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CHAPTER 1

Plane and Space: Linear Algebra and Geometry

The purpose of this course is the study of curves and surfaces, and those are, in gen-
eral, curved. Nevertheless, our main tools to understand and analyze these curved ob-
jects are (tangent) lines and planes and the way those change along a curve, resp. surface.
This is why we start with a brief chapter assembling prerequisites from linear geometry
and algebra. Most or all of these will be known to the reader from elementary courses
and textbooks. We focus on geometric aspects of methods borrowed from linear alge-
bra; proofs will only be included for those properties that are important for the future
development.

1. Vectors and Products

1.1. Vectors. Our models for plane and space use the Euclidean vector spaces R?,
resp. R3 with coordinate systems {i,j}, resp. {i,j, k}. Hence, a plane vector x € R?
has a unique representation

(1.1) x = x1i + xpj, in short x = [x1, x2],

while a space vector y € R? has a unique representation

(1.2) y = y1i + y2j + ysk, inshorty = [y1, y2, y3).

where x1, X2, 1, Y2, X3, y3 are real numbers. A special vector is the zero vector
0 = [0,0] € R?, resp. 0 = [0,0,0] € R®.

With respect to the given coordinate system, the sum of two vectors x and y in R? is
calculated componentwise:

X+y = [x1,%2,x3] + [y1, Y2, y3] = [x1 + Y1, X2+ V2, X3+ y3].

Similarly for the difference of two vectors.
A vector x € R® may be multiplied with a real number (or scalar) a:

ax = [ax1,axp,axs|, a € R.

Together, these operations give rise to the following concepts:
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DEFINITION 1.1. (1) A vector w = ax + by, a,b € Ris called a
linear combination of the vectors x and y. A vector w = ax +
by +cz, a,b,c € R is called a linear combination of the vectors
X,y and z.

(2) A linear combination w = ax + by + cz is called non-trivial if
and only if at least one of the coefficients is not 0 :
a#0orb#0orc#0.

(3) The set of all linear combinations of a set of vectors is called
their span:

e sp(x) = {ax| a € R};
e sp(x,y) = {ax+by| a,b € R};
e sp(x,y, z) = {ax+ by +cz| a,b,c € R}.

DEFINITION 1.2. A set of vectors in Euclidean plane or space is called
linearly dependent if the zero-vector 0 is expressible as a non-trivial lin-
ear combination (Def.[[.T(2)) of the vectors in the set, and linearly inde-
pendent else.

EXAMPLE 1.3.

(1) The set {i,j, k} C R?®is linearly independent since:
[0,0,00=0=ai+bj+ck=[a,bc]=a=b=c=0.
(2) The set {[1,1,1],[1,—1,2],[2,4,1]} C R3is linearly dependent, since
0=3[1,11]+(-1)[1,-1,2] + (-1)[2,4,1]

is a non-trivial linear combination yielding 0.

More systematically, we have:
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LEMMA 1.4. (1) Two non-zero vectors x,y are linearly dependent if
and only if they are parallel, i.e , if there exists a number d € R
such that y = dx. In that case, sp(x,y) = sp(x).

(2) Three non-zero vectors X,y, z are linearly dependent if and only if
they are coplanar, i.e., if x and y are parallel or if there exist num-
bers d,e € R such that z = dx + ey. In that case, sp(x,y, z) is
equal to the span of 1 or 2 of these vectors.

PROOF:

(1) If0 =ax+byand b # 0, theny = 5"x.
(2) Let 0 = ax + by + cz. If c = 0, then x and y are parallel. If ¢ # 0, then z =
_ b
=X+ Y.
O

Vectors are useful in the description of the Euclidean plane B> and of Euclidean space
E3. The most elementary objects in plane, resp. space, are its points. A connection be-
tween points in E' and vectors in R’ is established as follows: Choose a distinguished

—
point O as origin of the coordinate system. To any point P, we associate the vector OP,
and its coordinates; we write

(1.3) P[xl,xz, X3] if (73 = x1i+ x2j + x3k.

Given two points P, Q in plane or space with

OP = [x1,x2,%3], 0Q = [y1,2,y3).

—
Then, the vector PQ is given as the difference vector

— —  —
PQ =0Q —OP = [y1,Y2,y3] — [x1, %2, x3] = [y1 — X1, Y2 — X2, Y3 — x3].

Its geometric interpretation is an arrow (directed line segment) starting at P and ending
at Q. The definitions above have the consequence, that

— — _—  — — — —
PO+ QR = 0Q — OP + OR — OQ = PR.

Geometrically, PR corresponds to the arrow from P to R, which is the diagonal in the
parallelogram spanned by the arrows from P to Q, resp. Q to R in Fig.[l
Conversely, let P € E' denote an arbitrary point. Then, any vector x = [x1, xp, x3]

may be interpreted as an arrow with initial point P If OP = [yl,yz, y3], define Q by

—

— —
OQ = OP +x = [x1 + Y1, X2 + Y2, X3 + y3)- InfactPQ 0Q — OP = x.
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R

FIGURE 1. Addition of arrows

1.2. Products.

1.2.1. The dot product. The geometric concepts length of a vector and angle between
two vectors are encoded in the dot product between two vectors: The dot product of two
vectors x = [x1, X2, x3] and y = [y1, Y2, y3] is given as the real number

(1.4) I xy=xnynt+xptayaeR |
The length of the vector x is defined as the non-negative real number
(1.5) x| = Vx-x = y/x2 + x3 + x3.

Note that |x| = 0 if and only if x = 0. Of course, the definition of length relies on
Pythagoras theorem. Its generalization, the Law of Cosines, is the background for the
following geometric interpretation of the dot product of two vectors:

PROPOSITION 1.5. Let a denote the angle between the two vectors x and y.
Then

(1.6) x -y = |x| |y| cos a.

The angle between two vectors in R? has to be interpreted as the angle (between 0 and
7t or 180°) in the plane that they span; it is zero, if they are parallel. Since the restriction
of the real function cos to the interval [0, 7] — corresponding to angles between 0° and
180° — attains every value between —1 and 1 exactly once, Formula (L6 can be used to
recover the angle a between two non-zero vectors x and y from their dot product:

Xy _ X1Y1 + X2y2 + X3Y3 I
Xl R+ B+ 3R+ B+
The angle a between the two lines given by x and y is calculated as the arccos of that

number — and is either a number in the interval [0, 7] or an angle between 0° and 180°.
Note that two vectors x and y are perpendicular to each other if and only if x - y = 0.

(1.7) I cosa =
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EXAMPLE 1.6.

(1) The coordinate vectors i = [1,0,0], j = [0,1,0], and k = [0, 0, 1] all have length
1 and are mutually perpendicular.

(2) Letx = [1,2] and y = [~2,4]. Then, |x| = v/5; |y| = v20 = 2V/5; and x-y =
Hence, by Formula ([7), the angle a between x and y satisfies: cosa =
and hence a = arccos %, corresponding to an angle of 53.13°.

6.
3
57

glo

1.2.2. The plane product. The plane product of two plane vectors
x = [x1,x2], y = [y1,y2] € R?is given by the determinant

X1 X2
yioy2 | I

This number can be interpreted as the (signed) area of the parallelogram spanned by x
and y, to wit: Let « denote the angle between the lines through x and y. Then,

(1.8) I X, y] = x1y2 — 2211 = ‘

X y] = [x[y]sina.

A negative plane product indicates thus, that the “shortest” rotation sending the half-line
through x into the half-line through y is clock-wise.

The proof is similar to that of the corresponding formula for the wedge product
(cf. (LI2)), but more elementarys; it is therefore omitted here.

To a plane vector x = [x1, xp|, we associate its hat vector X = [—xp,x1]. The reader
should check that x and X have the same length and are perpendicular to each other —
using the dot product ([L4) in Sect. LZ.T). Only the plane vector —X = [xp, —x1] has
those same properties. They can be distinguished using the plane product from above:
(x, %] = x% + x% > 0, whereas [x, —%X] < 0. Geometrically, X arises from x by a counter-
clockwise rotation by an angle Z or 90°.

FIGURE 2. The hat vector
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1.2.3. The wedge product. In space, we define the cross product (or wedge product) be-
tween two space vectors x = [x1,x,x3] and y = [y1,Y2,y3]. This is a new space vector
x Xy, whose coordinates are given by the following rule:

(1.9) B xxy=[xays — x3y2, x3y1 — x1y3, x1y2 — X2y1]. |

An easy way to memorize this definition is as the determinant of the following formal
matrix with i, j, k denoting the coordinate vectors:

i j k
(110) XXy = det X1 X2 X3 = (ny3 — X3y2)i — (x1y3 — X3y1)j + (x1y2 — nyl)k-
Y1 Y2 Y3
1.2.4. The space product. The formal properties and a geometric interpretation of the
wedge product are easier to derive using yet another product; a sort of strange product

between three space vectors z, x and y: it is a real number, called the scalar triple product
or space product between those three vectors:

[z, x,y] =z (xxy) =
= z1(xoy3 — x3y2) + 22 (x3y1 — X1Y3) + 23 (X1Y2 — X2Y1) =

Z1 Z2 Z3
(1.11) = | X1 X2 X3

Vi Y2 Y3

1.2.5. Properties of wedge and space product. The vector product x x y is perpendicular
to both x and y, as follows from the calculations:

X1 X2 X3
X-(XXy)Z X1 X2 X3 =0,
Vi Y2 Y3
Vi Y2 Y3
y-(xxy)=|x1 x x3|=0.
Yi Y2 Y3

Why? The determinants above are zero, since they contain two identical rows.

REMARK 1.7.
These orthogonality properties can be used to check whether you made a mistake in
your calculation of x X y. Dot your result with both x and y — this is easy and not time
consuming. If those dot products are not 0 — both of them — you certainly made an error.
Try again!

The length of the wedge product x X y can be established from the following formula
— which may be verified by a lengthy but routine verification using coordinates:

(1.12) X[yl = [x x y[* + (x-y)*.
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Formulas (LI2) and ([L.6) have the following consequence: Let a denote the angle be-
tween x and y. Then

xx yl* = [xPlyl* = (x-y)* = xPPly|* — |x*[y|* cos® « =
= [x[?|y[*(1 — cos? &) = |x|*[y/* sin” ,
and hence
(1.13) Ix X y| = |x]|y]| sin a.

To summarize, x X y is a vector that is perpendicular to both x and y and has lenght

given by (LI3). The only other vector with these two properties is the vector —(x x y).
Those two can be distinguished by space products:
[(x X y),%y] = (x X y) - (x X y) = |x x y|2 > 0, whereas [~ (x x y),x,y] = —|x x y[? <
0. Geometrically, this distinction is done by the rule of thumbs: x, y and x x y form a right-
handed triple (use the first three fingers of your right hand to point in the direction of
these vectors!)

The length of the cross product x X y has the following geometric interpretation: |x X y|
is the area of the parallelogram (cf. Fig. B) spanned by x and y:

>
>

FIGURE 3. Cross product and area

Why? The vector z in Fig. Blis chosen in the plane spanned by x and y and perpen-
dicular to x with length |z| = |y|sina. The parallelogram spanned by x and y has the
same area A as the rectangle spanned by x and z (why?), which is
A= Ixlz] = Ixlly|sine = [x x yl.

The space product itself is interpreted as a (signed) volume, cf. Fig. Bt Let z,x, and y
denote vectors with the same initial point. Unless they are linearly dependent (copla-
nar) (cf. Lemma [[.412), they span a parallelepiped. The area of the base parallelogram
spanned by x and y is given by A = |x X y|. Now let a be the angle between z and x X y.
Assume for a moment that « is acute. Let w be the indicated (height) vector on the line
through x x y. Its length is given by |z| cos «. The parallelepiped spanned by x,y, and
z, resp. the one spanned by x,y, and w have the same volume V, and thus:

V =|w|A =|z|cosaA = |z||x X y|cosa =z (x X y) = [z,x,y].
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If « happens not to be acute, one may replace a by 6 = 77 — a. Since cos 0 = — cos«,
the corresponding calculation has the result: V = —[z, x, y].
A
XKy

FIGURE 4. Space product and parallelepiped

EXAMPLE 1.8.
Three points in space are given byP 1,2,4], Q =[-2,3, 5] and R = [0,1, —1]. Then
—

PQ=[-2-13-2-5-4=[-3,1,-9,PR=[0-1,1-2,—1—4] = [-1,—1,-5),
and

. i j k
POxPR=|-3 1 -9 |=(-5-9)i—(15-9)j+ (3+1)k = [-14, —6,4].

-1 -1 -5
The signed volume of the parallelepiped with vertices in O, P, Q, R is (cf. (LT1)):
[OP,0Q,0R] =| —2 3 —5 | =1(-3+5)+2(-2—4) =2—12 = —10.
0 1 -1

Remark that we used expansion by minors on the first column to calculate the determi-
nant.

1.2.6. Formal properties of products. The following properties are stated without proof:

eX'Yy=Y-X;

o x-(y+z)=(xy)+(x z)
o ax-y =a(x-y);

d [y,X] = _[XIY];

o x-y=[yx]=—[xy];

ey xx=—(xXxy);

e xX(y+z)=(xxy)+(xxz);

e axXy=a(xxy);

e In general, x X (y X z) # (x X y) X z;
o x+x,yz] =[xy z|+ X,y z;
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e [ax,y, z] =alx,y,z]
o xyz]=-ly,xz] = -[x 2yl

2. Description of Lines and Planes

Next to points, the most elementary geometric objects are the lines in plane E? and
lines and planes in space E>. In this section, we want to give effective descriptions of lines
and planes and describe how to use these concepts to answer geometrical questions. We
fix a point O as origin and a coordinate system {i,j} for R?, resp. {i,j, k} for R®. In most
cases, definitions and properties resemble each other in the plane, resp. the space case.
We write R/, resp. E' to cover both cases. So eitheri = 2 ori = 3.

2.1. Parametrizations.
2.1.1. Lines. A line | in the plane E? or in space E® is determined by the following
property: There is a non-zero vector x € R’ such that

—
{PQIP,Q € I} = sp(x).
Any vector x with this property is called a parallel vector for I. In particular, every vector
joining two different points on [ is a parallel vector; in fact, it is a certain multiple tx,

t € R. On the other hand, given any point P € [, then every point Q € E’ with P—Q> = tx
is on the line /. This leads to the following definition of a parametrization of a line:

DEFINITION 1.9. Given a point P € E' and a non-zero vector x € R'.
The line through P with parallel vector x consists of all points Q € E

with P—Q> € sp(x), or equivalently, such that
— —
(1.14) B O0Q=0P+tx, tcR. |1

One way to imagine the parametrization (LT4) is to think of a particle that moves with
constant speed on the line /. Then t is a time parameter, and the particle starts at P at
time t = 0.

Given two distinct points P, P’ € E'. Then there is precisely one line ! containing
both P and P’'. Its parametrization is given by

. — — —
l={Q € E'|OQ = OP +tPP', t € R}.
The line segment of all points on I between P and P’ consists of all points

. — — —
I ={Qc E|0Q =0P+tPP, tc[0,1]}.
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Q

FIGURE 5. The line [ through P with parallel vector x

EXAMPLE 1.10.
A parametrization for the line I through P[1,2, —2] and P’[3, 1, 3] is found as follows:

—_—
x=PP' =[3-1,1-2,3-(=2)] =[2,-1,5];

| ={QeB|00 = [1,2,—-2] + ]2, ~1,5], t € R}.
The point Q; = [—3,4, —12] is on the line  and corresponds to t = —2, whereas
—
Q2 = [2,4,6] isnot on [, since PQy = [1,2,8] ¢ sp([2,—1,5]).

REMARK 1.11.

A parametrization of a line [ is not unique. In fact, the same line | has infinitely many
linear parametrizations. Here is how to get them from the one given in (LT4): You may
replace x by any non-zero vector x’ parallel to x, and, at the same time, you may replace
P by any other point P’ € I.

2.1.2. Planes. A plane « in space E? is determined by the following property: There
are two linearly independent vectors x,y € R such that

—

{PQIP,Q € a} =sp(x,y).
In particular, every parallel vector joining two points on « is some linear combination
sx +ty, s,t € R. Conversely, given any point P € «, then every point Q € E3 with

P—Q) = sx + ty isin the plane a. This leads to the following definition of a parametrization
of a plane:
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DEFINITION 1.12. Given a point P € E? and two linearly independent
vectors x,y € R3. The plane through P with parallel plane sp(x,y) con-

sists of all points Q € E® with P_Q) € sp(x,y), or equivalently, such that

(1.15) B O00=0P+sx+ty, stcR. |

FIGURE 6. The plane a through P with parallel plane sp(x,y)

Given three distinct points Py, P, P5 € E3. Then the set
{Q € E}|OQ = OP, +sP,P, + tPP5, s,t€ R}

— —
e is a line, if P; P, and P, P; are parallel;
e is the plane containing P, P,, P; otherwise.

To decide whether a given point Q € E? is contained in the plane a with parametrization

— —>
OQ = OP + sx + ty from (LL.I5) amounts to considering (L.I5) as a vector equation, or
equivalently, as a system of three linear equations in the two parameters s and .

EXAMPLE 1.13.
Let P, = [1,1,1], P, = [2,2,1], P; = [3,2,2],and Q = [1, —2,4]. Then P, P, = [1,1,0],
—
p1P3 = [2, 1, 1], and

a={[xy,z| € E3| x,y,z] =[1,1,1] +5s[1,1,0] + t[2,1,1], s,t€ R}
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is a parametrization for the plane through Py, P, P3 — since [1,1,0] and [2,1, 1] are lin-
early independent. To decide whether Q € &, we must find out whether the equation

— —
PIQ = OQ — OP1 = SP1P2 + tP1P3
has a solution. In our case, one has to solve the equation
[0,-3,3] =s[1,1,0] +t[2,1,1],

or equivalently the system

s+2t = 0
s+t = =3
t = 3.

Using Gauss-Jordan reduction, we get:

1 210 1 210 1 20 1 0|—-6
-3|~]0 -1}|-3|~]01|3|~]|01]3 |.
3 0 113 0 0]0 000

11

01
We end with a solution s = —6, t = 3, and hence Q € «. A similar calculation replacing
only Q with Q’[1, —2, 3] ends with a matrix whose last row is [0 0| — 1]. Hence, that new
system has no solution, and Q" ¢ a.

REMARK 1.14.
A parametrization of a given plane is not unique: The plane « through P with parallel
plane sp(x,y) is equal to the plane a’ through P’ with parallel plane sp(x’,y’) if and
only if sp(x,y) = sp(x,y’) and if P’ is contained in .

2.2. Equations. An alternative way to describe lines in the plane E? or planes in
space E° is by a linear equation in the two variables x and v, resp. the three variables
x,y and z. Deriving these equations, we make use of orthogonality using the dot product,
cf. [L4).

2.2.1. Lines in the plane. Given a line I in Euclidean plane E? with parallel vector x.
A vector n # 0 is called a normal vector to [, if it is orthogonal to the parallel vector x,
i.e., if n-x = 0. In particular, n has to be some non-zero multiple of the hat vector X.

Now let us derive an equation describing the line  through the point P € E? with
normal vector n. Let Q € E? denote an arbitrary point. To check whether Q € I, we
proceed as follows:

H
Qel <& x,PQ areparallel

—

& n- PQ—O
—

(1.16) & n-(0Q - P)

—

& n-0Q = P

'.3
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FIGURE 7. Derivation of an equation describing a line /
In coordinates, equation ([LT6) reads as follows:
— —
Let OQ = [x,y],OP = [x0,yo0] and n = [a, b]. Then, (L.16) is equivalent to
(1.17) a(x—x9)+b(y—yo) =0 ax+by =axg+byy=4d
with d the fixed number d = n - OP. Hence, Qlx,y| € lis equivalent to (LI7).
EXAMPLE 1.15.

Given P;[2,5], P,[—1,4] € E2. An equation for the line through P; and P, is determined
as follows:

—
x=PP = [-3,-1];
n=%x = [1,-3];
—
n-OP, = [1,-3]-[2,5|=2-15=—13

The line [ can thus be described by the equation x — 3y = —13. You may check that the
coordinates of P; and P, actually satisfy that equation.

2.2.2. Planes in space. For a plane # C E® with parallel plane sp(x,y), a vector n is
called a normal vector to a if n is orthogonal to every vector in the parallel plane. In
particular, n has to be some non-zero multiple of the cross product vector x x y.

For a plane & through P € E® with normal vector n, we obtain an equation describing
« using that normal vector as follows:

Qc€a & nand P—Q> are perpendicular
(1.18) & n-PO=0.
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n

O

FIGURE 8. Plane and normal vector

Using n = x X y as normal vector, we obtain the following equivalent conditions:

Qea & (xxy)-P 6 =0
(1.19) < [xy, P—Q>] =0
(1.20) & (xXxy)- (TQ (xxy)- OP
(1.21) < [xy, O—Q>] (X, y, (ﬁ’]

To see that all these correspond to a linear equation, let O_Q> = [x,y,7], OP = [%0, Yo, Zo]
and n = x X y = [a, b, c|]. Remark that x, y, z are variables, while a, b, ¢, x¢, yo, zo are fixed
real numbers. Then, (LI8) is equivalent to

(1.22) a(x —x0) +b(y —yo) +c(z—20) =0 < ax + by + cz = axg + byy + czg = d,

with d the fixed number d = n - OP = (x Xy) - OP = (x,y, O_1>3] Hence, Q[x,y,z]| € a if
its coordinates satisfy equation ([L22).
Remark the following geometric interpretation for (LI9): The parallelepiped spanned

by x,y, ITQ has 0 volume (cf. [LZ5) if and only if ITQ is contained in the plane spanned
by x and y.

EXAMPLE 1.16.
Let Py, P,, P; € E3 denote three points in space that are not contained in a common line.
We want to derive an equation, which determines the plane a containing these three
points using the space product as in (L.I9):
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— — .
Let OQ = [x,vy,z|, OP; = [x;,y;,2i], 1 <i < 3. Then,
— —
x=P1P) =[x —x1,y2 —y1,22 —z1] and y = P\ P5 = [x3 — x1, Y3 — y1,23 — 21]
span a parallel plane to &, and ITQ> =[x —x1,¥ — Y1,z — z1]. Hence

Qean & [x,y,l?é]zo
X2 —X1 Y2—VY1 22— 27
< |x—x1 Yys—y1 z3—z1 | =0.
X — X1 y—yl Z—Z1

EXAMPLE 1.17.
Let us now look at the particular case Pi[1,2,1], P,[—1,2,3], P3[2,1,4] € E>. An equa-
tion determining the plane « containing these three points is determined as follows:

-2 0 2
0o=| 1 -1 3 |=(x-12—-(y—2)(=8)+(z—1)2 =2x+ 8y + 2z — 20.
x—1 y—-2 z-1
Substituting the coordinates of any of the three points P; into x, y and z allows you
to check that this is a correct equation for «.

REMARK 1.18.
You may ask yourself whether any equation ax + by = d characterizes a line in the plane
or whether any equation ax + by + cz = d characterizes a plane in space:

(1) It is not difficult to see, that an equation ax + by = d (for [a,b] # 0) is solved
by the coordinates [x,y] of points Q on a line ! in the plane E?: In fact, the
vector n = [4,b] may serve as a normal vector to /, and the line can always be
parametrized in the following way:

I ={Q e 00 =[e f] +t[~b,a], tcR}

with [e, f] any vector solving the equation ae + bf = d. For a # 0, one may use

le, f] = [4,0], for b % 0, a simple solution has coordinates [0, {]. A solution that
always works is [e, f| = [ﬁ, %]. Note that the parallel vector [—b, a] is the

hat vector to the vector n = [g, b].
(2) Likewise, the equation ax + by + cz = d (for [a, b, c| # 0) is solved by the coor-
dinates [x, v, z] of points Q on a plane & in space E> with parametrization

N = {Q€E2|TQ: le,f, 8] +sx+ty, s,teR}

where [e, f, g] can be one of the (solution) vectors [4,0,0],[0.4,0] or [0,0, %] -
choose one with denominator different from 0! — or
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e, f, 8]l == +‘;’§ 2 J;ﬁ a7 Jjﬁ +C2]. Moreover, you may choose any two non-
zero vectors x,y among [—b,a,0], [—c,0,a],[0, —c, b] to span a parallel plane.
Why? An easy dot-product calculation shows that they are normal to
n = [a,b,c|. Hence, they may serve as (non-unique) replacements in space for
the plane hat-vector!

(3) The linear equation representing a line in the plane, resp. a plane in space is
unique up to a non-zero factor: The equations ax + by = d and
tax + tby = td, t € R\ {0}, have the same solution. Thus, the equation from
Ex.[[L.TZ can be replaced by x + 4y + z = 10.

(4) A line in space may be given as the set of solutions of two linear equations in
three unknowns x, y, z, corresponding to the intersection of the two planes that
each of the equations represents. More about this topic follows subsequently!

2.3. Several Lines or Planes. In this section, we discuss the relative position of sev-
eral lines in the plane and in space, resp. of several planes in space. Do they intersect,
are they prallel etc.?

2.3.1. Two lines in the plane.

PROPOSITION 1.19. The intersection of two lines 11,1y in the Euclidean
plane E? is either

(1) a single point S;

(2) empty, or

GB) h =1
In case 2. and 3., the lines are called parallel to each other (I || I).

FIGURE 9. Intersection of two lines
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Suppose, I; and I, are given by parametrizations, resp. by equations. How can we dis-
tinguish the three cases, and, in case 1., how can we calculate the point S of intersection?

_ | x I
Letx = {xz },andy— {yz },andsuppose

— —

I = {Q€E|0Q=0P+sx, scR};
- —_—

I, = {R€E*OR=0P +ty, tcR}.

Then, [; NI, consists of those S € E2, that satisfy both equations:

— — —
(1.23) OS = OP + sx = OP' + ty.

The solutions s, t of the vector equation [L23) — if existing — have to satisfy
E— RN —
sx — ty = OP' — OP = PP/,

Coordinatewise, this last vector equation corresponds to two linear equations in the two
variables s and ¢, or equivalently, to the matrix equation

S| _ ool _ X1
(1.24) A[—t] = PP' with A = [xy] = {xz yz]'
Then, the three cases in Prop. correspond to:

(1) xand y are linearly independent, i.e., the rank of the matrix A is two (rank A=2),
i.e., A can be reduced to the identity matrix I by the Gauss-Jordan algorithm from

—
linear algebra. This algorithm, applied to the extended matrix [A|PP’'] yields
{I| { —StQQ ] } . Now, the coordinates of the point Q of intersection are found by

introducing s at the place of s in (LZ3) (or tg at the place of t. In fact, it is only
necessary to calculate either sg or t().
—
(2) x and y are parallel, but x and PP’ are linearly independent. This corresponds

—
to: rank A=1, and the Gauss-Jordan algorithm reduces [A|PP’] to a matrix
whose second row is [00|t] with ¢ # 0. Thus, the matrix equation (L.24) does
not have any solution, i.e.,, [y Nl = @.

