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Polynomials

1 Linear Functions

To investigate polynomials, we start with the simplest polynomials which are poly-
nomials with degree 0 (constant functions), f(z) = ¢, or polynomials with degree one,
f(x) = az + b, which are also called linear functions (414 & %().

The graph of constant function f(z) = c¢ is just a horizontal line with y coordinate
being fixed as ¢. On the other hand, the graph of f(x) = ax + b is a line on the zy plane.
Let’s study how values of a (the coefficient before 2! term) and b (the constant coefficient)

determine properties of this line.

1.1 Geometrical Meaning of Coefficients

First observe that for f(z) = ax + b,

f(@2) = (1) = (x5 +b) — (az1 +) =a, forany x1,xs. (1.1)
T2 — 1 Ty — 1

Let us explain the formula above. Consider two points on the graph of f(z), say,
(1, f(z1)) and (z2, f(x2)). Then xo — x;1 is the difference of their x coordinates which
is denoted by Az. And, f(x2) — f(x1) is the difference of their y coordinates which is
denoted by Ay. Hence Equation (1.1) says that Ay/Axz = a no matter where x1, x5 are.
Imagine that we are moving along the graph y = f(z) = ax + b. When we have Ax
horizontal displacement, the vertical displacement is always Ay = a- Az which means that
the “steepness” of the graph is the same everywhere. And, the vector going from the point

(x1, f(x1)) to (za, f(x2)) is

(22 — 1, f(22) — f(21)) = (Az, Ay) = (Az,ala) / (L, a).

Figure 1.1. Graphs of f(z) = az
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Since the value a = Ay/Ax describe the steepness of this line, we call it the slope
(# %) of the line y = ax + b . Moreover, vectors connecting any two points on the line
y = ax + b are parallel to (1,a). Thus, we say that (1,a) is a direction vector of the line.

If a >0, y =ax+ b is “uphill” and y increases when x increases. If a < 0, y = ax + b
is “downhill” and y decreases when x increases. Moreover, larger |a| gives steeper line. If
a = 0, the function f(z) = ax + b= b is a constant function and its graph, y = ax +b=1"
, is a horizontal line. Figure 1.1 shows graphs of f(z) = ax with different values of a.

Now we discuss the constant term b. Recall that the graph of f(z) = axz+0b is obtained
by shifting the graph of f(x) = ax vertically by b units. If b > 0, we shift the line y = ax
upward by b units and obtain the line y = az +b. If b < 0, we shift the line y = ax
downward by |b| units and obtain the line y = az + b. Also for f(z) = ax + b, b = f(0),
i.e. the line y = ax + b passes the point (0,b). Hence b is called the y intercept (y #3E)
of the line. Figure 1.2 shows graphs of f(z) = 2z + b with different values of b.

Figure 1.2. Graphs of f(z) =2z +b

So far we have seen that the graph of a linear function f(z) = ax + b is a line and

constants a and b have geometrical meanings.

Proposition 1.1. The graph of a linear function f(x) = ax + b is a line with slope a
and b as its y intercept.

Sometimes we may encounter lines given by equations of the form ax + by = ¢. How
could we find its slope and the y intercept? Note that if b # 0, then

a c
ar+by=c <= by=—-ar+c = yz—gx—i—g.

The last equation y = —¢x + § says that this line is the graph of the linear function
—77 + §. Hence, from the above discussion we recognize that the coefficient —7 is the
slope of the line and the constant term 7 is the y intercept.

| Exercise 1.1. Find the slope and the y intercept of the line —2x + 5y = 1.
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1.2 Equations of Lines

Now, given a line on the zy plane, how could we find the equation that represents it?
There are several ways to describe a line. For each description of a line, we want to derive
the corresponding equation.

1. The Point-Slope Form (%4} X)

If the slope, m, and a point on the line, (xg,yo), are given, then the line is uniquely
determined. For any other point (z,y) on the line, we compute the differences of the x and
y coordinates of (z,y) and (xo,y0). Let Ay = y —yo and Ax = 2 —xy. Then Ay/Azx must
be the slope, m. Hence,

Ay _y—wo

Ae oz = y—yo=m(x—x0) = y=uyo+m(x— o)

Therefore the point (z,y) on the line satisfies the formula y = yo + m(x — z) which is the
equation of the line (point-slope form).

Example. Find the equation of the line with slope 3 passing the point (2, 1). 34

Solution. By the point slope form, we know that the equation of the line is

y—1=3(z-2) = y=1+Bzx—-6) = y=3z—05.

| Exercise 1.2. Find the equation of the line with slope —2 passing the point (-3, 1). 11

Exercise 1.3. Find the equation of the line with slope m passing the point (0,b) i.e.

Equations of Lines 3

with b as the y intercept. (This is the “slope intercept form”).
2. The Two-Point Form (¥ % X))

A line can be determined by given any two points on it, say, (z1,y1) and (x2,y2).

—1 1L

Because from these two points, we can derive the slope of the line which is Ay/Ax = Figure 1.3. y =3z —5

(y2 —y1)/(x2 — x1). Thus, the line passes the point (x1,y1) with slope (y2 —y1)/(z2 — x1).
Then by the point-slope form, the equation of the line is

y=y1+ —(x—21) (Two-Point Form)
Remark. Note that the line also passes through the point (x2, y2). Hence the equation
of the line is

You may want to show that

u(x,@) =g+ 2T ).
To — I T2 — T1

Yy=y2+

Example. Find the equation of the line passing points (2,0) and (1,4).
Solution. Let (z1,y1) = (2,0), (z2,y2) = (1,4). The slope of is

_ Y-y 4-0

m Xro — I 1-2

(1,4

And the equation of the line is

y=y1+m(x—x1) =0+ (—4)(xr —2) = —4z +8. Figure 1.4. y = —4z + 8



LINEAR FUNCTIONS Equations of Lines 4

You may use two-point form directly. The equation of the line is

Y2 — Y1 4-0
Zzes  J- _ :0
$2—J31(x 1'1) +1—2

Y=y + (x —2)= -4z +8.

| Exercise 1.4. Find the equation of the line passing points (xg,0) and (0, yo).
| Exercise 1.5. Find the equation of the line passing points (—2,1) and (-2, 3).

Did you encounter problem doing the above exercise? You may have observed that if a
line passes two points (z1,y1) and (zg, y2) with the same x coordinates i.e., 21 = x9, then

the two-point equation
Y2 — Y1 (

x —x1)
T2 — X1

y=vy +

makes no sense since the denominator xo — x1 is 0.

This is the only case that a line is not the graph of a linear function which means that
on the line y coordinates do not depend on x coordinates and its equation is be of the form
y = ax+b. In fact, the line containing points (x1,y1) and (z1, y2) is “vertical” with fixed x
coordinate and hence its equation is = x; while y coordinates can be any real numbers.
Also, it is impossible to compute the slope of a vertical line (since for any two points on
the line, Az = 0), and we say that its slope is “infinity” which is denoted by oc.

