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1. SYMMETRY GROUPS IN R"

1.1. General linear groups. We write M,, or M, (R) for the set of n x n matrices over the real numbers.
Recall that an n x n matrix A is invertible if there is a matrix B such that AB = I = BA. This holds iff
det(A) # 0, and in that case the matrix B is unique, and we call it A=1.

We write GL,, or GL,(R) for the set of invertible n x n matrices over R.

Recall that a group is a set G equipped with a binary operation % and an element e € G such that

The set G is closed under %, in other words a * b € G whenever a,b € G.
The operation is associative, in other words a * (b * ¢) = (a * b) * ¢ whenever a, b, c € G.
e is a neutral element, in other words e xa = a = a *x e for all a € G.

The operation has inverses: for any a € G there exists an element a~! € G with axa ™!

1

=e=a " *a.

For most groups in this course, we will write ab for a * b and 1 for e.
It is easy to check that GL, is a group under matrix multiplication; it is called the general linear group.

1.2. Orthogonal groups. Given vectors x = (z1,...,2,) and y = (y1,...,¥Yn) in R™, we define

<$L‘, y> = Z%%
i=1
llz|| = v/{(z,x) = the length of =

d(z,y) = ||z — y|| = the distance from z to y .
Proposition 1.1 (The Cauchy-Schwartz inequality). For any x,y € R™ we have |{z,y)| < ||z| [|y]|-

Proof. (This is included for completeness but is not examinable.)
For any t € R we define

ft) ==+ ty|
= (z+ty,x+ty)
= (z,7) + 2t{z, y) + t*(y,y)
= [lz[|* + 3|lyl|* + 2t(z, y).

From the first part of the definition we see that f(t) > 0 for all . We now take t = —(z,y)/||y||? the
geometric interpretation is that in this case x + ty is the projection of x perpendicular to . Then

Cllyl? = @)yl /vt = @, 9)2/llyll®
and
2t(x, y) = —2(z, y)*/|ly|I?
SO
@) =zl + 2yl + 2tz y) = |lz]|* — (2, )/ lly|I>-
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Thus, the inequality f(t) > 0 gives ||z||* > (z,y)?/|ly||? or equivalently ||z|||y|| > (z,y). All this assumes

that y # 0 but the case y = 0 is trivial. |

This allows us to define the angle between two nonzero vectors z and y to be the number 0 € [0, 7] such
that (z,y) = [[z[[[ly]| cos(6).

Proposition 1.2 (The triangle inequality). We have ||z + y|| < ||z|| + ||y||, and d(z,z) < d(x,y) + d(y, 2).
Proof. Using the Cauchy-Schwartz inequality, we have
(N2l + 1y )? = Nzl + yl* + 2l 1y

> el + l® + 20z, )

~ o+ .
By taking square roots we get ||z|| + ||y|| > ||z + y||, and thus

Az, y) +d(,2) = Iy — 2l + 12 — ol = (g — 2) + (= — )]l = |2 — all = d(w,2).
(Il

Next recall that AT denotes the transpose of A, so the rows of AT are the columns of A, or in other words
(AT);; = Aji. Tt is easy to check that

(x, Ay) = (ATa,y) =Y ziAijy;.
i

Proposition 1.3. If A € M, then the following conditions are equivalent:
(a) A is invertible with A=t = AT,
(b) A preserves inner products, or in other words (Ax, Ay) = (x,y) for all z,y € R™.
(c) A preserves lengths, or in other words |Az|| = ||z|| for all z € R™.
(d) A preserves distances, or in other words d(Ax, Ay) = d(z,y) for all z,y € R™.

Proof. (a)=(b): If AT = A~! then
(Az, Ay) = (AT Az,y) = (A7  Az,y) = (z,y).

(b)=(c)=(d): this is trivial, as lengths are defined in terms of inner products, and distances are defined
in terms of lengths.

(d)=(c): If A preserves distances then ||Az|| = d(Az, A0) = d(z,0) = ||z]|.

(¢)=(b): Note that

lz+yl* = (& +y,2 +y) = [l + 1yl + 2(z, y),
S0
(@,y) = (lz +ylI* = llzl® — lly1?)/2.

Thus, if A preserves lengths we have

(Az, Ay) = (|| Az + Ay|* — || Az|* — [|Ay[|*)/2

(
(A +y)II” — [ Az|® - [ Ay[*) /2
(lz +ylI* = Il = llyl*)/2

= <x,y>

(b)=>(a): Suppose that (Az, Ay) = (z,y) for all x,y. We also have (Ax, Ay) = (z, AT Ay), so we deduce
that (z,y — AT Ay) = 0. This means that y — AT Ay is orthogonal to every vector in R™. In particular, it
is orthogonal to itself, so it must be zero, so y = AT Ay for all y. This shows that ATA = I, so AT is an
inverse for A. (Here we are using the fact that if A and B are square matrices of the same size and BA =T
then AB = I also. Why is this false for non-square matrices?) O

Definition 1.4. A matrix A is orthogonal if it satisfies the equivalent conditions in the Proposition. We
write O,, for the set of n x n orthogonal matrices, and call this the orthogonal group.

Proposition 1.5. O,, is a subgroup of GL,,.



Proof. We need to check that (1) the identity matrix is in O, (2) if A € O,, then A=! € O,, and (3) if
A,B € O, then AB € O,,. Condition (1) is clear, because IT = I = I71. If A € O,, then ATA = I and
ATT = A so if we put C = AT we see that CCT = I, so C' € O,,. On the other hand, we also have C' = A~!
so A7l € O, as required. Finally, if A, B € O,, then (AB)T = BTAT and BBT = I and AAT = I, so
AB(AB)T = ABBTAT = AAT = 1. Thus AB € O,,. O

1.3. Determinants. Recall that the determinant of an n x n matrix A is given by the formula

det(A) = > sgn(o) [] Ao
i=1

ogES,

In other words, for each permutation o of {1,...,n} we form the product

Al,a(l)A2,0(2) v An,o‘(n)a
we multiply by the signature of ¢ and then add all these terms up to get the determinant. For example,
when n = 2 we just have the identity permutation ¢ and the transposition 7 = (1 2), and so we have the
familiar formula

A A
det ( A; AZ ) = sgn(t) Ay, 1) Az,u(2) +580(7) A1 r(1) A2, (2) = A11A22 — A2 421

Much more important than the definition is the following list of properties:

(a) det(I) =1

(b) det(AB) = det(A) det(B)

(c) det(AT) = det(A)

(d) If we multiply a single row in A by a number ¢ to get a new matrix A’, then det(A’) = tdet(A). The

same thing works for columns instead of rows.
(e) If we add a multiple of one row in A to another row to get a new matrix A’, then det(A’) = det(A).
() det(tA) = ¢" det(A) for t € R (for example det( ot > — 2ad — 2be = 12 det( °“ ! )).
If A is invertible then det(A)det(A™!) = det(I) = 1, so det(A) # 0. Thus det can be thought of as a

function from GL,, = {invertible n x n matrices} to the set R* := R\ {0}. Let D; be the matrix obtained
from I by multiplying the first row by ¢; for example, when n = 4 we have

We then have det(D;) = t; this shows that the function det: GL,, — R* is surjective. Moreover, R* is a
group under multiplication, and properties (a) and (b) can be restated as follows:

Proposition 1.6. The determinant gives a surjective homomorphism det: GL, — R*. ([l
We next recall the First Isomorphism Theorem:

Theorem 1.7. If ¢: G — H is a surjective homomorphism of groups and N = {g € G | ¢(g) = 1} is the
kernel of ¢, then:

(a) N is a normal subgroup of G; in other words, it contains 1, is closed under multiplication and
inversion, and satisfies gNg=' = N for all g € G.

(b) It follows that there is a quotient group G/N. The elements of G/N are the cosets of N. For each
coset C' we can choose g € G such that C = gIN, but there will usually be many choices for g.

(c) There is a unique function ¢: G/N — H with (gN) = ¢(g) for all g € G.

(d) The function ¢ is actually an isomorphism of groups. O

Definition 1.8. We write
SL, = ker(det: GL, — R*) = {n x n matrices A such that det(A4) =1},

and call this the special linear group.



The First Isomorphism Theorem implies:

Proposition 1.9. SL,, is a normal subgroup of GL,, and there is a natural isomorphism
det: GL,/SL, —»R*. O

1.4. Orthogonal determinants.
Lemma 1.10. If A € O,, then det(A) € {1, -1} = {+1}.
Proof. det(A)? = det(A)det(AT) = det(AAT) = det(I) = 1. O

Clearly {£1} is a subgroup of R*, and det gives a homomorphism from O,, to {£1}. Clearly DT, D_; =
D%, =1,s0 D_; € O,, and det(D_;) = —1, so our homomorphism det: O,, — {+1} is surjective.
Definition 1.11. We write

SO,, = ker(det: O,, — {£1}) = {n x n orthogonal matrices A such that det(A) = 1},

and call this the special orthogonal group.
The First Isomorphism Theorem gives:

Proposition 1.12. SO,, is a normal subgroup of Oy, and there is a natural isomorphism
det: 0,/S0,, — {£1}.

1.5. One dimension. A 1x 1 matrix is just a number. Thus GL; = R*, and O; = {£1}. The determinant
map is just the identity, so SL; = SO; = {1}, the trivial group.

1.6. Two dimensions. Given an angle 6, we write ¢ = cos(f) and s = sin(#) (so s2 + ¢ = 1) and define

matrices as follows:
c -s c s
n=(57) s=(7 %)

It is easy to see that these are orthogonal, and that det(Rp) = 1 and det(Sy) = —1. Thus Ry € SOz and
Sp € O3\ SOs.

Theorem 1.13. Any matriz A € SOy has the form Ry for some 6. Any matriz A € O3\ SOs has the form
Sy for some 0.

Proof. Suppose A € O3. We have A = ((C‘ g) for some a,b, c,d. As A is orthogonal we have I = AT A, so

1 0 [(a c a b\ _ [ ad*+c* ab+cd
(o1)=(5 a)(%a)-(aia #id)
soa?+c? =0 +d> =1and ab+ cd = 0. In other words, the vectors u = (a,¢) and v = (b,d) have
length one and are orthogonal to each other. As u is a unit vector, we have u = (cos(#), sin(f)) for some 6,
so a = cos(f) and ¢ = sin(f). It is geometrically clear (see the diagram below) that the only unit vectors
orthogonal to u are (—c,a) = (—sin(f), cos(d)) and (¢, —a) = (sin(f),cos()). If v = (—c,a) we find that
A = Ry, and if v = (¢, —a) we find that A = Sy. By equating determinants, we see that the first case must
occur if A € SO,, and the second case must occur if A € O3\ SO5.

+v = (—c¢,a) = (—sin(h), cos(d))
u = (a,c) = (cos(0),sin(0))

+v = (¢, —a) = (sin(f), — cos(h))



O

In R? it is often convenient to use polar coordinates. We will write [r, ¢] for the point at distance r from
the origin and angle ¢ to the x axis, so

[r,¢] = (r cos(¢),rsin(¢)).
Note that [r,¢] = [r',¢'] if r =7 =0or (r =7" #0 and ¢ — ¢’ is an integer multiple of 27).

Proposition 1.14. We have Ry.[r,¢] = [r,0 + @], so Ry represents an anticlockwise rotation through an
angle 6.

Proof.
rotid= (o) ey ) (vt )
_ T( cos(6) cos(¢) —sin(Z) sin(g) ) _ < rcos(6 + ¢) > [0+ ).

sin(0) cos(¢) + cos(6) sin(¢) rsin(0 + ¢)
O

We also want to characterise Sy geometrically. Firstly, a very similar calculation shows that Sp.[r,¢] =
[r,0 — ¢]. Now define uy = [1,0/2] and u_ = [1, (6 + 7)/2], so that uy and u_ are unit vectors and are
orthogonal to each other. Note also that —[r,¢] = [r, ¢ — 7], so —u_ = [1, (0 — 7)/2]. We have

Spuy =[1,0 —0/2] =[1,0/2] = uy
Spu_ =[1,0—0/2—m/2]=[1,(0 —7)/2] = —u_.

Thus uy and u_ are eigenvectors of Sy with eigenvalues +1 and —1 respectively. This means that Sy
represents reflection across the line through 0 and u. We summarise our conclusions as follows:

Proposition 1.15. We have Sy.[r,p] = [r,0 — @], and Sy represents reflection across a line L through 0 at
angle 0/2 to the x-axis. O

Uy = SQ’LL+

0/2

—u_ = Spu_

By working in polar coordinates, it is now easy to check the following facts:

Ry =R, iff 0 — ¢ € 27Z
Sop =S iff 0 — ¢ € 27Z
R9R¢ = R9+¢
RySy = S+
S@R¢ = SQ,¢
SQS¢ = R97¢
Ry'=R_g
Syt =S

RQS¢R0_1 = S¢+29.

In particular, we have RyRy = Ry Ry, so the group SO; is Abelian.
5



We also have SpSy = Ryp_9 = Ro = I, so all reflections have order 2. A rotation Ry has order dividing m
iff m# is an integer multiple of 2, iff § = 27wr/m (mod 27Z) for some r € {0,1,...,m — 1}. It has order
exactly m iff (r,m) = 1. Most rotations have infinite order.

1.7. Symmetries of geometric objects. Let X be a subset of R™. For any A € O, we put AX =
{Az | z € X}, the image of X under A. The symmetry group of X is
Symm(X)={A €0, | AX = X}.
The direct symmetry group is
Dir(X) ={4 € SO, | AX = X} = Symm(X) N SO,.
Example 1.16. Let X be a rectangle as shown below.

Sr

——

150

It is clearly invariant under the reflections Sy (across the z-axis) and S, (across the y-axis), and also under
a half-turn (which is R,). We have SoS; = SS9 = R, = R_, and Ry = I. The symmetry groups are

Symm(X) = {I, So, Sy, R}
Dir(X) ={I,R:}.

Now suppose that A is not a symmetry of X. Then AX is different from X, but it has the same
shape and thus is “just as symmetrical” as X. However, it it not true (as one might naively think) that
Symm(AX) = Symm(X); instead, Symm(AX) is conjugate to Symm(X). The slogan is that “conjugacy is
doing the same thing somewhere else”.

Proposition 1.17. For any X CR"™ and A € O,, we have Symm(AX) = ASymm(X)A~! and Dir(AX) =
ADir(X)A~L.

Proof. If B € Symm(X) then BX = X so (ABA™1)(AX) = ABX = AX, which shows that ABA~! €
Symm(AX). Thus ASymm(X)A~! C Symm(AX). Conversely, suppose that C' € Symm(AX). If we put
B = A7'CA, then a similar argument shows that B € Symm(X). Thus, the matrix C = ABA™! lies in
ASymm(X)A™!, proving that Symm(AX) C ASymm(X)A~! as required.

The argument for Dir(X) is the same. It works even if A ¢ SO, because

det(ABA™Y) = det(A) det(B) det(A) ™! = det(B),

so B lies in SO,, iff ABA™! lies in SO,,. O

For another example of this sort of phenomenon let L be a line through the origin, and let Sy be the
reflection across L. If L has angle ¢ to the z-axis, then S, = Sa4. The line RgL has angle § + ¢ to the z-axis,
50 Sy = S2(0+¢)- On the other hand, from our formulae for compositions of reflections and rotations, we
see that R952¢R9_1 = S2¢+26. In summary, we have:

Proposition 1.18. For any rotation R € SOy and any line L in R? we have RS, R™! = Sgy. O
6



Example 1.19.
We can see directly that

Symm(X) = {I, So, S, Rz}
Symm(Ry/6X) = {1, Sx/3; Sary3, R }
We also have
R, /GIR;}G =17

Rrj6SoRzjg = Sry3

Ry/6SxR_jg = San/s

Ry 6Rx Rﬂ/6 R..
This shows that Symm(R;/6X) = R /g Symm(X)R_} < /6> Hlustrating Propomtlon Also, if we let L denote

1S 0

the long axis of X we see that So = Sz and Sy /3 is the reflection in the long ax Ry 6X, which is R /L.
This illustrates Proposition [1.18

2. POLYGONS
2.1. Cyclic and dihedral groups. Fix an integer n > 0. For k =0,...,n — 1 we put
vp = [1, 27k /n] = (cos(2mk/n),sin(27k /n)).

