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Abstract

Abstract: Firstly, we construct kernels for integral relations among solutions of the confluent Heun equation
(CHE). Additional kernels are systematically generated by applying substitutions of variables. Secondly, we
establish integral relations between known solutions of the CHE that are power series and solutions that are
series of special functions. Thirdly, by using one of the integral relations as an integral transformation we
obtain a new series solution of the ordinary spheroidal wave equation (a particular CHE). ;From this solution
we construct new series solutions of the general CHE, and show that these are suitable for solving the radial
part of the two-center problem in quantum mechanics.

1. Introductory remarks

Recently we have found that the transformations of variables which preserve the form of the general Heun equation
correspond to transformations which preserve the form of the equation for kernels of integral relations among solutions of
the Heun equation [1]. In fact, by using the known transformations of the Heun equation [2, 3] we have found prescriptions
for transforming kernels and, in this manner, we have generated several new kernels for the equation.

The above correspondence can be extended to the confluent equations of the Heun family, that is, to the (single)
confluent, double-confluent, biconfluent and triconfluent Heun equations [4, 5], as well as to the reduced forms of such
equations [6, 7]. In the present study we investigate only the confluent Heun equation (CHE). Specifically:

e we deal with the construction and transformations of integral kernels for the CHE;

e from some of these kernels, we establish integral relations between known solutions of the CHE;

e from another kernel, we obtain new solutions in series of confluent hypergeometric functions for the CHE; we show
that these solutions are suitable to solve the radial part of the two-centre problem in quantum mechanics [8].

We write the CHE as [9]

2

dUu
2(z — ZO)@ + (B + Bﬂ)@ + [33 —2wn(z — 20) + wzz(z - zo)] U=0, [CHE] (1)
where zg, B;, n and w are constants. This CHE is called generalized spheroidal wave equation by Leaver [9], but sometimes
the last expression refers to a particular case of the CHE [5, 10]. Excepting the Mathieu equation, the CHE is the most
studied of the confluent Heun equations and includes the (ordinary) spheroidal equation [5] as a particular case. Its recent
occurrence in several classes of quantum two-state systems [11], certainly will require new solutions for Eq. (1). On the

other side, the reduced confluent Heun equation (RCHE) is written as

2

Tz + (B + Bgz)ﬂ +[Bs+q(z — 20)]U =0, [RCHE] (2)

z(z — 20) 7

where zg, B; and ¢ (¢ # 0) are constants. The RCHE describe the angular part of the Schrédinger equation for an electron
in the field of a point electric dipole [12, 13]. It appears as well in the study of two-level systems [14], polymer dynamics
[15] and theory of gravitation [16]. The form (2) for the RCHE results from the CHE (1) by means of the limits

w—0, n—oo suchthat 2nw=—gq, [Whittaker-Ince limit]. (3)

In both equations, z = 0 and z = 2y are regular singular points with exponents (0,1 + B1/29) and (0,1 — Bs — By /zp),
respectively, that is, from ascending power series solutions we find

lim U(z) ~ 1, lim U(z) ~ 25 lim U(z) ~ 1, lim U(z) ~ (z — 20)" %>~ % : [CHE, RCHE.  (4)

z—0 z—0 zZ—20 zZ—20
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In contrast, at the irregular singular point z = oo the behaviour of the solutions is different for each equation since

lim U(z) ~ eFw? ;Fn=(B2/2) for the CHE (1), lim U(z) ~ eF2V@ ;(/D=(B2/2) for the RCHE (2), (5)
Z—r00 Z—r00
as follow from the normal and the subnormal Thomé solutions [17] for the CHE and RCHE, respectively.

By the concepts of Ref. [7], the s-rank of the singularity at z = co is 2 for the CHE, and 3/2 for the RCHE. However,
more important is the fact that the solutions exhibit the above behaviour predicted by the normal or subnormal Thomé
solutions, and fact that the Whittaker-Ince limit (3) may generate solutions to the RCHE. In effect, most of the known
solutions for the RCHE [18, 19, 20] has been obtained from solutions of the CHE by means of the limit (3). On account
of this, and for the sake of brevity, we restrict ourselves to integral relations among solutions of the CHE. We also do not
consider kernels for double-confluent Heun equations which result by taking the Leaver limit zy — 0 of Egs. (1) and (2).

Integral relations, in principle, enable us to transform known solutions into solutions with different properties. However,
apart from the Mathieu equation, only in rare cases this task has been accomplished successfully. One case is constituted
by the solutions in series of associated Legendre functions for the Lamé equation, obtained by Erdélyi in 1948 as a transfor-
mation of solutions in Fourier-Jacobi series [21]; however, as far we are aware, his solutions have not been extended for the
general Heun equation (of which Lamé equation is a particular case). Another example is an expansion in series of irregular
confluent hypergeometric functions for the CHE, which was obtained by Leaver in 1985 as an integral transformation of a
power-series solution [9]: the transformation was constructed for n = +i(B3/2 — 1) and, then, the result was extended for
arbitrary 7.

To establish integral relations for solutions the CHE it is necessary to get appropriate integral kernels. To this end, in
section 2 we proceed as in case of the general Heun equation [1]. In other words, firstly we insert into the integral connecting
two solutions a weight function w(z, t) which allows to write the CHE and the equation for its kernels in terms of differential
operators functionally identical (respecting z and ¢). In this manner, by examining each variable substitution which leaves
invariant the form of the CHE (one variable, z) we find prescriptions for the variables transformations which preserve the
form of the equation for the kernels (two variables, z and t). By using these substitutions, we may systematically convert
a given (initial) kernel into new kernels. As initial kernels we use the ones obtained as limits of kernels of the general Heun
equation [1], adapting them to the form (1) for the CHE.

In section 3 we find integral relations which transform the Jaffé power-series solutions [22] into known expansions in
series of irregular confluent hypergeometric functions, including the aforementioned solution given by Leaver. Similarly,
the power-series solutions of Baber and Hassé [23] are transformed into known expansions in series of regular confluent
hypergeometric functions. We also consider non-integral transformations (involving only substitutions of variables) which
do not modify the type of series: they transform, for example, a power-series solution into another power-series solution,
and an expansion in series of special functions into another expansion in series special functions.

In contrast, by applying an integral transformation on an asymptotic (Thomé) solution, in section 4 we obtain a new
solution in series of irregular confluent hypergeometric functions for the spheroidal equation. That solution is extended to
any CHE (not just the spheroidal equation). Then, by substitutions of variables (non-integral transformations) we obtain
a group of solutions for the CHE; we show that these solutions afford bounded and convergent solutions to the radial part
of the Schrédinger equation for an electron in the field of two Coulomb centres [8] (the two-centre problem). In section
5 we present concluding remarks and mention open issues, while in appendix A we give some formulas concerning special
functions, and in appendix B we discuss asymptotic solutions for the CHE.

2. Kernels for the confluent Heun equation

In this section we regard kernels for the CHE (1). In particular,

e in section 2.1 we get the correspondences among substitutions of variables which preserve the form of the CHE and
the substitutions which preserve the equation of the kernels of the CHE;

e in section 2.2 we construct a group of kernels with an arbitrary constant of separation A, given by products of two
confluent hypergeometric functions and elementary functions;

e in section 2.3 we find another group of kernels with an arbitrary constant of separation A, given by products of
confluent hypergeometric functions and Gauss hypergeometric functions (and elementary functions);

e taking suitable values for A we get kernels given products of elementary functions and one special function; thus,
in sections 2.4 and 2.5 we find products of elementary and confluent hypergeometric functions and, in section 2.6,
products of elementary and Gauss hypergeometric functions.

