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There are five point symmetry groups in three dimensions with order 6. In Schénflies
notation, they are denoted Cg, Csg,, Cs,, D3 and Sg.

(a) Counting the identity as a rotation, how many rotations do each group have?
How many reflections? How many rotoreflections?

We will examine each of the five groups in turn.

Co

This is the cyclic group of order 6. In 2D, this is the symmetry group of a regular hexagon
with directed sides. Clearly this group contains the six rotations around the center of the
hexagon, call them ¢!, i =1,2,...,6. Taking ¢ = ¢! to be the smallest non-zero rotation,
this must be a rotation of 2n/6. A general rotation by 2n/6 x i is then indeed ¢!, where
the superscript can now be interpreted as a power. In particular, ¢® = e. Thus a full
rotation of 2r is the same as doing nothing.

Since the hexagon have directed sides, no mirror planes perpendicular to the plane of
the hexagon exist. Because we consider the hexagon to reside in 2D space, the plane of
the hexagon must not be considered a mirror plane. We conclude that this group consists
purely of the rotations, and hence its presentation is

062{0‘66:6}.
The group is thus generated by a single element ¢, which is exactly what is meant by a
cyclic group.

To summarize, the group contain only rotations and thus no reflections and no
rotoreflections. We may write this summary as

rotations : e, c, 2 3t (6)
Cg = « reflections : (0)
rotoreflections : (0)
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CBh

The name of this group implies that it is constructed by appending a “horizontal” reflection,
call it oy, to the group Cs, where C; is analogous to Cg, but replacing the regular hexagon
with a regular (equilateral) triangle, still remembering to make the sides directed. To
append the reflection o}, we now embed the triangle in 3D space, giving the triangle
an upper and a lower side. If these two sides are similar, reflection in the plane of the
triangle itself is a new symmetry, which is the one we associate with o},. Now that we are
dealing with 3D space, we might as well make the geometrical object 3D as well. This
can be done by simply extruding the triangle along the newly added dimension. Thus the
set of elements {c, ¢2, ¢ = e, oy, }, where ¢ is now a rotation by 2r/3, is a subset of Cgj,.
As this is supposed to be a group of order 6, we miss 2 elements. That is, our set of 4
elements is not closed under composition, and thus do not form a group. The remaining
2 elements can then be constructed from ¢ and oy,. Geometrically it is clear that doing
a reflections and a rotation results in a new symmetry transformation, and so we may
take the remaining elements as co}, and c?o},. As these are compositions of rotations and
reflections, they are rotoreflections. The group elements can then be categorized as

rotations : e, ¢, ¢ (3)
Cgp, = { reflections : oy, (1)
rotoreflections : coy,, oy, (2)

C3v

This group is similar to Cg;,, but now the reflection o, is “vertical”, meaning perpendicular
to the plane of the triangle. In 2D space, this corresponds to the symmetry group of an
equilateral triangle, this time with undirected sides. Disregarding the third dimension
eliminate the horizontal reflection, and disregarding the directiveness of the sides allow
for vertical mirror planes. We can bring the triangle into 3D space by extruding once
gain, but this time we have to make these vertical faces directed wvertically, in order not to
create an additional horizontal reflection symmetry. In analogy with Cgy,, the elements
of Cy, are then {e, c, ¢2, oy, coy, 2o, }. In contrast to Cgy,, the elements co, and c?o,
are not rotoreflections, but just reflections. This is clear geometrically, as the extruded
triangle have not just one vertical mirror plane (corresponding to o), but actually three
vertical mirror planes. These two additional mirror symmetries can only be associated
with co, and c?o,, which makes sense as the mirror planes are situated at an angle of
21/3 relative to each other. Thus

rotations : e, ¢, ¢ (3)
C3y = { reflections : oy, coy, oy (3)
rotoreflections : (0)

Dy

To construct D3, we once again start with Cs, which in 2D can be represented as the
symmetries of an equilateral triangle with directed sides. The D stands for dihedral,
meaning that we should remove the restriction of directed sides. The added symmetries
are then three reflections; those of Cs,. If we now embed the triangle in 3D space, the
possibility of rotating the triangle by n through three axes in its plane arise, creating
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three additional symmetries. We now wish to eliminate the vertical reflections, which can
be done e.g. by coloring the vertical faces in such a manner as to break the reflection
symmetry but retaining the rotational symmetry about axes perpendicular to these faces.

