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I. ROTATIONS

Angular momentum theory is the theory of rotations. We discuss the rotation of vectors in R?, wave functions, and
linear operators. These objects are elements of linear spaces. In angular momentum theory it is sufficient to consider

finite dimensional spaces only.

e Rotations R are linear operators acting on an n—dimensional linear space V, i.e.,
R(Z+7) = R+ Ry, RAZ = ARZ for all Z,j € V. (1)
We introduce an orthonormal basis {€1, €3, ..., €, } so that we have

(51',(%) = 51‘;‘, z= ingu Tq = (6375)- (2)
i



We define the column vector x = (1, 22, ...,7,)7, so that
g: Rf, Yi :ZRijxj’ Rij = ((%,Ré‘j), y:Rx. (3)
J

Unless otherwise specified we will work in the standard basis {e;}. The multiplication of linear operators is
associative, thus for three rotations we have (Ry R2)R3 = R1(R2R3).

e Rotations form a group:

— The product of two rotations is again a rotation, Ry Ro = R3.
— There is one identity element R = 1.
— For every rotation R there is an inverse R~! such that RR™' = R™1R = 1.

e The rotation group is a three (real) parameter continuous group. This means that every element can be labeled
by three parameters = (w1, w2, ws). Furthermore, if

R(w1) = R(ws) R(ws) (4)

we can express the parameters w; as analytic functions of we and ws. This means that we are allowed to take
derivatives with respect to the parameters, which is the mathematical way of saying that there is such a thing
as a “small rotation”. The choice of parameters is not unique for a given group.

e Rotations are unitary operators
(Rx, Ry) = (x,y), for all x and y. (5)
The adjoint or Hermitian conjugate AT of a linear operator A is defined by
(Ax,y) = (x, Aly), for all x and y. (6)
For the matrix elements of AT we have
(A1)y; = A3 (7)
Hence, for a rotation matrix we have
(Rx, Ry) = (x, R'Ry) = (x,), ®)
ie., RIR=1I, and Rf = R~!. For the determinant we find
det(RTR) = det(R)* det(R) = det(I) =1, |det(R)| = 1. (9)
By definition rotations have a determinant of +1.

e In R3 there is exactly one such group with the above properties and it is called SO(3), the special (determinant
is +1) orthogonal group of R3. In C? (two-dimensional complex space) there is also such a group called SU(2),
the special (again since the determinant is +1) unitary group of C2. There is a 2:1 mapping between SU(2)
and SO(3). The group SU(2) is required to treat half-integer spin.

A. Small rotations in SO(3)

By convention let the parameters of the identity element be zero. Consider changing one of the parameters (¢ € R).
Since R(0) = I we can always write

R(e) =1 +eN. (10)
Since RTR = I we have

(I+eN)(I+eN)=T+¢NT+N)+ENTN =1, (11)



thus, for small €

Nt +N=0, Nt =—-N. (12)
The matrix N is said to be antihermitian, N7; = —Nj;. In R? we may write
0 —ng N2
N = ns 0 —ni . (13)

—ng M 0
The signs of the parameters are of course arbitrary, but with the above choice we have
NaX3 — N3Ta
Nx= | nsri —niz3 | =n x x. (14)
Nn1Ta — NaZ1
For small rotations we thus have
x' = R(n,e)x =x +en X x. (15)
Clearly, the vector n is invariant under this rotation
R(n,e)n =n+en xn=n. (16)

For the product of two small rotations around the same vector n we have

R(n, 61)R(n, 62) = (I+€1N)(I—|—€2N) (17)
= I+ (e1 + )N + €16 N? (18)
~ R(n,e; + €2). (19)

We now define non-infinitesimal rotations by requiring for arbitrary ¢ and ¢o that
R(n, ¢1)R(n, ¢2) = R(n, ¢1 + ¢2). (20)

We may now proceed in two ways to obtain an explicit formula for R(n, ¢). First, we may observe that “many small
rotations give a big one”:

R(n,¢) = R(n, ¢/k)". (21)
By taking the limit for & — oo and using the explicit expression for an infinitesimal rotation we get (see also Appendix
A)

R(n,¢) = lim (I + EN)’“ => k|(¢N)’“ = e, (22)

Note that a function of a matrix is defined by its series expansion.
Alternatively we may start from eq. (20) and take the derivative with respect to ¢1 at ¢1 = 0 to obtain the
differential equation

d d d
dTﬁlR(n’ $1)|g1=0R(n, p2) = dTHR(n’ ¢1 + B2)|p1=0 = dTSQR(n’ ®2), (23)
with d%lR(n, ¢1) = N this gives
d
i (0.0) = NR(n.0). (24)

Solving this equation with the initial condition R(n,0) = I again gives R(n,¢) = e®V.



B. Computing eV

This problem is similar to solving the time-dependent Schrodinger equation, but it involves an antihermitian, rather
than an Hermitian matrix. Therefore, we define the matrix L, = ¢V, which is easily verified to be Hermitian

LT = (iN)! = —i(-N) = L. (25)
Thus, we have
R(n, $) = e L, (26)

The general procedure for computing functions of Hermitian matrices starts with computing the eigenvalues and
eigenvectors

This may be written in matrix notation
LU = UA, U= [U.1U.2 .. .un], Aij = )\iéij- (28)

For Hermitian matrices the eigenvalues are real and the eigenvectors may be orthonormalized so that U is unitary
and we have

L=UAUT. (29)

If a function f is defined by its series expansion

x) = Z fea® (30)
k

we have
=D filk = ka UAUT) kaUA’fUT kaA’f Ut =Uf(A)U (31)
k
For the diagonal matrix A we simply have
F(M)] =D fr(Nidig)* Z FEAESS = F(N)diy- (32)
k
Thus after computing the eigenvectors u; and eigenvalues A; of L we have
R(n,¢)x = e PLx = Ue A UTx = Z e My (g, x). (33)
k

Note that the eigenvalues of R(n, ¢) are e***¢. Since the \;’s are real, these (three) eigenvalues lie on the unit circle
in the complex plane. Clearly, this must hold for any unitary matrix, since for any eigenvector u of some unitary
matrix U with eigenvalue A\ we have

(Uu,Uu) = (A\u, Au) = M*A(u,u) = (u,u), ie., A\ =1. (34)

Note that R(n,¢)n = n. This does not yet prove that any R can be generated by an infinitesimal rotation. Since R
is real for every complex eigenvalue A\ there must be an eigenvalue A*. The three eigenvalues lie on the unit circle in
the complex plane and their product is equal to the determinant (+1), therefore R must have at least one eigenvalue
equal to 1. In this way, one can prove that any rotation is a rotation around some axis n.