Later on, in section 4, we will need kernels for the ordinary spheroidal wave equation [5]

(-2 2] 4 [20-22) + 3 - 5] X (@) = 0. ©)
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3
Such kernels are obtained from the ones of the CHE through the substitutions
x=1-2z X(z) = 22 (z = 1)U (2), (7)
which give
2z - DT+ (D) +2(u+ D)2 L+ [u(n+1) — A+ 4922z — )] U =0, (8a)
that is, the CHE (1) with
20=1, By = —2B; = 2(u + 1), By =p(p+1) =, n=0, w’=4y% (8b)
Thus, the spheroidal equation (6) will be treated as a CHE with zg = 1, n = 0 and By = —2Bj, namely,
2(z — 1)227(2] +(B; — QBlz)% + [Bs +w?z(z — 1)] U = 0. 9)
2.1. Transformations of the CHE and its kernels
Defining the operator L, by
L, = z[z — 20) 25 + [B1 + B22] & + [w?2(2 — 20) — 2wnpz] (10)
and interpreting this as an ordinary differential operator, the CHE (1) reads
[L. + B3 + 2nwze]U(z) = 0. (11)
The adjoint operator L, corresponding to L, is [24]
_ 2 0
L,=2z2(z— zo)@ +[—220 — By + (4 — By)Z] 9 + [w?z(z — 20) — 2wnz +2 — Bo] . (12)
On the other side, if U(z) is a known solution of equation CHE, we seek new solutions U(z) having the form
W) = [ K (2 U @)t = [ w(z, )G (= U @)t = [2 477750 (t — 20) 750 716, U ()t (13)

B B
w(z,t) = til*TS(t - zo)BﬁT;*l

)

where the kernel K(z,t) or G(z,t) is determined from a partial differential equation. The general theory is usually
established for the function K(z,t) [24], but to study the transformations of kernels we will deal with G(z,t). If the
integration endpoints ¢; and ¢ are independent of z, by applying L. to integral (13) we find

LU(z) = /t LK (e 0] U0t = /t U [L. - L] K= t)dt + /t UL, (14)

L, being obtained from L, by replacing z with ¢. Now we demand that
[LZ — Et] K(z,t)=0 < [L,— L{]G(zt)=0. (15)
Thence, by using the Lagrange identity

0

UMLK (2,1) = K (2 ) LU () = 5

P(z,1),

where the bilinear concomitant P(z,t) is given by

P(z,t) = t(t— 2) [U(t)aK(;f’t) _ K(z,t)d[(]jit)} —[(Ba =2)t + By + 2] U(t) K (2, 1)
= T 20)"E U025 - Gl 0] "

Eq. (14) reduces to

LAU(z) = /t :2 {K(z,t)LtU(t) 4 oF éi’t)] dt = —(Bs + 2w20) /t t K (2, )U(8)dt + /t

1

2 9P(z,t)
ot

dt,
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where in the last step we have used equation (11). Using equation (13) as well, this yields
[L. + B3 + 2nwzo]U(z) = P(z,t3) — P(z,t1). (17)

Therefore, U(z) is also a solution of the CHE if: (i) the kernel satisfies Eq. (15), (ii) the integral (13) exists and (iii) the
right-hand side of Eq. (17) vanishes.

Now let us examine the transformations of the solutions U(z) and kernels G(z,t). If U(z) = U(B1, Ba, Bs; z0,w, ; 2)
denotes one solution of the CHE, the following transformations [18, 25, 26] — Ty, T», T5 and T — leave invariant the form
of the CHE:

TU(:) = 2 U0 Co, Oz, mz), ToU(2) = (2 — 20) "% U(By, D, D; z0,0.7:2), -
T3U(z) = U(B1, Ba, Bs; 29, —w, —1; 2), TsU(z) = U(—By — Bazo, Ba, B3 + 2nwzo; 20, —w, ; 20 — 2),
where
Ci=-Bi-20, C=2+B+2,  Cy=By+ 1+ 2] [+ 2],
Dy=2- By~ 2B, D3:B3+%(%+BQ—1). (19)

By composition of these transformations, from an initial solution we may generate a group containing up to 16 solutions.
To get the corresponding transformations for the kernels, we notice that the operators L, and L; which appear in the CHE
(11) and [L, — L¢]G(z,t) = 0 have the same functional form. Hence, if G(z,t) = G(By, Ba; 20, w, 1); 2, t) is a solution of the
Eq. (15), we find that the transformations Ry, Rz, R3 and Ry, given by

B B
RlG(Z7t) = (Zt)l—‘rj(} G(ChC’Q; 207w7n;27t)5 RQG(Z7t) = [(Z - ZO)(t - ZO)]l_BQ_T; G(B17D2;207w777;z7t)’ (20)
R3G(Z,t) = G(BlaB2;Z07 —Ww, _nazvt)7 R4G(Z7t) = G(_Bl - B2ZOaBQ;Z05 —W, 520 — 2,20 — t)

do not change the form of the kernel equation (15). These transformations may generate a group containing up to 16
kernels when applied to an initial kernel.

For another version of the CHE we have obtained initial kernels as limits of kernels for the general Heun equation
[1]. For the version (1), in the following we reobtain these kernels by solving Eq. (15) and use the transformations (20) to
generate groups of kernels closed under such transformations.

2.2. First group of kernels: products of confluent hypergeometric functions

For a particular problem, kernels given by products of confluent hypergeometric functions have already appeared in
the literature [27]. In the first place we show that Eq. [L, — L;]G(z,t) = 0 is satisfied by 16 of such products, denoted by

G(il’j) and defined as (4,5 = 1,2, 3,4)
G7(ert) = e EHR(E) x @ (0), (21)
where ¢*(£€) and @7 (¢) are the confluent hypergeometric functions (A.2), having the following arguments and parameters:

0 (&) : fz—%(z—zo)(t—zo), a=2—in— ) c=B2—|—%1; (22a)
G (Y - _ 2 _ _ _B
Q) (=722t a=A c=-71 (22b)
where ) is an arbitrary constant of separation. In the second place, by the transformation R3 we may get another set of

kernels, G(;’j ), given by

GG (20 = RGP (2,0) = G5 (D]

The transformations Ry, Ro and R, are superfluous in this case.
To obtain the kernels (21), first we write

G(z,t) = e_i“(Z“)f(z,t), (24)
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in Eq. (15). This leads to

2 0
z(z — zo)a—ZJ; + [Bl + (B2 + 2iwzg)z — 2iwz } 8£
0*f , 219 . (B2
—t(t — Zo)ﬁ - [Bl + (Ba + 2iwzp)t — 2iwt }E — 2w (2 - Z17> (z—t)f =0. (25)
Then, by the substitutions . 4
§=-meERl (=B f = X(Y(Q) (26)
we find the confluent hypergeometric equations
EhE (Bt B g - [Bom-AX=0, (GF+[-B-(E-ar=o (27)

where ) is the constant of separation. The solutions for the above equations are: X (£) = ¢*(§) with a = (Ba/2) —in — A
and ¢ = By + (B1/20); and Y (¢) = @’ (¢) with a = X and ¢ = —Bj /2. Inserting these solutions into (24) and (26) we find
the kernels (21). Thence, the kernels given by regular confluent hypergeometric functions are

GGV (2 1) = e @G0B [ B2 iy — 2\, By + B2 — e (2 — ) (¢ — 20)| @ [N, — Ly 2zt (28)
~ 2ie 5 [By B 2 B, 2
G(i’z)(z,t):e iw(z41)+ 22 zt[zt]lJrzolq) {_“7 A, 324_71 —M(Z—Zo)(t—zo):| |:1_)\ 2+71 —wzt:| (29)
2 20 20 20 20
GOVt = eI ETI ()t - )]
B B, 2 B, 2
x @{1+in+)\—2 32—1,“"@—20)(75—20)} {/\ —1“"7:] (30)
2 20 2o 20 R0
(2,2) _ iw(z+t) 1-|-ﬂ 1—Bsy— Bi
G17(2t) = e [2t] " =0 [(2 = 20)(t — 20)] g
X @{1+in+A—%,2— —%,Z;J(z—zo)(t—zo)}<1>[1—A,2+fl 2wzt} (31)

