Chin. Phys. B Vol. 19, No. 10 (2010) 100309

Bound states of the Schrodinger equation for the
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Poschl-Teller double-ring-shaped Coulomb (PTDRSC) potential, the Coulomb potential surrounded by Pdschl—-

Teller and double-ring-shaped inversed square potential, is put forward.

In spherical polar coordinates, PTDRSC

potential has supersymmetry and shape invariance in ¢, 8 and r coordinates. By using the method of supersymmetry

and shape invariance, exact bound state solutions of Schrédinger equation with PTDRSC potential are presented. The

normalized ¢, 6 angular wave function expressed in terms of Jacobi polynomials and the normalized radial wave function

expressed in terms of Laguerre polynomials are presented. Energy spectrum equations are obtained. Wave function and

energy spectrum equations of the system are related to three quantum numbers and parameters of PTDRSC potential.

The solutions of wave functions and corresponding eigenvalues are only suitable for the PTDRSC potential.
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1. Introduction

The supersymmetry approach originating from
the factorization in non-relativistic quantum mechan-
ics has been extensively applied to deal with the solv-
able Hamiltonian where the concept of shape invari-
ance plays a fundamental role. It is well known that
if a potential satisfies the shape-invariance condition,
the corresponding Hamiltonian can be solved exactly.
Exactly solvable potentials in non-relativistic quan-
tum fall within distinct classes of shape invariant
potentials.! =% With the ideas of supersymmetry and
shape invariance, a number of potential problems can
be solved exactly. Although most of these potentials
are either one-dimensional or central, there are some
non-central separable potentials. Those non-centrally
potentials have supersymmetry and shape invariance
and can be exactly solved in terms of the supersym-
metric quantum mechanics and shape invariance.

Poschl-Teller double-ring-shaped Coulomb (PT-
DRSC) potential, the Coulomb potential surrounded
by Poschl-Teller and double-ring-shaped inversed
square potential, is put forward in the paper. In spher-
ical coordinates, PTDRSC potential, one of the non-
centrally potentials, is defined by the following expres-

sion

V(r,0,¢)
- 5+1[ b A(A—l)}
r o r?2 |sin?6 cos? 6
1 {aQD(D -1)  a?C(C - 1)} 1)
r2sin?0 | sin® ap cos2ap |’

where A,C;D > 1,6 > 0,b > 0,a = 1,2,3...
are positive real parameters of the potential. When
A=C =D =1and b = 0, the PTDRSC poten-
tial reduces to the Coulomb potential, which is one
of the most important models in classical and quan-
tum physics, and is widely used in many branches.
When A = C = D = 1, the PTDRSC potential re-
duces to Hartmann potential, which was introduced in
quantum chemistry to describe ring-shaped molecules
like benzene.l%7 Bound states of Schrédinger equa-
tion for Hartmann potential have been studied.®]
When C = D = 1, the PTDRSC potential re-
duces to the double-ring-shaped Coulomb potential.
Bound states of Schrodinger and Klein—Gordon equa-
tion for double-ring-shaped oscillator potential have
been investigated.['0=14 The expressions for the en-
ergy eigenvalues and the eigenfunctions of the other
noncentral potential have also been given.['5! In this
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paper, we show that PTDRSC potentials have super-
symmetry and shape invariance in ¢, 6 and r coor-
dinates, and acquire the bound states of Schrodinger
equation with PTDRSC potentials. The normalized
wave function and the exact energy spectrum equa-
tions are also presented.

This paper is organized as follows. In Sec-
tion 2, the separation of variables is carried out for
the Schrodinger equation with PTDRSC potential in
spherical coordinates. In Sections 3 and 4, we obtain
the normalized ¢, # angular wave function expressed
in terms of the Jacobi polynomials. The normalized
radial wave function and exact energy spectrum equa-
tion of bound states are presented in Section 5.

2. Separation of variables for the

Schrodinger equation

In spherical polar coordinates, the Schrodinger
equation is given by (h=2u =1)

Py 290 1 (0% b
B (arz * rar) T2 <692 ““939)
1 02
71/) + V’(/) = E’L/}

 r2sin? 0 Hp?
(2)
The most general potential for which the Schrédinger
equation is separable is givenl®! by

V()

2

V(p)

. b
r2sin’ 6

V(r,0,¢) =V(r)+ (3)

r

where V(r), V() and V() are arbitrary functions of
certain arguments. For PTDRSC potential, there are

8 b AA-1)
vir) = r’ Vi) = sin? 6 cos2d ’
o?D(D -1 a?C(C -1
Vi =22 ol
sin? awp cos2 aip

