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Direct sum

The vector space V is the direct sum of its subsapces U and W if and
only if (i) V.= U+ W and (ii) Un W = {0}.
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Direct sum

The vector space V is the direct sum of its subsapces U and W if and
only if (i) V.= U+ W and (ii) Un W = {0}.

R3=Uo® W; U={(a,b,0);a,b € R} and W = {(0,0,¢c); c € R}.
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Direct sum

The vector space V is the direct sum of its subsapces U and W if and
only if (i) V.= U+ W and (ii) Un W = {0}.

R3=Uo® W; U={(a,b,0);a,b € R} and W = {(0,0,¢c); c € R}.
Let E be a vector space of finite dimension, and let F and G be two
sub-spaces of E such that: F N G = {0} and
dim(F) + dim(G) = dim(E). We have E = F & G.
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Direct sum

The vector space V is the direct sum of its subsapces U and W if and
only if (i) V.= U+ W and (ii) Un W = {0}.

R3=Uo® W; U={(a,b,0);a,b € R} and W = {(0,0,¢c); c € R}.

Let E be a vector space of finite dimension, and let F and G be two
sub-spaces of E such that: F N G = {0} and
dim(F) + dim(G) = dim(E). We have E = F & G.

R¥3=L® P, P={(x,y,z) €ER3x—y+2z=0} and
L={t(1,-1,2);t € R}
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Proof of example 3

L is the normal line of P. Note that a plane and its normal line clearly only
intersect in one point, and in this case both pass through the origin, so
clearly LN P = {0}. Checking that R® = L + P is the same as checking
that for any (x, y, z) € R3, there is a point on the line, say (a, —a, 2a),
and a a point on the plane, say of the form (b, b + 2c¢, ¢), for which

(x,y,z) =(a,—a,2a) + (b,b+2c,c) = (a+ b,—a+ b+ 2c,2a+ c).

X
This is the same as solving AX = d, where d = | y | and
2)
1 10
A=|-1 1 2]. Since we want to show that this is always solvable,
2 01
for any choice (x, y, z), this is equivalent to A being invertible, or
detA =6 # 0.
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diagonalisation

Definition
A square n X n matrix A over a field F is called diagonalizable or
nondefective if there exists an invertible matrix P such that P~1AP is a

diagonal matrix. Formally,

A € F™*" diagonalizable «— 3P, P ! € F**" : P AP diagonal
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diagonalisation

Definition

A square n X n matrix A over a field F is called diagonalizable or
nondefective if there exists an invertible matrix P such that P~1AP is a
diagonal matrix. Formally,

A € F™*" diagonalizable «— 3P, P ! € F**" : P AP diagonal

In order to get the matrix P, we need to compute the characteristic
polynomial wich is: Pa(\) = det(A — Al), where X is an eigen value for
A, or simply a root of P(A).
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Example

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

The roots of the characteristic polynomial p(A) = det(A/ — A) are the
eigenvalues A\; = 1, A\» = 1, A3 = 2. Solving the linear system

(I — A)v = 0 gives the eigenvectors v; = (1,1,0) and vo = (0,2,1),
while (21 — A)v = 0 gives v3 = (1,0, —1); that is, Av; = A\;v; for
i=1,2,3. These vectors form a basis of VV = R3, so we can assemble
them as the column vectors of a change of basis matrix P to get:

1 0 1 0 1-27[1 0 1 1 00
PtAP=|1 2 0 0 1 o||1 2 ol=1]0 1 0|=D.
0 1-1 1 -1 3f/[o 1-1 00 2
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Application on direct sum

Let Wy, Wh, ... W) be subspaces of a finite dimensional vector space V.
The following conditions are equivalent:
V=WoWa...a).
V = Zf‘zl W:, and for any vectors V1, V>, ... V), such that
Vie W,1<i<k),ifvi+va+...vgy =0 then v; =0 for all i.
Each vector ve V can be uniquely written as v = vi + vo + ... + v
where v; € W..
If v; is an ordered basis for W;, (1 < i < k), then v Uwv, U...U vy is
an ordered basis for V.

Foreach i =1..., k, there exists an ordered basis V; for W; such
that vi U v U. ..U v is an ordered basis for V
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Application on direct sum

Let Wy, Wh, ... W) be subspaces of a finite dimensional vector space V.
The following conditions are equivalent:

V=WoWa...a).

V = Zf‘zl W:, and for any vectors V1, V>, ... V), such that
Vie W,1<i<k),ifvi+va+...vgy =0 then v; =0 for all i.

Each vector ve V can be uniquely written as v = vi + vo + ... + v
where v; € W..

If v; is an ordered basis for W;, (1 < i < k), then v Uwv, U...U vy is
an ordered basis for V.

Foreach i =1..., k, there exists an ordered basis V; for W; such
that vi U v U. ..U v is an ordered basis for V

Homework graded.
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One more example

A linear operator T on a finite -dimensional vector space V is
diagonalisable if and only if V is the direct sum of the eigen spaces of T.
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One more example

A linear operator T on a finite -dimensional vector space V is
diagonalisable if and only if V is the direct sum of the eigen spaces of T.

Proof.

Let A1, A2, ..., Ak be the distinct eigen values of T. First suppose that T
is diagonalisable and for each i choose an ordered basis V; for the
eigenspace Ey,. By definition, v; U... U v is a basis for V, and hence
from the previous theorem V is a direct sum of EJ s.

Conversely, suppose that V is a direct sum of the eigen spaces of T. For
each i, choose an ordered basis V; for Ey,. V =E,, ®...® E,,. By the
previous theorem, the union is a basis for V. Since each eigenspace E),
consists of zero vector and the eigenvectors of T corresponding to the
eigenvalue \;. Thus V; consist of only eigenvector because 0 ¢ v;, since
v; is a basis for eigenspace E),.

Hence the basis v; U vo U ... U v, consists of eigen vectors of T, we
conclude that T is diagonalisable. O

Dr Lama Tarsissi Linear and Bilinear Algebra I-SUAD October 3, 2021 8/ 24



Linear form

A linear form is a linear map from a vector space E to its field of scalars
(often the real set R or complex set C).
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Linear form

Definition
A linear form is a linear map from a vector space E to its field of scalars
(often the real set R or complex set C).

A linear form is a function £ : E — R, which satisfies the following:
Vx,y € E and X € R,

I(x + Ay) = I(x) + M(y).
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Linear form

Definition
A linear form is a linear map from a vector space E to its field of scalars
(often the real set R or complex set C).

A linear form is a function £ : E — R, which satisfies the following:
Vx,y € E and X € R,

I(x + Ay) = I(x) + M(y).

Definition
The set of all linear forms over a vector space E, ¢(E, k), is the dual
vector space and is denoted by E*.
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Examples

m Let E be any vector space. The null function, which associates every
vector of E to the real 0 is a linear form.

m Let a;,a; € R. The function /(x1,%2) = a1x1 + azxz is a linear form
defined on R2.

m Note C°([0, 1], R]), the vector space of continuous functions defined
on the interval [0, 1] to reel values. The application

f— /01 f(t)dt

is a linear form overC°([0, 1], R]).
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Proposition

The linear forms defined over R" are the functions of the form:
/(Xl,XQ, .. ,Xn) = aixy + axxo + ...+ apx,.

The real numbers ay, . .. a, are the coefficients of the linear form |.

Let us check that any linear form is indeed of this form. For that, let

ap =1(1,0,...,0),...,a,=1(0,0,...,1). By linearity,

I(x1,.-.xp) = x1/(1,0,...,0) + ... + x,/(0,0,...,1) = a1xg + ... + apx,.
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kernel of a linear form

The kernel of a linear form defined over E is a vector subspace of E. We
will characterize these subspaces by their dimension.
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kernel of a linear form

The kernel of a linear form defined over E is a vector subspace of E. We
will characterize these subspaces by their dimension.

Definition

Let E be a vector space of finite dimension n. A vector subspace of
dimension n — 1 is called the hyperplane of E.
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kernel of a linear form

The kernel of a linear form defined over E is a vector subspace of E. We
will characterize these subspaces by their dimension.

Definition

Let E be a vector space of finite dimension n. A vector subspace of
dimension n — 1 is called the hyperplane of E.

If E is of dimension 2, the hyperplanes of E are lines.
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kernel of a linear form

The kernel of a linear form defined over E is a vector subspace of E. We
will characterize these subspaces by their dimension.

Definition

Let E be a vector space of finite dimension n. A vector subspace of
dimension n — 1 is called the hyperplane of E.

If E is of dimension 2, the hyperplanes of E are lines.

If E is of dimension 3, the hyperplanes of E are planes.
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kernel of a linear form

The kernel of a linear form defined over E is a vector subspace of E. We
will characterize these subspaces by their dimension.

Definition

Let E be a vector space of finite dimension n. A vector subspace of
dimension n — 1 is called the hyperplane of E.

SEE

If E is of dimension 2, the hyperplanes of E are lines.

If E is of dimension 3, the hyperplanes of E are planes.

From a geometric point of view, vectors direct vector lines.
Linear shapes direct hyperplanes.
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Two intersecting planes in =
three-dimensional space. A plane
is a hyperplane of dimension 2,
when embedded in a space of
dimension 3.
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More about hyperplanes

Let E be a vector space of finite dimension n.
m The kernel of a non-zero linear form is a hyperplane.

m Any hyperplane is the kernel of a non-zero linear form.
m Two non-zero linear forms define the same hyperplane if and only -
ment if they are proportional.
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proof

m The first point follows from the rank formula. Let | be a linear form.
dimker(l) + rank(l) = n.

If I is zero, its image is equal to {0} and rank(/) = 0. If | is
non-zero, its image is equal to R and rank(/) = 1.
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proof

m The first point follows from the rank formula. Let | be a linear form.
dimker(l) + rank(l) = n.

