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Preface

This is an evolving set of lecture notes on the classical theory of curves and
surfaces. More pictures will be added eventually. I recommend people download
3DXplorMath| to check out the constructions of curves and surfaces with this app.
It can also be used to create new curves and surfaces in parametric form. Other
useful and free apps are Geogebra, Grapher (on Mac), and WolframAlpha.

At a minimum, a one quarter course should cover chapter 1, sections 2.1, 3.1,
3.2, and chapters 4, 5. In a semester course it’d be possible to cover more from
chapter 2 and also delve into chapter 6. Chapters 6 and 7 can be covered in a
second quarter class. Note that section 2.2 is a necessary prerequisite for proving
the general Gauss-Bonnet in section 6.5.

An excellent reference for the classical treatment of differential geometry is the
book by Struik [3]. The more descriptive guide by Hilbert and Cohn-Vossen [1] is
also highly recommended. This book covers both geometry and differential geome-
try essentially without the use of calculus, offers many interesting results, and gives
excellent descriptions of many of the constructions and results in differential geom-
etry. Finally, after having completed these notes, I realized that Hopf’s lectures in
[2] is a superb treatment of the global theory of curves and surfaces.

This text is fairly classical and is not intended as an introduction to abstract
2-dimensional Riemannian geometry. In fact, in a break with the modern tradition
of how to present the subject, we do not discuss covariant differentiation or parallel
translation. Most proofs are local in nature and try to use only basic linear algebra
and multivariable calculus. The only sense in which the text is more modern is
in not using the language of differentials and infinitesimals as most of the classical
texts do.

Note: Differentiability assumptions are not specific, but “as needed” for the
proof to work. Basic results from analysis and linear algebra, such as implicit and
inverse function theorems etc, are used freely without further justification. I highly
recommend that students look at the two appendices for a quick synopsis of the
basic elements of vector calculus and to help with calculations on surfaces using
different parametrizations.

Some standard topics are not covered in the text. However, I hope most of
them can be found among the exercises. As such, they can easily be incorporated
into lectures as the instructor sees fit.

I’d like to thank Chadwick Sprouse and Michael Williams for trying out these
notes and providing valuable feedback.

“Reading your notes is like reading poetry, and I don’t under-
stand that either.” Reed Douglas, UCLA student.


http://3d-xplormath.org
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CHAPTER 1

General Curve Theory

One of the key aspects in geometry is invariance. This can be somewhat diffi-
cult to define, but the idea is that the properties or measurements under discussion
should be described in such a way that they they make sense without reference to a
special coordinate system. This idea has been a guiding principle since the ancient
Greeks started formulating geometry. We’ll often take for granted that we work
in a Euclidean space where we know how to compute distances, angles, areas, and
even volumes of simple geometric figures. Descartes discovered that these types of
geometries could be described by what we call Cartesian space through coordina-
tizing the Fuclidean space with Cartesian coordinates. This is the general approach
we shall use, however, it is still worthwhile to occasionally try to understand mea-
surements not just algebraically or analytically, but also purely descriptively in
geometric terms. For example, how does one define a circle? It can defined as a
set of points given by a specific type of equation, it can be given as a parametric
curve, or it can be described as the collection of points at a fixed distance from the
center. Using the latter definition without referring to coordinates is often a very
useful tool in solving many problems.

1.1. Curves

The primary goal in the geometric theory of curves is to measure their shapes
in ways that do not take in to account how they are parametrized or how Euclidean
space is coordinatized. However, it is generally hard to measure anything without
coordinatizing space and parametrizing the curve. Thus the idea will be to see if
some sort of canonical parametrization might exist and secondly to also show that
our measurements can be defined using whatever parametrization the curve comes
with. We will also try to make sure that our formulas do not necessarily refer
to a specific set of Cartesian coordinates. To understand more general types of
coordinates requires quite a bit of work and this will not be done until we introduce
surfaces later in these notes.

Imagine traveling in a car or flying an airplane. As you travel a curve or path
is traced and it is easy to keep track of time and distance. The goal of curve theory
is to decide what further measurements are needed to retrace the precise path.
Clearly one must also measure how one turns and that becomes the important
thing to describe mathematically.

The fundamental dynamical vectors of a curve whose position is denoted by q

the velocity v = 9 leration a = 29 and jerk j = g
are eveoczyv-m, accelera zona—W,an je’/’ J—d?

The tangent line to a curve q at q(¢) is the line through q(¢) with direction
v (t). The goal is to find geometric quantities that depend on velocity (or tangent

1



1.1. CURVES 2

lines), acceleration, and jerk that completely determine the path of the curve when
we use some parameter t to travel along it.

Tangent Line

Most of the curves we study will be given as parametrized curves, i.e.,

z (t)
aty=|¥® | .1 5R",

where I C R is an interval. Such a curve might be constant, which is equivalent to
its velocity vanishing everywhere.

DEFINITION 1.1.1. A curve is called regular if it is never stationary. In other
words, the speed is always positive, or the velocity never vanishes.

Occasionally curves are given to us in a more implicit form. They could come
as solutions to first order differential equations
dq
7 = Fla),t).
In this case we obtain a unique solution (also called an integral curve) as long as
we have an initial position q (tg) = q, at some initial time ¢y. In case the function
F (q) only depends on the position we can visualize it as a vector field as it gives
a vector at each position. The solutions are then seen as curves whose velocity at
each position q is the vector v = F (q).
Very often the types of differential equations are of second (or even higher

order) ,
d“q dq
— =F t),—,t|.
=7 (a0 500)

In this case we have to prescribe both the initial position q(tg) = q, and velocity
v (tg) = vo in order to obtain a unique solution curve.

The next result shows how differential equations can be used to characterize
curves.

PrOPOSITION 1.1.2. The following conditions are equivalent for a reqular curve
q(t):
(1) The curve travels along a line: q(t) = qu +a () vo, where « (t) is a scalar
valued function and qq,vo are fized vectors.
(2) The velocities are all parallel to each other: v (t) = B (t) vo, where B (t) is
a scalar valued function and vq is a fized vector.
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(3) The wvelocity and acceleration at each point are parallel to each other:
a(t) =~ (t)v(t), where v (t) is a scalar valued function.

PROOF. (1) = (2): Use B(t) = & (¢). _
(2) = (3): Since the curve is regular 3 () # 0. Thus we can use v (t) = %
(3) = (1): The equation a(t) = v (¢)v(f) can be written as a differential

equation

- =v(t)v.

v () = v (to) exp (/v) ,

since the right hand side solves the equation and has the same initial value at ty as
the left hand side. Thus we obtain a new differential equation

This shows that

9~ 5y,

which shows that q(t) = q(to) + vo ( j;to ﬁ), since the right hand side solves the
equation and has the same initial value at ty as the left hand side. O

PROPOSITION 1.1.3. Let ¢ (t),c* (t) : I — R¥ be two vector valued curves.

d(c|c” c * c*
(1) 4 = (| o) + (o] 40).

@) & (31eF) = (el o).
(3) % (le) = (TL‘C) as long as ¢ # 0.
(4) 4 (ﬁ) = (|°|‘3 as long as ¢ # 0.

PROOF. (1) follows from the product rule for differentiation.

(2) follows by using (1) with ¢* = ¢ and that |c|* = (c| ¢).
. 2 d|c
(3) follows from (2) by observing that we also have <% (% |c] ) =lc| 5 I ‘.
d
(4) follows from (3) by using & (ﬁ) =— ‘“‘C(llfl). O

REMARK 1.1.4. The proposition will be used freely throughout the text. It is
important to observe that the curves ¢ or ¢* could be the velocity or acceleration
of a curve q. For example, if a curve q has the property that its velocity always has
unit length, then |v| =1 and (2) shows that (v,a) = 0.

Another very general method for generating curves is through equations. In
general, one function F (z,y) : R? — R gives a collection of planar curves via the
level sets

F(z,y)=c

The implicit function theorem guarantees us that we get a unique curve as a graph
over either x or y when the gradient of F' doesn’t vanish. The gradient is the vector

-[%]
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Geometrically the gradient is perpendicular to the level sets. This means that the
level sets themselves have tangents that are given by the directions

as this vector is orthogonal to the gradient. This in turn offers us a different way of
finding these levels as they now also appear as solutions to the differential equation
1o}
[;]:[—ﬁguu»yw>]
a oz @),y (1))

In three variables we need two functions as such functions have level sets that are
surfaces:

Fl (x,y,z) = 01,
By (z,y,2) = ca.

In this case we also have a differential equation approach. Both of the gradients V Fy
and VI, are perpendicular to their level sets. Thus the cross product VF; x VFj,
is tangent to the intersection of these two surfaces and we can describe the curves

as solutions to J
q
E == <VF1 X VFQ) (q) .
It is important to realize that when we are looking for solutions to a first order

system

dq

— =F(q(t

- Fla),

then we geometrically obtain the same curves if we consider

d

R CIOACIO
where ) is some scalar function, as the directions of the velocities stay the same.
However, the parametrizations of the curves will change.

Classically curves were given descriptively in terms of geometric or even me-
chanical constructions. Thus a circle is the set of points in the plane that all have a
fixed distance R to a fixed center. It became more common starting with Descartes
to describe them by equations. Only about 1750 did Euler switch to considering
parametrized curves. It is also worth mentioning that what we call curves used
to be referred to as lines. This terminology still appears in certain concepts we
introduce later, such as lines of curvature on a surface. However, when we refer to
a line in these notes we mean a straight line.

We present a few classical examples of these constructions in the plane.

ExaMPLE 1.1.5. Consider the equation
F(zy)=a2"+y*=c

When ¢ > 0 this describes a circle of radius y/c. When ¢ = 0 we only get the origin,
while when ¢ < 0 there are no solutions. The gradient is given by (2z,2y) and only
vanishes at the origin.

The differential equation describing the level sets is

Nk
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The solutions are given by q(t) = R (cos (2 (t + ¢)),sin (2 (¢ + ¢))) where the con-
stants R and ¢ can be adjusted according to any given initial position. A more
convenient parametrization happens when we scale the system to become

dz
g ]-[7]
Fn x
so that the solutions are ¢ (0) = R (cos (6 + ¢),sin (6 4+ ¢)) with 6 being the angle
to the z-axis. Yet a further scaling is possible as long as we exclude the origin

il

This time the solutions are given by

q@):fzcms(9;¢)7ﬁn(9;¢))

and we have to assume that R > 0.

ExaMPLE 1.1.6. Consider
Floy) =2y =c.

When ¢ # 0 the solution set consists of two hyperbolas. They’ll be separated by
the y-axis when ¢ > 0 and by the z-axis when ¢ < 0. When ¢ = 0 the solution set
consists of the two lines y = +z. A tangent direction is given by (2y,2x), which
we observe only vanishes at the origin. Unlike the above example we seem to have
a valid level set passing through the origin, however, it consists of two curves that
pass through the point of contention.

A nicely scaled differential equation describing these curves is given by

at z
and the solutions are given by

z | [ ae’ +be”?

y | | aet —bet |’
where a,b can be adjusted according to the initial values. There are five separate
solutions that together give us the level set 2 — y?> = 0. We get the origin when
a=20,b=0. The two parts of y = x when b = 0 with the part in the first quadrant

when a > 0 and in the third quadrant when a < 0. The two parts of y = —x
similarly come from a = 0.



1.1. CURVES 6

ExaAMPLE 1.1.7. Consider the second order equation
d’q

dt?
The solutions are straight lines q () = qq + vo (t — to).
The next two examples show that scaling second order equations can, in con-
trast to first order equations, change the solutions drastically.
ExaMPLE 1.1.8. The first example is given by the harmonic oscillator
d?q
de2
This is easy to solve if we look at each coordinate separately. The solutions are:

q(t) = qgcos (t —to) + vosin (t —to).

ExAMPLE 1.1.9. A more subtle differential equation comes from Newton’s in-

verse square law:

d*q q 1 q

— =g =—g—5—.

dt? jaf® laf* Il
The solutions are conic sections. This is discussed in section [[L4] and the conic
sections are defined in the next example.

EXAMPLE 1.1.10 (Conic Sections). A conic section is the curve that results
from intersecting a cone with a plane. It can be a point, lines, circles, ellipses,
parabolas, or hyperbolas. Shining a flash light at a wall at different angles will
yield contour shapes that are conic sections. A point or two lines only occur when
the plane goes through the vertex of the cone. In all other cases we obtain the
non-degenerate conic sections that are ellipses, parabolas, or hyperbolas.

Here we offer another classical definition that is strictly planar. A conic section
is determined by a focal point f € R2, a line [, and an eccentricity e > 0. The curve
is defined as the points q whose distance to f is e times the distance to [. When
f =0 is at the origin the curve is given by the equation

lal =e((a|n)+c),

where n is a unit normal to [ and ¢-n-+c measures the distance from ¢ to the line
l. We can rewrite this as

lal = (a k) +p.
Below is a picture of several conic sections with the same p. Note that the hyperbola
has both of its branches.
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To convince ourselves that this really yields conic sections we further assume
that the coordinate axes are rotated so that k = (e,0). The line is then given by
x = —2. The equation in Cartesian coordinates now becomes

Vr2+y2=ex+p.
This can be rewritten as
(1 — 62) z? — 2epx + 3% = p°.

When e = 1 this gives a sideways parabola. When e # 1 we can further rewrite it
as

When e = 0, this is the equation for a circle centered at the origin with radius

p. When 0 < e < 1 it becomes an ellipse with major axis a = %, minor axis
b= \/%, and center (%, O). Finally when e > 1 it is a hyperbola as 15—2 < 0.

E2
In polar coordinates the equation takes the simple form

r=ercosf +p

or

r(1—ecosf) = p.

ExaAMPLE 1.1.11. Finally we mention a less well known ancient example. This
is the conchoid (shell-like) of Nicomedes. It is given by a quartic (degree 4) equation:

(12 + y2) (y —b)*> — R%y? = 0.

Descriptively it consists of two curves that are given as points (z,y) whose distance
along radial lines to the line y = b is R. The radial line is simply the line that
passes through the origin and (z,y). So we are measuring the distance from (z,y)
to the intersection of this radial line with the line y = b. As that intersection is

(%b, b) the condition is

2
<xzb> +(y—b)? =R

which after multiplying both sides by 2 reduces to the above equation.

The two parts of the curve correspond to points that are either above or below
y = b. Note that no point on y = b solves the equation as long as b # 0.

A simpler formula appears if we use polar coordinates. The line y = b is
described as

b .
(z,y) = (beot 6,b) = Snd (cos 8,sin §)

and the point (x,y) by

(x,y):( b iR) (cos 0, sin ) .

sin 0

This gives us a natural parametrization of these curves.
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FiGure 1.1.1. Conchoids

Another parametrization is obtained if we intersect the curve with the lines
y = tx and use the slope ¢ instead of the angle 0 as the parameter. This corresponds
to t = tan @ in polar coordinates. Thus we obtain the parameterized form

b R
z,y)=|-+—=| (1,1).
o) = (14 s ) (1)
As we have seen, what we consider the same curve might have several different
parametrizations.
There is also a way of characterizing curves that are radial lines. We offer
two proofs that highlight some of the characterizations of curves that we have seen
above.

PROPOSITION 1.1.12. If the velocity is always radial relative to a point c, then
the curve lies on a line through c.

PROOF. There is a particularly simple proof for curves in R? that also intro-
duces a convenient notation for calculating in polar coordinates. The unit radial di-
rection is e, (6) = (cos 8, sin ), the unit angular direction is e, (§) = (—sin 6, cos ).
These vectors form an orthonormal basis at every point and are further related by

de, deg

=¢, and — = —e,.

do do

We can write the curve as

qt)—c=r(t)e,(0(t)) = re,.
Thus
v = 7re, + rbe,
and as the velocity is supposed to be radial it follows that 6 =0 and in particular
that @ is constant. This proves the claim.
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In higher dimensions we can use a similar approach without explicitly using
polar coordinates. We start by writing

qa(t) —¢c
q(t) —c=la(t) —¢ ;
la(t) —cl
and then defining r (¢t) = |q (¢) — c| and the radial direction e, (t) = GEE%:S‘. As in

the planar case the condition that the curve is radial comes down to checking that
the derivative of this radial component vanishes:

d d
t)=—(q(t) —c)=re, +r— .
V() = 2 (@(t) =) = e, + 1 (er)
Note that the first term re, is radial. The derivative in the second term is fairly
complicated but it is perpendicular to the radial direction

_d 2 d
0—%|e7~| —2<er|dt (er)).

Thus the velocity can only be radial when
d
fadl =0
ar )

which is turn tells us that e, is a fixed radial direction. This shows that the curve

lies on a radial line.

Alternately we can use that the condition on the velocity is a differential equa-

tion
v (t) =a(t)(a(t) —c).
A solution to the this equation with q (t9) = qq is given by

q(t) = (qg —c) exp (/tta> +e

By uniqueness of solutions this is also the only such solution. O

DEFINITION 1.1.13. Two parametrized curves q (t) and q* (t*) are reparametriza-
tions of each other if it is possible to write ¢ = ¢ (¢*) as a function of t* and t* = t* (¥)
such that

q(t) =q* (t" () and q(t (")) = q" (t7).
If both of the functions ¢ (t*) and t* (t) are differentiable, then it follows from the

chain rule that
dt dt*

dt dt
In particular, these derivatives never vanish and have the same sign. We shall almost
exclusively consider such reparametrizations. In fact we shall usually assume that
these derivatives are positive so that the the direction of the curve is preserved

under the reparametrization.

LEMMA 1.1.14. If q* (t*) = q (¢t (t*)) and t(t*) is differentiable with positive
derivative, then q* is a reparametrization of q.

PROOF. The missing piece in the definition of reparametrization is to show
that we can also write ¢t* as a differentiable function of ¢. However, by assumption
d‘it* > 0 so the function ¢ (t*) is strictly increasing. This means that for a given
value of the function there is at most one point in the domain yielding this value

(horizontal line test). This shows that we can find the inverse function ¢* (¢).
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Graphically, simply take the graph of ¢ (¢*) and consider its mirror image reflected
in the diagonal line ¢ = ¢*. This function is also differentiable with derivative at
t = tg is given by

1

AL (t* (to))

O

It is generally too cumbersome to use two names for curves that are reparametriza-
tions of each other. Thus we shall simply write q (¢*) for a reparametrization of
q (t) with the meaning being that

q(t) =q@" (1)) and q (¢ (")) =q(t").
With that in mind we shall always think of two curves as being the same if
they are reparametrizations of each other.

DEFINITION 1.1.15. We say that a curve q : I — RF is closed if there is an
interval [a,b] C I such that q(a) = q(b) and q (I) = q([a,b]). We say that a closed
curve is simple if it is regular and [a,b] can be chosen so that q : [a,b) — R” is
one-to-one.

ExAMPLE 1.1.16. A circle (cost,sint) is a simple closed curve where we can
use the interval [a, 27 + a] for any a.

ExAMPLE 1.1.17. The figure “c0” is an example of a curve that is closed, but
not simple. It can be described by an equation

(1 - x2) z? =92

Note that as the right hand side is non-negative it follows that z?> < 1. When
x = —1,0,1 we get that y = 0. For other values of x there are two possibilities for
y=++/(1 —2?) a2

Exercises

(1) Show that if a curve q satisfies |q(¢)] = R for all ¢ and a constant R, then
q-v=0.

(2) Show that the following properties for a regular curve are equivalent.
(a) The curve is part of a straight line
(b) All its tangent lines are parallel.
(¢) All its tangent lines pass through a fixed point c.

(3) Show that lines in the plane satisfy equations of the form 7 cos (0 — 0y) = ¢ in
polar coordinates. Describe what the two constants 6y, 79 mean.
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Show that three points that don’t lie on a line determine a unique conic section
with focus at the origin.

Show that a curve q(t) : I — R? lies on a line if and only if there is a vector
n € R? such that q () - n is constant.

Show that for a curve q (¢) : I — R? the following properties are equivalent:
(a) The curve lies in a plane.

(b) There is a vector n € R? such that (q(¢) | n) is constant.

(c) There is a vector n € R? such that (v (¢) | n) = 0 for all ¢.

Show that a curve q(t) : I — R3 lies on a line if and only if there are two
linearly independent vectors nj,ny € R?® such that (q(¢) | ny) and (q(¢) | n2)
are constant.

Show that if a curve q (t) : I — R3 satisfies ¢ = 0 on I, then it lies in a plane.
Show that for a curve q (¢) : I — R™ the following properties are equivalent.
(a) The curve lies on a circle (n = 2) or sphere (n > 2.)

(b) There is a vector ¢ such that |q — ¢| is constant.

(c) There is a vector ¢ such that ((q—c) | v) =0.

Consider a curve q(t) : I — R™ and fix tg € I. Show that the curve lies on a
circle (n = 2) or sphere (n > 2) if and only if the curve

vy~ _a() —alto)
TO=100 —at)r

lies on a line (n = 2) or hyperplane (n > 2). Hint. The hyperplane is given by
the points x that satisfy:

(alt) =) [ ) =3,

where c is the center of the sphere.
Consider a curve of the form q(0) = r () (cosf,sin @) where r is a function of
both cosf and sin 6

r(0) = p(cosb,sind).

(a) Show that this curve is closed.
(b) Show that if r (6) > 0, then it is a regular and simple curve.
(c) Let 0 < 6 < 03 < 27 and 03 # 7+ 61. Show that if r (6,) = r(62) = 0,
7(61) # 0 # 7 (03), then it is not simple. In case 8 = 7 + 6; the curve is
not simple as long as 7 (01) # —7 (62).
(d) Show that if r (6p) = 7 (fp) = 0, then its velocity vanishes at 6.
(e) By adjusting a in r(8) = 1+ acosf give examples of curves that satisfy
the conditions in (b), (c), and (d).
Consider a curve of the form q (t) = z (t) (1,t).
(a) Show that v = (&,z + t).
(b) Show that if z (t9) = & (t9) = 0, then its velocity vanishes at .
(¢) By adjusting a in
a+t?
@(t)= 1412
give examples of curves that are not regular.
Show that if we parametrize the sphere

2 +y?+ 2% =R



(15)
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by
x = Rsin¢cosd,
= Rsingsinf,
z = Rcoso,

then great circles satisfy tan ¢ cos (6 — 0y) = tan ¢g. A great circle is the inter-
section of the sphere with a plane ax 4 by + ¢z = 0 through the origin.

Show that the two equations
2 +y?+22 = 4R?
(r—R’+y* = R?

define a closed space curve that intersects itself at x = 2R by showing that it
can be parametrized as

a(t) =R <cos (#) + 1,sin (f) 2 sin (;)) .

( —

-like)

of Diocles is given by the equation

x ($2 + y2) = 2Ry2.

The cissoid (ivy

(a) Show that this can always be parametrized by y, but that this parametriza-
tion is not smooth at yy = 0. Hint: A cubic equation az® +bx? +cx+d =0
has a unique root if the derivative of the left hand side is positive.

(b) Show that if y = tz, then we obtain a parametrization

2Rt>

(¢) Show that in polar coordinates

r=2R (1 —cos@) .
cos

The folium (leaf) of Descartes is given by the equation
23 +y* — 3Rxy = 0.

In this case the curve really does describe a leaf in the first quadrant.
(a) Show that it can not be parameterized by x or y near the origin.
(b) Show that if y = ¢z, then we obtain a parametrization

3Rt
= — 1
(z,y) 1+T53( 1)

that is valid for ¢ # —1. What happens when ¢t = —17
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(¢) Show that in polar coordinates we have

_ 3Rsinfcosf
sin® 0 + cos3 0

(17) Given two planar curves q; and q, we can construct a cissoid q as follows: As-
sume that the line y = ta intersects the curves in q; = (x1 (¢) ,tz1 (t)) and g =

(w2 (£) , s (1)), then define q () = o (¢) (1) so that | (£)] = |a, () — ag (£)]

(a) Show that z () = £ (21 (t) — 22 (1)).

(b) Show that the conchoid of Nicomedes is a cissoid. Hint: q; is a circle
of radius R centered at the origin and g, the line y = b. However, the
parametrization of the circle is so that it is its lower half that gives the
upper part of the conchoid.

(¢) Show that the folium of Descartes is a cissoid. Hint: Use an ellipse

2> —zy+y°=-R(z+vy)

and line

r+y=—-R.

K N
(18) Let q be a cissoid where q; is the circle of radius R centered at (R,0) and qq
a vertical line z = b.
(a) Show that when b = 2R we obtain the cissoid of Diocles

z (2% +y?) = 2Ry>.
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(b) Show that when b = £ we obtain the trisectriz (trisector) of Maclaurin

2r (mQ + yz) =-R (3952 — y2) .
(¢) Show that when b = R we obtain a strophoid
v’ (R—x)=2*(xr +R).

(d) Show that the change of coordinates z = u + v, y = v/3 (u — v) turns the
trisectrix of Maclaurin into Descartes’ folium.

1.2. Arclength and Linear Motion

The arclength is the distance traveled along the curve. One way of measuring
the arclength geometrically is by imagining the curve as a thread that can be
stretched out and measured. This, however, doesn’t really help in formulating how
it should be measured mathematically. Archimedes succeeded in understanding the
arclength of circles by relating it to the area of the circle. The idea of measuring
the length of general curves is relatively recent, going back only to about 1600.
Newton was the first to give the general definition that we shall use below. As we
shall quickly discover, it is generally impossible to calculate the arclength of a curve
as it involves finding anti-derivatives of fairly complicated functions.

From a dynamical perspective the change in arclength measures how fast the
motion is along the curve. So if there is no change in arclength, then the curve
is stationary, i.e., you stopped. More precisely, if the distance traveled is denoted
by s (we can’t use d for distance as it is used for differentiation), then the relative
change with respect to the general parameter is the speed

ds dq Iv]
— = |—| =lv|.
dt dt
This means that s is the anti-derivative of speed and is defined up to an additive
constant. The constant is determined by where we start measuring from. This

means that we should define the length of a curve on [a,b] as follows

b
L(q)ﬁ;z/ [v|dt = s (b) — s (a).
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Using substitution this is easily shown to be independent of the parameter ¢ as long
as the reparametrization is in the same direction. One also easily checks that a
curve on [a,b] is stationary if and only if its speed vanishes on [a,b]. We usually
suppress the interval and instead simply write L (q).

ExAMPLE 1.2.1. If q (t) = qq + Vo t is a straight line, then its speed is constant
|vo| and so the arclength over an interval [a, b] is |vo| (b — a).

EXAMPLE 1.2.2. If q (t) = R (cost,sint) + ¢ is a circle of radius R centered at
¢, then the speed is the constant R and so again it becomes easy to calculate the
arclength.

ExXAMPLE 1.2.3. Consider the hyperbola 2 — 32 = 1. It consists of two com-
ponents separated by the y-axis. The component with z > 0 can be parametrized
using hyperbolic functions q (t) = (cosht,sinht). The speed is

% = \/sinh2t+cosh2t = \/251nh2t+ 1 = v cosh 2¢.

While this is both a fairly simple curve and a not terribly difficult expression for
the speed it does not appear in any way easy to find the arclength explicitly.

EXAMPLE 1.2.4. Consider the curve 22 = y3. This curve has a cusp at the origin
were it appears that the tangent is vertical. Suppose (z (t),y (t)) is a parametriza-
tion of this curve with z (0) = 0, y (0) = 0. We can expand these two function in
Taylor expansions:

x(t) —ath +... ) =bth ...
where a and b correspond to the first nonzero terms in the Taylor expansion. The

important issue for us is to check if the parametrization is regular at the origin,
i.e., is k or [ = 17 Note that

()P =a** - (y@) =03+

This shows that 2k = 31 and a? = b3. This shows that 3 is even and hence that
[ is even. In particular, I > 2. This implies ¢ (0) = 0. Other the other hand if
[ > 2, then 2k > 6 and k£ > 3. Thus also & (0) = 0. From this we conclude that no
parametrization of 22 = 5 can be regular at the origin.

PROPOSITION 1.2.5. If F : RF — R¥ is of the form F (x) = Ox+c, where O is
an orthogonal transformation and ¢ € R¥, then L (q) = L (F oq) for all curves.

PROOF. An orthogonal transformation is by definition a linear map or matrix
that preserves dot products: (Ov) - (Ow) = v - w, for all v,w € R¥. The proof
follows from the simple observation that the differential of F' is given by DF = O.
Using the chain rule

dF oq . . .
28— pr @l =10 @I =14
it follows that F' preserves the speed of q and hence also the length. (|

DEFINITION 1.2.6. A curve is said to be parametrized by arclength if its speed
is always 1. Such a parametrization is also called a unit speed parametrization.

LEMMA 1.2.7. A regular curve q(t) can be reparametrized by arclength.
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. . . . d
. PROOF. If we have a unit speed reparametrization q(s) of q(t) with % > 0,
then

dads _ dq _
ds dt — dt
so it follows that
dalds _ds _|da| _
ds|dt _dat  |at| "

must be the speed of q ().
This tells us that we should define the reparametrization s = s (t) as the anti-
derivative of the speed:

s(tl)s(t0)+/tl

to

It then follows that
ds dq

Thus it is also possible to find the inverse relationship ¢ = ¢ (s) and we can define
the reparametrized curve as q(s) = q (s (t)) = q (¢).

This reparametrization depends on specifying an initial value s (t) at some
specific parameter to. For simplicity one often uses s(0) = 0 if that is at all
reasonable. O

To see that arclength really is related to our usual concept of distance we show:

THEOREM 1.2.8. The straight line is the shortest curve between any two points
in FBuclidean space.

PRrROOF. We shall give two almost identical proofs. Without loss of generality
assume that we have a curve q (¢) : [a,b] — R* where q(a) = 0 and q (b) = p. We
wish to show that L (q) > |p|. To that end select a unit vector field X which is also
a gradient field X = V f. Two natural choices are possible: For the first, simply let
fl@)==a %, and for the second f () = |z|. In the first case the gradient is simply
a parallel field and defined everywhere, in the second case we obtain the radial field
which is not defined at the origin. When using the second field we need to restrict
the domain of the curve to [ag, b] such that q (ag) = 0 but q(¢) # 0 for ¢ > ag. This
is clearly possible as the set of points where ¢ (¢) = 0 is a closed subset of [a,b], so
ag is just the maximum value where q vanishes.

This allows us to perform the following calculation using Cauchy-Schwarz, the
chain rule, and the fundamental theorem of calculus. When we are in the second
case the integrals are possibly improper at ¢ = ag, but clearly turn out to be
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perfectly well defined since the integrand has a continuous limit as ¢ approaches ag:
b

L(a) vl dt

a

b
/ v dt
aog

b
al [V f]dt

ao
b

(@[ VF)ldt

d(foq)

b
LG

“d(foq)
/a dody

= [f(a(b)) = f(a(ao))l
|f (p) — £(0)]
= |f(p)
= Ipl.
We can even go backwards and check what happens when L (q) = |p| . It appears
that we must have equality in the places where we had inequality. Thus we have

% > 0 everywhere and ¢ is proportional to V f everywhere. This implies that
q is a possibly singular reparametrization of the straight line from 0 to p. O

Y

Y

K

%

0

COROLLARY 1.2.9 (The Triangle Inequality). If p,q,7 € R*, then |p—q| <
|p — 7| + |r — q| with equality holding only when the three points lie on a line.

ProOOF. Simply think of the right hand side as the length of the two line
segments from p to r and r to gq. O

PROPOSITION 1.2.10. The shortest distance from a point to a curve (if it exists)
is realized by a line segment that is perpendicular to the curve.

PROOF. Let q : [a,b] — R* be a curve and assume that there is a to € (a,b)
such that
|a(t) = pl = |a(to) —pl for all ¢ € [a,b].
This implies that

DN =

1 2 2

3 la(®) —pl” = 5 lato) —pl™
As the left hand side reaches a minimum at an interior point its derivative must
vanish at tg, i.e.,

<q (t0) ~p | 20 <to>> _o.

As the vector q (tp) — p represents the segment from p to q (tg) we have shown that
it is perpendicular to the velocity of the curve. O

The next result is another interesting geometric consequence of the above the-
orem.
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LEMMA 1.2.11. If q: [a,b] — R¥ is a curve of length 2R, then it is contained
in a closed ball of radius R.

PRrOOF. Consider the midpoint ¢ = % (q(a) + q (b)) on the segment between
a(e) and q (b).

omn—uw+mm—q@og?323

O

M| —

a(t) — ¢l = 5 la ()~ al@) +a) () <

With just a little more effort one can also find the shortest curves on spheres.

THEOREM 1.2.12. The shortest curve between two points on a round sphere
S?(R) = {q € R3 | |q|2 = RQ} is the shortest segment of the great circle through

the two points.

PrOOF. Great circles on spheres centered at the origin are given as the inter-
sections of the sphere with 2-dimensional planes through the origin. Note that if
two points are antipodal then there are infinitely many great circles passing through
them and all of the corresponding segments have length 7wR. If the two points are
not antipodal, then there is a unique great circle between them and the shortest
arc on this circle joining the points has length < 7R.

Let us assume for simplicity that R = 1. The great circle that lies in the plane
span {qq, vo} where gy L vo and |qy| = |vo| = 1 can be parametrized as follows

q(t) = qqcost + vgsint.

This curve passes through the point q, € S?(1) at t = 0 and has velocity vo at
that point. It also passes through the antipodal point —q, at time ¢t = 7. Finally,
it is also parametrized by arclength.

To find the great circle that passes through two points qq,q; € S? (1) that are
not antipodal we simply select the initial velocity vy to be the vector in the plane
span {qg, q; } that is perpendicular to g, and has length 1, i.e.,

q1 — ((h | QO) do
la; — (a | QO) QO|
q1 — ((h | QO) do

Vo =

1—(qq | %)2
Then the great circle
q(t) = qgcost + vpsint
passes through q; when
t = arccos (q; | qg) -
The velocity of this great circle at q; is
_ —do+ (g0 | a) o
|—ao + (a0 | a1) aul

since it is the initial velocity of the great circle that starts at q; and goes through
—do-

Vi
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The goal now is to show that any curve q () : [0, L] — S? (1) between q, and
q; has length > arccos (q; | qg). The proof of this follows the same pattern as the
proof for lines. We start by assuming that q (t) # qq,q; when ¢ € (0, L) and define

vi () = —%tldola®)alt)
|—do+ (a0 | a(t))a(®)]

Before the calculation note that since |q (¢)]* = 1 it follows that q-% = 0. With
that in mind we obtain
L
/ |v| dt
0

L(q)
L
- / [va (8)] v dt
0

/OL <v1 (t L;?)‘dt

" —dot (@ la®)a®) | dg
= / <|—qo+<qo|q<t>>q<t>| dt)‘dt

/L - (QO | %)
0 |\/1—=(q|a(®)?

/ " darceos (ap [ a(t) | o,

L
d
/ arccos (qq | Q(t))dt

IV

Y]

= larccos (qq | q (L)) — arccos (qo | q(0))]
= |arccos (qq | q;) — arccos (qq | qo)|

= larccos (qq | qy)]

= arccos (qg | q;)

This proves that the segment of the great circle always has the shortest length.

In case the original curve is parametrized by arclength and has minimal length
we can backtrack the argument and observe that this forces v.= v; or in other
words

dq _ —ao+(qla®)a()
dt |=do+(qo [a(t))a(®)]
This is a differential equation for the curve and we know that great circles solve
this equation as the right hand side is the velocity of the great circle at q(t). So
it follows from uniqueness of solutions to differential equations that any curve of

minimal length is part of a great circle. O

REMARK 1.2.13. The spherical distance between two points q, q; on the unit
sphere is the angle: Z(q,,q;) = arccos (qq | q;) € [0, 7] between the corresponding
unit vectors in Euclidean space. The previous theorem can now be restated to say
that the length of a curve on the unit sphere is always greater than the spherical
distance between its end points.
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Exercises
(1) Consider a curve q(t) : I — R¥ and let s (¢) be an antiderivative of the speed
v|, L.e., the arclength parameter. It is not assumed that the curve is regular.
i h length It i d that th i 1
(a) Show that
o la(®) —alto)l
v (to)| = tliglo TN
(b) Show that
_ gy 8(8) = s (o)
v (to)| = tlg?o Tt
(c) Show that if |v (to)| > 0, then q (¢) # q (to) for ¢ near to.
(d) Show that if |v ()| > 0, then

ol = sl
t=to |q (t) — q(to)]
(e) Assume that |q(¢)| =1 for all . Show that if q (¢) # q (to), then

s (1) —s (o)l _ [s(t) = s (to)l
~ arccos (q () [ a(to)) ~ la(t) —a(to)|

(2) Compute the arclength parameter of y = z3.

(3) Compute the arclength parameter of the parabolas y = /= and y = x2.

(4) Redefine the concept of closed and simple curves using arclength parametriza-
tion.

(5) Compute the arclength parameter of ¢ (¢) = R (cosht,sinht,t).

(6) Compute the arclength of the logarithmic spiral

ae (cost,sint) = aebe, (t)
and explain why it is called logarithmic.
(7) Compute the arclength parameter of the spiral of Archimedes:
(a + bt) (cost,sint) = (a + bt) e, (1).
(8) Find the arclength parameter for the following twisted cubics
q(t) = (t,3t2, 6t3) and " (t) = (at, bt?, ct3) , when 3ac = +2b°.

(9) Consider a curve in R? whose velocity never vanishes and intersects radial lines
from the origin at a constant angle 8y. These are also called loxodromes or
logarithmic spirals.

(a) Show that the curves

q(t) = ae’ (cos (t +to),sin (t + to)) = 7 (t) e, (t + to)

are loxodromes.

(b) Show that
q(t) =7 (t)er (0(t) = re,
is a loxodrome when
7 = 10 cot 0.

(¢) Show that when 6y = 0, then the curve lies on a radial line.
(d) Show that if 8y # 0, then § # 0 and the curve can be reparametrized so

that = 1. Conclude that it must be of the form

q(t) = ae’ (cos (t +to),sin (t +tg)) =7 (t) e, (t +to) .



(10)

(11)

(12)

(13)

(14)
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Loxodromes can also be thought of as solutions to a linear differential equation:
(a) Show that the curves that are solutions to the system

HEEREIME

where «, § € R, are loxodromes.
(b) Show that the curves

q* (t*) = Ae®” (cos (Bt* 4+ B) ,sin (8t* + B))

are solutions to this system.

(¢) Show that for suitable choices a,b, A, B,«, 8 the curves q(t), from the
previous exercise, and q* (t*) are reparametrizations of each other.

(d) Show that any loxodrome can reparametrized be the curve q* for a suitable
choice of A, B, a, 8.

Let q : [a,b] — R¥ be a curve of length 2R. Show that it is either contained in

a ball of radius < R or is on the line passing through ¢ (a) and q (b).

Let q(¢) : I — R* be a closed piecewise smooth planar curve. Show that if

L(q) < 4R, then q is contained in a ball of radius R. Hint: Cut the curve into

two pieces.

Let q(s) : [a,b] — S? be a piecewise smooth curve.

(a) Show that if L = 2R < 7, then ¢ is contained in a cap of spherical radius
R, i.e., there exists ¢ € S? such that arccos (c | q(t)) < R for all ¢. Hint:
The proof is similar to that of lemma if we let ¢ be the midpoint
on the shorter part of a great circle through q (a) and q (b) and use spher-
ical distances instead of Euclidean distances. Might need further hints on
spherical triangles.

(b) Show that if q is closed and L = 4R < 27, then q is contained in a cap of
spherical radius R.

(c) What goes wrong with the argument when R > 77

(Spherical law of cosines) Consider three points q;, ¢ = 1,2,3 on a unit sphere

centered at the origin. Join these points by great circle segments to obtain a

triangle. Let the side lengths be a;; and the interior angle at q; be ;.

(a) Show that

cosa;j = (qi | qj)
and
cosfy = Q- (DLla)a | [B—(4s la) @
2 2
1—(az-ay) 1—(a3-qy)
(b) Show that
COS (g3 = COS A12 COS a13 + Sin ajz sin a1z cos 6.
(c) Show that on a sphere of radius R the law of cosines for a triangle with
sides a;; and interior angle O at q, is given by

a23 a12 ais . Q12 . Qi3
COS —— = COS —— COS —— -+ sln —— sin f cosOg.

R R R R

Hint: If the triangle is radially projected to the unit sphere then its sides

are a]{ and the angles remain the same.
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(d) Show that if we fix a;;, then g — 6y as R — oo, where 0 satisfies the
Euclidean law of cosines

2 2 2
azs = ajq + ajs — 2a12a;13 cos by.

One can in fact show that 0r decreases and thus that 6; > 6.
(15) The astroid is given by the equation

‘ x
a

(a) Draw a picture of this curve and show that the velocity of the curve must
vanish where it intersects the axes.

(b) Show that the coordinate axes are tangent to the curve at the points (+a, 0)
and (0,+bd), i.e. each arc of the curve that lies in a quadrant can be given
a regular parametrization, where the curve is tangent to the axes at the
endpoints. The curve has cusps at these points.

(c) Show that when a = b the arclength of the arc in the first quadrant is 2a.

(d) Show that when a = b the line segment between the axes that is tangent
to the astroid has length a.

(e) Show that the entire curve has a smooth parametrization that is regular
except at the points where the curve intersects the axes. Hint: Write the

equation as
25\’ g3\’
— = =1.
<‘a ) + <‘b )

(16) Show that the parametrization of the folium of Descartes given by

3Rt

(r,y) = 156 (1,2)

: y3
yI® — 1.
+‘b

is regular for t # —1.
(17) Show that it is not possible to parametrize the cissoid of Diocles

z (2% +y?) = 2Ry?
so that it is regular at the origin.
(18) Consider the tractriz given by

R R @
J;:ﬂ:/ VE -
Y

t

dt.

(a) Show that

/P2 _ .2
r = j:(RlogW— /Rz_y2>
Y
R
= £ (Rcosh™ — —/R2—y2 ),
Y

where cosh™" : [R,00) — [0,00) is the inverse function to cosh.

(b) Show that the segment of the tangent between the curve and the z-axis
always has length R.

(¢) Show that the speed is % when we use y as the parameter.

(d) Show that it can be parametrized as

0
R <1og cot 5 ~ o8 0, sin 9> .
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(e) Show that it can also be parametrized as

sinh £ R
<x - R I; , pe ) .
cosh £ cosh £
(19) A cycloid is a planar curve that follows a point on a circle of radius R as it

rolls along a straight line without slipping.
(a) Show that

q(t) =tRe; + Rez — R(excost + e sint)

is a parametrization of a cycloid, when e, e; are orthonormal.
(b) Show that all cycloids can be parametrized to have the form

q(t) =tRe1 + Res — R (ea cost + e sint) + qq

where q (0) = qq.

(¢) Show that any such cycloid stays on one side of the line q, +tRe; and has
zero velocity cusps when it hits this line.

(d) Show that a cycloid hits the line at points that are 2w R apart.

1.3. Curvature

We saw that arclength measures how far a curve is from being stationary. Our
preliminary concept of curvature is that it should measure how far a curve is from
being a line. For a planar curve the idea used to be to find a circle that best
approximates the curve at a point (just like a tangent line is the line that best
approximates the curve). The radius of this circle then gives a measure of how the
curve bends with larger radius implying less bending. Huygens did quite a lot to
clarify this idea for fairly general curves using purely geometric considerations (no
calculus) and applied it to the study of involutes and evolutes. Newton seems to
have been the first to take the reciprocal of this radius to create curvature as we
now define it. He also generated some of the formulas in both Cartesian and polar
coordinates that are still in use today.

To formalize the idea of how a curve deviates from being a line we define the
unit tangent vector of a regular curve q(t) : [a,b] — RF as the direction T of the
velocity:

Cd— T = ds T
v=g=WT= pr
When the unit tangent vector T = v /|v| is stationary, then the curve is evidently
a straight line. So the degree to which the unit tangent is stationary is a measure
of how fast it changes and in turn how far the curve is from being a line. We let
6 be the arclength parameter for T. The relative change between the arclength
parameters for the unit tangent and the curve is by definition the curvature

_dy
=1
For a general parametrization we can use the chain rule to obtain the formula
_dtdo
K=

We shall see that the curvature is related to the part of the acceleration that is
orthogonal to the unit tangent vector. Note that x > 0 as 6 increases with s.

K
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PRrROPOSITION 1.3.1. A regular curve is part of a line if and only if its curvature
vanishes.

PROOF. The unit tangent of a line is clearly stationary. Conversely if the
curvature vanishes, then the unit tangent is stationary. This means that when the
curve is parametrized by arclength, then it will be a straight line. O

PROPOSITION 1.3.2. If F : R¥ — RF is of the form F (x) = Ox + ¢, where O
is an orthogonal transformation and c € R* and q a regular curve, then q* = F (q)
has unit tangent given by T* = O'T and curvature K* = k.

PROOF. As in proposition we use that DF = O. The chain rule then
shows that
vi=0v, a*"=0a.

This shows that

vl oV I vl

We can now use proposition [[.2.5] again to see that q and q* have the same
arclength parameter. Similarly, T and T have the same arclength parameter. Thus
K=K O

Next we show how the curvature can be calculated for a general parametrization
using the velocity and acceleration.

PRrROPOSITION 1.3.3. The curvature of a regular curve is given by
v[la—(a|T)T|
Iv[®

area of parallelogram (v, a)
3 .

v
PRrROOF. We calculate

do

ds
de dt

dt ds
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The area of the parallelogram spanned by v and a is given by the product of the
length of the base represented by v and the height represented by the component
of a that is normal to the base, i.e., a— (a-T)T. Thus we obtain the formula

[vlla—(a|T)T]|

[v[?

area of parallelogram (v, a)
3 .

vl
O

REMARK 1.3.4. For 3-dimensional curves the curvature can also be written as

_|vxal

T
vl
Further note that when the unit tangent vector is regular it too has a unit
tangent vector called the normal N to the curve. Specifically

dT
— =N.
de

The unit normal is the unit tangent to the unit tangent. This vector is in fact
perpendicular to T as

AT dT\
O—da_2(T|d6)_2(TN).

This normal vector is also called the principal normal for ¢, when the curve is a
space curve, as there are also other vectors that are normal to the curve in that
case. The line through a point on a curve in the direction of the principal normal
is called the principal normal line.
In terms of the arclength parameter s for q we obtain
dT dodT _
ds ds df

dT dN
H_(ds|N)__(Tds>’

where the last equality follows from

PROPOSITION 1.3.5. For a regular curve we have

v=(|T)T=|v|T,

kN

and

a=(a|T)T+(a|N)N=(a|T)T+k|v]>N,
and
No 2™ (a|T)T .
la—(a|T)T|
Thus the unit normal is the direction of the part of the acceleration that is
perpendicular to the velocity.
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PrOOF. The first formula follows directly from the definition of the unit tan-
gent. For the second we note that

dv
YT
_d(vT)
dt
d|v] dT
= <dtT+|V|dt>
_ (v]a) dsdfdT
= v MGG

= (a|T)T+|vf°kN.

This shows that a is a linear combination of T, N and establishes the formula. The
last formula follows by isolating N in the formula for a and using the formula for x:
~a—(@|T)T  a—(a|T)T

e Ja—(a|T)T

To get a more geometric feel for curvature we have the following result.

PROPOSITION 1.3.6. Consider a regular curve q (t) : (a,b) = R™. If|q(t)] < R
for all t and |q (to)| = R, then k (to) > +.

PrROOF. Assume that the curve is unit speed. By assumption the function
¢ (t) = |q (¢)]* has a maximum at ¢y thus

0="2 (1) =2(alto) | 4 (t0)
and P2
0> T2 (t0) =2(alto) | t0)) + 2 10)
Thus

L= 1d(to)|* < —al(to) | &(to) < la(to)l i (o) = R (to)] .
As the curve is unit speed we also have k (t) = |q (to)|. This proves the claim. O

DEFINITION 1.3.7. An involute of a curve ¢ (t) is a curve g* (¢) that lies on the
corresponding tangent lines to q (¢) and intersects these tangent lines orthogonally.

We can always construct involutes to regular curves. First of all
q" () =q@)+u()T()

as it is forced to lie on the tangent lines to q. Secondly, the velocity v* must be
parallel to N. Since

dq* dq du ds ds du ds
d + ET—HMEN = %T+ET+W&%N
this forces us to select u so that
du  ds
dt — dt’

Thus
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where s is any arclength parametrization of q. Note that s is only determined up
to a constant so we always get infinitely many involutes to a given curve.

ExampPLE 1.3.8. If we strip a length of masking tape glued to a curve keeping
it taut while doing so, then the end of the tape will trace an involute.

Assume that the original curve is a unit speed curve q(s). The process of
stripping the tape from the curve forces the endpoint of the tape to have an equation
of the form

q" (s) = a(s) +u(s) T (s)
since for each value of s the tape has two parts, the first being the curve up to q(s)

and the second the line segment from q (s) to q(s) +u (s) T (s). The length of this
is up to a constant given by

s+u(s).
As the piece of tape doesn’t change length this is constant. This shows that u = c—s
for some constant ¢ and thus that the curve is an involute.

ExXAMPLE 1.3.9. Huygens designed pendulums using involutes. His idea was to
take two planar convex curves that are mirror images of each other in the y-axis and
are tangent to the y-axis with the unit tangent at this cusp pointing downwards.
Suspend a string from this cusp point of length L with a metal disc attached at the
bottom end to keep the string taut. Now displace the metal disc horizontally and
release it. Gravity will then force the disc to swing back and forth. The trajectory
will depend on the shape of the chosen convex curve and will be an involute of that
curve.

Huygens was interested in creating a pendulum with the property that its
period does not depend on the amplitude of the swing. Thus the period will remain
constant even though the pendulum slows down with time. A curve with this
property is called tautochronic and Huygens showed that it has to be a cycloid that
looks like

R (sint,cost) + R (t,0).

The involute is also a cycloid (see also exercises below).

EXAMPLE 1.3.10. Consider the unit circle q (s) = (cos s, sin s). This parametriza-
tion is by arclength so we obtain the involutes

q" (s) = (cos s,sins) + (¢ — s) (—sin s, cos s) .

In polar coordinates we have

r(s) =la" ()] = /14 (c—9)".
When ¢ = 0 we see that r increases with s and that the involute looks like a spiral.

DEFINITION 1.3.11. An evolute of a curve q(t) is a curve q* (¢) such that the
tangent lines to q* are orthogonal to q at corresponding values of ¢t. Thus q* (¢) lies
on the normal line to q that goes through q (¢) and has velocity that is tangent to
this normal line.

REMARK 1.3.12. Note that if q* is an involute to ¢, then conversely q is an
evolute to q*. It is however quite complicated to construct evolutes in general, but,
as we shall see, there are formulas for both planar and space curves.
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Evolutes must look like

qQ"(t)=q@)+ V),
where V | T = 0 and also have the property that

dq* dq dV
(7T — (|22 4+ 2%
0 < | dt > ( | dt * dt)’

dV ds
T|— ) =——.
( | dt) dt

which is equivalent to

Exercises

(1) Show that a regular curve is part of a line if all its tangent lines pass through
a fixed point c. Hint: Show that T = i|g:2\’ differentiate this equation, and
show that x = 0.

(2) Consider a regular curve q(t) with arclength parameter s. Show that if T is
regular at tg, then

100 0 (o)
t—to arccos (T (t) | T (to))
and
T(t)| T
i (o) = lim arccos (T (t) | T (t0))
=t [s(t) — s (to)
Hint: Use exercise [ from section [.2]
(3) Show that for vectors v,w € R™ we have
area of parallelogram (v, w) = \/|v|2 lw? = (v | w)?

|v] |w]| sin £ (v, w) .

(4) Show that the curvature of a planar circle of radius R is % by parametrizing
this curve in the following way q (t) = R (cost,sint) + c.
(5) Find the curvature for the twisted cubic

q(t) = (t,*,t%).
(6) Let q(t) be a regular curve with positive curvature. Define two vector fields
whose integral curves are involutes to q.
(7) Calculate the speed and curvature of the scaled curve Rq(t), R # 0, in terms
of the speed and curvature of q ().
(8) Given ¢ > 0 find a regular curve q(¢) : (a,b) = R™ with |q(¢)] > R for all ¢,
la(to)| = R, and £ (to) = c.
(9) If a curve in R? is given as a graph y = f (z) show that the curvature is given
-

by
I
(1+m?)

(10) Let q(t) =r(t) (cost,sint) = re,. Show that the speed is given by

2
(c;:) =72 472

KR =
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and the curvature

2 (27'“2 +r2 — TT’)Q
(72 + T2)3
(11) Let q(t) : I — R3 be a regular curve with speed % =
arclength parameter. Prove that

\/d2q d2q _(d2s 2
dt? dt? (dtQ)
2
(%)

(12) Compute the curvature of the logarithmic spiral

dq

G |» where s is the

ae (cost,sint) = r (t) e, t.
(13) Compute the curvature of the spiral of Archimedes:
(a+ bt) (cost,sint) =r(t) e, (¢).

(14) Consider the tractrix from section [1.2] exercise
(a) Show that the curvature is k = - ——42— = L tan6.

R /rRy2 R
(b) Show that the tractrix is the involute of y = Rcosh & with ¢ = 0.
(15) (Huygens, 1673) Consider the cycloid

q(t) = R(t+sint, 1 + cost)

(see also sectionexercise and note that this cycloid comes with a different
parametrization and initial position).
(a) Show that the speed satisfies

2

d
41— op2 (14 cost) =2

2
sin“t

R2

dt

1—cost

(b) Show that the arclength parameter s with initial value s (0) = 0 satisfies
5?2 = 8R?* (1 — cost).
(¢) Show that the curvature satisfies
P —
8R? (1 + cost)
(d) Show that for a general cycloid
q(t) =tRe1 + Rea — R (egcost + ersint) + q
it is always possible to find a € R such that

1
(s —a)* + — = 16R”.
(e) Show a = 4R for the cycloid
q(t) = R(t —sint,1 — cost)

if we assume that s (0) = 0.
(16) Show that the involute to a straight line is a point.
(17) Show that a planar circle has its center as an evolute.
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(18) The circular helix is given by
q(t) = R(cost,sint,0) + h(0,0,t) = Re, + hes,

where we use e, = (cost,sint,0) and e3 = (0,0,1). Reparametrize this curve
to be unit speed and show that its involutes lie in planes given by z = ¢ for
some constant c.

(19) Let q(s) be a planar unit speed curve with positive curvature. Show that the
curvature of the involute

q"(s) = a(s) + (L —s)T(s)

satisfies
5 1

"L =]

and compute the evolute of q*.
(20) For a regular curve q(t) : I — R™ we say that a field X is parallel along q if

X|T=0and ‘% is parallel to T, i.e.,

dX dX dT
— =(—|T)T=-(—|X]|T.
= (@)= %)
(a) Show that for a fixed to and X (tg) L T (sg) there is a unique parallel field
X that has the value X (¢g) at to.
(b) Show that if X; and X5 are both parallel along ¢, then X; | X is constant.

(¢) A Bishop frame consists of an orthonormal frame T, N1, Ny, ...,N,_; along
the curve so that all N; are parallel along q. For such a frame show that

d
%[T Ny Ny -+ Ny_g |
0 K1 Ko Kn—1
J —K1 0 0 0
= i[T Ny Ny -+ Ny | —ky 0 0 - 0
kp1 O 0 - 0

Note that such frames always exist, even when the curve doesn’t have
positive curvature everywhere.

(d) Show further for such a frame that

K2 Zlﬁ%—l—/i%—i--'--i-liiil.

The collection (k1, k2, ..., kn—1) can in turn be thought of as a curve going
into R”~! and be investigated for higher order behavior of . When & > 0
one generally divides this curve by x and considers the spherical curve into
Ssn=2,

(e) Give an example of a closed space curve where the parallel fields don’t close
up.

1.4. Integral Curves

In this section we try to understand the curvature of curves that are solutions
to differential equations. As it is rarely possible to find explicit formulas for such
solutions the goal is to use the fact that we know they exist and calculate their
curvatures using only the data that the differential equation gives us. Recall that
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curves that are solutions to equations can also be considered as solutions to differ-
ential equations. We also explain how Kepler’s laws imply Newton’s gravitational
law. This involves an interesting blend of geometry and calculus that is relevant
for other concepts that will be developed throughout the notes.

We start by considering a solution to a first order equation

dq
= — = F t .
v="1=F W)
The first observation is that the speed is given by

dq
= = |F ).
v =| %] = 17 @
The acceleration is computed using the chain rule

v _dF®) _ o (f;) — DF (F(a(1)).

dt dt

The curvature is then given by

v Ja* — (v | a)*
‘6

R (1) = .

|F (a (@)’ |DF (F (a(t)]” — (F (a(t)) | DF (F (a(1))”
|F (a ()

So if we wish to calculate the curvature for a solution that passes through a fixed
point qo at time t = tg, then we have

_ |F (@) IDE (F (@) ~ (F (q0) | DF (F ()
IF (q0)[°

This is a formula that does not require us to solve the equation.
For a second order equation

v T — (0. 5) ~ e v )

there isn’t much to compute as we now have to be given both position gg and

velocity vy at time ¢3. The curvature is given by

2,2 2
vI”la]” = (v|a)
|6

I{2 (t())

K (1)

|v
lvol” |G (q0,v0)|* = (vo | G (q0,0))*
|vo[®

However, note that we can also calculate the change in speed by observing that

divf’ _ _
=20 ]a)=2(v| G (V).