We then let X,, be the regular n-gon with vertices vg,...,v,_1. In the case n = 1 this is to be interpreted
as the line segment from (0, 0) to vo = (1,0).

R

X1 Xo X3 Xy X5
We also define
C,, = Dir(X,,)
D,, = Symm(X,,)
R = Ry, = 1/n-turn around the origin
S = Sy = reflection across the z-axis .
We call C,, the cyclic group, and D,, the dihedral group.
Theorem 2.1. We have
={R'|0<i<n}

={R'|0<i<n}U{R'S|0<i<n}
7



Proof. First, it is clear that R € C,, and S € D,,, s0 C, D {R* | 0 <i <n}and D, D {R' |0 < i<
n}U{R'S |0 <i < n}. Suppose that A € C,,. Then Avy € RX,, and ||Avg| = |jvo| = 1. However, it is
easy to see that the only vectors in X,, of length 1 are the vertices, so Avg = v; for some i with 0 < i < n.
This means that the matrix A’ := R™?A satisfies A'vg = vy. Also, A’ is a rotation, and the only way a
rotation of the plane can have a nonzero fixed point is if it is the identity. Thus A’ = I, so A = R'. Thus
Cn={A"]|0<i<n} as claimed.

Now suppose that B € D,,. If B € C,, then B = R’ for some i by the above. If B & C,, then det(B) = —1,
so BS € D,, and det(BS) = det(B)det(S) = 1, so BS = R’ for some i. This means that B = BSS = R'S,
which proves the claim about D,,. |

Remark 2.2. Because SO, is normal in O,, we see that C,, is normal in D,. It is easy to see that
D, /C, ~ {£1}.

2.2. The classification of subgroups.
Proposition 2.3. Let G be a finite subgroup of SOs. Then G = C,, for some n.

Proof. Let 0 be the smallest angle in the range (0,27] such that Ry € G. I claim that § = 27 /n for some
n, and that G = C,. To see this, let ¢ be any angle such that ¢ > 0 and Ry € G. Let k be the largest
integer such that k0 < ¢ and put ¢ = ¢ — k. We then have 0 < ¢ < 0 < 27, and Ry = R¢R;k eqG. If
1 were in the range (0, 27], this would contradict our definition of 8, so we must have ¢ = 0. Thus ¢ = k6
and Ry = R’g. This shows that the elements of G are precisely the powers of Ry.

In particular, we have Ry, = I € G, so we can apply the above argument with ¢ = 27 and deduce that
2m = nf for some n > 0, so 6 = 27/n. Thus G consists of the powers of Ry, /y, in other words G = C,,. 0O

Theorem 2.4. Let G be a finite subgroup of O2. Then either G = C,, = Dir(X,,) for some n, or G =
RgDnRgl = Symm(RyX,,) for some n and 6.

Proof. Put H = G N SOy; the Proposition tells us that H = C,, for some n. If G < SOs then G = H = C,,.
Otherwise G contains some reflection, say Sop € G. If A € G then either

(a) det(A) =1,s0 A€ H and A = ng‘n'/n for some k; or

(b) det(A) = —1 so ASy € G and det(AS2p) =1 so ASyy = ng/n for some k so A = R’;ﬂ/nSgg.
Next, note that Re_leﬂ_/nRQ = ng/n and R9_1529R9 = Sp. It follows that the group G’ := Re_lGRg
’;w/n and R’;ﬂ/nSm or in other words G’ = D,,. Thus G = RQG’R;1 = RgDnRgl,
as required. O

consists of the elements R,

3. AFFINE ISOMETRIES

Definition 3.1. An isometry of R™ is a function f: R™ — R" of the form f(z) = Az +a for some orthogonal
matrix A € O,, and some vector a € R"™. We write Isom,, for the set of all such functions.

Remark 3.2. If we have an isometry f(x) = Az + a as above, then d(f(z), f(y)) = d(z,y) for all z and y
in R™, or in other words, f preserves distances. To see this, note that

d(f(x), f(y)) = [(Az 4+ a) = (Ay + a)|| = [[A(z — y)|| = [z — yl| = d(z, ).
(At the third step we used the fact that A is an orthogonal matrix, so ||Az|| = ||z|| for any vector z € R™.)

Remark 3.3. Let f: R™ — R" be any function that preserves distances. It can be shown that there is a
matrix A € O,, and a vector a € R" such that f(z) = Az + a for all x, so f € Isom,,. (The proof takes
about a page and a half, but we will not give it here.) This means that Deﬁnition is compatible with the
general definition of isometries for metric spaces.

Remark 3.4. Suppose we have isometries f(z) = Az + a and g(z) = Bz +b. Then
fg(x)) = (AB)x + (Ab + a)
fHa) = A" e+ (—A ).

8



We have AB € O,, and Ab+a € R" so fog € Isom,,. Similarly A=! € O, and —A~'a € R" so f~! € Isom,,.
This shows that Isom,, is a group under composition. We will usually write fg instead of f o g, and write 1
for the identity map.

We will not distinguish between a matrix A € O,, and the corresponding isometry f(x) = Az. We thus
think of O,, as a subgroup of Isom,,.
For any a € R™ we have an isometry T, defined by T, (z) = x + a; this is called a translation. We clearly

have T, Ty, = Toyp and T L =1T_,. It follows that the translations form an abelian subgroup Trans,, < Isom,,.
Using the correspondence T, <+ a we can identify Trans,, with R™.

3.1. The homomorphism 1.

Definition 3.5. Given an isometry f(xz) = Az + a, we define ¢¥(f) = A € O, and det(f) = det(4) =
det(v(f)) € {1,—1}. This gives functions ¢: Isom,, — O,, and det: Isom, — {1,—1}.

Proposition 3.6. The map ¢ is a surjective homomorphism with kernel Trans,, and thus it induces an
isomorphism Isom,, / Trans,, ~ O,,. Moreover, det: Isom,, — {£1} is also a homomorphism.

Proof. First suppose we have f(x) = Ax + a and g(x) = Bx +b. Then
fg(z) = f(Bx+b) = A(Bx+b)+a= ABxz + (Ab+ a),

which shows that (fg) = AB = ¥(f)1¥(g). This shows that ¢ is a homomorphism, and it follows that
det: Isom,, — {1} is also a homomorphism. For any A € O,, we can define an isometry f by f(z) = Az
and then ¥(f) = A, which shows that 1 is surjective. We have ¢(f) = I iff f(x) = z + a for all z, iff f
is a translation, so ker(¢) is the translation subgroup Trans,. It now follows from the First Isomorphism
Theorem that Isom,, / Trans,, ~ O,,. O

Proposition 3.7. For any f € Isom,, and b € R"™ we have fTyf~' = Ty(f)q-
(This is meaningful because Y (f) € O, is a matriz and a is a vector so ¥(f)a is another vector, so we
have a translation function Tyf),.)

Proof. We can write f(z) = Az + a, where A = 9(f). We then have
fhy(x) = flx+b)=Az+ Ab+a = f(x) + Ab = Tap f ().

Thus, fTy, = Tasf, and we can multiply by f~' on the right to get fT,f ' = Tup = Ty (f)p- O

Definition 3.8. For any subset X C R”, we put
Isom(X) = {f € Isom,, | f(X)= X},

and call this the isometry group of X.

Example 3.9. Let X be the subset of R? illustrated below. It extends infinitely in all directions, and the
distance between adjacent faces is one unit.
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If we shift X by n units to the right and m units up, we just get X again (assuming that n and m are
integers). In other words, T(;, ) X = X, 50 T(y ) € Isom(X). In fact, one can check that these are the only
symmetries, so Isom(X) = {T{,, ) | (n,m) € Z?}.

We conclude this section by giving a simple criterion for when an isometry is the identity.

Definition 3.10. A list ug, ..., u, of n+1 points in R™ is in general position if the vectors u; —ug, - . . , Unp —Ug
form a basis of R”.

Proposition 3.11. If ug,...,u, are in general position, f € Isom,, and f(u;) = u; for all i, then f = 1.
Proof. We have f(z) = Ax + b for some A,b. It follows that
A(ui — ug) = (Au; +b) — (Aug +b) = f(u;) — f(uo) = ui — uo

for all 4. As the vectors u; — ug form a basis, we deduce that A = I, so f(z) =z + b for all z. In particular,
ug = f(up) = up + b, so b =0. Thus f(r) =z for all = as claimed. O

4. PLANE ISOMETRIES
We next define some special types of isometries of R2.

(1) For any a € R? and any angle 6, we put Ry, = T, RgT,, so that
Ryo(z) =a+ Ro(x —a) = Rox + (1 — Ry)a.

Note that Ry q(a + ) = a + Rpx, which means that Ry, is the rotation through angle 6 around a.
If 6 is not a multiple of 27 then for all x # 0 we have Ryx # 0; it follows that a is the unique fixed
point of Ry ,. Note also that ¢(Rg ) = Ry.

(2) For any line L < R? (not necessarily passing through the origin) we let Sz, be the reflection across L.
If L has angle 6/2 to the z-axis and a € L one checks that S;, = T,S¢T—,. We also have ¥(S1) = Sq,
where « is the angle between L and the x-axis.

(3) For any line L < R? and any vector b that is parallel to L, we define Grp =1TpSr. It is not hard to
check geometrically that G, = ST} also, and it follows that

G2, = (T,SL)(SLTy) = TZ = Ta.
10
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Clearly Gro = Sr. Maps of the form G, with b # 0 are called glide-reflections. We have
Y(Grp) = Sa, where o is the angle between L and the z-axis.

Proposition 4.1. For any f € Isoms, precisely one of the following holds:
(a) =1
(b) f =T, for some a € R?\ {0}
(c) f = Rg.a for some a € R? and 6 € (0,2m)
(d) f = SL for some line L < R?
(e) f=GLyp for some L and some nonzero vector b parallel to L.

Proof. We know that there exists a matrix A € O and a vector b such that f(z) = Az+bforallz. f A=1T
then we are in case (a) (if b = 0) or case (b) (if b # 0). We may thus assume that A # I.

If A is a rotation we have A = Ry for some 6 € (0,27). As A is a nontrivial rotation, for all x we have
x # Ax so (I — A)z # 0. Thus, the kernel of I — A is zero, so I — A is invertible. Put a = (I — A)~!b, so
that b = a — Aa. Then

Roox =T, AT sz =Alz —a)+a=Azr+a— Aa= Az + b = f(z),

so f = Rgq-

Now suppose instead that A is a reflection, say A = Sy. As before we put uy = [1,60/2] and u_ =
[1,(0 + m)/2], so uy and u_ are unit vectors and are orthogonal to each other. We can write any vector z
in the form x; + x_, where x4 is a multiple of uy, and then Az =z, — x_. It follows that

fr)=Av+b=ay —x_ +bp +b_ = (by +a4)+ (- —a_).

Now let L be the line through b_ /2 at angle 6/2 to the z-axis. We can write any vector z as (z4 + %b,) +
(z— — 3b_), where (z4 + 3b_) € L and (z_ — 1b_) is orthogonal to L. It follows that

Spr= (x4 +3b_)—(w_ —3b_ )=y +b_—z_,

and thus that
GLb+SC = b+ +IE+ +b_ —Tr_ = f(l’)
Thus, f = Grp,, so f is a reflection (if by = 0) or a glide-reflection (if by # 0). O

Remark 4.2. Suppose we have an isometry f, and we want to know where it falls in the above clasification.
One can check using the above proof that the following method will work.

(a) Find the matrix A =¢(f) € O,.

(b) If A is the identity, then f = T, for some u. To find u, let = be any point for which one can easily
find f(z), and then u = f(z) — «.

(¢) Now suppose that ¥ (f) = Ry for some angle § € (0,27). Then there is a unique point a such that
f(a) = a, and it works out that f = Rgq.

(d) Suppose instead that ¥(f) = Sy for some 6. Then we choose a point = for which we can easily
calculate f(f(x)), and put u = (f(f(x)) — z)/2. We then put L = {z | f(z) = = + u}. It works out
that L is always a line parallel to u, and that f = G, (if u #0) or f =S (if u=0).

4.1. Subgroups with no translations.

Theorem 4.3. Let H be a subgroup of Isoms, and suppose that H contains no translations (other than
the trivial translation Ty = 1). Then there is a point a € R? such that f(a) = a for all f € H, and thus
H <T,0.T; .
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This theorem implies a classification of finite subgroups of Isoms, as will be explained in Corollary
The proof relies on the following lemma.

Lemma 4.4. (a) (Ra.0SL)? =T., where c = (1 — Ry)(a — Sp(a)).
(b) RagRboR, gR, ;= Ta, where d = (1 — Ry)(1— Rg)(a —b).
(¢) If K and L are parallel then there is a vector u perpendicular to K and L such that L = K +u, and
SpSy = Toy.
(d) If K and L are not parallel then they meet at a unique point a, and there is a unique angle 6 € [0, )
such that L = R, oK, and S, Sk = R2p.q-

We will first prove the theorem using the lemma, then we will prove the lemma.

Proof of Theorem[].3 1 first claim that H contains no glide-reflections. Indeed, if G, € H then G%’b €eH
but Gib = Ty, and 2b # 0, contrary to our assumption about H. Thus every element of H is either the
identity, a nontrivial rotation, or a reflection.

Now suppose that H contains a nontrivial rotation R, . Because this is nontrivial we have Ry(x) # =
for all x, so (1 — Rg)(xz) # 0, so 1 — Ry is invertible. I claim that f(a) = a for all f € H. This is clear if
f=1.If fis a nontrivial rotation, say f = R 4, then we note that the element g = Rangb@R;},Rbfé also
lies in H. Part (b) of the lemma tells us that g = T,;, where d = (1 — Ry)(1 — Rp)(a — b). As H contains no
nontrivial translations, we have d = 0. As 1 — Ry and 1 — Ry are invertible, we must have a — b = 0, and so
a=1"b,50 f =R, 4. Thus the element f = R, 4 has f(a) = a as claimed.

Now suppose instead that f is a reflection, say f = S;. We then note that the element h = (Ra,gS’L)2
also lies in H. Part (a) of the lemma tells us that h = T,., where ¢ = (1 — Rg)(a — Si(a)). It follows that
¢ =0, and 1 — Ry is invertible so a — Si(a) = 0, so Sy (a) = a. Thus f(a) = Si(a) = a as required.

This proves the theorem when H contains a nontrivial rotation. Now suppose instead that H contains
only reflections and the identity map. I claim that H contains at most one reflection. If not, let Sk and S,
be two different reflections in H, so S Sk also lies in H. We see from parts (c) and (d) of the lemma that
S, Sk is either a nontrivial translation or a nontrivial rotation, giving a contradiction. It follows that H is
either the trivial group {1} or a group of the form {1, Sy} for some line L. In the first case we can take a
to be any point at all, and in the second case a can be any point on L. O

Proof of Lemmal[].4} We first check the general type of the various isometries considered, using the method
described in Remark .21

(a) Clearly ©(R4,9SL) is a rotation times a reflection, which is another reflection. Every reflection in Oy
squares to the identity, so w((RaﬂSL)Q) =1, so (Ra,gSL)2 =T, for some c.

