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On connections between the four-dimensional harmonic
oscillator and the Coulomb-problem in the representation
with the discrete basis

By C. Campigotto and Yu. F. Smirnov
Nuclear Physics Research Institute, 117234 Moscow (USSR)

(25. IX. 1990)

Abstract. The exact quantum mechanical solution for the four-dimensional harmonic oscillator
with arbitrary frequency w” in the matrix representation using the harmonic oscillator basis with unit
frequency o is obtained. Using the KS-transformation this result is transformed into the solution of the
three-dimensional Coulomb-problem (bound states) in the frame of matrix representation with Sturmian
basis. The connection of this solution with a rich set of special functions is established. The group
theoretical aspects of the KS-mapping are discussed.

1. Introduction

The connection between the harmonic oscillator and the Kepler- or Coulomb-
problem has been investigated in many papers in the frame both of classical and
quantum mechanics [1-10)]. This question was considered in the Schrodinger-repre-
sentation [11-15], in the representation of Wigner—Moyal [16], and by the path-
integral method of Feynman [17-19]. Recently it was also attacked in the
formalism of supersymmetric quantum mechanics [20].

In this paper our aim is to consider the interrelation between the quantum
mechanical solutions of the four-dimensional harmonic oscillator (FDHO) and the
three-dimensional Kepler—Coulomb problem (TDCP) in some additional represen-
tations, namely, in the frame of the matrix representation using a convenient
discrete basis of square integrable functions for each of these problems. The initial
point of our approach is based on the well-known fact [21], that the matrix of the
Coulomb-problem Hamiltonian

Hcoul=p2/2m+zlzzez/r2 (1)
is a tri-diagonal (Jacobi) matrix in the Laguerre/Sturm basis:

[nim> = R(r) Y, (8, ¢), (2
where

Rnl(r) = Qn[rle —r/2L§I+ 1(’1’-)9

i AT+ 1)
in_( 1) (n+2l+2)’
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Y,,(6, ¢) are the usual spherical harmonics,
with angular momentum / and its projection m (3)

If we shall seek the eigenfunctions y,(r) = R,(r)Y,,,(6, ¢) of the Hamiltonian (1) in
a form of a Fourier series with respect to the radial Sturmian functions:

Ri(r) = Z Bannl(r) ’ ¢ 7 (4)
then the Schrédinger-equation

Hcoul '»Ill(r) = E‘l’l(r)

transforms into the set of three-terms recurrent relation (TRR) for the coefficients
B, [21]

—/nn+2+ 1B, —/(n+ D)n+2/+2)B,
+2[(n+1+1)cosf +¢sinb)B, =0, (5)

2Z 7] 21
where t = — — tan— |, 0 = arccos q2 .
q Z qg°+1

It is possible to show that the eigenvectors {B,,(q), n =0, 1,2, ...} of the infinite
dimensional matrix (5) might be found in the explicit analytical form. It means that
the Coulomb-problem is exactly solvable in the discrete matrix representation, too.
In particular its solution in the continuum was obtained in [21], i.e. the coefficients
B, (g) corresponding to the energy eigenvalues E = (¢%/2) > 0 were found. Namely
these coefficients were expressed for the regular solution in the continuum in terms
of the Pollaczek-polynomials P#(6, w). As for the bound states R,,(r), with energy
E, ~v~*—in the attractive Coulomb-potentials—the corresponding solution of
TRR (5) will be done in this paper. Taking into account the orthonormality
properties of Sturmian functions:

J.Rnl(r)Rnl(r)r dr = 6n’n ’ (6)

it is possible to calculate the coefficients

B,(v) = J‘va(" )R, (r)r dr 7

by direct integration. However in this paper the discrete spectrum of eigenvalues for
the matrix (4) in the case of the attractive Coulomb-potential and the correspond-
ing eigenvectors {B,,(v)} will be found in a different way using the above mentioned
connection between the FDHO and the TDCP. In our opinion this approach allows
to obtain a deeper insight into the interrelation of these two problems and to
analyse their group theoretical structure.
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The content is organized as follows: In Section 2 the solution of the FDHO
problem with the Hamiltonian

n:  mw3x:
H_ =YY= 8
will be obtained in the matrix representation with basis functions
lnhnKmlmz(rOs a, ﬁ’ ’}’) = RnK(p/p(,)) YKmlmz(a’ Ba 'y)s (9)

which are the eigenfunctions of the FDHO of different frequency w’, w # w’, i.e.
[24, 27]