—
(3) x, y and PP’ are parallel. This corresponds to: rank A=1, and the Gauss-Jordan

—
algorithm reduces [A|PP’] to a matrix whose second row is [00]|0]. Hence the
matrix equation (.24 is equivalent to the solution of the equation determining
justly,ie, iy =1 Nl = 1.
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EXAMPLE 1.20. .
Let P[5,—1], P'[-7,3],x = [1,-2], y = [3,—7]. Then, PP’ = [—12,4], and the Gauss-
—

Jordan algorithm applied to [A|PP’] yields:

— [ 1 3[-12] _[1 3|-12]_[1 0|-72
[A|PP]_[—2 —7‘ 4}—[0 —1‘—20}—[0 1‘ 20}

With sg = —72, we obtain the point Q of intersection by

— =

§ = OP +sox = [5,—1] + [~72,144] = [—67,143].

If the two lines /1, [; instead are given by the linear equations
arx + bly = dl
ax +by = do,
the solutions [x, y] of this system correspond to points of intersection. In this case one
a1 by | d;
ay by |dy |°
2.3.2. Two lines in space. In EBuclidean space E?, we observe a new phenomenon:

has to perform a Gauss-Jordan reduction to the extended matrix [

DEFINITION 1.21. (1) Twolines [1,l, C E3 are called skeudl, if there
is no plane & C E® containing both of them. (Note, as a conse-
quence: [ and I do not intersect!)

(2) Two lines I1,1; C E3 are called parallel, (I, || ) if there is a
plane « C E? containing both of them and such that I; N[5 is
empty or [} = Ip.

“illustration: opposite page

EXAMPLE 1.22.
Consider /5 to be the X-axis, and I, to be a parallel to the Z-axis and not intersecting the
X-axis. Verify that /; and [, are skew!

Hence, in space one has to consider four cases: Two lines may be contained in a
common plane or not; if not, they are skew. If they are contained in a common plane,
one distinguishes again the three cases from Prop. and proceeds in the same way

X1 1 —
asin (L23) ff: Withx = | xp | andy = | y» |, the vector equation sx — ty = PP’
X3 Y3
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Here are two skew lines:

Rotate the two line segments with the mouse and zoom in or out using the scrollbar.

FIGURE 10. Skew lines

corresponds to a matrix equation

s SN X1 Y1
A[—t] =PP" with A=[xy]=|x ¥ |,
X3 Y3

i.e., to a system of three linear equations in the two parameter values s and t. The new

—
case — corresponding to skew lines /1 and I — occurs, whenever x, y and PP’ are linearly

1 0ja

—
independent. In that case, the matrix [A|PP’] can be reduced to a matrix | 0 1|b
0 0|c

with ¢ # 0. The last equation associated to the latter extended matrix is: 0s + 0t = ¢,
and it has obviolusly no solution: The two lines /; and I, do not intersect!
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2.3.3. Two planes in space.

PROPOSITION 1.23. The intersection of two planes aq, ap in Euclidean space
E3 is either

(1) aline l;

(2) empty, or

(B) a1 = ao.
In case 2. and 3., the planes are called parallel to each other (a1 || ap).

FIGURE 11. Intersection of two planes

It is easiest to find the intersection of two planes a1,y C E® when both are given by
linear equations:

(1.25) ax+bhy+cz = dy
arx + bzy +cz = ds.

Solve this system of equations by applying the Gauss-Jordan algorithm to the extended
matrix [A|d] with A = m by } and d = [ 4 } If rank A = 2, one of the
a by o d>

variables is free and can be used as a parameter representing the line of intersection.
If rank A = 1, the system has either no solution (parallel planes) or both equations
determine the same plane.
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EXAMPLE 1.24.
Let a1, &y be given by

(1.26) x—y+2z =1
2x+y—2z = 2.

1 -1 2 |1].

1 _zz]mto{ ‘ ]
Using z = t as the free variable, this yields the solution [x,y,z] = [1, 2t t] =
t[0,2,1], t € R, which in fact is a parametrization for the line I = a1 N ay.

The Gauss-Jordan algorithm transforms

2.3.4. Aline and a plane in space. Finally, one may consider the intersection of a line !
and a plane a in space. If both are given by a parametrization, one may determine their
intersection as in this time, one obtains a system of three linear equations in three
variables - the parameters for both / and . If the coefficient matrix A corresponding to
this system has rank 3, there is a unigue solution, corresponding to a point Q of inter-
section. If rank A=2, then [ is parallel to &, (I || «). As a special case, one may obtain:
I Ca.

If the plane « is given by a linear equation ax + by + cz = d, we insert the compo-

— —>
nents of a parametrization OQ = OP + tx of the line / into that equation and obtain
a single linear equation in the variable t. A solution t of the latter inserted into the

—
parametrization for [ yields the vector OQ with Q the point of intersection.

EXAMPLE 1.25.
Let the plane « be given by the equation x — 2y + z = 4, and the line I be given by the
—
parametrization | = {Q € E}|0OQ = [x,y,z] = [1,2, 2] +t[2,—1,5], t € R}. Then the
parameter ¢ corresponding to the unique point Q € I N« has to satisfy:
4=x—-2y+z=1+2t—22—t)+(—2+5¢), hence -5+ 9t =4and t = 1.
Inserting t = 1 into the parametrization, one obtains
—
0Q =1[1,2,-2]+[2,—-1,5] = [3,1,3], and Q[3, 1, 3] is the unique point of intersection.

3. Orthogonal Projections, Distances and Angles

3.1. Orthogonal Projections. An orthogonal projection gives us an easy way of de-
composing the plane or space wrt. an embedded line or plane; both dot and cross prod-
ucts are used in calculations. We use projections in particular to define and calculate
distances and angles. How would you for example determine the distance between two
(skew) lines?



26 1. PLANE AND SPACE: LINEAR ALGEBRA AND GEOMETRY

FIGURE 12. Orthogonal projection of x on y

3.1.1. Orthogonal projections of vectors. In many applications of vector geometry, one
would like to find out which part of a given vector x can be considered to act in the
direction given by another vector y # 0. Think of the graviatational force vector) acting
on an object placed on an incline. What is the component of this force in direction of the
incline?

It is our aim, to decompose x into a vector p parallel to y and a vector q orthogonal to
y, ie.,

(1.27) x=p+qwithp=ayandq-y=0.

The vector p is then called the orthogonal projection of x on y.

PROPOSITION 1.26. The orthogonal projection of the vector x on the line
sp(y) inR!, i =2 ori = 3, is given by
Xy
(1.28) I p= (—) .
y'y Y
The vector p is parallel to 'y and has length |p| = |’|‘;|" = |x| cos a, where
denotes the angle between x and y.
PROOF:
Performing the dot product with y to both sides of (L27) yields: x -y = p-y =ay -y,
and hence a = % The length |p| can be derived from the definition of the cosine

function in the rightangled triangle in Fig. 02 or from the following calculation:

p?=p-p=p-(x—q)=p-x=|p||x|cosa.
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COROLLARY 1.27. The orthogonal vector q in decomposition [(L27) above
is given as

(1.29)  (plane) q = (&‘f’j) § with length |q| = [x| sina = XL,

with length |q| = |x|sina = X

(xxy)
1.30) (space) X
(1.30) (space) q =y vy

REMARK 1.28.
If one wants to determine both p and q, it is often easier to use:
_ 2 1|2 2
q=x—pand |q* = [x|* —[p[*.

PROOF. Let us first find a vector z that is perpendicular to y and contained in the
plane spanned by x and y. In the plane, we can simply choose z = ¥. In space, the
vector z =y x (x X y) will do the job.

In both cases, we can write: x = p + q = ay + bz and try to determine b. This can

be done by performing the dot product with z, which yields: x - z = b(z - z) and hence
( )

In the plane case, subst1tute z =y and use x - ¥ = |y, x| from Sect.[LZ.6 to obtain the
results stated in Cor. [] Substituting z = y x (x X y) in the “space case”, we get for
the numerator:

x-z=x-(yx (xxy)) = [xyxxy] = (xxy) (xxy) =[(xxy)"

For the denominator, we arrive at z-z = |z]?> = |y x (x x y)|> = |y|*|x x y/|?, since
2
y L x x y. Altogether, we get b = |}|,(|’2‘|>;§)}|,| = ﬁ Hence q = bz = y x (@X;')_ 0

EXAMPLE 1.29.
Lety = [2,1,2], x = [1,—1,1]. Using Prop. we can calculate the orthogonal
projection of x on sp(y) as follows:

x 1,-1,1][2,1,2 _ B
p=(33)y = (aiasr) 212 = §l21,2) =

q=x—p=[},—3 3 is orthogonal to y, since q - y = [3,

321
1
37
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3.1.2. Projection of a point on a line. Using orthogonal projections of vectors as above,
we can now describe the orthogonal projection of a point R on a line [ in the Euclidean
plane or in Euclidean space: Let the line I through P have a parallel vector y (cf. (LL9)).

Then, the orthogonal projection of R to the line I is the point R; € [ such that RTR is
orthogonal to the parallel vector y.

FIGURE 13. Projection of the point R on the line /

With P and R as above, we get a decomposition of the vector PR = PR; + R;R with
— - —
p = PR; parallel to y and q = R;R orthogonal to y. In other words: The vector p = PR;
—
is the orthogonal projection of x = PR on y, and the point R; is determined by the vector
— — —
OR; = OP + PR;.

EXAMPLE 1.30.
Let two points P, R € E® be given by their coordinates P[2,1,0], R[3,0, 1]; moreover the
vector y = [2,1, 2] from Ex. We wish to calculate the orthogonal projection of R on

the line/ = {Q € E3|O_Q) = a)?—f—ty, t € R}, cf. Fig. [3Since x = PR = [1,—1,1] asin

Ex. we get from the calculation there: p = PR, = 1[2,1,2]. Thus, the coordinates
of the point R; can be calculated as follows:

— —_— = 1 1
OR; = OP + PR; = [2,1,0] + }[2,1,2] = 1[8,4,2).

3.1.3. Projection of a point on a plane. Let now a C E° denote a plane in Euclidean
space. Remember that a vector n # 0 is called a normal vector to «, if it is orthogonal to

every parallel vector P_Q) with P, Q € « (cf. Section 2.2.7).

. . . . %
To define the orthogonal projection R, € « of R on «, we require that the vector RR,
is a normal vector to a. This time, the calculation of Rs pro]ectlon uses a normal vector n

to a: Choose an arbltrary point P € «. The vector equat1on PR = IW + R R=q+ + P
cf. Fig. 14, decomposes PR into a vector q= PR,X parallel to « and a vector p = RaR
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sR

FIGURE 14. Projection of the point R on the plane «

normal to a and thus parallel to n. In particular, we may calculate p as the orthogonal
—
projection of PR to any normal vector n to « by (LZ8):
PR-n
n-n

p= n.
— — — —
Finally, we find coordinates using ORy = OR — RyR = OR — p.

EXAMPLE 1.31.

Let P[1,2,1], R[0,0,1] € B3, x = [-2,0,2],y = [1,—1,3] € R%. A planea C E’is
— —-—
given by the parametrization « = {Q € E3|OQ = OP +sx +ty, s,t € R}. The vector
x Xy = [2,8,2] is normal to sp(x,y), and hence n = [1,4,1] is normal to « as well.
-—
The orthogonal projection p of PR = [—1,—2,0] on n is calculated using Prop.
5B ([F1L,-20][14]] _ -9 _ :
p = RyR = (W) [1,4,1] = 1g[1,4,1] = [-0.5, -2, —0.5]. The coordinates of

e T —
R, are thus found as follows: OR, = OR — R,R = [0,0,1] 4+ [0.5,2,0.5] = [0.5,2,1.5].

3.1.4. Projection of a line on a plane. Letl,x C E® denote a line, resp. a plane in space.
The orthogonal projection I, = {P,|P € I} consists of the orthogonal projections of all
points on /.

EXAMPLE 1.32.
With R and « as in Ex.[[L.3]] and z = [0, 9, 0], let [ be the line through R with z as a parallel
vector (with parametrization O—Q) — OR +tz, t € R). We calculate the projection p; of
z on n using Prop. p1 = (W) [1,4,1] = [2,8,2]. Hence, the projection of z
on the parallel plﬂ? sp(x_,)i) is q1 =z — p1 = [—2,1, —2], and the projection /, on [ has

parametrization OQ = OR, + tqy, t € R, i.e., 00 = [0.5,2,1.5] + t[-2,1,~2], t € R.
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3.2. Distances and Angles.

3.2.1. Distances. The distance d(P, Q) between two points P, Q € E' is defined as the
length |P—Q>| (cf. @CH)) of the vector ITQ € R from P to Q.

What is the distance of a point R from a line / - or a plane a? It is defined as the
shortest distance d(R, Q) from R to any point Q in [ (or «). Likewise, the distance d(Iy, I)
between two lines (I1, 1) is the shortest distance d(P;, P>) with P; € Iy and P, € I,. How
can we calculate those shortest distances?

An application of Pythagoras theorem to the situation in Fig. [[3 shows easily, that the
orthogonal projection R; is the point on the line / closest to R: For a general point P on [,
we have: d(P,R)? = d(P,R;)?> + d(R;, R)?> > d(R;, R)?, cf. Fig. M3 In the same way, you
find out, that d(R,a) = d(R, Ry).

EXAMPLE 1.33.
In Ex. [L31] we calculated the projection R, of R to the plane a. Hence, the distance
between R and « is:

d(R,a) = d(R,Ry) = |RR,| = |[0.5,2,0.5]| =/1i+ \[ 3V2 ~ 2121

The determination of the distance between two lines [; and [, is more subtle, and we
have to look at two cases:

(1) The lines /1 and I, are parallel, i.e., they have a common parallel vector y and

they are contained in a common plane & C E3, cf. the left side of Fig. Let

n € R3 denote a vector perpendicular to y such that y and n span a plane

parallel to a. Let Q; € I and Q; € I, denote arbitrary points. The vector Q1Q>
is parallel to «. Hence, there are s, t € R such that

— —_— —_—
Q1Q2 = sy +tn = Q1P + P1Q2 with P; € [ and P;Q; parallel to n and thus
perpendicular to both /1 and ;. The points Q1, P; and Q form a right-angled

traingle (cf. Fig.[5); hence |P;Qs| < |Q1Qz| for all Q; € I, again by Pythagoras
—
theorem. It is not difficult to see, that |P;Q>| is independent of the choice of the
>

points Q; and Q, above, and therefore d(l1,1;) = |P1Qz| = q is the minimal

distance. —
Since p = Q1P is the orthogonal projection of x = P;Q, on y, we can use
(C30) to calculate:
[Q1Q2 Xy
WaX 12 X
] = [P1Q2| = T}’

(2) The lines [; and I, are either intersecting or skew, i.e, their parallel vectors x and
y are not parallel; cf. Sect. and the right side of Fig. The vectors x
and y have then n = x x y as a common normal. Choose two arbitrary points
Q1_€> l1,Qz € Ip. Since x, n, and y are linearly independent, one may decompose

Q1Qy =rx+tn+sy = Q1P + PP, + P,Q, with Py € 1 and P, € I, the unique
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— —
points with P; P, orthogonal on both /; and [. In particular, p = P P; is the

—
orthogonal projection of Q1Q on the normal vector n. Moreover, Pythagoras

theorem (cf. Fig. [[5) shows, that
2 = A2 D2 LA D LDA2 o2 2
d(Q1,Q2)" = |Q1Q2|” = |P1P2|* + |Q1 Py + P, Qs > | PP |* = d(Py, P»)

—
for every choice Q; € ;1 and Q; € . As a consequence, P; P, is the shortest

vector amongst those from [ to ;. Using Prop. we can calculate

PP, = (QlQZ‘(XXyU (x X y).

x x y|?

)

Q2

\n/( ’
O / P oyx Q1

FIGURE 15. The distance between two lines in space

Summing up, we obtain

PROPOSITION 1.34. Let 11,1, denote lines with parallel vectors x, resp. y.
—
Then, there are points Py € 11, P, € I with Py P, orthogonal on both 1, and
—
I, and d(I1,1y) = |PyP>|. Moreover, if Q1 € 1y and Qy € I, are chosen
arbitrarily, then
e~
1Q1Q2 X y|

I d(ly,1p) = T if x and y are parallel; I

—_— —
Id(ll,lz) _ |Q1Q|i ><();|X )l _ ”Q'lfi'; Y itx and y are not pamllel.l
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Here are two skevr lines:

]

]

Rotate the two line segments with the mouse. Change the distance between
them using the lower scrollbar. Push the red points along them using the
scrollbars to the left and right. The cyan line shows the shortest distance.
The umber line shows the distance between the two red points.

FIGURE 16. Distance between two skew lines

EXAMPLE 1.35.

Let
_
lL:0P =11,2,1]+5s[1,1,1], s€R
L:0Q =[-1,0,1+10,2,—-1], teR.

With x = [1,1,1],y = [0,2,—1], Q7 : [1,2,1] and Q, : [-1,0,1], we obtain from
- -

Prop.L3% 010, =[-2,-2,0, n=xxy=[-3,1,2], 01Q2-n=[-2,-2,0]-[-3,1,2] =

mmmwzﬁ=%wmw.

(=)
N

7

It is not difficult either to find the points P; € [}, P, € I, realizing that shortest dis-
tance. We have to find 7,5 € Rwithrx + sy = Q1P; + P,Qy = Q102 — P1 P,.
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EXAMPLE 1.36.
Continuing Ex. [35, PP, = <M> (xxy) = &[-3,1,2] = 1[-6,2,4]. Hence,

poxyl?
we have to solve the equation
 _bp 1 ~1 - -8
x+sy = QiQy — PP, = [-2,-2,0] — 5[—6,2,4] = —[8,16,4], with r = =, and

_ i ~
s = —= as a result. Finally,

OP; = 0Q; + Q1P = 0Q1 +rx =[1,2,1] — §[1,1,1] = J[-1,6,—1], and
OP; = 0Q; — P,Q; = 0Q — sy = [~1,0,1] + 4[0,2, —1] = 1[-7,8,3].

3.2.2. Angles. We are already familiar with the angle between two vectors x and y
in the plane or in space, cf. (LA). What are the angles between
(1) two (not necessarily intersecting) lines;
(2) aline and a plane in space;
(3) two planes in space?

4’/ Tn /v)v
& / Iy
% -/

FIGURE 17. Angles

(1) Geometrically, the angle between two lines  and m C E? is defined as the angle
between [ and a line m; C E? parallel to m and interesecting I. If x and y denote
parallel vectors for I and m, this angle is just the angle between those parallel
vectors.

EXAMPLE 1.37.
The angle & between the lines [; and I from Ex. is calculated as follows:

—_ Xy _ 1 — 1 1 ~
cosa = i = mE = 1V 15. This corresponds to an angle a ~ 1.504, or

a ~ 86.180.
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(2) The angle y between a line / and a plane « in space is defined as the acute angle
between [ and its projection I, on &. Let n € R® denote a normal vector to
the plane «, and let B denote the acute angle between [ and n — that may be
calculated as in 1. Fig.[Zshows, that y + 8 = 7, 0or y = 7 — B.

EXAMPLE 1.38. .
Let I be given by the parametrization ! : OQ = [1,2,1] +sx, s € R, with
x = [1,1,1], and « by the equation x +2y +3z = 4. Thenn = [1,2,3] is a

normal vector toa, and cos f = X0 = 5 _ — @ ~ 0.926, corresponding to

X = V3v1a
an angle B ~ 0.388; hence y ~ 1.183, or y ~ 67.79".

(3) Let @ and B denote non-parallel planes in space, intersecting each other in a
line g = a N p. The angle v between a and B is defined as an angle in a
plane ¢ perpendicular to I, i.e., the angle between the lines « N6 and N 4.
For calculations, it is easier to use the following recipe: Let n, and ng denote
normal vectors to «, resp. B. The angle 7 is then the same as the angle between
the vectors n, and n B-

EXAMPLE 1.39.
Let the planes « and 8 be given by the equations 2x +y +z = 3, resp. x +y = 2.
They have n, = [2,1,1], resp. ng = [1,1,0] as normal vectors. The angle vy

between a and S is then determined by cos v = ‘::]"r:é = \[[22’11,11]}|.I[[11’11’(())]H = \/63 5 =

\/Tg, and hence y = Z corresponding to an angle of 30°.

3.3. Examples of Applications within Mechanics.

EXAMPLE 1.40.
A box weighing 100 kg is placed on an incline of angle 50°. What is the magnitude of
the component of the force of gravity along the incline? What is the magnitude of the
component normal to the incline? (The gravitational acceleration is ¢ = 9.81m/5%.)
Solution: The total force of gravity is 981N, and the direction is vertical. Hence the
component along the incline is 981N sin50° = 751N and the component normal to the
incline is 981N cos 50° = 631N.

EXAMPLE 1.41. N
A force F with P as its point of application has a moment Mp = OP x F about the point
O. The line of action of F is the line defined by F and P. Let Q be a point on the line of
action and let F attack at Q; the moment about O is then

— — = — — —
Mp=0Q xF=(OP+PQ)xF=(OP+1tF) xF=0P xF+{FxF=0P xF.
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31N]|

751N 981N

FIGURE 18. A box on an incline

[

FIGURE 19. The line of action

Hence, the moment depends on the line of action and not on the specific point P.
Note that O is not necessarily the origin in this calculation.

It follows that if O is on the line of action, the moment of F about O is zero: we just
assume that F attacks at O!

EXAMPLE 1.42.
A rectangular parallelepid ABCDEFGH with edges AB = 4m, AD = 5m, and AE =
3m is acted on by a force F of magnitude 20N along the diagonal EC. What is the
moment about A and what are the components of F along the edges of the parallelepid?
Solution: Place a coordinate system with A as the origin, x-axis along AB, y-axis

along AD and z-axis along AE. The coordinates of EC are thus [4,5,—3] and

—
|[EC| = V4? + 5% + 32 = 1/50. A unit vector in the direction of EC is \1/—05 4,5, —3]. Since
the magnitude of F is 20N, we have F = [F, F, F;] = 22 4,5, —3]N.

The moment about A is
—

M = AC x F = v/2[—30,24,0]Nm.
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G

A B
FIGURE 20. The parallelepipedon ABCDEFGH

The magnitude of M is |[M| = 61/82 ~ 54.33Nm. Since F = 2v/2[4,5, —3]N, the
magnitude of the components along the axis are read off to be Fy = 82N, F, = 10v/2N
og F. = —6v/2N.

EXAMPLE 1.43.

The equilibrium conditions for a body are the conditions that ensure, that the body is
either fixed or moves with constant velocity. In calculations, one fixes a point A. The
equilibrium conditions then mean, that the sum of all forces acting on the body, and the
sum of the moments of these forces about A are both trivial. We will show, that this
requirement is independent of the choice of the point A.

Assume, that there are k forces Fy, Fy, ... Fy acting on the body and that P; is a point
on the line of action of F;, i = 1,.. k. The equilibrium conditions yield: Zi‘zl F; = 0and
yk | AP, x F; = 0.

Assume that these conditions are fulfilled and let B be another point. The equilib-
rium conditions for B are then: 2;‘21 F, = 0and 2;‘21 BT’, x F; = 0. The first condition is
the same as above and thus satisfied. For the latter condition, we calculate:

k k k k k

Y BP, xFi= Y (BA+AP) xF;= Y BA xF;+ Y AP, x F; = BA x }_F, = 0.

i=1 i=1 i=1 i=1 i=1
A smart choice of the point may simplify calculations considerably; remember that the
moment about a point on the line of action is 0. Hence a point on the line of action of as
many of the forces involved as possible is usually a smart choice.

4. Change of Coordinate Systems

In many practical situations, it turns out to be useful to adapt the description of
geometrical phenomena by carefully choosing a coordinate system: Imagine we want
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to describe a crater on the moon. Of course, we would choose a coordinate system with
center in that crater rather than in our home town. In the same way, one may have to
turn an object (or the camera —i.e., the coordinate system) around in order to see all the
important features of it. If an object is represented on a computer screen and turned
around there, the computer program has to perform calculations that correspond to
continuous changes of coordinate systems.

4.1. Rotation around the base point. Let us look at the simplest case first. Suppose
we are given two systems {i,j} and {i,j'} of plane coordinate systems — consisting of
pairwise orthogonal unit vectors, satisfying

i =ll==l=1j=1j="1.
How many bases {i’,j'} with these properties are there? Well, i’ can be obtained by
rotating i (counterclockwise) through an angle v. But then, j’ = i’ is obtained by rotating
i’ by Z, resp.iby Z + v, or by rotating j = 1by v, cf. Fig.ZIl Hence, the whole coordinate

system is rotated through an angle v. More explicitly we get the following formulae
expressing change of basis:

(1.31) i’ = cosvi+ sinvj,

=i
What happens to the coordinates of a point P € E? when expressed in the two (old and
new) coordinate systems? Assume that P has coordinates [x, y] with respect to {i, j} and

[x’,y'] with respect to {i’,j'}.

= —sinvi+ cos vj.

PROPOSITION 1.44. (Change of coordinates:)
P’s coordinate sets are related as follows:

(1.32) x = x'cosv—y'sinv
y = x'sinv+y cosv,
(1.33) x' = xcosv+ysinv

= —Xxsinv+1ycosv

PROOF:
Expressing the vector OP as a linear combination in both bases, we obtain using (L31):
(1.34) xi+yj=0P = i +vy

= x'(cosvi + sinovj) + v/ (— sinvi + cos vj)

= (x'cosv—y'sinv)i+ (x'sinv +y' cosv)j,
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and (L.32) follows by comparing the coordinates with respect to the basis vectors i and
j. Formula (L.33) can be shown in a similar way, observing that {i,j} can be obtained
by rotating {i’,j’} through an angle —v. O

FIGURE 21. Change of basis and coordinates

REMARK 1.45. N
The “new” coordinates express the projections of OP on the new coordinate lines through
the origin with i, resp. j’ as parallel vectors. It is more conceptual — and easier to

memorize — to use matrices to derive formulas (L32) and ([.33) above; the important
matrix here is

(135) M — [ cosv —sino }
sinv  cosv
Its column vectors are the vectors i’ and j’ expressed in the basis {i, j }. We make also use
Ccosv sinv
—sinv cosv
MM’ = MM = I. (Do the calculations, using: (cosv)? + (sinv)? = 1!) In particular,
Ms inverse M ! is just its transpose: M~ ! = M7,
The change of basis formulae can now be expressed as follows: Let [i,j] and [i’,j']
denote formal row vectors with the indicated coordinates. Their relation (L3]) is ex-

pressible by matrix multiplication as follows:
(1.36) [i",j] = [i,jIM.

The relation (IL.34) between Ps coordinates can thus be expressed by matrix equations
(matrix products yielding a 1x 1-matrix, with entry a vector in R?) as follows:

(1.37) i, ] { ; } = [{,j] [ ;ﬁ } = [i,jjM { ;ﬁ } .

of Ms transpose MT = . Remark, that M is an orthogonal matrix, i.e.,
% 8
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5]
j]- ) 3]

Comparing coordinates yields ([L32): *

Multiplication with M~! yields (L33): {

REMARK 1.46.
The matrix transforming coordinates is inverse to the matrix transforming the bases.

