LECTURE 4

Elementary Operations and Matrices

In the last lecture we developed a procedure for simplying the set of generators for a given subspace of the
form

S = spang (v,...,v) = {oqv; + -+ apvi | @1, ..., € F}
It went like this

e Find a dependence relation amongst the vectors vy, ..., vg; that is to say, a valid equation of the
form

a1 + -+ agug = Oy
with at least on coefficient, say a;, not equal to Op. We’ll then have
S = spang (v1,...,05) = spang (V1, ..., Vi, .-, Vk)

(here a ™™ over a list entry is to signify that this element does not appear in the list) and so we

can express S as being generated by k& — 1 vectors.
e Find a dependence relation amongst the vectors vy,...,0;,..., v, and use that to eliminate one
more vector, say v;, from the list of geneators

= S =spang (v1,...,05,...,0j,...,Vk)

e Keep repeating this process until one can no longer find a dependence relation amongst the gen-
erators of S.

Of course, what’s missing in this discussion is exactly how we are to find a dependence relation. Today we’ll
try to fill that gap.

1. Elementary Operations
LEMMA 4.1. Suppose {v1,...,v,} be a set of vectors and let S = spang (vy,...,v,) be the subspace generated
by v1,...,Vn.
(i) If X is a non-zero element of F, then
S = spang (U1, ..., Vi1, AUj, Vi1, -« Un)

(i) If 1 <i<j<n, then

S = spang (v1,...,Vj-1,Vj + Vi, Vj41,...,Un)

Proof.

(i) Let S" = spang (v1,...,0;—1, \V;, Vit1,-..,Uy). If v € S then
v o= aqvr -+ a; (W) o+ apoy
= avr+ -+ (@A) v+ apvy
e S.
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and so each element of S’ is an element of S.

On the other hand, let v be an arbitrary element of S. Then

vo= U+t ou s apty,
= alvl—l—---—l—%)\vi—i—---—kanvn (which is valid since A # Op)
= 01v1+---+%()\vi)+~-~+anvnGS'

So any element v € S is also an element of S’.

Since 8" C S and S C S’ implies S = 57, (i) is proved.

(ii) Let S" = spang (v1,...,v-1,0; + Vi, Vj41,...,0,). if v € S’, then v has the form
vo= oqui 4ot ou A+ o (v ) 4 Fagt,
= 041111+"'+(Oéi+04j)vi+"'+04jvj+"'+Oén11n
e S

and so, since each element of S’ is in S,
S'C8S.
On the other hand, if v € S, then v has the form

vo= U+ Ut v+ Uy

av+ -+ (g —o o) v+ F v+ apvy
arvr+ -+ (o — o) v+ o (v +v) F -+ apoy
e &

And so,

But S € S and S’ C S implies S = §".
O

We have thus discovered two operations that we can perform on a set of generators of a subspace that, which
modifying particular generators, do not change the subspace generated. Note that these two operations are
essentially the two operations we have been stressing all along: scalar multiplication and vector addition.
It is a bit more conventional, however, to utilize as basic operations the following two operations.

COROLLARY 4.2. Let L ={v1,...,v,} be an ordered list of generating vectors for a subspace S of a vector
space V over a field F. The following three operations on the list L do not change the subspace generated
by the vectors in L.

(i) replacing a generating vector v; with a non-zero scalar multiple of itself: v; — Av;
(ii) replaciing a generating vector v; with its sum with a scalar multiple of another generator: v; —
v; + Av;
(iil) interchanging two vectors: v; <— v;

Proof. That the first operation does not affect the subspace generated was already demonstrated in Lemma
4.1. (ii) is proved by
Spang (V1,. .., Uiy .oy Uj,y ., Un) = SPan (Vi,..., AV, ..., 0, ..., V) by Lemma 4.1 (i)
= span (vi,..., AV, ..., 05 + Avi, ..., ) by Lemma 4.1 (ii)
= span (Vi,..., Vi ..., 05 + A\, ..., Up) by Lemma 4.1 (i)
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As for (iii), we can use the commutativity of vector addition to interchange terms in the sum

span(vl,...,vi,...,vj,...,vn) S v+ Ut U+ Uy
— alful+...+ajvj+...+aivi+...+anvn
€ span (Vi,...,Vj,...,Viy...,0p)

O

DEFINITION 4.3. An elementary operation on a list of vectors is an operation of the type (i), (ii), or
(iii) as in Corollary 4.2.