A few examples will hopefully clarify this a little better.
EXAMPLE 1.4.1. First an example where we know that the solutions are circles.

F(l’,y) = (7y,£L')
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and
[ o(zy)  O(=y) —y
DREE) = | i || )]
ox oy

So at qo = (20, yo) we have

2 2
W2 — (z3 +45) — (zoyo — xoyo)” 1
- . _
(x5 +v5) |90l

2

which agrees with our knowledge that the curvature is the reciprocal of the radius.

ExXAMPLE 1.4.2. Next we look at the second order equation

%7g>0.

—g
lal

The curvature is

2 a 2 a 2
N S I A
ke = 6
[v]
2,2 2
_ old" VI = (qlv)
=9 6,16 :
lal” v
Yielding
_area of parallelogram (q, v)
= 3.3 :
laf” [v]

So the curvature vanishes when the velocity is radial (proportional to position), this
conforms with the fact that radial lines are solutions to this equation. Otherwise all
other solutions must have nowhere vanishing curvature. In general the numerator
is constant along solutions as

910 vE @) = 26al )M+ 2l (v | o)

~2(a|v) (M + (a =)
1

= 2(q\V)IVI2—2gm(VIq)

~2(al) (W -7
— 0.

This is better known as Kepler’s second law. The triangle with constant area in
Kepler’s second law has q and v as sides. Thus its area is half the area of the
parallelogram we just calculated to be constant.
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Below we show how Kepler’s laws imply Newton’s gravitational law. This
is exactly what Newton did in Principia. He also asserted that one had unique
solutions to the initial value problems

a= _g#a q(O) = 4o, V(O) = Yo,

and then concluded that the solutions have to be conic sections as asserted by
Kepler’s laws. This will be discussed in exercises to this section. We consider the
following mathematical version of Kepler’s laws. Concretely, one might think of
the orbits being the planetary orbits around the sun or the moons around a planet
such as Jupiter.
(1) All orbits are conic sections with the origin as a focal point.
(2) A given orbit sweeps out equal areas in equal time, i.c., A2 = |q|?|v]* —
(q | v)? is constant.
(3) The ratio %—32 is the same for all elliptical orbits, where a is the major axis
and T is the period of the orbit.
To prove Newton’s law it is convenient to parametrize the Cartesian coordinates
using polar coordinates q (r, ) = (r cos 0, rsin #). We will use new notation but the
calculations are very similar to what would happen if we used e, e,. Write

() = 7 cos f _, cos 0 —re—\|i
A= psing |~ sinf | T_q|q|'

By the chain rule the velocity becomes:
v={q=re.+ 9rea.

The acceleration has the formula:

a = (
= v
= Te,+ féea + érea + éfea — r926r
= (r — réQ) e, + (TH + 27“9) €q-
We start by proving two results that only depend on the properties of one orbit.

PROPOSITION 1.4.3 (Newton). If an orbit satisfies the second law, then the
acceleration is always radial, i.e., 70 + 270 = 0 for all orbits.

PrOOF. We start by observing that

d (T2é) . )

T = 7'20 + 2’[“7"9
Next we note that the square of the area of the parallelogram spanned by the
position and velocity is
2

dq _ 452
% —7'0.

2, 2 2 )
lal* [vI" = (a | v)" = r?0?

Thus the second law implies that 26 is constant, which in turn implies that the
acceleration is radial. [
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Having shown that the acceleration is radial we can now show that it must
satisfy the inverse square law if it travels along a conic section.

LEMMA 1.4.4 (Newton). If an orbit satisfies the first and second law, then the
acceleration satisfies an inverse square law:

_ q
a=—g—s
lal
for some gravitational constant g.

PROOF. We can rotate the polar coordinates so that the equation for the orbit
is given by the equation
r (1 —ecosf) =p,
where e > 0 and p > 0 (see example [1.1.10). We let A = 720 which we know is a
constant along the orbit. Differentiating the equation for the orbit yields:

. 1 1
0=7(1—ecosf) +rbesinfd = —ip+ —Aesin6.
r r
Thus 7p = —Aesin#, and we can differentiate to obtain

.. . A2 A2
7p = —Afecosf = ) (ecosf) = o) (g - 1) .

The radial part of the acceleration is then given by

. o A2 /1 1 A? A% 1
F—rf=—|-—=-)| - —=——"=.
r2 \r p r3 p r?
This establishes the inverse square law with gravitational constant g = A?Q. O
Finally we must show that the gravitational constants g = %2 are the same for

all orbits.

PROPOSITION 1.4.5 (Newton). The gravitational constant for an elliptical orbit

satisfies
A2 a3
= =4r?—.
g D m T2

PrOOF. Recall from example [[.1.10] that we can write the equation of the

ellipse in suitable Cartesian coordinates as
ep

2
(I - 1—62) v (z —ea)® 12 _
i+ 5 =t
_D _ 1—e2
(=)

If T is the period of the ellipse, then we have the formula for the area of the ellipse:

[, 1 [r 1
ma/pa = mab = = redf = - Adt = = AT.
2 Jo 2 Jo 2

Consequently,
A? _ 472a’pa _ 471_213

D pTZ T2 !
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REMARK 1.4.6. There are similar formulas for parabolas and hyperbolas even
though they don’t have a period. Instead we can calculate the area of the region
bounded by the curve and the y-axis and relate this to the time T it takes to travel
this part of the orbit. However, it is clearly more reasonable to assume that g = ATf
is the same for all orbits. This can be tested on an orbit when only a small part
of it is known. We already understand how to find A. To find p note that a conic

section with a focus at the origin is completely determined by 3 points on the curve.

THEOREM 1.4.7 (Newton). If all orbits are conic sections with A being constant
along the orbit and A?Z being the same for all orbits, then the orbits satisfy

_ q
a=—g—s
lal
for a gravitational constant g that does not depend on the orbits.

REMARK 1.4.8. Newton took this a little further and showed that ¢ = GM,
where M is the mass of the central body (e.g., sun or Jupiter) and G is a universal
gravitational constant that is the same for all bodies.

Exercises
(1) Assume a planar curve is given as a level set F'(z,y) = ¢, where VF # 0
everywhere along the curve. We orient and parametrize the curve so that

v = (—%—5, ‘Z—i). Use the chain rule to show that the acceleration is
_9*F _8215 _9F
_ Oz a1 9
a = PF 9°F [ oF }
Ox2 dydx ox
{ ov } ]
= |—[v]-
9(z,y)
onsider the equation
(2) Consider th ti
_ q
o1

(a) Show that each solution lies in a plane. Hint: If n is a fixed vector, then

d(la) _ d(n]v) _
LY —atmlv), S =50 (0] a)

and use this to conclude that if n is perpendicular to q(¢p), v (to), then n
is perpendicular to q(t),v (¢) for all ¢.
(b) Show that the total energy
1 9, 1
E=S W -9
2 lal
is constant along solutions.
(¢) Show that the tangent line to a solution can be determined by the constants

A = |qv]sin(£(g,v)).
1 5 1

E = - —g9g—
M
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and a point on the solution. Here Z(q,v) € [—m, 7] and is positive when
v is to the left of q in a fixed orientation of the plane that contains the
solution.

(3) Consider an equation

a=f(la))q
coming from a radial force field.
(a) Show that
A? =af* [v* = (a | v)?
is constant along solutions.
(b) Show that each solution lies in a plane.
(4) Define the positive perpendicular to a planar vector as

-2

(a) Show that

det[ X X] = [X]?,
Xl = |X],
X - —x,
amY = aX+pY.
(b) Show that when X = X (t), then
dt dt’

(5) Consider planar curves in R? that satisfy the equation
_ q
a=—g—s.
1

The goal is to give a direct proof that solutions are conic sections.
(a) Show that

det[q v ]=—-(qa]¥)

and
A = o V" = (a| v)* = (a | 9)".
The quantity A = —(q | V) is called the signed area of the parallelogram
spanned by q, v.
(b) Show that the signed area A = — (q | ¥) is constant in time (see also exam-
ple . Note that this property only uses that the acceleration is radial
a=f(lal)a

(c) Use A% = |q)* |v|* = (q | v)® # 0 to show that if q | x = 0 and v | x = 0,
then x = 0. Hint: Write x = aq+5 v and take dot products with the two
vectors q, v.

(d) For q # 0 define the vector

k =

and show that A?z = la| = (a | k).
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(e) Show that k is constant and conclude that the orbit is a conic section as
in example [[.1.10] Hint: Show that
dk dk
— =0 — =0.
a dt Y
(6) Consider a curve with the property that q (¢) and q (¢) are linearly independent
for all t. Show that for any constant A2 > 0, there is a reparametrization q (s)

such that
2 dq\2 P
(o1%) -
for all s.

(7) Fix g > 0. In this exercise you'll see how Newton indicated that the solutions
to the inverse square law are conic sections. He was criticized for not solving
the equations directly.

(a) Show that any conic section that is an ellipse, parabola, or hyperbola with
2 2
- (q | %) =pg.
(b) Show that any conic section can be parametrized so that it solves

_ q
a = —973
lal

dq

2
lal” |

focus at the origin can be parametrized so that |q|2 %

(c) Show that for each set of initial values q(0) and v (0), there is a conic

section with these initial values that solves

. q
= —973.
[¢]



CHAPTER 2

Planar Curves

2.1. The Fundamental Equations

Our approach to planar curves follows very closely the concepts that we shall
use for space curves. This is certainly not the way the subject developed historically,
but it has shown itself to be a very useful and general strategy.

For a planar regular curve ¢ (t) : [a,b] — R? we have as for general curves

Instead of the choice of normal that depended on the acceleration (see section
we select an oriented normal N such that T and N are positively oriented, i.e.,
if T = (a,b), then N1 = (—b,a). This orientation is set up so that N1 points to
the left when facing in the direction of T. Note that N4 can be either N or — N.

DEFINITION 2.1.1. The signed curvature is defined by

dT

PROPOSITION 2.1.2. If F: R? — R2 is of the form F (x) = Ox +c, where O is
an orthogonal transformation, ¢ € R?, and q a reqular curve, then q* = F (q) has

unit tangent given by T* = O'T, signed normal N = (det O) ONy and curvature
kL = (det O) ky.

PROOF. We saw in proposition that T* = OT. When det O = 1, then
O preserves the orientation of being on the lefthand side, so N} = O Ny. While if
det O = —1, then N} = —O Ny as this transformation reverses left and right. We
can now also calculate the curvature:

K% = (det O) (ON | di;) = (det O) (N | ‘fg) = (det O) .

O

PROPOSITION 2.1.3. The signed curvature can be calculated using the formula

signed area of parallelogram (v,a)  det [ v a }
3 = 3 :

R4+ =

vl vl

38
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THEOREM 2.1.4. (Euler, 1736) The fundamental equations that govern planar
curves are

dq ds

22— 27

dt dt

dT ds

il =N

dt T

ANy dT _dq
a o T T a

Moreover, given an initial position q(0) and unit direction T (0) the curve q(t) is
uniquely determined by its speed and signed curvature.

PRroOOF. The first two equations follow from our definitions. The last equation
comes from observing that

ANy (dNi T)T+ (dNi INj:)

dt
dN4
— | T T
(dt ) 2dt||
as |T| =1 and

0- v T - (TEIT)+ (xa 1 9T) - (G 1T) + e

For fixed speed and signed curvature functions these equations form a differential
equation that has a unique solution given the initial values q (0), T (0) and N4 (0).
The normal vector is determined by the unit tangent so we have all of that data. [

where

Geometrically we say that the planar curve q(t) is determined by the planar
curve (%wi). If it is possible to find the arc-length parametrization, then the
data (s (t), k< (t)) can equally well be used to describe the geometry of a planar
curve. A more explicit relationship between a curve and its curvature can be found
in exercise [@in this section.

We offer a combined characterization of lines and circles as the curves that are
horizontal lines in (s, x4 ) coordinates, i.e., they have constant curvature.

THEOREM 2.1.5. A planar curve is part of a line if and only if its signed
curvature vanishes. A planar curve is part of a circle if and only if its signed
curvature is non-zero and constant.

PROOF. If the curvature vanishes, then we already know that it has to be a
straight line.
If the curve is a circle of radius R with center ¢, then

la(s) —c|* = R2.
Differentiating this yields
(Tla(s) —c)=0.
Thus the unit tangent is perpendicular to the radius vector q (s) —c. Differentiating
again yields
+ (Nt [q(s) —¢)+1=0.
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However, the normal and radius vectors must be parallel so their inner product is
+R. This shows that the curvature is constant. We also obtain the equation
1
gq=c——Ny.
Kt

This indicates that, if a curve has constant curvature, then we should attempt
to show that

1
c=q+— N4
Kt
is constant. Since x4 is constant the derivative of this curve is
dc 1
— =T+—(—k+T)=0.
7 . (—r+T)
So ¢ is constant and

L |
2

2 1
el = | NL| =
() - off = | e =

thus showing that q is a circle of radius ITli\ centered at c. (Il

PROPOSITION 2.1.6. The evolute of a reqular planar curve q(t) with non-zero
curvature is given by

1 1
4" =q+—Ni=q+-N.
R+ K

Proor. This follows from remark [[.3.12] and

dg* dg 1 dq d (1 d (1
=8 (e S S ()N = S ()N,
at  dt +/<ci( ) T A\ s ) N T @ el )

Exercises

(1) Compute the signed curvature of q () = (¢,¢*) and show that it vanishes at
t = 0, is negative for ¢t < 0, and positive for ¢ > 0.

(2) Let q(s) = (x(s),y(s)) : [0,L] — R? be a unit speed planar curve with signed
curvature k4 (s) and q* (s) = x (s) f1 + y (s) f2 +x another planar curve where
f1, f2 is a positively oriented orthonormal basis and x a point.

(a) Show that q* is a unit speed curve with curvature % (s) = k4 (s).
(b) Show that a planar unit speed curve with the same curvature as q is of the
form q*.
(3) Compute the signed curvature of the logarithmic spiral

ae’ (cost,sint) = ae’le, (t).
(4) Compute the signed curvature of the spiral of Archimedes:
(a + bt) (cost,sint) = (a + bt) e, (1).
(5) Show that if a planar unit speed curve q(s) satisfies:
1

es+ f
for constants e, f > 0, then it is a logarithmic spiral.

Ky (8) =



(6)

(7)
(8)

(13)
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Show that a planar curve is part of a circle if all its normal lines pass through
a fixed point.
d dT
Show that ki 97 = det [ T % ]
Show that

o= ([feo ()t [Fsn () ) = [ () e

is parametrized by arclength and that k4 (t) = t.
Show that

ae = ( cos (o), [ sin(6 () du) = [ (0w)) du

S0 S0

is a unit speed curve with kL = %.

Let q (t) = r (t) (cost,sint) = r (t) e, (t). Show that the speed satisfies

2
(&) e

272 + 72 — it
Ky = ————g—
(7:.2 + ’f‘2) 2
Parametrize the curve (1 — x2) 22 = y? in this way and compute its curvature.

Note that such a parametrization won’t be valid for all ¢.
For a planar unit speed curve q(s) consider the parallel curve

and the curvature

qe =q+eNy
for some fixed e.
(a) Show that this curve is regular as long as ekt # 1.
(b) Show that the curvature is
Kt
1 —ers]|
If a curve in R? is given as a graph y = f (z) show that the curvature is given
by

f//
hp = ——.
2
(1+ ()
Assume a planar curve is given as a level set F'(z,y) = ¢ where VF # 0
everywhere along the curve. We orient and parametrize the curve so that
v = (=2 oF
- dy’ ox J°
(a) Show that the signed normal is given by
VF
Ni=—-——=.
cIvE
(b) Use the chain rule to show that the acceleration is
_9*F 762}2«“ __9F
v | B || ]
ox? dyOx Ox

= Joe]



(14)

(15)

(16)

(17)
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(¢) Show that

1 oF oF _5’;‘ 25 _%21; ~ o
_ _OF _ OF 1 1 0
T VFS[ o ]| { 4 ]
| | Ox2 Oyox oz
1 *F  9°F __OF
— __OF OF Ox? Oz dy F)
3 oy oz 9% F 9%F aly
|VF| Oz 0y Dy ox
3*F 9%°F  9F
1 Ox? Oyozx ox
= ——_det| 2F 321; oF
VE[? T
Oz By
(Jerrard, 1961) With notation as in the previous exercise show that
VF
Ky = dive——
IVE|
Compute the curvature of (1 — :102) 22 = y? at the points where the above

formula works. What can you say about the curvature at the origin where the
curve intersects itself.

Consider a unit speed curve q. Show that if x4 (tg) = 0 and &/, (tp) # 0, then
the curve crosses the tangent line at ¢, i.e., the curve has an inflection point.
Hint: Calculate the first three derivatives of f (s) = (q(s) | N+ (¢o)).

Consider a unit speed curve q. Show that if x4 (t9) # 0 and &/ (t9) # 0, then
the curve crosses the osculating circle, i.e., the circle that at ¢y has the same
unit tangent and signed curvature. Thus the curve is on the inside on one side
and the outside on the other. Hint: Calculate the first three derivatives of
£ (s) = |a(s) — c[>, where ¢ is the center of the circle.

Compute the curvature of the cissoid of Diocles x (x2 + y2) = 2Ry>.

Compute the curvature of the conchoid of Nicomedes (x2 + y2) (y — b)2— R%y? =
0.

Consider a unit speed curve q(s) with non-vanishing curvature and use the
notation % = f’. Show that q satisfies the third order equation

/
///_qu//+ﬁiq/:0-
Kt

Show that the curvature of the evolute q* of a unit speed curve g (s) satisfies

L _1d (1
KL 2ds \k%)’

(Huygens, 1673) Counsider the cycloid
q(t) = R(t+sint, 1+ cost) = R(t,1) + Re,.

It traces a point on a circle of radius R that rolls along the xz-axis. Any curve
that is constructed by tracing a point on a circle rolling along a line is called a

cycloid (see also section exercise .
(a) Show that the signed curvature is given by

-1

R+ = .
2R+/2 (14 cost)

(b) Show that the evolute is also a cycloid.
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(¢) Show that any curve that satisfies
1
2 2
s—a)"+— =16R
(s —a)* +
for a constant a € R is a cycloid. In other words cycloids are circles centered

on the first axis in (s, é) coordinates.

(d) Show that any cycloid is the involute of a cycloid.
(23) (Newton, 1671 and Huygens, 1673) Consider a regular planar curve q (t) with
k4 (to) # 0. Let [ (t) denote the normal line to q at q (¢).
(a) Show that I (¢) and [ (o) are not parallel for ¢ near ¢.
(b) Let x(t) denote the intersection of [ (¢t) and I (¢p). Show that lim;_,¢, x (¢)
exists and denote this limit ¢ (¢o).
(c¢) Show that
1
(eto) =alto) N (t0) = —.
Note that the left hand side is the signed distance from c(tg) to q(to)

_1

along the normal through q(¢g9). The circle of radius ‘Ni( ) centered at

¢ (to) is the circle that best approximates the curve at q (o), it is called the
osculating circle.
(d) Show that the curve c () is the evolute of q ().
(24) Find the evolute of y = 22 and show that when x = 0 it is tangent to y-axis.
(25) Find the evolute of y = 2® and show that it is asymptotic to the y-axis as
x — 0%, )
(26) Show that the evolute of y? = 2px is 27py? = 8 (v — p)s.
2 2
(27) Show that evolute of the astroid (see also section exercise |z|® +]y|® =1
2 2
is the astroid |z + y|3 + |z —y|3 = 2.
(28) Show that the evolute of the ellipse (a cost, bsint) is the astroid (“2;b2 cos® t, b2g“2 sin® t) .

(29) (Newton, 1671, but the idea is much older for specific curves. Kepler considered
it well-known.) Consider a regular planar curve ¢ (¢). For 3 “consecutive” values
t—e < t < t+elet c(t,€) denote the center of the unique circle that goes through
the three points q (t —€), q(t), q(t +€) with ¢ (¢,€) = oo if the points lie on
a line.

(a) Show that c (¢, ¢) is the point of intersection between the two normal lines
to the segments between q (¢) and q (¢ & €) that pass through the midpoint
of these segments.

(b) Show that q(t —€), q(¢t), q (¢ + €) do not lie on a line for small € if k4 () #
0.

(¢) Show that ¢ (¢,€) lies on the normal line through some point q (o) where
to € (t —¢,t+e€). Hint: Show that there is a point q(ty) on the curve
closest to c(t,€) for some ¢ty € (t —¢,t+¢) and use that as the desired
point.

(d) Show that

lim (e (t,¢) —q(t)) = lim (c(t,€) —a(to)) = kit (t)

Ny (¢).
(30) (Normal curves) Consider a family of lines in the (x,y)-plane parametrized by
t:

F(zy,t)=at)z+b(t)y+c(t) =0.
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A normal curve or envelope to this family is a curve (x (t),y (t)) such that its
tangent lines are precisely the lines of this family.
(a) Show that such a curve exists and can be determined by the equations:

F=a®)z+bt)y+c(t) = 0,
%—f:a(t)xﬂ}(t)wc‘(t) = 0,

when the Wronskian
a b

(b) Show that for fixed z, yo the number of solutions or roots to the equation
F (20,yo0,t) = 0 corresponds to the number of tangent lines to the normal
curve that pass through (zo, yo).

(¢) Consider the cases where a =1,b=t,¢c=1t", n=2,3,4,...

(i) Show that the normal curve satisfies:

D=(-1)"(n—-1)""y"—n"2" 1 =0,

here D is the discriminant of the equation.

(ii) Determine the number of roots in relation to how (z,yo) is placed
relative to the normal curve.

(iii) Show that roots with multiplicity only occur when (xq, o) is on the
normal curve.

2.2. The Rotation Index
We now turn to a more geometric interpretation of the signed curvature.

THEOREM 2.2.1. For a reqular curve the angle between the unit tangent and
the x-axis is an anti-derivative of the signed curvature with respect to arclength.

PrOOF. We start with an analysis of the problem. Assume that we have a
parametrization of the unit tangent by using the angle to the first axis (we don’t
know yet that it is possible to select such a parametrization):

T(t) = (cosf(t),sind(t))=e.(0(t)),

Ni(t) = (—sinf(t),cos0(t)) =eq(0(1)).
In this case
ds o\, _dT _do
atENET T T @

So we should be able to declare that 6 is an antiderivative of %l-@i. Note that as long
as the signed curvature is non-negative this is consistent with the interpretation of
0 as an arclength parameter for T.

To verify that such a choice works, define

b ds
0(t1) = 6o+ / Elﬁidt, where
T (a) (cos B, sin by)
and consider the orthonormal unit fields
e, = (cosf(t),sind(t))

ea = (—sinf(t),cosb(1)).
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They are clearly related by

= fe,.

dt
If we can show that (T |e,) = 1, then it follows that T = e,. Our choice of 6
forces the dot product to be 1 at ¢ = a. To show that it is constant we show that
the derivative vanishes

d dT de,
Grle) = (Gle)+(t1%)
ds .
e (Ne e (T )
ds
= B (Ve e+ (T )

where the last equality follows by noting that if T = (a,b), then N4 (—b,a) so
(Nt |er)+ (T | eq) = —bcos+asin+ — asin+bcos = 0.

In other words, the two inner products define complementary angles. ([l

DEFINITION 2.2.2. The total curvature of a curve q : [a,b] — R? is defined as

b
ds
/a Hiadt.

When we reparametrize the curve by arclength this simplifies to

L
/ Kds.
0

The total curvature measures the total change in the tangent since the curvature
measures the infinitesimal change of the tangent.

The ancient Greeks actually used a similar idea to calculate the angle sum in
a convex polygon. Specifically, the sum of the exterior angles in a polygon adds up
to 2. This is because we can imagine the tangent line at each vertex jumping from
one side to the next and while turning measuring the angle it is turning. When
we return to the side we started with we have completed a full circle. When the
polygon has n vertices this gives us the formula (n — 2) 7 for the sum of the interior
angles.

A similar result holds for closed planar curves as T (a) = T (b) for such a curve.

PROPOSITION 2.2.3. The total curvature of a planar closed curve is an integer
multiple of 2.

The integer is called the rotation index of the curve:

. 1 [* ds
Zq:% Kziadt.

We can more generally define the winding number of a closed unit speed curve
t: [a,b] — S' C R%. Being closed now simply means that t (a) = t (b). The idea is
to measure the number of times such a curve winds or rotates around the circle. The
specific formula is very similar. First construct the positively oriented normal n (¢)
to t(t), i.e. the unit vector perpendicular to t (t) such that det [ t(¢) n(t) | =1
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and then check the change of t against n. Note that as t is a unit vector its derivative
is proportional to n. The winding number is given by

w—i b@ndt
CToor ), \at '

lqg = WT-

With this definition

PROPOSITION 2.2.4. The winding number of a closed unit speed curve is an
integer. Moreover, it doesn’t change under small changes in t.

PROOF. The results holds for all continuous curves, but as we’ve used deriva-
tives to define the winding number we have to assume that it is smooth. However,
the proof works equally well if we assume that the curve is piecewise smooth.

AS above deﬁne
to dt +
0 (tO) 60 / (:Zt | Il) d )

t (a) = (cos by, sinby) .
We can now use the same argument to conclude that
t(t) = (cos B (t),sinb (t)) .

where

Consequently,

Wy

dt
So when the curve is closed it follows that 0 (b) = 6 (a) + 27n for some n € Z and
that wy = n is an integer.

Next suppose that we have two unit speed curves tq,ts parametrized on the
same interval [a, b] such that

1 b(dt )dtze(b)—G(a).

= — — |n
2r J, 2

|t17t2|§6<2.

If in addition their derivatives are also close and bounded then it is not hard to
see directly that the winding numbers are close. However, as they are integers, the
only way in which they can be close is if they agree.

To prove the result without assumptions about derivatives we start with the
crucial observation that if

|91 — 02| <m,
then
|01 — 02] < g [(cosfy,sin b)) — (cos Oz,sinbs)] .

In other words, if the difference in angles between two points on the circle is less
that 7 then the difference in angles is bounded by a uniform multiple of the chord
length between the points.

Now assume that we have

t1(t) = (cosb(t),siné, (¢)),
ta(t) = (cosbs(t),sinbs (t)),
with
101 (a) — 02 (a)] <,
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then we claim that -
101 (t) = 02 ()] < 5 [t (t) — t2 (2)]

for all ¢.

We know the claim holds for ¢ = a and as all the functions are continuous
the set of parameters t that satisfy this condition is open (it is a strict inequality).
Next we can show that this set is also closed. To see this assume that the inequality
holds for t,, and that ¢,, — t. We have

0 T
101 (t) — 02 (tn)] < 9 [t1 (tn) — t2 (tn)] < 5@
so it follows from continuity that
101 () — 6 ()] < ge <.

This shows that -
101 (t) = 02 (1)] < 5 [t2 () — t2 (¢)] -

It now follows that

|we, —wy,| < % (01 (b) — 01 (a)) — (62 (b) — 02 (a))]
< o (61 () — 62 () — (B2 (a) — 02 (@)
< o 61 ()~ 6 ()] + 5 |81 (a) — 6 (a)]
< %6 < 1.
This shows that the winding numbers are equal. (I

The next theorem is often called the Umlaufsatz (going around theorem). It is
universally credited to H. Hopf, however, the name and theorem is due to A. Os-
trowski. Ostrowski’s papers were in fact published in the same journal in the same
year as Hopf’s paper. Hopf’s proof was meant as a shorter more elegant version
of Ostrowski’s far longer version. Ostrowski himself also refers to the theorem as
Rolle’s theorem.

THEOREM 2.2.5 (Ostrowski, 1935). A simple closed curve has rotation index
+1.

PRrROOF. (Hopf, 1935) We assume that we have a simple closed curve q(s) :
[0,1] — R? that is parametrized by arclength. Moreover, after possibly rotating
and translating the curve we’ll assume that q(0) = (0,0), T (0) = (£1,0), and
y(s) > 0 for all s. The idea is to create a family of unit vectors on a triangle where
0<s<t<l.

T (s) s=t,
T (s,t) =< —T(0) s=0,t=1,

t)—q(s
% for all other s < t.

Since the curve is simple, closed, and smooth this is a well-defined function whose
values are aways unit vectors. If we select any simple path in this triangle that
passes from (0, 0) to (I,1) then T will wind around the unit circle and end up where
it began as T (0,0) = T (I,1). Moreover, if we make a slight change in this path
it will wind around the same number of times. Along the diagonal the number of
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windings is the rotation index of the curve. However, if we move up the y-axis and

then along the upper edge of the triangle, then we are first following T (0,¢) = ‘EE&

and then T (s,l) = %. Assume that T (0) = (1,0), then T (0,¢) rotates
precisely 7 from right to left while it points upwards as q lies in the upper half
plane, and T (s, 1) rotates 7 from left to right while pointing downwards. Thus this
rotation is precisely 27. This shows that q also has rotation index 1. When instead

T (0) = (—1,0) the rotation index is —1. O

DEFINITION 2.2.6. The total absolute curvature is defined as

/H*dt /|Iii|fdt

Exercises

(1) Let q(t) = r(t) (cos (nt),sin (nt)) where is t € [0,27], n € Z, and 7 () > 0 is
27m-periodic. Show that iq = n, by showing that its unit tangent has the same
winding number as the curve (—sin (nt) , cos (nt)).

(2) Draw a picture of the curve (1 — :cz) 22 = 2. Use this to show that the index
is zero and that the total absolute curvature is > 2.

(3) Let q(s) : [0, L] — R? be a closed planar curve parametrized by arclength and
consider the parallel curves q, (s) = q(s) — eN (s).
(a) Show that % =1+ ek, where s, is the arclength parameter for q,.
(b) Show that L (q.) = L (q) + €27iq.
(¢) When q is simple and runs counterclockwise show that the area A, enclosed

by q. is related the the area A enclosed by q by

A, = A+ €L+ ém.

Hint: Use Green’s theorem as in exercise [[2] from section 2.3
(4) Let q(s) : [0, L] — R? be a unit speed curve that is piecewise smooth, i.e., the
domain can be subdivided

0=a1<a2<-~-<ak+1:L

such that the curve is smooth on each interval [a;,a;+1], ¢ = 1,...,k. The
exterior angle 0; € [—m, x| at a; is defined by

costy = (T(a;)|T(a))),
sinf;, = (Ni (ai_) | T (a;")) J
where
dq q(aiih)—Q(ai)

T (a-i) =

K2

2ot (@) = Jimy Th

and N defined as the corresponding signed normal.
(a) If q is closed show that

L k
K4ds + 0; =i 27
JRCEEED SRR

=1

for some iq € Z.
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(b) If q is both closed and simple show that ¢, = 1. Hint: For each ¢ replace
q on some small interval [a; — €, a; + €] with a smooth curve q* such that

aite a;te
/ Kkids* =0, +/ Kids.
a;—€ a;—¢€

(c) Show that the sum of the exterior angles in a polygon is 2 if the polygon
is oriented appropriately.

Let

q(t) = (1 +acost) (cost,sint), t € [0, 27].

(a) Show that this is a simple curve when |a| < 1 and intersects it self once
when |a| > 1. Hint: Show that if » (¢) > 0, then r (¢) (cost,sint) defines a
simple curve. When 7 (¢) changes sign investigate what happens when it
vanishes.

(b) Show that

dﬂ_l a(a+ cost)
dt 1+ a2+ 2acost
and conclude that

/27r a(a+ cost) g — 0 Jal <1,
o l+a2+2acost  |2r |a| > 1.
Show that any closed planar curve satisfies

b
ds
—dt > 27.
[ o

Show that by selecting a very flat oo shape where the tangents at the intersec-
tion are close to the z-axis we obtain examples with rotation index 0 and total
absolute curvature close to 2.
Let q : [0,L] — R? be a closed curve parametrized by arclength. Show that
if fOL kds = 2w, then k4 cannot change sign and the rotation index is +1. In
section 2.4 we will show that this implies that the curve is simple as well. Hint:
Show that for a general curve |iq| < % fOL kds with equality only when xk = k4
or Kk = —k4 everywhere.
Let q(t), t € [a,b] be a regular planar curve and 6 (¢) € [0y, 0] an arclength
parameter for T. Define v (t) as the distance from the origin to the tangent line
through q (¢).
(a) Show that
v(t) =—(a(t) [ Nx ().

(b) Show by an example (e.g., a straight line) that q is not necessarily a function

of 6.
(c) Define the curve

. dv dv . .
q*(0) = @T—vNi =2 (cosf,sinf) — v (—siné, cosd)

and show that

dq* d?v
d6?

20—\, —|—v) (cosf,sinf) .

(d) Show that when g* is a regular curve then it is a reparametrization of q.
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(e) Under that assumption show further that

Pt
YT T
0,
L(q):/ v (0) do.
0o

2.3. Three Interesting Results

In this section we establish three interesting results for closed planar curves.
The only result that will be used again from time to time is the Jordan curve

theorem 2.3.11

THEOREM 2.3.1 (Jordan Curve Theorem). A simple, closed planar curve di-
vides the plane into two regions one that is bounded and one that is unbounded.

2.3.1. The Four Vertex Theorem.

DEFINITION 2.3.2. A wvertex of a curve is a point on the curve where the cur-
vature has a local maximum or a local minimum.

THEOREM 2.3.3 (Mukhopadhyaya, 1909 and Kneser, 1912). A simple closed
curve has at least 4 vertices.

We start with the following observation.

PROPOSITION 2.3.4. If a curve q s tangent to a circle with their unit tangents
being the same and lies inside (resp. outside) the circle, then its curvature is larger
(resp. smaller) than or equal to the curvature of the circle at the points where they
are tangent.

PROOF. Compare also proposition[I:3.6]for the case when the curve q is tangent

to the circle of radius R centered at ¢ at s = sg and satisfies
2 2
lq(s) —c|” < R* and |q(so) —c|” = R%.

Here we focus on the case where the curve lies outside the circle as it is unique
to planar curves: The function s — |q(s) — c|? has a (local) minimum at s = sq.
Thus its derivative at sg vanishes. This is simply the fact that the curve is tangent
to the circle. Moreover, the second derivative is nonnegative. Both the circle and
the curve are parametrized to have the same unit tangents where they touch and

we can further assume that the circle is parametrized to run counterclockwise.
Consequently, their signed normals are equal and point inward. This normal is

as0)—c __also)—c

- la(s0) —¢| R
The second derivative of s — |q (s) — c|? is
24+2(q—c|q) =242kt (Ny |q—c).
Therefore, at sy we have
0 < 242k (s0) (Nx (s0) [ a(s0) —¢)
24 2k (s0) (Nt (s0) | (=R Nz (s0)))
= 2—2Rky (s0).

This implies our claim. O

Ni (s0) =
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We are now ready to prove the four vertex theorem. Mukhopadhyaya proved
this result for simple planar curves with strictly positive curvature and a few
years later Kneser proved the general version, apparently without knowledge of
Mukhopadhyaya’s earlier contribution. An excellent account of the history of this
fascinating result can be found here: [Four Vertex Theorem

PROOF. (Osserman, 1985) Select the circle of smallest radius R circumscribing
the simple closed curve. The points of contact between this circle and the curve
cannot lie on one side of a diagonal of the circle. If they did, then it’d be possible
to slide the circle in the orthogonal direction to the diagonal until it doesn’t hit the
curve. We could then find a circle of smaller radius that contains the curve. This
means that we can find points ¢, ....,qx+1 of contact where gx+1 = ¢1 and either
k =2 and ¢ and ¢, are antipodal, or k£ > 2 and any two consecutive points ¢; and
@i+1 lie one one side of a diagonal. Note there might be more points of contact.

Now orient both circle and curve so that their normals always point inside. At
points of contact where the tangent lines are equal, the normal vectors must then
also be equal, as the curve is inside the circle. This forces the unit tangent vectors
to be equal.

First observe that the curvature at these k points is > R~

If the curve coincides with the circle between two consecutive points of contact
q; and g;11, then the curvature is constant and we have infinitely many vertices.
Otherwise there will be a point ¢ on the curve between ¢; and g;41 that is inside
the circle. Then we can select a circle of radius > R that passes through ¢; and
¢i+1 and still contains ¢ in its interior. Now slide this new circle orthogonally to
the chord between ¢; and g; 1 until the part of the curve between ¢; and ¢;41 lies
outside the circle but still touches it somewhere. At this place the curvature will
be < R7L.

This shows that we can find k points where the curvature is > R~! and k points
between these where the curvature is < R~'. This implies that there must be at
least k local maxima for xk where the curvature is > R~! and between each two
consecutive local maxima a minimum where the curvature is < R~!. Note that the
maxima and minima don’t have to be at the points of contact. Thus we have found
2k vertices. O

2.3.2. The Isoperimetric Inequality. The isoperimetric ratio of a simple
closed planar curve q is L?/A where L is the perimeter, i.e., length of q, and A is
the area of the interior. We say that q minimizes the isoperimetric ratio if L?/A is
as small as it can be.

The isomerimetric inequality asserts that the isoperimetric ratio always exceeds
47 and is only minimal for circles. This will be established in the next theorem using
a very elegant proof that does not assume the existence of a curve that realizes this
ratio. Steiner in the 1830s devised several descriptive proofs of the isoperimetric
inequality assuming that such minimizers exist. It is, however, not so simple to
show that such curves exist as Dirichlet repeatedly pointed out to Steiner. Some of
Steiner’s ideas will be explored in the exercises.

The isoperimetric inequality would seem almost obvious and has been investi-
gated for millennia. In fact a closely related problem, known as Dido’s problem,
appears in ancient legends. Dido founded Carthage and was faced with the problem
of enclosing the largest possible area for the city with a long string (called a length
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of hide as the string had to be cut from a cow hide). However, the city was to be
placed along the shoreline and so it was only necessary to enclose the city on the
land side. In mathematical terms we can let the shore line be a line, and the curve
that will enclose the city on the land side is a curve that begins and ends on the
line and otherwise stays on one side of the line. It is not hard to imagine that a
semicircle whose diameter is on the given line yields the largest area for a curve of
fixed length.

THEOREM 2.3.5. The isoperimetric inequality states that if a simple closed
curve bounds an area A and has circumference L, then

1?2 > 47 A.
Moreover, equality can only happen when the curve is a circle.

Proor. (Knothe, 1957) We give a very direct proof using Green’s theorem in
the form of the divergence theorem. Unlike many other proofs, this one also easily
generalizes to higher dimensions.

Consider a simple closed curve q of length L that can be parametrized by
arclength. The domain of area A is then the interior of this curve. Let the domain
be denoted Q. We wish to select a (Knothe) map F' : Q@ — B (0, R) where B (0, R)
also has area A. More specifically we seek a map with the properties

F(u,0) = (2 (u),y (u,v))

and -
T oy
det DF = ——~ =1
¢ Ou Ov
Such a map can be constructed if we select x (ug) and y (ug,vg) for a specific

(ug,v0) €  to satisfy
area ({u < up} N Q) = area({x < x (ug)} N B (0, R))
and
area ({u < wup} N{v < v} NN) =area({x < x (ug)} N{y <y (uo,v0)} N B(0,R)).

The choice of B (0, R) together with the intermediate value theorem guarantee that
we can construct this map. This map is area preserving as it is forced to map
any rectangle in € to a region of equal area in B (0, R). To see this note that it
preserves the area of sets {ug < u < u1} N as they can be written as a difference
of sets whose areas are preserved by definition of the map:

{up<u<u}NQ={u<u1}NQ—{u<u}nNQ).

We then obtain the rectangle [ug,u1) X [vg,v1) by intersecting this strip with the
set {vg < v < w1} NQ. This rectangle is in turn written as a difference between two
sets whose areas are preserved by the map:

[ug,u1) X [vo,v1) = {u<u}NQ—{u<u}N)N{v<vi}nNQ—({v<vo}NR))
= {fu<u}nNQ—{u<u}nQ))N{v<uvi}nNQ)
—{u<u}nQ—{u<u}ln))n{v<v}nQ).
The two conditions additionally force % > 0, % > 0. To prove the isoperimetric

inequality we use Green’s theorem in the form of the divergence theorem in the
plane. The vector field is given by the map F'. Note that the outward unit normal
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for € is the vector — N4 if the curve q runs counter clockwise. Using that |F| < R
we obtain:

L
/ divFdudv —/ (F|Ni)ds
Q 0

< RL.
On the other hand the geometric mean v ab is always smaller than the arithmetic

mean % (a + b) so we also have:

divF

u ' Qv

5, /9% 0y
Oou Ov

= 2.

0 0
ac+y

Consequently

2A < RL,
which implies

4A® < R*L*.

Now we constructed B (0, R) so that A = mR?. So we obtain the isoperimetric
inequality

dmA < L2

The equality case can only occur when we have equality in all of the above

inequalities. In particular

or _ oy
ou v
or oy
ou v
This tells us that the function takes the form: F (u,v) = (u+ ug,v + g (u)). We

also used that |(F' | Ni)| < |F| < R when the function is restricted to the boundary
curve. Thus we also have Foq = —RNg, i.e.,

q+ (u()ag (U’ (S))) = _RN:I:7
where q (s) = (u(s),v(s)). Differentiating with respect to s then implies that

8gdu>

everywhere, showing that

" Ou ds

This means either that 1 = Rk or that q is constant in the first coordinate. In the
latter case % = 0, so it still follows that 1 = Rk. Thus the curve has constant

non-zero curvature which shows that it must be a circle. O

(1—Rk)T = (0

REMARK 2.3.6. We’ve used without justification that the Knothe map is smooth
so that we can take its divergence. This may however not be the case. The partial
derivative %, when it exists, is equal to the sum of lengths of the intervals that
make up the set {u =wup} N Q. So if we assume that part of the boundary is a
vertical line at © = up and that the domain contains points both to the right and
left of this line, then g—i is not continuous at u = ug.

To get around this issue one can assume that the domain is convex. Or in
general that the boundary curve has the property that its tangent lines at points

where the curvature vanishes are not parallel to the axes. The latter condition
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can generally be achieved by rotating the curve and appealing to Sard’s theorem.
Specifically, we wish to ensure that the normal Ny is never parallel to the axes at
places where dii =0.

Alternately it is also possible to prove the divergence theorem under fairly weak

assumptions about the derivatives of the function.

2.3.3. Counting Self Intersections.

DEFINITION 2.3.7. For a line and a curve consider the points on the line where
the curve is tangent to the line. This set will generally be empty. We say that the
line is a double tangent if it is tangent to the curve in exactly two points.

When a curve is not too wild it is possible to relate double tangents and self
intersections.
A generic curve is defined as a regular curve such that:
(1) Tangent lines cannot be tangent to the curve at more than 2 points.
(2) At self-intersection points the curve intersects itself twice.
(3) The curve only has a finite number of inflection points where the curvature
changes sign.
(4) Finally, no point on the curve can belong to more than one of these cate-
gories of points.
For a generic curve T is the number of tangent lines that are tangent to the curve in
two places such that the curve lies on the same side of the tangent line at the points
of contact. T_ is the number of tangent lines that are tangent to the curve in two
places such that the curve lies on opposite sides of the tangent line at the points
of contact. I is the number of inflection points, i.e., points where the curvature
changes sign. D is the number of self-intersections (double points).

THEOREM 2.3.8 (Fabricius-Bjerre, 1962). For a generic closed curve we have
2Ty —2T_ —-2D -1 =0.

PROOF. The proof proceeds by checking the number of intersections between
the positive tangent lines q (t) + v (¢), » > 0 and the curve as we move forwards
along the curve. As we move along the curve this number will change but ultimately
return to its initial value.

When we pass through an inflection point or a self-intersection this number
will decrease by 1. When we pass a point that corresponds to a double tangent Ty
the change will be 0 or +2 with the sign being consistent with the type of tangent.

To keep track of what happens we subdivide the two types of double tangents

— > 4 ——>

into three categories denoted Ty,7T4+,Ty+. Here Ti indicates that the tangent

vectors at the double points have the same directions, T4 indicate that the tangent
vectors at the double points have opposite directions but towards each other, and

“——

T, indicate that the tangent vectors at the double points have opposite directions
but away from each other.

For double tangents of the type Ti no 1ntersectlons will be gained or lost as
we pass through points of that type. For Ti the change is always +2 at both of
the points of contact. For Ti the change is 42 for one of the points and 0 for the
other. Thus as we complete one turn of the curve we must have

9T, +4T, —2T_ —4T_ — [ —2D =0.
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We now reverse the dlrectlon of the curve and repeat the countlng procedure

The points of type I, D, Ti remain the same, while the points of types Ti and Ti
are interchanged. Thus we also have

9T, + 4T, —2T_ —4T_ — [ —2D =0.

Adding these two equations and dividing by 2 now gives us the formula. ]

Exercises

(1)

Show that a vertex is a critical point for the curvature. Draw an example
where a critical point for the curvature does not correspond to a local maxi-
mum/minimum.

Show that a simple closed planar curve q(¢) has the property that its unit

tangent T is parallel to & or L at at least four points.

Show that the concept of a vertex does not depend on the parametrization of
the curve.

Show that an ellipse that is not a circle has 4 vertices.

Find the vertices of the curve

at oyt =1,
Show that the closed curve
(1 —2sin#) (cosb,sinb), 6 € [0, 27]

is not simple and has exactly two vertices.
Show that a vertex for a curve given by a graph y = f () satisfies

df a’f . df (df
<1+ <d:13> ) da3 _3dx <d$2>

Consider a curve
q(t) =r(t) (cost,sint)
where r > 0 and is 27-periodic. Draw pictures where maxima/minima for r
correspond to vertices. Is it possible to find an example where the minimum for
r corresponds to a local maximum for k4 and the maximum for » corresponds
to a local minimum for k47
Consider a unit speed curve q : [0,b] — R? with x > 1/r and assume that it is
tangent to a circle of radius 1/r at t = 0.
(a) Show that the curve lies inside the circle on a sufficiently small interval
[0, €].
(b) Draw an example where the curve does not lie inside the circle on all of
[0,b]. Hint: The curve will not be simple.
Consider a curve q : (a,b) — R? that lies inside a circle of radius R. Show that
if q touches the circle at ¢y € (a,b), then either % (t9) > 1/r or k has a critical
point at ¢o. Hint: Look at section [2.1] exercise [I7]
Show that for a domain £ C R? with smooth boundary curve q, the divergence

theorem ;
/ divFdudv = —/ (F|Ni)ds
Q 0

follows from Green’s theorem.
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(12) Show that
1 L
A:/dudvz—f/ (q | Ng)ds.
Q 2Jo

(13) Compute the area in the leaf of the folium of Descartes (see section [I.1] exercise
16)).

(14) We say that a simple closed planar curve q has convez interior if the domain §2
bounded by q has the property that for any two points in €2 the line segments
between the points also lie in ).

(a) Show that if q minimizes the isoperimetric ratio, then its interior must be
convex.

(b) Show that if q minimizes the isoperimetric ratio and has perimeter L, then
any section of q that has length L/2 solves Dido’s problem.

(¢) Show that the isoperimetric problem is equivalent to Dido’s problem.

(15) Consider all triangles where two side lengths a,b are fixed. Show that the
triangle of largest area is the right triangle where a and b are perpendicular.
Note that this triangle can be inscribed in a semicircle where the diameter is
the hypotenuse. Use this to solve Dido’s problem if we assume that there is a
curve that solves Dido’s problem.

(16) Show that among all quadrilaterals that have the same four side lengths a, b, ¢, d >
0 in order, the one with the largest area is the one that can be inscribed in a
circle so that all four vertices are on the circle. Use this to solve the isoperi-
metric problem assuming that there is a curve that minimizes the isoperimetric
ratio.

(17) Try to prove that the regular 2n-gon maximizes the area among all 2n-gons
with the same perimeter.

2.4. Convex Curves

DEFINITION 2.4.1. We say that a regular planar curve is conver if it always lies
on one side of its tangent lines. We say that it is strictly convex if it only intersects
its tangent lines at the point of contact. A closed strictly convex curve is also called
an owval.

Note that we do not need to assume that the curve is closed for this definition to
make sense, but for convenience we do assume that it is defined on a closed interval.
The definition can also be extended to piecewise smooth curves by requiring that
it lies to one side of one or both tangent lines at points where the unit tangents
don’t agree.

THEOREM 2.4.2. A planar convex curve is simple and the signed curvature
cannot change sign.

PROOF. First we show that the curvature can’t change sign. Assume that the
curve q : [0, L] — R? has unit speed. Since the curve lies on one side of its tangent
at any point q (sg) it follows that

(a(s) —a(so) | N (s0))

is either nonnegative or nonpositive for all s. If it vanishes, then the curve must
be part of the tangent line through ¢ (sp). In this case it is clearly simple and the
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curvature vanishes. Otherwise we have two disjoint sets I+ C [0, L], where
L = {so€[0.L]] (a(s)—a(so) | Nx (s0)) = 0 for all 5 € [0, L]}
I_ {s0€[0,L] | (a(s) —a(so) | Nx(so)) <0 forall se[0,L]}

Both of these sets must be closed by the continuity of (q(s) — q(so) | Nx (so))-
However, it is not possible to write an interval as the disjoint union of two closed
sets unless one of these sets is empty.

Now assume that I, = [0, L] so that (q(s) —q(so) | N (s9)) > 0 for all s, s
with equality for s = sg. Thus the second derivative with respect to s is also
non-negative at sg:

0 < (T 1Na o)
= (G 0 [N ()

= k< (80).
This shows that the signed curvature is always non-negative.

Assume for the remainder of the proof that the curve always lies to the left of its
oriented tangent lines so that k+ > 0. In case the curve is one-to-one when restricted
to (0, L) one of two things can happen: Either q (0) # q (L) or q (0) = q (L) in which
case it is a convex loop that might not be smooth at q (0). In either case, the curve
is simple. We can therefore assume below that q : (0, L) — R? is not one-to-one.

First we claim that for every point q(a) of the curve there is a neighborhood
U 3 q(a) such that if q (s) € U for some other parameter value, then there is a b €
[0, L] close to s such that q (b) = q (a). This uses compactness of [0, L]. Assume that
q(s;) = q(a). By continuity q (b) = q(a) for any b that is an accumulation point
for the sequence s;. Moreover, by compactness the sequence will have accumulation
points. The existence of U now follows from a simple contradiction argument.

Next we show that if a < b and q(a) = q(b), then T (a) = T (b). We exclude
the case where a = 0 and b = L. If the tangent lines do not agree, then the curve
crosses itself and cannot lie on one side of both tangent lines. The oriented tangent
lines must now also agree as the curve would otherwise be forced to lie on both
sides of the tangent line. This forces the curve to lie on the tangent line and that
prevents it from intersecting itself as it is has no stationary points.

Since we assumed that x4 > 0 it follows that 6 (¢) is increasing. If we combine
that with the previous claim, then we see that if ag < --- < aj and q(ag) = --- =
q(ag), then

k
ok < Ze(az-) — 0 (ai—1) =0 (ar) — 0 (ag) <O (L) —0(0).
1

In particular, k < 5= (6 (L) — 0 (0)) showing that the curve can only return to the
same point a finite number of times.

After translating and rotating the curve assume that q(a) = 0 and T (a) =
(1,0) and consider any b > a such that q (b) = q(a). Near a and b the parts of the
curve will be graphs over a small interval on the z-axis. These graphs lie above the
z-axis and are tangent to it at the origin. If the graphs do not coincide, then there
will be values on one that are below the other. But then the points that are below
must be to the right of the tangent lines through the points that are above. In case
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a =0 or b = L, respectively, only the parts of the curve that are defined for x > 0
or xz < 0, respectively, are shown to agree.

If we assemble all of these claims, it follows that for each q (a), a € (0, L), there
is a neighborhood U > q(a) such that near a the part of the curve inside U is a
graph over the tangent line. Moreover, if there are other parameter values that get
mapped to U, then there are nearby parameter values that get mapped to q(a)
and near these parameter values the curve is a graph over the same tangent line
that coincides with the part of the curve near a. Finally as only a finite number
of parameter values get mapped to q (a) we can ensure that any part of the curve
that lies in a possibly smaller U is simply a reparameterized part of the curve near
a. This shows that the curve is simple. ([

LEMMA 2.4.3. If a curve has non-negative signed curvature and total curvature
<, then it is convezx.

PROOF. Any curve with non-negative curvature always locally lies on the left
of its tangent lines. So if it comes back to intersect a tangent [ after having travelled
to the left of [, then there will be a point of locally maximal distance to the left of
[. At this local maximum the tangent line {* must be parallel but not equal to [. If
they are oriented in the same direction, then the curve will locally be on the right
of [*. As that does not happen they have opposite direction. This shows that the
total curvature is > w. However, the curve will have strictly larger total curvature
as it still has to make its way back to intersect [. Il

THEOREM 2.4.4. If a closed curve has non-negative signed curvature and total
curvature < 27, then it is conver.

PRrROOF. The argument is similar to the one above. Assume that we have a
tangent line [ such that the curve lies on both sides of this line. As the curve is
closed there’ll be points one both sides of this tangent at maximal distance from
the tangent. The tangent lines [* and [** at these points are then parallel to .
Thus we have three parallel tangent lines that are not equal. Two of these must
correspond to unit tangents that point in the same direction. As the curvature does
not change sign this implies that the total curvature of part of the curve is 2w. The
total curvature must then be > 27 as these two tangent lines are different and the
curve still has to return to both of the points of contact. (I

Exercises
(1) Consider a convex curve q(s) : [0,L] — R? and fix a tangent line [ through
q (a). Show that

{s € [0,L]| T(s) = T(a)} = {s € [0,L] | q(s) € I}
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(2) Let q(6) be a simple closed planar curve with x > 0 parametrized by 0, where

0 is defined as the arclength parameter of the unit tangent field T. Show that

dq 1

b S

dé Kk
dT

- — N

do +
ANy
=
do ’

T@O+7r) = —T().

(3) Let q(0) be a simple closed planar curve with x > 0 parametrized by 6, where

0 is defined as the arclength parameter of the unit tangent field T. Define v (6)
as the distance from the origin to the tangent line through q (6).
(a) Show that

v(0) = —(a(f) | N+ (0)).
(b) Show that the width (distance) between the parallel tangent lines through
q(0) and q (0 4 7) is
w (@) =v(0)+v(+m)=Nx(0)](q(0+m)—q(0)).
(¢) Show that:

(d) Show that

PR
(e) Let A denote the area enclosed by the curve. Establish the following for-
mulas for A

1 [F 1 [ d*v 1 [ dv\?
A= ds = - Pto—0 | df == P —] | do.
[ (o) [ (- (3
Let q (#) be a simple closed planar curve with x > 0 parametrized by 6, where
0 is defined as the arclength parameter of the unit tangent field T. Show that
the width from the previous problem satisfies:
dQ—w +w= ! + !
db? k(0) K(O+T)
Let q (6) be a simple closed planar curve with x > 0 parametrized by 6, where
0 is defined as the arclength parameter of the unit tangent field T. With the
width defined as in the previous exercises show that:

2m
/ wdf =2L(q).
0

Let q(f) be a simple closed planar curve of constant width with x > 0. The

curve is parametrized by 6, where 6 is defined as the arclength parameter of

the unit tangent field T.

(a) Show that if 6 corresponds to a local maximum for k, then the opposite
point 6 + 7w corresponds to a local minimum.
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(b) Assume for the remainder of the exercise that x has a finite number of
critical points and that they are all local maxima or minima. Show that
the number of vertices is even and > 6.

(¢) Show that each point on the evolute corresponds to two points on the curve.

(d) Show that the evolute consists of n convex curves that are joined at n cusps
that correspond to pairs of vertices on the curve.

(e) Show that the evolute has no double tangents.

(Euler) Reverse the construction in the previous exercise to create curves of

constant width by taking involutes of suitable curves.

Let q be a closed convex curve and [ a line.

(a) Show that [ can only intersect ¢ in one point, two points, or a line segment.

(b) Show that if [ is also a tangent line then it cannot intersect q in only two
points.

(c) Show that the interior of q is convex, i.e., the segment between any two
points in the interior also lies in the interior.

Let q be a planar curve with non-negative signed curvature. Show that if q has

a double tangent, then its total curvature is > 27. Note that it is possible for

the double tangent to have opposite directions at the points of tangency.

Give an example of a planar curve (not closed) with positive curvature and no

double tangents that is not convex.

Let q be a closed planar curve without double tangents. Show that q is convex.

Hint: Consider the set A of points (parameter values) on q where q lies on

one side of the tangent line. Show that A is closed and not empty. Show that

boundary points of A (i.e., points in A that are limit points of sequences in the
complement of A) correspond to double tangents.



