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Chapter
Quantum Harmonic Oscillator

Coskun Deniz

Abstract

Quantum harmonic oscillator (QHO) involves square law potential (x?) in the
Schrodinger equation and is a fundamental problem in quantum mechanics. It can
be solved by various conventional methods such as (i) analytical methods where
Hermite polynomials are involved, (ii) algebraic methods where ladder operators
are involved, and (iii) approximation methods where perturbation, variational,
semiclassical, etc. techniques are involved. Here we present the general outcomes of
the two conventional semiclassical approximation methods: the JWKB method
(named after Jeffreys, Wentzel, Kramers, and Brillouin) and the MAF method
(abbreviated for “modified Airy functions”) to solve the QHO in a very good
precision. Although JWKB is an approximation method, it interestingly gives the
exact solution for the QHO except for the classical turning points (CTPs) where it
diverges as typical to the JWKB. As the MAF method, it enables very approximate
wave functions to be written in terms of Airy functions without any discontinuity in
the entire domain, though, it needs careful treatment since Airy functions exhibit
too much oscillatory behavior. Here, we make use of the parity conditions of the
QHO to find the exact JWKB and approximate MAF solutions of the QHO within
the capability of these methods.

Keywords: Schrodinger equation, quantum mechanics, JWKB, MAF

1. Introduction

Time-independent Schrodinger equation (TISE) is an eigenvalue problem in the
form:

. —h?
H|p) = Elp) = [% V2 + U(V)} ¢, = Enp (1)

where the terms are in the usual meanings, namely, V2, the Laplacian operator;
H, Hamiltonian operator (kinetic energy plus potential energy operators); 7, mass;
h, Planck’s constant divided by 27; ¢, wave function (eigenfunction); E, total

energy (eigenvalue); and U(r), function of potential energy [1-7]. Quantum har-
monic oscillator (QHO) is described by the TISE in (1) for the square law potential:

1 5, k?
= — —_ >
U(r) 2mw r > >0 (2)
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Oscillators - Recent Developments

where w = \/k/m is the natural angular momentum (associated with the angu-
lar frequency f = w/(2x)). Since U(r) > 0, our eigenvalue problem (or bound-state
problem) requires E, > 0 to give the following:

V2¢n(Eﬂ Z 077') +f(E1’l 2 O’V)(pn(EVL Z O,V) = O;

m m Oor (+ 3
f(E,20,7) = k*(E, 20,7) :2h—2[E,,—U(V)1 :il_z[E _%mwzyz} ::{(_) (+) (3

The QHO is a very good approximation in solving systems of diatomic molecules
vibrating under the spring constant [1, 2, 5] and finds various modern physics
applications such as in [8-10] as stated in a famous quotation: “the career of a young
theoretical physicist consists of treating the harmonic oscillator in ever-increasing
levels of abstraction by Sidney Coleman” [10, 11]. Here, U(r) is central potential
which can be given in Cartesian coordinates (x, y, 2) where solutions involve
Hermite polynomials as in [1-7, 12] or in spherical coordinates (r, , ¢) where
solutions involve spherical harmonics as in [1, 2, 13]. For simplicity, it is widely
studied in one dimension (say, in x only), and higher dimensional systems are called
isotropic harmonic oscillators in 2D or in 3D. The QHO can be solved by various
conventional methods such as the following: (i) by analytical methods where some
analytic functions involving Hermite polynomials are involved [1-5]; (ii) algebraic
methods where ladder operators are involved, that is, [1, 2]; and (iii) by approxi-
mation methods such as perturbation methods, JWKB method, variational
methods, etc., that is, [1-6, 14]. Brownian study of QHO as an open dynamic
quantum system in terms of quantum Langevin equation was studied in [15-17].
We study here one dimensional and non-frictional, that is, undamped case, and
present its solution by the two following conventional semiclassical approximation
methods: (i) the JWKB method (named after the authors, Jeffreys, Wentzel,
Kramers, and Brillouin, who contributed to the theory) [1-7, 14] and (ii) the MAF
method (abbreviated from modified Airy function) [3, 18-23].

