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Algebra Qualifier, Part A

September 24, 2018

Do four out of the five problems. Cross out the number of the problem that

yvou don’t want me to grade,

1. Let G be a finite abelian group of order m and let p be a prime integer dividing m.
(a) Prove that if G has exponent n, that is 2™ = 1g for cach & € G, then (G : 1g) divides
n¥ for some positive integer k.

b} Using induction on (G : 1¢), show that G has a subgroup of order p.
3 [}

2. How many elements of order 7 ave there in a simple group of order 1687 Prove your

AIEWEL,

>< (a) Define the characteristic of a ving.
(b) Give an example of & commutative ring R, of characteristic zero having a unique
maximal ideal and a non-maximal prime ideal P such that the characteristic of R/ F is

not zero.
4, Let P be a p-Sylow subgroup of a finite group G and let H be a p-subgroup of & with

H C Np, the normalizer of F. Show that I € P.

5. Let G be a finite group of order p™y, p and g primes with p > g. Show that G is not

sim e,



— R

(53( genstrn
ALGEBRA QUALIFYING EXAMINATION, PART B

Solve any four problems out of five. Each problem is worth 10 points. The maxi-
mal possible score is 40 points. All answers must be justified! In particular, for
questions “Is it true that...?” you should provide either a proof or a counterexample.

All rings are assumed to be unital and all modules are assumed to be unitary and
left unless specified otherwise. '

1. Let R be aring and let A be an R-module, Then Endg M = Hotmpg(M, M) is »
“unital ring (usually non-commutative) and M is naturally a unitary Endg M-module
via fm = f{m), me M, f € Endg M.
_ »&" (a) Suppose that Af is such that idy -~ f is invertible for any non-invertible f €
' Endg M. Prove that 3/ is indecormposable ag an R-module.
(b) If R is a division ring, prove that M is simple as an Endg M-module. Is this
statement still true if M is free but R is not a division ring?

2. Let R be a commutative ring and let £, I be free R~-modules of the same finite
rank. Prove that if % € Homg(E, I?) ig surjeéctive then it is an isomorphism. Is it
true, under the same assuraptions on £ and F, that if 9 is injective then if is an
isomoarphism? Why do we need to assume that R is commutative?

3. Let M, M’ be right R-modules and N, N be left R-modules and let f €

,«[" Homp(M, Mr’) & Homp(N, N').
) (a) Is it always true that ker(f ® g) = ker f ®a N + M ®p ket g7
(b) Give an example of an injective f such that f & 1: M @z N — M ®z N is not
injective.

4. Let K be a field.

~ (a) Determine whether K(z) is projective as a K{z|-module,
4 @ (o) Describe the Ka]-dual nodule of ().
" {c) Describe all isomorphism classes of K[z]-modules on which @ acts nilpotently and
which are 4-dimensional as K-vector spaces.

_ 8. Let A and B be invertible 7 x n-matrices over's fleld K. Prove that A+ AB is
e invertible for all but finitely many A € K. Ts this staternent true if K is & commutative
' ring?




2018 ALGEBRA C QUAL
Name:

. Let K — F — Lbefleld extensions, not assumed algebraic {much less finite-dimensional).
For each of the following assertions, provide a proof or a counterexample,
(i) If X -» F and F — L are Galois and finite dimensional, then K — L is Galois.
) If K — Land K — F are Galols, then scls F — L.
(iti) If K — L is Galols, and [F: K] is finite, then F - [ is Galols.

LIet K-> Fbea sp]ittjﬁg field for a polynomial f e K[x] of degree n = 1. Prove that

[#: K] divides »! .

. Let L be an algebraic closure of the field Z, where p is a prime number.
(i) Prove that ¢(x) = x” defines a field automorphism of L, fixing Z,.
(ii) Let » be a natural number, Prove that the fixed field F of ¢t i.e.
F=lxel:¢"x) = xlis a field with p" elements.
(i) For I as above, prove that Z, — F is a Galois extension of degree n,

t

. Let K — F be a Galois extension of degree 28. Prove that there exists a subfield £ of
Feauch that [F: K1=7. ’
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Algebra Qualifier, Part A
September 22, 2017

Do four out of the five problems. Cross out the number of the problem that

you don’t want me to grade.

«Let (f be & finite abelian group of order m and let p be a prime integer dividing m.

(a) Prove that if ¢ has exponent n, that is #™ = 1g for each z € G, then (G : 1g) divides
n® for some positive integer k.

(b) Using induction on (G : 1), show that G has a subgroup of order p.

2. How many elements of order 7 are there in a simple group of order 1687 Prove your

ALLBWET.

3. (&} Define the characteristic of & ring.
(b) Give an example of a commutative ring R, of characteristic zero having a unique
maximal ideal and a non-maximal prime ideal P such that the characteristic of B/ P is

not zero.

4. Let P be a p-Sylow subgroup of a finite group G and let A be a p-subgroup of & with
H € Np, the normalizer of P. Show that H C P. '

5. Let @ be a finite group of order p™g, p and ¢ primes with p > ¢g. Show that & is not

simple,
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ALGEBRA QUALIFYING EXAMINATION, PART B -

Solve 4 questions out of five. Every question is worth 10 points. The total possible
score is 40 points. All answers must be justified.

All rings are assumed to be unital and all modules are assumed to be unitary
and left unless specified otherwise. Given an A-module M and m & M, denote
Anngm={re R : rm =20}

1. Let R be a commutative ring and M be an A-module. Let M™ = Homg(M, R}.
{a) Show that the assignments & ® m > (m' — £(m)m), m,m’' € M, £ € M* define
a homornorphism of A-modules 4 : M* g M — Endg M. Why do we need R
to be commutative? '
(b) Suppose that M is & free. Show that ¢ is injective.
(c) Suppose that M is free of finite rank. Show that ¢ is an isomorphism.

2. Let M be a cyclic R-apodule gencrated by some m € M and let N be an
_A-module. Let I = Anogm. _ _
é;ZLEa) Prove that Homg(M,N) =2 {n e N : I C Annpn} as an abelian group.

h \(b) Assuming that R is commutative, prove that BEndg M & R/T as a ring.

3. Let R be an integral domain and M be an R-module. Let 7{(M) = {m ¢ M :
Anngm # 0}. Prove that if 0 = M L M & MY 5 0 s an exact sequence of

'''''' Fort it

—— \ f T A Ca
: W/K 7 modules then 0 — (M) lﬁfih (M) —— 7(M") iz a left exact sequence of
( P {-modules. Explain why we need to assume that R is an integral domain.

4. Let M, M’ be right R-modules and N, N' be left R-modules and let f ¢
‘ Homp(M, M), g € Homg(N, N').
l\/ (a} s it always true that ker{f & g) = ker f @z N + M Qg ker g? Prove or provide a
counterexample. :

{b) Give an example of an injective f such that f® 1 : M Qg N — M &z N is not

injective.
5. Let R be a commutative ring.

(a) Let M be a finitely generated R-module and let m < R be a maximal ideal such
that mM = 0. Show that M admits a natural structure of a finite dimensional
vector space. ' '

{(b) Let X be a fleld. Describe isomorphism classes of K|z]-modules M such that
dimyg M =5 and 2" M = 0 for some r > 0.
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.';Algebra Qualifying Exarniﬁaﬁion, Part C -

- Quésmon;a 1 through 4 are worth 10. pomts'eac.h Question & is worth 20 pomtd You may
do either all of questions one through four or Questlon 5 and two of questions T through four. -
The total possﬂ:)le score s 40 pomts ‘All answers must be fully Jusﬁlﬁed

1. (a ) Let L be s field extensmn of K Let X be & subset of L consmtmg 0f a.lgebraac
- ‘elements such that L = K(X). Prove that L is algberaic over K. . ‘
 {b). Let & be transcendental over K and let u € K(x) satisfy u = (22 + 1)"1 Prove that @ is
N algebralc over K (u) and that u is transcendental over K, _
. LI
2. Suppose that F is s ﬁeld extenmon of K. : ' T
- {a) Pind the unique maximal subfield E wn&h F o EDK with AutEF AutKF BN . .
- (b) Suppose that F is Galois over X and assume that [ is an intermedidte field of the extensaon I
- F O K. Give an. example of F, L, K such that F O K is Galms but the extensmn L>Kis
' not G&lms o , L _ . S

-3 Let Q be 'GhF’ ﬁeld of ratmnal numbers and let C be a perltlve cube root of umty o R
. {(a) Prove that Q(¥2+ () = Q(V?2, {): 3 o N
o {b) Defermme the Galom group ‘of the extensmns Q(\/_) 5 Q, Q(C) > Q and Q(\/' C) > Q. 3

COODUUEELCOs LR

. 4. Let Fhe the spllttmg field. gver Q of g% — 5 Explain why F is a Galois extensmn of Q
Detemme all the mtermedlate ﬁelds L of this extenslon

=r

5. OOnsmler the polynonna.l f (:1:) = gf + :c + le Zg[x] a.nd lc’s F > Zo be the sphttmg field
- of this polynomial. :
~ (a) Explain why F iz a ﬁmte ﬁeld : '
(b) Prove that if*r is a root of this polynomlal then. rg =1 a.nd rm 7& 1 for m = -3, 6 .

- (c) Recall the theorem that every element of & finite field rust’ satisfy the polynom.is.l AR
- " for some positive integer n and some prime p. Use this theorem and parts (a and (b) of the =
. -problem to determine the" ca.rdmahty of /. — 7 :
. 7(d) ¥Vbat is the Galois group of F' over Zg and determine all the mtermedlate ﬂelds of the "

;. extension F D Za. . S
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2016 ALCEBRA QUAL - PART A

- ChOose 4 out of the following 5 problems.

@) v 1et G oo growp. Let N G and B < G. Suppose that (65 N] and |H]|
oy are finite. Prove that if [G : N} and |H| ave relatively prime, then H < N.

f‘) V/ L:ﬂt G be a finite group. Suppose that H < G and H # G.
(i) Prove that H has at most [ : H] conjugates in G.
(i) Prove that there exists a conjugacy class S in & such that H N§ = .

.....

( ’ \_/(/ How many elements of order 7 are there in & simple group of 01de1 1687

L,Q‘-’ﬁbo’r It be a commutative ring with identity. Let M be a mazimal ideal of R.
(’) (l Prove that if R is a local ring, then 1 4 2 is a unit for every x € M.
(ii) Prove that if 1 4 z is a unit for every = € M, then Ris a local ring.

(5} Let R be a unique factorization domain and F its field of fractions. Let
f € Rlz] be a monic polynomial. Prove that if ¢ € F is a root of f, then
c€& R
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Algebra Qualifying Examination, Fall 2016, Part b
Answer any four of the following questions. All questions are worth 10 points

1. Let R be a commutative ting with identity and let o be a non—zero element in R. Suppose
that £ is a prime ideal properly contained in the principal ideal generated by a. Prove that,
P = aP. Suppose now that 7 is also principal. Prove that there exisis b € R with (1—ab)P =0
What can you conclude about P if R is an integral domain and a is not a unit.

\é (a) Let R be a commutative ring with identity and regard A as a module for itself via
left multiplication. Prove that this module is simple iff R is a field.

(b) Define a. free module for a ring R. Supposs that £ is & commutative ring with identity
and sotisfies the following condition: any submodnle of & fre¢ module s free. Prove that R is
a principal ideal domain.

\/3 Give examples to show that the following can happen for a ring K and modules A, N,
(i) M @ N 22 M &z N, where Z 15 the ring of integets.
(i) v e M @p N but u£m&n for any m € M and ne N.
(iii) & v =0 but u, v £ 0.

\.// 4. Suppose that I is a three dimensional vector space over a field I and f: E —+Eisa
non—zero linear tramsformation. Prove that there exists bases 51 and B of & such that the
matrix of f is exactly ore of the following. :

100 10 O i 00
010}, o 10|, {000
00 1 0 00 00 O

5. Suppose that D = (dy, - ,d,) is a diagonal matrix where the dy, 1 < 4 < n are not
necessarily distinct. What are the elementary and invarient factors of 27 Suppose that 4 is
similar to D. What can you say about its elementary divisors and invariant {actors?
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2016 ALGEBRA QUAL - PART C

(1) True/False: If £ and F are extensions of Q such that B+ F and [E: Q] =
[F: Q] =3, then [EF : Q] = 9. Prove or give a counterexample.

