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Preface

The Differential Geometry in the title of this book is the study of the geometry
of curves and surfaces in three-dimensional space using calculus techniques.
This topic contains some of the most beautiful results in Mathematics, and
yet most of them can be understood without extensive background knowledge.
Thus, for virtually all of this book, the only pre-requisites are a good working
knowledge of Calculus (including partial differentiation), Vectors and Linear
Algebra (including matrices and determinants).

Many of the results about curves and surfaces that we shall discuss are pro-
totypes of more general results that apply in higher-dimensional situations. For
example, the Gauss—Bonnet theorem, treated in Chapter 11, is the prototype of
a large number of results that relate ‘local’ and ‘global’ properties of geometric
objects. The study of such relationships formed one of the major themes of
20th century Mathematics.

We want to emphasise, however, that the methods used in this book are
not necessarily those which generalise to higher-dimensional situations. (For
readers in the know, there is, for example, no mention of ‘connections’ in the
remainder of this book.) Rather, we have tried at all times to use the simplest
approach that will yield the desired results. Not only does this keep the pre-
requisites to an absolute minimum, it also enables us to avoid some of the
conceptual difficulties often encountered in the study of Differential Geometry
in higher dimensions. We hope that this approach will make this beautiful
subject accessible to a wider audience.

It is a cliché, but true nevertheless, that Mathematics can be learned only
by doing it, and not just by reading about it. Accordingly, the book contains
over 200 exercises. Readers should attempt as many of these as their stamina
permits. Full solutions to all the exercises are given at the end of the book, but



vi Preface

these should be consulted only after the reader has obtained his or her own
solution, or in case of desperation. We have tried to minimise the number of
instances of the latter by including hints to many of the less routine exercises.

Preface to the Second Edition

Few books get smaller when their second edition appears, and this is not one of
those few. The largest addition is a new chapter devoted to hyperbolic (or non-
Euclidean) geometry. Quite reasonably, most elementary treatments of this sub-
ject mimic Euclid’s axiomatic treatment of ordinary plane geometry. A much
quicker route to the main results is available, however, once the basics of the
differential geometry of surfaces have been established, and it seemed a pity
not to take advantage of it.

The other two most significant changes were suggested by commentators on
the first edition. One was to treat the tangent plane more geometrically - this
then allows one to define things like the first and second fundamental forms
and the Weingarten map as geometric objects (rather than just as matrices).
The second was to make use of parallel transport. I only partly agreed with
this suggestion as I wanted to preserve the elementary nature of the book,
but in this edition I have given a definition of parallel transport and related it
to geodesics and Gaussian curvature. (However, for the experts reading this,
I have stopped just short of introducing connections.)

There are many other smaller changes that are too numerous to list,
but perhaps I should mention new sections on map-colouring (as an appli-
cation of Gauss-Bonnet), and a self-contained treatment of spherical geome-
try. Apart from its intrinsic interest, spherical geometry provides the simplest
‘non-Euclidean’ geometry and it is in many respects analogous to its hyperbolic
cousin. I have also corrected a number of errors in the first edition that were
spotted either by me or by correspondents (mostly the latter).

For teachers thinking about using this book, I would suggest that there
are now three routes through it that can be travelled in a single semester,
terminating with one of chapters 11, 12 or 13, and taking in along the way the
necessary basic material from chapters 1-10. For example, the new section on
spherical geometry might be covered only if the final destination is hyperbolic
geometry.

As in the first edition, solutions to all the exercises are provided at the
end of the book. This feature was almost universally approved of by student
commentators, and almost as universally disapproved of by teachers! Being
one myself, I do understand the teachers’ point of view, and to address it
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I have devised a large number of new exercises that will be accessible online
to all users of the book, together with a solutions manual for teachers, at
WWW.Springer.com.

I would like to thank all those who sent comments on the first edition, from
beginning students through to experts - you know who you are! Even if I did not
act on all your suggestions, I took them all seriously, and I hope that readers
of this second edition will agree with me that the changes that resulted make
the book more useful and more enjoyable (and not just longer).
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1

Curves in the plane and in space

In this chapter, we discuss two mathematical formulations of the intuitive
notion of a curve. The precise relation between them turns out to be quite
subtle, so we begin by giving some examples of curves of each type and prac-
tical ways of passing between them.

1.1 What is a curve?

If asked to give an example of a curve, you might give a straight line, say
y — 2z = 1 (even though this is not ‘curved’!), or a circle, say 2 +y* = 1, or
perhaps a parabola, say y — 22 = 0.

N

y—2zr=1 y—x2=0 22492=1

Andrew Pressley, Elementary Differential Geometry: Second Edition, 1
Springer Undergraduate Mathematics Series, DOI 10.1007/978-1-84882-891-9_1,
(© Springer-Verlag London Limited 2010



2 1. Curves in the plane and in space

All of these curves are described by means of their Cartesian equation

flz,y) =
where f is a function of z and y and c is a constant. From this point of view,
a curve is a set of points, namely

C={(z,y) eR? | f(z,y) = c}. (1.1)
These examples are all curves in the plane R?, but we can also consider curves
in R? — for example, the x-axis in R3 is the straight line given by

y=0, z=0,
and more generally a curve in R® might be defined by a pair of equations

filz,y, 2z) = e, falz,y, z) = co.
Curves of this kind are called level curves, the idea being that the curve in
Eq. 1.1, for example, is the set of points (x, y) in the plane at which the quantity
f(z,y) reaches the ‘level’ c.

But there is another way to think about curves which turns out to be more
useful in many situations. For this, a curve is viewed as the path traced out by
a moving point. Thus, if 4(¢) is the position of the point at time ¢, the curve
is described by a function = of a scalar parameter ¢ with vector values (in R?
for a plane curve, in R? for a curve in space). We use this idea to give our
first formal definition of a curve in R™ (we shall be interested only in the cases
n =2 or 3, but it is convenient to treat both cases simultaneously).

Definition 1.1.1

A parametrized curve in R™ is a map « : (o,) — R", for some «, with
—o<a<f<oo.

The symbol («, 3) denotes the open interval
(, ) ={teR | a<t<f}

A parametrized curve, whose image is contained in a level curve C, is called
a parametrization of (part of) C. The following examples illustrate how to pass
from level curves to parametrized curves and back again in practice.

Example 1.1.2

Let us find a parametrization ~(t) of the parabola y = 2. If ~(t) =
(71(t),¥2(t)), the components v; and 7, of v must satisfy

2(t) =n(t)? (1.2)
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for all values of ¢ in the interval («, 3) where « is defined (yet to be decided),
and ideally every point on the parabola should be equal to (y1(t),v2(¢)) for
some value of t € («, 3). Of course, there is an obvious solution to Eq. 1.2: take
y1(t) = t,y2(t) = t2. To get every point on the parabola we must allow t to
take every real number value (since the a-coordinate of «(t) is just ¢, and the
z-coordinate of a point on the parabola can be any real number), so we must
take (a, 3) to be (—00,00). Thus, the desired parametrization is

v i (=00,00) = R%, (1) = (t,8°).

But this is not the only parametrization of the parabola. Another choice is
~(t) = (t3,1%) (with (a, 3) = (—00,00)). Yet another is (2t,4t?), and of course
there are (infinitely many) others. So the parametrization of a given level curve
is not unique.

Example 1.1.3

Now we try the circle 22 +y? = 1. It is tempting to take z = ¢ as in the previous
example, so that y = v/1 — 2 (we could have taken y = —v/1 — t2). So we get
the parametrization

v(t) = (¢, V1 —12).

But this is only a parametrization of the upper half of the circle because
V1 —t2 is always > 0. Similarly, if we had taken y = —v/1 — 2, we would only
have covered the lower half of the circle.

If we want a parametrization of the whole circle, we must try again. We
need functions 71 (t) and ~2(t) such that

71 (t)? +2(t)? =1 (1.3)

for all t € («, 8), and such that every point on the circle is equal to (y1(t), v2(t))
for some t € («, ). There is an obvious solution to Eq. 1.3: 71(t) = cost
and 7(t) = sint (since cos®t + sin®¢ = 1 for all values of t). We can take
(o, 8) = (—00,00), although this is overkill: any open interval («, ) whose
length is greater than 27 will suffice.

The next example shows how to pass from parametrized curves to level
curves.
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Example 1.1.4

Take the parametrized curve (called an astroid)
~(t) = (cos®t,sin®t), teR.

Since cos?t + sin?t = 1 for all ¢, the coordinates z = cos® ¢, y = sin® ¢ of the
point ~y(t) satisfy
1,2/3 +y2/3 =1.

This level curve coincides with the image of the map -y. See Exercise 1.1.5 for
a picture of the astroid.

In this book, we shall be studying parametrized curves (and later, surfaces)
using methods of calculus. Such curves and surfaces will be described almost
exclusively in terms of smooth functions: a function f : (a, 8) — R is said to be
smooth if the derivative ’jltf exists for all n > 1 and all ¢ € (a, §). If f(¢) and
g(t) are smooth functions, it follows from standard results of calculus that the

sum f(t)+g(t), product f(t)g(t), quotient f(t)/g(t), and composite f(g(t)) are
smooth functions, where they are defined.

To differentiate a vector-valued function such as «(t) (as in Definition 1.1.1),
we differentiate componentwise: if

Y(t) = (11(t),72(t), - - -, (1)),

then

dy (dy dy dyn Ay [Py Py 4y, otc
dt ~— \dtdt’ dt ) de2 o N\ ode2 A2 de2 ) '

To save space, we often denote d~/dt by ~(t), d*v/dt*> by ¥(t), etc. We say
that ~ is smooth if the derivatives d™v/dt"™ exist for alln > 1 and all ¢ € (¢, §);
this is equivalent to requiring that each of the components ~1,7a, ..., v, of ¥
is smooth.

From now on, all parametrized curves studied in this book
will be assumed to be smooth.

Definition 1.1.5

If ~ is a parametrized curve, its first derivative 4(t) is called the tangent vector
of « at the point (t).
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To see the reason for this terminology, note that the vector

y(t +6t) — (1)
ot

is parallel to the chord joining the points «(t) and (¢t + dt) of the image C of ~:

As it tends to zero the length of the chord also tends to zero, but we expect
that the direction of the chord becomes parallel to that of the tangent to C at
~(t). But the direction of the chord is the same as that of the vector

(L + 6t) — y(t)
5t ’

which tends to d-/dt as 6t tends to zero. Of course, this only determines a well-
defined direction tangent to the curve if dv/dt is non-zero. If that condition
holds, we define the tangent line to C at a point p of C to be the straight line
passing through p and parallel to the vector d~/dt.

The following result is intuitively clear:

Proposition 1.1.6

If the tangent vector of a parametrized curve is constant, the image of the curve
is (part of) a straight line.

Proof

If 4(t) = a for all ¢, where a is a constant vector, we have, integrating compo-

’y(t):/cfi—’tydt:/adt:ta—l—b,

nentwise,
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where b is another constant vector. If a # 0, this is the parametric equation of
the straight line parallel to a and passing through the point b:

ta V(t)
b a
0
If a = 0, the image of v is a single point (namely, b). O

Before proceeding further with our study of curves, we should point out a
potential source of confusion in the discussion of parametrized curves. This is
regarding the question what is a ‘point’ of such a curve? The difficulty can be
seen in the following example.

Example 1.1.7

The limagon is the parametrized curve

~(t) = ((1 4+ 2cost)cost, (1 +2cost)sint), teR

(see the diagram below). Note that « has a self-intersection at the origin in the
sense that v(¢) = 0 for ¢ = 27/3 and for ¢t = 47 /3. The tangent vector is

F(t) = (—sint — 2sin 2¢, cost + 2 cos 2t).
In particular,

y(27/3) = (V3/2,-3/2), A(4n/3) = (—V3/2,-3/2).

So what is the tangent vector of this curve at the origin? Although () is well-
defined for all values of ¢, it takes different values at ¢t = 27/3 and t = 47/3,
both of which correspond to the point 0 on the curve.
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This example shows that we must be careful while talking about a ‘point’
of a parametrized curve =y: strictly speaking, this should be the same thing
as a value of the curve parameter ¢, and not the corresponding geometric
point y(t) € R™. Thus, Definition 1.1.5 should more properly read “If « is
a parametrized curve, its first derivative 4(t) is called the tangent vector of
~ at the parameter value t.” However, it seems to us that to insist on this
distinction takes away from the geometric viewpoint, and we shall sometimes
repeat the ‘error’ committed in the statement of Definition 1.1.5. This should
not lead to confusion if the preceding remarks are kept in mind.

EXERCISES

1.1.1 Is v(t) = (t?,t*) a parametrization of the parabola y = z%?
1.1.2 Find parametrizations of the following level curves:

(i) y> —a? =1L
2

(i) 2 +% =1.

1.1.3 Find the Cartesian equations of the following parametrized curves:
(i) ~(t) = (cos? t,sin*t);
(i) () = (e, 12).

1.1.4 Calculate the tangent vectors of the curves in Exercise 1.1.3.

1.1.5 Sketch the astroid in Example 1.1.4. Calculate its tangent vector at
each point. At which points is the tangent vector zero?

1.1.6 Consider the ellipse
+% =1,

2 2
2
q

Bwl 8
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where p > ¢ > 0 (see below). The eccentricity of the ellipse is € =
(/1= Z_Z and the points (dep,0) on the z-axis are called the foci

of the ellipse, which we denote by f; and f5. Verify that ~(t) =
(pcost,gsint) is a parametrization of the ellipse. Prove that

(i) The sum of the distances from f; and f> to any point p on the
ellipse does not depend on p.

(ii) The product of the distances from f; and f5 to the tangent line
at any point p of the ellipse does not depend on p.

(iii) If p is any point on the ellipse, the line joining f; and p and
that joining f; and p make equal angles with the tangent line
to the ellipse at p.

A cycloid is the plane curve traced out by a point on the circum-
ference of a circle as it rolls without slipping along a straight line.
Show that, if the straight line is the z-axis and the circle has radius
a > 0, the cycloid can be parametrized as

~(t) = a(t — sint, 1 — cost).

Show that ~(t) = (cos®t — &, sint cost,sint) is a parametrization of
the curve of intersection of the circular cylinder of radius % and axis
the z-axis with the sphere of radius 1 and centre (—%, 0,0). This is

called Viviani’s Curve — see above.
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1.1.9 The normal line to a curve at a point p is the straight line passing
through p perpendicular to the tangent line at p. Find the tangent
and normal lines to the curve (t) = (2 cost — cos 2t,2sint — sin 2t)
at the point corresponding to ¢t = /4.

1.2 Arc-length

We recall that, if v = (v1,...,v,) is a vector in R™, its length is

Ivill= vl +- -+

If u is another vector in R™, || u—v || is the length of the straight line segment
joining the points u and v in R".

To find a formula for the length of a parametrized curve -, note that, if ¢
is very small, the part of the image C of v between ~(¢) and ~(t + t) is nearly
a straight line, so its length is approximately

| y(t+6t) —~() Il

Again, since 60t is small, (y(t 4+ 0t) — ~(t))/dt is nearly equal to 4(t), so the
length is approximately
15 || ot. (1.4)

If we want to calculate the length of a (not necessarily small) part of C, we
can divide it into segments, each of which corresponds to a small increment &t
in t, calculate the length of each segment using (1.4), and add up the results.
Letting 6t tend to zero should then give the exact length.
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This motivates the following definition:

Definition 1.2.1
The arc-length of a curve ~ starting at the point «(¢p) is the function s(¢)

given by ,

st) = [ () [l du.

to
Thus, s(tp) = 0 and s(t) is positive or negative according to whether ¢
is larger or smaller than to. If we choose a different starting point ~(to), the

resulting arc-length § differs from s by the constant fttoo Il %(w) || du because

AECIES / | 4 || du+ / ") 4w | du.

Example 1.2.2

For a logarithmic spiral

~(t) = (eFt cost, eFt sint),

7
N

where k is a non-zero constant, we have

A = (e*(kcost — sint), e (ksint + cost)),
| 4 || = e (k cost — sint)? 4 ! (ksint 4 cost)? = (k% 4 1)e?*.

Hence, the arc-length of v starting at v(0) = (1,0) (for example) is

K VEZ+1
5= / VE2 4+ 1eP du = T+(ekt —1).
0
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The arc-length is a differentiable function. Indeed, if s is the arc-length of
a curve v starting at (o), we have

b_d / I () | du = 5(0) |- (15)

Thinking of (¢) as the position of a moving point at time ¢, ds/dt is the speed
of the point (rate of change of distance along the curve). This suggests the
following definition.

Definition 1.2.3

If v : (e, B) — R™ is a parametrized curve, its speed at the point v(t) is || ¥(t) ||,
and -~y is said to be a unit-speed curve if 4(t) is a unit vector for all ¢t € (a, 3).

We shall see many examples of formulas and results relating to curves that
take on a much simpler form when the curve is unit-speed. The reason for this
simplification is given in the next proposition. Although this admittedly looks
uninteresting at first sight, it will be extremely useful for what follows.

We recall that the dot product (or scalar product) of vectors a = (aq, ..., an)
and b = (by,...,b,) in R is

a-b= zn:azbl
i=1

If a and b are smooth functions of a parameter ¢, we shall make use of the

‘product formula’
d da db

This follows easily from the definition of the dot product and the usual product
formula for scalar functions,

%(aibi) = phitai_

Proposition 1.2.4

Let n(t) be a unit vector that is a smooth function of a parameter ¢. Then, the
dot product
n(t) -n(t)=0
for all ¢, i.e., i(t) is zero or perpendicular to n(t) for all ¢.
In particular, if - is a unit-speed curve, then 4 is zero or perpendicular
to 4.
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Proof

Using the product formula to differentiate both sides of the equation n-n =1
with respect to t gives

n-n+n-n=>0,

so 2n - n = 0. The last part follows by taking n = ~. O
EXERCISES
1.2.1 Calculate the arc-length of the catenary v(t) = (¢, cosht) starting at

1.2.2

1.2.3

1.2.4

the point (0,1). This curve has the shape of a heavy chain suspended
at its ends — see Exercise 2.2.4.

Show that the following curves are unit-speed:
() () = (5002 501072, L),
(ii) y(t) = (% cost, 1 —sint, —2 cost).

A plane curve is given by

v(0) = (rcosf,rsind),

where 7 is a smooth function of € (so that (r,8) are the polar coor-
dinates of y(¢)). Under what conditions is v regular? Find all func-
tions r(#) for which - is unit-speed. Show that, if « is unit-speed,
the image of « is a circle; what is its radius?

This exercise shows that a straight line is the shortest curve joining
two given points. Let p and q be the two points, and let ¥ be a curve
passing through both, say vy(a) = p, v(b) = q, where a < b. Show
that, if u is any unit vector,

Yous|A

and deduce that

b
@-p)us [ 5]

By taking u = (q — p)/ || a— p ||, show that the length of the part
of v between p and q is at least the straight line distance || g —p ||
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1.3 Reparametrization

We saw in Examples 1.1.2 and 1.1.3 that a given level curve can have many
parametrizations, and it is important to understand the relation between them.

Definition 1.3.1

A parametrized curve ¥ : (@&, B) — R™ is a reparametrization of a parametrized
curve 7 : (a, ) — R™ if there is a smooth bijective map ¢ : (&,B) — (o, B)
(the reparametrization map) such that the inverse map ¢! : (a, 8) — (d,ﬁN) is
also smooth and

() = (o) forall e (ad). (1.6)
Note that, since ¢ has a smooth inverse, v is a reparametrization of 4:

Yo7 (1) = v(d(67" (1)) = (t) for all t € (e, B).

Two curves that are reparametrizations of each other have the same image,
so they should have the same geometric properties.

Example 1.3.2

In Example 1.1.3, we found that the circle 22 4+ y? = 1 has a parametrization
~(t) = (cost,sint). Another parametrization is

(t) = (sint, cost)

(since sin®t + cos® t = 1). To see that ¥ is a reparametrization of «y, we have
to find a reparametrization map ¢ such that

(cos p(t),sin ¢(t)) = (sint,cost).
One solution is ¢(t) = 7/2 —t.
As we remarked in Section 1.2, the analysis of a curve is simplified when

it is known to be unit-speed. It is therefore important to know exactly which
curves have unit-speed reparametrizations.

Definition 1.3.3

A point v(t) of a parametrized curve ~ is called a regular point if 4(t) # 0;
otherwise v(t) is a singular point of 7. A curve is regular if all of its points are
regular.
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Before we show the relation between regularity and unit-speed reparametri-
zation, we note two simple properties of regular curves. Although these results
are not particularly appealing, they are very important for what is to follow.

Proposition 1.3.4

Any reparametrization of a regular curve is regular.

Proof

Suppose that 4 and 7 are related as in Definition 1.3.1, let t = ¢(#) and ¢) = ¢!
so that ¢ = 1(t). Differentiating both sides of the equation ¢(3(t)) = t with
respect to ¢t and using the chain rule gives

d¢ dy

—_—— = ].

dt dt
This shows that d¢/dt is never zero. Since () = v(¢(t)), another application
of the chain rule gives

dy  dvydo
dt — dt dt’
which shows that d¥/dt is never zero, if dv/dt is never zero. |

Proposition 1.3.5

If 4(t) is a regular curve, its arc-length s (see Definition 1.2.1), starting at any
point of 4, is a smooth function of .

Proof

We have already seen that (whether or not ~ is regular) s is a differentiable
function of ¢ and

ds
= =50 |-
=140
To simplify the notation, assume from now onwards that ~ is a plane
curve, say

Y(8) = (u(t), v(?)),

where u and v are smooth functions of ¢, so that

ds _ Vi + 0%

i
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The crucial point is that the function f(x) = y/z is a smooth function on
the open interval (0, 00). Indeed, it is easy to prove by induction on n > 1 that

ﬁ n—1 135(2n— 1) x_(2n+1)/2
dzn 2n '

~(-1)

Since u and v are smooth functions of ¢, so are @ and © and hence is 4% + 2.
Since « is regular, 42 + 92 > 0 for all values of ¢, so the composite function

d
dj = f(u? +9?)
is a smooth function of ¢, and hence s itself is smooth. O

The main result we want is the following.

Proposition 1.3.6

A parametrized curve has a unit-speed reparametrization if and only if it is
regular.

Proof

Suppose first that a parametrized curve v : («a,3) — R™ has a unit-speed
reparametrization 4, with reparametrization map ¢. Letting ¢ = ¢(#), we have

A(t) = ~(t) and so

d‘y _ drydt
B dt di’

Since 4 is unit-speed, || dy/dt || = 1, so dv/dt cannot be zero.

Conversely, suppose that the tangent vector d-y/dt is never zero. By Eq. 1.5,
ds/dt > 0 for all t, where s is the arc-length of ~ starting at any point of the
curve, and by Proposition 1.3.5 s is a smooth function of t. It follows from
the inverse function theorem that s : (a, 8) — R is injective, that its image
is an open interval (&,B), and that the inverse map s~ ! : (d,B) — (o, 0) is
smooth. (Readers unfamiliar with the inverse function theorem should accept
these statements for now; the theorem will be discussed informally in Section 1.5
and formally in Section 5.6.) We take ¢ = s~! and let 4 be the corresponding
reparametrization of v, so that 4(s) = ~(t) (see Eq. 1.6). Then,

dyds _dy
ds dt ~ dt’
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ds

= H H — (by Eq. 1.5),

ds_' O

The proof of Proposition 1.3.6 shows that the arc-length is essentially the
only unit-speed parameter on a regular curve:

Corollary 1.3.7
Let «v be a regular curve and let 4 be a unit-speed reparametrization of ~:

F(u(t)) =~(t) for all ¢,
where u is a smooth function of ¢. Then, if s is the arc-length of v (starting at
any point), we have

u==+s+ec, (1.7)

where ¢ is a constant. Conversely, if u is given by Eq. 1.7 for some value of ¢
and with either sign, then 4 is a unit-speed reparametrization of ~.

Proof

The calculation in the first part of the proof of Proposition 1.3.6 shows that u
gives a unit-speed reparametrization of ~ if and only if

du d’y ds
— = =+— (by Eq. 1.
dt at g by Ba- 15),
which is equivalent to u = +s + ¢ for some constant c. O

Although every regular curve has a unit-speed reparametrization, this may
be very complicated, or even impossible, to write down ‘explicitly’, as the fol-
lowing examples show.

Example 1.3.8

For the logarithmic spiral v(t) = (e* cost, e** sint), we found in Example 1.2.2
that | 4 [|2= (k® 4+ 1)e?*. This is never zero, so v is regular. The arc-

length of ~ starting at (1,0) was found to be s = v/k2 + 1(ek* — 1) /k. Hence,

t=4%ln ( ks
k VEZ+1
rather unwieldy formula

+ 1)7 so a unit-speed reparametrization of « is given by the
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Example 1.3.9

The twisted cubic is the space curve given by

~(t) = (t, 12,83, teR.

I

]
ey

We have ~(t) = (1,2t, 3t?) and so

| () |l= V1+ 482 + 9t

This is never zero, so <y is regular. The arc-length starting at «(0) = 0 is

t
s:/ V1 +4u? + 9ut du.
0

This integral cannot be evaluated in terms of familiar functions like logarithms
and exponentials, and trigonometric functions. (It is an example of an elliptic
integral.)

Our final example shows that a given level curve can have both regular and
non-regular parametrizations.

Example 1.3.10

For the parametrization v(t) = (¢,¢2) of the parabola y = x2, 4(t) = (1,2t) is
obviously never zero, so v is regular. But 4(¢) = (#3,t°) is also a parametrization
of the same parabola. This time, :y = (3t2,6t°), and this is zero when t = 0, so
~ is not regular.
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EXERCISES

1.3.1 Which of the following curves are regular?
(i) ~(t) = (cos?t,sin®t) for t € R.
(ii) The same curve as in (i), but with 0 < ¢t < /2.
(iii) ~(t) = (¢, cosht) for t € R.
Find unit-speed reparametrizations of the regular curve(s).

1.3.2 The cissoid of Diocles (see below) is the curve whose equation in
terms of polar coordinates (r,6) is

r=sinftand, —w/2<6<m/2.

Write down a parametrization of the cissoid using 6 as a parameter
and show that

t3

is a reparametrization of it.

1.3.3 The simplest type of singular point of a curve = is an ordinary cusp:
a point p of «, corresponding to a parameter value tg, say, is an
ordinary cusp if 4(tgp) = 0 and the vectors (o) and % (to) are
linearly independent (in particular, these vectors must both be non-
zero). Show that:

(i) The curve v(t) = (t™,t"™), where m and n are positive integers,
has an ordinary cusp at the origin if and only if (m,n) = (2, 3)
or (3,2).
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(ii) The cissoid in Exercise 1.3.2 has an ordinary cusp at the origin.

(iii) If 4 has an ordinary cusp at a point p, so does any
reparametrization of ~.

1.3.4 Show that:

(i) If 4 is a reparametrization of a curve -, then ~ is a
reparametrization of 4.

(ii) If 4 is a reparametrization of «, and 4 is a reparametrization of
7, then 4 is a reparametrization of ~.

1.4 Closed curves

It is obvious that some curves ‘close up’, like a circle or an ellipse, while some do
not, like a straight line or a parabola. If a point moves, say at constant speed,
around a curve that closes up, it will return to its starting point after some time
interval, and will then trace out the same curve all over again. On the other
hand, if a point moves at constant speed along a straight line or a parabola, it
will never return to its starting point. But there are some intermediate cases like

Y(t) = (£ = 1,87 —t);

(N
N

a point moving at constant speed along this curve may return to its starting
point if the starting point is the origin, but will not do so otherwise. So a careful
definition of what it means for a curve to ‘close up’ is needed.
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Definition 1.4.1

Let v+ : R — R™ be a smooth curve and let 7' € R. We say that ~ is
T-periodic if

YE+T)=~(t) for all t € R.
If ~ is not constant and is T-periodic for some T # 0, then « is said to be
closed.

Thus, if « is T-periodic, a point moving around - returns to its starting
point after time 7', whatever the starting point is. Of course, every curve is
0-periodic.

Remark

If ~ is T-periodic, it is clear that « is determined by its restriction to any
interval of length |T'|. Conversely, closed curves are often given to us as curves
defined on a closed interval, say 7 : [a,b] — R™. If v and all its derivatives take
the same value at a and b,* there is a unique way to extend ~ to a (b — a)-
periodic (smooth) curve v : R — R™. Thus, the discussion below can be applied
to curves defined on closed intervals.

It is clear that if a curve 4 is T-periodic then it is (—T")-periodic because

YE=T)=~((t-T)+T) =~(1).
It follows that if « is T-periodic for some T' # 0, then it is T-periodic for some
T >0.

Definition 1.4.2
The period of a closed curve « is the smallest positive number 7' such that ~

is T-periodic.

It is actually not quite obvious that this number T exists (remember that
not every set of positive real numbers has a smallest element). A proof that it
does exist can be found in the exercises.

Example 1.4.3

The ellipse v(t) = (pcost, gsint) (Exercise 1.1.6) is a closed curve with period
27 because both of its components are (by well-known properties of trigono-
metric functions).

! The derivatives at the endpoints a and b must be defined in the one-sided sense.
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If v is a regular closed curve, a unit-speed reparametrization of ~ is always
closed. To see this, note that since every point in the image of a closed curve
~ of period T is traced out as the parameter ¢t of 4 varies through any interval
of length T', for example, 0 < ¢t < T, it is reasonable to define the length of
to be

T
(= [ 1)

By the proof of Proposition 1.3.6, using the arc-length

sz/ | 4() || du
0

of 4 as the parameter gives a unit-speed reparametrization 4 of ~ (so that
(s) = ~(t)). Note that

t+T T t+T
s<t+T>:/0 u»'y(u)\\du:/o ||7<u>||du+/T | () [l du = £) + s(),

since, putting v = u—T and using y(u—T) = «(u) (and hence by differentiation
F(u—T) =4(u)), we get

t+T t
/T | 4(w) || du= / 1 4(0) || dv = s(t).

Hence,
F(s()) = A(s(t))) <= A(t) = 9(t') = ¢ —t = KT <= s(t') - s(t) = ke(7),

where k is an integer. This shows that 4 is a closed curve with period £(7).
Note that, since 7 is unit-speed, this is also the length of 4. In short, we can
always assume that a closed curve is unit-speed and that its period is equal to
its length.

Returning to the curve illustrated at the beginning of this section, it is
clearly not closed; nevertheless, if a point starts at the origin and moves at
constant speed around the loop in the region x < 0 it will return to its starting
point. This suggests the following definition.

Definition 1.4.4

A curve « is said to have a self-intersection at a point p of the curve if there
exist parameter values a # b such that

(i) v(a) = v(b) = p, and
(ii) if + is closed with period T', then a — b is not an integer multiple of 7.
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Example 1.4.5

The limacon in Example 1.1.7 is a closed curve with period 2. It is clear from
the picture that it has exactly one self-intersection, at the origin. (This can also
be verified analytically — cf. Exercise 1.4.1 and its solution.)

EXERCISES

1.4.1

1.4.2

1.4.3

1.4.4

1.4.5

1.4.6

Show that the Cayley sextic
~(t) = (cos® t cos 3t, cos® t sin 3t), teR,

is a closed curve which has exactly one self-intersection. What is
its period? (The name of this curve derives from the fact that its
Cartesian equation involves a polynomial of degree 6.)

Give an example to show that a reparametrization of a closed curve
need not be closed.

Show that if a curve « is Tj-periodic and Ts-periodic, then it is
(k1Ty + koT5)-periodic for any integers ky, ka.

Let v : R — R"™ be a curve and suppose that Tg is the smallest pos-
itive number such that - is Typ-periodic. Prove that « is T-periodic
if and only if T' = kT for some integer k.

Suppose that a non-constant function v : R — R is T-periodic for
some T' # 0. This exercise shows that there is a smallest positive
Ty such that  is Tp-periodic. The proof uses a little real analysis.
Suppose for a contradiction that there is no such Tj.

(i) Show that there is a sequence T3, T5, T3, . .. such that T3 > T >
T3 > --- > 0 and that v is T,-periodic for all r > 1.

(ii) Show that the sequence {7} in (i) can be chosen so that 7. — 0
as r — 00.

(iii) Show that the existence of a sequence {7} as in (i) such that
T, — 0 as r — oo implies that « is constant.

Let v : R — R™ be a non-constant curve that is T-periodic for some
T > 0. Show that « is closed.
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1.5 Level curves versus parametrized curves

We shall now try to clarify the relation between the two types of curves we
have considered in previous sections.

Level curves in the generality we have defined them are not always the
kind of objects we would want to call curves. For example, the level ‘curve’
22 4+ y? = 0 is a single point. The correct conditions to impose on a function
f(x,y) in order that f(x,y) = ¢, where ¢ is a constant, will be an acceptable
level curve in the plane are contained in the following theorem, which shows
that such level curves can be parametrized. Note that we might as well assume
that ¢ = 0 (since we can replace f by f — c¢).

Theorem 1.5.1

Let f(z,y) be a smooth function of two variables (which means that all the par-
tial derivatives of f, of all orders, exist and are continuous functions). Assume
that, at every point of the level curve

C={(z,y) eR? | f(z,y) =0},

Of /0x and Of /0y are not both zero. If p is a point of C, with coordinates
(z0,y0), say, there is a regular parametrized curve ~(t), defined on an open
interval containing 0, such that « passes through p when ¢t = 0 and ~/(¢) is
contained in C for all .

The proof of this theorem makes use of the inverse function theorem (one
version of which has already been used in the proof of Proposition 1.3.6). For the
moment, we shall only try to convince the reader of the truth of this theorem.
The proof will be given later (Exercise 5.6.2) after the inverse function theorem
has been formally introduced and used in our discussion of surfaces.

To understand the significance of the conditions on f in Theorem 1.5.1,
suppose that (xo + Az, yo + Ay) is a point of C near p, so that

flzo+ Az, yo + Ay)=0.

By the two-variable form of Taylor’s theorem,

0
Pl + A,y + Ag) = flzo o) + AaSl + Ay

of
oy’
neglecting products of the small quantities Az and Ay (the partial derivatives
are evaluated at (zo,yo)). Hence,
of of _

Ax% + Aya—y =0. (1.8)
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Since Az and Ay are small, the vector (Az, Ay) is nearly tangent to C at p,

so Eq. 1.8 says that the vector n = (%, g—i) is perpendicular to C at p.

Y

(Az, Ay)

The hypothesis in Theorem 1.5.1 tells us that the vector n is non-zero at
every point of C. Suppose, for example, that %5 # 0 at p. Then, n is not parallel
to the z-axis at p, so the tangent to C at p is not parallel to the y-axis.

Y

1
1
I
1
I
I
I
1
1
I
1
I
I
I
1
1
I
1
I
I
-

Yop---------

Lo

This implies that vertical lines x = constant near x = x all intersect C in a
unique point (z,y) near p. In other words, the equation

f(z,y) =0 (1.9)
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has a unique solution y near yo for every x near xo. Note that this may fail to
be the case if the tangent to C at p is parallel to the y-axis (i.e., if f /0y = 0):

Y

In this example, lines z = constant just to the left of x = z¢ do not meet C
near p, while those just to the right of x = x¢ meet C in more than one point
near p.

The italicized statement about f in the last paragraph means that there is
a function g(z), defined for = near xg, such that y = g(x) is the unique solution
of Eq. 1.9 near yy. We can now define a parametrization « of the part of C near
p by

v(t) = (t,9(1)).

If we accept that g is smooth (which follows from the inverse function theorem),

then =y is certainly regular since 4 = (1, ¢) is obviously never zero. This ‘proves’
Theorem 1.5.1.

2+y2=1 2 —y2=1

It is actually possible to prove slightly more than we have stated in
Theorem 1.5.1. Suppose that f(x,y) satisfies the conditions in the theorem,
and assume in addition that the level curve C given by f(x,y) = 0 is connected.
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For readers unfamiliar with point set topology, this means roughly that C is
in ‘one piece’. For example, the circle 22 + y? = 1 is connected, but the hy-
perbola x2 — 4% = 1 is not (see above). With these assumptions on f, there
is a regular parametrized curve y whose image is the whole of C. Moreover,
if C is not closed ~ can be taken to be injective; if C is closed, then ~ maps
some closed interval o, 8] onto C, v(a) = v(8) and - is injective on the open
interval (o, 3).

A similar argument can be used to pass from parametrized curves to level
curves:

Theorem 1.5.2

Let « be a regular parametrized plane curve, and let v(tg) = (zo, yo) be a point
in the image of 4. Then, there is a smooth real-valued function f(z,y), defined
for x and y in open intervals containing xy and yo, respectively, and satisfying
the conditions in Theorem 1.5.1, such that ~(¢) is contained in the level curve
f(x,y) =0 for all values of ¢ in some open interval containing tg.

The proof of Theorem 1.5.2 is similar to that of Theorem 1.5.1. Let

where u and v are smooth functions. Since v is regular, at least one of (tg)
and ¥(tp) is non-zero, say 4(tg). This means that the graph of u as a function
of t is not parallel to the t-axis at tg:

u

Ug

As in the proof of Theorem 1.5.1, this implies that any line parallel to the t-axis
close to u = xp intersects the graph of u at a unique point u(t) with ¢ close
to to. This gives a function h(z), defined for x in an open interval containing
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Zo, such that ¢ = h(x) is the unique solution of u(t) = z if x is near zy and ¢ is
near tg. The inverse function theorem tells us that A is smooth. The function

f(z,y) =y —v(h(z))

has the properties we want.

It is not in general possible to find a single function f(z,y) satisfying the
conditions in Theorem 1.5.1 such that the image of -« is contained in the
level curve f(x,y) = 0, for v may have self-intersections like the limagon in
Example 1.1.7. It follows from the inverse function theorem that no single func-
tion f satisfying the conditions in Theorem 1.5.1 can be found that describes
a curve near such a self-intersection.

EXERCISES

1.5.1 Show that the curve C with Cartesian equation
v =a(l—a?)
is not connected. For what range of values of ¢ is

v(t) = (&, Vi —1%)
a parametrization of C? What is the image of this parametrization?

1.5.2 State an analogue of Theorem 1.5.1 for level curves in R?® given by
flz,y,2) =g(z,y,2) = 0.

1.5.3 State and prove an analogue of Theorem 1.5.2 for curves in R?
(or even R™). (This is easy.)

In the remainder of this book, we shall speak simply of ‘curves’,
unless there is serious danger of confusion as to which type
(level or parametrized) is intended.
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How much does a curve curve?

In this chapter, we associate two scalar functions, its curvature and torsion, to
any curve in R3. The curvature measures the extent to which a curve is not
contained in a straight line (so that straight lines have zero curvature), and
the torsion measures the extent to which a curve is not contained in a plane
(so that plane curves have zero torsion). It turns out that the curvature and
torsion together determine the shape of a curve.

2.1 Curvature

We are going to try to find a measure of how ‘curved’ a curve is, and to simplify
matters we shall work with plane curves initially. Since a straight line should
certainly have zero curvature, a measure of the curvature of a plane curve at a
point p of the curve should be its deviation from the tangent line at p.

Suppose then that ~ is a unit-speed curve in R?. As the parameter ¢ of ~
changes to t + At, the curve moves away from its tangent line at ~(t) by a
distance (y(t + At) —~(¢)) - n, where n is a unit vector perpendicular to the
tangent vector 4(t) of 4 at the point ~(t).

Andrew Pressley, Elementary Differential Geometry: Second Edition, 29
Springer Undergraduate Mathematics Series, DOI 10.1007/978-1-84882-891-9_2,
(© Springer-Verlag London Limited 2010
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Yt + At)

V(1)
By Taylor’s theorem,

1
~(t+ At) = ~(t) +A(t) At + §~'y(t)(At)2 + remainder, (2.1)
where (remainder)/(At)? tends to zero as At tends to zero. Since % -n = 0, the
deviation of 4 from its tangent line at y(t) is

1
57@) -n(At)? + remainder.

Since ~ is unit-speed, 4 is perpendicular to % and therefore parallel to n. Hence,
neglecting the remainder terms, the magnitude of the deviation of v from its
tangent line is

Sl | (ar2

This suggests the following definition:

Definition 2.1.1

If ~y is a unit-speed curve with parameter ¢, its curvature k(t) at the point ~(¢)
is defined to be || %(t) ||

Note that we make this definition for unit-speed curves in R™ for all n > 2.
Note also that this definition is consistent with Proposition 1.1.6, which tells
us that if 4 = 0 everywhere then -~ is part of a straight line, and so should
certainly have zero curvature.
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Let us see if Definition 2.1.1 is consistent with what we expect for the
curvature of circles. Consider the circle in R? centred at (zg, yo) and of radius R.
This has a unit-speed parametrization

t t
~(t) = (1‘0 + Rcos —, 90 + Rsin —) .

R R
We have 4(t) = (—sin %, cos &), and so
£\’ £\’
4@ ||I= \/( sin E) + <COS E) =1,

confirming that - is unit-speed, and hence %(t) = (f% cos %, f% sin %), SO

the curvature

15 | LS R (RS AP R
= —— — ——sin — = —
v R°R R R R

is the reciprocal of the radius of the circle. This is in accordance with our

expectation that small circles should have large curvature and large circles
small curvature.

So far we have only considered unit-speed curves. If « is any regular curve,
then by Proposition 1.3.6, v has a unit-speed parametrization 4, say, and we
can define the curvature of 7 to be that of 4. For this to make sense, we need
to know that if 4 is another unit-speed parametrization of 4, the curvatures of
~ and 4 are the same. To see this, note that 4 will be a reparametrization of
4 (Exercise 1.3.4), so by Corollary1.3.7,

() =(uw),
where v = £t 4+ ¢ and c is a constant. Then, by the chain rule, %?— = i%, SO
e
dt " du du)  du?®’
which shows that 4 and 4 do indeed have the same curvature.
Although every regular curve 4 has a unit-speed reparametrization, it may
be complicated or impossible to write it down explicitly (see Examples 1.3.8

and 1.3.9), and so it is desirable to have a formula for the curvature of v in
terms of « itself rather than a reparametrization of it.

Proposition 2.1.2

Let v(t) be a regular curve in R3. Then, its curvature is
<A

I [1°
where the x indicates the vector (or cross) product and the dot denotes d/dt.

(2.2)

)
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Of course, since a curve in R? can be viewed as a curve in the xy-plane
(say) in R3, Eq. 2.2 can also be used to calculate the curvature of plane curves.

Proof
Let s be a unit-speed parameter for vv. Then, by the chain rule,
_dy_dyds
T T dsdt’
S0
i d’y/dt 2 2
P d*y _||d (dv/atN| dt(ds/dt) _ dedy dody (2.3)
ds? ds \ ds/dt ds/dt (ds/dt)3 '
Now,
dS 2 .2 . .
(E) =¥ IIF=7-7
and differentiating with respect to ¢ gives
dsd* . .
gta? T
Using this and Eq. 2.3, we get
ds\2 = d3sds.
@ Y- @EY| I G I -G DT
(ds/dt)* (Rl
Using the vector triple product identity
ax(bxc)=(a-c)b—(a-b)c
(where a, b, c € R3), we get
§ X (5 X 9) = ()7 - (3.
Further, 4 and 4 x 4 are perpendicular vectors, so
[ G x ) I=1 I <3l
Hence,
LG =Gyl _ Iy xEx DI _ Iy lld =<3l _ A =501  4

11 11 I 11 511
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Note that formula (2.2) makes sense provided that 4 # 0. Thus, the
curvature is defined at all regular points of the curve.

Example 2.1.3

A circular heliz with axis the z-axis is a curve of the form
~(0) = (acosb,asinb, bh), 6e€R,

where a and b are constants.

-
<

S\

A

If (z,y, z) is a point on the helix, so that
x=acosl, y=asinh, z = bo,

for some value of @, then 2452 = a2, showing that the helix lies on the cylinder
with axis the z-axis and radius |a|; the positive number |a]| is called the radius
of the helix. As 6 increases by 27, the point (acosf,asinf,bf) rotates once
round the z-axis and moves parallel to the z-axis by 27b; the positive number
27|b| is called the pitch of the helix.

Let us compute the curvature of the helix using the formula in Proposi-
tion 2.1.2. Denoting d/df by a dot, we have 4(6) = (—asinf, acosé,b) so

15(0) lI= Va2 + b2

This shows that 4(f) is never zero, so « is regular (unless a = b = 0, in
which case the image of the helix is a single point). Hence, the formula in
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Proposition 2.1.2 applies, and we have 4 = (—acosf, —asinf,0) so ¥ x ¥ =
(—absin 6, abcosf, —a?) and hence
_ |l (—absin®,abcosd, —a?) | (a®® +a*)/?  |a 9.4
|| (~asinf,acos6,b) |3 (a2 +b2)3/2 a2+ b2 (24)
Thus, the curvature of the helix is constant.

Let us examine some limiting cases to see if this result agrees with what
we already know. First, suppose that b = 0 (but a # 0). Then, the helix is
simply a circle in the zy-plane of radius |a|, so by the calculation following
Definition 2.1.1 its curvature is 1/|a|. On the other hand, the formula (2.4)
gives the curvature as

lo|  _laf _fof _ 1

a?+02 a2 a‘Q ~al’

Next, suppose that a = 0 (but b # 0). Then, the image of the helix is just the
z-axis, a straight line, so the curvature is zero. And formula (2.4) gives zero
when a = 0 too.

EXERCISES

2.1.1 Compute the curvature of the following curves:

(i) () = (31 + 02230 -2
(ii) ¥(t) = (% cost,1—sint, —2 cos
) ~(t) = (t,cosht).

)
t)-

(iii
(iv) ~(t) = (cos® t,sin®t).

For the astroid in (iv), show that the curvature tends to oo as we
approach one of the points (£1,0), (0, £1). Compare with the sketch
found in Exercise 1.1.5.

2.1.2 Show that, if the curvature x(t) of a regular curve v(t) is > 0 every-
where, then k(t) is a smooth function of t. Give an example to show
that this may not be the case without the assumption that x > 0.

2.2 Plane curves

For plane curves, it is possible to refine the definition of curvature slightly and
give it an appealing geometric interpretation.
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Suppose that v(s) is a unit-speed curve in R2. Denoting d/ds by a dot, let
t=+%
be the tangent vector of «; note that t is a unit vector. There are two unit

vectors perpendicular to t; we make a choice by defining ng, the signed unit
normal of -, to be the unit vector obtained by rotating t anticlockwise by /2.

By Proposition 1.2.4, t = 4 is perpendicular to t, and hence parallel to n,.
Thus, there is a scalar k, such that

Y = Rslls;
ks is called the signed curvature of « (it can be positive, negative or zero). Note
that, since || ns || =1, we have
k=1 = rens || = ks, (2.5)

so the curvature of - is the absolute value of its signed curvature. The following
diagrams show how the sign of the signed curvature is determined (in each case,
the arrow on the curve indicates the direction of increasing s); ks is negative
for the two middle diagrams and positive for the other two.

ng

Ky >0 Ks <0 Ks <0 K, >0
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If «(t) is a regular, but not necessarily unit-speed, curve we define the unit
tangent vector t, signed unit normal n, and signed curvature ks of v to be
those of its unit-speed parametrization 4(s), where s is the arc-length of ~.
Thus,

¢ d/dt _ d/dt
dsjdt T v/t

n; is obtained by rotating t anticlockwise by 7/2, and

dt _dtds_ ds
At dsdt  "Cdt

dry
dt

ng = Kg ng.

The signed curvature has a simple geometric interpretation in terms of the
rate at which the tangent vector rotates. If 7y is a unit-speed curve, the direction
of the tangent vector 4(s) is measured by the angle ¢(s) such that

4(s) = (cos p(s), sin p(s)). (2.6)

The angle ¢(s) is not unique, however, as we can add to any particular choice
any integer multiple of 27. The following result guarantees that there is always
a smooth choice:

Proposition 2.2.1

Let v : (a, 3) — R? be a unit-speed curve, let s € (o, 3) and let ¢g be such
that

Y (s0) = (cos o, sin o).

Then there is a unique smooth function ¢ : (a, 5) — R such that ¢(so) = ¢o
and that Eq. 2.6 holds for all s € (a, 3).

Proof
Let

note that
f(5)> 4+ g(s)> =1 for all s (2.7)

since -y is unit-speed. Define
S
o(o) = ot [ (13- o)t
S0

Obviously ¢(sg) = @o. Moreover, since the functions f and g are smooth, so is
¢ = fg—gf, and hence so is ¢.
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Let
F=fcosp+gsing, G= fsinp— gcosp.
Then,
F=(f+gp)cosp+(g— fo)sine.
But

frge=F0—g") +fog=f(ff+99) =0,
where the second equality used Eq. 2.7 and the last equality used its conse-
quence

ff+g9=0.

Similarly, ¢ — f¢ = 0. Hence, F =0 and F is constant. A similar argument
shows that G is constant. But

F(s0) = f(s0) cos o + g(s0) sin g = cos” g + sin® o = 1,
and similarly G(sg) = 0. It follows that
fcosp+gsinp =1, fsinp—gcosp=0

for all s. These equations imply that f = cosy, g = sin ¢, and hence that the
smooth function ¢ satisfies Eq. 2.6.

As to the uniqueness, if ¢ is another smooth function such that 1 (sg) = o
and ¥(s) = (cos)(s),sinp(s)) for s € (a, ), there is an integer n(s) such that

P(s) —o(s) =2mn(s) for all s € («, 5).

Because ¢ and i are smooth, n is a smooth, hence continuous, function of s.
This implies that n is a constant: otherwise we would have n(sg) # n(s1) for
some s1 € (a, ), and then by the intermediate value theorem the continuous
function n(s) would have to take all values between n(so) and n(s1) when s
is between sp and s;. But most real numbers between n(sg) and n(s1) are not
integers! Thus, n is actually independent of s, and since ¥ (s¢) = ¢(s0) = ®o,
we must have n = 0 and hence 9(s) = ¢(s) for all s € (a, 5). |

Definition 2.2.2

The smooth function ¢ in Proposition 2.2.1 is called the turning angle of ~
determined by the condition ¢(sg) = ¢p.

We are now in a position to give the geometric interpretation of the signed
curvature that we promised earlier.
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Proposition 2.2.3

Let ~(s) be a unit-speed plane curve, and let ¢(s) be a turning angle for ~.

Then,
.
fds’

Thus, the signed curvature is the rate at which the tangent vector of the
curve rotates. As the diagrams following Eq. 2.5 show, the signed curvature is
positive or negative accordingly as t rotates anticlockwise or clockwise as one
moves along the curve in the direction of increasing s.

Proof

By Eq. 2.6 the tangent vector t = (cos p, sin ¢), so

t = p(—sin g, cos p).

Since ng = (—sin g, cos p), the equation t = kon, gives the stated result. [

Example 2.2.4

Let us find the signed curvature of the catenary (Exercise1.2.1). Using the
parametrization ~y(¢) = (¢, cosht) we get 4 = (1,sinh¢) and hence

t
s :/ V1 + sinh?t dt = sinh ,
0

so if ¢ is the angle between 4 and the z-axis,

tan =sinht = s,
dy
2
- =1,
sec” p—
Cdp 1 1 1

T ds  sec?y IttanZp 1482

Proposition 2.2.3 has an interesting consequence in terms of the total signed
curvature of a unit-speed closed curve ~ of length ¢, namely

¢
/ Ks(s) ds. (2.8)
0

Corollary 2.2.5

The total signed curvature of a closed plane curve is an integer multiple of 2.
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Proof

Let 4 be a unit-speed closed plane curve and let ¢ be its length. By
Proposition 2.2.3, the total signed curvature of ~ is

/ 98 4s = p(t) - p(0),

where ¢ is a turning angle for v. Now, « is [-periodic (see Section 1.4):

(s +£) =~(s).
Differentiating both sides gives

F(s+£6) =(s),
and in particular 4(¢) = 4(0). Hence, by Eq. 2.6,

(cosp(£),sinp(£)) = (cosp(0),sin p(0)),
which implies that ¢(¢) — ¢(0) is an integer multiple of 27. |
The next result shows that a unit-speed plane curve is essentially determined

once we know its signed curvature at each point of the curve. The meaning of
‘essentially’ here is ‘up to a direct isometry of R?’, i.e., a map M : R? — R? of

the form
M=T,0 P9,

where pg is an anticlockwise rotation by an angle # about the origin,
po(z,y) = (xcosf —ysinf,xsin b + y cosb),
and T, is the translation by the vector a
Ta(v) =v+a,

for any vectors (x,y) and v in R? (see Appendix 1).

Theorem 2.2.6

Let k : (o, ) — R be any smooth function. Then, there is a unit-speed curve
v : (o, ) — R? whose signed curvature is k.

Further, if 4 : (a,3) — R? is any other unit-speed curve whose signed
curvature is k, there is a direct isometry M of R? such that

A(s) = M(~(s)) for all s € (a, B).
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Proof

For the first part, fix sg € (a, 3) and define, for any s € («, 3),

w(s) = k(u)du, (cf. Proposition 2.2.3),

S0

~(s) = ( / cos p(t)dt, / siw(t)dt) .

Then, the tangent vector of ~ is

Y(s) = (cosp(s), sin p(s)),

which is a unit vector making an angle (s) with the z-axis. Thus, « is unit-
speed and, by Proposition 2.2.3, its signed curvature is

dp d [*

1 = 18 . k(u)du = k(s).

For the second part, let ¢(s) be a smooth turning angle for 4. Thus,

:y(s) = (COS(,O( ) SIHSO S))

<s>—</ cos G(t)dt / sinpo)dr) +3s0). (29)

By Proposition 2.2.3, k(s) = d@/ds so

N

= /s: E(u)du + ¢(s0).

Inserting this into Eq. 2.9, and writing a for the constant vector 4(s¢) and 6
for the constant scalar @(sg), we get

T, ( / cos(o(t) + 0)dt, / sin(u(t) + H)dt)

=T, (cos@/ cosgo(t)dt—sin(‘)/ sin (t)dt,

S0 S0

3(s)

sin 9/ cos @(t)dt + cos@/ sin cp(t)dt)

S0 S0

Tape (/ coscp(t)dt,/ singo(t)dt)
S0 S0

Tap@(')’(s))' 0
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Example 2.2.7

Any regular plane curve v whose curvature is a positive constant is part of a
circle. To see this, let x be the curvature of v, and let k; be its signed curvature.
Then, by Eq. 2.5,

Ks = K.

A priori, we could have ks = k at some points of the curve and ks = —k at
others, but in fact this cannot happen since k, is a continuous function of s
(see Exercise 2.2.2), so the intermediate value theorem tells us that, if ks takes
both the value x and the value —k, it must take all values between. Thus,
either ks = K at all points of the curve, or kK, = —k at all points of the curve.
In particular, s is constant.

The idea now is to show that, whatever the value of ks, we can find a
parametrized circle whose signed curvature is xs. The theorem then tells us
that every curve whose signed curvature is ks can be obtained by applying a
direct isometry to this circle. Since rotations and translations obviously take
circles to circles, it follows that every curve whose signed curvature is constant
is (part of) a circle.

A unit-speed parametrization of the circle with centre the origin and radius
R is

S .S
¥(s) = (Rcos E,Rsm E> .

Its tangent vector
s 5
t=9= (—Sin—,cos—)
7 R "R
is the unit vector making an angle 7/2 + s/ R with the positive z-axis:

Hence, the signed curvature of v is

G2

Thus, if ks > 0, the circle of radius 1/k, has signed curvature k.
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If ks < 0, it is easy to check that the curve

A(s) = (R cos i, —Rsin i)

R R
(which is just another parametrization of the circle with centre the origin and
radius R) has signed curvature —1/R. Thus, if R = —1/k we again get a circle

with signed curvature k.

These calculations should be compared to the analogous ones for curvature
(as opposed to signed curvature) following Definition 2.1.1.

Example 2.2.8

Theorem 2.2.6 shows that we can find a plane curve with any given smooth
function as its signed curvature. But simple curvatures can lead to complicated
curves. For example, let the signed curvature be x,(s) = s. Following the proof
of Theorem 2.2.6, and taking sg = 0, we get p(s) = fos udu = % S0

+(s) = </0 cos (g) dt,/os sin (?) dt).

These integrals cannot be evaluated in terms of ‘elementary’ functions. (They
arise in the theory of diffraction of light, where they are called Fresnel’s inte-
grals, and the curve = is called Cornu’s Spiral, although it was first considered
by Euler.) The picture of 4 above is obtained by computing the integrals nu-
merically.
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NN .

It is natural to ask whether Theorem 2.2.6 remains true if we replace ‘signed
curvature’ by ‘curvature’. The first part holds if (and only if) we assume that
k > 0, for then « can be chosen to have signed curvature k& and so will have
curvature k as well. The second part of Theorem 2.2.6, however, no longer
holds. For, we can take a (smooth) curve « that coincides with the z-axis for
—1 <z <1 (say), and is otherwise above the z-axis. (The reader who wishes
to write down such a curve explicitly will find the solution of Exercise 9.4.3
helpful.) We now reflect the part of the curve with < 0 in the z-axis. The
new curve has the same curvature as =, but obviously cannot be obtained by
applying an isometry to v. See Exercise 2.2.3 for a version of Theorem 2.2.6
that s valid for curvature instead of signed curvature.

EXERCISES

2.2.1 Show that, if v is a unit-speed plane curve,

n; — —kKst.

2.2.2 Show that the signed curvature of any regular plane curve (¢) is a
smooth function of ¢. (Compare with Exercise 2.1.2.)

2.2.3 Let v and 4 be two plane curves. Show that, if 4 is obtained from ~
by applying an isometry M of R?, the signed curvatures x, and & of
~ and 7 are equal if M is direct but that &, = —k, if M is opposite
(in particular, v and 4 have the same curvature). Show, conversely,
that if v and 4 have the same nowhere-vanishing curvature, then
can be obtained from 4 by applying an isometry of R2.

2.2.4 Let k be the signed curvature of a plane curve C expressed in terms
of its arc-length. Show that, if C, is the image of C under the dilation
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2.25

2.2.6

v — av of the plane (where a is a non-zero constant), the signed
curvature of C, in terms of its arc-length s is k().

A heavy chain suspended at its ends hanging loosely takes the form
of a plane curve C. Show that, if s is the arc-length of C measured
from its lowest point, ¢ the angle between the tangent of C and the
horizontal, and T the tension in the chain, then

Tcosp=A, Tsinp=us,

where A, are non-zero constants (we assume that the chain has
constant mass per unit length). Show that the signed curvature of

Cis )
1 2\~
Hs:_(1+8_2> ’

a a

where a = \/p, and deduce that C can be obtained from the catenary
in Example 2.2.4 by applying a dilation and an isometry of the plane.

Let v(t) be a regular plane curve and let A be a constant. The parallel
curve ¥ of ~ is defined by

YMt) = y(t) + Ang(t).

Show that, if Aks(t) # 1 for all values of ¢, then 4* is a regular curve
and that its signed curvature is £5/|1 — k).

Another approach to the curvature of a unit-speed plane curve ~ at
a point ~(sg) is to look for the ‘best approximating circle’ at this
point. We can then define the curvature of « to be the reciprocal of
the radius of this circle.

Carry out this programme by showing that the centre of the circle
which passes through three nearby points «(sg) and ~(so £ ds) on
~ approaches the point

€(s0) = 7(s0) + ——=m(s0)

as s tends to zero. The circle C with centre €(sg) passing through
~Y(s0) is called the osculating circle to v at the point «(sg), and
€(so) is called the centre of curvature of v at y(sg). The radius of C
is 1/|ks(s0)| = 1/k(s0), where & is the curvature of v — this is called
the radius of curvature of v at y(so).
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2.2.7

2.2.8

2.2.9

2.2.10

With the notation in the preceding exercise, we regard € as the
parametrization of a new curve, called the evolute of v (if ~ is any
regular plane curve, its evolute is defined to be that of a unit-speed
reparametrization of 7). Assume that &s(s) # 0 for all values of s
(a dot denoting d/ds), say ks > 0 for all s (this can be achieved
by replacing s by —s if necessary). Show that the arc-length of € is
—#(s) (up to adding a constant), and calculate the signed curvature
of e. Show also that all the normal lines to « are tangent to e (for
this reason, the evolute of « is sometimes described as the ‘envelope’
of the normal lines to «). Show that the evolute of the cycloid

~(t) = a(t —sint,1 — cost), 0<t<2m,
where a > 0 is a constant, is
€(t) =a(t+sint, —1 4+ cost)

(see Exercise 1.1.7) and that, after a suitable reparametrization, e
can be obtained from -« by a translation of the plane.

A string of length £ is attached to the point «(0) of a unit-speed plane
curve ¥(s). Show that when the string is wound onto the curve while
being kept taught, its endpoint traces out the curve

t(s) = v(s) + (€ = 5)¥(s),

where 0 < s < £ and a dot denotes d/ds. The curve ¢ is called
the involute of y (if 7y is any regular plane curve, we define its involute
to be that of a unit-speed reparametrization of ). Suppose that the
signed curvature k4 of v is never zero, say xs(s) > 0 for all s. Show
that the signed curvature of ¢ is 1/(¢ — s).

Show that the involute of the catenary
~(t) = (t,cosht)

with [ = 0 (see the preceding exercise) is the tractric

1
z = cosh™! <§) — /1 -2

See Section 8.3 for a simple geometric characterization of this curve.

A unit-speed plane curve ~(s) rolls without slipping along a
straight line ¢ parallel to a unit vector a, and initially touches /¢
at a point p = v(0). Let q be a point fixed relative to . Let T'(s)
be the point to which q has moved when ~ has rolled a distance s
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along ¢ (note that T’ will not usually be unit-speed). Let 0(s) be the
angle between a and the tangent vector 4. Show that

T(s) =p+sa+p_ge)(a—(s)),

where p, is the rotation about the origin through an angle . Show
further that

L'(s) p_gs)(a—"(s)) =0.
Geometrically, this means that a point on I' moves as if it is rotating
about the instantaneous point of contact of the rolling curve with £.
See Exercise 1.1.7 for a special case.

2.3 Space curves

Our main interest in this book is in curves (and surfaces) in R3, i.e., space
curves. While a plane curve is essentially determined by its curvature (see
Theorem 2.2.6), this is no longer true for space curves. For example, a circle
of radius 1 in the zy-plane and a circular helix with a = b = 1/2 (see Exam-
ple 2.1.3) both have curvature 1 everywhere, but it is obviously impossible to
change one curve into the other by any isometry of R3. We shall define an-
other type of curvature for space curves, called the torsion, and we shall prove
that the curvature and torsion of a curve together determine the curve up to a
direct isometry of R3.

Let v(s) be a unit-speed curve in R?, and let t = 4 be its unit tangent
vector. If the curvature r(s) is non-zero, we define the principal normal of ~
at the point ~(s) to be the vector

1 .
= ——t(s). 2.10
n(s) = i) (2.10)
Since || t || = #, n is a unit vector. Further, by Proposition 1.2.4, t -t =0, so t

and n are actually perpendicular unit vectors. It follows that
b=txn (2.11)

is a unit vector perpendicular to both t and n. The vector b(s) is called the
binormal vector of v at the point «(s). Thus, {t,n,b} is an orthonormal basis
of R?, and is right-handed, i.e.,

b=txn, n=bxt, t=nxb.
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Since b(s) is a unit vector for all s, b is perpendicular to b. Now we use the
‘product rule’ for differentiating the vector product of vector-valued functions
u and v of a parameter s:

d du v
E(uxv)ZEXV—l—uxE.
(This is easily proved by writing out both sides in component form and using
the usual product rule for differentiating scalar functions.) Applying this to
b =1t X n gives

b=txn+txn=txn, (2.12)

since by the definition (2.10) of n, t x n = kn x n = 0. Equation 2.12 shows
that b is perpendicular to t. Being perpendicular to both t and b, b must be
parallel to n, so

b= —7n, (2.13)

for some scalar 7, which is called the torsion of 4 (inserting the minus sign
here will reduce the total number of minus signs later). Note that the torsion
is only defined if the curvature is non-zero.

Of course, we define the torsion of an arbitrary regular curve « to be that
of a unit-speed reparametrization of . As in the case of the curvature, to see
that this makes sense, we have to investigate how the torsion is affected by a
change in the unit-speed parameter of « of the form

u = =+s+c,

where c¢ is a constant. But this change of parameter clearly has the following
effect on the vectors introduced above:

t— +t, t—t, n—n, b— +b, br—>b,

it follows from Eq. 2.13 that 7 +— 7. Thus, the curvature and torsion are well-
defined for any regular curve.
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Just as we did for the curvature in Proposition 2.1.2, it is possible to give
a formula for the torsion of a regular space curve « in terms of ~ itself, rather
than in terms of a unit-speed reparametrization:

Proposition 2.3.1
Let v(t) be a regular curve in R® with nowhere-vanishing curvature. Then,
denoting d/dt by a dot, its torsion is given by
S Rl ) ide § (2.14)
[l

Note that this formula shows that 7(¢) is defined at all points ~(¢) of the
curve at which its curvature k(¢) is non-zero, since by Proposition 2.1.2 this is
the condition for the denominator on the right-hand side to be non-zero.

Proof

We could ‘derive’ Eq. 2.14 by imitating the proof of Proposition 2.1.2. But it
is easier and clearer to proceed as follows, even though this method has the
disadvantage that one must know the formula (2.14) for 7 in advance.
We first treat the case in which ~ is unit-speed. Using Egs. 2.11 and 2.13,
r=-n-b=-n-(txn)=-n-Exn+txn)=-n-(txn).

Now, n = %t = %5', SO

BRSO GO U S SO OO PP, R WS I
T= K’Y vy dt K'Y = K'Y ~ K'Y /@27 7/@27 Y XY)

since ¥ - (¥ x4) =0 and 4 - (% x %) = =% - (% x 4). This agrees with Eq. 2.14,
for, since -y is unit-speed, 4 and 4 are perpendicular, so
x5 =151 =14 1= 5
In the general case, let s be arc-length along ~. Then,
dy  dsdy d~ _ [(ds 2 d?~ n d?s dvy
dt — dtds’ dt2  \dt) ds> dt? ds’
Py (@' s sy | sy
dt3 — \dt) ds3  “dtdt2 ds® = dt3 ds’

Hence,

. ds\?* dy  d*~
vi=(5) (@ &)

e ds\® (d3y [dy d®v
’Y'””):(a) (d_(d_d_)>
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So the torsion of ~ is

Example 2.3.2

We compute the torsion of the circular helix vy(0) = (acosf, asin 8, bf) studied
in Example 2.1.3. We have

4(0) = (—asinb,acosb,b), (0) = (—acosf,—asinb,0),
%(0) = (asinf, —acosh,0), 4 x4 = (absin®, —abcosh,a?),
|4 x4 [?= a®(a® +b%), (3 xF)-5 = a®b,
so the torsion

(%) 5 a b

A XA (@ +07) a4 0%

Note that the torsion of the circular helix in Example 2.3.2 becomes zero
when b = 0, in which case the helix is just a circle in the zy-plane. This gives
us a clue to the geometrical interpretation of torsion, contained in the next
proposition.

Proposition 2.3.3

Let v be a regular curve in R? with nowhere vanishing curvature (so that the
torsion 7 of  is defined). Then, the image of -« is contained in a plane if and
only if 7 is zero at every point of the curve.

Proof

We can assume that 4 is unit-speed (for this can be achieved by reparametrizing
~, and reparametrizing changes neither the torsion nor the fact that ~ is, or is
not, contained in a plane). We denote the parameter of v by s and d/ds by a
dot as usual.

Suppose first that the image of -+ is contained in the plane v-N = d, where
N is a constant vector and d is a constant scalar and v € R?. We can assume
that N is a unit vector. Differentiating ~ - N = d with respect to s, we get

t-N =0, (2.15)
t-N=0 (since N=0),
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kn-N =0 (since t = sn),
n-N=0 (since k #0). (2.16)

Equations 2.15 and 2.16 show that t and n are perpendicular to N. It follows
that b =t x n is parallel to N. Since N and b are both unit vectors, and b(s)
is a smooth (hence continuous) function of s, we must have b(s) = N for all s
or b(s) = =N for all s. In both cases, b is a constant vector. But then b=0,
soT =0.

Conversely, suppose that 7 = 0 everywhere. By Eq. 2.13, b= 0,sobisa
constant vector. The first part of the proof suggests that ~ should be contained
in a plane v - b = constant. We therefore consider

d

Ziv-bl=%-b=t-b=0

(7 k) =7 ;
so 7 - b is a constant (scalar), say d. This means that « is indeed contained in
the plane v-b =d. O

There is a gap in our calculations which we would like to fill. Namely, we
know that, for a unit-speed curve, we have

t=kn and b= —7n

(these were our definitions of n and 7, respectively), but we have not com-
puted n. This is not difficult. Since {t,n,b} is a right-handed orthonormal
basis of R3,

txn=b, nxb=t, bxt=n.

Hence, _
n=bxt+bxt=—mnxt+xrbxn=—kt+b.

Putting all these together, we get the following theorem.

Theorem 2.3.4

Let 4 be a unit-speed curve in R? with nowhere vanishing curvature. Then,

t = kn
n=—xt+7b (2.17)
b= —7n.

Equations 2.17 are called the Frenet—Serret equations. Notice that the matrix

0 k 0
-k 0 7
0O —7 0
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which expresses t, n and b in terms of t, n and b is skew-symmetric, i.e., it is
equal to the negative of its transpose. This helps when trying to remember the
equations. (The ‘reason’ for this skew-symmetry can be seen in Exercise 2.3.6.)

Here is a simple application of Frenet—Serret:

Proposition 2.3.5

Let v be a unit-speed curve in R? with constant curvature and zero torsion.
Then, « is a parametrization of (part of) a circle.

Proof

This result is actually an immediate consequence of Example 2.2.7 and
Proposition 2.3.3, but the following proof is instructive and gives more in-
formation, namely the centre and radius of the circle and the plane in which it
lies.

By the proof of Proposition 2.3.3, the binormal b is a constant vector and
~ is contained in a plane II, say, perpendicular to b. Now

using the fact that the curvature x is constant and the Frenet—Serret equation
n=—xt+7b=—xt (since T =0)

(the reason for considering v + %n can be found in Exercise 2.2.6). Hence,
~ + %n is a constant vector, say a, and we have

1 1
[v—al=[- n|=—.

K K
This shows that =~ lies on the sphere S, say, with centre a and radius 1/k.
The intersection of II and § is a circle, say C, and we have shown that - is a
parametrization of part of C. If r is the radius of C, we have K = 1/rsor = 1/k
is also the radius of S. It follows that C is a great circle on S, i.e., that II passes
through the centre a of S. Thus, a is the centre of C and the equation of IT is

v-b=a-b. |

We conclude this chapter with the analogue of Theorem 2.2.6 for space
curves.
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Theorem 2.3.6

Let v(s) and 4(s) be two unit-speed curves in R® with the same curvature
k(s) > 0 and the same torsion 7(s) for all s. Then, there is a direct isometry
M of R? such that

F(s) = M(~v(s)) for all s.
Further, if k£ and ¢ are smooth functions with k& > 0 everywhere, there is a
unit-speed curve in R3 whose curvature is & and whose torsion is t.

Proof

Let t,n and b be the tangent vector, principal normal and binormal of ~, and
let t, 7 and b be those of 4. Let so be a fixed value of the parameter s, let 8 be
the angle between t(sg) and t(so) and let p be the rotation through an angle ¢
around the axis passing through the origin and perpendicular to both of these
vectors. Then, p(t(so)) = t(s0); let i = p(n(so)), b = p(b(so)). If ¢ is the angle
between i1 and n(sp), let p’ be the rotation through an angle ¢ around the axis
passing through the origin parallel to t(sg). Then, p’ fixes t(sg) and takes f
to fi(sg). Since {t(s0),n(so),b(se)} and {t(s0),n(s0),b(se)} are both right-
handed orthonormal bases of R?, p’ o p takes the vectors t(sp),n(sg),b(sg) to
the vectors t(so), f(s0), b(so), respectively. Now let M be the direct isometry
M = T5(s0)=~(s0) © P' © p. By Exercise 2.3.5, the curve I' = M (v) is unit-
speed, and if T', N and B denote its unit tangent vector, principal normal and
binormal, we have

T'(so) = 4(s0), T(s0) = t(s0), N(s0) = i(s0), B(so) = b(s0).  (2.18)
The trick now is to consider the expression

A(s)=t-T+a-N+b-B.
In view of Eq. 2.18, we have A(sg) = 3. On the other hand, since t and T are
unit vectors, t- T < 1, with equality holding if and only if t = T; and similarly
for n- N and b - B. It follows that A(s) < 3, with equality holding if and only
if t = T,n = N and b = B. Thus, if we can prove that A is constant, it will
follow in particular that t = T, i.e., that 4 = T, and hence that 5(s) — T'(s) is
a constant. But by Eq. 2.18 again, this constant vector must be zero, so ¥ = T'.
For the first part of the theorem, we are therefore reduced to proving that

A is constant. But, using the Frenet—Serret equations,

A = tT+ia-N+b-B+t- T+a-N+b-B
= kn-T+ (—kt+7b) - N+ (—7n)-B+t-skN
+11- (=T +7B) + b - (—7N),

and this vanishes since the terms cancel in pairs.
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For the second part of the theorem, we observe first that it follows from the
theory of ordinary differential equations that the equations

T = kN, (2.19)
N = — kT + 1B, (2.20)
B=—tN (2.21)

have a unique solution T(s), N(s), B(s) such that T(sg), N(so), B(so) are the
standard orthonormal vectors i = (1,0,0), j = (0,1,0), k = (0,0,1), respec-
tively. Since the matrix

0 k0

-k 0 ¢
0 —t 0
expressing T, N and B in terms of T, N and B is skew-symmetric, it follows
that the vectors T, N and B are orthonormal for all values of s (see Exercise
2.3.6).

Now define

706 = [ T(u)du.

Then, 4 = T, so since T is a unit vector, v is unit-speed. Next, T = kN
by Eq. 2.19, so since N is a unit vector, k is the curvature of v and N is its
principal normal. Next, since B is a unit vector perpendicular to T and N,
B = AT x N where A is a smooth function of s that is equal to £1 for all s.
Since k =1 x j, we have A(sg) = 1, so it follows that A(s) = 1 for all s. Hence,
B is the binormal of v and by Eq. 2.21, t is its torsion. O

EXERCISES

2.3.1 Compute &, 7,t,n and b for each of the following curves, and verify
that the Frenet—Serret equations are satisfied:

() () = (30 + 07250 - 072, &),
(ii) ~(t) = (% cost,1 —sint, —% cost).

Show that the curve in (ii) is a circle, and find its centre, radius and
the plane in which it lies.

2.3.2 Describe all curves in R3 which have constant curvature k > 0 and
constant torsion 7.



54

2. How much does a curve curve?

2.3.3

234

2.3.5

2.3.6

A regular curve v in R? with curvature > 0 is called a generalized
heliz if its tangent vector makes a fixed angle # with a fixed unit
vector a. Show that the torsion 7 and curvature x of v are related
by 7 = £k cot§. Show conversely that, if the torsion and curvature
of a regular curve are related by 7 = Ax where ) is a constant, then
the curve is a generalized helix.

In view of this result, Examples 2.1.3 and 2.3.2 show that a circular
helix is a generalized helix. Verify this directly.

Let ~(t) be a unit-speed curve with «(¢) > 0 and 7(¢) # 0 for all ¢.
Show that, if 7 is spherical, i.e., if it lies on the surface of a sphere,

then J )
T K
-—=——). 2.22
Kk ds <7%2> (222)
Conversely, show that if Eq. 2.22 holds, then
p°+ (po)? =1

for some (positive) constant r, where p = 1/k and o = 1/7, and
deduce that -~ lies on a sphere of radius r. Verify that Eq. 2.22 holds
for Viviani’s curve (Exercise 1.1.8).

Let P be an n x n orthogonal matrix and let a € R™, so that M (v) =
Pv + a is an isometry of R? (see Appendix 1). Show that, if v is a
unit-speed curve in R", the curve I' = M («y) is also unit-speed. Show
also that, if t,n,b and T,N,B are the tangent vector, principal
normal and binormal of v and T, respectively, then T = Pt, N = Pn
and B = Pb.

Let (ai;) be a skew-symmetric 3 x 3 matrix (i.e., a;; = —a;; for
all 4,7). Let vq,vy and vs be smooth functions of a parameter s
satisfying the differential equations

3
Vi: E (lijVj,
Jj=1

for i = 1,2 and 3, and suppose that for some parameter value sy the
vectors vi(so), va(so) and vs(sg) are orthonormal. Show that the
vectors v1(s), va(s) and vs(s) are orthonormal for all values of s.

For the remainder of this book,
all parametrized curves will be assumed to be regqular.
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Global properties of curves

All the properties of curves that we have discussed so far are ‘local’: they
depend only on the behaviour of a curve near a given point and not on the
‘global’ shape of the curve. Proving global results about curves often requires
concepts from topology, in addition to the calculus techniques we have used
in the first two chapters of this book. Since we are not assuming that readers
of this book have extensive familiarity with topological ideas, we will not be
able to give complete proofs of some of the global results about curves that we
discuss in this chapter.

3.1 Simple closed curves

In this chapter, we shall consider plane curves of the following type.

Definition 3.1.1

A simple closed curve in R? is a closed curve in R? that has no self-intersections.

It is a standard, but highly non-trivial, result of the topology of R?, called
the Jordan Curve Theorem, that any simple closed curve in the plane has an
‘interior’ and an ‘exterior’: more precisely, the complement of the image of ~

Andrew Pressley, Elementary Differential Geometry: Second Edition, 55
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(i.e., the set of points of R? that are not in the image of ~) is the disjoint
union of two subsets of R?, denoted by int(v) and ext(~), with the following
properties:

(i) int(y) is bounded, i.e., it is contained inside a circle of sufficiently large
radius.

(i) ext(sy) is unbounded.

(iii) Both of the regions int(vy) and ext(vy) are connected, i.e., they have the
property that any two points in the same region can be joined by a curve
contained entirely in the region (but any curve joining a point of int(vy) to
a point of ext(7y) must cross the curve «).

Example 3.1.2

The ellipse v(t) = (pcost,gsint), where p and ¢ are non-zero constants, is
a simple closed curve with period 27. The interior and exterior of « are, of
course, given by {(x,y) € R?| ;’;—j + z;_; < 1} and {(m,y) € R?| ﬁ—; + Z—j > 1},

respectively.

Not all examples of simple closed curves have such an obvious interior and
exterior, however. Is the point p in the interior or the exterior of the simple
closed curve shown below?

Example 3.1.3

The limagon in Example 1.1.7 is closed but is not a simple closed curve as it
has a self-intersection — see Exercise 3.1.1.

The fact that a simple closed curve has an interior and an exterior enables
us to distinguish between the two possible orientations of «v. We shall say that
v is positively-oriented if the signed unit normal ng of v (see Section 2.2) points
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into int(y) at every point of 4. This can always be achieved by replacing the
parameter ¢t of v by —t, if necessary. In the diagrams below, the arrow indicates
the direction of increasing parameter. Is the simple closed curve shown above

positively-oriented?
nS

Positively-oriented Not positively-oriented

We conclude this section by stating the following important result.

Theorem 3.1.4 (Hopf's Umlaufsatz)

The total signed curvature of a simple closed curve in R? is 427.

The proof of Theorem 3.1.4 would take us a little further into the realm of
topology than is appropriate for this book. A heuristic proof (of a slightly more
general result) is given in Section 13.1.

Note that Corollary 2.2.5 shows that the total signed curvature of any closed
curve in R? is an integer multiple of 2. The point of Hopf’s theorem is that
if the curve is simple closed, this integer must be +1. The German word
‘Umlaufsatz’ means ‘rotation theorem’: from the proof of Corollary2.2.5 we
see that Hopf’s theorem says that any turning angle ¢ of a simple closed curve
changes by £27 on going once round the curve, which means that the tangent
vector rotates by £2m. The reader might like to check that this property holds
for the maze-like simple closed curve preceding Example 3.1.3.

EXERCISES

3.1.1 Show that
~(t) = ((1 + acost) cost, (1 + acost)sint),

where a is a constant, is a simple closed curve if |a| < 1, but that
if |a| > 1 its complement is the disjoint union of three connected
subsets of R?, two of which are bounded and one is unbounded.
What happens if a = 17
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3.2 The isoperimetric inequality

The area contained by a simple closed curve = is
Aly) = / dudy. (3.1)
int(y)

This can be computed by using the following theorem.

Green’s Theorem Let f(z,y) and g(z,y) be smooth functions (i.e., functions
with continuous partial derivatives of all orders), and let v be a positively-
oriented simple closed curve. Then,

dg 8f> /
— — — ) daxdy = T, dr + x, dy.
/mt(v) <8x Ay y 7f( Y) g(z,y)dy

A proof can be found in standard books on multivariable calculus.

Proposition 3.2.1

If v(t) = (x(t),y(t)) is a positively-oriented simple closed curve in R? with
period T', then

Lo
A = [ (oo -y (3:2)
0

Proof
Taking f = f%y, g= %x in Green’s theorem, we get

1

A(v) =5 / zdy — ydz,

2 Jy

which gives Eq. 3.2 immediately. O

Note that, although the formula in Eq. 3.2 involves the parameter ¢ of ~, it
is clear from the Definition 3.1.1 that A(vy) is unchanged if « is reparametrized.

One of the most famous global results about plane curves is the following
theorem.

Theorem 3.2.2 (Isoperimetric Inequality)

Let « be a simple closed curve, let £(7) be its length and let .A(+) be the area
contained by it. Then,

1 2
Aly) <t

and equality holds if and only if + is a circle.
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Of course, it is obvious that equality holds when « is a circle, since in that
case £(v) = 2mR and A(v) = 7R?, where R is the radius of the circle.
To prove this theorem, we need the following result from analysis:

Proposition 3.2.3 (Wirtinger's Inequality)
Let F : [0,7] — R be a smooth function such that F'(0) = F(w) = 0. Then,

™ (dF\? L
—_— >
/0 (dt) dt_/o P2,

and equality holds if and only if F'(¢) = Dsint for all ¢ € [0, 7], where D is a
constant.

Assuming this result for the moment, we show how to deduce the isoperi-
metric inequality from it.

Proof

We start by making some assumptions about -« that will simplify the proof.
First, we can, if we wish, assume that ~ is parametrized by arc-length s. How-
ever, because of the 7 that appears in Theorem 3.2.2, it turns out to be more
convenient to assume that the period of « is 7. If we change the parameter of
~ from s to s

t ) (3.3)

the resulting curve is still simple closed, and has period 7 because when
s increases by f(«), t increases by m. We shall therefore assume that ~ is
parametrized using the parameter ¢ in Eq. 3.3 from now on.

For the second simplification, we note that both ¢(y) and A(vy) are un-
changed if « is subjected to a translation «(t) — ~(t) + b, where b is any
constant vector (see Exercise 3.2.1). Taking b = —~(0), we might as well as-
sume that v(0) = 0 to begin with, i.e., we assume that v begins and ends at
the origin.

To prove Theorem 3.2.2; we shall calculate £(v) and A(v) by using polar
coordinates

xr=rcosf, y=rsind.

Using the chain rule, it is easy to show that

i +y? = %0,y —yi =170,
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with d/dt denoted by a dot. Then, using Eq. 3.3,

e (5 (8- (£) - (8)) (- o0

since (dz/ds)? + (dy/ds)? = 1. Further, by Eq. 3.2, we have

1 /™ 1/ .
Aly) = —/ (xy —yx)dt = —/ r20dt. (3.5)
2 Jo 2 Jo
To prove Theorem 3.2.2, we have to show that
0(v)?
S >
A =0,

with equality holding if and only if ~ is a circle. By Eq. 3.4,

/aﬁ+ﬁ¢mp:a”?
0

™

Hence, using Eq. 3.5,

E( y)2 1 g .9 2,2 1 /71' 24 1
S == _Z =7
1 A() 4/0 (7* +r°0%)dt 2 ), redt ,

where .
7= / (7% + 12602 — 2r20) dt. (3.6)
0

Thus, to prove Theorem 3.2.2, we have to show that Z > 0, and that Z = 0 if
and only if v is a circle.
By simple algebra,

I:Ar%%ﬂfﬁ+£(ﬁ—ﬁﬂt (3.7)

The first integral on the right-hand side of Eq. 3.7 is obviously > 0, and the
second integral is > 0 by Wirtinger’s inequality (we are taking F' = r: note that
r(0) = r(m) = 0 since y(0) = vy(7) = 0). Hence, Z > 0. Further, since both
integrals on the right-hand side of Eq. 3.7 are > 0, their sum 7 is zero if and
only if both of these integrals are zero. But the first integral is zero only if § = 1
for all ¢, and the second is zero only if » = Dsint for some constant D (by
Wirtinger again). So § = t+«, where « is a constant, and hence r = D sin(f—a).
It is easy to see that this is the polar equation of a circle of diameter D, thus
completing the proof of Theorem 3.2.2 (see the diagram below). O
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We now prove Wirtinger’s inequality.
Let G(t) = F(t)/sint. Then, denoting d/dt by a dot as usual,

/ F2dt = / (Gsint + G cost)?dt
0 0
= / G?sin? ¢ dt + 2/ GGsintcost dt + / G? cos® t dt.
0 0 0
Integrating by parts':
2/ GGsintcost dt = G? sintcost’g - / G?(cos? t — sin® t)dt
0 0
= / G?(sin® t — cos® t)dt.
0
Hence,
/ F2dt = / G? sin® t dt + / G?*(sin®t — cos® t)dt + / G? cos® t dt
0 0 0 0

:/ (G2+G2)sin2tdt:/ F2dt+/ G?sin? ¢ dt,
0 0 0

/F2dt7/ F2dt:/ G?sin? t dt.
0 0 0

The integral on the right-hand side is obviously > 0, and it is zero if and only
if G = 0 for all ¢, i.e., if and only if G(t) is equal to a constant, say D, for all
t, which means that F(t) = Dsint. |

and so

! In performing the integration by parts, we assume that G is continuously differen-
tiable (for we assume that the function G(t)?sint cost is equal to the integral of its
derivative). Unfortunately, G(¢) is not even defined when ¢ = 0 or =, as the ratio
F(t)/sint is 0/0 there. So we must show that G can be defined at these points
so as to become continuously differentiable everywhere. This can be done by using
I’Hospital’s rule.
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EXERCISES

3.2.1 Show that the length /() and the area A(v) are unchanged by
applying an isometry to ~.
3.2.2 By applying the isoperimetric inequality to the ellipse

2 2
x__|_y_:1

P2 ¢

(where p and ¢ are positive constants), prove that

27
/ \/p2 sin?t + ¢2 cos? t dt > 27\/pq,
0

with equality holding if and only if p = q.

3.3 The four vertex theorem

We conclude this chapter with a famous result about convex curves in the
plane. A simple closed curve - is called convez if its interior int(«y) is convex,
in the sense that the straight line segment joining any two points of int(y) is

contained entirely in int(-y)

0

convex not convex

Definition 3.3.1
A wertex of a curve y(¢) in R? is a point where its signed curvature x, has a

stationary point, i.e., where dk/dt = 0.

It is easy to see that this definition is independent of the parametrization

of ~.
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Example 3.3.2

The signed curvature of the ellipse (t) = (pcost,gsint), where p and ¢ are
positive constants, is easily found to be

pq

Ks(t) = .
«() (p?sin®t + 2 cos? t)3/2

Then,

drs 3pq(q? — p?)sint cost

At (p2sin®t + ¢2 cos? t)5/2
vanishes at exactly four points of the ellipse, namely the points with ¢ =
0,7/2, 7 and 37/2, which are the ends of the two axes of the ellipse.

The following theorem says that this is the smallest number of vertices a
convex simple closed curve can have.

Theorem 3.3.3 (Four Vertex Theorem)

Every convex simple closed curve in R? has at least four vertices.

The conclusion of this theorem actually remains true without the assump-
tion of convexity, but the proof is then more difficult than the one we are about
to give.

Proof

Let v be a parametrization of a convex simple closed curve in R?, and let £ be
its length. Assume for a contradiction that « has fewer than four vertices. We
show first that there is a straight line L that divides « into two segments, in
one of which /¢ > 0 and in the other £5 < 0 (or possibly s > 0 on one and
s < 0 on the other). Indeed, ks attains all of its values on the closed interval
[0, ¢], so ks must attain its maximum and minimum values at some points p
and q of v. We can assume that p # q, since otherwise k; would be constant,
~ would be a circle (by Example 2.2.7), and every point of 7 would be a vertex.
If p and q were the only vertices of «, we would have £5s > 0 on one of the
segments into which the line through p and q divides v and £5 < 0 on the
other. Suppose now that there is just one more vertex, say r. Then, p, q and
r divide + into three segments, on each of which either £, > 0 or k5, < 0. It
follows that there are two adjacent segments on which &5 > 0 or two on which
ks < 0 (except at the point at which the two segments meet). This proves our
assertion. O
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E—\Y

Let a be a unit vector perpendicular to L, so that «v-a > 0 on one side of L
and v -a < 0 on the other. Then, the quantity k(v - a) is either always > 0 or
always < 0, except at the two points in which L intersects the curve. It follows
that

¢
/ fro(y - a) dt # 0, (3.8)
0
as this integral is definitely > 0 in the first case and < 0 in the second. But,
using the equation ny = —k,t (see Exercise 2.2.1), we get

RsY = (HS’Y)- — KsY = (KS’Y + ns).,
so the integrand on the left-hand side of (3.8) is the derivative of (ks y+n,)-a =
A, say. Since ~ is ¢-periodic,
Yyt +£)=~(t) forall ¢,

differentiating with respect to ¢ shows that the tangent vector t of ~ is also
{-periodic:
t{t+0) =A@+ L) =4() = t(t).

Rotating by 7/2 gives
ng(t +£) = ng(¢),

and hence ks(t + £) = ks(t). It follows that A(t + £) = A(¢) for all ¢, so the
integral in (3.8) is equal to

/e A(#) dt = A() — A(0) = 0.
0

This contradiction proves that v must have at least four vertices. O
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EXERCISES

3.3.1 Show that the ellipse in Example 3.1.2 is convex.

3.3.2 Show that the limacgn in Example 1.1.7 has only two vertices (cf.
Example 3.1.3).

3.3.3 Show that a plane curve v has a vertex at t = ¢ if and only if the
evolute € of v (Exercise 2.2.7) has a singular point at ¢ = tg.
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Surfaces in three dimensions

In this chapter, we introduce several different ways to mathematically formulate
the notion of a surface. Although the simplest of these, that of a surface patch,
is all that is needed for most of the book, it does not describe adequately most
of the objects that we would want to call surfaces. For example, a sphere is
not a surface patch, but it can be described by ‘gluing’ two surface patches
together suitably. The idea behind this gluing procedure is simple enough,
but making it precise turns out to be a little complicated. We have tried to
minimize the trauma by collecting the most demanding proofs in a separate
section (Section 5.6).