If I is zero, its image is equal to {0} and rank(/) = 0. If | is
non-zero, its image is equal to R and rank(/) = 1.

m Let H be a hyperplane of E and ey, ..., e,_1 a basis of H. Let e, be
a vector of E which is not in H. It is not a combination of

€1,...,€n—1, the family (e1, ..., e,—-1, €,) is therefore free, it is a
basis of E. A vector x = xj€; + ...+ x,e, of E is in H if and only if
it is expressed in function of ey,..., e,_1, that is to say if and only if

x, = 0. It is therefore the kernel of the linear form defined by
I(x1e1 + ... + xp€n) = Xp.
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proof

m The first point follows from the rank formula. Let | be a linear form.

dimker(l) + rank(l) = n.

If I is zero, its image is equal to {0} and rank(/) = 0. If | is
non-zero, its image is equal to R and rank(/) = 1.

Let H be a hyperplane of E and ey, ..., e,_1 a basis of H. Let e, be
a vector of E which is not in H. It is not a combination of
€1,...,€n—1, the family (e1, ..., e,—-1, €,) is therefore free, it is a
basis of E. A vector x = xj€; + ...+ x,e, of E is in H if and only if
it is expressed in function of ey,..., e,_1, that is to say if and only if
x, = 0. It is therefore the kernel of the linear form defined by

I(x1€1 4 ...+ xp€p) = Xp.

Let h, k € E* be non-zero such that H = ker(l;) = ker(k). In the
base of E just considered, h(e;)) = h(e;) =0if i < n. We can deduce

h(> xiei) = xnh(en), (D xier) = xnk(en),

hence I, = ggzngb These two forms are quite proportional.
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The coordinates of a linear form | € E* in the base (e, ..., er) are worth

I(e1), I(e2), ..., 1I(en).

The space E* is of finite dimension and dimE* = dimE H.WV.
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Proposition

The coordinates of a linear form | € E* in the base (e, ..., er) are worth

I(e1), I(e2), ..., 1I(en).

The space E* is of finite dimension and dimE* = dimE H.WV.

We agree to represent the coordinates of a vector in a base given (¢;) of
E in the form of a column vector and to represent the coordinates of a
linear form in the dual basis () of E* in the form of line vector. With
x1
this convention, if x € E and | € E* have coordinates: | ... | and
Xn
(a1,...,an). then the quantity /(x) is obtained by taking the product of
the two vectors:

/(X):(ala--~7an) oo =axs .. anXxy.

Dr Lama Tarsissi Linear and Bilinear Algebra I-SUAD October 3, 2021



Solution

Let us show first that B* is a free family of E*. Suppose that the null
linear form can be written as: 0 = Ajef + ...+ Aye); we prove that the
coefficiants are necessarily null by applying the linear form defined by the
second member on e;: we get 0 = (A1e] + ...+ Apel)(e) = A; for all
1<i<n.

Now let us show that B* is a generator family of E*. Let f be a linear
form of E*. We let \; = f(e;) for all 1 <i < n and

g =M el + ...+ Apei. The linear foms f and g are equal over the
vectors of the base B because g(e;)) = \; = f(g) forall 1 < i< n.
Consequently, f = g, which concludes our proof.
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Case of R", Canonical basis

Recall what is the canonical basis of R". With the convention that
consists in representing the vectors of R” in the form of columns, it is a
question of vector family:

1 0 0
0 1 0
0 0 1
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Case of R", Canonical basis

Recall what is the canonical basis of R". With the convention that
consists in representing the vectors of R” in the form of columns, it is a
question of vector family:

1 0 0
0 1 0
0 0 1

Any vector of R" is expressed in this basis as follows.

T 1 0 0
T2 0 1

. =z | . | +x2]| |+t
T 0 0 1
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We agreed to represent the elements of the dual R™ in the form of
vectors lines. The elements of the dual basis of the canonical basis are
then (1,0,...,0),(0,1,...,0),...,(0,0,...,1).
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We agreed to represent the elements of the dual R™ in the form of
vectors lines. The elements of the dual basis of the canonical basis are
then (1,0,...,0),(0,1,...,0),...,(0,0,...,1).

Any vector of R™ is then expressed in this basis as follows.

(ry 20 ... )= a1 (1 0 ... 0)
+ a2 (01 0)
+
+x, (0 0 1)
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We agreed to represent the elements of the dual R™ in the form of
vectors lines. The elements of the dual basis of the canonical basis are
then (1,0,...,0),(0,1,...,0),...,(0,0,...,1).

Any vector of R™ is then expressed in this basis as follows.

(ry 20 ... )= a1 (1 0 ... 0)
+ a2 (01 0)
+
Y, (00 ... 1).

The dual basis of the canonical basis of R” is called the canonical basis
of R™,.
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Independency

Linear shapes are the elements of a vector space. So we can be interested
in the independence of a family of linear shapes.
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Independency

Linear shapes are the elements of a vector space. So we can be interested
in the independence of a family of linear shapes.
Remember that a family of vectors is linearly independent if there is no
non-trivial linear relation between these vectors.
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Independency

Linear shapes are the elements of a vector space. So we can be interested
in the independence of a family of linear shapes.

Remember that a family of vectors is linearly independent if there is no
non-trivial linear relation between these vectors.

Method: independence of a family of linear shapes.
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Independency

Linear shapes are the elements of a vector space. So we can be interested
in the independence of a family of linear shapes.

Remember that a family of vectors is linearly independent if there is no
non-trivial linear relation between these vectors.

Method: independence of a family of linear shapes.

To determine if a family of linear shapes (/.. ., k) is linearly
independent, we decompose this family in a base and we form the matrix
whose rows are given by the row vectors associated with each linear
shapes. The family is linearly independent if and only if the rank of this
matrix is equal to k
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Example

We consider the three linear forms defined on R3? by:
li(xy,20,03) = o1 + 22,

la(w1,09,73) = 22 + 73,
lg(.’ﬂ],.’fg,.’.ﬂg) =T — I3.
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Example

We consider the three linear forms defined on R3? by:

li(xy,20,03) = o1 + 22,
la(w1,09,73) = 22 + 73,
lg(.’ﬂ],.’fg,.’.ﬂg) =T — I3.

The coordinates of these linear forms in the canonical basis are
(1,1,0),(0,1,1),(1,0,-1).

The matrix obtained by stacking these rows is equal to

=
o
=

We determine its rank by putting it in echelon form:
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1 11 0
0 1 1 0 1 1
0 0 0 0

-1 —1) Ly+Ls—1, L3+ L3+ Lo
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Ly« L3+ L2

It is of rank 2.
The family is therefore not linearly independent.
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Ly« L3+ L2

It is of rank 2.

The family is therefore not linearly independent.

We could have gone faster by noticing directly that there is a relationship
nontrivial linear between the linear forms /1, b and k: | = b + .
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Link with linear systems

Consider a homogeneous linear system on R” of the form

ay,1] + ...+ a1.nTy = 0

Am, 1L + ...+ Amnly = 0
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Link with linear systems

Consider a homogeneous linear system on R” of the form
1,101 + .+ Apntn = 0
Am, 1L + ...+ Amnly = 0

Let us define linear forms /; by setting

li(x) = aj1X1 + ... + @i nXp.
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Link with linear systems

Consider a homogeneous linear system on R” of the form

ay,1] + ...+ a1.nTy = 0

Am, 1L + ...+ Amnly = 0

Let us define linear forms /; by setting
/,'(X) =aj1X1+ ...+ ai nXn-

We see that a vector is a solution of the system if and only if it
annihilates all these linear forms, that is, if it belongs to ker(/;) for all i.
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Geometrically, the vector space of the solutions of the system is an
intersection of hyperplanes.
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Geometrically, the vector space of the solutions of the system is an
intersection of hyperplanes.
Consider the case n = 3 and assume the hyperplanes are all distinct.
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Geometrically, the vector space of the solutions of the system is an
intersection of hyperplanes.
Consider the case n = 3 and assume the hyperplanes are all distinct.

m The system is of rank three.
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Geometrically, the vector space of the solutions of the system is an
intersection of hyperplanes.
Consider the case n = 3 and assume the hyperplanes are all distinct.

m The system is of rank three.

m Only the zero vector is solution of the system and the only three
hyperplanes meet at the origin.
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Geometrically, the vector space of the solutions of the system is an
intersection of hyperplanes.
Consider the case n = 3 and assume the hyperplanes are all distinct.

m The system is of rank three.

m Only the zero vector is solution of the system and the only three
hyperplanes meet at the origin.

m If it's rank two, the three hyperplanes meet on a straight line.
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Geometrically, the vector space of the solutions of the system is an
intersection of hyperplanes.
Consider the case n = 3 and assume the hyperplanes are all distinct.

m The system is of rank three.

m Only the zero vector is solution of the system and the only three
hyperplanes meet at the origin.

m If it's rank two, the three hyperplanes meet on a straight line.

P
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Bilnear form

Let E be a real vector space. A bilinear form is a function defined on
E x E with real values which is linear in each of its variables.
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Bilnear form

Definition

Let E be a real vector space. A bilinear form is a function defined on
E x E with real values which is linear in each of its variables.

It is a function ¢ : E x E — R which satisfies, for all x,y,z € E and
AER,

B 9(Ax +y,z) = Ad(x, 2) + &y, 2)
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Bilnear form

Definition
Let E be a real vector space. A bilinear form is a function defined on
E x E with real values which is linear in each of its variables.
It is a function ¢ : E x E — R which satisfies, for all x,y,z € E and
A eR,

B O(Ax +y,z) = Ap(x,2) + ¢(y, 2)

B ¢(x, Ay + 2) = Ap(x, y) + ¢(x, 2)
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Bilnear form

Let E be a real vector space. A bilinear form is a function defined on
E x E with real values which is linear in each of its variables.

