Part IB

Linear Algebra

Year
2023
2022
2021
2020
2019
2018
2017
2016
2015
2014
2013
2012
2011
2010
2009
2008
2007
2006
2005
2004
2003
2002
2001



2023

B UNIVERSITY OF
¥ CAMBRIDGE 20

Paper 1, Section I
1F Linear Algebra

Let V and W be finite-dimensional real vector spaces, and L£(V, W) denote the
vector space of linear maps from V to W. Prove that the dimensions of these vector

spaces satisfy
dim(L(V,W)) = dim(V) - dim(W).

If A<V and B < W are vector subspaces, let
X ={¢eL(V.W) : ¢(A) < B},

which you may assume is a vector subspace of L(V, W). Prove a formula for the dimension
of X in terms of the dimensions of V, W, A and B.

If S and T are vector subspaces of V such that V =5+ T, let
Y ={peLV,V) : 9(S) < S and ¢(T) < T},

which you may assume is a vector subspace of L(V,V'). Prove a formula for the dimension
of Y in terms of the dimensions of V', S, and T

Paper 4, Section I
1F Linear Algebra

Let V be a finite-dimensional real vector space. What is a non-degenerate bilinear
form on V7

If Bi(—,—) is a non-degenerate bilinear form on V' and Ba2(—, —) is a bilinear form
on V, which may be degenerate, show that there is a linear map o : V' — V such that

Bs(v,w) = By (v, a(w)) for all v,w € V.

Show that
{w eV : By(v,w) =0 for all v € V} = Ker(a).

[You may use any results on dual vector spaces provided they are clearly stated.]
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Paper 1, Section II
8F Linear Algebra
For each of the following statements give a proof or counterexample.

(a) If A and B are 3 x 3 complex matrices with the same characteristic polynomial
and the same minimal polynomial, then they are conjugate.

(b) There are three mutually non-conjugate complex matrices with characteristic
polynomial (2 — ¢)2(1 — ¢)° and minimal polynomial (2 — t)?(1 — t)2.

(¢) If « : V — V is a linear isomorphism from a finite-dimensional complex
vector space to itself such that some iterate oY with N > 0 is diagonalisable, then o
is diagonalisable.

(d) A real matrix which is diagonalisable when considered as a complex matrix is
also diagonalisable as a real matrix.

(e) Two real matrices which are conjugate when considered as complex matrices are
also conjugate as real matrices.

Paper 2, Section II
8F Linear Algebra
What is the characteristic polynomial of a square matrix A?

State and prove the Cayley—Hamilton theorem for square complex matrices.

For square matrices X and Y let us write [X,Y] = XY —Y X. Given another square
matrix Z, show that [X,YZ] = [X,Y]|Z +Y[X, Z].

Suppose now that A and B are square complex matrices such that [B, A] commutes
with A, i.e. [[B, 4], A] = 0. Show that for any polynomial ¢(¢) we have

B, p(A)] = ¢'(A)[B, A],

where ¢(t) denotes the derivative of ¢. For a polynomial f(¢), whose kth derivative is
denoted by f#)(t), satisfying f(A) = 0, show by induction that f*)(A) [B,A]zk_l = 0.
Deduce that some power of the matrix [B, A] is zero.
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Paper 3, Section II
9F Linear Algebra

Let V be a finite-dimensional real inner product space, and « : V' — V be a linear
map. What does it mean to say that « is self-adjoint?

If a: V — V is self-adjoint, prove that there is an orthonormal basis for V' consisting
of eigenvectors of a.

Let P, denote the vector space of real polynomials of degree at most n. Show that

o= | " f@)gx)e dr

defines an inner product on this vector space, and that the linear map « : P,, — P, given
by
alfy=xf"+ (1 —2z)f

is self-adjoint with respect to this inner product.

Show that « has eigenvalues 0,—1,—2,—-3,...,—n. When n = 2 determine
corresponding eigenvectors.

Hint: You may use the identity [>° x"e " dx = n!.
0

Paper 4, Section II
8F Linear Algebra

If V and W are finite-dimensional vector spaces and v : V' — W is a linear map,
what is the matriz representation of v with respect to bases B of V and C of W?

If a,8:V — V are linear maps, what does it mean to say that they are conjugate?
How is this interpreted in terms of matrices representing o and 8 with respect to a basis
Bof V7

Let V be a vector space and 5 : V — V be a linear isomorphism. Write £(V, V') for
the vector space of linear maps from V to V', and define a function by

¢ LV, V) — L(V,V)
a— B tag.

Show that ¢g is a linear isomorphism, and that if 3 is conjugate to 5’ then ¢ is conjugate
to ¢,3’

Assuming that V is a 2-dimensional complex vector space, determine the Jordan
Normal Form of ¢g in terms of that of 3.

Part IB, Paper 1
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Paper 1, Section I
1F Linear Algebra

Define the determinant of a matrix A € M, (C).

(a) Assume A is a block matrix of the form (]\04 ])\(7>, where M and N are square
matrices. Show that det A = det M det V.

(b) Assume A is a block matrix of the form , where M and N are square

(v o
matrices of sizes k and n — k. Express det A in terms of det M and det N.

[You may assume properties of column operations if clearly stated.]

Paper 4, Section 1
1F Linear Algebra

What is a Hermitian form on a complex vector space V7 If ¢ and v are two
Hermitian forms and ¢(v,v) = ¥(v,v) for all v € V, prove that (v, w) = ¥ (v, w) for all
v,weV.

Determine whether the Hermitian form on C? defined by the matrix

4 2
1= (L 3)

is positive definite.

Paper 1, Section II
8F Linear Algebra

(a) Let V be a finite dimensional complex inner product space, and let o be an
endomorphism of V. Define its adjoint a*.

Assume that « is normal, i.e. @ commutes with its adjoint: aa™ = a*a.
(i) Show that a and a* have a common eigenvector v. What is the relation
between the corresponding eigenvalues?

(ii) Deduce that V has an orthonormal basis of eigenvectors of c.
(b) Now consider a real matrix A € Mat,,(R) which is skew-symmetric, i.e. AT = —A.

(i) Can A have a non-zero real eigenvalue?

(ii) Use the results of part (a) to show that there exists an orthogonal matrix
R € O(n) such that RT AR is block-diagonal with the non-zero blocks of the

0 A
form (_)\ O)’ AeR.
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Paper 2, Section II
8F Linear Algebra

Let V be a real vector space (not necessarily finite-dimensional). Define the dual
space V*. Prove that if f1, fo € V* are such that f1(v)f2(v) =0 for all v € V', then f; or
f2 is the zero element in V*.

Now suppose that V is a finite-dimensional real vector space.
Let ¢ be a symmetric bilinear form on V. State Sylvester’s law of inertia for ¢.

Let ¢ be a quadratic form on V, let r denote its rank and o its signature. Show
that ¢ can be factorised as q(v) = f1(v) fo(v) with fi, fo € V* for all v € V if and only if
r+ o] < 2.

A vector vy € V is called isotropic if g(vg) = 0. Show that if there exist v; and v
in V such that g(v1) > 0 and ¢(v2) < 0, then one can construct a basis of V' consisting of
isotropic vectors.

Paper 3, Section II
9F Linear Algebra

Suppose that « is an endomorphism of an n-dimensional complex vector space.
Define the minimal polynomial m,, of a. State the Cayley—Hamilton theorem, and explain
why m,, exists and is unique.

(a) If o has minimal polynomial m,(z) = 2™, what is the minimal polynomial of a3?

(b) If A # 0 is an eigenvalue for o, show that A3 is an eigenvalue for a®. Describe the
\3—eigenspace of a2 in terms of eigenspaces of a.

(c) Assume « is invertible with minimal polynomial m(z) = Hle(x — A\i)“i.

(i) Show that the minimal polynomial m,s of a® must divide Hle(a: — A3,

(ii) Prove that equality holds if in addition all A; are real (in other words, we have

mas(z) = [T, (@ — A3)%).

Part IB, Paper 1
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Paper 4, Section II
8F Linear Algebra

Let V and W be finite dimensional vector spaces, and « a linear map from V to W.
Define the rank r(a) and nullity n(a) of . State and prove the rank-nullity theorem.

Assume now that « and S are linear maps from V to itself, and let n = dim V.
Prove the following inequalities for the linear maps a4+ 8 and af:

r(@) = r(B)] < r(a+ B) <min{r(a) +r(5),n}
and
max{r(a) +r(8) —n,0} < r(af) < min{r(a),r(B)}.

For arbitrary values of n and 0 < r(«),r(8) < n, show that each of the four bounds can
be attained for some («, ). Can both upper bounds always be attained simultaneously?

Part IB, Paper 1 [TURN OVER]
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Paper 1, Section I
1E Linear Algebra

Let V be a vector space over R, dimV = n, and let (,) be a non-degenerate anti-
symmetric bilinear form on V.

Let v € V, v # 0. Show that v' is of dimension n — 1 and v € v!. Show that
if W C vt is a subspace with W @ Rv = v*, then the restriction of (,) to W is non-
degenerate.

Conclude that the dimension of V is even.

Paper 4, Section 1
1E Linear Algebra
Let Mat,,(C) be the vector space of n by n complex matrices.

Given A € Mat,,(C), define the linear map ¢4 : Mat, (C) — Mat, (C),

X —AX — XA

(i) Compute a basis of eigenvectors, and their associated eigenvalues, when A is the
diagonal matrix

What is the rank of 47

. 0 1
(ii) Now let A = (0 0

with respect to the standard basis of Maty(C).

>. Write down the matrix of the linear transformation ¢4

What is its Jordan normal form?

Part IB, 2021 List of Questions
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Paper 1, Section II
8E Linear Algebra

01 0 0
0 1 ... 0
Let d > 1, and let J; = cee e € Maty(C).
0 0 0 1
0 0 0 O

a) (i) Compute J7, for all n > 0.
ii) Hence, or otherwise, compute (Al + Jy)", for all n > 0.

(

(i)

(b) Let V' be a finite-dimensional vector space over C, and let ¢ € End(V'). Suppose
@™ =0 for some n > 1.
(
(
(

i) Determine the possible eigenvalues of ¢.
ii) What are the possible Jordan blocks of ¢?

iii) Show that if ¢? = 0, there exists a decomposition

where p(U) = p(W1) =0, p(W3) = Wy, and dim Wy = dim W;.

Paper 2, Section II
8E Linear Algebra
(a) Compute the characteristic polynomial and minimal polynomial of

-2 -6 -9
A=1 3 79
-1 -2 -2

Write down the Jordan normal form for A.

(b) Let V be a finite-dimensional vector space over C, f : V' — V be a linear map,
and for « € C, n > 1, write

Waon ={veV|(f—al)"v=0}

(i) Given v € Wy 5, v # 0, construct a non-zero eigenvector for f in terms of v.

(ii) Show that if wq,...,wy are non-zero eigenvectors for f with eigenvalues
ai,...,0q, and a; # o for all ¢ # j, then wy, ..., wy are linearly independent.

(iii) Show that if vi € Wy, p,...,v4 € Wq,n are all non-zero, and a; # «; for all
1 # j, then vy, ..., vg are linearly independent.

Part IB, 2021 List of Questions [TURN OVER]



2021

B UNIVERSITY OF
¥ CAMBRIDGE 24

Paper 3, Section II
9E Linear Algebra
(a)(i) State the rank-nullity theorem.

Let U and W be vector spaces. Write down the definition of their direct sum U W
and the inclusions i : U - U W, j: W U W.

Now let U and W be subspaces of a vector space V. Define [ : UNW — U ® W by
l(x) =iz — jz.

Describe the quotient space (U @ W)/Im(l) as a subspace of V.
(i) Let V = R®, and let U be the subspace of V spanned by the vectors

1 1 -2
2 0 2
-1 ) 0 9 2 )
1 1 1
1 0 -2
and W the subspace of V' spanned by the vectors

3 1 1
2 1 —4
-31,101],]-1
1 0 -2
3 0 1

Determine the dimension of U N W.

(b) Let A, B be complex n by n matrices with rank(B) = k.
Show that det(A + ¢tB) is a polynomial in ¢ of degree at most k.
Show that if kK = n the polynomial is of degree precisely n.

Give an example where k > 1 but this polynomial is zero.

Part IB, 2021 List of Questions
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Paper 4, Section II
8E Linear Algebra
(a) Let V be a complex vector space of dimension n.

