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Abstract

Expansions in series of Coulomb and hypergeometric functions for the solutions
of the generalized spheroidal wave equations (GSWEs) are analysed and written
together in pairs. Each pair consists of a solution in series of hypergeometric
functions and another in series of Coulomb wavefunctions and has the same
recurrence relations for the series coefficients, but the solutions inside it present
different radii of convergence. Expansions without a phase parameter are
derived by truncating the series with a phase parameter. For the Whittaker—
Hill equation, solutions are found by treating that equation as a particular
case of GSWE while, for the confluent GSWE, solutions, with and without
a phase parameter, are given as pairs of series of Coulomb wavefunctions.
Amongst the applications there are equations for the time dependence of Dirac
test fields in some nonflat Friedmann—Robertson—Walker spacetimes, the radial
Schrédinger equation for an electron in the field of two Coulombian centres and
the Schrodinger equation for the Razavy-type quasi-exactly solvable potentials.
For these problems it is possible to find wavefunctions in terms of infinite series,
regular and convergent over the entire range of the independent variable, by
matching expansions belonging to one or more of the above pairs. The infinite-
series solutions for the Razavy-type potentials, in addition to the polynomial
ones, suggest that the whole energy spectra may be determined without
appealing to perturbation theory or semi-classical methods of approximation.

PACS numbers: 02.30.Jr, 02.30.Gp, 03.65.Db, 03.65.Pm

1. Generalities

In this paper we deal with solutions to the generalized spheroidal wave equations (GSWEs)
and their particular cases. We also discuss some possible applications of the results found
here. Before outlining what we are doing, we present some ideas concerning GSWEs which
are used throughout the paper.
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For definiteness, we adopt the Leaver version

2

dUu dUu
x(x — x9) —= + (By + Bax) — + [B3 — 20m(x — x0) + @*x(x — x9)]JU = 0, 1))
dx? dx

for the GSWE [1], where x¢, B;, n and w are constants. If = 0 and x¢ # 0, then we have the
ordinary spheroidal wave equation. On the other hand, supposing that

By = —x0/2, B, =1, x = xg cos>(u) )
in equation (1), we find

d*U

du?
which is the Whittaker—Hill equation (WHE) [2]. Since the WHE has just three parameters,
we may absorb x( into w. A third particular case, the confluent GSWE, occurs when xo = 0

2

d2U dU
x2 —— + (B; + Box) — + [Bs — 20nx + 0*x*]U = 0, 4)
dx? dx

with both the singular points x = 0 and x = oo being irregular [1].

As usual, we consider only solutions given as series of special functions with three-term
recurrence relations for the series coefficients. If there are no free constants in the GSWE, the
series convergence demands the presence of a phase parameter v which must be determined
from a characteristic equation ensuing from the recurrence relations. Series expansions with
a phase parameter are double-sided with the summation index n running from —oo to oo.
However, the GSWEs may also admit solutions in finite series. For the WHE these solutions
are known as Ince’s polynomials [3], whereas for the general case they can be called Heun’s
polynomials, since the GSWE is a confluent Heun equation and the confluent GSWE is a
double confluent Heun equation [4]. Furthermore, from a known solution S(x) with a phase
parameter v

+[—4B; — 4nwxg + 4nwxy cos(2u) + w’x sin*(2u)|U = 0, 3)

S(x) := U(B1, B2, B3; v, x9, , n; X), Q)
(where ‘:=’ means ‘equal by definition’) it may be possible to obtain new solutions by means
of one or more of the following transformation rules [4,5]1—T7, T», T3—
T1S(x) = x""P/0U(Cy, €y, Ca; 01, x0, 0, 773 X), (6a)
TyS(x) = (x — x0)' " » 7P/ °U(By, Dy, D3; v, x0, @, 1 X), (6b)
where
2B,
C| := —By — 2xo, Cr:=2+4+ B+ —,
X0
B, B (7a)
C3:=B3+ 1+ — Bz+— s
X0 X0
231 Bl Bl
Dy, :=2— B, — —, D3s:=B3;+—|—+B,—1). (7b)
X0 X0 \ X0

These rules are valid only for xy # 0 and they can be demonstrated by setting
U= x1+B‘/xOf1, U= (x _ xO)lfBszl/xofz

into equation (1). They must be applied to general solutions of the GSWE in which no values
are specified for the parameters; it would make no sense to try to apply them to a solution of
the WHE, for instance. A further rule, now valid also for xo = 0, is

T38(x) = U(By1, By, Bs; v3, x9, —w, —1; X), Vxo, ®)
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in which it is assumed that we have to change the sign of (1, w) only where these quantities
appear explicitly, preserving the expressions for the other constants. In effect, the solutions
regarded here will have the forms U = e'“*g and e™'“*h and thereupon we get

d? d
x(x — xo)—g + [By + Box + 2iwx (x — xo)]—g

dx? dx

+[B3 +iwB; +iwByx — 2wn(x — x9)]g =0,
2

x(x —Xo)d—xz

dh
+[B] + Box — 2iwx(x — x9)]—
dx
+[B; —iwB; —iwByx — 2wn(x — x9)]1h =0,

for g and h with the sole changes stated above. If we do not take into account this remark, we
would get wrong results for the solutions of the Teukolsky equations, for example, where the
constants depend on 1 and w (see, for example, [1]). With this proviso, the rule 75 will not be
used explicitly and it is put here just to remind that for each written solution, another solution
exists. Moreover, these rules in general also transform the phase parameter, although that will
not happen for the solutions discussed here.

With regard to the confluent GSWE, for which 7} and 7, do not work, we have the rules
t and 1, [1,4]

11S(x) = e B/ =By (Bl B, By o 'y 9), (9a)
HS(x) = eP*x* ®U(By, B,, B3; 0, 1; x), (9b)
where
/ / . ’ BZ . BZ .
B} = wB;, B, =2+ 2in, By=B;—(—+in)| ——-in—1},
. 2 2 (10a)
, .y B2 IB|
w =1, in=—-1, 0 =—,
2 2x
and
B, = —B, By =4-— By, B3 =B3;+2— B;. (10b)

An additional procedure, which is used to obtain solutions without phase parameters out
of those with phase parameters, consists in truncating the series with the phase parameter, that
is, restricting the summation index n to non-negative values. In this process v will become
determined regardless of the characteristic equation and, consequently, the truncation is allowed
only if there is some arbitrary constant in the differential equation. In general we obtain more
than one expression for v. Besides this, once we have obtained one solution without a phase
parameter, new ones can be generated from the transformation rules.

All the facts exposed above are well known in the theory of Heun’s differential equations
of which the GSWEs are particular cases, as mentioned before. We use these to obtain explicit
solutions to the GSWE:s in series of Gauss hypergeometric and Coulomb wavefunctions. We do
not give just one solution of type (5) but also the solutions arising from it via the transformations
rules. This procedure requires some more space but it is necessary if we want to use the
solutions to solve particular equations. On the other hand, we pay special attention to the
solution truncation for, in general, this process leads to more than one (three in our case)
possible form to the recurrence relations for the series coefficients.

Firstly, in section 2, we deal with the solutions with phase parameters. The expansions in
hypergeometric functions are taken from [6] with minor modifications; the series in Coulomb
wavefunctions are the Leaver solutions [1] and those which come from them by rule 7. The
solutions are written as two pairs, each pair exhibiting the same series coefficient and containing
an expansion in hypergeometric functions and another in Coulomb functions. For the WHE
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one pair is even with respect to the variable u and the other is odd. The idea of working
simultaneously with these two types of expansions appears in Otchik [7], who proposed to
match them in order to solve the radial Teukolsky equations (see also [8—11]). Therefore, this
section can be seen as a transposition of Otchik’s approach to other problems described by
non-confluent GSWEs. Actually, we find that our results may be used to obtain solutions to the
time dependence of massive-Dirac test fields in radiation-dominated Friedmann—Robertson—
Walker (FRW) spacetimes.

In section 3.1, the solutions found in section 2 are truncated. This provides three values
for v in each pair of solutions. We select two of them and keep four pairs without phase
parameters. As an application we examine the solutions of the radial Schrédinger equation
for an electron in the field of two Coulombian centres (the two-centre problem) and conclude
that it is possible to construct solutions which are regular over the entire range of the radial
coordinate by matching expansions in hypergeometric functions with expansions in Coulomb
wavefunctions. This procedure offers the advantages of not presenting a phase parameter to be
interpreted, and of operating with one-sided series. A new solution to the angular equation is
also found. In section 3.2 we regard the case in which B, = 1 and B /xo = —1/2 (here called
Whittaker—Hill-type) and find that for the WHE, properly, the expansions in hypergeometric
functions coincide with the four Arscott expansions in trigonometric functions [2] but, now, for
each of them we have a partner in series of Coulomb functions. This fact enables us to match
solutions of a given pair to obtain the complete energy spectrum for the Schrédinger equation
with quasi-exactly solvable (QES) Razavy-type potentials without the need of perturbation
theory or semi-classical methods of approximations.

In section 4 the Leaver solutions in series of Coulomb functions to the confluent GSWE
are duplicated by the rule #,. We find that such expansions may be used to obtain solutions
for the time dependence of massive-Dirac test fields in dust-dominated FRW spacetimes.
The truncated expansions are applied to the Schrodinger equation with asymmetric double-
Morse potentials. For QES potentials we obtain polynomial solutions. In section 5, there are
concluding remarks and the appendix shows us how to obtain the the recurrence relations for
the truncated solutions.