Okay, so here’s our plan for simplifying the set vectors used to generate a subspace. We’ll look for dependence
relations by trying to set up relations of the form

Vs +/\’Uj =0y

Each time we can do this we can elminate v; from the set of generators (or v; if A = 0). What follows is
a procedure for doing this in such a way that we are systematically and inevitably led to minimal set of
generators.

2. Matrices

Recall that the (underlying set of the) vector space F"™ consists of all possible ordered lists of m elements
of F. Below we develop some calculational tools for working with subspaces of F”. Later we will show how
these calculational tools can be applied in the more general setting of a vector space V over a field F.

DEFINITION 4.4. Let F be a field. An n x m matrixz over F is an ordered list of n elements of F™.

NOTATION 4.5. We will use the notation Mat,, ,, (F) to denote the set of n x m matrices with entries in F.

The way I have defined a matrix, an example of a 3 x 2 matrix over R might be
[(=1,2]],[0,2]], [4, -1]]

This is, of course, not the way one is accustomed to viewing matrices. What is much more common is to
write each vector in the order list as the row of a rectangular array of real numbers; that is, to say as

-1 2
0 2
4 -1

with the ordering of the rows from top to bottom following the ordering of the vectors from first to last. I
have adopted the former definition (an n x m matrix is an ordered list of n m-dimensional vectors) as that
is more mathematical than the usual visual definition (a n X m matrix is an arrangement of nm numbers
into an array with n rows and m columns). But of course the two definitions are equivalent. Moreover,
despite the good mathematical intentions of the first defintion, the second presentation (in terms of arrays
of numbers) is more helpful in carrying out calculations.

DEFINITION 4.6. The row space RowSp (A) of an n x m matriz A € Mat,, ., (F) is the subspace of F™
that is generated by the n (row-) vectors of the matriz. The column space ColSp (A) of an n x m matriz
A is the subspace of F™ generated by the column vectors of A.

PROPOSITION 4.7. Let [v1,...,v,] be an n X m matriz. If an elementary operation (see Corollary 4.2 and
Definition 4.3) is applied to this list of vectors, the new list of vectors is matriz that has the same row space.
More generally, if M is a matriz and M’ is a matriz obtained from M by applying a sequence of elementary
row operations to the (row) vectors of M (and the intermediary matrices). Then

RowSp (M') = RowSp (M)
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Proof. This is just Corollary 2 translated into the matrix setting and applied over and over again. O
DEFINITION 4.8. We say that two matrices A and B are row-equivalent if one is obtainable from another

via a sequence of elementary operations.

Note that if A and B are row-equivalent then RowSp (A) = RowSp (B).

DEFINITION 4.9. v = [ay,...,a,] be an element of F. The pivot of v is the first (following the natural
ordering of the list entries) «; that is not equal to Op. If o; is the pivot of v = [y, ..., 4, ..., ap]. then i
is the pivot position of v.

DEFINITION 4.10. A matrix A = [v1,...,v,] is in row echelon form, if the pivot position of v; is less
than the pivot position of v; whenever i < j.

PROPOSITION 4.11. Let A be an n x m matrixz. Then there exists a sequence of elementary operations that
converts A to a matriz in row echelon form.
Proof. Let us say that a matrix A = [v1,...,v,] is in semi-row-echelon form if we have

PivPos(v;) < PivPos(v;)

whenever ¢ < j. It is always possible to convert a matrix to semi-row-echelon for simply by interchanging
setting up a correspondence between row vectors and their pivot positoins

U1 Vo .. Un
PivPos (v1) PivPos (vg) --- PivPos (vy,)

and then by interchanging the columns of this correspondence, arranging matters so that the pivot positions
listed at the bottom form a non-decreasing sequence of numbers.

