1. COORDINATES

In order to locate a point in space one needs directions on how to reach it from some
other known point. For example, suppose you are in a city and you want get to 1001 Tenth
Street, 9th floor. If your starting point is First Street and Fifth Avenue and you asked for
directions you might get the following instructions: “Go 5 blocks west along Fifth Avenue
to Tenth Street and then go right on Tenth street until you get to the building with number
1001”. Once there, you would get to the 9th floor by taking an elevator. In your journey you
used several rulers (numbered or scaled lines) to guide you and tell you when to make certain
decisions about your getting to the place you wanted to go. The first two rulers were streets
and the units of measurement were blocks or addresses of buildings. The last ruler was
the path of the elevator numbered by the floor indicator. Whether the streets and avenues
were at right angles or not was of no importance. What was important was that you went
the correct distance in the right direction. In analytic geometry, the process of assigning
addresses to points is called coordinatisation, the addresses being a sequence of numbers,
called coordinates, with references to different rulers which make up the coordinate
frame. In our example above, the place we wanted to go would have coordinates (10,1001, 9)
where the first number located the street, the second was the number of the building and
the third was the floor.

1.1. Line Coordinates. If one is restricted to move on a given line L, then a single number
suffices to specify one’s location on that line once we specify an origin O and a point
of unit distance from the origin. The point I is called a unit point. A point P which is
x units away from the origin is given the coordinate x. The number x can be positive or
negative, the sign determining which side of the origin we are on. The origin has coordinate
0 and the unit point has coordinate 1. In this way, each point P of the line L is given a
coordinate z = z(P). We obtain an ordering of the points of the line as follows: given points
A, B on the line, we have A < B in this ordering if and only if z(A) < z(B).

Such a numbered line is called a ruler. The numbering on the line L is determined by
the function  which assigns to each point P of L its coordinate x = x(P). For this reason,
we will denote the ruler by z. If A, B are two points of L, we let

AB = z(B) — z(A).
be the oriented length of the line segment AB. It is positive if and only if A < B in the
ordering of L specified by the ruler z. The length of AB with respect to the ruler z is
|AB| = |[AB| = |z(B) — z(4)],

where the absolute value |c| is defined to be ¢ if ¢ > 0 and —c otherwise.
If we change the origin or unit point (or both), we obtain another ruler z’. The coordinates
of a point P relative to these two rulers are related by the formula

x(P) = bz'(P) + a.

The new origin O’ has coordinate x'(O’) = 0 relative to second ruler; so a = z(0’), the
coordinate of the O’ with respect to the first ruler. The new unit point I’ has coordinate
z(I') =a+band b=x(I') —z(0’) is the scale factor between the rulers. The coordinate
of P, relative to the second ruler, is therefore

' (P) =b"Y(x(P) —a)

Since
x(B) — 2(A) = b(z'(B) — 2’ (A4)),



the two rulers x and 2’ give the same number for the length of AB iff the scale factor
b = £1. The two rulers define the same ordering or orientation if b > 0. If b < 0, they
define opposite orderings or orientations. Thus a line has only two orderings or orientations.

Example. If C is the temperature in the Celsius scale and F' the temperature in the
Fahreheit scale, we have
5 5 7 9
C= 9(F 32) = 9F 179, F= 5C’+32.

Zero degrees Celsius is the same as 32 degrees Fahrenheit and zero degrees Fahreheit is
—17% degrees Celcius. The scale factor from the Fahreheit scale to Celcius scale is 9/5 since
a change in temperature of one degree Celsius is a change in temperature of 9/5 degrees
Fahrenheit.

1.2. Exercises. 1. If P is a point on a line having coordinate ¢ with respect to a ruler x, find
the coordinate of ¢ with respect to the ruler x’ having origin the point O’ with z-coordinate
12 and unit point the point A’ with z-coordinate 18. What are the z’-coordinates of the
origin and unit point of z?

2. Let A, B be distinct points on line L and let C be the midpoint of the line segment AB
of L. If a,b are the coordinates of A, B for some ruler, show that the coordinate of C' is
(a +b)/2. Show also that C' is the unique point with AC/CB = 1.

3. Let A, B be distinct points on a line L. Show that for each real number ¢ # —1 there is
a unique point P of L with AP/PB = c.

1.3. Plane coordinates. We now consider the case where we are in a plane II. To introduce
coordinates we need to choose two lines L1, Ly in IT meeting in a point O and two rulers z, y
on L1, Ly respectively with the same origin O. One can think of the lines of IT parallel to
L, as streets and the lines parallel to L, as avenues. To find out what avenue or street you
are on, look at its intersection with L, or Lo respectively; the line coordinate of the point
of intersection gives the name. For example, the line L; would be 0-th street and Lo would
be 0-th avenue. If P is the point in the plane II which is at the intersection of a-th avenue
and b-th street, then the coordinates of P are

z(P)=a, y(P)=hb.

The pair (z(P),y(P)) is called the coordinate vector of P. The line L, is called the z-axis
and the line L, is called the y-axis.

The z-axis is the set of points P with y(P) = 0; in other words, it has the equation
y = 0. The y-axis has the equation x = 0. More generally, a line parallel to the z-axis
has the equation y = a while a line parallel to the y-axis has equation z = a. If we denote
by P(a,b) the point P with coordinate vector (a,b), then P(a,b) is the intersection of the
lines x = a,y = b. If I, J are respectively the unit points for the rulers z,y, then the triple
(O, 1,J) completely determines L1, Ly and the rulers z, y; it is called a coordinate frame.
The pair (z,y) is called a coordinate system for the plane II.

If we change the scale on L; by a factor of b; we obtain a new coordinate frame (O, I’,J’)
with z(I") = by, y(J') = ba. If (2/,y') is the associated coordinate system, we have

2(P) = bz’ (P), y(P) = by (P).
The formula for a general change of coordinates will be derived later. If L; and Lo are
perpendicular and we use the same scale on both coordinate axes, the coordinate system is

said to be rectangular. While rectangular coordinates are most often used, we shall see
that non-rectangular coordinates can be very useful in solving problems. Such coordinates



are also called affine coordinates. When we use different scales for the coordinate axes, in
order that a curve we are graphing fits on the page, we in fact are using affine coordinates.
We shall see that having the freedom to chose our axes to be oblique (non-rectangular) will
enormously simplify the graphing of plane curves such as conics.

Problem 1.1. Let z,y be a rectangular coordinate system. Sketch the curve whose equation
in the coordinate system z',y’ associated to the frame

(0'(-3,4), I'(-2,3), J'(-1,5))

is ' = y'2. This curve is called a parabola.

1.4. Exercises. 1. Draw two oblique intersecting lines on a sheet of paper and construct a
ruler on each line, with center the point of intersection of the two lines, by chosing a unit
point on each line. Plot the points (10, 3), (3,10), (—4,0), (—4,2), (=3,-5/2), (3/2,-5),
draw the lines = 4, y = —2 and sketch the curve y = z2. This curve is called a parabola.

2. In an affine coordinate system x,y in which the axes are perpendicular but the scale on
the x—axis is twice that on the y—axis, sketch the curve z? + 32 = 4. What is the equation
of this curve if you use the frame O(0,0), I(1,0), J(0,1/2)? This curve is called an ellipse.

3. Draw the coordinate axes for a rectangular coordinate system and plot the points 0'(2, 3),
I'(3,1), J'(3,4). If 2/, ¢ is the coordinate system with the frame O’, I’, J’, sketch the curve
whose equation is 2’y’ = 1. This curve is called a hyperbola.

1.5. Space Coordinates. Now suppose that we are not restricted to lie on a plane. To
introduce a system of coordinates, we need to choose three non-coplanar lines Lq, Lo, L3
which meet in a point O and rulers x,y,z on Li, Lo, L3 respectively, each with origin O.
The plane containing the rulers z and y is called the zy-plane. Any point in this plane has
well-defined x and y-coordinates.

Any point P lies on some plane which is parallel to the zy-plane. The level of this plane
is defined to be the coordinate of the point of intersection of this plane with the line L. If P
is on level ¢ we define the z-coordinate of P to be z(P) = ¢. The x and y-coordinates z(P),
y(P) of P are obtained as follows: Let @ be the point of intersection of the line through
P, parallel to L3, with the zy-plane. Then z(P) = z(Q) and y(P) = y(Q). The triple
(x(P),y(P), z(P)) is called the coordinate vector of P.

The zy—plane has equation z = 0 and any plane parallel to it has equation z = a.
Similarly, the planes parallel to the zz-plane have equation y = a while the equations
parallel to the yz-plane have equation * = a. The z-axis is the intersection of the zy and
xz-planes and has equation y = z = 0. The y-axis is the intersection of the yz and zy-planes
and has equation x = z = 0 while the z-axis is the intersection of the yz and xz-planes and
has equation x = y = 0.

If P(a,b,c) denotes the point P with coordinate vector (a,b,c), then P(a,b,c) is the
intersection of the planes z = a,y = b,z = c¢. If I, J, K are respectively the unit points for
the rulers x,y, z, the triple (O, I, J, K) completely determines the lines L, Lo, L3 and the
rulers z,y, z, and is called a coordinate frame. The triple (z,y, 2) is called a coordinate
system.

If we change the scale on L; by a factor of b; we obtain a new coordinate frame

0.I',J', K"



with z(I") = by, y(J') = by and z(K') = bs. If (2,9, 2’) is the associated coordinate system,
we have

2(P) = b2’ (P), y(P)=byy' (P), z(P)=bsz'(P).
The formula for a general change of coordinates will be derived later. If the lines L; are
mutually perpendicular and we use the same scale on each of the coordinate axes, the
coordinate system is said to be rectangular. Otherwise, it said to be affine.

1.6. Plane Drawings. Plane drawings of objects in space are actually projections of the
object. For example, this is the case when we are outside during the day and we see our
shadow on the ground or wall which act as screens upon which an image is projected. The
light rays from the sun travel on parallel lines and light which strikes an object is prevented
from continuing, resulting in a shadow at the point of the screen where the ray would have
struck. The higher the sun is in the sky the shorter the shadows for objects pointing straight
up. Geometrically, the transformation (function) which sends a point to its shadow on the
wall or ground is called parallel projection and we use this to draw planar pictures of
objects in space. To do this, we imagine a screen behind the object in space and try to
visualize its projection on the screen by choosing suitable points on the boundary of the
object and plotting the projections on the screen. The projection of a point P parallel to
a given line L is the intersection of the line through the point P and parallel to L with the
plane of the screen. The basic thing to remember is that lines project to lines except for
lines that point in directly our direction of sight; they project to points. Also parallel lines
which do not point directly at us project to parallel lines and line segments appear shorter
the more they are aligned with our line of sight. Useful information about the shape of
the surface can be obtained by drawing the projections of the intersections of the surface
with planes parallel to the coordinate planes. We will discuss this in more detail in a later
section.

The things we see with our eyes are also projections on our retinas. But, because the
lens of the eye focuses light, the images we see are central projections. The farther an
object is, the smaller the projection, and lines parallel to our direction of sight appear to
converge in the distance. This is the type of projection used when one draws ‘in perspective’.
Geometrically, a central projection, with center A, onto a plane II not containing A is the
function which sends a point P which is not on the plane I’ through A parallel to II into
the point of intersection of II with the line through A and P. The plane II’ is called the
vanishing plane. For simplicity, we will use only parallel projections to make our plane
drawings.

1.7. Exercises. 1. Draw the coordinate axes of a coordinate system in space as seen from
the point (10, 10,10). Choosing unit points on each axis, plot the points (0,4,7), (4,2,0),
(1,9,-2), (-2,—4,0).

2. Draw the box whose vertices have the coordinates (2,2,0), (2,2,3), (2,6,3), (2,6,0),

(5,6,0), (5,2,0), (5,2,3), (5,6,3). Do this for both a rectangular and a non-rectangular
coordinate system.

3. Sketch the surface 22 + y? = 22.



2. GEOMETRICAL VECTORS

A vector is usually described as something that has direction and magnitude and is rep-
resented geometrically by a directed line segment , namely, a line segment AB together
with one of its two orderings or orientations. The length of the line segment and its or-
dering represent respectively the magnitude and direction of the vector. This directed line
segment is completely determined by the pair (A, B) consisting respectively of its initial
and terminal points. The direction of the line segment is indicated by an arrowhead at the
terminal point and is denoted by AB. A directed line segment is called a bound vector
because the initial point is fixed. Such vectors are used to represent forces geometrically
since the point of application of a force is fixed.

If A, B are points on a line L and z is a ruler with on L with ¢ = z(B) —x(A), the bound
vector AB is equivalent to the instruction “Starting at A, go ¢ units along L” since this
completely determines B. The sign of ¢ gives the direction to take along L. If we remove
the first part of the instruction “Starting at A”, then the instruction becomes “Go ¢ units
along L”. This can be viewed as a vector in which the initial point is allowed to be any
point of L; this type of vector is called a sliding vector. If we allow the initial point to be
any point in space and modify the instruction to read “Go ¢ units parallel to L”, we obtain
was is called a free vector. Geometrically, it is what is called a translation. A translation
is a function which sends points to points and has the following property: If P is sent to
P’" and Q to Q' by the translation, then PP’, QQ’ are parallel and PQ, P’'Q’ are parallel.
Given points A, B, there is a unique translation which sends A to B.

Vectors are denoted by letters with arrows over them, for example, ©. The free vector
which sends the point A to the point B is also denoted by AB. This will not cause any
confusion since, unless otherwise indicated, a geometrical vector will be taken to be free.
Every bound vector AB uniquely determines a free vector, namely, the translation which

sends A to B. Two bound vectors A_B> and W determine the same free vector if and only
if the translation which takes A to A" also takes B to B’. Two such bound vectors are called
equivalent.

A free vector ¥ can be defined by choosing a ruler z on a line L and a number b
representing how far we want to move in the direction parallel to L. Thus the free vector

— . . . .
v = “Go b units in the z-direction”

is defined as follows: If P is on L, then the point () to which P is sent is the unique point @
with 2(Q) = x(P) 4+ b. If P is any point, we can, by means of parallel projection, transport
the ruler = to a ruler 2’ on the line L’ parallel to L and passing through P. Then the image
of P is the unique point @ of L’ with z/(Q) = z'(P) + b. For this reason, we let

P+
denote the point @ resulting from the translation of P by o'

If 7 is the geometrical vector which sends P to a point b units in a given direction and
¢ is a number, we let ¢v" be the geometrical vector which sends P to a point ¢b units in the
given direction. We have

(c+d)v =cv +dv.
If c =0, then P+ ¢v = P for any point P; in other words
0- 77 = “Go 0 units in the z-direction”.

This geometrical vector is called the zero vector and is denoted by 0. A vector ¥ is said

to be parallel to the non-zero vector « if v is proportional to u, i.e., v = cu for some
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number c¢. If W = AB, then cAB = AC for a unique point C' with A, B, C collinear and
_— —— — —
cAB = AC. This can also be used as the definition of cAB when AB is a bound geometrical
vector.

If @ and ¥ are two geometrical vectors, then @ + ¥ is the geometrical vector defined
by

P+(W+7)=(P+W)+7.

This is well defined since one translation followed by another is again a translation; if
N — N —
uw = AB and v = BC, we have

—_— = —
AB+ BC = AC.
This is the triangle law for addition of geometrical vectors. For example, going 3 miles

east and then 3 miles north gets you to the same place as going 3v/2 miles northeast. In
— _— = -_— —
addition, if D = A 4+ BC', we have AD = BC and CD = AB. Thus

_— = = — —
AB + AD = AD + AB = AC,

which is the parallelogram law for addition of geometrical vectors. This law can be used
to define the sum of two bound vectors with the same initial point. It also shows that
TU+T =7+,
which is the commutative law for addition of geometrical vectors. If w = C’_E), then
U+ (T+W)= (T +V)+w
since both sides are equal to AE. This is the associative law for addition of geometrical
vectors.
N 5 N R — —_— —_—

If we let — = (—1)v, we have @ + (—u) = 0. Note that —AB = BA for free vectors. If

we also define

—

U— =0+ (—),
we have (0 — @) + @ = 0. It follows that
—_— —_— — —_—
AB=A0+0B=0B-0A
for any point O. This only makes sense for free vectors.

Now suppose that we are given a coordinate system with origin O and unit points I, J, K.
We let
[P] = (x(P),y(P),2(P))
and call it the coordinate vector of P; this type of vector is called a numerical vector
as opposed to a geometrical vector. In the next section we will give a more general defintion
of the word vector so as to ﬂ:lude numerical vectors. L
The geometrical vector OP is called the position vector of P. Let i = OI, j =0J, k =
5]? be the position vectors of the unit points I, J, K. By the definition of the coordinates
of P, we have
— N - -
OP =zi+yj + zk < [P] = (z,y, 2).

—
In particular, if ¥ is a geometrical vector and O + v = A(a, b, c), so that v = OA, we

have
T =ai+ b;+ ck.
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The numerical vector (a, b, c) is called the coordinate vector of ¥ and is denoted by [7'].

The numbers a, b, c are also called coordinates or components or direction numbers
— .
of @". Notice that

[P] = [OP)]

so that a point and a geometrical vector can have the same coordinate vector. If we were
to, as is too often the case, identify points and vectors with their coordinate vectors then
there would be a great risk of confusing these two distinct geometric objects. Also points
and geometrical vectors may have different coordinates in different cooordinate systems and
we may want to introduce a second coordinate system to simplify a problem.

Theorem 2.1. If ¥ = ai + bj—i— ck then
P(z,y,2)+ v = Q@ +a,y+bz+c)
N —
Proof: We have Q = P+ v and P = O + OP so that
Q=(0+0P)+ 7 =0+ (0P + 7).
Now
=3 , — <> = = - -2 -
P+7v = (vi+yj+zk)+ai+bj+ck
= (@i +ai)+ (yf + b)) + (2K + ck)
= (x+a)i+@y+bj+(z+ok
so that [Q] = (r 4+ a,y + b,z + ¢).
Corollary 2.1. If A(ay,by,c1) + 0 = B(ag, by, ca) then
N — - - o
v =AB=(az—ay1)i+ (ba —b1)j + (c2 — c1)k.
For example, if A(1,2,3) + v = B(—1,3,—1), we have

N . .
i=AB =2i+j— 4k
P(l’a%z)+?=P(a3+2,y+l,z—4)

If we define the sum of the two numerical vectors (,y, z) and (a, b, ¢) to be the numerical
vector

(z,y,2) + (a,b,¢) = (x+a,y+ b,z +¢),
we have
[P+ @] =[P+ [V]
(W + '] =[]+ [V].
If we define the product of the number ¢ and the numerical vector (a, b, ¢) to be the numerical
vector

t(a,b,c) = (ta,td, tc),
we have
[(tv] = t[V]
since [tv'] = (ta, tb, tc).
As an application, let us find a formula for the midpoint @ of the line segment joining
the points A(a1,b1,c¢1) and B(asg, ba, ¢2). The coordinate vector of AB is

(a2 —ai, by —b1,c20 —c1).
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—
Then, since @ = A + (1/2)AB, we get

@ = [Al+(1/2)AB)
(a1,b1,61) + (1/2)(&2 — al,bg — bl,CQ — Cl)
_ (a1+a2 b1 + by 01+02).

2 72 72

. =3 1/~ A AD e . . .
This also shows that OQ = 5(OA+ OB). Similarly, one can get the coordinates of the point
which divides a given line segment in any given ratio (see the exercises).

2.1. Exercises. 1. If 7 = AB, with [A] = (2,4,6), [B] = (8,10,12), and [P] = (~2,3,5),
find

[P+ 7], [P+ (1/2)V], [P+ (2/3)V], [P +tV].
Graph these points.
2. If [w] = (1,1,3)], [V] = (3,4,2) compute
2% + 37, [(-1)W +27), [aw +bv].
3. If A(1,2,4), B(2,-3,7), C(6,—3,5) are given points, find the coordinates of the mid-

points D, E of AB and AC respectively. Using this, show that DE is parallel to BC. Show
also that

D+ (1/3)DC = B + (2/3)BE.

4. Let A(x1,y1,21), B(22,y2, 22) be distinct points on the line L passing through A and B.
— —
If P is any point on L with AP = rAB, show that

(L =r)z1 + rae, (L —7m)y1 + rya, (1 — 7)21 + r22))
is the coordinate vector of P.
2.2. Planar Vectors. Let II be a plane. A vector @ is said to be parallel to IT if P+ ¥ is
a point of II for every point P of II; in other words, if ¥ sends every point of II to another

point of II. Then @ is parallel to IT iff it is parallel to every plane II’ which is parallel to
II. If &, are parallel to IT and a, b are scalars then a + b is again parallel to II.

. A~ S~ — . .
If (0,1,J) is a frame for IT and ¢ = OI, j = OJ, every vector v" can be uniquely written
in the form

T =ai+ bj.
If P is any point of IT and [P] = (z(P),y(P)) = (z,y) is the coordinate vector of P, we have
[P+ 7] = (v +a,y+b).
If we define the coordinate vector of ¥ to be
(V] = (a,b)
and define (a1, b1) + (az,b2) = (a1 + b1, a2 + b2), ¢(a,b) = (ca, cb), we have

(W + V] =[W]+[V], [cV]=c[V]



2.3. Exercises. 1. If 7 = AB, with [A] = (7,4), [B] = (5, 10), and [P] = (2, —3), find
[P+ 7], [P—(1/2)7], [P+ (2/3)V],[P +tV].
Graph these points.
2. If [w] = (4,-3)], [V] = (—5,4) compute
2% + 37, [(-1)W +27], [a¥ +bV].

3. If A(xz1,y1), B(xa,y2) are given points, find the coordinates of the vector AB and the
midpoint of the line segment AB. Prove your assertions.

4. If A(6,4), B(—3,7), C(3,5) are given points, find the coordinates of the mid-points D, E
i, —
of AB and AC respectively. Using this, show that DFE is parallel to BC'. Show also that
— —
D+ (1/3)DC = B+ (2/3)BE.

5. Let A(z1,y1), B(x2,y2) be distinct points on the line L passing through A and B. If P
=5 —
is any point on L with AP = rAB, show that

(1 =r)xy +ras, (1 —r)y1 +7y2)

is the coordinate vector of P.

2.4. Vector Spaces. Let V be the set of geometrical vectors. If &, 7 are in V we can
add them to get another vector & + @ of V and, if ¢ is a number (also called a scalar), we
can multiply ¢ and U to get a vector cu of V. These operations obey the usual laws of
arithmetic:

(1) (v + v)—+—w—7+(v +W);
9) There is a vector 0 in V such that 0 +U =+ 0 = for anyum V;
For any % in V, there is a vector ¥ with W + ¥ = ¥ + tu = 0;

+ v =0+ u;

)
; 7 — — —
) If a,b are scalars, a(bw) = (ab)u
) 1-W ="u;

(7) If a, b are scalars, then (a +b)U =au +buw and a(UW + V) =aW +aT.

