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Preface

This book is based on a course on the Differential Geometry of curves and surfaces
at Technische Universitdt Berlin in the spring term of 2020. The thirteen Chapters
roughly reflect the thirteen weeks of that term.

The pioneers of Differential Calculus like Newton, Bernoulli and Euler immedi-
ately applied their ideas to questions about curves and surfaces. In 1673 Newton
defined the curvature x of a plane curve and in 1691 Jacob Bernoulli characterized
elastic plane curves (cf. [30], [25], or [3] for an historical overview), i.e. curves
that minimize the bending energy [ x*ds among all curves held fixed at their end
points. In 1859 Kirchhoff showed that the tangent vector of an elastic curve fol-
lows the motion of the axis of a spinning top [19]. Even today, many applications
of Differential Geometry of curves in other sciences (ranging from the coiling of
DNA strands (cf. [37]) to the modeling of hair for Computer Generated Imagery
(cf. [4])) are centered around elastic curves. Our approach to curve theory em-
phasizes its connections to the Calculus of Variations and we will explore elastic
curves quite thoroughly.

There is also a dynamic aspect of curve theory, where deformations of curves in
time are studied. In 1906 Da Rios, a student of Levi-Civita, derived an evolution
equation [33], the so-called filament flow, for space curves that models the motion
of vortex filaments in a fluid (Section 5.3). In 1932 Levi-Civita wrote the equa-
tions satisfied by filaments that do not change shape under this flow [24]. In 1991
Langer and Perline showed that the possible shapes of such filaments are given by
elastic curves [31], a fact that had escaped Levi Civita. Already in 1972 Hasimoto
had shown that the filament flow is a so-called Soliton equation [15]. Even today
this insight remains a source of ongoing inspiration for curve theory (see [10] for
a survey).

Whereas minimizing the length of a curve results in straight line segments, min-
imizing the area [ det of a surface with a given boundary curve leads to a rich
class of surfaces, the so-called minimal surfaces (Section 12.4). Already in 1744
Euler proved that the catenoid minimizes area among all surfaces of revolution
with prescribed boundary circles (cf. [13]). Minimizing area while fixing the en-
closed volume leads to surfaces with constant mean curvature H (Section 12.5).
For a surface, the analog of the bending energy [ x?ds of a curve is the so-called




Willmore functional | H? det (Section 13.1). In the context of surfaces, the analog
of an elastic curve is a so-called Willmore surface, whose equation we derive in
Section 13.2. It was a major milestone in Differential Geometry when in 2012 Mar-
ques and Neves proved the so-called Willmore conjecture (cf. [26]), which states
that for any torus in R3 the Willmore functional has to be at least 2772.

A pervasive theme in Differential Geometry is the interplay between curvature
and topology. In Section 3.4 we will show that the integral [ « ds of the curvature
of a closed plane curve 7y equals 277 times an integer, the so-called tangent wind-
ing number of . In Section 3.6 we follow Whitney and Graustein who proved in
1937 that this integer characterizes the connected components of the space of all
closed plane curves [45]. In the context of surfaces, the analog of this result is the
Gauss-Bonnet theorem for closed surfaces [8], which we prove in Section 10.2.

The only prerequisites for this book are the Calculus of Several Variables including
the transformation formula for integrals, the Picard-Lindelof theorem for ordinary
differential equations and Green’s theorem from Vector Calculus. Neither mani-
folds nor results from Functional Analysis are needed. Variational problems under
constraints are accessible with these prerequisites because our definition of a criti-
cal point under constraints (Definition 2.19) is slightly stronger than the usual one.
Similarly, our ability to discuss the genus of closed surfaces without diving into
Algebraic Topology can be traced back to our definition of a compact domain with
smooth boundary in R? (Definition 6.1). Our definition is intuitive and equivalent
to the standard one, but proving this equivalence would need serious additional
work.

Berlin, Ulrich Pinkall
January 2021
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Curves







1. Curves in R”

Differential Geometry studies smoothly curved shapes, called manifolds. One-
dimensional shapes are called curves and two-dimensional shapes are called sur-
faces. In this chapter we look at curves in n-dimensional Euclidean space. The
basic properties of curves in R” (length, tangent, bending energy) were explored
right after the invention of calculus by Newton, Bernoulli and Euler.

1.1. What is a curve in R"?

Since many interesting curves (for example a figure eight) have self-intersections,
it is not a good idea to define a curve as a special kind of subset in R". Intuitively, a
curve is something that can be traced out ("parametrized") as the path of a moving
point (cf. Figure 1.1).

Definition 1.1. A curve in R" is a smooth map <y: [a,b] — R" such that its velocity
vector ' (x) never vanishes, i.e.

7' (x) #0
forall x € [a,b)].

® 7(x)

Figure 1.1. A curve can be described as the trajectory of a particle moving in space. The
particles position at time x is given by 7(x).




Curves in R"

Remark 1.2. If M C R” is an arbitrary subset, then a map f: M — R* is called
smooth (or C®) if there is an open set U C R" with M C U and and an infinitely
often differentiable map f: U — R¥ such that f = f|u (cf. Appendix A.1). Instead
of a closed interval [a,b] one could also allow an open or semi-open interval (or
even a finite union of intervals) as the domain of definition for a curve. The only
problem that would arise is that then the integral of a smooth function would not
always be defined. For all of our applications we can stick to closed intervals.

Definition 1.3. A curve y: [a,b] — R" is called closed if -y can be extended to a smooth
map §: R — R" with period b — a, which means

F(x+(b—a)) =7(x)
forall x € R.
Example 1.4.

1. The quarter circle is a curve:

S

v [t o= ()

2. Another version of the quarter circle is also a curve:

[N

_ 5 _ [cosx
v [£F] 2 R, y(x) = <sinx)'

3. The full circle

_ 2 _ [cosx
v: [0,27t] — R%, 9(x) = <sinx>

is a closed curve with period 27. It can be extended to

.. 2 _ [cosx
¥: R — R, 7(x) = (sinx) .

4. The Helix is a curve:

cos X
v: [a,b] = R, y(x) = [ sinx
x

5. The Cartesian leaf (see Figure 1.2) is a curve:

v: [a,b] = R?, () = <x;2__4f>

so that

Y (t) = <3x22x— 4> :

'



1.1 What is a curve in R"?

v
A 4

Figure 1.2. A circle (left), the Cartesian leaf (middle) and Neil’s parabola (right).

v

c d

Figure 1.3. A reparametrization of a curve is given by a strictly increasing function with
nowhere vanishing derivative which maps [c, d] onto [a, b].

6. Neil’s parabola (see Figure 1.2) is given by

vl > R () = ().

It is not a curve if 0 € [a, b], because at t = 0

For the purposes of geometry, the speed with which we run through a curve does
not really matter, nor does the particular time interval [a,b] that we use for the
parametrization. However, we will always assume that our curves are oriented, so
we want to keep track of the direction in which we run through the curve. This
means that we are only interested in properties of a curve that do not change
under orientation-preserving reparametrization (see Figure 1.3):

Definition 1.5. Let 7y: [a,b] — R" and : [c,d] — R" be two curves. Then 7 is called
an orientation-preserving reparametrization of <y if there is a bijective smooth map
¢: [c,d] — [a,b] such that ¢'(x) > 0 forall x € [c,d] and § = y o ¢.




Curves in R"

Example 1.6. For the two curves y from Example 1.4 (i) and 4 from Example 1.4
(ii) we have ¥ = 7y o ¢ with
¢: [£,3%] — [—%,%} , ¢(x) = cosx.

Remark 1.7. Orientation-preserving reparametrization is an equivalence relation
on the set of curves in R". Although we are ultimately only interested in properties
shared by all curves in the same equivalence class, we will always work with a
particular representative curve y.

1.2. Length and Arclength

The most simple numerical quantity that can be assigned to a curve as a whole is
its length.

Definition 1.8. Let y: [a,b] — R" be a curve. Then the function
v: [a,b] 5 R, t— |7 (#)]

is called the speed of 'y and

is called the length of -y.
The length of a curve does not change under reparametrization:

Theorem 1.9. Suppose 7v: [a,b] — R" and ¥: [c,d] — R" are two curves such that
¥ = o ¢ for some diffeomorphism ¢: [c,d] — [a,b]. Then 7 and y have the same
length.

Proof. By the substitution rule, we have

tn) = [Novogyi= [ Wogld = [ 1o = £,

Example 1.10.
1. For the half circle «: [0, 1] — R?,

we have |9/| = 1 and therefore L(y) = 7.

2. The line segment +: [a,b] — R?,

has length £(y) =b —a.




1.2 Length and Arclength

Definition 1.11. A rigid motion of R" is a map g: R" — R" of the form

gly) = Ay +b
where A € O(n) is an orthogonal matrix and b € R" is a vector.

Rigid motions are those transformations of the ambient space R"” which preserve
distances between points. Two shapes that differ only by a rigid motion are said
to be congruent. Matching the physical intuition for curves as trajectories of a
particle moving in space, the length of a curve is invariant under rigid motions:

Theorem 1.12. Let «y: [c,d] — R" be a curve and g: R" — R" a rigid motion. Then

L(govy) = L(7).

Proof. For 4 = go < we have ¥ = Ay + b and ¥ = A7’. Therefore,

e = [Mari= [l = £,

Definition 1.13. Let 7y: [a,b] — R”" be a curve. Then the function

s:[a,b] = R, s(t):=L (7‘[51,@) = /ﬂt k4

is called the arclength function (or arclength coordinate) of -y.

In most situations however, the arclength function s itself is less useful than its
derivative, the speed s’ = v = |7/|. Using only v, not s, we can define the derivative
with respect to arclength:

Definition 1.14. Let y: [a,b] — R" be a curve and v = |v'| its speed. Let g: [a,b] — RF
be a smooth function. Then we define the derivative with respect to arclength of g as

the function
/

g _ &

ds = v
and the integral over arclength of g as

b b
/gds::/ gv.

Remark 1.15. Once we have learned about 1-forms in Section 7.2, we will be able
to interpret ds as a 1-form on [, b] and dd—f as quotient of 1-forms, just as it had
been the dream of Leibniz. For now, they are just R*-valued functions on [a, ].

Theorem 1.16. The arclength fucnction s: [a,b] — R of a curve 7y: [a,b] — R" is an
orientation-preserving diffeomorphism of the interval [a,b] onto the interval [0, L] where
L = L(vy). The reparametrization

4:[0,L] = R", ¥ =yos™!




Curves in R"

has unit speed, i.e. || = 1.

Remark 1.17. It is common in the literature on curves to routinely assume that
the curves under consideration have unit speed, usually expressed by saying that
they are "parametrized by arclength". We will not do this here, for the following
reasons:

1. Making use of the derivative with respect to arclength defined in 1.14 gives
us the same elegant formulas as they arise in the context of unit speed curves,
without actually changing the parametrization.

2. When dealing with one-parameter families t > <; of curves of varying
length, one cannot assume that all curves <; are parametrized by unit speed.
Therefore, in this situation one has to resort anyway to formulas that remain
valid for arbitrary curves.

3. In the context of surfaces, there is no obvious analog for the unit speed
parametrization of a curve. Therefore, habitual reliance on unit speed parametriza-
tions makes the theory of surfaces look more different from the theory of
curves than it actually is.

1.3. Unit Tangent and Bending Energy
Definition 1.18. For a curve y: [a,b] — R", the normalized velocity vector field

- dy _ o
T: [a,b A
ST s T Ty

is called the unit tangent field of y.

Next to the length, the most important numerical quantity that can be assigned to
a curve as a whole is its bending energy:

Definition 1.19. Let T be the unit tangent field of a curve «y: [a,b] — R". Then

1 (b /dT dT
B('Y)—E/a <dslds>d5

is called the bending energy of .

The bending energy is invariant under orientation-preserving reparametrization.
The name comes from the following physical picture:

Consider a rod manufactured out of some elastic material in the shape of a thin
cylinder of length L and radius €. Then we bend the cylinder into the shape of
a curve v of length L. While doing this, we make sure that we do not force any
twisting on the cylinder, for example we place the cylinder in a hollow tube with
shape 7, leaving it free to untwist itself within the tube (see Figure 1.4). Then, in
the limit of € — 0, the energy needed to bring the initially straight rod into its new
shape will be proportional to &(7y).




1.3 Unit Tangent and Bending Energy

’.

Figure 1.4. A rod is bent into the shape of a curve. Then it is fixed in its position by a
porcelain case within which it can untwist while staying in shape.

In later sections we will find out what curves we obtain if we hold a curve fixed
near its end points but otherwise let it minimize bending energy (cf. Figure 2.3).
We also will find a way to deal with twisting.




2. Variations of Curves

Many important special curves -y arise by minimizing a certain variational energy
E(). For example, E(7) could be a linear combination of length and bending
energy, in which case the curve is called an elastic curve. We are not only interested
in minima but also in unstable energetic equilibria, possibly under constraints like
fixing the curve near its end points. In this chapter we develop the basics of
Variational Calculus. In particular, this allows us to explore elastic curves. Beyond
straight lines and circles, these are the most important special curves in IR".

2.1. One-Parameter Families of Curves

On many occasions we will have to deal not only with individual curves «: [a,b] —
R" but with whole one-parameter families t — < of curves.

Definition 2.1. Let g;: [a,b] — R¥ be a smooth map, defined for each t € [ty, t1]. Then
the one-parameter family of maps [to, t1] > t — g is called smooth if the map

[a,b] x [to, t1] = R, (x,t) — gi(x)
is smooth (as always, in the sense of Remark 1.2).
Given a smooth one-parameter family

t— (g [a,b] = RY), t€[to,t]

of maps, also
t— g}

is a smooth one-parameter family of maps g;: [4,b] — R*. The same holds for
t — ¢y where §;: [a,b] — R¥ is defined as

$0 = | sl

The dot and prime derivatives are just partial derivatives, so they commute by
Schwarz’s theorem:

Theorem 2.2. For a smooth one-parameter family of maps t — g, where g;: [a,b] — RF

10



2.1 One-Parameter Families of Curves

Figure 2.1. A variation of a curve 7 can be interpreted as a map into the space M of all
curves 7: [a,b] - R".

we have

(&) =(8)"
In our context, one-parameter families of maps will mainly arise as variations of a
single map g: [a,b] — RF:

Definition 2.3. A smooth one-parameter family t — g; of maps from M to R¥ is called a
variation of a smooth map ¢: M — RFif tg < 0 < t; and gy = g. In this context, we
will also use the notation

8 = 8o
Our main interest is in variations of curves 7: [a,b] — R" (and the associated
variations of derived quantities like the unit tangent or the length):

Definition 2.4. For a variation t — <y of a curve y: [a,b] — R" the map
Y:=7:[a,b] > R"

is called its variational vector field.

