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Theorem 1. A monomorphism is injective, and an epimorphism is surjective.

Definition 2. < is injective, —» is surjective.

Definition 3. An exact sequence G; EIN Git1 T is exact iff (Vi) ker fiy1 =Im f;

Definition 4. A short exact sequence is one of the form

].—)GlL)Ggi)Gg—)].

In other words:
1. f is a monomorphism
2. g is an epimorphism
3. Im f =kerg
Sometimes referenced as “s.e.s.”

Theorem 5. If H <G, then
1-H—-G—-G/H—1

is a short exact sequence, and all short exact sequences of this form for some H, G.

Theorem 6. First Isomorphism Theorem. If f : G — G’ is a group homomorphism, then there exists a
canonical isomorphism from G/ ker f = G'.

Theorem 7. Second Isomorphism Theorem. If H <G, and K < G, then:
1. HNK<K
2. HNK < H
3. HaHK
4. K/(HNK)> HK/H

Theorem 8. Third Isomorphism Theorem. For any H <G
1. There exists a one to one mapping between subgroups of G containing H and subgroups of G/H. This
mapping preserves normality and subgroup relations.
2. K«H<G = (H/K)<(G/K)
3. (G/K)/(H/K) ~G/H
Definition 9. An action is faithful if G — S(X) is a monomorphism.
Definition 10. An action is transitive if Vo,y € X, 39 € Gy = gx.

Definition 11. The orbit of z is
Gz = {gz|g € G}

Definition 12. The isotropy group or stabilizer of x € X is

Stabg(z) = {g € Glgz = z}



Definition 13. The centralizer of x € X, is simply the isotropy group under the conjugation action
G, = Cg(x) = {glgzg™" =z}
Theorem 14. G/G, = Gx, where it’s only a bijection of sets and not a homomorphism

Theorem 15. The orbit stabilizer theorem says that for any group action
[G : Stabg(g)] = Orba(g)

Theorem 16. Class formula

|X| = > G+ Ga,]

xz; orbit representatives

Definition 17. The normalizer of H is the stabilizer of the conjugation action on subgroups of G
Ng(H) ={g € GlgHg ' = H}
Definition 18. The center of G is
Z(G) ={h € G|Vg € G, gh = hg}
or the intersection of all centers of G ((,cq Ca(9))

Definition 19. A p-group is a group of size p* for some k.

Definition 20. A Sylow subgroup H < G is a subgroup where |H| = p" and (|H|,|G/H|) = 1. In other
words, it is the p-subgroup of “max order”.

Theorem 21. Sylow I: If p | |G|, then there exists a p-Sylow subgroup in G.

Theorem 22. Sylow I1
1. Any 2 Sylow subgroups are conjugate
2. Any p-subgroup is also a subgroup of a p-Sylow subgroup

Theorem 23. Sylow III: If N, is the number of p-Sylow subgroups, then
1. Ny =1 (mod p)
2. N, |16
3. N, =1 <= Sylow subgroup is normal

Definition 24. A short exact sequence (4)

1-H—-G5 K1

is split if there exists some ¢ : K — G such that poi = idg.

Theorem 25. A short exact sequence given subgroups H, K < G
1-H—->G—-K-—1
splits if and only if G = H x K.

Theorem 26. G = A x B if and only if
1. A,B<G
2. AnNB ={e}
3. AB=G

Definition 27. For some implied group action ¢ : H — Aut(N), we sometimes use the notation hn to
denote p(h)(n)



Definition 28. The semidirect product given groups N, H and a group action ¢ : H Xx N — N is defined as
the product except with the group operation as

(nlyhl) : (nz, hz) = (n1¢(h1,n2);h1h2)

and is denoted N x, H. Oftentimes the ,, is dropped because it is implied (or is conjugation).
The inverse of (n, h) is (o(h=t,n=1), h=1)

Theorem 29. If G = N x, H. Then N «G, H < G, and N < H. Additionally, conjugation by elements in
H corresponds to the group action .

Theorem 30. If N, H < G. Then the following are equivalent:
1. G 2 N x H considering the action when H acts on N via conjugation.
2. NaG,NNH={e}, NH=G
3. 37 : G — H such that )
H G5 H

and moig = id and N = ker 7.
4. There exists a split short exact sequence

1-N—-G5H—1
Definition 31. A filtration of a group G is a tower of subgroups
"'<G2<G1<G0:G

There are a couple different kinds of filtrations:
1. Finite: If G,, = {e} for some n
2. Normal: If G; < G;_1
3. Abelian: If normal and G;_1/G; is abelian

Definition 32. The commutator of two elements x,y € G is

[2,y] = zy2~ly ™!

For two subgroups G1,G2 < G, the commutator subgroup is

[G1,Gs] = <[m,y] rx e Gy € G2>
(Note that the set of commutators is not a subgroup in general)
Lemma 33. If H, K <G, then [H, K] <G.
Definition 34. [G, G| is the commutator subgroup, or derived subgroup of G.
Theorem 35. G/[G,G] is abelian.

Definition 36. Let G(© = G, and GV = [G, G]. Define G® = [GU—D, GU~D]. Then the derived series is
the filtration

<G(2) <G(1) < G(O) =G
Note this is an abelian filtration, and G®) <« G.

Lemma 37. If G is a finite group with abelian filtration, then G has a normal filtration with cyclic quotients.

Theorem 38. 1. G/[G,G] is abelian
2.
G.G= (] N

G/N is abelian



3. The following universal property holds:
G ! A
EIN

x e where A is an abelian group, and f = fo T
G /16,6

Definition 39. 1. G,, = G/[G, G], and is known as the abelization of G.
2. G is perfect if G =[G, G]

Theorem 40. The following are equivalent
1. There exists a finite normal series in G with abelian quotients.
2. There exists a finite normal series in G with abelian quotients and G; < GG, for each element G; in the
series.
3. The derived series terminates at e.

Definition 41. G is solvable if any of the equivalent conditions in theorem 40 are satisfied.
Definition 42. H < G is central it H < Z(G)
Lemma 43. H < K < G. Then H<G and K/H < Z(G/H) if and only if [G, K] < H.

Definition 44. A filtration --- < G; < G;_1--- < G is central if it satisfies one of the following equivalent
conditions:

1. G, <1G, G/Gi+1 < Z(GL/GH_l)
2. [Gl,G] < Gi+1-

Definition 45. The descending central series for G is
o< Ty < I <@
where I'y = [G,G] and T'; = [T';_1, G]
Definition 46. The ascending central series for G is
e=Zy<Z1<--<G@G
where Z; = Z(G), and Z; is the group such that Z; <« G and Z;/Z;,_1 = Z(G/Z;_1).

Theorem 47. The following are equivalent
1. There exists a finite central series for G
2. The descending central series terminates at e
3. The ascending central series terminates at G

Definition 48. G is nilpotent if it satisfies one of the conditions of theorem 47
Theorem 49. If G4,...,G, is nilpotent, then so is Gy X - -+ X G,,.

Theorem 50. If G is nilpotent, and H < G, then H < Ng(H).

Theorem 51. If P is a Sylow subgroup of G, then Ng(Ng(P)) = Ng(P)
Theorem 52. If G is a p-group, then G is nilpotent.

Theorem 53. If G is nilpotent, then G &2 P; X P, X --- X P, where Py, ..., P, are the Sylow subgroups of
G

Definition 54. G is simple if it does not have proper nontrivial normal subgroups.

Definition 55. A normal series
e=Go<Gi < <G, =G

is a composition series (or Jordan Holder series) if G;/G;_1 is simple.



Remark 56. Solvable groups have composition series

Definition 57. Let --- < G; < G411 < -+ < G is a normal series.
A refinement is then any normal series which contains ..., G;, Giy1,... in the same order, but with an
additional subgroup different than all the G;.

Definition 58. Two normal series are equivalent if there is a one to one correspondence between intermediate
nontrivial factors such that the corresponding factors are isomorphic.

Theorem 59. Jordan Holder: Any two composition series are equivalent.

Lemma 60. Zassenhaus: If Hi <H < G and K7 < K < G, then:
1. Hl(HﬁK)DHl(HmKl)

2. Kl(HﬂK)DKl(Hl QK)
3 H,(HNK) ~ Ki(HNK)
: Hl(HﬁKl) - Kl(HlﬂK)

Theorem 61. Schreier: For a group G, any two normal series have equivalent refinements.
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PRE-MIDTERM AND A FEW PRACTICE PROBLEMS,
MATH 504, FALL 2020

General principle: the expectation is that you are well versed in everything covered in lectures and
homework. In particular, know at least one solution to all and any homework problems, including
all presentation problems. The list below is not claimed to be comprehensive but I tried to mention
most of the topics we covered. If you notice an omission, let me know!

(1) Basic concepts:
(a) Groups, subgroups, homomorphisms, cosets and double cosets, normal subgroups, fac-
tor groups
) Group actions, stabilizers, centralizers, normalizers
) Presentations by generators and relations
) Exact sequences, split exact sequences for groups
) p-groups, Sylow subgroups
) Direct and semi-direct products
) Center, commutator subgroup
) Filtrations, derived series, central series, composition series
) Solvable and nilpotent groups (several equivalent descriptions)

(2) Fundamental examples:

a) Symmetric groups (everything about them you learned from the worksheet),
) dihedral groups (various presentations)

) cyclic and abelian groups

) groups of small order

)

e

) Cayley

) Lagrange

) Three isomorphism theorems

) Class formula

) Jordan canonical form

) Sylow theorems (two proofs for the first theorem)
) Jordan-Holder theorem; Zassenhaus lemma

1. A FEW PROCTICE PROBLEMS

Disclaimer: this is not a comprehensive list. Once you are confident you’ve gone over all homework
problems, you could try your hand at these, and then continue with an almost unlimited supply in
Dummit and Foote.

Problem 1. Classify all finite groups of orders 1 through 10.

Problem 2. Classify all groups of order 2015.
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2 PRE-MIDTERM AND A FEW PRACTICE PROBLEMS, MATH 504, FALL 2020

Problem 3. Show that the dihedral group D,, of symmetries of regular m-gon is isomorphic to a

subgoup of
1223+ ™) _
(1) Sy G (o o watit b2 20,
(2) GL2(C).

o -sinb . . - .
[ ws ] Note: We now know at least 4 different presentations of D,,: as a semi-direct product of cyclic

sin@ cosb . . . . .
- groups, by generators and relations, a permutation representation, and a matrix representation.

ALl
e - L=
" Problem 4. Let B, < GL,(R) be the subgroup of upper-triangular matrices, T,, < B,, be the
fip [") _'0 subgroup of diagonal matrices, and U,, < B,, be the subgroup of upper-triangular matrices with 1’s

on the main diagonal. Assume n > 2. Show that
(a) U, is nilpotent. What is the minimal length of its central series?
(b) B,, is solvable but not nilpotent.

(c) B, is isomorphic to a semi-direct product of T, and U,,. tn €8, UnATs={I3, UnTa= 8n

B2 U X T (T, acking by comjgtion)
Note: U, is called the unipotent subgroup, B,, - the Borel subgroup, and T;, is the torus (of GL,,(R)).
The statements are valid for any field of coefficients F', at least if characteristic is not 2, and so should
be your proofs.
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Homework 5 for 504, Fall 2020
Presentation problems only!
due Friday, November 13

Problem 1. Let G be a group. Prove that the following are equivalent:

(1) There exists a (finite) central series {e} = Gy < G1 < ... < G, =G.
(2) The descending central series

. <Ty; =02, Gl <1 <. <y <Ty =G
terminates at T',, = {e}.
(3) The ascending central series {e} = Zyp < Z1 < Z;..
Z(G/Z;_1)) terminates at Z, = G.
Specifically:
Problem 1.1P: Prove the equivalence of (1) and (2).
Problem 1.2P: Prove the equivalence of (1) and (3)

. (where Zi/Zi,1 =

Problem 2P. Let G be a finite group and P < G be its Sylow subgroup. Show

that Na(Ng(P)) = Na(P). Frllows fem:
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Bashir Abdel-Fattah Assignment 1

1777869 Math 504 2020/11/15

Problem 1. Show that an identity element and an inverse in a group are unique.