JWKB method is known to give exact eigenenergies for the QHO, but
eigenfunctions fail at and around the classical turning points (CTPs) where f = 0
(or, equivalently, E, = U(r)) in (3) as typical to the JWKB method [1-7, 14]. These
discontinuities prevent us from using continuity at the boundaries by equating the
JWKB solutions of two neighboring regions directly at the CTPs to find the
eigenenergy-dependent coefficients in the general JWKB eigenfunctions (wave
functions). It also prohibits the use of normalizability of the eigenfunctions between
—o0 and o0. To surmount the problem, parity conditions of the problem regarding
the symmetry of the QHO in the dimensionless form are used, and advanced
computational software such as Mathematica can be used to achieve these calcula-
tions [3, 4, 14, 24]. Moreover, asymptotic matching is required in the JWKB
solutions to maintain the normalizability except for the CTPs as discussed
above [4, 7, 14]. As to the MAF method, it does not exhibit discontinuities at the
CTPs, though highly oscillating behavior of the Airy functions requires careful
handling in finding their zeros and the parity treatment used in the JWKB
solution seems straightforward to be also applicable to the MAF solution of the
QHO [3, 19-22]. Although it was originally suggested in 1931 by Langer in [25],
finding zeros of highly oscillatory Airy functions became practical as the advances
in computational software and the MAF method became widespread by the 1990s
[3, 18-23]. In this work, we present the general outcomes of the conventional JWKB
and MAF methods as two semiclassical conventional methods and solve the QHO by
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using the parity condition of the problem in the dimensionless form pedagogically.
We will discuss the treatment of parity matching and asymptotic matching in
solving the QHO by these semiclassical methods.

2. Exact solution of the QHO in 1D by the analytic method

The QHO in (3) is a bound-state problem which can be written in 1D for the

potential function in 1D (U(x) = 3mw’x* = 1"'2—’;; > 0) as follows:

0, (%) +f(En>0,%)9,(x) = 0

2m 2m 1 Oor(+) (4)
f(By20.2) = R (B, > 0.%) = 7B, — U] =27 {E - amwzx”} B { ()
or, simply,
i)+ 55 (B = s ) gy fw) =0 ©

whose solution by various conventional approaches (such as analytical, alge-
braic, approximation, etc.) is given in any fundamental textbooks, that is, [1-3, 5]
and whose results can be summarized as follows [14]:

i. Change of variable in (4) and (5):

mw

Y(x) = px = 7 (6)

ii. TISE for the QHO in 1D in dimensionless form:

92) + K[ (B, 2 0),5]0,(y) = 0
2E, {00V<+)} 7)

®{f[/1n(En)20,y]==k2[/1n(En)20,y]:Aﬁ—yz,zﬁz - O

hw
Note that here f =: k* is a function of 4, (E,)&y and 4, > 0 since E, > 0. More-
over, f (4,,y) is an even function as shown in Figure 1 (4 is chosen as continuous
including the discrete energy values assuming that the eigenenergies have not been
found yet).

iii. Exact eigenenergies:

1
Apx=A=22=m+1= En:<n+§)hw,n:o,1,2,... (8)

iv. Exact eigenfunctions (wave functions) in y:

1 B
0, () =y (Ay,y) = m[{ﬂ@,) In=0,12 .. 9)

v. By using (6), we have the wave functions in x:
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f&g

Figure 1.
Graphs of f(2>0,y) and g(A>0,y) = 0.

p ()2

Pn(x) = (B, Ay x) = mHn(ﬁx)* 2,n=0,1,2, .. (10)

We used two different symbols (¢ and y) to label the functions in two different
independent variables (inx and in y, respectively). Exact wave functions in (9) (via
exact eigen energies in (8)) are given for even and odd 7 values in Figures 3 and 4
along with the JWKB solutions for comparison. H,, in (9) and (10) is Hermite
polynomials with indice #» (named after the French mathematician Charles

Rodriguez formula:

H,(x) = (=1)"e(*) jj:ne(fxz)

Generating function:
exp (2t —12) = Y, Hell”

n!

Some of the Hermite polynomials:
Ho(x) =1, Hi(x) = 2x, Hy(x) = 4x? — 1
Hs(x) = 8x3 — 12x, Hy(x) = 16x* — 48x? + 12

Recurrence relations:
Hy,1 = 2xH,(x) — 2nH,_1(x)
H (x) = 2nH,_1(x)

Evenness and oddity
H, (=x) = (=1)"H, (%)
odd, if nisodd
~Hy,(x) =

even, if nis even

Orthogonality:

o 2 Oifm #n
" H,, (x)H, (x)dx = .
f7°°e (o) H (x)eke {Z"n!ﬁlfm =n

Table 1.
Some properties of Hermite polynomials.
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Hermite). Some of the properties of Hermite polynomials are tabulated in Table 1,
and calculation of conversion factor § which exhibits a quantization, namely,

mw

n

P mk)l/4 k|t 1/2)k

wyE (? T (11)

is given along with the related Mathematica codes in [14].