The remaining kernels are obtained by replacing one or both functions ® by W. In this manner we obtain the 16 kernels.
The transformations R;, Ro and R, are superfluous because they simply rearrange these kernels. For instance,

. i B
RGGY = TR S g 2 By 04 Byt yy]
X @[B b By A By B e (s )t - 20)]

where we have transformed A into A\;. By putting Ay = A+ 1+ (B1/2p), we see that RlG(1 - G(1 D,

2.3. Second group: product of hypergeometric and confluent hypergeometric functions

Now we find a group of kernels G(*7) given by products of the four confluent hypergeometric ¢’ given in (A.2) with
the six Gauss hypergeometric functions F7 written in (A.5), (A.6) and (A.7). These kernels take the form

Gz t) = e ™ (a b —20) Q) X FI(Q),  li=1- 4 j=1, 0] (32)
where A is a constant of separation, whereas the arguments and parameters for the hypergeometric functions are

By

PH(E) : €= 2iw(z + 1t — 2), a= "= A, c= By —2)\ (33a)
Fj(C):@‘:Zit, a=\ b=By—1-)  c=-51 (33b)
ZQ(Z-I-t—Zo) 20

We can show that the transformations R; do not generate new kernels.
The above kernels are constructed by inserting

Gz, ) = e @EH f(z, 1) = e g (¢, () (34)
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into [L, — L]G(z,t) = 0, where £ and ( are defined in Egs. (33a) and (33b) . Thus we find

§legd+(B—) 52 — (B —im) g +¢1- Q54 + (-2 — Bx) B2 =0,

The separation of variables g(&,¢) = X (£)Y ({) leads to

X+ B [B—im- 3 X =0 (1-0%F - |E+Byx| -y =0, (35)

where ) is a constant of separation. Putting A\ = A\(By — 1 — \), we find that Y(¢) is given by hypergeometric functions
Y (¢) = F7(¢) as in Egs. (32) and (33b), while X (&) obeys the equation

4F + 1B - % - [ —in - 2N x =~
The substitution X (£) = £¢~*X () gives the confluent hypergeometric equation
CX 4 [By-22— €] — [B —in- N X (36)
whose solutions are X (£) = ¢(¢). In this manner, by inserting the previous solutions for X (¢) and Y (¢) into
Glzt) = e 0 (21— 20) 7 X(§) Y(Q) (37)

we obtain kernels having the form (32).
The kernels G19) and G4 in terms of regular confluent hypergeometric functions are

G (z,1) = e @ EHD) [z 4t — 2] P FI(() @ [B2 —in— X By — 2\ 2iw(z +t — 20)] (38)

) . _ , B
G2 (2, t) = D) [ 4t — 2o P FI(0) @ [1 +in+A— 72,2+ 2\ — By; —2iw(z +1t — 20) | , (39)

whereas G(37) and G*J) in terms of irregular functions are obtained by substituting U(a,c;u) for ®(a,c;u), that is,

GO (z2,t) =G (z,t) 0 G (2,t) =GP (2,8)], (40)
The functions F7(¢) are given by
Fl(C):F[A’B2—1—A§—%§m}, (41)
+3 B B B 49
2 _ zt zt
F2(¢) = |:Zo(z+t—zo):| [>\+1—|— LB+ 2t —)\ 24 1720(z+t ZO)} (42)
_ . B; . (2=20)(t—20)
F3(Q) = F [\ By — 1 X By + 1 (zleal | (43)
(2= 20)(t—2)] " % B B Bi (2 - 20)(t — )
F4(C):[] F[—/\—,A+1—Bz—;2—32—;], (44)
zo(z+t— 20) 20 20 20 20(z0—2—1)
A
F3() = [2= | " F [\ A+ 14 2524 20 - By; leti=l] (45)
6 zo(att—20) | P21 B zo(z+t—z0)
Fo(() = [ttt | FBy+ Bl =)\ By —1— X By — 2 2= | (46)

By using the explicit form for the kernels and the fact that the separation constant is arbitrary, it is possible to show that
the transformations R; simply rearrange the previous kernels. For instance, we get

RyGUA) (2,) = eGH0 [z 4t — 20] 7 @ [B2 1 i — A3, By — 2X3; —2iw(z + t — 20)] HI(C),

where H7(() is obtained by substituting A3 for A in F7(¢). Thence, putting A3 = By — A — 1 and taking into account that
F(a,b;c;u) = F(b,a; c;u), we find that H5(¢) = FO(¢), H(¢) = F®(¢) and H’(¢) = FV(¢) if j = 1,2,3,4. For this reason,
R3G(9) is equivalent to G(9).
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2.4. Third group: confluent hypergeometric functions

An initial set has the form _ 4 '
GW(z,1) = e CHGi(E),  [i=1,2,3,4] (47)

where the ¢?(£) denote the four solutions (A.2) for the confluent hypergeometric equation with the following argument and
parameters:

§=—Ze(z—z0)t—x) a=%—in c=DB+Z (48)

The set (47) is obtained by putting A = 0 and Y constant in (27). Besides this, from (47) we form four sets by using
the rules Ry and R4, namely,

G%t), GYGE)=RGV (1), GYt) = RGY(zt),  GY (1) = RGY(z,0). (49)

The four pairs in terms of regular confluent hypergeometric functions ®(a, ¢; u) read

G(i)(z,t) emWEH P [& —in, Bs + —, —2;—5(2 —20)(t — zo)} :
(50)
2iwzt .
G(?)(Z,t) zw(z+t) 20 [(Z_ZO)(t—Zo)]l By— zo(b |:1+277_7 2 — _%01;2;7;"(2;_2;0)“_2;0)} ;
. B
Gz 1) = e @ETOL TR @ [1—in+ B4 B By 4 Bl -2 (o -zt - 2)]
; 2iwzt B1 B1 (51)
G5 (er) = HETITEE ) [z = a) (- )] T @ [ B - B2 By - B ez ) (- 20) 5
(1) _ ,—iw(z 1-B > . B B B . 2iwz
G (e11) = (2 — )t = 20)] " 0@(1—zn—7; - 5,2 m),
; 2iwzt By . (52)
G (2t) = e HETITIE (o) TR (o - ) - 20)) TR (i B B2y Bt
Gz 1) = el (B2 — iy, - By L':;“) 7
; 2iwzt B X (53)
GRzt) = T ) R @ (1 iy - B2 4 By st
We get the pairs in terms of irregular confluent hypergeometric functions by replacing ®(a, ¢; u) by ¥(a,c; u):
Ven=cVenl o dPen=cPeEn| o =123 (54)

O [oRealy

Thus, by using also Rs, we find that this group is constituted by 32 kernels. Notice that R;, Re and R4 generate only
four sets of kernels instead of 16 sets because in some cases these transformations rearrange the kernels of a given set in a
different order: we can test this by computing, for example, RQG(? or RoG (;). Notice that kernels whose arguments of the
hypergeometric functions are +(2iwzt/zp) have been known since long [28].

For the spheroidal equation (n = 0, zg = 1, By = —2Bj), sixteen of the previous kernels reduce to four kernels in
terms of elementary functions, namely,

G(li)(z,t) _ eiiw(z+t):F2iwzt’ G(;t)(z,t) _ pFiw(zt+t)F2iwzt [zt(z _ 1)(t . 1)]1+Bl_ (55)
For instance,
GV t) x GW(z,t) & G (2, 1), GV (1) x GW(z,t) x G (2,0),
G (z,t) x G (2,t) x GP(z,0), G (z,t) x G (2,t) x G (z,1).

