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1. Introduction
In the |r> representation, we have the following relations,
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The Schrodinger equation can be rewritten as

H

(r

1 ., n o,
)= VOl = ) = )

So that the wave function and the differential operators in quantum mechanics can be expressed

by differential operators in the |r> representation. Is it possible to calculate equations including

differential operators? The answer is yes. The Mathematica has an excellent function for that. One
can make us of the pure function of Mathematica. We learned this technique from a famous
textbook, Mathematica for Physics book, 2™ edition by R.L. Zimmerman and F.I. Olness
(Addison-Wesley, 2002). Such differential operators can be realized in the Mathematica
(combination of # and &). For example, the operator of the linear momentum p, we use the

following notations,
h
D, ::_.D[#,X]&, px[n]::NeSt[pxa#an]&a
i

in the Mathematica. In this case, we have

n
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The syntax D[#,x]& represents a pure function that will take a single argument (in our case, wave
function )y[x]. The argument is inserted in slot number one represented by the symbol #. The

symbol & is short hand notation for the Function function.
Using our original programs based on these techniques of Mathematica, , we will discuss the
angular momentum and linear momentum, and so in the cylindrical co-ordinates.

2. Cylindrical coordinates

Fig.  Cylindrical coordinates. The angle between the unit vectors e, and e_ is ¢.

The vector r is represented by
r=pe, +ze =e pcosgte psing+e.

The unit vectors:

e, =§—;=excos¢+eysin¢



_lor

e,=——=—¢ _sing+e cos¢
¢ pa¢ Y

or
eZ :_:eZ

0z

which are dependent on ¢. Using the matrix form, we get

e, cosg sing O)fe,

e, |=|—sing cosg O e,

e, 0 0 1)le.
and

e cosg —sing Olfe,

e, |=|sing cosg O|e,

e, 0 0 1 )\e.
Or

e =e, cosg—e,sing,

e =e sing+e,cosg

We also have

e, =lr =l(pep +ze.)
A

dr=e dp+e,pdp+edz=e hdp+ehdp+ehdz
with h,=1, h,=p, h =1

2. Differential operators;p and L

The orbital angular momentum L .s given by



L:rxp:zrxv,
I

With the linear momentum as

p:zV:zGrad.
i i

We note that

The raising operator:
L =L +iL,
The lowering operatot:
L =L —iL,
The radial linear momentum is defined by

1 r r hor r
p,=5p+p-)=—(=V+V-—)
2r r 2ir r

Note that

p. =€, pz?e Vv, p}ze},-pzée Vv, D, =€, pz?e \Y
and

ppzep-pzéep-v. p¢=e¢-p=?e¢-v, pzzez-pzéez-v
3. Mathematica program for differential operators in cylindrical coordinates

The following Mathematica program (combination of #, &, pure function) is made by us for
calculating differential operators in the cylindrical coordinates.



((Mathematica))
Here we use the following notations in the Mathematica program for the cylindrical
coordinates.

roapi+z,

u, —>e =cosge —singe,,
u, —>e, =sing ep+cos¢ €,
u, —> e,

rope,t+ze,

r 1
u =——>—(pe,+ze),
ror

X—e _-r=pcosg,
y—>e, r=psing,
z—e r=z,
Lap > V?,
Gra — grad, V,
Diva — div,

Curla = curl or rot
L—>L=rxp,

L —e ‘L

Ly—>ey-L

L —e, -L

LP— L +iL,

LM — L —iL,

Leg—>L =L>+L>+L’
h

pop=-V
l

P, —>ex-p=ﬁe -V

. X

1

p, —)ey-pzﬁe V.

l' y

D. —)ez-p:Zez-V.
i

Peq—>p’=p’+p’+p’.



prqg —> %(er ‘p+p-e,) (radial linear momentum).

