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1 MATH 6122 exercises

Exercise 1.1. If possible, construct countable products and countable coproducts in the category Ring.

Solution 1.2. Recall that a product of objects A and B in a category %, provided that it exists
according to the following construction, may be defined in the following manner, and consists of:

e An object P € ob(%);
e A morphism 74: P - A; and
e A morphism 7g: P - B,

such that there exists a unique morphism ¢:C' — P such that the following diagram commutes, where
C € ob (%) is arbitrary.

Similarly, for objects A and B in a category %, the ordered tuple (P,i4,i5) is a coproduct of A and B
if the universal property indicated below is satisfied.

A




So, let I be a countable index set, and let A; be an object in Ring for each index i € I.

So, we define the product of the objects in the family {A;};c; in Ring so as to consist of an object P in
Ring, together with a projection morphism

WAi:P_)Az‘

for each index i € I such that: for each object C' in Ring, and for each morphism f;: C' - A;, there exists
a unique morphism ¢ such that the following diagram commutes, and the morphism ¢ is the same for

each index 1.
A;
ffT _\
{'D

Similarly, we define the coproduct of the objects in {A;};; so as to consist of an object P in Ring,
along with a morphism j;: A; » P for each index i € I such that: for all objects C' in Ring, and for all
morphisms f;: A; - C, there exists a unique morphism ¢ such that the following diagram commutes,
and the morphism ¢ is the same for all 7 € I.

Exercise 1.3. Prove that in a given category, coproducts, if they exist, are unique up to isomorphism.

Solution 1.4. Let A and B be objects in a category %, so that the ordered tuple (P,i4,ip) is a
coproduct of A and B, with the universal property indicated below being satisfied.

A

B

Now, suppose that (F’,i',,i%) is also coproduct of A and B, so that the universal property indicated
below holds.



Our proof of the unicity of coproducts is heavily based upon a similar proof which is available through
the https://proofwiki.org/ website. With respect to the former diagram, let C' be equal to P’, let
the morphism from A to C' be ¢/;, and let the morphism from B to C' = P’ be equal to i%;. Given the
universal property satisfied with respect to the coproduct (F’,4',,i%;) of A and B, we thus obtain a
commutative diagram of the following form.

Now, with respect to the above commutative diagram, let C' be equal to P, and let the unlabeled
morphism in this diagram from A to C' be equal to i4. Also, let the unlabeled morphism from B to C'
be equal to ip, as illustrated below.

So, from the above diagram, we have that the following diagram commutes.


https://proofwiki.org/

b

By definition of a coproduct, we have that the endomorphism on P in the above diagram must be unique.
Since P is an object of the category %, we have that the set Homg¢ (P, P) is nonempty, by definition of
a category, with an identity morphism 1p =idp € Homg (P, P). So, from the identity morphism axiom,
we have that the following diagram must commute.

Since the endomorphism on P in the above diagram must be unique, we thus have that

¢'o¢=1p.
A symmetric argument may be used to prove that:
¢ o (b/ = 1P’7

thus proving that P = P’, as desired.

Exercise 1.5. Show how free groups may be constructed using the category-theoretic definition of a
free object given in class.

Solution 1.6. Let Grp denote the category of groups, and let
U =Ugrp: Grp — Set

denote the canonical forgetful functor on Grp, which, informally, “forgets” the group structures on
objects in Grp. We thus have that (Grp,U) is a concrete category.

We thus proceed to construct an appropriate functor

F:Set - Grp
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in order to apply the category-theoretic definition of a free object given in class. The following discussion
is heavily based upon the section on free groups given in Fraleigh’s “A First Course in Abstract Algebra”.

Given a set X, let F[X] denote the set of all reduced words formed from the alphabet X. We define a
word over X as a finite string of symbols of the form x* for z € Z and x € X, written in juxtaposition.
The elementary contractions consist of functions given by the replacement of an occurrence of the form
x™ma” with 2™+ as well as the mapping given by the removal of an occurrence of 2°. A reduced word is
a word for which no more elementary contractions are possible.

Letting F[X] be as given above, we endow F'[ X ] with the binary operation - so that for elements w; and
wy in F[X], the expression w; -wy is equal to the reduced form of the word obtained by the concatenation
w1W2.

In the following solution, we show how this construction agrees with the universal property given in the
category-theoretic definition of a free object.

Exercise 1.7. In Grp, what is F[X], with respect to the commutative diagram used to define a free
object? Study some different ways of defining free objects in Grp. How can these different definitions
be reformulated in terms of a category-theoretic framework? How can these different definitions be
reformulated using forgetful functors?

Solution 1.8. As above, we may let F[X] denote the set of all reduced words from the alphabet
X € ob(Set), letting F[X] be endowed with the binary operation - given above. Equivalently, F[X]
may be informally defined as “the group generated by X” or “the smallest group containing X”, which
agrees with the above definition.

It can be shown that the definition of F[X] involving reduced words given above agrees with the
category-theoretic definition of a free object. To show this, we make use of the following theorem from
Fraleigh’s “A First Course in Abstract Algebra™

Theorem: Let G be generated by the family X = {x; | i € I} and let G’ be any group. If 2/ is an
element in G’ for each index ¢ € I, such that expressions of these forms are not necessarily distinct, then
there is at most one homomorphism ¢:G — G’ such that ¢(x;) = z}. If G is free on A, then there is
exactly one such homomogrphism.

So, let X be an object in Set, and let F[X] be defined in a concrete way with respect to reduced words
as above. So, for an arbitrary object G’ in Grp, and given an arbitrary morphism f: X — U[G'], there is
a unique homomorphism ¢: F[ X ] — G’ such that the following diagram commutes, where the injective
mapping from X to U[F[X]] is canonical.

ulF(x) -1 uie)

iXT /

X

Exercise 1.9. Let (%,U) be a concrete category, and let F:Set — % be the functor mapping objects
X in Set to corresponding free objects F[z] in €. Prove that if X 2 X' = F[X ]z F[X'].

Solution 1.10. Given a category ¢, and objects A and B in ob (%), the objects A and B are said to be
isomorphic if there exist morphisms ¢ and 1) such that the diagram illustrated below commutes. This
is denoted by: A~ B.



14( A : B )ig
P

So, suppose that X = X’ in the category Set. By the category-theoretic definition of an isomorphism,
we have that there exist morphisms b and a such that the following diagram commutes.

{‘:r

1\CX )1”:)11.,

By definition of the free object F[X], we have that: for each object G in ¥, and each morphism
f: X - U[G], there exists a unique morphism ¢: F[X ] -> G such that the following diagram commutes.

iXT / (1.1)

With respect to the commutative diagram given in (1.1]), let G = F[X'], and let f = ixs o b, letting
ix: X' - U[F[X']]. Since the morphisms a and b essentially “cancel” with each other, we obtain a
diagram of the following form.

UlFIX]] - upixe)

ulF(x)] - urex) » U[F[X]]
.ixca.T / %
X.F

From the above diagram together with (1.1)), it is clear that 1o ¢ must be equal to the identity morphism
on F[X], by unicity of the “upper” morphism illustrated in ([1.1)). A symmetric argument shows that
the reverse composition also must be an identity morphism.
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Exercise 1.11. Letting R be a unital ring, and letting X be a set, show that the underlying operations
on the free R-module generated by X are well-defined in the sense that the expressions resulting from
applying these operations are in @,.x K.

Solution 1.12. Recall that we defined the functor F:Set — R-Mod so that an object X in Set is

mapped to
@ R={f:X - R | f has finite support},

zeX

where the support of a function f: X — R is precisely {x € X | f(x) # 0}.

We thus endow @,.x R with an additive operation given by componentwise addition, so that

(f+9) (@)= f(z) +r g(x)

for f and g in @,.x R, letting = be an element in X. Similarly, we define the operation - so that

(r-f)(x):=r(f(x)) for re R.

Since the set of elements x € X such that f(x) is nonzero is finite, and since the set of elements y € X
such that g(y) is nonzero is also finite, it is clear that the set of elements z € X such that f(z) +z g(x)
is nonzero must be finite. In particular, if f(z) +g g(z) is nonzero, then it is obvious that either f(x)
or g(x) must be nonzero, thus proving the inclusion whereby:

Supp(f +g) € Supp(f) uSupp(g).

This shows that the additive operation on @,.x R given by componentwise addition is a binary operation
on @,.x R.

Now consider the expression r - f. Since there are only finitely many elements z € X such that f(x) is
nonzero, it is obvious that there are only finitely many elements y € X such that r- f(y) is nonzero. If
r =0, then it is obvious that

Supp(rf) € Supp(f).

Now suppose that r # 0. Then if - f(y) is nonzero, then it cannot be the case that f(y) is nonzero,
thus proving the desired inclusion whereby

Supp(rf) € Supp(f)
for r # 0. This shows that the operation - is such that r- f € @,.x R.
Exercise 1.13. Letting X be a set, prove that F[X] is free in R-Mod.

Solution 1.14. Let N be an arbitrary object in R-Mod, and let f: X — U[N] be an arbitrary morphism
in Set. Writing @,.x R in place of F[X] as above, let X be written as a family, writing X = {z;};s
and f(z;) =n; e U[N] for each index i in 1.

We may let the injective morphism

be such that for i € I, with z; € X as an arbitrary element in X, ix(x;) is equal to the function ¢g;: X - R
which maps z; to 1 and which maps z; to 0 for j € I {i}.

Given an arbitrary element ¢: X — R in F[X] = @,.x R, we have that g has finite support. First
suppose that the support of g is not equal to @. Letting {z;,,2;,,...,x;, } S X denote the support of

7



g € @,ex R for some m e N, write g(z;) =r; € R, for all indices j. Now, observe that the mapping g may
be rewritten so that:
g =riix (@) +riyix(xiy) + -+ 1, ix(2,,)-

Now, suppose that ¢ is a morphism such that the following diagram commutes:

UTFIX]] 22 u[N]

ix
f

X

Since ¢ is a morphism, and since U is a functor, we have that the following holds, writing ¢ in place of
U[p] for the sake of clarity, and similarly for objects such as g € F[X|:

0(9) = (riyix (@) + riyix(xiy) + - + 13 ix(24,))
= ¢(7"Z-1z'x(xi1)) + qﬁ(rizix(xiQ)) et ¢>(7’imix($im))
=1, d(ix (xi,)) + ri,0(ix (23,)) + -+ + 10, 0 (ix (24,,))
=1i f(2iy) +1iy f(23,) + o+ f3,,)

=T Mgy T TNy +on+ 1

So, we have shown that if ¢ is a morphism such that the above diagram commutes, ¢ must be uniquely
defined on non-identity elements in the domain of ¢, as above. Given that ¢ is a morphism, it must map
the additive identity element in the domain of ¢ to the additive identity element in /N, thus proving the
unicity of ¢.

Exercise 1.15. Assume R is a commutative ring with 1. For an ideal I ¢ R, show: R*/IR"™ = (R]/I)".

Solution 1.16. Let n € N, and let r1,79,...,7, € R, so that the ordered n-tuple (ry,79,...,7,) is an
arbitrary element in R". So, the expression

(r1,79,...,1n) + IR"
is an arbitrary element in R"/IR". Define the mapping
o RJIR" ~ (R/T)"

so that
(11,72, sm) +IR") = (re+ Liro+ 1, ry + I) € (R/T)™

Letting q1,qo, ..., q, € R, suppose that:

(r1,72, - ym) + IR" = (q1,q2,...,q,) + [R".

Equivalently,
(r1—qi,r2=qoy -, Tn—qn) € IR™.

So, each expression of the form 7; — ¢; is in the ideal I, for each index 7. We thus have that
(m-q+Lro—qg+I,....1,—qu+1)=(0+1,0+1,...,0+1),

so that
(ri+Lirog+ I, o orpn+ D) =(qu+1,qo+1,....q,+1),
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thus proving that the mapping ¢ is well-defined. It is clear that ¢ preserves addition, as indicated below.

¢((r1,r2,...,rn)+IR")+¢((q1,q2,...,qn)+IR")
=(ri+Lrg+1,...orp+ D+ (u+ Lo+ 1,... g+ 1)
=(ri+q+1,ro+q+1,...;r,+q,+1)
=¢>((r1+q1,r2+q2,...,7“n+qn)+IR")
=¢((r1,r2,...,rn)+IR”+(ql,qg,...,qn)+IR").

Similarly, we have that ¢ preserves multiplication, as shown below.

gzﬁ((rl,rg,...,rn)+IR”)~¢((q1,q2,...,qn)+1R”)
=(rm+Lirg+1,...orp+ D) - (n+ 1,0+ 1,...,q,+ 1)
=(ri-qu+Lro o+ I, .. 1 qn+1)

= ¢((T1 'qlar2'QZ7"-7rn'Qn) +[Rn)
= (b(((?”l,rg,. t 770”) +[Rn) ' ((Q17QQ7 cee 7Qn) +]Rn))

Since the unity element in the domain of ¢ is
(1,1,...,1)+IR" e R"/IR",

and since

o((L,1,...,)+IR")=(1+I1,1+1,...,1+1)e(R/I)",
we have that ¢ is a ring homomorphism. Given an element
(ri+Lro+1,...;rp+1)e(R/I)"

we have that
O((r1,79, -y ma) +IR") = (ri+ Lirg + 1, r + 1) € (RII)™,

thus establishing the surjectivity of ¢. Now, suppose that:

gb((rl,rg, ey Tn) F IR”) = qb((ql,qQ, ) ]R”).

Equivalently,
(ri+Lirg+ I, o orp+ D) =(qu+1,q+1,...,q,+1).

Since

(m-q+IL,ro—qg+1I1,....;1—qu+1)=(0+1,0+1,...,0+1),
writing

(ri=q1,72= Qs -, T = Gn) = (11,02, .., in) € 1"

where 71, 19,...,1, € I, we have that the following equality holds.

(ri—qi,m2 =2+, 70— Gn)

=41(1,0,0,...,0) +i2(0,1,0,0,...,0) + - +4,(0,0,...,1) e IR".
Since

(rl_qla"nZ_QZa'--arn_Qn)EIR”



we have that
(r-qu.r2=q, .., T —qn) + IR" =0+ IR".

Therefore,
(ri,7e, . srn) + IR = (q1,q2, ... ,qn) + IR,

thus proving the injectivity of ¢. So, we have shown that ¢ is a bijective ring homomorphism, thus
proving the desired equivalence whereby R"/IR" = (R/I)".

Exercise 1.17. Recall that we can find maximal ideals in a commutative ring R with 1. Conclude that
for any finite sets A and B,
F[A]= F[B] < |A]=]B|,

letting F[X] denote the free R-module generated by a given set X.
Solution 1.18. Let m € Ny and n € Ny respectively denote the cardinalities of A and B. Let I denote

a fixed maximal ideal in R. First suppose that F[A] @ F[B]. We thus have that R™ = R", since
F[A] 2 R™, and similarly for F[B]. From our results given in the previous solution, we have that:

R™[IR™ = (R]I)™
and that
R"/IR™ = (R/I)".
But since R™ =~ R", we have that:
R™|/IR™ >~ R"|IR".
Therefore,
(R/I)™ = (R[I)".

Since [ is a maximal ideal within R, we have that R/I is a field. So, since (R/I)™ and (R/I)" are
isomorphic as vector spaces, we have that m = n as desired, thus proving that A and B are bijectively
equivalent. Conversely, suppose that m = n. In this case, since F[A] @ R™ and F[B] 2 R", we have
that F[A] and F[B] must be isomorphic, since R™ = R™ are isomorphic, since m = n.

Exercise 1.19. Find a ring R and an R-module M with bases of cardinality 1 and 2.

Solution 1.20. The following discussion is based upon the linked Wikipedia article on invariant basis
numberd] A ring R has invariant basis number (IBN) if for all natural numbers m and n, if R™ and
R™ are isomorphic as left R-modules, then m =n.

Let CFMy(R) denote the ring of column finite matrices, i.e., the matrices over R with entries indexed
by N x N with each column having only finitely many non-zero entries. We claim that: CFMy(R) and
CFMy(R) x CFMy(R) are isomorphic as left modules. This is easily seen using the mapping

1: CFMy(R) - CFMy(R)?

mapping a given matrix M in the above domain to the matrix obtained by listing the odd columns of
M, and then listing the even columns of M.

Exercise 1.21. Assume R is a commutative ring with 1. We say that an R-module M is irreducible if
there are no non-trivial proper R-submodules. Show that the following are equivalent.

!See https://en.wikipedia.org/wiki/Invariant_basis_number.
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(a) M is irreducible;
(b) M = R/I for some maximal ideal I € R;
(¢) M=Raforall0+aeM.

Solution 1.22. Let (a), (b), and (c) respectively denote the first, second, and third statements given
in the above list.

(a) == (b) Suppose that M is irreducible. So, given an arbitrary nonzero element m # 0 such that
m € M, we find that the R-submodule generated by m € M must be equal to M. Therefore, M = Rm.
Now, let m # 0 be a fixed nonzero element in M. Now, consider the set

I={reR|rm=0}cR.

Given two elements r; and ro in this set, we have that rym = 0 and r9m = 0, so that rim + rom =
(11 +72)m =0, thus proving that I is closed with respect to the underlying additive binary operation on
R, letting r; and 75 be arbitrary elements in R. Now, given an element r € I, with rm = 0, and given
an element s € R, we have that s(rm) = 0, so that (sr)m = 0, thus proving that I is an ideal of R.
Now consider the quotient ring R/I. Let the expression R/I denote the R-module whereby addition is
as given in the quotient ring R/I, and such that multiplication is defined in the following way. Letting
s € R, let multiplication by an element r € R in this R-module be such that r(s+I) =rs+1 e R/I. Now,
define
¢:M=Rm — R|I

so that given an element r € R, so that rm is an arbitrary element in M = Rm, we have that
o(rm)=r+1eR/I.
It is clear that ¢ preserves addition:

d(rim) +p(rom) =(ri+ 1)+ (ro+ 1) =ri+ro+ I = ¢((r1 +r2)m)

letting 7,79 € R. Similarly, ¢ preserves multiplication by elements in R: s¢(rm) =s(r+1)=sr+1 =
¢(s(rm)). Given an element r € R, so that r + [ is an arbitrary element in the codomain of ¢, we have
that

o(rm) =r+1,

which shows that ¢ is surjective. Now, suppose that
¢(rim) = ¢(ram),
letting r; and r5 be elements in R. We thus have that:
ri+l=ro+1,

so that
7’1—7‘26],

thus proving that
(ry=r2)m =0,
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which shows that
rm =19,

thus proving that ¢ is an R-module isomorphism. Now, we must prove that I is a maximal ideal of R.
By way of contradiction, suppose that there exists an ideal J ¢ R such that:

{reR|rm=0}¢J¢R.

So, let s be an element in J so that sm # 0. Write sm =n € M, with n # 0. Now let ¢ be another element
such that tm # 0. Since Rn = Rm, we have that t'n = tm for some t' € R. So t'sm =tm. That is, t's = t.
But then ¢ has to be in the ideal J, which shows that J must be equal to R, contradicting that J ¢ R.

(b) = (¢) Suppose that M = R/I for some maximal ideal I ¢ R, letting the R-module structure
on R/I be as given above. Since I ¢ R is a maximal ideal, we have that there must be some element
r € R such that r ¢ I. But then the ideal generated by the union of the singleton set {r} ¢ R and [
must strictly contain /, and must be contained in R. By maximality of I, we thus have that the ideal
generated by {r} u I is R. That is, each element in R may be written in the form sr+i for some s € R
and some 7 € I. Now consider the expression r+ [ € R/I. Since each element in R may be written in the
form sr + ¢ as above, we have that R/I, as an R-module, consists precisely of expressions of the form
sr+i+1 for s € R. That is, as an R-module, R/I consists precisely of expressions of the form sr+ I for
s € R. That is,
R/I=R(r+1),

thus proving that M = Ra for some a € M.

(c) = (a) Finally, suppose that M = Ra for each nonzero element a in M. Given a nontrivial submodule
N of M, and given a nonzero element n # 0 in N, we have that the submodule generated by n is equal
to M, thus proving that N = M.

2 Problems from former exams

Exercise 2.1. Let GG be a finite group, and let Z(G) be the center of G. Show that the order of G/Z(G)
is not a prime.

Solution 2.2. Letting G be a finite group, we have that the center Z(G) of G is equal to {z € G: Vg ¢
G gz = zg}. The center of Z(G) is a normal subgroup of G, so G/Z(G) has the structure of a quotient
group. By way of contradiction, assume that the order of G/Z(G) is equal to a prime number p € N. We
thus have that the order of G/Z(G) must be nontrivial. By Lagrange’s theorem, we have that the order
of each non-identity element in G/Z(G) must be equal to |G/Z(G)|. This shows that G/Z(G) must be
a cyclic group. So, there exists an element g in G such that the coset gZ(G) generates the cyclic group
G/Z(G). So, given elements a and b in G, we have that the coset aZ(G) is equal to g"Z(G) for some
integer n, and we have that bZ(G) is equal to g™ Z(G) for some integer m. We thus have that a = g"z;
and b = g™z, for some element z; in the center of G and some element 2, € Z(G). So, we have that the
composition ab may be written as
ab=g"z19" 22,

and since z; and z, are in the center of GG, we have that the expression ¢"z;¢g™zs may be rewritten in
the following manner:

ab=g"219" 2
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=9"g" 2129
- gn+mzl ZQ
— gm+n21 ZQ
=9"g" 2129
=g9"g" 221
= 9" 229" 2
= ba.

So, we have shown that ab = ba for elements a and b in G. Therefore, GG is abelian. Therefore, the center
of G is equal to G. Therefore, the cardinality of the quotient G/Z(G) is equal to 1, thus contradicting
that the cardinality of G/Z(G) is equal to a prime number.

Exercise 2.3. Given an example where the order of G/C is 4, where G denotes a group and C' denotes
the center of G.

Solution 2.4. Let G denote the dihedral group of order 8. Let the elements in the underlying set of this
dihedral group be denoted as planar isometries. Then the center of GG consists of the identity isometry,
together with an isometry given by a half-turn rotation, so that the center of G is isomorphic to Z/27Z.
Letting C' denote the center of G, since G is of order 8 and since C' is of order 2, we have that G/C' is
of order 4.

Exercise 2.5. Let A be the abelian group generated by {x,y, z} subject to the relations 2x+2y+2z = 0,
2x +2y =0 and 2x + 2z = 0. Describe A as the direct sum of cyclic groups.

Solution 2.6. Let B denote the free abelian group generated by {x,y, 2}, so that B~ Z &Z & Z. Now,
let
C =2z + 2y + 22,22 + 2y, 2x + 22)

denote the abelian group generated by the set {2x + 2y + 2z, 2x + 2y,2x + 2z}. Since B is abelian, we
have that C' is a normal subgroup B, and we find that the quotient B/C' is isomorphic to A. So, our

strategy is to find an ordered basis
{b17 b27 bB} c B

of B and a basis
{61702763} c C

of C' such that ¢; = s;b; for all indicates 7, and such that s;|ss|s3. Consider the following matrix product:

2 2 2|z 20 + 2y + 2z
2 2 0flyl= 2z + 2y
2 0 211z 2r+ 2z

Let M denote te above 3 x 3 matrix. Basically, it remains to determine the Smith Normal Form of M.
We can apply row and column operations to find the Smith Normal Form of this matrix, as indicated
below.

Ro— R2-R1
—

DN DN DN
S NN
N O N
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2 2 "
0 -2 3—R3-Ry
2 0 2
— 2 2 - R Ri+R
0 -9 1——>f+ e
- _2 0 -
_ 9 0 .
0 _2 R1—>R1+R3

-2 0

Ro——R>
—_—

T

Ro<«—R3
e

S ON ODON ODON ODONN ODON ©CDCONN NDODIN
]
|
[\

SN O NO O

So, since B2 Z &7 & 7Z, and since C' = (2Z) ® (2Z) & (27Z), we may deduce that
Az BJC = (Z)22) & (Z)2Z) @ (Z/2Z).

Exercise 2.7. Let K/Q be the splitting field of (22 - 2)(2? - 3)(2? - 5). How many distinct Galois
extensions F//Q with F' ¢ K can you find?

Solution 2.8. Since the polynomial (22 —2)(x? — 3)(x2 — 5) has no repeated roots, we have that this
polynomial is separable as an element in Q[z]. We thus have that K /Q is the splitting field of a separable
polynomial over Q. So, we have that K/Q is a Galois extension. Exercise , which is given below,
requires the evaluation of the Galois group of (22 —2)(z? - 3)(22 - 5), and the determination of all of
the subfields of the splitting field of this polynomial. In our solution to Exercise [3.166] we showed that
Aut(Q(v/2,v3,v/5)/Q) is an abelian group of order 8 such that o2 is the identity automorphism on
Aut(Q(v/2,v/3,v/5)/Q) for each element o in Aut(Q(v/2,v/3,v/5)/Q), so that

Gal(Q(V2,V3,V5)/Q) = (Z/27) x (Z)2Z.) x (Z]2Z) .

Now, by the Fundamental Theorem of Galois theory, we know that an intermediate field F'/Q such that
Q ¢ F ¢ K is Galois over Q if and only if subgroup corresponding to F' is normal in Gal(//Q). But since
Aut(Q(v/2,v/3,v/5)/Q) is an abelian group, every subgroup of this group is a normal subgroup, which
shows that every corresponding subfield is Galois. In our solution for Exercise [3.166], we determined all
of the intermediate fields between Q and K, which are also listed below. All of these fields are Galois,
as indicated above.
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Galois subfields
Q(v2,v3,V5)
Q(v2,V3)
Q(v2,V5)
Q(v2,V/15)
Q(V3,V5)
Q(v/3,V/10)
Q(v/5,V6)
Q(v6,v10,V/15)
Q(V2)
Q(V3)
Q(V6)
Q(V5)
Q(V10)
Q(V15)
Q(v/30)

Q

Exercise 2.9. Let R be a commutative ring with identity. Prove that (z) is a prime ideal in R[z] if
and only if R is an integral domain.

Solution 2.10. In general, given a commutative unital ring S and an ideal I of S, we have that the
quotient ring S/I is an integral domain if and only if I is a prime ideal in S, as we later prove. So,
we have that (z) is a prime ideal in R[z] if and only if R[x]/(x) is an interal domain. We have that
the ideal (z) consists precisely of elements in R[x] with a constant term equal to 0. So, we have that
R[z]/(z) 2 R. So, since (z) is a prime ideal in R[z] if and only if R[z]/(x) is an interal domain, and
since R[z]/(z) = R, we have that (x) is a prime ideal in R[z] if and only if R is an interal domain.

Recall that given a commutative ring S, and given an ideal I of this ring S, the ideal I is said to be
a prime ideal] if S # I, and for a,b € S, if ab € I then a € I or b € I, by direct analogy with Euclid’s
lemma. Also recall that an integral domain is a commutative ring with unity and no zero divisors. Using
these definitions, we proceed to prove that: given a commutative unital ring S and an ideal I of S, the
quotient ring S/I is an integral domain if and only if I is a prime ideal in S.

(=) Assume that the quotient ring S/ is an integral domain. So we have that S # I. By definition of
an integral domain, we have that there are no zero divisors in S/I. So, given arbitrary elements a and
bin S, we have that the cosets a+ I € S/I and b+ I € S/I are such that: if the product

(a+1)(b+1)
is equal to the additive identity element in S/I, then either a+ I =0+1 or b+ 1 =0+ [. That is,
(a+1)(b+1)=0+]=(a+1=0+1)v(b+I=0+1).

Equivalently,
ab+I=0+1= (a+1=0+1)v(b+I=0+1).

2See https://en.wikipedia.org/wiki/Prime_ideal.
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Equivalently,
abel = (ael)v(bel),

which shows that I must be prime.

(<) Conversely, assume that the ideal I is prime. So, by definition of a prime ideal, we have that
S # I, and we have that: for all a,b € S, if ab € I, then either a or b is in I. Also, recall that we let
the ring S be commutative and unital. Now, consider the quotient ring S/I. Since S is commutative
and unital, we have that S/I is commutative and unital. So, to prove that S/I is an integral domain,
it remains to prove that S/I has no zero divisors. By way of contradiction, suppose that a and b are
elements in S such that:

(i) a+1+0+1;
(i) b+1+0+1I; and
(iii) ab+I=0+1.

Equivalently,

(i) afl;
(i) b¢ I; and
(iii) abel.
But this contradicts that the ideal I is a prime ideal. [

Exercise 2.11. Let R be a commutative ring with identity. Prove that (z) is a maximal ideal in R[z]
if and only if R is a field.

Solution 2.12. In general, letting S denote a commutative unital ring, and letting I denote an ideal
contained in S, we have that [ is a maximal ideal with respect to S if and only if the quotient ring S/
is a field. We later prove this general result. Now, letting R be as given above, consider the principal
ideal (x) generated by z in the polynomial ring R[z], and observe that the ideal (x) consists precisely
of polynomials in R[z] with a constant term equal to 0. So, we find that the quotient ring R[x]/(x) is
isomorphic to the ring R consisting of constant polynomials in R[x]. So, we have that (x) is a maximal
ideal in R[x] if and only if R[x]/(z) is a field, so that (x) is a maximal ideal in R[x] if and only if R is
a field, since R = R[x]/(z). We proceed to prove the following more general result, letting S and I be
as given above: I is a maximal ideal with respect to S if and only if the quotient ring S/I is a field.

(=) Assume that [ is a maximal ideal with respect to S. So, we have that given an arbitrary ideal .J
of S satisfying
lcJjcs,

it follows that either I = J or J =.S. That is, there does not exist any ideal K of S such that
I¢Kgs.