What is a Hermitian form on V7

Given a Hermitian form, define the matrix A of the form with respect to the basis

v1,...,v, of V, and describe in terms of A the value of the Hermitian form on two elements
of V.

Now let wyq, ..., w, be another basis of V. Suppose w; = Ej pijvj, and let P = (p;;).
Write down the matrix of the form with respect to this new basis in terms of A and P.

Let N = V+. Describe the dimension of N in terms of the matrix A.

(b) Write down the matrix of the real quadratic form

z? + y? + 222 + 2xy + 202 — 2yz.

Using the Gram—Schmidt algorithm, find a basis which diagonalises the form. What
are its rank and signature?

(c) Let V be a real vector space, and (,) a symmetric bilinear form on it. Let A be
the matrix of this form in some basis.

Prove that the signature of (,) is the number of positive eigenvalues of A minus the
number of negative eigenvalues.

Explain, using an example, why the eigenvalues themselves depend on the choice of
a basis.

Part IB, 2021 List of Questions [TURN OVER]
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Paper 1, Section I

1F Linear Algebra
Define what it means for two n X n matrices A and B to be similar. Define the
Jordan normal form of a matrix.

Determine whether the matrices

4 6 —15 1 -3 3
A=|13 5|, B=[-2 -6 13
12 —4 -1 -4 8

are similar, carefully stating any theorem you use.

Paper 1, Section 11
8F Linear Algebra

Let M,, denote the vector space of n x n matrices over a field F = R or C. What
is the rank r(A) of a matrix A € M,,?

Show, stating accurately any preliminary results that you require, that r(A) = n if
and only if A is non-singular, i.e. det A # 0.

Does M., have a basis consisting of non-singular matrices? Justify your answer.

Suppose that an n x n matrix A is non-singular and every entry of A is either 0 or
1. Let ¢, be the largest possible number of 1’s in such an A. Show that ¢, < n? —n + 1.
Is this bound attained? Justify your answer.

[Standard properties of the adjugate matriz can be assumed, if accurately stated.]

Paper 2, Section II
8F Linear Algebra

Let V be a finite-dimensional vector space over a field. Show that an endomorphism

a of V is idempotent, i.e. a® = a, if and only if « is a projection onto its image.

Determine whether the following statements are true or false, giving a proof or
counterexample as appropriate:
(i) If o® = a2, then « is idempotent.
(ii) The condition a(1 — ) = 0 is equivalent to a being idempotent.
(iii) If @ and B are idempotent and such that o + 3 is also idempotent, then a8 = 0.
)

(iv) If o and S are idempotent and a8 = 0, then a + 3 is also idempotent.

Part IB, 2020 List of Questions
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Paper 4, Section 1
1F Linear Algebra

What is an eigenvalue of a matrix A? What is the eigenspace corresponding to an
eigenvalue \ of A?

Consider the matrix
aa ab ac ad

| pa 0 be b
" |eca b cc cd
da db dec dd

for (a,b,c,d) € R* a non-zero vector. Show that A has rank 1. Find the eigenvalues of A
and describe the corresponding eigenspaces. Is A diagonalisable?

Paper 2, Section 1
1F Linear Algebra
If U and W are finite-dimensional subspaces of a vector space V, prove that

dim(U + W) = dim(U) 4+ dim(W) — dim(U N W).

Let

U = {X€R4‘$1=7$3+8$4, 372—}—5373—}—63?4:0},
W = {xeRz +2xy + 323 =0, 4 =0}.

Show that U 4+ W is 3-dimensional and find a linear map ¢ : R* — R such that

U+W ={xecR{x)=0}.

Paper 1, Section 1
1F Linear Algebra
Define a basis of a vector space V.

If V has a finite basis B, show using only the definition that any other basis B’ has
the same cardinality as B.

Part IB, 2019 List of Questions [TURN OVER
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Paper 1, Section II
9F Linear Algebra

2019

What is the adjugate adj(A) of an n x n matrix A7 How is it related to det(A)?

(a) Define matrices By, By, ..., Bnp_1 by

adj(t] — A) ZBt” 1=

and scalars cg, ¢y, ..., c, by

det(tI — A) Zc]t”]

Find a recursion for the matrices B; in terms of A and the ¢;’s

(b) By considering the partial derivatives of the multivariable polynomial

tl o --- 0

0 t2 0
p(tl,tg,...,tn) = det . . X . —A y

0 o --- tn

show that

%(det(tl —A)) = Tr(adj(t] — A)).

(c) Hence show that the ¢;’s may be expressed in terms of Tr(A), Tr(4?),.

yooo, Tr(A™).

Part IB, 2019 List of Questions
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Paper 4, Section 11
10F Linear Algebra

If U is a finite-dimensional real vector space with inner product (-, -), prove that the
linear map ¢ : U — U* given by ¢(u)(u') = (u,u’) is an isomorphism. [You do not need
to show that it is linear.|

If V and W are inner product spaces and a : V' — W is a linear map, what is meant
by the adjoint o of a? If {e1,eq,...,e,} is an orthonormal basis for V, {f1, fa,..., fm}
is an orthonormal basis for W, and A is the matrix representing « in these bases, derive
a formula for the matrix representing a* in these bases.

Prove that Im(a) = Ker(a*)*.

If wp ¢ Im(c) then the linear equation a(v) = wp has no solution, but we may
instead search for a vy € V minimising ||a(v) — wp||?, known as a least-squares solution.
Show that vy is such a least-squares solution if and only if it satisfies a*a(vg) = a*(wyp).
Hence find a least-squares solution to the linear equation

10 1
11(”6):2
0o 1) \Y 3

Paper 3, Section 11
10F Linear Algebra

If ¢ is a quadratic form on a finite-dimensional real vector space V, what is the
associated symmetric bilinear form ¢(-,-)? Prove that there is a basis for V' with respect
to which the matrix for ¢ is diagonal. What is the signature of ¢?7

If R <V is a subspace such that ¢(r,v) =0 for all » € R and all v € V, show that
¢ (v+ R) = q(v) defines a quadratic form on the quotient vector space V/R. Show that
the signature of ¢’ is the same as that of q.

If e, f € V are vectors such that ¢(e,e) = 0 and ¢(e, f) = 1, show that there is a
direct sum decomposition V' = span(e, f) @ U such that the signature of ¢|y is the same
as that of q.
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Paper 2, Section II
10F Linear Algebra
Let A and B be n x n matrices over C.

(a) Assuming that A is invertible, show that AB and BA have the same character-
istic polynomial.

(b) By considering the matrices A — sI, show that AB and BA have the same
characteristic polynomial even when A is singular.

(c) Give an example to show that the minimal polynomials m4p(t) and mpa(t) of
AB and BA may be different.

(d) Show that map(t) and mpa(t) differ at most by a factor of t. Stating carefully
any results which you use, deduce that if AB is diagonalisable then so is (BA)?2.

Part IB, 2019 List of Questions
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Paper 1, Section 1
1E Linear Algebra
State the Rank-Nullity Theorem.

Ifa:V > Wand g: W — X are linear maps and W is finite dimensional, show
that

dimIm(a) = dimIm(Ba) + dim(Im(a) N Ker(5)).
If v: U — V is another linear map, show that

dim Im(Sa) + dim Im(ay) < dim Im(«) + dim Im(Sary).

Paper 2, Section I
1E Linear Algebra

Let V be a real vector space. Define the dual vector space V* of V. If U is a
subspace of V, define the annihilator UY of U. If 21,9, ..., x, is a basis for V, define its
dual z7, 25, ..., z; and prove that it is a basis for V*.

If V has basis x1,x2, 3,4 and U is the subspace spanned by
x1+ 229+ 3x3+4x4 and  Hxy 4 629 + Tx3 + 81y,

give a basis for U? in terms of the dual basis @}, 23, 5, 3.

Paper 4, Section 1
1E Linear Algebra

Define a quadratic form on a finite dimensional real vector space. What does it
mean for a quadratic form to be positive definite?

Find a basis with respect to which the quadratic form
2?4 2xy + 2y* + 2yz + 327

is diagonal. Is this quadratic form positive definite?

Part IB, 2018 List of Questions
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Paper 1, Section II
9E Linear Algebra

Define a Jordan block Jp,(A\). What does it mean for a complex n x n matrix to be
in Jordan normal form?

If A is a matrix in Jordan normal form for an endomorphism o : V' — V, prove that
dim Ker((a — AI)") — dim Ker((ac — A\I)" 1)

is the number of Jordan blocks J,,,(\) of A with m > r.
Find a matrix in Jordan normal form for J,,(\)2. [Consider all possible values of \.]

Find a matrix in Jordan normal form for the complex matrix

0 0 0 aj
0 0 a2 O
0 a3z 0 O
ag 0 0 O

assuming it is invertible.

Paper 2, Section 11
10E Linear Algebra

If X is an n x m matrix over a field, show that there are invertible matrices P and
@ such that

Q'XP= [Ir 0}

0 0
for some 0 < r < min(m, n), where I, is the identity matrix of dimension r.

B D

For a square matrix of the form A = [ 0 C

that det(A) = det(B) det(C).

If A€ Muun(C) and B € M, xm(C) have no common eigenvalue, show that the
linear map

] with B and C square matrices, prove

L: Myym(C) — Myym(C)
X+— AX — XB

is injective.

Part IB, 2018 List of Questions [TURN OVER
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Paper 4, Section 11
10E Linear Algebra

Let V be a finite dimensional inner-product space over C. What does it mean to
say that an endomorphism of V is self-adjoint? Prove that a self-adjoint endomorphism
has real eigenvalues and may be diagonalised.

An endomorphism « : V. — V is called positive definite if it is self-adjoint and
satisfies (a(z),z) > 0 for all non-zero x € V; it is called negative definite if —c is positive
definite. Characterise the property of being positive definite in terms of eigenvalues, and
show that the sum of two positive definite endomorphisms is positive definite.

Show that a self-adjoint endomorphism « : V' — V has all eigenvalues in the interval
[a,b] if and only if v — AI is positive definite for all A < a and negative definite for all
A>b.

Let a,8 : V. — V be self-adjoint endomorphisms whose eigenvalues lie in the
intervals [a,b] and [c,d] respectively. Show that all of the eigenvalues of a + S lie in
the interval [a + ¢, b + d].

Paper 3, Section II
10E Linear Algebra
State and prove the Cayley—Hamilton Theorem.

Let A be an n x n complex matrix. Using division of polynomials, show that if p(x)
is a polynomial then there is another polynomial r(z) of degree at most (n — 1) such that
p(A) = r(\) for each eigenvalue A of A and such that p(A) = r(A).

Hence compute the (1,1) entry of the matrix A% when

2 -1 0
A=1]1 -1 1
-1 -1 1

Part IB, 2018 List of Questions



2017

BB UNIVERSITY OF
¥¥ CAMBRIDGE 21

Paper 2, Section 1
1F Linear Algebra
State and prove the Rank—Nullity theorem.

Let o be a linear map from R? to R3 of rank 2. Give an example to show that R3
may be the direct sum of the kernel of a and the image of o, and also an example where
this is not the case.

Paper 1, Section 1
1F Linear Algebra
State and prove the Steinitz Exchange Lemma.

Deduce that, for a subset .S of R™, any two of the following imply the third:

(i) S is linearly independent
(ii) S is spanning

(iii) S has exactly n elements

Let e, e5 be a basis of R2. For which values of A do Aej + e2, e1 4+ ey form a basis of R??

Paper 4, Section 1
1F Linear Algebra

Briefly explain the Gram—Schmidt orthogonalisation process in a real finite-dimensional
inner product space V.

For a subspace U of V, define U+, and show that V =U @ U™,

For which positive integers n does

(f:9) = F()g(1) + f(2)9(2) + F(3)9(3)

define an inner product on the space of all real polynomials of degree at most n?
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Paper 1, Section II
9F Linear Algebra

Let U and V be finite-dimensional real vector spaces, and let o« : U — V be a
surjective linear map. Which of the following are always true and which can be false?
Give proofs or counterexamples as appropriate.

(i) There is a linear map 5 : V — U such that S« is the identity map on U.
(ii) There is a linear map 5 : V — U such that af is the identity map on V.

(iii) There is a subspace W of U such that the restriction of a to W is an
isomorphism from W to V.

(iv) If X and Y are subspaces of U with U = X @Y then V = o(X) & a(Y").