((Mathematica))



Vector analysis
Angular momentum in the cylindrical coordinates

Clear["Global "];

r1=‘\}zz+p2;

ux = {Cos[¢], -Sin[¢], ©};
uy = { Sin[¢], Cos[¢], 0};
uz = {6, 0, 1};

r={p, 0, z};

1
ur=— {p, 9, z};
rl

Gra :=Grad[#, {p, ¢, 2}, "Cylindrical™] &;

Lap := Laplacian[#, {p, ¢, z}, "Cylindrical"] &;
Curla := Curl[#, {p, ¢, 2}, "Cylindrical™] &;
Diva :=Div([#, {p, ¢, 2}, "Cylindrical™] &;

L:= (-2hCross[r, Gra[#]]) &;

Lx := (ux.L[#] &) // Simplify;

Ly := (uy.L[#] &) // Simplify;
Lz := (uz.L[#] &) // Simplify;
LP := (Lx[#] + & Ly[#]) &;
LM := (Lx[#] - 2 Ly[#]) &;
-1 h -1 h
prq := { ur .Gra[#] + Diva[# ur]] &;
Leq := (Nest[Lx, #, 2] +Nest[Ly, #, 2] +Nest[Lz, #, 2]) &;

p:=(-1ha Gra[#]) &;
pX i= (ux.p[#]) &;

Py = (uy.p[#]) &;
Pz := (uz.p[#]) &;
pe = ({1, @, B}.p[#]) &;

Expressions of Laplacian V>, Gradient, Divergence, and Curl (Rotation) in the
cylindrical co-ordinates



2
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V><V(p¢2)——e [—8¢V(p¢ D=5 PYelp9,2)]
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Yo, op o¢p oz

V,(p.0.2) pVy(p.¢.2) V.(p.9,2)

((Mathematica))



Laplacian, grad, div, and rot (curl)
Lap[¥[p, ¢, z]] // Simplify

%52 o, g, z]

Ps b, 2] + +
[ ] 02

E,i’r [9)9)2}

w|1,9,9} [D, @, Z]

o)

| T L[;’;Z,e,ej [O) (I)} Z}

Gra[¥[p, &, z]] // Simplify

( \ wfa,l,ﬂ‘ ,O Ql) ya o .:
{21[{},,1,9,0, (0, ®, 21, [D » O, Z] , y(©:8,1)

[0, ¢, 21}

Diva[{Ve[p, ¢, z], Vé[p, ¢, 2], VZ[p, ¢, 2]}]
VZ{B,@,I]— [D, (‘D, ZJ +

Volp, ¢, z] +Vo(®19 [p ¢, z]
ol

+Vp 199 [p, ¢, 2]

Curla[{Vo[p, ¢, z], Vé[p, ¢, 2], VZ[p, &, Z]}] //
Simplify
(0,1,0)
{_VQEB,B’M [05 &5 2] + e ;E)‘O" T »
V-O‘:B,a’l} [,O, Qb: Z] _Vz[l,O,B'J- [0: Cb: 21 >
Vo(p, ¢, 2] -V *1? [p, ¢, 2] +p V012 [p, ¢, 2] }
fo)

Expressions of the orbital angular momentum in the cylindrical coordinates
We discuss the differential operators in the cylindrical coordinates,

L,L,L L=*iL,=L>+L>+L’



in the cylindrical coordinates. The results are as follows.

(a)
=-to
o¢
(b)
L = ih(zsin¢%+%cos¢a—a¢—psm¢a—i)
(c)

o z . 0 0
L =it(—zcos¢p— +—singp— + pcosg—
, =ih(-z ¢8p B ¢a¢ P ¢82)

The ladder operators for angular momentum,
L =L +iL,

:ih(zsin¢i+£cos¢i—psin¢i)
op p o¢p oz
+ih(—izcos¢i+£isin¢i+ipcos¢ﬁ)
op p 0@ oz
=ihei¢(—izi+ipi+ii)
op oz p0¢

L =L -iL,
=ih(zsin ¢i+icos ¢i—psin ¢ﬁ)
op p o¢p 0z

+ih(iz cos¢i —Zisin ¢i —ipcos ¢ﬁ)
op p 0@ 0z

((Mathematica))



Angular momentum in the cylindrical coordinate
L! .LHX,! .Lh}':! .Isu_z,! .Ie_é(,+||-y5 LZ'S"L}’

L{¥[ps ¢, 211 // Simplify

(8,1,8)

rizhy (0, @, Z]
% IO 2
i h [p i{iB,B,l} (0, ¢, 2] -2 i{ii,a,a} (0, ¢, 2] _, _in i{iB,l,B} (0, O, ZJ}
Lx[¥ [y &5 2]] // FullSimplify
in|-pSin[e] ¥ *%Y (o, ¢, z] -

zCos[o] v'%1® (o, o, z . - \

2l 02 92 21 7 singg) %9 [, 9, 2]
o]