Suppose we have a smooth one-parameter-family ¢ — -y; of curves 7;: [a,b] — R”,
meaning that 7;(x) # 0 for all x € [4,b] and all t € [ty, t;]. Then we can think of
this family (just for the purpose of intuition, no need for further formal definitions)
as a smooth map from [g, b] into in the space M of all curves 7: [a,b] — R". The
vector 7, € C%([a,b],R") can then be thought of as the “velocity vector” of that
map at time ¢ (see Figure 2.1).

Remark 2.5. Throughout this whole book we will treat C* ([4,b], R¥) (and its
analog in the context of surfaces) only as a vector space, based on notions from
Linear Algebra. So, for example, we will indeed use the Euclidean inner product

g = [ g s

but we will never put any topology on C®([a,b],IR¥). This means that you will
get confused if you try to interpret what we say based on notions from Functional
Analysis. These notions have important applications in Differential Geometry, but
they are not used at all in this book.

11



Variations of Curves

2.2, Variation of Length and Bending Energy

Given a variation f +— <; of a curve 7: [4,b] — R", we want to determine

£ o L(7y) and 4 o E(yt). We first compute the time derivative of the inte-

grands of these integrals:

Theorem 2.6. Let t — y; be a variation with variational vector field Y : [a,b] — R" of a
curve 7y: [a,b] — R" with speed v = ds and unit tangent field T. Then the variation of

ds is given by
: ay
ds = <ds' T> ds.

Proof. Differentiating the equation vy = || with respect to t at t = 0 we obtain

) /Y N\ /dY
U= - = v,')f = ds'T ds.

O]

Before we proceed to compute the rate of change for the bending energy integrand,
note that (unlike the situation for partial derivatives), for a one-parameter family
t — v the derivative with respect to t does not commute with the derivative with
respect to arclength:

Theorem 2.7. Let t — y; be a variation with variational vector field Y: [a,b] — R" of
a curve y: [a,b] — R" with speed v = ds. Then for any one-parameter family t — g; of
functions g;: [a,b] — R with go =: g we have

dg\ _dg  /dY [\ dg
ds)  ds ds’ "/ ds’
Proof. By Theorem 2.6,

ay

di._ &/._(g/)-_<%,T>U/_ig_ le dig
ds) \v/) v 02 g_ds ds’ ds’

O

Theorem 2.8. Given a variation t — <y, with variational vector field Y: [a,b] — R" of
a curve y: [a,b] — R" with speed v = ds, the corresponding variation of the bending
energy density is

L /dT dT\ ' _ (/&Y dT\ 3 /dY _\ /dT dT\\
2\ds’ds /%) T \\dsz ds /) 2\ ds ds'ds /)"

Proof. Applying Theorem 2.7 to g = 7y we obtain

. Ay /dY
T—ds—<dS,T>T.

12



2.2 Variation of Length and Bending Energy

Using this, Theorem 2.6, the fact that (T, T) = 1 implies <‘%, T> = 0 and Theorem

2.7 with ¢ = T we obtain

(2 (G a)®) = 2

=<ZT dT>d 3 () ()
(
(

a2y dT 3 /dT dT dy
dsz’ds>ds_2<ds’ds><ds T>ds

dT'de+ AT dT\ /dY \
ds ) ds )P ds’ds / \ds’ )%
d

at _Jav i ar oy 1T AT
ds ds’ ds’ ds ° 2 \ds’ ds

Y& )

d? dy dT dT 1 /dT dT\ /dY
P <dsT> ds’ ds >ds_<ds’ds><ds’T>ds

O]

The proof of the following theorem is based on applying integration by parts

repeatedly.

Theorem 2.9. Given a variation t — y; with variational vector field Y :

[a,b] — R" of a

curve 7y: [a,b] — R", the corresponding variations of the length and bending energy are

d

dt
d

dt

e =onl- [ (v s

ay dT 2T 3 /dT dT
B = <<ds'ds>‘<y'dsz+z<ds'ds>7">>

b

a

+/ d3T dT 4T T+§ dT dT
ds’ ds? 2\ ds’ ds

Proof. By Theorem 2.8,

-LG(ED

=/ (&) 2@ (&%)

) &))"

13



Variations of Curves

L5255 (0 ()
w20 ) () om (G ) )
LA () ()
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LU A S (DD

2.3. Critical Points of Length and Bending Energy

Variations of curves (as defined in Definition 2.3) are needed in order to define
and determine those curves that represent equilibria of geometrically interesting
variational functionals. Functionals are certain real-valued functions on the space
M of all curves y: [a,b] — R”, that was already introduced in Section 2.1.

Definition 2.10. Suppose we have a way to assign to each curve <y: [a,b] — R" a real
number E(vy). Then & is called a smooth functional if for every smooth one-parameter

family
t— 7y, t€ [to,tl]

of curves y;: [a,b] — R" the function
[tO/ tl] — IR/ t— 5(715)

is smooth.

In many circumstances, we want to consider only variations of 7: [a,b] — R”" that
keep the curve fixed near the boundary of the interval [a, b] (see Figure 2.2).

Definition 2.11. Let y: [a,b] — R" a curve. Then a variation
t— Yt t e [to,tl]

of vy is said to have support in the interior of [a,b] if there is € > 0 such that for all
x € [a,a+ €] U[b—€,b] we have

Yi(x) = y(x) forall t€ [ty t].

Now we can make precise what we meant by an equilibrium of a variational
energy:

Definition 2.12. Let £ be a smooth functional on the space of curves vy: [a,b] — R".
Then a curve y: [a,b] — R" is called a critical point of £ if for all variations t — <y of

14



2.3 Critical Points of Length and Bending Energy

Tt

a

Figure 2.2. A variation <; of a curve 7 with support in the interior.

v with support in the interior of [a, b] we have

d

T E(r) =0.

t=0

We denote the space of all functions Y: [2,b] — R" with support in the interior of
[a, b] (Definition A4 ) by

Co’((a,b),R") = {Y:[a, b] — R" smooth | Ylgats)up—sp = O for some 6 > 0}.

Theorem 2.13. For every vector field Y: [a,b] — R" along a curve y: [a,b] — R" there
is a variation t — y; with variational vector field Y. If Y has support in the interior of
[a, ], then also the variation t — -y, can be chosen in such a way that it has support in
the interior of [a, b].

Proof. The proof of Theorem 2.13 is left as an exercise. ]

Remark 2.14. In the case of the length functional, instead of using variations with
support in the interior we could have used variations that fix both end points. For
other variational problems (that involve higher derivative), additional derivatives
(not only the function value) of v would have to be clamped to fixed values at the
end points. On the other hand, variations with support in the interior will work
all the time, with equivalent results.

Theorem 2.15 (Fundamental Lemma of the Calculus of Variations). On the vector
space C* ([a, b], R™) equipped with the inner product

W= [ 19

only the zero vector is in the orthogonal complement of C° ((a,b), R"):

C&* ((a,b), R")" = {0}.

Proof. Suppose that f € C*® ([a,b], R") would be non-zero but in C§° ((a,b), R")™.
Then there would be xy € [a,b] such that f(xo) # 0. Choose § > 0 such that
[xo — &,x0+ 6] C (a,b) and (f(x), f(x)) > 0 for all x € [xg — I, xp + J]. Construct
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Variations of Curves

a smooth bump function (cf. Appendix A.2)
g€ Cy((xo—9,x0+9),R") C Cy°((a,b), R")

such that ¢ > 0 and g(x9) = 1. Then (f,g) # 0, which implies f ¢ C5° ((a, b),R")*,
a contradiction. 0

Now we are in the position to determine the critical points of the length functional:

Theorem 2.16. A curve y: [a,b] — R" is a critical point of the length functional L
if and only if its unit tangent field T: [a,b] — R" is constant, i.e. if vy parametrizes a
straight line segment.

Proof. By Theorem 2.9 and 2.15, y is a critical point of £ if and only if for all

Y € C° ((a,b), R") we have
dT
(& =>

By Theorem 2.15 this is the case if and only if f% =0. O

Definition 2.17. A curve y: [a,b] — R" is called a free elastic curve if it is a critical
point of the bending energy functional B.

An almost identical proof as the one of Theorem 2.16 gives us

Theorem 2.18. A curve y: [a,b] — R" is a free elastic curve if and only if its unit
tangent field T [a,b] — R" satisfies

ds® ds’ ds? 2 \ds’ds/ ds

3 2
a’T 3<deT>T 2<dT dT>dT_0

or equivalently

d*y 3 >y dy\ dy 3 /d*y d*y\ &>y
i <dsz' ds3> ds = 2 <d52' dsz> ds?

Solving the fourth order differential equation for -y that appears in Theorem 2.18
with suitable initial values will give us unit speed parametrizations of free elastic
curves. In the next chapter we will explore in more detail the geometric conse-
quences of this differential equation.

2.4. Constrained Variation

In the context of many variational problems that arise in applications, general
variations might violate some constraints that are imposed by the nature of the
problem at hand. For example, thin elastic wires (for most practical purposes)
have a fixed length. This means that here we should minimize bending energy
only among those curves (held fixed near their boundary) that have a prescribed
length.

16



2.4 Constrained Variation

This kind of problem is known under the name of optimization under constraints.
Here we will work with a definition of a critical point under constraints that is
slightly stronger than the standard one. The usual definition would replace the

condition % ’tfo & = 0 by the requirement that £(;) is independent of t.

Definition 2.19. Let &, & be two smooth functionals on the space of all curves : [a, b] —
R™. Then a curve 7y: [a,b] — R" is called a critical point of € under the constraint of
fixed &, if for all variations t — 7 of -y with support in the interior of [a, b]

d

% o g = 0
implies

d

at| £ =0.

Both for the length functional £ = £ and for the bending energy £ = B we
know (Theorem 2.8 and 2.9) how to express the infinitesimal variation of £ that
corresponds to a variational vector field Y: [a,b] — R" with support in the interior
of [a,b] as an integral

d

b

for some smooth map G, : [a,b] — R". If a formula like the one above holds, G,
is called the gradient of the energy &£ at 7.

t=0

Theorem 2.20. Let &, € be two smooth functionals on the space of all curves % : [a,b] —
R". Suppose we have a way to associate to each curve 7y : [a,b] — R" smooth maps

G, CVV: [a,b] - R"

such that for all variations t «— 7y of -y with support in the interior of [a, b] we have

d & o G
-1 = [ .6
Al . b~
dtt_os—/u (4,G).

Then «y is a critical point of € under the constraint of fixed € if and only if there is a
constant A € R such that N
G, = AG,.

A is called a Lagrange multiplier for the constraint of fixed E.

Proof. We apply Theorem 2.21 below to the case where H = C* ([a,b],R"), V =
Cy ((a,b),R") and U = ]RGW. Then v is a critical point of £ under the constraint
of fixed & if and only if G, is orthogonal to all Y that are simultaneously in V and

orthogonal to U, i.e N
G, € (Vnuh)t =U = RG,.

17



Variations of Curves

The theorem below is pure linear algebra, no Functional Analysis is involved.
The formulation is such that it can also be applied to a situation where there are
constraint functionals &, .. ., & instead of a single functional £.

Theorem 2.21. Let H be a (possibly infinite dimensional) vector space with inner product
(.,.). Let V C H be a subspace such that V+ = {0} and U C H finite dimensional. Then

utnv)t=u.

Proof. As for all x € U+ NV it holds that (1, x) = 0 for all u € U, the inclusion
U Cc (Ut N V)L is immediate. In order to show that also (U-NV): C U we
choose an orthonormal basis {u,...,u,} of U and define the map

n
P:H—-U, x— Z(x,uiﬁti.
i=1

It is not hard to check that P defines an orthogonal projection of H onto U, i.e.
P2 =P, P* =Pand imP = U. Now for u € U and h € H it holds

(u,h) = (P(u),h) = (u, P(h)).

Therefore we have UN P(V)+ c V1t = {0}, hence P(V) = U. So there are
v1,...,0y € V such that P(v;) = u;. We now define the map

n
Q:H—V, x— ) (x,0)v
i=1
which is symmetric (i.e. Q" = Q) and satisfies imQ C V and Po Q}u = idy.
Therefore, for x € (Ut NV)+ and v € V:

(x =PoQ(x),v) = (x,v=QoP(v)) =0,

since v — Qo P(v) € U*NV. Thus x — Po Q(x) € V+ = {0} and therefore
x=PoQ(x) e U O

Definition 2.22. A curve y: [a,b] — R" is called a torsion-free elastic curve if it is a
critical point of bending energy under the constraint of fixed length.

Theorems 2.8, 2.9 and 2.20 together allow us to characterize torsion-free elastic
curves by a differential equation:

Theorem 2.23. A curve y: [a,b] — R" is a torsion-free elastic curve if and only if there
is a constant A € R such that its unit tangent field satisfies

0

ds3 ds’ ds? 2\ds'ds/ ds “ds

3 2
T 3<dT dT>T §<dT dT>dT AdT—

ot, equivalently,

d*y <d2'y d3'y> dy 3<d2'y d2’y> dy APy 0
5 =0.

st 2 4 ) ds

ds?’ ds?

ds2 " ds?

18



2.5 Torsion-Free Elastic Curves and the Pendulum Equation
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Figure 2.3. Elastic curves are everywhere.

The constant A is called the tension of 7.

2.5. Torsion-Free Elastic Curves and the Pendulum Equation

By Theorem 1.16 every curve in R"” admits a reparametrization 7: [0,L] — R"
with unit speed. Then for any function g: [0, L] — R¥ the derivative with respect
to arclength is just the ordinary derivative:

Theorem 2.24. A curve 7: [0,L] — R" with unit speed is torsion-free elastic with
tension A if and only if its unit tangent field T: [a,b] — S"~1 solves the equation of
motion

T"—(T",T)T=a—(a, )T
of a spherical pendulum with unit mass and some gravity vector a € R" and A equals

the total energy of the pendulum:

A= (T, T - (aT).