Denote one of the new n-rotations by b, and the remaining two rotations can be taken
to be ¢b and ¢?b. It should be noted that although generally physically distinct, the
transformation b on the extruded triangle is equivalent to reflection in both the vertical
and horizontal plane, b = gy,0,. In total,

rotations : e, c, 2, b, cb, ¢®b (6)
D3 = ¢ reflections : (0)
rotoreflections : (0)

Se

As with Cg, we may here think of an extruded, regular hexagon. This have horizontal
reflection symmetry, which we wish to reduce to rotoreflection symmetry. We can achieve
this by coloring each vertical face the horizontal mirror reversed of its neighbouring face(s).
This also reduces the Cg symmetry down to Cz. The group elements in Sg are then the
three rotations e, c?, ¢*, where c is a 21/6 rotation, together with the three rotoreflections
coy, oy, Aoy,

Note that since opposing vertical faces are now painted differently, it does not matter
whether the sides of the original hexagon were directed or not.

In total, we have

rotations : e, %, ¢t (3)
Sg = < reflections : (0)
rotoreflections : coy,, Aoy, Coy, (3)

(b) For each of the five groups, draw or find a picture of an object with that point
symmetry group.

For each of the five point groups is drawn a 3D objects in 3D space with the corresponding
symmetry group. The chosen object is the triangular or hexagonal prism described in
(a) for each group. Directiveness of the sides are drawn as arrows on the vertical faces.
Instead of coloring in part of the faces, these arrows are simply placed asymmetrically.

For Cg, a directed, regular hexagon in 2D was described, as we never needed the third
dimension. We now bring this object into 3D space and extrude it, making a hexagonal
prism. The directiveness of the hexagon is now drawn as an arrow on the extruded sides.
To remove any additional symmetries created by the 2D — 3D transformation, we do not
place the arrow symmetrically in the center.

The 3D objects for the remaining four groups are drawn in a similar fashion. They
can all be seen in figure 1.

(c) Which of these groups (if any) are abelian?
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Cs Csn Csv
D3 S6

Figure 1 - 3D objects with point symmetry groups.

As Cg is cyclic and thus generated from a single element ¢, it is clearly abelian.

Even though the group Cjs), includes horizontal reflection oy, as well as rotations c
(and combinations thereof — rotoreflections), these transformations commute and so Cgy,
is abelian as well. The commutativity of ¢ and oy, is a consequence of the fact that the
mirror plane of o}, is perpendicular to the axis of rotation of ¢. That is, o}, only operates
along the vertical axis, precisely the one which is left invariant by c.

The Cs, group is non-abelian, as the reflections o, are not perpendicular to the axis
of rotation of ¢. Thus generally, a reflection followed by a rotation is not the same as a
rotation followed by a reflection.

The D5 group consists solely of rotations, but through four distinct axes. As rotations
through different axes do not commute, D3 is non-abelian.

The Sg consists of rotations as well as rotoreflections. The rotational part of the
rotoreflections is along the same axis as the pure rotations, and the reflective part is
through a mirror plane perpendicular to the axis of rotation. Thus the rotoreflections
commute with the rotations, implying that Sg is abelian.

In summary:

Cg

Csy, v

abelian? ¢ Cz, X
Dy X

| S¢ v
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(d) Which of these groups (if any) are isomorphic to each other?

Our goal here is to find all abstract groups of order 6, and then determine which of these
abstract groups each of the five point groups are isomophic to.

From Cayley’s theorem, we know that a group of order n < inf is isomorphic to a
subgroup of S,,, where S,, is the symmetric group, the group of permutations on n distinct
symbols. Setting n = 6, we get Sg, the group of permutations on 6 distinct symbols,
which is not to be confused with our point group with the same name. We thus search for
abstract subgroups H C Sg with order 6, [H] = 6. Remembering that the order of each
element (permutation) in H has to be a divisor of n = 6, we have [h] € {1, 2, 3, 6} Vh € H,
where [h] is the order of the element h. We should then build up H from transpositions
(2-cycles), 3-cycles and 6-cycles. Note that the trivial 1-cycle is the identity element, which
can here be thought of as a trivial permutation, in cycle-notation written (). As this will
be an element of any H we might find, we do not have to think about it.

The 6-cycle is of course unique up to the labelling of the symbols:

9
S 4'/3 3 (123456) (1.1)
0 -

= Cg

where the actual cycle is shown in order to define the cycle notation to the right. The name
ce is given, meaning a cycle of order 6, which as already stated is unique in Sg. Repeated
application of cg corresponds to cycling around in the cycle (1.1), and so ¢ = () = e. It is
clear then that cg generates a cyclic group of order 6, and that this is the abstract group
of which Cg is isomorphic. The name of this abstract group is Zg.