3. The Point-Normal Form (% 7% X)

Sometimes we are given a normal vector, n = (a,b), and a point, (zo,yo), of a line. r 7
The normal vector n has the property that it is perpendicular to any vector connecting
two points on the line. Hence if (x,y) is a point on the line, then n is normal to the L |
vector (x — xp,y — yo) which means that n - (z — z9,y — o) = a(x — x0) + b (y — yo) = 0.
Therefore the equation of the line is
a(x—x9)+b(y—1yo)=0. (Point-Normal Form)
See Figure 1.5 for an illustration.
Example. Find the equation of the line with normal vector n = (1, —2) passing the L -
point (2, 3).

Solution. Suppose that (z,y) is a point on the line. Then n = (1, —2) must be Figure 1.5.
perpendicular to the vector (z — 2,y — 3). Hence the equation of the line is ¥

n-(x—2,y—3)=(1,-2) - (x —2,y —3)
=1-(xz—-2)+(-2)(y—3)=0 <<= z—2y=—4.

We could further convert it to the standard form

1
u=2x+4+4 = y=—-z+2.

2 T
See Figure 1.6 for an illustration. 72 ? 1
Exercise 1.6. Find the equation of the line with normal vector n = (0, 1) passing the )
point (3,4). Figure 1.6. x — 2y = —4

Exercise 1.7. Suppose that a line has a normal vector, n = (a,b), passing a point,

(20, Y0), where b # 0. Find the slope and the y intercept of the line.
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At the end of this section, we discuss the relationship between slopes of two orthogonal

(& A #9) lines.

Suppose that two lines L1, Ly with equations y = miz 4+ by and y = mox + by respec-
tively are orthogonal. (Here we don’t discuss the vertical and horizontal lines.)

From Figure 1.7 we know that one of the lines has positive slope and the other has
negative slope. Say m; > 0 and mg < 0. Let O = (x0,y0) be the point of intersection of
the lines. Draw the vertical line x = ¢ + 1. Let A be the intersection of L; and the line
x = xg9+ 1. Let B be the intersection of Ly and the line x = zo + 1. Let C be the point
(ro + 1,90). Then OC has length 1 unit which is the horizontal displacement Az. The
length of AC is the vertical displacement of L;, Ay = m;Ax, which is m; unit. Similarly,
CB has length —my - Az = —myo unit (since mg < 0).

Now observe that AOAB, ACAO, and ACOB are right triangles and AOAB ~
ACAO ~ ACOB. Hence

AC:0C=0C:BC = my:1=1:(-may) = my-(—mg)=1

Therefore, we conclude that the product of the slopes of two orthogonal lines is —1.
On the other hand, if lines L1, Lo have slopes m1, mo respectively and my - mg = —1, then
we can show that L, Lo are orthogonal. Consider the direction vectors of the lines, (1, m1)
and (1,ms). Because the inner product of (1,m;) and (1,ms)is 1-1+m;-me =1-1=0,
we conclude that the direction vectors are orthogonal which implies that the lines are or-
thogonal.

Let’s summarize above discussions into the following property.
Proposition 1.2. Lines y = myx + b; and y = mox + by are orthogonal if and only if
mq - Mo = —1.

Example. Find the equation of the line that is orthogonal to the line 2z — 3y = 6 and
passes the point (—2,1).

Solution. To know the slope of the line 2z — 3y = 6, we rewrite the equation into the
“standard form”, y = ax + b.

2
20 —3y=6 <= 3Jy=2r—-6 <= yzgfo.

Then from the equation y = %x — 2, we know that the slope of the line 2z — 3y = 6

is % Hence, the line orthogonal to 22 — 3y = 6 has slope %' = —%. Moreover, the
3

required line passes the point (—2,1). Therefore, by the point-slope form, the line

orthogonal to 2z — 3y = 6 passing (—2,1) is

Exercise 1.8. Show that lines ax + by = ¢ and bz — ay = d are orthogonal for all
a-b#0.

Equations of Lines 5

[~ 1 Vi -1
Yy =mixz + by

y = maoz + by

r ==z + 1

I A

Figure 1.7.

y=-3z-2

Figure 1.8. Graph of y = %33: -2
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Exercise 1.9. Two lines L;, Ly are orthogonal and intersect at (1,—1). If Ly passes
the point (—1,0), find the equation of L.

2 Quadratic Functions

In this section we study polynomials with degree 2, f(x) = ax? + bz + ¢, which are also
called quadratic functions (=X #%). We will introduce the method of Completing the
Square (A7 %) to help us sketch graphs of quadratic functions and solve for their roots.

2.1 Graphs of Quadratic Functions

Since the graph of a function provides abundant information, we would like to sketch
and investigate graphs of quadratic functions. Let’s start with drawing graphs of the
simplest quadratic functions f(x) = ax? where a # 0 is a constant.

Figure 2.1. Graphs of f(z) = az?

From Figure 2.1 and basic algebra, we know that for a > 0, f(z) = az? > 0 and f
obtains its minimum value 0 at = 0. Thus (0, 0) is the lowest point and the “vertex” of
the graph. Moreover, the curve y = f(r) = ax? is symmetric with respect to the y-axis.
(Check that f(—z) = f(x).) This U-shaped graph is called an “open upward parabola”
(Bl o @ Eeg#a4). On the other hand, for a < 0, the graph of f(z) = az? is below the
x-axis, symmetric with respect to the y-axis, and with the vertex (the highest point) at
(0,0). This upside down U-shaped curve is called an “open downward parabola”. We also
observe that for larger |a|, the graph is steeper with narrower opening because |f(x)| grows
faster as |z| increases.

Next, we deal with more general quadratic functions. With the knowledge of transla-
tions of functions, we can easily obtain the graph of f(x) = a(x — h)? + k by shifting the
graph of az?. For example, if both h, k are positive, the graph of f(z) = a(z — h)? + k is
obtained by shifting the graph of az? horizontally A units to the right and then vertically
k units upward (Figure 2.2). Thus the curve y = a(x — h)? + k has the vertex (h, k) and
is symmetric with respect to the line x = h. Similarly, if A~ < 0 and k£ > 0, the graph of
f(x) = a(x — h)? + k is obtained by shifting the graph of az? horizontally |h| units to the
left and then vertically k units upward (Figure 2.2). Hence the curve y = a(z — h)? + k
has vertex (—|h|, k) = (h,k) and is symmetric with respect to the line x = —|h| = h. You
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can fill up the table for the rest two cases with the help of Figure 2.3. As a conclusion,

graphs of f(x) = a(z — h)? + k are just translated parabolas!

(h, k)

(h, k)

(h, k)

—h>0,k>0—h<0,k5>0‘

’—h>0,k<0—h<0,k<0‘

Figure 2.2. Shifting f(z) = ax?

Figure 2.3. Shifting f(z) = az?