C. Adding the series expansion

As an alternative approach we may start from

=3 (N (35)
k=0



From Eq. (27) it follows that
Nuy = —i U, = opug. (36)

For the present discussion we will not actually need the eigenvectors and eigenvalues, we will only use the fact that
they exist. We define the matrix A(N)

A(N) = (N — a1 I)(N — aoI)(N — asl). (37)
It is easily verified that for any eigenvector u; we have
A(N)uk =0. (38)

Since any vector may be written as a linear combination of the eigenvectors u; we actually know that A(N) = O3xs,
the zero matrix in R3. Thus, the polynomial A(N) is referred to as a annihilating polynomial. Expanding A(N) gives

A(N):N3+02N2+61N+COI:O, (39)

where the coefficients ¢, can easily be expressed as functions of the eigenvalues aj. We now observe that N3 may be
expressed as a linear combination of lower powers of N:

N3 = —¢;N? —¢1N — ol (40)

From this equation we may directly compute the coefficients ci, without knowing the eigenvalues ay. By direct
multiplication we construct the matrices N* k = 2,3. By putting the matrix elements of these matrices in column
vectors of length 3 x 3 =9 we can turn the matrix equation into a set of 9 equations with 3 unknowns ¢,k = 0,1, 2.
It may be of interest to know that this procedure is quite general: for a completely arbitrary n x n matrix A in C™
there exist an annihilating polynomial of degree n. It can always be found be plugging the matrix A back into the
characteristic polynomial P(A\) = det(A — AI). In this case we have (see Appendix A)

N3 =—N. (41)
so that
N#+L — (Z1)*N for k>0 (42)
N2+2 — (_1)*N? for k > 1. (43)
As a consequence, the infinite sum simplifies to
e?N :I+§:%¢kN’“ =T +sin¢N + (1 — cos ¢) N2 (44)

k=1

D. Basis transformations of vectors and operators

We will refer to the basis {ey} used so far as the space fized basis. We now introduce a new orthonormal basis
{b} which we will refer to as the body fized basis. These names are chosen with a typical application in a quantum
mechanical problem in mind. If the body fixed coordinates are indicated with a prime we have

Zekxk = Zbk%a x = Bx'. (45)
k 2

Let a linear operator A be represented by the matrix A in the space fixed basis. We now define a transformed or
rotated operator A’, which is represented by the matrix A’ in space fixed coordinates, by the requirement that it is
represented by the matrix A when expressed in body fixed coordinates:

(b;, A'bj) = A;;, BTA'B = A. (46)
Using the unitarity of B we get

A’ = BAB'. (47)



Using this definition we may also transform any function of A defined by its series expansion
f(A) = Bf(A) Z feA®)BY =" f(BABT) = Z fe(ANYF = F(A). (48)
k

As an example we consider the transformation of a rotation operator
R' = BR(n, ¢)B' = Be?N Bt = ¢#BNB', (49)
We work out the exponent by considering
BNB'x = B(n x Bfx) (50)

For an arbitrary unitary transformation of a cross product we have the rule (see Appendix A)

Ux x Uy =det(U)U(x x y) (51)
so that we have
B(n x B'x) = (Bn) x (BB'x) = (Bn) x x = Nppx (52)
Thus, with the notation N, = N,
BN,B' = Ng, (53)
and for the transformed rotation
BR(n, $)B" = ¢?BN=B" — R(Bn, ¢). (54)

E. Vector operators

Define the three matrices IV; = Ne,. The matrix N can now be expressed as a linear combination of these matrices

0 —n3 no OOO 0 01 0-10
N = ns 0 —mny|=n|00 — + no 0 00|+4+n3|1 0 O (55)
—ng n; 0 01 O -100 0 0 O
= n1N1+n2N2+TL3N3 =n- ﬂ (56)
where we introduced the vector operator N. The components of the vector operator transform as
BN;B' = BN, B' = Npe, = Ny, =b; - N = Y N;By;. (57)
We also define the Hermitian vector operator L = i/N for which we also have
BL;Bf = ZL Bi; (58)
Since B is an arbitrary orthonormal matrix we may take B = R(n, ¢) = e~ **™L which gives
e—idmLLjeiqﬁnL - Z LiR;;(n, ¢) (59)

For two operators A and B we have a relation which is sometimes referred to as the Baker-Campbell-Hausdorff
form (appendix A)

_ 1
eBe 4 = Z H[A’ B, (60)



where the repeated commutator [A, B]y is defined by

[A,Blo = B
[4,B], = [A,B] = AB — BA (61)
[AaB]k = [Av [AvB]kfl]- (62)

The importance of this relation is that the (repeated) commutation relations fully define the exponential form. Hence,
from Eq. (59) we find for arbitrary angular momentum operators

R(n,¢)jR!(n,¢) = R"(n, ¢)j. (63)

The commutation relations of two arbitrary antihermitian matrices N, and Ny, follow from a property of the cross
product (see appendix A)

xX(yxz)+yx(zxx)+zx (xxy)=0. (64)
Using the property x x y = —y X x we find
ax(bxx)—bx(axx)—(axb)xx=0. (65)
In matrix notation this gives
NaNpx — NpNaX — Naxbx = 0. (66)
Since this holds for any x we obtain the commutation relation
[Na, No] = Naxp. (67)

The cross product of two basis vectors in an orthonormal basis may be written using the Levi-civita tensor (e123 = 1,
it changes sign when two indices are permuted),

€ X ej = Zeijkeka (68)
k

so that we can write the commutation relations for the components of the vector operator N as

[Ni, Njl = eijiNi. (69)
k

From this equation we immediately find the commutation relations for the Hermitian operators L; as
[Li, Lj] = Z ieijkLk. (70)
k

These commutation relations, together with Eq. (60) allow us to write the left hand side of Eq. (59) as a linear
combination of the operators L;. The right hand side is also a linear combination of the operators L;. Thus, we can
immediately solve for the matrix elements R;;(n, ¢), whenever the operators L; are linearly independent (i.e., when
Zk arLy =0= a, = 0).