2. Solutions with phase parameters

By U; and U, we denote the two expansions in series of hypergeometric functions and by U s
and 02” the two expansions in series of Coulomb wavefunctions. The superscript v indicates
that they depend on a phase parameter v. By demanding invariance of solutions under the
operations implied by rules 77 and 75, we get f]z" as a new expansion resulting from the Leaver
one, U}. However, by requiring that the series coefficients for U} and U} are identical to
those which appear in U | and 02", we are compelled to redefine the phase parameters of the
original expansions in hypergeometric functions. This gives the two pairs of solutions (U,
U ) and (U], 172” ), each with the same series coefficients. We first give the general solutions,
then we restrict these to Whittaker—Hill-type equations and finally discuss the Dirac equation
for radiation-dominated FRW backgrounds.

2.1. General case

The expansions in series of Coulomb wavefunctions are written explicitly as series of the regular
(or Kummer) and irregular (or Tricomi) confluent hypergeometric functions M (a, b; z) and
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Ul(a, b, z), respectively, rather than in terms of regular and irregular Coulomb wavefunctions
F,,, and G,,,. As a matter of fact we use M (a, b; )

~ re-— re-— +1
M(a,b;Z)II(—a)M(a,b;Z)Z(—a) ]+c_lz+a(a—)zz+... (1](1)
') '(b) b 2b(b+1)
instead of M (a, b; z). If, for brevity, we define F(a, b; z) as
F(@n, bas 2) := U@y, ba; 2) o1 (=1)" M@y, by; 2), (11b)
the first pair of solutions assumes the form
o B B B —
Uy = e Z an<—2—n—v—1,n+v+—2;Bz+—l; all x>’
n=—00 2 2 X0 X0
i ' o (12a)
Uf = e x" =B/ N " b (<2iwx)" F(n +v + 1 +in, 2n + 20 +2; —2iwx),
n=—0o0
with the following recurrence relations for the coefficients b,
anbn+1 + ﬂnbn + annfl = 07 (lzb)
where
. nm+v+2—(B/2)(n+v+1—(By/2) — (Bi/x0))(n+v+1— 1n)
= iwxg

2m+v+ 1) (n+v+3/2)

B; B,

Bn=—Bs—nwxg—|n+v+1——|[n+v+—
2 2 (12¢)
_ nwxo((B2/2) — 1)((B2/2) + (Bi/x0))

m+v)(n+v+1)
(n +v+(By/2) — 1)(n+v+(By/2) + (B1/x0))(n+v + 117)

2m+v—1/2)(n+v)

The phase parameter v may be determined from a characteristic equation given as a sum of
two infinite continued fractions, namely
Bo = 010 X2Y-1 A_3Y-2 by on Qo)1 A1y2 A2y3 e (12d)
B-1— B-2— B3— Bi— B— Bi—

Using the rule 7, we obtain the second pair of solutions

= B, B B, B B _
=f Y b,F e RS R B P Y N v L Rk
2 X 2 Xxo X0 Xo

)

n=—0o0

o0
U2 = fx"(B2/2+(Bi/x0) Z b (=2iwx)" F(n+v+1+in, 2n +2v +2; —2iwx),

(13a)

where

f = el (x — xg)! 7B Bi/x0) (13b)
and
o = iwxg m+v+1+(By/2)+ (B1/x0))(n+v+ (By/2))(n+v+1— 1;7)

' 2(n+v+ )(n+v+3/2)

b = P (13¢)

y! = —iwxy (n+v—(B2/2) — (Bi/x0))(n+v+1—(B2/2))(n+v+ “7)

2 +v — 1/2)(n +v)
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in the recurrence relations

o, b+ B,b, +y,b, | =0.

n-n+

The characteristic equation is again given by equation (12d) because we have g, = 8,
and ) y,,; = &, Vs+1. Moreover, by applying the rule T; to (Uj, 02”) we return to (U7, ﬁf),
and thus both sets of solutions are closed under applications of 77 and 7,. We also remark that
the above forms for the expansions in Gauss hypergeometric were obtained by accomplishing
the replacements

B ) B, B
vo>v+l——, V> v+ —+ —,
2 2 xo
into the original solutions of [6]. These substitutions have permitted us to see that both
solutions depend on the same phase parameter v which, in turn, is the very one that appears in
the expansions U | and 172" .

The series in terms of Coulomb wavefunctions are convergent for |x| > |xo| [1] while
those in terms of hypergeometric functions do not converge at |x| = oo. In effect, following
the steps sketched in [6] or [10] we find

. bn+1Fn+l . bn Fn in() 2x 4
llm —_— = ] e — — 1+ —2_x(x_x0)
n—>oo b, F, n—-00 b, 1 Fi 2in| | xo X0

where F,, := F((By/2) —n—v—1,n+v+(By/2), B+ (B1/x0); ¥). Therefore, the ratio test
implies that the expansion U} converges in any finite region of the complex plane. This is the
same for U, . Note that in the case of polynomial solutions the ratio test becomes meaningless.
It is worth mentioning that the n > 0 part of the expansions in regular confluent
hypergeometric functions is convergent for all values of x [1]. Furthermore, there are some
properties of confluent hypergeometric functions regarding only these functions that are useful
here. Firstly, while M (a, b; 0) = 1, in general U (a, b; z) has a logarithmical behaviour when
z — 0[16] and this will make the expansions in irregular confluent hypergeometric functions
inadequate for obtaining polynomial solutions. Secondly, as |z| — oo we have [12]

T(b)

mezz”[l +0(zI™M] (Rz > 0),

M(a,b;z) = I (b) (14)
_ N N—a —1
N a)( 2)7[1+0(z|7 )] Rz < 0),

and we must take these properties into account when we examine the asymptotic behaviour
of solutions. Moreover, if a is a negative integer, M (a, b; z) is a polynomial, suggesting that
the expansions in series of regular hypergeometric functions are suitable to obtain polynomial
solutions (i.e., in finite series) as seen in sections 3.2.1 and 4.2.2.

2.2. Limits for Whittaker—Hill-type equations

For B, = 1, By = —x/2, we define ¢, by means of b, = 2(n + v + 1/2)c, and find that the
recurrence relations for b, and ¢, become identical. Therefore, we may set ¢, = b, and then
the solutions acquire the forms

o o 1 11 —
U”:e“‘”‘anF —n—v——,n+v+—;—;)u ,
! = 2 2°2° xo

(15)
o0
Of = x"2 3" by (=2iwx)" F(n+v+ 1 +in, 2n +2v +2; —2iex),

n=—00
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. S 1 3 —
U2“=e"‘”‘(x—x0)1/2 Z <n+v+—)an(—n—v,n+v+1;E;xo x),

2 X
=% ’ (16)
Uy =e“"(x —x0)'x" D" (n+ v+ Dby(—2iwx)"F(n+v +1+in, 2n +2v +2; —2iwx),
n=—0oo
with the following simplified coefficients in the recurrence relations
=1 —ip),
Bu = —Bs — nwxog — (n+ v+ 1)?, (17)
1wxg .
Vo = — (n+v+in).

For a WHE we have x = x(cos? u, (xg — x) /X0 = sin’ (u) and the hypergeometric functions
in U} and U} can be written as trigonometric functions by means of [12]

sin[(2a — 1)u]

F(—a,a; 1/2; sin* u) = cos(2au), F(a,1—a;3/2;sinu) = —————.  (18)
(2a — 1) sin(u)
Thus, except for a multiplicative constant, the solutions of the WHE are given by
. o0
Uy = e@/D@xocosCu) Z b, cos[(2n +2v + Du],
n=—0o0
¥ i/2 (2 20+1 S . 2 (19)
U} = ei/2ox0cos@u) (cog )27+ Z b, (—2iwxg cos” u)"
n=—oo
X Fn+v+1+in,2n+2v +2; —2iwxg cos? u),
oo
Uy = ei/2oweos@ N " b sin[(2n +2v + Du],
(20)

[o¢]
Uy = eli/D@x0cos2) (0og 1) sin u Z n+v+ %)bn(—Zia}xo cos® u)"

n=—00
X F(n+v+1+in, 2n + 2v +2; —2iwxy cos® u),

where the first pair is constituted by even solutions and the second pair by odd solutions.

2.2.1. Dirac equation in radiation-dominated FRW spacetimes. As an illustration we

consider the Dirac equation (7 = ¢ = 1) for test fields with mass © in nonflat FRW spacetimes,

since the equations for the time dependence have no free parameters. The line element in its

conformally static form is

sin® (Ve x)
€

ds? = [A(r)]z[dtz —dy? - (d6* +sin® 0 dwz)}, 1)

where € = %1 is the spatial curvature. If the Dirac spinor W is redefined as

Q(z, x,0,¢) = A *sin(/ex)V/sin6 W(t, x, 6, $), (22)
its time dependence is given by [13]

i _ o py — pAam o),

100 3

i = —0Q(t) — uA(7)P(1),

dr
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where P and Q are two spinor components and ¢ is a separation constant. For € = 1, o is any
half-integer different from £1/2 [14] and, for ¢ = —1, ¢ is any nonvanishing real number.
On the other hand, taking S = Q — P and T = P + Q, the preceding equations yield

|:i + i/LA(‘K)] S(r) =ioT(v),

dr
P (24)
|:— - i/LA(‘[):|T(‘[) =i0S(7),
dr
which implies
a?s dA
IS 10241340 a2 s =0, (25)
dr? dr
17d .
T=—|—+iunA(r)|S. (26)
io | dt

For radiation-dominated models the scale factor is given by A(t) = ag sin(4/€t)/+/€ and so
equation (25) assumes the form

dzs

2t [0% +ipag cos(v/€T) + ep’al sin?(/er)]S = 0. 27
T

This is a WHE with 2u = /et and the transformation x = cos?(./€7/2) brings it to Leaver’s

form for the GSWE

d2s 1\dS
x(x — l)ﬁ + <x — —>— +[—€(0? +inap) + 4plagx(x — 1) — 2ipage(x — )] S =0.
X

2 ) dx
Thus, the parameters appearing in equation (1) can be written as
)CO=1, 31:—1/2, Bz:l,
By = —e(0? +ipap), o = F2ua, in = Fe/2.

