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We present here a new method for constructing the spherical harmonics wavefunctions.
We introduce two chiral states«’ and v’ of chirality +% and —%, respectively. Products of u/v’
of zero chirdlity, projected onto the angular momentum states, yield the spherical harmonics.
We use similar techniques to construct the monopole harmonics.

PACS. 03.65.-w — Quantum mechanics.
PACS. 14.80.Hv — Magnetic monopoles.

1. Introduction

Spherical harmonics are quantum mechanical wavefunctions for the angular momentum
operators. Needless to say they are important and well-studied. The conventional way of study is
through the method of separation of variables. The angular part of the Laplacian, the hamiltonian
for the free particle, is studied as an eigenvalue problem. In fact, the use of the algebraic method
of raising and lowering operators obviates the need for the explicit form of the eigenfunctions.

An ingenious method [1] was introduced by Schwinger to study the representations of the
SU(2) group. The angular momentum operators are represented by two sets of boson-oscillator
operators. Many interesting results of the angular momentum theory can be deduced algebraically
without any explicit form of the boson-oscillator operators. Bargmann [2] replaced the Hilbert
space by a function space. That is, each boson raising operator is represented by a complex
variable. Thus analytical methods can be implemented.

In the approach of Bargmann the complex variables v and v are definite eigenfunctions
for the magnetic quantum number. We can rotate these states to get two chira states «' and v’
of chirality +1 and —1, respectively. There is an ambiguity in the definition of the chiral states
related to the Hopf fibration [3]. This ambiguity does not happen for the theory of orbital angular
momentum because of the congraint that states for the orbital angular momentum are of zero
chirality. Products of u/v" will satisfy this constraint. We find that these states projected along
the angular momentum states will yield the spherical harmonics.

This approach can be applied to the problem of the monopole harmonics [4]. For the
case of a particle in a monopole field the angular momentum gets an extra contribution from the
monopole field. Its chirdity is —eg, where e and ¢ are the dectric and magnetic pole strength,
respectively. Hence suitable products of «’ and v’ will satisfy the constraint for nonzero chirality.
The monopole harmonics can be easily written down. The ambiguity due to the Hopf fibration
mentioned above corresponds to the degree of freedom of the gauge field, a U (1) group.
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The paper is organised as follows. In section 2 we discuss in details how the chiral states
v’ and v’ are introduced. The preliminary works of Schwinger and Bargmann are reviewed. The
spherical harmonics are worked out. In section 3 we study the problem of a particle in a monopole
field, emphasising the role of the extra contribution of the magnetic field to the angular momentum.
We work out the monopole harmonics in section 4 following our method of chiral states. In the
final section we make our conclusion.

I1. Spherical harmonics a 1a schwinger and bargmann

We study here spherical harmonic functions via Schwinger’ s method of oscillator operators.
In thelatter part of this section we implement Bargmann’s method of representing the wavefunction
by two holomorphic functions denoting the spinor co-ordinates. A rotated wavefunction is used
to render the wavefunction in the co-ordinate representation. To begin, we start with the free field
Lagrangian

1
L= Eme’ (1)

where m is the mass of the particle and 1 is the velocity vector of the free particle in three
dimensions. The hamiltonian is

2

H=2- @
2m

where p is the conjugate momentum vector and is proportional to the velocity vector as
p =mr. €)
The co-ordinates and the conjugate momenta obey the canonical commutation relations
[r'.7] =[] = 0. “
[, p] = ihs" . (5)
The hamiltonian can be decomposed into a radial part as well as a transverse part

oo P
2m = 2mr?

(r x p)?. (6)

So we can define the angular momentum vector as
L=rxp, @)

where the commutation relations of the various components of L are given as a conseguence of
the canonical commutation relations by

(L', L] = iej,LF . (8)
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The angular part of the full hamiltonian can be studied separate from the radial part. Hence in
the following we shall study the angular momentum hamiltonian denoted by

Hypg = L2, 9)

This hamiltonian will give rise to the spherical harmonic wavefunction.

It takes the genius of Schwinger [1] to represent the angular momentum operators in terms
of two set of boson-oscillator operators. Schwinger introduced spin creation and annihilation
operators associated with a given spatial reference system, af = (aZ,a) and a¢c = (ay,a-),
which satisfy

lac.ag) =0, |af.af| =0, (10)
|:ag, az_,] = 5<CI . (11)
The number of spins and the resultant angular momentum are then given by
n:ZagaC:mr—f—n_, (12)
¢
1
L=> af{c501¢)ac, (13)
6.6

where o are the hermitian Pauli spin matrices. The components of L appear as

Li=Li+ily=ala_, (14)

L =L —ily=ata,, (15)
1, 4 N 1

Ly = §(a+a+—a,a,) = §(n+—n7). (16)

The sguare of the angular momentum can be written as
LZ=1(+1), (17)
where the quantum number [ is given by