One other example of Hermitian operators satisfying the commutation relations Eq. (70) are the generators of

SU(2),
1101 110 — 111 0
Ul—§|:10:|702_§|:l O:|;U3_§|:O_1:| (71)

Note that e=#¢+2mox — _¢=i9o%  This is in agreement with the 2 : 1 mapping between SU(2) and SO(3) mentioned
earlier.



F. Euler parameters

So far we have used the (n,¢) parameterization of SO(3). Since Euler parameters are used widely we describe
them here. A linear operator in R3 is defined by its action on the three basis vectors. Let us assume that a rotation
operator R maps the basis vector e3 onto e;. We can then write the matrix R as

R = R(eé,"y)Rl, (72)

where R; may be any rotation for which e = Rjes. If the polar angles of €5 are (3, a) we can take

R, = R(e3,a)R(ez, B). (73)
Thus, any rotation R can be written as
R(a, B,7) = R(Ries,7)Ry = R1R(es, )R] Ry, (74)
so that and
R(a, B,7) = R(es, a)R(ez, B)R(es, 7) (75)

From this derivation we see that the ranges of the parameters required to span SO(3) are
0<a<2m 0<p<m 0<y< 2. (76)
For the inverse we have
R(a, 3,7)"" = R(es, —7)R(e2, ) R(es, —a). (77)

We may bring —f back into the range [0, 7] by inserting R(es,7)R(es, —m) at both sides of R(eq, —0)twice and by
using the relation

R(es, —m)R(eq, —()R(e3, m) = R(—e2, —f) = R(ez, B), (78)
which gives
R(a, B,7)"" = R(es, —y +m)R(e2, f)R(es, —a — ). (79)
We may also define a volume element for integration
dr = da sin 8dS d, (80)

which has the important property that for any function f(«,/,v) the integral is invariant under rotation of the
function f. The definition of a “rotated function” is given in the next section.

G. Rotating wave functions

We may extend the definition of rotations in R? to the rotation of one particle wave functions (¥(x)) by Wigner’s
convention

(RV)(x) = U(R'x). (81)

Usually, ¥ will be an element of some Hilbert space. For our purposes it is sufficient to think of ¥ as an element of
some finite dimensional linear space V. Of course, we must assume that RV is also an element of V', whenever ¥ € V.
We use the hat (*) to distinguish the operators on V from the corresponding operators in R3.

The inverse in the definition is important since it gives

Ri(Ro¥) = (RiRy)W. (82)
This is readily verified:
[B1 (RoW)](x) = (RoW)(R; 'x) = W(Ry ' Ry 'x) = U[(RiRy) '] = [(R1R2)¥](x). (83)



Note that Wigner’s convention is consistent with Dirac notation
U(x) = (x|¥), (x|RY) = (R'x|¥) = (R~ 'x|¥). (84)
For small rotations we have

R(n,e)¥(x) = ¥(x —en X x). (85)

To first order in € we have in general
0
Foetey) = F0) + D epg —f(0) = F(0) + ey - V(). (86)
k

so that we may write
f(x—enxx)=1[1-¢€nxx)-V]fx). (87)

Using n X x-V =e;;5n;2;Vy =n-x x V we find

Rne)=1—en-xxV=1—ien-L, (88)

where we defined
p = —iV (89)
L = xxp. (90)

Using integration by parts, and assuming that the surface term vanishes, it is easy to show that the operators V, are
antihermitian, i.e. (Vi f, g) = (f,—Vkg). The multiplicative operators xj are Hermitian and it is also straightforward

to evaluate the commutator [V;, ;] = d;;. It is left as an exercise for the reader to verify that the operators Ly, are
Hermitian and that they satisfy the commutation relations

(L, Ly] = ZZ eijk L. (91)

R(n,¢) = e "L, (92)

If we choose a n dimensional (orthonormal) basis {|i),7 = 1,...,n} in the space V we may represent the operators R
and Ly by n dimensional matrices. For rotations we will denote these matrices as D(R). By definition

Dyj(R) = (il R|). (93)

We also use the notation D(n, ¢) = D[R(n, $)]. The unitary matrices D(R) are a representation of SO(3), since
R(n1, ¢1)R(n2, ¢2) = R(ns, ¢3) (94)
implies
D(ni1, ¢1)D(n2, ¢2) = D(ns, ¢3). (95)

This representation may be reducible. That is, it may be possible to find a unitary transformation of the basis that
will simultaneously block diagonalize the matrices D(R) for all R.

II. TRREDUCIBLE REPRESENTATIONS

Suppose we can divide the space V into a subspace S and its orthogonal complement 7, i.e. S @® 7 =V, such that
for all ¥ € S and for all R(n, ¢) we have R¥ € S. In this case S is called an invariant subspace. Since the operators

]:{ are unitary 7" must also be an invariant subspace. If not, we could find some f € T and g € S such that for some
R we would have (g, Rf) # 0. However, that would mean that (R~'g, f) # 0, which is in contradiction with S being
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an invariant subspace. Thus, if we construct a basis {|i),i = 1,...,n} where the first m vectors {|i),i = 1,...,m}
span the space S and the vectors {|i),i = m+1,...,n} span the space T we find that all matrices D(R) have a block
structure. . .