The kernel G(Q_)(z, t) will be used in section 4.1.
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2.5. Fourth group: confluent hypergeometric functions again

To obtain new kernels given by confluent hypergeometric functions we take
G(Zl)(z,t) GV (z,t) |/\ o

where the G(>1) denote the kernels (32) with 5 = 1. Since the above choice for \ eliminates the Gauss hypergeometric
function [F(0,b;¢; () = 1] we find

G (2,t) = e EHIGi(E),  [i=1,2,3,4) (56a)

where ' (¢) denote the solutions (A.2) for the confluent hypergeometric equation with

B
& =2iw(z+t — zp), a= 72 —in, ¢= By [see Eq. (33a)]. (56D)

Other choices for A also lead to kernels in terms of confluent hypergeometric functions. However, such kernels are obtained
from the initial set (56a) by using the transformations R;. In this manner we find four sets, namely,

GV, GYe =RiGY (1), (e = RGP, GY 1) = RiGY (), (57)
since R4 does not generate new kernels. The kernels given by regular confluent hypergeometric functions are

G(l) (Z t) _ eflw(2+t)@ [7 — 717’7 BQ’ QZW(Z +t— ZO)] ,

(58)
G(?)(z, t) = ewEH [z 4t — 20)17B20 [1 +in — 82,2 — By; —2iw(z +t — 20)] ;
. By
G (z,t) = eG4 T B [1 —in+ Lt 4 B2 9.4 By + 21940 (2 + 1 - Zo)} ,
. Bi 2B, (59)
GOz, t) = et T s+t — 2] T @ [zn - %1 — 5 _p,— %; —2iw(z +t — Zo)} ;
G (z,t) = em (=0 5] +2 [(z — 20)(t — 20)]"~ B=ZL [2—in— £2,4 — Bo; 2iw(z +t — 2)]
(60)
) B
G(?(z, t) = eiw(ztt) [zt]H_Tg [(z —20)(t — zo)]1_32 [z +t—20)P273® [in — 1+ 82, By — 2, —2iw(z + t — 20)] ;
. B
G(}l)(z,t) = e WEH (2 — 2)(t — zo)]lfBrTolq) [1 —in — f—ol ~B22-B, - 231 2iw(z +t — zo)}
(61)

. B 2B
G (z,1) = @G [(2 — 20)(t — 20)] P2 0 [z 4t — 2] P2 =0 10 [m + 8+ B Byt 2B 9i(z +t — ZO)} .

Replacing ®(a,c;u) by ¥(a,c;u) and using the transformation Rz, once more we get a group with 32 kernels. Some
particular cases of these kernels are already known [4]. Furthermore, if n = 0 this group can be expressed in terms of Bessel
functions by means of (A.12).

2.6. Fifth group: hypergeometric functions

To get kernels given by hypergeometric functions we take G(il)(z,t) = G (2,t)|x=(By/2)—in, where G are the
kernels given in (38). In fact, for this choice for A we obtain ®(0,¢;£) = 1 and, thence,

G(il)(z, t) = e WEH [ 4t — zo]”’_%Fi(C), ¢ =zt/[z0(z +1 — 20)], (62)
where the hypergeometric functions F({) are obtained by putting A\ = (Bs/2) — in in Eqs. (41-46). Explicitly

. . B
GV (zt) = A0 ot 2] "F R [ B i B i — 1 B it (63)

zo ) zo(z+t—20)

Ba

2 —iw(z in-1-21-22 1424 ) z
GV(e,t) = T ot =g ]S P (1 B Bin e Bk 2 B o] (64
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G (w,1) = e CH0 [o 1 — 20"~ F F [B2 —in, B i — 1; By 4 By Lzl ] (65)
GO(a,t) = e @EH [t — TR (2 )t — 20)] R

X Fm—B—Ol—%,l—in—z—ol Ba2io— B—%,%} (66)

G(?)(x,t) = e~ iw(ztt) [zt]m*% F [— —in, 1 —in+ Bl + B2:2 — 24 M} , (67)

G(?)(x,t) — —iw(ztt) 24t — zo}z”’_l [zt]l‘i"‘% F [“7-1- B | 82 in—1+ B2 - in: zo(z+t zo):| . (68)

The transformations Ry, Re and R4 at most rearrange the preceding kernels. For example,
RiGY (1) =GP (z,1), RGP (2,t) =GV (z1), RGP (zt) =GP (2,1).
However, we find six additional kernels G(g)(z, t) by using the transformations Rz as
G (1) = RsGY (2, ) (69)

So, G(Q is obtained by replacing (n,w) by (-7, —w) in G(il).

3. Integral relations between known solutions

In this section we use some kernels to obtain integral relations among solutions of the CHE. We find that:

e the Jaffé solutions in power series are tranformed into Leaver’s expansions in series of irregular confluent hypergeo-
metric series;

e the Baber-Hassé solutions in power series are transformed into solutions given by series of regular confluent hyper-
geometric functions.

Relations for solutions generated by transformations of the CHEs may be obtained by transforming also the kernel, since
each transformation of a solution corresponds to a transformation of a kernel.

3.1. Jaffé’s solutions in power series and Leaver’s solutions

By U{(z) and U{(z) we denote respectively the Jaffé [22] and the Leaver [9] solutions for the CHE, namely,

Ui (2) = eizz7™~ Z ay (220)", (70a)
UL(z) = e™*? Za’ll r (n + By + f—;) v (n +in+ B2, —%, —21wz> (70b)
n=0

where the recurrence relations for the al are (al; = 0)
(n+1) {n+32+%} ab,,+ [—2n(n+B2+%+in—iwzo) + B3 + (Bg+’j’—ol) (iwzo — in — &)}an
+ [n—l—l—ir]%—%} [n—i—%—i—%-ﬁ-in} ab_,=0.

The convergence of solutions (70a) and (70b) is discussed in the Leaver paper [9], where it is used the minimal solution
for the coefficients a’. In fact, three-term recurrence relations as the above ones admit two independent solutions, say, f,
and g,. If hmnﬁoo(fn/gn) =0, f, is called minimal solution [29, 30]. In addition, it is necessary to suppose that there
is an arbitrary parameter in the CHE. The series converges only for special values of that parameter, determined from a
transcendental (characteristic) equation which results from the recurrence relations [9].

By supposing that U (z) converge for |z| > |2| and by using Eq. (13), we find the relation

© 5 By B
UL(2) :cl/ R PR T eW (e, U (1), Re [n+32+1] >0,  Reliwz] <0, (71)

20 20
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where C} is a constant and G(z,t) = G(i)(z,t) is the kernel indicated in (54). In fact, by setting y = /29, we find that
the right-hand side of (71) is equivalent to

) B & o . By .
e—zwzzl+701 Z a}l/ dy |:621wzy (y _ 1)n+Bz+¥71 y—n—m—% )\ (]_ +in— 32,2 _|_ in2y> ] .
— zZ0
Then, by using the integral [31]

> 1
/ e~ Wy — l)ﬂfly‘”k*“*%\ﬁ <2 +ak,2a+1;ay> dy =T(p)e a\IJ< +a+pu—k2a+1; a> , (72)
1
[Re 4 >0, Re a > 0],

we obtain the relation (71).
For the bilinear concomitant (16) we find

14+3L dwz(2t—1) ,—4 —Z2 Bo+BL Nt t— 2o "
Pi(z,t) = z Tme¥ Nz T (t—2zp) " =0 an,

{1 e e m e m) o)

where

U= (1 - B2 By _dest) G0 e (1 gy D) w (24 0n— B34 By st

Since ¥(a, b;y) = y~* when |y| — oo and Re(iwz) < 0, the exponential factor assures that P;(z,t) vanishes when ¢/zy — co.
On the other hand, the condition Re[Bs + %1] > 0 assures that P;(z,t) vanishes also for t = zq since (t — zo)P2tB1/20 — 0.

In this manner, we have extended the results of Leaver [9] who has considered only relations between solutions with
in = £(Ba2/2 — 1). Notice also that the conditions given in (71) are necessary only to assure the integral relation between
the solutions. In fact the Leaver solutions can be derived directly from the differential equation without imposing those
conditions [9].