We have proved all these properties except for the very last one. This one can be obtained
by taking coordinate vectors, using the fact that w = v iff [@/] = [v]. If [V'] = (21,9,21),

(V] = (x2, Y2, 22), we have

[a(W +7)] = a ]

W] +[])

(x1,91,21) + (22, Y2, 22))

(x1 +y1, 22 + Y2, 21 + 22)

a(zy + x2),a(y1 + y2), a(z1 + 22))

(
= (az1 + aza,ay1 + ays, az1 + aza)
(

Il
)

[
(
= af
(

= a

azx1,ay1,az1) + (axs, ays, azs)
= a(z1,y1,21) + a2, y2, 22)
= [aW]+[a?]

= [aW +a?)
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which shows that a(W + ) = au + av. Note that we also, in the process, obtain

a((z1,y1,21) + (v2,2, 22)) = az1,y1, 21) + a2, Y2, 22).

More generally, any set V', having operations of addition and multiplication by scalars
satisfying the above seven properties, is called a vector space; the elements of V' are called
vectors. According to this definition, a vector is simply an element of some vector space.
The set of scalars, together with the usual laws of addition and multiplication, satisfy these
properties. So they form vector space according to this definition.

An important example of a vector space is the set R™ consisting of n-tuples of scalars
(z1,22,...,2,) with addition and multiplication by scalars defined by

(T1, 22,y Tn) + (Y1, Y25+, Yn) = (¥1 + Y1, T2 + Y2, -, T + Yn),
c(x1, T2, ..., Tn) = (cx1,CTa, ..., CTy).
The proof of this is left as an exercise for the reader.

Other examples of vector spaces are the set of vectors parallel to a given plane or the
set of vectors parallel to a given line. These two vectors spaces are subspaces of the vector
space of all geometric vectors. By definition, a subspace of a vector space V is a non-empty
subset S of V such that, for every u, v in S and scalars a,b the vector au + bv is again
in S.

The first property of vector spaces is called the associative law for addition, the
fourth is called the commutative law for addition, the fifth is called the associative
law for scalar multiplication and the last property is called the distributive law. The
distinguished vector 0 whose existence is asserted in the second item above is unique. Indeed,

- — — — — — —
if 0’ satisfies 0/ + w = @ + 0’ for any % in V, we have 0 = 0 + 0’ = 0. This vector
is called the zero vector of V. If V' = R", the zero vector is (0,0,...0). If V is the vector
space of geometric vectors, the zero vector is the translation which moves nothing.

Given a vector w there is a vector v with

— = — = -
U+ v=v+u=20

This vector is unique since

implies that
- = — 7 =, = -7 o -
v="+(u+v)=(W+u)+ v =2
This vector is called the additive inverse of i and is denoted by — . Using this, we can
show that the only vector @ satisfying @ + © = @ is the zero vector. Indeed, adding — v’
—
to both sides and using the associative law, we get v = 0 .If 0 is the zero scalar, we have

0-7=0+07=0-v+0-7,
and s00- 7 = 0 for any vector v. If V =R", we have
—(z1,22,...,Tn) = (21, —T2,..., —Tp);

—_— —
if V is the vector space of geometrical vectors, and v = AB, then —v = BA. For any
vector space we have

since
av +(—a)v = (a+(—a))v =0-v =0.
If we define @ — @ to be
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then @ — @ is the unique vector @ such that w + v = .

— = — .
If Wy, ws,..., u, are vectors in a vector space V and aq,as,...,a, are scalars, then
the vector

— — — —
V=a1U1+aUg+ -+ Ap Uy

is called a linear combination of the vectors @1, Wa, ..., Un. If
W=b1Wr+ bW+ + b, W
is another linear combination of these vectors, then
¢V +dw = (ca; +dby) W1 + (cag + dba)Wa + -+ - + (can + db,) W p

and so cv' 4 dw is again a linear combination of the given vectors.
— = — . . . :
A sequence of vectors w1, Wo,..., U, is said to be a basis for the vector space V if
every vector v of V' can be uniquely written in the form

— — — —
VUV =T1U1+To2U2+ "+ Ty Up.

The numerical vector [v'] = (1, 2,...,2,) is called the coordinate vector of @ with
respect to the given basis. We will show later that the number n is uniquely determined
by V; it is called the dimension of V. For example, the position vectors Z,ilg of the
unit points of a coordinate frame with respect to the origin of that frame are a basis for
the vector space of geometrical vectors. This vector space is 3-dimensional. The vector
space of geometrical vectors parallel to a given plane is 2-dimensional and the vector space
of geometrical vectors parallel to a given line is one-dimensional. The vector space R” is
n—dimensional with basis

(1,0,...,0), (0,1,...,0), (0,0,1,...,0),...(0,0,...,1).

This basis is called the usual basis of R".

2.5. Exercises. 1. Show that R™ with the operations of vector addition and multiplication
by scalars defined above is a vector space.

2. Show that that the subset of R? consisting of those triples (x1, x2, 23) with 21 + 225 = 3
is a subspace of R3.

3. Show that the subset of R? consisting of those vectors z,y with = +y = 1 is not a
subspace of R2.

2.6. Using vectors to solve geometrical problems. Let’s give some examples of the
use of vectors to solve geometrical problems.

Problem 2.1. Show that the diagonals of a parallelogram bisect each other.

Solution. Let A B,C,D be a parallelogram w1th AB parallel to CD and AC parallel
to BD. Let u = AB — AC. Then AD = 7 by the parallelogram law for addition
A= =
and BC = v — U since

B+(V-W)=A+W)+(V-u)=A4A+7 =C.
If P is the midpoint of AD and @ the midpoint of BC, we have

P:A+%(7+?), Q:A+(7+%(7—W)).
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But

1 1 1
THT-T) = T T
1

which shows that P = Q.

Remark. The above point P is a center of symmetry of the parallelogram: Any line
L through P (in the plane of the parallelogram) meets the sides of the parallelogram in
two points R, S with PR = —P—A)S’. The easiest way to see this is to choose a coordinate
system with center P and axes parallel to the sides of the parallelogram. The equations of
the sides are therefore x = +a, y = £b. The point R(z,y) lies on one of the sides iff either

|z| = |al, |y| < |b] or ly| = |b], |z| < |a|, in which case the point T'(—z, —y) also lies on on

of the sides. Since P, S, T lie on a line we must have S = T as L meets the sides of the
— —

parallelogram at precisely two points. But then PS = —PR, which is what we wanted to

show.

Problem 2.2. Show that the medians of a triangle meet in a point.

Solution. Let ABC be a triangle. Its medians are the lines joining the vertices to the

midpoints of the opposite sides. Let & = AB and 7 = AC. If D is the midpoint of BC' and
P is any point on AD, we have

— —
AP = tAD=t(A

If E is the midpoint of AB and @ is any point on C'E, we have
— —_— =
AQ = AC+CQ
— —
= AC+sCE
—

I

o

|
&

e >
+

We have P = @ iff
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for suitable scalars s,t. Since W, v are the position vectors of the unit points of the frame
(A,B,C), we see that P = Q iff t/2 =1 — s and /2 = s/2. But these equations hold iff
s =t = 2/3. Thus the medians AD, CE meet at a point which is two thirds of the way
from the vertex to the midpoint of the opposite side. Since this result applies to any pair of
medians, we see that the medians meet in a point which is two thirds of the way from the
vertex to the midpoint of the opposite side. In particular, the medians trisect each other.

Remark. The point P of intersection of the medians is called the centroid of the triangle.
— — — —
Since OB = OA + 4 and OC = OA + ¥,we have
—_— = — — .,
OA4+0OB+0C=30A+u + v
for any point O and hence that
— 1

P=_
O 3(

since 0—1)4—1-%(7—1—?):0—1}4—5—1@:0—15.

B+ 0QC)

2l
+

2.7. Exercises. 1. If P is the center of the parallelogram ABCD and O is any point, show
that

—_— 1, — = = —
OP = E(OA +O0B+0C+0D).
2. Show that A(1,3,6), B(2,5,5),C(4,2,8),D(5,4,7) are the vertices of a parallelogam and
find the coordinates of its center.
3. If A(x1,y1,22), B(xa,ys, 22), C(x3,ys, 22) are not collinear, show that
1+ 22+ 23 Y1 +y2+y3)
3 ’ 3
is the the centroid of the triangle ABC'. Use this to find the centroid of the triangle with
vertices A(1,—2,4), B(-2,3,-3), C(5,2,1).

D(

4. What is the formula for the coordinates of the centroid of a triangle with respect to a
planar frame? Using this formula, find the centroid of the triangle with vertices A(3,4),
(6,-2), C(2,5).

5. Show that the lines joining each vertex of a tetrahedron to the centroid of the opposite
face meet in a point P. Find the coordinates of P in terms of the coordinates of the vertices
of the tetrahedron. In what ratio do these lines divide each other?

3. EQUATIONS OF LINES AND PLANES

We first derive the equations of lines in space. Let L be a line and let A, B be distinct
—
points on L. If ¥ = AB, a point P lies on L iff
P=A+tv

for some scalar ¢, in which case ¢ is the coordinate of P with respect to the ruler on L with
origin A and unit point B. This equation is called a affine equation for L. If O is a fixed
point and P is any point, then P is on L iff

— — —

OP =0OA+tAB
for some scalar t. This equation is called a vector equation for L. Both affine and vector

equations for are independent of any coordinate system. The vector ¢ can be taken to be
any non-zero geometric vector parallel to L.
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Now suppose that we have a coordinate system with origin O. If A and B have coordinate
vectors (ai,b1,c¢1) and (ag,bo,co) then, taking coordinate vectors, the vector and affine
equations for L each transform into the following equation of numerical vectors

(xayaz) = (alab17cl)+t(a7ﬁ77)?
where a = ag —ay, 8 = by — by, v = co — ¢1, from which we get the following set of equations:

= a1 +ta
by +1t3
z = c1+1y.

These equations are called parametric equations for the line L. If we change the points
A, B on L, these equations will change and so a line may have many different parametric
equations for it. As we saw above, the parameter ¢ is the coordinate of the point P(z,y, 2)
on L with respect to the ruler with origin A(aq, b1, ¢1) and unit point B(a1 +a, as+ 0, as+7)
The numerical vector («, 3, ) is called a direction vector for the line L; it is determined
by L up to multiplication by a non-zero constant. A direction vector for a line can be
found by taking the coordinate vector of any non-zero vector parallel to L. Two lines
have proportional direction vectors iff they are parallel. Therefore, if two lines don’t have
proportional direction vectors, they either meet or are skew lines (non-coplanar lines).

If «, B, v are non-zero, the above equations can be written in the more symmetric
form

rT—ar y—-b z-q

a B
The original equations can be recovered by setting the common value equal to ¢ and solving
for x,y, z. If & =0 while 3, v are non-zero, the equations become

y— by z—C1
T =ai = )
B gl

and so is the equation of a line in the plane x = a;. If « = 8 = 0, the equation of the line
becomes x = aj, y = by (z arbitrary), which is the equation of the line through (aq,b1,0)
which is parallel to the z-axis.

Problem 3.1. Find parametric and symmetric equations for the line through the points
A(-1,2,3), B(1,3,2). Determine whether or not C(3,4,1) is on the line.

If L is the line through the points A(—1,2,3), B(1,3,2) then L has direction vector
—
[AB] = (2,1. — 1) and so has parametric equations

z = —142t
= 24t
3—t.
The symmetric form of these equations are

x+1 y—2 2z-3

2 1 = -1

The poinr C(3,4, 1) is not on the line since AC = (4,2, 1) which is not a multiple of (2,1, —1).
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Remark. If we choose t = 4 we get a point C(7,6,—1) on L. If we use B, C' to get equations
for L we get

r = 146t
= 3+3t
z = 2-—3t

which, in symmetric form, are
z—1 y—3 2z-2

6 3 -3
Notice that the direction numbers found here are proportional to the direction numbers
found above, i.e., (6,3,—-3) = 3(2,1,—1).

Problem 3.2. Find (if any) the points of intersection of two lines

r = —142t r = 24t
y = 2+t and y = 1-2t
z = 3—1t, z = 3+t

Solution. First note that, since the direction vectors (2,1,—1) and (1,—2,1) are not
proportional, these two lines are not parallel; so they either don’t meet or they meet in
a single point. If P(x,y,z) were a point of intersection of these two lines, we must have
(z,y,2) = (—=1+1t,2+1t,3 —t) for some number ¢ since P lies on the first line. But, since P
also lies on the second line, we must have (x,y,2) = (2 + 5,1 — 25,3 + s) for some number
s (possibly different from the number ¢ found above because s, ¢ are the coordintes of P
with respect to two different rulers). We therefore have —1+2t =2+ s, 2+t =1 — 2s,
3 —t = 3 4+ s which can be written

—s+2t = 3
2s+t = -1
s+t = 0.

If we add the first equation to the third and add 2 times the first equation to the second,
we get

—s+2t = 3
5 =5
3t = 3.

This system has the same solutions as the original system since the above process can be
reversed to give the original system. Indeed, subtracting the first equation from the third
and adding —2 times the first to the second gives back the orginal system. If we now multiply
the second equation by 1/5 and the third equation by 1/3, we get

—s+2t = 3
t = 1
t = 1.

Subtracting the second equation from the third, we get
—s+2t = 3
t = 1
0 = 0.
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Since t = 1, s = 1 are the only values of s,t which satisfy all three of these equations,
the two lines meet in the unique point P(1,3,2). The equation 0 = 0 is called the zero
equation. Since it imposes no condition on the variables, it can safely be deleted from any
system.

Problem 3.3. Repeat the previous problem with the second line replaced by the line

r = 241t
y = 1-—-2¢
z = 24t

Solution. Again, the lines are not parallel since the direction vectors (2,1, —1), (1, —2,1)
of the lines are not proportional. A point P(x,y, z) lies on both lines iff there are scalars
s,t with —14+2t=2+s,24+t=1—2s,3—1t=2+ s and we get the system

—-s+2t = 3
2s+t = -1
s+t = 1.
If we add the first equation to the third and add twice the first to the second, we get
—-s+2t = 3
5t = 5
3t = 4.
Subtracting 3/5 times the second equation from the third, we get
—-s+2t = 3
5t = 5
0 = 1

Since the equation 0 = 1 has no solutions, the system itself has no solutions and hence the
two lines do not meet. The two lines are skew since they are not parallel.

The procedure used in the last two problems for solving linear systems is called Gauss-
Jordan elimination. The main step in this procedure is to pick an equation, called a pivot
equation, and select a variable that appears in this equation (has a non-zero coeflicient);
this variable is called a pivot variable and we make the term containing this variable
the first term in the equation. After possibly interchanging two equations, which does not
change the solution set, we can assume that the pivot equation is the first equation. We
then eliminate this pivot variable from all the other equations by adding a multiple of the
working equation to each of the other equations. (Note that subtracting ¢ times an equation
to another is the same as adding —c times that equation.) Since the original system can be
recovered by reversing this procedure, we obtain an equivalent system, one with the same
solution set as the original system. Multiplying an equation by a non-zero constant also
yields an equivalent system. We then repeat the above procedure on the system formed by
the equations other than the first. When this process stops we will have a number of pivot
equations with the pivot variable appearing in no succeeding equation and we will possibly
have a number of equations of the form 0 = 0 which can be deleted or we will have an
equation 0 = a with a # 0, in which case the system is inconsistent, i.e., has no solutions.
Such a system is said to be in echelon form. If we now eliminate the pivot variables from
the other equations, starting with the last pivot equation to minimize the calculation, and
then make the coefficient of the pivots 1 by multiplying each pivot equation by a suitable



17

constant, we obtain a system which is in reduced echelon form. In this case we will have
solved for the pivot variables in terms of the non-pivot variables. If the system is consistent,
we can get all solutions by arbitrarily assigning values to the non-pivot variables.
Let us now find equations for planes. Let II be a plane and let A, B, C' be non-collinear
—_— —
points on II. Let W = AB, ¥ = AC. Then a point P is on II iff
P=A+4su +tv

with s, ¢t scalars, in which case, (s, t) is the coordinate vector of P with respect to the frame
(A, B,C). This equation is called an affine equation for II. If O is a fixed point then P is
a point of IT iff

— —

OP =0A+su +tv

with s,t scalars. This is a vector equation for II. Both vector and affine equations for

IT are independent of any coordinate system. The vectors w, v could be chosen to be

any two non-zero vectors parallel to IT which are not scalar multiples of each other since A,
B=A+74,C = A+ % would then be three non-collinear points of II.

Now suppose we are given a coordinate system with origin O and suppose that the
coordinate vectors of A, B, C are respectively

(a17blacl)7 (a27b2502), (ag,b3,03)

It is easy to test for the non-collinearity of A, B, C; in fact, they are non-collinear iff [AB]
—
is not a scalar multiple of [AC]. We have

[AB] = (a1, 81,71) = (a2 — a1,bs — by, c2 — ¢1),

—
[ACT] = (a2, B2, 72) = (a3 — a1,b3 — b1, c3 — c1).
Taking coordinate vectors the affine and vector equations for II each transform to

(3371172) = (a17b1701)+S(O[1,ﬁ1,’71)+t(0{2762,’)’2),

from which we obtain the equations

r = ai—+sa;+tas
y = bi+s8+16
z = c1+ sy +itye.

These are parametric equations for II with parameters s,t which are the coordinates of a
point P of IT with respect to the plane coordinate system with origin A and unit points B,
C. The numerical vectors (a1, 81,71), (e, B2,72) are called direction vectors for II. A
direction vector for IT can be found by taking the coordinate vector of the geometric vector
determined by any pair of distinct points on a line parallel to II.

Problem 3.4. Show that the three points
A(1,0,-2), B(3,—1,1), C(4,1,—4).
are non-collinear and find parametric equations for the plane passing through them.

Solution. Since the numerical vectors [A—B)] = (2,-1,3), [A_C)’] = (3,1,—2) are non-
proportional, the points A, B, C do not lie on a line. Also, since these vectors are direction
vectors for the plane passing through A, B, C, we get

r = 142543t
y = —s+t
z = —243s—2t,
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as parametric equations for this plane.
If, in the above problem, we solve for s,t using the first two equations we get
s=(x—-3y—1)/5, t=(r+2y—1)/5.
Substituting this in the third equation, we get the equation
r—13y =5z =11

whose solutions are precisely the coordinates of the points P which lie on II. Indeed, if
(x,y, 2) is a solution of this equation and we set s = (x —3y — 1)/5, t = (x + 2y — 1)/5 we
get z = —2 + 3s — 2t. The equation z — 13y — 5z = 0 is called a normal equation for II.

We will show later that every plane has a normal equation. For now, we content ourselves
to prove the following result:

Theorem 3.1. If a,b,c,d are scalars with a,b,c not all zero, the points P(x,y,z) whose
coordinates satisfy the equation ax + by + cz = d form a plane.

Proof. We first suppose that a # 0. Then

We get all solutions of ax + by + cz = d by setting y = s, z = ¢ arbitrarily and solving for
x. We thus get parametric equations

= d/a— (b/a)s — (c/a)t

t,

ES IS

which are parametric equations for the plane II passing through the points
A(d/av 07 O)a B((d - b)/a7 17 O)a C((d - C)/a7 07 1)

If a = 0 and b # 0, we get the solutions of y = d/b— (¢/b)z by setting x = s, z = t arbitrarily.
We thus get the parametric equations

y = d/b—(c/b)t
z = 1,

which are parametric equations for the plane II passing through the points

A(0,d/b,0), B(1,d/b,0), C(0,(d — c)/b,1).

If a = b =0, then the solutions of z = —(d/c) can be described in parametric form by
T = s
=
z = dfe,
which are parametric equations for the plane II passing through the points A(0,0,d/c),
B(1,0,d/c), C(0,1,d/c). Q.E.D.

Remark. We will show later that the planes ax + by +cz =d and 'z + by + ¢’z = d’ are
equal if an only if there is a constant ¢ such that

(a',b',c,d") =t(a,b,c,d).
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Problem 3.5. Find the points of intersection of the line

r = 146t
3+ 3t
z = 2-3t

and the plane

= 1+2s+43t
= —s+t
z = —24+3s-—2t.
Solution 1. A point P(z,y, z) will lie on both planes if and only if we can find scalars
r,s,t so that

r =146r =1+2s+3t
y =3+3r =-—-s+t
z =2-—-3r =-—-2+43s—2t.

This will happen precisely when r, s,t satisfy the following system of linear equations:

6r—2s—3t = 0
3r+s—t = -3
—3r—3s+2t = —4.

Since a line can either (i) meet a plane in a single point, (ii) lie in the plane or (iii) not meet
the plane, this system of equations could have (i) one solution, (ii) an infinity of solutions
or (iii) no solution.

To see which it is we use Gauss-Jordan elimination on this system. Choose the second
equation as our pivot equation and 7 as the pivot variable. Interchanging the first two
equations we get the system

Jr+s—t = -3
6r—2s—3t = 0
—3r—3s+2t = —4.

Then add —2 times the first equation to the second equation and add the first equation to
the third equation to get

Jr+s—t = -3
—4s—t = 6
—2s+t = -T.

We now repeat the procedure by choosing a new pivot equation, the third, and a new pivot
variable, s and interchange the second and third equations to get

Jr+s—t = -3
—2s4+t = =7
—4s—t = 6.
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We then subtract —2 times the second equation from the third to elminate s. The resulting
system is

Jr+s—t = -3
—2s+t = -7
-3t = 20.

The last equation gives t = —20/3 and substituting this in the second equation gives s = 1/6.
Finally, substituting s = 1/6, t = —20/3 in the first equation, we get

s=1/6,r = —59/18,t = —20/3.
Hence the given line and plane meet in the point
P(1+6r,3+3r,2—3r)=(—56/3,—41/6,71/6).
As a check, note that this point is the same as
P(1+2s+3t,—s+t,—2+3s—2t) = (—56/3,—-41/6,71/6).

Solution 2. We could also have solved this problem by using a normal equation of the
plane, which in this case is x — 13y — 5z = 11, and substituting z = 1 + 6r, y = 3 + 3r,
z = 2 — 3r in this equation to get 14 67 —39 — 39r — 10+ 15r = 11 from which r» = —59/18.
Solution 3. There is a third way of solving this problem by using the symmetric form of

the given line:
x—1 y—3 =z-2
6 3 -3
This equation can be written as two equations (x —1)/6 = (y—3)/3, (y—1)/3=—(2—2)/3
which, on simplifying, yield the two equations

r—2y = =5
y+z = 3.

Since each of these equations are equations of a plane, this yields two planes which intersect
in the given line. The intersection of the given line and plane is therefore the intersection
of the given plane with the above two planes. In other words, the points P(z,y, z) in the
intersection are given by the solutions of the system

rT—2y = -9,
y+z = 3,
r—13y—5z = 11.

We leave it as an exercise for the reader to show, using Gauss-Jordan elimination, that this
system has the unique solution x = —56/3, y = —41/6, z = 71/6.

Problem 3.6. Find the intersection of the two planes

r =1+4+2s+3t r =s+t
Yy =-—s+t y =s—t
z = —2+43s—2t, z =1+4s.

Solution 1. A point P(z,y,2) lies on the first plane if an only if there are numbers
s1,t1 such that x = 14 2s1 + 21, y = —s1 + t1, 2 = —2 + 3s7 — 2t;. This point lies on
the second plane if an only if there are numbers so,to such that = sy + to, y = s9 — t9,
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z =14 s9. Tho find the points intersection, we have to find the solutions of the system of
equations

14251 4+3t1 = sa+4t2
—S1+t1 = s2—1to
—243s1 —2t1 = 14 ss.
This system simplifies to
251+ 3t — 59—ty = —1
—81+ti—Sa+ta = 0
351 —2t1 —s2 = 3.

