Math 369 Linear Algebra Midterm 1 October 10 2024

TOPICS

Notation: This class introduces the following mathematical notation that might be new:

1. R: The set of all real numbers. R includes numbers like 0, 1, 7, —e~ '3, and every

other real number you can think of.
2. €: “In.” For example “mr € R” means “r is in R.”

3. Set notation: We use curly brackets {} to denote sets of things like numbers, vectors,
etc. For example, {0,1} is the set that contains just the number 0 and the number
1. We can also use a colon (or vertical line) to add more description to the set: for
example {x € R: 2 > 7} or {z € R|x > 7} both mean the set of all real numbers that

are greater than .

4. C:“Subset.” Used when one set is contained in another set. Specifically, “A C B”

means “everything that’s in A is also in B.” For example {0, 1,7, —e~!?*} C R.

a
5. R?: The plane. This is the set of all vector that look like where a and b are both

b
1
in R. For example, c R2.
2
6. R™: n-dimensional vector space, where n is any positive whole number. This comprises
aq 0
a9 1
vectors of the form where ay,...,a, € R. For example, c R%.
: T
tn 123

Definitions: [1: system of linear equations, [3: homogeneous, [J: solution set, [{]: dot
product €& magnitude, [3: projection, [6: matriz, []: row-operations, [§: row-echelon & reduced
row-echelon form, [9: basic & free variables, [10: rank, [11: transpose, [13: inverse, [13: de-

terminant, [14): elementary matriz, [15: linear combination, [16 span, [17 linear independence
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& linear independence, [18: wvector space, basis, [20: null space & nullity, [21): column
& row space, [23: image, [23: orthogonal & orthonormal basis, [24: Fourier expansion, [25:

orthogonal matriz, |20 counterexample

Definition 1. Linear equation: A linear equation is an equation involving some vari-
ables (like 1, w9, and x3 for example) where the variables can be multiplied by numbers in
R and can be added to each other, but no other operations (like multiplying the variables
by each other, raising a variable to a power, exponentiation, logarithms, trig functions, etc.)

are allowed.

For example, 5z — 7Ty + 112z = 13, 1 — 22 + 100023 — 99924 + 25 = 0, and a — b+ ¢ = 10
are linear equations, but zy — z = 9, 2> — 2¥ = 5, In(2¥) — cos(x + 5z) = 0 are not linear
equations.

A system of linear equations is a set of multiple linear equations.

Definition 2. Homogeneous: A system of linear equations

a11%1 + -+ a1 Ty, = by

am 121 +-+ AmnLn = bm

is homogeneous if b; = 0 for all 1 <7 < m.

For example,

—r+ 13y =0

or — 3y =0
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is a homogenous system of linear equations, while

—x+ 13y =10

dr — 3y = —2

is a non-homogeneous system of linear equations.

Definition 3. Solution set: Given a system of linear equations

11T + -+ a1 Ty = by

Am,121 +-+ AmnTn = bm;

the solution set to the system is the set of all solutions to the system (written as vectors
I

€ R™). It is possible for a solution set to be empty (i.e. the system has no solutions),

Tn

have 1 vector, or have oo vectors.

U1 Uy

Definition 4. Dot Product and Magnitude Given two vectors ¥ = | : | and @ =

in R", the dot product, denoted v - u, is

VUL F 0 UplUn.
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The magnitude (aka length) of ¥, denoted ||7||, is VU - ¥. In other words,

1] = \f v + -+ - 03

The dot product can be used to calculate the cosine of the angle # between two vectors

« and U in R™, with the following formula:

cos(f) =

In particular, this means that « and ¢ are perpendicular if and only if @ - v = 0.

Definition 5. Projection: Given two vectors v, 4 € R", the projection of ¢ onto u is

ORET)

r0j-(U) = - 4.
projz(v) = —

£y

Definition 6. Matrix: An m X n matrix is an arrangement of real numbers into a rectangle

2 3 5

consisting of m rows and n columns. For example, is a 2 x 3 matrix. The (i, 7)-
7 11 13

b row and ;" column. If the matrix is given

entry of a matrix is the number in the matrix’s i*
a name, like M, then this entry can also be denoted as M; ;.