It is convenient to write the wave function as

R(r) H(0)
r (sin)!/2

U(r,0,p) = K(p). (5)
Substituting Egs. (3), (4) and (5) into Eq. (2), and us-
ing the standard procedure of separation of variables,
one obtains the following equations for K (), H(0)
and R(r)

d’K a’D(D -1 a?C(C -1
_EK()  [@?DD=1)  @CC=1)]
de sin® cv cos? ap
= m*K (), (6)

_d*H(9) [b+m22— 1/4 A(A—l)] H(0)
do2 sin” 6 cos? 0
= ’H(9), (7)
RO NS, P

1
/— —_—
I'=1 5" (8)

3. Supersymmetry and shape in-

variance for ¢ coordinate

In Eq. (6), whose ground state function and eigen-
value are given by

Ko(p) = (sin o) (cos ap).
m3 = a?(C + D). (9)

The corresponding superpotential related to the
ground state function is

W(x) = —Kq(x)/Ko(z). (10)
So the corresponding superpotential is given by
W(p;C,D,a) = aCtanap — aDcotap.  (11)
Then, we can obtain the partner potentials as
Vi(e, A, B)
= W2+ W
= —a*(C + D)? 4 *C(C + 1) sec? ag
+a?D(D +1) csc? a, (12)
V_(¢,A, B)
— W2 _ Wl
= —a*(C+ D)* +a*C(C —1)sec’ ap
+ a?D(D — 1) esc? ag. (13)

It can be deduced that

VJr((P; C7D7a)
=V (C+1,D+1,0)
+R(C+1,D+1,), (14)

where

R(C+1,D+1,a)
= a?(C+ D +2)? - a*(C+ D)?, (15)

hence, the shape invariance condition is satisfied for ¢
coordinate, and the complete eigenvalue spectrum is
given by
to
m*” = > R(C+k D+k)
k=1
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= a?(C + D+ 2ty)* — o*(C + D)2,
to=1,2.3--- (16)

Thus, one can have the value of m in Eq. (6) as follows:

m?=a*(C+D+2t)* t=0,1,2,3.... (17)

Notice that in general there is no degradation in m.
In principle, we can use supersymmetric quantum me-
chanics and shape invariance to find the eigenfunction
of Eq. (6), here an alternative method is used. Letting

K(p) = (sinap)?(cosap) Y (p),  (18)
and substituting Eqgs. (17) and (18) into Eq. (6), we
obtain

d?Y (¢)
dp?

Y(p)

+ 2a(D cot ap — C'tan ayp) d
+ 4ta?*(C+ D +1)Y (p) = 0. (19)

When a new variable = sin® agp is introduced, a
Jacobi differential equation is obtained

d%y 1 dY
x(l—x)de+[(D+2)—(C+D+1)x e
+ HC+D+H)Y =0. (20)
The solution of Eq. (20) is
Y(.’IZ‘) = F(_tapl + ta,ylal‘%
p=C+Dmn=D+1/2, (21)

where F(—n, (3,7, z) is the Jacobi polynomials,!*6! de-
fined as

F(—n,8,7v,2) = Z (_]:L!zigf)kzk.

k=0

(22)

The ¢ angular wave function can be written as

K(p)
= Ny(sin ago)D(cos aw)cF(—t,pl +t,71,), (23)

where N, is the normalization constant of the angular
wave function. According to the normalized condition

2m

/(20)
Kieidp=ta [ Kodp=1 (21)
0 0

and using the relation of the orthogonality of the Ja-

cobi polynomials!®

1
/ A1 = 2P F (e p + oy, 2)Pdz
0

_nl TPPLe+n-—y+1)
p+2n  T(p+n)(y+n)

; (25)

we have

1 p+2t T(py +)T(y1 + 1)
N, = (/=" . . (26
' \/2 o POl —mn+t+1) (26)

So the normalized ¢ angular wave function is

2 t!

T2(D 1 1/2)T(C +t + 1/2)

Kilp) = \/1'C’+D+2t.F(C+D+t)F(D+t+1/2)

x (sin ap)P (cos ap)“F(~t,C + D +t,D + 1/2,sin* ap). (27)

4. Supersymmetry and shape invariance for 6 coordinate

Letting B = Vb +m? +1/2 = \/b+ (C + D + 2t)2 + 1/2, equation (7) becomes

e [P fae | o = ea) @)
whose ground state function and eigenvalue are given by
Hy(0) = (sinf)B(cos0)?, 12 =(A+ B)% (29)
The corresponding superpotential is given by
W(6; A, B) = Atan — B cot 6. (30)
Then, we can obtain the partner potentials
Vi(0,A,B)=W?+W'=—(A+ B)>+ A(A+1)sec? 0 + B(B + 1) csc? 6, (31)
V_(0,A,B)=W?-W = —~(A+ B)? + A(A—1)sec®> 0 + B(B — 1) csc? 6. (32)