Now, consider the quotient ring S/I. Let s be an element in S, so that s+ I is a coset in S/I. Now,
suppose that s ¢ I, so that
s+1+0+1,
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i.e., s+ I is not equal to the additive identity element in S/I. Now, consider the ideal J of S generated
by I u{s}. Now, since s is not in I, we have that the ideal J generated by I u{s} must strictly contain
I. So, by maximality of I, we may deduce that J = S. That is, the ideal generated by I u {s} is equal
to S. In particular, since 1 € S, and since 1 ¢ I we have that

11t +iglog + -+t + St = 1,
for some elements i1, 4o, ...,1, € I, with t1,%s,...,t,.1 €.S. Accordingly, we have that
(i1ty +igta + - +intpn + S tyyr) + T =141,

so that
S tpa+I=1+1,

which shows that each element in S/I which is not equal to the additive identity element in S/I must
be a unit in S/I. We thus have that S/I is a field, as desired.

(<) Conversely, assume that the quotient ring S/I is a field. Now, suppose that J is an ideal of [
which strictly contains I. So, there exists at least one element s in .J which is not in /. Since s is not
in I, we have that

s+1+0+1,

i.e., s+ I is not equal to the additive identity element in the quotient ring S/I. Now, from our initial
assumtion that the quotient ring S/I is a field, we have that there must be an element ¢ in S such that:

st+1=1+1.
So, there must be an element ¢ in the ideal I such that
1+ st=1.
Not, let r be an arbitrary element in S. From the equality
1+ st=1.

we have that
wr+rst=r.

But since J contains I, with ¢ € J, and since s € J, we have that
r+rst=red,
which shows that J must be equal to S, which shows that the ideal I must be maximal. [J

Exercise 2.13. Give an example of a commutative ring R which has a non-zero prime ideal that is not
a maximal ideal.

Solution 2.14. If R is a commutative ring and if I is a non-zero prime ideal of R that is not a maximal
ideal, then we have that R/I is an integral domain which is not a field. Now, consider the ring Z[z]
consisting of polynomials with integer coefficients. Now, consider the principal ideal (x) generated by
the polynomial z consisting of polynomials in Z[x] with constant term equal to 0. Since Z[z]/(z) = Z,
we have that the quotient ring Z[z]/(z) is an integral domain, but not a field. This shows that the
principal ideal (z) is a prime ideal in Z[z], but not a maximal ideal. So, we have that Z[x] is a
commutative ring which has a non-zero prime ideal that is not a maximal ideal.
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3 Textbook exercises

The solutions given in this section are for assigned exercises given in the class textbook by Dummit and
Foote.

3.1 Exercises from Appendix II

Exercise 3.1. Let N be a group and let Nor—/N be the collection of all groups that contain N as a
normal subgroup. A morphism between objects A and B is any group homomorphism that maps N
into N. Prove that Nor—/N is a category.

Solution 3.2. We begin by briefly reviewing the definition of a category given in the aforementioned
class textbook:

Definition: (p.911-912) A category C consists of a class of objects and sets of morphisms between those
objects. For every ordered pair (A, B) consisting of objects, there exists a set Homg (A, B) of morphisms
from A to B, and for every triple A, B, C of objects there is a law of composition of morphisms, i.e., a
map

Home (A, B) x Home(B,C') — Home (A, C)

where (f,g) = gf, and gf is called the composition of g with f. The objects and morphisms satisfy the
following axioms: for objects A, B, C', and D:

(i) if A# C or B # D, then Homc(A, B) and Home(C, D) are disjoint sets;
(ii) composition of morphisms is associative; and
(iii) each object has an identity morphism.

Now, let N and Nor—N be as given above. So, we have that Nor-/N consists of a class of objects and
sets of morphisms between those objects, whereby morphisms between objects A and B are precisely
group homomorphisms mapping N into N. In particular, we let Homnor n(A, B) denote the set of
morphisms from A to B. Now, let A, B, and C be objects in Nor—N. Let f be in Homg(A, B), and
let g be in Homg(B,C). So, f: A — B is a group homomorphism that maps N into N, and g: B — C'is
a group morphism that maps N into N. Since f and g are both group homomorphisms, we have that

g9f(areaz) = g(f(a1 e az)) = g(f(ar) o' f(a2)) = g(f(ar)) o" g(f(a2)),

given elements a; and as in A, and given appropriately-defined binary operations e, o', and e”. This
shows that ¢ f is also a group morphism. Since f(N) € N and g(N) € N, we have that gf(N) c g(N)
N, thus proving that gf(N) c N.

Now, let A, B, C, and D be objects in Nor—N. If A # C, then the domain of each element in Homg (A, B)
is not equal to the domain of each element Homc(C, D). Similarly, if B is not equal to D, then the
codomain of each element in Homg (A, B) is not equal to the codomain of each element in Hom(C, D).
This shows that Homc (A, B) and Home(C, D) are disjoint in the case whereby A # C' or B # D. So,
the above axiom listed enumerated as (i) holds. In general, the composition of functions is associative,
so axiom (ii) as above holds. Finally, it is clear that each object A has an identity morphism, since the
identity morphism on A maps N to N.
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Exercise 3.3. Show how the projection homomorphism G — G/N may be used to define a functor from
Nor-N to Grp.

Solution 3.4. We begin by reviewing the definition of a functor from the class textbook. Letting C
and D be categories, we have that F is a coinvariant functor from C to D if: for every object A in C,
FA is an object in D, and for every element f in Homg(A, B) we have F(f) € Homp(FA, FB) such
that the following axioms hold:

(i) if gf is a composition of morphisms in C, then F(gf) = F(¢9)F(f) in D; and
(i) F(14) = Lra.

Now, define F in the following manner. For an object G in Nor-N, with N as a normal subgroup of
G by definition of Nor-N, let FG be equal to G/N. Since N < GG, we have that G/N is an object in
Grp. Now, let f:G; - G5 be a homomorphism that maps N into N, letting G; and G5 be objects in
Nor—N. Define

so that
F(f)(gN) = f(g9)N,

letting g be an arbitrary element in 1, so that the coset g/N is an arbitrary element in the quotient
group G1/N. We need to show that
F(f):Gi/N —» Go/N

is well-defined in the sense that an expression of the form

F()(gN)

does not depend on any particular choice of a coset representative for the input coset gN. So, suppose
that gN = ¢’ N. Equivalently, (¢’)"'gN = N. But recall that f:G; — G5 is a homomorphism that maps N
into N. We thus have that f((¢')"'gN) € N. Since f is a homomorphism, we have that f(g)N < f(g')N.
Again since gN = ¢’ N, we have that g7'¢’N = N. So, f(g7'¢’)N ¢ N, with f(¢')N ¢ f(g)N, thus proving
that F(f) is well-defined.

We claim that F(f) is a group homomorphism. To show this, we begin by letting g and h be ele-
ments in Gy. We have that F(f)(gNAN) = F(f)(ghN) = f(gh)N = F(9) F(RN = F(g)N F(h)N =
F(f)(gN)F(f)(hN). This proves that that F(f) € Homgrp(F(G1), F(G2)). Now suppose that gf is
a composition of morphisms f and g in Nor-N. Let f:G; - Go, and let g: Gy - G3, with

gf:G1 - Gs.

So, we have that

F(9f):G1/N - Gs[N

is such that
F(gf)(@N)=gf(x)N =g(f(x))N

for x € G;. Similarly, we have that

F(Q)F()(@N) = F(g)f(2)N = g(f(x))N.
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Letting 14: A — A denote the identity morphism for an object A in Nor—/N, we have that
F(1a):A/N - A/N
is such that
F(1a)(aN) =1a(a)N =aN,
as desired.

Exercise 3.5. Let H be a group. Defione a map Hx from Grp to itself on objects and morphisms as

follows:
Hx:G - H xG,

and if ¢: Gy - Go then H x (¢): H x Gy - H x Gy by (h,g) = (h,¢(g)). Prove that Hx is a functor.

Solution 3.6. Given an input group G in Grp, we have that H x G is in Grp, which shows that Hx
is from Grp to itself, as indicated above. If ¢:G; - G5, then

Hx(p):HxGy— Hx Gy

is given by the mapping
(h,g) = (h,é(9)),
with
(h1,#(g1))(h2, #(g2)) = (hiha, #(g1)#(g2)) = (h1ha, (g192)),
so that
H x (hi,91)H x (ha, g2) = H x (hiha, g192).

Now suppose that gf is a composition of morphisms in Grp. Let f:G; - G5 and let g:Gy — G3, with
GG1, G5, and G5 as objects in Grp. We have that

Hx(gf):HxGy - HxGj3

with
Hx(gf)(z,y) = (2, 9(f(y))).

Similarly,

Hx(f):HxGy—~ HxGj

maps (z,y) to (z, f(y)), and
Hx(g):HxGy— HxG3

maps (z, f(y)) to (z,9(f(y))). Also, H x (14) maps (z,y) to (z,14(y)) = (z,y). We thus have that
the functor axioms holds.

Exercise 3.7. Show that the map Ring to Grp by mapping a ring to its group of units (i.e., R » R*)
defines a functor. Show by explicit examples that this functor is neither faithful nor full.

Solution 3.8. Since the set of all units of a given ring R forms a group with respect to the underlying
multiplicative binary operation on R, we have that the mapping F indicated in the above exercise is
a rule of assignment from Ring to Grp. That is, for every object R in Ring, we have that FR is
an object in Grp. Now, given an arbitrary ring homomorphism f in Homging(A, B), we have that f
preserves the multiplicative operations of A and B, with f(ajaz) = f(a1)f(az) for elements a; and ay
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in A. So, for f in Hompging(A, B), let Ff denote the mapping from A* to B* such that Ff(a) = f(a)
for each element a in A*. Now, we must show that this mapping is well-defined in the sense that F f(a)
is actually an element in the given codomain B*, given an input unit a € A*. Since a is a unit, we have
that there exists an element a’ € A such that

By definition of a unit, we have that o’ must also be a unit, with a’ € A*. Since f is a morphism, from
the equalities

fla-ad’) = f(d"-a) = f(1),

we obtain the equalities whereby

fla)-f(a') = f(a") fa) =1,
thus showing that F f(a) is a unit, as desired.

Since f € Homping(A, B) preserves multiplication, we have that
Ff =Homgrp(FA, FB) = Homgrp(A*, BY),

as desired. Now, suppose that gf is a composition of morphisms in Ring, letting f: A - Band ¢: B - C.
We thus have that F(gf) maps each element a in A* to gf(a) e C*. Also, F(g)F(f)(a) is equal to to
F(g)f(a), which, in turn, is also equal to ¢gf(a) € C*, which shows that the initial functor axiom holds.

Now, consider the identity morphism 14 on an object A in Ring. By definition of F, we have that
F(14) maps each element a in A* to 14(a) =ae A*. That is, F(14) = 1ax, which shows that the latter
functor axiom holds.

As stated in the class textbook, a functor G from C to D is called faithful, respectively full, if for
every pair of objects A and B in C the map G:Hom(A, B) - Hom(GA,GB) is injective, or surjective
respectively.

Let
F(Z]22) x (Z|27) — (Z]27) x (Z]|27Z)

denote the identity mapping on the ring (Z/27) x (Z/27Z). Let
§:(Z)2Z) x (Z)22) — (Z)2Z) x (Z2Z)

denote the mapping whereby g(a,b) = (b,a) for elements a and b in Z/27. 1t is clear that ¢ is a ring
homomorphism, since g(ay,b) + g(az,b2) = (b1,a1) + (ba,az) = (by + by, a1 + ag) = g(ay + az, by + by) =
g((al,bl) + (ag,bg)) and since g(ay,by) - g(ag, by) = (by,a1) - (by,az) = (by - ba,ay - as) = g(ay - az, by - by) =
g((al,bl) : (ag,b2)) and since (1,1) = (1,1) under g. Since there is only one unit in Z/27Z, we have
that Ff and Fg are both the identity morphisms on {(1,1)}. But f # g, since f(0,1) = (0,1) whereas
g(0,1) = (1,0). This shows that the map F: Hom((Z/2Z)x(Z|2Z),(Z[27)x(Z|2Z)) - Hom(F ((Z/27Z) x
(Z]27)), F((Z]2Z) x (Z]27Z))) is not injective.

Now, consider the set Hom(Z, Mayxo(C)) and the set Hom(FZ, F Mayxo(C)). Since Z is cyclic, and since
ring homomorphisms must may unity elements to unity elements, it is clear that there is only one
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element in Hom(Z, Ms.2(C)), namely, the morphism which maps z € Z to zI,. Again consider the set
Hom(FZ, F Mayo(C)), which is also equal to

Hom({1, -1}, GLs(C)).

But it is clear that there are several different elements in this set. For example, consider the morphism
which maps 1 to I and which maps -1 to diag(1,-1) € GLy(C). This is certainly a group homomorphism,
but it is clear that nothing maps to this group homomorphism with respect to F, since there is only
one element in Hom(Z, Ms.2(C))

Exercise 3.9. Show that for each n > 1 the map GL,: R — GL,(R) defines a functor from CRing to
Grp. [Define GL£,, on morphisms by applying each ring homomorphism to the entries of a matrix.]

Solution 3.10. Let n € N. For every object R in CRing, we have that the general linear group
GL,(R) is indeed an object in Grp. Now, letting A and B be objects in CRing, and letting f be in
Homcring (A4, B), we have that GL,(f) may be defined by applying the ring homomorphism f to the
entries of a given matrix. Given matrices

T11 Ti12 0 Tin Y11 Y12 - Yin

To1 X222 - Top Y21 Y22 0 Yom € GL,(A) = GL,(A)

Y

Tnl Tn2 °° Tnn Yn1l Yn2 ° Ynn
we have that:
11 Ti12 0 Tin Y11 Y12 = Yin
(f) T2, L22 0 To2a | | Y21 Y22 0 Yon
xn,l :En,Q xn,n yn,l yn,Q yn,n
n n n
Pkl T1EYRT 2kt T1EYR2 2ol T1kYkon
n n n
- GL Yh-1 T2kYk,1  2h=1T2kYk2 " Dke1 T2kYkn
- n(f) : : .. :
n n n
Dke1 TnkWk  2oke1 Tnk¥k2 " 2h=1 TnkYkn

F(Zhziwye) f(Shazieyes) = F(Sha 216Yen)
( F( Xk T2k Yk, 1) f( Y-t Scz,kyk,Q) f( k-1 T2 kykn)
) )

f( k=1 TrkYk,1 f( D1 én,kyk,Q) f( k=1 TrkYkn
Y1 f(ﬂfl KUk1)  Dhet f(iﬂl kYk 2) Vet f(ﬂfl,kyk,n)

)
= 1f($2 KUE1) T 1f($2 KYk,2 Sy F(z24Ynn)
)

Yk-1 f(SCn KUk1)  2het f(l'n,kyk 2 D1 f(SCn Kk )
Y1 f(xl,k) J (Y, D=1 f(ﬂUl k) ( )
_ ZZ=1 f(a?2k)

) -
) -
yk,l) ZZ:lf(xl )
)/
)

( () -
f(yea) ZZ:J(M (yr2) Yk- 1f(952k)( n)
I (

S (o) (k) S S (o)) T (o) ()

( ) ($12) f(xln) f(yl,l) f(y1,2) f(@hn)
_ ( ) (5522 f(l;2,n) f(y:Q,l) f(y:zz) f(an)

Fons) S(onz) = Fona)) \Floma) F(ma) - (o)
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11 Ti12 0 Tin Y11 Yi2 = Yin

S Z2100] R 72 C0] R

Tn1l Tnpn2 *°° Tpn Yn1 Yn2 - Ynn

This shows that GL,(f) is in Homg,p(GL,A,GL,B). Now, suppose that ¢gf is a composition of mor-
phisms in CRing. Let f:A - B and let ¢: B - C. Since gf is a ring homomorphism from A to C, we
have that GL,,(gf) is a group homomorphism from GL,(A) to GL,(C). Given an input matrix

11 QAir2 - A1n
G/Q:’l (7,2:’2 a2:7n c GLn(A),
ap1 Ap2 - Qupnp

we have that:

ayy aip v Aip gf(ar1) gf(ars) -~ gf(ain)
GL.(gf) |20 22 T Pen |l 9f(aza) gf(azz) - gf(azn)

p1 Ap2 - Qpnp gf(an,l) gf(an,Q) gf(an,n)

Similarly, we have that

a1 Qi o Aig flars) flars) - f(ain)
gLyl ez w22 aea || S(20) Slaza) e Jlaz)

Ap 1 ar.z,2 ar;,n f(an,l) f(an,Q) f(a.n,n)

so that
a1 G2 v Qg gf(ary) gf(ars) -~ gf(ain)
GL.(9)GLL(F)| P21 22 7 W)l 9f(az1) gf(azz) - gf(aza) |

Ap1 G2 " Qpp gf(an,l) gf(an,2) gf(an,n)
We thus have that

as desired. Now, letting A be an object in Ring, consider the identity mapping 14 on A. It is clear that
GL,(14) maps each matrix in GL,(A) to itself, so that GL,(14) = I,,, as desired.

Exercise 3.11. Supply the details that show the double dual map satisfies the axioms of a functor.

Solution 3.12. The double dual map is described as follows in the class textbook. Let K be a field and
let K—fdVec be the category of all finite dimensional vector spaces over K. The double dual functor D?
is defined from K—fdVec to itself. Recall that the dual space V* of V' is defined as V* = Homg (V, K).
Then D? is defined on objects by mapping a vector space V to V**. If ¢: V' — W is a linear transformation
of objects in K—fdVec, define

D2(¢)! V** _ W*x—
so that

D*($)(Ey) = By,
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where FE, denotes “evaluation at v” for v € V. We proceed to check that the two functor axioms hold.
Suppose that gf is a composition of morphisms in K—fdVec. Let f:A - B and let ¢: B - C. For an
“evaluation at A” object F, in A**, we have that D?(f)(£,) = Ef(q). Similarly, we have that

D*(9)D*(f)(Ea) = D*(9) Ef(a) = Eggay = D*(9.) (Ea),

thus proving that the initial functor axiom holds. Letting A be an object in K—fdVec, letting 14 denote
the identity mapping on A, and letting F, be as given above, we have that

D*(14)(E.) = Ei y(a) = Ea,

which shows that
D?*(14) = 1p2y,

we desired.

Exercise 3.13. Let Nor—N be the category described above, and let F be the inclusion functor from
Nor-N into Grp. Describe a functor G from Nor—/NV into Grp such that the transformation 7 defined
by ng:G - G/N is a natural transformation from F to G.

Solution 3.14. Letting N be a group, we have that Nor—N is the collection of all groups that contain
N as a normal subgroup, such that a morphism between objects A and B with respect to Nor—/V is
any group homomorphism that maps /N into N. We have previously shown that Nor—N is a category.
From the above definition for n¢g, we have that G should be defined so that for an object M in Nor—N,
G(M) = M/N. Furthermore, given a morphism f from M; to M,, letting M; and M, be objects in
Nor—N, define

G(f): Mi/N - Mz[N

so that for m € My, with mN € M;/N, we have that G(f)(mN) = f(m)N. We have that

g(f)an = 77M2~7:(f)>

because if we let m be an object in FM; = M7, we have that

e F (f)m =nu, f(m) = f(m)N

and

G(f)mnm =G(f)ymN = f(m)N.

We observe that G(f) is indeed a morphism of groups, given that f is a morphism: letting m and m/’
be elements in M;, so that mN and m’N are elements in the quotient group M;/N, we have that:

G(f)((mN)(m'N)) =G(f)(mm'N)
= f(mm")N
= f(m)f(m")N
= f(m)N f(m")N
=G(f)(mN)G(f)(m'N).

We should also show that G(f) is well-defined in the sense that an expression of the form G(f)(mN)
does not depend on any particular choice of the coset representative m. So, suppose that mN = m/N.
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We thus have that G(f)(mN) = f(m)N and G(f)(m'N) = f(m/)N. Since mN = m/N, we have that
there exists an element n € N such that mn =m/. So, we have that

G(f)(M'N) = F(m')N = f(mn)N = f(m) f(n)N.

But recall that the category Nor-/N was constructed so that morphisms with respect to Nor-N must
map N into N. So, we have that f(n) =n', for some element n’ € N. We thus have that

G(NHM'N) = f(m)N = f(mn)N = f(m) f(n)N = f(m)n'N = f(m)N = G(f)(mN),

as desired.

3.2 Exercises from Section 10.1

In the following exercises R is a ring with 1 and M is a left R-module.
Exercise 3.15. Prove that Om =0 and (-1)m = —m for all m e M.

Solution 3.16. Observe that:
0m +0m = (0+0)m = 0m.

Since
Om +0m = 0m,

and since M is an abelian group, by adding the additive inverse of Om to both sides of the above
equation, we have that Om must be equal to the additive identity element in the underlying abelian
group of M, i.e., Om = 0.

Now, recall that 1 denotes the underlying unity of the ring R. Similarly, -1 denotes the unique additive
inverse of 1 € R, with respect to the underlying group structure on R. Again letting m € M be arbitrary,
we have that:

Im+ (-1)m=(1+(-1))m =0m.

So, from the previous component of our solution, we find that:
Im+(-1)m=0.

Now, recall that
Im =m,

by definition of a unital module. We thus have that:
m+(-1)m = 0.

But since M forms an additive abelian group, we have that (-1)m and m are additive inverses of one
another: that is: (-1)m is precisely the unique additive inverse —m of m € M, as desired.

Exercise 3.17. Prove that R and M satisfy the two axioms for a group action of the multiplicative
group R* on the set M.

Solution 3.18. We have that (rs)m =r(sm) for r, s € R* by definition of a module, letting m € M and
we have that 1m = m, again by definition of a module.
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Exercise 3.19. Assume that rm = 0 for some r € R and some m € M with m # 0. Prove that r does not
have a left inverse (i.e., there is no s € R such that sr =1).

Solution 3.20. As above, we assume that rm =0, with r € R, and m € M such that m # 0. By way of
contradiction, suppose that there exists an element s in R such that sr =1. From the equality

rm =0,
we have that
s(rm)=s-0=0,
and we thus obtain the equality whereby
(sr)m = 0.
Since sr = 1, we have that
Im = 0.

By definition of a module, we have that 1m = m. So, the equality 1m = 0 implies that m = 0, thus
contradicting that m is nonzero.

Exercise 3.21. Let M be the module R" and let Iy, 13,...,1I, be left ideals of R. Prove ithat the
following are submodules of M:

(a) {(x1,29,...,2p) | z; € I;}
(b) {(z1,22,...,2,) | x;€e Rand 1 + 9 + -+ + 2, = 0},

Solution 3.22. As we later discuss, the submodule criterion basically states that a subset N of an
R-module M is a submodule of M iff N is nonempty and x +ry € N for r € R and x,y € N. Since ideals

are nonempty, it is clear that {(x1,z2,...,2,) | x; € I;} is nonempty. Let r be an element in R. Let
(Y1,Y2,---,Yn) and (21,29, ...,2,) be elements in {(z1,xs,...,x,) | x; € I;}, with y; € I; and z; € I; for all
indices i. Now consider the expression r(z1, 22, ..., 2,). Since

(21,20, 2n) = (r 21,7 29, .., 2)

and since ideals of the form I; are informally “closed under multiplication” by elements in R, we thus
have that r - z; € I; for each index 7. Since y; € I; for all indices i, and since r - z; € I; for all i, we thus
have that y; + r- z; € I; for all 7, as desired.

Now, consider the family
F={(x1,79,...,2,) | xz; € R and x1 + xo + -+ x, = 0}.

Since the ordered n-tuple consisting of O-entries is in this family, we find that F' is nonempty. Let

(y1,Y2,---,yn) and (z1,22,...,2,) be elements in this family, and let » be an element in R. Since
(z1,22,...,2,) 18 in F, we have that z; + z5 + -+ + 2z, = 0. By the distributivity axiom, we have that
rezi+r-zy+e+r-2z,=r-0=0. So, we have that (r-z;,r29,...,72,) is in F. Since

yi+ys ++y, =0,

and since
rez+rezo e +roz, =0

we have that
(pr+r-21)+(ya+r-20)++(yp+r-2,) =0,
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which shows that the ordered n-tuple

(Yr+7 20,0247 20, Yn 7 25)
is in F', thus proving that F' is a submodule, as desired.

Exercise 3.23. For any left ideal I of R define

IM={Zaimi|aiEI,mieM}

finite

to be the collection of all finite sums of elements of the form am where a € I and m € M. Prove that
IM is a submodule of M.

Solution 3.24. Recall that the submodule criterion basically states that a subset N of an R-module
M is a submodule of M iff N is nonempty and x+ry e N for r € R and x,y € N. So, let I be a left ideal
of R, and let IM be as given above. Letting a; € [ and m; € M, let Y4, a;m; be an element in M.
Similarly, letting b; € I and n; € M, let Y40 bins be in IM. Also, let r be an element in R. Since

T Z b;n; = Z T- (bmz) = Z (Tbi)niy

finite finite finite

and since b; is in the ideal I for all indices i, we have that rb; € I for all i € I. Since Y g0 (70i)n; is a
finite sum of expressions of the form (rb;)n; for rb; € I and n; € M, we have that - Y g0 bin is in TM.

But since
Y ami+ Y (rb)n;

finite finite
is a finite sum of expressions of the form tu for t € I and pu € M, we have that

Z a;m; + Z (rb;)n;

finite finite

must be in /M. By the submodule criterion, we have that I M is a submodule of M.

Exercise 3.25. Show that the intersection of any nonempty collection of submodules of an R-module
is a submodule.

Solution 3.26. Let M be an R-module. Let I #+ & be an index set, and let S; be a submodule of M for
each index ¢ in I. Now, consider the following expression:

iel
Now, let r be an element in R, and let s and ¢ be elements in N;c; S;. Consider the expression rt. Since
t is in S; for 7 € I, we have that rt is in .S; for i € I, since S; is closed under scalar multiplication for all
indices 7. Since s € S; for all 7, and since rt is in S; for 7 € I, we thus find that s + rt € .S; for all 7, since
each expression of the form S; is closed under addition. Since s+ rt € S; for all i, by the submodule
criterion, we have that N, S; is a submodule of M, as desired.

Exercise 3.27. Let N; € Ny € be an ascending chain of submodules of M. Prove that U, N; is a
submodule of M.
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Solution 3.28. Let z and y be elements in U;2; V;, and let r be an element in R. Let j; and j5 be
indices such that z € Nj, and y € N;,. We may assume without loss of generality that N; ¢ Nj,. Since
N;, is a submodule of M, we have that N, is closed under scalar multiplication, so that ry € N;,. Since
x € Nj, € Nj,, and since Nj, is closed under addition, we thus have that = +ry € N,, as desired.

Exercise 3.29. An element m of the R-module M is called a torsion element if rm = 0 for some nonzero
element r € R. The set of torsion elements is denoted

Tor(M) ={me M | rm =0 for some nonzero r € R}.

Prove that if R is an integral domain then Tor(M) is a submodule of M (called the torsion submodule
of M).

Solution 3.30. Suppose that R is an integral domain. By definition of an integral domain, we find
that R has to be a commutative ring with unity and no zero divisors. Let r be an element in R, and
let = and y be elements in Tor(M). Since y € Tor(M), we have that there exists a nonzero scalar sy in
R such that s,y = 0. Similarly, we have that there exists a nonzero scalar s; € R such that s;z vanishes.
Since R is an integral domain, and since s; and s, are both nonzero, we find that the product s;s, must
be nonzero. Now, consider the expression x + ry. By the distributivity axiom, we have that

s159(x +1y) = (5152)x + (5152)1Y

and since R, as an integral domain, is a commutative ring, we have that

s182(x +1ry) = (s281)x + (81782)Y.

Since M is an R-module, we have that

s152(x + 1Y) = 52(517) + 517(529).

Therefore,
s18o(x +7ry) =89-0+ 8170,
which shows that
s189(x +1ry) =0,

with 182 # 0. So, by the submodule criterion, we have that Tor(M) forms a submodule.

Exercise 3.31. Give an example of a ring R and an R-module M such that Tor(M) is not a submodule.
[Consider the torsion elements in the R-module R.|

Solution 3.32. We have previously shown that if R is an integral domain then Tor(M) is a submodule
of M. We begin by letting R denote the ring Z/15Z. We have that R is not an integral domain, since, for
example, the product 3-5 vanishes with respect to the ring Z/15Z. Now, letting M be equal to Z/15Z,
let the ring Z/157Z be considered as an R-module over itself. In this case, we have that Tor(M) is equal
t0 {0,3,5,6,9,10,12}. But this is clearly not a submodule, because it is not closed under addition, since,
for example, 3 and 5 are in Tor(M), but 8 is not in Tor(M ), since the integer tuple

((8-7) (mod 15):4=1,2,...,14)

is equal to
(8,1,9,2,10,3,11,4,12,5,13,6,14,7) .
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3.3 Exercises from Section 10.2

Throughout the following exercises, R denotes a ring with 1 and M is a left R-module.

Exercise 3.33. Use the submodule criterion to show that kernels and images of R-module homomor-
phisms are submodules.

Solution 3.34. The submodule criterion may be formulated in the following manner: Letting R be
a ring and letting M be an R-module, a subset N of M is a submodule of M iff N is nonempty and
x+ryeN forre Rand x,ye N.

So, let M and N be modules, and let ¢: M — N be an R-module homomorphism. Since ¢ maps the
additive identity element in M to the additive identity element in N, we have that the kernel of ¢ is
nonempty. Let 7 € R, and let = and y be elements in ker(¢). Since ¢ is a morphism, we have that

o(x+ry) =o(x) +p(ry) =0+ o(ry) = o(ry) =ro(y) =r0 =0, as desired.

Let M, N and ¢ be as given above. let x and y be elements in the image of ¢. Let a and b be
elements in the domain of ¢ such that ¢(a) = z and ¢(b) = y. Since ¢ is a morphism, we have that
r+1y=0¢(a)+rd(b) = p(a) + d(rb) = ¢(a+rb). This shows that = + ry must be in the image of ¢.