Ly [¥ [es &, z]] // FullSimplify
1-," ] . (e,1,8)
—ih (zSin[¢] ¥ [P, ¢, 2] +
o .

o COS _CDJ ||O _;I:.J,[B,B,:L;- _.O; ':D; ZJ -z ;':J'I:lsasa:l _.O_, CD_, ZJ : :

Lx[¥[ps é> 211 + i LY[¥[p, ¢, 2]1] // FullSimplify

L 18,8,1) (8,1,8) L 1,8,8)

Eiéf—' |.f—-—jz e (o5 @, 2] - izy o O, 2] -2 Y [0y @, 2] :
o)
Lx[¥[ps ¢» 211 -d Ly [¥[p, ¢, 2]] // FullSimplify
e?n (02 ¥ ®%V [p, ¢, 2] +12y®% [p, ¢, 2] ~204 > [p, ¢, 2])
o]

Lz[¥[p, ¢, 2]1] // Simplify
~iny®h® [p, ¢, 2]

Commutation relations of anguylar momentum
Next, we discuss the commutation relations for the angular momentum using Mathematica.



|L,.L,|=inL., |L,.L.|=inL,, [L..L.]=inL,

|L.L, =0, |L.L,]=0, | L.L.]=0
[L..L,]=nL, [L..L ]=-hL
((Mathematica))

Lx[Ly[¥[p, ¢, 2]1] - Ly [Lx[¥[p, &, 2]]] -
inlz[¥[p, ¢, z]] // Simplify

%)

Ly[Lz[¥[p, ¢, z]]] -Lz[Ly[¥[p, ¢, 2]]] -
inlx[¥[p, ¢, z]] // Simplify

%)

Lz[Lx[¥[p, ¢, z]]] - Lx[Lz[¥[p, ¢, 2]]] -
1hly[¥[p, &, z]1] // Simplify // Simplify



Leq[Lx[¥[p, ¢, z]]] - Lx[Leq[¥[p, ¢, 2]]] // Simplify
(%]

Leq[Ly[¥[p, ¢, z]]] - Ly[Leq[¥[p, &, 2]]] // Simplify
(%]

Leq[Lz[¥[p, ¢, 2]]] - Lz[Leq[¥[p, ¢, 2]]] // Simplify

%)
Lz[LP[¥[p, ¢, z]]1] -LP[Lz[¥[p, &, z]]] -BLP[¥[p, &, 2]] //
Simplify

%)

Lz[LM[¥ [, &, z]]] -LM[LZ[¥[p, ¢, 2]]1] + D LM[¥ [P, &, 2]] //
Simplify

%)

7. Expression of L’ =L *+L’+L? in the circular cylindrical coordinates.

The square of the magnitude of total angular momentum is obtained as

L=L’+L>+L’

n 0 o 0
=——{2zp —+p'—=+(+p)—
pz{ PP (z p)a¢2
0 o 0 0
12— Py 32 2 25
ZP3 pap p8p8 z/oapz)

((Mathematica))



[? inthecylindrical coordinate

eql = Lx[Lx[¥[p, &, z]]] + Ly[Ly[¥ [P, &, 2]]] +
Lz[ Lz[¥[p, ¢, 2]]] // Simplify

_th (=2 zp® %D (o, g, 2] wp* § %2 [p, @, 2] +

2y @20 [p, 9, 2] + 02y ®29 [p, 6, 2] +
22 p Y% [p, 0, 2] -2 ¥ %% [p, ¢, 2] -
2203 df[l’e’l'\ (0, &, 2] + 22 .02 wlZ,@,B:- (0, &, Z])

eq2 = Leq[¥[p, &, z]] // Simplify
1 ( ) ( )

-th (_2202 wﬂ’e,l’ [O, Q')J Z} +r04 W\B,B,Z. [DJ d): Z] +
22 lL,[@,z,e_? [.O, d), Z:I +pz w{@;z;@:' [,O, {b’ Z} 1
2> p B0 (p, 9, 2] -0 ¥ [p, @, 2] -
2 z 03 w[l,@,ln [D, Cb, z:l + 22 }92 w(Z)@,GJZ' [O, (I), Z} )

eql2 = eql - eq2 // Simplify

%)

8. Radial linear momentum
The radial linear momentum is defined by

1 r r hr r
p=Cpap D= Evav.D)
2r r 2ir r

Using the Mathematica, the corresponding differential operator is obtained as

f ! (1+z£+p—

5
b i e & P



Note that

h
[pr’r]:7'

((Mathematica))
Radial momentum (quantum)
prq[ ¥[p, &, z]] // Simplify

ih (¢[p, ¢, 2] +z¥ @Y [p, ¢, 2] + 0 ¥ 2 [0, ¢, 2]]

z2 + p?

