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equation, Sylow’s Theorems, the Jordan Hölder Theorem, simple groups, solvable groups, semidirect
products, free groups, presentations of groups.

Ring Theory. Basic definitions and examples, lattice of subrings/ideals, quotient rings, chain condi-
tions, rings of fractions, Chinese Remainder Theorem, Euclidean domains, PID’s, UFD’s, polynomial
rings, irreducibility criteria for polynomials.

Modules and Linear Algebra. Basic definitions and examples, lattice of submodules, quotient
modules, tensor products of modules, the matrix of a linear transformation, minimal polynomial of
a transformation, Cayley-Hamilton Theorem, trace and determinant, dual spaces, modules over a
PID, rational canonical form, Jordan canonical form.

Field Theory. Basic definitions and examples, field extensions, simple extensions, algebraic exten-
sions, transcendental extensions, separable and inseparable extensions, cyclotomic extensions, solu-
tion of the Greek construction problems, splitting fields and normality, algebraic closure, the Galois
correspondence, Galois groups of extensions/polynomials, sovable and radical extensions, the insolv-
ability of the quintic, Fundamental Theorem of Algebra, Casus Irreducibilis, finite fields, Frobenius
endomorphism.

Miscellaneous. Axiom of choice and Zorn’s lemma, universal constructions (products, coproducts),
lattices.

References.

M. Artin, Algebra
D. Dummit and R. Foote, Abstract Algebra
T. Hungerford, Algebra
N. Jacobson, Basic Algebra I
S. Lang, Algebra



ALGEBRA PRELIM AUGUST 2006

1. Show that if G is a simple group of order 4pq, where p and q are distinct odd primes, then
|G| = 60.

2. Let G be a non-trivial finite group. Show that if M ∩N = {1} whenever M and N are distinct
maximal subgroups of G, then some maximal subgroup of G is normal. (Recall that a subgroup
of a group is called maximal if it is a proper subgroup not properly contained in any other proper
subgroup.)

3. Let F be a field of order 1024, and let G = GL(6,F), the group of invertible 6× 6 matrices with
entries in F.

(a) How many conjugacy classes of G contain an element of order 3?
(b) How many conjugacy classes of G contain an element of order 4?

4. Let I be a nonzero ideal in Z[i]. Show that I is a prime ideal if and only if it is a maximal ideal.

5. Let E ≤ K be a field extension of degree n. Show that if there are more than 2n−1 intermediate
subfields E ≤ F ≤ K, then there are infinitely many intermediate subfields. (Hint: At some point
consider minimal polynomials.)

6. Find the Galois group of x6 − 3 over Q.
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1. Let G be the alternating group A6.

(a) How many Sylow 2-subgroups does G have ?
(b) To what well-known group is a Sylow 2-subgroup of G isomorphic ?

2. Let G be a group each of whose elements is its own inverse.

(a) Prove that G is abelian.
(b) If G is finite, what are the only possibilities for its order ?
(c) Prove that if |G| > 2 and is finite, then its automorphism group Aut(G) is not abelian.

3. Let R be a commutative and associative ring with multiplicative identity 1 6= 0 and let I be an
ideal of R. Suppose that I is not finitely generated and that the only ideal of R not finitely generated
and containing I is I itself. Then show that I is a prime ideal. [Hint: You may want to make use of
Ja := {r ∈ R : ra ∈ I} for a ∈ R.]

4. For any vector spaces V and W over a field k, let Homk(V,W ) be the set of k-linear maps (=
k-linear transformations) from V to W and let V ∗ = Homk(V, k).

Now let V and W be finite-dimensional vector spaces over a field k. Then:

(a) Show that Homk(V,W ) is a vector space over k under the natural operations of addition and
k-scalar multiplication;

(b) Calculate dimk Homk(V,W );
(c) Calculate dimk (V ∗⊗kW ); and
(d) Construct an explicit isomorphism to show that Homk(V,W ) and V ∗⊗kW are isomorphic as

vector spaces over k.

5. Let K be a field of characteristic p 6= 0, and let f = xp − x− a ∈ K[x]. Show that either f splits
(completely) in K[x] or f is irreducible over K.

6. Find a splitting field L/Q and the Galois group G = Gal(L/Q) for f = x5 − 3 ∈ Q[x]. Find 3
nontrivial, proper subgroups of G and the intermediate fields to which they correspond according to
the fundamental theorem of Galois theory.
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1. If P is a Sylow p-subgroup of a finite group G, where p is a prime factor of |G|, show that

(a) For any subgroup H of G containing NG(P ), we have NG(H) = H,
(b) NG(NG(P )) = NG(P ).

2. Let G be a finite group for which x2 = 1 for all x ∈ G.

(a) Prove that G is abelian of order 2n for some n.
(b) Prove that the product of all elements of G is equal to the identity if the order of G is

sufficiently large. (Your answer should make it clear what “sufficiently large” means.)

3. (a) Let n ∈ Z, n ≥ 1, and let I be the ideal generated by n and x in Z[x]. Show that I is a
maximal ideal if and only if n is prime.

(b) Show that Z[x] is not isomorphic, as a ring, to Z.

Recall that if G is a group, the group ring ZG is the free Z-module on G with associative
multiplication inherited from the multiplication in G, so that every element in ZG is uniquely
represented by a sum ∑

g1∈G

ng1g1

with ng1 ∈ Z, and ∑
g1∈G

ng1g1
∑
g2∈G

ng2g2 =
∑
g∈G

ngg,

where ng =
∑

g1g2=g ng1ng2 .
(c) Show that if G is any nontrivial group, the group ring ZG has at least four units. Deduce

that Z[x] is not isomorphic to any group ring ZG.

4. Let S be a commutative ring. We say that S is a graded ring if we can decompose S into the direct
sum of additive subgroups S =

⊕
n≥0 Sn, such that for all integers k, l ≥ 0 we have SkSl ⊆ Sk+l.

(For example, if R is a commutative ring, then S = R[x1, . . . , xm] is a graded ring, where Sn consists
of the elements of total degree n.)

(a) If S is a graded ring, verify that S0 is a subring, and that for every n, Sn is an S0-module.
(b) Show that if S is a graded ring, then S+ =

⊕
n>0 Sn is an ideal of S, and that it is a prime

ideal if and only if S0 is an integral domain.

5. (a) Let p be an odd prime. By considering the action of the Frobenius automorphism, show that
xp − x− 1 is irreducible over Fp, the field with p elements.

(b) Show that the Galois group of x5 − 6x− 1 over Q is S5.

6. Let p1, . . . , pn be distinct odd prime numbers, m =
∏n

i=1 pi, and ζ a primitive mth root of unity.
Let K = Q(ζ). Determine with proof the number of subfields E, Q ⊆ E ⊆ K, with [E : Q] = 2.
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1. Show that Q under addition does not have any proper subgroup of finite index.

2. Show that if G is a group, |G| = 315, and G has a normal subgroup of order 9, then G is abelian.
You may assume that if p < q are primes such that p does not divide q− 1, then a group of order pq
is cyclic, and if Z is the center of G and G/Z is cyclic, then G is abelian.

3. (a) (i) Prove that the integral domain Z[i] (the Gaussian integers) is a Euclidean domain.
(ii) What are its units?
(iii) Give an example of a maximal ideal of Z[i].

(b) (i) Prove that the integral domain Z[x] is not a Euclidean domain.
(ii) What are its units?
(iii) Give an example of a maximal ideal of Z[x].

(c) (i) Prove that the integral domain Z[
√
−5] is not a Euclidean domain.

(ii) What are its units?

4. Let R be a ring and M a left R-module. For N any submodule of M , define A(N) = {a ∈ R :
aN = 0}. For J any ideal of R, define N(J) = {n ∈M : Jn = 0}.

(a) Prove that A(N) is an ideal of R.
(b) Prove that RN is a submodule of M .
(c) Prove that N(J) is a submodule of M .
(d) Prove: If N and L are submodules of M and N ⊆ L, then A(L) ⊆ A(N).
(e) Prove: If N1 and N2 are submodules of M , then A(N1 +N2) = A(N1) ∩A(N2).

In (f) and (g) assume that R is nilpotent, i.e., there exists a positive integer n such that the product
of n elements of R is 0.

(f) Prove: If N 6= 0, then RN 6= N .
(g) Prove: If RM 6= 0, then M is not the direct sum of RM and N(R).

5. Suppose that L : K is a field extension, γ ∈ L with γ transcendental over K. Suppose that
f ∈ K[x], deg f ≥ 1.

(a) Show f(γ) is transcendental over K.
(b) Suppose that β ∈ L with f(β) = γ. Show β is transcendental over K.
(c) Suppose that α ∈ L, α /∈ K, with α algebraic over K. Show K(α, γ) is not a simple extension

of K.
(d) Suppose that α is a root of f , f ∈ K[x] irreducible of degree n. Prove that

[
K[α] : K

]
= n

by displaying a basis for K[α] over K; prove this is indeed a basis. Then prove K[α] is a
field.

6. Find a splitting field L and the Galois group G for x4 − 2 ∈ Q[x]. Determine the degree of L : Q.
Find at least 3 subgroups and the intermediate fields to which they correspond according to the
Fundamental Theorem of Galois Theory.
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1. Show there is no simple group of order 90.

2. Let p and q be distinct prime numbers with p 6≡ 1 mod q, and q 6≡ 1 mod p. Show that every
group of order pq is cyclic.

3. Let d ≥ 1 be an integer. Let Rd = {a + b
√
−d : a, b ∈ Z} ⊂ C, which is a subring of C. Recall

that in a ring with multiplicative identity, an element is called a unit if it has a 2-sided multiplicative
inverse. Recall also that in an integral domain, an element which is nonzero and not a unit is called
irreducible if whenever it is written as a product of two elements, one of these elements is a unit.

(a) Show that complex conjugation restricts to an automorphism of Rd.
(b) Show that ±1 are the only units of Rd if d > 1.
(c) Show that 2 +

√
−5, 2−

√
−5, and 3 are irreducible elements of R5.

(d) From the equation 3 ·3 = (2+
√
−5)(2−

√
−5), show that R5 is not a principle ideal domain.

4. Let (R,+, ·) be a ring that contains a field F as a subring. Then R has the structure of an
F -vector space, where addition is given by + and scalar multiplication is performed via ·. Suppose
that R is a finite-dimensional F -vector space. Show that if R is an integral domain, then R is a field.

5. Find the Galois group of x3 + 10x+ 20 over Q.

6. Let p be an odd prime, and φp = (xp − 1)/(x− 1) = xp−1 + · · ·+ 1 ∈ Z[x]. Let z be a root of φp

in a splitting field over Q, and let K = Q(z). Show there is precisely one subfield L of K such that
[K : L] = 2. In addition, show that this L is Q(z + 1/z).
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1. Let p be a prime number. Show that

(a) The center of any p-group is a p-group (that is, the center cannot be trivial),
(b) Any group of order p2 must be abelian.

2. Let G be a nonabelian group of order pq, with p, q prime and p < q.

(a) Prove that p divides q − 1.
(b) Prove that the center of G is trivial.
(c) How many distinct conjugacy classes are there in G?

3. The 2× 2 trace-zero Hermitian matrices form a real vector space H of dimension 3. Let SU(2) =
{g = (gij)2×2 : gij ∈ C, tgg = g tg = I2,det g = 1}; it is the special unitary group. An element
g ∈ SU(2) acts on H by ρ(g) : x ∈ H 7→ gx tg ∈ H.

(a) Show that there is a (positive-definite) inner product on H that is invariant under the SU(2)
action. (Hint: You may want to consider the determinant of the matrices in H.)
Consequently, for any g ∈ SU(2) we have ρ(g) ∈ SO(3), where SO(3) is the special orthogonal
group defined by SO(3) = {q = (qij)3×3 : qij ∈ R, tq q = q tq = I3,det q = 1}.

(b) Show that ρ : SU(2)→ SO(3) is a homomorphism.
(c) Find the kernel of ρ : SU(2)→ SO(3).
(d) Show that ρ : SU(2)→ SO(3) is surjective.

4. Prove that if R is a domain and a 6= 0 is not a unit in R, then A = 〈a, x〉 is not a principle ideal
in R[x]. Explain why Q[x] is a Euclidean domain, but Q[x, y] is not.

5. Let R be a ring with identity 1 and let M be a left R-module on which 1 acts as the identity.

(a) Show that if e ∈ R is in the center of R and satisfies e2 = e, then we have M = M1 ⊕M2

as modules, where M1 = eM and M2 = (1 − e)M . Prove that EndR(M) ∼= EndR(M1) ⊕
EndR(M2) as rings.

(b) Now suppose 1 = e1 + · · ·+ en, where ei (1 ≤ i ≤ n) are elements in the center of R and they
are orthogonal idempotents, that is, they satisfy e2i = ei (for all 1 ≤ i ≤ n) and eiej = 0 (for
all 1 ≤ i 6= j ≤ n). State and prove a generalization of the above result.

(c) Let R = C[Z5] be the group algebra1 of Z5. Find a decomposition of the unit element 1
into five nonzero orthogonal idempotents. Let M = R, with the R-action given by the left
multiplication. Show thatM is isomorphic to a direct sum of five one-dimensional submodules
that are pairwise nonisomorphic.

6. Let ζ be a primitive complex ninth root of unity.

(a) What is its minimal polynomial over Q?
(b) What is the degree of Q(ζ) over Q?
(c) Find primitive elements for each field intermediate between Q and Q(ζ). Express them as

polynomials in ζ.

1The group algebra of a finite group G is the set C[G] of formal sums
P

g∈G agg(ag ∈ C) with the obvious

multiplication
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1. Let G be a group, GL the group of left translates aL (a ∈ G) of G, and Aut(G) the group of
automorphisms of G. The set GLAut(G) = {στ : σ ∈ GL, τ ∈ Aut(G)} is called the holomorph of
G and is denoted HolG.

(a) Show that HolG is a group under composition and that if G is finite, then |HolG| = |G| ×
|Aut(G)|.

(b) Prove that Hol (Z2 × Z2) is isomorphic to S4.

2. Let G be a group of order pqr where p < q < r are prime. Show that G has a normal Sylow
subgroup.

3. Let R be a commutative ring with identity, I1 and I2 ideals in R, and φ : R → R/I1 × R/I2 the
canonical mapping.

(a) Describe kerφ and show that if I1 + I2 = R then kerφ = I1I2.
(b) Prove that when I1 + I2 = R the mapping φ is surjective.
(c) Show that (Z100)× is isomorphic to (Z4)× × (Z25)×.