Proof. Suppose that the elements e; and e; were both identities in a group G. Then, beginning with the
expression ej ey, because e; is an identity we have e;e; = ey, and because e is an identity we have ejes = e;.
Putting this together, we have

€1 = €1€9 = €9

thus proving that the identity in G is unique. Now let g be any element of G, and suppose that g had two inverse
h1 and hs (that is, ghi1 = h1g = gho = hog = e). Then

h1 = hle = h1 (ghg) = (hlg)hg = €h2 = h2
thus demonstrating that the inverse of an arbitrary element g € G is also unique. [

Problem 2. Let G be a set with two binary operations, denoted * and o, and a fixed element e such that
1. e is the identity for both operations
2. (aob)*x(cod)=(axc)o(bxd)

Show that these two operations coincide and moreover that they are associative and commutative.

Proof. By taking (a, b, c,d) = (g1, e, e, g2) in equation 2 above and using the fact that e is the identity with respect
to both operations, we have
g1*92=(g10€)*(e0g2) = (g1*€e)o(exga) =g109>
for all g1, g> € G. Thus the operations * : G x G — G and o : G x G — G are exactly equal, and going forwards
we will denote both operations with the symbol “x”. By taking (a, b, ¢, d) = (e, g1, g2, ¢) in equation 2, we have
g1 xge=(exg1)*(g2xe) = (exga)*(g1*xe)=ga*a

for all g1, g2 € G, so the x operation is commutative. Finally, taking (a, b, ¢,d) = (g1, 92, €, g3) in equation 2 gives
us

(91 *92)*93=(91*92)*(6*93)=(91*6)*(92*93)291*(92*93)

for all g1, g2, g3 € G, thus demonstrating that the * operation is also associative. [ |
Problem 3. Cyclic groups.

(1P). Let a € G be an element of order n. Show that if a™ = e then n | m.

Proof. Suppose that a™ = e and |a| = n. From the division algorithm in Z, there are unique integers ¢ and
0 < r < n such that
m=qn-—+r
Then we have that
e=a"=a""" = (a")a" = ela" =a"

Were r nonzero, then the fact that 0 < » < n and a” = e would contradict the fact that |a| = n is the smallest
positive integer such that o™ = e, so we must have » = 0. In particular, m = ¢n for some integer ¢, so
n | m. [ |

(2P). Prove that a subgroup of a cyclic group is cyclic.



Proof. Letting G = (a) be any cyclic group, then there exists a surjective group homomorphism f : Z — G
given by f(n) = a™. That f is surjective is clear from the explicit characterization of G

G=(a)y={a":neZ}=f(Z)
and that f is a homomorphism follows from the equation
f)f(m) =a"a™ =a™*™ = f(n+m)

for any n, m € Z. Then if H is any subgroup of G, then f~!(H) is a subgroup of Z (see lemma below). Since
every subgroup of Z has the form mZ for some m € Z (see the proof of question 4P), then because f is
surjective we have

H=f(f"Y(H)) = f(mz)={d" - ke mZ} = {a™ :ne€Z}={(a™)":ne€Z}=(a™)
That is, H is a cyclic group generated by the element a™. [ |

Lemma. Let f : G; — G5 be a group homomorphism, and let H, be a subgroup of Go. Then H; = f~!(H,) is a
subgroup of G;.

Proof. To begin, we note

H is a subgroup of G: ;
ccH H is a nonempty

g1,92€H = gigo€H <— subset of G suchtglat
;;EH = g 'eH 91,92€H = g19, €H

For the forwards implication, suppose that H is a subgroup of G. Then e € H, so H is nonempty, and the
fact that H is closed under inverses and multiplication means that

g,92€H = g9 €H = qig; €H

Now suppose that H is a nonempty subset of G such that g1, g, € H = g9, ' € H. Because H is nonempty,
then there exists some element go € H, in which case

go,go € H = gog;' =ec H
If g € H, then because e € H we have
e, g€ H = eg'l=g'tecH
Finally, if g1, > € H, then because g, € H = g, ' € H we have
g,92€6 H = g9 €H = gi(e;") ' =qug2 € H

Therefore H satisfies the three properties of a subgroup, so we conclude that H is a subgroup of G.

Now, proceeding back to the main lemma, it is clear that H; is nonempty, because f(eg,) = e, € Ho
(because f is a homomorphism and Hj is a subgroup), so eq, € f~!(Hz). Now, suppose g1,g2 € H; =
f~1(H,) (that is, suppose f(g1), f(g2) € Ha2). Then because Hs is a subgroup, we have

F(9)f(g2)~" = flgrg5 ') € Ho
SO glggl € f~1(Hy) = H,. Therefore H; is a subgroup of G. |
(3P). Let f : G — G’ be a group homomorphism, and assume that G is cyclic. Show that im f is a cyclic subgroup of G'.
Proof. Since G is cyclic, then there is some element a € G such that G = (a) = {a" : n € Z}, in which case
im f ={f(g) : g€ G} ={f(a") : n € Z} = {f(a)" : n € N} = (f(a))
That is, im f is the cyclic subgroup of G’ generated by the element f(a). [ |

(4P). Prove that all subgroups of Z have the form mZ for m € Z.



Proof. Suppose that H is a subgroup of Z. If H is the trivial subgroup {0} then H = 0Z, and otherwise H
must contain at least one element i # 0. Either h > 0 or, if h < 0, then because H is itself a group under
addition it must contain the additive inverse —h > 0. In either case, H contains at least one element greater
than zero, and hence h contains a smallest element greater than zero by the well-ordering property of the
natural numbers (that is, H N N is a nonempty subset of N, so it contains a least element). Letting m be the
minimal element of H that is greater than zero, we claim that H = mZ. The reverse inclusion is evident:
since m € H, then H must also contain the subgroup generated by m

H> (m)={nm:neN} =mZ

To demonstrate the forwards inclusion, suppose for the sake of contradiction that H ¢ mZ: that is, that
there exists some element & € H such that k& ¢ mZ. Then by the division algorithm in the integers there are
unique integers ¢ and 0 < r < m such that

k=gqgm-+r

and since k ¢ mZ we must have that r # 0. Then since £k € H and —¢gm € mZ C H we conclude that H
must also contain k — gm = r. However, the fact that » € H and 0 < r < m contradicts the choice of m to
be the smallest positive element of H, so the assumption that there exists some element k € H such that
k ¢ mZ must have been false. Thus we have both H C mZ and mZ C H, therefore H = mZ. |

(5P). Classify all subgroups of Z/mZ.

Proof. The subgroups of Z/mZ are all isomorphic to Z/nZ for some n | m. They must be isomorphic to
Z/nZ for some n because a subgroup of a cyclic group is cyclic by problem 3.2, and every cyclic group is
isomorphic to either Z or Z/nZ for some n (as discussed in the lecture). Since Z/mZ is a finite group, then
none of its subgroups can be isomorphic to the infinite group Z, so it follows that the subgroup must be
isomorphic to Z/nZ for some n. This value of n must divide the value of m because the order of a subgroup
must divide the order of the group (and the order of a group Z/nZ is n).

[ |
(6). Show that all finitely generated non-trivial subgroups of Q are cyclic and isomorphic to Z.

Proof Let S be any finite subset of Q, where we assume without loss of generality that 0 ¢ S (because
the group generated by S U {0} is the same as the group generated by S, since S already contains 0 by
virtue of being a subgroup and no smaller group contains S, so the smallest subgroup containing S U {0}
is (S)) and that S is non-empty (because we only want to consider non-trivial subgroups of Q, and the
subgroup generated by the empty set is the smallest subgroup containing the empty set, i.e. the trivial
subgroup). We can also assume without loss of generality that each element of S is positive, because for
any element s; € S = {s1, 89, ..., s} a subgroup of Q contains s; if and only if it contains —s; (since if a
subgroup contains an element, then it must also contain the inverse of that element), so the collection of
subgroups of Q containing {s1,...,s;,..., Sk} is exactly the same as the collection of subgroups containing
{s1,...,—8i,..., sk} and hence both subsets generate the same subgroup. Therefore we can write
S = p1 P2 br

o
where p; and ¢; are positive integers for each 1 < i < k. Then, letting ¢ be any integer such that ¢/¢; is an
integer for each 1 <i < k (for instance ¢ = q1¢2 - . . q), the map f : (S) — Z given by f(s) = gs is a group
homomorphism. If we recall from the lecture that the subgroup generated by a subset T of a group is given
(in additive notation) by

(T) = {nita+nata+ ...+ Nty :mEN, ty,to,...,tym €T, n1,N2y ..., Ny € Z}
then it is clear that Z is indeed the codomain for f, because every element of (S) has the form

Be)

Py () 4
q1 q2 qk

s=nq( for ni,no,...,ny €72

so it follows that

f(s)=qs= Q(nl(%) + HQ(%) + ...+ nk(%)) = 711;01((%) + n2p2(q%) + ...+ nkpk(q%)



is an integer. Furthermore, f is a group homomorphism because for any s, ¢ € (S) we have

fls+t)=qls+1t)=qgs+qt = f(s)+ f(1)
and f is injective because
gs=f(s)=f(t)=qt — s=t
(since ¢ # 0, so we can divide both sides by ¢). As a result, (S) is isomorphic to its image (it is already
injective, and it is surjective onto im f < Z), and since every subgroup of Z has the form mZ for some
integer m, it follows that
(S) Zim f =mZ

We must also have that m # 0, because (S) is a non-trivial subgroup (it contains .S, which itself contains
at least one non-zero element) and hence cannot be isomorphic to a trivial subgroup. Then it follows that
mZ = 7 because the map g : Z — mZ given by

g(n) = mn
is an isomorphism: ¢ is a homomorphism because for all ny,n, € N we have
g(n1 +n2) = m(ny +na) = mny +mng = g(n1) + g(nz),
g is injective because m # 0, so
mni = g(n1) = g(ne) =mny = n3 =ne
(just by dividing by m), and g is surjective because
9(Z) ={g(n) :neZ}={mn:neZ}=mk.

Thus
(S)=Z2mZ=17Z

Problem 4. Quaternions. Brushing up on your vector calculus might be helpful for this problem!
Let V = R? and set C = R x V . (As a real vector space, C' may be identified with R*.) Define a product on C by

(a,u)(byv) = (ab—u-v;av + bu+ u X v).
(C is called the quaternion algebra). Define the norm N (a;u) = a® + |ul?.
1. Show that the product defined above is associative but not commutative.