We emphasize again that we can alway transform matrix into semi-row-echelon form simply by interchanging
rows until we have achieved this.

Let us now say that a matrix A = [vy,...,v,] is in row echelon form up to row k if it is in semi-row echelon
form and if for every i < k we have PivPos (v;) < PivPos(v;) for all 1 < j < i <k. Clearly, when A is an
n X m matrix that is in row echelong form up to row n, it is also in row echelon form. We will show that
if A is a matrix that is in row echelon form up row k that it will always be possible to apply elementary
operations to A and thereby obtain a matrix A’ that is in row echelon form up to row k+ 1. Iterating this
process successively, we can eventually convert A to a matrix that is in row echelon form up to row n; that
is a matrix that is in row echelon form.

So let k be the largest integer (between 1 and n) such that A = [v1,...,v,] is in row echelon form up to
row k If £ = n we are done, as A will already be in row echelon form. Otherwise, there has to be row
vector Vg, Ug41,...,Ukt; for which PivPos(vgq1) = -+ = PivPos (vky;). Say i@ = PivPos (v;). Then

these vectors have the form

v = [0,...,0,05, ..., Q]
Uk+1 = [07""07/8i7""/8m]

Verj = 10,000,075y Vanl
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with none of the pivots «y, §;,...,7; equal to Op. We can then use the elementary operation (ii) to replace
the row vectors, vp41,. .., Vk4; With
/ Bi Bi Bi
Uk+1 — Uk+1:U]c+1—J’l)k: {07...,070,ﬁi+1—lai+17...,6m—lam]
&7} Q (67
/ i i Vi
Ukt > Vpyj = Vkgj — — Uk = {O,...,O,O,’yﬂrl — Qg1 Vm — am]
a; a; (67}
Each of these vectors vj_, ... ,vfﬁj will have a pivot position that’s at least £+ 1. > k& And so now, if we
reorder the vectors vy, ... ,U;Hj, Uk4j+1, - -, Up O that they are in semi-row echelon form,
/ / ) deri " "
Vgt 1s -+ s Uk jr Vktjitds - - Un reordering Vga1s-+»Up
e
and adjoin this list to tail of the list v1,..., v, we will end up with a list of vectors
" 1
ULy e oy Uy Uy gy e o5 Uy

that is in row echelon form (at least) up to row k + 1.

We have now successfully demonstrated that we can use elementary row operations to convert a matrix
that is in row echelon from up to row k into a matrix that is in row echelon form up to row k£ + 1. Since we
are dealing with only a finite matrices (finite lists of vectors), it is clear the we can apply this the process
again and again until we have arrived at a matrix that is in row echelon form up to row n - that is, until
we have arrived at a matrix in row echelon form. (]

3. Coordinate Vectors and Coefficient Matrices

In the previous section we specialized to vector spaces of the form F™ and introduced an n x m matrix over
F as an ordered list of n elements of F". We’ll now return ot the general setting of a general vector space
V over a field F. The first thing to point out is how the calculational tools developed in the last section can
be brought to bear on this more general situation.

LEMMA 4.12. Let B = [v1,...,0,] be a basis for a vector space V over a field F, then for each vector v € V
there is a unique a = [aq, ..., ap] € F™ such that

V=a1V1 + -+ amUm

Proof. Suppose we had two such expressions for a vector v

Vo= a1V + -+ QnUm (1)
v = bivg+--+bpvm (2)
Subtracting the second equation from the first yields
*) Oy = (a1 —bi)vi+--+ (am — b) U
Now if any of the coefficients (a; — b;) on the right hand side different from Or then (*) would furnish us
with a dependence relation amongst the basis vectors v1,...,v,. But, by definition, basis vectors must be
linearly independent and so cannot have any such dependence relation. Thus, we conclude that a; — b; = Op
for each i between 1 and m. Thus, the two expansions (1) and (2) must coincide. O
DEFINITION 4.13. Let B = [v1,...,0y] be a basis for a vector space V and let v € V. The coordinate
vector vp of v with respect to B is the ordered list of coefficients [a1, ..., anm] corresponding to the

expansion of v with respect to the basis B :

v=a1v1 + -+ amUm — v =la1,...,a,] €F"
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Note that if we are given the coordinate vector vg = [ai,...,a,,] € F™ with respect to a basis B =
[v1,...,0m] of V we can immediately write down the element of V' that corresponds to v. (Just read the
above relation right to left).