If e = 1, we have 0 < x < 1 and the solutions must be written in series of trigonometric
functions which are regular and convergent in this interval. The full wavefunctions W will
diverge at the spacetime singular point t = 0, but this is due to the factor A=3/? in
equation (22). For ¢ = —1, we have | < x < oo and the solutions may be formed by
matching both solutions in each pair (with 7 = U), since at the singular point x = 1 only the
series in hyperbolic functions converge while for x — oo only the expansions in Coulomb
wavefunctions converge. The divergence of W at x = 1 results again from the factor A=/?) (1)
and not from divergence in the solutions to the WHE. Note moreover that both signs for (1, @)
are allowed and thus we may obtain four solutions as required if we want to have a complete
basis for the solutions of Dirac equation (the spatial equations afford only one solution for a
given set of quantum numbers).

There is also anonsingular spacetime withe = —1 where wehave B, = 1and B] = —x(/2
but not a WHE. Hence we could use the solutions given by equations (15)—(17). This spacetime
can also be interpreted as a radiation-dominated FRW model with a negative effective pressure.
Its scale factor is A(t) = ag cosh T [15] and therefore

2
% +[o? +ipag sinh t + u?ad cosh” 118 = 0. (28)
This is not a WHE because the sinh and the cosh have interchanged positions and the equation
is not symmetric under T <> —t. Writing ¢ = qg sinh t for the coordinate time dt = A(7) dt
and performing the change of variable x = ¢ +iay we get the GSWE
2
x(x — 21@% +(x — iao)g +[0% — pag +ipn(x — 2iag) + p*x(x — 2iag)1S =0, (29a)
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and hence

xo = 2iayg, B, = —iay, B, =1,
0 20 1 0 2 . (29b)
B; = o0° — uao, w=*tu, n = Fi/2.
Again we have to match solutions, since for sinh?> 7t < 1 (& |x| < |xo]) only the expansions
in series of hypergeometric functions converge, whereas for t — oo only the expansions in
Coulomb wavefunctions converge.

3. Solutions without phase parameters

Supposing that there is some free parameter in the GSWE, we truncate the solutions with
phase parameters, that is, we take n > 0. Firstly, we present the solutions for the general case
and their possible applications to the angular and radial equations of the two-centre problem.
Then we restrict the results for the case B, = 1, By = —xo/2 and show how these solutions
can be applied to find the wavefunction for the Schrodinger equation with QES Razavy-type
potentials.

3.1. General case

The solutions obtained from the truncation of the expansions given in section 2.1 are displayed
in four pairs denoted by (U;, U;), i = 1,2,3,4. Starting from one pair, the others can be
derived by means of the rules 7} and 7, according to the scheme

o T ~ T ~ T, ~ T ~
(U1, Uy) < (Us, U) <= (Us, U3) < (Us, Us) <= (U;, U))  (30a)
which corresponds to

=g, BB R BB G
2 X0 2 2 X0 2

Note that there are solutions with opposite signs for v; therefore, if in one pair a denominator

of the recurrence relations is zero (integer or half-integer value for v), in another pair the

denominator is well defined. The recurrence relations and the characteristic equations (for

solutions in infinite series) have one of the three forms given below. The first case (@_; = 0) is

the general one and the others («—; # 0) may occur only for special values for the parameters.

b1+ Pobo =0, #,,30:%%%... 31)
Wnbpst + Bubn + Yabu1 =0 (0 > 1), Pi— Bo— Bs—

aob1 + Bobo = 0,

c1by + Biby + [y +11] by = 0, = o= 20 [“ﬂ“j "] ‘;”f ‘:;27:3 ),
pbpsr + Buby + yuby—1 =0 (n = 2), 1 ’ ’

aoby + [Bo+a—1] by =0, YL AiYr o

b + Buby b =0 =1, | T e ﬁz_yj e

In each pair the hypergeometric functions can be rewritten as Jacobi’s polynomials Pn(a’ﬂ ) (2)
by using the formula [16]
n!

F(—n,n+1l+a+pB;l+a;y) = mPn("’ﬁ)(l —2y), (34a)
a)y
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where (1 + «),, denotes the Pocchammer symbol defined as
(@), =a(@a+1)@+2)---(a+n-—1), (a)p = 1. (34b)

Therefore, the truncated expansions in hypergeometric functions are solutions of the Fackerell—
Crossman type [17]. In fact, the solutions U} and U, were obtained in [6] as generalizations
of a Fackerell-Crossman solution which now is recovered together with other solutions. We
first write the four pairs of solutions, relegating their derivations to appendix, and then discuss
some applications. Note that for the truncated solutions we have n > —1 in«,,n > 0 in 8,
andn > 1in y,.

First pair: v = (B2/2) — Lin (U}, U)).

—— B, xo—x
U =¢e»* E bfll)F<—n,n+Bz—1;Bz+—l; 0 )
n=0

X0 X0 35
7 iwx - (€)) : n Bz : : ( a)
U =e an (—2iwx)"Fn+ > +in, 2n + By; —2iwx |,
n=0
oV — i (n+1)(n — (B1/x0))(n + (B2/2) —in)
" 2(n+ (B2/2))(n+(B2/2) +1/2)
By/2) — 1)((B2/2) + (B1/x0))
) — _p,— _n(n+ By — 1) — 1eXo((B 35b
= B men s B D T iy - Dt By O
D — i (n+ By —2)(n+ By + (By/x9) — )(n+ (By/2) — 1 +1in)
= 0 2(n+(B2/2) —3/2)(n+(B2/2) — 1) ‘
Recurrence relations: if B, = 1, equation (32); if B, = 2, equation (33); otherwise,
equation (31).
Second pair: v = (By/2) + (By/xo) in (U, UY) or (Uy, Uy) —> (Us, U»).
iox . 1+(By /x0) 2 2B, By xo—x
U, =e“x ! "anF —n,n+1+By+—; B+ —; ,
e X0 X0 Xo
(36a)
- . 0 B B 2B
U, = el x1+B1/x0) Z bff’(—Ziwx)”f(n Fl+in+ —= + 2 20 +2+ By + —; —2ia)x>,
=0 2 X X0
0@ — iox (n+ D +2+ (B1/x0))(n+1+(By/2) + (B1/x0) — in)
= 0 9
" 2(n+ 1+ (B2/2) + (B1/x0))(n + (3/2) + (B2/2) + (B1/x0))
) Bl Bl
B, =—B3—nwxo—\n+1+—|)|(n+Br+—
o 0 (36b)

. nwxo((B2/2) — 1)((B2/2) + (B1/x0))
(n+ (B2/2) + (B1/x0))(n + 1 + (B2/2) + (B1 /x0))’
O — iwxg (n+ By + (By/x0) — )(n+ By + (2B /x0))(n + (B2/2) + (B /x0) +in)
" 2(n — (1/2) + (B2/2) + (B1/x0))(n + (B2/2) + (B1/x0))
Recurrence relations: if (B,/2) + (B1/xo) = 0, equation (33); if (B2/2) + (B /x0) = —1/2,
equation (32); otherwise, equation (31).
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Third pair: v =1 — (By/2) in (UL, UY) or (U, Uy) —> (Us, Us).

o0
. By xo—x
Us = " (x — xg) !~ Br/ro) #1303 b3 (—n, n+3—By2— B — —xl ; Ox ) :
n=0 0 0

o0
03 — ein(x _ xo)l—Bz—(B|/xO)xl+(Bl/X[)) be)(—lex)” (370)
n=0

B
xf<n+2—72+in,2n+4—32;—2iwx),

(n+1D(n+2+(Bi/x0)(n+2 - (By/2) —1in)
2n+2— (B2/))(n+(5/2) = (B2/2))
nwxo((B2/2) — D((B2/2) + (B1/x0))
(n+1—=(B2/2)(n+2— (B2/2))
(n+2—By)(n+1— By — (Bi/x0)(n+1—(By/2) +in)
2(n+(1/2) = (B2/2))(n + 1 — (B2/2))

Recurrence relations: if B, = 2, equation (33); if B, = 3, equations (32); otherwise,
equation (31).

3 —;
o, =1wxg

B = —Bs —nwxg— (n+ 1)(n+2 — By) — ., (37b)

yn(3) = —iwxg

Fourth pair: v = —(By/2) — (By/xo) in (UY, U2) or (Us, Uy) —> (Us, Uy).