CHAPTER 3

Space Curves

3.1. The Fundamental Equations

The theory of space curves dates back to Clairaut in 1731. He considered them
as the intersection of two surfaces given by equations. Clairaut showed that space
curves have two curvatures, but they did not correspond exactly to the curvature
and torsion we introduce below. The subject was later taken up by Euler who
was the first to work with parametrized curves and use arclength as a parame-
ter. Lancret in 1806 introduced the concepts of unit tangent, principal normal and
bi-normal and with those curvature and torsion as we now understand them. It
is possible that Monge had some inklings of what torsion was, but he never pre-
sented an explicit formula. Cauchy in 1826 considerably modernized the subject
and formulated some of the relations that later became part of the Serret and Frenet
equations that we shall introduce below.

In order to create a set of equations for space curves q(¢) : [a,b] — R3 we
need to not only assume that the curve is regular but also that the velocity and
acceleration are linearly independent. In this case it is possible to define a suitable
positively oriented orthonormal frame T, N, and B by declaring

T = |
v
N = a—(a|T)T7
la—(a|T)T|
B = TxN.

The new normal vector B is called the bi-normal. We define the curvature and
torsion by
dT
= N _—
= ()

dN

PROPOSITION 3.1.1. If F : R® — R3 is of the form F (x) = Ox +c, where O is
a rotation and ¢ € R3 and q a regular curve, then q* = F (q) has unit tangent given
by T* = OT, normal N* = ON, binormal B = (det O) O B, curvature £* = k, and
torsion 7 = (det O) 7.

PrOOF. We saw in proposition that T* = OT and a* = O a. This shows
that

. 0Oa—(0a|OT)OT a—(a|T)T\
N =10az(0alomoT ~ (|a_(a|T)T|)ON'

61
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Thus the curvature is preserved just as in the proof of proposition The
binormal is created using the cross product and consequently uses the righthand
rule. Orthogonal transformations therefore preserve cross products when det O = 1,

while they reverse the sign when det O = —1, i.e., makes the righthand rule a
lefthand rule. This establishes the formulas for the binormal and torsion as in
proposition 2.1.2] O

In section we started by defining 6 as arclength parameter for T and then
proceeded to show that the above formulas for k and N hold. After the next theorem
we use the above definitions of x and N to derive the old definitions.

THEOREM 3.1.2 (Serret, 1851 and Frenet, 1852). If q () is a regular space curve
with linearly independent velocity and acceleration, then

dq ds
4 _ 7
dt dt =’
dT ds
il N
dt APTI
dN ds ds
— = —x—T+7—B
dt Nt +Tdt ’
dB ds
2 ;2N
dt P
or
0 0 O 0
d ds 1 0 —x O
0 0 7 0
Moreover,

lvxal Ja—(a|T)T|
P P

|v

o det[v oa i) (vxalj)

lv x al? lvxal®’
N = zau—(au|T)T7
la—(a|T)T
B — an.
[v x a|

PRrROOF. The explicit formula for N is our explicit formula for the principal
normal. As T, N, B form an orthonormal basis we have

dT [/dT dT dT
dT 1d|T?
PR T = -
(dt ) 2 dt 0
dT ds (dT ds
(w@‘a(w'@_ﬁ“

dT d (v a v dlv|
— |B)==|—=)IB=|—=-——-1B] =0
(cﬁ| ) dt(w&' (hﬂ |w2dt| ) ’

Here
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as B is perpendicular to T, N and thus also to v, a. This establishes

aT _ ds
dt — dt

o= (8197) = (%2 7).
(51%2) -

Next note that

This together with

shows that
dB dB
— = — |N | N.
v = (@)
However, we also have
dB dN dB ds
This implies
¢B _ _ ds
dt — dt
Finally the equation
dN ds ds
— =—k—T+7—B
@~ "a Ta

is a direct consequence of the other two equations.
The formula for the curvature follows from observing that

dT d v
2N = (25N
ds <dsv >
dt (d v
- 2(2 YN
ds(dt|v| )

1 [ a v d|v|
- |v|<|v|v2dt'N>
_ i‘(a—(alT)T)
v[* la=(alT)T|
ala—(a|T)*
v[*|la—(a| T)T|
la* [v]* = (a | v)*
v[*la—(a | T)T|

la—(a|T)T|
R

|v

where [v|]a— (a | T)T| = /Jaf’ [v[* = (a| v)°.
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The formula for the binormal B follows directly from the calculation

1 a(a|T)T)
TxN = —vX|+——F——
vl <|a—(a|T)T|
7 (w=armm)
= —V —_—
vl la—(a|T)T]|
B v Xa
[v||a—(a|T)T]|
_ vXxa
~ |vxal

In the last equality recall that the denominators are the areas of the same parallel-
ogram spanned by v and a.
To establish the general formula for 7 we note

(%) = (oea'a GmGrmm)
_ <V><a| j >
vxal | s (a D]
<|Zi3| 'a<5tz—<a1| T>T>)
vXa alT
(szrﬁ dt \p— @D

= Vi.
v x al” M

The last line follows from our formulas for the area of the parallelogram spanned
by v and a. A different strategy works by first noticing that

= (vIDT,
= (a|T)T+(a[N)N,
= GIMDT+GINN+G[B)B.

Thus
det[v a j]=(F[T)(a|N)(|B).

Next we recall that

v | T = ‘V‘ )

a|N = Ja—(a|T)T],
showing that

(v T)(a|N)=|v[la=(a|T)T| = |vxal.

Finally we calculate (j | B). Keeping in mind that (a | B) = 0 we obtain

ile) = (a1 %)
= M@l

= T|vxa
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and
(vIT)(a|N)(j|B)=r7|vxal’
which establishes the formula. O

The curvature and torsion can also be described by the formulas

area of parallelogram (v, a)

R = B

[v?

signed volume of the parallepiped (v, a, j)
2

(area of the parallelogram (v,a))

COROLLARY 3.1.3. If q(t) is a regular space curve with linearly independent
velocity and acceleration, then T is reqular and if 8 is its arclength parameter, then

dé dT

Y (22N
ds <ds )
dT _a—(|T)T
d9  Ja—(a|T)T|

dT
=(—|N].
0<k (ds' )

This implies in particular that T is regular. We know from the chain rule that
dT dsdT ds
@ deds 0"
Here both sides are unit vectors that are perpendicular to T and by definition
% > 0 and x > 0. This forces

and

Proor. By assumption

do
— =K
ds
and JT
— =N.
de
This establishes the formulas. O

There is a very elegant way of collecting the Serret-Frenet formulas.

COROLLARY 3.1.4 (Darboux). For a space curve as above define the Darbouz
vector

D=7T+kB.
The Darboux vector has the property that
41T N B]=%Dx[T N B].
Proor. We have
DxT = kN,
DxN = 7B—-kT,
DxB = —7N,

so the equation follows directly from the Serret-Frenet formulas. O
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Exercises
(1) Find the curvature, torsion, normal, and binormal for the twisted cubic

q(t) = (at,bt?, ct®)

where a,b,c > 0.
(2) Show that for

1+t 1—¢2
t)=(t,—
at = (15 155)

we have .
3t
K = ——, 7=0.
204 +12+1)
Show that this curve lies in the plane x —y 4+ 2z = —1.
(3) Consider a cylindrical curve of the form

q(0) = (cosb,sinb, z (0)) = e, (0) + z (0) es.
Show that

=

(1+ G+ )
(1+)?)

Z/ + Z///
T= 5 5
1+ (2)" +(2")
(4) For a unit speed curve q (s) with positive curvature and torsion define q* (s) =
J B (s)ds. Show that q* is also unit speed and that T* = B, N* = —N, B* = T,
k* =7, and 7 = K.
(5) Let q(t) : I — R3 be a regular curve such that its tangent field T (¢) is also
regular. Let s be the arclength parameter for q and 6 the arclength parameter
for T.
(a) Show that

R =

)

wjw

dT d>T | — .2
det[T T ]—HT.

(b) Show that

at &1 | _ T
det[T o d92]7,€'

(¢) Show that N x %X =D and 4T x ‘f;T = k?D.
(6) Show that for a unit speed curve ¢ (s) with positive curvature
d (T
d’ d? d* — b
det[ Fra }—“ @(;»
(7) Let q(s) be a unit speed curve and define functions a, (s), b, (s), and ¢, ()
such that

q™ = (283 =a, T+b,N+c,B.
Show that

da,,

n+1 = g - an
db,,

bpy1 = Is + Ka,, — TCp
dey,

Cnt1 = —— + 7y,

ds
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q(s)chos(
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Show that T is regular when x > 0 and that in this case the curvature of T is

glVen by
T 2
K

1 4 (1)
R(14(2)7) 4 e
Show that the circular helix
(Rcost, Rsint, ht) = Re, (t) + hes

has constant curvature and torsion. Compute R, h in terms of the curvature
and torsion. Conversely show that any unit speed space curve with constant
curvature and torsion must look like

and the torsion by

5 . 5 h

) fo o () B et

where f1, fa, f3 is an orthonormal basis.

Let q(s) = (z(s),y(s),2(s)) : [0,L] — R3 be a unit speed space curve with

curvature x (s) and torsion 7 (s). Construct another space curve q*(s) =

x(8) f1+y (s) fa+2(s) f3+x, where f1, fa, f3 is a positively oriented orthonor-

mal basis and x and point.

(a) Show that q* is a unit speed curve with curvature £* (s) = & (s) and torsion
T*(s) =7 (s).

(b) Show that a unit speed space curve with the same curvature and torsion
as q is of the form q*.

Show that B is regular when |7| > 0 and that in this case the curvature of B is

given by
RN 2
1+ (5).
T
Show that for a unit speed curve q(s) with positive curvature and non-zero

torsion p
dB &B &B | _ .52 (K
det[ ds  ds? ds® } T s (T '

Show that N is regular when k2 4+ 72 > 0 and that in this case the curvature of
N is given by

(0),

Show that any unit speed curve q(s) with constant nonzero torsion 7 satisfies

1 dB
q(s) :q(so)—l-/ ~ B x—dt.
T dt

s0
Show a closed unit speed curve q(s) : [0,L] — R3 with positive curvature
satisfies

L
/ (Fq+7B)ds =0.
0
Define p = v/k2 4+ 72 and ¢ by

K = pcos¢, T = psin¢.
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(a) Show that p = |D| and that ¢ is the natural arclength parameter for the
unit field %D.
(b) Show that if

then
dP T d (K
—=—D+— | = |N.
s 2 ds (pQ)

Show that a space curve is part of a line if all its tangent lines pass through a
fixed point.

Let Q (¢) be a vector associated to a curve q (¢) such that
d ds
—| T N B |=— T N B |.
7 | J=ZQxl ]

Show that Q = D.
Let q (s) be a unit speed space curve with non-vanishing curvature and torsion.

Show that
d (1d [(1d? d d d?
| ,7(1 + — Eﬁ + 27(1 =0.
ds \ 7ds \ k ds? ds \ 7 ds K ds?
Consider a unit speed space curve ¢ (s) with non-vanishing curvature and tor-

sion. Let k be a fixed vector and denote by ¢, ¢n, ¢p the angles between
T, N, B and k. Show that

d
KCOSPN = —ﬂ sin ¢,
ds
d
K COS T — TCOS = ??N sin ¢,
S
d
TCOSON = o5 sin ¢,
ds
and
dop T dor
%smqﬁB = —;% sin ¢.
For a regular space curve ¢ (t) we say that a normal field X is parallel along q

if (X|T)=0 and ‘% is parallel to T.

(a) Show that for a fixed ¢ty and X (t9) L T (s¢) there is a unique parallel field
X that is X (¢o) at to.

(b) A Bishop frame consists of an orthonormal frame T, Ny, Ny along the curve
so that N1, Ny are both parallel along q. For such a frame show that

O K1 Ko
d ds
LIT N N ]=2(T N N ]| w0 0
—K2 0 0

Note that such frames always exist, even when the space curve doesn’t have
positive curvature everywhere.
(¢) Show further that for such a frame

2 _ 2 2
K™ = K] + K3.
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(d) Show that if q has positive curvature so that N is well-defined, then
N = cos ¢ N; +sin ¢ Na,
where
dp ds
ot
dt dt’
K1 = KCOS @, Ko = KSin ¢.
(e) Give an example of a closed space curve where the parallel curves don’t
close up.

3.2. Characterizations of Space Curves

We show that the tangent lines determine a space curve, but that the (principal)
normal lines do not necessarily characterize the curve. Unless otherwise stated we
assume that all curves are regular and have positive curvature.

THEOREM 3.2.1. If q(t) and q* (t) are two regular curves that admit a common
parametrization such that their tangent lines agree at corresponding points, then
q(t) = q* (t) for all t where either k (t) # 0 or * () # 0.

PRrROOF. Note that the common parametrization is not necessarily the arclength
parametrization for either curve. These arclength parametrizations are denoted
s,s8*. The assumption implies that corresponding velocity vectors are always par-
allel and that

Q" (t) = a(t) +u(t)T()

for some function u (t). We obtain by differentiation
dq* dq  du ds
a ~dt e dt

This forces
u—r =0
dt
as N is perpendicular to the other vectors. So whenever k # 0 it follows that u = 0.
This means that the curves agree on the set where x # 0. Reversing the roles of
the curves we similarly obtain that the curves agree when k* # 0. ]

The analogous question for principal normal lines requires that these normal
lines are defined and thus that the curvatures never vanish. Nevertheless it is easy to
find examples of pairs of curves that have the same normal lines without being the
same curve. The double helix is in fact a great example of this. This corresponds
to the two pairs of circular helices

q = (Rcost,Rsint, ht) and q* = (—Rcost,—Rsint, ht)
More generally for fixed & > 0 the curves
(Rcost, Rsint, ht)
have the same normal lines for all R € R.

DEFINITION 3.2.2. We say that two curves q and q* are Bertrand mates if it is
possible to find a common parametrization of both curves such that their principal
normal lines agree at corresponding points.
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THEOREM 3.2.3. Let q and q* be Bertrand mates with non-zero curvatures and
torsion. FEither the curves agree or there are linear relationships

ak +br =1, ar* —br" =1

between curvature and torsion. Conversely, any curve with non-zero curvature and
torsion such that ak + bt =1 for constants a,b has a Bertrand mate.

Proor. We'll use s, s* for the arclength of the two curves. That two curves
are Bertrand mates is equivalent to

N(t) =£N*" (1)
and
q"(t) = q(t) +r () N(t)
for some function r (¢).
The first condition implies

ST = TR T+
Thus (T | T*) = cos @ for a fixed angle 6 and
T* (t) =T (t) cos 6 + B () sin 6.
Differentiating the second condition implies

ds* . ds dr ds

ds ds dr ds
= <dt—7"dt/€>T+N+’I"TB

K* (T | N*) = 0.

dt dt
If we combine this with T* (¢) = T (¢) cos 8 + B (¢) sin 6, then it follows that

dr

2o

dt ’
A g s s
at at ' dt
ds* . ds
sinf = r—r.

dt dt
In particular, r is constant,

Ky

*

ds

cosf = (1 —rk),

and
"

ds

ds
When r # 0 the fact that 7 # 0 implies

—(1—=rk)sing +rrcosf =0,

sinf = rr.

which shows
Kr 4+ T1rcotf = 1.
Switching the roles of the curve forces us to change the sign of 6. Thus
T (¢t) = T* (t) cos§ — B* (t) sin 8
and
K'r —1t*rcotf = 1.
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Conversely, assume that we have a regular curve q (s) parametrized by arclength
so that

KT+ Trcotd = 1.

Inspired by our conclusions from the first part of the proof we define
q" (s) =q(s) +7N(s)
and note that

d *
d(i =T+r(—kT+7B) =7r(cot0 T+B).
Thus T* = + (cos T 4 sin § B). This shows that
dT*
Fra +(kcos —Tsinf) N
and in particular that N* = & N. ]

Exercises
(1) A curve is planar if there is a vector k such that (q (¢) | k) is constant.
(a) Show that this is equivalent to saying that the unit tangent T is always

perpendicular to k and implies that all derivatives %, k > 1 are perpen-
dicular to k.
(b) Show that a curve is planar if and only if 7 vanishes.
(2) Show that a curve q(¢) is planar if and only if j € span {v,a} for all ¢.
(3) Consider solutions to the second order equation

a=F(q,v).

Show that all solutions are planar if F (q,v) € span{q,v} for all vectors q,v.
This happens, e.g., when the force field F' is radial, i.e., F' is proportional to
position q.

(4) Show that a curve q is planar if and only if there is a point ¢ such that q (s)—c €

span {T (s),N(s)} for all s.

(5) Let q(t) and q* (¢) be two regular curves that admit a common parametrization
such that their unit tangents are equal at corresponding points.

(a) Show that their normals and binormals are also equal.

(b) Show that

K" ds T*
Kk ds* T
(6) (Lancret, 1806) A generalized heliz is a curve such that (T | k) is constant for

some fixed vector k, i.e., T is planar. Note that since the unit tangent traces a

curve on the unit sphere it has to lie in the intersection of the unit sphere and

a plane, i.e., a latitude, and must in particular be a circle.

(a) Show that this is equivalent to the normal N always being perpendicular
to k.

(b) Show that a curve is a generalized helix if and only if the ratio 7/ is
constant. Hint: Show that k = (k| T)T+ (k| B)B and calculate the
derivative.

(c) Show that this is equivalent to assuming that the curvature of the unit
tangent T is constant. Hint: Use and exercise from section 3.1.
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(d) Show that this is equivalent to the torsion of T vanishing. Hint: Use a
previous exercise in this section.
Show that
(r (t) cost,r (t)sint,h(t)) =r(t)e- (t) + h(t)es
is a generalized helix if and only if
h2
r2 472 4 h2
is constant.
Show that (at, bt?, ct3) is a generalized helix when 3ac = +2b%.
Show that (St —t3,3t2,3t + t3) is a generalized helix.

V2

Show that (cosht,sinht,t) is a generalized helix.

Let q be a unit speed curve with positive curvature.

(a) Show that the Darboux vector D is constant if and only if x and 7 are
constant.

(b) Show that % is constant if and only if T is constant.

3 3
Show that ((1+35)27 (1733)2 5 ) is unit speed and a generalized helix.

Show that a unit speed curve q has the property that - = as + b for constants
a, b if and only if there is a point ¢ such that q(s) —c € span{T (s),B (s)} for
all s. Hint: Tryc=q—(s+e¢e) T —f B where as + b = %

Show that a curve lies on a sphere if and only if all its normal planes all pass
through a fixed point c.

Show that a curve q lies on a sphere if and only if there is a point ¢ such that
q(s) —c €span{N(s),B(s)} for all s.

Show that a unit speed curve on a sphere of radius R satisfies

S 1
K25
Show that if a curve with constant curvature lies on a sphere, then it is part of
a circle, i.e., it is forced to be planar.
Assume we have a unit speed curve ¢ (s) on a sphere. If the center of the sphere
is ¢ and the radius R, then the curve must satisfy

la(s) —c|* = B2
(a) Show that if k > 0, then
(q=c|T) = 0,
1
_¢|IN) = _=
(a-cIN) = -,

rla-cl) = —5 (1),

(b) Show that if both curvature and torsion are nowhere vanishing, then

1 1d (1\\° .,
,«;*<Tds<ﬁ)> =R
Kk ds \1tds \ K -

and
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Conversely, show that if a unit speed curve q with nowhere vanishing curvature

and torsion satisfies
T d [1d [1
T e el =0
PR (TdS (/{)) ’

1 1d (1\\> .,
,N(Tds(n)) =R

for some constant R. Furthermore show that

1 1d /(1
c(s) zq—l—;N-i-f— () B

Tds \ k

then

is constant and conclude that q lies on the sphere with center ¢ and radius R.
Prove that a unit speed curve q with non-zero curvature and torsion lies on a
sphere if there are constants a, b such that

(oo fras) v fras)) =1
4 (1)) o)
() en ] )

and use the previous exercise.

Let q(t) = (x(t),y (t),2(t)) be a generalized helix that lies on the cylinder

22+ % =1.

(a) Show that as long as (z (t),y (¢)) is not stationary, then the curve can be
parametrized as

Hint: Show

and

a(¢) = (cos ¢,sin ¢, z (9)) .

(b) Use that parametrization to compute the normal component of the accel-
eration
alv
(alv)

[v[*
and show that this vector can only stay perpendicular to vectors k = (0,0, ¢)
and in this case only when 2" = 0.
(¢) Show that (x (t),y (t)) is never stationary. Hint: First show that it can’t
be stationary everywhere as it can’t be a line parallel to the z-axis.
(d) Conclude that the original curve is a circular helix.
Let q(t) = (2 (t),y(t),z(t)) be a generalized helix that lies on the cone 2% +
y?> = 22 with z > 0. Show that the planar curve (z (t),y (¢)) forms a constant
angle with the radial lines and conclude that it is either a radial line or can be
reparametrized as a logarithmic spiral

(z(6),y(¢)) = ae"® (cos ¢,sin ).

Hint: Look at the previous exercise, but the calculations are more involved.
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(23) Show that

1 1
q*(s) =q+—N+—cot </7ds> B
K K

defines an evolute for q. Hint: See remark
(24) Show that a planar curve has infinitely many Bertrand mates.
(25) Let q,q* be two Bertrand mates.
(a) (Schell) Show that
, sin?@

TT = .
72

(b) (Mannheim) Show that
(1 —rk) (1 +7rK*) = cos?6.

(26) Consider a curve q(s) parametrized by arclength with positive curvature and
non-vanishing torsion such that

Kr 4+ Trcotd =1,

i.e., there is a Bertrand mate.
(a) Show that the Bertrand mate is uniquely determined by r.
(b) Show that if q has two different Bertrand mates then it must be a general-
ized helix.
(¢) Show that if a generalized helix has a Bertrand mate, then its curvature
and torsion are constant, consequently it is a circular helix.
(27) Investigate properties of a pair of curves that have the same normal planes at
corresponding points, i.e., their tangent lines are parallel.
(28) Investigate properties of a pair of curves that have the same binormal lines at
corresponding points.

3.3. Closed Space Curves

This section discusses various aspects of surface theory. It can be used as
motivation for what is to come in chapters 4 and 5, or it can be covered later and
treated as a culmination of those same chapters.

We start by studying spherical curves. In fact any regular space curve generates
a natural spherical curve, the unit tangent. This was studied for planar curves in
section where the unit tangent became a curve on a circle. In that case the
length of the unit tangent curve could be interpreted as an integral of the curvature
that measured how much the curve turns. When the planar curve was closed this
turning necessarily had to be a multiple of 27.

A regular spherical curve q(t) : I — S? (1) has an alternate set of equations
that describe its properties. Instead of the principal normal it has a signed normal
that is tangent to the sphere. If we note that g is also normal to the sphere, then
the signed normal can be defined as the vector

S=qxT.
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This leads to the a new set of equations

dT ds

@ (kgS—aq),
dS ds

w - @ (—rgT),
dq ds

2 = Z7

dt dt

where the geodesic curvature kg4 is defined as kg = (% | S). The geodesic curvature
measures how far a curve is from being a great circle as those curves have the
property that (% | S) = 0. The last equation is obvious by now. The first follows
from the definition of x, and the second from the other two.

It’ll be convenient to develop a new formula that calculates the length of a
spherical curve by counting the number of great circles that it intersects. There is
a similar formula for planar curves, Crofton’s formula, that uses how many times
the curve intersects lines. An oriented great circle, thought of as an equator, is
uniquely determined by its corresponding North pole if we think in terms of the
right hand rule. Thus intersections with the oriented great circle with pole x can
be counted as

nq (x) = [{t [ (x| q(t)) = 0}

and Crofton’s formula becomes
1
1 [ ratax=L.
4 Jqo

where the integral on the left is a surface integral over the unit sphere.

A point q (¢) on the curve intersects the great circles going through that point.
These great circles are described by their poles which in turn lie on the great circle
with pole q(¢). This great circle can be parametrized by

x(0,t) =cos (0) T (t) +sin(0) S ().
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Thus the surface integral becomes

/ /2” dx

T\ doar

- / /O (—sin (6) T+cos (8)S) x ((yS — q) cos (8) — k, Tsin (8))| %d&dt
b
= / /0 —sin (0) T +cos () S) x (kg (—sin(#) T+ cos (6) S) — cos () q)| %d@dt

b 27 ds
= / / |(—sin (6) T+ cos (0) S) x (— cos (8) q)| adedt
0

T

L(q

[l

= /OL /02 me () cos? (0) 4 cos* (0)dOds
- /0

= 4L (q

—sin (6) T+ cos (0) S) x (—cos (0) q)| dfds

o

(sin (6) cos (8) T (t) x g —cos® () S x q) | dfds

(=)

|cos (0)| dOds

o

o

THEOREM 3.3.1 (Fenchel, 1929). If q is a closed space curve with nonvanishing

curvature, then
/ kds > 2m.

PROOF. If the unit tangent field lies in a hemisphere with pole x, i.e., (T | x) >
0 for all s, then after integration we obtain

(a(L) —q(0) |x) = 0.

However, q (L) = q(0) as the curve is closed. So it follows that (T | x) = 0 for all
s, i.e., the unit tangent is always perpendicular to x and hence the curve is planar.

This in turn implies that the unit tangent must intersect all great circles in at
least two points. In fact if it does not intersect a certain great circle, then it must
lie in an open hemisphere. If it intersects a great circle exactly once, then it must
lie on one side of it and be tangent to the great circle. By moving the great circle
slightly away from the point of tangency we obtain a new great circle that does not
intersect the unit tangent, another contradiction. Having shown that T intersects
all great circles at least twice it follows from Crofton’s formula that

1 2
/ﬁds:L(T)ZZ/ nT(x)dXZZAW:QW.
S2

O

REMARK 3.3.2. There is an alternate proof of this theorem which also addresses
what happens when the total curvature is 27. Exercise [[3]in section [I.2] shows that
if L(T) < 2w, then T must lie in a closed hemisphere. Consequently, it is a great
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circle. This shows that q is planar with nonvanishing curvature and total curvature
2m. The results in section 2.4] can then be used to show that the curve is convex.

DEeFINITION 3.3.3. A simple closed curve q is called an unknot or said to be
unknotted if there is a one-to-one map from the disc to R? such that boundary of
the disc is q.

THEOREM 3.3.4 (Fary, 1949 and Milnor, 1950). If a simple closed space curve

is knotted, then
/ kds > 4.

PRrROOF. We assume that f kds < 47 and show that the curve is not knotted.
Crofton’s formula implies that

1
f/ nT(X)dXZ/HdS<4W.
4 )e

As the sphere has area 47 this can only happen if we can find x such that nt (x) < 3.
Now observe that
d(q|x)

1~ (1 s) ).

So the function (q | x) has at most three critical points. Since q is closed there
will be a maximum and a minimum. The third critical point, should it exist, can
consequently only be an inflection point. Assume that the minimum is obtained at
s = 0 and the maximum at so € (0,L). The third critical point can be assumed
to be in (0,s0). This implies that the function q(s) | « is strictly increasing on
(0, s9) and strictly decreasing on (sg, L). For each ¢ € (0,s0) we can then find a
unique s (t) € (so, L) such that (q(t) | x) = (q(s(¢)) | x). Join the two points q (t)
and q (s (t)) by a segment. These segments will sweep out an area whose boundary
is the curve and no two of the segments intersect as they belong to parallel planes
orthogonal to x. This shows that the curve is the unknot. (I

Exercises
(1) Let q be a unit speed spherical curve.
(a) Show that

K2 = 1+I€§,
1

N = —(—q+ke9),
K
1

B = = S
H(“gq"~' )
1 d

T = Wy
1—+—/<;§ ds

(b) Show that q is planar if and only if the curvature is constant.
(¢) Show that L (T) > L (q) with equality only holding for great circles.
(2) Show that for a regular spherical curve q(¢) we have

d d?
det{ 9 T @ }
[{g =

(%)
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(Jacobi) Let q(s) : [0,L] — R3 be a closed unit speed curve with positive
curvature and consider the unit normal N as a closed curve on S2.
(a) Show that if sy denotes the arclength parameter of N, then

dsx ) 2 2
(5) -5t

where kg and 74 are the curvature and torsion of q.
(b) Show that the geodesic curvature k4 of N is given by
dr, dr
Kags — Ta gs

kg = B
(k2 +73)’

(¢) Show that
L
dSN
/0 Hg (S) gds =0.

Let q(t) be a regular closed space curve with positive curvature. Show that if
its curvature is < R™!, then its length is > 27 R.

(Curvature characterization of great circles) Show that great circles q(t) =
acos (t) + bsin (t), where a, b are orthonormal, are unit speed spherical curves
with vanishing geodesic curvature. Conversely show that any spherical unit
speed curve with vanishing geodesic curvature is a great circle.

Show that the curve

q(t) = (cos (t) cos (at) , sin (t) cos (at) , sin (at))

lies on the unit sphere. Compute its curvature.

Show that a simple closed planar curve is unknotted. Show similarly that a
simple closed spherical curve is unknotted. Hint: Use the Jordan curve theorem
and note that it also holds for spherical curves.

The trefoil curve is given by

q(t) = ((a + Rcos (3t)) cos (2t) , (a + Rcos (3t)) sin (2t) , Rsin (3t)),

where a > b > 0 and ¢ € [0,2n]. Sketch this curve (it lies on a torus which is
created by rotating the circle in the x, z-plane of radius R centered at (a,0,0)
around the z-axis) and try to prove that it is knotted.

(Segre, 1947) Let q(s) : [0, L] — R3 be a closed unit speed curve. Show that if
[ |7|ds = 4R < 2m, then the binormal is contained in a spherical cap of radius
<R.

Show that if C (o) is a unit speed curve on the unit sphere, then for all r, 6 the

curve
q:r/Cdo+rcot9/Cx@da
do

has a Bertrand mate. Hint: Start by establishing the formulas

T = sin@C—i—cosGCx@,
do
dC
N = +—
do’

oS
I

+ <cos00+sin60 X dC) .
do
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Conversely show that any curve that has a Bertrand mate can be written in
this way.
(11) Let q(s) : [0, L] — S? be a closed unit speed spherical curve. Show that

L
/ st =0.
o K

Hint: Use that for a spherical curve = = % for a suitable function f.

(12) Let q(s) :[0,L] — S? be a unit speed spherical curve and write
q=a(s) T+B(s)N+7(s)B.
(a) Show that

1 d
O[:O, /8:_7a EZTF)/
Kk ds
(b) When & > 1 show that
daf
S
ds

for a suitable function f (s) that only depends on x and «'.
(¢) When k > 1 and q is closed show that

L
/ 7ds = 0.
0

(d) When k(s) =1 for s =0,L and x > 1 for s € (0, L) show that

L
/ 7ds = 0.
0

Note this does not rely on q being closed.
(e) Show that if K = 1 at only finitely many points and q is closed then

L
/ 7ds = 0.
0

This result holds for all closed spherical curves. Segre has also shown that
a closed space curve with fOL Tds = 0 must be spherical.



CHAPTER 4

Basic Surface Theory

In this chapter we define some of the fundamental concepts for surfaces, such
as parametrizations, tangents spaces, the first fundamental form, and maps.

4.1. Surfaces

DEFINITION 4.1.1. A parametrized surface is defined as a map q(u,v) : U C
9

R? — R? where 5a and % are linearly independent everywhere on U.

For parametrized surfaces we generally do not worry about self-intersections or
other topological pathologies. For example one can parametrize all but the North
and South pole of a sphere 5? (R) = {q € R? | |¢| = R > 0} using latitudes and
meridians:

COS (4 COS P
4(1,¢) =R | sinpcosé | = R(cos@)e, (1) + R (sing) es,
sin ¢
where ¢ € (—g, g) denotes the latitude and g the meridian/longitude. This is a
valid parametrization of a surface as long as cos¢ # 0. This parametrization is
called the equi-rectangular parametrization and is the most common way of coordi-
natizing Earth and the sky. Curiously, it predates Cartesian coordinates by about
1500 years and is very likely the oldest parametrization of a surface that is still in
use.

DEFINITION 4.1.2. A reparametrization of a parametrized surface q(u,v) :
U Cc R? - R? is a parametrized surface q(s,t) : O C R? — R? such that
the parameters are smooth functions of each other on their respective domains:
(u,v) = (u(s,t),v(s,t)) for all (s,t) € O, (s,t) = (s(u,v),t(u,v)) for u,v € U,
and finally that with these changes we still obtain the same surface q (u,v) = q (s, t).

DEFINITION 4.1.3. A map F : O — U between open sets O,U C R? is called
a diffeomorphism if it is one-to-one, onto and both F and the inverse map F~' :
U — O are smooth. Thus a reparametrization is a diffeomorphism between the
domains.

When we wish to avoid self-intersections on the surface, then we resort to a
more restrictive class of surfaces that come from the next two general constructions.
For curves this corresponds to the notion of being simple and in that case we could
have used the approach we shall take for surfaces.

The first construction uses a particularly nice way of parametrizing surfaces
without self-intersections or other nasty topological problems. These are the three
different types of parametrizations where the surface is represented as a smooth

80
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graph:
q(u7 U) = (u’ /U’f(u7 U)) )
q(um) = (Uwf(uﬂ)) ,U) )
q(uv) = (f(wv),uv).

They are also known as Monge patches.

EXAMPLE 4.1.4. The western hemisphere on S? (1) can be parametrized using

the y, z coordinates

2 2

—V1—-u?—vw
q(u,v) = u ;
v
where (u,v) € U = {u? + v? < 1}. Using latitudes/meridians the parametrization

is instead
COS [4 COS ¢

q(p,¢) = | sinpcosg |,
sin ¢
with (u, @) € (%7 37”) X (—g, g) Setting these two expressions equal to each other
tells us that
u | | sinpcos¢
|:,U:|_G(/J'a¢)_|: singb :|

This map is smooth and it is not hard to check that as a map from (%, 3% ) x (—
to U it is one-to-one and onto. The differential is

0 (u,v) % %u
DG=_—"*~=1| 9% 9
9 (1, 9) [ o

g 9¢
The determinant is cos j cos? ¢ which is always negative on our domain. The inverse
function theorem then guarantees us that G is indeed a diffeomorphism. In this
case it is also possible to construct the inverse using inverse trigonometric functions.

NSE
ISIE]
N—

| cospcos¢ —sinpsin ¢
o 0 cos ¢ :

THEOREM 4.1.5. Let q(u,v) : U C R? — R3 be a parametrized surface. For
every (ug,vp) € U there exists a neighborhood (ug,vg) € V. C U such that the
smaller parametrized surface q(u,v) : V. — R3 can be represented as a Monge
patch.

PRrROOF. By assumption the matrix

Oz Oz
. U v
[m @}: 9y 9y
ou ov U v
z Z
du  Ov

always has rank 2. Assume for the sake of argument that at (ug,vp) the middle
row is a linear combination of the other two rows. Then the matrix

oz Oz
§E]

ou ov
is nonsingular at (ug,vo). Thus the map (x,2) = (z (u,v),2 (u,v)) : U — R? has
nonsingular differential at (ug,vg). The inverse function theorem then tells us that
there must exist neighborhoods (ug,vo) € V .C U and (x (ug,vo) ,  (ug, vo)) € O C

R? such that the function (x,z) = (z (u,v),2 (u,v)) : V. — O can be smoothly
inverted, i.e., there is a smooth inverse (u,v) = (u(z,z),v(x,2)) : O — V that
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allows us to smoothly solve for (u,v) in terms of (z,z). This gives us the desired
reparametrization to a Monge patch

x (u,v) x
yguvg =a(u,v) =q(z,2) = | y(u(z,2),v(,z2))

O

DEFINITION 4.1.6. A surface is a subset M C R3 with the property that any
g € M is contained in an open set O C R3 such that O N M can be represented as
a Monge patch, i.e., it is locally a smooth graph over one of the three coordinate
planes.

A parametrization q (u,v) : U C R? — R? is called a coordinate system if the
map is one-to-one and the image q (U) is a surface.

ExXAMPLE 4.1.7. Despite the above theorem not all parametrized surfaces are
surfaces in this restrictive sense. Let q (u) = (x (u),y (u)) be a regular planar curve
and consider the parametrized surface q (u,v) = (2 (u),y (u),v). This might not
be a surface if the planar curve looks like a figure 8. We could also take something
like a figure 6 but parametrize it so that the loop gets arbitrarily close without
intersecting. In the latter case we simply parametrize the figure 6 using an open
interval (0, 1).

The second construction comes from considering level sets. A level set is a set
of the form

{(z,y,2) € O| F(z,y,2) = c},
where c is a fixed constant and O C R? is an open set.

ExAaMPLE 4.1.8. For example
2 +y* + 2% =R

describes the sphere as a level set. Depending on where we are on the sphere
different parametrizations are possible. At points where, say, y < 0 we can use

q(u,v) = (u, —VR% —u2— UQ,’U)
This will in fact parametrize all points where y < 0 if we use all (u,v) with u?+0v? <
R2.
The implicit function theorem tells us when level sets are surfaces.

THEOREM 4.1.9. Let F : O — R be a smooth function and ¢ € R a constant.
The level set

M ={(z,y,2) € O | F (z,y,x) =c}
is a smooth surface if it is not empty and for all ¢ € M the gradient
ng ()
VF (q) = 87% (Q) 7’5 0.
5 (@)

PRrROOF. Fix ¢ = (x0,90,20) € M and assume for the sake of argument that

%—I; (q) # 0. The implicit function theorem tells us that there are neighborhoods
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q € O1 C O and (zg,20) € U C R? as well as a smooth function f (u,v): U — R
such that for all (u,v) € U we have (u, f (u,v),v) € O; and

MNOy ={(z,y,2) € 01| F (z,y,2) = c} = {(u, f (u,v),v) | (u,v) €U}.
Thus M N O; can be written as a graph over the (z, z)-plane. O
EXAMPLE 4.1.10. A generalized helicoid is a surface of the form
q(u,v) = (ucosv,usinv, f (u)+ cv)
wer (v) + (f () + cv) e

Note that the v-curves given by holding u constant are helices. In case ¢ = 0 we
obtain surfaces of revolution as the v-curves revolve in circles around the z-axis.
To check when this is a parametrized surface we calculate

% =e, + fes, % = ue, + ces.
When ¢ # 0 these two vectors are always non-zero and linearly independent. More-
over, if q (u1,v1) = q(u, v), then we see by looking at the z- and y-coordinates that
either u1 = v and v;1 = v+ 2nmw or u; = —w and v1 = v+ (2n+ 1) 7. In the first
case the z-coordinates will be different. In the second case the z-coordinates can
be equal if there are u values where

fw)=f(-u)+@2n+1)ec
When ¢ = 0 we obtain a parametrized surface as long as v # 0. Thus we might
as well assume that u > 0 in this case. The parametrization is never one-to-one as

the v-curves form circles. In the special case where ¢ = 0 and f' = 0 the surface is
a plane perpendicular to the z-axis that is parametrized using polar coordinates.

Exercises
(1) A generalized cylinder is determined by a regular curve ¢ (t) and a vector X
that is never tangent to the curve. It consists of the lines that are parallel to
the vector and pass through the curve.
(a) Show that
q(s,t) = c(t) +sX
is a natural parametrization and show that it gives a parametrized surface.
(b) Show that we can reconstruct the cylinder so that the curve lies in the plane
perpendicular to the vector X. Hint: Try the case where X = (0,0, 1) and
the plane is the (z,y)-plane and make sure your new parametrization is a
valid parametrization precisely when the old parametrization was valid.
(¢) Find the equation for a generalized cylinder when the curve ¢ in the (z, y)-
plane is given by F (z,y) = C and X = (0,0, 1).
(2) A generalized cone is generated by a regular curve c¢(t) and a point p not on
the curve. It consists of the lines that pass through the point and the curve.
(a) Show that
q(s,t)=s(c(t)—p) +p
is a natural parametrization and determine when/where it yields a parametrized
surface.
(b) Show that we can replace ¢ (t) by a curve ¢* (t) that lies on a unit sphere
centered at the vertex p of the cone.
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(¢) Show that the level set F' (x,y,z) = 0 is a cone through the origin when
F is homogeneous, i.e., there is an o # 0 such that F (Az, \y, \z) =
AYF (2,y, 2).

(d) Further show that the condition for the cone in (c) to be a smooth surface
away from the origin is that VF (¢) is not proportional to ¢, when F (¢) = 0.

A ruled surface is given by a parametrization of the form

q(s,t) =c(t)+sX (t).

It is evidently a surface that is a union of lines (rulers) and generalizes the con-
structions in the previous exercises. Give conditions on ¢, X and the parameter
s that guarantee we get a parametrized surface. A special case occurs when X
is tangent to c. These are also called tangent developables.

A surface of revolution is determined by a planar regular curve and a line in
the same plane. The surface is generated by rotating the curve around the line.
(a) Show that for a regular curve (r (t), z (t)) in the (z, z)- plane that is rotated

around the z-axis the parametrization is

q(t,p) = (r(t)cosp,r(t)sinp,z(t))
= r()er(p)+2(t)es
and show that it is a parametrized surface.
(b) Show that the equation for the surface is F' (\/xQ + 92, z) = ¢ when the
curve is given by F (r,z) = ¢ with « > 0.
(c) Show that the equation for the surface is given by R? (z) = 22 + y?, when
the curve can be written as r = R (z).
Let q(z,1) = (V1 —22cos pi, V1 — 22sinp, z) with =1 <z <1land —7 < pu <
. Show that q defines a surface. What is the surface?

Consider a regular curve ¢ (t) with non-vanishing curvature and construct the
tube of radius R around it

q(t,¢) = c(t) + R(Nccos¢ + Besing)

where N., B. are the normal and binormal to the curve.

(a) Show that this defines a parametrized surface as long as k. < R™1.

(b) Show by example that this surface might intersect itself if there is a chord
of length < 2R that is normal to the curve at both end points.

(c) Show that when c is a circle, then we obtain a surface of revolution that
looks like a torus.

Consider the level set:

z(2* +y®) — 22y = R.
(a) Show that this defines a surface when R # 0.
(b) When R = 0 show that we get a surface as long as (z,y) # (0,0). This is
called Pliicker’s conoid.
(¢) When R = 0 show that it is a ruled surface. Hint: Use polar coordinates
x =tcosf and y = tsinf.
Show that
(22 +9° + 2> + B> —r?)” = 4R? (2® + )
defines a surface when R > r > 0. Show that it is rotationally symmetric and
a torus, i.e., it is a parametrized circle rotated around the z-axis.
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The helicoid is given by the equation
z2_Y
tan = = =
ano =
where h # 0 is a fixed constant.
(a) Show that this defines a surface for suitable (x,y, ).
(b) Show that the surface can be parametrized by

q(r,0) = (rcosf,rsinf, h)
= re, (0) + hes
and determine for which r, 8 this defines a parametrized surface. Note that

for fixed r we obtain helices.
Enneper’s surface is defined by the parametrization

1 1
q(u,v) = (u— gu?’ +uv?, v — 51)3 + vu?, u? —v2> .

(a) For which w,v does this define a parametrization?
(b) Show that Enneper’s surface satisfies the equation

2 2 2 3 2 2 2
Y- —x 2z 2 Y- —x 1/, o5 8, 2
—+=] =6 - = = - .
( 22 +9+3) ( 1z 4(96 VTt ) Ty

Show that there exists a parametrization q : U — S? C R3 that covers the
entire sphere. Hint: If U is the disjoint union of two discs, then this can be
done using two maps that each cover a region slightly larger than a hemisphere.
Now connect these discs by a band in R? and similarly in the sphere to obtain
a parametrization from a domain U that is diffeomorphic to R2.

Many classical surfaces are of the form

F(xyyvz):am2+by2+622—&-dx—&—ey—i—fz—kg:o.

These are called quadratic surfaces if one of a, b, or ¢ # 0.
(a) Show that it is either empty or defines a surface at points (x,y,2) € R®*—C,
where C' is the closed set defined by

C= {(337?/72) | 20z = _d7 2by = —¢€, 2cz = _f}

(b) Show that C' is either empty, a point, a line, or a plane.

(¢) Under what conditions does it become a surface of revolution around the
z-axis?

(d) Show that when the equation does not depend on one of the coordinates,
then we obtain a generalized cylinder.

(e) When, say ¢ = 0, but abf # 0 we obtain a paraboloid. It is elliptic when
a,b have the same sign and otherwise hyperbolic. Draw pictures of these
two situations.

(f) When abc # 0 show that it can be rewritten in the form

F(ﬂ%y’z):a($—$0)2+b(y—y0)2+C(Z—Zo)2+h=0-

(g) When all three a, b, ¢ have the same sign show that it is either empty or an
ellipsoid.

(h) When not all of a, b, ¢ have the same sign and h # 0 we obtain a hyperboloid.
Show that it might be connected or have two components (called sheets)
depending of the signs of all four constants.
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(i) When not all of a, b, ¢ have the same sign and h = 0 we obtain a cone.
(j) Given constants ay, a,, a, determine when

q(u,v) = (azcosucosv,a,cosusinv,a,sinu),
q(u,v) = (agsinhucosv,a,sinhusinv,a, coshu),
q(u,v) = (aycoshucosv,a,coshusinv,a,sinhu),
q(u,v) = (agucosv,ayusinv,a.u?),

q(u,v) = (aaju coshwv, ayusinhv, azu2) ,

yield parametrizations and identify them with the appropriate quadratics.

4.2. Tangent Spaces and Maps

DEFINITION 4.2.1. The tangent space at ¢ € M of a (parametrized) surface is

defined as P
_ 749 99
TqM_span{au, 81}}’

and normal space is the orthogonal complement
N, M = (T,M)™" .

REMARK 4.2.2. For a parametrized surface with self-intersections this is a bit
ambivalent as the tangent space in that case depends on the parameter values (u,v)
and not just the point ¢ = q (u, v). This is just as for curves where the tangent line
at a point really is the tangent line at a point with respect to a specific parameter
value.

REMARK 4.2.3. Note that the tangent and normal spaces are subspaces. We can
also define the tangent plane at ¢ € M, as the plane parallel to T, M that contains
q. The tangent plane is then similar to the tangent line for a curve. Similarly, the
normal line to ¢ € M is the line through ¢ that is parallel to NyM. A normal to
M at g is a choice of a unit vector in n € NyM. There are two normals at each
point. In the rest of these notes n will always denote a unit normal to a surface.
The principal normal to a curve ¢ will be denoted N..

EXAMPLE 4.2.4. A parametrized surface q (u,v) : U — R? always has a natural

normal n (u,v) defined by

99 99
ou X ov
99 09
Ju < Bv

n(u,v) =

However, it is possible (as well shall see in the exercises) that there are parameter
values that give the same points and tangent spaces to the surface without giving
the same normal vectors.

EXAMPLE 4.2.5 (Example [4.1.10| continued). The normal of the generalized
helicoid is given by

9q ,, 99g /
ou X 50 —uf'e, —ceq +ues

) aq| '
TSXZTS’ \/02+u2 (1+(f’)2)

PROPOSITION 4.2.6. Both tangent and normal spaces are subspaces that do not
change under reparametrization.

n(u,v) =
|
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ProoF. This would seem intuitively clear, just as with curves, where the tan-
gent line does not depend on parametrizations. For curves it boils down to the
simple fact that velocities for different parametrizations are proportional. With
surfaces something similar happens, but it is a bit more involved. Suppose we have
two different parametrizations of the same surface:

qa(s,t) =q(u,v).
This tells us that the parameters are functions of each other
u = u(st),v=uv(s,t),
s = s(u,v), t=t(u,v).
The chain rule then gives us
9a _04q0s 090t span{a 3}
Ou  OsOu Ot Ou ds’ ot |’

94 9q 9q
v - P 85 ot [

In the other direction we similarly have

0q 9q _ [04 94
—, NS =, ¢

95> ot P ou’ v
This shows that at a fixed point ¢ on a surface, the tangent space does not depend
on how the surface is parametrized. The normal space is then also well-defined. [

and

Note that the chain rule shows in matrix notation that

o 991 _ [9a 8q1| B T

[ ou ov } - [ ds ot } % & ’
ou ov

oq 841 _ [o9a oq1| B %

[ ds ot } - [ ou ov } & &
ds ot

with
95 9s 771 u  du
ou  Ov Os ot
A better way of defining the tangent space that also shows that it is independent
of parametrizations comes from the next result.

PROPOSITION 4.2.7. The tangent space at ¢ = q(ug,vo) for a (parametrized)
surface is given by
. d
T, M = {V €ER?|v= d—? (0) for a smooth curve q(t): I — M with q(0) = q}.
PRrROOF. Any curve q

written as

(t) on the surface that passes through ¢ at t = 0 can be

q(t) =q(u(t),v(t))
for smooth functions u (¢) and v (¢) with u (0) = ug and v (0) = vp as long as ¢ is
sufficiently small. This is because the parametrization is locally one-to-one. If we
write the curve this way, then

dq Odqdu Odqdv

At Qudt | dvdt’
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Thus showing that velocities of curves on the surface are always tangent vectors.
Conversely by using u (t) = at +up and v (t) = bt + vp we obtain all possible linear
combinations of tangent vectors as
dq,. 0q 0 q,
= (0) = e + Pl
O

COROLLARY 4.2.8. Let M = {(x,y,2) € O| F (z,y,z) = c} be a level set as in
theorem[[.1.9. The normal space is spanned by

22 (g)
VF(9) = | % (q)

ok (o)

PROOF. We saw in proposition [£.2.7) that any tangent vector in T, M can be
represented as a velocity vector ¢ (0). Since q(t) € M it follows that F (q(t)) = ¢
for all £. The chain rule then implies that

0=(VF(q(0)[4(0)=(VF(q)|4(0).
This shows that the gradient is perpendicular to all tangent vectors and hence is a
normal vector. O

EXAMPLE 4.2.9. The sphere of radius R centered at the origin has a unit normal
given by the unit radial vector at ¢ = (z,y, 2) € S? (R)

1 1|7t

n—=—-—dq4a= —
RYTR|Y
z

The basis for the tangent space with respect to the meridian/latitude parametriza-
tion is 5 5
q q
— = R(cosp)e,, — =
o (cos @) ea, 5
It is often useful to find coordinates suited to a particular situation. However,
unlike for curves, it isn’t always possible to parametrize a surface such that the
coordinate curves are unit speed and orthogonal to each other. But there is one
general construction we can do.

—R(sing) e, + R (cos @) es.

THEOREM 4.2.10. Assume that we have linearly independent tangent vector
fields X,Y defined on a surface M. Then it is possible to find a parametrization
q(u,v) in a neighborhood of any point such that % is proportional to X and % 18
proportional to Y.

PRrROOF. The vector fields have integral curves forming a net on the surface.
Apparently the goal is to reparametrize the curves in this net in some fashion. The
difficulty lies in ensuring that the levels where u is constant correspond to the v-
curves, and vice versa. We proceed as with the classical construction of Cartesian
coordinates. Select a point p and let the u-axis be the integral curve for X through
p, similarly let the v-axis be the integral curve for Y through p. Both of these curves
retain the parametrizations that make them integral curves for X and Y. Thus p will
naturally correspond to (u,v) = (0,0). We now wish to assign (u,v) coordinates
to a point ¢ near p. There are also unique integral curves for X and Y through
q. These will be our way of projecting onto the chosen axes and will in this way



4.2. TANGENT SPACES AND MAPS 89

yield the desired coordinates. Specifically, u (¢) is the parameter where the integral
curve for Y through ¢ intersects the u-axis, and similarly with v (¢). In general,
integral curves can intersect axes in several places or might not intersect them at
all. However, a continuity argument offers some justification when we consider that
the axes themselves are the proper integral curves for the ¢s that lie on these axes
and so when ¢ sufficiently close to both axes it should have a well-defined set of
coordinates. We also note that as the projection happens along integral curves
we have ensured that coordinate curves are simply reparametrizations of integral
curves. To completely justify this construction we need to know quite a bit about
the existence, uniqueness and smoothness of solutions to differential equations and
the inverse function theorem. O

REMARK 4.2.11. Note that this proof gives us a little more information. Specif-
ically, we obtain a parametrization where the parameter curves through (0,0) are
the integral curves for X and Y.

DEFINITION 4.2.12. A map between surfaces F' : M; — M> is an assignment
of points in the first surface to points in the second. The map is smooth if around
every point ¢ € M; we can find a parametrization q; (u,v) where ¢ = q; (uo, vo)
such that the composition F o q; : U — R3 is a smooth map as a map from the
space of parameters to the ambient space that contains the target Ms.

We can also define maps between parametrized surfaces in a similar way.
Clearly parametrizations are themselves smooth maps. It is also often the case
that the compositions F o q; are themselves parametrizations for Ma.

EXAMPLE 4.2.13. Two classical examples of maps are the Archimedes and Mer-
cator projections from the sphere to the cylinder of the same radius placed to touch
the sphere at the equator. We give the formulas for the unit sphere and note that
neither map is defined at the poles.

The Archimedes map is simply a horizontal projection that preserves the z-
coordinate

x
T /22 +y2

Al y | = Y
V2 +y?

z
z

In the meridian/latitude parametrization it looks particularly nice:

COS [4 COS ¢ COS [t
A | sinpcos¢g | = | sinp
sin ¢ sin ¢

or
A((cos ) e, + (sin 6) e3) = e, + (sin §) es.

Note that what is here referred to as the Archimedes map is often called the Lambert

projection. However, Archimedes was the first to discover that the areas of the

sphere and cylinder are equal. This will be discussed in greater detail in section

E4

The Mercator projection (1569) differs in that the z-coordinate is not preserved:

T

X
- | Y
Miv =\ Vo

1 142
5108 1=
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or
COS 4 COS ¢ coS [t
M | sinpcos¢ | = sin 4
. 1 1+sin ¢
sin ¢ 2 IOg 1—sin ¢
or

. B 1 1+ sing
M ((cos @) e, + (sing)es) = e, + 3 log meg.

Both of these maps really are maps in the traditional sense that they can be
used to picture the Earth on a flat piece of paper by cutting the cylinder vertically
and unfolding it. This unfolding is done along a meridian. For Eurocentric people
it is along the date line. In the Americas one also sees maps cut along a meridian
that bisects Asia so as to place the Americas in the center.

DEFINITION 4.2.14. The differential of a smooth map F : My — M at ¢ € M,
is the map
DFy : Ty My — Tpq) Mo

defined by
d(Foq
DF,(v) = % (0)
q

if q (¢) is a curve (in M;) with ¢ = q(0) and v = C(th (0).

PROPOSITION 4.2.15. When v = % (0) = % v +% v¥ we have

DF, (v) = [ o(Foq)  O(Foq) } [ v } _

ou ov v

In particular, the differential is a linear map and is completely determined by the

two partial derivatives %, %.

PrRoOOF. This follows from the chain rule:

AFoq) ) _ dF(a()
dt dt
_ dF(q(u(®),v ()
dt
_ O0(Foq)du  0(Foq)dv
N Ou dt ov dt

du
_ [ d(Foq)  9(Foq) } { 7 }
ou ov CT’;,) :

EXAMPLE 4.2.16. The Archimedes map satisfies

— g 0
O(Acq) | SN 0(ea) |
O 0 - ¢ —cos ¢
and the Mercator map
— g 0
d(Moq) _ Cj;“ﬂ” _, 9Moq) |
ou 0 “ 13J0) 1

Q
e}
7}

©-
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DEFINITION 4.2.17. A surface M is orientable if we can select a smooth normal
field. Thus we require a smooth function

n:M—S?(1) CcR?

such that for all ¢ € M the vector n (¢) is perpendicular to the tangent space T, M.
The map n : M — S? (1) is called the Gauss map.

PROPOSITION 4.2.18. A surface which is given as a level set is orientable.

Proor. Form corollary we know that the normal can be given by

_ VF
~|VF

ifM={qeO|F(q) =c} O

REMARK 4.2.19. The parameters u, v on a parameterized surface q (u, v) define
two differentials du and dv. These are not mysterious infinitesimals, but linear
functions on tangent vectors to the surface that compute the coefficients of the

vector with respect to the basis %, %. Thus

_ 94 4,94 4\ _
dU(V) = du(au +8’UV>_V7
_ 94 W 04 o) _ v
dv(v) = dv(au +8v >v,

and
=[5 s o=15 w1

From the chain rule we obtain the very natural transformation laws for differentials

ou ou
du = Eds + Edt7
ov ov
dU = gds + Edt,
or
ou ou
wl-lE A ]
dv 5 o dt
Exercises

(1) Show that the following conditions for a surface are equivalent:
(a) It is part of a plane.
(b) The normal vector is constant.

¢) All the tangent planes are parallel.

how that the following conditions for a surface are equivalent:

) It is part of a sphere.

) All normal lines pass through a fixed point.

) n=A(q—c) for some function A and point c.

(
(2) S
(a
(b
(

C
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Show that the ruled surface

q(t,¢) = (cose,sing,0)+¢ (Sin % cos ¢, sin ¢ sin @, cos ¢)

2 2
= e, (¢)+tsin ger (¢) + tcos §€3.

defines a parametrized surface. It is called the Mdbius band. Show that it is
not orientable by showing that when ¢ = 0 and ¢ = +7 we obtain the same
point and tangent space on the surface, but the normals

9q
ot
9q , 0q
3t><6¢’

n(t7¢) =

are not the same.