4. Let V be a finite-dimensional vector space and let T : V → V be a linear transformation from V

to itself. Define a mapping T ∗ : V ∗ → V ∗ by T ∗(f) = f ◦ T .

(a) Show that T ∗ is a linear transformation.
(b) Let B = {e1, . . . , en} be a basis for V and let B∗ = {e∗1, . . . , e∗n} be a basis for V ∗. Show that

the matrix for T ∗ relative to B∗ is the transpose of the matrix for T relative to B.

5. Suppose that F is a finite field and that x3 +ax+ b ∈ F[x] is irreducible. Explain why −4a3−27b2

must be a square in F.

6. Let g(x) = xp − x− a ∈ Zp[x], where p is a prime and assume a is nonzero.

(a) Show that g(x) has no repeated roots in a splitting field extension.
(b) Show that g(x) has no roots in Zp.
(c) Show that if α is a root of g(x) in a splitting field extension then so is α+ b for any b ∈ Zp.

Conclude that {α+ b : b ∈ Zp} is a complete set of roots of g(x).
(d) Show that g(x) is irreducible in Zp[x].
(e) Construct a splitting field L for g(x) and determine |Gal(L/Zp)|.
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1. Let G be a finite simple group of order n. Determine the number of normal subgroups of G×G.

2. (a) State the Feit-Thompson theorem.
(b) Without using the Feit-Thompson theorem, show that there is no simple group of order

6545 = 5 · 7 · 11 · 17.

3. (a) Let R be a ring with ideals I, J such that I ⊆ J . Prove that

(R/I)/(J/I) ' R/J.

(b) Give an example of an unique factorization domain that is not a principle ideal domain (PID).
Prove that this ring is not a PID.

(c) Suppose R is a PID. Say a, b, c ∈ R such that gcd(a, b) = 1 = gcd(a, c). Show that gcd(a, bc) =
1.

4. (a) Let F be a field, V and W finite-dimensional vector spaces over F , and T : V → W a
linear transformation. Let {w1, w2, . . . , wr} be a basis for T (V ), and take v1, . . . , vr ∈ V

such that T (vj) = wj (1 ≤ j ≤ r). Show that v1, . . . , vr are linearly independent. Then,
let U be the space spanned by v1, . . . , vr, and K = kerT . Prove the theorem that states
rank(T ) + nullity(T ) = dim(V ) by showing V can be realized as a direct sum of U and K.

(b) Let V be as above. Show that any linearly independent subset {v1, . . . , vm} of V can be
extended to a basis {v1, . . . , vn} of V .

5. Suppose that K[α] : K is an extension, that α is algebraic over K, but not in K, and that β is
transcendental over K. Show that K(α, β) is not a simple extension of K.

6. Let h(x) = x4 + 1 ∈ Q(x).

(a) Show that the four complex numbers ±
√

2
2 (1± i) are the four roots of h(x) in C.

(b) Find an α ∈ C such that L = Q(α) is a splitting field extension for h(x) over Q.
(c) Describe Gal(L/Q) as a group of permutations of the roots of h(x), and as a group of

automorphisms of L. (The latter means: write an arbitrary a ∈ L out in terms of a basis for
L over Q, and then describe what σ(a) looks like in terms of this basis, for each σ ∈ Gal(L/Q).

(d) Find all intermediate fields M between L and Q; for each such field M find a subgroup H of
Gal(L/Q) such that M = Fix(H) and H = Gal(L/M). Which of the extensions M : Q are
normal?
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1. (a) Suppose that G is a finite group and that there is a group homomorphism

h : G −→ S,

where S is the multiplicative group of roots of unity in the complex numbers, and which
satisfies (

h(g)
)3 = 1

for every element g ∈ G, but for which not every h(g) has the value 1. Prove that G contains
an element of order 3.

(b) Let F7 be the finite field of 7 elements, and GL(2,F7) the group of nonsingular 2×2 matrices
A with entries in F7, and multiplication of matrices as group law. Use the determinant
function to construct a homomorphism

t : GL(2,F7) −→ S

which satisfies (
t(A)

)3 = 1

for all A ∈ GL(2,F7), but for which not every t(A) has the value 1.

2. (a) For which prime divisors p of n! are all the elements of the Sylow p-subgroups of the symmetric
group Sn even permutations?

(b) In the symmetric group Sn the conjugacy class of a particular element a (i.e., the set of
elements conjugate to a) consists of all elements with the same cycle structure as a (i.e.,
whose decomposition as a product of disjoint cycles agrees with that of a in having the same
number of cycles and of the same lengths). For what even permutations a is this also the
case for the conjugacy class of a in the alternating group An (n > 1)?

3. Let A be a commutative ring with identity 1, and let M be an A-module. If there exists a chain
of submodules

M = M0 ⊃M1 ⊃M2 ⊃ · · · ⊃Mr = {0}
such that for i = 1, . . . , r, Mi−1/Mi ' A/Pi for some maximal ideal Pi, then r is called the length of
M and is denoted by LA(M), and M is said to have finite length.

(a) Prove that LA(M) is well-defined.
(b) If

0 −→M ′ −→M −→M ′′ −→ 0

is an exact sequence of A-modules and two of the modules have finite length, then the third
module also has finite length. Furthermore,

LA(M) = LA(M ′) + LA(M ′′).

(c) If
0 −→Mn −→Mn−1 −→ · · · −→M0 −→ 0

is an exact sequence of modules of finite length, then
n∑

i=1

(−1)iLA(Mi) = 0.

please turn over
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4. An ideal a in a commutative ring R is called primary iff a, b ∈ R and ab ∈ a implies that either
a ∈ a or there is an n ∈ N such that bn ∈ a.

(a) Provide an example of a prime ideal in C[x, y].
(b) Let a be the ideal in C[x, y] generated by xy and x2. Prove that a is not primary.
(c) Prove that the radical of a,

√
a, is a prime ideal.

(d) Is
√

a maximal?

5. (a) Prove that the polynomial x4 − 27 is irreducible over Q.
(b) Determine a (minimal) splitting field for the polynomial x4−27 over Q. Determine the order

of its Galois group (over Q) and prove that it is not commutative.

6. (a) Let Q denote the field of rational numbers, and let K be a (minimal) splitting field for x2−2
over Q. For what other monic irreducible polynomial in Q[x] is K a splitting field?

(b) Let L be a (minimal) splitting field for x3 + x + 1 over F2, the field of 2 elements. Find all
other irreducible polynomials in F2[x] for which L is a splitting field over F2.
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1. Let G be a finite group and N a normal subgroup. Show that

(a) The intersection with N of a Sylow p-subgroup of G is a Sylow p-subgroup of N and every
Sylow p-subgroup of N is obtained in this way.

(b) The image in G/N of a Sylow p-subgroup of G is a Sylow p-subgroup of G/N and every
Sylow p-subgroup of G/N is obtained in this way.

2. Let G and H be groups and θ : H → Aut(G) a homomorphism. Let G ×θ H be the set G ×H
with the following binary operation: (g, h)(g′, h′) =

(
g[θ(h)(g′)], hh′

)
.

(a) Show thatG×θH is a group with the identity element (e, e′) and (g, h)−1 =
(
θ(h−1)(g−1), h−1

)
.

(You may assume without proving it that the operation is associative.)
(b) Use the construction of (a), with G a cyclic group of order 7, to show that there is a group

K with 105 elements generated by elements a, b, c such that a5 = e, b3 = e, c7 = e, ab = ba,
bc = cb, ac = c4a.

(c) In the group described in (b), determine the number of Sylow subgroups.

3. (a) Suppose 0 → A′ → A → A′′ → 0 is a short exact sequence of abelian groups. Show that
rankA is finite if and only if rankA′ and rankA′′ are finite. If so, show that rankA =
rankA′ + rankA′′.

(b) Suppose 0 // Cn
dn // Cn−1

dn−1 // · · · // C2
d2 // C1

d1 // C0
// 0 is a chain of abelian

groups, i.e., Ci is an abelian group and di : Ci −→ Ci−1 is a homomorphism such that

di−1 ◦ di = 0, for each i. Let Hi =
ker di

Im di+1
(i = 0, 1, . . . , n). Assume that rankCi is finite,

for all i. Define two polynomials

m(t) =
n∑

i=0

rankCit
i, p(t) =

n∑
i=1

rankHit
i.

Show that there is a polynomial q(t) with nonnegative coefficients such that m(t) = p(t) +
(1 + t)q(t).

4. Let R be a commutative ring and M be a module over R. A submodule N is a characteristic
submodule if ϕ(N) ⊂ N for any R-endomorphism ϕ of M . Show that

(a) ∀ r ∈ R, rM and Ann(r) = {m ∈M : rm = 0} are characteristic submodules of M .
(b) If N is a characteristic submodule of M , and P , Q are complementary submodules of M ,

i.e., P ⊕Q = M , then N ∩ P , N ∩Q are complementary submodules of N .

5. (a) Suppose H is a subgroup of Sn (n ≥ 2) which contains both an n-cycle and a transposition.
Show that H = Sn.

(b) Show that the roots of the polynomial P (x) = x5 − 6x+ 3 cannot be expressed by radicals.

6. Let K be a field of characteristic 0, and let K(x) be a simple transcendental extension. Let G be
the subgroup of the group of K-automorphisms of K(x) generated by an automorphism that takes
x to x+ 1. Show that K is the fixed field of G.
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1. Determine the Galois groups of the following polynomials in Q[x]:

(a) x4 − 7x+ 10.
(b) x3 − 2.
(c) x5 − 9x+ 3.

2. (a) If G is a group of order 53 · 7 · 17 show that G has normal subgroups of sizes 53, 53 · 7, and
53 · 17.

(b) Show that there is a nonabelian nilpotent group of order 53 · 7 · 17. [Hint: To construct a
nonabelian group of order 53, work in S25 to find nonidentity elements a, b such that a is of
order 25, b is of order 5, and b−1ab = a6. A finite group is nilpotent if it is the direct product
of its Sylow subgroups.]

3. Let R be a ring with 1. An element x in R is called nilpotent if xm = 0 for some positive integer
m.

(a) Show that if n = akb for some integers a and b then the coset ab is a nilpotent element of
Z/nZ.

(b) If a ∈ Z is an integer, show that the element a ∈ Z/nZ is nilpotent if and only if every prime
divisor of n is also a divisor of a. In particular, determine the nilpotent elements of Z/36Z
explicitly.

(c) If R is any commutative ring with 1 and x is a nilpotent element, show that 1 + x is a unit
for R (i.e., is invertible). [Hint: As motivation, think of the sum of the geometric series.]

4. Let R be a ring with 1 and M a left unitary R-module. An element m in M is called a
torsion element if rm = 0 for some nonzero element r ∈ R. The set of torsion elements is denoted
Tor(M) = {m ∈M : rm = 0 for some nonzero r ∈ R}.

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

(b) Give an example of a ring R and an R-module M such that Tor(M) is not a submodule.
[Hint: Consider letting R be itself a left R-module where R is some ring which is not an
integral domain.]

(c) Show that if R has zero divisors then every nonzero R-module has nonzero torsion elements.

5. Give a representative element of each conjugacy class of the elements of the alternating group A5,
and determine the number of elements in its class.

6. (a) Prove that f(x) = x4 + x3 + x2 + x+ 1 is irreducible over Z2.
(b) What are the other irreducible quartic polynomials over Z2?
(c) If θ is one of the roots of f(x), what are the others (expressed as polynomials in θ of least

possible degree)?
(d) Give a method for finding an element ϕ (expressed as a polynomial in θ) of the splitting field

Z2(θ) such that [Z2(ϕ) : Z2] = 2.



ALGEBRA PRELIM JANUARY 1999

1. Let G be a finite group, and C be the center of G.

(a) Show that the index [G : C] is not a prime number.
(b) Give an example where [G : C] = 4.

2. Let G be a finite group that acts transitively on a set S. Recall that G is said to act doubly
transitively if for every pair (a, b), (c, d) there is a g ∈ G such that g(a) = c and g(b) = d.
In (a) and (b) below, assume that G is a finite group that acts transitively on a set S. Let s be in
S, and let

H = {g ∈ G : g(s) = s}
be its isotropy group. Note then H acts on the complement S − {s}.

(a) Show that G acts doubly transitively on S if and only if H acts transitively on S − {s}.
(b) Suppose there is a subgroup T of G of order two, T not contained in H, such that G = HTH.

Show that G acts doubly transitively on S.

3. Let R be a commutative ring with identity. Suppose that for some a, b ∈ R, the ideal Ra+Rb is
principal. Prove that the ideal Ra ∩Rb is principal.

4. Let S be a commutative ring with identity, R = S[x1, . . . , xn]. Let I be the ideal of R generated
by the quadratic monomials {xixj : 1 ≤ i, j ≤ n}, and φ the natural projection

φ : R→ R/I.

(a) Show that R/I is a free S-module and find its rank.
(b) For f ∈ R define f ′ ∈ R/I by f ′ = φ(f)− φ(f(0, . . . , 0)). Show that

(fg)′ = φ(f)g′ + φ(g)f ′.

(c) Show that for all positive integers n, (fn)′ = nφ(f)n−1f ′.

5. Determine the Galois group (using generators and relations if you would like) over K of x5 − 3
when:

(a) K = Q.
(b) K = F11, the finite field with 11 elements.

6. We call a six degree polynomial symmetric if x6f(1/x) = f(x). Let f be a symmetric six degree
polynomial in Q[x].

(a) Suppose r is a root of f in a splitting field of f . Show that [Q(r + 1/r) : Q] ≤ 3.
(b) Deduce from (a) that the Galois group of f is solvable. [Hint: All groups of order less than

60 are solvable.]
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1. (a) Show that there is no simple nonabelian group of order 76.
(b) Show that there is no simple nonabelian group of order 80.

2. Let p be an odd prime. Show that a group of order 2p is either cyclic, or is isomorphic to the
dihedral group D2p. (Recall that the dihedral group Dn is the group of symmetries of a regular n-gon
in a plane.)

3. Let R = Z[
√
−3] = {a+ b

√
−3 : a, b ∈ Z}, where

√
−3 is a root of x2 + 3 in some splitting field.

Let

S = Z
[
1 +
√
−3

2

]
=

{
a+ b

(
1 +
√
−3

2

)
: a, b ∈ Z

}
.

(a) Show that S is a Euclidean domain with respect to the norm

δ

(
a+ b

(
1 +
√
−3

2

))
= a2 + ab+ b2.