R.x(r) = (—1)"Qux(p/po)** 2 exp [ —3 (p/po)’ILx * ' (p/po) (10)
with orthonormalization condition '[R,,,K(p)R,,K(p) dp = 0yps

where:
ps=h/mw “radius” of the oscillator,
7, = —ih d/0x, four-dim. momentum,
p?=Y x; four-dim. radius,
k
2T(n + 1)
QnK = ’
poT(n + K +2)

Y km,m,(, B,y) four-dimensional spherical harmonic.

In Section 3 the connection between the obtained solution and the orthogonal
polynomials of a discrete variable (namely the Meixner polynomials) will be
discussed. In Section 4 the results of Sections 2 and 3 will be used in order to find
the solutions corresponding to the bound states of the attractive Coulomb-system in
the frame of the matrix representation with the basis (2, 3).

The point is that the FDHO (7, 8) can be transformed into the Laguerre (or
Sturmian) basis (2, 3) using the nonbijective, canonical Kustaanheimo-Stiefel (KS-)
transformation [10]. Simultaneously this transformation reduces the Hamiltonian
(8) to the Coulomb—Hamiltonian (1). This fact allows to obtain the explicit form
of eigenvectors {C,,;} for bound states in the attractive Coulomb-potential in the
Laguerre basis using the eigenvectors of the Hamiltonian (8) in the basis (9, 10). In
the appendix the interrelations of the dynamical symmetry groups of the FDHO
and the TDCP are discussed on the base of the constained Lie algebra concept
[1-9].

2. The FDHO in the coordinate and matrix representation

The solution of the Schrédinger-equation for the harmonic oscillator in the
space of arbitrary dimension is well known. In particular the Hamiltonian (8) has
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the eigenvalues:
Eyx = (2N + K + 2)hw (11)
and the corresponding eigenfunctions are of the form

'!’NKm’lm'z(ps o, B, 7) = Ryx(p/po) ) gy (2 B, 7). (12)

where py = h/mw’. Below we shall use the following set of hyperspherical coordi-
nates in four-dimensional space

X; = p COS & COS f3,

X, = p cos a sin f,

X3 = p sin & COS ¥,

X4=p sinarsin Y. (13)
We will use the following choice for the hyperspherical angles:

O0<a<2r;, 0<f<2n; O0<Ly<mn/2
In this case the four-dimensional spherical harmonics can be written as follows:

Ykmm(@ B, 7) = Qgmme’ ™ F ™ P 91?" i m)— /2 (COS 2a), (14)
where P& ?(cos 2«) are the Jacobi-polynomials,

sin"le cosl™lo: K —|m|—|m’|
’ = '
Q kom'm . {[(ZK + 2)( 5 )

(e[ (e

For the quantum numbers the following values are allowed:

K=|m'

+ |m

m’| +m|+2,....

The harmonics (12) are orthonormalized in correspondence with the relation

f Yh (0 B )Y Koy, By 7) R = SKimS, (15)

where dQ = sin a cos a do df dy is the four-dimensional sphere surface element.
The function (12) can be expressed in terms of the Wigner D-functions [25]

YKmlmz(a! ﬁ’ ))) EDﬁ/12:M2,ml—M2(ﬁ +Ys a!ﬁ_'}’)' (16)
They satisfy the differential equation

1 i sin o cos & 0 . 1 _6_+ 1 EY
sin & cos o du da sina df  cos*ady | K1™2

= —K(K +2) Yk, m,- (17)
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In order to transform the wave functions (r) from the coordinate representation to
the matrix representation with the discrete basis (9, 10) it is necessary to expand
¥(r) in a Fourier series with respect to this basis