(b) We have
U(Ra0Ry R, 3Ry 3) = ReRgR_gR_y = Rotpo-9 = 1,
SO
RagRy R, g Ry 5 =T
for some d.

(¢) As L and K are parallel, they have the same angle with the z-axis, say a. We thus have
w<SLSK) = SaSa = 17

so Sp. Sk =T, for some e.
d) Here (S SK) is a product of two different reflections in Os, so it is a rotation, say Ry. This means
( p ) ) y g

that Sp Sk = Rq,4 for some a and ¢.

We next find the details.
12



(a) To find ¢, we choose any convenient point z, and then ¢ will be ¢ = (R,,051)%(z) — 2. We will take

xz = Sr(a). We then have Sy (z) = a so Ry 05 (x) = Ry9(a) =a so
(Ra,0S1)*(w) = Ra,pS1(a)
= RSl 1
¢ = (Ra08L)*(x) —
= RySr(a)+ (1 — Rg)a —Sc(a)
=(1—-Rg)a+ (R —1)SL(a)
= (1= Ry)(a — SL(a)).

(b) Put f = Ra,aRb,(pR;éRb_,é. We have seen that ¢(f) =1, so f = Ty for some d. To find d, we choose

any convenient point x, and then d will be f(z) — x. We will take = Ry 4 Rq,0(b), s0
f(@) = RagRy o R, 4Ry 4 Ry o Rao(b)
= RaoR,4(b)
=R, 0(b)
= Ryb+ (1 — Rg)a.

(At the third step we used the fact that Ry 4 is a rotation around b, so it sends b to itself.)
We also have

= Ry ¢Rq,0(b)
= Ry 3(Reb+ (1 — Rg)a)
= RyRpb+ Ry(1 — Rg)a+ (1 — Ry)b.
By subtracting these, we get
d = flx)-=
Rob+ (1 — Rp)a
—RyRob — Ry(1 — Rp)a — (1 — Ry)b
(1 —Rgy)Rob+ (1 — Ry)(1 — Rg)a— (1 — Ry)b
(1 - Ry)(1 — Rg)(a —b).

(¢) We know that SSkx = T, for some e. Choose any point x on the line K, so Sk(z) = . We then

have e = S Sk (z) —x = Sp(x) — =.

If we move away from x towards L in a direction perpendicular to K and L, we will eventually
reach L. In other words, there is a vector u perpendicular to K and L such that the point y :=z+u
lies in L. As L is parallel to K, it is easy to see that L = K + u. Moreover, St (x) is the reflection
of x across L, which is just  + 2u. It follows that e = Sy (z) — =z = 2u as claimed.

K L

(d) Let K and L be lines that are not parallel. It is geometrically clear that they meet in a unique point,

which we call a. Let « be the angle between the z-axis and K, measured anticlockwise from the axis.
Let 0 be the angle between K and L, measured anticlockwise from K, so that 6 € [0, 7). Clearly L
13



is obtained by rotating K around a through an angle of #, in other words L = R, ¢/. We also have
Sk = TuS2.1_4 and Sp, = T4520420T—a and Soay26520 = Rag 50 Sp.Sk = ToRoeT_q = Ry 20-

O

Corollary 4.5. Let H be a finite subgroup of Isoma. Then either H = T,C,T; ! for some a and n, or
H = TaRgDnRnggl for some a, n and 6.

Proof. Every element of H has finite order, and thus cannot be a nontrivial translation. It follows from the
theorem that H < T,0:T ! for some a, so the group H' := T- LHT, is contained in Os. Theorem tells
us that H’ has the form C,, or RgDnRO_1 and clearly H = T, H'T,;!. The claim follows. O

5. WALLPAPER

In this section we study symmetry groups of “wallpaper patterns”, which for our purposes will mean
“reasonable” subsets of R? which are translationally symmetric in two different directions. (I say “reasonable”
to exclude sets like Q?; we will be more precise later.) The real importance of this study (and its three-
dimensional analogue) is in the physical chemistry of crystals: the symmetry group of a crystal is a useful
tool in studying the way it vibrates, refracts X-rays, and so on.

The simplest wallpaper group was discussed in Example[3.9] It turns out that there are precisely 17 types
of wallpaper up to a suitable notion of equivalence. Here we will analyse a small selection of these types,
and prove some of the key results in the general classification.

We start with some general concepts.

Definition 5.1. For any subgroup H < Isomg, the point group of H is the subgroup ¢(H) = {¢(h) | h €
H} < O, where % is as in Section We also write Trans(H) = {a € R? | T, € H} and call this the
translation subgroup of H.

For any point a € R?, we also define o,(H) = {A € Oy | T,AT, ! € H}, which is a subgroup of O,. This
is the part of H that encodes the rotational and reflectional symmetry about a.

Proposition 5.2. For any a € A we have o,(H) C (H).

Proof. If A € o,(H) then T,AT,; ' € H, so {(T,)w(A)(T,)~* € ¢(H). We have (T,) = I and ¢(A) = A,
so A € ¢(H), as required. O

Definition 5.3. Let G be a group, and let x1, ..., x, be elements of G. We say that these elements generate

G if every element in g € G can be expressed in terms of the elements z;, say

— 1 N2 n
g_ i AR S
172 Tr

for some indices i1, ..., 7, and integers ny,...,n,.
Equivalently, the x; generate G iff the only subgroup of G containing all the z; is G itself.

We will be interested in finding small sets of generators for some of the wallpaper groups.

5.1. The group p4g. Let M be the figure shown on the left below, and let M’ be its mirror image, as
shown on the right.

Wl

It is easy to see that Symm(M) = Dir(M) = Cy.

Now let X be the figure shown below, consisting of a copy of M centred at each point of the form (n, m)
with n,m € Z, together with a copy of M’ centred at each point of the form (n + %, m+ %) We will study
the group Isom(X) := {f € Isomy | f(X) = X}, which is known in chemistry as p4g.

14



K | K K X
*® XX
K| K K X
p: S SIS
K RAK K X
B S B K S N S R
K | RN K X
PSR SRR SERNG &

Let K and L be the lines marked in the diagram, so K has equation z +y = % and L has equation y = %.
We define isometries as follows:

v =Tu (x,y) = (x+1,y)

Ty =T, (z,y) = (z,y +1)
=T(1/2,05L (z,y) = (3 +2,5—v)

R = Rﬂ'/2 (xay) = (—y,x

S =Sk (z,9) = (5 —y, 5 — ).

I claim that X is invariant under all these isometries; this is clear by inspection. For example, if we reflect
the pattern across L and then shift half a unit to the right, we get the original pattern back, which shows
that GX = X.

Proposition 5.4. Isom(X) is generated by Ty, To, G and R.

Proof. Let H be the group generated by T3, T, G and R. As these isometries preserve X, we have H <
Isom(X). Now let fo be an arbitrary element of Isom(X). If det(fo) = —1 we define f; = G~ fy, otherwise
we put fi; = fo. Either way we have f; € Isom(X) and det(f1) = 1. It is geometrically obvious that f;
must send the copy of M centred at (0,0) to some other copy of M, and thus that f1(0,0) = (n,m) for
some n,m € Z. Now put fo = T, "1, " f1, so that fo € Isom(X) and det(f2) = 1 and f2(0,0) = (0,0).
This implies that fo € SO3, in other words f5 is a rotation, and clearly the angle must be a multiple of 7/2,
so fo = RF for some k. Thus fy has the form T5"T]R* or GT4"T!R¥, which means that fo € H. Thus
Isom(X) C H as required. O

Corollary 5.5. Isom(X) is generated by R and S.

Proof. Tt will suffice to write the generators T, 15 and G in terms of R and S. The relevant formulae are
as follows:

G=SR!
T, =G?=SR 'SR}
Ty = RT4R~' = RSR™'SR2

These facts can be proved from the formulae given above in terms of x and y, or by geometric arguments. [

Remark 5.6. We have ¢(T1) = ¢(T2) = I and ¢(R) = R and ¢(G) = Sp. The group Isom(X) is generated
by T, Ta, R and G, so ¥(Isom(X)) is generated by R and Sp, so ¢(Isom(X)) = D4. On the other hand,
15



one checks that for each a € R?, the group o,(Isom(X)) is either C, Cq or Cy. In particular, there is no
point a for which o,(Isom(X)) = ¥ (Isom(X)).

5.2. The group p4m. Let C, ,, denote the circle of radius 1/3 centred at (n,m), and let X denote the
union of all the circle C,, ,,, for (n,m) € Z2.

/ N
o ¢© O O
o ¢ O O

N
N

o ¢ O O

The symmetry type of this pattern is known as p4m.

Let Ty, T> and R be as before, and let Sy denote reflection in the z-axis (as usual). These are easily seen
to preserve X, and I claim that they generate Isom(X).

To see this, suppose that fy € Isom(X). Then fy must send C o to one of the other circles in the pattern,
say f(Co0) = Cnm- Put f1 =T, "Iy ™ fo, so that f1 € Isom(X) and f1(Co) = Co,0. This means that f is
either a rotation around (0,0) or a reflection across a line through (0,0). If it is a rotation, the angle must
clearly be a multiple of 7/2, and thus f; = R* for some k. If it is a reflection, one sees by inspection that
the slope of the line must be km/4 for some k, and thus that f; = Spr/o = RESy. Thus fo = TPTRF or
fi =TT RFSy, as required.

In this case, the point group is generated by ¥(T1), ¥(T2), ¥(R) and ¥(Sy). We have ¢(T1) = (1) =1
and ¥(R) = R and ¥(Sy) = Sp, so the point group is generated by R and Sy and thus is equal to D4 again.
In contrast to the pdg case, we have o¢(Isom(X)) = Dy = ¢ (Isom(X)).

5.3. The group p6m. Put v = (1,0) and v = R./6(u) = (1/2, V/3/2), so that 0, u and v are the vertices
of an equilateral triangle of side 1. Let C,, ,, be a circle of radius 1/3 centred at nu + mwv, and let X be the
union of the circles Cy,
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This can be analysed in much the same way as the previous example. We find that Isom(X) is generated
by Ty, Ty, Ry /3 and Sp. The point group is Dg, which is the same as o Isom(X).

5.4. Steps towards the classification. We will adopt the following definition.

Definition 5.7. A wallpaper group or two-dimensional crystallographic group is a subgroup H < Isoms such
that
(a) ¢(H) is finite.
(b) There exist linearly independent vectors u,v € Trans(H) such that every vector in Trans(H) can be
written as nu + muv for some n,m € Z.

It is usual to use a somewhat different definition, which can be shown to be equivalent to that given above.

Let H be a wallpaper group. We say that H is oriented if ¢ (H) < SOs; if so, we know from Theorem [2.4
that ¢¥(H) = C,, for some n. We call n the rotational order of H.

Now suppose that H is not oriented, so ¥(H) = RgDnRéT1 for some n and 6. We again call n the
rotational order of H.

Lemma 5.8. If A€ ¢(H) and b € Trans(H) C R? then Ab € Trans(H).

Proof. As b € Trans(H) we have T, € H. As A € (H), there is an element f € H of the form f(z) =
Ax + ¢ for some c. It follows that fT,f~' € H, and we see from Proposition that fT,f~! = Tayp, so
Ab € Trans(H). O

To explain what the next lemma is about, consider the group V < R? consisting of vectors of the form
n(—1,0) + m(+v/2,0) with n,m € Z. We can choose a rational number n/m which is a very good (but not
perfect) rational approximation to v/2, and we find that n(—1,0) + m(v/2,0) is very small (but nonzero).
By making this precise, we find that for any e > 0 there exists v € V' \ {0} such that ||v]| < e. Thus, there
is no shortest vector in V'\ {0}. This phenomenon can only happen because (—1,0) and (v/2,0) are linearly
dependent vectors; in particular, it does not occur in Trans(H). The point of the next lemma is to prove
this.

Lemma 5.9. If H is a wallpaper group then there exists w € Trans(H) \ {0} such that ||b|| > ||w|| for all
b € Trans(H) \ {0}.

Proof. Let uw and v be as in Definition [5.7] We claim that there is a positive constant K > 0 such that

lnu +mo|| > Vn? + m2/K.
To see this, define f: [0,27] = R by f(0) = || cos(f)u + sin(8)v]|. As u and v are linearly independent we
have cos(f)u + sin(f)v # 0 and thus f(6) > 0 for all 6. Tt follows that 1/f is a positive continuous function
17



on the closed interval [0, 27], so 1/f is bounded by some number K > 0, so f(6) > 1/K for all §. Now, for
any n and m we can write (n,m) = r(cos(6),sin(d)) for some 0, where r = v/n? + m?. This means that

I+ mo| = [[r(cos(8)u + sin(8)0)|

=rf(0) >r/K =+vn?>+m?/K,

as claimed.

Now consider a disc D of radius R centred at the origin, and put S = (Trans(H) \ {0}) N D, the set of
nonzero vectors in Trans(H) of length at most R. We choose R large enough that D contains at least one
of the nonzero points in Trans(H), so S # 0. If nu+mv € S then R > ||nu + mv|| > vn? +m2/K, so
[n|,|m| < RK. This means that there are only finitely many possibilities for n and m, so there are only
finitely many points in S. Among this finite list of points, we choose one that is as close as possible to zero,
and call it w. This clearly has the required property. O

Theorem 5.10. The rotational order of H is 1, 2, 3, 4 or 6.

Proof. Let n be the rotational order, so the element R := Ry, lies in o(H). Let w € Trans(H) be as in
Lemma Lemma tells us that R(w) € Trans(H) and Trans(H) is a subgroup of R? so R(w) —w €
Trans(H), so ||[R(w) — w|| > ||lw]|| by the definition of w. However, for any = and 6 we have |Ryo(z) — z|| =
2sin(0/2)||z||, as we see from the diagram below.

It follows that ||R(w) — w|| = 2sin(7/n)||w||, so we must have 2sin(7/n) > 1, so sin(n/n) < 1/2 = sin(r/6),
son <6.

All that is left is to show that the case n = 5 leads to a contradiction, which we do by a variation of the
preceeding argument. Clearly w + R™w € Trans(H), but if n = 5 then —R™?w = RxR_4,/5 = Ry 5w so
|w+ R™2w| = ||w — Ry swl|| = 2sin(r/10)||w|| < ||w||, which contradicts our choice of w, as required. O

Proposition 5.11. Suppose that H has rotational order n, where n € {3,4,6}. Let w be as in Lemma
and put ¥ = Ryr/n(w). Then Trans(H) = {pw +qz | p,q € Z}.

Proof. Put L = {pw + gz | p,q € Z} < Trans(H) and r = ||w||. T claim that for each a € R?, there exists
b € L such that d(a,b) < r. Assuming this, when a € Trans(H) we have a — b € Trans(H) and |ja — b|| < r
so a — b = 0 by our choice of w, so a = b; this proves that Trans(H) = L as required.

To prove the claim, we first consider the case n = 4, where w and = are orthogonal. After a suitable
change of coordinates we have w = (r,0) and z = (0,7), and the claim is that every point in R? lies in
the open ball of radius r centred at (pr,gr) for some p,q € Z. This should be geometrically clear from the
following diagram.

18



Y

<]
2
K
vay
2
K2

K
el
el
i
el

Y

e
K

)

Y\
K2
o]
(<
o
(<
o]
oy
o

o
A
e
ﬂV.}’
N

/>
\”
/>
\”

A

(S <>
KA

For an algebraic proof, note that {w,z} is a basis for R?, so any vector a € R? can certainly be written in
the form pw + g for some p,q € R. We can choose p’,q' € Z with |[p— p/| < 1 and |¢ — ¢/| < 3, and then
put b =p'w+ ¢’z € L. We then have a —b = (p — p')w + (¢ — ¢')x and w and z are orthogonal so

la=b*=p—p)r*+(¢—¢)*r* < (2 + Hr? <r?,

so |la — b|| < r as required.