4.1 What is a surface?

A surface is a subset of R? that looks like a piece of R? in the vicinity of any
given point, just as the surface of the Earth, although actually nearly spherical,
appears to be a flat plane to an observer on the surface who sees only to the
horizon. To make the phrases ‘looks like’ and ‘in the vicinity’ precise, we must
first introduce some preliminary material. We describe this for R™ for any n > 1,
although we shall need it only for n = 1,2, or 3.

First, a subset U of R™ is called open if, whenever a is a point in U, there
is a positive number € such that every point u € R™ within a distance € of a is
also in U:

acUand ||[u—al<e = uel.
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For example, the whole of R™ is an open set, as is
Dy(a) ={ueR"|[u—al<r},

the open ball with centre a and radius r > 0. (If n = 1, an open ball is called
an open interval; if n = 2 it is called an open disc.) However,

Dr(a)={ueR" |[[u—a|<r}

is not open because however small the positive number € is, there is a point
within a distance € of the point (a; +7,as,...,a,) € D,(a) (say) that is not in
D,(a) (for example, the point (a; + 7 + 5,02,...,0ap)).

Next, if X and Y are subsets of R™ and R"™, respectively, amap f: X — Y
is said to be continuous at a point a € X if points in X near a are mapped by
f to points in Y near f(a). More precisely, f is continuous at a if, given any
number € > 0, there is a number § > 0 such that

ucX and [[u—a|<dé=| f(u)—fa)l<e

Then f is said to be continuous if it is continuous at every point of X.
Composites of continuous maps are continuous.

In view of the definition of an open set, this is equivalent to the following:
f is continuous if and only if, for any open set V' of R™, there is an open set U
of R™ such that UN X = {x € X | f(z) € V}.

If f : X — Y is continuous and bijective, and if its inversemap f~!: Y — X
is also continuous, then f is called a homeomorphism and X and Y are said to
be homeomorphic.

We are now in a position to make our first attempt at defining the notion
of a surface in R3.

Definition 4.1.1

A subset S of R3 is a surface if, for every point p € S, there is an open set U
in R? and an open set W in R? containing p such that SNW is homeomorphic
to U. A subset of a surface S of the form S N W, where W is an open subset
of R3, is called an open subset of S. A homeomorphism o : U — SNW as in
this definition is called a surface patch or parametrization of the open subset
SNW of §. A collection of such surface patches whose images cover the whole
of § is called an atlas of S.

Example 4.1.2

Every plane in R? is a surface with an atlas consisting of a single surface patch.
In fact, let a be a point on the plane, and let p and q be two unit vectors that
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are parallel to the plane and perpendicular to each other. If v is any point of
the plane, v — a is parallel to the plane, and so

vV—a=up+vq
for some scalars v and v. Thus, the desired surface patch is
o(u,v) = a+up + vq,
and its inverse map is
o' (v)=((v-a)-p,(v-2a)-q).
These formulas make it clear that o and o~! are continuous, and hence that

o is a homeomorphism. (We shall not verify this in detail.)

The following example shows why we have to consider surfaces, and not
just surface patches.

Example 4.1.3

A circular cylinder is the set of points of R3 that are at a fixed distance (the
radius of the cylinder) from a fixed straight line (its axis). For example, the
circular cylinder of radius 1 and axis the z-axis, which we shall call the wunit
cylinder, is

S={(z,y,2) € R¥| 2 +¢y* =1}

The simplest parametrization of S is
o(u,v) = (cosu,sinu,v).

Clearly, o (u,v) € S for all (u,v) € R?, and every point of S is of this form.
Moreover, o is continuous. However, o is not injective, and so is not a home-
omorphism, because o (u,v) = o(u + 2m,v) for all (u,v). To get an injective
map we can restrict u to lie in an interval of length < 27, say 0 < u < 27.
However, although the restriction oy of o to

V = {(u,v) € R?|0 <u < 27}

is injective, V' is not an open subset of R? and so oy is not a surface patch.
The largest open subset of R? contained in V is

U={(u,v) € R*|0 < u < 27},

and the restriction o |y of o to U is a surface patch. However, o|y does not
cover the whole of S, but only the open subset obtained by removing the line
z=1,y =0 from S.
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R
S

~_ |l

To get an atlas for S we therefore need at least one more surface patch. We
can take |y, where

U={(u,v) eR?| -7 <u<n};

this covers the open subset of S obtained by removing the line x = —1,y = 0.
Every point of S is in the image of at least one of the surface patches o|v, o|g,
so {o|y,o|7} is an atlas for S, and S is a surface.

Example 4.1.4

A sphere is the set of points of R? that are a fixed distance (the radius of the
sphere) from a fixed point (its centre). For example, the sphere of radius 1 and
centre the origin, called the unit sphere, is

S? ={(z,y,2) eR® | 2” +9° + 22 =1}.

The most popular parametrization of S? is that given by latitude § and longi-
tude ¢: if p is a point of the sphere, the line through p parallel to the z-axis
intersects the zy-plane at a point q, say; then, 6 is the angle between q and p
and ¢ is the angle between q and the positive x-axis. The circles on the sphere
corresponding to a constant value of 8 are called parallels; those corresponding
to a constant value of ¢ are called meridians.
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x

To obtain an explicit formula for this parametrization, we must express p
in terms of the angles # and ¢. From the right-angled triangle with vertices 0,
p and q, we see that the z-component of p is sinf. The xz- and y-components
can be found from the right-angled triangle in the zy-plane with vertices 0, q
and r, where r is the foot of the perpendicular from q to the z-axis. The length
of the hypotenuse of this triangle is || q || = cos 6, so the z- and y-components
of p are

||l cosp =cosfcosep and || q | sing = cosfsinp,
respectively. Putting all these together gives
p = (cos 6 cos p, cos O sin ¢, sin 9).

Denote the right-hand side of this equation by o (6, y); this is the latitude—
longitude parametrization of S2.

As in the case of the cylinder, o is not injective since (for example) o (6, @) =
o (0,0 + 2m). In fact, a little thought shows that to cover the whole sphere, it
is sufficient to take
<0<

. 0<p<om

N3
N3
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However, the set of points (0, ) satisfying these inequalities is not an open
subset of R2. The largest open set consistent with the above inequalities is

U={(9,g0)‘—%<9<g, 0<g0<27r};

however, the image of o|y is not the whole of the sphere, but the open subset
obtained by removing the semicircle C consisting of the points of the sphere of
the form (z,0, z) with « > 0.

To show that the sphere is a surface, we must therefore produce at least
one more surface patch covering the part of the sphere omitted by o. One
possibility is the patch & obtained by first rotating o by 7 about the z-axis
and then by 7/2 about the z-axis. Explicitly, & : U — R? is given by

6(0,0) = (—cosfcosp, —sinb, — cosfsin p)

(the open set U is the same as for o). The image of & is the open subset of S?
obtained by removing the semicircle C consisting of the points of the sphere of
the form (z,y,0) with  <0.
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It is clear that C and C do not intersect, so the union of the images of oy and
&y is the whole sphere.

Our last example (for the moment) is a subset of R? that is nearly, but not
quite, a surface.

Example 4.1.5

The circular cone with vertex a point v, azis a straight line ¢ passing through v,
and angle a, where 0 < o < /2, is the set of points p in R? such that the
straight line through v and p makes an angle o with the line ¢. For example,
if v is the origin, £ is the z-axis and o = /4, the circular cone is

S={(z,y,2) e R® | 2% +¢% = 2%}

To see that this is not a surface, suppose that o : U — S NW is a surface
patch containing the vertex (0,0,0) of the cone, and let a € U correspond to
the vertex. We can assume that U is an open ball with centre a, since any
open set U containing a must contain such an open ball. The open set W must
obviously contain a point p in the lower half S_ of S where z < 0 and a point
q in the upper half S, where z > 0; let b and ¢ be the corresponding points
in U. It is clear that there is a curve mw in U passing through b and c, but not
passing through a. This is mapped by o into the curve v = o o7 lying entirely
in S, passing through p and q, and not passing through the vertex. (It is true
that « will, in general, only be continuous, and not smooth, but this does not
affect the argument.) This is clearly impossible. (Readers familiar with point
set topology will be able to make this heuristic argument rigorous.)
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If we remove the vertex, however, we do get a surface S_US, . It has an atlas
consisting of the two surface patches o1 : U — R?, where U = R?\{(0,0)},
given by the inverse of projection onto the xy plane:

o1 (u,v) = (u,v, £V/u? + v2).

/ 5

14

As the example of the sphere shows, a point a of a surface S will generally
lie in the image of more than one surface patch. In general, suppose then that
o:U—SNWand & :U — SNW are two patches such that a € SNW NW.
Since & and & are homeomorphisms, =" (SNW NW) and 6 /(SN W NW)
are open sets V C U and V C U, respectively. The composite homeomorphism
o loa:V — Vis called the transition map from o to &. If we denote this
map by @, we have
(4,0) = o (®(a,0))

Q:

for all (@,7) € V.
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EXERCISES

4.1.1 Show that any open disc in the xy-plane is a surface.

4.1.2 Define surface patches a% : U — R3 for S? by solving the equation
22 4+ y? + 22 =1 for x in terms of y and z:

o’ (u,v) = (V1 —u? — 02, u,v),

defined on the open set U = {(u,v) € R? | u? +v? < 1}. Define
o' and o7 similarly (with the same U) by solving for y and z,
respectively. Show that these six patches give 52 the structure of a
surface.

NN

N
lm\\k\\\\\\‘%s$
TR

N

4.1.3 The hyperboloid of one sheet is
S={(z,y,2) eR® | 22 +¢* - 22 =1}
Show that, for every 6, the straight line
(x —2z)cosd = (1 —y)sinf, (x4 z)sinf = (1+y)cosb

is contained in S, and that every point of the hyperboloid lies on
one of these lines. Deduce that S can be covered by a single surface
patch, and hence is a surface. (Compare the case of the cylinder in
Example 4.1.3.)
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Find a second family of straight lines on S, and show that no two
lines of the same family intersect, while every line of the first family
intersects every line of the second family with one exception. One
says that the surface S is doubly ruled.

4.1.4 Show that the unit cylinder can be covered by a single surface patch,
but that the unit sphere cannot. (The second part requires some
point set topology.)

4.1.5 Show that every open subset of a surface is a surface.

4.2 Smooth surfaces

In Differential Geometry we use calculus to analyse surfaces (and other geomet-
ric objects). We must be able to make sense of the statement that a function
on a surface is differentiable, for example. For this, we have to consider surfaces
with some extra structure.

First, if U is an open subset of R™, we say that a map f: U — R" is smooth
if each of the n components of f, which are functions U — R, have continuous
partial derivatives of all orders. The partial derivatives of f are then computed
componentwise. For example, if m = 2 and n = 3, and

f(uav) = (fl(u’v)’ f2(u7v)a fS(u’U)))

then

ou’ Ou’ Ou

ov’ Ov’ Ov

ov

g:(afl ot 8f3) @_(afl ot 8f3)
8u ) )
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and similarly for higher derivatives. We often use the following abbreviations:

o, o,
ou Y oYV
03f 0%f 02f 0%f

a5 — Lyu, A o — luv, a3 a — vu, _:f'uva
ou? Oudv Ovou ov?

and so on. From advanced calculus we know that f,, = f,, if f is smooth.
It now makes sense to say that a surface patch o : U — R? is smooth. But
we shall require one further condition.

Definition 4.2.1

A surface patch o : U — R? is called regular if it is smooth and the vectors
o, and o, are linearly independent at all points (u,v) € U. Equivalently, o
should be smooth and the vector product o, x o, should be non-zero at every
point of U.

The reason for imposing this condition will appear in Section 4.4.
We can finally define the class of surfaces to be studied in this book.

Definition 4.2.2

If S is a surface, an allowable surface patch for S is a regular surface patch
o : U — R3 such that o is a homeomorphism from U to an open subset of S.
A smooth surface is a surface S such that, for any point p € S, there is an
allowable surface patch o as above such that p € o(U). A collection A of
allowable surface patches for a surface S such that every point of S is in the
image of at least one patch in A is called an atlas for the smooth surface S.

Example 4.2.3
The plane in Example 4.1.2 is a smooth surface. For
o(u,v) =a+up +vq

is clearly smooth and o, = p and o, = q are linearly independent because p
and q were chosen to be perpendicular unit vectors.

Example 4.2.4
The unit cylinder (Example 4.1.3) is a smooth surface. Indeed,

o(u,v) = (cosu,sinu,v)
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is clearly smooth and
o, = (—sinu,cosu,0), o, =(0,0,1)

are obviously linearly independent for all (u,v), so o|y and o|; are regular
surface patches.

Example 4.2.5

For the unit sphere S? in Example 4.1.4, it is again clear that o and & are
smooth. As for regularity,

o9 = (—sinfcos g, —sinfsinp,cosh), o, = (—cosfsing,cosfcosyp,0),

oy x 0, = (—cos? 0 cos p, — cos? fsin p, — sin f cos §)

and hence || 09 X o, || = |cosf|. But if (0,¢) € U, then —7/2 < 0 < 7/2 so
cos @ # 0. Similarly, one checks that & is regular.

In Exercise 4.1.2 we gave another family of allowable surface patches cover-
ing the unit sphere S? (it is easy to check that they are regular — see Exercise
4.2.2). An obvious question is: which of these two atlases should we use to study
the sphere? The answer is that we can use either, or both. The eight patches in
Exercise 4.1.2 and Example 4.1.4 together form a third atlas. In most situations
(although not in all — see Definition 4.5.1), one might as well use the mazimal
atlas for a given surface S consisting of all of its allowable surface patches. The
maximal atlas is independent of any arbitrary choices.

Although not at first sight very interesting, the next two results are very
important for what is to follow.

Proposition 4.2.6

The transition maps of a smooth surface are smooth.

The proof of this will be given in Section 5.6. The next result is a kind of
converse.

Proposition 4.2.7

Let U and U be open subsets of R? and let o : U — R3 be a regular surface
patch. Let ® : U — U be a bijective smooth map with smooth inverse map
®1':U = U.Then, 6 =0 0®:U — R3 is a regular surface patch.
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Proof

The patch & is smooth because any composite of smooth maps is smooth. As
for regularity, let (u,v) = ®(u,v). By the chain rule,

ou ov ou ov

i = 55%u T 5% 0= 5% 5%
% ou 0 ou 0
~ ~ u ov u ov
Oy X Oy = (%%—%%) Oy X Oy. (41)

The scalar on the right-hand side of this equation is the determinant of the

ou ov
ou Ou
J((P) - ( du v >

% v

Jacobian matrix

of ®. We recall from calculus that, if ¥ and ¥ are two smooth maps between
open sets of R?,
J(ToW)=J(U)J(D).

(In fact, this is equivalent to the chain rule that expresses the first partial
derivatives of ¥ o W in terms of those of ¥ and W.) Taking ¥ = & and ¥ =
&1 we see that J(®~1) = J(®)~!. In particular, J(®) is invertible, so its
determinant is non-zero and Eq. 4.1 shows that & is regular. O

If regular surface patches o and & are related as in this proposition, we
say that o is a reparametrization of o, and that ® is a reparametrization map.
Note that o is then a reparametrization of &, since o = 6 o ®~1.

Note also that, if ¢ : U - SNW and 6 : U — SN W are two allowable
surface patches of a smooth surface S, and if V C U and V C U are the open
subsets such that (V) =&(V) =SNWNW, then ®=0"'od:V — Vis
bijective, smooth and has a smooth inverse by Proposition 4.2.6. Thus, ¢ is a
reparametrization of o where they are both defined.

These observations give rise to a very important principle that we shall use
throughout the book. The principle is that we can define a property of any
smooth surface provided we can define it for any reqular surface patch in such
a way that it is unchanged when the patch is reparametrized. We shall give an
important application of this principle in the next section.

For the rest of this book, by a surface we shall mean
a smooth surface S, and by a surface patch for S
we shall mean an allowable surface patch for S.
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Unless we indicate otherwise, we shall also assume that all surfaces we

consider are connected, which means that any two points of S can be joined
by a curve lying entirely in S. This is not a serious restriction, for it is not
difficult to prove that any surface S is a disjoint union of connected surfaces,
each of which is an open subset of S, so § can be studied by studying each
of its connected parts separately (see Exercise 4.2.9). All the surfaces we have
encountered so far are connected except the double cone of Example 4.1.5,
which breaks into the union of two disjoint half cones Si when the vertex is
removed, as it must be to have a surface.

EXERCISES

4.2.1 Show that, if f(x,y) is a smooth function, its graph
{(z,y,2) eR® | z = f(z,9)}

is a smooth surface with atlas consisting of the single regular surface

4.2.2

4.2.3

4.24

4.2.5

patch

o (u,v) = (u,v, f(u,v)).

In fact, every surface is ”locally” of this type — see Exercise 5.6.4.

Verify that the six surface patches for S? in Exercise 4.1.2 are regular.

Calculate the transition maps between them and verify that these

maps are smooth.

Which of the following are regular surface patches (in each case,

u,v € R):
(i) o(u,v) = (u,v,uv).
(i) o(u,v) = (u,v?v3).
(iii) o(u,v) = (u+u? v,v?)?
Show that the ellipsoid

.’E2 y2 22

q2

p2 2

r

_|__

L,

where p, ¢ and r are non-zero constants, is a smooth surface.

A torus is obtained by rotating a circle C in a plane II around a
straight line [ in II that does not intersect C. Take II to be the xz-
plane, [ to be the z-axis, a > 0 the distance of the centre of C from
I, and b < a the radius of C. Show that the torus is a smooth surface

with parametrization

o(0,0) = ((a+bcosh)cosp, (a+ bcos)sing, bsinb).
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4.2.6 A helicoid is the surface swept out by an aeroplane propeller, when
both the aeroplane and its propeller move at constant speed (see the
picture below). If the aeroplane is flying along the z-axis, show that
the helicoid can be parametrized as

o(u,v) = (vcosu,vsinu, \u),

where A is a constant. Show that the cotangent of the angle that
the standard unit normal of o at a point p makes with the z-axis is
proportional to the distance of p from the z-axis.

4.2.7 Let ~ be a unit-speed curve in R? with nowhere vanishing curvature.
The tube of radius a > 0 around = is the surface parametrized by

o(s,0) =v(s) + a(n(s)cosd + b(s)sind),

where n is the principal normal of 4 and b is its binormal. Give a

geometrical description of this surface. Prove that o is regular if the

1

curvature & of v is less than a™" everywhere.
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Note that, even if o is regular, the surface o will have self-
intersections if the curve ~ comes within a distance 2a of itself.
This illustrates the fact that regularity is a local property: if (s, 6)
is restricted to lie in a sufficiently small open subset U of RZ
o : U — R? will be smooth and injective (so there will be no
self-intersections) — see Exercise 5.6.3. We shall see other instances
of this later (for example, Example 12.2.5).

-,

The tube around a circular helix

4.2.8 Show that translations and invertible linear transformations of R?
take smooth surfaces to smooth surfaces.

4.2.9 Show that every open subset of a smooth surface is a smooth surface.

4.3 Smooth maps

We want to define the notion of a smooth map f : S — Sz, where S; and S
are smooth surfaces. It is not obvious how to do this, because so far we only
know how to define smooth maps between open subsets of Euclidean spaces.
In view of the principle stated at the end of the preceding section, we can
assume that S; and Sy are covered by single surface patches o1 : Uy — R3
and o9 : Uy — R? provided we verify that the definition we give is unaffected
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by a reparametrization of o1 and o5. Since o1 and o, are bijective, any map
f 81 — S gives rise to the map 0'2_1 ofooy: Uy — Us, and we say that
f is smooth if this map is smooth (we already know what it means for a map
between open subsets of R? to be smooth). Now suppose that & : U, — R?
and &5 : UQ — R3 are reparametrizations of o1 and o, with reparametrization
maps P : T]'l — Uy and @, : [72 — Us, respectively. We have to show that the
corresponding map 6'51 ofoo: U, — U, is smooth if 0'2_1 ofooy:U; — Us
is smooth. But this is true, since

6y 0f061 =65 0(02005")ofo(o1007")06,
= (65 00y)o (o5 0 foay)o (ot 0dy)

=®;'0(0, 0 fooy)ody,

and ®; and ®; ! are smooth maps (between open subsets of R?). The reader
should check that composites of smooth maps between surfaces are smooth.

We shall be especially interested in smooth maps f : &1 — Sz, which are
bijective and whose inverse map f~! : S, — S; is smooth. Such maps are
called diffeomorphisms, and S; and S are said to be diffeomorphic if there is
a diffeomorphism between them. The following observation will be useful.

Proposition 4.3.1

Let f: S — S be a diffeomorphism. If o1 is an allowable surface patch on
S1, then f oo is an allowable surface patch on Ss.

Proof

We can assume that S; and Ss are covered by single allowable patches
o1 : U — R? and o3 : Uy — R3, respectively. Since f is a diffeomorphism,
flo1(u,v)) = o2(F(u,v)), where F : Uy — Us is bijective, smooth and F~1 is
smooth. The result now follows from Proposition 4.2.6. O

It will actually be useful to consider smooth maps which satisfy a condition
slightly weaker than being a diffeomorphism. A smooth map f : &1 — Sz be-
tween smooth surfaces is called a local diffeomorphism if, for any point p € Sy,
there is an open subset O of &; such that f(O) is an open subset of S and
flo : © — f(0O) is a diffeomorphism (note that open subsets of surfaces are
surfaces — see Exercise 4.2.9). It is obvious that every diffeomorphism is a local
diffeomorphism (take O = S;1). Moreover, Proposition 4.3.1 holds if f is a lo-
cal diffeomorphism, provided that the restriction of f to the image of o is
injective.
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Example 4.3.2

We consider the map from the yz-plane onto the unit cylinder S, which wraps
each line parallel to the y-axis around the ‘waist’ of the cylinder at height z
above the zy-plane. This map is given by

f(0,y,2) = (cosy,siny, z).

Clearly, f is not a diffeomorphism because it is not injective — the plane
wraps around S infinitely many times. To see that f is a local diffeomorphism,
we parametrize the yz-plane in the obvious way by the single surface patch
7(u,v) = (0,u,v), and use the atlas {o|y, 0|5} of S in Example 4.1.3. Let p
be any point in the yz-plane, say (0,a,b). If a is not an even multiple of 27,
there is an integer n such that 2nm < a < 2(n + 1)7 and we have

f(mw(u,v)) =o(u—2nm,v) if 2nm <u<2(n+ 1),
showing that f is a diffeomorphism from the open subset
O ={(0,y,2)|2nm <y < 2(n+1)r}
of the plane to the open subset
fO) ={(z,y,2) eS|z #1}

of S§. If a is not an odd multiple of 7, a similar argument works with oy
replaced by o|; (we leave the details to the reader). Since a cannot both be
an even and an odd multiple of 7, we have shown that for all points p of
the plane, there is an open subset O of the plane containing p that f maps
diffeomorphically onto an open subset of S.
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EXERCISES

4.3.1 If S is a smooth surface, define the notion of a smooth function
S — R. Show that, if S is a smooth surface, each component of the
inclusion map S — R? is a smooth function S — R.

4.3.2 Let S be the half-cone 2+y? = 22, z > 0 (see Example 4.1.5). Define
a map f from the half-plane {(0,y,z)|y > 0} to S by f(0,y,2) =
(y cos z,ysin z,y). Show that f is a local diffeomorphism but not a
diffeomorphism.

4.4 Tangents and derivatives

A natural way to study a surface S is via the (smooth) curves « that lie in S.
This enables us to define the notion of a tangent vector to a surface.

Definition 4.4.1

A tangent vector to a surface S at a point p € S is the tangent vector at p of
a curve in S passing through p. The tangent space TS of S at p is the set of
all tangent vectors to S at p.

To understand the tangent space TS, choose a surface patch o : U — R3

of § such that p is in the image of o, say o(ug,vg) = p. If a curve ~y lies in S

and passes through p when ¢ = tg, say, there are functions u(t) and v(t) such
that

Y(t) = o (u(t), v(t)) (42)

for all values of ¢ close to tg, and u(tg) = ug, v(to) = vo. The functions u and v
are necessarily smooth (this will be proved in Section 5.6); conversely, it is
obvious that if ¢t — (u(t),v(t)) is smooth, then Eq. 4.2 defines a curve lying
in S.

Proposition 4.4.2

Let o : U — R3 be a patch of a surface S containing a point p € S, and let
(u,v) be coordinates in U. The tangent space to S at p is the vector subspace
of R? spanned by the vectors o, and o, (the derivatives are evaluated at the
point (ug,v9) € U such that o(ug,vo) = p).
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Proof

Let « be a smooth curve in S, say

¥(t) = o (u(t), v(t)).
Denoting d/dt by a dot, we have, by the chain rule,
Y=o+ oy0.
Thus, 4 is a linear combination of o, and o,. (Perhaps it is worth spelling out
what this last equation means: the vectors o, and o, are smooth functions of
u and v; in these formulas one replaces u and v by the functions u(t) and v(t);
then the right-hand side of the equation becomes a function of ¢ only, and the
equation says that this function is equal to d~y/dt.)

Conversely, any vector in the vector subspace of R? spanned by o, and o,
is of the form Ao, + po, for some scalars A and p. Define

~(t) = o (ug + At,vg + ut).
Then, ~ is a smooth curve in § and at ¢t = 0, i.e., at the point p € S, we have
Y = Aoy + po,.

This shows that every vector in the span of o, and o, is the tangent vector at
p of some curve in S. O

Since o is assumed to be regular, o, and o, are linearly independent so the
tangent space is two-dimensional, and will be called the tangent plane from now
on. Note that Definition 4.4.1 shows that the tangent plane is independent of
the choice of patch containing p, even though this is not immediately obvious
from Proposition 4.4.2 (see Exercise 4.4.2). Note also that the vectors o, and
o, that form a basis of the tangent plane at some point o (ug, vg) of the surface
are the tangent vectors of the parameter curves on the surface, i.e., the curves
u — o(u,v9) and v — o (up,v) (we shall sometimes describe these curves as
‘the parameter curves u = ug and v = vp’).

As a first application of the tangent plane to a smooth surface, we shall
explain what is meant by the derivative of a smooth map between surfaces.
Suppose then that f : S — S is such a map. The derivative of f at a point
p € S should measure how the point f(p) € S changes when p moves to a
nearby point q, say, of S. If the points p and q are very close together, the
straight line through them should be nearly tangent to S at p. So we should
expect that the derivative of f at p associates to any tangent vector to S at p
a tangent vector to S at f (p), in other words, the derivative of f at p should
be amap Dpf : TpS — Tf(p)g.
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To give a precise definition of Dy, f, let w € TS be a tangent vector to S at
p- By definition, w is the tangent vector at p of a curve « in S passing through
p, say w = 4(t). Then, 4 = f o~ is a curve in S passing through f(p) when
t =1y, sOW = "Ly(to) € Tf(p)g.

Definition 4.4.3

With the above notation, the derivative Dy f of f at the point p € S is the map
Dpf :TpS — Tf(p)g such that Dy f(w) = W for any tangent vector w € T,S.

The first thing we must do now is to show that this definition makes sense,
i.e., that Dy f(w) depends only on f, p, and w: there are (infinitely) many
curves v with the correct tangent vector w at p and a priori Dy f(w) could
depend on which curve is chosen.

Let o : U — R? be a surface patch of S containing p, say p = o (ug,vo),
and let «, 8 be the smooth functions on U such that

flo(u,v)) = &(a(u,v), B(u, v)).

Let w = Ao, + o, be the tangent vector at p of a curve y(t) = o (u(t), v(t)),
0) = p. Since the
a(u(t),v(t)) and

where u and v are smooth functions such that @(tg) = A, 0(t
corresponding curve on S is 4(t) = & (u(t), 0(t)), where a(t) =
o(t) = B(u(t),v(t)), we have

Dpf(W) = 64 + 05 = (o, + 0ay,)6a + (4B + 96,)6 5,
the derivatives of u and v being evaluated at to. Thus,
Dpf(w) = ()‘au + Nﬁv)&ﬂ + ()‘ﬂu + Mﬁv)&fw (43)

The right-hand side depends only on p, f, A and p, i.e., on p, f and w, as we
want.
Equation 4.3 also establishes the following proposition.

Proposition 4.4.4
If f:8 — S is a smooth map between surfaces and p € S, the derivative

Dpf :Tp8 — Tf(p)S is a linear map.

In fact, Eq. 4.3 shows that the matrix of the linear map Dy f with respect
to the basis {a, 0.} of T, f and the basis {F,65} of Tjp)S is the Jacobian

malriX
( au a’U )
éu /E’U

of the smooth map (u,v) — (a(u,v), 5(u,v)).
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Proposition 4.4.5

(i) If S is a surface and p € S, the derivative at p of the identity map S — S
is the identity map TpS — TpS.

(ii) If 81,82 and S3 are surfaces and f1 : S — S2 and fo : So — Sz are
smooth maps, then for all p € Sy,

Dy(f20 f1) = Dy, (p)f2 © Dp f1.

(iii) If f: & — Sq is a diffeomorphism, then for all p € S; the linear map
Dy f : TpS1 — Ty(p)Sz is invertible.

Proof

Part (i) is obvious. For (ii), let w € TpS1 be the tangent vector at p of a curve
~;1 on Si. Then, v, = f1 0, is a curve on Sy with tangent vector Dy, f1(w)
at f1(p), so v5 = fa oy = (fa0 f1) o~ is a curve on S3 with tangent vector
Dy, (p) f2(Dpfi(w)) at fa(fi(p)). But the tangent vector of v at p is also
Dp(f2 0 f1)(w).

Finally, for (iii) let g : So — &1 be the inverse map of f, so that go f and
f o g are the identity maps S — &1 and So — Sa, respectively. Parts (i) and
(ii) show that Dy(p)g is the inverse of the linear map Dy f. O

We can now give a simple criterion for a smooth map to be a local diffeo-
morphism.

Proposition 4.4.6

Let S and S be surfaces and let f : S — S be a smooth map. Then, f is a local
diffeomorphism if and only if, for all p € S, the linear map Dy f : TpS — Tf(p)g
is invertible.

Proof

Suppose first that f is a local diffeomorphism and let p € S. Then, there is
an open subset O of S containing p such that f(O) is an open subset of S
and flo : O — f(0O) is a diffeomorphism. By Proposition 4.4.5(iii), Dp f is
invertible (note that it is obvious that T,S = T, O).

The proof of the ’if’ part requires the inverse function theorem and will be
given in Section 5.6. O
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EXERCISES

4.4.1 Find the equation of the tangent plane of each of the following sur-
face patches at the indicated points:

(i) o(u,v) = (u,v,u® —v?), (1,1,0).
(ii) a(r,0) = (rcosh@,rsinh 0, r?), (1,0,1).

4.4.2 Show that, if o (u,v) is a surface patch, the set of linear combinations
of o, and o, is unchanged when o is reparametrized.

4.4.3 Let S be a surface, let p € S and let F : R® — R be a smooth
function. Let VsF be the perpendicular projection of the gradient
VF = (F;,F,, F;) of F onto TpS. Show that, if « is any curve on
S passing through p when t = tg, say,

. d
(VsF)-5(to) = o F(v(t))-
t=to
Deduce that VgF = 0 if the restriction of F' to S has a local maxi-
mum or a local minimum at p.

4.44 Let f : S — S2 be a local diffeomorphism and let v be a regular
curve on S1. Show that f o~ is a regular curve on Ss.

4.5 Normals and orientability

Since the tangent plane TS of a surface S at a point p € S passes through the
origin of R3, it is completely determined by giving a unit vector perpendicular
to it, called a unit normal to S at p. There are, of course, two such vectors, but
Proposition 4.4.2 shows that choosing a surface patch o : U — R? containing
p leads to a definite choice, namely

oy X oy
o

“Touxa] 4
(with the derivatives evaluated at the point of U corresponding to p), for this
is clearly a unit vector perpendicular to every linear combination of o, and
o,. This is called the standard unit normal of the surface patch o at p. Unlike
the tangent plane, however, N is not quite independent of the choice of patch
o containing p. In fact, if & : U — R3 is another surface patch in the atlas of
S containing p, we showed in the proof of Proposition 4.2.7 that

0q X 65 =det(J(P)) oy X 0y,
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where J(®) is the Jacobian matrix of the transition map ® from o to &. So
the standard unit normal of & is
Oy X 05 Oy X Oy

=4 = 4+N,,

N5 =
| ” Oy X Oy ||

leaxas
where the sign is that of the determinant of J(®). This leads to the following
definition.

Definition 4.5.1

A surface S is orientable if there exists an atlas A for S with the property
that, if ® is the transition map between any two surface patches in A, then
det(J(®)) > 0 where @ is defined.

The preceding discussion gives the following proposition.

Proposition 4.5.2

Let S be an orientable surface equipped with an atlas A as in Definition 4.5.1.
Then, there is a smooth choice of unit normal at any point of S: take the
standard unit normal of any surface patch in A.

An oriented surface is a surface S together with a smooth choice of unit
normal N at each point, i.e., a smooth map N : S — R3 (meaning that each
of the three components of N is a smooth function & — R) such that, for all
p € S, N(p) is a unit vector perpendicular to TpS. Any oriented surface is
orientable! To see this, start with the maximal atlas of S and retain a patch
o(u,v) if o, X o, is a positive multiple of N at all points in the image of o,
otherwise discard it. The patches that remain form an atlas A satisfying the
condition in Definition 4.5.1. We leave the details of this to the reader (the
argument is similar to that used in the next example). From now onwards,
whenever we are dealing with an oriented surface S, we shall only use surface
patches for S whose standard unit normal is the same as the chosen normal
of S.

Most of the surfaces we shall discuss are orientable. Here is one that is not.

Example 4.5.3

The Mobius band is the surface obtained by rotating a straight line segment I
around its midpoint p at the same time as p moves around a circle C, in such a
way that as p moves once around C, [ makes a half-turn about p. If we take C
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to be the circle 22 + y? = 1 in the xy-plane, and [ to be a segment of length 1
that is initially parallel to the z-axis with its midpoint p at (1,0,0), then after
p has rotated by an angle 6 around the z-axis, [ should have rotated by 6/2
around p in the plane containing p and the z-axis. The point of [ initially at
(1,0,t) is then at the point

o(t,0) = 17tsing cosf, 17tsin€ sin(‘),tcosg .
2 2 2

We take the domain of definition of & to be
U={(t,0) cR* | —1/2<t<1/2, 0< 6 <27}

We can define a second patch & by the same formula as o but with domain
of definition U = {(¢,0) € R?> | —1/2 <t < 1/2, —7 < 6 < 7}. It can be
checked that these two patches form an atlas for the Mobius band consisting
of regular surface patches, making the Mobius band into a smooth surface S
(see Exercise 4.5.1).

We compute the standard unit normal N, at points on the median circle
(where t = 0). At such points, we have

o= (— sin g cos 6, — sin g sin 6, cos 5) , og=(—sinb, cosbh,0),
S0
0 . 0 .0
oL X0y = (— cos 0 cos 2 sin 0 cos 3 sin 5) .

This is a unit vector, so it is equal to N-.

If the Mo6bius band was orientable, there would be a well-defined unit normal
N defined at every point of S and varying smoothly over S. At a point (0, )
on the median circle, we would have

N

A8
where A : (0,27) — R is smooth and A(#) = £1 for all 0. It follows that either
A(0) = +1 for all § € (0,27), or A(f) = —1 for all § € (0,27). Replacing N by
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—N if necessary, we can assume that A = 1. At the point o(0,0) = o (0, 27),
we would have (since N is smooth)

N =1limN, =(—1,0,0) and also N = lim N, = (1,0,0).
610 o12r
This contradiction shows that the Mobius band is not orientable.

If a surface S is oriented, it is possible to give a sign to the angle between
two tangent vectors at a point of S. This will be important on a number of
occasions later in this book.

Let p € S and let N be the chosen unit normal at p. A rotation in the
tangent plane T}, S is said to be in the positive sense, or anticlockwise, if rotation
in this sense of a right-handed screw held perpendicular to T,S would cause it
to advance in the direction of N. Put another way, the choice of N enables us
to distinguish the two ‘sides’ of TS: the ‘positive’ side is the half-space into
which IN points. Then, if we view TpS from a point on the positive side, a
positive rotation in TpS would be seen as anticlockwise in the usual sense.

N

If v and w are non-zero vectors in TpS, the oriented angle (which we shall
sometimes just call the angle) between v and w is the angle through which v
must be rotated in the positive sense in order for the resulting vector to be a
positive scalar multiple of w. We shall denote this angle by vw. Note that

WV = — VW,

and that the sign of vw will change if we change the choice of unit normal to
TpS. Note also that vw is determined only up to the addition of an integer
multiple of 2.

Example 4.5.4

It is clear that at a point p € S2, the tangent plane is perpendicular to p.
Since p is a unit vector, the two unit normals at p are p, the ‘outward’ normal,
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and —p, the ‘inward’ normal. There are two smooth choices of unit normal on
S2: either always inwards or always outwards.

For example, the reader should check that, if we take the inward normal
and if p is the point (1,0,0) on the equator, the oriented angle between the
tangent vectors v = (0,1,0) and w = (0,0,1) is vw = —7/2 (or 37/2,77/2,
etc.). If we used the outward pointing normal instead, this oriented angle would
change sign.

EXERCISES

4.5.1 Calculate the transition map ® between the two surface patches for
the Mobius band in Example 4.5.3. Show that it is defined on the
union of two disjoint rectangles in R2, and that the determinant of
the Jacobian matrix of ® is equal to +1 on one of the rectangles and
to —1 on the other.

4.5.2 Suppose that two smooth surfaces S and S are diffeomorphic and
that S is orientable. Prove that S is orientable.
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Examples of surfaces

In this chapter we describe some of the simplest classes of surfaces. Others will
be introduced later in the book.

5.1 Level surfaces

As we have already seen (Examples 4.1.3-5 and Exercise 4.1.3), surfaces are
often given to us as level surfaces

{(z,y,2) eR® | f(z,y,2) =0},

where f is a smooth function. In those examples, we constructed atlases by
fairly ad hoc methods. The following result gives general conditions under which
a level surface is a smooth surface. In fact, it deals with a slightly more general
situation in which different regions of a surface may be defined by different
functions.

Theorem 5.1.1

Let S be a subset of R? with the following property: for each point p € S, there
is an open subset W of R? containing p and a smooth function f : W — R
such that

i) SNW ={(z,y,2) e W | f(z,y,2) =0};

Andrew Pressley, Elementary Differential Geometry: Second Edition, 95
Springer Undergraduate Mathematics Series, DOI 10.1007/978-1-84882-891-9_5,
(© Springer-Verlag London Limited 2010
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(ii) The gradient V f = (fs, fy, f=) of f does not vanish at p.

Then, S is a smooth surface.

We postpone the proof to Section 5.6.

Example 5.1.2

For the umit sphere S?, we can take W = R® and use the single function
fla,y,2) = 22 +y?>+22—1. Then, Vf = (2x,2y,22) so | Vf || = 2 at all points
of §2. In particular, V f is non-zero everywhere on S2. Hence, Theorem 5.1.1
tells us that S? is a smooth surface.

Example 5.1.3

For the circular cone of Example 4.1.5, f(z,y,2) = 22 + y* — 22, Hence,
V| = (2z,2y, —2z), and this vanishes only at the vertex (0,0, 0). Theorem 5.1.1
applies with W = {(z,y, 2) € R®|z # 0}, so the circular cone with the vertex
removed is a smooth surface, as we have already seen.

A large class of level surfaces is studied in the next section.

EXERCISES

5.1.1 Show that the following are smooth surfaces:
() 22 +y?+21=1.

(i) (2% + 9% + 22 + a® — b?)? = 4a?(2® + y?), where a > b > 0 are
constants.

Show that the surface in (ii) is, in fact, the torus of Exercise4.2.5.

5.1.2 Consider the surface S defined by f(x,y, z) = 0, where f is a smooth
function such that V f does not vanish at any point of S. Show that
V f is perpendicular to the tangent plane at every point of S, and
deduce that S is orientable. Suppose now that F : R? — R is a
smooth function. Show that, if the restriction of F' to S has a local
maximum or a local minimum at p then, at p, VF = AV f for
some scalar A. (This is called Lagrange’s Method of Undetermined
Multipliers.)

5.1.3 Show that the smallest value of 2 + 2 4 22 subject to the condition
xyz = 1 is 3, and that the points (x,y, z) that give this minimum
value lie at the vertices of a regular tetrahedron in R3.
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5.2 Quadric surfaces

The simplest level surfaces, namely planes, have Cartesian equations of the
form ax + by + cz = d, where a, b, c,d are constants. From this point of view,
the next simplest surfaces should be those whose Cartesian equations are given
by quadratic expressions in x,y and z.
In this section, we identify any vector v = (z,y,z) € R® with the column
x
t

matrix [ y |, which we also denote by v. Note that, if v,w € R3, vlw is a

z
1 x 1 matrix, i.e., a number, namely the dot product v - w.

Definition 5.2.1

A quadric is the subset of R? defined by an equation of the form
viAV +b'v 4 ¢ =0,

where v = (z,v, 2), A is a constant symmetric 3 x 3 matrix, b € R? is a constant
vector, and ¢ € R is a constant scalar.

To see this more explicitly, let

ay G4 Qg
A= a4 Q2 as 5 b= (bl,bg,b:;).
ag a5 as

Then, the equation of the quadric is
a12? + asy? + asz® + 2auzy + 2a5yz + 2a6xz + bz + boy + bgz + ¢ = 0. (5.1)

A quadric is not necessarily a surface. For example, the quadric with
equation z2 +12%+ 22 = 0 is a single point, and that with equation 2% +y2? = 0 is
a straight line. A more interesting example is the quadric xy = 0, which is the
union of the two intersecting planes x = 0 and y = 0, and is also not a surface.
(Intuitively, it has a ‘corner’ along the line of intersection of the planes.) The
following proposition shows that to understand all quadrics it is sufficient to
consider quadrics whose equations take on a particularly simple form.

Theorem 5.2.2

By applying a direct isometry of R?, every non-empty quadric (5.1) in which
the coefficients are not all zero can be transformed into one whose Cartesian
equation is one of the following;:
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(iii) Hyperboloid of two sheets: T—z - -5 =1
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(iv) Elliptic paraboloid: ;—2 +4% ==z

(v) Hyperbolic paraboloid: f)—z —L =2z

RN
Il
o

2
(vi) Quadric cone: f)—z -

_
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M)

(vii) Elliptic cylinder: f}—z +

SIS
Il
_

(viii) Hyperbolic cylinder: ;—3 -1 =1.

(ix) Parabolic cylinder: ;—j =y.

(x) Plane: z = 0.

(xi) Two parallel planes: 2 = p?.
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M

(xii) Two intersecting planes: i—i — Z— =0.

(xiii) Straight line: ;—2 + qu = 0.

(xiv) Single point: i—i + z;_; + i—i =0.

In each case, p, ¢ and r are non-zero constants.

Proof

By Theorem A.0.4, there is an orthogonal matrix P such that PAP! is a diag-
onal matrix, say

aip 0 0
A= 0 d, 0
0 0 af

(P! denotes the transpose of P and I denotes the identity matrix). Then,
det(P) = +1, and by replacing P by —P if necessary, we can assume that
det(P) = 1. The diagonal entries of A" are the eigenvalues of A, and the rows
of P are the corresponding eigenvectors. Define v/ = (z/,y/, 2’), b’ = (b, b}, b}),
where

z’ x h by
y | =P v |, | =P b2
z' z A b3
Noting that
z z/ by b}
y | =P o |, by | =P b, |,
z z' bs A

the quadric in Definition 5.2.1 becomes

(@'Y DAY LY+ )Y ) o0,
ie., '’ +aly®+ a2 +Va + by + by +c=0.

This new quadric is obtained from the given one by applying the direct isometry
v — Pv (see Appendix 1), so we might as well consider the quadric in (5.1),
but assume that ay = a5 = ag = 0, i.e.,

a12® + asy® + azz® + bix + byy + bz + ¢ = 0. (5.2)

Suppose now that, in Eq. 5.2, a; # 0. If we define 2’ = = + by /2a,, corre-
sponding to a translation of R3, the equation becomes

arr’? + asy® + aszz? + boy + bsz + ¢ =0,
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where ¢’ is a constant. In other words, if a; # 0, we can assume that b; = 0,
and similarly for as and a3, of course.
If a1,a2 and ag in Eq. 5.2 are all non-zero, we may therefore reduce to the
form
2 2 2 _
a1z + azy” +azz” +c=0.

If ¢ # 0, we get cases (i), (ii) and (iii), depending on the signs of a1, a2, as
and ¢, and if ¢ = 0 we get cases (vi) and (xiv).
If exactly one of a1,as and a3 is zero, say az = 0, we are reduced to the
form
a1z + asy® + byz + ¢ = 0. (5.3)

If b3 # 0, we may define 2’ = z 4+ ¢/bs. Thus, by a translation (and by dividing
by b3), we are reduced to the case

a1x2 + a2y2 +2z=0.

This gives cases (iv) and (v).
If b3 = 0 in Eq. 5.3, we have

a1x2 + a2y2 +c=0.

If ¢ = 0 we get cases (xii) and (xiii). If ¢ # 0, dividing through by it leads to
cases (vii) and (viii).
Suppose now that ag = ag = 0, but a3 # 0. Then we have

a1x® + boy + bsz + ¢ =0. (5.4)

If bo and b3 are not both zero, by applying a rotation in the zz-plane that takes
the y-axis to a line parallel to the vector (be, b3), we can arrive at the situation
bs # 0,b3 = 0, and then by a translation along the y-axis we can arrange that
¢ = 0. This leads to the equation

ayz? +y=0,

which gives case (ix). If b = b3 = 0 in Eq. 5.4, then ¢ = 0 gives case (x) and
¢ # 0 gives case (xi).

Finally, if a1 = a2 = az = 0, (5.6) is the equation of a plane, so after
applying a Suitable composite of rotations and translations we are in case (x)
again. O

Corollary 5.2.3

Every non-empty quadric of types (i)—(x) is a surface (for type (vi) one must
remove the vertex of the cone).
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Proof

This is easily verified using Exercise4.2.8, Theorem 5.1.1 and the special form
of the equations of quadrics in Theorem 5.2.2. O
Example 5.2.4

Consider the quadric
2?2+ 2 +6x—4dy+32="1.
Setting ' =z + 3,y = y — 1 (a translation), we get
? +2y% +32=18.
Setting 2z’ = z — 6 (another translation) gives

2?4+ 2y + 32 =0.

Finally, setting «” = 2/, y" = —y/, 2" = —2’ (a rotation by 7 about the x-axis)

gives
1 72 2 72 "
5z + SY =z,
3 3

which is an elliptic paraboloid. It can be parametrized by setting z/ = u,y” =
v, 2" = %uz + %vz. This correspondstoz =u—3,y=1—v,2=6— %uz - %vz,
and shows that the given quadric is a smooth surface with an atlas consisting

of the single surface patch

1 2
o(u,v) = <u3,1v,6§u2—§v2>.

EXERCISES

5.2.1 Write down parametrizations of each of the quadrics in parts (i)—(xi)
of Theorem 5.2.2 (in case (vi) one must remove the origin).

5.2.2 Show that the quadric

2
2 +y? — 222 — gxy—l—élz:c

is a hyperboloid of one sheet if ¢ > 2, and a hyperboloid of two
sheets if ¢ < 2. What if ¢ = 27 (This exercise requires a knowledge
of eigenvalues and eigenvectors.)
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5.2.3 Show that, if a quadric contains three points on a straight line, it
contains the whole line. Deduce that, if Li,Ls and L3 are non-
intersecting straight lines in R3, there is a quadric containing all
three lines.

5.2.4 Use the preceding exercise to show that any doubly ruled surface
is (part of) a quadric surface. (A surface is doubly ruled if it is the
union of each of two families of straight lines such that no two lines of
the same family intersect, but every line of the first family intersects
every line of the second family, with at most a finite number of
exceptions.) Which quadric surfaces are doubly ruled?

5.3 Ruled surfaces and surfaces of revolution

Level surfaces have an ‘algebraic’ origin, in that they arise from a function
f(z,y,z). On the other hand, the two classes of surfaces considered in this
section arise from geometric constructions.

Example 5.3.1

A ruled surface is a surface that is a union of straight lines, called the rulings
(or sometimes the generators) of the surface.
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Suppose that C is a curve in R? that meets each of these lines. Any point p
of the surface lies on one of the given straight lines, which intersects C at q,
say. If v : (o, 8) — R? is a parametrization of C with v(u) = q, and if §(u) is
a non-zero vector in the direction of the line passing through (), then

P = 7(u) + vd(u),

for some scalar v. Denoting the right-hand side by o (u,v), it is clear that o :
U — R3 is a smooth map, where U = {(u,v) € R? | a < u < (3}. Moreover,
denoting d/du by a dot,

ou=~+0v8, o,=24.

Thus, o is regular if 4 + v8 and § are linearly independent. This will be true,
for example, if 4 and § are linearly independent and v is sufficiently small.
Thus, to get a surface, the curve C must never be tangent to the rulings.

An important special case is that in which the rulings are all parallel to each
other; the ruled surface S is then called a generalized cylinder. In the above
notation, we can take § to be a constant unit vector, say a, parallel to the
rulings, and the parametrization becomes

o(u,v) =v(u) + va.

v

Since
o (u,0) = o (W) = y(u) — y() = (v — v)a,

for o to be a injective (and hence a surface patch), no straight line parallel
to a should meet « in more than one point. Finally, o0, = v, 0, = a, so o is
regular if and only if 4 is never tangent to the rulings.

The parametrization is simplest when - lies in a plane perpendicular to a
(in fact, this can always be achieved by replacing « by its perpendicular pro-
jection onto such a plane — see Exercise 5.3.3). The regularity condition is then
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clearly satisfied provided + is never zero, i.e., provided - is regular. We might
as well take the plane to be the zy-plane and a = (0,0, 1) to be parallel to the
z-axis. Then, v(u) = (f(u), g(u),0) for some smooth functions f and g, and
the parametrization becomes

O'(u,’U) = (f(u),g(u),v).

For example, starting with a circle, we get a circular cylinder. Taking the
circle to have centre the origin, radius 1 and to lie in the zy-plane, it can be
parametrized by

~(u) = (cosu,sinu,0),

defined for 0 < u < 27 and —7 < u < m, say. This gives the atlas for the unit
cylinder found in Example 4.1.3.

The second special case we shall consider is that in which the rulings all
pass through a certain fixed point, say v; then S is called a generalized cone

with vertex v.
Y

We can take 6(u) = v(u) — v, giving
o(u,v) = (1+v)y(u) —ov.
Now,
o (u,0) = o (!, v') <= (14 v)y(u) — (1 +0)y(W) + (0 — 0)v = 0;

since (14 v)— (1+v")+ (v' —v) = 0, the equation on the right-hand side means
that the points v, v(u) and ~(u’) are collinear. So, for & to be a surface patch,
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no straight line passing through v should pass through more than one point of
~ (in particular, 7 should not pass through v). Finally, we have o, = (1+v)%,
o, = v — Vv, so o is regular provided v # —1, i.e., the vertex of the cone
is omitted (cf. Example 4.1.5), and none of the straight lines forming the cone is
tangent to .

The parametrization is simplest when ~ lies in a plane. If this plane con-
tains v, the cone is simply part of that plane. Otherwise, we can take v to be
the origin and the plane to be z = 1. Then, v(u) = (f(u), g(u),1) for some
smooth functions f and g, and the parametrization takes the form

G(U7U) = U(f(u)vg(u)v 1);

after making the reparametrization v — v — 1.

Example 5.3.2

A surface of revolution is the surface obtained by rotating a plane curve, called
the profile curve, around a straight line in the plane. The circles obtained by
rotating a fixed point on the profile curve around the axis of rotation are called
the parallels of the surface, and the curves on the surface obtained by rotating
the profile curve through a fixed angle are called its meridians. (This agrees
with the use of these terms in geography, if we think of the earth as the surface
obtained by rotating a circle passing through the poles about the polar axis
and we take v and v to be latitude and longitude, respectively.)

z
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Let us take the axis of rotation to be the z-axis and the plane to be the
xz-plane. Any point p of the surface is obtained by rotating some point q of
the profile curve through an angle v (say) around the z-axis. If

y(u) = (f(w),0,9(w))

is a parametrization of the profile curve containing q, p is of the form

o(u,v) = (f(u)cosv, f(u)sinv, g(u)).
To check regularity, we compute (with a dot denoting d/du):
oy = (fcosv,fsinv,g), o, = (—fsinwv, f cosv,0),
oy X 0y = (fgcosv, —fgsinv, ff),
| owx o, |*= fz(fQ +4°).

Thus, o, X o, will be non-vanishing if f(u) is never zero, i.e., if v does not
intersect the z-axis, and if f and ¢ are never zero simultaneously, i.e., if 7 is
regular. In this case, we might as well assume that f(u) > 0, so that f(u) is
the distance of o (u,v) from the axis of rotation. Then, o is injective provided
that v does not self-intersect and the angle of rotation v is restricted to lie in
an open interval of length < 27. Under these conditions, surface patches of the
form o give the surface of revolution the structure of a surface.

EXERCISES

5.3.1 The surface obtained by rotating the curve x = cosh z in the xz-plane
around the z-axis is called a catenoid. Describe an atlas for this
surface.
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5.3.2

5.3.3

5.3.4

Show that
o(u,v) = (sechu cosv,sechusinv, tanh u)

is a regular surface patch for S? (it is called Mercator’s projection).
Show that meridians and parallels on S? correspond under o to
perpendicular straight lines in the plane. (This patch is 'derived’ in
Exercise 6.3.3.)

Show that, if o (u,v) is the (generalized) cylinder in Example 5.3.1:

(i) The curve ¥(u) = ~v(u) — (y(u) - a)a is contained in a plane
perpendicular to a.

(ii) o(u,v) = F(u) + va, where 0 = v+ y(u) - a.
(iii) &(u,?) = 4(u) + va is a reparametrization of o (u,v).

This exercise shows that, when considering a generalized cylinder
o(u,v) = vy(u) + va, we can always assume that the curve ~ is
contained in a plane perpendicular to the vector a.

Consider the ruled surface
o(u,v) = vy(u) + vd(u), (5.5)

where || 8(u) ||= 1 and §(u) # 0 for all values of u (a dot denotes
d/du). Show that there is a unique point I'(u), say, on the ruling
through ~(u) at which d(u) is perpendicular to the surface. The
curve T is called the line of striction of the ruled surface o (of course,

it need not be a straight line). Show that I''d=0.Leto=v+ ”j#,
and let & (u,?) be the corresponding reparametrization of o. Then,
6(u,?) = I'(u) + 06(u). This means that, when considering ruled
surfaces as in (5.5), we can always assume that % - & = 0. We shall
make use of this in Chapter 12.

5.4 Compact surfaces

A subset X of R? is called compact if it is closed (i.e., the set of points in R?
that are not in X is open) and bounded (i.e., X is contained in some open
ball). On several occasions later in the book we shall be particularly interested
in compact surfaces.

Example 5.4.1

Any sphere is compact. Let us consider the unit sphere S? for simplicity.

Obviously S? is bounded as it is contained in the open ball D(0) (for example).
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To show that S? is closed, let p be a point not in S2, so that || p || # 1. Sup-
pose, for example, that || p || > 1 (a similar argument applies if || p || < 1). Let
e =|lp || 1. Then the open ball D.(p) does not intersect S2, for if q € D.(p)
the triangle inequality | p =] (p—a)+a <[ p—al + | a| gives

lall=llpll=llp—al>lp| —e=1,

so || q || > 1 It follows that the set of points of R? that are not in S? is open.

Example 5.4.2

A plane is not compact since it is obviously unbounded.

Example 5.4.3
The open disc
D={(2z,y,2) eR*|z? +y* < 1, 2 =0}

is a non-compact surface. It is obviously bounded (it is contained in D;(0));
it is not closed, however, since the point p = (1,0,0) is not in D and for any
€ > 0 the open ball D.(p) contains the point (1 — %e, 0,0) which is in D.

It is a surprising result that there are very few compact surfaces in R? up to
diffeomorphism, and they can all be described explicitly. We have already seen
the simplest example, the sphere. The next simplest is the torus considered in
Exercise 4.2.5. More generally, one can join such tori together (see above). This
surface is denoted by T}, where g is the number of holes, called the genus of
the surface (we take g = 0 for the sphere). We accept the following theorem
without proof:
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Theorem 5.4.4

For any integer g > 0, T, has an atlas making it a smooth surface. Moreover,
every compact surface is diffeomorphic to one of the Tj,.

Corollary 5.4.5

Every compact surface is orientable.

Proof

Each of the surfaces T, obviously has an ‘interior’, which is bounded, and an
‘exterior’ which is unbounded. Hence, we can choose the unit normal at each
point of the surface to point into the exterior region. This provides a smooth
choice of unit normal at every point of the surface T}, so T is orientable. Since
every compact surface is diffeomorphic to one of the surfaces T, the corollary
follows from Exercise 4.5.2. O

EXERCISES

5.4.1 One of the following surfaces is compact and one is not:
() 22 —y?+21=1.
(i) 22 +y>+ 24 =1.
Which is which, and why? Sketch the compact surface.

5.4.2 Explain, without giving a detailed proof, why the tube (Exercise
4.2.7) around a closed curve in R® with no self-intersections is a
compact surface diffeomorphic to a torus (provided the tube has
sufficiently small radius).

5.5 Triply orthogonal systems

A triply orthogonal system of surfaces consists of three families of surfaces such
that

(i) Exactly one surface of each family passes through each point of R? (or of
some open subset of R?).

(ii) Any two surfaces belonging to different families intersect orthogonally.
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The simplest example of such a system is given by the families of planes parallel
to the coordinates planes, namely

r=u, y=v, z=w.

Fixing the value of u (say) determines a particular plane in the first family, and
similarly for the other families. If p = (a,b,c) € R3, there is a unique plane
from each family passing through p, namely those corresponding to u = a,
v =b and w = ¢. The orthogonality property (ii) is obviously satisfied.

More generally, suppose that the three families are of the form

U('r7 y? Z) = u’ V('r’ y) Z) = /U’ W(x’ y? Z) = w7 (56)

where U, V and W are smooth functions of (z,y, z). By Theorem 5.1.1, these
equations determine three families of smooth surfaces provided the vectors VU,
VV and VW are non-zero everywhere. Assuming that this condition holds, by
Exercise 5.1.2 the non-zero vector VU is then perpendicular to the tangent
plane of the surface U(z,y, z) = u (and similarly for V, W), so condition (ii) in
the definition of a triply orthogonal system becomes

VU -VV =VV.VW =VW.-VU =0. (5.7)
Now consider the smooth function
F(l‘) y’ Z) = (U('r’ y? Z)? V<I7 y’ Z)7 W(x7 y? Z))

The Jacobian matrix of F' is

U, U, U.
JF) =| V. V, V.
w, W, W.

so the rows of J(F') are the components of the non-zero vectors VU, VV and
VW. By Eq. 5.7, these vectors are orthogonal, and hence linearly indepen-
dent, so the matrix J(F) is invertible. By the inverse function theorem (see
Section 5.6), Eq. 5.6 can be solved for (z,y, z) in terms of (u,v,w) (at least if
(u,v,w) is restricted to lie in a suitable open subset of R?), say

(x,y,2) = B(u,v,w). (5.8)

Then, setting u equal to a constant ug (say) gives a parametrization (v, w) —
Y (ug,v,w) of the surface U(x,y,z) = uo (and similarly for the other two
families of surfaces).
Regarding x, y, z as functions of u, v, w via Eq. 5.8, we can differentiate both
sides of the equation
U(r,y,2) =u
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with respect to u, v and w. This gives

Upzw +Uyyy +Uzzy=1
Uz, + Uyy'u +U.2,=0
Upy + Uyyw +U.2,=0.

These three equations, together with the corresponding equations for V and W,
can be written in vector form as follows:

VU -S,=1, VU-%,=0, VU-%, =0,
VV.2,=0,VV-8,=1, VV %, =0, (5.9)
VW.2,=0, VW -2, =0, VIW-5, =1.

By Egs. 5.8 and 5.9, VU and X, are both perpendicular to VV and VW so
they are parallel to each other. Thus, X, is normal to the surface U(z,y, z) = u,
and X, and X, are tangent to it (the last statement is also obvious from the
statement at the end of the preceding paragraph).

We shall have more to say about triply orthogonal systems later, but now
we shall describe one of the most beautiful examples of such systems, which
is provided by the theory of quadric surfaces. Let p,q and r be constants such
that 0 < p? < ¢®> < r2. For (z,y,2) € R3, t # p? ¢* or r?, let

22 y? 52

Fi(x,y, z)= + + .
t( ya) p2—t q2—t r2 — ¢

Fix a point (a,b,c) € R? with a,b and c all non-zero. The following properties
are clear:

(1) Ft(a b,c) is a continuous function of ¢ in each of the open intervals
(=00, %), (P*,¢%), (¢*,7%) and (1, c0).
(ii) F,g(a7 b,c) — 0 as t — +oo.
(iii) Fy(a,b,c) — oo as t approaches p?,q? or r? from the left, and F(a,b,c)
— —oo0 as t approaches p?, ¢? or 2 from the right.

It follows from these properties and the intermediate value theorem that
there is at least one value of ¢ in each open interval (—oo,p?), (p?,¢?) and
(¢%,7?) such that Fy(a, b, c) = 1. On the other hand, the equation Fy(a,b,c) = 1
is equivalent to the cubic equation Gy(a,b,c) = 0, where

Gila,b,c) = a®(¢* = t)(r* — ) + 0*(p* = 1)(r* — 1) + 2 (p* — t)(¢* — 1)

. (5.10)
—(* = 1)(¢* = )(* = 1),
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which has at most three real roots. It follows that there are unique numbers
u € (—o00,p?), v € (p?,¢*) and w € (¢*,7?) (depending on (a, b, c), of course)
such that

F.(a,b,c) =1, Fy,(a,b,c)=1, Fyla,b,c)=1. (5.11)

The three quadrics Fy(z,y,z) = 1, Fy(x,y,2) = 1 and Fy(x,y,2) = 1 are
ellipsoids, hyperboloids of one sheet and hyperboloids of two sheets, respec-
tively, and we have shown that there is one of each passing through each point
(a,b,c) € R3 that does not lie on any of the coordinate planes. We show that
they form a triply orthogonal system.

Indeed, the vector
x y z
pPP—t =t r2—t

is perpendicular to the tangent plane of the surface Fi(x,y,z) =1 at (,y, 2).
Thus, to show that the first two surfaces in (5.11) are perpendicular at (a, b, ¢),
for example, we have to show that

a® b2 c?
2 2 + 7 2 +73 2
P* —u)(p®—v) (¢ —u)(®—v) (P —u)(r?—v)
But the left-hand side of this equation is
Fy(a,b,c) — Fy(a,b,c) 1-1
u—v S u—v
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We can also construct a simultaneous parametrization of the three families.
Note that the cubic Gt(a,b,c¢) in (5.10) is equal to (t —u)(t — v)(t — w), since it
is divisible by this product and the coefficients of t3 agree. Putting ¢t = p?, ¢>
and 72 and solving the resulting equations for a2, b? and ¢2, we find that

a:i¢@%wmw—w@%ﬂw

RIS
e
L [ e e

i¢ @)

Define o(u,v,w) = (z,y,%z), where z,y and z are the right-hand sides of
the three equations in (5.12), respectively, with any combination of signs.

For fixed u (resp. fixed v, fixed w), this gives eight surface patches for
the corresponding ellipsoid Fy(x,y,z) = 1 (resp. hyperboloid of one sheet
Fy(x,y,z) =1, hyperboloid of two sheets Fy,(z,y,z) = 1).

EXERCISES

5.5.1 Show that the following are triply orthogonal systems:

(i) The spheres with centre the origin, the planes containing the
z-axis and the circular cones with axis the z-axis.

(ii) The planes parallel to the zy-plane, the planes containing the
z-axis and the circular cylinders with axis the z-axis.

5.5.2 By considering the quadric surface Fi(z,y, z) = 0, where
22 2

+

Ft(x)yaz):pg_t qg_t

—2z+t,
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construct a triply orthogonal system (illustrated above) consisting
of two families of elliptic paraboloids and one family of hyperbolic
paraboloids. Find a parametrization of these surfaces analogous to
(5.12).

5.6 Applications of the inverse function theorem

In this section we give the proofs of Propositions 4.2.6 and 4.4.6 and
Theorem 5.1.1.
Suppose first that f: U — R" is a smooth map, where U is an open subset

of R™. If we write (U1,...,Un) = f(u1,...,un), the Jacobian matriz of f is
iy,  dw ... Ou
ouy Ous Oum
Ouy Ous OUmm
J(f) = : o .
Oy O, .. Oy
Ouy Ous Oum

This has already been used in the case m = n = 2 in Section 4.2, but now we
shall need it in other cases too.
The main tool that we use is the following theorem.

Theorem 5.6.1 (Inverse Function Theorem)

Let f: U — R™ be a smooth map defined on an open subset U of R (n > 1).
Assume that, at some point xy € U, the Jacobian matrix J(f) is invertible.
Then, there is an open subset V of R™ and a smooth map g : V' — R" such
that

)
(iii) g(V)CU
(iv) g(V) is an open subset of R™
)

(v) flg(y)) =y forally eV
In particular, g : V — ¢g(V) and f : g(V) — V are inverse bijections.

Thus, the inverse function theorem says that, if J(f) is invertible at some
point, then f is bijective near that point and its inverse map is smooth. A proof
of this theorem can be found in books on multivariable calculus.
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As our first application of Theorem 5.6.1, we complete the proof of
Proposition 4.4.6. Suppose then that f : S — S is a smooth map between sur-
faces S and S, let p € S and assume that the linear map Dpf :TpS8 — Tf(p)g
is invertible. Let o : U — R3 be a surface patch of S containing p, say
o (ug,v9) = p, and let & : U — R3 be a surface patch of S containing f(p). By

shrinking U if necessary, we can assume that f maps o(U) into &(U). Since f
is smooth, there are smooth functions o : U — R and §: U — R such that

flo(u,v)) = &(a(u,v), B(u,v)).

From the remarks following Proposition 4.4.4, the matrix of Dy f with respect
to the bases {oy,0,} of TpS and {64,605} of TS is the Jacobian matrix

(5 %)
Bu Bv )’

Since Dy, f is invertible, so is this matrix. By the inverse function theorem, the
smooth map U — R? given by (u,v) — (a(u,v),8(u,v)) is a diffeomorphism
from an open subset V (say) of U containing (uo,vo) to an open subset V
(say) of U. Then @ = o(V) and O = &(V) are open subsets of S and S,
respectively, and f is a diffeomorphism from © to O. This proves that f is a
local diffeomorphism.

We now give the proof of Proposition 4.2.6. We want to show that, if o :
U—R3and 6 : U — R? are two regular patches in the atlas of a surface S,
the transition map from o to & is smooth where it is defined.

Suppose that a point p lies in both patches, say o (ug, vo) = & (o, Up) = p-
Write

o(u,v) = (f(u,v),9(u,v), h(u,v)).

Since o, and o, are linearly independent, the Jacobian matrix

fu fo
Gu Yo
hy  ho

of o has rank 2 everywhere. Hence, at least one of its three 2 x 2 submatrices
is invertible at each point. Suppose that the submatrix

( fu o )

Ju  Go

is invertible at p. (The proof is similar in the other two cases.) By the inverse
function theorem applied to the map F : U — R? given by

F(u,v) = (f(u,v),g(u,v)),
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there is an open subset V of R? containing F(ug,vo) and an open subset W of
U containing (ug,vo) such that F': W — V is bijective with a smooth inverse
F~1:V — W.Since o : W — o(W) is bijective, the projection 7 : (W) — V
given by m(z,y,2) = (z,y) is also bijective, since 7 = Foo~! on o(W). It
follows that W = &' (o(W)) is an open subset of U and that

clog=FloF

on W, where F' = mog. Since F~! and F are smooth on W, so is the transition
map o~ ! o . Since 07! o & is smooth on an open set containing any point
(up, vp) where it is defined, it is smooth.

Finally, we give the proof of Theorem 5.1.1. Let p, W and f be as in the
statement of the theorem, and suppose that p = (xo,yo, 2z0) and that f, # 0
at p. (The proof is similar in the other two cases.) Consider the map F : W —
R3 defined by

F(z,y,2) = (z,y, f(z,y,2)).

The Jacobian matrix of F' is

1 00
0o 1 0 |,
fo fy [

and is clearly invertible at p since f, # 0. By the inverse function theorem,
there is an open subset V of R?® containing F(zo,¥o,20) = (z0,%0,0) and a
smooth map G : V — W such that W = G(V) is open and F : W — V and
G : V — W are inverse bijections.

Since V is open, there are open subsets U; of R? containing (zg,yo) and
U; of R containing 0 such that V' contains the open set U; x Us of all points
(z,y,w) with (z,y) € Uy and w € Us. Hence, we might as well assume that
V = U; x Us. The fact that F' and G are inverse bijections means that

Gz, y,w) = (2,9, 9(z, y,w))
for some smooth map g : U; x Uy — R, and
f(z,y,9(z,y,w)) = w

for all (x,y) € Uy, w € Us.
Define o : U; — R3 by

o(x,y) = (z,y,9(x,y,0)).

Then o is a homeomorphism from U; to S nw (whose inverse is the restriction
to S NW of the projection 7(z,y, z) = (z,y)). It is obvious that o is smooth,
and it is regular because

Ogp X Oy = (79:0,793/7 1)
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is nowhere zero. So o is a regular surface patch on S containing the given

point p. Since p was an arbitrary point of S, we have constructed an atlas for
S making it into a (smooth) surface.

EXERCISES

5.6.1

5.6.2

5.6.3

5.6.4

Show that, if v : (a, 3) — R3 is a curve whose image is contained
in a surface patch o : U — R3, then ~v(t) = o(u(t),v(t)) for some
smooth map (o, 8) — U, t — (u(t),v(t)).

Prove Theorem 1.5.1 and its analogue for level curves in R3?
(Exercise 1.5.1).

Let o : U — R3 be a smooth map such that o, x o, # 0 at some
point (ug,vo) € U. Show that there is an open subset W of U con-
taining (ug, vo) such that the restriction of o to W is injective. Note
that, in the text, surface patches are injective by definition, but this
exercise shows that injectivity near a given point is a consequence
of regularity.

Let o : U — R? be a regular surface patch, let (ug,v9) € U and let
o (uo,v9) = (Zo, Yo, 20). Suppose that the unit normal N(ug, vg) is
not parallel to the xy-plane. Show that there is an open set V in R?
containing (zg,yo), an open subset W of U containing (ug,vo) and
a smooth function ¢ : V' — R such that &(z,y) = (z,y, p(z,y)) is
a reparametrization of o : W — R3. Thus, ‘near’ p, the surface is
part of the graph z = p(z, y).

What happens if N(ug,v) is parallel to the xy-plane?






6

The first fundamental form

Perhaps the first thing that a geometrically inclined bug living on a surface
might wish to do is to measure the distance between two points of the surface.
Of course, this will usually be different from the distance between these points
as measured by an inhabitant of the ambient three-dimensional space, since
the straight line segment which furnishes the shortest path between the points
in R3 will generally not be contained in the surface. The object that allows
one to compute lengths on a surface, and also angles and areas, is the first
fundamental form of the surface.

6.1 Lengths of curves on surfaces

If our bug-geometer walks along a curve v on a surface S, the distance he

travels is
JARCIK

(see Definition 1.2.1). To compute this he would need to be able to find the
length of tangent vectors to the surface, such as <, which in turn can be com-
puted from the object in the following definition.

Andrew Pressley, FElementary Differential Geometry: Second Edition, 121
Springer Undergraduate Mathematics Series, DOI 10.1007/978-1-84882-891-9_6,
(© Springer-Verlag London Limited 2010
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Definition 6.1.1

Let p be a point of a surface S. The first fundamental form of S at p associates
to tangent vectors v,w € T,S the scalar

(V,W)p s =V -W.

Thus, (v,w)p s is just the dot product, but restricted to tangent vectors
to S at p. We shall usually omit one or both of the subscripts unless there is
some danger of confusion as to which point or surface is intended.

The first fundamental form ( , ) is an example of an inner product (see
Appendix 0): this follows immediately from the fact that the dot product defines
an inner product on R3.

In traditional works on this subject, the first fundamental form looks slightly
different. Suppose that o (u,v) is a surface patch of S. Then, any tangent vector
to S at a point p in the image of o can be expressed uniquely as a linear
combination of o, and o,. Define maps du : 7,5 — R and dv : T,8 — R by

du(v) =X, du(v)=upu if v=2>Ao, + puo,,

for some A, u € R. It is easy to see that du and dv are linear maps. Then, using
the fact that ( , ) is a symmetric bilinear form, we have

(v, V) = Aoy, 04) + 200y, 0,) + (00, 00).
Writing
E=|o.|? F=0u,-0, G=|o,]|?
this becomes
(v,v) = EN* + 2F A\ + Gp? = Edu(v)? + 2Fdu(v)dv(v) + Gdv(v)?.
Traditionally, the expression

Edu? + 2Fdudv + Gdv?

is called the first fundamental form of the surface patch o (u, v). Note that the
coefficients F, I, G and the linear maps du, dv depend on the choice of surface
patch for S (see Exercise6.1.4), but the first fundamental form itself depends
only on § and p.

If ~v is a curve lying in the image of a surface patch o, we have

v(t) = o (u(t), v(t))

for some smooth functions u(t) and v(t). Then, denoting d/dt by a dot, we have
& = to,, + vo, by the chain rule, so

(%,%) = BE4? + 2Fu + G2,
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and the length of + is given by

/(Eff + 2F i + Go?)'/2dt. (6.1)

Example 6.1.2

For the plane

o(u,v) =a+up +vq
(see Example 4.1.2) with p and q being perpendicular unit vectors, we have
Oy = P, Oy = Qq, SOE:H Oy H2:H p ”2: ,F=0,-0, =p-q=0,
G=|ao,|*=|ql?=1, and the first fundamental form is simply

du? + dv?.

Example 6.1.3
Consider a surface of revolution

o (u,v) = (f(u) cosv, f(u) sinv, g(u)).

Recall from Example 5.3.2 that we can assume that f(u) > 0 for all values of
u and that the profile curve u +— (f(u),0, g(u)) is unit-speed, i.e., 2+ ¢ =1
(a dot denoting d/du). Then:

o, = (fCOSU,fsinv,g'), o, = (—fsinwv, f cosv,0),
E=|o,|’=f?+¢*=1, F=0,-0,=0, G=|o,|*=f~
So the first fundamental form is
du? + f(u)?dv?.

A special case is the unit sphere S? in latitude-longitude coordinates
(Example 4.1.4). We take u = 0, v = ¢, f(0) = cosf, g(f) = sinf, giving
the first fundamental form of 52 as

d6? + cos® 0 dy?.

Example 6.1.4
We consider a generalized cylinder
o (u,v) = (u) +va

defined in Example 5.3.1. As we saw in Exercise 5.3.3, we can assume that ~y is
unit-speed, a is a unit vector, and -y is contained in a plane perpendicular to a.
Then, denoting d/du by a dot, o, =, 0, =a,s0 E =| o, [|?=| 7 |[?=1,
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F=0,-0,=%-a=0,G=| 0o, ||?=| a|*=1, and the first fundamental
form of o is

du® + dv?.
Note that this is the same as the first fundamental form of the plane
(Example 6.1.2). The geometrical reason for this coincidence will be revealed
in the next section.

Example 6.1.5
We consider a generalized cone
o(u,v) = (1+v)y(u) —vv

(Example 5.3.1). Before computing its first fundamental form, we make some
simplifications to o.

First, translating the surface by v (which does not change its first funda-
mental form — see Exercise 6.1.2), we get the surface patch o1 = o0 — v =
(1 +v)(y — v), so if we replace v by v; = — v we get o1 = (1 + v)~;. This
means that we might as well assume that v = 0 to begin with. Next, we saw in
Example 5.3.1 that for o to be a regular surface patch, v must not pass through
the origin, so we can define a new curve 4 by ¥(u) = y(u)/ || v(u) ||. Setting
t=u,?=(1+v)/ | v(u) |, we get a reparametrization &(a,v) = 99(u) of o
with || 4 ||= 1. We can therefore assume to begin with that o(u,v) = vy(u)
with || v(u) ||= 1 for all values of u (geometrically, this means that we can
replace v by the intersection of the cone with S2). Finally, reparametrizing
again, we can assume that - is unit-speed, for we saw in Example 5.3.1 that
for o to be regular, v must be regular.

With these assumptions, and with a dot denoting d/du, we have o, = v¥,
oy =7,50 E=[vy[P=0* |4 [?=0" F=0vy-v=0 (since | v [=1),
G =| v ||?=1, and the first fundamental form is

v2du? + do?.

Note that, as for the generalized cylinder in Example 6.1.4, the first fundamen-
tal form of the generalized cone does not depend on the curve ~.

EXERCISES

6.1.1 Calculate the first fundamental forms of the following surfaces:
(i) o(u,v) = (sinhusinhwv, sinh u cosh v, sinh ).

(i) o(u,v) = (u —v,u+v,u? +v?).
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6.1.2

6.1.5

(iil) o (u,v) = (coshu,sinhu,v).
(iv) o(u,v) = (u,v,u? +v?).
What kinds of surfaces are these?

Show that applying an isometry of R? to a surface does not change
its first fundamental form. What is the effect of a dilation (i.e., a
map R? — R? of the form v — av for some constant a # 0)?

Let Edu®+2Fdudv+Gdv? be the first fundamental form of a surface
patch o (u,v) of a surface S. Show that, if p is a point in the image
of o and v,w € TS, then

(v,w) = Edu(v)du(w) + F(du(v)dv(w) + du(w)dv(v)) + Gdv(w)dv(w).

Suppose that a surface patch &(u,?) is a reparametrization of a
surface patch o (u,v), and let

Edi? + 2Fdudi + Gdi? and Edu? + 2Fdudv + Gdv?

be their first fundamental forms. Show that:

(i) du= 2¢du+ ¢dv, dv= 92du+ 9do.

(i) If
ou ou

_|oa o0v

T o

ou 0

is the Jacobian matrix of the reparametrization map (@, 0) — (u,v),
and J¢ is the transpose of J, then

(5 2

Show that the following are equivalent conditions on a surface patch
o (u,v) with first fundamental form Edu? + 2Fdudv + Gdv?:

(i) E, =G, =0.
(ii) oy is parallel to the standard unit normal N.

(iii) The opposite sides of any quadrilateral formed by parameter
curves of o have the same length (see the remarks following the
proof of Proposition 4.4.2).
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When these conditions are satisfied, the parameter curves of o are
said to form a Chebyshev met. Show that, in that case, o has a
reparametrization & (@, ) with first fundamental form

da? + 2 cos 0 dudv + div?,

where 6 is a smooth function of (@, 7). Show that 6 is the angle
between the parameter curves of &. Show further that, if we put

4 =14+ 0, 0 = a— 7, the resulting reparametrization & (@, 0) of
& (1, ) has first fundamental form

cos® wdi? + sin’ w do?,

where w = 6/2.

6.2 Isometries of surfaces

We observed in Example 6.1.4 that a plane and a generalized cylinder, when
suitably parametrized, have the same first fundamental form. The geometric
reason for this is not hard to see. A plane piece of paper can be ‘wrapped’ on a
cylinder in the obvious way without crumpling the paper (see Example 4.3.2).
If we draw a curve on the plane, then after wrapping it becomes a curve on
the cylinder. Because there is no crumpling, the lengths of these two curves
will be the same. Since the lengths are computed as the integral of (the square
root of) the first fundamental form, it is plausible that the first fundamental
forms of the two surfaces should be the same. Experiment suggests, on the
other hand, that it is impossible to wrap a plane sheet of paper around a
sphere without crumpling. Thus, we expect that a plane and a sphere do not
have the same first fundamental form.

The following definition makes precise what it means to wrap one surface
onto another without crumpling.

Definition 6.2.1

If §; and S; are surfaces, a smooth map f : S — Sy is called a local isometry if
it takes any curve in S; to a curve of the same length in S,. If a local isometry
f 81 — S exists, we say that S; and Ss are locally isometric.

We shall see that every local isometry is a local diffeomorphism; a local
isometry that is a diffeomorphism is called an isometry. It is obvious that any
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composite of local isometries is a local isometry, and that the inverse of any
isometry is an isometry.

To express the condition for a local isometry in a more useful form, we need
the following construction. Let f : S§ — Ss be a smooth map and let p € S;.
For v,w € 1,51, define

v, w)p = (Dpf(v), Do f(W)) f(p)-

Then, f*(, )p is a symmetric bilinear form on 7,S;. Indeed, the symmetry is
obvious and if \, N € R, v,v/,w € Tp,

frOv+ v W)p = (Dpf(Av + )‘/V/)v Dpf(w)>f(P)
= (ADpf(v) + XDy f(v'), Do f(W)) 5(p)
= MDp f(v), Dpf (W) (o) + X (Do f(V'), Do f (W) 1)
= A {v, w)p + N (v, w)p.

Theorem 6.2.2

A smooth map f : & — Sz is a local isometry if and only if the symmetric
bilinear forms (, )p and f*(.)p on TpS; are equal for all p € Sj.

Proof

If 4, is a curve on Si, the length of the part of v; with endpoints v, (¢y) and
Y1(t1) is .
1
|t (62)
to
The length of the corresponding part of the curve v, = fo~y; on &z is

/ (o 4r0) 2t = / {(DF (), DF ()2t = / A YR (6.3)

to to
It is now obvious that, if the two symmetric bilinear forms in the statement of
the theorem are equal, the curves v, and f o~; have the same length.
Conversely, suppose that the integrals in ( 6.2) and ( 6.3) are equal for all
curves v on S;. Then, the integrands must be the same for all ~:
(33) = £ 3A).
Since any tangent vector v to &1 is the tangent vector of a curve on Sy, it

follows that
(v,v) = f*(v,v) forall v. (6.4)
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Since (, ) and f*(, ) are symmetric bilinear forms, it follows from (6.4) that
they are equal (see Appendix0). O

Thus, f is a local isometry if and only if

<Dpf(v)v Dpf(w)>f(P) = <V7W>p

for all p € & and all v,w € T,S;. This means that the linear map Dy f :
TpS1 — TypyS2 is an isometry, i.e., it preserves lengths (see Appendix1). In
short, f is a local isometry if and only if Dy f is an isometry for all p € S;.

It follows from this theorem that every local isometry is a local diffeomor-
phism. Indeed, let f : S; — S be a local isometry and let p € &;. If Dy, f is not
invertible, there is a non-zero tangent vector v € TpS; such that Dy f(v) = 0.
But this gives a contradiction: since f is a local isometry,

07 (v,v)p = (Dpf(v), Dpf(V)) f(p) = (0,0)p = 0.

Hence, Dy f is invertible, and so f is a local diffeomorphism (Proposition 4.4.6).
It will be useful to express Theorem 6.2.2 in terms of surface patches.

Corollary 6.2.3

A local diffeomorphism f : §; — Ss is a local isometry if and only if, for any
surface patch o1 of S, the patches o1 and f o o1 of S; and Ss, respectively,
have the same first fundamental form.

Proof

In view of the theorem, we have to show that the patches 1 and foo = o9,
say, have the same first fundamental form if and only if the symmetric bilinear
forms (, )p and f*(, )p are equal for all p in the image of o7;.

The first fundamental form of o; (i = 1, 2) is E;du®+2F;dudv+G;dv?, where
Ei = ((0)u, (@i)u), Fi = {(0i)u, (0)v), Gi = ((04)v, (077)v). We compute

((02)u; (02)u) = (Df (1)), Df((01)u)) = [ ((01)u; (G1)u)-

Thus, if ( , ) = f*(. ), then E; = Es, and similarly F} = F» and G; = Ga.
Conversely, if these last three equations hold, then (v, w) = f*(v, w) whenever
the tangent vectors v, w are of the form (1), or (671),. The bilinearity property
then implies that (v, w) = f*(v,w) for all v, w. O
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Example 6.2.4

The map f from the yz-plane to the unit cylinder defined in Example 4.3.2 is a
local isometry. For, if we use the surface patch o1 (u,v) = (0, u,v) for the plane
and o3(u,v) = (cosu,sinu,v) for the cylinder, then f(o1(u,v)) = o2(u,v),
and by Example 6.1.4 o1 and o5 have the same first fundamental form.

A similar argument shows that a generalized cone is locally isometric to
a plane (see Example 6.2.1). It turns out that there is another class of sur-
faces that is locally isometric to a plane, called tangent developables. (In older
works, a ‘development’ of one surface on another was the term used for a local
isometry.) A tangent developable is the union of the tangent lines to a curve in
R3 — the tangent line to a curve v at a point y(u) is the straight line passing
through ~y(u) and parallel to the tangent vector ¥ (u).

We might as well assume that + is unit-speed. The most general point on
the tangent line at vy(u) is
o (u,v) = y(u) + vy(u),
for some scalar v. Now
O'uXO'U:(’.}"i"U’?) Xy =0y x7.
For o to be regular, it is thus necessary that 4 is never zero, or in other words,

the curvature k = || 4 || is > 0 at all points of . Now, 4 = t, the unit tangent
vector of 4, and 4 = t = kn, where n is the principal normal to -, so

o, X 0, =Kkvn Xt = —kvb,

where b is the binormal of «. Thus, o will be regular if K > 0 everywhere and
v # 0. The latter condition means that, for regularity, we must exclude the
curve ~ itself from the surface. Typically, the regions v > 0 and v < 0 of the
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tangent developable form two sheets which meet along a sharp edge formed by
the curve v where v = 0, as the following illustration of the tangent developable
of a circular helix indicates (see Exercise6.2.4):

Our interest in tangent developables stems from the following result.

Proposition 6.2.5

Any tangent developable is locally isometric to a plane.

Proof

We use the above notation, assuming that - is unit-speed and that x > 0. Now,
E = lloul’=@+o¥) (v +vh) =57+ 20% -5+ 05§ = 1+0%7,
F o= ouou=(+v3)-5=%F+vy-F=1,

G = Joul’=7-3=1

since -4 =1,%4-4 =0, 4 -4 = 2. So the first fundamental form of the
tangent developable is

(1 +v2K?)du? + 2dudv + dv?. (6.5)

We are going to show that an open subset of the plane can be parametrized so
that it has the same first fundamental form. This will prove the proposition.
By Theorem 2.2.5, there is a plane unit-speed curve 4 whose curvature is
(we can even assume that its signed curvature is k). By the above calculations,
the first fundamental form of the tangent developable of 4 is also given by (6.5).
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But since 4 is a plane curve, its tangent lines obviously fill out part of the plane
in which 4 lies. O

There is a converse to Proposition 6.2.5: any sufficiently small open subset of
a surface locally isometric to a plane is an open subset of a plane, a generalized
cylinder, a generalized cone or a tangent developable. The proof of this will be
given in Section 8.4.

EXERCISES

6.2.1 By thinking about how a circular cone can be ‘unwrapped’ onto the
plane, write down an isometry from

o(u,v) = (ucosv,usinv,u), u>0,0<v<2m,

(a circular half-cone with a straight line removed) to an open subset
of the zy-plane.

6.2.2 Is the map from the circular half-cone 2% + y? = 22, z > 0, to the
zy-plane given by (z,y, z) — (z,9,0) a local isometry?
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6.2.3

6.2.4

Consider the surface patches
o(u,v) = (coshucosv,coshusinv,u), &(u,v) = (ucosv,usinv,v),

parametrizing the catenoid (Exercise 5.3.1) and the helicoid
(Exercise 4.2.6), respectively. Show that the map from the catenoid
to the helicoid that takes o (u,v) to &(sinhu,v) is a local isometry.
Which curves on the helicoid correspond under this isometry to the
parallels and meridians of the catenoid?

In fact, there is an isometric deformation of the catenoid into a
helicoid. Let

6 (u,v) = (—sinh usin v, sinh u cos v, —v).

This is the result of reflecting the helicoid & in the zy-plane and
then translating it by /2 parallel to the z-axis. Define

o'(u,v) = cost o(u,v) +sint &(u,v),

so that 6%(u,v) = a(u,v) and 6™/?(u,v) = é(u,v). Show that, for
all values of ¢, the map o (u,v) — a'(u,v) is a local isometry. Show
also that the tangent plane of a! at the point o!(u, v) depends only

t are shown above for several val-

on u, v and not on ¢t. The surfaces o
ues of ¢. (The result of this exercise is ‘explained’ in Exercises 12.5.3

and 12.5.4.)

Show that the line of striction (Exercise 5.3.4) of the tangent de-
velopable of a unit-speed curve = is ~ itself. Show also that the
intersection of this surface with the plane passing through a point
~(up) of the curve and perpendicular to it at that point is a curve
of the form

T(0) = (o) — 5(u0)en(uo) + 5(uo)7()*b(uo)

if we neglect higher powers of v (we assume that the curvature x(ug)
and the torsion 7(ug) of v at «(ug) are both non-zero). Note that
this curve has an ordinary cusp (Exercise1.3.3) at «y(ug), so the
tangent developable has a sharp ‘edge’ where the two sheets v > 0
and v < 0 meet along ~. This is evident for the tangent developable
of a circular helix illustrated earlier in this section.
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6.3 Conformal mappings of surfaces

Now that we understand how to measure lengths of curves on surfaces, it is
natural to ask about angles. Suppose that two curves 4 and 4 on a surface S
intersect at a point p. The angle 6 of intersection of v and 4 at p is defined
to be the angle between the tangent vectors 4 and & (evaluated at t = tg
and t = 1y, respectively). Using the dot product formula for the angle between
vectors, we see that 0 is given by

[ N 2 S 2 A R e P D e

cosf = (6.6)

. o

/ \ (u, v)

(u, )

As usual, it will be useful to have an expression for this in terms of a
surface patch. Suppose then that v and 4 lie in a surface patch o of S, so that
~(t) = o (u(t),v(t)) and ¥(t) = o(a(t),v(t)) for some smooth functions u, v,
and . If Edu® + 2Fdudv + Gdv? is the first fundamental form of o, then by
( 6.6) we have

Eadi + F(ud + ut) + Goo
(Eu2 4 2F 0 + Go2)Y/2(Ei? 4 2Fuv + Gi2)Y/2'

cosf = (6.7)

Example 6.3.1
The parameter curves on a surface patch o (u,v) can be parametrized by
~(t) = o(ug,t), A(t) =o(t,vo),

respectively, where wug is the constant value of v and vy is the constant value
of v in the two cases. Thus,
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These parameter curves intersect at the point o (ug,vg) of the surface. By
Eq. 6.7, their angle of intersection 6 is given by

F
VEG
where E, F and G are evaluated at (ug, vg). In particular, the parameter curves
are orthogonal if and only if F' = 0.

cost =

Corresponding to the Definition 6.2.1 of a local isometry, we have the fol-
lowing definition.

Definition 6.3.2

If §; and Sy are surfaces, a conformal map f : S — Sz is a local diffeomorphism
such that, if v, and 4, are any two curves on S; that intersect, say at a point
p € &1, and if 75 and 44 are their images under f, the angle of intersection of
v, and 4 at p is equal to the angle of intersection of v, and 4, at f(p).