(b) Show that R is not a Euclidean domain with respect to the norm

δ(a+ b
√
−3) = a2 + 3b2.

[Hint: Is R a unique factorization domain?]

4. Let F be a field and let t be transcendental over F . Recall that if P (t) and Q(t) are nonzero
relatively prime polynomials in F [t], which are not both constant, then

[F (t) : F (P (t)/Q(t))] = max{degP,degQ},

a fact you may use, if needed.

(a) Prove that Aut(F (t)/F ) ∼= GL2(F )/{λI : λ ∈ F×}, where

GL2(F ) =
{(

a b
c d

)
: a, b, c, d ∈ F and ad− bc 6= 0

}
and I =

(
1 0
0 1

)
.

(b) Let F2 be the field with two elements. Show that Aut(F2(t)/F2) ∼= S3.

(c) Find the subfields of F2(t) which are the fixed fields of the subgroups of Aut(F2(t)/F2).

5. Show that f(x) = 2x5 − 10x+ 5 is not solvable by radicals over the rational numbers.

please turn over
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6. An ultrafilter on N = {0, 1, 2, . . . } is a collection U of subsets of N such that the following
conditions hold:

(i) N ∈ U .
(ii) ∅ /∈ U .
(iii) If x ∈ U and x ⊆ y ⊆ N, then y ∈ U .
(iv) If x, y ∈ U , then x ∩ y ∈ U .
(v) For any x ⊆ N, x ∈ U or N− x ∈ U . (N− x is the complement of x in N.)

Suppose that 〈Fi : i ∈ N〉 is a system of fields, and U is an ultrafilter on N. Consider the full
direct product

∏
i∈N Fi, which is a commutative ring with identity, consisting of all functions a

with domain N, with ai = a(i) ∈ Fi for all i, the ring operations being coordinate-wise. Let
I = {a ∈

∏
i∈N Fi : {i ∈ N : ai = 0} ∈ U}.

(a) Show that I is a maximal ideal of
∏

i∈N Fi.
(b) Suppose that for each i ∈ N, every polynomial in Fi[x] of positive degree at most i has a root

in Fi. Suppose that N − F ∈ U for every finite subset F of N. Show that
∏

i∈N Fi/I is an
algebraically closed field.
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1. Let G be a group of order 429 = 3 · 11 · 13.

(a) Show that every subgroup of order 13 in G is normal in G. (Use the Sylow theorems.)
(b) Show that every subgroup of order 11 in G is normal in G.
(c) Classify (up to isomorphism) all groups of order 429.

2. Let Q denote the field of rational numbers and let K = Q(
√

5,
√

7).

(a) Find the Galois group of K over Q and show that K is a Galois extension of Q. Express all
of the elements of the Galois group as permutations of the roots of (x2 − 5)(x2 − 7).

(b) Find all the subfields of K and match them up with the subgroups of the Galois group as is
indicated by the Fundamental Theorem of Galois Theory.

3. Let K = GF (pm) be the finite field with q = pm elements (p is a rational prime number). Let V
be an n-dimensional vector space over K. Give explicit formulas for the following numbers:

(a) The number of elements of V .
(b) The number of distinct bases of V . Give it for both ordered and unordered bases.
(c) The order of the general linear group GLn(K).
(d) Let K = GF (3) be the field with 3 elements. Verify that there are 48 nonsingular 2 × 2

matrices over K. Also show that the only nonsingular 2 × 2 matrix A over K that satisfies

the equation A5 =
(

2 0
0 2

)
is the matrix

(
2 0
0 2

)
itself.

4. Let V be an n-dimensional vector space over an arbitrary field K and let f : V → V be a linear
transformation. Show that there exists a basis for V such that the matrix representation for f with
respect to that basis is diagonal if and only if the minimal polynomial for f is a product of distinct
linear factors.

5. Let Zn denote the cyclic group of order n. Let G = Z81 ⊕ Z30 ⊕ Z16 ⊕ Z45.

(a) What is the largest cyclic subgroup of G? Give a generator for this group in terms of the
generators for the cyclic components of G. Please denote the generators for the groups Z81,
Z30, Z16, and Z45 by a, b, c and d, respectively.

(b) How many elements of order three does G have?
(c) How many elements of order nine does G have?

6. Recall that a Euclidean domain is an integral domain R together with a natural number valued
function N defined on the nonzero elements of R which has the property that, given a and b in R

with b nonzero, we can find q and r in R such that a = bq + r and either r = 0 or N(r) < N(b).
Now let R = Z[

√
−2] = {m + n

√
−2 : m,n ∈ Z}, where Z is the ring of rational integers. Let

N(m+ n
√
−2) = m2 + 2n2.

(a) Show that R is a Euclidean domain.
(b) Decide whether x3+2

√
−2x+4 is irreducible in Q(x), where Q is the field of rational numbers.

7. Let R = Z
[

1+
√
−7

2

]
and let N

(
m+ n

1 +
√
−7

2

)
=

(2m+ n)2 + 7n2

4
, where Z is the ring of

rational integers and m,n ∈ Z. Show that R is a Euclidean domain. (Your proof should also work

if −7 is replaced by −11 and N
(
m+ n

1 +
√
−11

2

)
=

(2m+ n)2 + 11n2

4
.
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1. Suppose the group G has a nontrivial subgroup H which is contained in every nontrivial subgroup
of G. Prove that H is contained in the center of G.

2. Let n be an odd positive integer, and denote by Sn the group of all permutations of {1, 2, 3, . . . , n}.
Suppose that G is a subgroup of Sn of 2-power order. Prove that there exists i ∈ {1, 2, 3, . . . , n} such
that for all σ ∈ G one has σ(i) = i.

3. Let p be an odd prime and Fp the field of p elements. How many elements of Fp have square roots
in Fp? How many have cube roots in Fp? Explain your answers.

4. Suppose that W ⊆ V are vector spaces over a field with finite dimensions m and n (respectively).
Let T : V → V be a linear transformation with T (V ) ⊆ W . Denote the restriction of T to W by
TW . Identifying T and TW with matrices, prove that det(In − xT ) = det(Im − xTW ) where x is an
indeterminate and Im, In denote the m×m, n× n identity matrices.

5. Let Q be the field of rational numbers. For θ a real number, let Fθ = Q(sin θ) and Eθ = Q(sin θ
3).

Show that Eθ is an extension field of Fθ, and determine all possibilities for dimFθ
Eθ.

6. Let g(x) = x7 − 1 ∈ Q[x], and let K be a splitting field for g(x) over Q.

(a) Show that g(x) = (x − 1)h(x) where h(x) is irreducible in Q[x]. (Hint: Study h(x + 1) by
first writing h(x) = g(x)/(x− 1). Use Eisenstein’s criterion to show h(x+ 1) is irreducible.)

(b) Show that G = Gal(K/Q) is cyclic of order 6, and has as a generator the map that takes
ω 7→ ω3 for any root ω of g(x).

(c) Let ω be a complex 7th root of 1. Let

x1 = ω + ω2 + ω4, x2 = ω + ω6.

Find subgroups H1, H2 of G such that Q(x1) is the fixed field of H1 and Q(x2) is the fixed
field of H2. Find [Q(x1) : Q] and [Q(x2) : Q].

(d) Show that Q(x1) and Q(x2) are the only fields M with Q ⊂ M ⊂ Q(ω). (Here ⊂ denotes
proper containment.)
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1. Suppose p > q are prime numbers and that q does not divide p− 1. Show that every group G of
order pq is cyclic.

2. Let R be a ring with multiplicative identity 1. An element r ∈ R is called nilpotent if rn = 0 for
some positive integer n > 0. Let N denote the set of nilpotents in R.

(a) Show that if R is commutative then N is an ideal. Give an example of a noncommutative R
for which N is not an ideal.

(b) An ideal I in a commutative ring is called primary if for every xy ∈ I, either x ∈ I or ym ∈ I
for some positive integer m. Suppose that R is commutative and that I is an ideal in R.
Show that I is primary if and only if every zero divisor in R/I is nilpotent.

3. Consider the set of numbers R =
{
a+ b

(
1+
√
−15

2

)
: a, b ∈ Z

}
⊂ Q(

√
−15).

(a) Show that R is a ring, and that the automorphism
√
−15 7→ −

√
−15 of Q(

√
−15) induces an

automorphism of R.
(b) What is the norm of a+ b

(
1+
√
−15

2

)
for integers a, b?

(c) Find all the units in R.
(d) Find all factorizations of 4 into irreducibles in R.
(e) Give an example in R of an irreducible which isn’t prime.

4. Let ζ be a primitive 12th root of unity.

(a) Find the Galois group of Q(ζ) over Q.
(b) Let Φn(x) denote the nth cyclotomic polynomial over Q. What is the degree of Φ24(x) over

Q?
(c) When Φ24(x) is factored over Q(ζ), how many factors are there, and what are their degrees?

5. Let q be a power of a prime, and r a positive integer. Let Fq and Fqr denote, respectively, the
fields with q and qr elements. Let G denote the Galois group of Fqr over Fq, and let N denote the
norm map, N(α) =

∏
σ∈G σ(α) from Fqr to Fq. Show that

N : F×qr → F×q
is a surjective homomorphism.

6. Let G be a finite group of order n, and suppose for each prime p dividing n there is a unique
Sylow p-subgroup. Show that G is solvable. (Be sure to carefully state any theorems about solvable
groups that you use.)
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1. Let G be a group, GL the group of left translates aL (a ∈ G) of G (that is, for a ∈ G, aL : G→ G

is defined by aL(g) = ag).

(a) Show that GLAut(G) (that is, the set {xy : x ∈ GL, y ∈ Aut(G)}) is a group of transfor-
mations of G. GLAut(G) is called the holomorph of G and is denoted Hol (G).

(b) Show GR ⊂ Hol (G), where GR is the group of right translates of G.
(c) Show that if G is finite, then |Hol (G)| = |G||Aut(G)|.

2. Let h(x) = x4 + 1 ∈ Q[x], and let L ⊂ C be a splitting field for h(x) over Q.

(a) Find the four roots of h(x) in C.
(b) Find an α ∈ L such that L = Q(α).
(c) Describe all elements of G = Gal(L/Q) as permutations of the roots of h(x).
(d) Find all intermediate fields M between L and Q; for each such field M find a subgroup H of

G such that M is the fixed field of H and H = Gal(L/M). Which of the extensions M are
normal over Q?

3. Let R be a ring with identity and M an R-module.

(a) Show that, if m ∈M , then {x ∈ R : xm = 0} is a left ideal of R.
(b) Let A be a left ideal of R, and m ∈M . Show that {xm : x ∈ A} is a submodule of M .
(c) Suppose that M is irreducible, which means that M has no submodules other than (0) and

M . Let m0 ∈M , m0 6= 0. Show that A = {x ∈ R : xm0 = 0} is a maximal left ideal in R.

4. Let g(x) = xp − x− a ∈ Z/pZ[x], where p ∈ Z is a prime, and a a nonzero element of Z/pZ.

(a) Show that g(x) has no repeated roots in a splitting field extension.
(b) Show that g(x) has no roots in Z/pZ.
(c) Show that, if c is a root of g(x) in a splitting field extension, then so is c+ i for any i ∈ Z/pZ.

Conclude that {c+ i : i ∈ Z/pZ} is a complete set of roots of g(x).
(d) Show that g(x) is irreducible in Z/pZ[x].
(e) Consturct a splitting field extension L for g(x) over Z/pZ.
(f) Find the Galois group Gal(L/(Z/pZ)). Describe this group as a group of permutations of

the roots of g(x).

5. Let N be a positive integer, and let LN denote the set of functions f : Z → C such that
f(t) = f(t+N) for all t ∈ Z. Define the convolution f ∗ g of functions f, g ∈ LN by

f ∗ g(t) =
1
N

∑
0≤y≤N−1

f(t− y)g(y) (t ∈ Z).

(a) Show that, under the usual addition of functions and the above convolution of functions, LN

is a commutative ring, which identity δN given by

δN (x) =

{
N if N |x,
0 if not.

You may assume (that is, you needn’t prove) that LN is an abelian group under addition.

please turn over
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5. (b) Suppose M |N for some positive integer M , and define

δM (x) =

{
M if M |x,
0 if not.

Show that δM is an idempotent element of LN : that is, δM ∗ δM = δM .
(c) Let M,N be as above, and let f, g ∈ LM , so that also f, g ∈ LN . Suppose, for clarity, we

denote the convolution in LM by ∗′. Show that f ∗ g = f ∗′ g, where ∗ again denotes the
convolution in LN .

(d) Show that, for M and N as above, the map f → f ∗ δM is a ring homomorphism of
(LN ,+, ∗, 0, δN ) onto (LM ,+, ∗′, 0, δM ).

6. Let H and K be subgroups of a group G.

(a) Show that the set of maps {x→ hxk : h ∈ H, k ∈ K} is a group of transformations of the
group G.

(b) Let HxK denote the orbit of x relative to the above group of transformations of G. Show
that if G is finite then |HxK| = |H|[K : x−1Hx ∩K] = |K|[H : x−1Kx ∩H].
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1. Let G be a group of order 3× 11× 17 = 561. Let H be a group of order 11× 17 = 187.

(a) Prove that H is abelian and cyclic. [Hint: Use Sylow theorems.]
(b) Prove that the Sylow 11- and Sylow 17-subgroups of G are both normal in G.
(c) Is G necessarily abelian? If “yes,” prove it; if “no,” give an example of a nonabelian group

of order 561. Are all abelian groups of order 561 cyclic?

2. Let Zn denote the cyclic group of order n. Let G = Z9 ⊕ Z27 ⊕ Z25 ⊕ Z5 ⊕ Z35; let Z9 = 〈a〉;
Z27 = 〈b〉; Z25 = 〈c〉; Z5 = 〈d〉; Z35 = 〈e〉;, i.e., a, b, c, d, e are generators for the summands of G.

(a) What is the largest cyclic subgroup of G? Give a generator of that subgroup in terms of
a, b, c, d, e. You do not need to justify your answer.

(b) How many elements of order 5 does G have? Justify your answer.
(c) How many elements of order 25 does G have? Justify your answer.

3. (a) Let F be a field and F [x] the ring of polynomials in one indeterminate over F . Note that
F [x] is an integral domain.
(i) Is F [x] a Euclidean domain?
(ii) Is F [x] a principal ideal domain?
(iii) Is F [x] a unique factorization domain?
(iv) Are all its nonzero prime ideals maximal?

(Explain your answers. You may quote relevant theorems. In some cases, counterexam-
ples may be appropriate.)