A matrix is square if m = n, which means there are as many rows as there are columns.

Special kinds of matrices are the zero matrix, which is a matrix whose every entry is
0, and the n x n identity matrix, denoted I,,, whose (i, j)-entry is 1 if i = j and 0 if i # j.

For example,

1 00
Is=10 1 0
00 1

is the 3 x 3 identity matrix.

Matrices can be added, scalar multiplied, and multiplied.
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1. Addition: Two matrices A and B can be added if they have they exact same rows

and columns as each other. In this case, (A + B);; = A;; + B, ;. For example,

1 0 3 9 6 7 19 7T 7 4 18
+ =
—10 15 14 2 3 —6 4 4 -7 9 18 6

2. Scalar Multiplication: Any matrix A can be multiplied by any scalar s € R. In this

case, (sA);; = s A; ;. For example,

1 0 3 9 3 0 9 27
3 * =

—10 15 14 2 =30 45 42 6

3. Multiplication: If A is an m X n matrix and B is an r X s matrix then the product
AB can only exist if n = r (in other words, if the number of columns of A is the
same as the number of rows of B). If AB exists, then it will be an m x s matrix and

(AB)Z'J = Z ai,kbk,j.
k=1

For example, take

I
|
—
—_
[\]
w
o
1

and

15

Then Ais 1 x4 and B is 4 x 1, so AB exists and is a 1 x 1 matrix. In this case,

multiplying a row matrix to a column matrix is like taking the dot product: AB =

1*0+2*(—5)+3*3+4*15} = [59}-
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For a more complex example, we can take

1 0 3 9
A=
—-10 15 14 2
and ) )
4 8 0
1 6 =2
B =
00 0
1 5 9

In this case, Ais 2 x 4 and B is 4 x 3, so AB exists and will be a 2 x 3 matrix. Notice

in this particular case BA does NOT exist.

We can calculate the (i, j)-entry of AB by multiplying the i*® row of A to the j*!

column of B. So for example, the (1, 1)-entry of AB is

1
[1 0 3 9] =1%x4+0x14+3x04+9x1=13.

0
1
Or the (2, 3)-entry of AB is
0
—2
[—10 15 14 21 = 1040+ 15 (—2) + 1440+ 2%9 = —12.
0
9
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In total,
_4 8 0_
10 3 9|1 6 =2 B 13 53 81
—10 15 14 2| (0 O O - —23 20 —12
15 9

CAUTION: It not guaranteed that AB will be equal to BA, even if both products exist.

Definition 7. Row Operations: Given a matrix M, there are three kinds of row operations

we can perform on M:

1. Swap the positions of two rows in a matrix. This is denoted r; <+ r;. For example, if

015 6
M=1{1 2 3 4|,
0000

then the row operation r; <> 79 swaps the positions of rows 1 and 2, giving us

1 2 3 4
0156
0000

Multiply a row by a nonzero number. This is denoted r; — sr;. For example, if

0156
M=11 2 3 4},
0000
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then the row operation ro — 379 multiplies the second row by 3, giving us

015 6
3 6 9 12
000 O

Add a multiple of one row to another row. This is denoted r; — r; +tr;. For example,
if
0156

0000

then the row operation r; — r; 4+ 213 adds two times the second row to the first row,

giving us
2 5 11 14
12 3 4
00 0 O

Definition 8. Row-echelon and Reduced row-echelon form: A matrix is in row-

echelon form if the following three criteria are followed:
1. Any row that contains a nonzero entry is above any row that contains only zeroes.
2. All the leading entries are 1 (a leading entry is the leftmost nonzero entry of a row).