In short, f is conformal if and only if it preserves angles. The reason this
definition requires f to be a local diffeomorphism is contained in Exercise4.4.4
— note that the angle between two intersecting curves is well defined only when
both curves are regular.

It is obvious that any composite of conformal maps is conformal, and that
the inverse of any conformal diffeomorphism is conformal.

As a special case, if o : U — R3 is a surface, then & may be viewed as
a map from an open subset of the plane (namely U), parametrized by (u,v)
in the usual way, and the image S of o, and we say that o is a conformal
parametrization or a conformal surface patch of S if this map between surfaces
is conformal.

Theorem 6.3.3

A local diffeomorphism f : & — &o is conformal if and only if there is a
function A : 8§ — R such that

f (v, w)p = A(p)(v,w)p forall pe S; and v,w € TpS;.
It is not hard to see that the function ), if it exists, is necessarily smooth.

Proof

Let v and 4 be two curves on S; that intersect at a point p € S;. The angle
0 of intersection of the curves is given by Eq. 6.6. The corresponding angle of
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intersection of the curves fo~ and fo4 on Sy is obtained from the expression
on the right-hand side of Eq. 6.6 by replacing % and 4 with (fo~) and (fo4),
respectively. Now,

(Fox), (f o)) sm) = (Dpf(3): Dpf ) o) = F* (3 ¥)p>

with similar expressions for ((f o), fo~)) ) and ((fo¥), fo¥)) ). Thus,
to compute the angle of intersection of the curves f o+ and f o4 on Ss, we
must replace ( , ) in the numerator and denominator of the expression on the
right-hand side of Eq. 6.6 by f*(, ). It is now clear that, if f*(, ) = A(, ),
this replacement leaves the expression in Eq. 6.6 unchanged (since the factor A
cancels out) and so f is conformal.

For the converse, we must show that if

v FA)
A2 A2 AR A

for all pairs of intersecting curves v and 4 on Sy, then f*(, ) is proportional

(6.8)

to (, ). Since every tangent vector to Sp is the tangent vector of a curve on
S1, Eq. 6.8 implies that
(v, w) [ v, w)

(v, v)1/2(w, w)l/2 - (v, V)2 f (w, w)l/2 (6.9)

for all tangent vectors v, w to Sj.
Choose an orthonormal basis {vy,va} of the tangent plane to S with re-
spect to its first fundamental form ( , ). Let

)‘:f*<v1avl>a M:f*<vlav2>7 V:f*<V2,V2>.

We apply Eq. 6.9 with v = v; and w = cos vi + sinf vy, where 8 € R. This
gives
Acosf + psiné

\//\(/\ cos2 0 + 2psin 0 cos 6 4 v sin? 0)

cosf =

Taking 0 = 7/2 gives u = 0, which implies that
A= Acos?0 +vsin?0 for all @ € R.

Hence, A = v. This implies that f*(v,w) = A\(v, w) whenever v and w are basis
vectors. Since both sides are bilinear forms, it follows that f*(, ) = A(, ). O

Reinterpreting this result in terms of surface patches gives
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Corollary 6.3.4

A local diffeomorphism f : &7 — Sy is conformal if and only if, for any surface
patch o of Sy, the first fundamental forms of the patches o of S; and f o o of
So are proportional.

In particular, a surface patch o(u,v) is conformal if and only if its first
fundamental form is A(du? + dv?) for some smooth function (u,v).

Example 6.3.5

We consider the unit sphere S2. If q is any point of S? other than the north
pole n = (0,0, 1), the straight line joining n and q intersects the zy-plane at
some point p, say. The map that takes q to p is called stereographic projection
from S2 to the plane, and we denote it by II. We are going to show that II is
conformal.

Let p = (u,v,0), g = (x,y, z). Since p, g, n lie on a straight line, there is a
scalar p such that

q-n=p(p—n),
and hence
(z,y,2) = (0,0,1) + p((u,v,0) = (0,0,1)) = (pu, pv, 1 — p). (6.10)

Hence, p=1—z,u=2/(1—-2),v=y/(1 — z) and we have

€z Y
H(aj,y,z) = <1Z7i70) .

4

.

On the other hand, from Eq. 6.10 and 22 4+ y2 + 22 = 1 we get p =
2/(u® + v? + 1) and hence

_ 2u 2v w02 -1
= w22+ 17w+ 02+ 1wz +02 41/
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If we denote the right-hand side by o1 (u,v), then o is a parametrization of
S? with the north pole removed. Parametrizing the zy-plane by o(u,v) =
(u,v,0), we then have

(o1 (u,v)) = o2(u,v).

According to Corollary 6.3.4, to show that II is conformal we have to show
that the first fundamental forms of o7 and o5 are proportional. The first fun-
damental form of o5 is du® + dv?. As to o1, we get

(1) 2(v% —u? 4+ 1) —4duw du
o =
Hu (2402 +1)27 (w2 +0v2+1)2" (u2+02+1)2)°
(1) —4uv 2(u? —v? 4+ 1) 4v
o = .
Hw (u2 4+ 02 +1)2" (u2 + 02 +1)2" (u2 + 02 +1)2
This gives
Ei = (01)u - (1) 4(v? —u? + 1) + 16u*0? + 160> 4
=01)y " \O1)y = = .
1 1 1 (u2 + 02 + 1)* (u2 + v2 + 1)2

Similarly, F; = 0, G = 4/(u® + v* + 1)2. Thus, the first fundamental form of
o9 is A times that of o1, where A = 1(u® 4+ v? +1)2.

It is often useful to think of IT as a map to the complex numbers C rather
than to the zy-plane, by identifying u + iv € C with (u, v, 0). Moreover, we can
parametrize S? itself in a partly complex way by identifying (z,y, z) € S? with
(x + iy, 2). Then, S? becomes the set of pairs (w, z) where w € C, z € R and
|w|? + 22 = 1. Stereographic projection then takes the simple form

M(w, z) = “

b

1—=z2

and the surface patch o is given by

20w -1
[w2+1"|w2+1)"

1) = (

The inconvenience of having to exclude the north pole from the domain
of definition of II can be overcome by introducing a ‘point at infinity’ co and
defining the ‘extended complex plane’ Co, = CU{oo}. If we agree that IT maps
the north pole to oo, it defines a bijection II : S2 — C.. Further discussion of
this map is left to the exercises.

Returning now to the general case, it is natural to ask when there is a con-
formal map between two surfaces. The surprising answer is that this is always
the case locally: if p; and p, are points of two surfaces S; and Ss, respectively,
there are open subsets O; of S; containing p; and O3 of Sy containing p, and a
conformal diffeomorphism O; — Q. This follows from the following theorem:
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Theorem 6.3.6

Every surface has an atlas consisting of conformal surface patches.

Indeed, if o1 and o5 are conformal parametrizations of §; and Sa, the map

o1(u,v) — o2(u,v) will be conformal as it is the composite of the conformal

diffeomorphism o5 and the inverse of the conformal diffeomorphism o .
We shall prove a special case of Theorem 6.3.6 later (see Theorem 12.4.1),
but the general case is beyond the scope of this book.

EXERCISES

6.3.1

6.3.2

6.3.3

6.3.4

6.3.5

Show that every local isometry is conformal. Give an example of a
conformal map that is not a local isometry.

Show that Enneper’s surface

u? v3
o(u,v) = (u— ?+uv2,v7 §+vu2,u2v2>

is conformally parametrized.

Recall from Example 6.1.3 that the first fundamental form of the
latitude-longitude parametrization o (6, ¢) of S? is

df? + cos? 0 dp?.

Find a smooth function ¢ such that the reparametrization & (u,v) =
o((u),v) is conformal. Verify that & is, in fact, the Mercator
parametrization in Exercise 5.3.2.

Let ® : U — V be a diffeomorphism between open subsets of R2.
Write
D(u,v) = (f(u,v),g(u,v)),

where f and g are smooth functions on the uv-plane. Show that &
is conformal if and only if

either (f, =g, and f, =—gu) or (fu=—g» and f, = gu).
(6.11)
Show that, if J(®) is the Jacobian matrix of ®, then det(J(®)) >0
in the first case and det(J(®)) < 0 in the second case.

(This exercise requires a basic knowledge of complex analysis.) Re-
call that the transition map between two surface patches in an atlas
for a surface S is a smooth map between open subsets of R2. Since
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6.3.6

6.3.7

6.3.8

R? is the ‘same’ as the complex numbers C (via (u,v) < u + iv),
we can ask whether such a transition map is holomorphic. One says
that S is a Riemann surface if S has an atlas for which all the tran-
sition maps are holomorphic. Deduce from Theorem 6.3.6 and the
preceding exercise that every orientable surface has an atlas making
it a Riemann surface. (You will need to recall from complex analysis
that a smooth function ® as in the preceding exercise is holomorphic
if and only if the first pair of equations in (6.11) hold — these are the
Cauchy—Riemann equations. If the second pair of equations in (6.11)
hold, ® is said to be anti-holomorphic.)

Define a map II similar to II by projecting from the south pole of S2
onto the zy-plane. Show that this defines a second conformal surface
patch &1, which covers the whole of S? except the south pole. What
is the transition map between these two patches? Why do the two
patches o and &1 not give S? the structure of a Riemann surface?
How can &1 be modified to produce such a structure?

Show that the stereographic projection map II takes circles on S? to
Circles in C, and that every Circle arises in this way. (A circle on
52 is the intersection of S? with a plane; a Circle in C is a line or
a circle in C — see Appendix 2).

Show that, if M is a Mobius transformation or a conjugate-Mobius
transformation (see Appendix 2), the bijection II"1oMolII : $? — S?
is a conformal diffeomorphism of S2. It can be shown that every
conformal diffeomorphism of S? is of this type.

6.4 Equiareal maps and a theorem

of Archimedes

Suppose that o : U — R? is a surface patch on a surface S. The image of
o is covered by the two families of parameter curves obtained by setting u =
constant and v = constant, respectively. Fix (ug,vg) € U; since the change in
o (u,v) corresponding to a small change Au in u is approximately o, Au and
that corresponding to a small change Av in v is approximately o, Awv, the part
of the surface contained by the parameter curves on the surface corresponding
to u = ug, u = ug + Au, v = vp and v = vy + Av is approximately a paral-
lelogram in the plane with sides given by the vectors o,Au and o,Av (the
derivatives being evaluated at (ug, vg)):
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Recalling that the area of a parallelogram in the plane with sides a and
b is ||ax b |, we see that the area of the parallelogram on the surface is
approximately

| oulAu x o,Av || = oy X 0, || Aulv.

This suggests the following definition.

Definition 6.4.1

The area Ax(R) of the part o(R) of a surface patch o : U — R? corresponding
to a region R C U is

As(R) :/ | ou X oy || dudv.
R

Of course, this integral may be infinite — think of the area of a whole plane,
for example. However, the integral will be finite if, say, R is contained in a
rectangle that is entirely contained, along with its boundary, in U.

The quantity || o, X o, || that appears in the definition of area is easily
computed in terms of the first fundamental form Fdu? + 2Fdudv + Gdv? of o

Proposition 6.4.2
| o0 x 0y || = (EG — F?)1/2.
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Proof
We use a result from vector algebra: if a, b, ¢ and d are vectors in R3,
(axb)-(cxd)=(a-c)(b-d)—(a-d)(b-c).
Applying this to || oy x 04 |2 = (04, X 04) - (Fu X T), We get
| owx oy |?= (04 -0u)(0y 0,) — (04 0,)> = EG — F2. O
Note that, for a regular surface, EG — F? > 0 everywhere, since for a regular

surface o, X 0, is never zero.
Thus, our definition of area is

As(R) = / R(EG — FHY24udv. (6.12)

We sometimes denote (EG — F2)Y/2dudv by dA,. But we have still to check
that this definition is sensible, i.e., it is unchanged if o is reparametrized. This
is certainly not obvious, since E, F and G change under reparametrization (see
Exercise6.1.4).

Proposition 6.4.3

The area of a surface patch is unchanged by reparametrization.

Proof

Let o : U — R3 be a surface patch and let & : U — R3 be a reparametrization
of o, with reparametrization map ® : U — U. Thus, if ®(4,7) = (u,v), we
have

(@,0) = o(u,v).

Q:

Let R C U be a region, and let R = ®(R) C U. We have to prove that
/ | o0 x oy || dudv :/ | 6a % 65 || dudd.
R R

We showed in the proof of Proposition 4.2.7 that

0u X 65 =det(J(P)) oy X 0y,



142 6. The first fundamental form

where J(®) is the Jacobian matrix of ®. Hence,
/~ | 64 x &5 || dudd = /~|det(J(<I>))| | ou x oy || dudo.
R R

By the change of variables formula for double integrals, the right-hand side of
this equation is exactly

/R | 0 % oy || dudv. O

Now that we have a good definition of area, we can ask which maps between
surfaces are area-preserving.

Definition 6.4.4

Let S and Sy be two surfaces. A local diffeomorphism f : & — Ss is said to
be equiareal if it takes any region in S; to a region of the same area in Sy (we
assume that each of the regions is sufficiently small, so that it is contained in
the image of some surface patch).

We have the following analogue of Theorem 6.2.2.

Theorem 6.4.5

A local diffeomorphism f : §; — Ss is equiareal if and only if, for any surface
patch o(u,v) on Sy, the first fundamental forms

Eqidu?® + 2F dudv + G1dv? and Esdu?® + 2Fsdudv + Godv?

of the patches o on S; and f o o on Sy satisfy

E\Gy — F} = FyGo — F3. (6.13)

The proof is very similar to that of Theorem 6.2.2 and we leave it as
Exercise 6.4.6. As with isometries and conformal maps, it is obvious that any
composite of equaireal diffeomorphism is equiareal, and that the inverse of any
equiareal difeomorphism is equaireal.
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N

One of the most famous examples of an equiareal map was found by
Archimedes. Legend has it that the discovery was inscribed onto his tomb-
stone by the Roman general Marcellus who led the siege of Syracuse in
which Archimedes perished. Naturally, since calculus was not available to him,
Archimedes’ proof of his theorem was quite different from ours.

Consider the unit sphere 22 4+ y? + 22 = 1 and the unit cylinder 22 +y? = 1.
The sphere is contained inside the cylinder, and the two surfaces touch along
the circle 22 + 32 = 1 in the xy-plane. For each point p € S? other than the
poles (0,0,+£1), there is a unique straight line parallel to the zy-plane and
passing through the point p and the z-axis. This line intersects the cylinder in
two points, one of which, say q, is closest to p. Let f be the map from S? (with
the two poles removed) to the cylinder that takes p to q.

To find a formula for f, let (z,y, z) be the Cartesian coordinates of p, and
(X,Y, Z) those of q. Since the line through p and q is parallel to the zy-plane,
we have Z = z and (X,Y) = A(z,y) for some scalar \. Since (X,Y, Z) is on
the cylinder,

1= X2 +Y2 :)\2(1,2 _’_y2)7
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A= i(l‘Q—i- y2)—1/2.

Taking the + sign gives the point q, so we get

f(w,y,2) = <(w2 +xy2)1/2’ (22 +yyz)1/2’z> :

We shall show in the proof of the next theorem that f is a diffeomorphism.

Theorem 6.4.6 (Archimedes’ Theorem)

The map f is an equiareal diffeomorphism.

Proof

We take the atlas for the surface S; consisting of the sphere minus the north
and south poles with two patches, both given by the formula

o1(0, ) = (cos b cos p, cos O sin ¢, sin §),
and defined on the open sets
{-7/2<0<7/2, 0<p<2n} and {—7/2<0<7/2, —T<p<T}
The image of o1 (0, ¢) under the map f is the point
o2(0, ) = (cos g, sin g, sin ) (6.14)

of the cylinder. It is easy to check that this gives an atlas for the surface Ss,
consisting of the part of the cylinder between the planes z = 1 and z = —1,
with two patches, both given by Eq. 6.14 and defined on the same two open
sets as o1. We have to show that Eq. 6.13 holds.

We computed the coefficients F7, F; and G of the first fundamental form
of o1 in Example 6.1.3:

Ei=1, F1 =0, Gy =cos?0.
For o2, we get (02)s = (0,0, cosf), (o2), = (—sinp, cosp,0), and so
Ey=cos’f, F; =0, Gy=1.

It is now clear that Eq. 6.13 holds.

Note that, since f corresponds simply to the identity map (8, ) — (6, p)
in terms of the parametrizations o1 and o2 of the unit sphere and cylinder,
respectively, it follows that f is a diffeomorphism. O
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The following classical result provides a beautiful application of Archimedes’
theorem. A spherical triangle is a triangle on a sphere whose sides are arcs of
great circles.

Theorem 6.4.7

The area of a spherical triangle on the unit sphere S? with internal angles o, 3
and -y is
a+0B+vy—m.

Proof

We begin by using Archimedes’ Theorem 6.4.6 to compute the area of a ‘lune’,
i.e., the area enclosed between two great circles:

We can assume that the great circles intersect at the poles, since this can
be achieved by applying a rotation of S?, and this does not change areas. If
0 is the angle between them, the image of the lune under the map f is a
curved rectangle on the cylinder of width 6 and height 2 (see next page). If we
now apply the isometry which unwraps the cylinder on the plane, this curved
rectangle on the cylinder will map to a genuine rectangle on the plane, with
width 6 and height 2. By Archimedes’ theorem, the lune has the same area as
the curved rectangle on the cylinder, and since every isometry is an equiareal
map (see Exercise 6.4.6), this has the same area as the genuine rectangle in the
plane, namely 26. Note that this correctly gives the area of the whole sphere
to be 4.
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Turning now to the proof of the theorem, let A, B and C be the vertices of
the triangle (so that « is the angle at A, etc.). The three great circles, of which
the sides of the triangle are arcs, divide S? into eight triangles, as shown in the
following diagram (in which A’ is the antipodal point of A, etc.).

Note that the two triangles with vertices A, B, C and A’, B, C together form a
lune with angle a, etc. Hence, denoting the triangle with vertices A, B,C by
ABC and its area by A(ABC), etc., we have, by the preceding calculation,
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A(ABC) + A(A'BC) = 2a,
A(ABC) + A(AB'C) = 28,
A(ABC) + A(ABC") = 2.

Adding these equations, we get

2A(ABC) + {A(ABC) + A(A'BC) + A(AB'C) + A(ABC")} = 2a + 203 + 2.

(6.15)
Now, the triangles ABC, AB'C, AB’C" and ABC’ together make a hemisphere
(namely, the hemisphere containing the vertex A with boundary the great circle
passing through B and C), so

A(ABC) + A(AB'C) + A(AB'C’) + A(ABC'") = 2r. (6.16)

Finally, since the map that takes each point of S? to its antipodal point is an
isometry, and hence equiareal, we have

A(A'BC) = A(AB'C").

Inserting this into Eq. 6.16, we see that the term in { } on the left-hand side
of Eq. 6.15 is equal to 27. Rearranging now gives the result. O

In Chapter 13, we shall obtain a far-reaching generalization of this result
in which S? is replaced by an arbitrary surface, and great circles by arbitrary
curves on the surface.

EXERCISES

6.4.1 Determine the area of the part of the paraboloid z = x? + y? with
z < 1 and compare with the area of the hemisphere 22 +y?+ 2% =1,
2z <0.

6.4.2 A sailor circumnavigates Australia by a route consisting of a triangle
whose sides are arcs of great circles. Prove that at least one interior
angle of the triangle is > % + % radians. (Take the Earth to be a
sphere of radius 6,500km and assume that the area of Australia is

7.5 million square kilometres.)

6.4.3 A spherical polygon on S? is the region formed by the intersection
of n hemispheres of S2, where n is an integer > 3. Show that,
if aq,...,qa, are the interior angles of such a polygon, its area is

equal to
Z a; — (n—2)7.
i=1
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6.4.4 Suppose that S? is covered by spherical polygons such that the in-
tersection of any two polygons is either empty or a common edge or
vertex of each polygon. Suppose that there are F' polygons, E edges
and V vertices (a common edge or vertex of more than one polygon
being counted only once). Show that the sum of the angles of all
the polygons is 27V. By using the preceding exercise, deduce that
V — E+ F = 2. (This result is due to Euler; it will be generalized
in Chapter 13.)

6.4.5 Show that:
(i) Every local isometry is an equiareal map.
(ii) A map that is both conformal and equiareal is a local isometry.
Give an example of an equiareal map that is not a local isometry.
6.4.6 Prove Theorem 6.4.5.

6.4.7 Let o(u,v) be a surface patch with standard unit normal N. Show
that

Fo, — Fo, Fo,—Go,

NXoy=——® Nxogy= b,
Y VEG ~ F? " VEG Z F?

6.5 Spherical geometry

We conclude this chapter with a brief discussion of the simplest example of
a geometry different from Euclid’s, namely spherical geometry. The study of
spherical geometry, like that of plane geometry, began in antiquity. Its im-
portance was astronomical: to locate an object in the sky such as a star, one
imagines a fixed large sphere centred on the observer; the straight line con-
necting the observer to the star intersects the sphere in a point whose position
gives the direction in which the observer must look in order to see the star.
Thus, the three-dimensional universe is projected onto the surface of a sphere.
Of course, spherical geometry is also important because we live on the surface
of a sphere, to a reasonably good approximation.

If we are to develop spherical geometry by analogy with Euclidean plane
geometry, the first thing to do is to decide what should be the analogue of
straight lines. Now straight lines are the shortest curves joining any two of
their points (Exercise1.2.4), so it is natural to ask what the corresponding
shortest curves are on the sphere. We are going to show that these are arcs of
great circles.
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For simplicity, we work with the unit sphere S2. If p and q are two distinct
points of S2, there is always at least one great circle passing through p and q.
To see this, note first that if p and q are antipodal points, i.e., if p = —q,
the intersection of S? with any plane containing this diameter is a great cir-
cle through p and q. If p and q are not antipodal points, the plane passing
through the origin perpendicular to the (non-zero) vector p x q intersects 52
in a great circle passing through p and q. The argument shows, in fact, that if
p and q are not antipodal there is a unique great circle passing through them
both; in this case p and q divide this great circle into two circular arcs, one
shorter than the other. If p and q are antipodal, there are infinitely many great
circles passing through both points, each of which is divided by p and q into
two semicircles (see below).

Proposition 6.5.1

Let p and q be distinct points of S2. If p # —q, the short great circle arc joining
p and q is the unique curve of shortest length joining p and q. If p = —q, any
great semicircle joining p and q is a shortest curve joining these two points.

Proof

By using a rotation of S? (which is an isometry of S? — see Exercise 6.1.2)
we can assume that p is the north pole (0,0,1), and by a further rotation
about the z-axis we can assume in addition that q is a point on the great
semicircle C passing through the north and south poles and the point (1,0, 0),
say (cos a,sina, 0), where 0 < o < 7. Then the distance from p to q measured
along the short great circle arc joining them is 7/2 — «.
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The first fundamental form of the latitude-longitude parametrization
o(0,¢) is df#? + cos?0dp? (Example 6.1.3) so the length of a curve ~(t)
passing through p when ¢t = ¢y and through q when ¢ = ¢4, say, is

i, 1/2
/ (02 + cos? @ c,bz) dt.

to

The integrand is not less than |9\, so the length of the part of v between p and

q is not less than
t1 . 71'/2
/ \Q\dt:/ o =7/2—a,
to @

which is the length of the short great circle arc passing through p and q.
Conversely, if v has exactly this length, we must have

(92 + cos? 9<,b2)1/2 = 16|,

and hence
cosfp=0

for all ¢ between tg and t;. Since cosf = 0 only at the north and south poles
(0,0,+£1), we must therefore have ¢ = 0 at all other points of «; this means
that ¢ is a constant, which must be zero since « passes through p, and so -~ is
part of C. O

Thus, great circles are the spherical analogues of straight lines in Euclidean
geometry. One immediate difference between spherical and plane geometry is
that there are no parallel lines in spherical geometry, for any two great circles
intersect (the two planes containing the two great circles intersect in a diameter
of S2, the endpoints of which are the points of intersection of the two great
circles).

The spherical distance dg=(p, q) between two points p, q € S? is the length
of the short great circle arc joining p and q. This is simply the angle between
the vectors p and q in the range 0 < dg2(p, q) < 7: in symbols,

cosdgz2(p,q) =p - q.

There is a beautiful formula for the spherical distance in terms of the stereo-
graphic projection map II (see Example 6.3.5). Recall that II defines a bijection
from S? to the extended complex plane Coo; we write dgz (II71 (w), II71(2)) sim-
ply as dg2(w, 2).
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Proposition 6.5.2

If w,z € C, the spherical distance dg=(z,w) between the points of S? corre-
sponding to w and z under stereographic projection is given by

1 |w — 2|
tan =d =—
an 5 ds: (w, z) 1T a2]

Proof

From Example 6.3.5, the point of S? corresponding to w € C is

_ w+ W w—w |w?*-1
m! = i
w) (|w|2+1’i<|w|2+1>’w2+1)

Hence,

cosdgz(w, z) = Hfl(w) ~H*1(z)
(w+ ) (2 +2) — (w = @) (2 = 2) + (Jw]* = 1)(|2]* - 1)
(lwl* +1)(|2[* + 1)
2(wz +wz) + (1 — |[w?)(1 — |2]?)

R (e ) [(FEE) (6.17)

On the other hand, let ¢t denote the right-hand side of the formula in the
statement of the proposition. Then,

1—-t*  [1+wz]?—|w—2z]?
1+#2 14+ wz]2+ |w— 2|2
14+ w2)(1 +wz) — (w—2z)(w — %)
14+ w2)(1+w2) + (w — 2)(0 — 2)
_ 2(wz +wz) + (1 — |w|?)(1 - |2?)
(lwl? + D)([=* + 1)

(6.18)

The proposition follows on comparing Eqgs. 6.17 and 6.18 and recalling the
identity
1 — tan? %9

cosl) = —————=—.
1 + tan? %9

O

Much of Euclidean geometry deals with the properties of triangles. We shall
always consider only spherical triangles with sides of length less than .
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Proposition 6.5.3

Suppose that a spherical triangle has sides of length A, B and C, and let «, 3
and 7 be its internal angles (so that « is the angle opposite the side of length
A, ete., and 0 < «, 8,7 < 7). Then,

cosC' — cos Acos B

(@) Nt sin Asin B ’
(i) sina  sinf sin vy
11 = = .
sinA sinB sinC

Two formulas similar to that in (i) can, of course, be obtained by making the
cyclic permutations A = B—-C - A, a— (3 —v— a.

Part (i) is called the ‘cosine rule’ for spherical triangles because it becomes
the usual cosine rule when A, B, C' are small, in which case the spherical triangle
is ‘almost’ a plane triangle: using the approximations cos A = 1 — %A2 and
sin A = A, etc. we get

C? = A? 4+ B®> — 2AB cos~.

Proof 6.5.3 Let a, b and ¢ be the vertices of the triangle, so that « is the angle
at a, etc. Since A is the angle (measured in radians) between the unit vectors
b and c, etc., we have

cosA=b-c, cosB=c-a, cosC=a-b. (6.19)

Next, the side of the triangle of length C'is an arc of the great circle that is
the intersection of S? with the plane Il through the origin and perpendicular
to the vector a X b (and similarly for the other sides). Let II. be the plane
passing through the vertex ¢ parallel to the tangent plane of S? there. Then
I1. intersects the planes I14 and Il in two straight lines that are tangent to the
sides of the triangle passing through c. It follows that « is the angle between
these two lines, which in turn is equal to the angle between I14 and Ilp, i.e.,
the angle between b x ¢ and a x c:

(bxc) - (axc)
Ibxc|llaxc]|’

cosy = (6.20)

Of course, there are similar formulas for cosa and cos (.
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Now
Ibxc|=sind, |axcl|=sinB.

On the other hand, the triple product identity (see the proof of Proposition
6.4.2) gives

(bxc)-(axc)=(a-b)(c-c)—(b-c)(a-c)=cosC —cos Acos B,

using Eq. 6.19. Inserting these formulas in Eq. 6.20 gives formula (i).
For (ii), we have

sing - Iaxe)x(@xb) || _[I((axc)-bla-(axec)-ab| _ |(axc)- b
sin Bsin C' sin Bsin C' sin BsinC *
Hence,
sina |(axc)-Db] (6.21)

sinA sinAsinBsinC'’
Now, the scalar triple product (a x c) - b is unchanged, up to a sign, by any
permutation of the vectors a, b and c. It follows that the left-hand side of
Eq. 6.21 is unchanged under any permutation of the vertices of the triangle.
This gives formula (ii). |

As a special case, we have the spherical analogue of Pythagoras’ theorem:

Corollary 6.5.4

Suppose that a spherical triangle has sides of length A, B and C and that the
angle opposite the side of length C' is a right angle. Then,

cosC = cos A cos B.

The formal analogy between Eqs. 6.19 and 6.20 suggests that we should
consider the spherical triangle with vertices

. b xc “ cxa N axb
a == —— = ———— CcC =

[oxcl fexal” © " Taxb]|

Note that the cyclic order a — b — ¢ — a of the vertices is preserved in these
formulas; if the cyclic order was reversed the sign of all three vectors would
change. The triangles with vertices a*, b*, c* and —a*, —b", —c* are called the
dual triangles of the triangle with vertices a, b, c.

Note that each of the two dual triangles is obtained from the other by
applying the antipodal map v +— —v of S?; since this is an isometry of R?
(see Appendix 1), it is also an isometry of S? (Exercise 6.1.2) so the two dual
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triangles have the same angles and sides of the same length. Geometrically,
+a* are the endpoints of the diameter of S? perpendicular to the plane that
intersects S? in the great circle passing through b and c: they are called the
poles of this great circle (thus, the north and south poles of S? are the poles of
the equator).

Note also that 4a are the poles of the great circle through b* and c*, since a
is perpendicular to b* and c*. It follows that the dual triangles of the triangle
with vertices a*,b",c* are the original triangle with vertices a,b,c and its
image under the antipodal map. This can also be verified algebraically:

« . (cxa)x(axb) ((cxa)-b)a
b® xc* = = ,
[exallllaxb] [exallllaxb]
b* x c*
2 2C = ia
b x e ||

the sign being that of (¢ x a)-b =a - (b x ¢). Thus, the dual triangle of the
triangle with vertices a*, b*, c* is the original triangle if a- (b x ¢) > 0 and is
its image under the antipodal map if a- (b x ¢) < 0.

Proposition 6.5.5

Let a, 8,7 and A, B,C be the angles and the lengths of the sides of a spher-
ical triangle, so that « is the angle opposite the side of length A, etc. Let
a*, %, v*, A*, B*, C* be the corresponding quantities for either of the dual tri-
angles. Then,

a"=1m—A, B'=n-B, vv=nm-0C,
Af=rm—a, B'=n—-0, C"=m—1.

Proof

Denoting the vertices of the triangle by a, b, ¢ as above, Eq. 6.19 gives

cos A* =b* - c* = (cxa) (axb) = —cosa,
[exalllaxb|

S0, since both o and A* are between 0 and 7,
A" =7 —qa. (6.22)

The formula o = m— A is obtained by applying Eq. 6.22 to the dual triangles.
O
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Corollary 6.5.6
With the notation in Proposition 6.5.3, we have

cos a + cos 3 cosy

cos A =
sin §sin
together with two similar formulas obtained by making the permutations A —
B—-C—-A a—p—v—aqa.

Proof

Just apply part (i) of Proposition 6.5.3 to the dual triangle and use Proposi-
tion 6.5.5. O

This formula is important because it shows that the sides of a spherical
triangle are determined by its angles, unlike the situation in plane geometry in
which there are ‘similar’ triangles with the same angles but possibly different
sizes. The ‘reason’ for this is that in spherical geometry there is an absolute
standard of length, namely the radius of the sphere.

Much of Euclidean geometry is concerned with the question of when two
geometrical figures (such as triangles) are congruent, which means that one
figure can be ‘moved’ so that it coincides with the other. The types of ‘mo-
tions’ that are allowed are those that do not change the size or shape of the
triangles, namely the isometries of the plane (see Appendix 1). Hence, we need
to determine the isometries of the sphere.

We know that any isometry of R® that preserves S? will give an isometry
of S? (see Exercise6.1.2). The following proposition shows that we get all the
isometries of S? this way (cf. Theorem A.1.5 and its proof).

Proposition 6.5.7

Every isometry of S2 is a composite of reflections in planes passing through
the origin. In fact, at most three reflections are required.

Proof

The first thing to observe is that isometries of S? must take great circles to great
circles, since these are the curves of shortest length and isometries preserve
length.

Let F be any isometry of S?, and let e; = (1,0,0), e2 = (0,1,0) and
e; = (0,0,1). If F(e1) = ey let G1 be the identity map. Otherwise, let G; be
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the reflection in the plane perpendicular to the line joining e; to F(e;) and
passing through its mid-point; note that since || e1 |=]|| F(e1) ||, this plane
passes through the origin so G is an isometry of S2. Then G, o F fixes e;. If
ez = G1(F(ez)) let Go be the identity map. Otherwise, let G5 be the reflection
in the perpendicular bisector of the line joining es and G1(F'(ez)). Since || ez ||
=|| G1(F(e2)) || (because F and G; are isometries), this plane passes through
the origin so G is an isometry of S2, and since

ler = Gi(F(e2)) [ = Gi(F(er)) = Gi(F(e2)) [ =1 er — ez ],

e, is fixed by Gs. Hence, G2 0 G1 o F fixes e; and es. Now the north and south
poles *e3 are the only two points whose spherical distance from e; and es is
equal to m/2, so G2 o G7 o F' must either fix eg or take it to —es. In the first
case let G be the identity, in the second let G3 be reflection in the xy-plane.
Then, H = G3 0G5 0 Gy o F is an isometry of S? that fixes e1, es and es.

Since H fixes e; and es it must fix each point of the equator, since the
equator is the unique great circle passing through these two points and any
point on the equator is uniquely determined by its spherical distances from
them. Similarly, H must fix each point of the great circle passing through e;
and es. If a is any point of S? other than the poles +ej3, the unique great circle
C passing through a and the poles intersects the equator at a point b, say. Since
H fixes b and the poles, it fixes every point of C by the previous argument. In
particular, H fixes a. Since a was an arbitrary point of the sphere, H must be
the identity map.

Hence, F' = Gy 0o G5 0 GG3 is a product of < 3 reflections. O

One of the most striking differences between Euclidean and spherical ge-
ometry is contained in the following result, which is strongly suggested by
Corollary 6.5.6.

Proposition 6.5.8

In spherical geometry, similar triangles are congruent.

This means that if two spherical triangles have vertices a, b, c and a’,b’, ¢/,
and if the angle of the first triangle at a is equal to that of the second triangle
at a’, and similarly for the other two angles, there is an isometry of S? that
takes a to a’, b to b’ and ¢ to c¢’. We leave the proof to Exercise 6.5.2.
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EXERCISES

6.5.1

6.5.2
6.5.3

6.5.4

Find the angles and the lengths of the sides of an equilateral spherical
triangle whose area is one quarter of the area of the sphere.

Show that similar spherical triangles are congruent.

The spherical circle of centre p € S? and radius R is the set of
points of S? that are a spherical distance R from p. Show that, if
0<R<m/2

(i) A spherical circle of radius R is a circle of radius sin R.
(ii) The area inside a spherical circle of radius R is 27(1 — cos R).
What if R > 7/2?

This exercise describes the transformations of C., corresponding to
the isometries of S? under the stereographic projection map II :
S? — Cs (Example 6.3.5). If F' is any isometry of S?, let F,, =
IIo FoIl™! be the corresponding bijection Cyy — Coo.

(i) A Mobius transformation

aw +b

M(w) = ———

where a, b, ¢,d € C and ad—bc # 0, is said to be unitaryifd = a
and ¢ = —b (see Appendix 2). Show that the composite of two
unitary Mobius transformations is unitary and that the inverse
of a unitary Mobius transformation is unitary.

(ii) Show that if F is the reflection in the plane passing through the
origin and perpendicular to the unit vector (a,b) (where a € C,
b € R — see Example 5.3.4), then

—aw +b
F, = —\
b (W) bw + a
(iii) Deduce that if F' is any isometry of S? there is a unitary Mobius
transformation M such that either Foo = M or Foo = Mo J
where J(w) = —w.

(iv) Show conversely that if M is any unitary Mobius transforma-
tion, the bijections Co, — Co, given by M and M o J are both
of the form F,, for some isometry F of S2.
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Curvature of surfaces

In this chapter, we discuss several approaches to the problem of measuring
how ‘curved’ a surface is. Although they use quite different methods, we show
that each of the approaches leads to the same geometric object: the second
fundamental form of a surface. It turns out (see Theorem 10.1.3) that a surface
is determined up to an isometry of R3 by its first and second fundamental
forms, just as a unit-speed plane curve is determined up to an isometry of R?
by its signed curvature.

Throughout this chapter we shall work with oriented surfaces. Recall from
Section 4.5 that every surface patch is oriented.

7.1 The second fundamental form

In our first attempt to define the curvature of a surface, we imitate the dis-
cussion at the beginning of Section 2.1, which leads to the definition of the
curvature of a curve. Suppose then that o is a surface patch in R? with stan-
dard unit normal N. As the parameters (u,v) of o change to (u+ Au, v+ Av),
the surface moves away from the plane through o (u,v) parallel to the tangent
plane by a distance

(o(u+ Au,v + Av) — o (u,v)) - N.

Andrew Pressley, Elementary Differential Geometry: Second Edition, 159
Springer Undergraduate Mathematics Series, DOI 10.1007/978-1-84882-891-9_7,
(© Springer-Verlag London Limited 2010



160 7. Curvature of surfaces

P o(u, Au, v+ Au)

By the two variable form of Taylor’s theorem, o(u + Au,v + Av) — o(u,v) is
equal to

1
o, Au+ o, Av + 3 (auu (Au)2 + 20y AulAv + o’vv(Av)z) + remainder,

where (remainder)/((Au)? + (Av)?) tends to zero as (Au)? + (Av)? tends to
zero. Now o, and o, are tangent to the surface, hence perpendicular to N, so
the deviation of o from its tangent plane is

% (L(Au)? + 2M AuAv + N(Av)?) + remainder, (7.1)

where
L=0cy, N, M=0,,-N, N=o0o,, N. (7.2)

Comparing Eq. 7.2 with Eq. 7.1, we see that the expression
L(Au)? + 2M Aulv + N(Av)?

is the analogue for the surface of the curvature term x(At)? in the case of a
curve.
One calls the expression

Ldu® + 2Mdudv + Ndv? (7.3)

the second fundamental form of the surface patch o. It clearly resembles the first
fundamental form of a surface patch, and we can make sense of it in the same
way, by interpreting du and dv as linear maps as in Section 6.1. Imitating the
discussion there, we define a symmetric bilinear form on the tangent plane by

(v,w) = Ldu(v)du(w) + M (du(v)dv(w) + du(w)dv(v)) + Ndv(v)dv(w)

(cf. Exercise6.1.3). In the next section, we shall give this form an appealing geo-
metric interpretation, and extend its definition to an arbitrary oriented surface.
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Example 7.1.1

Consider the plane
o(u,v) =a+up +vq

(see Example 4.1.2). Since o, = p and o, = q are constant vectors, we have
Ouu = Ouy = 04y = 0. Hence, the second fundamental form of a plane is zero.

Example 7.1.2

Consider a surface of revolution (Example 5.3.2)

o (u,v) = (f(u) cosv, f(u)sinv, g(u));

we assume as usual that f(u) > 0 for all values of u and that the profile curve
u— (f(u),0,g(u)) is unit-speed, i.e., f2+ g2 = 1 (a dot denoting d/du). Then:

0. = (fcosv, fsinv,g), o, = (—fsinv, fcosv,0),
oy X0y = (—fgcosv,—fgsinv, ff),
| ouxoy||=f (since P44 = 1),
N = % = (—gcosw, fgsinv,f-),
ouu = (f cosv, fsinv, §),
Ouy = (—fsinv,f;cosv,O)7
Oy = (—fcosv,—fsinv,0),
L:Uuu'N:fg_fga M=oy, - N=0, N=o0,, N=fg,

so the second fundamental form is
(i — fg)du® + fgdv’.

For the unit sphere S? in latitude-longitude coordinates (Example 4.1.4),
u=20,v=y, f() =cosb, g(f) = sinb, giving the second fundamental form
of S as

df? + cos? 0 dp?.

Note that this is the same as the first fundamental form of S? (see
Example 6.1.3; the reason for this will appear in Section 8.2).

If the surface is the unit cylinder, we can take f(u) = 1, g(u) = u (again, the
conditions f > 0 and f2 +¢? = 1 are satisfied). This gives L = M =0, N =1,
so the second fundamental form of the cylinder is dv?.
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EXERCISES

7.1.1

7.1.2

7.1.4

Compute the second fundamental form of the elliptic paraboloid

o(u,v) = (u,v,u? +v?).

Suppose that the second fundamental form of a surface patch o is
zero everywhere. Prove that o is an open subset of a plane. This
is the analogue for surfaces of the theorem that a curve with zero
curvature everywhere is part of a straight line.

Let a surface patch & (@, 0) be a reparametrization of a surface patch
o (u,v) with reparametrization map (u,v) = ®(a,v). Prove that

L M\ | ,(L M
(v %)== (i ¥)7
where J is the Jacobian matrix of ® and we take the plus sign
if det(J) > 0 and the minus sign if det(J) < 0. Deduce from
Exercise 6.1.4 that the second fundamental form of a surface patch

is unchanged by a reparametrization of the patch which preserves
its orientation.

What is the effect on the second fundamental form of a surface of
applying an isometry of R3? Or a dilation?

7.2 The Gauss and Weingarten maps

Our second approach to defining the curvature of an oriented surface S is to
consider its unit normal N. The way that IN varies clearly reflects the way in
which § curves: N varies rapidly near a point at which the surface is highly
curved and slowly where the surface is only slightly curved. If S is a plane, N
is the same at all points of S, i.e., N is a constant, and the curvature should

be zero.

The values of N at the points of S are recorded by its Gauss map Gs (or
just G if there is no doubt as to which surface is intended). This is the map from
S to the unit sphere S? that assigns to any point p € S the point N, € S2,
where Ny, is the unit normal of § at p.
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N(u, v)

The rate at which N varies across S is measured by the derivative of G:
DpG : TpS — Tg(p)S».

Now, the tangent plane at a point q € S? is the plane passing through the origin
perpendicular to q. Thus, Tg(p)S? is the plane through the origin perpendicular
to Np, in other words, TpS. Thus, the derivative of G is a linear map from the
tangent plane of S to itself:

DpG : TS — TpS.

Definition 7.2.1
Let p be a point of a surface S. The Weingarten map Wp s of S at p is defined
by

Wp.s = —DpG. (7.4)
The second fundamental form of S at p € S is the bilinear form on TpS given

by
(viw)ps = Wps(v),Wps, v,weTpS.

The minus sign is introduced in Eq. 7.4 as a matter of convention (it will
reduce the total number of minus signs later). We shall often omit the subscripts
p and S from the Weingarten map if there is no danger of confusion.

The bilinearity asserted in this definition is easy to check. Let vi,vo, w €
TpS, A1, A2 € R. Then,

()\1V1 + /\2V27 W) = <W(/\1V1 + )\2V2), W>
= (MW(v1) + AaW(va), W)
= M (W(v1), W) + Ao (W(v2), w)
= A (v, W) + A2 (va, W),
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where we used the linearity of W in passing from the first line to the second
and the bilinearity of ( , ) in passing from the second line to the third. This
proves that (v, w) is a linear function of v for each fixed w. The proof that it
is linear in w for each fixed v is similar but easier.

Proposition 7.2.2

Let p be a point of a surface S, let o (u,v) be a surface patch of S with p in
its image, and let Ldu? + 2M dudv + Ndv? be the second fundamental form of
o defined in Section 7.1. Then, for any v,w € TS,

(v,w) = Ldu(v)du(w)+ M (du(v)dv(w)+du(w)dv(v))+ Ndv(v)dv(w). (7.5)

To prove this we shall need the following lemma, which will also be used
elsewhere.

Lemma 7.2.3

Let o (u,v) be a surface patch with standard unit normal N(u,v). Then,
N,-oy=-L, N,-0,=N,-0,=-M, N, -0,=—N,

where L, M and N are as defined in Eq. 7.2.

Proof

Since o, and o, are tangent vectors to the surface patch,
N.-o,=N-0,=0.

Differentiating these equations with respect to u and v gives

Nu'o-u:_N'o-uu:_La Nv'au:_N‘qu:_Ma
Ny-o,=—-N.oyy=-M, N, -0,=—-N-0,,=—-N. O

Proof 7.2.2 Since both sides of the equation in the statement of the proposition
define bilinear forms on 7S, it suffices to verify that they agree when v and
w are o, or 0,. Recalling that du(o,) = dv(eo,) = 1, du(o,) = dv(oy,) =0,
we have to prove that

<0'u70'u> =1L, <0'u,0'v> = <0'1170'u> =M, <0'1170'v> = N. (76)
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Let o (ug,v9) = p. Then, with the derivatives evaluated at (ug, vo),

d d
W(o-u) = - — g(a(u7v0)) = — — N(U,UO) — _Nu,
du |y, du |y,
where N is the standard unit normal of o. Similarly, W(o,) = —N,,. Hence,

(ou,00) = W(0ou),04) = —Ny - oy,

which is equal to L by Lemma 7.2.3. The other equations in (7.6) are proved
similarly. O

Since the formula (7.5) for (v,w) is obviously unchanged when v and w
are interchanged, we obtain

Corollary 7.2.4

The second fundamental form is a symmetric bilinear form. Equivalently, the
Weingarten map is self-adjoint.

EXERCISES

7.2.1 Calculate the Gauss map G of the paraboloid & with equation
z = 22 + y?. What is the image of G?

7.2.2 Show that the Weingarten map changes sign when the orientation
of the surface changes.

7.3 Normal and geodesic curvatures

It is obvious that the shape of a surface influences the curvature of curves on the
surface. For example, a curve on a plane or a cylinder can have zero curvature
everywhere, but this is not possible for curves on a sphere since no segment of
a straight line can lie on a sphere. Thus, another natural way to investigate
how much a surface curves is to look at the curvature of curves on the surface.
We shall see that this leads, once again, to the second fundamental form of the
surface.
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Y

If ~ is a unit-speed curve on an oriented surface S, then 4 is a unit vector
and is, by definition, a tangent vector to S. Hence, 4 is perpendicular to the
unit normal N of S, so 4, N and N x 4 are mutually perpendicular unit
vectors. Again since =y is unit-speed, 4 is perpendicular to 4, and hence is a
linear combination of N and N x 4:

¥ = kN + £gN X 4. (7.7)

Definition 7.3.1

The scalars &, and kg in Eq. 7.7 are called the normal curvature and the
geodesic curvature of ~y, respectively.

Note that k, and ks both change sign when N is replaced by —IN, so on a
general (not necessarily orientable) surface only the magnitudes of k,, and g
are well defined.

Proposition 7.3.2

With the above notation, we have

kn =4 N, Kkg=%4(Nx%), (7.8)
/{2:/<53L+/<;3,

Kn = KCOSY, kg = £Rsiny, (7.10)
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where & is the curvature of 4 and 1 is the angle between N and the principal
normal n of ~.

Proof

Equations 7.8 and 7.9 follow from Eq. 7.7 and the fact that N and N x ~ are
perpendicular unit vectors. The first equation in (7.10) follows from 4 = kn,
and the second then follows from Eq. 7.9. O

If ~ is regular, but not necessarily unit-speed, we define the geodesic and
normal curvatures of v to be those of a unit-speed reparametrization of ~
(see Exercise 7.3.1). When a unit-speed parameter ¢ is changed to another such
parameter ¢+ c, where c is a constant, it is clear that x, — &k, and kg — £k,
so Ky is well defined for any regular curve, while x4 is well defined up to sign.
Equations 7.9 and 7.10 continue to hold if « is any regular curve.

The following proposition is the most important single fact about the normal
curvature, and reveals its relation to the second fundamental form ( , ).

Proposition 7.3.3

If ~ is a unit-speed curve on an oriented surface S, its normal curvature is given
by
Rn = <777>
If o is a surface patch of S and (t) = o (u(t),v(t)) is a curve in o,
kn = Lt® + 2M 10 + N©v?
in the notation of Section 7.1.
This result means that two curves which touch each other at a point p of a

surface (i.e., which intersect at p and have parallel tangent vectors at p) have
the same normal curvature at p.

Proof
Since 4 is a tangent vector to S, N.4 = 0. Hence, N -4 = —N - 4 so
fin =N-5==N-5=W(H),%) = (3.,
since . d
N = 26(+(1) = W),
The second part follows from the first and Proposition 7.2.2. O
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It turns out that, while the normal curvature depends on the second funda-
mental form of the surface, the geodesic curvature x4 depends only on its first
fundamental form (see Exercise 7.3.4). But we leave further discussion of k4 to
Chapter 9.

Here is a classical application of Proposition 7.3.3. It takes almost as long
to state as to prove.

Proposition 7.3.4 (Meusnier's Theorem)

Let p be a point of a surface S and let v be a unit tangent vector to S at p.
Let Iy be the plane containing the line through p parallel to v and making
an angle f with the tangent plane T,S, and assume that Ilg is not parallel to
TpS. Suppose that Iy intersects S in a curve with curvature xg. Then, kg sin 6
is independent of 6.

Proof

Assume that v, is a unit-speed parametrization of the curve of intersection of
IIp and S. Then, at p, ¥, = £V, so 7, is perpendicular to v and is parallel to
ITy. Thus, in the notation of Proposition 7.3.2, ¢ = 7/2—6 and so Eq. 7.10 gives
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Kgsinf = Ky,.

But k,, depends only on p and v, and not on 6. O

An important special case is that in which ~ is a normal section of the sur-
face, i.e., 7y is the intersection of the surface with a plane II that is perpendicular
to the tangent plane of the surface at every point of ~.

Corollary 7.3.5

The curvature &, normal curvature &,, and geodesic curvature x4 of a normal
section of a surface are related by

Kp = *K, Kg=0.

Proof

As in the proof of Proposition 7.3.3, k,, = ksin 6, where § = +7/2 for a normal
section. This gives the first equation; the second follows from it and Eq. 7.9. O

EXERCISES

7.3.1 Let v be a regular, but not necessarily unit-speed, curve on a sur-
face. Prove that (with the usual notation) the normal and geodesic
curvatures of v are

7.3.2 Show that the normal curvature of any curve on a sphere of radius
ris £1/r.

7.3.3 Compute the geodesic curvature of any circle on a sphere (not nec-
essarily a great circle).

7.3.4 Show that, if v(t) = o(u(t),v(t)) is a unit-speed curve on a surface
patch o with first fundamental form Edu? 4+ 2Fdudv + Gdv?, the
geodesic curvature of ~ is

kg = (V0 — vil)/ EG — F2 + Aw® + Bu?o + Cud? + Do,

where A, B, C and D can be expressed in terms of E, F, G and
their derivatives. Find A, B, C, D explicitly when F' = 0.
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7.3.5 Suppose that a unit-speed curve v with curvature x > 0 and princi-
pal normal n is a parametrization of the intersection of two oriented
surfaces S; and Sy with unit normals Ny and Ny. Show that, if xq
and ko are the normal curvatures of v when viewed as a curve in S;
and Ss, respectively, then

K1N2 — K2N1 = I{(N1 X N2) X 1n.

Deduce that, if « is the angle between the two surfaces,

2

k2 sin?

o= /f% + H% — 2K1K2 COS (.

7.3.6 A curve « on a surface S is called asymptotic if its normal curvature
is everywhere zero. Show that any straight line on a surface is an
asymptotic curve. Show also that a curve v with positive curvature
is asymptotic if and only if its binormal b is parallel to the unit
normal of § at all points of ~.

7.3.7 Prove that the asymptotic curves on the surface
o(u,v) = (ucosv,usinv, Inu)

are given by
Inu==(v+c),

where ¢ is an arbitrary constant.

7.4 Parallel transport and covariant derivative

Imagine that there is a road that runs along the Earth’s equator and that you
are driving along this road at constant speed. The road would appear perfectly
straight — you would not have to turn to the right or left to continue along
the road. Thus, you would perceive your wvelocity (and not just your speed)
as being constant. On the other hand, an observer in space would see that
your velocity is not constant as you are travelling in a circle rather than in
a straight line. The resolution of this apparent paradox is that an observer
restricted to the surface of the Earth perceives only the component of the
acceleration tangential to the surface. From the point of view of the observer
in space, the acceleration vector points towards the centre of the Earth, and so
has zero tangential component.

In general, suppose that « is a curve on a surface S and let v be a tangent
vector field along v, i.e., a smooth map from an open interval («, 3) to R? such
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that v(t) € Ty S for all t € (a, 3). To an observer moving along the curve =,
the perceived rate of change of v is the tangential component of v, i.e., the
orthogonal projection of ¥ = dv/dt onto Ty ;S. If N is a unit normal to o,
the component of v perpendicular to the surface is (v - N)N, so the tangential
component is

Vyv=v—(v-N)N. (7.11)
Note that this is unchanged if N is replaced by —IN, so Vv is well defined on
any surface, orientable or not.

Definition 7.4.1

Let v be a curve on a surface S and let v be a tangent vector field along «. The
covariant derivative of v along = is the orthogonal projection Vv of dv/dt
onto the tangent plane TS at a point y(t).

In particular, an inhabitant of S would perceive v as being constant along
v if V4v = 0. In this case, v is sometimes said to be covariant constant, but
the usual terminology is contained in

Definition 7.4.2

With the notation in Definition 7.4.1, v is said to be parallel along v if Vov =0
at every point of ~.

Proposition 7.4.3

A tangent vector field v is parallel along a curve « on a surface S if and only
if v is perpendicular to the tangent plane of S at all points of ~.
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Proof

This is clear from the definitions: if the right-hand side of Eq. 7.11 is zero, then
v is obviously parallel to N. Conversely, if ¥ = AN for some scalar A, then

Vov=v—(AN-N)N=v—AN=0. O

To establish the existence of parallel tangent vector fields, we shall express
the covariant derivative in terms of the parameters u, v of a parametrization o
of the surface. To do this, we shall need the following calculation, which will
also be used later.

Proposition 7.4.4 (Gauss Equations)
Let o (u,v) be a surface patch with first and second fundamental forms

Edu? + 2Fdudv + Gdv® and  Ldu® + 2Mdudv + Ndv?.

Then,
ow =T10,+T%0,+ LN,
0w =T1yo, +T%,0, + MN,
Oy = I‘%QJU + F%zdv + NN,
where
oo GE, — 2FF, + FE, e 2FF, — EE, — FE,
1 20EG—-F2) > M 2(EG — F2) 7
r1 _ GEv — FG. 2 _ BG, - FE,
127 9(EG - F2)’ 127 2(EG — F2)’
o 2GF, — GG, — FG, 2 _ EG, — 2FF, + FG,
2 2(EG—F2) 2 2(EG — F?)

The six I' coefficients in these formulas are called Christoffel symbols. Note
that they depend only on the first fundamental form of o.

Proof

Since {o,,0,, N} is a basis of R?, scalar functions a1, ..., satisfying

Ouy = 10y + o, + azN,
Ouy = 510-u + ﬂ?av + 63N, (712)
Opy = V104 + 7120, + 13N,
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certainly exist. Taking the dot product of each equation with N gives
Oé3=L, ﬁg,ZM, ’}/3:N

Now we take the dot product of each equation in (7.12) with o, and o,.
This gives six scalar equations from which we determine the remaining six
coefficients. For example, taking the dot product of the first equation in (7.12)
with o, and o, gives the two equations

1
Eoi+Fag =0y, -0y = §Eua

1
Fai + Gas :O'uu'o'v:(O'u'o'v)u_a'u'o'uv :Fu_iEv-

Solving these equations gives a; = I'l;, ap = I'?y; similarly for the other four
coefficients in Eq. 7.12. O

We can now establish the conditions for a tangent vector field v to be
parallel along a curve vy(t) = o(u(t), v(t)) on a surface patch o (u,v). Since
the tangent plane of o is spanned by the vectors o, and o, there are smooth
scalar functions « and 8 such that

V(t) = Oé(t)O'u + ﬁ(t)a'va

the derivatives of o being evaluated at o (u(t), v(t)).

Proposition 7.4.5

Let v(t) = o(u(t),v(t)) be a curve on a surface patch o, and let v(t) = a(t)o,+
B(t)o, be a tangent vector field along vy, where « and 3 are smooth functions of

t. Then, v is parallel along ~ if and only if the following equations are satisfied:
&+ (P10 + Tiyd)a+ (Tt + Tyy6)8 =0 (713)
B+ (T3 + T0)a + (T30 + T3,0)8 = 0. '

Note that these equations involve only the first fundamental form of o.

Proof

Using the Gauss equations, we have

v = a0, + fo, + aiu(l} o, + 120, + LN) (7.14)
+ (i + i) (Ti90y + Tiga, + MN) + fi(Ts0, + T390, + NN).
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By Proposition 7.4.3, v is parallel along ~ if and only if v is parallel to N, which
means that the coefficients of o, and o, on the right-hand side of Eq. 7.14
must both be zero. But these coefficients are the left-hand sides of the two
equations in (7.13). |

Egs. (7.13) are of the form

a=fla.B,t), B=g(apb1), (7.15)

where f and g are smooth functions of three variables. It is proved in the theory
of ordinary differential equations that such equations have a unique solution
for any given set of initial conditions, i.e., if ty is some particular value of ¢,
and ag, By € R, there are unique smooth functions «(t) and G(t), defined on
an open interval containing ¢g, that satisfy Eq. 7.16 and are such that

alto) = ao,  B(to) = Po. (7.16)

In the situation considered in Proposition 7.4.5, the initial conditions (7.16)
are equivalent to
v(to) = apou + fooy.

So we obtain

Corollary 7.4.6

Let ~ be a curve on a surface S and let vy be a tangent vector of S at the point
~(to). Then, there is exactly one tangent vector field v that is parallel along ~
and is such that v(ty) = vo.

Example 7.4.7

Take v to be a circle of latitude 8 = 6y (—7/2 < 6y < 7/2) on the unit
sphere with the latitude-longitude parametrization o (6, ) (Example 4.1.4);
thus, v(¢) = o(fo, ). The first fundamental form of o is df? + cos? Odp?
(Example 6.1.3) from which we find

Iy, =T% =TI2%,=T},=0, TI'i, =—tanf, T3, =sinfcosh.
The differential equations (7.13) become
& = —fBsinfycosby, 3= atanb. (7.17)
If 8 = 0, then a and 3 are constant. If 6y # 0, eliminating 3 gives

&+ asin®6y = 0,
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which has the general solution
a(p) = Acos(psinby) + Bsin(psin b)),

where A and B are constants; the second equation in (7.17) now gives

5= Asin(gpsint%) B Bcos(g.osineo).
cos by sin 0y
Let us consider the special case in which v = o, is tangent to v when
¢ =0. Then, &« =0, B =1 when ¢ = 0, which gives A =0, B = —sinf and
hence
v(p) = —sinfp sin(psinby)og + cos(psinby)o,

(this solution is also correct when 6y = 0). Note that v(¢) is not tangent to ~
at v(p) in general. However, if §p = 0 then v is tangent to « for all . Thus,
the tangent vector of ~ s parallel along v if and only if v is a great circle. We
shall see the reason for this in Section 9.1.

If p and q are two points on a curve «y on a surface S, the covariant derivative
enables us to associate to any vector in the tangent plane T,S a vector in the
tangent plane T4S. Indeed, suppose that p and q correspond to the parameter
values to and t1, let vo € TpS, let v(t) be the unique parallel vector field along
~ such that v(tg) = vo (see Corollary 7.4.6), and let vi = v(t1) € TS.

Definition 7.4.8

With the above notation, the map I159 : 7,8 — TS that takes vo € TpS to
v1 € T4S is called parallel transport from p to q along ~y.

Proposition 7.4.9
With the notation in Definition 7.4.8,
(i) B9 : TS — T4S is a linear map

(ii) 1184 is an isometry, i.e., it preserves lengths and angles.

Proof

Let vo, wo € TpS and let A, p € R. Let v(t), w(t) be the parallel vector fields
along ~ such that v(to) = vo, W(to) = wo. If V.= Av+ pw, then V = \v + uw
is parallel to the unit normal N of S because v and w are parallel to N, so V
is parallel along ~. Hence,

I (Avo+puwo) =I5V (to)) = V(t1) = Avi+pwy = M5 (vo) + plI5¥(wo),
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which proves that 1159 is linear.
For (ii), note that
d

E(v~w):\7~w+v~v'v:((\'/-N)N)'w+v~((v'v'N)N):O,

since v.-N =w-N =0 (v and w are tangent to the surface). Hence,
Vo -Wg =V] - -Wj.

Thus, TI59 preserves dot products of vectors. Since lengths and angles are
expressible in terms of dot products, part (ii) is proved. O

Example 7.4.10

Take v to be the equator of S2. We saw in Example 7.4.7 that the tangent
vector o, of v is parallel along v. Now, at points of the equator, o is a unit
vector perpendicular to o,. By Proposition 7.4.9, the parallel vector field along
~ equal to o9 when ¢ = 0 has the same property. It must therefore be equal to
0p; in other words, oy is also parallel along ~ (this can also be checked directly
from the formulas in Example 7.4.7). Since parallel transport is a linear map,
it follows that, for any two points p and q on the equator, and any A\, u € R,

5%4(A\og + poy) = Aag + po,. (7.18)

(Note, however, that 154 is not the identity map unless p and q coincide! If
p # q the derivatives og and o, on the two sides of (7.18) are being evaluated
at different points of S2.)

EXERCISES

7.4.1 Let 4 be a reparametrization of v, so that 4(¢) = v(¢(t)) for some
smooth function ¢ with dp/dt # 0 for all values of ¢. If v is a tangent
vector field along ~, show that v(t) = v(p(t)) is one along 4. Prove

that J
~ P
V:YV = Evﬁyv,
and deduce that v is parallel along ~ if and only if v is parallel
along 4.

7.4.2 Show that the parallel transport map I159 : T, S — TS is invertible.
What is its inverse?
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7.4.3 Suppose that a triangle on the unit sphere whose sides are arcs
of great circles has vertices p, q, r. Let vy be a non-zero tangent
vector to the arc pq through p and q at p. Show that, if we parallel
transport v along pq, then along qr and then along rp, the result
is to rotate v through an angle 2m — A, where A is the area of the
triangle. For an analogous result see Theorem 13.6.4.
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Gaussian, mean and principal curvatures

In this chapter, we show how to extract geometric information from the second
fundamental form of a surface or, equivalently, from its Weingarten map.

8.1 Gaussian and mean curvatures

We start by defining two new measures of the curvature of a surface.

Definition 8.1.1

Let W be the Weingarten map of an oriented surface S at a point p € S. The
Gaussian curvature K and mean curvature H of S at p are defined by

1
K =det(W), H= §trace(W).

Recall that the determinant and trace of a linear map (such as W) can be
computed as the determinant and the sum of the diagonal entries of the matrix
of the linear map with respect to any basis (in this case of the tangent plane),
and that they depend only on the linear map and not on the choice of basis.

When the sign of the unit normal of S is changed, the Weingarten map also
changes sign (Exercise 7.2.2), thus leaving K unchanged. This implies that the
Gaussian curvature is defined for any surface S, orientable or not: to define
K at a point p € S, choose a surface patch o with p in its image; this is an
Andrew Pressley, Elementary Differential Geometry: Second Edition, 179

Springer Undergraduate Mathematics Series, DOI 10.1007/978-1-84882-891-9_8,
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oriented surface, which may be used to define K, and the result is independent
of the choice of . On the other hand, on a surface that is not necessarily
orientable, H is in general only well defined up to sign.

To get explicit formulas for H and K, we work in a surface patch of S. Let
o(u,v) be a surface patch with first and second fundamental forms

Edu® + 2Fdudv + Gdv? and Ldu? + 2Mdudv + Ndv?,

respectively. Define symmetric 2 x 2 matrices F; and Fy; by

E F L M
]:I_<F G)’ ]:”_<M N)'

Proposition 8.1.2

Let o be a surface patch of an oriented surface S. Then, with the above nota-
tion, the matrix of Wy s with respect to the basis {o,, 0} of TpS is ]-'flfu.

Proof
By the proof of Proposition 7.2.2, W(e,,) = —N,, and W(o,) = —N,,, so the
matrix of W is ( Z 2 ), where

-N, =aoy +bo,, —N,=co,+do,.

Take the dot product of each of these equations with o, and o, and use
Lemma 7.2.3; this gives

L=aE+bF, M =cE+dF,
M =aF +bG, N =cF+dG.

These four scalar equations are equivalent to the single matrix equation
L M\ (E F a c
M N ) \F G b d

i.e., fII_fI(Z Ccl)

Hence, the matrix of W with respect to the basis {6, 0,} is

a c —
(b d):f’lf”' -
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Corollary 8.1.3

We have
LG — 2MF + NE LN - M?
2(EG — F?2) - EG - F?’

H =

Proof
By Definition 8.1.1,

det(fu) . LN — M?
det(Fr) EG-—F?’

To compute H, we need the trace of the matrix

L B 1 G -F L M
FrFtn = ge—m\ _fp g M N

1 <LG—MF MG—NF>

K = det (.7:1_1.7:11> =

EG — F? ME — LF NE — MF
R LG — 2MF + NE
_ — 2MF +
2H:trace(.7:1 1.7:11) = 50 P2 O
Example 8.1.4

In Examples 6.1.3 and 7.1.2 we considered the surface of revolution

o (u,v) = (f(u) cosv, f(u)sinv, g(u)),

where we can assume that f > 0 and f2 + g% = 1 everywhere (a dot denoting
d/du). We found that

E=1F=0,G=f* L=fj-fj M=0, N=fj.
By Corollary 8.1.3, the Gaussian curvature is

LN - M* _ (f§-19)fg

K=pc=F = 12

We can simplify this formula by noting that f2+ ¢2 = 1 implies (by differenti-
ating with respect to u) that ff +gg =0,

(fg - fo)g=—F*f - fg —f(f2+4% =-F,
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We consider some special cases. If y(u) = (u,0,0) is the z-axis, the
correspondlng surface of revolution is the xy-plane; since f(u) = wu, we have
f=1,f=0,s0 K=0.1If y(u) = (1,0,u) is a straight line parallel to the
z-axis, the corresponding surface is the unit cylinder; since f(u) =1, f =0, so
K = 0. Finally, if v(u) = (cosu, 0,sinu) is a circle of radius 1, the correspond-
ing surface is the unit sphere; since f(u) = cosu, f = —sinu, f = —COosU SO
K = —f/f = —(—cosu)/cosu = 1. Note that in each of these examples the
curve <y is unit-speed.

Example 8.1.5

For a ruled surface, take a patch

o (u,v) = v(u) + vé(u),

(see Example 5.3.1). Denoting d/du by a dot, we have o, = % + v8, oy = 0,
SO
Ouw =0, 04 =0.

Hence, if N = (o4, X 04)/ || 6w X 0 || is the standard unit normal of o, then
M=0u,,-N=6 -Nand N =0. So

— M? —(-N)2
LN -M> _ —(6-NP _,

K = =
EG — F? EG-F? —

i.e., the Gaussian curvature of a Tuled surface is negative or zero.

Gauss discovered a way to obtain the Gaussian curvature from the Gauss
map itself, rather than from its derivative, the Weingarten map. His result is
an analogue of Proposition 2.2.3, which shows that, if v is a unit-speed plane
curve, its signed curvature ks = ¢, where ¢ is the angle between its tangent
vector 4 and a fixed direction, i.e., the (signed) curvature is the rate of change
of direction of the tangent vector of v per unit length. The ‘direction’ of the
tangent plane to an oriented surface S is measured by its unit normal N, so we
might expect that a measure of the curvature of o is the ‘rate of change of N
per unit area’. The values of N at points of S are recorded by the Gauss map
G, so if R is a small region on S containing a point p, we should look at the
ratio

Area(G(R))
Area(R)
in the limit as the region R shrinks down to the point p.
To make this idea precise, we work in a surface patch.
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Theorem 8.1.6

Let o : U — R3 be a surface patch, let (ug,vo) € U, and let § > 0 be such that
the closed disc

Rs = {(u,v) € R?* | (u—wup)* + (v —vp)? < 6%}
with centre (ug,vo) and radius § is contained in U. Then,

. An(Rs)
Jim A (Rs) K],

where K is the Gaussian curvature of o at o (ug, vp).

Note that a d with the properties in the statement of the theorem exists
because U is open.

Proof
By Definition 6.4.1,

An(Rs) S gy | Nux Ny || dudv
As(Rs) ~ [p Touwx oy | dudv’

(8.1)

In the notation of the proof of Proposition 8.1.2,

N, x N, = (aoy, + bo,,) X (coy, + doy)

= (ad — bc)o,, X 0y

= det(fflfn)o'u X Oy
det(Frr)

= det(F) T
LN — M?

T~ EG-F?

=Ko, x o, (by Corollary 8.1.3). (8.2)

oy X Oy

Substituting in Eq. 8.1, we get

An(Rs) fR(;|K| | oux oy | dudv
As(Ry5) fRé | ou x oy || dudv

Let € be any positive number. Since K (u,v) is a continuous function of
(u,v) (see Exercise 8.1.3), we can choose d > 0 so small that

| K (u,v) — K(ug,vo)| < €
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if (u,v) € Rys. Since, for any real numbers a,b, |a — b| > ||a] — |b]|, it follows
that ||K (u,v)| — |K (uo,v0)|| < € if (u,v) € Ry, i.e.,

| K (uo, v0)| — € < |K(u,v)| < [K(uo,vo)| + €

if (u,v) € Rs. Multiplying through by || o X o, || and integrating over Rs, we
get

(1K (19, v0)| — e)/|| . ||dudv<ﬁK(u,v)| | 0w x oo || dudy

< (IK (uo, vo)| + e)/H o X 0 || dudv,

An(Rs)
Ao’ (Ré)
| An(Rs

Aa (Ré)

| K (ug,v0)| — € < < |K(ug,v0)| +€¢ (using Eq. 8.1)

~—

— K(uo,vo)|’ <e.
This proves the theorem. O

Although this proposition only gives the absolute value of the Gaussian
curvature K, the sign can be recovered from the Gauss map if we define the
signed area of G(R) to be £ AN(R), where the sign is + or — according to
whether N, x N, points in the same or the opposite direction as N. By Eq. 8.3,
this sign is that of K, so K is the limit of the ratio

Signed area(G(R))
Area(R)

as the region R shrinks to the point p.
As the following examples show, Theorem 8.1.6 sometimes allows one to
find the Gaussian curvature of a surface with no calculation.

Example 8.1.7

For a plane, the unit normal is constant. Thus, for any R, G(R) is a single
point, and thus has zero area. By the theorem, a plane has Gaussian curvature
zero everywhere.

For a generalized cylinder, the unit normal is clearly always perpendicular
to the rulings of the cylinder, so the image of the Gauss map is contained in the
great circle on S? formed by intersecting S? with the plane passing through its
centre perpendicular to the rulings of the cylinder. Any great circle obviously
has zero area, so the cylinder has zero Gaussian curvature too.

Finally, for the unit sphere S? itself, the unit normal at a point p is clearly
parallel to the radius vector from the centre of the sphere to p. In other words,
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the Gauss map is the identity map or the antipodal map (depending on the

choice of orientation). Both of these maps are obviously equiareal, so the ab-

solute value of the Gaussian curvature of S? is 1. In fact, if o is any surface

patch of S2, we have N = ¢ so with either choice of sign N, x N, = o, x o,

is a positive multiple of N and the Gaussian curvature is +1.

EXERCISES

8.1.1

8.1.2

8.1.3

8.14

8.1.5

Show that the Gaussian and mean curvatures of the surface z =
f(z,y), where f is a smooth function, are

K=tvprpe = 21+ 2+ [2)572

Calculate the Gaussian curvature of the helicoid and catenoid
(Exercises 4.2.6 and 5.3.1).

Show that the Gaussian and mean curvatures of a surface S are
smooth functions on S.

In the notation of Example 8.1.5, show that if § is the principal
normal n of « or its binormal b, then K = 0 if and only if ~ is
planar.

What is the effect on the Gaussian and mean curvatures of a surface
S if we apply a dilation of R? to S?

Show that the Weingarten map W of a surface satisfies the quadratic
equation
W2 _2HW+ K =0,

in the usual notation.

Show that the image of the Gauss map of a generalized cone is a
curve on S?, and deduce that the cone has zero Gaussian curvature.

Let 0 : U — R3 be a patch of a surface S. Show that the image
under the Gauss map of the part o(R) of S corresponding to a

region R C U has area
/ K|dAs,
R

where K is the Gaussian curvature of S.
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8.1.9

8.1.10

Let S be the torus in Exercise 4.2.5. Describe the parts ST and S~ of
S where the Gaussian curvature K of S is positive and negative,
respectively. Show, without calculation, that

KdA = — KdA = 4.
S+ S~

It follows that [ K dA = 0, a result that will be ‘explained’ in
Section 13.4.

Let w(u,v) be a smooth tangent vector field on a surface patch
o (u,v). This means that

w(u,v) = a(u,v)oy, + B(u,v)o,

where « and (8 are smooth functions of (u,v). Then, if v(t) =
o(u(t),v(t)) is any curve on o, w gives rise to the tangent vec-
tor field w|, ) = w(u(t),v(t)) along . Let V,w be the covariant
derivative of w| along a parameter curve v = constant, and define
V,w similarly. (Note that if o is the wv-plane, then V, and V,
become 0/0u and 9/0v). Show that

vv(vuw) - vu(vvw) = (Wv . N)Nu - (Wu . N)Nva

where N is the unit normal of o. Deduce that, if A(u,v) is a smooth
function of (u,v), then

Vo(Vu(Aw)) = Vo (Vo (Aw)) = A (V4 (Vuw) — Vi (VW) .
Use Proposition 8.1.2 to show that
Vo(Vyo,) — Vu(Vyo,) = K(—Fo, + Eoy),
where
LN — M?
EG - F?2’

and find a similar expression for V,(V,0,) — V4 (V,0,). Deduce
that

K =

Vo (Vuw) =V (Vyw)

for all tangent vector fields w if and only if K = 0 everywhere on
the surface. (Note that this holds for the plane: wy, = Wy,.) We
shall see the significance of the condition K = 0 in Section 8.4.
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8.2 Principal curvatures of a surface

We now examine the Weingarten map Wy s of a surface S at a point p € S
in a little more detail (we shall usually omit the subscripts). The crucial point
is that W is self-adjoint (Corollary 7.2.4). From Theorem A.0.3 we deduce the
following proposition.

Proposition 8.2.1

Let p be a point of a surface S. There are scalars k1, ko and a basis {t1, t2} of
the tangent plane 7S such that

W(t1) = k1t1, W(t2) = kata.

Moreover, if k1 # K2, then (t1,t2) = 0.

The real numbers 1 and ko are the eigenvalues of W, and t; and ty are
corresponding eigenvectors. But in this situation, we adopt a special terminol-
ogy: k1 and kg are called the principal curvatures of S, and t; and to are called
principal vectors corresponding to k1 and Ko.

Points of the surface at which the two principal curvatures are equal (to
K, say) are called umbilics. At an umbilic, the equations W(t1) = kt; and
W(t2) = Kkt imply that W(t) = kt if t is any linear combination of t; and ta.
Thus, p is an umbilic if and only if Wy s 15 a scalar multiple of the identity map,
and in that case every tangent vector is principal. On the other hand, if p € S is
not an umbilic, Proposition 8.2.1 tells us that principal vectors corresponding to
the two principal curvatures are necessarily orthogonal (Theorem A.0.3). Thus,
whether or not p is an umbilic we can always find two orthogonal principal
vectors in 1S, and we obtain:

Corollary 8.2.2

If p is a point of a surface S, there is an orthonormal basis of the tangent plane
TS consisting of principal vectors.

The principal curvatures are related in a simple way to the mean and
Gaussian curvatures:
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Proposition 8.2.3

If k1 and k9 are the principal curvatures of a surface, the mean and Gaussian
curvatures are given by

1
H = 5(5&1 + Hg), K = K1ko.

Proof

The determinant and trace of the Weingarten map WV can be computed using
the matrix of W with respect to any basis of the tangent plane. Using the basis
formed by the principal vectors, the matrix is

K1 0
0 K2 '
The proposition now follows immediately from Definition 8.1.1. O

One reason for introducing the principal curvatures and principal vectors
is contained in the following result, which shows that, if we know the principal
curvatures and principal vectors of a surface, it is easy to calculate the normal
curvature of any curve on the surface:

Euler's Theorem 8.2.4

Let v be a curve on an oriented surface S, and let x; and k5 be the principal
curvatures of o, with non-zero principal vectors t; and ty. Then, the normal
curvature of ~ is

Kp = K1 COS2 0 + ko sin’ a,

where 6 is the oriented angle 13/1;

Proof

Let p € S, let k1 and k9 be the principal curvatures of S at p, and let t; and
to be corresponding principal vectors. By Corollary 8.2.2, we can assume that
{t1,t2} is an orthonormal basis of T,S. Moreover, by replacing to by —to if
necessary, we can assume that the oriented angle tits = +7 /2.

With these assumptions, we have

A = cos 0t1 + sin Ot,.
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to

16 I

By Proposition 7.3.5,
Fn = (¥,%) = cos? O(t1,t1) + 2sinfcos O(t1, ta) + sin? O(ty, to).

Now, for 4,7 =1,2,

0 ifitj

Hence the result. O

(tit;) = W(t:),t5) = (miti t;) = {m if i = j

Corollary 8.2.5

The principal curvatures at a point of a surface are the maximum and minimum
values of the normal curvature of all curves on the surface that pass through
the point. Moreover, the principal vectors are the tangent vectors of the curves
giving these maximum and minimum values.

Proof

If the principal curvatures k1 and ko are different, we might as well suppose
that k1 > ko. Let x, be the normal curvature of a curve v on the surface.
Then, since

Ky = K1 €082 0 + Kkasin? 6 = ky — (K1 — K2) sin” 0,

it is clear that x, < k1 with equality if and only if # = 0 or =, i.e., if and only
if the tangent vector < of « is parallel to the principal vector t;. Similarly, one
shows that k,, > ke with equality if and only if 4 is parallel to t,.

If k1 = Ko, the normal curvature of every curve is equal to k; by Euler’s
Theorem and every tangent vector to the surface is a principal vector. O
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To compute the principal curvatures, we work in a surface patch o (u, v); let
Edu® 4 2Fdudv + Gdv? and Ldu® + 2Mdudv + N dv?

be its first and second fundamental forms. In the notation of Section 8.1, the ma-
trix of the Weingarten map W with respect to the basis {o,, o, } of the tangent
plane is 7, ! F1. Hence, the principal curvatures are the roots & of the equation

det(F; ' Frr — kI) =0,

and a tangent vector t = {0, + 10, is a principal vector if

sm-an(§)-(8)

Writing ]-"flfn — kI as ]_-1—1(]_—” — kJFy), we obtain the following.

Proposition 8.2.6

In the above notation, the principal curvatures are the roots of the equation

L—-—kE M—kF

M —kF N —&G ’:0’

and the principal vectors corresponding to the principal curvature x are the
tangent vectors t = £o,, + no, such that

(5 N (E)-(0)

Example 8.2.7

It is intuitively clear that a sphere curves the same amount in every direction,
and at every point of the sphere. Thus, we expect that the principal curvatures
of a sphere are equal to each other at every point, and are constant over the
sphere. To confirm this by calculation, we work with the unit sphere S? and use
the latitude longitude parametrization as usual. We found in Example 6.1.3 that
E=1,F=0,G =cos?6 and in Example 7.1.2 that L = 1, M = 0, N = cos?#.
So the principal curvatures are the roots of

11—k 0 _0
0 cos? @ — kcos?0 |

i.e.,, k = 1 (repeated root), as we expected. Every tangent vector is a principal
vector.
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Example 8.2.8
We consider the unit cylinder parametrized in the usual way:
o(u,v) = (cosv,sinv, u).
We found in Example 6.1.4 that £ = 1, F = 0,G = 1 and in Example 7.1.2

that L =0, M = 0, N = 1. So the principal curvatures are the roots of

‘O—Iﬂ? 0 o,

0 11—k

i.e,, Kk =0 or 1. Any principal vector t; corresponding to k1(= 1) satisfies

-1
(0 0)(5)-e
0 0 m
so & = 0 and t; is a multiple of o, = (—sin v, cosv, 0). Similarly, one finds that
any principal vector corresponding to kg (= 0) is a multiple of o, = (0,0, 1).

Example 8.2.7 proves the intuitively obvious fact that on a sphere every
point is an umbilic. The same is clearly true for a plane, since in that case
both principal curvatures are zero everywhere. Remarkably, there are no other
surfaces with this property:

Proposition 8.2.9

Let S be a (connected) surface of which every point is an umbilic. Then, S is
an open subset of a plane or a sphere.
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Proof

For every tangent vector t, we have W(t) = kt where & is the principal curva-
ture. Let o : U — R? be a surface patch of S with U a (connected) open subset
of R?. Taking t = o, and &, and recalling from the proof of Proposition 7.2.2
that W(o,,) = —Ny, W(o,) = —Ny, we get

N, = —koy, N, =—kKko,. (8.3)
Hence,
(K/Uu)v - *(Nu)'u - *(N'u)u - (’io-'u)u,

SO
KpOy = KyOy.

Since o is regular, o, and o, are linearly independent, so the last equation
implies that x, = k, = 0. Thus, k is constant.

There are now two cases to consider. If k = 0, Egs. 8.3 show that N is
constant. Then,

(N-0)u=N-0,=0, (N-0),=N-o, =0,

so N0 is a constant, say c. Then o (U) is an open subset of the plane v-N = c.
If kK # 0, Eq. 8.3 shows that

N=—ko+a,

where a is a constant vector. Hence,

-

so a(U) is an open subset of the sphere with centre x~'a and radius x~*.

We have now proved the proposition when § is covered by a single surface
patch. For an arbitrary surface S, the preceding argument shows that each
patch in the atlas of S is contained in a plane or a sphere. But if the images of
two patches intersect they must clearly be part of the same plane or the same
sphere. It follows that the whole of S is contained in a plane or a sphere. O

Note that this proposition is an analogue for surfaces of Example 2.2.7,
which tells us that a plane curve with constant curvature is part of a circle.

We conclude this section by showing how the values of the principal cur-
vatures at a point p of a surface S provide information about the shape of S
near p. To simplify the situation, we assume that p is the origin and that T,S
is the zy-plane: this can be arranged by applying a suitable isometry of R? to
S (which does not change its shape). By a further rotation around the z-axis,
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we can also assume that the tangent vectors t; = (1,0,0) and to = (0,1,0)
are principal, and correspond to principal curvatures k1 and k. Finally, by
reflecting in the zy-plane if necessary, we can assume that the unit normal of
Satpis N=(0,0,1).

Let o be a surface patch of S with o(0,0) = 0. For any z,y € R, there are
unique s,t € R such that

(.T,y,O) =s0y t+toy,

(here and below, the derivatives of o are evaluated at (0,0)). By Taylor’s
theorem,

1
o(s,t) =0(0,0) + so, +to, + 5( 20w + 25t0yy + 20 4)

if we neglect terms involving higher powers of s and ¢. Hence, if  and y (and
hence s and t) are small, we have o (s,t) = (z,y, z), where

1 1
= 5( 20’uu + 25toyy +t20'm;) -N = §(LS2 + 2M8y+Nt2)

approximately, where Ldu? 4+ 2Mdudv 4+ Ndv? is the second fundamental form
of o at the origin. If t = soy, + to,,, then by Proposition 7.3.5,

Ls® +2Mst + Nt* = (t,t) = V(t),t).
Now, t = xt1 + yts so
W(t) = aW(t1) + yW(te) = k1at1 + Kayta = (K12, K2y, 0).
Hence,
Ls? 4+ 2Mst + Nt* = (k12, K2y, 0) - (2,y,0) = k2% + Koy

Hence, near the point p, S is approximated by the quadric surface
1
z = §(H1$2 + Hgyz). (8.4)

We distinguish four cases:

(i) k1 and kg are both > 0 or both < 0. Then, (8.4) is the equation of an
elliptic paraboloid (see Proposition 5.2.2) and one says that p is an elliptic
point of the surface.

(ii) k1 and k2 are of opposite sign (both non-zero). Then, (8.4) is the equation
of a hyperbolic paraboloid and one says that p is a hyperbolic point of the
surface.
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(iii) One of k1 and kq is zero, the other is non-zero. Then, (8.4) is the equation
of a parabolic cylinder and one says that p is a parabolic point of the
surface.

o~

z =y 2z =23 — 3y

(iv) Both principal curvatures are zero at p. Then, (8.4) is the equation of a
plane, and one says that p is a planar point of the surface. In this case,
one cannot determine the shape of the surface near p without examining
derivatives of order higher than the second (in the non-planar case, these
terms are small compared to k122 + Koy? when x and y are small). For
example, the surfaces above both have the origin as a planar point, but
they have quite different shapes. (The surface on the right is called the
monkey saddle as it is the right shape for the saddle on a bicycle ridden
by a monkey: two ways down for the two legs and a third for the tail.)

The classification of points of a surface as elliptic, hyperbolic, parabolic
or planar is independent of the surface patch o, since reparametrizing either
leaves the principal curvatures unchanged or changes the sign of both of them
(Exercise 8.2.8).

Example 8.2.10

On S?, k1 = kg = £1 (the sign depending on the parametrization) so all points
are elliptic (and umbilics). On a circular cylinder, k1 = £1, ko = 0, so every
point is parabolic (and there are no umbilics). On a plane, k1 = k2 = 0 so all
points are planar (!) (and umbilics).

Example 8.2.11

For the torus (6, ¢) = ((a+bcos ) cos ¢, (a+b cos ) sin ¢, bsin 0) (see Exercise
4.2.5), we find that the first and second fundamental forms are

b2dh* + (a + bcos0)?dp?® and bdh? 4 (a + bcosh) cos O dp?,
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respectively, so the principal curvatures are

1 _ cost
My 2T heost
Since 1 > 0 (everywhere), the point o (6, ¢) of the torus is elliptic, parabolic or
hyperbolic according to 2 is >0, = 0 or <0, respectively; from the formula for
K2, these are the regions of the torus given by —7/2 < 6 < 7/2, § = +7/2 and
m/2 < 6 < 37/2, respectively. Pictures of the elliptic and hyperbolic regions
can be found in the solution to Exercise 8.1.8 (where they are labelled ST and
S, respectively); the parabolic region consists of two circles of radius a centred
on the z-axis.

EXERCISES

8.2.1 Calculate the principal curvatures of the helicoid and the catenoid,
defined in Exercises 4.2.6 and 5.3.1, respectively.

8.2.2 A curve « on a surface S is called a line of curvature if the tangent
vector of v is a principal vector of S at all points of v (a ‘line’
of curvature need not be a straight line!). Show that ~ is a line of
curvature if and only if )

N = )7,
for some scalar A, where N is the standard unit normal of o, and
that in this case the corresponding principal curvature is A. (This is
called Rodrigues’ formula.)

8.2.3 Show that a curve v(t) = o (u(t),v(t)) on a surface patch o is a line
of curvature if and only if (in the usual notation)
(EM — FL)u* + (EN — GL)iw + (FN — GM)v* = 0.
Deduce that all parameter curves are lines of curvature if and only

if either

(i) the second fundamental form of o is proportional to its first
fundamental form, or

(ii) F =M =0.
For which surfaces does (i) hold? Show that the meridians and par-

allels of a surface of revolution are lines of curvature.

8.2.4 In the notation of Example 8.1.5, show that if v is a curve on a
surface § and § is the unit normal of S, then K = 0 if and only if ~
is a line of curvature of S.
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8.2.5

8.2.6

8.2.7

8.2.8

Suppose that two surfaces S; and Sy intersect in a curve C that is
a line of curvature of S;. Show that C is a line of curvature of Sy
if and only if the angle between the tangent planes of §; and Ss is
constant along C.

Let ¥ : W — R3? be a smooth function defined on an open subset
W of R3? such that, for each fixed value of u (resp. v, w), (u, v, w)
is a (regular) surface patch. Assume also that

Y, S, =%, S, =%, -5, =0. (8.5)

This means that the three families of surfaces formed by fixing
the values of u, v or w constitute a triply orthogonal system (see
Section 5.5).

(i) Show that 2y - Zyw = By + Duw = S - Sw = 0.

(ii) Show that, for each of the surfaces in the triply orthogonal
system, the matrices F; and Fj; are diagonal.

(iii) Deduce that the intersection of any surface from one family
of the triply orthogonal system with any surface from another
family is a line of curvature on both surfaces. (This is called
Dupin’s Theorem.)

Show that, if p, ¢ and r are distinct positive numbers, there are
exactly four umbilics on the ellipsoid

2 2 2
x y z
—+=5+==1
2 @2 2

What happens if p, ¢ and r are not distinct?

Show that the principal curvatures of a surface patch o : U — R3 are
smooth functions on U provided that o has no umbilics. Show also
that the principal curvatures either stay the same or both change
sign when o is reparametrized.

8.3 Surfaces of constant Gaussian curvature

We have seen in the examples in Section 8.1 some surfaces of zero and constant
positive curvature. For an example of a surface with constant negative Gaussian
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curvature, however, we have to construct a new surface. To this end, we examine
again the surface of revolution

o(u,v) = (f(u)cosv, f(u)sinv, g(u))

obtained by rotating the unit-speed curve u — (f(u),0, g(u)) in the zz-plane
around the z-axis. We found in Example 8.1.4 that its Gaussian curvature is

K 7 (8.6)

Suppose first that K = 0 everywhere. Then, Eq. 8.6 gives f: 0, so f(u) =

au + b for some constants a and b. Since f2 + ¢2 = 1, we get ¢ = +v1 — a2

(so we must have |a| < 1) and hence g(u) = +v/1 — a?u + ¢, where ¢ is another

constant. By applying a translation along the z-axis we can assume that ¢ = 0,

and by applying a rotation by 7 about the z-axis, if necessary, we can assume
that the sign is +. This gives the ruled surface

o (u,v) = (bcosv,bsinv,0) + u(acosv,asinv, /1 — a?).

If ¢ = 0 this is a circular cylinder; if |a| = 1 it is the zy-plane; and if 0 < |a| < 1
it is a circular cone (to see this, put @ = au + b).

Now suppose that K > 0, say K = 1/R?, where R > 0 is a constant. Then,
Eq. 8.6 becomes f

f.+ﬁ:

which has the general solution
u
f(u) =acos (E + b) )

where a and b are constants. We can assume that b = 0 by performing a
reparametrization u = u + Rb, v = v. Then, up to a change of sign and adding

a constant,
/\/17 ﬁsm —du

The integral in the formula for g(u) can be evaluated in terms of ‘elementary’
functions only when a = 0 or £R. The case a = 0 does not give a surface, and
if @ = R then f(u) = Rcos %, g(u) = Rsin %, and we have a sphere of radius
R (the case a = —R can be reduced to this by rotating the surface by 7 around
the z-axis).