Properties of y = a(z — h)? + k
Signs of h,k | How it is obtained by y = az? | Vertex | Axis of Symmetry
Shift y = ax?
h>0,k>0 1. h units to the right (h, k) x=h
2. k units upward
Shift y = az?
h<0,k>0 1. —|h| units to the left (h, k) x=nh
2. k units upward
h>0,k<0
h<0,k<0

Hence if we can write general functions f(z) = az? + bz + ¢ into the “vertex form”,
a(z — h)? + k, then we know the graph shape, the vertex, and the axis of symmetry of
y = f(x). The good news is every quadratic function can be converted into the vertex form
by a method called “Completing the Square”. Note that the square term of the vertex
form, a(x — h)?, and the original polynomial ax? + bz + ¢ must have the same 22 and x
terms. Thus the idea of ”"completing the square” is to absorb the highest two terms into

one square. The followings are the step by step process.

Graphs of Quadratic Functions
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Completing the Square

1. Goal: Convert a quadratic polynomial az? + bx + ¢ to the form a(z — h)% + k
where variable x only appears inside the square and h, k are constants.

2. Strategy for completing the square:

(i) Step 1. Factor out the coefficient a of the quadratic function az? +bx +c.
5 ( 5 b c)
ar*+br+c=alx"+-x+— ).
a a

(ii) Step 2. Write the monic quadratic function 2% + gx + < as the sum of

2 2 . . .
(ac + %) and the constant ¢ — (%) . It is convenient to memorize that
the constant term inside the square, %, is half of the coefficient of =z, %
2 2 2,
Then, because (z+ )" = 22 4+ 2z + (£)7, the constant £ — (L&) is
derived by basic algebra. Memorize this key step:

, b ¢ b\> ¢ b\’
r+-r+-—=|\x+—| +——|7—) -
a a 2a a 2a

(iii) Step 3. Multiply the result from Step 2. with a. Then we finish com-
pleting the square:

Example. Complete the square and write the following quadratic functions in vertex

form.
1. 222 — 8z + 5, 2. —z2 4+ 3z +1.
Solution.
1. We have
202 — 8z +5=2 <x2—4x+;) =2 {@-2)%2—(—2)2}
=2(r—2%+5-2-4=2(x—2)*-3.
2. We have

—® +3r+1=—(a" 30 -1)= - [(x_;))ll_(g)j

I

I
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Graphs of Quadratic Functions

— 1

41

Figure 2.4. y = 2z° — 8z +5
6%

Figure 2.5. y = —2? + 3z + 1

8
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Exercise 2.1. Complete the square and write the following quadratic functions in
vertex form.

(a) 2% —4xr +1 (b) 322 +z +2 (c) =222 + 4z +3

Remark. In this section, we show that the method of completing the square can
help us convert a quadratic function to the vertex form and solve the roots of a
quadratic function. Later in Calculus course, completing the square is also needed

for integrating rational functions.

After completing the square, we write general quadratic functions axz? 4 bz + ¢ in the

iloi 2+4ac—b2_ax_ b 2+4ac—62
2a da 2a 4a
With this vertex form, we can conclude that the graph of ax? + bz + c is obtained by

2 _ b 4dac—b?
2a’  4a

form

shifting the parabola y = ax®. Moreover, it has vertex ) and is symmetric

with respect to the line x = —%. Let’s summarize these results.

Proposition 2.1. The graph of f(z) = ax?+bx+c, a # 0, has the following properties.

2. If a > 0, it is an open

1. The graph is a translation of the parabola y = ax
upward parabola. If a < 0, it is open downward. For larger |a|, the opening of

the graph is narrower.

27 4a

lowest point. If a < 0, the vertex is the highest point.

2. The point b 4“C_b2) is the vertex of the graph. If a > 0, the vertex is the

3. The graph is symmetric with respect to the line x = —%.

From the graph of f(x) = ax? + bz + ¢, we know behaviors of the function.

Proposition 2.2. Consider a quadratic function f(x) = az? + bz + c.

1. If @ > 0 then f(z) obtains minimum value % at x = —2 and f(z) tends

to infinity as |z| grows large.

2. If a < 0 then f(x) obtains maximum value % at © = 7% and f(x) tends

to negative infinity as |z| grows large.

3. f(z) = f(y) if z and y have mean value —% ie.

(- 2) 1 (8) st

for all z.
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2.2 Roots of Quadratic Functions

We say that « is a root of the quadratic function f(z) = ax? + bz + c if f(y) = 0.
0).
If we want to find roots of f(x) = ax® + bx + ¢, we need to solve the equation f(x) =
az? 4 bz + ¢ = 0. With the vertex form, we have

) b\?  dac—b? b\> b2 —dac
ar*+br+c=0 — alzt+—)| +——=0 — T4+ —) =— """
2a 4a 2a 4a?

Therefore, if v is a root of f then the graph of f intersects the x-axis at the point (v, 0

If the right hand side of the equation is positive i.e. b> — 4ac > 0, then we can apply
square root to both sides of the equation, and derive that

b Vb2 — 4dac b Vb2 —4dac  —b+ Vb2 — 4dac
T+ —=F——— = r=-—= = .
2a 2|al 2a 2a 2a

—b+vb2—dac —b—vb2—4ac
2a ’ 2a :

In this case, there are two distinct real roots of f, z =

If b2 — 4ac = 0, then f(x) = 0 is equivalent to (a: + %)2 = 0 which has only one real

2
solution, x = —%. In addition, from the vertex from, f(z) = a (z + %) , we know that

_b
2a°?

or the minimum value (when a > 0) at the root, x = —%, with f (—%) = 0. This means
that the graph of f is tangent (#8%7) to the z-axis at the root.

the vertex of the graph is ( 0). Hence f(z) obtains its maximum value (when a < 0)

2
In the last case b? — 4ac < 0, the equation (:13 + %) = % has no real solutions
because the left hand side is always non-negative but the right hand side is negative. There-

fore, the the graph of f and the z-axis do not intersect.

Since the sign of b> — 4ac determines the number of roots of az? + bz + ¢, we give it a
special name, the discriminant (#] 3] X)) of f, and denote it by D. We conclude the above

discussion in terms of discriminant.

Proposition 2.3. For a quadratic function f(x) = az? + bx + ¢, we call D = b — 4ac
the discriminant of f.

1. If D > 0, then the equation f(z) = 0 has two distinct real roots, z = %57
and the graph of f meets the z-axis twice at points (‘bi\/ﬁ, 0).

2. If D =0, then the equation f(z) = 0 has one real root, z = ;—f. The graph of

f is tangent to the z-axis at the only intersection point, (—%7 0).

3. If D < 0, then the equation f(z) = 0 has no real roots and the graph does not
intersect the xz-axis. If @ > 0, the graph of f is above the z-axis. If a < 0, the
graph is below the z-axis.