DEFINITION 4.14. Let B = [v1, ..., 0] be a basis for a vector space V over a field F and let [uy,uz, . .., uy]
be an ordered list of n vectors in V. To this data we can attach an n X m matriz A with entries in F. The
entries of the it" row of this matriz (1 < i < n) are taken to coincide with the entries of coordinate vector
of the the i*" wvector u; with respect to the basis B.

THEOREM 4.15. Let V be an m-dimensional vector space with basis B = [v1, ..., 0] and A be the coefficient
matriz of a set of n non-zero vectors [uy, . .., u,| with respect to B. Suppose that the row vectorsry,...,r, €
F™ of A are in row echelon form. Then the vectors uq,...,u, are linearly independent.

Proof. We will do a proof by induction, inducing on the number n of vectors in the list [uy, ..., u,]. If

n =1, that {u;} is linearly independent is obvious, for the only what to hve
a1l = 0

is to take a; = Op. Assume now that the statement is true when we have a coefficient matrix with n — 1

rows. We shall show if the coefficient matrix for [uy,...,u,] is in row echelon form then the only way we
can have
(**%) Biur + Baug + -+ - + BLun = Oy

is by taking 3, = Op, 85 = Op, ..., 3, = Op.

We'll first show that 5, = Op. Let Ay; be the first non-zero entry of the first row of A. This element
corresponds to the coefficient of u; with respect to the i*" basis vector v;. Since the matrix A is in row
echelon form, the leading and subsequent entries of the subsequent rows correlate to components of the
vectors ug, ..., u, along basis vectors v; with j > 7. But then if we expand each u; , K =1,...,n on the
left hand side with respect to the basis B, there is nothing on the left hand side of (***) to cancel the term
BiA1iv; that arises from S uq. So §; must vanish.

(***) must vanish and so we have

Therefore, the first term in the expansion
52U2+"'+Bnun =0y

But now, by our induction hypothesis, it must be that us, . .., u, are linearly independent, so all 3,,..., 8, =
Or as well. And so each §; in (***) must separately equal O and so the vectors uq, ..., u, must be linearly
independent. O

THEOREM 4.16. Let A be the coefficient matriz expressing a list [u1,...,u,] of vectors in 'V in terms of
their coefficients with respect to a basis B = [vy,...,vm] of V. Then the following statements hold.

(i) There exists a matriz A’ row equivalent to A, such that either A’ = 0 or there is a uniquely
determined positive integer k (between 1 and n) such that the first k rows of A’ are in row echelon
form and the remaining rows are all zero.

(i1) The vectors [wy, ..., wy] corresponding to the first k rows of A’ form a basis for span (ui,. .., uy).

(iii) The original set of vectors are linearly independent if and only if n = k.

Proof. By Proposition 4.10 we can certainly convert A to a matrix in row echelon form by applying
elementary row operations. Because the elementary operations applied to a list of vectors do not affect
the subspace generated by the vectors (Corollary 4.2), the span of the vectors [w1,...,w,] corresponding
to the rows of A’ is the same as span of the vectors [uy,...,u,] corresponding to the rows of A. But in
fact, since the 0 rows of A’ correspond to the 0-vector in V' and so do not contribute to the span of vectors
[wy, ..., w,] we have

span (U, ..., un) = span (w1, ..., W)
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We also know that by the preceding theorem that since the first k& rows of A’ are in row echelon form, the
corresponding vectors wy, . .., wg must be linear independent. And so the vectors w1, ..., w; actually form
a basis for span (uy,...,u,). The uniqueness of k follows from Corollary 3.4 (each basis of a subspace has
the same number of vectors). O



