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Exercise 1. Irreducible Tensor Operators: Wigner-Eckart Theorem.

Tensor operators can be seen as a set of operators that collectively transform into each other in
a specific way under rotations of space. (For example, the components of a vector observable
transform into each other under rotations like those of a usual vector in R3.)

Formally, a collection of 2k + 1 operators Tq(k) (with & > 0 integer and ¢ = —k, —k+1,...,k)
form an irreducible tensor operator of rank k if they satisfy the following commutation relations
with the total angular momentum J of the physical system:

[T, T = hq TP (1)
e T = h/k(k+1) —qlg + 1) T, 2)
o TP = h/k(k+1) —qlg — DT, . (3)

The Wigner-Eckart theorem, which will be proven in this exercise, states that the matrix elements
of any such tensor operator are actually proportional to the Clebsch-Gordon coefficients. That
is, if {|n,j,m)} is a standard basis of common eigenstates to J* and .J,,

(n,j,m| T [0/, j',m') = a- (', ksm q|5,m) (4)

where the proportionality constant a only depends on n,j, k,n’,j' (and not q,m,m’) and is
usually written in the form:
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(a) Show that a scalar observable is an irreducible tensor operator of rank k& = 0, and that
the three standard components of a vector observable are the components of an irreducible
tensor operator of rank k = 1. Show that the angular momentum operators J;, J,, J, are
themselves a vector observable.

The standard components of a vector observable V' are

1 1 .
v =, (7)
v =L i) (8)

Hint. A scalar observable is invariant under rotations. A vector observable V' transforms like a
vector under rotations of space, i.e. V' = R™1V. Consider infinitesimal rotations and remember
that the rotations are generated by the J operators.

Solution. An observable generally transforms under a rotation R as
A' = RAR" . (L.1)

(We have simplified the notation by identifying the unitary action of the group element on the observable to
the group element R itself.)



Recall that rotations of space (by an angle a about an axis u) are generated by the angular momentum
operators,

R=e hod™ (L.2)
which for infinitesimal da yields
Ru(da) ~ 1 — %daJ ‘u. (L.3)
Equation (L.1) then becomes
' (1- tdad. lda g u)~a_ L :
A~ (n LdaJd u) A (1 +dag u) A= 1dal] u,A]. (L.4)

Now consider a scalar observable A, i.e. A" = A for any rotation R, (da). Appropriate choices of w in (L.4)
give respectively

which in turn implies, by definition of J+ = J, +1iJ,,
[J+, Al =0, [J-,A]=0. (L.6)

Let V' a vector observable, that is, for any rotation R,

V =R'V. (L.7)
(this R is the 3 x 3 matrix that rotates the components of the vector, not to be confused with the rotation
operator (L.2) that acts on operators.)

Consider an infinitesimal rotation about the Z axis and look at V,. On one hand side, eq. (L.1) applies,
giving thanks to (L.4),

VAV, — %da[Jz,Vz] ; (L.8)

however on the other hand the three components of V' have to transform according to (L.7), giving
Vy &V, +daV, . (L.9)
We see from these two equations that (with da — 0)

[J., V] = ihV, . (L.10)

A similar consideration with rotations about other axes reveal more generally
[Ji, ‘/]] = z‘hel-jka . (L.ll)

This can also be derived directly generally by writing (L.9) for a general rotation as V = V 4+ da (u x V)
and comparing with (L.4).

Let’s consider condition (1). Using (L.11),

[,V =[J.,V.] =0, (L.12)
1 .
[J., V] = % ([Jz, V] i [, Vy]) =+rv (L.13)
ihV, — AV
(L.14)

Similarly, condition (3) for Vi(l) becomes

oy Loy v = L (4 _~ TR
[, v{ ]_ﬁ[Jz sz,Vzisz]—\/ﬁ(iz[JmVy] Z[Jy,vz])_ 75 (V) V) (L.15)
ihV, —ihV,

which correctly yields [J_, Vf)] = hi/2Vp and [Jy, VS>] = 0; for V") this condition gives us

(-, V) = [Ja, V2] =i [Jy, V2] = B(Va — iV,) = iv/2 VD (L.16)
—— ——
—ihVy ihVy



Similar considerations show the condition (2).

We have seen that a vector observable V' satisfies the commutation relations (L.11). Conversely, we will
show that any triplet of observables V' that satisfies those commutation relations is a vector observable.

