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Angular momentum is as important in classical mechanics as in quantum mechanics. It
is particularly useful for studying the dynamics of systems that move under the influence
of spherically symmetric, or central potentials. Angular momentum can be of the orbital
type, this is the familiar case that occurs when a particle rotates around some fixed
point. But is can also be spin angular momentum. This is a different kind of angular
momentum and can be carried by point particles. Much of the mathematics of angular
momentum is valid both for orbital and spin angular momentum.

Let us begin our analysis of angular momentum by recalling that in three dimensions the
usual £ and p operators are vector operators:
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The commutation relations are as follows:

19, ] = ih (2)
(2, p:| = ih

All other commutators are involving the three coordinates and the three momenta are
zero!

1 Angular momentum operator

In classical physics the angular momentum of a particle with momentum p and position
r is defined by

L=rxp. (3)

Hence the components of L = (L,, L,, L,) are given by

La: =YDz — ZPy,
Ly = ZPx — TPz, (4)
Lz = TPy — YPz-

The angular momentum operator L = (f}x, f}y, I:Z) can be obtained at once by replacing
r and p by the corresponding operators in the position representation:

ﬁy = 2159& — TPz, (5)

In crafting this definition we saw no ordering ambiguities. Each angular momentum
operator is the difference of two terms, each term consisting of a product of a coordinate
and a momentum. But note that in all cases it is a coordinate and a momentum along
different axes, so they commute. Had we written L, = p.y — p,2, it would have not
mattered, it is the same as the L, above. It is simple to check that the angular momentum
are Hermitian.Take L, for example. Recalling that for any two operators (AB)" = BTAT
we have
(L)' = (95 — 2p,)" = (D) = (29,)" = (52)T ()" — (B,) ' (D). (6)
Since all coordinates and momenta are Hermitian operators, we have

(L)' = D2 — Dy2 = G- — 2Dy = La, (7)
where we moved the momenta to the right of the coordinates by virtue of vanishing

commutators. The other two angular momentum operators are also Hermitian, so we
have

Li=1L.. (8)
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Li=1L, Li=L




Clearly, angular momentum does not exist in a one-dimensional space. We should men-
tion that the components L,, L,, L., and the square of L,

L*=L12+L2+12 (9)

all are Hermitian. Hence all the angular momentum operators are observables and have
real eigenvalues.

2 Commutation relations

Given a set of Hermitian operators, it is natural to ask what are their commutators. This
computation enables us to see if we can measure them simultaneously. Let us compute
the commutator of L, with ﬁy. Since Z, ¢, and 2 mutually commute and so p,, p,, and
p. we have using (2)

[zxa f’y] = [Aﬁz — 2Dy, 2D — i"ﬁz}
= [Pz 2pa] = [9D=, TD:] — [2Dy, 2Do] + [2Dy, 22
= [0D=, 2Da] + 2Dy, 2D:]
= [0P2, 2]ps + Z[2Dy, D2
= Jlb.. 2. + 22, p.1py
= §(=ih)ps + 2(ih)p,
= il(Zpy — JPz)
= kL, (10)

A similar calculation yields the other two commutation relations; but it is much simpler
to infer them from (10) by means of a cyclic permutation of the xyz components, x —
y—z—

(L., L,) = ikL,,  [Ly,, L) =ihkLl,,  [L., L, =ihL,. (11)

This is the full set of commutators of angular momentum operators. The set is referred to
as the algebra of angular momentum. Notice that while the operators L were defined
in terms of coordinates and momenta, the final answer for the commutators do not involve
coordinates nor momenta: commutators of angular momenta give angular momenta! The
L operators are also referred to as orbital angular momentum, to distinguish them from
spin angular momentum operators. The spin angular momentum operators 5}7 S’y, and
S, cannot be written in terms of coordinates and momenta. They are more abstract
entities, in fact their simplest representation is as two-by-two matrices! Still, being
angular momenta they satisfy exactly the same algebra as their orbital cousins. We have

[Sp, S, = ihS.,  [S,, S.] =ihS,,  [S., S.] =ihS,. (12)

We have seen that the commutator [Z, p] = ih is associated with the fact that we can-
not have simultaneous eigenstates of position and of momentum. Let us now see what
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the commutators of angular momentum operators tell us. In particular: can we have
simultaneous eigenstates of L, and L ? As it turns out, the answer is no, we cannot. To
demonstrate this let us assume that there exists a wave function 1y which is simultane-
ously an eigenstate of ﬁx, ﬁy, and L, such that

I}az% = Az,
Lytpo = Aytho, (13)
Lz¢0 - Az¢0

Letting the first commutator identity of (11) act on ¢y we have

ihf/zwo = [ixv Ey]wo

I
=~
8
>
<
<
=
|
=~
<
>
8
=
S

= 0, (14)

showing that A, = 0. But this is not all, looking at the other commutators in the angular
momentum algebra we see that they also vanish acting on 1)y and as a result A\, and A,
must be zero.