(v) If X and Y are subspaces of U with V = a(X) ® a(Y) then U = X @ Y.

Paper 2, Section II
10F Linear Algebra

Let  : U — V and 5 : V — W be linear maps between finite-dimensional real
vector spaces.

Show that the rank r(Ba) satisfies r(Sa) < min(r(8),r(«)). Show also that
r(Ba) = r(a) +r(B) —dim V. For each of these two inequalities, give examples to show
that we may or may not have equality.

Now let V' have dimension 2n and let o : V' — V be a linear map of rank 2n — 2
such that o™ = 0. Find the rank of of for each 1 <k <n — 1.

Part IB, 2017 List of Questions
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Paper 4, Section 11
10F Linear Algebra

What is the dual X* of a finite-dimensional real vector space X7 If X has a basis
e1,...,¢en, define the dual basis, and prove that it is indeed a basis of X*.

[No results on the dimension of duals may be assumed without proof.]

Write down (without making a choice of basis) an isomorphism from X to X**.
Prove that your map is indeed an isomorphism.

Does every basis of X* arise as the dual basis of some basis of X7 Justify your
answer.

A subspace W of X™* is called separating if for every non-zero x € X there is a
T € W with T'(z) # 0. Show that the only separating subspace of X™* is X* itself.

Now let X be the (infinite-dimensional) space of all real polynomials. Explain briefly
how we may identify X* with the space of all real sequences. Give an example of a proper
subspace of X* that is separating.

Paper 3, Section 11
10F Linear Algebra

Let f be a quadratic form on a finite-dimensional real vector space V. Prove that
there exists a diagonal basis for f, meaning a basis with respect to which the matrix of f
is diagonal.

Define the rank r and signature s of f in terms of this matrix. Prove that r and s
are independent of the choice of diagonal basis.

In terms of r, s, and the dimension n of V, what is the greatest dimension of a
subspace on which f is zero?

Now let f be the quadratic form on R? given by f(x,y,2) = x? — 2. For which
points v in R3 is it the case that there is some diagonal basis for f containing v?
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Paper 4, Section 1
1F Linear Algebra
For which real numbers x do the vectors

(z,1,1,1), (1,z,1,1), (1,1,z,1), (1,1,1,z),

not form a basis of R*? For each such value of z, what is the dimension of the subspace
of R* that they span? For each such value of z, provide a basis for the spanned subspace,
and extend this basis to a basis of R%.

Paper 2, Section 1

1F Linear Algebra
Find a linear change of coordinates such that the quadratic form

222 + 8xy — 6xz + y2 —4dyz + 222

takes the form
az® + By* + 722,

for real numbers «, 8 and ~.

Paper 1, Section I
1F Linear Algebra
(a) Consider the linear transformation a : R® — R? given by the matrix

5 —6 —6
-1 4 2
3 -6 —4

Find a basis of R? in which « is represented by a diagonal matrix.

(b) Give a list of 6 x 6 matrices such that any linear transformation 3 : RS — RS

with characteristic polynomial
(x —2)4(x +7)

and minimal polynomial
(x —2)%(x +7)

is similar to one of the matrices on your list. No two distinct matrices on your list should
be similar. [No proof is required.]
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Paper 1, Section II
9F Linear Algebra

Let M, , denote the vector space over F' = R or C of n x n matrices with entries in
F. Let Tr : My, ,, — F denote the trace functional, i.e., if A = (a;;j)i<ij<n € Mnn, then

TI‘(A) = i Qg .
=1

(a) Show that Tr is a linear functional.
(b) Show that Tr(AB) = Tr(BA) for A, B € M, .

(c) Show that Tr is unique in the following sense: If f : M, , — F is a linear
functional such that f(AB) = f(BA) for each A, B € M,, ,, then f is a scalar multiple of
the trace functional. If, in addition, f(I) = n, then f = Tr.

(d) Let W C M,, ,, be the subspace spanned by matrices C' of the form C' = AB—BA
for A, B € M,,,. Show that W is the kernel of Tr.

Paper 4, Section II
10F Linear Algebra

(a) Let o : V. — W be a linear transformation between finite dimensional vector
spaces over a field F' =R or C.

Define the dual map of a. Let § be the dual map of . Given a subspace U C V,
define the annihilator U° of U. Show that (ker a)® and the image of ¢ coincide. Conclude
that the dimension of the image of « is equal to the dimension of the image of §. Show
that dimker(a) — dimker(d) = dim V' — dim W.

(b) Now suppose in addition that V, W are inner product spaces. Define the adjoint
a*of a. Let 8:U — V,~v:V — W be linear transformations between finite dimensional
inner product spaces. Suppose that the image of 5 is equal to the kernel of y. Then show
that 8B8* + v*v is an isomorphism.
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Paper 3, Section II
10F Linear Algebra
Let o : V — V be a linear transformation defined on a finite dimensional inner

product space V over C. Recall that « is normal if a and its adjoint a® commute. Show
that o being normal is equivalent to each of the following statements:
(i) o = aq + iy where oy, o are self-adjoint operators and ajag = agag;

(ii) there is an orthonormal basis for V' consisting of eigenvectors of «;

(iii) there is a polynomial g with complex coefficients such that a* = g(«).

Paper 2, Section II
10F Linear Algebra

Let M, , denote the vector space over a field F' = R or C of n x n matrices with
entries in F. Given B € M, ,, consider the two linear transformations Rp, Lp : M, , —
M, ., defined by

Lp(A) = BA, Rp(A) = AB.
(a) Show that det Lp = (det B)™.

[For parts (b) and (c), you may assume the analogous result det Rp = (det B)"
without proof.]

(b) Now let FF = C. For B € M, ,, write B* for the conjugate transpose of B, i.e.,
B* := ET. For B € M, ;, define the linear transformation Mp : M, ,, = M,, , by

Mp(A) = BAB*.
Show that det Mp = | det B|*".

(c) Again let F' = C. Let W C M,,,, be the set of Hermitian matrices. [Note that
W is not a vector space over C but only over R.] For B € M, , and A € W, define
Tp(A) = BAB*. Show that T is an R-linear operator on W, and show that as such,

det T = | det B|*".
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Paper 4, Section 1
1E Linear Algebra

Define the dual space V* of a vector space V. Given a basis {z1,...,2,} of V define
its dual and show it is a basis of V*.

Let V be a 3-dimensional vector space over R and let {(1,(2, (3} be the basis of V*
dual to the basis {z1, z2, 23} for V. Determine, in terms of the (;, the bases dual to each
of the following:

(a) {1 + 22,22 + 3, 23},

(b) {x1 + x2,x9 + x3, 23 + x1 }.

Paper 2, Section 1
1E Linear Algebra

Let ¢ denote a quadratic form on a real vector space V. Define the rank and signature
of q.

Find the rank and signature of the following quadratic forms.
(a) q(z,y,2) =22+ y? + 2% — 202 — 2yz.

(b) Q($aya Z) =Yy — TZ.

(C) Q(maya Z) =Y — 22;2'

Paper 1, Section 1
1E Linear Algebra

Let U and V be finite dimensional vector spaces and o : U — V a linear map.
Suppose W is a subspace of U. Prove that

r(a) = r(alw) = r(a) — dim(U) + dim (W)

where r(a) denotes the rank of o and «|y denotes the restriction of a to W. Give examples
showing that each inequality can be both a strict inequality and an equality.
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Paper 1, Section II
9E Linear Algebra
Determine the characteristic polynomial of the matrix

x 1 1 0

1-2z 0 -1 0

M= 2 2¢ 1 0
0 0 0 1

For which values of € C is M invertible? When M is not invertible determine (i) the
Jordan normal form J of M, (ii) the minimal polynomial of M.

Find a basis of C* such that J is the matrix representing the endomorphism
M : C* — C* in this basis. Give a change of basis matrix P such that P~1MP = J.

Paper 4, Section 11
10E Linear Algebra

Suppose U and W are subspaces of a vector space V. Explain what is meant by
UNW and U + W and show that both of these are subspaces of V.

Show that if U and W are subspaces of a finite dimensional space V' then

dimU 4+ dim W = dim(U N W) 4+ dim(U + W).

Determine the dimension of the subspace W of R® spanned by the vectors

1 A /3 2
3 1] |2 2
s {13l 11].]| 5
1| {2] |2] |1
1 1) \3/ \-1

Write down a 5 x 5 matrix which defines a linear map R% — R® with (1,1,1,1,1)T
in the kernel and with image W.

What is the dimension of the space spanned by all linear maps R®> — R
(i) with (1,1,1,1,1)7 in the kernel and with image contained in W,
(ii) with (1,1,1,1,1)T in the kernel or with image contained in W?
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Paper 3, Section II
10E Linear Algebra

Let Ay, As,...,Ar be n x n matrices over a field F. We say Ai, As,..., A are
simultaneously diagonalisable if there exists an invertible matrix P such that P~1A;P is
diagonal for all 1 <7 < k. We say the matrices are commuting if A;A; = A;A; for all 7, j.

(i) Suppose Aj, As, ..., Ay are simultaneously diagonalisable. Prove that they are
commuting.
(ii) Define an eigenspace of a matrix. Suppose By, Ba, ..., By are commuting n X n

matrices over a field F. Let E denote an eigenspace of B;. Prove that B;(E) < F for all i.

(iii) Suppose Bi, Ba, ..., By are commuting diagonalisable matrices. Prove that
they are simultaneously diagonalisable.

(iv) Are the 2 x 2 diagonalisable matrices over C simultaneously diagonalisable?
Explain your answer.

Paper 2, Section 11
10E Linear Algebra

(i) Suppose A is a matrix that does not have —1 as an eigenvalue. Show that A + T
is non-singular. Further, show that A commutes with (A4 + I)~!.

(ii) A matrix A is called skew-symmetric if AT = —A. Show that a real skew-
symmetric matrix does not have —1 as an eigenvalue.

(iii) Suppose A4 is a real skew-symmetric matrix. Show that U = (I — A)(I + A)~1
is orthogonal with determinant 1.

(iv) Verify that every orthogonal matrix U with determinant 1 which does not have
—1 as an eigenvalue can be expressed as (I — A)(I+ A)~! where A is a real skew-symmetric
matrix.
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Paper 4, Section 1
1G Linear Algebra

Let V denote the vector space of all real polynomials of degree at most 2. Show
that

1
(f.0) = / Fa)gla) da

defines an inner product on V.

Find an orthonormal basis for V.

Paper 2, Section I
1G Linear Algebra
State and prove the Rank—Nullity Theorem.

Let « be a linear map from R® to R?. What are the possible dimensions of the kernel
of a? Justify your answer.

Paper 1, Section 1
1G Linear Algebra

State and prove the Steinitz Exchange Lemma. Use it to prove that, in a finite-
dimensional vector space: any two bases have the same size, and every linearly independent
set extends to a basis.

Let e1,...,e, be the standard basis for R”. Is e; + ea, es + €3, e3 + e1 a basis for
R3? Is e; + ea, €2 + €3, e3 + eq, €4 + €1 a basis for R*? Justify your answers.
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Paper 1, Section II
9G Linear Algebra

Let V be an n-dimensional real vector space, and let T' be an endomorphism of V.
We say that T acts on a subspace W if T(W) Cc W.

(i) For any x € V, show that T acts on the linear span of {x,T(x),T?(z),...,T" (z)}.

(ii) If {z, T(x), T?*(z),...,T" !(z)} spans V, show directly (i.e. without using the Cayley—
Hamilton Theorem) that 7" satisfies its own characteristic equation.

(iii) Suppose that T" acts on a subspace W with W # {0} and W # V. Let ey,..., e, be a
basis for W, and extend to a basis ey, ..., e, for V. Describe the matrix of T with respect
to this basis.

(iv) Using (i), (ii) and (iii) and induction, give a proof of the Cayley—Hamilton Theorem.

[Simple properties of determinants may be assumed without proof.]

Paper 4, Section II
10G Linear Algebra

Let V be a real vector space. What is the dual V* of V7 If eq,..., e, is a basis for
V, define the dual basis e, ..., e, for V*, and show that it is indeed a basis for V*.

[No result about dimensions of dual spaces may be assumed.]

For a subspace U of V, what is the annihilator of U? If V is n-dimensional, how
does the dimension of the annihilator of U relate to the dimension of U?