‘/’(r) =ZCnKm|m2'/’:Km1m2(r) (18)
as a result the Schrédinger-equation with the Hamiltonian (8)

(Hose — EW(r) =

will be transformed into the infinite set of coupled algebraic equations for the
coefficients C,

z [<n’KiHosc|nK> - Eénn’]CnK = 03 n, n'e NO- (19)

The quantum numbers m;, and m, are omitted here because the matrix of the
Hamiltonian (8) is diagonal on K, m, and m, and does not depend on m, and m,.
These properties are evident from the explicit form of the matrix elements of the
operator ,o2 [23, 27]

(n’K’

2 [0, (20 + K + 2)

+8ym_1/nn + K+ 1) + 5,,,,,+ W@+ D)(n + K + 2))h/mo. (20)
The kinetic energy matrix [23, 27]
(n'K'|p?nKy = S Rrim20,(2n + K +2) — 8y 13/nn + K +1)
—Spmr 18/ + D(n + K + 2)Jimo (21)

can be found from equation (20) using the virial theorem or by direct calculation.
Obviously, the resulting matrix of the Hamiltonian (8) in the basis (9, 10) is a
tri-diagonal one and the coefficients C,x satisfy the set of TRR

1= \/(n+1)(n+K+2)C +——1+A2 (2n+K+2)C

T+d KT (14 4)2 "
= \/n(n FK+DC, =2 —C (22
1 n— 1K — (1 A)Z nk »

where 4 :=w’/w, ¢:= E/hw’. Using the notation w’/w = e (t € R) we can rewrite
this relation as follows:

3th(e/2)\/(n + 1) + K + 2)C, , 1k +3 th(z/2)/n(n + K + 1)C,_ 1x
2ch?7/2 -1 1

4ch?t/2 4ch®1/2

Evidently the next step is to solve this finite difference equation (FDE) of second

order, and it will be realized in Section 3, where the coefficients C,, are expressed
in terms of the orthogonal Meixner-polynomials on the uniform grid. In this section

(2n + K +2)C,p = eC, . (23)
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the coefficients C,, will be found in another manner. The spectrum of eigenvalues
of the Hamiltonian (8) is

enk =(2N + K+ 2) (in terms of hw). (24)

The transformation (18) for the corresponding eigenfunctions coincides with the
expansion of the radial wave function of the FDHO with frequency @’ on the
similar functions with frequency @ (in analogy with the method used in [29]), i.e.

R,k(p/po) = }Zv: C.x(N)Ryk(p/po), (25)

Cax(N) =<{Ryk R k) = JRNKR;KP3 dp. (26)

This integral can be calculated in a direct manner [40] or by taking into account the
fact that the harmonic oscillator wave functions with different frequencies can be
connected with each other by a dilatation operator D(t):

R,k(p/po) = D()R,k(p/po). (27)
Here
D(r) =exp (zQ,), t=In(0'/w) (28)
and
1 1
Q2=%Z(0Ial +aya) = —ZZ (xkﬁixk +ai;kx") (29

is the generator of Sp(2, R) (or SU(1, 1)) group (see e.g. [30]). It follows from
equations (27, 28) that the coefficients C,x coincide with the matrix element &/, (7)
of the boost in the unitary irreducible representation (UIR) D/* of the SU(1, 1)
group belonging to the positive discrete series

C.x(N) = {(Ruk(p/po) |D(T)|RnK(P [po)) = d{zv (7). (30)

The noncompact “angular momentum” j and its “projections” u and v are
connected with the quantum numbers K, n, N by the relations:
K K K

| = —=y = — 1’ = — I

J 7 u=n+ 5 + v=N+ 2 +
(we use the same notations for the IR of SU(1, 1) group as in [30, 31], i.e. the
representation D’ corresponds to the eigenvalue j(j + 1) of the Casimir-operator
JPand uv=j+1,j+2,j+3,...).