Proof. In order to show that the given product is associative, we want to demonstrate the equality of the
products

((a,u)(b,v))(c,w) = (ab—u-v, av+bu+u x v)(c,w)
=((ab—u-v)c—(av+butuxv) - w, (ab—u-v)w+clav+bu+uxv)+(av+bu+uxv)xw)
and
(a,u)((6,v)(c,w)) = (a,u)(bc — v-w, bw + cv + Vv X W)
=(albc—v-w)—u-(bw+cv+vxw), abw+cv+v X w)+ (be— v -w)u+ux (bw +cv+ v X w))
The equality of the scalar part follows because for all vectors u, v, w € R3 we have
U1 U us
u-(vxw)=w-(uxv)=v-(wxu)=det|v; vy v
w1, W2 W3

so
Re[((a,u)(b,v))(c,w)} =(ab—u-v)c—(av+bu+uxv) w
=abc—cu-v—av-w—bu-w—w-(uxv)
=abc—av-w—bu-w—cu-v—u-(vxw)

=albc—v-w)—u-(bw+cv+v X w)

= Re [(a, u) ((b, v)(c, W))]



The equality of the vector part can be demonstrated using the BAC-CAB identity
ax(bxc)=b(a-c)—c(a-b)
for a,b,c € R3. We have

Im[((mu)(b,v))(c,w)} =(ab—u-v)wHclav+bu+uxv)+ (av+bu+uxv)xw
=abw — (u-v)WHacv+bcu+cuxv+avxw+buxw+ (uxv) X w
=abw +acv+bou+cuxv4avxwHbuxw—(u-v)w—w X (uxv)
=abw +acv+bcu+cuxv+avxwtbuxw—(u-v)w— (u(w-v) - v(w-u))
=abw +acv+bcut+cuxv4+avxwrbuxw—-—wu-v)—(v-wju+v(u-w)
=abw+acv+avxw+bou— (v-wutbuxw+cuxv+v(u-w)—w(u-v)
=abw +acv+av xw+bcu— (v-wjut+buxw+cuxv+ux (vxw)

=abw+cev+vxw)+(be—v-wiu+ux (bw+cv+v xw)
= 1m | (a, u) (b, v) (e, w)) |

Thus
((a,u)(b,v))(c,w) = (a,u)((b,v)(c,w))

for any elements (a, u), (b,v), (¢c,w) € C, so the given multiplication operation is associative. To show that
it isn’t commutative, consider the elements

i=(0,(1,0,0))

7 =1(0,(0,1,0))
in C. Then
1j = (07 (1’ 0, 0)) (07 (07 1, O)) = (OO_(lv 0, O)(Ov 1, 0)7 O(Oa 1, O)+0(17 0, 0)+(1a 0, 0) X(07 1, 0)) = (07 (07 0, 1))
ji = (07 (07 17 0)) (Oa (17 Oa 0)) = (00_(07 1a 0)(17 Oa 0)7 O(L 07 0)+0(07 1a 0)—’_(03 1a 0) X(ly 07 0)) = (07 (07 Oa _1))
That is, ij # ji, so we have found a particular example of non-commuting elements of C. |
2. Show that N(af) = N(a)N(B) for o, 5 € C.
Proof. Let @ = (a,u) and 8 = (b, v). Then

N(aB) = N((a,u)(b,v)) =N((ab—u-v, av+bu+uxv)) = (ab—u-v)>+|av+bu+uxvf?
=a%? —2abu-v+(u-v) +(av+but+uxv)-(av+bu+uxv)
=a’b? —2abu-v+ (u-v) 2 +d?|vP+abv-utav- (uxv)+bau-v+bu®+bu-(uxv)
+a(uxv)-v+buxv) u+uxvl?
Since the u x v is always orthogonal to both u and v (that is, the dot product of u x v with either u or v is
always zero), we have
N(aB) =a*h* —2abu-v+ (u-v)? +d®|v> +abv-u+bau-v+blu®+|uxv|?
=a?b? —2abu-v+d’|v* +abu-v+abu-v+b|u+ (u-v)?+|ux v|?
= a?b® + a®|v|? + b2 |[ul?® + (Ju]|v| cos 0)% + (Ju]|v|sin0)? = a?b? + a*|v|* + b*|u|? + [u?|v|?
= (a® + [u?)(* + [v[*) = N(e)N(B)
|

3. Show that the set of nonzero elements of C is a group under multiplication. (Hence, (2) shows that N : C* — Ris a
homomorphism.)



Proof. First, we note that for a = (ug, (u1,us,us3)) € C we have
a=(0,00 < N()=ui+ul+ui+ui=0

(since if @ = (0,0), then N(a) = 0% + 02 4+ 0% + 0% = 0, and if « # (0, 0) the u; # 0 for some 0 < i < 3, in
which case N(a) = u2 + u? + u3 + u3 > u? > 0). Therefore the conditions a # (0,0) and N(«) # 0 are
exactly equivalent, so

C*={aecC:a#(0,0)} ={a e C: N(a)#0}
Then by part 4.2 we have
a,f€C* <= N(a),NB)#0 = N(af)=N(@)N(pB)#0 = afecC”

so the product operation C' x C' — C restricts to a product C* x C* — C*. We already verified in part 4.1
that the product operation defined on C is associative, hence its restriction to C* is also associative. The
identity in C* is given by the element I = (1, 0), because for any element @ = (a,u) € C we have

Iao=(1,0)(a,u) = (la—0-u,lu+a0+0xu)=(a—0,u+0+0) = (a,u) =
al = (a,u)(1,0) = (a1 —u-0,a0 +lu+ux0)=(a—-0,0+u+0)=(a,u)=a
Finally, I claim that each element o = (a,u) € C* has an inverse element, given by
a”! = (N(a)"'a, ~N(a)"'u)
(note that this is well defined because N(«a) # 0 for every o € C*, so N ()~ ! exists). Indeed, we have

(N(2)"a, ~N(a)"u)
a)"'a—u- (~N(a)"u), a(~N(a)""u) + N(@) " au+u x (~N(a) "))

aa” = (a,u
(aN
(N(@)'a® + N(a)"'(u-u), —=N(a) 'au+ N(a) 'au— N(a) ' (u x u))
= (N(oz)_l(a +u-u), —N(a) '(uxu)) = (N(a)_ (a® + |u)?), N(a)~'0)
= (N(a)"'N(e),0) = (1,0)

)
(

( (
((N(a)'a)a — (=N(a)""a) - u, N(a) 'au+a(—N(a) 'u) + (—N(a) 'u) x u)
= (N(a)"'a* + N(a) '(u-u), N(a) 'au— N(a) 'au— N(a) ' (u x u))
= (N(a) ™' (@®+u-u), —N(a) ' (u xu)) = (N(a) ' (a® + [ul*), N(a)"'0)
()

where we have used above the fact that for any u € R we have u x u = 0. Therefore we have verified that
C* has an associative product operation, and identity, and inverses, so we conclude that C* is a group. H

4. Show that elements o € C with integer coefficients and such that N(«) = 1 form a subgroup of order 8 in C*. This is
the quaternion group.

Proof. From the proof of the lemma under problem 3.2, we know that to prove that the set
S = {a = (ug, (u1,u2,u3)) € C: N(o) =1and u; € Z for 0 < i < 3}
is a subgroup, it suffices to show that .S is non-empty (which is evident because (1, (0,0,0)) € S) and
a,feS = aptes

As such, suppose that o = (ug, (u1,us2,u3)) and 8 = (vo, (v1,v2,v3)) are any two elements of S. Then
because the map N : C* — R is a group homomorphism by the previous part (and S C C*, since S doesn’t
contain any elements of norm zero), it follows that

N(@B™ ") = N(a)(N(B) ' =1-1"" =1



and because u;,v; € Z for all 0 < i < 3 it follows that

aB™" = (uo,u)(N(8)"vo, =N (8)'v) = (uo, u)(vo, =v) = (uovo — u- (=v),uo(=v) + vou +u x (-v))
(uovo + ul,u27u3) (111,1)27@3)7 _UO('UL’U%'U:S) + Uo(u17u27u3) - (u17u27u3) X (11171127?)3))
(uovo +u1v1 + ugv2 + u3vs, (—uov1, —uov2, —uov3) + (U1vo, usvo, uzvo) — (U2V3 — U3V2, UZVL — ULV3, UIV2 — uzm))

= (UOUO + u1v1 + u2v2 + uzvs, (U1Vo — UEV1 + UZV2 — U2V3, U2V — UQU2 + UIV3 — UV, U3Vo — UQU3 + U2V1 — u1U2))

In particular, because every coefficient of a3~ is the sum/difference of products of integers, a3~! also has
integer coefficients. Since it also has norm 1, it follows that a3~! € S, so S is indeed a subgroup. In order
to find all of the elements contained within S, we want to find all of the solutions to the equation

N((“’O) (Ul,UQ,U,g))) = ug =+ U% + U% + U% =1
for u; € Z (0 < i < 3). We cannot have |u;| > 2 for any of the w;, or else we would have
wdtud s +ud > el =P >22=4>1

so we must have u; € {—1,0,1} for all 0 <4 < 3. If two or more of the u; are nonzero (i.e., |u;|, |u;| > 1 for
some 0 < ¢,5 < 3 with ¢ # j), then we would have

u%—i—u%—l—ug—}—u%Zu?+u§=|ui|2+|uj|2212+12=2>1

so at most one of the u; can be nonzero. It is also clear that at least one of them must be nonzero, because if
they were all zero we would have u3 + u? + u3 + u3 = 02 + 02 + 0% + 0% = 0, so we must have that exactly
one of the u; is nonzero. Therefore we must have u; € {—1,1} for some 0 <i < 3 and u; = 0 for all j # 1,
so the only possible elements of S are the elements

(1,(0,0,0)) (-1,(0,0,0)) (0,(1,0,0)) (0,(—1,0,0))
(0,(0,1,0)) (0,(0,-1,0)) (0,(0,0,1)) (0,(0,0,-1))

In fact, one can see that all of these solve the equation u3 + u? + u3 + u% = 1, so all of these are elements of
S. As aresult, S is a subgroup of C* of order 8, with the 8 elements it contains listed above. |

)

Problem 5P. Give examples:
1. of a group G with two minimal sets of generators of different cardinality,
2. of an infinite group generated by two elements.
Proof. Consider the group G = Z x Z under addition, and the sets
A= {(1,0),(0.1)}
B ={(~1,2),(1,2),(2.1)}

Then we claim that the infinite group G is generated by the two elements of A, and that A and B are minimal
generating sets for G of different cardinality. To demonstrate this, we first recall that the subgroup generated by
a set S is characterized (in additive notation) by

(SYy ={n1s1 +nosa+ ...+ ngsg 1 k€N, s1,82,...,8m €S, ny,n2, ...,y € Z}
In particular, G = (A) because for any element (n, m) € G we have
(n,m) =n(1,0) + m(0,1) € (A)
and G = (B) because for any element (n,m) € G we have
(n,m) = (m —2n)(—1,2) + (3n —m)(1,2) + (m — 2n)(2,1) € (B)
It is clear that A is a minimal generating group because, for instance (1,1) € G, yet
(1,1) £ ((1,0)) = {n(1,0) : n € Z} = {(n,0) : n € Z}
(1,1) £ {(0,1)) = {m(0,1) : m € Z} = {(0,m) : m € Z}



(that is, no subset of A generates all of G). Similarly, B is also a minimal generating set because none of the
three elements of B is contained in the subgroup generated by the other two: by determining the unique solution
to each system of linear equations

5 4
(-1,2) =2(1,2) + y(2,1) = x:§,y:f§
3 4
(1,2) = z(-1,2) + y(2,1) = x:g,y:g
3 5
(2,1) =2(-1,2) +y(1,2) = :J::—E,y:z

we find that none of them admit integer solutions, so
(-1,2) ¢ ((1,2), (2,1)) = {n(1,2) + m(2,1) : n,m € Z}

(1,2) ¢ ((—1,2),(2,1)) = {n(-1,2) + m(2,1) : n,m € Z}
(2,1) € (—1,2),(1,2)) = {n(-1,2) + m(1,2) : n,m € Z}

Problem 6. Give an example of a tower of groups K <t H < G such that K is not normal in G.

