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Week 1

What is “algebra?” The meaning of the word has changed over time. Here’s a historical sketch:
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In this course we will discuss “modern” (also known as abstract) algebra. But in order to
motivate this, I will first talk about pre-modern algebra. Prior to 1830 algebra was understood
at the study of polynomial equations.

Example. Let a, b, c be any numbers. Find all numbers z such that

ar’ +bx +c=0.

I assume that you all learned about quadratic equations in high school. If a = 0 then there is
nothing interesting to do, so let us assume that a # 0 and divide both sides by a to get

b
2t 2x+ <=0
a a
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Now there a famous trick called “completing the square.” If we add the quantity (b/2a)? to
both sides then it turns out that the left side factors:

Finally, we take “the” square root of both sides and then solve for x:

x—#—i 2_b274ac
2a)  4a2

b Vb% — dac

m—l_%: 2a
b Vb2 — 4dac
r=——
2a 2a
_ —b+ Vb —dac
- 2a '

Wait, I lied. There is no such thing as “the” square root of a number. Actually every number
(except 0) has two different square roots. So the “quadratic formula”

. —b+ Vb2 — 4dac

2a

is not really a formula at all, but more of a “recipe” that tells us how to compute the two

roots of the equation. First, let v/b? — 4ac denote one of the two square roots of the number
b2 — 4ac. (I don’t care which one; you can choose your favorite.) Then the other square root
is just the negative: —v/b? — 4ac. Thus we obtain (in general) two different solutions to the
quadratic equation:

m_—b+\/b2—4ac or m_—b—\/b2—4ac
- 2a N 2a '

/1]

This algorithm was known to ancient civilizations and was slowly put into symbolic form over
time. The advantage of the symbolic form is that it encapsulates many different situations and



applications. For example: The equation az? + bx + ¢ = 0 might represent the intersection
of two shapes in the plane; say, a line and a circle. If the quantity b?> — 4ac (called the
“discriminant”) is negative then its two square roots are imaginary, which means that the line
and the circle don’t intersect.

So far so good, but now we come to a subject that was not known to ancient civilizations.
During the Italian Renaissance of the 1500s, a group of mathematicians discovered similar
(but more complicated) formulas for the cubic and quartic equations.

Example. Let a,b,c,d be any numbers. Find all numbers = such that

ax® + bz’ +cx+d=0.

There is a clever change of variables (never mind the details) that can remove the x? term.
Also, we might as well assume that the leading coefficient is a = 1, otherwise we can just
divide both sides by a. Thus it is enough to solve the so-called “depressed cubic:”

2 +pr+q=0.

Here’s the solution, which is called “Cardano’s formula:”

. 2 3 2 3
_ o4 @ g1 JTC P
“:_\/2+\/4+27+\/2 Viatar

Again, this is not really a formula, but a “recipe” for finding the solutions. Just like “the”
squre root, there is no such thing as “the” cube root, since every nonzero number actually
has three cube roots. Unfortunately this makes Cardano’s formula difficult to interpret, since
there might be nine ways to choose the cube roots but the cubic equation 2 — pz + ¢ = 0
has only three solutions. We’ll discuss a more comprehensive method below.

/1]

The difficulty of interpreting Cardano’s formula is the historical reason why people finally

accepted the concept of complex numbers. For example, we know that the equation z3 —

15z — 4 = 0 has the real root x = 4, but Cardano’s formula gives

= {2+ V=121 + {f2 - y=T2L.

The only way to get from this expression to z = 4 is to accept the fact that 2+ +/—1 is a cube
root of 24+ +/—121 and 2 — /—1 is a cube root of 2 — y/—121. That is, sometimes the only
way to get to a real solution is by going through the imaginary numbers. In modern terms we
write

C={a+ib:a,beR},

where ¢ = \/—1 is one of the two square roots of —1. (I don’t care which one; you can pick
your favorite.)



After a burst of activity in the 1500s people got stuck for hundreds of years on the following
question.

Question. Does there exist a formula for the quintic? Given any numbers a,b,c,d, e, f we
consider the equation
ax® +ba* 4+ ca® + da? +ex + f = 0.

Is it possible to write down a recipe for the roots = in terms of the coefficients a, b, c,d, e, f
and the “algebraic” operations +, —, X, +, N AR ?

[Jargon: Is the quintic equation “solvable by radicals?”|

In 1770 Joseph-Louis Lagrange wrote an influential book summarizing the state of knowledge
of this problem. He had very sophisticated methods that led him to believe that the problem
was likely impossible. In 1799 Paolo Ruffini claimed to have a proof of impossibility, but it
was flawed. Then in 1823 the young Norwegian mathematician Niels Henrik Abel (1802-1829)
finally gave an air-tight proof of the following theorem.

The Abel-Ruffini Theorem. Let n > 5. It is impossible in general to write down the
roots of an n-th degree polynomial equation in terms of the coefficients and the algebraic
operations

+7_7 X7_7\ﬂ\3ﬂ\4ﬂ\5ﬂ
In other words, there exist polynomial equations of all degrees > 5 that are not solvable by
radicals.

This was a historic achievement but Abel’s proof was long and complicated. Furthermore,
there are certain special kinds of polynomials that can be solved by radicals.

Example. The quintic equation az® 4+ b = 0 is easily solvable. Here’s the recipe:

ar®+b=0
ax® = —b
b
==
a
s/ b
T =4/——.

Now one just has to compute the five 5th roots of the number —b/a.

[Remark: How to do this? In general one can use numerical methods (like Newton’s method)
to find one particular fifth root, say a € C where a® = —b/a. Then the complete list of 5th
roots is

o, wa, wa wa, wia,



2mi/5

where w =€ is called a “primitive 5th root of 1.”]

That was sort of obvious, but there are more complicated examples.

Example. De Moivre’s quintic has the form
1
x5+ax3+ga2x+b:0.

It turns out (you don’t want to see the details) that the roots of this equation 71,72, 73,74, 75
are given by the formula A ‘
rj = wu; + w7 ug,

where w is any primitive 5th root of 1 (e.g. w = €?™/%) and where u; and uy are any two

numbers satisfying
u‘;’ + ug = —b,
ui w3 =(-a/5)’.

[Exercise: Use the quadratic formula to solve for the numbers uj and u3.]

Long story short: De Moivre’s quintics are solvable by radicals. So the next order of business
was to clean up the details and understand the distinction between solvable and non-solvable
polynomials. Abel intended to do this.

Abel’s Research Program. Find a method to determine which polynomials are solvable
by radicals, and which are not.

But then he died suddenly (of tuerculosis) at the age of 26. This brings us to the year 1829.
At this time, a young frenchman named Evariste Galois was working in obscurity on similar
problems. Galois had some brilliant and visionary ideas, but he also had a volatile personality
and he died in a dual in 1832 at the age of 20, before he could gain any recognition for these

ideas.

Thus we have reached the year 1832. The two greatest algebraists of the age are dead; one
was famous (Abel) and one was completely unknown (Galois). Galois had left behind some
hastily written manuscripts, but no one had really read or understood them yet.

However, Galois’ work was not lost and it slowly influenced others until by 1930 it had com-
pletely changed the definition of the word “algebra.” The final steps of this transition were
completed at Gottingen in the lectures of Emil Artin and Emmy Noether, which were incor-
porated by Bartel van der Waedern into his famous textbook Moderne Algebra (1930). This
new “modern” style of algebra is the topic of our course.




Galois completely changed the rules of the game. Instead of “numbers” and “polynomials,”
he decided to focus on “symmetries” and relationships between symmetries. Galois used the
word “group” to refer to a “collection of symmetries.” Let me motivate this by showing you
Lagrange’s (1770) approach to the quadratic and cubic equations.

Lagrange’s Solution of the Quadratic. Instead of writing
az? +bx+c=0,

we will assume that a # 0 and divide both sides by a to get
b
224z + S =0.
a a

To clean this up a bit, we will also rename the coefficients as e; := —b/a and ez := ¢/a, so

that

22 — ez + ey = 0.

Now we are looking for two numbers 1 and r2 (the “roots” of the equation) such that

22— ez +ey = (z—r1)(x—19).

[Remark: We know that these are the roots because (v —r1)(z —r2) = 0 if and only if z =7
or x =ry.]

Our goal is to solve for the unknown roots r1,ry in terms of the given coefficients e1,es. To
begin, we expand the right hand side:

22 —ejx+ey = (x—r)(x —1ro)
22 —e1x+eg =2 — (r1 + ro)x + 72,

And then we compare coefficients to obtain a system of two equations in two unknowns.
e =711+ 12,
€y = T179.
In this way, we can think of ej(r1,72) = r1 + ro and ey(r1,7r2) = rire as “functions” of the

unknown roots r1, re. Furthermore, let me observe that each of these functions is “symmetric”
under “permuting” the two roots:

e1(ri,re) =71 +1r2 =712 + 71 = €1(ra,71)
ea(r1,m2) = r1re = 1211 = €2(ra, T1).
We would like to “invert” the system of two equations to obtain

{rl = some function of ey, eg,

ro = some other function of eq, es.



But unfortunately this is impossible. Indeed, since e; and ey are each symmetric under
permuting 71 <> ro, any function of e; and es must also be symmetric. But the simple
functions f(r1,7r2) = r1 and g(r1,72) = ro are very much not symmetric. QED

Thus, Lagrange’s problem is to break down the given “symmetric functions” ej(ri,re) =
r1 4 ro and ea(ry,r2) = 172 into the unknown “non-symmetric functions” f(ry,r2) = r; and
g(ri,re) = ra.

First, Lagrange made a change of variables. (We now call this a “Lagrange resolvent.”) He
defined two new functions s1(r1,r2) and s2(ri,72) by

$1 =11+ 79,
S9 =711 —T9.
Note that this (linear) system is easily invertible:
ry = (81 + 82)/2,
ro = (81 — 82)/2.
Thus we will be done if we can solve for s1 and sy in terms of e; and es:

{31 = some function of ey, es 7

s9 = some other function of e1, ey ?

The first one is easy:

S1=7T1+710 = e€7.
But the second equation is still impossible because any function of e, es is symmetric in r1, 73,
while sg is still not symmetric:

sa(r1,m2) =11 — T2 F 1o — 11 = S2(12,71).
[Jargon: We say that so(r1,r2) = r1 —rg2 is an “alternating function” of r1, 7o because switching
r1 > ro multiplies the function by —1.]
So it all comes down to this:
How can we convert the alternating function s into a symmetric function?

ThlS iS easy; we can .ust Squal“e 1‘
2 2 2 2
52(7']_,7’2) — (Tl rz) =r f!T1T2+T .

Since s3 is now a symmetric function, an old theorem of Isaac Newton guarantees that we can
express it as a polynomial in the “elementary” symmetric functions e; and eg. (This is secretly
why I used the letter “e” for the coefficients.) There is an algorithm, but trial-and-error works
just as well in such a small case:

el = (r1+ro)?



e% = r% + 2rire + 7'%

2 2 2
el —4des = (r{ + 2riro +15) — 4rire
e? —dey =12 — 21y + 13

e? — ey = s3.

Finally, let s = y/e] — 4es be either one of the two square roots. (I don’t care which one;
pick your favorite.) This is precisely where we “break the symmetry.” Then the final answer

r1=(s1+52)/2 = (e1+/e] —4e2)/2
ro = (s1—52)/2 = (e1 — /€] —4dea)/2.

Do you recognize this as the quadratic formula? ///

Continuing with our discussion of Lagrange’s method:

Lagrange’s Solution of the Cubic. Let’s cut to the chase. For any three given coefficients
e1, €2, €3, we want to find three roots 71,79, r3 such that

23— e12? 4 egr —e3 = (z — 1) (x — 1) (T — 73).

By expanding the right hand side and equating coefficients, this is equivalent to the following
system of three (nonlinear) equations in three unknowns:

er=nry+re+rs3,
€9 = T1r9 + 1r17r + 1rors,

€3 = I1rors.

Please observe that each of the functions eq, e, eg is symmetric under any permutation of the
input 71,79, r3. For example,

€2<7"3, 7“1,7‘2) =1r3r1 +r3ro+rireo =rirg +ri7rs + rorg = 62(7“1, 7“2,7“3).

[Jargon: These eq, eg, e3 are called the “elementary symmetric functions” of rq,ra, 73.]

Our job is to “break the symmetry” in a controlled way. Step 1 is the “Lagrange resolvent.”
We define three new functions si, so, s3 by the linear system

§1 =11+ 712+ 13,
So =11+ wry —|—w2r3

S3 =11+ w2r2 + wrs,



where w is any primitive third root of unity, say w = e2™/3. This system is easily invertible:

1 = (81 + s2 + s3)/3,
ro = (51 + w?sy +ws3)/3
r3 = (51 + wsy + w?s3)/3.

Therefore our new problem is to solve for s1, s2, s3 in terms of e, es, e3. The first one is always
easy:
§1 =11+ 12+ 13 =¢€1.

But the next two are impossible because sy and s3 are not symmetric functions.
So here’s the problem:

How can we convert the non-symmetric functions so and s3 into symmetric func-
tions of the roots, and hence express them in terms of the elementary symmetric
functions ey, eo, €37

This is very tricky (indeed, if there were some general algorithm then all polynomials would
be solvable), so I'll just tell you the answer. After a bit of trial-and-error you will find that
5953 is a symmetric function and after a lot of trial-and-error you will find that s3 + sg is a
symmetric function. Thus by Newton’s theorem each of these can be expressed as a polynomial
in eq, eo, e3. Here are the results:

S953 = e% — 3eg
s3+s3 =2} —9eren + 27es.

The last step is to “solve” for so and sz individually. To make the notation cleaner let us
define
A= s% + s% = 26? — 9eq1e9 + 27e3 and B := 59583 = e% — 3es.
Then we observe that
(y = s3)(y —s3) =y — (s3 + s3)y + 355 = y* — Ay + B°.

One the one hand we know that the roots of this quadratic are y = s3 and y = s3. On the
other hand, we can use the quadratic formula to find that

yz%(Ai\/A2—4B3).

Thus by “breaking the symmetry” we can write

1
S§:§<A+\/M) and 55 =

And then by “breaking the symmetry” again we can write

sz—i’/; <A+\/A2—4B3> and 53—§/

(4- VA —i57)

1
2

(A _ VAT 4B3>.

N

10



Now we’re done. I won’t bother to write the full formulas for r1, 79,73 in terms of ey, eo, e3
because they are ugly and they don’t fit horizontally on the page. Instead I'll have you work

out an example on the homework. ///
In general, let e, es, ..., e, be any given numbers. Then we want to find n roots r1,79,...,7,
such that

" — ezt Fegx™ T — ok (= 1) e = (x— 1) (z —72) - (T — 7).

By expanding and equating coefficients this is equivalent to a system of n nonlinear equations

in n unknowns:
.

er =) i

€2 = EK]’ Ty

€3 = icjckTiTiTh
€n =T1re---Tnp.

\

Since the e; are “symmetric functions” and the r; are not, it is impossible to invert this system
without “breaking the symmetry.” As we have seen, Lagrange’s method succeeds if we can
break down the symmetry in a sequence of controlled steps, where each step is just “choosing
an arbitrary k-th root” of some polynomial expression. Ruffini and Abel eventually proved
that this problem is impossible for n > 5.

Week 2

Then Galois changed the rules of the game. Specifically, he decided to ignore the “symmetric
functions” and to focus instead on the “symmetries” in themselves.

Permutations. A permutation is an invertible function from a finite set to itself. Since all
sets of the same size are basically the same we will usually consider the set {1,2,...,n}. Let
S, denote the set of all permutations

fAL2,...,n} = {1,2,...,n}.

For example, here is a typical element of Sg:

11



o~

1
&
G

3

It is cumbersome to draw the full diagram every time, so we have two more concise notations.

Word Notation. Given f : {1,2,...,n} — {1,2,...,n} we will prefer to write f; instead of
f(i). Then to specify the function f it is enough to give the list of values f1, fo,..., fn. To
save as much space as possible (if n < 9) we will even omit the commas and write

f=nfe - fa

For example, the permutation above is

f = 615432.
[Exercise: Use word notation to prove that #S, = n!]

Cycle Notation. Word notation is the most concise way to express permutations, but cycle
notation is the most meaningful way. To compute the cycle notation we write down just one
copy of the symbols and then we draw the arrows. Here is our example:

N
)
<P

12



Note that the symbols break up into “oriented cycles.” To express these cycles concisely we
just put them inside parentheses, like so:

f=(162)(35)(4).

The only drawback of this notation is that it is not unique. For example, we can record a
cycle starting from any point:
(162) = (621) = (216).

And the ordering among the cycles is irrelevant:
f=1(162)(35)(4) = (4)(162)(35) = (53)(4)(621).

Another quirk of notation is that we typically omit the “singleton cycles” from the notation.
In our example this means omitting the (4):

f = (162)(35).

We will see that the most important kinds of permutations are the transpositions, which
switch one pair of symbols ¢ <+ j and send every other symbol to itself. Transpositions are
particularly simple when expressed in cycle notation:

(i) € Shy.

[Exercise: Show that the set S, contains n(n — 1)/2 transpositions.]

/1]

Here is Galois’ big contribution to mathematics.

Galois’ Theorem. Consider a positive integer n > 1 and let .S, be the set of all permutations
of the set {1,2,...,n}. Letid : {1,2,...,n} — {1,2,...,n} be the “identity permutation”
that sends each element to itself. Then the general n-th degree equation is solvable by radicals
if and only if there exists a chain of subsets

Sn=Go2G12G22--- 2 Gy = {id}

in which each pair G; O G, satisfies some technical conditions. ///

In terms of Lagrange’s method, the technical conditions on GG; O G;41 correspond to “breaking
the symmetry” by choosing an arbitrary root of some function. The advantage of Galois’

13



reformulation is that it will eventually allow us to give a short proof of unsolvability for n > 5,
without even mentioning “equations” or “roots.”

So what are the technical conditions?

Composition of Permutations. Let X,Y,Z besetsandlet f: X - Y andg:Y — Z
be functions. Since the target set of f equals the domain set of g, we may compose them to
obtain a function from X to Z:

The function g o f is called “g composed with f” or “g follows f.” The reason we write g on
the left is because on this side of the Atlantic we always write functions to the left of their
arguments:

(go f)(x) :=g(f(x)) for all z € X.

Now suppose that X =Y = Z = {1,2,...,n} and suppose that each of f and g is invertible. In
other words, suppose that f,g € S,,. Then the composition go f : {1,2,...,n} = {1,2,...,n}
is also invertible.

Proof. Suppose there exist functions f~1,¢71: {1,2,...,n} — {1,2,...,n} such that

FUT@) =fHfG) =i and g(g (i) =g (g(i)) =i
foralli € {1,2,...,n}. ThenI claim that (gof)~' = f~log™!. Indeed, for alli € {1,2,...,n}
we have
(g0 ) (F 1 og™M®) = g(fF (g1 (0)) = glg~ () =
and
(Feg™) (g0 ) = FHgGF0)) = £ (FG) = .
O

Better Proof. The inverses satisfy fo f' = f"lof=idand gog~' = g ' o g = id. Then
since functional composition is “associative” we have

(gof)o(f_log_l):go(fof_l)og_l:goidog_lzgog_lzid

and

(flogHo(gof)=fto(glog)of=frtoidof=ftof=id

14
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Example. Consider the permutations f = 3412 and g = 4231 in word notation, or f =
(13)(24) and g = (14)(2)(3) = (14) in cycle notation. Compute f o g and go f.

Here is a picture showing that g o f = 3124 = (1342):

e

1 1
7 > 2
2 &
“ y!

And here is a picture showing that fog = 2413 = (1243):

59

2 /\ % ! ! |
ra A2 N 2\ 2
3 3 37 S
Sy 3 zi )<§ a,,[

|

WS

—

It is important to note that f og # go f. In other words, the composition of permutations is
not always “commutative.”

[Exercise: But sometimes it is. Check that the transpositions (12) € Sy and (34) € Sy
commute with each other. More generally, any two “disjoint” cycles commute.|

/1]

Thus the set S, is equipped with the binary operation of composition o : S, x S, — Sy,
which is associative but not necessarily commutative. Furthermore, every element f € S,
has a compositional inverse f~! € S, and there exists a special element id € S, satisfying
foid=ido f = f for all f € 5,. Galois used the word “group” to encapsulate these three
properties. Here is the modern formulation.

15



Definition of Groups and Subgroups. Let G be a set equipped with an abstract binary
operation * : G x G — G, which we will write as (a,b) — a *b. We say that the pair (G, %) is
a group if the following threeﬂ axioms hold:

(GO) Substitution. For all a,b,c € G we have that

a=>b implies axc=bxcandc*xa=cxb.

(G1) The operation * is associative. In other words, we have

ax(bxc)=(axb)xc foralla,bceQqG.

(G2) There exists a two-sided identity element ¢ € G satisfying

axe=cxa=a forallacd.

(G3) For each a € G there exists a two-sided inverse a~! € G satisfying

Note that we do not require the operation * to be commutative. If it is commutative (i.e., if
axb=>bxa for all a,b € G), then we say that the group is abelian (after Niels Henrik Abel).

Now let H C G be any subset. We say that H is a subgroup if the following properties hold:
e For all a,b € H we have axb € H.
e The identity € is in H.
e For all @ € H, the inverse ¢! is in H.
[Exercise: Actually there is a shorter definition. Prove that H C G is a subgroup if and only
if for all a,b € H we have a x b~' € H. Now there’s only one property to check instead of

three.] In other words: A subgroup is a subset that is also a group with respect to the same
operation * and identity €.

/1]

Remarks:

e On the homework you will show that the identity element ¢ is unique. In other words,
if there exist two elements ¢, ¢’ satisfying axiom (G2) then we must have ¢ = ¢’. This is
why we are allowed to talk about “the” identity element of the group.

e You will also show that any two inverses for a € G must be equal, therefore we are
allowed to talk about “the” inverse of the element a € GG, and refer to it with the special
notation a~'. On the homework you will generalize this notation to define a™ for all

n € 7.

1Some authors think that axiom (GO) is unnecessary because it follows from general logical principles. I'm
not so sure about that.

16



What led Galois to the definition of “groups?” Recall from Lagrange’s method that certain
functions f : C* — C are “invariant” or “symmetric” under certain permutations of their
input. Here is the key fact that Galois noticed.

Exercise: Let f : C" — C be any function with n inputs and 1 output and define
H C S, as the subset of permutations of the input that leave f invariant. Then
in fact H is a subgroup of 5,,.

And here is Galois’ theorem with the technical conditions filled in.
Galois’ Theorem Again. The general n-th degree equation is solvable by radicals if and
only if there exists a chain of subgroups

Sp=Go2G12G22 -2 Gy = {id}

safisfying the following condition:

for each pair G; O G;4+1 the quotient group G;/G;41 exists and is abelian.

/1]

We already know what “abelian” means (it means “commutative”) but it will take a while
before we get to “quotient groups.”

Last time I defined abstract groups. Here are some key examples.

Example: The Symmetric Group. For all integers n > 1, the structure (S,,o,id) is a
group. It is called the symmetric group on n letters.

Why “the symmetric group?” This comes from the fact that Galois considered functions
f:C" — C that were “symmetric” under certain permutations of their input. Today we have
a much broader view of symmetry. Here is a geometric example.

Example: The Icosahedral Group. Consider a regular icosahedron living in R?. By a
“symmetry” of the icosahedron we mean any distance preserving function R3 — R3 that
sends points of the icosahedron to points of the icosahedron. For example, let

f = rotation by 27/5 around the line through two opposite vertices,

g = rotation by 27/3 around the line through two opposite triangles.

17



It is immediate that the composition of two symmetries is again a symmetry, even though
it might not be obvious how to describe f o g and g o f geometrically. It is also immediate
that f~! and ¢! are symmetries obtained by rotating in the opposite direction, and it is true
(though harder to show) that any symmetry can be inverted. Finally, we note that the identity
function id : R? — R3 is a symmetry. Thus if G is the set of all icosahedral symmetries then
we conclude that (G, o,id) is a group.

[Remark: We will learn later that this group has 120 elements, and is closely related to the
unsolvability of the quintic.]

Wherever we find an associative binary operation there is probably a group. The prototype
is functional composition, but there are also more basic examples.

Additive Groups. Consider the chain of integers, rational numbers, real numbers and
complex numbers, each of which contains the number zero:

0€ZCQCRCC.

)

Each of these sets is closed under the associate and commutative operation of “addition,” and

therefore we obtain four abelian groups:
AR (Za +7O)7 Q+ = (@a +70) R = (Ra +30)7 Ct= (C,+,O).

The set N = {0,1,2,...} of natural numbers is also closed under addition and contains the
additive identity 0. However, the set N does not contain “additive inverses,” so the structure
(N, +,0) is not a group. (You can call it a “monoid” or a “semigroup” if you want.)

Additive groups are always abelian.

Multiplicative Groups. Multiplication is also an associative operation, whether of numbers
or matrices. Multiplication of numbers is generally commutative, whereas multiplication of
matrices is generally not.

You may have heard that the structures (Q,+, x,0,1), (R,+, x,0,1) and (C,+, x,0,1) are
called fields, meaning that every non-zero element o has a multiplicative inverse o~ = 1/a.
If we delete zero then we obtain three (abelian) groups:

Q* =(Q-{0},x,1), R*=(R-{0},%x,1), C*=(C-A{0},x,1).

It’s harder to squeeze a multiplicative group out of the Tinﬂ (Z,+, %,0,1) because most of
its elements do not have multiplicative inverses. For example, the equation 2z = 1 has no
integer solution x € Z. In fact, the only invertible integers are £1. Thus we obtain a very
small (abelian) group with only two elements:

7% = ({+1,-1}, x,+1).

2Never mind the formal definition right now. I'm sure you can guess the important details.
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On the other extreme, suppose that (R, +, x,0, 1) is any ring. Then the set of n X n matrices
Mat,, (R) with entries from R is closed under matrix multiplication, which is an associative
operation. (Reason: Because matrix multiplication is the composition of linear functions in
disguise.) If GL,(R) C Mat,(R) is the subset of all invertible matrices then we obtain the

general linear group
(GL,(R), x,I),

where [ is the n x n identity matrix:

The group GL,(R) is never abelian unless n = 1. In the case n = 1 we use a special notation
R* := GLi(R),

and we call this the group of units of the ring R. You have seen four examples above.
Problem Set 1

1. An Example Cubic. Consider the cubic equation
z® — 6 — 6 = 0.
(a) Apply Cardano’s formula to find one specfic root of the equation.

(b) Now apply Lagrange’s method to find all three roots. [Hint: Follow the steps in the
course notes. There will be a lot of simplification.]

(a) We let p = —6 and ¢ = —6 so our equation has the form 3 + pz + ¢ = 0. Then Cardano’s

formula says
2 3 2 3
_ o4 T S B Y A S
x_\/ 2+V4+27+\/2 Vi tar

—{3+va—s+{f3-vi-3
=3-1+93+1
=V2+ V4

Let’s choose the real cube roots v/2 =~ 1.26 and /4 ~ 1.59, so that

T ~ 2.85.
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One can check that this is indeed a root.

(b) To use Lagrange’s method we let e; = 0, e2 = 6 and e3 = —6, so our equation has the
form a? — e12? 4+ eax — e3 = 0. Then to find all three roots r1,rs, 3 we let w = e2m/3 and
make the change of variables

sp=r1+ra+r3 r1 = (51482 +53)/3
S9 =11 4 wry + w?rs — ro = (s1 + w?s2 +ws3)/3
s3 =11+ w?ry +wry r3 = (s1 + ws2 +w?s3)/3

It is immediate that s; = e; = 0. Then from the course notes we see that
Sy-53=e€2 —3ey=0—3(—6) =18

and
s34 55 = 2¢3 — 9ejeq 4+ 27e3 = 0 — 0 + 27(6) = 162.
To solve for sy and s3 we first consider the quadratic polynomial with roots 5‘3 and s%:
(y—s3)(y—s3) =0
y* = (s3+s3)y + (s283)° = 0
y? — 162y + 182 =0
y? — 162y + 5832 =0

Then the quadratic formula tells us that

53,58 = (162 + /1622 — 4- 183>

— N

= 5 (162:£54)
= 54,108.

By breaking the symmetry, let us say that s3 = 54 and s3 = 108 so that
so=V54=3-V2 and s3=V108=3 V4.
Finally, we obtain

r1 = (s1+s2+s3)/3 =2+ V4
ry = (51 +w?sy +ws3)/3 =w? V24w V4
r3 = (81 + wsy + w?s3)/3 =w- -2+ w? V4

Here is a picture of the three roots in the complex plane:
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2. Working With Permutations. Let S3 be the set of all permutations of the set {1, 2,3},
i.e., all invertible functions

Fi{1,2,3} = {1,2,3}.
(a) List all 6 elements of the set. [I recommend using cycle notation.]

(b) We can think of (S3,0,id) as a group, where o is functional composition and id is the
identity function. Write out the full 6 x 6 group table.

(c) Let S, be the group of permutations of {1,2,...,n}. An element of S, is called a
transposition if it switches two elements of the set and sends every other element to
itself. We denote the transposition that switches i «» j by (i,7) € S,,. Prove that every
element of S,, can be expressed as a composition of transpositions.

(d) Let A, C S, be the subset of permutations that can be expressed as a composition of
an even number of transpositions. Prove that A, C S, is a subgroup.

(e) List all elements of the subgroup As C S5 and draw its group table.

(a) Here are the six permutations of {1,2,3} in word notation and cycle notation:

word notation | cycle notation
123 €
132 (23)
213 (12)
231 (123)
312 (132)
321 (13)
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(b) Here is the group table:

o e (12) (13) (23) (123) (132)
€ e (12) (13) (23) (123) (132)
(12) | (12) e (132) (123) (23) (13)
(13) | (13) (123) e (132) (12) (23)
(23) | (23) (132) (123) e (13) (12)
(123) | (123) (13) (23) (12) (132) =«
(132) | (132) (23) (12) (13) e (123)

(¢) By the notation (i1, i2, .

Here is the proof:

(41,12, ...

[Example: The permutation f = 615432 in word notation can be expressed as f = (162)(35) =

..,i) € Sp, I mean the permutation that sends sends i; to ;41
for all 1 < j < k, sends i to i1, and sends every other element of {1,2,...,n} to itself. We
call this kind of permutation a k-cycle. [Example: Transpositions are 2-cycles.] The cycle
notation tells us that every element of \S;, can be expressed as a composition of (commuting)
cycles. Thus we will be done if we can show that every cycle is a composition of transpositions.

yig) = (i1,12) o (i2,13) 0 -+ 0 (ig_1, ik)-

(162) o (35) in cycle notation, hence we have f = (16) o (62) o (35).]

(d) Let A, C S, be the subset consisting of permutations which can be expressed as a
composition of an even number of transpositions. I claim that this is a subgroup. Proof.

e Closure. Suppose that f,g € A,. Then by definition we can write

f=siosp0--osy

for some transpositions s; and t;, where k, ¢ are even numbers. But then

is a composition of k + £ transpositions, where k + £ is an even number.

e Identity. By convention we will say that the identity ¢ is a composition of zero trans-
positions. Since zero is an even number this means that € € A,,. If you don’t buy that,

and

fog=sio0s30---0s0tjotgo-- 0l

let t € S, be any transposition. Then we have

e=tot,

which is in A,, because 2 is an even number.
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e Inverses. For any transposition t € S,, we have t> =t ot = ¢ and hence t~! = t. More
generally, if f =t otg0--- 0t is any composition of transpositions then we have

fﬁl:tkotkflo'wohotl.

It follows that f € A, implies f~! € A,,. O
[Jargon: The subgroup A,, C S, is called the alternating subgroup of Sy,.]

(e) Note that (123) = (12) o (23) and (132) = (12) o (13) are both in As. It is a bit harder to
check that the elements (12),(13),(23) are not in As. Check. Let’s write ¢ = (123) so that
c? = ¢! = (132). Now assume for contradiction that (12) can be expressed as a composition

of evenly many transpositions:
(12) = (t1 otg) o -+ o (top_1 o tog).

But from the group table we see that any two transpositions compose to e, ¢ = (123) or
c~! = (132). This implies that (12) is a power of ¢. Contradiction. /// We conclude that

Ag = {e,(123), (132)}.

Here is the group table:
o ‘ e (123) (132)

€ e (123) (132)
(123) | (123) (132) e
(132) | (132) &  (123)

[Exercise: In general we have #A,, = n!/2. Can you prove this? It’s possible to give a bijective
proof right now but I prefer to wait until we can give a very slick proof.]

3. Working With Axioms. Let G be a set with a binary operation (a,b) — a*b. Consider
the following four possible axioms:

(G1) For all a,b,c € G we have a* (bxc) = (a*b) xc.

(G2) There exists some € € G such that axe =e*xa=afor all a € G.
(G3) For each a € G there exists some b € G such that axb=bx*xa =¢.
(G4) For each a € G there exists some ¢ € G such that a xc = e.

The element ¢ in (G2) is called a two-sided identity. The element b in (G3) is called a two-sided
inverse for a and the element ¢ in (G3) is called a right inverse for a.

(a) If (G1) and (G2) hold, prove that the two-sided identity element is unique.
(b) If (G1), (G2) and (G3) hold, prove that the two-sided inverse is unique.
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(c) Assuming that (G1) and (G2) hold, prove that that (G3) and (G4) are equivalent. [Hint:
One direction is obvious. The hard part is to prove that the existence of right inverses
implies the existence of two-sided inverses.]

(a) Proof. Assume that (G1) and (G2) hold and suppose that the elements £, € G both
satisfy (G2). Then we have

[Remark: Actually I didn’t need to use (G1).]

(b) Proof. Assume that (G1), (G2) and (G3) hold and suppose that the elements b,0’ € G
both satisfy (G3). Then we have

b=bxid=bx(axV)=(b*xa)*xb =idxV =V,

(¢) Proof. Assume that (G1) and (G2) hold. Then (G3) clearly implies (G4). On the other
hand, suppose that (G4) holds. Then for all @ € G there exists some ¢ € G such that axc = e.
But we can also apply (G4) to this ¢ to obtain some d € G such that ¢ * d = . Putting these

together gives
d=id*xd=(axc)xd=ax(cxd) =axid =a,

so that ¢ *d = ¢+ a = € and hence ¢ is a two-sided inverse for a. Finally, since a € G was
arbitrary we conclude that (G3) holds.

4. Groups of Matrices. Matrix multiplication is associative because it corresponds to
composition of linear functions. You may recall from linear algebra that a real n x n matrix
A € Mat,(R) has a (unique) two-sided inverse precisely when det A # 0. Now consider the
following sets of matrices:

GL,(R) = {A € Mat,(R) : det A # 0},
SL,(R) = {A € Mat,(R) : det A = 1},
On(R) = {A € Mat,(R) : AAT =TI},
SO, (R) = {A € Mat,(R) : AAT =T and det A = 1}.