Let @ : V — W be a linear map between finite-dimensional real vector spaces.
What is the dual map o*? Explain why the rank of a* is equal to the rank of a. Prove
that the kernel of o* is the annihilator of the image of o, and also that the image of o* is
the annihilator of the kernel of a.

[Results about the matrices representing a map and its dual may be used without
proof, provided they are stated clearly.]

Now let V' be the vector space of all real polynomials, and define elements Lg, L1, . ..
of V* by setting L;(p) to be the coefficient of X* in p (for each p € V). Do the L; form a
basis for V*?
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Paper 3, Section II
10G Linear Algebra

Let ¢ be a nonsingular quadratic form on a finite-dimensional real vector space V.
Prove that we may write V= P @ N, where the restriction of g to P is positive definite,
the restriction of ¢ to N is negative definite, and ¢(x + y) = q(x) + q(y) for all x € P and
y € N. [No result on diagonalisability may be assumed.]

Show that the dimensions of P and N are independent of the choice of P and N.
Give an example to show that P and N are not themselves uniquely defined.

Find such a decomposition V = P@ N when V = R? and ¢ is the quadratic form
q((z,y,2) = 2 + 2y2 —2zy — 222 .

Paper 2, Section 11
10G Linear Algebra
Define the determinant of an n x n complex matrix A. Explain, with justification,
how the determinant of A changes when we perform row and column operations on A.
Let A, B,C be complex n x n matrices. Prove the following statements.
. A C
(i) det < 0 B> =det A det B .

(i) det <g _B> = det(A+iB) det(A —iB) .
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Paper 4, Section 1
1E Linear Algebra

What is a quadratic form on a finite dimensional real vector space V7 What does it
mean for two quadratic forms to be isomorphic (i.e. congruent)? State Sylvester’s law of
inertia and explain the definition of the quantities which appear in it. Find the signature
of the quadratic form on R3 given by ¢(v) = v Av, where

A= 1 -1 -3

Paper 2, Section 1
1E Linear Algebra
If A is an n x n invertible Hermitian matrix, let

Up = {U € Myyn(C)|T" AU = A}.

Show that Uy with the operation of matrix multiplication is a group, and that det U has

norm 1 for any U € Us. What is the relation between Uy and the complex Hermitian
form defined by A?

If A = I, is the n x n identity matrix, show that any element of U4 is diagonalizable.

Paper 1, Section 1
1E Linear Algebra
What is the adjugate of an n x n matrix A? How is it related to A~'? Suppose all

the entries of A are integers. Show that all the entries of A~! are integers if and only if
det A = +1.
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Paper 1, Section II
9E Linear Algebra

If V7 and V5 are vector spaces, what is meant by V3 @ V57 If V4 and Vs are subspaces
of a vector space V', what is meant by Vi 4+ V57?7

Stating clearly any theorems you use, show that if V3 and Vs are subspaces of a
finite dimensional vector space V', then

dim V; + dim Vo = dim(V; N V,) + dim(V; + Va).

Let Vi, V5 € R?* be subspaces with bases

Vi= ((3,2,4, -1),(1,2,1,-2), (—2,37 3, 2))
V2 - <(1747274)7 (_17 17 _17 _1)7 (37 17270»'

Find a basis (v1,va) for V3 NV, such that the first component of v; and the second
component of vy are both 0.

Paper 4, Section II
10E Linear Algebra

What does it mean for an n X n matrix to be in Jordan form? Show that if
A € My,%,,(C) is in Jordan form, there is a sequence (A,,) of diagonalizable n x n matrices
which converges to A, in the sense that the (ij)th component of A,, converges to the (ij)th
component of A for all i and j. [Hint: A matriz with distinct eigenvalues is diagonalizable.
Deduce that the same statement holds for all A € M,,x,(C).

Let V. = Msyx2(C). Given A € V, define a linear map T4 : V. — V by
Ts(B) = AB+ BA. Express the characteristic polynomial of T4 in terms of the trace and
determinant of A. [Hint: First consider the case where A is diagonalizable.

Paper 3, Section 11
10E Linear Algebra

Let V and W be finite dimensional real vector spaces and let T': V' — W be a linear
map. Define the dual space V* and the dual map T™. Show that there is an isomorphism
t:V — (V*)* which is canonical, in the sense that to S = (S*)* o for any automorphism

Sof V.

Now let W be an inner product space. Use the inner product to show that there is
an injective map from im 7" to im 7T*. Deduce that the row rank of a matrix is equal to its
column rank.
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Paper 2, Section II
10E Linear Algebra

Define what it means for a set of vectors in a vector space V to be linearly dependent.
Prove from the definition that any set of n + 1 vectors in R” is linearly dependent.

Using this or otherwise, prove that if V has a finite basis consisting of n elements,
then any basis of V' has exactly n elements.

Let V be the vector space of bounded continuous functions on R. Show that V is
infinite dimensional.
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Paper 4, Section 1
1F Linear Algebra

Let V' be a complex vector space with basis {ej,...,e,}. Define T : V. — V by
T(e;) = e; — ej+1 for i < n and T'(e,) = e, — e1. Show that T is diagonalizable and find
its eigenvalues. [You may use any theorems you wish, as long as you state them clearly.]

Paper 2, Section 1
1F Linear Algebra
Define the determinant det A of an n x n real matrix A. Suppose that X is a matrix

with block form A
B
x=(5 0)

where A, B and C are matrices of dimensions n X n, n x m and m X m respectively. Show
that det X = (det A)(det C).

Paper 1, Section I
1F Linear Algebra

Define the notions of basis and dimension of a vector space. Prove that two finite-
dimensional real vector spaces with the same dimension are isomorphic.

In each case below, determine whether the set S is a basis of the real vector space
V.
(i) V =C is the complex numbers; S = {1,}.

(ii) V = R[z] is the vector space of all polynomials in = with real coefficients;

S={1,(zx—-1),(z—1)(z—-2),(x —1)(x —2)(x — 3),...}.
(iii) V={f:10,1] = R}; S ={xp|p € [0,1]}, where

1 =
Xp(z) = {0 m#i
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Paper 1, Section II
9F Linear Algebra

Define what it means for two n x n matrices to be similar to each other. Show
that if two n X n matrices are similar, then the linear transformations they define have
isomorphic kernels and images.

If A and B are n x n real matrices, we define [A, B] = AB — BA. Let

Ka={X € Mpn(R)|[A, X] =0}
La={[AX]|X € Myxn(R)}.

Show that K4 and Ly are linear subspaces of M, «,(R). If A and B are similar, show
that Ky =2 Kg and L4 = Lpg.

Suppose that A is diagonalizable and has characteristic polynomial
(I — )\1)m1 (l‘ - )\2)m2 y

where A1 # Ao. What are dim K4 and dim L4?

Paper 4, Section 11
10F Linear Algebra

Let V be a finite-dimensional real vector space of dimension n. A bilinear form
B : V xV — R is nondegenerate if for all v.# 0 in V, there is some w € V with
B(v,w) # 0. For v € V, define (v)* = {w € V|B(v,w) = 0}. Assuming B is
nondegenerate, show that V = (v) @ (v)* whenever B(v,v) # 0.

Suppose that B is a nondegenerate, symmetric bilinear form on V. Prove that
there is a basis {vi,...,v,} of V with B(v;,v;) = 0 for i # j. [If you use the fact that
symmetric matrices are diagonalizable, you must prove it.]

Define the signature of a quadratic form. Explain how to determine the signature
of the quadratic form associated to B from the basis you constructed above.

A linear subspace V/ C V is said to be isotropic if B(v,w) = 0 for all v,w € V'.
Show that if B is nondegenerate, the maximal dimension of an isotropic subspace of V is
(n —|ol])/2, where o is the signature of the quadratic form associated to B.
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Paper 3, Section II
10F Linear Algebra
What is meant by the Jordan normal form of an n x n complex matrix?

Find the Jordan normal forms of the following matrices:

1100 -1 -1 1 0 3 0 00
0101 0 -1 0 1 3 3 00
001 1] 0o o0 -1 1/|” 9 6 3 0
00 01 0o 0 0 -1 15 12 9 3

Suppose A is an invertible n X n complex matrix. Explain how to derive the charac-
teristic and minimal polynomials of A™ from the characteristic and minimal polynomials
of A. Justify your answer. [Hint: write each polynomial as a product of linear factors.]

Paper 2, Section 11
10F Linear Algebra

(i) Define the transpose of a matrix. If V and W are finite-dimensional real vector
spaces, define the dual of a linear map T': V — W. How are these two notions related?

Now suppose V and W are finite-dimensional inner product spaces. Use the inner
product on V to define a linear map V' — V* and show that it is an isomorphism. Define
the adjoint of a linear map T : V' — W. How are the adjoint of T and its dual related?
If A is a matrix representing 7', under what conditions is the adjoint of T" represented by
the transpose of A?

(ii) Let V' = C[0, 1] be the vector space of continuous real-valued functions on [0, 1],
equipped with the inner product

1
(f.g) = /0 FBg(t) dt

Let T': V — V be the linear map

W@zlf@“-

What is the adjoint of T'?
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Paper 1, Section I
1G Linear Algebra

(i) State the rank-nullity theorem for a linear map between finite-dimensional vector
spaces.

(ii) Show that a linear transformation f : V' — V of a finite-dimensional vector
space V is bijective if it is injective or surjective.

(iii) Let V' be the R-vector space R[X] of all polynomials in X with coefficients in
R. Give an example of a linear transformation f : V' — V which is surjective but not
bijective.

Paper 2, Section 1
1G Linear Algebra

Let V be an n-dimensional R-vector space with an inner product. Let W be an
m-dimensional subspace of V and W its orthogonal complement, so that every element
v € V can be uniquely written as v = w + w’ for w € W and v’ € W+.

The reflection map with respect to W is defined as the linear map
fw:Vow+uw —w—w €V.

Show that fy is an orthogonal transformation with respect to the inner product, and find
its determinant.

Paper 4, Section 1
1G Linear Algebra

(i) Let V' be a vector space over a field F', and Wy, Wy subspaces of V. Define the
subset W7 + W5 of V', and show that W7 + W5 and W7 N Wy are subspaces of V.

(ii) When Wy, Wy are finite-dimensional, state a formula for dim(W; 4+ W3) in terms
of dimW7y, dimWy and dim(Wy N Ws).

(iii) Let V be the R-vector space of all n x n matrices over R. Let S be the subspace

of all symmetric matrices and 7' the subspace of all upper triangular matrices (the matrices
(a;j) such that a;; = 0 whenever i > j). Find dim S, dim7, dim(SN7T') and dim(S +T).
Briefly justify your answer.
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Paper 1, Section II
9G Linear Algebra

Let V, W be finite-dimensional vector spaces over a field F' and f: V — W a linear
map.

(i) Show that f is injective if and only if the image of every linearly independent
subset of V is linearly independent in W.

(ii) Define the dual space V* of V' and the dual map f*: W* — V*.

(iii) Show that f is surjective if and only if the image under f* of every linearly
independent subset of W* is linearly independent in V*.

Paper 2, Section 11
10G Linear Algebra

Let n be a positive integer, and let V' be a C-vector space of complex-valued functions
on R, generated by the set { coskx, sinkz; k=0,1,...,n—1 }.

(i) Let (f,g9) = 027r f(z)g(z)dzx for f,g € V. Show that this is a positive definite
Hermitian form on V.

2
(ii) Let A(f) = % f(z). Show that A is a self-adjoint linear transformation of V'
with respect to the form defined in (i).

(iii) Find an orthonormal basis of V' with respect to the form defined in (i), which
consists of eigenvectors of A.

Paper 3, Section II
10G Linear Algebra

(i) Let A be an m x n complex matrix and f(X) a polynomial with complex
coefficients. By considering the Jordan normal form of A or otherwise, show that if the
eigenvalues of A are Aq,..., A\, then the eigenvalues of f(A) are f(\1),..., f(An).

a d c b

.. b a d c . . .

(ii) Let B = c b oa d Write B as B = f(A) for a polynomial f with
d c¢c b a

0 0 0 1

1 000 .

A= 0100l and find the eigenvalues of B.
0010

[Hint: compute the powers of A.]
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Paper 4, Section II
10G Linear Algebra

Let V be an n-dimensional R-vector space and f,g: V — V linear transformations.

Suppose f is invertible and diagonalisable, and fog =t - (g o f) for some real number
t> 1.