: e 2B B —
Uy = elu)X(x _xO)]—Bz—(Bl/XU) bej”F(—n,n +1- B, — _1; 2— B, — _1; X0 x)’

pr X0 X0 X0
o0

Us = e (x — xq) !~ B2~ (B1/x0) Z bfl4)(—2ia)x)” (38a)
n=0

. B, By 2By .
x F n+1+1n—7——,2n+2—32——;—21a)x ,
X0 X0

o® — iox (n+1)(n — (Bi/x0)(n+1—(By/2) — (Bi/x0) —in)

" 2(n+ 1 — (B2/2) — (Bi/x0))(n + (3/2) — (B2/2) — (B1/x0))’

B B
,3’54) = —B3 — NwXxp — <n— —1)(1’1—Bz+1 - —1>
X0 X0

_ nwxo((B2/2) — 1)((B2/2) + (B1/x0)) (80)
(n — (B2/2) — (B1/x0))(n +1 — (B2/2) — (B1/x0))’
@ — iwx (n+1— By — (Bi/x0))(n — B, — (2B1/x0))(n — (B2/2) — (B1/x0) +1n)
" 2(n — (1/2) = (B2/2) — (B1/x0))(n — (B2/2) — (B1/x0))

Recurrence relations: if (B,/2) + (B1/x9) = 0, equation (33); if (B,/2) + (By/x0) = 1/2,
equation (32); otherwise, equation (31).

Note that, in each pair, to get the expressions for («,,, B, ¥, ) the shortest way is to insert the
value for v into the nontruncated expressions. To obtain (U;, Ui) and the recurrence relations
it is easier to use the transformations rules, since this leads the hypergeometric functions to be
already in a polynomial form as above.

3.1.1. The angular and radial equations for the two-centre problem. Now we comment upon
how the earlier solutions can be applied to the angular and radial equations of the two-centre
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problem. Our starting point and conventions are taken from Leaver [1]. The wavefunction
of the time-independent Schrodinger equation has the form

¥ =e™ RS (w), A= (r1 +12)/(2a), w = (ri — )/ (a), (39q)

where m is any integer, r| and r, are the distances from the electron to the two centres, and 2a
is the intercentre distance. By performing the changes of variables

S(x) = x"2@2 —x)"? f~(x), x=pu+1,0<x<2), (39)
R(x) = x"™?(x —2)"% f*(x), x=i+1,(x >2),
where S(x) = S(1), R(x) = R(u). Leaver obtained GSWEs for f* with
X0 =2, ®® =24d’E, ont = —a(N, £ N,), Bi=-2m+1), (396)
B, =2(m+ 1), Bf = @ +2a(N; £ Ny) +m(m + 1) — Ay,

Ay, 1S a separation constant, whereas N; and N, are related to the values of the two charges.
We are assuming that Ny &= N, # 0. To have regular wavefunctions when m > 0 we employ
the solutions (U, U;) to the GSWE and thus

o0
Sp = e x™2 (@2 — x)"/? an_F (—n, n+2m+1;m+1;1— %) )
n=0 (4061)

o0
Sy = el ¥y 22 — x)m/? Z b (2iwx)"M(n+m +1+in~, 2n +2m +2; —2iwx),
n=0
and
) 0 X
Ry = 3" (x = 2)"2 3 bt F (—n, n2m+lim+ 11— 5) ,
n=0 (40b)
R, = e x™/?(x — 2)"/? sz(—ﬁwx)"U(n +m+1+in", 2n +2m +2; —2iwx),
n=0

where the recurrence relations for b= are given by equation (31) with

L. n+Dm+m+1—inh)

o = n+m+32)

ﬁf =By =Aw — & —m(m+1) —n(n+2m+1), (40¢)
" o (n+2m)(n+m+inh)

L )

If we rewrite S; (x) in terms of associated Legendre polynomials, we recognize S (x) as a
Barber—Hassé solution [18] but now we also have a representation in series of regular Coulomb
wavefunctions (constructed originally for a radial equation). The solution R, (x) for the radial
equation is regular and convergent anywhere except at x = 2, the point at which the solution
R (x) is regular and convergent. Therefore, we can match them in order to get solutions for
the radial wavefunction. This seems to be a possible alternative to the treatment of [19] which
proposes matching expansions in Coulomb wavefunctions (with phase parameters) and Jaffé’s
expansions (without phase parameters), each of them having different characteristic equations.
Furthermore, we can again express R as series of associated Legendre polynomials. Then it
becomes obvious that we are matching solutions of Barber—Hassé type (originally conceived
for the angular equation) with solutions in series of Coulomb wavefunctions.

If m < 0, regular and convergent solutions may be formed from the pair (Us, Us) and the
sole difference consists in the change of m by —m in equations (40a)—(40c). Therefore, it is
sufficient to put [m| where we had m in those solutions, but not in equation (39a). We could
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also use the pairs (U, 02) and (Uy, 04) and Ehis would not modify the results. For example,
the angular solutions constructed from (U,, U;) have the form

o0
$1(x) = " x D@ — )2 b, F (—n, nelim+1:1— %) ,

n=m

o0
$(x) = e x "D (Q2 — x)"2 Y " b, Qiwx)" M (n + 1 +in7, 2n +2; —2iwx)

n=m
where in the recurrence relations for b, equation (31),

m+1l—m)y(n+1—in7)
On =10 (1+3/2) ’
B, =Pn=Am—* —mm+1)—@n—myn+m+1),
m+m)(n+in™)

(n—1/2)

These solutions differ from the previous ones inasmuch as the sum begins at n = m by
reason of o, _; = 0. However, if we perform the substitution n — n + m, use the relation
F(a,b;c;7) = (1 —2)*PF(c —a, c — b; c; 7) and rename the coefficients, we notice that
these solutions are identical to (S, S;).

We have found two possible representations for the angular dependence of the two-centre
problem. A similar fact occurs with the angular Teukolsky equations. In effect, the angular
wavefunctions has the form

S(x) = xW2m=sl — x) /DIl (), 0<x=1+cosh <2,

where f(x) obeys a GSWE with B; = —2|m —s| —2, By = |m+s|+|m —s|+2,x = 2.
The pair of solutions (U, Uy) gives

o
. 2—x
fi :e”‘)XE bVF <—n,n+|m+s|+|m—s|+1;|m+s|+1;—>,

n=0 2
x or . |m+s| |m—s|
fl =e'® ;bn(l)(ha)x) M(l’l + T + T (41a)

+1+in,2n+|m+s|+|m —s|+2; —Zia)x>.

The first solution is one of the Fackerell-Crossman solutions of the angular Teukolsky equations
and the second is a new representation in series of Coulomb wavefunctions. The second
Fackerell-Crossman solution and its partner can be derived from the above solutions by the
transformation rule 753. Once more we may obtain identical solutions starting from (U, (72)
but then, similarly to the two-centre problem, the sum will begin at n = |m — s]|.

3.2. Limits for Whittaker—Hill-type equations

For this particular case, similar to the case with phase parameters, all the recurrence relations
become simpler since there are no denominators in them. For the WHE the expansions in
series of hypergeometric functions reduce again to series of trigonometric functions which
are not but the Arscott solutions [2]. Note that now each pair presents a different form for
the recurrence relations. The term —«_; in equation (48c), instead of +«_;, comes from the
redefinition of the series coefficients. The four pairs are written below.
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First pair.

where

J—. 1 —
U, =e“* E bfll)F(—n,n; —; all x)’
=0 2o (42a)
a

o0
Uy =& Y bV (=2iwx)" F(n + 5 +in. 2n + 1; —2iwx),
n=0

(42b)

1 _  loxg " 1+i
Vo = 2 2 nj,

in the recurrence relations
agby + Boby = 0,

a1by + Biby + [y + 1] bo = 0, = Bo=

oo [0671 + J/l] ary2 02)3

Bi1— Br— Bi—

(42c)

anbn+l + IBnbn + ann—l =0 (l’l P 2)5

For the WHE we have two even solutions:

o0
U, = eliw/2)cosu) Z b cos(2nu)
n )

n=0 (43)

o0
U, = eliw/Dcosu) Z bV (—2iwxg cos® u)" F(n + 1 +in, 2n + 1; —2iwxg cos® u).

Second pair.

where
20
n

iwxg

n=0

. s 1 xo—x
U, = ela)xxl/z Zb;(f)F<_n’” +1; —; 0—>,
ot 2 X0

= (44a)
U, = exx!/2 Z b® (=2iwx)"F(n +in + 1, 2n + 2; —2iwx),
n=0

=@n+1—in), BP = —(n+1)* — By — nwx,, T = —(n+in),

(44b)

in the recurrence relation

agby + [Bo+a_1]by =0,

a oy a
:/30_,.0[71:_01_3/22_7/3.... (44c)

Unbpst + Buby + Yabu_1 =0 (n > 1), Pi— Br— Bs—

Again the solutions to the WHE are even:

o0
U, = eliw/2) cosu) Z b® cos[(2n + 1)u],

= (45)

U, = e@/2e0sC1) o6y Z bflz)(—Ziwxo cos” u)"F(n + 1 +in, 2n +2; —2iwxg cos® u).

n=0
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Third pair.