(b) Answer the same questions ((i)-(iv)) for the integral domain F [x, y], the ring of polynomials
in two indeterminates over F . Again, explain your answers.

4. Let R be a commutative ring. An R-module M is said to be cyclic if it is generated by one of its
elements.

(a) Show that every nonzero cyclic R-module M is isomorphic to R/J , where J is an ideal of R.
(b) Show that if R is a principal ideal domain, then every submodule of a cyclic R-module is

again cyclic.

5. Let p be a prime number. Let Fp denote the field Z/pZ.

(a) Suppose that K is an extension of Fp of degree n. Show that K is the splitting field for
f(x) = xpn − x.

(b) Prove that the Galois group of K (in part (a)) over Fp is cyclic.
(c) Let Fpm denote a field with pm elements. Show that Fpm contains a subfield Fpn of pn elements

if and only if n divides m.

6. (a) Suppose that a and b are complex numbers and that K is a subfield of the complex numbers
such that [K(a) : K] = 2 and [K(b) : K] = 3. Suppose that K(b) is a normal extension of K.
Prove that K(a, b) is a normal extension of K and that K(a+ b) = K(a, b).

(b) Suppose that K and b are as in (a), except that K(b) is not a normal extension of K (but
still [K(b) : K] = 3). Let L be an extension of K(b) which is a splitting field for the minimal
polynomial of b over K. Show that there exists an element a in L such that [K(a) : K] = 2.
Show that L = K(a, b). Let b′ be another zero of the minimal polynomial for b over K. Show
that K(b+ b′) 6= L, but that K(b− b′) = L.
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1. Let G be a finite group. A character on G is a homomorphism χ : G → C∗ taking its values in
the multiplicative group of the complex numbers. Let Ĝ denote the set of all characters on G. Show:

(a) If χ1 and χ2 are in Ĝ, then the definition χ1χ2(g) = χ1(g)χ2(g) for all g in G makes Ĝ into
a group.

(b) If χ and g are in Ĝ and G, respectively, then χ(g) is a root of unity.
(c) For any x in Ĝ, G/ ker(χ) is cyclic.
(d) If χ is in Ĝ, then

∑
χ(g), where the sum is taken over the elements of G, is either n = [G : 1]

or 0 depending on whether χ is the identity element of Ĝ or not.

2. Let p be a rational prime and let k be a field with q = pn elements. Let M2(k) denote the
ring of 2 × 2 matrices over k, and GL2(k) the subset of M2(k) consisting of matrices with nonzero
determinant.

(a) Show GL2(k) is a group under matrix multiplication.
(b) Show that order of GL2(k) is r = (q2 − q)(q2 − 1).
(c) Show that for any matrix A ∈M2(k),

Ar+2 = A2.

[Hint: Part (c) can be done using part (b) or by using the Theory of Canonical Forms.]

3. A field K is called formally real if the conditions xi ∈ K and
n∑

i=1
x2

i = 0 for some n > 0 imply

that each xi vanishes. It is called real, closed if it is formally real and no proper algebraic extension
is formally real.

(a) Show that K is formally real if and only if −1 cannot be expressed as a sum of squares in K.
(b) Show that if K is real, closed then every sum of squares in K is a square in K.
(c) Let K be real, closed and let P = {all nonzero finite sums of squares in K}. Show that P

satisfies the following properties: (i) If a and b are in P , then so are ab and a + b. (ii) For
any a in K, exactly one of the following holds: a = 0, a is in P or −a is in P .

4. Let ω1 and ω2 be a pair of complex numbers which are linearly independent over the reals. Let
L = Zω1⊕Zω2 be the (necessarily free) abelian group generated by these complex numbers. Clearly
nL ⊆ L for any integer n. Let R = {z ∈ C : zL ≤ L} and suppose R contains a non-integer z.
Show:

(a) τ = ω1/ω2 generates a quadratic extension of the rational numbers.
(b) If the minimal polynomial for τ is of the form τ2 − rτ − s for suitable integers r and s, then

R = Z[τ ].

please turn over
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5. Let ω be a primitive 10th root of unity in C.

(a) Find the Galois group of Q(ω) over Q (where Q is the field of rational numbers).
(b) Let Φn denote the nth cyclotomic polynomial over Q. What is the degree of Φ20 over Q?
(c) Using the notation of parts (a) and (b), determine how many factors there are and what their

degrees are when Φ20 is factored into irreducible factors over Q(ω).

6. Let C2 be the set of Sylow 2-subgroups of the symmetric group S5, and let C3 be the set of Sylow
3-subgroups.

(a) What are the cardinalities of C2 and C3?
(b) Let G2 ∈ C2 and G3 ∈ C3. Describe G2 and G3 in terms of a faithful action on a set of 5

symbols. (In the case of the Sylow 2-groups, look at the symmetries of a labelled square.)
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1. Let G be a simple group of order 60. Determine how many elements of order 3 G must have. (Do
not assume that you already know that G ' A5).

2. Let the vertices of a regular n-sided polygon (n ≥ 3) be labelled consecutively from 1 to n, i.e.,
with vertices i, i+1 endpoints of one side of the polygon. The only symmetries are rotations ϕj ∈ Sn

(j = 1, . . . , n) where ϕj(i) = j + i and reflections ψj ∈ Sn (j = 1, . . . , n) where ψj(i) = j − i. (The
addition and subtraction in these definitions are modulo n.) Let Γ be the subgroup of Sn generated
by ϕj , ψj (j = 1, . . . , n).

(a) Show that {ϕ1, ψ1} generate Γ.
(b) Show that Γ is dihedral, i.e., isomorphic to Dn, the group generated by a, b subject to the

relations an = b2 = e, bab−1 = a−1.
(c) (i) For which n are all ϕj ’s and ψj ’s even permutations of {1, . . . , n}? (ii) For which n are

all ϕj ’s even permutations and all ψj ’s odd ones? (iii) For the remaining n, which ϕj ’s and
ψj ’s are even?

3. Consider the polynomial ring R = Z[x]. Consider the ideals

I = (x), J = (5, x), K = (2x, x2 + 1).

Which of these are prime ideals? Which are maximal ideals? Give explanations!

4. Let R be a principal ideal domain and M an R-module that is annihilated by the nonzero proper
ideal (a). Let a = pα1

1 · · · p
αk
k be the (unique) factorization of a into distinct prime powers in R.

Let Mi = {m ∈ M : pαi
i m = 0}. Show that M1 + · · · + Mk is in fact a direct sum and that

M = M1 ⊕ · · · ⊕Mk.

5. Let K1,K2,K3,K4 denote splitting fields for x3− 2 over Q, (x3− 2)(x2 +3) over Q, x9− 1 over Q
and x64 − x over Z2, respectively. Consider the Galois groups Gal(K1/Q), Gal(K2/Q), Gal(K3/Q)
and Gal(K4/Z2).

(a) Which of these groups are isomorphic?
(b) If ζ is a primitive 9th root of unity (over Q), find an element α /∈ Q expressed as a polynomial

in ζ such that the field Q(α) 6= K3.

6. (a) Let f(x) = ax3 + bx2 + cx+ d ∈ Z[x] be of degree 3 and irreducible over Q. In its splitting
field K, f(x) = a(x − α1)(x − α2)(x − α3). Show that [K : Q] = 3 or [K : Q] = 6 when
(α1 − α2)(α2 − α3)(α3 − α1) does or does not lie in Q, respectively.

(b) Determine the degree [L : F3] where F3 is the field with 3 elements and L is the splitting field
(over F3) of x3 − x+ 1.
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1. Let G be a group. If U and V are subgroups of G, we let U ∨ V denote the smallest subgroup of
G containing U ∩ V .

(a) Suppose that H,K, and L are normal subgroups of G. Show: If H ⊆ L, then H ∨ (K ∩L) =
(H ∨K) ∩ L.

(b) Give an example showing that part (a) does not work for arbitrary subgroups (i.e., if the
subgroups are not assumed to be normal). [Hint: Look at subgroups of A4.]

2. (a) Let G be a group, Z its center. Prove that if the factor group G/Z is cyclic, then G is abelian.
(b) Let p be a prime and let P be a nonabelian group of order p3. Prove that the center Z of

P is a cyclic group of order p, and the factor group P/Z is the direct product of two cyclic
groups of order p. [Note: You may use without proof standard results about finite p-groups.]

3. Let R be a ring with unit element 1. Using its elements we define a ring R′ by defining

c⊕ d = c+ d+ 1 and
c∗d = cd+ c+d for all elements c, d in R (where the addition and multiplication of the right
hand side of these relations are those of R).

(a) Prove that R′ is a ring under the operations ⊕ and ∗.
(b) Which element is the zero element of R′?
(c) Which element is the unit element of R′?
(d) Prove that R is isomorphic to R′.

4. Let A be a commutative ring satisfying the ascending chain condition for ideals. Let φ : A → A

be a ring homomorphism of A onto itself. Prove that φ is an automorphism. [Hint: Consider the
powers φn.]

5. (a) Let K be the splitting field of x4− 2 over the field of rationals Q. Find two subfields E1 and
E2 of K such that [K : E1] = [K : E2] = 2 but E1 and E2 are not isomorphic.

(b) Let K be the splitting field of x7 − 3x3 − 6x2 + 3 over Q and let E1 and E2 be any subfields
of K such that [K : E1] = [K : E2] = 7. Prove that E1 and E2 are isomorphic.
[Hint: Use the Fundamental Theorem of Galois Theory.]

6. (a) Determine the splitting field K of the polynomial x12 − 1 over the field of rational numbers
Q. Give generators for K over Q and find the degree [K : Q].

(b) Prove that for all positive integers n, cos(2π/n) is an algebraic number.
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do all three questions in part a. do any three of the four questions in part b.

part a

1. Let A be an associative ring with identity 1. Suppose that 1 = e1 + · · · + en where ei is in
A and eiej = δij for all i and j. (δij equals 1 or 0 depending upon whether i = j or not.) Let
Ai = Aei = {all aei where a is in A}. Prove:

(a) Ai is a left ideal of A for each i.
(b) If a is any member of A then a is uniquely expressible in the form a =

∑
ai where ai ∈ Ai.

2. Let f(x) = x4 + x+ 1 be a polynomial over F = GF (2), the field with two members.

(a) Show that f(x) is irreducible in F[x].
(b) Let K be the splitting field of f(x) over F. How many members does K have?
(c) Describe an automorphism of K over F having the maximum possible order in the Galois

group of K over F.
(d) Find a subfield of K distinct from F and K. List its elements as polynomials in α over F

where α is a root of f(x) in K.

3. Let G be a group of order 7 · 13 = 91 and let H be a group of order 5 · 7 · 13 = 455.

(a) Prove that G is abelian. [Hint: Use the Sylow theorems.]
(b) Prove that the Sylow 7- and Sylow 13-subgroups of H are both normal in H.
(c) Is H abelian? If “yes,” prove it. If “no,” give an example of a nonabelian group of order 455.

please turn over
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part b

1. Let V be the set of all rational numbers expressible in the form a/b where a and b are integers
and b is odd. Show:

(a) V is a subring of the rational numbers.
(b) The field of quotients of V is the field of rational numbers.
(c) Exhibit all the units of V .
(d) Exhibit all the ideals of V and determine which are prime ideals and which are maximal

ideals.
(e) Prove V/M , where M is a maximal ideal of V , is isomorphic to Zn(= Z/nZ) for some n.

Which n?

2. Let Q be the field of rational numbers. An absolute value on Q is a real-valued function |a| having
the following properties:

(1) |a| ≥ 0 and |a| = 0 if and only if a = 0.
(2) |ab| = |a||b|.
(3) |a+ b| ≤ |a|+ |b|.

Suppose that |n| ≤ 1 for all natural numbers n. Show:

(a) |a+ b| ≤ max{|a|, |b|} for all a and b.
(b) Either |a| = 1 for all nonzero a or there is a prime number p such that, if a = prm/n, with

m and n relatively prime to p and to each other while r is an integer, then |a| = |p|r.

3. Recall that an ordered field is a field K together with a distinguished subset P (the “positive”
elements) with the properties:

(1) For all a in K exactly one of the following holds: a is in P , −a is in P , or a = 0.
(2) If a and b are in P , then so are a+ b and ab.

Show:

(a) Any ordered field has characteristic zero.
(b) The rational numbers can be ordered in exactly one way.
(c) Any subfield of an ordered field can be ordered by an order induced by the larger field.

4. Describe, up to isomorphism, all groups of order 27. Describe the two nonabelian groups in terms
of generators and defining relations.



1

ALGEBRA PRELIM AUGUST 1992

1. Prove that every group of order 1645 = 5 · 7 · 47 is abelian and cyclic.

2. Let B = {v1, . . . , vm} be a basis over Q for the m-dimensional vector space V . Using B, we
identify the vectors in V with m× 1 column vectors over Q:

v = α1v1 + · · ·+ αmvm ←→ vB =

 α1
...
αm

 .

Let A be a symmetric m × m rational matrix. Then with respect to the basis B, A defines a
“symmetric bilinear form” 〈·, ·〉 from V × V to Q by

〈u, v〉 = tuBAvB for all u, v ∈ V.

(Here tuB denotes the transpose of the matrix uB). Note that 〈u, v〉 = 〈v, u〉. For a subspace W of
V , let W⊥ denote the subspace of V given by

W⊥ = {v ∈ V : 〈v, w〉 = 0 for all w ∈W}.

(a) Show that V = V ⊥ ⊕W for some subspace W which satisfies W⊥ ∩W = {0}.
(b) Suppose W is a subspace of V such that W⊥ ∩W = {0}. Show that there is some x ∈ W

such that 〈x, x〉 6= 0. [Hint: Argue that for w ∈ W , we can find some w′ ∈ W such that
〈w,w′〉 6= 0; now expand 〈w + w′, w + w′〉.]

(c) Suppose still that W is a subspace of V such that W⊥ ∩ W = {0}. Let x ∈ W satisfy
〈x, x〉 6= 0. Show that W = Qx⊕W ′ where 〈x,w′〉 = 0 for all w′ ∈W ′.

(d) FACT: Induction on r = dimW and (c) may be used to show that V = V ⊥⊕Qx1⊕· · ·⊕Qxr,
where 〈xi, xi〉 6= 0 and 〈xi, xj〉 = 0 whenever i 6= j. Use this fact to show that for some
nonsingular matrix S, tSAS = D where D is a diagonal matrix of rank r = dimW .