Show that q(t,¢) = t(cos¢,sing, 1) defines a parametrization for (¢,¢) €
(0,00) xR. Show that the corresponding surface is 22 +y?—2% = 0, z > 0. Show
that this parametrization is not one-to-one. Find a different parametrization
of the entire surface that is one-to-one.

Consider the two surfaces M; and My defined by the parametrizations:

q; (t,¢) = (sinh¢cost,sinh¢sint,t)
— tes+ (sinh6) e (1),
qy (t,¢) = (coshtcos,coshtsing,t).

= (cosht)e, (¢) + tes.

(a) Show that q; : R x R — Mj is a one-to-one parametrization of a helicoid
(see section exercise E[)

(b) Show that q, is a parametrization that is not one-to-one. Show that M, is
rotationally symmetric (see section [4.1|exerciseld)) and can also be described
by the equation

22 4+ y? = cosh? z.
Show further that this equation defines a surface. It is called the catenoid.

(c¢) Define amap F : My — M by Foq, (t,¢) = qs (£, ¢). Show that this map
is smooth, not one-to-one, but locally a diffeomorphism.

Show that a parametrized surface

r(z,0)cosf
q(z,0)=| r(z,0)sinf | =r(z,0)e.(0)+ zes

z

is rotationally symmetric, i.e., % = 0, if all its normal lines pass through the
z-axis.
The inversion in the unit sphere or circle is defined as

(a) Show that this is a diffeomorphism of R™ — 0 to it self with the property
that (q | F'(q)) = 1.

(b) Show that F' preserves the unit sphere, but reverses the unit normal direc-
tions.
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(¢) Let M be a surface. Show that M* = F (M) defines another surface. Show
that DF : TyM — T,« M* satisfies
_lal®v—2(q] v)q
lal'
(d) Show that if n is a unit normal to M, then the unit normal to M* is given

by
N <nq2<q 2n>> .
lq]

(8) A perspective projection is defined as a radial projection along lines emanating
from a fixed point ¢ € R" to a hyper-plane H C R".
(a) Let ¢ = (0,0,c) € R® and H be the (z,y)-plane. Show that the projection

is given by (z,y,z) — ( Y 0).

DF(v)

(b) Letc = (0,0,0) € R? and H be the {z = 1}-plane. Show that the projection
is given by (z,y,2) — (%, 4, 1).

(c) Let ¢ = (0,0,1) € R® and H be the {z = —1}-plane. Show that the pro-
jection is given by (z,y, z) — ( 2z 2y _1)_

1—2z71-27
(9) Consider the two maps q* : R® — R" x R = R"+!
L —|q)”
+
q” (¢) = (¢,0) + (¢, £1).
L+ 1q)”

These two maps are inverses of perspective projections to the unit sphere. They

are also called stereographic projections.

(a) Show that these maps are one-to-one, map into the unit sphere, and that
together they cover the unit sphere.

(b) Show that they are the inverse maps of the perspective projections from
(0,F1) € R® x R to the R” C R™ x R plane where the last coordinate
vanishes.

(c) Show that g™ (#) =q (¢) and q* (¢) =q~ (#).

4.3. The First Fundamental Form

Let q (u,v) : U — R? be a parametrized surface. At each point of this surface
we have a basis

v
94q
ov

n(u,v) =

These vectors are again parametrized by u,v. The first two vectors are tangent
to the surface and give us an unnormalized version of the tangent vector for a
curve, while the third is the normal and is naturally normalized just as the normal
vector is for a curve. One of the issues that make surface theory more difficult than
curve theory is that there is no canonical parametrization such as the arclength
parametrization for curves.
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The first fundamental form is the symmetric positive definite form that comes
from the matrix

_ 3 d tr o d
b =[5 521 [5 5]
@|@ @|@

o ou ou ou ov
o 94 | 99 94 | 99
ov ou ov ov

— guu guv
g’U’LL g’UU '

For a curve the analogous term would simply be the square of the speed

da\'da _(da dq
dt) dt — \dt'dt)’
The first fundamental form dictates how one computes dot products of vectors
dq 90q

tangent to the surface assuming they are expanded according to the basis 3.1, 5. -
If

.04 .04 Xu
X = X%JFX%:[% gif][xv}v
L04 .04 Yy
v = y%+y%:[% gﬁ]{yv}v
then
(XY _ Xu XV Juu  Guu :| |: Yy :|
(’) [ :I[gﬂu gU'U Yv
w . t Yy
—lx x5 2R B
(e E) (2 (2]
ou ov XV ou v Yv
= Xty
(X[Y).

In particular, we see that while the metric coefficients g, ., depend on our parametriza-
tion, the dot product I(X,Y") of two tangent vectors remains the same if we change
parameters. Note that I stands for the bilinear form I(X,Y’) which does not de-
pend on parametrizations, while [I] is the matrix representation with respect to a
parametrization.

dq dq

=1 x =31 can be com-

Our first observation is that the normalization factor |51 X F

puted from [I].
DEFINITION 4.3.1. The area form of a parametrized surface is given by

Vdet [I].

The next lemma shows that this is given by the area of the parallelogram
spanned by %, %.
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LEMMA 4.3.2. We have

dq dq| _ — 2
0 X ga| = et = guugor = (gu0)”-

ProoF. This is simply the observation that both sides of the equation are

formulas for the square of the area of the parallelogram spanned by 23, gg, ie.,
0 9a 0 q % @ B 0 dq 0 dq
3u ED) Ou| |0Ov ou ' ov

O

EXAMPLE 4.3.3 (Example [4.1.10] continued). The first fundamental form and
area form of the generalized helicoid are given by

=[P = (e ).

EXAMPLE 4.3.4. We also need to know how the first fundamental form changes
under a reparametrization. Consider for example (u,v) = e” (cos 6, sin ) so that
dq 0qdu dqdv _0q o
Br  ouor  ovor 8u

dq 0dqdu 8q3v_ 8qr dq
0 ouo0  owol . ot Sn9+au”°so

cos 0 + g—e sin 6,

Thus
dqou 0qdv 0qdu Oqdv
Jrr = <8u8r+3’u@r &L&“+8v8r>
Ou du Ou Ov v dv
gquE—FQ uua 8 +g vva E
= % (guu 082 0 + 2y, cos 0sin 0 + gy, sin’ 9) ,

0q0u 0q0v ,K dqdou 0qdv
o = (8u8r+8v@r mae*awe)
Ou Ou Oudv  Oudv Ov v
g““arae+g“”(mae+aaar> 95y 96
= € (—guu cosfsinb + gy, (cos®§ — sin® 0) + gy, cosfsinb)

dq0u 0dqdv K 0q0u 0q0v

gos = <8u89+81}39 mae+avae)

udu , oudv ovd

Fuug a0 29 o006 T 96 90
= e (guu sin® 0 — 2y, sin 0 cos @ + gy, cos? 9) .

In matrix notation
t
9rr  Gro _ % %77; Guu  Guv %*7: %
gor Goe 3*1; aig Gou  Govv 872 75
Ou v Ou  du
_ o  or Guu  Guv ar 90
- g gl wllE 2]
20 00 Gou  Gov or 00
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The inverse matrix
-1
Jou Gow gvu gvv

can be used to find the expansion of a tangent vector by computing its dot products
with the basis:

ProposITION 4.3.5. If X € T, M, then

Uy @

(= (x15) 0 (15))
vu 94 94\ 24

L) ()5

[ 5 S lm'[5 RIx

X

More generally, for any Z € R3

(1) = (2150))5
(o (215) v (215 >)(; e

=[5 S0 05 512+ wn

Proor. This formula works for X € T, M by writing

¥

Z

Xu dq dq
_[ 249 24q _ yu v
x=[5 %] 5|5y

- (% 21 %]
= X
For a general vector Z € R? the result follows by using the orthogonal decomposition
Z=X+4(Z|n)n
where X = Z — (Z | n)n € T, M and observing that the operation

Zw—[ 99 Za [ 2 991z

is a linear map defined for all Z € R3 with kernel spanned by n. In fact, it
orthogonally projects Z to T, M. O

Defining the gradient of a function is another important use of the first funda-
mental form as well as its inverse. Let f (u,v) be viewed as a function on the surface
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q (u,v) . Our definition of the gradient should definitely be so that it conforms with
the chain rule for a curve q(t) = q(u (t),v (¢)). Thus on one hand we want

Wed — (s a)

dt
~ [@n @ m] g |

dt
while the chain rule also dictates

6oy 21[4]

This indicates that

or
vio= 1% 21
=[5 (1% Eim)
=[5 SIm ¥ Y

In particular, we see that changing coordinates changes the gradient in such a way
that it isn’t simply the vector corresponding to the partial derivatives! The other
nice feature is that we now have a concept of the gradient that gives a vector field
independently of parametrizations. The defining equation

d(foq . .
Wed _ (v a)=1(vr.0)
gives an implicit definition of V f that makes sense without reference to parametriza-

tions of the surface.

Exercises
(1) For a surface of revolution q (¢, u) = 7 (t) e, (1) +2 (t) e (see section[4.1]exercise
4)) show that the first fundamental form is given by
[gtt Giu } _[7'“2—1'22 0 }
9ut  Gup N 0 r? |-
A special and important case of this occurs when z = 0 and r = ¢ as that
corresponds to polar coordinates in the (z,y)-plane.
(2) Assume that we have a cone (see section exercise [2) given by

q(r,¢) =rc(e),

where ¢ is a space curve with |¢] = 1 and = 1. Show that the first

de
d¢
fundamental form is given by

|: Grr  Gro¢ :| — |: 1 0 :|
9or 9o 0 r?

and compare this to polar coordinates in the plane.
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Assume that we have a generalized cylinder (see section exercise [1]) given
by

q(s7t) = (.’t (S) 7y(s) >t)a
where (2 (s),y (s)) is unit speed. Show that the first fundamental form is given

by
9ss  Yst _ 10
Gts it 0 1|
Assume that we have a ruled surface (see section exercise [3) given by
q(s,t) = c(t) +sX (1),

where c is a space curve and X is a unit vector for each t. Show that the first
fundamental form is given by

|:gss gst:|_ 1 (%|X)2
- dc dc d :
s Gt (E'X) E"_ST):&(‘
Show that if we have a parametrized surface q(r, ) such that the first funda-
mental form is given by

9rr  Gro _ 1 0
gor  9o0 0 r ]’
then we can locally reparametrize the surface to q(u,v) where the new first

fundamental form is
Juu  Guv o 1 0
g’U’LL g’U'U - O 1 '

Hint: Let u = rcosf and v = rsin6.
Let ¢ (s) be a unit speed curve with non-zero curvature, binormal B, and torsion
7. Show that the first fundamental form for the ruled surface

q(s,t) = c(s) +¢Bc(s)

is given by

Gts it 0 1
Consider a unit speed curve c(s) with non-vanishing curvature and the tube
(see section exercise E[) of radius R around it
a(s,8) = ¢(s) + R (N, cos ¢ + Bsing),

where T, N., B, are the unit tangent, normal, and binormal to the curve.

(a) Show that T. and — N, sin ¢+B.. cos ¢ are an orthonormal basis for the tan-
gent space and that the normal to the tube is n = — (N, cos ¢ + B, sin ¢).

(b) Show that

gss 9s¢ | [ (1= kRcos®)® + (rR)*> 7R2
9s 9o | TR? R? |

Compute the first fundamental form of the Mdbius band

|:gss gst:||:1+t27—2 0:|

q(t,¢) = (cos¢,sing,0)+¢ (Sin % cos ¢, sin g sin ¢, cos (;S)

= e (¢)+tsin ger (¢) + tcos geg.
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(9) For a parametrized surface q (u,v) show that

dq dq
04 _ Guugy ~ Juvan

nx-—
du 2q  0q| 7’
ou ov
9 2]
@ _ guvaig _gvvais
n X = .
v 29 y 94
ou ov

(10) Assume a surface has a parametrization q (s, 1) where

(
{gss gsu}:[l 0]
Gus  Guu 0 7 |’
where 7 (s) is only a function of s.
(a) Show that if 0 < % < 1, then there is a function z (s) so that (r (s),0, z (s))
is a unit speed curve.
(b) Conclude that there is a surface of revolution with the same first funda-

mental form.
(11) Assume a surface has a parametrization q (u,v) where

Guu  Guv _ r2 0

g’uu gUU O ’r2 ’
where 7 (u) > 0 is only a function of u. Show that there is a reparametrization
u = u (s) such that the first fundamental form becomes

9ss  Jsv _ 1 0
Gus  Guv 0 r |-

(12) Show that if we have a parametrization where

1 0
1= :
H [ 0 guw ]
then the coordinate function f (u,v) = u has
9q

(13) Show that it is always possible to find an orthogonal parametrization, i.e., gy,
vanishes. Hint: Use theorem [£.2.101
(14) Show that if
8guu _ ag’uv
v Ou
then we can reparametrize u and v separately, i.e., u = u(s) and v = v (¢), in
such a way that we obtain Cartesian coordinates:

= Guv =0,

gss = Gttt = ]-7
st = 0.
(15) Show that if
0% q
=0
oudv ’

then
q(u,v) = F(u) + G (v),
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and conclude that
OGuu o 99vv
ov  Ou
Give an example where g, # 0.

=0.

4.4. Special Maps and Parametrizations

DEFINITION 4.4.1. We call a map F : M; — M, between surfaces an isometry
if its differential preserves the first fundamental form

We call the map area preserving if it preserves the areas of parallelograms
spanned by vectors:
L(X,Y) L(v,Y) |~ | L(DF(X),DF(Y)) I (DF(Y),DF(Y))
We call the map conformal if it preserves angles between vectors:
CL(X.Y)  L(DF(X),DF(Y))
(XL Yy IDF(X),,|DF (V)]

det

cos Z(X,Y)

When the first surface is given as a parametrized surface these conditions can
be checked as follows.

PROPOSITION 4.4.2. Let q : U — M; be a parametrization and F' : M1 — Mo
a map. The map is an isometry if

L] =[],
area preserving if
det [I1] = det [I5],
and conformal if
L] = A% [Io]

for some non-zero function \.

PRrROOF. Note that it is not necessary to first check that Foq is also a parametriza-
tion as that will be a consequence of any one of the three conditions if we define

O(Foq) | O(Foq) O(Foq) | O(Foq)
[I ] _ ou ou ou v
2 O(Foq) | 9(IFoq) 9(Foq) | 9(Foq)
ov ou ov ov

and observe that w: W

[I2] has nonzero determinant.
Next note that the chain rule implies that

@ _0(Foq) @ _0(Foq)
DF<6U> ou , DF o) o

So the three conditions are necessarily true if the map is an isometry, area preserv-
ing, or conformal respectively. More generally, we see that

DF (X) = DF (X“aq +X”aq> _xx 0w |y d(Foq)

are linearly independent if and only if the matrix

ou ov ou ov
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So if [Iﬂ = [IQL then

I (DF (X),DF (Y)) [ xv XV ] [ O(Foq)  d(Foq) ]t{ O(Foq)  O(Foq) } { vt }

ou ov ou ov YV

- e e[ ]

- e e[ V]

= L(X,Y).
A similar calculation with the assumption that [I[;] = A2 [I3] gives us
L(XY) = NL(XY),
XP=L(X,X) = ¥h(X,X),
YP =1L (YY) = NL(Y,Y).
As angles are given by
(X [Y)
cos Z(X,Y) = X1V
this establishes the last claim.
Finally, if

then the observation that

X xY

04 ,0q w94 | 1004
(Xa +X8>><(Y8 +Y 81})

uyv Y Uyu @ %
(X"Y" = X"Y") S x 2,

w0 (Foq) w0 (Foq) WO (Foq) ,0(Foq)
<X Ju X v “\Y ou Y Ov
3(Foq)X5(Foq)

ou ov

DF (X) x DF (Y)

— (Xuy’v _ Xqu)

shows that
|X xY|* = |DF (X) x DF (Y)]*.
The last statement can also be rephrased without the use of A by checking that

(3(Foq) | a(Foq)> (8(Foq) | 8(Foq)>
ou ou _ ov ov

%) (@
ou | Ou ov ov

8Foq | 8Foq

OFoq 0Foq _( ) dq,0q
(81} | 8u)_ (873|673> <8U 8u)

and
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DEFINITION 4.4.3. In case the map is a parametrization q : U — M then we
always use the Cartesian metric on U given by

]

So the parametrization is an isometry or Cartesian when

m=15 1]

area preserving when

det [I] =1,
and conformal or isothermal when
Guu = Gov,
Guv = 0.

EXAMPLE 4.4.4. It follows from proposition [£:4.2] and example [1.2.16] that the
Archimedes map is area preserving and the Mercator map is conformal.

EXAMPLE 4.4.5. Consider the reparametrization (u,v) = € (cos8,sinf) from
example If q (u,v) is conformal, then g,, = gy, = A% and g,, = 0. Thus the
reparametrized surface q (r,0) = q(e" cos 6, e” sin ) has

Grr = 62rk2a
gro = 0,
oo = €2r>\2'

In particular, this gives a conformal reparametrization of the Cartesian plane. This
example is part of a much broader class of conformal maps. If we write w =
u++v/~1v and z = x + y/—1y, then the transformation w = F () is conformal
when F' is holomorphic. This follows from the fact that the linear map given by

the matrix
a —b
b a

preserves angles and that F' (z) is holomorphic when it satisfies the Cauchy-Riemann

equations

ou Ov ou v
=_—and — =——

dzr Oy oy  Ox

Ju  Ju du v
9z O | a2 —&=
R { ge o ] .

oxr Oy oz ox

ie.,

DF =

The above reparametrization is simply complex exponentiation: w = e?.

DEFINITION 4.4.6. The area of a parametrized surface q (u,v) : U — M over a
region R C U where q is one-to-one is defined by the integral

Area(q(R)):/R\/det [Mdudv.

PROPOSITION 4.4.7. The area is independent under reparametrization.
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PROOF. Assume we have a different parametrization q(s,t) : V. — M and a

new region 7' C V with q (R) = q(T") and the property that the reparametrization
(u(s,t),v(s,t)) : T — R is a diffeomorphism. Then

/\/Mdudv
R
= [ a5 BT )

Area(q(R))

= / det
R

du v

o)

<
-/ det<
|
[

B T% 5 |

| —|
TPl
Sl
| — |

(o)

HET

o a ]dsdt,

0s ot

I
S
Q.

&
=

52
Q

where the last equality follows from the change of variables formula for integrals. [

Finally we show that general maps that are not conformal are related to certain
nice parametrizations. This depends on a more general result that we will use in
several situations.

DEFINITION 4.4.8. A symmetric bilinear form @) on a surface, is a symmetric
bilinear form @ (X,Y’) on each of the tangent spaces that varies smoothly, i.e.,
Q (X,Y) is linear in each of the two variables separately, Q (X,Y) = Q (Y, X), and
when X and Y are smooth vector fields then @ (X,Y") is also smooth.

The first fundamental form is an example of a symmetric bilinear form on a
surface.

THEOREM 4.4.9. Let Q be a symmetric bilinear form on a surface. If Q is not
a multiple of T at p, then there is a parametrization q(u,v) around p such that

dq 9q 9q 9q
Il=—,— )= —,— ] =0
(8u’0v> Q(@u’@v
PROOF. By theorem [£:2.10] it suffices to find orthogonal unit vector fields E;
and Es near p such that Q (E7, E3) = 0.
At a point ¢ consider @ (E, E) for all unit vectors E € T, M. This function
will have a maximum at some vector Ey € T,M. Let Fy € T, M be a unit vector

orthogonal to Ey. It follows that E () = cos0FE; + sinfE, € T,M is also a unit
vector. Now consider

Q(E(0),E (0)) = cos’>0Q (Ey, Ey) + 2cos0sin0Q (Ey, Fy) + sin? 0Q (Es, Ey) .

F) t
GG ae/T8 515 5 fee|
u

<[<‘3q Gq}{az Bth[aq M]{avi %ﬁs)Ddudv
Os ot ot ot B ot ot 0t
ou  Ov ou  Ov
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By construction this is a function of 8 that has a maximum at § = 0. The derivative
at 0 =0 is 2Q (F1, E2). Therefore, Q (E1, F3) =0 and

Q(E (), E (0)) = cos®0Q (B, Ex) + sin” 6Q (B, Ez) .
If @ = A1, then Q (E (0),E (0)) = X for all §. Otherwise,

Q (E1, Er) > Q (B, Es)

and Q (E (0), F (0)) will only have a maximum when § = 0, 7 and a minimum when
0=+Z.

Sir21ce Q@ is not a multiple of I at p it follows by continuity that it won’t be a
multiple of I for ¢ near p. This means that E; is well-defined up to a choice of
sign. If we fix a choice at p, then we can uniquely extend this to a unit vector field
E7 in a neighborhood of p. Similarly for F5. This finishes the construction of the
orthonormal frame E1, E>. O

COROLLARY 4.4.10. Let F : My — Ms be a map between surfaces. If F' is not
conformal near p € My, then there is a parametrization q(u,v) of a neighborhood

of p such that
_ 1. (94 99\ _, (0(Foq) 0(Feq)) _
0=5 (8u’81}>_12< ou ' Ov =0

PrOOF. We can simply use Q (X,Y) =1, (DF (X),DF (Y)) as our symmetric
bilinear form on M;. The fact that F' is not conformal at p shows that @ is not a
multiple of I;. O

Exercises

(1) Check if the parameterization q(t,¢) = t(cos¢,sing, 1) for the cone is an
isometry, area preserving, or conformal? Can the surface be reparametrized to
have any of these properties? Hint: See section exercise

(2) Show that the two surfaces defined by z = 22 — 3? and z = 2xy are isometric.

(3) Compute the areas of the following surfaces by integrating the area form for a
suitable parametrization.
(a) Show that the sphere of radius R has area 4w R
(b) Show that the circular cylinder of radius R and height h has area 27 Rh.
(¢) Show that the torus from section exercise [8| has area 472 Rr.

(4) Consider a ruled surface

q(s,t) =c(s) +tX (s)

where ¢ is unit speed and X is a unit field. Show that it is conformal if and
only if it is Cartesian (in which case X is constant and normal to ¢ for all s.)
Hint: See section 2] exercise Fl

(5) Show that there is a map from a surface of revolution q, (r, ) = re, (1) +
z1 (7) es to a circular cylinder qq (r, ) = e, (1) + 22 () e3 that is either
(a) conformal or
(b) area preserving.
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(6) Show that the curve (r (u), z (u)) can be reparametrized so that the new parametriza-

tion

atp) = (r(t)cosp,r(t)sinp, z (£)
re, + zes

is either
(a) conformal or
(b) area preserving.
(7) Show that a Monge patch z = f (z,y) becomes:
(a) area preserving if and only if f is constant;
(b) conformal if and only if f is constant.
(8) Show that the equation
ar+by+cz=d
defines a surface if and only if (a, b, ¢) # (0,0,0). Show that this surface has a
parametrization that is Cartesian.
(9) The conoid is a special type of ruled surface where ¢ is a straight line and X
always lies in a fixed plane. The simplest case is when c is the z-axis and X
lies in the (z,y)-plane

a(s,t) = (tz(s),ty(s),z(s))
= (0,0,2(s)) +t(x(s),y(s),0)
(a) Compute its first fundamental form when | X| = 1.
(b) Show that this parametrization is conformal (or area preserving) if and
only if the surface is a plane.
(¢) Show that this surface is a helicoid when both X and z have constant
speed.
(d) Show that such a helicoid can be reparametrized using ¢ = ¢ (v) so as to
obtain either a conformal or an area preserving parametrization.
(10) Consider the two parametrized surfaces given by

qq (¢,t) = (sinh¢pcost,sinh ¢psint,t)
= tes + (sinh @) e, (¢)
qs (s,) = (coshscos pu,coshssiny, s)

= ses+ (coshs)e, (1)

Compute the first fundamental forms for both surfaces and construct a local

isometry from the first surface to the second. (The first surface is a ruled surface

with a one-to-one parametrization called the helicoid, the second surface is a

surface of revolution called the catenoid.) Hint: See section exercise
(11) Consider the tube from section [4.3| exercise [7| with s € [0, L] and ¢ € [0, 27].

(a) Show that the area is given by 27 RL.

(b) Find an area preserving map from this tube to a cylinder of the form

Fa(s,9)) = (Rcoso, Rsing,h(s,¢))
= Re, (¢)+h($,¢) €3-
(12) Consider a generalized cylinder parametrized as in section exercise [3| with
s €[0,L] and ¢t € [a,b]. Show that its area is L (b — a).
(13) Consider a generalized cone parametrized as in section exercise [2| with ¢ €
[0,L] and r € [a,b]. Show that its area is 3L (b* — a?).



(14)

(15)

(16)

(18)

(19)
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Show that Enneper’s surface
u — %u?’ + uv?
q(u,v) = | v— 50+ vu?
u? — v?

defines a conformal parametrization.
Show that Catalan’s surface

u — sinu cosh v

q(u,v) = | 1—cosucoshv
ST VAN )
4sin 3 sinh 5

defines a conformal parametrization. Hint: Start by showing that: 2sin?
1 —cosu etc.
Show that the parametrization

q(t,p) = (COSM e tanht)

u
2

cosht’ cosht’
1
coshte
is a conformal parametrization of the unit sphere.
Show that the following two parametrizations of the unit sphere are area pre-
serving:
(a) (Lambert, 1772)

a(2) = V1= Ze, () + zes, ul <, |2| < L.

(b) (Sinusoidal projection, Cossin, 1570)

Q(s,t) = (coss) e, (

(c¢) Relate the Lambert parametrization to the Archimedes map.
(Stabius-Werner, c¢. 1500, Sylvanus, 1511, Bonne, c¢. 1780) Show that the
Bonne parametrizations

~ (1) + tanh teg

> + (sins)es, |s| < §,t < mcoss.
cos s

q(r,0) = (cos (r —r9)) e <T(0_7T/2)> + (sin (r — 1)) es,

cos (r — 1)

have the property that det[I] = r2. Conclude that they are area preserving

when (r, ) correspond to polar coordinates
x=rcosf, y=rsind.

For 79 = 0 this is a sinusoidal projection, for rg = 7/2 the Stabius-Werner
projection, and for 0 < rg < 7/2 the Sylvanus projection. The planar shape of
these maps is bordered on the outside by an implicitly given curve
|7 ‘9— g’ = cos (r —rg)

as r — 7/2 this looks like a heart shaped region.
Show that the inversion map
-1

5

lql

is a conformal map of R™ — 0 to it self. Hint: See section [1.2] exercise [7}

F(q)
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(20) Show that the inverse stereographic projections q* : R® — R” x R = R"*!

defined by
1—g*
1+ g

are conformal parametrizations of the unit sphere. Hint: See section[d.2]exercise
O More specifically when n = 2 it is given by

qi (u,v) = 2u 2v :Fu2+v271
’ w2402 4+1"u2+024+1" w2402 4+1)°

a* (¢) = (¢,0) + (q,£1)

Consider the map F : H — R? defined by

Flay) = —(22.2(y+ 1)) +(0,~1)
21yt 1)
= 71 X 71'27 2
- x2+(y+1)2(2’1 y)’

where H = {(x,y) | y > 0}.
(a) Show that F is one-to-one and that the image is D = {(z,y) | #* 4+ y* < 1}.

Hint: Show that
4y
F(zy)=1-—"—0.
22 + (y +1)°

(b) Show that the inverse is given by

-1 = 71 U v —
F~'(u,0) = u2+(v+1)2(2 2(v+1))+ (0,—1)
1 2,2
B u2_|_(v+1)2(2u’1_u )

(c) Show that F and F~! are conformal.

(d) Show that F can be interpreted as an inversion in the circle of radius v/2
centered at (0, —1).

Consider a map F : S? — P, where P = {z = 1} is the plane tangent to the

North Pole, that takes each meridian to the radial line that is tangent to the

meridian at the North Pole. Sometimes the map might only be defined on part

of the sphere such as the upper hemisphere.

(a) Show that such a map has a parametrization of the form

F ((cos ) er (1) + (sin @) e5) = 7 (6) e (1) + 3

for some function r, where r (%) =0.

(b) Show that when r = /2 (1 — sin ¢), then we obtain an area preserving map
on the upper hemisphere.

(¢) Show that when the map projects a point on the upper hemisphere along
the radial line through the origin, then r = cot ¢. Show that this map takes
all great circles (not just meridians) to straight lines. This is also called
the Beltrami projection and is an example of a perspective projection (see

section exercise .
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(d) Show that the inverse of the Beltrami projection from (c¢) onto the upper
hemisphere is given by

1 S t 1
57 a4 1) <\/1+32+t2’ V142 + 2 \/1+52+t2> '

Show that a map F' : M — M™ that is both conformal and area preserving is
an isometry.
(Girard, 1626) A hemisphere on the unit sphere S? is the part that lies on
one side of a great circle. A lune is the intersection of two hemispheres. It
has two antipodal vertices. A spherical triangle is the region bounded by three
hemispheres.
(a) Show that the area of a hemisphere is 27.
(b) Use the Archimedes map to show that the area of a lune where the great

circles meet at an angle of « is 2a.
(c) If A(H) denotes the area of a region on S? use a Venn type diagram to

show that

A(HyUH;UHs) = A(Hy)+ A(Hy)+ A(H3)
—A(H1 ﬂH3) —A(HQ ﬁHg) —A(Hl ﬂHQ)
VA (H) O Hy N H).

(d) Let Hy,Hs, H3 be hemispheres and H! = S? — H; the complementary
hemispheres. Show that

HiNH,NH)=S*—H UH,U Hj.

And further show that the spherical triangle Hy N Hy N H3 is congruent to
the spherical triangle H] N H5 N H} via the antipodal map.
(e) Show that the area A of a spherical triangle is given by

A=a+B+vy-m,

where «, 3,7 are the interior angles at the vertices of the triangle.



CHAPTER 5

Curvature of Surfaces

The goal of this chapter is to understand curvature of surfaces. This is quite a
bit more complicated than for curves. There are two curvatures and they are defined
as extrinsic invariants, i.e., they depend on how the normal to the surface changes.
This is analogous to the curvature of curves. One of the surprising discoveries by
Gauss was that one of these curvatures is an intrinsic invariant. This means that
it can be calculated knowing only the first fundamental form. Another old problem
we investigate is that of understanding which surfaces admit Cartesian coordinates.

5.1. Curves on Surfaces

In this section the second fundamental form is introduced as the normal part
of the acceleration of a curve. This is used to find its matrix representation. In
section a more algebraic definition is offered.

We start with the observation that for a surface M C R? and a point p € M the
tangent space T, M and normal space N,M = (T, M )J‘ are defined independently
of parametrizations (see proposition. Thus the projections of a vector Z € R?
onto both the tangent space and the normal space are well-defined without reference
to parametrizations.

Consider a curve q (t) on the surface. The velocity ¢ and acceleration § can be
calculated in R? without reference to the surface. The velocity will be tangent to the
surface, but the acceleration rarely is. The projections of { onto the normal space,
4" = (4 | n)n, and the tangent space, §' = G — (4 | n) n, can be computed without
parametrizing the surface. This shows that tangential and normal accelerations are
well-defined.

To ease writing equations involving partial derivatives and multiple indices we
will use some simplifying notation for partial derivatives, e.g.,

0 0?

au = %7 auv = udv

and 0;, 0;; when the variables u or v are not specified. Here indices such as i, j, k
can be either of the variables and one can conveniently think of them as numerical
indices 1 or 2 denoting the first or second variable, e.g., 9, = 01, 9y = 02. This
notation carries over to other indices such as g;; etc.

THEOREM 5.1.1 ((Euler, 1760 and Meusnier, 1776)). The normal component
of the acceleration only depends on the surface and the velocity of the curve. In
particular, two curves with the same welocity at a point have the same normal
acceleration components at that point.

109
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PROOF. Select a parametrization and write q (t) = q (u (¢),v (¢)). Then
. U
a=[0.a o]}

and

.. d U i
q = (dt[auq 3vQ]){v}+[5’uq avq][v]
1| Orwa O,a ][ @ i
= L ”][%q gha || o] Tlowa dally
Taking inner products with the normal will eliminate the second term as it is a
tangent vector. So we obtain

ST o] (l0Ra) (m]F,aq) [
(n]g)=[u v][(nlaﬁu(ﬁ wla2,q) || o]
This establishes the result since the velocity of a curve is determined by (i, ) and

the parametrization of the surface. O

To define the second fundamental form we use the velocity characterization of
the tangent space from proposition [£.2.7]

DEFINITION 5.1.2. The second fundamental form 11(Z,Z) is defined as the
normal component of 4, IT (¢, q) = (4 | n), where q(¢) is a curve with ¢ (0) = Z. To
compute IT(X,Y’) we can use polarization:

I1(X,Y) :%(II(X—FY,X—#Y)—II(X,X)—II(Y,Y)).

The general matrix representation is given by

nxy) = [Xxv X”][H][);:}
- fxe x| [

- [ xv Xv]|:(n|33uq) (M@%@}{Y"]

(] 03,a) (nldy,a) || Y
Since there are two choices for the normal we also write II" should we wish to
specify the normal.

EXAMPLE 5.1.3 (Examples[4.1.10and continued). The second fundamen-
tal form of the generalized helicoid is computed by first noting that

aiu q= fN (u) €3, agu q=€q (’U) ’ 831} q= —uer (v) :
We then take inner products with the normal

—uf'e, — ceq + ues
\/c2 +u (1+ (/1)

- 1 uf’ e
e \/02+u2 (1+(?) [ —c wlf ]

n(u,v) =

to obtain
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As with space curves a regular curve ¢ (t) on a surface has a unit tangent T. To
use that the curve is on the surface we choose the normal n to the surface instead of
the principal normal component N to the curve. From these two vectors we can
define S = n x T as the (oriented) normal to the curve that is tangent to the surface.
In this way curve theory on surfaces is closer to the theory of planar curves, as we
can think of S as the signed normal to the curve in the surface (see also section
for the special case of curves on spheres). Using an arclength parameter s we
define the normal curvature

and the geodesic torsion

ds dn

Note that the geodesic curvature of curves on the sphere from section [3.3] is
consistent with the above definition.

ExAMPLE 5.1.4. A plane always has vanishing second fundamental form as its
normal is constant

I(q,q) = (@|n)

= L@ -l
@l
= 0.

This means that any curve in this plane has vanishing normal curvature and geo-
desic torsion. The geodesic curvature is the signed curvature x.

ExXAMPLE 5.1.5. A sphere of radius R centered at c is given by the equation
F(I,y,Z) = |qic|2 = R2 > 0.
The gradient is
VF=2(q—¢)=2(x—a,y—b,z—¢),

which cannot vanish unless q = c¢. This shows that the sphere is a surface and also
computes the two normals

1
n::I:R(q—c).

as |q—c| = R (see theorem and corollary [4.2.8)). The + gives us an outward
pointing normal. Since n is perpendicular to all tangent vectors this shows that for
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a curve we have

H@a) = (@l
= L@l -Gl
d 1
- (a1 (s50-9))
1.
= Fgplald)
= Fl@q).

Thus IT = :F% I and the normal curvature of any curve on the sphere is :F%-

EXAMPLE 5.1.6. We can also relate normal curvature of certain special curves
to the curvature of the curve as follows: For each unit vector X € T}, M to a surface
with normal n consider the plane through p that is spanned by X, n (p). This plane
has ¥ = X X n(p) as a unit normal and intersects the surface in a unit speed
curve ¢ (s) with velocity ¢ = n XY, i.e., it is the integral curve for n XY that passes
through p = q(0) (see section [L.I). Note that at p we have ¢(0) = X, while at
other points it changes with the change in the normal to the surface. The principal
normal as well as the acceleration of this curve at s = 0 must be parallel to n (p)
as it is a unit speed curve lies in the plane spanned by X, n. It now follows that

%(0) =14 (0)] = £(4(0) [ n(p)) = £rn (0) = £IT(X, X).

We shall show below that only planes and spheres have the property that
the normal curvature is the same for all curves on a surface. Another interesting
consequence is the important theorem, first noted by Euler and later in greater
generality by Gauss (see theorem , that it is not possible to draws maps of
the Earth with the property that all distances and angles are preserved.

We start by showing that if a surface admits a Cartesian parametrization, then
the tangential part of the acceleration is calculated as in the plane.

PROPOSITION 5.1.7. Consider a Cartesian parametrization q (u,v) and a curve
q(t) = q(u(t),v(t)). The tangential and normal components of the acceleration
are given by

it = [ Oua Ovq | [ Z } = 10, q +v0, q,
T L 02 q 02 q U 919 o 910
i'=[a o] [ a%:q 8%:(1 ] [ ; ] = 4*0;, 4+2000;, q+0°0;, q.
PrOOF. We saw above that
o= L ofag ]3]t aa[F]
To prove the proposition we need to show that the three vectors 92, q, 92, q, and
02, q are normal to the surface. This is equivalent to showing that
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Note that as i represents both u and v there are 6 identities. Using that 9, q,3d, q
are unit vectors we obtain

Ozai(auQ|6uQ):2(8i2uCl‘8uQ) 22(812“'(“3“(1)
and similarly
0=10;(0vq|0sq) =2(0;,a|0yq) =2(82q|yq)-

This shows that four of the identities hold. Next we use that 9, q, 0, q are perpen-
dicular to conclude

0=20;(0uq | 0vq) = (82, 0vq) + (Oua]| 8% q) -

Depending on whether i is u or v the second or first term on the right vanishes
from what we just did. Thus the remaining term also vanishes. This takes care of
the last two identities. |

THEOREM 5.1.8 (Euler, 1775). A sphere does not admit a Cartesian parametriza-
tion.

PrOOF. Assume for simplicity that the surface is a sphere of radius 1 centered
at the origin and that part of the sphere admits a Cartesian parametrization q (u, v).
It follows from proposition that curves of the form q (a + at, b+ St) have
acceleration that is normal to the sphere. In particular, § and q are proportional.
If we identify q with the unit normal to the sphere then it follows from example

(.15 that
(@] n)=1(q,q) = -1

and q = —q. This shows that q is a great circle
q = qqcos (At) + vo sin (At) ,

where q, = q(a,b), A2 = o + 32, and vo = A7'¢(a,b). Thus q, and vq are
orthogonal unit vectors.

Consequently, if we select a small triangle in the wu, v plane, then it is mapped to
a congruent spherical triangle whose sides are parts of great circles. This, however,
violates the spherical law of cosines as well as Girard’s theorem (see section
exercise . To give a self contained argument here, select an equilateral triangle
in the plane with side lengths €. Then we obtain an equilateral triangle on the
sphere with side lengths € and interior angles 5. As the sides are parts of great
circles we can check explicitly if this is possible with the use of theorem and
its proof. Let the vertices be q;, ¢ = 1,2, 3, then (qi | qj) = cose€, when ¢ # j. The

unit directions of the great circles at q; are given by

Vi = — (a2 [a1) ay QQ*COSEOM
1— 2
\/1— Ol2|(h - Vi-coste’

—coseq;

vViz = — I/
\/1—0082
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and consequently,

= = (viz|vi3)

_ <QQ_COSGQ1 | Q3_COSGQ1>
V1——cos?e /1—cos?e
cose — 2cos? e + cos? e

1 —cos?e

cos € — cos? €

1 —cos?e
cos €
1+ cose

< 1
2

since cose < 1. So we have arrived at a contradiction. O

Exercises

(1) Show that Oy n is always tangent to the surface.

(2) Show that

Llj = (aqzjq|n) :7(8Jq|31n)

This shows that the derivatives of the normal can be computed knowing the
first and second fundamental forms.

(3) Show that the unit normal is constant if and only if the surface is part of a
plane.

(4) Show that [II] vanishes if and only if the normal vector is constant. (Hint: use
exercise (2))

(5) Consider a parametrized surface q (u,v).
(a) Show that 92, q is normal to the surface if and only if 9,guy = Ouguw = 0.
(b) Show that 92, q is normal to the surface when 9, guy = Oy Guu = Ougun = 0.
(c) Show that 02, q+02, q is normal to the surface when gy, = gvp and gy, =

0, i.e., the parametrization is conformal or isothermal.

(6) A curve ¢ (t) on a surface is called an asymptotic curve if 11(q,q) = 0, i.e., Ky,
vanishes.
(a) Show that a curve is asymptotic if and only if its acceleration is tangent to

the surface.

(b) Show that the binormal to an asymptotic curve is normal to the surface.

(7) Let ¢(s) be a unit speed curve with non-vanishing curvature. Show that ¢ is
an asymptotic curve on the ruled surface

q(s,t) =c(s) +tNc(s),
where N, is the principal normal to ¢ as a space curve.
(8) Let q(s) be a unit speed curve on a surface with normal n. Show that k; =0
if and only if
det [g, G, n] = 0.
(9) Consider the parabolic surface z = 2—2 + z—; where a,b > 0.

(a) Show that ¢ (¢) = (atcos@,btsinf,t?) is a regular curve on this surface.
(b) Show that when a = b (surface of revolution), then k, = 0 for all §.



(10)
(11)

(19)
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(c) Show that when a # b, then x4 = 0 if and only if sin 26 = 0.

Show that latitudes on a sphere have constant r,.

Let q(s) be a unit speed curve on a surface and let n be the normal to the
surface. Show that

d 0 —kg —Kp
Ts [ T S n ] = [ T S n } Kg 0 —Ty
Kn  Tg 0

For a curve on the unit sphere (see also exercise in section show that
(a) 7y =0.

(b) kg =0 if and only if it is a great circle.

(c) kg is constant if and only if it is a circle.

Let q (¢) be a regular curve on a surface with n being the normal to the surface.
Show that

II (q7 q) Py det (qa El7 n)

L@ (1(q,q)"*

Let q (u,v) be a parametrization such that g,, = 1 and g,, = 0. Prove that the
u-curves are unit speed with acceleration that is perpendicular to the surface.
Hint: The u-curves are given by q (u) = q (u,v) where v is fixed.

Consider a surface of revolution

q(s,0) =r(s)e, (0) + z(s)es,

where, > 0, 2 > 0, and (r(s), 0,2 (s)) is unit speed.

(a) Compute the second fundamental form.

(b) Compute Ky, kpn, T4 for the meridians q(s) = q(s,6). Conclude that their
acceleration is perpendicular to the surface

(c) Compute kg, kpn, T4 for the latitudes q () = q(s,¢). Hint: The latitudes
are not necessarily unit speed, but they do have constant speed.

Show that if a sphere of radius R centered at ¢ admits a Cartesian parametriza-

tion, then the unit sphere centered at the origin also admits a Cartesian parametriza-

tion.

Let M be a surface with normal n and X,Y € T,M. Show that if q(t) is a

curve with velocity X at t = 0 and Y (¢) is an extension of the vector Y to a

vector field along q, then

(X,Y) = <n| ”g(())).

Let ¢ (s) be a unit speed curve on a surface with normal n. Show that the space
curvature  is related to the geodesic and normal curvatures as follows

2 _ .2 2
K fnngnn

Rp =

and that the torsion is given by

Kgkn — Knkg

I
Hint: Start by showing that
4 = KkgSH+ Kpn,
qg = - (’?(2; + “31) T+ (kg — KnTg) S+ (Fn + KgTy) .

Let M be a surface given by an equation F (z,y,z) = R.
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(a) If q (¢) is a curve on M show that
2. F 0l,F 02, F
@I VF) = = | 9 F 0pF OLF |4
2 F 0, F 02 F
_ [ ovE 7.
IR Il
(b) Show that

OVF
a(x,y,z)} Y

[VF|

(20) Assume that a unit speed curve q (s) = q (u (s), v (s)) on a parametrized surface
satisfies an equation F (u,v) = R.
(a) If we use O, F = g—i show that w0, F + 00, F = 0.
(b) Show that

q = u0,q+00,q

II(X,Y)=— t[

+1
= Vb0 =250 0 g0 O FOuatOut O a).
This means that the unit tangent can be calculated without reference to
the parametrization of the curve.
(¢) Show that if we use this formula for the velocity, then the geodesic curvature

can be computed as
o — 0u (4] 0vq) =0y (4] 0uq)
! det [T]
(d) Generalize this to the situation where a unit speed curve satisfies a differ-
ential relation

Pi+ Qo = 0,
where P = P (u,v) and Q = Q (u,v).

5.2. The Gauss and Weingarten Maps and Equations

In the last section we calculated the normal part of the acceleration of a curve.
To gain a better understanding of the tangential component we need to further
analyze the second partial derivatives of a parametrized surface.

We use proposition to decompose these derivatives into tangential and
normal components

—1 t
Oa=[0ua Ovaq [ [ Oua 8va ] 0 a+(97q|n)n,
where 4, j can be either u or v. In the previous section the normal component was
identified as an entry in the matrix representation of the second fundamental form.
The tangential part is denoted by
-1 t
Fij:[auq aUCI][I] [auq avq] azzjq
DEFINITION 5.2.1. The Christoffel symbols of the first kind are defined as
i = (05d]0kq),
[Tiu Tiyo ] = [ (ualdfa) (9valda) ]
t
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and the Christoffel symbols of the second kind are defined as
Ffj _ gkuFiju +gkv1—‘ijv7

H
Y NN R
_ t

= M7 0ua 8va ] daq,

where the entries in [I] " are denoted by

—1
|: guu guv :| _ |: Guu  Guv :| _ 1 |: Gov —Guv :|
VU oy - T 9 .

g g Gou  Govv B JuuGvv — 912“, —Gou Guu
This gives us the tangential component as
_ t
Fij = [auq (9,](1}[1] 1[auq 8UCI] 812](1
= (0 o) | " |
Lijo
= TI0uq+17;0,q.

The second derivatives of q(u,v) can now be expressed as follows in terms of
the Christoffel symbols of the second kind and the second fundamental form. These
are often called the Gauss formulas or equations:

aiu q = Fguau q +quav q+Lyy 1,
azzw qa = TI5,0uq+1,00q+Lyyn = 812)u q,
812)11 q = TI3,0uq+17,0,q+Lyy 1,
or
0% q = T20, q+T%, 9y a+Lis n,
or
Ui iy
8k[6uq an]:[auq avq Il] qu FZU
Lku Lkv

ExaMPLE 5.2.2. Consider a Cartesian parametrization. We saw in the proof of
proposition that the second derivatives 3%» q are normal to the surface. This
implies that the Christoffel symbols vanish.

As we shall see, and indeed already saw in section when considering polar
coordinates in the plane, these formulas are important for defining accelerations of
curves. They are also important for giving a proper definition of the Hessian or
second derivative matrix of a function on a surface. This will be explored in an
exercise later.

For now we note that this gives us a formula for the acceleration of a curve:

COROLLARY 5.2.3. The acceleration of a curve can be calculated as
i+1"(q,q)
i = [Oud 9vq n ]| 9+17(q,q)
I1(q, )
= (i+T"(q,4) duq+ (0 +T7(4,4) 9 q+11(q, ) n,

where . .-
. . e, Ti. 1
Fk(q,q):[u v}|:rk Tk |:U:|
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Proor. This follows directly from
. . 92,q 0% q U U
and the Gauss formulas above. O

Note that the tangential component is quite complicated

—1 t.. . . .o . .o
[ Oua Ovaq [T [ Oud 8va ] d=§ =0uq(i+T"(q,q)+0 a(®+T"(q4,q)).
But it seems to be a more genuine acceleration as it includes second derivatives. It
tells us what acceleration we feel on the surface.
To complete the Gauss formulas it is natural to also include the derivatives of
the normal vector.

DEFINITION 5.2.4. The Gauss map for an orientable surface M with normal
n is the map n : M — S? (1) that takes each point to the chosen normal at that
point. The Weingarten map at a point p € M is the linear map L : T,M — T,M
defined as the negative of the differential of n:

L=—-Dn.

REMARK 5.2.5. The definition of the Weingarten map requires some explana-
tion as the differential should be a linear map

Du: TyM — Ty S? (1).

However, the normal vector to any point x € S% (1) is simply n = 4x. As the
tangent space is the orthogonal complement to the normal vector it follows that

T,M = Ty, S* (1).
For a parametrized surface this tells us.

PROPOSITION 5.2.6 (The Weingarten Equations). For a parametrized surface
q(u,v) we have
—Oyn = L(0,q),
—0yn = L(0yq).

More generally, for a curve q(t) on the surface

dnoq dq
- =L|—]).
i = ()

PRrROOF. The equations simply follow from the chain rule and the first two are
special cases of the last. If we write the curve q(t) = q(u(t),v (t)), then

{(3) - (5

_ dnoq
T dt
B Ondu Ondv
- (8udt + 8dt> ~
This proves the claim (I

Next we show that the Weingarten map L is a self-adjoint map with respect to
the first fundamental form.
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PROPOSITION 5.2.7. The Weingarten map is abstractly related to the second
fundamental form through the first fundamental form by the formula:

I(L(X),Y)=1I(X,Y) =1(X,L(Y))
In particular, L is self-adjoint as 11 is symmetric.

PRrROOF. Since the second fundamental form is symmetric II(X,Y) =II(Y, X),
it follows that we only need to show that I(L(X),Y)=1II(X,Y), as we have

I(X,L(Y)) = I(L(Y),X)
= II(V, X)
II(X,Y).
Next observe that since L is linear it suffices to prove that
11 (0;q,0;q) =1(L(d;q),9;q)

for all choices 7, j € {u,v} where q (u,v) is a parametrization. Using that d; q and
n are perpendicular it follows that

0 = 6l (8j q | Il)
= (95aln)+(9;aldnoq)
= 1(9q,05q) = (95a| L(9;q))
This proves the claim. Il
All in all this is still a bit abstract, but the relationship between the Weingarten
map and the first and second fundamental forms allow us to obtain explicit formulas
for a parametrized surface.

Given a parametrized surface q (u,v) the entries in the matrix representation
of the Weingarten map are defined as

[ L(0ua) L(3va) ] = [0dua dva][L]
Ly Ly
= [8uq 8’Uq}|:LU Lv:|'
This matrix representation can be calculated as follows.

PROPOSITION 5.2.8. The matriz representations of the Weingarten map and
the second fundamental form satisfy:

L] =1 1]

and

1] [8n (‘3n]t[ e &,q}
Ouq) (Oun|dyq)
Oud) (Ovn|dyq)
&,q]t[an an}.

_ (Oym |
(Oym |

= —[ duq
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PROOF. To establish the formula for [II] use that n is perpendicular to 9, q
and note that
Ly = (n | 31'21' Q)
= (n]0:(9;q))
= 9;(n]0;q) = (0;q]0in)
= —(0;q]|0;in).

It now follows that

m =

[
= |
[

Ouq 6ﬂq]t[—8un —0yn |
duqa 9ya ] [ L(dua) L(Bya) ]

duq auCl]t[auq an][L]
= [][L].

O

REMARK 5.2.9. It is important to realize that while L is self-adjoint its matrix
representation

-1
(L] =1 (1]
need not be symmetric. In fact, as [I] and [II] are symmetric it follows that
[ = [
So [L] is only symmetric if [I] and [II] commute.
The Weingarten equations are the formulas for the derivatives of the normal:
Opn=—Li0yq—Li0yq=—L(0kq).
Together the Gauss formulas and Weingarten equations tell us how the deriva-
tives of our basis 9, q,d, q,n relate back to the basis. They can be collected as

follows:

COROLLARY 5.2.10 (The Gauss and Weingarten Formulas).

ak[auq 8vq 1’1] = [8uq 81;01 n][Dk]
Diw The  —Li
[ Oua Ova n ]| T}, T, —Lj
Lku Lk:v 0

Finally we show how the Christoffel symbols can be calculated directly from
the first fundamental form without knowing the second derivatives 81»2]» q.
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PROPOSITION 5.2.11. The Christoffel symbols of the first kind satisfy

Fuuu

FU’UU
1—"UU’U
Fuvv

Fuuv

FUU u

1

= 7811, U
B g

1
= a'uguu = Fvuua

2

1

= 78’1} VU

D) g

1

= iaugvv = F'quy

1
= Oufuv — iavguuv
1

= avguv - Eaugvv-

PROOF. We establish only two of these formulas as the proofs are all similar.

First use the product rule to see

1 1

2 2

Now use this together with the product rule to see that
Fuuv = (33u q | av Q)
= (6u (au Q) | 811 Q)
= 0u(0uq|0ya)— (duqld;,q)
= auguv - (8u q | 8’12)u CI)

1

= auguv - 7avguu-

2
O

ExXAMPLE 5.2.12. While these formulas for the Christoffel symbols can’t be
made simpler as such, it is possible to be a bit more efficient in several concrete
situations. Specifically, we often do calculations in orthogonal coordinates, i.e.,

Guv = 0. In such coordinates

uw 0,
g = (guu)_l ,
gvv = (gvv)il )
1
Fuuu = §auguua
1
Fuvu = §avguu = Fvuua
1
Fvvv = 581)9111)’
1
Fuww = iaugvv = I'yuw,
1
Fiwo = _§8vguua
1
Fvvu = *7augm)-

2
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1 11
ow = 59"0uguu = 5 ——0uguu = Ou 10 \/Guui,
2 2 Guu
11
FZu = 7591”) v Juu = *igzavguu,
v 1 ., 11
Fvv = 39 vGvv = *781;91”; = 5‘v In m,
2 2 gou
1 11
FZU = _iguu uwGvv = _gguiuaugvm
11
e = 59"00guu = 5 ——0vGuu = Oy In \/Guu,
2 2 Guu
v 1 ., 11
Fuv = ig augvv = iiaugm; = 8u In \/917
Gov

Often there might be even more specific information. This could be that the

metric coefficients only depend on one of the parameters, or that g,, = 1. In such
circumstances it is quite manageable to calculate the Christoffel symbols. What is
more, we show in proposition[7.4.1] that it is always possible to find parametrizations
where g, = 1 and gy, = 0. In this case:

ExaMPLE 5.2.13. Consider a Cartesian parametrization. We saw in the proof

of proposition 5.1.? that the second derivatives (’9% q are normal to the surface. This

fact

now also follows from the fact that the Christoffel symbols vanish.

Exercises

(1)

For a surface of revolution
q(t,0)=r(t)e (0) +z(t)es

compute the first and second fundamental forms and the Weingarten map.
Compute the matrix representation of the Weingarten map for a Monge patch
q(z,y) = (z,y, f (z,y)) with respect to the basis 0, q, 9y q.

Show that if a surface satisfies IT = i% I, then it is part of a sphere of radius
R. Hint: Show that n:l:% q is constant and use that to find the center of the
sphere.

Let M be a surface with normal n and X,Y € T,M. Show that if q(¢) is a
curve with velocity X at t =0 , then

I(X,Y)=— <Y | dl;;’q (0)) .

Show that for a curve on a surface the geodesic torsion satisfies
7, =1I(T,8).

Show that gy, guv, and g, are constant if and only if the Christoffel symbols
of the first kind vanish.
Show that

OkGij = Urij + Trjs
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and use these equations to show that
2Lk = O0igkj + 0jgki — Okgij-
(8) Show that
Lijk = grul'iy + grol3)-

(9) Show that

2
O det [I] = m( bu T Th0) s

O/det [I] = /det [I] (T, +T},)

Ok log+/det [I) =T}, + T},

(10) Let 6 be the angle between 9, q and 9, q. Show that

1 1
logsin 6 = log +/det [I] — 3 log guu — 3 log guo,

and

Guv

V/det T]
9 977‘/detmpv _ydet[I]
i B guu ko g'U'U ko

cotf =

and

(11) Show that

[Ty, Tw) = [Ty T3 1 [ i ]

_ B B —1| T
= [ Fzgu F’L]U ] [I} |: Thiw :| :

(12) Show directly from the formulas for the Christoffel symbols in terms of the first
fundamental form that
avruuv - auFuvv = aquvu - avruvu
and

1 1
avruuv - auruvv - _iagvguu + aznguv - iazugvv

(13) (Surface of revolution) Find the Christoffel symbols of the first and second kind
when the first fundamental form is given by

n=|g %]
where r =7 (u) > 0.

(14) (Polar and Fermi coordinates) Find the Christoffel symbols of the first and
second kind when the first fundamental form is given by

m=|y 2.

where r = r (u,v) > 0. Gauss showed that such coordinates exist around any
point in a surface with r denoting the “intrinsic” distance to the point. Fermi
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created such coordinates in a neighborhood of a geodesic with r denoting the
“intrinsic” distance to the geodesic. The terminology will be explained later.

(15) Find the Christoffel symbols of the first and second kind when the first funda-
mental form is given by

where r =7 (u) > 0.
(16) (Isothermal coordinates) Find the Christoffel symbols of the first and second
kind when the first fundamental form is given by

where r = r (u,v) > 0.
(17) (Liouville surfaces) Find the Christoffel symbols of the first and second kind
when the first fundamental form is given by

m=1% 2
where 12 = f (u) + g (1) > 0.

(18) (Monge patch) Find the Christoffel symbols of the first and second kind when
the first fundamental form is given by

1 = [ 1+p>  pg }
pg  1+4¢ |’
where p = 0, F,q = 0,F and F = F (u,v).