3. Every leading each of every row is in a column to the right of the leading entries of the

rows above it.
Furthermore, a matrix is in reduced row-echelon form if

1. Every entry above each leading entry is 0.
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For example, the following are in row-echelon form but not reduced row-echelon form:

1 2 3 4 1 2 0 4 1 0 0 4
015 6(,]0106],(001F€6
0000 0001 0001

The following are in reduced row-echelon form:

1 00
1 0 3 4 1 000

010
015 6(:(010 0},

0 01
0000 0 001

000

And the following are not in row-echelon form at all:

1 2 3 4 1 2 3 4 1 2 3 4
115 6(,|09 5 6(,]00 00
0000 0000 0156

An algorithm for turning any matrix into reduced row-echelon form is Gauss-Jordan

elimination, which is the following steps:

1. Concentrate on the leftmost nonzero column of the matrix. Make sure there is a
nonzero number in the top row of this column (use a row operation to make sure there

is if there isn’t). This entry of the matrix is the current pivot position.
2. Use row operations to make every number underneath the pivot position 0.

3. Move on to the next row and repeat steps 1 and 2 until there are no columns left to

modify.

4. At this point every number underneath each leading entry should be 0. Now use the
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scalar multiplication row operation to make every leading coefficient 1.

5. At this point your matrix is in row-echelon form. To make it reduced row-echelon, use
the r; — r; + tr; Tow operation to make every entry above each leading term 0. Now

your matrix will be in reduced row- echelon form.

A common way of solving systems of linear equations is to transform the system of equations
into a type of matrix called an augmented matrix by taking all of the coefficients. Then use

row operations to transform this augmented matrix into reduced row-echelon form.

Example 1. For example, the system of equations

T+ 3y — 2z =—18
20 +9y 4+ 112 = 96

3z + 18y + 41 = 360

can be transformed into the augmented matrix

1 3 -2|-18
29 11| 96
3 18 41 | 360

We can follow along with Gauss-Jordan elimination to turn this matrix into reduced row-

echelon form.

1. We will start at the leftmost column, where the top entry is 1.

2. We will use the 1 to make the 2 and 3 underneath it into 0 by using the row operations

10
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ro9 — 19 — 2r1 and r3 — r3 — 3ry. Then our augmented matrix becomes

1 3 —-2]-18
0 3 15| 132
0 9 47| 414

3. Now we will repeat Step 1 by concentrating on the next row, where the leading entry

is 3.

4. Repeat Step 2 by using the 3 to make the 9 underneath it 0 via the row operation

r3 — r3 — 3ry. We then have the augmented matrix

1 3 —2]-18
0 3 15| 132
00 2|18

5. Now every number beneath every leading entry is 0. We will transform each leading
term into 1 by dividing by the row operations 7y — 79/3 and r3 — r3/2. Then we get

the row-echelon matrix

1 3 =2|-18
01 5 | 44
0 0 1 9

6. Now we can turn the matrix into reduced row-echelon form by the row operations
ro — 19 —br3, r1 — 11+ 2r3, and r; — r; — 3ry in that order. Then we get the reduced

row-echelon matrix

1 0 03
01 0]-1
0019

Then we have our solution. Recall the first column represents x, the second column represents

11
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y, and the third column represents z, so our solution is

r=3
y=-1
z=09.

Definition 9. Basic and Free Variables: If you turn a system of equations into an
augmented matrix and use row-operations to turn the augmented matrix into row-echelon
form, then any variable whose associated column has a leading term in it is a basic variable

of the system of equations. Any other variable is a free variable.

The number of free variables is equal to the dimension of the solution set of the system

of equations.

Example 2. Suppose you have the variables xy, x2, x3, x4, x5, and x4, and you have a
system of equations that you have successfully transformed into the following reduced row-

echelon form
10 2 0 -3 4 |14

01120 6 7|8
00 0 1 4 =97

To interpret this matrix for your solution set, recall that each column corresponds to one of
your variables. In this case, the first, second, and fourth columns have leading terms in
them, so x1, x5, and x4 are the basic variables.