For the present case the transformation 77 is ineffective and, so, from (Ul‘] , UIL ) we can obtain only 8 pairs of solutions
by composition of the transformations (18); to each pair corresponds a kernel generated by the transformations (20). For
example, taking Uy (2) = TLU{ () and U¥(z) = ToU¥(2), we find

. 2 _ B
Ué’(z):ewz(zfzo)l By—=2 _—in—1+ 1+ Za ﬂ , (73&)
UF() = 6% (z — z0) P % 3 agr(n+2— 2—’3’—;)\P(n+in+1—%—’j—;,—f—;;—2iwz), (73b)

n=0

where the recurrence relations for a2 are (a2, = 0)

(n+1) [n+2—B2——} n+1+{—2n<n+2+in zwzo—BQ——)+Bg+(2—B +Bl)(iwzo—m)+i

20

+(1-22) (1+%7322”a + [n+1+in— 22] {n+m—&f&}ai_1:0.

20
Using Eq. (13), we find that

o0 B By B
Uk (z) = 02/ Attt — 2)P TR T U ()R GG (2,),  Re [n +2— By — 1} >0, Reliwz] <0,
zZ0

20
where C is a constant, G(i)(z, t) is the kernel indicated in (54), and the transformation Rs is given in (20); then,

; iwzt B B .
R2G(i) — e*lw(z+t)+2T [(Z _ ZO)(t _ ZO)]l—Bz—TOl (Zt)1+TglI/ (“7"’ %01 + %724_ %017 _M) .

20
We have supposed that the Jaffé solutions converge for |z| > |zo|, but we must be careful about the point z = oo, since [9]

1 . .

m = = § w —2 - —(3/4
li Ul( ) =3y —in—E al  with an;rl 1 wzy  i(n—wzo) — (3/4)
Z—»00 a \/ﬁ n

n

(74)

where the ratio a, ;/al holds for the minimal solution of the recurrence relations when n — co. Thus, the D’Alambert
test is inconclusive as to the convergence of Y al. For the radial part of the two-center problem we could use the Raabe
test for convergence, as in Eq. (106).
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3.2. Solutions in power series and solutions in series of confluent hypergeometric functions

We find another pair of solutions for the CHE which are again connected by the integral (13). By one side we have the
Baber-Hassé expansion [18, 23]

UPaher(z) = ei* Z an(z — 20)", (75a)

n=0

where the coefficients satisfy the relations (a,; = 0)
20 (n—l— By + f—:) (n+1)al,, +Blal + 2iw (n+in+ 82 —1)al_, =0, (75Db)

with 8L = n(n + By — 1 + 2iwzg) + Bs + iwzo [B2 + B1/20]. The minimal solutions for a’ yield solutions convergent for
any finite value of z. On the other side, if (B2/2) — in is not zero or negative integer we have the solution [18]

oo
; B
Ui(z) = e ™= E b @ (22 —n,n+ Bg;2iwz) , (76a)
n=0

where the recurrence relations for bl are obtained from the previous ones by taking

b] _ C(*Zo)nr(n+BQ+B1/Zo) al

n T(n+B5s) n C = constant.

This yields

B

n+Bo+ 2L 1) (ntin+ 221
—(n+ Ba)(n+1)bl 4 + BLbl — 2iwzg (452 20n+g§71 T )b}zq =0. (76D)

Now, if we insert UPaP°r(¢) and the kernel G(i)(z, t) given in (53) into Eq. (13), we find the solution U; (z), that is,

to B B B B
Uy=K [ 7= [t— 2P 6 (2, )UP™r (1)dt,  Re [n + By + 1] >0, Re[—=]>0, (77)
ty 20 20
where K is a constant. In effect, by taking ¢; = 0 and t5 = zg, the above integral is proportional to
= 1 -1-Z n+Bo—142L
3o [a () [(5) 7 ()T e (i Bz
n=0 0
Then, by using the relation [31]
11 oa— _ _
Jo A1 = 2) 72D (54 5 — v, Ajya)] do = FRERER G (L4 p— v, 1+ 25y) (78)

[Re(A) >0, Re(142u—A)>0],

we find the solution U (z) given in (76a) provided that Re[n + B2 + (B1/z0)] > 0 and Re[—B1/z0] > 0. On the other side,
from d®(a,b;§)/dé = (a/b)®(a + 1,b+ 1;&) for £ = 2iwzt/zp, a = Ba/2 —in and b = —B;/zp, we find that the bilinear
concomitant (16) is given by

Pi(z,t) = —e_wztf%(t - ZO)BQJF%
X {fb(a, b; ) Z nal (t — 20)" "' + 2iw [‘I)(a, b; &) — g@(a +1,b+ 1;5)] Z al(t — zo)"}.
n=1 0 n=0

Therefore, P (z,t = 0) = Py(z,t = z9) = 0 due to the conditions Re(—B1/z9) > 0 and Re(Bz + B1/z) > 0.
Observe that from the pair (UP*°", Uy) we can obtain 16 pairs of solutions by using the four transformations (18) and
composition of them: to each pair corresponds a kernel which is obtained by using the transformations (20).

4. New solutions for the confluent equation

In section 4.1, by an integral transformation we find a new solution in series of irregular confluent hypergeometric
functions for the ordinary spheroidal equation. Then, in section 4.2 we extend that solution to the general case (no
restriction on the parameters of the CHE). In this manner, we obtain an initial solution, U;(z), which allows to generate
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a group of solutions U;(z) for the CHE by by means of transformations (18). Finally, in section 4.3, we show that the new
solutions are suitable for the radial part of the two-center problem of the quantum mechanics.

Initially we make some comments on the recurrence relations and the ratio test for convergence. As in the preceding
section, the three-term recurrence relations for the series coefficients b, of U;(2) have the form

ap b+ B0 =0, o b+ B U+ b =0 (n>1) (79)

where o, 3% and 7. depend on the parameters of the differential equation and on the summation index n. By omitting
the superscripts, these relations take the form

[ Bo o O 1r bo 1 o]

m B oo by 0

0 7 B2 a by 0
: =1, (80)

N Bn | an by L

N1 | Bl angl b1 0

where we have split the matrix into blocks. This system of homogeneous linear equations has nontrivial solutions for b,
only if the determinant of the above tridiagonal matrix vanishes: this demands some arbitrary parameter in the matrix
elements and, as a consequence, in the differential equation. The condition on the determinant can also be expressed by
an (characteristic) equation given by the continued fraction [9]

QoY1 Q172 Q273

Bi— Ba— Bz—

The solution of the characteristic equation and the computation of the series coefficients are important aspects concerning
applications of solutions of the CHE [32, 33]. However, we do not consider these questions connected with numerical study
of solutions. We only mention that the problem is simplified if 7/_y,; = 0 for some N > 0; then, the series terminates at
n = N leading to a finite-series solution with 0 < n < N (see page 146 of [34]) which is called polynomial or quasi-polynomial
solution. In this case, only the left upper block of the matrix is relevant.

On the other side, the convergence of a series like ZZOZO fn(z) is obtained by computing the limit

fot1(2)

By the D’Alembert ratio test the series converges in the region where L(z) < 1 and diverges where Li(z) > 1. If L(z) = 1,
the D’Alembert test is inconclusive; however, by the Raabe test [35, 36], if

Bo =

(81)

L(z) = lim

n— oo

: (82a)

Lz) =1+ g +0 (1) (82b)

n2

(where A is a constant) the series converges if A < —1 and diverges if A > —1; the test is inconclusive if A = —1.

4.1. An integral transformation for the spheroidal equation

For the spheroidal equation in the form (9) we will find a solution U;(2) given by
(o)
Uy (2) = ez 14 Bi(y — 1)1+5 Z bLU(24 By,2 + By — n; —2iwz), [By # —2,-3,---] (83a)
n=0

where the coefficients bl satisfy the relations (b1, = 0)
—2iw(n +1)bpy + [n(n+ 1+ 2iw) +iw(2+ B1) — By (1 + By) + Bs]b, —n(n+ By +1)b,_; = 0. (83b)

Uy (2) is not valid if By = —2,—3,---, because in these cases the function ¥(a, ¢;y) becomes a polynomial of fixed degree
and, accordingly, (83a) is not a series expansion. This follows from the relation [37]

U(-La+liy) = (D' LY(y),  [1=01,-] (84)
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where the Ll(a)(y) denote Laguerre polynomials of degree [. Besides this, the above expansion in general does not hold at
z = 0 because in most cases ¥(a, c;y) goes to infinity at z = 0 [5]. The convergence of ¥ for z # 0 will be discussed later
on.