Commutation relation for radial momentum and magnitude of r

prq[rl¥[p, ¢, z]] -rlprq[¥[p, ¢, z]] // Simplify

_J]--ﬁ #H.CJ; ¢'J Z]

9. Expression of p’
We show that the differential operator p° is expressed by

L2
p’=p’+

2+ p°

using Mathematica. The expression is so complicated that we expect. However, the expression is
mathematically correct.

ST

= +—+p—+p —5),
p = i oF pap p apz)
2 2 2 2
p’=- 2h 2(2zg+zza—2+2pi+2pz 0 +p° 62),
zZ +p 0z oz op 0p0z op

Thus, we have



n 82 ol 0 o’
2_ 2:__ 2 o 2
p (p PR oF pap p 8pz)
2 2 2
2h 2(2zﬁ+z 8—+2pi+2pz 0 +p° 82
zZ +p 0z oz’ op 0p0z op

)

So that we get

(' -p )Np'+2") =L

" , 0,0 o
= -2z +(z+p ) —
p[ paz paz (z* p)a¢
0 ; 0 0 0 ) 2 O
+p——p —+2zp ——+
pap pap papaz Zpapz]
or
L’ I
2_ 2, —ply
p pr p2+22 r rz

((Mathematica))



p? inthe cylindrical coordinate

eql = px[px[¥[p, ¢, z]]] + py[py[¥[p, ¢, z]]] +
pz[ pz[¥[p, &, 2]]] // Simplify

1 \ )
-Fﬁz (o® g®%hpp, 4, 2] ' %SR0p, 0, 2]«

o (W9 (o, ¢, 2] +pU**? [p, 0, 2]))

pr’ inthe cylindrical coordinate

eq2 = prq[prq[¥[p, ¢, z]1]] // Simplify

1
2% + p?
22y @22 (o, ¢, 2] +0 (242 [0, ¢, 2] +

22y %Y (o, 0, 2] + 0¥ >*% [0, ¢, 2]))

n* (2z4%Y [p, ¢, 2] +



eql2 = (eql - eq2) (z2 - ,02) // Simplify

1

-50% (<2202 4%V (p, 6, 2] + 6442 [0, 0, 2] +

2 ,(0,2,0) 2
2oy s 2] + P P, &, Z] +

22 p 4% [p, ¢, 2] -7 Y% [p, ¢, 2] -

2z 03 y Lo

(0,2,0) [

[0, ¢, 2] + 2202 4% [p, ¢, z])

L% in the cylindrical coordinates

eq3 = Leq[¥[p, ¢, z]] // Simplify
1

—o_zﬁz (=2 z.0* # %Y [ip, @, 2] +0* #'%%2) [p, 4, 2] +

22 &,{0,2,@'} [Q, ¢, Z] +02 wl'a,z,@-: [_O, (D, Z] 3
22 p ¢ 1:%9 (o, ¢, 2] - p? y!1:9® [p, ¢, 2] -
2z o [, @, 2] + 280" 1 1, ¢, 1)

eqd = eql2 - eq3 // Simplify
2}

10.  Example-1 (Goswami, Quantum Mechanics p.265 problem-4)
Prove the following equivalence:

prrzpr = ”Prz”
with
[p,,r]=-ih

((Proof))

We use the commutation relation [ p,,r]=—if.



pr’p,=(pr)p,)
=(rp, —ih)(p,r +ih)
= (rp,p,r) +ih(rp, = p,r)+ 1’