EXAMPLE 1.47.
A counterclockwise rotation by v = % = 60° transforms the basis vectors i, jinto i’ =

1 _1
{ 1 \2/5 } i = { 21\/5 } . Hence, rotation by 60" can be expressed by the orthogonal
i 1 "1
matrix M = { 12 2 } . Its inverse is its transpose:
7\/5 2
1 1.1
M-l =MT = { 2 3 2] } If the point P € E?, has coordinates [x,y] = [1,1] with
2 2

respect to the basis {i,j}, its coordinates [x’, y] with respect to {i’,j’'} can be calculated
as follows:

x: vt [T o[ 2] LB 1) _[ia+Vv3) .

y 1 N Rl I L B Bl B (PR

NI

EXAMPLE 1.48.
Let a line [ in the plane E? in xy-coordinates be given by the equation x + 2y = 3. Which
equation describes the same line [ in the x'y’-coordinates from Ex.[[47 i.e., with axes
rotated by 60° counterclockwise?

3:[1,2]{;} :[1,2]M{;:} =[1,2]{%%¢§ —%%ﬁ} Hf} _

1 1 ! 1 1
= [E + \/g, —E\/g—i- 1] [ ;/ } = (E + \/§)x’ + (—E\/g—i— 1)y/.
It is easy to generalise the argument above to three (or more) dimensions: Let {i,j, k} and

{i’,j’, X'} denote two orthogonal coordinate systems (bases) in R3, satisfying the rule
of thumbs: k = i x j, resp. k' = i’ x j’. Again, there is a 3x3-matrix M (with i, j/, k’
as column vectors) relating the bases by the equation: [i’,j’, k'] = [i,j, k|M. Moreover,
M is an orthogonal matrix, i.e., MMT = MM = I, and again, it represents a rotation
in Euclidean space. But a spatial rotation can no longer be specified by an angle alone:
Moreover, you need an axis (an eigenvector of M!). Nevertheless, if the point P € E®
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has [x,y,z], resp. [x',/,2'] as its set of coordinates with respect to the two coordinate
systems above, we get the following relations:

x| x

(1.38) yi = M|y
z | z/
x x X
y | =My |=M|y
z/ | z z

REMARK 1.49.
The formulae above are special cases of those for general change of basis and change
of coordinates from linear algebra. Our case is particularly simple, since the matrix M
expressing these changes is orthogonal.

4.2. Change of base point. As indicated in the introduction, it is often practical to
exchange the base point O with another base point (or origin) O’ € E'. This amounts to
a parallel translation of the coordinate system (without changing directions, i.e., parallel

_) .
vectors) by the vector OO’. The relations between the coordinates of a point P € E' with
respect to the two coordinate systems can be read off the vector equation

— —_— —_—
(1.39) OP = 00"+ O'P.

—
In particular, let OO' = ai+ bj = [a,b] represent the coordinates of the “new” base

point. Let furthermore OP = [x, y], resp. O'P = [x’,y'] represent Ps coordinates with
respect to the old and the new base point. From (.39), we obtain:

LEMMA 1.50. [x,y'] = [x,y] — [a,b].

Finally, we want to see what happens to the coordinates of a point P € E' if the origin is
translated simultaneously with a rotation of the coordinate directions by an angle v. With
O, O’ as above, the relations between the coordinates of a point P € E? are given by the
equations

. =y By . Y Is1,
xi+yj=0P=00"+0OP =ai+bj+x1" +Vj;
E— e —_
X'i'+9j =0'P=00+0P=di+Vj + xi+vj
comparing the “old” coordinates [x,y] of P with the “new” coordinates [x’,y']. Above,
[a’,b] are the coordinates of the “old” origin O with respect to the “new” coordinate
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system. Combining with the results of Prop. [L44 and using the matrix M from (L.35),

we obtain:

N Yy

O/

Y

O i

FIGURE 22. Change of coordinate system and coordinates

following relations:

x p—
ao [1]-

Moreover,

(1.41)

PROPOSITION 1.51. Under the transition of coordinate systems (O, 1,j) —
(O',1,j"), the coordinates [x,y], resp. [x',y'] of a point P € E? satisfy the

Bl [0 )=

PROOF:

The last asssertion (L4])) follows form the second equation in (L.40) for the coordinates

of the “new” origin O/, i.e.,

REMARK 1.52.

Prop. L5l generalizes to shift of coordinate systems in space in the obvious way.

for [x',y'] = [0,0].

O]
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4.3. Application: Conic sections and quadratic equations. Change of coordinate
systems and coordinates as in Prop. [L51] can be applied to analyse a conic section C in
the plane E? given by a quadratic equation

(1.42) Ax* + Bxy + Cy* + Dx+ Ey + F = 0.

We would like to find out whether the set of points P € E? with coordinates [x,y]
satisfying ([L42) is an ellipse, a hyperbola, a parabola, or a degenerate conic section.
This can be done by introducing a particular new coordinate system (O’,i’,j): It turns
out, that this coordinate system - in most cases - can be obtained by a rotation through
an angle v given by cot2v = % and a suitable shift of base point. With respect to that
system, equation (L42) is equivalent to a simpler equation, e.g., of type

(1.43) A (X +C ) +F =o.

From the latter equation, it is easy to find out what sort of conic section C represents.
Instead of a general theory, we illustrate this method by two examples:

EXAMPLE 1.53.
A conic section K is defined by the equation

5x% 4 2\/§xy +7y* —32 =0.

To eliminate the xy-term, we rotate the axes through an angle v in the counterclockwise

. . . . . . . o H o _L
direction. The angle v is the unique acute angle, which satisfies cot2v = > BT T

and hence, cosv = 1/2 and sinv = \/Tg’ that is v = Z. Using the substitutions (L.32), we

arrive at the coefficients for the equation for K in the rotated coordinate system:

1 2f3-\/§ >

r_ gt Vo 2 _q.
A'=5 it 1 +7 1 8;
B' =0;
3 V3 1
/— - —_ — I — - — .
C'=5-7 2v/3 ATt
D'=E =0;
F' = -32;
Thus the equation defining K is
22
8x’2+4y’2—32:0<:>Zx’2—|—y’2—8:0<:>%+%:1,

Hence, K is an ellipse with major semiaxis a = /8 = 2v/2 and minor semiaxis b = 2.
Remark that a is the semiaxis along the y’-axis, and b is the semiaxis along the x’ -axis.

We calculate e = \/“Za;zbz = @,EQZZand% — 4.

In the [x/,y']-system the ellipse has center [0, 0], vertices [0, £2+/2] and [42,0], foci
[0, £2] and directrices y' = +a/e = +4.
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FIGURE 23. The ellipse K

To find these data in the original [, y|-system, we change coordinates by the formula

X 13Ty
(1.44) [y}=[¢2§ 2 [y,}
Using (L44), we find the following data in the [x, y]-system: center [0, 0], vertices 4-[—+/6, v/2]

and £[1,1/3], foci £[—+/3,1]. Using the inverse of the matrix equation .44 we find the
equation of the directrices:
_ \/§ 1

X+

+4 = y/ = > Ey,

ie,y=+3x+£8.

EXAMPLE 1.54.
We consider the conic section E with equation

2x2+2xy+2y2—2\/§x—2\/§y—|—1:0.

As above, we rotate the axes through an angle v, where cot2v = 252 = 0,i.e. v = 45°
and cosv = sinv = @ We calculate using the substitutions (.32)):

A'=3,C"=1,D'=—-4, F=0and F = 1.
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The equation defining the conic section in the rotated coordinate system is then:

Phy?—ax' +1=0.
Completing the square, we get

2 1
3(3(/— 5)2+y/2 - g =0.

To simplify this equation, we parallel translate the coordinate system [x’, /'] to a new
coordinate system [x”, "] with origin O” in [x/,y’] = [3,0]. The equation for our conic
section in the [x”, y"]-system is

12 "2 72

1
— =09 13y =1;

3x 3

+y
hence it is an ellipsis with major semiaxis a = ‘/Tg and minor semiaxis b = 1.

major semiaxis is along the y”-axis. Moreover ¢ = 4/ “Zazbz = f ,eq = ‘[ and ¢ = @
The directrices have equations y” = iﬁ and hence y/ = £Y* ‘/E . To find the equations in

[e¥]]
>

aq
2.
5
™
=
(¢

the [x, y]-system we use the rotation formula and get iy’ = ‘[x + \/—y The equation for
the directrices is then \/T—x + \/—y +¥%= \/— Sy=xx1

1.2+

081/

0.4+ \

0.2+

| I I —— T I |
I f t f f f i
-0.2 0.2 0.4 0.6 0.8 1 12

-0.2+

FIGURE 24. The ellipse E

Page 1
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The center has coordinates [x”,y"] = [0,0], thus [x/,y'] = [2,0], and we use
MR
y v o¥E y
to see that the center is [x,y] = [\/TE, @]
The foci have coordinates [x”,y"] = [O,:i:@], hence [, 1] = [3, :I:@] and [x,y] =

[\/§¢1 \/Eﬂ]
3 /3 I






CHAPTER 2

Curves in plane and space

1. Vector functions in one variable

1.1. Definitions and elementary properties. Many plane curves can be described as
the graph of a function f : [a,b] — R. But such a simple curve as a plane circle cannot
(cf. Sect. 1)! And for space curves, it is obvious that one has to find other means of
description:

We let again R?, resp. R® denote ordinary 2-, resp. 3-dimensional vector spaces,
equipped with orthonormal bases {i,j}, resp. {i,j, k}.

DEFINITION 2.1. Let a < b denote real numbers. A function
r : [a,b] — R3is called a vector function. A vector function can be
described in coordinates as

(2.1) r(t) =x()i+yt)j+z(t)k, t €ab],
or, in short, r(t) = [x(t),y(t),z(t)].

DEFINITION 2.2. A vector function

r:[a,b] — R®, r(t) = [x(t),y(t),z(t)] is called smooth (C®) if the coor-
dinate functions x(t), y(t) and z(t) are infinitely many times differen-
tiable on the open interval (4, b) and continuous on [, b]. For t € (a,b),
its derivative 1’ : (a,b) — R®is given by ¥'(t) = [x'(t),y'(t),Z'(t)], i.e.,
by the derivatives of the coordinate functions.

Of course, a vector function into R? (and its derivative) is defined similarly using just
two coordinate functions.

47
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REMARK 2.3.

(1) In this chapter, we will have to differentiate up to three times. Infinite differen-
tiablity is imposed for simplicity of the presentation.

(2) In practice, one can often extend a smooth vector function from [a, b] to some
larger open interval (a —¢,b + €). In that case, continuity at a, resp. b is auto-
matic.

PROPOSITION 2.4. Let 11,15 : [a,b] — R, i = 2 0ri = 3, denote smooth
vector functions, and let f : [a,b] — Roand s : [c,d] — [a,b] denote
(ordinary) smooth functions. The derivatives of compound functions satisfy
the following rules at every t € (a,b):

(1) (11 £ 1) (1) = ¥ (1) £ 15(0);

@ (frr) (1) = f (O (8) + F(B)r) (1);

(3) (r1-12)'(t) =17(t) - 12(t) + 11 (¢) - 15(¢);

(4) (r1 x 1)/ (t) =1} (t) x r2(t) + r1(f) x 15(2);

(5) (The chain rule) (ry os)'(t) = s'(t)r}(s(t)), t € (c,d).

PROOF:

Having described vector functions by their coordinates, the proofs are straightforward
implications of the rules for derivatives of ordinary smooth functions. Note, that the
rules for the dot product (3.) and the cross product (4.) have the form of the ordinary
product rule, again. O

1.1.1. An important consequence. The following consequence of the derivation rules
above is completely elementary, but nevertheless a technically very important device:

PROPOSITION 2.5. (The fundamental trick)
Let ¢ € R denote a constant.

(1) Let 1y, 12 : [a,b] — R denote two smooth vector functions with
r1(t) - ro(t) = c forevery t € [a, b].
Then, ¥} (t) - rp(t) +11(t) - ¥5(t) = 0 for every t € (a,b).
(2) Let r : [a,b] — R denote a smooth vector function with |r(t)| = c
for every t € [a,b]. Then x(t) - t'(t) = 0 for every t € (a,b).
In particular, ¥'(t) is perpendicular on r(t) for every t.
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PROOF:
Apply the product rule for vector functions Z413). O

1.2. Taylor approximation.

DEFINITION 2.6. Let r : [4,b] — R’ denote a smooth vector function.
For k > 0 and ty € (a,b), the k-th degree Taylor polynomial of r at t( is
defined as

Lk
(t—t)" (k)

71‘”()%0) + e + kl

fX(8) = x(to) + (£ — to)r' (o) + (to

k i
2= Y (= to) @ (ty).

In particular,

23) () = o)+ (t—to)r (to);

@4 1) = r(to) + (= to)r (o) + 21" (to).

REMARK 2.7.
The components of the vector function rgé() are just the k-th degree Taylor polynomials
of the components of the vector function r at typ. The following result, which is proven

as in the case of ordinary functions of one variable, shows that a Taylor polynomial is a
good approximation — in fact, the best possible approximation by a degree k polynomial
vector function.

_ (&) )

. r(t)—r; ’(t
PROPOSITION 2.8. The quotient ——2—

=N tends to zero as t tends to t.

Remark that, for r'(ty) # 0, the vector function rg) (t) is the parametrization of a line

through the point Py with O—P(; = 1(to) — the best approximating (tangent) line, cf.
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2. Parametrized Curves

2.1. Parametrizations. Let us get started with some examples: A parametrization

of a line (cf. Def. L9) r(t) = 0Q; = OP +tx, t € R, isin fact given by the vector
function r : R — R3 above. The vector function ¢ : [0,271] — R?, ¢(t) = [cost,sint],
represents a circle C in the Euclidean plane with radius 1 and the origin as its center:

The circle consists of all points P; with OP; = ¢(t). In both cases, you may imagine the
—
arrow OP; pointing at P; at time t.
Remark, that a circle cannot be represented as the graph of a function f : R — R:

There are two elements y = ++/1 — x? corresponding to an element x € (—1,1) with
[x,y] € C. In space, it is even less reasonable to represent curves as graphs of functions.

EXAMPLE 2.9.

The vector function r : R — R3, r(t) = [acost,asint, bt] represents a helix winding
around a cylinder of radius a4 with the z-axis as the central axis — above, resp. below a
circle of radius a. The helix will be used as one of our central examples throughout this
chapter.

12
10

o.M .n 9.
‘

—21
—44

-6
-4

FIGURE 1. A helix
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DEFINITION 2.10. A smooth vector function r : [g,b] — R, i=2o0r3,
is called a parametrizationf] of the curve

C = {P, € El|t € [a,b]} given by OP; = r(t).
The parametrization r is called regular if and only if
(2.5) v(t) =1'(t) # 0 forevery t € (a,b).

fillustration: below and next page

Parametrization of a 2D Curve

This demo illustrates the connection between a parameter t (scrollable) and the
curve it parametrizes:

t0=0.75252527

FIGURE 2. Parametrization of a plane curve

The curve C consists thus of all the points P; “pointed to” by arrows (ﬁ = r(t).
Why do we insist on the regularity condition (Z5)? This is the subject of the next section.

EXAMPLE 2.11.
(important general example): Is it always possible to represent a curve C C E?, that is the
graph of a function f : I — R, by a (vector function) parametrization? Yes! Here is the

recipe:


http://www.math.aau.dk/~raussen/VIDIGEO/GEOLAB/parametrization.html
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Parametrization of a 3D Curve

This demo illustrates the connection between a parameter t (scrollable) and the
curve it parametrizes:

with= " sin{13t)

Rotate Zoom

t0=0.7373737

FIGURE 3. Parametrization of a space curve

The curve C = {[x, f(x)] € R?*|x € I} can be parameterized by the vector function
r: I — R? r(t) = [t,f(t)], t € I. Then, P; : [t, f()] runs through all the points on the
curve C. For instance, the graph of the sine-function has parametrization r(t) = [f, sint].

2.2. Tangents. Let r : [4,b] — R/, i = 2 or 3, denote a regular parametrization of

a curve C with P; corresponding to the parameter value ¢, i.e., r(t) = O—P; Fix a point
Py, € C. Any line through P;, and another point P; is called a secant line through Py,.
What happens to those secant lines when t approaches ty, and thus P; approaches P;,?
We shall show that, for a curve with a regular parametrization, there is a limit position:
the tangent line through Ptoﬂ.

The secant line through Py, and P; has Iﬁ as a parallel vector. The following defi-
nition tells us what we mean by a limit position:

lustrations: next pages
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DEFINITION 2.12. The positive, resp. negative unit semi-tangent vectors
to the curve C at P, are given by

P, P, Py, P,
ti(tp) = lim ookl resp. t_(tp) = lim ool
t—to+ |Pt0pt| t—tog— |ptopt|

Ift_(tp) = —t4(fp), then C has a tangent line with t(tp) = t;(fp) as a
parallel vector.

REMARK 2.13.

(1) The limits of the vector functions above may be taken coordinatewise.
(2) In general, the limits above need not exist. But the following result shows, that
we do not need to worry for curves with reqular parametrizations:

FIGURE 4. Secants and tangents through P;,

PROPOSITION 2.14. Let r : [a,b] — R/, i = 2 or 3, denote a regular
—

parametrization of a curve C. Let to € (a,b) and OPy, = r(tg). Then the

curve has a tangent line at Py, with parallel vector ¥'(ty). In particular,

' (to) = |¥'(to)|t(to) and t(ty) = ;;Eig%
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Secants and Tangents

A tangent (white) is the limiting position of the secants (blue and green)
connecting two points on the curve close to the given one.

®ith= " 2cos(t) yitl= " sin(ty

t0=0.4893204

PROOF:
The scheme

t—to+ t—>t0+l t—>t0+l
r'(to) = [’ (ko)) ' £+ (fo)

leads from an obvious equation between difference quotients to the equation asked for
when t tends to tg for t > t. The latter assumption is used to ensure that t — ty = |t — to|.
For t < ty, the limiting equation becomes:

r'(to) = —Ir'(to)] - t(to).

If ¥'(t9) # 0 — this is the case for a regular parametrization — we may calculate the unit
tangent vector by division with |t/ (tp)].
O

A different interpretation of the tangent to a curve with a regular parametrization is
given by zooming: If you zoom in closer and closer to the curve around a given point,
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the picture will become more and more linear: Close to that point, the curve and its
tangent are almost the same; see the illustration on the opposite page.

Tangents by zooming

Zoom in near the green point. The blue tangent approaches the red curve more an
more.

t0=0.54545456

FIGURE 6. Tangents by zooming

For a regular parametrization of a curve C, the velocity vector function v = r/, con-
tains two sorts of information: at every ty € (a,b), its direction determines the tangent
line to the curve C at P, — which is independent of the particular parametrization; its mag-

nitude |t/ (tp)| = lim;_¢, W corresponds to the speed of that particular parametriza-

tion:

DEFINITION 2.15. The vector t/(ty) is called the velocity vector to C at

/
Py, the vector t(ty) = % is called the unit tangent vector to C at Py,

the number v(ty) = |t/ (to)] is called the speed of the parametrization r
at PtO‘
In particular, r'(tg) = v(to)t(tp).
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Moving velocity vector and speed

This applet illustrates the (blue) velocity vectorvector along a curve. Its length is
the speed v of the parametrization, shown in the right—hand illustration..

xth= " [cosit) wi= " 2sin(t)

speed at t0=1.5795736

t0=2.3545454

FIGURE 7. Moving velocity vector and speed

EXAMPLE 2.16.
The vector functions
r1:[0,271] — R?,  r1((t) = [cost,sint]
12 :[0,v27] — R?, 15(t) = [cos(t?),sin(t?)]
are both parametrizations of the unit circle around the origin in the plane, cf. Fig. Bl In
fact 1, is a reparametrization of 11 since 12 (t) = 1 (#?).

At P, with OP, = [cos &, sin ], the tangent vector is t, = [— sina, cosa|. The speed
corresponding to ry is 1 and in particular constant; the speed corresponding to r» is
t)(to)| = 2to|[— sint3, cos t3]| = 2ty, and thus not constant. At P, — corresponding to
to = v/a, the speed is 2/a. Remark, that the parametrization r; is not regular at o = 0.

REMARK 2.17. ' ‘
In general, let ry : [a,b] — R', 1 : [¢,d] — R’ denote parametrizations for a curve. They
have the same image (and run through it in the same direction) if there exists a strictly
increasing differentiable function f : [c,d] — [a,b] (with f(c) = a and f(d) = b; a
reparametrization) such that rp(t) = r1(f(t)).

The example above shows, that smooth curves (with tangent lines at every point)
may have parametrizations that are not regular; moreover, there are important curves
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Reparametrization of a 2D Curve

This demo illustrates the connection between a parameter t (scrollable), a
reparametrization u=u(t) and the curve they parametrize:

xltl=  cos{t¥ with= | sinft¥

uft)= " trZ

t0=2.029899

FIGURE 8. The illustration Reparametrization of a plane curve from the
geometric laboratory GEOLAB allows you to generate many parametriza-
tions of the same plane curve.

that cannot have a parametrization that is regular at every point. In order to get results on
tangents for such curves, you have to calculate semi-tangent vectors at the points where
the parametrization fails to be regular. This is illustrated in the following example:

EXAMPLE 2.18.
Let C denote the curve given by the parametrization r : R — R?, r(t) = [1+ 2,1+ #3],
cf. Fig. @l We calculate: r'(t) = [2t,3t?], so the curve has a tangent at every point P;
for t # 0 according to Prop. ZT4 At Py, r'(0) = 0; nevertheless, one may calculate the
semi-tangent vectors at this point:

. x(t) —r(0) , t2[1, t]

“O =B o) ~ R e e
The calculation of t_(0) yields the same result: t;(0) = t_(0) = [1,0]. Hence, the
curve C does not possess a tangent line at (the singular point) P : [1,1], but two identical
semi-tangents — in that situation the curve is said to have a “cusp” at the singular point.
Hence, no parametrization of C can be regular. This corresponds to the following intu-
ition: A particle moving along C will have to “jam on the brakes” reaching Py before
backing and accelerating again.

1,0].
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FIGURE 9. A curve with a singular point (a “cusp”)

EXAMPLE 2.19.
A circular disk of radius 1 in the xy—plane rolls without slipping along the x-axis. The
tigure described by a point of the circumference of the disk is called a cycloid — imagine
for example a point on the wheel of a bike.

FIGURE 10. A cycloid
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A parametrization for the cyloid is given as
r:R — R? r(t) = [t —sint, 1 — cost].
It has singularities for t = 2k, k € Z.

2.3. Arc Length.

2.3.1. Definition and Calculation. Let again C be a curve with a regular parametriza-
tion [a,b] — R',i = 2 ori = 3. What is the length [ of the piece of curve between the
starting point P, and a point P;, t € [a,b]? What is the length of the entire curve from
Pa to p{,?

Let the length of the piece of curve from P, to P; be denoted by s(t). Of course,
s(a) = 0, and s is an increasing (ordinary) function on [a,b]. Moreover, we found the
speed of the parametrization as the function v : [a4,b] — R, v(t) = |t/(t)|. The speed is
the differential increment of the length:

o(t) = lim s(t+h) —s(t)

lim - = §'(t), and hence:

DEFINITION 2.20. The arc length function s : [a,b] — R corresponding
to the curve C parametrized by the vector function r above is defined
as

5(ty) = / © o(t)dt = / () dt.
More explicitly, if ¥(t) = [x(t),y(t),z(t)], then

5(to) /\/(x’2t+ V2(8) + (2)2(t)dt.

The length of the entire curve C is

= /ab ¥’ (t)|dt = /ab \/(x/)2(t) + (y)2(H) + (2)2(t)dt.

The Fundamental Theorem of Calculus allows to calculate the derivative of the arc
length function s(¢): In fact, s’ = v, the speed, as it should! Furthermore, one can
show — using integration by substitution — that the definition of the arc length function
above is independent of the chosen parametrization r.
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EXAMPLE 2.21.

(1) For the helix from Ex.Z9with parametrizationr : R — R3, 1(t) = [acost,asint, bt],
we calculate:

I¥(8)] = \/(~asint)? + (acos )2 + b2 = /a2 1 12.

Hence, one turn around the helix has length

27
| = s(270) = / V@ 1 Bt = 271/ a® 1 b2
0

Remark that you obtain the familiar formula for the arc length of a circle in case
b=0.

(2) For the graph of a function f : [2,b] — R from Ex. 21T with parametrization
r:[a,b] — R?, t(t) = [t, f(t)], a < t < b, we calculate the length | of the graph
as follows:

(1) = |[LF ()] = T+ (FP{), and hence | = [/ /T+ (F)2()dt.

The last example shows, that it is very often difficult or impossible to calculate the length
of a curve in explicit terms. Many of the integrands involving square roots do not have
explicit antiderivatives!

2.3.2. Parametrization by Arc Length. Let C be a smooth regular curve in the plane or
in space. We want to single out a particular parametrization for c:

DEFINITION 2.22. The parametrization by arc length r,; : [0,1] — R/,
i = 2 ori = 3, is characterized by the property:

It',1(s)| =1foralls € (0,1).

In other words:

e The speed of this particular parametrization is 1 and, in particular, constant;
e the derivative of r;; is the unit tangent vector t(s) at every element s € (0,1) :

t(S) = r/al (S)

The arc length parametrization has the following property which explains its name:
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PROPOSITION 2.23.
S0
/ |t (s)|ds = sg for every so € [0,1],
0

i.e., the parameter s is equal to the length of the piece of curve (arc) from

— —
its start point P(0) with OP(0) = r,(0) to the point P(s) with OP(s) =
Yo (S)

EXAMPLE 2.24.
The parametrization r(t) = [a cos t, a sin t, bt] for the helix from Ex.Z9yields (cf. Ex. 2Z.2T):

o(t) = |t'(t)| = Va? + b?%; in particular, it is a constant function. Hence, starting att = 0,

the arc length function is given as s(t) = Va2 + b?t; and thus t(s) = \/aZSW' Substitut-

ing t(s) into the parametrization r yields the arc length parametrization for the helix, to
wit:
s

S S
———,asin b
Va2 + 12 Va2 + b2 a? + b2

.

r,1(s) = r(f(s)) = [acos

REMARK 2.25.

(1) The following gives an easy intuitive idea for the arc length parametrization of
a given curve: Imagine a piece of rope with a scale (starting at 0) and bend it
along the curve (without stretching!) Then, r;(s) is the vector from the origin
to the point corresponding to the mark s on the scale.