(i) Show that g is nilpotent, i.e. some positive power of g is 0.

(i) Suppose that there is a non-zero vector v € V with f(v) = v and ¢"~!(v) # 0.
Determine the diagonal form of f.
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Paper 1, Section 1
1F Linear Algebra
Suppose that V is the complex vector space of polynomials of degree at most n — 1

d
in the variable z. Find the Jordan normal form for each of the linear transformations —
z

d
and z— acting on V.
dz

Paper 2, Section 1
1F Linear Algebra
Suppose that ¢ is an endomorphism of a finite-dimensional complex vector space.

(i) Show that if \ is an eigenvalue of ¢, then A? is an eigenvalue of ¢?.

(ii) Show conversely that if u is an eigenvalue of ¢?, then there is an eigenvalue A of ¢
with A2 = p.

Paper 4, Section I
1F Linear Algebra

Define the notion of an inner product on a finite-dimensional real vector space V,
and the notion of a self-adjoint linear map o : V — V.

Suppose that V is the space of real polynomials of degree at most n in a variable ¢.
Show that

1
(f.9) = / gt dr

is an inner product on V', and that the map a: V — V:

a(f)(t) = (L =) f"(t) — 2tf'(t)

is self-adjoint.
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Paper 1, Section II
9F Linear Algebra
Let V' denote the vector space of n x n real matrices.

(1) Show that if 1)(A, B) = tr(ABT), then 1 is a positive-definite symmetric bilinear
form on V.

(2) Show that if q(A) = tr(A?), then g is a quadratic form on V. Find its rank and
signature.

[Hint: Consider symmetric and skew-symmetric matrices.]

Paper 2, Section II

10F Linear Algebra

(i) Show that two n x n complex matrices A, B are similar (i.e. there exists invertible
P with A = P~'BP) if and only if they represent the same linear map C* — C" with
respect to different bases.

(ii) Explain the notion of Jordan normal form of a square complex matrix.
(iii) Show that any square complex matrix A is similar to its transpose.
(iv) If A is invertible, describe the Jordan normal form of A~! in terms of that of A.

Justify your answers.

Paper 3, Section 11
10F Linear Algebra

Suppose that V is a finite-dimensional vector space over C, and that o : V — V
is a C-linear map such that o™ = 1 for some n > 1. Show that if V; is a subspace of
V such that «a(Vy) C Vi, then there is a subspace V5 of V' such that V = V) @ V5 and
OC(VQ) c V.

[Hint: Show, for example by picking bases, that there is a linear map 7 : V. — V; with
7(x) = x for all z € V1. Then consider p : V — V| with p(y) = ?;01 alrai(y).]

T n
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Paper 4, Section 11
10F Linear Algebra

(i) Show that the group O, (R) of orthogonal n x n real matrices has a normal subgroup
SO,(R)={A€0O,(R)|det A=1}.
(ii) Show that O, (R) = SO, (R) x {+1,} if and only if n is odd.

(iii) Show that if n is even, then O, (R) is not the direct product of SO, (R) with any
normal subgroup.

[You may assume that the only elements of Oy, (R) that commute with all elements of Oy, (R)
are £1,,.]
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Paper 1, Section I
1G Linear Algebra

(1) Let V' be a finite-dimensional vector space and let 7' : V. — V be a non-zero
endomorphism of V. If ker(7) = im(7") show that the dimension of V' is an even
integer. Find the minimal polynomial of T. [You may assume the rank-nullity
theorem.]

(2) Let A;, 1 < i< 3, be non-zero subspaces of a vector space V' with the property that
V=A1®A =A D A3 = A © A3.

Show that there is a 2-dimensional subspace W C V for which all the W N A; are
one-dimensional.

Paper 2, Section 1
1G Linear Algebra

Let V denote the vector space of polynomials f(x,y) in two variables of total degree
at most n. Find the dimension of V.

If S:V — V is defined by

0? 0?
O

find the kernel of S and the image of S. Compute the trace of S for each n with 1 < n < 4.

Paper 4, Section I
1G Linear Algebra

Show that every endomorphism of a finite-dimensional vector space satisfies some
polynomial, and define the minimal polynomial of such an endomorphism.

Give a linear transformation of an eight-dimensional complex vector space which has
minimal polynomial z%(z—1)3.
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Paper 1, Section II
9G Linear Algebra
Define the dual of a vector space V. State and prove a formula for its dimension.

Let V' be the vector space of real polynomials of degree at most n. If {ag,...,a,}
are distinct real numbers, prove that there are unique real numbers { )\, ..., A, } with

L) = 3 Aplay)
j=0

for every p(x) € V.

Paper 2, Section II
10G Linear Algebra

Let V be a finite-dimensional vector space and let T : V' — V be an endomorphism
of V. Show that there is a positive integer I such that V = ker(T") @ im(T"). Hence, or
otherwise, show that if 7" has zero determinant there is some non-zero endomorphism S
with T'S =0 = ST.

Suppose 17 and T5 are endomorphisms of V' for which TZ-2 =1T;,1=1,2. Show that
T is similar to T if and only if they have the same rank.

Paper 3, Section II
10G Linear Algebra
For each of the following, provide a proof or counterexample.

(1) If A, B are complex n x n matrices and AB = BA, then A and B have a common
eigenvector.

(2) If A, B are complex n x n matrices and AB = BA, then A and B have a common
eigenvalue.

(3) If A, B are complex n x n matrices and (AB)" = 0 then (BA)" = 0.

(4) If T : V — V is an endomorphism of a finite-dimensional vector space V and A
is an eigenvalue of T', then the dimension of {v € V | (T — AI)v = 0} equals the
multiplicity of A as a root of the minimal polynomial of 7.

(5) If T : V — V is an endomorphism of a finite-dimensional complex vector space V,
A is an eigenvalue of 7', and W; = {v € V | (T — \I)"(v) = 0}, then W, = W44
where c¢ is the multiplicity of A as a root of the minimal polynomial of 7.
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Paper 4, Section II
10G Linear Algebra

What does it mean to say two real symmetric bilinear forms A and B on a vector
space V are congruent ?

State and prove Sylvester’s law of inertia, and deduce that the rank and signature
determine the congruence class of a real symmetric bilinear form. [You may use without
proof a result on diagonalisability of real symmetric matrices, provided it is clearly stated.]

How many congruence classes of symmetric bilinear forms on a real n-dimensional
vector space are there? Such a form v defines a family of subsets {x € R" | ¥(z,z) = t},
for t € R. For how many of the congruence classes are these associated subsets all bounded
subsets of R"? Is the quadric surface

{322 + 6y + 52% + day + 222 + 8yz = 1}

a bounded or unbounded subset of R? ? Justify your answers.
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1/1/1E Linear Algebra

Let A be an n x n matrix over C. What does it mean to say that A is an eigenvalue
of A? Show that A has at least one eigenvalue. For each of the following statements,
provide a proof or a counterexample as appropriate.

(i) If A is Hermitian, all eigenvalues of A are real.
(ii) If all eigenvalues of A are real, A is Hermitian.

(iii) If all entries of A are real and positive, all eigenvalues of A have positive real
part.

(iv) If A and B have the same trace and determinant then they have the same
eigenvalues.

1/II/9E  Linear Algebra

Let A be an m x n matrix of real numbers. Define the row rank and column rank
of A and show that they are equal.

Show that if a matrix A’ is obtained from A by elementary row and column
operations then rank(A’) = rank(A).

Let P,@ and R be n x n matrices. Show that the 2n x 2n matrices <PQ 0 )

Q QR
and <2) P%)?R

Hence, or otherwise, prove that

) have the same rank.

rank(PQ) + rank(QR) < rank(Q) + rank(PQR).

2/1/1E Linear Algebra

Suppose that V and W are finite-dimensional vector spaces over R. What does it
mean to say that ¢ : V — W is a linear map? State the rank-nullity formula. Using it, or
otherwise, prove that a linear map ¢ : V' — V is surjective if, and only if, it is injective.

Suppose that ¥ : V' — V is a linear map which has a right inverse, that is to say
there is a linear map ¢ : V. — V such that ¢¥¢ = idy, the identity map. Show that

o = idy.

Suppose that A and B are two n X n matrices over R such that AB = I. Prove
that BA = 1.

Part IB 2008
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2/I1/10E  Linear Algebra

Define the determinant det(A) of an n X n square matrix A over the complex
numbers. If A and B are two such matrices, show that det(AB) = det(A) det(B).

Write pas(A) = det(M — AI) for the characteristic polynomial of a matrix M. Let
A, B,C be n x n matrices and suppose that C' is nonsingular. Show that pgc = peB-
Taking C' = A + tI for appropriate values of ¢, or otherwise, deduce that pga = pap.

Show that if p4 = pp then tr(A) = tr(B). Which of the following statements is
true for all n x n matrices A, B, C'? Justify your answers.

(i) paBc = pacs;

(ii) paBc = pBCA-

3/II/10E  Linear Algebra

Let £k = R or C. What is meant by a quadratic form g : k™ — k7 Show that
there is a basis {v1,...,v,} for k™ such that, writing + = x1v1 + ... + z,v,, we have
q(x) = a12? + ... + apz? for some scalars ay,...,a, € {—1,0,1}.

Suppose that & = R. Define the rank and signature of ¢ and compute these
quantities for the form ¢ : R* — R given by q(z) = —327 + 23 + 2x179 — 27173 + 27273.

Suppose now that & = C and that ¢1,...,qq : C* — C are quadratic forms. If
n > 24, show that there is some nonzero € C™ such that q;(z) = ... = g4(x) = 0.

4/1/1E Linear Algebra

Describe (without proof) what it means to put an n x n matrix of complex numbers
into Jordan normal form. Explain (without proof) the sense in which the Jordan normal
form is unique.

Put the following matrix in Jordan normal form:

-7 3 =5
7T -1 5
17 -6 12

Part IB 2008
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4/I1/10E  Linear Algebra

What is meant by a Hermitian matrix? Show that if A is Hermitian then all its
eigenvalues are real and that there is an orthonormal basis for C" consisting of eigenvectors
of A.

A Hermitian matrix is said to be positive definite if (Ax,z) > 0 for all = # 0.
We write A > 0 in this case. Show that A is positive definite if, and only if, all of its
eigenvalues are positive. Show that if A > 0 then A has a unique positive definite square

root \/Z

Let A, B be two positive definite Hermitian matrices with A — B > 0. Writing
C =+/A and X = v/A—+/B, show that CX + XC > 0. By considering eigenvalues of X,
or otherwise, show that X > 0.
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1/1/1G Linear Algebra

Suppose that {ej,...,e3} is a basis of the complex vector space C® and that
A C3 — C3 is the linear operator defined by A(e;) = e, A(es) = e3, and A(es) = e;.

By considering the action of A on column vectors of the form (1,&,£2)T, where
€3 =1, or otherwise, find the diagonalization of A and its characteristic polynomial.

1/I1/9G  Linear Algebra
State and prove Sylvester’s law of inertia for a real quadratic form.

[You may assume that for each real symmetric matriz A there is an orthogonal matriz U,
such that U~ AU is diagonal.]

Suppose that V' is a real vector space of even dimension 2m, that @ is a non-singular
quadratic form on V' and that U is an m-~dimensional subspace of V on which ) vanishes.
What is the signature of Q7

2/1/1G Linear Algebra

Suppose that 5,7 are endomorphisms of the 3-dimensional complex vector space
C3 and that the eigenvalues of each of them are 1, 2, 3. What are their characteristic and
minimal polynomials? Are they conjugate?

2/11/10G  Linear Algebra

Suppose that P is the complex vector space of complex polynomials in one
variable, z.

(i) Show that the form (, ) defined by

1 27 0 -
= — g . 6 da
) =5m [ 150
is a positive definite Hermitian form on P.
(ii) Find an orthonormal basis of P for this form, in terms of the powers of z.

(iii) Generalize this construction to complex vector spaces of complex polynomials
in any finite number of variables.

Part IB 2007
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3/I1/10G Linear Algebra

(i) Define the terms row-rank, column-rank and rank of a matrix, and state a relation
between them.

(ii) Fix positive integers m, n, p with m,n > p. Suppose that A is an m x p matrix
and B a p X n matrix. State and prove the best possible upper bound on the rank of the
product AB.