The next possibility for [h] is 3, resulting a 3-cycle (123) = ¢3. We are thus in need of
three more elements to form a group of order 6. We therefore add in a new element b. We
cannot have [b] = 1 since this is the identity e = ¢3, and so in that case b would not be a
new element. Also, [b] cannot be 6 as this would make [H] > 6. Thus b is of order 2 or 3.
If [b] = 2, we have the 6 elements {e, c3, c3, b, bcs, bea}. Thus if [b] = 3, b* must be one
of the other element if we wish to keep the group order at 6. We can check explicitly that
this does not work out:

e =1[b=2,
b =b=c¢e,
[b]_3jb2_ bCﬁ :>b:C3,
B C)bd =b=43,

cg =beg=ce,

& =bci=e,

and so we must have [b] = 2. We could now go on and show that the set {e, c3, 2, b, bcs, bed}
with c% = e = b? is closed under compositions, i.e. that elements such as c3b are already
contained in the set. We know however from problem (c) that non-abelian groups of order
6 exists, and so this has to be the one, as this is the only candidate. We thus will not
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bother constructing the Cayley table, but let us for completeness show that this group is
non-abelian. We do this by assuming that c3 and b commute:

(bes)? =3,
(bez)® =0,
csb = beg = < (beg)t =5,
(503)5 = bc:%a
(be3)® =e,
= [bcg] =6,

which is against the assumption of group elements being of order 1, 2 and 3.

With only two abstract groups of order 6, one abelian and one not, we can easily
conclude that all the abelian point groups are isomorphic to each other, and the non-abelian
are isomorphic to each other:

Ce = Cgp, = Sg5,
Cyy = Dy

(e) Which of these groups (if any) are simple, i.e. which have no normal subgroups?

Generally, a subgroup H C G is normal if it closed under conjugation by elements of G,
gHg ' = HVg € G. If G is abelian, H inherits this property and thus ¢gHg~' = H is
given for every subgroup H.

The abelian Cg group have proper subgroups C, and Cj, generated by ¢ and c,,
respectively. Thus both C, and Cg are normal subgroups of Cg.

The abelian Cgp, group also have the proper subgroup Cs, which is then normal.
Another subgroup of Cg, is C, & Z,, generated by o},. The rotoreflections coy, and c?oy,
do not participate in further subgroups, as these actually generate the entirety of Cs,.

The last abelian group is Sg, which have the proper subgroups Cs, generated by both
c? and ¢* individually, where c¢ is now a rotation by 2r/6, not 2r/3. Because 6 is even, Sg
contains the rotoreflection c3oy, which rotates through n. This transformation corresponds
to inversion, which generate its own subgroup C; 22 Zs, which is then also normal.

The non-abelian group Cs, also contains both Cy = {e, ¢, ¢?} and C, = {e, 0, } =
{e, co,} = {e, c?0,} as subgroups. However, since the rotations do not commute with the
reflections (the axis of rotation is not perpendicular to the mirror planes), these subgroups
might not be normal. It is however obvious that conjugating a rotation by a reflection
is again some rotation. Since C3 contains all the rotations of Cs,, we can conclude that
Cs is normal. Similarly, conjugating the reflection by a rotation in Cs, will always result
in some reflection. However, this reflection will not be the same as the one we started
with, e.g. co,c™! = co,c? = 2o, where the last equality requires some mental effort. To
calculate this, we could write out the V-representation of these transformations which
acts on 3-vectors and simply carry out the matrix multiplication. However, let us do it
geometrically /graphically. Since oy, ¢ Cs,, all elements can be faithfully represented as
transformations on a 2D polygon, specifically the triangular® prism of Cs, from figure 1

*We thus have an isomorphism between Cs, and the set of such triangles. The effect of the coloring is
to make each vertex distinct. There then exists one colored triangle for each of the 3! = 6 permutations of
the three vertices.
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viewed along the vertical axis. Coloring this triangle so that we may see the effects of the
transformations, we have

c? oy c
— — —
= co,? = Po,.
oy c?
_ _

7

where c is taken to be anti-clockwise and o, a left-right reflection. Thus conjugating
reflections by rotations mixes the three subgroups {e, o,} & {e, co,} = {e, c?0,}. T am
unsure whether these subgroups then count as normal. It depend on whether we count
each of these subgroups individually, or whether they count as one since they are all
isomorphic.

The non-abelian group D3 contain the proper subgroup Cs generated by c as well as C,
generated by b. Again, since ¢ and b do not commute, these subgroups may not be normal.
However, since the rotation axis for ¢ and ¢? is vertical while all three axes of the rotations
b, cb and ¢?b lie in the horizontal plane, the rotations in C; are perpendicular to those in
Cy. At the same time, all rotations in C, are two-fold rotations, and so applying two of
them will cancel out in the sense that the overall rotation will not be in the horizontal
plane. Thus both C3 and C, are closed under conjugation by D3, and so they are normal
subgroups.