We choose the second equation as our first pivot equation and s; as the pivot variable in
this equation. Interchanging the first two equations, we get

—81+t1—82+t2 = 0
281+3t1 *ngtg = -1
381 — 2t1 — So = 3.

To eliminate s; from the second and third equations, add twice the first equation to the
second and three times the first equation to the third to get

—Ss1+ti1 =82+t = 0
5t1 —3s9+ty = —1
tl — 482 + 3t2 = 3.

We now choose the third equation as our next pivot equation and the variable t; as the
pivot variable in this equation. Interchanging the second and third equations, we get

—s1+t1—8sa+t = 0
ti —4so+ 3ty = 3
5t1 —3s9 +to = —1.

To eliminate t; from the third equations, we add —5 times the second equation to the third
equation to get

—81 + 382 — 2t2 = -3
tl — 482 + 3t2 = 3
17s9 — 14t = —16.

We now choose the third equation as our last pivot equation and s, as the pivot variable.
If we add —3/17 times the third equation to the first and 4/17 times the third equation to
the first we get the system

—s1+ (8/17)ta = —54/17
t1 — (5/17)ta = 55/17
1759 — 14t = —16.
Solving for the pivot variables, we get
sa = (14/17)ta — 16/17
t1 = (5/17)ty +55/17

s1 = (8/17)ty + 54/17.
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Since the solutions of this system are obtained by giving to any value and solving for s1, s2, t1,
we see that the points of intersection of the two planes are

P(sa+1to,80 —ta, 1+ 50) =
P((31/17)ts — 16/17, —(3/17)ts — 16/17, (14/17)ts + 1/17),

with to taking arbitrary values. This shows that the two planes intersect in the line

x = —16/17+ (31/17)t
= —16/17— (3/17)t
2 = 1/17+ (14/17)¢.

Solution 2. Another way to solve this problem is to use normal equations for these planes.

The first plane has the normal equation x — 13y — 5z = 11 and the second has normal
equation z 4+ y — 2z = —2. The intersection of these two planes is given by the solution set
of the following system:
r—13y—5z =11
r+y—2z =-2.
Using Gauss-Jordan elimination, one finds that the solutions of this system are
x=(31/14)z — 1/14, y = —(3/14)z — 13/14
with z arbitrary and hence that the line of intersection is
x = —15/14+ (31/14)t
= —13/14 — (3/14)t
z = t.
This parametric representation is different from the one obtained above but they both
describe the same line. As a check, note that the direction numbers are proportional (so the
lines they describe are parallel) and that, setting ¢t = 1/17 in the second parametrization,
we get © =y = —16/17, z = 1/17 which is the point corresponding corresponding to t = 0
in the first parametrization; so the parallel lines described by the two parametrizations have

a point in common and hence are equal. There is a third way to solve this problem but we
leave this to the reader.

3.1. Exercises. 1. Determine how the following lines intersect each other. In cases they
don’t meet, determine if the lines are skew or parallel.

r =14t r = —6t z =3t
y =2-—t y =6t y =3+t
z =3+ 2t, z = —12t, z =1+ 3t.
2. Find parametric equations for the line of intersection of the two planes
r =1+s+t T =2+3s—t
y =2—-s—2t y =1+s
z =s—1, z =24+s+t.

3. Find the equation of the plane passing through (1,2, 3) containing the line of intersection
of the two planesx +y+z2=1, 2 — 2y — z = 2.

4. Show that any plane containing the line of intersection of the two planes

10z — 21y + 30z = 12, 422 — 121y + 30z = 40
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is of the form a(10x — 21y + 30z — 12) 4+ b(42x — 121y + 30z — 40) = 0 for suitable scalars a, b.
Use this to find the equation of the plane containing the line of intersection of the given two
planes and passing through the point (1,2,1).

<

3.2. Equations of Lines in a Plane. Let (O, 1,
— —> -
1=0I, j=

If ¥ is a geometric vector parallel to IT, we have

P(z,y)+ 7= (z+a,y+b)

for a unique pair of scalars (a,b). This pair is the coordinate vector of ¥ in the given frame
and is denoted by [¢]. The point P has coordinate vector [P] = (x,y) with respect to this
frame iff

) be a frame for a plane IT and let

2l

O—1>D = a2+ yj
If L is a line in IT and A(ay,b1), B(as,bs) are distinct points on L, a vector equation for
L is
OP = OA + tAB.
Since [_B)] = (ag — a1,ba — by), the equation of L in terms of coordinate vectors is
(z,y) = (a1,b1) + t(a, B),

where (a, 8) = (a2 — a1, by — by). We thus obtain

r = a1 +ta

y = bi+ip,

which are the parametric equations of the line in terms of plane coordinates. The parameter
t is the coordinate of a point P(x,y) on the line with respect to the ruler with origin A and
unit point B. The numerical vector («, 3) is a direction vector of the line. It is determined
by the line up to multiplication by a non-zero scalar. If a = 0, this is the line z = ay; if
B = 0, this is the line y = 0. If b; and by are both non-zero, the equations can be written

in symmetric form
L1 — a1 L2 — a2

o 8

which can be simplified to
fx — ay = Ba; — aas.
The general equation of a line in a plane with plane coordinates z,y is therefore
ar+by=-c
with a, b not both zero. A direction vector for this line is (—b,a). If b # 0, the line has the
equation
y=mx—+b
with m = —a/b (the slope of the line) and b the y-coordinate of the point of intersection of
this line with the y-axis (the y-intercept of the line). If (z1,y1), (22,y2) are two points on
this line, we have
y1 =mx1 +b, yo =mzz +b
and so y1 — y2 = m(x1; — x2) yielding
m— Y1 — Y2 .
Ty — T2
If a is the x-intercept, then 0 = ma + b and b = —ma and the equation of the line is then
y =m(x — a).
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Problem 3.7. Find the equations of the sides of the triangle ABC' in the coordinate system
having the frame (O,I,J) with O = A,I = B,J = C. Also, find the equations of the
medians and verify that they meet in a point that trisects each median.

Solution. The line through A, B is the z-axis and has equation y = 0; the side through
A, C is the y — azis and has equation = 0. The line through B(1,0) and C(0,1) has slope
—1 and has y-intercept 1. Its equation is therefore y = —x + 1 or x + y = 1. The midpoint
of AB is the point D(1/2,0) and so the slope of the median C'D is —2. The equation of the
line through C, D is therefore y = —2(xz — 1) or 22 + y = 1 since the z-intercept is 1. By
symmetry, the median BE, with F(0,1/2) the mid-point of AC, has equation z + 2y = 1.
The line joining A and the midpoint F'(1/2,1/2) of BC has equation y = . The lines y = z
and 2z +y + 1 = 0 meet in the point P(1/3,1/3) and the line x + 3y = 1 passes through
this point. Since AP — %ﬁ, the point P divides the line segment AF in the ratio 2 : 1
and, since any one of the vertices could have been chosen as origin, the same result holds
for the other two medians.

We now consider the problem of finding the point of intersection of two non-parallel lines
ax +by = ¢, dr + ey = f. That the lines are not parallel is equivalent to the statement that
(a,b) # k(d,e) for any k. If P(z,y) is the point of intersection of these two lines then

ax+by=-c
dr+ey = f.
If we multiply the first equation by e, the second by —b and add the resulting two equations,
we get
(ae — bd)x = ce — bf.
Similarly, adding —d times the first equation to a times the second, we get
(ae — bd)y = af — cd.
If ae — bd # 0 we would then have
ce —bf af —cd

"~ ae—bd’ v= ae —bd’
But this is the case as the following result shows.
Theorem 3.2. If d,e are not both zero, then (a,b) = k(d,e) for some k if and only if
ae —bd = 0.

Proof. If (a,b) = k(d, e) then a = kd, b = ke and so ae—be = kde —ked = 0. Conversely,
suppose that ae —bd = 0. If d # 0, we then have b = e(a/d) so that (a,b) = k(d, e) with
k=a/d. If e # 0, we have (a,b) = k(d,e) with k = b/e. Q.E.D

The above formula for the point of intersection of two non-parallel lines ax + by =
¢, dx + ey = f expresses the coordinates of the point of intersection these lines as ratios of
similar looking expressions. To bring out the connection, we write down the coefficients of
x,1y in the equations of the two lines as a vertical list containing two rows of numbers, the
first row being a b (the coefficients of x,y in the first equation) and the second being d e
(the coefficients of x,y in the second equation). We get the following array

a b
=i ]
where the brackets are used to delineate the list. Such an arrary is called also called a

matriz, in this case a 2 x 2 matrix to indicate that it has 2 rows with 2 entries in each
row (or, equivalently, 2 columns with 2 entries in each column. The matrix A is called the
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coefficient matrix of the system. The number A = ae — bd is called the determinant of the
matrix A and is denoted by det(A) or simply |A|. With this notation, we have

Z le) ‘:ae—bd.

If Ay is the 2 x 2 matrix obtained from A by replacing the first column of A by the column
of constants ¢, f, and As is the 2 x 2 matrix obtained form A by replacing the second column
of A by the column of constants ¢, f, we obtain

det(A) =

b
A= =] e‘:ce—bf,
Ay = |Ag] = Z JCC =af — bc.

The coordinates of the point of intersection are thus given by
x=A1/A, y=2As/A.

This formula is known as Cramer’s Rule. The above yields the following general theorem
about systems of two linear equations in two variables.
Theorem 3.3. The system of equations

ar+by=c

de+ey=f
has a unique solution iff the determinant of the coefficient matriz is not zero, in which case
the solution is given by

~ O

IS
o S| o
QU Q| &S
D |- O

SH

3.3. Exercises. 1. Find the equation of the line passing through the points A(12,3),
B(4,11).

2. Find the equation of the line passing through the points A(111,23), B(111,234).
3. Find the intersection of the two lines 23x + 64y = 12, 12z — 23y = 10.

4. Find the equation of the line parallel to the line 13x — 65y = 45 and passing through
A(5,1).
5. Verify that the diagonals of a parallelogram bisect each other by finding the equations

of the diagonals in a coordinate system having one vertex as origin and the two adjacent
vertices as unit points.

6. Use Cramer’s rule to find parametric equations for the line of intersection of the planes
122 — 13y + 72 = 1, 10z 4+ 11y — 5z = 2. (Hint: Bring the terms involving z to the right of
the equality sign and solve for z,y.)

7. Using determinates, solve the following system of linear equations

122 -13y+72 = 1
10z + 11y — 52z = 2
183z 4+ 7y —11z = 3

8. Let A(x1,y1), B(x2,y2) be distinct points and let P # A be point on the line L joining
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A, B. If ax 4+ by + ¢ = 0 is the equation of any line which is not parallel to L and passes
through P, show that o

BP axre + bys + ¢

AP axi+by +¢
9. Let A, B,C be distinct points on a line L and let A’, B’,C’ be distinct points on a line

L' which does not meet L in any of the above points. If the line joining C' and B’ meets the
line joining C” and B in a point P, the line joining B and A’ meets the line joining A and
B’ in a point @ and the line joining A and C’ meets the line joining C and A’ in a point R,
show that P,Q, R are collinear.

3.4. Normal Equations of Planes. In a pevious section we have shown that, in a given
coordinate system, the points P whose coordinates z,y, z satisfy the equation

ar+by+cz=d

form a plane. Such an equation is called a normal equation for the plane. The following
result shows the the converse is true.

Theorem 3.4. Any plane has a normal equation.

Proof. Let x = a+a1s+ast, y = b+b1s+bot, z = c+c15+cat be parametric equations
for a plane II. If

by
hoalze
we can, using Cramer’s rule, solve the system
a1s+at = x—a
bis+byt = Yy — b
for s,t in terms of x,y. This gives
T—a ag
. - y—>b by :bg(x—a)—ag(y—b)
ap ag a1by — azby
bi e
a1 r—a
. by y—b :al(y—b)—bl(x—a)
ay a2 Cl1b2 — a2b1 '
br  bo

Substituting this in z — ¢ = ¢15 + cot and simplifying, we get
((llbg — agbl)(z — C) = (Clbg — Cle)(Z — (I) + ((11C2 — CLQCl)(y — b),
from which we obtain
ni(z—a)+n2(y—>0)+ns(z—c)=0

with
a1 b1
az by

by

Ng = —
b2 Co ) 2

) ng =

711:‘

Since the above equation is the equation of a plane containing II, it must be a normal
equation for II.
If
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we can solve the system

bis+bt = y—>
ci1s+ct = z—c
for s,t in terms of y, z to get
y—>b by
s - Lzmc @ ey —b) —ba(z—¢)
N bl b2 B blcg—bgcl
C1 Co
= by y—0 b bo :bl(z—c)—cl(y—b)
c1 z—c ||l e e bica — bacy ’

Substituting this in © — a = a1s + ast and simplifying, we get
(bica — bacy)(x — a) = (a1c2 — azer)(y — b) + (a2by — arbe)(z — ¢),
from which we obtain
ni(z—a)+n2(y—>0)+ns3(z—c)=0
with ni,n9,ng as above. If ny # 0, we leave it to the reader to show that, solving

a1s+at = xT—a

c1s+ct = z—c

for s,t in terms of x, z and substituting this in y — a = by s + bot, we get the same equation
for II after symplifying.

The proof will be finished if we can show that one of ny,ns, ngz is not zero. This is done
in the following Lemma.

Lemma 3.1. If the scalars ay,by,c1 are not all zero, then (ag, b, c2) is a scalar multiple of
(a1,b1,c1) iff

b1 bo
1 C2

ayp az
b1 bo

ayp az
1 C2

Proof. If (ag,ba,c2) = k(a1,b1,c1), then each of the determinants is zero. Conversely,
suppose that each of the determinants is zero. If a; # 0, we have (as,b2) = k1(a1,b1) and
(GQ,CQ) = k’g(al,CQ). But then kl = ag/al = kig and so (CLQ,bQ,Cg) = k‘l(al,bl,cl). If bl 75 0
we have (az,bz) = kg(a1,b1) and (bg,CQ) = k‘3(b1,01) which giVGS ]{12 = b2/b1 = ki3. If C1 75 0
we have (a2702) = kg(al, Cl) and (bQ,CQ) = kg(bl, Cl) which giVGS kQ = 62/61 = k3. Q.E.D.

Problem 3.8. Find a normal equation for the plane x = 14+2t+3s,y = 2—4t+s,z = 1—t+s.
Solutiuon. Using Cramer’s Rule, we solve

204+3s = x—1
—Adt+s = y—2
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to get

z—1 3

t y—2 f 3y + 514

= 5 3 = fracx — 3y ;

-4 1
2 -1
-4 y-2 4+ 2y —8

s = =

2 3 14

-4 1

Substituting this in z = 1 — ¢ — s and simplifying, we get bz — y + 152 = 5 as a normal
equation for the given plane.

Our next result shows that a plane has, up to a scalar multiple, only one normal equation.
Theorem 3.5. Let Iy, Iy be planes with normal equations a1x + by + c1z = di and
asx + bay + coz = do respectively. Then 11y = Iy iff (ag,bs,ca,d2) = k(ay,b1,c1,dr) for
some scalar k. The two planes are parallel iff (a1,b1,¢1) and (ag,ba, ca) are proportional.

Proof. If (as2,bs,c2,ds) = k(ay,b1,c1,dy) for some scalar k, the equation for Il is a
multiple of the equation for II; and so II; = II,. Now suppose that

(a2,bz,62,d2) 7’5 k(ahbl,cl,dl)

for any scalar k. We have to show that IT; # Il.

Suppose that (ag, ba, c2) = k(ay, b1, c1) for some scalar k. This implies that do # kdy. If
the two planes had a point P(z,y, z) in common, we could multiply the first equation by k
and subtract it from the second to get dy — kd; = 0, contradicting do # kd;. So the planes
do not meet and hence are distinct and parallel.

If (as, ba, c2) is not a scalar multiple of (a1,b1,¢1), then one of the determinants

bi bo
C1 C2

ap by
az by

by
by e

ayp a2
by b2

ap €
a2 C2

ayp a2
1 C2

)

is not zero. If the first one is not zero then, using Cramer’s Rule, we can solve the system
amxr+by = di—c1z
asx + by = do—coz

for any z to get

' dl —C1z bl

dy —caz by d1by — doby c1by — coby

T ap by B a1by — asby B arby — aghy
az by
aq d1 —C1zZ
. ' a9 d2 — C2% ' B a2d2 — a2d1 a1C2 — a2C1
Y- a; by B a1by — azby - arby —ashy
az by

Setting z = t, we get the parametric equations of a line which shows that II; and II; meet in
a line and hence that I1; # IIs. We get the same result if either of the other two determinants
is not zero. Q.E.D.
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Problem 3.9. Show that the planes 2x — 5y — 3z = 5 and —6x + 15y + 9z = 10 are distinct
and parallel.

Solution. It suffices to show that the given planes have no point in common. If they
did then, adding 3 times the equation for the first plane to the second, we would get 0 = 25
which is impossible. Hence the two planes do not meet and so are distinct and parallel.

Problem 3.10. Find the line of intersection of the planes 2o —3y+5z = 2, 6o —9y+7z = 4.

Solution. Using Cramer’s Rule, we solve
2r+52z = 3y+2
6r+7z = 9y+4
to get = (12y + 3)/8, z = 1/4. Setting y = t, we obtain
r=3/8+3t/4, y=t, z=1/4
as parametric equations for the line of intersection.
The numerical vector

(n17n27n3) = (b1C2 —baey, azc; — aica, arby — 6l2b1)

is called the vector product of the numerical vectors w = (ay,b1,¢1), ¥ = (ag,ba, o) and

is denoted by @ x @'. If we define the dot (or scalar) product of @ and ¥ to be the
scalar
U= aras + b1by + c1c9,
the proof of Theorem 3.4 shows that the normal equation of a plane having non-parallel
direction vectors u, ¥ and passing through A(a,b,c) is
U XV (x—a,y—bz—c)=0.
This also shows that, the vector w is a linear combination of the non-collinear vectors u
and v iff
ux v -w =0.
The scalar @ x o - W is called the triple scalar product of @, v, w. If vectors @, v, w
are coordinate vectors of three geometrical vectors, these geometrical vectors are coplanar
iff W x ¥ -w = 0. The triple (u, ¥, w) is said to be positively oriented if u x v -w > 0.
Problem 3.11. Show that the points
A(1,2,3), B(2,-1,-2), C(2,1,-1)

are not collinear and find a normal equation for the plane I1 passing through them.

Solution. We first find the direction vectors [A—B>] = (1,-3,-5), [A—C)'] = (1,-1,-4).
Since (1,-3,-5) x (1,—1,—-4) = (7,—1,3) # 0, the given points are not collinear and the
equation of IT is

(7,-1,3) - (z — 1,y — 2,2 — 3) = 0.
This simplifies to 7 —y+3z—14=0or 7Tx —y + 3z = 14.

The vector and scalar products have the following properties:

(

) T T =T

(3) (aW +b7) W =aW -w+bv - W;
e Iy T S~ e T S

4 Uxu=0,uxv=-0xu,

(5) (aUW +bV)x W=auw x W +bV x W,;



30

— = = == = = = —
6) U XV - Ww=uwXxu -v=0XxW-u;
(7) If ’U—f = CL17 + GQ? + agﬁ), U—2> = blﬁ + bQW + bg'L—U), then

ﬁ X @ = (albg — bgal)ﬂ) XU + (a1b3 — Clg,bl)ﬂ> X W + (azbg — a3b2)7 X W.

The proofs of these properties are left as exercises.
There is a very pretty application of this to the theory of linear equations. Consider the
system of three equations in three variables x,y, z

amzr+by+cz = di
asx +boy +coz = do
asr + b3y +c3z = do

If we let ﬂ)l = (al,ag,a3), 72 = (bl,bQ,bg), 73 = (61762763) and 7 = (dl,dg,dg), then
the above system is equivalent to the single vector equation

xui + yus + 2u3 = U
If Wy x Uq- w3z # 0, this equation has a unique solution (z,v, 2), namely, the coordinate
vector of the point D(dy, da, d3) with respect to the coordinate system with origin O(0, 0, 0)
and unit points
A(al, as, ag), B(bl, bQ, bg), C(Cl, Co, Cg).
Taking the vector product of both sides with s, we get
— — — — — =
TUT X Ug+2U3 X Ug= UV X U2.
Taking the dot product of both sides of this equation with '3, we get
— — = eV
(W1 X UWa - Us3) =70 X Wa- U3
since W3 X Wo- Uo = Ua X Us- ws = 0. Similarly, taking the vector product with @ and
then the dot product with '3, one gets
— - — — = =
Yy(Wa X Wy -Us) =70 X U1~ Us,
and, taking the vector product with %, and then the dot product with 5 we get

— - = — = =
2(W3 X U1 -Ue)=0 X Uy- Us.

Hence, if w1 X uo - U3 # 0, the system has the unique solution
- = = — - — — - =
VX Ug- U3 U1 X UV U3 U1 X Ug- vV
T= =" —H Y= = e = = -
Uy X U2 U3 U1 X U2 U3 U1 X U2 U3

On the other hand Wy x Wy - W3 = 0 iff either (i) @y = (0,0,0), (ii) wo is a multiple of
'y or (iii) W3 is a linear combination of @ and us. One of the conditions (i), (ii), (iii)
hold iff we can find z y1, 21 not all zero with
x1u] + Y1z + z1u3 = (0,0,0).
Such a relation is called a dependence relation for the vectors w1, @o, ws. If we multiply
this relation by ¢ and then add it to the original vector equation, we get
(LE + txl)ﬂ)l -+ (y + tyl)ﬂ)g + (Z + tZl)E);g = ?,
which shows that the given system of equations either has no solution or an infinite number
1f71 xﬂ>2~ﬂ>3:0.
This leads us to define the determinant of the 3 x 3 matrix
ap b
A= a9 b2 Co
as by c3
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to be the number

ay bl C1
det(A) = as b2 C2 = (al,bl,cl) X (a27b2702) . (a3763763).
as b3 C3

If A =det(A) and A; = det(A4;), where A; is the matrix obtained form A be replacing the
i—th column of A by the column of constants dy, ds, ds, the above yields Cramer’s Rule

for the above system of equations: the system has a unique solution iff A # 0 in which case
the solution is © = A1 /A, y = Ay/A, z = Az /A.

The following result gives another interpretation of the determinant, nemely, as the ratio
of two triple scalar products.