I\JIP—‘

Proof. Let 7v: [0,L] — R" be a torsion-free elastic curve with tension A and with
unit speed. Then, by Theorem 2.23

§<T’, VT — AT = (T" +

3 /
(T, T\T — AT) ,

O: T///+3<T/’T//>T+ 2

i.e. if there is a constant vector a € R” such that
T + g(T’, T — AT = a.

Looking at the component orthogonal to T on both sides of this equation gives
us the first of the two equations that we want to prove. Taking the scalar product

19
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© 0 G O O

O O O O O

Figure 2.4. Trajectories of a pendulum (drawn in blue color). Below each of these trajecto-
ries the corresponding torsion-free elastic curve is shown.
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2.5 Torsion-Free Elastic Curves and the Pendulum Equation

Figure 2.5. Trajectory of a pendulum on S? (drawn in blue color), together with the corre-
sponding torsion-free elastic curve in R3.

with T and using

0= %<T, T)" =(T",T) +(T', T')
we obtain the second equation. Conversely, if T: [0, L] — S"~! solves the pendu-
lum equation

T"—(T",T)T=a—(a, T)T,
then it is easy to verify that the total energy A defined by

A= (T, T — (a,T)

NIH

is constant and 3
T + E(T/,T/>T— AT = a.

O

Figure 2.4 shows planar torsion-free elastic curves that lie in a plane. They arise
from pendulum motion on a circle, whereas a pendulum motion on S? gives a
torsion-free elastic curve in IR® as seen in Figure 2.5.
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3. Curves in R?

Curves in the plane IR? are special in several respects: For a closed plane curve 7y
an enclosed area A(7y) can be defined, providing another geometric functional in
addition to length and bending energy. Unlike the situation in higher dimensions,
the geometry of an arbitrary unit speed plane curve v: [a,b] — R? is captured in
a smooth real-valued curvature function x: [a,b] — R. We prove our first theorem
in Global Differential Geometry: The integral of the curvature of a closed plane
curve is 27tn where n is an integer, called the tangent winding number of y. Two
closed plane curves can be smoothly deformed into each other if and only if they
have the same tangent winding number.

3.1. Plane Curves

The case of curves <y: [a,b] — R? is special because R? comes with a distinguished
linear map J: R? — R?, the 90°-rotation in the counterclockwise (positive) direc-

tion: 0 .
X — X
Ji RS R, ](y>:<1 0><y)

Here are some properties of | that are easy to check: We have [> = —I and ] is
orthogonal as well as skew-adjoint, i.e. for all vectors X, Y & R? we have

(JX,JY) = (X,Y)
(JX,Y) = =(X,]Y).

Furthermore, the determinant function det on IR? can be expressed in terms of |
and the scalar product:
(JX,Y) =det(X,Y).

If v: [a,b] — R?is a curve and T: [a,b] — RR? is its unit tangent, then 4T is

orthogonal to T and therefore proportional to JT:

Definition 3.1. Let y: [a,b] — R? be a curve and T [a, b] — R? its unit tangent. Then
the unique function x: [a,b] — R such that

dT
Is =«JT

22



3.1 Plane Curves

is called the curvature of -y.

More explicitly,

(AT L LN det(v, )
"‘<”’ds>‘<v”'v<v”>>‘ VB

The curvature « of a straight line segment vanishes and a circular arc

v: [a,b] = R?, x <rC95x>
rsin x

of radius r has constant curvature x = 1. If we restrict attention to unit speed

curves 7: [0,L] — RR?, the curvature function «: [0,L] — R determines  up to
orientation-preserving congruence:

Theorem 3.2 (Fundamental Theorem of Plane Curves).

1. For every smooth function x: [0, L] — R there is a unit speed curve 7y : [0, L] — R?
with curvature x.

2. Ifv,%: [0, L] — R? are unit speed curves with the same curvature function x, then
there is an orthogonal (2 x 2)-matrix A with det A = 1 and a vector b € R? such
that

¥ =Ay+b.

Proof. For (ii), denote by T, T the unit tangent fields of  and ¥ and take for A the
orthogonal (2 x 2)-matrix A with determinant one for which AT(0) = T(0). Then
both T and

T:= AT

solve the linear initial value problem

and therefore, by the uniqueness part of the Picard-Lindel6f theorem, we must
have T = T. Then
(Y=A7) =x](T-T) =0,

which proves (ii). For (i), define a: [0,L] — R and T,v: [0,L] — R? by

y(x) = /Ox T.

Then |T| = 1and 7/ = T, so 7 is a curve and T is its unit tangent field. Further-
more, T' = ] T and therefore y has curvature «. O
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0 0

Figure 3.1. For the curve on the right, the position vector from the origin to y(x) covers
some areas multiple times.

3.2. Area of a Plane Curve

Let y: [a,b] — R? be a curve such that det(vy,7’) > 0 and the map
f:(0,1] x [a,b] — R?, f(t,x) = ty(x)

is a bijective map onto a subset S C R2. Then the derivative f(t,x) at the point
(t,x) € (0,1) x [a, b] satisfies

det f'(t,x) = tdet(y(x),7'(x)) >0

and using the transformation formula of integrals it is not difficult to show that
the area of S is given by

b 1 1 b
52/1:/ ://dt’:—/dt,'.
area(S) < ot~ Ja Jo et f 2/, et(7,7')

For the curve 7 shown on the left of Figure 3.1, the above formula correctly yields
the area enclosed by 7 and the line segments from the origin to y(a) and (b).
It therefore seems reasonable to use this formula in order to define an area for
arbitrary curves 7: [a,b] — R*:

Definition 3.3. The sector area of a curve 7y: [a,b] — R? is defined as

A(y) = ;/ﬂbdet(w’)-

The curve on the right of Figure 3.1 illustrates the consequences of this definition.
There the position vector from the origin to y(x) covers some areas multiple times.
However, for some of these times (where 7, as seen from the origin, moves clock-
wise) the contribution to the covered area, as it is computed by the above formula,
is negative.

The sector area .A(y) depends on the origin in R?, which means that it changes if
we apply a translation p — p — v to . Therefore, at first sight the sector area does
not look like a good geometric invariant for curves. However, this dependence dis-
appears as soon as we restrict attention to closed curves, or consider differences
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3.2 Area of a Plane Curve

T2

T

Figure 3.2. Independent of the choice of origin in IR?, the sector area of the curve on the
left of the above picture equals the area of the blue region minus the area of
the orange region. Similarly, the difference of the sector areas of the two curves
on the right equals the area of the blue region between them.

between the sector areas of curves that share the same endpoints (see Figure 3.2):

Let v € R? be a vector and 7: [a,b] — R? a curve. Then we define a modified
sector area Ay (7) as the sector area of -y translated by the vector v:

Av(7) = A(y +v).

Theorem 3.4. Let 7v: [a,b] — R? be a closed curve and 1, 7v>: [a,b] — R? two curves
with y1(a) = y2(a) and y1(b) = v2(b). Then, for any vector v € R? we have

Av(12) = Av(11) = A(712) — A(11).

Proof. Because 7 is closed, we have

1 b 1 b
A1) = A) = 5 [ det(y+v,7) =5 [ det(r,7)
1 b p
:E/a det(v, ")

_ 1/bdet(v )
=5 : Y
B b

1
= 5 det(v, )|

a

=0.

By the same arguments we obtain

(Av(r2) = A1) = (Alr2) = Alm)) = 3 [ dettv,m)' = 3 [ dettvm)

= det(v, 72— 11)|}

=0.
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In particular, we expect that for variations with support in the interior of [a,b] of
a curve v: [a,b] — RR?, the corresponding variation of sector area is independent
of the choice of origin:

Theorem 3.5. Let t +— 7y be a variation with support in the interior of [a, b] of a curve
7v: [a,b] — R?. Then
d b

I A(r) = —/ (Y, J7").
a

t=0

Proof. Since Y vanishes at the endpoints, we have

d

1
r A(y) = 2/ det(Y, ) / det(7y, (v

:7/ det(Y,’)f’)+—/ det(y, Y’
2 a 2 a
1 b , 1 b ,
:7/ det(Y,'y)——/ det(y',Y)
2 Jq 2 Ja
b
:/ det(Y,7')
a ) ,
=~ [,

t=0

O]

As a consequence, the sector area functional by itself does not have any critical
points. On the other hand, minimizing length among all curves with the same
endpoints and the same sector area is possible:

Theorem 3.6. A curve y: [a,b] — R? is a critical point of length under the constraint of
fixed sector area if and only if its curvature x is constant, i.e. if and only if its image lies
on a circle or a straight line.

Proof. By Theorems 2.9 and 2.20 v is a critical point of length under the constraint
of fixed sector area if and only if there is a constant A € R such that

M=JY) =-T' = —xJv.

3.3. Planar Elastic Curves

For a unit speed curve 7: [0, L] — IR? with unit tangent T and curvature x we have
T =x«]JT
T" = —k*T+«'JT
T" = =3xk'T + (" — )T

26



3.3 Planar Elastic Curves
vV — E V —E + V-—-E

Figure 3.3. The potential wells for various values of A. For a solution x of the equation
of motion, V(x) — E is always non-positive. The values of «x that satisfy this
condition are indicated in blue.

The bending energy of a plane curve is also called its total squared curvature.
This is because for a unit speed plane curve <y as above we have

1 b 1 b
B(y) = f/ (T',T')ds = 7/ K2 ds.
2 a 2 a
By Theorem 2.23, 7y is an elastic curve with tension A if and only if

0=T"+3(T,T"\T + %(T’, T\T — AT’

3
= (k" + 5 +AR)JT
which means

K3
K,/+E+)\K:0.

This differential equation can be interpreted as the equation of motion
"
i =0
K+ O (0)

for a particle with unit mass moving on the real line subject to the potential energy

V() = gt + 5%,
As expected (and as is easy to verify by taking the derivative) the total energy

1 "2

E:= E(K) + V(x)

is constant. In particular, we see that along for each solution the potential energy

is bounded from above by E. In Figure 3.3 we see examples that should be com-
pared to the shapes of the corresponding curves that were shown in Section 2.5.

If we look for critical points of the total squared curvature while constraining not
only the length but also the sector area, by Theorem 3.6 we arrive at the differential
equation for «:
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Figure 3.4. A curve which is a critical points of the total squared curvature with con-
strained length and the sector area.

3
2
The closed curve in Figure 3.4 is such a critical point:

K" 4+ — + Ak + ux = 0.

3.4. Tangent Winding Number

Definition 3.7. For a curve 7: [a,b] — R? with curvature x the integral

b
/ K ds
a

is called the total curvature of 7.

In this section we will prove that for a closed curve in IR? the total curvature is an
integer multiple of 27t

Theorem 3.8. If v: [a,b] — R? is a closed curve with curvature x, then there is an
integer n € Z such that

b
/ kds = 27n.
a
n is called the tangent winding number of -y.

Proof. Define a: [a,b] — R by

a(x) :=ag + /axxds
where «( is chosen in such a way that
T(a) = (cosug,sinay).
As in the proof of Theorem 3.2, we conclude

T = (cosa,sina).
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3.5 Regular Homotopy

Since 7 is closed, we have T(b) = T(a), which means
(cosa(b),sina(b)) = (coswa(a),sina(a)).

Therefore, there is an integer n € Z such that

/bxds =wa(b) —a(a) =2mn.
U

As is clear from the above proof, the tangent winding number counts how often
the unit tangent T(x) turns around the unit circle S' as x runs from a to b (see
Figure 3.5). Figure 3.7 shows that all integers n € Z arise as the tangent winding
number of some curve in R?.

\

Figure 3.5. The path on S! of the unit tangent can be visualized more clearly if it is drawn
slightly outside of the unit circle.

3.5. Regular Homotopy

The following two sections will deal with the question: “Given two curves 7, ¥
in R", is it always possible to smoothly deform < into 4 through intermediate
curves?” For convenience, we assume that v and 4 have the same parameter
interval.

Definition 3.9. A regular homotopy between two curves v, %: [a,b] — R" is a one-
parameter family t — 7 of curves y;: [a,b] — R", defined for t € [0,1], such that
Yo = v and y1 = 4. If there exists such a reqular homotopy, -y and % are called reqularly
homotopic.

Regular homotopy is an equivalence relation on the set of curves 7: [a,b] — R™
Reflexivity and symmetry are easy and for transitivity we make use (see Appendix
A.2) of a smooth function %: [0,1] — [0,1] such that

f
h(x) = 0, forx € [0,€]
1, forxe[l—eg1].

If now t — 1 is a regular homotopy between 7 and § and t — 4; a regular

29



Curves in R?

homotopy between 4 and ¥ then

f oy d Ty fort € [0,1]
r?h(Zt—l)l fort e (%, 1]
is a regular homotopy from 7 to . One can think of regular homotopies as smooth
paths in the space of all curves 7: [a,b] — R", the equivalence classes under
regular homotopy are the path-connected components of this space. Indeed, this
space is connected, as we will prove below for the case n = 2. Using the curvature
function for curves in R” that will be introduced in Section 4.2, it would not be
difficult to modify the proof and show that any two curves : [a,b] — R" are
regularly homotopic.

Theorem 3.10. Any two curves v, ¥: [a,b] — R? are reqularly homotopic.

Proof. By transitivity, we can construct the desired regular homotopy in steps. As
a first step we use a regular homotopy to achieve that v has length b — a:

Yt = <1—t+tb£(_,)f)l>’y

Therefore, without loss of generality we may assume that the original curve 7y
already has length b-a. Then we can use a regular homotopy to achieve that 7 has
unit speed: using the arclength function s: [a,b] — [0, L] of ¢ (Definition 1.13), we
define a regular homotopy

7e(x) = 7((1 = H)x + t(a +5(x))).

So we can assume without loss of generality that o has unit speed. Now we use
a regular homotopy in order to translate the starting point of v to the origin and
achieve y(a) = 0:

1= (1—8)7(a) +

Similarly, we can rotate <y to achieve that the unit tangent

r = (525)

of <y at the starting point becomes the first standard basis vector e; of R?:

[ cos((1—1)B) sin((1—1t)B)
T = <_ sin((1—t)B) cos((1— l‘)ﬁ)) !