) o0 3 xog—x
iwx 2 2 3 L2020
Us = e (x — x9)/?x"/ n§=0(n+1)bg)F(—n,n+2,§, - )

o (46a)
Us = e (x — xo)'/?x'/? Z(n + l)b,(13)(—2ia)x)"}'(n + % +in, 2n + 3; —2iwx),
n=0
203 3 243 1
.a” =\n+=-—in|, B = —(n+1)> — By — nwxo, _Lz—n+—+in .
iwxg 2 1wxg 2
(46b)
%ob1 + fobo =0, oY1 Y2 2Y3
=Bp=— —= — ..., (46¢)
anbn+l + :Bnbn + ann—l =0 (I’l P 1)’ /31_ /32_ ﬂS_
Now the solutions to the WHE are odd:
[e¢]
Us = (/2@ % " pO) sin[(2n + 2)u],
n=0
~ i0/2) cos(2u) - = 3, o~ 2 47)
Us = eli@/2)e0s@) g (2y) Z(n + )b (—2iwxg cos® u)"
n=0
x F(n+3 +in, 2n + 3; —2iwxq cos” u).
Fourth pair.
. o0
Us=e“"(x —x0)'? Y (n+ DBV F(=n,n+1; 3; ),
n=0 (48a)
Us=e“"(x —x0)'? Y (n+ Db Qiwxoy)" F(n + 1 +in, 2n +2; —2iwx),
n=0
with
Ol,54) = a,(lz), ,3,24) = ’52)’ yn(4) = yn(z), see equation (44b), (48b)
in the recurrence relations (note the minus sign before «_;)
aob +[fo — a—11by = 0, a a1yr ry;
=>pf—0 g =— — —— ... (48¢)
Gubuet + By + Yabuor =0 (n > 1), b= Br= B
Again the solutions to the WHE are odd:
o
Uy = e/ 0% "p® sin[(2n + Du],
n=0
[o¢]
Uy = e@/2e0sCu) gip Z(n + %)b(‘” “49)

n=0
X (—2iwxg cos> u)" F(n + 1 +1in, 2n + 2; —2iwxg cos® u).

3.2.1. Schrodinger equation with Razavy-type potentials. Finkel et al [20] have noted that
the Schrodinger equation for the Razavy potential [21] is a WHE. This potential belongs
to the so-called QES potentials [21-24] for which one part of the energy spectra and the
corresponding eigenfunctions can be found exactly. The other portion is supposed to be
determined by approximation methods such as perturbation theory or semiclassical methods
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of approximation [26]. The results below suggest that, for Whittaker—Hill (or Razavy-type)
potentials, the whole spectra may be computed by the same methods applicable to the two-
centre problem or Teukolsky equations.
Then let us regard the time-independent Schrédinger equation
d>y 2mE
d—s2+[(€—V(§)]w:0, EI: ax, £ = ﬁ’
where a is a constant and x is the spatial coordinate. For the potential considered by Zaslavskii
and Ulyanov [27,28]

(50)

B* ., 1
V(E) = Tsmh S—B(s+§) cosh &, @28

where B is a positive constant and s is any non-negative integer or half-integer, the Schrodinger
equation is clearly a WHE with & = 2iu. If we take x = cos® u = cosh?(£/2), equation (50)
reads

2
x(x—l)d—w+<x—l)%+|:8+3<s+l>
dx2 2 ) dx 2
+23<s+%)(x — 1) = B’x(x — 1)}p =0,

and thus we can choose

xo=1, iw = —B, in=—-s-1, By=E+B(s+3) (52

in the foregoing solutions to the WHE. The the signs for 1 and @ were chosen so as to satisfy
the boundary condition

Egrfoo ¥ =0. (53)
For the present potential, polynomial solutions can be obtained either from the series in
hyperbolic functions or in regular confluent hypergeometric functions. The solutions in infinite
series are obtained by uniting expansions in series of hyperbolic functions with expansions in
series of irregular confluent functions, similar to the case of the radial equation of the two-
centre problem. Furthermore, we find that a polynomial solution for s = integer (s = half-
integer) corresponds to a pair of matchable expansions (in infinite series) for s # integer
(s # half-integer) and, in particular, for s = half-integer (s = integer). The eigenvalues for
infinite-series solutions may be computed as usual, using for example the continued-fraction
method [19,29]. For polynomial solutions the eigenvalues follow from the determinant of a
tridiagonal matrix. Indeed, a series with three-term recurrence relations of the type

O[Obl + ,BObO =0, anbn+1 + ﬁnbn + ann—l =0 (l’l = 1)

becomes a finite series with 0 < n < N — 1 whenever y,, = 0 forn = N [3]. Then the
recurrence relations can be written as

Bo ag O --- 0 by

vi B oar O : :

0 » B @ _0 (54)
by_>

YN-2 Bn-2 an-2
0 w1 Bno by
and from this equation we can determine the eigenvalues (£) and the coefficients b,. For the
recurrence relations (32) we must substitute y; by y; + «_; in the above matrix and, for (33),
we have the replacement Sy — By + o—;.
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Inserting the parameters (52) into equations (43), (45), (47) and (49), we find the solutions
as follows

00
Y = e BN "D cosh(ng),

) 0 . . (55q)
¥y = e~ (B/2)coshé ; b,(ll) <ZB cosh? E) f(n —s,2n+ 1; 2B cosh? 5),

where in the recurrence relations (42c¢) we have

al) = —g(n +1+5), B = —n* - ¢, y = g(n —s—1). (55b)

If s is an integer we get two expressions for polynomial solutions (F = (—1)”M ) with
0 < n < s seeing that y,,; = 0. If s is not an integer (and particularly s = half-integer) we
may match the two solutions (F = U) with different regions of convergence to get bounded
solutions convergent over the entire range 1 < x < co. There are also similar conclusions for
the other solutions. Thus, the second pair is

o0
W, = e~ (B/2)coshg Zb,(lz) cosh[(n + %)E],

=0 E o £\ | gy (560
U, = e~ (B/2eoshE cosh 3 ; b (ZB cosh? 5) .7-'<n -5t 2n +2; 2B cosh? 5),

where in the recurrence relations (44c¢) we have

B 3 B 1
a® = _5(,”5”), BP = —(n+1)? —€, ) = 5(11 —5— 5>. (56b)

Then, if s = half-integer, we have two expressions for polynomial solutions (0 < n < s—1/2)
and, if s # half-integer, we have a pair of matchable solutions. In the third pair

o0
Yy = e (B/Dcoshs bef) sinh[(n + 1)&],

n=0
(57a)
~ - £\" &
Yy = e (B/2coshé ginp ¢ Z(n + l)b,(f) (ZB cosh? E) .7-'<n —s+1,2n+3: 2B cosh? 5)
n=0

we have
a<3>——§(n+2+s) B = —m+1)2 & <3>—§( - 57b
n 2 ’ n ) Vn - 2 n S), ( )

in the recurrence relations (46c). If s = integer, we get two expressions for polynomial
solutions (0 < n < s — 1) butif s # integer we can match the solutions in this pair. The last
pair reads

o0
Yy = e BAONEN"pW sinh[(n + )E],
n=0

- o 1
_ o—B/coshe 1§ 1\ @
Y =e sinh > n2=0 (n + 2>bn (58a)
A% 1 . 2§
X [2Bcosh“ =) Fln—s+—,2n+2;2Bcosh” = ),
2 2 2
where in the recurrence relations (48c) we have

a¥ =a® BY =B, Y =y, see equation (56b).  (58b)

n
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If s = half-integer, both solutions (F = (—1)”M) are polynomial (0 < n < s — 1/2) but if
s # half-integer the series are infinite and we can match them (F = U).

Other Whittaker—Hill potentials can be treated in a similar way. So, the potential
investigated by Konwent et al [26]

ver= BB he 1), Beo0 c=01/21..)
= 1 2S+1COS s >U, (§ =0, I P
can be rewritten as
B? 1 B? 1\?
V(§)=Tsinhzs—B(s+§>cosh$+7+<s+§) ) (59)

The difference of this potential in relation to (51) consists uniquely in a shift in the energy
levels, that is, we have just to substitute £ by £ — B?/4 — (s + 1/2)? in the previous results.
On the other hand, the Razavy potential [21] can be rewritten as

2

B
VE) = Tsinhz(Zé)—(p+1)Bcosh(ZE), B>0 p=1,23,... (60a)
and the Schrodinger equation is a GSWE (WHE with u = i) characterized by
= cosh? &, =1, By =—1/2, B, =1,
x & Xo B / B (60b)
Bs; =[£+ B(2s +2)]/4, iw==*B/2, in==x(s+1),
where s was defined by p = 2s+1 andthens =0, 1/2, 1, 3/2, .. .. Inserting these expressions

into the solutions to the WHE, we obtain again pairs of infinite-series solutions, in addition to
the polynomials solutions obtained by Razavy.

4. Solutions for the confluent GSWE

A confluent GSWE was obtained by Leaver as a limit to the the radial Teukolsky equations
for an extreme value for the rotation parameter. More recently an equation, called generalized
WHE, has appeared which describes the radial behaviour of a charged massive scalar field on
Kerr—Newman spacetimes, in a extreme case as well (see [30], section 4). We can show that
the latter is also a confluent GSWE.

For confluent GSWEs the expansions in hypergeometric functions are not valid, but the
solution U ! in series of Coulomb wavefunctions affords an appropriate limit. From this limit
we get other solutions by the transformations rules #; and #, and again we arrive at two pairs of
solutions with a phase parameter. In section 4.1 we present such solutions and truncate them,
and in section 4.2 we discuss some examples.

