Dirac equation for a spin 1/2 fermion with energy & and with mass m, in the
presence of a potential reads (WithA=c=1)

(@7 +Bm+V)¥ =e¥, (6)
where 77) is the momentum operator and @ and S are 4 X 4 matrices which, in the usual representation, take

the form

. (0 @ (B o
=(2 7) o=(F %)
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Here @ is a three-vector whose components are the Pauli matrices, and Iy stands for the V&N identity
matrix. In the following, we consider

V(r)=V, () +BV,(r)+iBa- U (r). ®)

In the last term, # = 7/r, and the radial functions in Eq. are named after the properties their respective
terms have under Lorentz transformations: V, corresponds to the time component of a vector potential, V;
is a scalar potential, and U is a tensor potential [32]. In spherical coordinates, ¥ is expressed in terms of
spinor spherical harmonics

8 (1)

i Y o )
¥ (7) = : ©)

Dy )

r

where k = +(j + 1/2) & =k are eigenvalues of the spin-orbit operator K = —f8 (2§ L+ 14), Jj is the total

angular momentum quantum number (m; refers to its third component), and S and L are the spin and angular
momentum operators, respectively. More explicitly, the spin-orbit coupling quantum number « is related to
the upper component orbital angular momentum quantum number [ by

—(A+1)==(+1/2), j=1+1/2(<0)
K= (10)
I=+(j+1/2), j=1-1/2 (> 0).

The upper and lower radial functions obey the coupled first-order equations:

[m+e—Va@)] fe(r)

il +U(r)]gk(r)
dr r

an

[i - —U(r)]fz(r)

7 (m—e+Vs(Nlge (),
=
where we have introduced the “sum” and the “difference” potentials defined by Vy = V,+V and V) = V,—-V,.
It is instructive to note that the charge-conjugation operation is accomplished by the changes of sign of
g, V,, U and «. In turn, this means that Vg turns into —V,, V, into —Vs, g into f and f into g. Therefore, to
be invariant under charge conjugation, the Dirac equation must contain only a scalar potential. Furthermore,
g and f should be square-integrable functions for bound states.
Due to charge conjugation, solutions for Vg = 0 can be conveniently obtained from those ones for
Va = 0, provided those solutions are analytical. These correspond, respectively, to so-called pseudospin and
spin symmetry conditions of the Dirac equation (see [33]] for a recent review). Therefore, we concentrate
our attention to the case V4 = 0. In this case, one obtains a second-order differential equation for g when
& # —m and a first-order differential equation for g when & = —m.

3.1. The Sturm-Liouville problem for VAo = 0 (¢ # —m)
For Vo =0and € # —m,

d2gd(r)

dr?

k(k+1)
2Mr?

+2M |-V (r) - g&i(r) =0, (12)
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with M denoting a positive parameter having dimension of mass. The effective energy € and the effective
potential V are expressed by

M = & -m’

du U
MV = (s+m)Vs — -+ 2k— + U?, (13)
r r

g — 0 as r — oo for bound-state solutions.
Following Ref. [30]], with effective potentials expressed by

B
ViN=Ar+—+C, 6=+2,-1 (14)
r

the Langer transformation [31]]

&) = rin@x ., r/r=et, (15)
with ry > 0, A > 0 and @ being as in eq. (I, transmutes the radial equation into
Pl (AasS)? 2 —Aa(S+2)x —2Aax
o T IM = = (M) [Arge MO 4 (C - B) e i) = 0, (16)

with

S = +J(k+1/2)* + 2MB. (17

A connection with the bound states of the generalized Morse potential of eq. (T]) is obtained if the pair (6, A)
is equal either to (2, 1/2) or (=1, 1), and, as an immediate consequence of the reality of S, i.e., S% > 0, one
must have

2MB > —(k + 1/2)%. (18)

Actually, if 2M B > —1/4, the above condition will satisfied for all values of «.
Furthermore, since the asymptotic behaviour of lb implies thati@,(x) — e
X—+00

(13), one has

8 (r) — i, (19)

—AaS X and therefore, from

Effective potentials with the general form (14) are achieved by choosing the potentials in the Dirac
equation as follows

Vi@ = as/r*+Bs/r+ysr?, (20)
U = PBur+yu’, 6,=0o0rl. (1)