(2) In most cases, it is not possible to write down an explicit formula for the arc
length function corresponding to a curve. Given a regular parametrization r(f)
as above, one may argue for the existence of an inverse function ¢(s) of s(t)
and substitute: r,;(s) = r(t(s)). But the inverse function t(s) can in most cases
not be calculated explicitly. Just try for the graph of a differentiable function
(cf. Ex. 1T

(3) The advantage of the arc length parametrization is that it focusses on the geo-
metric properties of the curve rather than the infinitely many possible different
modes (with varying speed, acceleration etc.) to run through it. In this way,
it will be much easier to define entities like the curvature; on the other hand,
for concrete calculations, one usually does not dispose of a concrete arc length
parametrization.
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The connection between an arbitrary regular parametrization r of a curve C and its
arc length parametrization r,; is given by the formula

(2.6) r(t) = ry(s(t)).

(Read: At time f, the vector r(t) points to the same point as r,(s(f)) (at distance s(t)
from the beginning point along the curve). Differentiating this equation using the chain
rule 245, we obtain the following expression for the velocity vector v(t):

27) v(t) = 1'(t) = s"(t)ry (s()) = o(B)t(t),

i.e., the velocity vector has length v(t) — the speed — and is parallel to the unit tangent
vector t(f).

3. Curvature

What is the curvature of a curve? Well, a line is not curved at all; its curvature has to
be zero. A circle with a small radius is more “curved” than a circle with a large radius.
Circles and lines have constant curvature. Curves that are not (pieces of) circles or lines
will have a curvature varying from point to point.

In Sect. B.Z] we shall see, that the curvature of a curve gives information about the
normal component of the acceleration vector of a particle moving along the curve. This is
one of the reasons for its importance in mechanical applications.

3.1. Definitions. Let C be a regular smooth curve in plane or in space with arc
length parametrization r,; : [0,I] — R’. By Def. t(s) = r';(s) is a unit tangent
vector to the curve at the point Ps. The vector function t : [0,/] — R’ is called the unit
tangent vector field moving along the curve. We are now going to analyse the informa-
tion hidden in the derived vector field t' = r”;; along the curve C. An application of
Prop.Z3lyields:

COROLLARY 2.26. (1) At every point Ps of the curve, the derivative
t'(s) is perpendicular to t(s) : t/(s) - t(s) = 0.
(2) For a plane curve C the vectors t'(s) and t(s) are parallel.

PROOF. (1) |t(s)| =1 < t(s) - t(s) = 1. Apply Prop.ZH
(2) t'(s) and 1(s) are both perpendicular to t(s) and hence parallel to each other.
O
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DEFINITION 2.27. (1) The vector t/(s) is called the curvature vec-
—
tof] at the point Ps on C with OPs = r(s).

(2) The principal normal vector n(s) to the curve at Ps is defined as
follows:

(a) For a plane curve C let n(s) = £(s).
(b) For a space curve C with t'(s) # 0letn(s) = t(s)
(s),

E(s)l”
(3) For a plane curve C, the pair [t(s), n(s)] is called the moving
frame along

“See illustration below
bSee illustration on opposite page

2D -curvature vector

This applet illustrates the (blue) tangent vector t and the (white) cievature vecror t
associated to a plane curve. The length of t” is the curvature.

wt)= yio= tr2

curyature at to=1.1520697

t0=0.33333334

FIGURE 11. Curvature vector along a space curve
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2D-moving frame

This applet illustrates the moving frame (t,n) associated to a plane curve.

#n2

t0=-0.6363636

FIGURE 12. Moving frame for a plane curve

DEFINITION 2.28. The curvature x(Ps) of the curve C at the point P; is
defined as followsl:

(1) For a plane curve C let
(2.8) t'(s) = x(s)n(s),

and thus x(s) = |t/ (s)].
(2) For a space curve C let

2.9) k(s) = |¢(s)] > 0.

Mllustrations: following pages

Here are several motivations for the definition of the curvature above:

(1) Near a point P on the curve C, that curve may be approximated by an approxi-
mating circle through nearby points Py and P; on the curve C —if the three points
are not contained in a line. If Py and P; both get closer and closer (converge) to P,
this approximating circle converges to the osculating circle of C at P, cf. Sect. B.4
and Fig. [ and [ The curvature «(s) of the curve C at P is in inverse propor-

tion to the radius r(s) of this osculating circle: x(s) = Tls)
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2D-Curvature

This applet illustrates the curvature of a plane curve:

#t)= i iz

curvature at t0=1.5941205

to=0.2020202

FIGURE 13. Gauss map and curvature along a plane curve

3D-Curvature

This applet illustrates the curvature of a space curve:

yit)=

curvature

Rotate Zoom

t0=-0.47474748

FIGURE 14. Curvature along a space curve
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FIGURE 15. Tangent and principal normal vectors and osculating circles
at points P and Q

(2) The magnitude |t'(s)| of the derivative t'(s) measures the rate of change of the
direction of the tangent vector field t(s) — since its speed is constant. The faster
the direction of the tangent vector changes, the more curved is the curve.

(3) In the plane, we can parameterize every unit vector as [cos 6, sin 6], and hence
the unit tangent vector field t(s) = [cos0(s),sinf(s)] with 6(s) the angle be-
tween t(s) and the horizontal vector i. The map s — 6(s) with values on the unit
circle in the plane is also called the Gauss map associated to the curve, cf. Fig.
A calculation of t'(s) using the chain rule (Prop. Z4(5)) yields:

t'(s) = 60'(s)[—sin6(s),cos0(s)] = 0'(s)t(s),

and hence: x(s) = 6'(s). Hence, the curvature measures the rate of change for
the angle between tangents, as it should. Moreover, we get an explanantion for
the sign of the curvature of a plane curve, to wit:

COROLLARY 2.29. Near the point Ps, a plane curve C is curved

e counter-clockwise if and only if k(s) > 0,
e and clockwise if and only if k(s) < 0.

In Fig.[I5, the curvature is negative at P and positive at Q.
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Approximating circles and osculating circle

The green circle is the osculating circle at the white point. The light blue {cyan)
circleis the circle through the white and the two black points. When the black
points converge to the white one {(use the player), this approximating circle
converges to the osculating circle. You may choose another (white) point using the
scroller.

t0=-0.26213592

FIGURE 16. Approximating circles and osculating circle

(4) Let us calculate the curvature for a plane circle with radius R. With center at the
origin, the arc length parametrization of the circle is given by
r,(s) = [Rcos %, Rsin %|. We calculate:

.S S, 1 s 1 . s 1.
t(s) = sin , €os R]’ t'(s) = ROST % st] = Rt(s),
and according to Z38), x(s) = & for every s. Hence, the curvature of a circle is
constant and in inverse proportion to its radius — as it should!
For a general curve C, the curvature at a point P is in inverse proportion
to the radius of the best approximating circle at P, the so-called osculating circle,
cf. Fig. [ and [d and Sect. B4

3.2. Calculation of the Curvature.

3.2.1. Components of the acceleration vector. The definition of curvature above uses
the arc length parametrization of a given curve. But in general, you have only a regular
parametrization r : [4,b] — R’ at hand. In this case, the curvature at a given point P is
“hidden” in the acceleration vector at that point:
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With respect to the chosen parametrization r(t), the acceleration vector a(t) is the
derivative of the velocity vector v(t):

We use the expression

v(t) =1 (t) = o(t)t(t)
from (Z7) to calculate the acceleration vector a(t) using both the product and the chain
rule from Prop. 242 and .5:

(2.10) a(t) = v/ (t) = o' (O)t(t) +o()Y' (t) = o' (O)t(t) + o> (t)x(t)n(t)

with n(f) as in (ZZ8). The second factor v(t) in ZI0) is explained by the chain rule

(cf. Prop.2A45), since r(t) = r,(s(t)), and (tos)'(t) = s’ ()t (s(t)) = v(t)x(t)n(t).
Before using @.10) to calculate the curvature of a given curve, let us look at the

following attractive interpretation in mechanics: Equation Z.I0) yields a decomposition
of the acceleration vector a(t) into a tangential component a¢(t) and a normal component

an(t) 8
(2.11) a(t) = ag(t) + an(t) = o' (H(t) + > (H)x(t)n(t).

Tangential and normal components of the
acceleration

The moving acceleration vector a in yellow, its tangential component in blue, its
normal component in white.

tn2

t0=-0.36363637

FIGURE 17. Tangential and normal components of the acceleration vector

%illustration: next page
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In particular, the magnitude of the tangential component is: |a¢(t)| = v'(t), which is
the scalar accelaration, i.e., the rate of change of the speed. The magnitude of the normal
component is: |an(t)| = v?(t)x(t). Hence, the force acted upon a particle normal to its
path is proportional to the square of its speed and to the curvature of the curve. This is
intuitively known to every car driver; when you drive through a narrow curve, you
have to slow down drastically in order to avoid strong normal forces. Every engineer
planning roads or railways has to know this very explicitly!

Remark that Z.I1) can be interpreted as to yield the projections of the acceleration
vector a(f) on the unit tangent vector t(¢), resp. on the principal normal vector n(t).
Using the formulae from ([L26) and (I.Z7) we can calculate these projections and their
lengths using just the velocity vector and the acceleration vector:

r"(t) -r’(t) r/ A _ r//(t) 'r/(t)
rop - ROl = e

(plane) an () = %f’(ﬂ, lan(t)] = w

ag(t) =

(Space) an(t) = |1‘/(1t)|2r/(t) X (r”(t) X I'/(t))/ |an(t)| - W
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3.3. Curvature formulas.
PROPOSITION 2.30. (1) Let C be a plane curve with parametrization
%
r: [a,b] — R2. Its curvature x(P) at a point P with OP = x(t) is
given by
_ @) (1)]
(2.12) k(P) = IO
The denominator is the plane product ({L8) in Sect. L22) of the
vectors x(t) and ¥'(t).
More explicitly, for r(t) = [x(t),y(t)], t € [a, ], we obtain:
x(f) x7(t)
t
(2.13) x(P) = ( ) )
(VA B2+ (52)>
(2) Let C be a space curve with parametrzzatzon r:[a,b] — R3 Its
e
curvature k(P) at a point P with OP = x(t) is given by
_ (@) xx"(t)]
(2.14) x(P) = TOF
More explicitly, for r(t) = [x(t),y(t),z(t)], t € [a, ], we obtain:
/ / / 1 /! 1
ey wp) - MOS0 <t>] L0020
(Vx( 2+2/(t)?)
PROOF:

(1) To extract x(t) from @I0), we calculate the dot product of both sides of that

equation with the vector r'(t). In the equations below We exploit that thus vec-
tor equals v(t)t(t) according to @7) and to v(t)n(t) according to Definition
227(2a):

() F(1) = (0/()H(E) + o (Dr(D)n(t)) - o(D)n(t) = o (x(t)(n(t) -n(t)) =
o3 (H)K(t).

Using the plane product from Section[LZ2land its properties from Section [[.2.6]
we obtain:

[#/(8),7"(8)] = " (£) - ¥ (£) and hence: x(t) = [/ (1), 7" (1)] = LA,

v (1) x ¢ (t) = v(t)t(t) x (o' (O)t(t) + 0 (H)x(t)n(t)) = v(t)t(t) x 0* (H)x(t)n(t) =
o3 (1) (t) (t(t) x n(t)).

(2) Using properties of the cross product and (Z.I0), we obtain:
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The vector t(f) x n(t) is a unit vector, since t(¢) and n(t) are mutually orthogo-
nal unit vectors. Therefore, the vector r'(t) x t”(t) has length o3 (t)x ().

[l

EXAMPLE 2.31.

(1) Anellipse E with semi-axes a4 and b has a parametrization r(¢) = [acost, bsin ],
t € [0,27t]. We calculate:

Y (t) = [—asint, bcost|
t'(t) = [—acost,—bsint],
/ /" | —asint —acost |
(), " ()] = bcost —bsint | ab.
Since |r'(t)| = y/a2(sint)? + b2(cos t)2, we have:
b
(2.16) K(P;) = 1

(a2(sin t)2 + b2(cos t)2)2

ML= | Zcos(tf ML= sin (¥

curvature at t0=2.0

t0=0.0

FIGURE 18. Ellipse and curvature function

Fig.[[8shows (for 2 = 2 and b = 1) how the curvature oscillates periodically
along the ellipse — with extremal values in the points on the axes.
(2) The curve Cy given as the graph of a function f : [a,b] — R (Ex. RII) can be

parameterised by the vector function r : [a,b] — R? given as r(t) = [t, f(t)]. We
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calculate: ¥'(t) = [1, f/(¢)], ¥(t) = [0, f(t)]; hence,
[K(6), ¢ ()] = (1), [ (5)] = 1+ (f(£))? and

(2.17) W)= —L 8
V14 (f(1)?

In particular, Cy is curved counter-clockwise at P; if f”(t) > 0 and clockwise if

f"(t) < 0 (Cor.Z29).

(3) Let r denote the parametrization for a helix from Ex. 2.9 given as
r(t) = [acost,asint, bt],a,b > 0.

Its derivatives (velocity and acceleration vectors) are calculated as
¥ (t) = [—asint,acost,b];

(2.18) t’(t) = [—acost,—asint,0].

Hence,

)] = Va2
Y'(t) x¢'(t) = [absint, —abcost,a’];

(2.19) I (t) x ¢'(t)] = ava®+ b2

The curvature of the helix at Py with O—P(; = r(tp) is calculated as
 WETE  a

\/m3 2+ 2

Note, that the curvature is constant along the helix. For b = 0, we get as a special
case the curvature % of a circle with radius a.

(2.20) x(Po)

3.4. Osculating Circles and the Evolute. Let C denote a curve and P a point on it.
The tangent line Ip to C at P is the best approximating line through P. In particular,
the 1.degree Taylor polynomial to a parametrization r of C, cf. (Z3), yields for us a
parametrization rg) of Ip with coinciding values of the vector functions and their first
derivatives at ty corresponding to P:

1 1
r(to) =iy (0); ¥'(t0) = ¥}, (0).

3.4.1. Osculating Circles. A better approximation of the curve C than by lines can be
obtained by osculating circled]. We ask at every point P € C for the circle through P
with the same tangent vector and same curvature vector, cf. Def. In particular, their
curvatures have to agree (up to a sign). This approximating circle is called the osculating

circle of the curve C at Pﬂ

3¢f. Motivation 1. after Def. and Fig.
40sculum is the Latin word for kiss.
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The osculating circle

This applet illustrates the osculating circle of a plane curve and its center:

t0=-0.26262626

FIGURE 19. The osculating circle

To find the osculating circle, assume that the curve has parametrization by arc length
—
1, with r;(so) = OP. The osculating circle has a parametrization c,; by arc length, too.
It must have the form

(2.21) cu(s) =c+R COS(%)Vl +R sin(%)vz

with unknown orthogonal unit vectors vy, vy, an unknown center of curvature Cp with
— —>
OCp = c. Assume ¢,;(0) = OP.

The radius R of the circle is in inverse proportion to its curvature, which in turn
coincides with the curvature xy = x(sg) of the curve C at P, i.e., R = ﬁ We replace R
with Kl in Z.2])) - this makes sense even for negative curvature — and calculate:

0

cos(xos) n sin(xps)

ca(s) =c+ Tvl TVzl
c.1(s) = —sin(xps) vy + cos(kos) vy,
¢’ 1(8) = —xq cos(kgs) vy — Ko sin(xgs)va,

and argue as follows:
(1) Curve and circle pass through P:
—
OP =14(s0) = cu(0) = ¢+ %Vl-


http://www.math.aau.dk/~raussen/VIDIGEO/GEOLAB/osccir.html
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(2) Curve and circle have the same tangent vector at P :

t(So) = I‘/ﬂl(So) = C/ﬂl(O) = V.
(3) Curve and circle have the same curvature vector at P :

k(so)n(sg) = t'(so) = 1", (s0) = " 51(0) = —Kpvy, and hence:

vi = —1"a(s0) = =&t (s0) = —n(so).

From 1. and 3. above, we can conclude:

Thus, we have proved:

1
[0
is on the principal normal line through P and given by

— — 1
(2.22) OCp = OP + Mo
0
The osculating circle can be parameterised as follows:

1
Ko

the vectors ty and ny.

PROPOSITION 2.32. Let C be a regular curve through a point P with unit
tangent vector to, principal normal vector ng and curvature ko at P. The

osculating circle through the point P on C has radius R = . Its center Cp

1 1
(2.23) cu(s) = ((ﬁ’ + —nyp) — = cos(sko)ng + = sin(sxp)to.
0 0

It is contained in the osculating plane (cf. Sec. B.1)) through P spanned by

EXAMPLE 2.33.
Let E denote the ellipse from Ex. 23111 with parametrization r(t) =

—
Py with r(tp) = OPy, we obtain from [2.16) the radius of curvature

1 (a%(sintg)® + b*(cos tg)?)?
PO = Telto)] ab '

[acost, bsint]. At
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To calculate the center of curvature, we need the normal ng at Py. From Ex. 23111, we
extract:

' (tg) = [—asinty, bcostyl;
1
t(ty) = [—asinty, bcos to];
(a2 (sin £9)2 + b2(cos t)2)?
- 1
ng = t(ty) = [—b cos tg, —asin ty);

(a2 (sinty)? + b?(cos to)z)%

2(cin )2 1 H2 2
t b £
pong = 7 (sinto) Za (costo) [—bcos ty, —asinty]

2 _ 32 2_ 2
cos® tg, —bsin ty +

b

The last equation uses the trigonometric identity sin? tg + cos? tg = 1. The osculating
—

= |[—acosty+ sin®ty].

circle has its center at Cy with TQ) OPO -|— pong =

. b 3
= [acos ty, bsin to] —|— [—acosty+ 22=b2 63 to, —bsinty + voagiy to] =

(2= cos? by, L=sindty).

3.4.2. The Evolute Curve. From a given curve C, one may obtain a new curve Ec, the
evolutd] of C, by associating to every point P € C the corresponding centre of curvature
Cp. For a plane curve C, it is easy to translate (Z22)) into a parametrization of Ec:

COROLLARY 2.34. Let C be a curve with parametrization r : I — R>. The
following is a parametrization for the evolute Ec of C:

Lm0 FOP PO PP
=t O o eaeo - e

It turns out, that the tangent line to the evolute at Cp coincides with the principal normal
line to the curve C at P.

EXAMPLE 2.35.
(1) The evolute of a cycloid is a translated cycloid.

(2) The evolute of an ellipse is an astroid. Using Ex. and/or Cor. we obtain
the parametrization e(t) = [+ b (cost)?, baz (sint)3].

Sillustration: next page
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The evolute

This applet illustrates the evolite curve of a plane curve:

®{t= | 2cos() yit)= | isin(t)

t0=0.6363636

FIGURE 20. The evolute of an ellipse is an astroid (yellow)|

The involute of a circle

A vellow piece of rope is pulled away from a (white) circle in tangential direction.
The (green) end point of the rope proceeds on the (red) involute curve.

t0=5.7725253

FIGURE 21. Reversing the evolution process, one arrives at still another
curve associated to C, the involute of C. Above you find the

involute of a circle.



http://www.math.aau.dk/~raussen/VIDIGEO/GEOLAB/evolute.html
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3.5. The curvature function determines a plane curve. Letx : [ = [0,/] — R denote
a smooth function. Is there always a plane curve C (with arclength parametrization
1, : I — R?) realizing this function as the curvature function associated to C? How
many such curves are there?

In fact, there is always such a curve, and it is uniquely determined up to a rigid motion
of the plane, i.e., up to a combination of a translation and a rotation. First of all, it is
clear, that a translation, resp. a rotation does not change the curvature function x. On
the other hand there is a good intuitive explanation for the result above: Choose a start
point Py and a start direction given by a unit vector vq (this choice corresponds to the
choice of a translation and a rotation). Draw a “little” circle of length s through Py with
tangent vector vy and radius py = K(l—o)' At the end of this little circle you obtain a point
Ps and a tangent direction v;. Continue with a“little” circle of length s through Ps with
tangent vector v and radius p; = K(l—s) and obtain an end point P>; and an end direction

vys. Keep on. The resulting curve will not be smooth everywhere, but for small s, the
curvature will be a step function close to the original x. Before the computer age, this
method was in fact sometimes used to graph a curve given by a parametrization!

The correct solution uses the infinitesimal version of this idea. A curve with cur-
vature function « starting at the origin and in the direction of the X-axis may be given
as

r(s) = [/OS cos 6(u)du, /OS sin 0(u)du].

The function (1) measures the angle between the tangent and the X-axis and is deter-
mined form the curvature function by 6(u) = ;' x(t)dt . Using the Fundamental Theo-
rem of Calculus, it is not difficult to see that r has unit speed; differentiating t(s) = r'(s)
shows, that one obtains 8’ = x as the curvature.

This might seem academic; but certain curves are constructed in this way for practical
purposes. Roads leading to or from a highway frequently consist of parts with curvature
increasing (or decreasing) at a constant rate. On such a road, the driver has to turn his/her
driving wheel at a constant rate. An example of a function increasing with a constant
rate is k(s) = s. The resulting curve in Fig. 22 is called a clothoid curve — it has x(s) = s
as the associated curvature function, and you have probably experienced it as a driver!



78 2. CURVES IN PLANE AND SPACE

0.8
0.6
0.4

0.2

-1 ; 0] 05 1
-0.2
-0.4

—0.6 1

—0.8;
FIGURE 22. Curve withx(s) =s, -3 <s<3

4. Space Curves: Moving Frames and Torsion

4.1. Osculating Planes and Moving Frame.

4.1.1. The osculating plane. The curvature of a curve is defined as a measure for the
rate of change of the best approximating line (the tangent line) to that curve. This is
a general concept: Many geometric entities are formulated in terms of changes of linear
approximations. Which linear approximations to a curve (other than tangent lines) could
we investigate? For a space curve, it makes sense to ask for the best approximating plane to
the curve at a given point P — the so-called osculating plane wp, cf. Fig. Z3). One should
think of it as the plane, that almost contains the curve segment close to P. Our aim is to
make this vague idea precise — this is necessary, before we can do any calculations.

Let us look at a regular curve C and a point P on C. As usual in theoretical consider-
ations, we assume that C given by its arc length parametrization

ty:[0,7] — R®, s> ry(s), and OP = 14(s0),

cf. Def. Remember, that t(P) = 1’,;(so) is a (unit) parallel vector to the tangent line
tp. Furthermore, if the curvature of C at P given by x(P) = |r”;;(so)| does not vanish
— which we assume from now on - the principal normal vector to the curve at P is

givenasn(P) = ;Z;’;EZ& In particular, t(P) and n(P) are perpendicular and thus linearly

independent. Certainly, the osculating plane wp should contain the tangent line fp to the
curve through P. Moreover, remember that the osculating circle of C at P was defined
in Sect. B.4] as the best approximating circle to the curve at P. The osculating circle is
contained in one and only one plane in space — the plane wp, cf. Prop.
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Approximating planes and osculating
plane

This demo illustrates the osculating plane (at the white point; drawn in blue and
white) as the limit of approximating planes. The three points {one in white and
two in black) on the curve determine an approximating plane (in yellow and
cyan) — the plane in space containing all three points. When the black points
approach the white point (use the player), this approximating plane tends to the
osculating plane.

Use the scroller to shift to another (white) point on the curve.

Rotate

t0=—-0.39805827

FIGURE 23. Approximating planes and osculating plane

DEFINITION 2.36. Let C be a regular space curve, and let P denote a
point on C such that x(P) # 0. Then the osculating plane wp of C at P is
defined as the plane through P with parallel plane sp(t(P), n(P)).

REMARK 2.37.

(1) Hence, one obtains a parametrization for wp as
— —
wp = {Pst|OPst = OP +st(P) + tn(P), s,t € R}.
(2) Itis obvious that wp contains the tangent line tp through P — with parallel vector
t(P).
(3) Another interpretation for wp is as follows: For a point Q on the curve close to

P form the plane through P containing the tangent line tp and the (secant) line
through P and Q. When Q tends to P (along the curve), this plane tends to a

limit plane, which is wp.


http://www.math.aau.dk/~raussen/VIDIGEO/GEOLAB/apposcplane.html
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In general, one does not have an explicit description of the arc length parametrization

for C. Nevertheless, with a curve C as in Def. given by a reqular parametrization
—

r: [ — R3 (cf. Def.ZI0) and a point P on C with OP = 1(t), it is still easy to describe a

parametrization for wp:

LEMMA 2.38. The osculating plane wp can also be described in the following
ways:

(1) wp = {Py| OPy = OP +s¥(tg) + t"(ky), s,t € R}.

(2) wp is the plane through P containing the velocity vector

v(P) = 1'(ty) and the acceleration vector a(P) = 1" (ty) for every
parametrization of the curve C.

PROOF:

In @.I0), we got the following decomposition of the acceleration vector:

a(ty) = r"(ty) = v'(to)t(to) + v*(to)x(to)n(tg). Since ¥'(to) and the unit tangent vector
t(t9) are parallel, the planes sp(r'(ty), r"(tp)) and sp(t(P),n(P)) agree. O

EXAMPLE 2.39.
Let r denote the parametrization for a helix from Ex. Z9 given as

r(t) = [acost,asint,bt|, a,b > 0.
Using the calculation of t’s derivatives in Exc.2.3Tland Lemma [Z38, we obtain a parametriza-
—
tion for the osculating plane wy at Py with OPy = r(#y) by

wy : [acosty,asinty, bty] + s[—asinty,acos ty, b] + t|—acos ty, —asinty, 0] s,t € R.

REMARK 2.40.
The osculating plane wp for C at P is the plane through P containing both the first degree
and the second degree Taylor polynomium (2.3)

f() = x(t) + (t— ) (t);
t—ty)?
N (H) = r(to)+(t—to)r’(to)+7( 20) 1 (to).
of the vector function r at t = t.
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4.1.2. The moving frame. To find a linear equation describing wp, one has to find a
normal vector to it. Let a curve C and a point P € C be given as in Def.

DEFINITION 2.41. The binormal vector b(P) to C at P is defined as the
unit vector perpendicular to wp given as

(2.24) b(P) = t(P) x n(P).

LEMMA 2.42. (1) For a general regular parametrization r of C with
—
OP = r(to), one has

B l‘l(to) X r//(to)
(2.25) b(P) = V(o) < (0|
(2) The vector ¥'(tg) x v’ (to) is a normal vector to wp, too.
(3) Each of the following three equations characterizes the points in the
osculating plane:
Q:(xy,2z) €wp &
— —
e b(P)-OQ =Db(P) - OF;
—
o (F'(tg) x (1)) -OQ = (¥'(ty) x (o)) - OP;
e —-—
o [f'(ty), 1" (ty),0Q] = [r'(to), " (ty), OP].
(4) To determine an equation for the osculating plane wp at P with
e
OP = r(ty), proceed as follows:
(a) Determine the coordinates [xg, yo,zo] = (o) of point P;
(b) Determine the coordinates [a, b, c] = t'(ty) x v”' (to) of a vector
perpendicular to wp.
(c) Then wp is given by the equation a(x — xo) + b(y — yo) +
c(z —zg) = 0; cf. 2.