In summary:

Cg X
Cap X
simple? ¢ C3, (V)
Dj X
\ Se X

2

Consider the isotropic two-dimensional harmonic oscillator Hamiltonian

. h2 o . N 1 .
H:%( 2 4 22)+§mw2(X12+X22)
= hw(ala, +abay +1)

where X; are the position operators, P, are the momentum operators and d;r and a; are
the standard creation and annihilation operators.

(a) What is the spectrum of energies and degeneracies for this Hamiltonian?

Defining the number operators Nl = d;f&i, the Hamiltonian can be written as
H =

how(Ny + Ny + 1)
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The creation and annihilation operators satisfy the standard (bosonic) commutation
relations

a;, a ] =9, (2.1)

which translates into commutation relations between the number operators and the creation
and annihilation operators:

= a5, , (2.2)
[N, af] = [alay, af]
5ij 0
= af[a;, a]] + [al, al]a,
= ald,; . (2.3)

We see that the set of operators {a a;, N 6”} form a closed algebra.

Clearly H and ]\71 + ]\72 share the same eigenspace, and so we now wish to find the
eigenstates of N;. Denote a general state by |n, ny), then N;|ny, ny) = n;|nq, ny), for
i € {1, 2}. Now consider the action of N; on the state &ZT [nq, ng):

Ni(af Iny, na)) = (alN; + al) ny, ny)
= dI(N + 1) Ny, no)
= af(n; + 1) |n, no)
=(n; +1) ( ny, ng) )

If ]\7,- counts the number of quanta in the i’th dimension, d; creates another such quanta.
Similarly a; can be found to annihilate a quanta in the ¢’th dimension:

Ni(di Inq, n2>) = (diNi - &i) N1, ng)
1

= (n; — 1)(@7; 4, n2>) .

Now then, given a single state with non-zero n,, the creation and annihilation operators
can generate the full spectrum. We postulate that a “vacuum” state |0, 0) exists such
that the states (and hence the energies) are bounded from below. This also implies that
the eigenvalues n; are whole numbers. The spectrum is then
Ep ny =hw(ng +ny+1), ny,ny €N.

If we define n = n; + ny, then for each energy E,,, we can choose ny to be any of the n 41
integers 0 < n; < n, after which ny can only be chosen as ny = n —n;. The degeneracies
for the Hamiltonian is thus g(n) = n + 1.
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(b) Show that this Hamiltonian has O(2) symmetry about the origin in the zy-plane.
Describe the unitary irreducible representations of O(2). Is this symmetry
sufficient to explain the degeneracies?

We see that the Hamiltonian is isotropic because it depends only on length of vectors, not
on their direction, H = A (X 2 132) Thus any transformation of the vectors X and P
which leave their lengths invariant, leaves the Hamiltonian invariant. These are rotations
around the origin along with reflections through mirror lines which goes through the origin.
In 2D space, this symmetry group is O(2).

A symmetry of an operator (here the Hamiltonian) leads to degeneracies in its eigen-
values (here energies). The possible number of degeneracies g due to a symmetry is given
by the dimensionalities of the irreducible representations of the group corresponding to
the given symmetry. If O(2) is the full symmetry of the Hamiltonian, then we would
expect representations of O(2) with arbitrarily large dimensionality to exist.

We can decompose the group O(2) into O(2) = SO(2) ® Zs, where SO(2) contains
all (proper) rotations, which are those which are continuously connected to 1, an which
therefore have determinant +1. Improper rotations are then constructed from rotations
along with inversion from Z,. Now since SO(2) consists solely of rotations around the same
axis, this group is abelian, and hence we know that all irreducible representations of SO(2)
are 1-dimensional. As rotations are inherently 2-dimensional in the spatial sense, these
irreducible representations are necessarily over the field of complex numbers, which gives
us the needed two degrees of freedom. An obvious candidate for a representation of SO(2)
is then D(m)(g)) = Aet™? where ¢ is the angle of the rotation. Because products of
representation matrices should still be a representation matrix (group element composition
is realised as matrix multiplication for representations), we must have A = 1. The
representation labels (quantum numbers) m can take on any values, as long as D™ ()
preserves the group structure. Rotations through ¢ and ¢ + 2r are equivalent, and so m
are required to be an integer, which also means that the sign in the exponential does not
matter:

DM (p)=e"™ meZ.

Under SO(2) we can then label states by m. There then exists some operator J which is
the symmetry operator of rotation, the eigenvalue m when acting on a |m) state:

Physically we know that the generator of rotations is the angular momentum operator J.
Note that in 2D only a single axis* of rotation is possible, and so be do not have a J2 and
jZ operator, but only a single J. This J is then reminiscent of jZ, as its eigenvalues are
integrally separated.