(2) Let p be a prime number and o € I,
(i) Prove that ¥ — x - « is irreducible and separable over Iy,
(if) What is the cardinality of the splitting field of 2 — = - @ over 1,7

(3) Let n be a positive integer. Show that C{#*) C C(¢) is a Galois extension
and calculate its Galois group.
(4) Let ¢ be a primitive 9th root of wnity. Describe all the intermediate fields of

the cyclotomic extension © € Q(¢). For each such intermediate field, give
an explicit primitive element of the field as an extension of €.
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QUALIFYING EXAMINATION, ALGEBRA, PART A, 2015

Soptember 26, 2015

solve any four questions; indicate which ones are supposed to be graded. Each
question is worth 15 points. You must show all work and justify all statements either
by referring to an appropriatc theorem or by providing a full solution.

1.

(a) List all isomorphism classes of abelian groups of order 120. TIs there a simple
group of order 1207

(b) What is the maximal number of elements of order 5 in a group of order 1207

(¢) How many conjugacy classes are there in S57

2. Lot p > g he primes.
(a) Describe all groups of order p? up to an isomorphism.
(b) Show that a group of order p"q, n > 0, is solvable.

3. The action of a group G on a set X is called #ransitive if for cvery z,2" € G
there exists g € G such that gz = 2.
(a) Show that the natural action of the symmetric group S, on the set {1,...,n} is
transitive and find the stabilizer of an arbitrary element of that set.
“(b) Suppose that a group & acts transitively on a set X. Prove that all subgroups
Stabg z, z € X are conjugate and find [G : Stabg .

4. Recall that an element a of a ring is called nilpotent if ¢” = 0 for some positive
integer n. Prove the following statements for a commutative unital ring R
(a) The set of all nilpotent elements in R is an ideal.
(b) R is local if and only if for all 2,y € R,  + y = 1 implies that = or ¥ is a unit.
(c) If every non-unit in I is nilpotent then R is local.

5. Let R = Z x Z as an additive abelian group while the multiplication is defined
by (zy) - (2, y) = {2y + y2', vy’ — 22); thon R is a commutative ring with unity
lg = (0,1). Answer the following questions (all answers must be justified).

(a) Is the ideal of R generated by (0,5) prime?

(b) Is R a domain? If so, describe its field of fractions.

(c) Choose a maximal ideal M in R and describe the localization of R at M.
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Algebra Qualifier, Part B

September 26, 2015

Do 4 problems.

1. Show that if ITomg(D, ) preserves exactness of 0 -+ A 5 B% O 0 foreach D, then

the sequence 0 — A LB 00 splits,

2. Let B be an abelian group and let A be a subgroup of B. Show that any homomorphism
f:A— Q/Z extends to a homomorphism. f : B — Q/Z.

(3) (a) State the Hilbert basis theorem.
(b} Give an example of a Nocthorian ring R and a Noetherian R-algebra B which is not a

finitely generated R-algebra.

4. Let R be a principal ideal domain, lot A be an R-module which can be generated by n

elements, and let L be a submodule of M. Show that I can be generated by < n elements.

5. Let R be an integral domain. Show that R iz a I’ID if cach finitely generated torsion-free

F-module is free,
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ALGEBRA QUALIFIER 2015 - PART C
Do 4 out of the 5 problems.

(1) Let K be a field and f € Kz]. Let n be the degree of f. Prove the
theorcm which states that there cxists a splitting ficld F' of f over K with
[F: K] < nl

(2) Let K be a subfield of R, Let L be an intermediate field of C/JK. Prove that
if /K is a flinite Galois extension of odd degree, then L C R.

(3) Let K be a finite field of characteristic p. Prove that every clement of K has
a unique p-th root in K. :

(4) Let f(z) = 2° — 4z + 2 € Q[x]. Prove that f(z) = 0 is not solvable by
radicals over (Q.

(5) Let F/K be a field extension whose transcendence degree is finite. Prove
that if F is algebraically closed, then every K-monomorphism F — F is in
fact an automorphism.
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204
% Algebra Qualifying Examination, Part A

You must show all work, You must justify all statements either by referring to or stating
the appropriate theorem correctly or by providing a full solution. Referring to some problem in
Hungerford is not an acceptable answer or reason. The hints are meant to suggest one approach
to the problem. Attempt any four questions, Fach question is worth 10 points.

1 {a). What are all the groups of order 4. You must explain your reasoning for the answer.
(b) Prove that a non-abelian group of order six is isomorphic to the dilredral group,

2. Let H be a subgroup of & and let ¢ : &' — H be a homnomorphism such that wih) = h,
Assume that G is abelian. Prove that G & H x ker .

3. Prove that the symmetric group Sy is generated by the elements (1,2,3,4) and (1,2),
Write down all the Sylow sub groups of S5, (Hint: As a start, write down for what primes p
there will be a non—trivial Sylow p subgroup and what the cardinality of the subgroup is. )

4. (a) Buppose that IJ is a normal subgroup of & and [H| = 2. Prove that {7 is contained in
the center of .

(b) Suppose that H is a subgroup of G such that if v : G - ¢ s any automorphism of &
then @(H) C H. Prove that H is normal,

Hint: Think about the various ways in which & acts on jiself.

5(ajHow many elements of order 5 are there in a gronp of order 20.

5(b) Prove that a group of order 15 is not simple.
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QUALIFYING EXAMINATION, ALGEBRA, PART B, FALL 2014

September 27

Solve four questions out of five; indicate which one is not supposed to be graded. Each item
15 worth 10 points. You must show all work and justify all st 'mtemt,nlg either by referring to an
appropriate thedrenm or by providing a full solution.

All rings are assumed to be unital and all modules arc assumed to be unitary and left unless

specified otherwise.

L. Let R be a commutative ring. Let M 2 0 be a torsion R-module and N # 0 be a divisible
R-module (that is, for each n € N and r € R\ {0}, there exists n’ € N such that n = rn'),
(a) Describe M & N, |
(b) Describe N* = Hompg(N, R) asswining that 72 is & domain and but not a field.

2: Let R be a rving and let M, N be left R-modules. Construct a natural homomorphism of
abelian groups M* ®rg N - Homp(M,N). If R = kis a field and M, N are finite dimensional
k-vector spaces prove thal this natural homomorphism is in fact an isomorphism of k-vector spaces.

3. Let R be a ring. Prove that if a projective R-module P is a homomorphic image of an
R-miodule M, then A = N & @ for some submoddules N, @ with Q & P,

4. Let k be a field. Dederibe all, up to an isomorphism, k[z]-module structures on %% such that
2 acts nilpotently. Describe Endpp(klz]/{(2®)}.

5. Let R be a domain and let A be an n X n matrix over B. Prove that if a system of linear
equations Az = 0 has a non-zero solution then det A = 0. Is the converse true?
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PART C: Each problem is worth 10 points. Please do any 4 problems of your choice,
and indicate which 4 you would like graded,

1. Let f =%~ 7, and let F be the splitting field of £ over Q. Determine the Galois group of f
over Q. Determine all intermediate fields lying between Q and £, and determine whick of these
fields are themselves Galois extensions of Q.

2. Let f be a polynondal of degree n over a field K, and let F be the splitting field of f over i
Show that [F : X divides n!.

3. Let K be a feld, and f € K[z} an irreducible polynomial,

Part a: Show that if Chaer(K) = 0, then f is separable.
Part b: Show that if K = Z, for some prime p, then f is separable. (Note: This is a special case
of a more general result. You cannot just cite that result without proof).

4. Let p be any prime, and et 1,9 be positive integers Show that the feld of order 7" has &
subfield of order p™ if and only if m divides n, and that if the subleld exists then it is untique,

5. Let # be an extension of a field K. Define what it means for a subset § € ¥ to be a transcendence
hasis for F over K, and show that any extension possesses a transcendence bagis,
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Qualifying Examination, Algebra, Part A, Fall 2013
Answer four out of the five questions. Each question is worth 15 points.

1{a}. Suppose that H is a normal subgroup of ¢ and that ¢ = H x K. Prove that K is
isomorphic to a normal subgroup of G.

1{b) Suppose that G,H, K are as in part (a). Prove that any homomorphism of groups
v H -» H gives rise to a canonical homomorphism from @ : G — G Give an example to
show that ¢ is an isomorphism need not imply that  is an isomorphism.

2(a) Consider the symmetric group Sy acting on the set § = {1,2,.--,n} by permutations.
What is the orbit of the element i? What ig the stabilizer of the element {, Prove that the
stabilizer subgroup of any two elements of S are conjugates.

2(b) Prove thai the dihedral group Dy is not 1somorph1c to the direct product of two subgroups.

3. Racall that a local ring is a-non—sero commutative ring with a unique maximal ideal. Prove

that if R is a local ring and ¢ : R — $ i3 a surjective ring homomorphlsm onta a non—zero
ring 5, then S is local.

4. Consider the ring C[z] of polynomials in an indeterminate = with coefficients in the complex
numbers. Find a maximal ideal containing the polynomial f{z) = =* — 32° + 2. How many
such maximal ideals are there? If we were working with the ring R[z] how many maximal
ideals would there be containing f{z). Find a polynomial g{z) € Clz] such that the ideal
generated by f(z) and g{z) is Clz].

5. Suppose that G is a group of order 105, For any prime p determine the cardinality of the
Sylow p-subgroups of . Prove that the intersection of any two distinct Sylow subgroups is
the identity. Prove that ¢ is not simple.
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QUALIFYING EXAMINATION, ALGEBRA, PART B, FALL 2013

September 28

Solve Rve questions out of six; indicate which one is not supposed to be graded. Each item is
worth 12 points.

All rings are assumed to be unital and all modules are assumed to be unitary and left unless
specified otherwise.

1. Let R be a ring and let I, J C R be ideals. Let

. 0“>Ml-f}+M2'—fi}M3"—>O
be a short exsct sequence of R-modules.
(a) Prove that M, = 0 implies that IM; =0 = I M.
~ (b) Show that 7M; = 0 = JMj implies that IJM; = 0. Give an example of a xing R, a short exact
sequence of R-modules as above and an ideal I C R such that IMy = 0= [Mj; but JM, # 0.

2. Let R be a ring and let M % 0 be an R-module. Let Z{X) be the center of .

(8) Construct the natural homomorphism of rings ¢ : Z(R) — Endg M and describe its kernel.
The homomorphism ¢ from part (a) induces a natural Z(H)-module structure on Endg M;
in particular, for any field K C Z(R), Endr M is & K-vector space.

(b) Suppose that M and K C Z(R) are such that Endg M is finite-dimensional as a K-vector
space. Prove that M is a direct sum of finitely many indecomposable R-modules with the samne
property. '

3. Let R be a commutative ring.

(a) Let M # 0 be a torsion R-module and N # 0 be a divisible R-module (that is, for eachn € N

and r € R\ {0}, there exists n' € N such that n = rn’). Describe M ®g N. Describe N* =

Homg (N, R) assuming that 1 is a domam and but not a field. Give an example of a divisible
‘module.

(b) Find a necessary condition (on R) for a lelSlble R-module to be free. Is it also sufficient?

4. Let R be a commutative ring, F and F be free R-modules of the same finite rank. Prove

that f € Homg(E, F) is an epimorphism if and only if f is an isomorphism. Is there an analogous
statement for f monic?

5. Let R be aring, M, M’ beright B-modules and N, N’ be left R-modules. Let f € Homp(M, M’),
g € Homp(N, N'). Is it always true that ker(f @ g) = M ®@g ker g + ker f @ N7 Prove or provide
a counterexample.

6. Let K be a field. Describe all, up to an isomerphism, nilpotent K [z]-module structures on K®
(thet is, all elements of 2K [z] act nilpotently) and End g (K[z]/(z®)).
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Algebra Qualifier, Part C
September 28, 2013

Do 4 out of the 5 problems. Indicate which of the 5 that T am not to grade.

(1.) Give an example of a finite cxtension of fields £/k having mfinitely many

intermodiate flelds F, k C-F' C B, Verify your assertions.

(2.) Let g = p™, p € IN prime, and let Iy be a field with ¢ elements and algebraic closure
F,. Show that for each m € IN, there exists & unique extension field B C Fy with [E: F.]

= m and that. the extension F/F, is separable and normal.

(3.) Let K/k be a normal extension of fields and let Ky be the maximal separable
subextension of K. Show that Ko/k is normal.

(4.} Show that if % is a field of characteristic p > 0 and every algebraic extension E/k of
the field k is separable, then k7 = k.

(5.) Prove or disprove the following. If X is a field and G Is an arbifrary group of

automorphisms of K, then K% = {a € K | o(a) = a for all & € G} is a field with K/KS
algebraic, ‘
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Algebra Qualifier, Part A
September 28, 2012

Do four out of the five problems.