Proof. Consider the subgroup of the S; (the group of permutations of the set {1,2, 3,4} under composition)

generated by the elements
1—2

2—3
3—4
41

1—1
24
3—3
42

These elements satisfy the relation r* = s = e, which one can readily verify by composing the permutations:
o (1 2 3 4\(1 2 3 4\ (1 2 3 4
T2 34 1)\2341)7\3 41 2
4 o (123 4\ (1 2 3 4 _ (1
7“_(7“)_(34123412_1

o (1 2 3 4\ (1 2 3 4\ (1 2
7\ 4 3 2)J\1 4 3 2)7\1 2

Another relation that we will use in the following calculations is that rsrs = e:
(12 3 4\ /(1 2 3 4\ (1 2
=2 34 1)1 432" \21 43

, (1 2 3 4\/1 2 3 4
rsrs=(s)° =g 1 4 3)le 1 4 3)7

Then consider the chain of subgroups

7 N
—
DN DO wo
w w B
N———
s
N———
Il
o

1

(s) < (r?,5) < (r,s)

(the inclusions are evident because s € (r?,s) = (s) < (r?,s) and r?,s € (r,s) = (r?,s) < (r, s), since the

subgroup generated by a set is the intersection of every subgroup containing it and hence is a subgroup of any
subgroup containing it). By the lemma below, (s) is normal in (r?, s) because, conjugating each element of {s}

by each element of {r?2, s}, we have

2

r2s(r?) ™t = r?sr? = r(rsr)r = r(s)r = s € (s)



s(s)st=s¢€ (s)

(note that above we have used the relations (r?)2 = 7 = e = 1?2 = (r2)7}, 2 = ¢ = s = 571, and

(rsr)s = e => rsr = s~ = s). Similarly, (r?, s) is normal in (r, s) because if we conjugate each element of
{r?, s} by each element of {r, s} we find
r(r?)rt =r% € (r?)s)
s(rt)s™t = sr?s = s(ris(r?) " Hr? = s(s)r* = r? € (r?)s)
rsrt = rsrd = (rsr)r? = (s)r? € (r?,s)
s(s)s P =s¢€ (rs)

However, (s) is not normal in (r, s) because conjugating an element of (s) by an element of (r,s) does not
necessarily yield another element of (s): since s* = e, it follows that s = e if n is even and s™ = s if n is odd, so

(s) ={s":neZ} ={e,s}

If we conjugate the element s € (s) by the element r € (r, s), then we have

,1_(2)_1234 123 4\ (12 3 4
rere =S =1 0403 2)J\3 41 2)7\3 21 4

In particular, this element is not the identity, and it is distinct from
(1 2 3 4
T\ 4 3 2

(s) < (r<,s) < (r,s)

sorsr—t ¢ {e,s} = (s). Therefore

yet
(s) A (r,s)
|
Lemma. Let G be a group, and suppose that A and B are subsets of G such that (4) < (B). If
(Vb€ B)(Va € A) : bab™! € (A) €))
then (A) is normal in (B).
Proof. Given sets A and B satisfying property 1 above, first we show that
(Vb € B)(Va € (A)) : bab™' € (A) 2

Since the group (A) is characterized by
(A) ={araz...ar: k €N, a1,a2,...,ar € A}

(note that the elements a, for 1 < i < k are not necessarily distinct), then for any a € (A) and any b € B we can
write
bab™ = blajay ...ap)b™ = (barb™ ') (bagb™) ... (barb™t)

for some elements a; € A (1 < i < k). Since (ba;b=1) € (A) for all 1 < i < k by property 1 and (A) is closed
under multiplication (since it is a subgroup), it follows that

bab™! = (ba;b™ ") (bagb™') ... (barb™t) € (A)
for any a € (A) and b € B. Now we show that

(Vb € (B))(Va € (A)) : bab~! € (A) 3)



(this is one of the equivalent conditions for normality discussed in class). Since (B) can similarly be characterized
by
<B> = {blbgbk ckeN, by, by, ... by EB}

then for any a € (A) and any b € (B) we can write
bab™' = (biby ... bg_1bg)a(bibe ... bg_1bk) "' =biba...by_1(bgaby )bt .. by b7t

for some b; € B (1 < i < k). By property 2 we have that byab, ' € (A), and similarly by (byab, )b, ", € (A) by
another application of property 2, and so forth until we conclude that

bab~' = by (by...bpab, ' ... by b7 € (A)

Therefore property 3 holds, so as claimed we have (A) < (B). [

Problem 7P. Prove the second isomorphism theorem.

Proof. The statement of the second isomophism theorem in Dummit and Foote reads:

Let G be a group, let A and B be subgroups of GG, and assume A < Ng(B). Then AB is a subgroup of
G,BJ1AB,ANB<A,and (AB)/B= A/(ANB).

First we demonstrate that
AB ={ab:a€ Abe B}

is a subgroup of G by showing that AB is a nonempty subset of G such that
albl,a2b2 € AB — aib; (agbg)_l € AB

(see the proof of the lemma under problem 2P to know why this shoes that AB is a subgroup of G). Because A
and B are both subgroups of G, then e € A and e € B, so it follows that

e=eec{ab:ac Abe B} =AB

and thus AB is nonempty. Next, given any a1b;, asbs € AB (where a1, as € A and by, by € B), the fact that A is
a subgroup means that
a,as € A — alagl cA

and the fact that B is a subgroups means that
bi,bp € B = bb,' €B
Because every element of A normalizes B (since A < Ng(B)), then
ag € A, biby' € B = ay(bib; ay' € B

Therefore
a1b1(a2b2)_1 = (11b1b2_1a2_1 = (alagl)(agblbglagl) € AB

Thus AB is indeed a subgroup of G. Next, it is clear that B is a subgroup of AB because B is a subgroup of G
(i.e., B contains the identity and is closed under inverses and multiplication) and a subset of AB: because e € A,

B={eb:be B} C{ab:ac A,be B} =AB
That B is normal in AB follows because for every element b € B and any element ayby € AB we have
(aobo)b(aobo)il = ao(bobbal)aal

Because bobb, ' € B (since B is a subgroup) and B is normalized by every element of A, it follows that
ao(bobby 1)a5 '€ B, so B is also normalized by every element AB and hence B is normal in AB. As a result, the
quotient group (AB)/B is well-defined, so we can consider the map f : A — (AB)/B given by

fla) =aB

10



for a € A (where ae € AB because ¢ € B, so aB = aeB € (AB)/B). That f is a homomorphism follows from
the induced multiplication in the quotient group

fla1)f(az) = (a1B)(a2B) = (a1a2)B = f(a1az2)
This homomorphism is also surjective, because for any coset abB € (AB)/B (with a € A and b € B) we have
abB = aB = f(a)

(note that above we used the fact that bB = B <= b € B) Because the identity in (AB)/B is the coset eB = B,
the kernel of this map is

ker f={acA: f(a) =eupy/p}={acA:aB=B}={acA:acB}=ANB

In particular, because A N B is the kernel of the homomorphism f : A — (AB)/B, it follows that AN B is a
normal subgroup of A, and by applying the first isomorphism theorem we have

A/(ANB)=A/ker f 2 im f = (AB)/B

Problem 8P. Prove the third isomorphism theorem.

Proof. The statement of the third isomorphism theorem in Dummit and Foote is

Let G be a group and let H# and K be normal subgroups of G with H < K. Then K/H < G/H and
(G/H)/(K/H) = G/K

Since H and K are both normal subgroups of GG, then we can form the quotient groups G/H and G/K and
consider the map f : (G/H) — (G/K) defined by

f(gH) = gK
First, note that this map is well defined: because H < K we have
g H=gH <<= gfngEH = gflggeK — ¢gK=¢pK

Thus if g1 H = goH, then f(g1H) = g1 K = g2 K = f(g2H). This map is also a group homomorphism, because
for any g1 H, goH € (G/H) we have

f(g1H) f(g92H) = (01 K)(92K) = 9192 K = f(g192H)
and it is clearly surjective because for any coset g K € (G/K) we have
9K = f(gH)
The kernel of this map is given by
ker f ={gH € (G/H) : f(gH) = eq/x} = {9H € (G/H) : gK = K} = {gH € (G/H) : g€ K} = K/H
In particular, it follows that K /H is a normal subgroup of G/H, and by the first isomorphism theorem we have

(G/H)/(K/H)=(G/H)/ker f 2im f = G/K

11
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Problem 1P.

Let G be a p-group, and H be a non-trivial normal subgroup of G. Show that H N Z(G) # 1.

Proof. Let |G| = p* for some prime p and some integer k > 1, and consider the action of conjugation of G on
H (that is, the map * : G x H — H given by g * h = ghg~!). Note that this map does indeed have the given
codomain, because the fact that H is normal in G means that ghg~! € H for all h € H, and it is indeed a left
action because for all h € H and for all g;, go € G we have

exh=che ' =h
g1 % (92 h) = g1 % (9295 ) = 9192hg5 97" = (9192)h(g192) " = (g192) * h
Then, since the center of G is defined by
Zg={recG:(VgecqG)gzgt =2a}
and the orbit of h € H is defined
Orb(h) ={g*h:g€ G} ={ghg ' : g € G}
it follows that the orbit of h € H is trivial (that is, the Orb(h) = {h}) if and only if h € (H N Z¢). Indeed,
{he H:0rb(h) ={h}} ={he H:{ghg™': g€ G} ={h}}
={heH:(VgeG)ghg ' =h}={heH:heZs}=HNZg

Then, if we let S be a set that contains exactly one representative of each nontrivial orbit, we have by the class
formula
|H| = |H N Ze|+ > |Orb(h)| = |H N Zg| + > |G : Stab(h)]
hes hes

Because Stab(h) is a subgroup of G for each h € S, then the fact that the order of Stab(h) must divide |G| = p*
means that | Stab(h)| = p™ for some integer 0 < n < k. Since the orbit of & is nontrivial for all 4 € S, then
| Orb(h)| = [G : Stab(h)] = |G|/| Stab(h)| # 1, so we cannot have | Stab(h)| = |G| = p* in particular, thus
0<n<kand .

. _ |G| _ b ke

[G : Stab(h)] = Stab(h)] — p7 D

That is, p divides [G : Stab(h)] because k — n > 0. On the other hand, because H is also a subgroup of G, then
the order of |H| also divides |G| = p* and thus |H| = p™ for some 0 < m < k. Since H is a nontrivial subgroup
of G, then |H| # 1, so 0 < m < k and in particular p divides |H| = p™. Then because p divides all of the terms
on the right side of the equation

|HN Zg| = [H| - _[G : Stab(h)]

hes

it follows that p divides |H N Z¢|, and in particular |H N Zg| # 1. [

Problem 2.
Let p, ¢ be prime numbers.
1. (2.1P) Show that Aut(Z /qZ) ~ Z /(¢ — 1) Z.

Proof. To begin, we note that every group homomorphism f : Z /qZ — Z /qZ is determined entirely by its
action on the element [1] € Z /q Z, because for any element [n] € Z /qZ we have

f(Inl) = f(n[1]) = nf([1])

2. (2.2P) Classify all groups of order pq.
Proof. |



Problem 3.

(Sylow subgroups of symmetric groups)

(1). What is the order of a Sylow 2-subgroup of Sy»?

Proof. The order of the Sylow 2-subgroup of Sy is 2¥», where k,, is the largest natural number such that
2k divides |Son | = (2™)!, or equivalently the number of factors of 2 contained in the prime factorization of
(2™)!. Then, viewing k,, as a function & : N — N that maps the integer n to precisely the aforementioned
value of k,,, we note that

kn+1 =2"+ kn

This follows because the number of factors of 2 in the prime factorization of (2"*1)! the same as the number
of factors of 2 in the prime factorization of only the even factors of (27*1)! (since the odd factors contain no
powers of 2): that is, the number of factors of 2 in

on on

II @)=Ile)=2"]]i=2"e"!