Roots of Quadratic Functions

10
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Example. Find roots of f(z) = 2(x + 1)? — 5.
Solution. Since f(z) is already in the vertex form, we don’t need to expand it out
and apply the formula for the roots. We directly start with the equation f(z) = 0.
1
flx)=2x+1)*-5=0 = 2x+1)*=5
5
— (z+1)*==
2
5
== z+1== \/7 == x:—li\g.
. o 2
Example. Find roots of f(z) = 22* — 12z + 1. Figure 2.6. y — 2(x + 1)* — 5
Solution. For this quadratic function, the coefficients are a = 2, b = —/12, ¢ = 1.
Then the discriminant D = b? — 4ac = (—v/12)? —4-2-1 = 12 — 8 = 4. Then we
b+ V12 + V12 + 2 .
apply the root formula. Roots of f are \F \[ = 2\
2a 2.2 4
We recap methods for solving roots of a quadratic function from the above examples.
[
. ) . -1 3
Methods for finding roots of a quadratic function f(z)
1. If f(z) is in the vertex form a(z — h)? + k, then we solve the equation f(x) = -2
a(z — h)? + k = 0 directly.
2 2 k 41
flx)y=a(lzx—h)*+k=0 = (z—h) =
[=k .. —k Figure 2.7. y = 22° — 6z + 1
= x=h+t4/— if — >0 igure 2.1. y = 2T T+
a a

2. If f(x) is in the general form az? + bx + ¢, we can apply the root formula:

_ —b+Vb? —4ac

if b2 —4dac > 0.
2a

This formula is very useful and worth memorizing !!

| Exercise 2.2. Find roots of f(x) = —2(z — 2)% + 3.

I Exercise 2.3. Find roots of f(z) = %xQ + 2z + /3.

Exercise 2.4. Let f(z) = 2% + bx + 1, where b is a constant. For what values of b
does f have real root(s)? Find root(s) of f in terms of b. For what values of b does
f have no real roots?

3 Factorization of Polynomials

Polynomials with higher degrees are much more complicated. Before analyzing them,
we would want to first factorize them into a product of polynomials with lower degrees. You
will learn that factoring polynomials is the preliminary step to solve for roots and sketch
graphs. Factorization is also an essential tool for integrating rational functions. Therefore
it is very important to master the skill.
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3.1 Goal of Factorization

To factorize a polynomial, we need to find its factors (B X) which are polynomials
with lower degrees that can divide (¥ %) the given one. Of course, constant functions
f(x) = ¢ are factors of every polynomials. But we are interested in non-constant factors
i.e. factors with degree > 1. After splitting a polynomial into a product of factors, how
could we conclude that every factor can not be factorized anymore so that the factorization
is completed? We say that a polynomial is irreducible (7~ 549 » T £89) if it can-
not be factored into a product of two non-constant polynomials. By this definition, linear
functions are irreducible. In general, whether a polynomial is irreducible depends on the
type of polynomials we are looking for. The Fundamental Theorem of Algebra says that
every degree n polynomial with complex coefficients (714 # % 78 X) has, counted with
multiplicity, exactly n complex roots. This implies that each polynomial with complex
coeflicients can be factored into a product of linear functions with complex coefficients and
only until this kind of product, the factorization is completed. (A number z( is a root of
a polynomial f(x) if f(zo) = 0. On the marginal space we show that x is a root of a
polynomial f(z) if and only if © — x¢ is a linear factor of f. Hence each root corresponds
to a linear factor.)

However, we often deal with polynomials with real coefficients (B A% %8 X). In
this section, we would like to factor polynomials with real coefficients and look for
factors also with real coefficients.

First recall that f(r) = ax? + bxr + ¢ with a,b,c € R, b2 — 4ac < 0 has no real roots.
Therefore quadratic functions with negative discriminant have no linear factors with real
coefficients and they are irreducible.

Now consider a general n-th degree polynomial with real coefficients, P. Because P
is also a polynomial with complex coefficients, P has n complex roots, v¢, 1 < k < n. It
can be shown that if v = a + bi is a root of P with a,b € R and b # 0, then its complex
conjugate a — bi is also a root of P. Hence (z — (a + bi))(x — (a — bi)) = a® — 2ax + a® + b?
is an irreducible factor of P (Check that the discriminant (2a)? — 4(a? + b?) is negative.).
If vy is a real root of P, then the linear function x — 4 is an irreducible factor of P with
real coeflicients. As a conclusion, a polynomial with real coefficients, P, can be factorized
as a product of linear functions and irreducible quadratic functions. And only until this
type of factors the factorization is completed.

Proposition 3.1. Polynomials with real coefficients can be factored as a product of
factors with real coefficients which are linear functions, ax+b, or irreducible quadratic
functions, ax? + bz + ¢ where b?> — 4ac < 0.

3.2 Techniques of Factorization
Here we introduce some techniques of factoring polynomials. Let’s start with quadratic
polynomials. Then investigate polynomials with higher degrees.

1. Factorize quadratic polynomials.

A quadratic function, f(x) = az? + bz + ¢ is irreducible if D = b* — 4ac < 0. Hence
only quadratic polynomials with positive discriminant can be factorized as a product of
two linear functions. There are two methods for factorizing quadratic functions.

Goal of Factorization

Remark. Note that a lin-
ear function z—x¢ is a fac-
tor of a polynomial f(z) if
and only if xg is a root of
f-

Proof.
T — xg.

Divide f(z) by
Let r be the re-
mainder which is a con-

stant. Then we write

fl) = (2 —20)Q(z) +r

where Q(z) is a polyno-
mial. Plug in =z = z(, we

conclude that

f(xo) =0-Q(zo) +7r=r.

Hence zg is a root of f i.e.
f(zo) = 0 if and only if
r = 0 which means that
x —xg is a factor of f. O

12
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Cross Method (+ 5 X k).

Suppose that coefficients of f(x) = az? + bz + c are integers, and the linear factors
of f are also with integer coefficients, say

az? + bx + ¢ = (p1z+ q1) (p2x + g2) , where a,b, ¢, p;, q; are integers.

Then p1ps = a and q1g2 = ¢ which means that p;,ps are factors of a and q1, ¢
are factors of ¢. Moreover, the cross multiplication pyqs + p2q1 gives b. Hence to
find linear factors of f, we start with factorizing integers a and ¢ as products of
two integers, say pip2 = a and ¢1q2 = c¢. Then arrange factors of a (i.e. p; and
p2) in the left column and factors of ¢ (i.e. ¢; and g¢2) in the right column. Finally
we draw two cross lines. One line is from left-up to right-down connecting p; and
q2- The other line connects ps and q;. These lines remind us to do multiplication,
p1 - q2 and ps - 1. If the sum of these products is b then (p1z + ¢1) and (paz + ¢2)
are linear factors of f. Otherwise, (p1x + ¢1) and (p2x + g2) can not divide f and
we should try different factors of a and c.

(i) Step 1. Factorize coefficients a and ¢, say a = p1p2, ¢= q1go.

(ii) Step 2. Arrange these factors in two columns. Draw cross lines and do
multiplication, p1gs and pagy:

ar? +bx +c
q1
q2

(iii) Step 3. Check whether pigo+p2qi = b. If p1ga+p2qi = b, then az?+br+c =
(p1z + q1)(p2x + q2). I p1ga + paqu # b, then try other factors of a and c.

