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Chapter 0: Basics

0.1 Sets

Throughout these lecture notes, a set will be an unordered collection of ob-
jects, without repetitions. The objects contained in a set are called elements.
Elements of a set will be enclosed between curly brackets.

Example 0.1.1. {1,2,Q, w} is the set whose elements are 1,2, 0 and w.
This is the same as {2, 1, w, ©}, because sets are unordered collections of
objects, and it is the same as {1, 2,2, w, w,w, V}, because repetitions do
not matter.

There is a special set, called empty set, that is a collection of zero objects.
This is denoted by 0.

Elements of a set can be listed one by one, as in the example above, or
they can be described by a property that characterizes them.

Example 0.1.2. The set of natural numbers will be denoted by N, and it
is the set {0,1,2,...}. The set of integers will be denoted by Z, and it
is the set {0,1,—1,2,—2,3,-3,...}. The set of rational numbers will be
denoted by Q, and it can be described as {a/b: a,b € Z and b # 0}. The
colons in the description of Q shall be read as ”such as”.

If 5 is an element of a set S, we write s € S, and we say that s belongs to
S. If this is not the case, namely if s is not an element of S, we write s ¢ S.
The following symbols are fundamental standard notation in mathematics.

The symbol V means ”for all”;

The symbol 4 means "there exists”.

The symbol 3! means ”there exists a unique”.

The symbol 3 means ”it does not exist”.

The symbol <= means ”if and only if’. If P, () are propositions, we
write P <= (@) to say that if P holds true, then so does @) and if @)
holds true, then so does P.
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Example 0.1.3. The following propositions hold true.

Vo € Z, dy € Z such that x +y > 0.
o Vr € Z, Ay € Z such that x +y = 0.
e 3z € N such that 2% = 2.

o VrcZ 1°<4+= —2<zx<2

If S, T are sets, we say that S is a subset of T, and we write S C T, if
every element of S is an element of T" as well. For instance, N C Z. If, on the
other hand, there exists an element of S that does not belong to T, we write

S ¢ T. For instance, Q € Z.

Remark 0.1.4. Every set S has at least two subsets: the empty set and S
itself.

Definition 0.1.5. Two sets S, T are equal if S CT and T' C S. If this is
the case, we write S =T.

For S, T sets, the following operations are allowed and produce a new set.

e The intersection of S,T is the set:
SNT ={s:se S andseT}.

If SNT =0, we say that S and T are disjoint.

e The union of S and T is the set:

SUT ={s:seSorseT}.

e The difference of S and T is the set:

S\T ={s:seSands¢T}.

Remark 0.1.6. Intersection and union are commutative operations, that
is, SNT =TNS and SUT =TUS. On the other hand, the difference is
not commutative. For example, you can try to show that Q\ Z and Z \ Q
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are not equal.

Lemma 0.1.7. If S, T, U are sets, the following hold true.
1. SNS=SUS =S5,
2. SN0 =0;
3. SUD=S5;
4. (SNT)NU=SN(TNnU);
5. (SUT)UU =SU(Tul);

SCT<«—= SNT=5S«~ SUT=T,

NS

SN(TUU) = (SNT)U(SNU);
8. SU(TNU)=(SUT)N(SUD).

Definition 0.1.8. Given two sets S, T, the cartesian product of S and T
is the set S x T formed by all ordered pairs (s,t) such that s € S and
t € T. In symbols,

SxT ={(s,t):s€ S, teT}.

Example 0.1.9. If S = {a,b} and T' = {1, 2,3} then

Sx T ={(a,1),(a,2), (a,3), (b, 1), (b,2), (b, 3)}.

If S, T,U are sets, the following properties hold true.
e SxP=0xS5=0;
e If S and T are both nonempty, S x T =T x S < S =T;
e SX(TUU)=(SxT)U(SxU);
o Sx(I'NU)=(SxT)N(SxU).

It is possible to construct the cartesian product of more than two sets.
Namely, if n > 1 is any natural number and Sy, ..., .S, are sets, we let:

S1 X Sy X ... xSy ={(s1,52,...,8.): 8 €S; Vie{l,2,...,n}}.
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If the n sets Sy, 59, ..., .9, are all equal to a set S, we write S™ for the cartesian
product S7 x ... x S,.

0.2 Functions
Let S, T be sets.

Definition 0.2.1. A correspondence between S and T is a subset of S x T
A function (or map) between S and 7' is a correspondence f between S
and T such that for every s € S there exists a unique ¢ € T such that

(s,t) € f.

Example 0.2.2. If S = {0,1} and T = {a,#,V/7}, the following are
correspondences between S and T":

1. § x T

2. 0;

3. {(0,s),(1,M)};

4. {(0,#),(1,V7), (1,a)}.

However, only 3. is a function between S and 7T'.

If f eSS xT isa function, we know that for every s € S there is a unique
t € T with (s,t) € f. Since such t only depends on s, we can write t = f(s).
Hence the function f coincides with the set {(s, f(s)): s € S}. With this
picture in mind, we will write

f:8=1T

to denote that f is a function between S and 7. In layman’s terms, f is a
"rule” that assigns to every s in S a unique element ¢ € T. Such element is
referred to as the image of s via f, and we denote it by f(s).

In order to define a function between two sets S,7T it is enough, by the
above considerations, to describe the image of every element S € s. This
will be done by using the notation s +— f(s). For example, writing:

fi1Z >N




Andrea Ferraguti Chapter 0: Basics

x> x?

means that f is the function between Z and N that associates to every
integer x then natural number x2.

Definition 0.2.3. Let f: S — T be a function.
1. The set S is called domain of f, while the set T is called codomain.

2. f is called injective if for every si, sy € S with s; # sy we have

f(s1) # f(s2).

3. f is called surjective if for every t € T there exists s € S with
fls) =t

4. f is called bijective if it is both injective and surjective.

5. If 8" C S, the image of S’ is the set f(S') == {f(s): s € §'}.

6. If " C T, the preimage of T" is the set f~YT") = {s € S: f(s) €
T'}.

Example 0.2.4.

e The function f: Z — Z that sends x — z? is neither injective nor
surjective.

e The function f: Z — Z that sends x ~ 22 is injective but not
surjective.

e The function f: Q — Q that sends = — x/2 is bijective.

If S is a set, a sequence of element of S is a function a: N — S. Images of
elements in the domain, instead of being denoted by a(0),a(1),a(2),... are
often denoted by ag, a,as, .. ..

A set is infinite if there exists an injective sequence f: N — S. If this is
not the case, then S is finite.

Definition 0.2.5. If S is a set and n € N, an n-tuple of elements of S is
a function a: {1,2,...,n} — S.
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Once again if a is an n-tuple of elements of S, images of the elements in the
domain are denoted by ay,as,...,a,. Conversely, writing down n elements
of S, say (by,...,b,) automatically defines an n-tuple, that is the function
b: {1,...,n} — S that maps i — b;. From now on, n-tuples of elements of a
set S will be denoted by (ay,...,a,). Notice that order matters. For example,
if S = N the triple (12,27, 32) differs from the triple (27,12, 32), because the
first one is a function {1,2,3} — N that maps 1 to 12, while the second one
is a function {1,2,3} — N that maps 1 to 27.

If S is finite and nonempty, then there exists a natural number n > 1 and
a bijective function f: {1,2,...,n} — S. The number n is called cardinality
of the set S, and we write |S| = n.

Proposition 0.2.6 (Inclusion-exclusion principle). Let Sy, Ss, ..., S, be fi-
nite sets. Then :

]SlLJSQU...USn]:Z(—l)kH( > \SilmSiQrw...mSiko

k=1 1<i; <ig<...<ip<n

What Proposition 0.2.6 says is that in order to compute the cardinality of
a union of finite sets, you must sum the cardinality of each single set, then
subtract the cardinality of all intersections of two of them, then add the
cardinality of all intersections of three of them, and so on. For example, if
n = 2 then:

|51 U Sa| = |S1| + [Sa| = |S1.N Ss],

and if n = 3 then
|S1 U Sy U Ss| =

= |51’ = |SQ| == |53| - ‘Sl N S2| - |Sl N Sg‘ - |SQ N Sgl aF |Sl N SQ N Sg|
If Si,...,S, are pairwise disjoint, then |S1U...US,| = |S1|+|S2|+. . .+]|Sn|.

Given two functions f: S — T and ¢g: T — U, one can create a third
function, called composition of f and g. This is denoted by g o f and it is
defined as

gof:S—=U

s g(f(s))



Andrea Ferraguti Chapter 0: Basics

Proposition 0.2.7. Let f: S —T,¢g: T — U and h: U — W be functions.
Then:

ho(gof)=(hog)of,

that is, composition of functions is associative.

If S is a set, there always exists a function from S to itself, called identity
function. This is defined by
idsi S — S

S8

We say that a function f: S — T is invertible if there exists a function g: T' —
S such that go f = idg and f o g = idy. We call g an inverse function for

f.
Proposition 0.2.8. A function is invertible if and only if it is bijective.
Moreover, the inverse function is unique.

We denote the inverse of a function f by f~1.

0.3 The induction principle

The induction principle is a tool that can be used to prove propositions in-
volving natural numbers. This works as follows. Suppose we want to prove a
proposition P(n) on the n-th natural number. If we can prove the following
two facts:

1. P(0) holds true;
2. if P(k) holds true for a natural number k, then P(k + 1) holds true,

then it follows that P(n) is true for every natural number n. We will now
illustrate this principle with three very classical examples.

n(n+1)

Proposition 0.3.1. Let n be a natural number. Then " ;i = =5

Proof. The proposition P(n) that we want to prove is:

P(n): Zz:w
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We therefore need to prove two facts. The first one is that P(0) holds
true, i.e. we need to show that

0

. 0(0+1)
ZZZT.

=0

This is clearly true.
k(k+1)

Next, we need to prove that if Zf:oi = === for some integer k then

2
Zfiol i = eréﬂ That is, our hypothesis is Zf:oi = @ (we call

this inductive hypothesis) and our thesis is Zf:ol i= w

So let us assume the inductive hypothesis and let us look at Zfiol i.
We can split this sum in two pieces, writing Zfiol i= Zf];:o i+k+1. But

now we can use our inductive hypothesis, and get

k+1 k
: : k(k+1) (k+1)(k+2)
Zz:zz+k+1:T+k+1:f,
1=0 =0
which is exactly what we needed to prove. O]

Proposition 0.3.2. Let n be a natural number. Then 2** — 1 is divisible
by 3.

Proof. The proposition we want to prove is: P(n): 22" — 1 is divisible by
3.

Once again, we need to prove two things. The first one is that 220 — 1
is divisible by 3. This is obviously true. The second one is that if 22 — 1
is divisible by 3 for some integer k (inductive hypothesis), then 22(+1) —1
is also divisible by 3. So let us assume the inductive hypothesis and look
at 22k+1) _ 1. We have:

22(k+1)_1:4.221@’_1:4_(22k_1+1)_1:4.(22k_1)—|—3.

Now the inductive hypothesis implies that 4 - (22* — 1) is a multiple of 3,
and therefore also 4 - (22 — 1) + 3 is a multiple of 3. This is exactly what
we needed to prove. O

Proposition 0.3.3. Let S be a finite set with |S| = n. Then S has exactly
2" subsets.
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Proof. When n =0, S is a set with 0 elements, and hence it is the empty
set ). The only subset of () is () itself, so S has 1 = 2° subsetes.

Now we need to show that if a set of cardinality k¥ has 2* subsets
(inductive hypothesis), then a set of cardinality k + 1 has 28! subsets.
Let S be a set with |S| = k + 1, and let P(S) be the set of all subsets of
S. Now fix an element s € S (notice that this exists since S is not empty,
since its cardinality is at least 1). Elements of P(S) are of two types:
either they contain s or they do not. So we can write P(S) = T U T,
where

T={UCS:seU}

and
T'={UCS:s¢ U}

The elements of 7" are precisely the subsets of S\ {s}. Since |S\{s}| =k,
we can use our inductive hypothesis: there are exactly 2¥ subsets of |S '\
{s}| =k, so [T"| = 2*. On the other hand, there exists a bijection 7" — T,
that is the map sending U — UU{s}. It follows that |T'| = |T’| = 2*. Now
since T NT" = (), by Proposition 0.2.6 we get that |P(S)| = |T| + |T'| =
2k, [

0.4 Real and complex numbers

The set of real numbers, denoted by R, is the set of all numbers of the form
ap, a1a20a3 . . ., where ag € Z and a; € {0,...,9} for every i > 1. We refer to
this form as decimal expansion. The set R can be defined in a formal way
starting from Q, but we are not interested in such construction in these notes.

Clearly R contains Z; integers are real numbers of the form ag, ajas . .. with
a; = 0 for every ¢ > 1. Moreover, R contains Q. Rational numbers are exactly
those with an eventually periodic decimal expansion, namely they are exactly
the ones whose decimal expansion has the form ag,a;...a,a,5171 - Gpye fOr
some n > 0, t > 1. This means that the block of digits a,+1...a,+ keeps
repeating itself, i.e. for every m > n we have a,, = @,

Although every real number has a decimal expansion, the representation
of a real number as ag, aiasas ... is not unique. In fact, for example, the
two expressions 0,9 and 1,0 are different, but they represent the same real
number.

The set of complex numbers, denoted by C, is the set {a + bi: a,b € R},
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where i is a symbol such that > = —1. Of course C contains R; the latter is
simply the subset {a + 0i: a € R}.

The representation of a complex number as a + bi for some reals a,b is
unique. That is, a + bi = ¢+ di if and only if a = ¢ and b = d.

Complex numbers can be added and multiplied according to the following
rules:

o (a+bi)+ (c+di)=(a+c)+ (b+d)i.
e (a+bi)(c+di) = (ac —bd) + (ad + bc)i.
One can verify that addition and multiplication are commutative and associa-

tive.
There is a bijective map, called conjugation, defined as follows:

- C—=C

at+bi—a+bi=a—0b

Conjugation has the property that x +y = T + 7y and 7y = T - y for every
x,y € C. Moreover,
R={zxeC: 7=z} (1)

0.5 Polynomials

Let K be a field (for the definition of field, see Definition 1.1.13). If you are
not familiar yet with the concept of field, just think of K as to one among
Q,R or C. A polynomial with coefficients in K is an expression of the form

p(z) = ag + a1 + agx® + ... + a,a",

where a; € K for every i € {0,...,n}.

The degree of p(x), denoted by degp(x), is the largest index i such that
a; # 0. If there is no such index, then p(z) = 0, and we set by convention
degp(x) = —o0.

Polynomials of degree 0 are non-zero constants, i.e. they are simply elements
of K different from 0.

The set of all polynomials with coefficients in K will be denoted by K|z].

10
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Polynomials can be added and multiplied. Let p(z) = Y i, a;z" and g(z) =
Z;n:o b;z? be two polynomials with coefficients in K. Now suppose that n > m
(the case m > n is symmetric); then you can write g(z) = >°7_ bz’ where
bj=0if j e {m+1,...,n}. Then:

n

p() +a() = 3 (@i + b)a’

1=0

and

p(zx)q(x) = Z ( Z aibj> z*.

k=0 \ij:it+j=k

When we add up two polynomials, the degree of the sum is at most the largest
degree between the two, namely

deg(p(z) + ¢(z)) < max{degp(z),degq(x)},

and equality holds if deg p(x) # degq(z). When we multiply two polyomials,
their degrees add up:

deg(p(z)q(z)) = degp(x) + deg q(z).

If p(z) is a polynomial with coefficients in K and z € K, we can evaluate
p(z) at x = z. This simply means computing

p(2) i=ag + a1z +a?® + ...+ a,2",
that is an element of K. Notice that if p(x),q(z) € K[z] and z € K then:
(p(w) +q(2))(2) = p(2) +q(2) and  (p(x)q(2))(2) = p(2)a(2)-

We say that z is a root of p(x) if p(z) = 0. Polynomials of degree 0 have
no roots.

Theorem 0.5.1. Let p(z) € K|[z] have degree n > 1. If z € K is a root
of p(x), then there exists a unique integer k£ > 1 and a unique polynomial
q(z) of degree n — k such that q(z) # 0 and p(z) = (z — 2)*q(x).

The positive integer £ whose existence is granted by Theorem 0.5.1 is called
multiplicity of the root z.

11
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Corollary 0.5.2. If degp(z) =n > 1 and z,..., 2, € K are roots of p(z),
with multiplicities kq,...,k,, respectively, then k1 + ... + k. < n. In
particular, » < n.

In other words, a polynomial of degree n has at most n roots in K, even
when each root is counted with its multiplicity.

Theorem 0.5.3 (Fundamental theorem of algebra). Let p(x) € Clz] be
a polynomial of degree n. Then there exists unique complex numbers
z1,...,%- and unique positive integers ki, ..., k, such that

p(x)=(—2)"...(z — z)*.

In other words, a polynomial with complex coefficients of degree n has exactly
n roots, when each is counted with its multiplicity.

Notice that since Q C R C C, then every degree n polynomial with coef-
ficients in Q or in R has exactly n complex roots, when each is counted with
its multiplicty.

Lemma 0.5.4. Let p(z) € R[z] be a polynomial. If A € C is a root of p,
then A is a root of p as well.

0.6 Matrices

Let K be a field (for the definition of field, see Definition 1.1.13). If you are
not familiar yet with the concept of field, just think of K as to one among
Q,R or C. Let m,n > 1 be integers.

Definition 0.6.1. An m X n matrix with coefficients in K is a function
A:{1l,....m} x{1,...,n} = K.

The image of a pair (i,5) € {1,...,m} x {1,...,n} will be denoted by
Q.

For practical purposes, we identify a matrix with its image, and we arrange
the values of the function defining the matrix in a rectangular table with m
rows and n columns. That is, an m X n matrix A is a table of the following

12
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form:
a1 a1 ... Qip
921 Ao9 ... QA9pn
A=
Am1 Am2 ... Omn

To ease the notation, we sometimes will write A = (a;;)i-1..n to say that A
j=1

,,,,, n

is an m X n matrix whose entry in row ¢ and column j is a;;.

The set of all m xn matrices with coefficients in K is denoted by M, (K).
If m = n, we shorten the notation by just writing M,,(K). Matrices belonging
to M, (K) are called square matrices of size n.

Any two elements of M,,y,(K) can be added, as follows. Given

a1 a19 Ce Q1n bll blg Ce bln
A— Q21  A22 ... Q2p and B — bai by ... Doy
Aml Qma -+ Qmn b1t b2 ... by
we let
a1 +bn aip+biz ... a, +biy,
A+ B— as; +ba1 age+by ... ag, + by,
am1 + bml Am2 + bm2 coo Qmp + bmn

Matrices could, in principle, be multiplied entry-by-entry, similarly to the way
we add them. However, this multiplication will not be used anywhere in these
lecture notes. On the other hand, we will now define a matrix multiplication
that can be performed only between an m x n and an n X p matrix, where

,,,,,,,,,,

where for every ¢ € {1,...,m} and every j € {1,...,p}:

n
Cij = E aikbkj.
k=1

In other words, to find the entry in row 7 and column j of the matrix AB, we
need to take the i-th row of A (that has n entries) and the n-th column of B

13
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(that also has n entries), multiply the corresponding entries (the entry in the
i-th row and k-th column of A must be multiplied with the entry in the k-th
row and j-th column of B), and add up all the results.

Given matrices A and B, the product AB makes sense only when the num-
ber of columns of A equals the number of rows of B.

Example 0.6.2.
1
2 31
o Let A = S M2X3(R) and B = 2 € ngl(R).
-1 0 1
2
10
Then AB = c szl(R).
1
2 2 1 1 -1
o Let A = & MQ(@) and B = & ngg((@).
0 0 00 3
2 2 4
Then AB = € Msx3(Q).
000

1
2 2
e The matrices A = € My(C) and B := | 2| € M3,:1(C)
00
2

cannot be multiplied, since A has two columns and B has 3 rows.

Remark 0.6.3. If A, B € M, (K), then both products AB and BA make
sense. However, in general, the two results are different from each other.
That is, multiplication of matrices is not commutative.

We close this section with a few definitions that will be used later on.

14
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Definition 0.6.4. Let K be a field and n > 1 an integer.

1. The identity matriz is the matrix I,, = (a;;);; € M, (K) defined by
a;; = 1 if i = j and 0 otherwise.

2. A= (a;j) € M,,(K) is a diagonal matriz if a;; = 0 whenever ¢ # j.
3. A= (a) € M,,(K) is upper triangular if a;; = 0 whenever i > j.

4. A= (a;;) € M,,(K) is lower triangular if a;; = 0 whenever ¢ < j.

Example 0.6.5.

e The identity matrix I3 € M3(K) is:

100
Ii=10 10
0 01
e The matrix
2 0 0 0
03 O 0
00 -1 0
00 0 —Vv2
is diagonal.
e The matrix
1 2 3
Alo 4 5
0 0 —1

is upper triangular.

15
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e The matrix

2 0 0 O
-7 3 0 O
0 1 -1 0
™ 0 22 0

is lower triangular.

Remark 0.6.6. If A € M, (K), then AL, = [,A = A.

Definition 0.6.7. Let K be a field.

L. Let A = (ay)i=t.m € Mpxn(K). The transpose matrir is the
matrix ‘A = (b;;) ]_=1n € M, um(K) defined by b;; = a;; for every
ie{l,...,m}and j€{1,...,n}.

2. Let A € M,,(K) be a square matrix. A is called symmetricif A ="A,
and is called antisymmetric if A = —'A.

Example 0.6.8.
o Let
1 2 -3
A=
01 7
Then
1 0
A= 2 1
-3 7
o Let
A= (1 2 3 4) .

16
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Then
1
t — 2
3
4
o Let
1 2 0
A=15 6 7
T 8 V6
Then
1 5 =«
'A=(26 8
0 7 V6
e The matrix
1 -2
0 -3
-2 -3 0
is symmetric.
Remark 0.6.9.
1. If A€ Myxn(K), then '(*A) = A.
2. f A,B € Myxn(K), then {(A+ B) ='A+"'B.
3. if A€ Myyn(K) and B € M,,(K), then {(AB) ='B'A.
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Chapter 1: Vector spaces

In this chapter we will introduce the fundamental objects of linear algebra,
namely vector spaces.

1.1 Groups and fields
Let S be a set.

Definition 1.1.1. An operation on S is a function x: § x S — S. An
operation * on S is called:

1. associative if for every a,b,c € S we have (axb) xc = a* (b*c);

2. commutative if for every a,b € S we have a xb = b * a.

Example 1.1.2.

e Addition is an associative and commutative operation on N. Sub-
traction is not an operation on N, because the difference of two
natural numbers is not always a natural number.

e Subtraction is an operation on Z, but it is not associative (for ex-
ample, 1 — (2 — 2) # (1 — 2) — 2) nor commutative (for example,
1-2+#£2-1).

Definition 1.1.3. Let S be a set and x be an operation on S. An element
e € S is called a neutral element for x if axe = exa = a for every a € S.

Example 1.1.4. 0 is a neutral element for the operation + on Q. 1 is a
neutral element for the operation - on R.

Lemma 1.1.5. Let S be a set and x an operation on S. A neutral element
for x, if it exists, is unique.

Proof. Let e, ¢’ be neutral elements for x. Then e x ¢/ = e since €’ is
neutral, but also e x ¢/ = ¢’ since e is neutral. Hence e = ¢'. ]

18
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Definition 1.1.6. Let S be a set and x be an operation on S with neutral
element e. Let a € S. We say that an element b € S is an inverse of a if
axb=bxa=e.

Lemma 1.1.7. Let S be a set and x be an associative operation on S with
neutral element e. Let a € S. If there exists an inverse of a, then it is
unique.

Proof. Let b,0/ € S be such that a xb = e = a xb'. Multiplying both
sides of this equality by b we get that b* (axb) = bx (axb'). Since * is
associative, it follows that (b*a) *b = (b*a) = b'. Since b is an inverse
of a, we have bxa = e and hence e xb = e x V. Since e is neutral, b = ¥/
follows. ]

Example 1.1.8. Addition is an associative and commutative operation
on C. The neutral element is 0, and every element a + bi has the unique
inverse —a — bi.

Definition 1.1.9. A group is a pair (G, x) where G is a nonempty set and
* is an operation on G that satisfies the following properties:

1. % is associative;
2. there exists a neutral element e;
3. every element in GG has an inverse.

If, in addition, x is commutative we say that the group (G, *) is abelian.
If x is not commutative, we say that (G, ) is non-abelian.

Example 1.1.10.

e The pair (Q, +) is an abelian group. The set (Q, -) is not an abelian
group, because 0 does not possess an inverse.

e The pair (C\ {0},) is an abelian group. In fact, every non-zero

complex number a + bi has the multiplicative inverse a‘éj:;;.
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e If S is a finite set, the set

{f: S — S s.t. fis bijective}

is a non-abelian group, when endowed with the operation ”compo-
sition of functions”. In fact, the composition of two bijective func-
tions is bijective, composition is associative by Proposition 0.2.7,
the identity function is the neutral element, and every element is
invertible by Proposition 0.2.8.

Remark 1.1.11. The fact that an operation * on G is associative implies
that we can omit brackets when we apply it several times in a row. Namely,
the writing

grxg2*...*%gn

makes sense because we can compute the operations in the order we prefer,
and the result does not change. For example,

g1* (g2 % (g3 * ga))) = (g1 * g2) * (g3 * ga).

Lemma 1.1.12. Let (G, *) be a group and let a,b,c € G. If axb=a*c,
then b = c.

Proof. Let o' be the inverse of a. Since a x b = a x ¢, it follows that
a'*(axb) = a'x(a*c). Since * is associative, we get (a’'xa)*b = (a’'*a)*c,
and since a’ x a is the neutral element, it follows b = c. ]

From now on, we will denote by + or - operations on groups, where + will
only be used in abelian groups while - can be used in both settings. When the
operation is denoted by +, we denote by 0 the neutral element and by —a the
inverse of a. When the operation is denoted by - we denote by 1 the neutral
element and by a~! the inverse of a.

Definition 1.1.13. A field is a triple (K, +, ), where K is a nonempty set
and +, - are two operations on K that satisfy the following properties:

1. (K,+) is an abelian group;

2. (K'\{0},-) is an abelian group;
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3. for every a,b,c € K we havea-(b+c¢)=a-b+a-c.

Example 1.1.14. Q,R, C are all fields with the usual operations of sum
and multiplication. 7Z is not a field with respect to the usual sum and
multiplication because elements different from +1 do not have a multi-
plicative inverse.

The set Fy := {0,1} is a field when endowed with the following two
operations:

+10|1 01
01 00]0
11]1(0 101

Remark 1.1.15. If (K, +,-) is a field, then K must contain at least the
neutral element for the operation +, that we denote by 0, and the neutral
element for the operation -, that we denote by 1. These two elements
cannot coincide, because the definition of field requires (K \ {0}, ) to be
an abelian group, and groups are nonempty sets. Therefore, a field always
contains at least two distinct elements, 0 and 1. The field Fy described in
the above example is therefore the smallest possible example of a field.

From now on, we will denote fields just by the letter K, tacitly implying
that the operations on K are + and -. Moreover, we will frequently drop the
multiplication sign in fields. That is, if a,b € K we will write ab instead of
a-b.

When K is a field, we denote by 0 the neutral element with respect to the
operation + and by 1 the neutral element with respect to the operation -.

Definition 1.1.16. Let K be a field. A wvector space over K or a K -vector
space is an abelian group (V, +) endowed with a map

x: KxV =V

that satisfies the following properties:
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1. for every o € K and every v,w € V, a* (v + w) = a % v + o * w;
2. for every o, f € K and every v € V, (aff) xv = a* (8 *v).

3. for every a, 0 € K and every v € V, (a+ ) xv=ax*xv+ [ *v;
4. foreveryv eV, 1 xv =w.

Elements of V' are called vectors, and will be denoted by underlined letters,
such as v, w, u. In particular, the neutral element of (V, +) is denoted by
0 and is called zero vector. Elements of K are called scalars.

Addition in K and addition in V" are both denoted by +. However, beware of
the fact that these are different operations, since one is a function K x K —
K and the other one is a function V x V' — V. Therefore, an expression of
the form o + v, where a € K and v € V', does not make any sense.

While 0 denotes the zero vector, namely the neutral element of the group
(V,4), we denote by 0 the neutral element of the group (K, +). Hence these
are two very different objects, do not confuse them!

Example 1.1.17. Let V' = {0} be the abelian group that possesses only
one element, the neutral element with respect to the operation + on V.
This is a K-vector space over any field K, the operation * being defined
by a*x 0 =0 for every a € K. This is the simplest possible vector space,
although not a very interesting one.

There are several important examples of vector spaces, but for the sake of
these lecture notes the most important is by far the following one.

Example 1.1.18. We let K be any field, n be a positive integer and V' :=
K", that is, V is the set of all n-tuples of elements of K. V is an abelian
group with respect to the following operation:

(al,...,an)—i—(bl,...,bn):(a1+b1,a2+b2,...,an+bn)
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Now we define the following operation:
x: K xV >V

(o, (a1, ...,a,)) — (aayq,...,aa,)

Let us check that, for example, property 1. of the definition of a vector
space is indeed satisfied. In order to do that, we need to take an arbitrary
a € K and two vectors v = (vy,...,v,) and w = (wy,...,w,) in V and
prove that a * (v +w) = a*x v+ a*xw. Now

v+ w = (v) + wy, vy + wa, ..., v, + wy)
and hence
ax*x (v+w) = (a(vy +wy), (v + ws),...,a(v, +wy,)) =
= (v + awy, avg + qws, . . ., av, + awy,).
On the other hand,
axv = (avy,avs,...,av,) and ax w = (qwy, Qws, . .., aw,).
Hence
av + aw = (g + Qwy, vy + aws, . . ., av, + awy,) = a * (v + w),

as desired. It is a very useful exercise for the reader to verify that prop-
erties 2., 3. and 4. are satisfied as well.

Notice that when n = 1 we have V' = K. When this happens, opera-
tion * coincides with multiplication in K. Therefore, every field K, seen
as an abelian group with respect to the sum, is a vector space over K.

Example 1.1.19. Let n > 1 be an integer and K be a field. Let
Klz]<n = {p(z) € Klz]: degp(z) < n}.

This is the set of all polynomials with coefficients in K of degree at most
n. The set K[z]<, is an abelian group with respect to addition of poly-
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nomials, and it is a vector space over K with respect to the operation

x: K X K[x]gn — K[$]§n

<a, Z am’) — Z(aai)xi

=0

Example 1.1.20. Let n > 1 be an integer and K be a field. The set
M, (K) of all n x n matrices with coefficients in K is an abelian group
with respect to the sum of matrices. The group (M, (K),+) can be given
a structure of vector space over K via the following operation:

w1 K x My(K) = My(K)

(047 (aij>i,j:1,...,n) = (aaij)i,jzl,...,n-

Theorem 1.1.21. Let V be a vector space over a field K. Let a« € K and
v € V. Then aoxv = 0 if and only if v =0 or a = 0.

Proof. First, we show that if « = 0 or v = 0 then a * v = 0. Let us start
by assuming that o = 0. Since 0+0 = 0 (because 0 is the neutral element
with respect to the sum in K'), we have that

Oxv=(0+4+0)xv=0%xv+0x0,

using property 3. of Definition 1.1.16.
Now 0% v = 0% v + 0, and therefore we can rewrite the above equality
as:
Oxv4+0=0%xv+0x*xu0.

Now we can apply Lemma 1.1.12 in the group (V,+) and conclude that
Oxv=20.

Next, suppose that v = 0. Since 0 + 0 = 0 (because 0 is the neutral
element with respect to the sum in V'), we have that

ax0=ax*x(0+0)=a*x0+a=x*0,

using property 1. of Definition 1.1.16.
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Since o x 0 = o * 0 + 0, the above equality becomes
ax0+0=a*x0+ax0,

and we can apply Lemma 1.1.12 and conclude that a x 0 = 0.
Conversely, we must show that if a x v = 0 then « = 0 or v = 0. So
suppose that a # 0; we will show that v = 0. In fact, since o # 0 then
there exists a multiplicative inverse a~! of a. Starting from the equality
axv =0, we get:
atx(axv)=a 0.
Now on the one hand in the first part of the proof we proved that a='*0 =

0. On the ohter hand we can use properties of vector spaces given by
Definition 1.1.16, and get:

O=a'+0=a'l*(axv)=(a'a)xv=1%xv =0,

that is, v = 0. ]

Corollary 1.1.22. If K is a field and a,b € K are such that ab = 0, then
a=0orb=0.

Proof. As noticed in Example 1.1.18, every field is a vector space over
itself, with the operation * coinciding with multiplication in K. Hence it
is enough to apply Theorem 1.1.21 to such setting. ]

Corollary 1.1.23. Let V be a K-vector space. Then for every v € V we
have (—1) xv = —wv.

Proof. By Theorem 1.1.21 and the properties of vector spaces, we have
that:

From now on, when V' is a vector space over a field K with respect to some
operation x: K x V — V, we will denote by - multiplication between scalars
and vectors, and we will often drop the multiplication sign. That is, if « € K
and v € V, we will write a - v or av instead of « * v.
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1.2 Linear combinations and subspaces

Definition 1.2.1. Let V' be a vector space over a field K. Let vy,...,v, €
V and ay,...,a, € K. The linear combination of vy, ...,v, with coeffi-
cients aq, . .., ay, is the vector:

00 + Uy + ...+ oy, € V.

Example 1.2.2. Let V = R?, let vy; = (0,1), v, = (1,—1) and v; = (2,2)
be vectors. Let ay = 1, ap = 2, a3 = 0 be scalars. The linear combination
of vy, v,,v5 With coefficients oy, ag, a3 is the vector

1-(0,1)+2-(1,-1)4+0-(2,2) = (2,-1) € V.

Definition 1.2.3. Let (V,+) be an abelian group.

1. Let W C V be a nonempty subset. W is called a subgroup of V if
(W, +) is an abelian group.

2. Let K be afield and let x: K x V' — V be an operation that makes
V into a vector space over K. A subset W C V is called a vector
subspace of V if:

(a) (W,+) is an abelian group;

(b) W is a K-vector space with respect to the operation .

Example 1.2.4.
o Let (V,+) = (Z,+). The subset
27 = {n € Z: 2 divides n}

is a subgroup of Z. In fact, the sum of two multiples of 2 is a
multiple of 2, there is a neutral element, namely 0, and the inverse
of a multiple of 2 is a multiple of 2.

On the other hand, the subset 2Z+1 = {n € Z: 2 does not divide n}
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is not a subgroup of Z, since + is not an operation on 27 + 1: the
sum of two odd numbers is even.

e Let (V,+) := (K? +), with the sum being defined coordinatewise.
As we have seen in Example 1.1.18, this is a K-vector space. The
subset W = {(z,7z): x € K} C K?is a vector subspace of V. Let us
first verify that (W, +) is a subgroup of (V,+). If (z,x), (y,y) € W,
then (z,z) + (y,y) = (x + y,x + y), that is an element of W since
its two entries coincide. Hence + is an operation on W. Clearly
since + is associative on V' it is also associative on W. The neutral
element for the sum on V is (0,0), that belongs to W. Hence it is
the neutral element for the sum on W. Finally, the inverse of an
element (x,z) € W is (—x,—x), that belongs again to .

Next, A(z,z) = (A\z,\z) € K? for every A € K and (z,z) € W.
Hence the operation K x V' — V given by (A, (z,y)) — (Az, \y)

restricts to an operation on W that makes the latter into a K-vector
space.

On the other hand, the subset U = {(z,1): 2 € K} C V is not a
vector subspace of V| since (U,+) is not a subgroup of (V,+): in
fact, it has no neutral element.

Lemma 1.2.5. Let (G, -) be a group, and let H C G. Then (H,-) is a
subgroup if and only if for every g,h € H we have g-h™! € H.

Proof. First, if H is a subgroup then given g, h € H, the inverse of h, that
is h=!, must also belong to H, and the product ¢ - h~! must belong to H
as well, since - is an operation on H.

Conversely, suppose that for every g, h € H the product g-h~! belongs
to H. We need to prove that - is an operation on H, that the neutral
element 1 is in H and that if h € H, then h~' € H. Notice that the
fact that - is associative is obvious, since it is associative on G. If g €
H, then the hypothesis guarantees that 1 = g - ¢~! € H, and therefore
H contains the neutral element. Therefore, if h € H then the same
hypothesis guarantees that h™* = 1-h~! € H, so H contains inverses of
every element. Finally, if g, h € H then we have just proved that h=! € H
and so g-h = g-(h™')~! € H by the hypothesis, completing the proof. [
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Theorem 1.2.6. Let V' be a vector space over a field K and let W C V
be a non-empty subset. Then W is a vector subspace of V' if and only if
for every v,,v, € W and every a;,ay € K we have:

a0 + ou, € W.

Proof. First, suppose that W is a subspace of V. Let v,,v, € V and
a1, as € K. We need to prove that ayv; + asv, € W. Since W is a vector
space with respect to the same operation that makes V' into a K-vector
space, we have that ayv; € W and asv, € W. On the other hand (W, +)
is a subgroup of (V,+), and therefore for every w,,w, € W we have that
wy, +w, € W. If we pick w,; = av, and w, = asv,, we get precisely that
o1v; + v, € W

Conversely, suppose that for every v,,v, € W and every ay,ay € K
we have ajv; + asu, € W. We need to prove that W is a subspace of
V. This amounts to proving that (W, +) is a subgroup of (V, +) and that
multiplication by scalars of K makes W into a K-vector space. We start
by proving that (W, +) is a subgroup of (V,+). By Lemma 1.2.5, it is
enough to show that for every w,,w, € W we have w, —w, € W. By
hypothesis, given w,,w, € W, if we let oy = 1 and ay; = —1 we have
aw; + apw, = wy + (—1)w, € W. By Corollary 1.1.23, it follows that
w; —wy, € W. Hence (W, +) is a subgroup of (V,+). In order to prove
that W is a vector space, we only need to prove that for every a € K and
every w € W the vector aw belongs to W. In fact, properties 1.,...,4. of
Definition 1.1.16 are automatically satisfied for W since they are satisfied
for V' by hypothesis. Now if @« € K and w € W, the hypothesis guarantees
that cw = a-w+0-w € W, as we needed to prove. O

Corollary 1.2.7. If W is a vector subspace of a K-vector space V', then
for every n > 1, every ay,...,a, € K and every vy, ...,v, € W we have:
vy + ...+ apy, € W.

Proof. We use induction on n. For n = 1, the statement is true because
a1v; = av; +0-v;, and the latter belongs to W by Theorem 1.2.6. Now
suppose that the claim is true for n — 1 vectors, and let aq,...,qa, € K
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and vy,...,v, € V. Then
a1v; + ...+ o, = (0quy + .o F a1, ) + o,

Now ayv, + ... + a,—1v,,_; € W by the inductive hypothesis, and hence
there exists w € W such that cyv; + ... 4+ a,,—1v,,_; = w. Hence

QU + ..o+ o, = W+ o,

and w + a,w,, = 1-w+ a,v,, belongs to W thanks to Theorem 1.2.6. [

If V' is a K-vector space and W C V is a vector subspace, then 0 € W. In
fact, in particular W is a subgroup of (V,+) and therefore it must contain
the neutral element for the sum on V. Hence, if W C V is a subset with
0 ¢ W, then W is not a vector subspace of V.