_ 2
_rpr r

((Mathematica))

prq[ri¥[p, ¢, z]] -rlprq[¥[p, ¢, z]] //
Simplify

~ihy[p, ¢, z]

prq[r1®prq[¥ (e, ¢, 2]]1] -
rliprq[prq[rl¥[p, ¢, z]]] // Simplify

11.  Example-2: Goswami Quantum Mechanics, P.265 Problem 5
((Problem-5)) Find the expression for V* in the cylindrical coordinates. Then show that

ppi=(pp,) +L>+p’p’

where
i o i 0
—e p=——o, L=——.
pp P lap a¢
_ho
p: i 0z

h o . ,0
=—(pcosg— —sing—),
Py l.p(p ¢6p ¢a¢)

h ., 0 0
p, =$(psm¢%+cos¢a—¢)



Using Mathematica we get

2

o’ o
pzpz _ —hz(p 2

op° pap)

o og

(pp,)’ = pPP,PP,

— L p’ o
op

P apz)
L2 =_h26_2
z a¢2
62
N
p pz azz
p'p=(pp,) +L>+p’p.
2 2 2
:—hz(pz 882+pi+8_ 2 0
0

+
op o o

or

RNy 0,10

o, 1 o az

op° p8p 0 0 P
1 0 8 1 ¢ ¢°

=—h"(— Tt )
p8p 8 p o0 Oz

-3

Note that

0 10 139
+t——=——(p).
o' pop pdp op

((Mathematica))



eql =
p® (Nest[px, ¥[p, ¢, 2], 2] +Nest[py, ¥[p, ¢, 2], 2] +
Nest[pz, ¥ [p, &, 2], 2]) // Simplify

32 (pzwca,e,zp (0, 0, 2] + ¥ @29 (o, ¢, 2] +
o (V%2 [p, ¢, 2] +p ¥ %% [p, ¢, 2]))

eq2 =ppeleppe[¥[p, ¢, z]]] // FullSimplify

-pn? (4% [p, ¢, 2] + 0¥ %Y [p, ¢, 2])

eq3=Lz[Lz[¥[p, ¢, 2]]] // FullSimplify

_h2 029 (5 6 7]

eqd = o’ pz[pz[ ¥[p, ¢, z]]] // FullSimplify

-p? n* %% [p, 9, 2]

eql - (eq2 +eq3 + eq4) // Simplify

%)

12.  Example-3
Show that

[L7, [, x]] = 27" (xI7 + L’x)

With



X1 = ux.r

o Cos[¢]

eql =
Leq[Leq [x1¥[p, ¢, z]]] - Leq[x1Leq[¥[p, ¢, z]]] -

Leq[x1Leq[¥[p, ¢, z]]] +x1Leq[Leq[¥[p, &, 2]]] //
FullSimplify

1t
54}‘14 (02 Cos (o] ¥([p, ¢, Z] +

(2% + 0?) Ssin[o] ¥'@1® [p, ¢, z] -

\

Cos[o] (-320y' %Y [p, ¢, 2] +

2t OB gy 2] wp (222 PTOa, ¢, 2] «
(0,0,2) [

o (¥ ®*%[p, ¢, z]+p (0¥ P, @5 2] -
Y89 15 0, 2] -2z 910V [p, ¢, z]) +

22 §(2,0,0) (0, 0, 2] } ) ) )

eq2 = 2 1% (x1Lleq[¥[p, ¢, z]] +Leq[x1¥[p, &, 2]]) //
FullSimplify
1

54# (p2 Cos[d] ¥[p, @, 2] +

(2% +0%) sin[o] ¥®1P [p, ¢, 2] -

Cos[¢] (-3z02 4 %%V [p, ¢, 2] +

22 w'esz.‘a [p) ®, z] + |O (2 22 wl‘l,e,e?

5 (wIG,Z,GE

[Py &5 2] +

[0, &, 2] +0 (p¥'®®? [p, 0, 2] -
b9 [0, ¢, 2] -2z ¢ =%V [p, ¢, 2]) +

22 y 209 [, ¢, 2]))))

eql2 = eql - eq2 // Simplify
(%]

13.  Example-4: Problem (9-23) Townsend, A Modern Approach to Quantum Mechanics
((9-23)) The Hamiltonian for a three-dimensional (3D) system with cylindrical symmetry is given

by



where

(a)

Use symmetry arguments to establish that both p_, the generator of translations in the z

direction, and iz , the generator of rotations about the z axis, commute with H.