Now we append the group Z, to SO(2) to include inversion I as an operator. Doing
an inversion flips all directions, and so I and J anti-commute, yielding

J(I|m)) = —1.J |m)
= —'m(f\m>) ,

*T guess plane of rotation is better terminology, as this axis is in a direction outside of the 2D space.
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and so I |m) is a new eigenvector of .J with eigenvalue —m. Thus
Im)=|-m) .

This means that the single vector |m) does not span the vector space required by both I
and .J (and hence O(2)), and so we must enlarge this space to {|m), |—m)}, which is then
a 2-dimensional irreducible representation. As we have found the degeneracies g larger
than this (just pick n > 1), the O(2) symmetry of the Hamiltonian cannot explain the
degeneracy.

(c) Show that that this Hamiltonian has U(2) symmetry. Hint: Show that the
transformation of the annihilation operator

Al A N
a1 = U1101 + U1909

N N N
Gy = U910y + Ugolo

(and the implied transformation of the creation operator) is a symmetry of the
Hamiltonian as long as the w;; satisfy certain criteria. Describe the unitary
irreducible representations of U( ). Is this symmetry sufficient to explain the
degeneracies?

The transformations on the annihilation operator can be written succinctly as
a; — Ugay, = aj, (2.4)

with summation over k implied. The transformations for ¢ = 1 and ¢ = 2 are really meant
to be done simultaneously, i.e. they are not independent transformations. I therefore
prefer the notation

a— Ua,the

where a is now a column vector containing a1 and dy, while for now, U is any complex
2 x 2 matrix, U € C?*2. Now, if we require H to be invariant under this transformation,
we see that U must be unitary:

= UlU=1.

All unitary 2 x 2 matrices form the group U(2), and so U € U(2) and H has U(2) symmetry.
For completeness, we might also want to check the invariance of the commutation

relations of annihilation and creation operators under the U(2) transformation. From (2.4)

we have &; — (U; )Taz (UT)g]aﬁ, and so the commutation relations (2.1) transform as

PN a;—U;a n R
[a;, a}] ——5 (U, (UT)ZjaH
w(U)g; [, af]

——

Ski
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= U (UM,

Now let us turn to a discussion about the irreducible representations of U(2). As we
did in (b), we may decompose U(2) into U(2) = SU(2) ® Z,, where now again, SU(2)
includes only the proper unitary transformations; those with determinant +1, which are
continuously connected to 1. We know that the irreducible representations of SU(2) can
be labelled by two numbers j € 1/2N and m € Z, and that the resulting representation
matrices DY) have dimension 2j + 1. In order to see how many of the n + 1 degeneracies
are due to the U(2) symmetry of H, we just need to find a connection between j and n.

In [1] they analyze a system of two uncoupled harmonic 1D quantum harmonic
oscillators. As evident by the Kronecker deltas in (2.1), (2.2) and (2.3), the two directions
of the 2D oscillator is in fact uncoupled, and so we may freely use any result derived in
[1]. In particular, they derive our missing relation between j and n (equation 9.17), which
in our notation is

ny + No n1 — Ny

=g M=

This means that for a given j, —j < m < j. The factors of 1/2 are important, as otherwise
m would only be able to take on values in the even numbers: For fixed j, the smallest
possible change of a configuration is |nq, ny) — |n; £ 1, ny F 1), and so |n; — ny| changes
by 2. More importantly for us, j = 1/2(ny +ny) = 1/2n implies that j takes on a single value
for each value of n. Remembering that the dimensionality of the irreducible representations
for SU(2) (labelled by j and m) is 2j + 1, we indeed have

dim DY) = n + 1,

which matches the found degeneracy n+ 1 = g(n) = g(j). We conclude then that all of
the degeneracy of the Hamiltonian can be explained by the U(2) symmetry.

One might ask why we were able to explain some of the degeneracy by considering O(2)
symmetry, when all of the degeneracy was in the end explained by U(2) symmetry. The
answer lies in the fact that O(2) is a subgroup of U(2), which is obvious when considering
that the difference between orthogonality OTO = 1 and unitarity UTU = 1 is just a
complex conjugation, which does not matter for the real entries in O € O(2).

3

In this problem you will explore the homomorphism from SU(2) to SO(3). For every
r € R3, define a 2 x 2 matrix by # = x - o, where o is the vector of Pauli matrices
o = (04, 09, 03). This is sometimes called the quaternion representation of the vector.

(a) Show that a general matrix u € SU(2) that transforms the quaternion represen-
tation of a vector like uzu’ = & preserves the determinant det # = det #’. What
does that mean?