It is a function ¢ : E x E — R which satisfies, for all x,y,z € E and
AER,

B P(Ax+y,2) = Ap(x, 2) + ¢(y, 2)
L (b(X, )‘y + Z) = )‘¢(X7y) + (b(X,Z)

Definition

A bilinear form is symmetric if for all x,y € E

¢(XvY) = ¢(y,x)
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Examples

m Over R, the bilinear forms are of the form ¢(x, y) = axy for a € R.
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Examples

m Over R, the bilinear forms are of the form ¢(x, y) = axy for a € R.
m The usual dot product over R” is a symmetric bilinear form. For
x=(x1,...,%n) and y = (y1,...,yn) € R", it is given by:

¢(X7y) = Zxk)/k =X1y1+ ...+ Xa¥n-
k=1
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Examples

m Over R, the bilinear forms are of the form ¢(x, y) = axy for a € R.
m The usual dot product over R” is a symmetric bilinear form. For
x=(x1,...,%n) and y = (y1,...,yn) € R", it is given by:

¢(X7y) = Zxk)/k =X1y1+ ...+ Xa¥n-
k=1

m Let a,b,c,d €R and x = (x1, %),y = (y1,2) € R?. The next
function is a bilinear form over R?:

P(x,y) = axiy1 + bxays + cxoy1 + dxaya
it is symmetric if and only if b = c.
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Examples

m Over R, the bilinear forms are of the form ¢(x, y) = axy for a € R.
m The usual dot product over R” is a symmetric bilinear form. For
x=(x1,...,%n) and y = (y1,...,yn) € R", it is given by:

G0 Y) =D XYk = Xay1 + - -+ Xn¥n.
k=1

m Let a,b,c,d €R and x = (x1, %),y = (y1,2) € R?. The next
function is a bilinear form over R?:

P(x,y) = axiy1 + bxays + cxoy1 + dxaya
it is symmetric if and only if b = c.

m Over the vector space C°([0,1],R), the following function is a
symmetric bilinear form.

6(f.g) = /O F(D)g(t)dt.
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Note that

To verify that a map ¢ : E x E — R is a symmetric bilinear form, it
suffices to see tha ¢ is linear in the 1st variable and verifies

¢(x,y) = é(y, x) (these two conditions assure the linearity in the
2nd variable).
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Exercise

Let us consider the vector space E = R? and ey, e its cannonical base.
Here are some maps, say which are bilinear and which are symmetric
bilinear forms.

¢ (zreq + zaea, y1€) + Yaea) = 211 + Taya,

da (z1e1 + Taes, Y1€1 + Yata) = T8 + T2y,

B3 (z1e1 + Taea, y1€1 + Yata) = 211,

By (r1er + xzea, yre1 + yzea) = 1y,
2

5 {.1'11.'1 + &2e2, y1e1 + g,lzf‘.g} = a&y.
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Exercise

Let us consider the vector space E = R? and ey, e its cannonical base.
Here are some maps, say which are bilinear and which are symmetric
bilinear forms.

¢ (zreq + zaea, y1€) + Yaea) = 211 + Taya,
da (z1e1 + Taes, Y1€1 + Yata) = T8 + T2y,
oy

B3 (z1e1 + Taea, y1€1 + Yata) = 211,
riel + azes, yre1 + ypea) = iy,

(
s

2
rie1 + xaes, yrer + yae2) = .

All of them are bilinear except the last one.
Only the first three are symmetric bilinear forms.
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Matrix representation

We now place ourselves within the framework of the finite dimension. We
will associate a matrix with any bilinear form.
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Matrix representation

We now place ourselves within the framework of the finite dimension. We
will associate a matrix with any bilinear form.

Definition

Let E be a finite dimensional vector space with a basis (ey, ..., €,) and ¢ a

bilinear form over E. The matrix of ¢ in the base (ey, ..., €,) is the
follwoing square matrix:

pler,er) ... pler,en)

B = {p(eie;)}:

tp(ﬁn,@l) s @(enaen)
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Matrix representation

We now place ourselves within the framework of the finite dimension. We
will associate a matrix with any bilinear form.

Definition

Let E be a finite dimensional vector space with a basis (ey, ..., €,) and ¢ a

bilinear form over E. The matrix of ¢ in the base (ey, ..., €,) is the
follwoing square matrix:

pler,er) ... pler,en)

tp(ﬁn,@l) s @(enaen)

The form ¢ is symmetrical if and only if its matrix is symmetrical.
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Examples

m The matrix associated with the bilinear form on R? given by:

d(x,y) = axiy1 + bxryz + cxoyr + dxoys

. ) a b
is the matrix (c d)
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Examples

m The matrix associated with the bilinear form on R? given by:

d(x,y) = axiy1 + bxryz + cxoyr + dxoys

. ) a b
is the matrix (c d)

m The matrix associated with the usual scalar product on R” is the
identity matrix.
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Conversely, to a square matrix B of size n x n, we can associate a bilinear
form on R" by setting:

¢(xy) ="z By

=2 wibigy;
iJ

= bl,] L1Y1 + b],Q L1Y2 + ...+ bn,n Tnln
big .. bim 1
- ( 1 ... In ) : :

bn,l B bn,n Yn
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Conversely, to a square matrix B of size n x n, we can associate a bilinear
form on R" by setting:

¢(xy) ="z By

=2 wibigy;
iJ

= bl,] L1Y1 + b],Q L1Y2 + ...+ bn,n Tnln
big .. bim 1
- ( 1 ... In ) : :

bn,l B bn,n Yn

We denote (x1, ...x,) the coefficients of the vector x € R”, (y1, .., ¥s)
those of y and b;; those of the matrix B.

We immediately check that b;j = ¢(ei, €j), where the (e;) are the vectors
of the canonical basis of R". Matrix B is well the matrix associated

with this bilinear form.
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Changement of basis

The matrix associated with a symmetric bilinear form depends on the
basis chosen to represent it. Let's explain how this matrix is transformed
when performing a base change.
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Changement of basis

The matrix associated with a symmetric bilinear form depends on the
basis chosen to represent it. Let's explain how this matrix is transformed
when performing a base change.

Recall that the transition(Passage) matrix is defined between two bases
(€i)i=1..n and (€!)i=1.., of a finite dimensional space. This is the matrix
whose columns are composed of the coordinates of the vectors of the new
base (e]) in the old base (e;). Let us denote this matrix P = p; ;.

n
;=) Pije
i=1
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Let x = (x1, ..., X») be the coordinates of a vector in the old basis and

x" = (x{, ..., x;) the coordinates in the new base. We then have:

Tl T n
. /
=1

Ty T
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Let x = (x1, ..., X») be the coordinates of a vector in the old basis and
x" = (x{, ..., x;) the coordinates in the new base. We then have:

Tl T n
. /

Tn .'L'f =1

The matrices A and A’ of a linear map f : E — E in the bases (¢;) and
(e!) satisfy the relation:
A =P lAP
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Let x = (x1, ..., X») be the coordinates of a vector in the old basis and
x" = (x{, ..., x;) the coordinates in the new base. We then have:

Tl T n

. /
Tn .'L" =1

The matrices A and A’ of a linear map f : E — E in the bases (¢;) and

(e!) satisfy the relation:
A =PlAP

We say that the matrices A and A’ are conjugate. The relationship that
binds matrices associated with a bilinear form is different.
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Proposition

Let E be a finite dimensional space with two bases (€;)i=1..n, (€])i=1..n
and of a bilinear form ¢ : E x E — R. Let us denote by P the passage
matrix between these two bases and B, B’ the matrices of ¢ in each of
the bases. Then

B'=PTBP.
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Let E be a finite dimensional space with two bases (€;)i=1..n, (€])i=1..n
and of a bilinear form ¢ : E x E — R. Let us denote by P the passage
matrix between these two bases and B, B’ the matrices of ¢ in each of
the bases. Then

B' = PTBP.

Proof.
d(x,y) =x"By = (Px')TB(Py') = xX'T(PT BP)y’ O
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Let E be a finite dimensional space with two bases (€;)i1..n, (€!)i=1..n
and of a bilinear form ¢ : E x E — R. Let us denote by P the passage
matrix between these two bases and B, B’ the matrices of ¢ in each of
the bases. Then

B'=PTBP.

Proof.
d(x,y) =x"By = (Px')TB(Py') = xX'T(PT BP)y’ O

Two square matrices B and B’ linked by a relation of the form
B’ = PTBP, where P is an invertible matrix, are said to be congruent.
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Rank and kernel

The kernel of a bilinear form is defined by

ker(¢) = {y € E|Vx € E, ¢(x,y) = 0}.
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Rank and kernel

Definition

The kernel of a bilinear form is defined by

ker(¢) = {y € E|Vx € E, ¢(x,y) = 0}.

A bilinear form is said to be non-degenerate if its kernel is restricted to
the null vector: ker(¢) = {0}.

These are the vectors y € E for which ¢(x, y) is zero for all x € E.

It is a vector subspace of E.

In a given base, it coincides with the kernel of the matrix associated with
the bilinear form.
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Examples

The bilinear form on R? defined by d(x,y) = x1y1 has a matrix of
<(1) 8) . Its kernel is made up of vectors whose first coordinate
vanishes:

ker(¢) = vect( ((1)> )
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Examples

The bilinear form on R? defined by ¢(x,y) = x1y1 has a matrix of

0 0
vanishes:

10 . . .
< ) . Its kernel is made up of vectors whose first coordinate

ker(¢) = vect( G’))

An example of a non-degenerate bilinear form is given by the usual
scalar product over R”. In fact, the associated matrix is identity, its
kernel is indeed restricted to {0}.
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Examples

The bilinear form on R? defined by ¢(x,y) = x1y1 has a matrix of

<(1) 8) . Its kernel is made up of vectors whose first coordinate

vanishes:

ker(¢) = vect( (2))

An example of a non-degenerate bilinear form is given by the usual
scalar product over R”. In fact, the associated matrix is identity, its
kernel is indeed restricted to {0}.

3] The bilinear form defined on C°([0,1], R) by

fo t)dt is also not degenerate. In fact, if
(b(f g) =0 for aII g, we can take g = f and get [ f(t)?dt =0. We
conclude using the following result of integration: A positive
continuous function whose integral is zero is identically null.
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Definition
The rank of a bilinear form defined on a vector space of finite dimension
is equal to the rank of its matrix. It does not depend on the base

chosen to express this matrix.
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Definition

The rank of a bilinear form defined on a vector space of finite dimension
is equal to the rank of its matrix. It does not depend on the base
chosen to express this matrix.