3. Let G be a finite group of permutations of order N acting on s symbols. Let GP denote the
subgroup of G consisting of all elements fixing a given letter P .

(a) Let m be the number of elements in the transitivity class (orbit) containing P . Show that
|GP |m = N where |GP | denotes the order of the subgroup GP .

(b) Suppose that P andQ are in the same transitivity class. Show thatGP andGQ are isomorphic
groups.

(c) Let σ(g) stand for the number of symbols left fixed by an element g in the group and let t
be the number of transitivity classes under G. Show that∑

g∈G

σ(g) = tN.

(d) Let G be the symmetry group of the rectangle shown below whose vertices are labelled 1, 2,
3, 4 and the midpoints of whose sides are labelled 5, 6, 7, 8. G is a Klein 4-group. Use its
realization as a permutation group on the 8 points {1, 2, . . . , 8} to illustrate the theorem in
part (c).

•
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•
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4. Consider the ring Z[
√
−3] = {a + b

√
−3 : a, b ∈ Z}. In answering the following questions, you

may want to use the “norm”: N(a+ b
√
−3) = a2 + 3b2.

(a) What are the units in Z[
√
−3]?

(b) Find all factorizations into irreducible elements of the number 4 in this ring, showing that
Z[
√
−3] is not a Unique Factorization Domain. Is it a Euclidean domain? Explain.

(c) Test 5 and 7 to see if they are irreducible in Z[
√
−3].

(d) Give an example of an element of Z[
√
−3] which is irreducible but not prime.

5. Let g(x) = x7 − 1 ∈ Q[x], and let K be a splitting field for g(x) over Q.

(a) Show that g(x) = (x − 1)h(x) where h(x) is irreducible in Q[x]. [Hint: Study h(x + 1) by
first writing h(x) = g(x)/(x− 1). Use Eisenstein’s criterion to show h(x+ 1) is irreducible.]

(b) Show that G = Gal(K/Q) is cyclic of order 6, and has as generator the map that takes r → r3

for any root r of g(x).
(c) Let ω be a complex 7th root of 1. Let

x1 = ω + ω2 + ω4, x2 = ω + ω6.

Find subgroups H1, H2 of G such that Q(x1) is the fixed field of H1 and Q(x2) is the fixed
field of H2. Find [Q(x1) : Q] and [Q(x2) : Q].

(d) Show that, besides Q, Q(ω), Q(x1) and Q(x2), there are no fields M with Q ⊂ M ⊂ Q(ω).
(Here ⊂ denotes proper containment.)

6. Let h(x) = x4 + 1 ∈ Q[x], and let L be a splitting field for h(x) over Q.

(a) Show that the four complex numbers ±
√

2
2 (1± i) are the four roots of h(x) in C.

(a) Find an α ∈ L such that L = Q(α).
(c) Describe all elements of G = Gal(L/Q) as permutations of the roots of h(x).
(d) Find all intermediate fields M between L and Q; for each such field M find a subgroup H of

G such that M is the fixed field of H and H = Gal(L/M). Which of the extensions M are
normal over Q?
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1. Recall that a finite group G is called solvable if there is a sequence of groups

G = G0 ⊇ G1 ⊇ · · · ⊇ Gn = 1

such that for i = 1, . . . , n, Gi is normal in Gi−1 and Gi−1/Gi is abelian.

(a) Let p be a prime number, and a a positive integer. Show that any group of order pa is
solvable.

(b) Let p and q be 2 distinct prime numbers, and a and b be any 2 positive integers. Show that
any group of order paqb is solvable.

2. Let R3 denote the 3-fold Cartesian product of the real numbers with itself. We will consider all
its elements as column vectors.

(a) Recall that the standard inner product of 2 vectors v and w in R3 is given by v · w = tvw,
where t denotes the transpose. Prove that if w1 and w2 are vectors in R3, and for all v in
R3, v · w1 = v · w2, then w1 = w2.

(b) Let E denote the symmetric matrix 1 0 0
0 1 0
0 0 −1

 ,
and define φ(·, ·) to be the symmetric bilinear form on R3 given by

φ(v, w) = v · Ew = w · Ev

(where the second equality follows from the symmetry of E).
Prove that for an arbitrary 3× 3 matrix A, the following conditions are equivalent:
(i) φ(Av,Aw) = φ(v, w) for all v, w ∈ R3.
(ii) detA = ±1, and A satisfies: If φ(v, v) = 0, then φ(Av,Av) = 0.
(iii) The columns ci of A satisfy: φ(c1, c1) = φ(c2, c2) = −φ(c3, c3) = 1 and φ(ci, cj) = 0 for

i 6= j.
(iv) tAEA = E.

(c) Let us call a matrix A hyperbolic if it satisfies any (hence all) of the conditions in part (b).
Prove that the hyperbolic 3× 3 real matrices form a group.

3. Recall that a regular dodecahedron is a convex polygon whose faces comprise twelve regular
pentagons, symmetrically arranged. In this problem, we will let G stand for the group of orientation-
preserving rigid motions of the regular dodecahedron. In a coordinate system centered at the center
of the dodecahedron, each element of G is a rotation centered at the origin. In particular, elementary
geometric considerations show that G consists of elements of 4 types: (i) The identity; (ii) A two-fold
rotation that fixes the midpoints of 2 antipodal edges; (iii) A three-fold rotation about each of its
twenty vertices; and (iv) Five-fold rotations that cyclically permute each of its twelve pentagons.

please turn over
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To make this clearer, below is the Schlegel diagram of the dodecahedron (a combinatorially correct,
but metrically inaccurate, representation).

Note that the vertices of the Schlegel diagram have been numbered from 1 to 5. You may assume the
slightly-painful-to-verify fact that every element of G permutes the labels in the Schlegel diagram
above in a consistent manner. That is to say, if vertices A and B have the same label, and if g ∈ G,
then g(A) and g(B) also have the same labels. In other words, G acts on the set of labels. The
purpose of this exercise is to show that G is isomorphic to the alternating group A5 on five letters.

(a) Make a table showing the number of elements in G of order 1, of order 2, of order 3, and 5.
(b) Do the same thing for A5.
(c) Prove that G is isomorphic to A5.

4. Let A be a commutative ring. An element a ∈ A is called nilpotent if an = 0 for some positive
integer n. Let

N = {a ∈ A : a is nilpotent}.
(a) Show that N is an ideal.
(b) Let p be a prime ideal in A. Show that N ⊆ p.
(c) Show that A/N contains no nonzero nilpotent elements.

please turn over
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5. Let R be a ring. Recall that a sequence of R-modules A, B, and C with R-module homomorphisms
f and g

A
f // B

g // C

is called exact if the image of f is equal to the kernel of g. Also recall that a diagram of R-modules
A, B, C, and D, with R-module homomorphisms f, g, h, and i

A

h
��

f // B

g

��
C

i // D

is called commutative if g ◦ f = i ◦ h.

Consider the following diagram of modules and homomorphisms, where each square is commutative,
and each sequence in the top and bottom rows is exact:

A1

f1

��

g1 // A2

f2

��

g2 // A3

f3

��

g3 // A4

f4

��
B1

h1 // B2
h2 // B3

h3 // B4

Prove that if f1 is surjective, and f2 and f4 are injective, then f3 is injective.

6. Let K = Fq be the finite field with q elements, and let K(x) denote the field of rational functions
over K in the variable x. Let G = GL2(K) denote the group of 2× 2 invertible matrices with entries

in K. If g =
(
a b
c d

)
is in G, then we associate to g an automorphism φ(g) of K(x) which leaves

K pointwise fixed, and

φ(g)(x) =
ax+ b

cx+ d
.

You may assume the well-known fact that the map φ from G into the group of automorphisms of
K(x) is a homomorphism.

(a) Show that the order of G is q4 − q3 − q2 + q.
(b) Let H = φ(G). Show that the order of H is q3 − q.

(c) Use field theory to show that f =
(xq2 − x)
(xq − x)

is relatively prime to xq − x.

(d) Prove that the fixed field of H is the field K(y), where

y =
(xq2 − x)q+1

(xq − x)q2+1
=

f q+1

(xq − x)q2−q
.

[Hint: Use the fact that G is generated by the set of matrices of the form(
a 0
0 1

)
,

(
1 a
0 1

)
, and

(
0 1
1 0

)
,

as a varies over all nonzero elements of K.]
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do any 5 of the following 7 problems

1. Let C denote the unit circle, x2 + y2 = 1, in the real plane. Let E be the point (1, 0) =
(cos(0), sin(0)) on C and let A = (cos(α), sin(α)) and B = (cos(β), sin(β)) be an arbitrary pair of
points on C. Define a binary operation on C as follows: A∗B = U is the second point of intersection
on C and the straight line through E parallel to the straight line through A and B. (When A = B,
the line through A and B is the line tangent to C at A.)

Prove: This operation induces the structure of an abelian group on C with E as the identity element.

[Hint: All of the group laws except for associativity are easy to verify. In order to show associativity
you must show that C is isomorphic to the circle group R/2πZ and, thus, note that associativity of
the binary operation is inherited]

2. Using the result of Problem 1, show that if C is the ellipse 3x2 + 5y2 = 1 in the real plane then
the geometric operation described above makes C into an abelian group. Specifically, let O be an
arbitrary point on C - this will be the identity element of the group. If A and B are two points on
C, then A + B is the second point of intersection of the line through O that is parallel to the line
through A and B.

3. Let R be an associative ring with identity element such that a2 = a for all a in R. Show that R
is necessarily commutative and that a = −a for all a.

4. (a) Give an example of a homomorphism of rings f : R → S with multiplicative identities 1R

and 1S such that f(1R) does not equal 1S .
(b) If f : R→ S is an epimorphism of rings with identity, show that f(1R) = 1S .
(c) Now assume only that f : R → S is a homomorphism of rings both of which have multi-

plicative identities and that there is a unit u of R such that f(u) is a unit in S. Prove that
f(1R) = 1S and that f(u−1) = f(u)−1.

5. Let G be a group of order 10, 000 having a normal subgroup K of order 100. Show that G has a
normal subgroup of order 2500.

6. Let p(x) = xn− 1 and suppose that p(x) splits in the field K. Let G be the set of all roots of p(x)
in K.

(a) Show that any finite subgroup of K∗ (the multiplicative group of K) is cyclic.
(b) Show that G is a cyclic group under multiplication.
(c) What is the order of G?

Note: Characteristic 0 and p must be handled separately.

7. Using the fact (obtained in Problem 6) that G is cyclic:

(a) Show that the field Q(G) is an abelian extension of the field Q of rational numbers.
(b) Show that the Galois group of Q(G) over Q in the case of p(x) = x8− 1 is the Klein 4-group.

Note: Q(G) is the field extension of Q obtained by adjoining the elements of G.
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do 6 of the following 7 problems

1. Let G be a group and Aut(G) the group of automorphisms of G. Let C be a characteristic
subgroup of G, i.e., C is a subgroup of G such that α(C) = C for all α ∈ Aut(G). Now let

B = {β ∈ Aut(G) : β(c) = c for all c ∈ C}.

(a) Show that B is a normal subgroup of Aut(G).
(b) Suppose that p is a prime integer and G is a group such that G ' Z/pZ× Z/pZ. Show that

Aut(G) ' GL2(Z/pZ) = {invertible 2× 2 matrices with entries from Z/pZ}.

2. Prove that every group of order 45 is abelian.

3. Let G = {a1, . . . , an} be a finite abelian group of order n and with identity e.

(a) Prove that (
∏n

i=1 ai)
2 = e.

(b) Prove that if G has no elements of order 2 or if G has more than one element of order 2 then
n∏

i=1

ai = e.

[Hint: Consider the subgroup {x ∈ G : x2 = e}.]
(c) Prove that if G has exactly one element x of order 2, then

n∏
i=1

ai = x.

(d) Prove Wilson’s Theorem, which states that if p is a prime integer then

(p− 1)! ≡ −1 mod p.

4. (a) Let Z[x] be the ring of polynomials in the indeterminate x with integer coefficients. Find an
ideal in Z[x] which is not principal. Justify your result.

(b) Find a nonzero prime ideal in Z[x] which is not maximal. Justify your result.
(c) Let R be a principal ideal domain. Prove that a proper nonzero ideal in R is a maximal ideal

if and only if it is prime.

5. Let F = Z/pZ where p is a prime; take a ∈ F, a 6= 0, and let x be an indeterminate.

(a) Show that if α is a root of xp − x− a then so is α+ 1.
(b) Show that xp − x− a is irreducible in F[x].
(c) Let K be a splitting field over F for xp − x− a. Compute the Galois group of K over F.

please turn over
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6. Let F be a finite field with q elements and characteristic p > 2.

(a) Show that exactly half the nonzero elments of F are squares in F. [Hint: Consider the
mapping a 7→ a2.]

(b) Show that for a ∈ F× = {x ∈ F : x 6= 0}, we have a = b2 for some b ∈ F if and only if a is
the root of the polynomial X

q−1
2 − 1.

(c) Show that −1 is a square in the field Z/pZ if and only if p ≡ 1 mod 4. (Recall that p ∈ Z+

is an odd prime.)

7. Assumptions: Let V be a vector space over a field F and W a subspace of V ; suppose that
dimF V = n < ∞ and dimF W = m < n (where dimF V denotes the dimension of V as a vector
space over F ). Thus each element α ∈ F acts on V ; notice that this action is a linear transformation
on V . Let R be a commutative ring of linear transformations on V such that (i) F ⊆ R, and (ii) for
T ∈ R we have T (W ) ⊆W . Let S = {T ∈ R : T (V ) ⊆W}. Note that S is an ideal of R.
Prove:

(a) Show that α 7→ α + S gives an embedding of the field F into the ring R/S; using the fact
that a ring containing a field is a vector space over that field, show that R/S is a vector
space over F .

(b) Show that V/W is a module over R/S.
(c) Suppose S is a maximal ideal of R. Show that

dimF R/S · dimR/S V/W = dimF V/W.
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answer 2 of the questions of part i and 4 of the questions of part ii

part i

1. Show that the center of a nonabelian group of order p3 has order p.

2. Let G be the infinite dihedral group = 〈v, t〉 with generators v and t where t has infinite order,
v is of order two, and vt = t−1v. Let H be a subgroup of index 2 in G and let T = 〈t2〉, a normal
subgroup.

(a) Show that T ⊆ H. (You may use the fact that H must be normal because it has index 2.)
(b) Describe the quotient group G/T .
(c) List the subgroups of index 2 in G/T .
(d) Use an appropriate correspondence theorem to find all subgroups of index 2 in G (note any

subgroup may be described by listing its generators).