—
V3 =

— — — — — — — —
Theorem 3.6. If v = a1 u1 +asus +azus, ve = byuy +byus + b3us,
— — —
iU+ cous+c3us, and
ay az as
A= 1| b by b3 |,
C1 (6] C3
— — = — - =
we have V1 X Vg Vg =det(A) w1 X Wa- Us.
Proof. We have
— — — — — — — —
'01X7)2:((11[)27172&1)711)(UQ+(a1b37(13b1)’UJ1XU3+((121737€L3b2)UQ>< u 3,

- — = .
and so U1 X w9 - u 3 is equal to

— — — — — = — — =
(a1b37a3b1)03ul>< UQ'U3++(CL2b37a3b1)CQ’UJ1XU3'UQ+(CLQb37a3b2)ClU2X Usz- U1
. — - — . —_— = — . . .
since ¥ X v - w = 0 if any two the vectors u, v, W are equal. This yields the result since
— — = — — =
Uo X UWg- U1 = U1 X Usg- Usg and
— — = — — = — — =
U1 X U3 U2 = U2 X UL U3Z=—U1 X U US3.
Q.E.D.
3.5. Exercises. 1. If Wy = (1,2,-1), v = (2,4,3), w = (3,4, 1), find
(a): W x 0, (U x0)-w
(b): (U x V) x W, x (v xw),

2. Find the normal equation of the plane passing through the points A(1,2,3), B(2,4,1),
C(5,1,2).

3. Find the equation of the plane containing the line
r=1+4+3t,y=7—6t,z=2+3t
and not meeting the line
r=1042t,y =23+ Tt,z = 39 — t.

4. Let a1z + by + c1z2 + dy =0, asx + by + coz + do = 0 be distinct planes which meet in
a line L. Show that any plane containing L has an equation of the form

alarx + by +c1z+dy) +blagx + boy + coz+da) =0
for suitable a, b.

5. Find the plane passing through the point (1,1, —1) and the line of intersection of the two
planes 12z + 23y + 16z = 12, 11z 4+ 10y — 13z = 11.
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6. Show that
ay; a2 as b
1 b3 az ag az ag
by by b3 | =a —b +c1 .
C2 €3 C2 3 C2 €3
C1 C2 C3

7. Show that |7 x |2+ |w - V> = [W|*| V|2

4. CHANGE OF PLANE COORDINATES

Using the arithmetic of vectors, we can easily describe what happens when we change
our coordinate system. For simplicity, we start with plane cooordinates.
Let IT be a plane, let (O, 1,J) be a frame for II with associated coordinate system x, y.
—

- —_—> =
If i = OI, j = OJ are the position vectors of the unit points of the first frame and P is a
point of II, the coordinate vector of P is (z,y) iff

P =xi+yj.
The points
O/(aab)v I/(alabl)a J/(a27b2)

— —_—
of IT form a frame for IT iff O’, I’, J’ are not collinear or, equivalently, if i/ = O’I’ is not a
— —
scalar multiple of j/ = O’J’. Since

N .

— - —
i = (a1 —a)i+ (b —b)j, j = (a2 —a)i+ (b2 —b)j,
this will be true precisely when

ai—a az—>b
as —a bgfb 750

Let (2',y’) be the coordinate vector of P with respect to the second frame. Then
—_— — —
O/ — :L./ Z'/ + y/ j/ .
We now use the fact that
N _— —
or = 00'+0'P
—_— — —
— OOI +x/ Z‘/ +y/j/
(a7 +87) + 2/ (a1 — a)F + (b — D) + ¥/ (02 — @) + (b5 — b))
= (a+ (a1 —a)2’+ (a2 —a)y)i+ (b + (b — b)a’ + (b — b)y')]

and take coordinates with respect to the first frame to get
r = a+ (a1 —a)z’ + (a2 —a)y,
y = b+ (b — b)dfl + (by — b)y/

As a check, note that setting (z’,y’) respectively equal to (0,0), (1,0), (0,1) gives the
coordintates of the points O’, I’, J'. To get the coordinate vector of P with respect to the
second frame we solve the equations

(a1 —a)r’ + (az —a)y = z—a,
(by —b)z' + (ba — b)Yy = y—b.

!/ /3
for 2’,y’ in terms of x,y.
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Problem 4.1. Show that the points
O'(1,-1),I'(2,1),J'(3, -2)

form a frame and find the coordinate vector of the point P(3,—4) with respect to this frame.

Solution. Since
1 2

2 | =070

the given points form a frame. The equations giving the change of coordinates are
x = 1+2' +2y,
y = —1+22"—4y.

Solving for 2/, %’ in terms of x,y, we get

= x/5+2y/5+1/5,

= 2z2/5—y/5—3/5.

Setting © = 3,y = —4 we get ' = —4/5,y' = 7/5. So (—4/5,7/5) is the coordinate vector
of P(3,—4) with respect to the second frame.

z
’
Y

The system of equations

r = a+ox +ay,
y = b+ pia’ + Bay,

defines a change of plane coordinates iff (aq, 1) is not a scalar multiple of s, 32) or,
equivalently, iff the matrix

I A S TN €)
P_[ﬁ1 B2 }

has a non-zero determinant. The origin of the new coordinate system is O’(a,b) with
I'(a+ a1,b+ (1) the unit point on the z’-axis and J'(a 4+ aq,b + (B2) the unit point on the
y’-axis. The matrix P is called the transition matrix from the xy-coordinate system to
the z’y’-coordinate system. The z’y’-coordinate system is said to be positively oriented
relative to the xzy-coordinate system if det(P) > 0.

We have
’ﬁ Oélz—f— ﬁlja
7= agi+ ]
The matrix
Pt — a1 51
[ az P2

is the transpose of the matrix P. By definition, the transpose of an m X n matrix C is the
n x m matrix A* whose entry in the i-th row j-th column is the entry in the j—th row i-th
column of A. Note that det(P) = det(P?").

Example. Since (—1,1) is not a scalar multiple of (2,1), the equations

x = 1+-—2'+2¢,
= 142"+,
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are the equations for the change of x,y coordinates to a coordinate system z’, 3" with origin
0O'(1,1) and unit point I’(0,2) on the z’-axis and unit point J'(3,2) on the y'-axis. The
transition matrix is

-1 2
=[]
and its transpose is the matrix
-1 1
t
P = { = } _
We have
— — —
i = —i+7,
— — —
i o= 24y
The parametric equations of the z’ and 7’-axes are respectively x = 1 —t,y = 1 + t,

x =14+ 2t,y = 1+ t. The normal form of these equations are respectively = + y = 2,
r—2y=—1.

Suppose now that we make two changes of coordinates
r =o'+ oy ' =adx" + aby”
y =’ + By Yy =pa" + By
where, for simplicity, we have assumed that the origin does not change. To find the change
of coordinates from the z, y-coordinate system to the z’'y"-coordinate system, we substitute
the expressions for z’, 3" given by the second set of equations into the first set to get
T :al(allxll+a/2yll)+a2(/61x//+ﬂéy//)
y = pi(agz” +azy”) + B2(Bia” + Bay”)
which, on simplification, becomes
z = (o) +af)z” + (anah + azf)y”
y = (Bray + B281)x" + (Bras + B2f35)y".

| PR I e
P‘[ﬂl ﬂz] P‘{ﬁi 55}’

are respectively the transition matrices from the zy-coordinate system to the z'y’-coordinate
system and from the z’y’-coordinate system to the z''y”-coordinate system, then the tran-

sition matrix from the xy-coordinate system to the z”'y” coordinate system is the matrix

pr_ | @1+ axfi arah + azf
Bioy + BBy Praz + Befy |

This matrix is called the product of P and P’ and is denoted by PP’. If we define

If

a / /

[a b] y | =aa + bb',
then the ¢, j-th entry of PP’ is equal to the i-th row of P times the j-th column of P’. This
allows one to define the product of an m x 2 matrix B and a 2 X n matrix C to be the m x n
matrix whos i, j-th entry is the product of the i-th row of B and the j-th column of C. For

example, we have
a b z | | ax+by
c d y | | ce+dy |°
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With these definitions, the equations giving the change of coordinates can be written in the
form
X — P)(/7 X/ — P/X//

’ "
=) -] -]
Y Y Y

X =PX'=P(P'X")=(PP)X"
which yields the associative law for multiplication of 2 x 2 matrices. Indeed, it suffices to
note that, for 2 x 2 matrices A, B, C, the i-column of AB is A times the i-column of B and
hence that, if C; is the i-th column of C, the i-column of A(BC) is A(BC;) since the i-th
column of BC is BC;. But, by the above, A(BC;) = (AB)C; which is the i-th column of
(AB)C.

Example. If

with

We then have

x =22+ 3y ' =bz" -3y’
y = 5 — 7y/ y/ = 42" + 3y//’
we have
xz = 222" + 3y
y = —3z' — 36y’
since

2 30 ][ et SUO 115 .

To get the transition matrix from the z’y’-coordinate system to the zy-coordinate system,
we solve the equations

onx +ay = =z
pra’ + B2y =
for 2, 3/, using Cramer’s Rule, to get
= (Be/A)r —(a2/A)y,

v = (=P1/D)z+ (ar/A)y,
where A = det(P). Hence X’ = QX with

Q[ Ba/ A —ag/A]l[ By _aQ/}

—Bi/A  ai/A Al =B o
Since X = PX' = (PQ)X, X' = QX = (QP)X’, we must have PQ = QP = I where
1 0
Lo

The 2 x 2 matrix [ is called the identity matrix. The matrix @ is called the inverse
of P and is denoted by P~! The reader should verify directly that PP~t = P~1P = I,
det(P~1!) = (det P)~! and (P~1)~! = P.

Example. If 2/,7 is the coordinate system associated to the frame
(O(O’ 0)’ I/(27 1)a J/<_17 3))7

we have
=2i+4+ z =2 —y
= —i+37 y =2’ +3y.

L=l



36

The transition matrix and its inverse are

=[] e )

which shows that

o =3¢/Ty+y/T 7 :(3/7)Z> (1/7)2
Yy o=—x/T+2y/7 i o=/l + @0

Thus, in the z’y’-coordinate system, the coordinates of I and .J are respectively

(3/7,-1/7), (1/7,2/7).
Note that det(P) = 7 while det(P~!) = 1/7.

If we define the sum of two 1 x 2 matrices by

el )]

the general change of coordinates formula can be written X = A+ PX’, where A = [a, b]'.
Solving for X', we get PX’ = X — A. We leave it as an exercise for the reader to show
that the 1 x 2 matrices form a vector space under the above operation of addition and the
operation of multiplication by scalars defined by c[a, b]' = [ca, cb]'. Multiplying both sides
by P71, we get
X' =P YX-A) =P 'X-PA
since, as the reader will easily verify,
P(A+ B)=PA+ PB, P(cA)=cPA

for any m matrix P, any 2 X n matrices A, B and any scalar c. If we make a second change
of coordinates X' = A’ + P’ X", we have

X=A+PX' =A+PA +PX")=A+ (PA +P(P'X")=(A+ PA)+ (PP)X".
In a change of coordinates X = A + PX’, the transition matrix P is the identity matrix iff

x = a+2a,
y = b4y,
in which case the frame (O’,I’, J’) is obtained from the frame (O, I, J) by translation by
- -
the vector ai + b] Note that, in this case, i= 1 , = ]
Example. If the equations giving the change of coordinates is are x = 2+, y = =3+’ or,
equivalently, 2’ = x — 2, y = x + 3, the new origin is O’(2,—3), the point with 2’ =3’ = 0.
The z’-axis, having equation 4 = 0, is the line y = —3, and the y’—axis, having equation

2’ = 0, is the line z = 2. The unit point on the z’—axis, the point with 2’ = 1,9’ = 0, is
the point I'(3,—3), and the unit point on the y’—axis, the point with 2’ = 0,3’ = 1 is the
point J'(2, —2).

In the general case we have X = A + PX’, so that PX’ = X — A. Multiplying both
sides by P~! we obtain

X =P ' (X-A)=P'X-P'A

which shows that the transition matrix from the z’y’-coordinate system is again the inverse
of the transition matrix from the z, y-coordinate system to the x’y’-coordinate system.

Problem 4.2. Find a coordinate system x',y" where the x'-axis is the line 2z —y+1 =10
and the y'-azis is the line v + 3y — 3 = 0.
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Solution. Let 2’ = x + 3y — 3, ¥/ = 2x — y + 1 which is equivalent to the equation

HREEIHE R

If we multiply both sides of this equation by

Bl
we get

1/7  3/7 | |z n /7 3)7 -3 |= n 0
2/7 —=1/7 v ||y 2/7 —=1/7 11 |y -1 |
This gives
x =a'/T+3y /7
y =22'/T—y'/7T+1
and shows that z’,y’ is the coordinate system associated to the frame
0'(0,1), I'(1/7,9/7), J'(3/7,6/7).
The z’-axis is the line 3’ = 0, i.e., 2z —y + 1 = 0, and the y’-axis is the line ' = 0, i.e.,
r+3y—3=0.
Problem 4.3. Find the equation of a curve in terms of coordinates x,y of a variable point
P on it if its equation in terms of the coordinates of P with respect to the frame

0'(1,2), I'(2,4), J'(2,1)

s 'y’ = 1. Also find the equations of the asymptotes.

Solution. The equation z'y’ = 1 is the equation of a hyperbola with asymptotes the
2" and y'-axes. We have x = 1+ 2’ + ¢/, y = 2+ 22’ — y/. Solving for 2/, 3y, we get 2’ =
(x+y—3)/3,y = (2x—y)/3 and so the equation z’y’ = 1 becomes (x+y—3)(2x—y)/9 =1,
which simplifies to

222 +xy —y? — 62+ 3y = 9.

The equations of the asymptotes are x +y — 3 =0, 2z —y = 0.

In the next problem we use the technique known as completion of squares to simplify
a quadratic equation in two variables. It is based on the simple identity

az? + bz + ¢ = a(z + b/2a)* + ¢ — b*/4a.
This technique will be used in the next section to classify the plane sections of a cone.

Problem 4.4. Sketch the curve 222 +xy —y%> —6x +3y — 9 = 0.

Solution. This is the reverse of the preceeding problem. To simplify the given equation,
we write it as a polynomial in x, namely,

20+ (y—6)z —y* +3y—9=0
and complete the square in z (with a =2, b=y —6, c = —y? + 3y — 9) to get
2w +y/4—3/2)" = (y—6)°/8—y* +3y—9=0,
which simplifies to
2z +y/4—3/2)% — 9% /8 +9y/2 — 27/2 =0
and hence to

2z +y/4 —3/2)% — %(y -2)2=9
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since —9y?/8 4+ 9y/2 — 27/2 = —9(y — 2)?/8 — 9 on completion of the square in y. Dividing
by 9 we get

g(as +y/4—3/2)% - 1(y —2)2=1.

9 8
Setting 2’ = v2(x +y/4 —3/2)/3, y' = (y — 2)/2V/2, the equation becomes z'? — y2 = 1
which, on setting 2/ = 2’ — ¢/, ¥ = 2’ + ¢/, becomes z"'y” = 1. We have
2
2’ = %(23: —y)
V2
y' = ?(o:er—?))

If we solve for z,y in terms of 2", y", we get
r = 14+ \/51‘// + \/ﬁy////2
y = 9 _ \[2&3” + \/53/117

which shows that z”,y” is the coordinate system associated to the frame
OH(]-» 2)7 IH(]- + \/i 2- \/i)a JN(]- + \/§/2a 2+ \/5)

In this coordinate system the equation of the given curve is x”y” = 1 which shows that
the given curve is a hyperbola with asymptotes the lines " = 0 and y” = 0, i.e., the lines
2c—y=0and x+y—3=0.

4.1. Exercises. 1. Show that the points
O'(-2,1), I'(3,5), J'(5,3)

form a frame and find the coordinate vector of the point P(—3,4) with respect to this frame.
Find the equations giving the change of coordinates and write them in matrix form. What
is the transition matrix from the old system to the new one?

2. Let z,y be a coordinate system in a plane and let 2’ = 2x + 3y + 4, v = 3x + 5y — 3.
Show that (z/,y’) is a coordinate system. Assuming x,y is rectangular, plot the coordinate
axes for this coordinate system. What is the associated frame?

3. If x,y is a given coordinate system in a plane and ax + by +c=0, dx + ey + cz = 0 are
non-parallel lines, show that there is a coordinate system such that the coordinate vector of
a point P(z,y) in the new coordinate system is

(2',y) = (ax + by + ¢, dx + ey + y).
Find the coordinates of the origin and unit points of this new system. What are the equations
of the new coordinate axes?

4. Find the inverses of the following matrices
3 11 12 11 13 —-21
-2 6|’ 12 -16 |’ 21 —11 |°
5. Verify that both
x =Tx' -3y ' =9z" + 6y”

y — Gx/ _ 2y/ y/ — 5‘,13,// + 4y//
are equations for a change of coordinates and find the equations for the change of coordinates
from the zy-coordinate system to the z''y”-coordinate system and from the z''y"-coordinate

system to the xy-coordinate system. Do this by direct substitution and an by the use of
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matrices. Find the determinant of each transition matrix. Which of the coordinate systems
are positively oriented with respect to the xy-coordinate system?

6. Repeat exercise 5 with the equations
z =243z + 5y ' =64 92" — 6y”
y =-1+72"+4y y  =—1-2x"+2y"
7. Find 2 x 2 matrices P, Q with PQ # QP.
8. If P,Q are 2 x 2 matrices, prove that det(PQ) = det(P) det(Q).
9. If P,Q are 2 x 2 matrices with PQ = I or QP=I, show that det(P) # 0 and Q = P~

10. If the 2 x 2 matrices A, B have inverses, show that AB has an inverse and that (AB)~! =
B71A-L

11. Compute
3 -2
4 6 2 -7 5 i _2 2 -7 50
-7 8 3 6 -3 |’ 7 3 3 6 -3 9
5 6
12. If
Ty =2r+3s
l’; :—47"4—58 r :3y1+2y2_793+5y4
vy =3 =2y1 +4y2 + 3ys — 2ys
show that
T1 = a1y1 + a2y + asys + a4ys
T2 = biy1 + bay2 + b3yz + bays
x3 = c1y1 + bays + c3yz + bays
where
a1 Qa2 as aq 2 3 3 9 _7 5
by by bz by | =] —4 5
2 4 3 -2
C1 C2 C3 C4 3 0
13. If
1 =air+bir
To = agry+ bare T o=y 4 cays + .. Cnln
: ro =diy1 +day2 + ... dp¥yn,
T = AmT1 + byro
show that
r1  =a11y1 +a2y2 + ... 01nYn
Ty = aG21Y1 + G22Y2 + ... a22nY,
Tm ami1Y1 + am2Y2 +... AmnYn
where
ai; Qa2 Qin a; b
az1 Q22 Qazn az b c1 Gy Cn
: o : : di dy dn,
am1 Am?2 Amn Am bm

14. Show that (AB)! = B'A' if Ais m x 2 and B is 2 x n.



40
15. Show that

([ y][z H)[w]:[z/ y’]([z H)[gx@/]):m/+bxy'+cyx'+dyy'.

16. Sketch the curve whose equation in rectangular coordinates is
4522 4+ 14xy + 10y* + 62 + 8y = 3.
Use completion of squares.
17. Sketch the curve whose equation in rectangular coordinates is
42 + 122y + 9y* + 3z + 4y = 0.

Use completion of squares.

5. CHANGE OF COORDINATES IN SPACE

Let (O,I,J, K) be coordinate frame with associated coordinate system z,y,z and let
i 5, k be the position vectors of the unit points I, J, K with respect to the origin O. Let

Ol(a7buc)7 I/(a17b17cl)7 Jl(a27b2702)7 Kl(a37b3763)~
be a second frame and let
SN . . .
= O'T' = (a1 —a)i+ (by —b)j + (c1 — 0)k,
_ ~ ~ .
O'J = (ag — a)i + (by — b)j + (c2 — ¢)k,

-

— . -
= O'K'=(az3—a)i+ (bs—b)j+ (c3 — c)k.

==l
I

If P is a point with coodinates (z,y,z) with respect to the first frame and coordinates
(2',y,z") with respect to the second frame, we have

— —_—  ——
OP = 00 +0'P,

— — — —

_ OO’—l—(x’i/—i—y/j'—f—z’k/).

Taking coordinate vectors with respect to the first frame, we get

r = a+ (a1 —a)r’ + (aza —a)y’ + (a3 —a)2’,
= b+ (by —b)x’ + (ba — b)Yy + (bs — b)2’,
z = c+(c1—e)a' +(cg—c)y + (c3—c)2.

To get the coordinate vector of P with respect to the second frame we have to solve this
linear system of equations for z’,y’,2’. This we can do by Gauss-Jordan elimination or by
Cramer’s Rule. Notice that, setting (2/,y’, 2’) equal to (0,0,0), (1,0,0), (0,1,0), (0,0,1),
we get respectively the coordinate vectors of O’, I’, J', K’ with respect to the first frame.
A given system of equations

r = a+or + oy +as?,
= b+ pi’ + Bay’ + B,
z = c+mz + 7y +37,

are the equations for a change of coordinates iff the vectors

7 = (al’/[;l?vl)’ ? = (a17ﬂ1,’yl)) w - (alvﬂlalyl)a
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represent non-coplanar vectors. A neccessary and sufficient condition for this is that none
of the vectors @, ¥, W be a linear combination of the other two or, equivalently, that

AU +bT +cW =0=a=b=c=0.
Such a sequence of vectors is said to be linearly independent. A necessary and sufficient
condition for this is that @ x ¥ - W # 0 or, what is the same thing, that the matrix

ap Q2 O3

P=1 01 B2 B3
772 8
have a non-zero determinant. The matrix P is called the transition matriz from the z,y, z

coordinate system to the z’,4’, 2’ coordinate system. The second frame is said to be posi-
tively oriented with respect to the first if det(P) > 0. We have

— - N —
i" = ari+ Bij+mk
Y - - -
J = ooi+ B+ ek
o - - —
K = agi+ B35+ sk

The matrix of coefficients of the vectors Z,;, k is

ar fiom
az P2 72
as fs 73
which is the transpose of P.
Example. Since
2 -1 2
1 2 —1|=114£0,
1 1 2
the equations
x = 1422 —y +27
—1+2" +2y -7
z = 242 +y +27

give a change of coordinates from the x,y, z2-coordinate system to a coordinate system
2',y’, 2" in which the origin is O’(1,—1,2) and the unit points on the z’,y’, 2’-axes are
respectively

I'(3,0,3), J'(0,1,3), K'(3,-2,4).