We get the expansion (83a) by applying an integral transformation to the asymptotic expansion Wy(z) given in Eq.
(B.4). First, for the spheroidal equation, by writing W (z) = Wa(2) and a2 = b}, we find

W(z) = ew* (z — 1)1T5H Z bl ozt [Eq. (B.4) for the spheroidal equation] (85)
n=0

where the coefficients bl satisfy (83b). In the second place, the solution U; is obtained by inserting U(t) = W(t) and
G(z,t) = G5 (z,t) — see Eq. (55) — into the right-hand side of Eq. (13), and by integrating from ¢ = 1 to t = oo, that is,

as) [ (55) _; < .
Uy (2) = / t71 B — )T BIGS (2,t) W(t)dt = e R [2(2 — 1)]1+Bl/ e Wit iwIt Ty (1)t
1 1

which gives

W () @ ez — B Y b}L/ 2wt (4 — 1)l+Brg=n—lgy (86)
n=0 1
Thence, we obtain (83a) by using [5]
o)
/ e Vit — 1)t = T(a)e Y ¥(a, c; ), [Rea >0, Rey > 0].
1

The integrability conditions on the right-hand side require that
Re[2 4+ Bj] > 0 and Refiwz] < 0. (87)

On the other side, the bilinear concomitant (16) reads

Plst) = 7Bt =178 W) 2520 - G (5, )P0 |
= WDz — )P (¢ — 1) { [2iw(z = 1)t + By > byt 4+ nbit”l} (88)
n=0 n=0

Since the series converge at ¢ = oo, the conditions (87) assure that P(z,t = c0o) = 0. However, the concomitant is
undetermined at ¢ = 1 because [for Re(2 4+ By) > 0] P(z,t) is given by the product of the vanishing factor (t — 1)?+51 by
a divergent series. Despite this, we can check directly [38] that U;(z) is indeed a solution of the spheroidal equation (9).
Now we use the ratio test to get the convergence of U;. Thus, when n — oo, we find that the minimal solution of (83b)
satisfies [38]
b w14 B o o B (89)
bl n

T .
L bl n

To get the ratio between successive ¥, we use the relation [5]
(a+1-=0)¥(a,c—1;y)+ (c—1+y)¥(a,c;y) —y¥(a,c+ 1;y) = 0.
Hence, by taking
a=2+4+By, ¢c=2+By—n, y=-2iwz, Y,(y)=T(2+ B1,2+ By —n;—2iwz)

we obtain

(n—!—l)‘p\;—:l—(n—l—Bl—|—2iwz)+2iwz‘p\;—;1=O.

If 2 is bounded (that is, if 2iwz/n — 0), then when n — oo this equation is satisfied by

‘IJ‘IT;JrlNl_%(Bl_’_Q) RN %Nl+%(31+2) or (90)

n n

Geemmem) e Geegpl-daes)

v, 2iwz
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Only the first ratio is consistent with the fact that, if |¢| — oo while @ and y remain fixed and bounded, then [37]

\If(a,c; y) ~ {(_1)—(1 + 1{(% (é)cﬂz*% ya_% €y+a—§:| [1 +0 (ﬁ)} ,

[c—=o00; a#0,—-1,-2,---; |arg(dc)| < ].
Thus, using (89) and (90), we find
. b111+1\:[/n+1 2 1
HILH;O “hw, =1- - +0 (n2> for U;. (91a)

Therefore, by the Raabe test the series may converge for any finite value of z (the ratios (90) are valid if z is finite);
however, we must exclude the point z = 0 because in general the function ¥(a, ¢;y) goes to infinity at y = 0. On the other
side, from limy_, o ¥(a, c; y)=y~*, we find

br+1
bl

n

oo
lim Uy (z) = e™* 2P g b,
Z—00

n=0

(89)1+R631+O<1>, n - 0. (91b)
n n

Thus, according to the Raabe test again, the series > bl converges at z = oo if Re(B;) < —1.

4.2. Solutions for the confluent Heun equation

Now the solution U4 (z) for the spheroidal equation, given in (83a), is extended for any CHE. In fact, we can construct
a group of solutions U;(z) whose series coefficient b? satisfy the relations (79). To this end, in the right-hand side of (83a)
we perform the substitutions

B1

B
B B SR (2 — z())lfBrTOl, V(2 + B1,2+4 By —n; —2iwz) — Y(a, 8 —n; —2iwz),

where, in the substitutions of the first line we have used 1+ B;/zp and 1 — By — By /2 because these are indicial exponents
at z =0 and z = z, respectively. By using the properties of ¥(a,c;y) we find that o =2+ in — Bs/2 and 8 =2+ B /2
[38]. Thus, U, is given

. B B = . . .
Un(z) = o2 P B oo ) B SO0, W (24— B2 24 Bl omi—2iwz) | [in— Bay/2£-2,-3,] (92a)
n=0

where the coefficients b}, satisfy the recurrence relations (79) with [38]

al = —2iwzo(n + 1), Bl —n[n—l—l—Bg—QzB;l —|—2iwzo} + [iwzo—l—&} {2—32—&} + 2 — By + Bs,

n n - 20 20

== [nrin-B - nt1-B- 2. (92b)
By the transformations (18), U; produces a group constituted by 16 solutions, U;. Eight of these can be constructed
as
ul(Z), uQ(Z) = Tlul(Z), U3(Z) = TQuQ(Z), U4(Z) = T1u3(2); (93)
Us(2) = TyUq(2), Ug(2) = TyUs(2), Uz (2) = TylUs(2), Us(z) = TylUy(2),
while the others result by the transformation T3 which changes (1, w) by (=7, —w) in the above solutions. Thus,
B (o9}
Us(2) = e[z — 2] P2 %0 Z b2 (1 +in— BB By —Ziwz) ;o =B D -1,-2,.] (94a)
n=0
where, in the recurrence relations (79) for b2,
o = “2iwzg(n+1), B2 =nn+3— Bs+ 2iwz)] +iwz [2 — By BT)} +2- By + By,
2 =—[n+in+1-— 22] {n—&-l—Bz—% (94b)

The third solution reads

Uz(z) = etw? Zbi \Il(in—i— %7—&—71;—22'@‘1,2), [in—&—%#o,—l,--- 7] (95a)
n=0

Z0
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with

ad = —2iwzo(n + 1), B3 =n {n—l— 1+ By + 2301 —I—Ziwzo} + [Bg + %1} {1 + %1 + iwzo| + Bs,

Z

W=—[nrin+ B+ 2 n-14B+2). (95b)
At last, we write
Wy(z) = ezt 50 Y bAW (1 +in+ B+ L2+ 8 g —inz) . lin+By/2+ Bi/z £ —1,-2,---]  (96a)
n=0

with
at = —2iwzo(n + 1), B2 =n[n— 1+ By + 2iwzg] + iwzo [Bg + 123—01] + Bs,
vh=—[n+in—1+ 2] [n—1+32+%}. (96b)
The relation (91a) is valid also for the present case, whereas (91b) is replaced by [38]

1
bn+1
by,

oo
. . B
lim Uy (z) = ™? 271~ Z bl with
n=0

zZ—00

1 B 1
=1+ -Re(in—=2)+0(—=) when n — . (97)
n 2 n?

Then, U; converges at z = oo if Re(in — B2/2) < —1. By using the transformations as in (93), we find that the U; converge
for finite values of z, excepting possibly the points z = 0 (if ¢ = 1,2,3,4) and z = zo (if ¢ = 5,6,7,8). According to the
Raabe test, these U; converge also at z = o if

Re[in—%+1}<0:ul,u5; Re[in—i—%]<0:u2,u8;
Re[in+%—1}<0:U3,u7; Re[in+&+%]<0:l[4,u6.