Suppose some Hermitian operator A commutes with all operators R(n, ¢)

[4, R(n,¢)] = 0. (96)
Let S\ be the space spanned by all eigenvectors f; with eigenvalue A
Afi = M. (97)
For each each f € S\ we find that g = R f also has eigenvalue A
Ag=ARf = RAf = \g, (98)

i.e., g € S, which shows that Sy is an invariant subspace. In order to find an operator A that commutes with each
R 1t is sufficient to find an operator that commutes with Ll, Lg, and L3
From the commutation relations of L; we can show that the Hermitian operator

L2 =13+ 13+ L2 (99)

commutes with il,ig, and Ls. It turns out that the commutation relations also allow us to derive the possible
eigenvalues of L2 and the dimensions of the subspaces. Furthermore, within each eigenspace of L? we can construct
a basis of eigenfunctions of the Ls operator and we can even derive the matrix elements of all operators Ly in this
basis. We summarize this general result:

A linear (or Hilbert) space V which is invariant under the Hermitian operators jl,z = 1,2,3 that satisfy the
commutation relations

Ui dj) =Y €ijrin (100)

k

decomposes into invariant subspaces V7 of j2 = 512 + j§ + 332, The spaces V7 are spanned by orthonormal kets

|j7m>7 m = _ja"'uja (101)

with
7Plim) = §( + Dlj,m), (102)

with
jr = jitij (105)
Ci(j,m) = Vi(G+1)—m(m=£1). (106)

The j’i are the so called step up/down operators.
The proof of the existence of basis (101) is well-known. Briefly, the main arguments are:

e As [j2, 3] = 0, we can find a common eigenvector |a, b) of 52 and j3 with j2|a, b) = a?|a,b) and js|a,b) = b|a, b).
Since it is easy to show that j2 has only non-negative real eigenvalues, we write its eigenvalue as a squared
number.

e Considering the commutation relations [Js, j+] = £J+ and [;2, j+] = 0, we find, that j2j|a,b) = a2], |a,b) and
Jsj+la,b) = (b+1)ji|a,b). Hence ji|a,b) = |a,b+1)

o If we apply 74 now k + 1 times we obtain, using ]1 = j_, the ket |a,b+ k + 1) with norm
(a,b+k|j_jila,b+k) = [a® — (b+ k)(b+k+ 1)){a,b+ kla, b+ k). (107)

Thus, if we let k increase, there comes a point that the norm on the left hand side would have to be negative
(or zero), while the norm on the right hand side would still be positive. A negative norm is in contradiction
with the fact that the ket belongs to a Hilbert space. Hence there must exist a value of the integer k, such that
the ket |a, b+ k) # 0, while |a,b+k + 1) = 0. Also a® = (b+ k)(b+ k + 1) for that value of k.
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e Similarly [+ 1 times application of j_ gives a zero ket |a,b—1— 1) with |a,b—1) # 0 and a®> = (b—1)(b—1—1).

e From the fact that a®> = (b+k)(b+k+1) = (b—1)(b—1—1) follows 2b = [ — k, so that b is integer or half-integer.
This quantum number is traditionally designated by m. The maximum value of m will be designated by j.
Hence a? = j(j + 1).

e Requiring that |7, m) and j1|j,m) are normalized and fixing phases, we obtain the well-known formula (105).

Summarizing, in V we have the basis {|j,m),j = 0, 1 5,1,...;m=—j,...,j} Not all values of j need to occur in a
given space V. The angular momentum operators are diagonal in j, and their matrix elements are
(Gm'|72lim) = 30+ 1)dmm (108)
TRy 1 ) )
(g jaljm) = 5 [C+ (G m)om mar + C= (G, m)Sms m—1] (109)
A 1 . )
(gm/|jzljm) = =i5 [C+ (G m)om m+1 = C=(G; m)0ms,m—1] (110)
(Gm’|jslim) = mOmim. (111)

A. Rotation matrices

The rotation operators in V are, by definition
R(n,¢) = e~™i, (112)
The matrix representation D(R) is block diagonal in j. The matrix elements of the diagonal blocks D’ are

Di,,(0,) = (jk|R(n, ¢)|jm). (113)

Thus, for a rotated vector we have
R|jm) = |jk)(kIR|jm) = Y |jk) D}, (R). (114)
k k

The matrix elements of the rotation operator themselves can act as functions on which we may define the action of a
rotation operator according to Wigner’s convention:

RiD?  (Ry) = D7, (R Ry) = ZD D7, (Rs). (115)

Here we used the general property of representations that D(Rle) = D(Rl)D(Rg). When we compare this result

with Eq. (114) we find that the function D] (R) almost behaves as a ket |jm), except that the inverse of Ry appears.
This can be remedied by starting with the Complex conjugate of a D-matrix element:

R, D)™ ZD THD7E (Ry) ZDJ’% Ry)D? . (Ry). (116)

where we used another property of representations: D(R~') = D(R)™!.

Many properties of D-matrices are independent of the parameterization that we choose. However, if we do need a
parameterization, the Euler parameters are very useful, since they allow us to factorize any D-matrix in D-matrices
depending on a single parameter:

D[R(a, 3,7)] = D[R(es, ®)|D[R(es, 8)| D[R(es,~)] = D(es,a)D(es, 3)D(es, 7). (117)

With the procedure for exponentiating an operator described in Section I B it is straightforward to derive
D, (e3,7) = (jkle™"|jm) = e~ 6. (118)
To find D(ez, 3) we must exponentiate —i/37; 390 where jéj ) is the matrix representation of j» in V7. Note that this
matrix is real. Usually it is denoted by d’(8) = D7 (eq, 3) so that we have

Dfnk(aaﬁﬁ) = e_imadfnk(ﬁ)e_ikv- (119)
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For j=0,2 3, 1 it is not too difficult to carry out the exponentiation. For m = j,j —1,...,—j, i.e., the d;:j element in
the upper left corner we find

dB) =1 (120)
8 B
dl _ COS 5 —SIn 5 121
* () ( sin é cos g (121)
14cos3 _ sinB 1-—cosf
E Vi o2
B = “\‘/‘Eﬁ cos 3 —“\I/liﬁ ) (122)
1—cos 8 sin 8 14cos 3
2 V2 2

There is also a general formula:
(_1)k—m+s(cos 5)2j+m k—2s (sm ﬁ)k m+2s

(G+m—s)sl(k—m+s)(j—k—s)!

dl,.(8) = (G + B — kG +m)( —m)]2 > (123)

S

)

where s takes all integer values that do not lead to a negative factorial.
Several symmetry relations can be derived for D matrices. From the Euler angles of the inverse of a rotation Eq.
(79) we have

D(_’Y? _ﬂa_a) :D(_’Y_Fﬂ'aﬂa_a_ﬂ-)' (124)
For a =~ = 0 this gives
)y (=5) = 7T (B)eT = (=)™ Fd], (). (125)
Note that m — k must be integer, hence (—1)~™** = (—1)™~*. Since d’ is real
i, (=) = di, (8) = (1) " d],.(5). (126)
From the explicit formula for the d’ matrix we see

From the last two equation we derive

DI (R) = (-1)F D7, (R). (128)

—k,—m
If 7 and j' are both either integer of half integer, the D matrices satisfy the following orthogonality relations
27 27 871'2
/ da/ smﬁdﬁ/ dry D]’ ,v)D? ,k/( Byy) = mémmf5kk/5jju (129)

This follows from a generalization of the great orthogonality theorem for irreducible representations in finite groups.
The integrals can also be evaluated without knowledge of group theory. Here, we just point out that the &, and
Or follows directly from integration over the angles a and ~.