PROOF:

Only 1. above has to be proved; the equations in 3. are derived as in Sect. 1.2.2. By
Lemma 238 the planes sp(r' (o), 1" (tp)) and sp(t(P), n(P)) agree; hence they have the
same unit normal vector b(P). O
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At each point P € k, the three vectors t(P),n(P),b(P) form a basis of mutually or-
thogonal unit vectors. Along a transit of the curve, this coordinate system {t(P), n(P),b(P)}

will also move and twist around — it is called the moving frameﬁ associated to the curve.

FIGURE 24. Moving frame, osculating plane and normal plane

At every point, it gives us the best perspective to view the curve, in the following
sense:
e The vectors t(P) and n(P) span a parallel plane to the osculating plane wp — the
best approximating plane. The vector b(P) is orthogonal to wp.
e The vectors n(P) and b(P) span a parallel plane to the normal plane np, i.e., the
plane through P that is perpendicular to the tangent line tp.

REMARK 2.43.
Given a regular parametrization r, the determination of the moving frame at the point

P with OP = r(fp) is usually performed in the following three steps:
l‘l(to) .

L HP) = )

Sillustrations: Fig.P8and Fig.
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The 3-dimensional moving frame

The tangent vector in blue, the principal normal vector in white and the binormal
vector ih green.

Rotate Zoom

t0=-0.3838384

EXAMPLE 2.44.
Let us again look at a helix with parametrization r(f) = [acost,asint,bt], a,b > 0.
(cf. Ex.29and .37). Using the formulas from Rem. we obtain at Py with

—
OPy = I‘(to):

1
t(t = ————|—asinty,acosty,bl;
(to) a2+b2[ 0 0. D]
(2.26) b(ty) = g [bsinty, —b cos ty, al;
n(tyg) = [—costy, —sinty,0].

In particular, at every point Py along the curve, the principal normal vector n is par-
allel to the XY-plane pointing from the curve in direction of the z—axis. The osculating


http://www.math.aau.dk/~raussen/VIDIGEO/GEOLAB/3Dfrenet.html
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plane at P is given (cf. Lemma [2.42) by the equation
b(to) - [x,,2] = b(ty) - OBy, i.e.

bsinty-x —bcosty-y+a-z = abty.

4.2. Curvature, torsion, and Frenet’s equations. In this section, we shall give a pre-
cise description of how the moving frame moves and twists when we move along a
given curve. Again, let us suppose, that a space curve C is given by its arc length

parametrization r;; : I — R3, s + 14(s), cf. Def. Z22), and OP = 1, (s0). Moreover,
we suppose that the curvature does not vanish at P, i.e., x(P) # 0. Remember, that the
curvature x(P) was defined as a measure for the rate of change of the unit vector field t
in a neighbourhood of P. This is expressed in formula .9):

¢ (P) = k(P)n(P).

To express the change of the whole moving frame {t(P), n(P), b(P)}, one would need
similar formulas for the rate of change of the two other moving base vectors. It will turn
out, that it is enough to have an expression for b’(P) — which we are going to develop
now:

Let us first give a geometric interpretation of the entity torsio] to be defined: The
binormal vector b(P) is by definition a unit vector orthogonal to the osculating plane
wp. Hence, the rate of change of b(P) is equivalent to the rate of change of wp; hence it
measures, how quickly the osculating plane changes when moving away from P along
the curve, or equivalently, how quickly the curve disappears or twists away from wp.

The following lemma is needed in the definition of torsion:

LEMMA 2.45. At all points of the curve C, the vector b’ (P) is a multiple of
the principal normal vector n(P).

PROOF:
It is enough to prove, that b’(P) is orthogonal to both t(P) and b(P). This is a conse-
quence of the fundamental trick (Prop.[2.5) and of the definition of curvature (Def. Z.28):
e t(s)-b(s) =0=t/(s)-b(s) +t(s) -b'(s) =0=
t(s) - b'(s) = —(t'(s) - b(s)) = —x(s)(n(s) - b(s)) = 0.
e b(s)-b(s) =1=b'(s)-b(s) =0.

7illustration: opposite page
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Osculating plane and torsion

Torsion (plotted in green on the right hand side) measures the change of the
direction of the binormal vector (perpendicular to the white osculating plane).

yith= A2

torsion at t0=0.95879

Rotate Zoom

t0=-0.44444445

FIGURE 26. Osculating plane and torsion

4.2.1. Definition of the torsion of a space curve.

DEFINITION 2.46. Let C be a regular curve, and P € C a point on C

with OP = 1, (s) such that k(P) # 0. Then the torsion T(P) = T(s) of
the curve C at P is defined to be the real number satisfying

(2.27) b’(s) = —7(s)n(s).

REMARK 2.47.
The curvature of a space curve at a point was defined to be non-negative; its torsion can

be both positive, negative or zero. The sign in Def. 046 is somehow arbitrary, and some
authors write 7(s) instead of our —7(s).

Curvature and torsion together determine how the whole moving frame develops;
this is contained in the following result known as Frenet’s equations:


http://www.math.aau.dk/~raussen/VIDIGEO/GEOLAB/oscplanetors.html
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THEOREM 2.48. I (Frenet) Let C be a reqular curve with moving frame
{t,n, b} as functions of the arc length parameter s. Then,

t(s) = K(s)n(s)
n'(s) = —x(s)t(s) +1(s)b(s)
b'(s) = —7(s)n(s)
“Here is a biography of the French mathematician astronomer and meteorologist

Jean Frenet. The equations should rightly be called Frenet-Serret formulae, to hon-
our moreover the French mathematician and physicist Joseph Serret.

\

Kt

Kn

FIGURE 27. Frenet’s equations

PROOF:
The first and third equation are just the defining equations for curvature and torsion


http://www-history.mcs.st-and.ac.uk/Mathematicians/Frenet.html
http://www-history.mcs.st-and.ac.uk/Mathematicians/Serret.html
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of a space curve. The second equation is a consequence of the two others and of the
fundamental trick (Prop. 25). We calculate the projections cf. (B.I.)) of the vector n’(s)
on the 3 coordinate vectors t(s), n(s), and b(s):
e t(s) -n(s) =0=n'(s) - t(s) = —(¥(s) -n(s)) = —x(s);
e n(s)-n(s) =1=n'(s) -n(s) =0;
e n(s)-b(s) =0=n'(s) - b(s)
U

4.2.2. Curvature and torsion determine space curves. For space curves, there is a result
analogous to the one described in Sect.

PROPOSITION 2.49. Given two differentiable functions x, T : [0,1] — R
with x(s) > 0 forall 0 < s < I. There is a curve C parameterised by arc
length v, with curvature function x and torsion function t. This curve is
uniquely determined up to a rigid motion in space, i.e., a combination of
a translation and a rotation.

We will not give a proof of Prop. It relies on the fact, that the system of differential
equations given by Frenet’s equations has a unique solution for given initial conditions.

4.2.3. Calculation of the torsion. Frenet’s equations (Thm.[2.48) can be used to derive
a formula for the torsion 7(P) at a point P on our curve C in terms of the first three
derivatives of a parametrization r of the curve.

PROPOSITION 2.50. Let C be a curve with regular parametrization, and let
—
P be a point on C with OP = x(t) and x(P) # 0. Then,

WO xPW) ) 0,0, (0)
P =< e OE T RO X OOP

PROOF:
We reuse the formulas (Z.10) for the velocity and the acceleration vector in the following
form:

r'(t) = o(t)t(s(t));
(2.28) (1) = v (DOt(s(t) + 2 (H)x(s(t))n(s(t)).
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A calculation of their cross product yields:

(2.29) Y (1) x ' (t) = PP (H)x(s(t))b(s(t)).

(Why?). Thus,

(230)  [r'(1), 2" (1), " (1)] = (' (8) x "(8)) - 2" (1) = 0> (£)x(s(1)) (b(s(t)) - 1" (1))

To calculate b(s(t)) - ¥'"/(t), note first that b(s(¢)) - ¥”'(t) = 0, since r” () is contained in

the osculating plane wp at P, cf. Lemma Hence, we may use first the fundamental
trick (Lemma [2.5) and then the last of Frenet’s equations, cf. Thm. to obtain:

b(s(t)) - " (t) = —x"(t) -o(t)b'(s(t)) = o(t)T(s(t)) (" (t) - n(s(t))).
Applying the second equation in (ZZ8)) once again, we derive:

2.31) bs(t) - #"(£) = 0 (Dx(s(6))T(s(1)).
Substituting (@.31)) into (Z30), we obtain:

[ (£), " (1), £ (1)] = 0 (1) (s(t)) (b(s(t)) - X" (1)) = (1) (s(t))T(s(t))-
2

On the other hand, @29) tells us, that |t/(t) x 1/ (t)|?> = v®(t)x?(s(t)), which implies the
formula in Prop. ) for the torsion T(P) = 7(s(t)). O

REMARK 2.51.

From (Z.31), we deduct, that the torsion 7(P) has the same sign as the entity b(P) -1/} (s)
— since both speed v and curvature x are positive entities. this observation can be given
the following interpretation:

Euclidean space E? is divided into two half-spaces by the osculating plane wp. The
torsion Tp is positive, if and only if r'”(#) lies in the half space that b(P) points into, i.e.,
if the piece of curve given by r(t + €) for small values ¢ > 0 is contained in that half-
space. It is negative, if and only if r'”/(t) and thus the piece of curve given by r(t + ¢)
for small values & > 0 is contained on the opposite half-space. The absolute value of the
torsion 7(P) measures, given x(P), how fast the curve twists away from wp into one or
the other half-space. See also Sect. .4

EXAMPLE 2.52.
For the helix from Ex. with parametrization r : R — R®, r(t) = [acost,asint,bt],
we calculate using the results of Ex. 2.3113:

t'(t) = lasint,—acost,0];
Y'(t) x ' (t) = [absint, —abcost,a?];
(' () x " (8)) - ¢ (t) = a°b;
(2.32) 7(P) ’

202
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Note, that both curvature (cf. (Z.20)) and torsion are constant along the helix.

4.3. What happens to curvature under projection of a space curve to a plane? Since
we usually only can draw plane curves (on a sheet of paper or a computer screen), the
following question arises naturally:

Let C denote a space curve and « a plane in space. Projecting each point of C orthog-
onally onto a produces a plane curve C,, cf. Fig. What relation is there between the
curvature functions associated to C and to C,? Which plane a C R should one choose
in order to preserve curvature features in the best possible way?

To formulate the answer, we fix a point P € C and its projection P, on the projected
curve Cy. At P, the curve C has a unit tangent vector tp and an osculating plane wp. Then
the answer to the question above can be given in terms of two angles (cf.Sect. 1.3.2.2 and
Fig.28): Let

e ¢ denote the angle between the osculating plane wp and the projection plane «,
and
¢ 0 denote the angle between the tangent vector tp and the projection plane «.

WP

o

FIGURE 28. A space curve with a plane projection
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PROPOSITION 2.53. The curvature of the projected curve C, at P, is related
to the curvature of C at P in the following way:

k(P = (P) - 28

(cos )3

COROLLARY 2.54. If C is projected onto the osculating plane « = wp, then
|k(Py)| = x(P), i.e., the numerical values of the curvatures agree.

PROOF:
For &« = wp, both angles ¢ = 6 = 0. [

This means, that the osculating plane at a point P is a good choice for viewing the
curve in the neighboorhood of P. The curvatures of the original and the projected curve
agree at P, and they will not differ very much in the vicinity of P.

PROOF OF PROP. .53}
We start with the following trick that makes notation and calculation much easier: We
perform a rigid motion (a combination of a rotation and a translation) that sends « into
the XY-plane. Remark that a rigid motion does not affect curvature! From now on, we
assume that « is in fact the XY-plane with normal vector n = k.

Let the curve C be given by a parametrization r : I — R3, r(t) = [x(t),y(t),z(t)],

—
such that OP = r(t¢). Its projection onto the XY-plane can thus be given the parametriza-
—
tionrg : [ — R?, 19(t) = [x(t),y(t)] with OPy = ry(to). Let us compare first the denom-
inators and then the numerators for the curvature formulas @.13) and @.I39), all to be
taken at ty):
1‘/ % 1.// — [y/Z// _ y//Z/, Z/x// _ Z//x/, x/y// _ x//y/];
(1), 10] = Xy — X"y = k- (¥ x1") =|(t x1")|cos¢.

The last equation uses Prop. 1.5 and the fact that the angle between k and r' x 1, is
numerically equal to the angle ¢ between their normal planes (cf. Sect. 1.3.2.2), i.e, the
angle between « (the XY-plane) and the osculating plane wp.

Looking at denominators, ry = [x’,/] is the projection of ¥’ = [x’

,y,Z'] onto « (the

XY-plane), and hence (cf. Sect. 1.3.2.2), |ry| = |r'|cosf. Combining both results, we
obtain: R T
Iy, T, r Xr')|cos¢ cos ¢
P pu— 0 O pum pum .
(P 1) |3 |t'|3(cos 0)3 K )(c059)3
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4.4. The local canonical form of a curve. Here is yet another way to grasp the
meaning of the curvature and the torsion of a (space) curve C. For simplicity, we as-
sume C parameterized by arc length r;; : I — R® with I an interval containing s = 0
in its interior. Furthermore, we assume (after a rigid motion in space), that Py = O and
that the Frenet moving frame vectors at O coincides with the coordinate unit vectors,
i, t(0) =1, n(0) =j, and b(0) = k. We want to analyse the curve C close to the point
Py € E? by looking at the 3rd degree Taylor polynomium (cf. @2)f at O:

(3) / $? s>
(2.33) 1y (s) = r(0) +sr(0) + P (0) + s (0).
By our assumptions and using Frenet’s 2nd equation from Thm. 2,48 we obtain:
r(0) = 0,
Y (0) =t(0) = [1,0,0],
r’(0) =t (0) =xn(0) = [0,x,0],
" (0) = (xn)’(0) = ¥'n(0) + xn’(0) = x'n(0) + x(—«t(0) + b(0)) = [—«%«',«7].
Substituting this into (2.33)), we get for the 3rd degree Taylor polynomial (Z.2):
(3) K2s3 xs2  «k's® xtsd

o ()=l 5tk

This representation (plus the corresponding error term) is known as the local canonical
form of the curve in a neighbourhood of Py = O. Remark, that the torsion only enters as a
coordinate of b. Since « is assumed to be positive (being always non-negative anyhow),
we obtain as a consequence (compare Rem. [Z.57):

COROLLARY 2.55. The osculating plane wo divides Euclidean space into
two half-spaces. If T > 0, the curve C runs into the half-space containing the
binormal vector b for t > 0, if T < 0, it leaves that half-space for t > 0.

The figures on next page show a curve with given values k¥ and T and its projections
on the three planes spanned by two out of three of the vectors {t,n,b} from the Frenet
frame:

8We use the abbreviations: x = x(0),x’ = x'(0), and T = 7(0).
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FIGURE 30. Projections to the tb-plane and to the nb-plane

5. How to use the geometric laboratory - an example

Suppose you want to know more about the osculating circle to a curve at various
points and how it arises as a limit circle of approximating circles to that curve. This
is explained in the applet Approximating circles and osculating circles, which you can
access by clicking on the framed area — provided your browser supports Java2.


http://www.math.aau.dk/~raussen/VIDIGEO/GEOLAB
http://www.math.aau.dk/~raussen/VIDIGEO/GEOLAB/appcurvcirc.html
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You will find a standard initial curve with parametrization [x(t) = t,y(t) = #?], —1 <
t<1.

Suppose you want to investigate a different cuve, say the curve with parametrization
[x(t),y(t)] = [cos(2t),sin(3t)], £ < t < 37. You ”overwrite” t in the black field to the
right of x(t) = by cos(2t) — RETURN - and also #? in the field to the right of y(t) =
by sin(3t) — RETURN. Now click on the field marked t0 = —1.0 below the graphics.
Replace —1.0 in the field to the right of From: by 1.57, click on From: and replace 1.0
in the field right of To: by 4.72. Use the scroller (to the right of the field marked t0 =)
to move the points to a more interesting position (e.g., t0 = 2.64) You will obtain what
you see in Fig. BIl with the red curve, a blue approximating circle which is the circle
through the white and the two black points and the approximating circle through the
white point.

Approximating circles and osculating circle - Mozilla Firefox
File Edit View Go Bookmarks Tools Help

<3 = l_: = l _E_: @ |ﬁ. hl_'_tE:_f’_.u_’www.math.aau.dkf»-raussen_.u’\«"lDFGEO:FGEOLABf;_\f_:_pcurvcirc.html @ Go @,

|| Red Hat, Inc. || Red Hat Network () Support [ Shop |_)Products | Training @Gcogle ZV AltaVista - Babel Fish ...
Approximating circles and osculating circle

The green circle is the osculating circle at the white point. The light blue (cyan) circle is the circle through the white and the two bl
points. When the black points converge to the white one (use the player), this approximating circle converges to the osculating circl

You may choose another (white) point using the scroller.

;Z.y-fj_-'_}-a: sin(3t}

FIGURE 31. Applet screen


HTTP://WWW.MATH.AAU.DK/~RAUSSEN/VIDIGEO/GEOLAB
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To observe how the approximating circle approaches the osculating circle as the
black points converge to the white point, you should use the player (to the left of the
region marked t1 = 0.5). Click on the right arrow — or double arrow, if you are less pa-
tient and watch what happens. If you want to see approximating and osculating circles
at others than the given initial white point, you can scroll to another position t0 =.



CHAPTER 3

Regular Surfaces

1. Parametrizations of surfaces

Examples of surfaces abound in everyday life: Balloons, tubes, cans, soap films, the
surface of our planet earth are all physical models of surfaces. In order to study the
geometry of these objects, one needs coordinates to make calculations. Of course, all
these surfaces can be thought of as embedded in Euclidean space E®> — which means 3
coordinates. But just as a (space) curve needs only 1 coordinate, the very definition of a
surface is that it can be described (in a nice way) using just two coordinates:

e We are used to describe points on the surface of the earth by the two geograph-
ical coordinates: longitude and latitude.

e One can (and does!) produce cylindrical cans by rolling a plane (2-dimensional)
piece of metal.

1.1. Vector functions of two variables and partial differentiation.

1.1.1. Smooth vector functions and partial derivatives.

DEFINITION 3.1. Let D C R? denote an open subset.

e A function f : D — R of two variables is called smooth (C*),
if all (higher) partial derivatives exist, and, moreover, are con-
tinuous functions.

e A vector functionr: D — R3,

r(u,v) = [x(u,v),y(u,v),z(u,v)] of two variables is called
smooth (C®), if its coordinate functions x,y,z : D — R are
all smooth.

e The partial derivatives of a smooth function f : D — R with
respect to the variables u and v at a point (ug,vg) € D are de-
noted f, (1, v0), fo(tip,v9) € R. Likewise, the partial deriva-
tives of a vector function r : D — R3 at (ug,v9) € D are the
vectors

1y (110, v0) = [x4 (110, v0), yu (1o, v0), zu (119, v9)] € R®, and

I‘U(uo, ’00) = [xv(uo, Uo),yv(uo, Uo),ZU(uo, Uo)] < R3.

95
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EXAMPLE 3.2.

(1) The function f : R> — R, f(u,v) = u®?+ usinv — ¢’ is smooth. Its partial
derivatives are given as

fu(u,v) =2u+sino, f,(u,v) = ucosv —e’.

(2) The vector function r : R?> — R3, r(u,v) = [u? — v?, uv,sinu cos v] is smooth
with partial derivatives

r,(1,v) = [2u,v,cosucos v, ry(u,v) = [—2v,u, — sin u sin v].

1.1.2. The chain rule. In the sequel, it will be important to be able to differentiate
composite vector functions. In particular, we will look at composite functions
x(t) = r(u(t),v(t)) representing particular space curves. The following result should
be known from basic courses as a particular case of the chain rule:

PROPOSITION 3.3. Let D C R? denote an open subset, let v : D — R3 de-
note a smooth vector function, and let u,v : I — R denote smooth functions
such that (u(t),v(t)) € D for all t in the interval 1. Then, the composite
function x : I — R® defined as x(t) = r(u(t),v(t)) is smooth and has the
derivative

(3.1) X' (t) = u' (H)r, (u(t),v(t)) + 0 ()1, (u(t),o(t)).

1.2. Coordinate patches. Intuitively, we wish to provide a surface S with a (curved)
coordinate system with two coordinates - just as the coordinate grid consisting of merid-
ians and parallel circles on a spherical surface. A technical formulation is given in terms
of a (vector) map “projecting” the rectangular coordinate grid onto (a subset of) the
plane to a curved coordinate system on S. More precisely, we require:
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DEFINITION 3.4. Let D C R? denote an open subset. A smooth vector
function r : D — R3 of two variables is called a parametrization (or
coordinate patch) for the surface S C E® consisting of all points P with
OP = r(u,v) with (u,v) € D if
(1) r is a one-to-one (injective) map (i.e., every point in S corre-
sponds to a unique point in D);
(2) The partial derivatives

1, (1, v0) = [xu (10, 0), yu (1o, v0), zu (1, vp)] and
1o (10, v0) = [X0(Uo, v0), Yo (U0, v0), Zo (10, V0)]
are linearly independent at every point (19, vg) € D.

A subset S C R3 that has a coordinate patch r as above, is called a
reqular surface.

-

FIGURE 1. Parametrization of a surface

97



98 3. REGULAR SURFACES

s(UN) |cos(Uj-vsiniy

ylu [sin@hvcosey |
Z{un) ’vi
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FIGURE 2. [llustration of a parametrization from the geometric laboratory,
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REMARK 3.5.

(1) Obviously, the first condition is needed in order to give points on the surface
a unique set of coordinates —in D. The second condition is more intricate: it is
necessary to ensure the existence of tangent planes (cf. Def. B.I0) at every point
of the surface.

(2) In general, it is not possible to cover a surface with just one coordinate patch —
this happens already for the sphere. In that case, one covers the whole surface
by two or more coordinate patches.

EXAMPLE 3.6.

(1) For tixed values p,a > 0, the vector function
r:] —a,a[x]0,27t[— R®, 1(u,v) = [pcosv,psinv, u]

is a parametrization for a cylinder with radius p and the Z-axis as axis. Here, we
use cylindrical coordinates.
(2) For a fixed value p > 0, the vector function

r:]0, 77[x]0,271[— R3, r(u,v) = [psinucosv, psinusino, pcos u]


http://www.math.aau.dk/~raussen/VIDIGEO/GEOLAB/SURFACE/example3.html
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27 r

FIGURE 3. Parametrization of a cylinder

FIGURE 4. Cylinder surface (GEOLAB)
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is a parametrization for the sphere with radius p with center at the origin. It
represents points on the sphere in spherical coordinates corresponding to latitude

and longitude.


http://www.math.aau.dk/~raussen/VIDIGEO/GEOLAB/SURFACE/cylinder.html
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27

FIGURE 5. Parametrization of a sphere

FIGURE 6. Sphere surface (GEOLAB)



http://www.math.aau.dk/~raussen/VIDIGEO/GEOLAB/SURFACE/sphere.html
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Remark that this parametrization does not cover the poles, which correspond
tou = 0, resp. u = . Both conditions for a parametrization fail for these
values of u. But the sphere is a surface at these points, too; you may obtain a
parametrization for the polar regions by combining the parametrization above
with a rotation of the sphere around an axis not containing the poles. A similar
remark applies to the O-meridian (the “Greenwich meridian”).

(3) Let f : D — R denote a smooth function. The graph surface of f consists of all
points with coordinates [u, v, f(u,v)] € R>. It is a surface with parametrization
r:D — R3, r(u,v) = [u,0, f(u,0)).

In particular, a plane given by the equation z = ax + by is the graph of
fi:R> = R, fi(x,y) = ax + by; the graph of /, : R> — R, fo(x,y) = x* +v?
is a parabolic surface of revolution obtained by rotating a parabola around the
Z-axis.

(4) The vector function

r:] —a,a[x]0,27t[— R3, r(u,v) = [ucosv,usinv, u]

is a parametrization of a double cone. Its intersection with the horizontal plane
z = u is a circle with radius |u| — but for u = 0, this circle degenerates to a
single point! Conclusion: This cone does not satisfy the requirements of Def. 3.4}
unless the line u = 0 in the domain of r corresponding to the “top point” P :
[0,0,0] in the cone is removed.

FIGURE 7. Double cone (GEOLAB)|

(5) The vector function

r:]0,27t[x]0,a, r(u,v) = [vcosu,vsinu, u]


http://www.math.aau.dk/~raussen/VIDIGEO/GEOLAB/SURFACE/cone.html
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is a parametrization of a helicoid. You may verify that this parametrization sat-
isfies the requirements of Def.[3.4l Look at Fig.

How does the definition of a parametrization correspond to the curved coordinate
system? Let r : D — R® denote a coordinate patch for S.

DEFINITION 3.7. The first parameter curve through Py € S with

—
OPy = r(ug, vo) arises from parametrization r(u, vo) looked upon as a
vector function of the single variable u (with u in an interval containing
. D g—
with OP

wpp) = T(1,0p) in the image

ug). It consists of the points P, ;)
of the parallel to the u-axis through (19, vo).
Similarly, the second parameter curve through Py arises from the

parametrization r(ug, v) as a vector function of the single variable v.

By definition, the partial derivative r, (1o, vg) is the velocity vector of the first param-
eter curve at Py — and thus tangent to that curve. Likewise, 1y (1, vg) is tangent to the
second parameter curve at P.

0

/\
(10, vo /\
).
I~

FIGURE 8. Parameter curves with tangent vectors
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EXAMPLE 3.8.

(1) The first parameter curves for the cylinder with parametrization
r:] —a,a[x]0,27[— R3, r(u,v) = [pcosv,psinv,u] from Ex. BA1 are vertical
line segments on the cylinder; the second parameter curves are horizontal circles.
We calculate tangent vectors to the parameter curves as

r, (1o, v0) = [0,0,1]; r,(1p,v0) = [—psinvy, p cos vy, 0].
(2) The helicoid with parametrization
r:]0,27t[x]0,a], r(u,v) = [vcosu,vsinu, u]

has a system of helices as 1. parameter curves, whereas the 2. parameter curves
are straight line segments!
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FIGURE 9. Parameter curves on a helicoid

1.3. Tangent Planes and Normal Vectors.

1.3.1. Tangent Planes. There are more curves on S than those parameter curves - and
we will investigate the geometric features of S mainly by investigating the curves “liv-
ing on” S. Let again r : D — R® denote a coordinate patch for S. Obviously, a plane
curve consisting of points in D is “translated” via r to a curve with all points on S. More
precisely:
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DEFINITION 3.9. A space curve C with parametrization x : I — R®
is called a smooth curve on r(D) C S if and only if there is a smooth
parametrization (u(t),v(t)), t € I of a plane curve in D such that

(3.2) x(t) = r(u(t), v(t)).

Intuitively, the plane curve (u(t),v(t)) arises as the image of C when the curved
coordinate system on S is straightened. In fact, every smooth space curve x : I — R3
with x(t) € S for all t € I is a smooth curve in the sense above, but it is not quite
elementary to show that.