(b)  Use the fact that H , p.,and iz have eigenstates in common to express the position-space
eigenfunctions of the Hamiltonian in terms of those of p. and iz .
(c) What is the radial equation? Note: The Laplacian in cylindrical coordinates is given by
Vo)=L 1oLyt Lo+ Loppn)
P9, pappapwp,, p26¢2wp,, V(P9
((Solution))

The Hamiltonian:

A 1 . .
H=—p"+V(p)
2p

The commutation relation:

(a5 ]=0,  [AL]=0

Then, we have a simultaneous eigenket;

H|E,m,kz>:E|E,m,kZ>, £Z|E,m,k2>:mh|E,m,kz>

ﬁz|E’m’kz>:hkz|E’m’kz>

The wave function can be expressed as

w(p,g.k,)=e""e" y(p)



x(p) satisfies the following differential equation,

o) (N 2+ )V (o) (p) = Ex(p)
2up 2pu p

or

2

2up

di(px () + 1 (k2 + ™)+ V()] (p) = Ex(p)
p 2u p

((Mathematica))



Hamiltonian
1

Hl := (— Peq[#] +V1[p] #) &;
2 u

Schrodinger equation

eqll =Hl[y[p, ¢, Z]] -EL ¥ [p, &, Z] // Simplify

(-E1+V1[p]) ¥[p, ¢, 2] - 3
2up

B (0?42 [p, ¢, 2] +¥*2 [p, 9, 2] +

p (¥%9 [p, ¢, 2] +p¥'*%? [p, ¢, 2]))

Commutation relation between H and Lz

eql2 = H1[Lz[¥[p, &, 2]]] - Lz[H1[¥[p, &, 2]]] // Simplify
)



eq2l = Lz[H1 [y [p, ¢, 2]]1] // Simplify
1

2up?
(©,3,0)

-invi[pe] ¥ (p, ¢, 2] +

in’ (02 ¢ @2 [p, ¢, 2] +¥
(y11.0)

o (¥ [P, &, 2] +p Y

[Py &5 Z] +

2,.1.9) \
'- (o5 ¢, 2]))

Commutation relation between H and pz

eq22 = H1[pz [¥[p> &5 2]]1] -pZ [H1[¥[p, &, Z]]] // Simplify
e

Simultaneous eigenket of pzand Lz

eq3l = H1[Lz[¥[p, ¢, 2]]] - Lz[H1[¥ [P, ¢, 2]]] // Simplify
e



eqdl = Lz[y[p, ¢, Z]] = mA Yy [p, ¢, 2] // Simplify

~ihy®L® (o, 0, 2] =may[p, ¢, 2]

eq42 = DSolve[eq4l, ¥ [p, ¢, 2], ¢]

{{vles ¢, 2] » € "®c1}}

eq51 = pz [¥[p, ¢, 2]1] =hkz¥[p, ¢, 2] // Simplify

-iny'®%Y (o, ¢, 2] =kzhy([p, ¢, 2]
eq52 = DSolve[eq51, ¥ [p, ¢, 2], z] // Simplify
{{@ﬂps C.D: ZJ _}eikZZ {:1}}

Ve, &5 2] /. eq52

f. 2 kxz. .
‘LE (,1}



eqdl = Lz[y[p, ¢, Z]] = mA Yy [p, ¢, 2] // Simplify

(0,1,09)

—:hU [_,O_, D, ZJ ==mf1?+’f!_,0, D, ZJ

eq42 = DSolve[eq4dl, ¥ [p, ¢, 2], ¢]

Hylps ¢, 2] aelmcl}}

eq51 = pz [¥[p, ¢, 2]1] =hkz¥[p, ¢, 2] // Simplify

-iny'®%Y (o, ¢, 2] =kzhy([p, ¢, 2]

eq52 = DSolve[eq51, ¥ [p, ¢, 2], z] // Simplify

({ule, ¢, 2] » €% ¢4 })

Ve, &5 2] /. eq52

o 3
<elkzzt1}

The form of the wave function

rule2 = {y» (x[#1] Exp[im #2] Exp[1 kz #3] &) }};

eq6l = eqll /. rule2 // FullSimplify

1

2 u o>

et (220 ((_2E1up?+ (m*+kz? 0?) n® + 21 0* V1[p]) x[0] -
ph* (X' [p]l +p X [P]))

14. Example-5 (Townsend, Problem 10-11))
A particle of mass g is in the cylindrical potential well



0 (p<a)

Vip)= {OO (o> a)

With p=AX+y .