Prove that each one of these sets is a group under matrix multiplication. [Hint: It is helpful
to remember that det(AB) = det(A)det(B), det(AT) = det(A) and (AB)T = BT AT for all
matrices A, B € Mat,(R).]

(a) General Linear Group. Recall that matrix multiplication is associative because it
represents the composition of linear functions, and recall that the n x n identity matrix [
satisfies AI = IA = A for all A € Mat,(R).
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e Suppose that A, B € GL,(R) so that det(A),det(B) # 0. Then we have det(AB) =
det(A) det(B) # 0, which implies that AB € GL,(R).

e Since det(I) =1 # 0 we have I € GL,(R).

e If A € GL,(R) then since det(A) # 0 we know that the two-sided inverse A~! exists,
and since det(A™1) = 1/det(A) # 0 we see that A1 € GL,(R).

(b) Special Linear Group. Clearly SL,(R) is a subset of GL,(R). We will show that it is
a subgroup:

e Consider any A, B € SL,(R) so that det(A) = det(B) = 1. Then we have det(AB~!) =
det(A)/det(B) = 1, which implies that AB~! € SL,(R).

(c) Orthogonal Group. If AA”T = I then we have

det(AAT) = det(I)
det(A) det(AT) =1
det(A)? =1,

which implies that det(A) = 1. In particular, we see that O, (R) is a subset of GL,(R). We
will prove that it is a subgroup:

e Consider any A,B € O,(R) so that AAT” = BB” = I, or in other words we have
A~1 = AT and B~! = BT. But then we have

(ABTYHYAB )T = AB Y (B H)TAT = A(B™'B)A™' = 4471 =1,
which implies that AB~! € O, (R).
(d) Special Orthogonal Group. It is easy to show that the intersection of subgroups is a
subgroup. Since SL,(R) and O, (R) are both subgroups of GL,(R), and since
SO (R) = SL,(R) N O, (R),
we conclude that SO, (R) is a subgroup of GL,(R).

5. Order of an Element. Let (G, *,¢) be a group and let g € G be any element. Then for
all integers n € Z we define the exponential notation

n times
e e .
Gxg*x---%g if n >0,
gt =K € ifn=0,

g lxgls-oxg™t ifn<o.

—n times
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a) Check that g™ x g" = g™ for all m,n € Z.

b) Use this to prove that (g) := {¢" : n € Z} is a subgroup of G.

(a)
(b)
(c) If (g) is a finite set, prove that there exists some n > 1 such that g" = ¢.

(d) If (g) is finite, and if m > 1 is the smallest number such that ¢" = e, prove that

#(g) = m.

This m is called the order of the element g € G. If the set (g) is infinite we will say that
g has infinite order.

(a) This is a boring case-by-case check, depending on whether m and n are negative, zero or
positive. It’s okay to do it in your head.

(b) Proof. To see that (g) is closed under *, consider any two elements g™, ¢" € (g). Then
from part (a) we have g™ x g" = g™ 1™ € (g). To see that (g) contains the identity, note from
part (a) that ¢ = ¢° € (g). Finally, to see that (g) is closed under inversion, consider any
element ¢" € {g). Then from part (a) we have g" x g™" = g~ " % g" = ¢ = ¢, and it follows
that (¢")~' = g~ € (g) as desired. [Incidentally, since m +n = n + m for all m,n € Z, part
(a) also implies that the group (g) is abelian.]

(c) Proof. If (g) is finite then there must exist integers k < ¢ such that g* = g*. Now define
n:= ¢ —k > 1 and observe that

g =4"
g xg =g xgh
gik = g
gt =e¢

(d) Let m > 1 be the smallest positive integer such that ¢™ = e. Then I claim that

<g> = {€7g7g27937 s 7gm71}‘

To see that every element of (g) has this form, consider the element ¢g” for any integer n € Z.
Now divide n by m to obtain n = gm + r, where the remainder satisfies 0 < r < m, and
observe that
gr=gmm T =(g") kg  =elxg =g

Finally, to see that the m elements ¢, g, ...,¢™ ! are distinct, let us suppose for contradiction
that we have g* = ¢* for some 0 < k < £ < m — 1. But then as in (c) we have g‘~* = ¢ which
together with 1 < ¢ — k < m — 1 contradicts the minimality of m. [Essentially, we have just
proved that the remainder of n mod m is unique.]
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6. Matrices of Finite and Infinite Order. Consider the matrices

11 cosf —sind
J_<O 1) and R9_<sin9 cosH) for any 6 € R.

Show that J is invertible and has infinite order.

(a
(b

Show that RgR_g = I, hence Ry is invertible.

)
)
b e’ = g ) .
(c) More generally, show that R,R3 = R4 for all angles o, 5 € R
d) Conclude that for each integer n > 1 the matrix Ry, /, has order n.
/
)

(e) For which angles 6 does the matrix Ry have infinite order?

(a) Proof. To show this, we will prove by induction that

1 1\" 1 n
<O 1) _<O 1) for all n € Z.

Indeed, the statement is true when n = 0 and n = 1. And if the statement is true for n then
it’s also true for n + 1 because

6 =G 6D-6D6H-6")

We have shown that the statement is true for all n > 0. Finally, we observe for all n > 1 that

GG -6
GO-G0 60T -6

which implies that

R cos(—f) —sin(—6)\ [ cosf sinf
07 \sin(—0) cos(—0) ]~ \—sin® cosf)"
Then we have
cos —sinb cos@ sinf
RoR—p = <sin0 cosf ) (— sinf cos 0)
B cos? 0 + sin? 0 cosfsinf —sinfcosf) (1 O
~ \sinfcosf — cos @ sin b sin? @ + cos2 0 —\0 1)/
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(c) The bad way to prove this is to expand out the product R, Rz and use trig identities. The
good way is to argue that the matrix Ry represents the (linear) function R? — R? that rotates
every vector counterclockwise by angle . Then since matrix multiplication is composition of
linear functions we will conclude that
R,Rg = Ry 0 Rg

= (rotate ccw by «) o (rotate ccw by f3)

= (first rotate ccw by [ then rotate ccw by «)

= (rotate ccw by a + f3)

- Ra+5.

So here’s the proof that Ry is a rotation.

Proof. Consider the standard basis vectors e; = (1,0) and es = (0,1). Here is a picture
showing that Ry rotates each of these vectors counterclockwise by angle 6:

cos®

. %(:3(*!}:’) - (g‘mé

Now let fp : R2 — R? be the function that rotates every vector by counterclockwise around
the origin by angle §. We already know that fy(e;) = Rge; and fy(e2) = Rges, and we want
to show that fy(x) = Rpx for all vectors x € R%. So consider any vector

x = (o, 8) = (a,0) + (0, 8) = a(1,0) + 5(0,1) = ce; + Pes.

Since the rotation function fy is linear (i.e., since it preserves parallelograms), we conclude
that

fo(x) = fo(aer + Bey)
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= afg(er) + Bfo(e2)
= aRye1 + SRyes
= Ry(ae; + fes)

= Rpx,

as desired.

(d) It follows from part (c) that (Rg)" = R, for any angle # € R and for any integer n € Z.
Thus we have
(R27r/n)n = Rox =Ry = 1.

Furthermore, since Ry is rotation by 6 we see that R, = Rg if and only if o — 8 = 27k for
some integer k € Z. It follows from this that (Rgﬂ/n)k #1foralll<k<n-—1.

(e) Good question. I guess that Ry has infinite order if and only if # = am for some irrational
number a € R. Otherwise, if 6 = an/b for some a,b € Z then the order of Ry is lem(a, 2b)/a,
where lem(a, 2b) is the least common multiple of a and 20b.

Week 3

We have seen the definition of abstract groups and we have played with the main examples.
It turns out that the three group axioms lead to an extraordinarily rich theory. The topic of
“cyclic groups” will be our first glimpse of this theory.

Intersection of Subgroups is a Subgroup. Let (G,*,¢) be a group and let H; C G be
any family of subgroups (possibly infinite or even uncountable). Then the intersection

ﬂmgG

is also a subgroup.

Proof. Consider any elements a, b in the intersection. By definition this means that we have
a,b € H; for each index i. But then since H; is a subgroup we must have a * b~ € H;.
Finally, since a * b~! is contained inside each subgroup H;, it follows by definition that a % b~
is contained in the intersection. O

However, the union of subgroups is not necessarily a subgroup. For example, consider the
additive group (R?, +,0) of vectors in n-dimensional Cartesian space and let u, v € R? be any
two non-zero vectors satisfying u % v. Then each of the “lines”

Ru:={au:a € R} and  Rv:={av:aecR}

is a subgroup of R", but the union Ru U Rv is not a subgroup because, for example, it does
not contain the point u + v:
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/ 15 net in fhe

+V .
. union of the lines

In linear algebra we fix this problem by defining the “linear span” of the vectors:
RuURv C Ru+ Rv:={au+fv:a,s € R},

and we call this the “plane” generated by u and v. This is a special case of a very general
construction.

Subgroup Generated by a Subset. Let (G, *,¢) be a group and let S C G be any subset.
Let X = {H : S C H} be the set of all subgroups of G that contain the set S and consider

the intersection
(S) = ﬂ H.
HeX
I claim that this (S) C G is the smallest subgroup of G that contains the set S. We call it the
subgroup of G generated by S.

Proof. Since S C H for all H € X we have by definition that S is contained in the intersection
(S). Furthermore, we know from above that this intersection is a subrgroup of G. Thus (S) is
a subgroup of G that contains S. To see that this is the smallest such subgroup, let K C G
be any subgroup that contains S. By definition this means that K € X, and hence

()= (VH=Kn ()| HCK,

HeX HeX
HZK

as desired. O

Let’s examine the previous example in light of this definition.
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Example: The Join of Two Subgroups. Let G any group and let H, K C GG be any two
subgroups. We define their join as the smallest subgroup containing the union:

HVEK:=(HUK).

In terms of the group (R™,+,0), I claim that the plane Ru + Rv coincides with the join of
the two lines Ru and Rv.

Proof. The set inclusions Ru C Ru VvV Rv and Rv C Ru V Rv imply that the points au and
Bv are contained in Ru V Rv for all a, 8 € R. Then since the group Ru V Rv is closed under
addition we have au + v € RuV Rv and hence

Ru+Rv ={au+pv:a,f € R} CRuVRv.

Conversely, one can check that the plane Ru + Rv is a subgroup of R™. Then since the plane
contains the union of the lines it must contain the subgroup generated by this union:

RuVRv = (RuURv) C Ru + Rv.

0

The key to this proof was the fact that Ru 4+ Rv C R" is a subgroup. On the homework you
will show that a similar construction works for all abelian groups, but fails for non-abelian
groups. Now let’s examine the simplest possible case of a subgroup generated by a subset.

Definition of Cyclic Groups. Let g € G be an element in a group (G, x,¢) and let S =
{g} C G be the subset containing just this element. Then we use the following notation for
the group generated by S:

(9) == ({g}) = (9).
We call this the cyclic subgroup generated by g. In the special case that G = (g) for some
element g € G we will say that G is a cyclic group.

Here’s another point of view: On the homework you showed that for any group element g € G
and for any integer n € Z we can define the exponential notation ¢g"” € G in such a way that

[ ] gO = 5"

°g' =y

i (gn)_l = (g_l)" =g " foralln € Z,

e and, more generally, g™ * g" = g™ "™ for all m,n € Z.

It follows from this that the set of powers {¢g" : n € Z} is a subgroup of G. I claim that this
group coincides with the cyclic group (g).

Proof. Since g = g* we see that the subgroup {¢g" : n € Z} contains the element g. Thus it
must contain the smallest subgroup that contains g:

(9) C{g" :neZ}.
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On the other hand, we will prove by induction that every element ¢” is contained in (g).
Indeed, we have g' = g € (g) by definition and we have ¢g° = ¢ € (g) since the subgroup (g)
necessarily contains the identity. Furthermore, if ¢” € (g) for some n > 1 then since (g) is
closed under * we must have

"t =g"xg' € (g).

Finally, since (g) is closed under inversion we conclude that
g "= (g") "t e (g) forall n > 1.

In summary, we conclude that {¢" : n € Z} C (g) as desired. O

Last time I defined cyclic groups. Now some examples.

Example: Z* is Cyclic. In an additive group (G, +, 0) we prefer to write the inverse of g € G
as —g and we prefer to write the element g™ as n - g, using the analogy that “multiplication is
repeated addition.” To be precise, for each element g € G and each integer n € Z we define

n times
gt+g+--+g ifn>0,
n-g:=+<0 if n=20,
—g—g—---—g ifn<0.

—n times
When the group is Z* = (Z, +,0) this notation becomes completely literal:
for all k € Z" and n € Z we have n-k = nk € Z™.

It follows that the cyclic subgroup of Z™ generated by the element k € ZT is just the set of
multiples of k. We have a special notation for this:

kZ = (k) ={n-k:neZ}={kn:necZ}.

Since every integer is a multiple of 1 (or —1) we conclude that the group Z™* is cyclic:

It will turn out later that Z™ is, in some sense, the only infinite cyclic group.

Example: Roots of Unity. Recall the “absolute value” of complex numbers,

‘—‘2C—>R20,
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which is defined by |a + ib| := a? + b%. Through some miracle it turns out that the absolute
value respects multiplication. [Exercise: Check this.] It follows from this that the complex
numbers of unit length form a subgroup of the multiplicative group C*:

Ul)={aeC:|la|=1} CC*={aeC:a#0}.
Since these numbers form a circle in the complex plane, we call U(1) the circle group. Here’s
an interesting question:
Is the circle group a cyclic group?

Strictly speaking the answer is no. Indeed, the cyclic subgroup (w) C U(1) generated by any
element w € U(1) is countable, but the number of points of the circle is uncountable. Let’s
examine these cyclic subgroups.

Recall that every unit length complex number has the form

0

cosf +isinf = e  for some angle 0 <6 < 2x.

2mi/n

Ifw=e for some integer n > 1 then we obtain a cyclic group of size n:

<w> — {LW’WQ7 o ,wn—l} _ {17 e27ri/n, €4m’/n’ o ,eZWi(n—l)/n}'

This is is the group of n-th roots of unity. [Exercise: Show that these are indeed all of the
solutions of z™ = 1. The hard part is to show that there are no other solutions.] It is
important to note that this group does not have a unique generator. On the homework you
will show (indirectly) that the group of 12-th roots of unity has four possible generators

2mi/12 - 10mi/12 614m/127 o22mi/12

which are called the primitive 12-th roots of unity.

If w = '™ for some irrational number o € R then one can show that the element w has
infinite order. This infinite set of powers (w) = {w" : n € Z} does not coincide with the circle
but it turns out that this set is dense in the circle. In other words, the circle group U(1) is
equal to the topological closure of this subgroup:

(w)y =U(1).
So we might say the following:

The circle group is “almost cyclic.”

/1]

Example: Symmetries of a Regular Polygon. Consider a regular hexagon. In the
following discussion we will show that this shape has exactly 12 symmetries, consisting of 6
rotation symmetries and 6 reflection symmetries:
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6 refleetions

We can think of a symmetry as a function f : R? — R? that leaves the hexagon looking the
same. Thus, the symmetries can be combined by composition and they form a group called
the dihedral group of size 12 (“dihedral” because the hexagon has two sides). If we let R denote
any (primitive) rotation and let F' denote any reflection then it turns out that the group can
be generated by these two elements:

D1y = (R, F).

The dihedral group is not cyclic because neither of the generators can be expressed as a
nontrivial power of the other.

It will take some time to prove these assertions but the proof will be very interesting. Here
are the main steps:

e A “symmetry” of a regular polygon should preserve the distance between any two points
and send the center of the polygon to itself.

Any function f : R? — R? that preserves distance and sends the origin to itself is a
linear function.

Any linear function f : R? — R? has the form f(x) = Ax for some matrix A € Mata(R).

If the linear function preserves distance then the matrix satisfies AT A = I.

Finally, any such matrix represents a rotation or a reflection.

I will prove some of this next week and you will prove the rest on the homework.
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Week 4

What does “symmetry” mean in a geometric context?

Definition of Euclidean Space. Let R" the set of ordered n-tuples of real numbers, which
we think of as column vectors:

For any two vectors x,y € R"™ we define the standard inner product as follows:

n
Y2

(x,y) =x y:(fﬂl T2 - wn) .| =Ty A Tey2 + o Tnln.
Yn

The length of a vector x (i.e., the distance between the points x and 0) is given by the extended
Pythagorean theorem:
Ix||* = (x, %) = 2§ + 23 + - + .

It follows from this that we can compute the distance between any two points:
(distance between x and y)* =[x —y|? = (x —y,x — y).

More surprisingly, we can use the inner product to compute the angle between any two vectors.
To see this note that the vectors x, y and x — y form three sides of a triangle:

NN
A= L3
o~
f‘><’ o
o —
6 . s
- >
D Y

By expanding the the expression ||x — y||*> = (x — y,x — y) in terms of algebra we get

x—y,x—y)=(xx) +(y,y) — 2(x,y)
Ix =yl = [Ix[]* + [lyl* — 2(x,y).
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On the other hand the classical law of cosines tells us that
Ix =y = Ix[I” + llylI* = 2 (1] [y]l cos 6,
where 6 is the angle between vectors x and y. Finally, combining the two equations gives

—2|[x|[ lyllcos 6 = =2 {x,y)

1%/ lyll cos & = (x,y)
(x,y) (x,y)

Iyl /(%) /(y,y)

This implies that any geometric concept can be expressed in terms of the standard inner

cosf =

product on R™. To emphasize this situation we refer to the pair (R™, (—, —)) as n-dimensional
Euclidean space. ///
Since the geometric structure of space is defined by the inner product (—, —), any function that

preserves the inner product will preserve all geometric structure. Here is an infinite family of
examples.

Orthogonal Matrices Preserve Geometry. On the previous homework we considered the
“orthogonal group” of n x n orthogonal matrices:

On(R) = {A € Mat,(R) : ATA=T}.

Recall that we can think of any n x n matrix A as a function R™ to R™ by multiplying column
vectors on the left:
x — Ax.

If the matrix satisfies AT A = I then for any two vectors x,y € R" we have
(Ax, Ay) = (Ax)T (Ay) = (xTAT)(Ay) = xT (AT A)y = xTTy = (x,y).

It follows that orthogonal matrices preserve all distances and angles. ///
The following surprising theorem shows that the converse is also true.

The Isometry Theorem. Let f : R™ — R™ be any function satisfying two conditions:

o f fixes the origin:
f(0)=o0.

o f preserves distance (i.e., f is an isometry):

for all x,y € B" we have | f(x) — f(¥)]| = [x - ].
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Then we have f(x) = Ax for some orthogonal matrix A € O, (R).

Proof. See the homework. O

Example: Symmetries of a Regular Polygon (Continued). Now let’s return to our
discussion of a regular n-sided polygon in the Euclidean plane R2. By a symmetry of the
polygon I mean any function f : R? — R? that

e sends points of the polygon to points of the polygon,
e preserves the distance between any two points, and
e sends the center of the polygon to itself.

For convenience, let’s assume that the polygon is centered at the origin 0 € R2?. Then the
previous theorem implies that any symmetry has the form f(x) = Ax where A is a real 2 x 2
matrix satisfying AT A = I. What are the possibilities for this matrix? Suppose that

A:<a b> for some a, b, c,d € R.
c d

Then the equation AT A = I tells us that
(@9,
d - <a2—|—c2 ab—l—cd>

a ¢\ (a (@ <)
((1) (1)>:<b d> <c Z>: v d>g> v d)<2> “\ab+ed B2 +d?

In other words, the two column vectors of A are perpendicular unit vectors. Since (a,c)
is a unit vector we must have

o 2 0o 2

(a,c) = (cosf,sinf) for some unique angle 0 <6 < 27.

And then since (b, d) is a unit vector perpendicular to (a,c), there are only two possibilities.
Namely, we must have (b,d) = (—sinf,cos @) or (b,d) = (sinf, — cosf). Here is a picture:

—sin6
cosf
cos 6
sin 0

sin
—cosf
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In summary, we have shown that every 2 x 2 orthogonal matrix A € O3(R) has one of the
following two forms:

R — cosf) —sinf or [ cosf sinf
= \sinf cosé = \sind —cosf)"
We already know that x +— Rpx is the function that rotates the plane counterclockwise by

angle §. The following picture demonstrates that x — Fpx is the function that reflects
perpendicularly across the line that makes an angle of #/2 with the z-axis:

(9 o) ()

[Remark: R is for Rotation and F is for reFlection (or Flip).] At this point we know that the
only possible symmetries of our regular n-gon are rotations and reflections. It turns out that
there are n rotation symmetries and n reflection symmetries. The rotation symmetries form
a cyclic group generated by R := Ry /y:

{I, R, R27 SR Rnil} = {R0> R27r/n7 R47r/na B RQW(TL*I)/TL}'

To determine the reflection symmetries we need to know the exact position of the n-gon. Let’s
assume for convenience that one of the vertices lies on the positive z-axis, so that Fy (i.e.,
reflection across the z-axis) is a symmetry. Then the complete list of reflection symmetries is

{F07 F27r/n7 F47r/na s 7F27r(n—1)/n}'

Here is the picture when n = 6:
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The complete group of symmetries is called the dihedral group of size 2n:

Doy = {R07 R27r/n7 R47r/n7 SER) R2TI'(TL71)/TL’ Fo, F27r/n7 F47r/n7 SR FZTK‘(TL*I)/TL}'

On the homework you will find a more efficient way to work with this group. Namely, if we
define R := Ry /, and F := Fj then you will show that the dihedral group is generated by
these two elements as follows:

Dy, = (R, F)={R*F*:a€{0,1,...,n—1} and b € {0,1}}.

/1]

You might have noticed that the n-th roots of unity and the rotation symmetries of a regular
n-gon are really just “the same group” in two different disguises. Let’s formalize this idea.

Definition of Group Isomorphism. Let (G,x*) and (H,e) be abstract groups. We will say
that G and H are isomorphic as groups, and we will write

G~ H,
if there exists a function ¢ : G — H satisfying the following properties:

e the function ¢ : G — H is invertible with inverse p~' : H — G,

e for all a,b € G we have p(a*b) = ¢(a) ® p(b),
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e for all a,b € H we have @fl(a oh) = Lpfl(a) * s&fl(b)-

Actually, you will show on the homework that the third condition follows automatically from
the first two. When the three conditions are satisfied we say that the pair of functions ¢, ¢~
defines an isomorphism between the groups (G, *) and (H,e).

Example: Cyclic Groups. Let (G,*,e) = (g) be a cyclic group. Recall from the first

homework that if #G < oo then there exists a smallest positive integer m such that

g™ = g, and it follows from this that

G = {679?927"‘ ’gm_l}'

In this case I claim that

@F=¢" = k—lemZ

Proof. If k — ¢ € mZ then by definition we have k = £ + ma for some x € Z and hence

gk _ g€+mx :gé *gma: _ gé* (gm)x _ gé * (E)I _ gé‘

Conversely, let us suppose that ¢* = ¢, and hence ¢*~* = ¢ for some k, ¢ € Z. By computing
the remainder of kK — ¢ mod m we obtain

k—0=qgm+m,
0<r<m.

If » # 0 then we find that
g =g =g (") = (6) T =,
contradicting the minimality of m. Hence k — ¢ = gm + 0 € mZ. ///

And if G is an infinite cyclic group then I claim that

F=¢ = k=¢

Proof. Clearly k = ¢ implies g* = g*. Conversely, suppose that we have g*¥ = ¢¢ for some
k # £. Without loss let us assume that k£ < £. Then we have

12 k
9=y

g rg =gt xg"
g =¢

for the positive integer £ — k. If m is the smallest positive integer such that ¢ = ¢ then we
again have #G = m, which contradicts the fact that G is infinite. ///

With these facts in hand I can prove an important theorem about cyclic groups.
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Theorem. Let G = (g) and H = (h) be cyclic groups. Then we have
G=2H << #G=+#H.
In other words, a cyclic group is determined up to isomorphism by its size.

Proof. Clearly G = H implies #G = #H. Conversely, let us suppose that #G = #H. There
are two cases. (Case 1) If the groups are finite then we have #G = #H = m for some m > 1.
Our goal is to define an isomorphism ¢ : G — H and there is an obvious candidate:

let (g*) := h* for all k € Z.

There are four things to check:

e Well-Defined. Since the representation ¢* is not unique we need to make sure that
g* = g% implies p(g*) = ©(g%). Indeed, from the above lemma we have

gk:ge — k—-tlemZ = h=n — go(gk):gp(gg).

e Surjective. Every element of H has the form h* for some k € Z and hence has the
form ¢(g*) for some ¢g* € G.
e Injective. We need to show that ¢(g*) = (g°) implies g* = g*. And, indeed,

o) =eld") = W=n = k-temz = g=4"

e Homomorphism. For all £, ¢ € Z we have
p(g" x g") = p(g"*) = B = 1 0 b = ¢(g") 0 p(g").

(Case 2) If #G = #H = oo then the proof is even easier because we don’t need to check
well-definedness. O

It follows from this theorem that every infinite cyclic group is isomorphic to Z*. We will see
later that every cyclic group of size n is isomorphic to the quotient group Z/nZ, but before
then I need to define quotient groups.

So much for cyclic groups. Now let’s talk about the circle group.

Example: Euler’s Isomorphism. This is as good a time as any for me to introduce unitary
matrices. If A € Mat,,(R) is a real n x n matrix, recall that A7 denotes the transpose matrix.
If (—, —) is the standard inner product on R™ then the transpose matrix is defined by

(Ax,y) = (x, ATy) for all x,y € R".

For vectors x,y € C" in complex space we prefer to work with the “Hermitian” inner product

<X7Y> = X*y = Zﬂyw

7
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where x* is the conjugate transpose row vector. More generally if A € Mat,(C) is an n x n
complex matrix then we let A* denote the conjugate transpose of A. It is defined by the
condition

(Ax,y) = (x, A"y) for all x,y € C".

Based on this, we define the (special) orthogonal and (special) unitary groups as follows:

O(n) = {A € Mat,(R) : ATA =T},

SO(n) = {A € Mat,(R) : ATA =T and det A = 1},
U(n) = {A € Mat,(C): A"A =1},

SU(n) = {A € Mat,(C) : A"A =1 and det A =1},

We have seen above that O(n) and SO(n) can be viewed as groups of symmetries of Euclidean
space. The geometric meaning of U(n) and SU(n) is not so obvious but these groups are
extremely important in physics. In general all four of these groups are distinct but for small
values of n there can be “accidental isomorphisms.”

Theorem (Euler’s Isomorphism). We have U(1) = SO(2).

[Remark: It is an amusing consequence of this theorem that SO(2) is an abelian group, which
is not obvious from the definition.]

Proof. Let (a) € Mat;(C) be a 1 x 1 complex matrix. Then the unitary condition says

which implies that || = 1. Euler showed that all such complex numbers have the form
¢ = cos +isinf. In other words, U(1) is the familiar circle group:

Ul) ={e"?:0ecR}.

On the other hand, we proved above that any 2 x 2 real orthogonal matrix has the form Ry
(a rotation) or Fy (a reflection). Since det Ry = 1 and det Fy = —1 for all § € R we find that

SO(2) = {Rg = <COS@ _Sin9> 10 e R}.

sinf  cosf
I claim that we can define a group isomorphism f: U(1) — SO(2) by
o(e?):= Ry for all § € R.

There are four things to check:
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Well-Defined. For all 1,0 € R we have

e =t — n—0ec2rZ = R,=Ry = 90(6”7) = ¢(€i6)~

Surjective. Every element of SO(2) has the form Ry for some 6 € R and hence has the
form (e?) for some e € U(1).

Injective. For all 1,0 € R we have

peM =pE?) = R,=Ry = n—-0c2iZ = ¢"=¢"

¢ Homomorphism. For all 7,0 € R we have
p(eMe) = (") = Ry g = RyRy = p()p(e”),

The third equality was proved on the previous homework.

[Remark: The name “Euler’s Isomorphism” is facetious.]

Note that this isomorphism restricts to an isomorphism between the n-th roots of unity under
multiplication and the rotational symmetries of a regular n-gon under composition.

Problem Set 2

1. Powers of a Cycle. Consider the standard 12-cycle in cycle notation:

=(1,2,3,4,5,6,7,8,9,10,11,12) € Sjo.
Compute the first twelve powers ¢, c?,¢®...,c!? and express each of them in cycle notation.

Try to guess what the k-th power of an n-cycle looks like.
Solution. We have

=(1,2,3,4,5,6,7,8,9,10, 11, 12)
=(1,3,5,7,9,11)(2,4,6,8,10,12)

= (1,4,7,10)(2,5,8,11)(3,6,9,12)
= (1,5,9)(2,6,10)(3,7,11)(4,8, 12)
= (1,6,11,4,9,2,7,12,5,10, 3, 8)

= (1,7)(2,8)(3,9)(4,10)(5,11)(6,12)
= (1,8,3,10,5,12,7,2,9,4,11,6)

= (1,9,5)(2,10,6)(3,11,7)(4,12,8)
= (1,10,7,4)(2,11,8,5)(3,12,9, 6)
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!9 =(1,11,9,7,5,3)(2,12,10,8,6,4)
M =1(1,12,11,10,9,8,7,6,5,4, 3,2)
¢ = (1)(2)(3)(4)(5)(6)(7)(8)(9)(10)(11)(12) = .

Now let ¢ be a general n-cycle. I guess that the k-th power ¢* consists of d cycles each of

length n/d, where d = ged(n, k) is the greatest common divisor of n and k. T’ll prove this
later but not today.

2. Homomorphism and Isomorphism. Let (G, *,0) and (H,e,¢) be abstract groups and
let ¢ : G — H be a function. We say that ¢ is a (group) homomorphism if it satisfies the
following condition:

for all a,b € G we have ¢(a xb) = ¢(a) ® p(b).

(a) If ¢ : G — H is a homomorphism, prove that ¢(d) = e.
(b) If ¢ : G — H is a homomorphism, prove that ¢(a™1) = ¢(a)~! for all a € G.

(¢) Suppose that ¢ : G — H is homomorphism and that the inverse function exists. Prove
that the function ¢! : H — G is also a homomorphism. It follows that invertible
homomorphisms are the same as isomorphisms.

[Remark: Instead of f I tend to use the letter ¢ for group homomorphisms.]

(a) Proof. Since § x 6 = § we have

(b) Proof. For all a € G we have

plaxat) = p(d)
pla)ep(a™)=¢
p(a) " e p(a)epla™t) =p(a) ' oe
pla™") =p(a)”!
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(¢) Proof. Assume that ¢ : G — H is an invertible homomorphism. Then for all a,b € H we
have

ple™Ha) 97 1(0) = (¢ (a) e (@' (b)) = aeb,

and applying ¢! to both sides gives

as desired. O

3. Isometries = Orthogonal Matrices. Let x,y € R” be column vectors and let x”
denote the row vector corresponding to x. We define the standard inner product as follows:

(x,y) =x"y =) iy

7

Recall the the distance between two points x,y € R" is defined by ||x —y||? = (x —y,x —y)
and recall that the following properties are satisfied:

e We have ||x||? = (x,x) = 0 if and only if x = 0.
e For all x,y € R" we have (x,y) = (y, x).
e For all x,y,z € R" and «, 5 € R we have (x,ay + z) = a(x,y) + B(x,z).

The goal of this problem is to show the following: If f : R™ — R” is any function that preserves
distance and sends the origin to itself then it preserves the inner product. Hence the function
is linear. Hence we have f(x) = Ax for some n x n matrix A, which must satisfy A7A = I.

(a) Assume that the function f : R™ — R™ preserves the distance between any two points
(e, |f(x) — fF(¥)II? = ||x — y||? for all x,y € R") and sends the origin to itself (i.e.,
f(0) = 0). Prove that

(f(x), f(y)) = (x,y) forall x,y € R".

(b) Continuing from part (a), prove that this f is a linear function. [Hint: For all x,y € R”
and « € R show that

If(x+y) = (f) + f¥)IP=0 and  [|f(ax) — af(x)]*]

(¢) Continuing from (a) and (b), show that f(x) = Ax for some n x n matrix satisfying
ATA = I. [Hint: Let eq,...,e, € R" be the standard basis vectors. Then f(e;) is
the i-th column of A. To show that ATA = I use the fact that el Be; is equal to the
i, j-entry of an arbitrary matrix B.]
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(a) Proof. Since f(0) = 0 he have for all x € R™ that

(f(x), f(x)) = IF I
= [f(x) - o]
= [1£(x) = £(0)* = [lx = O|* = [|x]|* = (x,).

Then for any vectors x,y € R" we have

(fx) = fy), f(x) = fly) =x-y,x-y)
(f(x), f(x)) = 2(f(x), f(¥)) + (f(¥), f(¥)) = (x,x) = 2(x,y) + (¥, ¥)
(x,x) = 2(f(x), f(¥)) + (v, y) = (x, %) = 2(x,y) + (¥, ¥)
—2(f(x), f(¥)) = —2(x,¥)
(f(x), f(y)) = (x,¥)

(b) Proof. Now consider any x,y € R™. To show that f(x+y) = f(x) + f(y) we will verify
that f(x +y) — f(x) — f(y) has length zero, hence it must be the zero vector. Here is the
verification:

Ifx+y) = f(x)— fy)I
=(fx+y) - f(x) = fy), f(x+y) = f(x) = f(y)
= (f(x+y), f(x+y)) +{(f(x), f(x) + (f(¥), f(y)

= 2(f(x+y), f(x)) —2(f(x+y), [(¥) +2(f(x), f(¥))

= (x+y,x+y)+ (X% + (yF) — 2x+y,x) - 2x+y,y) +2(x,)
=(x+y,x+y)— (xx) —(y,y) — 2(y,X) — 20y +2(75)
<X+y x+y) —(x+ty,x+y)

)
)
)

Then for any o € R we will verify that f(ax)— af(x) has length zero, hence f(ax) = af(x):

1 (ax) — af(x)|* = (f(ax) — af(x), f(ax) - af(x))

= (f(ax), f(ax)) = 2(f(ax), af (%)) + (af(x), af (%))
(o f

2

= (ax,ax) — 2a(f(ax), f(x)) + ?(f(x), f(x))
= o?(x 7x>—2o¢<o¢x,x>+a (x,x)

= a?(x,x) — 20%(x,x) + o%(x,x)

=0.