From Eq. (116) we know that D?” (v, 3) transforms as |[jm). For k = 0 (and thus, necessarily j = [ is integer) we
define

Cim (0, ¢) = DL (,6,0), (130)

which are spherical harmonics in Racah normalization. From Eq. (129) we find

2w T
4
/ d / sin 0dOCT, (0, 3)Crrms (0, 6) = —— 8 s G111 (131)
0 0 20+1
Thus, the relation with spherical harmonics in the standard normalization is
20+1
lem(9=¢) = Clm(e (b) (132)

v
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Also setting m to zero gives us Legendre polynomials

Py(cos ) = dfyy(0) = Cio(6, ¢). (133)

We also define the regular harmonics,
R (1) = r'Cipn (7), (134)
where v’ = (z,vy, 2) = r(cos ¢sin 0, sin ¢sin 6, cos ), and 7 = (6, ¢). From the explicit formulas for D° and D! we find
RQ@(I‘) =1 (135)
Ryi(r) = —%(x +iy) =741 (136)
RL()(I‘) = Z=T79 (137)

1

Ry _1(r) = —(x—1y) =r_1. 138
1,-1(r) \/5( Y) 1 (138)

The 741,79, and r—_; are the so called spherical components of the vector r. They are related to the Cartesian
components via the unitary transformation

T4 1 -1 - 0 T
r=|r | = 3 0 0 V2 y | =5Tr. (139)
T_ 1 = 0 z

We put in the transpose so that for row vectors we get ¥ = r’S. We now compare the rotation of the Cartesian and
the spherical components of a vector. In Cartesian coordinates we define

r=R(n,¢)r', =17 =r"R(n,¢) (140)

and for the spherical components we find

R(0,6)Rim (r) = Rim[R(1,6)"'r] = Ry (t') = Y R (v) D}, (0, 9). (141)
k

For [ = 1 this gives ¥'7 = 7 D!(n, ¢), so that
¥ =rTS =r"RS =" SD, (142)
which gives
R=SD'S". (143)
We recall that the components of an angular momentum operator transform as the Cartesian components of a row
vector [see Eq. (59)]. Thus, if we define jl(tl) => jiSm, with p = +1,0,—1, i.e.,
I = _\/g(jl +idy) (144)
=, (145)
JO = \/g (Jy — i) (146)

we obtain

R(n,¢) P R(n,¢)t = JiV DL, (n, 9). (147)
k
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IIT. VECTOR COUPLING

In quantum chemistry one usually writes a two electron wave function as, e.g., 1, (r1)¥s(r2) — g (r2)ts(r1). When-
ever convenient, we will use tensor product notation where, by definition, we keep the order of the arguments fixed,
so that we can drop them, and we write ¥, ® ¥, — ¥y ® 10,. For two linear spaces V; and V5 with dimensions ny, na,
the tensor product space Vi ® Vs is a ny X ny dimensional linear space which contains the tensor products f ® g, with
f €V and g € V,. For a complete definition me must point out when two elements of V; ® Vs are the same:

Aeg = faAg) =Af®g) (148)
(f+9)@h = feh+g®h (149)
felg+h) = f@g+ f@h (150)

For linear operators A and B defined on V; and Vs, respectively, we define
(A® B)(f ® g) = (Af) ® (Bg). (151)

Thus, (Vz + V) f(z)g(y) written in tensor notation becomes (V@I +I®V)f ®g.
The scalar product in the tensor product space is defined in terms of the scalar products on V; and Vs by

(f1 ® g1, fa ® g2) = (f1, f2)(91, 92)- (152)

If we have an orthonormal basis {e;,i = 1,...,n;} on V; and an orthonormal basis {f;,7 = 1,...,n2} then
e, ®f;,i=1,...,n1;5=1,...,n9} forms an orthonormal basis for V1 ® V,. Clearly, we have

(ei X fj,ei/ ® fj/) = (ei, ei/)(fj, fj/) = 5ii’6jj" (153)

If the matrix elements A;; = (e;, Ae;) and B;; = (f;, Bf;) are known, we can easily compute the matrix elements of
the tensor product A ® B in the tensor product basis

(ei ® fj, [A ® B]ei/ (9 fj/) = (ei ® fj, Aei/ & ij/) = (ei, Aei/)(fj, ij/) = Aii/Bjj/. (154)
Let Afl = )\le and ng = K95, then
(Aol+IeB)(fi®g)=Afi©lg +1fi®Bg;j=\fi© g+ pifi © gj = (N + 1)) fi @ g5, (155)

i.c., the functions f; ® g; are eigenfunctions of the operator (A ® I + I ® B) with eigenvalues (\; + /).

From the Taylor expansion of an exponential one can prove that, for scalars, e¢t? = e%?. Since functions of
operators are defined by the series expansion this relation also holds for operators that commute. It is readily verified
that the commutator

Al I® Bl =0 (156)
and so we have

CABIHI®B _ (A g B (157)

A. An irreducible basis for the tensor product space

Let us assume that V71 and V72 are spaces spanned by the bases {|j1,m1),m1 = —j1,...,51} and {|j2, ma), ma =
—Ja2,...,j2}, respectively. All that we need to construct an irreducible basis for the tensor product space is a set of
three Hermitian operators that satisfy the angular momentum commutation relations. It is not hard to verify that
the operators

Ji=j9l1+10j, i=1,2,3 (158)

satisfy these conditions. Since we have explicit expressions for the matrix elements of jz in the bases of V! and V72
we can easily calculate the matrix elements of the operators J; in the so called uncoupled basis

[jimijame) = [jima) @ [jame), mi = —j1,..., 515 M2 = —Ja,..., Ja. (159)
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We could then proceed by (e.g., numerically) diagonalizing the operator J? = j2 + j2 + j2 to find the (2J +1)
dimensional eigenspaces S; of J<. J2. Within each space S it should be possible to find an eigenfunction of Js with
eigenvalue M = J. With the step down operator J_ = J1 —iJy we could then find the other eigenfunctions of Js.
We denote these simultaneous functions of J2 and Js by |(jij2)JM), M = —J, ..., J, where the (jij2) indicate that
it is a vector in the tensor product space.