We next turn to the case n = 6. It should be clear from the way the previous case worked that the value
of r is irrelevant, so we assume that » = 1. We may also change coordinates and assume that w = (1,0), so
& = Ron 6w = (1/2,V/3/2). The lattice L consists of the dots in the following diagram:

\VAVAVAVAVA

Each of the triangles is equilateral with side 1, and every point in such a triangle lies at distance < 1 from
at least one of the vertices. (In fact, if 7" is an equilateral triangle of side 1 with vertices A, B and C and
X € T then the distances d(A, X), d(B,X) and d(C, X) are all less than one unless X is itself a vertex; in
the exceptional case, of course X lies at distance 0 from one of the vertices.) This settles the case n = 6.
Finally, we treat the case n = 3. With assumptions as in the case n = 6, we have w = (1,0) and
T = Roq3(w) = (—1/2,v/3/2). Put y = Ry, /6(w) = (1/2,/3/2) and notice that y = z + w and z = y — w.
This shows that every integer combination of w and « is an integer combination of w and y, and vice versa.
This means that the lattice for the n = 3 case is exactly the same as for the n = 6 case, so again every point
in R? is at distance < 1 from a lattice point. O

We now see that ¢ (H) is conjugate to C,, or D,, where n € {1,2,3,4,6}, which gives twelve possibilities
for ¢(H). In the cases n > 3 we have a strong information about Trans(H). Even if we know ¢(H) and
Trans(H) there may be more than one possibility for H, as exemplified by the difference between p4g and
p4m. Nonetheless, we are well on the way to the complete classification of wallpaper groups.

6. POLYHEDRA

We now turn to the study of symmetries in three dimensions. In this context we will not consider
translations, so we are really just looking at subgroups of Os. It will turn out that this is strongly related
to the theory of regular polyhedra, otherwise known as Platonic solids.
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6.1. Actions of groups on sets. In our study of subgroups of O3 (and in later sections of the course) it
will be helpful to think about actions of groups on sets.

Definition 6.1. Let G be a group and X a set. An action of G on X is a rule which assigns to each element
g € G and each element x € X an element g x x € X, such that

Al I1xgx=forallz € X
A2 gx (hxx) = (gh)*x forall g,h € G and x € X.

We will often write gx for g x x.

Example 6.2. Put X = 5% = {z ¢ R? | ||z]| = 1}. If z € 5% and A € O3 then Az € S?. Clearly Iz = x
and (AB)x = A(Bx), so this gives an action of O3 on S2.

Example 6.3. Consider the group G = Dy = {1, R, R?, R3, S, RS, R*S, R?*S}, where R = Ry/y and S = Sp.
Let Lo be the line with equation x = y, and let L; be the line with equation x = —y. One checks that
S(Lo) = Ly and S(L1) = Ly, and similarly R(Lg) = Ly and R(Ly) = Lg. It follows that for each g € D4 we
either have g(Lo) = Lo or g(Lo) = L1, and similarly we either have g(L1) = L; or g(L1) = Lo. Thus, if we
put X = {Lg, L1} then Dy acts on X.

Example 6.4. Let G be any group. For any g,z € G we define g * x = gzg~!. This satisfies 1 * x = 2 and
¥ (hxx) = g* (hah™") = ghah™ g™ = gha(gh)™! = (gh) x

Thus, we have an action of G on itself, called the conjugation action. In this case it would of course be a
mistake to write g instead of g * x.

We next introduce a different way of thinking about group actions.

Definition 6.5. A permutation of a set X is a bijective function o: X — X. We write S(X) for the group
of all permutations of X, and we write S,, = S({1,...,n}).

Suppose we have an action of G on X. For any g € G, we can define a function ¢(g): X — X by
?(g)(x) = g x x. This satisfies ¢(1)(x) = 1xx =z, so ¢(1) is the identity map. Moreover, we have

(¢(9) 0 o(h))(x) = ¢(9)(d(h)(2)) = g * (h+ x) = (gh) * x = ¢(gh)(x),

so ¢(gh) = ¢(g) o ¢(h). In particular, we have ¢(g)d(g~ 1) = ¢(1) = 1, and similarly ¢(g~!)¢p(g) = 1. Thus
#(g) is a bijection, with inverse ¢(g~!). We have thus defined a homomorphism ¢: G — S(X). Conversely,
if we start with a homomorphism ¢: G — S(X) we can define an action by g * x = ¢(g)(x). Thus, actions
of G on X are essentially the same as homomorphisms from G to S(X).

Example 6.6. Let V = {vg,v1,v2,v3,v4} be the set of vertices of the standard pentagon, so the group D5
acts on V, giving a homomorphism ¢: Ds — S(V). If we write R = Ry, /5 and S = Sy as usual then

(R)(vo) = 1
(R)(v1) = v2
P(R)(v2) = vs
(R)(v3) = vy

(R)(vs) = vo
We can write this in cycle notation as ¢(R) = (vg v1 v2 v3 v4). If we identify V with {0,1,2,3,4} in the

obvious way then ¢(R) becomes the permutation (01 2 3 4). Similarly, we have ¢(S) = (1 4)(2 3).
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6.2. Rotations and axes. We have already seen a very simple and concrete description of the elements of
S0O5; they are just the rotations Ry for 0 < 8 < 27, Our next task is to see how far this generalises to SOs,
or to SO,, for n > 3.

Proposition 6.7. If A € SO,, and n is odd then 1 is an eigenvalue of A.

Proof. We have AT = A™1, so
AT(A-D)=T-AT =—(A-DT.

For any n x n matrix B we have det(B”) = det(B) and det(—B) = (—1)"det(B) = — det(B) (as n is odd).
We can thus take determinants in the displayed equation to get

det(A)det(A —I) = —det(A —1I).
As A € SO,, we have det(A) =1 so det(A —I) = —det(A—1I), so det(A — I) = 0 as required. O

Corollary 6.8. If A € SO3 then there is an orthonormal basis {u,v,w} of R® and an angle 6 such that
Au=u
Av = cos(0)v + sin(0)w
Aw = —sin(f)v + cos(f)w.

Thus, A is conjugate in Oz to a matrix of the form

1 0 0
Up=| 0 cos(d) —sin(h)
0 sin(f) cos(6)

Proof. As 1 is an eigenvalue, there is a vector u’ # 0 such that Au' = «/. Put v = '/||v/|], so |Jul| = 1
and Au = u. Let v be any unit vector perpendicular to u, and let w be either of the two unit vectors that
are perpendicular to the plane spanned by v and v. As Au = u and A preserves inner products, we have
(Av,u) = (Av, Au) = (v,u) = 0, so Av is perpendicular to u. It is clear that v and w form a basis for the
plane perpendicular to u, so Av = cv + sw for some ¢, s € R. Moreover, we have

1= |[v||? = ||Av||* = (cv + sw, cv + sw) = ¢ + 52,

so we have (c,s) = (cos(#),sin(d)) for some 6. Similarly, we have Aw = ¢'v + s'w for some ¢,s with
()2 + ()2 = 1. As (v,w) = 0 we have (Av, Aw) = 0 and thus e¢ + ss’ = 0. Thus (¢/,s’) is a unit
vector in R? which is orthogonal to (c, s); one sees easily that the only possibilities are (¢, s’) = (—s,c) and
(c,s') = (s,—c). For the moment we simply assume that (¢/,s’) = (—s,¢); we will explain later why the
other case is impossible. Define 3: R3 — R? by §(z,y, 2) = zu + yv + zw. As u, v and w are orthonormal
we see that

18(z, y, 2) | = (zu+yo + 2w, au+ yv + zw) = 2° + y* + 2% = || (z,y, 2)|*.
21



Thus f is a norm-preserving linear map, so the corresponding matrix B is orthogonal. We have
AB(z,y,z) = A(zu + yv + 2w)
= zAu + yAv + zAw
= zu + y(cv + sw) + z2(—sv + cw)
=zu+ (cy — s2)v+ (sy + cz)w
= BUy(z,y, z),

so B~'AB = Uy. Thus A is conjugate to Uy in Os, as claimed.

Now suppose instead that (¢, s’) = (s, —c). Then we would have B~ AB = U}, where Uy is obtained from
Uy by multiplying the last column by —1. However, we have A € SOz by assumption, so det(B~'AB) =
det(B)~! det(A) det(B) = 1. We see by direct calculation that det(Uj) = —1, and this gives a contradiction.
Thus we must have (¢/,s) = (—s, ¢) after all. O

Proposition 6.9. Suppose that A € SO3 and that there are two linearly independent vectors u and v such
that Au =u and Av =v. Then A=1.

Proof. If A is not the identity, then it must be a nontrivial rotation, around an axis L say. This means that
A fixes all the points on L, and moves all other points. As Au = u and Av = v, we see that u and v must
both lie on the line L. This is impossible, because they are linearly independent. O

Proposition 6.10. If G < O3 and —1 € G and H = GN SO3 then G = H x {£1}.

Proof. Define p: H x {£1} — G by u(A,t) = tA. As multiplication by any number commutes with
multiplication by any matrix, we have

p(A, (A ) =tAt A" = tt' AA" = u(AA' tt'),

so u is a homomorphism. Suppose that u(A,t) = I; then either A=7 andt=1o0r A= —I and t = —1,
but the second case is impossible because —I ¢ SOs. This shows that ker(u) is the trivial group, so p is
injective. Next consider an element B € G. If det(B) = 1 then B € H so B = p(B, 1) so B is in the image
of p. If det(B) = —1 then —B € G (because B and —1 both lie in G) and det(—B) = 1so —B € H. We
also have B = pu(—B, —1), so we again see that B is in the image of u. This shows that p is surjective as
well as injective, so it is an isomorphism of groups. O

Corollary 6.11. In particular, we have O3 = SO3 x {£1} as groups. O

6.3. Symmetries of the tetrahedron. Let Tet be a regular tetrahedron centred at the origin, whose edges
have length 1, and let vy, ..., vs be the vertices of Tet.
1

The action of Symm(Tet) on the vertices gives rise to a homomorphism ¢: Symm(Tet) — S4. For example,
let g be a 1/3-twist about the z-axis, anticlockwise as seen from above. Then g fixes v; and sends vy to vs,
vz to vg and vy back to ve. Thus ¢(g) is the 3-cycle (2 3 4).

Theorem 6.12. The homomorphism ¢: Symm(Tet) — Sy is an isomorphism, and it also gives an isomor-
phism Dir(Tet) — Ay.

Proof. Given any pair of vertices v;, v;, let v, and v; be the two remaining vertices, and let P be the plane
through vy, v; and (v; +v;)/2. Let A be the reflection across P (if n is a unit normal to P then A is given
by Az =z — 2(n,z)n.) We find that Av; = v; and Av; = v;, and that vj, and v; are fixed by A. Thus ¢(A)
is the transposition (i j). The diagram below illustrates the case i = 3, j = 4.
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The image of ¢ is a subgroup of Sy containing all the transpositions, and any permutation can be written
as a product of transpositions, so the image is all of Sy, so ¢ is surjective. If A € ker(¢) then Av; = v; for
all i. It is easy to see that {vy,vs,v3} is a basis of R so we can conclude that A = I. This proves that ¢
is injective as well as surjective, so it is an isomorphism. We have seen that ¢! sends each transposition
to a reflection, so it sends any product of n transpositions to a product of n reflections, and we see that
det(¢p~1(0)) = sgn(o) for all o € Sy, so ¢~ carries A4 to Dir(Tet). By putting o = ¢(g) we deduce that
sgn(o(g)) = det(g), so ¢ carries Dir(Tet) to A4. Thus ¢ gives an isomorphism Dir(Tet) ~ A4 as claimed. O

Remark 6.13. If g is a half turn around the axis shown on the left, then ¢(g) is the permutation (1 2)(3 4).
If h is a one-third turn around the axis shown on the right, turning anticlockwise as seen from above, then
¢(h) = (2 34). Note that this rotation looks clockwise when seen from below.

1 1

6.4. Symmetries of the cube. We now study the symmetries of a cube. We take our standard cube to
have vertices (£1,41,+1), so the centre is at (0,0,0) and the edges have length 2.

3

We have marked the vertices so that the vertex labelled ¢ is opposite the one labelled i + 4, which will be
convenient later.

Note that (x,y,z) lies in the cube if and only if (—z, —y,—z) does, so —1 € Symm(Cube) (the corre-
sponding thing is not true for the tetrahedron). We therefore see from Proposition [6.10]that Symm(Cube) =
{£1} x Dir(Cube), so we will focus attention on Dir(Cube).

The action of Dir(Cube) on the eight vertices gives rise to an injective homomorphism Dir(Cube) — S,
but it turns out that this is far from being surjective. In fact, | Dir(Cube)| = 4! = 24 whereas |Ss| = 8! =
40320, so the image of our homomorphism is a rather small subgroup of Ss. We therefore use a different
approach to study Dir(Cube). Let Ly, Lo, L3 and Ly be the four long diagonals of the cube, as shown below.
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Note that L; passes through v; and v;44.
If g € Dir(Cube) then g must send each long diagonal to another long diagonal, so Dir(Cube) acts on
{L1, L2, L3, Ly}. We therefore have a homomorphism ¢: Dir(Cube) — Sy such that g(L;) = Lg(g)()-

Lemma 6.14. The homomorphism ¢ is injective.

Proof. Suppose that g € Dir(Cube) and that ¢(g) = 1; we must show that ¢ = 1. Because ¢(g) = 1 we
have g(L;) = L; for all i. In particular, we have v; € Ly so g(v1) € g(L1) = L1, so either g(v;) = vy or

g(v1) = vs = —vy. Thus g(v1) = €1v; for some €; € {1,—1}, and similarly we have g(v;) = ¢;v; for some
e € {1,—1} for i = 2,3, 4.
Now suppose that € = €3 = €3 = —1, so g(v1) = —v1, g(v2) = —vg and g(v3) = —v3. As vy, vg and vs are

linearly independent (they do not all lie in any plane through the origin), they form a basis of R3. Given
this, it is clear that ¢ = —1, so det(g) = —1, contradicting the assumption that g € Dir(Cube) < SOs3. So
we cannot have e; = ex = e3 = —1 after all.

More generally, any three of {vy, va, v3,v4} form a basis, so no three of the €’s can be —1. Thus at most
two of the €’s are —1, so at least two of them are +1, say €; = ¢; = 1 with ¢ # j. This means that g(v;) = v;
and g(v;) = vj, so g has two linearly independent fixed points. If g were a nontrivial rotation then all
the fixed points would lie on the axis and thus any two would be linearly dependent. Thus g must be the
identity. O

Theorem 6.15. The homomorphism ¢: Dir(Cube) — Sy is an isomorphism.

Proof. Let g be a half turn around the axis shown on the left below. It is clear that g exchanges L3 and Ly.
The line L, is perpendicular to the axis of g, so when we perform the half turn we send L to itself, just
reversing the direction. Thus g(L;) = Ly. Similarly, we have g(L2) = Lo and so ¢(g) = (3 4).

Similarly, if we do a half turn about the other two axes we get the transpositions (2 3) and (1 2). The
transpositions (1 2), (2 3) and (3 4) lie in the image of ¢ and generate Sy, so ¢ is surjective. We have already
seen that it is injective, so it must be an isomorphism. O

Remark 6.16. Let h be a one-third turn about L4, rotating clockwise as seen from above.
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If we look down L4 at the cube we see the following picture:

U3

Us V2

Ve U1

Chrd
Thus h gives the following permutation of vertices:

V1 > Vg > U3 — U1
Vs > Vg — V7 = Us

As L, joins vy to vs, Lo joins vg to vo and L3 joins vg to vy we see that the permutation of L’s is Ly —
Lg — L3 — Ll, SO ¢(h) = (1 2 3)
Now let k£ be a quarter turn around the z-axis, anticlockwise as seen from above.