Exercise 3.35. Show that the relation “is R-module isomorphic to” is an equivalence relation on any
set of R-modules.

Solution 3.36. Let = denote the binary relation given above. Let S be a set of R-modules. Given an
element M in S, the identity mapping on M is an R-module isomorphism, so that M = M, thus proving
the reflexivity of M. Given elements M; and M, in S, and given an isomorphism ¢ from M; to Mo,
we have that ¢ is bijective, and that ¢! is also an isomorphism, as may be verified, thus establishing
the symmetry of . Finally, given elements M, My, and M;s in S, if My 2 M, and My 2 Ms, letting
¢: My - My and letting v: My — M3, then the composition ¥ o ¢ is also an isomorphism from M; to Ms,
as may be verified, thus proving the transitivity of .

Exercise 3.37. Give an explicit example of a map from one R-module to another which is a group
homomorphism but not an R-module homomorphism.

Solution 3.38. Consider the polynomial ring Q[z]. Letting
An®™ + Q18"+ -+ ayx + ag € Q]

we define
¢:Q[x] - Q[x]

so that

1 1

H(anx™ + ap1 2™+ o+ ay T+ ag) = ap ™+ apa™ Tt + o+ agz? + ag.

Note that a,z™ + a,_ 12" + - + a1x + ap and ¢(a,x™ + a, 12" + -+ + a1x + ag) have the same constant
term. We claim that ¢ preserves addition. To show this, let

1

p(x) = apx™ + ap 2"+ agr +ag € Q]

and let
q(x) = by 2™ + by 2™+ o+ by + by € Q[ ],
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with m >n. If m =n, then ¢ evaluated at the sum of the above polynomials is equal to:

n+1

(an + b)) 2" + (apoq +bypo1)2™ + -+ (ay + by) 2 + ag + by.

Since

1

d(anx™ + ap 12"+ + a1 + ag)

is equal to a, ™! + a,_1 2" + -+ + 122 + ag, and since
A(bpx™ + by 2"+ + by + by)

is equal to b,x™ 1 +b, 12" +---+ b1x2 + by, we find that ¢ preserves addition for equal-degree polynomials.
If m > n, then ¢ evaluated at p(z) + q(x) is equal to:

D™ e+ by 1+ (g + b)) 2™+ e+ (ag + b)) 2 + ag + bo.

In this case, since
d(p(x)) = anz™™ + ap 2™+ + a1 + ag

and since
H(q(x)) = bpx™ 1 + o+ by 2™+ by + s+ by + by,

we have that ¢ preserves addition in general. Also observe that ¢(0) = 0. Letting the unital ring Q[z]
be regarded as a Q[xz]-module over itself, we thus have that the mapping

¢:Q[z] - Q[x]

given above is a map from one Q[z]-module to another which is a group homomorphism. However,
since z¢(1) = x -1 = z, and since ¢(x) = 22, we have that ¢ does not preserve scalar multiplication.
So, we have given an explicit example oif a map from one Q[z]-module to another which is a group
homomorphism but not an Q[x]-module homomorphism.

Exercise 3.39. Let A be any Z-module, let a be any element of A and let n be a positive integer. Prove
that the map ¢q:Z/nZ — A given by ¢,(k) = ka is a well-defined Z-module homomorphism if and only
if na = 0. Prove that Homy(Z/nZ, A) 2 A,,, where A,, = {a € A | na =0}, so that A, is the annihilator
in A of the ideal (n) of Z.

Solution 3.40. We begin by proving the following proposition, letting A, a, and n be as given above.

Proposition 3.41. The map ¢o:Z[nZ - A given by ¢o(k) = ka is a well-defined Z-module homomor-
phism if and only if na = 0.

Proof. (=) First, suppose that the map ¢,:Z/nZ — A given by ¢,(k) = ka is a well-defined Z-module
homomorphism. Consider the expression ¢, (7). Since ¢, is well-defined map, we have that ¢,(7) = na.
Similarly, we have that ¢,(0) = 0-a = 0. But since 0 = 7, and since ¢, is well-defined, we have that
¢a(M) =na = ¢a(0) =0-a =0, as desired.

(<=) Conversely, suppose that na = 0. Now let k; and ky be elements in the given domain of ¢,, so
that the representative elements k1 and ko are not necessarily equal. Suppose that ky = ko. Since k; and
ks are equal in ZInZ, we have that:

k1 = ko(mod n).
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Equivalently, n divides ki — ko. So,_we have that thg"e exists an element z in Z such that &y = zn + ke.
Now, consider the expressions ¢, (k1) = k1a and ¢, (ko) = koa. From the equality

kia = (zn+ko)a

we have that
kia = (zn)a + kaa.

Equivalently,
kia = z(na) + kea.

From our initial assumption whereby na = 0, we find that
kla = k’QCL,

thus proving that ¢, is well-defined. We proceed to prove that ¢, is a Z-module homomorphism. Let
¢, and /5 be elements in Z/nZ. Let {1 = y1n + {1 and let {5 = yon + 5. Since

61 +€2: (y1+y2)n+€_1+g,

we have that o
gl +€2 :gl +€2.
We may thus show that ¢, preserves addition:
Ga(lr +02) = Gu(Lr + )
= (61 + EQ)G
= Ela + EQCL

= ¢a(E) + Qba(g)

Letting £; be as given above, let s denote a scalar in Z. Recall that ¢, = y1n +0;. Since sty = sy;n + sy,
we have that s¢; = sf1. We can use this equality to show that ¢, preserves scalar multiplication:

Ga(s01) = da(shh)

= (sly)a

= s(l1a)

= S¢a (E)
Since ¢, preserves addition and scalar multiplication, we have that ¢, is module homomorphism, as
desired. O

We proceed to prove the isomorphic equivalence whereby Homg(Z/nZ,A) = A,,. Let ¢:Z/nZ — A be a
Z-module homomorphism. Consider the expression ¥(1) € A. We define the function

f:Homgz(Z/nZ,A) - A,

so that
() =4(1).
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We proceed to show that f is well defined in the sense that f(v) is an element in the given codomain
of f for each element v in the domain of f. Since 1 is a mapping from Z/nZ to A, we have that ¢ (1)
is in A. Furthermore, since

ny(1) =y (nl) =¥ () = ¥ (0),

and since 1) is a morphism, we have that niy(1) vanishes, as desired. Now, suppose that v = 1)’ letting
¥ and 1’ be elements in the domain of f. Then f(¢) = ¥(1) = ¢'(1) = f(¥'), as desired. So, we have
shown that f is well-defined. Again letting 1) and v’ be elements in dom( f), suppose that f(¢) = f(¥').
Then (1) =’(1). But then B B

sip(1) = s9'(1)
for each scalar s, so that B B

P(s1) =4'(s1)
for an arbitrary scalar s, with

¥(5) =4'(5)

for each element 5 in Z/nZ. We thus have that

f@W)=f@) =v =9,

thus proving the injectivity of f. Now, let a € A be such that na = 0. From Proposition we have
that the map ¢,:Z/nZ - A whereby ¢,(k) = ka is a well-defined Z-module homomorphism, since na = 0.
Since ¢,(1) = la = a, we have that f(¢,) = a, the proving the surjectivity of f. So, we have thus far
shown that f is a well-defined bijective mapping. So, it remains to prove that f is a module morphism.
Letting v and 1’ be elements in the domain of f, we have that:

f+") = (@ +¢)(1)
= (1) +¢'(T)
= f() + f(@).
Similarly, for a scalar s, we have that:
f(sv) = (s¥)(1)

= s9(D)
=5 f(0).

So, we have that Homy(Z/nZ,A) = A,, as desired.
Exercise 3.42. Exhibit all Z-module homomorphisms from Z/30Z to Z/217Z.
Solution 3.43. A Z-module morphism ¢:Z/30Z — Z/217 is unique determined by the value of ¢(1).

So, suppose that ¢(1) = n. We thus have that ¢(k) = kn, modulo 21, for each scalar k. In particular,
we have that ¢(21) =0, so that ¢(29) = 8n, and ¢(0) = 9n. But since ¢ is a morphism, we have that
9n = 0, modulo 21. This implies that n must be a multiple of 7. We thus find that ¢(1) must be in
{0,7,14,21,28}. So, we find that there are a total of five Z-module homomorphisms from Z/30Z to
7217, as determined by the above condition whereby ¢(1) must be in {0,7,14,21,28}.

Exercise 3.44. Prove that Homg(Z/nZ,Z|mZ) = Z](n,m)Z.
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Solution 3.45. To prove the isomorphic equivalence whereby:
Homy(Z/nZ,Z]mZ) = Z[(n,m)Z,

our strategy is to construct an explicit isomorphism from Homy(Z/nZ,Z[mZ) to Z[(n,m)Z. Now, let
¢ be a Z-module homomorphism from Z/nZ to Z/mZ. For a natural number ¢ € N, let the elements in
Z[VZ be denoted as integers, for the sake of clarity. Now, consider the expression ¢(1) € Z/mZ. Suppose
that ¢(1) = a, for some element a in the codomain of ¢. We thus find that:

(1) = a(mod m)
#(2) = 2a(mod m)

¢(n -1)=(n-1)a(mod m)
¢(0) = (n-¢(1))(mod m)

But since ¢ is a Z-module homomorphism, we find that

n-¢(1) = 0(mod m),

so that
m | (n-¢(1)).
We also have that 0 < ¢(1) < m. The number of values for ¢(1) such that
m | (n-¢(1)).
and
0<o(l)<m

must be equal to (m,n), as may be verified using the Fundamental Theorem of Arithmetic, in the
following manner: since

m | (n-¢(1)),

we have that ¢(1) may be an arbitrary integer multiple of  satisfying

_m
ged(n,m

0< (1) <m,

and this shows that ¢(1) must be of the form i for i € Ny with

—m
ged(n,m)

0<i— " <
<j—————<m,
ged(n,m)

which shows that the possible values for ¢ € Ny are precisely integers i € Ny such that

0<4 !

—<1
- chd(n,m) ’

so that the possible values for ¢ € Ny are precisely integers ¢ € Ny such that
0 <i<ged(n,m).
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We thus observe that
|Homgy (Z/nZ,Z]mZ)| = (n,m).

Furthermore, we have a complete classification of the morphisms in Homgy(Z/nZ,7Z/mZ). In particular,
the Z-module homomorphisms in Homy(Z/nZ,Z/mZ) are precisely Z-linear ¢ such that

o(1) e{0,1-g0d(n7m),2- gcd(n’m),...,(gcd(n,m)—1)-—gcd(n7m)}.

For an integer ¢ € Ny such that ¢ € {0,1,2,...,gcd(n,m) — 1}, let ¢; denote the morphism whereby
11 We thus have that:

—m
ged(n,m)*

HOle(Z/TlZ, Z/mZ) = {(b(b ¢17 ¢27 ce >¢gcd(n,m)—1}-

Now, let
U:Homy(Z/nZ,Z|mZ) — Z](n,m)Z

denote the mapping whereby
\Ij(qbz) =1€ Z/(?’L, m)Z7

letting ¢ be as given above, with i € {0,1,2,...,ged(n,m) —1}. We immediately see that U is surjective,
since for j € Z/(n,m)Z, we have that WU(¢;) = j, with ¢; as an element in the domain of W. Letting
i,j€{0,1,2,...,gcd(n,m) -1}, we see that:

V(i) =V(pj) =i=j

——

m . m

' ged(n, m) - ged(n, m)
= ¢i(1) = ¢;(1).

From the equality whereby ¢;(1) = ¢;(1), we find that ¢; = ¢;, since ¢; and ¢; are both Z-linear

morphisms. Consider the sum ¢; + ¢;. The sum ¢; + ¢; evaluated at 1 must be equal to 2 - ﬁ,
the sum ¢, + ¢ + ¢ evaluated at 1 is equal to 3- %, and so forth. Continuing in this manner, we

find that ¥ must be Z-linear. Since ¥ must be bijective and Z-linear, we obtain the desired isomorphic
equivalence.

3.4 Exercises from Section 10.3

In the following exercises, R is a ring with 1 and M is a left R-module.

Exercise 3.46. Prove that if A and B are sets of the same cardinality, then the free modules F'(A) and
F(B) are isomorphic.

Solution 3.47. This follows immediately from the results given in our solution to Exercise letting
% be the category R-Mod of left R-modules.

Exercise 3.48. Assume R is commutative. Prove that R® @ R™ if and only if n = m, i.e., two free
R-modules of finite rank are isomorphic if and only if they have the same rank. [Apply Exercise 12 of
Section 2 with I a maximal ideal of R. You may assume that if F' is a field, then F™ = F' if and only if
n =m, i.e., two finite dimensional vector spaces over F' are isomorphic if and only if they have the same
dimension — this will be proved later in Section 11.1.]
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Solution 3.49. This is proven in our solution for Exercise [I.17]
Exercise 3.50. Show that the F[z]-modules in Exercises 18 and 19 of Section 1 are both cyclic.

Solution 3.51. Letting M denote an R-module, we recall that a submodule N of M is said to be cyclic
if there exists an element a € M such that N = Ra, that is, if N is generated by one element, with:

N =Ra={ra|reR}.
Exercise 18 from Section 1 is given as follows:

“Let F' =R, let V =R? and let T' be the linear transformation from V' to V' which is rotation clockwise
about the origin by 7/2 radians. Show that V" and 0 are the only F[x]-submodules for this 7.” (p. 344)

We can basically make R? into an R[x]-module using the given linear map 7T'. In particular, we can turn
R? into an R[z]-module so that given a polynomial p(z) in R[z], and given a vector v in R?, we have
that the polynomial p(z) acts through substitution of the linear transformation 7' for x with respect to
p(x), and then by applying the resultant linear mapping to v.

So, we regard the plane R? as an R[x]-module with respect to the linear map 7', in the sense described
above. So, we need to show that there exists an element v € R? such that R[x]v is equal to R2.

V:léleRz

generates the R[z]-module R? with respect to 7. We thus find that

e

Basically, we can create an arbitrary point in the plane R? as an R-linear combination of v and T'v. In
particular, letting a and b be arbitrary elements in R, so that

o

is given by an arbitrary point in the plane, we find that:

We claim that the vector

(bx +a)v=(bT +a)v
=bT(v) +av

ol
ol
[
B

35



So, we have shown that each point in R? must be an element in R[xz]v. Conversely, we have that
R[z]v c R?, so that R[z]v = R2.

In the class textbook, Exercise 19 from Section 1 is given as follows:

“Let F' =R, let V =R? and let T be the linear transformation from V' to V' which is projection onto the
y-axis. Show that V, 0, the z-axis and teh y-axis are te only F[z]-submodules for this T.” (p. 344)

Letting T be as given in Exercise 19 from Section 1, we claim that the vector

W:H]ERQ

generates the R[x]-module R? with respect to 7. First of all, begin by observing that

1 0
Tw=T| =T (H) = H eR%
So, we find that:

ool coeof o (G (L)

(bx)w = lg]

So, since

and since
(—ax +a)w = lg] :

we thus have that

(bx)w + (—azx +a)w = [Z] e R?,

so that
((ma+b)x+a)w= [Z] e R?

which shows that [1

1] generates R? as an R[x]-module, with respect to the projection mapping 7.

3.5 Exercises from Section 12.1

Exercise 3.52. Let M be a module over the integral domain R. Suppose x is a nonzero torsion element
in M. Show that x and 0 are “linearly dependent.” Conclude that the rank of Tor(M) is 0, so that in
particular any torsion R-module has rank 0.

Solution 3.53. Since x is a nonzero torsion element in M, we have that there exists a element r of the
ring R that is neither a left nor a right zero divisor such that rm = 0. Since r # 0, we have that

rm+1r0=rm =0,
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thus proving that x and 0 are linearly dependent.

Recall that for any integral domain R, the rank of an R-module M is the maximum number of R-linearly
independent elements of M. Since

Tor(M) ={x € M | rz =0 for some nonzero r € R}.

But then Tor(M) cannot contain a linearly independent set with at least one element, since ra = 0 for
some nonzero r € R for each element x in Tor(M).

Exercise 3.54. Letting M and R be as given above, show that the rank of M is the same as the rank
of the (torsion free) quotient M /TorM.

Solution 3.55. Again, for any integral domain R, the rank of an R-module M is the maximum number
of R-linearly independent elements of M. Suppose that the rank of M is n. Now, consider the quotient
module M /TorM. By way of contradiction, suppose that there exist n’ > n R-linearly independent
elements in M /TorM, so that

r1 (ay + TorM) + 75 (ag + Tor M) + -+ + 1y (@ + Tor M) = 0 + TorM
implies that the above coefficients in R are all equal to 0. Equivalently,
101 + 99 + - + 1@y + TorM = 0+ Tor M

implies that the above coefficients in R are all equal to 0. Equivalently, we have that if

101 + o9 + - + 1pra, € TorM
then the above R-coefficients all must be equal to 0. So, suppose that

riaq + roQg + -+ ryra, € TorM.
Then the above R-coefficients must be equal to zero, and there exists an R-coefficient ¢ such that

(qri)ay + (qra)ag + -+ (qru)aq = 0.

But since n’ > n, we have that there exists an expression of the form ¢r; which must be nonzero. But
this is impossible since r; = 0. So, we have shown that the rank n’ of M/TorM is less than or equal to
the rank n of M. Now, suppose that {b1,bs,...,b,} is a set of linearly independent elements in M. By
way of contradiction, suppose that it is not the case that

{by + TorM, by + TorM, ... b, + TorM}

is a set of linearly independent elements in M /TorM. So, we have that there exists a nontrivial linear
combination
1 (by + TorM) + s (bg + TorM) + -+ + s, (b, + TorM ) = 0 + Tor M

of the elements in {b; + TorM, by + TorM, ... b, + TorM} which vanishes. Since
$1by + s9bg + -+ + 8,,b,, € TorM
we have that there exists a regular coefficient ¢ in R such that

ts1b1 + tsaby + - + ts,b, = 0.
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But recall that
s1 (by + TorM) + s (bg + TorM) + -+ + s, (b, + TorM ) = 0 + Tor M

is supposed to be a nontrivial linear combination of the elements in {b; + TorM, by+TorM, ... b,+TorM}.
So, we may assume that s; is nonzero, for some index 7. But since t is regular, we have that ¢ is not
a zero divisor. So, we have that s; is nonzero, and thus ts; is nonzero. But this is impossible, since
{b1,bs,...,b,} is linearly independent. So, we have shown that n’ <n, and we have shown that there is
a linearly independent n-set of elements in M /TorM, thus establishing the equality whereby n’ = n.

Exercise 3.56. Let M be a module over the integral domain R. Suppose that M has rank n and that
X1, T, ..., Ty is any maximal set of linearly independent elements of M. Let N = Rxy+...+ Rx, be the
submodule generated by z1,zs,...,x,. Prove that N is isomorphic to R and that the quotient M /N
is a torsion R-module (equivalently, the elements x1,...,x, are linearly independent and for any y € M
there is a nonzero element r € R such that ry can be written as a linear combination r12q +...+r,z, of
te ;).

Solution 3.57. Given an integral domain R, the rank of an R-module M is the maximum number of
R-linearly independent elements of M. So, let M, R, n, etc., be as given in the above exercise, with
x1,%2,...,T, as a maximal set of linearly independent elements in M, and with

N =Rxi+ Rxo+ -+ Rz,

To prove that N @ R™, we proceed to construct an explicit isomorphism ¢: N - R™. Letting ry,rs,...,7, €
R, so that
T, +1r9Xg + -+ 71Ty

is an arbitrary element in the domain of N. We define the mapping ¢ so that
¢(T1.T1 +ToXg + -+ T’nl’n) = (7"177’2, C.. ,Tn) e R™.

The injectivity of ¢ follows immediately from the linear independence of the set {x1,zs,...,2,}, and
the surjectivity of ¢ follows in a straightforward way from the definition of ¢. We have that ¢ must
preserve addition, since

O(rimy + roZo + - + 1y ) + O(S121 + Sog + -+ + SpTy,)
is equal to

(r1,7m9, . ) + (81,82, .. .,8,) = (r1+ 81,72+ So, ..., T + Sn)

letting s1, s9,...,s, € R. We also have that ¢ must preserve scalar multiplication, since, given a scalar
t € R, we find that
t-d(rimy +roZo + -+ rpmy)

is equal to
t'(T17r27"'7rn) = (t'rl,t.r27‘”7t.rn)‘

Accordingly, we find that ¢ is a bijective morphism, as desired.

The following definition is taken directly from the class textbook:

“An R-module M is called a torsion module if for each m € M there is a nonzero element r € R such
that m =0, where r may depend on m...” (p. 356)
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Now, recall that given an arbitrary submodule B of a module A, we can always form the quotient module
A/B. In particular, we find that the quotient module M /N is well-defined. The underlying set of this
quotient module consists of additive cosets of the form m + N for elements m € M.

So, we must show that for all m € M there exists a nonzero scalar y € R\ {0} such that:
ym € Rxy + Rxo +---+ Rx,,.
By way of contradiction, suppose that there exists some m € M such that for all nonzero y € R~ {0}
ym ¢ Rry+ Rxs + - + Ry,
Equivalently, there exists an element m € M such that for all y € R~ {0} and ry,79,...,7, € R,
YM #7171 + ToXg + - + Ty,
But then we would have that the subset
{m,z1,29,...,2,}

of M would have to be linearly independent with respect to M, because otherwise, there would exist a
nontrivial linear combination
ZM + S1X1 + SoXg + - + ST, =0

which vanishes, with z nonzero since {x1,zs,...,%,} is linearly independent, so that
zm = (=s1)x1 + (=S2)Ta + -+ (=8,) Xy
contradicting that for all y € R\ {0} and rq,79,...,7, € R,
Ym #1121 + o + - + Ty

But then the maximality of z1,xs,...,x,} would be contradicted.

3.6 Exercises from Section 12.2

Exercise 3.58. Prove that similar linear transformations of V' (or n x n matrices) have the same
characteristic and the same minimal polynomial.

Solution 3.59. Let A and B be nxn matrices such that A and B are similar. So, let C' be a non-singular
matrix such that:

A=CBC™.
Now, recall that the minimal polynomial p4(x) of A is the monic polynomial
pa(z) = 2™ + A1 2™ + o™+ + ag + ag
of minimal degree such that
A"+, A a0 A2 4 g A+ apl, = 0,
and similarly for the minimal polynomial

2

pp(x) = 2b + b2+ byoxt 2+ -+ b + by
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for B, with:
B +b, 1B+ by 9B + -+ 1B+ byl, = 0.

Multiplying both sides of the above equality on the left by C' and on the right by C~!, since A* = CB!C~!
for i € Ny, we have that:
AZ + bg_lAK_l + bg_gAe_Q + e+ blA + bOIn =0.

By minimality of p4, we have that palug. A symmetric argument shows that pp|pua, which shows that
HB = [A-

Now, consider the characteristic polynomial of B:
cg(x) = det(xI - B).
From the above equality, we have that:

det(C)cp(x) det(C™) = det(C) det(zI - B) det(C™1).

Therefore,
cp(x) =det(C(xl - B)C™).
Equivalently,
cp(x) =det(zl - CBC™),
with
cp(x) = det(al - A),
as desired.

Exercise 3.60. Let M be as in Lemma 19. Prove that the minimal polynomial of M is the least
common multiple of the minimal polynomials of Ay, ..., A.

Solution 3.61. Lemma 19 from the class textbook is formulated in the following manner:

Lemma 19. Let a(x) € F[z] be any monic polynomial.
(1) The characteristic polynomial of the companion matrix of a(x) is a(z).
(2) If M is the block diagonal matrix

A 0 0
m=| 0 A )
0 0 . Ak
given by the direct sum of matrices Ay, As, ..., A then the characteristic polynomial of M is the

product of the characteristic polynomials of Ay, As, ..., Ag.

By the above lemma, we have that the characteristic polynomial ch,(M) of M is equal to:
ch, (Aq)ch, (As)---ch, (Ag).
We know that the minimal polynomial m, (M) of M must divide

ch, (Ay)ch, (As)---ch, (Ag).
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For an integer 7 € Ny, we have that:

Ai 0 0
wiol 0 A 0
0 0 Al

The minimal polynomial m,(A;) is the smallest polynomial which vanishes under A;. So, in order for
the upper-left block of M to vanish under a polynomial

p(2) = apx™ + ap1 2"+ + a1 + ag,

with
AP 0 ... 0 Arloo0 .0
n n-1
P [ SN Y I AT R )
0 0 ... Ar 0 0 .. Art

letting I denote an appropriate identity matrix, and letting O denote an appropriate zero matrix, we
have that the polynomial p(x) would have to be a multiple m,(A;), since we would have to have that

an AT + ap 1 AV 4 v agl = 0.

Similarly, in order for a fixed block B of the block matrix M to vanish under a polynomial, we would
have that the minimal polynomial for B would have to divide this polynomial. So, given a polynomial
q(x) such that each block B of M vanishes with respect to g(z), we find that each minimal polynomial
for each block B of M would have to divide ¢(x). So, if M vanishes with respect to a polynomial ¢(x),
the polynomial ¢(x) must be a multiple of all of the minimal polynomials of all the blocks of M. Since
M vanishes under the minimal polynomial for M, we have that the minimal polynomial for M must be
a multiple of all of the minimal polynomials for all of the blocks of M, and by minimality of the minimal
polynomial for M, we may conclude that the minimal polynomial of M is the least common multiple of
the minimal polynomials for the blocks of M.

3.7 Exercises from Section 12.3

Exercise 3.62. Suppose the vector space V is the direct sum of cyclic F[x]-modules whose annihilators
are (x+1)2, (x-1)(22+1)%, (z*-1) and (x+1)(22-1). Determine the invariant factors and elementary
divisors for V.

Solution 3.63. Our solution is based upon a solution given in the following link:

https://crazyproject.wordpress.com/2011/11/17/
compute-the-invariant-factors-and-elementary-divisors-of-a-given-module/

Letting V' be as given above, we have that:
V=Flz]/((z+1)*) & Flz]/{(z - 1)(2® + 1)*) @ F[2] /(2" - 1) ® F[2]/{(z + 1)(a” - 1)).

Our strategy is to apply the following result from the class textbook, which is a corollary to the Chinese
Remainder Theorem.
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“Proposition 16. Let g(x) be a nonconstant monic element of F[x] and let

9(@) = fr(z)™ fo(@)" - fe(2)™

be its factorization into irreducibles, where the f;(x) are distinct. Then we have the following isomor-
phism of rings:

Flz]/(g(x)) = Fle]/(f1(x)™) x Fz][(f2(x)") x - x Flx][(fr(x)"™)7 (p. 313)

We also review the term invariant factor, as defined in the class textbook.

“Theorem 5. (Fundamental Theorem, Ezistence: Invariant Factor Form) Let R be a P.I.D. and let M
be a finitely generated R-module.
(1) Then M is isomorphic to the direct sum of finitely many cyclic modules. More precisely,

M=z=R @®R/(a1) ® R/(az) ® - ® R/(an)

for some integer r > 0 and nonzero elements aq,ao,...,a,, for R which are not units in R and which
satisfy the divisibility relations
a | ag | - | am.” (p. 462)

“Definition. The integer r in Theorem 5 is called the free rank or the Bett:i number of M and the

elements ay,as, ..., a, € R (defined up to multiplication by units in R) are called the invariant factors
of M.”

We also review the term elementary divisor, as defined in the class textbook.

“Theorem 6. (Fundamental Theorem, Existence: Elementary Divisor Form) Let R be a P.I.D. and let
M Dbe a finitely generated R-module. Then M is the direct sum of a finite number of cyclic modules
whose annihilators are either (0) or generated by powers of primes in R, i.e.,

M=z R & R/(py") ® R/(p3?) & © R/(p")

where 7 > 0 is an integer and p{*, ..., pi"* are positive powers of (not necessarily distinct) primes in R.”
(p. 464)

“Definition. Let R be a P.I.LD. and let M be a finitely generated R-module as in Theorem 6. The
prime powers p{', ..., p;* (defined up to multiplication by units in R) are called the elementary divisors
of M. (p. 465)

Now, letting V' be as given in the above exercise, recall that:
V=Flz]/((z+1)*) & Flz]/{(z - 1)(2” + 1)*) ® F[2] /(2" - 1) ® F[2]/{(z + 1)(2” - 1)).

We proceed to consider two separate cases, namely, the case whereby z2 + 1 is irreducible in F[x], and
the case whereby 22 + 1 is reducible in F[x]. First suppose that z2 + 1 is irreducible in F[x]. So, in the
case whereby 22 + 1 is irreducible in F[z], according to Proposition 16 from the class textbook, we
find that the irreducible factors of V are:

(z+1)(z-1)
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(z+1)*(z-1)(2*+1)
(z+1)*(x-1)(2*+1)2

The elementary divisors are the prime power divisors of the irreducible factors?}

(z-1)
(z-1)
(z-1)
(x+1)
(z+1)2
(z+1)3
(2 +1)
(22 +1)2

Now, suppose that 2 + 1 is reducible in F[x]. We may deduce that there exists an element « € F' such
that 22+ 1 = (z + a)(z — ) = 22 — a?. Now, recall that

V= Flz]/((z +1)*) @ Flz]/{(z - 1)(2? +1)*) @ F[z]/{z" - 1) @ F[z]/{(z + 1) (2* - 1)).
So, we have that the invariant factors are:

(z-1)(z+1)
(z-1)(z+1)*(z+a)(z-a)
(z-1)(z+1)*(2+a)*(z-a)?

The elementary divisors of V' are:

-1
-1
-1
r+1
(z+1)?
(z+1)3
T+
(z+a)?
T—

(v - )

3.8 Exercises from Section 10.5

Suppose that

3 Another solution is given in : http://orion.math.iastate.edu/maddux/505-Spring-2010/allhw.3.pdf.
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A ¥y B2y, (O

Lo 1o B
Al Wy gy

is a commutative diagram of groups and that the rows are exact.