Since the determinant of a product of matrices is equal to the product of determinants,
we have

det (ua?uT) = det u det 7 det u'
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=det T,

where det u = 1 because u € SU(2), where the S (special) precisely means determinant
+1, and detu! = 1 because u' = v~!, and so u' € SU(2) as well. This means that the
transformation obtained by conjugating & with u is a proper similarity transformation,
resulting in a new matrix ' which is really just the old Z but in a new basis. Thus,
the similarity transformation must correspond to a rotation of the original vector . In
particular then, the transformation preserves the length of the vector.

(b) Any matrix u € SU(2) can be parameterized by three angles «, 3, v € [0, 2n)
like
20t cos /2 —e V2@V gin /2
e cos e sin
ule, 8,7) = (e Ple=Nging/2 e PtV cosp/2) "

Show that N
u(a, 8,7)3ul (e, B,7) = Re, (1)

where R = (R(a, B,7)z) - o and R(a, 3,7) € SO(3) is the normal zyz-Euler

angle matrix.

I will therefore not prove (1) by direct calculation, but rather explain why it has to be true.
We have established that the transformation & — uZu' is really a rotation, performed
not on the vector & but on its quaternion representation Z. Instead of constructing the
quaternion representation and then do the rotation, we might as well rotate the actual
vector & and then construct the quaternion representation from this rotated vector. The
set of all proper rotations of a 3-vector form the group SO(3), the group of orthogonal
matrices with determinant +1. Thus there must exist some R € SO(3) corresponding to
each u € SU(2). Both R and u depend on the same number (3) of compact parameters,
as they should.

(c) Show that the homomorphism from SU(2) to SO(3) induced by (1) is two-to-one.
What is the kernel of the homomorphism?

From (1) it is clear that if u is the matrix in SU(2) that corresponds to R € SO(3),
so does —u. That means that for every rotation R, we have 2 matrices +u. Thus the
correspondence between SU(2) and SO(3) is two-to-one, and so it is a homomorphism
but not quite an isomorphism. If it had been, the kernel of the homomorphism would
be just diag(1l, 1) € SU(2), which clearly leaves Z invariant and thus corresponds to
diag(1, 1, 1) € SO(3). However, as already stated, both of £u corresponds to the same
rotation in SO(3), and so the kernel also contains diag(—1, —1).

We ought to prove the claim that if v € SU(2), so is —u. First, —u is unitary;
(—u)(—u)t = uul = 1,, where 1, is a 2 x 2 unit matrix. Second, it has determinant +1;
det(—u) = det(—1,) det(u) = (—=1)%(+1) = +1. An interesting detail now appears: For
—u to be in the special unitary group, the group has to be of even dimension. Thus we do
not expect to find similar double-coverings in e.g. SU(3).
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(d) Why do we use SU(2) instead of SO(3) when studying rotational invariance in
quantum mechanics? What does it give us?

Classical vectors like & transform under SO(3) when rotated, and working with SU(2)
when dealing with these would be pointless. Physically, we expect certain quantities to
be conserved under rotation, e.g. the total angular momentum. In quantum mechanics
however, these quantities are promoted to operators, and it is these operators which
transform under rotation.

We might imagine the rotation as being applied to all states (Schrodinger picture),
1) — UT [p), where [)) = |[¢(z)) = [1(#)). Requiring that some observable be invariant
under rotation means preservation of matrix elements, e.g. (¢|J2[¢) — (o|UJ2U ).
Instead of acting on the states, we see that the transformation can be applied to the
operator (Heisenberg picture): J? = UJ2Ut. Again, we see that both of +U preserves
the matrix element.

Now removing the operator and just consider (¢[¢). We would always require this to
be invariant under a full 2r rotation. Again, this still allows for both |¢) and (¢| to pick
up a sign*, which we might think of as being do to some UT, U acting on |¢), |¢). Thus,
we can imagine a state which is only 2n-periodic up to a sign, but actually only completely
4n-periodic. It turns out that these states transform under half-integer j representations
of SU(2), in particular j = 1/2, which we call spinors. Such “strange” objects are not only
mathematically possible, but as nature would have it fully realised as fermions.

6

The proper Euclidean group in two dimensions EJ is the semidirect product SO(2) x T,
of rotations and translations in a plane. A general element is denoted (R, a), where

R €S0(2) and @ € Ty 2 R3. 1 presume what is really meant is R??

(a) By constructing the faithful representation of E; on vectors & € R? by
T(R,a)x = Rr+a

prove the group composition rule (R, a’) o (R, a) = (R'R, R'a + a’). What is
the inverse of (R, a)?

Applying two Euclidean transformations successively, we get

T(R,aT(R, a)x =T(R, a')(Rz + a)
= R(Rz +a)+ ad
=RRz+ (R'a+ad)

= (R,a')o (R, a)=(R'R, Ra+a’).