3. A review of the JWKB solution of the QHO

2D plot of Figure 1 is schematically given in Figure 2 for the QHO under study
(in the dimensionless form) from which we have the following outcomes [14]:

3.1 JWKB eigenenergies of the QHO

JWKB eigenenergies can be found by applying the Bohr-Sommerfeld quantiza-
tion formula given by [1-7, 14]:

Y2 ~
/ k[Ay(En),y|dy = (n +%>n (12)
Y1
as follows:
Y2 ="n Vo=
/ k[4(E )y]dy—2/ k[4;(E =
1=—2,

v=(re3)s
- [ i / k= (13)

T 5 1
y=sind=2["" /2 E ) cos20d6 = (n-l—z):r@/l](En)E: (n+2)

1
—) ho

(13)

= ﬂ](En) =2+ 1(01‘) E]n =:E]WKB,n = (n +

N

f(lnsy)zk2 (An ,Y)
| W, Lz 1, 1l

Figure 2.
Schematic 2D sketch of f |4, (Ey) > 0,y] = k>[4, (E, > 0),y] for a given 1.
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which is already the exact solution given in (8) [1-4, 6, 7, 14]. Results are given
along with the MAF solutions in Table 2 for comparison. Note that we use the
following notation for the symmetrical (or even parity (EP)) and antisymmetrical
(or odd parity (OP)) solutions:

B Ejn=m+1/nn =024, ..
E]n — ~],nx ( s / )ﬂ s (14)
E;, =, +1/2)mn, =1,3,5, ...

where the subscripts “J, n,” represent J, JWKB, and #,, symmetrical indices

(n, = even), and similarly, “/, n,” represents J, JWKB, and 7,, antisymmetrical
indices (n, =odd).

3.2 JWKB solution of eigenfunctions (wave functions) of the QHO

Conventional first-order JWKB solution of the QHO given in the normal form in
(4) or (7) is as follows:

_cuexp [—ifyf’yk(ln,y)dy} N Cj2 €Xp [iﬂ”yk(ﬂn,y)dy]

(15)
k(4n,y) (2n:y)

@y (An,)

where y, is either of the classical turning points (CTPs: either “y;, on the left” or
“y,, on the right” depending on the region under question) and cj;&cy, are arbitrary
JWKB constants. Once solution in any region is found (say, ¢y;), solution in the
adjacent region (say, @) can directly be found by the conventional JWKB con-
nection formulas given in [3, 4, 14] without calculating it via (15). The integrals
here are the definite integrals whose upper and lower values should be chosen as the
related turning point (either y, or y,) and the variable y should be in the correct
ascending integration order. Normally, constant coefficients in the general solutions
are determined from normalization by applying the boundary conditions of the

Index EP oP

(=MAF . *

index) MAF JWKB MAF JWKB

n=ny Z,, Ca, Ey . n. E, Zn, L, Ey, "™ E,
0 1.20348 0.0603317 0.5603317h0 0 0.5k 233811 1.01735 15173540 1 1.5k
1 327162 2.0115 251150 2 2.5hw  4.08795 3.0079 3.5079%w 3 3.5k
2 4.83082 4.0063  4.5063h0 4 4.5h0 552056 5.00508 5.5050870 5 5.5k
3 6.16988 6.00435  6.50435h0 6 6.5A0 6.78671 7.00374 7.50374h0 7  7.5hw
4 7.37677 8.00332 850332hm 8 8.5hm 7.94413 9.00295 9.50295hw 9  9.5hw
5 8.49195 10.0027  10.5027A0 10 10.54m 9.02265 11.0024 11.5024h0 11 11.5 Ao
6 9.5382  12.0023 1250230 12 12.5h0 10.0402 13.0021 13502140 13 13.5A0
7 10.5299 14.0019  14.5019A0 14 14.5h0 11.0085 15.0018 15501840 15 15.5A0

*TWKB solution is exact.