1§2j§2"+1 =1 =1

This contains 2" factors of 2 plus the number of factors of 2 in (2")!, thus ¥"*! = 2" + k,, as claimed. We
further claim that
kp=2"—-1

which follows readily from induction. In the base case of n = 1, then (2!)! = 2! = 2, so clearly k; = 1
because there is exactly one factor of 2 present, and if k,, = 2" — 1 for some n € N then we have that

Therefore the order of the Sylow 2-subgroup of Sy- is

okn _ 92" —1

(2). Give an explicit description of a Sylow 2-subgroup of Son.

Proof. First, note that So» can be naturally represented via the group Ps,, of 2" x 2" permutation matrices
(matrices that contain exactly one unit element in each row and column and zeros everywhere else) under
matrix multiplication. Indeed, we can form a map p : San — Pa» by

p(fi =M= f0G)] (A <ij<2")

where f € Sy is a bijection of the set {1, 2,...,2"} with itself and I[P] is the indicator function which, given
a proposition P, equals 1 if P is true and 0 if P is false. Note that this map does indeed have the claimed
codomain: for each column jj there is exactly one value of i satisfying i = f(jo) because the function must
be single-valued, and because f is a bijection and thus has an inverse, for each row i, there is exactly one
value of j satisfying io = f(j), namely j = f~!(i). Thus for any f € Sz~ we have that each row and each
column has exactly one entry equal to 1 and all other entries equal to 0, thus p(f) € Py~. Then, taking any
f»g € San, let us verify that this is a group homomorphism:

gn gn
(0(HNP@)); =D (p(N) 1 (P(9)),; = D li = f(R)] L[k = g(j)]
k=1 k=1
Note that the product of the indicator functions I[P] and I[Q] is the same as the indicator function I[P A Q)],
because
I[PII[Q]=1 <= IPl=1land Q=1 <= PAQ <<= IPAQ]
Therefore

(0(He(9));; = D Ui = f(R)Ik = g(j)] = Y 1li = f(k) Ak = g(j)]
k=1 k=1



Now suppose for some particular ¢ and j that i = f(g(j)). Then & = g(j) is the unique value of &
satisfying ¢ = f(k) and k = g(j), in which case there is exactly one nonzero term in the sum and thus
Zizl I[i = f(k) ANk = g(j)] = 1. On the other hand, if i # f(g(j)) for some i and j, then there is no value
of k satisfying ¢ = f(k) and k = g(j) without contradicting that i # f(g(j)), so every term in the sum is zero
and thus 7, I[i = f(k) Ak = g(j)] = 0. That is,

(0l0) = D216 = kINk = 005 = {é i 2 e =Tl = 16 =16 = (F0))] = plFos)s

One can also verify that this homomorphism is injective by showing that the kernel is trivial. Suppose that
p(f) =1 for some f € Syn: that is, suppose

From the equality of the indicators on the far left and far right of the above equation, we have for all
1 <4,j < 2™ that
i=f() = i=j

In other words, f(j) = j forall 1 < j < 27, so f is exactly the identity permutation on {1,2,...,2"}. From
this, we can also conclude that p is surjective, because the cardinality of Sy» and P, are the same (and both
finite) and p is an injective map from Sy~ to Py». To see this, note that, if we build each permutation matrix
column by column, there are exactly 2" choices for the location of the 1 in the first column, and because we
cannot place the 1 in the second column in the same row as the 1 in the first column there are 2" — 1 choices
of where to put the n in the second column, and 2™ — 2 choices for the third column and so forth. Thus

|Pon| = (27)(2" = 1)(2" = 2) ... 3)(2)(1) = (2")! = |S2n|

In fact, that p is surjective and respects the multiplication law in Sy» retroactively justifies the assertion that
Pyn is a group, because for any matrix A € Py» we have that A = p(f) for some f € Son, in which case

(P(f)/)(ffl))ij =p(fo fﬁl)ij = p(id)ij =1[i =id(j)] =1[i = j] = 5:‘]‘ = I

(p(f7NP(f); = p(F 1 0 fij = plid)yy = 1[i = id(j)] = Ii = j] = &;; = L

(that is, the matrix p(f~!) is the inverse of the matrix p(f)). Then since Son = Pn, it suffices to find a Sylow
2-subgroup of P,». Then define what we will call a 2" block matrix recursively as follows:
1. A 2! block matrix is a matrix of the form

bt e [

2. For integers n > 1, a 2" block matrix is a matrix of the form

A 0 or 0 A
0 B B 0
where A and B are 2"~! block matrices.

Note that a 2" block matrix is a 2" x 2" matrix (a 2! block matrix is a 2 x 2 matrix, and the dimensions of a
2" block matrix are twice the dimension of a 2" ! block matrix). We can also see inductively that these are
indeed permutation matrices: clearly every 2! block matrices are have exactly one unit element in each row
and column and zeros elsewhere, and assuming that every 2"° block matrix has exactly one unit element in
each row and column and zeros elsewhere for some ng € N, it is clear that the same is true of any 2m0+!

block matrices
A 0 or 0 A
0 B B 0

(because every column contains exactly one column of one of A and B and zeros everywhere else, and every
row contains exactly one row of one of A and B and zeros everywhere else, and each column and row of A
and B contains exactly a single 1 and zeros everywhere else by the induction hypothesis). Furthermore, it



follows by induction that multiplying two 2™ block matrices produces another 2" block matrix: in the case of

n = 1, we have [(1) ?H ﬂ—[ﬁ’ (1)] [(1) (ﬂ_[(l) ﬂ

10 1] _fo 111 o] fo 1

0 1 0f (1 o]0 1] |1 O
and suppose that for some ng € N that we have that every product of two 2™ block matrices is a 2™ block
matrix. Then any product between two 2™+ block matrices must have one of the following forms:

O e R | R 8

A o0 C| _ |0 AC Al |lC o] |0 AD
[ BHD 0}[31) o} {B OHO D}{BC 0]
The matrices AC, AD, BC, and BD are all 2™ block matrices by the induction hypothesis, so all of the
above products are 20! block matrices by definition. In particular, because the set By~ of 2" block matrices
is a set of 2" x 2™ permutation matrices, we have that By» C Py, and because By« is a nonempty subset
of the finite group P~ that is closed under multiplication, it follows that By is a subgroup of P,» by the

lemma below. Now we claim that the order of B, is exactly 22" ~!, which we prove by induction. In the
case of n = 1, there are only two 2! block matrices, namely

o 3] e )

1
|Boi| =2 =22 "1
= 22"°~1 for some ny € N. Then the set B,.,+: can be partitioned in matrices of

b5

5o

for A, B € Bsno. The number matrices of the former type is exactly equal to the number of possible
combinations of choices for A and B in Ban,, namely

S =

—= O

o
o

o
o

thus

Next, suppose that | Bano
the form

and matrices of the form

|B2"0 ||Bgno| = 22”/07122”071 = 22(211/071) == 22n0+172

and the number of matrices of the latter type is equal to the same. Thus the total number of 2" *! block
matrices is given by

|Bgno+1| = 22"0+1—2 + 22"0+1—2 _ 2(22"0+1—2) _ 22"0+1—1
277,0 —_— p— =

Thus By~ is a subgroup of Py» 22 Sy with cardinality 22—, so By is exactly the Sylow 2-subgroup of Py
and hence is isomorphic to the Sylow 2-subgroup of Son.
[ |

Lemma. Let G be a finite group, and suppose that S is a nonempty subset of G that is closed under multiplication.
Then S is a subgroup of G.

Proof. Since we already know that S is closed under multiplication, all that remains in order to show that S
is a subgroup is demonstrating that it is closed under inverses and contains the identity. In order to show the
former, let a be any element of S (at least one such element exists by the fact that S is nonempty). Then
the order of a is finite (otherwise the cyclic subgroup generated by « in G would contain infinitely many
elements, contradicting the fact that G is finite), so there is some n > 1 such that a™ = e. Because S is
closed under multiplication, it follows that e = a™ € S because a € S. Thus we know that S contains e and
hence e~! = ¢, so in order to show that S contains the inverse of every other element as well, suppose that
a # e. Then n > 2, in which case n — 1 > 1 and thus "~ ! is also contained S, where a" ! satisfies

an—la — aan—l — CL” —e

That is, a=! = a®~! € S. Thus S is a subgroup of G.



Problem 4.

Let I, be a finite field of p elements. (Here, p is a prime. The finite field F,, coincides with Z /pZ as an abelian group. The
non-zero elements in Z /pZ also form a group with respect to multiplication mod p. Hence, in F,, we can both add and
multiply, and these operations are “nicely” compatible. This allows to consider matrices over I, the same way we consider
matrices over C.)

(1). Find the order of the finite group GL,, (F,) def {invertible n x n matrices over F,}.

Proof. Let [n] denote the equivalence class n + pZ in the field F, = Z /pZ, and let M,,(F,) denote the set
of all n x n matrices with entries in [F,,. Note that there exists a matrix that acts as the identity under the
operation of matrix multiplication in M, (F,), namely the matrix

Lij = [045]

for 1 <i,j < n, where ¢;; is the Kronecker delta

. 1 ifi=y
5ij_H[Z_]]_{0 if i j

For any matrix A € M, (F,) with entries [a,;] for 1 <4, j < n, the matrix I satisfies

(TA)ij = > InAig = Y _[0ullars] = Y_[diwans] = Z Oinak;] = laig] = Ajj
k=1 k=1 k=1
ZAzkaj = Z [air][0k;] = Z[%k%;‘] = [Zaik&cﬂ = [ai;] = Ay
k=1 k=1 k=1

For any column vector a € I} with entries [a;] for 1 < j < n, the identity matrix also satisfies

n

(la); = Zlijaj = Z ijllas] = Z [6ija;] = Z‘Sm% a;] = a;
=1 j=1 =

j=1

Then we claim that a matrix A € M, (F,) is invertible (i.e., there is a matrix A~! € M, (F,) such that

A"'A = AA~' =) if and only if its column vectors a;, ay, ..., a, € F, are linearly independent (that is,
if and only if [\]a; 4+ [AoJag + - + [ApJan = 0 = [\1] = [Ao] = -+ = [An] = [0]). Of course, if we write
= H)\l}? [A2]7 vy [)\n]]T S ]FZ, then

Ax = [Mlag + [Ao]ag + - + Ay ]a,
so the columns of A are linearly independent if and only if
Ax=0 = x=0
For the forwards direction, suppose that A is an invertible matrix: then for any x € I, we have
Ax=0 = x=Ix=(AT1A)x=A4"1Ax)=A4"'0=0

and hence the columns of A are linearly independent. For the reverse direction, suppose that columns of A
are linearly independent: then the map T': F;, — I} given by T'(x) = Ax is injective, since

T(x)=T(y) = Ax=A4Ay = Ax-Ady=Akx-y)=0 = x-y=0 = x=y

Since I}, is a finite set (it has cardinality |F, | = [F,|* = p"), then any injection from T : F, — F is
necessarily also a surjection, so in particular for each column ey, ey, ..., e, € [ of the identity matrix there
is some vector b; € IFZ such that

Abi =€;