We apply the same normalizations to . Now we consider the linear interpolation
k= (1—t)k + Ik

between the curvature functions x of o and & of 4 and define the desired regular
homotopy from -y to ¢ by
X
ar(x) := / Kt
0
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3.6 Whitney-Graustein Theorem

3.6. Whitney-Graustein Theorem

Definition 3.11. A regular homotopy through closed curves between two closed
curves y,%: [a,b] — R? is a reqular homotopy t +— ; between y and 4 such that
for all t € [0,1] the curve <y, is closed. If there exists such a regular homotopy, vy and %y
are called regularly homotopic through closed curves.

Let us start with an example that will be needed below. Recall that 7: [2,b] — R”"
is called closed if v = 4|}, for some periodic smooth map §: R — R" with
period b —a. A simple way to make a new closed curve §: [a,b] :— R" out of
such a curve v is by a so-called parameter shift, which depends on a number
TeR:

T(x) = F(x —1).

This closed curve ¥ is regularly homotopic through closed curves to <, a suitable
regular homotopy being t — ; with

1e(x) = 7(x — t7).

Like regular homotopy in Section 3.5, regular homotopy as closed curves is an
equivalence relation on the set of closed curves in IR? and the equivalence classes
can be thought of as the connected components of this space. This time however,
the whole space is not connected:

Theorem 3.12 (Whitney and Graustein, 1932). Two closed curves v,¥: [a,b] — R?
are regularly homotopic through closed curves if and only if they have the same tangent
winding number.

In Figure 3.9 we see an example of a regular homotopy through closed curves.

Proof. Suppose there is a regular homotopy as closed curves t — <; between 7y
and . Denote by ds; = |y} and «; the speed and the curvature of ;. Then the

tangent winding number
1 b
ng=~—— [ Kids
v /a t ast

is an integer for all + € [0,1] and it depends continuously on t. Therefore it is
constant and 19 = n; means that v and 4 they have the same tangent winding
number.

Conversely, suppose that v and ¥ they have the same tangent winding number.
As in the proof of Theorem 3.10 we can assume without loss of generality that «y
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\\.

Figure 3.6. The initial regular homotopy that brings the curve into a standard position and
size.

v

-
o P

and ¥ both have unit speed. By Lemma 3.13 below and the fact that parameter
shifts can be accomplished by regular homotopy as closed curves, we may also
assume that the curvature functions x and « are either constant or linearly inde-
pendent. As in the proof of Theorem 3.10, we can apply another regular homotopy
through closed curves to achieve y(a) = 0 and /(a) = e; (see Figure 3.6). The
same can be assumed for 7.

Let then t — ; be the regular homotopy between <y and % constructed at the end
of the proof of Theorem 3.10. The only problem is that for the intermediate curves
7+ might not be closed. We are going to repair this by modifying 7; to a closed
curve 4; as follows:

x—a (b
Fi(x) = - T
Fe(x) = 7e(x) b—a/a t
The only fact that needs to be checked is that ¥;(x) # 0 for all x € [a, b].

Suppose we would have

- 1 b
0=7(x) =Tx)— 57— [ T,

and therefore

The inequality sign in the above formula must be an equality, and this implies that
T; is constant, i.e.
0=1x; = (1—t)x+I&.

This would imply that x and &% are linearly dependent as functions, which by
our assumptions means that x and & are constant. Since both coefficients in the
previous equation are positive, this would imply ¥ = & = 0, which is impossible
for closed curves. O

As a consequence of Theorem 3.12, every closed curve in R? is regularly homo-
topic through closed curves to one of the curves in the following list in Figure 3.7:
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3.6 Whitney-Graustein Theorem

Figure 3.7. A list of representatives for every homotopy class of plane curves.

We conclude this chapter with the Lemma that was needed in the proof of the
Whitney-Graustein theorem:

Lemma 3.13. Let x: R — R be a non-zero periodic function such that for all T € R the
functions x and x — «(x — T) are linearly dependent. Then « is constant.

Proof. Given our assumptions, there is a smooth function A: R — R such that for
all x € R we have
k(x — 1) = A(T)K(x).

Differentiation with respect to T at T = 0 yields
K (x) = A'(0)x(x)

The only non-zero periodic functions that satisfy such a differential equations are
the constant functions. O

Suppose we have a diffeomorphism g: M — R? where
M:={x ¢ R*||x| <1}

is the unit disk in R2. Then we can define a closed curve 7: [a,b] — R? in such a
way that the Figure 3.8 becomes a commutative diagram.

If a closed curve bounds a region in R? that can be mapped onto the unit disk by
a diffeomorphism, its tangent winding number is one or minus one:

Theorem 3.14. In the setup of Figure 3.8, the tangent winding number of vy is =1, where
the plus sign applies if and only if g preserves orientation, i.e. if detg'(x) > 0 for all
x € M.

Proof. Already in the proof of Theorem 3.12 we saw that applying a scale or a
rotation to oy does not change the regular homotopy class of <. Therefore, without
loss of generality we may assume

g'(O)el = e].
For t € [0,1] let A; be the 2 x 2-matrix such that

Atel = e
Arg'(er) = (1—1)g' (ep) L tey
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Curves in R?

oM

Figure 3.8. A diffeomorphism g from the unit disk M into R?> and the corresponding
boundary loop .

where the plus sign is chosen if and only if detg’(0) > 0. Then the matrix A; is
invertible for all ¢ and the one-parameter family ¢ — ; = Ay of closed curves is
a regular homotopy, so after replacing ¢ with A; o ¢ we can assume without loss
of generality that

g(0) =1
Now define for r € (0,1] closed curves v,: [0,277] — R? by

wa-s (51

For small € > 0 the curve . is close the parametrization

= (Lonn)

of to the unit circle, so the tangent winding number of 7. is £1. On the other
hand, v = 71 is regularly homotopic to 7., and therefore also the tangent winding
number of y is £1. O
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3.6 Whitney-Graustein Theorem

Figure 3.9. A sequence of curves from a regular homotopy between the elastic figure eight
curve traversed twice (top left) and the elastic figure eight curve traversed only
once (bottom right).
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4, Parallel Normal Fields

For curves 7: [a,b] — R" there is an analog «: [4,b] — R""! of the curvature
function of a plane curve. In the context of unit speed curves, this function «
determines 7y up to an orientation-preserving rigid motion of R". Before we can
define x, we have to study parallel normal vector fields along a curve in IR".

4.1. Parallel Transport

Definition 4.1. Let y: [a,b] — R" be an immersion with unit tangent field T: [a,b] —
R™. Then a smooth map Z: [a,b] — R" is called a normal field for vy if

(Z(x), T(x)) =0

for all x € [a,b]. The (n — 1)-dimensional linear subspace T(x)* is called the normal
space of 7y at x.

If Z: [a,b] — R" is a normal field for vy, then we can split its derivative Z’ into its
tangential part and its normal part:

Z'=AT+W

where A: [a,b] — R is a smooth function and W is another normal field. It turns
out that A(x) can be computed from Z(x) alone, without taking the derivative of
Z: differentiating the expression (Z, T) = 0 we obtain

A=(Z,T) = —(Z,T').

The scalar product (Z', Z) = 1(Z, Z)’ measures how the length of Z changes along
7. A component of Z’" orthogonal to Z and T indicates a rotation of Z around the
tangent T. If Z has constant length and there is no such twisting, Z is called
parallel:

Definition 4.2. A normal field Z: [a,b] — R" along a curve y: [a,b] — R" with unit
tangent field T: [a,b] — R" is called parallel if there is a function A: [a,b] — R such
that

Z' = AT.

There is a parallel normal field Z for every immersion <y and all such fields come
in an (n — 1)-parameter family:
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4.1 Parallel Transport

Theorem 4.3. Given a vector W € T(a)" in the normal space of a curve v: [a,b] — R"
at a, there is a unique parallel normal field Z: [a,b] — R" of 7y such that

Z(a) = W.
If Z,Y are two parallel normal fields along vy, their scalar product (Z,Y) is constant.

Proof. If Z is a parallel normal vector field along v with Z(a) = W, then differ-
entiating the equation (Z,T) = 0 yields (Z',T) + (Z,T') = 0 and, using Z' =
—(Z,T')T, we see that Z solves the linear initial value problem

Z(a) =W
Z' =(Z,T\T — (Z, T')T.

By the Picard-Lindeldf theorem, such a solution is unique, which proves the
uniqueness part of our claim. For the existence part, let Z be the solution of the
above initial value problem. For any further solution Y of the above differential
equation we have

(Z,Y) =(Z',Y)+(Z,Y)
(Z, T)T'—(Z, T"T,Y) +(Z, (Y, T)T' — (Y, T")T)
0

and therefore the scalar product (Z,Y) is constant. In particular, Y = T is such a
solution, so (Z(a), T(a)) = 0 implies (Z, T) = 0. Therefore Z is a normal field, in
fact a parallel one. O

If 7: [a,b] — R" is a curve and W is a vector in T(a)', for every x € [a,b] we
can use the parallel normal field Z with Z(a) = W to “transport” W to a normal
vector Z(x) € T(x)*. This parallel transport map

P(x): T(a)t — T(x)*

is obviously linear, and by Theorem 4.3 it is in fact orthogonal, i.e. it preserves
scalar products. Moreover, each normal space T(x)* carries an orientation in the
sense that a basis Wy, ..., W,_; of T(x)" is called positively oriented if

det(Wy,...,W,,_1,T(x)) > 0.

If Wy,...,W,_1 is a positively oriented basis of T(a)L and Zy,...,Z,_1 are parallel
normal fields with Z;(a) = Y; then x — det(Z1(x),...,Z,-1(x), T(x)) is continu-
ous and never zero. Therefore, for all x € [a, b] we have

det(Zy(x),...,Zy-1(x),T(x)) >0
and the map P(x) is orientation-preserving. We summarize this as follows:

Definition 4.4. Given a curve y: [a,b] — R" and x € [a, ], the orientation-preserving
orthogonal map P(x): T(a)t — T(x)* defined above is called the parallel transport
from the normal space T(a)* to the normal space T(x)=*.
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Parallel Normal Fields

Figure 4.1. A closed curve in the normal space T(a)" is used to build a thickened version
of v by parallel transport.

By Theorem 4.3, each vector Z(x) of a parallel normal field has the same length.
Therefore, we can use parallel normal fields Z in order to displace a curve y by a
fixed distance € = |Z|, without introducing unnecessary twisting:

Definition 4.5. If Z is a parallel normal field along a curve 7y: [a,b] — R" and the
derivative of

Y=7+Z2
vanishes nowhere, then the % is called a parallel curve of 7.

For a curve 7: [a,b] — R" the continuous (but not necessarily smooth) function
aT
‘% : [ﬂ, b] — R

is called the absolute curvature of 7. If € > 0 is such that

! > max d—T(x)
€ ds

x € [a,b]}

and Z is a parallel normal field with |Z| = e then by the Cauchy-Schwarz inequal-

ity we have
dly+2) dT
D) _ (14 (20T ) 7 40

Therefore, if we pick a vector W € T(a)* with sufficiently small norm and define
Z as the parallel normal field Z with Z(a) = W, then y 4+ Z will be a parallel curve
for 7.

As an application, we always visualize a curve in R® by thickening it, which means
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4.2 Curvature Function of a Curve in R"

/ T(a)*

g

Figure 4.2. The Hasimoto curvature ¥ of a curve v indicated as a blue curve in T(a)~.

that we chose a suitable collection of W € T(a)* with small length and draw the
union of the corresponding parallel normal fields. Most of the time we use a small
circle centered at the origin in T(a)*, but different choices (as in Figure 4.1) are
also possible.

4.2. Curvature Function of a Curve in R”

We saw in Section 3.1 that, up to rigid motions of R?, the geometry of a unit
speed curve 7: [a,b] — R? is completely determined by its curvature function
x: [a,b] — R. Here we will define a similar curvature function x: [a,b] — R"~! for
any unit speed curve y: [a,b] — R". To define x(x), we use parallel transport to
transfer the normal vector T'(x) € T(x)* to the normal space T(a)". Afterwards
we use an orthonormal basis of T(a)* in order to identify T(a)* with R" 1.

Theorem 4.6. Let y: [a,b] — R" be a curve with unit tangent T and parallel transport
maps P(x): T(a)* — T(x)*. Then there is a unique smooth map ¥: [a,b] — T(a)*
such that for all x € [a,b] we have

P()(¥(x)) = ~ o (x).

Y is called the Hasimoto curvature of <y.

See Section 5.3 for the details on Hasimoto’s contribution. The Hasimoto curvature
determines <y uniquely:

Theorem 4.7. Given a point p € R", a unit vector S € R" and a smooth map ¥ : [a, b] —
T(a)*, there is a unique unit speed curve «: [a,b] — R" such that y(a) = p, 7' (a) = S
and Y is the Hasimoto curvature of vy (see Figure 4.2).

Proof. First we prove uniquess of 7. Let y: [2,b] — R" be a curve with the desired
properties. Choose an orthonormal basis Wy, ..., W,_1 of T(a)* such that

det(Wl, ey anl/ T(a)) =1
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Parallel Normal Fields

and define xq,...x,_1 by
Y=x;Wi+...+x,1W,_1.

Let Zy,...,Z, 1 be the parallel normal fields along <y such that Z;(a) = W; for all
je{l,...,n—1}. Then

(Z4,...,Z4-1,T): [a,b] - R™"
solves the initial value problem

(er---/Zn—lf T)(a) = (Wl,...,Wn_l,S)
n—1
(le---/Zn—ll T)/ = (KlT,...,Kn_lT,— ZK]Z]>
j=1

and is therefore uniquely determined by p, S and Y. In particular, T is uniquely
determined and so is
x— y(x / T.