Table 2.
JWKB and MAF eigenenergies.
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eigenvalue problem. However, it is useless since the boundary conditions corre-
spond to the CTPs at which (and also in a narrow region around) the conventional
first-order JWKB solutions typically diverge [3, 4, 7, 14]. This might be thought as a
violation of continuity requirement of the acceptable wave function properties
concerning continuity, but higher order JWKB approximation can fix it. Now, due
to the discontinuities at the boundaries between the adjacent regions (such as
between I and II or between II and III), the unidirectional JWKB connection for-
mulas (surely, for the first-order JWKB) given in the literature [3, 4, 7, 14] cannot
be used to find the constant coefficients in the general solution in (18) and (19).
Note that these connection formulas can be used to determine the structure of the
JWKB solutions in all regions (I, II, and III), but they cannot be used to find the
constant coefficients (which will be a function of eigenenergy) as explained.

However, we are fortunately not helpless: since f[4,(E,) > 0,y] =:k*[4,(E, > 0),y]
in (7) is an even function (see Figure 2), we should have even and odd-parity
solutions. If we start by considering the exact solutions in (9) and (10) and
considering them to be approximate to the JWKB solution (shown with tilde and
subscript J), we have the following outcomes [14]:

l//(ﬂn,)’) = [(ﬂ(ﬂﬂlnax _>y/ﬁ>]ﬁ:1OR : ¢(ﬂ7’1nax> = \/ﬁll/(/lnay - ﬂx) (16)

( i) @,(p,4,0) =+p,p>0
EP.: g, (8,1, —x) =@, A, x),n=0,2, 4, ... =

Zl) 9P, gﬁxﬁﬁx )

=0

x=0

i), (f,2,0) =0

OP.:9,p,4—x)=—¢,p 1x),n=135..=

sy awn(ﬁ'/lvx) —
\ i) e = +49>0
( 2
~ :tp
P=pPrep = {7} ,n=0,2,4,..
TER T (L 2.) )50
e 2
ﬁ Nﬂ = i n=1375
O.p. — ]OP a§0n<1,/1,y) > 5 Iy Iy ..o
\ @ y=0
(17)

where p&jg are positive real constants regarding the even-parity (EP) and odd-
parity (OP) initial values of the physical system. Remember that we use ¢ for the x-
system and y for the y-system as shown in (16). In finding the constant coefficients,
we can take +p = ¢ = 1, and alternating sign can be modified as a parity matching
as follows [14]:

i Gny) = 0™ ) for — o<y < 2
1 (A, —y) for — 2, <y <0
~ (par.m.) _ (%) - — v, H(
/lna = (-1 X ’ -
Y EP) (n,y) = (=1) Wy, 1(n,y) {1/7],11(/1"73’) for0<y<i,

3™ () for 2, <y < o

p=1

(18)
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lp](’alsy.m-)(jmy) _ —zp](’afg‘m')(lm —y) for —c0 <y< — 4,
_IIN/],H(/% —)’) for — 4, <y<0

~ (par.m.) _ (u) 1 =
/1n7 - _1 : X An’ B
¥iop) () = (=1) vy, (4n,y) { .11 (An,y) for 0 <y <2,

- (asym.)

Wig  (An,y) for A, <y<oo

9=1

(19)

where the superscripts (par.m.) and (asy.m.) represent parity matched and
asymptotically matched JWKB solutions, respectively. Egs. (18) and (19) tells that we
will take +p = £q — 1 to find the solutions in {O <y<y, = ﬂn}u{yz = <y< oo}
tirstly by using (21) for the asymptotic matching and then extending it to the
second quadrant according to the parity under question. Note that asymptotically
matched general (JWKB), solution can be obtained as follows (see [3, 4, 7, 14] for
details):

@}?sy'm')(im)’) = either];l(”l (lnay <yt1> 01‘1%2602 (/In,y <yt1)

éb](my.m.) (lnay) = @]H(/{rny) = 60] (ﬂ”’ytl <y <yt2)

qb](?g'm') (An,y) = either 121(7)]1 (An,y, <) or 1226012 (A, <)

(20)
so that they exhibit the following asymptotic behaviors:
lim |3 (2.9 <3,) = op(ay)| = 0

~ (asy.m). J——®
BT (hay) = {7 : -
yllr?o 97 (20902 <) = @y (A, y)] = O

3.2.1 Even-parity (EP) wave functions

When initial values at x =y = 0 for the EP case in (17), namely (by using (16)),

{#),10n:9)|y=0 = 1/ /B: 01, a3,y = 0, (22)

is applied to the JWKB solution in (15), we find the following:

A(4n)

y
i) ayl/~/]’H(/1n,y)|y:O =0= ‘/711(;1;1 = /In,y) = ) cos [/k(ﬂn,y)dy],forO <y <y
(/3] 0

(23)

where the second complementary solution (in the sine form) has been canceled
and calculation of the integral in the cosine term can be calculated by the similar
change of variable as in (13) whose result will give 7(y, 0) (see Eq. (18) below and

apply 7(y, 0) = n(4, — y,y — 0)).

n

i) G, 1 (oY), = 1/ VB = Aldn) = p

(24)
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and by using (16), we have.

G5, 1By 2 %) = /iy, 1 (Bnsy — Px) = jcos [/ k(An,y dy} for0 <x </,/p

(25)

(n,ﬂ

Now, by applying the JWKB connection formula with a small phase term a,
we get.

) cos [a(4,)] exp [C(An, V)]
1/7111(’171 :/1”,)/) N A(’Iﬂ) {

1 , ford, <y <o,
+ i sin [a(/ln)] exp [—g(ﬂn 7)’)]

(26)

K(4n,)

and the asymptotically matched (modified) wave function in region III via (20)
and (21) of [3, 4, 7, 14] gives:
A(4n)
2\/k(4n,y)

Abbreviations we use for the EP JWKB solutions here (and also for the OP
solutions in the next subsection) are as follows [14]:

GO Gy = dy) = sin [a(4,)] exp [~C(An,p)], for Jy <y < oo (27)

r I

) = [*y)dy + 5 = 10,0 +5

Y5t 2
W) = [y =25 S (L) 2\ 2oy

J

y 2
4y /y2 = 22

) = [ Kwiyidy ==\ 2 = 22 32 w

\ I

Since we have already calculated y; ;;(f, 44, x) and yflmy T (/1 = A,y) in the first
quadrant (0 <y <1,), JWKB solutions in the other regions can be easily written as in
(18). JWKB wave functions regarding the EP case are given in Figure 3 along with
the exact solutions for comparison.

3.2.2 Odd-parity (OP) wave functions

Similarly, by using the boundary conditions for the OP case in (17), namely (by

using (16)),
y=0 = 059,y p( nu)’ = 1/\/7} (29)

and starting with region II.

{'/7],11(/1717)’)
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n=0, A= 1 n=8, A= v 17
W

Figure 3.
Exact and JWKB solutions of EP wave functions (for p = 1).

10
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y
N - B(4n) .
1) v ()| =0= (A = An,y) = ——==—= sin { k(in,y)dy], for0 <y <4,
7=0 \/k(ﬂna)’) 0/
(30)
(ii) ay‘/}],ﬂ(’lm;")b:o =1/ B = B(4,) =1/ Inf? (31)

connecting to region III in the first quadrant (0 <y <4,) via the JWKB connec-
tion formula.

~ sin [(X(;{n)] exp [C(in,y)]
51Ul = ) = —) {

Nl , for 4, o (32
K(An,Y) ;Cos[a(ﬂn)]exp[g“(,ln,y)]} or i, <y < (32)

whose asymptotic matching gives.

B(/x)

————— cos [a(4,)] exp [~ (An,y)], ford, <y < oo (33)
2\/k(An,y)

I/N’](,W;I}(’lnay) ==
Again, since we have already obtained y; ;;(4,,y) and 1/7](’7% (An,y) in 0 <y < Ay,
JWKB solutions in the second quadrant can be written in terms of them as shown in

(19). JWKB wave functions regarding the OP case are given in Figure 3 along with
the exact solutions for comparison.