Example. Factorize —222 + 52 + 12.

Solution. The coefficient of 22 is —2, and the constant term is 12. First we factorize
—2 and 12, say, —2 = (—1) -2 and 12 = 6 - 2. Then, arrange these factors in a matrix
and do cross multiplication:

_9:2 45z 412

We observe that (—1) -2+ 2-6 = 10 # 5. Hence this factorization fails. We turn to
try other factors of —2 and 12, say —2 = (—1) -2 and 12 =4 - 3. Arrange them in a
matrix and do cross products:

—22? +5x +12

The sum of cross multiplications is (—1) -3+ 2-4 = 5. Hence

—22% + 52 + 12 = (—x + 4) (27 + 3).
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Example. Factorize 822 — 14z + 3.

Solution. In the first step, we should factorize numbers 8 and 3. If we choose positive
factors of 8 and 3, the sum of cross products is positive and can never be —14. Hence
we ought to split 8 or 3 into a product of two negative numbers, say 8 = 2 -4 and
3 =(—1)-(—3). Then, arrange these factors in a matrix and do cross multiplication:

812 —14z +3

The sum of cross multiplications is 2 (—=1) +4 - (—3) = —14. Hence

822 — 14z + 3 = (2z — 3) (4w — 1).
| Exercise 3.1. Factorize 322 + 5z — 2, 622 + z — 12, and 322 — 11z + 6.

The cross method is convenient if you can guess the right factors of coefficients a and
c. However, if the polynomial or its factors have non integer coefficients, the cross method
fails. There is another approach that can help factorizing all quadratic polynomials.

Factoring by the root formula.

Consider a polynomial f(x) = az? + bz + c. We have shown that x¢ is a root of f

if and only if x — x¢ is a factor of f(z). Moreover, by the root formula, f has roots
= . W. Hence ¢ — =ty —dac W and g — =b=vb"—dac V;;LMC are factors of f. Therefore

f(x)

is a constant.
(l‘ _ 7b+\/b274ac> (J? _ 7b7\/b274ac)
2a 2a

By comparing the coefficient of 22, we know that the constant is a. In conclusion,

—b+ VbZ — 4ac> (x B —b—Vb% — 4ac>

f@)=a <$ B 2a 2a

Example. Factorize f(z) = 222 — 3z — 1.
Solution. Observe that f(z) has two real roots which are

VBE\/(-v3) —4-2-(-1) _ VB4V
2-2 B 4

and the leading coefficient is 2. Hence

_\ff’)z\ﬁ) (m_f;m).

fla) =2 (a:

| Exercise 3.2. Factorize 322 — 2z — 2 and —z2 + 5z — i.

2. Factorize polynomials with higher degrees.

In general, it is difficult to factorize polynomials with large degrees. The best strategy
is to find obvious factors first. Divide the polynomial by the obvious factor. Then turn to
factorize the quotient. Here we provide some approaches to finding obvious factors.
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(a) Checking special function values.

Recall that x — g is a factor of the polynomial f(z) if and only if f(x¢) = 0. Hence we
can substitute different values and check whether they are roots of f. Computing values
of the function may be complicated but f(1) and f(—1) are especially easy and we should
check them in the first place. Suppose that f(z) = a2 +an_12" "t +--+a;2+ag. Then

f(1)=an+an—1+---+a1 +ag is the sum of coefficients.
Hence if the sum of coefficients of f is 0, then x — 1 is a factor of f. Similarly,
f(=1) = (=1)"an + (=1)" tan_1 + - — a1 +ag

is the “alternating sum” of coefficients. If ag —ay +--- 4+ (=1)"a,, = 0, then . + 1 is a
factor of f. Sometimes there are obvious roots. For example, f(z) = 2™ — a™ has a root
x = a. Therefore x — a divides f.

Example. Factorize f(z) = 2% — 32? 4 2.
Solution. Observe that f(1) =1—342 = 0. Hence z — 1 is a factor of f. We divide
f by £ — 1 and obtain that

flz) = (z—1)(2* — 22 — 2).

Then we further factorize the quotient 22 —2r—2as (ac -1+ \/§) (x -1 \/5) (by
the root formula). Therefore

@)= (z-1) (v =1+ V3)(z—1-v3).

Example. Factorize f(z) = 2% + 2% + 2 + 1.
Solution. Observe that f(—1) = (=1)+1+(—1)+1=0. Thus 2+ 1 is a factor of f.
Divide f by z+ 1 and obtain f(z) = (z+1)(2? 4+ 1). Note that #2 4 1 is irreducible.
Hence we have completed the factorization.

| Exercise 3.3. Factorize 23 — 422 + 52 — 2 and 2 + 22 + 3.
(b) Factoring by grouping.
Try to find patterns and group similar terms so that we can find a factor.

Example. Factorize f(z) = 23 + 222 + x + 2.
Solution. We rewrite f as (:c?’ + 2:32) + ( + 2) and pull out common factor from the
first group. Hence

flx) = (xS —|—2x2) +2r+4)=2*(x+2)+(z+2) = (a:2 +1) (x +2).
We can also write f as (2% + z) + (222 + 2). Then
fl@)=(2"+2)+ (22°+2) =z (®+1)+2(2° +1) = (z+2) (2> +1).

Example. Factorize f(z) = 2* + 23 + 222 + 2 + 1.
Solution. We write f as (m4 + 3+ acz) + (m2 +z+ 1). Therefore

fl@)=(z"+2*+2%) + (2 +a+1)
:xz(m2+x+1)+(a:2—|—x+1): (m2—|—1)(x2—|—x+1).

Techniques of Factorization

15
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Then we check that both 2241 and z2 +2x+1 are irreducible. Thus we have complete
the factorization.

| Exercise 3.4. Factorize x3 — 222 — 32 + 6. Factorize 2% + 22 + 2 + 1 by grouping.
3.3 Special Identities

Some factorization appears frequently. Such formulas are collected and marked as
special identities. We list them here and show their applications.

Proposition 3.2 (Special Identities (Part 1)).
1. (x+a)? = 22 + 2ax + a>.
2. (z+a)® =2°+ 3az® + 3a’z + d?.
3. x = (z —a)(x + a).
(9: a)(m +ar+a )
5. 3 + a3 —(m—i—a)( aa:+a2).

6. 2" —a” (x = a) (x”’l +az" 24 fakanThl a"il).

Sometimes these equations appear as algebraic identities instead of polynomial factor-
ization.

Proposition 3.3 (Special Identities (Part 2)).
1. (a+b)? = a® + 2ab + b2
2. (a+0)* = a® +3a%b + 3ab® + b°.
3. a®> —b?> = (a—b)(a+b).
4. a® = b3 = (a—b)(a® + ab+b?).
5. a®+b% = (a+b)(a® — ab+b?).
6. a = (a—b) (@™ L+ a2+ +a"FIpk ... 4 pn1),

You are encouraged to verify each equation either by multiplication or factorization.
Note that the last identity is not the completed factorization but it is already useful.