(a) Determine the three lowest energy eigenvalues for states that also have p. and L equal

to zero.
(b) Determine the three lowest energy eigenvalues for states with p_ equal to zero. The

states may have nonzero L, .

((Solution))
We start with the Schrodinger equation derived in the section 14.

—h—zvzw(p 6, 2)+V(P)W (p.4.2) ——h—z[li[piw(p ¢ Z)]+ia—2w(p $,2)
2# 9 9 9 9 2# p ap 8p 9 9 p2 8¢2 9 9
82
+§l//(pa¢az)]+V(p)W(pa¢az)
=Ey(p,9,z)
or
0 o 0
P — s Wy +— ¥, + 00— , P,
P v (p.9,2) oF y(p,9,2) pap w(p,9,2)]
0? 2 up*
+0° i (p,$,2) -2V (p) - Ely(p,,2)
op h
-0
We assume that
w(p,d,k.) =e™e" y(p) (separation of variables)

or

o 82"({’) +pZZB) (k2 )+ 2”’202 [V(p)-Elx(p)=0
op op h



Using the relation

2
r 0" x(p) N

0 o 0
20 p x(p)zp Ip z(p)]
0

op op op

or

ai[pm]— (2 )+ 22 0 (o) - ETy2(p) =0
0 op h

We now consider the case of V' (p)=0 for p<a.We use

pai[pm]ﬂp%kz k) -mPlr(p)=0
P Op

Here we have a change of variable such that & =\/k> —k.* p = ap

G T
§FEE ZIHE - 1) -0,

The solution of this Bessel differential equation is obtained as

x()=A4J,(S).

The energy eigenvalues are derived from the zero points of the Bessel function,

J (Jk=ka)=0. with m=0,1,2,3, ....

Note that the Bessel function J, (x) becomes equal to zero at & = x = x(m,n), wheren =1, 2, 3,

VK> =k a=x(m,n),



K nk: R

E(m,n)= + x(m,n)]*
(m,n) Y 2Wz[( )]

A
ElE, 4.2

80—
{1,3}

{32}

60— {5,7}

{2,2}

{4,1}

40}

{37}
20—

{2, 1}

{1,1)

m=1T m=2 m=3 m=4 m=54



E(m,n)
E

0

Fig. Energy eigenvalues = [x(m,n)]" for the state {m,n}, with k. =0 and

hZ
- 2ua’’

E,

Table:
The value of x(m,n) where that the Bessel function J, (x) becomes equal to zero, where

n=1,2,3,4,....

n Jo (X) 31 (X) J5 (X) 33 (X)

i | 2.40483 3. 83171 5+ 13562 6.38016
2 5.52008 7.01559 8.41724 9.76102
3 8.65373 10.1735 11.6198 13.0152
4 11,7915 13,3237 14.796 16.2235
5 14.9309 16.4706 17.9598 19.4094
6 18.90711 19.6159 20,217 22.5827
7 21.2116 22.7601 24.2701 25.7482
8 24,3525 25.9037 27 .4206 28.9084
9 27 .4935 29.0468 30.5692 32.0649

[N
()

30.6346 32.1897 33.7165 35.2187




n Ja (X) Js (X) J6 (X) J7 (X)

1 7.58834 8.77148 9.93611 11.0864
2 11.0647 12.3386 13.5893 14.8213
3 14.3725 15.7002 17.0038 18.2876
4 17.616 18.9801 20.3208 21.6415
5 20.8269 22.2178 23.5861 24.9349
6 24.019 25.4303 26.8202 28.1912
Y 4 27.1991 28.6266 30.0337 31.4228
8 30.371 31.8117 32:295 34.6371
9 33.5371 34,9888 36.422 37.8387
10 36.699 38.1599 39.6032 41.0308

Fig.  Plot of the Bessel function J, (x) as a function of x, withm =0, 1, 2, 3, 4,....

15.  Summary

The differential operator in the Mathematica can be made with the Function function. Using
the above Mathematica program, one may solve more complicated problems in quantum
mechanics (circular cylindrical coordinates).
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