Then we can construct the matrix B = [by by --- b,] € M, (F,) with the property

AB:A[blbg bn]:[Abl Abg Abn]:[eleg e"]il



Note that B also has linearly independent columns, since
Bx=0 = x=Ix=(AB)x=A(Bx)=A0=0

so we can construct a right inverse C' for B as well using the same procedure. Then, since BC' = I, we have
BA = BAI = BA(BC) = B(AB)C = BIC = BC =1

so B is the left inverse of A as well, thus B = A~! and hence A4 is invertible.
Since a matrix A € M,,(IF,) is invertible if and only if its columns are linearly independent, then the number
of invertible matrices | GL,,(F})| is exactly the number of ways that we can choose the n columns of a matrix

so that they are linearly independent. To do this, we note that if {a;,as,...,a,,} is a nonempty set of
linearly independent vectors in [F;; and a,, ;1 is any arbitrary vector in [F;;, then

p
{a1,a2,...,am,a,1} is linearly independent <= a,,41 € span{aj,as,...,an}
where we define
span{a, ag,...,an,} = {{M]ar + [AoJas + - - + [An]am, : [M], [Aa], ..., [Am] € Fp}
First, we prove
{a1,...,am+1} is not linearly independent <= a1 €span{ay,...,a,}
If a,,41 € span{ay,...,a,}, then there exist some coefficients [A{], [A2], ..., [\n] € F,, such that
Amt1 = [M]ar + [A2]ag + - -+ [An]am

Then we have that
[Ai]ar + [AoJag + - + [An]ay, + [—1]amer =0

while not all of the coefficients [A1], ..., [\n], [—1] are zero, so in particular the vectors {ay,...,a,,+1} are
not linearly independent. Next we prove

{a1,...,am+1} is not linearly independent — a,,y1 € span{ay,...,a,}

Because the vectors {ay,...,a,,;1} are not linearly independent, then there is some nontrivial solution to
the equation
[Mlar + [Ao]ag + -+ + [An]am + [Mny1]amir =0

(that is, with not all of the coefficients [\{], ..., [An], [Am+1] equal to zero). Then we cannot have [\,,41] =
[0], or else it would be true that the coefficients [\],...,[)\,,] are not all zero, yet satisfy

[A]ar + [Ao]ag + -+ [An]am, =0

contradicting the fact that the vectors {ay, ..., a,,} are linearly independent (i.e., the only solution to the
above equation is the trivial solution of [\1] = [A2] = --- = [A,] = [0]). Thus [A,,+1] is nonzero, so it has a
multiplicative inverse and thus we can write

Amti]amsr = —[Ai]a; — [Ao]ag — - — [y ]an,
2
amt1 = — A1) T Palar = D] T AeJaz — o = ] T A]am
and so a,, 41 € span{ay,...,a,}. Also note that every (nonempty) subset of a linearly independent set is
linearly independent and every superset of a (nonempty) linearly dependent set is linearly dependent. Since
both of these statements are logically equivalent, we prove the latter: suppose that the set {vy,vs,...,vs}
is a linearly dependent set of vectors in I}, and consider any superset {v,...,Vk, Vki1,. .., Vs }. Since the
vectors {vi,..., v} are linearly dependent, then there are some coefficients [\{], [\2], ..., [A\x] € F), that are

not all equal to zero such that
[/\1]V1 + [)\2]V2 + -+ [)\k]Vk =0



Then we have
A)Jvi + [Ao]ve + - 4+ [Ae]vi + [0] Vg + [0]vego + - + [0]vy, = 0

where not all of the coefficients [\], [A2], ..., [A],[0],[0],...,[0] are zero, which would be impossible if
the set {vy,..., Vg, Vkt1,..., Vi } Was linearly independent. What all this demonstrates is that every set n
linearly independent vectors can be chosen one at a time so that all of the vectors chosen thus far are linearly
independent at each step (which is the case if and only if the vector we add at each step is not contained
within the span of all of the previous vectors), and in fact it is necessary that the vectors previously chosen
be linearly independent at each step in order for the resulting set of n vectors to be linearly independent.
The number of possible ways of choosing the first vector v, € ) is given by

| Fp MO} = [Fp | = [{0}]

(since the zero vector is necessarily linearly independent by itself, because, for instance, [1]0 = 0 yet
[1] # [0]), the number of possible ways of choosing the second vector v € ;) is given by

| Fp \span{v1}| = [F; [ — [span{v1}|

and so forth, with the number of way of choosing the mth vector (for m < n) is given by

|y \span{vi,va,..., Vi1 }| = |F) | — [span{vi,va,..., Vi 1}
We claim that given any set of linearly independent vectors {v1, va, ..., v,,_1}, the function
f: IF;”_l — span{vy,..., Vy_1}
given by
Sl el - [Am—al) = [alve + [Ae]ve + 4 A1 ] Vi
is a bijection of sets. Note that f is manifestly surjective, because by the definition of the span we have
span{vi,va,...,Vpm—1} = {[A]vi + [Ae]ve + -+ A1 Vi—1 M) Ao, oy [Ammi] € Fp}
= {MIvi+ - A Pl s (M nea]) € B = f(FT)
Its injectivity follows from the linear independence of the vectors {vy,...,v,,—1}: if we have
f(als - Pmaal) = f([pals - lm—a])
for some ([Ad],...,[Am—1]), ([ua],- - ., [tm—1]) € F' "', then we have

[)\1}V1 + [)\Q}VQ + ...+ P\m71]Vm,1 = [,U,l]Vl + [/JQ]VQ + ...+ [/mel]vm,1

A3
(A1) = D) va + (2] = [p2])va + oo + ([Am—1] = [#m—1])Vi—1 =0
U
M) =[] = [Ao] = [p2] = -+ = [Am—1] = [m—1] = [0]
(3
(p‘l}’ [)‘2]7 ) [)‘m—l]) = ([Ul}’ [/JJZ]? ) [Mm—l])
Therefore
|span{vi,va,...,Vip_1}| = |IFZL_1 |
and so
|Fy | = {0} = |Fp[" — {0} =p" —1

and

|Fp [ —[span{vy, ..., v} = |Fy | = [F) 71 [ = | F, " — |Fp [ 7H = p" —p™ 7t
Thus the total number of ways of choosing the n columns of a linearly independent matrix is given by

n—1

P =" —p)@" —p*) - " —p" " —p ) = _H(p” —p')

which is the same as the cardinality of | GL, (F,)|.



(2). Show that the subgroup of strictly upper triangular matrices, U, (F,), is a Sylow p-subgroup in GL,,(F),). Is it unique?

Proof. Every strictly upper triangular matrix has the form

(1] fai2] [a13] [awa] -+ [e1e—1)]  [a1n]
0] [ [azs] [a2a] -+ [agm—1)]  [a2x]
0] [o] [ [aza] - [azm-1)]  [a3n]
[0 [o] [o] [1] ©Jagm—ny]  [aan]
[ [0 [o] [0O] .- (1] [a(n—1)n]
Loj [0 o] [o] - [0] (1]

for some arbitrary entries a;; for 1 <i < j < n. There are (n*> —n)/2 = n(n — 1)/2 pairs of natural numbers
(i,7) satisfying 1 <i < j < n (because the number of entries strictly above the diagonal of an n x n matrix
is half of the number of entries that off of the main diagonal, and there are n x n = n? total entries and n
entries on the diagonal), and each such entry could take any value in the field IF,,, so the number of matrices
of this form is given by

n(n—1) n(n—1)

|[Fp| 2 =p 2

Note that every matrix of this form is necessarily invertible, because its columns are linearly independent,
because each column is not contained in the span of the preceding columns. Each of the column vectors
aj,as,...,a,_1 only have nonzero entries in the places 1 through m — 1, so the same goes for any vector in
their span (that is, any linear combination of them). The vector a,,, however, has a nonzero element in the
mth entry, so it cannot be contained in the span of the previous vectors. Thus the order of set of strictly
upper triangular U, (F,) is in fact a subset of GL,,(F,) with cardinality

n(n—1)

Un(Ep)| =p~ =
As for demonstrating that this is the highest power of p

n—1

|GL,(Fy)| = [[ " —»")

=0

note that the highest power of p dividing each of the factors (p” — p*) = p'(p"~* — 1) is exactly p’ (since
(p"~* — 1) doesn’t contain any additional factors of p for 0 < i < n — 1, because p divides p"~* and so
(p"~" —1) = —1 # 0 mod p), so the number of factors of p in | GL,,(F,)| is

n—1

n(n —1)
2

7;:

Il
o

%

Thus in order to conclude that U, (F,) is a Sylow p-subgroup of GL,,(FF,), all that remains to prove is that it
is in fact a subgroup. We already know that it is a nonempty subset of the finite group GL,,(F,), so by the
lemma below problem 3.2 it suffices to prove that U, (F,) is closed under multiplication. To that end, let A
and B be two matrices in U, (F,) with entries [a,;] and [b;;], respectively, satifying

[aii] = [b“] = [1] for all 1 < ) <n

[aij} = [b”] = [O] forall 1 < ] <1<n

Then for all 1 < ¢ < n we have

(AB)i; = ZAikBki = Z[aik][bki] =( 3 [air][bri]) + [ai][bii] + ( Z [air] [bri))
k=1 k=1 k=1 k=it1
= ( Z[O] (o] ) + [1][1] + ( Z [aix][0]) = [1]
k=1 k=i+1
because [a;x]=0 because [by;]=0
fori>k for k>i



Similarly, for all 1 < j < ¢ < n we have

(AB)ij = ZAzk:Bkj = Z[azk][bkﬂ = (Z[am}[bm]) + ( Z [air] [bri])
k=1 k=1 k=1 k=j+1
= (D _0lfbk] )+ (D laul0]) = [0]
k=1 k=j+1
because [a;]=0 because [b,;]=0
fori>j>k for k>

Therefore AB is also strictly upper triangular, so U, (F,) is closed under multiplication and hence is a
n(n—

subgroup of GL,,(FF,). Since the order of a Sylow p-subgroup of | GL,, (F,)| is p~ = = , we conclude that
U, (F,) is a Sylow p-subgroup of GL,,(FF,).

(3). Let A, B be two commuting n x n matrices over F, of order p (that is, A? = B? =1d,, and [A, B] = 0). Show that
there exists a matrix S € GL,,(F,) such that both SAS~! and SBS~* are upper-triangular (in other words, A, B can
be simultaneously conjugated into upper-triangular form).

Proof. Because A and B both have order p, then the cyclic subgroups (A) and (B) both have order p, and
hence the order of the subgroup
(A)N(B)

must divide p because it is a subgroup of both (A) and (B). Since p is prime, the only natural numbers
dividing p are 1 and p. In the case that |(A) N (B)| = p we must have that

(4) = (A n(B)) = (B)

(since (A) N (B) is a subset of the finite set (A) with the same cardinality, and similarly it is a subset of the
finite set (B) with the same cardinality). In particular, B € (B) = (A), so we must have

<A7 B> = <A>

(that (A, B) D (A) follows because (A) is a subgroup of any subgroup containing A, and that (A, B) C (4)
follows because (A, B) is a subgroup of any subgroup containing both A and B). Therefore

(A, B)| = [(A)| =p
if [(A) N (B)| = p, and (A, B) is a p-group.
Now consider the case of |(4) N (B)| =1 (thatis, (4) N (B) = {I}). Since A and B commute, then (A, B) is

characterized by o
(A,B) ={A'B’ : 1,5 € N}

(we can move all of the factors of A in any finite product of the matrices A and B to the front without loss
of generality). Then we claim that the map f : (Z /pZ) x (Z /pZ) — (A, B) given by

£ 1) = A'B?

is an isomorphism. First, we verify that this map is well defined. Suppose [i1] = [i2] and [j1] = [j2] for some
coset representatives i1, i» and j1, jo. Then

hWH+pl=ig+pl — —i1+is+pZl=p7Z —> —i1+is€pZl =—> —ii+iy=npforsomencN
NHPL=ja+pl = —jit+i+pl=pl = —ji+j2€pl = —ji+js=mpforsomem cN
SO
f([22]7 [32]) — A2 Biz — Ahrt(—iiti2) giit(=jit+i2) — gér+tnp girtmp
— A1 AnP BI1 BMP — Ah(Ap)nle(Bp)m — Alrpiipm — A% B — f([21]7 [j ])