1. Let & be a finite group and let p be a prime integer.
(a) Show that if p divides (G : 1), then & contains an element of order p. (You may
assume this holds if G is abelian.)

(b) Show that if each € ( has order p* for some k > 0, then (G : 1) is & power of p,

2. Prove or disprove the following.
(a) The ring Z[v/=19] is a PID.
(b) Each nonzero nonunit of Z[+/—19] is a product of jrreducible elements.

3. Lel R be a commutative unitary ring., A multipleative subset 5 of R is sald to be
seburpted if xy € S for z,y € R imples 2,y € 5.

(a) Showl'tl.lat if § is o saturated multiplicative subset of K, then R\ § is a union of prime
ideals of R.

(b) An element o ¢ R Is a zero-divisor il ab = 0 for some b 5 0 in R. Show that the set of

zero-divisors of R is a union of prime ideals of R.

4, How many elements of order 7 are there in a simple group of order 1687 Prove your

arswer.

5. (a) Define the characteristic of a ring.

(b} Assume R is a commutative unitary ring having only one maximal ideal /. Show that
the characteristic of B is either zero or a power of a prime. '

(¢) Show that if B/M has characteristic zero, where R is as in (b), then & contains a field.
(d) Give an example of a ring R, as in (b), of characteristic zero having & non-maximal |

prime ideal P such that the characteristic of B/P is not zero.



2012 RINGS QUALIFIER

b,

Prove all your claims; proofs must be as self-contained as is feasible.

1.[20] Let R be a unitary commutative ring, Prove from scrafch that R and R & R are not isomorphic as
Rnodules.

2. [40] In this pi‘oblpm only, advanced theorems may be used,
(i) Determine with proof the number of similarity classes of matrices over the feld C of complex num-

bers, with characteristic polynomial (x ~ 1}%(x — 2)3
(ii) Determine with proof the ramber of snnﬂdrlty classes of 8 x & matrices over the field C of complex

riumnbers, with minimal polynomial (x — 1)%(x — 2)
(111) Let & be an algebraically closed field. Let A be ann x » matrix over k. For 2 € I, set
Wa(4) := ker({A —al,)") C'k".

A quasi-eigenvector for A is a nonzero vector v € W,(A) for somea € k. Prove that there exist a1, ..., ap € k

such that .
- @ Wﬁf (A)
i=1

(Hint: You may use the Jordan form theorem).
{iv} Let k be an algebraically closed field. Let A, B be n x 1 matrices over k such that AE = BA. Prove
that there is a basis of " whose elements are quasi-eigenvectors for both A and B.

3. [201 Let R = Zpg, 5 = {1,4, 4.
{i) Prove that the natural map R — 571 R is suzjective and identify its kernel
- (i) What is the cardinality of S71R?

4. [20] () Frove from scratch that if R is a PID) then R has the property that any subnmdule of a finitely
generated Rmodule is finitely generated.
(i1} Give an example with proof of a commutative unitary ting R where this property feuls.
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Algebra Qualifying Examination, 2018, Part &, C

Fach guestion is worth 10 points. Answer any 4. Pleasc remember, all answers
need justification.

L. Let K be o field and let K[z} be a polynomial ring in one variable and K(z) the
corresponding quotient field. Give an example of a monomorphism ¢ : K(«) — K(z) which is
the identity on X but is not onto. (You must explain why your example is a homomorphism. of
fields and why it is & monomomorphism), Tse this te deduce the following statement. Suppose
that F is an extension field of K such that for every intermediate field F every monomorphism
v : B - B which is the identity on K is an automorphism. Then I is an algebraic extension -
of K.

2..8uppose that F' is a feld extension of K. Define the Galois group of F over K and the
notion of 7 being Galois over K. Suppose that &£ O L are intermediate fields of the extengion
such that [F 7 L] = 2. Prove that the Galois group of F over & is a subgroup of the Galois
group of F' over L of index st mosi 2. {You should prove the statement explicitly in this simple
example aud not just refer to the statément of the appropriate theorem).

3. Suppose that F is o finite~dimensional Galois extension of K and assumne that she (Galois
group is the direct product S5 x Zy.

(i) I B is an intermediate extension, what are the possible values of [F : K.
(i} Prove that there exists two distinet intermediate fields Ly and Lo such that [Z; : K] = 6,
and Ly is Gelois over K, § = 1,2. Are there any others with ‘these properties?

4. Let Iy be the cyclotomic extension of € of order seven. If ¢ is & primitive sevonth root
of unity, what is the irreducible polynomial over Q of {4+ ¢~. You must justify your answer.

5, Let F be a finite field of characteristic p. Prove that F in a separable extension of Zi.
Buppose now that B is a finite-dimensional extension of F. FProve that F is separable over F,
Now prove that any algebraic closare of F is algebraic and Galois over F.

8. Let f € Klz] be a cnbic whose discuminait is a square in K. If chorK # 2 prove that f
is either irreducible or factors completely in K. What, happens if charK = 27



Algebra Qu:—ilifying Examination, 2011, Part A
Each question is worth 10 points. A perfect score is 60 points

1{a). Suppose that G is s group and that ) and Hy are two distinet subgroups'of G. State
and prove a sufficient condition for 3 U Hs to be a Sroup.

1{b). Give an example of a group & and two subgroups K and K» such that K1 U K is
strictly contained in the subgroup generated by Ky and K. '

2. Suppose that G is a group and H, K are subgroups of ¢ such that (7 is the internal direct
product of H and K- Prove that H and X are normal subgroups of & and that & JH =K.
Deduce that there does not exists a subgroup H of 55 such that Ss is isomorphic to the direct
product of H and Ag. .

3. Prove that a free abellan group is s free group if and ounly if it is cyelic. Give an examplo
to show that o cyclic gronp may not be free, ’

4. How many subgroups of order 9 does the group Zg@Za7 hove? How many non-igomorphic
subgroups of arder 9 does it have?-

- B, Suppose that H acts on a set §. Given s € & define the H—orbit of 5. Prove that if
§' € & is another element then either s is in the orbit of s or that the orbits of s and & are
¢igjoint, .

6. Prove that » group of order 200 jis not simple.

7. Let ¢ be an indeterminatc and consider the ring of polyncmials R[t] where R is the sot
of real numbers. Using the fact that R[t] is a principal ideal domain prove that the ideal
generated by £% + 2 is maximal. Suppose now that we work with the ring C[{] where C is the
set of complex numbers, Tind a polynomial J such that the idoal generated by f is proper
and stricly contains the ideal generated by 2 4 2. '

8. Supplosc that R is the ring Zs and § = {2,4} is a a subset of R. Prove that S™1R is a
finite field and identify the fleld. - ‘
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ALGEBRA QUALIFYING EXAMINATION, 2011, PART B

Each question is worth 10 points. A perfect score is 50 points,
Al rings are assumed o be unital and all modules are assumed %o be leff and unitary unless
specified otherwise. '

1. Let I be a two-sided ideal in a ring R and let T be the abelian subgroup of an R-module 3
generated by all elements of the form zm, # € I, m € M.’ Show that TM is an R-submadulé of M,
describe the natural left B-module structure on B/I @ M and show that RiT®@pM = M/IM as
left R-modules.

2. Prove Schur's lemma: if M is a simple module over a ring R then Endg M is a division ring,.
15 the converse true (prove or pruvide a counterexample)? '

3. Let B be a ring and let M, N be left R-modules. Construct a natural homomorphism of
abelian groups M* @r N — Homp(M,N). If R = k is a ficld and M, N are finite dimensional
k-vector spaces prove that this natural homomorphism is in fact an isomorphism of k-vector spaces.

4. Let K be a field. We say that & K{z]-module M is nilpotent if for every non-unit p ¢ K (2],
p"M = 0 for n sufliclently large. Prove that a finitely generated nUpotent indecomposable K[z]- -
module is isomorphic to Klz]/(z*) for some k > C. :

5, Tet B be a ring.

(a) {7 points) Prove that if a projective R-module P is & homomorphic image of an R-module M,
then P is (isomorphic to) a direct summand of M (that is, M = N @ P for some submodules
N, P with P = P,

(b) (3 points) Formulate and prove an analogous statement for injoctive modules.

}. Let R be a ring and M;, Ni, £ = 1,2, 3 be R-modules. Consider a diagram

U—-—)M1-i—>j‘,£) fz}M;;— y 0
'sﬂzl
0 s Iy 91 y Ny ——%——> Ny —— 0

with exact rows (all maps are homomorphisms of H-modules). Suppose thal there exists ¢ €
Homp(My, Nv) such that g9 = ¥, /1. Prove that there exists s € Homp(2M3, N3) that makes the
diagram commute (that is, satisfies goyfs == 493 f2). Which conditions should satisfy 4 and for by to
ensure that 1z is surjective? '

7. Lei K beafield, p € K[z] be 2 monic polynomial and A be its companion matrig. Prove that P
5 the minimal polynomial of A, Write down the companion matrix of g(z) = 28 ~ 224+ 22 —1 ¢ Qfz].

8. Let R be a domain and let 4 be an n x n matrix over R. Prove that if a system of linear
equabions Az = 0 has a non-zero solution then det A = 0. Is the converse true?
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Algebra Part C, September 2011
1. Find o polynomial f(z) € Q[z] with deg(f) = 101 and f is not solvable by
radicals, Justify your answer, '

2. Give an example of an inﬁﬁite field K with char K = 5 and a polynomial

f{z) € K[z] such that the splitting field of f over X has degree 20 and is a cyclic
extension of K. Justify your answer.

3. Let &' be a cyclotomic extension of Q of order 24. Determine all intermediate

fields and give the diagram of subfields of F. Among all these extensions which

one(s) are normal? separable? radical? Justify your answer,

4 Let F' > E > K be fields. Prove or disprove each of the following statements,
(a). If F'is Galois over E and F is Galois over K, then 77 is Galois over K.

{b). I ' is purely inseparable over E and F is purely inseparable over K, then
K" is purely ingeparable over XK.

(c). If F is normal over £ and E is normal over K, then F' is normal over K.
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ALGEBRA QUALIFIER. PART A

September 25, 2010
Do four on of the five problems. All answers must be justified.

I. Let & be a group and let A be an abelian group. Let & : & — Aut(A) be a
group homomorphism. Let A %o (7 be the set A x & with the binary operation

A, g)(d, 9y = (ﬂ»+9( N{a'), g9).

(1) Prove that A x, (7 is a group.
(ii) Find ¢ : Zg —+ Aut(Zy,) such that the dihedral group l)m is isomorphic to
T X T Do not forget to prove the isomorphism!

- 2.
(1) Let & be a group of order np where p is a prlme Find a sufficient (ondmon for
a subgroup of order p to be normal.
(ii) List all isomorphism classes of abelian groups of order 120.
(iif) Is there a simple group of order 1207

(iv) What is the maximal possible number of elements of order 5 in a group of or dE’I
1207

3. Let G be a group acting on a set X, We say that the action of G on X is
transitive if for all z,2’ € X there exists ¢ € G such that gz = 2’ Prove the,
following statements,

(i) Forall z € X, Gz = X. In particular, [ : Stabg 2] =
then |.X| divides |G]. .
(ii) The subgroups Stabg i are conjugate f01 all z € X _
(iii) Suppose that |X| = kandlet 7 : G — S = Bij(X) be the group homomorphism
given by the action. Then k divides n = [G l{f;ar 7| and n divides k1.

X1 and if |G) is finite

ot a 11115r }? is the E;(,t of cl.ll elements v e R EaLl(‘h that zr = ro for all r & R. An olemont
of Z{R) is called central. Two central idempotents f,g € H are called orthogonal
if fg =0, Suppose that R is a unital ring,

(i) [feis a central idempotent, then so is 1z — ¢, and e, 1;.3 — ¢ are orthogonal,
(ii) eR and (1p — e)RR are ideals and K == eR x (1 — )R
(i) If Ry, .. Rn are rmgs with identify then the following stat unentb are equivalent
(a) R= Ry - X R, . _
(0 R (“onta,mq a seb of orthogonal central idempotents e, ..., e, such that e -
+en,— lpand e R R, 1 <1 <n.
(c) R =]} X+ X I, where /) is an ideal of & and Re= 0,
_ 1



5. Anelement ¢ of a ring R is called nilpotent if a® = 0 for some positive integer n.
A ring is said to be local if it contains a unique maximal ides). Prove the following
statements, ' '
(i) The set of all nilpotent elements in a commutative ring & is an ideal,
(if) A commutative unital ring 2 is local if and only if for all z, ye R e4+y=1z
“implies that & is a unit,
(iii) Suppose that R is a commutative unital ring with the following property: if z €
R 1s not a unit then z is nilpotent. Then R is local, _
(iv) Let Z[{] = {2+ yi : 2,y € 2}, * = —1. Cleary, 7 identifies with a subying of
Z{t]. Find a prime ideal in Z[{] and an ideal T such that 7 N Z is prime but 7 is
not prime,



C:ngg

Qualifying Examination, Part B, 2010 Attempt as many questions as you like. A
perfect score ig 50.