(¢) Proof. From (b) we know that f : R” — R" is a linear function. To show that f is a
matrix, let e, ..., e, € R" be the standard basis and let A be the matrix whose i-th column is
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f(e). If x=x1e1+ -+ zpe, € R is any vector then by definition of matrix multiplication
we have
Ax — $1f(el> 4+ $nf(en) = f(xlel + - '$nen) = f(X)

Finally, to show that AT A = I, recall from part (a) that (f(x), f(y)) = (x,y) for all vectors
x,y € R". We find that the i, j-entry of the matrix AT A is

1 ifi=j,

e;?F(ATA)ej = (Aei>T(Aej) = (Ae;, Aej) = (f(e), f(e;)) = (ei,e;) = {0 it

In other words, AT A is the identity matrix. O

[Remark: The hardest part by far was to show that an origin-fixing isometry is linear. That’s
a pretty surprising fact.]

4. Rotation and Reflection. In class I showed that every element of O3(R) has the form

cos —sinb cosf sinf
Ry = <sin0 cosf ) or Fy = (sin9 — CoS 9) '
(a) Verify that Ry € SO2(R) and that Fy € Oz(R) — SO2(R).

(b) We saw on the previous homework that x — Rygx is a rotation. Use a similar argument
to prove that x — Fpx is a reflection.

(¢) For all a, 8 € R prove that
o RuRp = Rayp,
o F,Fs =Ry g,
o RoFjs = Fp(Ra) ™' = Fayp.

(d) Fix a positive integer n and define the matrices R := Ry, and F := Fy. The subgroup
of O(R) generated by the set {R, F'} has 2n elements. Use (c) to find them all.

(a) Since R} = R_y, we already know from the first homework that R9TR9 = I. Now we need
to check that det(Rg) = 1. Indeed, we have

cos) —sinf\ = o C 2N
det <sin0 o0 ) = cos“ 0 — (—sin“ ) = 1.

Next we need to check that FeT Fy = I and det(Fy) # 1. For the first statement we have
cosf sind cosf) sinf \ cos? 0 + sin® sinfcos —sinfcosf) (1 O
sinf —cosf sinf —cosf)  \sinfcos—sinf cosh sin? 6 + cos2 6 “\0 1
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and for the second statement we have

cosf) sinf \ 9 9,
det (sin@ —COS@) =—cos“f—sin“0=—-1#1.

(b) Since Fl = Fy, we saw in part (a) that FpFy = I. [Jargon: We say that Fy is an
involution.] Now we will give a geometric reason for this. For any real number 0 < 6 < 27,
let fo : R? — R2 be the function that reflections orthogonally across the line that makes an
angle of §/2 with the z-axis. I claim that fy(x) = Fpx for all vectors x € R2.

Proof. Consider the standard basis vectors e;, es € R%2. We saw in the notes that fy (e1) = Fpeq
and fg(e2) = Fyes. Now consider any vector x = xje; + xgeg € R2. Then since reflection
preserves linear combinations (i.e., it preserves parallelograms) we conclude that

fo(x) = fo(z1€1 + 1202)
=1 f(e1) +z2f(e2)
= x1Fpe; + xoFpes
= Fy(z1€1 + z2€2)
= Fpx,

as desired. O

(c) Proof. We saw on the first homework that R,R3 = R, 3. This follows from the fact that

(rotate by 8 and then rotate by «) = (rotate by « + f3).

One could prove F,Fg = R,_g by quoting trig identities but I prefer to find a better way.
Since det(F,) = det(F3) = —1 we know that det(F,Fp) = det(F,)det(Fg) = 1. Since we
know that all 2 x 2 orthogonal matrices with determinant 1 have the form Ry we conclude
that Fi,Fjg = Ry for some 6. To compute the angle of rotation it is enough to apply F,Fjp to
one specific vector and see what happens. Let’s choose a vector on the reflecting line for Fj
so that Fjgx = x. Then we have the following picture:
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Since the angle between the reflecting lines of F,, and Fg is (o — /3)/2, we conclude that the
vector x gets rotated by angle 6 = o — 3, i.e., twice the angle between the reflecting lines.

Finally, to prove that R,Fjs = I3 we note that

Foypls = Ratp-p

FOC"FBF/B == Ra
ForpFsFs = RaFj
Fotp = RaFp,

and to prove that Fs(R,) ™! = F,. 5 we note that

FgFoyp = Ra_(a+p)
F,BFQ+B - R_a

FpF5Fois = FsRq
Forp = F3(Ra)™ "

(d) Fix R := Ryr/, and F := Fy. Then I claim that

(R,F)={RF®:a€{0,1,...n—1} and b € {0,1}}.

Proof. Since the subgroup (R, F') contains R and F and is closed under composition, we
conclude that {R*F®} C (R, F). Conversely, we will show that {R*F®} is a subgroup of
Os(R) containing R and F, from which it will follow that (R, F) C {R*F’}. Let’s check:
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e Closure. Since FR = R™'F, one can prove by induction that FR® = R™°F for all
integers ¢ € Z. Now consider any two elements R*F® and R°F?. There are two cases:
(Case 1) If b = 0 then we have

(RFY)(RIF) = (R)(R°F%) = R*+eFd — RFF?,
where k is the remainder of a + ¢ mod n. (Case 2) If b = 1 then we have
(ROFY)(R°F?) = RY(FR°)F® = RY(R™¢F)Fd = Ro—¢fd+l — Rkpt,
where k is the remainder of a — ¢ mod n and ¢ is the remainder of d 4+ 1 mod 2.
e Identity. The identity is ROF? = I.

e Inverses. Consider any element R®F?. There are two cases: (Case 1) If b = 0 then
ROF® = R® has inverse R~ = R" %[0 which has the correct form. (Case 2) If b =1
then the element R*F® = R°F is equal to its own inverse:

(R*F)(R*F) = RY(FR*)F = R*(R™“F)F = (R*R™*)(FF) = I.

Finally, let’s prove that these 2n elements are distinct. If R*F? = R°F? then multiplying
on the left by R=¢ and on the right by F~° gives R°™® = F9~%. Since R“™* always has
determinant 1 this implies that F?~¢ = I, and hence F® = F?. But then we must also have
R* =1 and hence R* = R°. O

[Remark: Tt is also true that (R, F) = {F°R?: a,b € Z}.]

5. The Fermat-Euler-Lagrange Theorem. Let (G, *,¢) be a group and let g € G be any
element. Define the function f; : G — G by fy(a) := g x a.

(a) Prove that f; : G — G is a bijection.

(b) If G is a finite abelian group, prove that ¢#*® = ¢. [Hint: Suppose that G =
ai,as,...,a,}. Explain why [].a; = ][, f4(a;). Rearrange and then cancel.
Expl hy [1, i fq R d th 1

[Remark: This theorem is also true for finite non-abelian groups but we don’t have the
technology to prove it yet. The technology we need is called “Lagrange’s Theorem.”]

(a) Fix an element g € G. I claim that the function f;(a) = g * a is a bijection. Proof.

e Injective. Suppose that we have fg(a) = fq4(b) for some a,b € G. Then by applying
g_1 on the left we obtain

fgla) = fq(b)
gxa=gx*xb
g xgxa=g xgxb

a="o.
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e Surjective. Consider any b € G. Now define a := g~! * b and check that

fola)=gxa=gxg txb=0h.

(b) Now suppose that G is a finite abelian group with n elements, say
G ={a1,az,...,a,}.

For any element g € G I claim that g = €. Proof. Let b € G denote the product of all n
elements in some order:
b:=ay1xagx--*a,.

Since G is abelian the order of the product doesn’t matter. On the other hand, we know from
part (a) that f, : G — G is a permutation of the elements of G. It follows that

b= fglar) * fo(az) * -+ fo(an)
=(gxay1)*x(gxag)*---x(g*ap)
=(gxg*---xg)*(ap*xag*---xay)
=g"x (a1 xag*---*xay)

=g" xD.

Now multiply both sides by b~! to obtain g" = «. O

[Remark: We will see later that this is a generalization of Fermat’s Little Theorem and Euler’s
Totient Theorem.]

6. Join of Two Subgroups. Let G be a group and let H, K C G be subgroups. Recall that
the subgroup generated by the union H U K is called the join:

HV K :=(HUK) = the intersection of all subgroups that contain H U K.
(a) If (G, +,0) is abelian, we define the sum of H and K as follows:
H+K:={h+k:he HkeK}.

Prove that this is a subgroup.
(b) If (G, +,0) is abelian, use part (b) to prove that HV K = H + K.

(c) If (G, *,¢) is non-abelian, show that the following set is not necessarily a subgroup, and
hence it does not coincide with the join:

HxK:={h*xk:he H ke K}.

[Hint: The smallest non-abelian group is S3.]

o1



(a) Let (G, +,0) be an abelian group and let H, K C G be any two subgroups. We will show
that the sum
H+K={(h+k:he HkecK}

is a subgroup of G. Proof.

e Closure. Consider any two elements hy + k1 and hs + ko from the set H + K. Since
H C @ is a subgroup we have h; + hy € H and since K C G is a subgroup we have
k1 + ko € K. Then since G is abelian we see that the sum is in H + K:

(h1 4+ k1) + (ha + k2) = hy + (k1 + he) + k2
= h1+ (ha + k1) + ko
= (h1+ho) + (k1 + k2) € H + K.

e Identity. Since 0 € H and 0 € K we have 0=0+0 € H + K.

e Inverses. Consider any element h + k € H + K. I claim that the inverse —(h + k) is
given by (—h) + (—k). To see this we again use the fact that G is abelian:

(h+k)+(=h)+(=k)=(h—h)+(k—k)=0+0=0.
But since H, K are subgroups we know that —h € H and —k € K, which implies that
—(h+k)=(-h)+(—k) e H+ K,

as desired.

[Shorter Proof: If hy + k1 and he + ko are in H + K then

(h1+ k1) — (h2 + ko) = (h1 — ha) + (k1 — k2) € H + K]

(b) Following from (a), I claim that H + K = H V K. Proof. Consider any h € H and k € K.
Since the set HV K contains H UK it must contain the elements h and k, and since HVK C G
is a subgroup it must contain the sum h + k. Since this is true for all h € H and k € K we

conclude that
H+KCHVK.

Conversely, note that for all h € H we have h = h+ 0 € H + K and for all £k € K we have
k =04k € H+ K. This implies that H + K contains the set H U K. But from part (a) we
know that H + K C G is a subgroup. Finally, since H V K C G is the smallest subgroup that
contains H U K we must have

HVKCH+K.
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(c) Consider the non-abelian group (Ss,0,1id) and the (cyclic) subgroups
H = {id, (12)} and K = {id, (23)}.
Then by definition we have

HoK ={idoid, ido (23), (12) oid, (12) o (23)}
= {id, (23), (12), (123)}.

This is not a subgroup of S3 because the element (132) = (123)~! = (23)0(12) is not contained
in the set.

[Remark: If T had instead chosen G = Sy with subgroups H = {id, (12)} and K = {id, (34)}
then I would have accidentally found that H o K is a subgroup. We’ll talk about that later.]

Week 5

This week we will dive into the structure of the infinite cyclic group Z* = (Z,+,0). In the
process we will meet the concepts of “poset” (partially-ordered set) set and “lattice.”

Definition of Posets and Lattices. Let P be a set equipped with an abstract relation “<.”
We say that the pair (P, <) is a poset if the following three axioms are satisfied:

(P1) The relation < is reflexive: for all a € P we have

a<a.

(P2) The relation < is anti-symmetric: for all a,b € P,

if a <band b < a then we have a = b.

(P3) The relation < is transitive: for all a,b,c € P,

if a <band b < ¢ then we have a < c.

Moreover, we say that the poset (P, <) is a lattice if it satisfies the following additional axiom:
(L) Every subset of P has a greatest lower bound and a least upper bound.

In the special case of two elements a,b € P we say that g € P is a greatest lower bound of a,b
if it satisfies the following two properties:

e g<aandg<b (ie., gis a lower bound of a and b),

e forallce P, if ¢ < a and ¢ < b then ¢ < g (i.e., every lower bound is less than g).
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[Exercise: Check that this g is unique.] In this case we will write g = a A b and we will call g
the meet of a and b. Dually, we say £ € P is a (the) least upper bound if it satisfies:

e a </and b </ (ie., ¢is an upper bound of a and b),
e forallce P, if a < cand b < ¢ then £ < ¢ (i.e., every lower bound is greater than /).

We will write £ = a V b and call this the join of @ and b. On the other extreme, we will use
the symbols 0 and 1 for the greatest lower bound and the least upper bound of all elements
in P, which satisfy 0 < a and a < 1 for all a € P. Here is how I visualize a lattice:
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/1]

Example: The Lattice of Subsets. Let U be any set and let 2Y be the set of all subsets
of U. I claim that 2V is a lattice with the following structure:

partial order < | set containment C
meet A intersection N
join V union U

bottom 0 empty set ()
top 1 the universe U

Example: The Lattice of Subgroups. Now let (G, *,¢) be a group and let .Z(G) be the
set of all subgroups of G. I claim that Z(G) is a lattice with the following structure:
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partial order < | set containment C
meet A intersection N
join Vv join V

bottom 0 trivial group {e}
top 1 full group G

In particular, note that the join operation (least upper bound) coincides with the join of
subgroups that we defined earlier:

HV K = (H U K) = the intersection of all subgroups that contain H U K.

That was good planning on my part.

/1]

It turns out that the lattice of subgroups of ZT has a particularly nice structure.

Theorem (Subgroups of Z*1). The lattice of subgroups of Z™ under containment is iso-
morphic to the lattice of non-negative integers under “reverse divisibility:”

(ZL(Z7),C) = (N, reverse divisibility).

The proof has three steps.

Step 1. We already know that the cyclic subgroups of Z™ have the form
mZ = {mk : k € Z}

for some m € N. I claim that every subgroup has this form.

Proof. Let H C Z" be any subgroup. If H = {0} is the trivial group then we have H = 0Z as
desired. Otherwise, suppose that H # {0} and let m be the smallest positive element of H. In
this case I claim that H = mZ. Indeed, since mZ = (m) is the smallest subgroup containing
m we must have mZ C H. On the other hand, let n € H be any element of H and divide it
by m to obtain

n=qm-+r,
0<r<m.

We will show that r = 0. To see this, first observe that since n and m are in H we also have
r=n—qgm € H. But if r # 0 then 0 < r < m contradicts the minimality of m. We conclude
that » = 0 and hence n = gm € mZ. Finally, since n € H was arbitrary we conclude that
H C mZ as desired. O
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Step 2. For all integers a,b € Z recall that we define divisibility as follows:
“alb” = “a divides b" = “Ik € Z,ak = b.”
Then for all a,b € Z I claim that
aZ CVZ <= bla.

Proof. If aZ C bZ then since a € aZ C bZ we must have a = bk for some k € Z, hence b|a.
Conversely, suppose that bla so there exists k € Z with a = bk. Then for any al € aZ we have
al = (bk)l = b(kt) € bZ
and it follows that aZ C bZ as desired. O

Step 3. Now consider the function f : N — Z(Z") defined by f(m) := mZ. I claim that this
is an isomorphism of posets.

Proof. We saw in Step 1 that this function is surjective. If we can show that the function is
injective (hence invertible) then it follows from Step 2 that the function f and its inverse f~*
both preserve order. So let us assume that aZ = bZ for some non-negative integers a,b € N.
From Step 2 we know that a|b and b|a, hence there exist integers k,¢ € Z with ak = b and
bl = a. If either a or b is zero this implies that « = b = 0 as desired. Otherwise, both a and b
are positive and we have

a=1"bl
a = ak/t
a(l —kl) =0
(1—-k6)=0
1= k¢
The only solutions are k = £ = +1 which implies that a = +b. Finally, since a,b are both
positive we conclude that a = b as desired. O
Remarks:

e Since f preserves order we call it a poset homomorphism. Since f~! exists and also
preserves order we call the pair (f, f~!) a poset isomorphism.

e Unlike in the case of groups, an invertible poset homomorphism is not necessarily an
isomorphism. [Exercise: Find a small example.]

This completes the proof that .#(Z™") is isomorphic to N under reverse divisibility. Here is a
picture of this lattice:
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Notice that 0 is divisible by everything and everything is divisible by 1. The elements just
below 1 are the prime numbers. We know that this poset is a lattice because it is isomorphic
to the lattice .Z(Z1). What are the meet and join operations?

For any group G recall that the set .Z(G) of subgroups is a lattice under the containment
partial order. For any subgroups H, K € Z(G) the meet H A K equals the intersection H N K
and the join H V K can be defined as the intersection of all subgroups that contain the union.
Moreover, if (G, +,0) is abelian then the join equals the sum: HV K = H + K.

Now let’s consider the case G = (Z,+,0). We saw above that every subgroup H C G has the
form H = mZ for a unique non-negative integer m € N. Hence for any two subgroups aZ and
bZ there exist unique non-negative integers m,d € N such that

aZi AN bZ = aZ N bZ = mZ,
aZN bZ = aZ + bZ = dZ.

What are these numbers m and d?

Theorem. We have m = lem(a, b) and d = ged(a, b).
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Proof. First we will prove that m = lem(a, b). Since m € mZ = aZ NbZ we must have m € aZ
and m € bZ, which implies that a|m and b/m. In other words, m is a common multiple of a
and b. Now let ¢ be any common multiple of a and b, so that ¢ € aZ and ¢ € bZ. It follows
that ¢ € aZ N bZ = mZ, which implies that m|c. In other words, m is the least common
multiple.

Now we will prove that d = ged(a, b). Note that a = al4b0 € aZ+bZ and b = a0+bl € aZ+bZ.
Since aZ + bZ = dZ this implies that a € dZ and b € dZ, hence d|a and d|b. In other words, d
is a common divisor of a and b. Now let ¢ be any common divisor, so that a € ¢Z and b € cZ.
It follows [Exercise: How?] that dZ = aZ + bZ C cZ, which implies that c|d. In other words,
d is the greatest common divisor. O

Remarks:

e For any a € N we have aZ N 0Z = 0Z and aZ + 0Z = aZ, which implies that

lem(a,0) =0 and ged(a,0) = a.

e For any a € N we have aZ N 1Z = aZ and aZ + 1Z = 17, which implies that

lem(a,1) =a and ged(a,1) =1.

e Since 0Z N 0Z = 0Z and 0Z + 0Z = 0Z, the theorem also says
lem(0,0) =0 and ged(0,0) =0,

but you may object to this. It’s not important.

It follows that the poset (N, reverse divisibility) is a lattice with meet=lcm and join=gcd.
[Equivalently: The poset (N, divisibility) is a lattice with meet=ged and join=lcm.] To end
this section I want to bring your attention to the following corollary which is very important
in the study of prime numbers.

Important Corollary (Bézout’s Identity). Let a,b € Z be any two integers and let
d = ged(a,b). Then there exist some (non-unique) integers x,y € Z such that
d = ax + by.

Proof. From the above theorem we know that dZ = aZ + bZ. Then since d = d1 € dZ we
must have d € aZ + VZ = {ax + by : z,y € Z}. O
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If (g) is an infinite cyclic group we have seen that the lattice of subgroups -#(g) is isomorphic
to the lattice of natural numbers N under reverse-divisibility. Specifically, the isomorphism
f:N—= Z(g) is defined by f(m) = (¢™). But what if the cyclic group (g) is finite?

T’ll just tell you the answer and then we’ll discuss how to prove it.

Fundamental Theorem of Cyclic Groups. For any n € N let Div(n) C N be the set of
non-negative divisors of n. Thus Div(0) = N and for n > 1 the set Div(n) is finite.

If (g) is an infinite cyclic group, we have already seen that the function f : Div(0) — Z(g)
defined by f(k) := (g*) defines a poset isomorphism:

(Z(g),C) = (Div(0), reverse divisibility).

Now if (g) is a finite cyclic group of size n > 1 then I claim that the same function f restricted
to Div(n) C Div(0) defines a poset isomorphism:

(Z(9),C) = (Div(n), reverse divisibility).

Finally, if n > 1 then the permutation Div(n) — Div(n) defined by d +— n/d switches the
relations of reverse divisibility and divisibility, and hence

(Z(g),C) = (Div(n), reverse divisibility) = (Div(n), divisibility).

[Remark: This last isomorphism doesn’t work when n = 0.] ///

For example, here is a picture of the theorem when n = 12:

<3§ | 1 ,M

/N N
&7 4 2 R L 4
<<§%\7 <"jé\7 11 b 3 | 9
(5% 12 1

I could give a quick and dirty proof right now but I prefer to develop a slower and more
abstract proof that illustrates what’s really going on. The fundamental idea is that of a
“Galois connection” between posets.
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Definition of Galois Connectionsﬂ Let (P,<) and (Q, <) be posets and consider any
functions f: P — @ and g : Q — P. The pair f, g is a Galois connection if it satisfies

p<9g(q) <= f(p) < qforallpe PandqecQ.

/1]

For example, if f : P — @ is a poset isomorphism then the pair (f, f~!) is a Galois connection.
Indeed, in that case we have f(p) < q¢ = f~'(f(p)) < f~'(q) = p < f~'(q) and vice versa.
A general Galois connection f, g need not be an isomorphism, but it always restricts to an
isomorphism between certain subposets P’ C P and Q' C Q.

Fundamental Theorem of Galois Connections. If f: P = @ : g is a Galois connection
then we have the following properties:

o f:P— (@ and g:Q — P are poset homomorphisms,
e go f: P— P isincreasing and fog:Q — Q is decreasing,
e fogof=fandgofog=yg.
If we define the subposets
P'=glQl:={g(q) ¢ € Q} and Q = f[P]:={f(p):p€ P},
then it follows from the above properties that f and g restrict to a poset isomorphism:

f:P & Q g

Proof. See the homework. O

[Remark: Specific examples of this theorem are often called “correspondence theorems.” We
will see one below.]

Galois connections are best understood with a picture. Since I can’t draw general posets, let
me assume for convenience that (P, <,V,A,0p,1p) and (@, <,V,A,0q,1q) are lattices. In
this case I claim that f(0p) = 0¢g and g(1g) = 1p.

Proof. By definition we have Op < p for all p € P and 0g < ¢ for all ¢ € Q. In particular,
setting ¢ = f(Op) in the second inequality gives Og < f(0p). On the other hand, the definition
of Galois connections says that

0p < g(q) <= f(0p) < qforall g€ Q.

3You won’t find this concept in any of the standard algebra textbooks. I think that’s a shame.
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In particular, since Op < g(0g) we conclude that f(0p) < 0Og, and then it follows from
antisymmetry that f(0p) = 0g. The proof of g(1g) = 1p is similar. O

Then here is the picture:

Let me emphasize that the images P’ and @’ are isomorphic as posets, but the original P and
Q@ need not be. And what does all of this have to do with Evariste Galois? T’ll tell you later.
For now, an example.

Example: Image and Preimage. Let (G,*,0) and (H,e, ) be groups and let ¢ : G — H
be any function. Then for all subsets S C G and T' C H we define the image set p[S] C H
and the preimage set ¢~ [T] C G as follows:

@S] :=={plg) : g€ S} C H,
e T :={geG:p(g) €T} CG.
Remarks:

e [ use square brackets to distinguish between the function ¢ : G — H that sends elements
to elements and the function ¢ : 2¢ — 2 that sends subsets to subsets.
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e The preimage function ¢! : 27 — 2¢ always exists, but the inverse function ¢~ :

H — G need not exist. The inverse function exists if and only if for all h € H the
preimage ¢ '[{h}] C G consists one element, which we may then call p~1(h).

If we think of (2¢, C) and (2, C) as posets then I claim that the image and preimage functions
are a Galois connection:
cp:2G<:>2H:cp71.

Proof. For all subsets S C G and T C H we have

SCo T «<=VsecS,scp T
<= Vse S, p(s)eT
< ¢[S] CT.

0

So far these remarks apply to any sets G, H and any function ¢ : G — H. Now let us assume
that ¢ is a group homomorphism. In this case you will verify on the homework that

e if S C G is a subgroup then ¢[S] C H is a subgroup,
e if T C H is a subgroup then ¢~ ![T] C G is a subgroup,

and hence we obtain a Galois connection ¢ : Z(G) 2 £ (H) : ¢! between the lattices of
subgroups. It follows from the Fundamental Theorem of Galois Connections that image and
preimage restrict to an isomorphism between certain posets of subgroups:

0: LG < L(H) ol

In other words, we obtain an order-preserving bijection between certain kinds of subgroups of
G and certain kinds of subgroups of H.

What kinds of subgroups? Let me spoil the surprise right now: It will turn out that £ (G)’
consists of subgroups that contain the kernel “ker ¢,” and Z(H)’ consists of subgroups of
H that are contained in the image “im .” Next time I will define the notions “ker ¢” and
“im ¢” and I will prove these assertions.

We have seen that any group homomorphism ¢ : G — H induces the image and preimage
functions ¢ : £(G) = Z(H) : ¢! which form an abstract Galois connection. Among the
images and preimages there are two important special cases.
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Definition of the Kernel and Image. Let ¢ : (G,*,d) — (H,e,e) be a group homomor-
phism. We define the kernel of ¢ as the preimage of the trivial subgroup {¢} C H:

kerg = '[{e}] = {g € G : p(g) = ¢}
And we define the image of ¢ as the image of the full group G:
im e := ¢[G] ={e(g) : g € G}.

From general properties (proved on the homework) we know that kerp C G and imp C H
are subgroups. ///

We now have the ingredients necessary to state and prove an important general theorem.
Afterwards, we will obtain the Fundamental Theorem of Cyclic Groups as an easy corollary.

The Correspondence Theorem for Groups. Let ¢ : (G,*,d) — (H,e,¢c) be any group
homomorphism and define the following sets, partially ordered by containment:

Z (G, ker @) := {subgroups kerp C K C G}
Z(im ) := {subgroups L C im ¢}.

I claim that the image and preimage ¢ : .Z(G) = Z(H) : ¢~ ! restrict to a poset isomorphism:
@ : L(G kerp) < L(imp) : p L.

/1]

Proof. Since ¢ : £ (G) = Z(H) : ¢! is a Galois connection we automatically obtain a poset
isomorphism ¢ : Z(GQ) +— Z(H)' : ¢~ ! between certain subposets .Z(G) C .Z(G) and
Z(H) = Z(H). On the homework you will show that these subposets are

Z(G) ={K CG: K=y '[g[K]]},
ZL(H) ={LCH:L=glp'[L]}.

Assuming this, I will prove that

Z(G) = LG kerp) and ZL(H) = .ZL(imy).
There are two steps in the proof.

Step 1. For all subgroups K C G and L C H I claim that

plo ' [L]] = L Aim e,
¢ [p[K]] = K V kergp.
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For the first equality, note that ¢~![L] C G implies p[p~![L]] C ¢[G] = im ¢ because @[]
preserves order, and that o ![L]] C L because ¢ o p~1[~] is decreasing. Therefore we have
o[~ '[L]] € LNim ¢ = LAim ¢. For the converse, consider any element h € LAim ¢ = LNim ¢.
Since h € imy we must have h = ¢(g) for some g € G and since h € L we must have
g € ¢ L. Now it follows that h = p(g) € p[p![L]] and hence L Aim ¢ C p[p~1[L]].

For the second equality, note that {e} C ¢[K] implies ker p = ¢~ ![{e}] C »![p[K]] because
¢~ 1[~] is order-preserving, and that K C ¢~ ![p[K]] because ¢! o ¢[—] is increasing. Then
since p~!p[K]] is a subgroup of G containing K Uker ¢ we must have K Vker ¢ C o~ ![p[K]].
For the converse, consider any element g € ¢~ 1[p[K]]. By definition this means that ¢(g) =
(k) for some k € K. Then by general properties of homomorphisms we have

©(g) = o(k)
p(k)"ep(g) =¢
(k™' xg) =e¢,

and hence k~1xg € ker ¢. Finally, consider the product set K ker o := {k*{ : k € K, { € ker ¢}.
One can show that this set is a group, and hence that K ker ¢ = K V ker ¢. [Remark: Later
we will show the more general fact that KN = K V N for any subgroups K, N C G such that
N C G is “normal.”] It follows from this that

g=kx(k'xg) € Kkerp= K Vkerg,

and hence ¢~ [p[K]] C K V ker ¢, as desired. O

[Remark: The first three inclusions were purely formal. Only the last inclusion o~ ![p[K]] C
K V ker ¢ used any non-trivial details about groups.]

Step 2. In Step 1 we proved that

Z(G) ={K CG: K=KV ker ¢},
LH)Y ={LCH:L=LAimg}.

Now it only remains to show that

K=KVkery <= LkerpCK,
L=LANimy <= LCimey.

This has nothing to do with groups so I will prove it for general lattices. Let (L, <,V,A,0,1)
be a lattice and consider any elements a,b € L. Then I claim that

a=aVb <= b<a,
a=aAb <— a<hb.
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For the first statement, if a = a Vv b then by definition we have b < a V b = a. Conversely,
suppose that b < a. Then we have a < a V b by definition and we have a V b < a because a is
an upper bound of ¢ and b. Hence a = a V b.

For the second statement, if a = a A b then by definition we have a = a A b < b. Conversely,
suppose that a < b. Then we have a A b < a by definition and we have a < a A b because a is
a lower bound of a and b. Hence a = a A b. ]

This completes the proof of the Correspondence Theorem for Groups. Finally, we obtain a
free proof of the Fundamental Theorem of Cyclic Groups.

Corollary (Fundamental Theorem of Cyclic Groups). Let (g) be a cyclic group and
consider the group homomorphism ¢ : ZT — (g) defined by ¢(k) := ¢g*. Note that we have
im ¢ = (g) by definition, and since the kernel is a subgroup of Z* we must have ker ¢ = nZ
for some unique n € N. If n = 0 then (g) is infinite and otherwise we have #(g) = n.

Now we conclude from the Correspondence Theorem that
Z(g) = ZL(imp) = L(LF kerp) = L (1Z,nZ).

But recall that the subgroups of Z™ between 1Z and nZ have the form dZ where d is a disivor
of n, and that these groups are ordered by “reverse divisibility.” It follows that

Zg) = L (1Z,nZ) = (Div(n),reverse divisibility),
and the explicit isomorphism Div(n) — Z(g) is given by the image function ¢[—]:

d v dZ — p[dZ] = {g™ : k € Z} = (¢9).

Week 6

Last week we discussed the abstract properties of the symbol “<.” This week we’ll discuss the
abstract properties of the symbol “=.”

Definition of Equivalence and Classes. Let S be a set and let ~ be a relation on S.
Technically: This means that ~ is a subset of S x §. We will write “a ~ b” to mean that
“(a,b) € ~.” We say that ~ is an equivalence relation if the following three axioms are satisfied:

(E1) The relation ~ is reflezive: for all a € S we have

a~ a.
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(E2) The relation ~ is symmetric: for all a,b € P,

if a ~ b then b ~ a.

(E3) The relation ~ is transitive: for all a,b,c € P,

if a ~band b~ ¢ then we have a ~ c.

[Remark: The symbol “=" always denotes our favorite equivalence relation on a given set.]
For each element a € S we define its equivalence class as follows:

lal~ :=={be S:a~b}.
We will use the notation
S/~ =*“ S mod ~” = the set of equivalence classes.

One should check that for all a,b € S the following conditions are equivalent:

e a~b,

e [a]. N [b]~ # 0.

It follows that the equivalence classes are a partition of the set S. In other words, we can
express S as a disjoint union:
s= ][ x

XeS/~

/1]

I assume that you are familiar with the following example.

Example: Equivalence Modulo an Integer. Fix an integer n € Z. Then for all integers
a,b € 7 we define
ar~pb <<= b—a€enZ <= n|(b—a).

We call this relation “equivalence mod n.” I won’t bother to prove that this is an equivalence
relation because it will follow from a more general proof in the next example.

In the case of equivalence mod n we have a special notation for equivalence classes:
[a]~, ={b€Z:a~,b}
={b€eZ:b—acnl}
={b€Z:b—a=nk for some k € Z}
={b€Z:b=a+ nk for some k € Z}

66



={a+nk:keZ}
=:a+n2.

The equivalence class [a]~, = a + nZ is called a coset of the subgroup nZ C Z. If n = 0 then
each coset has a single element:

a+0Z={a+0k:kecZ}=1{a}.
Thus we see that “equivalent mod 07 is just a fancy way to say “equals:”
argb <= a+0Z=b+0Z <<= {a}={b} <<= a=0b
If n 2 0 then each coset is in one-to-one correspondence with Z:
a+nZ={..,a—2n,a—n,a,a+n,a+2n,...}.

In this case, the partition of Z into equivalence classes is called “division with remainder.” By
convention we say that a “remainder mod n” must satisfy 0 < r < |n|. Therefore we have the
following disjoint union:

In|—1 In|—1
Z= H {integers with remainder » mod n} = H (r +nZ).
r=0 r=0

And instead of Z/~,, we use the following notation for the set of cosets:
Z/nZ ={nZ,1+nZ,2+nZ, ..., (In|—1)+nZ}.

/1]

That was just an example. Here is the general concept.

Definition of Equivalence Modulo a Subgroup. Let (G, ,¢) be a group and let H C G
be any subgroup. Then for all a,b € G we define

a~gb < a'xbeH <= b lxacH,
ag~b < axb'eH <= bxa'eH

I claim that each of ~f and ;~ is an equivalence relation on G. We call these relations left
and right equivalence mod H.

Proof. Let H C G be a subgroup. We will prove that left equivalence ~p is an equivalence
relation and leave the proof of right equivalence ;;~ to the reader.

(E1) Consider any a € G. Since the subgroup H contains the identity ¢ we have a=! xa =

€ € H, and hence a ~ a.
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(E2) Consider any a,b € G such that a ~y b. By definition this means that a=! b € H.
Then since the subgroup H is closed under inversion we have b=!'sxa = (a=' % b)~! € H,
and hence b ~g a.

(E3) Consider any a,b,c € G such that a ~py b and b ~g c¢. By definition this means that
a 'sxbe H and b~! xc € H. Then since the subgroup H is closed under * we have

atxe=(a"txb)x (b xc) € H,

and hence a ~g c. O

[Remark: Note that the three axioms of equivalence correspond perfectly with the three axioms
of a subgroup. This is excellent motivation for the definition.]

Now let’s examine the equivalence classes. The classes of ~g are called left cosets:

[a)l~n, ={b€EG:a~pgb}
={beG:a'xbec H}
={beG:a b= hfor some h € H}
={beG:b=axh forsome h € H}
={axh:heH}
=:ald.

And the classes of ;~ are called right cosets:
la] ,~ ={h*a:h€ H}=: Ha.
Instead of G/~p and G/~ , we will use the following notations for sets of cosets:

G/H := the set of left cosets of H,
H\G := the set of right cosets of H.

/1]

Now before we go any further let me explain the meaning of the notation “G/H.” The following
theorem is definitely not due to Lagrange, but he did prove a special case in his 1770 paper
on Lagrange resolvents.