5.3. The Gauss and Mean Curvatures

We are now finally ready to define the varius curvatures of a surface. Histori-
cally the principal curvatures defined in section came first, but it seems equally
natural to start with the Gauss and mean curvatures.

DEFINITION 5.3.1. The Gauss curvature is defined as the determinant of the
Weingarten map

K =det L.
The mean curvature is related to the trace as follows
1
H = —trL.
2

To calculate these quantities we have:

PROPOSITION 5.3.2. The Gauss and mean curvatures of a parametrized surface
q (u,v) can be computed as

Cdet [T LywLoy — (Luy)?
det [I] JuuGvv — (guv)Q

and
. 1 gvauu + guuLm; - 2guvLuv

H 2
2 GuuGvv — (guv)
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PRrROOF. To calculate the Gauss and mean curvatures we use the formulas for
determinant and trace of a matrix representation:

K =det[L] = L“LY — LVLY

u-—v

1 1
H=—-tr[L]==-(L+ L,
Sur[L] = 5 (LY L),
and [L] = [I]"" [1I] (see proposition [5.2.8). The formula for K now follows from
standard determinant rules.
For H we use that

L guuLuu + guvau and L;}; = gvuLuv + gm}va

uw =

together with

guu guv — 1 Guv —Guv
g”" gw det [I] —Gou Guu
to get the desired formula. O

EXAMPLE 5.3.3. For a sphere of radius R we have that II = :I:%I. Thus

K =gz and H=+4. For aplane Il =0 and K = H =0.

EXAMPLE 5.3.4 (Examples and continued). We can now calculate
the Gauss and mean curvatures of the generalized helicoids

_ det 1] _ udflf" — c?
det [T] (02 a2 (1 n (f/)2)>2a

(1 + (f/)Q) u?f + (u2 + 62) uf” + 22 f
(+u (14 (f’)z))% |

REMARK 5.3.5. It is often convenient to calculate the mean curvature using
the formula

H =

N | =

(gvva?m 4 +9uu0yy 4 —29uv0s, q | n)
GuuGovv — (guv)Q

which follows directly from the above proposition and the definition of the entries
in the second fundamental form.

)

1
H=-
2

We can now significantly improve theorem [5.1.8] as was first done by Gauss.
This result is also a corollary of the next theorem.

THEOREM 5.3.6 (Gauss). If a surface in R3 admits Cartesian coordinates, then
the Gauss curvature vanishes.

ProOF. We saw in the proof of proposition that when a parametrization
of a surface q (u,v) is Cartesian, then the second derivatives 82, q, 82, q, and 92, q
are all normal to the surface. This explains the second line in (lines 3 and 5 are
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explained below)

detfl] = (n] 2,0) (o 2, q) - (n]02,q)°
(02, ald2,q) — (wqmi q)
(0n,al 02, ) + (Onuwal 8ua)
= (92,4107,q) + (Uuquvq)
= (0h.ald5,q) = (95, a9, q)
0.

Lines 3 and 5 follow from

0=0, (92,4l 0vq) = (95, a1 0vq) + (92, a] 02, q)
and
0=0y (02,al0vq) = (8, al0,q) + (05, a] 87,q)-
This shows that the Gauss curvature vanishes. O
The converse is also true and is covered in section [6.3] exercise [0 and theorem

[[771l Section [5.5 contains a more detailed discussion of what surfaces with zero
Gauss curvature look like.

REMARK 5.3.7. Given that planes, generalized cylinders, and generalized cones
all admit Cartesian coordinates it is easy to come up with examples showing that
the mean curvature cannot be calculated from the first fundamental form. In fact
only planes have the property that the Gauss and mean curvatures both vanish.

We can use our knowledge of Christoffel symbols to improve the theorem for
Cartesian coordinates to the general result that the Gauss curvature can always
be computed from the first fundamental form. Given the definition of K this is
certainly a big surprise.

THEOREM 5.3.8 (Theorema Egregium, Gauss, 1827). The Gauss curvature can
be computed knowing only the first fundamental form.

PROOF. Assume that we have a parametrized surface q (u,v). The calculations
are similar to what we just did for a Cartesian parametrization. First we observe
that it suffices to show that det [II] can be calculated from the first fundamental
form since

K = detL =det[l] " det[I],
det [I] = Guufvv — (guv)2 .
We use the Gauss formulas
2 u v 2
0;;4="T7;0,q+17;0, q+ (n | 03; Q) n
with 4, j € {u,v} to see that for k,l € {u,v}:

(02 a1 07 q) = (T0ua+TY0y q | T30u a+T30u ) + (0| 075 q) (n| 93q)
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This can be used to compute

Luu L’LLU
LU'U, L’UU

— det[ (n] 05, ) (n|az,,q)}

det[I]] = det [

(n]03,q) (003, q)
= (|82,q) (n]d},q) — (n]d;,q)(n|d,aq)
= (02,q]05,q) = (T, 0w a+T0,00 q | T 0w a+T7,0, q)
~0%,q |02, a+|T%,0ua+T8,0, qf
Here the inner products
(Feu0ud+10,00 a4 | Iy, 0u q+17,0, q)
and
T, 0 a+T%,0, q)?

can be calculated from the first fundamental form as we proved in proposition
that the inner products

Liji = (Oka 8 q)
have formulas that only use the derivatives of gy, guv, and g,, (see also section

exercise .

To finish the proof it simply remains to observe that

(O al 05, q) — (95, al 5, q)
_6u (812”) q ‘ a’U q) + (aiuv q | 67} q)
0 0
= %Fuuv - %

(See also sectionexercisefor a nice formula of this combination of derivatives.)
The complete formula for the Gauss curvature in terms of the first fundamental
form and the Christoffel symbols of the first kind is given in exercise to this
section. 0

F’UU’U .

EXAMPLE 5.3.9. Assume that g,, = 1 and ¢y, = 0 as in the end of example
5.2.12] In this case the above proof reduces the Gauss curvature to:

K = — (_aurvuv + (FZv)z gvv)

2
1 1 11
= _782 Vv 7781/, Vv Vv
gm,< 2w +<gw2 g ) g )

= 2. g0+~ (0 :
- 29@1; uug’v’v 4 gvv ugvv

1 2
= - auu V Gvo-

Gov

The Gauss curvature can also be expressed more directly in terms of the unit
normal.
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PROPOSITION 5.3.10 (Gauss). The Gauss curvature satisfies

(Oun x0y1n | n)

(Ouax0yq|mn)’

PROOF. Simply use the Weingarten equations to calculate

OunxOyn = (—Lyd,q—L,0,q) x (—=L50,q—L;0,q)

= LyLy0,qx0,q+L;Ly0yqx0,q

(LiLy — LY L) 0y q X0y q

= KO0,qx0,q.

K:

Note that the denominator in
(Oun X0y | n)
(Ouqxdyq | n)

is already computed in terms of the first fundamental form

(auq xavq | n)2 = ‘6uq Xa’u Q|2 = GuuGvv — (guv)2 .

The numerator is the signed volume of the parallelepiped 0, n, 9, n, n corresponding
to the Gauss map n (u,v) : U — S?(1) C R3 of the surface. Thus it can be
computed from the first fundamental form of n (u,v). However, there is a sign that
depends on whether n and 0, n X0, n point in the same direction or not. Recall
from curve theory that the tangent spherical image was also related to curvature
in a similar way. Here the formulas are a bit more complicated as we use arbitrary
parameters.

DEFINITION 5.3.11. The third fundamental form 111 on T,,M is defined as the
first fundamental form for S? (1) on T}, S? (1). If we use the Gauss map n (u,v) =
noq (u,v) as the parametrization, then the matrix representation is given by

M1 = [dun dn ][ dun un |

(Oun | Oyn) (Oyn|dyn)
(Oyn | Oyn) (Oyn|dyn)

This always defines a quadratic from, but n might not be a genuine parametriza-
tion if the Gauss curvature vanishes. Nevertheless, we always have the relationship

Ounx0yn =K (0,q%x0,q).

The three fundamental forms and two curvatures are related by a very interest-
ing formula which also shows that the third fundamental form is almost redundant.

THEOREM 5.3.12. All three fundamental forms are related by
II-2HII+K1I=0.
PrOOF. We prove this for the matrix representations
[IT1]) — 2H [T1] + K [T] = 0
by reducing it to the Cayley-Hamilton theorem for [L]
[L)* — (tr L) [L] 4 (det L) I, = 0,
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where I is the 2 x 2 identity matrix. This relies on showing: [I][L] = [II] and
[1][L]* = [I1I]. The first identity has already been established. The second likewise
follows from the Weingarten equations:

[IH] = [ L(0uq) L(9yq) ]t [ L(0uq) L(0yq) }
= [L}t[auq BUQ]t[auq an}[L]
= [ [@[L]

[

[
= [

[

Finally, if [L] = , then the Cayley-Hamilton theorem follows by a direct

QU O

a
b
calculation:

[L)” — (tr L) [L] + (det L) I,

a ¢’ a c 1 0
= b d} —(a—ﬁ-d){b d]—i—(ad—bc)[o 1]
[ a®>+bc ac+de c

ab+dy berd | T OTD | p g

bc — ad 0
0 bc — ad

O

DEFINITION 5.3.13. A surface is called minimal if its mean curvature vanishes.
PROPOSITION 5.3.14. A minimal surface has conformal Gauss map.

PROOF. Let q(u,v) be a parametrization of the surface, then n (u, v) is a poten-
tial parametrization of the unit sphere via the Gauss map. The first fundamental
form with respect to this parametrization is the third fundamental form. Using
H = 0 we obtain

[I1) + K [1] = 0,

which implies that the Gauss map is conformal. ([l

EXAMPLE 5.3.15. Note that the Gauss map for the unit sphere centered at the
origin is simply the identity map on the sphere. Thus its Gauss map is an isometry
and in particular conformal. However, the sphere is not a minimal surface. More
generally, the Gauss map

for a sphere of radius R centered at c is also conformal as its derivative is given by
Dn= :I:%I, where I is the identity map/matrix.
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The name for minimal surfaces is justified by the next result. Meusnier in
1785 was the first to consider such surfaces and he also indicated with a geometric
argument that their areas should be minimal. In fact Lagrange in 1761 had already
come up with an (Euler-Lagrange) equation for surfaces that minimize area, but
it was not until the mid 19th century with Bonnet and Beltrami that this was
definitively connected to the condition that the mean curvature should vanish.

EXAMPLE 5.3.16 (Example |5.3.4] continued). We note that the generalized he-
licoids are minimal when f’ = 0, i.e., when they are regular helicoids. In the rota-
tionally symmetric case where ¢ = 0, they are minimal when f = acosh™" (%) + b,
for constants a,b. These are all catenoids.

Finally, we also obtain a more complicated family by using
u? + 2

c
/—7
f_u 2 _ 27

u C

To see this first note that

ne ut 4 ¢t v a1 2c%u,
= G = (o e a)

The numerator in the formula for H then becomes
ut+ct o, 9 9 (1 2c%u
- = _ - 2 2 pl
u2(u2—02)uf (u —|—c)uf (u+(u2—02)(u2+c2))+ of
after eliminating f’ and multiplying through by u? — ¢? this expression becomes
ut 4 ¢t — (u4 -+ 202u2) + 262 (u2 — c2) =0.

THEOREM 5.3.17. A surface whose area is minimal among nearby surfaces is
a minimal surface.

PrOOF. We assume that the surface is given by a parametrization q (u,v) and
only consider nearby surfaces that are graphs over the given surface, i.e.,

q" =q+¢én

for some function ¢ (u,v). From such a surface we can then create a family of
surfaces

de = q+epn
that interpolates between these two surfaces. To calculate the area density as a
function of € we first note that
Okde = Oka+e((Ox)n+¢ddxn).

Then the first fundamental form becomes

g = g +260 (0| 9n)+ ¢ ((9h0)° + 6 0knl®)
= Gk — 26¢Lyk + € ((8k¢)2 — K¢ gk + 2H¢2ka) )
o = Guv + €O ((au q | Oy n) + (av q | Ou n)) + € (au¢ ‘ Op + ¢2 (aun ‘ Oy n))

= Guv — 2€¢Lm) + 62 (aud)av(vb - K(rbzguv + 2H¢2Luv) ;
and the square of the area density

g;ugfw - (ng)z =  Guufvv — (guv)2 — 2¢ (guuLv'u + gv'uLuu - 2guuLuy) + O (62)
(guugvv - (guv)2) (1 - 46¢H) + O (62) .
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This shows that if H # 0 somewhere then we can select ¢ such that the area
density will decrease for nearby surfaces. ([

REMARK 5.3.18. Conversely note that when H = 0 everywhere, then the area
density is critical. The term that involves €2 has a coefficient that looks like

guu ((050)° = K gun ) + 9o ((040) = 6K gun )

~20uy (Oud - 0ud — O*K guv) +46° (LuuLow — L)
= |=0,$0u q+0y 40ud|* = 20°K (guugos — 92,) + 46 (LuuLoy — L2,)
= [~0u00u q+0y q0ud|” + 26° K (GuuGow — 92,)

and it is not clear that this is positive. In fact, minimal surfaces have K < 0 so
when ¢ is constant the area decreases!

Exercises

(1) Let X,Y € T,M be an orthonormal basis for the tangent space at p to the
surface M. Prove that the mean and Gauss curvatures can be computed as
follows:

H

1
LI X) + (YY),
K = II(X,X)I(Y,Y) - (II(X,Y))>.

(2) Show that if K = 0 and H = 0, then the Weingarten map L = 0 and the normal

is constant. Hint: First show that the third fundamental form vanishes. Give
an example of a 2 x 2 matrix A # 0 such that A2 = 0 and tr A = 0 = det A.
(3) Assume that K = H = 0 and use the equations

Loy Ly — (Luv)2 = 07
gvauu + guuva - 29uvLuv = 07

to show that II = 0. Hint: First show that if L,, = 0, then L., = L., = 0.
Second, if Ly, # 0, then use gy ugvy > (guv)2 and Ly Ly, = (Lm,)2 to show
that the last equation can’t be satisfied.

(4) Show that if K = % and H = :i:%, then the Weingarten map L = :F%I, where
I is the identity operator. Use this to show that the surface is part of a sphere
of radius R.

(5) For a surface of revolution

qt,p) =rt)er (n) + 2 (1) es
compute the first and second fundamental forms as well as the Gauss and mean
curvatures. Show that if (r (¢),z (t)) is unit speed, then K = —Z.

(6) Compute the second fundamental form of a tangent developable q (s,t) = ¢ (t)+
s% of a unit speed curve ¢ (t). Show that the Gauss curvature vanishes. Show
that the mean curvature vanishes if and only if the second fundamental form
vanishes.

(7) Show that the surface of revolution

q(5,60) = R (cos (as)) e, (8) + (/O V1 - a?R2sin? (at)dt> e




(10)

(14)
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has constant Gauss curvature a?. Show that this is a sphere centered at the
origin if and only if R = % Hint: When s = 0 this is a circle of radius R.
Show that a Monge patch z = F'(x,y) is minimal if and only if Lagrange’s
equation holds:

(1 n (ByF)2> 02, F — 20,F0,F32,F + (1 + (GIF)Q) 92, F

Use this to show that Scherk’s surface e®* coscx = coscy is minimal. In fact
Scherk’s surface is the only minimal surface of the form z = F (x,y) = f (x) +
h(y).

Let q (t) be a curve on a surface with normal n. Denote the Gauss image of the
curve by n (t) = noq(¢). Show that the velocities of these curves are related

by
2 dn  dq
2H| — | — K
+ <dt dt>Jr

Let q (t) = q(u (t),v (¢)) be an asymptotic curve on a surface, i.e., Kk, = 0.
(a) Show that K < 0 along the curve.
(b) (Beltrami-Enneper) If 7 is the torsion of the curve as a space curve, then

2

d
1 —0.

dn dq
dt

dt

=K.

Hint: Use the previous exercise.
Show that a minimal surface satisfies K < 0.
Show that if a parametrized surface has the property that gy, guy, and g, are
constant, then the second derivatives 92, q, 82, q, and 92, q are all normal to
the surface. Use this to conclude that the Gauss curvature vanishes.

Show that

1
K = det [I} ((9 Fuuv 7) Fuvv)
1 —1 Fvvu
_det [I] [ Fuuu Fuu’u } [I] |: me :|
1 1| T
F F uvu
bt [ T T 1070 1]

Hint: See section [5.2] exercise [Tl

Compute the Gauss curvatures of the generalized cones (sectionexercise,
generalized cylinders (section exercise , and tangent developables (section
exercise . We shall offer several proofs below that these are essentially the
only surfaces with vanishing Gauss curvature (see below and section .
Hint: In each case the normal vector is constant along the lines in the ruled
surface.

Show that

Ou q X0y 040, n X0, q=—2H0,, q X0, q,
and more generally that

OuqxOkn = —Lp0,qx09yq,
Oxnx0,q = —L}i0,qx0,q.
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(16) Show that

2K+/det[Iln = 9y (n X dpyn) — 0y (n X dyn),
\/ det [I] n Xau n = Luyau q _Luuav q,
\/ det [I] n Xav n = L'U'uau q _Luva’v q.
Hint: For the last two formulas it might be useful to use section [4.3] exercise [0]
and [II] = [I] [L].
(17) Compute the first and second fundamental forms as well as the Gauss and mean
curvatures for the conoid

a(s,t) = (sz(t),sy(t),z (1))
= (0,0,2(8)) + 5 (x(),y(1),0)
when X = (z (¢),y(¢),0) is a unit field.
(18) Show that a conformally parametrized (isothermal) surface q (u,v) is minimal
if and only if
Hint: Use section [5.1] exercise Bd
(19) Show that Enneper’s surface

1 1
q(u,v) = (u — gu?’ +uv?, v — §U3 + vu? u? — v2>
is minimal. Hint: Do section [I.4] exercise [I4] first.

(20) Show that Catalan’s surface

u v
q(u,v) = (u —sinwucoshv,1 — cosucoshv, —4sin 5 sinh 5)

is minimal. Hint: Do section 4] exercise [IH first.
(21) Show that for a fixed § € R the parametrized surface

q(u,v) = (ucosf % sin u cosh v, v & cos 6 cos u sinh v, & sin 6 cos u cosh v)

is isothermal and minimal.
(22) Consider a unit speed curve c(s) : [0, L] — R3 with non-vanishing curvature
and the tube of radius R around it

a(s,¢) =c(s) + R(Nccosd + Besing)

(see section [4.1] exercise [6] and section exercise [7)).
(a) Use the formula for n together with Gauss’ formula for K to show that

—K COS ¢

K= R(1—kRcoso)

(b) Show that
2 L
/ / K+\/det [T]dsd¢ = 0
o Jo
and
2m L L
/ / | K| /det [Ildsd¢ = 4/ Kds.
o Jo 0

(23) Consider a surface with negative Gauss curvature.
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(a) Show that locally it admits a parametrization ¢ (s,t) where the parameter
curves are asymptotic curves, i.e., the second fundamental form looks like

] = { L(lt b }

(b) Show that this implies
[III] = _K |: Jss —Yst :| )
—Y9st  Git
(24) (Meusnier, 1785) Consider a surface of revolution of the form
Q) =7 (t) e (1) + tes.
(a) Show that if the surface of revolution is minimal then
1
P24+1 7
(b) Show that the catenoids

1 1
q(t,p) = (a cosh (at + b) cos 1, o cosh (at + b) sin p, t) ,

a >0 and b € R are minimal.
(¢) Show that the functions

1
r(t) = - cosh (at + b)

solve the initial value problems:

7'/; 1 . .
mZ;ar(0)=r0>0,r(0)=roeR.
(d) Conclude that the catenoids are the only surfaces of revolution that are

minimal.

(25) (Meusnier, 1785) Show that the helicoid
q(r,0) =re. (0) + Oes
is minimal. Conversely, show that if a conoid
Q(r,0) = re, (6) + = (6) es

is minimal, then z = a6 + b, for constants a, b.

(26) Consider a parametrized surface q (u, v) with normal n (u,v) and let f (u,v) be
a function.
(a) Show that

K — det(@u (fn)78’u (fn)vfn)
N f2 det (8u q, Oy q, f 1’1) .
(b) Show that

g 1det(9.q,0, (fn), fu) +det (9u(fn),0vq, fn)

2 fdet (34,9, q, f n) '
Hint: When f = 1 this follows from
(¢) Show that if the surface satisfies F' (x,y, z) = C, then there is a function f
such that VF = fn.
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(27) Consider a surface that satisfies the equation F (z,y,2) = C and use n = %.
(In section exercise [13|there is a similar problem for planar curves given by
equations.)

(a) Assume that 0. F # 0 and use z,y as parameters for a Monge patch. Show

that
L[ ar X 0
0, q= 0 , Oyq= 0, F
OF | g p o.F | 5p
and
2 2 2 2
ove | %=l g p | %l avr | el g p | Ol
< 02 F g2 v O F g2

Hint: Keep in mind that z = z (z,y) and that its derivatives can be calcu-
lated using implicit differentiation.
(b) Use (a) and exercise 26| to show that

OLF O OLF 0F
L g | PWF OE F 0,F
vF* 02 F 0. F 07 F O.F
0.F O0,F O.F 0

Hint: Use a Laplace expansion along the bottom row.
(¢) Why is the formula in (b) valid at all points where VF # 07
(d) Show that the surfaces

2 2 2
oyt oz
2tpte = b
2 2 2
% + yf _ i = -1
a b2 2
have
1 1
K= .
20202 2
(e) Show that the surface
2 2 2
Y
2 e 2!
has
1 1
K=—
2022
(f) Show that the surface
22 g2
T
has
1 1
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(g) Show that the surface

2t g2
i
has
B 1 1
T 44202 2
(Eened)

(28) Consider a surface that satisfies the equation F'(z,y,z) = C and use n =
%. (In section exercise a similar problem for planar curves given by
equations.)

(a) Assume that 0, F # 0 and use z,y as parameters for a Monge patch. Show

that
1 0. F 1 0
Orq= 0 , Oyd = 7— 0. F
0, F _O,F 0, F O, F
and
2 2 2 2
OVF ggﬂﬂfz 0, F g’?? OVF 8@5? 0,F ggwlf:
- Ty - 2y » T T Y - 2y
Oz oo p | OF | g2p | Oy or | %F| g

Hint: Keep in mind that z = z (z,y) and that its derivatives can be calcu-
lated using implicit differentiation.
(b) Using part (a) and exercise [26| show that

1 VF
H=—=div ——
2 VIVE]
where
P
div| Q | =0,P+0,Q+0.R.
R

Hint: It might help to first show that

gy VE _ AF (VF)' D*FVF
v = — ,
IVE|  |VF| IVF|?

where
AF =0;,F + 0., F + 0. F
and
02, F 2, F 92,F [ 0.F
(VF)'D*FVF = [ 0,F 0,F 0.F ]| 0?F 0. F O0F || 0,F
PF obr oF || o.F
(¢) Show that Scherk’s surface e® cosz = cosy is minimal.
(d) Show that sin az = sinh az sinh ay defines a minimal surface.
(e) Can you find other minimal surfaces of the form F (x) G (y) H (z) = 17
(29) (Monge 1775) Consider a Monge patch z = F (z,y). Define the two functions
p=0.F and ¢ = 0, F.
(a) Show that the Gauss curvature vanishes if and only if

92, Fo2, F — (92,F)* = 0.
(b) Assume that 92, F = 0 on an open set.
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(i) Show that F = f () + h (y).
(ii) Show that the Gauss curvature vanishes if and only if f” = 0 or
n'=0.
(iii) Show that if, say, h” = 0, then it is a generalized cylinder.
(c) Assume that 8§yF # 0 and that the Gauss curvature vanishes.
(i) Show that we can locally reparametrize the surface using the reparametriza-
tion (u,q) = (z,q(x,y)).
(ii) Show that p = f(q) for some function f. Hint: In the (u,q)-
coordinates g—z = 0. When doing this calculation keep in mind that
y depends on u in (u, q)-coordinates as ¢ depends on both x and y.
(iii) Show in the same way that F (z,y) — (pz + qy) = h (q).
(iv) Show that in the new parametrization:

y=—h"(q) —uf (q)

and

z = ap+qy+h(q)
= hlq)—qh'(q) + (f (@) —af (a) w

(v) Show that this is a ruled surface.

(vi) Show that this ruled surface is a generalized cylinder when f” van-
ishes.

(vii) Show that it is a generalized cone when h” = af” for some constant
a.
(viii) Show that otherwise it is a tangent developable by showing that the
lines in the ruling are all tangent to the curve that corresponds to
h/l

(30) Show that

det (aqu|8uqxavq 8,2“)C1|8uq><6vq

(det [1])*
(00T wuo — Oulwow)
det [I]
0 Towu Toww 0 Tuwu Duow
det | Twuu  Guu Guv —det | Twou  Guu Guv
N Diwwo  Gou  Gov i Puwvo  Gou Gow
(det [I])

31) (Gauss) Show that if we define |g|* = det [I , then
g

4 2
4 |g| K = Guu (8vguuavgvv - 28uguvavgvv + (8ugvv) )
+guv (auguuavgvv - 8ugvv6vguu - Qavguuavguv - 2augvvauguv + 4auguvavguv)
+gvv (8uguuaugvv - Qauguuavguv + (8vguu)2)
-2 |g‘2 (afmguu - 2831;97” + 812mgvv) .
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(32) (Frobenius) Show that if we define |g|> = det [I], then

1 Juu Guv Gov
= — 472 det 8uguu 8uguv aug’UU
‘g| avguu 31;91“; avgm;

_L (au <augvv - 8vguv> + aﬂ <avguu - 8uguv>> )
2|g] 9] 9]

(33) (Liouville) Show that if we define |g|* = det [I], then
) (i)

lg] Juu Guu
_ L (&, (W%) Lo, (L‘J%)) _

lg] Goo Goo

5.4. Principal Curvatures

DEFINITION 5.4.1. The principal curvatures at a point g on a surface are
k1 = max{II(X,X)|X e€T,M and |X|=1},
ke = min{lI(X,X)|X €T,M and |X|=1}.

We say that ¢ is umbilic if the principal curvatures coincide, i.e., IT is a multiple of
I atgq.

THEOREM 5.4.2 (Euler, 1760). Let E € T,M be a unit vector and k1, Ko the
principal curvatures, then

I1(E,E) = k1 cos® 0 + kysin? 6.
Moreover, the principal curvatures are eigenvalues for the Weingarten map.

PrOOF. We argue as in the proof of theorem with @ =1I. Let II(E, E)
have a maximum at E; with Ey € T, M a unit vector orthogonal to E;. It follows
that all unit vectors at g have the form E () = cos0FE; + sin0E, € T,M. Now
consider

I(E(0),E(0) = cos’0II(Ey, Ey)+2cosfsin@II(Ey, Ey) + sin® 011 (Ey, E) .

By construction this is a function of 8 that has a maximum at § = 0. The derivative
at 0 = 0is 211 (Eq, Es). Therefore, I (E7, E3) = 0 and

I1(E(),E(0)) =cos> 011 (Ey, Ey) +sin® 011 (B, Es) .
We claim that L (E;) = k;E; for i = 1,2. To see this note that

L(Ey) = I(L(Ey),E\)E1+1(L(Ey),Es)E,
= II(E1, F1) Ey +11(Ey, Es) Es
= rkE;.
A similar argument works for Fs. ]

DEFINITION 5.4.3. A vector that is an eigenvector for the Weingarten map is
called a principal direction. A curve on a surface with the property that its velocity
is always an eigenvector for the Weingarten map, i.e., a principal direction, is called
a line of curvature.

By using II = @ in theorem [£.4.9] we obtain:
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COROLLARY 5.4.4. If a point q on a surface is not umbilic, then there is a
parametrization q (u,v) such that the coordinate curves are lines of curvature:

L (au Q) = "{lau q, L (av Q) = K28v q,
and

I(auqaav ):Q(auqaavq) =0.

ExAMPLE 5.4.5. The height function that measures the distance from a point
on the surface to the tangent space 1), M is given by

f(@)=(a-pln(p).

Its partial derivatives with respect to a parametrization of the surface are

hf = (Okaln(p)),

5f = (9aln(p).
Thus f has a critical point at p, and the second derivative matrix at ¢ is simply [II] .
The second derivative test then tells us something about how the surface is placed
in relation to T, M. Specifically we see that if both principal curvatures have the
same sign, or K > 0, then the surface must locally be on one side of the tangent

plane, while if the principal curvatures have opposite signs, or K < 0, then the
surface lies on both sides. In that case it’ll look like a saddle.

We can now give a rather surprising characterization of planes and spheres.

THEOREM 5.4.6 (Meusnier, 1776). If a surface has the property that k1 = kKo
at all points, then k1 = ko = H is constant and the surface is part of a plane or
sphere.

PROOF. Since the principal curvatures are the eigenvalues of L it follows that
H= 7’“3'“ = K1 = K2.

Assume we have a parametrization ¢ (u,v) of part of the surface. Since the
principal curvatures agree at all points it follows that all directions are principal
directions. In particular:

—Okn=L(0xq) =HOq.
By letting k = u,v and taking partial derivatives of this equation we obtain
-02n = 0,H9,q+HI?, q,
~0%,n = 0,HO,q+HI?,q.
As partial derivatives commute it follows that
0HO,q=0,HO,q.

Since 0, q, 0, q are linearly independent this forces 0, H = 0,H = 0. Thus H is
constant.
Returning to the equation

—8kn:H8kq

we see that
Ox (n+Hq)=0.
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This implies that n+H q is constant. When H = 0 this shows that n is constant
and consequently the surface lies in a plane orthogonal to n. When H does not
vanish we can assume that H = :I:%, R > 0. We then have that

+Rn+q=c
for some ¢ € R3. This shows that
ja—cf* = R*.
Hence q lies on the sphere of radius R centered at c. (I

Exercises
(1) Show that if two nonzero tangent vectors X,Y to a surface satisfy I(X,Y) =
0 =1I(X,Y), then they are principal directions.
(2) Show that the principal curvatures for a parametrized surface are the roots to
the equation
det (IT] — k [I]) = 0.

(3) Show that the principal curvatures are given by

ki=H++vVH?2—-Kand ke =H—+VH? - K.
(4) Show that if H < Hy and K > Ky, then k1 < Hy + /H§ — Ko and k2

Hy — /H2 — K,.
(5) Show that following conditions are equivalent:
(a) The principal curvatures at a point are equal.
(b) The mean and Gauss curvatures at the point are related by H? = K.
(¢) L = HI, where I is the identity map on the tangent spaces.
(d) (L—HI)*>=0.
(e) The characteristic polynomial for L is a perfect square.
(6) Let q(u,v) be a parametrized surface without umbilics. Show that 9, q and
0, q are the principal directions if and only if gy, = 0 = Ly,
(7) Consider

vV

z (:I:2 + y2) = Iill‘2 + m2y2.

(a) Show that this defines a surface when x? + y? > 0.

(b) Show that it is a ruled surface where the lines go through the z-axis and
are perpendicular to the z-axis.

(c) Show that if a general surface has principal curvatures k1, k2 at a point,
then z corresponds to the possible values of the normal curvature at that
point.

(8) (Rodrigues) Show that a curve q(t) on a surface with normal n is a line of
curvature if and only if there is a function A (¢) such that
dq d(noq)

—A(t —_—.
®) dt dt

(9) Show that the principal curvatures are constant if and only if the Gauss and
mean curvatures are constant.
(10) Consider the pseudo-sphere

q(t,p) = e (1) + (t — tanht) es.



(17)

(18)

(19)
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This is a model for a surface with constant negative Gauss curvature. Note
that the surface

qa(t,p) (1) + (tanht) es

= e
cosht ©

is the sphere with a conformal (Mercator) parametrization.

(a) Compute the first and second fundamental forms

(b) Compute the principal curvatures, Gauss curvature, and mean curvature.
A ruled surface q (u,v) = ¢ (v)+uX (v) is called developable if all of the u-curves
q (u) = q(u,v) for fixed v are lines of curvature with k = 0, i.e., 9, n = 0. Show
that ruled surfaces are developable if and only if they have vanishing Gauss
curvature.

(Monge) Show that a curve q (t) on a surface with normal n is a line of curvature
if and only if the ruled surface q* (s,t) = q (t) + snoq(¢) is developable. Hint:
Note that the normal to q* (s,t) = q(t) + snoq(t) at s = 01is S(¢). So this
surface is developable if and only if S (tg) is the normal to q* (s, tg) for all s.
Show that if a surface has conformal Gauss map, then it is either minimal or
part of a sphere.

Show that if III = AII for some function A on the surface, then either K = 0
or the surface is part of a sphere.

Show that all curves on a sphere or plane are lines of curvature. Use this to
show that if two spheres; a plane and a sphere; or two planes intersect in a
curve, then they intersect at a constant angle along this curve.

Consider a surface of revolution

q(r,p) =rer (u) +h(r)es.

Show that k1 = % (rKz).
Consider a unit speed curve c(s) : [0, L] — R3 with non-vanishing curvature
and the tube of radius R around it

q(s,¢) = c(s) + R(Nccos ¢+ Besing)

(see section exercise |§| and section exercise . Show that the principal

directions are — N,.sin ¢ + B.cos¢ and T, with principal curvatures 1/r and
K COS ¢

T 1—kRcos¢"

Show that Enneper’s surface

1 1 .
q(u,v) = <u — gu?’ +uw?, v — gvd + vu?, u? 112)

has the property that g,, = Ly, = 0 and that the u- and v-curves are planar.
Hint: A curve is planar if det [ v oa j ] =0.
Show that

q(u,v) = (ucosf £ sin u cosh v, v & cos 6 cos u sinh v, & sin 6 cos u cosh v)

has the property that g,, = Ly, = 0 and that the u- and v-curves are planar.
Hint: A curve is planar if det [ v oa j ] =0.

Consider a parametrized surface q (¢, ¢) where the ¢- and ¢-curves correspond
to the principal directions. Assume that the principal curvatures are ko < k1
and k1 = /R is constant.



(21)

(25)
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(a) Consider ¢ (t,¢) = q(t,¢) + Ru(t,¢) and show that

0¢ ot
(b) Conclude that q is a tube of radius R (see section [4.1] exercise [6]).
(¢) Show that a surface without umbilics where one of the principal curvatures
is a positive constant is a tube.
(d) Is it necessary to assume that the surface has no umbilics?
Show that the geodesic torsion of a curve on a surface satisfies

Ty = (k2 — K1) sin ¢ cos ¢,
where ¢ is the angle between the tangent to the curve and the principal direction
corresponding to k1.
(Rodrigues) Show that a unit speed curve on a surface is a line of curvature if
and only if its geodesic torsion vanishes.

(Joachimsthal) Let ¢ (¢) be a curve that lies on two surfaces M; and M, that
have normals n; and ns respectively. Define

0(t) = £(n1oq(t),nzoq(t))
and assume that 0 < 6 (t) < 7, in other words the surfaces are not tangent to
each other along the curve.
(a) Show that if q(¢) is a line of curvature on both surfaces, then 0 (t) is
constant.
(b) Show that if q (¢) is a line of curvature on one of the surfaces and 6 (¢) is
constant, then q (¢) is also a line of curvature on the other surface.
Let q (u,v) be a parametrized surface and q* = q +Rn the parallel surface at
distance R from q.
(a) Show that

8qu =0y q+RO;n= (I — RL)(0kq),

where I is the identity map I (v) = v.
(b) Show that q¥ is a parametrized surface with normal n provided R #
(¢) Show that

1 1
K1 ’ K2 :
L =Lo(I-RL)™!
by using that
L(&k q) = —6kn = LR (8k qR) .

(d) Show that these surfaces all have the same principal directions with prin-

cipal curvatures
R Ki

Kt = —————.
v 1-— R/ﬁ)i
Let q (u,v) be a parametrized surface and qf = q+Rn the parallel surface at
distance € from q.
(a) Show that

1" =1-2RII+R?1II.
(b) Show that

" =1 -RIII.
(¢) Show that
1" = 1I.
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(d) How do you reconcile these relations with the formula
L =Lo(I-RL)™!

from the previous exercise?
(e) Show that

K
KT =
1—-2RH + R?’K
and
o H — RK

T 1-2RH + R°K’
(f) Show that if K = #, then H¥E = ﬁ. Conversely, if H = ﬁ, then
KR =45
(g) Show that
det [1%] = (1 — 2RH + R?°K)” det [1].
5.5. Ruled Surfaces

A ruled surface comes about by selecting a curve ¢ (v) and then considering the
surface one obtains by adding a line through each of the points on the curve. If the
directions of those lines are given by X (v), then the surface can be parametrized
by q (u,v) = ¢ (v) + uX (v). We can without loss of generality assume that X is a
unit field, however, in many concrete examples throughout the exercises X might
not be given as a unit vector. The condition for obtaining a parametrized surface
is that % = X and % = % + u% are linearly independent. Even though we
don’t always obtain a surface for all parameter values it is important to consider
the extended lines in the rulings for all values of u.

EXAMPLE 5.5.1. A generalized cylinder is a ruled surface where X is constant,

ie., ‘% = 0. This will be a parametrized surface everywhere if X is never tangent

to c.

EXAMPLE 5.5.2. A generalized cone is a ruled surface where ¢ can be chosen
to be constant, i.e., 9 = 0. This will clearly not be a parametrized surface when

dv
u=0.

EXAMPLE 5.5.3. A tangent developable, is a ruled surface where X is always
tangent to ¢, i.e., X and % are always proportional. This is also not a surface when
u = 0. Note that generalized cones can be considered a special case of tangent
developables. It is not unusual to also assume that that a tangent developable has
the property that c is regular so as to avoid this overlap in definitions.

EXAMPLE 5.5.4. An example of a cone that is not rotationally symmetric is
the elliptic cone

¥y 2
a2
The elliptic hyperboloid
oy 2
p + 572 =24 1

is an example of a surface that is ruled in two different ways, but which does not
have zero Gauss curvature. We can let

c(t) = (acos(t),bsin(t),0)
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be the ellipse where z = 0. The fields generating the lines are given by

de
X =— 0,0,£1
dt+(” )

and it is not difficult to check that

q(s,t)=c(t)+s (Z; + (0,0,il))

are both rulings of the elliptic hyperboloid.

PROPOSITION 5.5.5. Ruled surfaces have non-positive Gauss curvature and the
Gauss curvature vanishes if and only if

de | dX
X _— _— =
( W > 0

In particular, generalized cylinders, generalized cones, and tangent developables
have vanishing Gauss curvature.
PROOF. Since 92, q = 0 it follows that L., = 0 and
K———tw g
GuuGvv — 912;,1; B
Moreover, K vanishes precisely when

0%q dX
Luv(auavn)(dv n>0

Since the normal is given by

X > (G5 +u)

n=
X% (G5 +uy)]
this translates to
dc dX dX
0 = (X — — ) | —
( X (dv+udv> dv)
de  dX
- (xx=]=
( ! dw ) ’
which is what we wanted to prove. ([

DEFINITION 5.5.6. A ruled surface with the property that the normal is con-
stant in the direction of the ruling, i.e.,
Jn
— =0,
Ju
is called a developable or developable surface.

EXAMPLE 5.5.7. Generalized cylinders, cones, and tangent developables are all
developables. In general the normal is given by

_ dv dv
|0 (5 +wi) |

For a generalized cylinder this specializes to
X x de
X x|

n
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while for cones and tangent developables

X xudX X x &£
n= = .
| X x udX | X x 2X|

dv dv

In each case the normal is independent of .

We start with a characterization of developables in terms of Gauss curvature.
Euler was the the first to suggest this result and used it to show that spheres can’t
admit Cartesian parametrizations. Monge clarified the statement and gave the first
proof.

LEMMA 5.5.8 (Monge, 1775). A surface with vanishing Gauss curvature and no
umbilics is a developable surface. Conversely any developable has vanishing Gauss
curvature.

PRrROOF. First note that a developable has the property that the lines in the
ruling are lines of curvature and that the principal value vanishes in the direction
of the lines. This establishes the second claim and also guides us as to how to find
the lines in a ruling.

Assume now that the surface has zero Gauss curvature. We shall show that
the principal directions that correspond to the principal value 0 generate lines of
curvature that are straight lines. This will create a ruling. The normal is by
definition constant along these lines as they are lines of curvature for the principal
value 0.

Since the surface has no umbilics we can use corollary[5.4.4]to select a parametriza-
tion where 9, q, 0, q are principal directions and g, = Ly, = 0. Using that the
Gauss curvature vanishes allows us to assume that

—Oyn = L(0,q) =0,
—Oyn = L(0,q) =kDyq, k#0.

Combining these two equations we obtain

0=02,n=kd2, q+0,k0,q.
This shows that

(02,d10vq) = 9 (0uq]dva)— (92,d]|duq)
= 0+ (iau'%) (av q ‘ au q)
= 0.

By assumption we also have
(83uq |n) =Ly, = 0.
Thus 62, q must be parallel to 8, q and consequently the u-curves on the surface

have zero curvature as curves in R3. This shows that they are straight lines. ([

The next result shows that ruled surfaces admit a standard set of parameters
that make it easier to recognize the three different types of developables.

PROPOSITION 5.5.9. A ruled surface q (u,v) = ¢ (v)4+uX (v) can be reparametrized

% dc* dx
as q(s,v) = c* (v) + sX (v), where G- L 5.
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The ruled surface is a generalized cone if and only if ¢* is constant. The ruled
dc*

surface is a tangent developable if and only if °;~ and X are proportional for all v.

ProoOF. Note that no change in the parametrization is necessary if X is con-
stant. When % # 0 define

(=)
2T
vV
and et ax
(@)
= |M2 .
dv

Here % =1, so (s(u,v),v) is locally a valid reparametrization of the surface. It is
also clear that q (u,v) = ¢* (v) + sX (v) = q(s,v). Moreover, as X is a unit field it
is perpendicular to its derivative it follows that

de dXN - fde d ((E19))  ((@1%))dX dX
dv ' dv - dv dv HTXZ |t{lTX2 dv ' dv
_ (o) (L) (ax i)

| dx |2 dv ' dv
dv

dv ' dv

_(de dX_ (de dX
T \dv ! dv dv ' dv
= 0.

It is clear that we obtain a generalized cone when c¢* is constant and a tangent
developable if % and X are parallel to each other.
Conversely if the ruled surface q(u,v) is a generalized cone, then there is a
unique function u = u (v) such that q (u (v),v) is constant. Thus
_dc dX = du(v)

If we multiply by %, then we obtain

X.

de | dX
U,(’U) _ _(d’vdXd; ) )
dv

This corresponds exactly to s = 0 in the parametrization ¢ (s,v) = ¢* (v) + sX (v).
So it follows that ¢* (v) is constant.

When the ruled surface is a tangent developable it is possible to find u = u (v)
such that the curve 5 (v) = q (u (v),v) is tangent to the extended lines in the ruling,

ie., % and X are proportional. In particular,

_ (dB dX
0—(dvdv)

_(dc dX = du(v) dX
= (dﬁ“(“)dﬁ . d>
_ (4o 49X 4T
- dv ' dv uiv dv

It follows again that u (v) corresponds exactly to s = 0, which forces 8 to be ¢*. O
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We are now ready to explain the possible shapes of surfaces with zero Gauss
curvature. This gives us a partial answer to the converse of theorem [5.3.6, where
it was shown that a surface with a Cartesian parametrization has vanishing Gauss
curvature.

THEOREM 5.5.10 (Monge, 1775). A developable surface is a generalized cylin-
der, generalized cone, or a tangent developable at almost all points of the surface.

PROOF. We can assume that the surface is given by
q(s,v) =c(v)+sX (v),
dc

where (4 1 9X) The Gauss curvature vanishes precisely when

dv
de , dX
X —_ _— =
( X dv dv) 0

If % = 0 on an interval, then the surface is a generalized cylinder. So we can
assume that ‘% # 0. This implies that X and % are linearly independent as they
are orthogonal. The condition

de | dX
X —_ _— =
( I ) 0

on the other hand implies that the three vectors are linearly dependent. We already
know that % 1 94X 5o this forces

dv ’

dc dc

—=—|X|X.

dv (dv | )
When % # 0, then X is tangent to ¢ and so we have a tangent developable. On
the other hand, if % = 0 on an interval, then the surface must be a generalized
cone on that interval.

Thus the surface is divided into regions each of which can be identified with
our three basic types of ruled surfaces and then glued together along lines that go
ax dc

through parameter values where either <~ =0 or 9% = 0. O

There is also a similar and very interesting result for ruled minimal surfaces.

THEOREM 5.5.11 (Catalan). Any ruled surface that is minimal is planar or a
helicoid at almost all points of the surface.

PROOF. Assume that we have a parametrization q (s,v) = ¢ (v)+sX (v), where
(% %) = 0. In case the surface also has vanishing Gauss curvature it follows that
it is planar as the second fundamental form vanishes. Therefore, we can assume
that both ¢ and X are regular curves and additionally that % is not parallel to X.

The mean curvature is given by the general formula
Lssguo — 2LspGsv + LpwGss

H == ’
2 (gssgvv - ggv)
where
9ss = 1,
dc
9sv = (d'l} X) ;
de | 9
Govv % +s )
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n= C c(;;}( ’
| X x (% +s%)]
Lgs 0,
o (xx
Sv d’U n b)
d?c d2X
Lov = (dv2 + dv? | n)

Thus H = 0 precisely when

dc dXx d’c d’X
21— | X =—|— —
(dv| )(dvn> (d02+8d02>|n’
which implies

de X dc dX d*c d’X dc dX
21— | X[ — | X - = X x haalel
<dv )(dﬂ( X(d +sdv>>) (dv2+sdv2 | (d s dv))
The left hand side can be simplified to be independent of s:
dc dX dc dX de dc
2 — | X || — | X — =2(—1|X .
(@) (@ (0 (@) =2 (@) (%1 (0 &)
The right hand side can be expanded in terms of s as follows
d’c d’X dc dX d*c  dc
— X x —_— = X
(dv2+ d2‘ (dv+$dv>) (v2dvx >
d’c dX d’X dc
X x X x
JrS((dv2 | dv)+( 02 | dv>>

d’X dX
2
— | X x —|.
i (va | X x dv)

This leads us to 3 identities depending on the powers of s. From the s?-term we

have
d?X B dX _0
dv? v )
d2X dX
d 2 € Span {X dv} .

At this point it is convenient to assume that v is the arclength parameter for X.
With that in mind we have

In other words:

d’X B d2X\X d2X|dX g
dv? dv? dv? ' dv ) dv
dX dX
= (&%) x
(dv dv)
- X

This implies that X is in fact a planar circle of radius 1. For simplicity let us further
assume that it is the unit circle in the (z,y)-plane, i.e.,

X (v) = (cosv,sinw,0).
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From the s-term we obtain

d’c dX d’X dc
= X X — | X x —
0 <d2| dv)+(dv2| de)
dX dc
X X | X x—
dv? | X x dv) ( | X x dv)

(i
_ <d6|X><lil)U()
#

showing that j—i‘; also lies in the (z, y)—plane. In particular,

0
d
dﬁ 0ol]=n
vl
is constant. Since dc 1 ‘fif we obtain
0
d d
Co(Cix)x+]o0
dv dv h
and
de 0 dx
—xX=|0|xX=h—.
dv I dv

This considerably simplifies the terms that are independent of s in the mean cur-

vature equation
dc dce d?c dc
2( =X ) (= | X x (O x i 2
(dvl )( | dv) (dv2 de)
as we now obtain
dc d?c  dX
2h | — | X =
<dv | ) (va | dv>
2
_ dc | d° X
dv ' dv?
c
= h|l—1|X]).
(1)

When h = 0 the curve c¢ also lies in the (z,y)-plane and the surface is planar.
Otherwise (% | X) = 0 which implies that

0 0
e (o x)x [0 | <[
v v h I
and
0
c= 0

hv + vy
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for a constant vg.
The surface is then given by

$COSV
q(s,v)=| ssinv |,
hv 4 v
which shows explicitly that it is a helicoid. O

Exercises

(1) Show that a generalized cylinder q (u,v) = ¢ (v) + uX where X is a fixed unit
vector admits a parametrization q (s,t) = ¢* (t) + sX, where ¢* is parametrized
by arclength and lies a plane orthogonal to X.

(2) Does the equation

(0%~ %) (8- 97 = aps?
define a ruled surface? Hint: A ruled surface contains a straight line through
every point.

(3) Let q(u,v) be a parametrized surface and q(t) = q (u(t),v (t)) a curve with
¢(0) # 0 and §(0) = 4 (0) = 0 as a curve in R®. Show that ¢ (0) is a principal
direction with principal curvature 0.

(4) Consider the surface q(u,v) = c¢(v) + uD, (v), where D, = 7T, +x B, is the
Darboux vector for the unit speed curve c. Keep in mind that the Darboux
vector is not necessarily a unit vector so the properties developed in this section
don’t apply directly.

(a) Show that this is a ruled surface that is developable.

(b) Show that this is a generalized cylinder precisely when --Z = 0. Hint. See
section 3.2 exercise ,

(c) Show that this is a generalized cone precisely when jﬁg =0 and %% #0.
Hint: If it is a generalized cone then there is a function u (v) so that
q (u(v),v) is constant. Show that this implies that u (v) & (v) is constant
and u (v) 7 (v) has constant derivative.

(d) Show that this is a tangent developable when %% # 0.

(5) Consider a parameterized surface q (u, v). Show that the Gauss curvature van-
ishes if and only if d, n, d, n are linearly dependent everywhere.

(6) Consider

q(u,v) = (u +v,u? + 2uv, u® + 3u2v) .
(a) Determine where it defines a surface.
(b) Show that the Gauss curvature vanishes.
(¢) What type of ruled surface is it?
(7) Consider the Monge patch
n
z:Z(ax+by)k—|—cm+dy+f.
k=2
(a) Show that the Gauss curvature vanishes.
(b) Show that it defines a generalized cylinder.
(8) Consider the equation
zy=(z—a)’.
(a) Show that this defines a surface when (z,vy, z) # (0,0, a).
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(10)
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(b) Show that it defines a generalized cone.
Consider the equation

4 (y — 51:2) (xz — y2) = (zy — 2)2.
(a) Show that this defines a surface when (z,y,2) # (z, 22, 2%).
(b) Show that it defines a tangent developable.

(Euler, 1775) Let c¢(t) be a unit speed space curve with curvature & (t) > 0.
Show that the tangent developable

dc
q(s,t)=c(t) e
admits Cartesian coordinates. Hint: There is a unit speed planar curve ¢* (¢)
whose curvature is & (t). Show that there is a natural isometry between the
part of the plane parametrized by
dc*
dt

q (1) =c"(t) +5

and the tangent developable q (s,t).

Use the previous exercise to show that a surface with K = 0 and no umbilics
locally admits Cartesian coordinates at almost all points.

Show that a surface given by an equation

F(z,y,2)=R
has vanishing Gauss curvature if and only if
02 F 8§$F 02.F O.F
PF R OAF OF
PF OBF OF 0.F
O F  OyF 0.F 0

Hint: Locally represent this surface as a Monge patch and use implicit differ-
entiation.

Show that a ruled surface with constant and non-zero mean curvature is a
generalized cylinder.

Show directly that if a minimal surface has vanishing Gauss curvature, then it
is part of a plane.

Assume that we have a ruled surface

q(u,v) = ¢ (v) + uX (v)

det =0.

where | X| = 1.
(a) Show that if we use

c*:c+(a—/<ch>dv>X
dv
w:u—|—/(dC|X>dv—a
dv

for some constant a, then

q(w,v) =¢" (v) + wX (v)

and

parametrizes the same surface and has the property that all v-curves are
orthogonal to X and thus to the lines in the ruling.
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(b) Show that if % # 0, then we can reparametrize X by arclength and thus
obtain a parametrization

q(w,t) =c" (t) + wX (¢),

where the t-curves are orthogonal to the ruling and X is a unit field
parametrized by arclength.

(c) Show that if ¢* is regular and has positive curvature and s denotes the ar-
clength parameter for ¢* we obtain X (s) = cos (¢ (s)) Ne- +sin (¢ (s)) Bes
for some function ¢ (s).

Assume that we have a minimal ruled surface

q(w,t) =c(t) +wX (1)

parametrized as in the previous exercise with ¢-curves perpendicular to X and
X a unit field parametrized by arclength. Reprove Catalan’s theorem using this
parametrization. Hint: One strategy is to first show that X is a unit circle,
then show that ¢ is proportional to X, and finally conclude that the t-curves
are all Bertrand mates to each other (see section [3.2]).
Let q(s) be a unit speed asymptotic line (see section exercise @ of a ruled
surface q (u,v) = ¢ (v) + uX (v). Note that u-curves are asymptotic lines.
(a) Show that
det [ g, X, 442X ]=0.

(b) Assume for the remainder of the exercise that K < 0. Show that there is

a unique asymptotic line through every point that is not tangent to X.
(¢) Show that this asymptotic line can locally be reparametrized as

c(v) +u() X (v),

where
2 2
do_ Q[ X Eru0) % g5 uw 5
dv d ax
dv 2det [ &, X, <X ]

Consider the cubic equation with variable ¢:
rH+yt+ 22 +13=0
and discriminant:
D = 2%y% — 423 + 182yz — 4y® — 2722

Show that D = 0 corresponds to the tangent developable of the curve (t3 ,3t2, 3t).
Hint: Show that if

(z,y,2) = (t3,3t%,3t) + s (3t*,6t,3)

then
2y —42r = =278 (t+s) (1 + Bst + 4s7)
18zyz = 27t (t+s) (6t> + 30st + 3657),
—4y® —27x* = 2717 (t + s) (5¢> + 25st + 3257) .
Consider the reduced quartic equation with variable ¢:

THyt+ 22 +t1 =0
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and discriminant:

22\° rz  y: 28 2
D= ) gL )
<x+12) 5 (6 16 63>
Show that D = 0 corresponds to the tangent developable of the curve (—3t4, 8t3, —6t2).
Hint: Show that if

(z,y,2) = (—3t*,8t%,—61%) + s (—12t°, 241>, —12t)

then
2
z
r + B 1252¢2,
2 3
R R
6 16 63

Consider a family of planes in (x,y, z)-space parametrized by ¢:
F(z,y,zt)=at)z+b{t)y+c(t)z+d(t) =0.

An envelope to this family is a surface with the property that these planes are
precisely the tangent planes to the surface.
(a) Show that an envelope exists and can be determined by the equations:

F=at)z+b(t)y+c(t)z+d(t) = 0
0

- =at)z+b()y+e(t)z+d(t)

al?c
a b é

has rank 2. Hint: use ¢ and one of the coordinates x, y, z as parame-
ters. The parametrization might be singular for some parameter values.
Specifically assume that

when

a b
so that the surface can be parametrized as q(¢,2) = (z(t,2),y (¢, 2),2)
and show that the tangent vectors
_dq dq
- Ot 0z
satisfy the equation:
[ a b c ]X =0.
Finally show that the points in the tangent plane all have the form
dq dq 2
— — R
quozat Jrﬂ(?z’ a, B €

and satisfy

dq  ,0q )\
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(b) Show that the envelope is a ruled surface. Hint: Assume that
a b

and show that % =

(¢) Show that the envelope is a generalized cylinder when the three functions
a, b, and c are linearly dependent. Hint: show that the tangent vectors %
are all parallel.

(d) Show that the envelope is a generalized cone when the function d is a linear

combination of a, b, and ¢ and the Wronskian

a b ¢
det | a b ¢ | #0.
a b ¢

Hint: If d 4+ apa + Bob + voc = 0, then (ag, Bo, Vo) is the vertex of the cone.
(e) Show that the envelope is a tangent developable when the Wronskian

a b ¢ d

a b ¢ d
R A e

a b ¢ d

Note that the two previous exercises are concrete examples of this. Hint:
Show that the equations:

F=at)z+b(t)y+c(t)z+d(t) = 0
%—I;:a(t)x+b(t)y+c'(t)z+d(t) =0
02F . . . .
W:a(t)x—f—b(t)y—kc(t)z—kd(t) =0

determine the curve that generates the tangent developable.
(f) Show that for fixed (¢, Yo, 20) the solutions or roots to the equation F (xg, yo, 20,t) =
0 correspond to the tangent planes to the envelope that pass through
(1'07 Yo, ZO) .
(21) Let q(u,v) = c¢(v) + uX (v) be a developable surface. Show that there exist
functions « (v), 8 (v), v (v), and ¢ (v) such that the surface is an envelope of
the planes
a@)z+pBwy+y()z+6(v)=0.



CHAPTER 6

Surface Theory

In this chapter we continue the study of curvature with the aim of proving
several profound results for surfaces that also involve more global considerations.
The highlight being the local and global Gauss-Bonnet theorems. This chapter also
introduces abstract surfaces that might not come with a suitable second fundamen-
tal form. We also explain the Codazzi equations and establish the fundamental
theorem for surfaces.