Agsume that all rings hewe identity.

1. (5 points){a) Let V' be a vector space over a field K of dimension ». Let f € Homg (V) K).
Prove that if f is non-zero, then it is surjective and determine the dimension of the kernel of

f

2. (7 points) (a) Suppose that R and S are commutative rings and that A is a (R, 5)~
bimedule. This means that M is a left H-module and a right S—module and the actions are
compalkible, Le r(ms) = {rm)s, forall r € R, s € S and m € M. Let N be a left S~module.
How does one define a left R—module structure on M ®g N, What must you check to see that
the action is well-defined? If we assume now in addition, that N is a (S, R)-bimodule what
can you say about M ®s N7

(b) (3 points) Suppose now that K is a field and let V, W be a vector space over K. Use '
(a) to show that V & W is also a vector space over /(. What is the most natural way to find
a basis for V @ W. '

3. (Bpoints) (a) Let V, T be a vector spaces over a field K. How docs one define a vector
apace structure on Homy (V. W)7 Suppose now that W = K. Given a basis for V, how
would you produce a natural basis for V* = Homy (V, K)7 More generally, if dim V' =  and
dimW = s and you are given bases for V" and W, find a natural basis for Hom g (V, W).

(b) (10points) Let W be another vector space over K. Define the natural map of vector
gpaces V* @ W -+ Homp (V, W) and prove that it is an isomorphism of vector spaces.

4. (10 points) Let-R he the polynomial ring Clt] in one variable with coeflicients in the
complex numbers and let I be the ideal generated by 2 and let M = R/I. Prove that M
has a proper non-zevo submodule and that M cannot be written as a divect sum of proper
non-zero submodules. Suppose now we take J to be the ideal generated by t(i ~ 1), Prove
‘that the module N = R/.J is isomorphic to a direct sum of fwo proper non-zere submodules.

5. (5 points) Prove that an n x n—matrix with entries in o field K is invertible iff 0 is not
an eigenvalue of the matrix,

6. (10points) What is the companion matrix A of the polynomial g = 2? — x4 2. Prove
that g is the minimal polynomial of A,

7.(10 points) Suppose that 1 and P -modules. Prove that P @ /% 1s projective iff P
and J are projective. :



ALGEBRA QU ALIFIER PARI C \/O‘ > | l'(j,

Problem 1. Prove that every finite field X is perfect.

Problem 2. Let 7 be a splitting fleld of the polynomial f(x) = 25 — 4z + 2 over Q.
Show that this polynomial is irreducible in Q[z]. Prove that the Galois group Autp(E) is
isomorphic to S5 . Is it possible to find & radical extension F of Q such that £ > F 7

Problem 3. Let /' be a field with p™ slements (here p is prime). Prove that F' contains a
primitive d-th root of unity for every divisor d of the number Pt -1,

Problem 4. Let K(zy,29,...,2,) be the field of rational functions in n indeterminates.
Show that {1, 24,...,2,} is a transcendence bagis of K(zy, 29, ) over K.



Algebra Qualifying Exam C)ﬂ Gn ‘g

September 26, 2009

Part A

‘Do exactly four problems {at least one must be from 5—8).

1. Let Dg =< a,b > be the dihedral group of degree 8. What are the equivalent classes of
Lg? :

2. Let G be a group of order 7. If 1 > ml ci[ld G has m Sylow p-subgroups, then & is not
simple.

3. Find all the Sylow 3-subgroups of S,

4. Let (P, {m}) and (Q,{w:}) be coproducts of the family {A; [ i € I} of objects of a
category G. Prove that P and Q are equivalent.

5. Let R=Zog, and § = {2' € Rli = 1,2, ... }.
(a). Find S7'R..
(b). What are the ideals of ST1R?

6. Find the center of_ the ring of all n X n matrices over Zs.
7. The ring R = {a-- b2 i | ,b € 4} is an Buclidean domain.
8. A UFD is integrally closed.
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Algebra Qualifier, Part C
September 26, 2008
Do four out of the five probleins, Indicate which of the 4 that T am to grade.

1. Let K be o field of characteristic zero. Let f € K{X] be a cubic whose discriminant

is a square in K. Show that either f is irveducible over K or factors completely over K.

2. Let G be a finite group of avtomorphisms of an integral domain A, Tet R =
{o € A ola) = a for cach ¢ € G}. Show that each a € A satisfies a momic f ¢ R[X].
Further, if F2 and I are the quotient fields of 4 and R respectively, then E/F is

separable.

3. Let g, (X) be tﬂe n-th cyclotomic polynomial over @), let p be a prime integer not
dividing n, let F' = Z/pZ. Suppose the canonical image 7, (X) of go(X) in FX]
remains irreducible in F[X] and let B = F{X}/(7,,(X)). Show that the Galois group
G(E/F) is isomorphic to the group of units (Z/nZ)* of Z/nZ.

4. Show that if f € Z/pZ[X] is irreducible of degree n, then f divides X?" — X in
Z/pZ X].

5. (a) Define what it means for f € Q[X] to be solvable by radicals.

(b) Show that X° — 6X -+ 3 is not solvable by radicals over Q.
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ALGEBRA QUALIFIER. PART A

September 27, 2008

Do four out of the five problems. All answers must be Justified,

1. Let G be & group and let A be an abelian grouii.l Lot 87 G — Aut{A) be a
group homomorphism. Let 4 xg @ be the set A x G with the binary operation .

(0, 9)(d',9") = (a+8(g)(a), 99
(1) Prove that 4 Xo G is a group.
(i) Prove that the dihedral group Dy, is isomeorphic t0 Zy 3¢ Zs for some 8 : Fy —
AU{Ziy)- -

2. Prove (haaf s flnite group of order p"g, n > O where p o» ¢ are primoes is not
simple.

3. Let G be a group of order 120.

(i) List all isomorphism classes of abelian groups of order 120.

(1) Can G be simple?
(iii) What is the maximal possible number of elements of mdel 5in G7
{(iv) How many con]ug&cy classes are there in 557

4. Let Z[i} = {z +yi : =,y € Z}, ©* = —-1. T'his is a unital ring and Z identifies
with a subring of Z[i].

(1) Is the ideal of Z[i] generated by 5 prime?

(il) Is Z[i] & domain? If so, describe its field of fractions.
(iii) Choose a maximal 1dea.l P in Z[i] and describe the localization of Z{4] at P.

h.
(i) Give an example of & calegory in which a morphism between two objects is epic
if and only if it is surjective.
(i} Cive an example of a category C and of an eplc morphism between two objects
in € which is not surjeclive.
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ALGEBRA QUALIFIER. PART B

September 27, 2008

Solve 4 out of the following 5 problems. All rings are assumed to be unital, and ol
meodules are assumed to be unitory left modules unless otherwise siated.

(1) Prove that
. Q) /(2 — 4z +2)
is a field. Show, on the other hand, that >
Zlz]/(z® — Az +2)
is not 4 field.

(2) Let R he a ring, and let A, B, € be three A-modules such that 5 is a submodule

(3) Let R be & commutative ring and J an iddal of R. Let A be a E-module and denote
by 7A the submodule of A generated by all elements of the form ra with r € I
and 4 € A. Prove that there ig an isomorphism of B-modules

(B/I)®, A A/TA.

(4) Let V and W be two vector spaces over a field k, and f: V' — W be a linear
map. Prove that f is surjective if and only if its dual map f* is injective.

(5) Find the Jordan normal form of the following matrix over the field of complex
numbers:

oo o8
o e e B
foass Y e v i
L I
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| ALGEBRA QUALIFIER. PART &
Name in block letters:

Do any 3 problems. -

1. Let f(x) =x° —x+ 1 € F[x].

(a) Prove that f has no root in f'p5 (Hint: what polynomial 1den11ty holds
for any element of Fys 7).

(b} Determine the splitting field and the full Galois correspondence for
the polynomial x° — x + 1

(i) over FFs;
(ii) over Fys;
(i) over Figs.

2. Let F be a splitting field of f € K[x] over K. Prove that if an irreducible
polynomial ¢ € K[x] has a root in F, then g splits in linear factors over F.
(This result is part of the theorem characterizing normal extensions and
you may not, of course, quote this theorem or its corollaries).

3. Disprove (by example) or prove the following:

if K — F is an extension (not necessarily Galois) with [F : K] =6 and
Autg(F) isomorphic to the Symmetric group Sa, then Fis the splitting field
of an irrectucible cubic in K|x].

4, If Zy — F is a field extension of degree n then x x? s a Ly
automorphlsm of F of order exactly n whose fixed field is Z,,.
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Algebra Qualifier, Paxt A
September 29, 2007

Do fout." out of the five problems.

1. I Gis o group, a left G-module is an abelisn group (4, +) with a group action

o: G x A — Asnch that if we deﬁcteg(g,a) by go, we have gla +b) = gq + gb for all
]

g€C abe A I Aisa GC-module, the (esternal) semidirect product A X o {7 is the set

A x G with product defined by (a, g)(b, h) = {a+ gb, gh).

(a) Show that A x, G s a group.

{b) Show '[Jh&t'Sg £ Zy x4 {1,~-1} for some G~-module action ¢ - {1,-1} x Z3 - Z,.

2. Let R be a PID and define ¢ : B\ {0} > WNg by p(a) = nife = UPLP2: Py for a unit o
and prime elements p; of B. Consider the condition:

(*) for every a1, ag € R therc exists d € R such that a1 B + g} = (@ -+ daz)R.

(a) Show that if R satisfies the condition (*), then R is & Fuclidean domain with Fuclidean
function . |

(b) Show that (*) implies that U(R) — U(R/A) is onto for each ideal A of £, where ZA’(?;’)
denotes the grouII) of units of the commutative ring T,

(¢} Show that Z docs not satisfy {*).
3, Let S5 operate on itsélf by conjugation. How many orbits does S5 have?

4. Let @ be o fnite group of order ptq, p and ¢ primes with 2 > ¢. Show that 3 is not

siniple.

5. Give examples of the following and explain how you know they have the properties

claimed.
(2) A Noetherian integral domain that is not a PID.

(b) An integral domain B of characteristic zero having & non-maxinal prime ideal £ such

that the characteristic of /P is not zero.



Algebra Qualifier, Part A
September 29, 2007

Do four out of the five problems.

L.IfGisa group, a lefi G-medule is an ahelian group (4, +) with a group action

o: G x A— Asuch that if we denotag(g, a) by ga, we have g(a + b) = ga+ gb for all
9€ G0, b€ 4 If Ais a G-module, the (external) semidirect product A Xe G s the sct
A X G with produet defined by (a,9){b, k) = (a + gb, gh).

(a} Show that A x, G is a group.

{(b) Show that.Sg = Z3 %5 {1, -1} for some G-module action o : {1,~1} x Z3 — z,.

2. Let It be o PID and define  ; RA {0} — Ny by w{a) = nifo = upyp, .- Ty, for & untt w
and prime elements p; of B. Congider the condition:

(*) for every a1, a2 € R there exists 4 € R such that a1 R+ aeR = (g, + dns)R.

(a) Show that if I? satisfies the condition (*), then R is a Buclidean domain with Buclidean
[unction ¢.

(b) Show that (*) implies that U(R) — U(R/A) is onto for cach ideal A of B, where M(T)

denotes the group of units of the commutative ring 7",

(c) Show that Z does not satisfy (*),
3. Let S5 operate on itself by conjugation. How.many orbits does S5 have?-

4. et & be a finite group of order g, p and g primes with P> q. Show that 7 is not

siniple,

5. Give examples of the following and explain how you know they have the properties

claimed,
(a} A Noetherian integral domain that is not & PID.

(b) An integral domain R of characteristic #ero having a non-maximal prime idesl P such

that the characteristic of R/P is not zero.

S T TR L e
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September 29, 2007

Solve four problems out of five. All rings are assumed to be unital and all modules
are assumed to be unitary and left unless specified overwise.