The transition matrix is the matrix

and we have

=]l
([
LY
S.l —"_
+ 2
S+
+ =
o)
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Suppose now we make two successive changes of coordinates

z =12’ + oy + az? ' =2 + ahy’ + of2"”

y =iz’ + Boy + B2 y =012 + By + B2

2 =ma' + ey +d 2 = vy + s
where again, for simplicity, we assume that the origin does not change. To obtain the
change of coordinates from the zyz-coordinate system to the z”’y” z"-coordinate system, we
substitute the expressions for z’,1/’, 2’ from the seconds set of equations into the first set to

get

— al(allxll + a/QyI/ + a/BZ//) +062(/811'/, _’_Béyll +/6ézl/) +Ol3(’)/i$// _’_,_)/éy// _|_,7:/szl/)
y = fi(aja” + aby’ + as2") + Ba(Bia” + Boy” + B52") + Bs(vix” + vy 4+ v52")
z =m(ajr” + ahy’ + as2") + v (Bia” + By + B52") + vs(Via" 4+ vy + v42")

which, on simplification, becomes

8

r = (o] +af] + azyy)ar” + (arah + aefh + azyg)y” + (aras + aefh + azys)z”
y = (b1 + B2f] + Bsvy)x" + (Brah + G235 + Baya)y" + (Bras + G235 + Bayz)2”
z = (mah + 7201 +y371)r" + (riah + 2By + 372)y" + (e + 285 + 3v3) 2"

If
a1 o g of o b
P=| 5 B B P =|p By B |,
SCB I o %

are respectively the transition matrices from the zyz-coordinate system to the x'y’z’ sys-
tem and from the x’y’z’-coordinate system to the x”y”2"”-coordinate system, the transition

matrix from the zyz-coordinate system to the z”y”z”-coordinate system is the matrix

ara) +aaflazy) arah +agfy +azyy  arag + anfs +asy;
P" = | Biay + Baf 4 B3v) Brahy + By + Bayy  Pragy + ol + B34
Y104 + 928 + 371 Mah + 2B + 3y 1 + 285 + v37s
This matrix is called the product of P and P’ and is denoted by PP’. If we define

a/

[a b c] |V | =ad +b+cc,

cl

then the ¢, j-th entry of PP’ is equal to the i-th row of P times the j-th column of P’. This
allows one to define the product of an m x 3 matrix B and a 3 x n matrix C' to be the m xn
matrix whose i, j-th entry is the product of the i-th row of B and the j-th column of C.
For example, we have

a b c x ax + by + cz
d e f y | = de+ey+ fz
g h k z gxr + hy + kz

With these definitions, the equations giving the change of coordinates can be written in the
form

X — PX/’ X/ — P/XI/

with
T xl x//
o / / " "
X=1ly |, X=|vy |, X'=
z Zl Z/I

We then have
X =PX' =P(P'X")=(PP)X"
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which yields the associative law for multiplication of 3 x 3 matrices. Indeed, it suffices to
note that, for 3 x 3 matrices A, B, C, the i-column of AB is A times the i-column of B and
hence that, if C; is the i-th column of C, the i-column of A(BC) is A(BC;) since the i-th
column of BC is BC;. But, by the above, A(BC;) = (AB)C; which is the i-th column of
(AB)C.

Example. If

r =22 + 3y + 42 ' =5x" —3y" + 22"
y =5z —Ty + 32 Yy =da” 4+ 3y =72
z =31 +7Ty — 22 Z =6x"+2y" + 62"
we have
x =462" + 15y" + 72
y = 15x" — 30y’ + 772
z =31z’ + 8y — 552
2 3 4 5 =3 2
5 =7 3 4 3 -7 | =
[ 3 7 —2]|6 2 6
(2)5) + (3)(4) + (4)(6)  2)(=3)+B)B)+(H(2)  (2)(2) + (3)(=7) + (4)(6)
(5)(5) + (=7)(4) + (3)(6)  (5)(=3) + (=7)(3) + (3)(2)  (5)(2) + (=7)(=7) + (3)(6)
3)(5) + (M) + (=2)(6)  3)(=3)+(NB) + (=2)(2) (3)(2) + (7)(=7) + (—2)(6)
46 15 7
=115 =30 77
[ 31 8 —55

To get the transition matrix from the z'y’-coordinate system to the xy-coordinate system,
we solve the equations

o oy +aszd = =z
Bra’ + Boy' + B3z’ =
' +yy +y32 = 2

for 2/, 3, 2’ using Cramer’s Rule, to get

Az = (Bays — Pay2)x + (72 — aoy3)y + (2fs — asf)z,
Ay = (Bsm — Brys)z + (a1ys — asm)y + (Bras — Bzan)z,
Az = (Bivye — o)z + (aey1 — aay2)y + (a1 f2 — )z,

where A = det(P). Writing this in matrix form, we get X’ = QX with

B2 B3 | a2 a3 Qg Qa3
Y2 3 Y2 Y3 B2 B3
1 B1 B3 oy o3 o o3
Q = — _
A 13 O3 B1 B3
B 52 | a1 2 a1 Q9
| Y2 "o B B2 | ]
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This matrix is called the inverse of P and is denoted by P~!. The entry in the i-th row j-th
column of P~ is equal to (—1)"*7 /A times the determinant of the 2 x 2 matrix obtained
from P by deleting the j-th row and i-th column. Since

X =PX' =(PQ)X, X'=QX=(QP)X/,
we must have PP~! = P~'P = I, where
1 0 0
I=]10 1 0
0 0 1

The 3 x 3 matrix [ is called the identity matrix. The reader should verify directly that
pPpl=plp=1].

Example. If
x =22+ 3y + 42
y =5z — Ty + 32
z =32 +71y — 22,
we have
¥’ = —Tx/267 4 34y/267 + 372/267
Y =192/267 — 16y/267 — 142/267
z/ = 56x/267 — 5y/267 — 292/267
since
2 3 4
5 =7 3z | =267
3 7 =2
and
-7 3| |3 4 3 4]
7T =2 7T =2 -7 3
-1
;jg RN R 2 4| |24
3 7 o 2067 3.7 3 -2 5 3
5 -7 |2 3 2 3
i 3 7 3 7 5 =7 |
1 [ -7 34 37
= — 19 -16 -14
267 56 -5 —29

The general change of coordinates formula can be written X = A + PX’, where A =
[a,b, ]t and where the operations of addition and multiplication by scalars for 1 x 3 matrices
are defined by

a a’ a+a a ta
bl+| o | =] bsvr |, ¢l b ]|=]u0
c c c+c c tc

Under these operations, the 1 x 3 matrices form a vector space. Solving for X', we get
PX' = X — A. Multiplying both sides by P~!, we get

X' =P-1(X-A) =P 'x-P'A
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since, as the reader will easily verify,
P(A+ B)=PA+ PB, P(cA)=cPA

for any m x 3 matrix P, any 3 x n matrices A, B and any scalar c.
Example. The equations

x =1422"+3y + 42

y =—-2+4+52" -7y +37

z =343+ 7y — 27,
can be written X = A+ PX’ with

1 2 3 4
A=| -2 |, P=|5 -7 3z
3 3 7T =2
Since X’ =P~ 1X — P~ 1A and
1 -7 34 37
-1
5 -5 =29
we get
x' = —Tx/267 + 34y/267 + 372/267 — 172/267

y = 192/267 — 16y/267 — 142/267 — 9/267
z! =56x/267 — by/267 — 292/267 — 21

If we make a second change of coordinates X' = A’ + P’ X", we have
X=A+PX' =A+PA +P'X")=A+ (PA + P(P'X")=(A+ PA") + (PP)X".
In a change of coordinates X = A + PX’, the transition matrix P is the identity matrix iff
= a+2a
= b+y
z = c+7
in which case the frame (O',I’,J’) is obtained_f}rom th_e) frame (O, I,J) by translation by
the vector ai + bj. Note that, in this case, 1= ¢/, j = /.
Problem 5.1. Find a coordinate system x',vy', 2" where the 2’y -plane is 20 —y + 2z = 1,
the y' 2’ -plane is x + 3y + 2z = 3 and the 2’2’ -plane is x —y+ 2z +1 = 0.

Solution. Let
¥ =x+3y+z2-—3
/

Yy =z—y+z+1
2 =2r—y+2z—1

which is equivalent to the equation

T’ 1 3 1 T -3
vy =1 -1 1]|y|+] 1
z 2 -1 1 z -1
If we multiply both sides of this equation by
1 311" 0 -4 4
1 -1 1 =-|11 -1 1

2 -1 1 41y 7y
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we get
0 -4 4 x! x -2
e IR B | v =1y |+]| 172
1 7 -4 k4 z 2
This gives
r =2—y +7
y =-1/242'/4—y'/4+2'/4
z =242 /4+Ty /472

and shows that z’,y’, 2’ is the coordinate system associated to the frame
O/(Q, -1/2,2), .7’(27 —1/4,-7/4), J’(L —3/4,-1/4), K'(S, —1/4,-3).
The z’y’-plane is the plane 2’ =0, i.e., 2r —y+ 2 —1 = 0, the xz"-plane is the plane 3y’ = 0,
ie., x —y+z+1=0 and the y'2z’-plane is the plane 2’ =0, l.e., x + 3y + 2z — 3 = 0.
Theorem 5.1. If A, B are 3 x 3 matrices then det(AB) = det(A) det(B).
Proof. Let

a; az ag ay dy af

/ / /

A=|b by b3 |, B=|0b o b
¢ cy C3 I A

If Wy = (a),dy, a}), Wo = (by,bh,b}), Us=(ch,ch,ch) are the rows of B, the Corollary to
Theorem 3.6 gives
71 X 72 . 73 = det(B).

If we let
— — — —
V1 = a1u1+a2u2+a3U3
— — —
Vo = biuqi+byectus + b3
— — — —
V3 = ClU1+CU2F+C3US,

the vectors v'1, Vg, U3 are the rows of AB and so
T X Ty Ty = det(AB).
But, by Theorem 3.6,
V1 X Vo Vg=det(A)UW1 x Uo- U3
which gives the result. Q.E.D.

As a consequence, from PP~ = I we get that det(P)det(P~1) = 1 since det(/) = 1.
Hence det(P~!) = det(P)~! if det(P) # 0. It follows that, if a coordinate system 2,3/, 2’ is
positively oriented with respect to the coordinate system x,y, z, then the coordinate system
x,y, z is positively oriented with respect to the coordinate system x, y, z. If this is so and the
coordinate system z’,v’, 2’ is positively oriented relative to a coordinate system z”,vy"”, 2",
then the coordinate system x,y, z is positively oriented relative to the coordinate system
z”,y", 2", This is so because, if P, P’, P" are the respective transition matrices, P = PP’
and so

det(P") = det(P) det(P) > 0
since det(P) > 0 and det(P’) > 0. We say that two coordinate systems have the same ori-
entation if they are positively oriented relative to one another. If we choose two coordinate
systems which do not have the same orientation, then any coordinate system has the same
orientation as one of them. It follows that the coordinate systems divide into two classes,
where any two coordinate systems in the same class have the same orientation.



47

5.1. Exercises. 1. Show that the points
O/(_27 17 3)7 I/(Ba 57 2)7 Jl(57 37 4)? K/(ga 5) 7)

form a frame and find the coordinate vector of the point P(—3,4,1) with respect to this
frame. Find the equations giving the change of coordinates and write them in matrix form.
What is the transition matrix from the old coordinate system to the new one?

2. Let z,y, z be a given coordinate system and let

/

= z+2y+z2+1,
= 2x+5y—z2-—2,
= z4+y+3z+3.

/

IS S S

/

/

Find a coordinate frame so that (z’,y’,2’) is the coordinate vector of P(z,y, z) in the new

coordinate system.

—~

3. If x,y, z is a given coordinate system and
arx+by+criz+d; =0, agx +boy+caz+de =0, azz+b3y+c3z+d3 =0

are three planes which meet in a single point, show that there is coordinate system such
that the coordinate vector of P(x,y,2) in the new coordinate system is

(a1 + b1y 4+ c12 + d1, asx + boy + coz + da, azx + by + c3z + d3).

4. Find the inverses of the matrices

1 2 4 1 2 4
1 4 3|, |2 41
2 37 4 1 2
5. Verify that both
x =T =3y +7 ¥ =92" +6y" + 22"
y =6z’ —2y — 2 Y =53" + 4y’ + 2"
z — 2:1;/ _ y/ _'_22/ Z/ — :L,// +y// + Z//

are equations for a change of coordinates and find the equations for the change of coordinates
from the zy-coordinate system to the z''y”-coordinate system and from the z"'y"-coordinate
system to the xy-coordinate system. Do this by direct substitution and and by the use of
matrices. Find the determinant of each transition matrix. Which of the coordinate systems

are positively oriented with respect to the xy-coordinate system?

6. Repeat exercise 5 with the equations

o =1+72" =3y + 2 o =—1+92" +6y" + 22"
Y :2+61‘/72y'77;’ y/ :2+5x”+4y”+z”
z =3+22 —y +22 2 =2 4y + 2

7. If P is a 3 x 3 matrix, prove that det(P?) = det(P).

8. If P, @ are 3 x 3 matrices such that PQ =1 or QP = 1, show that det(P) # 0 and that
Q=p.

9. If the 3 x 3 matrices A, B have inverses, show that AB has an inverse and that (AB)~! =
B~tA~L



48

10. Compute
2 =7 5 0 3
[i_gﬂ 3 6 -3 91, [2 -3 5]]|5
1 5 5 0 7
11. If
r1 =2r+3s+4t r = 3y1 + 2ys — Tys + dyy
To = —4r +5s+t s =2y +4ys +3ys — 2y ,
T3 =3r—Ts+46t t =3y —2y2 — Sy4
show that
T1 = a1y1 + a2y2 + a3ys + a4y
To = b1yr + bays + b3yz + bays
z3 = c1y1 + bay2 + c3y3 + baya
where
ay; a2 as aq 2 3 4 3 2 =7 5
by by b3 by | =| —4 5 1 2 4 3 =2
C1 C2 C3 C4 3 =7 6 3 -2 0 -5
12. If
T1  =am +bira +eirs
To = agry + bare + cars Lo =ayt eyt Caln
ro  =diy1 +days + ... dpyn
: : r3 =e1yr + ey +...enYn,
T = amT1 +bpmTe + Cpr3
show that
T = a11y1 + a12y2 + ... QinYn
To = a21y1 + a2y + ...0a22nY,
Tm am1Y1 + Am2Y2 + ... AmnYn
where
a1 ai2 e A1n ay b1
az1 Qa2 ... Q2 az  bo cT C ... Cp
- di do ... d,
Aml Am2 - Gmn Am b

13. Show that (AB)" = B'A" if Ais m x 3 and B is 3 x n.

14. Show that

)2y 2 ]) =

= 0

a b ¢ a b
[z y z]|de f[ayZ]=[ay z](]d e
g h k g h

axx’ + bxy + cxz +dyx’ +eyy’ + fyz + gza’ + hay' 4+ k22
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6. PrRoDUCTS OF GEOMETRICAL VECTORS

In Euclidean geometry, the rulers on each line can be calibrated, so that it makes sense
to say that two line segments have the same length. The length of the geometrical vector

T = AB is defined to be the length of the line segment AB. If v = A’B’, we have
|AB| = |A’B’| and so the length of ¥ is well-defined; it is denoted by |v’|. We have

T=10 < |7|=0.
A vector of length 1 is called a unit vector. If ¢ is a scalar,
|| = |c|[V].

If ¢ = |6] # 0, the vector ¢! is a unit vector. There is also a well defined angle 6,
—_—

0 < @ <, between any two directed line segments with the same initial point. If % = AB

—
and v = AC, the angle between them is, by definition, the angle between the directed line
segments with initial point A and terminal points B and C. This is independent of the

choice of A. If # = /2, the vectors are said to be orthogonal or perpendicular.
If W, O are vectors with angle #, the law of cosines can be writen in the following form:

|u — V) =)+ |72 -2/ ||V] cos().
Thus w, © are orthogonal iff
@ - TP = [T+ TP

which is just the Pythagorean Theorem. If & and @ are orthogonal, so are u and — v,
and so

u TP =P+
If (O, 1, J, K) is a frame for a rectangular coordinate system and P is a point with coordinates
(2,y,2), and
- — o — o —
Z:OI,]: J,k:OK7
we have
_ 2 rd e 712
|OP| |zi + yg + 2k|
— o |y + 2R
22+ y? 422

since ;, j, k are mutually orthogonal of length 1 and since iis orthogonal to the vector
yj + zk. Tt follows the the length of any vector with coordinate vector (a,b,c) is

(a® 4+ b* + 02)1/2
and that of the line segment joining A(aq,b1,c1) and B(as, be, c2) is
|AB‘ = ((a1 — b1)2 + (bl — b2)2 + (61 — 02)2)1/2.

— = . .
If W, W are two vectors with coordinate vectors (z1,y1, 21), (2,y2, 22), we have

1
|7||V|cos(8) = §(|7+7\2—|7\2—|7|2)
= Z1T2 + Y1Y2 + 2122.

We are thus led to define the scalar (or dot) product of the two geometric vectors u, v to
be

w7V = |||V cos(h).
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Since this definition is independent of the choice of rectangular frame, we have, in any
rectangular coordinate system,
w0 = (Ul [V]

In particular, |v'|> = ¥ - ¥ or |v'| = Vv - v. Hence, for rectangular coordinate systems,
the dot product of the two geometric vectors is the same as the dot product of their co-
ordinate vectors. This also shows that the dot product of geometric vectors has the same
algebraic properties as the dot product of numerical vectors. More precisely, if @, v, W are
geometric vectors and a, b are scalars, we have

(1) W - W > 0 with equality iff @ = (0,0,0);

Q) 7T =7

N

(3) (a7+b7)~_)*aﬂ>~w+b7~w.

If z ] are orthogonal unlt vectors 1n a plane H then any vector « in II can be uniquely
written in the form xi + yj If 1 + ylj, Tot + yzj are two vectors in II, then

210+ Y1J - T2l + YoJ = T122 + Y1y

so that the |x€'+ yﬂ = /xo +y2. The scalar z1x9 + 4192 is also called the dot product
of the numerical vectors (z1,v1), (z2,¥2). If az + by + ¢ = 0 is the equation of a line in
IT in a rectangular coordinate system, the geometric vector with coordinate vector (a,b) is
perpendicular to (any vector on) the line since a(x — 2p) + b(y — yo) = 0 for any two points
P(z,y), A(xo,y0) on the line.

Let us apply the above to the problem of finding the perpendicular distance between a
point P and a line L. Suppose that A is a point of L and ¥ is a direction vector for L. We
are looking for a point @ on L so that

— — —
QP = AP — AQ
is orthogonal to AQ =tv'. If w = AP, this is equivalent to
(W —tv) - v =0,ori- v =tv v,

from which we get
t= = = = |U|COS(9),
v

where 6 is the angle between u and v. Thus Q = A + tv, where t is given above. The
perpendicular distance between P and L is then |PQ|. Note that

ETaT —
. | U

u v =
=[] = =|u
V']
gives a formula for the length of the orthogonal projection AQ of AP on L. The orthogonal

projection of ¥ on L is the vector

|AQ| =tv] =

=

where 7 is any unit vector parallel to L; it is independent of the choice of 7.

For example, let us use this to find the perpendicular distance between P(1,2,—1) and
the line passing through the points A(—1,4,5) and B(5,2,1), where the coordinates are
rectangular. The foot @ of the perpenicular from P to the line L has coordinates

(2,-2,-6) - (6,2, —4)

(—-1,4,5) + (6,—2,—4) - (6,2, —4)

(6,—2,—4)
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—

since [E] = (2,—-2,—6) and [AB] = (6,—2,—4). Thus @ has the coordinate vector
(23/7,18/7,15/7) and so
|PQ| =|(—16/7,—4/7,22/7)| = V108.

Another way to solve the above problem is to note that @ is the intersection of the plane
which is perpendicular to L and passing through P. A point R lies on this plane iff

—_— —
PR-AB =0.
If, in a rectangular coordinate system, R, P and AB have coordinate vectors (z,y, z),
(z1,91,21) and (a,b, c) we get
alx —x1)+ by —y1)+c(z—2z1)=0
for the equation of the plane. This equation can also be written as
ar +by+cz=d

with d = ax1 + by + cz2;1.
The plane in our example above has equation 6z — 2y — 42 = 6 and the parametric
equations of L are
r=—-146t, y=4—-2t, z=>5—4t.
The line and the plane therefore meet when
6(—14 6t) —2(4 —26) —4(5 — 4t) = 6,
which gives ¢t = 5/7 and (23/7,18/7,15/7) as the coordinates of Q.

If, in a rectangular coordinate system, we want to find the perpendicular distance of a
point Q(x1,y1,21) to a plane ax 4+ by + cz + d = 0 we use the fact that the line through @
and perpendicular to the given plane has the vector equation

(fE,y,Z) :(‘Tlaylazl)+t(aabac)/ a2+b2+62'

Here [t| = |QP)| since (a, b, c)/va? + b? + ¢? is a unit vector. Finding the intersection of the
line and plane, we get
_axy + by + ez + d|

Va2 + b2 + 2
as the perpendicular distance from @ to the plane. For example, the distance of O(0,0,0)
to the plane z +y + 2z =11is | — 1|/V3 = 1/V/3.

Now consider the problem of finding the distance between two distinct lines Ly, Lo. If
the lines are parallel, find the equation of the plane passing through some point P; of L1 and
perpendicular to L. If P, is the intersection of this plane with Ls, the required distance
is | Py Py|. If the lines are not parallel, find a vector @ which is perpendicular to both lines
and use this vector to find the equation of the plane containing L; and perpendicular to 7i.
Since Lo is parallel to this plane, the required distance is then just the distance from any
point of Lo to the plane.

|

Example. To find the distance between the non-parallel lines

r = —1+4+2¢ r = 24+t,
y = 241, y = 1-2¢,
z = 3—t, z = 241,

we use the fact that the vector

(1’ 727 1) X (27 1a 71) = (133a5)
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is the coordinate vector of a geometric vector which is perpedicular to both lines. The given
lines are parallel to any plane perpedicular to this vector. The plane

z + 3y + 5z = 20,

which passes through (—1,2,3), contains the first line and the second line is parallel to it.
The distance between the two lines is then |2 4+ 6 + 10 — 20|/+/1 + 9+ 25 = 2/5qrt35, the
distance from P(2,1,2) to the plane x + 3y + 5z = 20.

It is natural to ask if we can define, as in the case of the dot product, a vector product
i x U of geometrical vectors u, ¥ without the use of coordinates so that, in any rectangular
coordinate system,
(W x V] =[] x[V].
If we choose a rectangular coordinate system with i, 3, k as the unit vectors along the z,y
and z—axes and let

U = ayi g+ 2k), T= (w2 + 2] + 22F),
this would force us to define
7x7_[2/1 21};{901 Z1}j+{$1 y1]]§.
Yo 22 T2 22 T2 Y2
This vector product has the following algebraic properties:
— = = = — — =
(1) u =0 v ;

o
S~—
—
s
x x 2| x

(B) U x TP+ i v)?=|u?
All of these properties follow immediately from the definition of @ x ¥ except for property
5 which is left as an exercise. Since

@] = T[T cos(6),
where 6 is the angle between u and @', we obtain from property 5
W x V| =[] V] sin(0),

which is the area of the paralleogram ABCD with & = AB and v' = AC. Since ' X v-u =
0and @ x v - ¥ =0, we also see that & x ¥ is orthogonal to @ and ¥’. Thus we get, in
the case @ and ¥ are not parallel,

T x T = |77 sin(0)7,

where 70 is a unit vector perpendicular % and @. But there are two possible choices for 7’;
which one do we choose? To see which it is, we use the fact that @ x @ - 7 > 0; in other
words, (W, U, ) is positively oriented with respect to the orientation defined by the given
coordinate system. If we change our coordinate system, the coordinate description of the
vector product does not change if we choose one with the same orientation; otherwise, the
formula for the vector product in terms of coordinates must be preceeded by a minus sign.
So, our vector product is independent of which rectangular coordinate system we choose,
as long as that coordinate system has the same orientation as the the coordinate system we
started with. If we change orientation we get a different vector product, differing only in
sign from the previous one.
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If we designate one orientation of space as being positive and the other negative, then
RV .
u X v is the unique vector such that
— — — —
[w x ] = [u] x [v],
if the coordinate system is positively oriented, and
(W x V] = ~[w] x [v],
if the coordinate system is negatively oriented.
In practice, the orientation of a coordinate system with frame (O, I, J, K) is determined
by the Right-Hand Rule: The orientation is positive if when curling and rotating the fingers
— —
of your right hand in the direction of rotation of OI into OJ through the angle 6 (0 < 8 < 7)

—
between them, your thumb points on the same side of the plane through O, A, B as does OC};
otherwise, the orientation is negative. We usually choose a rectangular coordinate system
in space to be positively oriented.