Suppose finally that K < 0. We can restrict ourselves to the case K = —1,
as the general case can be obtained from this by applying a dilation of R? (see
Exercise 8.1.5). In view of the preceding case, we can think of a surface with
K = —1 as a ‘sphere of imaginary radius’ v/—1, or a ‘pseudosphere’.



198 8. Gaussian, mean and principal curvatures

When K = —1 the general solution of Eq. 8.6 is
flu) = ae" + be ™,

where a and b are arbitrary constants. The function g(u) can be expressed in
terms of elementary functions only if one of a or b is zero. If b = 0 we can
assume that ¢ = 1 by a reparametrization u — u + constant, and the case
in which @ = 0 can be reduced to the case b = 0 by the reparametrization
u — —u. Suppose then that « = 1 and b = 0; then, f(u) = e¢* and we can take

g(u) = / V1 —e?tdu. (8.7)

Note that we must have u < 0 for the integral in Eq. 8.7 to make sense, since
otherwise 1 — e?* would be negative. The integral can be evaluated by putting
cosf = e". Then,

.2
/\/1—62“du:—/sm gdG:sinO—ln(secﬂ—l—tanQ)

cos
=v1—e—In(e ™ ++Ve2v—1).

We have omitted the arbitrary constant, but we can take it to be zero by a
suitable translation of the surface parallel to the z-axis. Putting x = f(u),
z = g(u), and noting that cosh™ (v) = In(v + v/v% — 1), we see that the profile
curve in the xz-plane has equation

z=1/1-22— cosh™" (i) . (8.8)

Rotating this curve around the z -axis thus gives a surface which has Gaussian

curvature —1 everywhere. Note that, since u < 0, z = e" is restricted to the
range 0 < z < 1.
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The curve defined by Eq. 8.8 is called the tractriz, and it has an interesting
geometrical property. Consider the tangent line at a point P of its graph, and
suppose that it intersects the z-axis at the point Q). Let us compute the distance
from P to Q.

(1,0)

Qs

Suppose that P is the point (xg,z0). Either by a direct calculation or by
inspecting the calculation of the integral (8.7), one finds that

dz V1 —z?
de x
Hence, the tangent line at P has equation

VIR,

Tr —Xg).
Zo 0)

zZ— 2y =

This meets the z-axis at the point (0, z1), where
/1 2
21 — 29 = —xO(Ofxo) = —4/1—22.
Zo

Hence, the square of the distance from P to @ is
2+ (1—2)i=2i+1-23=1,

so the distance from P to @ is constant and equal to 1.

This means that the tractrix has the following description. Let a donkey
pull a box of stones by a rope of length 1. Suppose that the donkey is initially
at (0,0), the box is initially at (1,0), and let the donkey walk slowly along the
negative z-axis. Then, the box of stones moves along the tractrix.
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EXERCISES

8.3.1 Show that:

(i) Setting w = e™* gives a reparametrization o1 (v, w) of the pseu-
dosphere with first fundamental form
dv? + dw?
w2
(called the upper half-plane model).
(ii) Setting
_ v?+w? -1 W— —2v
2 (w+1)27 2+ (w4 1)2
defines a reparametrization oo (V, W) of the pseudosphere with
first fundamental form
4(dV? + dW?)
(1—V2Z_W?)2
(called the Poincaré disc model: the region w > 0 of the vw-
plane corresponds to the disc V2 + W? < 1 in the VW-plane).
(iii) Setting
_ 2V - 2w
V———s— W=——m>5r—
V24 w241 V24 w241

defines a reparametrization a2 (V, W) of the pseudosphere with
first fundamental form

(1 = W2)dV2 + 2V WAV AW + (1 — V2)dW?
(1—V2—W2)2

(called the Beltrami-Klein model: the region w > 0 of the vw-
plane again corresponds to the disc V2 + W? < 1 in the V-
plane).

In cases (i) and (ii), find the open subsets of the vw- and VIW-plane,
respectively, corresponding to the open set

{(u,v) |[u<0,—7 <v <7}
in the parametrization of the pseudosphere given in the text.

These models are discussed in much more detail in Chapter 11.
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8.4 Flat surfaces

In Section 8.3, we gave some examples of surfaces of constant Gaussian curva-
ture K, but this certainly falls well short of a complete classification of such
surfaces. It is possible, however, to give a fairly complete description of flat
surfaces, i.e., surfaces for which K = 0 everywhere. To do so, we shall make use
of a special parametrization, valid for any surface, described in the following
proposition.

Proposition 8.4.1

Let p be a point of a surface S, and suppose that p is not an umbilic. Then, there
is a surface patch o (u,v) of S containing p whose first and second fundamental

forms are
Edu® + Gdv®> and Ldu® + Ndv?,

respectively, for some smooth functions F,G,L and N.

We recall that a point p of a surface S is an umbilic if the two principal
curvatures of S at p are equal. From Section 8.2, we see that for the patch
o in the statement of the proposition, o, and o, are principal vectors with
corresponding principal curvatures L/E and N/G. We call o a principal patch.

We assume Proposition 8.4.1 for the moment, and use it to give the proof of

Proposition 8.4.2

Let p be a point of a flat surface S, and assume that p is not an umbilic. Then,
there is a patch of S containing p that is a ruled surface.

Proof

We take a principal patch o : U — R? containing p as in Proposition 8.4.1,
say p = o(ug,vp). By Corollary 8.1.3, the Gaussian curvature K = LN/EG.
Since the Gaussian curvature is zero everywhere, either L = 0 or N = 0 at
each point of U, and since p is not an umbilic L and N are not both zero.
Suppose that L(ug,vo) # 0, say. Then, L(u,v) # 0 for (u,v) in some open
subset of U containing (ug,vg). Hence, by shrinking U if necessary, we can
assume that L # 0 at every point of U. Then, N = 0 everywhere, and the
second fundamental form of o is Ldu®.

We shall prove that the parameter curves u = constant are straight lines.
Such a curve can be parametrized by v — o (ug,v), where ug is the constant
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value of u. A unit tangent vector to this curve is t = o,/GY?, so by
Proposition 1.1.6 what we have to prove is that t, = 0.
By the proof of Proposition 8.1.2, the derivatives of the unit normal are

N,=-E'Lo,, N,=0. (8.9)

Hence, t, -0, = —EL™'t, - N,. Now, t - N, = 0 and N, = 0 by Eq. 8.9, so
t, - N, = —t - N, = 0. Hence, t, - 0, = 0. Next, t, -t = 0 since t is a unit
vector by construction, so t, - o, = 0. Finally, t,- N = —t-N, = 0 by Eq. 8.9
again. Since the vectors o, a, and N form a basis of R?, we have proved that
t, =0. O

Our task, then, is to describe the structure of flat ruled surfaces. We
parametrize the ruled surface as in Example 8.1.5:

o(u,v) = vy(u) + vd(u).

We found there that o, = % + v8, o, = 8, the dot denoting d/du, and that
the Gaussian curvature of o is zero if and only if

§-(ouxo,)=0.

Since ]
Oy X0y, =9X06+vd X9,

and § - (8 x 8) =0,
K=0 ifandonlyif &-(4xd)=0. (8.10)

Thus, K = 0 if and only if 4, § and & are everywhere linearly dependent.

To proceed further, let us assume, as we may, that §(u) is a unit vector for
all values of u. Then, 6 - 5=0. Suppose first that J(u) = 0 for all values of u.
Then, § is a constant vector and o is a generalized cylinder.

Suppose now that & is never zero. Then, § and 5 are linearly independent
as they are non-zero and perpendicular, so if 4, d and & are linearly dependent,
then

F(w) = f(w)d(u) + g(u)d(u)

for some smooth functions f and g. Assume first that f = ¢ everywhere. Then,
4 = (gd) and so v = gd + a, where a is a constant vector; hence,

o(u,v) =a+ (v+ g(u))d(u).
Putting @ = u, 0 = v + g(u), we see that this is a reparametrization of a
generalized cone.
Suppose finally that § and f — ¢ are both nowhere zero. If we define

Y =v(u) —g(u)d(u ﬁ:—v—i—g(u)
() = () — g()a(u), 5= LS
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a short calculation gives

o(u,v) = F(u) + 65(u),

so o is a reparametrization of an open subset of the tangent developable of .

Of course, it could be that none of the conditions on §, f and g considered
above are satisfied. In fact, we have only shown that certain open subsets
of the surface are parts of generalized cylinders, generalized cones or tangent
developables. It is not true that the whole surface must be one of these three
types, since flat surfaces of different types can be joined together to make a
smooth surface, as shown in the diagram above. It can be shown that the most
general flat surface is a patchwork consisting of pieces of generalized cylinders,
generalized cones and tangent developables, joined together along segments of
straight lines.

The remainder of this section is devoted to the proof of Proposition 8.4.1
and can safely be omitted by readers who are uncomfortable with the use of
the inverse function theorem. In fact, we can prove a more general result with
no additional effort:

Proposition 8.4.3

Let 6 : U — R? be a surface patch, and suppose that for all (@, 7) € U we are
given tangent vectors

e1(i1,8) = alit, 1) + b(i, 0)65,  ea(it, D) = clit, 0)& 4 + d(i, 0)és,
whose components a,b, c,d are smooth functions of (@,?). Assume that, at
some point (i, %) € U, the vectors e (i, 7o) and ey(iig, 7o) are linearly in-
dependent. Then, there is an open subset Voof U containing (@g,¥p) and a
reparametrization o (u,v) of &(a,d), for (@,7) € V, such that o, and o, are
parallel to e; and es, respectively.
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Proposition 8.4.1 is a special case of Proposition 8.4.3. In fact, let & be
any surface patch of S containing p, and let p = & (g, 0g). Since the principal
curvatures k1 and ko of o are distinct at p, and are continuous functions by
Exercise 8.2.8, they remain distinct for (@, ?) in some open set U containing
(@, Up) on which & is defined. Let

e1 =810+ M0, ex=E&04+ 205
be unit principal vectors corresponding to x; and ko; they are perpendic-
ular by Proposition 8.2.1. Let o(u,v) be a reparametrization of & as in
Proposition 8.4.3. Then, o, - 0, = 0 because e; and ey are perpendicular,

so the first fundamental form of & is of the form Edu? + Gdv?. Also, o, and
o, are principal vectors corresponding to k1 and k2, so we have

nra () =i nn ()= (8)

where F; and Fj; are the matrices associated to the first and second
E 0

0 G >, these equations imply that

fundamental forms of o. Since Fr = (

Fir = ( KBE ,‘{OG ), so the second fundamental form of o is Ldu® + Ndv?,
2

where L = k1 F and N = koG.

We are thus left with the proof of Proposition 8.4.3. To begin, we observe

that, if
e= A6y + Bay,

where A and B are any given smooth functions of (@,7) € U, we can find a
curve v in & with 4 = e and with any given point q = &(a, 3) as starting point
~(0). For, finding such a curve y(t) = &(a(t), 9(t)) is equivalent to solving the
pair of ordinary differential equations

= A(a,v), ©=B(a,d)
with initial conditions @(0) = «, (0) = (. It is proved in the theory of ordinary
differential equations that this problem has a unique solution @(t), o(t) defined
on some open interval containing ¢ = 0. Moreover, 4 and v are smooth functions
of the three variables ¢, « and (.

Applying this observation to e = ey, we can find a curve v, (s1) in & with
v1(0) = & (g, ¥9) and dvy,/ds1 = e;. Now applying the same observation to
e = ey, we can find, for each value of s; close to 0, a curve sy — A(s1, S2)
in & with OA/9s2 = ez and A(s1,0) = ~,(s1). Define (u,?) as functions of

(31’ 32) by
&(ii,5) = As1, 52). (8.11)
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V2 EITD

IJ'('a 52)

71

Differentiating with respect to s; and sy gives

P LU WL L LR
u@sl 1)881 e uasg 1]882 e
We have
d dv, X
s 0= —A(51,0) = —=—=¢e€1, A, =— =eo. 8.12
1|82_o dsy (51,0) ds, € 2 D59 €2 ( )

Equating coefficients of 5 and &5, we see from the last two sets of equations
that, at the point & (o, 0o), where s; = s = 0, the Jacobian matrix

i Ou
9 Ds ) = 0O ) 8.13
(&) 513
Since e; and ey are linearly independent at (g, ¥g), this matrix is invertible.
By the Inverse Function Theorem 5.6.1, Eq. 8.11 can be solved for (si,s2) as
smooth functions of (i, 7) when (i, %) is in some open set W of U containing
(tg, To). Thus, A is an allowable surface patch; by Eq. 8.12, it has the property
that As;; = e; when so = 0, and A;, = ey everywhere.

We now repeat the procedure, this time starting with a curve v, (t2) with
dy,/dta = ez and v4(0) = & (@, Vo), and then taking a curve t; — p(t1,t2)
with Op/0t; = ey and p(0,t2) = 4(t2). This gives an allowable patch p(t1, t2)
such that

<

ll‘(tlﬂ t2) = &(ﬂ’ f))

for (i, %) in some open subset Z of U containing (7, @ip). This patch has the
property that g, = e; everywhere and p,, = e2 when t; = 0.
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The parametrization we want is o (u,v), where o(u,v) is the intersection
of the curve sa — A(u, s2) with the curve ¢; — p(t1,v). Thus, we consider the

equations
(a,0) = Xu, s2) = p(ty,v).

From Eq. 8.13,

on_, o_,

ou ' Oou
and similarly

ou . oo d

o 7 ov

Hence, the Jacobian matrix

ou  ou

<§ g_y):(a C)
v v :
5e 5o b d

As usual, the fact that this matrix is invertible means that (u,v) can be ex-
pressed as smooth functions of (@, 0), for (@, ¥) in some open subset VofWnZz
containing (g, 7p), and we get a reparametrization o (u,v) of (4, ). Finally,
the equation o (u,v) = w(t1,v) implies that

on, _on

and similarly

882
Oy = 7 €2
ov
so o, and o, are parallel to e; and es everywhere. O

EXERCISES

8.4.1 Let p be a hyperbolic point of a surface S (see Section 8.2). Show
that there is a patch of & containing p whose parameter curves
are asymptotic curves (see Exercise 7.3.6). Show that the second
fundamental form of such a patch is of the form 2Mdudv.

8.5 Surfaces of constant mean curvature

We now consider surfaces whose mean curvature H is constant. Such surfaces
have an interesting physical interpretation: we shall show in Section 12.1 that
soap bubbles always adopt the form of a surface of constant mean curvature. In
this section we give two simple constructions of surfaces of constant non-zero
mean curvature; the case in which H = 0 is treated in much more detail in
Chapter 12.
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The first of these gives a correspondence between surfaces of constant non-
zero mean curvature and surfaces of constant positive Gaussian curvature.

Definition 8.5.1
Let S be an oriented surface and let A € R. The parallel surface S* of S is
S*={p+ AN, |p € S},

where Ny, is the unit normal of S at the point p.

Roughly speaking, S* is obtained by translating the surface S at a distance
A perpendicular to itself (but this will not be a genuine translation since Np,
will in general depend on p).

Proposition 8.5.2

Let k1 and ko be the principal curvatures of an oriented surface S, let A € R
and let S* be the corresponding parallel surface of S. Assume that neither
nor ke is equal to 1/ at any point of S. Then,

(i) 8*is a (smooth) oriented surface, the unit normal of S* at p+ AN, being
equal to eNp, where € is the sign of (1 — Ak1)(1 — Ak2).

(ii) The principal curvatures of S* are exy/(1 — Axy1) and exa/(1 — Ak2), and
the corresponding principal vectors are the same as those of S for the
principal curvatures k1 and ko, respectively.

(iii) The Gaussian and mean curvatures of S* are

K and e(H — \K)
1—2)\H + \2K 1—2)\H + 2K’

respectively, where K and H are the Gaussian and mean curvatures of S.
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Proof

Let o (u,v) be a surface patch of S with standard unit normal N(u, v). Define
o (u,v) = o (u,v) + A\N(u,v).
By Proposition 8.1.2,

=0y, + N, =(1-Xa)o, — ooy,
=0, + AN, = —Aco, + (1 = \d) oy, (8.14)

a c
ve= ()

is the matrix of the Weingarten map of S with respect to the basis {6, 0}
of the tangent plane. Hence,

A
oy
A
oy

where

orx oy =(1-Na+d)+\(ad —bc)) oy X 7.

u

Since k1 and ko are the eigenvalues of W, (see Section 8.2), and since the
sum and product of the eigenvalues of a matrix are equal to the trace and the
determinant of the matrix, respectively,

K1+ kKe =a+d, Kiky =ad— bc.

Hence,
o) x o) =(1-x1)(1 = Xka) 0 X 0. (8.15)

The assertions in part (i) follow from this equation.

The principal curvatures of S* are the eigenvalues of the matrix Wy of
the Weingarten map of S* with respect to the basis {o), o }. By the proof of
Proposition 8.1.2, this is the negative of the matrix expressing Ni and Ni in
terms of o)) and o), where N* is the standard unit normal of o*. Equation 14
says that the matrix expressing o and o in terms of o, and o, is [ — A\Wj,
and the fact that N* = eN implies that —eW, is the matrix expressing Ni
and Nﬁ in terms of o, and o,. Combining these two observations we get

Wor = (I — AW,) "W,

If T is an eigenvector of W, with eigenvalue k, then T is also an eigenvector of
W, with eigenvalue ex/(1 — Ak). The assertions in part (ii) follows from this.
Part (iii) follows from part (ii) by straightforward algebra. O
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Corollary 8.5.3

If S has constant Gaussian curvature 1/R2, the parallel surfaces St have
constant mean curvature 1/2R. Conversely, if S has constant mean curvature
1/2R, the parallel surface ST has constant Gaussian curvature 1/R2.

Proof

This follows from part (iii) of the proposition by straightforward algebra. For
example, if H = 1/2R the Gaussian curvature of S¥ is

K K 1

= = —. O
1—-2RH+ R?K R?K R?

The next construction gives a beautiful geometric description of the surfaces
of revolution which have constant non-zero mean curvature in terms of the curve
traced out by the focus of an ellipse that rolls without slipping along a straight
line (cf. Exercise 2.2.10). Take the ellipse to be

2  (y—a? _

e Tl

where p > ¢ > 0 are constants. Thus, the ellipse is tangent to the z-axis at
the origin. The foci of the ellipse are the points f; = (—ep,q) and f> = (ep, q),

where the eccentricity e = /1 — 9;
P

Proposition 8.5.4

With the above notation, let C be the curve traced out by one of the foci of
the ellipse as it rolls without slipping along the z-axis. Let S be the surface
obtained by rotating C around the z-axis. Then, S has constant non-zero mean
curvature.

DA
p
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Proof

We consider a situation in which the ellipse has rolled along the z-axis so that
its point of contact with the z-axis is at a point p, the focus f; has moved to a
point f;" = (x,9) on C, and the focus f> has moved to fy’ = (X,Y), say. Let ¢
be the angle between p — f;” and the z-axis; then ¢ is also the angle between
p — fy’ and the x-axis by Exercise 1.1.6(iii). Hence,

y=[p—fi'|sing, Y=[p—=£f|sinep

and so
y+Y =2psinep

by Exercise 1.1.6(i). But Exercise 1.1.6(ii) gives yY = ¢ so

2
y+ L = 2psin. (8.16)
y

Now, since the ellipse rolls without slipping, the point of contact of the ellipse
with the z-axis is stationary. This implies that the point f;" moves as if rotating
instantaneously about p, so that the tangent vector to C at f;’ is perpendicular

to p — f1’. (If this heuristic argument is unconvincing, an analytical proof can
be found in Exercise 2.2.10.) It follows that

d
ﬁ = cot . (8.17)
Eliminating ¢ between Eqgs. 8.16 and 8.17 gives
2
Vg’ = #. (8.18)
1+ (%)

The surface S obtained by rotating C around the z-axis can be parametrized by
o(z,0) = (x,ycosb,ysinb)

where 6 is the angle of rotation. The first and second fundamental forms of
o are

dy\ > 4
1+ () ) da?+ 200> and - “Za2+ —2L 02,
dx dx? ) 2
(%)

respectively. Using the formula in Corollary 8.1.3, the mean curvature is found
to be

d2
1 =%

H= - dr (8.19)

21/1 + (%)2 2 (1 + (%)2)3/2.
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Differentiating both sides of Eq. 8.18 we get

dy 2p L 2pydL Ly

9y, %Y _ d
ydm 1+(%)2 <1+(%)

Dividing both sides by 4py% and comparing with Eq. 8.19 shows that the
surface S has mean curvature 1/2p. |

EXERCISES

8.5.1 Suppose that the first fundamental form of a surface patch o (u,v)
is of the form E(du? + dv?). Prove that o, + 0., is perpendicular
to o, and o,. Deduce that the mean curvature H = 0 everywhere
if and only if the Laplacian

Oyu + Opy = 0.

Show that the surface patch
3 3
o(u,v) = <u - % + uv?, v — % + u?v, u? v2>

has H = 0 everywhere. (A picture of this surface can be found in
Section 12.2.)

8.5.2 Prove that H = 0 for the surface

cosy
z:ln( )
cos T

(A picture of this surface can also be found in Section 12.2.)

8.5.3 Let o(u,v) be a surface with first and second fundamental forms
Edu® 4+ Gdv? and Ldu® + Ndv®, respectively (cf. Proposition 8.4.1).
Define

Y (u,v,w) = o(u,v) + wN(u,v),

where N is the standard unit normal of o. Show that the three
families of surfaces obtained by fixing the values of u, v or w in
3 form a triply orthogonal system (see Section 5.5). The surfaces
w = constant are parallel surfaces of o. Show that the surfaces u =
constant and v = constant are flat ruled surfaces.
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8.6 Gaussian curvature of compact surfaces

We have seen in Section 8.2 how the relative signs of the principal curvatures
at a point p of a surface S determine the shape of & near p. In fact, since
the Gaussian curvature K of S is the product of its principal curvatures, the
discussion there shows that

(i) If K > 0 at p, then p is an elliptic point.
(ii) If K < 0 at p, then p is a hyperbolic point.
(iii) If K =0 at p, then p is either a parabolic point or a planar point.

In this section, we give a result which shows how the Gaussian curvature
influences the global shape of a surface. We shall give another result of a similar
nature in Section 13.4.

Proposition 8.6.1

If S is a compact surface, there is a point of S at which its Gaussian curvature
Kis > 0.

In the proof, we shall make use of the following fact about compact sets: if
X is a compact subset of R® and f : R?® — R is a continuous function, then
there are points p,q € X such that f(q) < f(r) < f(p) for all points r € X
so that f attains its maximum value on X at p and its minimum at q.

Proof

Define f : R® — R by f(v) =] v ||2. Then, f is continuous, so the fact that S
is compact implies that there is a point p € S where f attains its maximum
value. Then § is contained inside the closed ball of radius || p || and centre the
origin, and S intersects its boundary sphere at p. The idea is that S is at least
as curved as the sphere at p, so its Gaussian curvature should be at least that
of the sphere at p, i.e., at least 1/ || p ||?.

To make this argument precise, let y(¢) be any unit-speed curve in § passing
through p when ¢ = 0. Then, f(~(¢)) has a local maximum at ¢ = 0, so

d d?
/) =0, —5f(v(1) <0
att =0, i.e.,

7(0) - ¥(0) =0, ~(0)-%(0) +1<0. (8.20)
The equation in (8.20) shows that p = ~(0) is perpendicular to every unit
tangent vector to S at p, and hence is perpendicular to the tangent plane TpS.



8.6 Gaussian curvature of compact surfaces 213

Choose a surface patch o of S containing p, and let N be its standard unit
normal. By the preceding remark,

)
N=+_——"\ (8.21)
Ip|

The inequality in (8.20) implies that the normal curvature k, = 4(0) - N of ~
at p (computed in the patch o) is < —1/ || p || or > 1/ || p ||, according to
whether the sign in Eq. 8.21 is + or —, respectively. By Corollary 8.2.5, the
principal curvatures of o at p are either both < —1/| p || or both > 1/ || p ||
In each case, K > 1/ | p||>> 0 at p. |
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Geodesics

Geodesics are the curves in a surface that a bug living in the surface would
perceive to be straight. For example, the shortest path between two points in a
surface is always a geodesic. We shall actually begin by giving a quite different
definition of geodesics, since this definition is easier to work with. We give
various methods of finding geodesics on surfaces, before finally making contact
with the idea of shortest paths towards the end of the chapter.

9.1 Definition and basic properties

If we drive along a ‘straight’ road, we do not have to turn the wheel of our car to
the right or left (this is what we mean by ‘straight’!). However, the road is not,
in fact, a straight line as the surface of the earth is, to a good approximation, a
sphere and there can be no straight line on the surface of a sphere. If the road
is represented by a curve 7, its acceleration 4 will be non-zero, but we perceive
the curve as being straight because the tangential component of 4 is zero, in
other words because 4 is perpendicular to the surface. This suggests

Definition 9.1.1

A curve « on a surface S is called a geodesic if 4(t) is zero or perpendicular
to the tangent plane of the surface at the point «(t), i.e., parallel to its unit
normal, for all values of the parameter .

Andrew Pressley, Elementary Differential Geometry: Second Edition, 215
Springer Undergraduate Mathematics Series, DOI 10.1007/978-1-84882-891-9_9,
(© Springer-Verlag London Limited 2010
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Equivalently, v is a geodesic if and only if its tangent vector + is parallel
along « (see Section 7.4).

Note that this definition makes sense for any surface, orientable or not.

There is an interesting mechanical interpretation of geodesics: a parti-
cle moving on the surface, and subject to no forces except a force acting
perpendicular to the surface that keeps the particle on the surface, would move
along a geodesic. This is because Newton’s second law of motion states that
the force on the particle is parallel to its acceleration 4, which would therefore
be perpendicular to the surface.

We begin our study of geodesics by noting that there is essentially no choice
in their parametrization.

Proposition 9.1.2

Any geodesic has constant speed.

Proof
Let ~v(t) be a geodesic on a surface S. Then, denoting d/dt by a dot,

d 5  d
LT SR
g IvI=50-7=277
Since « is a geodesic, 4 is perpendicular to the tangent plane and is therefore
perpendicular to the tangent vector 4. So 4-4 = 0 and the last equation shows

that || 4 || is constant. |

It follows from this proposition that a unit-speed reparametrization of a
geodesic 4 is still a geodesic. For, if || 4 ||= A, then 4(t) = 4(¢/\) is a unit-

2 . .
speed reparametrization of v and i—t} = %Z—t} is parallel to 4, and hence is

also perpendicular to the surface. Thus, we can always restrict to unit-speed
geodesics if we wish. In general, however, a reparametrization of a geodesic will
not be a geodesic (see Exercise9.1.2).

We observe next that there is an equivalent definition of a geodesic expressed
in terms of the geodesic curvature k4 (see Section 7.3). Of course, this is why
kg is called the geodesic curvature!

Proposition 9.1.3

A unit-speed curve on a surface is a geodesic if and only if its geodesic curvature
is zero everywhere.
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Proof

Let ~ be a unit-speed curve on the surface S, and let p € S. Let o be a surface
patch of S with p in its image, and let N be the standard unit normal of &, so
that

kg =4 (N x4) (9.1)

(changing o may change the sign of N, and hence that of kg4, but that is
not relevant to the present discussion). If 4 is parallel to N, it is obviously
perpendicular to N x 7, so by Eq. 9.1, k5 = 0.

Conversely, suppose that £, = 0. Then, 4 is perpendicular to N x 4. But
then, since 4, N and N x 4 are perpendicular unit vectors in R3 (see the
discussion in Section 7.3), and since ¥ is perpendicular to 4, it follows that 4
is parallel to N. O

The following result gives the simplest examples of geodesics.
Proposition 9.1.4
Any (part of a) straight line on a surface is a geodesic.
By this, we mean that every straight line can be parametrized so that it is

a geodesic. A similar remark applies to other geodesics we consider and whose
parametrization is not specified (see Exercise9.1.2).

Proof
This is obvious, for any straight line has a (constant speed) parametrization of
the form

~(t) = a+ bt,
where a and b are constant vectors, and clearly &/ = 0. O
Example 9.1.5

All straight lines in the plane are geodesics, as are the rulings of any ruled
surface, such as those of a (generalized) cylinder or a (generalized) cone, or the
straight lines on a hyperboloid of one sheet.

The next result is almost as simple:
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Proposition 9.1.6

Any normal section of a surface is a geodesic.

Proof

Recall from Section 7.3 that a normal section of a surface S is the intersection
C of § with a plane II, such that II is perpendicular to the surface at each point
of C. We showed in Corollary 7.3.4 that x4 = 0 for a normal section, and so the
result follows from Proposition 9.1.3. O

Example 9.1.7

All great circles on a sphere are geodesics. For a great circle is the intersection of

the sphere with a plane Il passing through the centre O of the sphere, and so
if P is a point of the great circle, the straight line through O and P lies in
IT and is perpendicular to the tangent plane of the sphere at P. Hence, II is
perpendicular to the tangent plane at P.

Example 9.1.8

The intersection of a generalized cylinder with a plane II perpendicular to the
rulings of the cylinder is a geodesic. For it is clear that the unit normal N is
perpendicular to the rulings. It follows that N is parallel to II, and hence that
IT is perpendicular to the tangent plane.
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EXERCISES

9.1.1 Describe four different geodesics on the hyperboloid of one sheet
- =1
passing through the point (1,0,0).

9.1.2 A (regular) curve « with nowhere vanishing curvature on a surface
S is called a pre-geodesic on S if some reparametrization of ~ is a
geodesic on S (recall that a reparametrization of a geodesic is not
usually a geodesic). Show that:

(i) A curve 4 is a pre-geodesic if and only if 4 - (N x %) = 0 every-
where on 4 (in the notation of the proof of Proposition 9.1.3).

(ii) Any reparametrization of a pre-geodesic is a pre-geodesic.

(ili) Any constant speed reparametrization of a pre-geodesic is a
geodesic.

(iv) A pre-geodesic is a geodesic if and only if it has constant speed.

9.1.3 Consider the tube of radius a > 0 around a unit-speed curve = in
R? defined in Exercise4.2.7:

o(s,0) = v(s) + a(cosdn(s) + sin O b(s)).

Show that the parameter curves on the tube obtained by fixing the
value of s are circular geodesics on o.
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9.1.4 Let «(t) be a geodesic on an ellipsoid S (see Theorem 5.2.2(i)). Let
2R(t) be the length of the diameter of S parallel to 4(¢), and let S(¢)
be the distance from the centre of S to the tangent plane T.,;S.
Show that the curvature of v is S(t)/R(t)?, and that the product
R(t)S(t) is independent of ¢.

9.1.5 Show that a geodesic with nowhere vanishing curvature is a plane
curve if and only if it is a line of curvature.

9.1.6 Let &1 and S be two surfaces that intersect in a curve C, and let v
be a unit-speed parametrization of C.

(i) Show that if 7y is a geodesic on both S; and Sy and if the curvature
of v is nowhere zero, then S; ad Sz touch along v (i.e., they have
the same tangent plane at each point of C). Give an example of
this situation.

(ii) Show that if S; and S» intersect orthogonally at each point of C,
then = is a geodesic on S if and only if Ny is parallel to Ny at
each point of C (where N; and No are unit normals of S; and
S3). Show also that, in this case, v is a geodesic on both S and
So if and only if C is part of a straight line.

9.2 Geodesic equations

Unfortunately, Propositions 9.1.4 and 9.1.6 are not usually sufficient to deter-
mine all the geodesics on a given surface. For that, we need the following result:

Theorem 9.2.1

A curve v on a surface S is a geodesic if and only if, for any part v(t) =
o(u(t),v(t)) of v contained in a surface patch o of S, the following two equa-
tions are satisfied:

d 1
(Bt Fo) = i(Euvf + 2F, 00 + Gy 9?),

d 1
- (Pt Go) = é(Equ + 2F, 00 + G,0?),

where Edu? + 2Fdudv + Gdv? is the first fundamental form of o

(9.2)

The differential equations (9.2) are called the geodesic equations.
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Proof

Since {0, 0,} is a basis of the tangent plane of o, 7 is a geodesic if and only
if 4 is perpendicular to o, and o,. Since 4 = @, + Vo, this is equivalent to
d,. . d,. .
—(uoy +00y) ) oy, =0 and (| —(woy +v0,) ) -0, =0. (9.3)
dt dt
We show that these two equations are equivalent to the two geodesic equations.
The left-hand side of the first equation in (9.3) is equal to

d . . . . dou

P (wow +00y) - ou) — (Woy + Voy) - L

= %(Eu + F0) — (40 y + 004) - (U0 yu + D0 o) (9.4)

- %(Eu + F'U) - (iLQ(Uu : O'uu) + "l'[)(o'u FOuy + Oy 'O'uu) + 1')2(‘711 : o'uv))'
Now,

By=(0u 0wy =0uu 0u+ 0y Ouy =20y Ty,
SO Oy - Oyy = %Eu Similarly, o, - 64w = %Gu. Finally,
Oy Oyy+ 0y Oyy = (o-uo-'u)u = F,.
Substituting these values into (9.4) gives

d

<—(1’w‘u + z'm,,)) oy = i(Eﬂ + Fo) — =(Byi® 4 2F, 00 + G, o?).

1
dt dt 2

This shows that the first equation in (9.3) is equivalent to the first geodesic
equation in (9.2). Similarly for the other equations. O

The geodesic equations are non-linear differential equations, and are usually
difficult or impossible to solve explicitly. The following example is one case in
which this can be done. Another is given in Exercise9.2.3.

Example 9.2.2

We determine the geodesics on the unit sphere S? by solving the geodesic
equations. For the usual parametrization by latitude 6 and longitude ¢,

(0, ) = (cos B cos p, cossin ¢, sin ),
we found in Example 6.1.3 that the first fundamental form is

df? + cos? 0 dp?.



222 9. Geodesics

We might as well restrict ourselves to unit-speed curves v(t) = o (0(t), o(t)),
so that
62 + p%cos’h =1,

and if v is a geodesic the second equation in (9.2) gives

%(gb cos? ) = 0,

so that
¢pcos’h =Q,

where € is a constant. If Q = 0, then ¢ = 0 and so ¢ is constant and ~ is part
of a meridian. We assume that ¢ # 0 from now on.
The unit-speed condition gives
. 02
6?2 =1-— —
cos? 6
so along the geodesic we have

2 )
<5—0) = 0—2 =cos? B(Q 2 cos?h — 1),
P 12

dé
+(p— o) = ,
(7= 0) / cosOvVQ2cos?20 — 1

where ¢ is a constant. The integral can be evaluated by making the substitu-
tion u = tan #. This gives

and hence

+(p— )—/ du —sin_l( u )
T Voo iowe Voz-1)’
and hence

tanf = +/ Q=2 — Isin(p — ¢p).

This implies that the coordinates x = cosf cosp, y = cosfsiny and z = sin 6
of y(t) satisfy the equation
z = ax + by,

where a = FvQ~2 — 1sin g, and b = £v/Q~2 — 1 cos . This shows that ~ is
contained in the intersection of S? with a plane passing through the origin.
Hence, in all cases, v is part of a great circle.

The geodesic equations can be expressed in a different, but equivalent, form
which is sometimes more useful than that in Theorem 9.2.1.
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Proposition 9.2.3

A curve v on a surface S is a geodesic if and only if, for any part v(t) =
o(u(t),v(t)) of v contained in a surface patch o of S, the following two equa-
tions are satisfied:

i + T} a? 4 2T 00 + T30% =0
b4 T2,0°% 4 2T 2500 + T2,9% =0.

Proof

As we noted after Definition 9.1.1, v is a geodesic if and only if 4 is parallel
along ~. Since ¥ = 4o, +00,, the equations in the statement of the proposition
follow from Proposition 7.4.5. O

It can of course be verified directly that the differential equations in Propo-
sition 9.2.3 are equivalent to those in Theorem 9.2.1 (see Exercise9.2.6).

Proposition 9.2.3 makes it obvious that the geodesic equations are second-
order ordinary differential equations for the functions u(t) and v(t). Even
though we may be unable in many situations to solve these equations explicitly,
the general theory of ordinary differential equations provides valuable informa-
tion about their solutions. This leads to the following result, which tells us
exactly ‘how many’ geodesics there are.

Proposition 9.2.4

Let p be a point of a surface S, and let t be a unit tangent vector to S at p.
Then, there exists a unique unit-speed geodesic v on S which passes through
p and has tangent vector t there.

In short, there is a unique geodesic through any given point of a surface in
any given tangent direction.

Proof

The geodesic equations in Proposition 9.2.3 are of the form
i = f(u,v,0,0), ¥=g(u,v,u,v), (9.5)

where f and g are smooth functions of the four variables u,v,4 and 0. It
is proved in the theory of ordinary differential equations that, for any given
constants a, b, ¢, and d, and any value ty of ¢, there is a solution of Egs. 9.5

such that
u(to) = a, ’U(to) = b, ’ll(to) = C, ’[J(to) = d, (96)
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and such that u(t) and v(¢) are defined and smooth for all ¢ satisfying |t —to| <
€, where € is some positive number. Moreover, any two solutions of Egs. 9.5
satisfying (9.6) agree for all values of ¢ such that |t — tg| < €/, where €’ is some
positive number < e.

We now apply these facts to the geodesic equations. Suppose that p lies in
a patch o (u,v) of S, say p = o(a,b), and that t = co, +do,, where a, b, ¢, and
d are scalars and the derivatives are evaluated at u = a, v = b. A unit-speed
curve v(t) = o(u(t),v(t)) passes through p at t = to if and only if u(ty) = a,
v(tg) = b, and has tangent vector t there if and only if

coy +do, =t =(ty) = u(to)o, + 0(tg)oy,

ie., u(tp) = ¢, v(tg) = d. Thus, finding a (unit-speed) geodesic ~ passing
through p at ¢ = ¢y and having tangent vector t is equivalent to solving the
geodesic equations subject to the initial conditions (9.6). But we have said
above that this problem has a unique solution. O

Example 9.2.5

We already know that all straight lines in a plane are geodesics. Since there is
a straight line in the plane through any given point of the plane in any given
direction parallel to the plane, it follows from Proposition 9.2.4 that there are
no other geodesics.

Example 9.2.6

Similarly, on a sphere, the great circles are the only geodesics, for there is
clearly a great circle passing through any given point of the sphere in any given
direction tangent to the sphere. (If p is the point and t the tangent direction,
let II be the plane passing through the origin parallel to p and t (i.e., with
normal p X t); then take the intersection of the sphere with II.)

The following consequence of Theorem 9.2.1 can also be used in some cases
to find geodesics without solving the geodesic equations.

Corollary 9.2.7

Any local isometry between two surfaces takes the geodesics of one surface to
the geodesics of the other.
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Proof

Let S; and Ss be the two surfaces, let f : S§ — Sy be the local isometry,
and let v, be a geodesic on &;. Let p be a point on ~; and let o(u,v) be
a surface patch of &1 with p in its image. Then, the part of ~, lying in the
patch o is of the form ~,(t) = o(u(t),v(t)) with a < t < b, say, where the
smooth functions u and v satisfy the geodesic equations (9.2), with E, F' and
G being the coefficients of the first fundamental form of o. By Corollary6.2.3,
f oo is a patch of Sy with the same first fundamental form as o. Hence, by
Theorem 9.2.1, v,(t) = f(o(u(t),v(t))), with a < ¢t < b, is a geodesic on Ss.
This implies that 4, is perpendicular to Sz at f(p). As this is true for all p,
v, is a geodesic on Sa. O

Example 9.2.8

On the unit cylinder S given by 22 +y? = 1, we know that the circles obtained
by intersecting S with planes parallel to the zy-plane are geodesics (since they
are normal sections). We also know that the straight lines on S parallel to the
z-axis are geodesics. However, these are certainly not the only geodesics, for
there is only one geodesic of each of the two types passing through each point
of § (whereas we know that there is a geodesic passing through each point in
any given tangent direction).

To find the missing geodesics, we recall that S is locally isometric to the
plane (see Example 6.2.4). In fact, the local isometry takes the point (u,v,0)
of the zy-plane to the point (cosu,sinu,v) € S. By Corollary 9.2.7, this map
takes geodesics on the plane (i.e., straight lines) to geodesics on S, and vice
versa. So to find all the geodesics on S, we have only to find the images under
the local isometry of all the straight lines in the plane. Any line not parallel to
the y-axis has equation y = mx+c, where m and c are constants. Parametrizing
this line by = = u, y = mu + ¢, we see that its image is the curve

¥(u) = (cosu,sinu, mu + ¢)

on §. Comparing with Example 2.1.3, we see that this is a circular heliz of
radius one and pitch 27|m| (adding ¢ to the z-coordinate just translates the
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helix vertically). Note that if m = 0, we get the circular geodesics that we
already know. Finally, any straight line in the xy-plane parallel to the y-axis

is mapped by the local isometry to a straight line on S parallel to the z-axis,

giving the other family of geodesics that we already know.

EXERCISES

9.21

9.2.2
9.2.3

9.24

9.2.5

Show that, if p and q are distinct points of the unit cylinder, there
are either two or infinitely many geodesics on the cylinder with end-
points p and q (and which do not otherwise pass through p or q).
Which pairs p, q have the former property?

Use Corollary 9.2.7 to find all the geodesics on a circular cone.

Find the geodesics on the unit cylinder by solving the geodesic
equations.

Consider the following three properties that a curve v on a surface
may have:

(i) -+ has constant speed.
(ii) -~y satisfies the first of the geodesic equations (9.2).
(iii) -y satisfies the second of the geodesic equations (9.2).

Show that (ii) and (iii) together imply (i). Show also that if (i) holds
and if 4 is not a parameter curve, then (ii) and (iii) are equivalent.

Let ~(t) be a unit-speed curve on the helicoid

o(u,v) = (ucosv,usinv,v)
(Exercise4.2.6). Show that
W4 (1 +u?)0? =1
(a dot denotes d/dt). Show also that, if v is a geodesic on o, then

. a
T e
where a is a constant. Find the geodesics corresponding to a = 0
and a = 1.

Suppose that a geodesic v on o intersects a ruling at a point p a
distance D > 0 from the z-axis, and that the angle between « and
the ruling at p is «, where 0 < a < /2. Show that the geodesic
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intersects the z-axis if D > cot «, but that if D < cot « its smallest
distance from the z-axis is \/ D2sin? o — cos? ov. Find the equation
of the geodesic if D = cot a.

9.2.6 Verify directly that the differential equations in Proposition 9.2.3 are
equivalent to the geodesic equations in Theorem 9.2.1.

9.3 Geodesics on surfaces of revolution

It turns out that, although the geodesic equations for a surface of revolution
cannot usually be solved explicitly, they can be used to get a good qualitative
understanding of the geodesics on such a surface.

We parametrize the surface of revolution in the usual way

o(u,v) = (f(u) cosv, f(u) sinv, g(u)),

2 2
where we assume that f > 0 and (%) + (%ﬁ) =1 (see Example 5.3.2 — we

used a dot there to denote d/du, but now a dot is reserved for d/dt, where t
is the parameter along a geodesic). We found in Example 6.1.3 that the first
fundamental form of o is Example 6.1.3 that the first fundamental form of o
is du? + f(u)?dv?. Referring to Eq. 9.2,

i= 1Lz L) =o. (9.7)

We might as well consider unit-speed geodesics, so that
? + f(u)*0® = 1. (9.8)

From this, we make the following easy deductions:

Proposition 9.3.1
On the surface of revolution

o(u,v) = (f(u)cosv, f(u)sinv, g(u)),
(i) Every meridian is a geodesic.

(ii) A parallel u = ug (say) is a geodesic if and only if df /du = 0 when u = o,
i.e., ug is a stationary point of f.
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Proof

On a meridian, we have v = constant so the second equation in (9.7) is obviously
satisfied. Equation 9.8 gives @ = +1, so @ is constant and the first equation in
(9.7) is also satisfied.

geodesics

For (ii), note that if u = wg is constant, then by Eq. 9.8, v = £1/f(uo) is
non-zero, and so the first equation in (9.7) holds only if df /du = 0. Conversely,
if df /du = 0 when u = ug, the first equation in (9.7) obviously holds, and the
second holds because © = £1/f(ug) and f(u) = f(uo) are constant. |

Of course, this proposition only gives some of the geodesics on a surface of
revolution. The following result is very helpful in understanding the remaining
geodesics.

Proposition 9.3.2 (Clairaut’s Theorem)

Let ~ be a unit-speed curve on a surface of revolution S, let p : S — R be
the distance of a point of S from the axis of rotation, and let ¢ be the angle
between 4 and the meridians of S. If « is a geodesic, then psint is constant
along ~. Conversely, if psin is constant along «, and if no part of ~ is part
of some parallel of S, then ~ is a geodesic.

In the second paragraph of the proposition, by a ‘part’ of v we mean ~y(.J),
where J is an open interval. The hypothesis there cannot be relaxed, for on
a parallel ¢ = 7/2, and so psin is certainly constant. But parallels are not



9.3 Geodesics on surfaces of revolution 229

geodesics in general, as Proposition 9.3.1(ii) shows.

Proof

Parametrizing S as in Proposition 9.3.1, we have p = f(u). Note that o, and
p~ 1o, are unit vectors tangent to the meridians and parallels, respectively, and
that they are perpendicular since F' = 0. Assuming that vy(t) = o (u(t), v(t)) is
unit-speed, we have

A =costho, + p tsiny o,
(this equation actually serves to define the sign of 4, which is left ambiguous

in the statement of Clairaut’s Theorem). Hence,

ou Xy =p lsingo, xo,.

Since ¥ = uo,, + V0o, this gives

1

VOy X Oy =p sinYo, X o,.

Hence, p¥ = sin® and so

psinty = p*v.
But the second equation in (9.7) shows that this is a constant, say 2, along the
geodesic.
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For the converse, if psin is a constant ) along a unit-speed curve + in S,
the above argument shows that the second equation in (9.7) is satisfied, and
we must show that the first equation in (9.7) is satisfied too. Since

i Q
o= 0% _ -, (9.9)
p P
Eq. 9.8 gives
Q2
W =1-—. (9.10)
p
Differentiating both sides with respect to ¢ gives
o 202 20%dp .
Ul = —F4p=—F5 10U
PR i

U (u — pj—2b2> =0.

If the term in brackets does not vanish at some point of the curve, say at
~Y(to) = o(ug,vo), there will be a number € > 0 such that it does not vanish
for |t — to| < e. But then w = 0 for |t — o] < €, and so ~ coincides with the
parallel u = ug when |t — ¢| < €, contrary to our assumption. Hence, the term
in brackets must vanish everywhere on 7, i.e.,

P
showing that the first equation in (9.7) is indeed satisfied. |

Clairaut’s Theorem has a simple mechanical interpretation. Recall that the
geodesics on a surface S are the curves traced on S by a particle subject to no
forces except a force normal to S that constrains it to move on S. When S is
a surface of revolution, the force at a point p € S lies in the plane containing
the axis of revolution and p, and so has no moment about the axis. It follows
that the angular momentum {2 of the particle about the axis is constant. But,
if the particle moves along a unit-speed geodesic, the component of its velocity
along the parallel through p is sin %, so its angular momentum about the axis
is proportional to psin .

Example 9.3.3

We use Clairaut’s theorem to determine the geodesics on the pseudosphere:

o(u,v) = (e* cosv, e sinv, /1 — e24 — cosh™ ' (e™%)).
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We found in Section 8.3 that its first fundamental form is
du? + e dv?.

It is convenient to reparametrize by setting w = e~ *. The reparametrized

surface is
1 1 1
a(v,w) = (— cosv, —sinv, /1 — — — cosh™* w) ,
w w w

and its first fundamental form is

dv? + dw?

5 (9.11)

w

We must have w > 1 for & to be well defined and smooth.
If v(t) = &(v(t),w(t)) is a unit-speed geodesic, the unit-speed condition
gives
0?2 +i? = w?, (9.12)

and Clairaut’s theorem gives

1
h =0, (9.13)

1.
—siny = —o
w w

where ) is a constant, since p = 1/w. Thus, v = Qu?. If Q = 0, we get a
meridian v = constant. Assuming now that {2 # 0 and substituting in Eq. 9.12

W = fwy1 — Q2w2.

gives

Hence, along the geodesic,

w_ o,
dw W V1 —Q2w?
1
(v—vo):qiﬁ 1 —Q2w?, (9.14)
1
(U—UO)Q'HUQ:@,

where vy is a constant. So the geodesics are the images under & of the parts
of the circles in the vw-plane given by Eq. 9.14 and lying in the region w > 1.
Note that these circles all have centre on the v-axis, and so intersect the v-axis
perpendicularly. The meridians correspond to straight lines perpendicular to
the v-axis.
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| N
( |

The corresponding geodesics on the pseudosphere itself are shown below.
Note that the geodesics cannot be extended indefinitely, in one direction in the
case of the meridians and in both directions for the others. This is because the
geodesics ‘run into’ the circular edge of the pseudosphere in the zy-plane. A bug

walking at constant speed along such a geodesic would reach the edge in a finite
time, and thus would suffer the fate feared by ancient mariners of falling off
the edge of the world. In terms of the vw-plane, the reason for this is that the
line w = 1 is a boundary of the region that corresponds to the pseudosphere
and the straight lines and semicircles that correspond to the geodesics cross
this line.

Clairaut’s theorem can often be used to determine the qualitative behaviour
of the geodesics on a surface S, when solving the geodesic differential equations
explicitly may be difficult or impossible. Note first that, in general, there are
two geodesics passing through any given point p € § with a given angular
momentum €, for © is determined by Eq. 9.9 and @ up to sign by Eq. 9.10. In
fact, one geodesic is obtained from the other by reflecting in the plane through
p containing the of rotation (which changes Q to —2) followed by changing the
parameter t of the geodesic to —t (which changes the angular momentum back
to Q again).

The discussion in the preceding paragraph shows that we may as well assume
that > 0, which we do from now on. Then, Eq. 9.10 shows that the geodesic
is confined to the part of S which is at a distance > Q from the axis.
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If all of S is a distance > 2 from the axis, the geodesic will cross every
parallel of S. For otherwise, u would be bounded above or below on S, say the
former. Let ug be the least upper bound of u on the geodesic, and let 2 + 2,
where € > 0, be the radius of the parallel u = ug. If u is sufficiently close to ug,
the radius of the corresponding parallel will be > Q + ¢, and on the part of the
geodesic lying in this region we shall have

Q \?2
>4/l —(=——) >0
i = (Q + e)
by Eq. 9.10. But this clearly implies that the geodesic will cross u = ug, con-
tradicting our assumption.
Thus, the interesting case is that in which part of S is within a distance 2
of the axis. The discussion of this case will be clearer if we consider a concrete

example whose geodesics nevertheless exhibit essentially all possible forms of
behaviour.

Example 9.3.4

We consider the hyperboloid of one sheet obtained by rotating the hyperbola
2 —22=1, >0,

in the zz-plane around the z-axis. Since all of the surface is at a distance > 1
from the z-axis, we have seen above that, if 0 < Q < 1, a geodesic with angular
momentum §2 crosses every parallel of the hyperboloid and so extends from
z = —00 to 2 = o0.

0<0Q<1
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Suppose now that 2 > 1. Then the geodesic is confined to one of the two regions

2> V2 -1, 2<—v/02 -1,

which are bounded by circles I't and '™, respectively, of radius Q. Let p be a
point on I'~, and consider the geodesic C that passes through p and is tangent to
'~ there. Then, ¢y = 7/2 and p = €2 at p, so C has angular momentum 2. Now C
cannot be contained in I'"", since I'™ is not a geodesic (by Proposition 9.3.1(ii)),
so C must head into the region below I'™ as it leaves p. Moreover, C must be
symmetric about p, since reflection in the plane through p containing the z-axis
takes C to another geodesic that also passes through p and is tangent to I'”
there, and so must coincide with C by the uniqueness part of Corollary9.2.4.
Since @ # 0 in the region below I'” by Eq. 9.10, the geodesic crosses every
parallel below I'™ and z — —o0 as t — Fo0.

Suppose now that C is any geodesic with angular momentum Q > 1 in
the region below I'". Then a suitable rotation around the z-axis will cause C
to intersect C, say at q, and so to coincide with it (possibly after reflecting
in the plane through q containing the z-axis and changing ¢ to —t). We have
therefore described the behaviour of every geodesic with angular momentum
Q > 1 that is confined to the region below I'". Of course, the geodesics with
angular momentum 2 > 1 in the region above I'"" are obtained by reflecting
those below I'™ in the xy-plane.

Q>1 f1=1

Suppose finally that 0 = 1. Let C be a geodesic with angular momentum 1
passing through a point p. If p is on the waist T' of the hyperboloid (i.e., the
unit circle in the zy-plane), which is a geodesic by Proposition 9.3.1(ii), then
p=1atpandsoty =7/2andC is tangent to I" at p. It must therefore coincide
with T'. If, on the other hand, p is in the region below T', then 0 < ¢ < 7/2
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at p, so as it leaves p in one direction, C approaches I'. It must in fact get
arbitrarily close to I'. For if it were to stay always below a parallel " of radius
1+ €, say (with € > 0), then we would have

2
1
1+e

everywhere along C by Eq. 9.10, which clearly implies that C must cross every

parallel, contradicting our assumption. So, if 2 = 1, the geodesic spirals around
the hyperboloid approaching, and getting arbitrarily close to, I' but never quite
reaching it.

EXERCISES

9.3.1 There is another way to see that all the meridians, and the parallels
corresponding to the stationary points of f, are geodesics on a surface
of revolution considered in this section. What is it?

9.3.2 Describe qualitatively the geodesics on:

(i) A spheroid, obtained by rotating an ellipse around one of its
axes.

(ii) A torus (Exercise 4.2.5).

9.3.3 Show that a geodesic on the pseudosphere with non-zero angular
momentum € intersects itself if and only if Q < (14 72)~'/2. How
many self-intersections are there in that case?

9.3.4 Show that if we reparametrize the pseudosphere as in Exercise
8.3.1(ii), the geodesics on the pseudosphere correspond to segments
of straight lines and circles in the parameter plane that intersect the
boundary of the disc orthogonally. Deduce that, in the parametriza-
tion of Exercise 8.3.1(iii), the geodesics correspond to segments of
straight lines in the parameter plane. We shall see in Section 10.4
that there are very few surfaces that have parametrizations with this

property.

9.4 Geodesics as shortest paths

Everyone knows that the straight line segment joining two points p and q
in a plane is the shortest path between p and q (see Exercise 1.2.4). It is
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almost as well known that great circles are the shortest paths on a sphere
(Proposition 6.5.1). And we have seen that the straight lines are the geodesics
in a plane, and the great circles are the geodesics on a sphere.

To see the connection between geodesics and shortest paths on an arbitrary
surface S, we consider a unit-speed curve v on S passing through two fixed
points p,q € S. If v is a shortest path on S from p to q, then the part of +
contained in any surface patch o of & must be the shortest path between any
two of its points. For if p’ and q’ are any two points of 4 in (the image of) o,
and if there were a shorter path in o from p’ to q' than «, we could replace the
part of 4 between p’ and q’ by this shorter path, thus giving a shorter path
from p to q in S.

We may therefore consider a path - entirely contained in a surface patch o
To test whether - has smaller length than any other path in o passing through
two fixed points p,q on o; we embed « in a smooth family of curves on o
passing through p and q. By such a family, we mean a curve 4" on o, for each
7 in an open interval (—d, ), such that

(i) there is an € > 0 such that 47 (¢) is defined for all ¢ € (—e,€) and all
TE (_6a 6)7

(i) for some a,b with —e < a < b < €, we have
Y"(a)=p and ~7(b)=q forall 7€ (—4,0);
(iii) the map from the rectangle (—§,0) x (—¢, €) into R3 given by
(1,8) =7 (t)
is smooth;

(iv) v = 1.

The length of the part of 4™ between p and q is

b
£(r) = / 147 1| dt,

where a dot denotes d/dt.
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Theorem 9.4.1

With the above notation, the unit-speed curve - is a geodesic if and only if

d
EE(T) =0 when7=0

for all families of curves 4™ with 40 = ~.

Note that although we assumed that v = ~° is unit-speed, we cannot assume
that ~7 is unit-speed if T # 0, as this would imply that the length of the segment
of 47 corresponding to a < ¢t < b is independent of 7.

Proof
We use the formula for ‘differentiating under the integral sign’: if f(7,¢) is
smooth, 5
—/f T, t)dt = f
Thus,
/ 157 | de
= (Eu + 2F00 + Go?)V/2 dt
/ g la(r )% dt (9.15)
dg
== )~V 2 dt,
2 [ oo
where

g(1,t) = Ba? + 2Fu + Go?
and a dot denotes d/dt. Now,

% gf 2+2({;—F +%u2+2Eg +2F<§Z +a%>+2G@%
_ (Eug—ZJFEvZ_Z) PEI <Fu% +Fv%> b+ <Gug—z +Gv%> 52
+2Eu6828t+2F<%1}+ 882;t>+ Guaéﬂgt
= (Bt + 2F, 00 + Gy )ZT + (Eyi® + 2Fy0 + Goo )gi
2B+ Fio) 2 4 o(Fi+ Gi) 2

oTot oot
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The contribution to the integral in Eq. 9.15 coming from the terms involving
the second partial derivatives is

b 2 2
/ g /2 {(Ea + F@)ﬂ +(Fu+ G@)ﬂ} dt

oTot oTot
ou )|~
= g /2 {(Eu+F1>)— + (Fu+G1'1)—} (9.16)
87' 87_ t—=a

b
0 —1/2 . . ou 0 _1/2 . . ov
(L EF}——{/F }—dt,
/a <at{9 R e AU
using integration by parts. Now, since 47 (a) and 47 (b) are independent of 7
(being equal to p and q, respectively), we have

o

=0 whent=aorhb.
or

Since
Oy"  Ou ov

or o7 or

we see that
Ju  Ov

ar ~ ar
Hence, the first term on the right-hand side of Eq. 9.16 is zero. Inserting the
remaining terms in Eq. 9.16 back into Eq. 9.15, we get

d b ou v
EE(T) = A (Ua—T + VE) dt, (917)

=0 whent=uaorb.

1 d
U(r,t) = =g~ YV2(E, 02 + 2F, i + Gyo?) — — {gfl/Q(Ea + Fi;)} ,

2 dt

1 d
V() = 597 2B + 2F,00 + Gi?) — = {gfl/Q(Fu + G@)} . (9.18)

Now ~° = « is unit-speed, so since || 47 ||?= g(7,t), we have g(7,t) = 1 for all

t when 7 = 0. Comparing Eq. 9.18 with the geodesic equations in (9.2), we see

that, if v is a geodesic, then U =V = 0 when 7 = 0, and hence by Eq. 9.17,
d

—L(t) =0 when 7 =0.
dr

For the converse, we have to show that, if

b
/ U@—i—V@ dt=0 when =0 (9.19)
o or or
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for all families of curves 47, then U =V = 0 when 7 = 0 (since this will prove
that ~ satisfies the geodesic equations). Assume, then, that condition (9.19)
holds, and suppose, for example, that U # 0 when 7 = 0. We will show that
this leads to a contradiction.

Since U # 0 when 7 = 0, there is some tg € (a,b) such that U(0,t9) # 0,
say U(0,to) > 0. Since U is a continuous function, there exists n > 0 such that

U(O,t)>0 iftG(tofﬂ,t0+77).
Let ¢ be a smooth function such that
o(t) >0 ifte (to—nto+n) and @) =0 iftée (to—n,to+n). (9.20)

(The construction of such a function ¢ is outlined in Exercise 9.4.3.) Sup-
pose that v(t) = o(u(t),v(t)), and consider the family of curves v7(t) =
o(u(r,t),v(r,t)), where

u(r,t) = u(t) +7o(t), v(r,t) =)
Then, du/0T = ¢ and dv/07 = 0 for all 7 and ¢, so Eq. 9.19 gives

b ou ov
0- / (U§+v§>

But U(0,t) and ¢(t) are both > 0 for all ¢ € (to — 1, to + 1), so the integral
on the right-hand side of Eq. 9.21 is > 0. This contradiction proves that we
must have U(0,t) = 0 for all ¢ € (a,b). One proves similarly that V(0,t) = 0
for all t € (a,b). Together, these results prove that + satisfies the geodesic
equations. O

dt = / o U0, )6t dt.  (9.21)

0—"n

T=

It is worth making several comments on Theorem 9.4.1 to be clear about
what it implies, and also what it does not imply.

First, if 4 is a shortest path on o from p to q, then £(7) must have an
absolute minimum when 7 = 0. This implies that <= £(7) = 0 when 7 = 0, and
hence by Theorem 9.4.1 that -+ is a geodesic.

Second, if « is a geodesic on o passing through p and q, then £(7) has
a stationary point (extremum) when 7 = 0, but this need not be an absolute
minimum, or even a local minimum, so 4 need not be a shortest path from
p to q. For example, if p and q are two nearby points on a sphere, the short
great circle arc joining p and q is the shortest path from p to q (this is not
quite obvious — see below), but the long great circle arc joining p and q is also
a geodesic — see the diagram preceding Proposition 6.5.1.

Third, in general, a shortest path joining two points on a surface may not
exist. For example, consider the surface S consisting of the zy-plane with the
origin removed. This is a perfectly good surface, but there is no shortest path
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on the surface from the point p = (—1,0) to the point q = (1,0). Of course,
the shortest path should be the straight line segment joining the two points,
but this does not lie entirely on the surface, since it passes through the origin
which is not part of the surface. For a ‘real life’ analogy, imagine trying to walk
from p to q but finding that there is a deep hole in the ground at the origin.
The solution might be to walk in a straight line as long as possible, and then
skirt around the hole at the last minute, say taking something like the route
shown below. This path consists of two straight line segments of length 1 — ¢,
together with a semicircle of radius ¢, so its total length is

2(1—¢€) +me =24 (7 — 2)e.
Of course, this is greater than the straight line distance 2, but it can be made
as close as we like to 2 by taking e sufficiently small. In the language of real

analysis, the greatest lower bound of the lengths of curves on the surface joining
p and q is 2, but there is no curve from p to q in the surface whose length is

equal to this lower bound.
7N .

< 9

2€

heX ]

Finally, it can be proved that if a surface S is a closed subset of R? (i.e., if
the set of points of R? that are not in S is an open subset of R3), and if there is
some path in S joining any two points of S, then there is always a shortest path
joining any two points of S. For example, a plane is a closed subset of R?, and
so there is a shortest path joining any two points. This path must be a straight
line, for by the first remark above it is a geodesic, and we know that the only
geodesics on a plane are the straight lines. Similarly, a sphere is a closed subset
of R3, and it follows that the short great circle arc joining two points on the
sphere is the shortest path joining them. But the surface S considered above
is not a closed subset of R3, for (0,0) ¢ S, but any open ball containing (0, 0)
must clearly contain points of S, and so the set of points not in S is not open.

Another property of surfaces that are closed subsets of R? (that we shall also
not prove) is that geodesics on such surfaces can be extended indefinitely, i.e.,
they can be defined on the whole of R. This is clear for straight lines in the plane,
for example, and for great circles on the sphere (although in the latter case the
geodesics ‘close up’ after an increment in the unit-speed parameter equal to
the circumference of the sphere). But, for the straight line y(¢) = (¢ — 1,0) on
the surface S defined above, which passes through p when ¢ = 0, the largest
interval containing ¢ = 0 on which it is defined as a curve in the surface is
(—o00,1). We encountered a less artificial example of this ‘incompleteness’ in
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Example 9.3.3: the pseudosphere considered there fails to be a closed subset
of R? because the points of its boundary circle in the zy-plane are not in the

surface.

EXERCISES

9.4.1 The geodesics on a circular (half) cone were determined in Exer-
cise9.2.2. Interpreting ‘line’ as ‘geodesic’, which of the following
(true) statements in plane Euclidean geometry are true for the cone?

(i) There is a line passing through any two points.
(ii) There is a unique line passing through any two distinct points.
(iii) Any two distinct lines intersect in at most one point.

)
)
(iv) There are lines that do not intersect each other.
(v) Any line can be continued indefinitely.

)

(vi) A line defines the shortest distance between any two of its

points.

(vii) A line cannot intersect itself transversely (i.e., with two non-
parallel tangent vectors at the point of intersection).

9.4.2 Show that the long great circle arc on S? joining the points
p=(1,0,0) and q = (0,1,0) is not even a local minimum of the
length function £ (see the remarks following the proof of Theo-
rem 9.4.1).

9.4.3 Construct a smooth function with the properties in (9.20) in the
following steps:

(i) Show that, for all integers n (positive and negative), ne=1/t
tends to 0 as ¢ tends to 0.

(ii) Deduce from (i) that the function
o(6) = {e—W if ¢ >0,
0 ift<0
is smooth everywhere.
(iii) Show that the function
P(t) =0(1+1)0(1 —1)

is smooth everywhere, that ¢(t) > 0 if —1 < ¢ < 1, and that
P (t) = 0 otherwise.
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(iv) Show that the function

has the properties we want.

9.5 Geodesic coordinates

The existence of geodesics on a surface S allows us to construct a very useful
atlas for S. For this, let p € S and let v, with parameter v say, be a unit-speed
geodesic on § with v(0) = p. For any value of v, let 4", with parameter u, say,
be a unit-speed geodesic such that 4”(0) = «(v) and which is perpendicular
to v at y(v) (4" is unique up to the reparametrization u — —u). We define

o(u,v) =5 (u).

Proposition 9.5.1

With the above notation, there is an open subset U of R? containing (0,0)
such that o : U — R? is an allowable surface patch of S. Moreover, the first
fundamental form of o is

du® + G(u,v)dv?,
where G is a smooth function on U such that
G(0,v) =1, Gu(0,v) =0,

whenever (0,v) € U.

2

o(u, v)
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Proof

The proof that o is (for a suitable open set U) an allowable surface patch makes
use of the inverse function theorem (see Section 5.6).
Note first that, for any value of v,

o.(0,v) = %W(u) , O’U(O,U)Z%NU(O):% (v),

and that these are perpendicular unit vectors by construction. If

a(u,v) = (f(u,v),g(u,v), h(u,v)),

it follows that the Jacobian matrix

Ju o
Gu  Go
by hey

has rank 2 when u = v = 0. Hence, at least one of its three 2 x 2 submatrices

is invertible at (0,0), say
< o Jo ) (9.22)
Gu  Gv

By the Inverse Function Theorem 5.6.1, there is an open subset U of R? such
that the map given by

F(u,v) = (f(u,v), g(u,v))

is a bijection from U to an open subset F(U) of R?, and such that its inverse
map F(U) — U is also smooth. The matrix (9.22) is then invertible for all
(u,v) € U, and so o, and o, are linearly independent for (u,v) € U. It follows
that o : U — R3 is a surface patch.

As to the first fundamental form of o, note first that

2

d
=1

E=lloulP= |55

because 4" is a unit-speed curve. Next, we apply the second of the geodesic
equations (9.2) to 4”. The unit-speed parameter is u and v is constant, so
we get F,, = 0. But when v = 0, we have already seen that o, and o, are
perpendicular, so F' = 0. It follows that F' = 0 everywhere. Hence, the first
fundamental form of o is
du® 4 G(u,v)dv?.

We have

dy 2
dv

G(0.0) =] 0(0.0) I~ |
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because ~ is unit-speed. Finally, from the first geodesic equation in (9.2) applied
to the geodesic «, for which v = 0 and v is the unit-speed parameter, we get
G,(0,v) =0. O

A surface patch o constructed as above is called a geodesic patch, and u
and v are called geodesic coordinates.

Example 9.5.2

If p is a point on the equator of the unit sphere S2, take ~ to be the equator
with parameter the longitude ¢, and let 4% be the meridian parametrized by
latitude 6 and passing through the point on the equator with longitude . The
corresponding geodesic patch is the usual latitude-longitude patch, for which
the first fundamental form is

df? + cos® 6 dy?,
in accordance with Proposition 9.5.1.

We give an application of geodesic coordinates in the proof of
Theorem 10.3.1.

EXERCISES

9.5.1 Let P be a point of a surface S and let v be a unit tangent vector to
S at P. Let v%(r) be the unit-speed geodesic on S passing through

P when r = 0 and such that the oriented angle v % = 0. It can be

shown that o (r,0) = v%(r) is smooth for —e < r < € and all values

of 6, where € is some positive number, and that it is an allowable

surface patch for S defined for 0 < r < € and for # in any open

interval of length < 27. This is called a geodesic polar patch on S.
Show that, if 0 < R < ¢,

r

By differentiating both sides with respect to @, prove that

2
dr = R.

d’ye

dr

o, oy =0.
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9.5.2

_4—— geodesics

circle

geodesics

This is called Gauss’ Lemma — geometrically, it means that the pa-
rameter curve r = R, called the geodesic circle with centre P and
radius R, is perpendicular to each of its radii, i.e., the geodesics
passing through P. Deduce that the first fundamental form of o is

dr* + G(r,0)d6?,
for some smooth function G(r, ).

Let P and @ be two points on a surface S, and assume that there is
a geodesic polar patch with centre P as in Exercise 9.5.1 that also
contains Q); suppose that @ is the point o (R, a), where 0 < R < ¢,
0 < a < 27. Show in the following steps that the geodesic v (t) =
o(t,a) is (up to reparametrization) the unique shortest curve on S
joining P and Q.

(i) Let v(t) = o(f(t),9(t)) be any curve in the patch o joining
P and Q. We assume that ~ passes through P when t = 0
and through @ when ¢t = R (this can always be achieved by a
suitable reparametrization). Show that the length of the part
of v between P and @ is > R, and that R is the length of the
part of v between P and Q.

(ii) Show that, if vy is any curve on S joining P and @ (not neces-
sarily staying inside the patch o), the length of the part of ~
between P and @ is > R.

(iii) Show that, if the part of a curve v on S joining P to @ has
length R, then « is a reparametrization of v.
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Gauss’ Theorema Egregium

One of Gauss’ most important discoveries about surfaces is that the Gaussian
curvature is unchanged when the surface is bent without stretching. Gauss
called this result ‘egregium’, and the Latin word for ‘remarkable’ has remained
attached to his theorem ever since. We shall deduce the Theorema Egregium
from two results which relate the first and second fundamental forms of a
surface, and which have other important consequences.

10.1 The Gauss and Codazzi—Mainardi
equations

It is natural to ask if there are any relations between the first and second
fundamental forms of a surface. Note that, by Examples 6.1.2, 6.1.4, 7.1.1
and 7.1.2, the plane and the unit cylinder, when suitably parametrized, have
the same first fundamental form but different second fundamental forms, and
so the second fundamental form certainly cannot be ‘deduced’ from the first.
Nevertheless, there are some nontrivial relations between the two forms.

Proposition 10.1.1 (Codazzi-Mainardi Equations)

Let
Edu® + 2Fdudv + Gdv® and  Ldu® + 2Mdudv + Ndv>

Andrew Pressley, Elementary Differential Geometry: Second Edition, 247
Springer Undergraduate Mathematics Series, DOI 10.1007/978-1-84882-891-9_10,
(© Springer-Verlag London Limited 2010
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be the first and second fundamental forms of a surface patch o (u,v), and define
the Christoffel symbols as in Proposition 7.4.4. Then,

Ly — M, = LT{, + M(I'}, = Ty;) — NTY,, (10.1)
M, — Ny = LT3, + M(I'3; = I'}5) — NT%,. .

Proposition 10.1.2 (Gauss Equations)

If K is the Gaussian curvature of the surface patch o (u,v) in the preceding
proposition, then

EK =(T%))y — (T7)u + 11T + T3, 05, — TpI5, — (I7,)?
FK =(Tig)u — (T11)w + Tial1 — 3105
FK = (T15)0 — ([33)u + T1olT, — Tol'Y
GK =(T3)u — (T12)u + T3l + T30, — (T15)? — T3,05,.

Proof

We prove both propositions simultaneously. Write down the equation (6yy )+
(0 uv)u, using Proposition 7.4.4 for oy, and o y,:

(Tlo, +T%,0,+ LN), = (T1,0, + %0, + MN),,
(20, (o
ov ou ov ou
=T1y0u + (T3, —T1,)ow — 304, — LN, + MN, (10.2)
=TIl (Tho,+T1%,6,+ LN) + (T2, -T1)(I'o, + T30, + MN)
—T% (T304 + 3550, + NN) — LN, + MN,,

) o0+ (Ly — M,)N

using Proposition 7.4.4 again. Now, N,, and N, are perpendicular to N, and
so are linear combinations of o, and o,. Hence, equating N components on
both sides of the last equation gives

Ly, — M, = LT}, + M}, - T};) — NI,

which is the first of the Codazzi-Mainardi equations (10.1). The other equation
follows in a similar way by equating coefficients of N in the equation (6 )y =
(va)u~
Now we use the formulas in the proof of Proposition 8.1.2 to express N,
and N, in terms of o, and o,. Equating coefficients of o, in Eq. 10.2 then
gives
(T11)o = (Ti2)u = [ol, =I5 Ty — Le + Ma (10.3)
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in the notation of the proof of Proposition 8.1.2, from which we find that

_ MF - LG _ NF - MG
“TEG_F2 °T EG_F?
and hence
_ _ _ a2
Let Ma— L(NF — MG)+ M(MF LG):_F(LN M):—FK

EG — F? EG — F?
by Corollary 8.1.3. Substituting in Eq. 10.3 and rearranging gives the second
of the Gauss equations. The other three are proved in the same way, equating

coefficients of o, in (Gyu)y = (Ouw)u and those of o, and o, in (Ouy)y =
(T v0)u- O

The following theorem tells us that there are no other relations between the
first and second fundamental forms other than those in Propositions 10.1.1 and
10.1.2.

Theorem 10.1.3

Let o0 : U — R? and 6 : U — R® be surface patches with the same first and
second fundamental forms. Then, there is a direct isometry M of R? such that
6= M(o).

Moreover, let V be an open subset of R® and let E,F,G,L, M and N be
smooth functions on V. Assume that £ > 0,G > 0, EG — F? > 0 and that the
equations in Propositions 10.1.1 and 10.1.2 hold, with K = %]giﬂlf; and the
Christoffel symbols defined as in Proposition 7.4.4. Then, if (ug,vo) € V, there
is an open set U contained in V' and containing (ug,vo), and a surface patch
o : U — R3, such that Edu? + 2Fdudv + Gdv? and Ldu? + 2M dudv + N dv?

are the first and second fundamental forms of o, respectively.

This theorem is an analogue for surfaces of Theorem 2.2.5, which shows
that unit-speed plane curves are determined up to a direct isometry of R3
by their signed curvature. We shall not prove Theorem 10.1.3 here. The first
part depends on uniqueness theorems for the solution of systems of ordinary
differential equations, and is not particularly difficult. The second part is more
sophisticated and depends on existence theorems for the solution of certain
partial differential equations. The following example illustrates what is involved.

Example 10.1.4

Consider the first and second fundamental forms du? + dv? and —du?, respec-
tively. Let us first see whether a surface patch with these first and second
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fundamental forms exists. Since all the coefficients of these forms are constant,
all the Christoffel symbols are zero and the Codazzi-Mainardi equations are
obviously satisfied. The first formula in Proposition 10.1.2 gives K = 0, so
the only other condition to be checked is LN — M? = 0, and this clearly holds
since M = N = 0. Theorem 10.1.3 therefore tells us that a surface patch with
the given first and second fundamental forms exists.

To find it, we note that the Gauss equations give

ouww=—-N, 04 =0, o, =0.
The last two equations tell us that o, is a constant vector, say a, so
o(u,v) =b(u) + av, (10.4)

where b is a function of u only. The first equation then gives N = —b" (a dash
denoting d/du). We now need to use the expressions for N, and N, in terms
of o, and o, in the proof of Proposition 8.1.2. The matrix of the Weingarten
map with respect to the basis {0, o} of the tangent plane is

-1
1 0 -1 0 -1 0
—1 _ _
r=(o 1) (0 0)=(% o)
so Proposition 8.1.2 gives
N, =0,, N,=0.

The second equation tells us nothing new, since we already know that N = —b”
depends only on w. The first equation gives

b/// + b/ — 0

Hence, b” 4 b is a constant vector, which we can take to be zero by applying
a translation to o (see Eq. 10.4). Then,

b(u) = ccosu + dsinu,

where ¢ and d are constant vectors, and N = —b” = b. This must be a unit
vector for all values of u. It is easy to see that this is possible only if ¢ and d
are perpendicular unit vectors, in which case we can arrange that ¢ = (1,0,0)
and d = (0, 1,0) by applying an isometry of R?, giving b(u) = (cosu, sinu, 0).
Finally, oy X 0, = AN for some non-zero scalar \, so b’ x a = Ab. This forces
a = (0,0, ), and the patch is given by

o (u,v) = (cosu,sinu, A\v),

a parametrization of the unit cylinder (which the reader had probably guessed
some time ago).



10.1 The Gauss and Codazzi-Mainardi equations 251

EXERCISES

10.1.1

10.1.2

10.1.3

10.1.4

A surface patch has first and second fundamental forms
cos?vdu® +dv? and — cos®vdu® — dv?,

respectively. Show that the surface is an open subset of a sphere of
radius one. Write down a parametrization of S? with these first and
second fundamental forms.

Show that there is no surface patch whose first and second funda-
mental forms are

du® + cos? udv® and cos®udu® + dv?,

respectively.

Suppose that a surface patch o (v, w) has first and second fundamen-

tal forms
dv? + dw?

: and  Ldv* + Nduw?,

w
respectively, where w > 0. Prove that L and N do not depend on v,
that LN = —1/w* and that

dL

Lu®— =1— L*w*.

dw
Solve this equation for L and deduce that o cannot be defined in
the whole of the half-plane w > 0. Compare the discussion of the
pseudosphere in Example 9.3.3.

Suppose that the first and second fundamental forms of a surface
patch are Edu? + Gdv? and Ldu? + Ndv?, respectively. Show that
the Codazzi—-Mainardi equations reduce to

1 L N 1 L N
L) - —E, - - 5 N = —G e —_— .
‘ 2‘<E+G> " 2“<E+G>
Deduce that the principal curvatures k1 = L/E and k; = N/G
satisfy the equations

_EU
- 2F

u

(K1) 2G

(52 - /ﬁ), (52)u = (lﬁ - H2)~
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10.2 Gauss’ remarkable theorem

We noted after Proposition 7.4.4 that the Christoffel symbols depend only on
the coefficients of the first fundamental form. It follows from the formulas in
Proposition 10.1.2 that this is also true of the Gaussian curvature K. In view
of Corollary 6.2.3, we obtain:

Theorem 10.2.1 (Gauss' Theorema Egregium)

The Gaussian curvature of a surface is preserved by local isometries.

This means, more explicitly, that if S; and S are two surfaces and f : §; —
S5 is a local isometry, then for any point p € S&; the Gaussian curvature of Sy
at p is equal to that of Sy at f(p). The theorem is sometimes expressed by
saying that the Gaussian curvature is an intrinsic property of a surface, for it
implies that the Gaussian curvature could be measured by a bug living in the
surface.

By substituting into the equations in Proposition 10.1.2 the expressions for
the Christoffel symbols in Proposition 7.4.4, we can of course find an explicit
expression for K in terms of E, F' and G. (It appears that we could get four
such formulas, one from each of the equations in Proposition 10.1.2, but these
turn out to be the same.) Here is the result.

Corollary 10.2.2

The Gaussian curvature is given by

B Fu -G 3B R-3E | |0 3B, G,
F, — 3G, E F e, E F
1 i
K= 2Gv F G 3G.. F G
(EG — F2)?

We shall not go through the details of this calculation, partly because the
algebra is tedious, and partly because the following special cases are often all
that is needed.

Corollary 10.2.3
(i) If F =0, we have
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(ii) If E =1 and F = 0, we have

__1&®ve
VG o
Proof
If F' = 0 Proposition 7.4.4 gives
FE, FE, FE, Gy Ga Gy
I = 2F’ I = 267 Pz = 2F’ Il = 2G” I3 = C2E’ [% = 2G°

Substituting into the first formula in Proposition 10.1.2 gives
E, Gy E.G, E,G, E? G?
ERK =— (=) —(2» - v__ Tu
<2G) (QG)u " aEc T i TiEG T 167
_ By +Guu E,(EG, + E,G) G.(E,G+ EG,)
_9KVEG = _ _
(EG)1/2 2(EG)3/2 2(EG)3/2
o Ev'u . lE'u (EG)’U Guu . lGu (EG)U
C(EQ)Y2 2 (EG)3/2 T (EG)Y2 2 (EG)3/2

- (wem), * (@am).,

proving the equation in (i). If, in addition, E = 1, the second term on the
right-hand side of the formula in (i) vanishes, so

K=+ 9 <ﬂ) __L oG
TG \VG) T VG o

ie.,

Example 10.2.4

For the surface of revolution

o (u,v) = (f(u) cosv, f(u) sinv, g(u)),

where f > 0 and f2+¢2 = 1 (a dot denoting d/du), we found in Example 6.1.3
that £ = 1, F = 0, and G = f(u)?. Hence, Corollary 10.2.3(ii) applies and

gives B
L oeve  f
VG ot f

in agreement with Example 8.1.4.
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The Theorema Egregium provides a necessary condition for the existence of
a local isometry between surfaces: if such a local isometry exists, the Gaussian
curvature must be the same at corresponding points of the two surfaces. We
give two examples of this idea; others can be found in the exercises.

Our first result shows that it is impossible to draw a ‘perfect’ map of the
Earth (which is why cartography is an interesting subject).

Proposition 10.2.5

Any map of any region of the earth’s surface must distort distances.

Proof

A map of a region of the earth’s surface which did not distort distances would be
a diffeomorphism from this region of a sphere to a region in a plane (the map)
which multiplied all distances by the same constant factor, say C'. We might as
well assume that the plane passes through the origin. Then, by composing this
map with the map r — C~'r from the plane to itself, we would get an isometry
between this region of the sphere and some region of a plane. This would imply,
by the Theorema Egregium, that these regions of the sphere and the plane have
the same Gaussian curvature. But we know that a plane has Gaussian curva-
ture zero everywhere, and a sphere has constant positive Gaussian curvature
everywhere (if the sphere has radius R, the Gaussian curvature is 1/R?). So no
such isometry can exist. O

Note, on the other hand, that it is possible to draw a map of the Earth
that correctly represents angles, and a map that correctly represents areas, for
we saw in Example 6.3.5 that the stereographic projection is conformal, and
Archimedes’ Theorem 6.4.6 shows that there is a map that correctly represents
areas. However, it is not possible to represent both angles and areas correctly
with the same map (Exercise 6.4.5(ii)).

Our next example shows how the Theorema Egregium can sometimes be
used to determine all the isometries of a surface.

Proposition 10.2.6

The only isometries of a helicoid (Exercise 4.2.6)
o(u,v) = (ucosv,usinv,v)

are Sx, Ry o S\, R, 0 S\ and R, o S) for some value of A\, where Sy is the
screwing motion o (u,v) — o(u,v+ A), and R, R, and R, are rotations by 7
around the z-, y- and z-axes.
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Proof

Suppose that an isometry of the helicoid takes o (u,v) to o (i, ), where @ and
¥ are smooth functions of v and v. Since the Gaussian curvature at o (u,v) is
—1/(1 +u?)? (see Exercise 8.1.2), the Theorema Egregium tells us that

-1 -1
(1+u2)2  (14a2)2’
so @ = Fu. Applying a rotation R, by m around the z-axis changes u to —u
(and fixes v), so we assume that @ = u. Let o = f(u,v). By Corollary 6.2.3, the
patches o (u,v) and &(u,v) = o(u, f(u,v)) have the same first fundamental

form. That of o is du? + (1 + u?)dv?, and that of & is found to be
(14 (1 +u?) A du? + 2(1 + u?) fufodudv + (1 4+ u?) f2dv?.

Equating these, we find that f, = 0 and f, = +1. Hence,

0= f(u,v) =tv+ A,

where )\ is a constant. A rotation R, by 7 around the z-axis changes v to —v
(and fixes u), so we take the + sign. This gives the isometry

Sy 1o (u,v) — o(u,v+ A).

This proves the proposition (the isometry R, o Sy arises because R, =
R, oR,). O

EXERCISES

10.2.1 Show that if a surface patch has first fundamental form e (du?+dv?),
where A is a smooth function of u and v, its Gaussian curvature K
satisfies

AN +2Ke* =0,
where A denotes the Laplacian 92/9u? + 9% /9v?.

10.2.2 With the notation of Exercise 9.5.1, define u = rcosf, v = rsinf,
and let & (u,v) be the corresponding reparametrization of o. It can
be shown that & is an allowable surface patch for S defined on the
open set u? + v? < €2. (Note that this is not quite obvious because
o is not allowable when r = 0.)

(i) Show that the first fundamental form of & is Edu? + 2Fdudv +
Gdv?, where

ou? G - G\ uw =~ v Gu?
E:T_2+T_4’ FZ(I—T—2>T—2, G:T_2+’r'_4.
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(ii) Show that u?(E—1) = v*(G —1), and by considering the Taylor
expansions of F and G about u = v = 0, deduce that

G(r,0) = r* + kr* + remainder

for some constant k, where remainder/r* tends to zero as r
tends to zero.

(iii) Show that k = —K(P)/3, where K (P) is the value of the Gaus-
sian curvature of S at P.

10.2.3 With the notation of Exercises 9.5.1 and 10.2.2, show that:

(i) The circumference of the geodesic circle with centre P and radius
Ris

CRZQWR(1—¥

R? + remainder) ,

where remainder/R? tends to zero as R tends to zero.
(ii) The area inside the geodesic circle in (i) is

K(P)

AR:’/T]%2 <1 12

R? + remainder) ,

where the remainder satisfies the same condition as in (i).

Verify that these formulas are consistent with those in spherical ge-
ometry obtained in Exercise 6.5.3.

10.2.4 Let A, B and C' be the vertices of a triangle 7 on a surface S whose
sides are arcs of geodesics, and let «, § and v be its internal angles (so
that « is the angle at A, etc.). Assume that the triangle is contained
in a geodesic patch o as in Exercise 9.5.1 with P = A. Thus, with
the notation in that exercise, if we take v to be tangent at A to the
side passing through A and B, then the sides meeting at A are the
parameter curves # = 0 and § = «, and the remaining side can be
parametrized by v(0) = o (f(6),8) for some smooth function f and
0<f<a.
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10.2.5

10.2.6

(i) Use the geodesic equations (9.2) to show that
f// _ f/)\/ — l%

A2 20r
where a dash denotes d/df and A =|| v ||.

(ii) Show that, if ¢(f) is the angle between o, and the tangent
vector to the side opposite A at ~(6), then
G

v(6) = =22 (10).0)

(iii) Show that, if K is the Gaussian curvature of S,

/ KdAs =a+pB+v—m.
T

This result will be generalized in Corollary 13.2.3.

Show that the Gaussian curvature of the Md&bius band in Exam-
ple 4.5.3 is equal to —1/4 everywhere along its median circle. Deduce
that this Mobius band cannot be constructed by taking a strip of pa-
per and joining the ends together with a half-twist. (The analytic
description of the ‘cut and paste’ Mobius band is more complicated
than the version in Example 4.5.3.)

Show that the only isometries from the catenoid to itself are products
of rotations around its axis, reflections in planes containing the axis,
and reflection in the plane containing the waist of the catenoid.

10.3 Surfaces of constant Gaussian curvature

The results of the preceding two sections enable us to gain a good understanding
of surfaces of constant Gaussian curvature. We begin with the following local

description.

Theorem 10.3.1

Any point of a surface of constant Gaussian curvature is contained in a patch

that is isometric to an open subset of a plane, a sphere or a pseudosphere.
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Proof

Let p be a point on a surface S with constant Gaussian curvature K. By
applying a dilation of R? (see Exercise 8.1.5), we need only consider the cases
K =0,1and —1.
We take a geodesic patch o (u,v) with ¢(0,0) = p. Writing g = v/G, the
first fundamental form is
du® + g(u,v)?dv?.

By Corollary 10.2.3(ii),

0%g
— + Kg=0. 10.5
OuZ + iy ( )
Note that
9(071)) =1, gu(oa U) =0, (10.6)

by Proposition 9.5.1.

If K = 0, the solution of Eq. 10.5 is g(u,v) = au + 8, where o and (3 are
smooth functions of v only. The initial conditions (10.6) give « = 0, § = 1,
so g = 1 and the first fundamental form of o is du? + dv?. This is the same
as the first fundamental form of the usual parametrization of the plane (see
Example 6.1.2), and Corollary 6.2.3 now shows that o is isometric to an open
subset of the plane.

If K =1, the general solution of Eq. 10.5 is ¢ = acosu + Gsinu, where
a and (3 only depend on v. The boundary conditions (10.6) give a = 1, 8 =
0, and the first fundamental form of o is du? + cos? udv?. This is the first
fundamental form of $2, with u and v being latitude and longitude, respectively
(see Example 6.1.3). Hence, o is isometric to an open subset of S2.

Finally, if K = —1, we find in the same way that the first fundamental form
of o is

du® + cosh? u dv?.

We have not encountered this first fundamental form before. However, let us
reparametrize o by defining

V =e"tanhu, W = e"sechu.

We then find, using the formulas in Exercise 6.1.4, that the first fundamental
form becomes

dV? + dw?
W2 '
Comparing with Exercise 8.3.1, we see that this is the first fundamental form
of a parametrization of the pseudosphere. O

The next result gives a much more precise, though still local, description of
surfaces of constant negative Gaussian curvature.
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Proposition 10.3.2

Let S be a surface of constant Gaussian curvature —1. If p € S, there is a
surface patch of S containing p whose first and second fundamental forms are

du® + 2 cos 0 dudv + dv? and 2sin 0 dudv, (10.7)

respectively, where 6(u, v) is a smooth function such that 0 < § < 7 for all u, v.

Thus, the parameter curves of this parametrization form a Chebyshev net
(see Exercises 6.1.9 and 7.4.6).

Proof

Since K is negative the surface & has no umbilics. Hence, there is a surface
patch o (U, V) containing p whose first and second fundamental forms are

EdU? + GdV? and LdU? + NdV?,

respectively (Proposition 8.4.1). The principal curvatures are

= = N (10.8)
K= —. ko = —. .

! E’ 2 G

Since K1k = —1, there are two cases:

(i) k1 > 0and ke <0 for all U,V
(ii) k1 <0 and kg > 0 for all U,V

We shall concentrate on case (i), indicating briefly the modifications necessary
for case (ii).
In case (i), there is a smooth function w(U, V') such that 0 < w < 7/2 and

K1 =tanw, Ko = —cotw. (10.9)

(In case (ii), we put K1 = —cotw, ko = tanw.) The first Codazzi-Mainardi

L N
v =38 (5+3)

(cf. Exercise 10.1.4). From Eqgs. 10.8 and 10.9, we get

equation is

1
(Etanw)y = §Ev(tanw — cotw),

E
ie., wy=— %cotw. (10.10)
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Then,

cos w wy sinw  FEcosw sin w
vVE /v

+ B otw) =0
wy 2Ecow =

VE 232 JE
by Eq. 10.10. Hence, there is a positive smooth function e(U) such that
E=¢(U)cos?w.