1. Give an example of & ring R a?hd an R-module M such that
(i) ~ ®gr M is not exact
(il) Homg(M, ~) is not exact.
2. Let B be aring and M;, N, 1 =1,2,3 be R-modules. Consider & diagram

(U 7NN Y A E 7 Ap—

ol

0 - Ny -2 Ny £ Ny —— 0
with exact rows (all maps are homomorphisms of R-modules).

- (i) Suppose that there exists 13 € Homp(Ms, Na} such that gotpe = 4nfy. Prove
that there exists 9, € Homg{M;, N1) making the diagram cormmute. Which
conditions should satisfy 1 and/or ¥ to ensure that 9, s injective? _

(ii) Suppose that there exists ¥, € Hompg(M;, N1) such that g3y = s fi. Prove
that there exists 3 € Homg{Ms, Nz) making the diagram conurmte. Which
conditions should satisty 1/; and/or 9, to ensure that 43 is surjective? '

3. Let K he a field.

(i) Determine, with a proof, whether the field of rational functions K (x) is & pro-
jective K{z]-module.

(ii) Describe the K|z]-module dual of K{zx).
(i11) Will the same results remain true if K is ]oplacocl by an 111tegral domain R?

4. Let A be & domain, A be a n X n matrix over R.
(i) Prove that if the system of linesr equations Az = 0 has a non-trivial solution
then det A = 0.
(ii) Prove, or provide a counterexample to, the converse.
(iif) Which, if any, of these staternents remain true if we drop the assumption that
Ris a domain? Prove or provide a counterexample.

5. Let R, § be commuitative rings, ¢ : I — § be a ring homomorphism.
(i) Extend ¢ to a ring homomorphism @ : Mat,(R) -» Mat,(S) and show that
det{p(A)) = p{det(A)) for all 4 € Mat,(R).
(i1} Use part (i) to prove that the constant term of the characteristic polynomial of
a matrix A € Mat,(R) equals (—1)" det(A).



_ Cl’\c\(‘i

Algebra Qualifler Pact C

Attemnpt any five, all are worth 10 points.

1, Consider the polynomial 2° — a5 —1 & Z[x]. Find all possible values of a € %
for which the polynomial is ir;,;educible in Z[x).

A. Prove that Q(vZ + v3) = Q(v/2, VB).

2 Let I be a Galois extension of a field X of degreo 27. Prove that there exist
Cinlois extensions of K contained in F of degree 3 dnd 9.

-

4. Prove that if the Galois group of the splitting field of a cubic over the rational
numbers is Z3 then all roots of the cubic are real.

5. g:mve that a finite dimensional extension of a finite field is Galois.

4. Prove that in a finite field of characteristic p dgvery clement has a unique

pth rool, Give an example to show that the condition that the fleld be fiuite is
necessary.



ALGEBRA QUALIFIER. PART A

September 27, 2007

Do four out of the five problems, All answers roust be justified.

1. Let G bo a group and let A be an abelian group. Let 8 : (7 — Awt{4) be a
group homomorphism. Let A %, G be the set A X G with the birary operation

(0,9)(d, 9) = (o + 8(g) (&), 9¢).
(3) Prove that A x4 G is a group. -
(i} Prove that the dihedval group Dy, is somorphic 10 Zy, xg Ze for some 6 : Zy —
Aut(Z,,).

2. Prove that a finite group of order p"¢, n > 0, where p > g are prires is not
simple,

3. Let G be a group of order 120. .

(1) List all isomorphism classes of abelian groups of order 120.

(ji) Can G he simple?
(i) What is the maximal possible nuruber of elements of order 5 in 7
(iv) How many conjugacy classes are there in Sg?

4. Let Zli] = {x + 4 : @,y € Z}, i = —1. This is a unital ring and 7 identifies
with a subring of Z{i]. .

{1) Is the ideal of Z[#} generated by 5 prime?

(if) Is Zfd] a domain? If so, describe its ficld of fractions.
(i} Choose & maximal ideal P in Z[i] and describe the localization of Z[i] at P.

0.
(i) Give an example of & category in which a morphism between two objects is epic
if and only if it is surjective. '
{il) Give an example of a category C and of an epic morphism between two ohjects
in ¢ which is not surjective.



C}\an%

Algebra Qualifier, Part A

IFall 2006
1. Find all normal subgroups of Day.
2. Find the Sylow 2-subgroups of S‘g.
1 a ¢
3. let H = 0 1 5] :abceZia; beaset of 3 %3 matrices. Prove or
0 0 1

disprove that /7 is a nilpotent group under ordinary matrix rauttiplication.
4.
(i) Determine the units in Z{v'—5 | = {a +by/~5 : a,b € Z}.

(i) Is 7 irreducible? Prove your angwer,

5. Prove or disprove that the ring of Gaussian integers Z[i] is a PID.

Typeset by ApS-TEX
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Algebra Qualifier, Part B,

Attempt uny four, all questions are worth 10 points.

L{a) Let R be a ring with identity and M a left module for &, Recall that
M is indecomposable if M canmot be writton as & direct sum of two non—zero
submodules. Prove that if f: M — M is a homomorphism of modules then
1% = f implies that oither f =0 or f = 4.

(b} Suppose now that M is decomposable, Prove that there exists f: M —
A 8 homomorphism of maodules such that f2 = f and f different from zero and
the identity.

2. Suppose that IT is a ving with identity and € & & is such that e = e,
(a) Prove that (1 — e) has the same property.
(b} Prove that Rerl R(1 - e) = {0} and hence that B = Re () B(1 — ¢).
(¢) Prove that the R~module Re is projective.

3. Let R be a ring with identity. Regard R as a right fi~module in the usual
way and let M be a right R-module. Prove that Homg(R, M) & M as abelian
EIOUps.

4. Consider the ring I = Cfz] of polynomisls in an indeterminate « with
coofficieuts on O,

(a) Let M be a torsion free module for R with two generalors, Prove that
M 14 free of rank ab most twa,

(b) Prove that if M is & cyclic B-module and M # R then M is torsion,
Under what condition on the torsion ideal will M he simple?

b(a). Prove that if A and B are invertible n X n matrices with entries in an
integral domain B, then 4 + r.B is invertible in the quotient field X for all it
finitely many ».

{b) Prove that the minimal polynomial of a linesr transformation of an n-
dimensional vector spacc has degres st most n.

6 Suppose that ¢ and ¥ are commuting linear transformation of an n—
dimensional vector space E. Prove that if By is u ®-invariant subspace of B
then E| is slso T~invariant. Use this to prove that {f & end ¥ both have linear
elementary divisors then there exists a basis of E with respect to which the
matrix ® and the mafvix ¥ are hoth disgenal, '



/{?Gin,

ALGEBRA QUAL PART C
10/29/06

Answers should be self-contained as much as possible. Points for
each problem as indicated.

1. {4 x 10] Let K C F be a finite-dimensional extension.

(i} Define what it meaus for F to be separable over K.
(it) Prove from scratch that if X is a finite field then F is separable
over K.
(iif) Prove that if K is of characteristic zero then F ig separable
over K.
(iv) Give an example of a non-separable finite-dimensional exten-
gion.
2.]20] Let K be a field with 9 elements. Prove from scratch that K

has an extension of degree 2 and that any two such are isomorphic over
K.

3. [4 x 10] Let u = /3 + /2.
* (i) Determine the minimal polynomial of 4 over Q.
(ii) Prove that I = Q(u) is a splitting field of f over Q.

(iif) Prove that /7 € F.
{iv} Determine the Galois group of I over (.

Not Tt



C% C\ (Y
Algebra Qualifier Part 1, Irall 2005

Angwer any four questions.

1. Counsider the additive quotient group Q/Z, where Q is the set of rational numbers
and Z the set of integers,

{a) Show that every coset contains exactly one element ¢ € Q with 0 < ¢ < 1.

(b) Show that every element in Q/Z has finite ovder but that there are elements of

infinitely large order.

(c) Consider now the group R/Z where R is the set of real numbers. Prove that any
glement of finite order in R/Z is in Q/Z.

2. (a) Exhibit two distinct Sylow 2 subgroups of S5 and an element of Sy that

conjugates oue into another.

{b) How many elements of order 7 are there in a simple group of order 168,

3(a) Prove that Dg ig not isomorphic to Dy x 2.

3(b) Prove that if ¢ is a group of order p®, then it has a normal subgroup of order

o forall 0 < k < m.

4. Let F' be o field and let R be the subset of Fz] cousisting of polynomials whose
coefficient of = is 0. Prove that # is a subring of K. Prove also that R is not a UFD by

showing that 8 € R has two different factorizations in [ into irreducibles.
g X .

5. Let R be a commutative ring. Assume that B[z} is a principal ideal domain, Prove
that (a) R is a domain, (b) the ideal (z) of Rlz] generated by « is prime, (c) explain
why (z) is then maximal and (d) conclude finally that R must be o field.

Hint: Recall the equivalent condifions for an ideal in a commutative ring to be prime

(resp. maximal), and recall algo the evaluation homomorphism ev, for ¢ & R.



Qctober 2005 UCR Rings qualifler

Prove all your claims; proofs must be as self-contained as is feasible. 100 poimts
suffice or a full score.

1.(15 pta) Let ¢ : R — & be a homomorphism of commutative unitary rings,
I < R,J < & ideals. Prove or disprove each of the following assertions,

(1) $(J) is an ideal in &

(ii) If J is a prime ideal, s0 is ¢ 1(J)

(ii1) If J is » moximel ideal, so is ¢~1(J)

2. {20 pts) Let 1t be a commutative integral domain, § C B a multiplicative
system and M an H-module. Prove directly {rom the definitions that

S IM~8Res M

(isomorphic as R-modulos).

3. (20 pts) (1) Determine with proof Homz(R, Z).
{ii} Determine with proof whether R i3 » projective Z-module.

4.{20 pts) Determine with proof whether the following Z-modules are injective:
DQ, (HZ/12

5.(40 pts)(i) Let

0
{0
¢
100

Determine with proof the inveriant factor and elementary divisor decompositions
of the Q[z]-module corresponding to M.

(ii) Let ditto with Q replaced hy R.

(iil) Liet :

o g e T
=

M:

e
&
o e i e

o3

M =

Lo i s i e
o D
o O

0
0
4

fo i

Determine with proof whether A and M’ are similar ag matrices over @ or R.
(iv) Ditto with M’ replaced by

M =

o oo
S oo
c o
= e R R

?an
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Algebra Qualifier, Part C
Qctobor 30, 2005

Do four out of the five problems.

1. Let p be a prime integer and let Fyn denote the ficld with p® cloments in a fixed
algebraic closure of F,.

(2) Show that I C Fym if and only if n|m.

(b} Teet ¢ be another prime nteger and lot B = U;’f,lﬁ;(gg). Show that 7 is an infinite

extengion of Fy, which is not algebraically closed.

2. (a) Factor the polynomial X? — 1 over Q.
(b) Is X8 + X® + 1 irreducible over Q? Explain.
(c¢) Give the Galois group of X® + X3 + 1 over Q. Explain.

3. Deofine what it means for a polynomial f € Q[X] to be solvable by radicals over Q.
{b) Show that X° — 4X + 2 is not solvable by radicals over €.

4. Give an example of a finite extension E/I of fields with infinitely many

intermediate fields and explain why your example works.

5. Define the symmetric algebra S(M) of a k-module M and state the universal
property that it satisfies.



Rush’

Algebra Qualifier, Part A
April 10, 2004

Do four out of the six problems.

1. Let G = Q/Z, Q) and Z being considered as additive groups. Prove that for any

positive integer n, & has a unique subgroup G(n) of order =, and that G(n) is cyclic.

2. Let G be a group. Prove that if the group of automorphisms Aut(G) of G is

¢yclic, then G is abelian.

3. Let 7 be a finite group and H < ¢ a normal subgroup of prime order p. Prove

that H is contained in each Sylow p-subgroup of G.

4. Lot I < (G be a proper subgroup of finite index in a group G. Prove that & does

not equal the union of all subgroups of G conjugate to H,
5. Prove that a group of order 40 has a normal Sylow subgroup.

8. Let G be a finite group. Dascribe all group homomorphisms ¢ : G — Fy, where

LYy denoctes the free group on two elements.



PUSA>

Algebra Qualifier, Part B
April 10, 2004

Do four out of the six problems.

1. Let I and J be ideals in a comuiutative unitary ring R such that 7 4+ .J = R and
It A be a left R-rodule. Show that A/(INJ)A = A/TA X A/JA.