Lagrange’s Theorem. Let (G, *,¢) be a group and let H C G be any subgroup. Then there
is a bijection between any two left (or right) cosets of H. If G is finite it follows that

#(H\G) = #(G/H) = #G/#H,

hence the number of elements of H divides the number of elements of G. [Remark: I take this
as excellent motivation for the fractional notation.] ///
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Proof. For each element a € G note that the surjective function H — aH defined by h — axh
is invertible with inverse g — a~' % g. Similarly, the surjective function H — Ha defined by
h + h*a is invertible with inverse g — g *a~'. We have shown that each left (or right) coset
is in bijection with H, hence any two cosets are in bijection with one another.

Next let us assume that G is finite. Then for all a € G the above bijections prove that
#(a) = #H = #(Ha).

Finally, since the set G is a disjoint union of left (or right) cosets, each having size #H, we
conclude #G equals the number of left (or right) cosets times #H:

#G = #(G/H) - #H = #(H\G) - #H.
U

On the second homework you proved the following theorem for finite abelian groups. Now we
can use Lagrange’s Theorem to prove it for all finite groups.

Corollary (The Fermat-Euler-Lagrange Theorem). Let (G, %, ¢) be a finite group and

let g € G be any element. Then we have
g*¢ = e

Proof. Suppose that g has order d, so that #(g) = d. Then since (g) C G is a subgroup,
Lagrange’s Theorem tells us that #G = dk for some k € Z. Finally, we have

g =g" = (g

I still haven’t told you what this has to do with Fermat and Euler. Be patient.

That was the theory. Now let’s see some examples of cosets.

Example: Parallel Lines. Let G = (R?, +,0) be the additive group of points in the plane,
and for any nonzero vector 0 # u € R? let H = Ru := {au : o € R} be the line through the
origin in the direction of u. Note that H C G is a subgroup.

Since G is abelian there is no difference between left and right cosets. We will emphasize this
fact by writing the cosets additively. That is, for any vector v € R? we will write

v+H=H+v={v+h:heH}.

The following picture shows that the cosets of H are precisely the lines parallel to H:
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Indeed, for any vectors v,w € R? we have by definition that
v+H=w+H <<= v—weH <= v —wisparallelto H.

In this case the bijection H — v + H defined by x +— v + x is called translation by v, and
one can show that this function is in fact an isometry. [Exercise: Check this.] This explains
why all of the cosets “look the same.” However, note that only one of the cosets (namely, H
itself) is a subgroup of G because only one of the parallel lines contains the origin 0 € R2. In
summary, we have

G/H = R?/Ru = the set of all lines parallel to Ru.

Is it possible to describe this set more efficiently? Sure. Let K = Rv be the line generated
by any vector v ¢ H. Then each coset w + H intersects K in a unique point so we obtain a
bijection G/H <> K defined as follows:

the line w + H <—  the point of intersection (w + H) N K.

Following old Euclidean terminology we will call any such bijection a transversal of the cosets.
Here is a picture:
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Of course the choice of the line K was arbtirary. In linear algebra it is common to let K = H=*
be the line (more generally, the complementary subspace) that is orthogonal to H. Then we
obtain a bijection

G/H < H*.

But note that (H+, +,0) is a group. Does that mean that G/H is a group? ///

Example: Concentric Circles. Let C* = (C — {0}, x,1) be the multiplicative group of
nonzero complex numbers and let U(1) = {e? : § € R} be the circle group. Note that
U(1) € C* is a subgroup.

This time we will write the cosets multiplicatively, but there is still no difference between left
and right cosets because C* is abelian. The following picture shows that the cosets of U(1)
are precisely the circles centered at 0 € C:
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Indeed, we observe that any two nonzero numbers «, 5 € C* are in the same coset if and only
if they differ by a rotation:

aU(1) =pU(1) <= o 'BelU(l) <= B=ae" for some f € R.

Note that any infinite ray gives rise to a transversal of the cosets. In particular, let Ryg =
{a € R : & > 0} be the infinite ray of positive real numbers. Then we obtain a bijection
between C*/U(1) and R+ as follows:

the circle rU(1) = {re? : # € R} < the positive real number r € Rx.

Here is a picture:
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In summary, we have a bijection

C*/U(1) +— Roo.

But note that (R~g, X, 1) is a group. Does that mean that C*/U(1) is a group? ///

Example: Modular Arithmetic. Let (g) be a cyclic group of order n > 1 and consider the
group homomorphism ¢ : Z* — (g) defined by

By convention the preimage of a single element is called a fiber. Note that the fibers of the
function ¢ have the form

e H N =l eZ: () = g"}
={tez:¢"=4¢"}
={{eZ:t-keZ}
={l€Z:l—Fk=nm for some m € Z}
={e€Z:0=k+ nm for some m € Z}
={k+nm:meZ}
=k+nZ.

In other words, we have a bijection between the cosets of the subgroup nZ C Z and the
elements of the cyclic group (g):
Z/nZ +— (g).
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But we know that (g) is a group. Does that mean that the set of cosets Z/nZ is also a group?

Sure, why not? We can simply define a group structure on Z/nZ by transfering it from (g)
via the bijection. To be specific, since ¢gF x g* = g*¥*¢ for all k, ¢ € Z we will define the “same
operation” on the fibers:

(k+nZ)* (L +nZ):=(k+ L)+ nZ.
But now the symbol “x” looks silly, so let’s replace it by “+:”
(k+nZ)+ (L+nZ) := (k+£) + nZ.

[Warning: The “+” symbol here is just an analogy. We are really “adding” two infinite sets
of integers to obtain another infinite set of integers. It just happens that everything works
out nicely.] In summary, the set of cosets Z/nZ has a natural group structure which makes it
isomorphic to the cyclic group (g). ///

Based on these three examples, it is not surprising that we can define a group structure on
the set of cosets G/H whenever G is an abelian group. Here is the official statement.

Quotients of Abelian Groups. Let (G,+,0) be any abelian group and let H C G be any
subgroup. Since G is abelian the, left and right cosets of H are equal. That is, for all elements

a € G we have
a+H={a+h:heH}y={h+a:he H} = H +a.

Now we want to define “addition of cosets” so that the following equation makes sense:
(a+H)+ (b+H)=(a+b)+ H.

What needs to be checked? In the three examples above we knew ahead of time that everything
would work out, but in the abstract setting we need to show that this operation is well-defined.
In other words, we need to show that the definition does not depend on the particular choice
of coset representatives a and b.

Proof. Suppose that a+ H =a' + H and b+ H = + H, so that a —a’ € H and b— V' € H.
Then since H is closed under addition we have

(a+b)—(d+b)=(a—d)+(b-V) € H,

and hence (a +b) + H = (/! + ') + H. [Remark: T used the fact that G is abelian when I
switched b — a’ with —a’ 4+ b. This proof doesn’t work for non-abelian groups.| O

Having checked that “addition of cosets” is well-defined, I claim that (G/H,+) is a group.

Proof. The identity element is H = 0 + H since for all a € G we have

(a+H)+H=(a+H)+(0+H)=(a+0)+H=a+H.
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And the inverse of (a + H) is (—a + H) because
(a+H)+(-a+H)=(a—a)+H=0+H = H.
Finally, associativity is inherited from G because for all a,b,c € G we have

(a+H)+[(b+H)+ (c+H)]=(a+H)+(b+c +H)
a+[b+c)+H

(
(
(la+b]+c)+H
(
[

[a+b+H)+ (c+ H)
=[(a+H)+ (b+ H)|+ (c+ H).

0

In summary, for every abelian group (G, +,0) and for every subgroup H C G we have con-
structed the quotient group (G/H,+,H). Next week we’ll consider the more difficult case
when G is non-abelian.

Problem Set 3

1. Order of a Power. Let G be a group and let g € G be an element of order n.
(a) For all k € Z, prove that (g*) = (¢¢) where d = ged(n, k). [Hint: nZ + kZ = dZ.]
(b) For any positive divisor d|n show that g? has order n/d.
(c) Combine (a) and (b) to prove that for any k € Z the element ¢g* has order n/ ged(n, k).

(a) By definition d = ged(n, k) is a disivor of k. In other words, we have k = d¢ for some
integer £ € Z. This implies that

and hence (g¥) C (g%). For the other direction, recall that nZ + kZ = dZ. Since d € dZ this
implies that d € nZ + kZ and hence there exist integers x,y € Z such that d = nx + ky.
[Recall: This is called Bézout’s Identity.] Then we have

gt =g" N = (g7 (6N = e x (67 = ()Y € (d"),

which implies that (g¢) C (g").

(b) Let d be a positive divisor of n, so that n = dm for some integer m > 1. It follows that
()" =g™=g" ==
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Our goal is to show that the m elements ¢, g, (¢%)?, ..., (¢%)™ ! are distinct. So let us assume
for contradiction that there exist integers 0 < k < £ < m — 1 with (¢g9)¥ = (¢%)¢, and hence

(g1 = (g)*
g = gk

gl —
But then since 1 < ¢ — k < m we must have 1 < d < d({ — k) < dm = n, which contradicts
the fact that g has order n.

(c) For any k € Z we showed in part (a) that (g*) = (g%), where d = gcd(n, k). Then since d
is a positive divisor of n it follows from part (b) that

#(g") = #(g") = n/d = n/ ged(n, k).

[Remark: This proves the conjecture that we made on the previous homework.]

2. Multiplication of Subgroups. Let (G,x*,¢) be a group and let H, K C G be any two
subgroups. Consider the Cartesian product of sets

Hx K :={(h,k):he H ke K}
and the “multiplication function” p: H x K — G defined by u(h, k) := h x k.
(a) Prove that p is injective if and only if H N K = {}.
(b) We can think of the set H x K as an abstract group by defining

(hl, kl) * <h2,k2) = (hl * hg,kl * kg) for all hl,hg € H and kl,kg c K.

In this case we call (H x K, %) the direct product of H and K. Prove that u is a group
homomorphism if and only if we have hx k =k * h for all h € H and k € K.

(¢) The image of p: H x K — G is the “internal product set”
HK :={hxk:he HkecK}CQG.

Prove that HK C G is a subgroup if and only if HK = KH.

(a) Assume that p is injective and let g € H N K, hence also g~! € H N K. Now we have

1

(g, g7 ) =gxgt =e=exe=pee),
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and it follows from injectivity that (g,g~!) = (¢,¢), hence g = . Conversely, let HN K = {¢}
and consider any pairs (h1, k1), (he, k2) € H x K such that u(hi, k1) = p(ha, k2). Then

p(hi, ki) = p(he, k2)
hl * kl == h2 * k?g
hyls hy = ko x k'

Since h2_1 xh1 € H and ko * k:l_l € K this implies that h2_1 *hy = ko % kl_l € H N K and hence
holshy =kox k! =e.
Finally, h;l x h1 = ¢ implies h1 = ho and ko * kl_l = ¢ implies k1 = ko. O

(b) Assume that h«k = kx h for all h € H and k € K. Then multiplication defines a
homomoprhism p : H X K — G because

p((ha, k1) * (ha, k2)) = p(hy * ha, k1 * k2)
= (hy % ha) * (k1 * ka)
= (h1 % k1) * (hg x ka)
= p(hi, k1) * p(he, k2).

Conversely, assume that p is a homomorphism. Then for all h € H and k € K we have
(hxk)x (R7L s k™Y = p(h, k)« p(h L k™) = pw(hx L kv k™Y = p(e,e) = ¢
and it follows that

hxksxh 1xkt=¢
hxk=Fkxh.

O

(c) Assume that HK = KH and consider any two elements hiky, hoks € HK. Then since
kiky'hy' € KH = HK we observe that kiky 'hy ' = haks for some hy € H and k3 € K. Tt
follows that

(hik1)(hoke) ™" = hikiky 'hy' = hihsks € HK,

and hence HK is a subgroup. Conversely, assume that H K is a subgroup. We will show that
KH C HK and HK C KH. For the first inclusion, we will show that kh € HK for all k € K
and h € H. Indeed, since k = ¢k € HK and h = he € HK and since HK is a subgroup we
must have kh € HK. For the other inclusion, we will show that hk € K H for all h € H and
k € K. Indeed, since hk € HK and since HK is a subgroup we have

E~'h! = (hk)"! € HK,
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which implies that k~'h~! = A/’ for some h' € H and k¥’ € K. Now take the inverse of both

sides to get
hk = (K)'(W)' e KH,

as desired. O
[Remark: In the third proof I used “juxtaposition” instead of * to save space.]

3. Why Does AB =1 Imply BA =17 Given a field F and a positive integer n we define

M := Mat,, (F) = the set of n X n matrices with entries in F.

2

I claim that this set is a vector space of dimension n* over the field F. Now consider any two

matrices A, B € M such that AB = 1.

(a) Show that the set BM := {BM : M € M} is a vector subspace of M. In other words, for
all matrices X,Y € BM and scalars «, 8 € F, show that aX + 8Y € BM.

(b) More generally, for each integer k& > 0 define the set B*M := {B*M : M € M} and show
that B**1M is a vector subspace of BFM.

(c¢) I claim that a finite-dimensional vector space has no infinite descending chain of sub-
spaces. Use this fact to prove that there exists an integer £ > 0 and a matrix C € M
satisfying B* = B*1C.

(d) Let C be as in part (c¢). Prove that BC' = I and hence C' = A. Tt follows that BA = I.
[Remark: Believe it or not, this is the shortest proof I know.]
(a) Consider any X,Y € BM, so that X = BM and Y = BN for some matrices M, N € M.

Then for all scalars a, 8 € F we have

aX + Y =aBM + BN = B(aM + fN) € BM.

(b) Let k& > 0 and consider any element X € B*'M, so that X = B*"1M for some matrix
M € M. Tt follows that X = B¥*'M = B¥(BM) = B*(BM) € B*M and hence B*'M C
BFM. Then since we know from (a) that B¥+1M is a vector subspace of M, it automatically
follows that B*T1M is a vector subspace of B*M.

(c) From part (b) we have an infinite chain of vector subspaces:
MDBM2BM2BMD2--.

If each of the inclusions were strict then we would obtain a contradiction to the finite dimen-
sionality of M. Therefore we must have B*M = B**'M for some k > 0. In particular, since
B* ¢ B¥M = B**tIM, there must exist some matrix C' € M such that B*¥ = B*t1(C.
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(d) Since AB = I one can show by induction that A¥B* = I for all k£ > 0. Now multiply both
sides of the equation B* = B*T1C on the left by AF to obtain

Bk — Bk-i—lc
AFBF — AFBkBC
I = BC.

In summary, we have shown that any matrix B with a left inverse A must also have a right
inverse C'. Finally, we observe that the left inverse and right inverse are equal:

A=Al = A(BC) = (AB)C = IC = C.

g

[Remark: The same proof shows that ab = 1 implies ba = 1 in any “Artinian ring.” The
prototypical examples of Artinian rings are finite rings and finite dimensional algebras (for
example, matrices) over a field.]

4. Conjugation is an Automorphism. Let (G,x*,¢) be a group and let g € G be any

element. Define the function ¢, : G — G by p4(a) :=g*ax* g L.

(a) Prove that ¢4 : G — G is a bijection.
(b) Prove that ¢, : G — G is a homomorphism, hence it is an automorphism of G.

c) Application: Consider any two elements a,b € G. Prove that the cyclic groups (a *
Application: Consid t 1 tsa,b € G. P that th li b
and (b* a) are isomorphic, hence the elements a * b and b * a have the same order.

(a) To prove that ¢, is a bijection I will show that it has an inverse. So consider the function
1y : G — G defined by v,(a) := g~! * a* g. Then for all a € G we have

-1

Ug(pg(a)) =g ' x(gxaxg )xg= (97" xg)xax(gxg ') =a

and

bg(thg(a)) =g (g ' xaxg)xg = (grg )xax(g
-1
;L.

Yxg) =a,

which by definition means that ¢, = ¢

(b) To see that ¢4 : G — G is a homomorphism, note that for all a,b € G we have

pg(a) x pg(b) = (gxaxg ')« (gxbxg)
:g*a*(g‘l*g)*b*g_l
:g*(a*b)*g_lzgog(a*b).

For posterity let me record that this implies g4 (a™) = @4(a)" for all n € Z. [Proof: Induction.|

79



(c) Now let a,b € G and consider the cyclic subgroups (a * b) and (b * a). I claim that the
automorphism ¢, : G <> G : ¢, from parts (a) and (b) restricts to an isomorphism

Qo (bxa) <= (a*Db) : P,
To see this, consider any integer n € Z and observe from part (b) that
0a((b*a)") = pa(bxa)* = (axbxaxa )" = (axb)" € (axb)

and
Ya((a* D)) = Pa(a*xb)" = (a L xaxbxa)” = (bxa)" € (bxa).

It follows that the two elements a * b and b * a have the same order. O

5. Galois Connections. Let (P, <) and (@, <) be posets and let f: P - Q and g: Q — P
be any functions satisfying

p<g(q) = f(p)<q forallpe PandqcQ.
(a) For all p € P and ¢q € Q prove that

p<g(f(p)) and  f(g9(q)) <gq

(b) For all py1,p2 € P and ¢1,q2 € Q prove that

p1<p2= f(p1) < flp2) and @ <q=g(qn) <g(q).

(c) For all p € P and g € @ prove that
fp)=f(g(f(p)) and  g(q) =g(f(9(a)))-

(d) Define the “images” P’ := ¢g[Q] := {g(q) : ¢ € Q} and Q' := f[P] := {f(p) : p € P}.
Prove that these are the same as the sets of “closed elements”

P ={peP:p=g(f(p))} and Q ={¢eQ:q=f(9(q)}

(e) Prove that the functions f, g restrict to an isomorphism of posets:

f:P +—=Q 9.

(a) For all p € P we havef(p) < f(p), which by definition of Galois connection implies
p < g(f(p)). The proof for ¢ € Q is similar.

(b) Consider any pi,p2 € P such that p; < pa. Then from part (a) we have p1 < pa < g(f(p2))
and transitivity implies p; < g¢(f(p2)). Finally, the definition of Galois connection gives
f(p1) < f(p2). The proof for g1 < g2 is similar.
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(c) Consider any p € P. Then from (a) we have p < ¢g(f(p)) and from (b) we have f(p) <
f(g(f(p))). Conversely, since g(f(p)) < g(f(p)) the definition of Galois connection gives
f

f(g(f(p)) < f(p), and hence f(p) = f(g(f(p))). The proof for g € Q is similar.

(d) We will show that f[P] ={q€ Q :q= f(g(q))}. So consider any element ¢ = f(p) € f[P].

Then applying g and using part (c) gives ¢ = f(p) = f(g(f(p))) = f(g9(q)). Conversely,
consider any ¢ € @ such that ¢ = f(g(¢q)). Then g = f(p) for p = g(q) € P and hence

q € f[P]. The proof of g[Q] ={p € P :p=g(f(p))} is similar.

(e) We already know from part (a) that each of f,g is a poset homomorphism. Thus we only
need to show that f : P’ <> @' : g is a bijection. So consider any p € P’ = g[Q]. Then by
definition we have f(p) € Q' = f[P] and from (d) we have g(f(p)) = p. Similarly we have for
all ¢ € Q" that g(¢) € P' and f(g(q)) = ¢q. This completes the proof. O

6. Image and Preimage. Let (G,%,9) and (H,e, ) be groups and let ¢ : G — H be any
group homomorphism. For every subset S C G we define the image set

olS] :=A{plg) : g € S} C H,
and for every subset T' C H we define the preimage set

p T :={9€ G pl9) €T} CC.

(a) Show that the function ¢! : H — G exists if and only if #¢p '[{h}] =1 for all h € H.
(b) If S C G is a subgroup prove that the image ¢[S] C H is a subgroup.

(c) If T C H is a subgroup prove that the preimage ¢~ [T] C G is a subgroup.

)

(d) Now you have two functions ¢ : Z(G) = Z(H) : ¢! between the subgroup lattices.
Prove that this is a Galois connection.

(a) Consider a function ¢ : G — H. We make two basic observations:

e The function is injective if and only if #¢ 1[{h}] <1 for all h € H.

e The function is surjective if and only if #¢1[{h}] > 1 for all h € H.
Therefore the function is bijective if and only if #¢~'[{h}] =1 for all h € H.

(b) Let S C G be a subgroup and consider any two elements hi, ho € ¢[S] C H. By definition
this means that ¢(s1) = hy and ¢(s2) = hg for some s1,s9 € S and since S is a subgroup we
must have s1 * s, € S. But then

hie h2_1 =(s1) e @(82)71 = (s * 52_1) € [S],

which implies that ¢[S] C H is a subgroup.
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(c) Let T C H be a subgroup and consider any two elements g1, g2 € ¢ [T]. By definition
this means that ¢(g1) € T and ¢(g2) € T. But then since T is a subgroup we have

plgr+95") = plgr) e o(g2) ™" €T,
which implies that g1 * g; * € ¢—1[T]. We conclude that ¢~ ![T] C G is a subgroup.

(d) T proved this in the notes for the image and preimage of subsets. The same proof applies
to subgroups.

Week 7

Let me recall the last proof we did using more generic language. If (G, *,¢) is a group and if
H C G is any subgroup, then it seems natural to define the following operation on left cosets:

(aH)* (bH) := (axb)H for all a,b € G.

However, we need to be careful because this definition is stated in terms of non-unique repre-
sentatives of equivalence classes. To make sure there is no logical contradiction we must check
that a1 H = asH and by H = boH imply (a1 xb1)H = (ag * by) H.

Check. Assume that a1 H = asH and by H = boH, which by definition means that aflag eH
and bl_lbg € H. In this case we want to show that (a1 xb1)H = (ag*be)H, which by definition
means that (aj * b1) ™! * (ag x by) € H. If G is abelian then we have

(ay * bl)_1 * (ag * bo) =

because H is closed under the operation “x.” ///

If G is non-abelian then we might have
(a1 * ag)_l % by #£ by * (a,l_1 * ag),
which seems to break the proof. But all is not lost. If there exists some h € H such that
(afl*ag)*bgzbg*h

then the operation “x” on cosets is still well-defined because

(a1 % by) 7L (ag * by) = bl_1 * [(al_1 * ) * bg]
= by ok [by % A
= (b' *by)xh € H.
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To paraphrase: The proof still works if
for all h € H and g € G there exists some h’' € H such that hxg = g=*h'.

This strange kind of subgroup was defined by Galois all the way back in 1830, who apparently
called them “invariant” subgroups. Today we call them “normal.”

Theorem (Definition of Normal Subgroups). Let (G, *,¢) be a group and let H C G be
any subgroup. Then the following three statements are equivalent:

(N1) Left and right equivalence mod H are the same relation. In other words, the partitions
of G into left and right cosets of H are the same:

G/H = H\G.

(N2) For all g € G the left and right cosets containing g are equal:

gH = Hg.

(N3) For all g € G and h € H we have
gxhxgteH.

In other words, the subgroup H is closed under conjugation by elements of G.

Any subgroup H C G satisfying one (and hence all) of these conditions is called normal. In
this case we will use the notation

HJ4G.
/1/

[Remark: Condition (N3) is the standard textbook definition of “normal,” and it is usually
the easiest condition to check.]

Proof. We will show that (N1)=(N2)=-(N3)=(N1).

(N1)=(N2): Assume that G/H = H\G and consider any element g € G. Since gH € G/H
we must also have gH € H\G, which means that gH = Ha for some a € G. Then since
g =gxec € gH we must have ¢ € Ha. In other words, the right cosets Hg and Ha both
contain the element g. Finally, since non-equal cosets are disjoint this implies that Hg = Ha.
We conclude that

gH = Ha = Hg.
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(N2)=(N3): Assume that gH = Hg for all ¢ € G. Then for all ¢ € G and h € H, since
g*h € gG we must have g x h € Hg. In other words, there exists some h' € H such that
g* h =h % g and we conclude that

gxh="nxg
gxhxg t=h e H.

(N3)=(N1): Assume that for all g € G and h € H we have g x h* g~ € H. Our goal is to
show that left and right equivalence mod H are the same relation on G. In other words, for
all a,b € G we want to prove that

a'xbe H <= bxa'leH.

For one direction, assume that a=! +b = h € H. Then conjugating by a € G gives

-1

xb)xa ' =axhxa € H.

For the other direction, assume that b+ a~' = h’ € H. Then conjugating by a~! € G gives

atb =0t bra ) () = e (a7 e I

Important Example: Every subgroup of an abelian group is normal.

Smallest Non-Example: Consider the smallest non-abelian group, which sometimes is called
the symmetric group S3 and at other times is called the dihedral group Dg. Today we will
call it Dg. Recall that this group has a specific representation

D¢ = {I,R,R* F,RF, R’F},

where R = Ry, /3 is rotation counterclockwise by 27/3 and F' = Fp is reflection across the
z-axis. In other words:

() )

One can check directly from the matrices that RF = R*F and FR = R%F. To see this geomet-
rically we should think of R?, R as clockwise and counterclockwise rotation of an equilateral
triangle and we should think of F as flipping the triangle over. Note that flipping the triangle
and then rotating clockwise is the same as first rotating counterclockwise and then flipping
the triangle. More generally, for any angle 6 we have

(rotate clockwise by 6) o (flip) = (flip) o (rotate counterclockwise by 6)
(Rg)™'F = FRy.
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Now consider the cyclic subgroup (R) = {I, R, R?} C Dg. By Lagrange’s Theorem we have
#((R)\Ds) = #(Ds/(R)) = #Ds /#(R) = 2,

which tells us that there are two left cosets and two right cosets. Furthermore, since (R) itself
is both a left and a right coset, it follows (somewhat accidentally) that

D6/<R> = {{Iv R, R2}7 {F7 RF, RQF}} = <R>\D6

In other words, (R) < Dg is a normal subgroup. [Exercise: The same counting argument shows
that H < G whenever #G/#H = 2.]

Now for the non-example. Consider the cyclic subgroup (F') = {I, F'} C Dg. Since #Dg/#(F') =
3 it follows again from Lagrange’s Theorem that there are three left cosets and three right
cosets. With a little thought, the left cosets are

Ds/(F) = {{F), R(F), R*(F)}
= {{I,F},{R,RF},{R* R°F}}
and the right cosets are
(F)\Dg = {(F),(F)R, (F)R?}
= {{I,F},{R, FR},{R* FR*}}.

But recall that RF = R?F and FR = R*F. It follows that the partitions into left and right
cosets are not the same:

S

u{:%‘ Q@&M‘g r{%k% cosets

In other words, the subgroup (F') C Dg is not normal. This is the smallest possible example
of a non-normal subgroup. [Exercise: Work out the details of this example in the language of
the symmetric group S3. Hint: Let R = (123) and F = (12).]
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The definition of normal subgroups above might have seemed a bit arbitrary and hard to
remember. Today I'll show you that it’s really a natural concept.

Theorem (Definition of Quotient Groups). Let (G,*,¢) be a group and let H C G be
any subgroup. Then the following are equivalent:

(N) H <@ is normal,
(N4) H is the kernel of a group homomorphism ¢ : G — G'.

/1]

Proof. Let (G',+',¢’) be any group and let ¢ : G — G’ be any group homomorphism. Recall
that the kernel is defined as the preimage of the trivial subgroup {¢'}:

kerp = [{N ={g€G:p(g) =€
To show that ker ¢ C G is normal, consider any elements g € G and h € ker ¢. From general
properties of homomorphisms we have

o(g) = o(h) « (g)~"

o(g) ' &« o(g)~!
e(g) + o(g)~"
EI

plgxhxg™h)

and hence g * h * g~! € ker . It follows from condition (N3) above that ker <G is a normal
subgroup.

Conversely, suppose that H <I G is normal. In this case we want to define a group G’ and a
group homomorphism ¢ : G — G’ such that ker p = H. This might be difficult if we were
doing it from scratch, but luckily I set up all the ingredients in the previous lectures. The
idea is to let G’ be the set of left (or right) cosets of H:

G'=G/H (= H\G).
Since H < G is normal we have seen that the following operation on cosets is well-defined:
(aH) * (bH) := (axb)H.

[Exercise: Check it again if you don’t remember the proof.] Furthermore, we have seen that
this operation makes G/H into a group with identity element eH = H. To complete the proof
we only need to find a group homomorphism ¢ : G — G/H such that ker p = H, and the
choice is completely obvious: for all g € G we define



This function is a group homomorphism by definition and the kernel is

kerp={geG:9gH=H} =H.

Remarks:

o If I were teaching this course for graduate students I would probably take this as the
definition of normal subgroups, and derive the properties (N1), (N2), (N3) as theorems.

e The homomorphism ¢ in the proof is called canonical because there is only one possible
choice. It is important to remember that the quotient group is really a pair (G/H, @),
where G/H is the group and ¢ : G — G/H is the canonical surjection.

e If p: G — G is any surjective homomorphism then we will see below that ¢ is secretly
the canonical surjection onto the quotient group G/ ker .

Example: “Special” Matrix Groups. Every kind of matrix group has a “special” sub-
group. I claim that these subgroups are normal. For example:

SL,(F) < GL,(F),
SO(n) <0O(n),
SU(n)QU(n).

Proof. Let G be a group of square matrices over a field F and recall that the determinant
satisfies det(AB) = det(A)det(B) for all A, B € G. In other words, the determinant is a
group homomorphism from G into the multiplicative group of nonzero elements of [F:

det : G — F* = (F — {0}, x, 1).

It follows that the kernel of the determinant is a normal subgroup. By definition we call this
the “special” subgroup:

SG :=ker(det) = {A € G :det(A) =1} JG.
O

On the homework you will use the “same proof” to show that the group of alternating per-
mutations is a normal subgroup of the symmetric group:

A, 45,.
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How should one visualize a group homomorphism? I have two pictures in my mind. We have
already discussed one of them.

The Lattice Picture of a Group Homomorphism. If ¢ : G — H is a homomorphism of
groups then we have seen that there is an isomorphism (called a “Galois Correspondence”)
©: L(G kerp) < L(img): ¢!

between the the lattice Z(im ) of subgroups of the image and the lattice .Z(G,ker ) of
subgroups of G that contain the kernel:

/1]

Today I will give you a second picture, related to the “fibers” of the homomorphism.

Definition of Fibers. Let GG, H be sets and let ¢ : G — H be any function. Recall that for
each subset T C H we define the preimage as follows:

p Tl ={geG:ply) €T} CG.
If the set T' = {h} contains just one element h € H then we prefer to call this the fiber over h:

el (h) =9 [{R} CG.
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Warning: This notation does not imply that the inverse function exists. In fact the inverse
function exists if and only if each fiber contains a single element:

@ Vi H = Gexists <= #o '(h)=1forallhec H.

In this sense the “fiber function” ¢! : H — 2 from elements of H to subsets of G is a

generalization of the concept of “inverse.” ///

For a general function the fibers can be strange but the fibers of a group homomorphism are
particularly nice.

Lemma (Fibers of a Group Homomorphism). Let (G, *,d) and (H, e, <) be groups and
let ¢ : G — H be a group homomorphism. Then for all g € G we have

o (p(9)) = glker p).

In other words: The (non-empty) fibers of a group homomorphism are the (left or right)
cosets of the kernelff For all h € H — im ¢ we have ¢~!(h) = ) by definition. ///

Proof. Fix an element g € GG. Then for all elements a € G we have

a € o (p(g) <= vla) = o(g)

— o(g) " epla) =¢
— (g xa)=¢

— g lxackeryp

<= a € g(kery).

Here is the picture.

The Fiber Picture of a Group Homomorphism. Let ¢ : G — H be a group homomor-
phism with kernel K = ker ¢. Instead of thinking of the lattice of subgroups, I will think of
G and H as sets of points. For each h = ¢(g) in the image the fiber is the coset gk, and for
each h not in the image the fiber is empty:

4Recall that kernels are normal subgroups, so there is no difference between left and right cosets.
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But the image is a group and the set of cosets of the kernel is also a group (because the kernel
is normal). Thus we obtain the following basic theorem.

Theorem (First Isomorphism Theorem). Let ¢ : G — H be a group homomorphism.
Then the fiber function ="' : H — 2 restricts to a group isomorphism im ¢ 2 G/ ker ¢:

@1 :imp = G/ ker .

Proof. If h € im ¢ then we have h = ¢(g) for some g € G and it follows from the lemma that
¢~ 1(h) = g(kerp) is a coset of the kernel. We need to show that this function is injective,
surjective and a homomorphism.

e Injective. For all hi,hy € im¢ there exist g1,g2 € G such that h; = ¢(g1) and
he = ¢(g2). Then we have
v (h) = ¢ (ha) <= gi(kerp) = ga(ker )
<:>gl_1*g2€ker<p
(g xgo) =¢

= v(g1) = »(92)
<= h1 = hs.

e Surjective. This is true by definition.
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e Homomorphism. For all ¢(a), p(b) € im ¢, the lemma says that
P (@) x o7 (0(b)) = alker p) * b(ker )
= (a*xb)ker g
= ¢ H(p(axb))
= ¢ ' (p(a) o (b))

Now here is a summary of everything we know about group homomorphisms.

Summary. For any group homomorphism ¢ : G — H we have

(1) an isomorphism of posets ¢ : Z(G, ker ¢) — Z(im ),

Liimp =5 G/ ker .

(2) an isomorphism of groups ¢~
Furthermore, the isomorphism of groups (2) induces
(3) an isomorphism of posets . (im ) — Z(G/ ker ¢).

To be specific, we know from (1) that each subgroup of im ¢ has the form p[K] for some unique
subgroup ker ¢ C K C G. The map (3) sends this to the following subgroup of G/ ker ¢:

K/kerp = {k(kery) : k € K} C G/ker .
Finally, by composing (1) and (3) we obtain an isomorphism from .Z (G, ker ¢) to .Z(G/ ker ¢):

ZL(Gkerp) — L(mp) — ZL(G/kery)
K — ol K] — K/ ker ¢.

In other words, every subgroup of G/ ker ¢ has the form K/ker ¢ for some unique subgroup
ker o C K C @, and this correspondence preserves order. ///

Historical Remark: This is the post-1930 “modern” view of group theory. Apparently these
“isomorphism theorems” emerged from the lectures of Emil Artin and Emmy Noether at
Gottingen, which were then immortalized by Bartel van der Waerden in his textbook Moderne
Algebra (1930). There are a couple more decorations we could add to this picture (namely,
the Second and Third Isomorphism Theorems) but I will save those for future homework
problems. For now, just a quick example.

Example: Cyclic Groups. Let GG be a group and let g € G be any element. Then we have
a group homomomorphism from the additive integers:

p: Z — G
E — g~
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The image is (by definition) the cyclic subgroup (g) C G and the kernel, being a subgroup of
Z, has the form nZ some unique integer n > 0. Thus we obtain an isomorphism of groups

(9) =1imy X Z/ker ¢ = Z/nZ,
and two isomorphisms of lattices:

L(T,nZ) — Llg) — L(Z/nZ)
dz = {¢Y = dZ/nZ.