We also verify that f is indeed a homomorphism: for any elements ([i1], [j1]), ([¢2], [J2]) € (Z /pZ) x (Z [pZ),
because A and B commute we have

Pl ) + (liz]s a])) = F((in +ia), [ + o)) = A1z B
= AT AR BB = AN B AR B = f([ir], [ja)) £ ([iz), [j2])

Next, we note that f is manifestly surjective, because for any element A°B’ € (A, B) we have f([i], [j]) =
A'BJ. Finally, we verify injectivity by demonstrating that the kernel of f is trivial. Suppose that

Fa, ) =A'B =1
Then . 4 .
A'=1IB77 =B/
is contained within both (A) and (B), so because (A) N (B) = {I} we have
A'=B7=1

Because |A| = |B| = p, we must then have that i = np for some n € N and —j = mp for some m € N, in
which case [i] = [np] = [0] and [j] = [-mp] = [0], thus the kernel is trivial as claimed. Therefore, since an
isomorphism is also a bijection of the underlying sets, we have

(A, B)| = (Z /pZ) x (Z [pZ)| = |Z /pZ||Z /pZ| = |Z [pZ|* = p°
In particular, (A, B) is a p-group in this case as well.
Since (A, B) is a p-group in every case, by the second Sylow theorem we have that there is always some

Sylow p-group P < GL,(F,) containing (A, B). Because U, (F,) and P are both p-Sylow subgroups, they
are conjugate to each other: that is, there exists some matrix S € GL,,(FF,) such that

U, (F,) = SPS™*
Then, since
A, Be(A,B)CP

we have that
SAS™1. 8BS e spst = Un(F)p)

In particular, for the matrix S € GL,,(F,) we have that SAS~! and SBS~! are both in upper triangular
form.

(4). Is this still true if A, B do not commute?

Proof. It is not true in general if A and B do not commute. Consider the group GL,(F2) (that is, taking
n = 2 and p = 2), and the matrices

Noting that for any element n € Fy = (Z /2Z) we have [n] + [n] = [2n] = [2][n] = [0][n] = [0] (that is, every
element is its own additive inverse), we can readily verify the following relations

S EIERE
o [ W0 B-[3 8
oa- [ B B1-[5

10



That is, A? = B? = I and AB # BA. Note that by problem 4.1, GL,(F2) only contains (22 — 1)(2? — 2) =
(4—1)(4 —2) = 3-2 =6 elements, which one can confirm are those listed below:

o B0 -8 s~ e
oo B B M- e oo R 618 8-

D '=E and E'=D

Then we can simply show that for every matrix X € GLy(F5), at least one of XAX ! and XBX ! is not
upper diagonal. Consider conjugating B by I, A, and B and conjugating A by C, D, and E:

cact—cac=[of B[ &) [ B L) R) 5 B - (i) 6]
pa==par =i il o G [0 o - 67 W) [ o - (3} G
e =eap= [ ] o ] 5 B - [ o] (6 8] - [} bl

None of the resulting matrices are upper triangular, so we have provided a counterexample. [ |

11



Bashir Abdel-Fattah Assignment 2

1777869 Math 504 2020/11/16

Problem 1.
Prove that (p;f‘) is not divisible by p, a prime, if (m,p) = 1, and « is a positive integer.

Proof The binomial coefficient (p;Z”) is given by

<pam> = (p®m)! @ m)ptm = ) m—2) - (pm—pt 1)y ptm
pe (p*)!(p®m — p*)! () (p* =) (p* —2)--- (p* —p* + 1) bl
If one considers the prime factorization of both the numerator and denominator of the above fraction, one sees
that p divides (”p;") if and only if there are some factors of p in the prime factorization of the numerator that are
left un-canceled by the prime factorization of the denominator. However, there are no excess factors of p in the
numerator relative to the denominator, because for each of the terms (p*m — i)/(p® — i) the same factor of p
divides both the numerator and denominator. First, we note that p" divides neither p*m — i nor p* — 4 for any

n > a: in the case of p® — i, clearly p™ cannot divide p® — i because
p*—i<p" <p"

In the case of p®m — i, in order to have that p” divides p*m — i, then for some integer k € Z we must have

pam = kpn _ kpn—apa
4
p(m —kp"™*) =i

That is, since m — kp™~¢ is an integer (since n > a), we have that p® divides i. The product only runs over the
indices 0 < i < p* — 1, and if 1 < i < p® — 1 then clearly p* doesn’t divide 4, so this is only possible if 7 = 0.
However, p™ doesn’t divide p®m — ¢ = p®m when ¢ = 0 because a < n and m is coprime to p (it doesn’t contain
any factors of p in its prime factorization). Therefore p" doesn’t divide p* — i or p®m — ¢ for any n > a, so now
consider the case of 1 < n < a. Then both p®m and p® are zero mod p", so we have

p'm—i = —i = p* —1i mod p"

and thus p" divides p® — 7 (that is, p* — i = 0 mod p™) if and only if p" divides p*m — ¢ (that is, p®m — i =0
mod p™). That is to say, exactly the same power of p divides both the p® — i and p*m — 4, so the factors of p in
the numerator of (” ") are in one-to-one correspondence with the factors of p in the denominator. Therefore

e
pim
p / ( >

pa

whenever ged(n, p) = 1. |

Problem 2.

Let H < G be a subgroup. Show that the normalizer Ng(H) = {g € G|gHg~! = H} is the maximal subgroup of G in
which H is normal.

Proof. First, we show that Ng(H) is a subgroup of G. We have that e € Ng(H) because eHe ' = H, and
because
gHy'=H <= g¢H=Hg <= H=g 'Hg

then for any g € Ng(H) we have that

g 'H(g ) '=g'Hg=H



and thus g=' € Ng(H). Finally, if g1, g2 € Ng(H) (thatis, g1Hg;' = H and g, Hg, * = H), then

(9192)H (9192) " = 91(92Hgs g7 ' = uHgy ' = H

S0 g1g2 € H. Therefore N (H) contains the identity and is closed under both multiplication and inverses, it
follows that N¢(H) is a subgroup of G. We also note that H is contained in N (H), because for each element
h € H we have

hH =H = Hh
¢
hHh ™' = H

and thus h € Ng(H).
Now consider any subgroup K of G such that H < K. Then, by the definition of normality, for all £ € K we have

EHE ' =H

so in particular k € Ng(H). Therefore K C Ng(H), so because Ng(H) is a subgroup that H is normal in
that contains every other subgroup that H is normal in, No(H) is the maximal subgroup that in which H is
normal. u

Problem 3.

Let H be a subgroup of G of index 2. Show that H is normal.
Proof. In order to demonstrate that H is normal in G, we wish to show that for all g € G we have
gH =Hg

To do so, we note that the set of left cosets partitions the group, so since we know that eH = H is one of the left
cosets and there are only two left cosets in total (since the index of H in G is 2), then the other left coset must
be G'\ H. Similarly, the set of right cosets must consist of He = H and G \ H. Now let g be any element of the
group G. Since we have that

gH=H <+— geH

and similarly for right cosets
Hg=H <+— ge€H

it follows that if ¢ € H we have
gH =H =Hg

and if ¢ ¢ H we have
gH =G\ H=Hg

Thus in every case we have gH = Hg, so H is normal in G.

Problem 4.

Let G be a finite group, and H <1 G be a normal subgroup. Suppose (|H|, [G : H]) = 1. Show that H is the ONLY subgroup
of G of order |H|.

Proof. Given a finite group G and a normal subgroup H < G such that ged(|H|,[G : H]) = 1, let K < G be
any subgroup of order |H|. Let 7 : G — G/H be the canonical projection g — gH, and consider 7(K). Since
7(K) is the image of a subgroup under a group homomorphism, it follows that =(K) is a subgroup of G/H,
so by Lagrange’s theorem we have that |7(K)| divides |G/H| = [G : H]. Furthermore, consider the restriction
7|k : K — w(K), which is a surjective group homomorphism from K to 7(K). Because the kernel of the
canonical projection 7 : G — G/H is exactly H (since 7(g) = eq/g <= gH = H <= g € H), then kernel of
7|k is given by

kermlg ={k € K :m|g(k) =erx)} ={k € K:7m(k) =eq/u} ={k€c K:kckerr=H}=KnNH



By the first isomorphism theorem, it follows that

K K
_ > — (K
KOl ~ korale — e =m(K)
U
K

Applying Lagrange’s theorem again and making the substitution |K| = |H|, we have

K| | H|
K = =
= A m T R

In particular, because |H| = |K N H||n(K)|, where |[K N H| is an integer, it follows that |7(K)| also divides
|H|. Thus we have that |7(K)| divides both |H| and [G : H], so because gcd(|H| : [G : H]) = 1 we must have
|7(K)| = 1. In particular, 7(K) must be the trivial subgroup e,z < G/H and hence K C kerm = H. Since K
is a subset of H with the same cardinality as H (where |H]| is finite, i.e. no proper subset of H has the same
cardinality as H), then it follows that K = H. Thus given any subgroup K < G with |K| = |H|, we have shown
that K = H, so in particular H is the only subgroup of G of order |H|. |

Problem 5.

(5.1). Consider the “standard” action of GL, (R) on R" (that is, an n x n invertible matrix acts on an n x 1 vector by matrix
multiplication). Describe the orbits and isotropy groups (up to conjugation) of this action.

Proof. For any vector x € R", the orbit of « is given by
Orb(z) = {Az: A€ GL,(R)}
If =0, then Ax = 0 for all matrices A, so the orbit of 0 contains only itself
Orb(0) = {0}
Now, considering the case of any nonzero vector x, we claim
Orb(x) = {y € R" : y # 0} = R"\{0}

To demonstrate this, consider any two elements =,y € R" \{0}. Since the sets {«} and {y} are linearly
independent (the single vector that each consists of is nonzero), then both can be expanded into bases {z; =
T, X2,%3,...,Tnt and {y1 =v,y2,93,...,yn}t of R". Then consider the linear transformation 7' : R" — R"
defined for any vector u = Y, u;x; in R" by

T(u) = T(Z uT;) = Z UiYi
i=1 i=1

Note that this function is well defined because each vector in R™ can be represented as a unique linear
combination of the basis vectors, and it is linear because for any vectors u,v € R"™ and any scalars a,b € R
we have
n n n n n n
T(au + bv) = T(a Z W;T; + bz vixi) = T( Z(aui + bvi):ri) = Z(aui +bv))y; = a Z U Y; + bz ViV
i=1 i=1 i=1 i=1 i=1 i=1
= aT'(u) + bT'(v)

This linear transformation has the property that
T(x)=T(z1) =y =y

It also doesn’t send any nonzero vectors to the zero vector, because the fact that each basis consists of
linearly independent vectors means that
n n
u=0 <= Zuixi:() — y,=0foralll<i<n <= Zuiyi:() — T(u)=0
i=1 i=1



This means that if we represent 7" by a matrix A such that T'(u) = Au for all vectors u € R", for instance
A =[T(e;) T(ex) T(es) --- T(en)] (Where e; is the ith standard basis vector), then this matrix A is
invertible because the dimension of its null space is zero. Thus we have found a matrix A € GL,,(R) such
that Az =y, so y € Orb(z) as claimed.