2. Let p be & prime integer and let Z(p™) be the subgroup of the additive group
0)/Z generated by the coscts of the form 1/p* +%,i€Z,i>0. Let A bea
subgroup of a finitely generated group B. Show that any homomorphism

f A — Z(p™) extends to a homemorphism g : B — Z(p™).

3. Give an example of a monomorphism f: A — B of abelian groups and an abelian
group ' such that the induced homomorphism Homy(B, C) — Homy(A4,C) is not

onto.

4. (a) Sketch the construction of A ®g B.
{b} State the universal property of A ®p B.

5. Tet B be a commutative ring with identity and let X be an indeterminage. Let
M be a maximal ideal of R[X] such that M MR = P s a maximal ideal of R, Show
that M = fR[X]+ PR[X] for some monic f € R[X] such that the image 7 of f in
(R/P)[X] is irreducible. (f is obtained from f by reducing cocfficients mod P.)

6. Give an example of an integral domain B which is not & UFD although each

element of R factorg into irreducibles in F. Justify your assertions.



le\ O 7
Algebra Qualifier, Part C
April 10, 2004

Do four out of the six problenus.

1. Suppose that #' is an exbtengion field of K. Let u, v € I be algebraic over K and
assume that the degrec of w is prime to the degree of v over K. What is the degree

of the extension K (u,v) over K7 You must provide a preof for your answer.

2(a). Let ¥ be an extension fleld of K. Define the Galois group of F over. K.
Suppose that L is a subfield of F* containing A, When do we say that L is closed?
Let GG be the Galois group of F over K. Let H be a subgroup of ¢. When do we
say that H is closed?

2{b). Prove that if H is a subgroup of ( then its fixed ficld is closed.

3. Prove that a field F generated by an infinite set of separable elements is

geparable.

" d, Suppose that K is the field of rational numbers and let f be an irreducible
polynomial of degree 3 and discriminant D. Suppose D # (). Prove that D > 0 iff f

has three real roots. What conelusion can you draw if D < 07

5. Suppose that f € K[z] is a monic polynomial whose roots are distinet and form a

field. Prove that charX # 0. What can you say about f in this case?

6. Define a cyclotomic extension of order n of a field K. Define the n~th cyclotomic
polynomial over K. Suppose that Fy is o cyclotomic extension of order 8 over the

field @ of rational numbors, Determine the Galois group of Fy over €.



Rod

Algebra Qualifier, Part A
Octiober 30, 2004

Do four out of the five problems.

1. Let IR be a UFD in which each nonzero prime ideal is maximal, Show that
(a)if a, b € R and (e,b) = 1, then ax + by = 1 for some a, y € R.
(b) Show that each ideal of £ that is genorated by two elements is principal.

2. (a) Let (7 be g finite group and H a normal subgroup of G. Show that if H and
(//H axre solvable, then (7 is sovable also. | _

(b} Show that if H and K are solvable normal subgroups of G witﬂ HK = G and
HNK = {e}, then G is solvable.

3, Let & be a multiplicative subset of the commutasive ring R and let I be an ideal
of R. Show that $~1Rad(l) = Rad{S~1I); where Rad(J) = {x € R | 2™ ¢ J for

some positive loteger n},

4, Let p be a prime integer and let G be a finite p-group. Show that G has a

nonzero center.

5. Let G be a finite simple group having a subgroup H of index n. Show the & is

isomorphic to a subgroup of 5y,.



October 2004 UCR Rings qualifier key

/PO\ N
1. Let R be a ring.

(i) Prove that if B is unitary, then any left, (resp. right, 2-sided) ideal i3 contained
in a maximal left (resp. right, 2-sided) ideal.

< use Jorn's Lemma.

(i) Prove that if R is unitary and commutative, then an ideal I of R is maximal iff
R/T ig a field.

' 'easy.

2.(i) Prave that any nentrivial subgroup of %Z* is isomorphic to Z or Z* but not
to both,

» For subgroup A, let 4y = ANZe, A4 = Af4,, iso to subgroup of Zes.
Because 7 is a PID, A), A both isoc to zero or Z and the surjection 4 = A4y splits,
50 A = Ay @ Ay, Finally, Z £ 72, indeed there is no injective map Z? —+ Z because
the images of ¢; and ey would be proportional.

(i) Let A be a subgroup of Z? isomorphic to Z*. Prove that Z*/A4 is finite.

.+ In the above, 41 = mep, Ay = nes,m,n # 0. Then %2//1 ig generatad by 2
elements and killed by mn, hence finite,

3.(1) Decompose the following as divect sum of cyclic groups:

(a) 212 ® Zg

ey ® By, By @ Ze = ( because 4 i3 4 unit mod 9, Zg ® Zy iy cyclic, killed
by 3 and surjects to Zs, honce ~ Zs.

(b} Hom(Zuy, Zg)

= Hom(Zs, Zy) = group of elements of order § in Zg =~ 7.

(i) Let A, 13 be finitely generated abelian groups. Prove that Hom(A, B) is
finitely generated.

+ A surjection Z™ - 4 yields an injection Hom(A, B) —Hom(Z?, B) = B™ and
& subgroup of a finitely generated abelian group Is finitely generatad.

4.(1) Let
1 01
M=10 0 0].

00 0

Determine with reason the invariant factor and clementary divisor decornpositions
of the R[z]-module corresponding to M.

- min poly== x{x — 1), char poly= a*(z — 1) s0 inv factos are z,2, (z — 1), elem
divisors are z,a(x — 1), .

(ii} Let A be an n x n matrix such that M® = M. Prove that there exists
0 < r < n such that M is similar 1o the block matrix

o 0
o IE M £ 0, I, min poly is @(z — 1) with distinct roots so M is diagonalizable with
cigenvalues 0,1.



C}\ Qa nS
Algebra Qaulifier Part C

PLEASE CTRCLE THE Fouwr PROBLEMS YOU WANT TO BE GRADED.,

1. Let F ho a splitting field over Q of the polynomial z* — 4z? — 1. Let g{z) =
2% + 627 - 12z — 12. Does g(z) have a root in F'? Prove your answer.

2. Let I' be a splitting field over Q of the polynomial z* — 5. Find all the inter-
mediate fields of F' over Q. Indicate the ones which arc Galois over Q. Prove your
answer.

3. Let Fp be a cyclotomic extension of @ of order 12. Determine Auigfiy and all
intermediate fields.

4. Construct a field with 49 elements and give the rules for its addition and multi-
plication. If a is a generator, what is the multiplicative inverse of 1 + a in terms of
your set of minimal generator(s)?

5. Let a, b be nonzero in some extension field of K. Assume that a is separable over
K and b is purely inseparable over K. Prove that K{a,b) = K (ab) = K(a +b).



Algebra Qualifier, Part A
September 27, 2003

Do four out of the six problems.

1. Prove that a group cannot be the union of two proper subgroups.

2. Let @4 be the additive group of rational numbers. Prove that any subgroup of

Q44 generated by two distinct elements is isomorphic to Z. Use this fo prove that

0,44 is not isomorphic to Qg X Waga-

3. Let (31 and G5 be two non-trivial non-isomorphic simple groups. Prove that any

proper non-trivial normal subgroup of G; x G2 coincides with G or Gs.
4. Prove that a free group that is abelian is either trivial or is isomorphic to Z.
5. Describe up to isomorphism all groups of order 121. Prove your answer.

6. Prove that if S is a Sylow subgroup of a finite group G, then Ng(Ng(S)) = Ng(5).




Algebra Qualifier, Part B
September 27, 2003

Do four out of the six problems.

1. Let I and J be ideals of a commutative unitary ring R. Show that / +.J =R
implies that I N.J = I.J, and if R is a PID, the converse holds.

9 TLet A and B be commutative unitary rings. Given that A ®z B is a commutative
unitary ring with multiplication satisfying (a1 ®z b1){(e1 ®z b1) = (a102) B2 (byba), for
a; € A, b; € B, show that the coproduct of A and B exists in the category of

commutative unitary rings and unitary ring homomorphisms.

3. Let R be a commutative ring with unique maximal ideal M. Let A be the smallest
subring of R containing the multiplicative identity 1 of R. Show that A is ring
isomorphic to either Z or Z/p"Z for some p, n € IN with p prime. (Hint: Consider

the idempotents of 1.}

4. Let R is a commutative Noetherian ring. (So each ideal of R is finitely generated.)
Show that each submodule NV of a finitely generated R-module M is finitely

generated.

5 Let 0 — A — B — C - 0 be an exact sequence of left R-modules.

(a) What part of the sequence 0 — Hompg(C, D) — Homg(B, D) — Homp(4,D) — 0
is exact for every left R-module D? (No proofs required.)

{b) Show the the remaining part is exact if and only if the sequence

00— A— B — ' — 0 splits.

6. Let K be a field and let M and N be finitely generated modules over the
polynomial ring K[X].

Suppose M has invariant factors (X — 1), (X — 1)(X —2)%, (X — 1){X — 2)*(X — 3),
and N has invariant factors (X — 2)(X — 3)%, (X — 2)2(X ~3)*(X - 5).

(a) Give the elementary divisors of M & V.

(b) Give the invariant factors of M & N.



Algebra Qualifier, Part C
September 27, 2003

1. A complex number is said to be an algebraic number if it is algebraic over @ and
an algebraic integer if it is a root of a monic polynomial in Z[z].

(a) Prove that u is an algebraic number iff there exists an integer n such that nu is an
algebraic integer.

(b) If r € Q is an algebraic integer prove that r € Z.

(c) If u is an algebraic number prove that u + n is algebraic for all n € Z.

(d) Deduce from the above, that the sum and product of two algebraic infegers is

an algebraic integer.

2 Let F be a field extension of K. Define the Galois group G of F over K. Now
define what one means by a stable subfield of this extension. Prove that if F is a
stable intermediate field, then the Galois group of F' over E is a normal subgroup of
(i. Conversely, prove that if H is a normal subgroup of (7, then the fixed field of H is
a stable subfield of the extension I D K.

3. Let F be an extension field of K. Define the maximal algebraic extension of K in
F. Suppose that for every extension F' 2 K, the maximal extension is K, prove that
K is algebraically closed. Now suppose that K is algebraically closed and let F be

any extension of K. Prove that the maximal algebraic extension of K in F' is K.

4. Let F be a finite dimensional extension of Z3. Deduce that F is Galois over Zs.
Prove that ¢ : F — F given by ¢(u) = u* is a Zz—automorphism of F. Show that ¢

generates the Galois group of ' over Z3.

5(a). Let K = Q(i). Let FF C € be a field that contains a root of the polynomial
2% — 2 € Kiz]. Prove that I is the splitting field of this polynomial. What is the
Galois group of this polynomial? Determine the subfields of this extension.

5(b). Let £ be an algebraic extension of a field K. Prove that there exists an
extension F of F such that F' is normal over K and no proper subfield of F

containing £ is normal over K.



Algebra Qualifier, Part A
September 28, 2002

Do 4 problems.

1. Show that if a positive integer d divides the order n of a finite cyclic group G,

then G has a unique subgroup of order d.
2. Show that there are no simple groups of order 200.

3. Let H be a subgroup of a group G with (G : H) = n.
(a) Show H contains a normal subgroup K such that (G : K ) divides nl.
(b) Show that if G is finite and n = p is the smallest prime dividing |G |, then H is

normal.
4. Show that each finite p-group is solvable.
5. Show that in a principal ideal domain every non-zero prime ideal is maximal.

6. Let R be a comnmtative unitary ring. An ideal T of R is said to be primary if a,
be R, and abe I imply a € I or b* € T for some n € IN. Assume I is primary and S
is a multiplicative subset of R such that SN I = 0. Show that 87171 is a primary
ideal of S~1R.
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Algebra Qualifying Examination, Part 3
Answer any four questions.

1. Prove that if f € K[x] is a polynomial of degree n, then there exists
an extension of K in which f as a root. Consider the example f(z) =
2 — 5z — 2 € Q|z], let u be a real root of this polynomial. What is the
natural basis of @(u) and write the element 2*—32-+1 as a linear combination
of the basis elements.

2. Let F be a finite-dimensional Galois extension of K and F an inter-
mediate field. Prove that there exists an unique smallest field L between E
and F which is Galois over K and prove that

Autp F = Nyo(AutgFlo™

3. Prove that F' is an algebraic closure of K iff F is algebraic over K and
for every algebraic field extension E, of another field K| and isomorphism
of fields ¢ : K; — K, 0 extends to a monomorphism E — F.

4. (a) Compute the Galois group of 2% — 10 over Q(v/2}.