The rank formula for matrices results in
dimker(¢) + row(¢) = dimE.

Let us finish by noting that the set of symmetrical bilinear forms is a
vector space. We combine two bilinear forms ¢1, ¢» defined on the same
space by the formula

(Ap1 + d2)(x,¥) = Ap1(x,y) + ¢a(x, y).
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Definition of Quadratic forms

We now focus on the study of symmetrical bilinear forms. We will
associate with such a form a polynomial of degree two to several
variables that we can then simplify as we did with quadratic polynomes
with one variable.
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Definition of Quadratic forms

We now focus on the study of symmetrical bilinear forms. We will
associate with such a form a polynomial of degree two to several
variables that we can then simplify as we did with quadratic polynomes
with one variable.

Definition

A quadratic form @ defined on a real vector space E is a function from E
to R of the form ¢(x, x), where ¢ : E x E — R is a symmetrical bilinear
form.

Vx € E, Q(x) = ¢(x, x).
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The bilinear form ¢ is called the polar form of Q. Let E be a space of
finite dimension with a basis (e;);=1..,. Let us give the general expression
of a quadratic form in coordinates. Let B be the matrix of the bilinear
form associated with Q. Then

Q= (zn:XkEk) — xTBx = Z bi jxixj = Z b; ,X +2 Z bi jxix;
k=1 i

iJ,i<j

This expression is a polynomial with several variables, of which all the
terms are of total degree two.
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Examples

m Consider the quadratic form over R? for which B = (Z ?) then:

Q(x1,x2) = aX12 + 2bxyxo + cx22
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Examples

m Consider the quadratic form over R? for which B = (Z ?) then:

Q(x1,x2) = ax12 + 2bxyxo + cx22

m The quadratic form associated with the usual scalar product of R" is:
n
Q(x1, ...y Xn) :fo =x2 4+ ... X3
k=1

This is the square of the length of the vector (xi, ..., x,).
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Given a quadratic form Q, there is only one form symmetric bilinear for
which we have Q(x) = &(x, x) for all x. We obtained through the
following formulas.

Q(Az) = N*Q(z), Qz+y) = Qx) + 2¢(zy) + Qy),
pry) = 3Q+1) - Q@) - QW)
plry) = Q@) +QW) - Q- ),
plry) = 1HQ+y) -Q@-y)
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Given a quadratic form Q, there is only one form symmetric bilinear for
which we have Q(x) = &(x, x) for all x. We obtained through the
following formulas.

Q(Az) = N*Q(z), Qz+y) = Qx) + 2¢(zy) + Qy),
pry) = 3Q+1) - Q@) - QW)
plry) = Q@) +QW) - Q- ),
plry) = Q@ +y) -QE—1y).

The last three formulas are called polarization identities.
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Qlz +y) o(r +y,x+y)
o(x,x) + p(y,x) + p(r,y) + 9(Yy,y)

Q(z) + 2¢(zy) + Qy)-

Qlx —y)=Qz + (~y)) = Q(z) — 2¢(z,y) + Qv).




calculation of the matrix associated with a quadratic form

To calculate the matrix associated with a quadratic form,

one places on the diagonal the coefficients of the squares x?
appearing in the polynomial of degree two defining Q.

For terms which are not on the diagonal, we must divide by two the
coefficients of the terms x;x; of the polynomial.
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Example

Let Q(x1,x2,X3) = X2 + 2x2 + 6x1x2 + 10x3x3. The associated matrix is:
1 3 5
320
5 0 0

We also define the rank and the kernel of a quadratic form. They are

equal to the rank and the kernel of the symmetrical bilinear form or of
the associated matrix.
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Let Q be a quadratic form on a vector space E. The cone of the
isotropic vectors of Q is defined by

C(Q) = {x € E[Q(x) = 0}

A vector x € E satisfying Q(x) = 0 is said to be isotropic.
It always contains the kernel of the quadratic form: ker(Q) C C(Q).
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Example

Let Q(x1,x) = x? — x2 . The associated matrix is: 0 _01 :

The quadratic form is therefore of rank two and ker(Q) = {0}.

Let us calculate its cone:

Q(x1,x2) = 0 implies (x1 + x2)(x1 — x2) = xZ — x5 = 0.

This means x; = x or X1 = —x»>. The cone is the union of these two

vectorial lines directed by the vectors: (i) and <_11)
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The signature

We will introduce an important invariant of the quadratic forms,
connected to the sign that its values can take.
A quadratic form is said

m positive if for all x € E, Q(x) >0,

positive definite if for all non-zero x € E, Q(x) > 0,
negative if for all x € E, Q(x) <0,

negative definite if for all non-zero x € E, Q(x) < 0.
indefinite if 3x € E, Q(x) > 0 and Jy € E, Q(y) < 0.
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Examples

The quadratic form Q(x) = Q((x1,x2)) = xZ + x3 is positive
definite, because for all x € R?, x # 0; we have Q(x) > 0
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Examples

The quadratic form Q(x) = Q((x1,x2)) = xZ + x3 is positive
definite, because for all x € R?, x # 0; we have Q(x) > 0
The quadratic form Q(x) = Q((x1,x2)) = xZ + x5 + 2x1x is
positive, because for all x € R?, x 2 0; we have

Q(x) =(xa+x)*>0
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Examples

The quadratic form Q(x) = Q((x1,x2)) = xZ + x3 is positive
definite, because for all x € R?, x # 0; we have Q(x) > 0

The quadratic form Q(x) = Q((x1,x2)) = xZ + x5 + 2x1x is
positive, because for all x € R?, x 2 0; we have
Q(x)=(x1+x)*>0

The quadratic form Q(x) = Q((x1,x2)) = x1x2 is indefinite, because
for x € RY x R we have Q(x) > 0 and for x € R* x R* we have
QR(x) <0
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We recall that a bilinear form is a non-degenrated form if its kernel is
equal to {0}.
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We recall that a bilinear form is a non-degenrated form if its kernel is
equal to {0}.

Note that

A positive definite quadratic form is a non-degenerated form.

In fact, ker(Q) C C(Q) and the cone is zero in the case non-degenerated
by definition: C(Q) = x|Q(x) =0 = {0}
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Proposition

A quadratic form Q(x) = Y_7_; >_ ajx;x; can be written as:

n
> ony?
j=1

where A1, ..., A, are the eigen values of A and y; are linear combinations
of X1, .., Xp.
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Proof

Q(x) = X1y Yoy aijxixj = XTAX, since A is symmetric then A is
diagonalisable and there exists a matrix P such that:

A= PDP,

where D is a diagonal matrix having the eigean values of A on its
diagonal and P is an invertible matrix having i its columns the eigen
vectors and such that: P! = PT, hence:

Q(x)=XTAX = XTPDPT X
we let Y = PT X then YT = XTP and we obtain Q(X) = Y'DY.

Therefore, (X) = 377, X7, dijyiy;. But, since D is a diagonal matrix,
then d;; = ); if i = and 0 elsewhere, then:

QX)=>_ Ny
j=1
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Proposition

A quadratic form q (or the associated symmetric matrix A) is:

m positive if and only if the eigenvalues of A are positive or zero.

m negative if and only if the eigenvalues of A are negative or zero.

m definite positive if and only if the eigenvalues of A are strictly
positive.

m definite negative if and only if the eigenvalues of A are strictly
negative

m undefined if and only if the eigenvalues of A are designated of
opposite signs.
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m Suppose that all the eigenvalues are positive or nul. We then have
Vx, Q(x) = 273 Ajy? > 0. Which means that the quadratic form is
positive. Suppose that the quadratic form is positive that is to say
Vx, Q(x) > 0. Hence ZJ'.’ZI Ajij > 0. Let us show that
Jj=1,...,nA; > 0. If there exists k such that A\ < 0 then for x
such that PTX =Y where yx = 1 and y; = 0,V # k we have
Q(x) = Ak < 0 which contradicts the hypothesis. So all the

eigenvalues are positive or nul.
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m Suppose that all the eigenvalues are strictly positive. We then have
Vx, Q(x) = 227 Ajyf > 0. We show that Vx # 0, Q(x) > 0. If
there is x # 0 s.t Q(x) = 0 then >°7 ; \jy? = 0 where
Vj=1,...,n,y; =0 therefore Y = 0. But Y = PTX then
PT X = 0 which implies X = 0 because P is invertible. So x =0
which contradicts the hypothesis. So Vx # 0, g(x) > 0 which means
that the quadratic form is positive definite.
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m Suppose that all the eigenvalues are strictly positive. We then have
Vx, Q(x) = 227 Ajyf > 0. We show that Vx # 0, Q(x) > 0. If
there is x # 0 s.t Q(x) = 0 then >°7 ; \jy? = 0 where
Vj=1,...,n,y; =0 therefore Y = 0. But Y = PTX then
PT X = 0 which implies X = 0 because P is invertible. So x =0
which contradicts the hypothesis. So Vx # 0, g(x) > 0 which means
that the quadratic form is positive definite.

m Suppose the quadratic form is positively defined, that is,
Vx #0,Q(x) > 0. Hence 377, Ajy? > 0. Let us show that
Jj=1,..,nX; > 0. If there exists k such that Ay < 0 then for Vx
such that PTX =Y where yx = 1 and y; = 0,Vj # k we have
Q(x) = Ak < 0 which contradicts the hypothesis. So all the
eigenvalues are strictly positive.
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Particular case for matrices (2,2)

We can know the sign of the eigenvalues and therefore the nature of a
symmetric matrix of order 2 without calculating the eigenvalues:
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Particular case for matrices (2,2)

We can know the sign of the eigenvalues and therefore the nature of a
symmetric matrix of order 2 without calculating the eigenvalues:

It follows to calculate its determinant and its trace.
Recall

det(A) = A1 X Ay (product of the 2 eigenvalues).
Trace(A) = A1 + A2 (sum of the 2 eigenvalues).
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m If det A > 0 then the 2 eigenvalues are of the same sign
m If trace A > 0, the 2 eigenvalues are strictly positive and the matrix
is positive definite.
m If trace A < 0, the 2 eigenvalues are strictly negative and the matrix
is negative definite.
m If det A =0 then at least one of the 2 eigenvalues is null

m If trace A > 0 one has a zero eigenvalue and the other strictly
positive from which the matrix is positive.
m If trace A < 0 one has a zero eigenvalue and strictly negative, hence

the matrix is negative.
m If trace A = Othen 0 is a double eigenvalue hence the matrix is both

ositive and negative.
m If det A < 0 then the 2 eigenvalues are of opposite signs and the
matrix id undefined.