For existence, we can use the above initial value problem to define (Z,...,Z,_1,T).
At x = a these vectors are orthonormal and their pairwise scalar products solve
the system of linear differential equations

n—1
(T, T>/ = -2 Z K]'<T, Z]>
j=1

(T, Z;)" = xi(T,T) ZKZ Zi, Zj)
<Zl‘, Z]>/ = Kl'<T, Z]> =4 K]‘<Zl‘, T>

We can interpret this as an initial value problem for the functions (T, Z;), (T, T),
(Zi,Zj). The functions (T, Z;) = 0,(T,T) = 1,(Z;,Z;) = &;; solve this initial
value problem, and by Picard and Lindelof such a solution is unique. Therefore,
(Z1,...,Z,-1, T) stay orthonormal. So by integration of T we obtain a unit speed
curve y: [a,b] - R" with y(a) = pand v/(a) = S. Z4,...Z,_1 are parallel normal
fields along 7y with Z;(a) = W;. Because we already know that T = —} /" %z,
this implies that ¥ is indeed the Hasimoto curvature of +. O

In the above proof we used a basis of T(a)" in order to turn ¥ into an R"~!-
valued function x. This function is the promised analog of the curvature function
of a plane curve:

Definition 4.8. Let y: [a,b] — R" be a unit speed curve with unit tangent T and
Hasimoto curvature Y. Let Wy, ..., W,,_1 be a positively oriented orthonormal basis of
T(a)*. Then the function

x:[a,b] - R, x =
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4.3 Geometry in Terms of the Curvature Function

defined by
Y = K1W1 +...+ Kn,1Wn,1

is called a curvature function of 7.

In the case n = 2 the positively oriented orthonormal basis of T(a)+ mentioned
in the above definition is unique, and therefore each plane curve has a unique
curvature function «: [a,b] — R! = R, which is the one we already encountered
in Section 3.1. It is clear from its definition that for any n the function « is at least
unique up to a rotation of R"~1:

Theorem 4.9. Ifx,%: [a,b] — R"~! are curvature functions of the same curve <y : [a,b] —
R", then there is an orthogonal ((n — 1) x (n — 1))-matrix A with det A = 1 such that

® = Axk.

On the other hand, as in the case of curves in R2, for every curvature function
x: [a,b] — R""! there is a corresponding curve 7: [a,b] — R" and v is unique up
to post-composition with an orientation preserving rigid motion of R". Also the
following theorem is a direct consequence of Theorem 4.7:

Theorem 4.10. Given a smooth function x: [a,b] — R"1 there is a unit speed curve
v: [a,b] — R" for which « is a curvature function. The curve vy is unique up to an
orientation preserving rigid motion of R", which means that if % is another curve having
Kk as a curvature function, then there is an orthogonal (n x n)-matrix A with detA =1
and a vector b € R" such that

¥ =Ay+b.

4.3. Geometry in Terms of the Curvature Function

Lety: [a,b] — R” be a unit speed curve with unit tangent field T and Wy, ..., W,_;
a positively oriented orthonormal basis of T(a)*. Let Z3,...,Z, 1 be the corre-
sponding parallel normal fields along y with Z;(a) = W;. Then we can describe
every normal field Y along v in terms of a function y: [a,b] — R" as
Y=v1Z1+...yn1Zn1
| | n
=z ... Z,1
| ’ Yn—1
=: Ny
where for x € [a,b] the matrix N(x) has the vectors Z;(x),...,Z,_1(x) € R" as its

column vectors. In terms of the curvature function x introduced in Definition 4.8
the derivative of Y can be expressed as

Y' = (x,y)T + Ny'.
In particular, for Y = T’ we obtain

T' = —Nk
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T" = —(x,x)T — N«
T" = =3(x, k') T+ N ((x,x)x — ") .

Now we are able to generalize the results we obtained in Section 3.3 for plane
curves:

Theorem 4.11. A unit speed curve y: [a,b] — R" is torsion-free elastic if and only if
there is a constant A € R such that its curvature function x satisfies

v |K?
K +TK+)LK =0.

Proof. By Theorem 2.23, «y is torsion-free elastic if and only if there is a constant
A € R such that

0= T" +3(T, T")T + %(T’, VT — AT’

2
=—N (K”—|—|K2|K—|—AK> )

O]

Here are further examples of how the geometry of 7y is reflected in the properties
of x:

Theorem 4.12. Let «: [a,b] — R""! be a curvature function of a unit speed curve
7v: la,b] = R". Then:

1. « = 0 if and only if the image of -y lies on a straight line.
2. « is a non-zero constant if and only if the image of «y lies on a circle.

3. The image of « lies in a hyperplane through the origin of R"~! if and only if the
image of vy lies in a hyperplane of R".

4. The image of « lies in a hyperplane of R"~! that does not pass through the origin if
and only if the image of -y lies in a hypersphere of R" (see Figure 4.3).

Proof. Claim (i) is obvious, since the image of a curve lies on a straight line if and
only if its unit tangent T is constant. If the image of « lies in a hyperplane through
the origin of R"1, there is a unit vector a € R"! such that (a,x) = 0. Then

(Na)' = —(x,a) =0
so there is a fixed vector n € R” such that Na = n. We have
(n,7) = (Na,T) =0

and therefore the image of < is contained in a hyperplane with normal vector
n. The proof of the converse is left to the reader. This establishes (iii). For (iv),
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4.3 Geometry in Terms of the Curvature Function

Figure 4.3. The curvature function « of a curve on S? lies on a straight line which does not
pass through the origin.

suppose that there is a unit vector a € R"~! and a number r > 0 such that

(a,x) = %

Then
(y—rNa) =T —r(x,a)T =0

so there is a fixed point m € R" such that
v¥—rNa=m

and we have
[y —m[=r.

Therefore, the image of <y lies on the hypersphere with center m and radius r.
Again, the proof of the converse is left to the reader and we have established (iv).
For (ii) we use induction on n based on (iii), starting at n = 2 where we use
(iv). O
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5. Curves in R°

For a closed curve v: [a,b] — R3 with unit tangent field T, we can use a parallel
normal vector field to transport a normal vector W, & T(Lz)L at the starting point
of 7 to a normal vector W, € T(b)* at the end point. If  is closed, the angle
T () between W, and W, is called the total torsion of . A notion of total torsion
can also be defined for curves in R? that are not necessarily closed. Therefore, for
curves in R3, total torsion provides another geometric functional besides length
or bending energy. Critical points of a linear combination of length, total torsion
and bending energy are needed for modelling the physical equilibrium shapes of
elastic wires in R>.

5.1. Total Torsion of Curves in R>

Let us focus now on curves 7: [a,b] — R3. In this case we can visualize the
parallel transport of normal directions introduced in Section 4.1 as approximately
implemented by a chain of so-called “constant velocity joints” (cf. [35]). Such joints
are able to transport normal directions in an angle-preserving manner. Rotating
the initial vector Z(a) of a parallel normal field by an angle a will make the final
vector Z(b) rotate by the same angle « (see Figures 5.1 and 5.2).

Definition 5.1. For a curve «: [a,b] — R3 the orthogonal linear map
P: T(a)t — T(b)*, X +— Z(b)
where Z: [a,b] — R is the parallel normal field along v with Z(a) = X is called the

normal transport of 7.

After having chosen a pair W = (W,, W;,) of unit vectors W, € T(a)* and W, in
T(b)* we can describe the normal transport P by an angle:

Definition 5.2. Let 7: [a,b] — R® be curve with unit tangent T and normal transport
P. Then, given a pair W = (W,, W) of unit vectors W, € T(a)* and Wy, in T(b)*, the
unique angle

Tw € R/2nz

with
P(Wa) = (COS Tw) Wy, + (Sil‘lTw) T(b) X Wp.

is called the total torsion of the curve y with respect to W, and Wj,.
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5.1 Total Torsion of Curves in IR®

— e X 3
Rl e o

Figure 5.1. Two curves built from constant-velocity joints. The total torsion is zero for the
curve on the left, but not for the one on the right. The red line indicates a
parallel normal field.

For a closed curve we have T(a) = T(b) and we can always choose W(b) = W(a).
The total torsion 7y then becomes independent of the choice of W, so in this case
we can drop the subscript W and denote the total torsion of a closed curve 7 by
T (7). Let us determine the infinitesimal variation of the total torsion Ty if we
vary the curve 7 as well as the unit vectors W, and Wj:

Theorem 5.3. Let t — <y; be a variation with variational vector field v =Y of a curve
v:la,b] = R3. Let t — W,(t) € Ty(a)t and t — Wy(t) € Ti(b)* be two smooth
families of unit vectors. Then the total torsion Tw (t) of vy with respect to

W(t) = (Wa(t), Wy(t))
satisfies

d

, : b .
Sl Tw() = (Wa, T(a) x Wa) = (W, T(b) Wb>+/a det(T,T’,T).

t=0

In terms of Y, the above integral can be expressed as

b : dr\|" T’
/ _ il _ e
/aciet(T,T,T)_<Y,Txds>a /u <Y,T><(ds)>.

Proof. Let Z; be the parallel normal field along v; with Z;(a) = W,(t). In particu-
lar, Zg =: Z is a parallel normal field and we have

7' =—(Z,T)T.
Taking the time derivative of the equation

Zy(b) = cos T (t) Wy (t) + sin Tyy (£) T(b) x Wy(t)
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Figure 5.2. A trefoil knot cannot be built from constant-velocity joints. Because of the
angle-defect due to the total torsion, the joints would not close up.

at t = 0 yields
(Z(b), T(b) x Z(b)) = Tw + (Wy, T(b) x Z(b)).

From Theorem 5.4

. b
/ det T, T, 7T / (Z,Tx Z)
(Z(b), T(b) x Z(b)) — (Z(a), T(a) x Z(a))
— o (W, T(6) x Z(B)) — (Wa, T(a) x Z(a)).

The second claim is a consequence of

det(T, T, T) — det (T T, "g)
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5.1 Total Torsion of Curves in IR®

= det <T, dT,Y/>

ds
!/ /
= det T,d—T,Y —det | T, d—T ,Y |,
ds ds
where we used that T = aX _ (8 T)T (cf. proof of Theorem 2.8). O

The following Theorem was used in the above proof and will be needed also in
Section 5.3:

Theorem 5.4. Let t — v, be a variation of a curve 7y: [a,b] — R> with unit tangent
field T. Let t — Z; be a smooth one-parameter family of maps such that Z; is a parallel
unit normal field along ;. Then

(Z,TxZ) =(T,TxT).
Proof. The prime derivative commutes with the dot derivative, hence
(Z,TxZ) ={((Z'),TxZ)+(Z,T x Z)
(~(ZT)ETxZ) + (2T x 2).

Because (Z;, Z;) = 1 and (Z;, T;) = 0, for all ¢, we have

Z=(Z,T\T+(Z,Tx Z)T x Z
= —(Z,T\T+(Z,TxZ)Tx Z

and therefore we can continue the previous calculation of (Z, T x Z)' as follows:

(2, TxZ) =(Z,TNT x Z,T") — (Z, T")(T x Z,T)
= (Zx(TxZ),TxT)
= (T, T x T').

O]

In Section 4.3 we described normal vector fields Y along a curve v: [a,b] — R"
in terms of functions y: [4,b] — R"~!. Given a parallel unit normal field Z along
a curve 7: [a,b] — R® with unit tangent T, in terms of this correspondence, any
normal field Y can be written as

Y =Ny=wynZ+yTxZ.
The function (Z, T x Z) featuring in Theorem 5.3 also appears if, given a variation

of v and Z, we want to know the time derivative of the above formula:

Theorem 5.5. Let t — 7y be a variation of a curve 7y: [a,b] — R3 with unit tangent
field T. Let t — Z; be a smooth one-parameter family of maps such that Z; is a parallel
unit normal field along ¢ and t — y; a smooth family of maps y;: [a,b] — R?. Then

(Ny) = =(Ny, )T+ N (7 +(Z T x 2)Jy).
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Proof. Taking into account the time derivatives of the equations thattellus T, Z, T x
Z are orthonormal, we obtain

(Ny)' = Ny+ 1 ((Z, T)T+(Z, T x Z)T x Z) + y2(((T x Z)", T)T + ((T x Z)", Z)Z)

=—(Ny,T)T+N (y‘+ (Z,T % Z>]y> ~

5.2. Elastic Curves in R>

The torsion-free elastic curves studied in the Sections 2.4 and 2.5 were critical
points of bending energy under the constraint of fixed length. For general elastic
curves in R® also the total torsion is constrained (see Figure 5.3). Note that for a
variation f — 7; with support in the interior of [a,b] of a curve 7 : [a,b] — R3 with
unit tangent T all parallel transport maps P; are defined on the same vector space

d
P
0

T(a)*. Therefore it makes sense to consider the derivative ﬁ‘

=
Definition 5.6. A curve «: [a,b] — R is called an elastic curve if it is a critical point
of the bending enerqy BB under the constraint of fixed length L and fixed normal transport
P.

Figure 5.3. Elastic curves obtained by minimizing bending energy under the constraint

of fixed length and fixed total torsion, for various values of the total torsion

constraint: 0, %7(, gn, %n, %7(, 27t.

During a variation f + 7; of a curve v: [a,b] — R® with constant support in
the interior of [a,b], after choosing unit vectors W, € T(a)* and W, € T(b)*
(independent of t), we can measure the normal transport along ; as the total
torsion angle Ty (¢). Theorem 5.3 then will tell us the infinitesimal variation of
the normal transport, in a way that does not depend on the choice of W, and W;.
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Theorem 5.7. Let «y: [a,b] — R be a unit speed curve with unit tangent T. Then the
following are equivalent:

1. v is an elastic curve.

2. There are constants A, u € R such that
3
" —(T",T)T + §<T,’ THYT —uT x T — AT = 0.
3. There are constants A,y € R and a constant vector a € R3 such that

T”+§<T’,T’)T—yT>< T' —AT+a=0.

4. There is a constant y € R and a constant vector a € R3 such that
T —(T",T)T+a—(a, T)T —uT x T' = 0.
5. There is a constant y € R and constant vectors a,b € R3 such that
Y xv9"=uy +axy+b.
6. There are constant vectors a,b € R> such that
7Y'=(axy+b)x9.

Proof. Theorem 2.21 was formulated in such a way that it is capable of dealing
with several constraints, so that it is possible to prove Theorem 2.20 with more
than just a single constraint. So more constraints than just the length are possible
in Theorem 2.23. Therefore, the equivalence of (i) and (ii) can be shown following
the same arguments that lead to Theorem 2.23. Here, taking derivatives of the
equation (T, T) = 1 gives

(T",T) = =3(T, T").