4.1. The Leaver-type solutions

The first pair is given by

o0 n
iwx . —v— B B, B
UY = e @y v=8:/2 byl — ) Fln+v+—,2n+2v+2; — |,
! n;oo X 2 X
) | = (61a)
U} = elevy 1=5:/2 Z bu(—2iwx)"F(n+v+ 1 +in, 2n + 2v + 2; —2iwx),

n=—00
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where in the recurrence relations

. n+v+2—(B/2)(n+v+1—in)
o, = 1wB; )
2m+v+)(n+v+3/2)

,Bn=B3+<n+v+1—&)<n+v+&)+—nw31(32/2_1), (61b)
2 2 n+v)(n+v+1)
n+v+(By/2) — DH(n+v+in)

2m+v)(n+v —1/2) '

Yo = iwB

These are the Leaver solutions: U | is the limit of the corresponding solution in equation (12a)

and U/ results from U | by the rule #;. A second pair, obtained by applying the rule #, on this
first pair, is

: o Bi\" B B
Uy = e By b2 N (——1> f(n +V+2— 72 2n+2v +2; ——‘),
X X

n=—00

= (62a)
Uy = elox+Bi/0) yvil=B:/2 Z b, (=2iwx)"F(n +v+ 1 +in, 2n +2v +2; —2iwx),
n=—oo
where
a’/zzinl(n+v+(B2/2))(n+v+l—in)7 ,3,/1:_,3119
2m+v+ 1) (n+v+3/2) (62b)

m+v+1—(By/2)(n+v+in)

2+ v)(n+v—1/2)

In the solutions with tilde the series converge for any |x| > 0, and in the solutions without
tilde the series converge for | B; /x| > 0.

The truncation is similar to the case xo # 0. As a matter of fact, we could obtain the first
pair and its recurrence relations starting from the limit to U, (xo # 0) in equation (35a) and
the remaining ones by means of the transformation rules.

First pair. v = B,/2 —1in (Uy, UI")

. 0 Bl " B]
Uy =e@x!'™5 bep(—) f(n + By —1,2n+ By; —>,
X x

n=0

- 5 (63a)
U, = e Zby)(—ziwx)"f(n + ?2 +in, 2n + By; —2ia)x>,
n=0
D (n+D(n+(By/2) —in)
06( ) = 1wDbDq s
" 2(n + (B2/2))(n + (B2/2) + 1/2)
BY = Byt nn+ By — 1)+ — 1281 (B2 — 1) (63b)

(n+(B2/2) — D(n+(B2/2))’
(n+ By —2)(n+ (B2/2) — 1 +in)

M _;
'2(n+ (B2/2) — D(n+ (By/2) —3/2)

Y, =iwB

Recurrence relations: equation (31) if B, # 1,2; equation (32) if B, = 1; equation (33) if
B, =2.
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Second pair. v =1— By/2in (U}, UY) or (U, U)) = (Uy, Uy).

. [e.¢] B n B
U, = el tBi/x =1 Zb,(lz) (——1> .7-'(11 +3—By,2n+4 — By; ——]>,
— x x

00 B (64a)
U, = e ®+B1/xx 2= 5 belz)(—Zia)x)"]:<n +2 — 72 +in, 2n +4 — By; —2ia)x>,
n=0
a,” =iwB )
2m+2— By/2)(n+ (5/2) — By/2)
Bi((By/2) — 1
,3,(,2)=—B3—(n+1)(n+2—32)— nw 1(( 2/) ) (64b)

(n+1—(B2/2))(n+2— (B/2))’
(n+2—By)(n+1—(By/2) +in)
2(n+1— (Bo/))(n+(1/2) = (B2/2))

Recurrence relations: equation (31) if B, # 2, 3; equation (32) if B, = 3; equation (33) if
B, =2.

@ _

i 1(1)31

Third pair: (Us, Us) —> (Us, Us).

o o0 B\ B B
Us = e onxii= B2 3 (—1> f<n —in+ =2, 20 +2 — 2in; —1>,
= X 2 X

0 (6561)
Us = e " x 752N " b® Qiox)" F(n + 1 — 2in, 2n +2 — 2in; 2iwx),
n=0
G (n+1D(n+2—in— (By/2))
o, =1wB; ; . )
2+ 1 —in)(n —in+ (3/2))
B B B ((By/2) — 1
,623)=—B3— n+1—in——2 n—ir]+—2 _ e ,1(( 2/2) ,), (65b)
2 2 n—inn+1—1in)
v = iwB, (n —2in)(n + (B2/2) —in — 1)

2n—in)(n —in — 1/2)

Recurrence relations: equation (31) if in # 0, 1/2; equation (32) if in = 1/2; equation (33) if
in =0.

These solutions may also be derived by taking v = in in (U}, U;') and then using the
rule T5.

Fourth pair.  (Us, 03) N (Uy, 04).

. ) > Bi\" B B
Uy = e ortBilxyni=(Ba2 bf,“)(——l) ]—'(n +2—in— —22 20 +2 — 2in; —— )
X X

n=0 (66a)

o0
Uy = e 1@x*(Bi/x) y 1=in=B2/2 Z bW Qiwx)" F(n + 1 — 2in, 2n + 2 — 2in; 2iwx),
n=0
(n+1)(n+(B2/2) —in)
Dm+1—inm—in+3/2)
B B Bi((B,/2) — 1
BY = — By — (n+1—in— 22\ (n—igs B2) - BB/ = D) (66b)
2 2 nm—inn+1—in)
v = _iwB, (n— 2in)('n - (32/2) —in+ 1)'
2(n —in)(n —in — 1/2)

a,(f) = —iwB
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Recurrence relations: equation (31) if in # 0, 1/2; equation (32) if in = 1/2; equation (33) if
in =0.

These solutions may be obtained, if we prefer, putting v = in into (U,, U;) and then
using the rule T5.

4.2. Examples

As examples we discuss the time dependence of a massive test fermion in nonflat dust-
dominated FRW universe models (there is no free parameter in the differential equation) and
the Schrodinger equation for QES asymmetric double-Morse potentials (the energy represents
a free parameter).

4.2.1. Dirac equation in dust-dominated FRW spacetimes. For FRW universes filled with
dust the scale factor is given by A(t) = ag[1 — cos(y/€7)]/€. So, equation (25) for S(x) reads

sin(4/€1)
NG

which can be reduced to a confluent GSWE. In effect, the change of variable

d2s [2 ,
—= + |0 +1ua

53 +uladll — cos(\/gr)]zi|S =0, (67)

x = e W = cosJer —isiner (68a)
gives
d’s ds A A
2 2 _
XE+de I:k—x—z—7—A3x—A4x:|S—0, (68b)
where
k= —6(0’2 + %/LZ(ZS), A=Ay = %euzag,
(68¢)
Ay = —e,u,za(z) + %E,uao, Az = —euzaé — %Mao.
The substitution
S(x) = e*xPU(x), a’ = A, a—2ab— A, :=0, (69a)
furnishes
d’U dUu
¥ — +[(2b+ Dx —2a] — + [—Asx? — Asx +k +b*|U =0, (69b)
dx? dx
that is, a confluent GSWE with
B; = —2a, B, =2b+1, By =k + b?, w? = —Ase2nw = Az,
or, choosing a = «/A| = nag./€/2,
Bi = —papVe,  By=1+2uapWe, By =—e(o” +3u%ap),
69¢
i0=+500e i = £+ uar/e). (@

Therefore, the solutions for S(x) may be obtained by means of

S (x) = e B/ (BD2 Y (o) (70)
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where U/ (x) denotes the expansions with phase parameters given in section 4.1. Explicitly
we have

; = Bi\" B B
S = elwxm(Br/2x) v/ Z b,,(—l) .7-"<n+v+72,2n+2v+2; —1>
x

= X
S (71a)
Sy = B2 N by (< 2iex)" F(n+ v+ L+, 20 + 20 +2; —2iwx),
n=—oo
4 > Bi\" B B
Sy = elext(Bi/20  —v=1/2 Z b, <——1) ]—"(n FVH2— = 242042 ——1>,
B X 2 by
~ (71b)
S’; = lox+(B1/20) yv+1/2 Z b, (=2iwx)"F(n+v+1+in,2n +2v + 2; —2iwx).
n=—oo
Fore = 1 wehave |x| = |e!"| = 1 and accordingly there is no problem about series convergence
or regularity condition; in this case we must choose one solution of each pair. Also fore = —1

we do not have problems with respect to convergence or regularity condition as long as we
match the solutions of each pair since now 0 < |x| = |e?| < oo.
We note here that the radial equation for the scalar field mentioned at the beginning of this
section 4 (called the generalized WHE) is
2
xzd—R + 2xd—R + [(a)2 — WHM?*x* +2(Aw — Mp*)Mx
dx? dx

2
+<A+§) +(2w—u2)(2M2—€2)—2q€MO)_)\-]R=0, (72)
X

where the constants are defined in the paper by Wu and Cai [30]. Since it has the same form
as equation (68b), we may reduce it to a confluent GSWE, as we have stated elsewhere.

4.2.2. Schrodinger equation with asymmetric double-Morse potentials. We consider the
Schrodinger equation (50) for QES asymmetric double-Morse potentials. Contrary to the case
of the (symmetric) Razavy-type potentials of section 3.2.1, we find that it is not possible to
match solutions belonging to the same pair of solutions in order to get infinite-series solutions
convergent and bounded for the entire range of the independent variable. Even for polynomial
solutions there are some problems.