Warning: do not use this when n > 2.

21/ 64
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Examples

m To the quadratic form Q((x1,x2)) = x? + x3, we associate the
. . 1
following matrix: A = <0 (1)>
Since A is a diagonal matrix, the 2 eigenvalues of A are the elements
on the diagonal. There is a double eigenvalue that is strictly positive,
hence A is a definite positive matrix, and same is the quadratic form.
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Examples

m To the quadratic form Q((x1,x2)) = x? + x3, we associate the
. . 1
following matrix: A = <0 (1)>
Since A is a diagonal matrix, the 2 eigenvalues of A are the elements
on the diagonal. There is a double eigenvalue that is strictly positive,
hence A is a definite positive matrix, and same is the quadratic form.

m To the quadratic form Q((x1,x2)) = x? + x5 + 2x1x2, we associate
11

1 1)

Since A is a symmetric matrix of dimension 2, it is sufficient to
calculate the determinant and the trace of A to determine its nature.
det(A) = 0 this means that one of the eigenvalues is nul.

Tr(A) = 2 > 0, this means that the second eigenvalue is positive.
Hence A is positive and so is the quadratic form.

the following matrix: A =
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m To the quadratic form Q((x1,x2)) = x1x2, we associate the following

1
matrix: A = <(1) 2).
5 0

Since A is a symmetric matrix of dimension 2, it is sufficient to
calculate the determinant and the trace of A to determine its nature.
det(A) = —% < 0 this means that the eigenvalues are of opposite
signs. Hence A is undefined and so is the quadratic form.
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m To the quadratic form Q((x1,x2)) = x1x2, we associate the following

1
matrix: A = <(1) 2).
5 0

Since A is a symmetric matrix of dimension 2, it is sufficient to
calculate the determinant and the trace of A to determine its nature.
det(A) = —% < 0 this means that the eigenvalues are of opposite
signs. Hence A is undefined and so is the quadratic form.

m To the quadratic form Q((x1,x2)) = —2x% + 4x1x2 — 7x3, we
. . . -2 2
associate the following matrix: A = 5 _7

Since A is a symmetric matrix of dimension 2, it is sufficient to
calculate the determinant and the trace of A to determine its nature.
det(A) = 10 > 0 this means that the eigenvalues are of same signs.
Tr(A) = —9 < 0 this means that both eigenvalues are negative.
Hence A is negative definite and so is the quadratic form.
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Let A be a square matrix of dimension n:

an arn ... QA1p
A= ay ax ... ... Qp
am dp2 ... ... dpp

We note A(,) the matrix obtained by taking the first p rows and p

columns from A, where p=1,2,...,n.
Aqy = (an)

- (20

Ay = A
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A quadratic form or its associated matrix A is:
definite positive iff Vp = 1,...,n, det(A)) >0
definite negative iffVp =1,...,n,(—1)Pdet(A¢y) >0
positive then Vp = 1,...,n,det(A.)) > 0
negative then Vp = 1,...,n,(—1)Pdet(Ay)) >0
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Examplel

Let Q((x1,x2,x3)) = 3x% + 8x2 + 3x2 — 21/2x1x0 + 4xox3, the associated
matrix is:

3 V2 0
A= —v2 8 2

0 2 3

First method: Calculate the eigenvalues of this symmetric matrix of
dimension 3 in order to determine their signs.

Second method: Study the sign of det(A(,)),Vp=1,...,3.
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First method

The eigenvalues of A are the root of Pa()).

3—-)2 —v2 o0
PaN) =det(A—X)=| —v/2 8
0

>
N

23—

=B=NB-NB—XN) —4]+V2[-V23 - ) —2x0]
(3= —111+20)—2(3—))
=(B=NN\—=111+18)
There is a trivial root 3, and the roots of the polynomial A\ — 11\ + 18

are 2 and 9. Hence, the three roots are A\; = 3, A2 =2,A3 = 9. They are
all strictly positive values, therefore A is a positive definite matrix and so

is Q.
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Second method

We study det(A(,)),Vp=1,...,3.

A(n = (3). det(A(])) =3>0

3 V2
Ap) = ( /2 3 ), det(Az) =22 >0

A(3) = A, det(A(3)) = det(A) =54 >0

We hence have, Vp =1,...,3, det(A(y) > 0.
Therefore A is a positive definite matrix and so is Q.
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Example2

Let Q((x1,x2,x3)) = —6x% — 16x3 — 6x3 + 4sqrt2x;x2 — 8x2x3, the
associated matrix is:

-6 22 0
A=| 2v2 —16 —4
0 —4 —6

First method: Calculate the eigenvalues of this symmetric matrix of
dimension 3 in order to determine their signs.

Second method: Study the sign of det(A(,)),Vp=1,...,3.
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First method

The eigenvalues of A are the root of Pa()).

—6—\ 22 0
PaA)=det(A—XD=| 2¢/2 —16—\ —4
0 -4 —6—)\
= (—=6—N)[(—=16— A)(—6— ) — 16] — 2v/2[2v/2(—6— \) — (—4 x 0)]
= (=6 = M[(—=16 = A\)(—6—\) — 16] — 8(—6— \)
=(—=6—A)(\%+22)\ +80) —8(—6—\)
=(—6—A\)(\?+221+80—8)
= (—6—A\)(\*+22)+72)

The three roots are A\; = —4, A\ = —6, A3 = —18. They are all strictly
negative values, therefore A is a negative definite matrix and so is Q.

Dr Lama Tarsissi Linear and Bilinear Algebra I-SUAD October 13, 2021 30 / 64



Second method

We study det(A(,)),Vp=1,...,3.

Aq) = (—6). det(A(1)) =—6<0

—6 202
A(z) = ( 2\/5 16 ), det(A(z)) =88>0

A@) = A, det(A()) = det(A) = —432 <0

We hence have, det(A(1)) < 0, det(Ap)) > 0, det(A(z)) < 0.
We hence have, Vp=1,...,3,(—1)"det(A,) > 0.
Therefore A is a negtive definite matrix and so is Q.
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Inner product

An inner product on a real vector space V is a bilinear form which is both
positive definite and symmetric.
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Angles and length

m Suppose that ¢(x, y) is an inner product on a real vector space V .
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Angles and length

m Suppose that ¢(x, y) is an inner product on a real vector space V .

m Then one may define the length of a vector v € V by setting

VIl = Vo(v, v)

and the angle 6 between two vectors v, w € V by setting
cos(f = 2Lw)
[IvI]-{[wl]
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Angles and length

m Suppose that ¢(x, y) is an inner product on a real vector space V .

m Then one may define the length of a vector v € V by setting

VIl = Vo(v, v)

and the angle 6 between two vectors v, w € V by setting
cos(f = 2Lw)
[IvI]-{[wl]

m These formulas are known to hold for the inner product on R".
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Angles and length

m Suppose that ¢(x, y) is an inner product on a real vector space V .

m Then one may define the length of a vector v € V by setting

VIl = Vo(v, v)

and the angle 6 between two vectors v, w € V by setting
cos(f = 2Lw)
[IvI]-{[wl]

m These formulas are known to hold for the inner product on R".

Theorem (Cauchy-Shwartz inequality)

When V is a real vector space with an inner product, one has

|[p(v, W)l < [IVILIW[| V v,w e V.
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Orthogonal vectors

Definition (Orthogonal and orthonormal)

Suppose ¢(x, y) is a symmetric bilinear form on a real vector space V .
Two vectors u, v are called orthogonal, if ¢(u,v) = 0.

A basis v1, v, ..., v, of V is called orthogonal, if ¢(v;, v;) = 0 whenever
i # j and it is called orthonormal, if it is orthogonal with ¢(v;, v;) =1
for all i.
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Orthogonal vectors

Definition (Orthogonal and orthonormal)

Suppose ¢(x, y) is a symmetric bilinear form on a real vector space V .
Two vectors u, v are called orthogonal, if ¢(u,v) = 0.

A basis v1, v, ..., v, of V is called orthogonal, if ¢(v;, v;) = 0 whenever
i # j and it is called orthonormal, if it is orthogonal with ¢(v;, v;) =1
for all i.

Theorem (Linear combinaision)

Let vq, Vo, ..., v, be an orthogonal basis of an inner product space V.
Then every vector v € V can be expressed as a linear combination

¢(V, Vi)

n
v = E civi, where c; = ———=, for all i.

i—1 ¢(Vi’ Vi)

If the basis is actually orthonormal, then c¢; = ¢(v,v;) for all i.
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Gram-Schmidt procedure

m Suppose that vi, vy, ..., v, is a basis of an inner product space V .
Then we can find an orthogonal basis wi, wa, ..., w, as follows.
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Gram-Schmidt procedure

m Suppose that vi, vy, ..., v, is a basis of an inner product space V .
Then we can find an orthogonal basis wi, wa, ..., w, as follows.

m Define the first vector by w; = v; and the second vector by

¢(V2’ Wl)
¢(W17 Wl)

Then wy, wy are orthogonal and have the same span as vy, v».