Example 1.2.8. Using Theorem 1.2.6 it is easy to give examples of vector
subspaces.

o Let K be a field and V := K3. Let
W={(z,y,z) e V:ix+y+2z=0}

Then W is a vector subspace of V. In fact, if o, € K and
(x,y,2),(2",y,2)) € W, thenz+y+ 2 =2"+3y + 72 = 0 and
since

a(z,y, 2) + B2y, 2) = (ax + B, ay + By, oz + B2')
we get that
ar+ Bz’ +ay+ By +az+ B2 =alr+y+z2)+ 8@ +y +2)=0,

so that a(z,y, 2) + B(2',y,2") € W. Hence W is a vector subspace
of V.

e Let K be a field, n > 1 be an integer and V := K|x]<,. The set

W = {p(z) € V: p(0) = 0}
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is a vector subspace. In fact, if p(z),q(z) € W and «o,8 € K
then (ap(x) 4+ Bq(z))(0) = ap(0) + B¢(0) = 0+ 0 = 0, and hence
ap(x) + Bq(x) € W. It follows that W is a vector subspace of V.

e Let K be a field, n > 1 and M, (K) the K-vector space of n X n
matrices with entries in K. The subset 7' C V of upper triangular
matrices (see Definition 0.6.4) is a vector subspace. In fact, let
M = (aij)i,jzl .....
aij = a;; = 0 for every i > j. If a, 8 € K, the matrices oM and
BM' are still upper triangular, as aM = (aa;j); j=1

.....

.....

.....

matrices is clearly upper triangular, and hence aM + SM' € T.
Similarly, the set of lower triangular matrices and the set of diagonal
matrices are vector subspaces of M, (K).

Definition 1.2.9. Let V be a K-vector space and let A C V' be a nonempty
subset. The span of A is the set

(A) = {Zalyi: neN o € K, v, GA}.
i=1

In other words, the span of A is the set of all linear combinations of all
elements of A.

Remark 1.2.10. Clearly A C (A). In fact, every v € A can be seen as the
linear combination 1 - v, and being a linear combination of elements of A
(in this case just one element), it belongs to (A).

Theorem 1.2.11. Let A C V be a nonempty subset. Then (A) is a vector
subspace of V.

Proof. Let > " a;u; and > 77, Bjw; be two elements of (A), so that
v, w; € A and «;, 8; € K for every 4,j. Let A\, u € K. Then

A awtu Yy By = (M)t (Aan) v, HpB)ws +. A ()W,

i=1 j=1
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that is again a linear combination of vectors of A, and therefore it is by
definition an element of (A). It follows by Theorem 1.2.6 that (A) is a
subspace of V. [

Proposition 1.2.12. Let V' be a K-vector space and A C V. Then

= [ w

WwcV subsp.
ACW

In other words, the span of A is the intersection of all vector subspaces of
V' that contain A.

Proof. In order to prove that two sets are equal, we need to prove that
each is contained in the other one.

So first, suppose that v € (A). We need to show that if W is a
subspace that contains A, then v € W. By definition, v = Z?’:l a,v; for
some vq,...,v, € Aand aq,...,, € K. f AC W, then vy,...,v, € W
and since subspaces are closed with respect to linear combinations (see
Corollary 1.2.7), it follows that v € W.

Conversely, let v be a vector belonging to every subspace of V' that
contains A. Since (A) is a vector subspace of V' by Theorem 1.2.11, and
it contains A by Remark 1.2.10, it follows that v € (A). O

What Proposition 1.2.12 says is that the span of a subset A C V' is the smallest
vector subspace of V' that contains A.

Proposition 1.2.13. Let V be a K-vector space and let A,B C V be
non-empty subsets.

1. If A C B, then (A) C (B).

2. A= (A) if and only if A is a vector subspace of V.

Proof. 1. The set (B) is a vector subspace of V', and therefore it is closed
under linear combinations of elements of B. Since A C B and B C (B),
it follows that (B) must contain all linear combinations of elements of A,
as well. That is, (A) C (B).

2.If A = (A), since the right hand side is a vector subspace by Theorem
1.2.11, then so is the left hand side.
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Conversely, if A is a vector subspace then it is closed under linear
combinations of its elements, and hence it contains (A). O

Definition 1.2.14. Let V be a K-vector space and let W C V be a sub-
space. A subset A C W is called a system of generators for W if (A) = W.
The space V is said to be finitely generated (f.g. for short) if there exists
a finite system of generators for V.

In other words, A is a system of generators for W if every vector in W can be
written as a linear combination of vectors in A.

Example 1.2.15.

e The vector space K™ is finitely generated, and the set
{(1,0,...,0),(0,1,0,...,0),...,(0,...,0,1)}

is a set of generators. In fact, for every v = (ay,...,a,) € K" we
can write:

v=ay(1,0,...,0) +ay(0,1,0,...,0) + ...+ a,(0,...,0,1),
i.e. every vector of V' is a linear combination of

(1,0,...,0),(0,1,0,...,0),...,(0,...,0,1).

e The vector space K|[z]<, of polynomials of degree < n is finitely
generated. In fact, if p(z) = Y7 a2’ then p(z) is a linear com-
bination of the n + 1 polynomials 1,z,22, ..., 2" with coefficients
ag, ..., Apy1-

e The vector space K[z] of all polynomials with coefficients in K is
not finitely generated. In fact, suppose A = {p1(x),...,pn(x)} is a
set of generators. Then every polynomial of K[z] would be a linear
combination of the p;(z)’s. But the degree of a linear combination of
elements of A is at most the maximum of the degrees of the elements
of A, since deg(ap(x) + fq(z)) < max{degp(x),degq(z)}. Hence if
f(z) € K[x] is a polynomial of degree larger than max{degp;(z)}
then f(x) cannot be a linear combination of elements of A.
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Proposition 1.2.16. Let V' be a K-vector space. Let W C V be a finitely
generated vector subspace, and let {w,,...,w,} € W be a system of
generators for W. Let v, € V and

U={y+w: weW}
be the translated of W by v,. Then (U) = (vy, wy, ..., w,).

Proof. Let u € (U). By definition of span there exist an integer m >
1, scalars aq,...,ap, € K and vectors u,,...,u,, € U such that u =
> aqu;. Now by definition of U, every u; has the form v, + v, for some
v, € W. Hence,

m

u= (g +...+an)vy+ > ;. (2)
i=1

On the other hand, W is spanned by wy, ..., w,, and therefore for every i €
{1,...,m} thereexist B, ..., Bi, such that v; = > 7 | Bj;w;. Substituting
in (2), we get that:

. S (zai@j) w
j=1 \i=1

so that u is an element of (vy, wy,...,w,).

Conversely, let u = vy + Y iy qiw; € (Vy, Wy, ..., w,). Notice that
v, € U, because we can write v, as v, + 0, that is in U by definition.
Moreover, for every w € W we have —w € W and hence vy —w € W.
Therefore, for every w € W we have that:

w =1, — (v, —w) € (U),

because vector subspaces are closed under linear combinations. It fol-
lows that every w; is in (U), and since the latter is a vector subspace
then > " ocyw, € (U) and agy, € (U). This implies that u = apv,y +
S aw; € (U). s

1.3 Linear dependence and linear independence
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Definition 1.3.1. Let K be a field and V be a K-vector space. Let
Vyy...,0, €EV.

1. We say that the vectors vy,...,v,, are linearly dependent if there
exist aq, ..., q, € K with at least one «; different from 0 such that:

o1v; + agvy + ...+ oy, = 0.

2. We say that the vectors v, ..., v, are linearly independent if given
aq,...,0, € K the equality v, + asvy + ... + av,, = 0 implies
that oy = as = ... = o, = 0.

In other words, n vectors v,,...,v, are linearly independent if the only

linear combination of them that yields the zero vector is Ov; + Ov, + ... +
Ov,,. They are linearly dependent if there exists a linear combination of them
that yields the zero vector with not all the coefficients equal to 0. Therefore,
Vy,...,0, are either linearly dependent or linearly independent, they cannot
be both dependent and independent at the same time.

Example 1.3.2. Let V = R3. The vectors v; = (1,0,0), v, = (0,1,0)
and vy = (1,1,0) are linearly dependent. In fact, the linear combination
1-vy+1-vy,+ (—1)-vs equals the zero vector. The vectors v; and v,, on
the other hand, are linearly independent. In fact, suppose that o, € K
are such that av; + fv, = 0. Since aw; = («,0,0) and fv, = (0,(,0),
we must have that (a,3,0) = 0 = (0,0,0). This implies clearly that
a = 8 = 0. Hence, the only linear combination of v; and v, that yields
the zero vector is that with both coefficients equal to 0.

Remark 1.3.3.

1. A single vector v € V is linearly dependent if and only if it is the zero
vector. In fact, if v = 0 then the linear combination 1 - v equals 0,
and its coefficient is not zero, and therefore v is linearly dependent.
Conversely, if v is linearly dependent then by definition there exists
a € K with a # 0 such that av = 0. By Theorem 1.1.21, it follows
that v = 0.

2. Of course the notion of linear dependence/independence does not de-
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pend on the order of the vectors. That is, if for example vy, v,, v4 are

linearly dependent then so are v,,v5,v,. Formally, if v,,...,v, €V
ando: {1,...,n} — {1,...,n} is a bijection, then v,, ..., v, are lin-
early dependent if and only if v, (), . .., ¥,(, are linearly dependent.

Proposition 1.3.4. Let V be a K-vector space and vy,...,v,, € V. Then
the following hold.

1. If vy; =0 for some i € {1,...,n}, then v,,...,v, are linearly depen-
dent.

2. If there exist i,7 € {1,...,n} with ¢ # j and a € K such that

v; = av;, then vy, ..., v, are linearly dependent.
3. vy,...,v, are linearly dependent if and only if there exists i €
{1,...,n} and ay, ..., @;_1,q41, ..., 0, € K such that

Uy = 01Uy + Qoly + ... + 0410, 1 + Q1101 + ... + QY.

4. If vy,...,v, are linearly independent and v € V, then v,,...,v,,v
are linearly dependent if and only if there exist aq, ..., a, € K such
that

V=010 + ..+ apy,.

5. If vy,...,v, are linearly dependent, then given any other m vec-
tors wy,...,w,, € V, the vectors vy,...,v,,,w;,...,w,, are linearly
dependent.

6. Ifv,,...,v, are linearly independent, then for every choice of indexes
i1 <y < ... <y C{l,...,n}, the vectors v; ,...,v; are linearly
independent.

Proof. 1. We have

and hence there is a linear combination of the vectors that gives 0 without
all coefficients being 0.
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2. By hypothesis, we have 1-v; + (—a)v, = 0. Therefore,

)

n

1~Qi+(—oz)yj+20-yk:Q

is a linear combination of the vectors yielding 0 whose coefficients are not
all 0.

3. Suppose that vy,...,v, are linearly dependent. This means that
there exist aq,...,q, € K not all zero such that Z?Zl ajv; = 0. Let
i€ {l,...,n} be an index such that a; # 0. Then

QU; = =¥y — ... — 041, 1 — QU009 — - .0 — Oy,
and multiplying both sides by a; ' we obtain:
v, = —(ar )y — .. — (a7 ap-1)v s — (07 i) — - — (07 o),
Conversely, if
V; = Uy + Uy + ..o+ 010 1 + Q101 + ..o+ O,
for some aq,...,q, € K then
Uy + QU + ...+ 10, + (_1) U T QG0 T R, = 0

is a linear combination of the v;’s yielding the zero vector without all
coefficients being 0 (since the coefficient of v, is —1).

4. First, suppose that v,,...,v,,v are linearly dependent. Then we
have:
n
> aw+pu=0 (3)
i=1
for some aq,...,q,, 3 € K not all zero. Now if it was § = 0, then at least
one «; would be non-zero, and hence (3) would imply that v,,..., v, are

linearly dependent, contradicting the hypothesis. Hence, 5 # 0. Then (3)
implies that:

v=—f"to)u, — ... — (B o)y,
proving the claim.
Conversely, if there exist ay, ..., a, such that v = """ | a;v;, then by
point 3. the vectors vy, ..., v,,,v are linearly dependent.
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5. Let aq,...,a, € K be not all zero and such that ZLI av; = 0.
Then

n
Zaiyi+0-w1+---+0'wm29,
i=1

proving that v,,...,v,,w,,...,w,, are linearly dependent.
6. Suppose by contradiction that there are vectors v, ,...,v; , with
11 < ... < i, that are linearly dependent. Then there exist 3;,,..., 5, €

K mot all zero such that 37", Bv; = 0. Now for every i € {1,...,n} let
0 ifié{iy,... im}
o; =
B, ifi=1i; for some j € {1,...,m}

and consider the linear combination > | o,v,. This clearly yields the zero
vector, since it can be written as Z;”:l Bi, v, +Zi¢{i1,...,im} 0-v;, and its co-
efficients are not all zero, since at least one of the f3;; is nonzero. It follows
that vy, ..., v, are linearly dependent, contradicting the hypothesis. [

Remark 1.3.5. Point 4. of Proposition 1.3.4 implies the following: if

vy, ...,v, are linearly independent and w ¢ (v,,...,v,,), thenv,..., v, w
are linearly independent as well. In fact if they were not then by 4. it would
follow w = >~ | ayv; for some ay, ..., o, € K, so that w € (vy,...,v,).

1.4 Bases and dimension

Definition 1.4.1. Let V be a f.g. K-vector space. A basis of V is an
n-tuple of vectors of V' that are linearly independent and generate V.

Bases are ordered, and therefore will be wrapped in round brackets. That
is, if (vy,v,,v4) is a basis of a vector space V', then (v,, vy, vs) is still a basis,
since the concepts of linear dependence and of generation do not depend on
the order, but it is a different basis.

We will now prove that every finitely generated vector space has a basis,
and any two bases have the same cardinality. This requires some preliminary
results.
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Lemma 1.4.2. Let V be a f.g. K-vector space. Let {v;,...,uv,} be a
system of generators for V. If v, is a linear combination of v,,...,v, 1,
then {v,,...,v,_,} is a system of generators for V.

Proof. Let aq,...,a,_1 € K be such that

n—1
v, =Y au;. (4)
i=1
Now let v € V. Since {v;,...,v,} is a system of generators for V, there

exist fi,...,0, € K such that v = Y | f;v;. Substituting (4) into this
relation, we obtain that:

n—1
v=L111 4t a1y + B (Z ow) =

=1

= (b1 + Bna1)vy + (B2 + Bnaz)vy + ... 4 (Bue1 + Bnn—1)v,_1,

so that v is a linear combination of v,...,v,_;. This means precisely

that {v,,...,v,_,} is a system of generators for V. O

Lemma 1.4.3. Let V be a f.g. K-vector space with V' # {0}. Let A =
{vy,...,v,} €V be a system of generators for V. Then there exists a
subset B C A that is a linearly independent system of generators for V.

Proof. By induction on n. If n = 1 then A = {v,} and it cannot be v; =0
because V' # {0}. Hence v # 0, and by Remark 1.3.3, it follows that v is
linearly independent. Hence A is a linearly independent set of generators.

Now suppose that the claim is true for n — 1, and let A = {v;,...,v,}
be a set of generators for V. If A is linearly independent, there is nothing
to prove. Otherwise, A is linearly dependent, and therefore by Proposition
1.3.4 one of the vectors in A is a linear combination of the others. Up to
permuting the elements of A, we can assume that v, is a linear combi-
nation of v,...,v, ;. By Lemma 1.4.2, the set A" = {v,,...,v, {} is a
system of generators for V. Since it has n — 1 elements, by the inductive
hypothesis it contains a linearly independent system of generators B. But
B C A, and hence we are done. ]
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Corollary 1.4.4. Let V be a f.g. K-vector space. Then V has a basis.

Proof. Since V is f.g., there exists a finite system of generators {v,, ..., v,}.
By Lemma 1.4.3 this contains a linearly independent system of generators,
i.e. a basis. O

Lemma 1.4.5 (Steinitz lemma). Let V' be a f.g. K-vector space with
V # {0} and let A = {v,,...,v,} be a system of generators for V. If
B = {wy,...,w,,} € V is a set of linearly independent vectors, then

Proof. By contradiction, suppose that m > n. Since A generates V', there
exist aq, ..., a, such that

w =, 5
=1

Since B is a set of linearly independent vectors, it cannot contain the zero
vector by Proposition 1.3.4. Therefore, the «;’s cannot be all equal to
zero. Up to permuting the v,’s, we can assume that oy # 0. Then by (5)
we get:

v = —oq wy = (ar 0)uy — . = (a7 o),
In other words, v, is a linear combination of the vectors w;,v,,...,v,.
Now since A generates V', then so does AU {w,}. But then by Lemma
1.4.2 the set {w;,v,,...,v,} is a system of generators for V.
Since {w,,v,,...,v,} generates V, the vector w, is a linear combina-
tion of wy,v,,...,v,. Hence there exist ay, ..., a, such that

Wy = QW) + (Vg + ... + QpU,,.

Now if it was ay = a3 = ... = a,, = 0 then we would have w, = a;w; and
by Proposition 1.3.4 the set B would be linearly dependent, yielding a con-
tradiction. Hence, at least one among as, . . ., o, must be non-zero. Again
without loss of generality we can assume that ay # 0. Then, reasoning as
above, we get

-1 -1 -1 -1
Vy = —Qly Wy + Qg Wy — Qg 303 + ... + Qg 0,
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and it follows that {w,, w,,v,,...,v,} is a system of generators for V. Re-
peating this argument for ws, ..., w, we end up proving that {w,,...,w,}
generates V. Since we are assuming that m > n, the vector w,, | ; is a linear
combination of w, ..., w,, and hence the vectors w,, ..., w, ., are linearly
dependent by Proposition 1.3.4, and consequently so are wy, ..., w,,. This
contradicts the hypothesis, and therefore it must be m < n. O

Corollary 1.4.6. Let V be a f.g. K-vector space. Let B and B’ be two
bases of V. Then |B| = |B/|.

Proof. Let B = (vy,...,v,) and B’ = (wy,...,w,,). By the definition of
basis, {vy,...,v,} is a system of generators and wy, ..., w,, are linearly
independent. By Steinitz Lemma, it must be m < n. But one can argue
symmetrically: {w,,...,w,, } is a system of generators and the vectors
Vq,...,0, are linearly independent. By Steinitz lemma then we have n <
m, and hence n = m. O

It can be proven that any vector space, not necessarily finitely generated,
has a basis, and that any two bases have the same cardinality. However, the
proof requires the axiom of choice, and is beyond the goal of these lecture
notes.

Definition 1.4.7. Let V be a f.g. K-vector space with V' # {0}. The
dimension of V is the cardinality of any basis of V. If V' has dimension
n we write dim V' = n.

By convention, we say that the trivial vector space {0} has dimension 0.
Vector spaces different from this always have dimension > 1.

Example 1.4.8.

e Let V = K". The sequence (e;,é€,,...,¢€,) is a basis of V, where

) =n

e; = (0,...,0,1,0,...,0) is the vector whose i-th entry is 1 and

p=)

whose other entries are 0. In fact, as we have seen in Example
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1.2.15 the g;’s generate V. Moreover, they are linearly independent,
because Y, a;e; = (a1, .., a,), and hence if the latter is the zero
vector, then clearly a; = 0 for every 7. It follows that

dim K" = n.

However, this is not the only basis of K"; in fact if K is infinite
there are infinitely many bases. For example, when K = R and
n = 3 then the sequence (v, vy, v3) with v; = (1,1,0), v, = (0,1, 1),
vy = (1,0,0) is a basis of R3.

e Let V = R? The set {v;,vy,v3}, where v; = (1,1), v, = (1,0)
and vy = (—1,1), is a system of generators for V but it is not a
basis. In fact, since dim V' = 2 a basis must have 2 elements, and by
Steinitz Lemma three vectors must be linearly dependent. A linear
dependence relation between them is, for example, v; —2v, —v4 = 0.

e Let V = Klz]<,. As we have seen in Example 1.2.15, the set
{1,z,...,2"} is a system of generators for V. It is easy to see that
the sequence (1, x,...,2™) is in fact a basis of V| since these vectors
are linearly independent; if >~ | ;2 = 0, we must have a; = 0 for
every i: a polynomial is 0 if and only if all of its coefficients are 0.
Hence

dimV =n+ 1.

o Let V=M, «,(K). A basis of V is given by the sequence
<E117 E127 ©coog E1n7 E217 E227 ©coog Emn)7

where Fj; is the matrix whose entry in row ¢ and column j is 1 and
all other entries are 0. It follows that

dimV = mn.

Definition 1.4.9. In the vector space K™, the canonical basis is the basis
(€1,-..,¢,) introduced in Example 1.4.8.

Remark 1.4.10. The K-vector spaces M,x1(K) and Mjx,(K) of n x 1
and 1 x n matrices, respectively, naturally behave like K™ (this claim
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can be made formal, but it goes beyond the scope of these notes). In

ay

layman’s terms, a matrix of the form | .. .| or <a1 an) can be
Qn

seen as the element (ay,...,a,) of K™. This makes also evident the fact

that dim K™ = dim M,,»;(K) = dim M;4,(K) = n, and that a canonical
basis should also exist for the latter two spaces. We call canonical basis

of Miy,(K) the basis (e;,...,e,) where e, = (0 o1 0) is the

matrix with a 1 in position (1,4) and 0 elsewhere. We call canonical basis
of M,x1(K) the basis constituted of the transpose of the vectors of the
canonical basis of My, (K).

The following theorem is of the utmost importance.

Theorem 1.4.11. Let V be a f.g. K-vector space of dimension n > 1.
An n-tuple B = (vy,...,v,) of vectors of V is a basis if and only if for
every v € V there exist a unique n-tuple (ay,...,q,) € K™ such that

V=

Proof. First, suppose that B is a basis. Let v € V. Since B generates
V, there exist ay,...,a, € K such that v = > | oyu,. We only need to
prove that the sequence (ay, ..., q,) is unique. Suppose that there is a
second one, say (f1,...,3,). Since v => ", Biv,;, we get that

n n
E o0, = E @'Qi;
i=1 i=1

and hence
n

Z(Oéz’ — Bi)v; = 0.

i=1
But B is linearly independent, and hence a linear combination of its vectors
that gives the zero vector must have all coefficients equal to 0, i.e. a; = f3;
for every i € {1,...,n}.

Conversely, suppose that every vector of V' can be written in a unique
way as a linear combination of the v,’s. To prove that B is a basis, we
need to prove that it generates V' and that is linearly independent. That
it generates V' is obvious by hypothesis, since every element of V is a
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linear combination of elements of B. If """  a;v;, = 0, then observe that
> i, 0u; = 0 by Theorem 1.1.21; since the representation of the vector
0 € V as a linear combination of the v,’s is unique, it must be a; = 0 for
every 1. (]
Theorem 1.4.11 allows us to give the following definition.

Definition 1.4.12. Let V be a K-vector space of dimension n > 1, and
let B = {vy,...,v,} be abasis of V. If v € V, the components of v with
respect to B are the unique ay,...,a, € K such that v =" | a;v;,.

Corollary 1.4.13. Let V' be a K-vector space of dimension n. Let B =

(vy,...,v,) be a basis of V. The function
Gp: V- K"
v= a;V; ((11, 7an)

is a bijection.

Proof. By Theorem 1.4.11, if ®5(v) = ®g(w) then it must be v = w,
because the representation of v and w with respect to the basis B is unique.
Hence ®p is injective. Surjectivity is obvious: if (by,...,b,) € K™ then
(b17 ey bn) = q)lg (Z?:l bzyl) ]

The function ®5z is the unique function that associates to a vector the n-
tuple of its components with respect to the basis B.

Remark 1.4.14. The function ®5 defined above is not just bijective, it
also has the property that for every a, 8 € K and every v,w € V we have

Dp(av + fw) = a®p(v) + SPs(w).

A map with all these properties is called an isomorphism. Being isomor-
phic vector spaces is an equivalence relation; what Corollary 1.4.13 says is
that, in loose terms, all K-vector spaces of dimension n "behave” as K™.
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Corollary 1.4.15. Let V be a K-dimensional vector space of dimension
n>1.

1. Let vy,...,v,, € V with m > n. Then vy,...,v

., are linearly de-
pendent.

2. Let vy,...,v,, € V with m <n. Then (v,,...,v,,) #V.

3. Let vy,...,v, € V. Then the following are equivalent:

(a) (,..-,v,) =V;

(b) vy,...,v, are linearly independent;
(¢) (vq,...,v,) s a basis of V.
4. For every m € {0,...,n}, V has a vector subspace of dimension m.

If m = 0 or m = n such subspace is unique.

5. If W C V is a vector subspace, then W is f.g. and dimW < dimV,
with equality holding if and only if W = V.

6. Let vy,...,v,, € V. Then dim(v,,...,v,,) is the maximum number

» Zm

of linearly independent vectors in the set {v;,...,v,,}.

Proof. 1. Since V' is generated by n vectors, by Steinitz lemma m > n
vectors must be linearly dependent.

2. If it was, by contradiction, (v,,...,v,,) =V, then by Lemma 1.4.3
the set {v,,...,v,,} would contain a set of independent generators, i.e. a
basis. But all bases have the same cardinality by Corollary 1.4.6, and this
contradicts the assumption m < n.

3. We will prove that (a) = (b), (b) = (¢) and (¢) = (a).

(a) = (b). If vy,...,v, were linearly dependent, by Lemma 1.4.3 the
set {vy,...,v,} would contain a basis with less than n elements, contra-
dicting Corollary 1.4.6.

(b) = (c) If it was (vy,...,v,) # V, this would mean that at least a
vector w € V is not a linear combination of the v,’s. But then the vec-
tors vy, ..., v, w are linearly independent. In fact, if Y |, oyv, + fw =0

there are two cases: if § = 0 then all the o;’s must be 0 since v,,...,v,
are linearly independent. If 8 # 0 then w = Y." (=8 'ay)v;, contra-
dicting the fact that w is not a linear combination of the v,’s. Hence

Vq,...,0,,w are linearly independent, but this contradicts Steinitz lemma.

) <n) =
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Hence (vy,...,v,)=V.

(¢) = (a) Obvious by definition of basis.

4. The unique K-vector space of dimension 0 is {0} € V. Next, V
is a vector subspace of V of dimension n. Let us show that it is the
only one. If W C V is a vector subspace of dimension n, then it has a
basis B = (wy,...,w,). But the w,’s belong to V and they are linearly
independent since B is a basis of W. Then by point 3. they are a basis of
V, and therefore (w,,...,w,) =W =V.

Finally, if m € {1,...,n — 1}, let (v,,...,v,) be a basis of V' and
define W,,, = (vy,...,9,,). This is a subspace of dimension m because

)’ =m
(vy,...,v,,) is a basis of W,,: the vectors v,,...,v,, generate W,, by
construction and they are linearly independent because they are elements
of a basis of V.
5. Any m > n vectors in W cannot be linearly independent, by point
1. Therefore there is a maximum number r of linearly independent vectors

in W. Let vy,...,v, € W be linearly independent. If it was (v,,...,v,) #

) =r

W, there would exist some w € W such that w ¢ (v,,...,v,). By Remark
1.3.5, this would imply that v,,...,v,,w are linearly independent. But
this is impossible, since they are r+1 vectors. Therefore (v,,...,v,) = W,

and so W is f.g.
6. Let r be the maximum number of linearly independent vectors in
the set A = {v;,...,v,,}, and let v; ,...,v; € A be linearly independent.

Then, by definition of basis, B :_(v .,v; ) is a basis of (v; ,...,2; ),

Ziyo ot iy
which then has dimension r. Now if v; ¢ A, the set AU {y;} cannot
be linearly independent, since otherwise it would contain r 4 1 linearly
independent vectors, and this contradicts the fact that r is the maximum
number of linearly independent vectors among the v;’s. Hence v; must be
a linear combination of v, ,...,; , and since this holds for every v, ¢ A,

? =1

it follows that (A) = (B), so that dim(A) = r. O
We end this section with a very important result on bases.

Theorem 1.4.16. Let V be a f.g. K-vector space of dimension n, and let
B be a basis of V.

1. Let ACV. If BC (A), then (A) =V.

2. Let vy,...,v,, € V be linearly independent, with m < n. Then

) =m

there exist v, ,,...,v, € Bsuch that (v,,...,v,) is a basis of V.

) =n
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Proof. 1. By Proposition 1.2.13, since B C (A) then V = (B) C (4) C V.
Hence it must be (A) = V.

2. By Corollary 1.4.15 we must have (v,,...,v,,) # V. Therefore by
point 1. we cannot have B C (vy,...,v,,). This means that there exists a
vector v, € Bsuch that v,, ., ¢ (vy,...,2,,), and therefore v ,...,v,, .,
are linearly independent by Proposition 1.3.4. Now we repeat the same
argument on the set {v;,...,v,,,,} until we get n linearly independent
vectors; these must form a basis by Corollary 1.4.15. ]

1.5 Sum and intersection of subspaces

Definition 1.5.1. Let V' be a K-vector space and U, W C V be subspaces.
The sum of U and W is the set:

U+W=A{ut+w:uelUweW}

We say that the sum U + W is direct if for every v € U + W there exist
unique v € U and w € W such that v = u + w. If the sum U + W is
direct, we write U & W.

Remark 1.5.2. If U, W C V are vector subspaces, the following hold true.

1. UNW = U if and only if U C W, because this is true for sets in
general.

2. UW CU+W. Infact, if u € U thenu =u+0 € U+ W, and
similarly for vectors of W.

3. U+ W =U it and only if W C U. In fact, it W C U then for every
u+w € U+ W we have that u+w € U, since both v and w belong
to U. Hence U + W C U. On the other hand, by 2. we have that
U CU + W, and therefore U = U + W. Conversely, if U = U + W
then for every w € W we have that w =04+w € U + W = U, that
means that w € U. Hence W C U.

Proposition 1.5.3. Let V' be a K-vector space and U, W be subspaces of
V. The sets U N W and U + W are vector subspaces of V.
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Proof. First, let u,w € UNW and a, € K. Since u,w € U, that is a
vector subspace of V', then au + fw € U. But the same is true for W,
since this is a vector subspace too. Then au + fw € W, and it follows
that au + fw € UNW. Hence U NW is a vector subspace by Theorem
1.2.6.

Next, let uy +w;, uy +w, € U+ W, where u,,u, € U and w,,w, € W.
Let ai, a0 € K. Then g (u; +w;) +as(uy+wsy) = (qu; +aguy) + (w, +
asw,), and since U and W are subspaces, we get that ayu, + asuy, € U
and ayw, +aow, € W. Tt follows that oy (u; +w,) +as(uy+w,) € U+W,
and hence the latter is a subspace by Theorem 1.2.6. [

Proposition 1.5.4. Let V' be a vector space and U, W be vector subspaces
of V. The sum U + W is direct if and only if U N W = {0}.

Proof. First, assume that the sum is direct. We want to show that U N
W ={0}. Let v e UNW. Since v € U, a way of expressing v as a sum
of a vector of U and one of W is v = v + 0. On the other hand, v € W
as well, and hence we can also write v = 0 4+ v, a sum of a vector of U,
namely 0, and one of W. Since the sum of U and W is direct, there can
be only one way of writing v as a sum of an element of U and one of W,
and therefore it must be v = 0. That is, U N W = {0}.

Conversely, assume that U N W = {0}. Now let v € U + W, and let
U, Uy € U, wy,wy, € W be such that v = u; + w; = uy + w,. Then
U, — Uy = Wy — w,y. This implies that u; — u, is both an element of U,
because U is a subspace, and an element of W, because it is equal to
w,; — w, that is an element of W. Hence u; — u, € UNW = {0}, so that
U, = uy. Therefore also w; — w, = 0, so that there is only one way of
writing v as a sum of a vector in U and one in W. O

Proposition 1.5.5. Let U, W be f.g. subspaces of a K-vector space V.
1. UNW is finitely generated.

2. Let B = (uy,...,u,,) be a basis of U and B’ = (w,,...,w,) be a
basis of W. Then U + W is finitely generated, and BUB' is a system
of generators.

Proof. 1. The space U N W is a subspace of U, that is f.g., and hence it
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is f.g. itself (see Corollary 1.4.15).

2. Let v € U+ W, so that v = u + w for some v € U and w €
W. There exist ay,...,Qm, b1,...,0, € K such that u = """ | a;u; and
w =", Bjw;. Then v =737" au + 7 Bjw;. We have just proved
that every vector of U + W is a linear combination of elements of BU B’.
Therefore U + W = (BU B'). O

Definition 1.5.6. Let V' be a K-vector space and let W C V be a sub-
space. A direct complement for W in V is a subspace W/ C V such that
WeW =V.

Theorem 1.5.7. Let V be a f.g. K-vector space, and let W C V be a
vector subspace. Then there exists a direct complement W' for W.

Proof. If W = V then just take W/ = {0}. If W = {0}, take W' =
V. Otherwise, let n = dimV and let B = (vy,...,9,,) be a basis for
W, with m < n, and B" a basis for V. By Theorem 1.4.16, there exist
Upt1s-- -, U, € B such that (vy,...,v,) is a basis of V. We claim that

W' = (V11 - - -, U,) is a direct complement for 1W. We need to prove that

)’ Zn

W+ W' =V and that W N W' = {0}.
The fact that W+ W' =V follows immediately from Proposition 1.5.5.
Ifv e WNW, then v = Y ", agu; for some ay,...,a,, € K, since
v e W, but alsow = " . B for some Bry1,..., 0, € K, since
v € W’. Hence

vy + - Uy = Bl — - = Ba, =0,
and since (vq,...,v,) is a basis for V' it follows that a; = 0 = f3; for every
i,7. Hence W N W' = {0}. O

Remark 1.5.8. The proof of Theorem 1.5.7 shows clearly that a subspace
does not have just one direct complement. For example, if V = R? and
W = ((1,0)), then W has infinitely many direct complements. In fact, if
v €V \ W then W = (v) is a direct complement for W: by construction
W W' = {0} and dim(W & W’) = 2 by Grassmann formula. It must
then be W @& W' =V, since the unique subspace of V' of dimension 2 is
V itself (see Corollary 1.4.15).
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Theorem 1.5.9 (Grassmann formula). Let V' be a K-vector space and let
U W CV be f.g. vector subspaces. Then:

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

Proof. If dimU = 0 or dim W = 0 the formula is obvious since dim U N
W = 0. From now on, we let B = (uy,...,u,,) be a basis of U and
B = (wy,...,w,) be a basis of W, so that dimU = m and dimW = n
and m,n > 1.

Case 1: UNW = {0}. If this happens, then dim(U NW) = 0, and so

we need to prove that

dim(U + W) = dim U + dim W. (6)
By Proposition 1.5.5, B U B’ generates U + W. If we can prove that
Upy ooy Uy, Wy, ..., w, are linearly independent, it will follow that B U B’

is a basis of U+ W with m+n elements, and therefore dim(U+W') = m+n
as we need.
Let aq,...,am, B1,..., B, € K be such that

algl+...+amgm+51w1+...+5nwn:Q-

Then
oy + ..+ oy, = —fw, — ... — Bhw,,. (7)

The left hand side of the above equality is an element of U and it equals the
right hand side that is a vector of W. It follows that ayu, + ...+ oy, €
UNW ={0}. This means that

oy + .+ o, = 0.

But B is a basis, and therefore oy = ... = «,,, = 0. Substituting this in
(7) it follows that
frwy + ... + Bow,, = 0.

But B’ is also a basis, and hence 5 = ... = 3, = 0. We proved that the
a;’s and the 8;’s are all 0, and so that u,,...,u,,, w;,...,w, are linearly
independent; it follows that BUB' is a basis of U+ W of cardinality m+mn,
and (6) is proved.

Case 2: UNW # {0}. By Proposition 1.5.5, the space U N W is f.g.,
and hence it admits a basis B” = {v,,...,v,}, where p = dim(UNW) > 1
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and p < min{m,n}. By Theorem 1.4.16, we can complete B” to a basis
of U, using vectors of B, and to a basis of W, using vectors of B'. Up to
permuting the elements of B and those of B’, we can assume that B =
(Vg Uy Uy e e vy Uy, IS @ basisof U and B' = (vy, ..., v, wy, -0, )
is a basis of W. If m — p = 0 this means that dimU N'W = dim U, and
this in turn means that U = U N W, so that U C W. Then the formula
we need to prove becomes dim(U + W) = dim W, which is certainly true
since U4+ W = W. The case n —p = 0 is analogous. Hence we can assume
that m —p,n—p>1.

Now we claim that C = (vy,..., 0, U, s Upypy Wy, -, W, ,) IS A
basis of U + W. This will conclude the proof, since then U 4+ W has a
basis with m + n — p elements, i.e. dim(U + W) = m +n — p. We need to
prove that C generates U + W and that it consists of linearly independent
vectors.

_ The first claim follows immediately by Proposition 1.5.5, because C =
BuB'.
Now let v, ..., m—p, By -3 Buep, Y1, -+, Yp € K be such that:

Qg+ A Uy, Brwy A By, v e, = 0. (8)
Rewrite this as:
Uy + .t Qe = =1y — = B p W, — VU — = YU,

The left hand side is a vector of U, and it equals the right hand side that
is a vector of W. Hence the left hand side is a vector of U N W, and
therefore it can be expressed in the basis B”. This means that there exist
01,...,0, € K such that > " P ayu; = > 5 0;u;. Substituting this in (8),
we get:

Brwy + ..+ Bupw, , + (A0 A (9 +6p)y, = 0.
Now remember that B is a basis; it must then be
bi=...=Ppp=m+0=...=7+0=0.
Since the f3;’s are all 0, equation (8) becomes:

Uy + oo+ Qe pUyyy oy + V10 + - YU, = 0.
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But now remember that also B is a basis, and therefore
=...=Qpp=11=...=7%=0.

All in all, we have proved that all the «;’s, all the ;’s and all the v;’s are
0, i.e. that the vectors of C are linearly independent. O
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Chapter 2: Determinant and rank

2.1 Determinant

Definition 2.1.1. Let K be a field and A € M,,x,(K) an m X n matrix
with entries in K. A submatriz is a matrix obtained by erasing rows
and/or columns of A.

1 2 4
Example 2.1.2. Let A=| 0 1 2| € M3(R).

-1 6 7
1 2 4
-1 6 7
4
2

Erasing the middle row, we obtain the submatrix

Erasing the first two columns, we obtain the submatrix

7
Erasing the first and third column and the third row, we obtain the

2
1

submatrix

Definition 2.1.3. Let K be a field and n > 1 be an integer. Let A =
(@ij)ij=t,..n € My(K) be a square matrix. The determinant of A is the
element of K that is defined in the following recursive way:

1. if n =1 then A = (a;1) and the determinant of A is ay1;

2. in general, the determinant of A is defined by:

det A =) (=1)""ay; Ay,
j=1
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where A;; is the determinant of the submatrix obtained by erasing
from A the first row and the j-th column.

Example 2.1.4.

ail Q2 " g
o If n=2then A= . Definition 2.1.3 yields:

Q21 Q22

det A = ay; det(agn) — ajp det(ag) = ay1a92 — ar2a9;.

@11 Aaiz2 Qa3

o If n=3then A= | ay ayp ays |- Definition 2.1.3 yields:

a3; aszz2 as3

Q22 A23 a1 Q23 a21 Qa22
det A = aq; det —aqo det +aq3 det

32 A33 az1 ass as1 Aasg

Now we can use the previous computation of the determinant of a
2 X 2 matrix and get:

det A = au(a22a33—a23a32)—a12(a21a33—a23a31)+a13(a21a32—a22a31).