The magnitude of the triple scalar product @ x @ - w is a the volume of the box or

parallelepiped B = (A, W, ¥, w) whose vertices are

A A+ 617 + 627 + egﬁ),
where e1,e5,e3 = 0 or 1. Indeed, the base is a parallelogram ABCD with A_B) =,
b
AC = v and has area

@[ V] sin(0) = [w x V|,
where 6 is the angle between u and ©’. The height of the box is |7 - w|, where 7 is a unit
normal to the base. Hence the volume is

7 x U7 @] = (T x T|R)-W| =7 x 7@
7. PARALLEL PROJECTION ON A PLANE

In this section we give the coordinate description of parallel projection onto a plane.
This will prove to be very useful in drawing planar representations of objects in space.
8. QUADRATIC Locri

We define a quadratic locus or quadric surface to be a set of points which has the property
that there is a real valued function ¢ and a coordinate system z,y, z with

q(P(z,y,2)) = ax® + bry + cxz + dy® + eyz + fy° + gr + hy + kz +m

and a, b, ¢, d, e, f not all zero, such that P is in this set if and only if ¢(P) = 0. If we make
a change of coordinates

r = a—|—a1;1:’—|—oz2y’ +oz3z’,
= b+ fia’ + Boy’ + B2,
z = ct+ma +yy +137,

we have
q(P) — a/l‘lQ +b/x/y/+clxlzl +d/y/2 +e/ylzl +f/Z/2 +g/x/+h/y/+klz/+m/
with a',b',c',d',e’, f/ not all zero. For this reason, we call ¢ a quadratic function. The
function
q(P(z,y,2)) = ax® + bry + cxz + dy* + eyz + fy°
is called the quadratic form associated to ¢q. The intersection of a quadric surface and a
plane is called a plane quadratic locus. If we choose our new coordinate system so that the
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given plane is the z'y’-plane, the plane quadratic locus will have as equation (in the plane
z'=0)
a/x/Q —|—b/x’y' +d/y/2 _’_g/xl 4 h/y/ +m/ =0.
The function ¢(P(z',y')) = a’2? + V'2'y’ +d'y'* + g'z’ + h'y’ +m’ is a quadratic function
on the plane z’ = 0. The function
qo(P(x',y')) — a/x/2 4 b/.T/y/ 4 d/y/2

is the associated quadratic form.

Let us illustrate this with an important example. Consider the quadratic locus 22 +y2 —
22 = 0. The intersection of this locus with the plane z = r has equation 2%+ y? = r2. If the
x,y coordinate system is rectangular, this is the equation of a circle in the plane z = r with
center (0,0,7) and radius |r|; otherwise, it is an ellipse. If » = 0, you get a point, namely
O = (0,0,0), which can be viewed as a degenerate ellipse or circle. If we project these
curves for varying r’'s onto the zy-plane, using parallel projection along the z-axis, we get a
family of concentric ellipses or cirles 2 + y? = r? called level curves of the quadratic locus.
These curves get larger as a increases in magnitude and gives us a picture of the quadratic
locus; namely, that of an elliptical or circular cone with two ends or nappes. This picture
is reinforced by noting that the line joining the origin to any other point on the locus lies
entirely on the locus. Indeed, if 22 + 32 — 22 = 0, then

(tw)? + (ty)? — (t2)* = *(a® +y* = 2%) = 0.

One can therefore view the locus as the surface traced out by the line joining the origin to a
point (z,y, 1) on the quadratic locus as this point moves around the curve 2% 43? =1,z = 1.
If we try to find the intersection of our cone 2 + 3% — 22 with the plane y = a we find

a curve with equation 22 — 2% = a?. If a = 0 we get 22 — 22 = (2 — 2)(2 + x) = 0. Hence

22 — 2% = 0 iff either z — 2 = 0 or 24z = 0, from which we see that the intersection consists
of the two lines z+x =0, z—x =0 in the planey = 0. Let 2’ =z +2,y =y—a, 2/ = z—=x.

This defines a new coordinate system with origin (0, a,0) and unit points
(1/2,a,1/2), (0,a+1,0), (-1/2,a,1/2).

The x’-axis is the line which has equations x = 2,y = a in the original coordinate system
while the z’-axis has equation z = —z,y = a and the y’-axis is the old y-axis. In the new
coordinate system, the equation 22 — 22 = a? becomes z'z’ = a® or 2’ = a?/2’. Note that,
if we change scale on the 2/ and y’-axes by setting z” = 2z'/a, y” = y'/a, the curve of
intersection has equation z’’y” = 1. Such a curve is called an hyperbola with asymptotes
the lines ” = 0 and y” = 0. From this we can get a sketch for the curve of intersection
in the plane y = a as seen from a point (0,b,0) with b > 0, b> > a?. The lines z = +x
in the plane y = a are the asymptotes of the hyperbola. The hyperbola does not meet the
asymptotes but gets arbitrarily close as we get farther from the origin.

Now let’s find the curve of intersection of our cone and the plane z + y = 1. This plane
has parametric equations z = s,y = 1 — ¢,z = t. The parameters s,t are the coordinates
of a point P(z,y,z) on this plane in the coordinate system with origin (0,1,0) and unit
points (1,1,0), (0,1—,1). The curve of intersection has equation s?+ (1 —t)? —t? = 0 which
simplifies to s = 1 — 2t. If we let 51 = s, t; = 1 — 2t we get the equation #; = s7. Such a
curve is called a parabola. To sketch this curve, we use the fact that si,t; are the plane
coordinates of a point P on the plane z + y = 1 with respect to the origin (0,1/2,1/2),
which corresponds to s; = t; = 0, and unit points (1,1/2,1/2), (0,1,0), which correspond
to sy = 1,t1 = 0 and s; = 0,f; = 1 respectively. Note that, if we change the orientation
on the line t; = 0 by replacing s; by —s1, the equation of the curve of intersection remains
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the same; the unit point on the s;-axis becomes (—1,1/2,1/2). If we intersect the cone
22 4+ y? = 22 with the plane x — z = 0 we get, as curve of intersection, the line z = z, y = 0.

The curves which are obtained in this way as intersections of a plane with the cone
22 — y? = 22 are called conic sections. A conic section is said to be degenerate if it
consists of a single point, or one or two lines. We will show next that a non-degenerate
conic section is either an ellipse or circle, a hyperbola or a parabola. More generally, we will
show that the intersection of a plane with a quadric surface is either empty, two parallel
lines or a conic section. In other words we will show that there is a plane coordinate system
x,1y so that the section, if it is not empty and does not consist of a single point or of one or
two lines, has for equation one of the following

2 4+9%> = 1 (ellipse or circle);
zy = 1 (hyperbola);
y = x* (parabola).

Even though, according to our definition, a quadratic locus which is empty or consists of
two parallel lines is not a conic we shall also call such a locus a degenerate conic.
Problem 8.1. Show that the intersection of the plane z = x + y + 2 and the cone 2> =
3(x2+y?) is an ellipse or circle. If x,vy, 2 is rectangular, show that the curve of intersection
is not a circle.

Solution. The plane z = & + y 4+ 2 has parametric equations

r=s8 y==t, z=85+1+2.
Substituting in 22 = 2(2% + y?) we get the equation

s —st+t?—25s—2t—2=0
which is the equation of the curve of intersection in terms of the coordinate system s,t of
the plane z = x + y + 2 associated to the frame with origin (0,0, 2) and unit points (1,0, 3),
(0,1, 3). Completing the square in s gives

(s—t/2—1)%/6+ (t—2)*/8=1
after dividing both sides of the equation by 6. Setting s’ = s —t/2 -1, t' = ¢t — 2 or,
equivalently, s = s’ +t'/2+ 2, t =t + 2, gives
8/2/6 4 t/2/8 -1

which is the equation of the locus of intersection in the s’,#'-coordinate system of the plane
z = x + y + 2 associated to the frame

0'(2,2), I'(3,2), J'(5/2,3)

using s, t-coordinates. If we change the scale on the s’ and t'-axes by setting s = s'/v/6,
" = t'/+/8, the equation of the locus is 5”2 4" = 1. The curve of intersection is either an
ellipse or circle with center (2,2, 6). The points of this curve corresponding to s’ = 1,¢" =0
and s” =0,t" =0 are

(V6 +2,2,V6+6) and (V2 +2,2V2 +2,3vV2+6).

If z,y, z is a rectangular coordinate system, the distance of the first point from the center
is 21/3 while the distance of the second from the center is v/26. Since these two distances
are not the same, the curve cannot be a circle.
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8.1. Exercises. 1. Find the curve of intersection of the cone 22 + 3% = 22 with the plane
II: 2z + 2 = 1 and find a coordinate system for the plane II so that this conic is in standard
form. If x,y, z are rectangular coordinates, find a rectangular coordinate system for II so
that the conic is in standard form.

2. Sketch the quadric surface 22 + y?> = z by finding its level curves in each coordinate
plane.

8.2. Affine Classification of Conics. Consider the plane quadratic locus defined by the
equation ¢(P) = 0 where ¢ is the quadratic function

q(P(z,y)) = az® + bry + cy” + do + ey + f

with a, b, ¢ not all zero.
Theorem 8.1. The quadratic locus q(P) = 0 is a conic.
Proof. We first consider the case a # 0 and write ¢(P(x,y)) as a polynomial in x
4(P) = az® + (d + by)x + ey’ + ey + f,
and then complete the square in x to get
q(P) = a(z+(d+by)/2a)* — (d+by)?/4a+cy* +ey+ f
= a(x+ (b/2a)y + d/2a)? + ((4ac — b*)/4a)y?
+ (e — bd/2a)y + f — d*/4a

— a//'r/Q +C,y/2 +e/y/+f/
where 2/ = x + (b/2a)y + d/2a, v = y, a’ = a, ¢ = (4ac — b?)/4a, ¢ = e — bd/2a,
f' = f —d?/4a. The pair (2’,y’) is the coordinate vector of the point P(z,y) in the plane
coordinate system with origin O’(—d/2a,0) and unit point I’(1 — d/2a,0) on the z'-axis,
and unit point J'(—(b+d)/2a,1) on the y'-axis. Note that the z'-axis is the line ¢’ = 0, the
x-axis since y’ = y, while the y’-axis is the line 2’ = 0, the line x + (b/2a)y + d/2a. In this
new coordinate system the equation of our locus is simpler: the terms b’'z’y’ and d’z’ have

disappeared.
Suppose that ¢’ # 0. Then, completing the square in 7', we get

q(P) _ a’x/Q—i—c’(y'—i—e’/QC')z—|—f’—e’2/4c’
a//m//Q +C//y//2 +f//

where "/ = 2/, ¢ =y +¢€/2d, a" =ad', " =, f' = f —€?/4c. The pair (2”,y")
is the coordinate vector of the point P(z,y) in the plane coordinate system with origin
O"((be' —2c'd)/4a’c’, —€' /2¢") and unit point I”(1 — (2¢'d — be’) /4a, —e' /2¢") on the z”-axis
and unit point J”((be’ — 2¢'d 4 2b)4a,1 — €’ /2¢") on the y”-axis. Note that the z”-axis is
the line y = —e’/2¢’ while the y”-axis is the line z + (b/2a)y + d/2a = 0. If " = 0, locus
consists either of a single point or two intersecting lines according as a’’c¢” = (4ac — b?)/4 is
greater or less than zero. If f” # 0, then

q(x,y) — f”(G]Z‘H/Q +62y///2 +€3)7

where z/” = |a"/f"|*/?, v = |¢"/f"|"/?, & = +1, which shows that the locus is either
empty, an ellipse or a hyperbola. The first case happens when 4ac — b*> > 0, f” > 0, the
second when 4ac — b? > 0, f” < 0 and the third when 4ac —b% < 0. If ¢ = 0, €’ # 0, then
qz,y) = dz? + ey + f = d (2% + ey’), where 2 = 2/, vy = €'y + f', e = £1. This
shows that the locus is a parabola. If ¢ = ¢’ = 0, the locus is either empty, a single line or
two parallel lines. Note that ¢’ = 0 iff 4ac — b* = 0.
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If a = 0 and ¢ # 0, we can interchange the roles of x and y and proceed as above. If
a=c=0, then
q(P) = (z +¢/b)(by + d) + f —ed/b
. If we change coordinates by setting ' = x + e/b, y' = by + d, we see that our locus is
either a hyperbola or a pair of intersecting lines. Q.E.D.

Corollary 8.1. There is a plane coordinate system x,y such that
9(P) = plerr® + ey’ +es)

or

= plers® —y)

where > 0, ¢, =0,£1 and e; # 0.
Corollary 8.2. The quadratic function

q(z,y) = az® +bey + cy’ + de + ey + f
has a minimum value if a > 0, 4ac — b> > 0 and a mazimum value if a < 0, 4ac — b*> > 0.

Corollary 8.3. Let A = b? —4ac. If A > 0, the locus q(P) = 0 is either a hyperbola or two
lines meeting in a point; if A < 0, the locus is either an ellipse, a single point or empty; if
A =0, the locus is either a parabola, two parallel lines, a single line or empty.

The quantity A = b% — 4ac is called the discriminant of ¢ with respect to the given
coordinate system. If A’ is the discriminant of ¢ in some other coordinate system z’, %’ then
A = k?A with k # 0. To see this we use the easily verified fact that

ar’ +bry+cy’ = y][b% bé2Hz}

y
M:[b72 béz}

is called the matrix of ¢ in the xy-coordinate system. It is uniquely determined by q. Note
that det(M) = —A/4.

Since a translation of coordinate frame does not change the discriminant, we can assume
that the change of coordinates is of the form X = PX’ with

X=[z y], X' =[2 v ].

The matrix

Then
ar® + bry +cy? = X'MX = X""PPMPX'
since Xt = X't Pt. It follows that the matrix M’ of ¢ in the 2'y’-coordinate system is P* M P.
Taking determinants, we get
det(M’) = det(P?) det(M) det(P) = det(P)* det(M).
Since A’ = —4det(M') we det A = k2A with k = det(P).
Problem 8.2. Identify the plane quadratic locus
4a% + 8xy + 3y* + 162 + 18y + 14 = 0.

Solution. The discriminant is 16 so the locus is either a hyperbola or two intersecting
lines. Completing the square in z, we get 4(z +y + 2)? — y? 4+ 2y — 2 = 0. Completing the
square in y, we get 4(x+y+2)?2—(y—1)2 = 1. Let 2’ = 2z +2y+4,y' = y—1. Then (2/,y')
are the coordinates of a point P(x,y) in the plane coordinate system with origin O’(—3,1)
and unit points A(—5/2,1) on the z’—axis, which is the line y = 1, and B(—4,2) on the
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y' —axis, which is the line z + y + 2 = 0. In this coordinate system, the locus has equation
x'? —y'2 = 1, which is the equation of a hyperbola with asymptotes the lines 2’ — y’ = +1.
These two lines have equations 2z + y + 5 = 0, 2z + 3y = 3 = 0 in the original coordinate
system.

Problem 8.3. Find the mazimum value of the function q(z,y) = —x%—2xy—2y?+2x—y+1.
At what point is this value attained?

Solution. Completing the square in = we get
g(z,y) = ~(z+y—1)* —y* =3y +2.
Completing the square in y, we get
q(z,y) = —(z +y —1)* = (y — 3/2)* + 13/4.

Thus ¢ has 13/4 as a maximum value and attains this value for those (z,y) with z+y—1=0
and y — 3/2 = 0. The only solution to these equations is © = —1/2, y = 3/2.

8.3. Exercises. 1. Identify and sketch each of the following plane quadratic loci:

(a): 22+ 62y +y? +22—y+1=0;

(b): 422 + 122y + 9y? + 42 + 6y + 1 = 0;

(c): 322 + lday + 8y — 22 + 12y = §;

(d): 522 + 62y + 5y? + 10z + 4y + 9 = 0;

(e): 922 + 122y + 4y* + 152 + 11y + 8 = 0.
2. Find the minimum value of the function ¢(x,y) = 422 + 3zy + y* + 3z — 2y + 2. At what
point is this value attained?

3. Sketch the quadric surface 2 + y? = 2.

4. Identify and sketch the intersection of the quadric surface 22 + y? = z and the plane
2z +y+ 2z =10.

8.4. Affine Properties of Conics. We now use our classification theorem to obtain some
important properties of conics which do not need a Euclidean distance for their proofs.

Theorem 8.2. Let C be a non-degenerate conic and let Ly be a line which intersects C in
two distinct points (such a line is called a secant of C). For each secant L of C parallel to
Ly meeting C in two points Ay, By, let Py, be the mid-point of the line segment joining Ay,
and By,. Then the points Pr all lie on a straight line.

Proof. Case I: C' is an ellipse. We choose our coordinates x, y so that C has the equation
22 +y? = 1. If Ly is parallel to the y—axis, then L has equation # = ¢ and intersects C
in two points (¢, V1 —¢c?, (¢, —v1—¢?) if =1 < ¢ < 1. The mid-point of the line segment
joining these two points is (¢, 0) which lies on the 2 — azis for any c. If Lg is not parallel to
the y—axis, then Lj has for equation y = mx + by and so L has for equation y = mx + b.
Substituting y = ma + b in the equation 22 + % = 1, we get the quadratic equation

(1+m?)a? + 2mbx +b* —1=0.

The discriminant of this quadratic equation is 4(1 + m? — b?) which is greater than 0 for
|b| < 1+ m?2, in which case the quadratic has the distinct roots

—mb++vV1+m2 - b2 —mb £ 1+ m? — b2

1+ m?2 » ¥2 = 1+ m?2

r1 =
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In this case, the line L meets C' in the points (z1,y1), (x2,y2) where y; = ma; + b. Since

x1 + 19 = —2mb/(1 + m?), the mid-point of the line segment joining these two points is
(=mb/(1+m?),—m?b/(1+ m?) + b) = (—mb/(1 +m?),b/(1 + m?),
which lies on the line + = —my. So the mid-points all lie on the line  + my = 0 which

passes through the origin. Note the the line y = ma also passes through the origin and is
the locus of mid-points of line segments for the lines parallel to mz + y = 0.

Case II: C is a hyperbola. We choose our coordinates xz,y so that C has the equation
xy = 1. The line Ly must have the equation y = mx + by with m # 0 since any line parallel
to the coordinate axes (which are the asymptotes of C) meet C in at most one point.
Substituting ¥ = max + b in xy = 1, we get the quadratic equation ma? + bx — 1 = 0 whose
discriminant is 2 + 4m. Thus the quadratic equation has two distinct roots if b > —4m,
which is always the case if m > 0. If 1,z are these roots we have x; + 29 = —b/m. Since
L meets C in the points (z;,y;) with y; = max; +b, the mid-point of the line segment joining
these points is (—bm/2,b/2) which lies on the line « + my = 0. So the locus of mid-points
is z + my = 0. Note that, if m # 0, the line y = ma is the locus of mid-points for the lines
parallel to x + my = 0.

Case III: C is a parabola. We choose our coordinates so that the equation of C'is y = 2.
Then Ly must have equation y = max + by since the lines parallel to the y — axis meet C
in exactly one point. Substituting y = mz + b in y = 22, we get 22 — mx — b = 0 which
has distinct roots when m? + 4b > 0, i.e., when b > —m? /4. If x1, x5 are these roots, then
1 + 29 = m. If (x1,11), (x2,y2) are the points of intersection of L with C, the mid-point
of the line segment joining these two points lies on the line z = m/2. Q.E.D.

The locus of the mid-points Py, is called a diameter of the conic, more precisely, the
diameter conjugate to the secant Lg. If the conic is an ellipse or hyperbola, the proof of
the above theorem shows that the diameters all meet in one point. This point is called the
center of the conic. Any line which passes through the center, except for the aysmptotes in
the case of a hyperbola, is a diameter. This implies that, in any coordinate system x,y in
which the center is at the origin, a point P(z,y) lies on the conic if P(—z,—y) lies on the
conic. In such a coordinate system, the equation of the conic must therefore be of the form

az? +bxy+cy> + f = 0.

The proof of this is left as a exercise for the reader. Because they have centers, ellipses and
hyperbolas are called central conics.

Since any diameter is of a central conic is either a secant or is parallel to one, any
diameter has a conjugate diameter. Moreover, the above theorem shows that if L’ is the
diameter conjugate to the diameter L then the conjugate of L' is L’. If z,y are rulers on
lines which are conjugate diameters of an ellipse or hyperbola, the equation of the conic has
the form

az® +by* + f =0.
This is because P(+x, pmy) is a point on the conic if P(x,y) is. The proof of this is again
left as an exercise for the reader. The coordinate axes * = 0 and y = 0 are therefore axes
of symmetry for the conic. We shall show later that, if a central conic is not a cirle, there
is exactly one pair of conjugate diameters which are perpendicular. The intersections these
axes with the conic are called the vertices of the conic.

In the case of an ellipse, there are four vertices which are the endpoints of two line
segments on the axes. The axis having the longer line segment is called the principal or
major axis and the other is called the minor axis. A hyperbola has two vertices and the
axis joining these two vertices is called the principal axis of the hyperbola.
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In the case of a parabola, the diameters are parallel to each other. Any line parallel to
a diameter is again a diameter. We shall show later that there is a unique direction so that
the diameter conjugate to a secant with this direction is perpendicular to the secant. This
unique diameter is called the principal axis of the parabola. The intersection of this axis
with the parabola is called the vertex of the parabola. If we take a rectangular coordinate
system with y-axis the principal axis of the parabola and z-axis passing through the vertex,

the equation of the conic has the form y = cx?.

The proof of the above theorem also yields the following result about the intersection of
a line and a conic.

Theorem 8.3. A line meets a non-degenerate conic in at most two points.

To find the intersection of a line and a non-degenerate conic ¢ = 0 with
q=ax®+bry+cy’ +dx+ey+ f,
we write the line in parametric form x = g + at, y = yo + Gt. Then
q(zo + at,yo + Bt) = mt* +nt +p
with p = q(20,%0), m = aa® + baB + ¢3% and
n = (bxo + 2cyo + €)a + (2axg + by + d) .

This gives another proof of the above theorem since m,n,p cannot all be 0 as the non-
degenerate conic ¢ = 0 cannot contain a line. Now suppose that (zg,yo) lies on the conic.
Then

q(zo + at,yo + bt) = mt* + nt

with m,n not both zero. If n # 0 the line crosses the conic at (zg,yo) since the sign of
mt? + nt is different for ¢ > 0 and t < 0 if |¢| is sufficiently small. If n = 0 then the line
meets the conic but does not cross it since the sign of m¢t? is constant for all ¢ # 0. In this
case the line is said to be tangent to the conic at the point (xq,yo). Since 2axg + byo + d
and bxg + 2cyo + e are not both zero (otherwise, any line through (zg,yo) would meet the
conic in a single point), the conic has a unique tangent line with equation

(2awo + byo + d)(z — x0) + (bxo + 2cy0 + €)(y — yo) = 0.