4/1/1G Linear Algebra

Suppose that « : V. — W is a linear map of finite-dimensional complex vector
spaces. What is the dual map o™* of the dual vector spaces?

Suppose that we choose bases of V, W and take the corresponding dual bases of the
dual vector spaces. What is the relation between the matrices that represent o and o*
with respect to these bases? Justify your answer.

4/11/10G  Linear Algebra
(i) State and prove the Cayley—Hamilton theorem for square complex matrices.

(ii) A square matrix A is of order n for a strictly positive integer n if A™ = I and
no smaller positive power of A is equal to 1.

Determine the order of a complex 2 x 2 matrix A of trace zero and determinant 1.
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1/1/1H Linear Algebra

Define what is meant by the minimal polynomial of a complex n x n matrix, and
show that it is unique. Deduce that the minimal polynomial of a real n x n matrix has
real coeflicients.

For n > 2, find an n x n matrix with minimal polynomial (t — 1)2(¢ + 1).

1/II/9H  Linear Algebra

Let U, V be finite-dimensional vector spaces, and let # be a linear map of U into
V. Define the rank r(0) and the nullity n(#) of 6, and prove that

r(0) +n(f) = dim U.

Now let 0, ¢ be endomorphisms of a vector space U. Define the endomorphisms
0 4+ ¢ and 6¢, and prove that

r(0 4 ¢)
n(09)

r(0)
n(6)

r(¢)

< +
< + n(op).

Prove that equality holds in both inequalities if and only if 6+ ¢ is an isomorphism
and ¢ is zero.

2/1/1E Linear Algebra
State Sylvester’s law of inertia.

Find the rank and signature of the quadratic form ¢ on R™ given by

n 2 n
q(x1,...,2,) = <sz> —Zx?
i=1 i=1
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2/II/10E  Linear Algebra

Suppose that V' is the set of complex polynomials of degree at most n in the variable
x. Find the dimension of V' as a complex vector space.

Define
d*o

e, :V—=C by e(o)= d:c—k(o)

Find a subset of {ex |k € N} that is a basis of the dual vector space V*. Find the
corresponding dual basis of V.

Define

_d¢

=

Write down the matrix of D with respect to the basis of V' that you have just found, and
the matrix of the map dual to D with respect to the dual basis.

D:V =V by D(¢)

3/II/10H Linear Algebra

(a) Define what is meant by the trace of a complex n x n matrix A. If T' denotes
an n x n invertible matrix, show that A and TAT ~! have the same trace.

(b) If A1,..., A are distinct non-zero complex numbers, show that the endomor-
phism of C” defined by the matrix
Ao A
A=
A oo AL

has trivial kernel, and hence that the same is true for the transposed matrix At.

For arbitrary complex numbers A1, ..., \,, show that the vector (1,...,1)* is not
in the kernel of the endomorphism of C™ defined by the matrix

Al o A

N

AT AR
unless all the \; are zero.
[Hint: reduce to the case when A1,...,\. are distinct non-zero complex numbers, with
r < n, and each \; for j > r is either zero or equal to some \; with © < r. If the kernel
of the endomorphism contains (1,...,1)t, show that it also contains a vector of the form
(mi,...,my,0,...,0)" with the m; strictly positive integers.]

(c) Assuming the fact that any complex n X n matrix is conjugate to an upper-
triangular one, prove that if A is an n x n matrix such that A* has zero trace for all
1 <k <n,then A" =0.
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4/1/1H Linear Algebra

Suppose V is a vector space over a field k. A finite set of vectors is said to be a
basis for V if it is both linearly independent and spanning. Prove that any two finite bases
for V' have the same number of elements.

4/I1/10E  Linear Algebra

Suppose that « is an orthogonal endomorphism of the finite-dimensional real inner
product space V. Suppose that V is decomposed as a direct sum of mutually orthogonal
a-invariant subspaces. How small can these subspaces be made, and how does a act on
them? Justify your answer.

Describe the possible matrices for a with respect to a suitably chosen orthonormal
basis of V when dimV = 3.
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1/1/1C Linear Algebra

Let V be an n-dimensional vector space over R, and let 8 : V — V be a linear
map. Define the minimal polynomial of 3. Prove that S is invertible if and only if the
constant term of the minimal polynomial of 3 is non-zero.

1/I1/9C  Linear Algebra

Let V be a finite dimensional vector space over R, and V* be the dual space of V.
If W is a subspace of V', we define the subspace (W) of V* by

aW)={feV*: f(w)=0 for all win W}.

Prove that dim(a(W)) = dim(V') — dim(W). Deduce that, if A = (a;;) is any real
m X n-matrix of rank r, the equations

n
Zaijxj =0 (221,,?77,)
j=1

have n — r linearly independent solutions in R"™.

2/1/1C Linear Algebra

Let © be the set of all 2 x 2 matrices of the form « = al + bJ + cK + dL, where
a,b,c,d are in R, and

_<(1) ?)’J—G) _OZ>K—<_01 é)L—G é) (12 =—1).

Prove that € is closed under multiplication and determine its dimension as a vector
space over R. Prove that

(al +bJ +cK +dL) (al —bJ —cK —dL) = (a* +b* + ¢ +d*)I,

and deduce that each non-zero element of 2 is invertible.
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2/11/10C  Linear Algebra

(i) Let A = (a;;) be an n x n matrix with entries in C. Define the determinant of
A, the cofactor of each a;j, and the adjugate matrix adj(A). Assuming the expansion of
the determinant of a matrix in terms of its cofactors, prove that

adj(A) A = det(A)I,, ,

where I,, is the n x n identity matrix.

(ii) Let

_— o O O
SO O
o O = O
O = OO

Show the eigenvalues of A are 41,44, where i = —1, and determine the diagonal

matrix to which A is similar. For each eigenvalue, determine a non-zero eigenvector.

3/II/10B  Linear Algebra

Let S be the vector space of functions f : R — R such that the nth derivative
of f is defined and continuous for every n > 0. Define linear maps A,B : S — S by
A(f) =df/dz and B(f)(z) = zf(x). Show that

[A,B] = 1g,

where in this question [A, B] means AB — BA and 1g is the identity map on S.

Now let V be any real vector space with linear maps A, B : V — V such that
[A, B] = 1y. Suppose that there is a nonzero element y € V' with Ay = 0. Let W be the
subspace of V spanned by y, By, B2y, and so on. Show that A(By) is in W and give
a formula for it. More generally, show that A(B%y) is in W for each i > 0, and give a
formula for it.

Show, using your formula or otherwise, that {y, By, By, ...} are linearly indepen-
dent. (Or, equivalently: show that y, By, B2y, ..., B™y are linearly independent for every
n > 0.)

4/1/1B Linear Algebra

Define what it means for an n x n complex matrix to be unitary or Hermitian.
Show that every eigenvalue of a Hermitian matrix is real. Show that every eigenvalue of
a unitary matrix has absolute value 1.

Show that two eigenvectors of a Hermitian matrix that correspond to different
eigenvalues are orthogonal, using the standard inner product on C™.
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4/11/10B  Linear Algebra

(i) Let V' be a finite-dimensional real vector space with an inner product. Let
e1,...,en be a basis for V. Prove by an explicit construction that there is an orthonormal
basis f1,..., fn for V such that the span of eq,...,e; is equal to the span of fi,..., f; for
every 1 < ¢ < n.

(ii) For any real number a, consider the quadratic form
qa(z,y,2) = 2y + yz + 22 + ax®

on R3. For which values of a is ¢, nondegenerate? When ¢, is nondegenerate, compute
its signature in terms of a.
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1/1/1H Linear Algebra

Suppose that {ej,...,e,41} is a linearly independent set of distinct elements of a
vector space V and {ei,...,e., f.41,...,f,} spans V. Prove that f,,4,...,f, may be
reordered, as necessary, so that {eq,...e.11,f42,...,f,} spans V.

Suppose that {ej,...,e,} is a linearly independent set of distinct elements of V'

and that {fy,...,f,,} spans V. Show that n < m.

1/II/12H Linear Algebra

Let U and W be subspaces of the finite-dimensional vector space V. Prove that
both the sum U + W and the intersection U N W are subspaces of V. Prove further that

dimU +dimW =dim (U + W) +dim (UNW).

Let U, W be the kernels of the maps A, B : R* — R? given by the matrices A and
B respectively, where

12 -1 -3 1 -1 2 0
A‘(—11 2—4)’ B‘(o 12—4)'

Find a basis for the intersection U N W, and extend this first to a basis of U, and then to
a basis of U + W.

2/1/1E Linear Algebra
For each n let A,, be the n x n matrix defined by
_Jioe<y,
ans={5 57

What is det 4,7 Justify your answer.
[It may be helpful to look at the cases n =1,2,3 before tackling the general case.]
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2/I1/12E  Linear Algebra

Let @ be a quadratic form on a real vector space V' of dimension n. Prove that

there is a basis eq, ..., e, with respect to which @ is given by the formula
n
Q(inei) :x%+...+x§—x§+1 —...—:v]23+q.
i=1

Prove that the numbers p and ¢ are uniquely determined by the form (). By means
of an example, show that the subspaces (e1,...,e,) and (e,41,...,€,14) need not be
uniquely determined by Q.

3/1/1E Linear Algebra

Let V be a finite-dimensional vector space over R. What is the dual space of V7
Prove that the dimension of the dual space is the same as that of V.

3/1I/13E  Linear Algebra

(i) Let V be an n-dimensional vector space over C and let a : V' — V be an
endomorphism. Suppose that the characteristic polynomial of a is II¥_, (x — \;)™, where
the A; are distinct and n; > 0 for every i.

Describe all possibilities for the minimal polynomial and prove that there are no
further ones.

(ii) Give an example of a matrix for which both the characteristic and the minimal
polynomial are (z — 1)3(z — 3).

(iii) Give an example of two matrices A, B with the same rank and the same minimal
and characteristic polynomials such that there is no invertible matrix P with PAP~! = B.

4/1/1E Linear Algebra

Let V be a real n-dimensional inner-product space and let W C V be a k-
dimensional subspace. Let eq,...,e; be an orthonormal basis for W. In terms of this
basis, give a formula for the orthogonal projection 7 : V — W.

Let v € V. Prove that nv is the closest point in W to v.

[You may assume that the sequence eq,...,e, can be extended to an orthonormal
basis e1,...,e, of V]
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4/I1/11E  Linear Algebra

(i) Let V' be an n-dimensional inner-product space over C and let ao: V' — V be a
Hermitian linear map. Prove that V' has an orthonormal basis consisting of eigenvectors
of a.

(ii) Let 5 : V — V be another Hermitian map. Prove that af is Hermitian if and
only if a8 = fa.

(iii) A Hermitian map « is positive-definite if (av,v) > 0 for every non-zero
vector v. If «v is a positive-definite Hermitian map, prove that there is a unique positive-
definite Hermitian map 3 such that 3% = a.
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1/1/5E Linear Mathematics

Let V be the subset of R® consisting of all quintuples (a1, as,as, a4, as) such that
a1 +as+asg+ag+a5=0
and
a1 + 2as + 3az + 4ay + 5a5 =0 .

Prove that V is a subspace of R®. Solve the above equations for a; and ay in terms of
as, aq and as. Hence, exhibit a basis for V', explaining carefully why the vectors you give
form a basis.

1/11/14E  Linear Mathematics

(a) Let U,U’" be subspaces of a finite-dimensional vector space V. Prove that
dim(U +U') =dimU + dim U’ — dim(U N U’).
(b) Let V and W be finite-dimensional vector spaces and let o and 3 be linear

maps from V to W. Prove that

rank(a + ) < rank a + rank 3 .

(c) Deduce from this result that

rank(a + ) > |[rank o — rank 3] .

(d) Let V.= W = R™ and suppose that 1 < r < s < n. Exhibit linear maps
a,f:V — W such that ranka = r, rank 8 = s and rank(a + ) = s — r. Suppose that
r + s > n. Exhibit linear maps «, 58 : V — W such that ranka = r, rank § = s and
rank (o + ) = n.

2/1/6E Linear Mathematics

Let aq,a9,...,a, be distinct real numbers. For each ¢ let v, be the vector
(1,@,@?,...,@?‘1). Let A be the n x n matrix with rows vi,va,...,v, and let ¢ be
a column vector of size n. Prove that Ac = 0 if and only if ¢ = 0. Deduce that the vectors

Vi,Va,...,V, span R".