3. Inside the symmetric group S4, let

H = {e, (1 2)(3 4), (1 3)(2 4), (1 4)(2 3)},

where e is the identity.

(a) Show that H is a normal subgroup of S4, and that A4/H is cyclic.
(b) Show that H is its own centralizer in S4.
(c) By considering the homomorphism

ϕ : S4 → Aut(H) defined by ϕ(s) = {h→ shs−1},

show that
S4

H
' Aut(H) ' S3.

please turn over
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part ii

4. Let Z2 denote the field with two elements.

(a) If f is an irreducible polynomial of degree 17 over Z2, how many elements are there in the
splitting field of f?

(b) How many irreducible polynomials of degree 17 are there over Z2?

5. Let R = Z[x, y].

(a) Prove or disprove: The ideal I = (x, y) is a prime ideal in R.
(b) Find all maximal ideals in R which contain I.
(c) Prove or disprove: The ideal J = (y2 − x3) is a prime ideal in R.

6. (a) Let φ : V → V be a linear transformation of a vector space V over a field K. Let E be
a collection of eigenvectors of φ whose eigenvalues are distinct. Prove that E is a linearly
independent set.

(b) Suppose that φ : V → V is a linear transformation of a vector space V where dimV = n.
Suppose that φ has n distinct eigenvalues. Prove that there is a basis B of V such that the
matrix representation of φ with respect to B is a diagonal matrix.

7. Let f(x) = x5 − 5 be a polynomial defined over the rational field Q. Let E be the splitting field
of f .

(a) Find the degree of E over Q.
(b) Give the structure of the Galois group of E over Q presenting generators and relations.

8. Let F be a field. Let V be the subgroup of the multiplicative group of the reals given by

V = {2n : n ∈ Z}.

F is called isosceles if there exists a surjective map f : F → V ∪ {0} with the following properties:

(i) f(0) = 0 and f(α) > 0 if α 6= 0.
(ii) f(αβ) = f(α)f(β) for all α, β ∈ F .
(iii) f(α+ β) ≤ max{f(α), f(β)}.

(a) Suppose F is an isosceles field. Let R = {α ∈ F : f(α) ≤ 1}. Show that R is a ring with
identity.

(b) Let P = {α ∈ F : f(α) < 1}. Prove that P is a prime ideal of R.
(c) Show that P is a principal ideal.
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do two of the first three problems and four of the last five

1. Let H be a proper subgroup of a finite group G. Show that G is not the union of all the conjugates
of H. [Hint: How many conjugates does H have?]

2. Classify (up to isomorphism) all groups of order 286 = 2× 11× 13.

3. IfG is a group, and x ∈ G, then the inner automorphism ofG determined by x is the automorphism
αx : G → G, αx(g) = x−1gx for g ∈ G. If an automorphism is not an inner automorphism, then it
is called an outer automorphism.

(a) Does the set of all inner automorphisms of G form a group? Justify your answer, i.e., either
prove the set is a group, or give a counterexample.

(b) Does the set of all outer automorphisms along with the identity automorphism form a group?
Justify your answer.

(c) Show that every finite abelian group, with the exception of one abelian group, has an outer
automorphism. What is the exceptional abelian group?

4. Let R be a commutative ring with unity. We call an element e ∈ R an idempotent if e2 = e.
Suppose M is an R-module, and e is an idempotent of R. Set

M1 = {em : m ∈M}, M2 = {(1− e)m : m ∈M}.

(a) Show that M1 and M2 are submodules of M .
(b) Show that M = M1 ⊕M2.

5. (a) Give an example of a non-principal ideal I in a Noetherian integral domain A.
(b) Give an example of a not finitely generated ideal I in an integral domain A.
(c) Give an example of a Unique Factorization Domain which is not a Principal Ideal Domain.

please turn over
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6. Let f(x) = x4 + ax2 + b be an irreducible polynomial over Q, with roots ±α, ±β and splitting
field K. Show that Gal(K/Q) is isomorphic to a subgroup of the dihedral group D4 (this is the
noncommutative group of order 8 which is not isomorphic to the quaternion group) and therefore is
isomorphic to Z/4Z, or Z/2Z× Z/2Z, or D4.

7. Let p be an odd prime, and let ζ = e2πi/p. Recall that the map

a 7→ (σa : ζ → ζa)

gives an isomorphism between (Z/pZ)× and the Galois group of Q(ζ) over Q.

Recall also that (Z/pZ)× is a cyclic group, so has a unique subgroup S of index 2 consisting of the
elements which are squares. Let χ be the composite homomorphism

(Z/pZ)×

χ

77
// (Z/pZ)×/S ' {±1}

In other words,

χ(t) =

{
1 if t is a square in (Z/pZ)×

−1 if t is not a square in (Z/pZ)×.

Let g =
∑

t∈(Z/pZ)×

χ(t)ζt.

(a) Show that σa(g) = χ(a)−1g = χ(a)g, for any a ∈ (Z/pZ)×.
(b) Show that g2 ∈ Q, but g /∈ Q.
(c) Show that Q(g) is the unique degree 2 extension of Q contained in Q(ζ).

8. Let p1, p2, . . . , pn be distinct primes. Show that Q(
√
p1,
√
p2, . . . ,

√
pn) is of degree 2n.
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1. Let k be an arbitrary field and let k(z) be the field of rational functions in one variable over k.
Let a1, . . . , an be distinct elements of k. Let e1, . . . , en be natural numbers (i.e., ej > 0). Let L be
the set of all elements R(z) = f(z)/g(z) of k(z) satisfying (i) gcd(f, g) = 1, (ii) the roots of g(z) in
the algebraic closure of k are among the points a1, . . . , an and have multiplicities at most e1, . . . , en,
respectively, and (iii) deg f(z) ≤ deg g(z).

(a) Show L is a vector space over k.
(b) Find an explicit basis for L over k.
(c) Prove dimk L = e1 + · · · en + 1.
(d) What can be said if deg f(z) ≥ deg g(z)?

2. Let C be the hyperbola xy = 1 in the real plane. Let (a, b) and (c, d) be points on C (i.e.,
ab = cd = 1). Let L be the line through (a, b) and (c, d). When (a, b) = (c, d) then L is assumed to
be the line tangent to C at that point. Next let M be the line through (1, 1) parallel to L. Let (x, y)
be the other point on C where M intersects C. When M is tangent to C then (x, y) is set equal to
(1, 1). Define a binary operation on C by setting (a, b) · (c, d) = (x, y). Show:

(a) C is an abelian group under this binary operation with (1, 1) as identity element.
(b) C is isomorphic to R× (the multiplicative group of nonzero real numbers).

[Hint: Set up the isomorphism first and use it to show that all of the group properties on C are
inherited from R×.]

3. (a) Let G be a group and let H be a normal subgroup. Suppose that every element of G/H has
finite order and every element of H also has finite order. Show that every element of G has
finite order.

(b) Show that no group of order 56 is simple.

4. Let Zn = Z/nZ be the cyclic group of order n. Let G = Z45 ⊕ Z54 ⊕ Z36 ⊕ Z10.

(a) What is the order of the largest cyclic subgroup of G?
(b) How many elements of order 3 are there in G?

5. Let f(x) = (x2 − 3)(x3 − 5) and g(x) = (x2 + 3)(x3 − 5). Let K and L be the splitting fields,
respectively, of f(x) and g(x) over the rational numbers, Q.

(a) Find generators for K and L over Q.
(b) Find the degrees [K : Q] and [L : Q].
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1. Let G be a finite group and let H be a subgroup of G of index n. Show: there exists a normal
subgroup H∗ of G with the properties that H∗ ≤ H and [G : H∗] ≤ n!. [Hint: Construct a
homomorphism of G into the symmetric group Sn whose kernel is contained in H.]

2. Let p be a rational prime and let q = pt. Let GF (p) and GF (q) be the fields with p and q

elements, respectively. Let T : GF (q) → GF (p) be the trace map (i.e., T (x) equals the sum of the
conjugates of x). Let Φ : GF (q)→ GF (q) be defined by Φ(x) = xp − x. Show:

(a) Φ is a homomorphism of the additive group GF (q).
(b) The kernel of Φ is GF (p).
(c) The image of Φ equals the kernel of T .
(d) T maps GF (q) onto GF (p).

3. Let fm(x) = (x−µ1) · · · (x−µr) where the roots range over the (complex) primitive mth roots of
unity. Show:

(a) The coefficients of fm are rational integers.
(b) If p is a rational prime not dividing m then fm(xp) = fm(x)fpm(x).
(c) fm is irreducible over Q (the rational numbers).

4. A field is said to be formally real if the equation x2
1 + · · ·+ x2

n = −1 is not solvable in the field. A
field is said to be real closed if it is formally real and does not possess a proper, algebraic, formally
real extension. Show:

(a) A formally real field has characteristic zero.
(b) If K is formally real, with algebraic closure M then there exists a real closed field L such

that K ≤ L ≤M .
(c) A real closed field K is ordered in exactly one way (i.e., there is a subset P of K such that

(i) for all a in K exactly one of the following holds: a = 0, a is in P , −a is in P and (ii) if
x and y are in P then so are x + y and xy). Moreover, the set of positive elements of K is
precisely the set of nonzero squares. [Hint: Show that if a nonzero element a of the field is
not a square then −a is a square.]

(d) An example of a formally real subfield K of C (the complex numbers) which is algebraic over
Q (the rational numbers) but which is not itself a subfield of R (the real numbers).
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1. Determine the number of (isomorphism classes of) groups of order 21. (Justify your answer.)

2. Let R be an associative ring with multiplicative identity 1.

(a) Let x ∈ R be arbitrary. Show that `(x) = {z ∈ R : zx = 0} is a left ideal in R.
(b) Let x be any element of R that has a mutiplicative left inverse y in R.

(i) Prove that y is unique iff `(x) = 0.
(ii) Prove that y is unique iff x is a unit in R.

3. Let L be a free Z-module of rank 2 contained in C. Let {w1, w2} be a Z-basis for L and assume
that u = w1/w2 is not real. Assume also that there exists a complex number z, not in Z, such that
zL ⊆ L. Show the following facts:

(a) The minimal polynomial for u over Q is quadratic (hence u is algebraic).
(b) If w is any complex number for which wL ⊆ L, then w ∈ Q(u) and satisfies a quadratic

equation of the form w2 + rw + s = 0 where r and s are in Z.
(c) If R denotes the set of all complex numbers w for which wL ⊆ L, then R is a subring of Q(u)

and L is isomorphic to an ideal of R.

4. Let F be a field and let R = F JxK be the ring of formal power series in one variable with coefficients
in F .

(a) Describe the units in R. (Justify your answer.)
(b) Show that every nonzero ideal in R is of the form xkR, k ∈ Z, k ≥ 0.
(c) Show that x is the unique prime element in R, up to associates.
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1. Determine up to isomorphism all groups of order 8.

2. Let G be a finite group and f : G→ G be an automorphism of G. If f(x) = x implies x = e, and
f2 = f ◦ f equals the identity map, show that G is abelian. [Hints: Prove that every element in G

has the form x−1f(x) and that if φ(x) = x−1 for all x ∈ G is an isomorphism, then G is abelian.]

3. (a) Let R be a ring with 1. State the axioms for a unitary left R-module M .
(b) Let M be a cyclic unitary left R-module with generator m, i.e., M = R〈m〉. Let J = {r ∈

R : rm = 0}. Show that J is a left ideal of R.
(c) Regarding both R and J as left R-modules, show that R/J ∼= M , i.e., R/J and M are

isomorphic as left R-modules.

4. Find the Galois group of x5 − 3 over Q. Give the order of the group, find the splitting field and
give a set of generators for the Galois group by describing their effect on the roots of the polynomial.

5. (a) Let x be an indeterminate (transcendental) over the complex numbers C and suppose that
r(x) = p(x)

q(x) where p(x) and q(x) are elements of C[x] and are relatively prime. Define
deg r(x) = max{deg p(x),deg q(x)}. Show that if deg r(x) ≥ 1, then r(x) is transcendental
over C and that C(x) is an algebraic extension of C(r(x)) of degree equal to deg r(x).

(b) Show that there is an automorphism φ of C(x) fixing C defined by φ(x) = r(x) precisely if
r(x) = ax+b

cx+d where ad − bc 6= 0 (i.e., the automorphisms of C(x) fixing C correspond to the
set of linear fractional transformations).

6. Prove that the integral domain Γ of Gaussian integers (i.e., complex numbers of the form a+ bi,
with a and b integers) is a unique factorization domain.
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1. Show that every group of order 77 is cyclic.

2. Let G be the direct sum of cyclic groups of order m and n where m | n. Let G be written
additively.

(a) Determine the order of the subgroup G(m) consisting of elements x with mx = 0.
(b) Determine the order of the group of endomorphisms of G, i.e., the homomorphisms of G into

itself.

3. Let R be a ring with identity and M a unitary R-module.

(a) If m ∈M , show that {x ∈ R : xm = 0} is a left ideal of R.
(b) Let A be a left ideal of R and m ∈M . Show that {xm : x ∈ A} is a submodule of M .
(c) Suppose it is given that M has no submodules other than {0} and M itself (i.e., M is

irreducible). Let m0 ∈M , m0 6= 0. Show that A = {x : xm0 = 0} is a maximal left ideal of
R (that is, if A is contained properly in a left ideal B, then B = R).

4. An ideal I in a commutative ring R with identity is primary if for any a, b in R with a · b ∈ I, if
a /∈ I, then bn ∈ I for some n ≥ 1.

(a) Show that I is primary iff every zero divisor in R/I is nilpotent.
(b) Let

√
I = {x ∈ R : xn ∈ I for some n}. Prove that if I is a primary ideal, then

√
I is a

prime ideal.
(c) When R is a principal ideal ring, show that I is primary iff I = P e for some prime ideal P

with e ≥ 0.

5. Let ω be a primitive 10th root of unity in C.

(a) Find the Galois group of Q(ω) over Q (where Q is the field of rational numbers).
(b) Let Φn denote the nth cyclotomic polynomial over Q. What is the degree of Φ20 over Q?
(c) Using the notation of parts (a) and (b), determine how many factors there are and what are

their degrees when Φ20 is factored into irreducible factors over Q(ω).
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do five of the six problems

1. Let α be an element of the alternating group An. Prove that the number of conjugates of α in
An (i.e., under conjugacy by the elements of An) is either the same as or only half as large as the
number of conjugates of α in the symmetric group Sn that contains An.