Definition 2.1.5. Given A € M,,x,(K), a minor of A is the determinant
of a square submatrix of A.

Theorem 2.1.6 (Laplace theorem). Let K be afield and A = (a;;); j=1,.n €
M, (K). Fix an index k € {1,...,n}. Then:

n

det A = Z(—l)k+jaka4kj = Z(—l)HkaikAik;
j=1

=1

where Ay, is the minor obtained by erasing the /-th row and the m-th
column from A.

In other words, Laplace theorem says that the determinant can be com-
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puted starting from any row or column of A, by multiplying each entry of
the row/column by the determinant of the corresponding submatrix and the
appropriate sign, and then adding up the terms.

1 2 0
Example 2.1.7.Let A= | -1 0 1| € M3(R). The determinant of A
-1 1 1

can be computed by its definition, namely using the first row:

0 1 -1 1 -1 0
det A =1-det — 2 -det + 0 - det =
1 1 -1 1 -1 1

—10—1)=2(=1+1)+0(—=1—0) = —1.

On the other hand, Laplace theorem says that we can also compute it
using any row or column. For example, let us choose the second column:

1 1 0 1 0
det A = —2-det + 0 - det —1-det =
-1 1 -1 1 -1 1

= —2(-1+1)+0(1—0)—1(1—0) = —1.

Proposition 2.1.8. Let A € M, (K). The determinant of A enjoys the
following properties.

1. If A has a row or a column all of whose entries are 0, then det A = 0.
2. det(A) = det(*A).

3. If A’ is the matrix obtained by swapping two adjacent rows or two
adjacent columns of A, then det A = —det A'.

4. If two rows or columns of A are equal, then det A = 0.
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Ry
Ry
5. If A= | ——— |, where Ry,..., R, are the rows of A, then:
Ry, + R},

R,
Ry R,
R; Ry

det A =det | —— | +det

Ry R,
R, R,

Analogously, if A = (Cy]...|Crx + Cy]...|C,) where Cy,...,C, are
the columns of A, then:

det A = det(Cy] ... |Cl|...|Cn) +det(Cy|...|CL] ... |Cy).

6. if A’ is the matrix obtained by multiplying every entry of a row or
a column of A by the same constant A € K, then det A’ = \det A.

7. if a row/column of A is a linear combination of other rows/columns

of A, then det A = 0.

8. if A’ is the matrix obtained by adding to a row/column of A a linear
combination of other rows/columns of A, then det A’ = det A.

Proof. 1. This is clear by Laplace theorem, if we compute the determinant
of A using a row or a column all of whose entries are 0.

2. Again clear by Laplace theorem: computing the determinant of A
using the first row is the same as computing the determinant of ‘A using
the first column.
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Thanks to point 2., it suffices to prove all remaining points for rows,
since the same statement for columns follows by considering the transpose
matrix.

3. Let A = (ayj)ij=1,. n and suppose A" = (b;;);j=1...n is obtained by
swapping the i-th row with the (i 4+ 1)-th row of A. By Laplace theorem,

det A = Z 1) a; A

by computing the determinant using the i-th row. On the other hand,

n

det A" = Z( 1)1+1+]b i+1) Al(i-i—l)j

j=1

by Laplace theorem, where we computed the determinant using the (i+1)-
th row and A, ,; is the minor of A’ obtained by erasing the (i + 1)-th
row and the j- th column Now just notice that by 1); = a;; for every
j € {1,...,n}, since we swapped row i and row i + 1, and A/erl = A
for every j € {1,...,n}: deleting the (i + 1)-th row of A’ has the same
effect of deleting the i-th row of A. Hence

det A/ = Z<—1>i+1+jaiinj = — Z(—l)i“aiinj = —det A.

j=1 j=1

4. By induction on n. If n = 2 and two rows are equal, we necessarily

a b
have A = , so that det A = ab — ab = 0. Now suppose that the
a b
claim is true for a square matrix of size n — 1 and consider A € M,,(K),
with n > 3. Suppose that two rows of A coincide, say R, = R, and fix
another row Ry, with k # i, j. By Laplace theorem,

det A = Z(—l)kMakgAkg,

where Ay, is the minor of A obtained by erasing the k-th row and the ¢-th
column. Clearly, when we erase the k-th row and the ¢-th column from
A, the submatrix we obtain has two equal rows, because A had them and
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we erased a different row. This means that Ay, = 0 for every ¢, by the
inductive hypothesis. It follows that det A = 0.

5. Let Ry = (a1,...,ak,) and R, = (aj,,...,a,). Then by Laplace
theorem using the k-th row we get:

det A = Z(—l)k“(am’ + aij)Akj =
j=1

= Z(—l)kJ“jaijkj + Z(-l)k+ja;€jAkj,
j=1

j=1

and by Laplace theorem these two terms are exactly the determinants of

Ry Ry

R Rs
the matrices | —— | and

Ry R,

R, R,

6. Let A = (ai;)i j=1...n and suppose A’ is obtained by A by multiplying
the k-th row by a constant A € K. By Laplace theorem we get:
det A" =Y "(=1)FY (Aag) Ary = A _(=1)"Fag; Ay = Adet A,

j=1 j=1

7. Let Rq,..., R, be the rows of A and suppose that the k-th row Ry
of A can be written as Z#k AN R;, for some \; € K. By points 5. and 6.
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we get that
Ry
det A= > Ndet| ... |,
i=1,..,n -
i#k R;
R,

and each of the determinants in the right hand side is 0 by point 4.

8. Suppose A’ is obtained from A by adding to the k-th row Ry a
linear combination of the other rows, so that the k-th row of A’ equals
Ry + 21:1#” \iR;. By point 5. we have

R, R;

Ry Ry
det A/ =det | —— | +det | ——

Ry YNR;

R, R,

Now the first term in the right hand side is exactly det A and the second
term is 0 by point 7. [

Remark 2.1.9. If A is upper triangular or lower triangular, then the deter-
minant of A equals the product of the elements on the diagonal. This can
be shown by induction on the size n of the matrix. Of course it is enough
to prove it for upper triangular matrices, since the transpose of a lower
triangular matrix is upper triangular and has the same diagonal. If n = 1,
the claim is obvious. Suppose it is true for upper triangular matrices of
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apr a1 ... Qip
. Aog ... Qop . .
size n — 1 and let A = be upper triangular of size
0 ... 0 ap

n. By Laplace theorem, using the first column, we get:

Q99 Q23 ... QA9p
as2 ... Q3p

det A = a1 det
0 ... 0 aum

In the right hand side of the equality we are computing the determinant
of an upper triangular matrix of size n — 1 and hence by the inductive
hypothesis its determinant is agoass . . . a,,. It follows that

det A = a11a99 . .. App-

Theorem 2.1.10 (Binet theorem). Let A, B € M,,(K). Then:

det(AB) = det A - det B.

Definition 2.1.11. A matrix A € M,(K) is invertible if there exists a
matrix B € M, (K) such that AB = BA = I,.

Theorem 2.1.12. A matrix A € M, (K) is invertible if and only if det A #
0. If this is the case, the inverse matrix is unique, is denoted by A~! and
it is given by:
1 1
Tdet A ) TWIRELe
where A;; is the minor of A obtained by erasing the i-th row and the j-th
column.
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2.2 Change of basis

Let V be a f.g. K-vector space, and let B = (vy,...,v,) and B = (v},...,v))
be two bases for V. For every j € {1,...,n}, let

n

/_

v; = E )\ijyi
i=1

be the expression of the vectors of B’ with respect to the basis B.

Definition 2.2.1. The matrix A = (\;j)ij=1,..n is called change of basis
matriz from B’ to B.

Proposition 2.2.2. Let v = Y "  a,v; and let E = (ay,...,a,). Then
A -'E is the vector of the components of v with respect to the basis B.

Proof. Let v = " | ;0. Now substitute v = 3", Ajju; so that

i=1 \j=1

is the expression of v with respect to the basis B. Now it is just a matter
of checking that

|

n
a D i1 AL
n
as D jm1 QA2
A — | &
n
an D e AiAnj

[

Therefore once we have the change of basis matrix, in order to transform the
expression of a vector in basis B’ into the expression in basis B we just have
to multiply the column vector of components by the matrix A.

Example 2.2.3. Let V = R3. The sequence

B=((1,1,1),(1,0,1),(—1,0,0))
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is a basis of V', and so is
B =((2,0,0),(0,1,1),(2,3,0)).

In order to write down the change of basis matrix, all we need to do is to
express vectors of B’ with respect to B, and then writing the components
by columns in a 3 x 3 matrix. We have:

(2,0,0) = =2 (—1,0,0)

(0,1,1)=1-(1,1,1) +1-(=1,0,0)
(2,3,0)=3-(1,1,1) — 3-(1,0,1) —2- (—1,0,0)

so that the change of basis matrix is:

0o 1 3
A=10 0 -3
=2 1 =2

Now if we take any vector of V' and we write it with respect to the basis
B’, such as for example (4,4,1) =1-(2,0,0)+1-(0,1,1)+1-(2,3,0), in
order to find its components with respect to B we just need to compute

0 1 3 1 4
0O 0 =31-|1]=1-3
=2 I =2 1 -3

In fact,
(4,4,1)=4-(1,1,1) —=3-(1,0,1) = 3 - (—1,0,0).

Proposition 2.2.4. The change of basis matrix A from B’ to B is invertible,
and its inverse A~! is the change of basis matrix from B to B’

Proof. Let A’ be the change of basis matrix from B to B’. Then clearly
for any (aq,...,a,) € K" we have

A'A-Yay, ... a,) = ay,. .., a,),
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because A-*(ai, ..., a,) is the vector of components of the vector Y | a;v]
with respect to B, and hence A’ - (A -(aq,...,a,)) is the vector of com-
ponents of Y"1 | a;v} in basis B, that is just *(ay, ..., a,).

Then in particular when (ay,...,a,) = (0,...,0,1,0,...,0), with the
only 1 in position k, we see that A’A'(ay, ..., a,) on the one hand is the
k-th column of A’A, and on the other hand is *(0,...,0,1,0,...,0). This
means precisely that A’A = I,,. On the other hand one can swap the role
of B and B’ and repeat the same argument; this leads to proving that
AA' = I,,. Therefore A is invertible and A’ is its inverse. O

2.3 Rank

Definition 2.3.1. Let A € M,,,x,(K) be a matrix. If B is a square sub-
matrix of A, the size of B is the number of rows (or columns) of B.

The rank of A is the largest size of a square submatrix of A with
nonzero determinant. If all square submatrices of A have determinant 0,

then we say that A has rank 0. The rank of A is denoted by rk(A).

Remark 2.3.2.

1. A has rank 0 if and only if all of its entries are 0. In fact, if all of
its entries are 0 then clearly there are no square submatrices with
nonzero determinant, and conversely if all square submatrices of A
have determinant 0 then in particular all submatrices of size 1 have

determinant 0. But a square submatrix of size 1 is just an entry of
A.

2. If Ae M,(K), then 1k(A) = n if and only if det A # 0. In fact, the
unique square submatrix of A of size n is A itself.

3. If A € Mysn(K), then rk(A) < min{m,n}, since a square submatrix
of A can have size at most min{m, n}.

4. Since the determinant of a matrix equals the determinant of the
transpose, we have that rk(A) = rk(*A).

5. if B is a submatrix of a matrix A, then rk(A) > rk(B).
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Example 2.3.3.

1 2 3
o Let A = € Msy3(R). Since A is not the zero matrix,

2 46

rk(A) > 1 and of course rk(A) < 2. To decide whether rk(A) = 1
or rk(A) = 2 we need to decide if A has a submatrix of size 2 with
non-zero determinant. The submatrices of size 2 of A are:

These all have determinant 0, so tk A =1

1 2 3
o Let A= € Msy3(R). The size 2 submatrix of A given

0 46

1 2
by has determinant 4 # 0. Therefore, rk(A) = 2.
0 4

If A€ M,,x,(K) has a square submatrix of size r with non-zero determinant,
then the rank of A is at least r, by definition. In order to prove that the
rank is exactly r, one needs to prove that every square submatrix of A of size
larger than r has zero determinant. However, it is enough to consider square
submatrices of size r + 1, as shown by the following proposition.

Proposition 2.3.4. Let A € M,,«,(K) and let » < min{m,n}. Suppose
that every square submatrix of A of size r + 1 has determinant 0. Then

rk(A) <.

Proof. To prove that the rank of A is at most r, we need to prove that
the determinant of every square submatrix of A of size r 4+ k is zero, for
every k =1,...,min{m,n} — r. We do this by induction on k.

The claim for £ = 1 is true by hypothesis. Now suppose the claim is
true for k—1, i.e. suppose that every square submatrix of A of size r+k—1
has determinant 0, and let B = (b;;); j=1,. ,+k be a square submatrix of A
of size r + k. Computing the determinant of B via Laplace theorem via
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the first row of B yields:

r+k
det B =Y (—1)"*7b;; det By, (9)

where By, is the submatrix obtained from B by erasing the first row and
the j-th column of B. But now for every j = 1,...,r + k the matrix By;
is a square submatrix of B, and hence of A, of size r + k — 1, and hence
it has determinant 0 by the inductive hypothesis. It follows from (9) that
det B = 0. O

Corollary 2.3.5. Let A € M,,«,(K) and suppose that A has a size r
submatrix with non-zero determinant. If all submatrices of size r + 1 have
zero determinant, then rk(A) =r

Proof. Since A has a size r submatrix with non-zero determinant, rk(A4) >
r. On the other hand, by Proposition 2.3.4 we have rk(A) < r, and
therefore rk(A) = r. O

Definition 2.3.6. Let V' be a f.g. K-vector space and let B = (vy,...,v,,)

) Zn

be a basis of V. Let w,,...,w, € V and write, for every i € {1,...,k},
w; = Y0y Ajiw; with Ay, ..., Ay € K. The matrix

A2 Ao ... A
Ay — 21 A2 2%
is called component matriz of the vectors wy, ..., w, with respect to the
basis B.
Example 2.3.7. Let V = R3 and let B = ((1,1,1),(1,0,1),(0,0,—1)),

that is a basis of V. Let w; = (2,1,0) and w, = (—1,0,0). We have
that wy = (1,1,1) + (1,0,1) +2(0,0, 1) and w, = —(1,0,1) — (0,0, —1).
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Hence the component matrix of w,, w, with respect to B is:

1 0
1 -1
2 =l

Theorem 2.3.8. Let V be a f.g. K-vector space of dimension n, let B
be a basis of V' and let v;,...,v, € V be k vectors with £ < n. Let
Ap € M,«;(K) be the component matrix of such vectors with respect to
B. Then vy, ..., v, are linearly independent if and only if rk(Ag) = k.

Proof. Let A := Ag = ()\;;)i=1,...n be the component matrix.
j=1yk
First, we prove that if v ..., v, are linearly dependent then rk(A) <

k. Hence assume that v,,...,v, are linearly dependent. Then there are
ai,...,q € K, not all 0, such that

a1V + ...+ oy, = 0. (10)

Let B = (wy,...,w,) and let v; = Zn

=1 Ajiw; for every 4. Substituting in
(10), we get that

n k
Z (Z aj)\ij) w; = 0.
i=1 \j=1
Since B is a basis, it follows that for every row index i € {1,...,n} we
have
041)\1'1 + ...+ ak)\ik =0. (11)

)\1]'
. . o A2
Notice that the j-th column C; of A is given by , and therefore

Anj

relation (11) implies that Z _,a;C; = 0.

Now if we erase any n — k: rows from A, obtaining a square submatrix
A of size k, relation (11) will still hold on every row of A, of course. But
this means precisely that the columns of A, when thought as vectors in
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My.«1(K), are linearly dependent. Hence, by Proposition 2.1.8, det(A) =
0. Since this holds for every square submatrix of A of size k, by Proposition
2.3.4 it follows that rk(A) < k.

Conversely, we prove that if v,,...,v, are linearly independent then
rk(A) = k. Assume then that v,,...,v, are linearly independent. By
Theorem 1.4.16, there exist v, q,...,v, € B such that B' = (vy,...,v,)
is a basis of V. Now let H be the change of basis matrix from B’ to B.
In order to obtain it, we need to express the vectors of B’ in the basis B.
When doing this process on vy, ..., v,, we obtain precisely the columns of
A, by definition. On the other hand the vectors v, ,,..., v, are already
expressed with respect to the basis B, as they are simply elements of such
basis. Hence the corresponding columns of the change of basis matrix will
have all entries equal to 0 except for one entry equal to 1. All in all, the
matrix H will look like (A|A"), where

is an n X (n — k) matrix whose columns have one entry equal to 1 and
all the remaining ones equal to 0. Moreover, since v, 4,...,v, are all
different, if C,C" are two columns of A’ then the entry 1 will be in two
different positions.

Now the matrix H has non-zero determinant by Proposition 2.2.4. On
the other hand, we can compute det H by Laplace theorem using the last
column of A’. This has only one non-zero entry that is 1 in position 7,
so erasing the corresponding row of H we get that the determinant of H
is (up to sign) that of (A|A’), where A is the submatrix obtained from
A by erasing the i-th row and A’ is the submatrix obtained from A’ by
erasing the i-th row and the last column. Now we can repeat this process
using the last column of A’; notice that such column will have exactly one
non-zero entry 1, since when we erased the i-th row from A" we did not
erased any other non-zero entry from A’: this happens because the 1’s in
such matrix are all in different positions. Repeating this process until we
use up all columns of A’ we end up seeing that the determinant of H is, up
to sign, that of a square submatrix of A obtained by erasing n — k rows.
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Since det H # 0, this means that A has a square submatrix of size k with
non-zero determinant, and hence rk(A) = k. O

Corollary 2.3.9. Let V be a f.g. K-vector space of dimension n. Let
Vy,...,0, € V and let B be a basis of V. Then vy,...,v, are linearly de-
pendent if and only if in the component matrix Agz every square submatrix
of size k has determinant 0.

Proof. By Theorem 2.3.8, vy,...,v, are linearly dependent if and only if
Ap has rank < k, and this happens precisely when every submatrix of size
k has determinant 0, by the definition of rank. ]

Corollary 2.3.10. Let V' be a f.g. K-vector space of dimension n. Let
vy,...,v, €V and let B be a basis of V. Then (v,,...,v,) is a basis of

V' if and only if the component matrix of v,, ..., v, with respect to B has
non-zero determinant.

Proof. By Corollary 1.4.15, (vq,...,v,) is a basis if and only if v,..., v,
are linearly independent. By Theorem 2.3.8, this happens if and only

if the component matrix Ag of v,,...,v, with respect to B has rank n.
Since this is an n X n matrix, it has rank n if and only if its determinant
is non-zero, by Remark 2.3.2. [

Example 2.3.11.

e Let V =R3and let v; = (1,1,0), v, = (—1,0,1) and vy = (2,2,2).
In order to decide whether (v,,v,,v5) is a basis of V' or not, we
can apply Corollary 2.3.10. That is, we choose a basis B of V', we
write down the component matrix of (v;,v,,v;) with respect to V'
and then we compute its determinant: this is non-zero if and only if
(vy,v4,v3) is a basis. Clearly the easiest choice for B is the canonical
basis B = (¢;, €5, €3); the component matrix is
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and its determinant is 2. Therefore (v,,v,,v5) is a basis of V.

e Let V = R[z]<3. Consider the vectors v, = 2 — z + 322, v, =
1—z—2?—2%and v; = —x — 522 — 223, In order to decide whether
they are linearly independent or not, we can apply Theorem 2.3.8.
So first we choose a convenient basis of V| such as, for example, B =
(1,z,2% 2*). Next, we write the component matrix of (v, v,,v;)
with respect to B. This is:

2 1 0

-1 -1 -1
Ap =

3 -1 =5

0 -1 -2

Theorem 2.3.8 says that the vectors are linearly independent if and
only if rk(Apg) = 3. The four submatrices of Ag of size 3 are:

2 1 0 2 1 0
-1 -1 -1}(,]-1 -1 —-1],
3 -1 =5 0 -1 -2
2 1 0 -1 -1 -1
3 -1 =51, 3 -1 =51,
0 =l =2 0 -1 -2

and they all have determinant 0. Therefore rk(Ag) < 3 and the
three vectors are linearly dependent.

e Let V = My(R), and consider the vectors

20 -1 -1 0 1 11
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Let B be the following basis of V:

The component matrix of (v,, v,, vy, v,) With respect to B is:

2 -1 0 1
0 —1 1 1
Ap =
0 0 01
1 0 11
The determinant of Ap is
2 -1 0
-1 1 -1 0
det Ag=—det |0 —1 1| =—2det —det =
0 1 -1 1
1 0 1
=24+1=3#0,

and therefore (v;,v,,v5,v,) is a basis of V' by Corollary 2.3.10.

Let A € M«n(K). The rows of A can be thought as elements of K",
since they are n-tuples of elements of K. Analogously, the columns of A can
be thought as elements of K™.

Example 2.3.12. Let

1 2 3
A = S ngg(R).

4 /2 -1

The two rows of A can be seen as the vectors (1,2,3) and (4,2, —1) in
R3. The three columns of A can be seen as the vectors (1,4), (2,v/2) and
(3,—1) in R2.
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Remark 2.3.13. Every matrix A € M,,«, can be read as the component
matrix of its column vectors, with respect to the canonical basis of K™.

CLlj

T
In fact, if C; = %1 is a column of A then we can identify C; with

A5
the vector (ayj, agj,...,am;) € K™, and one writes this vector as ajje; +
asjes + ...+ amie,,, where (ueq,...,e,,) is the canonical basis of K™.

Hence A is the component matrix of the vectors C4, ..., C, with respect
to the canonical basis.

Lemma 2.3.14. Let A € M,,«n(K). Then the rank of A is equal to the
maximum number of linearly independent columns of A.

Proof. By Remark 2.3.13, the matrix A is the component matrix of its
column vectors C', ..., C, with respect to the canonical basis of K™. Let
r be the maximum number of linearly independent columns of A, and let
Ci,...,C;, be linearly independent. By Theorem 2.3.8, the submatrix of
A given by (C;,|Cy,] ... |Cy,) has rank r. Hence rk(A) > r. On the other
hand, if it was rk(A) = s > r, the would be a size s submatrix A" of
A with non-zero determinant. The submatrix A’ is formed by selecting
s columns C;,,...,C;, and s rows of A. Now consider the matrix A” =
(Ci,|Cy,| - - - 1C;,). This is an m x s matrix that contains A" as a submatrix;
since the latter has rank s, then rk(A”) = s. But then by Theorem
2.3.8 the columns of A” are linearly independent, and since they are also
columns of A, this means that there are s linearly independent columns
in A. Since s > r, we obtain a contradiction, because r was the maximum
number of linearly independent columns. Hence it must be s < r, and it
follows that rk(A) = r. O

Corollary 2.3.15. The rank of A € M,,«,(K) equals the maximum num-
ber of linearly independent rows of A.

Proof. By lemma 2.3.14 applied to A we get that rk(*A) is the maximum
number of linearly independent columns of ‘A. On the other hand, the

columns of A are the rows of A, and rk(A) = rk(*A). O
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Definition 2.3.16. Let A € M,,x,(K). The space of rows of A, denoted
by R(A), is the subspace of K™ generated by the rows of A. The space of
columns of A, denoted by C(A), is the subspace of K™ generated by the
columns of A.

Example 2.3.17. If A is the matrix of example 2.3.12, the space of rows
of A is the subspace of R? generated by (1,2,3) and (4,v/2, —1). These
are linearly independent vectors, so such subspace has dimension 2.

The space of columns of A is the subspace of R? generated by the vec-
tors (1,4), (2,v/2) and (3, —1). Notice that (1,4) and (2,v/2) are linearly
independent, while

3+ V2 13v/2

—\/_(1’ 4) + —\/_(27 V2),

1—4v2 8v2 —2

so that (1,4),(2,v2), (3, —1) are linearly dependent. Hence the space of
columns has dimension 2, too.

(37 _1) =

Theorem 2.3.18 (Kronecker theorem). Let A € M,,,,(K). Then
rk(A) = dimR(A) = dim C(A).

Proof. By Lemma 2.3.14 and Corollary 2.3.15, rk(A) is the maximum
number of linearly independent columns (maximum number of linearly

independent rows) of A. By Corollary 1.4.15, this equals the dimension
of C(A) (dimension of R(A)). O

Corollary 2.3.19.

1. Let A € M,«n(K). The rank of A is the maximum number of
linearly independent rows or linearly independent columns of A.

2. Let A € M,(K). Then the following are equivalent:
(a) det A # 0;
(b) A is invertible;
(c) rk(4) = n;
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(d) the rows (columns) of A are linearly independent, when seen
as vectors in K";

(e) the rows (columns) of A are a basis of K™.

Proof. 1. It follows by Theorem 2.3.18 and Corollary 1.4.15.

2. The equivalence (a) <= (b) follows from Theorem 2.1.12.

The equivalence (a) <= (c¢) follows from the definition of rank.

The equivalence (¢) <= (d) follows from Theorem 2.3.18 theorem,
together with Corollary 1.4.15.

The equivalence (d) <= (e) follows from Corollary 1.4.15. O

Kronecker’s theorem yields an easier way to compute the rank of a matrix.
By Corollary 2.3.5, if A € M,,«,(K) is a matrix, in order to prove that A
has rank r we need to find a size r square submatrix of A with non-zero
determinant and then show that every square submatrix of A of size r 4+ 1 has
determinant 0. However, this can result in a large number of operations. The
next theorem yields a simpler criterion.

Theorem 2.3.20. Let A € M,,»,(K) be a matrix. Suppose that A has
a square submatrix B of size r with nonzero determinant and that every
square submatrix of A of size r + 1 containing B has determinant 0. Then

rk(A) =r.

Proof. The submatrix B is formed by taking r columns Cj,,...,C; and
r_rows from A, where iy < iy < ... < ¢,. Now consider the matrix
B = (Cy,|...|C;.) € Myx(K); this has B as a size r square submatrix
with non-zero determinant, and therefore it has rank r. By Theorem 2.3.8,
the columns C; , ..., C; are therefore linearly independent when seen as
vectors of K™.

We now claim that if C' is a column of A different from C;,,...,C;, ,
then C;,...,C; ,C are linearly dependent vectors of K™. Notice that
this implies that the columns Cj,, ..., C; span the space of columns C(A),
and since they are linearly independent then by Theorem 2.3.18 we have
rk(A) =r.

Let C be a column of A different from Cj,,...,C; , and consider the
m X (r+ 1) submatrix B’ of A formed by taking the columns Cj,, . .., C;,
and C. This has B as a submatrix, formed by taking the r columns
Ciy,...,C; and r rows R;, ..., R;,. Now consider the matrix B” formed

only by the r rows Rj,,..., R;, of B'. This is an r x (r + 1) matrix that

19
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has B as a size r square submatrix with non-zero determinant; hence it
has rank . By Theorem 2.3.18, this implies that R;,..., R;. are linearly
independent when seen as vectors of K"t!. Now let R be a row of B’
different from R, ,..., R;. The matrix formed by R, R, ,..., R; is an
(r+1) x (r+1) submatrix of A that contains B, and hence it has determi-
nant 0 by hypothesis. Therefore, R', Rj,,..., R, are linearly dependent
vectors of K"t Since this holds for every row of B’ , it follows that
R;,,...,R; span R(B'), and hence the matrix B’ has rank r by Theorem
2.3.18. But then, again by Theorem 2.3.18, the 7 + 1 columns of B’ must
be linearly dependent, as desired. O

1 2 3 4
Example 2.3.21. Let A= |5 —1 6 7| € M3x4(R). The submatrix

7T —4 3 2

1 2
B = has determinant —11 # 0, so rk(A) > 2. The 3 x 3

5 —1
submatrices of A that contain B are:

1 2 3 1 2 4
5 —1 6 and 5 —1 71,
7T —4 3 7T —4 2

and they both have determinant 0. Hence rk(A) = 2 by Theorem 2.3.20.
Notice that A has four different square submatrices of size 3, but thanks
to Theorem 2.3.20 we only need to look at two of them.

Alternatively, one can notice that the first two rows Ry, Ry of A are
linearly independent, while R3 = —3R; + 2R, so that rk(A) = 2 by
Kronecker theorem.

73



Andrea Ferraguti Chapter 3: Linear systems

Chapter 3: Linear systems

3.1 Compatibility of linear systems

Definition 3.1.1. Let K be a field, let m,n > 1 be integers. A linear
system of m equations in n variables with coefficients in K is a system of
equations of the following form:

a11T1 + a2 + ... + AT, = b1

a91%1 + A99%2 + . .. + AopTy = by

: (12)
11 + Az + - . . + G Ty = by,
where the elements a;;, by, are in K and y,...,x, are variables.
The matriz associated to the linear system is the matrix
a1 a2 ... QAip
Am1 Am2  --- Gmp
If we let
T bl
x b
X = ? and B = 2 ,
Tp bm
we can write linear system (12) in its matriz form
AX =B, (13)

where AX is the usual matrix multiplication.
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Definition 3.1.2. A column vector X = € M,«1(K) is a solution

Tn

to system (12) if AX = B.
A linear system is compatible if it admits at least one solution.

Notice that there is a big difference between the matrix form of a linear
system (13) and the identity AX = B for some X € M,,(K). In fact,
the former is a formal way of expressing (12), that is a system of equations,
while the latter is an identity between matrices with coefficients in K.

When the number of variables is low, typically less than 5, instead of

labeling them as x4, ..., z, we will label them as z,v, z, t.
Example 3.1.3.
e The system
2r+3z=1
U=z = =l

is a linear system of 2 equations and 3 variables with coefficients in
R. The matrix associated to the system is

2 0 3
01 -1/
T
1
and if we let X = y and B = then the matrix form of
—1
z

the system is AX = B.
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—4
A solution is, for example, the vector 2 |, and therefore the
3
-7
system is compatible. Another one is | 4 |. We will see later on
5

that this system has infinitely many solutions.

e The system of 3 equations in 2 variables

z+y=1
r—y=3 .
20 — 2y =14

when considered as a linear system over R, has no solutions, since
clearly the second and the third equations cannot hold true at the
same time for any pair of real numbers (x,y). This system is there-
fore not compatible.

Now let A € Myun(K), X € Myx1(K) and B € M,,»1(K). The key obser-
vation that allows to relate linear systems to vector spaces is the following: if

|

— T
C1,...,C, are the columns of A, so that A = (C1|Cy|...|C,), and X = ? :

then o
AX = flOl + EQOQ + ...+ EHC’”

Namely, multiplying A by X means taking the linear combination of the
columns of A with coefficients Ty, ..., T,.

Note:-
| If AX = B is a linear system, we will denote by (A|B) the matrix obtained
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2
by adjoining the column B to the matrix A. For example, if A =
1 -3
1 2 1
and B = , the matrix (A|B) is
0 1 =30

Theorem 3.1.4 (Rouché-Capelli). Let K be a field, A € M,,x,(K), X =
T
T2

and B € M,»1(K). The system AX = B is compatible if and

Tn
only if rk(A) = rk(A|B).

Proof. The system is compatible if and only if there exists X € M, (K)
such that AX = B. By what we observed above, this is equivalent to the
existence of coefficients 7y, ..., 7, € K such that

flCl +EQCQ—|— —|—fnC'n = B,

where (', ..., C, are the columns of A. This is equivalent to saying that
B e (Cy,...,C,), which in turn is equivalent to saying that

dim(Cy, ..., C,) = dim(Cy, ..., Cy, B).

By Kronecker theorem, this is equivalent to asking that rk(A) = rk(A|B).
[

A particular case of Rouché-Capelli theorem is that where m = n, i.e. where
the number of equations equals the number of variables.

Theorem 3.1.5 (Cramer). Let AX = B be a linear system over a field K,
where A € M, (K). If det A # 0, then the system is compatible and has a
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unique solution, given by

det(Bl)
det(A)
det(Bz)
det(A)

>
I

det(Bn)

det(A)
Here B; is the matrix obtained from A by replacing the i-th column with
B.

Proof. First, since det A # 0 then by Corollary 2.3.19 we have rk(A) = n.
Now (A|B) is an n X (n + 1) matrix, so that its rank is at most n. Since
A is a submatrix of size n of (A|B) with non-zero determinant, it follows
that rk(A|B) = n and hence by Theorem 3.1.4 the system is compatible.

Now suppose that X, Xy € M, «1(K) are two solutions of the system,
so that AX; = AX,. Since det A # 0 then A is invertible, so we can
multiply both sides of the expression by A~!, obtaining

ATHAX)) = AV (AXY).

Since matrix multiplication is associative, we get (AA™1)X; = (AA™1) X5,
and since AA~! = I, it follows that X; = X5. Hence the solution of the
system is unique.

Notice that the vector X = A~!'B is a solution, because A(A™'B) =
(AA™YYB = B, and therefore it is the unique solution. To end the proof,
we just need to show that this vector has the form claimed in the state-
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4 1

det(A)

2im

A moment of reflection, using Laplace theorem on the j-th column, shows
that Y7 bi(—1)"7A;; is exactly the determinant of the matrix B; =
(Cl‘ . |Cj,1|B|Cj+1| C |Cn>, where Cl, ..

by
ment. Let B = . Recall that
by,
Ay — Ay (_1>n+1An1
Al 1 —Ajs Ago (_1>n+2An2
 det(A) ’
(—1)1+”A1n (—1)2+”A2n A

where A;; is the determinant of the (n — 1) x (n — 1) submatrix of A
obtained by erasing the i-th row and the j-th column. Therefore we have:

2im
2ic1

bi<_1)i+1Ai1
bi(—l)iJrQAiQ

bi(_ 1)i+nAm

., C,, are the columns of A. [

1 1 -1
Example 3.1.6. Let A = |1 -1 1
0 0 3
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T 2
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unique solution. In the notation of the theorem we have:

2 1 -1 1 2 -1 1 1 2
1 0 3 01 3 0 0 1

so that det By = —6, det By = —8, det B3 = —2. This yields

1
X=|4/3
1/3

as the unique solution to the system.

3.2 The rank-nullity theorem

The next step in the theory of linear system is to describe, in a precise sense,
how many solutions a compatible linear system has.

Example 3.2.1.

1 2 1
o Let A= € My(R). The system AX = has a unique
3 4 1

solution, by Theorem 3.1.5.

o Let A = (1 2) € Mix(R). The system AX = 0 has infinitely

—2z
many solutions, since all vectors of the form , with € R,

T
are solutions.

1 1
o Let A = € Msy1(R). The system AX = has no solu-
2 1

tions, since if x € R = M;(R) is a solution, then the two equations
x =1 and 2z = 1 should hold true at the same time.
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Definition 3.2.2. A linear system AX = B is homogeneous if B is the
Zero vector.

Remark 3.2.3. A homogeneous linear system is always compatible, as
it admits the zero vector as a solution. Namely, if A € M,,+,(K) and

0 0
X=|. ] €My(K)then AX = | ... | € M1 (K). We will denote

0 0
by 0 the m x 1 or n X 1 zero matrix, so that a homogeneous linear system
will be written as AX = 0.
If A is a square matrix with non-zero determinant, the system AX =0
only has X = 0 as a solution, by Theorem 3.1.5.

Definition 3.2.4. Let K be a field and A € M,,,x,(K). The kernel of A
is the set of solutions of the homogeneous linear system AX = 0. The
kernel of A will be denoted by ker A.

A solution of the system AX = 0 is called nontrivial if it is different
from 0.

Remark 3.2.5. Let A_G_men(K). Then ker A is a vector subspace of
M1 (K). In fact, if X|Y € ker A and a, 8 € K then

A(aX + BY) = A(aX) + A(BY) = a(AX) + B(AY) =0+ 0 =0,

so that aX + BY € ker A.

Lemma 3.2.6. Let K be a field and A € M« (K). Let p € {1,...,n}

be a natural number. Let ¢, ,...,¢e; be vectors of the canonical basis

of Mnxl(K)u with 1 < i1 < iy < ... < ip < n. Let Ol,...,Cn be the
columns of A. Then Cj,,...,C;, are linearly independent if and only if

ker AN {e,;,,...,e,) = {0}

Proof. Start by noticing that (e; ,...,e; ) coincides with the set of n x 1

) Zip

matrices (a1 )i=1..n € Myx1(K) with the property that a;; = 0 for every
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j & {i1,...,ip}. It follows that the set {AX: X € (g, , ... ,€;, )} coincides
with the set of all linear combinations of Cy,,...,Cy: if ay,..., ) € K,
the linear combination > 7_, «;C;; corresponds to A(D"_, aje; ).

The condition ker AN (e;,, ..., ¢; ) = {0} means that no non-zero vec-

) =4
tors in (e ep) are solutions to the system AX = 0. By what we

_,L'l, ey Gy
said above, this means precisely that no linear combination of Cj,, ..., C;,
with not all coefficients being zero gives the zero vector; in other words,
Ci,, ..., C;, are linearly independent. ]

Theorem 3.2.7 (Rank-nullity theorem). Let K be a field and A € M« (K).
Then
dim(ker A) = n —rk(A).

Proof. Let r = 1k(A) and p = dim(ker A). We need to prove that
p = n —r. Since tk(A) = r, by Theorem 2.3.18 there are r linearly
independent columns Cj,,...,C; in A. By Lemma 3.2.6, it follows that
ker AN {e;,,...,¢ ) = {0}. Therefore, by Grassmann formula we have:

dim((e;,,...,¢;) +ker A) =r+p <n,

so that p < n —r. Now we have to prove the converse inequality.

Let B be a basis of ker A in M,,1(K). By Theorem 1.4.16, the basis B
can be completed to a basis B’ of M, (K using vectors of the canonical
basis. Thus there are ¢;,...,¢;  in the canonical basis such that B U

(€516, ,) 1s a basis of Myx1(K). Since the latter set is a basis, we
must have, by Grassmann formula, that

ker AN (e, -..6, ) = {0}

By Lemma 3.2.6, it follows that the columns C; Ci,_, are linearly
independent. By Theorem 2.3.18, this implies that r > n —p, i.e. p >

n-—r. ]

172

Corollary 3.2.8. Let K be a field and A € M,,x,(K). The homogeneous
system AX = 0 has a nontrivial solution if and only if rk(A) < n. In
particular:

1. if m < n, the homogeneous system AX = 0 always has a nontrivial
solution.
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2. if m = n, the homogeneous system AX = 0 has a nontrivial solution
if and only if det A = 0.

Proof. The system AX = 0 has a nontrivial solution if and only if ker A #
{0}, that is, if and only if dimker A > 0. By Theorem 3.2.7, this is
equivalent to asking that n > rk(A).

If m < n then rk(A) < m < n, since rk A < min{m, n}, and hence the
system has a nontrivial solution.

If m = n then the condition rk(A) < n is equivalent to det A = 0 by
Corollary 2.3.19. O

Proposition 3.2.9. Let K be a field, A € M« (K) and B € M,,»1(K).
Suppose that the system AX = B is compatible and let X € M, (K) be
a solution. Then the set S of all solutions of the system AX = B is given
by:

{(X+7Z: 7 € ker A}.

Proof. Let S = {7—1—_2: 7 € ker A}. We need to prove that S = S. First,
let Y € S, so that AY = B. Since AX = B as well, subtracting these two
equations term by term we get that

AY -X)=B-B=0.

This means exactly that Y — X € ker A4, or, in other words, that there
exists Z € ker A such that Y — X = Z. Hence Y = X + Z, thatis, Y € S.