2

We then have ¢(k) = (12 3 4) and ¢(k?) = (1 3)(2 4). We have thus found rotations giving representatives
of all the cycle types in Sy.

7. DUALITY AND THE OCTAHEDRON

We next study the symmetries of the octahedron. We take our standard octahedron to have vertices as
follows:

wy = (1,0,0) ws = (0,1,0) ws = (0,0,1)
wy = (—1,0,0) ws = (0, —1,0) we = (0,0, —1).
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6

It turns out that there is a close relationship (called “duality”) between the cube and the octahedron. As
illustrated in the picture on the left, the vertices of the octahedron are the centres of the faces of the cube.

>

\/

To see this algebraically, note that the vertices of the top face of the cube are (1,1,1), (-1,1,1), (1,—1,1)
and (—1,—1,1). Thus, the centre of the top face is
1

F(LLD+(CLLD+ (L -1 1)+ (-1,-1,1)) = (0,0,1).

This is just the top vertex of the octahedron. The calculation for the other faces follows the same pattern.
On the other hand, the centres of the faces of the octahedron are the vertices of a cube one third as big
as the one we started with, as illustrated in the picture on the right.

A

~|

P
NN A

Proposition 7.1. The group Symm(Oct) is the same as Symm(Cube) (and thus is isomorphic to Sy x{£1}).

Proof. Suppose that g € Symm(Cube). Let w be a vertex of the octahedron. Then w is the centre of some
face F' of the cube. As g is a symmetry of the cube, gF' is another face, and gw is the centre of gF', so gw is
a vertex of the octahedron. Thus g sends vertices of the octahedron to vertices, and it follows that it sends
the octahedron to itself. Thus Symm(Cube) C Symm(Oct).

Now suppose that h € Symm(Oct). Let v be a vertex of the large cube, so v/3 is a vertex of the small
cube, so v/3 is the centre of some face F” of the octahedron. As h is a symmetry of the octahedron, hF” is
another face, and h(v/3) is the centre of hF’, so h(v)/3 = h(v/3) is a vertex of the small cube, so h(v) is a
vertex of the large cube. Thus h sends vertices of the cube to vertices, and it follows that it sends the cube
to itself. Thus Symm(Oct) C Symm(Cube). O

Remark 7.2. You might hope that a similar picture would give interesting information about the tetrahe-
dron. However, the centres of the faces of a tetrahedron are just the vertices of a smaller tetrahedron, as
illustrated below, so we just conclude that the two different tetrahedra have the same symmetry group.

‘\77

26



For an algebraic approach to this, note that the centre of the tetrahedron is (vy + vy + vz + v4)/4, but by
assumption the centre is at the origin, so we must have v; + vo + v3 + v4 = 0. The vertices of the face
opposite v1 are v, v3 and v4 so the centre of the face is (vy +wv3 +v4)/3 = —v1 /3. More generally, the centre
of the face opposite vy is —vi /3, and the points —v1/3, —v2/3, —v3/3 and —v4/3 clearly form a tetrahedron
one third as big as the one we started with.

8. THE CONSTRUCTION OF THE DODECAHEDRON

Proposition 8.1. There is a solid (called the dodecahedron) with 12 faces, each of which is a reqular pentagon
with edges of length 1.

The rest of this section will constitute the proof; a picture of the dodecahedron is shown below.

i

We will construct the dodecahedron by attaching “tents” to a cube as shown below. We have only shown
two tents here but eventually we will use six tents, one for each face.

The edges of the cube will have length d; later on we will work out exactly what d has to be. The tents
will be as shown below, with dotted edges of length d and solid edges of length 1.

The next diagram shows the result of attaching tents to cubes of three different sizes.
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Note that we have a bent pentagon with the thick line cutting across it. If d is small as shown on the
left, then the pentagon is bent outwards along the thick line. If d is too large as shown on the right, then
the pentagon is bent inwards along the thick line. If we choose exactly the right value of d as shown in the
middle, we get a flat pentagon.

On the other hand, for any value of d we can flatten out the pentagon and lay it out in the plane.

0 & <

1

If d is too small or too large then the pentagon will not be regular. The miraculous thing is that the value
of d that makes the pentagon flat is the same value that makes it regular; our next task is to prove this.

Lemma 8.2. In the reqular pentagon with sides of length 1, the distance T in the diagram below satisfies
7 = 2cos(1/5) = (1 +/5)/2, and moreover we have 1/(t —1) = 7.

Proof. We can divide the pentagon into right angled triangles as shown on the left below. All the angles in
the middle are equal to 8 and there are ten of them so § = 27/10 = 7/5. As the angles of any triangle add
up to m, we have ¢ = /2 — 6 = 37/10.

9 cos(y)  cos(¢))

Now consider the picture on the right, which shows that 7 = 2 cos(v). We have a triangle with angles 7 /2,
pandpsop=m—7/2—p=7/2 —¢=0=m/5, so we conclude that 7 = 2 cos(m/5).
We next claim that 72 — 7 — 1 = 0. To see this, put & = e™/> = cos(r/5) + isin(7/5), so £ = e ™/5 =
cos(/5) — isin(m/5), so & + &1 = 2cos(n/5) = 7. We find that
P —1= (246~ (EHET) -1
=& —E+1-6+¢7
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A+ =T =1 =1+E - €+1-1+677)
=&+ =7 +1).

However, we also have £° = e¢™ = —1,50 ° +1=0,s0 (1 +&)(72 —7—1) = 0. As £ # —1 we can divide by
¢ to deduce that 72 — 7 — 1 = 0 as claimed.

Solving this equation gives 7 = (14 +/5)/2, but (1 —v/5)/2 < 0 and 7 is clearly positive so we must have
7 = (1++/5)/2. We can also rearrange the equation 72 —7—1=0as (r—1)7 =landso 1/(t—1) =7. O

Now let T be a tent whose base is a square of side 7 and whose other edges have length 1. We place T
with its base in the xy-plane parallel to the axes with the centre of the base at the origin and with the ridge
parallel to the z-axis.

It should be clear that the coordinates of A, ..., D are as follows:
A= (7_/237_/270) B = (77—/237_/230)
C=(r/2,—7/2,0) D= (-7/2,-7/2,0)

Moreover, the line EF' is horizontal and lies in the zz plane and it crosses the z-axis at its midpoint. This
means that the y coordinates of £ and F are zero, their z-coordinates are the same, and the = coordinate
of E is minus the z coordinate of F. Thus for some a,b we have F = (—a,0,b) and F = (a,0,b).

Next, recall that the edges FA, FC, EB, ED and EF have length 1. As EF = (2a,0,0) and EF has
length 1 we must have a = 1/2. Thus

FA=A—-F=(r/2—a,7/2,-b)
((7—7 1)/237/27*1))
(V5 —1)/4,(V5+1)/4, -b).

As F'A has length 1 we conclude that

1=(5-1)2/164 (V5 +1)2/16 + (=b)?
= (6 —2V/5)/16 + (6 + 2v/5)/16 + b*
=3/4+ V7.

This gives b> = 1/4 so b = 1/2. In summary, we have

A= (r/2,7/2,0) B=(-71/2,7/2,0)
C= (T/27 _T/27 O) D= (_T/Qa _T/2a O)
E=(-1/2,0,1/2) F=(1/2,0,1/2).

Lemma 8.3. The angles a and 3 indicated below are the same.
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Proof. The left hand triangle looks like this.

HE+F)=(0,0,1)

[

1(C+D)=(0,-3.0) (0,0,0)

MR

The top vertex is the midpoint of EF which is $(E + F) and using our formulae for E and F we see that
this is just (0,0, %) The bottom right vertex is in the xy-plane directly underneath (0,0, %), so it must be

(0,0,0). The bottom left vertex is the midpoint of CD, which is 2(C + D) = (0,—%,0). It follows easily

.

that the sides have length } and 7 as shown, and thus that tan(a) = Z/% = 7.
In a similar way, we see that the right hand triangle is as follows:

(£,0,0) LA+ 0)=(%,0,0

1,
This shows that % We know from Lemmathat 1/(t—1) = 7tsotan(B) = tan(a)so f =a. O

Now suppose we attach two tents to a cube of side 7 as shown on the left.
P

Looking from the side we see the picture on the right. As a = 8 we see that P, @ and R lie on a straight
line, so the pentagon is flat as required.
We now attach a tent to each face, giving the following picture.
30



The same argument as before shows that all the pentagons are flat. You can just now just look at the picture
to see that we have twelve regular pentagonal faces, as required.

Proposition 8.4. The dodecahedron has 20 vertices and 30 edges.

Proof. There are 12 faces each with 5 edges, apparently giving 5 x 12 = 60 edges. However, each edge is
an edge of two different faces, so we have counted each edge twice; there are really only 60/2 = 30 edges.
Similarly, there are 12 faces each with 5 vertices, but each vertex occurs on three different faces, so there are
12 x 5/3 = 20 vertices altogether. O

9. SYMMETRIES OF THE DODECAHEDRON

We now investigate the group G := Dir(Dodec) of direct symmetries of the dodecahedron.

If g is a symmetry of the cube, it may or may not move the tents around in such a way as to preserve the
dodecahedron. For example, if we do a quarter around the z-axis then the ridge of the top tent ends up at
right angles to the way it originally was, so the dodecahedron is not preserved. However, a half turn about
the z-axis (or the z-axis or y-axis) does send tents to tents and thus gives a symmetry of the dodecahedron.
These half twists are given by the matrices

10 0 -10 0 -100
0-10 , 010 and 0 —10).
00 —1 0 0-1 0 01

These matrices commute and have order two, and the product of any two of them is the third one. It follows
that together with the identity they form a group of order four.

Next, if we do a one-third twist about a long diagonal of the cube we get another symmetry of the
dodecahedron, this time of order 3.

Finally, if we let L be the line joining the centres of two opposite faces then a rotation through 27 /5 also
preserves the dodecahedron. It would take some work to prove this from our construction, but I hope that
it is reasonably clear geometrically.

Proposition 9.1. The group G = Dir(Dodec) has order 60, and it is generated by the rotations of order 2,
3 and 5 mentioned above.

Proof. Let H be the subgroup of G generated by the rotations considered previously. We have seen that H
has a subgroup of order 4 and that it contains an element of order 3 and an element of order 5. It follows that
|H| is divisible by 4, 3 and 5. As these numbers are coprime, it follows that |H| is divisible by 4 x 3 x 5 = 60.
As H is a subgroup of G, we see that |G| is divisible by |H| and thus is divisible by 60.

Now let G act on the vertices of the dodecahedron, and choose a vertex v. The orbit-stabiliser theorem
says that |G| is the the order of the orbit Gv times the order of the stabiliser group stabg(v). There are
20 vertices, so |Gv| < 20. If g € stabg(v) then g must be a rotation around v, and by looking at the three
edges meeting at v we see that the only possible angles are 0 and £27/3. This shows that |stabg(v)| = 3
and thus that |G| = |Gv||stabg(v)] < 20 x 3 =60. As |H| < |G| < 60 and |H]| is divisible by 60 we must
have |G| = |H| =60 and G = H. O

Theorem 9.2. G is isomorphic to As.
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Proof. Let D denote the dodecahedron. By construction, D contains an inscribed cube C, and each face of
D is cut across by a single edge of C. If g € G then gC' is a cube inscribed in D, and is typically different
from C. Let X be the set of all the cubes that arise in this way. The group G acts on the set X, and by
construction the orbit of of the element C' € X is the whole of X. Thus, the orbit-stabiliser theorem says
that |G| = | X|| K|, where K is the stabiliser of C'. In other words, K is the set of rotations that preserve both
the cube C and the dodecahedron D, so K is a subgroup of Dir(C). It follows that 24 = | Dir(C)| is divisible
by |K|. However, K is not equal to Dir(C) (because a quarter-twist around the z-axis does not preserve D)
so |K| < 24. On the other hand, K contains the group of order 4 generated by half-twists around the axes
and it also contains elements of order 3 given by rotating around the long diagonals, so |K| is divisible by
12. It follows that | K| must be equal to 12. As |G| = |X||K| and |G| = 60 and |K| = 12 we have X = 5.

Another way to see that X has five elements is as follows. Choose a face F of D, and let F be the edge of
C that cuts across F. Let g be a rotation through 27 /5 around the centre of F', so g*F = F for k =0,... 4.
Then g*F is the edge of g*C that cuts across F. As the edges g*E are all different (for k = 0,1,2,3,4), the
cubes ¢*C must all be different, so we have at least five cubes.

9°E

It is a bit more difficult to show that there are exactly five cubes by this method.

The action of G on X gives a homomorphism ¢: G — S5. If ¢ is as above then ¢(g) is clearly a 5-cycle,
and thus an even permutation. If h is a one-third twist about a vertex of C, then ¢(h)® = ¢(h3) = 1, so
¢(h) is a permutation of {1,...,5} of order dividing 3. One checks that the only possibilities are the identity
and the 3-cycles, and by inspecting a model we see that ¢(h) is not the identity so it must be a 3-cycle. In
particular, it is again an even permutation. Now let k., k, and k. be the half-twists about the z, y and
z-axes. By inspecting a model again we see that ¢(k;), ¢(k,) and ¢(k,) are distinct elements of S5 of the
form (a b)(c d), so they are again even permutations. It follows that {1, ¢(k;), ¢(ky), ¢(k.)} is a subgroup
of As of order 4. As elements of the three types just considered generate G, we see that ¢(x) is an even
permutation for all x € G, so ¢(G) < As. We have also seen that ¢(G) contains a group of order 4 and
elements of orders 3 and 5, so |¢(G)] is divisible by 3 x 4 x 5 = 60. However, we also have |A5| = 5!/2 = 60,
so we must have ¢(G) = As. Thus ¢: G — Aj is a surjective map between two sets that both have exactly
60 elements, so ¢ must be a bijection. Thus ¢ gives an isomorphism G ~ Ag as claimed. (]

10. THE ICOSAHEDRON

The icosahedron is the dual of the dodecahedron. We’ll write D for the dodecahedron and I for the
icosahedron. The centres of the 12 faces of D are the 12 vertices of I. If v is a vertex of D, then 3 faces of
D (say Fy, Fy and F3) meet at v. If we write w; for the centre of F; then wy, wo and ws are vertices of I,
and they form an equilateral triangle which is a face of I. This gives 20 faces, one for each of the 20 vertices
of D.
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The picture on the left shows I inside D. The picture on the right shows I rotated into a more natural
position.

11. FINITE SUBGROUPS OF SO3

We now consider the classification of finite subgroups of SO3. We have already met the groups

G1 = Dir(Tet) ~ Ay |G| =12
G2 = Dir(Cube) = Dir(Oct) ~ Sy |G2| = 24
G5 = Dir(Dodec) = Dir(Icos) ~ As |G3| = 60.

The orders of these groups are 12, 24 and 60.

Now let n be any natural number. Let R be a rotation through 27 /n around the z-axis, anticlockwise
as seen from above. This clearly has order n so the set C, = {1, ﬁ, cee ﬁ”fl} is a subgroup of SO3 which
is cyclic of order m. Strictly speaking this is different from C,, but it is usually harmless to ignore the
distinction. _ _

Now let S be a half-turn around the z-axis. Note that the effect of S on the xy-plane is the same as a
reflection across the z-axis. One can easily check that 52 =1 and SRS = R~! and that the set

By = {1F.. '8 RS, B8}

is a subgroup of SO3 of order 2n. Again, it is usually harmless to identify this with D,,.
Another point of view is as follows. Given a matrix A = (g s) € Os, define

a b 0
AMA)=| c d 0
0 0 ‘ 1/ det(A)

It is not hard to check that A is a homomorphism and that A(Rgx/,) = R and A(Sp) = S, so C, = A(C)
and D,, = A\(D,,).
The classification theorem is as follows.