Exercise 3.64. With respect to the above diagram, if ¢ and « are surjective, and [ is injective then
is injective. [If ¢ € ker~y, show there is a b € B with ¢(b) = ¢. Show that ¢'(3(b)) = 0 and deduce that
B(b) = ¢'(a’) for some a’ € A’. Show there is an a € A with a(a) = a’ and that 5(¢(a)) = 5(b). Conclude
that b=1(a) and hence ¢ = ¢(b) = 0.

Solution 3.65. With respect to the above diagram, assume that ¢ and « are surjective, and assume
that 3 is injective. To prove that ~ is injective, our strategy is to follow the method suggested above, by
proving that the kernel of + is trivial. As above, assume that c € ker(«y). Since ¢ is a surjective mapping
from B to C, and since the kernel of 7 is contained in C', we have that there must be an element b in
the domain of ¢ such that ¢(b) = ¢. Now, recall that ¢ is an element in the kernel of ~, so that v(c) =0,
letting 0 denote the identity element of the groups presently under consideration. Since ¢ is a morphism,
and since y(c) = 0, we have that:

¢(7(¢)) = ¢(0) = 0.

Since
¢(v(c)) =0,

and since the above diagram is commutative, we may deduce that
¢'(B(b)) = 0.

Since the rows of the above diagram are exact, we have that:
im (¢') = ker (¢').

So, since
¢'(B(b)) =0,

we have that 3(b) must be an element in the kernel of ¢’. Therefore, 5(b) must be an element in im (¢)’).
So, there must exist some element a’ in A’ such that

B(b) = ¢'(a’).

Now, recall that we assumed that « is surjective. Since a’ is an element in the codomain of «, there
must be an element a in A such that a(a) = a’. From the equality

p(b) = ¢'(d),

we thus find that
B(b) = ¢'(a(a)).
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Since the above diagram commutes, we have that

Bb) = B(¢(a)).

Since [ is injective, we have that
b=1(a).
Therefore,
¢(b) = d(¢(a)).
That is,
¢ = ¢(b) = o(1(a)).
Now, since 9 (a) is in im (¢)) = ker (¢), we may conclude that ¢(¢(a)) =0, so that ¢ =0, as desired.

Exercise 3.66. Prove that if § is surjective and if v and 1)’ are injective then « is surjective.

Remark 3.67. The author previously constructed the following solution for an assigned problem in
MATH 6121. This solution is available through the course website http://garsia.math.yorku.ca/
~zabrocki/math6121f16/|for MATH 6121.

Solution 3.68. Since the bottom row forms an exact sequence, we have that an element b’ € B’ is
mapped to ecr iff it is in ime)’. Since the top row forms an exact sequence, we have that an element
b e B is mapped to ec iff it is in im.

Now, since « is injective, an element b € B is mapped to ecs through ~ o ¢ iff it is in im).

So, since the given diagram commutes, with vo ¢ = ¢’ o 5, we have that an element b € B is mapped to
Ecr iff:

(i) beimy; and
(i) A(b) € im(y").
We claim that the image of 3o is equal to the image of ¥'. Given in element a € A, we have that:
¥(a) € imy) = ker(@).

Again by injectivity of 7, we find that ¢ (a) must be mapped to ecr. Given an element a € A, we know
that ¥ (a) is mapped to ecs iff (8o1)(a) € im(¢)’"). So, this shows that im(/5 o) € im()’).

Now, by way of contradiction, suppose that there exists an element x € im(t’) outside of im(5 o). But
by surjectivity of 3, there exists an element y € B such that (y) = . But y would be mapped to ecr y
would have to be in the image of 1, so that 5(y) € im(/3 o0 1), contradicting our initial assumption that

Ay) #im(B o).

So, we have shown that im(/5 o) =im(¢)’). So, for each element a’ € A’, we have that
YP'(a") eim(y)") = im(B o 1),
so that there exists a corresponding element a € A such that:

$(B(a)) = ¢'(d).
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But since the given diagram commutes, we have that
(B(a)) = ¢'(a) = ¢'(a(a)).
By injectivity of ¢, we have that:
P'(d") = (a(a)) = a’ = a(a),

thus proving the surjectivity of a.

3.9 Exercises from Section 13.1

Exercise 3.69. Show that p(x) = 23 + 9z + 6 is irreducible in Q[z]. Let 6 be a root of p(x). Find the
inverse of 1+ 6 in Q(4).

Solution 3.70. Letting p(x) = 23 + 92 + 6, begin by observing that p’(x) = 322 + 9 is always positive,
so that p(z) = 23 + 92 + 6 is strictly increasing. So, we have that p(x) = 23 + 9z + 6 has only one real
root. It is easily seen that ¥/3 - 32/3 is a root of p. If we accept that v/3 —32/3 is irrational, we have that
the only real root of p is irrational. Alternatively, one may use the fact that a polynomial with integer
coefficients is irreducible over Q iff it is irreducible over Z.

Now, let 6 be as given above, with § as a root of p(x). Since Q(0) is a field, we have that 1 is in Q(6).
By the Euclidean algorithm, in Q[z], there are polynomials a(z) and b(z) such that

a(z)(1+z) +b(x)(z* + 92 +6) = 1.
Let a and b be denoted as indicated below.

(cox® +cy+co)(z+1) +b(x)(2® + 92 +6) = 1.
(0+1)*=60>+30>+30+1

=30*-60-6
So

%(9+1)3:92—ze—2
(0+1)2=602+20+1

1 3 2

§(0+1) -(0+1)°=-40-3

%(«9+1)3—(0+1)2+4(9+1):1

So, from the above evaluation, we find that:

1 ) 1
§(0+1) —(9+1)+4—9+1

That is is equal to:

T
2 6 10

3 3 3
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Exercise 3.71. Show that 23 -2z -2 is irreducible over Q and let 6 be a root. Compute (1+0)(1+60+62)
and 22 in Q(0).

Solution 3.72. Let p(x) = 2% = 2z — 2. Then p'(z) = 322 — 2. Since p'(x) is only negative if = satisfies
the condition whereby —\/g <x< \/g . So, since p(x) is strictly increasing for |z| > \/g , it is easily seen
that p(x) has only one real rool, namely

1 3
5\3/27 354 VIEVOT | cea0g

32/3

Recall that a polynomial with integer coefficients is irreducible over Q iff it is irreducible over Z. Since
the only real root of p is the non-integer expression given above, we have that p is irreducible as an
element in Q[z], as desired.
Letting € be a root of the given polynomial 23 — 2z — 2, expand the expression (1 +6)(1+ 60 +6?%) as
follows:
(1+0)(1+60+6%)=1+20+20%+0°

Since
62 -20-2=0,
we find that
0% =20+ 2,
we find that

(1+0)(1+60+6%) =3+40 + 202

Now, to expand the expression
1+60

1+6+62
in Q(0), we begin by expanding the expression

1
1+0+62

in Q(#). So, it remains to find an expression of the form

af? + b0 + c e Q(0)

such that
(af* +b0 +c)(0?+0+1) = 1.

From the above equality, we have that:

abd* + ab? + ab® + b0 + bO? + b0 + ch? + ch +c = 1.
From the above equation, we find that:

2a +2b + ¢ + 4ab + 3b0 + cO + 3a6? + bO? + cH* = 1.
We thus arrive at the following system of equalities:

20+2b+c=1
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da+3b+c=0

3a+b+c=0

Solving the above system, we find that a = —§7 b %, and ¢ = g Since

(—202+%0+§)(92+9+1):1,

3
we find that 5 . . .
0P+ =+ - = ———.
37 3T 3T a1
Therefore,
2 1 5) 1+6
1+6)(-267+ =6 —)z—.
(1+ )( 37 73773) T a1
Therefore,
_2_93_6_2+29+§—1—+9
3 3 3 602+0+1
Equivalently,

62 20 1 1+60

— =t

3 3 3 0*+0+1

Exercise 3.73. Show that 3 + x + 1 is irreducible over Fy and let 6 be a root. Compute the powers of
6 in ]FQ(H)

Solution 3.74. By way of contradiction, suppose that 23 +x +1 is reducible over F5. We thus have that
23+ x + 1 must be equal to a product of a degree-1 polynomial in Fo[x] and a degree-2 polynomial in
Fy[z]. By comparing the leading and constand coefficients of these polynomials, we have that

Prr+l=(r+1)(2®+cx+1)

for some constant c¢. Expanding the above expression, we find that

Prr+l=03+(c+Da?+(c+ D +1.

But then ¢+ 1 must be equal to 0, since the coefficient of 2 in the latter polynomial must be 0, but
¢+ 1 must also be equal to 1, as given by the coefficient of x in this polynomial. We thus arrive at a
contradiction.

Now, let 6 denote a fixed root of the irreducible polynomial 22 + z + 1. Since
0 +60+1=0,

we have that
03=0+1.

We may thus compute the initial powers of # in the following manner:

0=0
92:92
0*=6+1
0 =6>+0
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P =60>+0+1
0°=6%+1
0" =1.

From the above evaluations, we have that the following equalities hold for m € Np:

07m+1 — 9
97m+2 — 6)2
O3 =0+ 1

97m+4 — 92 + 9
O =602+ 0+ 1

97m+6 — 92 +1

97m+7 =1

Exercise 3.75. Prove directly that the map a + b2 > a-bV2 is an isomorphism of Q(ﬂ) to itself.

Solution 3.76. Recall that Q(+/2) consists precisely of expressions of the form a + bv/2 for a,b € Q.
Letting ¢:Q(v/2) - Q(+/2) denote the mapping whereby a + bv/2 = a — b\/2, we have that ¢ is well-
defined in the sense that ¢ is defined for each element in the given domain of ¢. Moreover, we find
that ¢ is well-defined in the sense that for each input element ¢ in the domain of ¢, ¢(q) is in the given
codomain of ¢. Given an arbitrary element ¢+ dv/2 in the codomain of ¢, where ¢ and d denote rational
numbers, we have that c¢—dv/2 maps to c+dv/2 € cod(¢$) with respect to ¢, thus proving the surjectivity
of ¢. Letting aq,aq, by, by € Q, suppose that:

qb(al + bl\/ﬁ) = QZS((IQ + b2\/§)
Equivalently,
a1 — b1\/§ =az — bz\/ﬁ.

Comparing coefficients on both sides of the above equation, we may deduce that a; = as and by = bs.
Therefore, a; + b;v/2 must be equal to as + bo\/2, thus proving the injectivity of ¢. So, it remains to
prove that ¢ is a ring homomorphism. As shown below, we find that ¢ preserves the underlying additive
binary operation on Q(v/2):

o((ar + bl\/§) + (ag + b2x/§))

d(ay +ag + (by +by)V2)

a1 + as — (by +by)V/2

=q, + a9 — (bl\/§+ bg\/i)
=a1+a2—bl\/§—b2\/§
=Gl—b1\/§+a2—b2\/§

= ¢(ay +b1V/2) + dlay + bo/2).

In a somewhat similar fashion, we find that ¢ preserves the underlying multiplicative binary operation
on Q(v/2), as demonstrated below:

(b((al + bl\/ﬁ) . (a2 + bg\/?)) = (b(alag + Clgbl\/§+ albg\/§ + 2b1b2)
= (b(alag + 2b1[)2 + (agbl + albz)\/i)
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= ajas + 2b1by — (agby + albz)\/§
= a1ay + 2b1by — ashi V2 — a1baV/2
=a1a9 — a,gblx/i - a1b2\/§ + 2b1by
= (a1 -b1V2) - (a2 - b2V/2)
= (a1 +01V2) - p(as + byV/2).
We thus have that ¢ is a bijective morphism, as desired.
Exercise 3.77. Suppose « is a rational root of a monic polynomial in Z[z]. Prove that « is an integer.

Solution 3.78. Letting o be as given above, suppose that « is a rational root of the monic polynomial

1 2

T+ 2y 2"+ 2y 0T+ e+ 2+ 20 € A 2],

letting n € N, and letting z,21,...,2,-1 € Z. Since a € Q, we may write a = ¢, letting a € Z, with
beZ~ {0}. We thus have that:

(g)n+z (g)n_1+z (g)n_2+ +2z (g)+z =0
b n—1 b n—2 b 1 b 00—V

Let the fraction 7 be in lowest terms. Since

(g)n+z (g)n_1+z (g)n_2+ + 2z (9)+z =0
b n—1 b n—2 b 1 b 0=

we have that

for some integer z. But then

a™ bz
ey
o b
so that
a” = -bz.
If
Bmy

@ = £P PR Pan,

is the prime factorization of a and
6102 .. 0m
b = ip’yllp*yz'”p’)’mz

is the prime factorization of b, so that

{p()é17p0427‘ ° '7p06m1}

and
{p’Yl7p’YQ7 e 7p’ym2}

are disjoint, since
n _ n, n 76my
a" = =pppipg, "

a2

we have that the prime factorization of z must contain pZ? ! pg?---pzﬁ ™ But this shows that the absolute

m1

value of % must be less than or equal to 1, thus proving that b e {1,-1}, as desired.
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Exercise 3.79. Show that if « is a root of a,x" + a,_12" ! +---+ a2 + ag, then a,a is a root of the monic
polynomial " + a, 12" + a,a, 22" 2 + -+ + a?2aix + a?Lag.

Solution 3.80. Assume that « is a root of a,x™ + ap_12™ 1 + - + a1z + ag. We thus have that:

1

an”™ + ap10 "+ -+ aja+ag = 0.

Now, consider the following polynomial:

T+ A1 B+ Ao+ + aﬁ_zalx + az_lao.

Now, let the above expression be evaluated so that z = a,«. So, we find that:

T+ Ay 12+ Ay T e+ LLZ—Qalx + az_lag

= ()" + ap-1 ()" + apap_2(a,0)" 2 + -+ a"2ay (a,) + aFag
(ana)n + &n—lazil&nil + an_2azflan72 bt azflala " az,lao

a’a” + a,_1a" o + a,_pa a2

+e+a"raja+ aag

n-1_n n-1_n-1 n-1,n-2

ana, o +anp_1Q, o + ap-2a, ~Q +---+a2‘1a1a+an‘1

n

Qo

n—1 n—2

a, (anoz” +a, 10"+ a, s
_ n-1

=a, -0

=0.

+eetaro+ ao)

Exercise 3.81. Prove that 23 — nx + 2 is irreducible for n # -1, 3, 5.

Solution 3.82. In a previous solution, we showed that if « is a rational root of a monic polynomial in
Z[x], then a must be an integer. Now, suppose that 23 — nz + 2 is not irreducible. Then z3 - nx + 2 may
be written as a product of a degree-1 polynomial p(z) in Q[z] and a degree-2 element g(z) in Q[z].
But since 3 — nx + 2 is a monic polynomial with integer coefficients, we find that the rational root of
p(x) must be an integer. Write

x3—nx+2:(x+z)(x2+%x+§)

where a,b,¢,d, z € Z, and the fractions § and 7 are in lowest terms.

Sl

a:3—n:1:+2::)33+(%+z)x2+(%z+§)x+%.

a

Since  + z vanishes, we find that § = -z. So, we find that:
3 3 , C cz
rP-nr+2=x"+|-2"+=|r+—.
(- 3)e+ 5

Since

we have that



But since —2? + § is an integer, we have that § must be an integer. So, since % must be an integer, we

have that z must be in {-2,-1,1,2}. So, since the coefficient of x in

c cz
x3—nx+2:a73+(—22+—)a7+—.

d d

is equal to
2., ¢ 2 2
-2+ = =2+ -
d z

and since z must be in {-2,-1, 1,2}, we thus find that if 22 — nz + 2 is reducible as an element in Q[z],
then 23 — nx + 2 must be one of the following polynomials:

3 —br+2
22 -3x+2
s+ x+2.

Contrapositively, if 23 — nx + 2 is such that n is not in {-1,3,5}, then 23 — nx + 2 is irreducible over Q.

Exercise 3.83. Prove that 2% —ax -1 € Z[x] is irreducible unless a = 0,2 or —1. The first two correspond
to linear factors, the third corresponds to the factorization (22 -z + 1)(z3 + 22 - 1).

Solution 3.84. Assume that x5 —ax —1 is reducible. We first consider the case whereby 2% —ax — 1 may
be written as a product of a degree-1 polynomial p(z) over Q and a degree-4 polynomial ¢(z) in Q[z].
We have previously shown that a rational root of a monic polynomial in Z[x] must be an integer. So,
the unique root of the degree-1 polynomial p(z) must be an integer, since the unique root of p(z) must
be a rational root of the monic polynomial x5 — ax — 1. Write:

a:s—ax—lz(:13+z)(m4+q3x3+q2x2+q1x+q0),

where z € Z and qo, q1, ¢2, ¢3 € Q. So, we find that:

w-ar-1=2"+ ZL‘4(Z +q3) + (g2 + qu)x?’ +(q1 + q22)x2 +(qo+ q12)T + qo2.

That is,

2o —ax-1=2°+(q+q2)r+qz.

Since z is an integer, and since gz = —1, we have that z € {-1,1}. Writing 2z = 1, we have that ¢y = F1.
We thus arrive at the following equality:

P —ar-1=2+(F1+q(x1))z-1.

Since F1 + ¢1(£1) is an integer, we have that ¢; must be an integer. Since +1 + g3 = 0, we have that
g3 = F1. Since

G2 +q3(x1)=0
we have that
@+ (F1)(£1) = 0.
Therefore,
gz =1.
Since
Q@ +qz=0
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we have that
g ++1=0

so that
q1 = :Fl.

So, from the equality whereby

P —ar-1=2°+(F1+q(£1))z-1.

we thus obtain the following equation:
2o —ar-1=2°+(F1+ (¥1)(21))z - 1.
Equivalently,
P -ar-1=2"+(F1-1)z-1.
So, we find that —a € {-2,0}. That is, a € {0,2}.

Now suppose that x° — ax — 1 may be written as a product of a degree-2 polynomial p(z) over Q and a
degree-4 polynomial ¢(x) over Q. Write:

2o —azx—1=(2*+qz+q) (2% + 2 + riw + 7).

Equivalently,

5 4

x° —ax—1=qorg+ qorix + qgrgxz

+ QQI?’ + 17T + qlrle + q1r2x3 + qllA + T‘QI2 + 7"1[L‘3 + 19X + l‘5.

That is,
2’ —ar-1=1a"+ (g1 + 7’2)954 +(go+qira + 7“1)933 + (qore + i1 + 7“0)932 + (qor1 + q170)x + qoTo-

Since
—q1 =To,

we have that:

2 —ax-1=2"+(q - +r1)2> + (=qoq1 + qur1 +10) 2% + (qor1 + 7o) T + QoTo-

Since
1
ro=——"
qo
we have that
qo € {_17 1}7
with: 1
q
2’ —ar—-1=1"+ (% - qi +7“1)$3 +(=qoq1 + 11 - —)$2 +(qor1 - _l)x -1
qo qo
Since
™= Q% — qo,
we find that:

1 q1
2’ —ax-1=2"+ (—qoq1 + 1 (¢} — qo) — %)ZUQ +(q0(q5 - q0) - %)ZE -1
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Since qp € {-1,1}, we may assume without loss of generality that ¢q = 1, with:

:E5—ax—1=a:5+(—q1+q1(q%—1)—1)x2+((q%—l)—ql)x—l.

Now, ¢; must be an integer since ¢ — ¢; — 1 = —a. Since

—Q1+CI1(CI%—1)—1 =0,

we have that
-1t Q1(Q% -1)=1,
so that ¢ € {1, 1}, since ¢; divides 1. From the above equality, we thus have that ¢; = -1. So, we have
that
—a=qi-q -1
and that ¢; = -1, so that
a=-1

as desired.

3.10 Exercises from Section 13.2

Exercise 3.85. Let F be a finite field of characteristic p. Prove that |F| = p® for some positive integer
n.

Solution 3.86. Letting I be as given above, suppose that the cardinality of F is equal to m € N. Since
F is of characteristic p, we have that the smallest natural number ¢ € N such that

1+1+--+1=0
————
¢

is such that ¢ = p. So, we find that the following expressions are pairwise distinct, as elements in [F:

L,1+1,...,1+1+--+1,0.
[ S —
-1
It is possible that F consists precisely of the above expressions, in which case we find that I is of order
p. Now, suppose that it is not the case that [ consists only of the following expressions:

L1141, ., 141+--+1,0.
p-1
So, suppose that F contains another element «, which is not equal to any of the above expressions. Since
the underlying multiplicative group F* of F is finite, we have that the order of a # 0 as an element in
F* is finite. Let the order of o € F* be denoted as k, = k € N. So, we find that minimal polynomial
M, zpz(x) of o over Z[pZ is equal to 2% — 1. So, we have that

[(Z[pZ)(«) : Z[pZ] = k.

So, from the above equality, we have that the cardinality of (Z/pZ)(«) is p*. If F happens to be equal
to (Z/pZ)(«), then the cardinality of F is p*. Otherwise, F must contain another element o’ which is
not in (Z/pZ)(«). By repeating this argument inductively, we find that F must be of the form

(ZIpZ)(a, ', ... ,a(")).
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Since the order of (Z/pZ)(«) is p*e, writing

[(Z[pZ)(a, ') : (Z]pZ) ()] = Kar,

we have that the order of (Z/pZ)(a, ') must be pFeka’. Continuing in this manner inductively yields
the desired result.

Exercise 3.87. Let g(z) =22+ 2 —1 and let h(z) = 23— x + 1. Obtain fields of 4, 8, 9 and 27 elements
by adjoining a root of f(z) to the field F' where f(x) = g(z) or h(z) and F' = Fy or F5. Write down
the multiplication tables for the fiels with 4 and 9 elements and show that the nonzero elements form a
cyclic group.

Solution 3.88. We begin by letting f(x) = g(z) = 22+ 2z -1, and we let F' be equal to Fy. Let § denote
a fixed root of z2 +x—1. It is obvious that 6 is not in I' = Fy, since 12+1-1 = -1 and since 02+0-1 = 1.
Letting the elements of F' be denoted so that F' = {0,1}, it is clear that the field F'(#) consists precisely
of the elements indicated below,
F(0)=1{0,1,0,0%=60+1}.
Now, let f(x) =h(x) =23 -x+1, and let F =F,. Let 0 be a fixed root of f(x)=h(z)=23-x+1=
23 +x+ 1. We claim that 23 — z + 1 is irreducible over F'. To show this, suppose that,

Prr+l=(2®+ar+1)(z+1).
That is,
Prr+l=3+2°(1+a)+2(1+a)+1.

We have that 1+ a must be equal to 0, since the coefficient of 2 on the right-hand side of
Prr+l=3+2°(1+a)+2(1+a)+1.

must be equal to 0, but we find that 1+ a must be equal to 1, thus yielding the desired contradiction.
Letting 6 denote a fixed root of 22 + z + 1, we find that x2 + z + 1 is the minimal polynomial of § over F.
So, since
[£(0) : F] = deg mg(z) = degh,
we find that
[F(0): F] =3,

so that the cardinality of F'(#) is equal to 23 = 8.
Again let f(z) = g(z) =22+ x-1. Now, let F'=F3. Observe that as a polynomial over F' = F3, we
find that f(z) is equal to 22 + x + 2. We claim that 22 + x + 2 is irreducible over Fj. If

2 +z2+2=(v+a)(x+b)

then

w?+z+2=2>+(a+b)x+ab.

Then a+b=1, and ab=2. If a =0 and b =1 or vice-versa, then ab = 0; if a = 2 and b = 2, then ab = 1.
So, it is clear that z2? + x + 2 is irreducible as an element in F[z]. So, letting # be a root of this element
in Fs[z], we find that the minimal polynomial of 6 over F3 must be 22 + 2 + 2. Since

[F(0): F] =degmg(x) = degh,
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we have that
[F(0):F]=2,

so that the cardinality of F'(¢) must be equal to 3% = 9.

Now, let f(x) =h(x) =23-2x+1, and let F denote the field F3. We claim that 23—z +1 is irreducible
over F3. Observe that 23 — x + 1 is equivalent to 23 + 2z + 1 in F3[x]. By way of contradiction, suppose
that

23 +20+1=(z+a)(a?+br+c),

so that
2 +2x+1=2%+(a+b)z?+ (ab+c)x +ac.

Since the expression (a + b)z? must vanish, we have that —a = b. We thus have that:
23 +20+1=2%+(-a*+c)x +ac.

It cannot be the case that a = ¢ = 1, because the expression (—a? + ¢)z cannot vanish. It cannot be the
case that a = ¢ = 2, because -22+2 = -4+2 = -2 =1, modulo 3. We thus find that z3+2x+1 is irreducible
as an element in Fs[z]. Letting o denote a fixed roow of x3 + 2x + 1, since

[F(a) @ F]=deg my(z) = dega,

we find that
[F(a) : F]=3,

so that the cardinality of F'(«) is 33 = 27.
We have previously noted that in the case whereby F' =y and f(z) = g(z) = 22+ x -1, we have that:

F(0)={0,1,0,0>=0+1}.

So, from the above evaluation, we may compute the multiplication table for this order-4 field as follows.

o 0 1 0 0+1
0 0 0 0 0
1 0 1 0 6+1
6 |0 6 6+1 1
O+1]0 O+1 1 0

Now, consider the multiplication table obtained by restricting the above composition table to the
nonzero elements in Fy(6):

o | 1 f  6+1
1 1 0 0+1
0 g o0+1 1
0+1]0+1 1 0

By comparing the above composition table with the following Cayley table for the additively cyclic
group Z/37Z of integers modulo 3, it is clear that (F3(0))* = Z/3Z.
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We again consider the case whereby f(x) =g(x)=2?+2x -1 and F = F3. Letting 6 denote a root of
f(z)=g(x)=22+x-1¢cF3[x], we have previously noted that the field F'(6) consists of 9 elements. We
claim that the following expressions are pairwise distinct:

0,1,2,60,20,0 +1,0 +2,20 + 1,20 + 2.

The above expressions are all degree-0 or degree-1 polynomial expressions in terms of 6, and since the
minimal polynomial for 6 over F' is quadratic, we have that it cannot be the case that two distinct

expressions among
0,1,2,0,20,0+1,0+2,20+1,20 + 2

can be equal. Observe that since #? + 6 — 1 =0, we have that 2 =20 + 1.

o 0 1 2 0 260 f+1 6+2 20+1 20+2
0 0 0 0 0 0 0 0 0 0
1 0 1 2 0 20 0+1 0+2 20+1 20+2
2 0 2 1 20 0 20+2 20+1 6+2 6+1
0 0 0 26 20+1 6+2 1 0+1 20+2 2
20 0 260 0 0+2 20+1 2 20+2 6+1 1
f+1 |0 O+1 20+2 1 2 0+ 2 20 0 20+ 1
0+2 |0 0+2 20+1 6O+1 20+2 20 2 1 0
204110 20+1 0+2 20+2 6+1 0 1 2 20
20+2 10 20+2 0+1 2 1 20 +1 0 20 0+2

Now, to show that the nonzero elements in the field of order 9 illustrated above forms a cyclic group,
it suffices to find a nonzero element which is of order 8 with respect to the underlying multiplicative
binary operation on this field. It is obvious that this element cannot be in {0,1,2}. We proceed to
apply a brute-force approach towards the problem of finding an element of this form, as suggested by
the following computations.

6% =20+1

03 =0(20+1)
=202 +0
=2(20+1)+0
=460+2+46
=50 +2
=20+2

0* = 6(20 +2)
=267 + 20
=2(20+1)+20
=460+ 2+ 260
=660+ 2
=2

95 =20

6% = 202
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=2(20+1)
=460 +2
=0+2

07 =0(0+2)
=0?+20
=20+1+20
=40 +1
=60+1

0 =000+1)
=0%+40
=20+1+86
=1.

So, since the multiplicative order of € is 8, and since there are a total of 8 nonzero elements in F(6), we
have that the nonzero elements in F'(#) form a cyclic group of order 8.

Exercise 3.89. Determine the minimal polynomial over QQ for the element 1 + 1.

Solution 3.90. Letting ¢ denote the imaginary unit, consider the expression (1 +14)2. By the binomial
theorem, we find that:
(1+4)?=1+2i+14%

Equivalently,
(1+4)%=2i.

Rewrite the above equality in the following manner:
(1+4)*=2i+2-2.

Equivalently,
(1+4)2=2(i+1)-2.

Therefore,
(1+4)2-2(i+1)+2=0.

So, we find that the expression 1+ ¢ must be a root of the following polynomial:
2?2 -2 +2=0.

The discriminant corresponding to the above quadratic equation is: —4. Consequently, the quadratic
polynomial 22 — 2z + 2 is irreducible as an element in Q[z]. Since 1+ ¢ is a root of the irreducible
polynomial x2? — 2z + 2, which is in Q[x], it is clear that the minimal polynomial over Q for the element
1+idis 22 -2z +2.

Exercise 3.91. Determine the degree over Q of 2 + V3 and of 1+ /2 + /4.

Solution 3.92. To evaluate the degree over Q of 2+1/3, we begin by evaluating the expression (2++/3)2

in the following manner:
(2+V3)2=7+4V3.
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Now, consider the following equality:
(2+\/§)2—4(2+\/§) -1,
We thus obtain the following equality:
(2+¢§)2—4(2+¢§)+1=0.

We thus find that 2 ++/3 is a root of the following polynomial:
2 —4x +1eQ[z].

Since the discriminant of 22 — 4x + 1 € Q[z] is equal to 12, it is clear that this polynomial is irreducible
as an element in Q[x]. So, we find that the degree over Q of 2++/3 is equal to 2 = deg(22 — 4z +1). We
make use of a similar approach to compute the degree over Q of 1+ /2 + ¥/4. Rewrite the expression

(1+\3/§+22/3)3+a(1+\3’/§+22/3)2+b(1+\?’/§+22/3)+c

as follows:
(5a+b+c+19)+ (4da+b+0c+15)V2+ (3a+ b+ 0c +12)22/3,
Now, suppose that the above expression vanishes. We thus arrive at the following system of equations:
Sa+b+c+19=0,

4da+b+0xc+15=0,
3a+b+0xc+12=0.