One might naively expect that the inverse of (R, a) is (R™!, —a). As Euclidean transfor-
mations are carried out by first rotating «, then translating it, Rx + a # R(x + a), this

*Or more generally, two opposite phases. As these must be opposite, they do not really have a phase
degree of freedom, and so we might as well just work with a sign change.



Group Theory in Quantum Mechanics Exam Problems
Jeppe Dakin
Department of Physics and Astronomy, Aarhus University, Denmark Page 14

does not work as we would have to translate by —a first, then rotate by R~! to cancel the
original transformation. To find the true inverse transformation, we simply set the result
of the composition rule equal to the identity transformation E;r > e = (1, 0), yielding

R =R7!
a =—-Ra=—-R'a

= (R,a)'=(R!, —R'a).

(RR, Ra+ad)=(10) = {

b) A (properly unitized) matrix representation of E5 that acts on extended vectors
2
Z = (xq, x9, 1) is given by

cosf —sinf ay/l
E(R(0),a) = [sing cosf ay/t
0 0 1

where / is an arbitrary length scale and 6 € [0,2n). Define J as the generator
associated with parameter 6 and P, and P, as the generators with parameters
a; and aq. Find the matrix form of these generators.

Consider the subgroup SO(2) C E5 for a moment. Elements of this group are R(#), and
so it is this group that J generates. We can write a general element via the expansion

Ry =y 0 6.1)
n=0 ’

which we recognize as the Taylor expansion of the matrix exponential of —ifJ, where
the —i is just a convention. For § — 0 this gives the identity 15. Since all of SU(2) is
continuously connected to this identity and we only have a single rotation axis, we are
guaranteed that a single J can generate all R(#) in this manner. We can thus imagine the
topology of SO(2) as a circle, naturally parameterized by 6, and where the generator J
“points” along the 6 direction.

If we differentiate (6.1) with respect to 6 and then evaluate the equation in 6 = 0, only
the n = 1 term in the exponential expansion will survive, yielding

dR()

0=0

Enlarging the group to the entirety of E;’, we now calculate J explicitly from E € E;:

dE(R(Q) a) —sinf —cosf 0 0 -1 0
J =i 10 ! =i| cosf —sinf O =1]i 0 O
6=0 0 0 1 o 0 0 O

Note that this J, the generator of rotations in E;r is slightly different from the previous J,
the generator of rotations in SO(2); the first is the latter with one additional null row and
column added. Similarly for P; and P,, we have

1/¢

dE(R(9), a) / B
0

P =i
1= da,

I

0 i/0
=i|o 0
0 0

o O O
o O O
o O O

CLl:O
ag =0
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00 O 00 0
dE(R(9),
P2:i(d()a) —ilo o 1/¢ — o o i/
2 =0 \0 0 0 00 0

as =0

For completeness, let us (re)construct the pure rotations and pure translations of the
matrix representation by means of (6.2), that is by exponentiating the generators. For
rotations, we have

2 (—ifJ)™
E(R(0),0) =)
n=0 ’
w o [0 -1 0\
Hn
=Y =t 0 o0
n:On' 0 0 0
anoflon enO*lon
=13+ Y —[t 0o of + > —|1 0 of,
neant o \0 00 nemel U \0 0 0

where the infinite sum has been split into three parts; an identity matrix 15 = diag(1, 1, 1),
a sum over all even terms excluding zero and a sum over all odd terms. This split is useful
because of the following property of the matrix (—iJ) appearing in the sums:

13 lfn:O,
100
0 -1 o\ (=)0 1 0 if n € 2N,
1 0 o = 00 0
0 00 [0 1o
(<) | -1 0 0| ifne2N+1,
0 00

where the special case n = 0 is the reason why 15 has been separated out of the sums. We
can then take the matrices out of the sums, change the summation variable and recognize
these sum for what they are:

1 00 0 1 0 nt1
—1)"2¢n —1)2 9"
E(R(9), 0) = 1, + Lol Y ( ), +l-1 00| ¥ ( )f ,
0 0/ nea2n+ w 0 0 0) ne2N+1
1 0 0\ « 0 -1 0\ o
(_1)n92n (_1)n92n+1
=1;+ Lold +{1 0 o> .
| |
00 0]z @) 0 0 o0)iz @+l
cosf—1 sin 6

cosf@ —sinf 0
= | sinf cosf O
0 0 1

We have thus successfully constructed a general pure rotation by exponentiation of the
generator J. For the generators of translation P; this exponentiation is much easier, as we
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see that P? = 03 for both i = 1 and i = 2, thus truncating the infinite sums. The pure
translations are then

> (~ia - P)"
E(1z.a) =) —
n=0
1 .
B (—ia - P)"
N Z n!
n=0
= 13 —ia - P
1 0 al/ﬁ
= 0 1 a2/€ N
0 0 1

where P = (P;, P,). Note that we simply exponentiated both P, and P, together.
This is allowed because of the property of the exponential exp(A)exp(B) = exp(4 + B).
This however is only true if A and B commute, which for P; and P, means that their
directions of translations must be perpendicular. We can think of Ty as being made up of
Ty =T, ® Ty, and associate one P; with each T}.