[You may use general facts about matrices if you state them clearly.]
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2/11/15E  Linear Mathematics

(a) Let A = (a;5) be an m x n matrix and for each k < n let A, be the m x k
matrix formed by the first k columns of A. Suppose that n > m. Explain why the nullity
of A is non-zero. Prove that if k is minimal such that A has non-zero nullity, then the
nullity of Ay is 1.

(b) Suppose that no column of A consists entirely of zeros. Deduce from (a) that

there exist scalars by,...,b; (where k is defined as in (a)) such that Z;?:l a;;b; = 0 for
every i < m, but whenever \q,..., A\, are distinct real numbers there is some ¢ < m such

that Z?:l aij)\jbj 7& 0.

(¢) Now let vi,va,...,v,, and Wi, Ws,...,W,, be bases for the same real m-
dimensional vector space. Let A1, Ao, ..., A, be distinct real numbers such that for every j
the vectors vi +Ajw1,...,Vy, + Ajw,, are linearly dependent. For each j, let ayj,...,am;
be scalars, not all zero, such that >\ a;;(v; + A\;w;) = 0. By applying the result of (b)
to the matrix (a;;), deduce that n < m.

(d) It follows that the vectors vi+Awy, ..., V,, +Aw,, are linearly dependent for at
most m values of A. Explain briefly how this result can also be proved using determinants.

3/1/7G Linear Mathematics

Let a be an endomorphism of a finite-dimensional real vector space U and let 8 be
another endomorphism of U that commutes with a. If A is an eigenvalue of «, show that
5 maps the kernel of @ — At into itself, where ¢ is the identity map. Suppose now that
« is diagonalizable with n distinct real eigenvalues where n = dimU. Prove that if there
exists an endomorphism 3 of U such that o = 32, then A > 0 for all eigenvalues \ of a.

3/11/17G  Linear Mathematics

Define the determinant det(A) of an n x n complex matrix A. Let Aq,..., A,
be the columns of A, let o be a permutation of {1,...,n} and let A° be the matrix
whose columns are Ag(1),..., Agmn). Prove from your definition of determinant that
det(A?) = ¢e(o)det(A), where €(o) is the sign of the permutation o. Prove also that
det(A) = det(A").

Define the adjugate matrix adj(A) and prove from your definitions that A adj(4) =
adj(A) A = det(A) I, where I is the identity matrix. Hence or otherwise, prove that if
det(A) # 0, then A is invertible.

Let C' and D be real n x n matrices such that the complex matrix C' + iD is
invertible. By considering det(C' + A D) as a function of A\ or otherwise, prove that there
exists a real number A such that C'+ A\ D is invertible. [You may assume that if a matriz
A is invertible, then det(A) # 0.]

Deduce that if two real matrices A and B are such that there exists an invertible
complex matrix P with P~' A P = B, then there exists an invertible real matrix Q such
that Q"1 AQ = B.
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4/1/6G Linear Mathematics

Let a be an endomorphism of a finite-dimensional real vector space U such that
a? = . Show that U can be written as the direct sum of the kernel of o and the image of
«a. Hence or otherwise, find the characteristic polynomial of « in terms of the dimension
of U and the rank of a. Is a diagonalizable? Justify your answer.

4/11/15G  Linear Mathematics
Let o € L(U, V) be a linear map between finite-dimensional vector spaces. Let
M'(a)={B e L(V,U): Ba=0} and
M"(a)={Be L(V,U): af=0}.
(a) Prove that M'(a) and M" () are subspaces of L(V,U) of dimensions
dim M'(a) = (dimV — rank @) dim U and

dim M"(a) = dimker(a) dim V' .

[You may use the result that there exist bases in U and V' so that « is represented by

I, 0
0 0/’

where I, is the r X r identity matriz and r is the rank of o.]

(b) Let ®: L(U,V) — L(V*,U*) be given by ®(a) = a*, where o* is the dual map
induced by «a. Prove that ® is an isomorphism. [You may assume that ® is linear, and
you may use the result that a finite-dimensional vector space and its dual have the same
dimension.]

(c) Prove that
d(M'(a)) = M"(a*) and ®(M"(a)) = M'(a*).

[You may use the results that (8 a)* = o f* and that B** can be identified with B under
the canonical isomorphism between a vector space and its double dual.]

(d) Conclude that rank(a) = rank(a*).
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1/1/8G Quadratic Mathematics

Let U and V be finite-dimensional vector spaces. Suppose that b and ¢ are bilinear
forms on U x V' and that b is non-degenerate. Show that there exist linear endomorphisms
S of U and T of V such that c¢(z,y) = b(S(z),y) = b(z,T(y)) for all (x,y) e U x V.

1/11/17G ~ Quadratic Mathematics

(a) Suppose p is an odd prime and a an integer coprime to p. Define the Legendre
symbol () and state Euler’s criterion.

(b) Compute (_71) and prove that

()=G) G

whenever a and b are coprime to p.

(c) Let n be any integer such that 1 < n < p— 2. Let m be the unique integer such
that 1 < m < p—2and mn =1 (mod p). Prove that

()= (57)

—2

()

=1

(d) Find

]

3

2/1/8G Quadratic Mathematics

Let U be a finite-dimensional real vector space and b a positive definite symmetric
bilinear form on U xU. Let ¢: U — U be a linear map such that b(¢)(z),y)+b(x,¥(y)) =0
for all x and y in U. Prove that if ¢ is invertible, then the dimension of U must be even.
By considering the restriction of ¢ to its image or otherwise, prove that the rank of 1 is
always even.
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2/11/17G ~ Quadratic Mathematics

Let S be the set of all 2 x 2 complex matrices A which are hermitian, that is,
A* = A, where A* = A'.

(a) Show that S is a real 4-dimensional vector space. Consider the real symmetric
bilinear form b on this space defined by

b(A, B) = L (tr(AB) — tr(A) tr(B)) .

1
2
Prove that b(A, A) = —det A and b(A, I) = —1tr(A), where I denotes the identity matrix.

(b) Consider the three matrices

1 0 0 1 0 —1
A1—<0 _1>, A2—<1 0) and AS_(Z O)

Prove that the basis I, A1, Aa, A3 of S diagonalizes b. Hence or otherwise find the rank
and signature of b.

(c) Let @ be the set of all 2 x 2 complex matrices C' which satisfy C'+C* = tr(C) I.

Show that @ is a real 4-dimensional vector space. Given C € @, put

-
(0) = “r(C) T +iC.

Show that ® takes values in .S and is a linear isomorphism between ) and S.

(d) Define a real symmetric bilinear form on @ by setting ¢(C, D) = —1tr(C D),
C,D € Q. Show that b(®(C),®(D)) = ¢(C,D) for all C;,D € @. Find the rank and
signature of the symmetric bilinear form ¢ defined on Q.

3/1/9G Quadratic Mathematics

Let f(x,y) = ax? + bxy + cy? be a binary quadratic form with integer coefficients.
Explain what is meant by the discriminant d of f. State a necessary and sufficient
condition for some form of discriminant d to represent an odd prime number p. Using
this result or otherwise, find the primes p which can be represented by the form z?2 + 3y2.
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3/11/19G Quadratic Mathematics

Let U be a finite-dimensional real vector space endowed with a positive definite
inner product. A linear map 7: U — U is said to be an orthogonal projection if 7 is
self-adjoint and 72 = 7.

(a) Prove that for every orthogonal projection 7 there is an orthogonal decomposi-
tion

U = ker(7) & im(7).

(b) Let ¢: U — U be a linear map. Show that if ¢ = ¢ and ¢ ¢* = ¢* ¢, where ¢*
is the adjoint of ¢, then ¢ is an orthogonal projection. [You may find it useful to prove
first that if ¢ ¢* = ¢* ¢, then ¢ and ¢* have the same kernel.]

(c) Show that given a subspace W of U there exists a unique orthogonal projection
7 such that im(7) = W. If Wy and W5 are two subspaces with corresponding orthogonal
projections 7, and 79, show that 79 o 71 = 0 if and only if W7 is orthogonal to Ws.

(d) Let ¢: U — U be a linear map satisfying ¢? = ¢. Prove that one can define a
positive definite inner product on U such that ¢ becomes an orthogonal projection.
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1/1/5G Linear Mathematics
Define f : C3 — C? by

fla,b,¢) = (a+3b—c,2b+c,—4b—c).

Find the characteristic polynomial and the minimal polynomial of f. Is f diagonalisable?
Are f and f? linearly independent endomorphisms of C3? Justify your answers.

1/11/14G  Linear Mathematics
Let a be an endomorphism of a vector space V of finite dimension n .

(a) What is the dimension of the vector space of linear endomorphisms of V? Show
that there exists a non-trivial polynomial p(X) such that p(«) = 0. Define what is meant
by the minimal polynomial m, of «.

(b) Show that the eigenvalues of « are precisely the roots of the minimal polynomial
of a.

(c) Let W be a subspace of V' such that a(W) C W and let 5 be the restriction of
a to W. Show that mg divides my,.

(d) Give an example of an endomorphism « and a subspace W as in (c) not equal
to V for which m, = mg, and deg(my) > 1.

2/1/6G Linear Mathematics

Let A be a complex 4 x 4 matrix such that A3 = A?. What are the possible minimal
polynomials of A? If A is not diagonalisable and A2 # 0, list all possible Jordan normal
forms of A.

2/11/15G  Linear Mathematics

(a) A complex n x n matrix is said to be unipotent if U — I is nilpotent, where I is
the identity matrix. Show that U is unipotent if and only if 1 is the only eigenvalue of U.

(b) Let T be an invertible complex matrix. By considering the Jordan normal form
of T show that there exists an invertible matrix P such that

PTP~!' =D, + N,

where Dy is an invertible diagonal matrix, IV is an upper triangular matrix with zeros in
the diagonal and DygN = N Dy.
(c) Set D = P~1DyP and show that U = D~'T is unipotent.

(d) Conclude that any invertible matrix 7" can be written as 7' = DU where D is
diagonalisable, U is unipotent and DU = UD.
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3/1/7F Linear Mathematics

Which of the following statements are true, and which false? Give brief justifications
for your answers.

(a) If U and W are subspaces of a vector space V, then UNW is always a subspace
of V.

(b) If U and W are distinct subspaces of a vector space V, then U U W is never a
subspace of V.

(¢c) If U, W and X are subspaces of a vector space V, then U N (W + X) =
UnNW)+(UnX).

(d) If U is a subspace of a finite-dimensional space V', then there exists a subspace
W such that UNW = {0} and U+ W =V.

3/II/17F  Linear Mathematics

Define the determinant of an n x n matrix A, and prove from your definition that
if A’ is obtained from A by an elementary row operation (i.e. by adding a scalar multiple
of the ith row of A to the jth row, for some j # i), then det A’ = det A.

Prove also that if X is a 2n x 2n matrix of the form

(6 ¢)

where O denotes the n X n zero matrix, then det X = det A det C. Explain briefly how

the 2n x 2n matrix
B I
O A

B 1
—AB O
by a sequence of elementary row operations. Hence or otherwise prove that det AB =
det A det B.

can be transformed into the matrix

4/1/6F Linear Mathematics

Define the rank and nullity of a linear map between finite-dimensional vector spaces.
State the rank—nullity formula.

Let a: U - V and 8: V — W be linear maps. Prove that

rank(a) + rank(f8) — dim V' < rank(fa) < min{rank(«), rank(3)} .
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4/11/15F  Linear Mathematics

Define the dual space V* of a finite-dimensional real vector space V', and explain
what is meant by the basis of V* dual to a given basis of V. Explain also what is meant
by the statement that the second dual V** is naturally isomorphic to V.

Let Vi, denote the space of real polynomials of degree at most n. Show that, for
any real number z, the function e, mapping p to p(z) is an element of V,*. Show also

that, if 1, 22,..., 2,41 are distinct real numbers, then {e;,,€s,,...,€s,,,} is a basis of
V>, and find the basis of V,, dual to it.

Deduce that, for any (n + 1) distinct points z1,...,z, 1 of the interval [—1,1],
there exist scalars A1, ..., A\, 41 such that

1 n+1
mezzmm

for all p € V,,. For n =4 and (z1, z2, z3, 4, x5) = (—1, —%,O, %, 1), find the corresponding
scalars A;.
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1/1/8F Quadratic Mathematics

Define the rank and signature of a symmetric bilinear form ¢ on a finite-dimensional
real vector space. (If your definitions involve a matrix representation of ¢, you should
explain why they are independent of the choice of representing matrix.)