1 1
l= 5N = 5( Tar+atal). (18)

Accordingly, a state with a definite magnetic quantum number m

1 1
m = 5(ny —n-), I=3(ng +n), (19)
is defined to be

(ai)l—f—m(ai—)l—m
ym) = \/(z+m)!\/(z—m)!%’ (20)
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ai\l’o =0. (21)

This is an operator approach and many useful results can be abtained without explicitly finding
the wavefunctions. However, in order to write down wavefunctions we follow the method of
Bargmann [2], introducing two holomorphic variables v and v. The variables v and v dencte the

eigenfunction with L = +3,

1 0
u~<0>7 vw<1>. (22)

We can then identify
Ay — Oy, a_ — 0Oy, ai—>u, at —w. (23)
In this representation the angular momentum operators are represented as

0 0

L+ :’U,%, L_ :’U%, (24)
1, 0 0
Ly = 5(7«&% - U%% (29)
and the total angular momentum operator is
1 1, 0 0
The inner product for holomorphic functions of « is defined as
(1) = [ T w)dul (@7
where the measure [du] is defined to be
du] = £ (28)
2w
It follows that
(u, u"") = hopp . (29)
Similar equations hold for holomorphic functions of v.
Now the ground state ¥ is unity and the angular eigenstates are given by
l+m,,l—m
I, m) = S . (30)

JTtml/T—m)
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We now consider the effect of a rotation on the system.The spinor co-ordinates are rotated
by an SU(2) matrix

=5 ) “

ac+pBB=1. (32)

with

The spinor co-ordinates v and v are transformed as
U= au+ [, (33)
U= —Pu+av. (34)
The SU(2) matrix is related to the spatial rotation by the formula
U= exp(—z%n o), (35)

where n is the axis of rotation with magnitude v. Now we can utilise the rotation

0 0 _—i
U(e,cb):( oz, o2y d)), (36)

sin gei¢ COS 5
to rotate the z-axis to the r direction where
I = (sinf cos ¢ ,sinfsin¢,cosh). (37)

The transformed states

v = au+ Pu, (38)
v =—PBu+av, (39)
where
a=cos2, (40)
2
.0,
[ = sin iew , (41)

are eigenstates of r - L such that
~ ! 1 / A / 1 /
(r-L)u = U (r-L)v = 3V (42)

In fact we should make the identification (ae®®, Se?) ~ (a, B). Thisisthe famous Hopf mapping
[3] of S3 — S2. We defer the discussion of this degree of freedom later. This degree of freedom
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does not matter for ordinary orbital angular momentum. In this sense we can say that v’ is the
diametrically opposite eigenstate with 6 and ¢ increased by an angle of .

We are now going to discuss how to get the spherical harmonics for the spatial orbital
angular momentum. The following remark is useful. For orbital angular momentum we have the
constraint

F-L=0. 43)
So it is natural to define

() (")’

0,6) =5

(44)

au + fu)(—pu + av)t
_ f(pur ) 5
and the constraint equation (43) is satisfied automatically. The spherical harmonics are then
represented by

ﬂ,lf},l ul+mvl—m
(0, 6l1,m) = /( )“( ) \/(l(—i-)m)!(\/)(l — ldud). (46)

Using the above formula it is easy to work out the spherica harmonic wavefunctions in the
co-ordinate representation. We list here a few of the spherical harmonics :

(0,90,0) = 1,
0,0]1,£1) = ¢\/gsin06ii¢,
0,91,00 = cosb,

0,02,£2) = \/gsinQHeﬂ%’

0,0]2,+£1) = $\/gsin900s96ii¢,
0,02,0) = 3(3cos?0—1).
It is understood that the measure for integrating the angular variables is (21 + 1) sin 0d0d¢ /4.

The angular momentum operators operating on the spherical harmonics are easily verified
to be

(47)

L, =t (ig + i cot 9£> . (48)
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II1. Dynamics of an electron in the field of a monopole

We consider the motion of an electron of charge e and mass m in the field of a monopole
g located at the origin. The equation of motion is given by the Lorentz force law,

mi = i—g(f xr). (49)

The corresponding Lagrangian is given by
I .5 .
L:§mr +er-A, (50)

where A is the vector potential for the monopole field,

r

VxA=B= g_3 , (51)
T
and the conjugate momenta p are
p = mr +eA. (52
In our approach we employ the noncanonical equal-time commutation relations
[ri,rj] =0, (53)
o ih
[Tz,f“]] — Z_(sZJ , (54)
m
o ihe .-
[#,] = Sk B, (55)
m

Now these commutation relations do not involve gauge-variant quantities.
This problem is rotationally invariant and the symmetry generators for the rotational group
are the angular momentum operators,
J=mrxi— L. (56)
T
The angular momentum operators consist of a mechanical part as well as a field part. It is easy
to verify that these angular momentum operators satisfy the usual commutation relations

(4, J7] = dehdk gk (57)

It is also easy to prove that these angular momentum operators are constants of motion.