Similarly, the second Codazzi-Mainardi equation implies that there is a positive
smooth function g(V') such that

G = g(V)sin?w.
(In case (ii), we get E = e(U)sin’w, G = g(V) cos® w.)
Let U(U) and V (V') be smooth functions such that

dU dv
% = \/mv W = g(V)a

and let &(U , ‘N/) be the corresponding reparametrization of o (U, V). Then, the
first fundamental form of & is

cos? wdU? + sin® w dV?
and its second fundamental form is

£d02 + iﬂ?? = sinw cosw(dU? — dV?).
e g

Setting u = (U+V)/2,v = (U~V)/2 gives a reparametrization of & whose first
and second fundamental forms are as stated in the proposition, with 6 = 2w.
(In case (ii) we set u = (U+V)/2,v=(V =U)/2.) O

The function 6(u, v) appearing in (10.7) is not arbitrary, as the Gauss equa-
tions (Proposition 10.1.2) must still be satisfied. As we remarked earlier, these
four equations are equivalent to each other, so we need only consider one of
them. The Christoffel symbols are found to be

I't, =6,cotf, Tl, = 0, I'l, = —0,cosech,

I'?, = —f,cosecl, T2, = 0, T2, =0,cotéh.
Substituting in the first of the Gauss equations gives

—1 = (—0ycosech), — 0,0,cosech cot b,
ie., Oy = sinb. (10.11)
This is called the sine-Gordon equation; it arises in fluid mechanics and various

other areas of physics.
In view of Theorem 10.1.3, we can summarize our discussion as follows.
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Theorem 10.3.3

Let 6(u,v) be a smooth solution of the sine-Gordon equation (10.11) such that
0 < 0 < 7. Then there exists a surface, unique up to a direct isometry of R3,
with constant Gaussian curvature —1 and first and second fundamental forms
given by (10.7). Conversely, any surface of constant Gaussian curvature —1 has
a parametrization with first and second fundamental forms (10.7) in which 0
is a solution of the sine-Gordon equation.

We conclude this section with a beautiful global result that character-
izes the compact surfaces of constant Gaussian curvature. Note that, by
Proposition 8.6.1, the value of the constant Gaussian curvature in this case
must be > 0.

Theorem 10.3.4

Every connected compact surface whose Gaussian curvature is constant is a
sphere.

The proof of this theorem depends on the following lemma.

Lemma 10.3.5

Let o : U — R? be a surface patch containing a point p that is not an umbilic.
Let k1 > ko be the principal curvatures of o and suppose that 1 has a local
maximum at p and k2 has a local minimum there. Then, the Gaussian curvature
of o at pis <0.

Proof 10.3.5 Since p is not an umbilic, k1 > k2 at p, so by shrinking U if
necessary, we may assume that k1 > ko everywhere.
By Proposition 8.4.1, we can assume that the first and second fundamental

forms of o are
Edu® + Gdv®> and Ldu® 4+ Ndv?,

respectively. By Exercise 10.1.4,

2F 2G
E, = _—(K«l)vv Gu = —(K2)u7
R1 — R2 K1 — R2

and by Corollary 10.2.3(i), the Gaussian curvature

K:_Q\/lE_G(%<\/GELG)+%<\/ZE_)>.
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Since p is a stationary point of k1 and kg, we have (k1), = (k2)u, = 0, and
hence F, = G, =0, at p. Hence, at p,

1 1 2G 2F
2EG( wu + Euv) 2EG </<;1 — Ko (12 )uu K1 — Ko Oﬁ)w)
(again dropping terms involving E,, G, and the first derivatives of k; and
K2). Since k1 has a local maximum at p, (k1)y < 0 there, and since ko has
a local minimum at p, (k2)uy > 0 there. Hence, the last equation shows that
K <0 at p. O

Proof 10.3./ The proof of Theorem 10.3.4 uses a little point set topology. We
consider the continuous function on the surface S given by J = (k1 — k2)?,
where x1 and ko are the principal curvatures. Note that this function is well
defined even though k1 and ko are not, partly because we do not know which
principal curvature is to be called k1 and which ko, and partly because the
principal curvatures are only well defined up to sign unless S has a definite
orientation. We shall prove that this function is identically zero on S, so that
every point of § is an umbilic. Since the Gaussian curvature K > 0, it follows
from Proposition 8.2.9 that S is an open subset of a sphere, say S. In fact,
S must be the whole of S. For, since S is compact, it is necessarily a closed
subset of R?, and hence a closed subset of S. But since S is connected, the only
non-empty subset of S that is both open and closed is S itself.

Suppose then, to get a contradiction, that J is not identically zero on S.
Since S is compact, J must attain its maximum value at some point p € S, and
this maximum value is > 0. Choose a patch o : U — R? of S containing p, and
let k1 and kg be its principal curvatures. Since k1Ko > 0, by reparametrizing
if necessary, we can assume that 1 and ko are both > 0 (see Exercise 8.2.8).
Suppose that k1 > k2 at p; since k1 and ko are continuous (in fact, smooth)
functions on U (Exercise 8.2.8 again), by shrinking U if necessary, we can
assume that k1 > ko everywhere on U. Since K is a constant > 0, the function
(J; — %)2 increases with x provided that © > K/x > 0. Since k1 > K/k1 =
ko > 0, this function is increasing at x = k1, so k1 must have a local maximum
at p, and then k2 = K/k1 must have a local minimum there. By Lemma 10.3.5,
K <0 at p. This contradicts the assumption that K > 0. O

EXERCISES

10.3.1 Show that a compact surface with Gaussian curvature > 0 every-
where and constant mean curvature is a sphere.
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10.3.2 Show that the solution of the sine-Gordon equation corresponding
to the pseudosphere constructed in Section 8.3 is

O(u,v) = 2tan* (sinh(u — v + ¢)),

where ¢ is a constant.

10.4 Geodesic mappings

We considered in Chapter 6 local diffeomorphisms between surfaces that pre-
serve lengths, angles or areas. In the same way, it is natural to consider local
diffeomorphisms that preserve geodesics. In fact, to obtain interesting results
we have to consider local diffeomorphisms F : S — S from a surface S to a
surface S such that, if 5 is a geodesic on S, then F o~ is a reparametrization
of a geodesic on S (cf. Exercise 10.4.1). We recall from Exercise 9.1.2 that a
curve that is a reparametrization of a geodesic is called a pre-geodesic. Thus,
we are led to

Definition 10.4.1
If S and S are surfaces, a local diffeomorphism F : S — S is said to be geodesic

if f takes every pre-geodesic on S to a pre-geodesic on S.

The following result provides some examples of geodesic local diffeomor-
phisms.

Proposition 10.4.2

The following are geodesic local diffeomorphisms:
(i) Every local isometry.

(ii) Every dilation of R3.

(iii) Every composite of geodesic local diffeomorphisms.

Proof

(i) If v is a pre-geodesic on a surface patch o of a surface S, then y(t) =
~v1((t)) for some geodesic «y; and some reparametrization map ¢ (Exercise
9.1.2). If F : § — S is an isometry, then 4, = F o~y is a geodesic on the surface
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patch & = f oo of S by Corollary 9.2.7. Hence, F oy = Fo~y, 0p =4, 0 is
a reparametrization of the geodesic v, and so is a pre-geodesic.

(ii) The dilation (x,y,z) — a(z,y, z), where a is a non-zero constant, multi-
plies the first fundamental form by a? and hence leaves the Christoffel symbols
unchanged (see Proposition 7.4.4). By Proposition 9.2.3, applying the dilation
leaves the equations determining the geodesics unchanged. It follows that the
dilation takes geodesics to geodesics. By the argument in part (i), it also takes
pre-geodesics to pre-geodesics.

(iii) This is obvious. |
As the preceding proof made clear, local isometries and dilations take
geodesics to geodesics. The following is an example of a geodesic local diffeomor-

phism that does not take geodesics to geodesics. By the preceding proposition,
it cannot be a composite of local isometries and dilations.

Example 10.4.3

We consider the map F' from the lower hemisphere of the unit sphere S? to the
plane z = —1 given by projection from the centre of the sphere.

Every pre-geodesic C on S? is a great circle formed by the intersection of S2
with a plane P passing through the origin. Central projection takes the part
of C in the lower hemisphere to the straight line [ that is the intersection of P
with the plane z = —1. Hence, F is a geodesic diffeomorphism.

As a particular case, let P be the zz-plane, so that C can be parametrized
by ~(t) = (cost,0,sint); note that -« is unit-speed and so is a geodesic. It is
easy to show that F(v(t)) = (—cott,0,—1): this curve is a parametrization
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of the straight line y = 0, z = —1 (hence it is a pre-geodesic), but it is not a
geodesic as it does not have constant speed (Proposition 9.1.2).

The inverse of the diffeomorphism F in Example 10.4.3 provides a
parametrization of (an open subset of) S? with the property that geodesics on
52 correspond to straight lines in the parameter plane. Beltrami proved the
following beautiful theorem which determines exactly which surfaces admit
parametrizations with this property. It motivated him to carry out a detailed
investigation of surfaces of constant Gaussian curvature, which in turn led to
his work on hyperbolic geometry that we describe in Chapter 11.

Theorem 10.4.4

Let S be a connected surface. If there is a geodesic local diffeomorphism from
S to a plane, then S has constant Gaussian curvature. Conversely, if S has
constant Gaussian curvature, then for any point p € S there is a surface patch
o : U — S of S such that p € o(U) and 0! : 0(U) — U is a geodesic
diffeomorphism.

Proof

If F is a geodesic local diffeomorphism from S to the plane, 0 = F~! is a
parametrization of an open subset of S with the property that o takes every
straight line in the plane to a pre-geodesic on S. Denoting the parameters by

u, v, we can take the line to have equation
v=Au+p, (10.12)

where A and p are constants. By Exercise 9.1.2, there is a parametrization t —
(u(t),v(t)) of this line such that vy(t) = o (u(t),v(t)) is a unit-speed geodesic
on S. By Proposition 9.2.3, we have

i+ (D] + 200, + M Tg)d® = 0,
Nii 4 (T2 4+ 2AT%, + \°T3,)a?> = 0.

Eliminating 4 and noting that @ cannot be zero (for then we would have o =0
too, since © = A by Eq. 10.12, contradicting the fact that ~ is unit-speed), we
get
A1, + 20T , + A2T3,) = I'%, + 2AT%, + \2T3,.
Since every straight line in the wv-plane corresponds to a geodesic -« in this
way, the preceding equation must hold for all values of the constant A. This
implies that
I% = F%z =0, Fh = QF%% F%z = 2F%2~
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The Gauss equations (Proposition 10.1.2) now become

KE = ()" - (M),
KF = (F%2)u - 2(F§2)v + F§2F%2a
KF = (I'y)y — 2(T1p)u + ol
KG= (F%2)2 - (F%2)v-

Subtracting the middle two equations gives (I'},), = (I'?5),, and using this the
four equations become

KE = (T75)% = (T15)u; (10.13)
KF = —(I'%,), + Tol,, (10.14)
KF = —(T'}y), + T1,I'%,, (10.15)
KG = (T'})* = (T1y)w- (10.16)

Differentiating Eq. 10.13 with respect to v and Eq. 10.14 with respect to wu,
and then equating the expressions for (I'%y)yy = (I'%y) ey gives

FK, - FK, = K(Fu - Ev) + 2F%2(F%2)v - F%2(F%2)u - F%z(Ffz)u
= K(F, — B,) + 2T1,(T1ol ]y — KF) = T(TpIT, — KF)
—Th((1%,)? — KE)
= K(F, — E,) + K(ET}, — FT%,), (10.17)
where we used Eqgs. 10.13-10.15 in passing from the first line to the second.

Using the definition of the Christoffel symbols (Proposition 7.4.4), we find

that
(EG + F)E, — 2EFG,,

2(EG — F2)

Now, the equations I'?; = 0 and I'}; = 2I'%, give

ET}, — FI%, = (10.18)

EE, = 2EF, — FE,, 3FE, =2FEG, +2FF, — GE,.

Hence,

(EG + F*)E, — 2EFG, =2(EG — F*)E, + (3F? — EG)E, — 2EFG,
=2(EG - FYE, + F(2EG, + 2FF, — GE,)
— G(2EF, — FE,) — 2EFG,
=2(EG — F?)(E, — F.).
Inserting this result into Eq. 10.18 gives

Eriz - Frfz =B, — Fy,
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and then Eq. 10.17 gives
FK,—-FK,=0.

A similar calculation starting with Eqgs. 10.15 and 10.16 leads to
FK,—-GK,=0.

Hence,
(EG - F)K, = GFK, — FGK, =0,

so K, = 0 (since EG — F? > 0). Similarly K,, = 0. Hence, K is constant.

For the converse, assume that S has constant Gaussian curvature. By
Theorem 10.3.1, each point of S is contained in a surface patch that is isometric
to an open subset of a plane, a sphere or a pseudosphere. Since local isometries
and dilations are geodesic local diffeomorphisms (Proposition 10.4.2), we have
only to show that there are geodesic local diffeomorphisms from S to the plane
in three cases:

(i) S is a plane, when there is nothing to prove.
(ii) S is the unit sphere, which is Example 10.4.3.
(iii) S is the pseudosphere in Section 8.3, which is Exercise 9.3.4.

The proof of Beltrami’s theorem is complete. O

EXERCISES

10.4.1 Show that a local diffeomorphism between surfaces that takes unit-
speed geodesics to unit-speed geodesics must be a local isometry.

10.4.2 Show that a local diffeomorphism between surfaces that is the com-
posite of a dilation and a local isometry takes geodesics to geodesics.
Is the converse of this statement true?

10.4.3 This exercise shows that a geodesic local diffeomorphism F' from a
surface S to a surface S that is also conformal is the composite of a
dilation and a local isometry.

(i) Let p € S and let o be a geodesic patch containing p as in
Proposition 9.5.1, with first fundamental form du?+Gdv?. Show
that & = Foo is a patch of & containing F'(p) with first funda-
mental form A(du? + Gdv?) for some smooth function A(u,v).

(ii) Show that the parameter curves v = constant are pre-geodesics
on & and deduce that A is independent of v.
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(iii) Show that if « is a geodesic on o and 6 is the oriented angle
between « and the parameter curves v = constant,

o G,

— + =0. 10.19

@ T ove (10.19)
(iv) Show that

dd  (AG)y

— + =0. 10.20

dv  2\/G ( )

(v) Deduce from Eqs. 10.19 and 10.20 that A is constant.

(vi) Show that F': & — & is the composite of a dilation and a local
isometry.
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Hyperbolic geometry

One of the most remarkable discoveries of nineteenth century mathematics is
that the pseudosphere discussed in Section 8.3 has a geometry that closely
resembles Euclidean geometry, with geodesics playing the role of straight lines.
In fact, the closest correspondence with Euclidean geometry is obtained by
‘embedding’ the pseudosphere in a larger geometry, which is called hyperbolic
or non-Fuclidean geometry. When this is done, we find that all the axioms of
Euclidean geometry hold in hyperbolic geometry, except the so-called ‘parallel
axiom’: this states that if p is a point that is not on a straight line I, there is a
unique straight line passing through p that does not intersect [ (i.e., which is
‘parallel’ to [ in the usual sense).

Hyperbolic geometry was discovered independently and almost simultane-
ously by the Hungarian mathematician Janos Bolyai and the Russian Nicolai
Lobachevsky, although the formulations of it that we shall describe in this
chapter are due to Eugenio Beltrami, Felix Klein and Henri Poincaré. David
Hilbert, one of the greatest mathematicians of the twentieth century, wrote that
the discovery of non-Euclidean geometry was ‘one of the two most suggestive
and notable achievements of the last century’. It ended centuries of attempts
by Greek, Arab and later Western mathematicians to deduce the parallel axiom
from the other axioms of Euclidean geometry, and it profoundly changed our
view of what geometry is.

Andrew Pressley, Elementary Differential Geometry: Second Edition, 269
Springer Undergraduate Mathematics Series, DOI 10.1007/978-1-84882-891-9_11,
(© Springer-Verlag London Limited 2010
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11.1 Upper half-plane model

We saw in Example 9.3.3 that if the pseudosphere is parametrized as

1 1 1
a(v,w) = (— cosv, —sinv, /1 — — — cosh™ w> ,
w w w

where we must have w > 1 for & to be well defined and smooth, its geodesics
correspond to arcs of circles and straight lines in the vw-plane that intersect
the v-axis perpendicularly. The line w = 1 appears to be a rather artificial
boundary in the vw-plane, since the geodesics are well defined in the entire
region w > 0. On the other hand, the line w = 0 is a ‘real’ boundary since the
first fundamental form I d?
— (11.1)
of the pseudosphere is undefined when w = 0. It is therefore natural to ask
if there is a surface that corresponds to the whole of the half-plane w > 0
with this first fundamental form. In fact, there is no such surface for a cele-
brated theorem of Hilbert shows that there is no surface with constant negative
Gaussian curvature that is ‘geodesically complete’, i.e., a surface for which all
geodesics can be extended indefinitely in both directions (see Exercise 10.1.3).
One possible response to Hilbert’s theorem is essentially to ignore it: all
those properties of surfaces that depend only on the first fundamental form
(lengths, angles, areas, geodesics, local isometries, ...) can still be studied for
the half-plane
H={(v,w) € R*|w > 0}

equipped with the first fundamental form (11.1). They will then be called hyper-
bolic lengths, hyperbolic angles, etc. (We shall see the reason for the adjective
‘hyperbolic’ later.)

It will often be convenient to identify R? with the set of complex numbers
C via (v,w) < v+ fw, so that

H={z€C|Im(z) >0}

is the set of complex numbers with positive imaginary part.
The first thing to observe is that H is a ‘conformal model’:

Proposition 11.1.1

Hyperbolic angles in H are the same as Euclidean angles.
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Proof

This is just because the first fundamental form (11.1) of H is a multiple of
dv? 4+ dw? (see Corollary 6.3.4). |

The ‘hyperbolic lines’ are the geodesics in H, which were determined in
Example 9.3.3.

Proposition 11.1.2

The geodesics in ‘H are the half-lines parallel to the imaginary axis and the
semicircles with centres on the real axis.

Here are some simple properties of hyperbolic lines.

Proposition 11.1.3

(i) There is a unique hyperbolic line passing through any two distinct points

of H.
(ii) The parallel axiom does not hold in H.

In the following proof, and later in this chapter, ‘lines’ and ‘circles’ will mean
Euclidean lines and circles (‘hyperbolic line’ means ‘geodesic’). On the other
hand, ‘lengths’ and ‘angles’ will always mean hyperbolic lengths and angles,
unless explicitly stated otherwise.

Proof

(i) Let a,b € H, a # b. If the line passing through a and b is parallel to the
imaginary axis, the unique hyperbolic line passing through the points a and b
is the half-line containing them. If the line through a and b is not parallel to the
imaginary axis, its perpendicular bisector intersects the real axis at some point
¢, say, and the unique hyperbolic line passing through a and b is the semicircle
with centre ¢ and radius |a — ¢| = |b— ¢|.

(ii) Take I to be the imaginary axis and let a € H be any point not on . For
definiteness, assume that the real part PRe(a) > 0. Then, the perpendicular
bisector of the line joining a to the origin intersects the real axis at some point
b > 0. Let ¢ be a real number greater than b; then the semicircle with centre ¢
passing through a is a hyperbolic line in H that does not intersect [. Of course,
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the half-line through a parallel to the imaginary axis is another hyperbolic line
with the same property (it can be regarded as the limiting case when ¢ — 00).
O

Since there is a unique hyperbolic line passing through any two points a, b €
H, it makes sense to define the hyperbolic distance dy(a,b) between a and b
to be the length of the hyperbolic line segment joining them. It is shown in
Exercise 11.2.1 that this is actually the hyperbolic length of the shortest curve
joining a and b.

Proposition 11.1.4

The hyperbolic distance between two points a,b € H is

_1b—dq|
dr(a,b) = 2 tanh ™ .
H(a,b) an 2]

In this formula, @ denotes the complex conjugate of the complex number
a. The appearance of the hyperbolic tangent gives an indication of the reason
why the geometry of H is called ‘hyperbolic geometry’.

Proof

There are two cases, depending on whether the hyperbolic line joining a and b
is a semicircle or a half-line. We shall deal with the semicircle case, leaving the
simpler case of the half-line to Exercise 11.1.2.

Suppose then that a and b lie on the semicircle with centre ¢ on the real
axis and radius r. The semicircle can be parametrized by

v=c+rcosf, w=rsinb.

Writing d for dy(a,b) and denoting d/df by a dot, we have

V2 + w2 r28in? 0 + 12 cos2 § Y4
do = — do = —_—
72 sin” 0 o sind

where ¢ = arg(a —c), Y= arg(b —¢) (note that d is independent of the radius
of the semicircle). Hence,

P
2

Z
tan 5

tan
d=1n
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Now,

d_ P _ ® in & [ Ygin £ in L=¢
d e 1_tan2 tan2_51n20052 cos 5 singy  sin -

tanh— = = = = .
2 e’+1 tan¥ +tang sinYcos L +cosLsing2 sin LEE
(11.2)
On the other hand,
b —al? = r?((cos ) — cos p)? + (sintp — sin p)?)
= 2r%(1 — cos(¢p — ) = 472 sin? %,
and similarly
|b— a|? = 4% sin? 1/1+<,0‘
Combining the last two equations with Eq. 11.2 gives
d |b—al
tanh— = . |
MY T g

We conclude this section with another beautiful formula, this time for the
area of a hyperbolic polygon, i.e., a polygon whose sides are hyperbolic lines.

Theorem 11.1.5

Let P be a n-sided hyperbolic polygon in ‘H with internal angles a1, as, . . ., ay,.
Then, the hyperbolic area of the polygon is given by

AP)=n—-2)r—a1 —ag — -+ — ap.
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In particular, for a triangle with angles «, 3,, the area is
T—a—[0—".
This should be compared with the well-known formula
a+fB+y=m

for the sum of the angles of a Euclidean triangle with straight line sides, and
the formula
at+fB8+y—m7

for the area of a triangle on the unit sphere with geodesic (i.e., great circle)
sides (Theorem 6.4.7).

Proof 11.1.5 Let aq, ..., a, be the vertices of P and C its boundary, consisting
of n hyperbolic line segments ajas,asas,...,ana; (we assume that aq is the
internal angle of P at the vertex a1, etc.). Since the first fundamental form is
(dv? + dw?) /w?, the area of P is
dvdw
/ p w2’

We evaluate this integral by using Green’s theorem (Section 3.2):

/ pdv + qdw = / <% — @) dvdw,
I P ov ow
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where p and ¢ are smooth functions of (v, w). Taking p = 1/w and g = 0 gives

/d”dw: dv. (11.3)

7)'1,02 c w

To evaluate this integral we first prove the following lemma.

Lemma 11.1.6

Let a and b be the endpoints of a segment [ of a hyperbolic line in H that forms
part of a semicircle with centre p on the real axis, and suppose that the radius
vectors joining p to a and p to b make angles ¢ and v, respectively, with the
positive real axis (see the diagram in the proof of Proposition 11.1.4). Then,

dv
l'l,U

=p—9.

Note that the integral is independent of the radius of the semicircle, and
that the formula is correct even if the hyperbolic line is part of a half-line, for
in that case the integral vanishes since v is constant along the hyperbolic line.

Proof 11.1.6 We parametrize the hyperbolic line by v = rcosf, w = rsin,
where r is the radius of the semicircle. Then, the integral is

Y _rsingdd v
/&:_/ b = o — 4. O
v rsin @ v
%
¥
- a; .
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Returning to the proof of Theorem 11.1.5, let ¢; and ; be the angles
defined in the lemma corresponding to the side with endpoints a; and a;+1, for

it =1,...,n (it is understood that a,+1 means a1). By Eq. 11.3 and the lemma,
dvdw -
=D (pi — i) (11.4)

We can simplify this sum by considering the change in direction of the
outward-pointing normal of P as we traverse its boundary in an anticlockwise
direction. As we traverse the side with endpoints a; and a;y1, the outward
normal rotates anticlockwise through an angle ¥; — ;, while at the vertex a;
it rotates by m — «;. Hence, as we traverse the boundary of P, the outward
normal rotates through an angle

n
nm Y (% — i — ).
i=1
But this angle of rotation is 27 (cf. Theorem 3.1.4), so we have the equation
21 = nw + Z(wz — i — ).
i=1

Rearranging, we get

n

S (pi—vi) = (=27 =

i=1
By Eq. 11.4, this is the desired area. O

Note that the area of a hyperbolic triangle, i.e., a triangle whose sides are
hyperbolic lines, depends only on its angles. We found in Proposition 6.5.8
that the same result holds in spherical geometry, but as we noted there this
is completely different to the Euclidean situation, where we can change the
size of a triangle (and hence its area) without changing its angles. In fact, we
shall show in the next section that, as in spherical geometry (Exercise 6.5.2),
two hyperbolic triangles with the same angles are congruent. But first we must
discuss what congruence means in hyperbolic geometry.

EXERCISES

11.1.1 Show that, if [is a half-line geodesic in H and a is a point not on |,
there are infinitely many hyperbolic lines passing through a that do
not intersect L
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11.1.2

11.1.3

11.1.4

Complete the proof of Proposition 11.1.4 by dealing with the case
in which the hyperbolic line passing through a and b is a half-line.

Show that for any a € H there is a unique hyperbolic line passing
through a that intersects the hyperbolic line [ given by v = 0 per-
pendicularly. If b is the point of intersection, one calls dy(a,b) the
hyperbolic distance of a from .

The hyperbolic circle C,, r with centre a € H and radius R > 0 is the
set of points of H which are a hyperbolic distance R from a:

Co.r = {2z € H|dn(z,a) = R}.
Show that C, g is a Euclidean circle.

Show that the Euclidean centre of C;c, r, where ¢ > 0, is ¢b and that
its Euclidean radius is r, where

c=b%—1r2, Rzllnb—'_r

2 b—1

Deduce that the hyperbolic length of the circumference of Ci. g is
2msinh R and that the hyperbolic area inside it is 27(cosh R — 1).
Note that these do not depend on c¢; in fact, it follows from the results
of the next section that the circumference and area of C, r depend
only on R and not on a (see the remarks preceding Theorem 11.2.4).

Compare these formulas with the case of a spherical circle in Exercise
6.5.3, and verify that they are consistent with Exercise 10.2.3.

11.2 Isometries of H

In Euclidean plane geometry, two triangles are said to be congruent if one

triangle can be moved until it coincides with the other. The types of motion

that are allowed are combinations of rotations, translations, and reflections, i.e.,

the isometries of the plane (see Appendix 1). Similarly, to discuss congruence in

spherical geometry, it was necessary in Section 6.5 to determine the isometries
of the sphere.
It is easy to identify some isometries of H:

(i) Translations parallel to the real axis, given by

T.(2) =z +a, acR.
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(ii) Reflections in lines parallel to the imaginary axis, given by
Ry(z) =2a — Z, ac R.

R,(z) is the ‘reflection’ of z in the line MRe(z) = a, thought of as a mirror;
each point of this line is fixed by R,.

(iii) Dilations by a factor a > 0, given by

D,(z) = az.

In terms of the parameters (v,w), these maps are given by (v,w) +~—
(v 4+ a,w), (v,w) — (2a — v,w) and (v,w) — (av,aw), respectively, each
of which obviously takes H to H and preserves the first fundamental form
(11.1). But there is also a fourth type of isometry that is not quite as obvious:

(iv) Inversions in circles with centres on the real axis. The inversion in the
circle with centre a € R and radius r > 0 is
2
r
Ton(s)=a+

zZ—a
(see Appendix 2).
To see that Z, , is an isometry of H, we consider first the case a = 0, r =1,
and denote Zy ;1 by Z. Then,
) v+ w
Tlo+iw) = e

which makes it clear that 7 takes any point in H to another point of H and
any point on the real axis to another point on the real axis. To see that 7 is
indeed an isometry of H, we use the result of Exercise 6.1.4: if 0 = 7= and

W = 53¢, then
di — (w? —v?)dv — 2vwdw’ i — —2vwdv + (v? — w2)dw’
(’02 +w2)2 (’02 +w2)2
and hence
dv® + di® 1 . ,
02 = w2(v2 + w?)?2 {((w —v%)dv — vadw)

+ (—2vwdv+ (v — wz)dw)2}
(w? —1?)? 4 dou?

w2 (V2 + w?)?

B dv? + dw?

2 2
(dv® + dw?) "
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Returning to the general case, we note that

2
Tur(z) =Ta (T > — T,D, < ! )
z—aQ zZ—a

= TyDy2Z(z — a) = Ty D2IT_4(2),

so I, is a composite T, 0 D,2 0o T o T_, of maps that are already known to
be isometries of H. Since any composite of isometries is an isometry, it follows
that Z, , is an isometry of H.

We summarize our observations as follows:

Proposition 11.2.1

Any composite of a finite number of maps of the types (i)—(iv) defined above
is an isometry of H.

We shall call an isometry of one of the types (i)—(iv) an elementary isometry
of H. In fact, every isometry of H is a composite of a finite number of elementary
isometries, but since we shall not make use of this result we leave its proof to
the exercises.

Since isometries take geodesics to geodesics (Corollary 9.2.7), we know that
the elementary isometries take half-lines and semicircles perpendicular to the
real axis to other half-lines and semicircles perpendicular to the real axis. In
fact, it is clear that translations, dilations and reflections take half-lines to half-
lines and semicircles to semicircles, but the situation for inversions is a little
more complicated:

Proposition 11.2.2

The inversion Z, , in the circle with centre ¢ € R and radius 7 > 0 takes
hyperbolic lines that intersect the real axis perpendicularly at a to half-lines,
and all other hyperbolic lines to semicircles.

See Appendix 2 for the proof. The result is intuitively clear, since if a point
of H “tends to” a point a its image under Z, , “tends to infinity” (both limits
in the Euclidean sense) and so cannot lie on a semicircle geodesic.

Isometries can be used to simplify the solution of many problems in hyper-
bolic geometry, by reducing the problem to a ‘standard’ situation. The basic
result needed for this is
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Proposition 11.2.3

Let l; and I, be hyperbolic lines in H, and let z; and z2 be points on /; and I,
respectively. Then, there is an isometry of H that takes l; to b and z; to zs.

Proof

We observe first that it is enough to prove this result in the special case in which
l> is the half-line [ passing through the origin and z = 4. For if the proposition
has been proved in this case, there is an isometry F; that takes I; to [ and z;
to ¢, and an isometry F5 that takes [ to [ and 2z to i. Then, F2_1 o [ is an
isometry that takes l; to ls and z; to zo.

There are now two cases depending on whether [; is a half-line or a semi-
circle. If I is the half-line v = a, say, the translation T_, takes [; to [ and z; to
some point b, say, on [, where b > 0. Then, the dilation D,-1 takes [ to itself
and b to i, and so the isometry we want is Dy-1 o T__,,.

Finally, suppose that [; is a semicircle, and let a be one of the two points in
which it intersects the real axis. By Proposition 11.2.2, the inversion Z, ; takes
[ to a half-line geodesic I’, say, and 21 to some point 2z’ on I’. By the preceding
case, there is an isometry F that takes I’ to [ and 2’ to ¢, so the isometry we
want is F'oZ, ;. O

As a simple application, we can now complete Exercise 11.1.4. If a,b € 'H,
there is an isometry F' of ‘H that takes a to b. Then, F' will clearly take the
hyperbolic circle Cq g to Cy g for all R > 0. It follows that these hyperbolic
circles have the same circumference and area.

Here is a more important application.

Theorem 11.2.4

In hyperbolic geometry, similar triangles are congruent.

Proof

We have to prove that if we have two triangles T and T with vertices a, b, ¢ and
a’,b',c, and if the angle o of T' at a is equal to that of 77 at o/, and similarly
for the angles 8 at b and b’ and for the angles v at ¢ and ¢/, then there is an
isometry F of H such that F(a) =a/, F(b) =V and F(c) = .

Let [, m, nand I’, m’, n’ be the sides of T'and T’ (so that [is the side opposite
the vertex a, etc.). It is enough to prove the theorem in the special case in which
a =a’ =1 and m = m’ is the imaginary axis. For by Proposition 11.2.3, there
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is an isometry G that takes a to ¢ and m to the imaginary axis, and an isometry
G’ that takes a’ to ¢ and m' to the imaginary axis. If I is the desired isometry
in the special case, then (G')~! o F o G is the desired isometry in the general
case.

Assume then that a = o/ = i and m = m/ is the imaginary axis. By applying
the reflection in the imaginary axis if necessary, we can further assume that b
and b’ are on the same side of the imaginary axis. Then either the hyperbolic
lines n and n’ coincide, or one is obtained from the other by applying the
inversion Zp,; (which fixes m and the vertex ¢). Hence, we can assume that
n=n'.

If now b = V' and ¢ = ¢’ the theorem is proved. If not, then we must be in
one of the three situations shown below. By making use of Theorem 11.1.5, we
shall prove that each of these situations is impossible.

] ®
a a a

In the first case, the angle sum of the quadrilateral with vertices b, ¢, ¢, b’ is

(m=0) + (m=7)+~y+0=2m,

whereas by Theorem 11.1.5 the angle sum must be < 27.
In the second case, the angle sum of the triangle with vertices d,b’,b is

5+(7T7ﬂ)+ﬁa

where ¢ is the angle between [ and I’ at their intersection point d. This is > T,
again contradicting Theorem 11.1.5.
Finally, in the third case the triangle with vertices b, ¢, ¢’ has angle sum

S+ (m—7)+7y>m,

where ¢ is as in the preceding case (if ¢ and ¢’ are interchanged the argument
is the same). |
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It follows from this theorem that there must be a formula for the lengths
of the sides of a triangle in H in terms of its angles. Although we could prove
such a formula now, it is slightly easier to establish it in a different model of
hyperbolic geometry, and this is what we consider next.

EXERCISES

11.2.1

11.2.2

11.2.3

11.2.4

11.2.5

Show that if a,b € H, the hyperbolic distance dy/(a,b) is the length
of the shortest curve in H joining a and b.

Show that, if [ is any hyperbolic line in H and « is a point not on [,
there are infinitely many hyperbolic lines passing through a that do
not intersect [.

Let a be a point of H that is not on a hyperbolic line [. Show that
there is a unique hyperbolic line m passing through a that intersects
[ perpendicularly. If b is the point of intersection of [ and m, and ¢
is any other point of [, prove that

dy(a,b) < dp(a,c).
Thus, b is the unique point of [ that is closest to a.

This exercise and the next determine all the isometries of H.

(i) Let F be an isometry of H that fixes each point of the imaginary
axis [ and each point of the semicircle geodesic m at the centre
of the origin and radius 1. Show that F' is the identity map.

(ii) Let F' be an isometry of H such that F(I)=1and F(m)=m,
where [ and m are as in (i). Prove that F' is the identity map,
the reflection Ry, the inversion Zy; or the composite Zy 1 o Ro
(in the notation at the beginning of this section).

(iii) Show that every isometry of H is a composite of elementary
isometries.

(iv) Show that every isometry of H is a composite of reflections and
inversions in lines and circles perpendicular to the real axis.

A Mobius transformation (see Appendix 2) is said to be real if it is

of the form
az+b

cz+d’

M(z) =
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where a, b, ¢,d € R. Show that:

(i)

(i)

(iii)

(iv)

(v)

(vi)

Any composite of real Mobius transformations is a real Mobius
transformation, and the inverse of any real Moébius transforma-
tion is a real Md&bius transformation.

The Mobius transformations that take H to itself are exactly
the real Mobius transformations such that ad — be > 0.

Every real Mobius transformation is a composite of elementary
isometries of H, and hence is an isometry of H.

If J(z) = —z and M is a real Mobius transformation, M o J is

an isometry of H.

If we call an isometry of type (iii) or (iv) a Mdébius isometry,
any composite of Mdbius isometries is a Mobius isometry;

Every isometry of H is a Md&bius isometry.

11.3 Poincaré disc model

We now consider a model of hyperbolic geometry based on the unit disc in the

complex plane. Poincaré used this model to bring hyperbolic geometry into the

mainstream of mathematics by establishing its connections with other areas,

notably complex analysis and number theory.

We consider the transformation

z—1
241

P(z) =

It defines a bijection between the complex plane with the point —i removed

and the complex plane with the point 1 removed, its inverse being

z+1

P Hz) = HEm

In particular, P is well defined at all points of H and its boundary the real

axis.

Let us determine the image of H under P. We have,

v+i(w—1)

7)(ijlw):U—i—i(w—i—l)’
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SO

112+w2—|—1—2w>1/2

|P(v+iw)| = <v2 B

Hence, |P(v +iw)|is < 1if w > 0,is =1 if w =0 and is > 1 if w < 0. Thus,
P takes H to the unit disc

D={zeC|l|z| <1},

and the real axis to the boundary of D, i.e., the unit circle C given by |z| = 1.

Definition 11.3.1

The Poincaré disc model Dp of hyperbolic geometry is the disc D equipped
with the first fundamental form for which P : H — Dp is an isometry.

Proposition 11.3.2

The first fundamental form of Dp is

4(dv? + dw?)
1—v2—w?)?

In particular, Dp is a conformal model of hyperbolic geometry.

Proof

If § + i = P~ (v + iw), we find that
. —2w . 1—v2—w?
U= (v—1)2 +w?’ w= (v —1)2 + w2’

which gives

4(v — Dwdv — 2((v — 1)? — w?)dw

o= (CESERTE ’
di — 2((v —1)% —w?)dv + 4(v — 1)wdw
v ((v—1)24+w?)? '
Hence,
45?4 di? = 16(v — 1)%w? + 4((v — 1)? — w?)? (@02 +-du?) - A(dv? + dw?)

((v=1)2 +w?)* ((v=1)? +w?)?
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and so
do? +dw?  4(dv? + dw?)

02 - (1,1)2,11)2)2'

Since the first fundamental form of Dp is a multiple of du? + dv?, Dp is a
conformal model. O

Since P : H — Dp is an isometry, it follows that the isometries of Dp are
exactly the maps
PoFo 'P_l,

where I is any isometry of H. Indeed, since any composite of isometries is an
isometry, P o F oP~! is an isometry of Dp if F is an isometry of H; conversely,
if G is any isometry of Dp, then F' = P~! o G o P is an isometry of H, and
G=PoFoP L

Here is a simple application of this observation:

Proposition 11.3.3

(i) Let I" be a circle that intersects C perpendicularly. Then, inversion in I is
an isometry of Dp.

(ii) Let ! be a line passing through the origin (and so perpendicular to C).
Then, (Euclidean) reflection in [ is an isometry of Dp.

Proof

For (i), let T have centre a € C and radius r > 0; then, the inversion in T is

given by
2

Zor=0a+

z—a
By Proposition A.2.8, Z,, . takes Dp to itself. We have to show that P~1oZ, ,oP
is an isometry of H. We find that

_ (a—JaP+r*)z+i(atJa? —r?)
Zor(P(2) = (1—-a)z+i(l+a) .

Now, since I intersects C at right angles, |a|?> = r% + 1, so

(a—1Dz+i(a+1)

Loy (P(2)) = 1-a)z+i(l+a)
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This leads to
i(a—a)z—(2+a+a)
(2—a—-a)z—i(a—a)

P~ (Zar(P(2))) =

This is a real Mobius transformation (Exercise 11.2.5) and so is an isometry
of H.

For (ii), let [ make an angle 6 with the real axis, so that reflection in [ is
the map R(z) = e*?z. We find that
zcosf 4 sin 6

PTHR(P(2)) =

—2zsinf + cosf’

which is again a real Mobius transformation. O

Note that simple isometries in one model may not correspond to simple
isometries in the other. For example, it is clear from Proposition 11.3.2 that
any rotation about the origin is an isometry of Dp (because such a rotation
is an isometry of the Euclidean plane, and hence preserves dv? + dw? and
v? + w?), but the corresponding isometry of H is quite complicated (it is not
an elementary isometry, for example).

Since P is an isometry, the geodesics (i.e., the hyperbolic lines) in Dp are the
images under P of the geodesics in H. Hence, the properties of the hyperbolic
lines in H can be transferred to Dp. For example, if a and b are two distinct
points of Dp, then by Proposition 11.1.3, there is a unique hyperbolic line [ in
H passing through the distinct points P~*(a) and P~*(b), so P(l) is the unique
hyperbolic line in Dp passing through a and b. Similarly, Proposition 11.2.3
holds as stated with H replaced by Dp.

The distance between two points of Dp is given by

dp,(a,b) = dyn (P~ (a), P (b)),  a,b€ Dp.

Using the formula in Proposition 11.1.4, it is straightforward (see Exercise
11.3.1) to prove

Proposition 11.3.4

For a,b € Dp, we have

_11b—d
= 2tanh 1fb=al .
dp,(a,b) tan T ab)
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The explicit form of the hyperbolic lines in Dp can, of course, be determined
from the first fundamental form in Proposition 11.3.2. But it is easier to make
use of some simple properties of the map P.

Proposition 11.3.5

The hyperbolic lines in Dp are the lines and circles that intersect C perpendic-
ularly (see the diagram below).

Proof

This follows from Proposition 11.1.2 and the fact that P takes the boundary
of H to that of Dp and, being a M&bius transformation, preserves (Euclidean)
angles and takes lines and circles to lines and circles (see Appendix 2). O

Note that Proposition 11.3.3 tells us that ‘reflection’ in any hyperbolic line
in Dp is an isometry of Dp — ‘reflection’ in a circle being interpreted as inversion
(and Exercise 11.3.5 shows that every isometry of Dp is a composite of such
reflections).

‘We shall now establish some new properties of hyperbolic geometry to which
the Poincaré model is particularly well suited, starting with the basic result in
hyperbolic trigonometry.

Theorem 11.3.6

Consider a hyperbolic triangle with angles «, 3, and sides of length A, B, C
(so that A is the length of the side opposite «, etc.). Then,

cosh C' = cosh A cosh B — sinh A sinh B cos ",
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and two analogous formulas can be obtained by applying the cyclic permuta-
tionsa —- 3 —v—aand A - B — C — A.

This formula is called the ‘hyperbolic cosine rule’ because it becomes
the usual cosine rule when A, B, and C' are small: using the approximations
coshA =1+ %A2 and sinh A = A, etc. we get

C? = A% + B> —2ABcosvy

(compare the spherical case treated in Proposition 6.5.3(i)).

Proof

Let a, b, and ¢ be the vertices of the triangle, so that « is the angle at a, etc. By
applying a suitable isometry, we can assume that ¢ = 0 € Dp and that a > 0.
By Proposition 11.3.4,

1 . 1
a= tanhiA, b= e”tanhiB.

Now
1 +tanh2%A 1 +tanh2%A 1+ |al?

1 1
cosh A = cosh? §A + sinh? §A =

sech2%A C1- tanhQ%A 1—|al?
and by Proposition 11.3.4 again
1 |b — al
tanh—-C' =
Y T T

SO
1+ tanh’1iC
1 ftanhZ%C
1 —ab]?+[b—af?
11— ab]Z— |b— a2
(1 —ab)(1 — ab) + (b — a)(b— a)
T (—ab)(l—ab)— (b—a)(b—a)
1+ |al®> +[b]* + |al?]b]? — 2(ab + ab)
1—lal* = [b]> + |al?|b]?
(14 |a|>)(1 + |b?) — 2(ab + ab)
(1= lal*)(1 — [b]?)

coshC =

tanh%A tanh%B
(1- tanh2%A)(1 - tanhZ%B)
= cosh A cosh B — sinh A sinh B cos~y,
using sinh A = 2sinh %A cosh %A. O

= cosh A cosh B — 4 cos~y
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In particular, we have the hyperbolic analogue of Pythagoras’ theorem:

Corollary 11.3.7

Suppose that a hyperbolic triangle has sides of lengths A, B, and C and that
the angle opposite the side of length C' is a right angle. Then,

cosh C' = cosh A cosh B.

Further results in hyperbolic trigonometry can be found in the exercises.

EXERCISES

11.3.1
11.3.2

11.3.3

11.3.4

11.3.5

11.3.6

Prove Proposition 11.3.4.

Let [ and m be hyperbolic lines in Dp that intersect at right angles.
Prove that there is an isometry of Dp that takes [ to the real axis
and m to the imaginary axis. How many such isometries are there?

Show that the Mobius transformations that take Dp to itself are

those of the form
az+b

2 =
bz +a

Recall (Exercise 6.5.4) that these are unitary Mobius transforma-

, lal > o].

tions.

Show that the isometries of Dp are the transformations of the fol-
lowing two types:

az+b azZ+b
RiI=ms——, ZF s,
bz+a bz +a
where a and b are complex numbers such that |a| > |b|. Note that
this and the preceding exercise show that the isometries of Dp are
exactly the Mobius and conjugate-Mobius transformations that take

Dp to itself.

Prove that every isometry of Dp is the composite of finitely many
isometries of the two types in Proposition 11.3.3.

Consider a hyperbolic triangle with vertices a, b, and ¢, sides of length
A, B, and C and angles «, 3, and v (so that A is the length of the
side opposite ¢ and « is the angle at a, etc.). Prove the hyperbolic
sine rule . . )

sin o sin3  sinvy

sinhA ~ sinh B~ sinhC’
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11.3.7 With the notation in the preceding exercise, suppose that v = m/2.

Prove that:

(i) cosq = simbBcoshd
(i) cosh A = G275
(iii) sinh A = el

11.3.8 With the notation in Exercise 11.3.6, prove that

COS (¢ + €OS O cos
cosh A = A v

sin G sin «y

This is the formula we promised at the end of Section 11.2 for the
lengths of the sides of a hyperbolic triangle in terms of its angles.

11.3.9 Show that if R? is provided with the first fundamental form

4(du? + dv?)
(14 u? 4 02)2’

the stereographic projection map II : 2\ {north pole} — R? defined
in Example 6.3.5 is an isometry. Note the similarity between this
formula and that in Proposition 11.3.2: the plane with this first fun-
damental form provides a ‘model’ for the sphere in the same way as
the half-plane with the first fundamental form in Proposition 11.3.2
is a ‘model’ for the pseudosphere.

11.4 Hyperbolic parallels

In Euclidean plane geometry, there are many equivalent criteria for two lines [
and m to be parallel. For example:

(i) 7and m do not intersect.
(ii) ! and m have a common perpendicular line.
(iii) / and m are a constant distance apart.

(A fourth criterion is considered in Exercise 11.4.3.) In hyperbolic geometry,
these conditions are not equivalent. In fact, two distinct hyperbolic lines are
never a constant distance apart (see Exercise 11.4.2), so (iii) is not relevant to
the discussion of parallels in hyperbolic geometry. Further, it is clear that in
hyperbolic geometry (i) does not imply (ii) (consider two half-line geodesics in
H, for example), so we must distinguish two cases:
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Definition 11.4.1

Let [ and m be hyperbolic lines in Dp that do not intersect at any point of
Dp. If [ and m intersect at a point of the boundary of Dp they are said to be
parallel; otherwise they are said to be ultra-parallel.

In the diagram below, [ and m are parallel, and [ and n are ultra-parallel.

We have already noted (Proposition 11.1.3(ii)) that the parallel axiom does
not hold in hyperbolic geometry. In fact, if a is a point that is not on a
hyperbolic line [, there are infinitely many hyperbolic lines through a that
do not intersect [ (see Exercise 11.1.1). The following result shows that exactly
two of these hyperbolic lines are parallel to [.

Proposition 11.4.2

Suppose that a € Dp is a point not on a hyperbolic line . Then, there are
exactly two hyperbolic lines, say m and m’, passing through a that are parallel
to I. The angle between m and m’ at a is 2II, where

sinIT = sech d,

and d is the hyperbolic distance of a from [ (Exercise 11.1.3). Moreover, a
hyperbolic line through a intersects [ if and only if it lies between m and m’
on the same side of a as [, and the hyperbolic line through a perpendicular to
[ bisects the angle between m and m/.
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The angle II is called the angle of parallelism.

Proof

We first show that there is an isometry of Dp that takes [ to the real axis and
a to a point on the imaginary axis. In that case, all the assertions made in the
proposition are clear, except for the formula for II.

Let @ = P~'(a), | = P~'(I). There is an isometry F of H that takes [ to
the imaginary axis; let b = F'(a). The isometry Dy takes b to a point on the
unit circle v2 + w? = 1 and fixes the imaginary axis. Now note that P takes
the imaginary axis in H to the real axis in Dp and the unit circle in H to the
imaginary axis in Dp.
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We can therefore assume that [ is the real axis and that a = ir where
r = tanh%d by Proposition 11.3.4. The circle m through a that touches the
real axis at 1 has centre ¢ = 1 4+ ¢R and radius R for some R > 0, and so has
equation

|z —1—iR| =R.
Since m passes through ir, we have | — 1 + i(r — R)| = R, which gives
I+ 72
9

In the right-angled (Euclidean) triangle with vertices a, iR and ¢, the hy-
potenuse is perpendicular to m, so the angle of the triangle at a is /2 —1II (see
the diagram above). Hence, by Euclidean trigonometry,

Rsinll=R—r
and we get
2 — 72 1—tanh®L
sinHzlfizlf 2r :1 o tan22d: 1 . O
R 1+7r2  1+4+7r? 1+tanh®id coshd

As we mentioned above, one characterization of parallel lines in Euclidean
plane geometry is that such lines have a common perpendicular. In hyperbolic
geometry, this property characterizes ultra-parallels:

Proposition 11.4.3

Two hyperbolic lines in Dp are ultra-parallel if and only if they have a common
perpendicular (i.e., a hyperbolic line that intersects them both at right-angles).
In that case the common perpendicular is unique.
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In Euclidean plane geometry, of course, two parallel lines have infinitely
many common perpendiculars.

Proof

Suppose first that [ and m are hyperbolic lines in Dp that have a common
perpendicular n which intersects them at the points ¢ and b. We can assume
that [ and n are the real and imaginary axes, respectively, and that a is the
origin (see Exercise 11.3.2). Then m is part of a circle with centre at some point
iR on the imaginary axis, where |R| > 1. Since m intersects C at right angles,
the radius r of C satisfies
R?> =72 41.

In particular, |R| > r, so m does not intersect the real axis. Hence, [ and m are
ultra-parallel.

Conversely, suppose that [ and m are ultra-parallel. As before, we can as-

sume that [ is the real axis. Suppose that m is the circle with centre a and

radius r; then, as above,
laf* = r* + 1. (11.5)

We claim that
—1 < Re(a) < 1. (11.6)

Indeed, m intersects the real axis at a point v if and only if
v —al =r.
In view of (11.5), this gives
v? — 20Re(a) +1=0. (11.7)

If |Re(a)| > 1, Eq. 11.7 has two distinct real roots whose product is equal to
1, hence one root v satisfies —1 < v < 1. This means that [ and m intersect in
Dp, contrary to assumption. Similarly, if |Re(a)| = 1, Eq. 11.10 has £1 as a
repeated root, so [ touches m at 1 or —1 on the boundary of Dp, again contrary
to assumption. Hence, (11.6) must hold.

We now consider a circle with centre b on the real axis and radius s. This
intersects both m and C at right angles if and only if

V¥ =5>+1 and |b—al® =r*+ s>

If Me(a) # 0, these equations have the unique solution

s =+/(Re(a)"2 -1,
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and the corresponding circle n is the unique common perpendicular to [ and
m. If Re(a) = 0, it is clear that the imaginary axis is the unique common
perpendicular. O

EXERCISES

11.4.1 Which pairs of hyperbolic lines in H are parallel? Ultra-parallel?

11.4.2 Let [ be the imaginary axis in H. Show that, for any R > 0, the set
of points that are a distance R from [ is the union of two half-lines
passing through the origin, but that these half-lines are not hyper-
bolic lines. This contrasts with the situation in Euclidean geometry,
in which the set of points at a fixed distance from a line is a pair of
lines.

11.4.3 Let a and b be two distinct points in Dp, and let 0 < A < 7. Show
that the set of points ¢ € Dp such that the hyperbolic triangle with
vertices a,b and ¢ has area A is the union of two segments of lines
or circles, but that these are not hyperbolic lines. Note that this
equal-area property could be used to characterize lines in Euclidean
geometry.

11.5 Beltrami—Klein model

The final model of non-Euclidean geometry that we shall discuss was actually
the first to be introduced by Beltrami, but it was Klein who realised that this
model could be used to unify non-Euclidean geometry with projective geometry,
a subject that has been studied since antiquity. (We do not assume that the
reader is familiar with projective geometry.)

The model is constructed by using two projections of the unit sphere S2.
We recall the stereographic projection map IT (Example 6.3.5) from S? to the
zy-plane. This map defines a diffeomorphism from the ‘southern hemisphere’

S? = {(x,y,2) € S?|2 < 0}

to the unit disc
D= {(z,y,0) e R®|z? + > < 1}.

We shall also need the ‘“vertical’ projection of R? onto the zy-plane:

pr(z,y,2) = (z,9,0).
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This also defines a diffeomorphism from S2 to D. Hence, the composite map
K=proll ':D—D

is a diffeomorphism. It is easy to see (Exercise 11.5.1) that, if we identify the
zy-plane with C by (z,y,0) — x + iy as usual, then

2z

K(z) = W’

2 €D. (11.8)
Definition 11.5.1

The Beltrami-Klein model Dk of non-Euclidean geometry is the disc D
equipped with the first fundamental form for which the diffeomorphism

’C:’Dp—)DK

is an isometry.

We shall not need to know the first fundamental form of Dg explicitly (it
was actually computed in Exercise 8.3.1(iii)).
The Beltrami-Klein model has the following remarkable property.

Proposition 11.5.2

The hyperbolic lines in the Beltrami-Klein model are the (Euclidean) straight
line segments contained in the disc Dy
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Proof 11.5.2 Let [ be the line segment joining points a and b on C. The curve on
52 that corresponds to £ under the projection pr is the intersection of S? with
the plane perpendicular to the xzy-plane that contains £. This is a semicircle m,
say, that intersects C at right angles at a and b.

Since II is a conformal map that takes circles on S? to lines and circles
in the zy-plane (see Example 6.3.5 and Exercise 6.3.7), II (m) is an arc of a
circle in D that intersects the boundary of D at right angles, in other words a
hyperbolic line in Dp. It follows that every line segment in Dy is a hyperbolic
line. Since there is a line segment passing through any given point of Dy
in any given direction, these must be all of the hyperbolic lines in D (see
Proposition 9.2.4). O

Corollary 11.5.3

Dk is not a conformal model of hyperbolic geometry.

Proof

Consider a hyperbolic triangle in Dg. By Proposition 11.5.2 this is also a
Euclidean triangle, so the sum of its internal Euclidean angles is w. But, by
Theorem 11.1.5, the sum of its internal hyperbolic angles is < 7. O

The isometries of Dk can, of course, be deduced from those of Dp by using
the isometry K. For example, any rotation about the origin is an isometry of
Dy. For, if pg is such a rotation by an angle 6, so that pg(z) = €?z, it is clear
from Eq. 11.8 that K o pg o ™! = ps and we know that pg is an isometry of
Dp (see the remarks following the proof of Proposition 11.3.3). But to proceed
further, it is more instructive to take a different, and more geometric, approach.



298 11. Hyperbolic geometry

S
If a € C and |a| > 1, define the perspectivity
Ha : DK — DK

with centre a as follows. Let z € Dk and let [ be any hyperbolic line in Dy
passing through z. Thus, [ is a (Euclidean) line segment that intersects C at
two points, say p and ¢q. Let the lines through a and p and through a and ¢
intersect C again at r and s, respectively (if the line through a and p happens
to be tangent to C at p, then r = p; and similarly for the line through a and
q). Then, II,(z) is defined to be the point of intersection of the line through a
and z with the line through r and s (see the diagram above).

Of course, it is not obvious that this definition makes sense, i.e., that I1,(2)
depends only on z (and a) and not on the choice of the line I, but this follows
from

Proposition 11.5.4

With the above notation,
Ha =K OIa,r © ’Cila

where r = /|a|? — 1. In particular, II, is an isometry of Dg.

To prove this we need
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Lemma 11.5.5

Let [ and m be hyperbolic lines in Dg and suppose that these lines intersect
C at the points b, ¢ and d, e, respectively. Suppose that the tangents to C at b
and c intersect at a, and that the extension of m passes through a. Then, [ and
m intersect at right angles in the hyperbolic sense.

Proof 11.5.5 The hyperbolic lines K~1(I) and K~!(m) in Dp corresponding to I
and m are circular arcs that intersect C at right angles at the points b, ¢ and d, e,
respectively. Let Z be the inversion in the circle of which K~1(1) is an arc, so that
7 is an isometry of Dp (see Appendix 2, especially Proposition A.2.8). Now T
takes K~ (m) to a circular arc that intersects C at right angles (Corollary A.2.7),
and it obviously interchanges the points d and e. It follows that Z pre-
serves K~1(m). This implies that X~1(I) and KX~1(m) are perpendicular in the
Euclidean sense (Proposition A.2.8), and hence in the hyperbolic sense since
Dp is a conformal model. Since K : Dp — Dy is an isometry, [ and m are per-
pendicular in the hyperbolic sense. O

Proof 11.5.4 Let the tangents from a to C touch it at b and ¢, let m be the line
segment with endpoints b, ¢ and let the line through a and z intersect C at t
and u. Let [ be any line passing through z and let [ intersect C at p, q. Let r, s
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be the points of C such that the lines through p and r and through ¢ and s
pass through a, let n be the line segment with endpoints r, s and let u be the
point of intersection of C with the line o passing through a and z. Since z is
the intersection of [ and o, K~1(2) is the intersection of K~1(I) and K~*(o);
similarly, KX~1(II,(2)) is the intersection of X~1(n) and K~1(0).

By Lemma 11.5.5, m and o are perpendicular in Dy, so K~ (m) and K~1(0)
are perpendicular in Dp. It follows that Z, , fixes K1 (0). Since Z, - takes p to r
and q to s, it takes K~1(1) to K~1(n). Hence, Z, , takes K~1(2) to K~ 1(IL,(2)):

Tor (K1 (2)) = K71 (Ia(2)).
This is what we wanted to prove. O

Now that we have the isometries I, at our disposal, we can prove a beautiful
formula for the distance between two points of Dy . For this, we shall need the
following concept from projective geometry.

Definition 11.5.6
If a, b, ¢, and d are distinct complex numbers, their cross-ratio is

e gy la=ob—d)
(@bied) = =00 —0

Proposition 11.5.7

Suppose that the points a, b, ¢, and d lie on a line and that a and b are between
¢ and d. Then, (a,b;c,d) > 0. Moreover, if p is a point distinct from a,b, c,
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and d and if the lines through p and each of the points a, b, ¢, and d intersect
another line at a’, V', ¢, and d’, then

(a,b;c,d) = (a', 05, d).
This result is expressed by saying that the cross-ratio is a ‘projective

invariant’: the cross-ratio of four points on a line is unchanged when they are
‘projected’ from some point p onto another line.

Proof

Let [ be the line containing a, b, ¢, and d. Since a and b are on the ‘same side’
of [ relative to ¢, arg(a — ¢) = arg(b — ¢), so

a—c la—c|

b—c |b—¢|
Similarly,
b—d  |b—d
a—d la—d|
Hence, | b—d
a—c|lb—
6, d) = ———.
(@bie.d) = T —am =4

In particular, this cross-ratio is a positive number.

v

c'
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Let Zapb be the angle between the lines through p and a and through p
and b, etc. By the Euclidean sine rule,

la—c _ Ip=c Ja—=d _ Ip—d|

sin Zape  sinZpac’ sin Zapd ~ sin Zpad’
b—c _Ip—c Jb—d _ lp—d

sin Zbpe  sin Zpbe’ sin Zbpd  sin Zpbd’

Hence,
(a,bc,d) = sin Zapcsin Zbpd
777 sin Zapd sin Zbpe’
But obviously Za'p'c¢’ = Zape, etc., hence the result. O

In particular, the cross-ratio (a,b;c,d), with a,b,¢,d € Dk, is unchanged
if a,b, ¢, and d are subjected to any perspectivity. Note that the cross-ratio is
also unchanged if a, b, ¢, and d are subjected to any rotation about the origin,
since this amounts to multiplying each of a, b, ¢, and d by a non-zero complex
number.

Theorem 11.5.8

Let a,b € Dk and let ¢,d be the points of intersection of the line through a,b
with C. Then, the Beltrami-Klein distance between a and b is

1
dpy (a,b) = §| In(a, b; ¢, d)|.

Proof

We use a suitable isometry of D to reduce to the case in which a and b are
real. Let [ be the line through ¢ and 1, and m the line through d and —1. We
consider two cases, according to whether [ and m are parallel (in the Euclidean
sense) or not.

If [ and m are parallel, the line joining ¢ and d passes through the origin, and
a suitable rotation about the origin will take ¢ to 1, d to —1 and a, b to points
a’,b’ on the real axis. Such a rotation is an isometry of Dk by the remarks
following Corollary 11.5.3.

Suppose, on the other hand, that [ and m intersect at a point p, say. If
[p] > 1, the perspectivity II, takes ¢ to 1, d to —1 and a, b to points a’, b’ on
the line joining —1 and 1, i.e., the real axis. If |p| < 1, the lines !’ joining ¢
and 1 and m' joining d and 1 intersect at a point p’ with |p/| > 1 and the
perspectivity I, takes ¢ to —1, d to 1 and a, b to points a’, b’ on the real axis.



11.5 Beltrami—Klein model 303

We compute the distance dp, (a,b) = dp, (a’,b") by transferring to Dp
using the isometry K : Dp — Dg, so that dp, (a’,V') = dp, (K~(a’), C7L(b)).
Using Proposition 11.3.2, this gives

K og 1+ K (0)(1 - K
dp e (a, V) = / =l (1+ 71( ,))( 71(‘1,)). (11.9)
K-1(a) 1—v (I+K-1a))(1—-Ka))
Using the formula (11.8) for K, we find that

K'0) = 21— T=2), AreD,

A

L+ KN J1+X

1—K1(n)  Vi—x
Using this, (11.9) becomes

o 1o (1401 -d

inyta. ) = S U0 =),

On the other hand, we have seen that there is a perspectivity or a rotation about
the origin that takes (a, b, c,d) to (a/,b',1,—1) or (a/,b',—1,1) with o/, ¥’ € R,
and that these transformations of Dy leave the cross-ratio unchanged (see the
remarks following the proof of Proposition 11.5.7). In the first case,
(L—a)(1+b)
(14+a)(1-¥)’

which implies that

(11.10)

(a,b;c,d) = (a/,0';1,-1) =

and in the second case,

1+d)(1-=0V)
. — (b —-1.1) = (
(aabacad) (aabv ’ ) (1*0/)(14’[)/)’
so in both cases

1
dp, (a,b) = dp, (a',b') = §| In(a, b; c,d)|. O

EXERCISES

11.5.1 Prove Eq. 11.8.

11.5.2 Extend the definition of cross-ratio in the obvious way to include the
possibility that one of the points is equal to oo, e.g., (00,b;¢,d) =
(b—d)/(b— c). Show that, if M : Coc — Cs is a Mbius transfor-
mation, then

(M(a), M(b); M(c), M(d)) = (a,b;c,d) for all distinct points
a,b,c,d € Co. (11.11)
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Show, conversely, that if M : Coc — C is a bijection satisfying this
condition, then M is a Mobius transformation.

11.5.3 Use the preceding exercise to show that, if (a,b,c) and (a’,b’, )
are two triples of distinct points of C,, there is a unique M&bius
transformation M such that M(a) = a’, M(b) =b' and M(c) =¢.

11.5.4 Let a,b € C, and let d be the spherical distance between the points
of S? that correspond to a, b under the stereographic projection map
IT (Example 6.3.5). Show that

1 1 1
—tan? =d = <a, —=;b, —=> .
2 a b

11.5.5 Show that, if R is the reflection in a line passing through the origin,
then R = RK. Deduce that R is an isometry of Dk

11.5.6 Show that the isometries of Dk are precisely the composites
of (finitely many) perspectivities and reflections in lines passing
through the origin.
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Minimal surfaces

In Section 9.4 we considered the problem of finding the shortest paths between
two points on a surface. We now consider the analogous problem in one higher
dimension, that of finding a surface of minimal area with a fixed curve as its
boundary. This is called Plateau’s Problem. The solutions to Plateau’s problem
turn out to be surfaces whose mean curvature vanishes everywhere. The study
of these so-called minimal surfaces was initiated by Euler and Lagrange in the
mid-eighteenth century, but new examples of minimal surfaces are still being
discovered.

12.1 Plateau’s problem

In Section 9.4, we found the condition for a curve on a surface to minimize
distance between its endpoints by embedding the given curve in a family of
curves passing through the same two points, and studying how the length of
the curve varies as the curve varies through the family. Accordingly, we shall
now study a family of surface patches o™ : U — R3?, where U is an open subset
of R? independent of 7, and 7 lies in some open interval (—§, §), for some § > 0.
Let o = 0. The family is required to be smooth, in the sense that the map
(u,v,7) — o7 (u,v) from the open subset {(u,v,7) | (u,v) € U, 7 € (=6,0)}
of R? to R3 is smooth. The surface variation of the family is the function
¢ : U — R? given by

p=0"|

where here and elsewhere in this section, a dot denotes d/dr.

7=0"

Andrew Pressley, Elementary Differential Geometry: Second Edition, 305
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(© Springer-Verlag London Limited 2010
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Let 7w be a simple closed curve that is contained, along with its interior
int(7r), in U (see Section 3.1). Then 7 corresponds to a closed curve 7 = " om
in the surface patch o7, and we define the area function A(7) to be the area
of the part of o™ inside 47:

A(r) = / dAye.
int(7)

Note that, if we are considering a family of surfaces with a fized boundary
curve v, then 4™ = ~ for all 7, and hence " (u,v) = 0 when (u,v) is a point
on the curve .

Theorem 12.1.1

With the above notation, assume that the surface variation ¢” vanishes along
the boundary curve 7r. Then,

A0) = —2/ H(EG — F*)Y2q dudw, (12.1)
int(7)

where H is the mean curvature of o, F, F' and G are the coefficients of its first
fundamental form, and oo = ¢ - N where N is the standard unit normal of o.

We defer the proof of this theorem to the end of this section.

If o has the smallest area among all surfaces with the given boundary
curve -y, then A must have an absolute minimum at 7 = 0, so A(O) = 0 for all
smooth families of surfaces as above. This means that the integral in (12.1) must
vanish for all smooth functions «: U — R. As in the proof of Theorem 9.4.1,
this can happen only if the term that multiplies « in the integrand vanishes,
in other words only if H = 0. This suggests the following definition.

Definition 12.1.2
A minimal surface is a surface whose mean curvature is zero everywhere.
Theorem 12.1.1 and the preceding discussion then give

Corollary 12.1.3

If a surface S has least area among all surfaces with the same boundary curve,
then S is a minimal surface.

Minimal surfaces have an interesting physical interpretation as the shapes
taken up by soap films. A soap film has energy by virtue of surface tension,
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and this energy is proportional to its area. A soap film spanning a wire in the
shape of a curve C should therefore adopt the shape of a surface of least area
with boundary C. By Corollary 12.1.3, this will be a minimal surface.

More generally, if the soap film separates two regions of different pressure,
the film will adopt the shape of a surface of constant mean curvature. This is
the case for a soap bubble, for example, for which the air pressure inside the
bubble is greater than the pressure outside. To see this, we apply the principle
of ‘virtual work’. This tells us that, if the soap film is in equilibrium, and
we imagine a (‘virtual’) change in the surface, the change in the energy of the
film must be the same as the work done by the film against the air pressure.
If p is the pressure difference, the force exerted by the air on a small piece of
the surface of area AA is pAA, and so the work done when it moves a small
distance « perpendicular to itself is apAA. On the other hand, the formula in
Theorem 12.1.1 shows that the change in area of the surface is proportional to
aHAA (note that « is the component of the variation ¢ perpendicular to the
surface). So p is proportional to H. Since the pressure difference must be the
same across the whole surface, so must the mean curvature H. Surfaces of
constant non-zero mean curvature were discussed in Section 8.5.

For the moment, we give only one example of a minimal surface; others will
be given in the next section. This example already shows, however, that the
converse of Corollary 12.1.3 is false.

Example 12.1.4

The surface obtained by revolving the curve x = coshz in the zz-plane
around the z-axis is called a catenoid (a picture of a catenoid can be found
in Exercise5.3.1). The catenoid can be parametrized by

o(u,v) = (coshucosv,coshusinv, u).
Then,
o, = (sinhwcosv,sinhusinv, 1), 0, = (— coshusinv, coshu cos v, 0),
oy X 0, = (— coshu cosv, — coshu sinv, sinh u coshu),
N = (—sech u cos v, —sech u sin v, tanhu),
0y = (coshu cos v, coshusinv, 0),
0 uy = (—sinhusin v, sinh u cos v, 0),

0y = (—coshucosv, — coshusinw,0).
This gives the coefficients of the first and second fundamental forms of o as

E=G=cosh’u, F=0, L=-1, M =0, N=1.
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The first three of these equations show that the parametrization o is conformal,
and Corollary 8.1.3 gives

_ LG—-2MF+ NFE B — cosh? u + cosh? u
2(EG — F?) 2cosh® u o

showing that the catenoid is a minimal surface.

C{M/IWWWMI/]I/Z/D»

Fix a > 0, and let b = cosha. The surface S consisting of the part of the
catenoid with |z| < a has the two circles C* of radius b in the planes z = +a
with centres on the z-axis as boundary. Another surface spanning the same two
circles is, of course, the surface Sy consisting of the two discs 2% + 32 < b2 in
the planes z = +a. The area of S is, by Proposition 6.4.2,

27 ra 27 ra
/ / (EG — F?)Y2dudv = / / cosh? u dudv = 27 (a + sinh a cosh a).
0 —a 0 —a

The area of Sy is, of course, 27b? = 2 cosh? a. So the minimal surface S will
not minimize the area among all surfaces with boundary the two circles C* if
cosh?a < a + sinha cosha, i.e., if
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14 e20 < 2q. % (12.2)

1+ 6—2(1

a

The graphs of 1+ e72% and 2a as functions of a clearly intersect in exactly one
point a = ag, say, and the inequality (12.2) holds if @ > ag. If this condition is
satisfied, the catenoid is not area minimizing.

It can be shown that if a < ag the catenoid does have least area among all
surfaces spanning the circles C™ and C~.

It is time to prove Theorem 12.1.1.

Proof

Let o™ = 67, so that ¢° = ¢, and let N7 be the standard unit normal of o™.
There are smooth functions o™, 57 and 4" of (u,v,7) such that

(PT — aTNT +ﬂ'ro_z +")/TO';,

so that a = a. To simplify the notation, we drop the superscript 7 for the rest
of the proof; at the end of the proof we put 7 = 0.
We have

A(T) = / | ow x oy || dudv = / N (o4 X 0y) dudv,
int(7) int(7)

SO

A= / 9 (N (o4 X 0y)) dudv. (12.3)
int(7) or
Now,
%(N (oux0)=N-(0y X 0y)+N-(6y x0,)+N- (0, x&,). (12.4)

Since N is a unit vector,

N.-(oyux0,)=N-N|o,x0o,|=0.
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On the other hand,

N - (60 % o) (0w X 0y) - (64 X Ty)

| ouwx oy
(o-u o-u)(o"u 'Uv) - (o-u 'O-’U)(O-’U o-u)
| oux oy |
(EG —F2)1/2

using Proposition 6.4.2. Similarly,

E(O’v 0'1,) —F(Uu 0'11)

N:(oy x0,)= G o)
Substituting these results into Eq. 12.4, we get
0 E(o, - 6,)—F(6y -0y +0,-6,)+G(o,: F4)
5o (N-(gux0,) = GG . (12.5)
Now
o, = Pu = o, N + ﬁuo'u + YuO v + alN, + ﬁo'uu + YO uv,
Since o, N, =—0yy N=—L, 0y 0uy = %Eu and o, - Oy = %EU, we get

. 1 1
oy 0y =FEB,+ Fvy, — La+ §Euﬁ—|— §Evfy.
Similarly,

) 1 1
oy 0y =Fp,+Gv, — Ma+ (F, — -E,)f+ EGu%

2
1 1
oy 0y :Eﬁv +F’Vv — Mo+ §Ev6+ (Fv - §Gu)7a
1 1
0,0, =FpB,+Gy, — Na+ §Guﬂ + an’y.
Substituting these last four equations into the right-hand side of Eq. 12.5,

simplifying, and using the formula for H in Corollary8.1.3, we find that

0

(N (0 x 0,)) = (BEG — F)?) + (1(EG - F%)'/2).

—2aH(EG — F%)Y/2,

(12.6)

Comparing with Eq. 12.3, and reinstating the superscripts, we see that we must
prove that

/_ - {(50(EG— F2)1/2>u n (VO(EG—F2)1/2> } dudv =0, (12.7)

v
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But by Green’s theorem (see Section 3.2), this integral is equal to
[ (BG — F (30— 5,

and this obviously vanishes because 3 = 74° = 0 along the boundary curve 7.
This completes the proof of Theorem 12.1.1. O

Note that we did not quite use the full force of the assumptions in
Theorem 12.1.1, since they imply that o (= a) vanishes along the bound-
ary curve, and this was not used in the proof. So Eq. 12.1 holds provided the
surface variation ¢ is normal to the surface along the boundary curve.

Note also that Theorem 12.1.1 is intuitively obvious for variations ¢ that
are parallel to the surface, i.e., those for which & = 0 everywhere on the surface,
since such a parallel variation causes the surface to slide along itself and will not
change the shape, and in particular the area, of the surface. Thus, the main
point is to prove Theorem 12.1.1 for normal variations, i.e., those for which
[ =~ = 0 everywhere on the surface. Making this restriction simplifies the
above proof considerably.

EXERCISES

12.1.1 Show that the Gaussian curvature of a minimal surface is < 0 every-
where, and that it is zero everywhere if and only if the surface is an
open subset of a plane. We shall obtain a much more precise result
in Corollary 12.5.6.

12.1.2 Let o : U — R?® be a minimal surface patch, and assume that
As(U) < oo (see Definition 6.4.1). Let A # 0 and assume that the
principal curvatures x of o satisfy |Ax| < 1 everywhere, so that the
parallel surface o* of o (Definition 8.5.1) is a regular surface patch.
Prove that

Aga (U) < -Acr(u)

and that equality holds for some \ # 0 if and only if o(U) is an open
subset of a plane. (Thus, any minimal surface is area-minimizing
among its family of parallel surfaces.)

12.1.3 Show that there is no compact minimal surface.

12.1.4 Show that applying a dilation or an isometry of R? to a minimal
surface gives another minimal surface. Can there be a local isometry
between a minimal surface and a non-minimal surface?
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12.2 Examples of minimal surfaces

The simplest minimal surface is, of course, the plane, for which both principal
curvatures are zero everywhere. Apart from this, the first minimal surfaces to
be discovered were those in the following two examples.

Example 12.2.1

If a is a non-zero constant, the surface S, obtained by rotating the curve
r = %cosh az in the xz-plane around the z-axis is called a catenoid. More
generally, a catenoid is a surface obtained by applying an isometry of R? to
a surface S;. Any catenoid S is a minimal surface, since S can be obtained
from the special catenoid S in Example 12.1.4 by applying an isometry and a
dilation (Exercise 12.1.4). A picture of a catenoid can be found in Exercise5.3.1.

Catenoids are surfaces of revolution. In fact, apart from the plane, they are
the only minimal surfaces of revolution:

Proposition 12.2.2

Any minimal surface of revolution S is an open subset of a plane or a catenoid.

Proof

By applying an isometry of R?, we can assume that the axis of the surface S is
the z-axis and the profile curve lies in the xz-plane. We parametrize S in the
usual way (see Example 5.3.2):

o(u,v) = (f(u)cosv, f(u)sinv, g(u)),

where the profile curve u — (f(u),0,g(u)) is assumed to be unit-speed and
f > 0. From Examples 6.1.3 and 7.1.2, the first and second fundamental forms
are

du’ + f(u)’dv® and (f§— fg)du® + fgdv®,

respectively, a dot denoting d/du. By Corollary 8.1.3, the mean curvature is

n=g(fi-fivd).

We suppose now that, for some value of u, say u = ug, we have §(ug) # 0.
Since ¢ is continuous (because g is smooth), we shall then have g(u) # 0 for u
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in some open interval containing ug. Let («, 3) be the largest such interval.
Supposing now that u € (a, 3), the unit-speed condition f? + g2 = 1 gives
(as in Example 8.1.4)

i fo=-1,
g

and so we get

Since ¢ = 1 — f2, S is minimal if and only if
ff=1-f% (12.8)
To solve the differential equation (12.8), put h = f, and note that

dh dhdf  dh

I=%=qa = "a

Hence, Eq. 12.8 becomes

dh
h— =1—hZ.
f i

Note that, since g # 0, we have h? # 1, and so we can integrate this equation
as follows:
/ hdh [ df
1—h2 ) f’

2f2 _1
PRVALS
af
where a is a non-zero constant. (We have omitted a %+, but the sign can be
changed by replacing u by —u if necessary.) Writing h = df /du and integrating
again,

/ﬂ:/du
f = VTF @t b,

where b is a constant. By a change of parameter u — u+ b, we can assume that

b=0. So,
1
f:a\/1+a2u2.
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To compute g, we have

: 1
2 2 _ 2 _
g° = 1_f71_h7a2f2’
dg n 1
du V1 a2u?’
1
g = =£-—sinh™*(au)+c (where ¢ is a constant),
a
au = =sinh(a(g — ¢)),
1
f = =cosh(a(g — ¢)).
a

Thus, the profile curve of S is
1
z=_ cosh(a(z — ¢)).

This surface is obtained by applying to the catenoid S, a translation along the
zZ-axis.

We are not quite finished, however. So far, we have only shown that the
open subset of S corresponding to u € («, ) is part of the catenoid, for in the
proof we used in an essential way that ¢ # 0. This is why the proof has so far
excluded the possibility that S is a plane. To complete the proof, we argue as
follows. Suppose that 5 < co. Then, if the profile curve is defined for values of
u > (3, we must have ¢(8) = 0, for otherwise ¢ would be non-zero on an open
interval containing (3, which would contradict our assumption that («, 3) is the
largest open interval containing ug on which ¢ # 0. But the formulas above
show that

1
.2 .
g “1raee if u € (a, B),

and so, since ¢ is a continuous function of u, ¢(8) = +(1 +a?p?)~1/2 # 0. This
contradiction shows that the profile curve is not defined for values of u > (. Of
course, this also holds trivially if § = co. A similar argument applies to «, and
shows that («, 3) is the entire domain of definition of the profile curve. Hence,
the whole of S is an open subset of a catenoid.

The only remaining case to consider is that in which ¢g(u) = 0 for all values
of u for which the profile curve is defined. But then g(u) is a constant, say d,
and S is an open subset of the plane z = d. O

Example 12.2.3

A helicoid is a ruled surface swept out by a straight line that rotates at constant
speed about an axis perpendicular to the line while simultaneously moving at
constant speed along the axis. By applying an isometry of R? we can take the
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axis to be the z-axis. Let w be the angular velocity of the rotating line and
« its speed along the z-axis. If the line starts along the x-axis, at time v the
centre of the line is at (0,0, @v) and it has rotated by an angle wv. Hence, the
point of the line initially at (u,0,0) is now at the point

o(u,v) = (ucoswv, usinwv, av).

We leave it to Exercise 12.2.1 to check that this is a minimal surface. (A picture
of a helicoid can be found in Exercise4.2.6.)

We have the following analogue of Proposition 12.2.2.

Proposition 12.2.4

Any ruled minimal surface is an open subset of a plane or a helicoid.

Proof

We take the usual parametrization
o (u,v) =v(u) +vé(u)

(see Example 5.3.3), where =y is a curve that meets each of the rulings and d(u)
is a vector parallel to the ruling through ~(u). We begin the proof by making
some simplifications to the parametrization.

First, we can certainly assume that || d(u) || = 1 for all values of u. We assume
also that & is never zero, where the dot denotes d/du. (We shall consider later
what happens if §(u) = 0 for some values of u.) We can then assume that
4 -8 = 0 (see Exercise 5.3.4).

We have o, = 4 + v, o, = 8, S0

E=|4+v6|? F=(F+v8)-6=+-6, G=1.
Let A= VEG —F7. Then,
N = A" (5 +vé) x 4.
Next, we have yy = 4 + 08, Tyy = 8, Tpy = 0, S0

L = A7Y3+008)-((%+vd) x d),
M = A% ((4+v8) x &) = A 16.(4 x &),
N = 0.
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Hence, the minimal surface condition

LG —2MF + NE _

= 242

0

gives ) ) _

(5 +v8) - (3 + v6) x 6) = 2(6 - 4)(5 - (5 x 8)).
This equation must hold for all values of (u,v). Equating coefficients of powers
of v gives

(¥ x6) = 2(6-7)(-(yx9)), (12.9)
F-(6x8)+6-(Fx8) = 0, (12.10)
-(6xd8) = 0. (12.11)

Equation 12.11 shows that 8, & and & are linearly dependent. Since & and B
are perpendicular unit vectors, there are smooth functions «(u) and (u) such
that

d = ad + 3.

But, since & is unit-speed, § - § = 0. Also, differentiating § - 6 = 0 gives
6-0=—-6-0=—-1. Hence, o =—1and =0, so

6=-4. (12.12)

Equation 12.12 shows that the curvature of the curve & is 1, and that its
principal normal is —4d. Hence, its binormal is § x (—4d), and since

i(5><6):5><(5—|—¢'S><¢'$:—6><6:0,
du

it follows that the torsion of é is zero. Hence, § parametrizes a circle of radius
1 (see Proposition2.3.5). By applying an isometry of R?, we can assume that
0 is the circle with radius 1 and centre the origin in the xy-plane, so that

d(u) = (cosu, sinw, 0).
From Eq. 12.12, we get § - (4 x8)=—=0-(¥xd)=0,so by Eq. 12.10,
4 (8 x 8) =0.
It follows that 4 is parallel to the xy-plane, and hence that
¥(u) = (f(u), g(u), au +b),

where f and g are smooth functions and a and b are constants. If a = 0, the
surface is an open subset of the plane z = b. Otherwise, Eq. 12.9 gives

geosu — fsinu = 2(f cosu + gsinu). (12.13)
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We finally make use of the condition 4 - & = 0, which gives
fsinu = §cosu. (12.14)
Differentiating this gives
fsinu+ fcosu = §cosu— ¢sinu. (12.15)
Equations 12.13 and 12.15 together give
fcosu + gsinu =0

and using Eq. 12.14 we get f = ¢ = 0. Thus, f and g are constants. By a
translation of the surface, we can assume that the constants f, ¢ and b are
zero, so that vy(u) = (0,0, au) and

o(u,v) = (vcosu,vsinu, au),

which is a helicoid.

We assumed at the beginning that 8 is never zero. If § is always zero, then
4 is a constant vector and the surface is a generalized cylinder. But in fact a
generalized cylinder is a minimal surface only if the cylinder is an open subset
of a plane (Exercise 12.2.3). The proof is now completed by an argument similar
to that used at the end of the proof of Proposition 12.2.2, which shows that
the whole surface is an open subset of a plane or a helicoid. O

After the catenoid and helicoid, the next minimal surfaces to be discovered
were the following two.

Example 12.2.5

Enneper’s surface is

3

It was shown in Exercise8.5.1 that this is a minimal surface.

u? 2 v 2, .2 2
o(u,v) = u———i—uv,v—g—I—uv,u —v° ).
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Strictly speaking, this is not a surface patch as it is not injective. The
self-intersections are clearly visible in the picture above. However, if we restrict
(u,v) to lie in sufficiently small open sets, o will be injective (see Exercise
5.6.3).

Example 12.2.6

Scherk’s surface is the surface with Cartesian equation

cosy
z:ln< )
Ccos T

It was shown in Exercise8.5.2 that this is a minimal surface. Note that the
surface exists only when cosz and cosy are both > 0 or both < 0, in other
words in the interiors of the white squares of the following chess board pattern,
in which the squares have vertices at the points (7/2 4+ mm, 7/2+nn), where m
and n are integers, no two squares with a common edge have the same colour,
and the square containing the origin is white:

The white squares have centres of the form (mm,nm), where m and n are
integers with m 4+ n even. Since, for such m, n,

cos(y +nmw)  cosy

cos(z +mm)  cosz’
it follows that the part of the surface over the square with centre (mm, nm) is
obtained from the part over the square with centre (0,0) by the translation
(z,y,2) — (z +mm,y+ nm, z). So it suffices to exhibit the part of the surface
over a single square (see below).
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EXERCISES

12.2.1
12.2.2

12.2.3

12.2.4

Show that every helicoid is a minimal surface.

Show that the surfaces o' in the isometric deformation of a helicoid
into a catenoid given in Exercise 6.2.2 are minimal surfaces. (This is
‘explained’ in Exercise 12.5.4.)

Show that a generalized cylinder is a minimal surface only when the
cylinder is an open subset of a plane.

Verify that Catalan’s surface

u v
o(u,v) = (u — sinwucoshv, 1 — cosucoshv, —4 sin 5 sinh 5)
is a conformally parametrized minimal surface. (As in the case of
Enneper’s surface, Catalan’s surface has self-intersections, so it is
only a surface if we restrict (u,v) to sufficiently small open sets.)
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Show that:

(i) The parameter curve on the surface given by u = 0 is a straight
line.

(ii) The parameter curve u = 7 is a parabola.
(iii) The parameter curve v = 0 is a cycloid (see Exercise1.1.7).

Show also that each of these curves, when suitably parametrized,
is a geodesic on Catalan’s surface. (There is a sense in which
Catalan’s surface is ‘designed’ to have a cycloidal geodesic — see
Exercise 12.5.5.)

12.3 Gauss map of a minimal surface

Recall from Section 7.2 that the Gauss map G of an oriented surface S associates
to each point p € S the unit normal N, of S at p regarded as a point of the
unit sphere $2. We begin with the following ‘local’ result:

Proposition 12.3.1

With the above notation, suppose that the Gaussian curvature of S is non-zero
at the point p. Then, there is an open subset V' of S containing p such that
the restriction of G to V is injective.

This result (and its proof) implies that, if the Gaussian curvature of S is
nowhere zero, the Gauss map of S is a local diffeomorphism.

Proof

Let o : U — R? be a surface patch of S containing p, say p = o (ug,vo), and
let N : U — R? be the standard unit normal of o. By Eq.8.2,

Ny xN, =Ko, X oy,

where K is the Gaussian curvature of S, so by Exercise 5.6.3 there is an open
subset W of U containing (ug, vg) such that the restriction of the map N to W
is injective. Then, o(W) is an open subset of S containing p and the restriction
of G to o(W) is injective. |
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Theorem 12.3.2

Let S be a minimal surface with nowhere vanishing Gaussian curvature. Then,
the Gauss map is a conformal map from S to S2.

Proof

By Theorem 6.3.3, we have to show that the bilinear forms ( , ) and G*(, )
are proportional. Now, if p € S and v,w € TS,

G (v, w) = (DpG(v), DpG(w)) = (-=W(v), =W(w)) = (W (v), W),

where W is the Weingarten map; the last equation follows from the fact that
W is self-adjoint (Corollary 7.2.4). But, by Exercise 8.1.6 and the fact that the
mean curvature H is zero, we have

W? =K,

the Gaussian curvature of S. It follows that

as we want. O

We saw in Exercise 6.3.4 that a conformal parametrization of the plane is
necessarily holomorphic or anti-holomorphic, so this proposition strongly sug-
gests a connection between minimal surfaces and holomorphic functions. This
connection turns out to be very extensive, and we shall give an introduction to
it in Section 12.5.

EXERCISES

12.3.1 Let S be a connected surface whose Gauss map is conformal.

(i) Show that, if p € S and if the mean curvature H of S at p is
non-zero, there is an open subset of S containing p that is part
of a sphere.

(ii) Deduce that, if H is non-zero at p, there is an open subset of
S containing p on which H is constant.

(iii) Deduce that S is either a minimal surface or an open subset of
a sphere.
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12.3.2 Show that:

(i) The Gauss map of a catenoid is injective and its image is the
whole of 52 except for the north and south poles.

(ii) The image of the Gauss map of a helicoid is the same as that of
a catenoid, but that infinitely many points on the helicoid are
sent by the Gauss map to any given point in its image.

(The fact that the Gauss maps of a catenoid and a helicoid have the
same image is ‘explained’ in Exercise 12.5.3 (ii).)

12.4 Conformal parametrization of minimal
surfaces

Our goal in this section is to prove the following theorem.

Theorem 12.4.1

Let S be a minimal surface and let p € S. Then, there is a surface patch o of
S containing p that is conformal.

Recall from Section 6.3 that this means that the first fundamental form of
o (u,v) is of the form E(du? + dv?) for some smooth function E(u,v).

Proof

Let p = (xo0,¥0,20).- By Exercise 5.6.4, if the tangent plane of S at p does
not contain the z-axis, there is an open set U in R? containing (zo,yo) and
a smooth function f : V' — R such that an open subset of S consisting of
the points (x,y, z) with (x,y) € V coincides with the graph of the function f.
(If the tangent plane at p does contain the z-axis, then S will be a graph of
the form x = f(y,z) or y = f(x, z) near p.) We can also assume that V is an
open disc
D ={(@.y)| (& —20)* + (y — )2 < 1},

for some r > 0, since any open set in R? containing (0, %0) contains such a
disc. We must therefore show that the surface patch

&(.Z‘,y) = (xvyaf(x’y))v (x,y) €D,

has a conformal reparametrization.
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The coefficients of the first fundamental form of & are

E:1+f§a F:fxfyv G:1+f5-

0-6) €0, o

where A = v EG — F?. Indeed,

A, \A/Jy L+ f2+17)%?
2L+ £+ ) fafay — A+ ) (fafoy + Fyfun)
A+ 2+ P
Fo(+ ) faw = 2fafyfoy + (L+ f2) fiy)
(L+ f2+ f)%?

We show first that

= 0’

by Exercise 8.1.1. The second equation in (12.16) is proved similarly.
From advanced calculus, we know that Egs. 12.16 imply the existence of
smooth functions ¢, : D — R such that
E F F G
4,03::27 @y227 ¢x227 wy:Z

In fact, we can just define

(M aB((1 —t)rg +tr) + yF((1 — t)rg + tr)
o= | A Do+ )

dt,

where r = (z,y), ro = (20, y0); and similarly for .
The reparametrization map we want is
wz,y) =z +o(@,y), v(zy)=y+py).
Note that

Uy Uy 1+ ¢, Py 1+ % %
— = 12.17
(vz vy) ( (o 1+¢y> ( % 1"‘% ( )

E G F? E+G
(+A)(+A) + >0

By the Inverse Function Theorem 5.6.1, the function F : D — R? given by
F(z,y) = (u(z,y),v(x,y)) has a smooth inverse function F~! (we may have to

SO
Up Uy

Vg Uy

replace D by a smaller open disc with centre (zg,yo)). Let

F~ 4 (u,v) = (2(u,v),y(u, v)).
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We shall show that the reparametrization

o (u,v) = (z(u,v),y(u,v), f(z(u, v),y(u, v)))

of & is conformal.
By the chain rule,

(202
Yu  Yov Ve Uy ’

Ty Ty \ [ Uz Uy _1_ 1 G+A —F

Yu Yo ) vz vy T E+G+2A\ —-F E+A
by Eq. 12.17. Letting z(u,v) = f(z(u,v), y(u,v)), we get (again using the chain
rule)

SO

fo(G+A) - fyF
2y = le'uJnyyu: E+G—|—2Ay ,

fy(E+A)— f.F
Zy = fmxv'i'fyyv: y(.E+G+2A .