Write thanks to (L.4)

i _
RVjRT%Vj—ﬁdocZui[J,-,Vj]:Vj—&-dauiaijka:Vj—doc(uXV)j o~ RV (L.17)

which is an infinitesimal rotation of the components of V' about the axis w. (On the left hand side of (L.17), R
is the operator given by (L.2), wheras on the right hand side R is the 3 x 3 matrix representing the rotation
of the components of the vector.) This shows that any triplet of observables satisfying the commutation
relations (L.11) is a vector observable. In particular, the J operators themselves are a vector observable.

Alternatively to (L.17) one could have written

RV;R' =~ V; — %da D ouildi Vil =V +dauicipVi = [(1-daT u) V], = [RT' V], (L.18)

where T' are the triplet of 3 x 3 matrices which generate the SO(3) rotations, ()it = —ejix and R =
daT-u
e .

k)

An alternate definition for a collection of operators Tq( to be an irreducible tensor operator

is that they transform under rotations as

k) pt _ (k) po(k)
RTM R ZquTq , (9)

where Dg?m = (j,m'|R|j, m) are the matrix elements of the rotation in the standard angular
momentum basis.

Show that objects Tq(k) that transform as (9) fulfill the commutation relations (1)—(3).

Solution. Consider a collection of operators Ték) that transform according to (9). For a rotation by an
infinitesimal angle do about an axis w, we have

RTM R =3 DI T ~ 3 (kg | (1= 5 dad -u) [kq) T =T — 2 da Y~ (kq'| T - ulkq) TS

/

q’ q’ q
(L.19)
where we have used the fact that R = e~ # 4 7%,
On the other hand, we have from (L.4) that
RT™ Rt ~ T — %da T u, TV (L.20)
and by comparing with (L.19) and in the limit da — 0,
[T, T = (kg | T ulkq) T . (L.21)
q/
Choose first u along the Z axis to obtain
[ TP =Sk | L k) TS = ha(kd |kg) TS =S hqey TS = hq T . (L.22)

q’ q q’

Remember that J+ = J, £ iJ,. Taking a linear combination of (L.21) with u respectively along the X and
Y axes,

e, T{) = [T, TP £, TP = D (k' | (Je 2dy) [ka) Ty = Y (kd'| Tx k) Ty

/ /

q

_Z k' |kqr1)VE(k+1) —qlg £ )T = VE(k+1) —qlg = 1) T%, , (L.23)

q’

q

showing that (2) and (3) are equally fulfilled.

Let Tq(k) be the components of an irreducible tensor operator of rank k. Using (1), show

that (n, j, m|Tq(k) |n’, 7', m') is zero if m is not equal to g + m’.



Solution. By (1) we must have
ha(n, g, m| T | 7'’y = (n,jyml L, Tl ', 7' m') = (o, gyml| (BT = T8 ') o', 5, m') S (L.24)
such that
W(n, j,m| TS ',/ my (g —m+m') = 0. (L.25)
These matrix elements may only be nonzero if m = g +m/.
Proceeding in the same way with relations (2) and (3), show that the (25+1)(2k+1)(25'+1)
matrix elements (n, j, m|Tq(k) |n/, 7', m') corresponding to fixed values of n, j, k,n’, j’ satisfy

recurrence relations identical to those satisfied by the (2j+1)(2k+1)(25'+1) Clebsch-Gordan
coefficients (j', k;m/, q|j, m) corresponding to fixed values of j, k, j'.

Hint.  Recall the recursion relations for the Clebsch-Gordan coefficients for the addition of two
angular momenta |j1,m1) and |ja, ma) into a global angular momentum |J, M),

VI(J 4+ 1) = M(M — 1) (j1, jo;my, ma|J, M — 1)

= V101 + 1) —mi(m1 + 1) (j1, joyma + 1,ma | J, M)

/422 + 1) — ma(ma + 1) (j1, j2; ma, ma + 1| J, M) (10)
VI +1) = M(M +1) (j1, jo; m1, ma | J, M + 1)

= V101 + 1) —mai(my — 1) (j1, joymy — 1,ma | J, M)

+v/j2(j2 + 1) — ma(ma — 1) (j1, jo; m1, ma — 1|J, M) . (11)