100309-3



Chin. Phys. B Vol. 19, No. 10 (2010) 100309

It is deduced that

Vi (0, A, B)
=V (0,A+1,B+1)+R(A+1,B+1), (33)

where
R(A+1,B+1)=(A+B+2)> - (A+ B)?, (34)

hence, the shape invariance condition is satisfied for 6
coordinates, and the complete eigenvalue spectrum is
given by

%=
S0
=Y R(A+k,B+k)
k=1
= (A+B+2s0)? - (A+DB)*s0=1,2,3... .(35)

Thus, one can have the value of [ in Eq. (28) as follows:

?=(A+B+2s)% |=A+B+2s,
$=0,1,2,3... . (36)

Notice that in general there is no degradation in [ ex-
cept in the special case when b = 0. Letting

H(6) = (sin ) (cos 0)*Y (6), (37)

when a new variable z = sin? 6 is introduced, a Jacobi

differential equation is obtained 1!
d?y dy
z(l — x)ﬁ +[(B+1/2) — (A+ B+ 1)x] <
+ s(A+B+s)Y =0. (38)

The solution of Eq. (38) is Jacobi polynomials

Y(SL’) = F(_SaPQ + 87’727‘%)3
p2=A+B, y2=B+1/2 (39)

where F(a,(,v,2) is the hypergeometric function.
The angular wave function can be written as

H() = N3<Sin9)B(COS H)AF(—s,pQ + 8,792,x), (40)

where N is the normalization constant of 6§ angular
wave function. According to the normalized condition

s /2
/ H?(0)dg = 2/ H*(0)do =1, (41)
0 0

and using Eq. (25), we have

N o= [P2t2s T2 +3)l(y2+5)
’ sl T2()l(p2 =72 +s+1)

So the normalized 6 angular wave function is

(42)

T(A+ B+ s)[(B+s+1/2)

A+B+2
HS(O):\/ +O s (sin0)B(cos 0)AF(—s, A+ B+ s, B +1/2,sin6). (43)

! " T2(B+1/2)T(A+s+1/2)
. ‘ / / 2
5. Supersymmetry and shape in- _ B D+ B (46)
. . r r2 41"+ 1)2’
variance for r coordinate and Vorl) = W W
the energy spectrum _ s sy B )
o r2 4 +1)2°
The ground state function and eigenvalue of
Eq. (8), the radial part of the Schrédinger equation It is deduced that
can be written as
Ro(r) ="t lexp __Pr Vi(r, ) =V_(r,l' + 1)+ R(I' + 1),
Ay R(I'+1 i ! ! 48
+1)=— - ,
P (44) C+D =7 +1)2  (I'+2)? (48)
0T T4+ )T
The corresponding superpotential is hence, the shape invariance condition is satisfied for r
3 Va1 coordinate, and the complete eigenvalue spectrum is
W(T) = 2(1/ n 1) — o (45) given by

Then, the partner potential is obtained as follows:

Vi) = W2+ W’

nro

E, =Y R(l'+k)
k=1
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P 1 1
AU +1)2 (npo+ 1l +1)2
neo=1,2,3,... (49)
Thus, the energy spectrum equation is presented as
follows:
62
E, =- n, =0,1,2,3,... (50)

A(n, + 1 +1)2’
Introducing a new variable y = fr/(n, +1' + 1), and

letting
R(r) =y - exp(=y/2) - Ly, (1), (51)
substituting Eqgs. (50) and (51) into Eq. (8), we obtain
dQLn,( ) , dLy, (y)
+ nyLy, (y) =0, (52)

which is just the well-known differential equation sat-
isfied by Laguerre polynomials; and the analytic so-

lutions to Eq. (52) can be expressed as the Laguerre

polynomials!

L, (y) = L2 (y). (53)
The radial wave function can be obtained as follows:

Ry (r) = Ny 1 - exp(—y/2) - L2+ (y),  (54)

where N, is normalization constant of the radial

wave function. Using the relation of the orthogonality

of generalized Laguerre polynomials/'®

/OQ A2 e_zLi{/fl(z)Li{H(z)dz
0

!/
_2me Ul

n,!

r 2l +2), (55)
and the normalized condition
/ R2(r)dr = 1, (56)
0

and Eq. (54), one derives the normalization constant

1 16} n.!
Ny = = . (57
! n,—i—l’—i—l\/? T(n, + 20 + 2) (57)

So the normalized radial wave function of bound states

of Schrédinger equation for PTDRSC potential is

1 B . ! l/
R, () = L. r +1
() nr+l’+1\/2 T(n, + 20 +2)”

e () 120 (58)

Thus the total eigenfunction for the noncentral poten-
tial is given by the form of Eq. (5), with K(¢), H(0),
R(r) given by Egs. (27), (43) and (58) respectively.