The elements of the leftmost lattice (and hence all three lattices) are in bijection with the set
of divisors Div(n) = {d > 0: d|n}, which is finite for n > 1 and infinite for n = 0.

Remark: From the isomorphism (g) = Z/nZ we obtain bijections between the corresponding
subgroups. If n > 1 then it follows for all d € Div(n) that

#(dZ/nZ) = #(g") = n/d.

What happens if you try to use Lagrange’s Theorem?

I don’t want to end it like that. The First Isomorphism Theorem is so important that we
should examine it from every angle. Today I'll show you the less sophisticated point of view.
This is the kind of thing that appears on exams.

The Less Sophisticated Point of View. Let ¢ : G — H be a group homomorphism.
It follows from general properties of image and preimage that kerp C G and imyp C H are
subgroups, but let’s prove it anyway.

Proof. For all hi, ha € im ¢ there exist g1, g2 € G such that ¢(g1) = h1 and ¢(g2) = he. Thus

hihy' = (g1)e(g2) ™" = p(g19; ") € im .

For all g;, g2 € ker ¢ we have ¢(g1) = ¢(g2) = eg. But then

Pl9195") = p(91)pl92) ™" = eney' = en,

which implies that gig5 L kero. O

Now the homomorphism ¢ : G — H may not be bijective. To be specific, we observe that ¢
is surjective if and only if im ¢ = G and ¢ is injective if and only if ker ¢ = {eg}.

Proof. The first statement is obvious. For the second statement, assume that ¢ is injective.
Then for all g € ker ¢ we have p(g9) = eg = ¢(e¢) and hence g = £i. Conversely, suppose
that ker ¢ = {eg}. Then for all g1, g2 € G we have

o(91) = o(g2) = (197 ") = cm
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— glggl € ker
:>9192_1 =eq
= g1 = g2.

Thus we can force ¢ : G — H to be surjective by restricting the codomain to the image:
p:G— ime.

To make ¢ injective we need to “kill the kernel.” It turns out that the quotient group
construction is the unique way to do this:

¢: G/kerp — imgp
glkerp) = @(g).

Assuming that the quotient group G/ ker ¢ exists (i.e., that the operation on cosets is well-
defined) this map is by definition a surjective group homomorphism. Furthermore, the map
is well-defined an injective because

gi(kerp) = ga(kerp) <= g7 g2 € ker o == p(g7 ' g2) = en == p(91) = ¢(92).
Thus we obtain the First Isomorphism Theorem again:

G/ ker p = im .

Week 8

Last week we saw some of the main theorems of “modern” group theory as it existed in the
1930s. The point of this theory is to prove theorems at the greatest possible level of generality
as a way of compactifying our knowledge into a small conceptual space. Of course, there is no
reason to do this unless we have a large stock of interesting examples.

Definition of Automorphism Groups. Let X be any “set with structure.” For example,
X could be a topological space, a manifold, a vector space, a group/ring/field, or any kind of
mathematical structure. By an automorphism of X we mean any invertible function f : X —
X such that f and f~! both “preserve the structure of X.” (You’ll see what this means in
the examples below.) We denote the set of automorphisms by

Aut(X) = {invertible f : X — X such that f, ! preserve the structure of X}.

It follows directly from the definition that (Aut(X),o,id) is a group under composition, with
identity given by the identity function id : X — X. ///
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Example: Permutations. Let X be just a set (i.e., with no extra structure). Then the
automorphisms of X are called permutations. In this case we use the notation

Aut(set X ) = Perm(X) = Sx.

[The S is for symmetric group, which is another name for this group.] If the set X is finite
with #X = n then we might as well say that X = {1,2,...,n}, in which case we have

Sx = S{l,Q,...,n} = Sp.

Historical Remark: Prior to 1880s the word “group” was (almost) exclusively applied to
groups of permutations. The first textbook on the subject was Camille Jordan’s Traité des
Substitutions (1870). Here “substitution” means a permutation of the inputs of a multivariable
function. The key fact (going back to Galois) is that the collection of substitutions that leave
a given function invariant is a subgroup of S,. The notion of an abstract group had been
studied by Arthur Cayley in a series of three papers: On the Theory of Groups, as depending
on the Symbolic Equation 0™ = 1 (1854 and 1859). However, these papers were ignored until
Cayley republished them in 1878. ///

Example: Matrices. Let V be a vector space over a field F. (See the homework for an
axiomatic definition.) Homomorphisms of vector spaces are called linear functions and the
group of automorphisms of V' is called the general linear group of V:

Aut( vector space V') = GL(V).

Now suppose that V' has dimension n. Given a basis = {uy,...,u,} C V we can represent
each vector x € V as an n x 1 column by defining

z1
Xz =1 «— x= szu,
i

In

Then for each linear function f : V — V we define the n x n matrix [f]y € Mat, (F) whose
j-th column is [f(u;)]# and it follows from linearity that

X))o =[flwlx]ew forallxeV.

In summary, the basis % gives us an identification of the group GL(V') of linear automorphisms
with the group of n x n invertible matrices over F:

Aut( vector space V' with a fixed basis Z ) = GL,(F)

However, there is no canonical choice of basis. If % C V and ¥ C V are two bases for the
vector space V and if f : V' — V is a linear function then I claim that

ClflaC~ ' = [flv,
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where C' € Mat,,(IF) is the (unique, invertible) matrix satisfying C[x]y = [x]|y for all x € V.

Proof. For all x € V we have

Then by substituting x = v; we see that the j-th columns of the matrices C[f]4 C~* and [f]y
are equal for all j. O

In other words, we have shown that conjugate elements of the group GL,(F) represent the
same linear function with respect to with respect to different bases. On the homework you
will show that a similar idea holds for the symmetric group. ///

Example: Orthogonal (and Unitary) Matrices. Let V' be an n-dimensional Euclidean
vector space. In other words, let V' be an n-dimensional vector space over R, equipped with
a symmetric and positive-definite bilinear form

(—, =) VxV =R
The group of automorphisms of this structure is called the orthogonal group of V:
Aut( Euclidean space V') = O(V).

If 77 C V is an orthonormal basis (consisting of orthogonal unit vectors) then for each au-
tomorphism f : V' — V one can show that [f] € Mat,(R) is an orthogonal matrix. (In
fact you already showed this on the homework.) Such a basis gives us an identification of the
group O(V') with the group O(n) of n x n orthogonal matrices:

Aut(Euclidean space V' with a fixed orthonormal basis % ) = O(n).

However, there is no canonical choice of basis. In this case, conjugate elements of the group
O(n) represent the same linear function with respect to some orthogonal (i.e., distance pre-
serving) change of coordinates.

More generally, if V is an n-dimensional “Hermitian space” over C with positive-definite
“sesquilinear form”H (—,—) : V xV — C then all of the same remarks apply for the unitary
groups U (V') and U(n). ///

®A sesquilinear (one-and-a-half times linear) form satisfies (ax,y) = @(x,y) and (x,ay) = a(x,y) for all
x,y € V and a € C, where & € C is the complex conjugate of a.
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These examples include all of the interesting kinds of (non-abelian) groups that we have
studied in this course. Indeed, the subject of abstract group theory is meant to synthesize the
study of concrete groups such as

Sny GLn, O(n), U(n)

into one coherent theory. After studying groups from the abstract point of view, however, we
might want to go back to concrete examples.

The heart’s desire of an abstract group is to “act” on a nice structure.

Definition of Group Actions. Let (G, *,¢) be an abstract group and let X be a set with
structure. Let G x X — X be some function written as (g, z) — g(x). Equivalently, for each
group element g € G we let = — g(z) be an arbitrary function from X to itself. We call this
function a group action if the following two axioms are satisfied:

(A1) The group operation acts like composition of functions:

(9% h)(z) =g(h(z)) forall g,heGand ze X.

(A2) Each element of G acts like an automorphism of X:

for all g € G the function x — g(z) is in Aut(X).

But there is a quicker way to say this. Equivalently, a group action is defined by a group
homomorphism from G into the automorphisms of X:

¢ : G — Aut(X).

Proof. Given any function (g, z) — g(z) satisfying (A1) and (A2) we will define ¢4(x) := g(z).
By axiom (A2) the function ¢4 is in Aut(X). Then by axiom (A1) we have

pyen(@) = 0g(on(2)) = (9g 0 @n)(@) forall g.h € G and x € X.

It follows that

Pgxh = Pg © Ph
and hence the function ¢ : G — Aut(X) sending g € G to ¢, : X — X is a group homomor-
phism. Conversely, suppose we have a group homomorphism ¢ : G — Aut(X) denoted by

¢ — 4. Now define a function G x X — X by (g,2) — ¢4(x) and observe that this function
satisfies (A1) and (A2). O

I like the homomorphism definition better because it emphasizes that a given group G can act
on a given structure X in different ways, corresponding to different homomorphisms ¢ : G —

Aut(X).
Remarks:
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e The notation ¢g4(z) is a simile because it says that the group element g “acts like a
function.” The notation g(x) is a metaphor because it says that the group element g “is
a function.” Of course that is not literally true.

e My definition of group action is slightly nonstandard. Most books only define the action
of groups on sets, not on “sets with structure.” The standard definition says that (1)
g(x) =z forallz € X, and (2) (gxh)(z) = g(h(x)) for all g,h € G and x € X. Exercise:
Prove that this is equivalent to my definition when Aut(X) = Perm(X), i.e., when the
set X has no additional structure.

e Sometimes we use the notation G ~ X to indicate that G acts on X. If we want to be
specific about the homomorphism ¢ : G — Aut(X) then we can write

G A X.

e Jargon: If V is a vector space, then an action ¢ : G — GL(V) is also called a linear
representation of G, and the vector space V is called a G-module. More generally, the
study of group actions is called representation theory by mathematicians. Physicists just
call it group theory.

You won'’t appreciate the definition of group action until you understand some examples.
Example: A Group Acts on Itself in Two Ways. Let (G, x,¢) be a group.

e Translation. For all g € G let 75 : G — G be the function defined by
T4(a) :==g=*a forallaed.
You proved on a previous homework that this function is invertible with Ty I = Tg—1.
Here’s the proof again: For all a € G we have

79(T4-1(a)) —gx(gtxa)=(gxg Hra=cxa=a

and
T-1(1g(a)) = g 1w (g*xa) = (g’l xg)*a=c*a=a.

g

Thus we obtain a function 7 : G — Perm(G). Moreover, I claim that 7 is a group
homomorphism.
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Proof. For all a, g, h € G we have
Tosh(a) = (g% h) xa = g* (h*a) = (150 m)(a),

and hence 7y, = 74 0 7). O

To summarize: we say that G acts on itself (as a set) by translation.

Conjugation. For all g € G let k; : G — G be the function defined by

1

kg(a) :=gxaxg " forallaeG.

I claim that this function is invertible with /19_1 = Kg-1.

Proof. For all a,g € G we have

ng(ng_l(a)):g*(g_l*a*g)*g_lze*a*eza

and
/@971(%9(@)) :g_l*(g*a*g_l)*gzs*a*eza.
O

Thus we obtain a function k : G — Perm(G). Moreover, I claim that « is a group
homomorphism.

Proof. For all a,g,h € G we have

Kgeh(a) = (g% h) * ax* (g * h)f1 =g*(hxax hil) o —— (kg o kp)(a),

and hence kgyp, = kg 0 Kp. ]

But even more is true. I claim that the image of « is contained in the subgroup Aut(G) C
Perm(G) of automorphisms, i.e., the subgroup of permutations that preserve the group
structure.

Proof. For all g,a,b € G we have

Kg(a) * k(D) = (gxaxg ') x (gxbxg™)
:g*a*(g*g_l)*b*g_l
:g*a*a*b*g’l

=gx(axb)xg !

= ’%g(a* b)a

and hence k4 € Aut(G). O

Thus we obtain a group homomorphism « : G — Aut(G), and we say that G acts on
itself (as a group) by conjugation.
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/1]

Remarks:

e The action of G on itself by translation does not preserve the group structure of G. In
other words, the image of the homomorphism 7 : G — Perm(G) is not contained in the
subgroup Aut(G) C Perm(G).

e The actions 7 and k defined here are sometimes called “left translation” and “left conju-
gation,” and the notion of action defined above is sometimes called a “left action.” There
is an associated notion of “right action,” which is defined by an anti-homomorphism

¢ : G — Aut(X).

In other words, a right action must satisfy @g., = @pn 0 @4 for all g,h € G. Exercise:
Define the notions of “right translation” and “right conjugation,” and prove that these
are “right actions.”

Application: Cayley’s Theorem. What happens when we apply the First Isomorphism
Theorem to the translation homomorphism 7 : G — Perm(G)? First of all, T claim that 7 is
injective.

Proof. Tt is enough to show that ker7 = {e}. So consider any g € ker 7. By definition this
means that 7, : G — G is the identity function:

T4(a) =a forallaeG.

In particular, we have e = 74(e) = g*xe =g. O

It follows that G is isomorphic to its image, which is a subgroup of Perm(G):
G =G/kert Zim7 C Perm(G).

So what? In the 1850s the word “group” meant a “group of permutations.” When Arthur
Cayley promoted an axiomatic definition of groups in 1854 he had to overcome this bias.
Cayley’s Theorem says that every abstract group G is isomorphic to a group of permutations
of some set (namely, itself). This shows that the concept of abstract group is not more
general than the concept of permutation group. [Remark: The subgroup im7 C Perm(G) is
certainly not equal to the full group, because

#imT = #G < (#G)! = #Perm(G) |

Application: Definition of the Center and Inner Automorphisms. If we apply the
First Isomorphism Theorem to the conjugation homomorphism x : G — Aut(G) then we
obtain

G/kerk 2 imk C Aut(Q).
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We have a special name for the kernel. We call it the center of G [German: Zentrumi:
Z(G) :=kerk
={g€G:ry=id}
={g € G: kry(a) =a for all a € G}

={geG:g+axg ' =aforallacG}
={9€G:gxa=axgforallacG}.

This is the set of elements of G that commute with everything. Being a kernel, it is necessarily
a normal subgroup:
Z(G)<4G.

And what about the image? An automorphism of a group that arises from conjugation is
called an inner automorphism, and we use the notation

Inn(G) :=imk C Aut(G).
It follows from the First Isomorphism Theorem that
Inn(G) 2 G/Z(G).

I have nothing interesting to say about this right now.

Problem Set 4

1. Permutation Matrices. Let S, be the group of permutations of the set {1,2,...,n},
and for each permutation f € S, let [f] € Mat,(R) be the matrix whose i, j-entry is 1 if

F(j) = i and O if f(j) # .
(a)
(b) Use (a) to prove that the function f + [f] is a group homomorphism S, — O(n).
)

(c

If e1,...,e, € R" is the standard basis, prove that [fle; = ey(;) for all j € {1,...,n}.

Let det : O(n) — {1} be the determinant. Use (b) to prove that ¢(f) := det[f] is a
group homomorphism ¢ : S, — {£1}.

(d) Show that the kernel of ¢ is the alternating subgroup A, C S,, which was defined on
the first homework. [Hint: If ¢ € S, is a transposition then ¢(t) = —1.]

(e) Use the First Isomorphism Theorem and Lagrange’s Theorem to conclude that

#A, =nl/2.

(a) By definition, the j-th column of the matrix [f] has a 1 in the f(j)-th position and Os
elsewhere. In other words, [f]e; = ey(;).
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(b) For all f,g € S, and j € {1,...,n} we will show that the j-th column of [f o g] equals the
j-th column of the matrix product [f][g]. This follows from repeated application of part (a)
and the associativity of matrix multiplication:

[f o glej = e(rog)(j) = €f(g(s)) = [flegy) = [f] ([gles) = ([f]lg]) e;-

We have shown that the function f +— [f] is a group homomorphism from S,, to GL,(R),
which implies that [f~!] = [f]~! for all f € S,,. It only remains to show that each matrix [f]
is orthogonal. In other words, we need to show that [f~!] = [f]”. This follows directly from

the definition:
Ly =i ii=r\

(c) We assume that the determinant preserves multiplicationﬁ This implies that for all or-
thogonal matrices A € O(n) we have

1 = det(I) = det(AT A) = det(AT) det(A) = det(A)?,

and hence det(A) = £1. In other words, we have a group homomorphism det : O(n) — {£1},
and by composing this with part (a) we obtain a homomorphism ¢ : S,, — {£1}. [Exercise:
The composition of homomorphisms is a homomorphism.|

(d) We showed on a previous homework that every permutation f € S, can be expressed
(non-uniquely) as a composition of transpositions:

f=tiotyo--- ot
Since each transposition has ¢(t) = det[t] = —1, this implies that
o(f) = @t)e(t2) - - p(te) = (-1 .

We conclude that f € ker if and only if f can be expressed as a composition of an even
number of transpositions, i.e., if and only if f € A,.

(e) The homomorphism ¢ : S, — {£1} is surjective with kernel A,,. It follows from the First
Isomorphism Theorem that

{£1} =imp =S,/ kerp = S, /A,.
Finally, we conclude from Lagrange’s Theorem that

#{x1} = #5n/#An

5Sorry, I'm not going to prove this.
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#An = #Sn/#{il}
=nl/2.

g

2. Dimension of a Vector Space. Let (F,+,x,0,1) be a field (of “scalars”) and let
(V,4,0) be an abelian group (of “vectors”). We say that V is a vector space over F if there
exists a function F x V' — V denoted by (a,u) — au that satisfies four axioms:

e For all u € V we have lu = u.
e For all a,b € F and u € V we have (ab)u = a(bu).
e For all a,b € F and u € V we have (a + b)u = au + bu.
e For all a € F and u,v € V we have a(u+ v) = au + av.
(a) In this case prove that Ou =0 for all u € V and a0 = 0 for all a € F.

(b) Steinitz Exchange. For all vectors uy,...,u,, € V we define their span as the set

F(uy,...,uy) :={au1+ - +apuy:ay,...,apm EF} CV

and we say that uj,...,u,, is a spanning set when F(uy,...,u,) = V. We say that

Vi,...,vy € Vis an independent set if for all by,...,b, € F we have
(bivi+--+byvy,=0)= (b =---=b, =0).

If uy,...,u,, are spanning and vy, ..., v, are independent, prove that n < m. [Hint:

Assume for contradiction that m < n. Since the u; are spanning we have v; = ZZ a;u;
and since the v; are independent, not all of the coefficients are zero. Without loss
suppose that a; # 0 and use this to show that vi,uo, ..., u,, is spanning. Now show by
induction that vi,...,v,, is a spanning set and use this to obtain a contradiction.]

(c) An independent spanning set is called a basis of V. If V has a finite spanning set, prove
that V' has a finite basis.

(d) Continuing from (b) and (c), prove that any two finite bases have the same size. This
size is called the dimension of the vector space V.

(a) For all u € V we have

04+0=0

(04 0)u = Ou

Ou+Ou=0u
Ou—+0u—-0u=0u-0u

Ou =0,
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and for all ¢ € F we have

0+0=0

a(0+0) = a0

a0 + a0 = a0

a0+ a0 — a0 = a0 — a0

a0 = 0.
(b) Steinitz Exchange. Let uj,...,u,, € V be a spanning set, let vi,...,v,, € V be an
independent set, and assume for contradiction that m < n. In this case we will prove by
induction that vi,...,v,, € V is a spanning set. Then since m < n this implies that there

exist coefficients b; € F such that

bivi +bava+ -+ by vy, = Vm+1
bivi +bovy + -+ + by vy, — Ivip41 +O0vppga + -+ +0vy, = 0.

And since —1 # 0 this contradicts the fact that the set vi,...,v, is independent. Hence we
conclude that n < m as desired.

Proof. So let uy,...,u,, be spanning and let vy,...,v, be independent with m < n. We will
show for all k € {0,1,...,m} that it is possible to relabel the vectors u; so that

Vi,eeoy, Vi, Uktl,..., Wy €V is a spanning set.

The statement is true when £ = 0. So fix 0 < ¢ < m and assume for induction that the
statement is true when k = £. Then since vy ..., Vg, Ugy1, ..., Uy, is a spanning set there exist
coefficients a; € [F such that

Verl = a1vi+ oo+ apve + Qpp1Ueyg + 00 U,

and since the v; are independent we know that the coefficients agy1, ..., an are not all zero.
By relabeling the vectors u; we may assume that agy; 7# 0. Then since F is a field we have

aj ay 1 ag42 am
U = ———— V] — = —— Vi + ——Vp — —— U9 — - — ——Up,
Qr+1 Qo+1 Qo+1 ag+1 ar+1
and it follows that vi,..., Vi1, k42, ..., Uy, is a spanning set. O

(c) Suppose that uj,...,u; € V is a spanning set. If this set is not independent then there
exists a relation
ajuy +---agu =0
in which not all the coefficients are zero. By relabeling the vectors u; we may assume that
ap # 0. Then since F is a field we have
ai a k—1

ag ag ag

Up—1,
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and it follows that uy,...,ur_1 is a spanning set. By repeating this process as necessary we
will obtain 1 < ¢ < k such that uy,...,u, is an independent spanning set, i.e., a basis.

(d) Let uy,...,u,, and vi,..., v, be two bases for a vector space V. Since the u; are spanning
and the v; are independent, part (b) says that n < m. Moreover, since the u; are independent
and the v; are spanning, part (b) says that m < n. We conclude that m = n. ]

[Remark: This is the prototype for the concept of “dimension” in any area of mathematics.
As you see, it is a subtle concept.]

3. Conjugacy Classes. Let G be a group and for all a,b € G define the following relation:
a~b <= a=gbg ! for some g € G.

(a) Prove that this is an equivalence relation, called conjugacy.

(b) Compute the conjugacy classes for the group of symmetries of an equilateral triangle:
D¢ = (R,F) = {I,R,R* F,RF,R*F}.
Observe that conjugate elements “do the same thing” to the triangle.

(c) Explicitly describe the conjugacy classes of the symmetric group Sy,. [Hint: Let f,g € Sy,.
Show that g sends i to j if and only if fgf~! sends f(i) to f(j). What does this say
about the cycle structure?]

(a) There are three things to show:
e Reflexive. For all a € G we have a = cae~! and hence a ~ a.

e Symmetric. Assume that a ~ b so that a = gbg~' for some g € G. Then we have
b= g ta(¢g~1)~!, which implies that b ~ a.

e Transitive. Assume that a ~ b and b ~ ¢, so that a = gbg~' and b = hch™! for some
g,h € G. It follows that

a=g(hch™")g~" = (gh)e(gh) ™",

and hence a ~ c.

(b) I'll compute the conjugacy classes for the general dihedral group
Dy, =(R,F)={I,R,...,R" ' FRF,...,R"'F}.

Recall the important fact that RF = FR™', and more generally that R¥F = FR™F for all
k € 7. First let’s compute the conjugacy class of a rotation R¥ (including the identity R® = TI).
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Conjugating by another rotation does nothing because the powers of R commute. Conjugating
by a reflection R‘F gives

(REF)RF(R'F)™' = R'F(R*F)R* = R F(FR" R *=R‘R*R*=R7".

It follows that the conjugacy class of R¥ is {R*, R™*}. These two elements “do the same thing.”
Namely, they both “rotate by k/n of a full rotation.” Now we’ll compute the conjugacy class
of a reflection R*F. Conjugating by a rotation R’ gives

Rf(RkF)R—f — RkaReF —_ Rk‘-i—?fF’
and conjugating by a reflection R‘F gives
(R‘F)(RFF)(RF)™! = RO FRFFFR™
= R'FR*R™
= R'FR*"
=R'R"'F
— RA-Fp
Thus there are two cases: If n is odd then there is one conjugacy class of reflections:

{F,RF,R*F,... ,R"'F}.

Note that each of these reflections “does the same thing.” Namely, each reflects the polygon
across a line that connects a vertex to the midpoint of the opposite side. If n is even then
there are two conjugacy classes:

{F,R?F,...,R"2F} and {RF RF,...,R"'F}.

One class reflects the polygon across a line through two opposite vertices, and the other class
reflects across a line through the midpoints of two opposite sides. For example, if n = 3 (which
is odd) then we obtain the following decomposition into conjugacy classes:

D¢ = {I}U{R, R*} U{F, RF, R*F}.

Unlike cosets, conjugacy classes need not have the same size.

(c) Consider any two permutations f,g € S,,. Then for all 7,5 € {1,2,...,n} we have

g(i) =j = gf @) = [THG) & faf 7@ = fFHFG) & (Faf THE) = f()-

As a corollary, we see that conjugate permutations have the same “cycle structure,” i.e., they
have the same number of cycles of each size.

Example: Let g = (135)(24). Then for any f € S5 we have fgf~! = (f(1)f(3)f(5))(f(2)f(4)):
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4. Multiplication of Subgroups, Part 11. Let G be a group and let H, K C G be any two
subgroups.

(a) If at least one of H or K is normal, prove that HK C G is a subgroup and hence that
HK equals the join H V K. The converse is not true.

(b) Prove that the multiplication function p : H x K — G is a group isomorphism if and
only if (1) H and K are both normal, (2) HAK = {e} and (3) HV K = G. In this case
we write

G=HxK
and we say that G is the internal direct product of the subgroups H and K.

(a) Let H, K C G be subgroups with H < G normal. For all elements hjks and hoks in the
set HK we want to show that (h1k;)(hoks) ™! = hlklkglhgl is also in HK. Now since H is
normal we know that the left and right H-cosets generated by kiky L are equal:

kiky 'H = Hkyky !

Then since the element kok; 1h§ Lis in the left coset it must also be in the right coset. In
other words, there exists some element hg € H such that

kiky thy' = hakiky !
We conclude that
(h1k1)(hoka) ™! = hy(k1ky thy') = ha(hgkiks ') = (hahs)(kiky ') € HK

as desired. The proof for K < G is similar. O

[Remark: Altenatively, you could apply the result from a previous homework that HK C G
is a subgroup if and only if HK = KH. When I took abstract algebra as an undergraduate I
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was asked to prove on the first (or second) exam that H <G implies HK C G is a subgroup,
and I got it wrong!]

If HK is a subgroup then I claim that HK = H V K. Indeed, since HK is a subgroup
containing H U K and since H V K is the smallest subgroup containing H U K we have
HV K C HK. Conversely, for all h € H and k € K we have h,k € HV K. Then since HV K
is closed under the group operation we have hk € H V K and it follows that HK C HV K. [J

(b) First note that (3) holds if and only if u is surjective. Indeed, since imy = HK we
have that p is surjective if and only if HK = G, which happens if and only if H V K = G.
Furthermore, note that (2) holds if and only if p is injective. Indeed, you proved this on a
previous homework. If G is abelian then (1) always holds and there is nothing else to do.

So let’s assume that G is non-abelian and assume that p : H x K — G is a group isomorphism.
As above this implies that (2) and (3) hold. To see that (1) holds, note for all h € H and
k € K that

It follows from this that H < G and K <G.

Conversely, suppose that (1), (2) and (3) hold. From (2) and (3) we know that u: H x K — G
is a bijection. To see that p is a homomorphism, let h € H and k € K and consider the
commutator element:

(hkh ™Yk~ = hkR ™ k™! = h(khk™!).

Since K < G we have hkh~! € K and hence (hkh~1)k~! € K. But since H < G we also have
khk~—! € H and hence h(khk~1) € H. It follows that hkh~ 'k~ € H N K = {¢} and hence

hkh™ 'kl =¢
hk = kh.
From a result on a previous homework this implies that p is a homomorphism. U

5. Euler’s Rotation Theorem. Recall the definition of the special orthogonal group:
SO(3) = {A € Matz(A) : ATA=1T and det(A) =1}.
We have seen that every element of this group is an isometry of R3. Now you will show that

every element of this group is a rotation.
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(a) Recall that there exists a nonzero vector 0 # u € R? satisfying Au = Au if and only if
det(A — M) = 0. Prove that there exists a unit vector u € R3 satisfying Au = u.

(b) For all v perpendicular to u, prove that Av is perpendicular to u.
(¢) Prove that there exists a matrix B € SO(3) and a real number 6 € R such that
1 ‘ 0 0
-1
BTAB=| 0|cosf —sinf
0| sinf cosd

[Hint: Choose unit vectors v, w € R? so that u, v, w are mutually perpendicular. These
are the columns of B.] It follows from this that x — Ax is a rotation around the line
Ru C R? by angle 6.

(a) For all nxn matrices A € Mat,, recall that det(—A) = (—1)" det(A) and det(A”) = det(A).
Thus for all A € SO(3) we have A —I = A — ATA = (I — AT)A and hence

det(A —I) = det([1 — AT] ) det(A)
=det([I — A7) -1
= det(I — A)

= (=1)%det(A —1).

Since (—1)® = —1 this implies that det(A — I) = 0. Then since A = 1 is an eigenvalue we
conclude that there exists a unit vector u € R? such that Au = u. Our goal is to show that
the function x — Ax is a rotation around the line Ru.

(b) So consider any vector v € R? that is perpendicular to u, i.e., such that vl'u = 0. Since
AT A = T this implies that

(Av)Tu = (Av)T (Au) = v (AT Au = vTu =0,

hence the vector Av is also perndicular to u. In other words, the function x — Ax sends the
plane Ru™ to itself. Since this function also preserves distances we know that the function
X — AX restricted to the plane Ru™ is a rotation or a reflection. And since det(A) = 1, it
must be a rotation.

(c) To be specific, let v, w be perpendicular unit vectors in the plane Rut and let B be the
matrix with columns u, v, w. Since the columns of B are orthonormal we have BT B = I and
by swapping v and w if necessary we can assume that det(B) = 1. Then since A, B € SO(3)
we also have B~'AB € SO(3). Now observe that the first column of B~'AB is equal to es:

(B~'AB)e; = B 'Au=B lu=e.
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Since the columns of B~'AB € SO(3) are orthonormal this implies that the second and third
columns have zeroes in the first entry. In other words, there exists A" € Maty(R) such that
1 {00
B'AB=|
A/
0

But since B~'AB has orthonormal columns we must have A’ € O(2) and since B~'AB has
determinant 1 we must have A’ € SO(2). Finally, we conclude from Euler’s Isomorphism
(proved in class) that

, _ [cosf —sinf
4 (sin@ cos 6

> for some angle 6.

Here’s a picture:

5

€, }

l // )

1 /} o 2 ’
g

J i |

s |

(// 7
O 1y 0

[Remark: As a corollary of this, if Ry and Ry are rotations of R3—hence are both elements
of SO(3)—then it follows that the composition Ry Rs € SO(3) is also a rotation. This fact is
not obvious to the human visual imagination.|

Week 9

The study of finite groups has always been concerned with “factoring” groups into smaller
pieces. This comes directly from Galois Theory, where the goal is to “break down” the
symmetries of a given polynomial equation. After discussing the basics of this theory we will
finally be in a position to prove that the quintic equation is not solvablem

" Assuming, of course, that Galois’ Theorem from Week 2 is true. You will have to wait until next semester
if you want to see a proof of that.
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Internal Multiplication of Groups. Let (G, *,¢) be a group and let H, K C G be any
subgroups. Then we have a “multiplication function” from the Cartesian product set H x K

into G:
w: HxK — G

(h,k) +— hxk.
You have already investigated the properties of this function on the homework. Let me recall

the important points.

e The set-theoretic image of p is called the product set:

HK =imp={h+k:he HkeK}.

This set may or may not be a subgroup. Here is the most general thing we can say:
e The subset HK C (G is a subgroup if and only if HK = HV K

Proof. One direction is trivial. For the other direction, suppose that HK C G is a
subgroup. Note that HK contains the union H U K. But H V K is by definition
the smallest subgroup that contains the union H U K, hence we have H V K C HK.
Conversely, consider any element h x k € HK. Since h and k are in H U K, they are
also in H V K. Then since H V K is a subgroup we have h x k € H V K and hence
HK CHVK. O

Thus the function p if surjective if and only if HK = H V K = G. When is it injective?

e The function p is injective if and only if H N K = H A K = {¢}.

Proof. If p is injective then for all g € H N K we have g * g~! = ¢ * ¢, and hence

g = e. Conversely, let H N K = {e} and suppose that hy * k; = hg * ko. Then we have
hytshy =kex k' € HN K, and it follows that hy ' * hy = kg x k] ' = ¢, hence hy = hy
and kl = kg. O

In summary, we have the following:

e The function p is bijective if and only if H N K = {¢} and H V K = G. In this case we
say that the subgroups H and K are complementaryﬁ

So let us assume that H, K C G are complementary subgroups. Then every element g € G
has a unique factorization of the form ¢ = h x k with h € H and k € K. In other words,
for all hq, ho € H and ki, ke € K there exist unique elements hg € H and k3 € K such that

(hl * k‘l) * (h2 * k‘g) = h3 * k‘g.

In general there is not much we can say about the elements hs, k3. However, there are three
particularly nice cases:

8Remark: A given subgroup can have many different complements. There is no uniqueness implied. For
example, any two non-equal lines through the origin in (R?, 4, 0) are complementary.
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e If H <G is a normal subgroup then we have

hgzhl*(kl*hg*kl_l) and ks = kq * ko.

Proof. For any hi,he € H and k1, ko € K we have
(h1 % k1) * (ho % ko) = (hy % (k1 % ha * k1)) * (k1 * k2)

and if H < G then we know that (k; x hg x k;') € H. O

In this case we use the notation
G=HxK,

and we say that G is an internal semidirect product of H and K. Mnemonic: The triangle
points to the normal subgroup.

e [f K (@ is a normal subgroup then we have

hs = h1 *x hg and kjgz(hgl*kl*hQ)*k;Q,

Proof. For any hi,hs € H and k1, ko € K we have
(hy * k1) % (ha * ko) = (h1 % ha) * ((h2_1 « k1 % ha) * ka)

and if K < G then we know that (hz_1 x k1 ho) € K. O

In this case G is still called an internal semidirect product, but now the triangle points to K:
G=HxK.
e If H <G and K <G are both normal then we have

h3:h1*h2 and kg:kl*kg.

Proof. For any h € H and k € K we have kxhx k™' € H and hxkxh™ ! € K, so that
hsxkxh™xk™' € HNK.

Since H N K = {c}, this implies that h* k*h™' x k™! = ¢ and hence hxk = k* h. Then
for all hq,ho € H and k1, ke € K we have

(hl * kl) * (hQ * ]{32) = (h1 *x hg) * (kl * kQ)
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In this case the subgroups H and K don’t even see each other and we can really think of G as
two independent groups sitting side by side. Technically: We say that G is an internal direct
product of H and K, and we write

G=Hx K[|

In any of these three cases it can be said that we have “factored” G into two subgroups, at
least one of which is normal.

Next time I'll give some examples and explain the word “internal.”