6.1. Generalized and Abstract Surfaces

It is possible to work with generalized surfaces in Euclidean spaces of arbitrary
dimension: q (u,v) : U — R* for any k > 2. What changes is that we no longer have
a single normal vector n. In fact for £ > 4 there will be a whole family of normal
vectors, not unlike what happened for space curves. What all of these surfaces do
have in common is that we can define the first fundamental form. Thus we can also
calculate the Christoffel symbols using the formulas in terms of derivatives of the
first fundamental form. This leads us to the possibility of an abstract definition of
a surface that is independent of a particular map into a coordinate space R¥.

One of the simplest examples of a generalized surface is the flat torus in R*. It
is parametrized by

q(u,v) = (cos u,sinu, cos v, sin v)

=[30]

So this yields a Cartesian parametrization of the entire torus. This is why it is
called the flat torus. It is in fact not possible for a closed surface in R? to be flat

everywhere (see section .
An abstract parametrized surface consists of a domain U C R? and a first

fundamental form
[I] — |: gu'u. g’LL’U :| ,

guv g’U’U

and its first fundamental form is

where gyu, gvv, and g, are functions on U. The inner product of vectors X =
(X", X") and Y = (Y*,Y") thought of as having the same base point p € U is
defined as

ey = [ ][ g0 g 100,

155
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For this to give us an inner product we also have to make sure that it is positive
definite, i.e., for X # 0

0 < I(X,X)

Xu XV Guu  Guv :l |: Xt :|
[ } |: Guv  Gvv XY

= XuXuguu + QXUnguv + Xvagm;-

PROPOSITION 6.1.1. T is positive definite if and only if tr[I] = guuy + gow > 0
and det [I] = guugoo — (gus)” > 0.

PRrROOF. If I is positive definite, then it follows that g,, and g, are positive by
letting X = (1,0) and (0,1). Next use X = (\/Gov, £1/Juu) to get
0 <I(X,X)=20uugvs £ 2v/Guur/GvvGuv-
Thus
E9uv < VGuu/Goo

showing that
2
GuuGvv > (guv) .
To check that I is positive definite when g, + gov, and guugoy — (gm,)2 are
positive we start by observing that
GuuGov > Gy = 0.

Thus gy, and g,, have the same sign. As their sum is positive both terms are
positive. It then follows that

I(XvX) = XuXuguu+2Xunguv+Xvagvv
Z XuXuguu - 2 |Xu| |Xv‘ vV JuuGvv + XUngm)
u v 2
= (|X | VGuu — |X | \/gvv)
> 0.

Here first inequality is in fact > unless X% = 0 or XV = 0. In case X* = 0 we
obtain

L(X,X) = (X")" goo > 0
unless also X¥ = 0. (]
EXAMPLE 6.1.2. The hyperbolic space H C R?! is defined as the imaginary
unit sphere with z > 0, specifically it is the rotationally symmetric surface
224y —2=-1,2>1
or equivalently the Monge patch

z=1/1+22+92

The metric on this surface, however, is inherited from a different inner product
structure on R? which is why we use the notation R*!. Specifically:

(X Y)=X"Y" + XVY¥ — X7Y>.

The z- and y-coordinates are the “space” part and the z-coordinate the “time” part.
We say that a vector is space-like, null, or time-like if |X|2 = (X | X) is positive,
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zero, or negative. Thus (x,y, 0) is space-like while (0,0, 2) is time-like. Null vectors
satisfy the equation
XX+ XYXY - X*X*=0.
This describes a cone. The two insides of this cone consist of the time-like vectors,
while the outside contains the space-like vectors.
Our surface H given by the equation

F(r,y,2)=a*+y* —22=—-1,2>1

therefore consists of time-like points. However, all of the tangent spaces consist of
space-like vectors. This means that we obtain a surface with a valid first funda-
mental form. In the Monge patch representation we have

0z T x 0z Y y

dr iy +2 20y Ji+2+y 7

Thus the tangent space at ¢ = (z,y,2) = (m,y, V1422 + y2) is given by

ri = s {(10.2). (0.0.2)}

{X$ (1,0, g) XY (0, 1, %) | X®, XY € R}.

Consequently

(X™)? 4+ (X¥)% - (Xlg + Xy%>2

_ (X%’ (1 - Q;) +(xV)? (1 - i)

_oxzxvZy
22

(X | X)

2 ﬂ _oxzxvr¥
22 22

= e
= S () (X 4+ (X7 — X))

This is clearly positive unless X = 0. The first fundamental form is

2
X
-5 -
2
_ry Yy
z

which is also easily checked to be positive using proposition [6.1.1]
In order to find a nicer expression of the first fundamental form we switch to a
surface of revolution parametrization

cos psinh ¢

a(¢,p) = | sinpsinheé |, peR, ¢ >0,
cosh ¢

where ¢ = 0 corresponds to the point (0,0, 1) which we can think of as a pole. In
this parametrization we obtain

cos p cosh ¢ sin g sinh ¢
dq ) dq .
8¢q:8—¢: sin p cosh ¢ 78Mq:8—: — cos psinh ¢
sinh ¢ H 0
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which gives us the first fundamental form

(9pa | 9pq) (3¢C1|5;LQ)}:[1 0 }
(Onaldpa) (Oualduaq) 0 sinh?¢ |-

REMARK 6.1.3. It is not possible for a surface of revolution to have this first
fundamental form in R3. But we shall see later that the pseudo-sphere from section
exercise [L0|is a local Euclidean model that is locally isometric to H.

On the other hand a theorem of Hilbert (see theorem shows that one
cannot represent the entire surface H in R3, i.e., there is no parametrization q (x, y) :
H — R3 defined for all (z,y) € R? such that

3.»5 | a’I‘ Q) (81(1 | 81 Q) :l 1-5 7212!
aoq 9y,q ' [ 0q 8,q] =] (@ y - z 2, .
Loa dal [ oa dal=| 50,9 (©yal0,q T

Janet showed that if the metric coefficients of an abstract surface are analytic,
then one can always locally represent the abstract surface in R3. Nash showed that
any abstract surface can be represented by a map q (u,v) : U — R¥ on the entire
domain, but only at the expense of making k very large. Based in part on Nash’s
work Greene and Gromov both showed that one can always locally represent an
abstract surface in R®. It is still unknown if there exists an abstract surface that
cannot be locally realized as a surface in R3.

DEFINITION 6.1.4. We say that a surface M C R%! is space-like if all tangent
vectors are space-like. This means that if we use the first fundamental form that
comes from the inner product in R?!, then we obtain an abstract surface.

REMARK 6.1.5. Space-like surfaces q (u,v) : U — R?1! also have a normal n,
but it has the property that [n|*> = (n|n) = —1 as well as the usual conditions:
(n | %) =0= (n | %). However, n cannot be calculated as easily from the

standard vector calculus cross product % X %. The projection formulas will also

look a little different. If we focus on a curve ¢ (¢) in this surface, then we still have
o =0ud—; +0uq

du
= = d d qt
= T at dt dt [ Oua “q][%;]
since this doesn’t depend on any geometric structure. The acceleration however,
now decomposes as

,_dq_@_a du @:

61 _ ql+qﬂ
= [3uq 81)01][1]_1[%(1 avqrq_(Q|n)n7

where ql is tangent to the surface and G" proportional to n. Note that all products
are space-time inner products. The negative sign on the normal component is
easier to understand if we remember that the formula for projecting a vector X
onto another vector N is given by

(X|N)

(N[ N)
This formula remains valid in space-time. The tangential part of the acceleration
can also be calculated intrinsically with the same formula as before:
2

. _ . Pu v
qI:[auq an][I] 1[871(1 avqrqauq<dt2+r (q’q))+6”q<dt2+r (QaQ)>'
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Finally, we also have to define what we mean by an abstract surface. There are
several competing definitions. The more general and abstract ones unfortunately
also have a very steep learning curve before a metric can be introduced. So we stay
with the more classical context. Essentially we define a surface as a set of points
where we can use the language of first fundamental form, convergence etc. This
is generally too vague for modern mathematicians but at least allows us to move
on to the issues that are relevant in differential geometry. There are several other
standard concepts included in this definition so as to have everything in one place

DEFINITION 6.1.6. A surface with a first fundamental form is a space M where
we can work locally as if it is an abstract parametrized surface, i.e., every point is
included in a parametrization q : U C R? — M. When a point ¢ € M is covered by
more than one parametrization, then they are pairwise reparametrizations of each
other near ¢ and the first fundamental forms are the same via this reparametriza-
tion. Globally we are allowed to talk about convergence of sequences as we do in
R2. A sequence converges to ¢ if eventually it lies in a parametrization around
q and converges to ¢ in that parametrization. Moreover, if the sequence eventu-
ally lies in more than one parametrization then its limit will be ¢ in each of these
parametrizations. This allows us to talk about continuous maps F : M — R and
F:R! — M. Such a map is smooth if it smooth within the given parametrizations.
Finally we want the surface to be path connected in the sense that any two points
are joined by a piecewise smooth curve.

A surface is said to be closed if it is compact, i.e., any sequence has a convergent
subsequence.

A surface M is said to be orientable if the parametrizations can be chosen so
that the differentials of all the reparametrizations have positive determinant, e.g.,
if q(u,v) =q(u(s,t),v(s,t)) =q(s,t), then

du  Qu Os  0s
det[ H f)]>0,det[%{ 1{]>0.
s ot ou  Ov

Such a choice of parametrizations that cover all of M will be called an orientation
for M. Note that this tells us that if we have tangent vectors v, w € T, M that are
not proportional, then w either lies to the right or left of v.

The tangent space T,M at a point ¢ € M in a parametrization is defined as
T,M = span{0, q,9,q}. In a different parametrization the two bases are related
by

9s  Os
[8uq avq] = [asq atq][% 1t):|7

ou v

[asq 8tq]

X &Jq][gi 5]
Os
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A tangent vector X € T; M can thus be written

X = XYO,q+X"d,q
X’LL
= [auq 8vq]|:XU:|
O9s  0s Xu
= asq aq |:8u %v][ U:|
aaal BB ] X

] xa
= [asq atQ][Xuai—"_Xv&t)]

uas 1)65 Uat 1)@
= X°®0,q+X'0,q.

A surface is said to be isometrically embedded in R? if it can be represented
as a surface M C R? in such a way that that the induced first fundamental
form agrees with the abstract one on M. Specifically, we seek a map F : M —
F (M) C R? such that F is a diffeomorphism from M to F (M) and I/ (X,Y) =
Lran) (DF (X), DF (Y)).

A surface is said to be isometrically immersed in R3 if there is a map F : M —
R? such that Ips (X,Y) = Ipy (DF (X)), DF (Y)). In this case F will be a local
diffeomorphism onto its image, but globally it might not be one-to-one (see also
4.1.5)).

REMARK 6.1.7. In modern usage a surface does not necessarily come with a
first fundamental form. We could have called our surfaces Riemannian surfaces
(Riemannian manifolds are their higher dimensional analogues), but that too can
be confused with Riemann surfaces which are surfaces where the reparametrizations
are holomorphic, i.e., satisfy the Cauchy-Riemann equations.

Exercises

(1) Assume that gyu = gvp = 1 on a domain U C R?. Show that the corresponding
first fundamental form represents an abstract surface if |g,,| < 1 on U.

(2) Show that it is possible to define S and k, for unit speed curves in oriented
abstract surfaces.

(3) Consider a regular space-like curve q (t) = (r(t),0,z (t)) : I — R?1 ie., ¢ is
non-zero and space-like everywhere.
(a) Show that 72 > 3?2 along q.
(b) Show that

a(t, 1) = (r (t) cos o, 7 (t) sin g, = (£))
defines a space-like surface of revolution with

0757 8]

(¢) Show that when » = Rcosht and z = Rsinht, then we obtain the surface
described in exercise Bl
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(d) Show that q (¢t) = (r (¢),0, 2 (t)) : I — R%*! can be reparametrized to have

unit speed, i.e.,
dr\ (4=,
ds ds)

(4) Consider the space-like surface of revolution from exercise
(a) Show that

. i(écos,u,ésinu,i“).

T2 _ 32
(b) Show that a curve q (¢ (s),u(s)) on this surface has constant speed when
2
(7'"2 - 22) (%)2 +7r? (Z—‘;) is constant.
(c) Show that if 72 — 22 = 1, then a curve q (¢ (s), 1 (s)) satisfies:

a2t dp 2 7 COS [ a2 Pt dy —rsin g
.1 . ..

= _— _ 3 R 2777 3

d (ds2 TT(ds) rs;n,u +(d52 * rds ds) Tcgsu

6.2. Curvature on Abstract Surfaces

The goal of this section is to define Christoffel symbols and curvature on ab-
stract surfaces. We assume throughout that we have an abstract parametrized
surface on a domain U C R? with first fundamental form:

= [ Guu Gou ] .

guv g’U’U

It will be convenient to use indices i, j, k, [, s, t,r to denote the two specific indices
u,v. Thus we can write g;; for a generic entry in [I]. This notation can conveniently
be extended to partial derivatives

OF
31F = QA
i
where again ¢ can be u or v.

DEFINITION 6.2.1. The Christoffel symbols of the first and second kind are
defined as follows:

1
Lij = 5 (0igjk + 059ik — Okij) ,
L = Tiyug™ +Tiug™ = Y Tijsg™.

It is not immediately clear that this definition agrees with with proposition

WAL
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PROPOSITION 6.2.2. The Christoffel symbols of the first kind satisfy

10
Fuuu = 5 ;ZU 5
1 0guu
Fuvu = 5 ;Z = Fvuu;
1 agU'U
Fvvv = 5 v
1 a‘q/U'U
Fuvv = 5 EW = Fvuvy
T 2 v’
F _ 6guv _ 1 89’0'[}
vou v 2 ou

as well as the “product” rule
ngij = Urij + Diji-

Proor. First observe that as g;; = g;; we have that

1 1
3 (0igjr + 0jgir. — Okgiz) = 3 (9i9ik + Oigj — Okgji) = Lji-

Next note that, e.g.,

Lijr =

1 1
Fuwu = 5 (6uguu + auguu - auguu) = iauguua
1 1
Fuvu - Fvuu = 5 (avguu + auguu - 8uguu) - §avguua

and

1 1
Fuuv = 5 (auguv + 6ugu11 - avguu) = 6ugu11 - iavguu

The proofs of the other 4 equations are identical if we replace u by v and v by wu.

Finally, note that the equations that define the Christoffel symbols are linear
combinations of the derivatives of the entries in the first fundamental form. The
last claim says that we can solve for these derivatives in terms of the Christoffel
symbols:

1 1
Drij +Txje = 3 (Okgij + Oigrj — 09ik) + B (Okgji + Ojgri — Oigjk)
1 1
= 3 (Okgij + Oigry — Ogir) + 3 (Okgij + 0j9ir — Oigr;)
= OkGij-

O

The next goal is to define the Gauss curvature. Recall from the proof of theorem

[£.3.8 that
BT — OuTwun + (T, 33 + T3, 5% | T, 58 +1,59) -

uu Qu uu Ju VU Qu vV Qv uv du uv Ju

det [I]
By using that g;; = (0;q | 9; q) this can be compressed to the formula
8vruuv - aquuv + Zs t—u.v 9st (FZur'tuv - F'ngrfw)
K= —— .
det [I]

ru 9a o 2qf’
K = .
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DEFINITION 6.2.3. The Riemann curvature tensors are defined as
Rijir = 0T — 0T+ D gar (D515 — THT%,)
s,t=u,v

and
l sl
Rijk: E Rijrsg™.
s=u,v

In particular,
Rvuuv

K= Get

PROPOSITION 6.2.4. The Riemann curvature tensors satisfy the symmetry prop-
erties

Rijri = —Rjir = Rjur,
in particular
Rt = Rijrr = 0,
and the possibly nontrivial terms
Ruvvu = _Rvuvu = Rvuuv = _Ruvuv = K det [I] .

All in all

Riji = K (9agjk — 9ir9j) »
and

Réjlc = K (8gj — 5;-91'1@) .

PRrROOF. First note that
Riji = 0il'jr — 0iTip + Z gst (P55 — T35

s, t=u,v

= — (0Tt = 0Tjm) — Y gar (T5Th = T5,T%)

s, t=u,v
= —Rjin-
Next we have
Rijii + Rijie = 0il'jw — 0T + Ol jie — 0Tk
+ D g (T —Til0) — D gor (T35, — T5T%)
s,t=u,v s,t=u,v

= 0il'jr — 0 ik + Ol i, — 05Tk

= 0; (Tjr +Tjie) — 05 Tirt + Tak)

0;05gr1 — 0;0; 91

0.

To establish the penultimate claim note that the expression on the right hand
side has the same skew-symmetry properties we just established for R;;;. Thus it
suffices to check these equations in case, say, v =i =1 and v = j = k. In this case

this simply becomes our new definition for the Gauss curvature.
To prove the last claim first note that the matrix identity

[guu ngg““ g”“]{l 0]
guv g'U'U guv gvv 0 1



6.2. CURVATURE ON ABSTRACT SURFACES 164

is equivalent to saying

}:gisg‘”:d{: 1 Whenzi:j}
0 when i # j.
With that in mind we obtain

Réjk = Z K (gisgjk _gz’kgjs)gSl

s=u,v

= K (6951 — gixd5) -

The curvature terms Rﬁjk will appear again in the next section in the form
presented in the next proposition.

PROPOSITION 6.2.5. We have that

r T
Ry = orh-orhr [t [ [ - (o o]
= O =T+ > (ThIe —ThTh) -

s=u,v

PrOOF. We first differentiate the equation ) _, . Gisg® = 5{ to obtain

Z (9% Okgis + 9is0kg™) = 0.

s=u,v

This is used to obtain the fifth equality below:
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Rl = Zg”Rz‘jkr

r=u,v

= D g Ok — OTi) + Y g7 ga (T3T5, —T5,.T%,)

r=u,v r,s,t=u,v

= Z (0: (9" Tjkr) — 05 (9" Tirr)) + Z 9" (T3 Tjrs — T3 lirs)

r=u,v T,8=U,V

- Z jk'f ) _Fikraj (grl))

T=U,V

= 81F§k — 8_7‘Fék + Z grl (karjms Fskrus)

r,s=u,v

- Z ]kgsr (! ) kagsraj (grl))

T,8$=u,v

= &I‘ék — 8jrﬁk + Z grl (ka]-—‘jrs - ijl—‘zrs)

r,8=U,V

+ Y " (T50igsr — T510;95r)

r,§=U,V

= 8iF§k — ajFﬁ»k + Z g” (karjrs Fskrzrs)

r,$=u,v

+ Z Disr + FZTS) - Fz?k (FJST + Fjrs))

T,8$=u,v

= 05 =0T+ Y ¢ (Tiulisr = Tiiljor)

T,8=U,V

S=u,v

Exercises
(1) Show that

Riju = Y Rijpga,

s=u,v

Lijr = erjgsk~

s=u,v

(2) Show that
Ohg” = = > 9°g"O0kga

s, t=u,v

- Z gSiFZ;s - Z gtjrgct-

s=u,v t=u,v

(3) Show that the surfaces in R%! given by the equation

2?4 y? — 22 = _R?
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have constant Gauss curvature —R~2.

This is an extension of exercise |3| from section Show that when q (¢) has

been reparametrized to have unit speed then the Gauss curvature is given by
d3r

K _d?
r

Assume the first fundamental form is given by the conditions that g,, = gy, =1
and gy, = cos@, where 6 : U — R. Show that

Pwvw = Tuwu =Toww =0,
Tiwo = — % sin 6,
Tpow = — % sin 6,
('f:gv = —Ksind.

Show for a generalized parametrized surface q (u,v) : U — R™ the Christoffel
symbols can be defined as in section.2]

Tije = (07a | Oka) -
Assume that a parametrized surface q : U — R™ has a first fundamental form

where g,y = gvy = 1 on U. Show that 92, q = 86:8% is perpendicular to the
surface. Hint: Use the previous exercise.

Assume that an abstract parametrized surface q(u,v) has first fundamental
form

0= % 2]

(a) Show that the Gauss curvature satisfies

8%1n X\ 8%1In A
7Ah’l)\:7 u2 + 902

K=-— 22

(b) Show that if
1
a (u? 4+ v2) + byu+ byv+c
for constants a, by, b,, ¢, then

K = 4ac — b2 — b2,

(¢) Consider the reparametrization
(u,v) = e" (cosf,sinb)

and show that in (r,0) parameters the first fundamental form looks like

e2r \2 0
[I] - |: 0 62T)\2 :| .

Thus this is a conformal reparametrization.
(d) With A as in (b) show that in (r,0) parameters the conformal factor is
given by
1
ae” + by, cosf + b, sinf +e "¢’

e"\ =
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6.3. The Gauss and Codazzi Equations

The goal in this section is to establish the classical Gauss equation and the
accompanying Codazzi equations from the Gauss formulas and Weingarten equa-
tions. The Codazzi equations were historically first discovered by K.M. Peterson in
1853, then rediscovered by G. Mainardi in 1856, and then finally by D. Codazzi in
1867.

Recall from section [5.2) the Gauss formulas and Weingarten equations in com-
bined form:

0
D[os 93 w]=[82 % u]D.].

Taking one more derivative on both sides yields
0 dq @ 9 raq o
oo (5 5 0] = (% % n))Dd
0]
dq 8
+15 % 0] (50)
= [@ 29 n][DUHDv]

ou ov

#1585 0l (500)

and similarly

%[% won]=[3 & n]([Dv][Du]‘i‘av[Du]).

Using that

0? 0?
[29 99 4 ]= [2a 24 y ]
Oudv ou ov Ovdu ou ov
we obtain
O (D) + (DD = 2D + (D) (D]
8u v u vl T av u v ujf -
Writing out the entries in the matrices this becomes
I, Oul'y, —0uly Tow Tuw —Ly Lpw o —Ly
oIy, Oy, —0uly | + | 0, Th, —Li Low Tow —Ly
auLv'u. a’U.'[/’U’L) 0 Luu L’U.'U O L’Uu L’U’U 0
oy, 0y, —0,L; Lpw o —Ly Dow  Tuw =Ly
= | &Ih, ol oLy |+ | T3, Iy, —Lj Dow Tuw —Ly
a’L)LTJ,'U. a'UL'U/L) 0 Lvu L'U’L) 0 L'lL’LL L'U/U 0

When restricting attention to the general terms of the entries in the first two
columns and rows we obtain 4 equations for the partial derivatives of Ffj where
each i, j, k can be u,v:

Tk T
Ly Ly,

which can further be rearranged by isolating I's on one side:
'

v
RN

Oy =0T+ Th, T, ] [ Y,

Ty
J-0rt o) [ ] = R = st
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These are called the Gauss Equations. Note that we only established these equations
when ¢ = u and j = v. Clearly they also hold when v = j and v = i as both sides
just change sign. They also hold trivially when ¢ = j as both sides vanish in that
case. This means that the 4 original equations can be expanded to 16 equations
where each of the 4 indices i, j, k,[ can be both u, v.

EXAMPLE 6.3.1. It might be instructive to see what happens when q(u,v) :
U — R? is simply a reparametrization of the plane. In this case the derivatives
have no normal component and we obtain

O [oa 2a)_ 2 aq][rﬁm Fiv]:[aq 94 11p,,)].

aw[% v du v re, v, ou  Ov

The Christoffel symbols tell us how the tangent fields change with respect to
themselves. A good example comes from considering polar coordinates q(r, ) =
(rcosf,rsin@) as in section We have

0 0 0

2o w1 = (22 za]=1% 1[0 0]
D 1o 09 _ [ Za 24 ][ 2 aq][o ""}
g0 L or 08 200r 0000 or 00 % 0 |’

Taking one more derivative in the Gauss formulas shows that:

D10+ [222] = a0+ [ 2]

or

oD, 3 oD,
ou ov

These are in fact the integrability conditions for admitting Cartesian coordinates
and, as we shall see, equivalent to saying that the the Gauss curvature vanishes.
For polar coordinates the integrability conditions can be verified directly:

SR R R
(D] (D] — (Do) (D] = [ H 0’“]_

All of the 16 Gauss equations can be reduced to a single equation.

} D D]~ (D] [Du] = 0.

[ N
Rl
\
S s
| IS
| —
oo
= O
| IS

= O
3= O

ﬂm‘,_.o o O

THEOREM 6.3.2 (Theorema Egregium). The Gauss equations are equivalent to
the single equation:

K det [I] = Ruvyu.
PRrROOF. We start by showing that the Gauss equations
Rl = LiLjx — L Ly,

are equivalent to the equations

Rijri = LyLji — Lji L.
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To see we simply use the relations

Li= Y g"Lyand Lij = > gL}

s=u,v s=u,v

Rijx= Y ¢"Rijes and Riju = Y gaRij

to note that first of all
> ¢"'Rijs = Rl
s=u,v
= LiLj,— LiLy,
= Y ¢ (LaiLjk — Lo;Lix)
and secondly
LuLjk —LyLix = Y gis (LiLjk — L3L)
= D aRi
= Riju-

Next we observe that the expressions L; L, — Lj L, are, like the curvature
tensors, skew-symmetric in 4, j and &, [. Thus it suffices to check the single equation

Rywur = K det [I] = Lyy Ly — L2, = det [I1]
which is simply the definition of the Gauss curvature. ]

The two entries in the bottom row in the matrices above reduce to the Codazzi
FEquations

1 I
OiLjk+ [ Liv Liw O]| TY% | =8iLix+[ Lju Ljw 0] | T
ij L'Lk

or rearranged
ry re,
OiLji — OjLix = [ Lju Ljv | [ I‘f’,: ] — [ Liv Liv | [ Fék ] :
Note again that while we only established these for © = i and j = v, they also hold

when u, v are switched and that both sides vanish when ¢ = j. These 8 equations
can be reduced to only two Codazzi equations:

8ULU'LL - avLuu = Lvurgu + varzu - Luurgu - Lu'urqv;ua
8uva - avLuv = LquZU + L’U’UFZ'U - Luurgv - Luvrzv-
The last column yields a similar set of equations
Ly L
k k _ k k k k
81L378JL1*[Fgu F]v]|:LEJ:|[Fw Fw]|:L§J:|

These can, however, be derived from the above Codazzi equations using the rela-
tionship between the Weingarten map and the second fundamental form.

We are now ready to present the fundamental theorem of surface theory. It is
analogous to theorem [2.1.4] for planar curves.
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THEOREM 6.3.3. (Fundamental Theorem of Surface Theory, Bonnet, 1848) A
surface is uniquely determined by its first and second fundamental forms if its po-
sition and tangent space space are known at just one point. Conversely, any choice
of abstract first and second fundamental forms that are related by the Gauss and
Codazzi equations are locally the first and second fundamental forms of a surface.

PROOF. We start by observing that the matrices [D,,] can be defined as long as
we are given [I] and [II]. The problem then depends on understanding the solutions
to the following big system:

9q
— U
ou ’
dq
— %
Ov ’
Dlu v = [0V oa]Db
Slvvoa] = [U VDl
with initial conditions
q (Oa O) = QO € R37
U(0,0) = UyeR?,
V(0,00 = VheR?,
n (0,0) ng € R3,
where we additionally require that
(Uo | Uo) Juu (0,0)
(UO | ‘/0) = Guv (07 0) )
(VO | Vb) = Guv (O> O) )
n UO X VO
0 |U0 X V0| ’

It is clear that this big system has a unique solution given the initial values.
To solve it we must check that the necessary integrability conditions are satisfied.

We can separate the problem into first solving

0

6u[U V. n] = [U V n][DJ,
0

av[U V. n] = [U V n][D)].

Here the integrability conditions are satisfied as we assumed that
0 0

D, [D — [Dy] = [Dy] [D — [Dy] .
(D] [Du] + 5 1D] = [D] [Du] + 5 (D]

Having solved this system with the given initial values it remains to find the

surface by solving
9q
u
9q
En

U,

V.
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Here the right hand side does not depend on ¢ so the integrability conditions are
simply

ou _ov
v ou’
However, we know that
S
aU VU
5 = [U V n]| Ty |,
v L Lvu a
—_
aV uv
— = [U V n]| Iy,
ou I
L uv

Here the right-hand sides are equal as Ly, = Ly, and I'ty, =Tt .

Having solved the equations it then remains to show that the surface we have
constructed has the correct first and second fundamental forms. This will of course
depend on the extra conditions that we imposed:

(UO ‘ UO) = YGuu (070)7

(Uo Vo) = guv(0,0),
(VO | Vb) = Gov (070) )
UO X VO

oo = |U0 X V0| ’

In fact they show that at (0,0) the surface has the correct first fundamental form
and normal vector. More generally consider the 3 x 3 matrix of inner products

(U Vv o] [U V n],
where the block consisting of
(v v]'[v V]

corresponds to the first fundamental form of the surface we have constructed. The
derivative of this 3 x 3 matrix satisfies

a%([U vV al'[U v o))
0

([U v n])t[U V ult[U V o
Uu v

ow }
— (U VD) UV on e

= DJ[U V n]'[UV a]+[U V 2] [U V n][D).
This is a differential equation of the type

0X p
— =D, X+ X [D,],
S~ D) X+ XD,
where X is a 3 x 3 matrix. Now
guu guv O
X = Gvu  Gov 0
0 0 1

also satisfies this equation as we constructed [D,,] directly from the given first and
second fundamental forms. However, these two solutions have the same initial value
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at (0,0) so they must be equal. This shows that our surface has the correct first
fundamental form and also that n is a unit normal to the surface. This in turn
implies that we also obtain the correct second fundamental form since we now also
know that

¢t 0

(U VIﬂAE[U‘/n]:[Ulfnr[U‘/n]wﬂ.

Here the right hand side is known and the left hand side contains all of the terms we
need for calculating the second fundamental form of the constructed surface. [

This theorem allows us to give a complete local characterization of abstract
surfaces with constant non-negative Gauss curvature. In fact such surfaces are
forced to be locally isometric to the plane or a sphere.

THEOREM 6.3.4. An abstract surface of constant Gauss curvature K > 0, can
locally be represented as part of a plane when K = 0 and part of a sphere of radius
1/VK when K > 0.

PrOOF. We are given I and have to guess II. The natural choice is II =
VKI, ie., Li = \/E(S; and L;; = \/Egij. This allows us to calculate [D;] in a

J
specific parametrization. We are then left with the goal of checking the integrability

conditions, i.e., the Gauss and Codazzi equations. The Codazzi equations are
obviously satisfied when II = 0, and follow from the formula for the Christoffel
symbols when K > 0. More precisely we start with the right hand side of the
Codazzi equations and use the intrinsic formulas for the Christoffel symbols to
show that they hold:

T« T«
L'u L'v Zk :| - Liu Liv |: %k :l
[ L ] [ A [ } L'V
I I3
[ Gju gjv}{rz,’“]—\/?[gm gw}{rik}
ik ik
(T gus + Tirgoj) — VK (F}nggui + F;'}lcgvi)
(Tirj — Tjni)
((0igkj + Okgij — 039ik) — (0jgir + Okgji — Oigjk))
((9igrj — 95gix) — (959ik — Digjr))

(9igrj — 0;9ir)
== aiij - @-Lik.

SNEREEERE

Our assumptions about the the second fundamental form imply
LiLjx — LiLiy = K6lgj, — Ko gix
and proposition shows that this gives us the Gauss equations:
Rl = LiLjx — LY L.

,

Now that we have a local representation of the abstract surface as a parametrized
surface in R? with II = v/ K I we can finish the proof in the way we finished the
proof of theorem [5.4.6] O
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REMARK 6.3.5. It is possible to develop a theory for space-like surfaces in
R?! that mirrors the theory for surfaces in R®. This includes new versions of the
Gauss and Codazzi equations that also lead to exact analogies of theorems [6.3.3]
and Thus abstract surfaces of constant negative curvature —R~2 can locally
be represented as part of the surface in R?! given by the equation

22 +y? — 2% = —R2

We end this long section with a profound theorem that relates to the concepts
discussed here. In essence it shows that while it is occasionally possible to choose
a second fundamental form locally so that it satisfies the Gauss and Codazzi equa-
tions, it might not be possible to extend it to be defined on the entire abstract
surface. The result also indicates that in order to characterize hyperbolic space in
a way that is similar to theorem it is more natural to use R*! as the ambient
space.

THEOREM 6.3.6. (Hilbert, 1901) It is not possible to select a second fundamental
form 11 on all of hyperbolic space H such that 1 and 11 satisfy the Gauss and Codazzi
equations.

PRrROOF. We argue by contradiction and assume that such a second fundamental
form exists. The Gauss equations imply that at each point there is a positive and
negative principal direction for II. This in turn implies that there are two linearly
independent asymptotic directions at each point, i.e., directions where IT (X, X) =
0. Specifically, if L (E1) = kE; and L (Es) = —1E,, where x > 0, then we can
use X = ﬁEl + /kE3. Fix a parametrization (z,y) of H, e.g., the one that
makes hyperbolic space a Monge patch. At (0,0) make a choice of unit asymptotic
directions P, (). Extend this choice to be consistent along the z-axis, and then
finally along vertical lines to obtain a consistent choice on all of H. This gives us two
unit vector fields P, ) that form an angle § € (0,7) with II (P, P) =11(Q,Q) = 0.
We claim that there is a global parametrization where these are the coordinate
vector fields. This would follow directly from the global version of theorem
if we could check the integrability conditions

op . or_ . 0Q_ .  0Q_,
83:Q + ayQ N (%P + 8yP
and find M, C such that

VPR (P12 (@) + (@ < M+ OVar 1 2.
Note that in this case P, @ are independent of (u,v). To prove the bounds for P, Q
we note that if | X|> = 1, then example implies
1= (X|X)
1
= 5 () + (X + X7 - ex)?).

Since 22 = 1 + 22 + 32 this shows that

(X7 + (XY < 14 a® +
which implies the desired bounds on P and Q.

The integrability conditions are bit more tricky. They are in fact a consequence

of the Codazzi equations. We do the calculation by an indirect method where




6.3. THE GAUSS AND CODAZZI EQUATIONS 174

we show that there are local parametrizations q (u,v) of H where 9, q = P and
0y q = @, i.e., it is possible to locally find the desired parametrizations.

By appealing to remark [£.2.1T| we can for any ¢ € H find a local parametrization
q (u,v) with q(0,0) = ¢, where 9, q = AP and 9, q = u@ for some functions A, p
with A (u,0) = 1 and p(0,v) = 1. The Codazzi equations for a parametrization
with L, = Ly, = 0 reduce to:

0Ly

M uv (FZu - FZu) = 07
aLuv v w
e + Ly, (T, —Ty,) = 0.

If we combine these equations with the formula from section exercise [0}

8\ / det %det LT

and the curvature assumption:

L2
K=-—" =-1
det [1] ’

then it follows that L,, = ++/det[I] and

]‘—‘Z’U - FZU = FZv + ng
This in turn implies
Ly =0=T4,

which is equivalent to

1 1
iavguu = Typy = 0 and iaugvv =Tywo = 0.

In our case gy, = A% and g,, = p? so that the conditions A (u,0) = 1 and p (0,v) = 1
now imply that gy, = gow = 1.
All in all this gives us the desired global parametrization q (u,v) where

cos 0 1

[1]_[ ! COSQ],oe(o,w).

The formula for the Gauss curvature in such coordinates reduces to (see section
exercise [5)

020 = —K sin ) = sin 6.
Here sin @ = \/guugvw — 92, is also the area element so it follows that

0 (b,1) =0 (a, )= = /d /bastedsdt

= //51n9dsdt

= areaq([a,b] X [c,d]).



6.3. THE GAUSS AND CODAZZI EQUATIONS 175

In particular areaq < 27w. On the other hand the area of H can be calculated in
the Monge patch representation to be

dxdy
—_— = X0
R2 \/1+ 22 + 32
Thus the parametrization q (s,t) cannot cover all of H. (]

COROLLARY 6.3.7. There is no Riemannian immersion from hyperbolic space
H into R3.

REMARK 6.3.8. Elie Cartan developed an approach to the Gauss and Co-
dazzi equations that uses orthonormal bases. Thus he chose an orthonormal frame
E,, Es, E5 along part of a surface with the property that F3 = n is normal to the
surface. Consequently, F, Fs form an orthonormal basis for the tangent space.
The goal is again to take derivatives. For that purpose we can still use parameters

)
gol Br B B =[G G2 SR ]=[E B B ]Du.

The first observation is that [D,,] is skew-symmetric since we used an orthonormal
basis:

100
[Ey By E3s|'[Ei BEs E3]=|0 10
00 1

SO

0= pu(lB B BYIE B R
= (8[E1 E, Eg})t[E1 E, Es |
+

;0
Ei B Eg]’a—w[E1 By Ej |

— ([EL E» Es|[Du))'[E1 E» Es ]
+[ By By Es|'[Ei E, Es][D,)
= [Du])' +[Du)].

In particular, there will only be 3 entries to sort out. This is a significant reduction
from what we had to deal with above. What is more, the entries can easily be
found by computing the dot products

OF;
(Ei | an) .

This is also in sharp contrast to what happens in the above situation as we shall
see. Taking one more derivative will again yield a formula

{8Dw2] - {apwl

8w1 611)2

} = [Dw,] [Duy] = [Dun ] [Dus]
where both sides are skew symmetric.

Given the simplicity of using orthonormal frames it is perhaps puzzling why
one would bother developing the more cumbersome approach that uses coordinate
fields. The answer lies, as with curves, in the unfortunate fact that it is often
easier to find coordinate fields than orthonormal bases that are easy to work with.
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Monge patches are prime examples. For specific examples and many theoretical
developments, however, Cartan’s approach has many advantages.

Exercises

(1)

Is it possible for a parametrized surface q (u,v) : U — R3 to have:

(@)1=} Handnzm f?u)}?

L |aan= Q0]

0 1 0
= 2
cos?u } and 1T [ 0 sin’u } ’

0 ! 0 o
£ () } and II = { 0 f(u) }
©1=|, f?u) } and 11 = [ 7w H‘?
If the principal curvatures are not equal on some part of the surface, then we
can use corollary to find an orthogonal parametrization q (u,v) where the
tangent fields are principal directions, i.e., Ly, = gyy, = 0. Show that in this
case the Codazzi equations can be written as

—
o
~
—
Il
_ O O O~k O

aLuu — Hﬁguu,
ov ov
an)q) — Hagvv .
ou ou
Show that a minimal surface admits an orthogonal parametrization where
Ly, = —Ly, =1 and Ly, = 0. Show further that such a parametrization

is conformal (isothermal).
Use the Codazzi equations to show that if the principal curvatures ki1 = ko
are equal on a surface, then they are constant. Hint: In this case L;; = Hg;;,
where H is the mean curvature.
Show that the equations

u u

i J
follow from the Codazzi equations.
If the principal curvatures k; and ko are not equal on some part of the surface,
then we can use corollary to find an orthogonal parametrization where
the tangent fields are principal directions. Show that in this case the Codazzi
equations can be written as

Ok1 1 0ln gy,
B0~ 3 (k2 — K1) o
Oy _ 1 (K1 — Ka2) 91n gvo
ou oV TR

(Hilbert, 1901) The goal is to show: If there is a point p on a surface, where K is
positive, k1 has a maximum, and k2 a minimum, then the principal curvatures
are equal and constant. More specifically, we show that if

sup k1 = k1 (p) > ko (p) = inf ko,
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then K < 0. Select a parametrization around p, as in exercise [6] where the
coordinate curves are lines of curvature.
(a) Show that at p

Ok1 Ok1 0?1

ou Ov T T

Oka Oka %Ko

— = — =0 > 0.

ou ov Toou?z T

(b) Using the Codazzi equations from the previous exercise to show that at p
3lnguu —0= alngvv
o Ou

and after differentiation also at p that

0%1n guy 0%1n g,
> ) -
ov? T ou?
(¢) Next show that at p

1/ 0?%1n gy 1 0211 gue <0

B 2 <gvv 81}2 Guu 6'“/2 ) -

(d) Finally establish the first statement.

Show that a surface with constant principal curvatures must be part of a plane,
sphere, or right circular cylinder. Note that the two former cases happen when
the principal curvatures are equal.

Show that having zero Gauss curvature is the integrability condition for ad-
mitting Cartesian coordinates on an abstract surface. Hint: Think of U,V as
2-dimensional vectors and consider the system

Do Do
Ouq = U,
Oyq = W.

These are simply the Gauss formulas with the last columns and rows erased.
Show that the integrability equations for U,V are K = 0. Then use the last
equations to find q : U — R? after having checked the integrability conditions
are satisfied. Finally, show that (z,y) = q(u,v) is a Cartesian parametrization
provided the correct initial conditions for U,V have be specified.

Consider potential surfaces q (u,v) where

A0 Mek 0
m=1% wlom=[7 %
See also section exercise [
(a) Show that

K=-1
and
0% 1n A L 0%1n A
ou? ov?
Hint: The first is easy and to do the second use section [5.3] exercise [32]

Aln ) = =\
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(b) Show that if we choose
_ 1
~a(u? +v2) + byu + by + ¢’

where a, b, b,, ¢ are constants such that

3

4acfbifb%:—l

then the first fundamental form

X0
m={% |
has K = —1.

(¢) Show that when a = 0 and either b, = 0 or b, = 0, i.e,, A must be a
function of either u or v, then it is possible to find x so that the Codazzi
equations are satisfied. Thus we obtain a surface in space.

(d) Show that the pseudo-sphere (see section exercise is an example of
such a surface with A = %, v > 0.

(e) When A = % show that % + 1 = ev? for some constant e > 0 and conclude
that x is not defined for all v.

(f) Show that if a # 0 or b,b, # 0, then it is not possible to find & so that
the Codazzi equations are satisfied. Hint: The Codazzi equations yield

formulas
ok Oln A Ok Oln A\
auzp(“’au> and av:Q(“’au)

So it comes down to checking the integrability conditions when both % #*
0 and 2 gy #0.
(11) Consider a space-like parametrized surface q (u,v) : U — R?! and define the

Weingarten map
dq dnoq
Ll—)=-
( dt ) dt

and second fundamental form IT(X,Y) =1(L(X),Y) as for surfaces in R3.
(a) Show that the Gauss-Weingarten equations are given by

Gl 5 % n] =[5 % n]ind

Dow  Duw =Ly
Dow  Tuw  —Ly
*qu *va 0

= [8u v n}

Note the change in signs in the last column when compared to surfaces in
R3.
(b) Show that the Codazzi equations are the same as above.
(¢) Show that the Gauss equations are now given by
Rl =— (LiLjr — LiLy) .
(d) Show that these Codazzi and Gauss equations are the integrability equa-
tions for a space-like surface in R%!.
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(12) Let q(u,v) be a parametrized surface in R3. Assume F; and E, are tangent
vector fields forming an orthonormal basis for the tangent space everywhere

and
94 y 94
Ey x Ey=n= M'
94a 94
ou ov
(a) Show that
0
%[El Es Il] = [El B, n][Dw]7
0 7(,7511) 7¢w1
[Dy] = Ow 0 —buw2 |,
(bwl ¢w2 0

where

(b) Show that
(bwl =1I (810 q, El) = I(aw q, L (El)) )

¢w2 =1I (8711 q, EQ) = I(aw Cl7L (E2)) .

(c¢) Use the Weingarten equations and [L] as the matrix of the Weingarten map
with respect to Fy, Fo to show that

tr o I3} Pul ¢v1
WiE BT =] o]
and
K+/det [I] = ¢u10v2 — Puodoi-
(d) Show that the integrability conditions

0 0
2 [Du] = 1D+ (D D] - [D.] [Du] = 0
can be reduced to the three equations:
0py, Oy
a(i - 8(61 = ¢u2¢v1 - ¢v2¢u17
6¢v1 a¢u1 o N
u - v - ¢v2¢u ¢u2¢'u7
8§i7'1)2 892)11,2

o v = _¢v1¢u + @bul(bv-

(e) Show that

by Oy
ad; - a(i :¢u2¢v1 _¢v2¢u1

corresponds to the Gauss equation.
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(f) Show that

8¢v1 aQzl)ul o

au - a/U - ¢U2¢U - (bUQ(Z)U?
a(va a(buZ o

u - BN - _¢v1¢u + d)ul(bv

correspond to the Codazzi equations.

6.4. The Gauss-Bonnet Theorem

Recall from section 2.2 that the integral of the curvature of a planar curve is
related to how the tangent moves. In this section we shall prove a similar result for
curves on abstract surfaces. To check that we cannot expect the same statement
to hold, consider the equator on a sphere. This curve has acceleration normal to
itself and lies in the (z,y)-plane, in particular, the acceleration is also normal to
the sphere and so has no geodesic curvature. On the other hand the tangent field
clearly turns around 360 degrees.

Throughout this section we assume that a parametrized abstract surface is
given with a rectangular parameter domain U = (a,, b,) X (ay, b,). The key is that
the domain should not have any holes in it. We further assume that we have a
smaller domain R C U that is bounded by a piecewise smooth curve

(u(s),v(s)): [0, L] = (ay,by) X (ay,by)

running counter clockwise in the plane and such that q(s) = q(u (s), v (s)) is unit
speed with respect to the given first fundamental form [I] on the abstract surface.

Integration of functions on the surface is done by defining a suitable integral
using the parametrization. To make this invariant under parametrizations we define

fdA:/f(u,v) \/mdudv:/f(u,v) 94, 24
a(R) R R

— X — | dudv.
This ensures that if we use a different parametrization (s,t) where q(Q) = q(R),

ou Ov
then
/Rf (u,v) v/det [I]dudv = /Qf (s,t) v/det [T|dsdt.

We start by calculating the geodesic curvature of q assuming further that

m=|4 2|

The existence of such coordinate systems will be established in proposition [7.4.1]
The formulas for the Christoffel symbols and Gauss curvature in such coordinates

are given in section

LEMMA 6.4.1. Let 0 be the angle between q and the u-curves, then

kg = — + 5——sinf.

PROOF. Given the specific form of [I] and that the velocity has unit length we
have
da _ dudq  dvdq
ds — dsOu ds v
d9q 1 . 0q
= 00— + —sinf—.
cos e + ; sin 90
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The natural unit normal field to q in the surface is

181

. 0q dq
S= sm@m—l—f 896
The geodesic curvature is then given by
kg = I(qul)
d?u dq dq 6q d*v dq dq 8q
<S| ( * (ds )) ou * <d82 * ds’ En
d?u dq dq 1 d*v dq dq
= —sind e 22 S
S <d82+ (ds’ds)>+T rCOS0<d52+ <ds ds))
d*u dq dq d?v dq dq
= —sinf | — w22 Z2 2]
S <d82 (ds,d8)>+rcos <ds2 (ds ds))
We further have
dQJ ~ dcosf fsineﬁ
ds?2 ds ds’
v B d%sin@
ds2 ds
—1dr db
= 2 st—i-fcosH—
= _— ﬁd—u 8rdv sin 9+1C089£
T 12 \Quds ' Ovds ds
= _212 cos@sm@—i——?sm 9+%cos€fl—i

And using example [5.2.12] the Christoffel symbols are

ru dq dq u @ ?
ds’ ds "\ ds
87“ .2
= r%ﬁsm 0
—167" 2
= 7%sm 0,
dq dq du dv dv\®
v = Y, ——+1V
(@ @) “ds d W<@>
_ 20rdudy 107 (do)®
 rdudsds rov \ds
2 1
= T—Q%sinﬁcoseJrﬁ%SiHQ&
Thus
do 1 1 do 1
kg = Sin@(sm&dsrg;1 9>+rcos9<TCOSGdS rgg;
g 10r . 4 10r | 2
$+;% in 9+;%sm9cos 0
ds Ou mo:

sin 6 cos 0)
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d

We first prove the local Gauss-Bonnet theorem. It is stated in the way that
Gauss and Bonnet proved it. Gauss considered regions bounded by geodesics thus
eliminating the geodesic curvature, while Bonnet presented the version given below.

THEOREM 6.4.2 (Gauss, 1825 and Bonnet, 1848). The surface and curve are
as above. Let 0; be the exterior angles at the points where  (s) has vertices. Then

L
KdA—|—/ Kqds = 27 — 0;.
/q<R> o 2

PROOF. It follows from example [5.3.9] that

KdA = /K\/det[I]dudU
R

a(R)
&r
— du?
- /R z
82
= o —dudv.
The last integral can be turned into a line integral if we use Green’s theorem
82
—d dv = gdv
8 R ou

This line integral can now be recognized as one of the terms in the formula for the
geodesic curvature

or L or dv
on 00’ = o duds”
= ; %;sm@ds

L
df
/0 (ng — ds) ds

I
S~
h
=N
Q
QU
»
|
S—
h
Q.‘&
» | D
U
»

Thus we obtain

L do
KdA+/ Kgds = /—dudv—i—/ —d +/ —ds
a(R) 0 OR au 0 ds

Finally we must show that

For a planar simple closed curve this is a consequence of knowing that the rotation
index is 1 when parametrized to run counterclockwise (see theorem and section
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2.2| exercise . In this case we know that fOL %ds + > 0; must be a multiple of 27.
Consider the abstract metrics

I = {(1) 1—60+6r2]

For each e € [0, 1] this defines a metric on U and the rotation index for our curve has
to be a multiple 2. Moreover, when € = 0 the rotation index is 1 as the metric is
the standard Euclidean metric. It is easy to see that the angles . between the curve
and the u-curves is continuous in €. Thus fOL ‘;—st + > 6, also varies continuously.
However, as it is always a multiple of 27 and is 27 in case € = 0 it follows that it
is always 2. ([l

Clearly there are subtle things about the regions R we are allowed to use. Aside
from the topological restriction on R there is also an orientation choice (counter
clockwise) for OR in Green’s theorem. If we reverse that orientation there is a sign
change, and the geodesic curvature also changes sign when we run backwards.

We used rather special coordinates as well, but it is possible to extend the proof
to work for all coordinate systems. The same strategy even works, but is compli-
cated by the nasty formula we have for the Gauss curvature in general coordinates.
If we use a conformal or isothermal parametrization, then the argument about the
winding number is much simpler as angles would be the same in the plane and on
the surface. Thus the winding number is clearly 1.

Cartan’s approach using orthonormal frames rather than special coordinates
makes for a fairly simple proof that works within all coordinate systems. This is
exploited in an exercise below. To keep things in line with what we have already
covered we still restrict attention to how this works in relation to a parametrization.

Let us now return to our examples from above. Without geodesic curvature
and exterior angles we expect to end up with the formula

/ KdA = 2.
a(R)

But there has to be a region R bounding the closed curve. On the sphere we can
clearly use the upper hemisphere. As K = 1 we end up with the well known fact
that the upper hemisphere has area 27. If we consider a cylinder, then there are lots
of closed curves without geodesic curvature. However, there is no reasonable region
bounding these curves despite the fact that we have a valid geodesic coordinate
system. The issue is that the bounding curve cannot be set up to be a closed curve
in a parametrization where there is a rectangle containing the curve.

It is possible to modify the Gauss-Bonnet formula so that more general regions
can be used in the statement, but it requires topological information about the
region R. This will be studied in detail later and also in some interesting cases in
the exercises below.

In case the surface lies in R? it is possible to reinterpret the integral of the
Gauss curvature. Recall that

94, 94

ou  Ov

Jon o Jon | " Jn y Jn
= —_ —_— n = —_— JR—

ou  Ov ou  Ov
Thus || r l{dA measures the signed area of the spherical image traced by the normal
vector, or the image of the Gauss map.

KdA=K
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Exercises

(1)

Consider a surface of revolution and two latitudes q; and q, on it. These
curves bound a band or annular region q (R). By subdividing the region and
using proper orientations and parametrizations on the curves show that

/ KdA:/ I-igdsl—/ HgdSQ.
a(R) ap q

2

Generalize the previous exercise to suitable regions on general surfaces that are
bounded both on the inside and outside by smooth (or even piecewise smooth)
closed curves.

Consider a geodesic triangle (curve with three vertices and vanishing geodesic
curvature) with interior angles «, 8, inside a parametrization. Show that

/ KdA=a+p+~y—m.
a(R)

For a surface with K < 0 and a geodesic polygon (sides have vanishing geodesic
curvature) in a parametrization as above show that the number of vertices must
be > 3.

Let q(u,v) be a parametrized surface without special assumptions about the
parametrization. Create tangent vector fields F; and E5 forming an orthonor-
mal basis for the tangent space everywhere with the further property that F;
is proportional to the first tangent field %.

(a) Use section exercise 12| to conclude that

/ KdA —/ <8¢U — 3¢u> dudv
a(R) R 3u 81}

—/qﬁudu—i—(bvdv.
q

(b) Finally prove the Gauss-Bonnet theorem by establishing

/mm+%m=/(@—ﬁ>m
q

where 6 is the angle with E; or %. To aid the last calculation show that

dE1 o 8E1 du 8E1 dv - .
K = %% + W% = (COSGQSU +Sln0¢v) EQ,

dE2 - 8E2 du 8E2 dv - .
g —WE W@— (COSG¢U+SIH9¢U)E1,

q = cosOFE; +sinfFE,,
S = —sinfF; +cosbFE,,
do
i = Sd— — sin @ (cos O¢,, + sin 0¢,) £y
s

+ cos 0 (cos Oy, + sin¢,) Es.
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6.5. Topology of Surfaces

So far we have only worked with the geometry of surfaces. When studying
the global behavior of closed surfaces there are also some interesting topological
concepts that are important in our geometric understanding of these surfaces.

DEFINITION 6.5.1. A polygon, or n-gon is a piecewise smooth simple closed
curve inside a rectangular parameterization as in the previous section. The number
n = 0,1,2,... refers to the number of points where the curve is not differentiable.
We call these points vertices of the closed curve and the connecting arcs the edges.

REMARK 6.5.2. The edges will not include the two boundary points, thus they
are simple smooth curves defined on an open interval. A 0-gon is a smooth simple
closed curve, it has 0 vertices and 0 edges. A 1-gon is a loop with one vertex and
one edge etc. The inside is well defined by the Jordan curve theorem (see theorem
and is called the face. Thus the face of an n-gon, n > 0, has a boundary
that consists of n vertices and n edges, each of the edges in turn has vertices as
boundary points. In the special case of a 0-gon the boundary is a smooth circle.
Note that the inside of a circle or regular n-gon in the plane is homeomorphic to
an open disc. Thus any face is homeomorphic to an open disc.

DEFINITION 6.5.3. A polygonal subdivision of an abstract surface is a disjoint
decomposition of the surface into faces and their boundaries. More specifically, if
a point lies inside a face, then it cannot be in any other face or on the boundary
of any face. If a point is a vertex for one face, then it cannot lie on an edge of any
other face, but it can be a vertex for several other faces.

REMARK 6.5.4. If a point lies on an edge of one face, then it can only lie on
edges of other faces. In fact it can only lie on the edge for one other face since such
a point has a neighborhood that is homeomorphic to a disc. More precisely, if 3 or
more faces meet in a common edge, then no point on that edge has a neighborhood
that is homeomorphic to a disc.

DEFINITION 6.5.5. A triangulation is a polygonal subdivision into triangles (3-
gons) with the added condition that two faces can have at most one edge in common.
Note that one can subdivide the sphere into two triangles as in a triangular pillow,
but this is not a triangulation. The tetrahedron is a triangulation of the sphere and
in fact the triangulation with the smallest number of vertices, edges and faces.

In any given concrete situation it is not hard to find a triangulation, but for an
abstract surface this is much less easy to see. We will take it for granted that our
surfaces have polygonal subdivisions and triangulations. A polygonal subdivision in
fact creates a triangulation if each n-gon is broken up into 2n triangles that all have
a common vertex in the face and where the edges connect this common vertex to to
the original vertices and midpoints of the original edges. A polygonal subdivision
can be created using some of the geometric developments in the next chapter. One
has to find a finite covering of small sets B; that have boundaries with positive
geodesic curvature. These form a big Venn-type subdivision of the surface. If the
sets are chosen appropriately this will also be a polygonal subdivision.

DEFINITION 6.5.6. The Fuler characteristic of a polygonal subdivision is de-
fined as the alternating sum: x = V — F + F where F' is the number of faces, F
the number of edges, and V' the number of vertices. Here E' and V are not counted
with multiplicity.
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EXAMPLE 6.5.7. If we take a smooth simple closed curve on a sphere, then we
obtain a polygonal subdivision where F' = 2, E = 0, and V = 0. If we triangulate
the sphere using the tetrahedron then F' = 4, E = 6, and V = 4. In either case

X = 2.

We will first use geometry to show that the Euler characteristic does not depend
on the metric. Below we indicate how closed oriented surfaces are classified and
how the Euler characteristic is constrained to be < 2.

THEOREM 6.5.8. Let M be an oriented closed surface, then

/ KdA =27my
M

for any polygonal subdivision of M. In particular, x does not depend on the polyg-
onal subdivision.

PrOOF. The orientation is used to ensure that integration has a consistent sign
when we switch parametrizations.