Problem 8.4. Find the equation of the tangent line to the parabola y?> = 4x at the point
(1,2).

Solution.Writing the equation of the conic in the form y? — 4z = 0, the equation of the
tangent line is —4(z — 1)+ 4(y —2) =0ory =z + 1.

To see how two conics intersect we will need to use a parametrization for one of these
curves. Let C' be a non-degenerate conic and let x,y be a coordinate system so that C has
equation y = 2% or y = 1/x or 22 + 4> = 1. Note that, in the latter case, it is possible
to choose our coordinate system so that a given point A of C has coordinates (—1,0).
Therefore, if C' is a parabola, the point P(z,y) is on C iff x = t,y = t? for some real number
t. If C is a hyperbola, we get the rational parametrization = ¢,y = 1/t with ¢t # 0. The
case of an ellipse is a little more complicated—consider the line y = m(z + 1) which passes
through A(—1,0). This line intersects C' in another point P(z,y) where

(1+mHa? +2m?z+m? —1=0.
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Since one root of this quadric is —1 and the sum of the roots is —2m/(1 + m?), we get
r=1-2m?/(1+m?) = (1 -m?)/(1+m?), which gives us the rational parametrization
12

BT

for the points of C' other than A. Note that the numerator and denominators in this
parametrization are polynomials in m of degree at most 2.

If C and C’ are distinct non-degenerate conics, then (after possibly interchanging C' and
C") there is a point A of C' which does not lie on C’. We choose a coordinate system z,y so
that the equation for C' is as above with the exception point A having coordinates (—1,0)
in the case C is an ellipse. The equation of C’ is

ar® +bry+cy’ +dr+ey+ f =0.

X

Using the above parametric representation of a point P(z,y) on C, substituting it in the
equation for C’, and clearing denominators by multiplying by 1 + 2, we get a polynomial
equation in t of degree at most 4 whose roots give precisely the points P(z,y) in the inter-
section of C' and C’. Since this polynomial is not identically zero (otherwise C' is a subset
of C’, contradicting the fact that A is not a point of C’, and hence has at most four roots,
we see that there are at most four points in the intersection. We thus obtain the following
result.

Theorem 8.4. Two distinct non-degenerate conics intersect in at most four points.

The same result holds if one conic is degenerate or if the two conics are degenerate and
do not have a line in common.

Suppose P;(z;,y;) are five distinct points in a plane with coordinate system z,y and we
want to find a conic which passes through each of these points. Since the general equation
of this conic is

az? +bry 4+ cy’ +dr +ey+ f =0,
we can substitute the coordinates of the points P; in it to give a system of five linear
homogeneous equations in the six unknowns a,b,c,d, e, f. But a homogeneous system of
linear equations always has a non-trivial solution, one in which not all the unknowns are
zero. Indeed, using Gauss-Jordan elimination, there will be at least one non-pivot variable at
the end of the elimination process. So our system has a non-trivial solution. Ifa =b=c=0
in this solution then (dz + ey + f)? = 0 is a conic passing through the five points.

If four or more of the points lie on a line, there are many solutions by degenerate conics.
If three of the points lie on a line and the other two do not lie on this line, there is a
unique conic which is the union of the above line and the line joining the other two points.
If no three of the P; are collinear there is a unique conic passing through the five points
as any solution of the system of equations gives a non-degenerate conic and two distinct
non-degenerate conics passing through five distinct points is impossible. We thus obtain the
following result:

Theorem 8.5. Given five distinct points, there is a conic which passes through them. If no
four of the five points lie on a line, this conic is unique. If no three of the five points lie on
a line this conic is non-degenerate.

We now give a different proof of the last part of this theorem which will us give a more
precise description of the equations of the conics which pass through five given points, no
three of which are collinear. Let P be the set of conics which pass through four of the
given points, say A, B,C, D. After possibly permuting these points, we can assume that
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the line joining A, B meets the line joining C, D in a unique point O # A, B, C, D. Choose

O, A, C as our coordinate frame. Then, with respect to this frame, the points A, B,C, D

have coordinate vectors (1,0), (r,0), (0,1), (0,s). If g(P) = 0 is the equation of a conic, we

q(P(z,y)) = az® + by + cy® + dz + ey + f.

If this conic is in our family, we have ¢(A) = ¢(B) = ¢(C) = ¢(D) = 0 and so
a+d+f =

rPa+rd+ f =
ct+e+ f

sc+se+f =

t oo oo 2

Solving these equations, we find a = f/r,d = —f(r + 1)/r,c = f/s,e = —f(s+1)/s and

q(P) = fq1(P) + bg2(P), where

a(P(z,y) = 2?/r+y*/s—ra/(r+1) —sy/(s+1)+1,

@(P(r,y)) = =zy
Moreover, the conics g1 = 0 and g2 = 0 lie in P. and intersect precisely in the points
A, B,C,D. If we want to have ¢ = 0 to pass through a fifth point E # A, B, C, D, it suffices
to choose f,b so that fqi(F) + bgz(E) = 0. This is possible since ¢1(E) and g2(F) are not
both zero. Since the pair (f,b) is determined up to multiplication by a scalar, there is a

unique conic passing through the five points A, B,C, D, E. Moreover, the equation of this
conic is uniquely determined up to multiplication by a constant.

Corollary 8.4. A conic having at least two distinct points has, up to multiplication by a
constant, a unique equation.

The following result, which comes out of the above proof, gives a simple way to find the
equation of a conic passing through five points.

Theorem 8.6. Let C be a conic passing through four distinct points A, B,C, D no three of
which are collinear. If g1 = 0 and g2 = 0 are distinct conics passing through A, B, C, D then
there are scalars a,b such that C' has the equation aqy + bgs = 0.

Proof. Let E be any point of C' which is different from A, B, C, D. Then, since ¢g; =0
and g2 = 0 are distinct and have no line in common, ¢;(F) and ¢2(E) cannot be both
zero. We can therefore choose scalars a, b not both zero with aq; (F) + bg2(E) = 0. Hence
aqi + bgz = 0 is a conic passing through A, B, C, D, E' and so must be C since such a conic
is unique. Q.E.D.

Problem 8.5. Find the equation of the conic which passes through the points
(_1’ 2)’ (17 3)’ (4a 9)7 (27 1)a (3» _1)~

Solution. The equation of the line joining (—1,2) and (2,1) is « + 3y = 5. This line
does not pass through any of the other points. The equation of the line through (1, 3) and
(4,9) is 2z —y = —1 and also does not pass through any of the other points. It follows that
no three of the first four points are collinear. If

g =(r+3y—5)2r—y+1)=22%+5ry —y*—92+8 —5

then g; = 0 is the equation of a conic passing through the first four points. The line joining
(1,3) and (—1, 2) has equation x —2y = —5 and the line joining (4, 9) and (2, 1) has equation
e —y="7.1f

g = (x -2y +5)(4a —y —7) = 42> — 9zy + 2y° + 132+ 9y — 35
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then go = 0 is another conic passing through the first four points which is distinct from
the conic ¢; = 0. Let ¢ = aq1 + bgz where a,b are scalars, not both zero, with aq(3, 1) +
bg2(3,—1) = 0. Since ¢1(3,—1) = —40 and ¢3(3,—1) = 60 we have 2a = 3b. Choosing b = 2
gives a = 3 and so

31 +2¢2 = 142% + 3ay + > — 2+ 42-85=0

is the equation of the conic.

8.5. Exercises. 1. Find the diameter of the ellipse 22 + 2y? = 5 which is conjugate to the
diameter y = 2x. Find the equation of the tangent to the ellipse at the point (1,2). Show
that it is parallel to the diameter found above. Can you explain why this must be so?

2. Find the diameter of the conic 322 — y?> = —1 which is conjugate to the diameter y = 2z.
Show that the tangent to this hyperbola at the point (1,2) is parallel to the diameter found
above.

3. Find the diameter of the parabola y = 2z + 3z + 1 which is conjugate to the secant
y = 2x + 1. Show that the tangent to this parabola at the point of intersection with the
above diameter is parallel to the secant y = 2z + 1.

4. Find the diameter of the conic ax? + by? = ¢ which is conjugate to the diameter y = ma.
We assume that abe # 0.

5. Find the diameter of the parabola y = az? + bz + ¢ which is conjugate to the secant
y=mzx +d.

6. Find the equation of the conic passing through the points (3,2), (3,5), (5,3), (2,3), (2, 2).
7. Find the points of intersection of the two conics
202+ = 3
xy =
8. Find the equation of the conic which passes through A(1,2) and the points of intersection
of the two conics in the previous problem. Sketch all three curves together.

9. Find the equation of a conic which passes through A(1,1) and the points of intersection
of the conics

I
=

x? —3xy 4+ 22 + 1
322 — 102y + 9y = 3.

Is this conic unique?

8.6. Euclidean Classification of Conics. In this section we are given a rectangular co-
ordinate system x,y in a plane II and a quadratic locus

q= Ax? + Bxy+ Cy* + Dz + Ey + F = 0.

If B = 0 then we, after completing the square in x,y separately and translating the axes,
we obtain a new rectangular coordinate system z’,y’ in which the equation of the locus has
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one of the following standard forms:
2% /a® +y?/b* = 1 (ellipse),
22 + % /b
2 /a® +y?/b* = —1 (empty locus),
z'?/a® — 2 /b? 1 (hyperbola),
z'?Ja® — /? /b* —1 (hyperbola),
z"?/a? — y'? /b 0 (two intersecting lines),

0 (single point),

x> —ay’ = 0 (parabola),
y? —az’ = 0 (parabola),

2'2/a* = 1 (two parallel lines),
2 = 0 (a single line),
z'?/a® = —1 (empty locus),
y'2/a®> = 1 (two parallel lines),

y? = 0 (asingle line),
y?/a®> = —1 (empty locus).

If B # 0, we want to find a rectangular coordinate system z’,3’ such that, when ¢ is
expressed in terms of the new coordinates, the coefficient of 'y’ is zero. The equations

x = a+aox +a2y',
y = b+’ + Bay
are the equations for a change of rectangular coordinates iff the vectors
- - 5
i/ = 0417: + 61j7
Y - -
i = agi+ B

are orthogonal and of unit length. This is equivalent to
ai + 87 = a3+ 05 =1 and a1 B + agfla = 0

or to PP* = 1, where P is the transition matrix. Thus P is the transition matrix for a
change of rectangular coordinates iff P* = P~!. Such a matrix is called an orthogonal

R —
matrix. In this case, if 6 is the oriented angle between ¢ and 7', we have

- - o
i" = cos()i+sin(f)j,
— - -
j° = —sin(0)i+ cos(f)j
if the orientation is not changed and
— - -
i" = cos()i+sin(6)g,
— — —
j' = —sin(0)i+ cos(f)j

if the orientation is reversed. In particular, det(P) = +1 which one could also see from
1 = det(PP") = det(P) det(P?) = det(P)%.
Thus, for a rectangular change of coordinates in which the orientation is preserved, we have
x = a+cos(f)xr’ —sin(9)y,
= b+sin(0)z’ + cos(0)y
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and we see that the new axes are obtained from the old ones by a translation and then a
rotation through an angle 6.
If P and P’ are the transition matrices for a rotation of axes through 6 and ¢’ respectively,
then PP’ is the transition matrix for a rotation of axes through 6 + 6’. This is equivalent to
cos(f) —sin(6) cos(¢') —sin(@) | | cos(0+6") —sin(0+6")
sin(f)  cos(f) sin(@)  cos(@') | | sin(@+6")  cos(0+0)
which, after multiplying the matrices and equating corresponding entries, is seen to be
equivalent to

cos(+6") = cos(#)cos(d) — sin() sin(6),
sin(0 +6) = sin(f)cos(d’) + cos() sin(§’).

These two identities are the addition laws for the sine and cosine functions. If we set
0 =20 we get

cos(20) = cos*(f) — sin?(6),

sin(20) = 2sin(0) cos(d).
This yields

fan(26) = sin(20)  2tan(6)

cos(20) 1 —tan?(0)’
If we now express ¢ in terms of the z'y’-coordinates, the coefficients A’, B’, C' of z'2,
2'y’, y'"? respectively are
A = Acos’(#) + Bcos(f)sin(0) + C'sin?(6),
B' = —2Asin(#) cos(8) + B(cos?(#) — sin®() + 2C sin(f) cos(h),
C' = Asin*(0) — Bcos(6)sin(f) + cos®(0).
Note that
A+C'=A+C.
Using the identities for sin(26) and cos(26), we get
B’ = (C — A)sin(20) + B cos(20).
If A= C then B’ =0 if 6§ = w/4 or 45 degrees. If A # C, we have B’ = 0 if and only if
) B
tan(260) = sin(26)/ cos(#) = 1o
If we set m = tan(0), this is the same as
B 2m
A=C 1-m?

or, equivalently,
Bm?+2(A—C)m - B =0.
If B # 0, this equation has two real roots my, mo with mime = —1. These are the slopes

of the new coordinate axes. Since m determines # up to a multiple of m we choose 6 such
that |0] < 7/2. We then have

sm(@) = \/ﬁ,

where m can be either of my, ms.
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Example. Let x,y be a rectangular coordinate system and consider the conic
22% 4 4oy +5y° + 22 +y=09.

The discriminant A = 14 —40 = —24 and so the locus is of elliptic type (ellipse, circle, point
or empty). To simplify the equation of the locus we introduce a new rectangular coordinate
system x’, 1y’ where the slopes of the coordinate axes are the roots of the equation

4m? 4+ 6m —4 = 0.
The roots of this equation are m = 2 and m = —1/2. If we choose m = —1/2, we have
sin(f) = —1/v/5, cos(d) = 2/v/5
and the transformation equations are

22/ V5 + 4/ V5,
y = —.’L‘//\/g“r 2y'/\/3.

Substituting this in the equation of the conic, we get

T

2 4 2 1
5@ )+ e ) )+ (e 4 20 E (2 )+ (e 2y) = 9

which, on simplifying, becomes

3 4
x/2+6y/2+7$/+7y/:9-

VGRS

Completing the square in 2/, we get
(2’ +3/2v5)% + 6(y +1/3v5)% = 9+9/20 + 2/15 = 115/12.
Setting =" = 2’ + 3/2V/5, ¥ =3 +1/3V/5 and dividing both sides by 115/12, we get

x//? yl/2

=1
115/12 " 115/72

which is the standard equation of an ellipse with major axis the line y” = 0 and minor axis
the line " = 0. Since

r = —2/3+22"/V54y"/V5,

y = 1/6—2"/V5+2y"/V5,
and

2’ 3/2V/5 + 22 /V/5 — y/ V5,

y' = 1/3V5+x/V5+2y/V5,

the major axis has the equation 3x+6y+1 = 0, the minor axis has the equation 4z —2y+3 =0
and the center of the ellipse is (—2/3,1/6).

Another way of doing this problem is to first translate the axes to the center of the
conic. The coordinates of the center can be found by the method of completion of squares
but there is another way of finding it which avoids completing the square. Namely, we have
the following result:
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Theorem 8.7. Let g = Ax?+ Baxy+Cy?+Dx+Ey+F and suppose that A = B2—4AC # 0.
If (z0, yo) is the unique solution of the equations

2Az+ By+D = 0,

Bx+2Cy+ E 0,

and ¥’ =x —x9, Yy =y — yo then

q= Ax"? + Ba'y' + By + q(xo, o).

Proof. Since the determinate of the coefficient matrix of the system
2Ax+ By = -D,
Bx+2Cy = -F,
is —A, it has a unique solution (zg,yo). If we make a change of coordinates z = xg + ',
y =10+, we have
q = Az + Bx'y' + Cy” + (24z0 + Byo + D)z’ + (Bxo + 2Cyo + E)Y + (0, v0)-
and hence
q = Az + Ba'y' + Cy” + q(xo, yo)-
Q.E.D.
Corollary 8.5. If A > 0 and q(xo,y0) # 0, the conic ¢ = 0 is a hyperbola with center
(z0,y0). If A > 0 and q(xg,yo) = 0, the locus is a pair of lines meeting at (xo,yo). If A <0
and Aq(xo,yo0) < 0, the locus is an ellipse (or circle) with center (xo,y0). If A < 0 and
Aq(zo,y0) > 0, the locus is empty. If A < 0 and q(xo,y0) = 0, the locus consists of the
single point (xg,yo).
Example. In the previous example, the center is the solution of the system
de+4y+2 = 0,
dr+10y+1 = O,
which is ¢ = —2/3, y = 1/6. Evaluating
q=22> +4zy+ 52 +2x+y—9

at the center, we get ¢(—2/3,1/6) = —115/12 which shows that the locus is an ellipse with
equation

22'2 4 4y’ + 5y% = 115/12
where ' = x + 2/3, ¥y = x — 1/6 is the coordinate system obtained by translating the
coordinate frame by (—2/3,1/6). The 'y’ term can now be eliminated by a rotation of
axes, exactly as in the previous problem.

The above simplification works only when A # 0. If B2 — 4AC = 0, we have A,C # 0
if B # 0 and

1
q= H(zAa{;JrBy)2 +Dx+ Ey+ F.

Setting o’ = (2Ax + By)/V4A% + B2,y = (—Bx + 2A4y)/v4A?% + B2, we obtain a rectan-
gular coordinate system z’,y’ with

xr = (242" — By')/V4At B2,
y = (B2’ +24y')/V4A% + B2



68

In this coordinate system we have

q= ﬁma +D'a' +Ey + F'.
The locus g = 0 can then be identified after completing the square in z’.
Example. Consider the locus ¢ = 0 with
q = 32% — 122y + 12y* + 3z — y + 10.
We have
q=3(x —2y)? + 3z —y + 10.

Setting o' = (z — 2y)/V5, v = (2z +y)/V/5, we get a rectangular coordinate system with
2'-axis the line 2z + y = 0 and y’-axis the line z — 2y = 0. Since

(' +2y)/ V5,
y = (-22'+y)/V5,

the unit point on the z’-axis is I’(1/v/5,—2/v/5) and the unit point on the y'-axis is
J'(2/v/5,1/v/5). The equation of the locus in the 2'y/-coordinate system is

322 + V52" + V5y +10 = 0.
Completing the square in z’, we get

3(2" +v5/6)% + Vby +115/12 = 0.

T

Dividing by v/5, we get

(2’ +v5/6)* +y +23v5/12 = 0.

5

Setting " = 2’ +/5/6, y" =y + 23v/5/12, we get
y// _ _3/\/533//2

which is the equation of a parabola with principal axis the line " = 0 and vertex ="/ =
0, ¥” = 0. In the original coordinate system, the equation of the principal axis is 2z + vy +
115/12 = 0 and, since

z = 4+ (2" +2y")/V5,
y = —19/12/+ (22" +y") /5,

the vertex has coordinates (—4,—19/12). The y” axis has equation  — 2y + 5/6 = 0. The
unit points on the z"-axis and 3" — axis are respectively

I"(—4+1/v5,19/12 — 2/V/5), J" (-4 +2/V5,-19/12 + 1/V5).

We now give an alternate way of computing P, A’ and C’. If we have a quadratic form
q = Ax? + Bzxy + Cy? and we write it in matrix form, we have

e[ %][z)

If we make a change of coordinates
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with
_ | a1 a2
-0 i)
we have
A B'J2 x
_ / /
Q*[x y]|:B//2 C/}{y/]

with

[Bf'l/; Bclr/’Q}:Pt[Bf}z B({*Q]P'

If P is orthogonal and B’ = 0 we have

s ler[T o]

which is equivalent to the two equations
A 8/2 a1 Y a1 A B/2 ag v as
{B/Q chl}_A b | ™| B2 C b | =Y b
Given P, this gives a way of computing A’, B’ without having to sustitute for z,y. It also
gives a new way of computing P. Indeed, setting \; = A’, Ao = C’, these two equations can

be written
N—A —=B/2 [a;] [0
-B/2 N -C b | | O
with ¢ = 1,2. Then (a;,b;) is a non-zero solution of the homogeneous system

()\i—A)l‘—B/Qy = O7
-B/2z+ (N —C)y = 0,

where A = A1, Ay satisfy the equation

A—A —-B | 274 —
B /\_C‘—)\—(A+C))\+AC—B/4—O.
This equation is called the characteristic equation of the matrix
_ A BJ/2
M= [ B/2 C }

and its roots are called eigenvalues of the matrix M. Note that the roots of this equation
are always real. Note also that

My = AC — B%/4
is the determinant of M and that
M+X=A4+C

is the sum of the diagonal elements of M. The sum of the diagonal elements of an n x n
matrix is called the trace of the matrix. Thus each A\; can be found by finding the roots of
the characteristic equation of M and the corresponding unit vector (a;, b;) is then a solution
of the system

(N —Azxz—B/2y = 0,
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which determines it uniquely up to mutiplication by +1 in the case that A\; # Ay. The signs
are chosen to make det(P) = 1. Solutions of this system are called eigenvectors of M
corresponding to the eigenvalue \;. To show that P is orthogonal, we have to show that

d = (al,bl) . (a2,b2) = O

This follows from

az

Ad = (Jar, bi] M) = [ar,by)(M | 7% |) = od
b2 b2
which yields (A; — A2)d = 0 and hence d = 0 since A; # As.
The case Ay = \g arises iff A = C and B = 0 (proof left as an exercise).

Example. The matrix of the quadratic function ¢ = 222 + 42y + 5y is
2 2
2 5

A2 —7A+6=0.

The roots of this equation are A = 1,6. The unit vectors corresponding to A = 1 is a solution
of

and its characterisic equation is

—r—2y = 0,
—2r—4y = 0.
which has for solutions ¢(2, —1). The corresponding unit vectors are therefore
+(2/V5,—-1/V5).
The unit vectors corresponding to A = 6 are solutions of
dr —2y = 0,
—2x+1y = 0.
which has for solutions ¢(1,2). The corresponding unit vectors are thus
+(1/v5,2/V5).

The transition matrix P can be taken to be

2/V/5  1/v/5
—1/V5 2/V5 |7

Therefore, setting
v = (0 1)V
y = (=’ +2)/V5,
we have
q=1"+6y".
Note that if we had chosen Ay = 6, Ay = 1 then
v = (@ —2)/V5,
y = (22'+9)/V5,
would give
q = 62" + 6y
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The corresponding transition matrix is obtained from the one above by interchanging the
columns and then myultiplying the second column by —1 to make det(P) = 1.
Problem 8.6. Identify the locus with equation
22% + 12xy — 3y> — 14z + 6y =5
in a rectangular coordinate system x,y and find a rectangualar coordinate system in which

the locus is in standard form.