Equivalently,

Sxa+1xb+1xc=-19,
dxa+1xb+0xc=-15,
3xa+1xb+0xc=-12.

In matrix form, we have that:

5 1 1]]a -19
4 1 0f|b|=]|-15].
3 1 0]]c -12
Equivalently,
a 0 1 -1 ([-19
bl=]10 -3 4 -15{.
c 1 -2 1 -12
Therefore,
a -3
bl=] -3
c -1

So, we have thus far shown that 1+ /2 + 22/3 is a root of the polynomial:

23 =32 -3z - 1eQ[z].
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By way of contradiction, suppose that x3-322—-3x-1 is not irreducible as an element in Q[z]. From this
assumption, we find that 3 — 322 — 3z — 1 may be written as a product of a degree-1 monic polynomial
p(x) in Q[z] and a degree-2 monic polynomial in Q[x]. Upon inspection of the graph of 23 -322-3x -1,
we find that 23 — 322 — 32 — 1 has only one real root. Since 1+ /2 +2%3 is a root of this polynomial, we
have that 1 + /2 +22/3 is the unique real root of this polynomial. So, we have that 1+ /2 + 22/3 must
be a root of p(x), which is impossible, since p(x) is a degree-1 polynomial in Q[x], if we accept that
1+ /2 + 22/3 is irrational. Alternatively, one may make use of the fact that a rational root of a monic
polynomial in Z[z] must be an integer.

Exercise 3.93. Let F' = Q(i). Prove that z3 -2 and x3 - 3 are irreducible over F.

Solution 3.94. By way of contradiction, suppose that it is not the case that 3 — 2 is irreducible over
F = Q(i). We thus have that 23 — 2 may be written as a product of a monic degree-1 polynomial in
(Q(7))[x] and a monic degree-2 polynomial in (Q(4))[x], as indicated below, letting a,b, ¢, d, e, f € Q:

23 -2=(z+(a+ib)) (2% +x(c+id) + (e +if)).
We thus find that z3 - 2 is equal to:
23+ (a+c+i(b+d))z?+ (ac+ibc+iad —bd +e+if)x + (ae +ibe +iaf — bf)
So, ¢ =-a, and d = —b:
23+ (=a® —i2ab + b* + e + i f)x + (ae + ibe + iaf — bf)
Therefore, a? — b? = e. Similarly, f = 2ab. Since
ae—-bf =-2

we have that
a(a® - b*) - b(2ab) = -2.

Equivalently,
a® - 3ab® = -2.

Also, since be + af = 0, we have that

b(a* - b*) + a(2ab) = 0,

so that
3a’b-b® = 0.
Since a is rational, and since
a® - 3ab® = -2,
we have that b is nonzero. So we have that
3a® = b?.

But this is impossible, since the above equality implies that

which is impossible, since a and b are both in Q. An identical argument may be applied for the other
given polynomial.
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Exercise 3.95. Prove directly from the definitions that the field F'(aq, a9, ..., ®,) is the composite of
the fields F'(ay), F(ag), ..., F(ay).

Solution 3.96. We begin by presenting the following definition from the class textbook:

“Definition. Let K; and K, be two subfields of a field K. Then the composite field of K; and Kj,
denoted K K5, is the smallest subfield of K containing both K; and Ks. Similarly, the composite of
any collection of subfields of K is the smallest subfield containing all the subfields.” (p. 528)

Since it was not specified otherwise, we may assume without loss of generality that there exists an
extension K of the field K such that aq,as,...,a, € K. By definition, we have that the smallest subfield
of K containing both F' and the elements ay, as, ..., o, is F(ag,a9,...,a,). In a similar fashion, we

have that the compositie
F(an)F(ag)F(ay)

of the fields F'(ay), F(as), ..., F(a,), is precisely the smallest subfield of K containing: F'(ay), F'(as),
..., F(a,). Using these definitions, we must prove that:

F(oq,an,...,0p) = F(ap)F(ag)F(ay).

Since F'(aq,aa,...,q,) is a subfield of K containing «; and F', for each index i, and since F(«;) the
smallest subfield of K containing «; and F', we have that:

F(on,ag,...,00) 2 F(a;).

Now, since F'(aq, ag, ..., a,) is asubfield of K containing F'(ay), F(az), ..., F(ay,), and since F(ay)F(ag)--F(a,
is the smallest subfield of K containing F'(«a1), F'(az), ..., F(ay,), we thus arrive at the following inclu-
sion:

F(oq,ag,...,0p) 2 F(a)F(ag)F(ay).

Certainly, the composite field F'(a1)F(az)---F (o) is a subfield of K containing both F' and the elements
aq, g, ..., ap. But, by definition, we have that F'(ay, s, ..., a,) is the smallest subfield of K containing
both F' and the elements oy, ao, ..., «,, thus proving the reverse inclusion whereby

F(a,ag,...,an) € F(a)F(ag)F(ay),
as desired.

Exercise 3.97. Prove that Q(v/2 +v/3) = Q(v/2,v/3) [one inclusion is obvious, for the other consider
(V2 +/3)2, etc.]. Concluse that [Q(v/2++/3) : Q] = 4. Find an irreducible polynomial satisfied by
V2 +/3.

Solution 3.98. Since Q(\/Z \/§) is the field generated by {\/5, \/g} over Q, we have that v/2 + /3 is

in Q(+v/2,v/3), so that
Q(V2+V3) cQ(v2,V3).

To prove the reverse inclusion, we begin by considering the expression (v/2 +v/3)3. Expanding this
expression using the binomial theorem, we find that:

(\/§+ \/§)3 =11V2 + 9V/3.
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Therefore,

1 311
——(\/§+\/§) +—(\/§+\/§)=\/§.
2 2
This proves that v/3 is in @(\/§ + \/3) In a somewhat similar fashion, we find that:
1 39
5 (V2+vB) -2 (Va+vB)= V2

We accordingly deduce that V2 e @(\/§ + \/3) So, since (@(\/§ + \/§) which contains each element in Q
and which contains v/2 and /3, we find that cach element in @(\/5 + \/§) must be in Q(\/§, \/§), thus

proving the reverse inclusion whereby:

Q(V2+3) 2Q(V2,V3).
We thus arrive at the following equality:

Q(V2+V3) =Q(vV2,V3).

Now, to compute the dimension of Q(\/§ + \/§) as a Q-vector space, it remains to compute the dimension
of Q(v/2,V/3) as a vector space over Q. We thus proceed to consider the following tower of fields.

Q(V2,V3)

Q(v2)

Q

Since the minimal polynomial of v/2 over Q is m v3.0(T) = 2% =2, we find that:

[Q(V2) : Q] =deg(m z4(2))=2.

Now, consider the minimal polynomial of v/3 over Q(1/2). Since /3 satisfies the degree-2 polynomial
22— 3 over Q(+/2), and since elements in Q(/2) are of the form a + b\/2 for rational numbers a and b,
it is evident that

M3 0v3) () = r? -3,
so that

[Q(V2,V3) : Q(V2)] = deg(m3.9(vz) (7)) = 2.
We thus find that:

[Q(V2,V3): Q] = [Q(V2,V3) : Q(V2)][Q(V2) : Q] =2 x 2= 4.
So, we thus arrive at the following:

[Q(V2+V3):Q] = [Q(V2,V3): Q] =4
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Letting a,b, c,d € Q, assume that the following expression vanishes:

(\/§+\/5)4+a<\/§+\/§)3+b(\/§+\/§)2+c(\/§+\/§)+d.

Equivalently,

49 + 20v/6 + 11v2a + 9v/3a + 5b + 2/6b + V2¢ + V3¢ + d.
Equivalently,

(11a +¢)V2+ (9a+ ¢)V/3 + (20 +20)V/6 + 5b+ d + 49 = 0.
Therefore,

(11a+¢)V2 + (9a + ¢)V/3 + (2b+20)V/6 + 5b + d = —49.

So, we arrive at the following system of equations, presented in matrix form:

110 1 0][a] [ O
9 0 1 o|{b| | 0
0 20 of|e[™|-20|
0 5 0 1]ld] |-49

Since the 4 x 4 matrix given in the above equality is invertible, we have that:

- -1

a 11 01 0 0
bl [9 0 10 0
cl 0O 2 0 0 -20|°
d [0 5 0 1 -49
Equivalently,

a 0

b | | -10

c | 0

d 1

So, we may deduce that /2 + /3 is a root of the following degree-4 polynomial:
z* - 102% + 1.

That is,
(\/§+\/§)4—10(¢§+¢§)2+1=0.

Since

[Q(V2+V3):Q] =4,

we find that the degre of the minimal polynomial of /2 ++/3 over Q is 4. So, since 4 - 1022 + 1 is a
monic degree-4 polynomial over Q with v/2++/3 as a root, we may accordingly deduce that m s \/gQ(x)
is equal to z* — 1022 + 1.

Exercise 3.99. Let F' be a field of characteristic # 2. Let Dy and Dy be elements of F', neither of which
is a square in F'. Prove that F'(\/Dy,\/Dy) is of degree 4 over F if DD, is not a square in F and is of
degree 2 over F' otherwise. When F'(v/D;,v/D-) is of degree 3 over F the field is called a biquadratic
extension of F.
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Solution 3.100. Letting F', Dy, and D, be as given above, first suppose that D; D, is not a square in
F'. We proceed to consider the following tower of fields.

F(v/D1,V/Ds)

F(V/Dy)

F

Now, consider the dimension of F'(v/D;) as a vector space over F. Recall that D; is not a square in
F. We thus have that \/D; is not an element in F. Therefore, F'(\/D;) is not equal to F. That is,
[F(v/D;) : F] is not equal to 1. Now, observe that \/D, is a root of the polynomial 22 — D; € F[x].
Since v/D; cannot be a root of a degree-1 polynomial in F[x], and since \/D; is a root of the degree-2
polynomial

2? - D, € F[z],

we may accordingly deduce that the minimal polynomial m 5 (7) of /Dy over F' is equal to 2% - D; €
F[z]. We thus find that:

[F(\/Dy):F]= deg(m\/D—hF(m)) =2.
Now, consider the dimension of F(v/D1,\/Ds) as a vector space over F'(v/D;). Recall that we are
working under the assumption that D, D5 is not a square in F'. We thus have that D; and Dy, must be
distinct. Observe that /Dy is a root of the polynomial z2 — Dy € F'(\/Dy)[z].

By way of contradiction, suppose that /D5 is also a root of a degree-1 polynomial in F(\/D;)[z],
i.e., that /Dy is in F'(\/D;). We thus have that /D, may be written as fi + fo\/ D1, letting f; and fo

be elements in F'. Since
VD2 = fi+ fo/ Dy,

we find that )
D, = (fl + f2\/31> )
so that
Dy = f2+2f1fo\/Dy + f2D,.
Equivalently,

Dy~ f? = f3D1 = 2f1 f2/ D1
Observe that the expression 2 does not vanish in F', under our assumption that F is not of characteristic
2. We claim that f; is nonzero, because otherwise, we would have that

D2 = f22D17
so that
DD, = f3D3,

which is impossible, since DD is not a square in F. A symmetric argument shows that f5 is nonzero.
Since f; and fy are both nonzero elements in the field F', and since the field F' is not of characteristic 2,
we thus obtain the equality whereby

1 1 1

2 g (Dam g2 f2D1) =D
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But this contradicts that D; is not a square in F.
So, we have thus far shown that \/Ds is a root of the degree-2 polynomial x2 — Dy € F(\/D1)[z],
and that \/Ds is not a root of any degree-1 polynomial in F'(v/D;)[z]. Accordingly, we deduce that the

minimal polynomial m 5 p(/pr)(2) of /Dy over FI(v/Dy) is equal to 2% — Dy € F'(\/D1)[x]. We thus

find that:
[F(\/D1,\/Ds) : F(\/D1)] = deg(m. 5 . /pm) (7)) = 2.
[F(\V/Di,\/Ds) : F(VD)I[F(\/Dy): F]=2-2,

So, we find that:

as desired.

Now, suppose that DDy is a square in F. By repeating a previous argument, we find that [ F'(v/D;) :
F] = 2. Now, consider the degree of F(\/D1,\/Ds) over F(v/D1). Suppose that DyDy = f2, letting f
be an element in F'. Since D; is not a square in F', we have that D; is nonzero. So, we have that:

f2

Dy = .
2D1

Therefore,

_
m-memﬁl).

Since /Dy is in F'(\/Ds), it is clear that F'(v/D;)(y/D3) must be equal to F'(v/D;), so that

[F(\/Di,\/Dy): F(WD)I[F(VDy): F]=1-2=2,

as desired.

Exercise 3.101. Let F' be a field of characteristic # 2. Let a, b be elements of the field F' with b not a
square in F. Prove that a necessary and sufficient condition for Va +vb = \/m + /0 for some m and
n in F is that a2 - b is a square in F. Use this to determine when the field Q(Va +Vb) (a,b € Q) is

biquadratic over Q.

Solution 3.102. (=) First suppose that there exist elements m and n in F such that Va +/b =
Vm++/n, letting F be as given above, as a field such that the characteristic of F' is not equal to 2, with
a and b as elements in F'. By squaring both sides of the equation

Va+Vb=ym+n,

we obtain the equality whereby

a+\/5=m+n+2\/mn.

Observe that since the field F' is such that the characteristic of F' is not equal to 2, we have that the
expression 2/mn does not vanish. The vanishing of 2./mn would contradict that v/b ¢ F. So, we obtain
the equality given below, where the expression vV4mn cannot be equal to 0:

a+\/5:m+n+\/4mn.

Since a, m, and n are elements in the base field F, and since v/b is not in F, we have that v/4mn is not
in F'. So, by considering both sides of the equality

a+\/l_9:m+n+\/4mn
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in terms of an F'-basis for some appropriate algebraic extension of F', we may conclude that

a=m+n
and that
Vb= 4dmn,
with

b =4mn.
Now, consider the expression a? —b. We have that

a’—b=(m+n)?-4mn,

so that
a>~b=m*-2mn+n*=(m-n)?=(n-m)?
thus proving that a? — b is a square with respect to the field F'.

(<) Conversely, assume that a? — b is a square with respect to the field F. So, there exists some
element f in F' such that
a’-b=f2

Now, letting m and n denote indeterminates in F', consider the following system of linear equations:

m-n=f

m+n=a.

It is natural to appeal to the fact that the characteristic of F' is not equal to 2. Adding the equations
m—-n=f and m+n =a, we find that
2m = f +a,

with 2 € I as a unit in F', i.e., with 2 € F' as an invertible element in F'. Since 2 is a unit in £, from the
equality
2m=f+a

we find that .
m = 5 (f+a) .

By subtracting the equation m —n = f from m + n = a, we have that
2n=a- f.

Again since the element 2 € F' is a unit in F', we have that
1
n==(a-f).
(@)
So, we have shown that there exist elements m and n in F' such that:

m-n=f

m+n=a.
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From the equality
a2 -b= f27

we have that
a’*-b=(m-n)?

We thus have that

a®>-b=m?-2mn+n>

Equivalently,
a®>=b=m?+2mn +n® - 4mn.

That is,

a’®-b=(m+n)?-4mn.

But we also have that a = m + n, which shows that
b =4mn,

so that

Vb = Vamn.

Since a is equal to m + n, we have that

a+\/5=m+n+2\/mn.

Equivalently,

a+ Vb= (Vm+v/n)’,
so that

Va+Vb=ym+n,
as desired.

We thus proceed to apply the above results to determine when the field Q(Va + \/l_a) (a,b € Q) is
biquadratic over Q.

First of all, if b is a square, then we have that a + Vb is an element in Q, so that the extension field

Q(Va+Vb) in this case is an extension of Q of degree 2. In this trivial case, the extension Q(Va + /D)

is not biquadratic, since a biquadratic extension from a base field must be of degree 4.
Now, assume that b is not a square. Given elements = and y in Q such that \/z+,/y is not in Q, consider

the field Q(v/z +/y). Since
(Vo +/y)(Vr-y)=z-yeQ,

and since \/z +,/y is not an element in Q, we have that

ﬁ—ﬂ=ﬁe@(ﬁ Vi)

Since \/z +/y and \/z — \/y are both elements in Q (\/z +./y), we have that /= and ,/y are both in
Q(v/Z +/9), so we have that:
QW vy) € Q(Vr +/).
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Conversely, we have that an arbitrary expression of the form
qQ1tqe (\/5 + \/@)
for elements ¢1, ¢» € Q, we have that
1t G2 (\/5+ \/ﬂ) =+ @+ q2\/Y € @(\/57 N!
thus establishing the reverse inclusion whereby:
Q. /7) 2Q(VE + /).

We have thus proven the following proposition.

Proposition 3.103. Given elements z and y in Q such that \/z +./y is not in Q,

Q(Vz,y) =Q(Vz + /).

Now, recall that we are currently considering the case whereby b is not a square. From our previous
results, we have that there exist rational numbers m and n such that

Va+Vb=ym+yn

if and only if a® - b is a square in Q. But since we are working under the assumption that b is not a
square, we have that there exist rational numbers m and n such that

Va+Vb=ym+/n

if and only if there exist rational numbers m and n such that \/m ++/n ¢ Q and

Va+Vb=/m+/n.

So, we have that there exist rational numbers m and n such that

Q(vm,v/n) = Q(Va+b)

if and only if a? - b is a square in Q. Since we are working under the assumption that b is not a square,
we have that there exist non-square rational numbers m and n such that

Q(v/m,/n) =Q(Va+b)

if and only if a® - b is a square in Q, in which case
1
m:§(ai\/a2—b)

and

n%(\/—b)

So, from our results given in the previous exercise, we have that Q(V a + \/5) is a biquadratic extension
of Q if and only if: a? - b is a square in Q and % is not a square in Q. But recall that we let b be such

that b is not a square in Q. We may conclude that: Q(Va + \/l_)) is a biquadratic extension of Q if and
only if: b is not a square in Q and a? - b is a square in Q.
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3.11 Exercises from Section 13.3

Problem 3.104. Prove that it is impossible to construct the regular 9-gon.

Solution 3.105. We begin by observing that each interior angle within a regular 9-gon is equal to
(%)o. That is, each interior angle within a regular 9-gon is equal to 40°. As discussed in the class
textbook, if an angle 6 can be constructed using a compass and straightedge, then cos(f) can also
be constructed. Conversely, if cos(d) can be constructed, then the angle 6 can be constructed. The
following fundamental result concerning straightedge and compass constructions is taken from the class

textbook, Dummit and Foote’s Abstract Algebra:

“Proposition 23. If the element o € R is obtained from a field F' ¢ R be a series of compass and
straightedge constructions then [F(«) : F'] = 2F for some integer k£ > 0.” (p. 533)

Now, by way of contradiction, suppose that it is possible to construct a regular 9-gon. In order to

construct a regular 9-gon using a straightedge and compass, one would need to construct angles of the
2 2

form 5. So, from our initial assumption, we have that the angle 7 is constructible. Equivalently,

coS (%’r) is constructible. By the triple angle formula for the cosine function, we find that:

cos 3o = 4cos® o — 3cos a,

for an input angle a. We thus have that:
coS (Q—W) = 4cos’ (2_71) — 3cos (Q—W) .
3 9 9
1 2 2
—— = 4cos? (l) - 3cos (l) .
2 9 9

So, we find that cos (%’r) is a root of the following polynomial:

Equivalently,

1
4o - 3z + 3¢ Q[x].

Equivalently, cos (%’r) is a root of the following polynomial:
823 — 62 + 1 € Q[x].

We claim that the above polynomial is irreducible over Q. By way of contradiction, suppose that the
above polynomial may be written as

83 —6r+1= (1 + q2) (Q3JI2 +quT + Q5) )

where ¢; € Q for each index 7. By dividing by an appropriate nonzero rational number, if necessary, we
may assume without loss of generality that the degree-1 factor in the above equality is monic:

8% =62+ 1= (z+q) (82% + qur + g5) .

In a similar fashion, we find that:

1
83:3—6:17+1:(x+q2)(8:)32+q4x+—).
a2
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Let go = § where a and b are integers, such that b is nonzero and § is in lowest terms. Also, let g4 = §,
where ¢ and d are integers, so that d is nonzero and § is in lowest terms:

8r3—6xr+1-= (x+g)(8x2+gx+é).
b d a
Equivalently,
) b
8x3—6x+1:8x5+(8§+§)x2+(2—§+5)$+1.
8

Since 5 + ¢ vanishes, we have that —87“ = . Therefore,

_ 2
8x3—6x+1:8x3+( 8a +9):c+1.

b? a
That is,
_8a3 + b3
823 -6z +1 :8x3+(8a—+)x+1.
ab?
Since _83—25“1’3 is equal to —6, we have that
-8a> + b3 = —6 - ab®.
Therefore,
(-8a® +b*) (mod a) = (-6 ab?) (mod a).
That is,

b* = 0(mod a),

contradicting that a and b are relatively prime, as may be verified using the Fundamental Theorem of
Arithmetic. So, we have thus far shown that cos(%”) is a root of the following irreducible element in
the polynomial ring Q[z]:

8% - 62 + 1€ Qx].

We may, accordingly, deduce that:

Therefore,
27

[Q (cos (?)) 1@] = deg Mes(22) o () = 3.

But this contradicts that cos (%’r) is constructible, according to Proposition 23.

Exercise 3.106. Prove that Archimedes’ construction actually trisects the angle 6. | Note the isosceles
triangles in (Figure 5 on page 535 of Dummit and Foote’s Abstract Algebra) to prove that 5=~ =2a. |

Solution 3.107. Figure 5 on page 535 of Dummit and Foote’s Abstract Algebra will henceforth be
referred to as Figure 5. With respect to this figure, let A denote the illustrated point of intersection
closest to «, let B denote the illustrated point of intersection closest to 3, let G denote the point of
intersection closest to v, and let T" denote the point of intersection closest to 6. Also, let L and R
respectively denote the left-hand and right-hand intersections of the given semi-circle and the given
horiztonal line. We know that

|AB] =BT},
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so the triangle AABT must be an isoceles triangle. Therefore, we may deduce that:

<BAT = «BTA.
That is,
a=<2BTA.
Therefore,
a+<4¢BTG+60=2«BTA+ «BTG +6.
Therefore,
a+ <«BTG+60=180°.
Equivalently,
a+ (180° - —~) + 6 = 180°.
But since

| BT = TG,

we find that [ =~. Therefore,
a+(180° -203) + 6 = 180°.

We know that
B+ (180° — 2ar) = 180°,

as is easily seen by considering the interior angles in AABT. We thus arrive at the equality whereby.
b =2a.
So, from the above equality, together with the equality whereby
a+ (180°-208) + 6 = 180°,
we observe that the equality
a+ (180° - 4ar) + 6 = 180°

holds. Therefore,
a—-4a+60=0.

Therefore,
0 = 3a,

as desired.

Exercise 3.108. Prove that Conway’s construction indicated in the text actually constructs 2k/3 and

2k?/3. |One method: let (z,y) be the coordinates of the point C, a the distance from B to C and b the

distance from A to D; use similar triangles to prove (a) ¥ = Vll;fz, (b) £ =8tk (c) L = ;ﬂkQ

show that (d) (1-42)+ (b+k)?=(1+a)?; solve these equations for a and b.]

, and also

Solution 3.109. Our strategy is based on the method given above. We introduce some additional
notation which is useful for our purposes. let a perpendicular line segment passing through C' = (x,y)
intersect AD at a point P. Let the previously unlabeled vertex of the triangle illustrated in Fig. 4 on
page 535 of Dummit & Foote’s Abstract Algebra be labeled as U.
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(a) Consider the triangles AUBD and APCD. Of course, «BDU = «CDP. Also, we have that
2<CPD = «£BUD =90°. We may thus deduce that AUBD ~ APCD. Since AUBD and APCD are

similar triangles, we have that:

|BD| _|CD]
|BUI |CP|
Equivalently,
a+1l 1
Vi-g2 v
with
1-k?
av1 7
as desired.

(b) Now, let @ denote the point of intersection obtained by extending a perpendicular line passing
through C = (z,y) to BU. Now, consider the triangles ABCQ and ABDU. Since «QBC = «UBD
and since < BQC' = « BUD =90°, we find that ABCQ ~ ABDU. So, since

Q€| _ 1UD]|
|BC|  |BD|
Equivalently,
r _ k+b
a l+a’
as desired.

(c) Now, let R denote the previously unlabeled point of intersection given by the triangle which has two
sides lengths which are respectively equal to k and %\/ 1 - k? and which has U and A as endpoints. Now,
consider the triangles AUAR and AACP. Since

cUAR = 2«PAC

and since

«CPA=2AUR=90°,
we may deduce that AUAR and AACP are similar triangles. So, since

|cP| _|UR|
[AP] - [UA]
we find that
y NI
c-k  k
so that
y  V1-k?
r-k 3k
as desired.

(d) We apply the Pythagorean theorem with respect to the triangle AUBD. Since

2DUB =90°
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we have that:
|UD|?+ |UB|?* = |BD|?.

Equivalently,
(k+b)*+(1-K*) =(a+1)3

as desired.

The remainder of our solution is based on a solution given in the following link:

https://positron0802.files.wordpress.com/2017/01/
abstract-algebra-dummit-foote-chapter-13-field-theory-solutions.pdf

From (a), we have that y = V1+a , so that:
y(1+a)=V1-Ek2
From (c) we have that —%- = ~ 3k , S0 that:
3ky
=V1-k%
x-k

So, from (3.1)) and (3.2]) together, we have that:

y(l+a)= ﬂ
-k
So, from (3.3), we have that:
(1+a)(zx-k)=3k.

From (b), we have that
b+k

l+a

xZ
a

Therefore,
_a(b+k)
 l+a

(b+k) , we have that:

So, from (3.4) together with the equality x =

(a(b+k:) k) VRN

a(b+k) kE(1+a) =3k =
a(b+k)=3k+k(l+a) =
a(b+k) =4k + ak —
4k + ak

—

b+k=

From (d), we have that: (1-£2)+ (b+k)?=(1+a)? So, from (d) together with the equality

b+k:4k+ak,

a
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we obtain the following:
(1-k)+(b+k)?=(1+a)* =
(1_k2)+(4k+ak

a?(1- k) + (4k + ak)® = a*(1 + a)* =

a? - a?k? + 16k% + 8ak? + a’k* = a* + 2a® + 0> =
- a®k? + 16k* + 8ak® + ®’k* = a* + 20° =

16k2 + 8ak? = a* + 2a°® —

a* +2a® - 8ak® - 16k* = 0.

)2:(1+a)2:>

We find that 2k2/3 is a root of the equation
a* +2a® - 8ak? - 16k* = 0,

which shows that Conway’s construction indicated in the text actually constructs 2k%/3, with a = 2k2/3.

Now, recall that

b+k:4k+ak.

a

We thus have that
Ak + KK

(21F)
This shows that

b=2Vk

may be constructed according to Conway’s construction,

3.12 Exercises from Section 13.4

Exercise 3.110. Determine the splitting field and its degree over Q for x* — 2.

Solution 3.111. From the equality z* = 2, we have that 22 = +1/2. From this latter equality, we find
that the roots of x4 — 2 € Q[z] are precisely the elements in the set

{2,032, -3/2,-i/2},

where i denotes the imaginary unit. So, it is clear that the splitting field of 2% -2 € Q[x] over Q is
precisely Q(+/2,7). Now, consider the degree of this splitting field over Q. To compute this degree, we
proceed to consider the following otwer of fields.

Q) (V2) = Q(V2) (1) = Q(i, V2) = Q(V/2,9)

Q(4)
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It is obvious that the minimal polynomial of the imaginary unit over Q is 22 + 1 € Q[z]. Accordingly,
we find that:

[Q(i) : Q] = deg (mig(x)) = 2.

We thus proceed to consider the minimal polynomial of /2 over the field Q(4). Certainly, z = /2
satisfies the equality whereby z* -2 = 0. We claim that 2% — 2 = 0 is irreducible as an element in
(Q(2)) [x]. To show this, since x4 -2 splits as

x4—2=(x—€/§>(x—i€/§)(x+é/§)(x+if/§),

if 4 — 2 actually were reducible as an element in (Q(7)) [z], then one of the following products would
have to be an element in (Q(¢)) [z].

(x+iv/2)
(z+V2)
(z+2)(x+iv?2)
(z—iv/2)
(x—iv/2)(z+iV?2)
(z-iV2)(x +/2)
(x—iv2)(z+ V2)(z+iV?2)
Expand the above products as follows.

(x+1iv/2)

(v+V/2)

22+ V201 +i)x +/2i

(z—iv/2)

z?+V/2

2+ V201 -i)x —/2i

23+ /222 + V2 + 23/

But since elements in Q(4) are of the form a + bi for a,b e Q, and since v/2 and /2 are irrational, it is
clear that the above expanded products are not in (Q(i))[z]. Since v/2 is a root of 2% — 2 and since
24 -2 is irreducible over the field Q(i), we find that the minimal polynomial of /2 over Q(i) is precisely
xz*=2¢€ (Q(2))[z], so that:

[Q()(V2) : Q(i)] = deg m g5,y (x) = deg (1 - 2).

We thus find that the degree sequence associated with the tower of fields given above is as indicated
below.

Q) (V2) = Q(V2) (1) = Q(i, V2) = Q(V/2,9)
4
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Q(i)
2
Q

Therefore,

[Q, ¥2): Q] = [QG, ¥V2) : Q()][Q(:) : Q] = 4-2 =8,
We thus have that the degree of the splitting field for 4 -2 over Q is 8. We conclude by remarking that
this computation agrees with Proposition 26 from Dummit & Foote’s Abstract Algebra, which states

that a splitting field for a polynomial of degree m over a field F is of degree at most m! over F', with
8<4! =24,

Exercise 3.112. Determine the splitting field and its degree over Q for x* + 2.