We consider a polygonal subdivision with F' polygons. Each n;-gon is denoted
by P;. The local version of Gauss-Bonnet for each polygon can be written:

L, n;
_/ f@gds+27r—29ij
0

ij=1

L; nj
= —/ /@gds+27r—7mj+2aij,
0

ij=1

KdA
Pi

where «;; is the interior angle. The global formula is now gotten by adding up
these contributions. When doing this it is important to orient each polygon so that
the winding number is 1. Each edge occurs in exactly two adjacent polygons, but
the edge will have opposite orientations in each of the polygons when we insist that
they both have winding number 1. Thus the geodesic curvature changes sign and
those terms cancel each other in the sum.

F
KdA KdA
fr = 2,
P F nj
2nF — anj —|—Z Z Qi
j=1

j=1i;=1

= 2n(F-E+V).

Here the last equality follows from the fact that at each vertex the interior angles
add up to 2m, while ny 4+ -+ -+ np = 2F since each edge gets counted twice in that
sum.
This shows that F' — E + V does not depend on what subdivision we picked.
Given that information we observe that | 1y KKdA does not vary if we change the
first fundamental form on a given abstract surface as we can always use the same
subdivision regardless of what the first fundamental form is. O

DEFINITION 6.5.9. The genus g of an orientable closed surface is the maximum
number of disjoint simple closed curves with the property that the complement is
connected. Orientability is used to guarantee that any simple closed curve has a
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well-defined right and and left hand side, i.e., it locally divides the surface in two.
Globally, however, the complement might still be connected. Note that the Jordan
curve theorem implies that g = 0 for the sphere.

Using g surgeries (see proof below) one can obtain a closed surface with g = 0.
We shall be concerned with the opposite question: What can we say about a closed
oriented surface with ¢ = 0 and more generally about a surface with genus g?

It is easy to construct surfaces of genus g by adding g “handles” to a sphere.
The next theorem explains why there are no other orientable surfaces.

THEOREM 6.5.10. An oriented surface with genus g has x = 2 — 2g and is a
sphere with g handles attached.

ProOF. We will fix a triangulation for a closed oriented surface. A simple cycle
in a triangulation is a simple closed loop of edges and vertices, i.e. each vertex and
edge only appears once as we run around in the loop. For a fixed triangulation we
can redefine the genus as the maximum number of simple cycles with connected
complement.

Surgery for a triangulation is defined by cutting along a simple cycle whose
complement is connected and adding two pyramids to create a new surface with a
triangulation. This reduces the genus and increases x by 2. The latter is because
the simple cycle has the same number of edges and vertices and thus does not
contribute to y. For each pyramid we add the same number of faces and edges
and 1 vertex. Thus y is increased by 1 for each of the two pyramids. Thus g such
surgeries will result in a triangulated surface with ¢ = 0 and where y has been
increased by 2g. We show below that a triangulated surface with ¢ = 0 has x = 2
and is a sphere. Given this, we can reverse the surgeries, also known as adding
handles to the sphere, and conclude that the original surface is a sphere with ¢
handles.

Recall that faces and edges do not include their boundary points. Consider a
collection of faces, edges, and vertices whose union is homeomorphic to an open
disc and has x =V — E 4+ F = 1. The boundary consists of the edges and vertices
that meet the faces in the collection, but are excluded from being part of the union.
Since the collection is an open set it can’t contain a vertex without also including
all edges and faces that have the vertex on their boundaries. On the other hand,
it is possible for it to contain two adjacent faces without the common edge. In
particular, such a collection could contain all faces in the triangulation and still
have nonempty boundary. Note that in defining x for such a collection we only
count the vertices and edges included, not the remaining vertices and edges on the
boundary. The simplest example of such a collection is a single face.

The claim is that any surface contains a collection that forms an open disc with
x = 1; includes all faces in the triangulation; and such that the boundary graph is
connected and has no branches, i.e., there are no vertices that are met by just one
edge.

Consider any collection whose union is an open disc with x = 1 and whose
boundary is connected.

Faces outside this collection that meet the boundary either do so in one, two, or
three edges. Regardless of which situation occurs we can add the face and exactly
one of the edges that is also an edge for a face in the collection. This preserves the
properties that the collection forms an open disc with y = 1. To be specific, note
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that the open half-disc

H= {(m,y) € (—00,0) xR | Va2 +y2 < 1}

and with a wedge added
HU{(x,y) € [0,1] xR |yl <a(l-2),0<a<1}

are both homeomorphic to open discs. Note that the boundary still has all of the
original vertices, one edge is deleted, and the other two edges and vertex of the
added face are added. Thus the boundary stays connected. Now continue this
process until all faces in the triangulation of the surface have been included.

Next we eliminate branches from the boundary. If the boundary contains a ver-
tex that is met by exactly one edge, then add the vertex and edge to the collection.
This keeps the properties that the collection forms an open disc with x = 1. To be

specific, note that all of the open sets {(m,y) ER? | a2 +y2 <1, 2 >a> —1}

are homeomorphic to open discs. When we delete a vertex and edge, we are essen-
tially just increasing a. Clearly the boundary stays connected. Continue this until
there are no branches on the boundary.

We can now characterize the sphere as the only surface with ¢ = 0. In this
case the boundary of the open disc with x = 1 that includes all faces can’t contain
any simple cycles since the complement of the boundary is the open disc and hence
connected. If there are no branches, then it can only be a single vertex. This

implies that x = 2 and that the surface is a sphere. (]
Exercises
(1) Show that for a triangulation of a closed surface of genus g we have:
1%

(a) E < ( 2 )’

(b) B < (3),

(c) 2E =3F,

(d) E=3(V-x),

(e) F=V,

() V>3 (7T+VI+4g),

(g) When g = 0 show that at least one vertex has degree < 5. The degree of a

vertex is the number of edges that meet the vertex.
(h) When g > 1 show that at least one vertex has degree < 3 (7 + /T + 48g) —
1.
The number % (7 + /T +48g) is also known as the coloring number of the of
the surface. The fact that any map on a surface can be colored with at most
that many colors is the famous 4-coloring conjecture/theorem for the sphere.
Heawood established the result for surfaces of genus g > 1 by showing that (h)
holds. The same proof shows that (g) implies that maps on the sphere can be
6 colored. Heawood also showed that maps on the sphere can be 5 colored.
It was not until 1968 that Ringel and Youngs showed that this is the correct
coloring number for all g > 1. The 4 color problem (g = 0) was solved by Appel
and Haken in 1977.
(2) Show that a closed surface with constant curvature has the property that the
curvature and the FEuler characteristic have the same sign.
(3) Show that a closed surface must have a point where K has the same sign as x.
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(4) Show that if a closed orientable surface has K > R™2? > 0, then its area is
< 47R2. Show that if the area is 4mR?, then K = R™2.

(5) A polyhedron consists of a collection of planar polygons that are glued together
along edges of equal length. It should look like a polygonal subdivision of a
surface. Thus each edge is met by exactly to planar polygons. The fact that
the polygons are planar implies that the sum of the interior angles is 7 (p — 2),
where p is the number or edges for the polygon. Let ©, be the sum of the
interior angles of faces that meet the vertex v. The angular defect 27w — ©,
measures of far the vertex is from being flat in analogy with exterior angles for
vertices measuring how far the edges are from being straight. Show Descartes
theorem

2my = Z (2r —©,),
where x =V — E + F as for a polygonal subdivision of a surface.

(6) A polygonal subdivision of a closed surface is said to be cubical if each vertex
is met by exactly three edges, just as the vertices on a cube.

(a) Show that a cubical subdivision satisfies: 2E = 3V and F = ) p,, where
Pp, is the number of n-gons.
(b) Show that a cubical subdivision satisfies:

6x = Z(G 7n)pn-

(¢) Show that a cubical subdivision of the sphere into 4-gons consists of exactly
6 quadrilaterals and looks like a cube.

(d) Show that a cubical subdivision of the sphere into quadrilaterals and hexagons
contains exactly 6 quadrilaterals. Give an example that contains hexagons.

(e) A soccer ball is a cubical subdivision of a sphere into hexagons and pen-
tagons. Show that it contains 12 pentagons.

(f) If a surface has a cubical subdivision into hexagons, then x = 0. Does the
torus admit a cubical subdivision into hexagons?

6.6. Closed and Convex Surfaces
First we need the equivalent of the Jordan curve theorem for closed surfaces.

PROPOSITION 6.6.1. A closed surface M C R® has the property that the Gauss
map is onto. There are no closed space-like surfaces M C R?1.

PRrOOF. The proof in either case uses the function f (p) = (p | n) for a fixed
n € R3. Select a parametrization q (u,v) such that f(q(u,v)) has a critical point
at (u,v) = (0,0). The first partials of this function are given by

dfoq _(0q
ow (8w n) '

At a critical point they have to vanish. As %, % span the tangent space it follows
that n must be a unit normal at all critical points for f (q(u,v)). At a maximum
f is positive so if the normal to the surface is outward pointing it follows that n
becomes the normal to the surface.

In the case of M C R%! it follows that there will be both time-like and space-
like normal vectors. That’s impossible if all tangent spaces are space-like as that
forces the normals to be time-like. (]
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PROPOSITION 6.6.2. A closed surface M C R3 has points where both principal
curvatures are positive.

PROOF. Consider the function f (p) = |p|? restricted to M. Select a parametriza-
tion q (u,v) such that f (q(u,v)) has a maximum at (u,v) = (0,0). The first and
second partials of this function are given by

0feq _ 9a
ow  \Uaw)
?foq 9q | 94 9%q 0%q
ST (S 2 4 (4l gy ) = e+ (a] 5
8w1 8w2 (9101 81112 8w18w2 311)18102
Since there is a maximum at (0, 0) the first partials vanish and we can assume that
the normal to the surface is given by

q(0,0)
n(0,0) = ———=.
a(0,0)]
The second partials at (0,0) are then given by:
9*foq

= YJwiwa — 070 wa .
8’(1)1811}2 Gwiws |q( )‘ 1 W2

The second derivative test tells us that the Hessian of f (q (u,v)) must be nonpos-
itive at (0,0). This is equivalent to

1(X, X) — [a(0,0)[ 1L (X, X) <0
for all X € T,(,0)M. This in turn implies that both principal curvatures at q (0,0)
are > Wli))l' ([l

An abstract surface with ¢ = 0 also has points with K > 0 by the Gauss-Bonnet
theorem.

THEOREM 6.6.3. (Liebmann, 1900) If M C R3 is closed and has constant
Gauss curvature, then it is a constant curvature sphere.

PRrROOF. First note that the surface must have positive curvature. Since the
surface is closed and K = k1 - ko is constant it follows that when x; has a maximum,
then ko has a minimum. Hilbert’s lemma (see section exercise @ then tells us
that the principal curvatures must be equal and constant. ([l

THEOREM 6.6.4. If M C R? is closed, has constant mean curvature, and posi-
tive Gauss curvature, then it is a constant curvature sphere.

PROOF. Same proof as above. O

THEOREM 6.6.5. (Hadamard, 1897) Let M C R3 be a closed surface with K >
0, then the Gauss map is a diffeomorphism and M is convez.

PRrROOF. Consider the signed height function to the tangent plane at a point
peM:
f@)=(z—p) |np.
Note that the critical points ¢ for f are the points where n, = £n,. Example
shows that every critical point is either a strict local maximum or minimum.
Assume there are two local minima at p, ¢ and consider the min/max

inf max foc.
c€Qy g
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If a curve achieves this min/max, then the maximum value for foc is also a critical
point for f and consequently a local maximum for f. But this violates that there
are no curves with smaller max f o c. We conclude that there is a unique minimum
and maximum for f. This shows that the Gauss map is injective. The issue is to
show that such a curve exists.

First observe that n : M — S? (1) is has nonsingular differential everywhere as
det DN = K > 0. The global Gauss-Bonnet theorem tells us that

0< KdA =2mx (M).
M
This implies that x (M) = 2.
Note that n is onto by proposition [6.6.1}
If n is not one-to-one, then we can find a small open set O C M such that n is
onto when restricted to M — O. This leads to the following contradiction

4772/ KdA+/KdA:47r+/KdA>47T.
M-0O O O

Consider the signed height function to the tangent plane at a point p € M:
(@)= (z—p|ny)

This has exactly two critical points where n, = £n,. These correspond to the
maximum and minimum. Assume p is the minimum. Then f (z) > 0 for all z # p
and the surface lies on one side of the tangent plane at p.

.................. continue to show that it must be imbedded even though this is what
we assumed. |

THEOREM 6.6.6. Any two simple closed geodesics on a closed surface with K >
0 intersect.

ProoF. If they don’t intersect then there is an annular region with K > 0
where the boundary curves have no geodesic curvature. This violates the Gauss-
Bonnet theorem. See also theorem for a different proof. O

REMARK 6.6.7. One can reprove the results in this section for isometric im-
mersions F : M — R? when M is oriented. In particular, it will follow that all such
immersions are embeddings when K > 0.

DEFINITION 6.6.8. A Weingarten surface is a surface where the principal cur-
vatures depend on each other, i.e., W (k1, k2) = 0 for some function W. Surfaces
of constant Gauss or mean curvature are examples of such surfaces, as are surfaces
where all points are umbilics.

Exercises

(1) Show that surfaces of revolution are Weingarten surfaces. Hint: The principal
curvatures are constant along latitudes.

(2) Show that tubes are Weingarten surfaces where one principal curvature is con-
stant and that

aH +bK+c=0

for suitable constants a, b, c.
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(3) Give an example of a closed Weingarten surface M C R? with K > 0 that does
not have constant curvature.

(4) Consider a closed surface M C R? that satisfies H = RK, for some constant
R>0.Let O={pe M| K (p) >0}
(a) Show that O # 0.
(b) Show that M = O by using that on O we have the relationship:

1 1

K1 K2
(¢) Show that M is a sphere of radius R.
(5) Let M C R? be a closed surface.

(a) Show that [, max{K,0}dA > 4r.

(b) Show that [,, H*dA > 4.

(c) Show that if [,, H*dA = 4m, then M is a round sphere. Hint: Show that
the principal curvatures are equal and positive wherever K > 0. Use this
to conclude that they are constant. Finally show that it is not possible to
have K < 0 anywhere.

2R.



CHAPTER 7

Geodesics and Metric Geometry

This chapter covers the basics of geodesics and their properties as shortest
curves. We also give models for constant curvature spaces and calculate the geodesics
in these models. We discuss isometries and the local/global classification of sur-
faces with constant Gauss curvature. The chapter ends with a treatment of a few
classical comparison theorems. Virtually all results have analogues for higher di-
mensional Riemannian manifolds, but certain proofs are a bit easier for surfaces.
It will be noted that there is no mention of parallel translation although we do in-
troduce second partial derivatives for 2-parameter maps in to an abstract surface.
This is more or less in line with the classical treatment, as parallel translation was
not introduced until the early part of the 20th century. It also eases the treatment
quite a bit.

Throughout we study abstract surfaces, but note that many calculations are
much easier if we think of the surfaces as sitting in R3.

7.1. Geodesics

DEFINITION 7.1.1. A curve q on a surface M is called a geodesic if the tangential
part of the acceleration vanishes, ' = 0, specifically

dPu L
d?v L
7+ (@a) = 0.

When M C R? this is equivalent to saying that ¢ is normal to the surface or that
G=g" =nll(q,q).
PROPOSITION 7.1.2. A geodesic has constant speed.

PROOF. Let q(t) be a geodesic. We compute the derivative of the square of
the speed:

9@ = Tala) =201 d) =21 (@.a) (] ) =0
since n and ¢ are perpendicular. Thus q has constant speed.

There is also a purely intrinsic proof that works for abstract surfaces. Since it
is convenient to do this proof in a more general context it will be delayed until the

end of the next section. O
Next we address existence of geodesics.

THEOREM 7.1.3. Given a point p = q(ug,v9) and a tangent vector V =
V“% (uo, v0)+V”% (uo,v0) € Ty M there is a unique geodesic q (t) = q (u (t),v (t))

193
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defined on some small interval t € (—¢e,e) with the initial values

a(0) = p,
a0 = v.
PROOF. The existence and uniqueness part is a very general statement about

solutions to differential equations (see theorem [A.5.1)). In this case we note that in
the (u,v) parameters we must solve a system of second order equations

d2u:_[dudu]{Fﬁu ngHgg]
dt? e di Touw Ty A
d%:_[dudv]{% rqugg]
dt2 dt dt Fgu ng dig

with the initial values

(u(0),v(0)) = (uo,v0),

(@(0),9(0)) = (V* V"),
As long as the Christoffel symbols are sufficiently smooth there is a unique solution
to such a system of equations given the initial values. The domain (—¢,¢) on which

such a solution exists is quite hard to determine. It’ll depend on the domain of
parameters U, the initial values, and Christoffel symbols. ([l

This theorem allows us to find all geodesics on spheres and in the plane without
calculation.

EXAMPLE 7.1.4. In R? straight lines q () = p + vt are clearly geodesics. Since
these solve all possible initial problems there are no other geodesics.

EXAMPLE 7.1.5. On S? we claim that the great circles

w>=qmwm+%mmm,
qg € S%
(qlv) = 0

are geodesics. Note that this is a curve on S?, and that q(0) = ¢, ¢ (0) = v. The
acceleration as computed in R? is given by

d(t) = —q ol cos ([o]t) — v[v]sin (Jo[t) = — Jv|*q (¢)

and is consequently normal to the sphere. In particular ' = 0. This means that
we have also solved all initial value problems on the sphere.

Depending on our parametrization (u,v)-geodesics can be pictured in many
ways. We'll study a few models or parametrizations of the sphere where geodesics
take on some familiar shapes and can be described directly by equations rather
than in parametrized form.

Unit Sphere Model: Consider the unit sphere. Great circles and hence
geodesics are described by the two equations:

ax+by+cz = 0,
2+ 422 = 1.

Given a specific geodesic q (t) = ¢ cos (|v] t)+ﬁ sin (|v| t) we can use (a,b,c) = gXwv.
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Elliptic Model: If we use the Monge patch (u,v,v1 — u? — v?) on the upper
hemisphere, i.e., project to the (z,y)-plane along the z-axis, then the equations of
the geodesics become

(a2 + 02) u? + 2abuv + (b2 + c2) v? =

These are the equations of ellipses whose axes go through the origin and are in-
scribed in the unit circle. This is how you draw great circles on the sphere!
Recall that the level sets to quadratic equations:

az? +2Bzy +yy? = R?
are ellipses centered at the origin when a ++ > 0 and ay — 52 > 0.
Beltrami Model: If we use the parametrization

1
V1+u2 402

on the upper hemisphere, i.e., £ = u, £ = v, then these equations simply become

’z
straight lines in (u,v) coordinates:

(u,v,1)

au+bv+c=0.

This reparametrization was also discussed in section [£.4] exercise 22 where it was
called the Beltrami projection. It is simply the projection of the upper hemisphere
along radial lines to the tangent plane {z = 1} at the North pole.

Conformal Model: The radial projection that was used for the Beltrami
model is an example of a perspective projection, i.e., a projection along radial
lines from a point to a plane that does not pass through this point. The stere-
ographic parametrization from section [£.4] exercise 20] is projection along lines
through (0,0,—1) to the (z,y)-plane. In this model the upper hemisphere is
parametrized as

1

+ 2 2

U, V) = 2u,2v,1 —u” 4+ v7).
a (u.v) 1+ u? + 0?2 ( )

One can show that this is a conformal or isothermal parametrization. In case ¢ =0

the geodesics are straight lines through the origin:

au + bv =0.

When ¢ # 0 we can normalize so that ¢ = 1 in which case the geodesics become
circles

(u+a)*+ (+b)°=1+a+b.

Next we consider hyperbolic space.

Imaginary Unit Sphere Model: We defined hyperbolic space H C R>! in
example [6.1.2] as the the imaginary unit sphere with z > 0. More precisely, it is the
rotationally symmetric surface

24yt -2 =1, 2>1

with a metric that is inherited from the space-time inner product structure. Observe
that the tangent space can be characterized as

T,M={veR> | (v]qg) =0}.
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This means that the normal is be given by n(¢) = ¢. In analogy with the sphere
we consider the curves

a(t) = qcosh<|v|t>+f’—|sinh<|v|t>,
v
€ H,
v € T,H.

Since ¢ | v = 0 this is a curve on H with q (0) = ¢, q(0) = v. Note also that it lies
in the plane spanned by ¢ and v.
The acceleration as computed in R?! is given by
. 2 . 2
q(t) = qlv]” cosh ([o] ) + v [v|sinh (Jv] ) = [v["q (¢).

In particular, it has no tangential component and thus has vanishing intrinsic ac-
celeration (see also remark |6.1.5)).
If we use (a,b,c) = g X v, then we also obtain the equation form:

ar+by+cz = 0,
x2+y2—22 = -1, z>1.
Note that for these planes to intersect the surface it is necessary to assume that:
A <a?+ v,
Hyperbolic Model: This is the orthogonal projection onto the (x,y)-plane.
The parametrization is a Monge patch and is given by (uﬂ), \/m) The

geodesics will be straight lines through the origin when ¢ = 0 and hyperbolas whose
asymptotes are lines through the origin when 0 < c? < a? 4 b*:

(a® = ) u® + 2abuv + (b* — ) v* = 2.
Recall that the level sets to quadratic equations:
az? + 2Bzy + vy? = R?
are hyperbolas with asymptotes that pass through the origin when ay — 5% < 0.

Beltrami Model: The Beltrami model comes from a perspective projection
along radial lines through the origin to the plane z = 1. It gives us the parametriza-
tion

1
V1—u? -2

And the geodesics are straight lines:

(u,v,1), u?> + 0% < 1.

au+bv+c=0.

Conformal Models: Stereographic projection along radial lines through (0,0, —1)
to the (x,y)-plane gives the Poincaré model. The parametrization is given by:
1 2 2 2 2
m (2U,2'U,1+u +'U ), u vt < 1
It is also called the unit disc model since the open disc is the domain for the
parameters. One can show that this parametrization is conformal or isothermal.
The geodesics are either straight lines through the origin

au+bv =20
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or when ¢ # 0 and we scale so that ¢ = 1 circles centered outside the unit disc:
(w—a)’+w=>02=a?+b* -1, a®> +b* > 1.

The upper half plane model comes from a conformal transformation of the
upper half plane to the unit disc (see section exercise . This map is given by
1
F(z,y) = —————— (22,1 —2%—1¢?%).
2?2+ (y+1)° ( )
The geodesics will again be lines and circles but F' does not necessarily take lines
to lines. The lines are all vertical:

=0, whenc=0,b=0,

or
x =1/a, whenc=1, b= —1,
and the circles have centers along the z-axis

a?

R when ¢ =0,

(x—%)2+y2=1+

or

2 240521
<:L'a) erz:L, when ¢ = 1.
2
b+1 (b+1)

It is interesting to note that for the sphere only the unit sphere model actually
covers the entire sphere. In contrast, all of the models for hyperbolic space are
equivalent in the sense that they are models for all of hyperbolic space, not just
part of it.

DEFINITION 7.1.6. An abstract surface is said to be geodesically complete if all
geodesics exist for all time ¢ € R. It is said to be geodesically complete at a point,
if all geodesics through that point are defined for all time.

ExXAMPLE 7.1.7. The unit sphere, all of the above models for hyperbolic space,
and all planes are geodesically complete.

As we have seen, it is often simpler to find the unparametrized form of the
geodesics, i.e., in a given parametrization they are easier to find as an equation or
as functions u (v) or v (u). There is in fact a tricky characterization of geodesics
that does not refer to the arc-length parameter. The idea is that a regular curve
can be reparametrized to be a geodesic if and only if its tangential acceleration '
is tangent to the curve.

LEMMA 7.1.8. A regular curve q(t) = q(u(t),v (t)) can be reparametrized as
a geodesic if and only if

dv [ d*u du [ d*v
WL e ) = DY e )

PROOF. First observe that this formula holds iff A (t)¢ (t) = §' () for some
function A.
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If we reparametrize the curve, then the velocity satisfies: ¢ () = %¢ (s). For
the acceleration we calculate in coordinates:
d2u Bsdu  [ds\? du dsdq dsdq
I = fofu (88) 2 pu (2504 2504
gz TT@q) dt? ds (dt) ds? (dt ds’ dt d5>
d?s du

e () e () e ()
= f;j?;*(t) < (dq d))
(%) (e (25)

25 S 2
0= Gmae+ (5) @0,

This shows first of all that, if q(s) is a geodesic, then ¢! (t) = %Q(s) as

Similarly

d?v d?s dv
pro R CUC

It follows that

ds

dt2ds '\ dt

claimed. Conversely assume that X (t) ¢ (t) = §' (t). Then
ds . s . ds\? 1
A6 i) = Grae + (5 ) @,

So ' (s) = p(s)q(s) for some function p. If we assume that s is the arclength
parameter, then we also know that

0 = I(d"(s),a(s))

This shows that G (s) = 0. O

Exercises
(1) Let q(t) be a regular curve on a surface with normal n. Show that it can be
reparametrized to become a geodesic if and only if

det [q, 4, n] = 0.
(2) Let q(¢) be a unit speed curve on a surface. Show that
|"iq| = ’q |
(3) Consider a unit speed curve q (t) on a surface of revolution
q (u, p) = (r (u) cos p, 7 (u) sin p, z (u))
where the profile curve (r (u),0, z (u)) is unit speed. Let 6 () denote the angle
with the meridians.
(a) Show that if ¢ (t) = 40, q +009, q, then
= cosf and v = sme'




EXERCISES 199

(b) Show that if q(¢) is a geodesic, then

. _ N2 87’

u = (U) T6u7

io= 20?108
u

(¢) (Clairaut) Show that I(q,9,) = rsinf is constant along a geodesic.

(d) We say that q(¢) is a lozodrome if 8 is constant. Show that if all geodesics
are loxodromes, then the surface is a cylinder.

Let q (t) be a unit speed geodesic on a surface in R®. Show that

0 = &y,
K = Knp,
T = Ty

where k and 7 are the curvature and torsion of q (t) as a space curve.
Consider the two parametrized surfaces

q(r,p) = (rcosp,rsinpu,logr),
q" (r,p) = (rcosp,rsinp,p).

(a) Show that their first fundamental forms are not equal.

(b) Show that they have the same Gauss curvature K (r, u) = K* (r, ).

(¢) Show that the surfaces are not isometric.

Let q(t) be a unit speed geodesic on a surface in space with curvature x and

torsion 7 as in the previous exercise.

(a) Show that k = k1 c0s? 0 + ko sin® 0, where 112 are the principal curvatures
and @ the angles between ¢ and the first principal direction.

(b) Show that 72 = (k — k1) (k2 — k).

(¢) Show that if k3 = 0, then k = 7 tan6.

Show that in the conformal model of the unit sphere the geodesics that pass

through (u,v) = (1,0) all have center on the v-axis. Show that all initial value

problems can be solved.

Show that the ¢ curves on a tube

q(t,¢) = c(t) + R(Nccos¢ + Besing)

(see section exercise |§| and section exercise [7)) are geodesics.
Show that if a unit speed curve on a surface also lies in a plane that is perpen-
dicular to the surface, then it is a geodesic.

Show that geodesics satisfy a second order equation
d*v dv\® dv\ dv
— =T | — 2re  —1T7 — re —2ore )——1Iv .
du2 ) <du> + ( uv ’U’U) (du> + ( uu u’u) du uu

(Beltrami) Assume that q(u,v) is a parametrized surface with the property
that all geodesics are lines in the domain U, i.e., each geodesic satisfies an
equation of the form

au+bv+c=0, (a,b) # (0,0).

Note that all formulas below remain the same when u and v are interchanged.
This reduces the number of calculations that need to be done.
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(a) Show using exercise [10] that

l—wviu = ng =0,
Piw = 2I0%,,
ry, = 2Iy,.

Hint: Use lemma and parametrize the curve by u or v.
(b) Show that

|: avguu _auguv :| _ |: Guu —Guv :| |: FZ,U :| )
8ugvv - a’uguv —Gvu Gov

(¢) Recall from proposition that

guu guv RU RU }
K — vuu vuv .
|: Gou  Gov :| |: R R

uUvU UvY

Use the definition of R.,, part (a), and for the second equality, R%,, =

ijk>
RY.,.» to show that
Rgvu RZUU 5urldu—28vFZu _811]:‘51) FguFZU Fz'urgv

- T, 9T, ry re T e |-

(d) Use (c¢) to show that

O (Kg'uv) — 0y (ngu)

81} RY

vuUu vUuUv :|

OuRY 0y — O R

[ _o.R
wUVY
K

U v v
Ruvv - R Fuv

vUv

|: Guu —Guv :| |: FZU :| )
—Gvu Gvv PZ'U
(e) Use (b) and (d) to show that

0= avK 8uK Guu —Guv
N a’uK 8uK —Gvu Gov '

Conclude that the Gauss curvature is constant.

7.2. Mixed Partials

We need to generalize the intrinsic acceleration to also include mixed partial
derivatives. The formulas obtained in section [5.2] will guide us.

Instead of just having a curve q(t) = q(u (¢),v (¢)) within a parametrization
we assume that we have a family of curves q(s,t) = q(u(s,t),v(s,t)) such that
for each s there is a curve parametrized by t. We shall generally assume that
(s,t) € (—€,€) x [a,b]. In this case such a family of curves is called a variation
of the base curve q(t) = q(0,t). Note that q(s,t) does not have to be a valid
parametrization of the surface.

To ease the notation we will use the conventions q¥ (s,t) = w (s, t) so that we

can write J; q* = %—’:, 005 q* = %, etc, and also use 0,05 q* with 7 in place of
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w. We also define

) “ v I"UJ I"w} Y’u
(X, Y)= Y TyX'vi=[X X][ngz F?’;HY”]
1,j=u,v

Keeping t or s fixed we already have that

2 I
(Z;) (5,8) = (Fu+T" (9,05 9)) dua+ (Ov+T" (95 9,0:9) dua
= > (924 +T7 (9. 4,0, q)) O q.
and

9%q\’ o

1=u,v

Moreover, when the surface lies in R3, then these intrinsic second partials are in
fact the tangential components of the second partials in R3.
The intrinsic mixed partial is similarly defined as

82 I . .
(888qt> (5,8) = Z (050: 4" +T" (854, 0: q)) i q.

T=u,v
This mixed partial also commutes commutes since

Pw  Pw
Hsdt ~ Otds

(8-~ (58)

ds’ Ot ot’ o

We can also show that all possible product formulas for taking derivatives hold:
9s1(05q,0rq) = I((af a)', o q) +I<6s q, (950 q)I),

21@mx&@®5

951(95q,95q) = ( 92q)", 0, )

9 1(95q,9; q) ( Q)IaatQ> ( s tq)l),

01(0s,0,0) = 21(0,a,(2i0.q)"),

8 1(8,q,0,q) = 21(8tq,(8t2q)>.

and

83 I (at q, at q)

The proofs are all similar so we concentrate on the first. The essential idea is that
we have the product formula

0s9ij = L'ij + gji

directly from the abstract definition of the Christoffel symbols as in section [6.1}
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051(0sq,0; q)
= 0O (gijas qi Oy qj)
= 05(9ij) 054" 0r &’ +9i502 q' 0 @’ +9i;0s 4" D8y !
= (Orgij) 0s 4" 05 4 0y o +9i;07 ' Oy o’ +9i;05 q 50 !
= (Thij +Trji) 05" 05" 9 & 495502 o' 0y ¢’ +9:;05 4" 950 ¢’
= Thij0sq" 054" 0 ¢/ +9i;02q" 0 ¢’
+05 4" Trji0s " 9y & 4905 4" 050, ¢
= giT%:0:4" 0. q' 0y ¢’ +9i;02 o O !
+9i10s o' T 05 d* 0y o/ +9i;05 4" 9,01 ¢/
= 9ijT10s " 9:d' 0y o’ +9i;02 q" O o’
+9ij0s ' Filas q" 9, q +9i;0s 4" 050, ¢’
= 0 (T"(0s0,05q) + 02 ") O o/
+gi0s 0" (T0s " 0ol +0,0, o)

=1 ((33 a)', q) +1 (c?s q, (00 q)I) :

Finally we should also justify why these second partial derivatives do not de-
pend on the initial (u,v)-parametrization. This could be done via a notationally
nasty change of parameters or by a more general formula that doesn’t depend a
parametrization. This general formula, however, also has a defect in that it involves
a new variable r so that w = w (r, s,1):

21((9.0: )" 0, 4) = 9,1(9 0,0, @) + 9 10, 0,0, 4) = 9, 1(9 . Or ).

Here the right hand side can be calculated independently of a (u, v)-parametrization.
Since we can think of the r-variable as being anything we please, this implicitly cal-
culates (050, q)I. The proof of this identity comes from from using the product
rule on each on the terms on the right hand side and using that the intrinsic mixed
partials commute:

0s1(9r q,0rq) + 9 1(95q, 0 q) — 0r 1(9s q, 0¢ q)
= 1{@.0:0)".0,) +1 (9. (9.0, )")

1T ((@33 q)I .0y q) +1 (83 q, (00 Q)I>
_ (I ((args O, o q) +1 (05 q, (0,0 Q)I))
= 21 ((asat )"0, Q) :

PROPOSITION 7.2.1. Let q(t) be a curve on a surface M. q has constant speed
if and only if its intrinsic acceleration is perpendicular to the speed.

PROOF. The proof is now a simple calculation using the product rule for in-
trinsic second derivatives:

d_
@I(q,Q)—QI(q,q)-
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Exercises
(1) Consider a curve q(t) = q(u(t),v (t)) on an abstract parameterized surface.
(a) Show that q (¢) is a geodesic if and only if

d d
L1 — 1({a &

7 1(d: ) (q, dt%) )
d d

— I (¢ I(q,— .
77 1(6:90) (q7 dt(%)
(b) Show that q(¢) is a geodesic if and only if

d . . 1 . .. .
% (guuu + guvv) = 5 (auguuu2 + 2auguvuv + augvvvz) 5

d 1

% (gvuu + gvv’[]) 5 (avguuu2 + 2avguvuv + avgvv/[ﬂ) .
These formulas are often quite convenient as they do not explicitly involve
Christoffel symbols.

(2) A Liouville surface has a first fundamental form where

guu:gvv:U_Vandguvzo

and U is a function of v and V' a function of v. Consider a unit speed geodesic
q(t) on such as surface and let 6 (t) be the angle the geodesic forms with the
U-CUT'VES.

(a) Show that if we write q = u% + o%, then
u? = ;Of‘e/ and ©? = ;Jm_sz
(b) Show that q(t) satisfies
% (U -V)a) = %auU (i + 6?),
% (U-V)o) = —%&,V (a® +9%).

(¢) Show that
d (Vi + U\ 0
e\ w?+9* )
(d) Conclude that Usin® @ + V cos? @ is constant along geodesics.
(3) Consider two Liouville surfaces

Juu =U =V = gy andguvzo

(L _LNL o (L _IN1o
Guu = i U Uvgvv_ vV U vauv_7

where U is a function of u and V a function of v. Show that the equations of
the geodesics on these two surfaces, in the sense of section [7.1] exercise [I0} are
the same.

and
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(4) Consider an abstract surface with first fundamental form I and the conformally
related first fundamental form €2/ I for some function f. Show that

€2f
(0:000)° ' = (9,00 )' + Dy adf (9 ) + Dy adf (95 ) — 1 (s, D5 q) V.
Here Vf = ¢"9;f0; and df (X) = 0, f X".
(5) Use the previous exercise to show that if all geodesics for I can be reparametrized
to also be geodesics for €27 I, then f is constant.

7.3. Shortest Curves

The goal is to show that the shortest curves are geodesics.

In the last section we considered variations q(s,t) = q(u (s,t),v (s,t)) where
(s,t) € (—€,€) x [a,b]. The variational field of q (¢t) = q(0,t) is given by the tangent
vectors V (t) = % (0,t) along the curve. The first proposition shows that any such
field V' (t) € Tq+)M comes from a variation.

PROPOSITION 7.3.1. For any curve q(t), t € [a,b] and tangent field V (t) €
TywyM, there is a variation whose variational field is V (t).

PRrOOF. For each V (t) let s — q(s,t) be the unique geodesic with q(0,t) =
q(t) and % (0,t) = V (t). The fact that [a,b] is compact shows that we can find
€ > 0 so that q(s,t) is defined on (—¢,¢€) X [a, b].

The fact that the geodesics depend smoothly on the initial values shows that
the variation is a smooth as q(t) and V (¢). In particular, if q (¢) is only piecewise
smooth, then the variation will also consist of piecewise smooth curves that break
at exactly the same points. |

DEFINITION 7.3.2. The length of a curve is defined as

b
um:/kwt

and the (kinetic) energy as

1Y
B = [ 1P,

We know that the length of a curve does not change if we parametrize it. This
is very far from true for the energy. You might even have noticed this yourself in
terms of gas consumption when driving. Stop and go city driving consumes far
more gas, than the more steady driving on an empty stretch of road on the country
side. On the other hand this feature of the energy has the advantage that minima
or stationary points for the energy functional come with a fixed parametrization.

LEMMA 7.3.3 (First Variation Formula). Consider a smooth variation q(s,t),
(s,t) € (—€,€) x [0,1], with base curve q (t) = q(0,t), then

a1 [ ! .
**/ I(q,q)dt = I(asqﬁtq)lé—/ 1(9sq,d") dt.
ds 2 J, 0
If0=a9g <a; < - <ap, =1 and the variation is smooth when restricted to
(—€,€) X [ai—1,a;], then

d1 [* i _ !
oz I(a. ¢ _ I a; I .1 )
dSQ/O (@q)dt=> T(0.q,0q)ly /O (0sq,q') dt

i=1
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PrOOF. The calculation is straightforward in the smooth case:

a1 [* .. s I
£§AIQQMt_ AIQ&@®,@®ﬁ
1
- /(atl(asq,atq)fl(asq,(3301)1))6”
0
1 ! I
- I(asq,at(l”o_/ 1(0..(67q)") dt
0

1
= H@%@@%_/I@NABM
0

When the variation is only piecewise smooth, then we can break it up into
smooth parts and add the contributions. (I

We define 2, 4 as the space of piecewise smooth curves between points p,q € M
parametrized on [0, 1].

THEOREM 7.3.4. If a piecewise curve on a surface is stationary for the energy
functional on Q, 4, then it is a geodesic.

PROOF. We consider a piecewise smooth variation q (s,t) where the base curve
q(t) = q(0,t) corresponds to s = 0. For simplicity assume that there is only one
break point at a. Computing the energy of the curves ¢ — q(s,t) gives a function
of s. The derivative with respect to s can be calculated as

a1t a ' )
**/ I(q,q)dt = I(asqﬁtq)lo+1(3sq,8f,q)\i*/ 1(95q,§") dt.
ds 2 0 0

When all the curves lie in 2, , they have the same end points at ¢ = 0,1, i.e.,
q(s,0) = p and q(s,1) = ¢ for all s. Such a variation is also called a proper

variation. Thus, % (0,t) =0 at t = 0,1 and the formula simplifies to

' 1

By assumption s = 0 is a stationary point for %fol 1(q,q)dt so

0:I<8Sq(a),§tq(a)— gti(a)) —/0 1(0,q,d!) dr.

First select the variation so that 9sq(0,t) is proportional to the tangential
acceleration §', i.e., 95 q(0,t) = u (t) ', where p (a) = 0. Then we obtain

0= —/0 u(t) |6 dt.

Since p can be chosen to be positive on (0,a) U (a, 1) this shows that ' = 0 on
(0,a) U (a,1). This shows that each of the two parts of ¢ (¢) on [0, a] and [a, 1] are
geodesics.

Next select a variation where

0,a(0,0)= 5% (@)~ 2% (a).
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In this case

o:1<asq(a),§tq_(a)—;i(a)> :I(;‘E(a)—;i(a),;?(a)—;i(aﬁ

so it follows that
dq , . 0q
ot~ (a) = ot+ (a)-

Uniqueness of geodesics, then shows that the two parts of q (¢) fit together to form
a smooth geodesic on [0, 1].

Finally any curve of minimal energy is necessarily stationary since the derivative
always vanishes at a minimum for a function. ([

Now that we have identified the minima for the energy functional we show that
they are also minima for the length functional.

LEMMA 7.3.5. A minimizing curve for the energy functional is also a minimiz-
ing curve for the length functional.

PrROOF. We start by observing that the Cauchy-Schwarz inequality for the
inner product of functions defined by

(f.9) = / f(t)g(t)dt

implies that:

b b b b
/c‘ﬂdtg\// 12dt\// At =vi=ay| [ faf .

where equality occurs if |¢| is constant multiple of 1, i.e., q has constant speed.
When the right hand side is minimized we just saw that q has zero acceleration
and consequently constant speed. Let q,,;, be a minimum for the energy in €2, 4
and q any other curve in ,,. We further assume that q has constant speed as
reparametrizing the curve won’t change its length. We now have

1 1
/ ‘qmin| dt S / |Qmin ‘2 dt
0 0
1
< / ja* dt
0
1
[ lal
0
which shows the claim. O

COROLLARY 7.3.6. If a piecewise smooth curve has constant speed and is a
minimizer for the length functional, then it is a minimum for the energy and a
geodesic.
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Proor. If q,;, is a constant speed minimum for the length functional and

q € Qp 4, then
1 ) 1 2
/ |(.1min‘ dt = </ |Qmin‘ dt)
0 0
1 2

([ ralr)

0

1
JRRC

0

This shows that q,,;, also minimizes the energy functional and by theorem [7.3.4]
that it must be a geodesic. O

IA

IA

REMARK 7.3.7. Note that minima for the length functional are not forced to
be geodesics unless they are assumed to have constant speed!

Exercises

(1) Consider the curves q(t) = (atcos (6) ,btsin (0) ,t
(a) Show that this is a geodesic only when 6§ =
(b) Assume a < b and ¢ € [0, d] show that

/ Va2 +4t2dt < L(q / Vb2 + 4t2dt

with the lower bound holding for § = 0,7 and the upper bound for § =

m 37

202
(2) Consider the curves ¢ (t) = (acos(t)cos(0),bcos(t)sin(f),csin(f)) on 1 =
a2 —|— >+ 2 027 a,b,c > 0.
3

( ) Show that this is a geodesic only when 6 =0, 5,7, .
) Assume a < b < ¢ and ¢ € [0, d] show that

/ Va2 + (¢2 — a2)cos? tdt < L (q / Vb2 + (c2 — b2) cos? tdt

with the lower bound holding for § = 0,7 and the upper bound for 6 =
T 37

27 2°

=5+ 4%, a,b>0.

%) on z
%,71’,32.

7.4. Short Geodesics

We start by introducing geodesic coordinates along a curve. We then proceed
to do the same construction around a point. This construction is similar but com-
plicated by the fact that our base curve is a fixed point. In Euclidean space this
corresponds to the singularity at the origin when switching from Cartesian to polar
coordinates.

PROPOSITION 7.4.1. Ewvery surface admits geodesic coordinates around every
point.

PROOF. Start by choosing a unit speed curve q(v), v € [a,b] such that the
specified point ¢ = q(vg) for some vy € (a,b). Next select a consistent choice
of unit normal vector S(v) to this curve inside the surface as a variational field.
Then let u — ¢ (u,v) be the unique unit speed geodesic with ¢ (0,v) = q(v) and
0, q(0,v) = S (v) to obtain a variation on (—e,¢€) X [a, b].
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Since u +— q(u,v) is unit speed we have 1(9, q,9,q) = 1. Next consider the
inner product I(9, q,8, q). Since 9, q (0,v) = S (v) is perpendicular to 9, q (0,v) =
Oy q (v) this inner product vanishes for all parameters (0,v). If we differentiate the
inner product with respect to v and use the product rule twice we obtain

0u1(@ua.0va) = 1((@2a),00a) +1(0ua, (0.0.9)")
= I<3uq7(8u3vq)l)
(000 (@u0ua)')
(1(0ua. .02 0)') +1 (@04 )" 000 )
(00 1(9u q, 0w q))

I
1
2
1
2
1
3 (0u1)
0

This shows that 1(d,q,d,q) is constant along u-curves and vanishes at u = 0.
Thus it vanishes everywhere.

Finally define g,, = 1(9, q,d, q). It now just remains to note that g,, (0,v) =1
and gy, (u,v) is continuous. Thus we can, after possibly decreasing e, assume
that g,, > 0 on all of the region (—e,e) x [a,b]. This shows that the velocity
fields 0, q and 0, q never vanish and are always orthogonal. Thus they give the
desired parametrization. We can then further restrict the domain around (0, vg)
if we wish to obtain a coordinate system where the parametrization is a local
diffeomorphism. ([

We now fix a point p € M. For a tangent vector X € T,M, let qx be the
unique geodesic with ¢ (0) = p and q(0) = X, and [0,bx) the non-negative part
of the maximal interval on which q is defined. Notice that uniqueness of geodesics
implies the homogeneity property: q,x(t) = qx(at) for all « > 0 and ¢ < box. In
particular, box = o 'bx. Let O, C T, M be the set of vectors X such that 1 < bx.
In other words qx (¢) is defined on [0, 1].

DEFINITION 7.4.2. The exponential map at p, exp, : Op — M, is defined by
exp,(X) = ax/(1).

The homogeneity property qx(t) = q,x(1) shows that exp, (tX) = qy (¢).
Therefore, it is natural to think of exp,(X) in a polar coordinate representation,
where from p one goes “distance” | X| in the direction of é—‘ This gives the point
exp, (X)), since q x (1X]) = qx(1).

It is an important property that exp, is in fact a local diffeomorphism around
0eT,M.

PROPOSITION 7.4.3. For each p € M there exists e > 0 so that B (0,¢) C O, C
T,M and the differential D exp,, is nonsingular at the origin. Consequently, exp,
is a local diffeomorphism.

PRrOOF. By theorem there exists € > 0 such that q (¢) is defined on [0, 2¢)
for all unit vectors X € T,M. The homogeneity property shows that B (0,¢) C O,.
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That the differential is non-singular also follows from the homogeneity property of
geodesics. For a fixed vector X € T,M we just saw that

exp, (tX) = qx (?)
and thus

(D expp) (X)) = %\tzo exp, (tX)

= dx (0)
X.

This shows that the differential is the identity map and in particular non-singular.
The second statement follows from the inverse function theorem. O

We can now introduce Gauss’s version of geodesic polar coordinates.

LEMMA 7.4.4 (Gauss Lemma). Around any point p € M it is possible to intro-
duce polar geodesic coordinate parameters q(r,6) where the r-parameter curves are
the unit speed geodesics emanating from p and

1=y o]

PrOOF. Pick € > 0 such that exp, : B(0,e) = B = exp,, (B(0,¢)) is a diffeo-
morphism. Then r(q) = |exp,'(q)| is well-defined for all ¢ € B. Note that r is
simply the Euclidean distance function from the origin on B(0,¢e) C T, M in expo-
nential coordinates. This function can be continuously extended to B by defining
r (0B) = €. Select an orthonormal basis E, Ey for T,M and introduce Cartesian
coordinates (x,y) on T,M. These parameters are then also used on B via the
exponential map q (z,y) = exp, (rE1 + yE3). We define the polar coordinates by

r=rcost, y=rsinf
and note that
ro= Vet
Z Y
orq = — mqﬂ‘*ay%
r r
dpq = —yOrq+x0,q.
Observe that 0, q is not defined at p, while 0y q is defined on all of B even though
the angle 6 is not. We now need to check what the first fundamental form looks
like in polar coordinates. First note that the r-parameter curves by definition
have velocity 0,.q. On the other hand via the exponential map they correspond
to unit speed radial lines X, where |X| = 1. This means that they are of the

form exp, (rX) = qx (r) and are unit speed geodesics. This shows that g, =
1(0,q,90-q) = 1. To show that g, = 0 we first calculate its derivative

9, 1(0rq,99 q) I ((8,? a)', 0 q) +1 (@ q, (0r09 q)1>
= 0+1(0.q, (%0, q)")

1
= 580 I (ar q, ar Q)
= 0.
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Thus 1(9, q,0 q) is constant along geodesics emanating from p. To show that it
vanishes it is tempting to simply evaluate at p since Jy q vanishes there. However,
Oy q is undefined so we use a limit argument. First observe that

10y q,00q)] < [0rql |99
|06
< [2[|9y al + [y 0z d
< (|0 q| +1[0ydl).
Continuity of D exp, shows that d, q, 9, q are bounded near p. Thus [ (9, q,9 q) —
0 as r — 0. This forces 1(9, q,dy q) = 0.

Finally we can just define ggg = I(dg q, 9p q) and note that it is positive as 9y q
only vanishes at p. O

THEOREM 7.4.5. Let M be a surface, p € M, and € > 0 chosen such that
exp,: B(0,e) > BC M

is a diffeomorphism onto its image B C M. It follows that the geodesic qx (t) =
exp,(tX), t € [0,1] is the one and only minimal geodesic in M from p to q =
exp, X.

PRrROOF. The proof is analogous to the specific situation on the round sphere

covered in example

To see that qy (t) is the one and only shortest curve in M, we must show
that any other curve from p to ¢ has length > |X|. Suppose we have a curve
q:[0,0] = M from p to q. If a € [0,8] is the largest value so that q(a) = p, then
q |[a,p) 18 a shorter curve from p to ¢. Next let by € (a, b) be the first value for which
q(to) ¢ B if such points exist, otherwise by = b. The curve q|(q,p,) now lies entirely
in B—{p} and is shorter than the original curve. Its length is easily estimated from
below

bo
Llalww) = [ il
/ 10, - |al dt

bo
/ 1(0, q,q) dt

bo r
(71000, 200 P, )

_ Mdr(a(t)
= / —a ¢

= r(q(bo)) =7 (a(a))

= T (q (bo)) )
where we used that 7(p) = 0. If q (by) € OB, then q is not a segment from p to ¢ as
it has length > e > |X|. If b = by, then L (q|(ap)) = r(q(b)) = |X| and equality
can only hold if ¢ (¢) is proportional to 9, q for all ¢ € (a,b]. This shows the short

geodesic is a minimal geodesic and that any other curve of the same length must
be a reparametrization of this short geodesic. ([l

Y
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7.5. Distance and Completeness

DEFINITION 7.5.1. The distance between two points in a surface M is defined
by attempting to minimize the length of curves between the points:

lpg| = inf{L (q) [ q € Qpg} -
This distance satisfies the usual properties of a distance:
(1) |pg| > 0 unless p = ¢,
(2) |pal = lapl,
(3) Ipal < Ipx| + |zql.
2 and 3 are also immediate from the definition. It is also clear that |pg| > 0. Finally,

if |pg| = 0, then ¢ € B = exp, (B (0,¢)) as in theorem In this case |pq| is a
minimum realized by the short geodesic in B joining p and ¢q. Thus p = q.

DEFINITION 7.5.2. We define the open ball, closed ball and distance sphere
around a point p € M as:

B(p,r) = {zeM||pz[<r},
B(p,r) = {zeM||pz|<r},
Sp,r) = {zeM||pz|=r}.

The next corollary is almost an immediate consequence of theorem and
its proof now that we have introduced the concept of distance.

COROLLARY 7.5.3. Ifp € M and & > 0 is such that exp, : B(0,e) — B is
defined and a diffeomorphism, then for each § < ¢,

exp,(B(0,0)) = B(p,9),

and for each § < € B -
exp,(B(0,9)) = B(p,9).
In particular, it follows that p; — p if and only if |pp;| — 0.

PrOOF. We first have to show that B (p,e) = B. We already have B C B (p,¢) .
Conversely if ¢ € B (p, €), then it is joined to p by a curve ¢ (t) € Q4 of length < e.
The proof of theorem now shows that any curve starting at p that leaves B
has length > €. This means that q (¢) lies in O and ¢ € O. This argument can now
be repeated for each § < e. This in turn also shows that exp,(B(0,8)) = B(p,d)
when 0 < e.

Finally, note that by our definition of convergence any sequence p; that con-
verges to p eventually must lie within the exponential parametrization of B (p, d).
The same clearly also holds if |pp;] — 0. Since this is true for all § > 0 the claim
follows. (I

We are now ready to connect the concept of geodesic completeness with the
existence of shortest curves on a larger scale.

THEOREM 7.5.4. (Hopf-Rinow, 1931) If a surface M is geodesically complete
at p, then any point ¢ € M is joined to p by a minimal geodesic of length |pq|.

PrOOF. Consider p,q and choose € > 0 such that any point in B (p, €) can be
joined to p by a unique minimal geodesic (see corollary . This shows that
B (p, €) is homeomorphic to a disc with boundary S (p,¢). In particular S (p, )
is compact. This shows that there exists a g9 € S (p,€) closest to g. For this
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qo we claim that |pgo| + |gog] = |pg|. Otherwise there would be a unit speed

curve v € Q, 4 with L(y) < |pgo| + |gog|. Choose t so that v (t) € S (p,€). Since

t+ v () gl < L(v) < |pgol + |qoq| it follows that |y (t) ¢| < |qoq| contradicting the

choice of go. Now let ¢ (t) be the unit speed geodesic with q (0) = p, q (¢) = qo, and
A={tel0,[pql] | Ipq| =t +la(t)ql}

Clearly 0 € A. Also € € A since q (€) = qo. Note that if ¢ € A, then

lpgl =t +|a(t)ql > lpa )|+ la(t)q| > |pql,

which implies that ¢t = |pq(¢)|. We first claim that if tg € A, then [0,%9] C A. Let
t < tp and note that

lpa @]+ la)ql
lpa(®)]+la(t)alto)l + la(to) ql
t+to—t+la(to)adl
to +la(to) gl
[pal -
This implies that |pq (¢)| + |q(¢) ¢| = |pg| and ¢t = [pq(t)|, showing together that
te A

Since t — |q (t) ¢| is continuous it follows that A is closed.

Finally if Zg € A, then to + d € A for sufficiently small § > 0. Select § > 0 so
that any point in B (q (tp),0) can be joined to q(¢p) by a minimal geodesic. Then
select g1 € S (q(to),0) closest to g. We now have

Ipq

VAN VAN VAN VAN

lpgl = to+la(to)q|

to + |a (to) ¢1| + |qq]
to+ 6+ |q1q|

Ipg1| + [q14]

Ipql .

It follows that |pg1| = to + ¢ from which we conclude that the piecewise smooth
geodesic that goes from p to q(tg) and then from q(tg) to ¢; has length |pqi].
Consequently it is a smooth geodesic and ¢; = q(top + ). It then follows from
Ipg| = to + 0 + |q1q| that q (to + ) € A. 0O

AVARLY

This in turns shows that several different completeness criteria are all equiva-
lent.

THEOREM 7.5.5. (Hopf-Rinow, 1931) The following statements are equivalent
for a surface M :

(1) M is geodesically complete, i.e., all geodesics are defined for all time.

(2) M is geodesically complete at p, i.e., all geodesics through p are defined
for all time.

(3) M satisfies the Heine-Borel property, i.e., every closed bounded set is com-
pact.

(4) M is metrically complete.

PRrROOF. (1)=(2) is trivial. (3)=(4) follows from the fact that Cauchy se-
quences are bounded.
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For (4)=(1): If we have a unit speed geodesic q : [0,b) — M, then |q (¢) q(s)| <
|t — s|. Soif b < oo, it follows that |q () q(s)] — 0 as t,s — b. This shows that q (¢)
is a Cauchy sequence as t — b and by (4) must converge to a point p. In particular,
q (t) lies in a compact set B (p,d) as t — b. The derivative is also bounded, so it
follows from theorem that starting at any time to where q(tg) € B (p,§) the
geodesic exists on an interval (—e + tg, g + €) where € is independent of ¢g. When
to + € > b we’ll have found an extension of the geodesic. This shows that the any
geodesic must be defined on [0, 00).

Finally the traditionally difficult part (2)=-(3) is an easy consequence of the-
orem We show that exp, (B (0,7)) = B(p,r) for all r > 0. It is clear
that any point in exp, (B (077")) is joined to p by a geodesic of length < r. Thus
exp,, (B (O,T)) C B(p,r). Conversely we just proved in theorem that any
point in B (p,r) is joined to p by a geodesic of length < r. But any such geodesic
is of the form qy (¢) with qx (0) = p, t € [0,1], and |X| < r. This shows that
dx (1) € exp, (B (0,7)). We now have that all of the closed balls B (p,r) are com-
pact as they are the image of a closed ball in R2. Since any bounded subset of M
lies in such a ball B (p,r) the Heine-Borel property follows. |

Exercises

(1) Show that hyperbolic space H (see is complete.

(2) Show that generalized cones and tangent developables are never complete.

(3) Consider a generalized cylinder q (s,t) = ¢ (¢t)+sX, t € I, where ¢ is parametrized
by arclength.
(a) Show that the surface is complete if ¢ is closed.
(b) Show that the surface is complete if I = R.
(¢) Show the surface is not complete if I # R and c¢ is not closed.

(4) Give an example of an abstract surface (i.e., first fundamental form) defined
on all of R? that is not complete.

7.6. Isometries

So far we’ve mostly discussed how quantities remain invariant if we change pa-
rameters at a given point. Here we shall exploit more systematically what isometries
can do to help us find and calculate geometric invariants. Recall that an isometry is
simply a map that preserves the first fundamental forms. Thus isometries preserve
all intrinsic notions. Isometries are also often referred to as symmetries, especially
when they are maps from a surface to it self.