Solution. Since the discriminant of ¢ = 222 + 122y — 3y? — 14z + 6y — 17 is 168, the
locus is of hyperbolic type (hyperbola or two intersecting lines). The center is the solution
of the system

2¢+ 12y — 14 = 0,
12z -6y —6 = 0,

namely, the point (1,1). We therefore introduce the coordinate system z’,y" where z =
1+2', y=1+1y'. In this coordinate system,

qg=2z""+122"y — 3y"* — 14
so the locus is a hyperbola. Since the matrix of ¢ in the x’y’-coordinate system is
2 6
6 -3 |’

the characteristic equation of ¢ is

AN +A-42=0
whose roots are 6 and —7. Solving the system
A=2)x—6y = 0,
—6z+(A+3)y = 0,
for A =6 and A = —7, we respectively get the general solutions

c(3,2), ¢(—2,3).
Therefore, the solutions of unit length are respectively
+(3/v5,2/V5), £(~2/V5,3/V5).
Hence, if we make the following change of cooordinates
= (31’” o 2y//)/\/g’
y/ — (—21‘” + 3y//)/\/5’
with transition matrix the orthogonal matrix

_[3/v5 =2/

P=1ovs 3/v5 )

the equation of our locus becomes
62" — 7y = 14.

Dividing by 14, we get the standard form of a hyperbola

.,L,//Q y//2

773 2
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with principal axis the z”-axis and asymptotes the lines
V6z" £ VTy" = 0.

As an exercise, the reader should find the equations of these lines in the original coordinate
system.

8.7. Exercises.

8.8. Focus-Directrix Description of Conics. A parabola has the equation y? = cz in
a rectangular coordinate system x,y if the principal axis is the z-axis and the vertex is the
origin O(0,0). Since

cx = (x4 c/4)? — (v — c/4)?,
the equation of the parabola can be written

Yy’ = (2 +c/4)? — (z —c/4)*
Adding (z — ¢/4)? to both sides, we get

(= c/4)? +y* = (z +c/4)”.
Taking the positive square root of both sides, we get the equivalent equation

(x —c/4)? +y* = |z + c/4]

which shows that our parabola is the locus of points P(z,y) that are equidistant from the
point F'(¢/4,0) and the line L with equation z = —c¢/4. The constant ¢ has for absolute
value twice the distance of F' to L. The line through F' perpendicular to L is the principal
axis of the parabola whose vertex is halfway between F' and L. It follows that the point F’
and the line L are uniquely determined by the parabola. They are respectively called the
focus and directrix of the parabola.

Example. In a rectangular coordinate system x,y the curve y?> = 4z is a parabola with
focus F(1,0) and directrix the line # = —1. The curve y? = —x has focus F(—1/4,0) and
directrix = 1/4.

Problem 8.7. In the rectangular coordinate system x,y find the equation of the parabola
with focus (1,2) and directriz the line x +y + 1 = 0. Write the equation of this parabola
in standard form. What are the coordinates of the vertexr and what is the equation of the
principal axis?
Solution. The parabola has for equation
z+y+1,
r—12+(y—-2)>2=|———=
(@14 (-2 = |
which, on simplifying becomes
x? — 2zy +y? — 62 — 10y +9 = 0.
Since the distance of the focus to the directrix is 2\/5, a standard form for the equation
of the parabola is 3> = 4y/22’. The principal axis is the line through (1,2) perpendicular
to the line x + y + 1 = 0. Its equation is © — y + 1 = 0. The principal axis and directrix
intersect at the point (—1,0). The vertex is the point halfway between this point and the
focus; it has coordinates (0, 1).

We now show that any parabola has an important reflection property. Namely, if
P is a point on the parabola, the acute angle made by the line through P parallel to the
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principal axis and the tangent line at P is equal to the acute angle made by the tangent at
P and the line through P and the focus F'.

After possibly changing the orientation on the x and y-axes, we can assume that the
equation of our parabola is y? = 2px with p > 0 being the distance of the focus F(p/2,0) to
the directrix © = —p/2. If P(a,b) is a point on this parabola, the tangent to the parabola at
this point has (b, p) as direction vector. If 8 is the angle between this vector and the vector

(1,0), we have

Vb2 + p?cos(f) = (b, c) - (1,0) = b,
and so 0 is the acute angle that the line y = b makes with the tangent to the parabola at
P(a,b). If ¢ is the angle between the vector (—b, —p) and the vector (p/2 — a, —b), which

—
is the coordinate vector of PF', we have

n_  (p/2=a—=b) o= bla+c/2) _
Vb2 + p2cos(f) = PR (=b,—¢) DY

since v/ (a — p/2)? + b2 = a+ ¢/2 by the focus-directrix property of the parabola. It follows
that 6’ is the acute angle between the tangent line at P(a,b) and the line joining P and F
and that 6 = ¢'.

Let us now, more generally, investigate the locus of points P such that the ratio of the
distances from a fixed point F' and a fixed line L not passing through F' is a constant. If we
choose a coordinate system x,y with origin F' and z-axis perpendicular to L so that L has
the equation x = d with d > 0, our locus has the equation

Va2 +y2 =elz—d| or z?+y*=e*(z—d)?

with e > 0, a constant called the eccentricity of the locus. Simplifying, we get the equiv-
alent equation

(1—e?)z? +y? + 2e%dx — 2d* = 0

which is the equation of a conic with discriminant 4(e? — 1). If e = 1 we get a parabola.
Suppose that e # 1. Then, completing the square in z, we get
2 2 72
e“d e“d
1—e)(z+ —=)? o —
(-t =)+ =
which shows that the conic is a non-degenerate central conic with center (—e2d/(1 —€2),0).
It is a circle, ellipse or hyperbola according as e = 0, e < 1, e > 1. If we translate the axes
so that the new origin is the center of the conic and divide both sides of the equation by
2 42
%, we get a new coordinate system z’,y’ in which the conic has the equation

12 12
e2d? + e2d? .
(1—e2)2 1—e2

If 0 < e < 1, the equation can be written

2 /2
S
a b2
with a = ed/(1 — €?), b = ed/v/1 — €2 > a so that the 2’-axis (the line through F perpen-

dicular to L) is the major axis. The original equation becomes

V@& =P+ y? = el — 4
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with ¢ = e2d/1 — €2, ¢ = d + c¢. We also have the relations ¢? = a? — b2, e = c¢/a, d = b*/c,
¢ = a/e. By symmetry, we have

V(' +c)2+y? =celr’ + 4.
The points F, F’ with a’-coordinates (¢, 0), (—c, 0) respectively are the focii of the ellipse
with corresponding directrices =’ = ¢, ' = —/.
If e > 1, the equation can be written

2 /2
% Y
a b2
with a = ed/(e?* — 1), b = ed/ve? — 1 so that the principal axis of the hyperbola is the

2’-axis (the line through F perpendicular to L. The original equation becomes

V(@' + o2 +y?=ela’ + ¢

with ¢ = e?d/(e? — 1) > d, £ = ¢ — d. We also have the relations ¢* = a2 + V?, e = c/a,
d=b%/c, { = a/e. By symmetry, we have
(2 —e)2 +y2 =elx’ —{.
The points F', F’ with a’-coordinates (¢, 0), (—c, 0) respectively are the focii of the hyperbola
with corresponding directrices x’ = ¢, © = —/.
The ellipse and hyperbola have another description involving only their focii. Consider
first the ellipse whose equation in a rectangular coordinate system x,y is
2 2
x
S+l
a b

with a > b. By the above, we have
V(e —c)2+1y2=elz—ale]| =e(afe —z)=a—ex
since a/e > a > x. Similarly,
(x4+c)2+y?>=elxr+aj/el]=e(zx+a/e)=ex+a
since x > —a > —a/e. Hence,
V=2 +y2+V(z+0)? +y? =20

and so an ellipse is the locus of points the sum of whose distances from 2 fixed points (the
focii) is a constant.
In the case of the hyperbola

2 2
2y
a? b2
we have
\/ﬁ_ o _ ex —a if {EZG,
(x—c)?+y?2=elx a/e—{ a—er if 1< -—a
Similarly,

ex+a if z>a

2 2: p—
(@+c)+y el + afe| {—ex—a if < —a

Vie—e)2+y2—/(z+c)2 +y2=+2a
and so the hyperbola is the locus of points the difference of whose distances from two fixed
points (the focii) is, up to sign, a constant.
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We leave as an exercise for the reader the proof of the fact that, if F', F’ are the focii of

—
and ellipse or hyperbola and P is any point on the curve, then the vectors ﬁ‘, PF’" make
equal acute angles with the tangent line to the curve at P.

8.9. Exercises. In these exercises, the given coordinate system is rectangular.

1. Find the focus and directrix of the parabola whose equation is 4 = 8z2. Sketch the curve
showing clearly the focus and directrix.

2. Find the equation of the parabola with focus (—1,4) and directrix the line 2z —y = 1.
Find an equation for the parabola which is in standard form. What are the coordinates of
the vertex and what is the equation of the principal axis? Sketch the curve.

3. Find the focii and directrices of the ellipse 322 4+ 2y? = 12. Sketch the curve showing the
focii, directrices and vertices.

4. Find the equation of the ellipse which, in a rectangular coordinate system, has focus (1, 2),
corresponding directrix 2z+y+1 = 0 and eccentricity 1/2. Sketch this curve showing clearly
the the focii, directrices and vertices.

5. Find the focii and directrices of the hyperbola 322 — 2y? = 1. Sketch the curve showing
clearly the focii, directrices, vertices and asymptotes.

6. Find the equation of the hyperbola with focus (1, 2), corresponding directrix 2z+y+1 =0
and eccentricity v/5. Sketch this curve, showing clearly the focii, directrices, vertices and
asymptotes.

8.10. Affine Classification of Quadric Surfaces. In this section we give the affine clas-
sification of quadric surfaces. This is obtained from the following theorem.

Theorem 8.8. If q is a quadratic function on Fuclidean space, there is a coordinate system
'y, 2 such that

q(P(z',y',2") = plaz” + ey + ez + )
or
— M(61$/2 4 62y/2 _ z/)7
where > 0, ¢, =0,£1 and e; # 0.
Proof. If x,y, z is any coordinate system, we have

q = ax® +bry + cxz + dy® + eyz + f22 + gx + hy + kz + m.
Writing ¢ as a polynomial in x, we get

q=az®+ (by+cz+g)x+dy* +eyz + f22 + hy + kz +m.
If a # 0, we can complete the square in x to get

q(P(z,y,2)) = alz + (b/2a)y + (¢/2a)z + g/2a)* + 1(Q(0,y, 2)),

with ¢; a function on the y, z-plane which is quadratic, linear or constant. Let y'z’ be a
coordinate system in the y, z-plane so that

@ (Q0,y,2) = ple2y” + €32 +e4)
or
= ley” -2,

where p > 0, ¢; = 0,%+1. Setting 2’ = Mz + (b/2a)y + (c/2a)z + g/2a) with X\ = |a/u|"/?,
we get a coordinate system ’,y’, 2’ with ¢(P) in the required form.
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Ifa=0and d # 0, let 2 =y, = x,2/ = z. Then the coefficient of z/? in q(P) is
d. Similarly, if a = 0 and f # 0 let 2’ = 2,9 = y,2— = x to get the same result. If
a=d= f=0and b # 0, the change of coordinates ' = z,y = —x +y,2 = z yields
b as the coefficient of 2/2; if a = b = d = f = 0 and ¢ # 0, the change of coordinates
' =xz,9 =vy,2 = —x + z yields c as the coefficient of 2'2. If a =b=c=d = f =0, then
the change of coordinates x = y/,y = 2/, 2’ = —y + 2z yields e as the coefficient of z'2. We
are thus reduced to the previous case a # 0. Q.E.D.

Corollary 8.6. If €y = e5 = €3 = 1, the quadratic function q has a minimum value pey at
=y =2 =0. If e, = €3 = €3 = —1, it has a mazimum value of pey there.

As in the two variable case, there are criteria for the existence of maxima and minima
of quadratic functions in terms of the coefficients of these functions. We will derive them in
a later chapter.

Problem 8.8. Show that the quadratic function
q(z,y,2) = 2% + 20y + 222 + 2% + 322 + 62+ 22 + 2

has a minimum value. Where is this minimum attained?

Solution. Completing the square in x, we get
qz,y,2) = (x+y+2+3)2 +y* —2yz + 222 — 6y — 4z — T.
Now, completing the square in y, we get
gz, y,2) = (x+y+2+3)2+(y—2—3)% + 22 — 10z — 16.
Finally, completing the square in z, we get
g(z,y,2) = (@ +y+2+3)°+(y—2-3)>+ (=5 -4l

which shows that —41 is the minimum value of ¢ and that this value is attained when
r+y+z2z+3=y—2—3=2—5=0. This happens exactly when x = —16, y = 8, z = 5.

A quadric surface is said to be degenerate if its locus is empty or reduces to a point,
line, plane or pair of planes. Using the above theorem we obtain the following classification
of the non-degenerate quadric surfaces:

Theorem 8.9. A non-degerate quadric surface has one of the following equations in a
suitable coordinate system:
(1) 2® +y? + 22 = 1 (Ellipsoid);
(2) 2 +y? — 22 = 1 (Hyperboloid of one sheet);
(3) x? +y? — 22 = —1 (Hyperboloid of two sheets);
(4) ® +y* = 2% (Cone);
(5) x? + y* = z (Paraboloid);
(6) z* — y? = z (Hyperbolic Paraboloid);
(7) x* +y? =1 (Elliptic Cylinder);
(8) x? —y? =1 (Hyperbolic Cylinder);
(9) x? =y (Parabolic Cylinder).

Problem 8.9. Identify the quadric surface

22 4 22y 4+ 222 + 292 + 322 + 62 + 224+ 2 = 0.



Solution. Using the previous problem, we see that the change of coordinates

= (z+y+3)/V4l
y = (y-z-3)/V4
2= (z-5)/V4
brings the equation of the quadric to the standard form
2?4y =1

The quadric surface is an ellipsoid.

7

8.11. Euclidean Classification of Quadric Surfaces. Let z,y, z be a rectangular coor-

dinate system and consider the quadric surface ¢(P) = k with

q(P(z,y,2)) = Az® + 2By + 2Cxz + Dy* + 2Eyz + F2°.

Writing this in matrix form, we have q(P(x,y, z)) = XM X with

T A B C
X=|ly|, M=|B D E
z C FE F

The matrix M satisfies M = M?; such a matrix is called a symmetric matrix. We want
to find a change of coordinates X = PX’ so that the new coordinate system z’,y’, 2" is

rectangular and
q(P(JZ,,y/, Z/)) — X/tPtMPX/ — )\158/2 4 A2y/2 4 )\32/2
with M’ = P!MP a diagonal matrix, i.e.,

A 0 0
M=]0 X 0
0 0 A3
If
a1 Q2 Q3
P=|p B2 B3|,
Y1 Y2 38
we have

x o’ + oy + as?
y = Ba' + Bay’ + B2
z = ma' +yy +37.

The coordinate system x’,3’, 2’ is rectangular if and only if the vectors

I = i+ Bif ik
Y - - -
j = aoiH Boj+ ek
=7 - - -
k' = azi+ B35 + sk

are mutually orthogonal unit vectors, i.e.,
QGH+pE4+2 =1 for i=1,2,3
g+ BB+ = 0 for i<
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Such vectors are also called orthonormal. This is equivalent to PP' = I (the identity
matrix) or, equivalently P! = P~!. Such a matrix P is called an orthogonal matrix. The
condition P!MP = M’ can then be written M P = PM’ which is equivalent to

MP; = \; P,

where P; is the i-th column of P. This is a system of homogeneous equations in the
coordinates of P; which can be written

(MI—M)P; =0.
A necessary and sufficient condition that this system has a non-zero solution is that

det()\il — M) =0
. Evaluating

A—-A -B -C
det(\W[-M)=| -B X—-D —-E |,
-C -F \N-F
we get the polynomial
P CIEY R cs3,

where
¢c6 = —(A+D+F)=—trace of M
A B A C D E
_ P22 2
¢ca = AD+DF+ AF-B*-C E—‘B D‘+‘C F‘+’E F‘
cg = —det(M).

This polynomial is called the characteristic polynomial of the matrix M. Its roots
A1, A2, A3 are called eigenvalues of M. The solutions of the homogeneous system

AN —M)X =0

are called eigenvectors of M corresponding to the eigenvalue \;. Thus the problem of
finding a rectangular coordinate system x’,4’, 2’ such that

q(P(x',y, 7)) = Ma® + Xoy/? 4 N32"?

is equivalent to finding an orthonormal basis of eigenvectors of the symmetric matrix M.

Since the characteristic polynomial of M is a cubic, it has at least one real root A;.
Let (a1, 1,71) be an eigenvector of M, of unit length, corresponding to the eigenvalue A,
and let (g, f2,72), (as,fs,73) be othogonal unit vectors each of which is orthogonal to
(a1, B1,71)- If we make the orthogonal change of coordinates X = PX’ with

ap Q2 Qg

P=|p8 B2 B3 |,
Y1 Y2 3
we have
A O 0
M =P'MP=|0 D F
0o E F

since M’ is a symmetric matrix. Indeed, M'* = P*M*(P')! = P'MP = M'. We therefore
have
q(P(w’,y/,z/)) _ )\11,/2 4 D/y/2 4 2E'y’z’ + F/Z/Z
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and we are reduced to diagonalizing the quadratic form
q/ — D/y/2 + 2E/ylzl + F/ZIZ.

—_ =
If we let 5”7, k” be the unit vectors of a rectangular coordinate system in the x’y’-plane
(with origin O) that diagonalizes ¢’ and replace the second and third columns of P by the

— —
column matrices [5”]%, [k”]" with the coordinates taken with respect to the xyz-coordinate

system, we obtain an orthogonal matrix that diagonalizes q. We thus obtain the following
result:

Theorem 8.10. If M is a symmetric 3 matriz, there is an orthogonal 3 X 3 matrix P such
that P~YMP is a diagonal matriz.

Corollary 8.7. The roots of the characteristic polynomial of a real symmetric 3 X 3 matriz
are all real.

Another important fact about eigenvectors of real symmetric matrices is the following:

Theorem 8.11. Let M be a real symmetric 3 x 3 (or 2 x 2) matriz. Then eigenvectors of
M corresponding to distinct eigenvalues are orthogonal.

Proof. Let X,Y be eigenvectors of M with eigenvalues A, p respectively. Then M X =
AX and MY = AY and hence

AXTY = (AX)'Y = (MX)'Y = X'MY = X'(uY) = pX'Y.

This gives (A — )XY = 0 from which we get X*Y = 0 if A # u. Since X'Y is equal to the
dot product of X and Y we obtain the result. Q.E.D.

Example 1. If we apply the above to the quadric surface with equation
22 =2y + 22z 41y  +2yz — 22 =1

the matrix M is equal to

1 -1 1
-1 1 1
1 1 -1

The characteristic polynomial of this matrix is
AN AN+ 4= (N =4 (A - 1).

The eigenvalues of M are therefore A = 1,+2. The eigenvectors of M corresponding to
A =1 are solutions X of (I — M)X = 0. This equation is equivalent to

y—z = 0
z—z = 0
—r—y+22=0

which has the solutions x = y = z = t with ¢ arbitrary. The eigenvectors with eigenvalue 2
are solutions X of (2I — M)X = 0 giving the equations
r+y—z2 = 0
z+y—z = 0
—r—y+3z = 0
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which has the solutions © = —y = ¢, z = 0 with ¢ arbitrary. Finally, the eigenvectors
corresponding to A = —1 are solutions of (—2I — M)X = 0 giving the equations

—3r+y—2z = 0
r—3y—z = 0
—z—-—y—2z = 0
which has the solutions x = y = ¢, 2z = —2t with t arbitrary. If we choose for the columns

of the matrix P, eigenvectors of length 1 corresponding to the distinct eigenvalues we get
as one possible such P the matrix

1 1 1
V3 V2 6
P:L;lL
v B

If we make the change of coordinates X = PX’, the given quadric has equation
$/2 _|_2y/2 _ 22/2 -1

in the new coordinate system. This new system is positively oriented since det(P) = 1. The
given quadric is a hyperboloid of one sheet with center of symmetry at the origin.

Example 2. If our quadric has the equation
v? =20y + 2z Y+ 2y — 22+ —y =0,
we first diagonalize the associated quadratic form
q=1a%—2xy + 2yz + > + 2yz — 22
The above example shows that this can be done with the change of coordinates
x = 2/V3+y/V2+2/V6
y = 2/V3—y/V2+2/V6
y = 2'/V3—22/V6.
If we make this change of coordinates the given quadric has equation
2?42y =222 42 =0
in the new coordinate system. Completing the square in y’, we get the equation
%+ 20y +V2/4)? — 222 = 1/4.
If we multiply both sides by 4 and make the change of coordinates
=gy =y —V2/4, 2 =2",
we get the equation
4o’ + 8% — 82" =1
"o n

in the x"'y"'z""-coordinate system. This is quadric surface is a hyperboloid of one sheet with
center of symmetry O”. The center of symmetry has coordinates (—1/4,41/4,0) in the
zy-coordinate system. The unit points I, J”, K” have xy-coordinates

(1/V3—1/4,-1/V3+1/4,0), (1/V2-1/4,1/V2+1/4,0), (1/V6—1/4,1/vV6+1/4,-2/6).
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We could have eliminated completion of squares from the above example by first trans-
lating the origin to the center of the quadric. As the case for central conics, there is a system
of linear equations which have the center of a central quadric as the unique solution. Let

q=Az? +2Bay+2Czz+ Dy*> + 2EByz+ F22 + Ge + Hy+ Kz + L =0
be a quadric surface with associated quadratic form
qo = Az? + 2Bxy + 2Cxz + Dy? + 2Eyz + F2*

and let

SHwliey
o Q

A
A=|B
C

be the determinant of the matrix M of ¢g. Since det(M) is the product of the eigenvalues
of M, the quadric surface ¢ = 0 is central if and only if A # 0. If A > 0, it is of elliptic
type (ellipsoid, point or empty) and if A < 0, it is a hyperboloid.

Theorem 8.12. If g = 0 is a central quadric, (xo, Yo, 20) s the unique solution of the system
of equations

Az +By+Cz = —-G/2
Br+Dy+Ez = —H/2
Cx+Ey+Fz = —-K/2

and ¥’ =x —x9, ¥ =y —yo, 2 =z — 2 then
q=q(@',y',2") + a(zo, yo, 20)-

In particular, (zq, Yo, 20) are the coordinates of the centre of the quadric surface ¢ = 0.

Proof. If we make the change of coordinates x = xg +2', y = yo + ¥, 2 = 20 + 2’ we
have

q = qol2,y,2") +2(Axg + Byo + Czo + G/2)2’ +2(Bxo + Dyo + Fzg + H/2)y' +
2(Cxo + Eyo + Fzo + K/2)2' + q(x0, yo, z0)-

Q.E.D.

Example. In example 2 above we have

1 -1 1
A=| -1 1 1|=-4.
1 1 -1

So the surface is a hyperboloid, or a cone, with center the unique solution of the system

r—y+z = -1/2
—x4+y+z = 1/2
z+y—1 = 0.

This solution is (—1/4,1/4,0). Translating our coordinate system to this point, we get a
coordinate system x’,4’, 2’ in which our quadric has equation

m/2 72x/y/+y/2+2y12/ 72/2 —_ 1/4
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which shows that the surface is a hyperboloid. The change of coordinates
o = 2" VB3+y" N2+ V6
y = 2"y V242" V6
y = 2"/V3-2"/V6
transforms the above equation into
" 42y — 22" = 1/4

showing that the surface is a hyperboloid of one-sheet.