Solution 3.113. Consider the polynomial equation whereby x* = —-2. From the equality whereby
x4 = -2, we obtain the equation 22 = +v/=2. So, we have that z2 = +i\/2. So, since

2% = (£1)-i-V2
we have that
z=+Vxl Vi V2.
Equivalently,

14i
r=+V+l- (l) V2.
V2
So, from the above discussion, we find that the roots of the given polynomial are precisely the elements
in the following set:

l-o 1+ 1-2 1+

Since Li 1
-1 +1
— =23
V2 2
and since ) )
1-1 1+Z——i23/4,

2oV
it is clear that the splitting field of z* + 2 € Q[x] over Q is equal to:
Q(2%*,4).

By repeating the argument given in Solution [3.111] we find that the degree of the splitting field of the
given polynomial over Q is also equal to 8.

Exercise 3.114. Determine the splitting field and its degree over Q for x* + 22 + 1.

Solution 3.115. Let y be such that y = 2. So, we have that the given polynomial z* + 22 + 1 € Q[ ]
may be rewritten as y? +y + 1. Letting y% + y + 1 = 0, by the quadratic formula, we find that:

~ -1+v-3

Y 2
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So, we find that the roots of the polynomial z* + 22 + 1 are given by the following expression:

-1++v/-3

T ==
2

That is, the roots of the given polynomial are given by the following expression:

We focus our attention towards the following roots.

-1-4v3 -1+iV/3

RV, R N

With respect to the above notation, we have that the roots of the given polynomial are precisely +«
and +[.

Using a trigonometric argument, it is easily seen that

1 /3
a==-—
2 2
and that
1 V3
b==+—.
2 2

So, in this case, it is clear that the splitting field of z* + 22 + 1 over Q is equal to Q(iv/3). Since
(i7/3)% = =3, it is obvious that the degree of Q(iv/3) over the base field Q is equal to 2. That is, the
splitting field of Q(iv/3) of the given polynomial is of degree 2 over Q.

Exercise 3.116. Determine the splitting field and its degree over Q for 26 — 4.

Solution 3.117. We begin by considering the roots of the given polynomial 26 — 4 € Q[z]. From the
equation

29-4=0
we find that
2% =4,
which implies that
3 = 2.

So, we see that the roots of the given polynomial consist of the solutions for
x® =2,

together with the solutions for
3
x° = -2

So, it is natural to consider the cubic roots of unity, as well as the cubic roots of —1. Through the use
of a trigonometric argument, it is easily seen that the cubic roots of unity are precisely the elements in

the following set:
{1 1 V3. 1 V3 }

——+—d,————1
2 2 2 2
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A symmetric argument reveals that the cubic roots of —1 consist of the elements in the following set:
1 V3.1 V3.
-1,=+—i —ir.
2 2

1
y = — —1%
2 2
So, it is clear that the roots of the given polynomial are precisely the elements in the following set.

(4 2)in( 1 2)mn (i 2)all- 2o

We may deduce that the splitting field of the given polynomial over Q is precisely:
Q(V/2,iV3).

It is easily seen that the degree of Q(/2,iv/3) over Q is 6, as may be verified by appealing to the
irrationality of ¥/2, and by showing that 3 + 3 is irreducible over Q(</2).

Exercise 3.118. Let K be a finite extension of F. Prove that K is a splitting field over F' if and only
if every irreducible polynomial in F[z] that has a root in K splits completely in K[x]. [Use Theorems
8 and 27.]

Solution 3.119. Theorem 8 is formulated in the following manner in the class textbook.

“Theorem 8. Let ¢: F — F’ be an isomorphism of fields. Let p(x) € F[z] be an irreducible polynomial
and let p’(x) € F'[x] be the irreducible polynomial obtained by applying the map ¢ to be coefficients of
p(x). Let a be a root of p(z) (in some extension of F') and let 5 be a root of p’(x) (in some extension
of F’). Then there is an isomorphism

o: F (a) = F'(B)
arf3
mapping « to [ and extending ¢, i.e., such that o restricted to F' is the isomorphism ¢.” (p. 519)
Theorem 27 from the class textbook is given as follows.

“Theorem 27. Let ¢: F — F’ be an isomorphism of fields. Let f(x) € F[z] be a polynomial and let
f'(x) € F'[x] be the polynomial obtained by applying ¢ to the coefficients of f(z). Let E be a splitting
field for f(z) over F' and let E’ be a splitting field for f/(x) over F’. Then the isomorphism extends to
an isomorphism o: F = E’. i.e., o restricted to F' is the isomorphism ¢:

o:FE > E'

¢:F = F™ (p. 541)

Now, to prove the biconditional statement given in the above exercise, we begin by proving the “forwards”
direction for this statement, letting K and F' be as given above, with K as a finite extension of F'. Our
solution is based on a corresponding solution given in the following link.

https://positron0802.files.wordpress.com/2017/01/
abstract-algebra-dummit-foote-chapter-13-field-theory-solutions.pdf
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(=) Assume that K is a splitting field over F', letting f(x) be an element in the polynomial ring F[x]
such that K is the splitting field of f(z) over F. Let g(x) be an irreducible polynomial in F[z], and
let « be a root of g(x) such that oo € K. Now, let S be an arbitrary root of g(x). So, it remains to
prove that 8 must be in K. Since g(x) is an irreducible polynomial in F[z], we have that there exists
an isomorphism of the following form:

o F (a) = F'(B)

arf3

, Now, since K is a splitting field over F', and since and since « is a root of g(z) with o € K, we have
that K = K(«) is the splitting field of f(z) over F(«). Similarly, K(f) is the splitting field of f(z)
over F'(f). So, since

o F (a) = F'(B)

a3

is an isomorphism of fields, by Theorem 27, we have that the field isomorphism ¢ extends to an
isomorphism ¢: K (a) - K (). We thus have that

[K : F]=[K(«a) : F]=[K(B) : F].
We can conclude that K = K(f), so that § € K.

(<) Conversely, assume that every irreducible polynomial in F'[x] that has a roto in K splits com-
pletely in K[z]. Recall that K is a finite extension of F'. We thus have that K = F(aq,as,...,q,)
for some ay,qs,...,qa,. For each index 7, let p; denote the minimal polynomial of a; over F, and let
f = p1p2---pn. Now, since each element of the form «; is in K, from our initial assumption, we have
that each polynomial of the form p; must split completely in K. So, f splits completely in K and K is
generated over I’ by the roots of f. So, K is the splitting field of f over F.

3.13 Exercises from Section 13.5

Exercise 3.120. Prove that the derivative D, of a polynomial satisfies D,(f(x) + g(z)) = D.(f(x)) +
Dy (g(2)) and Dy (f(x)g(x)) = Do(f(2))g(x) + Do(g(x)) f(x) for any two polynomials f(x) and g(x).

Solution 3.121. As above, let f(z) and g(x) be polynomials. Let F' be a field, and let f(z) and g(z)
be elements in the polynomial ring F'[x]. Let these polynomials be denoted as follows, letting n and m
be such that n,m € Ny:

f(2) = apa™ + ap_12™ '+ + a1 + ag,

1

g(x) = bpx™ + by ™+ -+ by + by

We may assume without loss of generality that n > m, as a symmetric argument works in the case
whereby n < m. Evaluate the coefficients of the expression f(x) + g(z) as indicated in the following
manner:

f(x) +g(x) =

n™ + o+ 1™+ (A + b)) 2™ + o+ (ar+ b))z + (ag+bo).
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Apply the operator D, to both sides of the above equality:

Dy (f (2) + g(x)) =

annx™t + o+ e (m+ 2™ + (g + b)) mr™ ™t + o+ (ag +by).

Since

f(2) = anz™ + ap_ 12"+ + ayx + ag

and

() = by ™ + by 2™+ + by + by

we find that D,(f(z)) and D,(g(x)) may be evaluated as follows:

Dx(f(x)) = Clnnxn_l + Qp-1 (TL — 1) {L‘n_2 4+ o+ ar,

D, (g(2)) = bpyma™  + by (m=1) 2™ 2 + - + by.

Now, recall that we are working under the assumption that n > m. From the inequality (n—1) > (m - 1)
together with the above formulas for D, (f(z)) and D,(g(x)), we have that D,(f(x))+ D,(g(x)) must
be equal to:

apnxz™t + o+ g (m+ D)a™ + (@ + b)) ma™ ™t + o+ (ap + b)),

as desired.

It is convenient to denote f(z) and g(x) as follows:
f(z) = Z a;x’,
i=0
g(z) =) b,
=0

The coefficients in the product
)= (S ) (S50

may be defined using an appropriate convolution operation. For the sake of convenience, we may adopt
the convention whereby a; vanishes for ¢ € Z such that ¢ > n or ¢ < 0, and we may let b; be equal to 0 for
integers j such that j > m of 7 <0. So, the above product may be denoted in terms of formal sums or
generating series:

f(@)g(x) = (Zaz )(waﬂ)

>0 720

We thus obtain the following equality:
o [ k
f(@)g(x) =3 (Z ak—ebe) a*
k=0 \¢=0

Therefore,

D, (f(@)g(x)) = Y. (iak fzbé) Rl

k=0 \/=0
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Similarly, since
D, (f(2)) = ¥ i
i=0

we have that

D, (f(x))g(x) = (Zazm 1) (ibjxj)

J=0

so that

D, (f(x)) g(x) - (Zamml )(ib )
Symmetrically, B

F(@)D, (9(x)) - (i) (2bj+1(j : w‘) |
So, since ) B

D ()30 = 5 (Saues(t+ 1)) o
and since

F@)Ds (g9(2)) = 3 (Zagbk_g_l(k‘ - 1))3:'“

k=0 \¢=0
we have that the coefficient of z* in the sum of the above two expressions is equal to

k k
Zag+1(€ + 1)bk_g + Zagbk_g_l(k? —{ - 1)
=0 £=0

The above expression is equal to:

k+1 k
Z ag(g)bk,g,l + Z agbk,g,l(k -/ - 1)
£=1 £=0

Rewrite the above summation as follows:

k+1 k
Z ag(g)bk,g,l + Z agbk,g,l(k -0 - 1)
£=0 £=0
The above expression is equal to:
k+1 k+1

Z ag(g)bk_g_l + Z agbk_g_l(k’ -0 - 1).
£=0

The above is equal to:
k+1

Z agbk,g,l(/{? - 1)
=0

Rewrite the above summation as follows:
k+1

(/{7 - 1) Z agbk,g,l.
£=0

Comparing coefficients of the above form with the coefficients in

D, (F@)g(@)) = 3 (z b) k!

k=0 \£=0
completes our proof.
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Exercise 3.122. Find all irreducible polynomials of degrees 1, 2 and 4 over Fy and prove that their
product is z16 — .

Solution 3.123. Trivially, degree-1 polynomials are irreducible. So, the elements x and x+1 =2 -1
in Fy[x] are irreducible. Now, consider the degree-2 irreducible elements in Fy[2]. The non-irreducible
degree-2 elements in Fyo[z] are:

rox =1
v-(z+1)=2*+2,and
(z+1)-(z+1)=2+1.

This shows that the only polynomial of degree 2 in Fy[x] that is irreducible over Fy is 22 +  + 1. Now,
consider the degree-4 non-irreducible elements in Fy[x], which are given below.

() (o) =t

(a:Q) (x2+1) =z + 22

(2?) (2* +2) =2t +2®

(2%) (2 +2+1) =2 +2° + 2?
(22+1)(2®+1) =2 +1

(22+1) (2®+z) =2 +2° + 2% + 2
(x2+1)(x2+x+1)=x4+a:3+x+1
(2% +2) (2? +2) = 2* + 22
(m2+x)(m2+x+1)=x4+x

(2 +z+1)(2®+z+1) =2t +a?+1

4
(z)(2®+2? +ax+1) =2t + 27
(z+1)(2°) =a*+2°

(z+1)(2*+1)=a"+2

+x2+x

Syx+1

(
(
(z+1) (P +a+1)=a'+23+27+1
(z+1) (2% +2%) = 2* + 27
(
(
(

4

(z+1) (P +a?+1)=a'+2?+a+1

(z+1) (P +a?+z)=2"+2

(z+1)(2®+2?+z+1)=a"+1
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So, from the above computations, we find that the only degree-4 irreducible elements in Fy[x] are as
follows.

o+l
2yt +1

3

A N RN vy |

So, from the above computations, we find that the product of all irreducible polynomials of degrees 1,
2 and 4 over [y is equal to the following expression.

r(z+1) (2 +r+ D) (2 +z+ D)@'+ 23+ D) (@ + 23 + 22+ 2 + 1),
Expand the above product without reducing the resultant coefficients as elements in [Fy:

210+ 421 + 81 + 122" + 18212 + 262! + 32210 + 342 + 3428 + 3227 + 2625 + 182° + 122 + 823 + 422 + .

Modulo 2, the above expression reduces to

20+ =2 g,

as desired.

Exercise 3.124. Prove that d divides n if and only if 2% - 1 divides ™ — 1. [Note that if n = gd +r then
=1 = (2% —z7) + (27 - 1).]

Solution 3.125. (=) Assume that d divides n. Now, consider the following product of polynomials:
(z9-1) (x”’d 42 g (G0 1) .

Expanding the above product, we obtain:

2"+ 2" 4 g2y gl

_xn—d _:L,n—Qd . —Zl'd -1

We find that the above summation telescopes, with
(z9-1) (a:”‘d + g2 4 g (G 1) =" -1,

which shows that z? — 1 divides ™ — 1.

(«<=) Conversely, assume that x¢ -1 divides 2™ — 1. Let n = qd + r, where ¢ and r are elements in Ny
such that r satisfies: 0 <r < d. Now, consider the following product:

(:L‘d - 1) (:L‘”_d + "2 gnmad 1) .

Expanding the above product, we obtain:

n—qd+d d

n-d +x

"+ x et

_ $n—d _ xn—Qd o In—qd -1
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Simplifying the above summation, we find that
(z9-1) (2" + a2 4 gm0 4 )
is equal to:
(2" = 1)+ (a%-a").
But from our initial assumption that 2 — 1 divides 2" — 1 together with the equality
(24-1) (a4 2" 42 1 1) = (2" - 1) + (a? - 27),

we may deduce that 2% — 1 must divide z? — 2". But since 0 < r < d, we may deduce that r =0, so that d
divides n.

3.14 Exercises from Section 13.6

Exercise 3.126. Suppose m and n are relatively prime positive integers. Let (, be a primitive m™
root of unity and let ¢, be a primitive n*® root of unity. Prove that (,,(, is a primitive mn'* root of
unity.

Solution 3.127. Recall that a generator of the cyclic group of all nt* roots of unity is called a primitive
nth root of unity. As above, let m and n be elements in N such that the greatest common divisor of m
and n is equal to 1. Also, let (,, and (, be as given above. We thus have that (,, is a generator of the
cyclic group of all m™ roots of unity, and we have that ¢, is a generator of the cyclic group of all nt®
roots of unity. Now, consider the expression (,,,(,. Since the underlying multiplicative operation of the
algebraically closed field C is commutative, we have that:

(GnGa)™ = GG = (G)" (G =1 1" = 1,

thus establishing that the product (,,,(, of (,, and ¢, is an (mn)th root of unity. We claim that (,,(,
generates the multiplicative group consisting of the (mn)th roots of unity. To prove this, it suffices to
prove that the order of (,,(, is equal to mn. For a natural number ¢ € N, we have that

CECE = (Gna)" -

Since (,, is a primitive m root of unity, we have that each power of (,, is an m' root of unity. Also,
since (, is a primitive n'" root of unity, we have that each power of (, is an nt" root of unity. Since m
and n are relatively prime, it is easily seen that the only m'™ root of unity which is also an n*® root of
unity is 1, as may be verified by considering the minimal polynomial of a given m' root of unity and
the minimal polynomial of an arbitrary n*® root of unity. Conversely, the only nt" root of unity which
is also an m™ root of unity is 1. So, letting £ € N be as given above, if

Cfngﬁ = (Can)Z =1,

then since ¢! must be a multiplicative inverse of (¢, and vice-versa, we may thus deduce that

(n=C=1
Since (,, is a primitive mt" root of unity, the equality (¢, = 1 implies that £ must be a multiple of m. A
symmetric argument shows that ¢ must be a multiple of n. We have previously shown that (,(,, to the
power of mn is equal to 1, but since
G = (GnGa) = 1
implies that ¢ must be a multiple of m and a multiple of n, we have that the smallest nonzero power
k € N such that (,,(, is equal to 1 is k = mn. So, the order of (,,(, is mn, as desired.
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Exercise 3.128. Let ¢, be a primitive n'" root of unity and let d be a divisor of n. Prove that (¢ is a
primitive (n/d)™ root of unity.

Solution 3.129. Recall that a generator of the cyclic group of all nt* roots of unity is called a primitive
nth root of unity. So, let (, be as given above, with (,, as a primitive n'" root of unity. We thus have
that ¢, is a generator of the cyclic group of all n** roots of unity, so that

{Cm ga"'vgg_lvl :C'ZLL}

is a multiplicative cyclic group consisting of n distinct elements, with ¢i # ¢J for distinct natural numbers
¢ and 7 which are such that 7,5 <n. As above, we let d be a divisor of n. We may assume without loss
of generality that d € N. Now, consider the expression (¢, and consider the multiplicative subgroup

(Cg> < {Q% 7217 . '7(77‘2_171 = Cg}
generated by (?. We have that

<<’f(7i/> = { 7(71,7 ’I’2Ld7 ct 7’(1/%71)(17 C’r(lg)d}

so that

() ={etc ey,
with

(o) = ft gz o).

h
We claim that the cyclic group of all (%)t roots of unity consists precisely of the elements in the

underlying set of (). To show this, begin by letting v denote an arbitrary (%)th root, of unity. So, we

find that ~vd = 1. From the equality 7@ = 1, we observe that v = 1, and we find that ~ is an nt® root of
unity. But recall that ¢, is a generator of the cyclic group of all nt* roots of unity. So, we observe that
there must exist a natural number ¢ <n such that v = (}. Since

we may deduce that % is an integer multiple of n, so that d evenly divides 7. In other words, 7 must be
a multiple of d, which shows that v must be in:

() ={ . 5d,---,<$3‘1)d,1}.

Conversely, let j be a natural number satisfying the inequality whereby j < n, so that (¥ is an arbitrary
elements in the following cyclic subgroup:

(c?) :{ d 2d C(ﬁ—l)d 1}'
We claim that fo] is an (%)t root, of unity. This is clear, since we have that

()" =gn=1.

as desired.
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Exercise 3.130. Prove that if a field contains the n*® roots of unity for n odd then it also contains the
2nt" roots of unity.

Solution 3.131. Assume that a field F' contains the nt" roots of unity for n. Now, let v be an arbitrary

2n™ root of unity. We thus have that:
2n
=1.

Equivalently,
7 —1=0.

Therefore,

(" -1D("+1)=0.
There are two cases to consider. First, suppose that v —1=0. Then 7 is an n'" root of unity, so that
v is in F', as desired. Now, suppose that v* —1 # 0. So, from the equality

(" =D("+1)=0.

we have that

' +1=0,
so that
" =-1.
Therefore,
-(y") =1
But recall that n is assumed to be odd. For the sake of clarity, write n =2m + 1. Since
_ (,.)/2m+1) -1

we have that
((-1)-9)"" =1,
so that
(-7)"=1.
So, we have that —v is an n** root of unity. But recall that we assumed that the field F' contains the

nth roots of unity. We thus have that —y must be in F'. But since F is a field, F must be closed under
additive inverses, so that v € F', as desired.

Exercise 3.132. Prove that if n = p¥m where p is a prime and m is relatively prime to p then there are
precisely m distinct n' roots of unity over a field of characteristic p.

Solution 3.133. Our solution is based on a solution given in the following link:

https://positron0802.files.wordpress.com/2017/01/
abstract-algebra-dummit-foote-chapter-13-field-theory-solutions.pdf

Let F' denote a fixed field of characteristic p. The roots of the polynomial 2™ — 1 as an element in F[z]
are precisely the roots of:

R e 1)pk € Flz].

So, we thus have that the roots of unity over F' are the roots of ™ —1 over F. Given that p and m are
relatively prime, we have that 2™ — 1 and ma™ ! are relatively prime. So, we have that ™ — 1 has no
multiple roots. Therefore, the m distinct roots of 2 — 1 are precisely the n*® roots of unity over F.
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3.15 Exercises from Section 14.1

Exercise 3.134. Show that if the field K is generated over F' by the elements aq,...,q, then an
automorphism o of K fixing F is uniquely determined by o(ay), ..., 0(ay). In particular show that an
automorphism fixes K if and only if it fixes a set of generators for K.

Solution 3.135. Assume that the field K is generated over F' by the elements aq, ..., a,, with:
K=F(ay,...,a,).
So, we have that K consists precisely of expressions of the form

flazll...a;b" 4+ .o 4 fma‘il...a%"

gla’fl...aﬁ" + o0+ gm,ail...aﬁn

where f1, fn, g1, etc., are in F', and where expressions of the form iy, i,, etc., are element in Ny =
Nu {0}, and where the above denominator is nonzero. That is, elements of K are precisely quotients
of F-linear combinations of products consisting of elements in {«;,...,a,} by nonzero quotients of F-
linear combinations of products consisting of elements in {a1,...,a,}. So, letting ¢ be an arbitrary
automorphism of K fixing F', since ¢ is a ring homomorphism fixing F', we have that

U( fla’il...a:l" +...+fmaj11...a;zl" )

k 121 12

k
glall...an” + e 4+ gm,al ...an"

must be equal to ' ' ' '
flo—(a/l)ll...o—(an)ln 4o+ fmo—(al)]l...a(an)]n
glo'(al)kl...o'(an)kn + .-+ gm,o'(oél)él...o'(an)fn )

So, the value of

( flo/il...a%/” 4+ e 4 fmail...a-zl" )

glo/fl...oéﬁ” 4 e 4+ gm,aflaﬁn

is determined by expressions of the form o(ay), o(az), ..., o(ay). Since an element in the domain
of ¢ may be written so as to contain each element in {aq,...,q,} in a nontrivial way, we have that
the behavior of ¢ is precisely determined by the values of o(ay), o(az), ..., o(a,). Observe that the
bijectivity of o was not used with respect to the above argument.

Now, suppose that ¢ is an automorphism fixing K, letting K be as given above. So, o(«;) must be
equal to «; for each index i. Conversely, suppose that o(«;) = «;, where ¢ is an automorphism on K. If
we also let o fix the elements of F', then since

U( fla’il...a:l" +...+fmaj11...a%" )

glo/fl...af;” + e 4+ gm,afl...aflfb

equals
flo-(al)llo-(an)ln + eee + fmg(al)]la(an)]n
glo'(al)kl...o'(an)kn + .-+ gm,a(al)él...a(an)fn '

we have that ¢ must be the identity automorphism.

Exercise 3.136. Let G < Gal(K/F) be a subgroup of the Galois group of the extensiuvon K/F and
suppose o1, ...,0; are generators for G. Show that the subfield E/F' is fixed by G if and only if it is
fixed by the generators oy, ..., 0.
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Solution 3.137. Consider the field extension K/F. Since the Galois group Gal(K/F) is presently
under consideration, we have that K is Galois over F, i.e., that K/F is a Galois extension, so that the
equality

|[Aut (K/F)|=[K : F]

holds. Since K/F is Galois, we have that the group Aut(K/F) of automorphisms of K leaving F fixed
is referred to as the Galois group of K/F and is denoted as Gal(K/F). We remark that K/F is a finite
extension. As above, we assume that o1, ..., o} are generators for the subgroup G < Gal(K/F).

(=) Assume that the subfield E/F is fixed by G. Since E/F is fixed by G, we have that each element
of G fixes E/F. So, in particular, generators of G fix E/F.

(<) Conversely, assume that the subfield E/F is fixed by the given generators o1, ..., o for G. Since
G=(o1,...,0%),

we find that: given an arbitrary element g € G, we may write g as

— jl.“ Jn
g—O’il O

in
for some natural number n € N, where

’il,ig,...,in € {1,2,,]€}
and

jl,jz,...,anZ.

Now, given a generator p in the generating set
{o1,...,01} € Gal(K/F),

we have that p fixes each element in F', and we have that p is such that p(e) = e for each element e € F,
as we are working under the assumption that the subfield E of K is fixed by G. Since

Vee E p(e)=e¢
we have that
Vee E pt(e) =e,

which shows that E/F' is also fixed by p~!. An inductive argument shows that E/F is fixed by each
expression of the form p* for z € Z. So, letting

J1 . Jn
qg= O"L1 0

in

be as given above, as an arbitrary element in G, and letting e € E' be arbitrary, we find that:

g(e) = oltoltol(e)

7f'n, 1 Zn

1_ Jn-1
=0ojloy e)
_ ]1.__ Jn-2
- Uil O-in,g 6)
=e.
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Exercise 3.138. Let 7 be the map 7:C — C defined by 7(a + bi) = a — bi (complezx conjugation). Prove
that 7 is an automorphism of C.

Solution 3.139. Let a,b,c,d € R, so that a+bi and c+di are arbitrary elements in the field C of complex
numbers. Consider the mapping 7 evaluated at the sum of a + bi and ¢ + di:

T(a+bi+c+di)=7(a+c+bi+di)
=7 (a+c+(b+d)i)
=a+c—(b+d)i
=a+c-bi-di
=a-bi+c—-di

=7 (a+bi)+7(c+di).

So, we find that complex conjugation preserves addition. Now, consider the mapping 7 evaluated at the
product of a + bi and ¢ + di:

T((a+bi) (c+di)) =7 (ac+ adi+ bci — bd)

=7 (ac—bd + adi + bci)

=7 (ac-bd + (ad + bc)i)

=ac-bd - (ad + bc)i

=ac—bd - adi - bci

=ac—adi— bci — bd

=(a-bi)(c—di)

=7(a+bi)T(c+di).
Also, we have that 7(1) is equal to 1, from the definition of 7. So, we find that 7 is a ring homomorphism
from C to C. That is, 7 is a field homomorphism from C to C. Now, to prove that 7 is an automorphism[,

we must prove that 7 is bijective. Given an arbitrary element ¢+ di in the codomain C of 7, we have
that ¢ — di maps to ¢+ di under 7, thus establishing the surjectivity of 7. Now, suppose that

T(a+bi) =7(c+di).

From the equality
a—-bi=c—di

we have that

Re(a - bi) = Re(c—di)

and that
Im(a - bi) = Im(c - di),

so that a and ¢ must be equal, and b and d must be such that b =d. So, we have that
T(a+bi) =71(c+di) = a+bi=c+di,

as desired.

4See https://en.wikipedia.org/wiki/Automorphism.
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Exercise 3.140. Determine the fixed field of complex conjugation on C.
Solution 3.141. We begin by recalling the following proposition from the class textbook.

“Proposition 3. Let H < Aut(K) be a subgroup of the group of automorphisms of K. Then the
collection F' of elements of K fixed by all the elements of H is a subfield of K.” (p. 560)

As stated in the class textbook, “Note that it is not important in this proposition that H actually be a
subgroup of Aut(K') — the collection of elements of K fixed by all the elements of a subset of Aut(K) is
also a subfield of K.” (p. 560)

Now, consider the field C of complex numbers, and consider the singleton set {o} consisting of the
C-automorphism given by complex conjugation. The fixed field of complex conjugation on C consists
precisely of elements of the form

a+bieC

such that a,b € R, and such that
a+bi=a-0bi.

So, we find that the collection of elements of C fixed by the complex conjugation automorphism consists
precisely of elements of the form
a+bieC

such that a is in R and such that

Im(a+ bi) =Im(a - bi) =b=-b.
From the above equalities, we have that the fixed field of complex conjugation on C is R.
Exercise 3.142. Prove that Q(v/2) and Q(v/3) are not isomorphic.

Solution 3.143. By way of contradiction, suppose that there exists a bijective ring homomorphism ¢
from Q(v/2) to Q(v/3). Since ¢ is a bijective ring homomorphism, we have that ¢(q) = ¢ for each element
¢ in the prime field Q, as may be verified inductively, using equalities such as ¢(1) =1, ¢(1+1) =1+1,
etc. Now, since (v/2)2 = 2, we have that ¢(\/§)2 = 2. But then /2 or —v/2 would have to be in the
codomain of ¢, Q(\/g) That is, we would have that

V2=q +¢V3

for some elements ¢; and ¢» in Q. If we accept that \/g is irrational, then we have that ¢; is nonzero.

If we accept that \/2 is irrational, we have that ¢, is nonzero. So, since
2= q% + 2\/§(]1(]2 + 3qg
and since ¢» and ¢, are nonzero, if we accept that \/3 is irrational, we arrive at a contradiction.

Exercise 3.144. Determine the automorphisms of the extension Q(v/2)/Q(+/2) explicitly.

Solution 3.145. Let ¢ be an automorphism of Q(+/2) fixing Q(+/2). Observe that the field Q(+/2)
is the splitting field for the polynomial 2% — 2 over Q. So, we have that ¢ must permute the roots of
24 —2. But furthermore, ¢ must map v/2 to v/2, and must map —v/2 to —v/2. So, o is either the identity
automorphism, or o maps v/2 to —v/2 and maps —v/2 to its additive inverse.
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Exercise 3.146. Let k be a field. Show that the mapping ¢: k[t] — k[t] defined by ¢(f(¢)) = f(at +b)
for fixed a,b € k, a #+ 0 is an automorphism of k[t] which is the identity on k.