We may expand these functions in the uncoupled basis

|(j1j2)J M) Z Z [jimajama) Gy, (J172)- (160)

mi=—j1 ma2=—j2

With the proper phase conventions the expansion coefficients are real and they are known as Clebsch-Gordan (CG)
coefficients. In Dirac notation they can be written as a scalar product (jimqjama|(j1j2)J M) which is usually simplified
to (jimijama|JM). )

It may not come as a surprise that we do not need a numeric diagonalization to find the eigenvalues of J 2 and
the CG coefficients. First we point out that the uncoupled basis functions are already eigenfunctions of J3, with
eigenvalues M = mj + mg. The largest eigenvalue that occurs is M = j; + j2, corresponding to the eigenvector
|7141J272). Thus, there must be an invariant subspace S; with J = j; 4 j2. This must be the largest possible value
of J, since otherwise a larger eigenvalue of Js would occur. For M = J — 1 there is a two-dimensional space of
eigenfunctions of J3, spanned by the functions |j1j1j2j2 — 1) and |j1j1 — 1j272). We know that the space S; contains
precisely one eigenfunction |(j1j2)JJ — 1), so the other component of the two-dimensional space must necessarily be
an element of Sy_;. If we carefully continue this procedure we find that each space S; must occur exactly once and
that J = j1 + ja, 71 +j2 — 1,...,|j1 — j2|- It is left as an exercise for the reader to verify that if we add up the
dimensions of the spaces S; we get (2j1 + 1)(2j2 + 1), i.e., the dimension of V7t @ V72, Thus, the coupled basis for
Vi1 @ V72 consists of the functions

|(Jrje) M), J = |j1 — jo|,- .- g1 +Jo, M=—J,...,J. (161)

The CG coefficients are the matrix elements of the orthogonal matrix that transforms between the uncoupled and the
coupled basis, thus we have the following orthogonality relations

> (IMjimagama)(jimajamal J M"Y = 655 0mm (162)
ml,m2
> Gimagama| TM) (T M |jymy jomb) = Gy Smams (163)
T M
and we may invert Eq. (160)
J1+72
imajama) = > Z (J1J2) M) {J M |jimajama). (164)

J=lg1]=1j2| M=

Recursion relations for the CG coefficients can be obtained by applying the step up/down operators to Eq. (160).
On the left hand side we get

Je|(j1j2) M) = |(jij2) M £ 1)Chy; (165)
= > livma)ljama) (jrmagams| TM £ 1)CFy, (166)
mima

and on the right hand side

Z J|jima)|jama) (jima jama| J M) (167)
mim2
= Z [lj1ma £ 1) [jama)C5 + [jima) ljama £ 1)CE, | (jima jama| JM) (168)
mimsa
= Y lhma)liama) [Cfr oy i F Ljamo| JM) + C3 2y (Gimajoma F 1| TM)] (169)

mima2
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In the last step we used

Z |‘71m1 + 1 J1, ml Z |'71m1 J1 mlel’ (170)

which is correct, assuming the range of summation is alway chosen to include all allowed m; values. Combining Eqs.
166 and 169 we obtain the recursion relations

C§M<j1m1j2m2|JM + 1> = Cji1m1$1<-71m1 + 1]2m2|JM> C JamaF1l <j1m1j2m2 + 1|JM> (171)
For the upper sign with M = J we get
0= C}tm171<j1m1 — 1]2m2|JJ> + C Jomao— 1<j1m1j2m2 - 1|JJ> (172)

By convention we take (j1, j1,j2,J — j1|J, J) real and positive. After normalization according to Eq. (162) this fixes
(j1majama|JJ). The other values | JM) elements are obtained by using the lower sign. For J = M = 0 this procedure
gives
) ) (_1)j1*m1
(j1m1j2m2|00) = w%jﬁml,—mr
It is straightforward to construct an irreducible basis in a higher dimensional tensor product space. E.g., in
Vit @ V2 @ Vis

(173)

[Grd2)gsl IMy = > |jvma)ljama)ljsma) (jimajams| jama) (jamagsms| JM). (174)

m1m21msamaq

transforms like |JM). For |JM) = |00) and substituting Eq. (173) we construct a so called invariant function

: . . . . . (_1)j3+m3
ma) | j2me)|jsms) (i jama| s — ms) ~—em—. 175
ml%;ms l71m1)|jama)|jzams) (j1ma jama|js 3) e (175)
This motivates the definition of the 3jm—symbol
J1 J2 s _ (_1)j1—j2—m3 ' ' '
T V24l —ms). 176
( mi M2 M3 ) 23 + 1 <]1m1]2m2|]3 m3> ( )

The phase convention makes the symmetry properties of the 3j symbol particularly simple: permuting two columns
or changing all the m; to —m; gives an extra factor (—1)7172%32 Thus, cyclic permutations of the columns leave the
37 unchanged.

(Ja 2 Js ):(_1)j1+j2+j3(_jl 2 s >:(_1)a‘1+a‘z+js(j2 7 j3) (177)

myp mz ms3 myp —m2 —m3 m2 mip ms3

etc. From the inverse relation

<j1m1j2mz|j3m3>=(—1)j1‘j2+m3\/2j3+1(]1 /2 J3) (178)

myp mz M3

one can find how awkward the corresponding symmetry relations for CG coefficients are. Of course, a rigorous
derivation of these symmetry relations must start from the recursion relations of the CG coefficients.