4.3. The radial part of the two-center problem

Now we consider the equations of the two-center problem of quantum mechanics, as the one describing the electron of
the ionized hydrogen molecule. Using Leaver‘s conventions [9], the wave function ¢ of the time-independent Schrodinger
equation for an electron in the field of two Coulombian centers has the form

1+ 72 TL— T2

w — eiTTMP R()\) S(M)) A= % R n= % N m = O, il, i2’ SN (99)

where 71 and 79 are the distances from the electron to the two nuclei, and 2a the intercenter distance. By the definitions

S(z) =8S(\) =2%(2—2)2U(2), z=pu+1, 0<z<2],
R(z) = R(p) = 2% (2 — 2) 2 U™ (2), z=A+1, [z > 2], (100)
Leaver obtained CHEs in the form (1) for U*, with the parameters (n* for n , Bf for Bs)
z0 = 2, w? = 2ad°E, wn® = —a(Ny £ Ny), By =-2(m+1), By =2(m+1),
BE = w? 4+ 2a(Ny £ No) +m(m + 1) — Appp. (101)

where Aj, is a separation constant, and N; and Ny are the charges on the two nuclei. Thus, there are two CHESs, one for
the “angular” coordinate p and one for the “radial” coordinate A\. Each CHE is associated with a characteristic equation
(81) which determines the possible values of the constants A, and E.

Now we consider R(z), the radial solution given in (100). For bound states (E < 0) we take

iw=—a\/2|E| = in=in" =—(N1+ N2)/\/2|E| (102)
in order to assure that the factor exp (iwz) remains finite when z — oco. Then, if |E| is finite,

Re[in—&—%} :Re[inﬁ-%ﬁ-%} = Nt

20 V2IE|
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and, consequently, four of the solutions listed in (98) converge at z = co. To get wavefunctions bounded also at z = 2, we
select Us if m < 0 and Uy if m > 0. Thus, we find

R(z) = e—a/21E = 17 (2 — 2)@ Z b2 <1 - NIQ%/\iEN\z 1 —|m| — n;a+/8|E| z) (103a)

n=0

where the coefficients b2 satisfy the relations (79) with

o2 = \S[Ela(n+1), B2 =n|n+1+2jm| - 2a/BE]| + [m| +1] [Im| - a\/STE]| +

[V + Ny = alEl] = A, o = = [t ] [+l - . (103b)

The expansion (103a) holds only if

(N1 4+ No)/\/2|E| £1+ 1, [=0,2,---] (104)

a condition which assures that ¥(a, b;y) is not a polynomial of degree [ in y.
The condition (104) is also required by the Jaffé expansions. In effect, by using the solutions Ui (if m > 0) and Uy (if
m < 0) given in Egs (70a) and (73a), respectively, we find

_q_Iml Ni+No m oo -9 n
R/(z) = e~ V2Pl 2z Y (z — 2)% Zai <Z . > , (105a)

where the recurrence relations for al have the form (79) with

al, = (n+1)(n+lm[+1), i =-2n {n+1+|m|+a\/8|E|%] + [|m|+1} [%aw&ml +

_ _ 1 _ Ni1+No _ Ni1+No
20[Ni + No = al Bl = Ay, 7k = = |0+ |m| \/ﬁ} [n \/ﬁ] . (105b)

Thus, v41 = 0 if (N7 + N2)/+/2|E| = [ + 1 and, then, R”(z) becomes a finite-series solution with 0 < n < [, as stated
after Eq. (81). In this case, the constant A, would be determined from the characteristic equation associated with the
recurrence relations for al. However, if E and A, are both determined from the radial solution, we cannot satisfy the
characteristic equation corresponding to the angular solutions (these are usually given by series where the summation begins
at n = 0 and, so, present recurrence relations having the form (80)). Therefore, also for the Jaffé solutions it is necessary
that (N1 + N2)/+/2|E| # 1+ 1. The same is true respecting Hylleraas’ expansions in series of Laguerre polynomials [9, 39].

The convergence of solution (103a) follows immediately from the Raabe test. As to the Jaffé solution (105a), we have

to examine its behavior at z = co. By using (101) together with (102), the expressions (74) imply that

- 7 o /TE = I 1 On 13 [om < /OTE] N1 +N. 1
Zli)H;OR (z) = e 2z V2IE| _Oan, a’]ﬁ =1—- n |:4+2 an 2|E| —2a 2‘E|+ﬁ +O($) (106)

Then, by a convenient choice of n, the constant A which appears in (82b) becomes less than —1 and so, by the Raabe test,
the solution converges at z = oco.

5. Final remarks: conclusion and open problems

By inserting a suitable weight function w(z,t) into the integral relation (13) we have found the kernel equation (15)
where the differential operators L, and L; have the same functional dependence as the operator of the CHE (11), a fact
which allows to get transformations of the kernels by examining the known transformations of the solutions for the CHE.
As mentioned, this is an extension of a similar correspondence found in 2011 for the general Heun equation (HE) [1].

Actually, in 1942 Erdélyi used the appropriate weight function for the HE but he could not infer how to transform the
kernels because the transformations of the HE were fully established only in 2007 [3]. On the other side, transformations
of confluent Heun equations are known since 1978 [25, 26] but have not been applied to transform kernels — see, for
example, references [4, 6, 7, 27]. In the present study we have considered transformations of kernels of the CHE, where
the initial kernels (to be transformed) come from kernels of the HE by a process of confluence [1]; however, for the sake of
completeness, in section 2 we have reobtained them by solving the kernel equation.

By separation of variables we have found two groups of kernels presenting an arbitrary constant of separation. One
group, with products of two confluent hypergeometric functions, includes some particular kernels already known in the



CBPF-NF- 001/15 17

literature [27]; the other group, with products of confluent hypergeometric functions and Gauss hypergeometric functions,
is new as far as we known. For particular values of the constant of separation we have obtained three groups given by
produtc of elementary functions with one special function: this is represented by confluent hypergeometric functions (two
groups) and by Gauss hypergeometric functions (one group).

In section 3 we have found some integral transformations among known solutions of the confluent Heun equations.
We have used two singularities as endpoints of integration and have supposed that the solutions to be transformed are
convergent at both endpoints (this assures that the bilinear concomitants vanish there). If the solutions are modified by
the rules (18), the kernels must be modified by the rules (20). This emphasizes that the correspondence between the
transformations of the Heun equations and of the respective kernels are connected parts of the transformation theory.

The applications of section 3 simply relate known solutions without affording new ones. In contrast, in section 4, by
means of an integral transformation we have obtained a new solution for the spheroidal wave equation, which in turn leads
to a group of new solutions for the CHE. We have seen that these solutions may be used to compute the radial part of
the wavefunctions for bound states of hydrogen moleculelike ions and, by this reason, can play the role of the expansions
in series of Laguerre polynomials proposed by Hylleraas in 1931 [39] and the Jaffé power-series solutions which have been
used from 1934 [22] up to now [41].

It is possible to realize further properties of the solutions by considering other problems, as the Lorentzian model of a
quantum two-state system given by Ishkhanyan and Gregoryan [11]. This is ruled by a CHE with z = (1+4t)/2 and 2o = 1,
where ¢ denotes the time. According to the authors, for certain values of a parameter R, the problem admits finite-series
solutions which are bounded for any admissible value of ¢ and assure that the system returns to the initial state after the
interaction. By using the solutions of section 4.2, we have verified that the previous statement is correct; it seems that no
other known solution of the CHE permits to prove the statement. In addition, since in this case |z| > 1/2, it would be
interesting to check if the solutions of section 4.2 lead to infinite-series solutions suitable for some range of the parameter
R (the Hylleraas and Jaffé solutions do not converge for |z| < 1).