Let us consider the Turbiner generalized Morse potential [22, 23], whose form is

V(E) =k+Aie™ + Are™ + Azef + Age®, (73a)
where we suppose that A; and A, are positive and A, # +Aj3. In analogy with the case of
dust-dominated FRW spacetimes, we perform the substitutions
x =ef, V() = e XU (x), a’> = Ay, a—2ab— A, =0, (73b)

which reduce the Schrédinger equation to

2

d2Uu du
X2— +[2b+ Dx —2a]— + [—Asx®> — Asx + D>+ E—k]JU =0, (73¢)
dx? dx

that is, to a confluent GSWE having
By = —2a, B, =2b+1, By=E+b* —k,
! “ 2 3 (73d)
W =—Ase2nw = As.
Therefore the solutions must present the same form as in the previous example, namely,

Yi = e B/ By, () (74)
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but now U; (x) denotes the four pairs of solutions without phase parameters.
Now let

1% —Bz'h CZB ! hé; =0,1/2,1,3/2 75
(é)_T(sm S—E) — (s+§>cos &; s=0,1/2,1,3/2.... (75)

be the asymmetric double-Morse potential considered by Zaslavskii and Ulyanov [27, 28],
where B > 0, C > 0. It can be written as the exponential potential (73a) with

c? B? B2
k=———, A=Ay =—,
4 8 16
B B
A2=Z(C—2s—1), A3=—Z(C+2s+1).

The choices a = —+/A| = —B/4 and v = i/ A4 = 1B /4 yield the parameters

B B*
Bl:?’ B, =1+C —2s, B3:€+?+S —sC,
. B . c 1 (76)
1w =——, m=——— — —
YTy =T
for the confluent GSWE. Then, using the first pair of wavefunctions, we obtain
—@cone—ic/n-9t § i (B e B
Y =e ; i an Ee }'n+C—2s,2n+C+1—2s;5e ,
=0 (77)

o0 n
Y = e (B/DemEHC/2=08 % " pD Bee) Aln-25,m+c+1-25 Bes
— n 2 ’ 9 2 s

with recurrence relations given by equation (31) if C # 2s or 2s + 1, equation (32) if C = 2s,
equation (33) if C = 2s + 1 and having the coefficients

B2 m+Dn+C+1)

16 (n+(C/2)+(1/2) —s)(n+ (C/2) + 1 —s)
2
B =—5—s(s—C)—%—n(n+C—2s)

o =

. B2[C2 — (1 +25)2] (78)
32(n+(C/2) — (1/2) —s)(n+ (C/2) + (1/2) —s)’
(1)_B2 n+C—-2s—1H(n—2s—1)
T n+(C/2)—(1/2) —s)(n+(C/2) —1—3s)
If sisa non:negative integer or half-integer, we have y»;,; = 0, and therefore 1/}1 with
F = (—=1)"M is a polynomial solution with n running from O to 2s. This solution holds
only when C # integer or C = integer > 2s; for C = integer < 2s, the regular

confluent hypergeometric functions are not defined. The eigenvalues and the expansions
coefficients can be determined from equation (54). On the other hand, if s is not a non-
negative integer or half-integer both the solutions in (77), with regular or irregular confluent
hypergeometric functions, can be combined to give convergent and bounded solutions in terms
of infinite series.

For s = integer or half-integer, infinite-series wavefunctions bounded for all values of &
cannot be obtained by matching solutions belonging to the same pair. Such solutions would
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need to present the factor exp(—(B/2) cosh &) but this does not happen. Thus, from the second
pair we obtain

00
%lfz — e—(B/Z) sinh&+((C/2)—s—1)& Zb}(;)
n=0

B . B
x <5e—5) M(n+2+2s—c,2n+3+2s—c;—Ee—f), (79q)

—~ 2 2
where, in the recurrence relations, we have

@ _ BX(n+ D(n+2+2s)

" 16(n+s—(C/2)2+ B/2)+5)(n—(C/2)+2+5s)’

B
B =£+s(s—C)+?+(n+l)(n+1 —C +2s)
B*[C? — (1+25)%]

B 32— (C/2) + (1/2) +s)(n — (C/2) + (3/2) + )’
@ _ B*(n—C+2s+1)(n—0C)
Ya© = 16(n — (C/2)+(1/2) +s)(n — (C/2) +5)°
In these two solutions we have infinite series (if C 5# integer) but the solutions are unbounded
when& — —oo. If C = integer, the solution ¥/, is polynomial but unbounded when § — —oo.
Similarly, from the third pair, we get

o0 n
Y3 = e(B/DME(C/2DE N " p() <§e5> U(n +1+C,2n+3+25+C; §e5>
n 2 ’ k) 2 )

(79b)

n=0
(80a)
~ ) > B " B
Y3 = e B/2 S EHC/44DE N ™ () <—ef) M(n +2+25+C,2n+3+25 +C; ——ei")
n 2 9 9 2 9
n=0
where, in the recurrence relations, we have
3) )] 3) 1))
«, (C’ S)_al (_C’ S), n (Ca S) - (_Ca S)a
! P P (80b)

r(C,5) = yP(=C, ).

Both solutions are again given by infinite series, but now they are unbounded when £ — ooc.
Note that, for C # integer, we could match solutions taking from the second and third pairs
but it would be necessary to show that, in both cases, each one with a different characteristic
equation, the eigenvalues converge to the same limit. It would be better to seek new solutions
for this problem. The same occurs with other potentials as, for example, the asymmetric
potential studied by Konwent et al

2s + 1)?

VE) =—

B > BC .
coshé — 1) + —ssinh§;
2s + 1 2
CeB >0; s=0,1/2,1,3/2,...,
or the potential [24]
V() =8%"% +28(y — De™® —2B(p +y)ef + p2e; p=0,1,2,..., (81a)
where we suppose that § and S are positive and § # S. Thus, if in the latter case we select
a=—+/A; = -6 and iw = —/A4 = — B, we obtain
B]:2(S, B2=2y’ B3=5+(V—%)2,
v =—p, in=-y—p.

(81b)
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Then, the first pair of solutions provides

o0
U1 = f(x) Z b\ (28e )" F(n +2y — 1,2n +2y;28e%),

n=0
Ui = f7 ()Y V2B ) Fn — p,2n+2y;285), (®20
n=0
fiE () == exp[—pef —8e™F £ 3 (1 —2y)E].
(82b)
o) — _BS(n+D(n+2y +p)
T ) m+y+1/2)°
1\? 2B8(y +p)(y — 1)
(1 _ _ _ _
B, —S+<y 2) +nn+2y —1) ity —Dnty)’ (82c¢)

)/(1) _ _/38(” +2y =2)(n—p—1)
. m+y —Dn+y —3/2)°

with recurrence relations given by equation (31) if 2y # 1, 2, equation (32) if 2y = 1, and
equation (33) if y = 1.

If p is a non-negative integer we have y,,; = 0, and therefore the solution 1/~f1 with
F = (—1)"M is aregular polynomial solution with n extending from 0 to p. However, if 2y is
zero or a negative integer, the regular hypergeometric function is not well defined. On the other
hand, if p is not a non-negative integer the solutions in (82a), both with regular or irregular
confluent hypergeometric functions, can be matched to give convergent and bounded solutions
in terms of infinite series, but only when 2y is not zero or a negative integer. Moreover, using
the second and third pairs of solutions we may verify that (for p = integer) infinite-series
wavefunctions bounded for £ € (—o0, 00) cannot again be obtained by matching solutions
belonging to the same pair.

Finally, note that we have seen that the Schrodinger equation for the potential (73a) is

analogous to the Dirac equation (67) with € = —1. There is also an analogue for € = 1, given
by a periodic QES potential whose form is [31]
V(&) = Acos(2§) + Bcos& + Csin& + D sin(2§), (83a)

that can be rewritten as
V() = Aje 2 + Are ™6 + Ase’® + Age’S,

A= 1(A+iD), As = (B +i0), Az = A3, Ay = AL (835)
Indeed, the changes of variables
x =ef, V() = e XU (x); a* = —A, a—2ab+A, =0, (84a)
in the Schrodinger equation imply that U is ruled by

x2d2 U, [(2b+ 1)x — 2a]d—U +[Agx? + Asx +b* — E]U =0, (84b)

dx? dx
that is, by a confluent GSWE in which
B) = —2a, By =2b+1, By =b* — &, w? = Ay, 2nw = —As.
(84c¢)

5. Final remarks

The solutions to the GSWEs presented in this paper have been developed according to the
principles exposed in section 1. In section 2, expansions with phase parameter have been
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written as two pairs of solutions, each one having the same series coefficients and consisting
of a solution in series of hypergeometric functions, and a second one in series of Coulomb
wavefunctions. The first solution converges in any finite region of the complex plane, while the
second converges for |x| > |xo|. For the WHE, the series in hypergeometric functions reduce
to even or odd series of trigonometric (or hyperbolic) functions with a counterpart in series
of Coulomb wavefunctions. Equations for the time dependence of the Dirac test fermions in
nonflat radiation-dominated FRW spacetimes have been tranformed into Whittaker-Hill-type
equations in which all the constants are known.

In section 3 we have supposed that there is some free parameter in the GSWE, and then
the expansions found in section 2 were truncated, giving four pairs of solutions without phase
parameter. The truncation of the series in hypergeometric functions provided solutions of the
Fackerell-Crosmann type, that is, in series of Jacobi polynomials. Given one pair of solutions,
the others can be generated by means of the transformations rules 7} and 7,. For the angular
two-centre problem, solutions in series of regular Coulomb wavefunctions were established,
in addition to the Baber—Hassé expansions in series of associated Legendre polynomials.
Analogously, for the angular Teukolsky equations, solutions in series of regular Coulomb
wavefunctions were obtained, in addition to the Fackerell-Crossman expansions. For the
radial two-centre problem, solutions bounded over the entire range of the radial variable were
found by matching expansions in series of irregular Coulomb wavefunctions with expansions
in series of hypergeometric functions. This procedure offers computational advantages in
relation to that used by Liu [19], since the matchable solutions are given in terms of one-sided
series without phase parameters and both solutions have the same eigenvalue equation.