The equivalence of (ii) and (iii) follows from the equality
/! 3 ! / / ' 11 11 3 / / ! /! !
T —|—§<T,T)T—yT>< T"—AT) =T"—(T ,T)T—l—E(T,T)T —uTxT"—AT
which can again be verified by taking derivatives of the equation (T, T) = 1. (iv) is
just the component of (iii) orthogonal to T, so it follows from (iii). In order to show
that (iv) implies (iii), we have to show that (iv) implies that there is a constant A

such that also the equation obtained by taking the component of (iii) parallel to T
is satisfied if (iv) holds, which is indeed the case:

((T”, T) + %(T/, T') + (a, T))l = <;<T’, T')) + (a, T)T>/

— <Tl/ +a’ Tl>
= (T x T, T')
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=0.

To prove that (iv) is equivalent to (v), note first that, the left-hand side of (iv) being
orthogonal to T, (v) is equivalent to the equation obtained from (iv) by taking the
cross product with T:

TxT'+Txa+uT =0

or
0=(TxT +v" xa+uT).

Therefore, (iv) is equivalent to (v). Taking the cross product of the equation in (v)
with T yields

—"'=—(axy)xy =bxy

which is equivalent to (vi). To show that (vi) implies (v), note that the component
orthogonal to T of the equation in (v) is equivalent to (vi). This means that we
have only to show based on (vi) that the scalar product with T of the sum of the
terms without the T term is constant. This is indeed the case:

—(T,yxa+b)= (T, T') =0.

Figure 5.4. Kirchhoff showed that, as an elastic curve is traversed with unit speed, its
tangent vector T follows the motion of the axis of a gyroscope. The photograph
with long-time exposure: [41].

In 1858 Gustav Kirchhoff realized (cf. [19]) that in the form 2. or 3. the equations
for T describe the motion of the axis of a heavy symmetric top (or gyroscope). The
vector a describes the direction of gravity and y is related to the spinning speed
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5.2 Elastic Curves in R

of the gyroscope (see Figure 5.4). Figure 5.5 illustrates an interesting special case

Figure 5.5. A unit speed elastic curve 7 can be described as the orbit of a charged particle
moving in a linear magnetic field p — B(p) = a X p + b. If the initial velocity
T(a) is orthogonal to B(7y(a)), the elastic curve lies in a plane.

of the characterization given in part 6. of Theorem 5.7: Assume b =0, a # 0 and

(e3,a) = (e3,7(a)) = (e3,7'(a)) = 0.
The equation in 6. can be written as

/

Y = (v, a)y—(7,7)a

and therefore the function
g: [alb] — ]R/ g = <e3/7>

satisfies the linear second order equation

with the initial condition g(a) = ¢’(a) = 0. It follows that ¢ vanishes identically
and the image of 7 is contained in the plane R?> C R® given by E = {(x,y,z) €
R3|z = 0}. Assuming that -y has unit speed, T is the unit tangent of y and « its
curvature, we can rewrite the equation in 6. further as

KJT =(T,a)y —(T,7)a

(7, Ja)
<a, a> (<T/ a>]a - <T/ ]a>a>

= (7,Ja)JT.
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The second of the above equalities can be verified by expanding v as

a a a a
7‘<7'm>m+<7']m>]m

while the third equality follows by a simillar expansion of T. This means that x(x)
is proportional to the distance of y(x) to the line in R? through the origin with
direction |%:‘:

k= (7,]a).

Amazingly, this is exactly the description of planar elastic curves that had been
given by Jakob Bernoulli in 1691 (see [25] for a historical survey, or [14]).

5.3. Vortex Filament Flow

Vortex filaments are curves of singularly concentrated vorticity in a moving fluid.
Familiar examples are tornados and smoke rings. The mathematical theory of

Figure 5.6. A curve evolving according to the da Rios equation (cf. [20]).

vortex filament motion started with Lord Kelvin, who in 1880 investigated the
evolution of small pertubations of a straight vortex filament (cf. [39]). Later, these
perturbations were called Kelvin waves. The full evolution equation for thin vortex
filaments was found in 1906 by Tullio Levi-Civita and his student Luigi Sante da
Rios. For a detailed history see [34]). Mathematically, the motion of a vortex
filament can be described by a one-parameter family -; of curves and the da Rios
equation says that this one-parameter family satisfies

. dy dz’)’t

M= s C s

Another breakthrough occurred in 1972 (cf. [15]) when Hidenori Hasimoto showed
that the da Rios equation is equivalent to the non-linear Schrodinger equation:

Theorem 5.8. Let t — 7y; with t € [t1, k2] be a smooth one-parameter family of unit speed
curves y;: [a,b] — R which solves the da Rios equation. Let T; be the unit tangent field
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5.3 Vortex Filament Flow

of vt. Then there is a smooth family t — W; of unit vectors Wy € Ty(a)* such that the
corresponding family t — x; of curvature functions for the curves <y satisfy

]K' + " |Kt|2 =0
t Ky —|—72 Ky = U.

Proof. We choose an arbitrary unit vector W € Ty, (a)' and define for t € [t1,t)]
a family of unit vectors W; € T;(a)* as the solution of the linear initial value
problems

A

W, =W

Wi = — (W, Ty(a)) Ti(a) — %<Tt/(a)/tﬁ(a)>Tt(ﬂ) x Wi.

Let Z; be the parallel normal field along ¢ with Z;(a) = W;. By Theorem 5.4

; 1 ! ]
<<zt, T 2+ (T}, T;>> — (To T x T + (T, T

(
(Ty, (Ty x T{") x T{) + (T}, T{")
0

7

where we used that the assumption that 7; solves the da Rios equation for all ¢
implies )
T=TxT".

By construction we have W; = Z;(a), hence

((Zt, Ty % Z;) + %(T{, T;>> (a) =0

and therefore 1
(Z, Ty X Zy) = _§<Tt,r Ti).

Using the formulas for T and T” from Section 4.3 and Theorem 5.5, it then

follows that
2
N (K’t — ‘Kg Kt> = (Nxy)

= (1Y
=~y

=5/

— _T/ % T//_ T % T///

= |x¢|?°T' x T — T x N(|xs|*x; — x}')
=T x (Nx})

=N(Jx{) mod T,

where N is again the matrix of parallel normal fields which is used for the defini-
tion of x. This implies that  — «; satisfies the nonlinear Schrodinger equation. [
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The nonlinear Schrodinger equation was known to be a so-called Soliton equation,
and as a consequence also the da Rios equation admits infinitely many constants
of the motion. Finally, in 1983 Marsden and Weinstein established (cf. [28]) vortex
filament motion as a Hamiltonian mechanical system in its own right (see [10]
for a survey article). The closed curve in Figure 3.4 is a critical point of bending

Figure 5.7. From left to right: Lord Kelvin, Tullio Levi-Civita, Luigi Sante da Rios and
Jerrold Marsden.

energy under the constraint of fixed length and fixed enclosed area (cf. [2, Figure
8]) . It can be shown that this curve is the initial curve ¢ of a solution ¢ — 7,
of the da Rios equation that is defined for all times t € R. In fact, it can also
be proved that this solution is periodic in ¢. This solution (shown in Figure 5.8)
matches quite well the qualitative behavior of the vortex filament shown in Figure

XX
@ & & ¢

Figure 5.8. An initial curve which evolves according to the da Rios equation matches the
qualitative behavior of a vortex filament (cf. Figure 5.6). This is why the
resulting flow is also referred to as “vortex filament flow”, or “smoke ring
flow”.

Definition 5.9. A vector field X: R® — R® is called an infinitesimal rigid motion if
there are vectors a,b € R such that for all p € R3 we have

X(p)=axp+h.

The following is a reformulation of part 5. of Theorem 5.7:

Theorem 5.10. A curve v: [a,b] — R is elastic if and only if there is an infinitesimal
rigid motion X such that for every point of the curve the velocity <y prescribed by the da
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Rios equation is given by evaluating X at that point:
¥=Xor.

Figure 5.9 shows closed elastic curves and their evolution under the da Rios equa-
tion.

Figure 5.9. By Theorem 5.7, an elastic curve that evolves according to the da Rios equation
will just undergo rigid motions. These rigid motions can be pure translations
(left), pure rotations (right) or screw motions (middle).

5.4. Total Squared Torsion

For pioneers of Differential Geometry like Jakob Bernoulli and Leonard Euler (cf.
[25] for a historical survey), the motivation for studying elastic curves was to deter-
mine the shape -y of a perfectly elastic thin wire (originally shaped as a straight line
segment of fixed length when it came out of the factory). In a stable equilibrium
position of such a wire the elastic energy stored in its deformation is minimized.
Since Bernoulli (1691) and Euler (1744) focused on plane curves, bending energy
as introduced in Section 1.3 was sufficient for modeling elastic energy. Later, La-

Figure 5.10. From left to right: Jakob Bernoulli, Leonard Euler, Joseph-Louis Lagrange and
Jacques Binet.

grange (1788, cf. [22]) and Binet (1844, cf. [5]) realized that for wires in space
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bending energy alone does not account for all relevant contributions to elastic en-
ergy. See also [40] and [4]. In IR3 one has to take account of the internal twisting of
the wire: imagine a parallel normal field marked as a colored line on the surface
on the wire in its original straight shape. If we bend the wire into space and want
to know the elastic energy stored in the deformation, it is not enough to know
the resulting shape y of the wire. We also have to know where the colored line
goes on the deformed curve. The twisting of the wire made visible by the colored
line contributes to the elastic energy, even if the curve is not changed at all (cf.
Figure 5.11). This means that elastic wires in IR® are more adequately modelled as

Figure 5.11. Top: An elastic wire with no twist, as indicated by the red line. Botfom: The
same wire in the same shape, only twisted.

a framed curve:

Definition 5.11. A framed curve in R is a curve «v: [a,b] — R3 together with a unit
normal field N along -y.

Instead of drawing many arrows, we will usually indicate the unit normal field N
of a framed curve by marking a colored line on a slightly thickened version of the
curve.

Definition 5.12. For a unit normal field N along a curve «y: [a,b] — R3, the function

T: [a,b] = R given by
T= <d—N,T X N>
ds

The torsion T measures the deviation of N from being a parallel normal field.
After choosing unit vectors W, € T(a)* and W, € T(b)!, we can assign a total
torsion angle also to a framed curve:

TW(’)//N) ::ﬁ_[x

is called the torsion of N.

56



5.4 Total Squared Torsion

where the angles «, B € R/2,7z are defined by

N(a) = cosa W, +sina T(a) x W,

N(b) = cos B Wy +sinp T(b) x W,
Tw (7, N) is related to the total torsion Ty (7y) of the curve 7 itself as follows:

Theorem 5.13. Let N be a unit normal field with torsion T along a curve <y: [a, b] — R3
with unit tangent field T. Then, for any choice of unit vectors W, € T(a)* and W, €
T(b)* we have

b
Tw (v, N) = Tw(y) +/a Tds mod 27tZ.

Proof. Let Z be the parallel normal field along y with Z(a) = W,. Then there is a
unique function #: [a,b] — R with #(a) = a such that

N =cosny Z+siny T x Z.

We have
T= <dN,T>< N>
ds
dn . dn .
=(——sinyZ+—-cosy T xZ,—siny Z+cosy T xZ
ds ds

_

ds’
Furthermore,

Z(b) = cos Tw(y) Wy +sin T () T(b) x W,

and therefore

cos B W, +sinB T(b) x W, = N(b)
= cos#(b) Z(b) +sinn(b) T(b) x Z(b)
= cos (Tw(7) +17(b)) Wy +sin (Tw(y) + (b)) T(b) x Wp.

This means that

Tw(v,N)+a=p
= Tw(7) +1(b)

= Ta(y) +na) + [ 2

a

O]

Theorem 5.13 also explains why we use the terminology “total torsion”.
Figure 5.11 (taken from [14]) shows on the bottom a configuration where the end
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Figure 5.12. The same wire as in Figure 5.11. The wire is still twisted by the same amount,
but the endpoints are moved closer together.

points of the wire are still the same as in the relaxed configuration and therefore,
in view of the fixed length, the curve 7 is still a straight line segment. However,
additional energy has been stored in the twisting of the frame. In Figure 5.12,
moving the end points closer together has made it possible to for the wire to move
away from the shape that would minimize bending energy in order to reduce its
internal twisting.

One can show that in the limit of thin wires (where the thickness tends to zero)
this additional energy is of the form ¢ S(vy, N), where c is a positive constant and
S(, N) is defined as follows:

Definition 5.14. Let N be a unit normal field with torsion T along a curve y: [a,b] —
R3. Then the total squared torsion of the framed curve (vy, N) is defined as

1 rb
S(v,N) = f/ 72 ds.
2 /a
The constant ¢ depends on material properties and on the thickness r of the wire.
Following [37], we call c the twisting modulus. We work in units where the
bending energy is given as in Definition 1.19. Starting from the formulas for the
restoring torque and the bending stiffness, one finds that

LG 1
E  2(1+v)
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5.5 Elastic Framed Curves

Figure 5.13. Due to the different twisting moduli, different amounts of torsion are needed
to form the same curve shape from a copper wire (top, ¢ = %), or a DNA-

strand (bottom, ¢ = % ).

where G is the shear modulus of the wire material, E is the Young modulus and
v is the Poisson ratio. According to a table (cf. [9]) of Poisson ratios for common
materials, the dimensionless constant c lies between % and 5. For example, copper
wires have ¢ = 3. Also the twisting and bending of DNA strands (where there
is no real “material”) can be modeled in the same way, see equation 4.1 of [37].
Depending on the ambient conditions, here we have % < ¢ < 2 (see Figure 5.13).

Fortunately, as we will see in Section 5.5, the specific value of c is irrelevant for
the possible shapes of elastic curves, i.e. of those curves 7 of a given length that
are critical points of the total elastic energy B + S. The value of ¢ only effects the
normal field N that goes together with such a curve -, not the shape of - itself.

5.5. Elastic Framed Curves

In Section 5.4 we looked at the elastic energy (including the part that is due to
internal twisting) stored in a perfectly elastic wire (modeled as a framed curve
(7,N)) that came out of the factory as a straight line segment. Here we will show
that the for an energetic equilibrium configuration of such a wire the curve v is
an elastic curve (Definition 5.6) and the torsion T of the unit normal field N is
constant.

Definition 5.15. Let 7: [a,b] — R be a curve and N a unit normal field along «y. Then
a smooth one-parameter family t — (7, Ny) of framed curves is called a variation with
support in the interior of [a, b] if v;(x) = y(x) and N¢(x) = N(x) for all x near the end
points of the interval [a, b].