Solution. Looking at matrix elements of (2),

aVk(k+ 1) = q(q+ 1) (n,3,m| T 0,5 m') = (n, j,m| [T, TS|, 5/ m)
= n(n,gym = 1] (ViG+ D) =m(m =D TL) o', f',m')

= gom| (TOVF G+ = m/ + 1) o', fm' +1), (L.26)

where we have used Ji = Jr, along with

Jxln, j,m) = m/j(G+1) —m(m £ 1) |n, jm 1) . (L.27)
Equation (L.26) leads to

\/](.7 + 1) - m(m - 1) (n,j,m - 1|Tq(k) \n’,j’,m')
= Vk(k+1) = q(g+1) (n,j,m| T, |n', 5", m')
VG D) = + 1) (n, g,m| T [, 5 m + 1) (L.28)

which are the same as the recursion relations for the Clebsch-Gordan coefficients (10).

Similarly, by looking at matrix elements of (3) we obtain relations similar to (11),

Vi +1) = m(m+1) (n,j,m+ 1T |0, 5", m')
= Vk(k+1) = qlqg— 1) (n,5,m|T", [, 5, m/)
+VI' G ) —m (! = 1) (n, j,m|TE |0/ 5 m/ = 1), (L.29)

Show that:
(n,j,m|TP |0’ j',m') = a- (§', kym/, q|,m)

for some « depending only on n, j,k,n/, 7.



Solution. We know that the matrix elements (n,j,m|T") |n’,5',m’) behave essentially like Clebsch-
Gordan coefficients, namely, they satisfy recursion relations (L.28) and (L.29), and to be nonzero they
must satisfy

m=q+m . (L.30)

The idea here is to show that once we have fixed the value of the “first” matrix element, then all the others
are proportionally determined by the recursion relations.

First consider the case where m = j. Equation (L.29) then becomes

0=vk(k+1)—qlqg—1)(n,jm=j|T" n',j',m)
VGG D) —m (= 1) (n,j,m =G| T |0/, i om/ = 1), (L.31)

such that
k(k+1) — -1

(o5, 1T |l 'y — 1y = kA D~ aa— ) (n, 5,31 T4ty In' 5, m') (L.32)

Vi'Gh 4+ 1) —m'(m —1)

In addition, equation (1..30) forces j = ¢+ m’' —1,ie. m' =j — ¢+ 1:

.. g k(k+1)—q(g—1) e (k o

<Tl,],] ‘Tq(k) |7’L/,]/,] - q> == \/;,/(]/ + 1) _ m/(m/ _ 1) <n’J’J|Tq<*)1 ‘TL/,]/,.] - q+ 1> : (L33)
This means that all matrix elements with m = j (spanned by ¢ = —k, ..., k) are uniquely determined by the

value of the first matrix element (n, j, j |T£’2) [n' 3,7+ k).

It is now left to show that all other matrix elements for general m # j are determined in a similar manner
by the same matrix element <n7j,j|T£]2) |n’,j',j + k). This can be seen with the recursion relation (L.28).

This relation allows to calculate any matrix element with a value of m = j — 1 by using only matrix
elements with m = j. Applying this relation recursively, one can uniquely determine all matrix elements
withm=35—-2,7—-3...

Since the recursion relations are linear, the matrix elements depend linearly on the value of the “first” matrix
element. The Clebsch-Gordan coeffients (5, k;m’, q|j, m) themselves can be obtained in this manner by a
suitable choice of the “first” coefficient. It follows that the matrix elements of Ték) have to be proportional
to the Clebsch-Gordan coefficients.

Use the Wigner-Eckart theorem to show that the state #[n, I, m) (where # =3, #;) lives in
the subspace of representations | — 1, [, and [ + 1 of SU(2). This is used in Section 2.3 of
the script.

Hint. Consider the dipole moment operators

Solution. The dipole moment operators are obviously the standard components of the vector operator 7.
They thus form an irreducible tensor operator of rank k = 1.

Matrix elements (n’,1’,m’|D{" |n,l,m) are given by the Wigner-Eckart theorem (4), and thus non-zero
matrix elements may only be those for which the Clebsch-Gordan coefficient {I,k = 1;m, g|l’, m) does not
vanish. This is only the case if I’ =1 —1,1,1+ 1.

Matrix elements (n’,l’,m’|#|n,l,m) are just appropriate linear combinations of the same matrix elements
of the different Dél)’s, so they also vanish if I’ #1 —1,1,1+ 1.