On the other hand, the stabilizer of an element = € R" is given by
Stab(z) = {A € GL,(R) : Az = z}

As mentioned before, for any A € GL,,(R) we have that A applied to the zero vector always equals the zero
vector, so
Stab(0) = GL,,(R)

For any two nonzero vectors z,y € R™\ {0}, we note that because they are in the same orbit, their stabilizers
are conjugates of each other: because there exists some A € GL,,(R) such that Az = y <= A~'y = z, then
we can define inverse maps f : Stab(z) — Stab(y) and f~! : Stab(y) — Stab(z) by f : B — ABA~! and
f:C+— A 'CA. One can verify that if B € Stab(z), then f(B) € Stab(y) because

f(Byy=ABA 'y = ABx = Az =y
and similarly if C' € Stab(y), then f~1(C) € Stab(z) because
A O =A"T"CAz =A"'"Cy=Ay ==z
One can also verify that the maps f and f~! are indeed inverses, because
FHf(B)=f HABA')=A'ABAT'A=B
F(F7UC)) = f(AT'CA) = AA'CAA = C

Even besides being a bijection of sets, the maps f and f~! are also isomorphisms of groups, because
f(B1)f(Bs) = (ABA™")(AByA™) = AB B, A7 = f(B1Bo)
FHONTHC2) = (ATICLA)(ATICA) = ATICI1Co A = [7H(C1 ()

Therefore we can specify the stabilizers up to conjugation for the elements of the orbit R™ \ {0} just
by specifying the orbit for one particular representative of the orbit. Then consider the element e; =
[1,0,0,0,---,0]”: the orbit of that particular element is the set of all matrices (A;;)1<i j<n such that the first
column of A is e; and the (n — 1) x (n — 1) sub-matrix (A;;)2<; j<» has nonzero determinant. This follows
because A is in the stabilizer of e; if and only if A € GL,(R) and Ae; = e;. Since Ae; is the first column of
A, then Ae; = e if and only if the first column of A is ey, in which case, doing the cofactor expansion down
the first column of A, we find that

det(Aj)1<ij<n = det(Aij)a<i j<n

Therefore A is invertible if and only if det(A) # 0, which is true if and only if the determinant of the
sub-matrix (A4;;)2<; j<n iS NONZero. |

(5.2P). Let GL,(R) act on the set of all n x n complex matrices by conjugation. Determine the orbits.

Proof. Every matrix is related to its Jordan canonical form via a similarity transformation, and the Jordan
canonical form of a matrix is uniquely determined (up to permutation of the eigenvalues) by the eigenvalues
of that matrix (with multiplicity) and the geometric multiplicity. If two matrices have the same Jordan
canonical form J, then they can be related via a similarity transformation because being similar is an
equivalence relation. If their Jordan canonical forms are distinct, then the Jordan canonical forms cannot
be related via a similarity transformation, so neither can the original matrices be related via a similarity
transformation. We can test whether two matrices A and B have the same Jordan canonical form by testing
their eigenvalues and multiplicities using det(A — AI') = det(B — AI) and testing that they have the same
geometric multiplicities with dim null(A — AI) = dim null(B — AI), thus we can write the orbit of A as

Orb(A) = {B € GL,(R) : det(B — AI) = det(A — AI) and dimnull(B — AI) = dimnull(A — AI)}



Problem 6P.

Show that any group of order p? for p prime is abelian.

Proof. Let G be our given group of order p?, and consider the class formula (from G acting on itself by
conjugation)

G| = 12|+ >_[G : Stabg(x)]

zeS

where S is some set containing exactly one representative for each nontrivial orbit and Z is the center
Z={2€G:gzg ' =z2forallgc G} = {2 € G : gz = zg forall g € G}
Since each stabilizer Stabg () is a subgroup of GG, by Lagrange’s theorem we have
| Stabe(2)| | |G| = p?
so in particular we must have that the order of Stabg () is either 1, p, or p2. Since S only contains representatives

for nontrivial orbits, then for each = € S we have that Stab(z) # G, so the possible orders of Stab(z) are 1 and p
and the possible values of the indices are

| S < I S
[G.Stab(l‘ﬂ—m_T_p

. a.%':&:ﬁ:
[G : Stab(z)] [Stab(@)] — p

In either case we have
P ‘ [G : Stabe ()]

Since p also divides |G| = p?, we have

2] = |G| = ) _[G : Stabg ()]

zeS

U
p’lZl

(since p divides everything on the right hand side). Because Z is also a subgroup of G, then the order of Z has to
divide |G| = p? as well, so we must have either |Z| = p or |Z| = p?. If | Z| = p?, then Z is all of G and thus for
all z € G = Z we have

gz=zgforallg e G

In particular, G is abelian, so we are done. Suppose instead that |Z| = p. Then because Z is normal (for any
z € Z and g € G we have that gz = zg = gzg~! = 2, so for any g € G we have gZg~! = Z), we can form the
quotient group G/Z of order
G/z1= 197
1zl p
Since every group of prime order is cyclic, we have that there is some element a € G such that
G/Z ={aZ)y={a"Z :n €N}

Thus for every g1, go € G we have that g; € " Z and g5 € o™ Z for some n,m € N (since the collection of cosets
partitions the space), in which case g; = a™2; and go = a™z for some 21,22 € Z. Then because z; and 2z,
commute with every element of G by the definition of the center, we have

9192 = a"z10M 2z = a"a" 120 = aMa" 2021 = aM 200" 21 = gagn

Since this holds for all g1, go € G, we have that G is abelian. [
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We will use these two theorems.

Theorem (Direct Products)
Let HHK < G. Then G = H x K if and only if

o HK<G
° HﬂK:{e}
o HK = G.

Theorem (Semi-direct Products)

Let HHK < G Then G = H x K if and only if
o KG
o KNH=/{e}
o KH=G.
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Sylow Theorems

|G| = pg = (by Cauchy's theorem) that there exist H, K < G such
that [H| = p, |K| = q.

Suppose WLOG p < g. Then by Sylow's third theorem,

@ ng=kq+1l(keN)andnglp = k=0 = ng=1,s0 K is
normal in G.
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What about H?

Similarly for H,
n,=mp+1 (k € N) and np|q. (1)

Son,=1orn,=q.

If n, # 1, then
mp+1=n,=q = p|(qg—1). (2)
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In the case that n, =1

We show that the conditions of the Direct Product theorem are satisfied.

@ HN K = {e}: we have that HN K < H and HN K < K, hence by
Lagrange's theorem

HAK| [H =p and [HAK|| K| =q. 3)

As p, q are prime, |[HN K| = 1.
@ As K, H are normal in G, we have that HK < G, and as

|H||K]
HK| = = |H||K]| = 4
|HK]| HOK] |H||K| = pq, (4)
we have that HK = G.
Therefore in this case
G=>=HxK. (5)

Classification of Groups of Order pg October 30, 2020 5/10



In the case that n, = ¢

We already showed that n, = q = p|(q —1). The same arguments

used in the previous slide show that as K is normal,
G2HxK. (6)
Recall that a semi-direct product is defined w.r.t to some homomorphism
¢ H— Aut(K). (7)

To finish the classification we will show that there is a unique choice for
the map ¢.
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What are the possible homomorphisms?

From Problem 2.1, Aut(K) is cyclic of order g — 1, and by Lagrange's
theorem,

pl(g —1) = P < Aut(K) with |P| = p. (8)

As H and P have prime order, they are cyclic. Let H = (h) and P = (z),
then

¢ H— Aut(K) = ¢(H) = P. (9)

To see why, we must have that ¢(x) generates Im(¢) (by properties of
hom.). So Im(¢) is cyclic of order p, hence equal to P.
So there are p possible maps, given by

pi(h)=2,0<i<p-—1. (10)

If i = 0, then the map is trivial, and we end up with the direct product, as
before.
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Showing that each homomorphism yields an isomorphic

group

We show that the choice of map ¢; for 0 < i < p — 1 only changes the
generator of P.
Fix 7, then there is some x € H such that

¢i(x) = z. (11)

We show that H = (x).
Let hg be arbitrary in H, then hy = h* for some k. Then

oi(ho) = ¢(h*) = p(h)* = 2" = ¢;(x)’* = ¢(x™), (12)

so hy = x' (this map is injective because it is a map between cyclic

groups).
Thus H = (x).
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Sketch of Isomorphism Proof

Cyclic groups = Map is determined by ¢;(h)

K > ¢1H K > ¢2H
(k, h)(k1, h1) (k, h)(k1, h1)
(K "k, Hhy) = (K1 ())(0)), Fiy) (K 1, hhy) = (k(@a(R)(K)), k)

¢1, ¢ are bijections from H— Pso 3¢, : P— H;
Take p :H— H: @(h) = ¢5 (¢p1(h)). Then:

f:K>y H—>Kx>y H givenby f((k,h)) = (k, p(h)) is an iso.
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Conclusion

So we conclude that if p /(g — 1), then
G=HXKZ=ZZ, X Zyg. (13)

If p|(g — 1) then there are two cases:

@ If we choose ¢1 on the previous slides, we get the trivial map, and
GE2HXKZ=Z, X Zg, (14)

as above.

@ Otherwise, if we choose ¢;, 0 < i < p, then
we conclude that
G=ZHXK=Z, X Zq. (15)
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Bashir Abdel-Fattah Assignment 3

1777869 Math 504 2020/11/16

Problem Problem 1.

Let G be a group. Prove that the following are equivalent:
(1) There exists a (finite) central series {e} = Gy < G1 < ... < G, =G.
(2) The descending central series
<y =io1, Gl <l <. <1 < Ty =G
terminates at I",, = {e}.
(3) The ascending central series {¢} = Zy < Z; < Zy < ... (where Z;/Z;_y = Z(G/Z;_1)) terminates at Z,, = G.
* Problem 1.1P: Prove the equivalence of (1) and (2).

Proof. Suppose that there exists a finite central series
G=Gy>G1>--->G,={e}
By the definition of a central series, we have that
[G,Gi] < Gita
for all 7. Then consider the descending central series
G=Tog>T1>Ty>---

which is defined by I'; 1 = [G, T';] (note that this series might not terminate a priori). Then we claim that
for all i, I"; < G;, which we prove by induction. In the case of i = 0, it follows immediately that 'y < G
because I'y = Gy = G. Now suppose that we have that I'; < G; for some particular i: then

Liy1 =[G TV] <[G,Gi] < Gina

Thus the result follows for all 4, and in particular T',, < G,, = {e}, so the descending central series terminates.
]

* Problem 1.2P: Prove the equivalence of (1) and (3).

Problem Problem 2P.

Let GG be a finite group and P < G be its Sylow subgroup. Show that Ng(Ng(P)) = Ng(P).
Proof. Note that because a subgroup is always contained within its own normalizer, we have that

Suppose that |P| = k, so that p* | |G| but p**! f |G|. Then because P is a subgroup of Ng(P), it follows
that |P| = p* divides |Ng(P)|, and because Ng(P) is a subgroup of G, it follows that p**! does not divide
|Ng(P)| (if it did, then because |Ng(P)| | |G| we would have that p**+! divides |G|). Therefore P is a subgroup
of N¢(P) whose order is the maximum power of P dividing |G/, so P is also a Sylow p-subgroup of N¢(P), and
because P is normal in Ng(P) it follows that P is the only Sylow p-subgroup of Ng(P) (all Sylow p-subgroups
of Ng(P) must be conjugate to P by some element in N (P), but P is fixed under conjugation by every element
of N¢(P)). Now consider any element = € Ng(Ng(P)): because Ng(P) is normal in Ng(N¢g(P)), we have that
rNg(P)z™! = Ng(P), so
zPz™! <axNg(P)xz~! = Ng(P)

Since xPx~! is a Sylow p-subgroup of Ng(P), it follows that xPz~! = P (since there is only one Sylow
p-subgroup of Ng(P)), so x € Ng(P). Since this holds for any x € Ng(Ng(P)), it follows that Ng(Ng(P)) C
N¢g(P) and hence

-1

Ng(Ng(P)) = Ng(P)