The explicit formula for the SU(1, 1) d-functions was obtained at first by V.
Bargmann [32]

; (sht/2)*~"

&, (1) =(—1)v_“\/(j+#)!(j+ W —j—Div—j—D! (cht/2)#+"
RETY (—1)*(sh?7/2)”
i 31
Xy;)y!(v—u +M e +i =W —j—1-y)! e
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The same result can be obtained if the matrix element (30) is calculated by the
method of Ref. [30]. The coefficients C,; can be expressed in terms of the Gaussian
hypergeometric function [28, 33, 38]

(=D~» [r(n+K+2)r(N+K+2)

Cox(N) =

1/2
[K+2) T(N+ DI(n+1) ] (tht/2)V~"(ch t/2) ~&+2

x F(—n, N + K +2, K + 2; (ch 1/2) ~?). (32)

If the coefficients C,x are considered as a function of the continuous variable 7, then
they can be expressed in terms of the Jacobi-polynomials [28, 33]

ITN+K+2)I'(n+1)
I'IN+DI'(N+K+2)

Co(N) =(—1)~[ ]”2 (th £/2)" - "(ch £/2) ~ K+

1
PE+LN=-m(1 _ ) 33
WEs ( chzt/Z) | ko

It should be noted that in the limit n > (K + 2)/2 the TRR (22) can be approxi-
mated by the differential equation [39]

8 _KK+2
[—ax2+2 (xj" )+x2—2£]x=0 (34)

for the function x(x) =n'*C,x depending on the argument x = Zﬁpo. This
equation coincides with the radial Schrodinger-equation for the FDHO. Since its
eigenvalues are equal to eyx = (2N + K + 2)hw’ and the eigenfunctions are of the
form x®+32R, (x) (the analytical form of Ryx(x) is given in (10)), we obtain the
following asymptotical formula for the coefficients C,x(N):

Cax(N) ~ (2n'7p) "Ry k(207 py). (35)

Therefore it is possible to consider the functions (32), (33) as a discrete analogue of
the wave functions of the FDHO. In the limit of the continuous variable n the
orthonormalization condition for the coefficients C,x(N)

%, Cox(N)Cur (V) = b, (36)

which is a consequence of the unitarity of the d-functions, can be transformed into
the orthogonality property of the harmonic oscillator wave functions [24]

JRNK(X)RN’K(x)x Ydx =dyn. (37)
In [31] it was remarked that the Bargmann d-functions can be expressed also in terms
of the Meixner-polynomials [36, 37]

_ N I'(N+K+2) e -
Cox(N) =(=1) [r(n TK+2)Tn+ DIV + 1)] (hzs2)

X (Ch 1/2) —(K+ Z)m,(,’” 2, th? 1/2)(N) (38)
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that form the system of orthogonal polynomials on the uniform grid. It means that
the coefficients C,,(N) can be connected with the Meixner-polynomials, too. In the
next section the corresponding expressions will be found by direct solution of the
FDE (22). '

3. The FDHO in the matrix representation and Meixner-polynomials

The methods of solution of finite difference equations that is a discrete
analogue of the hypergeometrical differential equations are described in [24] and
[39]. In these monographs the following equations are considered:

o(n) AVy, +1t(n) Ay, + Ay, =0, (39)
where
Ayn==yn+l = Vn> Vyn==yn —VYn-1-

At o(n) =n, 1(n) =y, = yu — n(1 — p) the Meixner-polynomials m§;* are the solu-
tions of this equation. The eigenvalues A have the form

Av=N(1—p), N=012,.... (40)

It is clear that the finite difference equation (39) of second order can be written in
form of a TRR

HO +n)y, 1+ ny, 1+ @ —n—yp—npy, =0. (41)
Thus the TRR (41) has the solution
Yo = m$ () (34
corresponding to the eigenvalues (40). They satisfy the orthonormality condition:
2. m% P(mym%:(m) p(n) = dyn-di, (43)
n=20
where
I'(N+1 )
d} = ( = a3 )(Y)N, P = TV +7) is the Pochhammer symbol. (43a)
pr (1 —py I'(y)