B. The rotation operator in the tensor product space

The rotation operator in V7' ® V72 is given by

R(n,¢) = el (179)

and when operating on the coupled basis functions it gives
R|(jrj2) M) = Z| J142) TK) Dierr (R) (180)
= Z lj1k1)|j2k2) Z<j1klj2k2|JK>DlJ(M(R)' (181)

ki1k2
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Using the rules for manipulating tensor products of operators derived above we find

emiend _ o=idnj1 g eii¢“'3—2, (182)
which we may write symbolically as R=R®R. Thus, the uncoupled basis functions rotate as

(R® R)|jima)ljomz) = Y |jrk1)ljoke) DY), (R)DE2,,, (R). (183)
k1ko
Together with Eq. (164) this gives
D (RDE, (R) =" (jikijoka| JK){(jimajama| JM)Dipr(R). (184)
JKM
This is a remarkable useful equation. E.g., it allows us to verify the orthogonality relations Eq. (129) and to find

27 T 27 2
. % 8T
| da [ sinpds [y Dl B Dy, (0050 Dl (0087 = 5 G damal JM) G ks akal TK).
0 0 0
(185)

If we take the complex conjugate, set K = k1 = ko = 0, and eliminate the integral over the third Euler angle, we find

4dr

27 ™
‘/0 d¢/0 sin edHCZM((bv e)cll mi (97 (b)clzmz (97 ¢) oL +

<llm112m2|LM><110120|L0> (186)

We also may derive the recursion relation for Legendre polynomials from the explicit expressions for d’ with z = cos 3

Py(z) =1 (187)
Pi(z) = 2. (188)

From Eq. (184) with m = k=0 and j; = 1 and j; = [ we derive a recursion relation for the Legendre polynomials

Pi(2)Pi(z) = Y _(1010|L0)*Py(2) (189)
L
= (1010]1 4 1,0)? Py 1(2) + (1010]l — 1,0)*P,_1(2) (190)
[+1
= —Ph P 191
s @)+ g Pale), (191)
ie.,
_ 22U+ D R(2) — 1P (2)
Pia(z) = 1 (192)
2 _
Po(z) = 0 ! (193)
Suppose the angular part of a wave function is given by
= Z aim Cim (0, @) (194)
lm
and we are interested in the spatial distribution
P(#,6) = V0.0 = Y 0}, 0smsCiin, (0:0)Ciamy (0, 9). (195)
l1m1l2m2
First, from Egs. (128) and (130) we find
From Eq. (184) we have
(_1)mlcl1—m1 (7)Clam, (97 ¢) = (_1)m Zal? —ma, o, m2|LM> <110l20|L0>CLM(97 (b) (197)

LM



18

thus,

P(0,¢) = Z Af' Oy mo (— 1) (l1, =, I, ma | LO) (110020| LM )Cr s (0, ¢). (198)

lllzmlmgLM

For a pure state, ¥(6, ¢) = Cpn (0, @)

P(0,6) = D lawm|*(=1)" (1, —m, 1, m|LM)(I0I0|LO)Ca (6, §) (199)
= laim|*(=1)™ (I, —m, 1, m|LO)(I0I0| LO) Py (cos 6). (200)
L

It follows from the triangular conditions for (I0{0|L0) that L runs from 0 to 2{. Furthermore, a CG coefficient is zero
if all the m’s are zero and the sum of the I’s is odd (prove this using Eq. (176) and the symmetry properties of 3jm
symbols) so L must be even.

C. Application to photo-absorption and photo-dissociation

The transition amplitude in a one-photon electric dipole transition between two states is proportional to the matrix
elements of the operator T' = e - u, where e is the polarization vector of the photon and p is the dipole operator. A
scalar product can be written in spherical coordinates

e = Z ymed), \/_Ze(l () (1—m1m|00) (201)

The spherical components of the dipole operator for a one-particle system are
Y (r) = qRim (r) = qrCum (7). (202)
The matrix elements of 7 in the basis W,m (r) = fr(r)Cin () are

Woti FWstn) = 320" [ A5, ()C1n(7)Clana () [ P2 i, (e s (208

m

= (=1 mAn 1,1y (lyma Im|lama) (1,010]120). (204)

m

For simplicity we assume that one component of e is 1, and the others 0. Since we want to focus on the angular part
of the problem, we drop the n quantum numbers and also we absorb the factor (1;010|/20) into A;,;,, so that we get

<l1m1|T|lgm2> = Al1l2 <llm11m|l2m2>. (205)

Thus, we can write the (angular part of) the operator T as

T = Z Alllz|llm1><lgm2|<llm11m|lgm2>. (206)

limalama

D. Density matrix formalism
A quantum mechanical system can be completely described by its density operator

) = Z |Wi)pi (Wil (207)

where the p; are the probabilities of the system being in the state |¥;). To every observable some Hermitian operator
A corresponds and the mean result of a measurement of this quantity is given by

(A) = Tr(pA) =Y (j1Waps (Wil Alj) = Y pi (Wil Alj) (] ¥5) sz Wil A|W5). (208)

Ji ji
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For example, measuring an angular probability distribution, as in the example above, corresponds to taking A= [7) (7],

which gives
Zpl \I/ | sz|\1/ (209)
A photoabsorption experiment is described by A = 3 f T|W ) (U 4|T which gives

A=Y pilWal Y TN TI0) = pil (0|70, (210)
! if

To determine an angular distribution after photo-excitation we take

A(F) = TP|#)(F|PT with P =" W) (], (211)
f
which gives
szl‘l’f P T|w) . (212)

Thus, in any case we need to evaluate Tr(pA) = Tr(pt A), since p is Hermitian.

E. The space of linear operators

Let |¢) be an orthonormal basis in V, i.e., (i|j) = d;;. In Dirac notation, any linear operator can be written as
A=) Aili) (. (213)
ij
Indeed, for the matrix elements we get

(kIAJl) = k|ZAU| Gl = Ay (214)

Thus we may think of

Tij = |i){J| (215)
as a “basis function” for the space of linear of operators and of the matrix element A;; as an expansion coefficient.
We define the “scalar product” between operators A and B as the trace of ATB, since that gives

TY(ATB)ZZUIATI i|B1j) ZA i (216)

completely analogous to (x,y) = >,z y;. We also have

Ay; = (T A) (217)
and
Te(T}, Tirgr) = G 65 (218)
Furthermore
Tr(A'B) = Tr(BTA)*. (219)
and
T = i)l = T (220)
A basis transformation |i)’ = R|i) gives
Tl = i)' (j| = BT (221)

One can easily verify that if Ris a unitary transformation on V, then Tl’J is again an orthonormal basis, i.e.,