2. Let G be a group of order 780 = 22 · 3 · 5 · 13 which is not solvable. What are the orders of its
composition factors? Explain your reasoning. (You may assume without proof that all groups of
order less than 60 are solvable.)

3. (a) Prove that prime elements in an integral domain are irreducible.
(b) Let D be a principal ideal domain. Prove that if P is a nonzero prime ideal in D, then P is

a maximal ideal.
(c) Let R[x] be the ring of polynomials in one indeterminate over an integral domain R. Prove

that if R[x] is a principal ideal domain, then R is a field.

4. Let R be a commutative ring (not necessarily with multiplicative identity). Prove that if the only
ideals in R are (0) and R, then either:

(a) R is the zero ring: R = {0},
(b) R contains a prime number p of elements, and a · b = 0 for all a, b ∈ R, or
(c) R is a field.

5. (a) Let Fp denote a finite field with p elements, where p is an arbitrary prime, x be transcendental
over Fp, K = Fp(x), and f(z) = zp − x ∈ K[z], where K[z] is the ring of polynomials in a
transcendental element z over the field K. Prove:
(i) f(z) is irreducible in K[z].
(ii) If θ is a root of f(z) in its splitting field over K, then K(θ) is an inseparable (algebraic)

extension of K.
(b) Prove: If F is a subfield of a field E such that [E : F ] = n = (degree of E over F ) < ∞, x

is transcendental over F , f(x) ∈ F [x] is irreducible of degree d ≥ 1 in F [x] and (d, n) = 1,
then f(x) is irreducible in E[x].

6. (a) Let Q denote the field of rational numbers. Determine the subfield K of the complex field C
that is the splitting field over Q of the polynomial f(x) = x4 − x2 − 6.

(b) Determine the Galois group Gal(K/Q) = Gal(f/Q) and all of its subgroups.
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1. G is a finite group of order 2p, where p is a positive odd prime number. You are given that x, y
are elements of G of order 2, p, respectively.

(a) Prove from first principles (i.e., using only the notion of a group) that xyx−1 = ym for some
integer m.

(b) Prove that one may take m = 1 or p− 1.

2. There exists a simple group G or order 168. Prove that G is isomorphic to a subgroup of S8, the
symmetric group on eight letters. [Hint: Consider Sylow subgroups of G.]

3. Let R = Z[x, y], where Z denotes the ring of rational integers and x, y are algebraically independent
over Z. For each of the ideals I in R as defined below:

(i) Briefly describe the quotient ring R/I. (If you wish, you may describe an isomorphic image.)
(ii) Determine whether or not I is prime. (Justify your answer.)
(iii) Determine whether or not I is maximal. (Justify your answer.)

(a) I = (y), the principal ideal generated by y in R.
(b) I = (y, 5, x2 + 1), the ideal generated by the three elements y, 5, x2 + 1 in R.
(c) I = (y, 3, x2 + 1), the ideal generated by the three elements y, 3, x2 + 1 in R.

4. Let M 6= {0} be an arbitrary left R-module of an arbitrary ring R 6= {0}. M is called a simple
left R-module if and only if its only proper left R-submodule is {0}. Prove:

(a) If M is simple, then either
(i) RM = {0} and M is finite of prime order, or
(ii) RM 6= {0} and M is a unitary cyclic left R-module generated by each of its nonzero

elements.
(b) If either (i) or (ii) above holds, then M is simple.

5. Let F = GF (2), the field with two elements. Let K be a splitting field for f(x) = x4 + x+ 1 over
F. Let α be an element of K such that f(α) = 0. Find all elements β ∈ K such that K = F (β).
(Express each β as a polynomial in α over F of least possible degree.) Prove that your list is complete.

6. Determine the Galois group G of x6 − 3 over Q (the rational number field).
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4. Let w(x, y) = xm1yn1 · · ·xmrynr , mi and nj are any integers (of any sign), different from 0 and
r ≥ 1. Find two permutations p and q of a finite set such that

w(p, q) = pm1qn1 · · · pmrqnr

is a permutation different from the identity.

5. (a) Consider the matrix

A =
1
25

 15 12 −16
−20 9 −12

0 20 15


as a linear mapping from R3 into itself. You may assume without proof that this mapping is
a rotation around a certain axis through an angle θ. Find the axis and find θ.

(b) Find two different square roots of A, one a rotation and one not. For full credit, include a
numerical solution; up to 6 out of 8 points will be awarded for a geometric description and a
description of how one would proceed in calculating

√
A, in lieu of the calculation itself.

6. In the following problem, you may assume the following fact, which holds for cubic polynomials
over any field:

if x3 + px+ q = (x− α)(x− β)(x− γ), then [(γ − α)(γ − β)(β − α)]2 = −4p3 − 27q2.

You may assume the fundamental facts of Galois theory, but apart from these assumptions, please
base your proofs on fundamentals of field theory.

(a) Prove that f(x) = x3 − 3x+ 1 is irreducible over the field Q of rational numbers.
(b) Prove that f(x) has three distinct real roots (alias “zeros”). Let us call them α, β, γ with

α < β < γ.
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1. Let Zn denote the (additive) cyclic group of order n. Let G = Z15 ⊕ Z9 ⊕ Z54 ⊕ Z50 ⊕ Z6.

(a) What is the order of the largest cyclic subgroup in G?
(b) How many elements are there of order 5?
(c) How many elements are there of order 25?
(d) How many subgroups are there of order 25?

2. Let K = GF (pn) be a finite field of characteristic p which has degree n over its prime field GF (p).

(a) Prove that K has pn elements.
(b) Prove that K is a Galois extension of GF (p) and describe its Galois group.
(c) Prove: GF (pm) is (isomorphic to) a subfield of GF (pn) if and only if m divides n. Show that

in this case GF (pn) has exactly one subfield with pm elements.

3. Let P3 be the vector space of all polynomials over the real field R of degree ≤ 3. Define a mapping
φ : P3 → R by φ(a0 + a1x+ a2x

2 + a3x
3) = a0 + a1 + a2 + a3 for every a0 + a1x+ a2x

2 + a3x
3 ∈ P3.

(a) Prove: φ ∈ P ∗3 , the dual space of P3 (by definition, the dual space of a real vector space is
the space of all linear functions from the space to R).

(b) Let φ0, φ1, φ2, φ3 be the basis of P ∗3 which is dual to the basis {1, x, x2, x3}, i.e., φj(xi) = 0
if i 6= j and φi(xi) = 1, for i = 0, 1, 2, 3. Express the linear function φ of part (a) in terms of
this dual basis.
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1. (a) What is meant by the statement that a field is a normal extension of the rational field Q?
(b) Let K = Q(21/2, 21/3). Determine the relative degree [K : Q].
(b) Prove that K is not a normal extension of Q.

2. (a) State any one of Sylow’s Theorems on finite groups. Consider the set of nonsingular matrices(
α β
0 α

)
with elements α, β in the field with 3 elements.

(b) Prove that they form a group under multiplication.
(c) Determine the structure of this group, in particular whether it is abelian.

3. Let K be an arbitrary field and K(x) the field of rational functions in one variable over K. Let
u be an element of K(x) not in K. Show:

(a) u is not algebraic over K.
(b) If u = f(x)/g(x) where f(x) and g(x) are relatively prime polynomials in K[x] then [K(x) :

K(u)] = m where m = max{deg f(x),deg g(x)}.

4. Let Q be the rational field and let α be a root of x4 + 1. Show:

(a) [Q(α) : Q] = 4.
(b) Q(α) is a Galois extension of Q.
(c) The Galois group of Q(α) over Q is the Klein 4-group.
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1. (a) Consider a group G of order 2n which contains exactly n elements of order 2. Show that n
must be odd.

(b) Let A = {a1, . . . , an} be the set of those elements of G which are of order 2. Prove that
aiaj 6= ajai for all i 6= j.

(c) Give an example of a group of the type given in part (a).

2. (a) Let G be a finite group, H a normal subgroup, p a prime, p - [G : H]. Show that H contains
every Sylow p-subgroup of G.

(b) Show that a group of order 992 (= 31 · 32) is not simple.

3. Let R be a commutative ring with 1, and let I, J be ideals in R with I + J = R.

(a) Let a, b ∈ R. Prove that there exists c ∈ R such that c ≡ a mod I and c ≡ b mod J .
(b) Deduce from the above that R/I ∩ J is isomorphic to the direct product (R/I)× (R/J).

[Note: You may do part (b) for partial credit, assuming the result for part (a), even if you haven’t
done part (a).]

4. Let R be a commutative ring with 1. Let f1, f2, . . . , fr be r elements of R and let (f1, . . . , fr) be
the ideal generated by this set. Suppose that g and h are elements of R and that a certain positive
power of g belongs to (f1, . . . , fr, h) while a positive power of gh belongs to (f1, . . . , fr). Show that
there is a positive power of g which belongs to (f1, . . . , fr).
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solving completely any 4 of the problems secures the maximum score of 100 points

1. Let ω = e2πi/5.

(a) If possible, find a field F ⊂ Q(ω) such that [F (ω) : F ] = 2.
(b) If possible, find a field F ⊂ Q(ω) such that [F (ω) : F ] = 3.

2. If p is a prime, let Fp denote the finite field with p elements. Find the Galois group of x4− 3 over
each of the following fields:

(a) F7.
(b) F13.

3. Let G be a finite group with nm elements and K a subset with m elements. Define a “coset” of
K to be Kg = {kg : k ∈ K} where g is an element chosen from G.

Suppose that there exist exactly n distinct cosets of K in G. Prove that one of these “cosets” is a
subgroup H and that the other “cosets” are then really the right cosets of the subgroup H in G.

4. (a) Show that a group of order 12 is not simple.
(b) Show that a group of order p2q is not simple where p and q are distinct odd primes.

5. (a) Let B be a nontrivial Boolean ring (so B 6= {0} and for all b ∈ B, b2 = b). Prove:
(i) B is commutative.
(ii) If P is any prime ideal in B, then P is maximal.

(b) Let R be a noncommutative ring with multiplicative identity 1.
(i) Let x ∈ R be arbitrary. If r(x) = {y ∈ R : xy = 0}, prove that r(x) is a right ideal in

R.
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1. Let K be a field and KJxK the ring of all formal power series with coefficients in K. Prove:

(a)
∞∑

n=0
anx

n is a unit in KJxK if and only if a0 6= 0.

(b) KJxK has only one maximal ideal.

2. Let R be a commutative ring with only one maximal ideal P . Let M be a finitely generated
R-module for which PM = M . Prove that M = 0.

3. Prove: There is no simple group of order 36.

4. Prove: The order of GLn(Fq) is
n−1∏
j=0

(qn − qj).

5. Let k be a field and k(x) the field of rational functions in one variable over k. Prove: GL2(k)/k∗ =
PGL2(k) is the Galois group of k(x) over k.

6. Let K be the fixed field of PGL2(Fq) acting on Fq(x). Prove K = Fq(y) where y =
(xq2 − x)q+1

(xq − x)q2+1
.
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1. Let Fq be a finite field with q elements. What is the number of quadratic (of exact degree 2)
irreducible polynomials in Fq[x]?

2. (a) Prove that the polynomial x4 − 3 is irreducible over the field Q of rational numbers.
(b) What is the degree of a splitting field K of x4 − 3 over Q? Give a set of field generators for

K over Q. (Take K to be a subfield of the complex numbers.)
(c) Prove x4 − 3 is irreducible over Q(i).
(d) Determine the Galois group of x4 − 3 over Q(i) as an abstract group.

3. Let V be a vector space over a field K, R a subring of the ring Hom(V ) of linear transformations
from V to V , and HomR(V ) the ring {S ∈ Hom(V ) : ST = TS for all T ∈ R}.
Prove: If R is 1-transitive, i.e., for all x, y ∈ V with x 6= 0 there is a T ∈ R with T (x) = y, then
HomR(V ) is a division ring.

4. Let G be a finite group of order n. Assume that, for each prime dividing n, G has a unique Sylow
p-subgroup P , and that P is cyclic. Prove that G is cyclic.

5. Let p, q, r be distinct primes.

(a) Show that [Q(
√
p,
√
q) : Q] = 4.

(b) Show that [Q(
√
p,
√
q,
√
r) : Q] = 8.

6. (a) Determine for which pairs k, n with 1 ≤ k ≤ n there is a k × k matrix A over the rationals
Q such that An = 2I.

(b) Give, with proof, an example, for each n, of a linear transformation T : Qn → Qn such that
the only T -invariant subspaces of Qn are {0} and Qn.
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1. Let G be an arbitrary group whose center is trivial. Prove: The center of the automorphism
group of G is also trivial.

2. Let L be a separable extension of degree n of the fieldK. Assume L is contained in a given algebraic
closure K of K. Let {v1, . . . , vn} be a vector space basis for L over K. Let v(j)

i , j = 1, . . . , n be the
conjugates of vi in K. Prove

det



...

...
. . . . . . . . v

(j)
i . . . . . . . .
...
...


6= 0.

3. Determine all maximal ideals in the polynomial ring Z[x]. (Z is the ring of rational integers.)

4. How many irreducible factors does the polynomial x210−1 − 1 have over GF (2)?

5. Let ω1, ω2 be two complex numbers whose ratio ω = ω1/ω2 is not real. Let Λ = {mω1 + nω2 :
m,n ∈ Z} be the abelian group generated by ω1 and ω2. Let R = {λ ∈ C : λΛ ⊆ Λ} (C is the field
of complex numbers).

(a) Prove: R is a ring.
(b) Prove: If λ is a unit in R then λ is a root of unity. (λn = 1 for some n > 0.)
(c) If λ is an nth root of unity in R then n is a divisor of ??.

6. Let R be a ring (associative with identity) for which b2 = b for every b in R. Let p be a prime
ideal of R.

(a) Prove: R is commutative.
(b) Prove: R/p is a field.
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1. An element r in a ring is called nilpotent if rn = 0 for some positive integer n.

(a) Show that in a commutative ring R the set of nilpotent elements forms an ideal N .
(b) In the notation of (a) show that R/N has no nilpotent elements.
(c) Show by example that part (a) need not be true for noncommutative rings.

2. Let F = Q(θ) where Q denotes the rational number field and θ the fifth root of unity e2πi/5.
Discuss the Galois group of the polynomial x5−7 over Q(θ), including a determination of the degree
of the root field (justify this), a description of the Galois group in purely group-theoretic language,
and a representation of each automorphism as a permutation.