6. Discussion

When C =1, D =1 and o = 1, then from Eq. (4)
V() = 0. If particle is in the angular free potential,

equation (6) becomes

d*K(p) 2
—TDQ =m"K(p). (59)
According to the periodic boundary condition, the ¢

angular wave function is

=0,1,2,... (60)

(61)

On the other hand, from Eq. (27), the ¢ angular wave

function of Eq. (59) can be written as
r'2+t)

1 242t
Kt(@:\/z' 1 T2(1+1/2)

x sin ¢ cos F(—t,2 +t,3/2,sin” ¢),
t=0,1,2,3... . (62)

In the ground state, t = 0, there is

2 sin ¢ cos o

KtO( ) \/7_(

(63)

It is obvious that equation (61) is not the special
case of Eq. (63), and equation (27) cannot reduce to
Eq. (60). This is because equation (27) is given by the
condition of C; D > 1. In the condition of C, D > 1,
the corresponding potential V () is a four-infinite well
(see Fig. 1) and the ¢ angular wave function must
be equal to zero at ¢ = 0,7/2,7,37/2. In angular
free particle potential, angular wave function must not
equal zero at ¢ € [0, 27], and this generates the differ-
ence of the wave function and eigenvalues. Based on
the similar reason, Hs(6) in Eq. (43) and R, i/ (r) in
Eq. (58) cannot degenerate when A =1, C = 1 and
D=1.

100309-5



Chin. Phys. B Vol. 19, No. 10 (2010) 100309

S-
2]
Q
@
+
S-
(o]
Q
8 -
0 /2 T 37/2 27

Fig. 1. The plot of a four-infinite well of V(¢) = csc? o +
sec .

Notice that the wave functions (27), (43), (58)
and the corresponding eigenvalues (17), (36) and (50)
are only suitable for the PTDRSC potential, and can-

not be applied to double ring-shaped Coulomb poten-
tial, Hartmann potential and Coulomb potential.

7. Conclusions

We have shown that in the spherical coordinates,
some non-centrally separable potential have super-
symmetry and shape invariance in ¢, 6 and r coor-
dinates. We have also obtained the exact bound state
solutions of Schrodinger equation for PTDRSC by us-
ing the method of supersymmetry and shape invari-
ance. The normalized wave functions expressed in
terms of the product of Jacobi polynomials and La-
guerre polynomials are presented. Wave function and
energy spectrum equations of a system are related to
three quantum numbers (¢, s and n,.) and parameters
of PTDRSC potential («, 3, A, B,C and D). Unfortu-
nately, the solutions of wave functions and correspond-
ing eigenvalues are only suitable for the PTDRSC po-
tential.

References

] Witten E 1981 Nucl. Phys. B 188 513

| Cooper F and Freeman B 1983 Ann. Phys. 146 262

[3] Infeld L and Hull T E 1951 Rev. Mod. Phys. 23 21

] Gendenshtein L 1983 JETP. Lett. 38 356

] Cooper F, Khare A and Sukhatme U 1995 Phys. Rep. 251

267

[6] Hartmann H and Schuch D 1980 Int. J. Quantum Chem.
18 125

[7] Kibler M and Winternitz P 1987 J. Phys. A 20 4097

[8] Huang B W, Wang W and Wang D Y 1999 Chin. J.
Atomic Molecular Phys. 16 443 (in Chinese)

[9] Qian S W, Huang B W, Wang D Y and Gu Z Y 2002

Commun. Theor. Phys. 38 139

[10] Huang B W 2003 High Energy Phys. Nucl. Phys. 27 770
(in Chinese)

[11] LuF L, Zhuang G C and Chen CY 2006 Chin. J. Atomic
Molecular Phys. 23 493 (in Chinese)

[12] Lu F L and Chen C Y 2005 Chin. Phys. 14 463

[13] Zhang X A, Chen K and Duan Z L 2005 Chin. Phys. 14
42

[14] Yasuk F and Durmus A 2008 Phys. Scr. 77 015005
[15] Khare A and Bhaduri R K 1994 Am. J. Phys. 61 1008

[16] Wang Z X and Guo D R 2000 Introduction to Special
Function (Beijing: Peking University Press) pp. 132, 164,
318 (in Chinese)

100309-6