Conversely, let Y € S, so that there exists Z € ker A such that Y =
X + Z. Then

AY = AX+2)=AX+AZ=B+0=B,

sothat Y € S. O

Proposition 3.2.9 completely describes all solutions of a compatible linear
system AX = B: once we find one solution X of the system, all solutions are
of the form X + Z, where Z is any element of the kernel of A.

Remark 3.2.10. When K = R, if a system of m equations in n variables is
compatible, we will say that it has oo™ ™) solutions. When n = rk(A),
the system has a unique solution.
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3.3 How do I solve a linear system?

To conclude this chapter, we have to explain how to solve a linear system.
Thanks to Theorem 3.2.7 and Proposition 3.2.9, we know the structure of the
set of solutions. Now all remains to do is to actually find the solutions.

We begin by proving a lemma that allows to reduce a linear system to a
smaller one with the same solutions.

Lemma 3.3.1. Let K be a field, A € Mpyx,(K) and B = | ... | €

b
M«1(K). Let the linear system AX = B be compatibleN and leﬁ r =
rk(A) = rk(A|B). Let Ri,..., Ry be the rows of A and Ry, ..., Ry, be
the rows of (A|B), so that deleting the last entry of R; one obtains R;.

R;,
. . . Riz
Let 1 < 4 < 49 < ... < %, < m be such that rk =7, let
R;.
R;, bi,
RiQ blz .
A = and B’ = . Then the following hold:
R;, bi,
1. tk(A'|B") =r.

2. An element X € M, ,;(K) is a solution of the system AX = B if
and only if it is a solution of A’X = B’

Proof. 1. The matrix (A’|B’) is obtained from A’ by adding a final column,
whose entries are the iy,14,...,4,.-th entries of B. Hence (A'|B’) is a
submatrix of (A|B), and since A’ is a submatrix of (A’|B’) of rank r and
(A|B) has rank r, too, we must have that rk(A’|B’) = r by Remark 2.3.2.
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2. An element X € M, (K) is a solution of AX = B if and only if:
R X =b; foreveryi=1,...,m, (14)

where R; X is the usual matrix multiplication between the i-th row of A
and X. On the other hand, X is a solution to A’X = B’ if and only
if Rijy = b, for every j = 1,...,r. Hence it is obvious that if X is a
solution of AX = B then it is also a solution of A’X = B’.

Conversely, suppose that X is a solution of A’X = B’. This means
that:

Rl-jy =0b;; forevery j=1,... (15)
Since rk(A'|B’) = rk(A’) = rk(A) = rk(A|B) = r, we have by Kronecker
theorem that B B B B
(Riy,...,R;y =(Ry,...,Rp),

or, in other words, that ﬁil, NN Eir generate the space of rows of (A|B).
Hence for every k € {1,...,m} there exist Ay,..., A\, € K such that
Z;Zl AjR;; = Rj. This means, in particular, that:

> MR =Ry and Y Abi, = by (16)
j=1 j=1

From (15) and (16) we get that

k k

R X = (Z AjRij> X =) (NR,X) =D (Abi,) = by

J=1 J=1

Since this holds true for every k € {1,...,m}, we have by (14) that X is
a solution to AX = B. O

What Lemma 3.3.1 is saying is that once we have a compatible linear
system, in order to solve it we can erase equations that are linearly dependent
from the others.
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1 1 0 1
1 =2 -
Example 3.3.2. Let K = R. Let A = and B =
2 -1 2 0
1 4 -2 3

. Let Ry,..., R4 be the rows of A and El,...,§4 be the rows of

N = o =

(A|B). Since Ry, R3 are linearly independent, while Ry = R3 — R; and
R, = 3R; — R3, we have rk(A) = 2. Moreover, Ry, = Rs — R, and
Ry = 3R, — Rs, so that rk(A|B) = 2 and the system is compatible. By
Lemma 3.3.1, in order to solve the system we can disregard the second
and the fourth equation, i.e. it is enough to solve the system:

T
11 oo 1 |y| [
2 —1 20/ || \a
t

In consequence of Lemma 3.3.1, we can just look at systems of the form
AX = B with A € M, (K) and rk(A) = 1k(A|B) = m. In fact, if the
system is compatible then rk(A) = rk(A|B) < m, and we can erase equations
until we get a basis of the space of rows of (A|B).

Hence suppose that A € M,,,(K) is such that rk(A) = m and the system
AX = B is compatible. Clearly if n = m then Theorem 3.1.5 already tells
us how to solve it. In principle, this theorem can be always used, even when
n > m, in view of the following observation. Since rk(A) = m, the matrix
A has m linearly independent columns, say Cj,,...,C; . Now consider the
variables zy, with k& ¢ {i1,...,4,}. However we fix values 7, € K for such
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variables, the system

14, T4y + ...+ a1, Li,, = b1 — Zk(ﬁ{il,...,im} alkfk

24, T4y +...+ a2;,, Li,, = b2 — Zké{z&,...,im} A2k Tk

Ay Liq 4+ ...+ Ui, Liyy, = bm — Zk¢{i1,...,im} AmkTE

is compatible, because the matrix that represents it is a square matrix of
full rank, by construction. Therefore, we can just apply Theorem 3.1.5 to the
system

14, T4y + ...+ a;,, i, = b1 — Zkgé{i1,...,im} Q1T
A9, Ty + ... + ;. Li,, = b2 — Zk%{il,...,im} A2k T (17)
Y

Wiy Tiy + ot i Ty = O = Dy o Ak

where the variables zj with k ¢ {i1, ..., 7, } will be treated as parameters.
Applying Theorem 3.1.5 we will obtain an expression of the form:

Ty =di + Zkg{z‘l,...,im} ClkTk
.’L'Z'Q = d2 -+ Zk%{ih...,im} Cop Tk

Lipy = Ay + Zk¢{z‘1,...,im} Cmk Lk

where the coefficients ¢;; and d, are elements of k. This means that to ob-
tain all solutions to our linear system, we have to let all variables z; with
k ¢ {iy,...,i,} vary over K, and the values of the remaining variables are
determined by the values of the former ones.

Formally, solutions of a linear system AX = B are vectors of M, (K),
so they should be written as column vectors. However, this is annoying in
practice, so we will often write solutions as vectors in K", namely as row
vectors.

Example 3.3.3. Let us go back to the system of Example 3.3.2. We have

87



Andrea Ferraguti Chapter 3: Linear systems

seen, thanks to Lemma 3.3.1, that it is enough to solve

47
1 1 01 1
"= (18)
2 -1 2 0 z 1
t
1 1 01
Now, the matrix A = has rank 2. Let us choose two
2 -1 2 0

linearly independent columns: the first and the second one. These cor-
respond to the variables x and y; treating the other two variables as
parameters we can rewrite the system as:

r+y=1-t
20 —y=1-22
Now this can be seen as a system of 2 equations in 2 variables, namely

1 1
x and y, that is represented by the matrix A" = , that has

2 -1
determinant —3. Applying Theorem 3.1.5, we get the solutions:

1 1—+¢ 1 1

z = —=det = —— (22 7 =1)
3 1-22 —1 3
1 11—t 1

y:——det = ——(2t—22—1>
3 2 1-2z 3

This means that the set S of solutions of (18) is:

S = {(—%(22+t—2),—%(2t—22—1),Z,t> :z,tER}.

Notice how this has exactly the shape predicted by Proposition 3.2.9: a
specific solution of the system is (2/3,1/3,0,0), and the kernel of the
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matrix A is given by:

{(_é% +1), —%(% - 22),z,t) Lzt € R} :

that is a 2-dimensional subspace of R%.

One is not obliged to use Theorem 3.1.5 to solve the system

z+y=1-t

20 —y=1-2z
For example, here one can also notice that adding up the two equation the
relation

3r=2—t—2z2

must hold, so that = (2 — ¢ — 2z), and substituting this for = in any of
the two equations gives the value of y.

Moreover, one can choose any two linearly independent columns from the
matrix A. For example, a smarter choice here would be to choose the third
and the fourth column, so that the system to be solved becomes:

i= A ==y

2=1-2c+y
whose solution in ¢ and z is obvious, and yields the following equivalent
form of the set of solutions S of the system (18):

S:{(x,yé(l—Qx—l—y),l—x—y) :x,yeR}.

This is exactly the same set we found in Example 3.3.3, but written in a
different way.

We end the section by illustrating another way of solving a system in the
form (17). This is called Gauss elimination method, and it is based on the
following observations.

1. Let A € Myy(K), X € Mypx1(K), B € My (K) and U € GLy,(K) be an
invertible matrix. Then AX = B if and only if (UA)X = UB. In fact,
if AX = B then multiplying both sides by U one gets (UA)X = UB,
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and conversely if (U A)X = UB then multiplying both sides by U~' one
gets AX = B.

2. Let AX = B be alinear system, with A € M,,,«,(K) and B € M,,«1(K).
Let 4,5 € {1,...,m} be two distinct indices. If A, B’ are the matrices
obtained from A, B, respectively, by swapping row i and row j, then X
is a solution of AX = B if and only if it is a solution of A’X = B’

3. Let A € Mp«n(K) and let Ry,..., R, be the rows of A. Let i,j €
{1,...,m} with j < i and let ¢ € K. Finally, let

1 0 0 O 0
0O 1 0 0 0
U= € M, (K),
c 1 0
o o0 ... ... 0 1

namely the m x m matrix that differs from the identity matrix just by
the (i,7)-th entry, that is equal to ¢. Then U is invertible, since it is
lower triangular and the entries on the diagonal are all 1, and U A is an
m X n matrix that coincides with A, except for the fact that the i-throw
is replaced by cR; + R;.

Given a square matrix A of size m, by applying the three operations de-
scribed above, multiple times if necessary, we can find a matrix U € GL,,(K)
such that U A is upper triangular. Notice that we do not really need to compute
U, we can just perform the following two types of operations on A: swapping
two rows, or replacing a row R; with R; 4+ cR;, for some other row R; and
some ¢ € K.

Now let us go back to the linear system (17). In order to ease the notation,
we assume that {iy,...,4,} = {1,...,m}, but the argument works in any
case. Let A" = (a;j)i j=1,..m € M;,(K) be the matrix of the coeflicients of the
system and write the system as A’X = B’. By our preliminary reductions,
det A" # 0. Now let U € GL,,(K) be such that UA’ is upper triangular. The
system UA’ = UB’, that has the same solutions as the original system by
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point 1., has the form:

(1 / / oy n /
a1+ Ao + o+ A, T = dy Y T
/ / / o n /

/ / !/ ! n /
(gas + ATy + . F 0, T = dy + 300 Gy

/ _ n /
\amml‘m - dm + Zk:m+1 Crnk Lk

That is, the last equation directly gives us the value of x,,,. Substituting this
into the m — 1-th equation we immediately get the value of x,, ;. Substituting
these values into the (m — 2)-th equation we get the value of z,, 5, and so on.
Notice that the fact that det A # 0 is crucial, since it ensures that a], #
0 for every + = 1,...,m. Let us show how this algorithm works with two
examples.

Example 3.3.4. Consider the linear system with real coefficients:

x+2y+z=1
r—y+2=0 5

rT—z=2

whose associated matrices are:

N
I
—_
|
—_
—_
Sy
I
[\) (@) —

The matrix A is square and has nonzero determinant, so we are already
in the form of (17). Moreover, by Theorem 3.1.5 we know that the system
has a unique solution. Let us bring A into upper triangular form. Let
R, Ry, R3 be the rows of A. As a first step, we replace Ry with Ry—1/3R;
and R3 with R3 — 1/3R;, and we do the same on B. We end up with the
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matrices:
32 1 1
Ar=|0 -5/3 2/3 |, By=1|-1/3
0 —2/3 —4/3 5/3

Next, if R}, R}, R} are the rows of Ay, we replace R; with R, — 2/5R),
and we do the same on B;. We end up with:

3 2 1 1
As=10 -5/3 2/3 |, Bi= | -1/3
0 0 —24/15 27/15

The system A, X = By is:

3r+2y+z2=1
—dy+2z2=-1
—82=9

that easily gives x = 7/8, y = —1/4 and z = —9/8.

Example 3.3.5. Consider the system AX = B over R, where:

112 0 0 7 1
101 -1 -1 To ~1
A=lo011 -1 -1, X=|a3|, B=]1
101 1 1 T4 0
011 1 1 s 2

One checks that Ry = Ry — R; and R3 = Ry — R4, where Ry, ..., R5
are the rows of (A|B) while first, fourth and fifth rows of A are linearly
independent. Hence rk(A) = rk(A|B) = 3, and by Theorem 3.2.7 the
system is compatible and has oo? solutions.

By Lemma 3.3.1, it is enough to consider the system given by the first,
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fourth and fifth equations, namely the system:

5(31+2L'2+2£U3:1
LL‘1+JI3+£L‘4—|—1‘5:0 (19)
To+ T3+ x4+ 25 =2

whose associated matrices are:

11200 1
A=110111 and B =10
01111 2

The matrix A’ has rank 3, by construction. The next step is to select
three linearly independent columns of A’. For example, we can select the
first, the second and the fourth. Now in system (19) we move the third
and the fifth variables, namely the ones not corresponding to the selected
columns, to the right side of the equalities, getting the system:

T1+ T = 1— 2[E3
T1+ 2Ty = —T3 — Ty . (20)

To+ x4 =2 — T3 — X5

Now all we need to do is to solve for zy,x9, 4. This is easy and can
be done by substitution, or via Cramer’s theorem 3.1.5. However, let us
show how to use Gauss’ elimination. The matrices associated to system
(20) are:

1 10 1— 225
A'=11 0 1 and B"=| —z3— s
011 2— 13— 5

In order to bring A” to upper triangular form, the first step is to replace
its second row Ry with Ry — Ry, and to perform the same operation on
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B”. This yields:

1 1 0 1— 23
Al=10 -1 1 and Bl =|-1+z3—xs
0 1 1 2—13— x5

Now the second and last step is to replace the third row Rj3 of A} with
R3 + Ry, and do the same on B{. We get:

1 1 0 1 —2z3
A’l’: 0 —1 1 and Bf: —1 4+ x3 — x5
0 0 2 1 —2z5

This corresponds to the system:

$1+$2:1—2(L’3
—To + Ty = —1+ZE3—JI5 . (21)
204 =1 — 2x5

System (21) is easy to solve: the third equation tells us that x, = 1/2 —
xy; substituting into the second one we get that x5 = 3/2 — 3, and
substituting the latter into the first tells us that 2y = —1/2 — 3. This
means that the set of solutions to (21), and thus to (19), is

S={(-1/2 —x3,3/2 — x3,23,1/2 — x5, 25) : 3,25 € R}.

Once again, we can see how the set S matches the prediction of Propo-
sition 3.2.9. A specific solution to the system is (—1/2,3/2,0,1/2,0),
while

ker A = ((—1,-1,1,0,0),(0,0,0,—1,1)),

that is a two-dimensional subspace of R?, so that the set S can be written
as
A={(-1/2,3/2,0,1/2,0)+ Z: Z € ker A}.
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Chapter 4: Scalar products and orthogonality

4.1 Bilinear forms and scalar products

Definition 4.1.1. Let K be a field and V' be a K-vector space. A bilinear
form on V is a function

x: VxV oK

that satisfies the following properties:

1. for every u,v,w € V,
(utv) xw=u*w+v*uw
2. for every u,v,w € V,
u*(U+w) =uxv+u*uw;
3. for every v,w € V and every \ € K,
Av*w) = (M) *w = v * (Aw).
If, in addition, for every v,w € V we have that
VFxW =Wk,

then x is called a symmetric bilinear form or, alternatively, a scalar prod-
uct.

Example 4.1.2.

e Let V = C3. The function
x: VxV —=C

(21,22, 23), (Y1, Y2, Y3)) — T1Yy1 + T1Y2 + TaYa + T3Y3

is a bilinear form. You can check, as an exercise, that properties
1.,2.,3. are satisfied. However, this is not a scalar product, since
for example (1,1,0) * (1,0,0) = 1 while (1,0,0) * (1,1,0) = 2.
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e Let V = R2. The function

x: VxV—=R

(1, 22), (Y1,y2)) ¥ T1y1 + T1Y2 + Tal + T2y

is a scalar product.

Definition 4.1.3. Let V be a K-vector space with a scalar product x.
Two vectors v, w € V are orthogonal if v * w = 0.

Remark 4.1.4.

e Let V be a K-vector space and * be a scalar product on V. Then
the zero vector is orthogonal to every vector v. In fact, (04 0)*v =
2(0 % v) by property 1. of bilinear forms, but on the other hand
(0+0) v = 0*v, so that 0xv = 2(0*v). This implies that 0*xv = 0,
and since a scalar product is a symmetric bilinear form, it follows
that v+ 0 = 0.

e [t might happen that v x v = 0 even if v is not the zero vector. For
example, in V' = R? consider the scalar product given by:

(w1, 22) * (Y1, Y2) = T1y1 — Toy1 — T1Y2 + TaYa.
Then (1,1) x (1,1) = 0.
o If v % w = 0 then for every «, f € K we have:

(av) * (Bu) = (aB) (v w) = 0.

Definition 4.1.5. Let V be a K-vector space with a scalar product *. Let
A C V be a non-empty subset. The orthogonal complement of A in V is
the set:

At ={veV:wxv=0, Ywe A}

Proposition 4.1.6. Let V be a K-vector space, let * be a scalar product
on V and let A C V be a non-empty subset.
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1. At is a vector subspace of V.
2. f AC BCV,then Bt C A+
3. AL — (A).

4. (4) C (ALY

5. Let U C V be a vector subspace and let B be a basis for U. Then
Bt =U"'.

Proof. 1. Let v,,v, € AL, let a1, a0 € K and let w € A. Then
(a1vy 4+ aovy) * w = a1 (v; *w) + ag(vy *w) =0+0=0,

so that ayv, + agu, € AL,

2. If v € B, then v *w = 0 for every w € B. Since A C B, it follows
in particular that v * w = 0 for every w € A, and therefore v € A*.

3. Since A C (A), by 2. it follows that (4)* C At. Conversely,
suppose that v € AL. Let w € (A). Then, by definition of span, there
exist aq,...,q, € K and vy,...,v, € A such that w = Z?:l a;v;. Then:

VRW =V K (i%&) =ioq(y*yi):0

=1

since v x v, = 0 for every i, because v; € A and v € A+,
4. We have that (A1) = {v € V:vsw =0 Yw € AL}, by definition.
However, by point 3. we have that A+ = (A), so that

(ALY = {veV:ivsw=0 Vuw € (A},

Now if v € (A) then by definition v * w = 0 for every w € (A)*, and
therefore v € (A)™.
5. Follows immediately from 3. by setting A = B. [

4.2 Positive definite scalar products

Until the end of this chapter, we will only consider vector spaces over the field
R of real numbers.
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Definition 4.2.1. Let V be an R-vector space and let * be a scalar product
on V. The product x is positive definite if:

1. for every v € V we have v x v > 0;

2. v*xv =0 if and only if v = 0.

Positive definite scalar products will be denoted using a dot: -.

Example 4.2.2. The most important example of positive definite scalar
product is the usual scalar product on V' = R". That is, the function

R" x R" -+ R

((Ih cee axn)a <y17 e 7y'n)) = Zx’byl
i=1

This will be called the standard or euclidean scalar product on R".
However, there are many other examples. For instance, the function

RZxR?— R

(w1, 22), (Y1, y2)) — 3T129 — Toy1 — T1Y2 + 31y

is a positive definite scalar product.

Definition 4.2.3. Let V' be an R-vector space and - a positive definite
scalar product on V. The norm of a vector v € V' is defined as:

o] = Voo

A vector v € V' is called versor if ||v]| = 1. If v € V is a non-zero vector,
the versor associated to v is the vector -

|._l

S

Proposition 4.2.4. Let V be an R-vector space with a positive definite
scalar product -. For every @ € R and every v € V' we have:

low]] = |efl]-
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Consequently, if v € V' then the versor associated to v has norm 1.

Proof.

low]| = V/(aw) - (o) = o (v - v) = |a]||v].
O

Proposition 4.2.5 (Cauchy-Schwarz inequality). Let V' be an R-vector space
with a positive definite scalar product -. Let u,v € V. Then we have:

|w- 2| < flullluf],
and equality holds if and only if u, v are linearly dependent.

Proof. If u, v are linearly dependent, there exists a € R such that au = v,
so that

lu- vf = (aw) - ul = |ofllul® = lofllullllull = lu] ]

using Proposition 4.2.4, as desired. Hence we can assume that u,v are
linearly independent. This is equivalent to say that for every a € R we
have au + v # 0. Therefore, for every a € R we have:

0 < (ou+v) - (au+v) = o|ul® + 2a(u - v) + ||v*.
This means that the degree 2 polynomial with real coefficients:
2||ul® + 22(u - v) + [|v]|?
only assumes positive values. Hence, its discriminant must be negative,

1.e.
(u-v)* = [Jul?|lo)* < 0,

which is precisely the desired inequality. ]

Definition 4.2.6. Let V be an R-vector space with a positive definite
scalar product -. A subset A = {v,,...,v,,} CV is called an orthogonal
system if v, -v; = 0 for every ¢ # j. If in addition every v, is a versor, the
set is called an orthonormal system.

If, in addition, A is a basis then it will be referred to as an orthogonal
basis or an orthonormal basis, respectively.

99



Andrea Ferraguti Chapter 4: Scalar products and orthogonality

Theorem 4.2.7. Let {v,,...,v,} €V be an orthogonal system not con-
taining 0. Then vy, ...,v, are linearly independent.

Proof. Suppose that v, + ... + a,v,, = 0 for some ay,...,a, € R. For
every i € {1,...,n}, taking the scalar product with v, on both sides of
such equality we get:

0=0-v, = (103 + ...+ any,) U—Za] v) = ag|y)?,

because v; - v; = 0 whenever ¢ # j. Now since v; # 0 and - is positive
definite, we have that ||v,||*> # 0, and therefore it must be a; = 0. Since
this is true for every ¢, the vectors vy, ..., v, are linearly independent. [

The next fundamental theorem to prove is that every f.g. R-vector space en-
dowed with a positive definite scalar product has an orthonormal basis. The
proof is based on the following lemma.

Lemma 4.2.8. Let V be an R-vector space endowed with a positive def-
inite scalar product -. Suppose that {v,,...,v,} is an orthogonal system
not containing 0 and let w € V' be such that w ¢ (v,,...,v,). Let

: z .
e ||_z||2 o

Then {v,,...,v,,,} is an orthogonal system not containing 0.

Proof. To prove that {v,,...,v, .} is an orthogonal system we only need
to prove that v; - v, ., = 0 for every j € {1,...,n}, since {v,,...,v,} is
already orthogonal by hypothesis. This holds true because

|8
=
S

UiV = W, Z HQ ;) = wu;——2(v0;) = w,—w; =0,

using the fact that {v,,...,,} is orthogonal.
Now we need to prove that {v,,...,v,,,} does not contain 0. Suppose
by contradiction it does; then necessarily v,,,; = 0, since {v,, ..., v, } does
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not contain 0 by hypothesis. However, if v, ; = 0 then:

u=Y i

which is impossible since by hypothesis w ¢ (v,,...,v,). O

= |E

Remark 4.2.9. In the hypotheses of Lemma 4.2.8, if w is orthogonal to

every v;, then
n
Uy =w— Y Ty, = w.
2w

In other words, the vector w stays the same.

Theorem 4.2.10 (Gram-Schmidt orthonormalization algorithm). Let V' be
a f.g. R-vector space endowed with a positive definite scalar product -.
Then there exists an orthonormal basis for V.

Proof. Let B = (vy,...,v,) be any basis for V. Define v) = v, and
recursively, for every j = 2,...,n, let:

|Iv ||2 o

We claim that {v},...,v}} is an orthogonal basis for V. To see this,
first notice that {v}} is an orthogonal system not containing 0. Since
{vy,...,v,} is a basis, it follows, in particular, that v, ¢ (v,), and there-
fore by Lemma 4.2.8 we have that {v],v}} is an orthogonal system not
containing 0. Now again vy ¢ (v,,v,), and since v} and v/, are both
linear combinations of v, and v,, they both belong to (v;,v,), so that
vy ¢ (v, vh). Hence {v],vh,v4} is an orthogonal system not containing 0.

Iterating this process, we find that {v/,..., v/} is an orthogonal system
not containing 0. Now by Theorem 4.2.7 such set is linearly independent,
and since dim V' = n, it follows that (v},...,v},) is a basis.

To conclude, just replace each v, with its associated versor; this way
we obtain, by Remark 4.1.4, a sequence of n versors that are still pairwise
orthogonal or, in other words, an orthonormal basis. O
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Example 4.2.11.

o Let V = R3, endowed with the standard scalar product. The se-
quence B = ((1,1,1),(1,0,1),(0,0,2)) is a basis of V. Let us see
how to obtain from B an orthonormal basis using Theorem 4.2.10.
We start by setting v; = (1,1,1),v, = (1,0,1),v3 = (0,0,2). The
first step is simply to let

Qll = = (17 1 1)'

Next, we let

!
. 2
- Vg Uy _(17071)_§(1,1,1)2(1/3,—2/371/3).

Uy = Uy — =V =
= Jul

Finally, we let

/ /
Vq - U Vq - U
,Ug U3 &g T YY) ’Ul &g U Uil U/

FA R A
2/3 2
=(0,0,2) — 2—%(1/3, —2/3,1/3) — 5(1, 1,1) = (—1,0,1).

The sequence ((1,1,1),(1/3,—-2/3,1/3),(—1,0,1)) is then an or-
thogonal basis of V. In order to obtain an orthonormal basis, we
just need to divide every vector by its norm. This yields:

o~ () (55 9) (o))

e Let again V = R3, but this time let it be endowed with a different
positive definite scalar product, namely the function

R® x R® —» R

(1’1,$2,$3> ’ (y17y2;y3)) =
= 2x1y1 + T1Y2 + Tay1 + 42y + Toy3 + T3ys + 273Y3.

The reader can verify as an exercise that this is indeed a posi-
tive definite scalar product. Now consider the canonical basis B =
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((1,0,0),(0,1,0),(0,0,1)). This is of course an orthonormal basis
with respect to the standard scalar product on V', but it is no longer
orthonormal (and neither orthogonal) with respect to the above
scalar product. Hence, we can apply Gram-Schmidt algorithm and
obtain an orthonormal one. First, we set

yl = (1707())7 22 = (07 170)7 23 - <0707 1)

Next, we let

Notice that ||v}]|? = 2. Next, we let:

/ Yy 'Qll / 1
Uy = Uy — ||U, ||2Q1 = (O, 1,0) = 5(1,0,0) = (—1/2, 1,0).
=1

Notice that ||vh]|* = 7/2 Finally,

/ /
Y3-Y, ., Y YU

vy = U3 — — o =
SO P
(0,0,1) — ——(=1/2,1,0) — 2(1,0,0) = (1/7,—2/7, 1)
) 7/2 » 2 » - ) ) )

so that ||v}]|> = 12/7. Hence an orthonormal basis for this scalar
product is:

(o0 (o ) ()

such

Vpt1s--

Theorem 4.2.12. Let V be an R-vector space of dimension n endowed
with a positive definite scalar product. Let {v,,...,v,} €V be a subset
of orthogonal vectors not containing the zero vector. Then there exist

., v, such that (v,,...,v,) is an orthogonal basis for V.

Proof. By Theorem 4.2.7, the vectors v, ..., v, are linearly independent.
Therefore we can apply Theorem 1.4.16, and find vectors w;_,,...,w,

that B = (vy,...,0 Wyyq,--.,w,) is a basis of V. Now we can

apply Gram-Schmidt algorithm to the basis B. In order to do that, we
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first have to let, for every i € {1,...,k}:

However, as noticed in Remark 4.2.9, when we apply the above operation
to a vector that is already orthogonal to the previous ones, we are not
actually doing anything. That is, when performing the Gram-Schmidt
algorithm to B we obtain a basis of the form (vy,..., v, w} 4,...,wy;,), as
required. O

Theorem 4.2.13. Let V be an R-vector space of dimension n endowed
with a positive definite scalar product. Let A C V be a non-empty subset.
Then:

V=(A) o AL

Proof. First, we need to show that (A) N At = {0}. This is easy: first
recall that, by Proposition 4.1.6, At = (A)L. Hence if v € (A) N A+ =
(A) N (A)* then we must have v-v = 0. But v-v = [jv||?, and hence
lv]|> = 0. Since the scalar product is positive definite, this implies that
v=0.

Next, let m = dim A. To conclude the proof, we need to show that
dim At = n — m. By Grassmann formula, we have:

dim((A) @ AY) = m + dim A+,
and since (A) ® A+ C V, we must have
dim A+ < n—m.

Now let B = (vy,...,v,,) be an orthogonal basis of (A). By Theorem

4.2.12, there exist v,, ¢, ..., v, € V such that (v,...,v,) is an orthogonal
basis of V. Since v,,.,,...,v, are orthogonal to v,,...,v,,, they must
belong to A+, since A+ = B*. It follows that (v,,.,...,v,) C A*. Since
Upits- -+, U, are part of a basis then they are linearly independent, and

hence their span has dimension n — m. It follows that

dim A+ > n —m,
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concluding the proof. ]

Corollary 4.2.14. Let V be an R-vector space of dimension n endowed
with a positive definite scalar product. Let U C V be a subspace. Then:

— (U

U
Proof. Let m = dim U. By Theorem 4.2.13, dim U+ = n—m. By the same
theorem, dim(U+)t =n — (n —m) = m. On the other hand, U C (U+)*
by Proposition 4.1.6, and since both spaces have the same dimension m,
equality must hold. ]
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Chapter 5: Eigenspaces and diagonalization

5.1 Eigenvalues,eigenvectors and eigenspaces

Definition 5.1.1. Let K be a field and A € M, (K). The characteristic
polynomial of the matrix A is the expression:

pa(z) = det(A — z1,) € K[z].

The eigenvalues of the matrix A are the roots of the characteristic poly-
nomial.

Remark 5.1.2. By developing the expression det(A — z1I,,) with Laplace
theorem, one sees easily that degpa(z) = n.

Example 5.1.3.

1 2
o Let A= € M5(R). Then

pa(z) = det 0 11—z —-1|=2>-322—z+2

Notice that if A € K is an eigenvalue of A, then det(A — AI,) = 0. This means
that dimker(A — AI,) > 1, because of Theorem 3.2.7. Hence, there exists a
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non-zero X € M,y (K) such that (A — A\,)X =0, i.e.
AX = )\X.

Definition 5.1.4. Let A\ € K be an eigenvalue of A. The eigenspace
relative to A is the space

Vi = ker(A — Al,).

The eigenvectors relative to A are the non-zero elements of V).

Technically, an eigenspace is a subspace of M, (K), so eigenvectors will be
column vectors. However, since practically it is easier to write rows instead
of columns, we will think of eigenspace as subspaces of K", i.e. we will write
eigenvectors as n-tuples of elements of K.

Definition 5.1.5. Two matrices A, B € M,,(K) are similar if there exists
an invertible matrix P € GL,(K) such that P"'AP = B.

A matrix A € M, (K) is diagonalizable if it is similar to a diagonal
matrix. If this is the case, and P~'AP is diagonal for some P € GL,(K),
the matrix P is called a diagonalizing matriz for A.

A0 00
0 X ... 0 o '
Remark 5.1.6. If D = € M,(K) is a diagonal matrix
0 ... 0 X\
then
0 Ao —T ... 0 -
pp(x) = det(D—=xl,) = det ? = H()\Z-—a:).
0 o 0 M\,—=x

107



Andrea Ferraguti Chapter 5: Eigenspaces and diagonalization

Therefore, the eigenvalues of D are precisely the elements on the diagonal.

Lemma 5.1.7. if A, B € M,,(K) are similar, then pa(z) = pp(z).

Proof. Let P € GL,(K) be such that P"'AP = B. Then:
pp(z) = det(B — 21,,) = det(P AP — z1,)) = det(P"'AP — 2P™'P) =

=det(PY(A—2I,)P) =det P! - ps(z) - det P =
= (det P)™' - det P -pu(z) = pa(z).
]

Theorem 5.1.8. A matrix A € M, (K) is diagonalizable if and only if the
vector space K™ has a basis entirely consisting of eigenvectors of A.

Proof. First, suppose that A is diagonalizable. Let P € GL,(K) be such
that P7'AP = D with D € M, (K) a diagonal matrix. Multiplying on
both sides by D, we get that

AP = PD.
Now write P = (Py|P|...|P,) with P, ..., P, the columns of P. Then:

that is, the columns of the matrix AP are APy,...,AP,. On the other

AN 0 ... 0
) 0 X ... O

hand, if D = then
0 ... 0 X\,

PD = (MPi AP . .. | APy,

that is, the columns of PD are \{P;,...,\,P,. Since the two matrices
are equal, it follows that AP, = \;P; for every ¢ = 1,...,n. This means
precisely that every P; is an eigenvector of A (notice that no P; can be
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the zero vector since P is invertible). Moreover, since det P # 0 then the
columns of P are a basis of K.

Conversely, let Py, ..., P, be a basis of K™ consisting of eigenvectors
of A. Let P = (Py|...|P,). Since AP = (APy|...|AP,) and the P;’s are
eigenvectors, there exist \y,...,\, € K such that AP, = \;P; for every
1 =1,...,n. Therefore,

AP = (\Pi|...|\P,) = DP,

A0 ... 0
0 X ... 0
where D = . Since (Py,..., P,) is a basis of K", the
0O ... 0 X\,
matrix P is invertible and therefore
P'AP =D,
so that A is diagonalizable. ]

Remark 5.1.9. The proof of Theorem 5.1.8 shows how to find a diagonal-
izing matrix for a diagonalizable matrix A € M, (K): it sufficies to find
a basis (Py,...,P,) of K™ consisting of eigenvectors of A and then set
P = (P|Ps|...|P,). The matrix P is a diagonalizing matrix for A.

Example 5.1.10.

1 2
o Let A= € Ms(R). The characteristic polynomial of A is:

2 1
1—=x 2 )
Py(z) = det =(1—2x2)* —4,
2 l1—=z
so that the eigenvalues of A are Ay = —1, Ay = 3. Let us compute
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the eigenspaces. We have:

2 2
V_1 = ker(A+ 1) = ker :
2 2

and it is immediate to see that this is the subspace
{(a,—a): @ € R} C R%

Next,

V3 = ker(A — 313) = ker = {(a,a): o € R}.
2 =2

Thus both eigenspaces are 1-dimensional. A basis of V_; is ((1, —1)),
while a basis of V3 is ((1,1)). Since (1,—1) and (1,1) are linearly
independent, they together constitute a basis of R?. This means
that ((1,—1),(1,1)) is a basis of R? consisting of eigenvectors of A.
Hence the matrix

1 1
P—=
-1 1

is a diagonalizing matrix for A. In fact one can verify that:

-1 0
P'AP =
0 3
11
o Let A = € My(R). We have pa(z) = (1 — x)?, so that
01

the unique eigenvalue of A is A = 1. The relative eigenspace is

0 1
ker(A — I5) = ker , that is a 1-dimensional subspace of R
0 0

Therefore, R? cannot have a basis consisting of eigenvectors of A; it
follows that A is not diagonalizable.
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e Let A be the second matrix in Example 5.1.3, so that

palr) =2 -3 —z+2=(z+ 1)(z - 1)(z - 2).

The eigenvalues are therefore: \; = —1, Ay = 1 and A3 = 2. Hence
2 0 -1
Vi=ker(A+I3)=ker| 0 2 -1
-1 -1 1

To find such kernel, we need to solve the homogeneous linear system

20 —z=10
20—2=0
—r—y+z2=0

The associated matrix is of course A+ I, that has rank 2. The first
two rows are linearly independent, so we can disregard the third
equation and solve the system

20 — 2z =0
2y—2=0 '

Vi = {(a,@,2a): a € R} = {(1,1,2)).

whose set of solutions is

Next,
0 0 -1
Vi=ker(A—L)=%ker| 0 0 -1]1,
-1 -1 -1
so that

Vi ={(o,—,0): « € R} = ((1,-1,0)).
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Finally,
-1 0 -1
Vo=ker(A—2L)=%ker| 0 -1 -1
-1 -1 =2

so that

Vo ={(a,,—): « € R} = ((1,1, —-1)).
The sequence ((1,1,2),(1,—1,0),(1,1,—1)) is a basis of R3, and

1 1 1
therefore the matrix A is diagonalizable. If P = |1 —1 1
2 0 -1
then
-1 0 0
P'AP=10 1 0
0 0 2

Definition 5.1.11. Let A € M,,(K) and let A € K be an eigenvalue of A.
The algebraic multiplicity ay of X is the multiplicity of A as a root of the
characteristic polynomial of A.

The geometric multiplicity g, of A is the dimension of the eigenspace
relative to A.

Remark 5.1.12. We have that ay,gyx > 1. In fact, this is obvious by
definition for the algebraic multiplicity, and since g, = dim(ker(A — A\I,,))
and det(A — Al,,) = 0 we have that gy > 1 by Theorem 3.2.7.

Theorem 5.1.13. Let A € M,,(K) and let A € K be an eigenvalue of A.
Then:

g < ay.

Proof. Let V) be the eigenspace relative to X\. Let P,..., P, be a basis
of V), so that m = g,. Let us fix a basis B = (Py,..., P, Pny1,. .., Py)
of K™, thanks to Theorem 1.4.16, and let P = (P|Ps|...|P,), where we
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think of the P;’s as column vectors. Then:
PIAP = (P*IAP1|P*1AP2| e |P*1APn),

and since Py,..., P, € V) we have AP, = AP, for every i € {1,...,m}.
Hence:

PrAP = (P'AP|P'APRy| ... |P'AP,|P AP, 1| ... |PTtAP,) =

(AP 'P AP 'Ry ... |AP'P,|P APy 1| ... |PTTAP,).

Now notice that P~!P; is simply the i-th vector of the canonical basis,
since

I,=P'P=(P'P|P'Py|...|P'P,).

Therefore, the first m columns of P~'AP are ey, Aey, . . ., Ae,,. It follows
that when we compute the characteristic polynomial of P~!AP we will
obtain (A — x)™q(z), for some polynomial ¢(x) € K[z]. In other words,
(A — )™ is a factor of the characteristic polynomial of P~'AP. But this
equals pa(z), thanks to Lemma 5.1.7. Hence the algebraic multiplicity of
A is at least m, as desired. O

Definition 5.1.14. An eigenvalue A of a matrix A € M,(K) is called
reqular if ay = g,.

Remark 5.1.15. If a) = 1 then A is regular, by Remark 5.1.12 and Theo-
rem 5.1.13.

Proposition 5.1.16. Let A € M, (K) and let Aq,..., A\, € K be distinct
eigenvalues. Then the sum V), + V), + ...+ V) is direct.

Proof. By induction on m. For m = 1 there is nothing to prove. Now
assume that the claim is true for m — 1. Let X e V), + V), +... + V),
We need to show that this can be written in a unique way as a sum of
eigenvectors belonging to different eigenspaces. Suppose then that:

X=X1+Xo0+.. + X, =V1+Yo+...+Y,

where X;,Y; € V), for every i = 1,...,m. Subtracting the two expressions
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we get:
(X1 =Y+ (Xo=Yo) + ...+ (Xpn — Y) = 0. (22)

Multiplying by A on the left both sides of (22) we get:
MX =Y+ (X —=Yo)+ ...+ (X —Y) =0, (23)

since X; — Y; is an eigenvector relative to \;, for every 7. On the other
hand, we can multiply both sides of (22) by \,, and get:

A (Xh = Y1)+ A (X = Yo) + ..+ A (X, — Y5) =0, (24)
Subtracting (24) from (23), we get:
(M= An) (X1 =Y1) + o+ At = An) (X1 = Y1) =0
or, in other words:
M =An)Xi+. A A1 = A) Xoe1 = M=) Y+ (M=) Yoo

We have therefore written a vector of V), + ...+ V) _, in two ways; by
the inductive hypothesis these two ways must coincide. That is, for every
ie{l,...,m— 1} we must have:

Since the \;’s are all distinct, the coefficient \; — A,, is non-zero, and
therefore we get:

X; =Y, foreveryi € {1,...,m — 1}.