Today I'll give some examples of internal direct and semidirect products. Then I’ll define the
concept of “external” products.

Example: Direct Sum of Abelian Groups. Let G be an abelian group and let H, K C G
be subgroups. Since every subgroup of an abelian group is normal we have

HK = (G
G=HxK <+ {HOK _ {6}}.

If the group (G, +,0) is additive, we prefer to use the notation of internal direct sumﬂ

G=HpK <+ {H+K = G }

HNK = {0}

This says that every element g € G has a unique decomposition of the form g = h+k = k+h,
where h € H and k € K.

Example: Fundamental Theorem of Finite Abelian Groups. It turns out that
every finite abelian group is a direct sum of cyclic subgroups.
Unfortunately, this theorem is difficult to prove. There are two big ideas needed for the proof:
e Chinese Remainder Theorem

e Smith Normal Form

9Clearly the notation G = H <1 K would be better, but this would conflict with standard usage.

19T his suggests that maybe “®” would be a good notation for direct product of multiplicative groups. Sadly,
that notation is used for a different purpose. Sometimes history saddles us with bad notation, such as the
negatively charged electron.
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You will investigate the Chinese Remainder Theorem on the next homework. The Smith
Normal Form is beyond the scope of this course, but it might show up next semester. This
presents a pedagogical dilemma: State the Fundamental Theorem now or wait until we can
prove it? I choose to state it now.

Example: Basis of a Vector Space. Recall that a vector space consists of a field F acting
(by “scaling”) on an additive group (V,+,0). We say that a subgroup U C V is a subspace
if it is closed under this scaling. Then the notion of direct sum applies without modification
to subspaces. As an application, I claim that a set of nonzero vectors uj, ug,...,u, € V—{0}
is a basis if and only if

V=Fu ®Fus & --- P Fu,.

Proof. We define the direct sum of multiple groups by induction. The join condition is easy:
V =Fu; +Fuy + - - + Fu,.

This literally says that uj,us,...,u, € V is a spanning set. The meet condition is trickier.
By induction it says that

Fu; N (Fu; + -+ Fu;—; + Fuj11 + -+ - + Fu,,) = {0} for all 4.
Now suppose that byug + - - - + bu,, = 0 for some coefficients b; € F. Then for each i we have
biu; = —byug — - — b1 — bip1ip1 — - — bply,

which by the above condition implies that b;u; = 0 and hence b; = 0. In other words, the set
ui,...,u, € V is linearly independent. O

Now we need a non-abelian example.

Example: Dihedral Groups. Consider the dihedral group of size 2n:
Dy, = (R,F)={I,R,...,R" ' F RF,... R"'F}.

On a previous homework you showed that every element has the form R*F? for some a,b € Z,
which implies that
Don = (R)(F) = (F)(R) = (R) V (F).

The easiest way to show that (R) N (F) = {I} is to think of the representation where R is
a rotation matrix and F is a reflection matrix, so that det(R) = 1 and det(F) = —1. Since
det(R*) = det(R)® = 1 for all a € Z this implies that F is not a power of R. And since F? = |
we conclude that no non-trivial power of F' is equal to a power of R.

Thus we conclude that the multiplication map is a bijection:

(R) x (F) +— Do,
(R*, F®) — ROF®
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What kind of product is this? If n = 2 then it’s a direct product. However if n > 3 then it’s
not a direct product because the elements of (R) and (F) don’t commute:

FRF'=FRF=R'#R.
This implies indirectly that the subgroups (R) C Ds, and (F) C Dy, are not both normal. I
claim that (R) is normal and (F') is not.
Proof. Assume that n > 3. Then since R? # I we have

RFR™! = RRF = R*F ¢ (F),

and hence (F) C Dy, is not a normal subgroup. To see that (R) < Dy, is normal we need to
show that gR%g~! € (R) for all a € Z. This is obvious when g is a power of R, so let’s assume
that g = RPF for some b € Z. Then we have

gRY%™ ! = (R°F)RYR"F)™' = R°FR*FR™" = REREFR R = R ¢ (R).

It follows that the dihedral group is a semidirect product:
Dzn = <R> X <F>
More precisely, the rule for multiplying elements is

(RAR°)(F*F4) b odd,

a b crdy _ a b c —-b brd)
(REFT)(ROFY) = [ROFA (RO F ][FF}_{(R“RC)(Fde) b even.

The whole structure is determined by the fact F' acts on (R) by inversion:
FRF' =R

The geometric meaning behind this is that flipping the polygon reverses the senses of clockwise
and counterclockwise. ///

More generally, we can define an abstract (“external”) product group whenever one group
acts on another.

External Multiplication of Groups. Let (H,*,6) and (K, e, ¢) be abstract groups. Pre-
viously we assumed that H and K are subgroups of some “ambient” group G. Now there is
no G, but we still want to construct a group that could be called the “product” of H and K.
Specifically, we want to define a group operation on the Cartesian product set H x K. Let’s
call this hypothetical operation [, so that for all hy, ho € H and ki, ks € K we have

(h1, k1) & (he, k2) = (hs, k3)
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for some unique elements hg and k3. We also want to require that the subsets

H={(he):he H}CHxK
K={(0k):kecK}CHxK
are subgroups isomorphic to H and K, respectively. It turns out that it is hopeless to solve

this problem in general. However, there are two constructions that are particularly nice.

e External Direct Product The direct product structure is defined by
(h1, k1) 3 (o, ko) = (h1 *x ho, k1 @ ks).

It is easy to check that G := (H x K,[J,(,¢)) is an abstract group. Furthermore, I
claim that G is an internal direct product of the subgroups H and K.

Proof. Clearly we have HNK = {(d,¢)} and HK = G. The fact that H <G and K G
are both normal follows from the fact that their elements commute:

(h,e) B (6,k) = (h, k) = (6,k) 3 (h,e) forallhe H and k € K.

g

The definition of the external direct product is so obviousiE that we just use the Cartesian
product notation:
Hx K =(H x K,[1,(6,¢)).

e External Semidirect Product. Suppose that the abstract group (K,e, e) acts on
the abstract group (H,*,d) by automorphisms. In other words, suppose that we have a
group homomorphism

0: K — Aut(H).

Then we can define the operation
(hl, k‘1> E‘g (hg, kg) = (hl * 9k1 (hz), kl [ ] kg).

It is relatively easy to check that G := (H x K,[y, (d,¢)) is an abstract group and I
will leave this as an optional exercise for the reader. The reason we call it semidirect is
because this G is an internal semidirect product of its subgroups H and K.

Proof. I'll skip some details. The main point is that Nﬁ is closed under conjugation by
elements of K. To see this, note that for all (h,e) € H and (6, k) € K we have

(6, k) Bg (h,e) Bg (9, k)il = (6,k) Ly (h,e) By (4, kil)

= (6,k)Eg (h % 0-(0), k1)
= (6,k)Eg (hx6,k™1)

11 Another reason for this notation is the fact that the direct product is the “categorical product” in the
category of groups. Convention says that categorical products are always denoted by Xx.
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= (57 k) Ly (ha k_l)
= (6 %0y (h), ke k1)
= (0r(h),e) € H.

O

In summary, given any action 6 : K — Aut(H) of one abstract group on another we have
defined an abstract group G out of thin air, which contains isomorphic copies H.,K CQG,
in which H <G is a normal subgroup, and in which the action of K on H by conjugation
coincides with the abstract action of K on H. We call this G the external semidirect
product with respect to 8 and we use the notation

HNQK: (H XK,BQ,((S,&‘)).

/1]

Remarks:

The external semidirect product is sometimes called a “twisted product,” and the homo-
morphism 6 is sometimes called a “twist.” The use of the Greek character 6 is traditional
in this context.

If H acts on K via 0 : H — Aut(K) then we can define a group H ,x K via the operation
(h, k1) gE(ha, ko) = (hy * ha, 6}, ! (k1) @ k2).

All of the properties work out the same except that now K is the normal subgroup.

Let triv : K — Aut(H) be the “trivial action” that sends each k € K to the identity
function trivy = id : H — H. Then the semidirect product coincides with the direct

product:
H xyiv K = H x K.

If H and K are abelian groups then the external direct product H x K is also abelian.
However, a semidirect product H Xy K need not be abelian. For example, the non-abelian
dihedral group is a semidirect product of two abelian (cyclic) groups.

Many authors of undergraduate algebra textbooks choose to omit the semidirect product
on the grounds that it is too abstract. I agree that it’s abstract, but I prefer to keep it
in because it is important for geometry and physics. We will see an interesting example
next time.
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Today we will discuss a very interesting example of a semidirect product. But first, here’s a
more basic example.

Example: Dihedral Groups Again. Consider the cyclic groups Z/27Z and Z/nZ. You will
show on the next homework that every automorphism of the group Z/nZ has the form k — ak
mod n for some a € Z satisfying ged(a,n) = 1. Now suppose we have a group homomorphism

0: 7/22 — Aut(Z/nZ)
0 — 90
1 — 91

By definition this consists of two automorphisms 6y, 0; € Aut(Z/nZ) with the property that

9a+bm0d2 = 0umod?2 © Opmod 2-

This implies that 6y = id and §? = = 6y = id. On the other hand we know that 6 (k) = ak
for some a € Z and since 67 = id we must have a® = 1. Thus there are only two possible ways
that Z /27 can act on Z/nZ by automorphisms:

e The trivial action sends each element of Z/27 to the identity function Z/nZ — Z/n’Z.

e The nontrivial action 0 : Z/2Z — Aut(Z/nZ) sends 0 € Z/27 to the identity function
and sends 1 € Z/2Z to the “inversion function” k — —k. In this case one can show that
the semidirect product is isomorphic to the dihedral group:

(Z/nZ) xg (Z/2Z) = Do,

[Exercise: Show that the function (a,b) — R*F? is the desired group isomorphism.]
Now for the interesting example.

Example: Isometries of Euclidean Space. Recall that n-dimensional Euclidean space
consists of the vector space R" together with the standard dot product (—, —) : R" x R™ — R.
By an isometry of Euclidean space we mean any function f : R” — R™ that preserves the
distance between points:

If(x) = Fll = lx—yll forallx,y € R".

Clearly the identity is an isometry and the composition of any two isometries is an isometry.
It is less obvious, but it will follow from the analysis below that any isometry is invertible.

Thus we obtain a group
Isom(R"™) = {f : R" — R" : f preserves distance}.

This group has two interesting subgroups:
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e Let Isomg(R"™) C Isom(R"™) denote the subset of isometries that fix the origin: f(0) = 0.
We saw on a previous homework that this subgroup is isomorphic to the group O(n) of
n x n orthogonal matrices. To be specific, for each f € Isomg(R™) there exists a unique
matrix A € O(n) such that

f(x) =Ax for all x € R™.

The hardest part of that proof was to show that any isometry that fixes the origin must
be a linear function.

e Recall that each group acts on itself by translation. In the case of the additive group
(R™, 4, 0) we have a group homomorphism

7:R" — Aut(R")
which sends each vector u € R™ to the translation function T4(x) =x+u=u-+x. I
claim that this translation is an isometry.

Proof. For all x,y € R" we have

ITu(x) = @)l = |(x +w) = (y + W) = [[x = yl|

Thus we have a group homomorphism from (R™, +,0) into the group of isometries:
7 : R" — Isom(R").

Furthermore, I claim that this homomorphism is injective.

Proof. We will show that the kernel is trivial. So consider any vector u € R" such that
Tu is the identity function. Then in particular we must have u = 0+ u = 7,(0) = 0. O

In conclusion, we find that the image of 7 is a subgroup of Isom(R"™) which is isomorphic
to the additive group (R",+,0). We will call this the translation subgroup and we will
label it by T'(R™):

RTL

1

im7 =: T(R") C Isom(R").

Then we have the following theorem.

Theorem (Isometries of Euclidean Space). The group of isometries is a semidirect
product of translations with the origin-fixing isometries:

Isom(R") = T(R") x Isomg(R").

Proof. There are three things to check: (1) T(R™) and Isomg(R™) meet at the identity, (2)
T(R™) and Isomg(R™) join to the full group, and (3) T'(R™) is a normal subgroup of Isom(R").
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(1) To show that T'(R™) N Isomg(R™) = {id}, suppose that 7, is a translation that fixes the
origin. We saw above that this implies u = 0 and hence 7, = 79 = id.

(2) To show that T'(R™) o Isomg(R™) = Isom(R"™) consider any isometry f : R” — R" and
suppose that f(0) = u. Now define g := 7_,, o f and observe that

9(0) =7_u(f(0)) =7_y(u) =u—u=0.
It follows that g € Isomg(R"™) and hence
f=ma0g € TR")oIsomg(R").
(3) To show that T'(R™) < Isom(R™) it is enoughm to show that T'(R™) is closed under conju-

gation by elements of Isomg(R"™). So consider any f € Isomg(R™). The important fact (which
was tricky to prove) is that f is a linear function. Therefore for any x € R™ we have

(fom)(x) = f(x+u) = f(x)+ f(u) = 74u)(f(x) = (Ty) © f)(x).
It follows that f o7y = Tp(y) o f and hence
f 0Ty © f_l = Tf(u) € T(Rn).
O

In summary, every element of Isom(R™) has a unique factorization of the form 7, o f where
Tu € T(R") is a translation and f € Isomg(R"™) is an orthogonal linear function. In this
language the group operation is given by

(ruo f)o(mog)=(raoforvof l)o(fog)=(ruoTsy))o(fog).

There is also an external point of view. Let 6 : O(n) — Aut(R™) be the natural action of
the group of orthogonal matrices on the vector space (R, +,0). This is defined by matrix
multiplication:

04(x) :=Ax forall A€ O(n) and x € R".

We can then form the external semidirect product
R"™ x9 O(n).

By the above theorem this semidirect product is isomorphic to the group of isometries of
Euclidean space. /1]

Finally, here’s a less interesting version of the same construction.

Example: The General Affine Group. Let V be a vector space and let G be the group
of all invertible functions V' — V. (These do not need to preserve any structure.) Inside this

12 This follows from part (2).
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group there is a subgroup T(V) C G of translations and a subgroup GL(V) C G of linear
functions. By the same reasoning as above one can show that

foru=Tpuyof forallm, €T (V)and feGL(V).

It follows that the product set T'(V) o GL(V) C G is a subgroup, which contains T(V') as a
normal subgroup. We call this the general affine group of V:

GA(V) :=T(V)o GL(V) = T(V) x GL(V).

This construction is less interesting because it’s not so clear why we should care about this
kind of function (i.e., compositions of linear functions and translations)ﬂ

Week 10

For me this is the hardest part of the course, when I need to start thinking about tying up
loose ends. Back in Week 2 I mentioned that the unsolvability of the quintic equation has
something to do with the group of symmetries of the regular icosahedron. Let’s return to that
topic now. Just so we're all on the same page, here’s a picture

Assume that the regular icosahedron is centered at the origin in R3 and let I C SO(3) be
the subgroup of rotations that leave the icosahedron invariant. We will prove below that this
group has 60 elements and it satisfies the following special property:

(id}yCH<I = H=1I

3Given a vector space V, there is a technical way to “forget” which point is the origin. After doing this we
call V an “affine vector space.” The group GA(V) is simply the group of automorphisms of this structure.
141 made this picture using Kaleido Tile, by Jeff Weeks.
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This property has a name.

Definition of Simple Groups. We say that a group G is simple if it has no nontrivial normal
subgroups. This implies that G cannot be decomposed as a direct or semidirect product of
smaller groups. ///

Example: Simple Abelian Groups. Since every subgroup of an abelian group is normal,
we see that an abelian group is simple if and only if it has no non-nontrivial subgroups.
I claim that the only such groups are Z/pZ.

Theorem. Every simple abelian group has the form Z/pZ for some prime p € Z.

Proof. Let (G,*,e) be a simple abelian group and consider any element g € G. If g # ¢
then we have {e¢} C (g) C G, which implies that G = (g) is cyclic. If G were infinite then
we would have G = (Z,+,0), which is not simple. Therefore we must have G = Z/nZ for
some n > 1. But recall from the Fundamental Theorem of Cyclic Groups that the lattice of
subgroups Z(Z/nZ) is isomorphic to the lattice of divisors Div(n). It follows that Z/nZ has
no proper subgroup if and only if n has no proper divisor, i.e., if and only if n is prime. [

[Remark: You will show on the homework that Z/pZ is actually a field.]

In this sense we can think of simple groups as a generalization of prime numbers. It is much
more difficult to find non-abelian simple groups. If you only know about small groups then
you might suspect that there is no such thing. In fact, it turns out that the icosahedral group
I of size 60 is the smallest possible non-abelian simple group.

Building on the analogy with prime numbers, it turns out that every groupE] has a “unique
decomposition” into simple factors.

The Jordan-Holder Theorem and “Solvable” Groups. Let (G,x*,¢) be a group and
consider a finite chain of subgroups:

G=Gy2G12G22D---2G,={e}.

We call this chain a composition series if it satisfies the following two conditions:
e G;i1 < G; is normal for each i,
e the quotient group G;/G;1 is simple for each i.

We can summarize these conditions by saying that G;+1 JIG; is a maximal normal subgroup
for each 7. To prove equivalence, one should check that the correspondence between subgroups
of G;/Gi41 and subgroups between GG; and G, preserves normality. Then the quotient group

15Not literally every group, but it’s true for all finite groups and many infinite groups.
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G;/Gi41 has no non-trivial normal subgroup (i.e., is simple) if and only if there is no normal
subgroup strictly between G; and Gj41 (i.e., if Gj41 is maximal normal in G;).

Under these conditions, the Jordan-Holder Theorem says that the list of simple groups
Gl/Go, GQ/Gl, Gn_l/Gg, Gg/{&} :Gg
is unique up to isomorphism and permutations. ///

Unfortunately the proof of this theorem is beyond the scope of the course, however you will
prove a similar theorem for vector spaces on the homework. The unique simple groups G;+1/G;
arising from a composition series are called the composition factors of the group G. If G is a
cyclic group and if a prime p divides #G with multiplicity &, then the simple group Z/pZ
is a composition factor of G with multiplicity k. In this sense the Jordan-Hélder Theorem is
a vast generalization of the Fundamental Theorem of Arithmetic.

Example: Composition Factors of Z/12Z. Let (g) = 7Z/127Z be a cyclic group of size
12. Since we know the subgroup lattice, it is easy to see that this group has exactly three
different composition series, labeled (a), (b), (c) in the following picture. I have also labeled
each edge in the diagram with the corresponding quotient group. Observe that the sequence
of composition factors is the same for all three composition series:

CQMP“S.‘%@’(\ Fa\c*brs .
(@ 220, B2, 3
G 2 YR, T2

©, /32, 2% W

The big difference between integers and groups is that multiplying integers is easy, while
“multiplying groups” can be arbitrarily complicated. Indeed, suppose that p is prime and let
f(p) be the number of different (non-isomorphic) groups having the composition factors

Z/pZ, Z/pZ --- Z/pZ (k times).
Graham Higman proved in 1960 that the number of such groups is really big:

£(p) = p402T,
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On the other hand, there is only one integer with the prime factors p, p,...,p (k times). Even
though it is impossible to classify these so-called p-groups, we still say that these groups are
“solvable” in the following technical sense.

Definition of Solvable Groups. Since every simple abelian group is isomorphic to Z/pZ
for some prime p € Z, we have the following equivalence:

G has abelian G has composition factors of the form
composition factors Z/pZ for various prime numbers p ’

Any group satisfying these conditions is called a solvable group.

And what is so “solvable” about these groups? To explain this, here is another restatement
of Galois’ Theorem.

Galois’ Theorem Again. The general n-th degree polynomial equation is solvable by radi-
cals if and only if the symmetric group 5, has abelian composition factors, i.e., if and only if
the symmetric group 5, is a “solvable group.” ///

At this point I might as well go ahead and prove that S, is not solvable for all n > 5. If you
believe Galois’ Theorem then this fact implies that the general n-th degree equation is not
solvable by radicals when n > 5. We will prove Galois’ Theorem next semester.

Theorem. The symmetric group S, is not solvable when n > 5.

Proof. Let n > 5 and assume for contradiction that there exists a chain of subgroups
Sn=Gy2G1 2G22--- DG, ={id}

such that each quotient group G;/G;41 exists and is abelian. Now let C' C S,, = G be the
set of all 3-cycles. We will prove by induction that C' C {id} = G, which is a contradiction.

So fix 0 < ¢ < r and assume for induction that C' C G;. If ¢1,c0 € C are any two 3-cycles,
then since G;/Gi4+1 is abelian we have

(c1e2¢1 'e3 ' Gig1) = (a1Gig1)(2Gir1) (1Gis1) " (2Gigr) ™
= (1Gip1)(c1Gip1) (2Gig1) (e2Gigr) ™!
— (1 Gyy1)(id Gipr)
=1d Gt

= Gy,

which implies that clcgcflcgl € G;11. Thus in order to show that C' C G;41 it is enough to
show that every 3-cycle ¢ € C has the form ¢ = 016201_162_ ! for some 3-cycles ¢1, ¢ € C. For
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this we will use the fact that n > 5. To be specific, let ¢ = (ijk). Then for any numbers ¢ # m
not in the set {i, j, k} we have

(ijk) = (Fem)(it5) (Flem) " (i67)~".

[Exercise: Check this.] O

Remarks:

e It is remarkable that the proof of the unsolvability of polynomial equations looks like
this. Clearly this is the most efficient way to think about the problem.

e With more work, one can show that the alternating subgroup A4,, C S, is actually simple
when n > 5. (The proof is a bit hairy so we won’t do it. In general it is difficult to prove
that a non-abelian group is simple.) It follows from this that the composition factors of
Sy are A, and S, /A, = Z/27. The fact that A, is non-abelian is the ultimate reason
why S, is not solvable.

e Thus there exists an infinite sequence As, Ag, A7, ... of non-abelian finite simple groups.
We will see later that the group As is isomorphic to the icosahedral group, which is why
the icosahedron is related to the quintic equation.

e You will show on a future homework that the group A4 has a normal subgroup of size
4. This is the ultimate reason why the quartic equation is solvable. You already know
that As and As are solvable. In fact they are abelian.

I claimed last time that the icosahedral group I C SO(3) has 60 elements and no non-trivial
normal subgroups, but I didn’t prove either of these statements. In order to count the elements
we will use the method of “orbits” and “stabilizers.” I turns out that the same method (applied
to conjugacy classes) will also help us study the normal subgroups.

Definition of Orbits and Stabilizers. Let (G, x, ) be a group, let X be a set with structure
and let p : G — Aut(X) be a group homomorphism (i.e., an action of G on X). Then for any
point « € X we define the following sets:

Orb,(z) == {pg(x) : g € G} C X,
Staby(z) :={g € G: p4(x) =2} CG.

When the specific action ¢ is understood we will just write Orb(x) and Stab(x). We can also
view orbits as the equivalence classes of the following relation:

T~y = dgeG,p4(z) =y.
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Let’s verify that this relation is an equivalence.
Proof.
(E1) For all x € X we have ¢.(x) = x and hence x ~,, .

(E2) Let z,y € X and assume that = ~, y so that ¢4(x) = y for some g € G. But then we
have ¢ -1(y) = gpg_l(y) = x, which implies that y ~, = because g~! € G.

E3) Let z,y,2 € X and assume that x ~, y and y ~, z. This means that ¢,(z) = y and
@ ® g
on(y) = z for some g, h € G. But then we have

Pheg(2) = onlpg(w)) = n(y) = 2,

which implies that x ~, z because h x g € G.

It follows that X is a disjoint union of the orbits:

X = H Orb(z;) for some arbitrary class representatives z; € X.
i

/1]

If the set X has some nice structure (e.g., if it’s a topological space or a manifold) then the
orbits might also have this structure but it depends on the properties of the action ¢. There
is not much we can say in general. As for the stabilizer, it is always a subgroup of G.

Proof. For all € X and a,b € Stab(x) we have ¢,(z) = z and ¢y(z) = z, hence ¢, ' () = z.
But then since ¢ is a group homomorphism we have

Pant-1(2) = (va 0 95 )(@) = @aly (7)) = palz) = 2,
and it follows that a * b=' € Stab(z). O
Unfortunately the subgroup Stab(z) C G is generally not normal, but we still have a nice

structure theorem for group actions, which is analogous to the First Isomorphism Theorem
for group homomorphisms.

The Orbit-Stabilizer Theorem. Let ¢ : G — Aut(X) be a group action. Then for all
x € X we have a bijection between points of the orbit and left cosets of the stabilizer:

®: Orb(x) — G/ Stab(x)
wg(x) = gStab(x).

Proof. The function @ is well-defined and injective because

Pa(z) = pp(2) = 905_1(9%(56)) =z
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T = @b*l*a(m)
— bl xa e Stab(z)
<= a Stab(z) = bStab(z),

and it is surjective by definition. O

It follows that X can be identified with a disjoint union of sets of cosets:

X =]JOrb(z:) «— [J]G/Stab(w).
We will see below that this formula is often useful for counting. ///

[Remark: We could also define a bijection between points of the orbit and right cosets of
the stabilizer. The reason I use left cosets is because the map ® : Orb(z) — G/ Stab(z)
“commutes” with the natural action of G on both sides. In other words, the bijection ® is
actually an isomorphism of G-sets. But we won'’t use this extra structure.]

For example, let’s count the symmetries of an icosahedron.

Example: Counting the Symmetries of a Regular Icosahedron. Let I C SO(3) be
the group of rotational symmetries of a regular icosahedron centered at the origin in R3. The
Greek prefix icos- indicates that the icosahedron has 20 triangular faces. Consider the set

F = {faces of the icosahedron}.

The group I acts on the set F' in the obvious way, and we say that this action is transitive
since for any face f € F we have Orb(f) = F. (Indeed, the adjective “regular” in “regular
icosahedron” indicates that every face/edge/vertex of the polyhedron looks the same up to
symmetry.) Furthermore, the only symmetries that stabilize the triangle f are the three rota-
tional symmetries through the center of the triangle. We conclude from the Orbit-Stabilizer
Theorem and Lagrange’s Theorem that

Orb(f) = F « I/ Stab(f)
#F = #1/4# Stab(f)
20 = #1/3
41 = 60.

Similarly, we have transitive actions of I on the set of edges F and the set of vertices V' of
the icosahedron. It is easy to see that for each edge e € E the stabilizer Stab(e) is a (cyclic)
group of size 2, and for each vertex v the stabilizer Stab(v) is a cyclic group of size 5. (Look
at the picture above.) Thus we obtain two more equations

#Orb(e) = #I/# Stab(e), #Orb(v) #1/# Stab(v),
4E = #I/2, 4V = #I/5.
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It follows from this that the number of edges of the icosahedron is #E = 60/2 = 30 and the
number of vertices is #V = 60/5 = 12. I find this method much easier than counting the
edges and vertices by hand. ///

Today’s lecture will be a bit phillosophical.

What is “group theory”? In retrospect, one could say that Carl Friedrich Gauss was doing
group theory when he invented and studied the group Z/nZ around 1800. However, as you
know by now, the study of finite abelian groups is only a tiny (but important) part of the
subject. The main definitions of the theory were only revealed with Galois’ work on the (non-
abelian) symmetric group S, and his discovery of “normal subgroups.” From 1830 until 1870
the subject of group theory basically consisted of the study of S,, and finite abelian groups.
The subject still had nothing to do with geometry.

Meanwhile, the discovery of non-Euclidean geometry inspired Sophus Lie and Felix Klein to
study “geometric transformations.” Slowly they realized that the collection of all transforma-
tions of a geometry X forms an abstract group, which today we call the automorphism group
Aut(X). After reading Camille Jordan’s 1870 book on permutations, they decided it would
be worthwhile to develop some “Galois theory” of geometric transformations. This inspired
Klein’s famous Erlangen Program of 1872.

Definition of Transitive Actions. Let G be a group and let X be a set with structure. We
say that an action ¢ : G — Aut(X) is transitive if it has only one orbit. In other words:

Orby(z) = X  for each point z € X.
Then from the Orbit-Stabilizer Theorem we obtain a bijection

X «+— G/Staby(z) for each point z € X.

/1]

Klein’s Erlangen Program concerns the case when X is a non-Euclidean geometry and G
is the corresponding group of transformations, i.e., functions f : X — X that preserve the
geometric structure. An essential feature is that any two points of a geometry should “look
the same,” which means that the action G ~ X should be transitive. Klein suggested that one
could classify and study different geometries X by looking at the coset spaces G/H for various
H C G. Today we use the word homogeneous space instead of the old-fashioned non-Fuclidean
geometry. From this point on, the study of geometry was slowly integrated into group theory.
By the 1920s even physicists had reluctantly switched to the new group theoretic language.
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Before giving an example of a “non-Euclidean geometry,” let me recall what we know about
Euclidean geometry.

Example: Euclidean Space. Let X = (R", (—, —)) be n-dimensional Euclidean space and
let Isom(R"™) be the group if isometries, i.e., functions f : X — X that preserve distance.
Clearly the action of Isom(R™) on X is transitive. (Indeed, for any points x,y € X the
translation 7y_x € Isom(R™) sends x to y.) Thus for any point x € X we obtain a bijection

X «— Isom(R")/Isomy(R"),

where Isomy (R") := {f € Isom(R") : f(x) = x} is the stabilizer of x. In particular, we already
know that Isomg(R™) is isomorphic to the orthogonal group. Hence we obtain a bijection:

R™  +— Isom(R")/O(n).
But this is not so interesting because it follows from the group isomorphism
Isom(R") = (R",4+,0) x O(n)

which we proved above. ///
Here’s something new.

Example: Real Projective Space. The basic idea of projective geometry is that any two
lines in a plane should meet at a unique point. Lines which were called “parallel” in Euclidean
geometry now intersect at some ideal “point at infinity,” and the collection of all points at
infinity forms the “line at infinity” for this plane. In the modern “analytic” treatment, we
define the set

P"~1(R) = {lines through the origin in R"}.

In other words, a “point” in (n—1)-dimensional projective space corresponds to a “line through
the origin” in n-dimensional Euclidean space. In order to get some concrete representation of
this set, we observe that the orthogonal group O(n) acts transitively on P*~1(R). (Indeed,
given two lines £, ¢’ C R™ intersecting at 0, we can send ¢ to ¢ by rotating the plane that
they generate, and this rotation can be realized as an orthogonal matrix.) Furthermore, I
claim that for any line £ € P"~!(R) the stabilizer is isomorphic to a direct product Stab(f) =
O(1) x O(n — 1), hence we obtain a bijection

On)
O(1)xO(n—1)

P*(R) :

Actually T will prove something more general than this. For any vector subspace U C R" let
U+ C R™ be the orthogonal subspace defined by

Ut :={veR": (uv)=0foralucU}.
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Then for any orthogonal matrix A € O(n) I claim that

A stabilizes U <= A stabilizes U~.

Proof. Suppose that A € O(n) stabilizes U. Then for all u € U and v € U+ we have Au € U
and A= = AT hence

(u, A7lv) = (u, ATv) = u? (4Tv) = (Au)Tv = (Au,v) = 0.

If follows that A~'v € U™ for all v.€ U' and hence A~'U+ C U™ is a vector subspace. But
since A1 : R® — R" is injective, it follows from the Rank-Nullity Theorem (proved on the
next homework) that A~'U~+ and U+ have the same dimension, hence A~'U+ = U~. Finally,
since every element v € Ut has the form v = A~'v' for some v/ € UL, we conclude that
Av = v’ € Ut as desired. The other direction is similar. O

[Remark: Note that the proof used finite-dimensionality. Indeed, this result is not true for
infinite dimensional vector spaces.]

If U C R"™ is a k-dimensional subspace then we can choose an orthonormal basis uy,...,u, € V
such that uy,...,uy is a basis for U and ugy1,...,u, is a basis for UL. If B € O(n) is the
matrix whose i-th column is u; then for any A € Stab(U) C O(n) it follows from the result
just proved that

A0

B 'AB = (
0 A//

> for some A’ € O(k) and A” € O(n — k).

Finally, the map A — (A’, A”) defines a group isomorphism Stab(U) = O(k) x O(n — k) and
we obtain a bijection

k-dimensional O(n)
subspaces of R” O(k) x O(n — k)
The case k = 1 corresponds to projective space. ///
Remarks:

e It would take us too far afield to discuss what this has to do with “points at infinity.”
One hundred years ago it was common for every undergraduate math major to take a
course in synthetic projective geometry. Sadly, the analytic version the subject is so
technical that it is usually only studied by graduate students.

e The set O(n)/[O(k) x O(n — k)] is called a Grassmann manifold or a Grassman variety.
It is important for the study of vector bundles in physics.
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e | understand that this example was challenging. It will not be on the exam. An easier
version of the same argument shows that:

subsets of size k from . Sn
the set {1,...,n} Sk X Sp_i

Note that this is related to the binomial coefficients.
To end the lecture I will discuss some easier (but still philosophical) examples.

Definition of Free and Regular Actions. Let G be a group and let X be a set with
structure. We say that an action ¢ : G — Aut(X) is free if each stabilizer is trivial:

Staby,(z) = {e}  for each point x € X.
In this case, every orbit is in bijection with G:
Orby(z) <+— G/{e}=0G.

If there is only one orbit (i.e., if the action is also transitive) then we say that the action is
regularm In this case, each point x € X defines a bijection between X and G:

X +— G
wg(z) +— 9.

/1]

Example: Dihedral and Cyclic Groups. The dihedral group D»,, acts by symmetries on
a regular n-sided polygon. This induces transitive actions of D, on the n-vertices and the
n-edges of the polygon. But is there some set of objects on which the group acts freely?

Answer: Divide the polygon into n isoceles triangles from the center and then divide each of
these into 2 right triangles. Let X be the resulting set of 2n triangles. Then Ds, ~ X is
a regular action, hence for each arbitrary choice of “basepoint” x € X we obtain a bijection
Dy, +» X. Here are two choices of basepoint when n = 6:

18T don’t like this word too much. I’ll probably just say free and transitive. The term simply-transitive is
also common. The fanciest way to describe a regular action G ~ X is to say that X is a G-torsor.
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Note that the two bijections are quite different. We can obtain a geometric model for the
cyclic group Cy, = (R) C Dag, by shading half of the triangles. For example, the group Cs
acts freely and transitively on the six shaded triangles in the following picture:

—> Cg

/1]

If G ~ X is a regular action, then after choosing a basepoint x € X we can think of X as
a group isomorphic to G, with identity element x. However, no basepoint is better than any
other. Thus, in some sense, we can think of X as a version of G where we have forgotten
which element is the identity. Sometimes this is useful.

Definition of Affine Space. When René Descartes invented Cartesian coordinates (in 1637)
his intention was to model the real world. However, there is one big problem: The Cartesian
space R3 has an origin but the real world does not. Can we fix this problem?