Wo = Vo — wi.
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Gram-Schmidt procedure

m Suppose that vi, vy, ..., v, is a basis of an inner product space V .
Then we can find an orthogonal basis wi, wa, ..., w, as follows.

m Define the first vector by w; = v; and the second vector by

¢(V2’ Wl)
¢(W17 Wl)

Then wy, wy are orthogonal and have the same span as vy, v».

Wo = Vo — wi.

m Proceeding by induction, suppose wy, wa, ..., wy are orthogonal and
have the same span as vq, v, ..., v. Once we then define

A(Vit1, W,
Wkt1 = V41 — Z wij

¢(WI7 WI

we end up with vectors wy, wa, ..., wii1 which are orthogonal and
have the same span as the original vectors vy, va, ..., Vki1.
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Gram-Schmidt procedure

m Suppose that vi, vy, ..., v, is a basis of an inner product space V .
Then we can find an orthogonal basis wi, wa, ..., w, as follows.

m Define the first vector by w; = v; and the second vector by

¢(V2’ Wl)
¢(W17 Wl)

Then wy, wy are orthogonal and have the same span as vy, v».

Wo = Vo — wi.

m Proceeding by induction, suppose wy, wa, ..., wy are orthogonal and
have the same span as vq, v, ..., v. Once we then define

A(Vit1, W,
Wkt1 = V41 — Z wij

¢(WI7 WI

we end up with vectors wy, wa, ..., wii1 which are orthogonal and
have the same span as the original vectors vy, va, ..., Vki1.

m Using the formula from the last step repeatedly, one may thus obtain
an orthogonal basis wy, wa, ..., w,, for the vector space V .
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Gram-Schmidt procedure: Example

We find an orthogonal basis of R?, starting with the basis

1 1 1
v = |0 , V2 = 1 , V3 = 2
1 1 3
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Gram-Schmidt procedure: Example

We find an orthogonal basis of R?, starting with the basis

1 1 1
v = |0 , V2 = 1 , V3 = 2
1 1 3

We define the first vector by w; = v; and the second vector by

[

NIl )

1

1| =
P(vo,wm) H
— W1 =

Wo = Vo —
272 9w, m
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Gram-Schmidt procedure: Example

We find an orthogonal basis of R?, starting with the basis

1 1 1
v = |0 , V2 = 1 , V3 = 2
1 1 3

We define the first vector by w; = v; and the second vector by

1 L[t 0
9( ) )2l T
o Wew) L] 2]
W = Vo ¢(W17W1)W1
Then wy, wy are orthogonal and we may define the third vector by:
ws = vy s w) o(vs,w2)

o(wr, wy) e d(w2, wa) 2

-t -1
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Example

Question 1: Apply Gram-Schmidt orthogonalization to the following
1 3 0

sequence of vectors in R?: | 2 || 1L {.]0
0 —6 1
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Solution

1 8
Solution Apply the process on page 365, with y = [ 2 ] JT2 = [ 1 ] \r3 =

0 G
0
0
1
Step 1 produces an orthogonal basis:
1
vy=x=| 2
0

(z2.w1)
E‘Q:J‘Q*(:::_:If‘lz l|———————==1 2| = 1|1-F12|=

o]
6
-3
—b
(“]HJ U“][ (D
01].]2 0. -3
0 1 6
, . 0 1 —6
= o {0 |- ( j e I
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Step 2 produces an orthonormal basis by replacing each vector with a vector of

norm 1:

Replace vy with =
1

Replace vg with I

Replace vg with g

So the final solution

Dr Lama Tarsissi

1
2
ol ;
NG 0
]
0]
6
-3
6 2
—6 1 1
-3 -b -
-6
[ 4]
5| -2 |
L s) [
] 1 wE |-
_Lzl !
| 5]
1 2 1
. 1 1 1
s =—= 2 va=73 | —1 3= gom -2
“lo —2 s
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Restrictions

We can always restrict a quadratic form to a subspace vector of E. We
will denote by Q|F the restriction of Q to a subspace F C E.
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Restrictions

We can always restrict a quadratic form to a subspace vector of E. We
will denote by Q|F the restriction of Q to a subspace F C E.

Notice that a quadratic form which is positive definite over a space
vector E is automatically defined positive in restriction at all vector
subspaces of E.
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Restrictions

We can always restrict a quadratic form to a subspace vector of E. We
will denote by Q|F the restriction of Q to a subspace F C E.

Notice that a quadratic form which is positive definite over a space
vector E is automatically defined positive in restriction at all vector
subspaces of E.

We will be interested in the maximum dimension of the subspaces in
restriction of which Q is positive definite or negative definite.

Dr Lama Tarsissi Linear and Bilinear Algebra I-SUAD October 13, 2021



Restrictions

We can always restrict a quadratic form to a subspace vector of E. We
will denote by Q|F the restriction of Q to a subspace F C E.

Notice that a quadratic form which is positive definite over a space
vector E is automatically defined positive in restriction at all vector
subspaces of E.

We will be interested in the maximum dimension of the subspaces in
restriction of which Q is positive definite or negative definite.

Definition

Let E be a finite dimensional vector space and Q a form quadratic on E.
The signature of Q is the pair of integers (p, q) € N given through:

p = max{dimF|F subspace of E such that Q|F is definite positive}

q = max{dimF|F subspace of E such that Q|F is definite negative}
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Example

A quadratic form Q on a space E of dimension n which is defined positive
is of signature (n, 0). This is the case, for example, for the product usual

scalar on R".
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Example

A quadratic form Q on a space E of dimension n which is defined positive
is of signature (n, 0). This is the case, for example, for the product usual

scalar on R".

m In fact, for a positive definite quadratic form, the largest space on
which Q is positive definite is E itself.

October 13, 2021 41 / 64
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Example

A quadratic form Q on a space E of dimension n which is defined positive
is of signature (n, 0). This is the case, for example, for the product usual
scalar on R".

m In fact, for a positive definite quadratic form, the largest space on
which Q is positive definite is E itself.

m If F is a space on which Q is negative definite, it cannot contain a
non-zero vector x, because we would have for this vector Q(x) > 0
and Q(x) < 0. The subspace F = {0} is the only on which Q is
defined negative.

October 13, 2021 41 / 64
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Reduction of quadratic forms

The study of quadratic forms is based on an algorithm due to F. Gauss,
which makes it possible to simplify the expression of a quadratic form
by writing it as a sum of squares of linear shapes.
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Reduction of quadratic forms

The study of quadratic forms is based on an algorithm due to F. Gauss,
which makes it possible to simplify the expression of a quadratic form
by writing it as a sum of squares of linear shapes.

Theorem

Let E be a finite dimensional space, @ a quadratic form on E of signature
(p,q). Then there exist p + q independent linear forms h, ..., l,+q € E*

such that:
P p+q
Q) =D (x> = Y h(x)?
=1 Jj=p+1

Dr Lama Tarsissi Linear and Bilinear Algebra I-SUAD October 13, 2021



Reduction of quadratic forms

The study of quadratic forms is based on an algorithm due to F. Gauss,
which makes it possible to simplify the expression of a quadratic form
by writing it as a sum of squares of linear shapes.

Theorem

Let E be a finite dimensional space, @ a quadratic form on E of signature
(p,q). Then there exist p + q independent linear forms h, ..., l,+q € E*

such that:
P p+q
Q) =D (x> = Y h(x)?
=1 Jj=p+1

This breakdown into squares of linear shapes is not unique. However, we
can always calculate the signature of the quadratic form from such a
decomposition, if the linear forms are independent between them.
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Proposition

Consider a quadratic form given by the expression
Q(x) = :I:l;l(x)2 + /2(x)2 + ...+ /k(x)z.

where the I; are independent linear forms. So the signa- ture is given
by the number of signs + and the number of signs — appearring in this
decomposition.
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Proposition

Consider a quadratic form given by the expression

Q(x) = :I:l;l(x)2 + /2(x)2 + ...+ /k(x)z.

where the I; are independent linear forms. So the signa- ture is given
by the number of signs + and the number of signs — appearring in this

decomposition.

The proof will be given later in this Chapter.
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Reduction of quadratic forms method

We place ourselves in an arbitrary base, Q takes the form

Q(x1, .ty X Zb, iX; +2ZbJX,XJ

i<j
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Reduction of quadratic forms method

We place ourselves in an arbitrary base, Q takes the form

Q(Xl7 . Xn) = Z b,'7,'X,-2 +2 Z b,'J'X,'Xj.

i<j

m If one of the diagonal coefficients b; ; is non-zero, say by 1 # 0, we
consider the polynomial as a function of the variable x; and put it
under canonical form, as follows.

m We place the term x? at the head of the polynomial and we factorize
by x1 into the remaining terms, if possible. The expression of Q then
takes the form

Q(x) = bua[x? +x1 () + ()]

Expressions in parentheses must no longer contain the variable x;.
Let us denote them a; and az:

Q(x) = bl,1[X12 + x1a1 + az].
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m = We factor the previous expression using the remarkable identity

2
2 — d1y2 A1
x1+X1a1—(X1+2) 2
m We set hi(xi,...,xn) = v/|b11|(x1 + %), the expression of Q
becomes:
2 af
Q(Xl, L. ,Xn) = :|:/1(X1, ... ,Xn) + b1,1(32 — Z)

2
m The expression (a2 — 2) no longer involves the variable x. It's a
quadratic form to which the algorithm can be re-applied. The sign
before the linear form I is that of by ;.
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m If all the diagonal coefficients are zero, we consider a coefficient
bij # 0, say by » to simplify the notations.
m We place the term x; x> at the head of the polynomial and we
factorize by x1 into the remaining terms, if possible. We do the same
with x2. We obtain

Q(x) = biz[xixe + xa(...) + x2(...) + (..)]

Expressions in parentheses must no longer contain the variable x;.
Let us denote them a;, a> and as:

Q(x) = bi2[xix2 + x1a1 + x2a2 + a3].
m We factorize the previous expression using the remarkable identity
x1x2 + x181 + x2a32 = (x1 + a2)(x2 + a1) — a1a2.

m We convert the product (x1 + a2)(x2 + a1) to the difference of two
squares by using remarkable identity
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The expression of Q becomes:

T +$2+a1+a2)27 (.7:17:1:27011 + as

Q(x) =b12 {( )2 —ajas + ag} .