Theorem 11.1. Let G be a finite subgroup of SOz. Then G is conjugate to one of the groups Gi, G2, G,
Cy or Dy, (for some n).

The rest of this section will constitute the proof.

Definition 11.2. If g € SO3 \ {1} (so g is a nontrivial rotation of R?) then the poles of g are the two unit
vectors on the axis of rotation of g, or in other words the two unit vectors v such that g(v) = v. If G is a
finite subgroup of SOs3, the poles of G are the poles of all the elements g € G such that g # 1.

Remark 11.3. A unit vector v is a pole of G iff g(v) = v for some g € G with g # 1, iff the group
stabg(v) = {g € G | g(v) = v} is not the trivial group.

Remark 11.4. Often it is natural to describe a rotation g as being a rotation around w for some non-unit
vector w. We will write @ = w/||wl|, which is a positive multiple of w and is a unit vector. We call this the
normalisation of w. Clearly g is also a rotation around .
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Remark 11.5. Let v be any unit vector. Rotations around v are determined by their angles in just the
same way that rotations of the plane are determined by their angles. Thus, we can analyse the finite groups
of rotations around v in the same way that we analysed the finite subgroups of SOs; we find that they are
all cyclic. In particular, if v is a pole of G we find that stabg(v) is a nontrivial finite group of rotations
about v, so it is cyclic of order d for some d > 1. We call d the degree of v.

Definition 11.6. From now on we fix a finite subgroup G < SOj3, and we let P be the set of poles of G.
We write n = |G| and p = |P|.

Lemma 11.7. The action of G on R? preserves the set P.

Proof. Suppose that v € P and h € G; we must show that h(v) € P. As v € P there is some nontrivial
element g € G with g(v) = v. Thus ¢’ := hgh~! is another nontrivial element of g and ¢'(h(v)) =
hgh~'h(v) = hg(v) = h(v). Thus h(v) is a pole of ¢’ and thus lies in P, as required. O

Our main technique will be to study the orbits of the action of G on P. As a warm-up we consider the
case where there are only two poles.

Theorem 11.8. If G is a finite subgroup of SO3 and the set P of poles has order 2 then G is cyclic.

Proof. Choose v € P. Clearly —v € P also, and as |P| = 2 we must have P = {v, —v}. Given g € G \ {1},
we know that g is a rotation about some axis L, and we choose a unit vector w on L. Clearly w is a pole of
G,sow € P ={v,—v}, so v =w or v = —w. Either way we see that gv = v; thus v is fixed under G. Now
let U be the plane perpendicular to v. If u € U then (gu,v) = (gu, gv) = (u,v) =0, so gu € U also. Thus,
G is a finite subgroup of the group of rotations of the plane U, which is isomorphic to SO3. We know from
Proposition that a finite subgroup of SOs is cyclic, so G is cyclic. (]

We next record how the orbits work for the groups we already know about.

(a) The nontrivial elements of the group G; = Dir(Tet) are the rotations through +27/3 about the
vertices of the tetrahedron and the rotations through = about the midpoints of the edges. Let
v1,...,Us be the vertices, so the two unit vectors on the line through v; are £0;. If i < j then there
is an edge joining v; to v;, whose midpoint is v;; := (v; + v;)/2. We thus have

P= {UI;U27U37U47
— V1, —U2, —U3, — U4,
0127013,1)14,U237U247034}.

You might think that we should include —o;5 (for example) but in fact it is there already. The centre
of the tetrahedron is (v; + vy + vz + v4)/4 but this is just the origin, so —(v1 + v2) = v3 + vg. It
follows that —019 = 034, which is already in the list. Similarly, for any ¢ < j we can let k£ and [ be
the other two numbers in the range {1,2, 3,4} and we have —0;; = Uy.

It is not hard to see that we can send any vertex of Tet to any other vertex by the action of G,
so the set {v1,v9,v3,v4} is an orbit of the action. This implies that {—vi, —ve, —vs, —v4} is also
an orbit. Similarly, as we can send any edge to any other edge by the action of G1, we see that
{012, 013, V14, D23, D24, 034} is another orbit. Thus there are two orbits of poles of degree 3 and one
orbit of poles of degree 2, making three orbits altogether.

(b) The nontrivial elements of the group Go = Dir(Cube) are:

— rotations through 7 about midpoints of edges of the cube

— rotations through +27/3 about vertices

— rotations through 7 or +m/2 about centres of faces.

Here the negative of the midpoint of an edge is the midpoint of the opposite edge, the negative
of a vertex is the opposite vertex, and the negative of the centre of a face is the centre of the
opposite face. Thus, we do not need to worry about negatives, and the poles are the normalisations
of midpoints of edges, vertices, and centres of faces. There are 12 edges, 8 vertices and 6 faces so we
have 12 + 8 + 6 = 26 poles altogether. As we can move any edge to any other edge by the action
of G2, we see that the first 12 poles form an orbit. As we can move any vertex to any other vertex,
we see that the next 8 poles form an orbit. As we can move any face to any other face, we see that
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the last 6 poles form an orbit. Thus we have one orbit consisting of 12 poles of degree 2, one orbit
consisting of 8 poles of degree 3, and one orbit consisting of 6 poles of degree 4. Again we have 3
orbits altogether.
The nontrivial elements of G3 = Dir(Dodec) are:

— rotations through 7 about midpoints of edges of the dodecahedron

— rotations through +27/3 about vertices

— rotations through +27/5 or +47/5 about centres of faces.
Just as in the case of the cube, we do not have to worry about negatives. There are 30 edges, 20
vertices and 12 faces. We thus have one orbit consisting of 30 poles of degree 2, one orbit consisting
of 20 poles of degree 3, and one orbit consisting of 12 poles of degree 5.
Now consider the cyclic group 5n All the nontrivial elements are rotations around the unit vector

= (0,0,1), so P = {w,—w}. All elements of the group send w to w and —w to —w, so {w} and
{—w} are two separate orbits. There are thus 2 orbits, each consisting of 1 pole of degree n.
Finally, consider the dihedral group D,,. The poles of the elements R? (for i = 1,...,n — 1) are just
w and —w again. Now consider the points

v = (cos(2km/n),sin(2kw/n), 0)
ug = (cos((2k + 1)w/n),sin((2k + 1)w/n),0).

These are defined for all k € Z but vgy, = vi and ug4y, = uy so there are really only n v’s and n
u’s. We show the case n = 5 below.

Ui U1

us V4

It is geometrlcally clear that a half twist around vg or uy preserves the standard n-gon X,, and thus
lies in Dn, so the u’s and v’s are poles of D We also need to think about the points —u; and —v;.
When n is odd (as in the above picture) we see that —u; = v, for some k and —v; = u; for some .
If n is even we see instead that —u; has the form u; and —v; has the form v;. Either way, we get no
new poles. Also, any symmetry of X, sends vertices to vertices, and we can move any vertex to any
other vertex, so the v’s form an orbit. Similarly, the u’s form an orbit. Thus, the u’s and v’s give
2 orbits, each consisting of n poles of degree 2. Moreover, we have R¥(w) = w and S(w) = —w so
{w, —w} is an orbit consisting of 2 poles of degree n. Thus we again have three orbits altogether.

We now let G be an arbitrary finite subgroup of SO3. Our next task is to show that the number of

poles and orbits for G matches one of the possibilities discussed above. Our main tool is the orbit counting
theorem:

Theorem 11.9. Let H be a finite group that acts on a finite set X. For each h € H put Fix(h) = {x €
X | ha = x}, the set of fized points of h. Then the number of orbits of H in X is |H|™* >, | Fix(h)|, or
in other words the average number of fixed points of an element of H. O

Proposition 11.10. Let G be a nontrivial finite subgroup of SO3, and let P be the set of poles of G. Put
n = |G| and p = |P|, and let m be the number of orbits of G in P. Let dj, be the degree of the poles in the
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k’th orbit; we can order the orbits in such a way that dy < ds < ... <du. Then
m=(p+2n—2)/n

p= Zn/dk.
k=1

Proof. The orbit counting theorem says that m = n~! >gec | Fix(g)|. If g # 1 then Fix(g) consists of
the two unit vectors on the axis of g, so |Fix(g)| = 2. There are n — 1 elements g € G with g # 1, so
> g1 | Fix(g)] = 2(n — 1) = 2n — 2. In the remaining case g = 1 we have Fix(g) = P and thus |Fix(g)| = p.
This means that ), |Fix(g)| = p+2n — 2 and thus m = (p + 2n — 2)/n.

Next, choose a point z in the k’th orbit for each k. Then stabg(x) has order di. The orbit-stabiliser
theorem says that |G| = |stabg(zy)|| orbg(zk)|, so the size of the k’th orbit is |G|/|stabg(xk)| = n/dk.
As P is the disjoint union of the orbits we see that p = |P| is the sum of the orders of all the orbits, so
p =Y, n/dy, as claimed. O

Proposition 11.11. With notation as above we have either
(1) m=3,dy =2,dy =d3 =3 and n = 12; or
) m=3,d1=2,ds=3,d3s =4 and n = 24; or
) m=3,d1=2,ds =3, d3s =5 and n = 60; or
)m=p=2andd; =dy=mn; or
) there is an integer d > 2 such that m =3, n = 2d, dy = ds = 2 and dz = d.

Proof. First note that d is the order of the stabiliser group of xy. As x; is a pole, this stabiliser group is
nontrivial, so di > 2.

Next, we can rearrange the equation m = (p 4+ 2n — 2)/n as m = 2+ (p — 2)/n. By assumption G is a
nontrivial group, and any nontrivial element has two poles, so p > 2, which implies that (p — 2)/n > 0 and
m > 2.

Alternatively, we can rearrange to get p = mn — 2n + 2. We also know that p = Z;::l n/dy. As each dy
is at least 2, each term in the on the right hand side is at most n/2, and there are m terms, so p < mn/2.
After feeding this back into the equation p = mn — 2n + 2 we find that mn/2 < 2n —2 < 2n so mn < 4n so
m < 4. As m > 2 and m < 4 we must have m = 2 or m = 3.

If m = 2 then the equation m = 2 + (p — 2)/2 implies that p = 2. The equation p = >, n/d) now says
that 2 = n/dy + n/ds. As dj divides n for all k the terms n/d; and n/ds are positive integers, so the only
way their sum can be 2 is if n/d; = n/dy =1, so di = d2 = n, so case (4) holds.

Now suppose instead that m = 3. The equation m = 2 + (p — 2)/n then simplifies to give p = n + 2, and
we can feed this into the equation p = Y n/dy = n/dy + n/ds + n/ds and rearrange to give

2 1 1 1

Recall that 2 < dy < dy < ds. If the d’s are reasonably large then 1/dy, 1/dy and 1/ds will be small and
so 1/dy 4+ 1/ds + 1/ds — 1 will be negative, which is absurd because 2/n is certainly positive. Thus, the d’s
must be fairly small. We can complete the proof by making this argument more precise.

We first claim that d; = 2. Indeed, if not then 3 < d; < dy < ds, so 1/dy, 1/ds and 1/d3 are all less than
orequal to 1/3so 1/d; +1/da+1/d3 —1 < 3/3—1 = 0, which contradicts the equation 2/n = (3 1/dy) — 1.

We thus have d; = 2 as claimed. Suppose we also have da = 2. Then 2/n=1/24+1/2+1/ds —1 = 1/ds,
so n = 2ds. We are thus in case (5).

Now suppose instead that do > 2. We claim that in fact do = 3. Indeed, if not then 4 < dy < ds so
1/ds and 1/d3 are at most 1/4, s0 1/dy +1/de +1/d3 —1<1/2+1/4+1/4 — 1 = 0, which contradicts the
equation 2/n = (> 1/dy) — 1.

We thus have dy =2 and dy =3 and d3 > 3,s02/n=1/2+1/3+1/ds —1=1/d3 —1/6. If d3 = 3 this
gives 2/n =1/3 —1/6 = 1/6 so n = 12 and we are in case (1). If d3 =4 then 2/n =1/4—-1/6 = 1/12 so
n = 24 and we are in case (2). If d3 =5 then 2/n =1/5—1/6 = 1/30 so n = 60 and we are in case (3). If
d3 > 6 then 2/n =1/ds — 1/6 < 0, which is absurd. O

Proposition 11.12. If case (1) holds in Proposition|11.11| then G is conjugate to G1 = Dir(Tet).
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Proof. Let V be the third orbit, which has order n/ds = 12/3 = 4, so V = {v1,v9,v3,v4} say. Let g be a
one-third turn around v4, which lies in G because v4 is a pole of degree 3. Clearly g gives a permutation
of {v1,v2,v3}. The only way that a one-third turn can permute a set of three points is if they form an
equilateral triangle perpendicular to the axis of rotation, with the centre of the triangle on the axis. It
follows that the distances d(v1,v4), d(ve,vs) and d(vs,vs) are all the same. Similarly, by rotating around
vy we see that d(vi,vs) = d(ve,v3) = d(vs,v3). We can also rotate around vy or vy and we find that all
the distances d(v;,v;) (for @ # j) are the same. This means that vy, vs, vs and vy are the vertices of a
regular tetrahedron T. As G permutes these vertices, it is a subgroup of Dir(7T'), but |G| = 12 = | Dir(T')| so
G = Dir(T). Let r be the distance from the origin to the vertices of the standard tetrahedron Tet, and put
T’ = rT; it is not hard to see that Dir(T’) = Dir(T) = G. As T” is a regular tetrahedron the same size as
Tet, we can choose an isometry f € SOz with f(Tet) = T". It follows that

Dir(T") = Dir(f(Tet)) = f Dir(Tet)f ' = fG1f™},
so GG is conjugate to G. O

Proposition 11.13. If case (2) holds in Proposition |11.11) then G is conjugate to G5 = Dir(Oct).

Proof. Let V be the third orbit, which has order n/ds = 24/4 = 6. If v € V then v is a pole of degree 4
so —v is also a pole of degree 4. The poles in the other two orbits have degree 2 or 3, so we must have
—v € V. It follows that V has the form {vy, vy, v3, —v1, —v9, —v3} for some v, vy and vs. Let g be a quarter
turn around vz, which lies in G because vs is a pole of degree 4. Clearly g(vs) = vs and g(—vs) = —v3 so
g must permute the remaining vertices {vy,vq, —v1, —vo}. The only way that a quarter turn can permute a
set of four points is if they form a square perpendicular to the axis of rotation. It follows that the distances
d(vs,v1), d(vs,va), d(vs, —v1) and d(vs, —vs) are all the same, equal to r say. We also have

d(—v3,v1) = [[v1 = (=v3)[| = [Jvs + v1]| = [[vz — (—v1)|| = d(vs, —v1) =7,

and by the same method we find that d(—wv3, —v1) = d(—wv3,v3) = d(—v3,—ve) = r. We can also rotate
about vy or v instead, and we find that

d(£v1, +v9) = d(fv1, 2v3) = d(Fva, £v1) = d(Fve, v3) =7

Using this, we find that the points in V are the vertices of a regular octahedron O, so G < Dir(O), but
|G| = 24 = | Dir(O)| so G = Dir(O). By the same method as in the previous proposition we find that G is
conjugate to Ga. (]

Proposition 11.14. If case (3) holds in Proposition|11.11| then G is conjugate to G3 = Dir(Icos).

Proof. Let V be the third orbit, which has order n/ds = 60/5 = 12. We will show that the points in V are
the vertices of an icosahedron.