Answer: Let X be a set and let ¢ : (R",4,0) — Perm(X) be a regular action. Then for any
arbitrary basepoint x € X we obtain a bijection X <> R" identifying € X with 0 € R™. The
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pair (X, ¢) is called affine n-dimensional space. This is a better model for the real world. ///
And here is one last example.

Example: Rotations and Reflections of an Icosahedron. Let I C SO(3) be the group
of rotational symmetries of a regular icosahedron centered at the origin in R®. Can we find
some set of 60 things on which this group acts regularly?

Answer: Consider the “barycentric subdivision” of the icosahedron. This is defined by dividing
each edge at the midpoint and dividing each triangular face into six right triangles. Then color
all of the triangles with two alternating colors, as in the following picture:

—
-

The group [ acts freely and transitively on the set of blue triangles. If we choose an arbitrary
triangle to play the role of the identity element then we obtain a bijection

{blue triangles} <«+— I.

And what about the other 60 “empty” triangles Let I C O(3) be the group of rotation and
reflection symmetries of the icosahedron, which contains the rotations I C I as a subgroup.
Then the group I acts freely and transitively on the set of all 120 triangles, and it follows that

#1 = 120.
[Remark: Note that I C Iis analogous to the cyclic subgroup C,, C Do, of the dihedral group.

More generally, for any shape X C R” in Euclidean space we have a group of symmetries
Sym(X) C O(n) and an “alternating subgroup” Alt(X) = Sym(X) N SO(n).]

17 Kaleido Tile won’t let me use two colors.
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Problem Set 5

1. Quotient Rings. Let (R,+, x,0,1) be a commutative ring. Technically: This means
that (1) (R, +,0) is an abelian group, (2) (R, x,1) is a commutative monoid (abelian group
without inverses), and (3) for all a,b, ¢ € R we have a(b+ ¢) = ab + ac.

(a) Let I C R be an additive subgroup and recall that “addition of cosets” is well-defined:
(a+D)+b+1)=(a+b)+1.

Thus we obtain the quotient group (R/I,+,0+ I). Now suppose that for all a € R and
b € I we have ab € I. (Jargon: We say that I C R is an ideal.) In this case prove that
the following “multiplication of cosets” is well-defined:

(a+I)(b+1I)=(ab)+1I.

It follows that (R/I,+,x,0+4 1,1+ I) is a ring, called the quotient ring. [You do not
need to check all the details.]

(b) Apply part (a) to show that Z/nZ is a ring.
(a) Let I C R be an ideal and assume that we have a+1 =da'+ T and b+ 1 =b + 1. By

definition this means that a —a’ € I and b — b € I, and since I is an ideal this implies that
a(b—10b) eI and (a —a')b € 1. Tt follows that

ab—a'tl =ab—ab +ab —d'V =alb—-V)+ (a—d)bel,

and hence ab+ I = a't’ + I.

(b) We will show that nZ C Z is an ideal. Indeed, for any a € Z and b = nk € nZ we have

ab = a(nk) = n(ak) € nZ.

[Remark: We will say much more about this next semester.]

2. The Fermat-Euler-Lagrange Theorem, Part II. Let (R, +, x,0,1) be a ring and let
R* C R denote the subset of elements that have multiplicative inverses. We call (R*, x, 1)
the group of units.
(a) For all n € Z prove that (Z/nZ)* = {a + nZ : ged(a,n) = 1}. [Hint: If ged(a,n) =1
then we have aZ + nZ = 1Z, hence there exist integers =,y € Z with ax + ny = 1. This
is sometimes called Bézout’s Identity.]

(b) Euler’s Totient Theorem. Euler’s totient function is defined by ¢(n) := #(Z/nZ)*.
For all a € Z with ged(a,n) = 1 prove that

a®™ =1 mod n.
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(c) Fermat’s Little Theorem. If p € Z is prime and p { a prove that

a®'=1 mod p.

(a) Recall that aZ + nZ = ged(a, n)Z, and note that the following conditions are equivalent:

(a +nZ is invertible) <= dz € Z,(a+nZ)(x +nZ) =1+ nZ
< dreZ,ax+nZ=1+nZ
<~ dxr €Z,1 —ax € nZ
< dr €Z,1 €ax+nZ
< 1leaZ+nZ
< 1Z =aZ +nZ
<= 1=gcd(a,n).

(b) Euler’s Totient Theorem. You proved on a previous homework that if (G, *,¢) is a
finite abelian group then ¢#¢ = ¢ for all ¢ € G, and I proved in class that the same result
holds for non-abelian groups. Now consider the multiplicative group G = (Z/nZ)* and let
o(n) == #(Z/nZ)*. From part (a) we know that

(Z/nZ)* ={a+nZ: ged(a,n) = 1}.
So consider any a € Z with ged(a,n) = 1. Then our theorem says that
a®™ 4 nZ = (a +nZ)*™ =1 4 nZ.
In other words, we have a®™ =1 mod n.
(c) Fermat’s Little Theorem. For example, let p be prime. Then since ged(k,p) = 1 for

all 1 <k < p—1 we conclude that ¢(p) = p — 1. It follows from (b) that for all a € Z with
ged(a, p) = 1 we have a?~! = 1 mod p. It only remains to observe that

ged(a,p) =1 <= pta.

3. Chinese Remainder Theorem. In this problem I will use the shorthand notation
[a]n == a4+ nZ. Now fix some m,n € Z with gcd(m,n) = 1 and consider the function

w: Z/mnZ — ZL/mZ x ZL/nZ
[a]mn = ([a]m, [a]n)-

(a) Prove that ¢ is well-defined. That is, for all a,a’ € Z prove that

[a]mn = [@]mn  implies  [aly, = [d']m and [a], = [@]n.
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(b) For all ¢ € Z prove that m|c and n|c together imply (mn)|c. [Hint: There exist z,y € Z
such that mz + ny = 1.] Use this conclude that ¢ is injective.

(c) Prove that ¢ is surjective. [Big Hint: Given ([a]n, [b],) we want to find ¢ € Z such
that [a]y, = [c|m and [b], = [¢]n. Try ¢ := any + bmz.]

(d) Prove that ¢ restricts to a bijection
0 (Z/mnZ)” «— (Z/mZ)* x (Z/nZ)*.

[Hint: Use the fact that ged(k,¢) = 1 if and only if there exist integers x,y € Z such
that kz + ¢y = 1.] It follows that Euler’s totient is multiplicative: ¢(mn) = ¢(m)d(n).

(a) Assume that [a]mn = [@]mn, so that a — @’ € mnZ. Since mnZ C mZ N nZ this implies
that a — a’ € mZ, hence [a],, = [a'];m, and a — @’ € nZ, hence [a],, = [d/].

(b) Let ¢ € Z and assume that m|c and n|c. Say ¢ = mm’ and ¢ = nn’ for some m’,n’ € Z.
Then since ged(m,n) = 1 we have mx + ny = 1 for some z,y € Z. It follows that

1 =mz + ny,

c = cmzx + cny = nn'mzx + mm/ny = mn(n'z +m'y),

and hence (mn)|c. To see that ¢ is injective, suppose that we have ([a]m, [a]n) = ([0]m, [b]n)
for some a,b € Z. Since [a]y, = [b]m we have m|(a — b) and since [b],, = [b], we have n|(a —b).
Then since ged(m,n) = 1, the above result tells us that mn|(a — b) and hence [a]mn = [b]mn
as desired.

(c) It is easy to prove that ¢ is surjective, but it is not so easy to find a formula for the inverse.
To see that ¢ is surjective, note that

e imp C (Z/m x Z/nZ),

o #(Z/mlL x ) = #(Z/nT) - #(Z/nT) = mn,

e and #im ¢ = #(Z/mnZ) = mn because ¢ is injective.
If follows that im ¢ = Z/mZ x Z/nZ.

Now for the tricky part. For any element ([a]n, [b],) our goal is to find some ¢ € Z such
that o([c]mn) = ([a]m, [b]n). Since ged(m,n) = 1 we know that there exist some z,y € Z such
that ma 4+ ny = 1. Now define ¢ := any + bmax and observe that

[c]m = [any +bmT]m, = [anylm = [a(l — mz)lm = [a —awer]n, = [a]m,
[c]n = lany + bmzl, = [bmal, = [b(1 — ny)], = [b — buagl, = [b]n.

If follows that ¢([c]mn) = ([¢]m, [¢]n) = ([a]m, [b]n) and hence

80_1([a}m, ) = [cmn = [any + bmx]mn.
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(d) From Problem 2 we know that [a],, is invertible if and only if ged(a,n) = 1. Thus we need
to show that
ged(a,mn) =1 <= ged(a,m) =1 and ged(a,n) = 1.

But we also know that ged(a,b) = 1 if and only if there exist some z,y € Z with ax + by = 1.
So let ged(a, mn) = 1. Then there exist z,y € Z with ax + mny = 1. But then we have
ar+m(ny) =1 = ged(a,m)=1
and
ar+n(my)=1 = ged(a,n)=1.
Conversely, let ged(a, m) = ged(n,y) = 1, so there exist integers z,y, 2,y € Z with ax+my =
1 and az’ + ny’ = 1. But then we have
(az +my)(az’ +ny') =
a(axx’ + zny’ + myz’) + mn(yy') =

)

and it follows that ged(a, mn) = 1. We have shown that ¢ restricts to a bijection
0 (Z/mnZ)* «— (Z/mZ)* x (Z/nZ)*.

In particular, this tells us that ¢(mn) = ¢(m)p(n). O

[Remark: For distinct primes p, ¢ this result says that have ¢(pq) = ¢(p)op(q) = (p—1)(¢—1).
Then Euler’s Totient Theorem says that for any integers a,k € Z with ged(a,pg) = 1 (i.e.,
with p{a and ¢t a) we have

a1 =1 mod pg,

In fact, one can show that the third equation is still true even when ged(a,pq) # 1. This
equation is the foundation of the RSA Cryptosystem.]

[Another Remark: The Chinese Remainder Theorem was named by Leonard Dickson in 1929.
The name refers to the fact that this result was known in 3rd century China@ over 1000
years before it was rediscovered in Europe by Euler (1743) and Gauss (1801). The original
application is to solve a system of simultaneous linear congruences. For example, suppose we
want to find all ¢ € Z such that ¢ = 2 mod 3 and ¢ = 3 mod 5. That is, we want to solve the
following system of two linear congruences:

[ds = [25
[cs = [3

18To be specific, it was discovered by Sunzi. Some authors have tried to rename the result as Sunzi’s Theorem
but it seems to be too late.
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In the language of Problem 3(c) we have (a,b) = (2,3) and (m,n) = (3,5). Since m and
n are coprime we can find some z,y € Z such that max + ny = 1. By trial and error I
found (z,y) = (—3,2). (For larger numbers I would use the Euclidean Algorithm.) The
theorem/method then tells us that ¢ = any +bmz =2-5-2+3-3-(-3) =20—-27= —Tis
the unique solution mod mn = 15. In other words:

[ds = [25
lc]s = [3]5

< [cli5 = [~T]15 = [8]15.

This method can be extended to many simultaneous congruences by induction.]

4. Automorphisms of a Cyclic Group. For all integers n € Z prove that
Aut(Z/nZ) = (Z/nZ)*.

[Hint: Show that any automorphism ¢ : Z/nZ — Z/nZ has the form ¢, ([k],) := [ak], for
some integer a € Z satisfying ged(a,n) = 1.]

Proof. Let ¢ : Z/nZ — Z/nZ be any automorphism and suppose that ¢([1],) = [a], for
some integer 0 < a < n. Since ¢ is a group homomorphism, I will prove by induction that
©([k]n) = [ak]y, for all k € Z. Indeed, the statement is true for k = 0 and k = 1. If it’s true
for some k then it’s also true for k£ + 1 because

o([k +1]n) = ([kn + [1n) = ¢([k]n) + ¢([1]n) = [ak]n + [aln = [a(k + D]n.

And if the statement is true for k£ then it’s also true for —k because

P([=kln) = o(=[kln) = —@([kln) = —[ak]n = [—ak]n = [a(=F)]n-

We have shown that every group homomorphism ¢ : Z/nZ — Z/nZ has the form ¢, ([k],) =
[ak],, for some integer 0 < a < n. It remains to show that ¢, is invertible (i.e., an automor-
phism) precisely when ged(a,n) = 1. Indeed, if ged(a,n) = 1 then there exists z € Z with
[az], = [1],, and it follows that ¢! = ¢,. Conversely, if gecd(a,n) = 1 then we have seen that
[1],, is not in the image of ¢,, hence ¢ is not surjective.

Now I claim that the function

v: (Z/nZ)* — Auwt(Z/nZ)
[a]n = Pa

is a group isomorphism. Indeed, we showed above that this function is surjective. It is well-
defined because multiplication mod n is well defined, and it is injective because ¢, = @3
implies [a], = @a([l]n) = ¥b([1]n) = [b]n. Finally, this function is a group homomorphism
since for all a, b, k € Z we have

Pab([K]n) = [(ab)k]n = [a(bk)]n = @alpp([k]n)) = (a o @p)([k]n)-
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5. Matrix Representation of Isometries. Consider the following set of matrices:

A u
G = {( ) :AeO(n) anduE]R"} C Matp4+1(R).
0 --- 0 |1

(a) Prove that G C Mat,4+1(R) is a subgroup. [Hint: Block multiplication.]

(b) Use results from class to prove that G is isomorphic to the group Isom(R™) of isometries
of n-dimensional Euclidean space.

(a) Clearly the identity is in G. To show that G is closed under multiplication, consider any
A,B € O(n) and u,v € R™. Then using block multiplication gives

A ‘u B ‘v B AB ‘Av+u .
(0...01)<0...01>_<0...0 1 )E'

We can also use this formula to compute the inverse. Indeed, if AB = I and Av +u = 0 then
we must have B = A~! and v = —A~'u. It follows that

A ‘u ! A1 ‘-A*lu
— € G.

(b) In class we saw that Isom(R"™) = T'(R"™) x Isomg(R™) is an internal semidirect product,
where T(R"™) = {7, : u € R"} is the subgroup of translations and Isomg(R") is the subgroup
of isometries that fix 0 € R™. Furthermore, we know that each element f € Isomg(R™) has
the form f(x) = Ax for some unique orthogonal matrix A € O(n). Let’s call this function
fa(x) := Ax. In summary, each element of Isom(R") has the form 7, o f4 for some unique
vector u € R™ and matrix A € O(n) and the semidirect product structure is given by

(tuo fa)o(rvo fp) = (TuoTav) o (fao fB) = Tutav o faB.

Now consider the bijection ¢ : Isom(R"™) — G defined by

( 5 u)
TuO fa +— .
0 -~ 0|1

I claim that this is a group isomorphism. Indeed, for all A, B € O(n) and u,v € R" we have

(e
cp(TuofA)go(TVOfB)—< 0 ... 0 1)( 0 --- 0 1)
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(o ey

90 TAv+u © fAB)

=@ ((ruo fa)o(rvo fB)).
O

[Remark: An affine function R™ — R™ has the form x — Ax+u for some matrix A € Mat, (R)
and some vector u. The same trick can be used to represent affine functions as (n+1) x (n+1)
matrices.]

6. Second and Third Isomorphism Theorems.

(a) Let H, K C G be subgroups with K < G normal. We already know that HK C G is a
subgroup. Prove that K < HK is a normal subgroup and the map h +— hK defines a
surjective group homomorphism H — (HK)/K with kernel H N K. It follows that

H _HK
HNK K

(b) Now consider another normal subgroup N <G such that N C K. Prove that N < K is
normal and that the map gN — gK defines a surjective group homomorphism G/N —
G/K with kernel K/N. It follows that

G/N G
K/N K

(a) Let K <G. Since gkg~! € K for all k € K and g € G, the same is true for all k € K and
g € HK, hence K < HK. Now consider the function

¢:H — HK/K
h = hK.

This is a group homomorphism by definition of coset multiplication. To see that ¢ is surjective,
consider any element hk € HK and note that (hk)K = hK because h='(hk) = k € K. Tt
follows that (hk)K = ¢(h) for some h € H. Finally, we will show that ker ¢ = HN K. Indeed,
if h € HN K then we have p(g) = gK = K. Conversely, if ¢(h) = K for some h € H then we
must have hK = K and hence h € H N K. Now the First Isomorphism Theorem says

H H _._  HK
HNE kerp P77 K-
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(b) Let N C K with N < G. For the same reason as above, this implies that N < K, hence
the quotient group K/N is defined. Now consider the function

¢:G/N — G/K
gN +— gK.
To see that this is well-defined, observe that
giN =gN — gl_lggeN = g1_1g2€K = g K =gK.

Then ¢ is a surjective group homomorphism by definition. Finally, we will show that ker ¢ =
K/N. Indeed, if kN € K/N then we have o(kN) = kK = K. Conversely, if p(¢gN) = gK = K
then we must have g € K and hence gN € K/N. Now the First Isomorphism Theorem says

G/N G/N _. G
—— = >~ imp = —.
K/N  keryp K

g

[Remark: There is not much to do here once you know the definition of the maps. If G is
finite then the Third Isomorphism Theorem doesn’t tell us anything new about cardinality,
but the Second Isomorphism Theorem and Lagrange’s Theorem tell us that

#H - #K
#(HNK)

It turns out that this formula is still true even when HK C G is not a subgroup. You will
prove a generalization of this on the next homework using the Orbit-Stabilizer Theorem.]

#HK) =

7. Dimension of a Vector Space, Part II. Let V be a vector space over a field F.

(a) Let uy,...,u, € V be a basis and consider the subspaces Vj, := F(uy,...,u;) C V.
Prove for all 0 < k < n that there is no subspace U satisfying

Vi CU C Vg

(b) Conversely, suppose that we have a maximal chain of subspaces
(0} =VCWC  CVu=V.

Prove by induction that Vi has a basis of size k, hence dim(V}) = k. Parts (a) and (b)
together show that dimension equals the length of a maximal chain of subspaces

(¢) If U C V is a subspace you may assume that the quotient group V/U is a vector space.
Prove that dim(V/U) = m if and only if there exists a maximal chain of subspaces

U=Wwechc - CVp=V

[Hint: You may assume that the Correspondence Theorem and the First Isomorphism
Theorem still hold after replacing the word “subgroup” with “subspace.”lﬂ]

19For that matter, the Second and Third Isomorphism Theorems also hold.
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(d) Prove that dim(V) = dim(U) + dim(V/U). [Hint: Combine (a), (b) and (c).]
(e) Rank-Nullity Theorem. For any linear function ¢ : V' — W prove that
dim(V) = dim(ker ¢) + dim(im ¢).

(a) Suppose that we have Vi, C U C Vj41 for some subspace U. Choose some vector u € U—Vj.
Since u € Vi1 there exist scalars aq,...,ar+1 € F such that

u=au; +agug + -+ apr1Uy1.

But since u ¢ Vi, we know that ag4q1 # 0. It follows that
a1 a2 ag

ul u2 —_—. e e —

Ak41 Ak+1 Ak+1

which implies that Vi1 C U and hence U = V4 1.

Upy] = U — u; €U,

(b) For the base case we will show that dim(V;) = 1. To do this, choose any vector u € V;—{0}.
Then since {0} C Fu C V; and since the chain is maximal, we must have Fu = V; which
implies that u is a basis for V.

Now assume for induction that uy,...,u; € Vj is a basis and choose an arbitrary vector
Upt1 € Va1 — Vi I claim that uy,...,ugy1 is a basis for Vi41. To see this that this is a
spanning set, observe that

Vk g_ F(ul,ug, e ,uk+1) g Vk+1.

Then since the chain is maximal we must have V11 = F(uy,...,ug+1). To see that the set is
independent, consider any scalars ay, ..., a1 € F such that

aijuy + agug + - - + apy1Up4q = 0.

If apy1 # 0 then we obtain uxy; = —(a1/akr1)u; — -+ — (ag/agr1)ug € Vi, which is a
contradiction. Therefore we must have aj1 = 0. But then since uy, ..., u; is an independent
set we must also have a; = ag = --- = ar = 0. It follows that uy,...,ux11 € Viy1 is a basis

and hence that dim(Vy41) =k + 1.

[Remark: Putting (a) and (b) together tells us that the dimension of a (finite-dimensional)
vector space V' equals the length of any maximal chain in the lattice of subspaces Z (V).
In particular, any two maximal chains of subspaces have the same length. This is a specific
example of the Jordan-Hélder Theorem for modules over a ring.|

(¢) Let U C V be any subspace. The Correspondence Theorem for subspaces says that the
map W — W/U is a poset isomorphism from the lattice of subspaces U C W C V to the
lattice of subspaces of V/U:
ZWV,U) — Z(V/U)
W — w/U.
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It follows that a maximal chain in the poset £ (V/U) has the same length as a maximal chain
in the poset £ (V,U).

(d) Suppose that dim(U) = k and dim(V/U) = ¢. From parts (a), (b), (¢) we know that there
exist maximal chains of subspaces

(0} =0 CUI S CU=U and U=V CWVC---CV=V.
But then
(0} =UsCUIC - CU=hCViC---CV=V
is also a maximal chain of subspaces and it follows from part (b) that

dim(V) = k + £ = dim(U) + dim(V/U).

(e) Rank-Nullity Theorem. Let ¢ : V. — W be any linear function. Then the First
Isomorphism Theorem gives us an isomorphism of vector spaces

V/ker p = imy
and it follows from part (d) that
dim(im ¢) = dim(V/ ker ¢) = dim(V') — dim(ker ¢).
g

[Remark: In elementary linear algebra the subspaces ker ¢ C V and im¢ C W are called the
nullspace and the range of the linear function ¢. The dimensions dim(ker ¢) and dim(im ¢)
are called the nullity and the rank of ¢. Hence the name of the theorem. The elementary
proof (which is quite different from our proof) uses the Reduced Row Echelon Form of the
corresponding dim(W) x dim(V') matrix [p] to show that

dim(im ¢) = #(pivot columns in RREF of [¢])
dim(ker ¢) = #(non-pivot columns in RREF of [¢]),

and hence
dim(im ¢) + dim(ker ¢) = #(columns in [¢]) = dim(V).

The most important consequence of this theorem says that if dim(V') = dim(W) (i.e., if [p] is
a square matrix) then we have
(¢ is injective) <= ker p = {0}

<= dim(ker p) =0

<= dim(im ¢) = dim(V)

<= dim(im ¢) = dim(W)

= imp=W

<= (¢ is surjective).
This can be used to show that that AB = I implies BA = I for any square matrices A, B
over a field. Of course, we already had a slightly easier proof of that fact.]
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Week 11

This week we will apply the Orbit-Stabilizer Theorem to a group acting on itself. Recall that
a group G acts on itself in two basic ways:

e Translation. For any g € G we define the function 7, : G — G by 74(a) := ga. Then
one can show that the map g — 74 defines a group homomorphism

7 : G — Perm(G).

e Conjugation. For any g € G we define the function x, : G — G by r,(a) := gag™'.

Then one can show that the map g — k4 defines a group homomorphism

k: G — Aut(G).

First let’s deal with translation.

Orbit-Stabilizer for Translation. We already know that the kernel of 7 is trivial, which
implies that G is isomorphic to the group of permutations im 7 C Perm(G). (Jargon: We say
that 7 is a faithful action. This is another way to state Caley’s Theorem.) Now I claim that
translation is free and transitive 29

Proof.

e Free. For all a € G we want to show that Stab,(a) C G is the trivial group. So consider
any elememnt g € Stab,(a). By definition we have a = 74(a) = ga, and multiplying by
a~! on the right gives g = . We conclude that Stab,(a) = {e} for all a € G.

e Transitive. For all a,b € G we want to show that there exists some group element
g € G with 7,(a) = b. Simply take g = ba~!. Then we have

74(a) = Tya-1(a) = (ba™H)a =1b.

g

Now that we know the orbits and stabilizers, let’s see what the Orbit-Stabilizer Theorem tells

us. For each a € G we have Orb,(a) = G and G/ Stab,(a) = G/{c} = G. Thus we obtain a
bijection from G to itself:

G = Orb;(a) +— G/Stab,(a) =G
ga +— g.

Note that we can explicitly describe the bijection G = G/Stab;(a) — Orb,(a) = G as
multiplication on the right by a. It’s a bit interesting that multiplication on the right

20We already proved this for the abelian group G = (R™, +,0). Now we’ll show that it holds in general.
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comes into play (since the action is by left multiplication). Otherwise, there’s not much going
on here. ///

Orbit-Stabilizer for conjugation is much more interesting.

Orbit-Stabilizer for Conjugation: The Class Equation. Recall that the kernel of the
conjugation action is the set of group elements that commute with everything. We call this
the center [Z is for Zentrum] of G:

Z(G) =kerk={geG:
={geqG:
={geG:
={geG:

kg =id}

kg(a) = a for all a € G}
gag™' = a for all a € G}
ga = ag for all a € G}.

Being a kernel, we know that the center Z(G) < G is a normal subgroup. Observe that
Z(G) = G if and only if G is abelian. The orbits and stabilizers also have special names:

e Conjugacy Classes. For all a € G we define the conjugacy class [K is for Klasse]:

K(a) := Orb,(a) = {gag™" : g € G}.

e Centralizers. For all a € G we define the centralizer [Z is for Zentrum again]:
Z(a) := Stabe(a) ={g € G :gag™' =a} = {g € G: ga = ag}.
Thus for each group element a € G the Orbit-Stabilizer Theorem gives us a bijection between
elements of the conjugacy class K (a) and the set G/Z(a) of left cosets of the centralizer:

«— G/Z(a)

«—  gZ(a).

We will combine these facts to obtain a useful formula. First, observe for all a € G that
K(a)={a} <<= Z(a)=G <<= acZ(G).

This suggests that we should collect the singleton conjugacy classes together. If aq, a9, ..., ar €
G is an arbitrary system of conjugacy class representatives, then we obtain a disjoint union:

G =]]K(a) I e U JI K@)

K(a;)={a;:} K(a;)#{a:}
= I U II K@
a;€Z(G) K(ai)#{a:}
= Z(@) U TII EK@).
K(ai)#{ai}
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And if G is finite then we apply the Orbit-Stabilizer Theorem to obtain

#G = #Z(G) + > #K(a)

K(a;)#{a:}
#HG = #Z(G) + ) #G/#Z(w).
Z(a3)#G
This last formula is called the class equation. It is surprisingly useful. ///

The main application of the “class equation” is to study how the size of a finite group affects
its structure. This general topic is called “Sylow theory.” I have decided not to go very far
in this direction; the next theorem will give you just a taste.

Theorem (Groups of size p?). Let p € Z be prime and let G be a group of size p?. Then:
(1) G is abelian,
(2) G is isomorphic to Z/p*Z or Z/pZ x 7./ pZ.
/1]

To prove this we need two basic lemmas.

Lemma 1. Any group of size p is cyclic.

Proof. Let #G = p be prime and consider any non-identity element € # g € G. By Lagrange’s
Theorem, the cyclic subgroup (g) C G has size dividing p. Since p is prime this means that
#(g) = 1 or #(g) = p. But since g # ¢ we know that (g) # {e}, and it follows that #(g) = p.
Finally, since (g) C G and #(g) = #G we conclude that G = (g). O

Lemma 2. If the quotient group G/Z(G) is cyclic then G is abelian.

Proof. Recall that Z(G) < G is a normal subgroup. Assume that the quotient G/Z(G) is a
cyclic group. This means there exists an element g € G such that every left coset of Z(G) has
the form (¢Z(G))* = ¢*Z(G) for some k € Z. Then since the cosets cover G it follows that
every element of G has the form g*z for some k € Z and z € Z(G). Finally, if g* 21 and g~z
are any two elements of G then since z1, 2z commute with everything, and since

ky _ gk1+k‘2 — gk2+k1 — ng

gg g,
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we conclude that

(6" 21)(g"222) = " g™ 2120 = g2 6" 2021 = (g7222) (6" 21).

Proof of the Theorem. Let p € Z be prime and let G be a group of size p?.

(1) To prove that G is abelian, we consider the class equation:

PP=#G=H#Z(O)+ Y #G/#Z(a)

Z(a;)#G

Let Z(a;) € G be any centralizer. From Lagrange’s Theorem we know that #Z(a;) divides
#G = p?, which implies that #Z(a;) € {1,p,p*}. But if Z(a;) # G then we must have
#7(a;) € {1,p} and hence #G/#Z(a;) € {p,p?}. Thus p divides the sum

> #G/#Z(a),

Z(ai)fG

which implies that p divides the size of the center:

#7(G) =p* — Z #G/#7Z(a;) = p* — (some multiple of p).
Z(ai)#G

Since Z(G) < G is a subgroup, Lagrange tells us that #Z(G) € {1,p,p?} and the previous
formula tells us that #Z(G) € {p,p?}. Thus there are two possible cases:

o If #Z(G) = p? then we have Z(G) = G which implies that G is abelian as desired.

o If #Z(G) = p then G is not abelian because Z(G) # G. I will show that this case is
impossible. Indeed, if #Z(G) = p then we must have #(G/Z(G)) = #G/#Z(G) =
p?/p = p. But then Lemma 1 says that G/Z(G) is cyclic and Lemma 2 says that G is
abelian. Contradiction.

(2) Now we will prove that G = Z/p*Z or G = Z/pZ x Z/pZ. For each non-identity element
g € G —{e} we know from Lagrange’s Theorem that the order #(g) # 1 divides #G = p? and
hence #(g) € {p,p*}. Now there are two cases:

e Suppose that there exists some element g € G' — {¢} such that #(g) = p°.

conclude that G = (g) = Z/p?Z.

Then we

e Otherwise we must have #(g) = p for all g € G —{e}. So choose some arbitrary element
g € G —{e} and then choose an arbitrary element h € G — (g). I claim that G is an
internal direct product:

G = (g) x (h) 2 Z/pZ x L] pZ.
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To see this, first note that (g) N (h) C (g) is a subgroup. Thus by Lagrange we have

#({g) N () € {1, p}.

If #((g) N (h)) = p then we have (g) N (h) = (¢g) which contradicts the fact that i & (g).
Therefore (g) N (h) = {¢}. Now consider the multiplication map

pi{g) x(h) — G
(gk,he) — gk:hZ.

Since (g) N (h) = {e} we know that p is injective, hence the image (g)(h) = impu C G
has size #((g) x (h)) = p?, which implies that G' = (g)(h). Finally, since G is abelian
we know that each of (¢g) <G and (h) <G is normal.

g

Remarks:

e The first part of the theorem fails for higher powers of p. For example, not every group
of size 23 is abelian. Proof: Dg is not abelian.

e For abelian groups of size p*, the second part of the theorem still holds. That is, any
abelian group of size p* is a direct product of cyclic groups. The different ways to do
this correspond to the different partitions of the integer k. For example, here are the
non-isomorphic abelian groups of size p*:

- Z/p'Z,

Z/p°Z x Z/p,

Z/p*7 x Z.]p*Z,

7.)p*Z x 7.]pZ x 7. pZ,

— Z)pZ X L)pZ x L]pZ x L] pZ.

This result is rightly seen as a theorem of advanced linear algebra, which is outside the
scope of this course. The correct proof uses the Smith Normal Form of a matrix over Z.

e You might wonder if there is a formula for counting these abelian p-groups. Let P(k) be
the number of ways to partition the integer k, i.e., the number of non-isomorphic abelian
groups of size p*. Hardy and Ramanujan proved in 1918 that this number satisfies

1 2k
Pk)~ ——-¢ — as k — oo.
B~ V3 Xp(” 3)

There is no closed formula.

e It is less difficult to prove that every finite abelian group is a direct product of abelian
p-groups. You will prove this on the next homework, assuming that the famous “Sylow
Theorems” are true.
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I will just state the Sylow Theorems without proof and give a slick application. These are
named for the Norwegian mathematician Ludwig Sylow (1832-1918). One can view these
theorems as a partial converse to Lagrange’s Theorem.

The Sylow Theorems (1872). Let G be a finite group of size #G = p*m where p is prime
and ged(p,m) = 1. Then:

(1) There exists at least one subgroup H C G of size #H = p*.

(2) Any two subgroups Hy, Hy of size p* are conjugate. In other words, there exists some
g € G such that Hy = gH g~ '. Tt follows that a subgroup of size p* is normal if and
only if it is unique.

(3) Let n, be the number of subgroups of size p*. Then n,|m and n, = 1 mod p.

/1]

You can find a proof in any advanced textbook on group theory. Here’s a cute application.

Application of Sylow. Let p, ¢, r be distinct primes. Any group is size pgr is not simple.

Proof. Suppose that #G = pgr with p < ¢ < r prime. Let ny,ng,n, be the numbers of
subgroups of size p,q,r, respectively. If any of ny,ng, n, equals 1 then from Sylow (2) we
obtain a non-trivial normal subgroup. So assume for contradiction that n,,n4,n, > 1. Then
from Sylow (3) we have n, = pq, nq € {r,pr} and n, € {¢,r,qr}, hence n, > r and n, > ¢. By
Lagrange’s Theorem we see that any two subgroups with sizes in {p, ¢, 7} intersect trivially
(i.e., they are equal or they intersect at the identity). By counting the elements of these
subgroups we obtain

pgr = #G > ny(p—1) + nglg — 1) +n,(r—1) +1
>qp—1)+r(g—1)+pg(r—1)+1
= (pg—q) + (qm —q) + (pqr — pq) + 1
=pgr+(gr—q—r+1)
=pgr+ (¢ —1)(r - 1),

and hence 0 > (¢ — 1)(r — 1). This contradicts the fact that (¢4 —1) >0 and (r—1) > 0. O

Here is a picture of the counting method we used:
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Tokel H Dads
neLp-1)
o+ V\XQ‘\;}}
Fone(r=1)

r

[Remark: Using similar tricks with Sylow theory, one can show that no non-abelian group of
size < 60 is simple. Some people think these tricks make good exam problems but I don’t
agree. I prefer to ask about generalities.]

Week 12

To end this course, I want to complete our discussion of the quintic equation and the icosa-
hedral group. Namely, I will prove that the group I C SO(3) of rotational symmetries of
a regular icosahedron is a simple group@ This is related to the solvability of the quintic
equation because of an “accidental isomorphism” with the alternating group As:

1= As.
Before discussing the group As, I will state a general theorem about alternating groups.
If G is a finite group, recall that a composition series consists of a chain of subgroups
G=Gy2G12--2G={e}

in which each quotient group G;/G;4+1 exists and is simple (i.e., has no non-trivial normal
subgroup). Recall from the Jordan-Holder Theorem that the list of simple groups {G;/Gi+1}

2n fact, the infinite group SO(3) is also simple, but this is beyond the scope of the course.
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is the same (up to isomorphism and permutation) for any two composition series of G. These
unique simple groups are called the composition factors of G. Recall further that the group G
is called solvable when its composition factors are abelian (i.e., have the form Z/pZ for various
primes p). We have already proved that the symmetric group S, is not solvable when n > 5.
Now we will be more specific.