Identities regarding (x + a)? and (z + a)® are called binomial expansions (=8 X &
F). In general, for any positive integer n, we have

Ck akif —k where Ck‘ = m

M=

(e +a)" =

S
I

0

These expansions are heavily used in Probability and Statistics. Here we present some

computations based on binomial expansions which will occur in Calculus course.

16
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. . (a:+iz)2—7;2
Example. Simplify ~———— for h # 0.

Solution.
(x+h)? —2? (2% +2hx+h?) —2®  2zh+ h?

h h h
For h # 0, we can cancel the common factor h of numerator and denominator, and
derive that

(x+h)>—a®  2zh+h?

=2 h.
h 3 x +

Example. Simplify W for h # 0.
Solution. First observe that
8 = 2% 4+ 32%(—a) + 32(—a)?® + (—a)®

= 2% — 3a2? + 3d°z — a°.

(z—a)’ =[o+(~a)]

Therefore, we may simplify the quantity by

(x —h)3 —a23 (23 —3ha? 4+ 3h%x — h3) — 23 —3hx? + 3h%x — b3
h N h N h ’

For h # 0, we can cancel the common factor A of numerator and denominator, and

derive that

(x —h)®—23  —3ha?+3h%x — A3

3 = W = —32° 4 3hx — h*.
Exercise 3.5. Expand (z — a)? and (z — a)" = [x + (—a)]" where n is a positive
integer.
I Exercise 3.6. Simplify W for h # 0, where n is a positive integer.

With identities about 22 — a2 and 3 — a® we can derive more factorization.

Example. Factorize z* — 4.

Solution. Observe that z* — 4 = (22)? — 22 and we apply the identity a? — b? =
(a—b)(a+b) with a = 2% and b = 2. Hence 2% —4 = (x2)2 —22 = (22 -2) (2% +2).
Again 22 — 2 = 2% — (\/5)2 = (x — \/i) (m + \/5) Therefore

x474:(:c2)2722:(z272) (x2+2): (xf\/ﬁ>(a:+\@)(:c2+2).

Example. Factorize z* + 1.

Solution. Observe that %+ 1 > 1 and has no real roots. Hence it must be a product
of two irreducible quadratic functions. Now we try a different type of completing the
square. Instead of combing the highest two terms in a square, here we absorb the
highest and the constant term in a square. Since (Jc2 + 1)2 and z* + 1 has the same
leading terms and constant terms, we write z? + 1 = (x2 + 1)2 — 222 which is of the
form a? — b%. Hence

1= (22 +1)7 - 222

= [(mQ—&—l)—\/ﬁx} [(mg—i—l)—i—ﬁx] = (xQ—\/iac—&—l) <x2+\/§x+1>.
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Example. Factorize 1 — 5.

Solution. Observe that 1 — 25 =1 — (x3)2 = (1 - :cj) (1 + acg). By the factorization
of a® — b3 and a® + b3, we obtain that

1—2% = (1—3:3)(14—3:3) = (1—x)(1+x+x2)(1+x)(1—x+x2).
There is another way of factoring 1 — 25. Write 1 — 25 =1 — (x2)3. Then

-2 =1— ()’ = (1-2®) (142> +2%) = (1—2) (1 + 2) (1 + 2> + 27).

Then try to further factorize z* + z2 + 1.

| Exercise 3.7. Factorize 2* — 22 + 1, and 2% + 1.

4 Roots of Polynomials

In this section, our goal is to look for all real roots of a polynomials (i.e. determine
where the graph intersects the = axis) and solve for equations of polynomials.

4.1 Roots of Polynomials

A polynomial with real coefficients, f(z), can be factorized as a product of linear
functions, a;x + b;, and irreducible quadratic polynomials ozsz + Bz + 4, ie.

f(il') = (alm + bl) o (amx + bm) (041{E2 + le + 71) U (ana72 + ﬂnw + ’Vn)

Thus we have
fl@)=0<= (alx + bl) e (amx + bm) (a1x2 + frx + ’yl) e (anx2 + Bpx + 'yn) =0.

Since irreducible polynomials a;z? + Bjz 4+ v; # 0 for all x, f(z) = 0 is equivalent to

(arz 4+ b1) - (amz + b)) = 0 which means that one of a;x + b;, 1 < i < m is zero.
Therefore, real roots of f are
b
-2 1<i<m
a;

If linear factor a;x+b; is repeated k; times (i.e. (a;z + bl)k is a factor of f but (a;x + bi)kiJr1

can not divide f), then the real root —Z—i is said to be with multiplicity k;.

Example. Find all real roots of f(x) = 23 — 322 + 2.
Solution. Factorize z3 — 322 + 2 as (ac — 1) (a: -1+ \/g) (a: —1- \/3) Then
flz)=0 = (J:—l)(x—l—l—\/g)(a:—l—\/g) =0
= z=11-V3 orl+V3.

Example. Find all real roots of f(z) =1— 5.
Solution. After factorization,

1—x6:(1—x)(1+x)(x2+x+1)(m2—:E—i—l).

18
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Since 22 4+ x + 1, 22 — 2 + 1 are irreducible, we have

flz)=0 <= (1-2)(1+2)(®+z+1)(z®—2+1)=0
=

1—z)(142)=0
<— x=1lor —1.

Example. Find all real roots of f(z) = a* + 23 + 222 + o + 1.
Solution. After factorization, f(z) = (224 1) (#2 + 2+ 1). Then

fl@)=0 < (®+1)(x®+2+1)=0.
However, 22 + 1 and 22 + = + 1 are irreducible and can not be zero. Hence f has no

real roots.

Example. Find all real roots of f(x) = 2% + 4a* + 423

Solution. First factorize x° + 4x* + 423. Observe that 2 is a factor of f, and
f(z) = 2% (z* + 4z + 4). Then by the binomial expansion, 22 + 4z + 4 = (z + 2)2.
Thus f(z) = 23(x + 2)2. Therefore,

f2)=0 <= 2*@+2?=0 <= z=00r —2.

The factor x is repeated three times and the factor x 4+ 2 two times. Hence the root
0 is with multiplicity 3 and the root —2 is with multiplicity 2.

Exercise 4.1. Find all real roots together with multiplicities of following polynomials.

(a) xt—22%+1. (b) 23 —22% — 32 +6. (c) 254223 +1.
4.2 Solving equations of polynomials

Now we are ready to solve equations of polynomials.
The easiest equation is p(x) = a where p is a polynomial and a is a constant. Note that

p(r)=a <= plx)—a=0.
Hence solutions of the equation p(z) = a are just roots of the polynomial p(z) — a. Thus
we can apply techniques about solving roots of p(z) — a and find all solutions of p(x) = a.

Example. Solve the equation p(z) = —2, where p(x) = 2® — 322 +x — 1.