(c) Show that the matrix forms for J, P; and P, satisfy the relations
[Py, J] = —ihPy, [Py, J] =ihPy, [Py, Py] = 03.

Note that the arbitrary length scale does not appear.

Direct calculation gives

03
0 0 i/¢\ (0 —i O 0 —i 0\ (0 0 i/¢
PLJ=fo o0 ofli o of- 0o o|lo o o
00 O 0 0 O 0 0 O 00 O
00 O
—lo o 1/¢
00 O
:—iPQ,
03
00 O 0 -1 0 0 -1 0\/0 O O
Py, J=10 0 i/e|li o ofl-|i o oo o i
00 O 0 0 0 0 0 O 0 0 O
00 —1/¢
=0 0 O
00 O
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03 03
0 0 i/t\ ({0 O O 00 0 0 0 i/¢
[P, B,)=|0 0 0 0 0 if¢f—-10 0 i/e||l0 O O
00 0 00 O 00 0 0 0 O

:03.

The arbitrary length scale ¢ do indeed not enter in the commutation relations. I have
defined J in natural units (the choice was made back in (6.1)), which is why & is missing
from my expressions. We can “fix” this by letting J — hJ and simply remember to
divide the new dimensional J by h when it appears in expressions such as (6.1) where a
dimensionless argument is required.

(d) Using these commutation relations (and not the matrices), show that PZ+ PZ is
an invariant. What does this mean? Can you come up with a three-dimensional
Hamiltonian that has E;‘ symmetry?

That an operator (e.g. P + P3) is invariant under EJ means that its eigenvalues are the
same for some vector before and after any E;r transformation. This can be checked by
computing these values for each of the infinitely many elements in E; This invariance can
also be expressed as a vanishing commutator between the operator in question and each of
the elements in E}L Though not themselves elements of E; , the three generators contains
the entire algebraic structure of the group, and so it suffices to check commutativity with
these three elements.
Let us compute the commutator of P2 + P§ and J:

(PE+P3, J] =[P, J] + [P3, J]
= P[Py, J| + [P, J| Py + Py [Py, J| + [Py, J]| P
:—iP1P2—1P2P1+iP2P1+iP1P2
:03.

As the generators of translation mutually commute, we immediately have
[PE+ P35, P] =0;3.

Thus we can conclude that P? + P§ is conserved under EJ . Since this is really the squared
length of the vector P, I would suspect that it is even conserved under E,. Because P; is
the generator of translation, P12 +P22 is really the operator for the total squared momentum.
For a Hamiltonian with E;r as a symmetry group, the total squared momentum is then a
conserved quantity, in accordance with Noether’s theorem.

The simplest such E;r symmetric two-dimensional Hamiltonian would be the free
Hamiltonian in 2D space, which naturally have to respect spatial (Euclidean) symmetry:

132
07 2m
where P? is precisely the operator corresponding to P? + P7. If we consider the free
Hamiltonian in 3-space, the plane in which P; and P, operate can now be rotated out

in the third dimension, and so P? + P becomes just a projection of the true squared
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momentum P? + P + PZ. We could alter the Hamiltonian in such a manner as to restrict
the momentum to the plane, but then I would not really call it a three-dimensional
Hamiltonian any more.

Let us go back to 2-space and a potential V(x). As for the free Hamiltonian, this
can only depend on the length of the vector due to our demand of rotational symmetry;
V(x) = V(x?) = V(|z|). Because x is an actual spatial vector, we now also have to take
translational symmetry into consideration. If x is “attached” to the background metric
(i.e. it points from the origin to some particle), this breaks the translational symmetry.
We are thus only allowed to use spatial vectors & between two objects/coordinates, and
again only the length of this; V() = V(|x; — x3|). Brining V into 3-space again means
that we now have T3 symmetry and not Ty symmetry. We could however retain the
T, symmetry in 3-space by making the third axis homogeneous (e.g. using infinite rods
instead of particles). As for rotations, we face the same problems as with P2 namely that
T, — x5 can be rotated to have a component in the third direction. I do not see any way
out of this, except effectively restricting the system to a plane.
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