In these last expressions, when § = 2 one must have 8y = 0,6, = 1 and whené = —1 one hasyy = 0,9, = 0.
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3.1.1. The effective singular harmonic oscillator

With (6, A) = (2, 1/2) plus the definition A = Mw? /2, the identification of the bound-state solutions of
Eq. with those ones from the generalized Morse potential is done by setting V| = —a2r(2) (-C) /4 and
Vy = a*rgMw?/8, with € > C and w?* > 0, since V; < 0 and V5 > 0. With w > 0 one can write

&= Mwr*. (22)

Furthermore, (3 implies € > C + w (2n + 1). Using (2)) and one can write the complete solution of the
problem as

g = C+wn+1+58) (23)
gur) = NS Mer LS (Map?), (24)
The condition (3) means that
n< [S_C—_w] (25)
2w

where [x] stands for the largest integer less or equal to x. Since € depends quadratically on & from egs.
and w may depend at most on e (see €q. below), the condition means that there is no limitation
on the value of n, because it can be as large as the energy can, which in turns means that n in (23)) has no
upper bound.

Examples of this class of solutions can be reached by choosing

@ u
W= % e, U= 26)

This includes solutions like the harmonic oscillator plus a tensor linear potential [34]], the harmonic oscillator
plus a tensor Cornell potential [35], [36], the SHO plus a tensor linearpotential [37]], the SHO [39]], the tensor
Cornell potential [40] and the Dirac oscillator [41]].

The complete identification with the generalized Morse potential is done with the equalities

Mw = \Y2+ys(e+m)

OMB = Bu+k+1/2)%—(k+1/2)*+as(e+m) 27
IMC = v,(2Bu+2k—1),

which lead, in general, to an irrational equation in &:

(E+m)(Ee-—m) =y, QB +2k=1)=2C2n+1+8) \[y2 +ys(c+m)

:2(2n+ 1+ \/(ﬁu+/<+l/2)2+a/);(s+m)) \/yg+y2(e+m) (28)

We note that if ay > 0, ys > 0 and 8, = 0, one gets a harmonic oscillator type energy spectrum for positive
energy states with & > m, but there also states with negative energy, although there would a minimum value
for that energy, because one must have (k + 1/2)2 + ag (e +m) > 0. If in addition @y = 0, one has the
(positive energy) generalized relativistic harmonic oscillator with yy = 1/2 mw%, Y. = mw, where w; and
w, are the frequencies defined in [34]].

Squaring Eq. successively results into a nonequivalent algebraic equation of degree 8. Solutions
of this algebraic equation that are not solutions of the original equation can be removed by backward sub-
stitution. A quartic algebraic equation is obtained when @z = 0. For asx = 7y, = 0 one obtains a cubic
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algebraic equation. However, (28) can be written as a quadratic algebraic equation rendering two branches
of solutions symmetrical about € = 0 in the case of a pure tensor Cornell potential (y, # 0):

g = i\/m2+yu(25u+2/<—1)+2|yu|(2n+l+S)

= = \/m2 + Y. 2B+ 2= 1)+ 2ly,|2n+ 1+ |8, + k + 1/2)). (29)

3.1.2. The effective singular Coulomb potential
To get the bound states of eq. (I2) from those of the generalized Morse potential equation eq. (I6) with
the pair (6, A) = (=1, 1) on must choose V| = @*rpA and V, = a/zr(z) (C—¢), withA <0and € < C. Now,

E=2\2M(C-9o)r 30)

and H implies € > C — MA?/[2 (n + 1/2)2]. Using and one can write

— MA?
T = C-—,
202
(31)
QUG = NS M 08) (2M|A|r
K - n .
¢

with

(=n+1/2+S =n+1/2+ \/(K+l/2)2+2MB. (32)

This class of solutions can be obtained by choosing

“L B @ty (33)
r r r

Vsi(@) =

There results

2MA = Bs(e+m)+2y,(B, +«)
OMB = (Bu+k+1/2%—(k+1/2)% +as(e+m) (34)
2MC = v,

in such a way that one finds the irrational equation in

27u (ﬂu + K) +ﬂ2 (8+ m)
2(n+ 1/2 + \/(ﬂ” + K+ 1/2)? +a/2(8+m))