Solution. Since p(z) = —2 is equivalent to p(z) + 2 = 0, we solve roots of p(x) + 2 =
23— 322+ —1+2=2%-322+2+ 1. Note that p(1) +2 =0. Thus z — 1 is a
factor of 2% — 322 + 4+ 1 and

x373x2+x+1:(xfl)(x272xfl):(xfl)(xflf\ﬁ)(:c71+\f2).

Therefore, roots of p(x) + 2 are 1,14 1/2. And solutions of p(z) = —2 are 1,1+ /2.

Exercise 4.2. Find constants a such that p(z) = a has no real solutions, where p(z) =
222 + 3z + 1.

The most general equation of polynomials is of the form p(z) = ¢(x) where p(z) and
q(x) are polynomials. You may already have experience about solving this kind of problem.
Let’s see how two students solve the following equation.
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Example. Solve the equation p(x) = q(x), where p(z) = —2® + 222 and ¢(x) = 322

¢ The solution of student A:

p(r) =q(z) = —2°+22% =327

I
\
=

— 2?(—x+2)=37 = —r+2=3 = =z

¢ The solution of student B:

p(z) =q(z) <= —2°+22% =327

— —2-22=0

— —2*(z+1)=0 <<= z=-1,0.

Whose answer is correct? If we plug in z = 0 to both p(z) and ¢(x), we see that at
x = 0, p(0) = q(0) = 0. Hence x = 0 is also a solution to the equation p(x) = ¢(x).
But how does student A miss this solution? Because he cancels the common factor z2 of
both sides, he can’t see that the root of 22, x = 0, is also a solution. Hence when you
solve an equation p(x) = g(x), be aware that you shall not carelessly cancel non-constant
common factors of both sides although you might be tempted to “simplify” the equation!
The correct method of solving p(z) = ¢(z) is rearranging the equation

p(r) =q(z) <= p(r)—q(x)=0.

Hence we conclude that finding solutions of the equation p(z) = g(x) is equivalent to find-
ing roots of the polynomial p(z) — ¢(x).

Exercise 4.3. Suppose that p(x), ¢(z),r(z) are non-constant polynomials. Show that
solutions of p(x)q(z) = p(x)r(x) are exactly solutions of g(x) = r(z) if p(x) is irre-
ducible.

5 Signs of Polynomials

After factorization, not only all real roots are found, we can also determine intervals
on which a polynomial is positive or negative. Roots of a polynomials divide the real line
into several intervals. Factors of the polynomial may change signs at these roots but they
remain same signs on each of the intervals. By listing signs of each factor we can determine
whether the polynomial is positive or negative.

In particular, a polynomial f(z) can be factorized into a product of linear factors and
irreducible quadratic factors. We could further make leading coefficients of every factors
positive before discussing their signs. If ax + b is a linear factor with a > 0, then

b b
am+b—a<m+> <0 forz < ——;
a a

b
>0 forz > ——.
a

If az? + bz + c is an irreducible factor (i.e. b2 — 4ac < 0) and a > 0, then

b\> -4
ax’+br+c=a <JJ—|—> —QC]>O for all z.

2a 4q?

20
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Since the irreducible factor az? + bx + ¢ is always positive, it doesn’t affect the sign of f(x)
and we can ignore it. In conclusion, signs of each factor are determined and we can know
where f(z) is positive or negative.

Example. Find the intervals on which f(z) = 2® + 222 — x — 2 is positive or negative.
Solution. By grouping z + 222 and —2 — 2, we observe that

23 (2 +2) — (z+2)

flz) = (2% +22%) — (2 +2)
@) +2)
=(x—-1(z+1)(z+2).
Roots of f(x) are 1, —1 and —2. They divide the real line into intervals
(—OO,—2), (_27_1)7 (_171) and (1700)

The linear factor x — 1 changes signs at * = 1. The factor = + 1 changes signs at
x = —1. And z + 2 changes signs at x = —2. All these linear polynomials are with
positive leading coefficients, and we list their signs on each interval

-2 -1 1

| | |

I I I
rz—1: - - - +
rz+1: — - + +
T+ 2: - + + +

Since f(z) = (x — 1)(x + 1)(x + 2), signs of f(z) are obtained by multiplying signs
of the factors. Foe example, on the interval (—oo, —2), x — 1, x + 1 and = + 2 are all
negative and the sign of f(z) is (=) - (=) - (=) which is (—).

-2 -1 1

| | |

I I I
rz—1 - - - +
x+1 — - + +
x+2 - + + +
f@): - + - +

Hence f(z) is negative on (—oo, —2) and (—1,1). f(z) is positive on (—2,—1) and
(1, 00).

Example. Find the intervals on which f(z) = 22 4 722 — 152 is positive or negative.
Solution. By factoring out x and cross method, we write

f(z) =2 (22 + Tz — 15) = 2(2z — 3)(z + 5).

Roots of f(z) are —5,0 and 3/2. They divide the real line into intervals

(=0, =5), (=5,0), (0‘;’) and (300)
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The linear factor = changes signs at * = 0. The factor 2z — 3 changes signs at z = %
And z + 5 changes signs at © = —5. All the linear factors are with positive leading

coefficients, and we list their signs on each interval.

-5 0 5

| | |

1 1 1
x: - - + +
2z — 3: — — - +
T+5 - + + +
f@y: - + - +

Hence f(x) is negative on (—oo,—5) and (0,3). f(z) is positive on (—5,0) and
(5:00)-
Example. Find the intervals on which f(x) = 1 — 2% is positive or negative.

Solution. By factorization, 1 — 25 = (1 — x) (1 + x) (:v2 + x4+ 1) (:E2 —x+ 1). Note
that 1 — = has negative leading coefficient. We factor out the number —1 and write

fx)=—=(z-D(z+D)@*+z+1)(z? -z +1).

Since 22 + = + 1, 22 — x + 1 are irreducible with positive leading coefficients, we
have 22+ +1 > 0 and 22 —x + 1 > 0 for all z. Hence they don’t contribute to
signs of f(x). Roots of f(z) are 1 and —1. They divide the real line into intervals
(—o00,—1),(=1,1) and (1,00). The linear factor x — 1 changes signs at x = 1. The
linear factor « + 1 changes signs at * = —1. Finally, don’t forget the constant factor
—1 which is negative for all z. Then we list signs of factors on each interval.

-1 1

| |

I I
rx—1 - - +
x4+ 1: - + +
—1: - - _
f(z): - + -

Therefore, f(x) is negative on (—oo, —1) and (1,00). f(x) is positive on (—1,1).

Exercise 5.1. Find the intervals on which f(z) = 6z3 + 1322 — 5z is positive or
negative.

Exercise 5.2. Find the intervals on which f(z) = —32% + 22 — 3z + 1 is positive or

negative.