(b) Prove that if ¥ is Galois over E, E Galois over K and F is a splitting
field of polynomials in K[z], then F is Galois over K.

5.Let F be an algebraic closure of Z,. Prove that

(a) F is algebraic Galois over Z,.

(b) The map ¢ : F — F given by u — P is a nonﬂdentlty Zp—
automorphism of F.

(c) What is the fixed field of the subgroup of Autz, F generated by ¢.




Algebra Qualifier. Part A
November 17, 2001

Do 4 problems.

1. Show that the symmetric group 53 is not isomorphic to a direct product of two of its

proper subgroups.
9 Show that a group of order 77 has exactly one subgroup of order 11.

3 Prove that if G is a group and G/C(G) is cyclic, then G is abelian. where C(G) is
the center of G.

4. Describe explicitly all free groups which are abelian.

5. Prove that if H- is a-cyclic normal subgroup of G, then every subgroup of H is

normal in G.

6. How many elements of order 7 are there in a simple group of order 1687 Prove your

answer.



Algebra Qualifier, Part B
November 17, 2001

Do 4 problems.

1. Let R be an integral domain. Show that R is a PID if each finitely generated

torsion-free R-module is free.

2. Show that if Homp(DD, ) preserves exactness of 0 - A = B — ¢ —» 0 for each D),

the sequence 0 = A - B — ¢ — 0 splits.

3. If X, Y are independent indeterminates over the commutative ring R, show

R[X|®gr R[X]| 2 R[X,Y] as R-algebras.

4. Let B be an abelian group and let A be a subgroup of B. Show that any
homomorphism f: A — Q/Z extends to a homomorphism f:B—=Q/z.

5. Let R be a commutative unitary ring. Show that each injective R-module is

divisible.

6. Prove that 3 x 3 matrices A and B over a field K are similar if they have the same

minimal polynomials and the same characteristic polynomials.



Algebra Qualifying Exam, Part C
Answer any four of the following six questicns.

1. {a) Suppose that F = Q{ay, a2, -, a,) where of € Q for i = 1,2,---,n. Prove that
Vigq
(b) Determine the degree of the extension of Q(1/32+/2) over Q.

2. (a) Determine the splitting field and its degree over Q for z% — 4.

(b) Prove that the polynomial 2P" — z over Zp is separable.

3. For any integer r > 1, let Fyr be a finite field of cardinality p”. Prove that
Fyr © Fpe if and only if r divides s. (Hint. First prove that » divides s if and only if

" — 1 divides z° — 1.

4. Determine the Galois group of (z* — 2)(z* — 3) over Q. Determine the subfields

which contain Q{p) where p is a primitive cube root of unity.

5. Determine the splitting field of 2P — 2 — 1 over Zy and prove explicitly that the

Galois group is cyclic.

6. Determine the Galois group of (22 — 2)(z? ~ 3)(z? — 5) and let F/Q be the splitting
field of this polynomial. Determine all subfields L C F which are galois over Q.



Algebra Qualifying Examination, 2000

Answer any 6.
1. Give examples of abelian groups A, B satisfying
A B=0, (i) A A=A

2. Let R be a ring with identity. Assume that M is a simple module for R.
Prove that M is cyclic and that any non—zero R module endomorphism of M is an
isomorphism.

3. Prove that a module P over a ring R is projective if and only if P is a summand
of a free module.

4. If A is any abelian group, compute Hom(Z,,, A}. What can you say about 2,7

5. Prove that a free module over a pid is torsion free and give an example to show
that the converse is false.

6. What are the invariant factors of Z,, & Z,,, regarded as modules over Z.

7. Prove that if m > n, any alternating multilinear form on (R™)™ = 0, here R is
any commutative ring.

8. Prove that if ¢ is the minimal polynomial of a linear transformation of vector
space F, then deg g < dim E.
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Algebra Qualifier Part C: Fall 2000

1. Let K be a field containing a primitive #» th root of 1, {, where the
characteristic of K is either 0 or does not divide n, and let F be a field extension
of degree n over K.

(i} Prove that if n =2 then F is cyclic Galois over K.

{ii)Assume F is cyclic Galois over K (any n ), and let o be a generator of
Gal{F/K) , considered as an endomorphism of F as K-vector space. Show that
¢ is an eigenvalue of g.

(iif} Conclude from (ii) or prove otherwise that, with assumptions as in {ii},
F is a radical extension of K.

2. Let G be a finite group. Prove that there exists a finite Galois field
extension K C F with Galols group G.

3. Let K C F be a field extension. Prove or disprove the following
(i) If Gal(F/K) ~ S3 then F is a splitting ficld over K of some cubic

polynomial.
{ii) Ditto, assuming in addition that # is Galois over K.

4. Let fz) = 2'" + 52 + 10 € Q[«] and let @ be a root of f in C'. Let
g{x} = z*? + 62° — 12, Does g have a root in @Q{a) 7. Prove your answer.

5. Find with proof a transcendence base over @ of

Q(CES., 332 + y:'i, 1:3 + y4)



Algebra Qualifier, Parts A and B
December 10, 1999

Do 8 problems.

1. Let K C H be subgroups of the finite group &, which are not necessarily
normal. Show (G : K) = (G : H){H : K), where the notation (A : B} denotes the

number of left cosets of B in A.

2. Let the group G operate on the set S, and suppose that s, ¢ € 5 are in the
same orbit under the operation. Show that the isotropy groups G and G; are
conjugate. That is, there exists g € G such that 971G, = Gy (Recall that

G, = {z € G|gs =s}.)

3. Show that each group of order p?, p prime, is abelian.

4. (a) Define free group F(X) on a set X.

(b) Define coproduct (G, {¢:}icr) of a family {G; | i € I} of groups.

(¢) Show that if (G, ¢, ¢2) is a coproduct of G; and G with G; isomorphic to
the additive group of integers Z, then G = F({a, b}).

(d) Is F({a, b}) abelian?.

5. Show that the direct sum of an arbitrary family of injective abelian groups is

injective. (Hint: divisible.)

6. (a) Determine the units in Z[v/=5] = {a + b5 | a, b € Z}.
(b) Show that 1+ +/—5 and 2 are irreducible in Z[/-5].

7. (a) Give an example of an integral domain R and ideals [ and J of R such
that IJ # 1N J.
(b) Show that if I +.J = Rthen IJ =1NJ,

8. Give an example of a monomorphism f : A —» B of abelian groups and an
abelian group €' such that the induced homomorphism
Homg(B,C) = Homgz(A, C) is not onto.




9. Show that if Risa PID and M = R/a;R& R/axR & -+ - ® R/a., R, with
R#a RO aR D - 2D ayk, then M cannot be generated by fewer than

m-elements.

10. Let

Find the minimal polynomial and the rational canonical form of A.




Algebra Qualifier, Part C
December 10, 1999

Do 4 problems.

1. Let F be a splitting field of X® — 1 over @. Determine all intermediate fields
F D Q. How many of them are Galois over Q7

2. Find all roots of unity in Q(+v/11).

Prove or disprove.

3. The polynomial X%% — X — 1 is irreducible over Zs.

4. Let F be a degree 4 extension of Q. If any proper subfield of F' is Galois over
@, then F is Galois over Q.

5. For field extensions, being separable (respectively, purely inseparable) is

transitive.

6. Let F' > k be fields.

[F: k) =00 = tr.deF > 0.

[F: k] <oo=trdgf =0.
tr.d., F < oo = tr.dF = [F: &l




ALGEBRA QUALIFIER - PART A - Nov. 14, 1998

Separate paper for each part.
Choose four problems.

1. (a) Find all the subgroups of Za4.
{b) Find all the ideals in the ring Z»4.

(¢) Which of these ideals are maximal and which are prime?
In problems 2-5a, prove or disprove.

2, If (P, {m;}) and (@, {2;}) are both products of the family {4;|¢ € I'} of objects
of a category G, then P and @ are equivalent.

3. A group of order 250 is simple.

4. Let R be an integral domain. Then
R is Euclidean & Risa PID & Risa UF.D.

5. (a) Let R = Ze, S1 = {1,3}, and Sa = {1,2,4}. Then S; 'R is a field.

(b) How many elements does S; 'R have?

Typeset by ApmS-TEX



ALGEBRA QUALIFIER PART B, 11/14/98

Throughout R denotes a commutative ring with unit element, M a unitary It-
module and % a field.

1. (i) Prove that if R is an integral domain with fraction field K and M is a
torsion-free R-module, then M is isomorphic to an R-submodule of the K-vector
space M ®p K.

(ii) Prove (from scratch) that if R is a principal ideal domain and M a finitely
generated torsion-free R-module such that M ®g K is 1-dimensional as K-vector
space, then M ~ R as R-modules (i.e. M is free of rank 1).

(iil) Give (with proof) an example of two nonzero Z-modules whose tensor prod-
uct is zero. (iv) Prove that if R is an integral domain but not a field then its field
of fractions is torsion-free, but is not a submodule of a free E-module.

2. (i) State with proof a correspondence between {pairs (V, L) where V' is a finite-
dimensional k-vector space and L is a linear transformation on V'} and {finitely
generated torsion k[X]-modules M}.

(ii) Determine with proof the pair (V, L) corresponding to a cyclic &£[X]-module
E[X]/(f), f € k[X] nonzero, and compute the minimal polynomial and the charac-
teristic polynomial of L.

(iii) In the general case, interpret with proof the minimal polynomial and the
characteristic polynomial of a linear transformation L in terms of the corresponding
module M.

3. Let V be an n-dimensional k-vector space.

(i) State the definition of A™(V) ;

(it)Prove that if m > n then A™ (V) = 3D(0).

(iii) Prove that the dimension of A*(V) is (2).

Typeset by AMS-TEX



Algebra Qualifying Exam - Part C - Nov. 14, 1998

Separate paper for each part.

Answer any three questions. F will always denote an extension field of K.

1(a)
(b)
(c)

Let u € F be an element of odd degree over K, prove that K (u) = K(u?).
Compute the Galois group of z3 —xz — 1 over Q.
If f € K[z] has degree n and F is its splitting field prove that [F:K] divides nl.

Prove that AutxK(z) is finite. Deduce that if K is finite then K(z) is not
a Galois extension. Determine the closed subgroups of AutxK(x) when K is
infinite.

. Prove that in a finite field of characteristic p, every element has a unique pth

root in it. If F is a finite extension of a finite field K of characteristic p, prove
that Autg F is cyclic.

Let F be an algebraically closed extension of K of finite transcendence degree,
prove that every K—monomorphism of F' to itself is actually an automorphism.

Give an example of a field extension which is transcendental of finite degree and

give an example of a field extension of infinite transcendental degree.
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Algebra Qualifying Exam. 1596. Part 1

Attempt any 5.

1. Let F be a field. Prove that F contains a unique smallest subfield F; and
that Fy is isomorphic to either © or to Z, for some prime p.

2.-Let R be a commutative ring with identity. Prove that a polynomial ring in
more than one variable is not a principal ideal domain.

3. Let P be a prime ideal in a commutative ring with 1 and let D be the set
R — P. Show that the ring of fractions D~'R is defined and that it has a unique
maximal ideal.

4. Let ¢ : R — S be a homomorphism of rings. Prove that the inverse image in
R of a prime ideal in S is either R or a prime ideal.

5. Let A and B be finite groups. Prove that the number of Sylow—p subgroups
in A x B is the product of the number of Sylow-p subgroups in A and B.

6. Let G be a cyclic group of order n and assume that k is prime to n. Prove
that the map z — z* is surjective. Now prove that the same resuit holds for any
finite group G of order n and for £ prime to n.

7. Let C be a normal subgroup of A and D a normal subgroup of B. Prove that

C x D is a normal subgroup of A x B and that the corresponding quotient group
is isomorphic to A/C x B/D.
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Algebra Qualifier, Part 11

1. Describe all maximal ideals in the polynomial ring Clzy,....zn]. Prove your
answer.

2. Let R be a ring. A left R-module M is called simple iff M # {0} and M has no
proper submodule. Prove that for any simple left R-module the endomorphism
ring Hompg(M, M) is a division ring.

3. Consider the C[r]-module structure on C"* defined by

p(z) - v = (p(A4))(v),
where v € C*, p(z) € C[z], and A is the n X n-matrix

o 0
L0
t,"

0 %o

(where 32 = —1). Decompose C* according to the structure theorem for modules
over principle ideal domains.

