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The Schrédinger equation for an isotropic three-dimensional harmonic oscillator is solved using ladder operators.
The starting point is the shape invariance condition, obtained from supersymmetric quantum mechanics.
Generalized ladder operators can be constructed for the three spherical spatial coordinates. Special emphasis
is given to the adaptation made to each of these coordinates. The approach used is general and is indicated as an

alternative method to solve the Schrédinger equation.

Keywords: Ladder operators, Harmonic oscillator, Shape invariance, Supersymmetric quantum mechanics.

1. Introduction

The harmonic oscillator is one of the most fundamental
systems studied in quantum mechanics [IH3]. As a first
model, any behavior of oscillatory physical systems
near the equilibrium position can be described by the
harmonic oscillator [TH3], such as, for instance, diatomic
molecules and solids.

In the present work, the Schrédinger equation for the
three-dimensional (3D) harmonic oscillator is solved by
using the spherical coordinates. An algebraic approach
is used to factorize the differential equations and ladder
operators are built for each coordinate [4, [5]. This
approach is general and it can be used to solve the
Schrédinger equation exactly, fitting into the context
of Supersymmetric Quantum Mechanics (SQM) [6]. The
development of SQM [7, [8] has contributed to increase
algebraic methods [9] applied to quantum mechani-
cal problems and the shape invariance property has
an underlying algebraic structure associated with Lie
algebras [Bl [I0HI3]. The isotropic spherical harmonic
oscillator can be used as an introductory problem for
formalism and for the construction of generalized ladder
operators.

The approach, by using SQM to solve the Schrédinger
equation, has already been applied to study different
problems, such as, barrier penetration [14], exactly
solvable coupled-channels problems [I5] and the study
of coherent states for unidimensional potentials [TGHIS].
The supersymmetric formalism has been used to obtain
the solution of the Schrédinger equation for the one-
dimensional harmonic oscillator [I9] and for the har-
monic oscillator with a position dependent mass [20],
besides also being applied to the Dirac oscillator [21].
Furthermore, the use of generalized ladder operators
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for shape invariant potentials has also been successfully
explored to different potentials such as the Coulomb
potential and the harmonic oscillator [4, 22] 23]. Howe-
ver, the use of these ladder operators for analyzing the
radial and the angular coordinates in the same formalism
can be further explored. In our best knowledge, this
approach was made just for the Coulomb potential [24].

Bazeia and Das [25] solve the Schrédinger equation
for the angular coordinate 6 and identify the lad-
der operators for the Legendre equation. In addition,
Dutt et al. [26] explore the shape invariance for the
f-component of the spherical harmonics. However, they
do not explore the relations between the shape invari-
ance parameters and the other quantum numbers of the
system to determine the harmonic oscillator eigenvalues.

The Schrodinger equation for the ¢ coordinate has
been little explored in the literature using generali-
zed ladder operators. This equation is similar to the
particle in a box problem and it has a hidden shape
invariance [27]. In the current case, from the boundary
conditions, two distinct solutions can be obtained. The
linear combination of these solutions results in the
general solution for this coordinate [24].

In the next section, we introduce the formalism
used to construct the generalized ladder operators. In
Section [3], the radial Schrédinger equation for the three-
dimensional harmonic oscillator is solved using this ap-
proach, while in Section 4] the solution to the Schrédinger
equation for the angular coordinate 6 is determined. In
Section [5] the solution to the angular coordinate ¢ is
obtained. Finally, Section [6] brings the conclusions.

2. Methodology

The one-dimensional Schrédinger equation can be writ-
ten as:

Hipn(x) = Evpn (), (1)
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where the Hamiltonian operator can have the convenient
form of:

d2

H=-"
dx?

+ V() (2)
where 2 = 2m = 1, for simplicity. There is no restriction
on the nature of the coordinate x, i.e. it can be cartesian
or not. In Equation (2)), V/(z) represents the potential
and other functions of the respective coordinates, as, for
instance, the centrifugal term for the radial coordinate
in a central force potential [1].