That leaves x3, x5, and z¢ as the free variables. Right away, the three free variables
tell you that the solution set is three-dimensional.

Set your free variables equal to its own parameter (a letter that represents a number

12
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from R), like r, s, and ¢. So

T3 =T
Iy = S
$6:t.

Then use the rows of the augmented matrix to give you equations for x1, x5, and x4 in terms

of the parameters 7, s, and t. For example, the first row of the matrix tells you

T+ 2[E3 — 31‘5 + 41‘6 = ]_4,

SO

1 = 14 — 2r 4+ 3s — 4t.

Continuing this way for zo and x4, we get the following complete parametrization of the

solution set:

r1 =14 — 2r 4+ 3s — 4t
To=8—12r —6s — 7t
T3 =T

Ty =T—4s+9¢

If a system does not have any free variables, then the solution set is O-dimensional... meaning

that there is just one solution.

Definition 10. Rank: The rank of a matrix is the number of leading terms present after

13
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using row operations to get the matrix into row-echelon form. For example, if

123 4
M=10156
2 46 8

then performing the row operation r3 — r3 — 2r; gives us the matrix

1 2 3 4
0156
0000

which is in row-echelon form and has two leading entries (the 1 in the first row and the 1 in

the second row). Therefore, the rank of M is 2, or rank(M) = 2.

Definition 11. Transpose: Given an m x n matrix A, the transpose of A~ denoted AT
is an n X m matrix such that (A7), ; = A;,, so the (i, j)-entry of AT is the (j,4)-entry of A.

For example, if

1 2 3 4
5 6 7 8
then o
15
e 2 6
37
4 8

So every row of A becomes a column of AT and vice versa.
Transposes satisfy the property that (AB)T = BT AT,

Definition 12. Inverse: Given a square n X n matrix A, the inverse of A is a matrix B

14
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such that

AB = BA=1,.

When an inverse for A exists, we may write it as A~'. If A~! exists, then A is called
invertible.

To find the inverse of A, you can follow this algorithm:

1. Set up an augmented matrix as follows:

(Al Ln).

2. Use the Gauss-Jordan elimination algorithm to use row operations to turn A into
reduced row-echelon form. Mimic every row operation you're doing on the left side

onto the right side of the augmented matrix as well.

3. If A is invertible, its reduced row-echelon form will be the identity matrix I,,. If A’s

reduced row-echelon form is not the identity, then A is not invertible and you can stop.

4. If A is invertible, you should end up with an augmented matrix of the form

| B

with the identity matrix on the left side instead of the right side. Then B = A~L.

Example 3. Let’s use the above algorithm to calculate the inverse of the matrix

1 3 4 5

2 7 8 10
A=

1 4 5 5

3 11 13 16

15
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First let’s set up the augmented matrix

-1 3 4 5|1 00 0-
2 7 8 10{0 1 0 O
1 4 5 50010

_3 11 13 16(0 0 0O 1_

and start with the three row operations
® 1y —T9 — 21
® '3 —>T3—1T1
e 7y — 1y — 371,

Then we get

Now we can do the next two row operations
® '3 —> T3 —T9
® 1y —7Ty— 219

and get the following matrix:

13451 0 00
0100}-2 1 00
00101 =110

We can turn the left matrix into row-echelon form from the row operation

16
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® Ty —>Ty—T3

and get

—1

—1

Finally, we can get reduced row-echelon form from the three row operations

1. T1—>T1—5T4

2. T1—>T‘1—47‘3

3. 7’1—)’/‘1—3’/’2

and get

0

0

0

o o O

1

0

-1

-1

1

Now that the left matrix has successfully been transformed into the identity matrix via row

operations, we know that the matrix on the right is the inverse of A, so

1 3 4 5
2 7 8 10
1 4 5 5
_3 11 13 16_

-1

0

—1

-1

Inverses are useful because they give us another way of solving systems of linear equations