Hence,

oy, = T, +y. -+

(G+ AP+ F? + (fo(G+A) — [ F)?

(E+ G +24)2
(G+AP+F>+(E-1)(G+A?>+ (G-1)F?>—-2(G+ A)F?

(E+ G +2A)?
E(G+ A)? +GF? - 2(G + A)F?
(E + G +24)?

EA% +2A(EG — F?) + G(EG — F?)

(E+ G +24)2

A2
E+G+24A°
using f2 =F — 1, fy2 = G — 1 to pass from the second line to the third and
A? = EG — F? to pass from the fifth line to the sixth. Similar calculations
show that
A2

_— o, =0. O
E+G+t2a Twov

0,.0, =
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EXERCISES

12.4.1 Use Proposition 12.3.2 to give another proof of Theorem 12.4.1 for
surfaces § with nowhere-vanishing Gaussian curvature.

12.5 Minimal surfaces and holomorphic
functions

In this section, we shall make use of certain elementary properties of holomor-
phic functions. Readers without the necessary background in complex analysis
may safely omit this section, the results of which are not used anywhere else
in the book.

Let 0 : U — R3 be a conformal surface patch. We introduce complex
coordinates in the plane of which U is an open subset by setting

(=u+iv, (u,v)€eU,

and we define
p(() = oy —io,. (12.18)

Thus, ¢ = (¢1, P2, @3) has three components, each of which is a complex-valued
function of (u, v), i.e., of ¢. The basic result which establishes the connection be-
tween minimal surfaces and holomorphic functions is the following proposition.

Proposition 12.5.1
Let o : U — R3 be a conformal surface patch. Then o is minimal if and only

if the function ¢ defined in Eq. 12.18 is holomorphic on U.

To say that ¢ is holomorphic means that each of its components ¢1, 2 and
3 is holomorphic.

Proof

Let ¢(u,v) be a complex-valued smooth function, and let o and 3 be its real
and imaginary parts, so that ¢ = a + i. The Cauchy—Riemann equations

ay =y and o, = —Fy

are the necessary and sufficient conditions for ¢ to be holomorphic. Applying
this to each of the components of ¢, we see that ¢ is holomorphic if and only if
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(Uu)u = (_a'v)v and (Uu)v = _(_Uv)u- (12.19)

The second equation imposes no condition on o, and the first is equivalent to
Ouu + 04, = 0. But it was shown in Exercise 8.5.1 that a conformal surface
patch o is minimal if and only if o, + o, is zero. O

The holomorphic function ¢ associated to a minimal surface o is not
arbitrary:

Theorem 12.5.2

If o : U — R3 is a conformally parametrized minimal surface, the vector-
valued holomorphic function ¢ = (¢1, @2, p3) defined in Eq. 12.18 satisfies the
following conditions:

(1) 7 +¢3 +¢3 =0.
(ii) ¢ is nowhere zero.

Conversely, if U is simply-connected, and if o1, 2 and @3 are holomorphic
functions on U satisfying conditions (i) and (ii) above, there is a conformally
parametrized minimal surface o : U — R? such that ¢ = (g1, 2, p3) satis-
fies Eq. 12.18. Moreover, o is uniquely determined by ¢, p2 and @3 up to a
translation.

An open subset U of R? is said to be simply-connected if every simple closed
curve in U can be shrunk to a point staying inside U. Intuitively, this means
that U has no ‘holes’.

Simply-connected Not simply-connected

In the course of the following proof, and in the proof of Proposition 12.5.5
below, we shall need to recall that, if F' is a holomorphic function of { = u+iv,
then

F,=F, F,=iF', (F),=F, (F),=—iF,
where F’ = dF/d( is the complex derivative of F', and the bar denotes complex-
conjugate.
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Proof

Suppose first that & = (0!, 02, 03) is minimal, where o* : U — R for k = 1,2, 3.
We have to show that ¢ = (@1, @2, ¢3) satisfies conditions (i) and (ii). Since
or =0k —iok for k=1,2,3,

3 3
doer =Y (08 = (o5)* —2ict0l) = ou |* = | o0 || —2i0 - oo,
k=1 k=1

(12.20)

which vanishes since o is conformal. Finally, ¢ = 0 if and only if 7, = 0, = 0,
and this is impossible since o is regular.

For the converse, take ¢ satisfying conditions (i) and (ii). We must show
that ¢ arises from a minimal surface as above, and that this minimal surface
is unique up to a translation of R3. Fix (ug,v9) € U and define o as the real
part of a complex line integral:

o) = Re [ l€)ds

where 7 is any curve in U from (ug,vo) to (u,v) € U. The fact that U is
simply-connected implies, by virtue of Cauchy’s Theorem, that fﬂ_ p(&)d¢ is in-
dependent of the path 7 chosen, and hence so is o (u, v). Now, ®(¢) = [ ¢(§)d¢
is a holomorphic function of ¢ = u + iv, and ®'(¢) = ¢(¢). Hence, by the facts
stated just before the beginning of the proof,

o, = Re(D,) = Re(P') = Re(ep),

Iy (12.21)
oy = Re(P,) = Re(1P') = —Tm(p),

S0 P =0y — 10y.

To complete the proof, we have to show that o is a conformal surface
patch. But, condition (ii) and Egs. 12.21 show that o, and o, are not both
zero. By condition (i) and Eq. 12.20, || o, ||=|| 0+ || and o, - 0, = 0. Since
o, and o, are not both zero, this proves that o, and o, are both non-zero
and perpendicular, hence linearly independent, so that o is a regular surface
patch; it also proves that o is conformal.

If another conformal minimal surface & corresponds to the same holomor-
phic function ¢ as o, then ¢, = o, and o, = o, everywhere on U, which
implies that & — o is a constant, say a, so that & is obtained from o by
translating by the vector a. O

Before giving some examples, we observe that, if a holomorphic function ¢
satisfies the conditions in Theorem 12.5.2, so does i¢p. If ¢ is the holomorphic
function corresponding to a minimal surface S, the minimal surface to which
i corresponds is called the conjugate of S. It is well defined by S up to a
translation.
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Example 12.5.3
The parametrization
o(u,v) = (coshucosv, coshusinv, u)

of the catenoid is conformal (see the solution of Exercise 6.2.3). The associated
holomorphic function is

e(() = oy —ioy
= (sinhw cosv + 7 cosh u sin v, sinh u sinv — ¢ coshu cos v, 1)
= (sinh(u + iv), —i cosh(u + iv), 1)
= (sinh ¢, —icosh(, 1).

Note that conditions (i) and (ii) in Theorem 12.5.2 are satisfied, since ¢ is
clearly never zero and the sum of the squares of its components is

sinh? ¢ — cosh? ¢ +1 = 0.

Let us determine the conjugate minimal surface & of the catenoid. From
the proof of Theorem 12.5.2,

&(u,v) = %e/(i sinh &, cosh &, 7) d§
= Re(i cosh ¢, sinh (, ()

= (—sinhusinv, sinh u cosv, —v),

up to a translation. If we reparametrize by defining @ = sinhu, o = v+ /2, we
get the surface

(t,0) — (G@cosd,usind, —v),
after translating by (0,0, —7/2), which is obtained from the helicoid in Exercise
4.2.6 by reflecting in the z-axis. Note that the parametrization of the helicoid
given in Exercise 4.2.6 is not conformal, so the constructions in this section
cannot be applied to it.

It is actually possible to ‘solve’ the conditions on ¢ in Theorem 12.5.2.

Proposition 12.5.4

Let f(¢) be a holomorphic function on an open set U in the complex plane,
not identically zero, and let g(¢) be a meromorphic function on U such that, if
Co € U is a pole of g of order m > 1, say, then (j is also a zero of f of order
> 2m. Then,

o= (510~ 570+ 9. 19) (12.22)
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satisfies conditions (i) and (ii) in Theorem 12.5.2, and conversely every
holomorphic function ¢ satisfying these conditions arises in this way.

The correspondence given by Theorem 12.5.2 and Proposition 12.5.4 be-
tween pairs of functions f and g and minimal surfaces is called Weierstrass’
representation.

Proof

Suppose that f and g are as in the statement of the proposition. If g has a pole
of order m > 1 at (y € U, and f has a zero of order n > 2m at (y, then the
Laurent expansions of f and g about (y are of the form

f(Q)=a((—¢)" +--- and g(():ﬁ_k...’

where a and b are non-zero complex numbers and the --- indicates terms in-
volving higher powers of ( — (y. Then,

F(L£g%) = £ab(C = G0)" 2"+ and fg=ab(C — (o) " +

involve only non-negative powers of  — (p, so ¢ is holomorphic near (. Since
it is clear that ¢ is holomorphic wherever g is holomorphic, it follows that the
function ¢ defined by Eq. 12.22 is holomorphic everywhere on U. It is clear
that ¢ is identically zero only if f is identically zero, and simple algebra shows
that ¢ satisfies condition (i) in Theorem 12.5.2.

Conversely, suppose that ¢ = (p1, @2, ¢3) is a holomorphic function satis-
fying conditions (i) and (ii) in Theorem 12.5.2. If 1 — ig2 is not identically

zero, define
3

p1— i
Since ¢ is holomorphic, f is holomorphic and g is meromorphic. Condition (i)
implies that (o1 +ip2)(p1 — ig2) = —¢2, and hence that

f=¢1—ipa, g= (12.23)

p1 +ips = —fg. (12.24)

Simple algebra shows that Egs. 12.23 and 12.24 imply Eq. 12.22. Equation 12.24
implies that fg? is holomorphic, and the argument with Laurent expansions
in the first part of the proof now gives the condition on the zeros and poles
of f and g. Finally, if o1 — ips = 0, we repeat the above argument replacing
p1 T ips by ©1 Fips (note that ¢ —ips and 1 +ips cannot both be zero, for
if they were we would have p; = s = 0, hence 3 = 0 by condition (i), and
this would violate condition (ii)). |

We give only one application of Weierstrass’ representation.



330 12. Minimal surfaces

Proposition 12.5.5

The Gaussian curvature of the minimal surface corresponding to the functions
f and g in Weierstrass’ representation is

_ _—16|dg/d¢|?
PO+t

Proof

This is a straightforward, if tedious, computation, and we shall omit many of
the details. Define ® by taking the complex-conjugate of each component of (.
Then, o, = (¢ +P), 0y = 5:(@ — ). Since p - @ = - @ = 0, the first
fundamental form is 1¢ - @(du? + dv?). Substituting the formula for ¢ from
Eq. 12.22 and simplifying, we find that the first fundamental form is

1
FI 1P+ [g*)* (du® + dv?). (12.25)
Next,
1 _ _ 1 _
Oy X Oy = Z(‘P+‘P)>< (P—p)=—pxp
) 21
1 1 1
louxoul? = —2(ex@) (pxP)=—(¢ L)@ P) (¢ 8)°) = (¢ D)7
N=—iPX¥
v P
In terms of f and g, this becomes
1 2
= — g,—1(g—7 —1). 12.26
EpE (9+7,—ilg—9).l9I* = 1) (12.26)

Using the remarks preceding the proof of Theorem 12.5.2 and the formulas
L=-0,-Ny,, M=-0,-N,, N=—-0, N,

(which follow by differentiating o, - N = o, - N = 0), we find that the second
fundamental form is

- % ((fg' + Fg)(du? + dv?) + 2i(fg' — Fg')dudv) . (12.27)

Combining Eqgs. 12.25-12.27, and using the formula for the Gaussian curvature
K in Corollary 8.1.3, we finally obtain the formula in the statement of the
proposition. O
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Corollary 12.5.6

Let S be a minimal surface that is not part of a plane. Then, the zeros of the
Gaussian curvature of S are isolated.

This means that, if the Gaussian curvature K vanishes at a point p €
S, then K does not vanish at any other point of S sufficiently near to p.
More precisely, if p lies in a surface patch o of S, say p = o(ug,vp), there
is a number ¢ > 0 such that K does not vanish at the point o(u,v) € S if
0< (u—wup)®+ (v—19)? < e

Proof

From the formula for K in Proposition 12.5.5, K vanishes exactly where the
meromorphic function ¢’ vanishes. If ¢’ is zero everywhere, so is K and S is
an open subset of a plane (this was shown in Proposition 8.2.9, but follows
immediately from Eq. 12.26 which shows that N is constant if ¢ is constant).
But it is a standard result of complex analysis that the zeros of a non-zero
meromorphic function are isolated, so if K is not identically zero its zeros must
be isolated. O

EXERCISES

12.5.1 Find the holomorphic function ¢ corresponding to Enneper’s mini-
mal surface given in Example 12.2.5. Show that its conjugate mini-
mal surface coincides with a reparametrization of the same surface
rotated by 7/4 around the z-axis.

12.5.2 Find a parametrization of Henneberg’s surface, the minimal sur-
face corresponding to the functions f(¢) = 1 — (7%, g(¢) = ¢
in Weierstrass’ representation. The following are a ‘close up’ view
and a ‘large scale’ view of this surface.

7

Henneberg: close up
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12.5.3

12.5.4

12.5.5

Henneberg: Large scale

Show that, if ¢ satisfies the conditions in Theorem 12.5.2; so does
aw for any non-zero constant a € C; let % be the minimal surface
patch corresponding to ay, and let ! = o be that corresponding
to . Show that:

(i) If a € R, then o is obtained from o by applying a dilation and
a translation.

(ii) If |a| = 1, the map o(u,v) — o*(u,v) is an isometry, and the
tangent planes of o and & at corresponding points are parallel
(in particular, the images of the Gauss maps of o and o are
the same).

Show that if the function ¢ in the preceding exercise is that cor-
responding to the catenoid (see Example 12.5.3), the surface o
coincides with the surface denoted by o' in Exercise 6.2.3.

Let v : (a, 3) — R? be a (regular) curve in the xy-plane, say
y(u) = (f(u), g(u),0),

and assume that there are holomorphic functions F' and G defined
on a rectangle

U={ut+iveCla<u<f, —e<v<e},

for some € > 0, and such that F'(u) = f(u) and G(u) = g(u) if u is
real and o < u < 3. Note that (with a dash denoting d/dz as usual),

F'(2)* +G'(2)> #0  if Jm(z) =0,
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so by shrinking e if necessary we can assume that F”(2)2+G’(2)? # 0
for all z € U. Show that:

(i) The vector-valued holomorphic function
o= (F .G i(F?+G*?
satisfies the conditions of Theorem 12.5.2 and therefore defines
a minimal surface o (u, v).
(ii) Up to a translation, o (u,0) = v(u) for @ < u < 3.
(iii) - is a pre-geodesic on o (see Exercise9.1.2).

(iv) If we start with the cycloid
y(u) = (v —sinw, 1 — cosu, 0),
the resulting surface o is, up to a translation, Catalan’s surface and

we have ‘explained’ why Catalan’s surface has a cycloidal geodesic —
see Exercise 12.2.4.






13

The Gauss—Bonnet theorem

The Gauss—Bonnet theorem is the most beautiful and profound result in
the theory of surfaces. Its most important version relates the average of the
Gaussian curvature to a property of the surface called its ‘Euler number’ which
is ‘topological’, i.e., it is unchanged by any diffeomorphism of the surface. Such
diffeomorphisms will in general change the value of the Gaussian curvature,
but the theorem says that its average over the surface does not change. The
real importance of the Gauss—Bonnet theorem is as a prototype of analogous
results which apply in higher dimensional situations, and which relate geomet-
rical properties to topological ones. The study of such relations was one of the
most important themes of twentieth century mathematics, and continues to be
actively studied today.

13.1 Gauss—Bonnet for simple closed curves

The simplest version of the Gauss—Bonnet Theorem involves simple closed
curves on a surface. In the special case when the surface is a plane, these
curves have been discussed in Section 3.1. For a general surface, we make the
following definition.

Andrew Pressley, Elementary Differential Geometry: Second Edition, 335
Springer Undergraduate Mathematics Series, DOI 10.1007/978-1-84882-891-9-13,
(© Springer-Verlag London Limited 2010
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not allowed

Definition 13.1.1

A curve y(t) = o(u(t),v(t)) on a surface patch o : U — R3 is called a simple
closed curve with period T if w(t) = (u(t),v(t)) is a simple closed curve in
R? with period T such that the region int(m) of R? enclosed by = is entirely
contained in U (see the diagrams above). The curve =y is said to be positively-
oriented if 7 is positively-oriented. Finally, the image of int(7) under the map
o is defined to be the interior int(«y) of ~.

We can now state the first version of the Gauss—Bonnet Theorem.

Theorem 13.1.2

Let ~(s) be a unit-speed simple closed curve on a surface patch o of length
£(7y), and assume that ~ is positively-oriented. Then,

£(v)
/ Kgds =21 — / KdA,,
0 int(4y)

where k4 is the geodesic curvature of v, K is the Gaussian curvature of o and
dA4 is the area element of o (see Section 6.4).

We use s to denote the parameter of v to emphasize that « is unit-speed.
The double integral on the right-hand side of the equation in Theorem 13.1.2
is called the total curvature of the region int(7y).

Proof

We start by computing the geodesic curvature of 4. For this, we shall make use
of a smooth orthonormal basis {€’, "} of the tangent plane at each point of the
surface patch, where ‘smooth’ means that €’ and e’ are smooth functions of
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the surface parameters (u,v). Then, {€’,e” N} is an orthonormal basis of R?
(N being the standard unit normal of o), and we shall assume that it is right-
handed, i.e., that N = e’ x €”. This can always be achieved by interchanging
e’ and e if necessary. Note that the dashes on e’ and e” have nothing to do
with derivatives.

Let 0(s) be the oriented angle €'% between the unit tangent vector (s) of
~ at v(s) and the unit vector e’ at the same point. Thus,

4 = cos e’ + sine”. (13.1)
Then,
N x 4 = —sinfe’ + cosfe”. (13.2)
N

6” ’;/

g m——-—————

Now, by Eq. 13.1,
4 = cos 0é’ + sin e + 6(— sin he’ + cosfe’’), (13.3)

so by Egs. 13.2 and 13.3 the geodesic curvature of - is

kg= (N x4%)-4 (see Section7.3)
= 0(—sinfe’ + cosfe”) - (—sinfe’ + cosfe’)
+(—sinfe’ + cosfe”) - (cos e’ + sinfe”)
=0+ cos’0(e - e") —sin20(e" - €)

+sinfcosf(e” -e” —¢é&' -€e') (by Egs. 13.1 and 13.2).

Since €’ and e” are perpendicular unit vectors,

Hence,
kg=0—¢€-¢e". (13.4)
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Thus, to compute the left-hand side of the equation in Theorem 13.1.2, we
must compute the integrals of # and of €’ - &” around the curve v. We begin
with the latter, for which we shall need the following lemma.

Lemma 13.1.3

Let
Edu® + 2Fdudv + Gdv?® and Ldu® + 2Mdudv + Ndv?

be the first and second fundamental forms of o, respectively. Then, with the
above notation, we have

LN — M?
e/u . eg — eg ~e;} = m (135)

Assuming this for a moment, we compute
£() £(v)
/ e -e'ds= / e - (uell +vel)ds = / (e -edu+ (e - e!)dv.
0 0 K
By Green’s theorem (see Section 3.2), this can be rewritten as a double integral:
£(v)
/ e -e'ds :/ {(e'- €y — (e - e, }dudv
0 int(7)
S IR (CALO R AT
int(7

EG — F?)1/?

LN — M?
- T (BG — F2)Y2dudy
/int(‘rr) EG - F?

LN — M?
:/ (—dudv (by Lemma 13.1.3)
int(7)

:/ KdAs, (see Section 6.4). (13.6)
int(7r)

If we combine Eqgs. 13.4 and 13.6 and compare with the statement of the
theorem, we see that what remains is to prove that

£(y) |
/ 0ds = 2.
0

This is a version of Hopf’s Umlaufsatz (cf. Theorem 3.1.4). We cannot give a
fully satisfactory proof of it here but we offer the following heuristic argument.

The main observation is that, if 7 is any other simple closed curve contained
in the interior of «, there is a smooth family of simple closed curves v7, defined
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for 0 < 7 < 1, say, with v° = v and 4! = 4 (see Section 9.4 for the notion of
a smooth family of curves). The existence of such a family is supposed to be
‘intuitively obvious’.

Note, however, that it is crucial that the interior of 7 is entirely contained in
U, otherwise such a family will not exist, in general (see the diagram below).

Observe next that the integral f(f ") § ds should depend continuously on 7.
Further, since 47 and e’ return to their original values as one goes once round
~7, the integral is always an integer multiple of 2. These two facts imply that
the integral must be independent of 7 — for by the intermediate value theorem
a continuous variable cannot change from one integer to a different integer

//////é}/%
without passing through some non-integer value. To compute f(f ™ 0 ds, we can
therefore replace v by any other simple closed curve 4 in the interior of -+, since

this will not change the value of the integral. We take 4 to be the image under
o of a small circle in the interior of 7. It is ‘intuitively clear’ that

(7) |
/ 0ds =2,
0
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because

(i) € is essentially constant at all points of 4 (because the circle is very small),
and

(ii) the tangent vector to 4 rotates by 27 on going once round 4 because the
interior of 4 can be considered to be essentially part of a plane, and it is
‘intuitively clear’ that the tangent vector of a simple closed curve in the
plane rotates by 27 on going once round the curve (indeed, this is the
content of Theorem 3.1.4).

This completes the ‘proof’ of Hopf’s Umlaufsatz. To complete the proof of
Theorem 13.1.2, all that remains is to prove Lemma 13.1.3.

Proof 13.1.3 We can express the partial derivatives of € and e” with respect
to u and v in terms of the orthonormal basis {€’,e”,N}. Since both partial
derivatives of e’ are perpendicular to €', the e’ components of e/, and e/, are
zero (and similarly for e”). Thus,

e, ae” + NN,
e;} _ Be” + i/'N,
el = —adée + \'N,
=g +i'N,

for some scalars «, 3,a/, 5, N, 1/, N, 1’ (which may depend on u and v).
Moreover, by differentiating the equation e’ - €’ = 0 with respect to u, we

see that e}, - e’ = —e€’ - ell. i.e., &’ = a (and similarly 3’ = 3). Thus,
e, = ae” + NN,
&= B+ uN,
e/ =—ae  +NN, (13.7)
el = — B + u”"N.

It follows that
e, e —er-e =\Nu" =Ny (13.8)

On the other hand, combining the formula
Ny xN, =Ko, X o,

(see Eq. 8.2) with the formulas

N = M, H Oy X Oy H: (EG—F2)1/2
| ou x oy |
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(see Proposition 6.4.2), we get

LN — M?
Nu X Nv = —(EG — F2)1/2N,
and hence LN 12
Since N =€’ x €”,
(N, xN,)-N=(N, xN,)- (e xe"),

=(N )( v-€’) = (Ny-e")(N,€)
=(N-e,)(N-€) - (N-e;)(N-e ) (13.10)
=Ny =Ny by Eq. 13.7,

where in passing from the second line to the third we used the equations

/ ! " "
N, -¢=—-N-e,, N,-e'=-N-e,,
/ ! " "
N,-e¢=—-N-e, N,.-e'=-N-e,,

which follow by differentiating N - e’ = 0 = N - €” with respect to u and
v. Putting Egs. 13.9 and 13.10 together shows that the right-hand sides of
Egs. 13.5 and 13.8 are equal. Since Eq. 13.8 has already been established, this
proves Eq.13.5. O

EXERCISES

13.1.1 Suppose that a surface patch o has Gaussian curvature < 0 every-
where. Prove that there are no simple closed geodesics on o. How
do you reconcile this with the fact that the parallels of a circular
cylinder are geodesics?

13.1.2 Let 4 be a unit-speed curve in R? with nowhere vanishing curvature.
Let n be the principal normal of v, viewed as a curve on S2, and let
s be the arc-length of n. Show that the geodesic curvature of n is,

d T
— (tan —) ,
] K

where k and 7 are the curvature and torsion of . Show also that, if

up to a sign,

n is a simple closed curve on S2, the interior and exterior of n are
regions of equal area (Jacobi’s Theorem).
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13.2 Gauss—Bonnet for curvilinear polygons

For the next version of Gauss—Bonnet, we shall have to generalize our notion
of a curve by allowing the possibility of ¢ corners’. More precisely, we make the
following definition.

Definition 13.2.1

A curvilinear polygon in R? is a continuous map 7 : R — R? such that, for
some real number 7" and some points 0 =ty <t;1 < --- <t, =1T:

(i) w(t) = w(¢') if and only if ¢’ — ¢ is an integer multiple of 7.
(ii) 7r is smooth on each of the open intervals (to,t1), (t1,t2), ..., (tn—1,tn).

(iii) The one-sided derivatives

t) —m(i; t) —m(t
am () = tim TOZTE) gy T =) g5y
tTt; t— tz tlt; t— tz
exist for s = 1,...,n and are non-zero and not parallel.
The points «(¢;) for i = 1,...,n are called the vertices of the curvilinear poly-

gon 7, and the segments of it corresponding to the open intervals (¢;-1,t;) are
called its edges.

It makes sense to say that a curvilinear polygon 7 is positively-oriented:
for all ¢ such that =(t) is not a vertex, the vector ns obtained by rotating
7 anticlockwise by /2 should point into int(s). (The region int() enclosed
by 7 makes sense because the Jordan Curve Theorem applies to curvilinear
polygons in the plane.)

Now let o : U — R3 be a surface patch and let 7 : R — U be a curvilinear
polygon in U, as in Definition 13.2.1. Then, v = o o 7 is called a curvilin-
ear polygon on the surface patch o, int() is the image under o of int(w),
the vertices of « are the points ~(t;) for i = 1,...,n, and the edges of « are
the segments of it corresponding to the open intervals (¢;—1,t;). Since o is
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allowable, the one-sided derivatives

A () = hmM 4% (t:) = lim () — ()

tht,  t—t; tlt,  t—t;
exist and are not parallel.

Let 9} be the angles between '7i(ti) and €', defined as in Eq. 13.1, let
0; = 0?‘ — 0, be the external angle at the vertex v(¢;), and let a; = 7 — §; be
the internal angle. Since the tangent vectors 4" (¢;) and 4~ (¢;) are not parallel,
the angle §; is not a multiple of 7. Note that all of these angles are well defined
only up to multiples of 2w. We assume from now on that 0 < a; < 27 for
t=1,...,n.

A curvilinear polygon ~ is said to be unit-speed if || 4 || = 1 whenever ¥
is defined, i.e., for all ¢ such that ~(¢) is not a vertex of 4. We denote the
parameter of v by s if « is unit-speed. The period of - is then equal to its
length (), which is the sum of the lengths of the edges of ~.

Theorem 13.2.2

Let «v be a positively-oriented unit-speed curvilinear polygon with n edges on

a surface o, and let a1, aq, ..., a, be the interior angles at its vertices. Then,
£() n
/ ngds:Zai—(n—Q)w—/ KdA.
0 i=1 int(v)
Proof

Exactly the same argument as in the proof of Theorem 13.1.2 shows that

£(7) () |
/ Kgds :/ 9ds—/ KdAs.
0 0 int ()

We shall prove that ‘o)
) . n
/ fds = 2m = 5. (13.12)
0 i=1

Assuming this, we get

() n
/ /@gds:Qﬂ'—Z&—/ KdA,
0 i=1

int(y)

n

=2r— ) (7—a) —/ KdAs

i=1 int(~y)
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To establish Eq. 13.12; we imagine ‘smoothing’ each vertex of v as shown
in the following diagram.

If the ‘smoothed’ curve 4 is smooth (1), then, in an obvious notation,
() -
/ Ods = 2m. (13.13)
0
Since v and 4 are the same except near the vertices of -+, the difference

€A) . ),
/ Ods 7/ Ods (13.14)
0 0

is a sum of n contributions, one from near each vertex. Near v(s; ), the picture is

roM
S )7 say,

ie., v and 4 agree except when s belongs to a small interval (s}, s}

containing s;, so the contribution from the ith vertex is

/iéds—/léds—/iéds.
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"
)

The first integral is the angle between 4(s”) and 4(s}), which as s, and s/
tend to s; becomes the angle between 41 (s;) and 4~ (s;), i.e., §;. On the other
hand, since v(s) is smooth on each of the intervals (s}, s;) and (s;, s7), the last
two integrals go to zero as s; and s/ tend to s;. Thus, the contribution to the
expression (13.14) from the i¢th vertex tends to J; as s; and s; tend to s; .

Summing over all the vertices, we get

() . «) n
/ 0ds—/ fds = " 6;.
0 0 i=1

Equation 13.12 now follows from this and Eq. 13.13. O

Corollary 13.2.3

If v is a curvilinear polygon with n edges each of which is an arc of a geodesic,

then the internal angles aq, as, ..., a, of the polygon satisfy the equation
Y ai=mn-2)r +/ KdA,.
i=1 int(vy)
Proof
This is immediate from Theorem 13.2.2, since x4, = 0 along a geodesic. O

As a special case of Corollary 13.2.3, consider an n-gon in the plane with
straight edges. Since K = 0 for the plane, Corollary 13.2.3 gives

a well-known result of elementary geometry.

For a curvilinear n-gon on S? whose sides are arcs of great circles, we have
K =150 Y a; exceeds the plane value (n — 2)m by the area [dAs of the
polygon. Taking n = 3, we get for the area of a spherical triangle with angles
«, 3, whose edges are arcs of great circles,

A=a+8+v—m.

This is just Theorem 6.4.7, which is therefore a special case of Gauss—Bonnet.
Finally, for a geodesic n-gon on the pseudosphere (see Section 8.3), for which
K = —1, we see that ) «; is less than (n — 2)7 by the area of the polygon:

A=n—-2)r—a; —az — -+ — g,

which is Theorem 11.1.5.
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EXERCISES

13.2.1 Consider the surface of revolution

o(u,v) = (f(u)cosv, f(u)sinv, g(u)),

where y(u) = (f(u),0,g(u)) is a unit-speed curve in the zz-plane.
Let u1 < ug be constants, let vv; and v, be the two parallels u = u;
and u = ug on o, and let R be the region of the uv-plane given by

w <u<uy, 0<v<2m.

(1) £(72)
/ Kgds, / Kgds and / KdAg,
0 0 R

and explain your result on the basis of the Gauss—Bonnet theorem.

Compute

13.3 Integration on compact surfaces

The most important version of the Gauss—Bonnet theorem applies to compact
surfaces. Before we prove it (in the next section), we must first discuss the
integration of functions on such surfaces. Our approach is a little non-standard,
and we shall not attempt to give complete proofs. This section can be omitted
by readers willing to accept the existence of an integral on S that has reasonable
properties.

Suppose that f: S — R is a smooth function on a compact surface S. If f
vanishes outside some set that is contained in a single surface patch o : U — R3,
we can define the integral of f by using the formulas from Section 6.4:

/ fd.A:/ flo(u,v)) || oy X 0y || dudv. (13.15)
s U

However, if f does not have this property, another method of defining the
integral of f must be found.

The idea is to ‘thicken’ the surface S to obtain an open subset V of R?
that contains S. The function f is extended to a function on V' by defining the
extension to be constant in directions perpendicular to the surface. Then, the

volume integral
/// f(z,y,x) dedydz
1%
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should be approximately the ‘thickness’ of V' multiplied by the integral of f
over the surface S.

Recall first that S is orientable (Corollary 5.4.5), so there is a smooth choice
of unit normal N, at every point p € S. Let € > 0 and define S(=9) t0 be the
set of points of ]R3 of the form

p +tNp, pES, te (—¢e),

so that S(~49) has ‘thickness’ 2¢. (Thus, S(~¢) is the region of R? contained
between two parallel surfaces of S — see Definition 8.5.1.) It can be shown that:

(i) S(=% is an open subset of R.

(ii) If € is sufficiently small, the map o= : (p,t) — p + tNp, is injective
(p €S, te(—ee).
By (ii), we can define a function f(=¢ :S(=%¢) — R by

FE9 (p +tNL) = £(p).

Note that f(=4¢) agrees with f at points of S, and f(~%% is constant along
each line perpendicular to S. Then, we define the integral of f over the surface
S to be

/ fdA = hm — f(_s’s)(x,y, z) dxdydz. (13.16)
e—0 2¢ S(—€,€)

We must now do two things: show that this definition agrees with the ex-
pected formula (13.15) when f vanishes outside some surface patch, and show
that the limit in the definition (13.16) exists for any f.

Suppose first that f vanishes outside some set that is contained in a surface
patch o : U — R3 of S. Then, by the change of variable formula for triple
integrals,

/ £, y, 2) dedyda
o(U)(=<e)
_ / FEe (0w, 0) + EN(u, 0)) |D(u, v, 8)| dudvdt,  (13.17)
Ux(—¢,e€)

where D is the determinant of the Jacobian matrix J of (=¢¢). The rows of
J are the components of the vectors o, + tN,, o, + tN, and N, so
D=N:((64+tNy) x (6 +tNy))

(see Exercise 13.3.1). Hence,

D =N (0, x 6,)+tg(u,v) + t*h(u,v) = || u X oy || +tg(u,v) + t>h(u,v),
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where g and h are smooth functions. If € (and hence t) are very small, the
integrand on the right-hand side of Eq. 13.17 is very nearly equal to

fEeNo(u,0) | owx oy ||= flo(w) | ouxo,| .

Thus, the right-hand side of Eq. 13.17 becomes

26/ flo(u,v)) || 0w X 04 || dudv.
U

Dividing by 2¢ and letting € tend to zero (which makes the approximations we
have made into equalities), we obtain the expression in Eq. 13.15.

This argument makes plausible that the limit in Eq. 13.16 exists, and has
the expected value, when the function f vanishes outside some surface patch.
To deal with the case of an arbitrary smooth function f : § — R, one makes use
of a ‘partition of unity’. This is a finite set of smooth functions @1, ps,..., N
on S such that:

(i) Each ¢y, is > 0 everywhere and vanishes outside some surface patch.
(i) w1 +@2+--+on =1

We shall not describe how to construct such functions here, but the idea is
indicated in Exercise 13.3.2 which treats a one-dimensional analogue. Assuming
that we have a partition of unity, we can write f as a finite sum

f=fo1+ foa+-+ fon

of smooth functions, each of which vanishes outside some surface patch. Then,

1
lim — FE9 (@, y, 2) dedydz
e—02€ ) s(-c0

N
=> lim —/ (fer) " (x,y, 2) dadydz.

Since each of the limits in the sum on the right-hand side is already known to
exist, so does the limit on the left-hand side.

EXERCISES

13.3.1 Show that, if a 3 X 3 matrix A has the vectors a, b, and c as rows,
then
det(A) =a- (b x c).
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13.3.2 Let n be a positive integer. Show that there are smooth functions

P1,92, - -5 Pn—1 such that
(i) @ (t) > 0 for % <t< % and ¢k (t) = 0 otherwise;

(i) @1(t) +p2(t) +- -+ @n_1(t) =1forall 0 <t < 1.

13.4 Gauss—Bonnet for compact surfaces

The most important version of the Gauss—Bonnet theorem applies to a compact
surface S. It is obtained by covering a compact surface S with curvilinear
polygons that fit together properly, applying Theorem 13.2.2 to each one, and
adding up the results. We begin to make this more precise with the following
definition.

Definition 13.4.1

Let S be a surface, with atlas consisting of the patches o; : U; — R3. A trian-
gulation of S is a collection of curvilinear polygons, each of which is contained,
together with its interior, in one of the o;(U;), such that:

(i) Every point of § is in at least one of the curvilinear polygons.

(ii) Two curvilinear polygons are either disjoint, or their intersection is a com-
mon edge or a common vertex.

(iii) Each edge is an edge of exactly two polygons.

Thus, situations like that shown above are not allowed.
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Example 13.4.2

A triangulation of S? with eight polygons is obtained by intersecting it with
the three coordinate planes:

We state without proof:

Theorem 13.4.3

Every compact surface has a triangulation with finitely many polygons.

We introduce the following number associated to any triangulation:

Definition 13.4.4

The Euler number x of a triangulation of a compact surface S with finitely
many polygons is

x=V—-FE+F,
where
V' = the total number of vertices of the triangulation,

E = the total number of edges of the triangulation,

F = the total number of polygons of the triangulation.

For the triangulation of the sphere given above, V =6, F =12 and F = §,
andsoy =6—12+8=2.

The importance of the Euler number is that, although different triangu-
lations of a given surface will in general have different numbers of vertices,
edges and polygons, x is actually independent of the triangulation and depends
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only on the surface. For example, we can get another triangulation of S? by
‘inflating’ a regular tetrahedron:

This time, V =4, E =6 and F = 4, and so x =4 — 6 + 4 = 2, the same as
before. This property of x is a consequence of the following theorem.

Theorem 13.4.5

Let S be a compact surface. Then, for any triangulation of S,
/ KdA =27y,
s
where y is the Euler number of the triangulation.

Since [ K dA is independent of the triangulation, Theorem 13.4.5 implies

Corollary 13.4.6

The Euler number x of a triangulation of a compact surface S depends only
on § and not on the choice of triangulation.

We now give the proof of Theorem 13.4.5.

Proof

As above, we fix a triangulation of & with polygons P;, say, each of which is
contained in the image of some patch o; : U; — R? in the atlas of S, say
P, = 0;(R;), where R; C U;. By Theorem 13.2.2,

£(v,)
/ KdAy, = Z; — (ni — 2)7 + / Kgds, (13.18)
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where n; is the number of vertices of P;, «y, is the curvilinear polygon that
forms the boundary of P;, £(vy,) is its length, and Z; is the sum of its interior
angles. We must therefore sum the contributions of each of the three terms on
the right-hand side of Eq. 13.18 over all the polygons P; in the triangulation.

First, ), Z; is the sum of all the internal angles of all the polygons. At
each vertex, several polygons meet, but the sum of the angles at the vertex is
obviously 27, so

> Zi=2aV, (13.19)

where V is the total number of vertices.

Next,

> (ni—2)r = (Z nz> 7 —2nF = 21E — 27F, (13.20)
i i

where F' is the total number of polygons and E the total number of edges, since
in the sum ), n; each edge is counted twice (as each edge is an edge of exactly
two polygons).

We now claim that
£(7;)
Z/ Kgds = 0. (13.21)
—Jo
Indeed, note that in the sum in Eq. 13.21, we integrate twice along each
edge, once in each direction (see the diagram above). By Proposition 7.3.2,

the geodesic curvature K, = 4 - (N x ) of a curve v changes sign when we tra-
verse 7 in the opposite direction (for this amounts to changing the sign of the
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curve parameter which changes the sign of 4 but leaves 4 unchanged). Hence,
the two integrals in (13.21) along any given edge cancel out. The various con-
tributions to the sum in Eq. 13.21 therefore cancel out in pairs, thus proving
Eq. 13.21.

Finally, the integral of the Gaussian curvature K over the whole surface is
the sum of its integrals over each polygon. This is because the polygons overlap,
if at all, in an edge or a vertex, so that the overlap has zero area and thus does
not contribute to the integral. Hence, putting Eqgs. 13.18-13.21 together gives

dA = dA,,
/SKA zi:/RiKAI
£(7;)
ZXiin_;(ni_a)HZ:/o 1y ds

=27V — (2rE —27F)+0
=27y,

proving Theorem 13.4.5. O

To see why Theorem 13.4.5 is so remarkable, let us apply it to the unit
sphere S2. Then, y = 2 and so we get

KdA = 4r. (13.22)
S2
Of course, this result is not remarkable at all because K = 1 so the left-hand
side of Eq. 13.22 is just the area of S2. But now suppose that we deform S2,
i.e., we think of S? as being a rubber sheet and we pull and stretch it in any
way we like, but without tearing, producing a new surface S:

The Gaussian curvature K of § will not be constant and the direct computa-
tion of the integral [ sKdAwill be difficult. But if we start with a triangulation
of S2, then after deformation we shall have a triangulation of S with the same
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number of vertices, edges and polygons as the original triangulation. It follows
that the Euler number of S is the same as that of S2, i.e., 2, so by Theo-
rem 13.4.5, [ sKdA = 4n. (More generally, this discussion shows that any two
diffeomorphic compact surfaces have the same Euler number.)

We complete the picture by determining the Euler numbers of all the com-
pact surfaces, which were described in Section 5.4.

Theorem 13.4.7

The Euler number of the compact surface T, of genus g is 2 — 2g.

Proof

The formula is correct when g = 0, since we know that xy = 2 for a sphere. We
now prove it for the torus 77. To find a triangulation of the torus, we use the
fact that it can be obtained from a square in the plane by gluing opposite edges:

glue

|~

-

N

glue
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We subdivide the square into triangles as shown:

® ®

C, ®

This leads to a triangulation of T3 with V' =9, F = 27 and F = 18. One must
count carefully: for example, the four circled vertices of the square correspond
to a single vertex on the torus. Note also that not just any subdivision of the
square into triangles is acceptable. For example, the subdivision

is not acceptable, since after gluing, the two shaded triangles intersect in two
vertices, which is not allowed:
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But the finer subdivision above does work, and gives
X=9-27418=0=2-2x1,

proving the theorem when g = 1.
We now complete the proof by induction on g, using the fact that Ty4; can
be obtained from T}, by ‘gluing on’ a copy of Ti:

rx

>
g

lue
T

Suppose we carry out the gluing by removing a curvilinear n-gon from 7, and
T and gluing corresponding edges (having fixed suitable triangulations of T,
and Ty1). If V', E' and F’ are the numbers of vertices, edges and polygons in
the triangulation of Ty, and V", E” and F" are those for T}, the numbers V,
E and F for Ty, are given by

V=V -n+V'—n+n=V"+V"—-n,

E=EFE —n+E' —n+n=FE+E'" —n,

F=F-14F'—-1=F +F'-2.
Indeed, V is the number V’ of vertices in T, plus the number V" in T}, except
that the n vertices of the polygon along which 77 and T, are glued have been
counted twice, so V = V' + V" — n; a similar argument applies to the edges;

and F is as stated because the polygon along which 77 and Tj are glued is not
part of the triangulation of T4 ;. Hence,

X(Tg41) =V -E+F
=(V'+V"—=n)—(E'+E"—n)+ (F' + F" - 2)
—V —E +F +V'_E'"4+F"'_9
=x(Ty) + x(T1) — 2
=2—2g+0—2 (by the induction hypothesis)
=2-2(g+1),

proving the result for genus g + 1. O
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Corollary 13.4.8

We have
/ KdA=4n(1 - g).
Tg
Proof
Just combine Theorems 13.4.5 and 13.4.7. O
EXERCISES

13.4.1 Show that, if a compact surface S is diffeomorphic to the torus 77,

then
/ KdA=0
S

(cf. Exercise 8.1.8). Can such a surface S have K = 0 everywhere?

13.4.2 Suppose that S is a compact surface whose Gaussian curvature K is
> 0 everywhere. Show that S is diffeomorphic to a sphere. Is the
converse of this statement true?

13.5 Map colouring

In the remainder of this book we shall give some applications of the Gauss—
Bonnet theorem. The first is actually an application of Euler’s formula

V-E4+F=x=2-2g

relating the number of vertices V', edges E and polygons F in any triangulation
of a compact surface of Euler number x and genus g. This is, of course, an
immediate consequence of Corollary 13.4.6 and Theorem 13.4.7.

The application we have in mind is the problem of map colouring. In this
context, a triangulation of S is called a ‘map’ (in the usual geographical sense)
and the polygons are called ‘countries’. Two countries are ‘neighbours’ if they
have a common edge (not just a common vertex). If n is a positive integer, an
n-colouring of such a map is an assignment of one of n different colours to each
country in such a way that neighbouring countries never have the same colour.
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Map Colouring Problem For a given compact surface S, what is the smallest
positive integer n such that every map on S can be n-coloured?

This smallest integer n is called the chromatic numberof S. (It is not obvious
that this number even exists — why should we not be able to draw maps on a
given surface requiring an arbitrarily large number of colours? — but it does, as
we shall show later in this section.) It is clear that diffeomorphic surfaces have
the same chromatic number.

The problem originated in a letter sent by the English mathematician
Augustus de Morgan to the Irish mathematician Sir William Rowan Hamilton
(the inventor of quaternions) on 23 October 1852. As De Morgan wrote, “A stu-
dent of mine asked me today to give him a reason for a fact which I did not
know was a fact — and do not yet. He says that if a figure be anyhow divided
and the compartments differently coloured so that figures with any portion of
common boundary line are differently coloured — four colours may be wanted,
but not more ...”

The problem formulated by De Morgan, or his student (Peter Guthrie), was
actually in the plane — the map was supposed to have finitely many countries
and to occupy a certain bounded region. Of course, the plane is not a com-
pact surface, but the problem described by De Morgan is equivalent to the
map colouring problem for a sphere. This is easily seen using the stereographic
projection in Example 6.3.5 (we need only consider S? as any two spheres are
diffeomorphic). Suppose that we have a map on S2, and assume that the north
pole is not on an edge — this can always be achieved by a suitable rotation of
S2. Then stereographic projection takes the map on S? to one on the plane
and vice versa; note that the country on S? containing the north pole goes to
the (unbounded) exterior region of the map on the plane, which therefore has
one fewer country than that on S2.
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Thus, De Morgan (or Guthrie) had made

The Four Colour Conjecture The chromatic number of a sphere is 4.

For surfaces other than a sphere, the corresponding result was conjectured
by Percy Heawood in 1890. For a compact surface of Euler number y, let

N(x) = %(7 + /49 — 24x).

Note that, since the possible values of x are 2,0,—2,—4, ..., N(x) is a positive
real number. Let h(x) be the largest integer < N(x).

Heawood’s Conjecture The chromatic number of a compact surface of Euler
number x < 0 is h(x).

Since h(2) = 4 the formula also gives the conjectured answer for a sphere.

The proofs of these conjectures turned out to be very difficult and, rather
surprisingly, the problem for the ‘simplest’ surface, the sphere, is more diffi-
cult than that for higher genus surfaces: Heawood’s conjecture was proved in
1967 and the four colour conjecture 10 years later (the latter proof requires
substantial computer assistance).

Euler’s formula leads to a proof of ‘half’ of Heawood’s conjecture:

Theorem 13.5.1

Any compact surface of Euler number x < 0 can be h(y)-coloured.

Proof

We can assume that at least three edges meet at each vertex, since a vertex
at which only two edges meet can be removed without affecting the colouring.
We can also assume that the number of countries F is greater than N(x), for
if F < N(x) then F < h(x) and then h(x) colours obviously suffice.
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original map remove edge

— ~

reinstate edge colour new map

To prove the theorem, it is enough to prove that at least one country C
has < h(x) — 1 edges. Indeed, if we assume this we can prove the theorem by
induction on F'. Let us remove an edge from C, thus merging C with one of
its neighbours. This creates a new map with F' — 1 countries. By the induc-
tive assumption, this map can be h(x)-coloured. Choose such a colouring and
then reinstate C by replacing the removed edge. Since C has at most h(y) — 1
neighbours, we can colour C with a colour different from any of those used for
its neighbours. This gives an h()-colouring of our original map and completes
the induction.

We prove the assertion by contradiction. Suppose then that every country
has > h(x) edges. Since every edge is an edge of exactly two countries, we have

E> %h(X)F, (13.23)
and since at least three edges meet at each vertex,
2E > 3V.
From this last inequality,
E<3(E-V)=3(F—x). (13.24)
From (13.23) and (13.24),
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Since F' > N(x) and x < 0, we get

X
h(x) <6 (1 - W) . (13.25)

But N(x) is a root of the quadratic equation
N? —7N +6x =0,

from which we deduce that

6(1-%):]\/(;@—1.

Thus, the inequality (13.25) is impossible.
This contradiction completes the proof of Theorem 13.5.1. O

To complete the proof of Heawood’s conjecture, we would have to exhibit,
for every x < 0, a map on a surface of Euler number x that cannot be coloured
with fewer than h(x) colours. Heawood apparently thought that this would be
straightforward, but in fact it is the most difficult part of the proof. He did,
however, give such a map on the torus, and so proved

Theorem 13.5.2

The chromatic number of a torus is 7.

Proof

Consider the map on the torus shown below, in which we use the description
of the torus as a rectangle with opposite edges glued together (see the proof of
Theorem 13.4.7):

Each of the seven countries of this map has all the others as neighbours, so it
obviously requires seven colours. O
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The proof of Theorem 13.5.1 breaks down if y = 2, and so does not help
with the proof of the four colour conjecture. However, the same method can be
used to prove

Proposition 13.5.3 (Five Neighbours Theorem)

Every map on a sphere has at least one country with five or fewer neighbours.
See Exercise 13.5.1. If we take a map on a sphere, we can remove and

then reinstate a country C which has no more than five neighbours, as in the

proof of Theorem 13.4.1, but then we need at least six colours to be available

to be sure of being able to colour C differently from its neighbours. Thus,
Proposition 13.5.3 implies the following theorem.

Corollary 13.5.4 (Six Colour Theorem)

Every map on a sphere can be six-coloured.

EXERCISES

13.5.1 Prove Proposition 13.5.3.

13.5.2 Show that every triangulation of a compact surface of Euler number
X by curvilinear triangles has at least N(x) vertices.

13.6 Holonomy and Gaussian curvature

Theorem 13.1.2 allows us to establish a connection between parallel transport
along curves on a surface (see Section 7.4) and the Gaussian curvature of the
surface. For this, we need

Proposition 13.6.1

Let v be a unit-speed curve on a surface patch o and let v be a non-zero

parallel vector field along . Let ¢ be the oriented angle ’7;1 from 4 to v. Then,
the geodesic curvature of -~ is

_dy
ds’

Hg:



13.6 Holonomy and Gaussian curvature 363

Note that, if v were replaced by another non-zero parallel vector field w,
then since the angle between v and w is constant by Proposition 7.4.9(ii), ¢
would change by the addition of a constant and dy/ds would be unchanged.

Proof

By Proposition 7.4.9(ii), the length of v is constant so by multiplying by a
non-zero constant we can assume that || v || = 1. Then,

v=cospt+sinpty,

where t =4 and t; = N x t, N being the unit normal of . Since v is parallel
along v, v is parallel to N (Proposition 7.4.3). Hence,

0=t-v=t-((cospt+sinpt))+@(—sinpt+cospty)) =sinp(t -t — ),
(13.26)
since t -t =t - t; = 0. Similarly, t; - v = 0 leads to

0 =cosp(ty - t+¢). (13.27)

Now,
kg=4 (Nx4)=t-(Nxt)=t-ti,

and since t - t; = 0,
t'fl :71’3'131 = —Kg.

Hence, Egs. 13.26 and 13.27 become
(4 ig) sing = 0 = (¢ + ky) cos &,

and hence the result. Note that we really need both of these equations, since
we could have cosp = 0 or siny = 0 (but not both, of course). O

Suppose now that v is a (unit-speed) closed curve. On going once around

) g £(7)
/ —<pds = —/ kg ds,
0 ds 0

where £(7) is the length of ~. If « is actually a simple closed curve, the tan-
gent vector 4 also rotates by 27 on going once around « by the Umlaufsatz
(Section 13.1). Hence, we obtain

~, @ increases by
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Proposition 13.6.2

Let v be a positively-oriented unit-speed simple closed curve on a surface o,
let k4 be the geodesic curvature of «, and let v be a non-zero parallel vector
field along . Then, on going once around «, v rotates through an angle

£()
2m — / kg ds. (13.28)
0

Definition 13.6.3
If ~v is a unit-speed closed curve on a surface S, the angle in Proposition 13.6.2

is called the holonomy around =y, and is denoted by h-.

The result we have been working towards is

Theorem 13.6.4

Let v be a positively-oriented simple closed curve on a surface patch o, let hy
be the holonomy around ~, and let K be the Gaussian curvature of o. Then,

hy = / KdA,.
int(y)

Proof
Just combine Theorem 13.1.2, Proposition 13.6.2 and Definition 13.6.3. O

We can turn this theorem into a way of finding the Gaussian curvature at
a point p of a surface S: if v is a small positively-oriented simple closed curve
on the surface containing p in its interior, the Gaussian curvature of S at p
will be approximately
hy
Area(int(«))"

Using this idea, we can prove

Proposition 13.6.5

Suppose that a surface S has the property that, for any two points p,q € S,
the parallel transport IT59 is independent of the curve « joining p and q. Then,
S is flat.
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Proof

Suppose that parallel transport is independent of the curve joining any two
given points. Then the holonomy around any closed curve on & must be zero.
Indeed, if 4 is such a curve, and if p is any point on -, then the parallel
transport II5P from p to p along v must be the same as that from p to p
along the constant curve at p; but the latter is obviously the identity map.
By Theorem 13.6.4, the integral of the Gaussian curvature K over the interior
of any simple closed curve v on & must be zero. This implies that K = 0
everywhere: if K # 0 at some point p € S, say K(p) > 0, then K > 0 at all
points in some open subset O of S containing p; but then the integral of K over
the interior of a simple closed curve « in O would be > 0, a contradiction. [

The converse of this proposition is not true without further assumptions (see
Exercise 13.6.2). However, it is true if we assume that the surface S is simply-
connected: this means that, for any two points p,q € S, and any two curves
~ and 4 joining p and q, there is a family of curves 4" joining p and q such
that 4% = v and v! = 4 (see Section 9.4). For example, spheres are simply-
connected but circular cylinders are not. We shall not prove these assertions
as a proper discussion of simple-connectedness would take us too far into the
realm of topology.

EXERCISES

13.6.1 Let o(0, ) be the parametrization of the torus in Exercise 4.2.5.
Show that the holonomy around a circle § = 6y is 27 (1 — sinfy).
Why is it obvious that the holonomy around a circle ¢ = constant is
277 Note that these circles are not simple closed curves on the torus.

13.6.2 Calculate the holonomy around the parameter circle v = 1 on the
cone o (u,v) = (vcosu,vsinu,v), and conclude that the converse of
Proposition 13.6.5 is false.

13.7 Singularities of vector fields

Suppose that S is a surface and that V is a smooth tangent vector field on S.
This means that, if o : U — R3 is a patch of S and (u,v) are coordinates on
U, then

V =a(u,v)o, + B(u,v)o,,
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where « and ( are smooth functions on U. It is easy to see that this smoothness
condition is independent of the choice of patch o (see Exercise 13.7.2).

Definition 13.7.1

If V is a smooth tangent vector field on a surface S, a point p € S at which
V =0 is called a stationary point of V.

The reason for this terminology is as follows. We saw in the proof of Propo-
sition 8.4.3 that, if p € S, there is a unique curve (t) on S such that ¥y =V
and v(0) = p; -y is called an integral curve of V. We can think of -+ as the path
followed by a particle of some fluid that is flowing over the surface. If V.= 0
at p, the velocity < of the flow is zero at p, so the fluid is stationary there.

We are going to prove a theorem which says that the number of stationary
points of any smooth tangent vector field on a compact surface S, counted
with the appropriate multiplicity, is equal to the Euler number of S. To define
this multiplicity, let p be a stationary point of V contained in a surface patch
o : U — R3 of S, say, with o (ug,vp) = p. Assume that p is the only stationary
point of V in the region o(U) of S. Let € be a nowhere-vanishing smooth
tangent vector field on o (U) (e.g. we may choose & = o, or o).

Definition 13.7.2

With the above notation and assumption, the multiplicity of the stationary
point p of the tangent vector field V is
1 [ dip

—ds,

w(p) = o . ds

where v(s) is any positively-oriented unit-speed simple closed curve of length
£(7) in o(U) with p in its interior, and v(s) is the oriented angle £ V between
& and V at the point ~(s).

It is clear that u(p) is an integer, and an argument similar to our heuristic
proof of Hopf’s Umlaufsatz in Section 13.1 shows that u(p) does not depend on
the choice of simple closed curve ~. It is also easy to see that it is independent of
the choice of ‘reference’ vector field € (see Exercise 13.7.3). Finally, an argument
similar to that used to prove Proposition 2.2.1 shows that the angle 1(s), which
is only determined up to adding an integer multiple of 27, can be chosen to be
a smooth function of s.
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Example 13.7.3

The following smooth tangent vector fields in the plane have stationary points
of the indicated multiplicity at the origin (we have shown the integral curves
of the vector fields for the sake of clarity):

(1) V(z,y) = (z,y); p = +1.

(ii) V(l‘,y) = (_'T’ _y); n= +1

(iii) V(l‘,y) = (y’ _x); p=+1
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(iv) V(z,y) = (z,~y); p = -1

NN

AT

The stationary point in examples (i), (ii), (iii) and (iv) is called a source, sink,
vortex and bifurcation, respectively.

Let us verify the multiplicity in case (iv), for example. Take the ‘reference’
tangent vector field to be the constant vector field € = (1,0). Then, the angle
1 is given by

) vV x _ Y
(0081/1,81111/)) - H vV H o <\/$2+y2’ \/xQ +y2>'

Taking v(s) = (cos s,sin s) to be the unit circle, at y(s) the angle 1) satisfies
(cos,sine)) = (cos s, — sin s),

so ¢ = 2w — s. Hence,

(0,0) ! /Qﬂ d (2m — s) ds 1
= — — (27 — = —1.
A\ 21 Jo ds

Theorem 13.7.4

Let V be a smooth tangent vector field on a compact surface S which has only
finitely many stationary points, say p;, Pa,--.,P,. Then,

Zu(pi) =,

the Euler number of S.
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Proof

Let ~, be a positively-oriented unit-speed simple closed curve contained in a
patch o; of S with p, in the interior of ;. Assume that the v, are chosen so
small that their interiors are disjoint. Choose a triangulation of the part &’ of S
outside v4,7,, .. .,7, by curvilinear polygons I';. Note that the edges of some
of these curvilinear polygons will be segments of the curves ~,.

Note also that, when these polygons are positively-oriented, the induced
orientation of the ~, is opposite to their positive orientation (see the diagram
above, in which the arrows indicate the sense of positive orientation).

We can regard the curvilinear polygons in &', together with the simple closed
curves -, and their interiors, as a triangulation of S, so by Theorem 13.4.5,

n

KdA+ Z/ K dA =2y, (13.29)
S’ i=1 int(7y;)

where y is the Euler number of S. On &', we choose an orthonormal basis

{€’,e"} of the tangent plane of S at each point so that e’ is parallel to the

tangent vector field V. Arguing as in the proof of Theorem 13.1.2, we see that

4(Ty)
/ KdAzE:/ ¢ & ds, (13.30)
/ ~ Jo
J

where s is arc-length on I'; and ¢(T';) is its length. Any common edge of two
of the curvilinear polygons I'; is traversed once in each direction and so their
contributions to the sum in Eq. 13.30 cancel out. What remains is the integral
along the segments of the curves v, that are part of the polygons I';. In view
of the remark about orientations above, we get

n £(7;)
KdA= —Z/ e -é'ds, (13.31)
s =10

where s is arc-length along -, and £(vy;) is its length.
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Now choose an orthonormal basis {f',f’} of the tangent plane of S on each
patch o;. By the proof of Theorem 13.1.2,

Z('Yi) N
/ KdA :/ f-f ds. (13.32)
int(7y;) 0

Combining Egs. 13.29, 13.31 and 13.32, we get

n [('Yi,) o
Z/ (f-f —e'-e")ds=2my. (13.33)
i=170

But, from the proof of Theorem 13.1.2,
el'é//:é—,‘{g, f"f//:gb—l-@
Where kg is the geodesic curvature of v, and 6 and ¢ are the oriented angles

e, %, and f"yz, respectlvely Then, 1y = ¢ — 6 is the oriented angle f'e i.e., the

oriented angle f V between V and the ‘reference’ tangent vector field f' on o;.
So the left-hand side of Eq. 13.33 is

n £(7;) dw n
Z/O Lds=2w) plp),
i=1 i=1
as we want. O

We now give some simple examples of vector fields on surfaces (we show
their integral curves for clarity).

Example 13.7.5

A vector field on the sphere with one source and one sink: y = 2
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Example 13.7.6

A vector field on the torus with no stationary points: y =0

Example 13.7.7

A vector field on the double torus 75 with two bifurcations: y = —2

EXERCISES

13.7.1 Let k be a non-zero integer and let V(z,y) = (a, 8) be the vector
field on the plane given by

LB (x+iy)k  if k>0,
a+if=
(x —iy)~% ifk<O.

Show that the origin is a stationary point of V of multiplicity k.

13.7.2 Show that the definition of a smooth tangent vector field is indepen-
dent of the choice of surface patch. Show also that a tangent vector
field V on § is smooth if and only if, for any surface patch o of S,
the three components of V at the point o (u, v) are smooth functions
of (u,v).
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13.7.3 Show that the Definition 13.7.2 of the multiplicity of a stationary
point of a tangent vector field V is independent of the‘reference’
vector field &.

13.8 Critical points

If f(u,v) is a smooth function defined on an open subset U of R?, we say that a
point (ug, vo) is a critical point of f if 0 f /Ou and 0 f /Ov both vanish at (ug, vo).
If now F': S — R is a smooth function on a surface S (see Exercise 4.3.1), and
if o : U — R? is a surface patch of S, then f = F o o is a smooth function on
the open subset U of R%. This suggests

Definition 13.8.1

Let S be a surface and F': S — R a smooth function on §. A point p € Sis a
critical point of F if there is a surface patch o of S, with p = o (ug,vp), say,
such that f = F o o has a critical point at (ug, vp).

It is easy to check directly that the definition of a critical point is inde-
pendent of the choice of patch o (see Exercise 13.8.1), but this will follow
immediately from another characterization of critical points that we shall now
give and which is independent of any arbitrary choices.

Proposition 13.8.2

If F' is a smooth function on a surface S, there is a unique smooth tangent
vector field VsF on S such that, if p € S and ~(¢) is a curve in S which passes
through p when t = ¢y, we have

d

(Vsh)-~(to) = i

F(v(t)). (13.34)

to

Moreover, p is a critical point of F' if and only if VsF = 0 at p.

Proof

We showed in Exercise 4.4.3 that if F' is the restriction to S of a smooth
function F : R? — R, then Eq. 13.34 is satisfied if we take VsF to be the
orthogonal projection of the gradient VF of F' onto the tangent plane of S.
But if F : § — R is not given to us as the restriction of a smooth function
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defined on R3, we must proceed differently, since VF only makes sense if F is
defined on R3, or at least on an open subset of R3.

We observe first that the tangent vector field V s F is obviously unique, if it
exists. Indeed, every tangent vector to S at p is of the form 4(¢y) for some ¢y
and some curve v on § with v(tp) = p, so any two choices of VsF' at p would
differ by a vector perpendicular to every tangent vector to S at p, which must
be zero.

To see that VgI' exists, choose a surface patch o(u,v) for S with
o(ug,v9) = p, say, and let f = F o o. Let {€/,e”} be the basis of the
tangent plane of S at p such that

e-o,=€ o,=1 € .0,=€"0,=0. (13.35)
Explicitly, G 7 g 7
/ Oy — Oy 17 Oy — Oy
e — = - ]. .
T TBG-F " ° T EG-F2 (13.36)
where Edu® + 2Fdudv + Gdv? is the first fundamental form of o. We take
VsF = f.e' + foe”, (13.37)

where the derivatives are evaluated at (ug,vp). If 7 is as in the statement of
the proposition, say v(t) = o (u(t),v(t)), then (with d/dt denoted by a dot),
(VsF)-4(0) =(fue + fu€") - (ioy + v0y)
= fut+ f,0 (by Eq. 13.35)
=/,
and the derivatives with respect to ¢t are being evaluated at ¢ = ty. It is clear

from Egs. 13.36 and 13.37 that VsF is smooth and that p is a critical point
of F'if and only if VsF = 0 at p. O

Since VgF' is a smooth tangent vector field on S, we can apply Theo-
rem 13.7.4 to it. To do so, we must compute the multiplicity of the stationary
points of VsF'. For this, we shall make an additional assumption about F,
contained in the following.

Definition 13.8.3

A critical point p of a smooth function F' on a surface S is said to be non-
degenerate if, whenever o (u,v) is a patch of S with p = o(ug,vo), say, the

matrix
&%f 9f
_ o2 Oud
H= O%Lf 5
Oudv

Ov2

<

|
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is invertible, where f = F o o and the derivatives are evaluated at (ug,vp).
In this case, the point p is called a local mazximum, a saddle point or a local
minimum if H has 2,1 or 0 negative eigenvalues, respectively.

It is not difficult to show that this definition is sensible, i.e., independent
of the choice of patch o (see Exercise 13.8.1). Note that the matrix H is real
and symmetric, so it always has two real eigenvalues (not necessarily distinct)
— see Appendix 0.

Proposition 13.8.4

Let p be a critical point of a smooth function F' on a surface S. Then, the
multiplicity of p as a stationary point of VgF' is

(p) {1 if p is a local maximum or a local minimum,
wp) =

—1 if p is a saddle point.

Example 13.8.5
The function on the plane given by F(u,v) = —u? —v? (resp. u? — v?, u? + v?)
has a local maximum (respectively saddle point, local minimum) at the origin.

We shall not give a complete proof of Proposition 13.8.4 here. But the
following argument should convince the reader of its truth. Let us assume that
(ug,vo) = (0,0) for simplicity, and write the matrix in Definition 13.8.3 at

u=v=0 as
()\ ,u).
wov

Then, Taylor’s theorem tells us that
1
flu,v) = 5(/\u2 + 2puv + vo?) + r(u,v),

where 7(u,v)/(u? + v?) tends to zero as u and v tend to zero. It is plausible,
then, that the behaviour of VsF near p is the same as that of VgF, where

- 1
F(o(u,v)) = 5()\u2 + 2uuv 4 vo?).
In particular, F and F should have the same type of critical point at p.

But the multiplicity of p as a critical point of F is easy to compute. To do
so, note first that there is an orthogonal matrix P such that

Pt)\uP:elO
nov 0 e
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is a diagonal matrix. This means that, by applying an isometry in the uv-plane
(i.e., a reparametrization of o), we can assume that

F(o(u,v)) = %(un + eov?).

We can also assume that the patch o is conformal, so that angles measured in
the uv-plane are the same as those measured on the surface (see Section 6.3).

Taking our ‘reference’ tangent vector field to be o, the angle ¥ between
VsF and oy, is given by

(e1u, €2v)
/202 & 202
€1U” + €5V

We take the simple closed curve in the uwwv-plane given by the ellipse

(cos, siny) =

2,2 2,,2 2
€1u” + evT =17,

where r is a small positive number, which can be parametrized by

r ro.
uw = —cost, v sint.
1] [
Hence, . .
cosy = L cost, siny = 2 sint,
€1 [
and so
t if e > 0 and €3 > 0,

2r —t ife; > 0 and €2 <0,
m—t ife; <0and e >0,
7+t ifeg <0andey <O0.

This gives the multiplicity of p as a stationary point of VsE as

1 [ dy g — {1 if €1 and €; have the same sign,

21 Jo dt | =1 otherwise,

in accordance with Proposition 13.8.4.
If we accept this heuristic argument, we can combine Theorem 13.7.4 and
Proposition 13.8.4 to give

Theorem 13.8.6

Let F': S — R be a smooth function on a compact surface S with only finitely
many critical points, all non-degenerate. Then,

(number of local> 3 (number of saddle) (number of local) —y

maxima of F points of F minima of F

the Euler number of S.
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Example 13.8.7

If we take the surface T}, of genus g described in Section 5.4 and stand it upright
on the zy-plane, the height above the plane is a smooth function F on Tj. The
critical points of F' are as shown in the following diagram, and they are all
non-degenerate (cf. Exercise 13.8.3).

There is a unique local minimum P, 2g saddle points Q1,Q2,...,Q24, and a
unique local maximum R. Hence, Theorem 13.8.6 gives the Euler number of T,

as
1—-2g+1=2-2g,

in accordance with Theorem 13.4.7.
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EXERCISES

13.8.1

13.8.2

13.8.3

Show directly that the definitions of a critical point (13.8.1), and
whether it is non-degenerate (13.8.2), are independent of the choice
of surface patch. Show that the classification of non-degenerate crit-
ical points into local maxima, local minima and saddle points is also
independent of this choice.

For which of the following functions on the plane is the origin a non-
degenerate critical point? In the non-degenerate case(s), classify the
origin as a local maximum, local minimum or saddle point.

(i) 22 — 2zy + 4y°.

(i) 2% + 4xy.
(iii) 2® — 3xy>.
Let S be the torus obtained by rotating the circle (z—2)?+22 = 1 in
the xz-plane around the z-axis, and let F' : S — R be the distance
from the plane x = —3. Show that F' has four critical points, all

non-degenerate, and classify them as local maxima, saddle points or
local minima. (See Exercise 4.2.5 for a parametrization of S.)






Appendix 0

Inner product spaces and self-adjoint
linear maps

Throughout this appendix, V' denotes a vector space of finite dimension n
over R. Proofs of all the results in this appendix can be found in standard
books on linear algebra.
A map V xV — R, denoted (v,w) — (v,w), is called a bilinear form if,
for all A1, A2 € R, v1,ve,w € V| we have
(M1 + Aave, w) = A (W, v1) + Aa(w, Vo)
(W, A1vi + Aava) = A (W, vi) + Ao (W, va).
Thus, (v, w) is a linear function of v for each fixed w, and a linear function of
w for each fixed v.
If {v1,...,vn} is a basis of V, any bilinear form ( , ) on V is determined
by the n x n matrix whose (4, j)-entry is (v;,v;) for ¢,j =1,...,n. For, if

n n
v = E Aivi, W= E HiVi
i=1 i=1

are any two vectors in V', then
n
(v,w) = Z Aipsi (Vi  vj).
i,j=1
A bilinear form ( , ) is called symmetric if
(v,w) =(w,v) forall v,weV.
Equivalently, the matrix of (, ) with respect to any basis of V' is symmetric.

379
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Any symmetric bilinear form ( , ) is uniquely determined by its associated
quadratic form q : V — R is given by

q(v) = (v, ).
Indeed, for any v,w € V|
1
{(vow) = 5(a(v +w) —q(v) —g(w)).
An inner product on V is a symmetric bilinear form (, ) on V such that
(v,v) >0 for all non-zerov € V.

The length of a vector v is then defined to be || v || = (v, v)/2, and two vectors
v, w are said to be perpendicular, or orthogonal, if (v,w) = 0.

Proposition A.0.1

Let (, ) be an inner product on V. Then, V has an orthonormal basis, i.e., a
basis {v1,..., vy} such that

1 if i=y
<Vivvj>: e .
0 ifiz#j.

If V has an inner product (, ), a linear map L : V — V is called self-adjoint
if
(L(v),w) = (v,L(w)) forallv,weV.
Equivalently, the bilinear form
(v, w)) = (L(v),w)

should be symmetric.

Proposition A.0.2

Let L : V — V be a self-adjoint linear map. Then, the matrix of L with respect
to any orthonormal basis of V' is symmetric.

If L:V — V is a linear map, a real number X is called an eigenvalue of
L if L(v) = Av for some non-zero vector v € V. In that case, v is called an
eigenvector of L corresponding to the eigenvalue \.

Theorem A.0.3

Let L : V — V be a self-adjoint linear map. Then, V has a basis {vy,...,v,}
consisting of eigenvectors of L. Moreover, if v; and v; are eigenvectors corre-
sponding to distinct eigenvalues, then (v;,v;) = 0.
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The last sentence in this theorem implies that the basis of eigenvectors of L
can be chosen to be orthonormal.

This theorem is sometimes referred to by saying that L is diagonalizable:
the matrix of L with respect to the basis {v1,...,v,} in the theorem is the
diagonal matrix

M O -0
0 Ao -+ 0
0 0 - A\

where J; is the eigenvalue corresponding to the eigenvector v;.
In fact, all of the above results have matrix versions. If A is an n x n matrix,
an eigenvalue of A is a real number A such that

det(A — AI) =0,

where I denotes the nxn identity matrix. An eigenvector of A with eigenvalue A
is an n X 1 column matrix v such that Av = Av. Theorem A.0.3 is equivalent to

Theorem A.0.4

Let S be a real symmetric n X n matrix. Then, there is an orthogonal matrix
P such that PSP! is a diagonal matrix.

The correspondence is as follows. Let {wy,...,w,} be any orthonormal
basis of V. Then, the linear map L : V — V such that

n
L(wj) = siWi
i=1
(where S = (s;5)) is self-adjoint. The matrix P = (p;;) such that
n
Wj = Zpijvi
i=1

is orthogonal and PS P! is the diagonal matrix associated to L by Theorem A.0.3.
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Isometries of Euclidean spaces

In this appendix, we collect some basic results about isometries of R™ that are
used in various places in the book.

Definition A.1.1

Let n > 1. An isometry of R™ is a map F : R™ — R” that preserves the distance
between any two points of R™:

| F(v) — F(w)||=||v—w| forall v,weR".

It is obvious that any composite of isometries is an isometry.
Fori=1,...,n,let e, = (0,...,0,1,0,...,0) (with a 1 in the ith place).

Proposition A.1.2

Let F be an isometry of R™ such that F(0) = 0 and F(e;) = e; fori=1,...,n.
Then, F' is the identity map.

Proof

If v € R™, the assumptions on F' imply that | v [|=| F(v) || and | v—e; || =
| F(v)—e; || fori =1,...,n. These equations in turn imply that v-e; = F(v)-e;
fori=1,... n, and hence that v = F(v). O

383
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It will be convenient to associate to any vector v = (vy,va,...,0,) € R"
the column matrix
U1
V2
)
Un

which we also denote by v. The dot product of vectors can then be expressed

in matrix form:

V'W:VtW.

Recall that an invertible n x n matrix P is said to be orthogonal if P* =
P~1, where P! denotes the transpose of P. An equivalent condition is that the
columns of P are perpendicular unit vectors.

Theorem A.1.3

Let P be an n x n orthogonal matrix and let a € R™. Then, the map
F :R™ — R"™ defined by
F(v)=Pv+a (A.1.1)

is an isometry of R™. Moreover, every isometry of R™ is obtained in this way.
In particular, every isometry is a bijective map and the inverse of any isometry
is an isometry.

Proof

If v,w € R and F is as defined in Eq. A.1.1 with P orthogonal, we have

v—w) P'P(v—w)

Hence F is an isometry.
Now define
G(v) = P'v — P'a.

Then, G is an isometry (because P! is orthogonal: (P!)! = P = (P71)~! =
(P*)~1) and

GoF(v)=P'(Pv+a)—Pla=v, FoG(v)=P({P'v—Pa)ta=v,

and so G is the inverse of F' (and F is bijective as it has an inverse).
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For the converse, let F' be any isometry of R™. Let a = F'(0) and let v; =
F(e;) —a. Then, vy, ..., v, are perpendicular unit vectors. Indeed,

[vill=IFle) = F(0)[[=]e—0[=1,
showing that the v; are unit vectors, and
[vi—vill=lei—e|

which implies (using the fact that the v; and the e; are unit vectors) that

vi-vi=e;-ej=0ifi#j (since | vi—v; 2= vi [IZ+ || v; [|> —2vi - vy,
etc.).

Since vi,...,v, are perpendicular unit vectors, the matrix P whose
columns are vi,...,V, is orthogonal. Moreover,

Pei:vi:F(ei)—a.
Hence, if G denotes the isometry
G(v) = Pv +a,

we have F(e;) = G(e;) for i = 1,...,n and F(0) = G(0). Then the isometry
G~ 'oF fixes 0 and eq, ..., e,, and so is the identity map by Proposition A.1.2.
Hence, F = G. O

If P is an orthogonal matrix, the determinant of P must be +1 since
1 = det(P'P) = det(P")det(P) = det(P)?.

The isometries (A.1.1) for which det(P) = 1 are said to be direct isometries;
those for which det(P) = —1 are opposite isometries. If

F(v)=Pv+a, GVv)=Qv+b
are two isometries, the composite G o F' is the isometry
(GoF)(v) =QPv+Qa+b.

Since det(QP) = det(Q)det(P), the composite of two direct or two opposite
isometries is direct, and the composite of a direct and an opposite isometry is
opposite.

We now turn to the geometric description of isometries. The two simplest
types are as follows:

Translations These are the direct isometries T, given by

Ta(v) =v +a, (A.1.2)
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where a is a fixed vector in R".

O

Reflections If N € R™ is a fixed non-zero vector (which we may as well assume
is a unit vector) and d € R, the set H of vectors v € R™ such that

v-N=d

is called a hyperplane (a hyperplane in R? is just a straight line, and a hyper-
plane in R3 is a plane). The reflection Ry in H is defined by

Ry(v)=v—2(v-N—-d)N. (A.1.3)

We leave it to the reader to check that Ry o Ry is the identity map, so that Ry
is its own inverse, and that the set of points v fixed by Ry (i.e., such that
R3(v) = v) is exactly the hyperplane H. If we think of H as a two-way mirror,
Ry(v) is the mirror-image of v:

Proposition A.1.4

Reflections are opposite isometries.
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Proof

In matrix notation, Ry (v) = Pv + a where
P =1-2NN'
and a = 2dN. Now

P'P = (I —2NN"!(I — 2NN") = (I — 2NN")(I — 2NN)
=] — 4NN’ + 4ANN'NN' = ],

since N*N = N - N = 1 (1 denotes the identity matrix). Thus, P is orthogonal
and Ry is an isometry.

Let vi,...,vh—1 be an orthonormal basis of the hyperplane v - N = 0
(i.e., the hyperplane parallel to H passing through the origin). Let @ be
the n x n matrix whose columns consist of the perpendicular unit vectors
Vi,...,Vp_1,N; then Q is orthogonal. The product PQ is the matrix with
columns vi,...,v,_1,—N, so

1 0 0 0
0 1 0 0
PQ=@Q| : z
0 0 1 O
0 0 0 -1

Taking determinants of both sides and noting that det(Q) # 0 gives det(P) =
—1 as required. O

It is obvious that any composite of translations is another translation. On
the other hand, it turns out that every isometry is a composite of reflections:

Theorem A.1.5

Every isometry of R™ is a composite of < n + 1 reflections.

Proof

Let F be any isometry of R™ and let ey = 0. We construct isometries G;, for
1=20,1,...,n, such that

(i) G; is a composite of < i+ 1 reflections, and

(ii) G; o F fixes the points eg, eq, ..., €;.
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Then, G, o F is an isometry that fixes 0 and the points e, ..., e,, and so is the
identity map by Proposition A.1.2. Moreover, G, ! is the composite of < n + 1
reflections, for if G, = Ry o Ry 0---0 Ry, where Ry, Ro, ..., Ry are reflections,
then G"' = Rjpo0---0Ry0R;.

We prove the existence of the isometries GG; by induction on i. If vo = eq
let G be the identity map. Otherwise, let Hy be the hyperplane perpendicular
to the vector v — ey and passing through the mid-point of the line joining eg
and vo (i.e., the point 3(eg + vo)). Then, Ry, takes vo to ey and we define
Go = Ry,.

Suppose now that we have constructed G;_; satisfying the required con-
ditions. Then, the isometry F; = G;_1 o F fixes the points eg,eq,...,e;_1. If
F;(e;) = e;, define G; = G;_1. Otherwise, let H; be the hyperplane perpendic-
ular to F;(e;) — e; and passing through the mid-point of the line joining e; and
F(e;). Note that the points e; for j =0,1,...,i— 1 are all on H; because

lej — Ei(e:) [| =1 Fi(e;) — Fi(es) [ = ej —ei |-

Hence, the reflection Ry, fixes e; for j =0,1,...,7 — 1 and takes F;(e;) to e;.
Define G; = Ry, o Gij—1. This completes the inductive step. O

We now specialize to the cases of interest in this book, namely R? and R3.
We need only consider isometries that fix the origin since a general isometry
can then be obtained by composing with a translation.

If Pis a 2 x 2 orthogonal matrix, its columns a; and ay are perpendicular
unit vectors. If 6 is the angle between a; and the positive z-axis in R?, we then
have

a; = (cosf,sinf), az = +(—sinb,cosb).

cosf) —sinf
P =
< sinf  cosf ) ’
the corresponding isometry pp(v) = Pv is the anticlockwise rotation through
an angle 6 about the origin. Since det(P) = 1, pp is a direct isometry, and so
by Proposition A.1.3 must be a composite of two reflections. In fact, pg is the
product of the reflections in any two lines that intersect at the origin and make

an angle 6/2 with each other.
The other possibility is

cosf sinf
P = .
( sinf —cosf )

The corresponding isometry is the reflection in the line passing through the

If

origin and making an angle /2 with the positive z-axis.
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Thus, every direct isometry of R? is the composite of a rotation and a
translation, and every opposite isometry is the composite of a reflection and a
translation.

For the R3 case, we recall from Appendix 0 that if P is a square matrix, its
etgenvalues are the roots A of the equation

det(P — AI) = 0. (A.1.4)

When P is 3 x 3, Eq. A.1.4 is a cubic equation for A which has real coefficients.
It must therefore have at least one real root; we denote the corresponding
eigenvector by N, and we may as well assume that N is a unit vector.

Suppose now that P is orthogonal. Then || PN ||=|| N || and so A = %1.
If w is any vector perpendicular to N, Pw is also perpendicular to N since
(switching between vector and matrix notation)

(Pw) N=w'P'N=wP 'N=+w'N=4w -N=0

(we used the fact that PN = +N implies P"!N = +N). So the isometry
F(v) = Pv fixes each point of the line ¢ through the origin parallel to N and
preserves the plane II through the origin perpendicular to ¢. Obviously the
restriction Fip of F to II is an isometry of II. By the discussion of the R? case,
F|p must be either a rotation or a reflection.

There are now several cases to consider. If A = 1 and F|1 is a rotation, then
F fixes each point of £ and performs a rotation through an angle 6, say, in each
plane perpendicular to £. We denote this isometry by pg ¢ and call £ the azis of
rotation.

If A\=1 and F|q is a reflection in a line ¢’ in II, then F is the reflection in
the plane containing ¢ and ¢'.

If A = —1 and F|p is the reflection in a line ¢, then F' is rotation by 7
about the line through the origin perpendicular to ¢ and ¢’

Finally, if A = —1 and F| is a rotation, then F' is a product of three
reflections. An example of such a ‘reflection-rotation’ is the antipodal map
F(v)=—v.

In particular, we have shown that every direct isometry of R? is the com-
posite of a rotation about an axis passing through the origin and a translation.

We shall need one more fact relating the isometries of R3 to the cross
product of vectors in R3.

Proposition A.1.6

Let P be a 3 x 3 orthogonal matrix. Then, for any v, w € R3,

Pv x Pw =det(P)v x w.
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Proof

By Theorem A.1.5 it is enough to prove this when P corresponds to the reflec-
tion in a plane passing through the origin. If N is a unit vector, the reflection
in the plane through the origin perpendicular to N is

R(v)=v—2(v-N)N.
In view of Proposition A.1.4, we have to prove that

(v—=2(v-N)N) x (w—=2(w-N)N)=—(vxw-—-2((vxw) N)N)
e, vxw+ ((v-N)w—(w-N)v) x N=((vxw) N)N. (A.1.5)

Applying the triple-product identity
(axb)xc=(a-c)b—(a-b)c, (A.1.6)

where a,b,c € R3, to the second term on the left-hand side of Eq. A.1.5, we
are reduced to proving

vxw+ ((vxw)xN)xN=(vxw) N)N,

and this follows from a second application of the identity (A.1.6). O
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Mobius transformations

We collect here the main facts about Mobius transformations that we use in
the exercises of Section 6.5 and in Chapter 11.
A Mébius transformation is a map of the form

az+b

where a, b, ¢, and d are complex numbers such that ad — bc # 0. Note that the
map M is unchanged if a,b,c and d are all multiplied by the same non-zero
complex number.

If c =0, M(z) is defined for all z € C; if ¢ # 0 it is defined for all z # —d/c.
We can avoid this dichotomy by extending M to a map on the extended complex
plane Co, = CU {o0}:

M(—d/c) =00, M(0)=a/c if ¢ #0.

Proposition A.2.1

i) Every Mobius transformation defines a bijection C,, — C,, whose inverse
y ]
is a Mobius transformation.

(ii) Any composite of Mébius transformations is a Mébius transformation.

391
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Proof

Let M be as in (A.2.1) and define the Mobius transformation

dz —b
N(z) = —cz+a’
If z € C and (if ¢ #0) z # —d/c we have
N(M(2)) = d(%)—b _(adfbc)z_z
—c(25h)+a) ad-lbe
Ife#0,
N(M(—d/c)) = N(c0) = —d/c.

Finally,

_ JN(0) =0 ifc=0
N (o)) = {N(a/c) =00 ifc#0.

Thus, N(M(z)) = =z for all z € Cs. Similar computations show that
M(N(z)) = z for all z € Cs. This shows that N is the inverse of M; in
particular, M is bijective.
For (ii), let M be as in (A.2.1) and let
az+ b
M'(z) = ——
(2) cz+d
be another Mdébius transformation. Then,

! b)+ b (cz+d) (da+bc)z+adb+bd
MM _a (az + _ _
(M(z) d(az+b)+d(cz+d) (da+dc)z+db+dd

Since
(da+Vc)(db+dd)— (a'b+bd)(ca+dc)=(a'd —bc)(ad - bc) # 0,

M’ o M is a Mobius transformation. O

The simplest examples of M&bius transformations are the following;:
Translations Te(z) = z +a, a € C
Complex dilations Dy(z) = az,a € C, a #0
The map K(z) =1/z
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If we identify C with R? in the usual way, the translations 7, coincide with
the translations of R? considered in Appendix 1. The complex dilation D, is the
composite of the real dilation D), and the rotation about the origin through
an angle arg(a).

Proposition A.2.2

Every Mobius transformation is a composite of Mobius transformations of the
above three types.

Proof
Let M be as in (A.2.1). If ¢ = 0 then a # 0 and

M(z) =az+b=a(z+b/a) = DT/ (2).

If ¢ #£ 0,
a (ad—bc)/c
Mz = @ lad=be)fe .
) c cz+d a/eD_(ad—be) /K (cz + d)
= a/CD*(adfbc)/cKTch(Z). 0O

It is clear geometrically that translations and complex dilations take straight
lines to straight lines and circles to circles, and we shall see shortly that the
transformation K takes lines and circles to lines and circles, but may take lines
to circles and circles to lines. Because of this, it is convenient to define a Circle
(capital Cl) in Co to be either a straight line or a circle in C.

Proposition A.2.3

Every Circle in C,, can be described by an equation of the form
azZ+bz+bz+c=0, (A.2.2)

where a,c € R, b € C. In fact, Eq. A.2.2 represents a straight line if ¢ = 0 and
b # 0, and a circle if a # 0 and [b]? > ac.

Proof

Any straight line in the xy-plane has equation of the form

pr+qy+r=0,
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where p,q,7 € R and p and ¢ are not both zero. Writing z = x + iy, this is of
the form (A.2.2) with a = 0, b = p+ig, ¢ = 2r. On the other hand, every circle
has equation of the form

(z+p)+W+q*=r%

where p,q € R and r > 0. This is of the form (A.2.2) with a = 1, b = p+iq
and ¢ = p? + ¢> — r2. Note that |b|? — ac = 2. |

Proposition A.2.4

Every Mobius transformation takes Circles to Circles.

Proof

This is clear geometrically for translations and complex dilations, so in view
of Proposition A.2.2 it is sufficient to prove it for the transformation K. If
w = K(z) then z = 1/w and so if z lies on the Circle (A.2.2) then
a b b
—3 +—+—=4+c =0,
|w] wo W
clwf* +bw +bw+a =0.

If ¢ = 0, this is the equation of a line; if ¢ # 0, it is the equation of a circle
since [b? > ca. |

Note that this proof actually shows that K takes circles passing through
the origin to lines and all other circles to circles.
The other important property of Mobius transformations we shall need is

Proposition A.2.5

Every Mobius transformation is conformal.

This means that every M&bius transformation preserves the angle between
curves that intersect at a point of C.

The reader versed in complex analysis will be able to deduce Proposition
A.2.5 easily from the fact that holomorphic functions with non-vanishing
derivatives are conformal. We shall give a direct proof.
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Proof A.2.5

By Proposition A.2.2, it suffices to prove that translations, complex dilations
and the transformation K are conformal. Now translations and rotations are
isometries, hence conformal (Exercise 6.3.1), and it is easy to see that every
dilation D, with a > 0 is conformal. Hence, we are reduced to proving that K
is conformal. For this, we use the method of Exercise 6.1.4.
If u,v € R, let
K(u+iv) =a+ 0.

Then,
U — 10
] :K U ) = ——
u~+ v (@ +1i0) e
: a -0
e, u=—5——=, v=——=.
’ a2 + 92’ U2 + 2
Hence,
~2 ,..,2 ~ o~
vt —u 2uv
du = du — 0,
CC@rer™ @y
2uv % — a2
dv = du do,
YT @t R)e Ut @+ 22 "

so the first fundamental form du? + dv? of R? becomes

('172 *:&?)2 :i’ 4’122’[)2 (d,&Q + d’ﬁ2) — M
(@2 + 52) (72 + 92)2
Since this is a multiple of dai? + dv?, K is conformal. O

A conjugate Mébius transformation is a map of the form
azZ+b
cz+d’

where a, b, ¢, and d are complex numbers such that ad — bc # 0. Of course, this

zZ

map is just the composite M o C', where M is the Mobius transformation in
(A.2.1) and C is complex-conjugation C(z) = Z.

There is an analogy in which M6bius and conjugate-Mobius transformations
correspond to direct and opposite isometries, respectively. This is illustrated in
the next result and in Proposition A.2.9 (see also the exercises in Section 6.5).

Corollary A.2.6

The composite of a Mdbius transformation and a conjugate-Mobius transfor-
mation (in either order) is conjugate-Md&bius; the composite of two conjugate-
Mobius transformations is Mobius.
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Proof

This follows immediately from Proposition A.2.1(ii) and the observation that,
if M is a Mobius transformation, so is C' o M o C. For example, if M and N
are Mobius transformations,

(MoC)oN=Mo(CoNoC)oC,

since C'o C' is the identity map. Since M and C o N o C' are Mébius transforma-
tions, so is M o (C'o N o C), and hence (M o C) o N is conjugate-Mébius. [

The properties of conjugate-Mobius transformations are easily deduced from
those of M6bius transformations.

Corollary A.2.7

Conjugate-Mobius transformations take Circles to Circles and are conformal.