Solution 3.147. Let k and ¢ be as given above, letting a,b € k be fixed. Let f(¢) and g(¢) be polynomials
in the domain of ¢. Let f = f(t) be denoted as

f(t) = apt™ + ap_1t" P+ -+ art +ag
and let g = g(t) be denoted as

G(t) = bypt™ + by ™71+ oo+ byt + by,
We may assume without loss of generality that n > m. Let the sum of f and ¢ be denoted as follows:

f@)+g(t) =+ (am+bp)t™+-+ (ap+bo).
So, we have that
O(f(t) + (1)) =+ (am + D) (at + D)™ + (@py + Dy ) (at +5)™ 4 -+ (ag + by).
Expanding each expression of the form
(a; +b;)(at +b)" = a;(at +b)" + b;(at + b)"

and rearranging the resultant terms, we see that ¢(f(t) + g(t)) is equal to ¢(f(t)) + #(g(t)). Now,
consider the product of f and g. It is convenient for our purposes to let a; vanish for ¢ > n, and to let
b; vanish for ¢ > m. We thus have that

S ) oo k
(Z aiti) . (Z bjtj) = Z (Z agbkg) f}k.
i=0 =0 k=0 \¢=0

So, we have that

Through essentially the same convolution formula, we have that this is also equal to

(i a;(at + b)’) . (i bi(at + b)j) ,

which shows that ¢ is a ring homomorphism, since ¢(1) = 1. So, it remains to show that ¢ is bijective.

Let g = g(t) be an arbitrary element in the codomain of ¢. Now, consider the expression g ( %) This
is a well-defined polynomial in k, since k is a field and since a is nonzero. We have that

(5[ 0.

thus proving the surjectivity of ¢. So, it remains to prove that ¢ is injective. Since ¢ is a ring homo-
morphism, it remains to prove that the kernel of ¢ is trivial. So, it remains to prove that the following
set is trivial:

ker(¢) = {f(t) € k[t] : f(at +b) =0}
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But if we let f be denoted as
f(t) = apt™ + a1 t" '+ -+ art +ag

we have that
flat +b) = a,(at +b)" +a,_1(at + )"+ +ai(at +b) +ag = 0.

Recall that a is nonzero. Since
flat +b) = a,(at +b)" +a,_1(at + )"+ +ai(at +b) +ag =0,

by the binomial theorem, the coefficient of t* in the expansion of the above formula would have to
be equal to a,a, so that a, would have to be equal to 0, since a is nonzero. Repeating this agument
inductively shows that f must be trivial, as desired.

So, we have thus far shown that ¢ is an automorphism on k[t]. Now, consider the behaviour of ¢ on k.
We have that ¢(f(t)) = f(at+0b) for each element f(¢) in the domain of ¢. So, for a constant polynomial
¢ in the domain of ¢, we have that

oc)=¢ =c

t+b
which shows that ¢ is the identity on k.

Exercise 3.148. Conversely, let ¢ be an automorphism of k[t] which is the identity on k. Prove that
there exist a,b € k with a # 0 such that ¢(f(¢)) = f(at +b) as in the previous exercise.

Solution 3.149. As above, let ¢ be an automorphism of k[¢] which is the identity on k. So, we have
that ¢(c) = ¢ for each constant polynomial ¢ in k[t]. Now, consider the mapping ¢ evaluated at the
polynomial ¢ € k[t]. We have that ¢(t) cannot be equal to a constant polynomial, since ¢ is bijective
and since ¢(c) = ¢ for each constant polynomial ¢ in k[t]. By way of contradiction, suppose that the
degree of ¢(t) is greater than or equal to 2. But then given a non-constant polynomial

f(t) = ant™ + an_ 1" + -+ art +ag

in k[t], we have that the degree of ¢(f(¢)) would have to be strictly greater than n, which would mean
that no element in the domain of ¢ would map to a degree-1 polynomial under ¢, contradicting the
surjectivity of ¢. So, since the degree of ¢(t) cannot be strictly less than 1 and cannot be strictly
greater than 1, we may deduce that the degree of ¢(t) is equal to 1, so that there exist a,b € k with
a # 0 such that ¢(t) = at +b. So, given a non-constant polynomial

f(t) = ant™ + an 1"+ +agt +ag
in k[t], since ¢ is a ring homomorphism, we have that:

A(f (1)) = pant™ + ap_1t"F + -+ art +ag)
= ¢(ant") + (an1t"") + -+ ¢(art) + ¢(ao)
= (an)P(t") + P(an-1)o(t" ™) + -+ d(a1)p(t) + ¢(ao)
= A d(t") + ap 1 (") + -+ arp(t) + ag
= an@(t)" + an1d(t)" ! + -+ ar¢(t) + ag
=ap(at +b)" +a,_1(at + b))t + -+ ay(at +b) +ag

= f(at +b).
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Exercise 3.150. The following exercises determine Aut(R/Q). Prove that any o € Aut(R/Q) takes
squares to squares and takes positive reals to positive reals. Conclude that a < b implies ca < ob for
every a,b e R.

Solution 3.151. Let o denote an element in Aut(R/Q). Now, let r € R, so that 72 is a square in R.
Since o is a ring homomorphism, we have that

o(r?) =o(r)*,

so that o sends squares to squares. Now, recall that o is a field automorphism. So, we have that
a(0) = 0. Since
a(r?) =o(r)?

for positive s =12 = (1/s)? > 0, we have that o(s) = o(r)? is positive, by bijectivity of o, since o(0) = 0.
Now, letting a and b be elements in R, assume that a < b. Equivalently, 0 < b —a. So, since b - a is
positive, we have that 0 < o(b—a). Since o is a ring homomorphism, we have that 0 < o(b) — o(a).
Therefore, o(a) < a(b).

Exercise 3.152. Letting o be as given above, prove that —% <a-b< % implies —% <oa-ob< % for
every positive integer m. Conclude that ¢ is a continuous map on R.

Solution 3.153. Letting m be a positive integer, assume that —% <a-b< % So, we have that
-1<ma-mb<1.
First suppose that ma — mb is positive. Then
-1 <o(ma-mb) <o(l),

from our results from Exercise [3.150, Furthermore, since o is a field automorphism, we have that o
must map the multiplicative identity element in its domain to 1, so that

-1 <o(ma-mb)<1.
Since o is a ring homomorphism, we have that
-1<o(m)o(a)-o(m)o(b) <1,
and since o(m) is positive from our results from Exercise [3.150, we have that

<o(a) - o(b) < ﬁ

o(m)

Now, recall that m € N is a positive integer. Since o is a field automorphism, we have that

o(m)=c|l+1+--+1
[
meN

=o(l)+o(1)+-+0(1)

meN
=141+-+1
———

meN
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So, since
L <o) - o(b) < —
-———<o(a)-o —_—
o(m) o(m)’
we have that
1
-—<oa-ob< —,
m m

as desired. So, for all € > 0, letting m € N be such that % < ¢, and letting 6 > 0 be such that § = %, we
have that if
-0<a-b<d

then
—e<oa-ob<e,

thus proving that ¢ is continuous on R.

Exercise 3.154. Prove that any continuous map on R which is the identity on Q is the identity map,
and hence Aut(R/Q) = 1.

Solution 3.155. Let f:R — R be a continuous map which is the identity on Q. So, we have that
f(q) = q for all ¢ e Q < R. Now, let i be an irrational number in the domain of f. We can find a rational
number r which is arbitrarily close to i, and we can formalize this idea using Dedekind cuts and Cauchy
sequences. So, we can construct a sequence

(7"1,7”2,...)

of rational numbers such that lim;_., 7; = i. Since f is continuous, we have that lim;_., f(r;) = f(¢) =1,
as desired. We have shown that if o is an element in Aut(R/Q), then o must be continuous. So, given
that o € Aut(R/Q), we have that ¢ must be continuous and must be the identity on @Q, which shows
that ¢ must be the identity on R.

Exercise 3.156. Prove that the automorphisms of the rational function field k(¢) which fix k are
precisely the fractional linear transformations determined by ¢ — %‘l for a,b,c,d € k, ad —bc + 0 (so

f(t) € k(t) maps to f(g:g ).

Solution 3.157. Suppose that o is an automorphism of the rational function field k(¢) which fixes k.
Consider the expression o(t). We know that o(«) = « for each constant « in k, and since o is bijective,
we have that o(t) cannot be equal to a constant in k. Now, by way of contradiction, suppose that o(t)
is equal to a rational function of the form ’q% where p(t) and ¢(t) are both polynomials in k[x] such

that the degree of p(t) is greater than or equal to 2, and such that the fraction % is written in lowest

terms. But then a rational function of the form

would be mapped to



p(t
. . . . o0 )8 . .
with % written in lowest terms, letting agzg?) 315 also be written in lowest terms. So,
Na®
at+
Yt+0

would have to be mapped to a quotient involving a polynomial of degree at least two, in lowest terms,

and a symmetric argument applies in the case whereby ¢(t) is of degree greater than or equal to 2. More

generally, a quotient of the form % would have to be mapped to a quotient involving a polynomial of

degree at least 2n, in lowest terms, letting r(¢) or s(t) be of degree n € N. But then nothing would be
mapped to nonconstant quotients of polynomials of degree at most 1 by linear polynomials, contradicting
the bijectivity of o. So, from the above discussion, we have that ¢(¢) must be mapped to an expression
of the form Zf:fl, where a,b,c,d € k. In order for o to be bijective, we must have that the restriction of
o to well-defined quotients of the form

at+ [
vt+0

is bijective, from our previous discussion. By way of contradiction, suppose that ad = bc. From the
equality ad = bc, we have that o would have to map ¢ to the following:

at+b  adt+bd
ct+d d(ct+d)
bt +bd
~d(ct +d)
_b(ct+d)
~d(ct +d)

But this is impossible, since o(t) cannot be a constant in k, by bijectivity of o.
Exercise 3.158. Determine the fixed field of the automorphism ¢ — ¢ + 1 of k(¢).

Solution 3.159. Let o:k(t) — k(t) denote the automorphism on k(¢) whereby ¢t ~ ¢ + 1. Observe that
each element in k is fixed by this morphsim. Now, consider the set of all elements in k(t) that are fixed
by this morphism. Let

f(t) = ant™ +ap 1" + -+ art +ag

be a polynomial in k[t], and let
G(t) = bpt™ + by 1 8™+ -+ byt + by

be a nonzero polynomial in k[t], so that I ig an element in k(t). Let the quotient I he in lowest
g(t) g(t

terms. Now, suppose that this element is fixed under the morphism o given above. We thus have that

Apt™ + ap "+ 4 agt + ag
by t™ + b1t + -+ byt + by

is equal to
an(t+ )" +a, 1 (t+1)" 1+ +a(t+1) +ag

b (E+ 1) + by 1 (E+ 1)L oo+ by (E+1) + by
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Expanding the numerator and the denominator of this latter rational expression using the binomial
theorem, we see that this polynomial may be written as

f() +aft)
g(t) +5(t)

where the degree of « is strictly less than the degree of f and the degree of [ is strictly less than the
degree of g. So, unless f and g are both constant polynomials, it would be impossible for

f(®)

g(t)

to be equal to

f(t) +a(t)

g(t) + B(t)’
because if

f@)g(®) + f()B(E) = f()g(t) + g(t)a(t)
then
fF@)B() = g(t)a(?)

so that

f@) _at)

g(t)  B()

which contradicts that f and g are in lowest terms, since the degree of « is strictly less than that of f,
and the degree of (3 is strictly less than ¢g. So, we have that the fixed field of the given morphism is k.

Exercise 3.160. Let K be an extension of the field F'. Let ¢: K - K’ be an isomorphism of K with
a field K’ which maps F to the subfield F’ of K’. Prove that the map o ~ ¢o¢~! defines a group
isomorphism Aut(K/F) — Aut(K'/F").

Solution 3.161. Define the mapping
U: Aut(K/F) - Aut(K'/F")

so that: given an arbitrary element o in Aut(K/F), V(o) = ¢op~!, where ¢ is as given above, with
¢: K — K' as an isomorphism of K to K’ which maps F' to the subfield F’ of K’. We observe that
U is well-defined in the sense that ¢ is invertible so that the composition ¢o¢p~! is well-defined as a
mapping from K’ to K’. Furthermore, since ¢, o, and ¢! are all isomorphisms, we have that ¢o¢! is
an isomorphism from K’ to K’. That is, ¢o¢p~! is an automorphism on K’. We claim that ¢o¢! fixes
F'. Since ¢ maps F' to the subfield F’ of K’ we may deduce that ¢=' maps F’ to F'. Now, recall that
o is an element in Aut(K/F). So, we find that o maps F' to F'. Again since ¢ maps F' to F', we may
conclude that the product ¢o¢=! maps F’ to F’. So, we have thus far shown that the mapping ¥ given
above is well-defined in the sense that W(o) is an element in the given codomain of ¥ for each element
o in the domain of V.

Now, let ¢ and p be elements in the domain of ¥, and consider the composition o o p:

U(oop)=gogopod™
=¢ogodlogopod
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_(do006)o (90 pod)
=W (0)oW(p).

So, we have that ¥ is a group homomorphism, as desired. Letting ¢ and p be as given above, we have
that:

V(o) =V(p) = ¢o¢™" =pg™
= ¢ g0 = ¢ gpg!
= 0¢™ =pp!
— 0070 = 570

:}U:p_

So, we have that WU is injective. Now, let 6 be an arbitrary element in the codomain of ¥. So, we have
that @ is an automorphism on K’ fixing F'. Since ¢~10¢ is an isomorphism from K to K fixing F, we
have that ¢=10¢ is in the domain of ¥, and we have that ¥ evaluated at ¢=16¢ is 6.

3.16 Exercises from Section 14.2

Exercise 3.162. Determine the minimal polynomial over Q for the element \/§ + \/5

Solution 3.163. Let the element /2 + /5 be denoted as o = /2 + /5. By the binomial theorem, we

have that:
o? =225+ 7.

So, we have that

a?-7-= 2\/5\/5

That is,
(a? - 7)? = 40.

So, we have that
ot - 1402 +9=0.

So, we find that « is a root of the following degree-4 polynomial in Q[z]:
rt - 1422 + 9 e Q[x].
Letting z? be denoted as v, from the equation
' =142 +9=0

we have that

V2 -14v+9=0
so that

_[14£/160

T = —
No root of the form

o gy [ 14 V160



and no product of two distinct roots of the form

14 £/160
2

is rational. This shows that the minimal polynomial for v/2 ++/5 over Q is equal to z4 — 1422 + 9.
Exercise 3.164. Determine the minimal polynomial over @ for the element 1 + 32+ /4.
Solution 3.165. Let 1+ </2 + ¥/4 be denoted as a. We thus have that

a-1=v2+14

so that

a-1=2+(V2)%

Therefore,

a-1=+2(1+2).

By the binomial theorem, we find that:
1
(o= 12 =2+3(v/2)2+3V2+1.

Therefore,

1
5(oé—1)3—3:3(%)%3%.
Since o — 1 = /2 + (3/2)2, we have that
1 3
5(04—1) -3=3(a-1).
That is,

(a—1)3 = 6a.

That is,
a®-3a?-3a-1=0.

We thus have that 1+ /2 + /4 is a root of the following polynomial in Q[z]:

2 =32 - 32 -1 eQ[z].

Since a3 — 322 - 3x — 1 is a degree-3 polynomial in Q[z], if this polynomial were reducible over Q, then
23 = 322 - 3z — 1 would have to factor into a degree-1 polynomial in Q[z] and a degree-2 polynomial in
Q[z]. By the quadratic formula, we have that 1+ /2 + /4 cannot be a root of a quadratic element
in Q[z], which shows that 3 — 322 — 3z — 1 must be irreducible as an element in Q[z]. We may thus
conclude that the monic polynomial 23 — 322 — 3z — 1 is the minimal polynomial over Q for the element

1+ 2+ 4.

Exercise 3.166. Determine the Galois group of (22 —2)(z? - 3) (22 -5). Determine all the subfields of

the splitting field of this polynomial.
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Solution 3.167. We begin by recalling some definitions from the class textbook.

“Definition. Let K/F be a finite extension. Then K is said to be Galois over F' and K/F' is a Galois
extension if [Aut(K/F)|=[K : F]. If K/F is Galois the group of automorphisms Aut(K/F) is called
the Galois group of K/F, denoted Gal(K/F).” (p. 562)

“Definition. If f(x) is a separable polynomial over F', then the Galois group of f(x) over F is the
Galois group of the splitting field of f(x) over F.” (p. 563)

Now, consider the given polynomial (22 -2)(z?-3)(22-5) as an element in Q[z]. This polynomial does
not have any repeated roots, so (2 - 2)(z2 - 3)(2? - 5) is a separable polynomial over Q. So, we have
that the Galois group of f(x) = (22 -2)(2% - 3)(a% -5) over Q is the Galois group of the splitting field
of f(x) over Q.

Now, consider the splitting field of f(z) over Q. Since the roots of (z2-2)(22-3)(22-5) are precisely the

elements in {+v/2, +v/3, +\/5}, we have that the splitting field of f(x) over Q is precisely Q(v/2,v/3,V/5).
So, we need to evaluate the following group of automorphisms:

Aut(Q(v/2,V3,V5)/Q).

Now, let o be an element in Aut(Q(v/2,v/3,v/5)/Q). Since (v/2)? = 2, and since ¢ is a ring homomor-
phism fixing the base field Q, we have that

o ((\/5)2) = (0‘(\/5))2 =0(2)=2.

So, we have that o(v/2) € {v/2,-v/2}. In a similar fashion, we have that o(/3) € {v/3,-v/3} and
that o(v/5) € {v/5,-V/5}. So, we obtain a total of 8 automorphisms in Aut(Q(+/2,v/3,/5)/Q). For
a bit word w in {000,001,...,111}, letting w; denote the i* letter in w from the left, let o, be such

that 0,(v/2) = (V2,~V2)w,41, 0w(vV3) = (V3,~V3)ws1, and 0,(V5) = (V5,-V5)wse1. CGiven an
automorphism o in Aut(Q(v/2,v/3,v/5)/Q), we have that ¢ o o must be the identity automorphism on
Aut(Q(v2,V3,v/5)/Q), since if 0(v/2) = V2 then 62(v/2) = V2, if 0(/2) = —/2 then 02(V2) = V2,
etc. In general, if a group G is such that ¢g? = e for each element g in G, then G must be abelian, as
may be verified by noting that for elements a and b in G, we have that abab = e implies that ba = ab.
So, we have that Aut(Q(v/2,v/3,v/5)/Q) is an abelian group of order 8 such that ¢2 is the identity

automorphism on Aut(Q(v/2,v3,v/5)/Q) for each element o in Aut(Q(v/2,v/3,v5)/Q). So, we have
that:

Gal(Q(V2,V3,V5)/Q) = (Z/27) x (Z)2Z) x (Z]2Z) .
Now, consider the subgroups of Gal(Q(v/2,v/3,v/5)/Q). The subgroups of this group are listed below.

{0000}

{0000, 0001}
{Uooo, 0010}
{00007 0011}
{0000, 0100}
{0000, C7101}
{00007 0110}

{000070111}
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{000070001,001070011}
{00007 0001, 0100, 0101}
{000070001,011070111}
{00007 0010, 0100, 0110}
{00007 0010, 0101, J111}
{000070011,010070111}
{000070011,010170110}

{0000, 0001,0010, 001159100, 9101, 9110, 0111}

So, it remains to determine the fixed fields corresponding to the above subgroups. Of course, the fixed
field for the trivial subgroup is Q(\/E, V3, \/5) In general, an element in (@(\/57 V3, \/5) is of the

following form:

¢+ V2 + qsV3+ g5+ g5V2V3B + g6 V2V + g V/3V5 + s V2V/3 V5.

So, the fixed field for {og, 0001} is equal to Q(v/2,v/3). Similarly, the fixed field for {ogoo, o010} is
Q(vV2,V5).

Now, the elements in the subfield fixed by all of the elements in {oggg, 0011} are precisely elements of

the following form:
01+ qoV2+ g7V/3V5 + gsV/2V/3V5.

So, the subfield fixed by all of the elements in {og, 011} is equal to Q(v/2,V/15). Similarly, the subfield
field by all of the elements in {oogo, o100} is equal to Q(v/3,V5).

Now, consider the elements in the subfield fixed by all of the elements in {oggo,0101}. These elements
are precisely elements of the form

¢+ @3V3 + g2V + s/ 2V/3V/5.

So, the subfield fixed by all of the elements in {og, o101} is equal to Q(v/3,+/10). Similarly, the subfield
fixed by all of the elements in {ogo, o110} is Q(v/5,v/6). Now, consider the subfield fixed by all of the

elements in {00, 0111} An element

0+ V2 + g3V3+qiVB + g5 V2V + 45V2V5 + 4:V/3V5 + gsV/2V/3V5
in Q(v/2,V3,/5) is fixed by all of the elements in {og, o111} if and only if this element is of the form:
@1+ ¢5V2V3 + gsV2V5 + g3V,
for q1,qs, 6,97 € Q. Now, consider the following computations.
(v2v3)-(v2v5) =2v3v5h
(V2v3)- (V3V5) =3v2v5
(v2v5)-(V3v5) =5v2vs

From the above computations, we find that the subfield of Q(\/E, V3, \/5) fixed by all of the elements
in {000,011} is equal to Q(v2v3,v2v5,v/3V5). So, we have thus far established the following

correspondences.

100



Subgroup of Galois group Fixed field
{Uooo} @(\/57 \/57 \/5)

{000070001} @(\/Z \/§)
{0000,0010} @(\/Z \/5)
{0000,0011} @(\/5, \/ﬁ)
{0000,0100} @(\/37 \/5)
{0000,0101} @(\/g, \/ﬁ)
{000070110} @(\/57 \/6)
{000070111} @(\/67 \/1_0, \/ﬁ)

Now, consider the subfield of Q(v/2,v/3,V/5) fixed by all of the elements of {og0, To01, To10; To11}. Now,
recall that an element in Q(\/Q, \/5, \/5) must be of the following form:

1t Q2\/§ + (13\/g + (14\/g + Q5\/§\/§ + (16\/5\/5 + 617\/5\/5 + QS\/iﬁ\/S-
Elements fixed by og9; must be of the following form:

q1+ Q2\/§ + (13\/g + Q5\/§\/§-

Elements fixed by og9; and og19 must be of the following form:

q1 + Q2\/§-

Elements of this form must be fixed by op1;. So, we have that the subfield fixed by the Klein four-
subgroup {00, 0001, 0010, 0011} is equal to Q(v/2). Similarly, the subfield fixed by the Klein four-
subgroup {oo0, 0001, 7100, 0101} 18 Q(\/g) Now, consider the subfield fixed by all of the morphisms in
{0000; 0001, 0110, 0111 +- An element in Q(v/2,v/3,v/5) is fixed by 011, if and only if it is of the form

@+ q5V2V3 + s V25 + 7 V/3V5.
So, an element in Q(v/2,v/3,V/5) is fixed by both o11; and ogo; if and only if it is of the form
q1+ C]5\/§\/§-

So, we find that the subfield fixed by all of the elements in the {900, 7001, 0110, 0111} 18 equal to Q(v/6).
We omit explanations for the remaining computations for this problem. All of the possible subfields are
listed in the following table.
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Subgroup of Galois group Fixed field
{Uooo} @(\/57 \/§, \/3)

{000070001} @(\/5, \/§)
{0000,0010} @(\/5, \/5)
{0000,0011} Q(\/ﬁ, \/ﬁ)
{0000,0100} @(\/g, \/5)
{0000,0101} Q(\/g, \/E)
{000, 0110} Q(V5,6)
{0000, 0111} Q(v/6,/10,V15)

{0000700017001070011} @(\/5)
{0000700017010070101} Q(\/g)
{000070001,011070111} @(\/6)
{000070010,010070110} Q(\/E)
{0000700107010170111} Q(\/l_O)
{0000700117010070111} Q(\/l_5)
{0000,001170101,0110} Q(\/%)
{0000,000170010,001170100,010170110,0111} Q

Exercise 3.168. Let p be a prime. Determine the elements of the Galois group of xP — 2.

Solution 3.169. Let ¢/2 denote the unique real pth root of 2P — 2. Letting (p denote a fixed primitive
p™ root of unity, we have that the roots of 2P — 2 are precisely:

GY2,GY2, 2,2,

We thus find that 2P — 2 has no repeated roots, so that x? — 2 is separable over Q. The splitting field of
2P — 2 over Q is equal to:

QG V2).

Given an automorphism o of Q((,, ¥/2) fixing Q, we have that ¢ must permute the roots of zP — 2. In
particular, we have that the behaviour of ¢ is entirely determined by the values of ¢(¢,) and o(%/2).
Since p is a prime, we have that there are p — 1 possible choices for the value of 0((,). There are also p
choices for the value of o({/2). So, the Galois group for 7 — 2 consists of p(p — 1) elements, given by
p— 1 possible choices for the value of o(¢,), and p choices for the value of (%/2).

Exercise 3.170. Prove that the Galois group of P — 2 for p a prime is isomorphic to the group of

matrices (8 ll)) were a,belF,, a+0.

Solution 3.171. Given an element (! in {(,,(2, ..., 5_1}, with i€ {1,2,...,p—1}, and given an element

g{j/ﬁin
{pra nga"'aC£71%7 {)/5}7

with j € {0,1,2,...,p -1}, let 0, ; denote the unique element in the Galois group for x* — 2 mapping ¢,
to ¢}, and mapping Y2 to (J¢/2. Let the elements in FF, be denoted in the following manner:

F,={0,1,....,p—1}.
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Let ¥ denote the mapping from the Galois group of a2? - 2 to

a b
{(0 1).a,beIFp,a¢0},

such that ¥ maps o, ; to (é {) We remark that this mapping is well-defined in the sense that the
expression (Z) ‘{ is such that the index ¢ is required to be nonzero. Now, let 7; and i, be indices

in {1,2,...,p—1}, and let j; and j, be indices in {0,1,2,...,p—1}. Now, consider the composition

.. L. 3 L. 12 L o ilig(mod p) . o
Oiy g1 © Tiy jp- OINCE 04, j, MapPs ¢, to (;°, we have that oy, ;, o 0y, j, maps ¢, to ¢ . Since 0y, j,

maps ¥/2 to ¢J?¥/2, and since 0i, j, is a morphism, we have that the composition o;, j, © 7y, ;, maps /2
to C,S“W)(“md P)2/2. So, the mapping ¥ evaluated at the composition Oy jy © TOinjp 18 €qual to

(iliz(mod p) (i1j2 + 1) (mod p))
0 1 '

Now, consider the matrix product V(oy, j,)¥ (0, ,), which is equal to:

(0 ‘71)(0 jlg):(ilig(n(a)odp) (zajmll)(modp)).

We thus have that U is a well-defined group homomorphism from the Galois group of x? — 2 to

a b
{(0 1):a,beIFp,a¢0}.

It is obvious that W is injective, since if

\Ij(o-ih]i) = \Il(o-i%jz)

i g1} _ (12 g2
0 1 0o 1)

so tat i1 =iy and j; = jo. Since V¥ is an injective mapping between two sets of equal cardinality, we have
that U is bijective. Since V¥ is also a morpism, we thus have that ¥ is a group isomorphism, as desired.

then

Exercise 3.172. Let K = Q(¥/2,4), and let F} = Q(4), F>» = Q(+/2), F5 = Q(~/-2). Prove that
Gal(K/Fl) = Zg, Gal(K/FQ) = Dg, Gal(K/Fg) = Qg.

Solution 3.173. Our solution is inspired in part by a corresponding solution given in the following link.
http://sporadic.stanford.edu/Math121/Solutions5. pdf

Let o be an element in Aut (/K/F;). We have that the behaviour of ¢ is completely determined by the
value of o(¥/2). Since the minimal polynomial for /2 over Q(i) is equal to a8 — 2 € Q(i)[z], letting (g
denote a primitive 8™ root of unity, we have that:

o(V2) € (2,682, 3V, .. G2}
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Since there are 8 possible choices for the value of o(%/2), we may conclude that:
|Aut(K/Fy)| = 8.

Now, since

K = Q(V/2,1) 2 Qi)(V2),
we may, accordingly, identify the fields K and Q(i)(~/2).

Qi) (V2)

Q(4)

Since the minimal polynomial for /2 over Q(i) is 8 — 2, we thus have that:

[Q(i)(V2) : Q(i)] = degm 5., () = 8.
So, since
[K = Fi]=|Aut(K/F)l,
we find that K is a Galois extension of F;. We also note that we have shown that the Galois group
Gal(K/Fy) must be of order 8.
Since
(i+1)*=2i

we have that

\/—,_z’+1

Since )
(A
and .
(Vi) =1
and

(Vi) =1.

it is easily seen that % is a primitive 8" root of unity. Let

with

o(V2) e {V2,G:¥2,¢V2,... (12},
as above.

Now, let p denote the unique element in Gal(Q(i)(V/2)/Q(i)) such that:
- ))
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Now, consider the following computations:
a3
p(p(V2)) = p(V2) (%) p(V2)
() el
=—iV/2
p(p(p(V2))) = p(~iV/2)

— p(-i)p(3)
= ~ip(V/2)

_f( )(V)
p(p(p(pm)))):p(ﬁ)(lQ )(¥2)

-(57) (e (2))

(5 (v2(5) ()

3

So, we have shown that the element p given above is such that the order of p as an element in the Galois
group Gal(Q(i)(3/2)/Q(4)) is strictly greater than 4. So, by Lagrange’s theorem, since

\)

|Gal(Q(i)(V2)/Q())]| -

we may deduce that the order of p in the Galois group Gal(Q(i)(%/2)/Q(i)) is equal to 8, so that
Gal(Q(i)(¥/2)/Q(4)) must be a cyclic group of order 8.

Essentially, the same kind of approach may be used to evaluate the latter two Galois group given in the
above exercise. We omit the computational details involved for these latter evaluations.

