Math 313 Lecture #15
§4.1: Vector Spaces and Subspaces

Vector Spaces. Many sets of mathematical objects have the algebraic properties that
R"™ does.

They have a scalar multiplication and an addition that behave just like those of R™.

The idea of a vector space is a unifying principle in that properties of the vectors depend
only on the properties of the scalar multiplication and addition but not on the elements
of the vector space.

Definition. A vector space is a set V of objects denoted as @, ¥, W, etc., on which
are defined two operations, scalar multiplication o/ and addition @+ ¢/, which operations
satisfy the following axioms:

the sum « + v is in V for all @, v in V,

T+y=y+rforall ¥, yeV,

(T4 Y)+W =74 (§+u) for all Z, 7,0 € V,

There exists an element 0 in V for which Z + 0 = 7 for each Z € V,
For each & € V there is an element —& such that # 4 (—Z) = 0,
the scalar multiple ot is in V' for all a and for all @ in V,

a(f+y) =af +ay for all « € R and all #,5 € V|
(a+p)d=ad+ pxforal a,f € Rand all ¥ € V,

(af8)Z = a(pZ) for all af € R and all ¥ € V,

=" forall ¥ eV.
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Using ONLY these properties, we can show that the vector 0 of Axiom 4 is unique, that

—

the negative —& of Axiom 5 is unique, that 0@ = 0, that a0 = 0, and that —@ = (—1)a.
The Vector Space R™*". The set of all m x n matrices is denoted by R™*"

The set R™*™ has a scalar multiplication and addition defined on it: if A = (a;;), B = (b;;)
are m X n matrices, and « is a scalar, then

aA = (aa;;) and A+ B = (a; +b;).

The algebraic operations of scalar multiplication and of addition obey the ten axioms of
a vector space: these rules are nothing more than the rules of matrix algebra.

The Vector Space C[a, b]. Now for a set of “objects” you may not have thought of
as a vector space.
Let [a, b] be a closed interval with finite nonzero length, i.e., —co < a < b < 0.

Let Cla, b] denote the set of functions continuous on [a,b] (where continuity at the end-
points is understood as one-sided).



On Cla,b] there is a scalar multiplication: if & € R and f € Cla,b], then the scalar
multiple of f by « is the continuous function

(af)(@) = af(z), © € [a,b].

On Cla, b] there is an addition: if f and g are in Cfa, b], then the sum of f and g is the
continuous function

(f +9)(x) = f(z) +g(z), = € [a,b].

Axioms 2 and 3 are satisfied here:

(f+9)(@) = f(z) +g(z) = g(x) + f(z) = (g + [)(=),

((f +9) +h)(x) = (f + g)(x) + h(z) = f(z) + g(z) + h(z)

= f(2) + (9(=) + h(z)) = (f + (9 + h)) (@).
What is the zero vector in C|[a, b]? It is the zero function,

z(xz) =0 for all z € [a, b].
It satisfies (f + z)(x) = f(z). Thus axiom 4 is satisfied.
The rest of the axioms are left to you to verify.
The Vector Space IP,,. Let P, denote the set of all polynomials of degree at most n,
having real coefficients.
Scalar multiplication and addition on P, are defined like those on C|a, b]:
(ap)(z) = ap(z), (p+q)(z) =p(z)+q(z).

The scalar multiple of a polynomial of degree at most n, with real coefficients, is a
polynomial of degree at most n, with real coefficients.

The addition of two polynomials of degree at most n, with real coefficients, is a polynomial
of degree at most n, with real coefficients.

Thus these algebraic operations on P, satisfy axioms 1 and 6.
What is the zero vector in P,,? It is the zero polynomial,
2(x) = 0z" 4 - - - + 0z +0.
It is left to you to verify that the other axioms are satisfied.
Subspaces. Certain subsets of a vector space V are themselves vector spaces.

To detect which subsets H of V' are subspaces requires verifying only three of the axioms
in H, because the rest following from the axioms of V.

Definition. A subspace of a vector space V is a subset H for which

a. H contains the zero vector 0 of V,
b. H is closed under addition, i.e., for every « and  are in H we have @+ v is in H,

c. H is closed under scalar multiplication, i.e., for every « in H and every scalar «,
we have au is in H.



Example. Let S = { {an alﬂ € R¥? :ayy + ag = O}-

a21  a22
We check the three conditions in the definition of a subspace.
The zero 2 x 2 matrix 0 satisfies a;; + as = 0, and so 0 € S.
IfaeR, A= (a;) € S, and B = (b;;) € S, then

aalp aagg
aA =
91 (A92

satisfies avayy + aage = a(ag; + age) = 0, and

AL B— {an +0b11 app+ b12]

a1 + ba1  azy + bay

satisfies (an + bn) + (a22 + b22> = ((111 + CLQQ) + (b11 + bgg) =0.
Thus S is a subspace of R?*2,

Example. Let P be the set of all polynomials with real coefficients.
The subset P, of polynomials of degree at most n is a subspace of P.

Example. Is the subset

a subspace of R3?

Well, H contains 0, scalar multiples of elements of H are in H, and the sum of any two
vectors in H is in H, and so H is a subspace of R?.

Is H just R%? It isn’t. Why not?
Example. Let L be a line in the plane R? that does not pass through the origin.

Is L a subspace of R2? No, why not? It does not contain 0, scalar multiples of vectors
in L are not in L, and sums of vectors in L are not in L.

Example. Let S = {p(z) € P5 : p(1) + p/'(1) = 0}, the subset of those polynomials of
degree at most 5 for which p(1) plus its derivative p/(1) equals 0.

The zero polynomial z(x) satisfies z(1) + 2/(1) = 0, and so z(z) € S.
If a € R, p(z) € S, and ¢(x) € S, then ap(z) satisfies

ap(l) + ap'(1) = a(p(1) +p'(1)) =0,
and (p + q)(z) satisfies
(p(1) +4(1)) + (P'(1) +4' (1) = (p(1) + P/ (1)) + (a(1) + (1)) = 0.

Thus the subset S is a subspace of Ps.



A Subspace Spanned by a Set. A common way of describing a subspace is by the
means of linear combinations.

Theorem 1. Let V be a vector space and @y, 0s, ..., U, vectors in V. Then the set
H = Span{#, 05, ..., 7} is a subspace of V.

Proof. The “trivial” linear combination
07 + 00 + -+ + 05, = 0 € H.
For any scalar a and any v = ¢,0] + coty + - - - + ¥ € H, we have
atl = (acy)U; + (ace)y + - - - + (k) Uy € H,
For two vectors v = ¢1U; + caUs + + -+ + ¢, U and U = dyU; + daUs + - - - + diU), we have
U4 U= (cr +dy)0 + (c2 + da)Vo + - - + (¢ + d) Uy € H.

Thus H is a subspace of V. O

[Notice how these calculations have nothing to do with what the actual vectors in V' are,
but only with the algebraic properties of scalar multiplication and addition.]

We call Span{}, Uy, ..., U} the subspace spanned (or generated) by {¥}, 0o, ..., U }.

A spanning (or generating) set for a subspace H of V' is a set {¢, Uy, ..., 0 } for which
H = Span{v, Ua, ..., Uk}

Example. For an m x n matrix A, suppose that the solution set H of AZ = 0 has the
form ¥ = sd + tb.

Then the solution set H is the subspace of R™ spanned by {d, I;}