Definition 5.16. A framed curve (v, N) is called an elastic framed curve with twisting
modulus ¢ > 0 if

G|, (Bl +esn N =0
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for all variations t — (¢, Nt) of (y, N) with support in the interior of [a, b] which fix the

length, i.e. for which
d

ar o L(vt) =0.

Which curves 7 in IR® can be supplemented by a unit normal field N in such a way
that (7, N) is an elastic framed curve? It turns out that those curves are precisely
the elastic curves:

Theorem 5.17. A framed curve (v, N) in R3 is elastic with twisting modulus c if and
only if its torsion T is constant and <y is a critical point of

B+cetT

under the constraint of fixed length L.

Proof. Let (77, N) be an elastic framed curve elastic with twisting modulus c. Let us
first consider special variations t — (¢, N;) of (v, N) with support in the interior
of [a, b] for which the curve itself does not move at all, i.e. for all  we have y; = 7,
so that for those variations we have

d

ar t: B(vt) = 0.

0

The normals that we consider are of the form
N; = cos(ta)N + sin(ta)T x N.

where a: [a,b] — R is a function with support in the interior of [a,b]. Then
N=aT xN,T=0,ds=0and

. AN :
T= <dS,T><N>

= d—N,TxN + d—N,TxN
ds ds

du dN
= ds(TxN,TxN>—|—oc<dS,T>< (T><N)>
_da

=
Therefore, for all such functions & we have

d

O:%

. (B(7t) +¢S(7t,Ni))
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5.6 Frenet Normals

b
:c/ o'
a
b
:—c/ '
a

and therefore we must have " = 0. Let now t — 1, be an arbitrary variation of 7y
with support in the interior of [a, b] for which

d

at L(yt) =0.

t=0

Then, for small {, we can define unit normal fields N; along 7; (equal to N near
the end points of the interval [a,b]) by projecting N(x) to T;(x)* where T; is the
unit tangent field of 7
N — (N, T)T;
Nt = .
IN— (N, T)) T}

Then, by Theorem 5.13 and with % tzoﬁ(’yt) = 0, we have

d b,
—| (B4ctT)(ve Nt) = —|  B(y) + CT/ Tds

2

b 72 .
:dtt-OB(%)—l—c/u Trds+c7£

= Gil,_, (Blr) +eS(rN)

This proves the “only if” direction of our claim. We leave the “if” direction to the
reader. O

5.6. Frenet Normals

Definition 5.18. A unit normal field N: [a,b] — R" along a curve 7y: [a,b] — R" with
unit tangent T is called a Frenet normal field if there is a function x¢: [a,b] — R such

that T
—_ = —KfN.

If we ignore the effects of gravity, the unit vector pointing upward in the reference
frame of an airplane like the one in Figure 5.14 (which is lacking a rudder) will
be a Frenet normal for its flight path (see Figure 5.15). A curve v: [a,b] — R?
has exactly two unit normal fields, and both of them are Frenet. The one with
N = —]JT has ks = x where « is the curvature function of 7.

Not every curve in IR? has a Frenet normal field. For example, any Frenet normal
field N for the curve (cf. [36, Chapter 1])
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Figure 5.14. The vertical vector in the reference frame of an airplane with no rudder is a
Frenet normal along its flight path.

(x,e%,O), x<0
v: [-1,1] = R®, 9(x) = ¢ (0,0,0), x=0
(x,O,e*%), x>0

would have to satisfy (see Figure 5.16)

N (x) _ +es x <0
+ter x>0,

which is impossible for a smooth map. Figure 5.16 shows a curve where four
planar curves are stitched together in a smooth fashion, together with an attempt
to define a Frenet normal field for this curve. Even if a Frenet normal field exists
on an open dense set of [4,b] (which in general is not guaranteed), it can exhibit
singularities that can be worse than the jump discontinuities from the previous
example. For example, any Frenet normal field for the curve

(x,e% cos(%),e% sin(1)), x<0

. 3 —
T LSRG Y0 =1 40,0), x> 0.
will have unbounded rotation speed, as is visible in Figure 5.17. After Frenet nor-
mals were introduced in the middle of the 19th century, they quickly became a
popular tool for studying curves. The second half of the 19th century saw the
powerful appearance of Complex Analysis and Algebraic Geometry in the land-
scape of Mathematics, while Topology (and certainly Differential Topology) were
still in their infancy. In those days it seemed natural to assume that the curves
7 under consideration were real analytic (locally representable as a power series).
And every real analytic curve does indeed have a Frenet normal field:
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Figure 5.15. A Frenet normal along a space curve.

Figure 5.16. Even when a Frenet normal field exists on an open dense set, on the whole
curve there might be no such field.

Theorem 5.19. If y: [a,b] — R" is real analytic, then «y has a Frenet frame.

Proof. Without loss of generality we may assume that  has unit speed. If 7
parametrizes a piece of a straight line, then every unit normal field along v is
Frenet and we are done. Otherwise, because of the real analyticity of 7, there are
only finitely many parameter values x1, ... x,, € [4,b] where 7" vanishes. On each
subinterval of [4, b] bounded by two of the points a,x1, ..., X, b there is a Frenet
normal field, unique up to sign, which is obtained by setting N = ﬁ—x‘ It is there-
fore sufficient to show that also in the neigborhood of each x; there is a Frenet
normal field, unique up to sign. In the end, the signs can then easily be adjusted
to yield a Frenet normal field on the whole interval [, b]. By real analyticity, there
is a neighborhood of x; where 7y can be expressed as

1) = Y alx— )t
k=0
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Figure 5.17. Away from a single point, this curve has a Frenet normal. However, its rota-
tion speed T is unbounded.

with a; € R". Then
7' (x) = Y k(k = D)ap(x — x))*
k=2
and there is an index ¢ € IN such thatay =0 fork=2,...,¢/ —1buta, # 0. Then

7= (x— xj)e_Zki(E +K)(l+k—1ap i (x— xj)k =: (x — xj)f_Ziy(x)
)

with 77(x) # 0 for all x in some neighborhood of x;. In this neighborhood

N(s) = ’Z|

is the desired Frenet normal field. O

Nowadays, the standard assumption for curves is that they are smooth, i.e. in-
finitely often differentiable. Because for n > 3 not every C* curve in R” has a
Frenet normal field, for n > 3 these fields cannot be used for studying global
questions about smooth curves in R”. When used in the context of numerical
algorithms that operate on space curves, Frenet normals can cause unexpected
behavior near curves that do not have a Frenet normal.
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6. Surfaces and Riemannian Geom-
etry

The most simple invariant of a one-dimensional curve y: [a,b] — R" is its speed
|7'|: [a,b] — R. The goal of this chapter is to arrive at the analogous statement for
a two-dimensional surface in IR”. Our first task will be to replace the interval [a, D]
by a suitable domain of definition M C IR?. For a surface f: M — R" the analog
for the speed of a curve will be a Riemannian metric induced on M by f.

6.1. Surfaces in R”

Our investigations of curves in R" will be the guideline when we now start to
study surfaces. For the most part we will focus on surfaces in R3. We will study
the curvature of surfaces and the analog of the length of a curve (obviously the
area of a surface) as well as the analog of the total squared curvature (called the
Willmore functional). We will study the critical points of the area under variations
with support in the interior (these surfaces are called minimal surfaces) and of the
Willmore functional. We will prove a famous result that concerns the surface ana-

log of [ ﬂb Kk ds, the so-called Gauss-Bonnet theorem. We will investigate the analog
(called the Euler characteristic) for the tangent winding number of a curve in R2.

In our discussion of (non-closed) curves 7 in R, v was always defined on a closed
interval [a,b]. It would have made little difference if v would have been defined
on the finite union of pairwise disjoint intervals. In the case of surfaces, it will be
useful to allow for such disconnected domains.

Definition 6.1. A subset M C R? is called a connected compact domain with smooth
boundary if
M= Mo\ {M;U...UM}

where for each j € {0, ..., k}
M; = ¢;(D)

is the image of the unit disk

D:={peR*||p| <1}
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Figure 6.1. A compact domain with smooth boundary.

under a diffeomorphism
¢;: D - R?

and the M; are pairwise disjoint and contained in the interior of Mo. A finite disjoint
union of connected compact domains with smooth boundary is called a compact domain
with smooth boundary (see Figure 6.1).

Notation: Throughout the rest of the book, M will denote a compact domain with
smooth boundary in IR?.

]R3

-
R2 f/' —

Figure 6.2. A surface f: M — R3.

In order to avoid having to mention regularity constantly, we include regularity in
the definition of a surface (see Figure 6.2):

Definition 6.2. A surface in R" is a smooth map f: M — R" whose derivative f'(p) is
an (n x 2)-matrix of rank 2 for all p € M.

We will denote the coordinates in IR? by u and v. Partial derivatives with respect
to u or v will be denoted by subscripts, so for a surface f in R” the matrix-valued
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function f': M — R"*? is of the form

|
f/: f’u f’v

with f,(p), fo(p) € R" linearly independent for all p € M. The following two
definitions are special cases of the ones in Appendix A.1.

Definition 6.3. A map f: M — R" is called smooth if it is of the form f = Flm for some
smooth map f: U — R" where U C IR? is an open set that contains M.

It is easy to check that even at boundary points p € M the Jacobian matrix f'(p)
only depends on f, not on the specific way in which f extends f. We therefore can

safely define f'(p) := f'(p).

Definition 6.4. If M, M C R? are two compact domains with smooth boundary, a bi-
jective map @: M — M is called a diffeomorphism if both ¢ and ¢~' are smooth. A
diffeomorphism ¢ is called orientation-preserving if det ¢'(p) > 0 forall p € M.

Figure 6.3. A reparametrization f of a surface f.

Definition 6.5. If f: M — R" and f: M — R" are two surfaces, then f is called
an (orientation-preserving) reparametrization of f if there is an (orientation-preserving)
diffeomorphism ¢: M — M such that

f=foo
(see Figure 6.3).

As in the case of curves in the plane, it is not difficult to check that reparametriza-
tion (as well as orientation-preserving reparametrization) defines an equivalence
relation on the set of surfaces in IR".
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Although we will not formalize this, we are only interested in properties of sur-
faces that are invariant under orientation-preserving reparametrization, so the real
objects of our study are the equivalence classes of surfaces under reparametriza-
tion.

6.2. Tangent Spaces and Derivatives

Let M C R? be a compact domain with smooth boundary and f: M — RF a
smooth map. Then the directional derivative of f at a point p € M in the direction
of a vector X € R? is given by

A

df(p, X) == f'(p)X.
This means that all these directional derivatives are encoded in a map df: M X

R? — R*:

Definition 6.6. For a point p € M, a tangent vector to M at p is a pair X = (p, X)
where X € R2. The set
T,M = {p} x R?

of all these tangent vectors is called the tangent space to M at p. We make each T, M into
a two-dimensional real vector space by defining for X = (p,X),Y = (p,Y) and A € R

X+Y=(pX+Y)
AX = (p, AX).

T,M
R2 Y

Figure 6.4. Two tangent vectors X,Y € T,M and their image under df.

The union TM = M x R? of all these tangent spaces is called the tangent bundle of M.
The map

mTM =M, (p,X) —p
is called the projection map of the tangent bundle.

One immediate benefit of this definition is a more concise notation for derivatives:
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Definition 6.7. For a smooth map f: M — R" we define the derivative df: TM — R"
of f by setting for X € TM, X = (p, X)

(see Figure 6.4)
The restriction of df to each tangent space T, M is a linear map from T, M to R".

Definition 6.8. A smooth map X: M — TM is called a vector field if o X = idy,,
which means that X(p) € T,M for all p € M.

If X: M — R? is a smooth map, then the assignment
X: M= TM, X(p) = (p,X(p))

is a smooth vector field on M and all smooth vector fields are obtained in this way.
Here is some convenient notation:
Definition 6.9.

1. The vector space of all smooth functions f: M — R is denoted by C®(M).

2. The vector space of all smooth functions f: M — R" is denoted by C*(M,R").

3. The vector space of all smooth vector fields on M is denoted by T'(TM).

As is known from calculus class, for a smooth map f: M — R" the vector
f'(p)X € R" can also be interpreted as the directional derivative of f at p in
the direction of the vector X € IR?. With this in mind we define the directional
derivative of f € C*(M,R") in the direction of a vector field X € T'(TM) by

([xf)(p) :=dxp f = df (X(p)).
Definition 6.10. The coordinate vector fields U,V € I'(TM) are defined as

- (1) 0-((2)

The directional derivatives in the direction of U or V are just partial derivatives:

duf = fu,  dvf = fo

Definition 6.11. Let M, M C R? be two compact domains with smooth boundary and
@: M — M a diffeomorphism. Then we define

dp: TM — TM, do(X) = (¢(p),¢'(p)X) for X = (p,X).

Remark 6.12. Note that for X € T,M the vector dg(X) is an element of To(pyM,
while for a surface f: M — R”" the vector df(X) is just an element of R", not an
element of something like Tf(,)R". We are relying here on the fact that in our
situation we can naturally identify all such tangent spaces T,R" with R" itself.
This mild context-dependency of notation should lead to no confusion. It is very
useful and common in Differential Geometry.
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With this notation in place, the chain rule now emerges in its most elegant form:
Theorem 6.13.

1. Suppose f: M — R" is a reparametrization of the surface f: M — R", ie. f =
f o ¢ for some diffeomorphism ¢: M — M. Then

df = df odg.

2. If M, M, M C R? are compact domains with smooth boundary and ¢: M — M
and $: M — M are diffeomorphisms, then

d(¢o @) =dgodgp.

Proof. The proof just involves spelling out our definitions and applying the ordi-
nary chain rule. O

6.3. Riemannian Domains

When it comes to investigating the geometry of a surface f: M — ", the ge-
ometry of M as it sits in R? is completely irrelevant. Things like the length of a
vector or the angle between vectors should be computed in the target space IR" of
f, not in R?. Accordingly, we endow each tangent space T, M with its own private
Euclidean scalar product by defining

(e UMM T,M) =R, (X,Y); = (df(X),df (Y)).
peM

It is easy to check that for each p € M the restriction of (,); to T,M x T,M
is indeed a positive definite scalar product on T,M. With respect to this scalar
product, X € T,M is a unit vector if and only if df(X) € R" is a unit vector.