Let us calculate the velocity vector corresponding to the curve C with parametrization

B.2) at the parameter ¢, i.e., at the point Py € S with (TPO = x(fp). Let
(10, v0) = (u(t), v(tp)). Using the chain rule (cf. @.J))), we obtain

(3.3) X' (to) = u'(to)ru (1o, vo) + ' (to)rs(tho, v0)-

The remarkable fact is, that — for every smooth curve on S through P — the velocity vector
X (to) is contained in sp(r, (19, vg), t» (1o, Vo)), the linear subspace of R? consisting of all
linear combinations of the two partial derivative vectors. Intuitively, this means that
the tangent vectors to curves through a point Py are all contained in the plane spanned
by the tangent vectors to the two parameter curves. This plane is the best approximating
plane to the surface S close to the point .

DEFINITION 3.10. Let S denote a regular surface and Py € S.

(1) The linear tangent plane Tp,S to S at Py consists of all velocity
vectors to smooth curves on S through Py. Given a coordi-

nate patch r : D — R3 for S with r(ug,vy) = O—)PO, it has a
parametrization
(3.4) Tp,S = {sru(ug, vo) + tro(uo,vo), s,t € R}.
(2) The affine tangent plane mpys to S at Py consists of all points

Q € E3 with Zﬁ € Tp,S. It has a parametrization
(3.5)

32 =
7Tp05 = {Q €E |OQ = 0P+ Sl‘u(uo, ’00) + tl‘v(uo, ’00), s, te R}.

REMARK 3.11.
The affine tangent plane consists of the tangent vectors to S attached to the point Py.
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FIGURE 10. The tangent plane

EXAMPLE 3.12.

(1) Let S denote the cylinder from Ex.B.l1 with parametrization r(u, v) = [pcos v, psinv, u].
The partial derivatives were calculated in Ex. B.8 as

r, (19, v9) =1[0,0,1], 15(19,v9) = [—psinvy, p cos vy, 0].
These vectors are in fact the tangent vectors to the parameter curves we iden-

tified in Ex. The tangent plane at the point Py € S with r(up,vo) = (TPO is
thus

Tp,S = {s[0,0,1] 4 t[—psinvy, pcosvp,0], s,t € R}.
The affine tangent plane at P is
np,S ={Q € ]E3|O—Q> = [p cos vy, psinvy, ug] + 50,0, 1] + t{—psinvy, p cos vy, 0], s,t € R}.
(2) Let S denote the surface obtained as the graph of a smooth function
f : D — R with parametrization r(u,v) = [u,v, f(u,v)] as in Ex. B.A3. Let
—
Py € S be given by OPy = r(up, vg) = [uo, vo, f (1o, vo)]. Since
1y (10, v0) = (1,0, fu(uo, v0)] and 15(uo, vo) = [0, 1, fo(uo, vo)],
the tangent space Tp, is the two-dimensional subspace

sp{[L,0, fu(uo,v0)], [0, 1, fo(uo, vo)]}-
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1.3.2. Normal vectors. Let again S be a regular surface and Py € S a point on S. The
tangent plane Tp,S to S at Py consists of all tangents at P to smooth curves on S through
Py. Being a plane in R? it has a uniquely determined normal line consisting of vectors
that are perpendicular to the tangent plane:

DEFINITION 3.13. A vector n € R3 is called a normal vector to S at Py if
n is perpendicular to all tangent vectors v € Tp,S.

Given a coordinate patch r : D — R3 for the surface S with r(ug,vg) = ﬁ, it is easy to
calculate normal vectors. Since Tp,S = sp(r, (1o, v0), 1o (1o, Vo)), We get a normal vector
by the cross product of the two spanning vectors, i.e.,, n = r, (19, vg) X 1,(1p,vp)). Since
we are only interested in the normal direction, it is customary to replace that vector by
a unit vector with the same direction:

DEFINITION 3.14. Let r : D — R3 denote a coordinate patch for the
—
surface S with r(ug,vg) = OP, P € S. The vector

V(P) - y(uo, UO) _ l'u(uo, Uo) X rU(”O/ UO) . R3
|1'u(1/lo,00) X rU(”O/UO)|

is a unit normal vector to the surface S at the point P.

Unit normal vectors are unique up to sign. The other unit normal vector to S at P is
just the vector —v (P).

As usual, a normal vector can be used to describe the tangent plane by an equation:
Letn € R3 be any normal vector to the surface S at Pp; [xo, Yo, zo|. Then a point
Q : [x,y,2z] € R is contained in the affine tangent plane 7p S if and only if it satisfies
the equation

(3.6) 0=[x—x0,y—Yo0,z— 20| -n.

In particular, let S be the surface determined by the parametrization r and let

—
Py € S be given by OPy = r(ug, v9) = [x(u9,v0),y (1o, v0),z(1t9, vo)]. The vector
n(ug,vg) = 1,(ug,vo) X 1y(ug, vg) determines a normal vector at Py. Hence, we obtain
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1/(1/[0, Z)())

FIGURE 11. Surface with normal

the following forms for an equation for the affine tangent plane at Py:

3.7) 0 = [x—x(uo,v0),y —y(uo,vo),z — z(uo,vo)] - (ru(to, vo) X rv (110, v0))
(3.8) =[x —x(uo,v0),y — y(uo,vo),z — z(ug, vg), ru (1o, Vo), tu (1o, Vo)]
x — x(ug,v0) y—y(uo,vo) z—z(up,vo)
3.9) = xu (o, 00) Yu(uo, vo) zy (1o, vo)
X (1o, Vo) Yo(uo,v0)  zo(uo,v0)

This last version uses the space product as a combination of dot product and cross prod-
uct, cf. Sect. 1.2.

In practical terms, we obtain the following recipe for determining an equation for
the affine tangent plane of surface S at point Py: Given a coordinate patch r for S such
that

—
e OPy = r(up, v9) = [X0, Y0, 20}, a point on S and on the tangent plane 77,,S.
e Determine [a,b,c] = r,(up,v9) X 1u(119,v9) as a normal vector to the tangent
plane 77, S.
Hence, the formula given in (L2Z2) explains that the following is an equation for the
affine tangent plane 77, S at Py:

a(x —xo) +b(y —yo) + c(z — z0)00.

EXAMPLE 3.15.
Let S again denote the cylinder with parametrization r(u,v) = [pcos v, psinv, u] from
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Ex. B8 with partial derivatives r,(ug,v9) = [0,0,1], ry(uo,v0) = [—psinv,pcosv,0],
—
cf. Ex. We calculate the normal vector v(Pp) at the point Py with r(ug, vg) = OP) as

v(Py) = %[0,0,l] X [—psinvg, p cos vy, 0] =

= E[—P cos vy, —p sin vy, 0] = [— cos vy, — sin vy, 0].

This normal vector points horizontally inwards from the point in the direction of the
Z-axis.

A point Q : [x,y,z] € R is contained in the affine tangent plane 7p,S if and only if
it satisfies the equation

0= [x—pcosvy,y— psinvy,z — uy| - [— cos vy, — sin vy, 0],

i.e., (cosvg)x + (sinvg)y = p.

2. Measurement in curved coordinates: the 1. fundamental form

2.1. Arc length in curved coordinates: the “curved Pythagoras”. Our next aim is
to measure lengths, angles and areas. Of course, we know how to do that in
3-dimensional space. But now we are only allowed to do measurements on the given
surface — using one or several (chosen) parametrization(s). Why that restriction? Well,
the shortest path from one point on the surface of the earth to another is not given by
a straight line segment (through the earth’s interior) but by a curve — with curvature.
(Which?) How would you draw such a curve using latitude and longitude as coor-
dinates? How do we measure lengths, angles and areas in given curved coordinates? To
tind out, let us first look at the formulas known for space curves and translate the results
into our setting using a given parametrization for the surface under investigation.

For a space curve with parametrization x(t), length is calculated by integrating its
speed |X'(t)|, cf. Def. Let now r : D — R denote a coordinate patch for a surface
S. If we look at a curve in that coordinate patch given as x(f) = r(u(t),v(t)), then its
derivative B.J)) is

X (8) = ' () (u(t), 0(t)) + o' ()10 (u(t), 0(1)),
expanded in the basis {r,, r,} of the tangent space at the relevant point. But these two
(moving) basis vectors are, in general, neither unit vectors nor orthogonal to each other. So,
the length of a vector
v = ary (1o, vg) + bry (1o, vo)

expanded in this basis cannot just be calculated by the usual plane Pythagoras theorem.
Instead we need what might be called a “curved Pythagoras theorem”:



2. MEASUREMENT IN CURVED COORDINATES: THE 1. FUNDAMENTAL FORM 109

DEFINITION 3.16. Let r : D — R3 denote a coordinate patch for the
surface S. We define three functions E, F, G : D — R given by

E(u,v) = r,(u,0) r,(u,0)
(3.10) F(u,v) = r,(u,0) - 1ry(1,0)
G(u,v) = ry(u,v) - 1y(1,0).

REMARK 3.17.

(1) How can one interpret the functions E, F and G? Let us look at the parameter

curves through the point P € S with OP = r(u9,v0). Then,

E(ug,vo) = |r,(ug, v9)|? is the square of the speed along the 1. parameter curve
at P, and likewise, G(u,vp) is the square of the speed along the 2. parameter
curve at P. In particular,

(3.11) E(uo,vo) >0, G(uo,vo) > 0.

Moreover, the two parameter curves have an orthogonal intersection at P if and
only if F(ug, vg) = rty(uo, vo) - to(1t9, vg) = 0.
(2) For the parametrization of the plane given as

r:R? — R?, r(u,v) = (u,0,0),
we calculate at any point (1, vg) € R%:

r, (19, v9) = [1,0,0], ry(1p,v9) = [0,1,0], and thus

E(up,v9) = [1,0,0]-[1,0,0] = 1,
F(up,v9) = [1,0,0]-10,1,0] = 0O,
G(uo,vo) = [0,1,0] . [0, 1,0] = 1.

LEMMA 3.18. Let P € S denote a point on the surface S with

OP = r(ug,vo). The length of the tangent vector w = ar,(up,vo) +
bry(ug, vo) € TS is given by

|w|2 = azE(uo, Uo) + ZabF(uo,vo) + bzG(Mo, UO)'
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PROOF:
The proof is an easy calculation using the dot product and its properties (cf. Sect. [.2.6).
We shall write r,, and r, to abbreviate r, (1, vg), resp. 1, (19, vo):

wP> = w-w
= (ar, + bry) - (ar, + bry)
= a®(r, -1,) +2abr, -1, + b (1, - 1)
(3.12) — a°E + 2abF + b°G.

FIGURE 12. The “curved Pythagoras theorem”

REMARK 3.19.

(1) For the parametrization of the plane from Rem.B.I7 the length of w = ar,, + br,

is given by
\w|? = a®E + 2abF + b*G = a® + V.
So, Lemma B.I8 has Pythagoras theorem as a special case.

(2) Here is how to interpret Lemma in general coordinates: In calculating
lengths of tangent vectors you have to compensate for the fact that, in general,
parameter curves are not perpendicular to each other nor given in arc length
parametrization. So, the coefficients E, F, and G in Lemma (@.I8) can be inter-
preted as correction factors to the classical Pythagoras theorem: E and G correct
for the speed along parameter curves, F corrects for the angle between those.

To calculate the length of a curve on a surface, remember that the arc length function
s(t) is defined as the integral over the speed (i.e., length of velocity vector) along that
curve. This yields the following formula:
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PROPOSITION 3.20. Let r : D — R3, D C R? open, denote a coordinate
patch for the surface S; let furthermore x(t) = r(u(t),v(t)), a <t <b
denote a parametrization for a curve C on S. The derivative s'(t) = % of the
arc length function s(t), a <t < b (cf. satisfies:

(3.13)

(s'(8)* = ' () E(u(t), o(t)) + 20/ (£)0 () F (u(t), o(t)) + (2/ (1)) *G (u(t), 0(t)).
and thus the length of the segment of the curve C between the points corre-
sponding to the parameters t to ty is given (in short form) by:

s(t) — /ttl S/ (1) dt

0

t
(3.14) - / ' W2E + 200 F + (0)2G
to

REMARK 3.21.

(1) In the literature, you will often find the following short form for the length
formula (B.I3) in curved coordinates:

ds® = Edu?® + 2Fdudv + Gdv>.

It is often called the first fundamental form, and E,F and G are called the coef-
ficients of the 1. fundamental form. The first fundamental form may be con-
sidered as a quadratic polynomial in two variables defined on tangent vectors
t = ar, + bry, to wit,

(3.15) I(t) = Ea® + 2Fab + Gb.

In general, the first fundamental form is not constant but varies from point to
point (as in Ex. B.Z22 below); moreover, the expression for it as function of the
parameters 1 and v depends on the parametrization.

(2) As for the general arc length formula, it is often difficult or impossible to use
@B.I9) to calculate the length of a concrete surface curve exactly. The main value
of Prop. is that it allows us to reason about arc length, and later on to use
this in actual calculations of surface curvatures.
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EXAMPLE 3.22.

(1) Let r(u,v) = [pcosv,psinv, u] denote the parametrization for a cylinder from
Ex.B.81. We found earlier (cf. Ex. B12):

r,(u,v) =1[0,0,1] and r,(u,v) = [—psinv, pcos v, 0],

and can thus calculate:

E(w,v) = [0,0,1]-[0,0,1] = 1;
F(u,v) = 10,0,1]-[—psinv,pcosv,0] =0;
G(u,v) = [—psinv,pcosv,0]-[—psino,pcosv,0] = p>.

Remark, that the parameter curves on the cylinder intersect each other at a right
angle everywhere (F = 0). By Prop. the length of any curve
x(t) = r(u(t),v(t)) in cylindrical coordinates (u(t),v(t)) from parameter g to

parameter £ is:
t
/1 \/ )2 + 20/ (t)2dt.

(2) Letr(u,v) = [psinucosv,psinusinv,p cos u] denote the parametrization for a
sphere with radius p from Ex. B.82. The partial derivatives of r are calculated
as:

r,(u,v) = p[cosucosv,cosusinv, —sinul;
ry(u,v) = p[—sinusinv,sinucosv,0], and thus

E(u,v) = p?

COS 1 COS U, COS U Sin v, — sin u] - [cos 1 cos v, cos u sin v, — sin u]
(cos u)?(cos )% + (cos u)?(sinv)? 4 (sinu)?) =
(cos u)?((cos v)? + (sinv)?) + (sinu)?) = pz((cos u)? + (sinu)?) = pz;

COS 1 COS D, COS U SiN v, — sinu] - [— sinu sin v, sinu cos v, 0]

*(

2(
F(u,0) = p*
— cosucosvsinusinv + cos usinvsinu cosv) = 0;

G(u,v) = p?

sinu sinv, sinu cosv,0] - [— sinu sin v, sinu cos v, 0]

P
P
P
P
P*(
ol
0*((sinu)?(sinv)? + (sinu)?(cos v)?)
0?(sinu)?((sinv)? 4 (cos v)?) = p*(sin u)?.

Since F = 0 everywhere, we have verified that the parameter curves (circles of a
given latitude, resp. longitude) intersect each other at a right angle. The length
of any curve x(t) = r(u(t),v(t)) in spherical coordinates (u(t),v(t)) from pa-
rameter f) to parameter t; is:

/totlp\/ul(t)z+U/(t)2(sinu(t))2 dt.
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(3) The graph of a smooth function f : D — R, D C R? open, has the parametriza-
tionr: D — R3, r(u,v) = [u,v, f(u,v)], cf. Ex.B@3. In this case,

r,(u,v) =1[1,0, fu(u,v)] and r,(u,v) = [0,1, fu(u,v)],

and hence
E(u,0) = [1,0,fu(u,0)] - [1,0, fu(u,0)] =1+ (fu(n,0))*
F(u,0) = [1,0,fu(u,0)]-[0,1, fo(u,0)] = fu(u,0)fo(u,0);

G(u,v) = [0, fo(u,0)]-[0,1, fo(u,v)] =1+ (fo(u,v))*

2.2. Angle and Area Measurement. In fact, the first fundamental form gives us not
only formulas for lengths but also for angles and areas. This should not be too sur-
prising: In fact, the first fundamental form expresses the dot product between tangent
vectors. So, we have to adapt formulas expressing angles by dot products (cf. [.6) and
the area of parallelograms by cross products (cf. and[[.T7). This is what we do now:
Let S be (part of) a surface given by a parametrization r : D — R, D C R? open.

2.2.1. Angles. We look at two surface curves C; and C, given by parametrizations

x1(t) = r(u1(t),v1(f)) and xo(t) = r(ua(t), v2(t)).

Suppose furthermore that (11 (t1),v1(t1)) = (ua2(t2), v2(t2)) for certain values t; and t,.
This means, that the two curves intersect in a common point P. To find out the size
of the angle of intersection at P (between the tangent vectors of the two curves), we
apply [L.6). The following formula is in short form, i.e., one has to plug in the relevant

parameters ty, tp, (u1(t1),v1(f1)), resp. (uz(t2), va(t2)):

LEMMA 3.23. The angle « between the curves C1 and C; satisfies:
WU E + (40 + uo) F + 0jo4G

cosa = )
\/((u’l)zE + 2040} F + (v))?G) ((uy)?E + 2ubvyF 4 (v5)?G)

PROOF:
Apply ([L6) to

/ / / / / /
x = x1(f) = uyry + i1, and y = x5(f2) = upry, + v5ry.
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COROLLARY 3.24. The angle « between the parameter curves at a point P
—
with OP = r(ug, vg) satisfies:
F(uo,vo)

COSX = —F———.
EG(uo,Uo)

EXAMPLE 3.25.
The formulas for the coefficients E, F and G in the first fundamental form of a graph
surface S (cf. Ex.B.2Z23) show: The angle a« between the parameter curves

x1(t) = [u,vo, f(u,v0)] and x(t) = [uo, v, f (1o, v)]
at the point P € S with OP = r(up, vg) satisfies
fu(uo,v0) fo (1o, v0)
V(@ + (fuluo, 00))2) (1 + (fo(u0, v0))?)

CcCosx =

2.2.2. Area. We investigate the following situation: Given a region R on the surface
S contained in the image of the parametrization r : D — R%. How can one express the
area a(R) in terms of the parametrization? First of all, the region R corresponds to a
subset of the parameter set D in the plane. More precisely, the set of points (ug,v9) € D
with the property that r(u9, v9) points to a point in R is by definition just the set

r Y(R) = {(u,v) € D|r(u,v) € R}.

Remember that the area of a region R’ in the Euclidean plane E? can be expressed by
a double integral, i.e.,

a(R') = / 1dudv.
R/

Our aim is to express the area of R C S as a plane integral over the subset r!(R) C R?.
But in general, R and r~!(R) have very different areas, so we will have to integrate a
non-constant function (in two variables) over R’. Let us first give the result (in form of
a definition) before motivating it:

DEFINITION 3.26. Let r : D — R denote a smooth parametrization
for the surface S, and let R C S denote a subset whose boundary is a
piecewise smooth curve C C S. The area a(R) of R is given as

(3.16) a(R) ://r—l( |ru><rv|dudv—// VEG — F2dudv.
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0

1

FIGURE 13. Corresponding regions in the parameter plane and on the surface

REMARK 3.27.
Let us first indicate why the two functions to be integrated coincide: Using with
x = ry and y = r;, and the definitions of E, F and G (cf. B.I6), we obtain:

EG = |ry)?|rp]? = |1ty X 15| + (1 - 15)% = |1y x 15| + F2.
An important consequence of this and the definition of a parametrization (Def.B.42) is:

(EG — F?)(u,v) > 0 for all (u,v) € D.

EXAMPLE 3.28.
Let us calculate the area of the region R on a sphere with radius p with spherical coor-
dinates

up < u<Suy; vy S v <0
We use the parametrization
r:]0, 77[x]0,271[— R3, r(u,v) = [psinucosv, psinusino, pcosu]

for the sphere from Ex. B.@12 with the following coefficients for the first fundamental
form (cf. B.22):

E=0% F=0;, G=/p*sinu)?
and hence, (EG — F?) = p*(sin u)?. Furthermore, the plane set

r 1(R) = {(u,0) € R¥up <u <up; vg<v<o}
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r(u,v r(u,v1)

r(uo, 0)

r(ul, Z))

FIGURE 14. A spherical region

is just a rectangle. Hence,

up o
a(R) :// p2|sinu|dudv:p2/ 1(/ 1|sinu|dv)du =
ril(R) Uup 00

u
pz/ 1(7)1 — vg) sin udu = p*(v1 — vg)(cos uy — cos uy).
up

This formula allows us to calculate the area of the complete sphere S(p), correspond-
ingtoug =0, u; = 7, vg = 0, v1 = 271. Its area is:

a(S(p)) = p*(27r = 0)(1 — (1)) = 4mp®,

as you probably know in advance.

Here is a motivation for the area formula @.16): We look at a partition of the pa-
rameter region ¥~ (R) into small squares of side length h. The images of these squares
partition the region R within our surface S. Every such image is bounded by four sur-
face curves, that are segments of the 1. resp. the second parameter curve, cf. Fig.

Let us now look at one specific square Q in the plane with vertices
(10, v0), (g + h, vg), (g, vg + 1) and (ug + h, vy + h) and area a(Q) = h?. The area of the
image r(Q) is more difficult to get hold on. It is a small region r(Q) with corner points
Py, P1, P, and P3, the images of the four vertices above. Let us now approximate this
small region r(Q) by a parallelogram. The best approximating parallelogram Q" with
vertex P is spanned by the tangent vectors to the parameter curves at the point Py with
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O—P(; = r(up, v9). The definition of the partial derivatives from Calculus tells us that — for
—
small i1 > 0 — the point P; with OP] = r(ug, vo) + hr, (19, vg) is a good approximation to
—5

Py; likewise P, is approximated by P; with OP) = r(ug, vg) + hry(up, vp). Since

— —_—

P()P{ = hru(uo,vo) and Popé = hl‘v(uo,vo),
the area of the parallelogram Q' is given by (cf. Sct. [LZ5):

a(Q") = |hry (g, v9) X hry(ug, vo)| = H?|r, (1o, vo) X to(ug, vg)|,

and thus the scaling (or magnification) factor is

a(Q') _ h|ru(uo, vo) X ro (1o, v0)|
a(Q) n?
This scaling factor is then an approximate scaling factor comparing the areas of the square
Q and its image r(Q). This may be expressed as

a(x(Q)) = h*|ry (1o, vo) X to(ttg, vp)| = //Q |ty (10, v0) X 1u(uo, Vo) |dudo

= |ty (10, vo) X 1o (11, v0)|-

— as the integral of a constant function.

0

. U(R)
\ (1o + hwr\
° |

FIGURE 15. Partitions and approximations

Finally, we have to sum over all the squares in the partition and to make the partition
tiner and finer, i.e., we let h tend to 0. The finite sum is then replaced by a plane integral,
and the function to be integrated is the function |r, X ry| from Def. The value of
that function at a parameter point has thus the interpretation as a local area scaling factor
— which, in general, varies from point to point.
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REMARK 3.29.

(1) The explanation above is not rigourous, and, in fact, the definition of areas is
one of the more subtle points in geometry. For a more solid foundation, one
would have to find out that the limit proces above in fact converges, that it
converges to the integral above, and this includes a more thorough look at the
boundary of the region. Moreover, one needs that the area formula is indepen-
dent of the chosen parametrization. This can be shown using a transformation
formula for plane integrals from Advanced Calculus.

(2) Here is an alternative approach leading to formula @.16): We construct a “nor-
mal thickening” T, (R) of the region R, a slice around R in normal direction of
“width” h. This thickening has a volume v(Tj,(R)), related to the area of R by

a(R) ~ % More precisely, a(R) = limy, % The calculation of vol-
umes for regions in E3 can be performed using the space product (cf. Sect. [L2Z4).

3. Normal sections and normal curvature

The main aim with this chapter is to motivate, define and calculate various notions of
curvature on a surface. First of all, curvature properties for a surface are more complex
than those for a curve. The simple reason is that, from a point P on the surface, you
can look in (infinitely) many surface directions, and the curvature might vary between
all these directions. It would be painful to have to handle infinitely many curvatures.
Nevertheless, this is what we do to start with; in the end, it turns out, that we only need
two numbers, at very point P, to characterise curvature on the surface at the given point.

3.1. Definitions. Let S be a surface, and let P be a point on S. At P, the surface has a
tangent plane T),S consisting of all velocity vectors of curves on S through P, cf. Def.
Choose a unit normal vector v(P) (cf. Def.B.14) , and fix a unit tangent vector v € TS, i.e.,
lv| = 1. (This vector then specifies a tangent direction). These two vectors span the
normal plane 7ty(P) through P (with a parametrization

— —
OQ =0P+sv+tv(P), s,teR).

The intersection of this normal plane with the surface S is a surface curve called the
normal section in the direction v:
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DEFINITION 3.30. The normal section Cy(P) of the surface S at the point
P € Sin direction v € TpS is the curve which arises as the intersection
of the normal plane 7ty (P) and the surface S, i.e.,

Cy(P) = SN 7y (P).

The normal curvature k,, (P; v) is then defined as the (plane) curvature of
the normal section Cy (P) viewed as a curve in the normal plane 7ty (P)
with orientation given by the basis {v, v(P)}.

FIGURE 16. Surface, normal plane, and normal section

More precisely, let ry : I — S denote the arc length parametrization (cf. 2.22) of

the normal section Cy(P) with ry(0) = OP oriented in such a way that r'y(0) = v.
Moreover,

(3.17) r/(0) = kn(P; v)v(P).

Remark, that ¥}/ (0) is perpendicular to 1}, (0) = v and contained in the plane sp{v, v(P)},
so B.I7) makes sense. In particular, the normal curvature

(3.18) ka(P;v) = £(0) - v(P).
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can be both positive, negative, or zero. For a normal section with a parametrization not
necessarily by arc length, the normal curvature takes the form

(0) - v(P)
%OP

3.2. Calculation of the normal curvature in a special case. The normal sections
slice the surface close to a point P, and the normal curvatures at P measure the curva-
tures of the resulting curves. While these infinitely many numbers give a picture of the
curvature on the surface near S in every tangential direction, it would be painful if one
had to calculate every single normal curvature. Is there a hidden pattern among these
normal curvatures? Is it possible to do fewer (and in particular only finitely many) cal-
culations but still to get the entire picture? A preliminary answer to these questions will
tirst be given in a special case; later on, it will turn out, that the answer is similar in the
general case:

The special case is that of a surface S obtained as the graph of a smooth function
f:D — R, DCR?openand0 = [0,0] € D. Suppose moreover:

£(0,0) = fx(0,0) = f4(0,0) = fiy(0,0) = 0.