4, The MAF method

If we follow the QHO in dimensionless form given in (7), we have the following
properties in MAF theories [3, 18-23]:

4.1 General structure of the MAF approximation to the bound-state wave
functions

Formal MAF method suggests a solution to the TISE in (7) in terms of Airy
functions as follows:

F(2n,y)Ai[E(An, )]
Wniar(Ansy) =W (n,y) = or

G(4n,Y)Bil&(4n,)]
= Yp(dn,y) = alFunvy)Ai[é(/lmJ’)] + QZG(inJ’)Bi[g(’{nJ)]

where Ai and Bi represent the Airy functions (namely, Ai(x) and Bi(x) are the
linearly independent solutions of the Airy differential equation y (x) — xy(x) = 0 in
x), a1&a; are the arbitrary constants which will be found from boundary values,
and F&G are the functions to be determined. Note that the first variable 4, is the
eigenenergies (constant values quantized by index #) which will also be determined

(34)

11
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soon. So, for now, we can consider all these functions as one dimensional in only y
for simplification (say, y; (4., y) = 9;(y), £(An,y) = E(1), F(dn,y) = F(y), etc.). If we
choose one of the linearly independent solutions, say F(y).Ai[é(y)], to substitute in
the TISE in (4), then it gives:

F ) 2FGIATE)IED) + FO)ATER)E () - B
Fi) FO)AIED) +{e0)Ewr +f0)} =0 9

Now, with the choice of the last term in (35) as zero, we find the following:

EDEWIT 1) =0 = &) = [/ > /o) dy] (36)

Here, the property of the Airy functions, Ai (£) = £Ai(£), was used [3, 18]. The
integral interval in (36) is also chosen tactically in a fashion that it invokes a
relationship with the turning point y, (representing the correct order y,, or y,, to
give a non-imaginary result), and it can be written in a more explicit and conven-
tional form (by also using in our two-variable form here) as follows:

( 2/3
e [%j;/ﬂ K(lnay)dy} fory<y,

2/3
E(Ansy) = & — [3 yﬂk( n»)’)d)’] = —[%ﬂfzk(ﬂn,y)dy} > for ¥, <y <y,

/3
\ i [%fyy Ansy d)’] fory, <y
(37)

where f(1,,y > 0) = k*(4,,y) = —k*(y,y) and Y,&y,, are the CTPs at the inter-
face of the regions I — II&II — III, respectively. The remaining terms in (44) and
(45) are also made zero as follows:

Starting from the second term, we have.

%Mi’(af" =0=Fb)= \/?Ty)

where b is some constant, and finally, making the first term in (35) zero (which
is the only assumption in the MAF method), we have the following:

(38)

P(y) = 1;—@)) ~0 (39)

Or more correctly in two-variable form in our eigenvalue system.

0oF (2n,)
P(i,y) = ﬁ (40)

can be thought as a measure of the accuracy of the MAF solution, namely,
P(4,,y) — 0, as MAF solution gets more accurate [18].

The same results would also be obtained if we had chosen the other linearly
independent solution, G(y).Bi(y), in (34). Consequently, using the results found in

12
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(37) and (38), the general solution suggested in (34) can be written explicitly in the
standard form of the MAF formula as follows:

__Ga Ai + 2! Bi (41)
Wmar(y) J70) igy)] 75) ile)]
or more correctly in two variables here in our study.
¢ ¢
Insy) = ——e——Ai[E(An,y)] + ———=Bi[E(/n, 42
Vi) = b Ailn )|+ Bilen)] | (4D

where ¢1 = a1.b1 and ¢, = a,.b; are the arbitrary constants to be determined
from the boundary values as mentioned and 9,&(4, y) represents the first derivative
of £ with respect to y. Using the result in (38), the approximation term P(4,,y) in
(40) can be rewritten explicitly as follows:

(43)

P(/lnay) =

3[Gen )]’ Ben.y)
4 a)’g(invy) 26)’5(’171’3’)

4.2 MAF solution of eigenenergies

For a symmetrical f as in Figure 2, we have even-parity (EP) and odd-parity
(OP) MAF wave functions just as in JWKB method, but now it leads to two differ-
ent MAF quantization formulas with two different MAF universal constants
regarding EP and OP solutions as given in [3] and as we study in this section. We
again use the symbolism in (9) (¢p<w) and start with the first quadrant, by applying
that lim, .., = 0 requires c; = 0 in (42), namely,

El
ayé(’lnvy)

where the denominator can be written in the following form [3]:

V/MAF,n(/lnvy> =Y, (in»)’) = Ai[é(in»)’)], (44)

1 _ &Gy

= (45)
I ayé‘(/ln,yﬂ |k2(/1n,y)|1/4

i. Even-parity (EP) eigenenergies: if we apply the EP formulas of the exact
solution in (17), by using (16), to the MAF wave functions, we have the
following:

- TV (Any)
In, 0) = —= g M) 46

1
(1) l/NIM(ﬂn, 0) =— = find ¢1 =:Cy,

VP

. (47)
s & - B & Ai[E(An,p)]
result = = Baile(ny)] MM =\ o, aile )] Aice)
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(11) ay ’y_o [ (50) 25/20 ( )

where we used &, &, and 58 for simplification, namely, &, = &(4,,0),

&y = 0y(An,) ‘J’ZO’ and &) = 0y (4s,) ‘y=0’ respectively. We assumed here

¢(4,0) =1, and we will use then parity correction for ¢(4,,0) = —1 case just as in
the JWKB calculations. If we take the derivative of (36), we get.