Substituting in (22), we get that X,,, = Y,,, too, and the proof is complete.
O]

Theorem 5.1.17. Let A € M, (K). Then A is diagonalizable if and only
if all eigenvalues belong to K and they are all regular.

Proof. First, suppose that A is diagonalizable. By Theorem 5.1.8, the
space K™ has a basis B consisting of eigenvectors of A. Since such eigen-
vectors must belong to certain eigenspaces, there exist pairwise distinct
eigenvalues A1,..., \,, € K of Asuch that BC V), +Vy,+...+V,,. By
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Proposition 5.1.16, the latter sum is direct and hence
BQV)\l@V,\Q@...EBV)\m.

Since (B) =V, we must have V), @ V), & ... & V),, = K". Therefore,

by Grassmann formula,
n=gxn Tt G,

On the other hand, gy, < ay, for every ¢ by Theorem 5.1.13, and of course
ay, +...+ay, <n by the fundamental theorem of algebra 0.5.3. It follows
that:

n=gx +...+g\, <ay +...+ay, <n,

and hence equality must hold everywhere. In particular, ay, +...+ay,, =
n, so that Aq,..., A\, are all the eigenvalues of A, and so they all belong
to K, and g), = a,, for every ¢, so that all eigenvalues are regular.

Conversely, suppose that all eigenvalues of A belong to K and they
are all regular. Let such eigenvalues be Ay,...,\,,. Since a), = g, for
every ¢, we have that g, +...+ gy, = n because, as we explained above,
ay, + ...+ ay, = n by the fundamental theorem of algebra. On the other
hand,

dim(V,\l +...+ V)\m) = lel(‘//\1 D...D V)\m)

by Proposition 5.1.16. Altogether, these observations imply that
Vv, ®...6V,, =K"

Hence if B; is a basis of V), for every i, we have, by Proposition 1.5.5, that
BiUByU...UB,, is a basis of K™ consisting of eigenvectors of A, and it
follows that A is diagonalizable by Theorem 5.1.8. [

Example 5.1.18.

e We have seen in Example 5.1.10 that the matrix

€ Ms(R)
01

is not diagonalizable. In fact, such matrix does not satisfy the hy-
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potheses of Theorem 5.1.17, since 1 is a non-regular eigenvalue: it
has algebraic multiplicity 2 but geometric multiplicity 1.

e The matrix A = : € M,(R) is not diagonalizable for a
1 0
different reason: its characteristic polynomial is 2 + 1, that has
no roots in R. So this matrix has no real eigenvalues, and again
it does not satisfy the hypotheses of Theorem 5.1.17. However,
if we think of A as an element of M(C) rather than an element
of M5(R), then the eigenvalues belong to the base field C, since
they are 47, and they are both regular, since they have algebraic
multiplicity 1. Hence the matrix A is diagonalizable over C. In fact

if P= then one can verify that:

PlAP =

5.2 Real symmetric matrices

Definition 5.2.1. We recall that a square matrix A € M,(K) is called
symmetric if A =1A.

If X € C", we denote by X the vector whose entries are the complex
conjugates of the entries of X. Namely, if X = (z1,...,xz,) then:

X = (T1,...,Tn).

Notice that if X = (z1,...,2,) € C" is non-zero then

X'X =) |u>>0 (25)

i=1

Theorem 5.2.2. Let A € M,(R) be a symmetric matrix. Then its eigen-
values are all real.
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Proof. Let pa(x) € R[z] be the characteristic polynomial of A. If A € C
is an eigenvalue of A, namely a root of p4(z), then also A is an eigenvalue
of A (cf. Lemma 0.5.4). Moreover, if X is an eigenvector of A relative to
A then

AX = )\X,

and taking conjugates we get:
AX = AX = 3X = XX, (26)

using the fact that A = A since A has real entries. This means that
X is an eigenvector of A relative to the eigenvalue A. Using (26) together
with the fact that A = A we get:

AIX - X) ='(AX) - X = (AX) - X = 'X'AX =

=X (AX) ="X2X = \('XX).
Equating the first and the last terms of the above chain of equalities we
see that A\(*X - X) = A\(*X - X), namely
A=N(X-X)=0.

Since X is an eigenvector, it is not the zero vector, and therefore by (25)
we have 'X - X # 0. It follows that A = A, or, in other words, that
AeR. O

The standard scalar product -: R™ x R® — R can be extended to a scalar
product
o:C"x(C"—=C

((131, cee 737”)7 (y17 v 7yn)) = Zx’ﬁy’b
=1

The standard scalar product C" x C* — C defined above is not positive
definite; in fact it makes no sense to talk about positive complex numbers.
Moreover, it is not even true that (z1,...,2,) e (z1,...,2,) = 0 if and only
if (x1,...,2,) = 0. For example, (1,i)e (1,i)=1—1=0.
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Proposition 5.2.3. Let A € M, (R) be a symmetric matrix. Let A\, u € R
be distinct eigenvalues of A. Let X be an eigenvector relative to A and Y
an eigenvector relative to p. Then X ¢ Y = 0.

Proof. By hypothesis, AX = X and AY = uY. Hence

A(X ACX - Y)="AX) Y =

oY) =
='(AX) Y = ('X'A)Y ='XAY =
='XpY = p(X oY),

so that
A=—p)(XeY)=0.

Since by hypothesis A # u, we get that X ¢ Y = 0. O

Definition 5.2.4. A matrix A € M, (R) is orthogonal if its rows form an

orthonormal basis of R” and its columns form an orthonormal basis of
R™.

1/v/2 1/4/2
Example 5.2.5. The matrix A = V212 € M,(R) is orthogo-

1/vV2 —1/V2
nal, since ((1/v/2,1/v/2), (1/v/2,—1/+/2)) is an orthonormal basis of R2.

Remark 5.2.6. An orthogonal matrix is necessarily invertible, since its
rows/columns are linearly independent.

Lemma 5.2.7. A matrix A € M,(R) is orthogonal if and only if A = A~

Proof. Let Ry,..., R, be the rows of A and (Y, ..., C, be the columns of
A. If A is orthogonal, then by definition the following conditions hold:

1. R, e R; =0 for every ¢ # j;

2. R; e R; =1 for every i;
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3. C; e (C; =0 for every i # j;
4. C; o C; =1 for every 1.
On the other hand, ‘A = A~! if and only if the following conditions hold:
(a) A-TA=1,;
(b) tA-A=1,.

To conclude the proof, it is enough to look at how the products A - ‘A

.....

a;; = R; e R; for every 7,j. Hence such matrix equals I,, precisely if
conditions 1. and 2. hold true. Similarly, we have

so that ‘A - A = I, if and only if conditions 3. and 4. hold true. O

Remark 5.2.8. If A, B € M,(R) are orthogonal, then AB is orthogonal,
since

(AB)™' = B1A™! = 'B!A = (AB)".

In fact, the set of all orthogonal matrices in GL,(R) is a group, with the
operation being the usual multiplication of matrices.

Definition 5.2.9. A matrix A € M,(R) is orthogonally diagonalizable
if there exists an orthogonal matrix O € GL,(R) such that O~1AO is
diagonal.

Theorem 5.2.10 (Spectral theorem). A matrix A € M, (R) is orthogonally
diagonalizable if and only if it is symmetric.

Proof. First, suppose that A is orthogonally diagonalizable, and let O €
GL,(R) be an orthogonal matrix such that O~'AO = D, with D € M, (R)
diagonal. By Lemma 5.2.7, we have that O~! = *O, and hence ‘OAO = D.
On the other hand, a diagonal matrix is symmetric, so that D = *D. Hence

‘0AO = D ='D ='(*0A0) = '0' A0,
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so that ‘OAO = 'O'AO. Multiplying this equality on the left by O and
on the right by 'O yields A ='A, i.e. that A is symmetric.

Conversely, suppose that A is symmetric. We will prove the claim by
induction on n. For n = 1, there is nothing to do because A is itself
diagonal and equals 1 x A x 1, with 1 being an orthogonal (1 x 1)-matrix.
Now suppose that the claim is true for all square matrices of size n — 1
and consider our matrix A € M,(R). Let A € R be an eigenvalue (that
exists thanks to Theorem 5.2.2), and let X be an eigenvector relative to
A, normalized so that X ¢ X = 1. Now choose an orthonormal basis
B = (X,X,,...,X,) of R" and let P = (X|X3|...|X,) be the matrix
whose columns are the vectors in B. Then

'PAP ='P(AX|AX,| ... |AX,) = "P(AX|AX| ... |AX,).

Now notice that since B is an orthonormal basis, when we compute the
product *P(AX) we obtain the columns vector (), 0,0,...,0), and there-
fore

Al
‘PAP = , (27)
tQ C

where v € R, 10 is the column vector of size n — 1 with only 0 entries
and C' € M,_1(R). Since the matrix A is symmetric, then so is ‘PAP,
and hence expression (27) implies that v is the zero vector in R"~! and
C = 'C. Now we can use the inductive hypothesis: C' € M,_1(R) is
symmetric, and hence orthogonally diagonalizable. Let @ € GL,_1(R) be
an orthogonal matrix such that ‘QCQ = D, with D diagonal. Now let
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P = =
0@

9

this is orthogonal because @) is orthogonal and O = PP’ is orthogonal
since both P and P’ are (see Remark 5.2.8). All in all, we have that:

‘0AO = (PP)A(PP') ='P'("PAP)P' =

_ tP/ )\ Q Pl _ )\ Q
tQ C tQ D ’
that is diagonal, ending the proof. ]
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Chapter 6: Affine geometry

6.1 Affine spaces

Definition 6.1.1. An affine space of dimension n over a field K is a triple
(A, V, f) where:

e A is a non-empty set, whose elements are called points of the affine
space;

e V is a K-vector space of dimension n;
o f: Ax A — V is a function with the following properties:

(i) For every P € A and every v € V| there exists a unique @) € A
such that f(P,Q) = v.

(ii) If P,@, R € V are such that f(P,Q) = v and f(Q,R) = w,
then f(P, R) = v+ w.

One shall think of A as the set of points in the affine space, while elements of V'
are vectors that represent the ”difference” between two points. The following
examples are the keys to understanding the concept of affine space.

Example 6.1.2. Let K = R, let A = R?, seen as the well-known set of
points in the cartesian plane, and let V be the vector space R?. Given
two points P = (zp,yp) and Q) = (g, yg) in A, we define

f(PaQ) = (IL’Q—IP,yQ—yP)EV

Let us check that the triple (A, V, f) is an affine space of R of dimension
2. First, given a point (zp,yp) € A and a vector v € V, we can write
v = (v1,v9) for some vy, vy € R. Hence if we let QQ == (vy + zp,v2 + yp)
then f(P,Q) = (v +xp —xp,v3 +yp — yp) = v, and it is easy to check
that ) is the unique point of A with this property. Therefore property
(¢) holds true. Moreover, if P,Q, R € A are such that f(P,Q) = v and
f(Q, R) = w, then writing P = (zp,yp), Q@ = (2q,yq) and R = (vr,Yr)
we get that v = (x¢9 — zp,yg — yp) and w = (zgr — ¢, Yr — Yo), so that
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v+w=(xgp — Tp,yr — xg). On the other hand, by definition

f(P; R) = (SUR —Tp,YR _yP)7

so that f(P,R) = f(P,Q) + f(Q, R) and (i7) holds true as well.

Example 6.1.2 is nothing else than the well-known cartesian plane. The
points of the space are given by pairs of real numbers, and for every pair of
points P, () in the plane there is a vector connecting them. This vector can be
visualized by drawing a straight arrow from P to () pointing at ). However,
one needs to be careful using this graphic representation because vectors with
the same length, direction and verse are the same element of the underlying
vector space V. For example, the vector connecting the points (0,0) and (1, 0)
is the same vector that connects (0,1) and (1,1), although graphically we
represent the two vectors as two separate objects.

The function f of example 6.1.2 is nothing else that the function that
associates to a pair of points P, Q the vector of V = R? that connects them.
Property (i) then just says that given a point P and a vector v, one can
"translate” the point P by v in a unique way, obtaining a new point (). For
example, if one is given the point P = (1,1) and the vector v = (—2,0), the
unique translate of P by v is the point Q = (—1,1). Finally, property (i)
simply says that if () is the translate of P by a vector v and R is the translate
of @ by a vector w then R is the translate of P by the vector v + w.

Example 6.1.2 can of course be generalized to any dimension and any field.
We will see later on that this is, in a way, the only relevant example.

Example 6.1.3. Let n > 1 be an integer, K a field, A = K", seen as a
set of points, and V' = K™ seen as an n-dimensional K-vector space. Let

f: Ax A—V be the function defined by

((xlw"7xn)7(yla'-'7yn)) — (y1_$17--'7yn_$n)-

Then the triple (A, f, V') is an affine space of dimension n over the field K.
Of course when n = 2 and K = R we recover Example 6.1.2. When n = 3
and K = R this is also a well-known object: it is nothing else that the
3-dimensional space, where every point is identified uniquely by a triple
of real numbers, usually referred to as ”coordinates”. Once again, given
two points in the space it is possible to connect them by a unique vector,
represented as a straight arrow starting at the first point and pointing at
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the second one.

The case n > 3 and K = R cannot be drawn on paper of course, since
our world is only 3-dimensional, but it works exactly in the same way: a
point is identified with an n-tuple of real numbers, and there is a unique
vector connecting two distinct points.

When n =1 and K = R the affine space above is simply the real line:
its points are real numbers, and the vector connecting two real numbers
is just their difference.

Definition 6.1.4. The affine space defined in Example 6.1.3 will be de-
noted by A"(K).

From now on, when (A, V] f) is an affine space and P,Q € A, we will denote

by @ the vector f(P,Q).

Proposition 6.1.5. Let (A, V, f) be an affine space over a field K, and let
P .Q,R,S € A. The following hold true.

1. @:]ﬁifandonlyifC):R;

2. @:QifandonlyifP:Q;
3. ifyzfﬁ, then —Q:Q?;
4. PO = RS if and only if PE = Q8.

Proof. 1. Of course if ) = R then ]@ = ﬁ Conversely, let v = ]@
By property (i) of the function f, there exists a unique point X € A such
that ]?} = v. Therefore that point must be @), and hence if ﬁ = v then
necessarily R = Q.

2. By property (ii) of the function f, we have ]3_}>’ = P_fj + ﬁ, and
therefore lD_}>7 = 0. Conversely, if @ = 0, then @ = ID_}>’, and therefore
@ = P by point 1.

3. By property (ii) of the function f, we have ﬁ’ = l@ + Q? By

point 2., this implies that PQ) = —QP.
4. By property (ii) of f, we have ]@ + Cﬁ — PS = PR + RS. The
claim follows immediately. ]
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Definition 6.1.6. Let (A, V, f) be an affine space of dimension n over a
field K. Let P € A and v € V. The translate of P by v, denoted by

ty(P), is the unique point ) € A such that ]@ = .
Given a vector v € V, the translation map associated to v is the map

ty: A= A

P — t,(P)

The existence of the translate of P by v is granted by property 1. of the
function f associated to an affine space.

Corollary 6.1.7. The translation map ¢,: A — A is a bijection.

Proof. Suppose t,(P) = t,(Q) = R. This is the same as saying that
FTE =v= Cﬁ By Proposition 6.1.5, it follows that R? =—v= }@ and
in turn that P = (). Hence ¢, is injective.

If Q € A, by the definition of affine space there exists a unique P € A

such that QP = —v. By Proposition 6.1.5 it follows that ]@ = v, namely
we have t,(P) = (). This shows that t, is surjective. O

6.2 Linear subspaces

Definition 6.2.1. Let (A,V, f) be an affine space of dimension n over a
field K. Let O € A and W C V be a vector subspace of dimension m.
The linear subspace associated to O and W is the set

O, W] = {t,(0): v e W}.

The vector subspace W' is called translation space of [O,W]. The point
O is called origin of [O, W].

In other words, a linear subspace of an affine space is the set of all translates
of a point via vectors that lie in a vector subspace of V.
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Example 6.2.2. Let A%(R) be the affine space of Example 6.1.2. Let
W C V be the subspace generated by the vector (1,1) and let O =
(0,0) € A%(R). The linear subspace [0, W] is the set of all points in the
plane that are translates of (0,0) via a multiple of (1,1). Depicting A?(R)
as the usual cartesian plane, [O, W] is nothing else than the bisector of
the first quadrant.

Similarly, let A3(R) be the affine space of Example 6.1.3 with n = 3
and K =R. Let O = (1,1,1) € A*(R) and let W = ((1,0,0), (0,1,0)) C
V. Depicting A3(R) in the usual way, the linear subspace [O, W] is the
plane passing by (1,1, 1) and parallel to the zy-plane.

In general, we will see that linear subspaces in A™(K') are nothing else
than sets of solutions of linear systems!

Proposition 6.2.3. Let (A, V, f) be an affine space of dimension n over a
field K, and let [O, W] be a linear subspace. Then the triple

([0, W], W, flio.w)xjo,w])

is an affine space of dimension m.

Proof. In order to ease the notation, we will write f|ow) in place of
flio.w)xiow)-

First, we need to show that f|o,w] takes values in W. In other words,
we need to show that if P,@Q € [O,W] then f(P,Q) € W. Since P,Q €
(O, W] then by definition there exist v, w € W such that f(O, P) = v and
f(O,Q) = w. Then by Proposition 6.1.5 we have that f(P,O) = —v and
since (A, V, f) is a vector space we have

It follows that f(P,Q) = w — v, and since W is a vector subspace the
latter difference belongs to W. Hence f|jo,w] takes values in W.

Next, we need to show that f|ow) satisfies properties 1. and 2. of
Definition 6.1.1. Let then P € [O,W] and v € W. Since (A,V, f) is an
affine space, there exists a unique @) € A such that f(P, Q) = v. Showing
that @ € [O,W] is equivalent then to proving that property 1. holds for
fliow). Since P € [O,W], by definition of linear subspace there is a
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w € W such that f(O, P) = w. Then

F0,Q) = f(O,P)+ f(P,Q) =w+u,

so that f(O,Q) € W. But this means precisely that @ is a translate of O
via a vector of W, namely that @ € [O, W].

Finally, let P,Q,R € [O,W]. Then f(P,Q) + f(Q,R) = f(P,R)
because (A, V, f) is an affine space. On the other hand of course f(P, Q)
equals f|io,w)(P,Q), and the same holds true for f(Q,R) and f(P,R).
Property 2. then holds true for f|jow. ]

Remark 6.2.4. One can prove that if (A,V, f) is an affine space, B C
A is a non-empty subset and W C V is a vector subspace such that
(B, W, f|sxp) is an affine space, then for every O € B the set {t,(0): w €
W} is a linear subspace of (A,V, f).

Proposition 6.2.5. Let (A, V, f) be an affine space of dimension n over a
field K, and let [O, W] be a linear subspace. Then we have:

O, W] =[O, W] for every O" € [O, W].

In other words, every point of a linear subspace can be taken as origin of
the subspace.

Proof. Let O’ € [O,W]. First, we prove that [O,W] C [0/, W]. Let
Q@ € [O,W]. Then there exists w € W such that w = 0‘65 On the other
hand O € [O, W] as well, and therefore there exists w’ € [O, W] such that

—
w' = O0'. It follows that
—
0Q=00+0G=w-uw €W,
and therefore @ € [O', W], by definition.
To conclude the proof we need to show that [0, W] C [O,W]. So

=
let @ € [O',W]. Then there is some w € W such that O'Q) = w. Since

3
O’ € [0, W], there is also some v € W such that OO" = v. It follows that

— —
00 =00 +00=v+weW,
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so that @ € [0, W]. O

Proposition 6.2.6. Let (A, V, f) be an affine space over a field K and let
[O, W] and [O’, W] be two linear subspaces.

1. If Pe[O,W]N[0, W], then

O, W]N[O,W'] =[P,WNnW].
2. [O,W] C [0, W] if and only if [O,W]| N[O, W'] #( and W C W'

Proof. 1. Since P € [O, W] N [0, W], by Proposition 6.2.5 we can write
O, W] = [P,W] and [O',W'] = [P,W’]. Therefore it is enough to show
that [P, W] N [P,W] = [P,W N W"].

First, we show that [P,W N W' C [P,W]nN[P,W’]. Let then Q €
[P,W N W], and write w = PQ with w € WNW’. Since w € W, it
follows that Q € [P, W], and since w € W', it follows that Q € [P, W’].
Hence Q € [P,W]|N[P,W'].

Conversely, we need to show that [P, W] N [P,W'] C [P,W NW'. Let
Q € [P,W] N [P,W’]. Then there are vectors w € W and w’ € W’ such
that P() = w and P = w’. But then w = w’, hence w € W NW’' and it
follows that Q € [P,W nW'].

2. First assume that [O, W] C [0, W’]. It is then obvious that [O, W]N
[O",W'] # (). Moreover, since O € [O’, W] then by Proposition 6.2.5 we
have [O', W'] =[O, W']. Now we have to show that W C W'. If w € W,
then @Q = t,(0) € [O, W], but by definition of [0, W'] we must also have
Q = ty(0) for some w' € W’'. It follows that w = @ = w’, and so
w € W’. This shows that W C W’

Conversely, assume that [O, W] N[O, W’] # 0 and W C W’'. By point
1. we have that [O, W] N[O, W'] = [P,W N W] for some P € [O,W]N
(O, W']. Since W C W', it follows that [O, W] N [0, W'] = [P, W]. Since
P € [O,W], we have that O? € W, and hence ]@ € W by Proposition
6.1.5. Hence O € [P, W] and by Proposition 6.2.5 it follows that

0,W]N[0,W'] = [0,W].

This implies obviously that [O, W] C [0/, W]. O
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Definition 6.2.7. Two linear subspaces [O, W] and [O’, W] of an affine
space (A, V, f) are called parallel if W C W’ or W C W.
To denote parallel linear subspaces we write [O, W] || [O", W'].

Proposition 6.2.8. If [O, W] and [O’, W] are two parallel subspaces of an
affine space (A, V, f), then one of the following hold true:

1. [0, W] C [0, W);
2. [0/, W'] C [0, W];
3. [0,W]n [0, W] = 0.

In particular, if dim W = dim W’ then either [O, W] = [O’, W] or [O, W]N
[0, W'] = 0.

Proof. Follows immediately form Proposition 6.2.6. ]

6.3 Relative position of linear subspaces

Definition 6.3.1. Let (A, V, f) be an affine space of dimension n, and let
[O, W] be a linear subspace.

o If W = {0}, then [O, W] is called point.
o If dim W =1, then [O, W] is called line.
o If dim W = 2, then [O, W] is called plane.

o If dimW =n — 1, then [O, W] is called hyperplane.

Remark 6.3.2. Linear subspaces of dimension 0, namely points, are noth-
ing else than elements of A. In fact by definition a point [O, {0}] is the
set {t9(0)} = {O}.

Definition 6.3.3. Let [O, W] and [O’, W’] be two linear subspaces of an
affine space. We say that [O, W] lies on [O', W] if [O, W] C [O', W].
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Proposition 6.3.4. Let (A,V, f) be an affine space of dimension 2, and
let 7, s be two lines. If r N's = (), then r || s.

Proof. Let r = [P, (v)] and s = [Q, (w)] for some non-zero vectors v, w €
V. By contradiction, suppose that r and s are not parallel. Then w ¢
(v), as otherwise we would have (w) C (v). Hence v and w are linearly
independent, and therefore dim(v, w) = 2. Since dimV' = 2, it follows
that V' = (v,w). Hence there exist o, 5 € K such that ]@ = av + fw.

—
Let Q' € s be such that QQ" = —fw. Then:

ﬁz@JrCﬁ:aﬁﬁw—ﬁw:ay-

It follows that Q" € r, but of course ' € s by construction. Hence
r N s # (0, contradicting the hypothesis. ]

Definition 6.3.5. Let (A,V, f) be an affine space of dimension n > 3.
Two lines that are not parallel and have empty intersection are called
skew. Two lines that lie on the same plane are called coplanar.

Proposition 6.3.6. Let (A, V, f) be an affine space of dimension n > 3.
1. Twolines 7, sin (A, V, f) are skew if and only if they are not coplanar
2. There exist two skew lines in (A, V. f).

3. Two skew lines lie on parallel planes.

Proof. 1. First, assume that r,s are skew. Let r = [P, (v)] and s =
(@, (w)]. Suppose by contradiction that they lie on a plane 7 = [O, W],
where W C V is a subspace of dimension 2. By Proposition 6.2.3, 7 is an
affine space of dimension 2. Since rN's = (), by Proposition 6.3.4 they are
parallel, but this contradicts the hypothesis.

Conversely, assume that there is no plane containing r and s. Assume
by contradiction that r N's # 0. Let P € rNs. Write r = [P, (v)] and
s = [P, (w)] for some non-zero v,w € V, thanks to Proposition 6.2.5. The
space (v, w) is at most 2-dimensional, hence there exists a subspace W C
V such that dim W = 2 and (v, w) C W. Then the linear subspace [P, W]
is a plane that clearly contains both lines, contradicting the hypothesis.
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Hence it must be r N's = (). Now suppose by contradiction that r || s.
Then there exists a non-zero vector v € V such that r = [P, (v)] and
s =[Q, (v)]. Since rN's = 0, it must be r # s and hence we can assume

that @ ¢ r. Let m = [P, (PQ,v)]. We claim that this is a plane containing

both r and s. First, P@ cannot be proportional to v for as it was, then
@ would be a translate of P via a multiple of v, and hence it would lie
on r, which is impossible. The line r lies on 7 by construction. Let now
R € s. Then Cﬁ = aw for some a € K. On the other hand @ lies on w
by construction, since it is the translate of P via P(). Hence R lies on 7
as well, since it is the translate of () via a multiple of v. This shows that
s lies on 7, so that r, s are coplanar, contradicting the hypothesis. Hence
r, s must be skew.

2. Since dim V' > 3, there exist three linearly independent vectors in
V. Let them be w,v,w. Let P € A and let r be the line [P, (u)]. Next,
let @ = t,(P) and let s be the line [@, (w)]. Let us prove that r and s are
skew lines. By point 1. we just have to prove that they there is no plane
that contains both of them. Suppose by contradiction that there is one,
call it 7 = [P, W] with dim W = 2. Since Q € 7, then v = PG € W. On
the other hand, since 7w contains both r and s we must have u,w € W.
But then (u,v,w) C W, that is impossible since dim W = 2.

3. Let r = [P, (v)] and s = [@, (w)] be skew lines. Then dim (v, w) = 2,
as otherwise r, s would be parallel. Then the planes 7 = [P, (v, w)] and

' = [Q, (v, w)] are clearly parallel and contain r and s, respectively. [

Proposition 6.3.7. Let (A, V, f) be an affine space of dimension 3.
1. A line r and a plane 7 with empty intersection are parallel.
2. Two planes 7, 0 with empty intersection are parallel.

3. If two distinct planes 7, o intersect in a point P, then their intersec-
tion is a line through P.

4. Every line r is contained in at least two distinct planes.

Proof. 1. Let P be a point of r, so that r = [P, (u)] for some non-zero
u € V. Let 7 = [Q, (v,w)] for some linearly independent v,w € V.
Suppose by contradiction that » and 7 are not parallel. Then u ¢ (v, w)
and hence we have dim(u, v, w) = 3. Since dimV = 3 as well, it follows
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that V' = (u,v,w). Therefore ]TC>2 iggjL Bv + ~w for some a, 5,7 € K.
Let Q" € m be the point such that Q@' = —fv — yw. Then

PG =P +QQ = ou

Then @' € r, but on the other hand by construction Q' € «. It follows
that ' € r N7, contradicting the hypothesis.

2. Let m = [P,W]and o = [Q, W] with dim W = dim W' = 2. Suppose
by contradiction that 7, o are not parallel. Then W # W’ and so there
exists a non-zero vector v € W\ W’. Then [P, (v)] is a line contained in
7 that is not parallel to . By 1. it follows that » and ¢ have non-empty
intersection, but then also 7w and ¢ do, contradicting the hypothesis.

3. Let m = [Q, W] and 0 = [Q', W] with dim W = dim W’ = 2. Let
P € mNo. Since m # o it must be that W # W’ as otherwise we
could write m = [P, W] = 0. Hence by Grassmann formula it follows that
dim(W N W’) =1, and by Proposition 6.2.6 we have

TNo=[P,WNW],

that is a line through P.

4. Let r = [P, (u)] for some non-zero u € V. Let us complete (u) to
a basis of V| via Theorem 1.4.16: there exist v, w such that (u,v,w) is a
basis of V. Then [P, (u,v)] and [P, (u, w)] are two planes both containing
r. Moreover, they are distinct because if they were equal then we would
have t,,(P) € [P, (u,v)] and consequently w € (u,v), that is impossible
since u, v, w are linearly independent. ]

Definition 6.3.8. Let (A, V, f) be an affine space. Two lines that intersect
in a single point, a line and a plane that intersect in a single point or two
planes that intersect in a single line are called incident.

Thanks to the propositions we have proved, we can give a complete descrip-
tion of the relative position of linear subspaces of affine spaces in dimension 2
and 3.

Theorem 6.3.9. Let (A, V) f) be an affine space of dimension > 2, and let
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r,s be two lines. Then:

0 skew
coplanar, parallel and distinct
rns= ] A
a point incident

a line r=s

Theorem 6.3.10. Let (A, V, f) be an affine space of dimension 3 and let
7,0 be two planes. Then:

0 parallel and distinct
mNo =4 aline incident

a plane w=g0

Theorem 6.3.11. Let (A, V, f) be an affine space of dimension 3 and let
r be a line and 7 be a plane. Then:

0 parallel and r does not lie on w
rNm={ apoint incident

a line rCr

6.4 Coordinate systems and equations of subspaces

Definition 6.4.1. Let (A, V] f) be an affine space. A system of coordinates
on (A,V, f) is a pair (O, B) where O € A is a point called origin and B
is a basis of V.

Theorem 6.4.2. Let (A, V, f) be an affine space of dimension n, let O € A
and B = (vy,...,v,) be a basis of V.

1. The map
A[O,B} A — K"

P (z1,...,2,),
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where (z1,...,2,) € K™ is the only n-tuple such that OP — > o T,
is a bijection.

2. Let ®5: V — K™ be the bijection defined by

(I)B (Z azgz) = (ala s aan)
=1

(see Corollary 1.4.13). If P,Q € A, are such that Apg(P) =
(21,...,2,) and A g(Q) = (Y1,--.,Yn), Where A g is the bijec-
tion given by point 1., then

Ds(PQ) = (41— 1, -, Yo — Tn).

Proof. 1. First, suppose that P, () € A are such that Ao 5(P) = Ajp,5(Q) =
(x1,...,2,). This means that OP = Yo xiw; = OQ. However, by defini-
tion of affine space, given the point O € A and the vector Y, zv;, € V,
there exists a unique point X € A such that J? = >, z;v;. This means
that P = X = (). Therefore Ajp g is injective.

Next, if (z1,...,2,) € K™, let v = " z;v; € V. Once again by
definition of affine space, there exists a unique P € A such that O? = 0.
But then Ao g (P) = (21,...,x,). This proves that Ao g is surjective as
well.

2. Since Apg(P) = (z1,...,2,) and Ajpg(Q) = (Y1,.--,Yn), the
vector OP is Y1 | x;v; while @ =", yiv,. It follows that

n

P‘é = ﬁ + 0‘65 = —Z%Qi + Zyiyi = Z(yz — )Y,
i=1 i=1

i=1

and therefore

Os(PO) = (31 — 71, .Y — ).

]

Theorem 6.4.2 is of the utmost importance. It shows that every affine space
of dimension n over a field K, once a coordinate system is chosen, ”becomes”
the affine space A™(K) described in Example 6.1.3. The bijection Ajp g, that
depends on the choice of a coordinate system, yields a dictionary that allows
to translate all properties of an affine space of dimension n over a field K into
properties of the very concrete object A™(K).
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Notice that since 00 = 0, we have that Ajp 5(0) = (0,...,0). Namely, the
map Ajp g transforms the origin O of a coordinate system into the point
(0,...,0) € K™

Moreover, ®5(0) = (0,...,0).

From now on, with a slight abuse of notation, we will write A"(K) to
denote the set of points of the latter affine space, although technically A"(K)
denotes a triple of objects, according to the definition of affine space.

The next theorem describes how linear subspaces transform under A g
First, we prove two preliminary lemmas.

Lemma 6.4.3. Let V be a K-vector space of dimension n and let B =
(vy,...,v,) be a basis of V.

1. For every w,,w, € V and every a, 8 € K we have
Pp(aw; + fw,) = a®s(w,) + Ps(w,).

2. Let W C V be a subspace of dimension m. Then ®5(WW) is a
subspace of K™ of dimension m.

Proof. 1. Let wy, = Y"1, a;v; and wy, = Y., bjv,. Then

n

aw; + /sz = Z(aai + ﬂbi)ﬂp

=1

so that
Pp(aw, + Bw,) = (aar + by, aas + Bby, ..., aa, + [by).

On the other hand, a®p(w,) = a(ay, ..., a,) and fPz(w,y) = (b, ..., by),
and the claim follows easily.

2. First, we show that ®z(WW) is a subspace of K". Let w,,w, €
Op(W), so that there exist uy,u, € W such that ®p(u;) = w, and
Dp(uy) = w,y. Let o, f € K. Then

Doy, + Buy) = a®p(uy) + BPs(uy) = aw; + B,
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by point 1. This proves that aw,; + fw, € ®5(W), and therefore ¢5(W)
is a vector subspace of V.

To prove that it has dimension m, let (u,,...,u,,) be a basis of W. If
w € Op(W), then w = Pp(u) for some uw € W. But u = Y ", ayu; for
some aq,...,q, € K, since (uy,...,u,,) is a basis of W. Hence

w = dp(u) = o5 (Z 041‘%) = a;0p(y,)

by point 1. This proves that ®p(u,),...,Ps(w,,) generate g(W). To
prove that these vectors are linearly independent, suppose first that

for some aq,...,qa,, € K. Then once again by point 1. we get

However ®p is a bijection, and since ®5(0) = 0, it follows that > " | cuu; =
0. Since (uy,...,u,,) is a basis of W, we get that oy = ... =, =0. O

Lemma 6.4.4. Let o be the standard scalar product on K™, i.e. the map

K'x K" — K

((ZE17 cee 7‘7;71)7 (y17 OO ;yn)) = ley%
=1

Let W be a subspace of K™.
1. dimW+ =n — dim W.
2. (WHt=w.

3. Let dim W = m, and let (uy,...,u, ,,) be a basis of W=, where

r=n—m

w; = (Ci1, Cig, - - -, Cin) € K™ for every i.
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Then the matrix

€11 €12 Cin
Co1 Co9 ce Con
C = € M(n_m)Xn(K)
Cn—-m)1 C(n—-m)2 --- Cln—m)n

has rank n — m and has the property that ker C' = W.

Proof. Let (wy,...,w,,) be a basis of W, so that dim W = m. Write w, =
(@i1,...,a;) € K™ Let A be the matrix of size m x n with coefficients in
K whose i-th row is <ai1 e am>, for every ¢. This is nothing else than

the transpose of the matrix Ag described in Theorem 2.3.8, with B being
the canonical basis of K™.
Now let e be the standard scalar product on K. We claim that

W+ = ker A. (28)

In fact, by Proposition 4.1.6 we have that W+ = {w,,...,w,}*.
Hence v € W+ if and only if w, ev = 0 for every i = 1,...,m, but
on the other hand a moment of reflection shows that

(wl.ywuuwm.y) :AQ,

that is, v € W+ if and only if v € ker A.

1. Since the rows of A are linearly independent, we have rk(A) = m by
Theorem 2.3.8. By Theorem 3.2.7, we have dimker A = n — m, and (28)
implies then that

dim W+ =n — dim W.

2. By point 1. applied to W+ and then to W we have that
dim(WH)*t =n —dimW+ =n — (n — dim W) = dim W,

and since W C (W)1 by Proposition 4.1.6, it must be (W+)1 = W.
3. Redoing the construction described at the beginning of the proof to
W+ we get by (28) that
(W)t =ker C,

and so the claim by 2. [
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Theorem 6.4.5. Let (A, V, f) be an affine space of dimension n over a
field K. Let B = (vy,...,v,) be a basis of V, let O € A and let [P, W] be

a linear subspace of dimension m.

1. The subset Ajp 5([P, W]) € A"(K) is the linear subspace

[Ajo,5(P), 5(W)].

2. A subset S C A"(K) is a linear subspace of dimension m if and
only if there exists a matrix A € M, _m)xn(K) of rank n —m and a
matrix B € M(,_m)x1(K) such that S is the set of solutions of the
linear system AX = B.

Proof. 1. Notice that thanks to Lemma 6.4.3, clearly [Ajo5/(P), Ps(W)]
is a linear subspace. In order to ease the notation, we will write A for
Ajo,5 and @ for ®5. Moreover, we let A(P) = (x1,...,2,).

First, let (y1,...,yn) € A([P,W]). This means that there is some
Q € [P,W] such that A(Q) = (y1,...,yn). Hence Oﬁ =, yv. On
the other hand, OP = > i, z;v;, and therefore

%:Oﬁ—ﬁzzn:(yi—%)%EW

It follows that

o (Z(yi - xi)yz) = (=1, yn — an) € B(W),

=1

and since A(Q) = A(P)+ (y1— 1, - .., Yn — ), We get precisely that A(Q)
is a translate of A(P) via a vector of ®(W), i.e. that A(Q) € [A(P), P(W)].
We have thus proved that A([P,W]) C [A(P), (W)].

Conversely, let (y1,...,yn) € [A(P),®(WW)]. Then

(yla"‘ayn>:(x17"'7xn)+(a17"'7an>7

where (ai,...,a,) € ®(W). Since the map A is a bijection by Theorem
6.4.2, there exists a unique @ € A such that A(Q) = (y1,...,Yn), or, in

other words, such that Oﬁ = > Y. Since OP = Y"1  xu;, we get
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that

Pﬁzoﬁ_O‘}%:i@iQi-

Now @ (3" | a;v;) = (ay,...,a,), and since the map ® is a bijection and
(a1,...,a,) € ®(W) by hypothesis, we must have that > .  av; € W.
Hence PQ) € W, that is, () is a translate of P via a vector of W, i.e.
Q € [P,W]. Therefore A(Q) = (y1,...,yn) € A([P,W]). It follows that
A(P), ®(W)] € A([P, W]).

2. First, suppose that S is a linear subspace. Then S = [P, W], for
some P € K" and W vector subspace of K. By Lemma 6.4.4, there
exists an (n —m) X n matrix A of rank n —m such that W = ker A. Now
if P = (x1,...,2,) then S, as a subset of A"(K) = K", is nothing else
that

{(x1,..yxn) + (215, 20): (21, . ., 2,) € ker A}

€

Setting B := A | ... | and appealing to Proposition 3.2.9, it follows that

‘,'UTL
S is the set of solutions of the linear system AX = B.