We have omitted details concerning the derivation of the new solutions of the CHE. In addition, the solutions must
be improved as follows: (i) by considering also expansions in series of regular confluent hypergeometric functions to get
solution valid in the neighborhood of z = 0 [38], (ii) by using the Whittaker-Ince limit as in Ref. [18] to obtain solutions
for the RCHE (2), (iii) by inserting a “characteristic” parameter v and letting that the series summation runs from minus
to plus infinite [38] (two-sided series) in order to obtain solutions for a CHE without free parameters.

As mentioned in the first section, along with the RCHE we have disregarded two other equations which are associated
with the CHE by formal limits. These are the double-confluent Heun equation (DHE) and the reduced DHE (RDHE)
which appear when we allow that zg — 0 in the CHE and RCHE, respectively, that is,

DHE : 2LY 4 (B) + Byz) W 4 (By — 20wz + w?2?) U = 0, [Bi # 0, w# 0]
RDHE : 24U 4 (By 4 Boz) Y + (By 4 ¢2) U = 0, [q#0, By #0)

where now z = 0 and z = oo are irregular singularities. At z = co the behaviour is again given by Eq. (5), that is,

lim U(z) ~ eTw? ;Fn=(B2/2) for the DHE (1), lim U(z) ~ eT2V@ (1/9=(B2/2) g1 the RDHE (2),
Z—00

zZ—00

while at z = 0 the normal Thomé solutions affords [18]

lim U(z) ~ 1 or lim U (z) ~ eP1/2,2-B2 for DHE and RDCE.
z—0 z—0

We show elsewhere [42] that the application of the Whitakker-Ince limit (3) and the Leaver limit (29 — 0) on kernels
of the CHE lead to new kernels for the RCHE, DHE and RDHE. This is in accordance with a previous conjecture [1] but,
by integrating the kernel equations, we also find kernels which are not connected with known kernels of the CHE: for the
RCHE we obtain a group of kernels expressed by products of Bessel and hypergeometric functions, while for the DHE and
RDHE we obtain kernels given in terms of elementary functions. Therefore, in addition to the use of limiting procedures,
we can solve the kernel equations to generate other kernels for the RCHE, DHE and RDHE.

Appendix A: Hypergeometric functions

The regular and irregular confluent hypergeometric functions are denoted by ®(a,c;u) and ¥(a,c;u), respectively.
They satisfy the confluent hypergeometric equation [37]

d*p(u)
du?

u + (c—u) dolu) _ ap(u) =0 (A1)

which admits the solutions

901 (U) = q)(a,7 C; u)7 902(’“) = euul—(!q)(l - a, 2— (& —U), ()03(11’) = lI/(aﬂ C; U), @4(11’) = 6uu1_c‘11(1 —-a, 2 — C; —U). (AQ)
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All of them are defined and distinct only if ¢ is not an integer. Alternative forms for these solutions follow from the relations
D(a,c;u) = e"P(c —a,c;—u), U(a,c;u) =u V(1 +a—c,2—cu). (A.3)
On the other side, solutions for the (Gauss) hypergeometric equation [37],

d*F dF
u(l—u)ﬁ—i-[c—(a—i—b—i—l)u]d—u—abFzQ (A.4)
are given by hypergeometric functions F(a, b; ¢; u) = F (b, a;c;u). In fact, in the vicinity of the singular points 0, 1 and oo,
the formal solutions for the hypergeometric equation (A.4) are, respectively,

Fl(u) = F (a,b;cu), F2(u)=u'"*Fa+1—c,b+1—¢;2—cju); (A.5)
F3(u) = F(a,b;a+b+1—c¢1—u), Fiu)=(1-w) " Flc—a,c—bl4+c—a—bl—u); (A.6)
F5u):u‘“F(a,a—i—l—c;a—&—l—b;%), Fﬁ(u):u_bF(b—l—l—qb;b—&—l—a;%). (A7)

Each of these may be written in four forms by using the relations
F(a,b;c;u) = (1 —u)° "% PF(c—a,c— b;c;u), F(a,b;c;u) = (1 —u) Fla,c — by c;u/(u—1)]. (A.8)

On the other side, the usual form for the Bessel equation is [5]

?*Z(y) dZ(y)
2 2_a? Z(y) =0. A.
v TV g, +y*—a? Z(y) =0 (A.9)
The solutions for this equation are denoted by Z (fy) (y) according as [5, 34]
ZQW) = Jaly),  ZQ) =Yaly), ZPw)=HDW), 2P =H(y (A.10)

where J,(y) and Y, (y) are the Bessel functions of the first and second kind, respectively; H ® (y) and H @ (y) are the first
and the second Hankel functions. There are formulas connecting these functions ([5]). For example,

cos(am) o — J_q (A1)

v, =1 [Hu) _ H(2>] _
21 @ « sin(a)

Bessel and confluent hypergeometric functions are connected by [37]

—x

®(a+ 1,20+ -2iy) =T(a+1) e (1) " Jaly), ¥ (a+ 5 20+1-2iy) = e o™ (25) B (y),
U (o 5,20+ 132iy) = —HgF 0o (29)7 HY (y). (A-12)

Appendix B: Wilson’s asymptotic expansions for the CHE

Such solutions were considered in 1928 by Wilson [10]. Actually they are given by 8 asymptotic Thomé expansions [17]
which we denote by W;(z) (i = 1,2,3,4) and T3W;(z). For the CHE in the form (1) we find

(o)
Wi(z) = e pmin= R Z alz™" (B.1)
n=0

where the coefficients al satisfy the three-term recurrence relations (al; = 0)
2iw(n + 1)ap 4 — [n (n+ 14 2in + 2iwzy) + iwzo <32 + f—ol) + B + (% + in) (1+1in— 22) }a}l
+zo(n+in+%+%>(n+in+%— Jal_4 =0. (B.2)
For the other solutions we take

WQ(Z) = T2W1 (Z), W3(Z) = T4W1 (Z), W4(Z) = T4W2(Z) = T1W3(Z) (B3)
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and W; 14 = T3W, (i = 1,---4). Thus, from the first solution we get

. B .
Wa(2) = e (2 — z9) 7527 =0 LS Z a’z™m, where (B.4)
n=0
2iw(n +1)a2 ,; — { (n+ 14 2in + 2iwzo) +zwzo(2 — By — —) + B3 + (% —|—z'77) (1 +in — —)}a%

+z0<n+zn—&—32)<n+m+1 %)a%_le. (B.5)

This Wa(z) is the only solution relevant for section 5. For this reason we omit the other solutions.
By the D’Alembert test the solutions Wy (z) and Wa(z) converge for |z| > |zg|, whereas W3(z) and Wy(z) converge for

|z — 20| > |z0|. However, by the Raabe test they converge also at |z| = |zg| and |z — 29| = |20| provided that
Re {Bg—i—%] <1in Wi(2), Re [B—} > —1in Wy(2),
|z| > |20 if |z — 20| > |20] if (B.6)
Re {Bg—l—%] > 1 in Wa(2); Re [%1] < —1 in Wy(z),
where the restrictions on parameters of the equation are necessary only to assure convergence at |z| = |zo| or |z — 20| = |20].

The above regions of convergence suppose the minimal solutions for the series coefficients [29, 30]. In the following
we consider only the series which appears in Wi(z), the convergence for the other solutions being obtained by using the
transformations as indicated above. Thus, when n — oo in Wi (z) we have

—(n+ 1+ 2in+ 2iwzo) + 2o (n+2in+32+%1_ )an_l -0

whose minimal solution for a}, | /a} when n — oo satisfies

al 1 B T al 1 1 B
nilNZO[1+<BQ+1—2> = n11~[1—<32+1—2>}
ap n <0 i an, 20 n 20
Thence, when n — oo,

1 —n—1 1 —n—1
By B
%N 1+ B2+7_2 % |ZO| 1_|_ Re Bg+71—2
alz—n > 20 alz—n |2 20
So, by the D’Alambert test the series converge absolutely for |z| > |zp|. However, by the Raabe test, the series converge
even for |z| = |zg| provided that Re[Bs + (B1/20)] < 1
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