17
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(if there is a unique solution). If we have a system of equations of n equations and variables

a1 121 + -+ a1 T, = by

Qp,1T1 + -+ ApnTn = bn

we can create the matrix equation

a1 0 Qip x by

Qp1 " Qpn T, bn

or A7 = b for short. If A is invertible, we can find the solution # by multiplying both sides
of the equation by A~1: we get A~1AF = A~1b, so ¥ = A~1b.

a b 1 d —=b
FACT: The inverse of a 2 x 2 matrix is

Example 4. Consider the system of equations

or + 3y = 2
3r + 2y = 3.
We get the matrix equation
5 3| |z 2
3 2| |y 3

18
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3 2 =3
The matrix has inverse , so multiplying both sides by the inverse yields
3 2 -3 5
x 2 =3| |2 -5
Y -3 5 3 9

as the solution.
This brings us to an important theorem: Theorem 2.46 in the textbook.

Theorem 2.46. Let A be an n X n square matrix, and let ¥ and b be n x 1 vectors. Then

the following statements are equivalent:
1. rank(A) = n.
2. A can be transformed into I,, by elementary row operations.
3. A is invertible.
4. There exists an n X n matrix C such that AC = CA = 1,,.

. The system AZ = b has exactly one solution.

(S8

6. The homogeneous system AZ = 0 has Z = 0 as the only solution.
Inverses also satisfy the properties (AB)™' = B71A7! and (A= 1)1 = (AT)~L.

Definition 13. Determinant: The determinant of a square n x n matrix A— denoted

det(A) or |A|- can be calculated recursively. To begin, the determinant of a 2 x 2 matrix
a b

is ad — be.
c d

Then, we can define the (4, j)-minor of a matrix A- denoted minor(A); ;— as the deter-

minant of the submatrix we get by deleting the i*" row and ;' column of A. Furthermore,

19
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we can then define the (4, j)-cofactor of A- denoted cof(A); ;— as (—1)"*minor(A); ;. Then,

we can finally define

det(A) = Zalyjcof(A)lyj.
j=1

So knowing how to calculate the determinant of an n x n matrix requires knowing how to
calculate the determinant of an (n —1) x (n— 1) matrix. But since we know how to calculate

the determinant of a 2 x 2 matrix, we have a place to start!

Example 5. Let us use the definition to calculate the determinant of the matrix

5 7 4
A=111 3
0 2 4

According to the definition,

det(A) =Y " ayjcof(A);; = 5cof(A)1; + Teof(A)y 2 + dcof(A) 5

J=1

= bminor(A);; — 7minor(A); o + 4minor(A); 3.

Now we need to calculate minor(A); 1, minor(A); 2, and minor(A); s.

First, minor(A); ; is the determinant of the matrix we get from ignoring the first row and

first column of A, so it is the determinant of . This determinant is 1 x4 —3 %2 = —2.
2 4

Second, minor(A);» is the determinant of the matrix we get from ignoring the first
row and second column of A, so it is the determinant of . This determinant is
0 4
1%x4—-3%x0=4.

11
Finally, minor(A); 3 is the determinant of , whichis 1x2—1%0=2.
0 2

20



Math 369 Linear Algebra Midterm 1 October 10 2024

So putting everything together,

det(A) = 5minor(A);; — 7minor(A); 2 + 4minor(A); 3 =5 (—2) — 7 (4) + 4 % (2) = —30.

The determinant has many useful properties.
o det(AB) = det(A) det(B).
e det(l,) = 1 where I, is the n x n identity matrix.

det(AF) = det(A)*.

det(AT) = det(A).

The determinant of a matrix also gives you information about its invertibility. A matrix
A has an inverse if and only if det(A) # 0. (In fact, according to the third bullet point,
det(A™1) = det(A)~!, which exists if and only if det(A) # 0.)

Definition 14. Elementary matrix: An elementary matrix is a square n X n matrix F
such that multiplying any n x m matrix A by E on its left has the effect of performing a

row operation on A.