Proof

This follows from Propositions A.2.4 and A.2.5 and the fact that C, being the
reflection in the real axis, is conformal and takes lines to lines and circles to
circles. O

Conjugate-Mobius transformations include two important classes of ge-
ometric transformations. The first of these have already been discussed in
Appendix 1, namely reflections in straight lines. We leave it to the reader to
check that the reflection in the line with complex equation

bz +bz+c=0,
where b€ C, c€ Rand b # 0, is
R(z) = —b*2 — be.

Since lines and circles are, in some sense, on the same footing in C, it is
natural to expect that there should be transformations that play the same role
with respect to circles that reflections play with respect to straight lines. These
are the inversions: the inversion Z, , in the circle C, , with centre a € C and
radius r > 0 takes a point z € C with z # a to the point 2z’ on the radius of
the circle passing through z such that the product of the distances of z and 2z’

from a is 2.
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Thus, 2’ —a = p(z — a) for some p > 0 and |z’ — a||z — a| = r?. These equations
give p = 1?/|z — a|* and hence
2

Ia'r‘ - — —.
) =at

Since Z, . is a conjugate-Mdbius transformation, it takes Circles to Circles. In
fact, since Z, ,(a) = oo, it is clear that Z, , takes Circles passing through a to
lines and all other Circles to circles.

We shall also need the following property, which is not quite as obvious.

Proposition A.2.8

The inversion Z,, takes a circle C to itself if and only if C intersects Cq
perpendicularly. In that case, Z, , takes each of the two regions into which C
divides the plane to themselves.

Proof

Since Z, , interchanges the interior and exterior of C, .., it is clear that if Z, ,
fixes C then C and C,, must intersect. Suppose for example that C is a circle
that intersects C, - at points P and @ (the proof when C is a line is similar but
easier). Then 7, . interchanges the segments of C that are inside and outside
Ca,r, respectively. Since 7, , is conformal, the angles made by the interior and
exterior segments of C with C,, at P, say, must be equal. Since the sum of
these angles is 7, C,,» and C must intersect perpendicularly at P.
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Conversely, if C is a circle that intersects C, , at right angles, say at P and
Q, then 7, , takes C to a circle that intersects C, , at right angles at P and Q.
But it is clear that there is a unique circle with these properties, namely C (for
the centre of the circle must be the intersection of the tangent lines to C, , at
P and Q).

Assume now that Z, , takes C to itself, and let C have centre b and radius s.
Since C, , and C intersect perpendicularly, |b — a|? = 72 + s%. Hence, Z, (b)) =
b— %, s0 |Zar(b) — 0| = ﬁ < s because s < |b — a|. Thus, Z, ,(b) € D,
the interior of C. It follows that Z, , takes every point ¢ € D to a point of D.
For suppose that Z, ,(c) is outside C. Now, Z, , takes the line segment joining
b and ¢ to a (smooth) curve - joining the point Z, ,(b) inside C to the point
Za.r(c) outside C, so v must intersect C at a point d, say. Since Z, . takes C to
itself, e = Z, »(d) € C. But since d is on v, e is a point of the line segment with
endpoints b, c¢. This is a contradiction. It follows that Z, , takes D to itself, and
since Z,,, is a bijection (indeed, it is equal to its own inverse), it must take the
region exterior C to itself. O

The following result is analogous to Theorem A.1.5.

Proposition A.2.9

Every Mobius transformation and every conjugate-Mdbius transformation is a
composite of reflections and inversions.
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Proof

By Proposition A.2.2, it is sufficient to prove that translations, complex
dilations and the maps C and K are composites of reflections and inversions.
By Theorem A.1.5, translations and rotations are composites of reflections,
and C is itself a reflection. We are therefore reduced to considering dilations
D, with a > 0 and the map K. But K is the composite of C' with the inversion
Zo,1, and D, is the composite Zg 1 OI(La—l/z. O






1.2.3
1.4.5

1.4.6

1.5.2

1.5.3
223

2.2.10

Hints to selected exercises

Parametrize the ellipse by ~(t) = (pcost,gsint); for (i) show that
the distances in question are p(l £ ecost); for (ii) show that n =
(gcost,psint) is a vector perpendicular to the tangent line at ~(t)
and that the distances in question are |(p — f1) - n|/ || n | and

|(p—f2) n|/[[n].
For the last part see the proof of Theorem 3.2.2.

(ii) The sequence in (i) converges to some limit To, > 0 and v is Too-
periodic; consider the sequence {7 — Two}. (iii) Use the mean value
theorem.

Let v(t) = (m(t),...,vn(t)). Then each ~; is T-periodic and so by
Exercise 1.4.5, if 7; is non-constant, it has a (positive) period, say T;.
By Exercise 1.4.4, if ~; is non-constant, T = k;T; for some positive
integer k;. Let k& be the largest positive integer dividing each of the
integers k;. Show that - is closed with period Ty = T'/k.

To guess the analogue of the condition on f in Theorem 1.5.1, argue
that (g—i, g—i,g—g) is perpendicular to the surface f(z,y,z) = 0, and
then think about the condition that two planes intersect in a line. See
Section 5.6 for a rigorous treatment.

This is easy.

It is enough to show that x4 changes sign when the curve is reflected in
a line.

Think of the tangent line to « at a point «(s) as being rigidly fixed to
~. When ~ has rolled a distance s, the point initially at «v(s) has moved

401
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2.3.2

233
234

2.3.6

3.2.1
3.3.1
4.14
5.2.3

5.6.1

5.6.4

6.1.5
6.3.8
6.4.3

6.5.3

to the point p + sa on ¢, and the tangent line to vy at y(s) has become
¢. For the second part, note that p_g(s)(¥(s)) = a. Show that

i) if S is a skew-symmetric n X n matrix (i.e., —S is equal to the trans-
i) if S'i k tri trix (i S'i 1 to the t
pose S? of S), and if v is any n x 1 column matrix, then v*Sv = 0;

(ii) If Aisanorthogonal matrix (i.e., A*A = I') whose entries are smooth
functions of a parameter s, then A % is skew-symmetric (the entries
of dA/ds are the derivatives of the entries of A).

Observe that it is enough to find one curve with curvature x and
torsion 7.

Assume that - is unit-speed and show that a = t cos @ + bsin 6.

If ~ lies on the sphere of centre a and radius 7, then (y—a)-(y—a) = r%

now differentiate repeatedly. For the converse, consider v 4+ pn + pob.

Find a system of first-order differential equations satisfied by the dot
products v; - v;, and use the fact that such a system has a unique
solution with given initial conditions.

Use the results of Appendix 1.
Use the inequality 27172 < 23 + 3.
For the first part take U to be an annulus.

For the first part, parametrize the line by v(¢t) = a + tb, and note that
substituting into Eq. 5.1 gives a quadratic equation for ¢. For the second,
take three points on each line and show that there is a quadric passing
through all nine points.

Imitate the proof of Proposition 4.2.6.

If o (u,v) = (f(u,v), g(u,v), h(u,v)), show that the matrix ( g“ i;” )
u v
is invertible. Follow the proof of Proposition 4.2.6 to get open

sets V and W and a smooth function F~! : V — W such that
F7Y(f(u,v),g(u,v)) = (u,v) for all (u,v) € W. Let ¢(x,y) =
h(P~ 1 (z,)).

The length of the side given by u = uy is f:;l VG (ug,v)dv.

Use Proposition A.2.5.

Choose a point inside the polygon and connect it to each vertex by a
great circle arc.

It is enough to treat the case in which p is the north pole.
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6.5.4

7.1.2

7.3.4
7.4.3

8.1.6

8.1.8
8.2.3
8.2.5
8.2.6
8.2.7

8.2.8
8.3.1
8.4.1
8.5.2
8.5.3
9.1.1
9.1.3
9.14

9.1.5
9.2.2
9.3.3

Call a unitary Mobius transformation as in part (i) special if b € R.
Prove that every unitary Mobius transformation is a composite of special
unitary Mobius transformations.

By computing expressions such as (o, - N),, prove that N,, and N, are
perpendicular to o, and o,, and deduce that the unit normal N of o
is a constant vector.

Use Exercise 6.4.7.
Use Example 7.4.7.

a ¢

A 2 2 ix A =
ny X matrix (b d

A? — (a+ d)A + (ad — be)I = 0.

) satisfies the equation

Inspect the proof of Theorem 8.1.6.

Consider separately the cases in which EN = GL and EN # GL.
Use Exercise 8.2.2.

(i) Differentiate Eq. 8.5.

Use Proposition 8.1.2, the remarks following Proposition 8.2.1 and the
solution of Exercise 8.1.1.

Use Exercises 6.1.4 and 7.1.3.

For (iii) use polar coordinates in the disc.

Use Theorem 8.2.4 and Propositions 7.3.5 and 8.4.3.
Use Exercise 8.1.1.

Use Exercise 8.2.4 and the proof of Proposition 8.1.2.
Use Propositions 9.1.4 and 9.1.6.

Use the solution of Exercise 4.2.7.

2

Take the ellipsoid to be ;—2 + qL; + % = 1 and note that v(t) =
(f(t),g(t), h(t)) is a geodesic if and only if (f,§,h) = )\(%, q%, L) for
some scalar A(t).

Use Exercise 8.2.2.

Use Exercise 6.2.1.

The condition for a self-intersection is that, for some value of w > 1, the
two values of v satisfying Eq. 9.14 should differ by an integer multiple
of 27.
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9.4.2 Consider the intersection of S? with planes passing through p and q.
9.4.3 (i) Use L'Hospital’s rule.

9.5.2 (ii) If v leaves o, it must cross the geodesic circle with centre p and
radius R, say at q’. Then its length is greater than that of the part of
~ between p and ¢'.

10.1.1 Compute the matrix of the Weingarten map.

10.1.3 To solve the differential equation, put P = Lw?.

10.2.2 Use Exercises 6.1.4 and 9.5.1.

10.2.4 Use the geodesic equations, Exercise 9.5.1 and Corollary 10.2.3(ii).
10.3.1 As in the proof of Theorem 10.3.4, if k1 has a local maximum at a point
p of the surface, then ko = 2H — k1 has a local minimum there.

. . 2 0

10.4.2 Consider the matrix 0o 1)

10.4.3 Use Theorem 9.2.1.

11.1.4 For the first part use Propositions 11.1.4 and A.2.3. For the second, note
that 2R is the hyperbolic distance between i(b+ r) and i(b — r), etc.

11.2.1 It is enough to consider the case in which a and b are on the imaginary
axis.

11.2.2 Use Exercise 11.1.1.

11.2.3 Reduce to the case in which [ is the imaginary axis and use Exercise
11.1.3.

11.2.4 (i) If P is any point on H, consider the hyperbolic lines passing through
P perpendicular to [ and m. (iii) Let [ and m be as in Exercise 11.2.3,
and let F' be any isometry of H. The proof of Proposition 11.2.3 shows
that there is a composite G of elementary isometries that takes F(i) to
i and F(I) to . Now use (ii).

11.2.5 Imitate the proof of Proposition A.2.2.

11.3.2 Compare the solution of Exercise 11.2.4.

11.3.3 Use Exercise 11.2.5.

11.3.4

Use Exercise 11.2.5.
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11.3.6

11.3.8

11.4.2
11.4.3
11.5.3

12.1.1
12.1.3
12.2.4
12.3.1
12.5.1
12.5.3
13.1.2
13.3.2

13.5.2
13.7.1

13.7.3

13.8.1

Prove this first for a right-angled triangle by applying the cosine rule in
two different ways. Then deduce the general case by drawing the geodesic
through a that intersects the geodesic through b and ¢ perpendicularly —
you will have to consider separately the cases in which the point of
intersection does, or does not, lie between b and c.

Treat the right-angled case first using Exercise 11.3.7 and then proceed
as in Exercise 11.3.6.

Work in ‘H and assume that [ is the imaginary axis.
Work in Dp and assume that a =0, b € R.

For the existence, note that M(z) = (a,b;c,z) is a Mdbius transfor-
mation that takes (a,b,c) to (00,0,1). For the uniqueness, note that
if M is a Mobius transformation that takes (a,b,c) to (c0,0,1), then
M(z) = (00,0;1, M(2)) = (a,b; ¢, 2).

Use Proposition 8.2.9.

Use Proposition 8.6.1 and Exercise 12.1.1.

Use Exercise 8.5.1.

Use Exercise 8.1.6 and Proposition 8.2.9.

Reparametrize by putting ( = eC.

(ii) Use the Weierstrass representation and inspect Egs. 12.25 and 12.26.
For the last part, use Theorem 13.1.2.

Define 5 (t) = ¢ (nt — k), where 1 is the function defined in Exercise
8.5.3(iii), and let @ = /(Y1 + -+ Yn_1).

E<3V(V-1).

Take ~ in Definition 13.7.2 to be the unit circle and use de Moivre’s
theorem.

If £ is another reference tangent vector field, and 6 is the angle between
€ and &, then df/ds = —(1—p?)~/2p, where p = cos f. Now use Green’s

theorem to show that foéh)(de/ds)ds =0.

Show that the critical point is a local maximum (respectively local mini-
mum) if and only if viHv < 0 (resp. > 0) for all non-zero 2x 1 matrices v.






Solutions

Chapter 1

1.1.1
1.1.2

1.1.3
1.1.4
1.1.5

It is a parametrization of the part of the parabola with x > 0.

(i) v(t) = (sect,tant) with —7/2 < t < 7/2 and 7/2 < t < 37/2. Note
that + is defined on the union of two disjoint intervals: this corresponds
to the fact that the hyperbola 2 — 22 = 1 is in two pieces, where y > 1
and where y < —1. (ii) y(t) = (2 cost, 3sint).

(i) z+y=1.(i) y = (Inz)2.
(i) A(t) = sin2t(—1,1). (ii) A(t) = (e, 2¢t).
4(t) = 3sint cost(— cost,sint) vanishes where sint = 0 or cost = 0, i.e.,

t = nw/2 where n is any integer. These points correspond to the four
cusps of the astroid (see Exercise 1.3.3).

407
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Solutions

1.1.6

1.1.7

1.1.8

1.1.9

1.2.1

1.2.2

1.2.3

(i) The squares of the distances from p to the foci are (pcost & ep)? +
¢?sin?t = (p? — ¢?) cos® t & 2ep® cost + p> = p(1 £ ecost)?, so the sum
of the distances is 2p.

(ii) 4 = (—psint, gcost) soif n = (qcost, psint) then n-% = 0. Hence the
distances from the foci to the tangent line at ~(t) are W =
p?g®(1—€e?cos®t) _ o

and their product is eI eom ) =

t (p—f)n _ (p—f2)n
lp—f1 ] lp—f2]|

pq(1Fecost)
(p? sin? t+q2 cos? t)1/2

(iii) It is enough to prove tha
that both sides are equal to gq.

. Computation shows

When the circle has rotated through an angle ¢, its centre has moved to
(at, a), so the point on the circle initially at the origin is now at the point
(a(t — sint),a(l — cost)) (see the diagram above).

Suppose that a point (x,y, z) lies on the cylinder if 2% +y* = 1/4 and on

the sphere if (x+%)2+y2+22 = 1. From the second equation, —1 < 2 <1

so let z = sint. Subtracting the two equations gives x + 41 +sin?t = %, SO
1

=3 —sin?t = cos? t— % From either equation we then get y = sint cost

(or y = —sint cost, but the two solutions are interchanged by t +— 7 —t).
A = (—2sint + 2sin2t,2cost — 2cos2t) = v/2(v/2 — 1,1) at t = /4. So
the tangent line is y — (\% —1) = (z—v/2)/(v/2—1) and the normal line

isy—(J—1)=—-(-v2)(V2-1).

4(t) = (1,sinht) so || % || = cosht and the arc-length is s = fg coshudu =
sinh ¢.

@5 IP=70+)+301-t)+5=1

(i) || 4 |I>= 28 sin® ¢t + cos? t + % sin®t = cos? ¢ +sin* ¢ = 1.

Denoting d/df by a dot, 4 = (#cos —rsin@,7sinf +rcosf) so || ¥ [|?>=
72 4+ r2. Hence, v is regular unless » = 7 = 0 for some value of 6. It is
unit-speed if and only if 72 = 1 — 72, which gives » = £sin(f + a) for
some constant «. To see that this is the equation of a circle of radius 1/2,
see the diagram in the proof of Theorem 3.2.2.
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1.2.4

1.3.1

1.3.2

1.3.3

1.3.4

1.4.1

1.4.2

Since u is a unit vector, |y -u| = || ¥ || cosf, where 6 is the angle between
. . . b .

4 and u, so ¥-u <[| 4 ||. Then, (q—p)-u = (y(b)—7y(a))u= [ F-udt <
fab Il % || dt. Taking u = (q—p)/ || a—p || gives the result.

(i) 4 = sin2¢(—1,1) vanishes when ¢ is an integer multiple of 7/2,
so « is not regular. (ii) ~ is regular since ¥ # 0 for 0 < ¢t < m/2.
(iii) 4 = (1,sinh¢) is obviously never zero, so « is regular.

xz =rcos = sin?60, y = rsinf = sin® @ tanh, so the parametrization in

terms of § is @ — (sin” 6, sin? @ tan 6). Since § — sin @ is a bijective smooth

map (—7/2,7/2) — (—1,1), with smooth inverse ¢ — sin~' ¢, t = sin @ is
. . . -2, 492 .92 .3 —

a reparametrization map. Since sin” 6 = ¢4, sin“ftanf = t°/v/1 — 2, so

the reparametrized curve is as stated.

(i) ¥ =0 at t =0 <= m and n are both > 2. If m > 3 the first compo-
nents of 4 and % are both 0 at ¢t = 0 so 4 and 4 are linearly dependent
at t = 0; similarly if n > 3. So there are four cases: if (m,n) = (2,2) or
(3,3) then either 4 or ¥ is zero at t = 0, so the only possibilities for an
ordinary cusp are (m,n) = (2,3) and (3,2) and then 4 and ¥ are easily

seen to be linearly independent at ¢ = 0. (ii) Using the parametrization
3

(t) = (. ), we get 4 = 0, % = (2,0), ¥ = (0,6) at ¢ = 0
so the origin is an ordinary cusp. (iii) Let 4(f) be a reparametriza-
tion of ~(t), and suppose v has an ordinary cusp at t = t;. Then,
at t = tg, dy/dt = (dv/dt)(dt/dt) = 0, d*7/dt* = (d?~/dt?)(dt/dt)?,
d®F/dt? = (d®~/dt?)(dt/dt)3+3(d?~ /dt?)(dt/dt)(d?t/dt?). Using the fact
that dt/dt # 0, it is easy to see that d?4/dt? and d®4/dt® are linearly
independent when t = ;.

(i) If 4(t) = ~(p(t)), let ¥ be the inverse of the reparametrization
map . Then F((t) = (p((£) = (). (i) It 3(t) = ¥(p(t)) and
F(t) = 4(¥(t)), where ¢ and 1) are reparametrization maps, then 4(t) =
Y((pow)(t)) and ¢ o9 is a reparametrization map because it is smooth
and 4 (p(y(t) = G(h(t))h(t) # 0 as ¢ and 1) are both # 0.

It is closed because v(t + 27) = ~(t) for all ¢t. Suppose that v(t) = v(u).
Then cos®t(cos 3t,sin3t) = cos® u(cos 3u,sin3u). Taking lengths gives
cos®t =+ cosdu so cost = *cosu, sou==t,m7—t,mT+tor2mr—t (up to
adding multiples of 27). The second possibility forces t = nr/3 for some
integer n and the third possibility is true for all . Hence, the period is 7
and for the self-intersections we need only consider ¢t = 7/3, 27/3, giving
u = 27/3, /3, respectively. Hence, there is a unique self-intersection at

Y(7/3) = (=1/8,0).
The curve 4(t) = (cos(t® + t),sin(t> + t)) is a reparametrization of the
circle vy(t) = (cost,sint) but it is not closed.
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Solutions

1.4.3

1.4.4

1.4.5

1.4.6

1.5.1

1.5.2

1.5.3

If 4 is T-periodic then it is kT-periodic for all k £ 0 (this can be proved
by induction on k if k¥ > 0, or on —k if k < 0). If ~ is T}-periodic and
Ty-periodic then it is k1Th- and koTs-periodic for all non-zero integers
k1, ks, so ’7(t + kiTy + k‘QTz) = "}’(t + k‘1T1) as v is koTo-periodic, which
= ~(t) as v is k1 Ty-periodic.

If ~ is T-periodic write T = kT, + 171 where k is an integer
and 0 < T1 < Tp. By Exercise1.4.3 ~ is Tj-periodic; if 77 > 0 this
contradicts the definition of Tj.

(i) Choose Ty > 0 such that v is Ti-periodic; then Ty is not the smallest
positive number with this property, so there is a T5 > 0 such that ~ is T5-
periodic. Tterating this argument gives the desired sequence. (ii) The se-
quence {7}, },>1 in (i) is decreasing and bounded below, so must converge
to some T, > 0. Then «y is Too-periodic because (using continuity of )
Yt + Too) = limy oo ¥(t + T3) = limy 00 ¥(t) = v(t). By Exercise1.4.3,
~ is (T — T )-periodic for all » > 1, and this sequence of positive num-
bers converges to 0. (iii) If {7} is as in (i) and T, — 0 as r — oo, then
by the mean value theorem 0 = (f(t + T,.) — f(t))/T} = f(t + A\T;.) for
some 0 < A < 1. Letting  — oo gives f(t) = 0 for all ¢, so f is constant.

Following the hint, since To = (k;/k)T; is an integer multiple of T;, each
v; is Tp-periodic. Let 7 be the union of the finite sets of real numbers
{T;,2T;,...,k;T;} over all ¢ such that ~; is not constant, and let P =
{T" € T |« is T'-periodic}. Then P is finite (because 7 is) and non-
empty (because T' € P). The smallest element of P is the smallest positive
number T} such that -« is T-periodic (since if v is T’-periodic either
T >T or T' € P). By Exercise 1.4.4, Ty = k'T{ for some integer k' and
then there are integers k] such that T = k/T; for all ¢ such that ~; is
not constant. Then, k;T;/k = k'k;T; so kk' divides each k;. As k is the
largest such divisor, k' =1, so Tp = T§,.

2(1-2?) >0<= 2 < —1o0r0 <z <1so the curve is in (at least) two
pieces. The parametrization is defined for t < —1 and 0 < t < 1 and it
covers the part of the curve with y > 0.

If v(t) = (x(t),y(t), 2(t)) is a curve in the surface f(z,y, z) = 0, differen-
tiating f(x(t), y(t), 2(t)) = 0 with respect to t gives & fz +¢fy +2f. =0,
so 4 is perpendicular to V f = (fs, fy, f2). Since this holds for every curve
in the surface, V f is perpendicular to the surface. The surfaces f = 0
and g = 0 should intersect in a curve if the vectors V f and Vg are not
parallel at any point of the intersection.

Let v(t) = (u(t),v(t), w(t)) be aregular curve in R?. At least one of 1, ¥,
is non-zero at each value of ¢. Suppose that u(to) # 0 and zo = u(to). As
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in the ‘proof’ of Theorem 1.5.2, there is a smooth function h(z) defined
for & near xy such that ¢ = h(x) is the unique solution of x = wu(t)
for each t near tp. Then, for ¢ near tg, v(¢) is contained in the level
curve f(x,y,2z) = g(z,y,2) = 0, where f(z,y,2) = y — v(h(z)) and
g(x,y,2z) = z — w(h(z)). The functions f and g satisfy the conditions in
the previous exercise, since V f = (—vh’,1,0), Vg = (—wh’,0,1), a dash
denoting d/dx.

Chapter 2

2.1.1 (i) ~ is unit-speed (Exercise1.2.2(i)) so x =|| ¥ [|=| (3(1 + )=/,
L1 —)"12,0) | = \/ﬁ. (ii) ~ is unit-speed (Exercise1.2.2(ii)) so
k=4 = (—2cost,sint, 2 cost) || = 1.
(iii) k = H(l’Sirll‘lzf’gi)nXh(tobcﬁlsght’O)“ = Losht — sech®t using Proposi-

2.1.2

221
2.2.2

223

tion 2.1.2.
(iv) (=3 cos? tsint, 3sin® ¢ cost, 0) x (—3 cos® t+6 cos t sin® , 6 sin t cos® t—
.3 _ s 2 2 _ 1(0,0,—9sin? t cos® t)]| _
3sin° t,0) = (0,0, —9sin“tcos*t), so kK = TS cos? temt3emZ tos (O —
1

EETY R This becomes infinite when ¢ is an integer multiple of /2,
i.e., at the four cusps (+1,0) and (0,=+1) of the astroid.

The proof of Proposition 1.3.5 shows that, if v(¢) is a smooth (vector)
function of ¢, then || v(¢) || is a smooth (scalar) function of ¢ provided
v(t) is non-zero for all t. The result now follows from the formula in
Proposition 2.1.2. The curvature of the regular curve v(t) = (,t3) is
K(t) = 6|t|/(1 + 9t*)3/2, which is not differentiable at ¢ = 0.

Differentiate t - ng = 0 and use t = KsNg.

If 4 is smooth, t = 4 is smooth and hence so are t and n, (since n, is
obtained by applying a rotation to t). So ks =t - n is smooth.

For the first part, from the results in Appendix 2 it suffices to show that
Fs = —kg if M is the reflection in a straight line [. But this is clear: if we
take the fixed angle g in Proposition 2.2.1 to be the angle between [ and
the positive x-axis, then (in the obvious notation) ¢ = —¢. Conversely,
if 4 and 4 have the same non-zero curvature, their signed curvatures
are either the same or differ in sign. In the first case the curves differ
by a direct isometry by Theorem 2.2.5; in the latter case, applying a
reflection to one curve gives two curves with the same signed curvature,
and these curves then differ by a direct isometry, so the original curves
differ by an opposite isometry.
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Solutions

224

2.25

2.2.6

2.2.7

The first part is obvious as the effect of the dilation is to multiply s by
a and leave ¢ unchanged. For the second part, consider the small piece
of the chain between the points with arc-length s and s + §s. The net
horizontal force on this piece is (in the obvious notation) (7 cos ), and
as this must vanish T cos ¢ must be a constant, say A. The net vertical
force is 0(T sin ), and this must balance the weight of the piece of chain,
which is a constant multiple of §s. This shows that T sin ¢ = us + v for
some constants p,v, and v must be zero because ¢ = s = 0 at the
lowest point of C. From T cosp = A\, T'sinp = ps, we get tanp = s/a
where a = \/p. Hence, sec? c,of;—‘s@ = 1/a, so the signed curvature is
ks = dp/ds = 1/asec? p = 1/a(1 +tan® ¢) = £(1+4s?/a*)~*. Using the
first part and Example 2.2.4 gives the result.

We have dy*/dt = dvy/dt + Adng/dt = (1 — \kg)ds/dtt, so the arc-
length s* of y* satisfies ds*/dt = |1 — Aks|ds/dt. The unit tangent
vector of 4* is t} = (dy*/dt)/(ds*/dt) = et, hence the signed unit
normal of 4% is n)} = en,. Then, the signed curvature £} of 4* is given
by kin) = dt*/ds* = (dt*/dt)/|1 — Aks|(ds/dt) = €|1 — Arg| " dt/ds =
Ks(1— Meg)7ing = erg(1 — Arg) 7Ind = kgl — Arg|"Ind.

€(s0) lies on the perpendicular bisector of the line joining ~(s¢) and
~Y(so + ds). So

(efs0) — 5 (v(50) + (50 + 85))) - (y(s0 + 85) = 7(50)) = 0.

Using Taylor’s theorem, and discarding terms involving powers of ds
higher than the second, this gives (with all quantities evaluated at sg)
(e =) -¥ds+ %(e -4 —1—~-%)(ds)? = 0. This must also hold when
ds is replaced by —ds; adding and subtracting the two equations give
(e—=) -4 =0and (e —~) -4 = 1. The first equation gives € = v + An,
for some scalar A\, and since 4 = ksn; the second gives A = 1/ks.

The tangent vector of € is t+ %S(fnst) - i—%ns = *i—éns S0 its arc-length
isu=[|¢€l ds= fg—zds = ug — -, where ug is a constant. Hence,
the unit tangent vector of € is —n, and its signed unit normal is t. Since

3
—dn,/du = k.t/(du/ds) = %=t, the signed curvature of € is K3 /F.

Any point on the normal line to v at v(s) is v(s) + Ang(s) for some .
Hence, the normal line intersects € at the point €(s), where A = 1/k4(s),
and since the tangent vector of € there is parallel to ny(s) by the first
part, the normal line is tangent to € at €(s).

Denoting d/dt by a dash, 4’ = a(1 — cost,sint) so the arc-length s of ~
is given by ds/dt = 2asin(t/2) and t = dv/ds = (sin(t/2), cos(t/2)). So
n, = (—cos(t/2),sin(t/2)) and t = (dt/dt)/(ds/dt)—%(cos(t/Q),

" 4asin



Solutions 413

2.2.8

2.2.9

2.2.10

2.3.1

—sin(t/2)) = —1/4asin(t/2)n,, so the signed curvature of ~ is
—1/4asin(t/2) and its evolute is

€(t) = a(t —sint,1 — cost) — 4asin(t/2)(— cos(t/2),sin(t/2))
= a(t +sint, —1 + cost).

Reparametrizing € by t = 7+, we get a(f —sint, 1 —cost) +a(—m, —2),
S0 € is obtained from a reparametrization of 4 by translating by the
vector a(—m, —2).

The free part of the string is tangent to « at ~(s) and has length
¢ — s, hence the stated formula for ¢(s). The tangent vector of ¢ is
¥ =4+ (£ —35)¥ = ks(€ — s)n, (a dot denotes d/ds). The arc-length v
of ¢ is given by dv/ds = ks(£ — s) so its unit tangent vector is n, and
its signed unit normal is —t. Now dng/dv = mns = &t, so the
signed curvature of ¢ is 1/(¢ — s).

The arc-length parametrization of the catenary is 4(s) = (sinh™'s
V1 + 52). The involute ¢(s) = ¥(s) —s5(s) = (sinh_1 s— ﬁ, ﬁ
= (u — tanhu, sechu) if u = sinh™' 5. Thus, if (x,y) is a point on the

involute ¢, u = cosh™(1/y) and z = cosh™(1/y) — /1 — 32.

The rotation p_g(, takes the tangent line of v at v(s) to [ and the line
joining ¢ and v(s) to a line parallel to that joining I'(s) to p+ sa. Hence,
I'(s)—(p+sa) = p_gs)(q—"(s)), which gives the stated equation. Now,
[(s) =a+ (Lp_g(s)) (@—(s)) — p_o(s)¥(s). The last term is clearly
parallel to a and as they are both unit vectors they are equal. So we want
to prove that (50 _g(s)) (@ —7(5)) - pos)(@—(s)) = 0. If A = p_g(s),
v = q — 7(s), we have to show (in matrix notation) (Av)*%4v = 0,

tAt44v = 0. Since A is orthogonal, this follows from parts (i) and

ie., v
(ii) of the hmt To prove (i), use components: v¢Sv = Do

> L ViviSi = — Z” v;0;9;5. For (ii), differentiate A'A = I.

v;0;555 =

i) t=(F(1+)/2 11 -1)1/2 \/Li) is a unit vector so - is unit-speed;

t=(3(1+0)"Y2,2(1-t)"Y2,0),s0 s = | £ | =1//81 - £2);n = Lt =

%((1 O3, (14 012,0) b =t xn = (~3(1+0)1/2, 11 )1/, L),
= (1@ +¢)71/2,-1(1—¢)71/2)0) so the torsion 7 = 1/,/8(1 — £2).
The equation n = —xkt + TIl is easily checked.
(i) t = (—%sint, —cost, 2sint) is a unit vector so v is unit-speed;
= (—%cost,sint, £ cost), son—||t |=1;n= 16 = (—2cost,sint,

cost); b = t xn = (-2 ,é),sob—OandT—OBythe
proof of Proposition 2.3.5, ’y is a circle of radius 1/k = 1 with centre
¥+ En = (0 1 0) in the plane passing through (0,1,0) perpendicular
tob = (-2,0,-1), i.e., the plane 3z + 4z = 0.

cn|o: -
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Solutions

2.3.2

233

234

2.3.5

2.3.6

Let a = r/(k? +72), b = 7/(k? +72). By Examples 2.1.3 and 2.3.2, the
circular helix with parameters a and b has curvature a/(a? + b?) = &
and torsion b/(a? + b2) = 7. By Theorem 2.3.6, every curve with curva-
ture x and torsion 7 is obtained by applying a direct isometry to this
helix.

Differentiating t - a (= constant) gives n - a = 0; since t,n, b are an or-
thonormal basis of R?, a = t cos §+ ub for some scalar y; since a is a unit
vector, u = =+ sin 0; differentiating a = t cos @ £ bsin 0 gives 7 = k cot .
Conversely, if 7 = Ak, there exists 6 with A = cot 0; differentiating shows
that a = tcosf + bsinf is a constant vector and t - a = cosf so 0 is
the angle between t and a. For the circular helix in Example 2.1.3, the
angle between the tangent vector dv/df = (—asinf,acosf,b) and the
z-axis is the constant cos™!(b/v/a? + b2).

Differentiating (v — a) - (y — a) = r? repeatedly gives t - (y — a) = 0;
t-t+kn-(y—a)=0,son-(y—a)=-1/kn-t+ (—kt+7b)-
(v —a) = i/k% and so b - (y —a) = £/7k?; and finally b -t — 7n -
(v —a) = (k/7K?), and so 7/k = (k/7K?). Conversely, if Eq. 2.22 holds,
then p = 0 (30}, 50 (52 + (§0)?) = 2pp + 2(jo) (o) = 0, hence p? +
(po)? is a constant, say 72 (where 7 > 0). Let a = v + pn + pob; then
a=t+pn+p(—kt+7b) + (po)b + (po)(—mn) = 0 using Eq. 2.22;
so a is a constant vector and || ¥ — a |2 = p? + (po)? = r?, hence ~ is
contained in the sphere with centre a and radius r.

I' = PysoT = Pt and || T ||2= (P4) - (P¥) = 4 -4 since P is
orthogonal. Then, I' = P#, taking lengths shows that v and T' have
the same curvature k, and then dividing by « gives N = Pn. Then
B = Pt x Pn. If P corresponds to a direct isometry (i.e., a rotation),
this is equal to P(t x n) = Pb, but if P corresponds to an opposite
isometry, Pt x Pn = —Pb (Proposition A.1.6).

Let Ajj = v; - vj. The vectors vq,va, vs are orthonormal if and only if
Aij = 0;5 (=1ifi=jand =01if i # j). So it is enough to prove that
Aij = 045 for all values of s given that it holds for s = s¢. Differentiating
v, - V; gives )\” = ZZ=1(aik)‘kj + ajrAir). Now A;; = d;; is a solution
of this system of differential equations because a;; + aj; = 0. But the
theory of ordinary differential equations tells us that there is a unique
solution with given values when s = sg.
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Chapter 3

3.1.1

3.2.1

3.2.2

3.3.1

4 = (—sint — asin2t,cost + acos2t) so || ¥ [|>= 1+ a® + 2acost. This
is > 1+ a? —2|al = (1 — |a])? so « is regular if |a| # 1. If |a| = 1 then
Il % Il= 2(1 + acost) so the origin is a singular point of v. If a = 0
then v is a circle. If 0 < |a|] < 1, then v(t1) = v(t2) = 1 + acost; =
14 acostys = cost; = costy = to = t1 or 2w — t1. In the latter case,
Y(t2) = ((1 + acosty)costy, —(1 + acosty)sinty) so y(t1) = v(t2) =
sinty; =0 = t; = 0 or 7. In all cases, t; — t; is a multiple of 27, so ~
is a closed curve with period 27 without self-intersections. If |a| > 1, v
passes through the origin when cost = —1/a, which has two roots with
0 <t <27, say t; < to, so the origin is a self-intersection. The picture is
qualitatively similar to that in Example 1.1.7 (which is the case a = 2),
so the complement of the image of ~ is the union of two bounded regions
enclosed by the part of the curve with ¢t; < ¢t < t3, and an unbounded
region.

By Appendix 1, any isometry M of R? is of the form M(v) = Pv + b,
where P is a 3 x 3 orthogonal matrix and b is a constant vector. If
4 = M(5), then 4 = P4, so || 4 || =] 4 ||, which implies that v and ¥
have the same length. If we think of 4 as a curve in the zy-plane in R3,
Eq. 3.2 can be written A(y) = fOT("y x4)-kdt, where k = (0,0, 1). It now
follows from Proposition A.1.6 that v and 4 have the same area (note that
if M is opposite, the area appears to change sign, but it does not because
in that case 4 is negatively oriented when ~ is positively-oriented).

Parametrizing the ellipse by v(t) = (pcost,gsint), with 0 < ¢t < 2m,
its area is f027r \/pq sin®t + pgcos?tdt = 27,/pq. By the isoperimetric
inequality, the length ¢ of the ellipse satisfies ¢ > /4w x mpq = 2m,/pq,
with equality if and only if the ellipse is a circle, i.e., p = ¢. But its length
is 02Tr 1~ dt = 0% V/p2sin’ t + ¢2 cos? t dt.

Let (z1,y1) and (z2,y2) be points in the interior of the ellipse, so that
2
2—3 + z—é < 1 for i = 1,2. A point of the line segment joining the two
points is (tx1 + (1 — t)x2,ty1 + (1 — ¢)y2) for some 0 < ¢ < 1. This is in
the interior of the ellipse because
(try + (1 = t)z2)®  (tyr + (1 = )y2)®
2 + 2
p q

2yl x5 Y3 T1T2 | Y1y
=2 —1+—1)+ 1—t2(—2—|——2)+2t1—t< +—>
(P2 ¢ -1 N =1 p? >




416 Solutions

2 2 2 2
o Y1 T2 | Y2
<t H (-t rt1l—t (—1+—+—+—)

<41 —-t)2+2(1—t)=1.

3.3.2 ¥ = (—sint — 2sin2¢,cost + 2cos2t) and || 4 ||= /b + 4 cost, so the

—sint—2sin 2t

angle ¢ between 4 and the z-axis is given by cos¢ = oot

: __ cost42cos?2t . P . . . o
sinp = U= Differentiating the second equation gives ¢ cosp =

— sin £(24 cos? t442 cos t49) 0 & = sin t(24 cos? t+42 cost+9) 946 cost
(5+4 cost)3/2 ’ v = (5+4cost)(sint+2sin2t) ~—  5+4cost’

Hence, if s is the arc-length of v, ks = dp/ds = (dp/dt)/(ds/dt) =
(9 + 6cost)/(5 + 4cost)??, so ks = 12sint(2 + cost)/(5 + 4cost)>/2,
This vanishes at only two points of the curve, where t = 0 and ¢t = .

3.3.3 From €(s) = v(s) + L+ n, we get € = —fsns /K2, so € has a singular point

Ks

where ks = 0, i.e., where ~ has a vertex.

Chapter 4

4.1.1 Let U be an open disc in R? and § = {(z,y,2) € R? | (z,y) € U, z =0}.
If W = {(x,y,2) € R® | (z,y) € U}, then W is an open subset of R3,
and SNW is homeomorphic to U by (x,y,0) — (x,y). So S is a surface.

4.1.2 The image of 0% is the intersection of the sphere with the open set £z > 0
in R3, and its inverse is the projection (z,y,2) — (y, 2). Similarly for o,
and 3. A point of the sphere not in the image of any of the six patches
would have to have x, y and z all zero, which is impossible.

4.1.3 Multiplying the two equations gives (22 —22) sin  cos § =(1—%2) sin  cos 0,
so 22 4+ y?> — 22 = 1 unless cosf = 0 or sinf = 0; if cosd = 0,
then x = —z and y = 1 and if sinf = 0 then x = z and y = —1,

and both of these lines are also contained in the surface. The given
line Ly passes through (sin26, —cos26,0) and is parallel to the vec-
tor (cos26,sin26,1); it follows that we get all of the lines by taking
0 <0 <. Let (z,y,2) be a point of the surface; if x # z, let 6 be such
that cotf = (1 — y)/(x — z); then (x,y, z) is on Lg; similarly if z # —z.
The only remaining cases are the points (0,0, £1), which lie on the lines
Ly/2 and Lo. To get a surface patch covering S, define o : U — R3
by o(u,v) = (sin26,— cos20,0) + t(cos26,sin26,1), By the preceding
paragraph, this patch covers the whole surface.

Let M, be the line (x — z)cosp = (1 + y)sing, (z + 2)sinp = (1 —y)
cos . By the same argument as above, M, is contained in the surface
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4.14

4.1.5

4.2.1

4.2.2

4.2.3

4.24

4.2.5

and every point of the surface lies on some M, with 0 < ¢ < 7. If
6 4 ¢ is not a multiple of 7, the lines Ly and M, intersect in the point
(‘;ﬁfgg;f?, 22%313, (;?jggig))); for each 0 with 0 < 0 < m, there is exactly
one ¢ with 0 < ¢ < 7 such that 6 + ¢ is a multiple of 7, and the lines Lg
and M, do not intersect. If (z,y, z) lies on both Ly and L, with 6 # ¢,
then (1 —y)tanf = (1 — y) tan and (1 + y) cot§ = (1 — y) cot ¢, which
gives both y = 1 and y = —1 (the case in which § = 0 and ¢ = 7/2, or
vice versa, has to be treated separately, but the conclusion is the same).
This shows that Ly and L, do not intersect; similarly, My and M, do
not intersect.

For the first part, let U = {(u,v) € R? | 0 < u? +v? < 7%}, let
r = Vu?+v?, and define o : U — R? by o(u,v) = (%, 2, tan(r — 3)).
If S% could be covered by a single surface patch o : U — R?, then S?
would be homeomorphic to the open subset U of R2. As S? is a closed
and bounded subset of R3, it is compact. Hence, U would be compact,
and hence closed. But, since R? is connected, the only non-empty subset
of R? that is both open and closed is R? itself, and this is not compact

as it is not bounded.

If {o4 : Uy — R3} is an atlas for a surface S, and if W is an open subset
of R3, the restrictions {o]y. o1 ()} form an atlas of SNW (one should
discard the restrictions for which U, N1 (W) is empty).

o is obviously smooth and o, X 0, = (= fu, —fv, 1) is nowhere zero, so
o is regular.

0% is a special case of Exercise4.2.1, with f = +v1—u?—122
(V1 —u? — 0?2 is smooth because 1 —u? —v? > 0 if (u,v) € U); similarly
for the other patches. The transition map from o% to o, for example, is
®(u,7) = (u,v), where ¥ (@,0) = 6% (u,v); sou = V1 —u? —02, v =7,

and this is smooth since 1 — 4% — 2 > 0 if (%,?) € U.

(i) is clearly injective and is regular because o is smooth and o, X o, =
(—v, —u, 1) is never zero. (ii) is injective but is not regular since o, X o7, =
(0, —3v2, 2v) vanishes when v = 0. (iii) is not injective because o (u,v) =
o(—u—1,v) and is also not regular since o, X o, = 0,20v(1 + 2u, 1 + 2u)
vanishes when v = —1/2.

This is similar to Example 4.1.4, but using the ‘latitude-longitude’ patch
o(0,p) = (pcosfcosyp,qcosfsinp,rsinb).

A typical point on the circle C has coordinates (a + bcos#,0,bsin6); ro-
tating this about the z-axis through an angle ¢ gives the point o (6, ¢);
the torus is covered by the four patches obtained by taking (6, ¢) to lie
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4.2.6

4.2.7

4.2.8

4.2.9

4.3.1

4.3.2

in one of the following open sets:

Ho<f<2m0<o<2m (i) 0<0<2m,— < p <,

(iii) -7 < 0 < 1,0 < p <27, Iv) < 0 < 7m,—-7 < p < 7.
Each patch is regular because

o9 X o, = —b(a+ bcosf)(cos b cos p, cos O sin g, sin §)
is never zero (since a +bcosf > a —b > 0).

Suppose the centre of the propeller is initially at the origin. At time
t, the centre is at (0,0,at) where « is the speed of the aeroplane. If
the propeller is initially along the z-axis, the point initially at (v,0,0)
is therefore at the point (v coswt,vsinwt, at) at time ¢, where w is the
angular velocity of the propeller. Let ©v = wt, A = a/w. Next, o, =
(—vsinu,vcosu, A), o, = (cosu,sinu,0), so the standard unit normal is
N = (A2 +v?)"Y2(=Asinu, Acosu, —v). If 0 is the angle between N and
the z-axis, cos = —v/(A\? + v?)'/2 and hence cot# = 4v/)\, while the
distance from the z-axis is v.

o is the tube swept out by a circle of radius a in a plane perpendicular to +
as its centre moves along v. o s=(1—kra cos0)t—rasin fn+7a cosbb, oy =
—asinfn + acosbb, giving o X o9 = —a(l — kacosf)(cosfn + sin fb);
this is never zero since ka < 1 implies that 1 — ka cos@ > 0 for all 6.

If & = o + a, where a is a constant vector, then & is smooth if o is
smooth, and &, = oy, 6, = 04, so & is regular if o is regular. If A is an
invertible 3 x 3 matrix and & = Ao, then & is smooth if o is smooth and
o, = Aoy, 6, = Ao, so since A is invertible o, and &, are linearly
independent if o, and o, are linearly independent.

See Exercise4.1.5. The restriction of a smooth map U — R2, where U is
an open subset of R?, to an open subset of U is smooth.

If S is covered by a single surface patch o : U — R3, then f:S — R is
smooth if and only if foo : U — R is smooth. We must check that, if
& : U — R? is another patch covering S, then foé is smooth if and only
if f o o is smooth. This is true because f o = (f o o) o @, where P is
the transition map from o to &, and both ® and ®~! are smooth. The
last part is true because if o : U — R? is a smooth map, where U is an
open subset of R?, then each component of o (which is a map U — R)
is smooth (this is because a vector function such as o is differentiated
‘componentwise’).

f is not a diffecomorphism as it is not injective because: f(0,y,z) =
f(0,y,z + 2m). Take an atlas for the cone consisting of the patches
o(u,v) = (ucosv,usinv, u), defined on the open sets Uy = {(u,v)|u > 0,
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4.4.1

4.4.2

4.4.3

4.4.4

4.5.1

4.5.2

0 <wv<2r}and Uy = {(u,v)Ju > 0,—7 < v < 7} (call these o1 and
03), and parametrize the half-plane by 7 (u,v) = (0,u,v) with « > 0. If
(0,a,b) is any point in the plane, assume first that b is not an even
multiple of m, say 2nm < b < 2(n + 1)7 for some integer n. Then,
f(m(u,v)) = o1(u,v —2nm) if 2nm < v < 2(n + L)7w. So f is a dif-
feomorphism from the open subset {(0,y,z2)[2nT < z < 2(n + 1)7} of
the half-plane to the cone with the half-line y = 0,z = z > 0 removed.
Similarly if b is not an odd multiple of 7. This proves that f is a local
diffeomorphism.

(i) At (1,1,0), o, = (1,0,2), 6, = (0,1, —2) s0 oy X 0, = (—2,2,1) and
the tangent plane is —2x +2y+2z = 0. (ii) At (1,0,1), wherer = 1,0 = 0,
o= (1,0,2),09 =(0,1,2) so o, X 09 = (—2,—2, 1) and the equation of
the tangent plane is —2x — 2y + 2z = 0.

Let &(ﬂ 0) be a reparametrization of o. Then, o, = g’;au + duo'v,
o, av Lo+ 2 S Y5, so o, and o, are linear combinations of &5 and 7.

Hence, any linear combination of o, and o, is a linear combination of
o5 and ;. The converse is also true since o is a reparametrization of &.

If ~(t) = (x(t),y(t), z(t)) then %F('y(t)) =+ Fy+F,2=VEF- 4.
Since VgF' — VI is perpendicular to TpS, it is perpendicular to 4(to)
for every curve v on S passing through p when ¢ = ¢y. It follows that
VsF -4 =VF-4at p. If the restriction of F' to S has a local maximum
or a local minimum at p, so does F'(y(t)) for all curves v on § passing
through p, hence %F('y(t)) =0 at p, which implies that V F' is perpen-
dicular to 4, and hence perpendicular to the tangent plane of S at p
This means that VsF = 0.

d(fo~))/dt = Dy f(¥(t)) is non-zero because 7 is non-zero (v is reg-
ular) and D) f is invertible (Proposition 4.4.6).

The transition map ®(¢,0) = (£,6) is defined on the union of the rect-
angles given by 0 < # < mw and 7 < 0§ < 27 (and —1/2 < t < 1/2).

Obviously ®(t,0) = (¢,0) if 0 <6 < m. If 7 < ¢ < 2m, we must have
= 6 — 2. Since sin § = —sin &, cosg =—cos 4, o(t,0) = &(t,0) forces

t=—t. So ®(t,0) = (t, 9)1f0<9<7r and = (—t,0 — 2m) if 7 < 0 < 27.
The Jacobian determinant is +1 on the first rectangle, —1 on the second.

[+

Let {0 : Uy — R3} be an atlas for S such that the transition map
.3 between o, and o satisfies det(J(Pog)) > 0 for all o, 8 (Defini-
tion 4.5.1). By Proposition 4.3.1, {f o 4} is an atlas for S, and the
transition maps for this atlas are the same as those for the atlas of S,
because (fooz) lo(foo,) = U,gloa'a (where this composite is defined).

So the atlas {f o o} gives S the structure of an oriented surface.
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Chapter 5

5.1.1

5.1.2

5.1.3

[z =2z, f, =2y and f, = 423 vanish simultaneously only when z =y =
z = 0, but this does not satisfy z? + y% 4+ z* = 1. So by Theorem 5.1.1
this is a smooth surface. (ii) Let f(x,y,z) be the left-hand side minus
the right-hand side; then, f, = 4z(2? +y? + 2% — a? — b?), f, = dy(a? +
v+ 22 —a? = b?), f. = 4z(2® +y® + 22 + a® - b?); if £, = 0 then
z = 0 since 22 + y? + 22 + a® — b?> > 0 everywhere on the torus; if
fe = fy = 0 too, then since the origin is not on the torus, we must
have 22 + y? = a® + b2, but then substituting into the equation of the
torus gives (2a?)? = 4a?(a® + b?), a contradiction. For the last part,
let o(0,¢) = (x,y,2) be the parametrization in Exercise 4.2.5. Then,
2?2+ 9% + 22 +a® —b? = 2a(a + beosh), so (x? +y? + 2% + a® — v?)? =
4a%(a+bcosh)? = 4a®(z% + y?). Conversely, if (x,y, 2) satisfies the given
equation, let r = \/22 + y2. A little algebra gives (r? + 22 — a? — b?)? =
4a(b? — 2?%). Hence, |z| < b so z = bsinf for some § € R. Then we find
r?2 = a® + b%cos? § & 2abcosb, so (since r > 0) r = a + bcosh. With
the plus sign (z,y,2) = o(6,¢) for some ¢ € R; with the minus sign,
(,y,2) = o(r — 0,¢) for some p. Thus, the image of o : R? — R3
coincides with the set of solutions to the given equation.

See the solution of Exercise 4.4.3 for the first part. Since S has a (smooth)
choice of unit normal Vf || Vf || at each point, it is orientable. The
solution of Exercise4.4.3 also shows that if the restriction of F' to S has
a local maximum or a local minimum at p, then VF' is perpendicular to
the tangent plane of S at p. But V f is also perpendicular to the tangent
plane. Hence, if the restriction of F' to § has a local maximum or a local
minimum at p, then VF' is parallel to Vf at p, i.e., VF = AV f for
some scalar \.

Let f(z,y,2) = xyz—1, F(z,y, 2) = > +y?>+22. Then, f = 0 is a smooth
surface S by Theorem 5.1.1 and F' defines a smooth function on S. To
see that F' has a smallest value on S, let B be the closed ball given by
22 +1y?+22 < 3. Then, BNS is compact as it is closed and bounded and it
is non-empty because it contains the point (1,1, 1). Hence, the continuous
positive function F' must attain its lower bound, say ¢, on BNS, and ¢ < 3
since F(1,1,1) = 3. Obviously F(xz,y,z) > 3 if (z,y,2) ¢ B, so £ is the
smallest value of F on S.

By Exercise5.1.3, the local maxima or minima of F' on S occur where
(22,2y,22) = Ayz,xz,zy) for some A. Since zyz = 1 on S this gives
22 = y? =22 = )\/2, 50 1,9, z are equal up to sign. Since their product is
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5.2.1

5.2.2

5.2.3

5.2.4

1, there are four possibilities: (z,y,2) = (1,1,1), (1,-1,-1), (-1,1,-1)
or (=1,—1,1). The value of F is 3 at each of these points, which is the
smallest value of F' on S from above. The distance between any two of
these points of R? is the same (2v/2), so they form the vertices of a regular
tetrahedron.

(i) (pcosucosv,qcosusinv, rsinu) (cf. Exercise 4.2.4); (ii) see Exercise

4.1.3; (i) (w0, 44/14 % +25); (iv), (v), (vi) see Exercised.2.1;

(vii) (pcosu,qcosu,v); (viii) (£pcoshu,gsinhu,v); (ix) (u,u?/p? v);
(x) (0,u,v); (xi) (£p,u,v).

1 -1/3 0
In the notation of Theorem 5.2.2, A = -1/3 1 0 |. The
0 0 -2

eigenvalues are 2/3,4/3, —2 and the corresponding unit eigenvectors are

1/vV2 —1/v/2 0 ! T

the columns of P = | 1/v/2 1/v2 0 |.If| o | =P v |,
0 0 1 b4 z

then 2’ = 2z and the quadric becomes %x’Q + %yﬂ — 227 442 = ¢, e,

%x'z + %yﬂ —2(2' = 1)? = ¢ — 2. Comparing with the standard forms in

Theorem 5.2.2 gives the stated results when ¢ > 2 and ¢ < 2. If ¢ = 2
we have a cone with axis the z-axis (which is the same as the z’-axis),
vertex at '’ =y = 0,2’ =1, ie., z =y = 0,z = 1, and cross-section

perpendicular to the z-axis an ellipse %x’ 2y %y’Q = constant.

Substituting the components (x,y, z) of v(t) = a + tb into the equation
of the quadric gives a quadratic equation for ¢; if the quadric contains
three points on the line, this quadratic equation has three roots, hence is
identically zero, so the quadric contains the whole line.

For the second part, take three points on each of the given lines; sub-
stituting the coordinates of these nine points into the equation of the
quadric gives a system of nine homogeneous linear equations for the ten
coefficients a1, . . ., ¢ of the quadric; such a system always has a non-trivial
solution. By the first part, the resulting quadric contains all three lines.

Let L1, Lo, L be three lines from the first family; by the preceding exer-
cise, there is a quadric Q containing all three lines; all but finitely many
lines of the second family intersect each of the three lines; if L’ is such
a line, Q contains three points of L', and hence the whole of L’ by the
preceding exercise; so Q contains all but finitely many lines of the second
family; since any quadric is a closed subset of R?, Q must contain all the
lines of the second family, and hence must contain S.
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5.3.1

5.3.2

5.3.3

5.3.4

5.4.1

From Example 5.3.2, the surface can be parametrized by o (u,v) =
(coshu cosv, coshusinv, u), with u € R and -7 < v <7 or 0 < v < 2.

| o (u,v) ||? = sech®u(cos® v + sin? v) 4 tanh?u = sech?u + tanh*u = 1, so
o parametrizes an open subset of $2; o is clearly smooth; and o, x o, =
—sech?u o (u,v) is never zero, so o is regular. Meridians correspond to the

parameter curves v = constant, and parallels to the curves © = constant.

(i) 4 -a = 0 so ¥ is contained in the plane perpendicular to a and
passing through the origin; (ii) simple algebra; (iii) ¢ is clearly a smooth
function of (u,v) and the Jacobian matrix of the map (u,v) — (u,?) is
1 0 . C . <.
( a1 >, where a dot denotes d/du; this matrix is invertible so ¥ is
/7 .
a reparametrization of ~.

oy = 4 + 08,0, = & (a dot denotes d/du) so &(u) is perpendicular
to the surface at o(u, v) <= &§ - (¥ + vd) = 0,6 - § = 0. The second
equation follows from || § || =1 so the two conditions are satisfied <=
v=—(%-8)/] &> Hence, ['(u) =~ — (¥-6)8/ | § ||2. Using -6 =0
again, -6 =4-6—(5-8)6-8/ |6 ||>=0.

Both surfaces are closed subsets of R3, as they are of the form
flx,y,2) =0, where f : R® — R is a continuous function (equal to
22 —y?+2* — 1 and 22 + 9%+ 2* — 1 in the two cases). The surface in (i) is
not bounded, and hence not compact, since it contains the point (1, a?, a)
for all real numbers a; that in (ii) is bounded, and hence compact, since
22+l +t=1= -1<ua,9,2<1.

The surface in (ii) is obtained by rotating the curve x? + z* = 1 in the
zz-plane around the z-axis:
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5.4.2

5.5.1
5.5.2

5.6.1

5.6.2

A closed curve v with period T can be identified with the unit circle by
~(t) — (cos(2wt/T),sin(2xt/T)). This gives rise to a diffeomorphism from
the tube around ~ to a tube around the circle, i.e., a torus. We have to
make the tube have a sufficiently small radius to avoid self-intersections.

Both parts are geometrically obvious.

Let (a,b,c) € R? with a and b non-zero. Then Fy(a,b,c) — oo as t — 00
and as t approaches p? and ¢? from the left; and Fy(a,b,c) — —oo as
t — —oo and as t approaches p? and ¢ from the right. From this and
the fact that Fi(a,b,c¢) = 0 is equivalent to a cubic equation for ¢, it
follows that there exist unique numbers u, v, w with u < p?, p? < v < ¢*
and ¢ < w such that Fy(a,b,c) = 0 when t = u,v or w. The sur-
faces F,(z,y,2) =0 and F,(z,y,z) = 0 are elliptic paraboloids and
Fy(xz,y,z) = 0 is a hyperbolic paraboloid, and we have shown that
there is one surface of each type passing through each point (a,b,c).
To parametrize these surfaces, write Fi(z,y, z) = 0 as the cubic equation
22(@®—t)+y2(p? —t)—22(p*—t)(¢®> —t)+t(p*—t) (¢ —t) = 0, and note that
the left-hand side must be equal to (¢t —u)(t—v)(t —w); putting t = p?, ¢

p*—u)(p?—v)(p*> —w)
2—p? )

and then equating coefficients of t* (say) gives x = =+ \/ (

+ (qQ—u)(gj—UQ)(qu)’

— z=1(u+v+w-—p*—q?).

y:

Let F: W — V be the smooth bijective map constructed in the proof of
Proposition 4.2.6. Then, (u(t),v(t)) = F~!(5(t)) is smooth.

Suppose, for example, that f, # 0 at (zo,y0). Let F(z,y) = (z, f(z,v));

fa
0 fy
(z0,y0). By the inverse function theorem, F has a smooth inverse G
defined on an open subset of R? containing F(xo,yo) = (70,0), and G
must be of the form G(z,z) = (x,g(x,z)) for some smooth function g.
Then ~(t) = (¢, 9(¢,0)) is a parametrization of the level curve f(z,y) =0
containing (g, yo)-

then F is smooth and its Jacobian matrix ( ) is invertible at

The matrix ( fo Jy J2 ) has rank 2 everywhere; suppose that, at

9z Gy Yz
fy fz>

9y 9z
is invertible. Then, the function F(z,y,z) = (z, f(z,y,2),9(z,y,2))

some point (29, Yo, z0) on the level curve, the 2 x 2 submatrix (
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Solutions

5.6.3

5.6.4

1 0 O
is smooth and its Jacobian matrix fo fy f- is invertible at
9z Gy 9=z
(z0,Yo0,20)- Let G(x,u,v) = (z,¢(x,u,v),¥(x,u,v)) be the smooth in-
verse of F' defined near (x0,0,0). Then v(t) = (¢, ¢(¢,0,0),%(¢,0,0)) is
a parametrization of the level curve f(xz,y,z) = g(x,y, z) = 0 containing
(-ranO,ZO)~

Let o(u,v) = (f(u,v),g(u,v), h(u,v)). The condition o, x o, # 0 at
Ju  fo

(up,vo) means that the matrix Ju  Go has rank 2 at (ug,vg), so
hu e

5’; i;: ).IfF(u,v):

(f(u,v), g(u,v)), then as in the proof of Proposition 4.2.6 there is an open
subset V of R? containing F'(ug,vo) and an open subset W of U containing
(up,vp) such that F : W — V is bijective, in particular injective. Then
the restriction of o to W is injective.

at least one 2 x 2 submatrix is invertible, say (

Let o(u,v) = (f(u,v),g(u,v), h(u,v)). The condition that N(ug,vo) is
not parallel to the zy-plane means that the matrix ( Fu fo > is in-

u g'U
vertible at (ug,vo). If F(u,v) = (f(u,v),g(u,v)), then as in the proof of
Proposition 4.2.6 there is an open subset V of R? containing F(ug, vo)
and an open subset W of U containing (ug, vg) such that F: W — V is
bijective with smooth inverse. If F~1(u,v) = (a(u,v), 3(u,v)), then near
(20, Yo, 20) the surface coincides with the graph z = h(a(z,y), B(z,y)). If
N(ug, vo) is parallel to the xy-plane, then at least one of the other two
2 x 2 submatrices of the Jacobian matrix of o (u, v) is invertible, and then
the surface coincides near (xo, Yo, 20) with a graph of the form x = ¢(y, 2)

or y = ¢(z,z).

Chapter 6

6.1.1

(i) Quadric cone 2% + 22 = y?; o, = (cosh usinh v, coshu cosh v, coshu),
o, = (sinhu coshv, sinh usinhv,0), || &, ||>= 2 cosh® ucosh® v, o, - o), =
2sinh u coshusinhv coshv, || o, ||*= sinh?w cosh2v, and the first fun-
damental form is 2cosh®ucosh® v du? + sinh2usinh 2v dudv 4 sinh? u
cosh 2v dv?.

(ii) Paraboloid of revolution; (2 + 4u?) du® + 8uv dudv + (2 + 4v?) dv?.
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6.1.2

6.1.3

6.1.4

6.1.5

(iii) Hyperbolic cylinder; (cosh? u + sinh? u) du? + dv?.
(iv) Paraboloid of revolution; (1 + 4u?) du? + 8uwv dudv + (1 + 4v?) dv?.

Applying a translation to a surface patch o does not change o, or o,.
If P is a 3 x 3 orthogonal matrix, (Po), = P(oy),(Po), = P(oy),
and P preserves dot products (P(p) - P(q) = p - q for all vectors p,q €
R3). Applying the dilation (z,y,z) — a(x,y,2), where a is a non-zero
constant, multiplies & by a and hence the first fundamental form by a?.

Since both sides define bilinear forms on the tangent plane, it suffices to
prove that the two sides agree when v, w belong to the basis {6, 0, }.
This is easily checked using du(o,,) = dv(oy) = 1, du(oy,) = dv(eo,,) = 0.
By the chain rule, 65 = o, gﬁ‘ + oy g”, o; = dud~ + avd , which gives
E =665 = E (%)2 + QFgZ gz + G (ﬁ>2 Similar expressions for
F and G can be found; multiplying out the matrices shows that these
formulas are equivalent to the matrix equation in the question. Following
the procedure given, Edu? 4+ 2Fdudv + Gdv? = ( hdu + a“dv)2

( Qugn 4 aud,v) ( 0 4 + v d’U) + G( SYdu + Qv d’U) The coefficient

of du? is E ( ) + QFgZ gz + G ( ) which agrees with the expression
for E found above. Similarly for F and G.

(i) <= (i) By = G, =0 <= 0y Oy = 0y Oy = 0 < oy
is parallel to N. Consider the quadrilateral bounded by the parameter
curves u = ug,u = U1,V = vg,v = v1. The length of the side given by
u = up is :;1 | (ov(ug,v) || dv = fvl VG(ug,v)dv. (1) = (iii): If
G, = 0, G depends only on v so this 1ntegral is unchanged when ug is
replaced by wu1. So the two sides u = ug and u = u; have the same length;
and similarly for the other two sides. (iii) = (i): If the lengths are equal
then f " \/G(u,v)dv is independent of u; differentiating with respect to

u gives f ! idv = 0 for all vy, v1, so G, = 0; and similarly F, = 0.

Assuming conditions (i)—(iii) are satisfied, define @ = [+\/E(u)du,
0 = [/G(v)dv. Then, (u,v) — (u,?) is a reparametrization map
because its Jacobian matrix ( \/OE \/Oa ) has non-zero determinant

VEG. The first fundamental form of the reparametrization & (u,?)
of o(u, v) is du® + dudv + dv?. Since EG — F? > 0, we have
-1< \/7 <1 so there is a smooth function 0(@,?) with 0 < 6 < =«
such that cosf = \/2EL This gives the first fundamental form as
da? + 2 cos Odaudd + dv?.



426

Solutions

6.2.1

6.2.2

6.2.3

6.2.4

6.3.1

6.3.2

Since @ = 3(a +9), 0 = (@ — 0), the first fundamental form becomes

1 1
(di+ di)? + = cosO(di? — dv®) + S (dit — di)?

DN —

1 1 0 0
= 5(1 + cos0)du? + 5(1 — cos6)dd?® = cos? idﬁz + sin? §d172.

The map is o(u,v) — (u 2 cos \/Li,u\/isin \%,O) = &(u,v), say. The
image of this map is the sector of the xy-plane whose polar coordinates
(r,0) satisfy 0 < @ < 7v/2. The first fundamental form of & is 2 du® +

u?dv?; 6, = (\/§cos \/Li’ V2 sin \}—’5, 0),6'1, = (—u sin \}—’5, U COS \/Li’ O)7 SO
| 6w I’=2, 64 6, =0, || 64 ||*=u? and the first fundamental form of
G is also 2 du? 4 u? dv?.

No: the part of the ruling (¢,0,t) with 1 <t < 2 (say) has length v/2 and
is mapped to the straight line segment (¢,0,0) with 1 <t < 2, which has
length 1.

A straightforward calculation shows that the first fundamental form of
ol is cosh® u(du? 4+ dv?); in particular, it is independent of t. Hence,
o(u,v) — o'(u,v) is an isometry for all ¢. Taking ¢t = 7/2 gives the
isometry from the catenoid to the helicoid; under this map, the parallels
u = constant on the catenoid go to circular helices on the helicoid, and
the meridians v = constant go to the rulings of the helicoid.

The line of striction is given by v = —(¥-8)/ || § ||* (Exercise 5.3.4),
where in this case d = 4. Since ~ is unit-speed, ¥ -4 = 0so v = 0
and we get the curve = itself. For the second part, we can assume that
up = 0 and by applying an isometry of R? that v(0) = 0,t(0) = i,n(0) =
J,b(0) = k (in the usual notation). Then, using Frenet-Serret, 4(0) =
k(0)j, 5 (0) = (=k(0)2,(0), x(0)7(0)) so, neglecting higher powers of u
in each component, v(u) = v(0) +u-¥(0) + 15(0)u® + 5 (0)u’ + - - - =
(u, 2£(0)u?, 1k(0)7(0)u?). The intersection of the surface with the plane
perpendicular to t(0) = i is given by setting the z-component of o (u,v)
equal to zero. This gives v = —u+ higher terms, so neglecting such terms,
u = —v. Then the intersection is T'(v) = o (—v,v) = v(—v) + v¥(—v) =
(0, —2(0)v2, 3K(0)7(0)v?).

If the first fundamental forms of two surfaces are equal, they are certainly
proportional, so any isometry is a conformal map. Stereographic projec-
tion is a conformal map from S? to the plane, but it is not an isometry
since A # 1 (see Example 6.3.5).

The first fundamental form of the given surface patch is (1 + u? + v?)?
(du? + dv?); this is a multiple of du? + dv? so the patch is conformal.
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6.3.3

6.3.4

6.3.5

6.3.6

du
conformal <= di)/du = =+ cosp. Taking the plus sign, u = [ sec¢pdyp =
ln(secw =+ tanw), SO lising _ e%. Then 2coshu = e% + e % = 1tsing +

cos P cos
lfjfw = 2sectp. Hence, costp = sechu, sinty) = tanhu and & (u,v) is the
patch in Exercise 5.3.2.

2
The first fundamental form of & (u, v) is (ﬂ> du?+cos? 1 (u)dv?. So 7 is

® is conformal if and only if f2 + g2 = f2 + g2 and fuf, + gugo = O.
Let z = fu + igy, w = f, + igy; then ® is conformal if and only if
zZ = ww and zw 4 Zw = 0, where the bar denotes complex conjugate;
if z = 0, then w = 0 and all four equations are certainly satisfied; if
z # 0, the equations give 22 = —w?, so z = +iw; these are easily seen
to be equivalent to the first pair of equations in the statement of the
exercise if the sign is +, and to the second pair if the sign is —. We have

det(J (D)) = fc“ z:

equations hold and a minus sign if the second pair of equations hold.

= +(f2 + f2), with a plus sign if the first pair of

Let S be an orientable surface. Fix a smooth choice of unit normal at
each point of S, and let A be the atlas for S consisting of all the surface
patches for S whose standard unit normal agrees with the chosen normal.
On the other hand, by Theorem 6.3.6 S has an atlas consisting of confor-
mal parametrizations; let A be the maximal such atlas (i.e., the set of all
conformal parametrizations of §). Then, AN A is an atlas for S. Indeed,
if p € §, let o be any conformal parametrization of S containing p. If
o has the wrong orientation (so that o ¢ A), then &(u,v) = o(—u,v)
is a conformal parametrization containing p that has the correct orien-
tation. Thus, in any case there is a surface patch of S containing p that
is both conformal and correctly oriented. Let ® be the transition map
between two of the patches in the atlas AN .A. Then, ® is a conformal
diffeomorphism between open subsets of R%. By Exercise 6.3.4, ® is either
holomorphic or anti-holomorphic, and in the latter case det(J(®)) < 0,
contradicting the fact that ® is the transition map between two correctly
oriented surface patches. Hence, ® must be holomorphic.

Following Example 6.3.5, we find f[(x,y,z) = (ﬁ, Z—%,O). Identifying

(u,v) € R? with w = u+iv € C, we find &1(w) = (‘wz‘;"ﬂ,%).

Then o1(w) = 61(1/®), so the transition map is w +— 1/w. This is not

holomorphic, so the atlas {o1,61} does not give S? the structure of a
Riemann surface. If 61 (w) = &1(w), the transition map between o1 and
61 is w — 1/w. This is holomorphic (when w # 0, which holds on the
overlap of the two patches), so the atlas {o1,51} gives S? the structure
of a Riemann surface.
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Solutions

6.3.7

6.3.8

6.4.1

6.4.2

6.4.3

6.4.4

6.4.5

Any circle on S? is the intersection of S? with a plane, and so (see
Appendix 2) has equation of the form aw + aw + bz = ¢, where a € C,

b,c € R are constants (and a and b are not both zero). Substituting

—§—|§|22+1’2 = —E}zﬁ gives (b — ¢)|€|> + 2a€ + 2a€ = b+ ¢, which is

the equation of a Circle in Co (a line if b = ¢, a circle otherwise). The
converse is proved similarly.

w =

The expression of the map 117! o M oIl in terms of the atlas {a1,61} of
52 in Exercise 6.3.6, which consists of conformal patches, is of the form
w — M(w),w — M1/%),w — M(w) ,orw — M(l/ﬂ))_l, ie, a
Mobius or conjugate-Mobius transformation. Since such transformations
are conformal (Appendix 2), the result follows.

Parametrize the paraboloid by o (u,v) = (u, v, u?+v?); its first fundamen-
tal form is (1 + 4u?)du? + 8uv dudv + (1 + 4v?)dv?. Hence, the required
area is [/1 + 4(u2 + v2) dudv, taken over the disc u? + v? < 1. Let
u = rsinf, v = r cos; then the area is 27 fol V1+4rirdr = %(53/2 -1).
This is less than the area 27 of the hemisphere.

If S is a sphere with centre the origin and radius R, the map S? — S
given by p — Rp multiplies the first fundamental form by R?, and so is
conformal but multiplies areas by R?. It follows from Theorem 6.4.7 that
the sum of the angles of a spherical triangle of area A on S is m + A/ R
In this case, R is the radius of the earth and A is > the area of Australia,
so the sum of the angles is > 7+ (7,500,000)/(6,500) = 7 + 2% radians.
Hence, at least one angle of the triangle must be at least one third of
this, i.e., 7+ % radians.

Take a point p inside the polygon and join it to each vertex of the polygon
by an arc of a great circle. This gives n triangles whose sides are arcs of
great circles. The sum of their angles is the sum of their areas (i.e., the
area of the polygon) minus nm by Theorem 6.4.7, and is also the sum of
the angles of the polygon plus 27 (the angle around p).

The sum of the angles around any vertex is 27, so the sum of the angles
of all the polygons is 27V. By the preceding exercise, the sum of the
angles of a polygon with n sides is (n — 2)7 plus its area. Summing
over all polygons gives 27V = 47 + Zpolygons
of the areas of all the polygons is the area 47 of the sphere. Since two
polygons meet along each edge, Zpolygons n = 2F, and since there are F’
polygons altogether, we get 27V = 27 E — 27 F + 4w, which is equivalent
toV-E+F=2.

(i) is obvious as a local isometry preserves E, F, G and hence vV EG — F2.
If E = \E, F = \F and G = )G, and if EG — F? = EG — F?, then

(n — 2)m, since the sum
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6.4.6

6.4.7

6.5.1

6.5.2

6.5.3

6.5.4

A =1andso X =1 (as E, E are > 0). This proves (ii). The map from
52 to the unit cylinder in the proof of Theorem 6.4.6 is an equiareal map
that is not a local isometry.

Let ¢ : U — R3? f is equiareal +—= fR(E1G1 — F)Y? dudv =
S r(E2Ga — F3)'/2 dudv for all regions R C U. This holds <= the two
integrands are equal everywhere, i.e., <= FE1G| — F? = ExGy — F2.

Since N is perpendicular to the tangent plane, N x o, is parallel to the
tangent plane, and so = aoy, + B0, for some «, 5. Now (Nxo,) -0, =0,
(Nxoy,) -0,=(0yx0,) N=|o,Xx0, || N-N=+VEG—F? by
Proposition 6.4.2. This gives the two equations aE+ GF = 0, oF' + G =
VEG — F?, which imply a« = —F/\VEG — F?, 8 = E/VEG — F?. The

formula for N x o, is proved similarly.

If the internal angles are equal to «, Theorem 6.4.7 gives 3o — 7 = 4n /4,
so a = 2m/3. Corollary 6.5.6 then gives the length of a side as A =
cos~1(—1/3).

Using the notation following Proposition 6.5.8, there is a rotation R; of
S2 that takes a’ to a; then a further rotation R, around the diameter
through a that makes the side through a and R;(b’) coincide with the
side through a and b. By Corollary 6.5.6 the two triangles have sides
of the same length, so we must have b = RyR;(b’). If ¢ and ¢’ are
on the same side of the plane containing the side through a and b, we
shall then have ¢ = RoR;(c’) and the isometry RyR; takes the triangle
with vertices a’,b’, ¢/ to the triangle with vertices a, b, c; if they are on
opposite sides the isometry R3RsR; does this, where R3 is reflection in
the plane containing the side through a and b.

By applying an isometry of R3, which leaves lengths and areas unchanged,
we can assume that p is the north pole (0,0,1). The spherical circle
of radius R and centre p is then the circle of latitude ¢ = 7/2 — R
(Example 4.1.4), which is a circle of radius sin R. The area inside it is, by

Example 6.1.3 and Proposition 6.4.2,f027r ://22—1% cos 0dfdp=27(1—cos R).

The maximum value of R is 7; if 7/2 < R <, one replaces R by m — R
in (i) and (ii).

(i) If M'(w) = g,/l‘u”jrrdb: is another unitary M&bius transformation, then
(M' o M)(w) = £%45, where A = d'a +V¢,B = a'b+Vd,C =
da+de,D =cdb+dd Thus, A = da+be=dd+ (-c)(-b) =D
and similarly C' = —B. Inverses are dealt with similarly. (ii) Denoting

(r,y,2) € R3 by (£,2) with ¢ = x + iy € C, the plane through the ori-
gin perpendicular to (a,b) is wa + wa + 2bz = 0, and reflection in it is
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Wa+wa 2 -1
F(g,Z) = (gﬁ ) 2|Z|2—4:;;22b(a’ b) Taklng g - \w\ +1, z = ‘lww‘Tﬂa we

2(|la b%)w—2a(wa+wa+b(Jw|?—
find that F(g,Z) = (5/’ /)a where 6/ = - | - E\U;\2+(1)(|a+|2+;r2)(| | 1))7

r— (al24+6)(w|?~1) ~2b(watwat+b(w|*~1)) ; ; A
S e (1alP+5%) , which gives w' = 25 =
—ablw*+b?w—a’wtab _ (—aw+b)(bwta) _ —awtb (i .- .
ol Fbawtbat ol — (bw+a)(bw+a) pors - (ili) By Proposition 6.5.7,

if F' is any isometry of S%, Fpy = (MjoJ)o(MyoJ)o---o (Mo J) for
some k. Since JoMo.J is easily seen to be a unitary Mébius transformation
if M is one, part (i) implies that F is a unitary Mobius transformation
if k is even, and of the form M o J with M unitary Mébius if k is odd.

(iv) If « € C,b € R, call the unitary M&bius transformation M (w) =

% special unitary. Then M = Fy o J where F is as in (ii). Since

J = Ry where R is reflection in the yz-plane, M = (F o R)y corre-
sponds to the isometry F o R of S2. It therefore suffices to prove that
every unitary Mobius transformation is a composite of finitely many spe-

cial unitary Mobius transformations. If M'(w) = fé"JfA is any unitary

Mobius transformation, where A, B € C, let B = be?® with b, € R. Then

M' = poMop~! where p(w) = e and M (w) = Ab“’f;‘ are both special

unitary Mobius transformations (p(w) = ag’jut_ba with a = €/2,b = 0).

Chapter 7

7.1.1

7.1.2

7.1.3

o, = (1,0,2u), o, = (0,1,2v), so N = A(—2u,—2v,1), where X\ =
(1 +4u? + 40%) Y2, gy = (0,0,2), 6wy = 0, 04 = (0,0,2), s0 L = 2),
M =0, N =2}, and the second fundamental form is 2\(du? + dv?).

o, N, = —0yy - N (since o, - N = 0), so N, - o, = 0; similarly,
N, o0, =N, -0, =N, -0, =0; hence, N, and N,, are perpendicular
to both o, and o, and so are parallel to N. On the other hand, N,, and
N, are perpendicular to N since N is a unit vector. Thus, N, = N, = 0,
and hence N is constant. Then, (o - N), = o, - N = 0, and similarly
(o-N), =0, s0 o-N is constant, say equal to d, and then o is an open
subset of the plane v-N = d.

From Section 4.5, N = +N, the sign being that of det(J). From
Uu—a'uau'i"’vau’ U—Uuav"‘a’vawweget

F~~ = @_1_ 82v+ @ 2+2 @@4_ @ ’
T = Tugaz T 7 aaz T 7\ oa Twaaon 7"\ ou

So L = i(L(g_Z> +2M§Z§Z —I—N(g—Z)Q), since o, - N =0, - N = 0.
This, together with similar formulas for M and N, are equivalent to the
matrix equation in the question.
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7.1.4

7.2.1

7.2.2

7.3.1

7.3.2

7.3.3

7.3.4

7.3.5

Let o be a surface patch, P a 3 x 3 orthogonal matrix, a € R? a constant
vector, and & = Po + a. Then, ¢, = Po,, 6, = Po,, s0 0, X 0, =
+o, X0, (Proposition A.1.6), the sign being + if the isometry v — Pv+a
is direct and — if it is opposite. It follows that (in the obvious notation),
L=+L,M =+M,N = +N. The dilation v — av, where a is a non-zero
constant, multiplies o by a and hence multiplies each of L, M, N by a.

The paraboloid is the level surface f = 0 where f(z,y,2) = z — 2% — y?

and N = ”E;T}C’ ’}czg” is the corresponding unit normal. So G(z,y,2) =
(c2,-29.2)

(422 +4y2+1)172 "

This is obvious since changing the orientation changes the Gauss map G

to —G.

Let t be the parameter for «, let s be arc-length along -, and
denote d/dt by a dot and d/ds by a dash. Then, ¥ = %'y’, ¥ =

o\ 2 2 . . .
(%) ‘y’Jr‘é?'y’. By Proposition 7.3.5, £, =(v/, ’y’):(m'y, (dslm’y) =
(¥, %) /(ds/dt)> = {(%,%)/{%,%). For the second part, since
¥ (N x9') = 0, we have 5 - (N x 4) = (%)°7" - (N xv) =
<;77;Y>3/2’fg~
Let v be a unit-speed curve on the sphere of centre a and radius r.
Then, (v —a) - (v — a) = r?; differentiating gives ¥ - (y —a) = 0, so
¥ (y—a) = —% -4 = —1. At the point «(¢), the unit normal of the
sphere is N = £1(y(t) —a), so k, =4 N =14 . (y —a) = FL.

If the sphere has radius R, the parallel with latitude 6 has radius
r = Rcos#; if p is a point of this circle, its principal normal at p is parallel
to the line through p perpendicular to the z-axis, while the unit normal
to the sphere is parallel to the line through p and the centre of the sphere.
The angle 9 in Eq. 7.10 is therefore equal to § or m—8 so kg = i% sinf =
i% tan 0. Note that this is zero if and only if the parallel is a great circle.

We have 4 = 40, + vo,, so by Exercise 6.4.7, N x 4 =

((Boy—Foy)+0(Foy—Goy) = . . . .. .
e ;E)gf(pza Tu) g = oy, + 50y + 020 gy + 2000y + D20 .

Hence, r, = 4-(Nx%) = (4i—0i)VEG — F2+ Ai?+ Bu20+Cui? 4+ Do?,
where A = 0y (Eoy—Fo,) = E(04-00)u—0u-0uw)— 3F (04 04)u =
E(F, — %EU) — %FEU, with similar expressions for B,C, D.

If F = 0, we find by this method that A = —1E,\/E/G, B =
GuE/G-3E./G/E,C = 3G,\/E/G—E,/G/E, D =1G,\/G/E.

k1 = kN1'n, ko = kN2'n, 50 K1 No—k3N7 = K((N1-n)Ny—(N3-n)N;) =
k(N7 x N3) x n. Taking the squared length of each side, we get
K2 4+ K3 — 2k1K2Ny - Ny = k2 || (N7 x N3) x n ||2. Now, Ny - Ny = cos a;
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7.3.6

7.3.7

74.1

7.4.2

7.4.3

4 is perpendicular to N7 and Ns, so N; x Ns is parallel to 4, hence
perpendicular to n; hence,|| (N1 X N2) xn || =|| Ny xNs ||| n || =sina.

A straight line has a unit-speed parametrization v(t) = p + tq (with
q a unit vector), so 4 = 0 and hence k, = 4 - N = 0. In general,
kn = 0 <= 4 is perpendicular to N <= N is perpendicular to n <= N
is parallel to b (since N is perpendicular to t).

The second fundamental form is (—du? + u? dv?)/uv/1 + u?2, so a curve
~(t) = o(u(t),v(t)) is asymptotic if and only if —u? + u?9? = 0, i.e.,
dv/du =0/t = £1/u, so Inu = +(v + ¢), where ¢ is a constant.

v is a smooth function of ¢ and lies in Ty(,(4)S = T3S, so v is a
tangent vector field along 4. The formula follows from Eq. 7.11 and the
fact that % = Cé‘t’ ‘th where £ = ¢(t). The last part follows since ¢ # 0
so Vzv=0<+= V,v=0.

If p and q correspond to the parameter values ¢ = a and t = b, re-
spectively, let T'(t) = y(a + b —t) (thus, T is « ‘traversed backwards’).
We show that ITEP is the inverse of IIP9. Let w € T,S and let v be
the tangent vector field parallel along ~ such that v(a) = w. Then,
Bd(w) = v(b). By Exercise 7.4.1, V(t) = v(a + b — t) is parallel along
T so IIFP(v(b)) = IEP(V(a)) = V(b) = v(a) = w. This proves that
ITEP o ITB9 is the identity map on TpS. One proves similarly (or by inter-
changing the roles of v and T") that H};qOHIO-“p is the identity map on T4S.

Let «, 8,7 be the internal angles of the triangle at p, q,r, respectively.
Since the arc through p and q is part of a great circle, the tangent
vector of the arc is parallel along the arc (Exercise 7.4.7). So the result
of parallel transporting vg to q along the arc pq through p and q is a
vector vy tangent to pq at q. Now v makes an angle m — 3 with the arc
qr at q, so parallel transporting v; along qr to r gives a vector v, which
makes an angle (7 — 3) + (7 — 7) with the arc Tp at r. Parallel trans-
porting vy along Tp to p then gives a vector vz which makes an angle
(m—B) + (r — )+ (7 — @) with vq. Since v, v1, va, v3 all have the same
length (Proposition 7.4.9(ii)), the result follows from Theorem 6.4.7.

Chapter 8

8.1.1

Parametrize the surface by o (z,y) = (z,y, f(x,y)). Then, o, =

(1,0, f2),
Ty = (O’lvfy)’ N=(1 +f§ +fy2)_1/2(_fxa_fy,1)v 050 = (0,0, foz),
= Jfa

o2y = (0,0, fry), oyy = (0,0, fy,). This gives E = 1+ f2, F s
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8.1.2

8.1.5

8.1.6
8.1.7

G=1+f2and L =1+ f2+ )7V 2 0, M = (1 + f2+ f2)7 12 fuy,
_ g2
N = (1+ f2+ f2)7Y/2f,,. By Corollary 8.1.3, K = Ztutey g —

(A+f2+15)%"
(1+f5)fxw72fwf’yfw’y+(1+ff,)f’yy ’
2(1+f2+f2)37? )

For the helicoid o (u,v) = (vcosu, vsinu, Au), o, = (—vsinu, v cosu, ),
o, = (cosu,sinu,0), N = (A2 + v?)"12(=Asinu, Acosu, —v), Ouy =
(—vcosu, —vsinu,0), oy = (—sinw, cosu,0), 0,, = 0. This gives E =
MN+0v2 F=0,G=1and L =N =0,M = \/V/A2+v2. Hence, K =
(LN — M?)/(EG — F?) = —)\2/(\% +v?)2.

For the catenoid o(u,v) = (coshucosv,coshusinv,u), o, =
(sinhucosv,sinhusinwv, 1), o, = (—coshusinv,coshucosv,0), N =
sechu(— cosv, — sinv, sinhu), oy, = (coshucosv,coshusinv,0), oy, =
(—sinhusinv, sinhucosv,0), o, = (—coshucosv,—coshusinv,0).
This gives E = G = cosh?u, F =0 and L = —1, M = 0, N = 1. Hence,
K = (LN — M?)/(EG — F?) = —sechu.

Since o is smooth and o, X 0, is never zero, N = o, X0,/ || oy X0y || is
smooth. Hence, E, F,G, L, M and N are smooth. Since EG — F? > 0 (by
the remark following Proposition 6.4.2), the formulas in Corollary 8.1.3
show that H and K are smooth.

From Example 8.1.5, K =0 <= 6 - N =0 <= §-((t +vd) x8) =0 <=
5-(t><6) =0.Ifd=n,8 = —kt+7b,txd =b,s0 K =0 = 7 =0 <>
~ is planar (by Proposition 2.3.3). If § = b, §=—m,txd=—n,so
again K =0 <=7 =0.

The dilation (z,y, z) — (azx, ay, az), where a is a non-zero constant, mul-
tiplies F, F, G by a? and L, M,N by a, hence H by a~! and K by a2
(using Corollary 8.1.3).

This follows immediately from Definition 8.1.1 and the hint.

Suppose that the cone is the union of the straight lines joining points of a
curve C to a vertex v. It is clear that the Gauss map G is constant along
the rulings of the cone, so the image of the cone under G is the same as
the image of C under G, which is a curve.

By Eq. 8.2, the area of o(R) is

/ | N, x N, ||dudv:/ K| || o0 X 0y ||dudv:/ |K|dAs.
R R R

Using the parametrization o in Exercise 4.2.5, we find that E = b2, F = 0,
G = (a+bcosh)? and L = b,M = 0, N = (a + beosf) cos§. This gives
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K = cosf/b(a+bcosh). It follows that ST and S~ are the annular regions
on the torus given by —7/2 < u < 7/2 and 7/2 < u < 37/2, respectively.

Chs S—

It is clear that as a point p moves over ST (resp. 8™ ), the unit normal at p
covers the whole of the unit sphere. Hence, [ ¢, |K|dA = [¢_|K|dA =4m
by the preceding exercise; since |K| = +K on ST, this gives the result.

8110 V,w = wy — (wy - N)N so V, (VW) = Wyup — (Wyp - N)N—

8.2.1

(Wy - Ny)N = (wy, - N)N, — (Wyy - N)N + (Wy, - N)N + (wy, - N, )N+
(Wy - N)(Ny, - N)N = wyy, — (Wyy - N)N — (wy, - N)N,,. Interchanging u
and v and subtracting gives the first formula. Replacing w by Aw in this
formula gives AM{(w,-N)N,, — (W, -N)N, } + A, (w-N)N, — A, (w-N)N, =
M(wy - N)N, — (w,, - N)N, } since w- N = 0. It is also obvious that
Vo (Vu(wi + w2)) = Vi (Vo(Wi + w2)) = (Vo(Vuwi) = Vu(Vewr)) +
(Vo(Vyws) — Vu(Vyws)) for any two tangent vector fields wy, wo.

Now V,(Vuou) = Vu(Veou) = (0w - N)N, — (64 - N)N, = MN,, —
LN, (in the usual notation). Using Proposition 8.1.2, this is equal to
M(ao, + bo,) — L(co,, + do,) and using the explicit expressions for
a,b,c,d in Proposition 8.1.2 this becomes K(Fo, — Fo,). Similarly,
Vo(Vyoy) — Vu(Vyo,) = K(-Goy + Foy,).

If Vy(Vuw) — Vo (Vyw) = 0 (¥) for all w, then taking w = o, gives
K = 0 since F # 0, o, # 0. Conversely, if K = 0 then (*) holds for
w = o, and o,, and hence by the first part of the exercise it holds
for aoy, + Bo, for all smooth functions a, 8 of (u,v). But every tangent
vector field w is of this form.