Setting y =K +2 and u =th%(z/2) in (41) and substituting y, by Cyx(n) in
correspondence with relation

I'h+DI'(N+1) [(pn
N) = Crk(n), 44
Tt perN =) N Q) ) e

we obtain the TRR (22) instead of TRR (41) with ¢ =24(1 —p) ~ ' + 9. It is clear
from the expression (39) that the obtained spectrum of eigenvalues ¢, is in
agreement with the standard result (11). In addition we remark that the Meixner-
polynomials in (42) are symmetric with respect to the variable exchange n and N

mP(N) = (y,/yn )M “(n).
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Combining the relations (42) and (44) we can write the solutions of the TRR (22)
as follows:

_ N I'N+K+2) 12 Ntn
Cox(N) =(=1) [F(n YK+ TN+ DI + 1)] (thz/2)
X(Ch 1/2)—(K+2)m$!K+2,th21-/2}(N)_ (45)

They are orthonormalized in accordance with condition (36). This result is in
agreement with the earlier given relations (32) and (38) of course. Equation (42)
permits to obtain the solution for the Coulomb-problem in the Laguerre basis for
the bound states, using the KS-transformation.

4. KS-transformation and the solution of the Coulomb-problem in Sturmian basis

The KS-mapping of the states of the FDHO onto the Sturmian basis of the
TDCP includes the following points [4]:

1. In the space of the FDHO states (9), only the states with even K
K == 2[, m=m, (46)

must be selected.
2. New angular variables [22]. ..

0:=2a, ¢:=3B-7), Y=38+7) (47)

must be introduced.
3. Finally the following substitution for the radial variables

pi=r'P (48)
must be fulfilled.

As a result of the substitution (47) the four-dimensional hyperspherical harmonics
Y m(a, B, Y)-independent of the angle ¥, because of condition (46), will be
transformed into the usual three-dimensional spherical harmonics

Y~ 2tmm (%, B, 7) = Y, (0, ). (49)

It follows from the fact that the substitution (47) transforms equation (17) (for
those functions not depending on ) into the Laplace-equation for the three-dimen-
sional spherical harmonics with angular momentum /.

1 o(. 0 1 0 —K(K +2)
L Kl ki _ .
|:sin Y] (S‘“ 4 ae) T SnZ0 a¢2] Yimm =——4— Ymm (49a)

also the well-known relations [25, 28]

P& 9(cos B) = P,(cos 2p) (49b)
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(connection between the Jacobi- and Legendre-polynomials)

4
Dt ol 0.9) =[5 Yin(6. 9) (490)

(the generalized hyperspherical functions in R* are equal to
Y,.(0, @) in R? if m’ =0)

must be taken into account. The comparison of equations (3) and (9) shows that
the substitution (48) transforms exactly the radial wave functions for the FDHO
into the functions of Laguerre basis (3). It is rather natural, since the radial wave
functions R,x(p) satisfy the Schrédinger-equation

1 0( ,0 KK+2)
g3 T = 50
after substitution (48) equation (50) might be written in the form
1o0/,0 Ii+1) E, 1 _
[r2 or (r 6r) e +Z? + 4 Ry =L (1)

This coincides with the equation for the Sturmian functions R, (r) of the TDCP.
Because E,; = 2(n + [ + 1) the solutions of (51) have the same analytical form as the
hydrogen-like atomic wave functions with electric charge Z.4 = 2(n + [ + 1), linearly
increasing with the radial quantum number », so that the energy of each level with
fixed orbital momentum / remains constant and equal to —(2/) 2. The relation
between the harmonic oscillator radial quantum number n and the main quantum
number v determining the energy E, ~ v 2 of the hydrogen-like atom is of the form

v=mn+1+1). (52)

Applying the KS-transformation (46)—(48) to each side of the expansion (18) for
the wave function of the FDHO