COROLLARY 7.6.1. An isometry maps geodesics to geodesics, preserves Gauss
curvature, and preserves the length of curves.

PROOF. Let q(t) be a geodesic and F an isometry. The geodesic equation
depends only on the first fundamental form. By definition isometries preserve the
first fundamental form, thus F (q (¢)) must also be a geodesic.

Next assume that F' is an isometry such that F' (p) = ¢q. Again F preserves the
first fundamental form so the Gauss curvatures must again be the same.
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Finally when ¢ (¢) is a curve we have
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COROLLARY 7.6.2. An isometry is distance decreasing. Moreover, if it is a
bijection then it is distance preserving.

PROOF. Since isometries preserve length of curves it is clear from the defini-
tion of distance that they are distance decreasing. In case F' is also a bijection it
follows that F'~1 exists and is also an isometry. Thus both F and F~! are distance
decreasing. This shows that they are distance preserving. O

Basic examples of isometries are rotations around the z axis for surfaces of
revolution around the z axis, or mirror symmetries in meridians on a surface of
revolution. The sphere has an even larger number of isometries as it is a surface of
revolution around any line through the origin. The plane also has rotational and
mirror symmetries, but in addition translations.

It is possible to construct isometries that do not preserve the second fundamen-
tal form. The simplest example is to imagine a flat tarp or blanket, here all points
have vanishing second fundamental form and also there are isometries between all
points. Now lift one side of the tarp. Part of it will still be flat on the ground,
while the part that’s lifted off the ground is curved. The first fundamental form
has not changed but the curved part will now have nonzero entries in the second
fundamental form.

It is not always possible to directly determine all isometries. But as with
geodesics there are some uniqueness results that will help.

THEOREM 7.6.3. If F' and G are isometries that satisfy F (p) = G (p) and
DF (p) = DG (p), then F = G in a neighborhood of p.

PROOF. We just saw that isometries preserve geodesics. So if q (t) is a geodesic
with q (0) = p, then F (q(¢)) and G (q(t)) are both geodesics. Moreover they have
the same initial values

F(q(0)) = F(p),
G(q(0) = G(p),
SF@W)l=o = DF((0)),
4G eo = DG(0)).

This means that F'(q (t)) = G (q(t)) . By varying the initial velocity of q (0) we can
reach all points in a neighborhood of p. [
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Often the best method for finding isometries is to make educated guesses based
on what the metric looks like. One general guideline for creating isometries is
the observation that if the first fundamental form doesn’t depend on a specific
variable such as v, then translations in that variable will generate isometries. This
is exemplified by surfaces of revolution where the metric doesn’t depend on pu.
Translations in p are the same as rotations by a fixed angle and we know that such
transformations are isometries. Note that reflections in such a parameter where v
is mapped to vy — v will also be isometries in such a case.

EXAMPLE 7.6.4. The linear orthogonal transformations O (3) of R3 preserve the
spheres centered at the origin. Moreover, with these transformations it is possible
to solve all possible initial value problems as in theorem [7.6.3] To see this last
statement we concentrate on the unit sphere. An orthonormal basis eq, ey for
T,5% will give us an orthonormal basis ey, eq,p for R3. Let fi, f2,q be another
orthonormal basis, i.e., f1, f2 is an orthonormal basis for T, 5?. We then have two
orthogonal matrices

(i f2 o a],[er ea p]eO(3).
We define O € O (3) by

O = [hHh foalle e p]_l-
Thus
[O(e1) Ofez) O(p) ] = Oler e p]
[fl I2 Q][el €2 p]71[€1 €2 p}
= [fl I2 (I]-

In other words O (p) = g, O (e1) = f1, and O (e2) = fa. This shows that we can
solve all initial value problems.

EXAMPLE 7.6.5. The isometries of R? are all of the form F (z) = Oz + q,
where O € O (2) represents the differential O = DF (0) and ¢ € R? the initial point
q = F (0). Theorem again shows that there are no more isometries.

EXAMPLE 7.6.6. The linear transformations that preserve the space-time inner
product on R?! are denoted O (2,1). They are characterized by being of the form
O = [e e e3], where (e;|e;) = 0 when i # j, le1|” = |ea)* = 1, and
les|* = —1. Note that

x
O| y | =ze; +yes + zes
z

and that
|zer + yes + zes)? =2 + 9 — 22

This means that these transformations preserve the two sheeted hyperboloid z2 +
y? — 22 = —1. Any given O either preserves each of the two sheets or flips the two
sheets. The first case happens when O preserves H and the set of these transfor-
mations is denoted OT (2,1). We can determine when O € OT (2,1) by checking
that the 33 entry in O is positive as that means that (0,0, 1) is mapped to a point
in H. The key observation is that any orthonormal basis e1, es for T, H will give us



EXERCISES 216

an element [ e; ez p | € O (2,1). Consequently, we can, as in the sphere case,
create the desired transformation using

~1
O = [hHh fo al[en e2 p] .
Here is a slightly more surprising relationship between geodesics and isometries.

THEOREM 7.6.7. Let F be a nontrivial isometry and q(t) a unit speed curve
such that F (q(t)) = q(t) for all t, then q(t) is a geodesic.

PROOF. Since F' is an isometry and it preserves q we must also have that it
preserves its velocity and tangential acceleration

DF(@a(t) = a(,
DF (' (1) = 4 ().

As q is unit speed we have (q | ql) = 0. If §' (t) # 0, then DF preserves q(t) as
well as the basis ¢ (t) , §' (t) for the tangent space at q (¢) . By the uniqueness result
above this shows that F' is the identity map as that map is always an isometry that
fixes any point and basis. But this contradicts that F' is nontrivial. O

Note that circles in the plane are preserved by rotations, but they are not fixed,
nor are they geodesics. The picture we should have in mind for such an isometry
and geodesic is a mirror symmetry in a line, or a mirror symmetry in a great circle
on the sphere.

Exercises

(1) Show that the set of bijective isometries (or symmetries) of a surface M form
a group if they product structure is composition of isometries.

(2) Consider three distinct points p1,ps, ps € M with the property that each pair
is joined by a unique geodesic segment. Show that if an isometry fixes all three
points then it is the identity map.

(3) Consider the ellipsoid

.182 y2 22

2 + = + = =1

(a) Show that the eight maps (z,y, z) — (+z, +y, £2) are isometries.

(b) Show that when a > b > ¢ > 0 then these are the only isometries: Hint:
The Gauss curvature is calculated in section exercise Use that
isometries preserve both curvature as well as critical points for the curva-
ture to show that the three sets of points where two coordinates vanish are
preserved.

(4) Consider the parabolic surface z = %z + %z, a,b> 0.

(a) Show that all isometries fix the origin. Hint: Calculate the Gauss curvature.

(b) Show that the four maps (x,y) — (£z,£y) are isometries.

(¢) Show that when a > b, then these are the only isometries. Hint: Use that
isometries preserve both distance and curvature to show that an isometry
must preserve the curves where either x = 0 or y = 0. Specifically, on the
level set where z = R the curvature and distance to the origin is maximal
when y = 0. Moreover, when z > R the curvature is strictly smaller than
this value.
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(5) Consider a unit speed curve c(s) : [0, L] — R?® with non-vanishing curvature
and the tube of radius R around it

q(s,¢) = c(s) + R (Nccos ¢ + Besin¢)
(see section exercise [7] and section exercise .

(a) Show that the map (s, ¢) — (s, —¢) is an isometry.
(b) Assume that x has a maximum at so. Show that any isometry must fix
(507 0) '

7.7. Constant Curvature

We've already seen many models of surfaces with constant curvature and in
some cases we explicitly showed how they could be reparametrized to be isometric.
This is no accident and can be done more abstractly. The goal will be to give a
canonical local structure for surfaces with constant Gauss curvature. This will be
done in the form of a canonical parametrization.

THEOREM 7.7.1 (Gauss, 1827). If an abstract surface has vanishing Gauss
curvature, then it admits Cartesian coordinates.

PrOOF. We use geodesic coordinates along a unit speed geodesic as in propo-
sition Thus v — q(0,v) is a unit speed geodesic and all of the u-curves are
unit speed geodesics. The first fundamental form is

m:[(l) g(v)y]'

Assuming K = 0, the formula for the Gauss curvature

82 VU
K = _Zuviw
gUU
from example shows that
Voo (14,0) = V/guw (0,0) + u - (Bur/Guw) (0,0) .

‘We also have the initial condition:

0
V Gov (O,U) = ‘82‘ =1

Note that
1
6ugvv = 21 ((8u8v Q) 5 a’U Q)

= 21((0,0,9)" 0, )
= 20,1(9,q,0,q) — 21 (8u a, (97 q)l)
= 20ygu0 — 21 <6u a, (97 q)l)

= 91 (8u q, (07 q)I) ;
which vanishes at (0, v) since v — q(0,v) is a geodesic. In particular

(V/FonOur/Gow) (0,0) = Bun/Gow (0,v) = 0.

This shows that \/gu, (u,v) = 1 and hence that we have Cartesian coordinates in
a neighborhood of a geodesic. [
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THEOREM 7.7.2. (Minding, 1839) If two abstract surfaces have constant Gauss
curvature K, then they are locally isometric to each other.

PRrROOF. It suffices to show that if a surface has constant curvature K, then it
has a parametrization around every point where the first fundamental form only
depends on K.

As before we fix a geodesic coordinate system ¢ (u,v) where all u-curves are
unit speed geodesics and ¢ (0,v) is a unit speed geodesic. The first fundamental

form 1is
1 0
I = ,
g [0 gm,]

Gov (07 U)
(Our/gov) (0,0)

02/Gov
N

The last equation dictates how /g, changes along u curves and the two previous
equations are the initial values. When K = 0 we saw that ,/g,, = 1, otherwise

ow (1 v)—{ cos(\/?u), K >0,
e cosh (V=Ku), K <O0.

where as in the proof above:

|
(e i

and

O

THEOREM 7.7.3. Any complete simply connected surface M with constant cur-
vature k is bijectively isometric to Si.

PROOF. We know from theorem [7.7.2] that given z € M sufficiently small balls
B (z,r) C M are isometric to balls B (z,7) C S7. Furthermore, if ¢ € B (z,r),
qc S,%, and L : TyM — Tqu is a linear isometry, then there is a unique bijective
isometry F : B (z,7) — B(F (x),r) C S}, where F (q) = ¢ and DF|, = L. Note
that when k < 0, all metric balls in S,% are convex, while when k& > 0 we need their
radius to be < 2% for this to be true. For the remainder of the proof assume that
all metric balls are chosen to be isometric to convex balls in the space form. So for
small radii the metrics balls are either disjoint or have connected intersection.

The construction of F : M — S? proceeds basically in the same way one does
analytic continuation on simply connected domains. Fix base points p € M, p € S?
and a linear isometry L : T,M — T,;S,z. Next, let * € M be an arbitrary point.
If c € Q4 is a curve from p to = in M, then we can cover c by a string of balls
B (pi,r), i =0,....,k, where p = pg, = pg, and B (p;—1,7) N B (p;,r) # 0. Define
Fy : B(po,r) — S% so that F (p) = p and DFp|,, = L. Then define F; : B (p;,r) —
S2 successively to make it agree with F;_; on B (p;—1,7)NB (p;,r) (this just requires
their values and differentials agree at one point). Define a function G : Q,, , — S7
by G (c¢) = Fj (z). We have to check that it is well-defined in the sense that it
doesn’t depend on our specific way of covering the curve. This is easily done by
selecting a different covering and then showing that the set of values in [0, 1] where
the two choices agree is both open and closed.

If ¢ € Q,, is sufficiently close to ¢, then it lies inside a fixed covering of c,
but then it is clear that G (¢) = G (¢). This implies that G is locally constant. In




7.8. COMPARISON RESULTS 219

particular, G' has the same value on all curves in €2, , that are homotopic to each
other. Simple-connectivity simply means that all curves are homotopic to each
other so G is constant on Q, ;. This means that F' (x) becomes well-defined and a
Riemannian isometry.

If M is geodesically complete at a point p, then any point x € M lies on a unit
speed geodesic q (t) : [0,00) — M so that q (0) = p. The map F will take this to a
unit speed geodesic from p. Now any point in S7 lies on a unit speed geodesic that
starts at p, so this shows that F' is onto.

If F(z) = F (y), then we have two unit speed geodesics emanating from p that
intersect at F'(z) = F (y). When k£ < 0 this is impossible unless the geodesics
agree. Thus F is both onto and one-to-one when k < 0.

In case k > 0 two unit speed geodesics in S7 that start at p can only intersect
at the antipodal point —p. So if we have two different unit speed geodesics q;,q, :
[0,00) — M with q; (0) = p. Then F o g, (¢) are different unit speed geodesics
emanating from p that intersect when t = n7/vk, n = 1,2,3.... In particular,
F : B(p,~/vk) — S — {—p} is one-to-one and F (S (p,7/v%)) = {—p}. Then
F=1: 82 — {-p} — B(p,7/vk) is a well-defined isometry that maps points close
to p to points that are close to S (p, 7/v&). Since points that are close to p are also
close to each other it must follow that S (p, 7/v&) consists of a single point g. This
shows that all geodesics that start at p go through ¢. We can then conclude that
B (p,/v&k) = M and that F : M — S? is one-to-one. O

7.8. Comparison Results

In this section we prove several classical results for surfaces where the Gauss
curvature is either bounded from below or above. Such results are often referred to
as comparison results since they are obtained by a comparison with a corresponding
constant curvature geometry.

We start by analyzing the second derivative of energy for some very specific
variations.

LEMMA 7.8.1. (Jacobi, 1842) Let q(u,v) be geodesic coordinates where all u-
curves are geodesics along a unit speed geodesic q(0,v). Consider a variation:
u=su(t) and v=t, i.e., q(s,t) =q(su(t),t), then

2 b
%gzo = / (4® — Ku?) dt.

Proor. We write the velocity out in coordinates

oq .
T sU0, q+0y q

I(&q 8(1) — 02 + gy

and obtain

ot ot
For fixed s the energy of t — q(su

—~

t),t) is given by

b
/ (8%4° + goo) dt,
a

Keeping in mind that g,, = gy (su () ,t) the derivatives are easily calculated:

dE b 1
E = / <S’u2 + 2’U,8ug”v> dt,

E(s)=

N | =
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*E (", 1
W == / <U2 + 2U28ngv) dt.

From example we have

1 839111) + 1 <6ugvv>2
2 Gvv 4 Gov ’

Since q (0,v) is a unit speed curve we have g,, (0,v) = 1. The derivative is calcu-
lated as follows

Ouger = 21((0u0, )"0, q)
= 21((@0.0)' 0, a)
= 20,1(9ua,0,a) ~ 21 (9ua, (820)")
= 20,9 — 21 (0ua, (620)")

= —21(0uq (029)").
This vanishes when u = 0 since ¢ (0,v) is a geodesic. The result now follows. O

COROLLARY 7.8.2. (Bonnet, 1855) If K > R~2 > 0, then no geodesic of length
> R is munimal.

PrOOF. We can assume that the geodesic doesn’t intersect itself (if it does
it is clearly not minimal) and construct geodesic coordinates where ¢ (0,v) is the
given geodesic parametrized by arclength on [0, L]. Then select a variation as in
lemma of the form w (¢) = sin (¢=/r). This will yield a proper variation with
the second derivative of energy satisfying

d*E

L
@‘SIO = /0\ (U2 — KUZ) dt

/OL <<z)2 cos? (t/1) — R™2 sin? (t”/L)) gt

(7) /O " cos? (tn/1) dt — B2 /O " (t7/0) dt

(G) -5

This is strictly negative when L > 7R showing that the geodesic is a local maximum
for the energy. Since the variation is fixed at the end points there will be nearby
curves of strictly smaller energy with the same end points. Corollary [7.3.6] then
shows that it can’t be a minimum for the length functional. [l

IN

COROLLARY 7.8.3. (Hopf-Rinow, 1931) If a complete surface satisfies K >
R72 > 0, then all distances are < TR and must in particular be a closed surface.

THEOREM 7.8.4. If a closed surface has positive curvature, then any two closed
geodesics intersect.

PRrROOF. Assume otherwise and obtain a shortest geodesic between the two
closed geodesics. This geodesic is perpendicular to both of the closed geodesics. In
particular if we let it be the q (0, v) curve in a geodesic parametrization, then the
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curves q (u,0) and q (u, L) are our two closed geodesics. Now consider the variation
where s = u and t = v, then the second variation is given by

d2 b b
d2|§ 0= / (utKu?)dt:/ —Ku?dt < 0.

This shows that the curves v — ¢ (u,v) are shorter than L. As they are also curves
between the two closed geodesics this contradicts that our original curve was the
shortest such curve. O

THEOREM 7.8.5. (Mangoldt, 1881, Hadamard, 1889?) A complete surface M
with K <0 admits a global parametrization q (u,v) where (u,v) € R?. If on R? we
introduce the first fundamental form from M, then we obtain a complete metric on
R? with K < 0 where all geodesics are minimal.

PrOOF. The parametrization is given by the exponential map. Identify a fixed
tangent space T, M with R? via a choice of orthonormal basis E;, E» and intro-
duce Cartesian (z,y) as well as polar coordinates (r,0). We can use q(r,0) =
exp,, (rcosOF; + rsinfFE;) as a potential parametrization on M. Even when it
isn’t a parametrization as in lemma [7.4.4] we note that it is a geodesic variation
with the radial lines as unit speed geodesics. We have the velocity fields 9, q, 99 q
for the r- and f-curves which for each (r,0) give us tangent vectors in T, gy M.
Since the r-curves are unit speed geodesics we have |0, q| = 1 everywhere. We
can also show that I(0,q,0pq) = 0. First note that it vanishes at » = 0 since
09 q(0,8) = 0. Next observe that I(9, q,0pq) = 0 is constant since

@

0, 10ra,000) = 1((020)".00a) +1(0, . (00 a))
( rd, (960r q) )
Oy

1(0,q,0,q)

I
1
2
0.

Thus 1 (9, q, 09 q) = 0 everywhere. It follows that D exp,, is nonsingular at a point
(r,0) precisely when I (9 q,dpq) > 0 at (r,0).
Define a first fundamental form on R? by

9rr  gro — 1 0
Jgor 960 0 goo |’

geo = |D exp,, (—yEr + IE2)|2 =1(0pq,0pq) -

When D exp, is nonsingular this corresponds precisely to the first fundamental
form of M in this parametrization.

By continuity exp,, : T;, M — M is nonsingular on some open set O that contains
the origin. Let B (0, R) C O be the largest ball inside O. We claim that R = oo
and note that if R < oo then the closure B (0, R) cannot be contained in O. On
B (0, R) the (r, #)-coordinates are geodesic polar coordinates with respect to

o
0 gee |-

where
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Since they correspond to the first fundamental form on M the Gauss curvature

satisfies )
0> K= 778”/%.
> N
In particular, 872.\/9% > 0. Consequently, \/gge is a nonnegative convex function in
r. Moreover it vanishes at r = 0 and is positive for € (0, R). Thus it is impossible
for this function to vanish when r = R. This shows that B (0,R) C O can’t be
maximal unless R = oo.

This gives us the desired global parametrization on M with a first fundamental
form on R? that has K < 0. This will also help us establish the second part of the
result. In fact, no metric on R? with K < 0 can have geodesics that intersect at more
than one point as that would violate Gauss-Bonnet. Consider two geodesics q; (t)
and qs (t) with g, (0) = p. By lemma([7.4.4] they can’t intersect near p. Therefore, if
they intersect at some later point, then there will a point ¢ # p closest to p where
they intersect. In this case we can after reparametrizing assume that q; (1) = ¢
and that when restricted to ¢ € [0,1] there are no other intersections between the
geodesics. Now create a triangle by using p, ¢, and, say q; (1/2), as vertices. This
triangle has angle sum > 7 as one angle is w. This however, violates the Gauss-
Bonnet theorem as the whole triangle is a simple closed curve of rotation index 27
when oriented appropriately. Specifically, as the geodesic curvature vanishes the
Gauss-Bonnet theorem tells us

0> KdA =27 0;,
a(R)
where 6; are the exterior angles at the three vertices. Since they are complementary
to the interior angles «, 8,y we have

oz/ KdA=2m—Y 6i=-m+a+B+7.
a(R)

O

REMARK 7.8.6. There are different proofs of the latter part that do not appeal
to the Gauss-Bonnet theorem.



CHAPTER 8

Riemannian Geometry

As with abstract surfaces we simply define what the dot products of the tangent
fields should be:

g1 - Yin

gn1 - Inn

The notation guqi = 0; q for the tangent field that corresponds to the velocity of
the u® curves is borrowed from our view of what happens on a surface.

We have the very general formula for how vectors are expanded

vV = [U - Un]([Ul .U, ]t[Ul .U, ])7 (U, - Ua ]tV
(U | U)o (U2 [U) ] [ (Un | V)
= [ - Un] : : :
(Un|U1) (Un|Un) (Un|V)

provided we know how to compute dot products of the basis vectors and dots
products of V' with the basis vectors. So we will now assume that were are given
a symmetric matrix [I] = [g;;] of functions on some domain U C R™ that uses u’
as parameters. We shall further assume that this first fundamental form has non-
vanishing determinant so that we can calculate the inverse [I] ' = [97]. We shall
then think of g;; = 1(9;q,0;q) as describing the inner product of the coordinate
vector fields and g as a point on the space we are investigating. When dealing with
surfaces we also used that this defined an inner product. For the moment we will
not need this condition.

We can define the Christoffel symbols in relation to the tangent fields when we
know the dot products of those tangent fields:

1
Tijp = 3 (059K + 0igrj — Okij) »
]

PRrOPOSITION 8.0.1. The metric and Christoffel symbols are also related by
Ogij = Thij+Thj
Org” = - Zgilril +9''Th
l

223
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ProOF. The first formula follows directly from the definition
1
Phij +Trji = 5 (Okgij + Oigrj — 0i9ri)

1
+3 (Orgji + 0igri — Oigj)
= Ongji-

For the second we first have to calculate the derivative of the inverse of a matrix.
Symbolically this is done as follows. If I,, = [5;] denotes the identity matrix then

I, = [M@m"
6] = gung"™
SO
0=0,0, = QI +ma, ("
0=0:6] = Y ugug” +_ gir0sg"
l k
showing that
o[ g e mm
059" = = ¢"0.9ug"
4,0

We can now use the first formula to prove the second

Ohg? = = 9" hgug"

s,t

= - Z 9" (Dhst + Ties) g7
s,t

= - Z gisrkstgtj - Z gisrktsgtj
s,t s,t

S WS L
s t

= - Zgilrgcz +¢''Th
l

O

While we have not yet specified where g is placed we can still attempt to define
second partials intrinsically. This means that we imitate what happened for surfaces
but assume that there is no normal vector.

To start with we should have

(81‘2]‘Q|8k a) =ik
leading to
31-2]-(1 = [diq - anQ][I]il[Fijl o T }t

1
I

[31q 811(1] :
Iy
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Note that the symmetry of the metric and Christoffel symbols tell us that we still
have
81'23' q= ajz’i q.

This will allow us to define intrinsic acceleration and hence geodesics. It’ll also
allow us to show that the stationary curves for energy are geodesics. If in addition
the metric is positive definite, i.e., I(V,V) > 0 unless V = 0, then we can define
the length of vectors and consider arc-length of curves. It will then also be true
that short geodesics minimize arc-length.

To define curvature we collect the Gauss formulas
oo,

0 01q - na] = [Oa - Bual| ¢ .
Iy e T
= [dq -+ Onq ][Iy
and form the expression
9; 5] = 0; [I3] + [I] [T5] — [T [T']

that we used to define the curvatures involved in the Gauss equations.
This time we don’t have a Gauss curvature, but we can define the Riemann
curvature as the k,l entry in this expression:

[Rij] = 0i[] = 05[] + [I] [T] = [Ty] [T4],
Tl BN

n n

ik ik
This expression shows how certain third order partials might not commute as this
formula indicates that

1
Rijk

azajkq_a?ikq: [ oiq -+ Onq ]
n
ik
But recall that since second order partials do commute we have
a?jk q= a?kj q
Thus the third order partials commute if and only if the Riemann curvature
vanishes. This can be used to establish the difficult existence part of the next result.

THEOREM 8.0.2. [Riemann| The Riemann curvature vanishes if and only if
there are Cartesian coordinates around any point.

PrOOF. The easy direction is to assume that Cartesian coordinates exist. Cer-
tainly this shows that the curvatures vanish when we use Cartesian coordinates, but
this does not guarantee that they also vanish in some arbitrary coordinate system.
For that we need to figure out how the curvature terms change when we change
coordinates. A long tedious calculation shows that if the new coordinates are called

v’ and the curvature in these coordinates Réj x> then

- ou® uP our vt s

R, =g dw ou ov
kT Bt Qui vk dud T P
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Thus we see that if the all curvatures vanish in one coordinate system, then they
vanish in all coordinate systems.

Conversely, to find Cartesian coordinates we set up a system of differential
equations

9iq = U;
Gl U o U] = [Ui - U ][]
whose integrability conditions are a consequence of having vanishing curvature. We
select a point ug € U in our given parametrization and assume that we are looking

for a map q: U — R" where q (ug) = 0 and U; (up) = u; a suitable basis for R”.
The integrability conditions for the first set of equations are

0,U; = 0;U;
which from the second set of equations imply that
F}j Fjl-i
LTS B A
I %

These conditions holds since Ffj =Tk,
For the second set of equations the integrability conditions are given by

([ U - U ][y =0;([ U1 -+ Un |
which we know reduce to
9; [Uy] + 1] [Ty] = 95 [T4] + [T'y] [T'4]

These conditions hold because we assume that [R;;] = 0.

This means that we can solve these equations on some neighborhood of ug € U
with the specified initial conditions. We then have to show that the new parametriza-
tion is Cartesian. The new parameters are given by the coordinates for q, i.e.,

(wl,...,x") = (ql, ...,q") = q(ul,...,u”)
Thus

and
9 q" = 51‘U]k = Ulk]-—‘éj =04 Péj

The new first fundamental form is then given by

. out  ou?

Gt = k9 gl

~ ou’ ou’
O] = [&ck] (9] [&rl}

Unfortunately we don’t know what the matrix [%] is. It is given as the inverse

of {gﬁk} which in turn is the matrix [ v, --- U, ] by our first equations. This

means that we have
k l
 Ox ij ou

R~ Y LR % I S
= 559" 57 = 04" 999;a
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We can now calculate the derivative of this as
95" = 0.d"g70;d' +0;d" 90,5 ¢

+0; " 0597 9; ¢

= ﬁt qk F';,g”ﬁj ql +81 qk gijat ql Fij
—0;q" (gitrgt + gjtrit) 9;q

= 0q" Féigijaj q' —0;q" gjtrit‘?j q
+0;q* g7 0, ' T — 9, ¢* g"'T%,0; ¢

= 0+0

showing that the new metric coefficients are constant. We can then specify the basis
u; so that the new metric becomes Cartesian at ug and hence Cartesian everywhere
since the metric coefficients are constant. (]



APPENDIX A

Vector Calculus

A.1. Vector and Matrix Notation

Given a basis e, f for a two-dimensional vector space we expand vectors using
matrix multiplication

v:vee—i—vff:[e f][;};}

The matrix representation [L] for a linear map/transformation L can be found from

(1@ L] = [e £
e[ EE
- e 1]y o]

Next we relate matrix multiplication and the dot product in R?. We think of vectors

as being columns or 3 x 1 matrices. Keeping that in mind and using transposition
of matrices we immediately obtain:

Xty =

XX, V2] =

t

X -
[ (
(X v ]'x = [
(X v K

(X Y] = X1|X2 X1|Y2)}

(Y1]X2) (Y1|Y2)

t (X1 ]X2) (Xi|Ya) (Xi|Z2)
[ X1 Yz ] [ Xo Yo Zy } = (Yl | X2) (M| Y2) (Yi|Z2)
(211 X2) (Z1|Y2) (2] Z2)

These formulas can be used to calculate the coefficients of a vector with respect
to a general basis. Recall first that if E;, Es is an orthonormal basis for R?, then

X = (X|E1)E1+(X|E2)E2
- [BL B2 ][E E|'X

So the coefficients for X are simply the dot products with the basis vectors. More
generally we have

THEOREM A.1.1. Let U,V be a basis for R?, then

x = [vv](lvv][lu V])il[U v'x
- [U V]([U vI'[u V])_l{ggig]

228
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ProOF. First write
X’LL
X=[U V] { < ]
The goal is to find a formula for the coefficients X“, X in terms of the dot products
X -U, X -V. To that end we notice

53] - v vy

(v v]'[U v][

Showing directly that
e l=Guvrte vy Y
and consequently
x=[v vi(lv v])[v V])_l{(mm}
[

REMARK A.1.2. There is a similar formula in R3 which is a bit longer. In prac-
tice we shall only need it in the case where the third basis vector is perpendicular
to the first two. Also note that if U,V are orthonormal then

(v v]'[U V]:[(l) H

and we recover the standard formula for the expansion of a vector in an orthonormal
basis.

THEOREM A.1.3. A real symmetric matriz, or symmetric linear operator on a
finite dimensional Euclidean space, has an orthonormal basis of eigenvectors.
PRrROOF. First observe that if we have two eigenvectors
Av = v, Aw = pw
where A # p, then
A= p) ('w) = () w— ot (uw)
= (Av)'w— o' (Aw)
= v'A'w — v Aw
vt Aw — v Aw

0

so it must follow that v L w.

This shows that the eigenspaces are all perpendicular to each other. Thus we
are reduced to showing that such matrices only have real eigenvalues. There are
many fascinating proofs of this. We give a fairly down to earth proof in the cases
that are relevant to us.

For a 2 x 2 matrix

b
Il
| — |
S Q

SR
[ I
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the characteristic polynomial is
N — (a+d) X+ ad — b
so the discriminant is
A=(a+d)?—4(ad—b*) = (a—d)>+4b*> >0

This shows that the roots must be real.

For a 3 x 3 matrix the characteristic polynomial is cubic. The intermediate
value theorem then guarantees at least one real root. If we make a change of basis
to another orthonormal basis where the first basis vector is an eigenvector then the
new matrix will still be symmetric and look like

A 0 O
0 a b
0 b d

The characteristic polynomial then looks like
A=X) (N = (a+d)A+ad—b?)
where we see as before that A2 — (a + d) A\ + ad — b? has two real roots. O

A.2. Geometry

Here are a few geometric formulas that use vector notation:
e The length or size of a vector X is denoted:
X[ = V(X[ X)
e The distance from X to a point P:
| X —P|
e The projection of a vector X onto another vector N:
(X | N)
INJ?
e The signed distance from P to a plane (or in R? to a line) that goes
through X, and has normal N, i.e., given by (X — Xy | N) =0:
(P—=Xo|N)
N
the actual distance is the absolute value of the signed distance. This

formula also works for the (signed) distance from a point to a line in R2.
e The distance from P to a line with direction IV that passes through Xj:

oy =X NP
NP

(X—-Xo| N

)
(P — Xo) — N N

e The area of a parallelogram spanned by two vectors X,Y is

\/det([ x v]'[x v])
e If X, Y € R? there is also a signed area given by
det[ X Y |
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If X,Y € R3 the area is also given by
| X x Y|

The volume of a parallelepiped spanned by X,Y, Z is

\/det<[X v 2]'[X v 7])

If X,Y,Z € R? the signed volume is given by
det[ X YV Z] = (X,(Yx2))
— X'(Y x 2)

e The

A.3. Geometry of Space-Time

We collect a few of the special features of space-time R?! where we use the
inner product

X Y =X"Y*+ XVYY - X*Y*.

A.4. Differentiation and Integration

A.4.1. Directional Derivatives. If h is a function on R? and X = (P, Q, R)
then
oh oh oh
Dxh = P— — —
X ox + Qay * 0z
= ((Vh) | X)

= [VH]'[X]
- | % & 2|«

and for a vector field V we get
av. 9V v
Dxv=| % % 3|
We can also calculate directional derivatives by selecting a curve such that ¢(0) =
X. Along the curve the chain rule says:

d(Voc) [ av av av ][dc]
el B R N R

Thus
d(Voc) 0

DxV = 7 (0)

A.4.2. Chain Rules. Consider a vector function V : R?> — R™ and a curve
c¢: I — R3. That the curves goes in to space and the vector function is defined on
the same space is important, but that it has dimension 3 is not. Note also that the
vector function can have values in a higher or lower dimensional space.

The chain rule for calculating the derivative of the composition V o ¢ is:

d(Voc):[al ov W}Bﬂ

dt ox oy oz
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There is a very convenient short cut for writing such chain rules if we keep in
mind that they simply involve matrix notation. Write

x= |y
and
c(t)y=X (1)

Then this chain rule can be written as
A(Voc) oV dx

dt 90X dt
were we think of
o _ v [ v 9V AV }
0X  O(z,y,z2) Oz 9y 0z
and
X _d |
at ar |
z

It is also sometimes convenient to have X be a function of several variables,
say, X (u,v). In that case we obtain

oV (X (u,v)) 0V 0X
ou T 0X du
as partial derivatives are simple regular derivatives in one variable when all other
variables are fixed.

A.4.3. Local Invertibility. Mention Inverse and Implicit Function Theo-
rems. Lagrange multipliers.

A.4.4. Integration. Change of variables. Green’s, divergence, and Stokes’
thms. Use Green Thm to prove the change of variable formula, and similarly with
Stokes.

A.5. Differential Equations

The basic existence and uniqueness theorem for systems of first order equations
is contained in the following statement. The first part is standard and can be found
in most text books. The second part about the assertion of smoothness in relation
to the initial value is very important, but is somewhat trickier to establish.

THEOREM A.5.1. Given a smooth function F' : R x R" — R"™ the initial value
problem

d
ax:F(t,x), z(0) =g
has a solution
' (t)
z(t) = :
" ()

that is unique on some possibly small interval (—e,€). When |xg| < R, we can pick
€ independently of xo. Moreover this solution is smooth in both t and the initial
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value xg. In case |F (t,x)| < M + C|x| for constants M,C > 1 we can choose
€ = 00.

PROOF. The proof is quite long and consists of several different proof. The
existence and uniqueness is relatively standard. The long term existence is less
standard so we supply a proof below. The smoothness on initial values is also
standard but not covered in all texts (see , however, MM for a good proof).

Long term existence:..................... (|

The above result was strictly about ODEs (ordinary differential equations), but
it can be used to prove certain results about PDEs (partial differential equations)
as well.

We consider a system

2wt = P (u,v,x)

0

%x - Q(U,’Uﬂf)
X (0,0) = X

where z (u,v) is now a function of two variables with values in R™.
The standard situation from multivariable calculus is:

THEOREM A.5.2. (Clairaut’s Theorem) When P = P (u,v) and Q = Q (u,v)
do not depend on x a solution to

gux = P (u,v)
%l‘ = Q (U7 U)
z(0,0) = o
can be found if and only if the system is exact, i.e.,
0 0
—Q=—P.
ou v

This solution will be defined on all of R? provided P,Q : R?> — R.

PROOF. If such a solution exists, then it follows that
o . 0z 9Pz 09
u’  udv  Ovdu v
Conversely start by defining 1 (u) as

xl(u):xo+/0uP(s,O)ds.

Next define the function z (u,v) for a fixed u by

x (u,v) = x1 (u)+/OUQ(u,t)dt.

This gives us
— =@, z(0,0) = zo.
v » 2(0,0) =20

Thus it remains to check that 9
T

ou
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Note however that when v = 0 we have

ox dxq
More generally the v-derivatives satisfy
Pz O
ovou  udv
)
- Ou
_ o
o’
So it follows that
9 (0= _pY)_
Ov \ du B
For fixed w this shows that
v oz _ P
ou
is constant. Since (?TZ — P) (u,0) = 0 this implies that % =P. ]

This result can be extended to the more general situation as follows. When
computing the derivative of P (u, v,z (u,v)) with respect to v it is clearly necessary
to use the chain rule

0 oP OP Oz 8P 8P
% (P (’U/,’U,.’E(’U/,’U))) av + 5= or 87) % Q
where 22 5, 1s the partial derivative of P keeping v and x fixed. Snmlarly

0Q 0Qox  0Q 8@
30 @) = Y o T o T ot
so if a solution exists the functions P and () must satisfy the condition

o or, 09 00,
ov 895

This is called the integrability condition for the system. Conversely we have
THEOREM A.5.3. Assume P,Q : R? x R" — R"™ are two smooth functions that
satisfy the integrability condition

0 0 0 0
0P 0P, 00 00,

v (9x
The solution
x! (u,v)
z (u,v) =
" (u,v)
for the initial value problem
0
%Z‘ = P (ua v, Jf) ’
0
%x = Q (’LL, v, J") ’
z(0,0) = =z

exists and is unique on some possibly small domain (—e,€)>. When |P|,|Q| <
M + C'|z| for constants M,C > 1 the solution exists on all of R?.
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PROOF. We invoke theorem [A75.3] to define z; as the unique solution to

d

@.’El (U) =P (u, 0,1’1 (u)) , L1 (0) = Z9-

Next use theorem to define the function z (u,v) for a fixed u as the solution
to

im (u,v) = Q (u,v,x (u,v)), = (u,0) =2 (u)

dv
as well as to check that x (u,v) is smooth in both variables. This gives us
8x
a. Q7 ( ) = To.
Thus it remains to check that
o,
ou
Note however that when v = 0 we have
d
g (u,0) = dzl (u) = P (u,0,z (u,0)).
More generally the v-derivatives satisfy
x  O%x
ovou  Oudv
0
= Q)
_ 99, 0Qos
 Ou 8x Ju
B 8P op Q B 8£ 0Q 0z
B 61) Oz du

and

QP( ) = 8P+8P8x_8j+8j
ov Uy 0y & ov Ox Ov ov ox

0 (0Ox oQ
&(m‘ﬂ m(%‘@

For fixed u this is a differential equation in 22 — P. Now (2 — P) (u,0) = 0 and

So it follows that

ou ou
the zero function clearly solves this equation so it follows that
ox
——P=0
ou

for all v. As u was arbitrary this shows the claim.
In case |P|,|Q] < M + C'|z| we can invoke theorem to see that x is also
defined for all (u,v) € R%. O

REMARK A.5.4. It is not difficult to expand this result to systems of m equa-
tions if x has m variables.

The most important case for us is when x = X is a row matrix of vector
functions

= [ v, - U, ]’
where U; : @ — V are defined on some domain 2 C R™ and the vector space
V' is m-~dimensional. We will generally assume that for each p € Q the vectors
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Ui (p),...,Un (p) form a basis for V. This implies that the derivatives of these
vector functions are linear combinations of this basis. Thus we obtain a system
0
o’
where [D;] is an m x m matrix whose columns represent the coefficients of the
vectors on the left hand side

(Ui - Un]=[U1 -+ Un][Di],

dl,
aU; v
out

:d}jU1+'~~+d?}Um:[U1 Um} :
%
In this way each of the entries are functions on the domain dfj Q=R
The necessary integrability conditions now become

02 02
guow LUt Un =gl Un ]
As
0? 0 0
— (v - U, = —=(—[U, - U,
outoud [ U ] ou’ <8u3 [ U ]>
0
- D (v U D)
= 8‘[[]1 Um] [D»]+[U1 Um] 6.[D,]
ou’ J out
0
= [Uy - Un|DDjl+[ U0 - Um]aui [D;]
0
and Uy, ..., U, form a basis the integrability conditions become
0 0
[Di] [D;] + T [D;] = [D;][Di] + Jui [Di] .
Depending on the specific context it might be possible to calculate [D;] without
first finding the partial derivatives
oU,
ou’
but we can’t expect this to always happen. Note, however, that if V' comes with
an inner product, then the product rule implies that
0(Ux-Uy)  0U oU;
Tow ow UTUe G
This means in matrix form that
0 t
8u2([ U, --- Um] [Ul coe Upn ])
= i[Ul e U }t (U - Un ]+[U0 - Un ]t a,[Ul o Up ]
ou? ou’
= D[ - U [ - Un ]+[Ui - U ][ Uh Un | D]
Or more condensed
0

- (XUX) = (D) XX + XX (D).
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If we additionally assume that dfj = d?i, then we obtain the surprising formula:

db — gkl (agli 9915 89“).

ow — out oul




APPENDIX B

Special Coordinate Representations

The purpose of this appendix is to collect properties and formulas that are
specific to the type of parametrization that is being used. These are used in several
places in the text and also appear as exercises.

B.1. Cartesian and Oblique Coordinates

Cartesian coordinates on a surface is a parametrization where

a-[4 ¢]

Oblique coordinates more generally come from a parametrization where

a b
m=| 7]
for constants a,b,d with a,d > 0 and ad — b > 0.

Note that the Christoffel symbols all vanish if we have a parametrization where
the metric coefficients are constant. In particular, the rather nasty formula we
developed in the proof of Theorema Egregium shows that the Gauss curvature
vanishes. This immediately tells us that Cartesian or oblique coordinates cannot
exist if the Gauss curvature doesn’t vanish. When we have defined geodesic coordi-
nates below we’ll also be able to show that even abstract surfaces with zero Gauss
curvature admit Cartesian coordinates.

B.2. Surfaces of Revolution

Many features of surfaces show themselves for surfaces of revolution. While
this is certainly a special class of surfaces it is broad enough to give a rich family
examples.

We consider

q(t, ) = (r(t) cos p,r () sinu, z () = re, + zes.

It is often convenient to select or reparametrize (r,z) so that it is a unit speed
curve. In this case we use the parametrization

Q(Snu’) = T(S) €T+Z(S) €3,
P4+ =1
We get the unit sphere by using r = sins and z = cos s.
We get a cone, cylinder or plane, by considering r = (at + ) and h = ¢. When
~v = 0 these are simply polar coordinates in the q, y plane. When o = 0 we get a

238
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cylinder, while if both a and 7 are nontrivial we get a cone. When a? ++2 =1 we
have a parametrization by arclength.
The basis is given by

dq . .
e re, + zes,
dq
— = re
ou “
—zZe, + 1es
n = ——
Vi2 42
and first fundamental form by
gu = F+77
Jup = 2
Gty =

Note that the cylinder has the same first fundamental form as the plane if
we use Cartesian coordinates in the plane. The cone also allows for Cartesian
coordinates, but they are less easy to construct directly. This is not so surprising
as we just saw that it took different types of coordinates for the cylinder and the
plane to recognize that they admitted Cartesian coordinates. Pictorially one can
put Cartesian coordinates on the cone by slicing it open along a meridian and then
unfolding it to be flat. Think of unfolding a lamp shade or the Cartesian grid on a
waffle cone.

Taking a surface of revolution using the arclength parameter s, we see that

On . .

55 = s (—Ze, + re3)
= —Ze, + 7T

on 7] . .

o = o (—Ze, + Te3)

= —Ze,

The Weingarten map is now found by expanding these two vectors. For the last
equation this is simply

on .
w = —Z€q
Z
= ——re,
_ %04
N r ou
Thus we have
LZ = LK =0,
o 2

14
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This leaves us with finding Lg. Since % is a unit vector this is simply
on 0
rr o= -4 9d
0s = Os
(—Ze, + 7| re, + Zes)
= Zr—iz
Thus
= (Zr—72) -
(7 — i) =

-4+ zr—-rz
r

In the case of cylinder, plane, and cone we note that K vanishes, but H only
vanishes when it is a plane. This means that we have a selection of surfaces all with
Cartesian coordinates with different H.

We can in general simplify the Gauss curvature by using that

1 = P4+ 2,
d(r?+ 22
This implies
22
K = (rrrz>z
z r
_ T2 2
= Do)
B 7
N r
82
_ _@(\/grr)‘
Grr

This makes it particularly easy to calculate the Gauss curvature and also to con-
struct examples with a given curvature function. It also shows that the Gauss
curvature can be computed directly from the first fundamental form! For instance
if we want K = —1, then we can just use r (s) = exp (—s) for s > 0 and then adjust
z (s) for s € (0,00) such that

1=72422

If we introduce a new parameter ¢t = exp (s) > 1, then we obtain a new parametriza-
tion of the same surface

q(t,p) = a(n(t),p)
exp (—Int)e, + z(Int) e

1
= o +z(Int)es
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To find the first fundamental form of this surface we have to calculate

1
%z (Int) = =1

I
=
[
T
@
[}
T
T
»
S~—"
S~—"
I

1
= 1 fexp(f21nt)z

B /1 11
o 2t

R L]

Thus

This is exactly what the first fundamental form for the upper half plane looks like.
But the domains for the two are quite different. What we have achieved is a local
representation of part of the upper half plane.

Exercises.

(1) Show that geodesics on a surface of revolution satisfy Clairaut’s condi-
tion: 7sin ¢ is constant, where ¢ is the angle the geodesic forms with the
meridians.

B.3. Monge Patches

This is more complicated than the previous case, but that is only to be expected
as all surfaces admit Monge patches. We consider q (u,v) = (u, v, f (u,v)). Thus

dq of
% - <1703 au>a

dq of
v <0’1’8v>




Guu

Gov

Guv

det [T]

So we immediately get

Lopywy =
2 2
¢1+(%)+(%)

B.3. MONGE PATCHES

_ of
B 1+<3u> ’
(o
N 1+<8v) ’

_ofor
Oou Ov’

1+( ) 9raf

sy (g

2

- () ()

0%q (o0 0% f
8w18w2 - ’ 78101(911)2

*f of

8w18w2 87’[1)3

le woawg ~

i

811)1 ng

The Gauss curvature is then the determinant of

Ly
L= { 5
K
We note that
=
1] =

Ly | Lg™ g ]| Lo
1 Luyw L
— d t uu uv
det [I] ¢ |: Lyw Ly :|
@zfi,<wff
o Ou? dv2 Oudv
det [1]?
af 2 af of
1|1+ (7) ~u oo
det [T of of of
W -85 1+ (%

242
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and the Weingarten map

—1
(L] = [ [
B 2
o of of
_o_ () s [ 2
- g of of or\° of 24
(det [1]) T 7) dudv oot
- , ,
af 9*f _ of of 9*f of 9°f _ ofofoif
1 1+(T> 5uz ~ 5 ov Dby 1+<7) Dudv — Du By DT
= 3 2 2 2 2 2
3 or\?\ & _ ofof &*f or\*\ o°; _ oror o
(det 1)) 1+(%) Jads ~ Bu Ov O 1+(%) v% ~ Du 0v Ou

This gives us a general example where the Weingarten map might not be a sym-
metric matrix.

B.4. Surfaces Given by an Equation

This is again very general. Note that any Monge patch (u, v, f (u, v)) also yields
a function F (z,y,2) = z — f (z,y) such that the zero level of F is precisely the
Monge patch. This case is also complicated by the fact that while the normal is
easy to find, it is proportional to the gradient of F, we don’t have a basis for the
tangent space without resorting to a Monge patch. This is troublesome, but not
insurmountable as we can solve for the derivatives of F. Assume that near some
point p we know %—f # 0, then we can use z,¥y as coordinates. Our coordinates
vector fields look like

dq of
— = 1,0,
ou < 8u>
9q of
— = (0,1
v ( o 8v>
where oF
U _ ouw
Ow or
Thus we actually get some explicit formulas
AF
A R i
au ) ) %7};‘ b
aF
94 _ (0,1 —Bv> .
v ’ %—F

We can however describe the second fundamental form without resorting to
coordinates. We consider a surface given by an equation
F(x,y,z)=C.
The normal can be calculated directly as
VF
= W
This shows first of all that we have a simple equation defining the tangent space at

each point p
T,M={Y eR®|Y -VF(p)=0}.
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Next we make the claim that

1

H(XY) = —gp (DxVEY)
1

— _Y.DyVF

|VF| X )

where Dy is the directional derivative. We can only evaluate II on tangent vectors,
but Y - DxVF clearly makes sense for all vectors. This has the advantage that we
can even use Cartesian coordinates in R? for our tangent vectors. First we show
that

L(X)=—-Dxn.
Select a parametrization q (u, v) such that

d o

X9 _ VF

) VF|'

S X 8—3‘ IVF|

The Weingarten equations then tell us that
dq dn
L{—)=—5—=—-Dosqn.
(8w> ow s
We can now return to the second fundamental form. Let Y be another tangent
vector then, Y - VF =0 so
-II(X,)Y) = —-I(L(X),Y)
= Y. DX n

1 1
= Y | Dy—— F+Y. . ——D F
( X|VF|>V YR Y

=Y DxVF.

1
IVE|
Note that even when X is tangent it does not necessarily follow that Dx V F is also

tangent to the surface.

In case %—5 # 0 we get a relatively simple orthogonal basis for the tangent

space. In case ‘g—i = %—Z = 0 we can simply use

X: (17070)7 Y: (07170)

otherwise we obtain an orthogonal basis by using

oF OF
X = (—,—
( 8y ) a.’I; 9 0> )
y - (QFOF 9FOF _((0F\* (OF\®
N 0z 0z’ 0z Oy’ Ox Ay '
With that basis the Weingarten map can then be calculated as

L] = [ [y

X0 (X, X) II(X,Y
B [ 0 |Y|2HII(X,Y) 11 (
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To calculate the second fundamental form we use that

245

r 9*F  9%°F  9°F 1
Ox2 Oxdy  Ox0z
OVF 9VF 9VF | _ ’°F  9’F  O°F
ox dy 0z - dyox 6%;2 Oyoz
°F  9°F  9°F
L 0z0x 0z0y 022
So
r 0°F  0°F  9°F ] )
1 0z2 Oxdy  Ox0z e
I1(X, X) = _OF OF ’F  9°F  9°F oF
’ |VF| oy ox 8y28:r 85;2 8y282 0 ’
9°F  9°F  O°F 0
L 0z0x 020y 022
9*F 9%*F 9%*F OF OF
Ox2 O0xdy  Oz0z 2, QL
II(X,Y)= 1 _oF 9F 92F  9’°F  H*F %%—1;
) VF Oy ox OyOx Oy? oyoz 2
IVF| o'r  o'r  hF _ (CL)Q _(oFE
0z0x 920y 022 oz Oy
o’F  9°F  9*F
1 2 Ox2 Ox0y  O0x0z
(YY) = OF 9F  QF 9F  _ ((LF)? _(or o’°F  O°F  O°F
’ ‘VF| 0z Ox 0z Oy ox Ay Oyox 8;/2 Oyoz
9°F  9°F  9'F
0z0x  0z0y 022

@
S
@

&
B

Q
Y
QD
<

Exercises.

(1) If q is a curve, then it is a curve on F' = C if q(0) lies on the surface
and ¢ - VF vanishes. If q is regular and a curve on F = C| then it
can be reparametrized to be a geodesic if and only if the triple product
det [VF,q,q] = 0.

B.5. Geodesic Coordinates

This is a parametrization having a first fundamental form that looks like:

1 0
I_[O gw}

This is as with surfaces of revolution, but now g,, can depend on both u and v.
Using a central v curve, we let the u curves be unit speed geodesics orthogonal
to the fixed v curve. They are also often call Fermi coordinates after the famous
physicist and seem to have been used in his thesis on general relativity. They
were however also used by Gauss. These coordinates will be used time and again
to simplify calculations in the proofs of several theorems. The v-curves are well
defined as the curves that appear when u is constant. At © = 0 the v and v curves
are perpendicular by construction, so by continuity they can’t be tangent as long
as u is sufficiently small.

Exercises.

(1) Consider a parametrization q(s,t) where the s-curves are unit speed
geodesics and % (s,0) L % (s,0). Show that

dq dq
g (Sat) 1 a (S,t)

and conclude that such a parametrization defines geodesic coordinates.
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(2) Show that for geodesic coordinates:

Fvwu = 0,
Fyww = 0= Fvuua
1 9gvo
Fvvu = -3 y
2 Ou
1 99wy
Fvvv = 3 ;
2 Ov
1 99w
Fuvv = 3 = Fvuva
2 Ou
uuv 07
Y = Tijus
, 1
F}j = gjrijva

and

oo w1 (a%;gw - (augw)z)

g’U'U 2 g’U'U g’L)'U

B.6. Chebyshev Nets

These correspond to a parametrization where the first fundamental form looks

like:
1 ¢
=]
_ 1 cos 6
o cosf 1 ’
The idea is to have a material such as a fishnet where the fibers are not changed in
length or stretched, but are allowed to change their mutual angles.

Note that such parametrizations are characterized as having unit speed param-
eter curves.

Exercises.

(1) ???Show that any surface locally admits Chebyshev nets. Hint: Fix a
point p = q (ug, vg) for a given parametrization and define new parameters

s(u,v) = /u:\/mdx
t(u,v) = /U:\/mdy

Show that % (ug,v9) =0 = g—t (ug,vo) and conclude that (s,t) defines a

u
new parametrization that creates a Chebyshev net.

(2) Show that Chebyshev nets q (u, v) satisfy the following properties
8% q

—— 1T, M
Oudv L
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Puvw = Tuwu =Toow =0,
Tiww = — % sin 6,
Toouw = — % sin 6,
8(12801) = —Ksin6.

(3) Show that the geodesic curvature x4 of the u-coordinate curves in a Cheby-
shev net satisfy

_9%
ou’
(4) (Hazzidakis) Show that /det [I] = sinf, and that integrating the Gauss
curvature over a coordinate rectangle yields:

I{g =

—/ K sinOdudv = 27 — a; — ag — i3 — iy
[a,b] X [c,d]
where the angles a; are the interior angles.

B.7. Isothermal Coordinates

These are also more generally known as conformally flat coordinates and have
a first fundamental form that looks like:

A0
I= 9
0 A
The proof that these always exist is called the local uniformization theorem. It is not
a simple result, but the importance of these types of coordinates in the development
of both classical and modern surface theory cannot be understated. There is also
a global result which we will mention at a later point. Gauss was the first to work

with such coordinates, and Riemann also heavily depended on their use. They have
the properties that

dlog A
Fuuu =
ou
dlog A
Fuvu = = Fvuu
v
Jlog A
Fvvv =
v
Jlog A
Fuvv = = Fvuv
ou
Olog A
Fuuv = -
ov
O0log A
Fvvu = - )
ou
res = Lp
w1 wse )\2 WiWw2wWs3s

1 (0%logA 02%log A
K=-— .
A2 ( ou? + 0v? )
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Using complex analysis one obtains isothermal parametrizations as follows. For
a parametrized surface define w = u + iv and complex functions ¢; (w), i =1,2,3

_ _94_09q .9q
¢ - (¢1) ¢23 ¢3) - aw - au lav .
In other words 5 5
_ 94 __94
Reg = e Imo¢ 5"

First observe that
%:%_Flad): (92(1 :@‘F@
Oow Ou Ov Owdw  OuZ  Ov?’
So ¢ is holomorphic if and only if q is harmonic.
Next note that

dq .0q dq .0q .
2 2 2 — . = _— 11— . _— =] = — —
d)l + ¢2 + ¢3 - ¢ ¢ <8U 181]) (8u 181}) guu gm} 219uv~

So we obtain an isothermal parametrization when ¢? + ¢3 + ¢ = 0. The conformal
factor can then be calculated by noting that

-2 2 > (0a .0q\ (0q  .0q\ _
¢¢_|¢1‘ +|¢2| +|¢3| _(au lav) (au+18v)—guu+gvv

Conversely, starting with holomorphic functions ¢; (w), i« = 1,2,3 such that
#? + ¢% + ¢3 = 0 we can define their antiderivatives and construct a surface by

a(w) = (2Re ( [ow dw) 2Re ( [ dw) 2Re ( [ dw))

since agif = % (% + g—i) = %%, when f (w) is holomorphic and consequently f

antiholomorphic.

A minimal surface evidently always has such a parametrization: First use that
the Gauss map is conformal to conclude that it has an isothermal parametrization.
This must be harmonic which in turn shows that ¢ is holomorphic since.

Examples:

Catenoid: ¢ = sinhw, ¢ = —icoshw, ¢35 = 1.

Helicoid: ¢ = isinhw, ¢ = coshw, ¢3 = i.

Enneper: ¢ =1 —w?, ¢o =1 (1 + w2)7 ¢z = 2w.

Scherk: ¢1 = 1+2w2, P2 = 13;”2, ¢3 = lquu“'

Catalan: ¢; = 1 — cosh (—iw), ¢2 = isinh (—iw), ¢3 = 2sinh (—2).

Can always use ¢1 = F (1 —G?), ¢ = iF (1+G?), and ¢3 = 2FG with
2F = ¢1 — i¢a.

Exercises.

(1) A particularly nice special case occurs when
N (u,0) = U? (u) + V2 (v)

These types of metrics are called Liouville metrics. Compute their Christof-
fel symbols, Gauss curvature, and show that when geodesics are written
as v (u) or u(v) they they solve a separable differential equation. Show
also that the geodesics have the property that

U?sin%260 — V2 cos? 0
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is constant, where 6 is the angle the geodesic forms with the u curves.
(2) Show that when

1
a(u?+v2) +byu+bvtc
we obtain a metric with constant Gauss curvature
K = 4ac — bi — bfj

It can be shown that no other choices for A will yield constant curvature.
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