In a non-relativistic system described by the Schrédin-
ger equation — Equation — the supersymmetric quan-
tum mechanics can be constructed if the Hamiltonian
operator H can be factorized in terms of the bosonic
operators [4, []]:

d
At = Foot W (x;ap). (3)
These bosonic operators are defined in terms of the
superpotential W (x;ag), which is a function of the
position and a set of space-independent parameters
{ay}. The first supersymmetric partner Hamiltonian is
obtained by:

HY=H-FEy=ATA", (4)

where Fy is the ground state eigenvalue. The second
supersymmetric partner Hamiltonian is obtained by
changing the bosonic operators:

H =AA*. (5)

The operators H™ and H~ have the same energy
spectra, except for the ground state of the Hamiltonian
HT, for which there is no corresponding state in the H~
spectrum.

From equation , the factorization of the Hamilto-
nian H leads to the Ricatti equation [28]:

W25 0) — 51V (53 00) = V(&) ~ By = V* (w;00), (6

in which the superpotential is defined. The correspon-
ding potential V= (z;a), obtained from equation (),
satisfies:

W2 (x,a0) + %W(m, ap) =V~ (z;a9). (7)

The shape invariance condition [6] imposes that:
R(a1) =V~ (z5a0) = VT (2501, (8)

where the remainder R(ay) is independent of the coor-
dinates, VT is defined with respect to parameter a; and
V'~ with respect to parameter ag. These parameters are
usually related to each other by a translation:

a; = ag + 10, (9)
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in which 7 corresponds to the translation step.

Since the transformation of the parameters involves
a translation, we can define the translation operators
T*(ap), as usual, as:

szm@Q) (10)
and
T (a) = exp (_”a(zo)' (11)

From the bosonic operators A%, equation , and the
translation operators 7%, the generalized creation and
annihilation operators can be composed as [4 [5]:

B (z;a0) = AT (5.a0)T (ao) (12)
and
B~ (z;a0) =T~ (a0)A™ (23 a0). (13)

The operators B* have the usual algebraic structure
of ladder operators, as indicated in reference [5]. In
this sense, the factorization method can be used to
solve the Schrédinger equation with the shape-invariant
potentials [4, 29]. Thus, the ground state eigenfunction
o(x;a0) can be obtained from the application of the
generalized annihilation operator B~ in g (z;ao):

B~ (w;a0)y0 (x5 a0) = T~ (a0) A~ (w; ag)tho(; ag) = 0.
(14)

A~ (z;a0)¢o(x;a0) = 0 is a sufficient condition to
validate the equality in the equation . Then, the
ground state eigenfunction is written as:

Yo(x;ag) exp(—/W(w;ao)dx) (15)

This relation between the ground state eigenfunction
and the superpotential is commonly found in the su-
persymmetric approach [8,[30]. Furthermore, the excited
states are obtained by the application of the generalized
creation operator in the ground state eigenfunction:

Un(z;00) = [BT (23 a0)]" Yo(x; ag). (16)

To determine the eigenvalues, we start from the shape
invariance condition, equation , and the operators

given by equations and :
R(an) = T (ao) R(an-1)T" (ao), (17)
in which
an = ag +nn (18)

is a generalization of the relation between the parameters
a1 and ag given by equation @[) In the same way, it can
be written as:

R(a,)B" (x;a,) = B (z;a,)R(an_1). (19)
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The commutation relation between operators H+ and
(BT)" can be determined from the definitions, equati-
ons (12) and and the shape invariance condition,
equation [4H6). Then, this gives:

[H*,(B*(;a0))"]
= R(a1)(B"(z,a0))" + R(a2)(B* (z,a0))"
+ (BY(2300)) [H*, (B (2300))" 7). (20)

Repeating the procedure n times, until [HT,(B*
(x,a0)" "] = 0, this commutation relation becomes:

(ZR ak > (z3a0))".

(21)

[H, (BT (x;a0))

Introducing the commutator in the eigenfunction
1o (x; ag) and noting that for this state H¢g(x;a0) = 0,
gives:

H*[B* (23 a0)]"vo(x; ao)

= (Z R(ak)> [B* (z:a0)]"Yo(x;a0).  (22)
k=1

Notice that wg(x;a0) is the ground state of
the Hamiltonian H™ with a null eigenvalue. Thus,
[BF(x;a0)]"1o(x;a0) is an eigenfunction of H* with
eigenvalue (}_;_, R(ay)). Therefore, the energy eigen-
values from the original Hamiltonian, equation (2)), are
obtained by:

n

E, =FEy+ (Z R(ak)> ) (23)
k=1

where the Ejy in this equation is added from the first

factorization, equation .

In the following sections, the 3D harmonic oscillator is
analyzed and the differential equations for each spherical
coordinate are solved using the approach described in
this section.