The first condition ensures that the surface S contains the origin O € E3. The next
two conditions entail that the tangent plane TpS at O is spanned by [1,0,0] and [0, 1, 0]
(cf. Ex.B1212). Hence, the affine tangent plane 71pS coincides with the XY-plane, and
k = [0,0,1] € R3 can be chosen as unit normal vector: v(0O) = k.

(3.19) ky(P;v) =

FIGURE 17. A surface with horizontal tangent plane

It is always possible to move any given surface S and any given point P € S by
a rigid motion (i.e., without changing curvature properties) to a new position that has
the properties above: A parallel translation moves the point P into O. A first rotation
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(through O) rotates the normal vector into k and thus the tangent plane into horizontal
position. A second rotation with axis k can then be performed to meet the last condition
fxy(0,0) = 0. This can be shown by the methods from Sect. &l

Let us find the normal sections in this special case: A unit tangent vector v € TpS is
of the form v = [cos 6,sin 6, 0] for some angle 6 € [0,27]. We will use this angle 6 to
parameterize the normal sections C(0) = Cy(O) and the normal curvatures
kn(0) = ku(P;v). Now, the normal section C(0) is the intersection of the plane
sp{[cos 0,sin6,0],k|} = {[tcosb,tsinb,s]| s, t € R} with
S = {[xy f(x,y)]| (x,y) € D}. Since x = tcosf and y = tsinf, we deduct that
z =5 = f(x,y) = f(tcos@,tsinf) for a point [x,y,z] in the intersection C(0). The
normal section curve C(6) can therefore be parametrized by the vector function

r:1 —R3 r(t) =[tcosh, tsinb, f(tcosb,tsinb)].

Let us now do the neccessary calculations — using the chain rule B.Jl- in order to obtain
the normal curvature in direction 6:

t'(t) = [cos 0,sin B, cos O fx (t cos b, t sin O) + sin Of, (t cos b, tsinb)];

() = [0,0,(cos0)?frx(tcosb,tsind) + 2 cos O sin O fyy(t cos, t sin 6)
+(sin0)?f,y (tcos 6, t sin 0)],

and, in particular,

(0) = [cosf,sinf,0] =v;
1’(0) = [0,0,(cos0)?fux(0,0) + (sin8)?f,y(0,0)].

Using .19), the normal curvature in direction v = [cos6,sin6,0] € TS is calculated
as

r’(0) -v(0)

(3.20) kn(O;v) = kn(0;0) = ¥ (0)|2

= (cos 0)? fxx(0,0) + (sin O)nyy(O, 0).

3.2.1. The principal curvatures and Euler’s theorem. We obtain a special version of what
is called Euler’s theorem: Remark that k1 = fxx(0,0) is the normal curvature of S at O in
direction of the X-axis, and ko = f,,,(0,0) is the normal curvature of S at O in direction of
the Y-axis.
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PROPOSITION 3.31. Let S be the surface obtained as the graph of a smooth
function f : D — R, D C R? open with 0 = [0,0] € D and

£(0,0) = fx(0,0) = £,(0,0) = fxy(0,0) =0.
Then, k1 = fxx(0,0) and ky = f,(0,0) are the maximal, resp. minimal
normal curvatures of S at O, and the normal curvatures k,(0) in direction
v = [cos 6,sin0,0] € TpS is given by Euler’s formula

(3.21) ku(0;6) = (cos 0)?k; + (sin 0)%k,.

Euler’s formula shows that the normal curvatures follow typical patterns as func-

tions of the angle 6 — as shown, at two different points, in Fig. B.ZIlbelow:

PROOF:
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Euler’s formula .21)) was already deduced as @.20). It shows that k; = k,(O,0) and
ko = ku(O, ) are in fact normal curvatures. Why are they extremal? We may without
restriction assume that k; > kj. (If not, then exchange the role of the X- and the Y-axis).

Then,

ky = ((cos0)2 + (sin0)2)ky < kn(O;0) = (cos8)%ky + (sin 6)%k, <
((cos 8)% + (sin8)?)k; = k.

DEFINITION 3.32. ki and k; are called the principal curvatures of S at O.
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REMARK 3.33.
In particular, Euler’s formula tells us how to calculate the normal curvatures in an ar-
bitrary tangent direction if the principal curvatures are known. In order to find the
normal curvature in a given tangent direction v, it is enough to know the two principal
curvatures and the angle between a principal direction — in our case the X-axis — and the
direction given by v. In fact, Euler’s formula is true in the general case, too; this will be
explained in Sec. &l

EXAMPLE 3.34.
Let S be the surface obtained as the graph of the function f : R> — R,
f(x,y) = cosy — cos x. Since fy(x,y) = sinx, f,(x,y) = —siny and fy,(x,y) = 0, the
surface S is of the type we have looked at so far. To calculate the principal curvatures,
we need: fyx(x,y) = cosx and f,,(x,y) = —cosy, and hence k1 = f+,(0,0) =1,
ky = fyy(0,0) = —1. By Euler’s formula, the normal curvature at O in a (horizontal)
direction with an angle 0 with respect to the X-axis is k,(O;0) = (cos8)? — (sin §).

3.2.2. The approximating paraboloid. Formula (B.20) exhibits, that the normal curva-
ture of S at O only depends on the second derivatives of f at O. Another way to phrase this
is as follows:

DEFINITION 3.35. Let S be the graph of the function f above, let
ki = fxx(0,0) and k» = f,,(0,0). Then, the second order Taylor ap-
proximation of f at (0,0) takes the form

F(x,y) = kyx? + koy?.

The surface T given as the graph of the function F is called the approx-
imating paraboloid of S at O.

EXAMPLE 3.36.
The approximating paraboloid to the graph surface S from Ex. B.34 associated to
f:R?2 =R, f(x,y) = cosy — cos x is the surface T associated to the function
F:R? — R, F(x,y) = x> — y?, cf. Fig. M8

In particular, the two surfaces S and T have the same principal curvatures and direc-
tions at O, and thus by Euler’s formula (8.21)), they have the same normal curvature in
every tangent direction. And here is a parallel to the osculating circle along a curve - that
contains all curvature information. Imagine an approximating paraboloid at every point
of the surface. this so-called osculating paraboloid then contains the complete curvature
information about the surface S, cf. Fig.
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FIGURE 18. A surface with approximating paraboloid

4. Normal and geodesic curvature; the second fundamental form

In this chapter, we provide formulas for the normal curvatures at a given point of
an arbitrary surface. The calculations are more involved than those in the preceeding
special case. Along the way, we split the curvature of an arbitrary curve on the surface S
into a normal and a geodesic component.

4.1. Normal and geodesic curvature. Let S denote a surface with a given parametriza-

tion
r:Q—R3 QcCR~.
Let C denote a curve on S with parametrization x(t) = r(u(t),v(t)) with (u(t),v(t)) a
parametrization for the corresponding curve (cf. Def. B.9) in Q). Let P; denote the point
—

on the curve with OP; = r(u(t), v(t)).

Along the curve, we have the following vector fields (“moving vectors”):

e the tangent vector field t(t) (or “moving tangent vector”) attaching to each point
on the curve the unit tangent vector.

e the normal vectors to the surface S — given by v(u,v) = ‘;Z—iiz‘(u,v) — assemble
to a normal vector field (“moving normal vector”) v(t) = v(u(t), v(t)) along the
curve.

e The vector 7 (t) = v(t) x t(t) is contained in the tangent plane Tp,S at P and
is perpendicular to t(f); it constitutes an “oriented normal vector” to t(¢) with
respect to Tp,S”.
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FIGURE 19. A surface with osculating paraboloid at several points

The three vectors t(t), v(t),y(t) yield for us an alternative basis for R> (a moving frame)
along the curve.

The principal normal vector n(t) to the curve C at P is orthogonal to t(¢) and hence a
unit vector in the plane spanned by v(t) and «(t). Thus, there is a variable angle 6(t)
such that

n(t) = sin6(t)y(t) + cosO(t)v(t).
Hence, the curvature vector x(t)n(t) splits into two components:
k(t)n(t) = x(t) sin 6(t)y(t) + x(t) cos O(t)v (¢)

in a tangent and a normal direction.
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S

FIGURE 20. The moving frame along C

DEFINITION 3.37. The coefficients of these two components are called
o ko(t) = x(t) sin O(t) — the geodesic curvature at P;;
o ky(t) = x(t) cos0(t) = x(t)n(t) - v(t) — the normal curvature at
P.

REMARK 3.38.

In the case, that C is a normal section Cy(P) — which is contained in a normal plane
7ty (P) — the principal normal vector n(f) to Cy(P) at P is a unit vector contained in that
plane and perpendicular to v. Hence, n(t) has to agree with v(t) or with —v(t), and
therefore, the geodesic curvature of the normal section at P is k¢(0) = 0, whereas its
normal curvature at P is k,(0) = £x(0), i.e., the curvature of the normal section curve
Cy(P). (The sign depends on the choice of the unit normal vector v(0).

The geodesic curvature of a curve will only be used later on. At this place, we
want to calculate the normal curvature for a given curve C on the surface S using the
parametrization r — and, in particular, the curvatures of normal sections: Let the curve
be parametrized (in surface coordinates) as x(t) = r(u(t), v(t)). From Frenet’s equations
for a space curve (cf. Thm. 2.48), we know that

t'(t) =s'()x(t)n(t) = s'(t) (kg (£)y(t) + kn(t)v (t)).

In particular,
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FIGURE 21. Decomposition of the curvature vector

PROPOSITION 3.39. The normal curvature of k satisfies:

(3.22) kn(t) =

PROOF:

127

The last equation follows by differentiating t(¢) - v(f) = 0 (Remember the fundamental

trick, Prop.Z3)

O]

To interpret the ingredients v/ = (v o x)’ and t(t) in (322), we calculate them (along
the curve C) using the chain rule @.J)), resp. the first of Frenet’s equations (cf. Thm.[2.48),

ie.,

v = v + v,

1
- —(ruu/ + I‘UZ)/).

s'(t)

We conclude from Prop.
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PROOF:
All you need in B.Z3) resp. is the normal vector v and its partial derivatives —
depending on the surface and not on the curve — and the components 2 = v’ and b = ¢’

3. REGULAR SURFACES

COROLLARY 3.40.
k(t) = —t(t) (1)

(3.23 —ﬁ((ru v (W) (1 Vo + 1y v UV + (1 1) (01)?).

COROLLARY 3.41. Normal curvature depends only on the tangent vector t
of the curve at P, and not on the curve itself. For a non-zero tangent vector
t = ar, + bry, the result of Cor. can be used as the definition of the
normal curvature of S in direction t:

1
kn(t) = —W((ru -1/,,)112 + (ry - Vo + 1y - vy )ab + (rp - vv)bz).

of the tangent vector t.

4.2. The second fundamental form. Finally, we want to find expressions for the

coefficients in the formula (8.23)), that are easy to calculate. To this end, we use:
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DEFINITION 3.42. Given a surface S with parametrization r : D — R®
as above. We define three real-valued smooth functionse, f,g: D — R

by
e(0) = (v )(,0) = ST
Fl,0) = (ruo ) (a0) = 22 )
$0,0) = (1 1)) = X ),

and the second fundamental form on a tangent vector t = ar, + br, € TpS

with OP = r(u,v) as the quadratic polynomial in the two variables a
and b
I(t)(u,0) = e(u,v)a* + 2f (u,v)ab + g(u, v)b*.

The connection of these functions with the coefficients in §.23) is explained in

LEMMA 3.43.
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PROOF:
Use partial differentiation of the equation

O=r,-v=ry-v
with respect to both u and v. O

Since the length |t| of t is calculated by the first fundamental form (cf. Lemma B.18),
we get the following expression for the normal curvature in direction t:
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PROPOSITION 3.44. The normal curvature k,, of S at P with OP = r(u,v)
in the tangent direction t = ar, + br, € TpS is the quotient of the second
and the first fundamental form BID) at t, i.e.,

O I(t)  e(u,v)a® 4 2f(u,v)ab + g(u,v)b?
B2 k() =70 = B o £ 2F(u, 0)ab + G, 0) %"

EXAMPLE 3.45.

(1) Let r(u,v) = [pcosv,psinv, u] denote the parametrization for a cylinder from
Ex.B.81. We found earlier (cf. Ex. B12):
r,(u,v) =1[0,0,1] and r,(u,v) = [—psinv, pcosv, 0],

and can thus calculate:
ruy(1,v) =10,0,0], ry(u,v) = [0,0,0] and ryy (4, v) = [—p cosv, —p sinv, 0].

We calculated the normal vector in Ex.B.I% v(u,v) = [— cos v, — sin v, 0]. These
ingredients allow us to calculate the coefficients of the second fundamental
form from Def.

e(u,v) = (ryy-v)(u,v) =0-[—cosv,—sinv,0] =0;
flu,v) = (tup-v) 0
g(u,v) = (ro-v)

= p((cosv)?+ (sinv)?) = p.

- [~ cosv, —sinv,0] = 0;
u,v) = [—pcosv,—psinv,0] - [— cosv, —sinv, 0]

The coefficients of the first fundamental form were already calculated in Ex.B.2211:
E(u,v) =1, F(u,v)=0, G(u,v)=p>

Hence, Prop. B.44 allows us to calculate the normal curvature in direction
t =ar, + br, as

_ o
knlt) = 2o
In particular: k,(r,) = 0, and k,(r,) = (% = % This is as expected: These two

numbers represent the normal curvature in direction of a straight line, resp. of
a circle with radius p. All other normal curvatures are “sandwiched” between
these two extrema (the principal curvatures):

2
py-

OSkn(t):m_

1
>
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(2) Similar calculations for a sphere S(p) with radius p and parametrization from
Ex.B.82 yield:
e(u,v) = p(cosv)®>  f(u,v) =0 g(u,v) =p,
E(u,v) = p*(cosv)?> F(u,v) =0 G(u,v) = p*.
We can calculate the normal curvature in direction
t = ar, + br, using Prop. B.44
p(cosv)?a® + pb*  1p(cosv)®a®+pb* 1

() = p2(cosv)2a% + p2b2 ~ pp(cosv)2aZ + pb2 ~ p’

i.e., the normal curvature takes the constant value % in each tangent direction.

Also this result is expected: Every normal section on a sphere is a (great) circle
of radius p.

5. Principal curvatures, Gaussian curvature, and Mean curvature

5.1. Calculation of principal curvatures and principal directions. Our next aim is
to generalise the result from Sect. B2l for the case of a graph surface to general sur-
taces. We hope to find at every point P on a surface S two principal curvatures such
that all other normal curvatures k,(t) are sandwiched between those two. Moreover,
it would be nice to have formulas calculating these entities. Our point of departure is
Prop. expressing normal curvatures as the quotient of the two fundamental forms
on the tangent direction. What are the maximal, resp. minimal values for this expression
(the normal curvature), and in which (tangent) directions do they occur?

Here is another way to phrase this question: Let P € S be such that OP = r(ug,vp).
We fix the values of the two fundamental forms at that point, i.e.,

E = E(uo,vo), F = F(uo,vo), G = G(uo,vo),
e =e(ug,v0), f = f(uo,v0), &= g(uo, o).

Now we ask: For which real numbers k does the equation
_ea® +2fab + gb?
- Ea? + 2Fab + Gb?

have a non-trivial solution [a,b] # [0,0]? (Remark: There exists always a solution for
k=g, ie., [a,b] =[1,0])
The following equations are equivalent to (3.25)):

ea® + 2fab + gb* = kEa® 4 2kFab + kGb?,
(kE — e)a® + 2(kF — f)ab + (kG — g)b* = 0, and
(kE — e)?a® +2(kF — f)(kE — e)ab + (kG — g)(kE — e)b* = 0,
at least for kE # e. Using quadratic completion, this is equivalent to:

(3.26) ((kE — e)a + (kF — f)b)* + ((kG — g)(kE —¢) — (kKF — f)*)b* = 0.

(3.25)
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This equation can only have a solution if the second summand is less than or equal to
zero, i.e., if

(3.27) (kG — g)(kE —e) — (kF — f)*> <0, or
(EG — F2)k* — (eG + gE — 2fF)k + (eg — f?) <0, or

eG+gE —2fF  eg— f?
— < 0.
EG — F? k+EG—F2_O

(It is ok to divide by EG — F? since EG — F? > 0, cf. Rem.B.27)

(3.28) K2

DEFINITION 3.46. Let P € S be a point on a regular surface, and let
E,F,G and ¢, f, g denote the coefficients of the 1. and second funda-
mental forms at P in a given parametrization. Then, we define the
Gaussian curvaturdl K(P) of S at P as the real number

_eg—f
(3.29) K(p) = zc—
and the mean curvature H(P) as the real number
_eG+gE —2fF

Remark, that K and H define smooth functions K(u,v) and H(u,v) on
their domain.

"Here is a biography of the outstanding German mathematician and scientist
Carl Friedrich Gauss

Using these abbreviations, the inequality (8.27) corresponds to
k> —2Hk +K < 0.

For given real numbers K and H, the function k — k* —2Hk + K is quadratic; its graph
is a parabola. Using (8.27), we observe, that the function has a negative value at k = £;
at large positive or negative numbers k, it must have positive values. This is why the
corresponding equation

k> —2Hk+K =0
has two real solutions ky = H+ vH? — Kand k, = H — v H? — K.


http://www-history.mcs.st-and.ac.uk/Mathematicians/Gauss.html

5. PRINCIPAL CURVATURES, GAUSSIAN CURVATURE, AND MEAN CURVATURE

C.EGAUSS %1777 11855

E
ST

T
U
[.._
5
Lu.
7

BUNDESPO

HEIDENBENZ e SEHWELL

FIGURE 22. A stamp celebrating Carl Friedrich Gauss (1777 — 1855)

k2 —2Hk + K

K — H?

FIGURE 23. Graph of the function k — k* — 2Hk + K

DEFINITION 3.47. Let P € S be a point on a surface S, let K(P) and
H(P) denote the Gaussian, resp. mean curvature of S at P. Then, the
numbers

(3.31) ki(P) = H(P)+\/H(P? — K(P) and

(3.32) ka(P) = H(P)—/H(P)? ~K(P)

are called the principal curvatures for S at P.

The associated principal directions are the tangent directions t; = a1, +
biry and ty = apry + bor, with ky, (t;) = ki(P), i = 1,2. (These are only
well-determined for ki # kp!)

133
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PROPOSITION 3.48. (1) The principal curvatures, Gaussian curvature
and mean curvature at a point P € S are connected by the following
relations:

K(P) = ki(P)k2(P)
ki(P) +k2(P) .

H(p) = R

the last equation explains the name mean curvature.
(2) The principal directions t; = a;r, + b;jxr, can be determined as the
solutions of the linear equations

(3.33) (kiE — E)ﬂi + (kiF — f)bl =0,
(or as the solutions of the linear equations
(kiF — f)a; + (kG — g)b; = 0.)

PROOF:

(1) Calculate k1(P)ky(P) and kq(P) + k(P) using the formulas from Def. B 47
(2) Have a look at equation (3.26):

((kE — e)a + (KF — f)b)* + (kG — §)(kE —e) — (kF — f)*)b* = 0.
The principal curvatures k; satisfy the equation
(kiG — g)(KE—e) — (kF— f)> =0, i=1,2.
Hence, the first term
((kiE —e)a+ (kF — f)b)?

has to vanish in the principal direction t;. This is equivalent to a solution [a;, b;]
of the linear equation

(kiE — 6)611' + (kiF — f)bl =0.

If you perform quadratic completion with respect to the b?-term in (.26), you
arrive at the equation

((KE — e)(KG — g) — (kKE — f)2)a® + ((KE — f)a + (kG — g)b)* = 0.

The first term vanishes for k = k;, so the second has to vanish for [a, b] = [a;, b;],
the coordinates of a principal direction.

g
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REMARK 3.49.
Given a parametrization r : D — R3 of a surface S. Calculating principal curvatures and

principal directions at a point P € S with OP = r(up,vp). you perform the following
steps:
(1) Calculate the coefficients E, F, G and e, f, g of the first and of the second funda-
mental at (19, vg) form using (B.10) and (B.24)
(2) Calculate the Gaussian curvature and the mean curvature at P using 3.29) and

G.30).
(3) Calculate k1 (P) and kz(P) using B.31).
(4) If k1(P) # kao(P), calculate the principal directions t; and t; using (3.33).

EXAMPLE 3.50.

(1) Let r(u,v) = [pcosv,psinv, u] denote the parametrization for a cylinder from
Ex.B.81. We found in Ex. and Ex.
E(u,0) =1 Fu,v) =0 G(u,v) = p%
e(u,v) =0 f(u,v) =0 g(u,v) =p.
Hence, by 3.29) and @.30) the Gauss and mean curvature take (constant) values
_ e~ f _ 0 _
K EG—P'}#‘Q
eG+gE-2fF p 1
2(EG—F2) 202 20

Moreover, by (3.3]), the principal curvatures at any point are:

H =

h:H+H:5 ky=H—H=0.

Using (.33), the principal directions are determined as solutions of the equa-
tions

1
“a1 =0, —pby=0,ie.,
5 o

t) €sp(ry), t €sp(ry).

At P with OP = r(up,vo), we have thus:

The principal direction t; = [— cos v, —sinv, 0] is tangent to the horizontal
circle on the cylinder through P, whereas the principal direction t, = [0,0, 1]
is tangent to the vertical line through P. Both have earlier been identified as
normal sections. We have verified that they represent the normal sections with
maximal, resp. minimal normal curvatures. Remark that the principal directions
are perpendicular to each other.
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(2) For the sphere S(p) with radius p and parametrization from Ex.B.62, we calcu-
lated in Ex. B.4512:

e(u,v) = p(cosv)?, f(u,v) =0, g(u,v)=p,
E(u,v) = p*(cosv)?, F(u,0) =0, G(u,v) = p*
Hence, Gauss and mean curvature take the constant values
K — eg—f* _ p*(cosv)® 1
EG—F?> p*(cosv)?2 p?’
eG+gE —2fF  2p*(cosv)® 1

2(EG —F2)  20p%*(cosv)?2  p’

and k1 = ky = %. Since k1 and k; are extremal and equal, all normal curvatures
agree: k,(t) = % for every tangent direction t. For the same reason, every direc-
tion may be called a principal direction. This reflects rotational symmetry on a
sphere.

H

Let us finally look at a special case in which calculations are particularly easy: Assume
a surface has a parametrization such that at a given point F = f = 0. This situation
arises, in particular at every point of a surface of revolution (cf. Sec. [6.2).

COROLLARY 3.51. At a point P of a surface with f = F = 0, the princial
curvatures and principal directions are given as

e
klzg; tL =1y kzzg' th =ry.

PROOF:
At the point P, we have:

_eg _eG+gE

K(P) = EC and H(P) = —SEC

Using @.3]), we get the indicated values for the principal curvatures. The equations
B.33) determining principal directions read:

E eG
S gn—o (S gn-o

Hence, the principal directions are given by

t; = r,(forby =0); t =ry(fora, =0).
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5.2. The geometric significance of the Gaussian curvature. In Sect. 5] the Gauss-
ian curvature appears just as a tool in the calculation of the principal curvatures. In fact,
this invariant can tell us much more about the local and global properties of the surface
S. First of all, one can see, that Gaussian curvature, mean curvature, and thus the princi-
pal curvatures are independent of the chosen parametrization — whereas the coefficients
E,F,G and e, f, g clearly depend on parametrizations. The reason is, that the principal
curvatures — as the extremal curvatures of the normal sections — are geometric entities
that do not depend on parametrization. Gaussian curvature and mean curvature can be
calculated from the principal curvatures, cf. Prop.

5.2.1. Classification of points on a surface. Already the sign of the Gaussian curvature
contains very useful information about the surface S in the neighbourhood of a given
point P € S:

DEFINITION 3.52. A point P € § is called
e clliptic if K(P) > 0,
e hyperbolic if K(P) < 0,
e parabolic if K(P) = 0 and k1 (P) # 0 or kp(P) # 0,
e planar if k1 (P) = kp(P) = 0.

The explanation for these names goes back to the relation
K(P) = ki(P)k2(P)
from Prop. In particular, a point is

e clliptic if k1 (P) and ky(P) have the same sign. Since kp(P) < k,(t) < ki(P), all
normal curvatures have then the same sign.

e hyperbolic if k1 (P) and ky (P) have different signs, i.e., if k1 (P) > 0 and k»(P) < 0;
in particular, there is then a tangent direction ty with k, (ty) = 0. (This tangent
direction ty is called an asymptotic direction.)

e parabolic if one principal curvature is zero while the other is not.

Let us look at the different situations in some more detail. The (affine) tangent plane
75(S) (cf. Def. BI0) divides Euclidean space into two half-spaces E. and E° containing
the points P, with P—P+> = v, resp. P_ with PP_ = —v.

elliptic point: Assume first k1(P) > kp(P) > 0. The curvature vector xn of ev-
ery normal section is then a positive multiple of the normal vector v(P) of the
surface at P. Hence, every normal section at P bends into E3, i.e., contains a
branch around P contained in E3.. If k»(P) < k;(P) < 0, every normal section

at P bends into E2 . In conclusion, a neighbourhood of the surface close to P is
contained in one or the other of the two half-spaces.
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hyperbolic point: The normal section in direction t; bends into E3 , while the nor-
mal section in direction t, bends into E2 . In conclusion, the affine tangent plane
7,(S) cuts the surface into two pieces in a neighbourhood of the point P.

parabolic point: This is an intermediate situation. All normal curvatures are ei-
ther greater than or equal to 0, resp. less than or equal to 0. That is, all normal
sections bend into the same half-space with the possible exception of the prin-
cipal direction with normal curvature 0.

planar point: All normal curvatures are zero. The affine tangent plane is the best
2nd order approximation of the surface near the point P, i.e., very close to S at
a neighbourhood of P.

Another way to look at a surface S close to a point P is to describe the approximating
paraboloid at P generalising Def. To this end, we use a new coordinate system,
cf. Sect. B Its origin is O’ = P, its coordinate axes are given by i’ = t;, j’ = t,, and
k = j = v. (This is indeed an orthonormal coordinate system, since v is perpendicular
to the tangent vectors t; and ty, and, the principal directions t; and t; are orthogonal to
each other, as we shall see in Sect. £.3) Using this coordinate system, we define

DEFINITION 3.53. The approximating paraboloid to the surface S at
the point P is the graph of the function

2 =F(xy) = k() + k()
with k1, kp the principal curvatures at P.

The approximating paraboloids are surfaces whose intersection with the planes z’ = zg
are conic sections, cf. Sect. L3, satisfying the equations zg = ki(x')? + k2(y')?. These
intersections are at a

o elliptic point an ellipse or P or empty

) hyperbolic point a hyperbola or two intersecting lines
) parabolic point  a parabola or P or empty

) planar point the affine tangent plane or empty.