Let V be the space of all n x n real matrices (where n > 2), and let ¢ be the bilinear
form on V defined by
¢»(A,B) =tr AB—trAtr B .

Find the rank and signature of ¢.

[Hint: You may find it helpful to consider the subspace of symmetric matrices having
trace zero, and a suitable complement for this subspace.]

1/II/17F  Quadratic Mathematics

Let A and B be n x n real symmetric matrices, such that the quadratic form x” Ax
is positive definite. Show that it is possible to find an invertible matrix P such that
PTAP = I and PTBP is diagonal. Show also that the diagonal entries of the matrix
PTBP may be calculated directly from A and B, without finding the matrix P. If

2 1 0 4 0 0
A=1 2 1 and B=[0 -2 0],
01 2 0 0 0

find the diagonal entries of PT BP.

2/1/8F Quadratic Mathematics

Explain what is meant by a sesquilinear form on a complex vector space V. If ¢ and
¥ are two such forms, and ¢(v,v) = (v, v) for all v € V, prove that ¢(v, w) = (v, w) for
all v,w € V. Deduce that if a: V — V is a linear map satisfying ¢(a(v), a(v)) = ¢(v,v)
for all v € V, then ¢(a(v), a(w)) = ¢(v,w) for all v,w € V.

Part IB



2002

% UNIVERSITY OF
WP CAMBRIDGE 31

2/11/17F  Quadratic Mathematics

Define the adjoint a* of an endomorphism « of a complex inner-product space V.
Show that if W is a subspace of V, then (W) C W if and only if a*(W+) C W+,

An endomorphism of a complex inner-product space is said to be normal if it
commutes with its adjoint. Prove the following facts about a normal endomorphism « of
a finite-dimensional space V.

(i) @ and o* have the same kernel.

(ii) @ and o™ have the same eigenvectors, with complex conjugate eigenvalues.
(iii) If Ey = {x € V : a(z) = Az}, then a(Ey) C Ey.

(iv) There is an orthonormal basis of V' consisting of eigenvectors of a.

Deduce that an endomorphism « is normal if and only if it can be written as a
product (v, where § is Hermitian, ~ is unitary and 8 and v commute with each other.
[Hint: Given «, define B and v in terms of their effect on the basis constructed in (iv).]

3/1/9F Quadratic Mathematics

Explain what is meant by a quadratic residue modulo an odd prime p, and show that
. . . . . 1 .
a is a quadratic residue modulo p if and only if az®=1) =1 (mod p). Hence characterize
the odd primes p for which —1 is a quadratic residue.

State the law of quadratic reciprocity, and use it to determine whether 73 is a
quadratic residue (mod 127).

3/II/19F Quadratic Mathematics

Explain what is meant by saying that a positive definite integral quadratic form
f(x,y) = ax?+bry+cy? is reduced, and show that every positive definite form is equivalent
to a reduced form.

State a criterion for a prime number p to be representable by some form of
discriminant d, and deduce that p is representable by a form of discriminant —32 if and
only if p=1,2 or 3 (mod 8). Find the reduced forms of discriminant —32, and hence or
otherwise show that a prime p is representable by the form 3x2 + 22y + 3y? if and only if
p =3 (mod 8).

[Standard results on when —1 and 2 are squares (mod p) may be assumed.]
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1/1/5C Linear Mathematics

Determine for which values of z € C the matrix

T 1 1
M=|1—-z 0 -1
2 2¢ 1

is invertible. Determine the rank of M as a function of z. Find the adjugate and hence
the inverse of M for general z.

1/1I/14C  Linear Mathematics

(a) Find a matrix M over C with both minimal polynomial and characteristic
polynomial equal to (z — 2)3(x + 1)2. Furthermore find two matrices M; and My over C
which have the same characteristic polynomial, (x — 3)®(z — 1)2, and the same minimal
polynomial, (z — 3)2(x — 1)2, but which are not conjugate to one another. Is it possible to
find a third such matrix, M3, neither conjugate to M; nor to Ms? Justify your answer.

(b) Suppose A is an n x n matrix over R which has minimal polynomial of the
form (x — A1)(z — Ag) for distinct roots A\; # Ay in R. Show that the vector space
V = R™ on which A defines an endomorphism « : V' — V decomposes as a direct sum
into V' = ker(a — A1) @ ker(aw — Aat), where ¢ is the identity.

[Hint: Ezpress v € V in terms of (a — A1) (v) and (o — Aat)(v).]

Now suppose that A has minimal polynomial (x—A1)(z—MA2) ... (z—\,,) for distinct
Al,-., Am € R. By induction or otherwise show that

V =ker(a — A1) @ ker(a — Agt) @ ... @ ker(a — Appt).

Use this last statement to prove that an arbitrary matrix A € M,,«,,(R) is diagonalizable
if and only if all roots of its minimal polynomial lie in R and have multiplicity 1.

2/1/6C Linear Mathematics

a b
d
transformation p4 : Max2(C) — Msyy2(C). Find the matrix representing p4 with respect

to the basis
1 0 0 1 0 0 0 0
0 0/’\0 0/)’\1 0/)’\0 1

of Msy2(C). Prove that the characteristic polynomial of p4 is equal to the square of the
characteristic polynomial of A, and that A and p4 have the same minimal polynomial.

Show that right multiplication by A = ) € Ms,2(C) defines a linear
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2/11/15C  Linear Mathematics

Define the dual V* of a vector space V. Given a basis {vy,...,v,} of V define its
dual and show it is a basis of V*. For a linear transformation « : V' — W define the dual
o T W* = V™,

Explain (with proof) how the matrix representing o : V- — W with respect to given
bases of V' and W relates to the matrix representing a* : W* — V* with respect to the
corresponding dual bases of V* and W*.

Prove that o and o* have the same rank.

Suppose that « is an invertible endomorphism. Prove that (a*)™! = (a™1)*.

3/1/7C Linear Mathematics

Determine the dimension of the subspace W of R® spanned by the vectors

1 4 4 5
2 2 5 4
2 [, =2 .3, o

~1 6 1 5
1 —2 1 -1

Write down a 5 x 5 matrix M which defines a linear map R® — R® whose image is W and
which contains (1,1,1,1,1)7 in its kernel. What is the dimension of the space of all linear
maps R® — R® with (1,1,1,1,1)7 in the kernel, and image contained in W?

3/11/17C  Linear Mathematics

Let V be a vector space over R. Let a : V — V be a nilpotent endomorphism of
V,ie. o™ = 0 for some positive integer m. Prove that « can be represented by a strictly
upper-triangular matrix (with zeros along the diagonal). [You may wish to consider the
subspaces ker(a?) for j =1,...,m.]

Show that if « is nilpotent, then a™ = 0 where n is the dimension of V. Give an
example of a 4 x 4 matrix M such that M* = 0 but M3 # 0.

Let A be a nilpotent matrix and I the identity matrix. Prove that I + A has all
eigenvalues equal to 1. Is the same true of (I +A)(I+ B) if A and B are nilpotent? Justify
your answer.
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4/1/6C Linear Mathematics

Find the Jordan normal form J of the matrix

1 010

0 1 0 0
M= 0o -1 2 0]~

0 0 0 2

and determine both the characteristic and the minimal polynomial of M.

Find a basis of C* such that .J (the Jordan normal form of M) is the matrix
representing the endomorphism M : C* — C* in this basis. Give a change of basis matrix
P such that P~'MP = J.

4/11/15C  Linear Mathematics

Let A and B be n x n matrices over C. Show that AB and BA have the same
characteristic polynomial. [Hint: Look at det(CBC — xC) for C = A + yI, where x and
y are scalar variables.

Show by example that AB and BA need not have the same minimal polynomial.

Suppose that AB is diagonalizable, and let p(x) be its minimal polynomial. Show
that the minimal polynomial of BA must divide zp(z). Using this and the first part of
the question prove that (AB)? and (BA)? are conjugate.
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1/1/8B Quadratic Mathematics

Let q(z,y) = ax? + bzy + cy? be a binary quadratic form with integer coefficients.
Define what is meant by the discriminant d of ¢, and show that ¢ is positive-definite if
and only if @ > 0 > d. Define what it means for the form ¢ to be reduced. For any integer
d < 0, we define the class number h(d) to be the number of positive-definite reduced
binary quadratic forms (with integer coefficients) with discriminant d. Show that h(d) is
always finite (for negative d). Find h(—39), and exhibit the corresponding reduced forms.

1/II/17B  Quadratic Mathematics

Let ¢ be a symmetric bilinear form on a finite dimensional vector space V over a
field k£ of characteristic # 2. Prove that the form ¢ may be diagonalized, and interpret
the rank r of ¢ in terms of the resulting diagonal form.

For ¢ a symmetric bilinear form on a real vector space V of finite dimension n,
define the signature o of ¢, proving that it is well-defined. A subspace U of V is called
null if ¢|ly = 0; show that V has a null subspace of dimension n — (r + |o|), but no null
subspace of higher dimension.

Consider now the quadratic form q on R® given by
2(.112‘1.%'2 + Tox3 + X3x4 + TyZ5 + JJ5.’E1).

Write down the matrix A for the corresponding symmetric bilinear form, and calculate
det A. Hence, or otherwise, find the rank and signature of q.

2/1/8B Quadratic Mathematics

Let V be a finite-dimensional vector space over a field k. Describe a bijective
correspondence between the set of bilinear forms on V', and the set of linear maps of V' to
its dual space V*. If ¢1, ¢o are non-degenerate bilinear forms on V', prove that there exists
an isomorphism « : V' — V such that ¢o(u,v) = ¢1(u, av) for all u,v € V. If furthermore
both ¢1, ¢ are symmetric, show that « is self-adjoint (i.e. equals its adjoint) with respect
to ¢1.
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2/11/17B  Quadratic Mathematics

Suppose p is an odd prime and a an integer coprime to p. Define the Legendre

symbol (), and state (without proof) Euler’s criterion for its calculation.

For j any positive integer, we denote by r; the (unique) integer with |r;| < (p—1)/2
and 7; = aj mod p. Let [ be the number of integers 1 < j < (p — 1)/2 for which r; is

negative. Prove that
5)-cr
p

Hence determine the odd primes for which 2 is a quadratic residue.

Suppose that p1,...,p, are primes congruent to 7 modulo 8, and let

Show that 2 is a quadratic residue for any prime dividing N. Prove that IV is divisible by
some prime p = 7 mod 8. Hence deduce that there are infinitely many primes congruent
to 7 modulo 8.

3/1/9B Quadratic Mathematics

Let A be the Hermitian matrix

1 ¢+ 2
-1 3 —1
—21 1 5

Explaining carefully the method you use, find a diagonal matrix D with rational entries,
and an invertible (complex) matrix 7" such that T*DT = A, where T here denotes the
conjugated transpose of T

Explain briefly why we cannot find T', D as above with T unitary.

[You may assume that if a monic polynomial t3 + ast? + art + ag with integer coefficients
has all its roots rational, then all its roots are in fact integers.|
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3/1I/19B  Quadratic Mathematics

Let J; denote the 2 x 2 matrix (_01 (1)> Suppose that T is a 2 x 2 upper-

triangular real matrix with strictly positive diagonal entries and that J; ~'TJ; T~ is
orthogonal. Verify that ;T =TJ;.

Prove that any real invertible matrix A has a decomposition A = BC, where B is
an orthogonal matrix and C' is an upper-triangular matrix with strictly positive diagonal
entries.

Let A now denote a 2n x 2n real matrix, and A = BC be the decomposition of the
previous paragraph. Let K denote the 2n x 2n matrix with n copies of J; on the diagonal,
and zeros elsewhere, and suppose that KA = AK. Prove that K "'CKC~! is orthogonal.
From this, deduce that the entries of K "'CKC~! are zero, apart from n orthogonal 2 x 2
blocks Ei, ..., E, along the diagonal. Show that each E; has the form J; ~*C;J;C; !, for
some 2 x 2 upper-triangular matrix C; with strictly positive diagonal entries. Deduce that
KC =CK and KB = BK.

[Hint: The invertible 2n x 2n matrices S with 2x2 blocks S1, ..., Sy along the diagonal, but
with all other entries below the diagonal zero, form a group under matriz multiplication.]
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