If v € V then v is a pole of degree 5 so —v is also a pole of degree 5. The poles in the other two orbits
have degree 2 or 3, so we must have —v € V. Put V! = V '\ {v, —v} so |V'| = 10, let g be a one-fifth turn
around v, and let H be the subgroup of order 5 generated by g. We see geometrically that for any = € R?
that does not lie on the axis of g, the orbit Hx has order 5. None of the points in V’ lie on the axis, so V'
must split into two orbits of order 5 under the action of H, say V' = W7 U W5. All the points in W lie at
the same distance (say r1) from v, and all the points in W5 lie at some other distance ro from v. We may
assume that r; < ro (otherwise rename Wi as Wy and Ws as Wi). We will actually assume that r1 < ro;
one can check by going through the following argument more carefully that the equation r; = 75 leads to a
contradiction.

Now let u be any point in V. As V is an orbit there exists an element h € G with hv = u. For any point
w’ € Wy we then have d(u, hw') = d(hv, hw') = d(v,w’) = r1. Thus all the points in AW lie at distance rq
from w, and similarly the points in hW; lie at distance 5. This means that u has 5 nearest neighbours, and
they all lie at distance r; from wu.

Choose a point w € Wj. I claim that —w € W;. Indeed, —w is certainly a pole of degree 5 and
—w # +v so —w € V' = W; UWs. It will thus be enough to show that —w & Wi. If —w € Wy we have
—w = gFw for some k, which means that —w = (—1)°w = ¢°*w = w (because g° = 1). This means that
w = 0, which is impossible as w is a unit vector. We must therefore have —w € W5 as required. Note that
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d(—v,—w) = d(v,w) =1y and d(—v,w) = d(v, —w) = ra, so all the points in W5 lie at distance ry from —w
and all the points in W7 lie at distance ro from —w.

We thus have a picture like this. The points in W; are the vertices of the top pentagon, and the points
in Wy are the vertices of the bottom pentagon.

1 1

W1 w

Because the nearest neighbours of any vertex lie at distance r; from that vertex, we see that all the edges
have length 71 so we have a regular icosahedron, which we call I. Clearly G < Dir(1) but |G| = 60 = | Dir(I)|,
so G = Dir(I). It follows as usual that G is conjugate to Gs. O

Proposition 11.15. If case (4) holds in Proposition|11.11| then G is conjugate to Ch.
Proof. This is essentially Theorem O
Proposition 11.16. If case (5) holds in Proposition|11.11| and d > 2 then G is conjugate to Dy.

Proof. Let Py, P, and P3 be the three orbits in P. Choose w in Pj3, so w has degree d. Then —w also has
degree d and the poles in the first two orbits have degree 2 so —w € P5. We also have |Ps| = n/ds = 2d/d = 2,
so P3 = {w, —w}. Let g be the rotation through 27/d around w, and let U be the plane through the origin
perpendicular to w.

Now suppose that v € P, and let h be the half turn around v, which lies in G because v is a pole of
degree 2. As Pj is an orbit we have hP; = P35 so hw = t+w. The only way that a half twist around v can
send w to —w is if v is perpendicular to w. Thus all the points in P; lie in the plane U, and similarly all the
points in P; lie in U.

Note also that the points v, gv, ..., g% 'v are all different and all lie in Py, and | P3| = n/ds = 2d/2 = d,

so we must have P, = {v,gv,...,g%* 'v}. We can choose coordinate so that w = (0,0,1) and v = (1,0,0).
Then U is the xy-plane and P, consists of the vertices of the standard polygon X, with polar coordinates
[1,2km/d].

By a similar argument, the set P; consists of d equally spaced points on the unit circle in the xy-plane,
and these points are all different from the points g*v. Thus there must be precisely one of the the points
in P; lying in the gap between v and gv; call this point u. Let a be the angle between v and v, and let 8
be the angle between v and gv. The half twist around u must send P, to itself, and clearly this can only
happen if v and gv are exchanged, and this means that & = 8. As a + 3 is the angle between v and gv,
which is 27/d, we have a = 8 = w/d. We also have P, = {u, gu, . .. ,gdilu}, which is the set of points with
polar coordinates [1, (2k + 1)/d]. The group G consists of the rotations g* together with the half-twists
around the pomts in P, and P, so G = Dd This refers to Dd as defined with respect to our new coordinate
system: if Dd is defined using the original coordinate system, then G is merely conjugate to Dd (I

Proposition 11.17. If case (5) holds in Proposition|11.11| and d = 2 then G is conjugate to 152.

Proof. In this case we have m = 3, d; = dy = d3 = 2 and |G| = n = 4. Let P; be the i’th orbit, so
|P;| =n/d; =2, so P, = {v;,w;}, say. Let g; be a half twist around v;, which lies in G because d; = 2. Note
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that every element of G sends P; = {v;, w; } to itself and g¢; sends v; to v; so it must send w; to w;. Thus, w;
is a fixed point of g; and the only two fixed points are v; and —v; so we must have w; = —v;.

Now consider govy. As the orbit of vy is {v1, —v1} we must have gav; = +v; and vy is not one of the fixed
points of go so we must have gov; = —v.

You should be able to see from the following picture that gob = —b if and only if b is perpendicular to vs.

U2
g2a a
—b = gob b
—a
As gov; = —wq, the vectors vy and vy must be orthogonal to each other. By a similar argument, they are

both orthogonal to vs. Thus G consists of the identity together with half twists around three orthogonal
axes, whereas Dy consists of the identity together with half-twists about the standard z, y and z-axes. It
follows that G is conjugate to Ds. O

12. THE SYLOW THEOREMS

Let G be a finite group of order n, say. Lagrange’s theorem says that if H is a subgroup of G and |H| = d,
then d is a divisor of n. It is natural to ask whether the converse is true: given a divisor d of n, can we find a
subgroup H < G such that |H| = d? The answer is no in general; for example one can check that the group
A, has order 12 but there is no subgroup of order 6. However, if d is a power of a prime number, then the
answer turns out to be yes, and in fact we can say a great deal more. This follows from the Sylow theorems,
which we will prove in this section.

Fix a finite group G and a prime p. We can write |G| in the form p”m, where p does not divide m. A
Sylow p-subgroup of G is a subgroup P < G such that |P| = p¥. We write n, for the number of Sylow
p-subgroups of G (which a priori could be zero).

Theorem 12.1. (a) There is at least one Sylow p-subgroup, so n, > 0.
(b) Moreover, n, divides m and is congruent to 1 mod p.
(¢) Any two Sylow p-subgroups are conjugate.
(d) Any p-subgroup of G is contained in a Sylow p-subgroup.

Before giving the proof, we outline some applications. These will be discussed in more detail and extended
in the next section.

Example 12.2. Let G be a group of order 35 = 5x 7. Then ng divides 7sons = 1 orns = 7, but also ns = 1
(mod 5) so we must have ny = 1. Thus, there is precisely one subgroup P < G with |P| = 5. Moreover,
we know that n; divides 5 and ny = 1 (mod 7) so ny = 1, so there is a unique subgroup @ < G of order
7. Using the fact that P is unique we see that it is normal in G; this will be explained in Proposition [12.5
below. Similarly, @ is normal. The order of PN Q divides |P| =5 and also divides |@Q] =7, s0 [PNQ| =1
so PN @ = {1}. Using this and the fact that P and @ are normal and |G| = |P||Q| one can check that
G ~ P x ) ~ C5 x C7. Thus, any group of order 35 is isomorphic to C5 x C7.

Example 12.3. Recall that a group G is simple if the only normal subgroups of G are {1} and G. Let G be
a simple group of order 60. We’ll outline a proof that G must be isomorphic to As. Note that 60 = 22 x 15 so
ng divides 15 by part (b) of the Theorem, so ny € {1,3,5,15}. If ny = 1 then the unique Sylow 2-subgroup is
normal, contradicting the simplicity of G. A slightly more complicated argument shows that ny cannot be 3
either. Indeed, G acts by conjugation on the set of Sylow 2-subgroups, giving a homomorphism ¢: G — S,,.
This is nontrivial, because all Sylow 2-subgroups are conjugate, by part (c) of the Theorem. This means
that ker(¢) # G and ker(¢) is a normal subgroup of G so we must have ker(¢) = {1}. This means that ¢
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is injective, so |G| < |Sp,|, s0 na! > 60. As 4! = 24 and 5! = 120 the equation ny! > 60 is equivalent to
ny > 5. We already know that ny € {1,3,5,15} so na = 5 or ny = 15. In fact the case ny = 15 cannot occur
(although we will not prove this here) so ny = 5. We thus have an injective homomorphism ¢: G — S;5. As
¢ is injective, the image ¢(G) has order 60, and one can check that As is the only subgroup of S5 of order
60, so ¢ gives an isomorphism G ~ As.

Proof of (a). Let X be the set of all subsets X C G such that | X| = p”. In general, any set of order N has

( Aj\; ) subsets of order M, so |X| = ( ppln ) We claim that this number is not divisible by p. To see

this, put ¢ = p*m — p¥ = p¥(m — 1) and note that ( ppzjn ) = (p"m)!/(p*!q!). We also have
(p'm)l/q'=(¢+1)(g+2)...(¢+p")
v v p* ;
< p'm ) _ 1 2 o _ H J
p" g+1lg+2 q+p° Sa+]

Now let w; be the largest number such that j is divisible by p*s (for j =1,...,p"). As j < p” we must have
w; < v so the number ¢ = p(m — 1) is also divisible by p*7. It follows that g + j is divisible by p*“# as well,

SO

U
so all the p’s on the top in our equation for ( P pvm > are cancelled out by p’s on the bottom. It follows that

|X] # 0 (mod p), as claimed.

Now let G act on X by gX = {gz | € X}, and divide X into orbits under this action, say X = XjU. . .UX}.
Orbits are always disjoint so X[ = _, |X;[. If each of the numbers |X;| were divisible by p, then |X'| would
also be divisible by p, contrary to what we just proved. Thus we can choose j such that the number
m’ := |Xj;| is not divisible by p. Choose an element X € Xj;, so (by the definition of X) X is a subset of
G with p¥ elements. Put P = stabg(X) = {g € G | ¢X = X}. The orbit-stabiliser theorem says that
|G| = |stabg(X)||orbg(X)|, or in other words pm = |P|m/. As p¥ divides |P|m’ and p does not divide
m’ we see that p¥ divides |P|. Next, fix an element xy € X. For each g € P we have gzp € gX = X so
Pzy C X, so p¥ = |X| > |Pxg| = |P|. As p® divides |P| and |P| < p¥ we must have |P| = p¥, so P is a
Sylow p-subgroup of G. O

For the remaining parts we need the following lemma. Recall that a p-group is a group whose order is a
power of the prime p.

Lemma 12.4. Let P be a finite p-group, and let X be a set with an action of P. Put
Fix(P) =Fix(P, X) = {x € X | gv =z for all g € P}.
Then |Fix(P)| = | X| (mod p). In particular, if | X| # 0 (mod p) then Fix(P) # 0.

Proof. The order of P is p¥ for some v > 0. Divide X into orbits and list them in order of size, say
X =X U...UXg with |X;| < |X2] < ... < |Xi|. As each set X; is an orbit, its order divides |P| = p”,
so | X;| = p"i for some w; with 0 < w; < wy < ... < wy < wv. For some r (possibly » = 0) we have w; =0
when 1 < j <7 and w; > 0 when j > r. We have

k T k
IXI=) 1 =>"1+ > p¥=r+> p" =r (modp).
j=1 j=1  j=rt1 J>r
On the other hand, an eement € X lies in Fix(P) if and only if the orbit Pz consists of the single element
x, so | Fix(P)| is the number of orbits of size 1, which is r. Thus | X| = | Fix(P)| (mod p), as claimed.
Now suppose that |X| # 0 (mod p). Then |Fix(P)| # 0 (mod p), so |Fix(P)| # 0, so Fix(X) # 0. O

Proof of (¢) and (d). Let P be a Sylow p-subgroup of G, and let @ be any p-subgroup of G. Note that

|P| = p¥ and |Q| = p* for some w < v. As usual we write G/P for the set of right cosets of P, so a typical

element of G/P has the form xP for some z € G. Note that |G/P| = |G|/|P| = m, which is not divisible by

p. We let Q act on G/P by g« (xP) = gaP for g € Q. Note that |G/P| =m # 0 (mod p) and @ is a p-group

so by Lemma [12.4] there is a fixed point, in other words a coset P such that gzP = P for all g € Q. This
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means that x~1gzP = P, so 1 1gx € P, so g = (v 1gx)x~! € xPx~1. This proves that Q C zPx~!. Now
xPx~! is conjugate to P so it is a subgroup of G with the same order as P, in other words it is another
Sylow p-subgroup. This shows that @ is contained in a Sylow p-subgroup, as claimed in (d).

Now suppose that @ itself is a Sylow p-subgroup. Then Q < zPz~! but |Q| = |zPz~!| = p¥ so
Q = xPx~!. Thus Q is conjugate to P, as claimed in (c). a

Proof of (b). Let P be the set of all Sylow p-subgroups of G, so n, = |P|. Let G act on P by conjugation,
so g * P = gPg~'. Choose a Sylow p-subgroup P € P, and put

N =stabg(P) = {9 € G | gPg~ ' = P}.

It is clear that P < N < G so p¥ divides |N| and |N| divides p*m, so |N| = p’k for some k dividing m.

As all Sylow p-subgroups are conjugate to P, we have P = orbg(P) and so |G| = |N||P|, so p*m = p’kn,,
so m = kn,. Thus n, divides m.

Note also that P can be thought of as a Sylow p-subgroup of N. Part (c) of the Theorem works for any
finite group, in particular it works for the group NN, so any other Sylow p-subgroup @ of N is conjugate in
N to P. This means that Q = gPg~! for some g € N. By the definition of N, this means that Q = P.
Thus, P is the unique Sylow p-subgroup of N.

Before we considered the action of all of G on P; now we restrict attention to the action of the subgroup
P. Lemma tells us that |Fix(P,P)| = |P| = n, (mod p). We want to prove that n, = 1 (mod p),
so it will be enough to show that Fix(P,P) = {P}. Clearly if g € P then gPg~! = P, which shows that
P € Fix(P,P). Conversely, suppose that Q € Fix(P,P), so Q is a Sylow p-subgroup and gPg~! = P for all
g € Q. This means that @ is a Sylow p-subgroup of N, which means that @ = P by the previous paragraph.
Thus Fix(P,P) = {P} and |Fix(P,P)| = 1 as required. O

Proposition 12.5. If n, = 1 then the Sylow p-subgroup of G is a normal subgroup. If n, > 1 then none of
the Sylow p-subgroups is normal.

Proof. Suppose that n, = 1, so there is a unique Sylow p-subgroup, which we call P. If g € G then gPg~!

is a Sylow p-subgroup so it must be equal to P; this says that P is normal.

Now suppose that n, > 1. If P is any Sylow p-subgroup, we can choose a different Sylow p-subgroup, say
Q. As all such subgroups are conjugate, there is some g € G such that gPg~! = Q # P. This means that
P is not normal. ]

13. GROUPS OF SMALL ORDER

We now try to classify groups of various small orders, using the Sylow theorems as one of our main tools.
Many of our results involve the cyclic groups:
Cn={LR,...,R" '}
with R™ = 1. We start with two general facts about these groups.

Lemma 13.1. If G is a group and g € G and g" = 1, then there is a homomorphism ¢: C,, — G with
o(R) =g.
Proof. As C,, = {1 = R R,...,R" 1}, we can define a function ¢: C,, — G by ¢(R’) = ¢* for i =
0,...,n — 1. To see that this is a homomorphism, consider two elements R, RY € C,, with 0 < i < n. If
i+j <nthen o L o
G(R.R) = ¢(R™) = g = g'g’ = ¢(R")p(R).