Example 6. For example the matrix

010
E=1100

is the elementary matrix corresponding to r; <> 79 for a 3 x 3 matrix. We can observe its

21
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1 2 3
effecton A= |4 5 ¢| below:

789

0101 2 3 4 5 6
EA=11 0 0|4 5 6|=11 2 3
00 1|7 8 9 789

In general, you can always build an elementary matrix for a given row operation by per-
forming that row operation on the identity matrix. For example, if we want to identify the

elementary matrix that corresponds to the row operation r3 — r3 — 3r; for 3 x 3 matrices,

1 00

we can take the identity matrix I3 = [0 1 (| and perform r3 — r3 —3r;. We end up with

0 01

1 00
0 10
-3 0 1

as the elementary matrix.

By calculating the determinant of each elementary matrix and using the property that
det(FA) = det(F)det(A), we can determine the effect of each row operation on the de-

terminant of A.
1. r; > r;: Multiplies det(A) by —1.
2. r; — sr;: Multiplies det(A) by s.

3. r; = 1 +tr;: No effect on det(A).

22
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Definition 15. Linear combination: A vector ¢ is a linear combination of the vectors

iy, ...,U, if there are scalars sq, ..., s, such that v = sty + - -+ + S, ,.
2 3 9 4
Example 7. The vector | 2 | is a linear combination of the vectors [¢|, [7], and |1
17 9 0 4
because
2 3 9 4
2| =16 — |7 +2|1
17 9 0 4
Definition 16. Span: The span of a set of vectors {¢,...,7,} is the set of all linear
combinations of 7, ..., U,.
1 3 6 _9_ 1
Example 8. Is [1| € span 9,71, 0] p? Toanswer this, we need to know if |1
0 12 13 9 0
3 6 -9_
is a linear combination of | 9 |, | 7|, and [0
12 13 9

. We can set up the equation

1 3 6 9
1l =al9|+b| 7| +cl|0
0 12 13 9

23
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which can be turned into the system of linear equations

3a+6b+9c=1
9a+T7b+0c=1

12a +13b+9c =0

and the augmented matrix

3 6 9|1
9 7 0]1
12 13 9|0

We can begin getting this augmented matrix into reduced row-echelon form, but just after

the three row operations

1. T2—>’f‘2—3’f‘1

2. 7’3-)?"3—47"1

3. T3 — T3 —T9

we get the augmented matrix

0 —11 -27| -2
0 0 0 | -2

The last row of this matrix says Oa + 0b + Oc = —2, which cannot possibly be true. Thus

there is no solution to this system of equations, so we can conclude that
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Definition 17. Linear independence and dependence: A set of vectors {vy,...,0,} is
linearly independent if the linear combination s;v; + - - - + s,, results in 0 only if s; =0
foralll <i<n.

On the contrary, the set is linearly dependent if s;¢; + - - - + 5,4, can be 0 while allowing

some s; # 0.

3 9 4
Example 9. The set 61,171, 11 is linearly independent. We can verify this by

9 0 4
setting up the linear combination

3 9 4 0
s1 16| +s2 (7| +s3 (1] = [0
9 0 4 0

and verifying that there is ONE solution for si, so, and s3: specifically that s; = 0, sy =0,
and s3 = 0 is the only solution.

We can make the augmented matrix

39 410
6 7 1|0
9 0 4|0

We can turn this matrix into reduced row-echelon form from the following ten row operations:

1. 7“2-)7“2—27“1

2. 7“3-)7‘3-37“1

3. r3 — —1lrg

4. T3—>7"3+277’2

25
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(S

.r1— /3
6. 19 = —rg/11
7. r3 = —r3/101
8. 1y —>ry — T/4rs3
9. 1y —r; —4/3r3
10. 7y = 711 — 31y

and end up with
1 000
0100

0 0 1]0

Therefore the only solution to this system of linear equations is s; = 0, so = 0, and s3 = 0.

3 9 4
This means that 61,171,111 is linearly independent.