2 2
We let:
h(xy,an) = +/|br2l(z1 + 22 + a1 + a2)
lo(x1,.n) = /|b12|(x1 — 22 — a1 + a2)
which gives:

Q(x1,0yn) = £ (T1,00wn)* F la(21,0000)? + br2(ag — araz).

The last term in the previous expression no longer involves the variables
x; and x2. It is a quadratic form to which we can apply the algorithm
again.
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Ultimately, the algorithm is based on the following three rules.

2y xao (x+ 90
X'+XafCY+2) 1
XY +Xa1+Yas = (X +(L2)(Y +(11) — ajas
1 1

XY
4 4

(X+Y) - (X -Y)2

Note that this algorithm is a generalization of the method of solving
polynomials of degree two with one variable.
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Let us explain why the family of linear forms given by the algorithm is
linearly independent. Consider the matrix whose rows are given by the
coordinates of these linear forms.

1-If in the algorithm, we have at each step a non-zero diagonal, the
matrix obtained is in echelon form, without zero line. Its rank is equal to
its number of lines, which shows that these lines are indeed linearly
independent of each other.

2-1f at some point there are no non-zero diagonal terms, the algorithm
produces two linear forms /; and /> whose expressions are given above. It
suffices to subtract the first from the second to put the matrix in echelon
form.
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Example 1

- Q(.’E],.’Eg) = ’E% + r119 + ’E%

€Ty 2 x3
2+ x5 = ($1+72) —f%—m%
_ Ton2 \/§ 2
= (m+ 5) + (7932)
we let
li(x1,22) = 21 + 52, la(x1,29) = - 2

which gives Q = /2 + I3, the signature is equale to (2,0)
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Example 2

— Q(z1,x2,x3) = T17T2 + T2T3 + T3

1Ty + Taxy + 23y = (7 + 23) (22 + 23) — 73
(9:1+a:2+29:3)2 (3:1—:.1:2)2 9
= ([——=—") - (/——==) —uz3.
2 2 3
we let
Ty + x9 + 21 T —x
l(xy.@2,03) = $s la(x1.@0,23) = %s I3(x1.@2,03) = x3.

which gives Q = 2 — 12 — 12, the signature is equale to (1,2)
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Orthogonal basis

From the previous theorem, we can construct a basis of E in which Q is
given by a particularly simple expression.

Theorem
Let E be a finite dimensional space, Q a quadratic form on signature E
(p, q). Then there exists a basis (&;)i=1.., of E such that

_ 2 2 _ 2 2
Q(x1€1 + oo+ Xn€n) = X{ + oo F X5 = Xpiq — e — Xpi g
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Notice that the matrix of Q in the base (¢;) is diagonal.

This shows that this basis satisfies ¢(e;, ¢;) = 0 for all i # ;.

We denoted ¢ the bilinear form associated with Q. This brings us to the
following definition:

Definition

Let E be a finite dimensional vector space and ¢ a symmetric bilinear
form defined on E. We say that a basis (ey, ...e,) of E is orthogonal for ¢
or for the quadratic form Q associated with ¢ if

¢(ei, e)) =0 for all i,j such that i # j.

this implies

Proposition

Any symmetrical bilinear form defined over a vector space of finite
dimension admits an orthogonal basis.
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Construction of an orthogonal basis

We consider a quadratic form defined over R".

- We apply the Gaussian reduction algorithm to obtain linear forms
I,..., Ir+q and we consider the matrix P whose rows are given by the
coordinates of these linear forms.

- If p+ g < n, we must complete the family (/;) so as to obtain a basis of
R*. In practice, this involves adding rows to the matrix P in order to
make an invertible square matrix.

We can take these lines from the shape (0...1...0) by judiciously
positioning the 1. Place them in the columns corresponding to the
columns without pivots of the Echelon form of P always works.

- The searched vectors have for coordinates, the columns of the inverse of
the matrix P.
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Verification

Let's check that this procedure gives an orthogonal basis.

Through construction, the family (e) obtained satisfies /;(ex) = 0 for

i # k. The completed base (/;) is dual at the base (ex). The polar form
of @ = /,-2 — /ﬁ worth

r r+q
olzy) = Li(x)li(y) — Y Li(x)(y)
i=1 j=p+1

because this form is symmetric bilinear and satisfies Q(x) = ¢(x, x). We

then obtains ¢(ex, e/) = > li(ex)li(er) — > li(ex)lj(e) = 0 if k # 1.
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Example 1

- Q(w1,22) = o} + 1122 + 25 = L (21,22,73)% — la(71,72,23)*
with

9 \/3
hizyxe) =21 + =, la(x1,22) = 0.
2 2
The forms /1 and / have coordinates (1 1) and (0 ?)
We form the matrices P and P! whose lines are given by these line
vectors.

-1 1 _ﬁ
P = 2\/% .
N0

The columns of the matrix P~! form an orthogonal basis for Q.
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Example 2

— Q(x1,72.23) = 2102 + T2x3 + T31
= U1 (21,02,23)% — lo(21,22,23)% — l3(21,22,23)*

with

T + 22 + 213
2 7

T — T2
2 2

ly(wy,29,73) = la(wy,22,23) = I3(xy,29,73) = x3.

The forms h, , and 5 have coordinates 3(112),4(1 —10) and (00 1).
We form the matrices P and P~! whose lines are given by these line

vectors.
1/2 1/2 1 1 1 -1
P=(1/2 —1/2 0). Plt=[1 -1 -1].
0 0 1 0 0 1

The columns of the matrix P~! form an orthogonal basis for Q.
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Example 3

- Q(.’IJ],.’L‘Q,.’E;}) = 4231'1’,‘3 + 4’1?2'1’,‘3
= 4(z1 + 22) 73
= Iy (@1,29,23)% — la(21,09,23)>

with
li(z1,22,23) =21 + 22 + 23, la(21,22,23) = 21 + 22 — 23.

The forms /1, b have coordinates (111),(11 —1).

It is necessary to add a line to it in order to make it square invertible. For
this, we place a 1 in the second column on the third row. All that's left is
to invert the matrix to get the orthogonal basis for Q.

11 1 (11 -2
P=|11 -1}, P*1=§ 0o 0 2
01 0 1 -1 0

The columns of the matrix P~! form an orthogonal basis for Q.
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The diagonal matrix

Let S be a symmetric matrix. So there exists a diagonal matrix D whose
all diagonal terms belong to {—1,0,1} and an invertible matrix P such
that:

S=PTDP

Let us demonstrate this result. Consider the quadratic form on
mathbbR" whose matrix is given by S. The previous theorem gives a
basis (&) in which the quadratic form has a diagonal D matrix, with
coefficients diagonals belonging to {—1,0,1}.

Let us denote by P the passage matrix of the canonical base (&), it is
the matrix whose rows are given by the linear forms /;. From the base
change formula for the quadratic forms, we have S = PT DP.
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Examples
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Study of the signature

Let E be a finite dimensional vector space, Q a quadratic form of

signature (p, q). Suppose there are vector subspaces E;, E, of E such
that:

m £+ E=E,
m Q is positive definite in restriction to Eq,
m Q is negative in restriction to E.

Then E; N E; = {0} and p = dim(Ey).
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The quadratic form Q is both positive and negative definite on E; N E;.
We therefore have Q(x) > 0 and Q(x) < 0 for any non-zero vector x in
this intersection, which shows that it contains only the zero vector.

The subspaces E; and E; are in direct sum, we deduce

dim(E;) = dim(E) — dim(E).

Let F be a subspace of E such that Q is positive definite in restriction to
F. Again, the quadratic form Q is positive and negative definite on the
intersection F N Ey, which is therefore restricted to {0}. This allows us to
conclude:

dim(F) < dim(E) — dim(E;) = dim(Ey).
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Proof of the Theorem

We prove from this lemma that a quadratic form of the form

Q(x1e1 + ... + Xp€0) = X2 4 ... + X,f — X3+1 — = x§+q
is necessarily of signature (p, q).
For this, we notice that Q is positive definite on the vector space E;
generated by (ey, ..., €5) and negative on the space E; generated by
(€p+1, -5 €n). By the lemma, we see that p corresponds well to the first
coefficient of the signature. We apply the same reasoning on the
quadratic form —Q which has for signature (g, p) in order to conclude.
Finally, note that the matrix of Q is diagonal. The first p diagonal
coefficients are equal to one, the following q are equal to —1 and the
others are zero. Such a matrix has a kernel of dimension n — p — g.
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We can deduce the following corollary.

Corollary

Let E be a vector space of finite dimension n, @ a quadratic form of
signature (p, q). Then

p+ q = rank(Q), p+ q + dimker(Q) = n.

Method: calculation of the signature of a quadratic form:

Just reduce the quadratic form and count the number of "+" signs and
signs "-" in front of the squares of the linear shapes appearing in the
former reduced expression. It is crucial that these linear shapes are
independent between them.

It is sometimes possible to determine the signature of a quadra- tick
without using the Gaussian reduction algorithm, using the determining.
This method is explained in the supplements to this chapter.
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Conical

Definition
A conic C is a subset of the plane composed of points whose coordinates
(x,y) € R? in a certain basis satisfy an equation of the form:

ax® + bxy + ey’ +dx+ey+f=0

with a, b, ¢, d, e and f real numbers such that a, b and c are not all the
three null.