Still, in section 3, the four Arscott solutions in series of trigonometric (or hyperbolic)
functions were recovered, and each of them corresponds to an expansion in series of
Coulomb wavefunctions. They were applied to formally solve the Schrodinger equation with
Razavy-type potentials. Polynomial solutions in series of hyperbolic functions and regular
Coulomb wavefunctions were found. Solutions in infinite series were composed by connecting
expansions in series of hyperbolic functions with expansions in series of irregular Coulomb
wavefunctions, similar to the case of the radial two-centre problem. These solutions in infinite
series seem to be suitable to find the complete energy spectrum without using the common
approximation methods.

To consider the WHE as a special GSWE is not a novelty (see part B of [4]). However, one
has the impression that so far this information has not been used to derive explicit solutions
to the WHE, as we have done in sections 2.2 and 3.2. The prescription for this is as follows:
find a solution for the GSWE in its general form (1), use the transformations rules given in
section 1, and then particularize the solutions to the WHE.

In section 4, we have used the transformation rule #, to generalize the Leaver solutions
in series of Coulomb functions for confluent GSWEs. We have shown that these solutions
may be used to find the time dependence of massive Dirac test fields in dust-dominated
FRW spacetimes. The truncated solutions were applied to get polynomial solutions to
the Schrodinger equation with QES asymmetric double-Morse potentials. In this case no
satisfactory infinite-series solution were found, and the search of new solutions appropriate
for the case remains open. Note the new instances of confluent GSWE that were found in this
section: the Schrodinger equation for the potentials (73a) and (83a), the equation (67) for the
time dependence of a Dirac field in dust-dominated FRW backgrounds, and the equation (72)
for the radial dependence of a massive scalar field in Kerr—-Newman spacetimes.

In the appendix we have derived the recurrence relations for the truncated expansions with
xo # 0. We have obtained three possibly different recurrence relations, each of them being
valid for the solutions of the WHE.
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Throughout the text we have taken several equations from mathematical physics as mere
examples. This is particularly true with respect to the equations for the time dependence
of Dirac test fermions in FRW backgrounds inasmuch as we have not written explicitly the
solutions for S(r) and T (t). To solve these equations, in addition to considering the regularity
and convergence conditions, we need to find four independent sets of solutions and check
if they satisfy the requirements of ‘charge conjugation’, since the Dirac equation in FRW
spacetimes is invariant under such an operation.

We have not examined the integral relationships which may exist between solutions with
the same recurrence relations either. In effect, Masuda and Susuki [11] found that Otchik-
type solutions in series of hypergeometric and Coulomb wavefunctions are related by means
of integral transformations. Thus, we can extend that study to the generalized solutions
investigated here and, in particular, to the truncated solutions. This extension might also
include solutions of Jaffe and Hilleraas type for which Leaver found integral relations only for
special values of the parameter 1 [1].

Another open issue concerns the generalization of the expansions in series of Coulomb
wavefunctions to a Heun differential equation in its general form, as well as the possibility
of getting pairs constituted by such expansions and expansions in hypergeometric functions,
as in the case of GSWEs. Actually, we know that there are QES potentials which lead to
general Heun equations [32] and, if that generalization is possible, perhaps we could also
find infinite-series solutions appropriate for these problems. A further question refers to the
connections between the Schrodinger equation for other QES potentials and the Heun equation
or its special cases. We advance that, for the trigonometric and hyperbolic potentials of [24,31],
the Schrodinger equation may be transformed into GSWEs, and for this reason it has the pairs
of solutions found in section 3.1 as candidates for polynomial and infinite-series solutions.
Nevertheless, it is also necessary to consider other classes of QES potentials.

Appendix A. Truncation and recurrence relations

Let us see how we have obtained the first pair of solutions (U1, U 1). For n > 0 the solution
U/ reads

v iwx > Bz Bz B] X — Xo
Ul =e" Y by F| = —n—v—1Ln+v+—:B+—; , (AD)
n—0 2 2 X0 X0

which, when inserted into equation (1), gives

B, B, B
a_1bgFl ——v, —+v—1;B+—;y
2 2 X0

B, B, By
+ (b + Bobo) F| — —v—1, —+v; B+ —;y
2 2 X0

B B B
+(O[1b2+,31b1+]/1b0)F —2 —V—2,—2+V+l;Bz+—1;y
2 2 X0

)
+ Z(O(nbnﬂ + Bubp + yubp_1)
n=2

Bz BZ Bl
XF|——-n—v—-1,n+v+—;B+—;y ) =0 (A.2)

2 2 X0
where y = (x9 — x)/xo. The parameter v must be chosen so that the coefficients of each
independent term vanish. Whenever «_; = 0 we have the recurrence relations (31) but there
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are cases in which «_; is not zero, as the right-hand side of the following expression suggests
a1 (v+1—=(B2/2))(v — (Bi/x0) — (B2/2))(v —in)

iwxg 2v(v+1/2)
v=(By/2) — 1; a1 =0 if B, #1,2;
v = (Bi/x0) +(B2/2); a_1 =0 if (By/x0) + (B2/2) # 0, 3:
v =in; a1 =0 if in # 0, —1.

In effect we see that there are three possible choices for v and in each of them there are two
exceptions for which «_; may not vanish. Hereafter we discard the possibility v = in because
it does not lead to solutions in terms of Jacobi’s polynomials. For the exceptions we find two
dependent terms in equation (A.2). Considering the possibility v = B,/2 — 1, we obtain the
solution U; with the recurrence relations (31), when B, # 1,2. If B, = 1 (v = —1/2),
equation (A.2) becomes

B B
O‘—'bOF(l’ —1 1+ = y) + (aoby +,30b0)F<0, 0; 1+ —; y)
X0 X0

B
+ (a1bs + Biby +y1b0)F<—1, 11+ 2L, y) +...=0.
X0

As the first and the third terms are linearly dependent, we get the recurrence relations (32). On
the other hand, if B, = 2 (v = 0) we have

B B
0l1b0F<L 0;2+ —; y) + (aoby + ,BObo)F(O, 12+ =L, y)
X0 X0

B
+ (a1by + Biby + ylbo)F<—l, 2:24 2L, y) +...=0.
Xo

Since the first and the second terms are constant, the recurrence relations have the form given
in (33). Therefore, we have derived the solution U;. Now let us consider the solution U’ for
n=0

(o]
01” = el (x — xo) "B/ Z by (=2iwx)"F(n+v+1+in, 2n+2v +2; —2iwx). (A.3)
n=0
If F(a,, by; 2) = U(ay, by; z) we get
o1 (=2iwx) " boU (v +1in, 2v; —2iwx) + (@b + Bobo)U (v + 1 +1n, 2v + 2; —2iwx)
+ (1D + B1by + y1bo) (—2iwx)U (v + 2 +in, 2v + 4; —2iwx)
oo
+ Y (@bt + Buby + Yubu—1)(—2iwx)"

n=2
x U@ +v+ 1 +in, 21 +2v +2; —2iwx) = 0. (A.4)

In order to obtain the solution U 1, the counterpart for U, we again choose v = B,/2 — 1. To
find the recurrence relations for B, = 1 and B, = 2 we use [12]

U(@,1—n;z2)=7"U(a+n,1+n,z)
that implies
U(in — 1, —1; —2iwx) = Qiwx)*U(in + 3, 3; —2iwx),
U(in, 0; —2iwx) = 2iwxU(in + 1, 2; —2iwx).
Then, for B, = 1 (v = —1/2) we have
a1 (—2iwx)'bU (in — 3, —1; —2iwx) + (aoby + Bobo)U (in + 1, 1; —2iwx)
+ (162 + Biby + y1bo) (—2iwx)U (in + 3, 3; —2iwx) +--- = 0,
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and the first and the third terms are linearly dependent giving the equation (32). For B, = 2
(v = 0) we get
ot_l(—2ia)x)71boU(in, 0; —2iwx) + (aoby + Bobo)U (1 +1in, 2; —2iwx)

+ (a1by + B1by + y1by) (—2iwx)U (2 +in, 4; —2iwx) +--- = 0,
and we see that the first and the second terms are linearly dependent; this leads to the recurrence
relations given by equation (33). To complete the derivation of the pair (U;, U;) we must still
suppose that F(a,, b,; z) = (—=1)"M(a,, b,; z) in equation (A.3). Instead of equation (A.4)
we have
o1 Qiwx) "boM (v + in, 2v; —2iwx) + (xob; + ﬂobo)M(v +1+in, 2v +2; —2iwx)

+ (a1by + Biby + y1bo) Qiwx)M (v + 2 +in, 2v + 4; —2iwx)

+ Y (@ubuit + Buby + Yabn-1) Qiwx)"
n=2

xM(n +v+1+in,2n+2v+2; —2iwx) = 0.
The results are the same as in the previous case, the only technical difference being that to find
the recurrence relations for B, = 1 and B, = 2 we must use [16]
M(a,b;z)  T(a+n)

= "M(a+n,1+n;
s T T M@+’ M@tn l+nz)
which yields
Jim M(in — 1/2, b; —2iwx) = Qiwx)*M(in +3/2, 3; —2iwx),
lim M(in, b; —2iwx) = Qiwx)M (1 +in, 2; —2iwx).
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