3. The Radial Coordinate

The Schrodinger equation for the any spherically sym-
metric potential can be separated into three differential
equations, one equation for each spherical coordinate:
r, 0, ¢.

The Schrédinger equation for the radial coordi-
nate is [I]:

& (P R0 = TR 0) - BIRG) =10+ DRO)

(24)
From the substitution of the R(r) function by (r) =
rR(r), equation is written as:
7% d*y(r) n?ol(l+1)
LTy = By(r).
g (V) + 5 D wte) = )
(25)
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Then, the radial Hamiltonian for harmonic oscillator can
be identified as:

d? 5  U1+1)
in which, for simplicity, it is adopted that #? = 2m = 1.
The Hamiltonian can be factorized, for each value
of I, by using the superpotential [4]:

(l+1).

W(r,l) =r— (27)

It is worth noting that the quantum number [ is used as
the parameter a, so that ag = [. The first supersymme-
tric Hamiltonian is obtained from equation :

d2

I(14+1) .
Ht = —W+r2+7—210—3:H—E5). (28)
From this equation, we obtain:
EV =21+3 (29)
0 = .

The supersymmetric partner of the Hamiltonian in

equation is:

_ d? (I+1)(1+2)
The shape invariance condition, equation (§]),
provides:
lo+1)(lo+2
Ry =2+ Lt Do +2) 3§0+ ) oty -1
Lhi(ly +1
- 2—¥+211+3 (31)

To obtain R(l1) independent of the spatial coordinate r,
we must get [; = [g + 1, implying that n = 1 and so:

R(l;) = 4. (32)

It would also be possible to take Iy = —lp — 2 to
fulfill the shape invariance condition in equation .
However, this condition leads to a non-normalizable
eigenfunction and it is discarded.

For the kth parameter, we have I = lg + k from
equation and the remainder can be written as:

R(lk) = —Q(Zk —k)—1+ 2(lk — k‘) +2+3=4. (33)

Then, the energy spectrum can be obtained from equa-

tion , by using equations and :

EQ =EP + 3" R() =20 +3+4n.  (34)
k=1

In this case, the generalized ladder operators for the
radial coordinate are:

Bt (rl) = {—i M u 1)] exp (gz) (35)
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Table 1: Radial eigenfunctions and energy eigenvalues for the spherical harmonic oscillator.

g iy
0 PAle—5 21+3
1 (2r2 — 21 — 3)ritle~7 2 +7
2 [4r4 — 4(5 + 20)r? + 412 + 16 + 15]ri+le~"F 2i+11
3 [8r0 — 12(7 + 207t + 6(5 + 20)(7 + 20)r? — 81 — 60I2 — 142 — 105} e~ 21415

and

_(+1) .

0 d
B~ (r;l) = —= | |= 36
(r;1) exp( 81) [dr+r (36)
The ground state eigenfunction for each [ is obtained
by the substitution of the superpotential, equation ,

into equation :

2

(()l) (r;1) ritle= 7, (37)

Excited state eigenfunctions are calculated by the
action of the generalized creation operator, equation
(35)), on the above eigenfunction as indicated in equation
(16)) 4. Tableshows, as an example, the ground state,
the first three excited states and their respective eigen-
values for an arbitrary value of I. The eigenfunctions
are not normalized. In this approach, the eigenfunctions
must be normalized at the end. The results are the
same as those obtained by other methods, as can be
seen in Ref. [3].

4. The Angular Coordinate 6

Although not directly related to the energy eigenvalue,
the equation expressed in the angular coordinate 6 can
also be solved by the approach described in Section [2]
The equation for this coordinate is [I]:

L d (8"19;99(9)) + (l(l +1) -

m2
sinf do > () =0.

5in20
(38)

In a more convenient form, this equation is equivalent
to:

d2

£5000) + cot(0)-Lo(0) + [l(l b1y

do

Equation can be rewritten by the substitution
introduced in Ref. [26], changing the variable 6 through
a function 6 = f(z), resulting in:

%i+}§g+f@mmm]i
+£2(2) [1(1 +1) - %} } O(z) =0. (40)
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To eliminate the first derivative, it is supposed that:

12

f ()

ON f'(z)eot[f(2)] = O, (41)
which is solved by [26]:
0 = f(z) = 2arctg(e?). (42)
Thus, equation can be written as:
2
—o i+ 1)sech®(2)| ©(2) = —m?0(z).  (43)