For the helicoid o(u,v) = (vcosu,vsinu, u), the first and second
fundamental forms are (A2 + v?)du? + dv? and 2Xdudv/vVA2 + v2,

respectively. Hence, the principal curvatures are the roots of
—Kk(A% 4 0?) A

\ \M“/;v2 =0, ie., k = £2/(A\% + v?). For the catenoid
WpcEw -

o (u,v) = (coshucosv,coshusinv,u), the first and second fundamental
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8.2.2
8.2.3

8.2.4

8.2.5

forms are cosh? u(du® + dv?) and —du? + dv?, so the principal curvatures
—1 — kcosh?u 0

— : _ 2
0 1—kcosh®u | 0, i.e., k = Esech”u.

are the roots of

This is obvious, since W(%) = —N.
v is a line of curvature <= < = 4o, + Vo, is a principal vector for

L M E F ”» .
all t «— ( I N ) = /{( r G ) for some scalar x. Writing this

matrix equation as two scalar equations and then eliminating x gives
the stated equation. For the second part, if the second fundamental form
is a multiple of the first, the Weingarten map is a scalar multiple of
the identity map, so every tangent vector is principal and every curve
on the surface is a line of curvature. If FF = M = 0 the matrices F;
and Fj; are diagonal, hence so is the matrix ]-'1_1}"” of the Weingarten
map with respect to the basis {o,, o, }. This means that o, and o, are
principal vectors, i.e., that the parameter curves v = constant and u =
constant are lines of curvature. Conversely, if every parameter curve is a
line of curvature, the stated equation must hold if &« = 0 and if v = 0.
This gives EM = FL and FN = GM, which imply that (EN — GL)F =
EGM — EGM = 0 and so F = 0 and then GM = 0 so M = 0. If
EN = GL the equation in the exercise implies that every curve is a line
of curvature, so every tangent vector is principal, so (i) holds. Condition
(i) implies that the two principal curvatures are equal everywhere, i.e.,
every point is an umbilic, so o is an open subset of a plane or a sphere by
Proposition 8.2.9. From Examples 6.1.3 and 7.1.2, the first and second
fundamental forms of a surface of revolution are du? + f(u)?dv? and
(fg — fg)du2 + fgdv?, respectively. Since the terms dudv are absent, the
vectors o, and o, are principal; but these are tangent to the meridians
and parallels, respectively.

Let N7 be a unit normal of S. Then, K = 0 <= Nl.(t x N1) = 0. Since
N, is perpendicular to N; and Ny is perpendicular to t, this condition
holds <= Nj is parallel to t, i.e., <= N; = —\% for some scalar . Now
use Exercise 8.2.2.

Let N7 and Ny be unit normals of the two surfaces; if -y is a unit-speed
parametrization of C, then Ny = —\;% for some scalar \; by Exercise
8.2.2. If C is a line of curvature of S, then N, = — Ao for some scalar Ao,
and then (N71-Nj3) = —A;9-Na—X29-N7 = 0, so N1-Ny is constant along
7, showing that the angle between S; and Sz is constant. Conversely, if
N; - Ny is constant, then Nl.N2 = 0 since N1 -Ng = =A% - N3y = 0;
thus, Ny is perpendicular to Ny, and is also perpendicular to Ny as Ny
is a unit vector; but 4 is also perpendicular to Ny and Na; hence, Ny
must be parallel to 4, so there is a scalar Ay (say) such that Ny = — o4,
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8.2.6

8.2.7

8.2.8

(i) Differentiate the three equations in (8.5) with respect to w,u and v,
respectively; this gives oy -0y + 0y Tpw =0, Oyy 0w + 04 - Oy =0,
Oy Oy + 0y 0y, = 0. Subtracting the second equation from the sum of
the other two gives o, - 0y, = 0, and similarly o, - 0y = 0 - Oy = 0.
(ii) Since o -0y = 0, it follows that the matrix Fy for the u = ug surface
is diagonal (and similarly for the others). Let N be the unit normal of
the u = ug surface; N is parallel to o, X o, by definition, and hence
to oy since o, o, and o, are perpendicular; by (i), oy - 04 = 0,
hence o, - N = 0, proving that the matrix F;; for the u = ug surface is
diagonal. (iii) By part (ii), the parameter curves of each surface u = ug
are lines of curvature. But the parameter curve v = vy, say, on this surface
is the curve of intersection of the u = ug surface with the v = vy surface.

On the open subset of the ellipsoid with z # 0, we can use the

parametrization o(z,y) = (z,y,z), where z = +ry/1— ;—2 - qL;. By
Proposition 8.1.2 and the remarks following Proposition 8.2.1, the condi-
tion for an umbilic is that F;; = kFr for some scalar x. The formulas in

the solution of Exercise 8.1.1 lead to the equations z,, = A\(1+22), Zypy =
Azazy, zyy = A1+ 22), where X = ky /1+ 22 4+ 22. If 2 and y are both
non-zero, the middle equation gives A = —1/z, and substituting into the

first equation gives the contradiction p? = r2. Hence, either z = 0 or
y = 0. If z = 0, the equations have the four solutions

2 _ 2 r2 — p2
q —p Y= 4 p

r=0, y==+q JERE R

Similarly, one finds the following eight other candidates for umbilics:

[ 2 2 2 2
_ p°—q _ _ e —q
T =xp 2 y=0, z==r 2
2 2 2 2
p?—r qg>—r
x = %py/ y = +q z =
pZ— g2’ 2 —p?

Of these 12 points, exactly 4 are real, depending on the relative sizes of
p?,q* and 2.

e

If p = ¢ # r, the only umbilics are the two points (0,0,+r). f p=g=1r
every point of the ellipsoid (now a sphere) is an umbilic.

By Proposition 8.2.3, the principal curvatures are the roots of the
quadratic equation k?> — 2Hk + K = 0, i.e., H £ vH? — K. If there
are no umbilics, we must have H? > K, and then the principal curva-
tures are smooth because H and K are (Exercise 8.1.3). The second part
follows from Exercises 6.1.4 and 7.1.3 and Proposition 8.2.6.
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=

| .
3

o] =
ﬂ i

v
8.3.1 (i) Setting & = v, = w = e~ %, we have u = —Ind,v = 4 so, in
_1
the notation of Exercise 6.1.4, J = < (1) 077 ) Since J is invert-

ible, (u,v) — (v,w) is a reparametrization map. The first fundamen-

tal form in terms of v, w is givenby(? g) _Jt<§ g)‘]_

(% o) (o e ) (3 0 ) = (7 L)oo e s
o 2 w?

fundamental form is (dv? + dw?)/w

X o ow
(i) We find that the matrix J = (g_g P ) =
) oV oW
< 1 Z(w+1) 2 3~ (w+ 1)? ) so the first fundamental
—5(0* = (w+1)%) v(w+1)
1

— 4wty

4w?

K‘

form matrix in terms of V and W is J* <

L)
w?

In (i), u < 0 and —7 < v < 7 corresponds to —7 < v < 7w and w > 1, a
semi-infinite rectangle in the upper half of the vw-plane.

ot

ml , after some tedious algebra.

To find the corresponding region in (ii), it is convenient to introduce the
complex numbers z = v + iw, Z = V + i{W. Then, the equations in (ii)
are equivalent to Z = 23, z = %
corresponds to z + Z = 27 (the bar denoting complex conjugate), i.e.,

“ZZ%II) - IZZt—ll) = 2m, which simplifies to |Z — (1 — £)|? = %;

corresponds to the circle in the VW -plane with centre 1— % and radius < =

. The line v = 7 in the vw-plane

SOV =T

Similarly, v = —7 corresponds to the circle with centre 1 + 4 and radius
%. Finally, w = 1 corresponds to z — Z = 2i, i.e., i(ZZHl) + Z(ZZHU = 2i.
This simplifies to |Z — \2 1 ; so w = 1 corresponds to the circle with

centre 1/2 and radius 1 / 2 in the VW -plane. The required region in the
VW-plane is that bounded by these three circles:
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8.4.1

V24 WwW2=1

For (iii) we follow the hint and make use of polar coordinates on the
disc, V = rcosf, W = rsinf, V = Fcosf, W = 7sinf. We find that
P 2r_ § = 0. Suppose that the first fundamental form in terms of

T = 210
these parameters is Edr? + 2Fdrdf + Gdf?. Since % = ?{:2;’, the

first fundamental form is 4((11;3;2))42 Edr? + ?1(112)22) Fdrdf + Gd8?. Equat-
. . 4(dV2HdW?) _ 4(dr’+r2de?) (4 1
ing this to (1_V2_W22)2 = g_ﬂ)z , we get F = =T = =
F =0 G = uf%)z = 7-=. Converting back to the parameters
(V,W), we have 7dr = VdV + WdW,7*df = VdW — WdV, so

O AT AT 2 —27 (7 AV T AT 2
the first fundamental form becomes (/& FWIW) F‘g((;:;z))Q(VdW_WdV) =
(V24+(1=F)W2)dV 24272 VWAV AW + (W2 +(1—72)V2)dW?

72(1—72)2

_ (A=WHaV 2V WAVAW +(1—V2)dW?
= (1-V2—w2)2 .

Let & (@, ) be a patch of S containing p = & (&g, U9). The Gaussian cur-
vature K of S is < 0 at p; since K is a smooth function of (@, v) (Exercise
8.1.3), K (@i, 7) < 0 for (i, 7) in some open set U containing (i, 7p); then
every point of 6'((7 ) is hyperbolic. Let k1, k2 be the principal curvatures
of &, let 0 < 6 < 7/2 be such that tanf = /—k1/ke, and let e; and es
be the unit tangent vectors of & making angles 6§ and —#@, respectively,
with the principal vector corresponding to 1 (see Theorem8.2.4). Ap-
plying Proposition 8.4.3 gives the result. For the last part, put v = 0
in the formula for x, in Proposition7.3.5: this shows that L = 0 if the
parameter curves v = constant are asymptotic. Similarly N = 0 if the
parameter curves u = constant are asymptotic.
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8.5.1

8.5.2

8.5.3

By Corollary 8.1.3 and the fact that o is conformal, the mean curvature
L;EN, $0 o is minimal <= L+ N = 0, i.e., <= (Ouy +
o) - N =0 (*). Obviously, then, o is minimal if Ao = 6y + 4y = 0.
For the converse, we have to show that Ag = 0 if (*) holds. It is enough
to prove that Ao - o, = Ao - o, = 0, since {o,0,,N} is a basis
of R3. We compute Ac - 0y = Ouu - Ou + Oy - Oy = %(Ju cOy)ut
(0y 0wy — (04 - Ow) = %(o’u cOy — Oy Oy)y + (04 - 04)y. Since o
is conformal, o, - 0, = 0, - 0, and o, - 0, = 0. Hence, Ao - o, = 0.
Similarly, Ao - o, = 0. The first fundamental form of the given surface
patch is (1 4+ u? + v?)?(du? + dv?), so it is conformal, and @, + 0y =
(—2u,2v,2) + (2u, —2v,—-2) = 0.

of ois H =

Using the formula in Exercise 8.1.1 with f(z,y) = Incosy — Incosz gives
- sec? z(14+tan? y)—sec? y(1+tan® z) 0
- 2(1+tan? z+tan? y)3/2 -

Yu=0,+wN,, X, =0, +wN,, 3, =N.3¥,-¥, =0since o, - N =
N, - N = 0, and similarly ¥, - 3,, = 0. Finally, 3, - ¥, = 0 - 0,+
w(oy - Ny+0,-Ny)+w?N, N, = F—2wM +w?N,-N, = w?N,-N,; by
the proof of Proposition 8.1.2, N, = f%au, N, = f%av, so N, -N, =
%F = 0. Every surface © = u¢ (a constant) is ruled as it is the union of
the straight lines given by v = constant; by Exercise 8.2.4, this surface is
flat provided the curve y(v) = o (ug,v) is a line of curvature of S, i.e., if

o, is a principal vector; but this is true since the matrices F; and Fiy
are diagonal. Similarly for the surfaces v = constant.

Chapter 9

9.1.1

9.1.2

By Exercise 4.1.3, there are two straight lines on the hyperboloid passing
through (1,0, 0); by Proposition 9.1.4, they are geodesics. The circle given
by z = 0,22 + y2 = 1 and the hyperbola given by y = 0,22 — 22 = 1 are
both normal sections, hence geodesics by Proposition 9.1.6.

Let k() = 4- (N x ). Note that if I'(¢) = v((t)) is a reparametrization

of v, then k(T') = (%?)35(7). In particular, k(y) = 0 <= &(T') = 0.
For (i), let v be a pre-geodesic and let I" be a geodesic reparametriza-
tion of «. By Proposition 9.1.2 T" has constant speed, say v, and then
['(t) = T'(t/v) is a unit-speed geodesic. By Proposition 9.1.3, x(T') = 0,
hence x(I') = 0, hence x(v) = 0. Conversely, if x(v) = 0 and if T is a
unit-speed reparametrization of v, then x(I') = 0 so I' is a geodesic
by Proposition 9.1.3. Part (ii) is obvious. For (iii), let v be a con-
stant speed pre-geodesic, say with speed v. Then T'(t) = ~(t/v) is a
unit-speed pre-geodesic, hence a geodesic by (i) and Proposition 9.1.3.
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9.1.3

9.14

9.1.5

9.1.6

Since 4 = 0T, 4 is perpendicular to the surface, so v is a geodesic.
Finally, (iv) follows from (iii) and Proposition 9.1.2.

Let II, be the plane through ~(s) perpendicular to t(s); the param-
eter curve s = constant is the intersection of the surface with II,.
From the solution to Exercise 4.2.7, the standard unit normal of o is
N = —(cosfn + sinfb). Since this is perpendicular to t, the circles in
question are normal sections.

~~

= 1; the vector (35, %, %) is normal
1s a curve on

Take the ellipsoid to be £ oz —l— + rz = 2
to the ellipsoid by Exermse 5 1.2. It v (¢) = (f(1), ( ) ( )

)i
the ellipsoid, R = ( + + ) i , 8= < ) . Now, ~

( 27&%7%)

=0, hence
+"—4) —0,
)2 = A
+%)

+@)

1|:‘
SN

>/

is a geodesic < ¥ is parallel to the normal <= ( f J, h)
forsomescalar)\() FromL—l—L—i———lwegetﬁ—I—q + 2
Ly By ad b —ge, Ly 8 +/\(Lz

which gives \ = sz/RQ. The curvature H A || = (f*+

(& JrﬁJrﬁ)l/2 = Bl = S Finally, 14 (k) =
Pl e e =3 = Yo 2at \®Ps7) =
(f—2+ + )+< + 4+ )(ff+gg+'£§) 1-%2(

+Sz (ﬁ + ﬂ + hh) = 0, since A = —S%/R?. Hence, RS is constant.

Q’“rm” ml g

g »>|::+

h?
4+
+ 4

rd

Suppose that a geodesic ~ lies in the plane v -a = b, where a and b are
constants. Then 4-a = 4-a = 0. Since 4 is parallel to N (the unit normal
of the surface), N-a =0, so N-a = 0. Since N, 4 and N are all parallel
to the plane and the last two vectors are perpendicular to the first, they
are parallel. Hence -y is a line of curvature by Exercise 8.2.2. Conversely,
if v is both a geodesic and a line of curvature, we may assume -~ has unit-
speed (for the unit-speed reparametrization of v would still be a geodesic
and a line of curvature). Let a = N x 4. Then a = Nx4+Nx4=0
since the first term vanishes because = is a line of curvature and the
second because 7 is a geodesic. So a is constant. And ¥-a=0so0v-ais
a constant, say b. Hence = lies in the plane v-a =b.

For (i) note that 4 is a non-zero vector parallel to both N7 and Na,
so N7 and No must be parallel. For an example, take S; and S to be
the sphere and cylinder in Theorem 6.4.6. Now suppose that S; and S,
intersect perpendicularly. Then, N1,Ns and + are perpendicular unit
vectors. From 4 - Ny = 0 we get 4 - Ny +4 - Ny = 0. If ~ is a geodesic on
S1, 4-N2 = 0 since 4 is parallel to N1, so N, is perpendicular to 4. Since
N, is also perpendicular to N, it must be parallel to Nj. Conversely, if
N, is parallel to Ny, then 4 - N = 0 so 4 is perpendicular to No. Since
4 is also perpendicular to 4, it must be parallel to N;. Finally, if v is a
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9.2.1

9.2.2

9.2.3

9.24

geodesic on both §; and Ss, then N1 is parallel to N2 and Ng is parallel
to Ny. It follows that (N1 x N3) = N x Ny 4+ Nj x Ny = 0 so Nj x Ny
is a constant vector. Since < is a unit vector parallel to N7 x Na, 7 is
constant, so C is part of a straight line.

If p and gq lie on the same parallel of the cylinder, there are exactly
two geodesics joining them, namely the two circular arcs of the parallel
of which p and q are the endpoints. If p and q are not on the same
parallel, there are infinitely many circular helices joining p and q (see
Example 9.2.8).

Take the cone to be o(u,v) = (ucosv,usinv,u). By Exercise
6.2.1, o is locally isometric to an open subset of the zy-plane by
o(u,v) — (uv2cos \‘/—’i,uﬁsin \‘/—’5,0). By Corollary9.2.7, the geodesics
on the cone correspond to the straight lines in the xy-plane. Any
such line, other than the axes x+ = 0 and y = 0, has equation

ax 4+ by = 1, where a, b are constants; this line corresponds to the curve

v <\/§(a cosc\iﬁsibsin %) > V2(a coss%ibsin %) > V/2(a cos \/L;-i-bsin %) > ; the
z- and y-axes correspond to straight lines on the cone.

Parametrize the cylinder by o (u,v) = (cosu,sinu,v). Then, E =G =1,
F =0, so the geodesic equations are i = ¢ = 0. Hence, u = a + bt,v =
c+dt, where a, b, ¢, and d are constants. If b = 0 this is a straight line on
the cylinder; otherwise, it is a circular helix.

For the first part,
(E4? + 2Fiu0 + Go*Y = (Eyi + Eyo) 4* + 2(Fyi + F,0)a0
+H(Gyit + Gyo)o? + 2Buii + 2F (4 + iiv) 4+ 2G 0D
= W( B, 0?4 2F, 00 + G 9?) + 0(E,i? 4 2F,00 + Guo?)
2B+ 2F (b + ii0) + 2Goi
=2(Ey i+ Fo)u+ 2(Fu+ GU) o + 2(Eu + Fo)u + 2(Fu + G0)
(by the geodesic equations)
= 2[(Bu + Fo)d] + 2[(Fu + Go)v) = 2(E4? + 2Fu0 + Gi?)'.
Hence, (E4? + 2Fu0 + Gv?) = 0 and so || 4 |2 = Eu? + 2Fu0 + Go? is
constant.
Suppose now that (i) and (ii) hold. Differentiating Fu? + 2Fuv + Gv* =
constant gives (E,t + E,0)0% + 2(Fyu + F,0))u0 + (Gt + Gpo)0? =
—2(Eu+ Fo)ii — 2(Fi+ G)b, ie., (E,02 + 2F,00 + G920 + (E,02 +
2F, 10 + Guo?)o = —2(Eu + Fo)ii — 2(Fa + Go)d. Using (i) we get
204 (B + Fi) + 2(Ei+ Fi)i = —2(Fi+ Go)o — (Byi® + 2F,i0 +
G,9%)b. The left-hand side of this equation equals 24 (u(Eu + F©)) =
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—24 (Fid 4+ Gv?) = —2(Fi+ G0)b — 204 (Fiu+ Gb). Combining the last
two equations gives (ii) provided v # 0.

9.25 E=1,F =0,G = 1+u?, o~ is unit-speed <= 42+ (1+u?)9? = 1. The

second equation in (9.2) gives 4 ((1 + u?)0) = 0, i.e., O = 157, where
2 .
a is a constant. So % = 1 — Tz and, along the geodesic, g—z =z =

If @ = 0, then v = constant and we have a ruling.

+ 4 .
\/(1—a2+u2)(1+u2)
If a = 1, then dv/du = +1/uv/1+ u?, which can be integrated to give
v =1y Fsinh™! %, where vg is a constant.
For the last part, note that (‘;—’;)2 = w so (i) if a® > 1 then
du/dv = 0 for u = £v/a? — 1 and this is the minimum distance of the
geodesic from the z-axis; (i) if a® < 1 then |du/dv| > a=2 — 1 so u will
decrease to zero and the geodesic will cross the z-axis; (iii) if a? = 1
then du/dv = +(u® + 1) so u = +tan(v + ¢) where c is a constant. The
information given implies that, when v = D, cosa = % - o, = @ (since
E =1,F =0)soa® = (1+ D?)sin?a. Then, a® is > 1, < 1 or = 1
according as D is >, < or = cot a.

9.2.6 This is straightforward algebra.

9.3.1 They are normal sections.

9.3.2 (i) Let the spheroid be obtained by rotating the ellipse ;—z + Z—z = 1 around

the z-axis, where p,q > 0. Then, p is the maximum distance of a point of
the spheroid from the z-axis, so the angular momentum €2 of a geodesic
must be < p (we can assume that Q > 0). If Q@ = 0, the geodesic is a
meridian. If 0 < © < a, the geodesic is confined to the annular region

on the spheroid contained between the circles z = £q4/1 — 2—;, and the
discussion in Example 9.3.3 shows that the geodesic ‘bounces’ between
these two circles (see diagram below).

If Q = p, Eq. 9.10 shows that the geodesic must be the parallel z = 0.
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(ii) Let the torus be as in Exercise 4.2.5. If Q@ = 0, the geodesic is a
meridian (a circle). If 0 < Q < a — b, the geodesic spirals around the
torus. If @ = a — b, the geodesic is either the parallel of radius a — b
or spirals around the torus approaching this parallel asymptotically (but

never crossing it):

0<Q2<a—-b Q=a->b

If a—b < Q < a+ b, the geodesic is confined to the annular region
consisting of the part of the torus a distance > € from the axis, and
bounces between the two parallels which bound this region:

If Q = a + b, the geodesic must be the parallel of radius a + b.

9.3.3 The two solutions of Eq. 9.14 are v = vo% 4/ 515 — w?, so the condition for

a self-intersection is that, for some w > 1, 21/515 — w2 = 2k for some

integer k& > 0. This holds <= 2/ —1 > 2m, ie., Q < (1 +72)"V/2
In this case, there are k self-intersections, where k is the largest integer

such that 2k7w < 2\/# —1.

9.3.4 From the solution to Exercise 8.3.1, Z = V +iW = I3,
z = v +dw. This is a Md&bius transformation, so it takes lines and circles

where
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94.1

to lines and circles and preserves angles (Appendix 2). Since the geodesics

on the pseudosphere correspond to straight lines and circles in the vw-

plane perpendicular to the v-axis, they correspond in the VW-plane to

straight lines and circles perpendicular to the image of the V-axis under
zZ—1

the transformation z +— =, e, the unit circle V2 4+ W?2 = 1.

A straight line aV +bW = ¢ in the VW-plane (where a, b, ¢ are constants)
corresponds to the curve 2aV +2bW = ¢(VZ+W?2+1) in the VW-plane.
If ¢ = 0, this is a straight line through the origin, which corresponds to a
geodesic on the pseudosphere by the first part. If ¢ # 0 it is the equation
of a circle with centre (a/c, b/c) and squared radius (a2 +b%—c?)/c?. This
circle intersects the boundary circle V2 + W?2 = 1 orthogonally because
the square of the distance between the centres of the two circles is equal
to the sum of the squares of their radii. Hence this circle also corresponds
to a geodesic on the pseudosphere. This proves that every straight line in
the VWW-plane corresponds to a geodesic on the pseudosphere. That every
geodesic on the pseudosphere arises from a straight line in the V' W-plane
in this way can be proved by similar arguments, or by noting that there
is a straight line in the V' WW-plane passing through any point of the disc
V2 £ W? < 1 in any direction and using Proposition 9.2.4.

From Exercise 6.2.1, the cone is isometric to the ‘sector’ S of the plane
with vertex at the origin and angle 7/2:

% 7

)

Geodesics on the cone correspond to possibly broken line segments in S: if

a line segment meets the boundary of S at a point A, say, it may continue
from the point B on the other boundary line at the same distance as A
from the origin and with the indicated angles being equal.
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ml

o

(i) TRUE: if two points P and @ can be joined by a line segment in S
there is no problem; otherwise, P and ) can be joined by a broken
line segment satisfying the conditions above:

To see that this is always possible, let p1, ps, ¢1 and g2 be the
indicated distances, and let R and S be the points on the boundary
of the sector at a distance (p2q1 + p1g2)/(p2 + ¢2) from the origin.
Then, the broken line segment joining P and R followed by that
joining S and @ is the desired geodesic.
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(i) FALSE:

(iii) FALSE: many meet in two points, such as the two geodesics joining
P and @ in the diagram in (ii).

(iv) TRUE: the meridians do not intersect (remember that the vertex
of the cone has been removed), and parallel straight lines that are
entirely contained in § do not intersect.

(v) TRUE: since (broken) line segments in S can clearly be continued
indefinitely in both directions.

(vi) TRUE: a situation of the form

in which the indicated angles are equal is clearly impossible. But the
answer to this part of the question depends on the angle of the cone: if
the angle is «, instead of 7/4, lines can self-intersect if o < 7/6, for then
the corresponding sector in the plane has angle < 7.
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9.4.2

9.4.3

9.5.1

@)

We consider the intersection of S? with the plane passing through p and
q and making an angle 6 with the zy-plane, where —7/2 < 6 < 7/2. This
intersection is a circle Cy but it is not a great circle unless § = 0. Hence,
if 8 # 0, the short segment of Cy joining p and q is not a geodesic and so
has length > /2 (the length of the shortest geodesic joining p and q).
Since the length of Cy is < 27, the length of the long segment of Cy joining
p and q has length < 37/2 if § # 0, i.e., strictly less than the length of
the long segment of the geodesic Cy joining p and q. So the long geodesic
segment is not a local minimum of the length of curves joining p and q.

(i) This is obvious if n > 0 since e /¥ — 0 as t — 0. We prove
that t e~ = 0 ast — 0 by induction on n > 0. We know
the result if n = 0, and if n > 0 we can apply L’Hopital’s rule:

nt—n—1 nt—(n=2) . .
hmt_,o I—/t; = hmt_,o 2—1/t5 = hmt_,o 5 W’ Wthh Vanlshes by the

induction hypothesis.

(ii) We prove by induction on n that 6 is n-times differentiable with

o {PtSEf) eV it £ 0,

v o ift =0,
where P, is a polynomial in ¢t. For n = 0, the assertion holds
n+1
with Py = 1. Assuming the result for some n > 0, ‘éﬁ% =

( t?fﬁ + t@," tffj;g,) eVttt # 0, so we take P11 = (2— 3nt2)P +

nt1 1 /42
P It =0, 220 — lim;_o 228 =1/ — P, (0)limy_o S = 0 by
part (i). Parts (iii) and (iv) are obvious.

Since ¢ is unit-speed, o, - o, = 1, so fOR o, - o.dr = R. Differentiating
with respect to 6 gives fOR o, - or9dr =0, and then integrating by parts

gives

R
r=R
090, f/ 090 dr = 0.
0
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9.5.2

Now o(0,6) = p for all 8, so 9 = 0 when r = 0. So we must show
that the integral in the last equation vanishes. But, o, = ")'/9, the dot
denoting the derivative with respect to the parameter r of the geodesic
~%, so o,, is parallel to the unit normal N of o; since gy - N = 0, it
follows that o - o, = 0. The first fundamental form is as indicated since

o, -0,=1and o, -09 =0.

(i) The length of the part of v between p and q is fol \/ 2+ Gg2dt >

fol \/f2dt = f(1) — f(0) = R. (ii) Use the hint, noting that the length
of the part of 4 between p and q’ is > R. (iii) If the part of v between
p and q has length R, then it must stay inside the geodesic circle with

centre p and radius R by (ii), and then we must have fol \/ 2+ Gg2dt =

f01 \/f2dt. Then Gg =0 for all t € (0,1), 50 g = 0 (as G > 0) and so g is
a constant which must be « as « passes through q. This means that - is
a parametrization of the radial line = a.

Chapter 10

10.1.1

10.1.2

10.1.3

The matrix of the Weingarten map with respect to the basis {o, 0} is
2 -1 2

.7:1_1.7:1122(0)3,0 (1)) ( CESU Ol)Z—I,SONu:Uu,
N, = o,. Thus, N = o — a, where a is a constant vector. Hence,
|| o —a || =1, showing that the surface is an open subset of the sphere
S of radius 1 and centre a. The standard latitude-longitude parametriza-
tion o (u,v) of S? has first and second fundamental forms both given
by du? + cos® udv?, so the parametrization o (v,u) + a of S has the
given first and second fundamental forms (the second fundamental form
changes sign because o, X o, = —0y X 7).

I'}, = sinucosu and the other Christoffel symbols are zero; the second
Codazzi—Mainardi equation is not satisfied.

The Christoffel symbols are I'}; =0, I'3, = 1/w, T'ly = —1/w, I3, =0,
i, =0, '3, = —1/w. Using the first equation in Proposition 10.1.2 we
get K = —1. The Codazzi-Mainardi equations are L,, = —(L + N)/w,
N, = 0. Hence, N depends only on w, and since —1 = K = LN/EG,
we have LN = —1/w* so L also depends only on w; the first Codazzi-
Mainardi equation gives dL/dw = —L/w + 1/Lw®, which is the stated
differential equation. Putting P = Lw? we get dP/dw = (1 + P?)/wP
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10.1.4

10.2.1

10.2.2

10.2.3

which integrates to give 1 + P? = Cw?, where C > 0 is a constant,
ie, L = £v/Cw? — 1/w. Hence, the second fundamental form is only
defined for w > C~Y2 or w < —C~1/2,

The first fundamental form in this exercise is the same as that of a
suitable parametrization of the pseudosphere (see Exercise 8.3.1(i)). We
saw that the pseudosphere corresponds to (part of) the region w > 1.

The Christoffel symbols are I'};, = E,/2E, T%, = —E,/2G, T, =
E,/2E, T2, = G,/2G, T, = —G,/2E, T3, = G,/2G. The first
Codazzi—Mainardi equation is

LE, -E, 1 L N
L, = - N =-E,|(=+=
Y] <2G> 2”<E+G>’

and similarly for the other equation. Finally,

(K1) E, <L+N>_LEU:&<N L)zﬂ(mz—m),

T2E\E ' G) B2 2E\G E) 2E
and similarly for (k2 ).

By Corollary10.2.3(i), K = —5x (% ((e;)“) + % ((e;)“> =

7%()\uu+)\vv)~
E F
_ t _
)—J(FG)J,whereJ—

>. By Exercise 9.5.1, E = 1, F = 0, and

[ TST

By Exercise 6.1.4, (

or  Or u

du oy — r
(5 5)-(2

ou  Ov r2 L B .
we get the stated formulas for E,F,G. From F —1 = 2 (7% - 1),
G-1= ﬁ—;(%—l), we get u?(E — 1) = v*G — 1). Since E
and G are smooth functions of (u,v), they have Taylor expansions
E =3 o eiuv) +o(r?), G =3, ., giju'v! 4 o(r?), where o(r*)
denotes terms such that o(r¥)/r¥ — 0 as r — 0. Equating coefficients
on both sides of u?(E — 1) = v?(G — 1) shows that all the €’s and g’s are
zero except egz = gao = k, say. Then, E = 1+ kv? + o(r?), which implies

that G = r% + kr* + o(r*). By Corollary 10.2.3(ii), K = 7%58;;/25.
From the first part, VG = r + 1kr® + o(r®), hence K = —3k + o(1).

Taking r = 0 gives K(P) = —3k.

() Cr= [T |log | dd = [Z"VGdo = [7™ (R— LK(P)R? + o(R?))
df = 2w (R — $K(P)R? + o(R?)). (ii) Since dA, = VG drdf, the area
Ap = fOR 02Tr VG drdf is equal to 27 fOR (r—+K(P)r3 +o(r?)) dr =
mR? (1— @R2+0(R2)). If S = 52, Exercise 6.5.3 gives Cp =

B
F
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10.2.4

10.2.5

2rsin R = 2m(R = tR3+0(R?)), Ag = 2m(1—cos R) = 2r(§ R?— 5, R*+
o(RY)). Since K = 1 these formulas agree with those in (i) and (ii).

(i) Let s be the arc-length of v, so that ds/df = A, and denote d/ds
by a dot. The first of the geodesic equations (9.2) applied to v gives
i = 1G,0%. Since r = f(f), this gives 1 (%f’) = 53z G, This simplifies
to give the stated equation. (ii) Since o, and 4 are unit vectors, cosy) =
o-r~'y:§a'r~(f’0'r+0'g) f'/A Also, o, x4 = (O'TXO'Q) ‘/TEN,

AN
SO sinw = /G/\. Hence, (L) = —¢'siny = —Tz//, and so ¢/ =

Jo (17~ 55) = -l = 42

(iii) Using the formula for K in Corollary 10.2.3(ii) and the expression
for the first fundamental form of o in Exercise 9.5.1, we get

/TKdAa = //f(e ! 82\/_\/_d o

. e .
_ _/ ovG de:/ (¢+— >d9.
0 or r=0 0 r=0

By Exercise 10.2.2, VG = r + o(r) so (‘3\/@/87" — 1 at r = 0. Hence,
JapcKdAs = (@) = p(0) +a=y—(r—B) +a=a+f+y-m

P(LA)

With the notation of Example 4.5.3 we have, on the median circle ¢t = 0,

oy = (— sin%cosQ,—sin%sinQ,cos g), o9 = (—sind,cos6,0), hence
EF=1F =0G =1and N = (—cosgcose —sin%sinQ,—Sing);
oy =0, 04 = ( 2c0520059+5m2sm0 ——cos%sin@—singcosé),

—3sin —), giving L = 0,M = 1. Hence, K = (LN — M?)/(EG — F?) =
—1/4. Since K # 0, the Theorema Egregium implies that the Mobius
band is not locally isometric to a plane.
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10.2.6

10.3.1

10.3.2

10.4.1

10.4.2

The catenoid has first fundamental form cosh® u(du® + dv?®) and its
Gaussian curvature is K = —sech®u (Exercise 8.1.2). If f is an isometry
of the catenoid, let f(o(u,v)) = o(@, 7). By the Theorema Egregium,
sech®*u = sech®@, so @ = +u; reflecting in the plane z = 0 changes u to
—u, so assume that the sign is +. Let © = f(u, v); the first fundamental
form of o (u, f(u,v)) is (cosh® u + f2)du® + 2f, fodudv + f2 cosh? udv?;
hence, cosh®u = cosh?u + 2, fufe = 0 and f? cosh?u = cosh? u. So
fu=0, f, = 1 and f = +v + «, where a is a constant. If the sign
is + we have a rotation by « about the z-axis; if the sign is — we have
a reflection in the plane containing the z-axis and making an angle o/2
with the zz-plane.

Arguing as in the proof of Theorem 10.3.4, we suppose that J attains
its maximum value > 0 at some point p € S contained in a patch
o of §. We can assume that the principal curvatures k1 and ks of o
satisfy k1 > ko > 0 everywhere. Since H = %(/{1 + K2), k1 > H and
J = 4(ky — H)?. Thus, J increases with x; when x; > H, so k1 must
have a maximum at p, and then ko = 2H — k1 has a minimum there. By
Lemma 10.3.5, K < 0 at p, contradicting the assumption that K > 0
everywhere.

We start with the parametrization o (U, V) = (f(U)cosV, f(U)sinV,
g(U)), where f(U) = €Y, g(U) = [V1—e€2UdU. The first and
second fundamental forms are dU? + e*YdV? and < _dU? +

eVV1 — e2UdV?, respectively. In the notation of the proof of Propo-

sition10.3.2, k1 = —1/eYV1—e2U, ky = e Uy/1—¢e2U. So we are
in case (ii) of the proof and tanw = Ve 2V —1. We find that
e(U) = E/sinw = Y, g(V) = Gsec?>w = 1. So V =V
and U = [ \/1(1,[]7 = —cosh™(e7Y) — ¢ for some constant c. So
U = —In(cosh(U + ¢)). Hence, § = 2w = 2tan~'ve 20 —1 =
2tan~! \/cosh2(U+c)—1 = 2tan"'sinh(U + ¢). Finally, u =

%(ﬁJrV),v:%(f/fU),soﬁ:ufv.

Let f: S — S be a local diffeomorphism that takes unit-speed geodesics
to unit-speed geodesics. Let p € S and let 0 # v € T,S. There is a
unique geodesic y(t) on S such that v(0) = p and ¥(0) = v/ || v ||
Then - is unit-speed so v = f o~ is a unit-speed geodesic. In particular,
4 = Dpf(v/ || v ) is a unit vector, i.e., | Dpf(v) || =] v ||. This means
that Dpf : TpS — Tf(p)s is an isometry, so f is a local isometry.

Local isometries take geodesics to geodesics by Corollary9.2.7. If we
apply a dilation v — av, where a # 0 is a constant, to a surface,
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10.4.3

the first fundamental form gets multiplied by a? and so the Christoffel
symbols are unchanged (see Proposition 7.4.4). By Proposition 9.2.3, the
geodesic equations are unchanged. It follows that dilations take geodesics
to geodesics. Hence, any composite of local isometries and dilations also
takes geodesics to geodesics. The converse is false: the map from the
zy-plane to itself given by (z,y) — (z,2y) takes geodesics to geodesics
(as it takes straight lines to straight lines) but is not the composite of a
dilation and a local isometry.

(i) This is true because F is conformal. (ii) The parameter curve
u +— o(u,vp) is a geodesic on o for any fixed vy by construction
of the geodesic patch o. Since F' is a geodesic local diffeomorphism,
u — F(o(u,vp)) is a pre-geodesic on . Hence, for some smooth func-
tion wu(t), t — F(o(u(t),vo)) is a geodesic on &. The second geodesic
equation in Theorem 9.2.1 gives \,%? = 0, so A\, = 0 and X is inde-
pendent of v. (iii) Let v(¢) = o(u(t),v(t)); we can assume that - is
unit-speed. Since the first fundamental form of o is du’? + Gdv?, the
parameter curves v = constant and v = constant intersect orthogonally
and unit vectors parallel to them are o, and o,/ VG, respectively. If
the oriented angle between 4 and the curve v = constant is 8, we have
= cos@a'u—l—sineov/\/@ = o, +00,. Hence, 4 = cosf and ¢ = 29,

Va
The first geodesic equation in Theorem 9.2.1 gives i = %Guijz, ie.,
Osing = $G,0?. Substituting for © gives g—g = % = 26;#”9 = G./2VG.

(iv) Apply (iii) to F o~ and use the fact that F' is conformal. (v) Parts
(iii) and (iv) imply (AG)y = AGy, hence A\, G = 0, hence A, = 0, i.e., A is
independent of uw. By (ii), A is constant. (vi) If D12 is the dilation by
a factor A=1/2, the composite Dy_1,2 o F preserves the first fundamental
form and so is a local isometry, say G. Then, F' = Dyi/2 0 G.

Chapter 11

11.1.1

11.1.2

Let [ meet the real axis at b and suppose that 9e(a) > b (the case
MRe(a) < b is similar). The semicircle with centre ¢ on the real axis
and radius |a — d| passes through a and does not meet [ provided that
la —d| < |d —b], i.e., provided d > (|a|*> — b%)/(Re(a) — b).

Suppose that a and b lie on a half-line geodesic, say a = r+1is,b = r+it,
where r,s,t € R and ¢t > s. Then, dy(a,b) = ft dw — In(t/s) = d, say,

s w
so t/s = e?. On the other hand, the formula in Proposition 11.1.4 gives

2tanh ™! (i;—;) = 2tanh™* (23;1) = Qtanh_l(tanhg) =d.
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11.1.3

11.1.4

11.2.1

11.2.2

11.2.3

The required hyperbolic line cannot be a half-line, so must be a semi-
circle with centre the origin, and it must have radius |al.

By Proposition 11.1.4, z € Cur <~ 2tanh ™! ‘ﬁ‘ = R If A =
tanh(R/2), this is equivalent to (1 —\?)|z|? — (@ — \%a)z — (a — N\?a)z +
(1 — A?)|al®> = 0. According to Proposition A.2.3, this is the equation
of a circle provided that A\?> < 1, which is obvious, and |a — A\2a|?> >
(1—-)2)2|a|?. This condition reduces to 2|a|? > a®+a?. Writing a = |ale?
this becomes cos 26 < 1, which is true because a € H implies 0 < 6 < 7.

Cic,r Will be a circle with centre on the imaginary axis, say at ¢b. Then
Cq,r intersects the imaginary axis at the points ¢(b £ ), so these two
points must be a hyperbolic distance 2R apart, i.e., 2R = 2tanh ™! :ZZ

This gives r = btanhR, which is equivalent to R = é In ZJ_F: Next, the

i(b+r)—ic
i(b+r)+ic

points i(b+7) are the same hyperbolic distance from ic, so

—ZEZ::?;ZE . This gives (b+7r —c)(b—r+¢) = (c+ 71 —b)(c+r+b),

which simplifies to ¢ = b — r2. Parametrizing Cic,r by v=rcosf,w =

b + rsinf, and denoting d/df by a dot, the circumference of Ci. g

2” @de = f2 el = \/% = 2rsinh R. The area
1n51de Cic,r is fmt Con. R)d”jw = waR 9 by Green’s theorem, which
= fo% b:—”;"ssllIll’l% do = \/Effrz — 21 = 27m(cosh R — 1). The circumference

is 27 sinh R = 27(R + $R® + o(R?)) and the area is 2m(coshR — 1) =
2m(1R? + L R* + o(R"))). Since K = —1 these formulas are consistent
with those in Exercise 10.2.7. (See Exercise 10.2.3 for the o( ) notation.)

By Proposition 11.2.3, there is an isometry that takes a to ¢ and b to
ir, say, where r > 0. Since isometries leave distances unchanged, we
need only prove the result for a = i,b = ir. Assume that r > 1 (the
case r < 1 is similar). Then, dy(a,b) = Inr. On the other hand, if
~(t) = v(t) +iw(t) is any curve in H with y(to) = 4, y(t1) = ir, say, the
length of the part of v between a and b is ftzl —Wt > ftzl %dt =

flr %" =Inr.

By applying an isometry we can assume that [ is a half-line, and then
the result was proved in Exercise 11.1.1.

By applying an isometry, we can assume that [ is the imaginary axis.
Then, m must be the semicircle with centre the origin and radius |al.
Let a = pe?, where p > 0,—7 < # < 7, and let ¢ = it, t > 0. Since
tanh™ 'z is a strictly increasing function of z, we have to show that
a—z:t > a—ip
a1t a+ip

difference is 7212:‘)2 13};59, which is > 0 if ¢ # p.

if t # p. The second expression equals %_:%g, and the
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Solutions

11.2.4

11.2.5

(i) If a € H, let I’ and m’ be the unique hyperbolic lines passing through
a and perpendicular to [ and m, respectively (Exercise 11.2.3). Let b and
¢ be the intersections of I’ and m’ with [ and m, respectively. We are
given that F(b) = b and F(c) = ¢, so F(I') = I’ and F(m') = m/ as
" and m’ are the unique hyperbolic lines passing through b and ¢ and
perpendicular to [ and m. Since a is the unique point of intersection of
" and m/, we must have F(a) = a. (ii) Either F or Zy 1 o F fixes I, m
and the interior of the semicircle m. Next, either F', Zp 1 o F', Rg o F' or
Ro 0Ty o F fixes [, m, the interior of the semicircle m and the region
Hso = {z € H|Re(z) > 0} to the right of I. Let G be this isometry.
Then, G fixes each point of m because there is a unique point of m at
any given distance d > 0 from ¢ in the region H~¢. Similarly, G fixes each
point of I. Hence, G is the identity by (i). (iii) Let F' be any isometry of
‘H. By the proof of Proposition 11.2.3, there is an isometry G that is a
composite of elementary isometries and which takes F(i) to ¢ and F'(I)
to [. Then, G o F' is an isometry that fixes [ and i. As m is the unique
hyperbolic line intersecting [ perpendicularly at i, G o F' fixes m. By
(iii), G o F is one of four composites of elementary isometries. It follows
that F' is a composite of elementary isometries. (iv) By (iii) it suffices
to prove that every elementary isometry is a composite of reflections
and inversions in lines and circles perpendicular to the real axis. For
reflections and inversions there is nothing to prove, so we need only
consider translations and dilations. But, if a € R, 7, = Rg o R1, where
R is the reflection in the line Re(z) = a/2; and if a > 0, D, =Ty o Z,
where 7 is inversion in the circle with centre the origin and radius /a.

(i) This is obvious from the proof of Proposition A.1.2(ii). (i) If

a,b,c,d € R, a calculation shows that Jm(M(z)) = |ZSJ:§|CQ Jm(z). If

ad — be > 0 this is > 0 whenever Jm(z) > 0. Conversely, suppose that
M takes H to itself. Assume that ¢ # 0 and d # 0 (the cases in which
¢ =0 or d =0 are similar but easier). Then, M must take the real axis

to itself (as it must take the lower half-plane —H to itself), i.e., ZZZIZ eR

if z € R. Taking z = 0 gives b/d = X\ € R, say. Letting z — oo gives

a/c = p € R, say. Then, ZZZIZ w+ 75—1 This is real whenever z is real,

so ¢/d = v € R, say. Hence, a,b, ¢, d are, up to an overall multiple, equal

to the real numbers uv, A, v, 1, respectively. The condition ad — bc > 0
now follows from the previous calculation. (iii) Following the proof (and
the notation) of Proposition A.2.2, we have M = T,/30Dy/q if ¢ = 0
(and then d # 0), while if ¢ # 0, M = T;/. © D(aa—pc)/e2 © (—K) 0 Ty.
Hence, it suffices to show that —K is a composite of elementary isome-
tries. But —K = Rg o Zp in the notation of Exercise 11.2.4. (iv) J
is reflection in the imaginary axis and hence an isometry of H, so the
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11.3.1

11.3.2

11.3.3

11.3.4

result follows from (i). (v) This follows from the fact that, if M is a real
Mobius transformation, so is J o M o J. For example, if My, My are real
Mobius transformations, then (MyoJ)o (Mo J) = Mjo(Jo Mo J)is
a composite of real Mobius transformations, hence a real Mobius trans-
formation by (i). (vi) By (v) and Exercise 11.2.4(iii), it suffices to prove
that every elementary isometry of H is a Mobius isometry. If a € R,
7T, is real Mobius and R, = 72, 0 J. If @ > 0 then D, is real Mobius.
Finally, if a € R,7 > 0 then Z,, , = 7, 0D,2 0Zy 1 0 T_, (see the proof of
Proposition 11.2.1), so it suffices to prove that Zy 1 is a M6bius isometry;
but Zp1 = (—K) o J, where —K(z) = —1/z is real Mobius.

The distance we want is 2tanh™" % . Now use P~1(z) =
z.(zztll). The algebra is straightforward.

By Proposition 11.2.3, there is an isometry F' that takes [ to the real
axis and the point of intersection of I and m to the origin. Then F
must take m to the imaginary axis as this is the unique hyperbolic line
through the origin perpendicular to the real axis. The number of such
isometries is the number of isometries that take the real axis to itself
and the imaginary axis to itself. If G is such an isometry, then either
G, RooG, RioG or Ry oRp oG fix the real and imaginary axes and
also each quadrant into which the disc Dp is divided by the axes. If H
is this isometry, the argument used in the solution of Exercise 11.2.4(ii)
shows that H must be the identity map. Hence, G = Rg, R1, Ro o R1
or the identity map.

Let us call a Mobius transformation of the type in the statement of the
exercise a hyperbolic Mobius transformation. Since P is a Mobius trans-
formation, the Mobius transformations that take Dp to itself are those
of the form PMP~!, where M is a Mdbius transformation that takes
H to itself, i.e., a real Mébius transformation (Exercise 11.2.5). If
M(z) = %idb, where a,b,c,d € R and ad — bc > 0, we find that
PMP~Y(z) = {EfHocetadoilrd Since |a + d +i(b — o)? -
la —d —i(b+¢)]? = 4(ad — be) > 0, PMP~! is hyperbolic. Conversely,
we have to show that if M is a hyperbolic Mobius transformation, then
P~IMP is a real Mobius transformation. The calculation is similar to

that already given.

By Exercise 11.2.5(iii), the isometries of H are of the form M or M o J
where M is real Mobius and J(z) = —Zz. Hence, the isometries of Dp are
PMP~tand P(MoJ)P~t =PMP~toPJP~L. But PMP~1is hyper-

bolic and PIP () = PJ (£25) = P (725) = P(P1(2) = =
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11.3.5

11.3.6

11.3.7

We know that every isometry of H is the composite of reflections R,
and inversions Z,, with a € R, r > 0 (Exercise 11.2.4(iv)). Now,
Zoyr = T4 0Dp2 01y 0T, and any translation 7, (a € R) is the
composite of reflections Ro o Rq/2. It therefore suffices to show that, if
F' is any isometry of H of the form R, (a € R), D, (a > 0) or Zy 1, then
P o FoP~!isacomposite of isometries of Dp of the types in Proposi-
tion 11.3.3. We find that (a) if a # 0, PoRgoP ™1 = T, ., where b = %,
r =1/|al; (b) PoRgoP~! is reflection in the real axis; (¢c) PoZg 0P~}
is reflection in the imaginary axis; (d) if a > 0, P o D, o P! is the
composite of two inversions of the type in Proposition 11.3.3(i), namely
Ic,mo b /BE=T where b, ¢ are real numbers such that b > 1, ¢ > 1
and a = f(c)/ f(b) where f(z) = £ . (We can take b to be any real num-

ber > 1 and distinct from 1/ f(a), then choose ¢ = f(af(b)); then, f(c) =
f(f(af(d))) = af(b) using the property f(f(x)) =« for all x # 1.)

Suppose first that v = 7/2. The cosine rule gives cosh C' = cosh A cosh B
and cosh A = cosh B cosh C' — sinh Bsinh C cos . Eliminating cosh C
gives cosa = cosh Asinh B/sinh C. Hence, sin® asinh? C' = sinh® C' —
cosh? Asinh? B = cosh? A cosh? B—1— cosh? Asinh® B = cosh®> A—1 =
sinh? A, so sin a/sinh A = 1/sinh C. Interchanging the roles of A and
B gives sin 3/ sinh B =1/sinh C.

In the general case suppose that the hyperbolic line through the vertex
of the triangle with angle « intersects the opposite side at a point
which divides that side into segments of lengths A’ and A”, so that
(B is the angle between the sides of lengths C' and A’. Suppose also
that this hyperbolic line segment has length D. Then the original tri-
angle is divided into two triangles, one with angles 7/2, 3, o/ and sides
of lengths C, D, A" and the other with angles 7/2,v,” and sides of
lengths B, D, A”. Applying the first part to each of these triangles
gives sin8/sinh D = 1/sinh C and sin-y/sinh D = 1/sinh B. Hence,
sin 8/sinh B = sin~y/sinh C. The other equation is proved by inter-
changing the roles of A and B (for example). The case in which the
hyperbolic line through a vertex meets the hyperbolic line through the
other two vertices in a point outside the triangle is similar.

(i) Using the sine rule, cos® asinh® C' = sinh® C' — sinh® A = cosh? C' —
cosh? A = cosh® A(cosh? B—1) (using the cosine rule) = cosh? Asinh® B.
(ii) Using the sine and cosine rules, sinff = sinh B/sinhC and
cosa = (cosh BcoshC' — cosh A)/sinh Bsinh C. Hence, cosa/sinff =
(cosh B cosh C—cosh A)/ sinh? B = (cosh? B cosh A—cosh A)/sinh? B =

cosh A. (iii) Using sin 8 = sinh B/sinh C' and the cosine rule for cos j,

__ cosh AcoshC—cosh B __ sinh? AcoshB __ sinh A
we get cot f = ST B =

sinh A sinh B tanhB *
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11.3.8

11.3.9

11.4.1

11.4.2

11.4.3

If v = 7/2 the formula we want is that in Exercise 11.3.7(ii).
In the general case, we use the method (and notation) of the so-
lution of FExercise 11.3.6. In the case where the hyperbolic line
through a vertex perpendicular to the opposite side meets that side
at a point inside the triangle, applying Exercise 11.3.7(ii) to the
two right-angled triangles gives cosh A’ = cosa’/sing, coshA” =
cosa’’/siny, so coshA = cosh(4A" + A”) = cosh A’ coshA” +
sinh A’ sinh A” = ¢osolcosa” | _tanh’D using Exercise 11.3.7(iii).

sin 3 sin y tan 8 tany
By 11.3.7(ii), coshD = <£28 — 8% o5 cosh Asinfsiny =

sin a’ sin a’’
cos a4 sin o/ sin &’ 4 tanh?D cos f cosy = cos a 4 sech?D cos (3 cosy +
tanh®D cos 8 cosy = cosa + cos fcosy. The case in which the perpen-

dicular meets the opposite side at a point outside the triangle is similar.

Let v(t) = (z(t),y(t),2(t)) be a curve on S2. Then, II(y(t)) =
(u(t),v(t)), where v = % ,v = L. Denoting d/dt by a dot,
U = % with a similar formula for ©, which give 4121%12 =
a7 (L= 2)2(@% + %) + (2° +y?)2* + 2(zd + yg)2(1 - 2)).  Using
22 4+y? = 1 — 22, which implies x& + yi = — 22, this expression simplifies
to @2 + 92+ 22. Hence, the length of ITo~ calculated using the given first

fundamental form on R? is [ i—%dt = [ /4% + y? + #2dt, which is

the length of ~. Hence, II is an isometry.

Let [ and m be two distinct hyperbolic lines in H that do not intersect
at any point of H. If [ and m are both half-lines they are parallel as
they do not have a common perpendicular. If at least one of [ and m is
a semicircle, then | and m are parallel if they intersect at a point of the
real axis, and ultra-parallel otherwise.

We work in H and assume that [ is the imaginary axis (by applying
a suitable isometry). If a = v + iw, the semicircle geodesic through
a intersects [ at ivv2? 4+ w? = ir, say. The distance of a from [ is
Qtanh_1 ’z’r—v—iw

ot |- Setting this equal to a constant, say D, gives (after

some algebra) v2/w? = 2sinh?(D/2). This is the equation of a pair of
lines passing through the origin. As they are not perpendicular to the
real axis (unless D = 0), they are not hyperbolic lines.

We work in Dp. By applying an isometry we can assume that a is the
origin and b > 0. Suppose that the hyperbolic triangle with vertices
a,b, and ¢ has internal angles «, 3, and v, and assume that Re(c) > 0.
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11.5.1

11.5.2

The hyperbolic line through b and c¢ is part of a circle I' with
centre d and radius r, say. The line through b and d makes an an-
gle w/2 — B with the real axis, so d = b+ rsin( + ircos. Sim-
ilarly, d = ¢ + rsin(a + ) — ircos(a + v) = ¢ + rsin(4 + 3) +
ircos(A+ () using A =m —a — 3 —~. Writing ¢ = v + iw we get v =
b—rsin Acos B+r(1—cosA)sin 3, w = r(l —cos A) cos B+ rsin Asin J.
Then, v(l — cos A) + wsin A = (b + 2rsinf)(1 — cos A). But, since
7 intersects the boundary C of Dp perpendicularly, > +1 = |d|? =
(b+7sin B)2+7r% cos? B = r? +b%+2brsin 3, so 2brsin 3 = 1—b%. Hence,
v(l —cosA) + wsin A = #. This is the equation of a straight line
that intersects the real axis at 1/b and makes an angle A/2 with the
(negative) real axis. The set of points ¢ for which the triangle with
vertices a,b,c has area A is the union of this line together with its
reflection in the real axis. These lines are not hyperbolic lines as they
do not pass through the origin.

—1 _ 2v 2w virw?—1
From Example 6.3.5, I (v, w) = (v2+w2+1, T rwIT 1 vitw?sl ) SO
_ 2(v,w)
K(v,w) = et

From Appendix 2, every Mobius transformation is a composite of trans-
formations of the form z — 1/z, z — z+ A\, 2z — Az (where A # 0
in the last case). Hence, it suffices to establish Eq. 11.11 when M
is of this form. For the last two types this is obvious; for the first,
(a b7t d™t) = EZ::;:;EZ::Z:; = (a,b;c,d) on multiplying
numerator and denominator by abcd. This argument is only valid pro-

vided none of a, b, ¢, and d is 0 or oo, but a similar argument works in the
other cases. For example, if a = oo but b, ¢, d # 0, we have to show that
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11.5.3

11.54

11.5.5

11.5.6

(0,67t ¢t d71) = (00, b; ¢, d). This is proved by multiplying numerator

and denominator of (0,6~ 1;c71, d71) = % by bed.

If M : Coo — Cx is a bijection satisfying Eq. 11.11, let b,¢,d € Cy
be such that M(b) = 1,M(c) = 0,M(d) = oo. Then, M(z) =
(M(2),1;0,00) = (M(z), M(b); M(c),M(d)) = (z,b;¢,d), so M is a
Moébius transformation.

It is enough to prove the existence when o’ = oo0,b’ = 0, = 1.
For if M and M’ are Mobius transformations taking (a,b,c) and
(a',b',c) to (00,0, 1), then M'~1o M is a Mébius transformation taking
(a,b,c) to (a/,b,c). But M(z) = (a,b;c,z) is a Mdbius transforma-
tion that takes (a,b,c) to (00,0,1). For the uniqueness, note that if
M is a Mobius transformation that takes (a,b,c) to (00,0,1), then
M(z) = (00,0;1, M(2)) = (a,b; ¢, 2).

. o (a=d(=i+3) _ (a=-b)(b-a)
(a,=1/a;b,=1/b) = (a+%)(fé:§)) = Orab(tad) —

— tan? %d by Proposition 6.5.2.

The reflection in the line through the origin making an angle 6 with
. 2410 = N—
the real axis is R(z) = €*?z. Then, K(R(z)) = ‘2;‘21; = e2K(2) =

This follows from Exercises 11.3.5 and 11.5.5 and Proposition 11.5.4.

Chapter 12

12.1.1

12.1.2

12.1.3

/<c1+/£2:0:>/<;2:7/<;1:>K:/<;m2:fn%§0.K:O<:>/<cf:
0 < K1 = k2 = 0 <= the surface is an open subset of a plane (by
Proposition 8.2.9).

From Eq.8.15, o) x o)) = (1—Ak1)(1—\k2)o, X 0,, Where k1, ko are the
principal curvatures of o. Since o is minimal, ke = —k1 50 A (U) =
Jo =Xk} oy x oy | dudv = Ax(U) =2 [ ;53 || 0w X 00 || dudv. Since
the integrand in the last integral is > 0 everywhere, the stated inequality
follows. Equality holds <= the last integral vanishes, which happens
<= the integrand vanishes everywhere, i.e., <= 1 = 0 everywhere. In
that case ko = —k1 = 0 also, and o is an open subset of the plane by
Proposition 8.2.9.

By Proposition 8.6.1, a compact minimal surface would have K > 0 at
some point, contradicting Exercise 12.1.1.
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12.1.4

12.2.1

12.2.2

12.2.3

12.2.4

12.3.1

The first part follows from Exercises 6.1.2 and 7.1.4. The map which
wraps the plane onto the unit cylinder (Example 6.2.4) is a local isom-
etry, but the plane is a minimal surface and the cylinder is not.

By the solution of Exercise 8.1.2, the helicoid o(u,v) =
(vcosu,vsinu, \u) has E = X2 + 02 F = 0,G = 1,L = 0,M =

A (W +0?) /2N =0, 50 H = EG2HTLIE = 0.

Calculation shows that the first and second fundamental forms of ot are

cosh? u(du? + dv?) and — cost du® — 2 sint dudv + cost dv?, respectively,

_ —costcosh® utcostcosh?u __
so H = 2 cosh® u =0.

From Example 5.3.1, the cylinder can be parametrized by o(u,v) =
~(u) + va, where - is unit-speed, | a ||= 1 and ~ is contained in a
plane II perpendicular to a. We have o, = % = t (a dot denoting
d/du), ¢, =a,50 E = 1,F =0,G =1; N=txa, 0,, =t = kn,
Ouw = 0y =0,50 L =kn-(t xa), M =N =0 Nowtxaisa
unit vector parallel to IT and perpendicular to t, hence parallel to n;
so L =4k and H = £k/2. So H =0 < k = 0 < ~ is part of a
straight line <= the cylinder is an open subset of a plane.

The first fundamental form is (coshv + 1)(coshv — cosu)(du? + dv?),
so o is conformal. By Exercise 8.5.1, to show that o is minimal
we must show that o, + 0,, = 0; but this is so, since o, =

(sinu coshwv, cosu coshv,sin § sinh §) = —0 4.

(i) o(0,v) = (0,1 — coshwv,0), which is the y-axis. Any straight line is
a geodesic. (ii) o(m,v) = (7,1 + coshv, —4sinh §), which is a curve in
the plane z = 7 such that 2% = 16 sinhzg = 8(coshv — 1) = 8(y — 2),
i.e., a parabola. The geodesic equations are %(Eu) = %Eu(u2 + 0?),
4 (EY) = $E, (4% +19%), where a dot denotes the derivative with respect
to the parameter ¢ of the geodesic and E = (coshv + 1)(coshv — cosu).
When v = 7, the unit-speed condition is E9? = 1, s0 © = 1/(coshv+1).
Hence, the first geodesic equation is 0 = %Euijz, which holds because
E, = sinu(coshv + 1) = 0 when u = 7; the second geodesic equation is
4 (coshv + 1) = (coshv + 1) sinhv 9% = sinh v ¥, which obviously holds.
(iii) o(u,0) = (u —sinwu, 1 — cosu,0), which is the cycloid of Exercise
1.1.7 (in the zy-plane, with a = 1 and with ¢ replaced by u). The second
geodesic equation is satisfied because E,, = sinh v(2 coshv+1—cosu) =0
when v = 0. The unit-speed condition is 2(1 — cosu)i? = 1, so © =

1/2sin §. The first geodesic equation is %(4 sin? Lu) = sinud?, ie.,
51, which obviously holds.

4 (2sin %) = cos

(i) From the proof of Theorem 12.3.2, the Gauss map is conformal <=
W? = \-id, where ) is a smooth function on S. If H # 0 at p, then H # 0
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12.3.2

12.4.1

12.5.1

on an open subset O of S containing p. By Exercise 8.1.6, W = ’\ZLHK -id,
so every point of O is an umbilic and O is an open subset of a plane or a
sphere by Proposition 8.2.9. Since H # 0 the planar case is impossible.
Part (ii) is now obvious. For (iii), assume that S is not minimal. Then,
there is a point p € S at which H # 0, say H = u. The argument in
(i) and (ii) shows that the set S,, of points of S at which H = p is a
(non-empty) open subset of S; it is also a closed subset because H is a
continuous function on S. Since S is connected, S, = S. Hence, every
point of § is an umbilic, and so S is an open subset of a sphere (the
planar case is impossible as p # 0).

(i) From Example 12.1.4, N = (—sechucosv, —sechusinv,tanhu).
Hence, if N(u,v) = N(u/,v'), then u = v since u — tanhu is injective,
so cosv = cosv’ and sinv = sinv’, hence v = v'; thus, N is injective. If
N = (2,4, 2), then 22 + y? = sech®u # 0, so the image of N does not
contain the poles. Given a point (z,y,2) € S? other than the poles, let
u = tsech™'\/22 + y2, the sign being that of z, and let v be such that

cosv = —x//x% 4+ y2, sinv = —y/+/2? + y?; then, N(u,v) = (x,y, 2).

(ii) By the solution of Exercise 8.1.2, N= (A2 +v?)~1/2(~\sin u, A cos u,
—v). Since N(u,v) = N(u + 2kw,v) for all integers k, the infinitely
many points o (u+2km,v) = o (u,v)+ (0,0, 2k7) of the helicoid all have
the same image under the Gauss map. (Of course, this is geometrically
obvious because the helicoid itself is left unchanged by the translation by
27 parallel to the z-axis.) If N = (z,y, 2), then 22 + 3% = \2/(\2 +0?) #
0, so the image of N does not contain the poles. If (z,y,2) € S? and
22 4+ 9% # 0, let v = —Az/\/22 + 4?2 and let u be such that sinu =

—x//x? 4+ y2, cosu = —y/+/2? + y?; then N(u,v) = (x,y, 2).

By Proposition 12.3.2, if K # 0 the Gauss map G : S — S? is a conformal
local diffeomorphism. Let R be a rotation of R? about the origin that
takes G(p) to the south pole of S? (or any point other than the north
pole). There is an open subset O of S containing p such that G(O) does
not contain the north pole. By Example 6.3.5, [To R o G is a conformal
diffeomorphism from © to an open subset U of R2. The inverse of this
diffeomorphism is the desired surface patch o.

=0y, —io, = (1 —u?+ v? — 2iuw, 2uv — i(1 — v* + u?),2u + 2iv)
= (1—¢2,—i(14+¢?),2¢). So the conjugate surface is, up to a translation,

& (u,v) = Re [ (i(1-C2), 142, 2i) d¢ = Re (i (¢ = &) ¢+ §i¢%) =
(—v +u?v — %,u—l— ’3—3 —uv?, —2uv). Let U = (u—v)/v2,V = (u+v)
/N2, (U, V) = o(u,v); then,
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1 1 1
a(U, V)= (— <U—V+UV2 - UV + 5V3 — §U3)> ,

1 1
<U+V+UV2+U2V——

- U ), U =V?).
3 3) )

7
Applying the 7/4 rotation (z,y,z) — (\/Li(x + ), \/Li(y —x), z) to
(U, V) then gives (U — ;)Us +UV2V — %VS +U?V,U? - V2) which
is Enneper’s surface again.

1252 o= (3(1-¢CH(1-¢?), 21 —-¢H(1+¢2),¢(1—-¢), s0

3 -3
R )

i ¢ ¢\ ¢ ¢
5(“ e +T)E+T)

= 3t (—(C- O G LG,

up to a translation. Put ¢ = ef, ¢ = @+ iv. Then, o(u,v) = &(a,v),
where &(4,0) =

4 4 . .
Re <—§ sinh® ¢, gz cosh® ¢, 2 cosh? C)
1
= (4 sinh @ cos 9(cosh? @ sin? & — gsinhzﬂcos2 0),
. - .~ 1 . 2~ . 92~ 2 ~ 2~
4smhusmv(§smh @sin® ¥ — cosh” @ cos” ),

2(cosh? @ cos® & — sinh? 7 sin? 17)) .

12.5.3 The first part is obvious. (i) If a € R, the identity 0% —ic? = a(oy,—i0y)
implies that 0% = ao + a, where a is a constant vector. Hence, o is
obtained from o by applying the dilation D, followed by the transla-
tion T (Appendix 1). (ii) If f and g are the functions in the Weierstrass
representation of o (Proposition 12.5.4), those in the Weierstrass rep-
resentation of o are af and g (see Eq. 12.22). By Eq. 12.25, replac-
ing f by af leaves the first fundamental form unchanged, so the map
o(u,v) — o(u,v) is an isometry, and by Eq. 12.26 N does not depend
on f, so the tangent planes of o and o® at corresponding points are
parallel.
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12.5.4

12.5.5

it . it ; . .
We have 0¢ —ioc¢ = e'(o,—io,). Since o (u,v) = (coshu cosv, coshu
sinwv, u), we get of = (cost sinh u cosv—sin ¢ cosh u sin v, sin ¢ cosh u cos v
+ costsinhusinv,cost), ¢ = (—costcoshusinv — sintsinhu cosv,

costcoshucosv — sintsinhusinv, —sint). Integrating gives o (u,v)

= cos t(cosh u cos v, cosh usin v, u)+sin t(— sinh u sin v, sinh u cosv, —v) =
costo(u,v) + sinté(u,v), say (up to a translation). In the notation of

Exercise 6.2.3, &(sinhu, % + v) = (—sinhusinv,sinhucosv,§ + v).

Reflecting in the xy-plane and then translating by 7/2 along the z-axis

takes & (sinhu,  +v) to & (u,v).

(1) ¢ is never zero since we have arranged that F’ and G’ are never both
zero. Condition (ii) in Theorem 12.5.2 is obvious. When v = 0, F'(z) =
%F(u, 0) = Fy, etc, so %a’(u, 0) = (f,9,0) =4 (a dot denoting d/du).

This proves (ii). When v = 0, ¢ = (f, g,i\/f2 + ¢2). Using Eq. 12.26,
N = (=g, f,0)/1/ f2+ §?). Then, Nx~ = (0,0, —1/ f2 + ¢2) and finally

4+ (N x4) = 0. It follows that « is a pre-geodesic on o (Exercise 9.1.2).
If ~ is the cycloid, F(z) = z —sinz,G(z) = 1 — cos z, so o, — i0, =
@ = (1 — cos z,s8in 2, 2i sin z). This gives

0., = (1 —cosucoshwv,sinucoshv,—2cos g sinh %)

o, = (—sinusinhv, —cosusinhv, —2sin 5 cosh %)
Integrating gives
. LU, v
o(u,v) = (u — sinu cosh v, — cos u cosh v, —4 sin 5 sinh 5),

up to a translation. Translating by (0,1,0) gives Catalan’s surface.

Chapter 13

13.1.1

13.1.2

If ~ is a simple closed geodesic, Theorem 13.1.2 gives fint(w)Kd.A = 27;
since K < 0, this is impossible. The parallels of a cylinder are not the
images under a surface patch o : U — R3 of a simple closed curve 7
in the plane such that int(s) is contained in U. Note that the whole
cylinder can actually be covered by a single patch (see Exercise 4.1.4)
in which U is an annulus, but that the parallels correspond to circles
going ‘around the hole’ in the annulus.

Since the unit normal N of S? is equal to £n, the geodesic curvature Kg
of nis, up to a sign, n” - (n xn’). Let ¢ be the arc-length of v and denote
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Solutions

13.2.1

13.3.1

d/dt by a dot. Then, ds/dt =|| n ||=| —kt+7b ||= Vk2+72 = R,
say, where t = 4. Then, n’ = (—kt+7b)/R, n xn’ = (kb+7t)/R, and
n’ = L4 (=t7h) — _R-1(x/R)'t + R} (7/R)'b — R72(k* + 7%)n.
These formulas give n” - (n x n') = —R~27(k/R) + R~ 2k(1/R)’
(k7 — 7k)/R3. Since & = Rk, etc., K, = i“;;;:?l = +4 tan™!
Applying Theorem 13.1.2 to the curve n on S?, and noting that K = 1
for S? and that f(f(n) kg dt = 0 because kg is the derivative of an £(n)-
periodic function (where ¢(n) is the length of the closed curve n), we

get that the area inside n is 27.

ER! I

The parallel u = w4 is the circle v, (v) = (f(u1) cosv, f(u1) sinv, g(uy));
if s is the arc-length of v, ds/dv = f(u1). Denote d/ds by a dot and
d/du by a dash. Then, 4 = (—sinv, cosv,0), 4 = —m(cos v,sinwv, 0),
and the unit normal of the surface is N = (—¢'cosv,—¢ sinv, f’).

This gives the geodesic curvature of v as kg = ¥ - (N x %) = %

Since () = 2mf(u1), f(f('h)mg ds = 27 f'(uq). Similarly for v,. By

Example 8.1.4, K = —f"/f, so [,KdAs; = 0% fflz ffT”fdudv =

27 (f'(u1) — f'(u2)). Hence, f(fhl) Kgds— fol(%) kgds = [ KdAg. This
equation is the result of applying Theorem 13.2.2 to the curvilinear
polygon shown above.

This can be proved by expressing a, b, ¢ in component form and com-
puting both sides. Alternatively, one may observe that both sides of the
equation are linear in each of a, b, and c (separately), and change sign
when any two of a,b, and c¢ are interchanged. This means that it is
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13.3.2
13.4.1

13.4.2

13.5.1

13.5.2

13.6.1

enough to prove the formula when a = i,b = j, ¢ = k, when both sides
are obviously equal to 1.

Define ¢y, as in the hint. The stated properties are easily checked.

By Corollary 13.4.8, fSKdA =4n(l —g), and g = 1 since S is diffeo-
morphic to T7. By Proposition 8.6.1, K > 0 at some point of S.

K>0= fSKdA > 0 = g < 1 by Corollary 13.4.8; since ¢ is a non-
negative integer, g = 0 so S is diffeomorphic to a sphere. The converse is
false: for example, a ‘cigar tube’ is diffeomorphic to a sphere but K =0
on the cylindrical part.

Assuming that every country has > six neighbours, the argument in the
proof of Theorem 13.5.1 gives £ > 3F and 2FE > 3V,s0 V — F+ F <
% -E+ % =0, contradicting V — E + F = 2.

3F = 2F because each face has three edges and each edge is an edge of
two faces. From y = V—E+F, we get x = V—E—i—%E, so B =3(V—x).
Since each edge has two vertices and two edges cannot intersect in more
than one vertex, E < £V(V —1); hence, 3(V — x) < 2V(V — 1), which
is equivalent to V2 — 7V 4+ 6x > 0. The roots of the quadratic are
L(T£VA9=Tx),s0 V< 3 (7= A9=Tx) or V > 1 (T+ /19 =Tx).
Since x = 2,0,—2,..., the first condition gives V < 3, which would
allow only one triangle; hence, the second condition must hold.

The circle 8 = 6y is a circle in the plane z = bsinfy with centre on
the z-axis, so its principal normal is a unit vector perpendicular to the
circle and in this plane, hence equal (up to a sign) to (cos,sin g, 0).
The unit normal of o is N = (— cos  cos ¢, — cos  sin ¢, — sin ), so the
angle between N and n at a point of the circle § = 6, is 8y. The radius
of the circle is a + b cos 0y, so its geodesic curvature is %' Hence,
f kgds = 2msinfy and the holonomy is 27 — 27 sinfy. The circles ¢ =
constant are geodesics (as they are meridians on a surface of revolution)
so kg = 0 and the holonomy is 27 — 0 = 27.
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13.6.2

13.7.1

13.7.2

13.7.3

13.8.1

For the circle v = 1 on the cone, the radius is 1 and the angle between
the principal normal n of the circle and the unit normal N of the cone
is /4, so the holonomy is 27 — 27/v/2 = (2 — /2)7. The cone is flat
so if the converse of Proposition 13.6.5 were true the holonomy around
any closed curve on the cone would be zero.

Take the reference tangent vector field to be & = (1,0), and take the
simple closed curve «(s) = (coss,sins). At v(s), we have V = (o, 3),
where
isins)?  if k>0
ot if— (coss+isins) i ,
(coss —isins)™% if k <O0.
By de Moivre’s theorem, a = cosks, § = sinks in both cases. Hence,
the angle 1 between V and £ is equal to ks, and Definition 13.7.2 shows
that the multiplicity is k.

If o(u,v) = &(a,0), where (4,0) — (u,v) is a reparametrization map,
theanao'u—l—ﬁo'vfao'u—i—ﬂo'v a—aau—i—ﬂau, agg—i—
8“ . Hence, & and § are smooth if a and 8 are smooth. Since the
components of the vectors o, and o, are smooth, if V is smooth so are
its components. If the components of V = ao, + fo,, are smooth, then
V .o, and V . o, are smooth functions, hence o = %,
3= % are smooth functions, so V is smooth.
If ¢ is the angle between V and &, we have ¢ — ¢ = 6 (up to multiples
of 27); so we must show that [ M ggs =0 (a dot denotes d/ds). This is
not obvious since 6 is not a well-defined smooth function of s (although
df/ds is well defined). However, p = cosf is well defined and smooth,
since p = £.£/ || € ||| € ||. Now, p = —6sinf, so we must prove that
() 5 o . N .. .
fo —Lmds = 0. Using Green’s theorem, this integral is equal to

/ pudu + pydv _ i Pv _ 2 Pu dudv
x /1— p2 int(7r) ou Vvi- P2 dv Vv1i- p2 ,
where 7 is the curve in U such that y(s) = o(w(s)); and this line
integral vanishes because

i Pv _ 2 Pu _ Puv(1 = p*) + ppupo
Ou \ \/1—p2 v \ /1 - p? (1 — p2)3/2 '
Let F': S — R be a smooth function on a surface S, let p € S, let o and

& be patches of S containing p, say a’(uo,vo) = 6 (g, Vo) = p, and let

f=Fooand f = Fog. Then, fu fu Ut o2l fo = fudt + oY,
501ffuffv70at(uo,vo),thenfuffvfoat(uo,vo)
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13.8.2

13.8.3

. 5 2 2
Since f, = f, = 0 at p, we haYe faa = fuu (%) +2fuv%g—g+fw (%) ,
with similar expressions for fz; and fzg. This gives, in an obvious no-

~ Qu  Ju
tation, H = J"HJ, where J = < gu 9o > is the Jacobian matrix of
ou o

the reparametrization map (@, ) — (u,v).

Since .J is invertible, H is invertible if H is invertible. Since the matrix H
is real and symmetric, it has eigenvectors vy, va, with eigenvalues A1, s,
say, such that viv; = 1ifi = jand = 0if i # j. Then, if v = a;vi+asvs
is any vector, where oy, s are scalars, vViHv = Aja? + A\aa; hence,
viHv > 0 (resp. < 0) for all v # 0 <= \; and Ay are both > 0 (resp.
both < 0) <= p is a local minimum (resp. local maximum); and hence
p is a saddle point <= v*Hv can be both > 0 and < 0, depending on
the choice of v. Since J is invertible, a vector v # 0 <= v = Jv # 0;
and V'Hv = v'J'HJV = viHv. The assertions in the last sentence of
the exercise follow from this.

(1) fo =2z -2y, fy, = =22+ 8y, so f, = f, = 0 at the origin. fu, =2,

2 =2
foy = =2, fyy = 8,50 H = < 9 g
is non-degenerate; and the eigenvalues 5+ /13 of H are both > 0, so it

is a local minimum. (i) f; = f, =0 and H = < i g ) at the origin;

detH = —16 < 0, so the eigenvalues of H are of opposite sign and the
origin is a saddle point. (iii) f; = f, = 0 and H = 0 at the origin, which
is therefore a degenerate critical point.

). ‘H is invertible so the origin

Using the parametrization o in Exercise 4.2.5 (with a = 2,b = 1) gives
f@,0) = F(o(0,¢)) = (2 + cosf) cose + 3. Then, fy = —sinf coso,
fo = —(2 4+ cosf)singp; since 2 +cosfd > 0, f, =0 = ¢ =0
or w, and then fy = 0 = 6 = 0 or m; so there are four critical
points, p = (3,0,0), g = (1,0,0), r = (—1,0,0) and s = (—3,0,0).

—cosf cos sin fsin ¢ -1 0
N = =
ext, 1 ( sinfsing  —(2+cosf)cosyp > ( 0 -3 ) atp,

1 0 -1 0 10
= (O 1>atq,< 0 1)atR,and<0 3)ats,hence,

p is a local maximum, q and r are saddle points, and s is a local mini-
mum (all of which is geometrically obvious).
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A Catenoid, 108, 132, 257, 328
Allowable surface patch, 77, 83 — as a minimal surface, 307-309,
Angle, 133 312, 319

Angle of parallelism, 292 Cauchy-Riemann equations, 139, 325
Anti-holomorphic, 321 Cayley sextic, 22

Archimedes’ Theorem, 144 Centre of curvature, 44

Arc-length, 10, 14 Chebyshev net, 126, 259

Area Christoffel symbols, 172

— contained by a curve, 58

— of a geodesic circle, 256 Chromatic number, 358

— of a hyperbolic circle, 277, 280 — of a sphere, 359
— of a hyperbolic polygon, 273, - .Of a torug 361
295, 345 Circle (capital C!), 393
— of a parallel surface, 311 Circular cone, 73, 131
— of a spherical circle, 157, 177 Circular cylinder, 69, 365
— of a spherical triangle, 145, 345 Cissoid, 18, 19
— of a surface, 139-141, 182 Clairaut’s theorem, 228
Astroid, 4, 7, 407 Closed curve, 20
Asymptotic curve, 170, 206 Closed set, 109
Atlas, 68, 77 Codazzi-Mainardi equations, 247-248
Colouring, 357
B Compact set, 109

Beltrami-Klein model, 200, 295-304
Beltrami-Klein distance, 302
Beltrami’s theorem, 267
Bifurcation, 368

Bilinear form, 379

Binormal, 46

Compact surface, 109, 111
Complex plane, 137

Conformal

— diffeomorphisms, 134, 137-139
— map, 134, 136, 138

Bounded, 56, 109 — model, 270, 284, 297
— parametrization, 134, 138, 322
C — surface patch, 134, 138, 322
Catalan’s surface, 319-320, 333 Congruent, 155, 157, 276
Catenary, 12, 44 Conjugate-Mobius transformation, 395

469
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Connected F

— curve, 25-26, First fundamental form

— surface, 80 — of a catenoid, 132

Continuous, 68

Convex, 62

Cornu’s spiral, 42

Cosine rule, 152, 287-288
Covariant derivative, 171
Critical point, 372
Cross-ratio, 300
Curvature

— of a catenary, 34, 44

— of a curve, 30, 31, 44, 52
— of a helix, 33

— of an astroid, 34

— of a surface, 179, 187
Curve, 2, 4

Curvilinear polygon, 342
Cusp, 18-19, 132
Cycloid, 8, 45

D

Derivative, 4, 87
Diagonalizable, 381
Diffeomorphic, 83
Diffeomorphism, 83
Dilation, 392

Direct isometry, 385
Dot product, 11
Doubly-ruled, 76, 104
Dual triangles, 153
Dupin’s theorem, 196

E

Eccentricity, 8

Edge, 342

Eigenvalue, 380, 381

Eigenvector, 380, 381

Elementary isometry, 279

Ellipse, 7-8

Ellipsoid, 80, 98

Elliptic cylinder, 100

Elliptic paraboloid, 99

Elliptic point, 193, 212

Enneper’s surface, 138,
317-319, 331

Equiareal, 142

Euler number, 350, 354

Euler’s theorem, 188

Evolute, 45, 65

Extended complex plane,
137, 391

Exterior, 55-56

— of a generalized cone, 124

— of a generalized cylinder, 123124
— of a geodesic patch, 243

— of a helicoid, 132

— of a plane, 123

— of a principal patch, 201

— of a pseudosphere, 200, 231

— of a sphere, 123

— of a surface, 122

— of a surface patch, 122, 125

— of a surface of revolution, 123
— of a tangent developable, 130
— of a torus, 194

Five neighbours theorem, 362
Flat surface, 186, 201-203

Foci, 8

Four colour conjecture, 359
Four vertex theorem, 63
Frenet-Serret equations, 50
Fresnel’s integrals, 42

G

Gauss-Bonnet theorem

— for compact surfaces, 351, 357

— for curvilinear polygons, 343

— for simple closed curves, 336

Gauss equations, 172, 248

Gaussian curvature, 179, 181, 185, 188,
196-199, 248, 252-253, 257, 259, 261,
262, 265, 320, 364

— of a catenoid, 185

— of compact surfaces, 212, 261

— of a cylinder, 182, 184

— of a helicoid, 185

— of a minimal surface, 311, 330

— of a parallel surface, 209

— of a plane, 182, 184

— of a ruled surface, 182

— of a sphere, 182, 184, 254

— of a surface of revolution, 181, 253

— of a torus, 186

Gauss’ lemma, 245

Gauss map, 162, 182, 184, 185, 320, 321,
332

— of a catenoid, 322

— of a generalized cone, 185

— of a helicoid, 322

— of a minimal surface, 321
— of a paraboloid, 165

Generalized cone, 106, 124, 129, 131,
185, 202, 203, 217
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Generalized cylinder, 105, 109, 123, 124,
126, 184, 202, 203, 217, 218, 317, 319

Generalized helix, 54

Generator, 104

Genus, 110-111

Geodesic, 215, 216, 237

— circle, 245, 256

— coordinates, 244

— curvature, 166, 169, 216

— equations, 220, 223

— local diffeomorphism, 263—265

— patch, 244

— polar patch, 244

Geodesics

— on a circular cylinder, 225-226

— on a circular cone, 226

— on a generalized cone, 217

— on a generalized cylinder, 217, 218

— on a helicoid, 226227

— on a hyperboloid of one sheet, 219,
233-235

— on a plane, 217, 224

— on a pseudosphere, 230-232, 235

— on a sphere, 218, 221-222, 224

— on a spheroid, 235

— on a surface of revolution, 227, 228

— on a torus, 235
on a tube, 219

Geodeswally complete, 270

Gradient, 89, 372

Graph, 80, 119

Great circle, 51, 149, 218, 221-222,
239-241

Green’s theorem, 58

H

Heawood’s conjecture, 359, 361

Helicoid, 81, 132, 185, 195, 226227, 254,
314, 315, 319, 328

Helix, 33, 54, 82, 130, 225-226

Henneberg’s surface, 331-332

Hilbert’s theorem, 270

Holomorphic, 139

Holonomy, 364

Homeomorphism, 68

Hyperbolic
— angle, 270

— area, 273

— circle, 277, 280

— cylinder, 100, 425

— distance, 272, 277, 282, 286

— geometry, 269-304

— isometry, 277-279, 282-283, 285, 287,
289, 297-298, 304

length, 271

— line, 271, 287, 291, 293, 295, 296

— paraboloid, 99

— point, 193, 206, 212

— polygon, 273

Hyperboloid

— of one sheet, 75-76, 98, 114-115, 217,
219, 233-235

— of two sheets, 98, 114-115

Hyperplane, 386

1

Inner product, 380

Integral curve, 366

Interior, 56, 336

Inverse function theorem, 116

Inversion, 396-397

Involute, 45

Isometric deformation, 132

Isometry

— of a Euclidean space, 249, 383-390

— of a sphere, 155, 157

— of a surface, 126, 128, 138, 148,
225, 252

Isoperimetric inequality, 58

J

Jacobian matrix, 79, 116
Jacobi’s theorem, 341
Jordan curve theorem, 55

L

Latitude, 70

Latitude-longitude coordinates, 71

Length

— of a closed curve, 21

— of a curve, 10

— of a vector, 9

Level curve, 2, 23, 26, 27

Level surface, 95-96

Limag con, 6, 22, 27, 56, 65

Line of curvature, 195-196, 220

Line of striction, 109, 132

Local diffeomorphism, 83, 88, 89

Local isometry, 126, 128, 138, 148,
225, 252

Locally isometric, 126

Local maximum, 374

Local minimum, 374

Logarithmic spiral, 10, 16

Longitude, 70

Lune, 145
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Index

M

Maximal atlas, 78

Mean curvature, 179, 181, 185, 209, 262,
306-307

— of a parallel surface, 207, 209

— of a ruled surface, 315-316

— of a surface of revolution, 312

Mercator’s parametrization, 109, 138

Mercator’s projection, 109, 138

Meridian

— of a sphere, 70

— of a surface of revolution, 107, 195, 227

Meusnier’s theorem, 168

Minimal surface, 306, 311, 312, 315, 321,
322, 326, 330, 331

Mobius band, 90-93, 257

Mobius transformation, 139, 157,
282-283, 289, 303-304, 391-399

Monkey saddle, 194

Multiplicity, 366, 374

N

Non-degenerate, 373

Normal curvature, 166, 167, 169,
170, 189

Normal line, 9, 45

Normal section, 169, 218

(0}

Open ball, 68

Open disc, 68

Open interval, 2

Open subset, 68, 83
Opposite isometry, 385, 386
Orientable, 90, 93, 111, 139
Oriented angle, 92
Oriented surface, 90
Orthogonal, 380
Orthogonal matrix, 384
Orthonormal basis, 380
Osculating circle, 44

P

Parabolic cylinder, 100

Parabolic point, 194, 212

Parallel

— axiom, 269, 271

— curve, 44

— lines, 150, 291

— of a surface of revolution, 107, 195, 227
— surface, 207, 209, 211, 311

— tangent vector field, 230

— transport, 175-177, 364

Parameter curve, 86, 133-134

Parametrization

— of a curve, 2

— of a surface, 68

Parametrized curve, 2, 23, 26

Partition of unity, 348

Period, 20, 336

Periodic, 20

Perspectivity, 298, 304

Pitch, 33

Planar point, 194, 212

Plane curve, 2

Plateau’s problem, 305

Poincaré disc model, 200, 283-290

Point at infinity, 137

Positively-oriented, 56

Pre-geodesic, 219, 263

Principal

— curvature, 187-190, 193-194, 196

— normal, 46

— patch, 201

— vector, 187, 190

Profile curve, 107

Pseudosphere, 197-200, 230-232, 235,
241, 251, 257, 258, 263, 267, 269-270,
290, 345

Q

Quadratic form, 380
Quadric

— cone, 99

— surface, 97-104, 113-115

R

Radius of curvature, 44

Real Mobius transformation, 282-283
Reflection, 386—389
Reflection-rotation, 389

Regular

— curve, 13-16

— point, 13

— surface patch, 77, 78
Reparametrization, 13, 79

— map, 13, 79

Riemann surface, 139
Right-handed, 46

Rodrigues’ formula, 195
Rotation, 388, 389

Ruled surface, 104-105, 109, 315
Ruling, 104
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S

Saddle point, 374, 377

Scherk’s surface, 318

Second fundamental form

— of a cylinder, 161

— of an elliptic paraboloid, 162

— of a plane, 161

— of a sphere, 161

— of a surface, 160, 163-165

— of a surface of revolution, 161

— of a surface patch, 160-162,
167, 249

Self-adjoint, 380

Shortest path, 235-241

— on a plane, 12

— on a sphere, 148-150

Signed

— area, 184

— curvature, 35, 38-45, 63, 182

— unit normal, 35

Simple closed curve, 55-57, 336

Simply-connected, 326, 365

Sine-Gordon equation, 260-261, 263

Sine rule, 152, 289

Singular point, 13, 18

Sink, 368, 370

Six colour theorem, 362

Smooth

— curve, 4

— function, 76

— map, 83-85

— surface, 77

Soap bubble, 307

Soap film, 307

Source, 368, 370

Space curve, 2

Sphere, 70

Spherical

— circle, 157

— distance, 150-151, 304

— triangle, 145

Spheroid, 235

Standard unit normal, 89

Stationary point, 366-368

Stereographic projection, 136-137, 139

Surface, 68, 77

— of revolution, 107-108, 123, 161, 181,
196-200, 227-235, 253, 312-314

— patch, 68, 77

— variation, 305

Symmetric bilinear form, 379

T

Tangent developable, 129-130, 203

Tangent line, 5

Tangent plane, 86

Tangent space, 85

Tangent vector

— field, 170-171, 186, 365366

— of a curve, 4

— to a surface, 85

Theorema Egregium, 252

Torsion, 47-53

Torus, 80-81, 110-111, 194-195, 235,
354-355, 361

Total

— curvature, 336

— signed curvature, 38, 57

Tractrix, 45, 199

Transition map, 74, 78, 117

Translation, 385-386

Triangulation, 349, 350

Triply-orthogonal system, 111-116, 196,
211

Tube, 81-82, 111, 219

Turning angle, 37-38, 57

Twisted cubic, 17

U

Ultra-parallel, 291, 293-295

Umbilic, 187, 181, 201

Umlaufsatz, 57, 338—-340

Unitary Moébius transformation, 157

Unit cylinder, 69, 76, 77-78, 161, 182,
184, 191, 225-226

Unit normal, 90

Unit-speed, 11, 15-16

Unit sphere, 70-73, 75, 76, 78, 109,
123, 136-137, 139, 145, 148-157, 161,
177, 182, 184-185, 190, 221222, 244,
264-265, 290

Upper half-plane model, 200, 270-283

\%

Vertex

— of a cone, 73, 102

— of a curve, 62-65

— of a curvilinear polygon, 342
Viviani’s curve, 8, 54

Vortex, 368

w

Weierstrass’ representation, 328-329
Weingarten map, 163, 165, 180, 185, 187
Wirtinger’s inequality, 59, 61
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