Suppose instead that ¢ + 7 > n. By assumption we have 0 < 7,57 < n, so i + j < 2n. Thus, if we put
k=i+j—nthen 0 <k <n,so ¢(R¥) = gF. We also have

RiRj _ Ri+j — Rk—n _ Rk(Rn)—l — Rk

9'¢ =g =g " =g g") " = 4"

S(R'.R7) = p(R™H) = 6(R*) = ¢* = g'g’ = $(R)$(R).
We thus have ¢(R'.R7) = ¢(R")¢(R’) in all cases, showing that ¢ is a homomorphism. O
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Lemma 13.2. If n and m are coprime, then Cpy, ~ C, X C,.

Proof. We write 7y, for the generator of Cy, and define ¢: C,,y — Cy X Cy by ¢(r8,) = (18 72 )). Tt is easy to
see that this is a homomorphism. Suppose that 7% lies in the kernel of ¢. This means that (ri, r? ) = (1,1),
which means that ¢ = 1 in C,, and r}, = 1 in C,,,. As 7} = 1 we see that 4 must be divisible by n, and
as 7t = 1 we see that i must be divisible by m. As n and m are coprime this means that i is divisible by
nm, so ré, = 1. This shows that the kernel of ¢ is the trivial group, so ¢ is injective. This means that
|0(Crm)| = |Crm| = nm = |Cp, X Chy, 80 ¢(Chypy) must be all of C,, x Cy,, so ¢ is surjective as well as

injective, so ¢ is an isomorphism. O
We next recall the basic result about groups of prime order.
Proposition 13.3. If G is a group whose order is a prime number p, then G is isomorphic to Cp.

Proof. Let g be any element of G other than the identity. Then the order of ¢ is not equal to 1 and it divides
p so it must be equal to p. The subgroup generated by g is thus equal to the whole group, and it follows
that G is cyclic of order p. More precisely, we can define a homomorphism ¢: C,, — G by ¢(R?) = ¢*, and
we find that ¢ is an isomorphism. a

We would next like to study groups of order p?, where p is prime. We will first need a result about general
p-groups.

Definition 13.4. The centre of a group G is the set Z(G) = {z € G | zg = gz for all g € G}, so an element
z lies in the centre if and only if it commutes with all other elements. One checks that Z(G) is a normal
subgroup of G and that it is Abelian.

Example 13.5. The centre of the symmetric group S, is the trivial group (provided that n > 2). To see
this, suppose that o lies in the centre. For each 4, let p; be the (n — 1)-cycle formed by the numbers 1,...,n
with ¢ missing, so p; (i) = i and p;(j) # j if j # i. Now p;0 = op; so pi(0(i)) = o(pi(i)) = o(i), so o(i) is
fixed by the action of p;. The only fixed point is 4, so (i) = ¢. This holds for all 4, so o = 1.

Proposition 13.6. If P is a nontrivial p-group then Z(P) # {1}.

Proof. Let P act on itself by conjugation, so g *x = gxg~'. Note that g+ x = z if and only if gz = xg, or in
other words g commutes with x. Thus z is fixed under the action of P iff g x x = z for all g, iff z € Z(P).
Thus Lemma tells us that |Z(P)| = |P| (mod p). As P is a nontrivial p-group we have |P| = p¥ for
some v > 0 so |P| = 0 (mod p), so |Z(P)| is divisible by p. Moreover, 1 € Z(P) so |Z(P)| > 0. It follows
that |Z(G)| > p, so Z(G) # {1}. O
Lemma 13.7. Let G be a finite group, and let P and Q be subgroups of G. Define a function ¢: PxQ — G
by ¢(z,y) = zy.

(a) If every element of P commutes with every element of Q, then ¢ is a homomorphism.
(b) If we also have PN Q = {1}, then ¢ is injective.

Proof. (a) Suppose that every element of P commutes with every element of (). Consider elements
xo,x1 € P and yo,y1 € Q, so (zo,yo) and (x1,y1) are elements of P x . We then have
o((zo,Y0)(z1,21)) = ¢((zoz1,Y0y1)) (definition of P x Q)
= ToZ1YoY1 (definition of ¢)
= ToYoT1Y1 (because 1 commutes with yg)
= ¢((z0,y0))o((21,91)) (definition of ¢)

This shows that ¢ is a homomorphism.

(b) Now suppose as well that PN Q = {1}. Consider an element (z,y) € ker(¢). This means that
(z,y) € P x Q and and ¢((z,y)) = 1, or in other words, z € P and y € @Q and xy = 1. This means
that z = y~!, and y € Q, so x € Q. We are also given that 2 € P,so x € PNQ = {1}, so = = 1.
This means that y=! = 1, so y = 1, so (z,y) = (1,1). This proves that the kernel of ¢ is the trivial
group, so ¢ is injective.

([l
42



Proposition 13.8. Let G be a group of order p*>. Then G is isomorphic either to C, x C,, or to Cp2 (and
so G is always Abelian).

Proof. If G has an element of order p? then it is cyclic and thus isomorphic to Cp2. Suppose instead that all
nontrivial elements of G have order p. By Proposition we can choose a nontrivial element z € Z(G).
This generates a subgroup P < Z(G) < G of order p. Let g be any element of G not lying in P, and let Q
be the subgroup generated by g, which again has order p. By Lemma we can define a homomorphism
¢: P xQ — G by ¢(x,y) = xy. Let H be the image of ¢, so H is a subgroup of G, so |H| divides |G| = p?,
so |H| is 1, p or p?. It is clear that P < H and g € H \ P, so |H| > p+ 1, so |H| must be p?>. This
means that H = G, so ¢ is surjective. As P x @ and G have the same size, any sutrjective function between
them must be bijective, so ¢ is an isomorphism. We also know that P and @ are both isomorphic to C,, so

G>2PxQx~C,xCp. O

Proposition 13.9. Let G be a finite group, and let P and @ be normal subgroups of orders p and q. Suppose
that p and q are coprime, and that pq = |G|. Then G ~ P x Q.

Proof. First, put r = |PNQ|. As PNQ is a subgroup of P, we see that r divides p. As PNQ is a subgroup
of @, we see that r also divides q. As p and ¢ are coprime, this means that » = 1, so P N Q is the trivial
group.

Now consider elements € P and y € @, and put z = xyz~'y~!. We will show that z € PN Q, so
that z = 1. Indeed, we have y € @ and Q is normal, so zyz~' € Q. As y~! also lies in Q, we deduce that
z = (zyz~Yy~! € Q. Similarly, we know that 2=! € P and P is normal so yz~!y~! € P. We also know
that z € P, so z = z(yz~'y~!) € P. This gives 2 € PNQ, so z = 1, or in other words 1 = xyz 1y~ If we
multiply this on the right by yz, we get yz = zyz~ly " lyx = zy, so © commutes with y. Lemma now
tells us that we can define an injective homomorphism ¢: P X Q — G by ¢(z,y) = xy. As this is injective,
we have

lp(P x Q)] = |P x Q| =pq = |G,
so ¢(P x Q) = G, so ¢ is also surjective. This means that ¢ is an isomorphism of groups. O

Proposition 13.10. Let G be a group of order pq where p and q are primes and p < q. Suppose also that
g — 1 is not divisible by p. Then G ~ C, x C.

Proof. We know that n, divides ¢ and ¢ is prime so n, = 1 or n, = q. However we also know that n, =1
(mod p) so p divides n, — 1. We are told that p does not divide ¢ — 1, so n, cannot be equal to ¢, so n, = 1.
It follows that there is a unique Sylow p-subgroup, which we call P. Note that |P| = p and so P ~ C,,, and
also that P is normal.

Next, we know that n, divides p, so ny = 1 or ny = p. We also know that n, = 1 (mod ¢), so ny — 1 is
divisible by ¢g. Note that 0 < p —1 < ¢, so p — 1 cannot be divisible by ¢, so we must have n, = 1. We
therefore have a unique Sylow g-subgroup, which we call (). We note that |Q| = ¢ and that @ is normal.

It is now clear that the conditions of Proposition are satisfied, so G ~ P x Q ~ Cp, x C. |

Proposition 13.11. Let p be a prime number with p > 2, and let G be a group with |G| = 2p. Then either
G >~ C, x Cy~Cyy or G~ D,.

Proof. We know that n, divides 2 and that n, — 1 is divisible by p. It follows that n, = 1, so there is a
unique Sylow p-subgroup, which we call P. We choose a nontrivial element g € P, and define an isomorphism
¢: Cp = P by ¢(R') = ¢'.

Next, let Q be a Sylow 2-subgroup, so |Q| = 2, so @ = {1,h} for some element h with h? = 1. As P is
normal, we know that hgh™! € P, so hgh™! = ¢° for some a. It follows that

h2gh™ = hg"h™" = (hgh™")* = (g")* = g*").

On the other hand, we have h2 = 1, so h~2 = 1, so h2gh~2 = g. We thus have g = g%, s0 ¢@ ~! = 1, so
a®? — 1 must be divisible by p. As p is prime and a? — 1 = (a + 1)(a — 1), we see that either a + 1 or a — 1
must be divisible by p.
If a — 1 is divisible by p then ¢ = g, so h~'gh = g, so g commutes with k. In this case, the conditions of
Lemma are satisfied and we find that G ~ P x Q ~ C), x Cy =~ Cy,,.
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Suppose instead that a + 1 is divisible by p. This means that g* = ¢~ !, so hgh™! = g~'. We then define
a function ¢: D, — G by ¢(R') = g' and ¢(R'S) = g'h for 0 < i < p. It is straightforward to check that
this is a homomorphism, the key point being that SRS™' = R~! in D,, which corresponds to the relation
hgh™! = g~! in G. The image of ¢ contains both P and @, so the order of the image is divisible by p and
2 and thus by 2p. It follows that ¢ is surjective, but the groups D, and G have the same order, so ¢ must
actually be an isomorphism. O

Remark 13.12. The above proposition can be extended to show that when p and ¢ are distinct primes,
any group of order pq is a “semidirect product” of C}, and Cj,.

Now consider groups of order at most 40. Using Propositions [13.3] [[3.8] [13.10] and [[3.11] we can classify
all groups of the following orders:

1,2,3,4,5,6,7,9,10,11,13,14, 15,17, 19, 22, 23, 25, 26, 29, 31, 33, 35, 37, 38.
More work is needed to classify groups of the remaining orders:

8,12,16, 18, 20, 21, 24, 27, 28, 32, 34, 36, 39.

14. AUTOMORPHISMS AND SEMIDIRECT PRODUCTS

Definition 14.1. An automorphism of a group G is an isomorphism from G to itself. We write Aut(G) for
the set of all automorphisms of G. This set is itself a group under composition.

Example 14.2. Consider the group G = Zy x Zy. Define 0: G — G by o(x,y) = (y,x). Clearly o?(x,y) =
o(y,x) = (z,y) so o2 is the identity map so o is an inverse for itself. This means that o is a bijection. Also

o((v,w) + (z,y)) =o(v+z,w+y) =(w+y,v+z)=(0,0)+ (y,2) = o(v,w) + o(z,y),
which proves that ¢ is a homomorphism and thus is an automorphism of G. In othe words, ¢ is an element
of the group Aut(G). We can define another homomorphism p: G — G by p(z,y) = (y,z+y). We then have
p*(x,y) = ply,z+y) = (@ +y,y+ (@ +y)) = (x+y,2) and p*(z,y) = ple +y,2) = (2,2 + (x+y)) = (z,9),
so p> =1, so p is an automorphism. One can check that

Aut(G) = {1,p,p*, 0, po, p°c}
and using this that Aut(G) ~ Ds.
Proposition 14.3. If G is cyclic of order n then Aut(G) ~ 7.

Proof. Suppose a € Z,. If x € G then ™ = 1 so the powers of x depend only on the exponent modulo
n, so it makes sense to talk about z%. We define a function a,: G — G by aq(z) = 2% Because G is
cyclic it is Abelian and this implies that (xy)® = z%y® or in other words a,(zy) = aq(x)aq(y), so a4 is
a homomorphism. Clearly also a,ap(z) = aq(2?) = (29)° = 29 = ag(x), 50 agay = agp. Similarly
a1(x) = x, so aq is the identity map, and ag(z) = 1, so g is the trivial homomorphism.

We next claim that every homomorphism 8: G — G has the form § = o, for a unique element a € Z,.
Indeed, we can choose a generator ¢ € G so that G = {1,g,...,¢" '} = {¢® | a € Z,}. We then have
B(g) € G so B(g) = g for a unique element a € Z,,. As /3 is a homomorphism we have

Blg") = B(9)" = (") = 9" = calg’)
for all 7, so B = aq.

Now, if @ € Z) then a has an inverse b € Z) and then a,ap = aup = a1 = 1 and similarly apa, = 1 so
ap is an inverse for «,. This means that «, is an automorphism of G, in other words «, € Aut(G).

Conversely, suppose that 3 is an automorphism of G. Then 8 and S~! are homomorphisms from G to
itself, say 8 = a, and 87! = « for some a,b € Z,,. We then have aq = 887 =1 = g, so ab =1, so
a € Z). This shows that the automorphisms of G are precisely the maps «, with a € Z¢.

We can now define a map ¢: Z} — Aut(G) by ¢(a) = a,, and we find that this is an isomorphism. [

Construction 14.4. Suppose that G is a group and N is a normal subgroup. For any g € G we know that

N = gNg='. We can therefore define v5: N — N by v,(x) = grg~'. This is a homomorphism because

Yo(@)vg(y) = gzg~ gyg™" = gryg ™" = v4(zy).
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We also have

Yo (@)) = 7 (hah ™) = ghah™ g~ = (gh)z(gh) ™" = ygn(2),
50 YgYn = Ygh- In particular, this means that v,-1 is an inverse for v4, so vy, is an automorphism of N, in
other words v, € Aut(N).

Construction 14.5. Now suppose that G is a semidirect product of N and Q. We define a function
¢ Q — Aut(N) by ¢(g) = v4. We then have ¢(g)p(h) = v = Ygn = ¢(gh), so ¢ is a homomorphism.

Example 14.6. Consider the group G = Z,, X4 Z, as the semidirect product of N = {(v,0) | v € Z,,} and
Q={0,w) | w € Zp}. We then have Aut(N) ~ Z and Q ~ Z,,. We also have

Y(0,w) (’U, 0) = (07 U))(U, O) (07 710) = (awv, w)(ov 7’11)) = (awv, O)
This means that the automorphism 7.,y € Aut(N) corresonds to the element o € Z) and that the
homomorphism ¢: Z,, — Z; is given by ¢(w) = a™.

Proposition 14.7. If G is a semidirect product as above and ¢: Q — Aut(N) is the trivial homomorphism
then every element of Q commutes with every element of N and G ~ N x Q.

Proof. If ¢ is trivial then for each g € @, the homomorphism ¢(g) = v4: N — N is the identity map, in other
words vg(x) = « for all z € N. As v4(x) = gxg~' this means that gxg~' = = so gz = g so g commutes
with x.

Now define pu: N X @Q — G by u(z,g) = xg. We claim that this is a homomorphism. Recall that the group
structure in N x @ is just given by (z,¢9)(y, h) = (xy, gh), so we must show that u(z, g)u(y, h) = p(xy, gh)
or in other words that zgyh = xygh. This is true because g commutes with y.

As G is a semidirect product of N and @, we have NQ = G and NNQ = {1}. As NQ = G we see that
w is surjective. If (z,g) € ker(u) then zg =1s0 g =2"1. Now g € Q and 7! € N so the element g = 27!
liesin NN@Q = {1} so g = v = 1. Thus ker(u) = {(1,1)}, which shows that p is injective and thus an
isomorphism. O
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