(8+m)(s—m)=y5— , 35)

One example of solutions for these type of radial potentials in the Dirac equation is the Coulomb potential
plus a tensor Coulomb potential [42]], and the SCP plus a tensor Coulomb potential [43]], [44].
The very special case ez = 7y, = 0, necessarily with 8z < 0, holds a spectrum given by

e e

_ . (36)
1+ B/ QO
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with { = n+1/2 + |8, + « + 1/2|. It is interesting that the dependance on the tensor potential parameter 3,
is done only through ¢, which contains the quantity 2M B. Therefore, the spectrum is formally similar to the
solution of pure (3, = 0) Coulomb scalar and vector potentials in spin symmetry conditions [43]]. It amounts
to have an effective value of «, given by k = k + 3,.

g =20

A A A

3.2. Isolated solutions for Vy =0 (e = —m)

We shall now deal with possible solutions for potentials that can not be expressed by means of the
Sturm-Liouville problem. For V5 = 0 and € = —m, one can write

8k() = Nee™, (i) = [Ny + NI (0] ™, (39)

where N, and Ny are constants, and

iU (y)], I1(r) = f ' dy[2m + Vs (y)] e 2. (40)

v(r) = frdy
y

It is worthwhile to note that this sort of isolated solution can not describe scattering states.
Setting

Gu+DA=2y,, Gu+DT=-2Bs+K)), 41)
one finds
20(r) = =6, + Drlnr+ %! (42)
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and

Ou+ DAI(r) = 2m/ll/(‘5“”)7(—

+,/l(5“+1
so+1 )

+azA!/Cthy L + 1, A0t
oy +1
+Bsy (T . /lr‘s““)

s /1—3/(61,+1>7(

| +7, /lr‘s“”) 43)

where vy (a, 7) is the incomplete gamma function [46]]

74
y(a,z) = f dte”'1*', Rea> 0. (44)
0
Hence,
Gu(r) = Nyptocbr2 o2
(45)
fo(r) = [Np+ Nel ()] rm O D2erdrtif2
A proper asymptotic behaviour for 4 < 0 (y, < 0) requires N, = 0. Thus,
gk(r) =0
(46)
ﬁ( (I") — Nfr—(5u+1)‘r/26+/lr‘5“”/2

regardless of as, By and m. Nevertheless, a good behaviour of [fi near the origin, in the sense of normaliza-
tion, forces one to the choice (6, + 1) 7 < 2,1.e. B, + k> —1.
As for A > 0 (y, > 0), a good behaviour at infinity requires Ny = 0. Hence,
() = N, FHOAT2 =i 12
(47

Ngl (7‘) r—(6,‘+l)r/2€+/lr‘5"”/2

fe(

We must, however, pay attention to the behaviour of I(r) at infinity. As z increases v (a,z) approaches
the limiting value I' (@) so that [fi{is not a square-integrable function. An exception, though, occurs when
m = ay = Bz = 0 just for the reason that fy vanishes identically. Therefore,
gl = Nngr(‘S““)T/Ze’M”H/Z
(48)

fiktn = 0

with (0, + )T > -2,1e. B, +k < 1.
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4. Concluding remarks

Based on Ref. [30], we have described a straightforward and efficient procedure for finding a large class
of new solutions of the 3+1 Dirac equation with radial scalar V vector V, and tensor U radial potentials,
when has V; = +V,. Their wave functions are all expressed in terms of generalized Laguerre polynomials
and their energy eigenvalues obey analytical equations, either polynomial or irrational which can be cast
as polynomial. These include harmonic oscillator-type and Coulomb-type potentials and their extensions.
Although the solutions for those systems could be found by standard methods, this procedure, based on the
mapping from the one-dimensional generalized Morse potential via a Langer transformation to the 3 + 1
radial Dirac equation, provide an easier and powerful way to find the solutions of a very general class of
potentials which otherwise one might not know that would have analytical solutions in the first place. We
were able to reproduce well-known particular cases of relativistic harmonic oscillator and Coulomb spin-1/2
systems, when the scalar and vector potentials have the same magnitude, but there are a wealth of other
particular cases with physical interest that are left for further study.
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