9 0 4
Another useful way to think about linear dependence is that {#; ... 7, } is linearly dependent
if one of the vectors v; can be written as a linear combination as some of the other vectors.
And the set is linearly independent if none of the vectors in {#, ..., ,} can be written as a
linear combination of any of the others.

A more computational way you can determine linear dependence and independence of

a set of n vectors {7,...,7,} is by computing the rank of the matrix you get by fusing
together v1, ..., v, as columns. Specifically

rank[?) - - - U] = n if and only if {4, ...,4,} is linearly independent
and

rank[?) - - - U] < n if and only if {7}, ..., 4,} is linearly dependent.

26
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Definition 18. Vector Space: A vector space is a set of vectors V that satisfies the

following three criteria:
1. V # @. (V is not the empty set, meaning V' must actually contain something.)
2. V is closed under addition: if ¥ and @ are in V', then ¥+ 4 € V.
3. V' is closed under scalar multiplication: if v € V and s € R, then sv € V.
We have seen multiple examples of vector spaces so far:
e R" is a vector space for all n.
e For any set of vectors {#,...,4,}, span{v,...,¥,} is a vector space.
e The solution set of any homogeneous system of equations is a vector space.

NOTE: The solution set of a non-homogeneous system of equations is never a vector

space.

Definition 19. Basis: Given a vector space V, a basis for V' is a set of vectors {vy,...,9,}

that satisfies the following two criteria:
1. {#,...,0,} is linearly independent.
2. span{vy,...,v,} = V.

For a vector space V', every basis for V' will always have the same number of vectors.

The dimension of V is the number of vectors in a basis for V.

The vector space R" has the standard basis {é),...,¢,} where & has a 1 in the i
0
entry and 0 everywhere else. For example, the standard basis for R? is , and
0 1
1 0 0

the standard basis for R3 is of, 111,10
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2 -1
Example 10. The set , is a basis for R2. We can check that the set is
3 10
linearly independent because
2 -1
rank =2
3 10

and we can check that the set spans R? by setting up this system with an arbitrary vector

a
€ R
b

and determining if there is a solution for » and s. Note that this turns into the matrix

equation

Since we already know that the rank of that 2 x 2 matrix is 2, Theorem 2.46 tells us that

the matrix equation has a unique solution. Since there is a solution, that means that any

2 -1 2 -1
vector in R? is a linear combination of and , and so span , = R2.
3 10 3 10
. . . 2 _1 . .
Becuase it meets the two necessary criteria, , is a basis for R2.
3 10

Definition 20. Nullspace and Nullity: Given an m x n matrix A, the set of all n x 1

vectors ¥ that satisfy the equation

A7 =0

is called the nullspace of A, denoted null(A). In set notation,

null(A) = {7 € R" : A7 = 0}.
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The nullspace of A is a vector space, and its dimension is called the nullity of A.

Example 11. Let’s find a basis for the nullspace of

100 -6 2
A=10 2 0 —10 2
003 0 9
The nullspace is the set of solutions to
T
1 00 —6 2| |z 0
0 2 0 —10 2| [z3| = [0}

003 0 9| |xa 0

X5

for which we can set up the augmented matrix

100 -6 20
0 20 —-10 2|0
003 0 9]0

This matrix is nearly in reduced row-echelon form already: all we need to do is ry — 15/2

and r3 — 73/3 and we get

1 00 -6 2|0
010 -5 1]0

001 0 3|0

So x1, T2, and x3 are our basic variables and z, and x5 are our free variables. Because we
have two free variables, we already know that the solution set is two-dimensional. We can

parametrize with 4, = s and x5 = t, and then the complete paramatrization for the solution
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set 1s

T, =65 — 2t

To =55 —1

1‘3:—3t
Ty = S
I’5:t.