The problem of an eectron in a monopole field has been completely solved, both classically
and guantum mechanically. Jackiw [5] has uncovered that this problem has additionally hidden
symmetry, leading to the exact solvability of the problem. The complete symmetry is O(2,1) x
O(3). We shall be more interested in the rotational symmetry of the problem. Indeed, Wu and
Yang [4] studied the monopole harmonics in the sense as a section of the monopole line bundle.
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Much earlier, Tamm [6] studied the Schrodinger equation of an electron in a monopole field. In
the next section we shall exploit the method of chiral states to work out the monopole harmonics.

IV. Monopole harmonics

Explicitly one can easily verify

J2 = [mr x 1]? + (eg)?. (58)
The full hamiltonian can be decomposed into a radial as well as an angular part,

2 1 [I’Xf']Q

— 1 1
H—er +3m 2

(59
Theradial and the angular parts are separable. Henceforth we shall study the angular hamiltonian,
Heapg = L2, (60)
where L is the mechanical angular momentum defined by the velocities
L=mrxr. (61)

In this case the vel ocities are not proportional to the linear momentum. The true angular momentum
operators generating rotations are the J;'s and the operators r, 1 and L are vectors under J. We
can use equation (58) to rewrite the hamiltonian for the angular part as

Hang = J2 - q2 ; (62)
where we have define
q=eg, (63)

which is a half integer or integer [7]. We can represent the angular momentum operators by the
spinor variables v and v as

0 0

J+:u%7 J—:U%7 (64)
1, 0 0

In the field of the monopole the projection of J along r is not zero but equals —q,

r-J=—q. (66)

The sign of ¢ matters and in the following discussion we shall take ¢ negative. Asin the previous
case, the rotated state

u = eX (au + pv) (67)
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is an eigenstate of r - J with eigenvalue +2 while the state
v =e X (—Bu+av) , (68)

is an eigenstate of r - J with eigenvalue —1. Unlike the previous case we can introduce a phase

X which represents the gauge degree of freedom. We can choose suitable gauge to render the
monopole harmonics in a special form. Now we can propose the state

g, n,0, ) = 211X (W)l (wy) (69)

NoNCEST

as the eigengtate of 1 - J of eigenvalue —g. The quantum number n running from 0, 1, 2, ...
labels the n*"* Landau energy level as the monopole harmonic problem is just the Landau problem
on a sphere [8]. So

J=lal+n, (70)
where j is the quantum number for the total angular momentum. The energy levels are given by
E=jG+1) -4, (71)

with degeneracy 2j + 1 or 2|q| + 2n + 1.
We shall take X = 0,

eX =1, (72)

so0 that the operator Js3 will take the form —i0/0¢ — ¢ in this gauge. We shall cal this the
holomorphic gauge. In this gauge we can take limits to get the Landau problem in the symmetric
gauge [9]. The monopole harmonics can be obtained by projecting Eg. (69) onto the angular
momentum states |7, m). We list here a few of the monopole harmonics for ¢ = -1

0.6,—%,0 14,4) = cos§, (73
(0.6,-3,013,-4) = e *sing, (74)

Lo, — 112,38 = —¢ cos? —s1n ,

L0, —5,11]5,5) = cos3 (cos”s — 2sin ,

0.6,-%,113,1 § (cos” g ’3 (76)
(0.0,-3,113,—3) = e sin§(2cos’ sm23), (77
<9’¢7_%71 |%,_%> = ¢712¢,/3gin? 2 —cos27 (78)

and for ¢ = —1,
_ 0

<97 ¢7_150 ‘171> = COo8 25 (79)

<97 ¢7_150 ‘170> = 6_Z¢\;§SlngCOSg, (80)

0,0,-1,01,-1) = e 2i¢ gin? g, (81)
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It is understood that the measure for integrating the angular variables is (25 + 1) sin 0d0d¢ /4.
The angular momentum operators in this gauge are found to be

0
= — 82
; 0 0 0
— pTio — 4 - _ Z
Ji=e <iae+zcot68¢ qtan2>. (83)

V. Conclusion

In this paper we do not offer any new results for the angular momentum theory. Rather,
we give a new method of constructing the spherical harmonics. This can be called the method of
synthesis. The basic units are the chiral states «’ and v’. The constraint equation for the chirality
is the key factor of the calculation. We find that the monopole harmonics can be constructed in
this unified view. The gauge degree of freedom appears quite naturally. We are sure that this
same line of thought can be applied to the problem of the SU(2) monopole harmonics [10] as
this case is also a Hopf fibration. It is interesting to study whether this method can be extended
to study representations of group outside the scope of Hopf mapping.
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