All in all, assuming that 1 is a simultaneous eigenstate of f)x, ﬁy, and L, has led to
Loy = f}ywo — L.y = 0. The state is annihilated by all angular momentum operators.
This trivial situation is not very interesting. We have learned that it is impossible to find
states that are nontrivial simultaneous eigenstates of any two of the angular momentum
operators.

For commuting Hermitian operators, there is no problem finding simultaneous eigen-
states. In fact, commuting Hermitian operators always have a complete set of simultane-
ous eigenstates. Suppose we select L, as one of the operators we want to measure. Can
we now find a second Hermitian operator that commutes with it? The answer is yes.
As it turns out, L2, defined in (9) commutes with L, and is an interesting choice for a
second operator. Indeed

(L., L% = [L., LoL,+ L,L,+ L.L.]
(L., LyLy, + L,L,)
[Ley Lol Lo + La[Lsy Lol + [Lay LyJLy + Ly[Ls, L]
= ihL,L, + ihL,L, — ihL,L, — ihL,L,

0. (15)

So we should be able to find simultaneous eigenstates of both L, and L. The operator
L? is Casimir operator, which means that it commutes with all angular momentum
operators. Just like it commutes with L, it commutes also with L, and L,.



3 Angular momentum in spherical coordinates

To understand the angular momentum operators a little better, let us write them in
spherical coordinates. For this we need the relation between (7,0, ¢) and the Cartesian
coordinates (z,y, z):

x = rsin 0 cos @, r=\/x?+y>+ 22

= rsinfsin ¢, 0 = cos™! (;) ; (16)
z=rcosb, ¢ =tan™! (%) :

The angular momentum operators generate rotations. In spherical coordinates rotations
about the z axis are the simplest: they change ¢ but leave 0 invariant. Both rotations
about the = and y axes change # and ¢. We can therefore hope that L, is simple in
spherical coordinates. Using the definition L, = Tpy — Yp, we have

L, = —ih (:L‘% — y%) . (17)

0
Notice that this is related to % since, by the chain rule

9 _0x0 o 020
dp — 0p0xr  0pdy I 0z
= - i—l—xﬁ—l—()
- Yo Jy
) )
— 1
oy Yo (18)

where we have used (16) to evaluate the partial derivatives. Using the last two equations
we can identify

A 8

This is a very simple and useful representation. It confirms the interpretation that L,
generates rotations about the z axis, as it has to do with changes of ¢. Note that L, is

like a momentum along the “circle” defined by the ¢ coordinate (¢ = ¢+ 27). The other
angular momentum operators are

L, =ih (smgb + cot 0 cos p— )
O
(20)

ij =ih (—cos¢ +cot051n¢aa¢>

With a longer calculation it can be show that

o [ L0 (50, L
L=—h [Sm@ﬁ& Smeae +81n29(9¢2 ' (21)




4 Eigenvalues of angular momentum

We demonstrated before that the Hermitian operators L, and L? commute. We now aim
to constructthe simultaneous eigenfunctions of these operators. They will be functions
of 6 and ¢ and we will call them ;,,(0, #). The conditions that they be eigenfunctions
are

ZA—JZ wlm(ea (b) = hm wlm(ea (b)a m e R

» 2 )
L2 (0,6) = B2 11+ 1) (0, 6),  1€R.

As befits Hermitian operators, the eigenvalues are real. Both m and [ are unit free; there
is an 71 in the L, eigenvalue because angular momentum has units of . For the eigenvalue
of L? we have an h2. Note that we have written the eigenvalue of h? as I(l+1) and for
[ real this is always greater than orequal to —1/4. In fact {(l 4+ 1) ranges from zero to
infinity as ! ranges from zero to infinity. We can show that the eigenvalues of L? can’t
be negative. For this we first claim that

(v, L) > 0, (23)

and taking 1 to be a normalized eigenfunction with L2 eigenvalue A we immediately see
that the above gives (1, Ap) = A > 0, as desired. To prove the above equation we simply
expand and use Hermiticiy:

(v, L*) = (, L3y) + (@, Ljw) + (@, L2y)
because each of the three summands is greater than or equal to zero.

Let us now solve the first eigenvalue equation in (22) using the coordinate representation
(16) for L, operator:

—ihagi;m = hm Yy, — a;i;m = im Yyy,. (25)
This determines the ¢ dependence of the solution and we write
%m(@, ¢) = 6im¢ le(e)a (26)

where the function P/™(#) captures the still undetermined 6 dependence of the eigenfunc-
tion y,,. We will require that v, be uniquely defined as a function of the angles and
this requires that!

wlm(a ¢ + 27T) = wlm(a ¢) (27>
There is no similar condition for . The above condition requires that

eim(¢+27r) — eimqﬁ N elzmm _ 1. (28>

One may have tried to require that after v increases by 27 the wavefunction changes sign, but this
does not lead to a consistent set of 9/y,,’s.