The above is a parametrization for null(A). We can construct a basis for null(A) by turning to

a different two-dimensional vector space, R?, and stealing a basis from that. The easiest thing

1 0 S 1 5 0
to do is to steal the standard basis , and copy = and = )
0 1 t 0 t 1
s 1
When = ,
t 0
i 6
) 5
z3| = |0
Xy 1
—xs_ _0—
0
and when = we get
t 1
T —2
i) -1
T3 | — -3
T4 0
_x5_ e 1 -
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Therefore
e —6- —_2— \
5 -1
o, -3¢
1 0
(L0 L)

is a basis for null(A).

Definition 21. Column & Row Space: Given a matrix A, the column space of A,
denoted col(A), is the span of the columns of A, each treated like its own vector. The row

space of A, denoted row(A), is equal to col(AT).
For any matrix A, dim(col(A)) = dim(row(A)) = rank(A).

Theorem (Rank-Nullity Theorem). For any m x n matrix A,
rank(A) + nullity(A4) = n.

Definition 22. Image: For an m x n matrix A, the image of A, denoted img(A) is the set
of m x 1 vectors ¥ € R™ that are multiples of A: that is, there is some n x 1 vector & € R"

where v = Aw. In set notation,
img(A) = {v € R™ : ¥ = Au for some @ € R"}.

The image of a matrix A is always the same thing as the column space of A. Therefore

dim(img(A)) = rank(A), just like the column space and row space.

Definition 23. Orthogonal & Orthonormal Basis: Let V' be a vector space. An or-
thogonal basis for V is a basis B = {51, ce l;n} such that b; - gj =0 for all i # j. In other

words, all the vectors in the basis are perpendicular (aka orthogonal) to each other.
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Furthermore, B is an orthonormal basis if the vectors of B satisfy the additional
condition ||b;]] = 1 for all i. In other words, B is orthonormal if all the vectors of B are

perpendicular to each other and they all have a magnitude of 1.

Definition 24. Fourier expansion: Given an orthogonal basis B = {51, .. ,gn} for a

vector space V', the Fourier expansion is a formula used to write any vector v € V as a
linear combination of the basis vectors in B, as follows:

7\ 7\ 7.0\ -
7= (”q 12>b1+ <”4 22>b2+ n (”ﬁ 2>bn.
[|61]] || ba| 6w |

Notice that this is the exact same thing as the sum of the projections!

' = proj;, (¥) + projg, (¥) + - - - + proj; (v).

Furthermore, when B is orthonormal, we know that [|b;|| = 1, so the Fourier exansion
simplifies to

T=(T-b1)by + (T bo)ba + - - - + (T~ by)by.

5 —12
Example 12. The set B = , is an orthogonal basis for R?. If we want to
6 10
7
write as a linear combination of the basis vectors, we can use the Fourier expansion
9
7 5 7 —12
7 9 |6 5 9 10 —12| 89 |5 6 |—12
— _— = = - _|_ _— = = @ - —_ -
712 i 2 61 244
9 5 6 —_19 10 6 10
6 10

Definition 25. Orthogonal Matrix: A square n x n matrix ) is orthogonal if the
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columns of @) form an orthonormal basis of R™, when treated like their own vectors. (It
would make more sense to call () an orthonormal matrix, and some people do, but most

people don’t).

If ) is an orthogonal matrix, then as a result the rows of () also form an orthogonal matrix
of R™.

Furthermore, @Q is an orthogonal matrix if and only if Q= = Q7.

Definition 26. Counterexample: Given a false sentence “If P, then @),” (or “P implies
Q") a counterexample is something that satisfies the property P (the “hypothesis”) but

does not satisfy the property @ (the “conclusion”).

Example 13. The sentence “If A is a square matrix, then row(A) = col(A),” is false. A

1
counterexample to this claim is the matrix A = . In this case A is indeed square, but
00
0 1
row(A) = span and col(A) = span , 80 tow(A) # col(A).
1 0

Example 14. The sentence “If A is a square matrix, then row(A) # col(A),” is false. A

1
counterexample to this claim is the matrix A = . In this case A is indeed square, but
00
1 1
row(A) = span and col(A) = span , so row(A) = col(A).
0 0
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