Theorem (Composition Factors of S;,). Let n > 5 and consider the symmetric group Sy,.
Let A,, C S, be the alternating subgroup. Then we have:

e A, <45, is the only non-trivial normal subgroup of Sy,
o A, is simple.

It follows from this that the group S,, has a unique composition series:

S 2 A, 2 {id}.

=

Hence the simple composition factors are S, /A, = Z/27 and A, /{id} = A,,. ///

Remarks:

e Now we see that the group .5, is not solvable (for n > 5) because the composition factor
A, is not abelian. It’s just an accident of nature that all simple groups smaller than As
are abelian.

e One might even say that the group 5, is “almost simple,” except for the piddly factor
of Z)2Z. After all, #A, = n!/2 is much larger than #7Z/27 = 2.

e Similar theorems say that the matrix groups GL,,(F), O(n) and U(n) are “almost simple”
(i.e., simple except for a piddly quotient). However these results are quite involved and
are never proved in undergraduate courses.

e Some undergraduate books do give a proof that A, is simple (for n > 5), but this proof
is also not very nice. Michael Artin only included the proof in the second edition of his
book. I think it’s fair to omit the proof entirely. In this course we will only discuss the
special case n = 5.

Now we will prove the theorem in the case n = 5. In other words, we will prove that
e Ajs is the only non-trivial normal subgroup of Sj,

e Ajs is simple.
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Both of these proofs will use the following trick.
Trick. Let N < G be a normal subgroup. Then N is a union of conjugacy classes.

Proof. Let k : G — Aut(G) be the conjugation action consider any element n € N. Then
since N is normal, we have gng~! € N for all ¢ € G and hence

Orb,(n) = {gng™' : g € G} C N.

It follows that
|J Orbk(n) € N.
neN

On the other hand, we obviously have

N C [ Orbu(n)
neN

because n € Orby(n) for all n € N. O

The reason this trick is useful is because sometimes we can compute the sizes of all the
conjugacy classes. Then by using Lagrange’s Theorem we can dramatically narrow the search
for normal subgroups. To see how this works, let’s compute the sizes of the conjugacy classes
in the symmetric group. We might as well do this for general n.

Theorem (Sizes of Conjugacy Classes in S,). Let x : S,, — Aut(S,) be the conjugation
action and consider any permutation f € S,. Recall that the conjugacy class K(f) := Orb,(f)
consists of all permutations that have the same “cycle structure” as f (i.e., the same number
of cycles of each length). To be specific, let’s say that the cycle decomposition of f contains
contains m; cycles of length i, for each i € {1,2,...,n}. Then we have

n!

#EK(f)

T 1mimg 1 2m2my) -,

/1]

Before proving this, let’s test some simple examples. Note that the identity permutation
id € S,, has m; = n cycles of length 1 and m; = 0 cycles of length ¢ for each i € {2,3,...,n}.

Thus the formula gives
n! n!
#EG) = o soro0r ol L
This is correct because the identity is only conjugate to itself. Next, let’s count the conjugacy
class of transpotitions (2-cycles), which has m; =n—2, my =1 and m; =0 fori € {3,...,n}.

If t € S,, is any transposition then the formula gives

n! n! n! n
#K (1) 1n=2(n —2)12111300! - - - n00!  2(n—2)!  2l(n —2)! <2>
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This is correct because each transposition (ij) € S, corresponds to a choice of two elements
i # j from the set {1,2,...,n}.

Proof of the Theorem. We will use the Orbit-Stabilizer Theorem. Let f € S,, and recall
that the stabilizer under conjugation is called the centralizer:

Z(f) == Stabe(f) ={g € Sn:gfg~" = f}.

Now suppose that the permutation f has m; cycles of length ¢ for each i € {1,2,...,n}. By
Orbit-Stabilizer we have #K (f) = #S,/#Z(f) = n!/#Z(f), thus our goal is to prove that

To see this, suppose that (ji,j2,...,Ji) is one of the cycles of f. This means that

fG1) =gdos f(2) =33, -+ flm-1)=jm and [f(jm)=j1-

Then for any g € S, we see that (¢(j1),9(j2),-..,9(js)) is a cycle of gfg~!. (You proved this

on a previous homework.) If g € Z(f) (i.e., if gfg~! = f) then this cycle must equal one of
the cycles of f. If there is only one cycle of length i (i.e., if m; = 1) then we must have

(1, J2s - - 3i) = (9(41), 9(J2), - - - 9(4i))-

In this case there are exactly i ways to choose the values ¢g(j1), g9(j2),---,9(5i) € {Jj1,J2,---,Ji}
since we are only allowed to rotate the cycle. If m; > 1 then we can also permute the various
i-cycles. There are m;! ways to do this and then there are i-¢-7-- -7 = "™ ways to rotate each
of the cycles. Hence there are i""im;! different ways to choose the values inside the i-cycles of
gfg~!. Since the choices for different values of i are independent, the total number of ways
to choose a permutation g € Z(f) is

n

#Z(f) = H #(ways to fill the i-cycles) = Hzmlml'
i=1

=1

The notation in that proof is terrible. Hopefully an example will be more convincing.

Example: Conjugacy Classes and Normal Subgroups of S5. Recall that the conjugacy
classes of S5 consist of permutations with the same number of i-cycles for each ¢. There are two
equivalent ways to encode this “cycle structure.” First, since the order of the cycles doesn’t
matter we will record the lengths of the cycles in a vector A = A A2 A3 4\, where

e M > X >A32> A5 > A5 >0,

e M+ X+ A3+ g+ A5 =05.
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Thus the set of possible vectors A is {50000, 41000, 32000, 31100, 22100,21110, 11111}. Second,
we will write m = mimeomagmgms, where m; is the number of cycles of length 7. These numbers
must satisfy

e m; >0 foralli € {1,2,3,4,5},
e 1mq + 2mo + 3mg + 4my + 5ms = 5.

Thus the set of possible vectors m is {00001,10010,01100,20100, 12000, 31000, 50000}. Now
we have the following table recording the sizes of the conjugacy classes and centralizers in Ss:

A m #Z #K

50000 | 00001 51.11=5 120/5 = 24
41000 | 10010 | 1*-1!-41-11=4 | 120/4 = 30
32000 | 01100 | 2'-1!-31-11=6 | 120/6 = 20
31100 | 20100 | 12-2!-31-11=6 | 120/6 = 20
22100 | 12000 | 11-1!-22.21=8 | 120/8 =15
21110 | 31000 | 13-3!-21 - 11 =12 | 120/12 = 10
11111 | 50000 155! =120 120/120 = 1

Note that A = 11111 corresponds to the conjugacy class {id} and A = 21110 corresponds to
the conjugacy class of 2-cycles {(12),(13),...,(45)}, which has (g) = 10 elements. For the
rest of the calculation, we can tell that we didn’t make a mistake because the sizes of the
conjugacy classes add up to the size of the group:

244304204204+ 15+ 10+ 1 =120 = 5! = #55.

I find this example more convincing than the general proof above. That’s often how it goes
with combinatorics. Now let’s use this information to find all the normal subgroups.

Theorem. The alternating group As < Sy is the only non-trivial normal subgroup of Ss.

Proof. Recall that a normal subgroup N < Sy is a union of conjugacy classes, which must
include the class {id}. We also know from Lagrange’s Theorem that #N divides #S5. Let
K, C S5 be the conjugacy class with cycle type A. Then combining all of these restrictions
leaves only three possible normal subgroups:

N = Ki1111 U K22100 U K50000,
N' = Ki1111 U Ka2100 U K31100 U K50000,
N" = Kiy1111 U Ka2100 U K32000 U K50000-

It is easy to check that N’ = A and that the sets N, N” C S5 are not subgroups. If follows
that As < S5 is the only non-trivial normal subgroup of Sj5. O

Obviously this proof won’t work for higher values of n. For general n we should first prove
that A, is simple, then use that fact to prove that S, has no other normal subgroups. (See
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the homework.) We will only prove this for n = 5 because I don’t know a nice general proofF_Q-]
The conjugacy classes of As are a bit tricky to describe so we will use the following strategy:

(1) Prove that the icosahedral group I C SO(3) is simple.

(2) Then prove that I = As. This isomorphism is just a lucky accident, resulting from
the fact that 60 is a relatively small number. Felix Klein made a big deal of this lucky
accident in his Lectures on the Icosahedron (1888).

Theorem. The icosahedral group I C SO(3) is simple.

Proof. We will use the fact that the conjugacy classes have geometric meaning. Recall that two
invertible matrices A, B € GL,(R) are conjugate if and only if they represent the same linear
function after a change of basis. More specifically, two matrices A, B € I are conjugate in [ if
and only if they represent the same function after a rotational symmetry of the icosahedron.
Thus we obtain the following table of conjugacy classes:

description of the conjugacy class | number of elements

{id} 1

{rotate by +27/5 around a vertex} 12
{rotate by +47/5 around a vertex} 12
{rotate by 7 around an edge} 15
{rotate by +27/3 around a face} 20

We know that we didn’t make a mistake because
1+124124+ 15+ 20 = 60 = #1.

Now let’s look for normal subgroups. Recall that any normal subgroup N <1 must be a union
of conjugacy classes, which must include the identity class {id}. Furthermore, we know from
Lagrange that #N divides #1. It is easy to check that there is no non-trivial solution to this
combinatorial problem. O

Theorem. The icosahedral group I C SO(3) is isomorphic to the alternating group As C Ss.

Proof. 1 will follow the proof from Artin’s book. The proof relies on the strange fact that 5
cubes can be inscribed in a regular icosahedron. To be specific, consider the midpoints of the
20 triangular faces. It turns out that certain collections of 8 midpoints can be joined up into
a cube, and that there are exactly 5 different ways to do this. Here is one of the cubes:

223ee the second edition of Artin for a not-nice proof.
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Now any isometry f € I will send cubes to cubes, therefore we obtain a group homomorphism
¢ : I — Perm({5 cubes}) = S;.

Since ker ¢ < T is a normal subgroup and since I is simple, we must have ker ¢ = {id} or
ker ¢ = I. But the second choice is impossible because clearly some element of I moves the
cubes. Therefore we have ker ¢ = {id} and hence ¢ is injective. It follows from the First
Isomorphism Theorem that [ is isomorphic to its image:

I=1/kerp=ime C Ss.

Now it only remains to show that im¢p = As. To do this we consider the determinant
homomorphism det : S;, — {£1} and recall that As = ker(det). Consider the composition of
these homomorphisms:

detogp : I — {£1}.

Again, since ker(detop) < I is a normal subgroup and since I is simple, we must have
ker(det o p) = {id} or ker(det o) = I. This time the first choice is impossible because I has
more elements than {£+1}. It follows that ker(det o) = I and hence

im ¢ C ker(det) = A5 C Ss.

Finally, since #im ¢ = #1 = # A5 = 60, we conclude that im ¢ = Ag as desired. O

This concludes our study of S5 and the icosahedron. Next semester we will see what this has
to do with the general quintic equation.
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But I don’t want to end it there. Let me just say a few final words about simple groups. Recall
from the Jordan-Hoélder Theorem that every finite group G has a unique collection of simple
composition factors. These are something like the “prime factors” of the group. This suggests
a strategy for classifying all finite groups, which is sometimes called Hélder’s Program because
the project was begun by Otto Holder (1859-1937):

e Classify all finite simple groups.
e Describe all ways of putting them together.

The second problem is far too difficult to have a nice solution. The first problem, on the
other hand, turns out to be solvable. After 100 years of intense work by generations of group
theorists, the full classification of finite simple groups was announced by Daniel Gorenstein in
1983. The details are complicated but the general outline is easy to describe.

Theorem (The Classification of Finite Simple Groups). There exist three infinite
families of finite simple groups:

e Cyclic groups Z/pZ for p prime.
e Alternating groups A, for n > 5.

e Groups related to GL,(Z/pZ). This includes finite versions of the orthogonal and unitary
groups, together with a few strange families that we need not mention@

On top of this, there are exactly 26 so-called “sporadic groups,” which are not related to any
of the infinite families. The largest of these is the Monster group M which has approximately
8 x 10°3 elements. ///

The amount of work involved in the classification is mind-boggling. The original proof was
spread over tens of thousands of journal pages. Right now some group theorists are working
on a “second generation proof,” which is estimated to fill about 5000 pages. It’s fair to say
that the mathematical community is far from understanding all the details.

As for infinite groups: If we had a few more weeks, I would like to discuss the relationship
between the continuous groups SU(2) and SO(3). This is beautiful topic related to geometry
and physics@ Of course, we do have another whole semester together, but that semester will
be devoted to a completely different topic (rings, fields and polynomials). See you then.

23Fine, I’ll mention them. There is one more “classical” family Sp(n) coming from the quaternions and then
five “exceptional” families called Gz, Fu, Fg, F7, Fs.
241 strongly recommend John Stillwell’s Naive Lie Theory.
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Problem Set 6

1. The Alternating Group A4 is Not Simple. Recall that A4 C Sy is the subgroup
of permutations of {1,2,3,4} which can be expressed as the product of an even number of
transpositions.

(a) Prove that the following set is a normal subgroup:
V ={id, (12)(34), (13)(24), (14)(23)} < Ax.
It follows that A4 is not a simple group.

(b) Furthermore, prove that V' = Z/27 x 7Z/27. The letter V is for Klein’s Viergruppe.
[Once upon a time it was surprising that not every abelian group is cyclic.]

(a) First note that V' is a subset of A4 since each element can be expressed by an even number
of transpositions. Next observe that V' is a union of two conjugacy classes in Sy:

V = {id} U{(12)(34), (13)(24), (14)(23)}
= K1111 U Ko
= {permutations with four one-cycles} U {permutations with two 2-cycles}.
Therefore if V' C Ay is a subgroup then it will necessarily be normal. So let’s check:
e Identity. We have id € V' by definition.
e Inverse. Note that every element f € V has order one or two, hence f~' = f € V.

e Closed. This is the hardest thing to check and it only works because of a lucky accident
of small numbers:

(12)(34) o (13)(24) = (14)(
(12)(34) o (14)(23) = (13)(24),
(13)(24) o (14)(23) = (12)(34).

—_
[\)
w

~

e}

(b) We know that there are exactly two groups of size p? for any prime p. Thus to show
that V = Z /27 x Z/27 we only need to show that V' 22 Z/4Z. And this is true because V
contains no element of order 4. Alternatively, one can check directly that V is the internal
direct product of any two distinct non-trivial subgroups, say ((12)(34)) and ((13)(24)).

2. Primary Factorization of a Finite Abelian Group. Let G be finite abelian group.

(a) Suppose that there exist subgroups H, K C G such that #G = #H-#K and ged(#H, #K) =
1. In this case, prove that G is an internal direct product:

G=HxK.
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(b) Now suppose that #G = p{* - - - ptr for distinct primes py,...,p,. The Sylow Theorems
tell us that for each ¢ there exists a unique subgroup H; C G of size #H = p;'. Use part
(a) and induction to prove that G is the direct product of these subgroups:

G =H; x Hy x---x H,.

This is called the primary factorization of G. It also true that each primary factor H;
is a product of cyclic subgroups but this is harder to prove.

(c) In the special case that G is cyclic, prove that

G = z X z X X z
T L PP pL

This is a non-constructive version of the Chinese Remainder Theorem.

(a) Let G be a finite abelian group and let H, K C G be subgroups with ged(#H, #K) = 1
and #H - #K = #G. Since H N K is a subgroup of H and K, Lagrange’s Theorem tells us
that #(H N K) is a common divisor of #H and #K, hence #(H N K) = £1. It follows that
#(HNK) =1 and hence HN K = {e}.

This implies that the multiplication map u : H N K — G is injective and hence
#HK = #imp=#(H x K) =#H - #K = #G.

But since HK C G, this implies that G = HK. Finally, since G is abelian we have H I G
and K < G, which implies that G = H x K is a direct product.

(b) Now suppose that #G = p{'p5?---pS» for distinct primes p1,pa,...,p,. By Sylow there
exists a unique subgroup H; C G of size H; = p;' for each i. Now consider the multiplication
map from the external direct product:

pw:Hy x Hyx--+xH, —G

Since G is abelian we know that p is a group homomorphism. We will use induction on n to
prove that y is actually a group isomorphism.

The base case n = 2 follows from part (a). Now let n > 2 and assume for induction that the

result holds for n. We will prove that the result still holds for n+1. Solet #G = p* - - - ptr pf{ff

for some distinct primes p1, ..., pn, Pp+1 and consider the multiplication homomorphism from
the external direct product of Sylow subgroups:
w:Hy x - x Hy Xx Hyy1 — G

To show that p is bijective, let G’ := Hy --- H,, C G be the image of the first n factors, so we
obtain a surjective group homomorphism:

W Hy x---x Hy, — G'CG.
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Now the First Isomorphism Theorem and Lagrange tell us that
#(H1 x - x Hy) _ pit - piy
# ker u/ # ker u/

for some exponents 0 < d; < e;. But since H; C G’ is a subgroup for each i € {1,...,n},
Lagrange tells us that d; = e; and hence #G' = p{* - - - pr.

#G/:#imlu/: :ptlil...p’,dln

We have shown that Hy,..., H, are the Sylow subgroups of G’, so the induction hypothesis
tells us that p’ is a bijection. Finally, we conclude that i is a composition of two bijections,
where the second follows from part (a):

w: (Hy ><---><Hn)><Hn+1“—Xid>G’><Hn+1 — G.
Hence p is a bijection. O
[Remark: This problem was tricky because I never told you the definition for the internal

direct product of several subgroups Hy, ..., H, C G. There are different ways to define this.
The easiest way is to require that the multiplication map

w:Hy x---xH, —G
is a group isomorphism.]

(c) This part is much easier. If G is cyclic then we know from the Fundamental Theorem of
Cyclic Groups that every subgroup of G is cyclic. Hence each primary subgroup is cyclic. [

3. Lagrange vs. Rank-Nullity. Let p € Z be prime. You showed on the previous homework
that every nonzero element of the ring ), := Z/pZ has a multiplicative inverse. In other words,
[F, is a field of size p.

(a) Let V be an n-dimensional vector space over F,,. Prove that #V = p".

(b) Now let U C V be a k-dimensional subspace. Show that Lagrange’s Theorem and the
Rank-Nullity Theorem give you the same information about this subspace.

(a) Choose a basis % = {ui,...,u,} CV and consider the function ¢y : Fj; — V defined by
o (a1, a2, ...,a,) == ajug + aguz + - - - + apuy,.

This function is surjective because % is a spanning set and injective because % is an inde-
pendent set. We conclude that ¢4 is a bijection and hence

#V = #F, = (#F,)" = p".

[Remark: In fact, the function ¢4 also preserves addition and scalar multiplication. Hence it
defines an isomorphism of vector spaces V = IF}.|
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(b) Now let U C V be a k-dimensional subspace. We will compute the cardinality of the
quotient space V/U in two ways.

(1) Note that V/U is (in particular) a quotient of abelian groups. Then from part (a) and
Lagrange’s Theorem we have

#(V/U) = #V/#U = p"[p* = p" ",

(2) We know from the previous homework that dim(V/U) = dim(V) — dim(U) = n — k.
(This is what I mean by the Rank-Nullity Theorem.) Then from part (a) we have

#(V/U) _ pdim(V/U) _ pn—k‘
Note that we get the same answer.

4. Double Cosets. Let GG be a group and let H, K C GG be any subgroups. For each pair
(h,k) € H x K consider the function ¢, 1(g) := hgk™!.

(a) Prove that this defines a group homomorphism ¢ : H x K — Perm(G).
(b) For each g € G, prove that the orbit satisfies
Orby(g) = HgK :={hgk: h € H,k € K}.
These orbits are called double cosets. Unlike single cosets, we will see that double cosets

do not all have the same size.

(c) We also have a group action ¢ : H — Perm(G/K) defined by ¢, (9K) := (hg)K. (Don’t
bother to prove this.) For all g € G prove that HgK is the disjoint union of the cosets
in the 1-orbit of gK:

HE= [ ¢
C € Orby,(gK)

(d) For all g € G prove that Staby,(¢K) = H NgKg!, where gKg~! := {gkg™! : k € K}.
(e) Combine (c¢) and (d) with Lagrange’s Theorem and Orbit-Stabilizer to conclude that

#H - #K
#(HNgKg™')’

#HgK =

(a) Let H K C G be subgroups, and for each pair (h,k) € H x K consider the function
P(hk) + G — G defined by 1y (g) = hgk™—!. I claim that this defines a group homomorphism

¢ : Hx K — Perm(G).

There are two things to check:
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e For all (h,k) € H x K I claim that ¢ : G — G is invertible with inverse ¢, -1 ;1.
Indeed, for all g € G we have

(D(hp) © Lh-16-1))(9) = B(h T g(k™") k™" = (hh ™" )g(kk™") = g
and
(1 p-1) © i) (9) = ™ (hgh ™) (k™1™ = (A h)g(k™'k) = g.
Hence ¢ 1) € Perm(G).
e For all (hy, k1), (ha,k2) € H x K and g € G we have

(Phr 1) © Plhaea))(9) = ha(hoghky kT = (haha)g(kika) ™" = @i hy ks (9)-

It follows that ¢ is a homomorphism from the external direct product H x K to G.
[Remark: This is why we need to apply k! on the right instead of &.]

(b) I just want you to observe that Orb,(g) = HgK. There’s not really anything to check.
The point is that these double cosets partition the group G.

(c) Assume that 9, (gK) := (hg)K defines a group homomorphism ¢ : H — Perm(G/K).
[Remark: We do not assume that K C G is normal, so G/K is only a set.] Now fix g € G and
consider the orbit Orby(¢gK) € G/K. By definition this is a set of left cosets of K. I claim
that we have a disjoint union:

Hgrk= [ ¢
C€O0rby (gK)

There are three things to check:

e Since the left cosets of K partition G, we know that any two non-equal cosets are disjoint.

It follows that
U c= ] ¢
C€Orby (gK) CeOrby (gK)

e Any C € Orby(gK) has the form C = (hg)K for some h € H. Since (hg)K C HgK we
conclude that C C HgK and hence

J c¢cHyk
C€eOrby (9K)

e Any element hgk € HgK is contained in the coset C' := (hg)K C Orby(gK), hence

HEc ] cC
CeO0rby (gK)
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(d) For any g € G I claim that Staby,(gK) = H NgKg~'. Indeed, suppose that gkg~' € H
for some k € K. Then we have

Ygrg-1(9K) = (gkg~'9) K = (gk)K = gK
and hence gkg~! € Staby(gK). Conversely, if h € Stab,(gK) then we must have

(hg)K =gK = g¢g'hge K = hegKg '

(e) Finally, suppose that H and K are finite. Since all left cosets of K have size #K we
conclude from part (c) that

#HgK = Y #C= Y #K =#0rby(gK) - #K.

CEOrby (gK) CEOrby (gK)

Then from part (d), Orbit-Stabilizer and Lagrange we have

~ #Staby(gK) #HNgKg™)’

#HgK = #Orby(gK) - #K

[Remark: In the special case g = ¢ we obtain the formula

#H - #K

#HK = HHNK)

We already proved this using the Second Isomorphism Theorem when one of H or K is normal.
But now we have a proof that works for any H and K. That’s nice.]

5. Burnside’s Lemma. Let ¢ : G — Perm(X) be a group action, and let X/G denote the
set of orbits. For each g € G, let Fix,(g) denote the set of elements fixed by g:

Fix,(g) :={r € X : p4(v) =2} C X.

(a) Count the elements of the set {(g,2) € G x X : ¢4(x) = x} in two ways to prove that

> #Fix,(g) = Y # Staby(x).

geG zeX

(b) Use Orbit-Stabilizer to obtain a formula for the number of orbits:

#(X/G) = #1@ S #Fix,(g).

geG
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(c) Application: Consider a “bracelet” (circular string of beads) containing 6 beads. There
are k possible colors for the beads, and we regard two bracelets to be the same if they
are equivalent up to dihedral symmetry. Use the formula in part (b) to compute the
number of different bracelets. [Hint: The dihedral group D12 acts on a set X of size kS.
You want to compute the number of orbits: #(X/D12). To get started I'll tell you that
#Fix(R) = k and #Fix(R?) = k2]

(a) Double Counting. Suppose that G and X are both finite. We will count the elements
of the set S ={(g,2) € G x X : p4(z) = x} in two different ways:

(1) For each g € G there are #Fix,(g) elements € X such that ¢,4(z) = . Hence

#S = #Fixy(g).

geG
(2) For each x € X there are # Stab,(x) elements g € X such that ¢4(x) = 2. Hence

#5 =) #Staby ().

zeX

Alternatively: Think of S as a matrix with rows indexed by elements of G and columns indexed
by elements of X. We put 1 in the (g,x) entry of S if ¢4(x) = 2 and put 0 otherwise. Then
(1) sums the elements of S row-by-row and (2) sums the elements of .S column-by-column.

(b) Let X/G = {01,...,0,} be the set of orbits, so that #(X/G) = n. Furthermore, note
that for all + € 0; we have Orb,(x) = 0; and hence #Orb,(x) = #0;. Now applying
Orbit-Stabilizer to part (a) gives

> #Fix,(g) = Y # Staby(x)

geG zeX

= > (#G/#O0rby())

reX
= #G- ) (1/#0rby())
rxeX

n

=#G-> | D 1/#0rby(x)

i=1 \z€0;
=#G- Y | Y U#6:

i=1 \z€0;
=#G-) (1)

=1



=#Gn
— #G - #(X/G).
[l

(c) Application: Bracelets. Consider the vertices of a fixed hexagon. Suppose we have k
colors and let X be the set of all colorings of the vertices, so that #X = k5. Now consider
the natural action Dijs ~ X of the dihedral group by rotation and reflection. We will use
Burnside’s Lemma to compute the number of orbits.

Since each element g € D5 permutes the vertices of the hexagon we can think of it as an
element of Sg. Furthermore, note that a given coloring x € X is fixed by g if and only if the
vertices in each cycle have the same color. In other words, we have #Fix(g) = k#(cvcles)  Here
is a table showing all the possibilities:

g _
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S Q
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T S Jo
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RI ‘l 5\ OUO/
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o—"""79
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[+
O
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e S

By summing over all 12 group elements, Burnside’s Lemma tells us that

#(bracelets) = #(X/D12)
LS wFix(g)

T 4D
# 12 9€D1>
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1
- - k_#(cycles)
5 2
g€D12

1

= ﬁ(1i<;6 + 2k 4 2% + 1k + 3k* + 3k3)
1

= hlk+ D(k* — k> + 4k% + 2).

For example, when k = 2 we get #(X/D12) = 13 different bracelets. Here they are:

g 4
! w l

- o I ” X \ 3 2 - (/\l ort J
i 0 o X X
i" | bractlets
) o X i X o
[ s 0 i x x
N
b < 1 o X e x

(o] i {

< { Ie) S i Q O
i (8] ] } i
i i o X L %X o
L e e |
‘: - -y g i s e - T o — =
d i i o
U S L U B
I o o i x< X S X
' X X l x 9 e
i ,

e - S
'l o X i R 1 ° x
Lo X i o X x o

I S |

6. Normal Subgroups of S,. Assuming that A, is simple (which is true for n > 5) you
will prove that A, is the only non-trivial normal subgroup of .S,,.

(a) For n > 3, prove that the center of S, is trivial: Z(S,) = {id}.

[Hint: For any
id # g € S,,, prove that there exists some f € S,, such that fgf~—! # g.]

(b) Suppose that N <5, is a normal subgroup not equal to {id} or S,,. Use the fact that
A,, is simple to prove that N = A,, or # N = 2. [Hint: Consider N N A,, < A,,.]

(c¢) Continuing from (b), if #N = 2 then we must have N = {id, 7} for some 7 € S,, such
that 7 # id and 72 = id. Prove that 7 € Z(S,,) and get a contradiction.

(a) Let n > 3 and consider any non-identity permutation id # g € S,. We will prove that
there exists a permutation f € S, such that fgf~! # g, and hence g & Z(S,). To do this we
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will use the fact that fgf~! has the same cycle structure as g, where the symbols 1,2,...,n
have been replaced by the permuted symbols fi, fo, ..., fn, respectively. There are two cases:

e Suppose g has at least two cycles, one of which is not a singleton. Choose any symbols
i, from these two cycles and define the transposition f = (ij). Then fgf~! # g.

e Otherwise, since g # id we know that g is an n-cycle. In this case let i := g; and define
the transposition f = (17). Then since n > 3 we have fgf~! # g.

We conclude that Z(S,,) = {id}.

(b) Suppose that N <5, is a normal subgroup not equal to {id} or S,,. Assuming that A,
is a simple group, we will prove that N = A,, or #N = 2. To see this, define N’ := N N A,,.
Then since N’ < A,, is normal and since A,, is simple we have two cases:

(1) N' = A,
(2) N’ = {id}.

In case (1) we have NN A,, = A, which implies A,, C N. Now consider the subgroup N/A4,, C
Sn/Ap. Since Sy, /A, = Z /27 has no non-trivial subgroups we must have #(N/A;) = 1, which
implies that #N = #A,, and hence N = A,,. In case (2) we have N N A, = {id}, which

implies that

#N - #An
————— =#N - #A,.
AN A T

But since at least one of N and A, is normal (in fact, they are both normal) we know that
NA, C 5, is a subgroup satisfying

An C NA, C S,.

Finally, the same reasoning as in case (1) shows that NA, = S,, and hence

#NA, = #5,
#N - # Ay = #Sn
4N = 2.

(c) It only remains to show that N <.5,, and #N = 2 lead to a contradiction. So assume that
N = {id, 7} with 7 # id. If N < S,, then for any f € S, we have frf~! € N. But then the
fact that 7 # id implies that f7f~! # id, and hence f7f~! = 7. We conclude that 7 € Z(S,,),
which contradicts (a). (Of course, we assume that n > 3.) O

[Remark: We have shown that if A, is simple and if n > 3, then A, is the only non-trivial
normal subgroup of S,,. It is easy to check that Aj is simple, and you showed above in Problem
1 that A4 is not simple. It turns out to be true that A, is simple for all n > 5, but, again, I
don’t want to prove that here. Look up a proof if you want.|

7. Gaussian Binomial Coefficients. Let p be prime and consider the field F,, := Z/pZ.
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(a)

For all n > 0 we define the p-factorial:

%

n n
-1 .
=[5 =[[+p+p*+ +p ) e
=1 =1

p—1

Prove that #GL,(Fy) = p(g) -(p—1)"-[n]p!. [Hint: The columns of an invertible matrix
are just an ordered basis for the vector space Fj. Argue that there are p" — 1 ways to
choose the first basis vector, then p" — p ways to choose the second basis vector, etc., so

that #GLn(Fp) = [11= (" — p).]

Let X be the set of all k-dimensional subspaces of Fj;. The group G L,(F,) acts on X
in the obvious way. For any k-dimensional subspace U € X, prove that the stabilizer of
U is isomorphic to the following subgroup of GL,,(F,):

AlC
{ (T‘E) rAe GLk(Fp)a B e GLn—k(IFp)v Ce Math(n—k) (FP)} :

[Hint: Choose a basis uj, ug,...,u, for [F; such that uy,ug,...,u is a basis for U.]

Combine parts (a) and (b) with the Orbit-Stabilizer Theorem to prove that

This is called a Gaussian binomial coefficient.

(a) The hint pretty much does it. By looking at the columns we have a bijection between
elements of GL,(F,) and ordered bases for F)}. From Problem 3(a) there are p" — 1 ways to
choose the first (nonzero) basis vector u;. Then the next basis vector uz must lie outside the
line F,,(uy). Since the line has size p, there are p"™ — p ways to choose uz. Then the third basis
vector uz must lie outside the plane Fj(uy, uz). Since the plane has size p?, there are p" — p?
ways to choose uz. Continuing in this way we have

#GL,(Fp) = (0" — (" —p) (" —p?)--- (" —p" )
— ) =) =)= 1) - (p— 1)

PP =) e -1 (1)
-1 (@-1) @®-1 (p—1)

=pl2) - (p— 1) L.

n

(b) Now let X be the set of all k-dimensional subspaces of IF)). For any matrix M € G Ly (F))
and subspace U € X we define

MU :={Mx:x € U}.
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It is easy to check that MU C F} is a subspace and if uy,...,u is a basis for U then
Muy, Mug, ..., Muy is a basis for MU, hence MU € X. Furthermore, let vi,vo,..., vy be
a basis for some arbitrary subspace V € X and extend the vectors u; and v; to bases for
[F,. Then the invertible linear function defined by u; + v; is represented by some matrix
M € GL,(F,), so that MU = V. We conclude that GL,(FF,) acts transitively on the set X.

It only remains to compute the stabilizer. So fix some U € X with basis uy, ..., u; and extend
this to a basis uy,...,ug,...,u, for Fj. Let N € GL,(Fp) be the matrix with i-th column
equal to u;. Then for any M € Stab(U) we have Mx € U for all x € U and it follows that

N 'MN = 41¢ € GL,(F,)
“\o|B e

for some matrices A € GLi(Fp), B € GLy, (Fy),C € Matyy (i) (Fy). Conversely, for any
matrices A, B, C of this form one can check that

AlC
N (+> N~ € Stab(U).
0|B

Since conjugation by N is an automorphism of GL,(F,), it follows that Stab(U) is isomorphic
to the group of all such matrices. In particular, we obtain a bijection:

Stab(U) < GLi(Fp) x GLy 4(Fp) X Matyy () (Fp).

[Remark: In fact, I claim that the stabilizer is a semidirect product:
Stab(U) 2 (Matys(n_ty(Fp), +,0)  [GLi(F,) x GLy_x(F,)].

What is the action?]

(c) Finally, combining parts (a) and (b) with the Orbit-Stabilizer Theorem gives

#X = #0rb(U)
_ #GLy(Fy)
# Stab(U)
_ #GLn(Fp)
 #(GLR(Fp) X GLp_(Fp) X Matyy (i (Fp))
_ #G Ly (Fp)
 #GLE(Fp) - #G Ly (Fp) - #Maty () (Fp))
_ p A =1)" - !
p(g) —1)k - [k, - ("3" =)k [n— k! - ph—RT
n)p!
k! : [T]L — !
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[Remark: If we treat p as a formal variable then one can check that

[n]p! n!
L [n— KL Kl (n— k)

as p— 1.

This suggests that a “k-subset of an n-subset” is somehow the same thing as a “k-dimensional
subspace of an n-dimensional vector space over the field Z/1Z.” Unfortunately that makes no
sense because Z/17Z = {0}, so every vector space over Z/17Z has size 1. Strange.]
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