3.17 Exercises From Section 14.3

Exercise 3.174. Factor 28 — x into irreducibles in Z[x] and in Fs[x].

Solution 3.175. We begin by factoring 28 — x into irreducibles in Z[x]. The expression z® — z may be
written as x(x7 — 1). This can further be factored as

p(r-1) (28 +2® +at + 28 + 2t + 2+ 1).

From Section 13.6 of the class textbook, we have that the 7th cyclotomic polynomial ®;(x) is equal to

4

Pr(r) =2+ +at+ 2P+t + 1+ 1,
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and by Theorem 41 from Section 13.6 of the class textbook, we know that, in general, the cyclotomic
polynomial ®,(x) is an irreducible monic polynomial in Z[z]. So, we have that our factorization of
8 —x as

w(z-1) (28 +a® +at + 28 + 2l + 2 +1).

is a factorization into irreducibles.

We proceed to regard z® — x as an element in Fo[z], and we again consider the factorization x® —x =
z(x” —1). We observe that this factorization may be rewritten in the following manner:

P -r=x(2"-1)=2(z" +1).

Now, observe that:

(2 +25+ 2t + 23+t +x+ D)(w+1) =27 +1,

since coefficients are being reduced modulo 2. We thus have that:

P-z=s(x+1) (28 +2°+ 2t + 23+ 2%+ 2+ 1).

By way of contradiction, suppose that 26 + z° + 2* + 2% + 22 +  + 1 can be factored into a product of a
degree-1 polynomial and a degree-5 polynomial. Such a factorization would have to be of the following
form:

(z+1)(2° +az* + b2® + ca® + dz + 1).

The coefficient of 25 in the expansion of the above product is equal to (1 +a). Therefore, a = 0:
(z+1)(2° + b3 + ca® + dw + 1).

The coefficient of z* is equal to b = 1:

3

(z+1)(2° + 2%+ ca® +dx + 1).

The coefficient of 22 is equal to 1 + ¢, so ¢ = 0:
(z+1)(2° + 2% +dw +1).

The coefficient of 22 is equal to d, so d = 1:

3

(z+1)(2® + 23 +2+1).

But if we expand the above product, we have

4

v vt 2?4+ 1,

and we thus have a contradiction. Now, suppose that 2% + 2° + 4 + 23 + 22 +  + 1 can be written as a
product of a degree-2 polynomial and a degree-4 polynomial, as below:

(2% +ax + 1) (2" + b2® + ca® + dz + 1).

The coefficient of % in the expansion of the above product is equal to b+ a = 1. The coefficient of z* in
the expansion of the above product is equal to c+ab+1=1. So, c+ab=0. Since b+a =1, with a,b € Fy,
we have that either a =1 and b =0, or vice-versa. So, we have that ¢ =0:

(% +azx + 1) (a* + ba® + dw + 1).
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The coefficient of 23 in the expansion of the above product is d + b = 1. The coefficient of x? in the
expansion of the above product is 1+ ad =1, so that ad = 0. Since a+b =1, and since d + b = 1, we have
that d = a. Since ad = 0 and since d = a, we can conclude that a =d = 0:

(2% +1) (2t + b3 + 1).
Since a + b =1, we have that b = 1:

(2 +1)(a* + 2%+ 1).
Expanding the above product, we find that

(2 + 1) (2 + 23+ 1) =28 + 2+ 2t + 23+ 2% + 1.

Finally, suppose that 26 +2°+x4+23+22+x+1 can be written as the product of two degree-3 polynomials,
as below:
(2% +az® + bx + 1) (2% + ca® + dz + 1).

The coefficient of 2° in the expansion of the above product is equal to ¢+ a = 1. The coefficient of z*
in the expansion of the above product is equal to d + ac + b = 1. The coefficient of x? in the expansion
of the above product is equal to 1 +ad +bc+ 1 =1. The coefficient of 22 in the expansion of the above
product is equal to a + bd + ¢ = 1. The coefficient of x in te expansion of the above product is b+ d = 1.
So, we arrive at the following system of equations:

b+d=1
a+bd+c=1
l+ad+bc=0

d+ac+b=1

c+a=1.

If a =1, then we have that

Then
(B+22+1) (23 +2+1)

would be equal to

5 4 3

6 +xt+

20+ 20

v+t +3% 42 +ax+1=a%+2 +2l+r+1,

as desired. So, we have thus far shown that the expression x8 — x may be factored as follows:
P -z=w(x+1)(2®+22+1)(2® +2+1).

If the polynomial (23 + 22 + 1) were reducible as an element in Fy[z], then we would have that:

(®+22+1) = (2* +ax +1)(z +1).
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Then the coefficient of 22 would be equal to 1+ a =1, so that a =0. But then
(> + 1) (z+1) =2 +2? + 2 +1,

and we arrive at a contradiction. If the polynomial (3 + z + 1) were reducible as an element in Fy[z],
then we would have that:
Prr+l=(2*+ar+1)(z+1).

The coefficient of 22 would be 1 +a =0, so that a =1 € Fy. But then
(> +x+1)(z+1)=2+1,

and we again arrive at a contradiction. So, we have shown that the factorization of 28—z into irreducibles,
as an element in Fy[z] is such that:

PB-z=z(z+ 1) (23 +22+1) (2> +x+1).

If we expand

P -z=zs(x+1) (23 +22+1) (2> +x+1)

as an element in Z[x], we obtain
2%+ 227 + 228 + 42® + 42t + 223 + 222 + 2,
and this reduces to z® — x modulo 2.

Exercise 3.176. Write out the multiplication table for F, and Fs.

Solution 3.177. In order to perform explicit computations with respect to the elements in the finite field
F4, it is natural to let the field F, be denoted as a quotient ring. As stated in the class textbook, “The
importance of having irreducible polynomials at hand is that they give a representation of the finite fields
F,» (as quotients F,[z]/(f(z)) for f(z) irreducible of degree n) conducive to explicit computations.” (p.
587) So, we begin by determining a degree-2 irreducible polynomial in Fy[2]. Consider the polynomial
r2+x+1 as an element in Fo[x]. By way of contradiction, suppose that this poylnomial is not irreducible
in Fo[x]. So, have that 22 + = + 1 could be written as a product of two degree-1 polynomials p; and ps
in Fy[z]. Since the leading coefficient of 22 + x + 1 is equal to 1, we have that the leading coefficients of
both p; and p, must be equal to 1. But since the constant term of z2 + z + 1 is also equal to 1, we may,
accordingly, deduce that the leading term of both p; and p, is equal to 1. But since p; and p, are both

degree-1 polynomials, we may deduce that
pr=p2=2+1,

so that
pipe=(z+1)2=a?+2r+1=2%+1,

which is impossible, since 22 + 1 is not equal to 2 + x + 1. So, we have thus far shown that:
Fy = Fy[z]/(2? + 2z +1).

Let I denote the principal ideal (22 +z + 1) € Fo[z]. Let the additive identity element 0+ I be denoted
as 0. Let the multiplicative identity element 1+ I be denoted as 1. Now, consider the element

r+l=x+(z*+x+1),
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letting ideals be denoted using the brackets ( and ), for the sake of clarity. Now, consider the square of
this element:

(x+(x2+x+1))2:x2+(x2+x+1).

Since
rr+l+(?+2+1)=0+(2® +x+1),

we have that

r+1+{(z?+r+1) =22+ (2® +z+1).
Letting x + I be denoted as T, and letting
r+1+{(?+x+1) =22+ (2 +z+1)

be denoted as z + 1 = 22, letting a coset of the form a + I be denoted as @, for an element a in Fy[z], we
have that the elements in Fy[2]/{22 + 2 + 1) are precisely the elements in {0,1,Z,z + 1}. So, using the
structure endowed upon Fy[z]/(x?+x + 1), we may compute the multiplication table for Iy, as suggested
as follows.

* 0 1 T r+1
0 0 0 0 0
1 0 1 T r+1
x 0 x z+1 1
r+1 |0 |x+1 1 x

As discussed in the class textbook, the polynomial z3 + z + 1 is irreducible as an element in Fo[z]. We
thus have that the field Fg is isomorphic to the quotient ring Fo[x]/(23 + x + 1), so we may identify the
field Fg with the quotient ring Fy[z]/(z3 + x + 1). Now, compute the elements in this ring:

= +r+ 1+ {2+ +1)
3 3

0+ (z®+x+1)

3

1+ (z+x+)=’+x+(x°+x+1)

—m3+1+(x3+x+1)
3

v+ (2 +1+1)

x+1+(x +r+l)=x +(q: +x+1)

2+ (P + 2 +1) =23 +2? +a:+1+(a: +x+1
Prl+ (P +r+1)=
3

Pr?+rr+ (P +r+1

3

)

)
Prr+(rd+r+1)=2%+2? +1+(:v +x+1)
)

Prr+l+ (P +r+) =2+ 2%+ (2P +x+1

Using the above cosets, we may construct a multiplication table for Fg, as indicated below. Given a
coset of the form ¢+ (3 + x + 1), we denote this coset as ¢, letting ¢ be a polynomial in Fy[x].

* 0 1 T r+1 22 22+ 1 2+x | 22+x+1
0 0 0 0 0 0 0 0 0
1 0 1 T z+1 22 2+ 1 2+ | 22+x+1
T 0 T 2 2+ r+1 1 22+x+1 2 +1
x+1 0 r+1 22+ 2 +1 2+x+1 2 1 T
22 0 22 x+1 2+x+1 22+ T 2 +1 1
22+1 |0 a%2+1 1 22 T 2+x+1 r+1 22+
22+ |0 a%2+z |22+x+1 1 2+ 1 r+1 T 2
2+x+1 0| a2+x+1| 22+1 z 1 2+ x2? r+1
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Exercise 3.178. Prove that an algebraically closed field must be infinite.

Solution 3.179. By way of contradiction, suppose that there exists an algebraically closed field which
is finite. But finite fields must be of the form [F,». So, suppose that F,» is algebraically closed, for some
natural number n € N. We know that [F,»«1 properly contains F,., and we have that F,».: is the splitting
field for zP™"" — x over F,. In other words, F,»+1 contains some roots of 2P"™"! — 2z which are not contained
in IF,», thus contradicting that F,. is algebraically closed.

Exercise 3.180. Construct the finite field of 16 elements and find a generator for the multiplicative
group. How many generators are there?

Solution 3.181. As discussed in the class textbook, we have that
]F16 = FQ[I‘]/<I4 + Ig + ].),

so we may regard the finite field Fi4 as being the same as the quotient ring Fo[z]/(x* + 23 + 1). So, we
have that the following set of distinct elements is equal to the underlying set of Fo[z]/(x* + 23 + 1):

{0+(zt+23+1), 1+(xt+23+1), o+ (zt+23+1), v+ 1+(xt+23+1), 22+ (t+23+1), .. . 23+ 22 +x+ 1+ (xd+23+1) }.

Given a polynomial ¢ in Fy[z], let the coset ¢+ (x* + 23 + 1) be denoted as ¢. We claim that T is a
generator for the underlying multiplicative group on

Flﬁ = FQ[.@]/(ZA + 1'3 + 1)
To show this, we proceed to consider the following computations.
(@)'=7

T = g2

S

22 = 13

g

a3 =23 +1

g

(3+l)=a3+x+1

g

g

(Bt +l)=a3+22+x+1

(3 +ax?+ax+l)=a2+x+1

g

(2+z+l)=a3+22+2

g

g

(3 +a?+x)=22+1

(2?+1)=a3+x

g

(3+x)=a3+22+1

g

g

(3 +a?+1l)=x+1

(r+1)=a2+x

g

(22 + 1) =23+ a2

(2P +a?)=1

8|

S|

We have shown that the order of  as an element in the underlying multiplicative group of F4 is equal
to 15. So, the collection

1,7, (@)?,...,(@)"}

110



forms a multiplicative cyclic group, and the generators of this group consist of expressions of the form
(7)? where i € N is such that i < 14 and such that i and 15 are relatively prime. So, the generators for
this cyclic group are: T, (%)%, ()4, (2)7, (%)%, (), (T)'3, (T)'4. So, there are a total of 8 generators
for the multiplicative group.

3.18 Exercises from Section 14.4

Exercise 3.182. Determine the Galois closure of the field Q(v/1 + V2) over Q.
Solution 3.183. The following is from the class textbook.
“Let E/F be any finite separable extension. Then E is contained in an extension K which is Galois over

F and is minimal in the sense that in a fixed algebraic closure of K any other Galois extension of F
containing E contains K.” (p. 594)

As discussed in the class textbook, the Galois extension K of I’ containing F, as above, is referred to
as the Galois closure of E over F.

Now, consider the given field extension Q(V/1 ++/2) of Q. Letting o be equal to V1 ++/2, we have that
?=1+v2
so that
(042 - 1)2 = 27
with
(a®?-1)?-2=0,

so that « is a root of z* — 222 — 1. By the quadratic formula, the roots of this polynomial are:

[2+/8 [2+2/2
+ 5 =+ 5 =:|:\/1:|:\/§.

Since x4 — 222 — 1 is irreducible over @, as may be verified, we have that the minimal polynomial for «
over Q is % —2x2 - 1. Since 2% — 222 -1 is also separable, we can conclude that the Galois closure of the

field Q(V/1 +/2) over Q is equal to the splitting field of 4 — 222 — 1 over Q, which is equal to:

Q(WV1+v2,V1-2).

Exercise 3.184. Find a primitive generator for Q(v/2,v/3,v/5) over Q.

Solution 3.185. We begin by observing that Q(v/2,v/3,v/5) is the splitting field of the polynomial
(2% -2)(2* - 3)(2* - 5)

over Q. Since the polynomial (22— 2)(22 - 3)(22~-5) is separable, we have that Q(v/2,v/3,V/5) is a
splitting field of a separable polynomial over @Q, and we thus find that Q(\/§, V3, \/5) is Galois over Q.
Now, consider the following discussion from the class textbook:

“... a primitive element for an extension can be obtained as a simple linear combination of the generators

for the extension. In the case of Galois extensions it is only necessary to determine a linear combination
which is not fixed by any nontrivial element of the Galois group...” (p. 595)

The element /2 + /3 + /5 is a linear combination of the generators in {\/5, \/37 \/5} which is not fixed
by any nontrivial element of the Galois group, so we have that /2 + v/3 + /5 is a primitive generator
for Q(v/2,v/3,/5) over the field of rational numbers.
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3.19 Exercises from Section 14.5

Exercise 3.186. Determine the minimal polynomials satisfied by the primitive generators given in the

text for the subfields of Q((i3).

Solution 3.187. The following discussion is taken from the class textbook.

“...consider the subfields of Q((13), which correspond to the subgroups of (Z/13Z)* = Z/12Z. A generator
for this cyclic group is the automorphism o = oy which maps ;3 to (%. The nontrivial subgroups
correspond to the nontrivial divisors of 12, hence are of orders 2, 3, 4, and 6 with generators o9, o4, o3
and o2, respectively. The corresponding fixed fields will be of degrees 6, 4, 3 and 2 over Q, respectively.
Generators are given by (¢ = (13)

C+0%C=¢+ ¢ = ¢+
CHo'CHa*C=C+ 4 (T = (P
C+03C+0C+0% =C+B+C2+ P
C+0%C+0+0%C+08C+a'%C=C++C+ 2+ + 07 (p. 598)
Recall that ¢ = (13 denotes a primitive 13" root of unity. Write « in place of { + (=1 = ( + (2. We know

that the degree of the minimal polynomial of o over QQ is 6. So, let the rational coefficients a,b,c,d, e

and f be such that:

ab +aa® +bat + ca® +da? +ea+ f = 0.

Our strategy is to make use of the following equality:
CPe M+ 0+ O +B+ T+ +C+C+3+C+(C+1=0.
Expanding the equation
ab+aa® +bat +cad +da® +ea+ f =0,
we have that

10a¢!? + 5a¢10 + aC® + al® + 5a¢® + 10ad + 4bC1t + bC? + bC* + 4bC% + 6b + 3¢C12 + (10 + (3 + 3e + dCH +
dC?+2d+eC2+eC +15CH +60° + T+ (0 +6C*+15C2 + f +20=0.

So, using the equation
CPe M0 O+ B+ T+ +C+C+3+C+(+1=0,

we obtain the following system of equations:

10a+3c+e=1

15+4b+d=1

da+c=1

6+b=1

a=1

20+6b+2d+ f=1
Solving for the above coefficients, we have that a =1, b=-5, c=-4, d=6, e =3, and f =-1. So, the
minimal polynomial for ¢ + (7! is equal to:

a8+ a® -5t — 423 + 622 + 32 - 1.
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A similar argument can be used to show that the minimal polynomial for (+(3+¢? is x*+ 23+ 222 — 42 +3;
we omit details regarding the process of computing this polynomial, and the following polynomials. The
minimal polynomial for ¢ + (8 + (12 + (% is 22 + 2 — 42 + 1, and the minimal polynomial for { + ¢* + (3 +
2+ +(0is 22+ - 3.

3.20 Exercises from Section 14.6

Exercise 3.188. Show that a cubic with a multiple root has a linear factor. Is the same true for
quartics?

Solution 3.189. As discussed in the class textbook, if a cubic polynomial is reducible, then it either
splits into three linear factors or into a linear factor and an irreducible quadratic. So, if a cubic has a
multiple root, it must have a linear factor. However, this is not, in general, true for quartics, since, for
example, the degree-4 polynomial

(22 -2)? = (22 -2)(2*-2)
has multiple roots, but does not split so as to have a linear factor.
Exercise 3.190. Determine the Galois group of the following polynomial: x3 — 22 — 4.

Solution 3.191. The Galois group of a separable polynomial p(x) € F[x] may be defined as the Galois
group of the splitting field of p(z) over the field F. We begin by observing that 2 is a root of the given
polynomial, 23 — 22 — 4. By considering the graph of x2 — 22 — 4, we observe that 22 — 22 — 4 has a unique
real root, namely 2. By writing

-2 -4=(2-2)(z*+ax +2)
for a rational coefficient a € Q, we have that
-2t -4=2%+(a-2)2* +(2-2a)r -4
we have that a —2 =-1 and 2 - 2a =0, so that a = 1, thus yielding the following factorization:
-2t -4=(r-2)(z*+x+2).
So, from the above factorization, we have that the roots of the given polynomial are precisely the
following:
-1-v-7 o = -1+V-7
2 72 7
So, since the given polynomial p(z) = 23 — 22 — 4 has no multiple roots, we see that p(x) = 23 - 22 -4

is separable. Now, consider the splitting field of p(x) = 23 — 22 — 4 over the field Q. Since Q already

contains a; = 2, and since Q already contains -3, we see that the splitting field of p(z) = 23 - 22 - 4

over Q is equal to Q(v/-7). Since Q(+/-7) is the splitting field of a separable polynomial, we have that
Q(v/-7) is a Galois extension of QQ. So, it remains to compute the following group:

Aut (Q(V=7)/Q) = Gal (Q(V-7)/Q).

Let o be an element in Aut (Q(\/ -7) /Q) Since o fixes the base field Q, we have that the behaviour of
the automorphism o is uniquely determined by the value of o(\/=7). Since

(\/—_7)2+7=O,

=209 = 3
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and since o is a morphism, we have that
2
(0(\/-7)) +7=0,
so we have that o must map /-7 to a root of 22 + 7. So, we find that the only elements in
Gal (Q(V-7)/Q)

are the identity automorphism o7 on Q(v/=7) and the morphism o3 fixing Q such that Q(v/-7) = —v/-7.
Since 03 = 01, we find that

Gal (Q(V=7)/Q) = Z/2Z.
Exercise 3.192. Determine the Galois group of the following polynomial: x3 — 2z + 4.
Solution 3.193. We begin by observing that —2 is a root of the polynomial 22 — 2z + 4. Writing
23 -20+4=(zx+2)(z+ax+2)
for a rational coefficient a, we have that
23— 2x+4=2%+ar?+ 20+ 22 + 2ax + 4

so that
2} -2r+4=2%+(a+2)2*+ (2a + 2)x + 4.

We thus find that a = -2, with:
23 -2r+4 = (z+2)(z? - 22 +2).

So, we find that the roots of 23 — 2z + 4 are:

2-V-4  2+V-4

= —2 =
631 , Qg 9 , O3 9
That is, the roots of 23 — 22 + 4 are precisely:
5 2-2 2+2i
o =-2,00 = Qg = .
1 y (k2 2 y (43 2

For the sake of clarity, rewrite the above roots as follows:
Qq :—2,042: 1-7,a3=1+1.

So, we find that the splitting field of 23 -2z +4 over Q is equal to Q(¢). By repeating an argument given
in the previous solution, we have that the Galois group for 23 — 2z + 4 over Q is isomorphic to Z/27Z.

Exercise 3.194. Determine the Galois group of the following polynomial: 23 —x + 1.
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Solution 3.195. We claim that a3 -z + 1 is irreducible as an element in Q[x]. By way of contradiction,
suppose that there exist relatively prime integers a and b # 0 such that:

ORORE

a® = (a—-b)b*
So, we have that b? divides a®. But this is impossible since a and b are relatively prime, as may be

verified using the Fundamental Theorem of Arithmetic. So, since 22 — z + 1 has no rational roots, and
since 23 — x + 1 is of degree 3, we may conclude that 3 — x + 1 is irreducible over Q.

So, we have that

Galois groups for polynomials are only defined for separable polynomials, so it is worthwhile to check
that 23 —z + 1 is separable. By examining the graph of 22 —z + 1, we find that 23 — z + 1 has exactly one
real root, which is in (-2,-1). Let this real root be denoted as r. So, the only way 23 — x + 1 could be
non-separable would be in the situation whereby

vzl ()=o)

for some non-real complex number ¢ € CNR. But the constant term in (z-7)(z—c)? is equal to —rc? =1,
with ¢? = _ir, but this contradicts that c is a non-real complex number since _lr is positive. So, we have

that 22 — x + 1 is a separable polynomial.
The following discussion concerning Galois groups for cubic polynomials is taken from the class textbook:

“If the cubic polynomial f(x) is irreducible then a root of f(z) generates an extension of degree 3 over
F, so the degree of the splitting field over F'is divisible by 3. Since the Galois group is a subgroup of
Ss, there are only two possibilities, namely Az or S3. The Galois group is As (i.e., cyclic of order 3) if
and only if the discriminant... is a square.” (p. 612-613)

In general, given a cubic polynomial
f(z) =2%+az®+br +c,
we have that the discriminant of this polynomial is
a’b? — 4b% — 4a3c - 27¢* + 18abe.

So, we have that the discriminant of

3 +bx +c,
is

—4b® - 27¢2.

In particular, the discriminant of

-r+l

is equal to
—4(-1)%-27=4-27=-23.

Since the given cubic polynomial 23—z +1 is irreducible over Q, we have that a root of 23 —x+1 generates
an extension of degree 3 over Q, so that the degree of the splitting field of 23 —z + 1 over Q is divisible
by 3. So, the corresponding Galois group is isomorphic to either S3 or Z/3Z. Moreover, since the Galois
group is As if and only if the discriminant is a square, and since the discriminant of 23 —x + 1 is equal to
-23, we may thus conclude that the Galois group for 22 — x + 1 over Q is isomorphic to the symmetric
group S3 of order 6.
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3.21 Exercises from Section 14.7

Exercise 3.196. Use Cardano’s Formulas to solve the equation 3 + 22 —2 = 0. In particular show that
the equation has the real root

1
5(3/26+ 15v3 + V26 - 15V/3 - 1).
Show directly that the roots of this cubic are 1,1 + 4. Explain this by proving that

V26 +15v3=2+vV3 V26-15v/3=2-3

so that

V26 + 15v/3 + V26 - 15v/3 = 4.

Solution 3.197. We begin by briefly reviewing some preliminary material. Recall that the polynomial
f(x) can be solved by radicals if and only if its Galois group is a solvable group. Recall that a group G
is solvable if there is a chain of subgroups

1=Gp9G19G24-4G;=GC

such that G,1/G; is abelian for ¢ = 0,1,...,s—1. So, if we consider the series 1 < A3 <4 S5, we should
expect that the given polynomial 23 + 22 — 2 could be solved by radicals. Given a degree-3 polynomial
f(x) = 23 + ax? + bx + ¢, consider the substitution x = y - £, yielding the polynomial

9(y) =y +py +q,

where ] .
p=§(3b—a2) q:2—7(2a3—9ab+270).

According to Cardano’s formula, letting

-2
A= v T7q+%\/_3_D

and

-2
RIEae

where D = —4p3 — 27¢?, the roots of the equation

9(y)=y*+py+q=0

are

(0%

_A+B B_p2A+pB _ pA+p’B
E E VT3

where p = -3 + 31/-3. Now, consider the given polynomial z° + 22 - 2 = 0. Letting f(z) = 2% + 22 - 2,
using the substitution z =y — %, yielding the polynomial

9(y) =y* +py +q,
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where

1 Y
b= 73 q To7
yielding the polynomial
y 52
9w =y’ -5 -5

According to Cardano’s formula, the roots for g(y) in this case are as follows.

_%(\/26 15\/_+\/26+15\/_)
m:%( 26 — 15%(; ¥)+(—%+$)2326+15¢§),
r3=%(326—15\/§(—%+$)2+(—%+¥)326+15\/§).

The equation
V26 +15v3=2+3

may be verified using the binomial theorem, since

3
(2+V3) =26+15V3,
by the binomial theorem. Similarly, we have that
26 - 15v/3 = (2 - V/3)?,

by the binomial theorem. We may use these equations to simplify the above evaluations for 71, 5, and

r3: = %, ro = —% -1, and r3 = —% + 4. Given the substitution x =y — %, we thus have that the roots of

the original cubic polynomial are 1, -1 +1.
3.22 Exercises from Section 14.8

Exercise 3.198. Let p be a prime. Prove that the polynomial z* + 1 splits mod p either into two
irreducible quadratics or into 4 linear factors using Corollary 41 together with the knowledge that the
Galois group of this polynomial is the Klein 4-group.

Solution 3.199. Corollary 41 from the class textbook is given as follows:

Corollary 41. For any prime p not dividing the discriminant of f(z) € Z[x], the Galois group of f(z)
over Q contains an element with cycle decomposition (ny,na, ..., ng) where ny, ny, ..., ng are the degrees
of the irreducible factors of f(x) reduced modulo p.

As in the class textbook, we define the discriminant D of x1,xs,...,x, by the equation

D =(xi - ;)2

<J

and we define the discriminant of a polynomial as the discriminant of the roots of the polynomial.
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We proceed to consider the Galois group of the given polynomial z* + 1. From the equation z*+1 =0,
we have that x* = -1, so that x? = +i, with x equal to +v/+i. Since (i +1)2 = 24, we have that

- 1+1
\/_:ﬁ'

Similarly, we have that

—1
Jooinl
V2
So, we find that the polynomial xz* + 1 is separable, so it would make sense to consider the Galois group
of z* + 1.

Now, consider the splitting field of 24 + 1 over Q. This splitting field must contain

vl
J_ﬂ

and 1

VAT

V2
and therefore must contain 1 il 5
Vievoi=tto tm_ 2 _

V2 V2 V2
Similarly, the splitting field of 24 + 1 over Q must contain \/2i. So, we see that the field Q(v/2,i) is
contained in the splitting field of z* + 1 over Q. Conversely, an element in the splitting field of z* + 1
over Q must be in Q(v/2,4), since the roots of 24 + 1 are precisely + (%) and + (%)
Now, consider the Galois group of Q(v/2,i) over Q. Given an automorphism ¢ in this group, we have
that the behaviour of ¢ is uniquely determined by the values of o(1/2) and o (1), with a(\/§) € {\/5, —\/§}
and o (i) € {i,—i}. Since

[Gal (Q(v2,4)/Q)| = 4,

and since each element

g € Gal (Q(v2,1)/Q)

is such that ¢ = id, letting id denote the identity morphism in the above group, we may deduce that
the Galois group of z* + 1 is isomorphic to the Klein four-group.

Now, consider the discriminant of the polynomial 24 + 1. Let the roots of this polynomial be denoted as
follows: , , , ,
1+ 1 1+1 1—1 1—1
I = =

—, Tog=——7, T3=—7, Ty = :
V2 NG NG NG

We thus have that the discriminant of 2* + 1 is equal to the following expression:

D= H(-l"z' - z;)%

i<j
So, we have that:
D = (21 = 29)* (w1 — 23)* (21 — 24)* (23 — w3)* (22 — 24) (23 - 24)°.
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Computing the above expression, we have that D = 256 = 23.

Now, we can only apply Corollary 41 with respect to primes p not dividing the discriminant of z# + 1.
Since the discriminant of this polynomial is equal to D = 256 = 28, letting p be a prime, we first consider
the case whereby p = 2. In this case, we have that

(z+1)* = (2* +1)(mod 2),

by the binomial theorem. So, in the case whereby p is a prime number such that p = 2, we have that
the polynomial 24 + 1 splits modulo p into 4 linear factors.

Now, let p be a prime number such that p # 2. Since the discriminant D of 2% + 1 is equal to 256 = 28,
we have that p does not divide the discriminant of z% + 1 in this case. Since the Galois group of x4 + 1
over Q is a Klein four-subgroup of Sy, the only possible cycle decompositions are: (2)(2), (1)(1)(1)(1),

or (2)(1)(1).

By Proposition 34 from the class textbook, we know that the Galois group of z* + 1 as an element in
Q[z] is a subgroup of Ay if and only if the discriminant D € Q is the square of an element in Q. But
recall that the discriminant D of 24 + 1 is equal to D = 256 = 28. We thus have that the Galois group of
x*+1 must be in Ay, which shows that the only possible cycle decompositions are reduced to (2)(2) and
the trivial cycle decomposition, as desired. Since the only possible cycle decompositions in this case are
(2)(2) and (1)(1)(1)(1), we have that the degrees of the irreducible factors of f(z) modulo p given by
either the sequence (2,2) or (1,1,1,1).
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