5,3(/1”,” +25(An,y) [ayéf(/{my)] [ayyf(’lnvy)] + 0yk2(ﬂn,y) =0 (49)

where the last term vanishes as y — 0 to give.

5/20 + 2808, =0= 25,620 = —4%:0 (50)
whose substitution in (48) gives.
oAl () + 3 Ailé0) = 0 (51
Now, by the substitution of £y — —Z;,, we have.
—Z Al (—Zsn) —|—M =0 (52)

4

where the subscripts s stand for s, symmetrical solution (EP), and 7, quantiza-
tion order (nth quantization), and Z,, is the nth solution of the differential equation
in (52) regarding the symmetrical solution. Now, by using the results in (13), we
find the MAF quantization formula regarding the symmetrical solution:

e 1 4732 1
/O k [ﬁM,sngy]dy =: (Cm + i)ﬂ = Csn = <3—7[ = §>’ n=1, 2, 3, ... (53)

where {, is the universal MAF constants regarding the symmetrical solution
whose values are given in Table 2 along with the JWKB solutions (which are
already exact) for some 7 values in comparison. Note that we used 7, to represent
the symmetrical (EP) MAF indices in Table 2.

ii. Odd-parity (OP) eigenenergies: similarly, if we apply the OP formulas of the
exact solution in (17), by using (16), to the MAF wave functions, we have the

following:
+
{UNIM</17 0) =0, Oylf/M(/l,yﬂy:O = \/—%} (54)
1) wpy(,0) =0 = Ai(Ey — —Zun) = Ai(—Zan) = 0,n =1,2,3,...  (55)
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1 Ai(&o)E 1
(11) aylZ/M(inwy)’y:o = \/—ﬂT = AZ,(§O> - 12(5,2)60 = \/ﬂ>3 = flndzl = Ela (56)
0

where, similarly, the subscripts an stand for a4, antisymmetrical (OP), and 7,
quantization order (nth quantization), and Z,,, is the nth solution of the equation in
(55) regarding the asymmetrical solutions. Similarly, by using the results in (13), we
find the MAF quantization formula regarding the antisymmetrical solution:

2 1 4732 1
. k[/lM,anay}dy = (Can +§)” = Con = ( 3 \ i ,nm=1,23, .. (57)
where {,, is the universal MAF constants regarding the antisymmetrical solution
whose values are given in Table 2 along with the JWKB solutions (which are
already exact) for some 7 values in comparison. Note that we used 7, to represent
the antisymmetrical (OP) MAF indices in Table 2.

4.3 MAF solution of eigenfunctions

By using a tentative boundary condition with g = 1 for the EP solutions, we have
found the result in (47), and we said that we would extend it by considering the
parity matching for ¢ = £¢. Consequently,

)y 2 0) = (—1)() x ga SAE U s = 02,4, feven) (59
'y 2

or

- (par.m.) —® & Aill(n,y)]
W(M7E.p‘)(/1n57y >0) =(—-1)\7/ x \/ﬂéyAi[é(/lnS,y)] AiGy) ns =0,2,4, ...(even)
(59)

Similarly, for the antisymmetric parity wave functions, we have.

~ (par.m. 11 ¢ a .
o) Gy 2 0) = (DU X s Aile(in ) e = 13,5, . (0dd)
'y ny

(60)

where constant coefficients ¢;; and ¢,, represent the related symmetric and
antisymmetric coefficients, respectively.

5. MAF solution of the QHO

Again, we use the schematic sketch given in Figure 2 for the QHO under study.

5.1 MAF eigenenergies of the QHO

Since we have tactically used (53)-(57) to resemble the MAF quantization for-
mula to the JWKB quantization formula given in (12), by using the result of

15
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calculation of the same integral in (13), we have the following results regarding the
MAF eigenenergies of the QHO:

R ~ 1
EP.: Jyy oy (Ew) = /200 + 1(01)Ey; ,, = Entar, on = (gm + 5) mn =123 ..