Conversely, if AX = B is a linear system of n — m equations in n
variables and rk A = n —m, then by Theorem 3.2.7 and Proposition 3.2.9,
if (z1,...,2,) € K™ is a solution of the system then the set S of all
solutions is

S={(x1,...,x0) + (21, .., 2n): (21,...,2n) € ker A}.

In other words, S is the linear subspace [(x1,...,z,), ker A]. ]

Theorem 6.4.5 essentially tells us that we can reduce the study of linear sub-
spaces of affine spaces to the study of solutions of linear systems.

Remark 6.4.6. Theorem 6.4.5 shows that given a linear subspace S of
A™(K), defined by a linear system of the form AX = B with A an (n —
m) X n matrix of rank n — m, the translation space of S is the kernel of

A.
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6.5 Equations for lines, planes and hyperplanes

Recall that a line in A"(K) is a linear subspace of dimension 1. Given Theorem
6.4.5, a line corresponds to the set of solutions of a linear system AX = B, with
A € M(y—1)xn(K) a matrix of rank n — 1. This means that a line £ C A"(K)
can be described by a system of equations of the form:

1121 + 19T + ... + a1, T, = by

a91T1 + 22T + ...+ A9y, Ty = b2

An—1)1T1 + - .. + An—1)nTn = b1

where the matrix associated to the system has rank n — 1.

Definition 6.5.1. A system of the form (29) that describes a line in A" (K)
is called a system of cartesian equations for a line.

Example 6.5.2. In A%(K), a system as (29) becomes
a1171 + a1222 = by,

where the rank condition simply means that (a1, a12) # (0,0).
In A3(K), a system of cartesian equations for a line has the form:

{anl’l + @122 + a1373 = by

(9171 + Q22%9 + A23T3 = by

with the condition that

ailz a2 ais
rk =y

ag1 A2z Q23

or, in other words, that the two vectors (a1, ajs, a13) and (ag;, g, ass)
are linearly independent.

The description of a line £ via a system of the form (29) is implicit, namely,
we don’t have a parametrization for the points of the line. To do this, it is
enough to solve the system. Notice that since rk(A) = n — 1, Theorem 3.2.7
implies that ker A is a 1-dimensional vector subspace of K™, that is therefore
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generated by a non-zero vector (ay,...,a,) € K™ Proposition 3.2.9 implies
that the solutions of system (29) all have the form

(p1y- -y pn) +t(ag, ... a,)

with ¢t € K and (p1,...,p,) € K™ In other words, the same line defined by
(29) can be described by the following set of equations:

1 =D +ta1
To = Py + ta

/- 2 = P2 2 (30)
Tn = Pn + tay,

We stress the fact that (pq,...,p,) and (aq,...,a,) are two elements of K™,
the second one being non-zero, while ¢ is a parameter. The point (p1,...,pn)
is a point lying on the line, corresponding to ¢ = 0. All other points can be
found by letting ¢ vary in K.

Definition 6.5.3. A system in the form of (30) is called parametric equa-
tion for a line.

In order to pass from a cartesian equation to a parametric one, it is enough to
solve the linear system. However it is also possible to pass from a parametric
equation to a cartesian one. In fact, equations (30) can be read in the following

way: for all points (Z1,...,T,) € ¢, the vectors (Ty — p1,...,%Tn — pn) and
(ay,...,a,) are linearly dependent, as they are proportional. This means that
the matrix
fl — M EQ — P2 ... En — Dn
ay ag c. (7%

has rank 1. In other words, points of ¢ satisfy the system of equations deter-
mined by imposing

ik Ty —p1 T2 —P2 ... Tpn —Pn 1

ay as c. (07%

Since the above matrix has 2 lines and n columns, and the bottom row is non-
zero, asking that it has rank 1 is equivalent to asking that every 2 x 2 submatrix
has determinant 0. Again, since the bottom row is non-zero there exists some
i € {1,...,n} such that a; # 0. Then by Theorem 2.3.20 the condition on
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the rank is satisfied if and only if every 2 x 2 submatrix containing the ¢-th
column has determinant 0. Assuming that a; # 0, we get:

L1 — Ti — Pi
det | b b =0 for every i = 2,...,n,

aq a;
that amounts to the system of cartesian equations for ¢:

(21 — Q1T = G2P1 — A1P2

a3zl — a1x3 = agp1 — a1pP3

ApX1 — 1Ty = GpP1 — A1Pn

Notice that the matrix corresponding to the above system is:

s —ap 0 0 N 0
as 0 —ay 0 Ce 0
a, 0 0 ... 0 —a

that clearly has rank n — 1 because if we erase the first column the resulting
square matrix has determinant (—a;)"' # 0, since we assumed that a; #

0.

Example 6.5.4. Consider the line £ C A3(R) given by the system of equa-
tions:

/- 2x4+3y+z2z=1
" lz+2=3

In order to find a system of parametric equations for ¢, all we have to do
is to solve the system. Letting

2 3 1
1 01

be the matrix associated with the system, we see that it has rank 2, and
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hence the system has oo! solutions. Rewriting it as:

2z +3y=1—=2
=3 =2

and setting z = t, we see immediately that the set of solutions is:
S={(3—-t-5/3+1/3t,t): t € R}

and therefore a system of parametric equations for ¢ is:

r=3—1
y:—5/3+1/3t
z=1

Notice that the line ¢ passes through the point (3,—5/3,0).

Example 6.5.5. Consider the line £ C A3(R) given by the system of para-
metric equations:

r=1+t
y=—t
z=1+2t

In order to find a system of cartesian equations, all we have to do is to
consider the matrix

z—1 y z-—1
1 -1 2

and to impose that the 2 x 2 submatrices all have determinant 0. As
explained, it is enough to fix a column whose bottom entry is non-zero
and to look at the two 2 X 2 submatrices containing it. In this case, we
can fix the first column and get:

r—1 y z—1 z-1
det = det =0,
1 -1 1 2
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getting the system
=1
‘. T+y
2r —z=1

By Theorem 6.4.5, in general a linear subspace of A"(K') of dimension m
is simply the set of solutions of a system of the form:

1121 + A12T2 + ... + ATy = bl
A21X1 + Q222 + ... + AopTy = bg
A(n—m)1T1 +...+ A(p—m)nTn = bn—m

where the matrix associated to the system has rank n — m. Therefore we
immediately get the following proposition.

Proposition 6.5.6. A linear subspace 7 C A"(K) is a hyperplane if and
only if it is described by an equation of the form:

T a121 + gy + ... + apx, = b,

where (ay,...,a,) # (0,...,0).

Notice that a hyperplane in A?(K) is simply a line, and a hyperplane in A3(K)
is simply a plane.

In general a plane in A"(K) is a linear subspace of dimension 2. Thanks
to Proposition 6.5.6, we see that in A3(K) a plane is described by an equation
of the form:

a1 + asxy + azxrs = b,

with (a1, a9,a3) # (0,0,0). It becomes then immediately clear that a sys-
tem of cartesian equations for a line in A3(K') represents, geometrically, the
intersection of two incident planes.

6.6 Relative position of subspaces via equations

Let S,5" C A™"(K) be two linear subspaces of dimension m and m/, respec-
tively. These are defined by two linear systems AX = B and A’X = B,
respectively, where A € My,_myxn(K), A" € M_p)xn(K) are matrices of
rank n —m and n —m’, respectively. As noticed in Remark 6.4.6, the transla-
tion spaces of S and S’ are nothing else than ker A and ker A’. Hence we have
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that
S is parallel to S <= ker A C ker A’ or ker A" C ker A. (31)

Lemma 6.6.1. Let m,p,n be positive integers with m < p < n. Let
A € Mpyxn(K) and B € M,y,(K) and assume that rk(A) = m and
rk(B) = p. Then we have that ker(B) C ker(A) if and only if

A
rk = rk(B)
B
where is the (m + p) X n matrix obtained by adjoining the rows of

B
B below those of A.

Proof. We denote by e the standard scalar product on K™. With respect
to this scalar product, the rows of A are orthogonal to vectors in ker A,
and those of B are orthogonal to vectors of ker B. This means that

R(A) C ker(A)* and R(B) C ker(B)*, (32)

where R denotes the space generated by the rows.
Now by Lemma 6.4.4 we have that

dim(ker(A)*) = n — dim(ker(A)) and dim(ker(B)*) = n — dim(ker(B)),
and since rk(A) = m and rk(B) = p, by Theorem 3.2.7 we have that
dim ker(A)* = m and dimker(B)* = p. (33)

On the other hand, by Theorem 2.3.18 we have that dimR(A) = m and
dim R(B) = p, so by (32) and (33) we get that

R(A) = ker(A)* and R(B) = ker(B)™*. (34)

It follows that the rows of A are a basis of (ker A)* and those of B are
a basis of (ker B)L.
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If ker B C ker A, then (ker A)* C (ker B), so R(A) C R(B). But

A
then it follows immediately that rk = rk(B).
B

Conversely, if rk = rk(B) then it means that each row of A is
B

linearly dependent from the rows of B and hence if R is a row of A then
R € R(B). Hence R(A) C R(B), and therefore by (34) we have that
(ker A)* C (ker B)*. It follows that

((ker B)*)* C ((ker A)*)™,

and by Lemma 6.4.4 we have that ker B C ker A. O

We can now proceed to describe relative positions of lines and planes in A?(K)
and A3(K) (as we did in Theorems 6.3.9,6.3.10 and 6.3.11) but using their
equations.

Theorem 6.6.2. Let ¢: ax + by = c and ¢': a’x + b'y = ¢ be two lines in
AY(K).

1. ¢ ¢ if and only if

Proof. By Remark 6.4.6, lines ¢ and ¢’ are associated with the linear
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systems AX = B and A’X = B’, respectively, where

Ao ), B () Am o 0). 5 ()

and their translation spaces are ker A and ker A’, respectively. Since
rk(A) = rk(A’) = 1, by (31) and Lemma 6.6.1, we have that ¢ || ¢ if
and only if

If ¢ ¢, by Proposition 6.2.8 we have £ = ¢ if and only if £N ¢ # (), that
is, if and only if the system

{aa:+by:c

adr+by=-<c
a b
is compatible. Since rk = 1, by Theorem 3.1.4 this happens if
a v
a b c
and only if rk =1 ]
a b

Theorem 6.6.3. Let 7: ax + by +cz=d and 7': d'z + 'y + 2z = d two
planes in A3(K).

1. 7 || «" if and only if
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If 7 || 7' then 7 =« if and only if

a b ¢ d
rk = 1.
a b Jd d

2. m and 7" are incident if and only if

rk = 2

Proof. The translation spaces of the planes m, " are ker A, ker A’, respec-
tively, where

A= (a b c) and A" = (a’ v c’)-
Since rk(A) = rk(A’) = 1, by (31) and Lemma 6.6.1, it follows that 7 || 7’

a b c
if and only if rk =1.

a b

In this case, by Proposition 6.2.8 we have m = 7 if and only if N7’ #
(), that is, if and only if the system

ar +by+cz=d
drx+by+cdz=d

a c
is compatible, and since rk = 1, this happens precisely when
a b
a b ¢ d
rk =1 ]
a b Jd d

Theorem 6.6.4. Let

and m: azr + b3y + c3z = d3

‘- a1+ by +c1z=dy
" asx + boy + coz = do
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be a line and a plane in A3(R), respectively.
1. ¢ || = if and only if
ar by ¢
tk | ay by ¢y | = 2.
as bs c3

If ¢ and 7 are parallel, then ¢ C 7 if and only if

aq b1 C1 d1
tk fay by co dy | =2

as b3 C3 d3
2. ¢ and 7 are incident if and only if

aq bl C1
rk as by o =5

az by c3

Proof. The translation spaces of ¢, 7 are ker A and ker A’, respectively,
where
ar by o

A= and A’ = <a3 bs 03) )

ay by ¢

Of course since dimker A = 1 and dimker A’ = 2 we have that ¢ || 7 if
and only if ker A C ker A’, and since tk(A) = 2 and rk(A’) = 1, by Lemma

aq bl C1
6.6.1 this happens precisely when rk | a5 by o | = 2.
as bg C3

By Proposition 6.2.8, we have that ¢ C 7 if and only if £ N7 # 0,
namely if and only if the system

a1 x4+ by +crz =d;
o + boy + coz = dy
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ap b
is compatible, and since rk | a, by ¢y, | = 2 this happens precisely when
as by c3
a by ¢ di
tk | ay by ¢y dy | =2 O

a3 by c3 ds

Theorem 6.6.5. Let

‘. x4+ by +crz=dy and £ azr + b3y + c3z = ds
" asz + by + ez =ds " asz + bay + caz = ds

be two lines in A3(K).
1. We have that ¢ || ¢ if and only if

a b o
azy by c

rk = 2.
az by c3

a; by ¢y

If this is the case, then ¢ = ¢’ if and only if

aq b1 C1 d1
as by co d

k 2 2 2 2 —9
as b3 C3 d3

ag by cqg dy
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2. £ and ¢ are skew if and only if

ay bl C1 (93] bl 1 dl
as by ¢ as by o d
rk SR [ 3 and rk SRR 4.
as by c3 as by c3 ds
ag by ¢4 ag by ¢y dy

3. ¢ and ¢’ are incident if and only if

ap b ap by ¢ dy
as by c ay by cy do
rk =rk = 3.
az by c3 as by c3 ds
ay by ¢y ay by ¢y dy

Proof. The translation spaces of £,¢ are ker A and ker A’, respectively,
where

ap b as by c3

A= and A" =
as b ¢ as by cay
Since rk(A) = rk(A") = 2, we have ¢ || ¢’ if and only if ker A = ker A’. By

a by

as by c
Lemma 6.6.1, ker A = ker A" if and only if rk 27 T Z 20 1f this

az by ¢

ay b4 Cy
is the case, then by Proposition 6.2.8 we have that ¢ = ¢’ if and only if
¢N ¢ # (), that is, if and only if the system

ax + by +crz=d;
asT + boy + coz = ds (35)
asx + by + c3z = d3

asx + by + cyz = dy
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ap b

as by c
is compatible, and since rk 27— 9 this happens precisely when
az by c3

as by
ap by ¢ dy

a9 bg Co dg .
rk = 2. If £ and ¢ are not parallel, then either they
as bg C3 dg

ay by ¢y dy
are skew or they are incident. This depends on ¢ N ¢, that is empty
in the first case and has one point in the second. This is governed by
system (35): the system has no solution when the lines are skew and has
precisely one solution when they are incident. Theorem 3.1.4 allows then
to conclude. [

6.7 Pencils and bundles of lines and planes

Definition 6.7.1. A pencil of lines in A?(K) is the set of all lines that
pass through a given point.

An improper pencil of lines in A%(K) is the set of all lines that are
parallel to a given one.

The next proposition explains how to write down equations for pencils of
lines in A?(K).

Proposition 6.7.2.

1. Let P = (zp,yp) € A*(K). Let r: ax+by+c=0and s: d'z+by+
¢ = 0 be any two distinct lines of A%(K) passing through P. Let
C:a"x+b"y+ " =0 be aline. Then ¢ belongs to the pencil of lines
through P if and only if there exist \,u € K with (A, u) # (0,0)
such that:

d'v +V'y+ " = MNax + by + ¢) + plad'z + by + ).

2. Let r: ax + by + ¢ = 0 be a line. A line ¢ C A?(K) belongs to the
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improper pencil of lines parallel to r if and only if there exists k € K
such that an equation for / is:

ar +by+ k= 0.

Proof. 1. First, assume that the line ¢ passes through P. Then a"xp +
b"yp + ¢” = 0. This means that the vectors (a”,b",¢") and (zp,yp, 1) are
orthogonal with respect to the standard scalar product on K?. Hence,
(a”,b", ") € {(xp,yp,1))*. Now since 7 and s both pass through P, the
same reasoning holds true, so that

(a,b,c). (a",¥, ) € {(zp.yp, 1))

On the one hand the space ((xp, yp, 1))+ has dimension 2 by Lemma 6.4.4.
Since by hypothesis the lines r and s are distinct, the vectors (a, b, ¢) and
(a',V, ) are linearly independent in K3. It follows that these two vector
form a basis of {(zp,yp, 1))*, and therefore there exist A\, u € K such that

(a”, V", ") = Ma, b, c) + u(d' V', ),

as required.

Conversely, if the equation of £ is A(ax + by +c¢) + p(ad'z +by+c') =0
then ¢ passes through P since axp + byp + ¢ = d'xp + b'yp + ¢ = 0 by
hypothesis, and therefore

Mazxp +byp +¢) + pla'zp + b'yp + ¢) = 0.

2. This follows immediately from Theorem 6.6.2. [

Remark 6.7.3. Let P = (zp,yp) € A% (R). In order to find the pencil of
lines through P we first need to find two distinct lines through such point.
For example, we can pick x —xp = 0 and y — yp = 0. Next, the equation
of the pencil is simply:

Az —xp) + puly —yp) = 0.

One might think that the pencil of lines through a point (zp,yp) is
y —yp = m(x — xp), where m € K. However, this equation misses one
of the lines of the pencil, namely the line z = xp. In fact this equation
comes from the following simplification: given the correct equation of the
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pencil of lines through P, namely Ar + us = 0 for some lines r, s through
P, we can divide everything by u, since proportional equations give rise
to the same line. This way we obtain an equation that depends only on
one parameter, namely A/u, but we miss the equation of the line of the
pencil that corresponds to p = 0.

Definition 6.7.4. A pencil of planes in A3(K) is the set of all planes that
contain a given line.

An improper pencil of planes in A3(K) is the set of all planes that are
parallel to a given one.

Proposition 6.7.5.

1. Let £ C A3(K) be a line. Let 7: ax +by+cz+d=0and o: dz +
by+cdz+d = 0 be two distinct planes that contain £. Then a plane
V:a"x 4+ 0"y + "2+ d” = 0 belongs to the pencil of planes through
¢ if and only if there exist A\, u € K with (A, u) # (0,0) such that:

d'e+V'y+"24+d" = Nax+by+cz+d)+ plad'z + by + 2+ d).

2. Let m: ax + by + cz +d = 0 be a plane in A3(K). Then a plane
o C A3(K) belongs to the improper pencil of planes parallel to 7 if
and only if there exists k£ € K such that an equation for o is:

ar +by+cz+ k=0.

T =T+ vt
Proof. 1. Let ¢: ¢y =1yo+ vyt be a parametric equation for ¢, with

z = 29+ vst

(v1,v9,v3) # (0,0,0).
First, assume that 9 contains £. Then we must have:

a’(zo + vit) + 0" (yo + vat) + ' (20 + vst) + d" = 0,
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and this is equivalent to the pair of conditions:

CL”$0 + b"yo + C”Zo +d"=0
a’vy +b"vg + vy =0

In turn, these two conditions are equivalent to asking that the vector
(a”, 0", ", d") is orthogonal, via the standard scalar product on K* to
both (¢, o, 20, 1) and (vq,v2,v3,0). In other words, if we let W =
(%0, Yo, 20, 1), (v1, v2,v3,0)), we have:

(a",b",c”,d") c Wl.

Now, since (vy, vg,v3,0) # 0, the vectors (xg, yo, 20, 1) and (vq, v, v3,0) are
linearly independent, since the last coordinate of the former is 1 and that
of the latter is 0. It follows that dim W = 2 and hence dim W+ = 2 by
Lemma 6.4.4. Now since both 7 and ¢ contain ¢, the same argument we
used above proves that (a, b, c,d) and (a’, ', ¢, d") both belong to W+. On
the other hand these vectors must be linearly independent, since m # o.
Hence they form a basis of W+, and it follows that there exist A\, u € K
such that:
(a" 0", " d") = Ma,b,c,d) + p(d, b, d).

Conversely, if the equation of ¥ is of the form A7 + puo, then necessarily
¢ C 19, since it is contained in both 7 and o.
2. This follows immediately from Theorem 6.6.3. [

ar +by+cz=d
dx+by+cdz+d =0
Since the two equations defining it represent two distinct planes through
¢, an equation for the pencil of planes through / is:

Remark 6.7.6. Let ¢: be a line in A%(K).

Max +by +cz+d) + pldz +by+dz+d)=0.

Definition 6.7.7. A bundle of lines in A3(K) is the set of all lines that
pass through a given point.

An improper bundle of lines in A3(K) is the set of all lines that are
parallel to a given one.

A bundle of planes in A3(K) is the set of all planes that pass through
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a given point.
An improper bundle of planes in A3(K) is the set of all planes that
are parallel to a given line.

Given a point P = (zp,yp,zp) € A3(K), the parametric equation for the
bundle of lines through P is:

r=xp+ At

y=yp+pt

z=zp+uvt
where (\, p,v) € K2\ {(0,0,0)}. Notice that two non-zero triples (Ao, o, 1)
and (A, pp, v4) in K* determine the same line in the bundle if and only if they

are proportional. Equivalently, one can write down a cartesian equation for
the bundle of lines through P, that is the following:

{mx —p) = Ay~ yp) =0
vie—xp) — ANz —2p) =0

Given a line ¢ C A%(K) with translation space generated by a non-zero
vector (vy,v9,v3) € K3, the parametric equation for the bundle of lines parallel
to £ is:

r =X+t
y=p+uvt
z=Vv+vst

where (A, p,v) € K3. Two triples (Ao, to, o) and (N, ph, v4) in K3 determine
the same line in the bundle if and only if the line through the points (A, po, vo)
and (\(, pg, vy) of A*(K) has direction (vy,vq,v3). This happens precisely when

Ao — AL — [y Vo — V4
o U )

U1 U2 U3

The proof of the following proposition is completely analogous to that of
Proposition 6.7.2, so we omit it. We invite the interested readers to try to
write it down themselves.

Proposition 6.7.8.

1. Let P € A3(K) and let 7y, m, m3 € A3(K) be three planes through
P such that m N7y N3 = {P}. Then a plane o belongs to the
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bundle of planes through P if and only if there exist A, u, v € K not
all zero such that
0 = A\my + pmy + vms.

2. Let ¢ C A%(K) be a line. Let my,m,m3 € A3(K) be three planes
parallel to ¢ such that 7 N m N3 = 0 and 7y, 7y, 3 are not all
parallel to each other. Then a plane o belongs to the bundle of
planes parallel to ¢ if and only if there exist A\, 4, v € K not all zero
such that

0 = A\my + pumy + vms.

Remark 6.7.9. Similarly to what happens for pencils of lines, the bundle
of planes through a given point P = (zp,yp, 2zp) € A3(K) has equation:

ANz —zp) + u(y —yp) +v(z — zp) = 0.

A pencil is, roughly speaking, an family that is determined by a pair of pa-
rameters, while a bundle is determined by a triple of parameters. However,
since proportional parameters define the same object in the pencil/bundle,
in a pencil there is just 1 “degree of freedom”, while in a bundle there are 2.
When K = R, we sometimes say that a pencil contains co! objects, while a
bundle contains co? objects.

We will see later on that projective geometry yields a framework where
there is no real distinction between proper and improper pencils and bundles.
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Chapter 7: Euclidean geometry

7.1 FEuclidean spaces

Definition 7.1.1. A euclidean space of dimension n is a 4-tuple (E,V, f, o),
where V' is an R-vector space of dimension n, the triple (E,V, f) is an
affine space of dimension n over the field R and e is a positive definite
scalar product on V.

Example 7.1.2. The affine space A"(R) can be seen as an euclidean space
of dimension n when the underlying vector space R" is endowed with the
standard scalar product. This euclidean space is denoted by E"(R).

Definition 7.1.3. Let (E,V, f,e) be a euclidean space of dimension n.
Two linear subspaces [O, W] and [0', W] are orthogonal if W+ C W’ or
W Cw-

We write [O, W] L [O', W] to denote orthogonality.

In this chapter we will appeal several times to the following facts, without
citing them every time. Let V' be an R-vector space of dimension n with a
positive definite scalar product e and W C V' be a vector subspace. Then:

e WoeW!t=V;
o dim W+ =n — dim W;
° (WL)lZW.

These facts are the content of Theorem 4.2.13 and Corollary 4.2.14.

Remark 7.1.4. Let (E,V, f,®) be a euclidean space of dimension n. Two
linear subspaces [O, W] and [O’, W] such that 1 < dim W, dim W' <n—1
cannot be parallel and orthogonal at the same time. In fact, if W || W’
then suppose without loss of generality that W C W’. If it was W+ C W’
then it would also be W + W+ C W’. But W + W+ =V, and therefore
W' =V, contradicting the fact that dim W’ < n. If on the other hand
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it was W C W'*, then it would be W/ C W+ by taking orthogonal
complements, and hence W C W+, that is impossible because dim W > 0.

Proposition 7.1.5. Let (E,V, f,®) be a euclidean space of dimension n.
Let ¢ be a line, H be a hyperplane and P be a point.

1. There exists a unique hyperplane through P that is orthogonal to £.

2. There exists a unique line through P that is orthogonal to H.

Proof. 1. Let W be the translation space of /. Then dim W+ =n — 1, so
if W’ is the translation space of a hyperplane that is orthogonal to ¢, we
must necessarily have W’ = W+, Hence [P, W] is the unique hyperplane
orthogonal to ¢ passing through P.

2. Let U be the translation space of H. This has dimension n — 1,
and so dim U+ = 1. Hence if U’ is the translation space of a line that is
orthogonal to H, we must necessarily have U’ = U+. Hence [P, U] is the
unique line through P that is orthogonal to H. ]

Proposition 7.1.6. Let (E,V, f, ®) be a euclidean space of dimension 3.
Let ¢, 7 C E be a line and a plane, respectively.

1. If £ L 7, then / is orthogonal to every line ¢’ C .

2. If ¢ is not orthogonal to 7, then there exists a unique plane 7’ that
is orthogonal to 7 and such that ¢ C 7’

Proof. 1. Let W be the translation space of £ and let U be the translation
space of 7. Since dim W+ = 2 and ¢ L 7, it must be that W+ = U. If
¢ C 7, then the translation space U’ of ¢’ is contained in U, and therefore
U' C W+, But then ¢ L ¢, by definition.

2. Let W be the translation space of m. If o is another plane with
translation space U, then in order for 7 and ¢ to be orthogonal it must
be that W+ C U, since by dimension counting it cannot happen that
W CU*

Now let W’ be the translation space of . The space W' is a 1-
dimensional subspace of V', and since ¢ is not orthogonal to 7, we cannot
have that W+ = W’. Since W/, W+ are both 1-dimensional, this means
that dim(W’ + W) = 2. On the other hand, any plane containing ¢
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must have a translation space that contains W’. Hence the plane n/ =
[P, W'+ W], where P is any point of £, is the unique plane containing ¢
that is orthogonal to 7. [

Proposition 7.1.7. Let (E,V, f,®) be a euclidean space of dimension 3
and let ¢, ¢ C (E,V, f,®) be two skew lines. Then there exists a unique
line that is orthogonal and incident to both ¢ and ¢'.

Proof. Let W, W’ be the translation spaces of £, ¢', respectively. Since the
two lines are skew, we have W # W'. Therefore it cannot be W+ = W’ L,
as otherwise taking orthogonal complements we would get that W = W’.
Hence W+ and W'* are two distinct 2-dimensional subspaces of V', and
necessarily we must have W+ + W'+ = V. By the Grassmann formula it
follows that

dim(W+nw'™) =1,

namely, there exists a unique 1-dimensional subspace of V that is or-
thogonal to W and W’ at the same time. Let U := WL N W’ be such
subspace. Now let P € ¢ and consider the plane 7 = [P,U + W] (notice
that dim(U +W) = 2 since U C W). Clearly, any line that is orthogonal
and incident to both ¢ and ¢ must be contained in 7. Now we claim that
7 is not parallel to ¢'. In fact, suppose by contradiction that it is. Then
we necessarily have W/ C U + W. Let w' € W’ be a non-zero vector.
Then there exists w € W such that w' —w € U. But U = W-NW’*, and
hence w’ — w is orthogonal to both w and w/’, i.e.

we (W —w)=uwe(w —w)=0,

and subtracting the two equations term by term and using the properties
of the scalar product we would get

Jw' — w|* =0,

that implies w’ = w since o is positive definite. Hence w € W N W', but
since W 2 W’ we have W N W’ = {0}, so that w = 0, which contradicts
the hypothesis.

Hence 7 and ¢’ are not parallel, and the only other possibility is that
they are incident. Let @@ = 7w N ¢ be the incidence point. The line (@, U]
is the only line that can be orthogonal and incident to both ¢ and ¢'. We
already know that it is orthogonal to both £ and ¢, since its direction is U,

159



Andrea Ferraguti Chapter 7: Euclidean geometry

and it is incident to ¢, by construction. On the other hand it is contained
in m, that is a 2-dimensional affine space that contains ¢, and it is not
parallel to ¢, and therefore it must be incident to ¢ as well. [

Definition 7.1.8. Let (E,V, f, ) be a euclidean space of dimension n and
let P,Q € E be two points.

1. The distance between P and @) is defined as d(P, Q) = ||]%||

2. The segment with endpoints P and () is defined as

PQ = {t,55(P): A€ [0,1]},

namely it is the set of all translates of P by a vector of the form
AP(Q), where A is a real number between 0 and 1.

3. The midpoint of the segment of endpoints P and () is tl%(P).

4. The azis of the segment PQ is the unique hyperplane through the
midpoint of P(@) that is orthogonal to the line through P and @
(this exists unique thanks to Proposition 7.1.5).

5. Let H be a hyperplane. The orthogonal projection of P onto H is
the unique intersection between H and the line through P that is
orthogonal to H.

7.2 Coordinate systems, orthogonality and distance

Definition 7.2.1. Let (E,V, f,e) be a euclidean space of dimension n. A
coordinate system is a pair (O,B) where O € E is a point called origin
and B is an orthonormal basis of V.

Of course since a euclidean space is, in particular, an affine space, once a
coordinate system is chosen then Theorems 6.4.2 and 6.4.5 can be applied,
and F can be "transformed” into the well-known affine space A"(R). However,
this time we have an additional piece of structure, that is a positive definite
scalar product. Hence it is natural to ask what happens to the scalar product
on V', once we apply the map Ajp 5.
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Theorem 7.2.2. Let (E,V, f, ®) be euclidean space of dimension n and let
B ={vy,...,v,} be an orthonormal basis of V. Let

(I)BZV—)Rn

v (g, ..., ap)

where v = Y | au; be the bijection of Theorem 6.4.2. Then for every

v,w €V we have:
vew = dgz(v) - Pg(w),

where the scalar product on the right hand side is the standard scalar
product on R".

Proof. Letv =", ouu,andw = > | Biv,, where oy, ..., a0, f1, ..., Bn €
R. Then ®5(v) = (aq,...,a,) and Pp(w) = (fi, ..., Bn), so that

Pp(v) - Pp(w) = Z i f3;.

On the other hand,

n n n n
vew = E av; | e E Biw; | = (ifj)v; @ w; —E a; B,
=1 =1 =1 j=1

where in the second equality we just used the properties of scalar products
and in the third equality we used the fact that B is an orthonormal basis.
O

Theorem 7.2.2 essentially says that once we choose a coordinate system, a
euclidean space of dimension n ”becomes” the euclidean space E"(R). There-
fore we can now focus on the latter, and see how orthogonality relations are
detectable from equations of linear subspaces.

Proposition 7.2.3. Let ¢: ax + by = c and ¢': d'x + b'y = ¢’ be two lines
in E*(R). Then ¢ L ¢ if and only if aa’ + b0’ = 0.

Proof. The translation spaces of ¢,¢ are ker A and ker A’, respectively,
where A = <a b) and A" = (a’ b’). It is immediate to see that ker A =

{(=b,a)) and ker A" = ((=V,a’)). Since dim(ker A)* = 1 = dimker A,
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we have that ¢ 1 " if and only if (ker A)* = ker A’. Clearly (ker A)* =
((a, b)), and this coincides with ker A’ if and only if the vectors (a, b) and

(=¥, d’) are linearly dependent, namely if and only if det =0,

that is precisely the condition aa’ + bb' = 0. O

Proposition 7.2.4.

1. Let 7: ax + by + cz +d = 0 be a plane in E3(R) and let W C R? be
its translation space. Then W+ = ((a, b, c)).

2. Let m:ax +by+cz+d=0and 7': dz + by + 2+ d =0 be two
planes in E3(R). Then 7 L 7’ if and only if aa’ + bb' + ¢ = 0.

3. Let m: ar+by+cz+d = 0 be a plane in E3(R) and let ¢ C E3(R) be
a line with translation space generated by a vector (a’,V',c) € R3.

a
Then 7 L ¢ if and only if rk = 1.

Proof. 1. The translation space of 7 is ker A, where A = (a b c>. Since

for every v € ker A we have that Av = 0, and clearly Av is the scalar
product of the vectors (a,b,c) and v, it follows that (a,b,c) € (ker A)~*.
But dim ker A = 2, so dim(ker A)* = 1 and therefore (ker A)* is generated
by (a,b, c).

2. The translation spaces of w and 7’ are, respectively, ker A and ker A’
where A = (a b c) and A’ = <a’ % c’). Since they both have di-

mension 2, their orthogonal complements both have dimension 1. Hence
7 L 7’ if and only if (ker A)* C ker A’. By point 1., (ker A)* = ((a, b, c)).
Hence (ker A)* is contained in ker A’ if and only if A’ (a,b,c) = 0, namely
if and only if aa’ + b0’ + ¢’ = 0.

3. By 1., the orthogonal complement to the translation space of 7 is
generated by (a, b, ¢). Since the translation space of ¢ is also 1-dimensional,
we have that ¢ L 7 if and only if (a,b,c) and (a’,V/, ¢') generate the same
space, i.e. if and only if they are linearly dependent. O
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Remark 7.2.5. In general, if H: a121 + asxs + ... + apx, + a9 = 0 is a
hyperplane in E"(R), the orthogonal complement of its translation space
is generated by the vector (ay,...,a,).

Definition 7.2.6. Given a point P € E*(R) and a hyperplane H C E"(R),
the distance between P and H is the distance of P from the orthogonal
projection of P onto H.

Theorem 7.2.7. Let H: ajx1 + ... + ayx, + ap = 0 be a hyperplane in
E"(R) and let P = (21,28 ... 2F) € E"(R). Then the distance between
P and H is given by the formula:

larzt + axxl + ... + apxt + ag)

Z?:1 a?

Proof. We have to compute the orthogonal projection of P onto H. The
direction orthogonal to H is, thanks to Remark 7.2.5, (a4, ...,a,). Hence
the unique line through P that is orthogonal to H is

T = xf—l—alt
To = :L’§+a2t
T, = a:f:—kant

To find its intersection with H, we susbstitute the parametric equation
into the equation of H, obtaining

ar(zf 4+ art) + ...+ an(af +ant) +ao =0,

namely t = —Z}{L(PZLQ, where we set H(P) = ajz] +aszl +.. .+ a2zl + ao.
=1 "
This means that the orthogonal projection () of P onto H has coordinates

H(P) H(P) H(P)
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Hence the vector ]@ is just

and its norm, which is the distance between P and H, is

n

" G2H(P) _ |H(P)]
; (> a2’ Xilia;

Definition 7.2.8.

1. Let m, 7" C E3(R) be two parallel planes. Their distance is defined
as the distance of any point of 7 from 7’

2. Let ¢, C E3(R) be a line and a plane, respectively, that are parallel.
Their distance is defined as the distance of any point of ¢ from 7.

Remark 7.2.9. The distance between two parallel planes is well-defined,
that is, it does not depend on the choice of a point on 7. In fact, suppose
7w and 7’ are parallel planes. Then by Theorem 6.6.3, they have cartesian
equations of the form 7: ax+by+cz+d =0and 7': ax+by+cz+d = 0.
Let P = (zp,yp, zp) € m. By Theorem 7.2.7 we have that

_ |azp +byp + czp + d| |d' — d|

that is a formula that does not depend on the coordinates of P. Moreover,
it is symmetric in 7 and 7', that is, the distance between 7 and 7’ can
also be computed as the distance from 7 of any point of 7’.

If ¢ and 7 are a line and a plane that are parallel, then there is a unique
plane 7’ containing ¢ that is parallel to 7, so the distance between ¢ and
7 is the same as the distance between 7 and .

d(P,7")

Definition 7.2.10. Let ¢,¢' C E3*(R) be two skew lines. Let r be the
unique line that is orthogonal and incident to both ¢ and ¢, whose exis-
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tence is granted by Proposition 7.1.7. Let P, () be the incidence points.
Then the distance of £ and ¢ is defined as the distance of P and Q).

Proposition 7.2.11. Let /,¢' C E3(R) be two skew lines. Let m, 7' C
E3(R) be two parallel planes such that ¢ C 7 and ¢ C #/. Then

d(,0) = d(m, 7).

Proof. Since 7 || 7/, the two planes have the same translation space W.
Since ¢ C 7w and ¢/ C «’, if U is the translation space of ¢ and U’ is the
translation space of ¢/ then necessarily U + U’ C W. On the other hand
since ¢ and ¢ are not parallel then U # U’ and hence U & U' = W. In
particular, if (u) is a basis of U and (u') is a basis of U’, then (u,u') is a
basis of W.

Let r be the unique line that is incident and orthogonal to both ¢ and
¢', and let U, = (u,) be its translation space. Since r L £ and r L ¢, we
have that u, e w = 0 and u, e v’ = 0; it follows that u, € W+. Namely,
r La. Let P=/¢Nrand Q = ¢ Nr. Then Q) is the orthogonal projection
of P on 7', because it is the intersection of the unique line orthogonal to
7" and passing through P, that is r. Hence d(P, Q) is both the distance
from ¢ to ¢' and that of 7 from 7’ O

Example 7.2.12. Let us compute the distance between the two lines

l: vy =0 and ¢': r=y=0
r—z=1 20 +2z=20

By solving the two systems one sees that the translation space W of ¢ is
generated by (1,—1,1) while the translation space W' of ¢’ is generated
by (1,1,—2). Hence

WL - <<1’ 1’ 0)’ (17 O? _1)> and W/J_ = <(17 _17 0)7 (27 O? 1)>
To find W+ N W'*, we need to solve the linear system

a(1,1,0) + b(1,0,—1) = ¢(1,—1,0) + d(2,0, 1),
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and we see easily that
wWEnw'™ =((1,3,2)).

Any line that is orthogonal and incident to ¢ must be contained in the
plane through ¢ that has translation space ((1,—1,1),(1,3,2)). This has
equation:

m:or+y—4z—4 =0,

and its intersection with ¢ is the point ) = (2/7,2/7,—4/7). The line r
with direction (1, 3,2) passing through @ has equation

r=2/7T+1
reQy=2/74+3t :
z=—4/T+2t

and its intersection with ¢ is the point P = (1/7,—1/7,—6/7). Hence we
have

A6, £) = d(P,Q) = \/(2/7 — 1/7) + (2/7 + 1/7)* + (=4/7 +6/7)* =

VI B
B2

Now let us try to compute d(¢, ¢') using Proposition 7.2.11. First, we
need to find two parallel planes m, 7’ such that ¢ C 7 and ¢ C 7’. To do
this, notice that the pencil of planes through ¢ has equation:

Mz +y)+plz—2z-1)=0,
while the pencil of planes through ¢ has equation:

N(@ —y)+ (2 + 2) =0.
Rewrite these equations as:

A+ pr+ Ay —pz—p=0and (N +2u)z — Ny+py'2=0.
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Now impose parallelism, namely:

Adp=N+2u
A=-=N
—p=p
This system yields:
p=—2/3\
N ==X
w=2/3X\
so that the parameters A = 3, u = —2, X' = =3, ¢/ = 2 yield the two

parallel planes
m:rx+3y+2z+2=0and 7': z+ 3y + 2z =0.
Now pick a point on 7/, such as (0,0,0), and use Theorem 7.2.7. We get:

2 2

)= Vitotr4d 14

d(m,m

%
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Chapter 8: Projective geometry

8.1 Equivalence relations

Definition 8.1.1. Let S be a set. A relation on S is a subset R of S x S.
A relation R C S x S is said to be:

1. reflexive if for every s € R we have that (s, s) € R;
2. symmetric if (s,t) € R if and only if (¢,s) € R;
3. transitive if (s,t) € R and (¢,u) € R implies that (s,u) € R.