A linear factor az + b with a > 0 may repeat n times. If n is even, then (axz + b)™ > 0
for all x # fg. Note that in this case, (ax + b)™ does NOT change signs at 73. If nis
odd, then

<0 forzx< —2%;
(ax + b)" “
>0 forxz> —g.
An irreducible factor az? + bz + ¢ with a > 0 is always positive. Hence (az? + bx + ¢)™ is

always positive no matter m is even or odd.
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Example. Find the intervals on which f(x) = 2% + 42* + 422 is positive or negative.
Solution. By factoring out 2% and following the binomial formula, we write

flz) = 2% (22 + 4o +4) = 2*(z +2)°.
Roots of f(z) are 0 and —2. They divide the real line into intervals
(700772)5 (7250) and (0,00)

The factor 23 changes signs at x = 0. The factor (z + 2)? does NOT change signs at

x = —2. And we list their signs on each interval.
-2 0
| |
[ [
x3: - - +
(z+2)%: + + +
@ - - '

Hence f(x) is negative on (—oo,—2) and (—2,0). f(x) is positive on (0, 00).

Example. Find the intervals on which f(z) = (-2 + 4)?(=2z + 3)% (2? + 2 + 1)5 is
positive or negative.

Solution. Note that (—z + 4)? and (—2z + 3)3 are repeated linear factors and
(2> +z+ 1)5 is a repeated irreducible factor. By factoring out (—1)?(—1)3 = —1, we
can make leading coefficients of every factors positive.

f(@)=—(z— 4)2(29: - 3)3(x2 +x+ 1)5.

Roots of f(z) are 4 and 3/2. They divide the real line into intervals (foo, %) , (%, 4)
and (4, 00). The factor (x —4)% does NOT change sign at # = 4. The factor (2x — 3)3

changes signs at © = 3/2. (m2 + x4+ 1)5 is always positive and we could ignore it. The
constant factor —1 is always negative. Now we list signs of factors on each interval.

3 4

| |
(z —4)%: + + +
(2z —3)3: - + +
—1: — — —
f(x): - - —

Hence f(z) is positive on (—oo, 2). f(x) is negative on (2,4) and (4, 00).

Exercise 5.3. Find the intervals on which f(z) = (1—2)(2—2)?(3—z)?(4—2)*(5—x)>
is positive or negative.

Exercise 5.4. Construct a polynomial f(z) with roots = 0,—1,—2,—3 such that
f(z) is positive on (—o0,—3), (=1,0), (0,00) and f(z) is negative on (—3,—2),
(—2,-1).

23
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6 Graphs of Polynomials

After solving real roots of a polynomial f(z) and determining intervals on which
f(z) is positive or negative, we may have a rough idea of the graph of the polynomial.

Since f(y) = 0 if and only if v is a root of f, the graph y = f(x) intersects the x-axis
at roots of f. Assume that 73 < 79 < .-+ < ~; are real roots of f. Then the sign of
f(z) doesn’t change on each interval (v;,vi+1). Suppose that f(z) > 0 on (v;,7i+1). We
naively suspect that f(x) shall increase when z is slightly to the right of 7; so that f(z)
would be positive. But to some point f must begin to decrease in order that f(v;41) is
zero again. Similarly, if f(z) < 0 on (v, 7i+1), we guess that f(z) would first decreases

and then increases on (i, Yi4+1)-

Example. Roughly sketch the graph of f(z) = 2% +22? —x — 2 for —2 <z < 1.

Solution. f(z) = (z+2)(x+1)(x—1) and f has three real roots —2, —1, 1. Moreover,
f is positive on the interval (—2,—1) and negative on (—1,1). Therefore we guess
that f(x) first increases then decreases on (—2,—1). On the other hand, f should
first decrease then increase on (—1,1). Indeed, using a graphing calculator we can

plot the graph (Figure 6.1) of f on (—2, 1) which coincides with our intuition.

Example. Roughly sketch the graph of f(z) = —z* + 422 + 5 for —/5 <z < /5.
Solution. By cross method,

) = —(s2 +1) (a7 = 5) =~ (i + V) (- v5) (+2 +1).

f has two real roots —/5,v/5. Moreover, f is positive on the interval ( — /5, \/5)
—/5, \/5) However,

with a graphing calculator we can plot the graph (Figure 6.2) of f which shows that

Therefore we guess that f(z) first increases then decreases on (

the curve y = f(x) goes up and down TWICE on the interval out of our expectation.

From the last example, we learn that a polynomial may increases and decreases several
times between two adjacent roots. In addition, we can not tell where a polynomial obtains
its maximum (minimum) value and changes its trend of increasing or decreasing. Later in
Calculus course, we will answer these questions.

Now, we discuss the graph of a polynomial when |z| is large. Suppose that
f@)=ana" +ap_127%+ -+ a1z + ag

where a,, # 0 and n is a positive integer. Note that

f=)

anxT™

aol

M1+anf2i+_“+ﬂ 1
2

an X Qg Ay T

1 an xn

If |x| is large, then i, x%, .

L are close to zero and <% is close to 1. Hence f(xz) behaves

) gn anw’n,

like a,a™ when |z| is very large.

If n > 1 is an even integer, z™ is positive and becomes large without upper bounds as
|z| grows large. (Figure 6.3)

|
>

24

Figure 6.1. y = 2 + 222 — ¢ — 2

10 5

—
8%

Figure 6.2. y = —z* + 422 +5

100

— f@) =<?

6

— @) =«

— f(x) =2 |

Figure 6.3. y = z°".n=1,2,3
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Suppose that n is an odd integer. Then for z > 0, " > 0 and z™ increases without
upper bounds as z grows large. On the other hand, for x < 0, 2™ < 0 and ™ becomes

large negative without lower bounds as |z| becomes large. (Figure 6.4)

Therefore a polynomial f(z) = a,z" + ap_12" 1 + -+ + a1x + ag, with a,, # 0 and
n > 1, is either large (positive) or large negative when |z| is large depending on the sign of

an and whether n is even or odd.

Example. Roughly sketch the graph of f(x) = 23 +22% —x —2forz < -2 or x > 1.
Solution. f(z) = (r +2)(x + 1)(x — 1) and f is positive on the interval (1,c0) and
negative on (—oo, —2). Moreover, when |z| is large, f(x) is close to x3. Thus, we
know that f(z) grows large without upper bounds as x becomes large. If x < —2 and
|z| becomes large, then f(z) becomes large negative without lower bounds. (Figure

6.5)

Example. Roughly sketch the graph of f(z) = —2* +422 45 for z < —v/5 or v/5 < .
Solution. By cross method,

f@)==(22+1) (22 = 5) = = (¢ + V5) (v = V5) (a2 + 1),

f has two real roots, /5 and /5. Moreover, f is negative on intervals ( — 00, —\/5)

and (\/5, oo). Also, f(z) is close to —z*. Hence, as |z| grows large, f(x) becomes

large negative with lower bounds. (Figure 6.6)

25

30 %
— @) =2
— (@) = b
— f@) ="
-4 — 2 4
-30

Figure 6.4. y = 2" n=1,2,3

10 4
5 1
; — ;
4 2 /2
_5 |
—10 Ll

Figure 6.5. f(z) = 2®+22% —2—2

10
—2 2
—5 1
—101
Figure 6.6. f(x) = —2* 4+ 42% +5
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