This equation implies that m must be an integer:

(29)

This completes our analysis of the first eigenvalue equation. With a longer calculation it
can be shown that the possible values of [ are

1=0,1,2,3, ... and —1<m<l. (30)

One can think of the vy, eigenfunctions as first determined by the integer [ and, for a
fixed [, there are 2] + 1 choices of m: —I, =l + 1, ..., . Our vy, eigenfunctions, with
suitable normalization, are called the spherical harmonics Y}, (6, ¢).

5 Eigenfunctions of angular momentum

We demonstrated before that the Hermitian operators L, and L? commute. Therefore
there will be a simultaneous eigenfunctions of these operators. They will be functions
of  and ¢ and we write them as Y},,(6, ¢), are called the spherical harmonics. The
properly normalized spherical harmonics are

Vi (6, 6) = (_1)m\/<2l4jr 1) g N ;’3: Pr(cos) 6™, (m > 0). (31)

Here P/"(cos#) is the associated Legendre functions. m < 0, we use
Yim(0,0) = (=1)"[Y;,-m(6, 9)]". (32)

The eigenvalues of L, and L2 corresponding to the eigenfunction Y;,, (6, ¢) can be known
from the following eigenvalue equations:

f/zYim = ﬁinmv (m € Z)
) (33)
L%Y;,, = B21(1 + 1) Y,
with
[1=0,1,2,3,... and —1<m<I. (34)

The first few spherical harmonics are given below.

Being eigenstates of Hermitian operators with different eigenvalues, spherical harmonics
with different [ and m subscripts are automatically orthogonal. The complicated normal-
ization factor is needed to make them have unit normalization. The spherical harmonics
form an orthonormal set with respect to integration over the solid angle.

2 m
/ do / 40 $in 0 Y5 (0, 6) Yim(0,0) = (Y5 . Yin) = Gt Sy (35)
0 0
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Ylm(ea (0) Ylm(xayaz)

Yoo(0, ¢) = \/% Yoo(x, y,2) = \/%

Y1000, ¢9) = \/% cos Yio(x, v, 2) = \/%f

210 0) = F/ g 57 sin 6 g, p,2) = F g5 52
Y20(0, 9) = |/ 1= (3cos? 0 — 1) Yao(x, v, 2) = \/% 3zzr;r2
Y2410, 9) = :F\@eif‘/’ sin 0 cos 0 Y41(x,y,2) =F % (xf%)z
Y4000, 9) = \/%eﬂi(ﬂ sinZ 0 Yaaa(x, y,2) = \/%xz—yj;t%xy

6 Central potential

Consider a particle represented by a three-dimensional wave function ¢ (z,y, z) moving
in a three dimensional potential V' (r). The Schrédinger equation takes the form

V() + V()ilr) = Bufr), (36)
We have a central potential if V(r) = V(r). A central potential has no angular
dependence, the value of the potential depends only on the distance r from the origin. A
central potential is spherically symmetric; the surfaces of constant potential are spheres
centered at the origin and it is therefore rotationally invariant. The equation above for
a central potential is

S VR() + V() 0(r) = B, (37)
Note that the wavefunction is a full function of r, it will only be rotational invariant
for the simplest kinds of solutions. Given the rotational symmetry of the potential we

are led to express the Schrodinger equation and energy eigenfunctions using spherical
coordinates.

In spherical coordinates, the Laplacian is

v [0 (20), L (0N 1 &
Vie=( VW_L?&“ " or +7’281n989 Sm@@@ +rzsin293¢2 v (38)

Therefor the Schrodinger equation for a particle in a central potential becomes

1o (,0 1 1 0 0 1 02
——— == — — — [ sinf— —_— V =F .
om L& or (r 8r> T {smeae (Sm 89) * sin208¢2H Y H Vel = Eylr)
The angular dependent piece of the V? operator is the magnitude squared of the angular
momentum operator. Hence the Schrodinger equation becomes

2m

_Elgg(ﬁg)—g%4¢w+vmww:Ewm (39)
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or

e (7 ) 90 gm0+ V()U) = EVl) (40)

The wave function will have two parts: one will be the radial part and is dependent only
on r and the other part is the angle dependent part. The angle dependent is known as
the spherical harmonics, Y, (6, ¢).

Note: Most of the materials in this lecture note are taken from the lecture on Quantum
Physics by Prof. Barton Zwiebach for the course 8.04 in the year of 2016 at MIT, USA.
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