A relation that is reflexive, symmetric and transitive is called an equiva-
lence relation.

Example 8.1.2.
e Let S be a set. The relation R = S x S is an equivalence relation.

e Let S be a set. The relation R = {(s,s): s € S} is an equivalence
relation.

e Let S = N. Therelation R = {(s,t) € NxN: s—t > 0} is reflexive,
since s — s = 0 for every s € N, it is transitive because if s — ¢ > 0
and t — u > 0 then adding up the two inequalities it follows that
s —u > 0, so that (s,u) € R, but it is not symmetric, since for
example (2,1) € R but (1,2) ¢ R.

e Let S =Z. The relation R = {(s,t) € Z x Z: s -t < 0} is clearly
symmetric, since s-t = t- s but it is not reflexive, since for example
(2,2) ¢ R, and it is not transitive since for example (1, —-2) € R,
(—2,3) € R but (1,3) ¢ R.

e Let S =Z. The relation R = {(s,t) € Z x Z: s+t is even} is an
equivalence relation: (s,s) € R for every s € Z since 2s is always
even, if s + ¢ then so is s + ¢ and if s + ¢ is even and ¢ + u is even,
then (s+1¢) + (¢t +wu) is also even. Since the latter sum is s + u + 2t,
then s + u needs to be even as well.
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Definition 8.1.3. Let S be a set and R be an equivalence relation. If
(s,t) € R we write s ~g t, or just s ~ ¢t when there is no risk of ambiguity.
We say that s is in relation with t.

Given s € 9, the set

[s] ={teS:s~t}

is called the equivalence class of s.
If [s] is an equivalence class, an element of [s] is called a representative
of [s].

Remark 8.1.4. Equivalence classes are never empty because equivalence
relations are reflexive, and hence s € [s] for every s € S.

Proposition 8.1.5. Let S be a set and R be an equivalence relation on S.
Let s,t € S. Then either [s] = [t] or [s] N [t] = 0.

Proof. Suppose that [s] N [t] # 0, so that there exists u € [s] N [t]. Now
let v € [s]. Then by definition v ~ s. On the other hand u € [s] as well,
so that u ~ s. Since the relation R is symmetric and transitive, it follows
that v ~ u. On the other hand u € [t], and hence u ~ t. Since the relation
R is transitive, it follows that v ~ ¢, and hence v € [t]. This shows that
[s] C [t]. A completely symmetric argument shows that [t] C [s], and
hence [s] = [t]. O

Proposition 8.1.5 shows that an equivalence relation on S defines a partition
on S. That is, we can "slice” S into equivalence classes that have empty
intersection, and are such that every element of S belongs to exactly one
equivalence class.

Definition 8.1.6. Let S be a set and R an equivalence relation on S. The
set S/ ~ of equivalence classes with respect to R is called quotient set.

Example 8.1.7.

e Let S beasetand R =S xS. Then every element of S is in relation
with every other element. Hence there is a single equivalence class,
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i.e. S/ ~ is a set with just one element.

e Let S be aset and R = {(s,s): s € S}. Then the equivalence class
of an element s contains only s. Hence the set S/ ~ is in bijection
with S, since equivalence classes are in bijection with elements.

e et S=Zand R ={(s,t) € ZXZ: s+tiseven}. Thenif s € Zis
even, it is in relation with every other even number, and it is not in
relation with any odd number. On the other hand if s is odd then it
is in relation with every other odd number but it is not in relation
with any even number. Hence there are just two equivalence classes:
that of even numbers and that of odd numbers. That is S/ ~ is a
set with two elements (that we conventionally identify with 0 and
1). This quotient set is conventionally denoted by Fs (cf. Example
1.1.14).

8.2 Projective spaces

Let K be a field and let n > 0 be a natural number. Consider the following
equivalence relation on the set S = K"\ {0}. We let

R={(v,w) € SxS:3IXe K\ {0} s.t. \v=uw}.

In other words, we consider two non-zero vectors of K™"*! to be equivalent if
they are proportional. Let us check that this is an equivalence relation.

o If (1,...,2,41) € S then
(1’1, c. ,l’nJrl) =1- (iL'l, c. >$n+1)7
so the relation is reflexive.

o If Mx1,...,Zp41) = (Y1, .., Yns1) then since both vectors are non-zero
it must be A # 0, and therefore

AN YY) = (21, T,
so the relation is symmetric.
o If
M2ty 1) = (W1 Yner) and p(ys, - Ynsr) = (21, -+ Zna1)
then

ATy, Tpgr) = (21,05 Zng1),

and so the relation is transitive.
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Definition 8.2.1. The quotient space K™™'\ {0}/ ~ is called projective
space of dimension n, and it is denoted by P™(K).

Let us try to understand in detail elements of the projective space. The key
observation is the following: suppose that (z1,...,2,11) € K"\ {0} is such
that z,.1 # 0. Then

-1 -1 ~1

(@1, Tpg1) ~ T (@1, Tpgr) = (T @1, T T, 1),
That is, whenever the last entry of (x1,...,x,41) is non-zero, the equivalence
class of (z1,...,2,41) contains an element whose last coordinate is 1. On the

other hand, suppose that (zy,...,2,,1),(y1,...,yn, 1) € K"\ {0}. Then
these two elements are either equal or they are not in relation with each other.
In fact, if they were then there would be some non-zero A € K such that

Mzt, o, 1) = (Y1, o Yn, 1),

but A(z1,...,2,,1) = (A1, ..., Az,, A), and if this equals (y,...,y,, 1) then
necessarily A = 1. But then (x,...,2,,1) = (y1,. .., Yn, 1).
Hence we can easily prove the following proposition.

Proposition 8.2.2. There exists a bijection between K" and the set of
equivalence classes of elements (1, ..., 7,,1) € K"\ {0} with x4 # 0.

Proof. Consider the function
¢: K" — P"(K)

(X1, ..y xn) = (21, .. 20, 1))

As we have seen above, this map is injective. On the other hand, if
[X] € P*"(K) is the equivalence class of an element (xy,...,2,11) with
ZTni1 7 0 then

(b((x;}rlxh cee 7x;Jlr1xn>> = [(x;}rlxlv tee 7$7;J1rlxn7 1)] = [X]>

so every such equivalence class [X] is in the image of ¢. O

Definition 8.2.3. Equivalence classes [(x1, . .., ZTnt1)] € P*(K) with x,, 1 #
0 are called proper points of P"(K).
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Now let us focus our attention on equivalence classes of elements of K"\
{0} of the form (z1,...,z,,0). Notice that the subset of all such elements in
bijection with K™\ {0}, because since the last coordinate is 0 then it must be

(1,...,2,) # (0,...,0). Now if (z1,...,2,,0), (Y1,---,%n,0) € K"\ {0},
these are in relation with each other exactly when (x4, ..., z,) and (yi,...,yn)
are in relation with each other as elements of K™\ {0}, because

M1, 20,0) = Y1y, Yn, 0) <= A1, -, 20) = (Y1y -+ Yn)-

But equivalence classes of K™\ {0} are, by definition, elements of P"~!(K).
We have therefore proved the following proposition.

Proposition 8.2.4. There exists a bijection between P"~!(K) and the set
of equivalence classes of elements (zy,...,Z,1) € K"\ {0} with z,,,; =
0.

Definition 8.2.5. Equivalence classes [(x1, . .., Zpy1)] € P*(K) with 2,41 =
0 are called improper points of P"(K).

From now on, we will denote equivalence classes of the form [(x1, ..., Zn41)]
by (x1: 2o 1. . Tpgr).

We have seen that the space P"(K) decomposes into two parts: the proper
points and the improper points. Let us now understand them more in detail
in the cases n = 1,2, 3.

For n = 1, the proper points are in bijection with K, and they are in
bijection with points of the form (z : 1), where z is an element of K. What
are improper points? They are points of the form (x : 0), where z is a non-
zero element of K. But of course any two elements (z,0), (y,0) € K2\ {0}
are in relation with each other, since z'y(z,0) = (y,0). Therefore there is
a unique improper point, that is (1 : 0). Hence P!(K) is the union of K and
an improper point. This should be thought as a ”point at infinity”, and it is
sometimes denoted by co. Hence we have, as sets, P!(K) = K U {co}.

On the other hand, K can be thought as the set of points of the affine
space A'(K), and hence we can write

PY(K) = AY(K) U {oo}.

In other words, the projective space of dimension 1, that is called projective
line, is the union of the affine line and an extra point ”at infinity”.
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Remark 8.2.6. Another way we can think about points in P*(K'), without
distinguishing between proper and improper points, is as 1-dimensional
vector subspaces of K?. In fact, every non-zero (x,y) € K? generates
a 1-dimensional subspace, that coincides with the subspace generated by
Az, y), for every A € K \ 0. Conversely, every 1-dimensional subspace is
generated by a non-zero vector of K?. Therefore there is a bijection

P!'(K) — {1-dimensional vector subspaces of K?*}.

The projective space P?(K) is called projective plane. Its proper points are
in bijection with K2, and in turn they are in bijection with points of the form
(z :y: 1), where (z,y) € K?. Since K? is the set of points of A?(K), we can
say that proper points are in bijection with A?(K). Improper points are points
of the form (x : y : 0), and they are in bijection with P!(K). Thanks to Remark
8.2.6, we can think of these as 1-dimensional subspaces of K?. Now every line
in A?(K) has a translation space, that is simply a 1-dimensional subspace of
K?. Hence improper points of P?(K) can be thought as translation spaces of
the lines in A%(K). In other words there is a bijection

P?(K) — A*(K) U {translation spaces of lines in A*(K)}.

Hence the projective plane should be thought as the affine plane A?(K) to-
gether with some ”extra points” that represent directions of the lines in A%(K).

This view extends to higher dimensions as well, since K™\ {0}/ ~ can
always be thought as the set of 1-dimensional subspaces of K™. Hence for
example there is a bijection

P?(K) — A%(K) U {translation spaces of lines in A*(K)}.

8.3 Linear subspaces

Definition 8.3.1. A linear subspace of dimension m in P"(K) is a subset
of the form

S={(z1:...:xpp1) €PYK): (x1,...,Tpns1) € ker A},

where A € M(,—m)x(n41)(K) is a matrix of rank n — m.

In other words, a linear subspace of dimension m is the set of equivalence
classes of vectors in the kernel of an (n —m) x (n 4 1) matrix of rank n — m,
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with 0 removed. Similarly to what we do for affine spaces, we call a line a
linear subspace of dimension 1, plane a linear subspace of dimension 2 and
hyperplane a linear subspace of dimension n — 1.

Example 8.3.2.

e A line in P?(K) is a subset of the form
(={(z:y:2) € PX(K): ax + by + cz = 0},
where a, b, c € K are not all 0.
e A plane in P3(K) is a subset of the form
m={(r:y:z:t) € P*(K): ax + by + cz + dt = 0},
where a,b, c,d € K are not all 0.
e A line in P?(K) is a subset of the form

(={(z:y:2:t) € P(K): axtbyt+cz+dt = d'z+by+c2+d't = 0},

a b ¢ d
where a,b,c,d,a’, b, c,d € K and rk = 9.

Geometrically, one can define a surjective map
g K"\ {0} — P"(K)

(X1, Tpyr) = (T 0o Tpg)-
Namely, each non-zero vector in K™™' is mapped to its equivalence class in
the quotient set.

Now if we think of K" as of the set of points of the affine space A" (K),
then a linear subspace of P"(K) of dimension m is simply the image, via 1), of
a linear subspace of A" (K) of dimension m + 1 passing through (0,0, ...,0),
with (0,0,...,0) removed.

Let now £: ax + by + cz = 0 be a line in P?(K). We have seen that

P?(K) = A*(K) U {directions of lines in A*(K)}.
Hence we can ask what are the sets

(N A*(K) and ¢ N {directions of lines in A*(K)}
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or, in other words, what are the proper points of ¢ and what are the improper
points. Let us start by assuming that (a,b) # (0,0). To find proper points, we
just have to find which points (zg : yo : 1) of P?(K) satisfy axg + bxg + ¢ = 0.
These are clearly in bijection with points on the affine line ax + by + ¢ = 0.
On the other hand, improper points of ¢ are points of the form (xy : yo : 0)
that satisfy

axy + by, =0

It is immediate to see that there is just one such point, and it is (=b: a : 0).
Moreover, the space ((—b,a)) is precisely the translation space of the line
ar + by + ¢ = 0. All in all, we have proven that the line ax + by + cz has
two types of points: its proper points are essentially points of the affine line
ax + by + ¢ = 0, its unique improper point is (—b : a : 0), and it represents the
direction of the line ax + by + ¢ = 0 in A*(K).

When (a,b) = (0,0) the line £ becomes z = 0.

Definition 8.3.3. The line z = 0 in P?(K) is called improper line.

The improper line contains no proper points but it contains all improper
points of P?(K).

An analogous reasoning can be applied to planes in P?(K). If 7: ax + by +
cz+dt = 0 is a plane with (a,b,c) # (0,0,0), its proper points are essentially
the points on the affine plane ax + by + cz + d = 0, while its improper points
are the points of the form (xg : yo : 20 : 0) that satisfy axg + bxg + czo = 0.
Of course vectors (zg, 4o, 20) € K> that satisfy such relation constitute the

kernel of the matrix (a b c>, and this is the translation space of the plane

ax + by + cz = 0 in A3(K). Therefore improper points of m correspond to
directions of the lines that are contained in the plane az + by + cz = 0.
When (a,b,c) = (0,0,0), the plane 7 becomes t = 0.

Definition 8.3.4. The plane ¢t = 0 in P3(K) is called improper plane.

The improper plane contains no proper points but it contains all improper
points of P3(K).

The above discussion can also be reversed. Namely, given a linear subspace
S of A"(K), we can find a linear subspace S’ of P"(K) such that S'"NA™(K) =
S. This is very easy to do: all we need to do is to homogeneize the equation of
the subspace. A subspace of A"(K) is given by a system of linear equations,
in which all variables z1, ..., z, appear to the first degree. If we think of these
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as of the proper points of a linear subspace of P"(K), this means that each
variable x; has to be thought as z;/z,.1. For instance, if ax 4+ by + ¢ = 0 is
the equation of a line in A?(K), then all we need to do is to replace z with
x/z and y with y/z. The equation then becomes ax/z + by/z + ¢ = 0, and
multiplying by z we get axz + by + cz = 0, that is the equation of a line in
P*(K).

8.4 Equations of linear subspaces

As it happens for affine spaces, projective lines and planes have parametric
equations, too. Given two distinct points P = (zp : yp : 2p), Q = (zg : Yo :
2g) € P2(K), a parametric equation of the line through P and @ is:

T = Arp+ HrQ
U Qy=Xyp+pyg
Z = Azp + [z

here one should think of A and p as varying parameters that cannot be both
zero. In order to obtain a cartesian equation for £ one just has to impose that

x oy 2
1Q Yo @

Conversely, given a line ax+by+cz = 0, in order to find a parametric equation
we just solve the linear system. Assuming without loss of generality that a # 0
we get that © = —(b/a)y — (¢/a)z, so that the resulting parametric equation
is:

(=b/a) + p- (=c/a)

e oy
I

A -
A
L

Given two distinct points P = (zp :yp : 2p 1 tp),Q = (2g 1 Yo : 20 : tg) €
P3(K), the parametric equation of the line through them is:

T = ATp + 1T

y = Ayp + 1yq
zZ = )\ZP—F,UZQ
t= )\pr—i-,th
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to recover a cartesian equation we have to impose that

T Yy z i
tk | 2p yp 2p tp | =2
TQ Yo 2@ lqg

Conversely, given a cartesian equation of the form ax + by + cz +dt = 0 =
a'x + b0y +dz+dt for aline in P3(K), to find a parametric equation we just
need to solve the system.

Example 8.4.1.

e Let z+y—22z =0 be aline in P*(R). To find a parametric equation,
simply notice that x = —y + 2z, so we get

z=—XA+24
y=A
z=p

o Let
T=A—L
y =2\
z=—-X+2u

be a parametric equation for a line in P?(R). To find a cartesian
equation, we let

det | 1 2 —-1|=4z—y+22=0.

-1 0 2
o Let
x=2 4+ pu
y=2A—p
z=p
= A
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be a parametric equation for a line in P3(R). To find a cartesian
equation, we have to impose

z Yy =z t
k12 2 0 1|=2
1 -1 1 0

To do this, we can for example select the 2 x 2 submatrix given by
the third and fourth row and column and use Theorem 2.3.20. This
way we get:
r 2z t y 2zt
det |2 0 1] =det|] 2 0 1| =0,

110 -1 10
which in turn yields the cartesian equation:
75—z = 2t =10
y+2z2—2t=0
Analogously to the case of lines, given three distinct points P = (xp : yp :
zp i tp), Q = (g :yg:29:tg) and R = (zg : yg: zp : tg) in P}(K) that

do not lie on the same line, a parametric equation of the plane that contains
them is:

T = Arp+ prg + VIR
y = Ayp + 1o + Vyr
2= A\zp + [12g + V2R
To obtain a cartesian equation, just impose
z y z t
det rp Yyp zp tp _o
1Q Yo 2@ lqg
TR Yr Zr R
Conversely, given a cartesian equation such as ax+by+cz+dt = 0, to obtain a

parametric one we just have to solve the linear system. If a # 0, for example,
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we get ¢ = —(b/a)y — (¢/a)z — (d/a)t, so that

=\~ (=bfa) + i+ (~c/a) + v - (~d/a)
y=A

t=v

8.5 Relative position of linear subspaces

Lemma 8.5.1. Two lines in P?(K) always have non-empty intersection.
The same holds true for a plane and a line in P?(K) and for two planes in
P3(K).

Proof. Let ¢: ax + by +cz =0 and ¢': a’x + by + ¢z = 0 be two lines in
P?(K). Their intersection is given by the system

ar +by+cz=0
adr+by+dz=0

This is a homogeneous system of 2 equations in 3 variables, and therefore
the set of its solutions is a vector subspace of dimension at least 1. It
follows that it always contains least one non-zero solution (xg, ¥o, o). This
gives rise to a point (xg : ¥ : 29) € P?(K) that lies on the intersection of
the two lines.
frm:ar+by+cz+dt =0and 7':adzx+by+cdz+dt =0 are two

planes in P3(K), their intersection is given by the system

ar +by+cz+dt =0

dr+by+dz+dt=0
This is a homogeneous system of 2 equations in 4 variables, and hence the

set of its solutions is a vector subspace of dimension at least 2. Therefore
it always contains a non-zero solution.

ar +by+cz+dt =0
Similarly, if £: toytezt is aline and 7: a"z+b"y+
dr+by+dz+dt=0
d’z+d"t = 0 is a plane, the system that determines /N7 is a homogeneous
system of 3 equation in 4 variables, and therefore its set of solutions is a

vector space of dimension at least 1. O
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Example 8.5.2.

e Let : x4+ 2y+2=0and ¢: x —y — 2z = 0 be two lines in P*(R),
and let us determine their intersection. To do this, we need to solve
the linear system

z+2y+2=0
z—y—z=10

The set of solutions of such system is:
{(s,—2s,3s): s € R}

or, in other words, it is the vector subspace of R® generated by
(1,—2,3). Notice that since this is 1-dimensional, all non-zero vec-
tors in this subspace belong to the same equivalence class, that is
that of (1,—2,3). This simply means that /N ¢ = {(1: -2:3)}:
the two lines intersect in a proper point.

e Let m:z+y+t=0and 7': 2z —y+t=0 be two planes in P?(R).
To find their intersection, we need to solve the linear system

r+y+t=0
r—y+t=0
' ' o 1 1 01
The matrix representing this linear system, namely
1 -1 01

has rank 2. Therefore, this system of two equations represents a line
in P3(R), that is exactly the intersection of 7w and 7.

Of course one can also find the solutions to the system. The set of
solutions is a 2-dimensional subspace of R* and a basis is, for exam-
ple, ((1,0,0,—1),(0,0,1,0)). It follows that a parametric equation
for m N7’ is:

r=A\
y=20
Z=H
t=-M\
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o letl:x+y+t=2x—y+t=0 be the line of the previous point
and let 7: x + 3y +¢ = 0 be a plane. In order to find N7, we need
to solve the system:

r+y+t=0
r—y+t=0 ,
z+3y+t=0

whose set of solutions is a 1-dimensional vector subspace of R*
generated by the vector (0,0,1,0). This means that ¢ N 7 is the
point (0 : 0 : 1 : 0). Notice that since its last coordinate is
0, this is an improper point. In fact, the affine part of ¢ is the
line /:x+y+1=2x—y+1 =0, while the affine part of = is
7:x+3y+1=0. In A*(R), ¢ and 7’ are parallel and ¢ does
not lie on 7/, and hence they have no intersection. In the projective
space instead, these two subspaces have an improper intersection
point, that represents the direction of the line ¢'.

If we start with two parallel linear subspaces in A%(K) or A3(K) that
have empty intersection and we extend them to the projective space P?(K) or
P3(K), Lemma 8.5.1 tells us that these have non-empty intersection. Hence
their intersection points must belong to the improper line of P?(K) or the
improper plane in P3(K). In fact, if for example ax + by + ¢ = 0 and ax +
by + ¢ = 0 are two parallel lines with empty intersection in A%(K), once we
homogeneize their equations we obtain the projective lines ax 4+ by +cz = 0
and ax + by + ¢z = 0. Their intersection is the improper point (—=b : a : 0).
That is, two parallel line in A%(K) meet in P?(K) in the improper point that
represents their direction.

Similarly, two distinct parallel planes in A*(K) given by 7: ax + by + cz +
dt = 0 and 7’": ax + by + cz + d't = 0 meet in the line given by the equation

ar +by+cz=0

t=0
points represent the directions of the lines contained in 7 (or 7/, that is the
same since they are parallel).

Finally, a line and a plane in A3(K) that are parallel and distinct meet in
P3(K) in the improper point that represents the direction of the line.

. This is a line contained in the improper plane whose
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8.6 Projective pencils and bundles

The concepts of pencils and bundles of lines and planes that we encountered
in Chapter 6 can be revisited in the projective setting.

Definition 8.6.1.

1. A pencil of lines in P?(K) is the set of all lines through a given point
of P?(K).

2. A pencil of planes in P3(K) is the set of all planes that contain a
given line.

3. A bundle of lines in P?>(K) is the set of all lines through a given
point of P3(K).

4. A bundle of planes in P3(K) is the set of all planes through a given
point of P3(K).

Proposition 8.6.2.

1. Let P e P*(K) and let 7: ax +by+cz=0and s: dz+by+dz=0
be two distinct lines through P. Then the pencil of lines through
P € P?(K) is given by the equation

Mazx + by + cz) + p(d'z + by + z) = 0.

2. Let ¢ C P3(K) be a line and let r: ax + by + cz + dt = 0 and
s:d'r+by+dz+dt =0 be two distinct planes containing ¢. Then
the pencil of planes in P?(K) containing £ is given by the equation

Max + by + cz+dt) + pla'z + by + 2+ d't) = 0.

In the projective space there is no distinction between proper and improper
pencil, since the concept of parallelism does not make sense anymore. On the
other hand once we have a pencil of lines/planes in the affine space, we can
homogeneize the equation of the pencil, obtaining a set of lines in P?(K) or
P3(K). 1If we start with a proper pencil, we end up with a pencil in the
projective space.
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Example 8.6.3.

e Consider the pencil of lines through the point (1,1) € A?*(K). This
is given by the equation:

Mz —1)+puly—1) =0,
and homogeneizing this we get:
Ma —2)+ ply —2) =0. (36)

Since z — 2 = 0 and y — z = 0 are two lines in P?(K) through
(1:1:1), by Proposition 8.6.2, equation (36) is that of the pencil
of lines through (1:1:1).

e Consider the pencil of planes through the linex —y —1=2—-2 =
in A3(K). This is given by the equation:

Mzrz—y—1)+p(z—2)=0.
Homogeneizing, we get
Mz —y—1t)+pu(z—2t) =0,

that is the pencil of planes through the line x —y —t =2 -2t =0
in P3(K).

What happens if, on the other hand, we start with an improper pencil of
lines/planes? Suppose first we have an improper pencil of lines in A%(K), that
is given by the equation:

ar +by+p =0,

where (a,b) € K?\ {(0,0)} are given coefficients and u € K is a varying
parameter. Homogeneizing this, we get:

ax + by + pz = 0. (37)

Now this closely recalls the equation of a pencil of lines in P?(K), except for
the fact that we have only one parameter u. However, consider the equation

Mazx +by) + pz =0, (38)

where A, u € K are not both zero. This is precisely the equation of a pencil
of lines in P?(K). The lines 2 = 0 and ax + by = 0 intersect in the point
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(—=b:a:0),so (38) is an equation for the pencil of lines through (—b: a : 0).
Notice that this is the improper point corresponding to the direction of the
affine line ax + by + p = 0!

How different is this from (37)? Not much: if A\ # 0, we can divide (38)
by A, obtaining a line that belongs to the family (37). If A = 0, on the other
hand, we obtain the line z = 0, that does not appear in (37) for any value of
w. Hence (38) only differs from (37) by the improper line. We have therefore
understood what improper pencils represent in the projective space: they are
simply pencils of lines through an improper point, and thus the name.

Similarly, consider an improper pencil of planes in A3(K) given by

ar +by +cz+pu=0,

where (a,b,c) € K? is not the zero vector and yu is a varying parameter.
Mimicking the above argument, we can consider the pencil of projective planes:

Maz + by + cz) + pt = 0.

This is the pencil defined by the planes ax+by+cz = 0 and t = 0, that intersect
(as already explained in this chapter) in the line ax + by + cz = t = 0, that
lies on the improper plane and contains all points corresponding to directions
of lines lying on ax + by + cz = 0. This explains what an improper pencil of
planes becomes in the projective space: it simply becomes the pencil of planes
that contain the line ax + by + cz =t = 0, plus the improper plane itself.

This is why in the projective space there is no distinction between proper
and improper pencils: they are defined exactly in the same way, but the latter’s
support is contained in the improper line/plane.

Proposition 8.6.4. Let P = (zp: yp: 2p : tp) € P3(K).

1. The bundle of lines through P has equation:

r = Axp + pvy
Yy = A\yp + pvs
2= Azp + pvs
t = Ap+ pus

where (vy, va,v3,v4) # (0,0,0,0).

2. Let my,my, m3 be pairwise distinct planes passing through P. Then
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the bundle of planes through P is given by
)\7’(’1 + U2 + vmy = 0,
where (A, p,v) # (0,0, 0).

Of course, the same argument we used for pencils applies to bundles as well:
in the projective space there is no distinction between proper and improper
bundles because an improper bundle of lines/planes is simply a bundle of
lines/planes passing through an improper point.

8.7 Real and imaginary points

In this section, we focus on the case K = C.

Definition 8.7.1. A point P = (x1 : ... : z,41) € P"(C) is called real if
there exists A € C such that Ax; € R for every i = 1,...,n+ 1. If P is
not real, then it is imaginary.

The conjugate of P is the point P = (Ty : ... : Tpy1)-

Example 8.7.2. The point (i : 7 : i) € P?(C) is real, since multiplying its
entries by —i we obtain (1:1:1) € P*(R). The point (i : 1) € P}(C) is
imaginary, since if there was A € C such that A\i, A € R, then in particular
A € R and therefore \i ¢ R.

The notion of conjugate is well-defined, that is, it does not depend on the
representative of the equivalence class of P. In fact suppose P = (z1 : ... :

Tpy1) € PPH(C) and let A € C\ {0}, so that P = (Azy : ... : Axpy1). Then
AP=(z1:...: XZpy1) = A(T1: ... Tpy1) = P.
Lemma 8.7.3. A point P = (z1 :...: z,11) € P""!(C) is real if and only
if P=P.
Proof. If P is real, then by definition we can write P = (y; : ... : Ynt1)
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with y; € R for every i, and therefore

P=: .  Pp) =W ynp) =P

Conversely, suppose that P = P. Let i € {1,...,n + 1} be such that
x; # 0. Then

-1, . .-1 . | 1l . el
P=(z;m o, X .02, Timq:1ix; X1 i i X Tpgr)

and

> P P (s
P=(T,;T1:T;, To:...: T, Ty1:1:T; Tig1:...:T; Tpt1)-

Since these points are equal, by definition there exists A € C such that
Mz tey, x g, g, Lo g, ) = P o=

[ E— . 1 1 S
= (T, ' ZT1,T; Tay...,T; Tic1, L, T, Tig1yeoos Ty Tps)-

The i-th entry of the left hand side is A, while the i-th entry of the right
hand side is 1. Therefore A\ = 1, and z; 'z; = 7;'T; for every j. This
means that z; 'z; € R for every j € {1,...,n}, and hence P is real. [

Definition 8.7.4. Let L C P*(C) be a linear subspace of dimension m,
defined by the kernel of an (n — m) x (n + 1) matrix A of rank n — m.
We say that L is real if

ker A = ker A4,

where A is the matrix whose entries are the conjugates of the entries of
A. If L is not real, then we say that it is imaginary. -
The conjugate of L is the linear subspace defined by ker A.

Equivalently, real subspaces can be characterized by the property explained
by the following lemma.

Lemma 8.7.5. Let L C P"(K) be defined by a matrix A. Then L is real
if and only if for every P € P"(K) we have

PelL< PeL.

Proof. First suppose that L is real and let P = (x; : ... : Z,41) €
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P*(K). Then P € L if and only if A| ... | = 0, ie. if and only if

Tn+1

(21,...,Zn41) € ker A. Since L is real then ker A = ker A, so this last
condition is equivalent to (zy,...,Z,41) € ker A. Taking conjugates, this
becomes equivalent to P € L.

Conversely, suppose that P € L if and only if P € L. Suppose that
(x1,...,Zps1) € ker A, Then (z1 : ... : z,41) € L, and hence (Z; :

. Tnt+1) € L. This implies that (Z1,...,%n41) € ker A, and taking
conjugates (Ty : ... : Tpy1) € ker A. Therefore ker A C ker A. The
symmetric argument shows that ker A C ker A. ]

Proposition 8.7.6. In P?(C), the following hold true.

1. A line ¢: ax 4+ by + cz = 0 is real if and only if (a : b : ¢) is a real
point of P?(C).

2. A line through two imaginary conjugate points is real.
3. If P is imaginary, there exists a unique real line ¢ with P € /.
4. If ¢ is an imaginary line, then £ N7 is a single real point.

5. If Z is an imaginary line, then ¢ contains precisely one real point.

Proof. 1. ( is defined by ker A, with A — (a b c).
If (a:b:c)is a real point of P?(C), then \a, \b, \c € R for some
non-zero A € C. Clearly ker A = ker(AA), where \A = ()\a \b /\c>-

Taking conjugates, ker A = ker(AA), but AA is a real matrix, and hence
the latter is ker AA. It follows that ker A = ker A, so that ¢ is real.
Conversely, suppose that ker A = ker A. Without loss of generality,
suppose that a # 0, so that another equation for ¢ is = + b’y + 'z = 0.
Assume by contradiction that (a : b : ¢) is an imaginary point: then at
least one between b’ and ¢ is not real. Suppose it is ¥'. Then (=b',1,0) €
ker A, and since ker A = ker A we must have (—¥,1,0) € ker A. But
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A= <1 b Z) and hence

which is not 0 since b’ is not real. This contradicts the fact that ker A =
ker A, and hence (a : b : ¢) must be real.

2. Let P = (21 : x5 : x3) € P?(C) be an imaginary point, and let P be
its conjugate. Let £: ax 4 by + cz = 0 be a line through P and P. Then

ary + bre + cx3 =0
ary + bfg + cx3 = 0

Taking conjugates we get that

{@Tl +l_7$2 +EI3 =0

az, + bTy +cx3 =0

and therefore ¢ also passes through P and P. However since P is imaginary
P and P are two distinct points, and there exists a unique line that passes
through them. Hence ¢ = /.

3. Let ¢ be the line through P and P. By point 2., £ is real, so there
exists at least one real line that passes through P. On the other hand, if
0" ax+by+cz = 01is areal line (with a, b, c € R) containing the imaginary
point P = (z71 : 23 : x3), then axy + bxy + cz3 = 0 and taking conjugates
we get aZ, + bTy + ¢T3 = 0. This means that ¢/ passes through P as well,
and hence it must coincide with /.

4. Let ¢: ax + by + cz be an imaginary line, so that £ # ¢. If P = (z; :
Ty : 23) € P?(C) belongs to £ N ¢ then

ary + bre + cx3 =0
ary + bry +Cr3 =0
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and taking conjugates we get

az, + bTy + ¢T3 =0
axry + bfg + cr3 = 0
showing that . P € (N /. But since ¢ # ¢ the intersection point is unique,
and so P = P. ~ ~
5.If P € { is real, then P € ¢, but £ N ¢ contains a unique real point
by 3. [

The proof of the next proposition is very similar to that of Proposition 8.7.6.
We omit it, but encourage the interested reader in writing it down them-
selves.

Proposition 8.7.7. In P3(C), the following hold true.

1. A plane ax + by + cz + dt = 0 is real if and only if (a:b:c:d) is a
real point of P3(C).

[\

. If P € P3(C) is imaginary, the line through P and P is real.
3. If P € P3(C) is imaginary, there exists a unique real line through P.

4. If a real line or a real plane contain an imaginary point, then they
contain the conjugate as well.

5. Two imaginary conjugate planes intersect in a real line.
6. An imaginary plane contains a unique real line.

7. An imaginary line contains at most one real point and there exists
at most one real plane containing it.
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Chapter 9: Conics

9.1 Algebraic curves, intersection multiplicities and tan-
gents

We denote by C[x,y, 2] the set of polynomials in 3 variables over the complex
field. That is, elements of C|x,y, z| are expressions of the form

The degree of a term a2’y 2" is i + j + k.

Definition 9.1.1. A polynomial f € Clz,y, 2] is called homogeneous of
degree d if there exists a non-negative integer d such that every term of f
has degree d. That is, f is homogeneous of degree d if it has the form

i,k
g iRy 2",

it+j+k=d

Example 9.1.2.
e Homogeneous polynomials of degree 0 are constant polynomials.
e The polynomial 2% + 3xz — i2? is homogeneous of degree 2.
e The polynomial x* + 29® + 2% + y* is not homogeneous.

e The polynomial 22° + 23yz — 4y*z + 62z*x + i23y? is homogeneous
of degree 5.

Definition 9.1.3. An algebraic plane curve of degree d is a set of the form

{(z:y:2) €PC): f(z,y,2) =0},

where f € C|x,y, z| is a non-zero homogeneous polynomial of degree d.

Since all of our curves will be contained in P?(C), we will drop the adjective
"plane”.
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The definition of algebraic curve makes sense only because f is homoge-
neous. In fact, if (z; : zo : w3) is such that f(xy,x9,23) = 0, with f
homogeneous of the form ), - ithed aijpr'y’ 2%, then for every A € C we
have

f()\ﬂ?l, /\1’27 )\.Tg) = Z aijk()\xl)i()\xg)j()\xg,)k =

i+j+k=d
_ itjtk i gk _ \d i dok _ \d _
= E AT gk T = A E a;jpr iy = N f(21, T2, 23) = 0.
t+j+k=d i+j+k=d

Example 9.1.4. A line in P?(C) is defined by an equation of the form
azr + by + cz = 0. Therefore, a line is an algebraic curve of degree 1.

Definition 9.1.5. An algebraic curve C: f(x,y,2) = 0 of degree d is re-
ducible if there exist homogeneous polynomials g, h € Cl[z,v, z], each of
degree > 0, such that f = gh. If C is not reducible, then it is called
wrreducible.

Example 9.1.6.

o If f g are homogeneous polynomials, of degree d,e, respectively,
then gh is a homogeneous polynomial of degree d + e. Hence since
lines have degree 1, they are also irreducible.

e The curve 2% + zy + 2 + yz = 0 is reducible, because

o +xy+xz+yz=(z+y)(z+2).

e The curve 22 + y? = 0 is reducible, since 2% + y* = (z + iy)(z — 17).

e The curve 2% + y* + 2% = 0 is irreducible.

Let C: f(x,y,2) = 0 be an algebraic curve of degree d, and write f =
D itished Qigkt'y’ 25, Let P = (0 : yo : %) € P*(C) be a point of C, so that
f(zo,y0,20) = 0 and let ¢: ax + by + cz = 0 be a line through P. Since
(a,b,c) # (0,0,0) we can assume without loss of generality that ¢ # 0, and
rewrite £ as z = ax+fy, where « = —a/cand f = —b/c, so that zy = axo+LYo.
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The equation
flx,y,ax+pBy) =0

certainly has a solution, because f(xg,yo, axo + Byo) = f(x0,Y0,20) = 0. On
the other hand, we have that

flay,ar+By) = > aga'y’ (az + By).
i+j+k=0

Notice that (ax + Sy)* = Zi:o (i) ahﬁk’h.a:h.yk’h is a homogeneous polyno-
mial of degree k. Hence every term a;rz'y’(ax + By)* of f(x,y,azx + By)
is homogeneous of degree d, and in turn the polynomial f(z,y,azx + By) is
homogeneous of degree d as well. Hence we can write

d
flw,y, 0w+ By) = apa’y*™" (39)
h=0

for some coefficients aq, ...,aq € C.
Now we need to make an important assumption: the fact that f(z,y, az +
By) is not the zero polynomial.

Remark 9.1.7. The fact that f(z,y,ax + By) = 0 is equivalent to saying
that every point of ¢ solves the equation f(z,y,z) = 0, that is in turn
equivalent to saying that ¢ C C. Conversely, if ¢/ C C then of course
f(x,y,ax + By) must be the zero polynomial. If one thinks of f(x,y, 2)
as a polynomial in one variable z with coefficients in the ring C[z, y| (the
concept of ring has not been treated in these notes, but you can think of a
ring just as a field where not every element has a multiplicative inverse),
the fact that f(z,y, ax+By) = 0 implies that the polynomial z— (ax+ SBy)
divides f(z,y,z), so that there exists a homogeneous polynomial h €
Clx,y, 2] such that f(x,y,z) = h(z,y, z)(ax + by + cz).

Next, notice that we cannot have xq = yy = 0, as otherwise zg = 0. Suppose
without loss of generality that yo # 0. Since (xg,%o) solves the equation
f(z,y,ax + By) = 0, also (y;'xo,1) does. Hence we can set y = 1 in (39)
(that is equivalent to dividing everything by y and then replacing z/y by ),
and look at the equation

Z apz™ =0, (40)

of which g, ' is a solution.
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Definition 9.1.8. The multiplicity of y;'zo as a root of (40) is called
intersection multiplicity of ¢ and C in P and it is denoted by mp(C, ¢).

Since Equation (40) has degree d, the intersection multiplicity is at most d.
Moreover, it is also at least 1.