(61)

~ ~ 1
O.P.: App yn(Ean) = /200 + 1(01)Eyy; 4, =t EMaF,an = (Cm + 5) mn=1273 .| (62)

MAF eigenenergies are given in Table 2 along with the JWKB solutions (which
are already exact) for some 7 values in comparison. (Note again that we used 7, and
n, to represent the symmetrical (EP) and antisymmetrical MAF indices in Table 2,
respectively).

5.2 MAF eigenfunctions of the QHO
For the regions IIb and III, we have the following definitions:

K (ng = Jny) =1, — 9% 0 <y <Jo

e v (63)
K (AM — An,y) =% — A A <y < o0

f(ﬂn»)’) :kz(ﬂm)” = {

Calculation of ¢ in (37) for the first quadrant gives.

- - 2/3
o) ém - — 3 J3 R (Am,y)dy] S [% fjﬁ k(ﬁMaJ’)d)’] for 0<y <y,
Sn,y) =

X B 2/3
Enr - [5 fjj,; K(/lMa,'V)d)’] >fory, <y

2/3
y ~
m — 2arctan | ——— ,for 0 <y <A
<k(ﬂMay)>]} Jor 0=y =t

- 2/3
32/3 yk(:lM,y) + /ﬁdln Ay

\ S 24/3

;

3%/3 < 52
S 1 == ~ Dk (401,9) + Aa

, for M <y<o
(64)

where 1, (and also E,, below) are MAF eigenenergies which become (61) for
the symmetric (EP) and (62) for the antisymmetric (OP) case accordingly. Calcu-
lation of the constant coefficient in (58) or (59) for the symmetric boundary values
given in (46) with g = 1 gives.

\/—2E1/6

EP.:c, = —
VB(3n)CAi|— %E::B(?m)z/?’

(65)
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Figure 4.

Exact and JWKB solutions of OP wave functions (for g = 1).
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Relative and absolute ervor of EP MAF solutions.
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Similarly, calculation of the constant coefficient in (60) for the antisymmetric
boundary values given in (54) with g = 1 gives.

=7/6 1/6
E ' (3«
OP.:cy, = n (37)

VAP (L i [ 1B e - i 1B G

Since the MAF solutions of both EP and OP solutions are very close to the exact
solutions given in Figures 3 and 4, their absolute and relative error graphs with
respect to the exact solution are given in Figures 5 and 6. We can also see that there
are no discontinuities at the CTPs in the MAF solutions when compared with the
JWKB solutions given in Figures 3 and 4.

(66)

6. Conclusion

Here we studied the fundamental outcomes of the two conventional semiclassi-
cal approximation methods, namely, JWKB and MAF methods pedagogically, and
obtained the solutions of the QHO by these semiclassical methods by using the
parity conditions of the expected solutions by using the dimensionless form of the
QHO system. We applied the asymptotic matching and parity matching procedure
to obtain the correct form of semiclassical solutions. As expected, JWKB solutions
diverge at and around the CTPs, whereas MAF solutions do not. As also expected
(since being typical), JWKB eigenenergies are exact, whereas MAF eigenenergies
are unfortunately not but very accurate as expected from an approximation
method. In the MAF method, function p in (40) or in (43) is assumed zero. Indeed,
it is very close to zero to give approximate results, and function P in (40) or in (43)
can be used as an approximation criterion for the MAF method [3, 18]. However,
improved MAF methods (IMAF) or perturbation corrections concerning the non-
zero P function seem straightforward to improve the accuracy of the MAF solutions
as in [3, 20, 22]. Normally, for an even potential function in the TISE, EP and OP
initial values are as given in (17), but due to the conversion factor f in (11) or (16),
for the QHO in the dimensionless form (in y), we have (22) and (29). In our
notation, we have used the notation, <y, where real physical system is in ¢ and
the dimensionless form is in y. Since the standard formulation is given according
to the real physical systems, JWKB and MAF formulas in the literature such as
in [1-7, 19-23] surely correspond to the initial values # — 1 in our dimensionless
form formulation in y. Consequently, we hereby present a full JWKB and MAF
solution concerning the quantized conversion factor g in (11).
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