The Hamiltonian from equation has the same
mathematical structure as the asymmetric Rosen-Morse
potential, and it can be factorized by the superpoten-
tial [26], 30} B31]:

W(z;a0) = agtanh(z). (44)

This way, the first supersymmetric partner is:
B = =L B0 sech®(2)] — apsech () = H — &)
=—23 T sech”(z apsech”(z) = 0 -
(45)

From this equation, we can obtain the eigenvalue 5(()2)

2 2
_ao = _l .
The supersymmetric partner (equation ((f])) of the

Hamiltonian is:

2
H = 0 + a2l — sech®(2)] + agsech®(z).  (46)
The shape invariance condition, equation (8],
provides:

R(ay) = a2 — a2 + (a? — a2 + ag + ay)sech®(z). (47)

To obtain R(a;) independent on the z coordinate we
must impose that a; = ag — 1. This condition implies
that n = —1, equation @D, and so:

R(al) = 2@1 + 1. (48)

There is another possibility. Choosing a1 = —ag
fulfills the shape invariance condition in equation .
However, this condition leads to a non-normalizable
eigenfunction.

DOI: https://doi.org/10.1590/1806-9126-RBEF-2020-0393



Jodao Marcos Costa Monteiro and Elso Drigo Filho

For the kth parameter, the shape invariance condition
results in:
R(ax) = ai—1 - ai = [ap — (k — 1)}2 —[ao — k]Q
=2(ap — k) + 1. (49)

The eigenvalues can be obtained from equation :

:—12+Z

Note that these eigenvalues are not the energy of the
system.
A comparison between equations and iden-

tifies that egz) = —m?, leading to the relation between
the parameters m, j and I:

~(-4)7%  (50)

j=lxtm. (51)

This relation implies that m is an integer and
—I<m<0or0<m <]l Since j is an index of the
sum in equation , 3 >0.

Summing up, for this coordinate, the generalized
ladder operators are:

Bt (z1) = [—CZ +1 tanh(z)] exp [—gl: (52)

and

B~ (2;1) = exp [aaz] [d +1tanh(z)|.  (53)

In this case, the “ground state” eigenfunction is obtai-
ned by substitution of equation into equation :

Oo(z;1) o sech!(z), (54)

It is possible to come back to the original coordinate, 6,
by using some algebra. The eigenfunction in the original
variable can be written as:

O0(6;1) x sin'(8). (55)

The generalized creation operator, equation (52]), ap-
plied in the ground state eigenfunction results in the
other eigenfunctions for the original problem [24] [26] [30],
equation . The eigenvalues analysis implies that
m=0,+1,+2,43,..., I, as expected.

5. The Angular Coordinate ¢

The Schrodinger equation for the angular coordinate
e is [1]:

m2®(yp). (56)

This equation is similar to the Schrédinger equation for
a particle in an infinite square well. However, boundary
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conditions are different in these two cases. For the 3D
harmonic oscillator, the variable ¢ must be periodical,
ie, ®(¢) = ®(p + 27), while, for the unidimensional
infinite square well, the eigenfunction must be null at
the walls [TH3]. In addition, we note that the quantum
number m is the same as in the previous section,
provided by the separation of variables process.

A hidden shape invariance was identified in this kind
of problem [27], i.e., a special choice of the parameters
a is necessary to identify this invariance and to solve
equation . The procedure requires parameter ag to
be explicitly written in the superpotential. Furthermore,
there are two superpotentials that satisfy the Ricatti
equation @ with a null potential (obtained from equa-
tion ((56)))) and each one leads to a different solution
for the differential equation. The linear combination of
these solutions allows us to obtain the exponential form,
usually presented for the ¢ variable [IH3].

The first possible solution for the Ricatti equation @
with V() = 0 is obtained with the following superpo-
tential:

W (p;a0) = agtan(p), (57)

leading to the supersymmetric partner Hamiltonians:

d2
HY = W + ap(ag — 1)sec*(p) — a2 (58)
and
d2
H = s + ag(ag + 1)sec?(p) — a?. (59)

The shape invariance condition provides:

R(ay) = [ag(ao + 1) — ar(ar — 1)]sec?(¢) + af — ag.

(60)

By defining the superpotential, equation , with
ap = 1 or ag = 0, these values of ag allow for the facto-
rization of the Hamiltonian in equation , leading to
the interpretation that the system is not shape-invariant,
which characterizes it as a hidden shape invariance [26].
This invariance is evident if the dependence of the
parameter ag is explicitly stated in the superpotential.