EXAMPLE 3.54.
Look at the surface of a torus (swimming belt), cf. Fig. 28 The points on the exterior are
elliptic, those on the interior are hyperbolic, whereas the points on the top circle, and
on the bottom circle are parabolic. A parametrization of the torus and the calculations
showing the claims above will be given in Sect.
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FIGURE 29. A torus contains elliptic, hyperbolic and parbolic points
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5.2.2. Gaussian curvature and isometries. Many of the notions and discoveries in the
differential geometry of surfaces go back to the great scientist C.F. Gauss. In his investi-
gations of curvature properties (with a land surveying project as his point of departure),
he was led to ask what happens to curvature when you bend a surface. For example, you
may bend a sheet of paper (part of the plane) to get a cylinder. The plane has all normal
curvatures zero. A cylinder has one zero principal curvature zero, while the other is
non-zero, cf. Ex. We conclude, that neither principal nor mean curvatures can be
invariant under bendings, while the Gaussian curvature is invariant in this particular
case. It would go beyond the framework of this course to explain the notions and to
give a proof of the results of Gauss rigorously. But you should at least get a flavour of
the ideas involved:

Let S; and S, denote two surfaces (e.g., a plane and a cylinder). Let F : S — Sp
denote a (differentiable) map from S; into S,. To a curve C on S; (with parametrization
r: I — S1), we may associate the curve Cr on Sy with parametrization For : I — S,.
An (invertible) map F : S; — S as above is called an isometry if and only if, for every
curve C on Sy, the two curves C and Cr have the same length.

FIGURE 30. Curves C and Cr

Usually, one works with a more technical version of this definition: Curve length
is calculated as the integral (over the interval I) of the velocity vectors corresponding
to a parametrization. Thus one requires an isometry to preserve the length of tangent
vectors; this is a condition that is easy to check.
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EXAMPLE 3.55.

(1) Let C; = {[x,y,z] € R®|x? +y? = 1} denote the cylinder with radius 1 and the
Z-axis as its axis. The map

F:]0,2t[xR — C1, F(u,v) = [cosv,sinv, u]

from a strip of size 27t in the plane to the cylinder is an isometry onto its image,
i.e., it bends the strip around the cylinder. The length of any curve is preserved
under the map F, cf. Fig.B1l (Technically speaking, F preserves the first funda-
mental form.)

(2) Let S(1) denote a sphere of radius 1 centered at the origin; its north and south
pole are denoted by N, resp. S. The map

X
GiSMAAN,S} = C [oyd] = [ _]’/_yz,z]
projects the sphere from the axis containing N and S to the cylinder. (You may
imagine a light bulb situated in the axis; obviously, there is no way to project
the two poles). This map cannot be an isometry: A great circle (meridian) on the
sphere connecting the two poles is projected to a straight line on the cylinder
that is considerably shorter, cf.Fig.

>

FIGURE 31. Anisometry and a non-isometry
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THEOREM 3.56. (Theorema egregium, Gauss)

An isometry preserves the Gaussian curvature, i.e.:

Let F : Sy — S denote an isometry between two surfaces Sy and Sp. For
every P € S, the Gaussian curvature at P and at F(P) € S, agree:

K(P) = K(E(P)).

COROLLARY 3.57. Let U denote any open set on a sphere S(p) of radius p.
There is no isometry between U and (any) open set in the plane.

PROOF:
Assume there were such an isometry F. Then, for any P € U,
1
P = K(P) = K(F(P)) =0.
Contradiction! O

REMARK 3.58.
This argument shows that a map of a part of the earth with a fixed scale (1:1.000.000,
say) does not exist! The maps you can buy indicating such a scale must have certain
distortions. Those can be kept small at a minor scale (e.g., map of a city), but are very
considerable for maps of the entire earth or of a continent.

5.3. Euler’s Theorem. Let us finally show that the properties of principal curva-
tures, normal curvatures and principal directions that we considered for graphs in
Sect. B.Z.T] are valid in general (cf. Fig. BZ Tl for an illustration):
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THEOREM 3.59. (Euler’s theorem)ll Let S denote a surface, P € S a point
with different principal curvatures k1 # ky. Let t,ty € Tp(S) denote unit
vectors in the principal directions, and let t € Tp(S) denote a unit tangent
vector with an angle 6 between t; and t. Then

(1) the principal directions are perpendicular to each other, i.e.,
ti-tb=0;
(2) The normal curvature ky, (t) in direction t satisfies:
kn(t) = (cos 0)%k; + (sin )%k,
with k; the principal curvature associated to t;. In particular,

ky < ku(t) < kq for every unit tangent vector t € Tp(S).

"Here is a biography of the outstanding Swiss mathematician and scientist
Leonhard Euler.

W W B T WY Wwwwwwww.
ML P S T P S T e -

FIGURE 32. A stamp celebrating Leonhard Euler (1707 — 1783)

EXAMPLE 3.60.
Letr(u,v) = [pcosv,psinv, u] denote the parametrization for a cylinder C, from Ex.B.8 1.
We calculated the principal curvatures and principal directions associated to (any) point


http://www-history.mcs.st-and.ac.uk/Mathematicians/Euler.html
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Pin Ex.B5Q k1 = % in (horizontal) direction t; = r,, and k» = 0 in (vertical) direction
to = r,. Now let t = cos 0r;, + sin 0r,, denote an arbitrary tangent direction. The normal
curvature in direction t is:

PROOF:
The proof below is quite computational and lengthy; a more conceptual proof is avail-
able using the theory of eigenvectors and eigenvalues.

(1) The equations (8.33)) characterising the principal directions t; = a;r, + b;r,

(kiE —e)a; + (kiF — f)b; = 0,
(kiF — fla; + (kG —g)b;i = 0.

can be written down in matrix form as follows:

e f G | _ . E F a;
f g bi ' F G bi )
We verify below t; - t; = 0 by showing that ki (t; - t) = ka(t1 - tp):

ki(ty - t) = ky(arr, + biry) - (aor, + bzrv) _

ella]-0F clla]) (2]
b]){b] HIIHE

{bZ} ka(ayry + biry) - (agty + baory) =

I
VR
1
~~
0Q
| — | IR B e |

k> (tl . tz).
(2) The vector t = cos 0t; 4 sin 0t; is a unit vector, since

t|> =t -t = (cosOt; +sinfty) - (cos Oty + sinOty) =

= (cos0)?(t; - t1) + (sinB)?(ty - to) +2sinfcosH(t; - to) =

= (cos6)? + (sinf)?> +0 = 1.

This is why k, (t) = II(t) =

e f ay cos 0 + ap sin 6
f g b1 cos 0 + by sin @

¢ ][ | messmen 5 1] 200

= [a1 cos 0 + ap sin 6, by cos 6 + by sin 6] [

= [ay cos 6, by cos 0] [

by cost f g by sin 6
+ [ap sin 6, by sin 6] { ]gc} {Ziggzg ] + [ap sin 0, by sin 6] {; g} {Zi:gg ]
= (cos 6)?[ay, b1] l; ] ] + cos 0 sin 6[ay, bq] [jef (J;} [Zi
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) [5] somorn; £
Ell o }—i—cos@sm@[al,bﬂkz {? H {Zi}
+sin 6 cos 0[az, byky { } [ b ] + (sin 6)[az, bo]ks [ el

= (cos 0)%ky(t; - t1) + cos O sin Ok, (t; - to) +
sin 6 cos 0k; (tp - t) + (sin )%k (t2 - tp)
= (cos 0)%ky + (sin 0)2k,.

+ sin 0 cos 6[ay, by] [

= (cos 6)?[ay, b1]k1

| —

6. Special surfaces

Using the notions and formulas developped in the preceeding sections, we can now
look at several classes of interesting surfaces, get new information about those, and shed
new insight on the formalisms developped earlier.

6.1. Graph surfaces. Throughout this chapter, the graph S of a smooth function
f:D — R, D C R? open, has served as one of our major examples. This is the place
to collect many of the results previously obtained and to complete those with respect to
curvature. As earlier, we shall use the parametrization

r:D — R? r(u,0) = [u,0, f(u,0)].
At the point P € S with OP = r(up, ) and (ug, v9) € D, we found in Ex.
r,(u,v) = (1,0, fu(u,v)] and r,(u,v) = [0,1, fo(u,v)],
and the coefficients of the first fundamental form (in terms of the prametrization r):

E(u,v) =1+ (fu(u,v))z; F(u,v) = fu(u,v)fo(u,v); G(u,v) =1+ (fv(u,v))z.

To determine the coefficients of the second fundamental form, we need moreover:
Yuu (u/ U) = [O/ 0, fuu(u/ U)]} ruv(u/ U) = [O/ 0, fuv(u/ U)]} rvv(u/ U) = [0/ 0, fvv(u/ U)]}

v(u,v) = (ry X 1p)(u,0) _ [—fu(u,v), fv(u,v),l]
T X ) )] T VT (o) + (ol 0

and obtain (Def. B.42):

fuu(u,0) ; f(u,v) = fuo(u,0) .
V14 (fu(u,0))? + (fo(u,0)2 " V14 (fu(w,0)2+ (fo(u,0))%

e(u,v) =

fm)(u/ U) .
VI (ful,0))2 + (folu,0))2

g(u,v) =
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Furthermore, the Gauss and mean curvatures are:

_ 2
K(u,v) _ (fuufvv - (fuz) )(u,v);
(1 + fi +fv)(uzv)
H(u,0) = (A SDfoo = 2fufofuo & (Lt £3) foo) (4, 0).
21+ 2+ f2)3 (u,)
Remark that the numerator above has the form of a discriminant. In fact, we can redis-

cover and rephrase the following result concerning the classification of critical points
for a smooth function of two variables from Calculus:

PROPOSITION 3.61. Let f : D — R, D C R? open, denote a smooth
function with critical point Py : (19, vo) € D, i.e.,

fu(uo,v9) = fo(ug,vo) = 0 — both partial derivatives vanish. The function
f has a local extremum (maximum or minimum) at Py if

(fuufoo — (fuv)?)(u, ) > 0, whereas Py is a saddel point if

(fuufoo — (fuv)z)(u,v) < 0.

PROOF:

From Ex. BI23, we see that the tangent plane to the graph of f at the critical point
(10, vo, f(up,vp)] is spanned by [1,0,0] and [0, 1, 0], hence horizontal and given by the
equation z = f(ug, vp).

The sign of the Gaussian curvature K(u,v) and the sign of the discriminant

(fuufoo — (fuw)?)(u,v) agree. Therefore, we can use the results on the sign of the Gauss-
ian curvature from Sect. If K(u,v) > 0 - at an elliptic point — the surface “graph of
f” is situated on one side of the horizontal tangent plane — at least locally — either over or
under it; this is exactly the situation at a local extremum. If K(#,v) < 0-at a hyperbolic
point — there will be points on the graph on both sides of this horizontal plane close to
the critical point; this is the situation at a saddel point. O

EXAMPLE 3.62.
Let f : R> — R denote the function f(x,y) = cosx + cosy — 2 with parametrization
r(u,v) = [u,v,cosu + cosv — 2]. Since
fu(u,v) = —sinu, fy(u,v) = —sinv, fuu(u,v) = —cosu, fu,(u,v) =0,
fuoo(u,v) = — cos v, we obtain:

E(u,v) = 1+ (sinu)?; F(u,v) = sinusinv; G(u,v) = 1+ (sinv)?;

_ F(u,0) = 0; glu,0) =

B —cosu
1+ (sinu)? + (sino)

— COS U

e(,) V/1+ (sinu)? + (sin 0)2;
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COS U COS U .
(1+ (sinu)? + (sinv)?)?’

K(u,v) =

~cosu(1 + (sinu)?) — cosv(1 4 (sin v)z).

Hlw,v) = 2(1+ (sinu)? + (sinv)?)2

The point Py : (0,0) is critical with respect to the function f, i.e., both partial derivatives
vanish at Py. The other critical points have coordinates (k7t,I7r) with integers k and I.
At Py, the graph of f has the XY-plane z = 0 as its tangent plane; at the other critical
points the tangent plane is one of the horizontal planes z = Oorz = —2 or z = —4.
The Gaussian curvature at P is K(0,0) = 1, the mean curvature is H(0,0) = —1. The
principal curvatures at this point are ky (Py) = k2(Py) = —1. This means, that all direc-
tions are principal directions. The approximating paraboloid at Py is a sphere of radius
1. Since the Gaussian curvature is positive, the function has a local extremum (in fact, a
local maximum) at P.

At (krt, I7t), the Gaussian curvature is positive, if k and [ are either both even or both
odd. The function f has a local maxiumum at such a point (f (kr, I7r) = 0) if k and [ are
both even and a local minimum (f(krt,I7t) = —4) if k and [ are both odd. If k is even
and ! is odd - or vice versa —, then K(krt,I7t) = —1, and f has a saddel point at (krt, I77)
with horizontal tangent plane z = —2.

FIGURE 33. Graph of the function z = cos x +cosy — 2

6.2. Surfaces of revolution. Let P : [x,0,z] € E® denote a point in the XZ-plane
in Euclidean space. Rotating it around the Z-axis one obtains a circle with radius u
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in the plane Z = z. This circle can be parameterised in cylindrical coordinates (polar
coordinates instead of XY-variables, Z-coordinate unchanged) by the vector function

r(u) = [xcosu, xsinu,z], u € [0,2m].

6.2.1. Generating a surface of revolution. Instead of a single point, one may just as
well rotate all the points on a regular simple curve (i.e., without self-intersections) in the
XZ-plane around the Z-axis. Such a (generating) curve with a smooth parametrisation
x(v) = [x(v),0,z(v)] gives then rise to the parametrisation

(3.34) r(u,v) = [x(v) cosu, x(v) sinu,z(v)], a <v<b, 0 <u<2m.

The effect is, that the whole curve is rotated around the Z-axis and generates a surface of
revolution. We have to be a bit careful for several reasons:

(1) If the function x(v) takes both negative and positive values, it has to take a value
x(vg) = 0 somewhere. This corresponds to a point [0,0,z(vg)] on the Z-axis,
which stays fixed under the rotation. The surface of revolution thus obtained
would not be regular in this point. This is why we require

(3.35) x(v) > 0forallv > 0.

(2) In order to get an open domain for the parametrization, we have insisted on the
constraint 0 < u < 27t. Hence, the parametrization does not cover the entire
surface we have in mind (one point is lacking for every circle it consists of). To
cover the whole surface, one can use the same formula for the parametrization,
but within the interval u €] — 7, 77[ in the domain.

N

~— meridian

parallel

FIGURE 34. Generating curve, surface of revolution, parallels, and meridians
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EXAMPLE 3.63.

(1) Rotating a vertical line segment in the XZ-plane around the Z-axis generates a
cylinder; rotating a skew line segment yields part of a cone.

(2) Rotating a half circle with center on the Z-axis (but without the points on the
Z-axis gives rise to a sphere (without the poles on the Z-axis); rotating a circle
around the Z-axis contained in the XZ-plane yields a torus (swimming belt)
cf. Ex. and Sect.

6.2.2. Properties of a surface of revolution. Let us now analyse the properties of a sur-
face of revolution using the parametrization (3.34). The parameter curves of the surface
are

e the parallels with parametrization [x(vg) cos u, x(vg) sinu,z(vg)]; those are cir-
cles for every fixed parameter vy; and
o the meridians (rotated copies of the generating curve) with parametrization
[x(v) cos ug, x(v) sin up, z(v)] for a fixed parameter .
Let us now check that the vector function (3.34) satisfies the requirements to a parametriza-
tion from Def. Since the generating curve is simple, and since the domain is chosen
with an open interval u €]0,27], it is easy to check, that r is one-to-one. The partial
derivatives of r are calculated as

1, (u,0) = x(v)[—sinu,cosu,0]; 1,(u,0) = [x'(v) cosu, x'(v) sinu,z'(v)].

To see that these two vectors are linearly independent for every parameter pair (u,v),
we calculate their cross product

(ry X 1) (u,0) = x(v)[Z' (v) cos u, z’ (v) sinu, —x'(v)],
and show that it cannot be 0. By (8.35), x(v) > 0. Moreover, the vector
2/ (v) cos u,z’ (v) sinu, —x'(v)] has length /z'(v)2 + x/(v)2. This is exactly the speed
along the generating (regular) curve, and thus nonzero everywhere.

—
The normal vector at P, € S with OPy;, = r(u,v) is

v(u,0) = ! 2/ (v) cos u, 2 (v) sin 1, —x'(v)].

V20 + ¥ (0)?

Check also the calculation of the second partial derivatives of r:

tuu(u,0) = —x(v)[cos u,sinu,0]; 1,(u,v) = x'(v)[—sinu,cosu,0];
oo (u,0) = [x"(v) cos u, x" (v) sinu, 2" (v)].
Let us now calculate the coefficients of the two fundamental forms (cf. Def. and
Def. B.42):
E(u,v) = x*(v); F(u,0) =0; G(u,v)=x'(v)*+7 (v)?
x"(v)z' (v) — x'(v)2" (v
( T ST R ) { O { il
V¥ (0)2 +2(v)
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Since F = 0, we conclude that the parallels and the meridians are orthogonal to each
other at every point of the surface. Moreover, since F = f = 0, we can use Cor. B.5]]
to determine principal curvatures and directions: The tangents r, to the parallel circles,
resp. 1, to the meridians are the principal directions. The principal curvatures are:

e —72/(v) ' 8 ¥'(v)Z(v) —x(v)2" (v)

ki = = = k=S =
E- x(0)y/x (@) +(0)? N CIOE{ODE
To get closer to the geometric meaning and also in order to simplify, let us as-

sume that the generating curve is parametrised by arc length. In this case, the speed
V/x'(v)2 + 2/ (v)? corresponding to the parametrization takes the constant value 1 at ev-

ery parameter v. In particular, the principal curvatures simplify to:
—2(v),
x(v)

ki = ky = x"(v)Z' (v) — x'(v)2" (v).

COROLLARY 3.64. Let C denote a generating curve parameterized by arc
length. Let S denote the associated surface of revolution, and Py, € S the

. . % . .
point with OPy, = r(u,v). The Gauss curvature at P, is given as
x// (U)
x(v)

In particular, Py, is elliptic if x"(v) < 0, hyperbolic, if x"(v) > 0, and
parabolic or plane if " (v) = 0.

(3.36) K(Pyo) = —

PROOF:
We differentiate the relation: “1=(speed)? = x'(v)? + z/(v)?” with respect to v and ob-
tain: 0 = x’(v)x” (v) + 2/ (v)z" (v). Hence,

K(Pyy) = ki (1, 0)ky (u,v) = Z(0)(x"(v)Z' (v) — ' (v)2" (v))

Z'(0)?x" (v) + x'(v)%x" (v) x"(v)

- x(v) - x()”
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REMARK 3.65.
Formula (8.36) can be applied to obtain parametrizations of surfaces of revolution with
constant Gaussian curvature K. All you have to do is to solve the system of differential
equations:

x"(v) — Kx(v) = 0;
X (0)? +y (v = 1.

The solutions include the spheres with radius K2 for K > 0, the plane for K = 0, but
also a variety of different (non-bounded) surfaces, in fact even for K < 0. The latter
serve as model spaces for hyperbolic geometry, which probably describes the large scale
properties of our universe much more accurate than Euclidean geometry.

6.2.3. Atorus. Finally, let us generate a surface of revolution by rotating a circle with
radius r and center on the X-axis at [R,0,0] with R > r, cf. Figures 28, 29 and The
parametrization by arc length of this circle is given by

v .0
x(v) = [R+rcos ;,O,rsm ;], 0<v<2mr,
cf. Ex. In this case, both the parallels and the meridians of the resulting torus
are circles; their tangents indicate the principal directions. Since x(v) = R+ rcos?,
we obtain from B.36) the following formula for every point P, on the parallel circle
corresponding to the parameter value v:

x"(v) cos 7

K(Py) = — x(v)  r(R+rcosl)

By assumption, the denominator is always positive. Indeed, we have verified the results
of Ex.B.54by computation: The point Py, is classified by the signature of the expression
cos 7 in the numerator. If it is positive (for v < Zr or v > 37”1’), the point Py, is situated
on the exterior and elliptic; if it is negative (for %r <v< 37”r), the point Py, is situated
on the interior and hyperbolic. It is zero for v = Zr and for v = 3r corresponding to

the parabolic points on the top, resp. bottom circles.

6.3. Ruled surfaces. At a first thought it might seem strange that a curved surface
can be made up of straight line segments. But we have already met such a strange
subject: The helicoid from Ex. B.82 is generated by horizontal lines connecting a helix
and an axis. The helicoid is thus an example of a ruled surface, generated by moving
a straight line (segment) in Euclidean space. Other easy examples are cylinders and
cones. These are moreover examples of developable surfaces, which are locally isometric
to the plane. In particular, they can be constructed by bending or rolling a (plane) sheet
of metal.

In general, a ruled surface has a parametrization of the form

(3.37) r(u,v) =p(u) +ovq(u), u€lab], ve€lcd.
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—

Generating Circle

Rotation
Axis

FIGURE 35. A torus as a surface of revolution

For v = 0, we obtain the curve given by p(u), u €la,b|, as one of the 1. parameter
curves ; it is called the directrix of the surface; the 2. parameter curves (fixing a value
u = ug) are line segments; they are called the rulings of the surface.

EXAMPLE 3.66.

(1) Let p(u) = po € R be constant. The ruled surface given by B37) (for ¢ > 0) is
then a (generalised) cone.

(2) If p(u) is a parametrization for a plane curve, and q(u) = qo € R® is constant,
the ruled surface given by (8.37) is a (generalised) cylinder.

(3) If q(u) = p’(u), u €la,b|, the ruled surface given by B.37) is a tangent surface.
It consists of all tangent lines to the directrix.

(4) For a constant ¢ > 0, the ruled surface with p(u) = [1,0,0] and q(u) = [0, 1, cu]
has parametrisation r(u,v) = [u,v,cuv]. It consists of the points [x,y,z] € E3
satisfying the equation z = cxy. It represents a hyperbolic paraboloid consisting
of layers of horizontal hyperbola (for z = z).

See Fig.[Bd for illustrations.

What do we know about the Gaussian curvature of a ruled surface right away? Well,
there is a straight line (with curvature 0) through each point, and its (tangent) direction
must correspond to normal curvature 0. By Euler’s Theorem (Thm. B.59), this value 0 is
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FIGURE 36. Cone, cylinder, tangent surface, and hyperbolic paraboloid
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FIGURE 37.

The same ruled surfaces as above
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sandwiched between the two principal curvatures: ko < 0 < ky. Hence, the princpal
curvatures cannot have the same sign, and the Gaussian curvature K has to be less than or
equal to zero everywhere.

In fact, the two possibilities K = 0, resp. K < 0, correspond to two classes of ruled
surfaces: To see this, we calculate some of the important geometric entities using the
parametrization (.37):

ru(u,0) = p'(u) +0q'(u);  1o(u,0) = q(u);

v) =
'

(ru X 1) (u,0) = p'(u) x q(u) +0q' () x q(u);
Tuo(1,0) = q'(1);  too(u,0) = 0.
L _dw) P xaw)
(3.38) f(u,v) Tt % 1) (1,0) ;9(u,v) =0.
In particular, the Gaussian curvature K = % Gf 7= < 0,and

K(u,0) =0 f(u,0) =0 & D(u) = [p'(u), q(u),q'(w)] = q'(w) - (p'(#) x q(u)) =0.

Remark, that a ruled surface S with parametrization 3.37) in general is not regular
at every point P € S. In the example of a tangent surface, the points on the curve
generating it are singular, as you might guess from Fig. One can show for general
non-cylindrical ruled surfaces (i.e., q'(u) # 0 for all u €la, b[), that the singular points
are always situated on a particular curve, the line of striction.

PROPOSITION 3.67. Let S denote a ruled surface with parametrization
r(u,v) =p(u) +ovq(u), u€lab, veled.
The tangent planes Tp, ,S along a particular ruling corresponding to u = ug
are
e constant < K(ug,0) = 0;
e run through all linear planes in R3 containing sp(q(ug)) except

sp(q(uo), q'(10)) < K(uo,0) # 0.

PROOF:
The tangent plane Tp, ,S is the plane spanned by the vectors r, (19, v) and o (1o, v), i.e.,

Tp,,.S = sp(p’(uo) +vq'(uo), q(uo)). It is always contained in the subspace spanned
by the three vectors q(ug), q' (o), p’(10) € R3. By @B38) and the following remark,
K(up,0) = 0 < the space product (cf. Sect. [2.4)

D(uo) = [q(u0),q'(u0), p’(u0)] = q'(uo) - (p’(0) % q(uo)) = 0.In particular,
K(up,0) = 0if and only if the three vectors q(ug), q'(uo), p’(uo) are linearly dependent.
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In this case, they only span a linear plane, and hence

Tp,,,S = sp(p'(uo) +vq'(uo)) = sp(q(uo), q’'(1uo), p'(uo)) has to be equal to this plane
independent of the value of v. For K(ug,0) # 0, the three vectors span the entire vector
space R3. For v € R, the vectors p’(ug) + vq’ (19) hit every linear line in sp(p’ (uo), q' (10))
except the one through q'(u). O

DEFINITION 3.68. A ruled surface with parametrization
r(u,v) = p(u) +ovq(u), u€lab], veEled|

and |q(u)| = 1 for all u is called developable if the space product
(cf. Sect. L2.4)
D(u) = [q(u),q (), p’(u)] = 0 for every u €]a, b|.

COROLLARY 3.69. A developable surface S has Gaussian curvature 0 at
all reqular points P € S. By a theorem of Minding, S is locally isometric
(cf. Sect. B.Z2) to the plane.

EXAMPLE 3.70.
Let S denote the hyperbolic paraboloid from Ex.[B.664. with p(u) = [u,0,0] and
q(u) = [0,1,cu], and hence p’(1) = [1,0,0] and q'(u) = [0,0, c]. In this case, the space
product
0
1 =c#0.

o oo
o O

cu

In particular, the tangent planes are not constant along any ruling, and the paraboloid is
not developable.
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7. The geometric labotatory for surfaces

A prototype of a geometric laboratory for surfaces is under development. It aims
to provide applets giving the user the possibility to plot surfaces using one or several
parametrizations, to show tangent planes, normal vectors etc. in a dynamical frame-
work. The first applets have been developed by Martin Quist, Aalborg University and
can be reached at www.math.aau.dk/raussen/VIDIGE EOLAB/SURFACE. You
can specify a parametrization by a formula X(u,v) =,Y(u,v) =,Z(u,v) =, you can
specify the range of (1, v) (at least as a rectangle), you can visualize the image of a curve
(u(t),v(t)) etc. Rotation of the surface is obtained by clicking on the left mouse button;
you zoom in and out using the middle mouse button.

The applet in Fig. B8lillustrates a parametrization. It allows you to follow the image
of a point and /or of a curve in the parameter plane on the surface itself.

&{u) |cos(uvsingu)

W) (sin(scosiy |
Z{uwy ,‘fi
uim[314 |14 |
wimf[10  |fio |

Curve

u(t). t
wh |

thim |-1.0 .o

Parameter Plane -Parameter Plane

FIGURE 38. Illustration of a parametrization
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http://www.math.aau.dk/~raussen/VIDIGEO/GEOLAB/SURFACE/example3.html
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