4. Let V be an n-dimensional vector space over R. Establish a canonical isomor-
phism between A*{(V) and A™*(V*) ®r A™(V), where £ is any fixed positive
integer less or equal n and V* is the space dual to V. (A canonical isomorphism
between two vector spaces V’ and V* is an isomorphism which does not depend
on the choice of bases in V' and V").
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What can vou say about a group
elements fix each element of F? Prove Yyour answer.

be the field obtained from the rationails 0 by adjoining a

Let E

Let f be a2 pelynomial of degree n over F and let E be a splitting
Prove that the degree of E over F is at most n!

i8]

cube root ¢f 3. Determine the Galois group of E (over Q).

3.

field of f over F.
What can you say about the cardinality of an algebraic closure of
the field of 3 elemsnts? Sketch a proof of your answer.
Prove that there exists an extensiocon

4,

:!.

Let F be a field of 4 elements.

5.
field of degree 2 over



August 26, 1995
Algebra Qualifier. Part 1

1. Define ﬁorma.l subgroup. Give an example of a subgroup that is normal and one
that is not.

2. Let the group G operate on the set 5, and suppose that s, ¢ € S are in the
same orbit under the operation. Show that the isotropy groups G, and G, are
conjugate. That is. there exists g € G such that g7'Gsg = G (Recall that
G,={geGlgs=s})

3. Let p be a prime integer and let (G be a finite p-group. Show that & has a
nonzero center.

4. Let G be a finite group of order p™q, p and ¢ primes withp > g¢. Show that G is
not simple.

5. Show that every group of order p°, p a prime, is abelian.

6. Let p be a prime integer and let Z(p™) be the subgroup of the additive group
Q/Z generated by the cosets of the form 1/pt, i€ Z,i20. Let Abea subgroup of
a finitely generated group B. Show that any homomorphism f: 4 — Z(p™) extends

to a homomorphism g : B = Z(p™).



Algebra Qualifying Exam Part B august 27, 1985

In problems 1, 2 and 4, R is a commutative ring with 1, and
all R-modules considered are assumed to be unitary.

1. a) Define: an R-module is proijective. .
b) Prove that if R is a field then any R-module 1s
projective.

2. a) Given R-modules M and N, and their tensor product
A = M@RN
as an abelian group, state a way of making each element of R
act on A so that A becomes an R-module.
b) Prove that the action you gave in part a) is well-
defined.

3. a) Suppose F is a given field, and that c and d are two
distinct elements of F. Determine the number of similarity
classes of matrices (over F) with characteristic polynomial

(x-c) 2 (x~d) 2

b) State the result for finite abelian groups which
corresponds to your result for part a).

4. Let M be an R-module, and let H be the set of allm in
M such that rm = 0 implies r =0 or m= 0.

a) Prove that if R is a principal ideal domain (PID) and
M is cyclic then H is a submodule of M.

b) Is the result in part a) true if the hypothesis that R
be a PID is just deleted? =-- Give a proof or
counterexample.



Algebra Qualiiving Exam. 1995, Part 3

| Leta=V2+v2

(a) Find the minimum polynomial of & over Q. What are its other roats’?
(b) Prove that Q(a) is the splitting field of a over Q.

(c) Write down all the automorphisms of Q(a) over Q.

(d) Prove that the Galois group of Qla)/Q is cyclic.

{e) Determine the intermediate fields of the extension @ C Q)

2. (a) Let p be a prime and let F = Zp. Determine the number of irreducible
polynomials of type 22 + cz +d where ¢, d € F.

{b) Let f(z)beone of the polynomials described in (a). Prove that K = Flz1/(f)
s a field containing p* elements. and that the elements of K have the form a + ba
where @.b € F and « is a root of fin K. Prove also that every such element a+ ba
with b # 0 is a root of an irreducible quadratic poiynomial in Flzl.

{(¢) Show that every polynomial of degree 2 in Flz] has a root in K. (Hint: Any
two fields containing p* elements are isomorphic.)

3. Determine the splitting field of the polynomial f(z) = (z? - 1) (22 -2z —7)-
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February 12, 1994

Algebra Qualifier. Part |

1. (Give an example of a polynomial p(z) € Zy0|x] of degree n for some n
which has more than n zeros. Can vou give an example of such a polynomial
in Zy3/z]. Expalin vour answer.

2. {a) Find all the subgroups of Zs.

b} Find all the ideals in the ring Z5.
i{¢) Which of these ideals are maximal and which are prime?

3. Prove that everv group of order 45 has a normal subgroup of order 9.

1. Let (& be a group of order p*. Assume that the center Z(G) has order »
p*~!. Prove that (7 is abelian.

5. Let ( be a [inite group and let N be a normal subgroup of 7. Let
o (G — (/N be the canonical homomorphism. If  is a subgroup of order
7/ N prove that o~ H) is a subgroup of order |F{IV1.



Febraary 12. 1994

Algebra Qualifier. Part [I

I. Find all possible Jordan forms for 8 x 3 matrices with minimal polvromial

¥z - 1)°%
2, Let
0 A B C’ 0
| ‘ i
I i
x| .31 ~
| i
A
A 1
0 iy Bt Y 0

be a commutative diagram of R-modules and homomrphisms such that each row is
exact. If two of the vertical maps are injective. what about the third? Consider ail
three cases.

3. Prove or disprove that every 2 % 2 matrix over Z{ X} {5 diagonalizable by row and
column operations.

4. Which of the implications: free ¢« projective < torsionfree hold? Give nroofs or
counterexamples.

5. Compute Homyg{Z,, R) where R is the additive group of real numbers.




February 12, 1994
Algebra Qualifier. Part 11T

1. Let K C F be fields and a. b € F" algebraic over K.

(a) State and prove an upper bound for the degree of the product ab over K.

(b) Give an example showing your bound is sharp.

2. Let F be a field and ¢ € Aut{F). Let K = {u & Flo(u) =u}.

{a) Prove that A is a fieid.

(b) If o® = identity and ¢* # identity for & < n, prove [F : K] = n.

3. Determine the irreducible factorization and Galois group of the polvnomial
X% _ X

(a) over Fy.

(b) over F3.

4. (a) Define Galois extension.

{b) Let A" be a subfield of the complex numbers which is a Galois extension of Q,
the rationals. Prove or disprove that complex conjugation takes A onto itself and
defines an automorphism of A

3. Assume 7 is a transcendental number.

(a) Show X° + 7.X + 6 is irreducible over Q{r) (Q = the rational numbers).

(b) Determine the Galois group of X° 4+ 7X + 6 over Q(x).




ALGEBRA QUALIFYING EXAM September 10, 1994

MATH 201A

1. Describe all groups (7 which contain no proper subgroup.

2. Let G be a cyclic group of order n and H a cyclic group of order m. Describe
all homomorphisms from G to H.

3. (a) Prove that every subgroup of index 2 is normal.
(b} Give an example of a subgroup of index 3 in a group G which is not normal.

(Hint: Take (7 to be of order 6.)

4. Prove that a group & of order 224 cannot be simple. (Hinf: Show by counting
that if G has more than one Sylow 2-subgroup, then it has only one Sylow 7-

subgroup.)

5. For which integers n > 5 is the cyclic subgroup of the symmetric group 5,
generated by (12345) a normal subgroup of 5, 7

Mermnent b A s S0TEY



ALGEBRA QUALIFYING EXAM September 10, 1994
Page 2

MATH 2018

1. Let
plz) =2 +a+1, g(z) =2 +32° + 2% + 62 +10.

Find all integers n > 10 such that p(z) divides ¢(z} in the ring Z, [z].

2. Let R be a commutative ring and I an ideal of B. Let M be an ideal of R
containing [, and let M = M/I be the corresponding ideal of B/I. Prove that M

is maximal if and only if M is maximal.

3. A module M for a ring R is called simple if M # {0} and M has no proper
submodule, i.e. if N C M is a submodule, then N = {0} or M. Let M and M’ be
two simple modules and let ¢ : M — M’ be a module homomorphism. Prove that
¢ 1s either zero or an isomorphism.

4. Let I be an ideal in a ring K. Prove that, if B/I is a free R-module, then
I ={0}.

5. (a) Prove that a module P over a ring R is projective if and only if, for any
surjective homomorphism of R-modules

¢:N—=N',
the corresponding homomorphism of abelian groups
homg (P, N} — homgp(P, N")

is surjective.

(b) Prove that



September 8. 1993

Algebra Qualifier. Part I

1. Prove that every group of order 15 is cyclic.

2. Recall that the commutator subgroup of a group G is the subgroup &' generated
by the elements aba~1b~! where ¢, b € G.

(1) Prove that G’ 9 G and that G/G" is abelian.

(ii} If G = 54 prove that G’ = A4. Find the commutator subgroup of A4.

3. Show that the group generated by the two elements a. b with relations a® = 1,

b* = 1, ba = a®b is isomorphic to Sa.

4. Find the number of orbits in {1,2,3,4,5,6,7.8} under the action of the subgroup
of 53 generated by (1,3) and (2,4,7).

5. Let R be the ring Zg and § = {1,2,4}. Prove that §~'R is a field and identify
the field. If T = {1,3}, is T™'R a field?

6. Let R be a local ring and f: R — R’ a surjective ring homomorphism. Prove
that R is local.

7. Let R be an integral domain and X an indeterminate over R. Show that for a,
be R.aaunit of B, X — aX + b extends to an automorphism of R{X} which is the

identity on R. Calculate the inverse of this automorphism.



Algebra QQualifier. Part II

In probiems i - 4, give an example and show that your example has the desired
properties.

1. A ring that does not have the invariant dimension property.

2. A module D and an exact sequence 0 — 4 — B — (& — 0. which shows that
neither Homp(:, D) nor Homp(D,-) is an exact functor.

3. A projective module which is not free.

1. A submodule of a finitelv generated module which is not finitely generated.
5. What is C &7 Z1g, where is.the complex numbers?

6. Let £ be a commutative ring with identity and M be an R-module.

{a) Outline the construction of the tensor algebra T'(M ) and the exterior algebra
ACM).

(b) Give the universal property of T(M).

(c) Show that if M is free of dimension n and 1 < &£ < n — 1. then

AR(M) = AR,

v. Let

Find the minimal polynomiai. the rational canonical form. and all eigenvectors of A.

[




Algebra Qualifier. Part III

1. (2) Define “simple algebraic extension F/K of fields”.

(b) Show that if F/K is a simple algebraic extension of degree n then

|Autg (F)| < n.

(c) Give an example of a simple algebraic extension F/K where |Autyx (F)| < n.

2. Assuming that e is transcendental over the rationals (), prove that so is e + /2.
3. Let F' be a finite field and F, F, subfields of F. State and prove a formuia for
|1 N Fy| in terms of |Fi| and |Fy|.

4. Compute the Galois group of X° + 3 over the rationals {, R, the reals R. and Z.
5. Prove or disprove that the degree of the splitting field of a polynomial of degree n

divides n!.




Dec 8,97

Algebra Qualify Exam
Part 1

. Let |G| = p™. Prove that for each 0 < k < n G has a normal subgroup of order
k
.

. Let G be a group containing an element of order different from 1 or 2. Prove
that G has a non-identity automorphism.

. Prove that a commutative ring with identity is local iff for all v, s € R,r +s=1g
implies 7 or 5 is a unit. '

. Prove that Z[z] is not a prinicipal ideal domain.

rin
. Prove that in th)(ij‘;h/e following conditions are equivalent

a. [ is prime
b. 1 is maximal
c. I = (p) with p prime.




Algebra qualifer, Part 11

I1.1 Describe all maximal ideals in Z[z]/((z — a)"), where n,a € Z, n > 1. Prove
your answer .

11.2. Let A be a left module over a ring R. Construct a canonical E-module homo-
morphism
f:A— A,

where, for any left or right R-module B, B* := Hompg(B, R). Give a sufficient
condition on R and A for # to be an isomorphism.

IL3. Let R be a non-zero commutative ring with unity such that every submodule of
any free R-module of finite rank is itself free. Prove that R is a principal ideal
domain.

I1.4. Prove that any maximal linearly independent subset X of a (left} vector space
V over a division ring ) is a basis of V.



b

Algebra Qualifying Exam
Part C

. (i} Define separable extension, perfect field.

(il) Give an example of an imperfect field.
(iii) Prove that every finite field is perfect.

Prove from scratch that every finite field admits algebraic extensions of arbitrar-
ily large degree.

Let K C E C F be fields. Prove or disprove:
(i) If F is Galois over K, then F is Galois over F.
(ii) If F is Galois over K, then F is Galois over K.
(iii) If F is Galois over E and E is Galois over K, then F' is Galois over K.

Compute the Galois group of X* — 5 over .
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