3. Either: Let G be a finite group of order 2p, p and odd prime.
Let a be an element of order 2, b an element of order p.
Let H be the subgroup of G which is generated by b.

(i) Prove H is a normal subgroup of G.
(ii) Prove that aba = br for some integer r, and hence that br

2
= b.

Deduce that one of the relations aba = b; aba = b−1 must hold.

Or: State some theorem involving Sylow subgroups and use it to show that a group of order 30
cannot be simple.

4. fj(x), j = 1, . . . , k (k ≥ 2) are polynomials in x with complex coefficients. Assume that they have
no common root; thus for any x
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1. (a) Let G be a cyclic group of order n. Let d ∈ Z+, and let ν = gcd(d, n). Show that n/ν of the
elements of G are dth powers (i.e., are of the form yd for some y ∈ G).

(b) Let d, s ∈ Z+, and let p ∈ Z+ be an odd prime (so the group of units U of the ring Z/psZ is
cyclic). When is the dth power mapping (y → yd) on U surjective?

2. Let G be the abelian, non-cyclic group of order 25. Let the field K be a Galois (finite, separable,
normal) extension of the field F , with Galois group G.

(a) Find [K : F ], the degree of the field extension.
(b) How many intermediate fields Σ are there between F and K? (F ≤ Σ ≤ K)
(c) Which of the above fields Σ are normal extensions of F?

3. Let ω1, ω2 be a pair of complex numbers that are linearly independent over the reals. Let Λ be the
free abelian group generated by ω1, ω2. That is, Λ = Zω1 + Zω2. Now let R = {λ ∈ C : λΛ ≤ Λ}.
Show:

(a) R is a commutative ring containing Z as a subring.
(b) Z � R ⇐⇒ ω = ω1/ω2 generates a quadratic extension of Q.
(c) Suppose that [Q(ω) : Q] = 2 and ω2 + rω + s = 0 with suitable r, s ∈ Q. Let r = r1/r2,

s = s1/s2 where r1, r2, s1, s2 are integers and gcd(r1, r2) = gcd(s1, s2) = 1. Finally let
c = lcm(r2, s2). Prove R = Z[cω].
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1. Let K be a field of degree n over the rational numbers, Q. Moreover, let {w1, . . . , wn} be a basis
for K as a vector space over Q. Next, when α ∈ K let pα(x) be its minimal polynomial over Q and

nα = [Q(α) : Q]. Since αK ⊂ K we can write αwi =
n∑

j=1
ajiwj , i = 1, . . . , n. Let

Aα =


...

· · · aji · · ·
...

 .

We define Φ : K →Mn(Q) by Φ(α) = Aα.

(a) Show that Φ is a monomorphism of the field K into the ring Mn(Q).
(b) For a given α ∈ K what are the minimal and characteristic polynomials of Aα? (Give these

explicitly.)
(c) Compute the minimal and characteristic polynomials in the case: K = Q(i,

√
2), α = i,

w1 = 1, w2 = i, w3 =
√

2, w4 = i
√

2. Also find Φ(α) in this case.

2. Let R = Z
[

1+
√
−11

2

]
be the ring of all complex numbers of the form m + n

(
1+
√
−11

2

)
where m

and n are ordinary integers. When a ∈ R we let |a| be its length as a complex number.

(a) Show that R is a Euclidean ring. That is, show that for all a, b 6= 0 in R there exist q, r in R
such that a = bq + r and |r| < |b|.

(b) Since Euclidean rings are unique factorization domains, factor 37 into prime factors in R.

3. Let H be a subgroup of a group G. Let NG(H), CG(H) be, respectively, the normalizer and the
centralizer of H, i.e., NG(H) = {x ∈ G : x−1Hx = H}, CG(H) = {x ∈ G : xg = gx for all g ∈ G}.

(a) Prove that CG(H) is a normal subgroup of NG(H), and that NG(H)/CG(H) is isomorphic
to a subgroup of the automorphism group of H.

(b) A celebrated theorem (credited to Burnside) is: “Let the order of a finite group G be pαm,
where p is a prime, and (p,m) = 1. Let P be a Sylow p-subgroup of G. Suppose NG(P ) =
CG(P ). Then G has a normal subgroup of order m.”
Use this theorem to prove the following: Let G be a finite group of order pαm, where p is
the smallest prime dividing the order of G, and (m, p) = 1. Suppose P is cyclic, where P is
a Sylow p-subgroup of G. Then G has a normal subgroup of order m.

4. Let K be a splitting field of x12 − 1 over Q, where Q is the field of rational numbers.

(a) Describe the Galois group of K over Q (what are its elements and what is the group struc-
ture?).

(b) How many subfields does K have and what are their degrees over Q?
(c) Let θ be a primitive 12th root of unity in an extension field of Q (i.e., θ12 = 1 and θm 6= 1 if

0 < m < 12). Find the irreducible polynomial for θ over Q.

please turn over
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5. Let R be a ring with identity and M a unitary R-module.

(a) If m ∈M show that {x ∈ R : xm = 0} is a left ideal of R.
(b) Let A be a left ideal of R and m ∈M . Show that {xm : x ∈ A} is a submodule of M .
(c) Suppose it is given that M has no submodules other than {0} and M itself (one says that

M is irreducible). Let m0 ∈ M , m0 6= 0. Show that A = {x : xm0 = 0} is a maximal left
ideal of R (that is, if A is contained properly in a left ideal B, then B = R).

6. Let ω1, ω2 be a pair of complex numbers such that ω = ω1/ω2 lies in the upper half plane (i.e.,
Im (ω) > 0). Let Λ = {mω1 + nω2 ∈ C : m,n ∈ Z}. Let E(Λ) = {α ∈ C : αΛ ≤ Λ}. (Note:
Z ≤ E(Λ).)

(a) Show: if Z � E(Λ) then [Q(ω) : Q] = 2.
(b) Show: If [Q(ω) : Q] = 2 then Z � E(Λ) and every α ∈ E(Λ) satisfies an integral equation

(i.e., α2 + aα+ b = 0 for some a, b in Z).
(c) Compute E(Λ) explicitly in the case ω =

√
−1. (Be careful of this one!)
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1. Suppose R is a Boolean ring, i.e., a ring such that x2 = x for all x ∈ R.

(a) Prove that R is commutative and of characteristic 2.

From now on assume there is a unit element 1 ∈ R. For a ∈ R, we let (a) denote the principal
ideal generated by a.

(b) Prove that for a ∈ R, (a) is itself a Boolean ring with unit element a.
(c) Prove that, for any a ∈ R, the ring R is the direct sum of the ideals (a), (1 + a):

R = (a)⊕ (1 + a).

(d) Prove that any finite Boolean ring is isomorphic to a direct power of the two-element ring Z2

(a direct sum of several copies of Z2).

2. (a) A group G is decomposable if it is isomorphic to a direct product of two proper subgroups.
Otherwise G is indecomposable.
Prove that a finite abelian group G is indecomposable if and only if G is cyclic of prime power
order.

(b) Determine all positive integers n for which it is true that the only abelian groups of order n
are the cyclic ones. Justify your answer.

3. Let S be the set of all 2 × 2 Hermitian matrices of trace 0, i.e., {A : A
t and tr(A) = 0} (Bt =

transpose of B).

(a) Prove that the mapping

(x, y, z)→
(

x y + iz
y − iz −x

)
is an isomorphism of R3 onto S.

Let G be the set of all unitary 2× 2 complex matrices, i.e., {A : A · At = A
t · A = I}. For

each matrix A ∈ G define ϕA(B) = ABA−1 for any 2× 2 complex matrix B.
(b) Prove that ϕA maps S → S, and is a linear transformation of S into itself.
(c) Making use of the isomorphism in part (a), prove that the mapping A → ϕA is a group

homomorphism of G onto a group of distance-preserving linear transformations of R3.

4. (a) List, without proof, the standard results you know on finite fields (including their Galois
theory).
For any prime p, let F = Zp, the field with p elements. Let K be an algebraic closure of F,
and let G be the group of automorphisms of K.
You may use, in the following, any result quoted in part (a).

(b) Prove that for any positive integer n, K contains one and only one subfield with q = pn

elements.
(c) Let E be any finite subfield of K, and let σ ∈ G. Prove σ(E) = E.
(d) Prove that G is an abelian group.
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1. (a) Determine the splitting fieldK for the polynomial x4−5 over Q (the field of rational numbers)
and give the degree [K : Q].

(b) Find a set of automorphisms of K which generate the Galois group of K over Q (but do not
list all the elements of the Galois group).

(c) What is the order of the Galois group G of K over Q?
(d) Give an example of intermediate fields F1, F2 : Q ( F1 ( K, Q ( F2 ( K such that F1 is

normal over Q and F2 is not normal over Q.
(e) Find the subgroups H1 and H2 of G which correspond to F1 and F2, respectively, under the

Galois correspondence.

2. If a matrix A has a minimal polynomial (x − 3)3(x − 5)2(x − 2) and characteristic polynomial
(x− 3)5(x− 5)5(x− 2), give the possible Jordan canonical forms that might correspond to A.

3. Let R be a noncommutative ring with multiplicative identity 1.

(a) Let x ∈ R. If r(x) = {y ∈ R : xy = 0} prove that r(x) is a right ideal of R.
(b) Let x be an element of R which has a right multiplicative inverse z in R. Prove that z is also

a left inverse of x if and only if r(x) = 0.
(c) Prove that if an element x of R has more than one right inverse then it has infinitely many.

[Hint: Note if xz = 1 and a ∈ r(x) then x(z + a) = 1.

4. Prove the theorem: If G is a nonabelian group then G/Z(G) is not cyclic (where Z(G) denotes
the center of the group G).

5. Let G be a group of order p2q where p and q are distinct odd primes. Prove that G contains a
normal Sylow subgroup.
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1. Prove that all groups of order 45 are abelian, and determine how many nonisomorphic groups of
order 45 there are.

2. Let p be an odd prime. For any positive integer n, call an integer, a, a quadratic residue mod pn

if (a, p) = 1 and the equation x2 = a is solvable mod pn. Prove that for any n, the quadratic residues
mod pn are precisely the quadratic residues mod p. [Hint: Use the fact that the group of units of
the ring Zpn form a cyclic group of order pn−1(p− 1).

3. Prove that the multiplicative group of an infinite field is never cyclic.

4. Let K be the splitting field of (x3−2)(x2−2) over the rational numbers Q. Determine all subfields
of K which are of degree four over Q. Explain how you know you have found them all.

5. Let A be a 4× 4 matrix over the field F . Suppose that

(i) A 6= I,
(ii) A− I is nilpotent, i.e., there exists a positive integer n such that (A− I)n = 0, and
(iii) A has finite multiplicative order, i.e., there exists a positive integer m such that Am = I.

For what fields F does such a matrix A exist? Clearly indicate your reasoning.

6. Let T be a linear transformation of V into V , where V is a finite-dimensional vector space over
the complex numbers. Let p be any polynomial with complex coefficients. Show p(T ) has exactly
the eigenvalues p(λ1), . . . , p(λn) if λ1, . . . , λn are the eigenvalues of T .
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1. Let N : GF (qn)∗ → GF (q)∗ by N(a) = a1+a+···+aqn−1

. Prove: N is onto.

2. Let V be an n-dimensional vector space over the field k. Let S be a set of pairwise commuting
linear transformations of V into V . Prove: If each f in S can be represented by a diagonal matrix
with respect to some basis of V (depending on f), then there is a basis of V with respect to which
all of the endomorphisms in S are diagonal.

3. Prove: The group of units of the ring Z/pnZ is a cyclic group of order (p − 1)pn−1 when p is an
odd rational prime. [Hint: Use induction on n.]

4. Let K be the splitting field of x7 − 3x3 − 6x2 + 3 over Q. Let E1, E2 be subfields of K such that
[K : E1] = [K : E2] = 7. Prove E1

∼= E2.

5. Find the Galois group of the splitting field K of x4 − 2 over Q. Find two subfields E1, E2 of K
such that [K : E1] = [K : E2] = 2 but E1 and E2 are not isomorphic.

6. Let K be a field in which −1 cannot be represented as a sum of squares and such that in every
proper algebraic extension −1 can be represented as a sum of squares. Prove: If a ∈ K is not a
square in K then a is not a sum of squares in K.
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please do 5 out of 6 problems

1. Show that no real 3× 3 matrix satisfies x2 + 1 = 0. Show that there are complex 3× 3 matrices
which do. Show that there are real 2× 2 matrices that satisfy the equation.

2. Prove: Let G be a finite group, let H be a subgroup of G. Let i(H) be the index of H. Let o(G)
be the order of G. Suppose o(G) does not divide i(H). Then H must contain a nontrivial normal
subgroup of G. In particular, G cannot be simple.

[Hint: Let S be the set of right cosets of H. Let a, g ∈ G. Let θa : Hg → Hga. θa is a one-to-one
mapping of S. Consider the collection of {θa : a ∈ G}.]

Use this theorem to show that a group of order 75 cannot be simple. You may use Sylow’s theorem.

3. Let G be a group of order pn, where p is a fixed prime and n is a positive integer. Prove:

(a) The center of G is nontrivial, i.e., there is a g ∈ G, g 6= 1, g ∈ center of G. The center of a
group is {x ∈ G : xg = gx for all g ∈ G}.

(b) For every m,m < n, G has a subgroup of order pm.
(c) Every subgroup of order pn−1 is normal.

4. Let R be a unique factorization domain, and let K be its field of quotients. In the following we
fix a prime element p in R.

(a) Let Rp = {a
b ∈ K : a ∈ R, b ∈ R and p does not divide b in R}. Prove Rp is a subring of K.

(b) Find the units of Rp. What are the primes of Rp? Prove Rp is a unique factorization domain.
(c) Show that Rp has a unique maximal ideal.
(d) Prove that Rp is a maximal subring of K, i.e., if S is a subring of K which contains Rp then

S = Rp or S = K.

5. Let R be a ring with more than one element and with the property that for each element a 6= 0
in R there exists a unique element b in R such that aba = a. Prove:

(a) R has no nonzero divisors of zero.
(b) bab = b.
(c) R has a unity.
(d) R is a division ring.

Note: If you can’t do one part of this problem assume the result and go on to the next part.

6. Consider p(x) = x8 + 1 as a polynomial over the rationals Q. Let K be the splitting field of p(x)
over Q. Find the Galois group G of p(x), i.e., the group of automorphisms of K relative to Q. Is
this group abelian? If so, express it as a direct sum of cyclic groups. List all the subgroups of G.