'J’(}L\;K=2lmm(ps a, ﬁs ?) = Z CnK(N)lI/;DI‘(=21mm(p’ o, ﬂ, ‘}’)5 (53)

we obtain the following expansion of the Sturmian functions with parameter
" ~w’ in terms of Sturmian functions with parameter 1 ~ w:

Ryx(A'T) =), Cor(DR(Ar), T =In(A"/A), (54)
where the coefficients C,,, (t) are of the form

Cnn’(T) = J\R’?'KRIII\K r dr’

C, (1) = (—1)N22+1(31")+1 |: I'(N +21+2) ]1/2

T(n+2+2)T(n+ DIV + 1)

X (th 1/2)N+ "(Ch 1./2) -+ Z)mgzl + 2, th2 1/2) (N) (543)
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Using this relation it is possible to find also the expansion
Ry(r) = B Ru(r) (55)

of the bound state wave functions of the Coulomb-problem
Rey(r) = (= 1)™"*2*12(n + 1 + 1) "2RA(r) (56)

in terms of the Sturmian functions (3) with parameter 4. But it is necessary to take
into account two conditions:

1. In expansion (55) should be used formula (54) with the parameter
7 =In[A"/A(n + | + 1)] depending on the quantum number n.

2. It is important to remark that Sturmian and Coulomb wave functions
satisfy two different orthonormalization conditions [41]

j R 2I(A‘r)R fxl('lr)r 2 dr = 6nn’ ’ ( 573)

J. RAAPDRL(ADrdr =6, . (57b)

As a consequence of these properties we have that
R (Ar) = T, R3(Ar), (58)

where T,, = 2/(n + [ + 1)*2. Finally we obtain for the coefficients B., in expansion
(55)

Bl (1) = gue1 0¥ [F(n+21+2)1"(N+21+2)]”2(_1)N 1

(N +1+1)° TN+ DIT(n + 1) T2 +2)
x (tht/2)VN ~*(cht/2) " ¥+IF(—n,N+21+2,21+2; (cht/2)"?) (59a)

and in terms of the coefficients C,x(N) (32) if we remember the KS-transformation
K=2I]

Bon(1) = T,,C,(N), (59b)
I V5 (N +2[+2) 112
Bun(r) =27 (N+1+1)2 (= 1)N[r(n +2/+2)T(n + DTN + 1)]

X (th T/2)N + "(Ch 1/2) -+ Z)ngI + 2, th2 1.-/2)(N) . (590)

It 1s possible to compare this result with the analytical continuation of the regular
solution of the TRR (5) obtained in [21]

 Tin+ DT +1 —in)| p(®/2 + eyt L0t

Sul®, 0 =2 =0 2 D)

x (sin 0)' ¥ 1P+ 1(cos 6, 2z /A, —2z/4) (60)
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that might be reduced to the expression (59c) if the connection between Meixner-
and Pollaczek-polynomials [24]
ing

P (s, ¢) =ﬁm$ﬁ"“)(—l —is), p=e**

and the differences of their normalization properties are considered. The correctness
of result (59) can be proved by comparison with the integral [40]
I'm+n+a+1)

I'm+1)I'(n+1)

b= —-p bbb —A—yp)
% pmntatl F(_'m’ —n, _m_n_a’(b—l)(b—p))'

Je"’"x“Lﬁ(Ax)L?‘,,(ux) dx =

5. Conclusion

In the previous sections the explicit expression for the wave functions of the
bound states in the attractive Coulomb-potential was obtained of the matrix
representation with Sturmian basis. The problem was attacked from different
standpoints giving the connection of this solution with a rich set of special
functions: Jacobi-, Meixner-, Pollaczek-polynomials.

The KS-mapping of the FDHO states allows to consider only bound states of
the Coulomb-problem. In order to obtain the Coulomb-continuum states the
KS-mapping has to be applied to the repulsive oscillator in a four-dimensional
space [4]. The results of this paper can be considered as a starting point for future

similar analysis of the KS-mapping in continuum, that is poorly investigated until
now.
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