Tr(T’UTl’/J/) = 8,057 Note that one may also think of Tj; as an element of V @ V*.
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IV. ROTATING IN THE DUAL SPACE

The dual space V* associated with the vector space V is the linear space of linear functionals on V. A linear
functional is a linear mapping of ¥V onto R or C. Every linear functional can be defined as “taking the scalar product
with some vector”. The dimension of V* is the same as the dimension of V and the dual of V* is V. In other words,

the dual space is simply the space where the Dirac bra’s live. If we have a basis {|jm),m = —j,...,j} in V, then
{{(jm|,m = —j,...,j} is a basis in V*, which we call the dual basis. Hermitian conjugation takes us back and forth
between V and V*, |im)T = (jm/|, (jim1|jama) = 8, ,0mym,, hence (|jm>c)Jf = (jm|c*.
Rotating the basis functions in V gives
jm)’ = R|jm) = Z jk) D1, (R (222)

where we used Eq. (128). By taking the Hermitian conjugate we find for the transformation of the dual basis

"(jm| = (jm|RT = "(jk| DLy (R) = (jkl(-1)*""D7, _ (R) (223)

k k

We notice two things. First, if we rotate the basis in V with R then the dual basis rotates with RT. Second, the
complex conjugate of the D matrix appears. We now try to find an alternative basis in the dual space that we can

rotate with the D-matrix, instead of its complex conjugate. First we by multiply both sides of the equation with
(17

(1) Gm|RT =Y (=1 TRk DY, (R) (224)
k
and then we change the signs of m and &

(=177, —m|RT = (=1)7*(j—k| D], (R). (225)

k

The reason that we multiply with (—1)7~™, rather than simply (—1)™ is that the former is also well defined if j is

half integer (for (—1)z one could take i as well as —i). In any case, we can now define an alternative basis for the
dual space

(| = (=1Y 77 (G, =m] (226)
that rotates as
GmIRT = (k| D], (R). (227)
k
We also introduce
i) = (=177, —m), (228)
which is a function in V that rotates like (jm)|
R|jm) = Z |jk)DL* (R (229)

We may use the m notation whenever convenient, e.g.
(rmagemma| M) = (=1)27"2(j1,ma, jo, —mo| JM). (230)
We note that the so called time reversal operator O is defined as
Oljm) = |jm). (231)
We will not use this operator, but we just point out that it is defined to be anti linear

OAT) = \*O| D). (232)
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A. Tensor operators

We recall Eq. (180), where we inserted the resolution of identity,

(R R) Y ljima)ljama) (imajama| M) = > |jiky)ljzk2) Dit . (R)DE . (R)(jymajama| JM) (233)
mimsa mimakika

= | D livkn)ldake) (rkgakel JK) | Dicpr(R). (234)
K k1ko

This suggest the definition of the operator

Tom(ga) = Y ljima)(joma| (jima joma| TM), (235)

mima2

which rotates exactly like a |JM). Completely analogous to Eq. (233) we find

THG (i) = RTym(jrja) R (236)

= Y Rljima) (Gama| R (jima jama| JM) (237)
mimsa

= Y ik (aka| D, (R)DE . (R)(jimyjama| JM) (238)
mr’ngk&kg

= > > ljrka) (aka| (i krjake| JK) Dipp (R) (239)
K kike

= ZTJK(j1j2)D}]<M(R)- (240)
K

The operators |j1m1)(j2™2| constitute an orthonormal operator basis since

Tr([|juma) (o)) |j1mh) (Ghma]) = 8,516 4uj1 0mmt O, (241)

and from the orthogonality relations of the CG coefficients we find

Te(Tyar (G172) " Toaw (3135) = D (imagemal JM) (jrmajamal J'M") = 815:6am:65, 51 5oy - (242)

mima

Thus, if we expand the operators A and B as

A= " Ay(r2)Tr(rja) (243)
JMj1j2
B = Y Byu(j2)Tra(jije) (244)
JMj1j2
we find for the scalar product
Tr(ATB) = Y A%y (jrda) Bom (jrda)- (245)
JMj1j2

This is our main result. The outcome of any experiment can be written as
Te(p'T) = > phar(iri2)Tone (Gij2) (246)
JMj1j2

Since the components of T' are known for a given experiment, this equation shows immediately what information
about the system, i.e., the density matrix p we can obtain.
Any operator that can be written as

Apne =" a5, T (jrj2) (247)

J1J2
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is called an irreducible tensor operator. It rotates like

RA;mRY = Z Ay DY (R) (248)
K

and its matrix elements are

<jm|/1m|jm’>—ajj/wwﬂ)(—l)j—m(j J j') (249)

-m M m

This result is known as the Wigner-Eckart theorem. The coefficient a;; is called the reduced matrix element and it

is often written as (j||A|[5').
Gerrit C. Groenenboom, Nijmegen, November 1999

Appendix A: exercises

1. Derive the second equality sign in Eq. (22).
. Show that N3 = —N (Eq. 41).

. Do the summation in Eq. (44).

= W N

. Show that e~%P|z), is an eigenfunction of &, using only the definition #|x) = x|r) and the assumption that &
and p are Hermitian operators with the commutation relation [Z, p] = ¢. What is the eigenvalue?

5. Derive the following relations for the Levi-Civita tensor (Eq. 68)

€ijkCijikr = OjjrOkkr — Ojks Ojr (250)
CijkCijkr = 20Kk (251)
€ijk€ijk = 0, (252)

where we used Einstein summation convention: summation over repeated indices is implicit.

6. Show that
xx (y xz) = (x,2)y — (X,y)z. (253)

7. Using the last equation verify Eq. (64).

8. Derive Eq. (51). Hint: work out det(U[xyz]) in two ways, or use the Levi-Civita tensor.

9. Show that
B(t) = e!4Be 4 (254)
satisfies the equation
d
B(0) =B, —B(t)=1[4,B(t)] (255)
and therefore
t
B(t)=1B +/ dr[A, B(1)]. (256)
0

Solve the last equation by iteration to derive Eq. (60)

10. Show that Y7212 (274 1) = 2j1 + 1)(2j2 + 1). Hint: draw a grid of points (m1, ms) with m; = —j; ... j.
J=|j1—7j2|

11. Compute the d2 (3) matrix [Eq. (121)].