The definitoin of intersection multiplicity looks intricate at first, but in fact
computing it is rather easy. Let us see some examples.

Example 9.1.9.

o Let f=a?+y?>+2%2andlet C: f = 0 be the corresponding algebraic
curve. Let P =(1:0:4) € Cand let ¢: iz +y — 2z = 0 be a line
through P. First, we rewrite the equation of ¢ as z = ix + y. Next,
we substitute this into f and we equate to 0, getting

fl@yiz+y) =2>+y° + (i +y)* =2zy + 2y = 0. (41)

Now we look at which coordinate of P, between the z-coordinate
and the y-coordinate, is 0. It is the first one, and therefore we can
set © =1 1in (41), getting

iy +y* = 0.

Now this equation has, as a solution, 2y 'y, where 2o = 1 is the -
coordinate of P and yq is the y-coordinate. Notice that xj 'y = 0,
so we have to look at 0 as a root of the equation. This clearly has
multiplicity 1, and hence mp(C, ) = 1.

o Let f =2%+y?+2%andlet C: f = 0 be the corresponding algebraic
curve. Let P =(1:0:14) € C and let ¢: iz —z = 0 be a line through
P. Let us compute the intersection multiplicity of ¢ and C in P.
First, we rewrite the equation of ¢ as z = ix. Next, we substitute
in the equation of C, getting

4+’ -2 =9y*=0. (42)
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Now we look at which coordinate of P is non-zero. It is clearly the
z-coordinate, so we need to look at the root y = zy 'yo = 0 of (42).
This has multiplicity 2, and hence mp(C, ¢) = 2.

o Let f =123~ 222 — 9?2 and C: f = 0 be the corresponding curve.
Let P=(1:0:1) € C and let z — z = 0 be a line through P. We
write £ as z = x and substitute, getting:

y’r = 0.

The non-zero coordinate of P, between x and y, is the x coordinate,
so we set x = 1 and look at 0 as a root of y> = 0. This has
multiplicity 2, so mp(C,¢) = 2.

Definition 9.1.10. Let C be an algebraic curve, let P € C be a point and
¢ be a line that passes through P. We say that ¢ is a tangent in P if

Referring to 9.1.9, in the first example the line is not tangent, while in the
other two it is.

Definition 9.1.11. Let C be an algebraic curve. A point P € C is called
smooth or non-singular if there exists a unique tangent in P. If P is not
smooth, then it is singular.

Example 9.1.12.

e Consider the curve 23 — 2%z — y?2 = 0 and the point P = (0:0: 1).
Let m € C and consider the line y = ma through P. Substituting
in the equation of the curve, we get

z3 — 222 — m2z2z = 0.

The non-zero coordinate of P is the third one, so to understand
mp(C, ) we need to look at z = 0 as a solution of

-2 —mPr? =2 — (1 +m?2® =0.
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This has multiplicity at least 2 for every m, so every line through
P of the form y = mx is a tangent. Hence P is singular.

e Consider the curve z° — z2? — y?2 = 0 and the point P = (0:0: 1).
Let m € C and consider a line y = mx through P. We get

z3 — 222 —m?z22 =0,

and since the z-coordinate of P is non-zero, we need to look at 0 as

a root of

22— m?? -z =0.

This has multiplicity 1 for every m, so no line of the form y = mx
is a tangent in P.

The only other line through P is x = 0. Substituting, we get
y*z =0,

and we get to look at the multiplicity of ¥ = 0 as a root of y* = 0.
This has multiplicity 2, and hence z = 0 is a tangent in P.

Theorem 9.1.13. Let C: f(x,y,z) = 0 be an algebraic curve and let P =
(o : Yo : 20) € C. Then P is singular if and only if the following relations
hold true:

f(iUo,yo, Zo) =0
%(9607?10720) =0
g—i(xo,yo,z()) =

0
%(1’0, Yo, ZO) =0

As a corollary of Theorem 9.1.13, one gets the following fundamental
fact.

Corollary 9.1.14. Let C: f(x,y,2) = 0 be an algebraic curve and let P =
(xo : Yo : 20) € C be a singular point. Then for every line ¢ through P we
have mp(C, 0) > 2.

Theorem 9.1.15. Let C: f(x,y,z) = 0 be an algebraic curve and let P =
(o : Yo : 20) € C. If P is smooth, then the tangent line in P is given by
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the equation

0 0 0
8_£(x0’ Yo, 20)T + a—g(%,yo, 20)y + a—ﬁ(l'o’yo, %)z = 0.

We close the section with a theorem that explains, in a precise sense, "how
" intersections does an algebraic curve of degree d have with a line.

many’
Theorem 9.1.16. Let C: f(x,y,z) = 0 be an algebraic curve of degree d
and ¢: ax + by + cz = 0 be a line. Assume that ¢ Z C. Then:

> mp(C,0) =d.

PecCnve

Proof. Write f(z,y,2) =3, ;144 aijrz'y 2", Intersecting C and ¢ means
studying the system
D it joh—d airr'y 25 =0 , (43)
ar +by+cz =0
Since (a,b,c) # (0,0,0) we can assume without loss of generality that

¢ # 0, and rewrite ¢ as z = ax + [y, where « = —a/c and 8 = —b/c.
Substituting in (43), we get

fz,y,ax + By) = 0.

The polynomial f(z,y, ax+ fy) cannot be the 0 polynomial, as otherwise
we would have ¢ C C, violating the hypotheses. Then, as we have already
noted in (39), the polynomial f(x,y,ax + By) is homogeneous of degree
d, and hence we can write

d
fla,y,an + By) =Y apa’y*"
h=0

for some coefficients ag, ..., aq € C.

We know that in order to find the multiplicity of intersection at a point
(2o : Yo : 20) € CN L, we need to compute the multiplicity of (xg, o) as a
root of

196



Andrea Ferraguti Chapter 9: Conics

d
Z apzy?" = 0. (44)
h=0

Therefore the theorem is proved if we can show that equation (44) has
exactly d solutions, when counted with multiplicity.

Suppose that (g, yo) is a solution of (44). We can assume that (zo, yo) #
(0,0) because if xg = 0 = yo then z = axg + Byo = 0, which does not
define a point of P?(C). Now suppose that yo # 0. Then (zgy; ", 1) is also
a solution of (44). On the other hand, if (z0,0) is a solution than also
(1,0) is. Since proportional pairs (xg,yo) and (Axg, Ayg) give rise to the
same point P = (xq : yo : axp + Pyo), we can just count solution of (44)
of the form (z,1) or (1,0). Now, if 32¢_ anzy?" = agy® then we are
done, since (1,0) is the unique root and it has multiplicity d. Otherwise,
there is a unique e > 0 such that

d d
Z apalyr = o (Z ahxhyd—h—e>
h=0 h=0
with ag_. # 0. Then (1,0) is a root with multiplicity e, and the equation

d
Z apzy=he = 0
h=0

has precisely d—e roots of the form (z, 1), when counted with multiplicity.
All in all, we have e + d — e = d roots. ]

9.2 Conics

Definition 9.2.1. A conic is a plane algebraic curve of degree 2.

Equivalently, a conic is a plane algebraic curve given by an equation of the
form
C:anz?+ 2a102y + 201372 + a22y2 + 2a93yz + a332° = 0,

where a;; € C are not all zero.
There is a convenient way to rewrite the above equation. Namely, a conic
is the set of points (zq : yo : 20) € P?(C) that satisfy
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11 a2 13 Zo
(170 Yo Zo) Q12 Q22 A23 Yo =0.
@13 dg3 G33 20

11 Aaiz2 i3

The matrix A = | a5 a9y agy | is the matrix associated to the conic C.

13 Ag3 a33
x

Setting X = | ¢ | we can write the equation of C as:

z

FXAX =0.

Definition 9.2.2. Let C be a conic. We say that C is:
1. generic if it has no singular points;
2. simply degenerate if it has exactly one singular point;

3. doubly degenerate if all of its points are singular.

Theorem 9.2.3. Let C: YAX = 0 be a conic. Then C is:
1. generic if det A # 0 or, equivalently, if rk(A) = 3;
2. simply degenerate if rk(A) = 2;
3. doubly degenerate if rk(A) = 1.
Proof. Let
f = anz® + 2a107y + 201372 + axny® + 2as3yz + azz2”

be the equation of C. By Theorem 9.1.13, a point (xg : yo : 2z9) € C is
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singular if and only if:

%(IO,?JO,ZO) =0
%(x())yOaZO) =0
a—i(on;yO,ZO) =0

Now notice that:

8£ = 2&11I‘ + 2@12’!/ + 2@132’

oz
g—i = 2a19% + 2090y + 2a932
% = 2@131‘ + 2&23y + 2&332

So that (2o : yo : 20) € C is singular if and only if

Zo ailz aiz a3 X
A Y | — | @12 Q22 ao3 Yo =0.
20 a13 a23 G33 20

Namely, in order to find singular points we need to solve the homogenous
linear system

AX =0, (45)

Notice that any non-zero solution of (45) automatically yields a point of
the conic, since if AX = 0 then clearly ‘X AX = 0.

If det A # 0, then by Theorem 3.1.5, system (45) only has the trivial
solution X = 0. But this does not define a point of P?(C), and therefore
C has no singular points.

If rk(A) = 2, the solutions of system (45) form a 1-dimensional C-
vector space, generated by a non-zero vector (g, %o, 20) € C3. This means
that (xo : Yo : 20) is the unique singular point of the conic, and hence C is
simply degenerate.

If rk(A) = 1, the solutions of system (45) form a 2-dimensional C-
vector space. This gives rise, in P?(C), to a line £ made entirely of singular
points. The line /¢ is entirely contained in C. We claim that the converse
is also true, namely, every point of C belongs to £. In fact, if this was not
true then let P € C\ ¢ and let Q € ¢. Now consider the line r through P
and @): its intersection multiplicity with C at () is > 2, since () is singular.
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Its intersection multiplicity with C at P is at least 1. But then

> mp(Cr)=2+1=3,

ReCne

contradicting Theorem 9.1.16. Since every point of C is a point of ¢, and
points of ¢ are all singular, C is doubly degenerate. ]

Next, we see what it means geometrically to be generic, simply degenerate and
doubly degenerate.

Lemma 9.2.4. Let C: f(x,y,2) = 0 be a conic.
1. C is generic if and only if it is irreducible.

2. C is simply degenerate if and only if there exist two distinct lines
liar+by+cz=0,0:dx+by+z=0such that

f<x7y7 Z) = (CLJ} + by + CZ)(GIZL' 2 b'y i C/Z).

3. C is doubly degenerate if and only if there exists a line ¢: ax + by +
cz = 0 such that f(z,y,2) = (ax + by + cz)%

Proof. 1. First, let C be irreducible. By contradiction, assume that it is
not generic. Then it has (at least) a singular point P € C. Now let @) be
another point of C. Let ¢: ax + by 4+ cz = 0 be the line through P and Q.
If ¢ Z C, then by Theorem 9.1.16 we have

> mg(C.l) =2, (46)

RelnC

but mp(C, ) > 2 since P is singular and mg(C, ¢) > 1, and this contradicts
(46). Therefore we must have ¢ C C, and by Remark 9.1.7 this implies that
fz,y,2) = (ax + by + cz)h(x,y, z), so that C is reducible, contradicting
our assumption. Hence C is generic.

Conversely, let C be generic. By contradiction, assume that it is re-
ducible. Then there are lines ¢: ax+by+cz =0and ¢': d'z+by+cz2 =0
such that

f(x,y,2) = (ax + by + cz)(ad'z + by + ¢2). (47)

Now let P = (g : yo : 20) € £ N{. Assume without loss of generality that
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xo # 0 and consider the line r: zgx — z¢gz = 0 through P. We claim that
mp(C,r) > 2. To compute the multiplicity, write r as z = 27, substitute
in (47) and equate to 0, getting:

((axg + cz0)x + broy)((a'xo + ' 20)x + b'xoy) = 0.
Since xg # 0, in order to find the intersection multiplicity we have to solve
((axg + cz0) + bxoy)((a'zg + ¢ 2zp) + V'xoy) = 0.

But both factors have z;'yo as a root, and hence mp(C,7) > 2. On the
other hand, one can repeat the same argument with the line r': zoy—yox =
0, finding that mp(C,7’) > 2. Hence there are at least two tangent lines
in P; in other words, P is singular. This contradicts the fact that C is
generic.

2. We have proved in 1. that if C decomposes as the product of two
lines, the intersection point is singular. Hence if f(x,y,2) = (ax + by +
cz)(d'x + by + z) with axz + by + cz = 0 and o’z + b'y + ¢z = 0 distinct
lines, their unique intersection point P is singular. On the other hand, no
other point () can be singular, as otherwise if ¢ is the line through P, Q)
then m,(C,f) + mq(C,¢) > 3, contradicting Theorem 9.1.16. Conversely,
suppose that C is simply degenerate. Then by 1. it must be reducible,
and since deg f = 2, we can only have f(z,y,2) = g(z,y, 2)h(z,y, z) with
g, h homogeneous polynomials of degree 1. If g = 0 and h = 0 define the
same line, then any point on such line is singular, but then every point of
C would be singular. Hence g = 0 and h = 0 must define distinct lines.

3. If f = (ax + by + cz)?, then every point of C is singular, and so
C is doubly degenerate. Conversely, if C is doubly degenerate then it is
reducible, and we showed in 2. that if it decomposes as the product of
two distinct lines then there is a unique singular point. Then it must
decompose as the square of a line. O

The next lemma shows how to compute tangent lines in smooth points of
conics.

@11 a2 13

Lemma 9.2.5. Let C: "X AX = Obe aconic, where A = | aj5 a9 ass | €

@13 dg23 (33
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M3(C). Let P = (zp : yp : zp) € C be a smooth point. Then the unique
tangent in P is the line

Proof. By Theorem 9.1.15, the tangent line in P is given by the equation

of of of
8_x<P)x + —=—(P)y + 3,

where f(z,y,2) = 1122 + 20127y + 201302 + a2y? + 2a93y2 + aszz?. Hence
we just need to verify that this expression coincides with that of the claim.
We compute:

0

8—£(P) = 2a117xp + 2a12yp + 2a132p
of

8_y(P) = 2a2yp + 2a12Tp + 2a232p
of

92 (P) = 2a33zp + 2a130p + 2a23yp

so that the equation of the tangent line in P is given by:

(@112 pFa12yp+ai3zp)r+(axnypt+ai2xp+asszp)y+(asszp+ai3x p+assyp)z = 0.

On the other hand,

11 a2 13
<117P yp ZP) Q12 Q22 A23 | —

13 dg3 G33

= <a11$P + apyp + a1z AoYp + a12Zp + G3zp A33Zp + A13Tp + a23yp>
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T

so that when we multiply the above matrix by | y | and we equate to 0

z
we obtain precisely the equation of the tangent line. ]

Definition 9.2.6. Let C: f(z,y,2) = 0 be a conic. The improper points
of C are the intersections of C with the line z = 0.

If C is general, an asymptote of C is a proper tangent in an improper
point of C.

Remark 9.2.7. To find the improper points of C one simply needs to
solve the equation f(z,y,0) = 0. By Theorem 9.1.16, a conic either
has two distinct improper points or it has a unique improper point with
multiplicity 2; in the latter case, the line z = 0 is tangent in such point.

If C is general and it has 2 improper points, then these are smooth
and z = 0 is not tangent in either of them, since otherwise we would
contradict Theorem 9.1.16. Hence the tangents in the improper points
must be proper, and the conic has two asymptotes.

If C is general and it has only one improper point, then this is smooth
and z = 0 is tangent in such point; it follows that the conic has no
asymptotes.

Example 9.2.8.

o Let C: 22 4+ 2y + 22 = 0. To find the improper points, we need
to solve 22 + 2y = 0. It follows that the two improper points are:
P=(iv/2:1:0)and P = (—iv/2 : 1:0). Since C is a general
conic, there is a unique tangent line in both P and P. To compute
these tangents, we use Lemma 9.2.5. The tangent in P is given by:

1 0 0 [«
<i\/§10>020 y| =0,
00 1) \=z
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that is,
iV2x + 2y = 0.

Similarly, the line
—iV2z +2y =0

is the tangent in P. Since these lines are proper, they are the
asymptotes of C.

o Let C: 22 +4xy+4y? —2x2+2% = 0. To find the improper points, we
need to solve 72 +4xy +4y? = 0. This is equivalent to (z+2y)? = 0,
so this conic has a unique improper point that is P = (2 : —1: 0).
Its tangent line has equation:

1 2 -1 9z
(2 -1 0) 2 4 0 y| =0,
-1 0 1 z

that is just z = 0. This means that the tangent line in P is improper,
and hence it is not an asymptote.

9.3 Real conics

Definition 9.3.1. A real conic is a conic C which has a defining equation
f(z,y,2) =0 with f(z,y,2) € Rlz,y, 2].
The conic C is called:

1. An ellipse if it has two imaginary conjugate improper points;
2. A hyperbola if it has two real distinct improper points;

3. A parabola if it has one real improper point with multiplicity 2.

By Remark 9.2.7, ellipses and hyperbolas have two asymptotes, while parabo-
las have no asymptotes.
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Theorem 9.3.2. Let C: X AX = 0 be a real general conic, where

a1; Aaiz2 i3
A= Q12 QAg22 G23 EMS(R)-

13 Q23 033
Let
o ail Q2
iz Q22
Then C is:
1. an ellipse if det A> 0;
2. a hyperbola if det A< 0;

3. a parabola if det A=0.

Proof. In order to find improper points of C we need to solve

a11 daiz2 A3 X

<$ Yy 0) a2 G2z Q23 Y =0,

a13 Qg3 433 0

that is,
a112° + 2a122Yy + asy® = 0. (48)

Now we need to consider three cases. First, if a;; = agss = 0 then it
must be a;s # 0, because if it was also a5 = 0 then the first two rows
of A would be linearly dependent, so that rk(A4) < 3 and A would not
be general. Then the equation becomes xy = 0, so the conic has two
improper points (1 : 0 : 0) and (0 : 1 : 0), hence it is a hyperbola and
det A = —a2, < 0, as required.

Next, if a;; # 0 then y = 0 does not yield a solution of (48). Hence
we can assume that y = 1 and look at the equation

2
anxr” + 20,121’ + Qoo = O,
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that has two real solutions precisely when A = af2 —aq1a99 > 0, it has one
solution with multiplicity two when a%2 —aq1a92 = 0 and has two imaginary
conjugate solutions when a?, — ajjase < 0. Since a?, — ajjas = — det A,
we are done.

Finally, if ags # 0 then 2 = 0 does not yield any solution of (48), so
we can just set £ = 1 and reason like in the previous case. ]

Definition 9.3.3. Let C: X AX = 0 be a real general conic, where

aix Qa2 Q13
A= a12 Q22 23 EM?:(R)-

13 Q23 Gsz3

Let P = (zp : yp : zp) € P*(C) be any point. A point Q = (xq : yg :
2g) € P?(C) is said to be conjugate to P with respect to C if

11 Q12 Q13 TQ
(QTP yp ZP) ai2 G2 Qo3 YaQ = 0.

@13 Qa23 (33 ZQ

We write the above equation as 'PAQ) = 0, with a slight abuse of notation.

Remark 9.3.4. Notice that P is conjugate to () with respect to C if and
only if @) is conjugate to P with respect to P. In fact,

'PAQ =0+ "("PAQ) =0 <= "Q"AP = 0 <= "QAP = 0,

using the fact that ‘A = A.

Definition 9.3.5. Let C be a real general conic and let P € P?(C). The
set of points of P?(C) that are conjugate to P with respect to C is called
the polar of P with respect to C.
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Proposition 9.3.6. Let C: ‘X AX = 0 be a real general conic.
1. Let P € P*(C). Then the polar of P with respect to C is a line.

2. Let P,Q € P*(C) be such that P # Q, and let ¢p, {g be the polar of
P, Q) with respect to C, respectively. Then {p # (.

Proof. 1. The polar is the set of points that solve the equation

ail a2 Aas X
(1’13 yp ZP) Q12 Q22 Q23 Yy =0,
@13 Q23 Q33 z

where P = (zp : yp : zp). This clearly defines a line unless

@11 Aaiz2 i3
($P yp ZP> 12 Q22 A23 =0,

@13 Aag23 G33

namely unless ‘PA = 0. Transposing and using the fact that A is sym-
metric, the latter condition is equivalent to AP = 0. Since the vector of
the coordinates of P cannot be the zero vector because (0 : 0 : 0) is not
a point of the projective plane, in order for this to happen we need ker A
to be non-zero, but this happens precisely when det A = 0, namely when
A is not general.

2. Let P = (zp:yp:zp)and Q = (g : Yo : 2g). Since P # Q) as
points of P?(C), the vectors (zp,yp, zp) and (zg, yg, 2g) are not linearly
dependent in C®. Suppose by contradiction that £p = £g. Then AP and
AQ) are proportional vectors, i.e. there exists A € C such that AP = AAQ
and hence AP = A(AQ), that implies

A(P = AQ) = 0.

In other words, P — A\Q € ker A. But ker A = {0} since C is general, and
hence P = A\, contradicting the hypothesis. O
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Definition 9.3.7. Let C be a real general conic and let £ C P?(C) be a
line. We say that a point P € P?(C) is a pole of £ if the polar of P with
respect to C is /.

Proposition 9.3.8. Let C be a real general conic and let ¢ C P?(C) be a
line. Then ¢ has a unique pole.

ann a1z dais
Proof. Let ¢: ar+by+cz = 0 and let A = (xp yp zp> Q12 A2 Qo3

a1z Q23 as3
be the matrix associated to C. Then a point P = (zp : yp : zp) € P?*(C)
is a pole of ¢ if and only if (xp yp ZP) A is proportional to (a b c)

rp a
or, equivalently (transposing), if A | yp | is proportional to B = | b
Zp C

Now the linear system AX = B has exactly one solution by Theorem
3.1.5, because being C general the matrix A has non-zero determinant. It
follows that ¢ has a pole P. Such pole is unique because of Proposition
9.3.6: if () was another pole for ¢ then P and ) would be distinct points
with the same polar. O]

Therefore we have proven that given a general real conic C, the polar of

every point P € P?*(C) with respect to C is a line and every line has a unique
pole in P?(C).

Theorem 9.3.9 (Reciprocity principle). Let C be a general real conic, let
P € P?(C) and let p be the polar of P with respect to C.
1. If @ € p, the polar of ) with respect to C passes through P.

2. If 7 is a line containing P, its pole belongs to p.

Proof. Let C have equation *XAX = 0.
1. Since p is the set of points that are conjugate to P with respect
to C, if Q € p then we have ‘PAQ = 0. Transposing and using the fact
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that A is symmetric, we get '‘QAP = 0, so that P is conjugate to QQ with
respect to C. But this means precisely that P belongs to the polar of @)
with respect to C.

2. Let @ be the pole of £. This means that ¢ is the set of points of
P%(C) that are conjugate to @ with respect to C. Since P € /, then P
is conjugate to ) with respect to C, i.e. ‘QAP = 0. Transposing, we get
that ‘PAQ = 0, namely, Q) is conjugate to P with respect to C. But then
by definition ) belongs to the polar of P, that is p. [

Proposition 9.3.10. Let C be a general real conic, let P € P?(C) and let
p be the polar of P with respect to C.

1. P € pif and only if P € C, and in such case the polar of P is the
tangent line in P.

2. If P ¢ C, there exist exactly two lines ¢; and ¢y through P that are

tangent to C, and p is the line through the two points ¢; N C and
lHNC.

Proof. 1. P € p if and only if P is conjugate to itself with respect to C,
namely if and only if YPAP = 0. But this is equivalent to saying that
P € C. Lemma 9.2.5 shows that in this case the equation of the polar is
precisely the equation of the tangent line.

2. Consider pNC. By theorem 9.1.16, this consists either of two distinct
points or of a single point with multiplicity 2. Suppose that the latter
holds, and let Q = pNC. Since the intersection multiplicity of p and C in
Q@ is 2, p is tangent to C in (), and hence by 1. the line p is the polar of
(). But a line has a unique pole by Proposition 9.3.8, and hence P = Q).
But then P € C, contradicting the hypothesis. Hence pNC consists of two
distinct points P;, P,. Now let ¢; be the tangent in P;, for ¢ = 1,2. Since
P; € C, by Theorem 9.3.9 we have that P € ¢;, for i =1, 2.

So we proved that there exist two lines /1, /5 through P that are tangent
to C, and p is the line through ¢; NC and ¢, N C. It remains to show that
there are no other lines through P that are tangent to C. Let /3 be another
line with such property and let P; = ¢35 N C. Then /3 is the polar of Pj,
and since P € (3, by Theorem 9.3.9 we have that P; € p. But then
{Py, P, P3} C pNC, contradicting Theorem 9.1.16 since the three points
are all distinct. O
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Definition 9.3.11. Let C be a general real conic. The center of C is the
pole of the improper line z = 0. The diameters of C are the polars of the
improper points of P?(C).

Remark 9.3.12. Let C be a general real conic. Then every diameter of C
passes through the center of C. In fact, if P is the center of C then by
definition the polar of P is z = 0. Hence by Theorem 9.3.9, the polars of
the points lying on z = 0, that are the diameters, pass through P.

Proposition 9.3.13. Let C be a general real conic with defining matrix
a1x a2 ai3
A= [ayn axp azs
Q13 a2z ass

1. The center of C is the unique point (xp : yp : zp) € P?(C) such that:

aj1xp + appyp + ajzzp =0
a12Tp + axyp + azzp =0

2. The center of C is improper if and only if C is a parabola, and in
this case its center is the unique improper point of C.

3. If C is not a parabola, the asymptotes of C are the lines through the
center and the improper points of C.

Proof. 1. By Remark 9.3.12, in order to compute the center we can com-
pute the polars of the points (1:0:0) and (0:1:0) and intersect them.
These polars are, respectively,

anT + apy + ajzz = 0 and a12T + A2y + A3z = 0.
Hence the center is given by the unique solution of the system

a11x + a2y + a3z =0
127 + a2y + a3z =0
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(notice that the solution is unique because since C is general, the rows of
A are linearly independent, hence all solutions of (49) are proportional to
each other).

2. System (49) has a solution of the form (zp : yp : 0) if and only if
(xp,yp) solves the system

=0
{allx + a2y (50)

a12T + azy =0

But this is a homogeneous system of two equations in two indetermi-
nates, and therefore by Theorem 3.1.5 it has a non-zero solution if and
. air a2 . . .
only if det = 0, namely if and only if C is a parabola by
a2 a22
Theorem 9.3.2.

Suppose then that C is a parabola. Its center then is (zp : yp : 0)
where (zp,yp) solves (51). Since C is a parabola, ajjass — a3, = 0, so the
two equations are linearly dependent. Now if (a1, a12) # (0,0) then the
solution is (—ajs : aj; : 0). Otherwise we must have agy # 0, since C is
general, and the center is (1:0:0).

On the other hand, to find the improper points of C we need to solve

a1 @* + 2a127Y + agy® =0 (51)

If (a11,a12) # (0,0) then plugging in = —aj2 and y = a;; in the above
expression we get —anaf2 + aggafl = an(—af2 + aq1a92), that is 0 since
C is a parabola. If (aj1,a12) = (0,0) then as we have seen the center is
(1:0:0) and (51) becomes agy? = 0, that is satisfied by (1:0:0). In
any case, the center coincides with the unique improper point.

3. Since C is not a parabola, it has two distinct improper points P; and
P;. The polar p; of P; is the tangent line in P; for ¢ = 1,2 by Proposition
9.3.10, and hence p; and ps are the asymptotes of C. By Remark 9.3.12,
they pass through the center, and hence they must be the lines through
the center and the improper points. [

Remark 9.3.14. The center of a real general conic C is a point of C if and
only if C is a parabola. In fact, if C is a parabola then by Proposition
9.3.13 its center lies on it. If C is not a parabola, by Proposition 9.3.13
the center P is proper. Hence if it was a point of C, by Proposition 9.3.10

211



Andrea Ferraguti Chapter 9: Conics

its polar would be the tangent in P, that is a proper line. But this is
impossible since the polar of the center is the improper line by definition.

Example 9.3.15. Let C: 22 — 2zy + 2y% + 472 — 222 = 0. By Proposition
9.3.13, the center is found by solving the system

zT—y+2z=0
—z+2y =0
that yields the point (—4: —2:1).
Of course one can also compute the center by using its very definition,

namely that of being the pole of the improper line. So P = (xp : yp : 2p)
is the center of C if and only if its polar is z = 0, namely if and only if

is the improper line. The above line has equation
(xp —yp + 2zp)x + (—xp + 2yp)y + (22p — 22p)z = 0,

which is the equation of the improper line if and only if

xp—yp+2zp =0
—xp+2yp =0

that is the very same system we already solved.

Proposition 9.3.16. Let C be a general real conic. The diameters of C
constitute the pencil of lines through the center of C.

Proof. Every diameter passes through the center, by Remark 9.3.12. Con-
versely, let ¢ be a line through the center P of C. By Theorem 9.3.9, the
pole of £ must lie on the polar of P. But this is the improper line, by
definition of center. Hence /¢ is the polar of an improper point. ]
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Remark 9.3.17. When looking at the affine part of a general real conic C, if
C is not a parabola then its center is proper, and therefore the diameters
will be the pencil of affine lines through such proper point. If C is a
parabola, since the center is improper the affine part of the diameters will
constitute a pencil of parallel lines, all with direction (—ajs : a1; : 0) by
Proposition 9.3.13.

9.4 Conics in E*(R)

Definition 9.4.1. A conic in E?(R) is the set of solutions of an equation
of the form:

C: ana® + 2a192Y + 20137 + agoy” + 2093y + azz = 0,

where a;; € R for every ¢, j and a;1, a2, age are not all 0.

Of course by homogeneizing the equation of a conic in E*(R) one obtains
the equation of a real conic C in P?(C). However, we maintain the concepts
distinct, in a formal way, in order to be able to talk about orthogonality, that
is a notion that makes no sense in P2

Every notion we have seen in the previous sections for conics in P?(C)
carries over to conics in E?(R); to make sense of such notions we’ll think of
them as associated to the conic C. For example, if 2% + y* + 1 is a conic in
E?(R), we can talk of its improper points: these will be the improper points
in P?(C) of the conic 2 + y* + 2% = 0.

In the Euclidean setting we distinguish (for reasons that will not be treated
in these notes) circles from ellipses, although the former are a special case of
the latter.

Definition 9.4.2. A circle in E?(R) is a conic with equation
C: anz® + any’ + 2a132 + 2as3y + azs = 0,

with aiq 7é 0.

Therefore, in the Euclidean setting we will use the word ”ellipse” to denote
an ellipse that is not a circle.
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Definition 9.4.3. The cyclic points in P?(C) are (1 : 4 : 0) and (1 : —i : 0).

Lemma 9.4.4. A general conic C C E?(R) is a circle if and only C passes
through the cyclic points.

Proof. Simply impose to the general equation of a conic the passage
through the cyclic points. This yields:

ail + 2ia12 — a9y — 0,

so that we must have a;; = aqss and a1z = 0. O

Definition 9.4.5. Let C C E%(R) be a hyperbola. We say that C is equi-
lateral if its asymptotes are orthogonal.

Proposition 9.4.6. Let
C: ana® + 2a197y + 24137 + azy® + 2a93y + azz = 0
be a hyperbola in E?(R). Then C is equilateral if and only if a;; +ags = 0.
Proof. To find the improper points of C we need to solve the equation
anx® + 2a102y + asny® = 0. (52)

Since C is a hyperbola, we know that this equation will yield two real
distinct improper points: (zg : yo : 0) and (xj : y, : 0). Let P be the
center of C, that is proper by Proposition 9.3.13. Since the asymptotes are
the lines through P and the improper points, again by Proposition 9.3.13,
their directions are (xg, yo) and (g, y,). Hence they are orthogonal if and
only if

/ /

If, without loss of generality, we assume that ass # 0, then xq # 0 as
otherwise to solve (52) we would also need yo = 0. For the same reason,
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xy # 0. Hence (53) can be rewritten as:

Yo Y%

0 — 1.

Now since z—g and z—‘:) are the roots of the equation
0
a22t2 + 2a12t +a; = O,

their product is —1 if and only if % = —1, that is if and only if a1; + a9 =
0. O

Definition 9.4.7. Let C C E?(R) be a general conic. An azis of C is a
proper diameter whose direction is orthogonal to that of its own pole. If
¢ is an axis of C and P € £ NC is proper, then it is called a vertex of C.

Proposition 9.4.8. Let C C E*(R) be a general conic.

1. If C is a circle, all diameters are axes and all proper points of C are
vertices.

2. If C is a hyperbola or an ellipse, then its has 2 axes and 4 vertices.
3. If C is a parabola, there is a unique axis and a unique vertex and

the tangent in the vertex is orthogonal to the axis.

11 a2 Qi3

Proof. Let A = | a5 a9y a3 | be the matrix of the associated projec-

@13 dg3 G33

tive conic C. Let (xp : yp : 0) be an improper point. Its polar is given by
the equation:

(xpay + ypai2)r + (xpars + ypass)y + (rpars + ypass)z = 0.

The direction of such polar is (zpais + ypase, —Tpaj; — ypais), while that
of the pole is (xp,yp). Hence in order for them to be orthogonal we need
(xpais + ypas)xp — (xpay + ypaiz)yp = 0 or, in other words,
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CL1213129 + (CLQQ — an)l’pyp — a12y123 =0. (54)

1. If C is a circle, then ay; = ags and a;2 = 0, so that (54) is satisfied
by every pair (zp,yp). This is equivalent to saying that every diameter is
an axis.

If @ is the center of C and R is a point of C, by Theorem 9.3.9 the pole
of the line ¢ through () and R is improper. Therefore ¢ is a diameter, and
it is an axis by what we said above. Hence R is a vertex.

2. If a15 = 0, then the two solutions of (54) yield the points P, = (1 :
0:0)and P, = (0:1:0). If a;o # 0, then the solutions to (54) yield two
points P, = (zp : yp : 0) and Py, = (—yp : zp : 0). These points coincide
if and only if yp = txp, and if this happens then it must be xp # 0. Then
(54) becomes:

2h(2a13 + (ags — an)i) =0,

and since the a;;’s are all real and zp # 0 it must be a1; = ag2 and a2 = 0,
contradicting the hypothesis that C is a hyperbola or an ellipse. Therefore
P1 §£ Pg.

Now we need to prove that the polars of P;, P, are proper. Let ¢; be
the polar of P, for i = 1,2. If ¢; was the improper line, then P; € ¢;,
which implies that P; € C by Proposition 9.3.10. But the polar of a point
of C is its tangent, by the same proposition, so that the improper line
would be tangent in an improper point of C. This would imply that C is
a parabola by Remark 9.2.7, contradicting the hypothesis. Therefore, ¢,
and ¢y are proper, and hence they are the axes of C. They are distinct by
Proposition 9.3.6, because they are polars of two distinct points.

Next, we need to prove that ¢;NC consists of two distinct proper points.
Let ¢ € {1,2}. If ¢; was tangent to C in a point @, then ¢; would be the
polar of () by Proposition 9.3.10. But since the pole of ¢; is improper,
then () would be improper and its direction would be the same as that
of ¢;, which is impossible. Hence ¢; N C consists of two distinct points for
i =1,2. If /{ N C contains an improper point P’, then by Theorem 9.3.9
the polar of P’ would pass by P,. But the polar of P’ is the tangent line in
P’ and since P’ and P, are both improper, this means that the improper
line z = 0 is tangent to C. Hence C should a parabola, contradicting the
hypothesis. This shows that ¢; N C consists of two distinct proper points,
and with a simmetric argument also ¢, N C does.

Let then /1 NC = {Q1,Q2} and ¢, NC = {Ry, Ry} with Q1,Q2, Ry, Ry
proper points with Q1 # Qo and Ry # Ry. If it was Q; = Ry, then
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(21 would be the center of the conic, since all diameters pass through
the center. But @)1 € C, and this contradicts Remark 9.3.14. Hence
{Q1,Q2} N{R1, Ry} = 0, proving that C has 4 vertices.

3. By Theorem 9.3.13, diameters of a parabola are exactly the lines
that pass through its unique improper point. If a;; # 0 or a;s # 0, the
improper point is (a2 : —aj; : 0). Otherwise, we must have ag # 0 as
otherwise C would be degenerate, and the improper point is (1 : 0 : 0).
Let us assume that we are in the first case, the other case can be treated
similarly. Then all diameters have equation

a1 + apy + kz =0,

for some k£ € C. Therefore the unique improper point whose direction is
orthogonal to that of its own diameter is (a3 : a2 : 0). Since one between
arp and ajp is non-zero, the corresponding diameter is proper, and it is
therefore the unique axis. One intersection with C is (ajs : —aq; : 0), and
hence the second intersection must be proper, as otherwise the whole axis
would be improper. Hence there is a unique vertex. By Theorem 9.3.9,
the polar of the vertex, that is tangent to C therein, passes through the
pole of the axis, that is (a1 : a12 : 0), and hence its direction is orthogonal
to that of the axis. ]

Example 9.4.9.

o Let C: 22 +2y? — 2z — 2y + 3 = 0. This is an ellipse, so it has two
axes and four vertices. Let us compute them. To find axes, we first
need to solve equation (54), that in this case is:

zy = 0.

Hence the points P, = (1 : 0 : 0) and P, = (0 : 1 : 0) are
such that their polars are the axes of C. Since the matrix of C

1 0 -1
is| 0 2 =11, the axes have equation

-1 -1 3

r—z=0and 2y —2=0
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or, in affine coordinates,
r—1=0and2y—1=0.

In order to find the vertices, we simply need to intersect the axes
with C. Hence we have to solve

{1+2y2—2—2y+3=0 - {x2—|—1/2—2x—1+3:0

z=1 y=1/2

which yield the points (1 : (144v/3)/2: 1) and (1444/3/2:1/2: 1).
These are the four vertices of C. Notice that they are all imaginary
points! One can prove easily that C has no real point.

o Let C: 22 —y?> — 22y + 3 = 0. This is a hyperbola, so it has two

1 -1 0
axes and four vertices. The matrix of C reads as: -1 -1 0/,
0o 0 3

and equation (54) becomes:
—z2 —2zy +y? =0,

which yields the two points (1 : 14 1/2 : 0). Now the axes of C are
the polars of these points, namely the lines:

V2z + (24 v2)y = 0 and V22 — (2 — V2)y = 0.

To find the vertices, we need to solve:

(V2+1)y)? —y*+2y(vV2+ 1)y +3=0
r=—-(vV2+1)y

and

((\/5—1)y)2—y2+2y(\/§—1)y~|—3:0
v=(vV2-1)y ’
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finding the four points

((\/§+1)\/3—3\/§:—\/3—3\/§:2),

(_(ﬁ+1)\/3—3\/§:\/3—3\/§:2),

<(\/§—1)\/3+3\/§:\/3+3\/§:2>,

(V2-vya+ava: varave: 2).

These are the four vertices of C; notice that the first two are imagi-
nary, since 3 — 3v/2 < 0 while the other two are real.

o Let C: 22+ 22y + 4%+ 2y +3 = 0. This is a parabola, and therefore
1 10

it has one axis and one vertex. The matrix of C is 1 1 1| and

013
the axes equation (54) is:

yielding the points (1:1:0) and (1:—1:0). Their polars are:
r+y=0and z =0,

so the only axis is x + y = 0. Intersecting it with C we find

—2x+3=0
y=-—x

and hence the unique vertex is (3 : —3: 2).
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Notes
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