We will show that a judicious change of variables makes it possible to
simplify the conic equation.
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Proposition

Consider a conic C. Then there is a change of affine variables of the form:

{X = a1:1x+a1,gy+b1
Y = 21T + ag 2y + b

which transforms the expression of the conic into one of the following
shapes:

X2+ Y?2=1  the conic is an ellipse,
X2 —Y?2=1 the conic is a hyperbola,
X2—Y =0 the conic is a parabola,

or one of the forms:

X?=1,X>-Y?=0,X>=0,X>+Y?=0,X2+Y?=-1,X%>=—1,
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X24+v%2=1 X?2-v?2=1 X2_Y =0
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We can determine which conic it is by looking at the signature of the

quadratic form Q(x,y) = ax? + bxy + cy? or the associated
2

discriminant: A = ac — %.

signature (2,0)— ellipse or point or empty (A > 0)
signature (1,1)— hyperbola or two secant lines (A < 0)
signature (1,0)—  parabola or two lines or straight or empty (A = 0)

To distinguish, for example, between an ellipse, a point and the empty
set, it suffices to show at least two points belonging to the ellipse.

The discriminant of a quadratic form is equal to the determinant of the
matrix associated with the quadratic form. Be careful not to confuse him
with the discriminant of a polynomial. The link with the signature will be
explained later.
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Reduction of the equation of a conic

m We perform the change of variable which reduces the shape
quadratic Q(x,y) = ax? + bxy + cy?.
m Even if it means inverting the two variables, the conic equation takes
one of the following three forms:
X2+ y24+ax'+ By’ +v=0 signature (2.0) or (0.2)
X2—y24+ax'+8y'+~v=0 signature (1.1)
x24+ax'+ By +v=0 signature (1.0) or (0.1)

In the first two cases, one makes disappear the terms of degree 1 in
putting the polynomials x’? + ax’and + y’2 + By’ in canonical form.
Same for x’ in the last case. There remains a term or constant in
which case we take Y = y’, or of degree one in y’ and we assign it
toY.
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Examples

Determine the nature of the conic
C={(zy) € R* | 2® + 5y* + 2zy + 22 + 10y + 4 = 0}.
By reduction
2% + 5y + 2xy + 22 + 10y + 4
= (z+y)*+ (29)? + 22+ 10y + 4
=% 4yt 42 + 4y + 4
=2 120 oyt 4y + 4
= (@' + 1)+ +2)*-1 = X*+Y? -1
we let
{m’:m+y {X ’+1 = x + y + 1
y = 2y’ Y = ¢y'+2 = 2 + 2
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The conic section is an ellipse centered at the point of coordinates
X=0,Y=0where x=0,y = —1.

Y
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For the conic

C={(zy) e R?| 2% + 22y + 2y + 20 — 3 =0},

By reduction
z? + 2xy + 2y + 22 — 3
=(z+y)? —y*+2y+22-3
=27yt 20 -3
=27+ 2 —y* -3
=@ +1)P2—y? -4 = 4(X2-Y2-1)

we let
{.r’ = x+y {X = 3=
y = y’ Y =
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The conic section is a hyperbola.

Y
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Quadrics

The same method works in any dimension. Let us deal with the case of
dimension 3.

Definition
A quadric Q is a subset of the compound space points whose coordinates
(x,y,z) € R? in a certain basis satisfy an equation of the form

ax®> + by’ + 2+ dxy+exz+ fyz+gx+hy+iz+j=0

with real coefficients such that a, b, ¢, d, e and f are not all zero.
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The previous method gives the following result.

Proposition

Consider a quadric Q C R3. So there is a change of affine variables of
the form

X = ar+aipy+aizz+b
Y = a7 +azpy+aszz+ b
Z = ag1x+azpy+azzz+ by
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which transforms the expression of the quadric into one of the following

forms

X24+Y242722=1 Ellipsoid

X2 +Y?2-27?2=1 One-sheet hyperboloid,
X2 —-Y2_-272=1 Two-sheets hyperboloid
X24+Y2-272=0 Cone
X2+Y2-7Z=0 Elliptic paraboloid
X2—-Y?2_-Z=0  Hyperbolic paraboloid

or one of the following forms, which correspond to the case where the

quadric is the

Dr Lama Tarsissi

product of a conic section by a line:

X2+Y%2=1 Elliptic cylinder
X2 —Y?=1 Hyperbolic cylinder,
X2-Y=0 Paraolic cylinder
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or finally one of the following forms:

X?=1,X?-Y?=0, X?4+Y?+2?=0, X?4+Y?=0, X* =0,
X24vY?2 42722 =1, X2 4V2%2= 1, X? =1,

In which case the quadric corresponds to two parallel planes, two
separate planes cants, a point, a line, a plane or is empty.

Here again, we can use the signature of the quadratic form
Q(x,y,z) = ax® + by? 4+ cz° + dxy + exz + fyz
to determine the nature of the quadric.
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Q(x,y,z) = ax? + by2 + 2+ dxy + exz + fyz

signature (3,0)
signature (2,1)
signature (2,0)
(L.1)
(1.0)

signature
signature
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ellipsoid, point or void;

hyperboloid with one or two layers, cone;
paraboloid or elliptical cylinder, straight, empty;

paraboloid or hyperbolic cylinder, two secant planes;
parabolic cylinder, two parallel planes, plane, void.
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The quadric is a Sphere:

X2+ vY24+27%2=1
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The quadric is a one-sheet hyperboloid:

7

’\ T f
e

AN
%%”lllnlll‘t\\\“‘lxi\ \
{7 H LRGN

X24+vY2-272=1
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The quadric is a Two-sheet hyperboloid:




The quadric is an Elliptic paraboloid:

X24+vY2-272=0
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The quadric is a hyperboloic paraboloid:
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Example

We consider the quadric Q of R3 given by:

Q={(zyz2) e R |2 +3¢y* +2° + 4oy +4yz— 10z = 0}.

Let us determine the nature of this quadric. By reduction:

2?43y 2 Ay +4yz— 10z
= (x4 2y)? — (y — 22)* 4+ 527 — 10z
=(x+2)° - (y—22)24+5(z—-1)2-5
= (z+2y)*— (y—22)°+5(z—1)* -5
Y )
1
sy =227+ (= -1~ 1)

[t

1
5 (g(m +2y)? —

— 5((33\7_52;9,)2 - (y\_/gz)2+(zl)2 -1).
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We let

The equation becomes:
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(x + 2y)

N

I

N
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(y —22)

S

X2+ v2-_72=1
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The quadric is a one-sheet hyperboloid:
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Quadratic forms and determinants

Recall that a quadratic form is said to be non-degenerate if its nucleus is
null. Equivalently, the determinant of its matrix calculated in a any base
is non-zero.

In general, the determinant of the matrix associated with a quadra- tick
depends on the base chosen to calculate it. Recall that the matrices B
and B’ in two different bases (e&;) and (e!) are related by the formula

B'=PTBP.
So we have
det(B') = det(PT)det(B)det(P) = det(P)*det(B)

and the two determinants are different in general. We note that they
have the same sign. The sign of the determinant of the matrix associated
with a quadratic form does not depend on the basis chosen to express
this matrix.
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Let us examine how this sign is related to the signature (p, q) of the
quadratic form Q by placing itself in an orthogonal basis for Q.

In a such basis, the matrix of Q has p strictly positive coefficients and g
negative coefficients. The determinant is equal to the product of these
coefficients. We deduce the following proposition.

Proposition

A quadratic form of signature (p, q) is non-degenerate if and only if the
determinant of its matrix is non-zero. In that case, the sign of this
determinant is strictly negative if and only if q is odd

From this we deduce important information on the signature in small
dimension. For example, in dimension 2, if the determinant of the matrix
of a quadratic form in a certain basis is strictly negative, the signature is
necessarily (1,1) and if it is strictly positive, it is (2,0) or (0,2).
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We distinguish between these last two cases by looking at the coefficients
diagonals of the matrix of Q. These coefficients correspond to the values
that Q takes on the vectors of the base in which its matrix is calculated.

If Q is signed (2,0), they are all strictly positive. We cqn conclude:

Proposition

Let E be a vector space of dimension 2, @ a form non degenerate
quadratic defined on E and B = {b; ;} its matrix in a basis of E. Then
the signature of Q is

m (1,1) if det(B) < 0,
m (2,0) if det(B) > 0 and b1 1 > 0,
m (0,2) if det(B) >0 and by 1 < 0.
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Classification of the quadratic form

The preceding theorems can be formulated as a result of classification.
Let us introduce an equivalence relation on the set of quadratic forms
defined on a given space.

Proposition

Two quadratic forms Q and Q' defined on a subspace E are said to be
equivalent if there is a linear map invertible f : E — E such that:

Q'(x) = Q(f(x)) for all x € E.

Two equivalent quadratic forms have the same signature because the
application f puts in bijection the spaces on which the two forms are
definite positive or definite negative. We will show the converse.
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Sylvester's inertia theorem

Two quadratic forms defined on a vector space of finite dimension are
equivalent if and only if they have the same signature.

Proof.

Let Q and Q' be two quadratic forms having the same signature. We saw
that it exists two bases (e;) and (e!) such that

2 2 2 2
Q(x1e1 + ... + Xpen) = X{ + ... + Xy = Xpi1 — e~ X
/ / Iy U2 2 2 2
Q'(xaey + .. +Xn€y) =X + o+ X5 = Xpi1 — o — X

Let us denote by f the application which sends the base (e;) on the base
(ef) and let x = xye1 + ... + xp,€,. We then have f(x) = x1€f + ... + xs€),
which implies Q'(f(x)) =x¢ + ... + x2 = x2,; — ... — X2, , = Q(x). This
is the desired equality. O]
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As an application, we give the classification of quadratic forms defined on
a two-dimensional space. Just list the values possible for the signature
(p, g) and to give an example of a quadra- tick for each of these values.

Proposition

Let E be a two-dimensional vector space and Q a quadratic form on E.
Then there exists a basis (e1, €2) of E in which Q takes one of the
following forms:

B Q(x1e1 + x262) = 0 signature (0,0)

m Q(xie1 + x2€) = x2 signature (1.0)

B Q(xie1 + x282) = —x¥ signature (0,1)

m Q(xie1 + x2€2) = X2 + x3 signature (2.0)
B Q(xie1 + x2e) = —x2 — x3 signature (0.2)
B Q(xie1 + xp€) = x2 — x3 signature (1.1)
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