To have R(a;) independent of the spatial coordinate
i, we must have a; = ag + 1, implying n = 1 and so:

R(a1) = 2a0 + 1, (61)

where the kth parameter is given by:
R(ay) = 2k + 1. (62)
From equations and and now allowing

ag = 1, we obtain:

i2k+1 (n+1)% (63)
k=1
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The index m can be suppressed from equation ,
ie, m = +1,4£2 43, ..., and the sign + naturally
appears by applying the square root to equation .
It would also be possible to take ag = 0. This allows
the factorization of the Hamiltonian present in equation
, leading to null eigenvalues for all states, i.e., m = 0.

The first eigenfunction can be obtained directly from

equation with the superpotential (57)):
Do (3 a0) o cos® (), (64)

and the generalized ladder operators are written as:

B piag) = |~ +antan(e)| ean 1] (69

B~ (g;a,) = exp {—ni{)} LZD + aotan(go)]. (66)

The action of the generalized creation operator
leads to:

D1 (5 a0) o< cos™(2¢) (67)
and after |m| applications, we get:
D (3 a0) ox cos™ (mep), (68)

with m=0,1,2,3... and ag = 1.

The second possible solution of the Ricatti equation
@ for this problem is obtained by a superpotential
written as:

W (p;a0) = —agcot(yp), (69)

leading to the supersymmetric partner Hamiltonians:
d2

=2
dp?

+ ag(ag — 1)ese(p) —ag,  (70)
and
d2

=~ g +olao + eselg) —af.  (T1)

The shape invariance condition is given by:
R(a1) = [ao(ao +1) — a1 (a1 — )]ese(p) +ai —af, (72)

which is satisfied by the same condition as before a; =

ag + 1, leading to the same eigenvalues, equation (63)).
With the superpotential given by equation (69 we
obtain the eigenfunction:

Do (3 a0) o sin (), (73)
and the generalized creation and annihilation operators:
Bt (p;a0) = _4 — apcot(yp)| ex 9 (74)
¥;a0) = dg 0 ¥ P Waao )
_ 0 d
B~ (p;a0) = exp _7767% g —agcot(p)|.  (75)
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The action of |m| times the generalized creation
operator results in:

@, (03 ag) o< sin® (myp), (76)

where m =0,1,2,3... and ag = 1.
The generalized solution is a linear combination of

equations and :

By (i a0) = Croos™ (mig) + Casin® (mep) o €™,
(77)

where ag = 1, 7 and Cy are constants and m =
0,1,2,3.... The exponential form in equation is
the usual shape for the p-component dependence on
spherical harmonics [1H3].

6. Conclusion

In this paper, an algebraic method to solve the
Schrodinger equation, based on a generalization of lad-
der operators, is presented. The methodology presented
determines the eigenfunctions and the energy eigenva-
lues of a bond-state Schrodinger equation for any shape-
invariant potential. The approach adopted consists in
the construction of generalized ladder operators due
the shape invariance condition obtained from SQM
formalism.

Solutions for the three spherical coordinates of the
three-dimensional harmonic oscillator are obtained. For
the p-component, a hidden shape invariance is identified.
So, the solution for ¢ requires more attention to provide
the correct result, as shown in Section

Usually, only the radial part of the Schrédinger equa-
tion is obtained through the methodology presented
here. Recently, the authors [24] proposed a similar
approach to obtain the hydrogen eigenvalues and ei-
genfunctions. As expected, the solutions in that case
and in the present analysis are the same obtained from
the standard calculation, for example, from Frobenius
method.

In short, the energy eigenvalues for the harmonic oscil-
lator are obtained from equation and the restricti-
ons on the quantum numbers [ and m are identified. The
eigenfunctions W, ; (7,0, ¢) = ¥n1(r)O1m(0)Pn(¢)
are determined from the generalized creation operator
applied in the base eigenfunctions. Notice that for the
angular coordinate 6 it is necessary to use the relation
between the z and 0, to get the usual eigenfunctions. For
the ¢ coordinate, the eigenfunctions are obtained by a
linear combination of the trigonometric functions.

Finally, we observe that the formalism presented here
to obtain the exact solution from the three-dimensional
isotropic harmonic oscillator can be used to study other
quantum mechanical problems.
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