Definition 6.14. (, )¢ as defined above is called the metric on M induced by f.

Remark 6.15. In older texts the induced metric is often called the first fundamental
form. We will not use this terminology.

In general, objects like (, ) are interesting even when they are not induced by a
map f: M — R". That is, (,)r has the properties of a scalar product between two
vectors, which allows us to measure lengths an angles. However, one can freely
choose other ways to define such a metric, without explicit reference to a surface
f, as long as the scalar product properties are satisfied.

Definition 6.16. Let M be a compact domain with smooth boundary in R?. Then:

1. A map
() U (TMxT,M)—R
pPeEM
is called a Riemannian metric on M if for each p € M the restriction of (,) to
T,M x T,M is a positive definite scalar product and for any two smooth vector
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fields X,Y € T(TM) the function
(X,Y): M— R
is smooth.
2. M together with a Riemannian metric ,) on M is called a Riemannian domain.

Remark 6.17. For brevity of the notation we will usually omit the index (-) even
for Riemannian metrics which are induced by some f: M — RR®. The inserted
vectors should provide enough context to avoid confusion.

A Riemannian metric (,) gives rise to a function
|- [: TM = R, |X]| =/(X, X).

The restriction of | - | to each tangent space is indeed a norm on T, M. One should
note that the coordinate vector fields U and V' are not necessarily orthonormal
with respect to this induced metric. In fact, this is only true for special surfaces.
We will elaborate more on this in Section 6.5.

Example 6.18. The norm corresponding to the metric (, ), induced by the inclusion
map
1M — R?, (u,v) — (Z)
satisfies
|- |? = du® + do*.

The above equation should be read as a literal equality of two functions on TM.

6.4. Linear Algebra on Riemannian Domains

Even in the absence of a Riemannian metric, each single tangent space T,M is a
playing field for Linear Algebra.

Definition 6.19. A smooth map

A: TM - TM

is called an endomorphism field if its restriction to each tangent space T,M is a linear
map
Ap: TyM — T, M.

Remember that TM = M x RR?, so it is clear what we mean by a smooth map
from TM to TM. In particular, it is clear what we mean by a smooth endomor-
phism field. For every smooth endomorphism field A there are smooth functions
a,b,c,d: M — R such that

AU=a-U+c-V
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6.4 Linear Algebra on Riemannian Domains

AV=b-U+d-V.

This means that a smooth endomorphism field basically is the same thing as a

smooth map
p— (Z Z) € R**2,

We always have the identity map as a canonical endomorphism field:
I:TM — TM, IX =X forall X € TM.

If A is an arbitrary smooth endomorphism field on M, for each p € M we can
take the determinant or trace of the restriction of A to T,M and obtain smooth
functions

detA,trA: M — R.

In the presence of a Riemannian metric we can define the adjoint of an endomor-
phism field:

Theorem 6.20. Let (,) be a Riemannian metric on M and A a smooth endomorphism
field on M. Then there is a unique smooth endomorphism field A* on M such that for all
vector fields X,Y € T'(TM) we have

(AX,Y) = (X, A*Y).

Proof. By definition of a Riemannian metric, the map

. X _(au) (Uv)
G: M — R? 2,G_<<V’u> <V,V>)

is smooth and the matrix G(p) is invertible for all p € M. Now one can check that,
given an endormorphism field A such that

AU =al +cV
AV =bU+dV

the endomorphism field A* defined by

with
a ¢ _1(4a b T
G a)-c'(ta)e

is smooth and satisfies the desired identity. The uniqueness part of the claim is
straightforward. O

The endomorphism field I defined above is self-adjoint, which means I* = I. The
only structure on M we want to inherit from R? is the notion of orientation:
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Definition 6.21. Two vectors
X={pX),Y=(pY) eT,M

are said to form a positively oriented basis of T,M if X, Y € R? are a positively oriented
basis of R?, i.e. detg2(X,Y) > 0.

Each tangent space T, M of a Riemannian domain comes with its own determinant
form:

Theorem 6.22. Let (,) be a Riemannian metric on M. Then there is a unique map

det: | J (T,M x T,M) — R
peEM

such that for every p € M the restriction
det|T,mxT,M

is a skew-symmetric bilinear form such that
det(X,Y) =1

for every positively oriented orthonormal basis of T,M. The map det is called the area
form of the Riemannian domain (M, (,)).

Proof. The vector fields

_ (U, uyv — (v,uyu
VU W)U u)(v,v) - (U, V)2

are orthonormal at each point p € M. Therefore, the function det we are looking
for has to satisfy

det(U, V)
VLU )V, V) - (U, V)2

1=det(X,Y) =

The skew-symmetric bilinear forms on T,M form a 1-dimensional vector space, so
there is a unique such form det for which

det(U, V) = /(UL U)(V, V) — (U, V)2,

where the equality has to be read point-wise. This form already satisfies det(X,Y) =
1. On the other hand, every positively oriented orthonormal basis of T, M is of the
form

X =cosa X(p) —sina Y(p)
Y = sina X(p) + cosa Y(p)
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6.5 Isometric surfaces

for some a € R. Therefore, we also have det(X,Y) = 1. O

Theorem 6.23. Let (,) be a Riemannian metric on M and det the area form defined in
Theorem 6.22. Then there is a unique endomorphism field | on M such that for all p € M
and all X,Y € T,M we have

(JX,Y) =det(X,Y).
In terms of the coordinate vector fields, | is given by

(u,z)v—(v,Z)u
VT U)(v,v) = {U,vyz

jZ =

Hence | is smooth. For every positively oriented orthonormal basis of T,M we
have

JX=Y
JY = =X.
So, | operates in each tangent space T, M as the 90°-rotation in the positive sense.

The proof is straightforward and left to the reader. The theorem will be useful in
several instances:

Theorem 6.24. For vectors X,Y,Z € T,M the following identity holds:
(X,Z2)Y —(Y,Z)X = det(X,Y)]Z.

Proof. Both sides of the claimed identity are linear in X and Y and by Theorem
6.23 the formula that we want to prove is true whenever X,Y € {U(p), V(p)}.
Since U(p) and V(p) form a basis of T, M, the claimed identity then is true for all
X,Y € T,M. O

6.5. Isometric surfaces

Definition 6.25. Two surfaces f, f: M — R" are called isometric if they induce the
same Riemannian metric (,) on M.

Note that f and f are isometric if and only if

<furfu> = <qurf~u>
{fur fo) = (fu, fo)
<fv/fv> = <]Evrf~v>'

The physical intuition concerning isometries is as follows: The deformation of the
surface f to the surface f involves only bending, without any intrinsic deforma-
tion such as stretching within the surface. In the 19th century, geometers liked to
demonstrate this using leather patches. By methods known for example to shoe-
makers, a leather patch can be brought into any initial shape. After the initial
preparation, the leather can still be bent easily, but it will not allow stretching. In
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Figure 6.5. The maps f and f are isometric, as the flat leather patch f can be placed onto
a cone without tearing or stretching. It can even slide freely on the cone.

Figure 6.5, the initial shape f of the patch is a planar ring. This ring can easily be
fitted to a cone, assuming a shape f.

It is clear that one can slide the ring freely around on the cone, in all directions.
Few surfaces have the property that one can take a piece of the surface and slide
it without distortion or stretching around on the surface. For example, the leather
patch on the surface in Figure 6.6 is clearly stuck in place. One famous surface

Figure 6.6. The leather patch on this dodecahedron is stuck in place.

on which such a patch can freely slide, already known in the 19th century and
a popular tool for the leather demonstration, is the pseudosphere, that can be
parametrized as follows:
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6.5 Isometric surfaces

Suppose that M C {(u,v) € R?> | v > 1} and define

cos(u)
v

f:M— R f(u,v) = smv(u)
log (\/vz—l—i—v) - —”’;_1

Choose A > 1 and y € R and define f: M — R® by f(u,0) = f(Au+ u, Av).

Figure 6.7. A leather patch fitted to the pseudosphere (at first in one place) is able to slide
around freely and even rotate freely.

We leave it to the reader to verify

(fur fo) = (fur fo) =0
Furfu) = o fo) = (Fur fu) = o fo) = %

and that therefore f and f are isometric (see Figure 6.7).

Here is another example, which will also be of interest later when we study min-
imal surfaces: Suppose that M C {(u,v) € R? |u > 0}. Let k,{ € Z be two
integers with k + ¢ # —1. Then define the Enneper surface f: M — R> by

y2k+1cos((2k+1)o) ) 2¢41 cos((2¢+1)v)
o w5
flu,0) = w2+ sm(ng:r1 )0) 4 ,20+18in((26+1)0)
0y k41 cos((k+L+1)o)
k+H0+T

Again, we leave it to the reader to verify that

<furfv> =0
[ful,0)] = 4

|fv(7/l/ U)| _ u2k+1 + M2€+1
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and that for arbitrary A € R the analogous formulas also hold for

fiM—R

Figure 6.8. A leather patch fitted to the Enneper surface is able to slide around, but only
in one direction. It cannot rotate.

This means that also here f and f are isometric, so a leather patch has at least one
degree of freedom to slide on the surface without stretching (see Figure 6.8).
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7. Integration and Stokes” Theorem

For a curve v: [a,b] — R", global quantities like the length or the bending energy
were defined as integrals over arclength of certain functions on [a,b]. Before we
can define similar quantities for a surface f: M — IR", for example, the area of
f, we have to find a way to integrate functions g: M — R in a geometrically
meaningful fashion. We will do this in terms of the area two-form det of the metric
induced by f. This means that first we have to develop the theory of differential
forms on two-dimensional domains M, including the theorem of Stokes.

7.1. Integration on Surfaces

Let M, M C R? be two compact domains with smooth boundary, ¢: M — M an
orientation-preserving diffeomorphism and ¢: M — IR a smooth function. By the
transformation formula for integrals, we have

det ’:/ )
/M80§0 ety Mg

Therefore, if one were to just use [, ¢ as the definition for an integral of a function
g over the surface f, this integral would not be invariant under reparametrization
of f. On the other hand, we are now going to convince ourselves that it is per-
fectly possible to define the integral of an object like the area form det, as it was
introduced in Theorem 6.22:

Definition 7.1. Let M be a compact domain with smooth boundary in R?. Then a map

o: |J(T,Mx T,M) = R
peEM

is called a 2-form on M if for each p € M the restriction of o to T,M x T,M is a
skew-symmetric bilinear form and the function

cU,V): M —- R
is smooth.

We denote the set of all 2-forms on M by )?(M). As a linear subspace of the vector
space of all real-valued functions on some set, also ()*(M) is a real vector space. It
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is also clear how to define the product of a 2-form ¢ with a function g € C®(M).
One can say that 2-forms are similar to Riemannian metrics, only skew symmetric
instead of symmetric and without any non-degeneracy assumptions.

Remark 7.2. A “model example” of a 2-form which we have already encountered
is the well-known det € Q?(M).

2-forms are transported under diffeomorphisms by demanding that the trans-
ported form applied to the transported tangent vectors yields the same value as
before:

Definition 7.3. Let M, M C R? be two compact domains with smooth boundary, ¢: M —
M a smooth map and o a 2-form on M. Then we define the pull-back of o under ¢ as the
2-form ¢*c on M that for p € M and X,Y € T,M is given by

(¢"0)(X,Y) = o(dg(X), do(Y)).
Theorem 7.4. In the situation of Definition 7.3, the map
O} (M) — Q*(M), 0+ ¢*c

is linear and for ¢ € C®°(M) satisfies

9" (g0) = (g0 9)(¢70).
The integral over M of a 2-form ¢ € O?(M) is defined as follows:
Definition 7.5. The integral of a 2-form o on a compact domain M with smooth bound-
ary in R? is defined as

/ o= / o(U,V)
M M

where U and V are the two vector fields on M introduced in Definition 6.10.

The above definition is useful because [,,¢ is invariant under pull-back of ¢ by
an orientation-preserving diffeomorphism ¢: M — M.

Theorem 7.6. Let M, M C R? be two compact domains with smooth boundary, ¢: M —
M an orientation-preserving diffeomorphism and o € OO*(M) a 2-form. Then

/M(PU:/MU'
,_(a b
$=\¢c d)

dp(l)=alop+cVogp
dp(V)=bUog@+dVog.

Proof. Let us write

which means
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Therefore, by the skew symmetry of ¢ and the transformation formula,
o= o\(U,V
|o o= [ (9°0)7)
o(de(U), dp(V))

(ad —bc)o(U,V)o ¢

a(U,V)

=S Tt I

.

O]

In the context of surfaces f: M — R", we will never integrate functions g €
C*®(M) directly, but instead we will first make g into a 2-form by multiplying it
with the area form det of the induced metric. Then we can be sure that

det
Jyse

is a quantity that will stay the same if we reparametrize f as f = f o ¢ (and, of
course, simultaneously change ¢ to g o ¢). Theorem 7.6 above makes it possible
to define the area of a Riemannian domain in such a way that it does not change
under isometries:

Definition 7.7. The area of a Riemannian domain (M, (,)) is defined as

/ det
M

where det is the area form of ().

7.2. Integration over Curves

In order to adequately deal with surfaces, we have found it necessary to add
tangent spaces, Riemannian metrics and 2-forms to our toolbox. Let us investigate
whether some of these notions might be useful already in the context of curves.
For a curve : [a,b] — R, the analog of the domain M of a surface f: M — R" is
the interval [a, b]. The tangent bundle of [a, b] is

Tla,b] = [a,b] x R

and the tangent space at p € [4,b] is {p} x R. The analog of the vector fields U, V
on M is the single vector field X € I'([a, b]) defined as

X(p) = (p,1).

The objects that can naturally be integrated over curves are the so-called 1-forms.
We will need 1-forms also on planar domains, so we take the opportunity to define
also those.
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Definition 7.8. Let [a,b] be a closed interval and M C R? a planar domain with smooth
boundary. Smoothness of maps defined on T[a,b] or TM is to be understood in the sense
of Definition A.1. Then

1. A smooth map w: T|a,b] — R is called a 1-form if its restriction to each tangent
space Tpa, b] is linear. The space of all 1-forms on [a, b] is denoted by Q' ([a, b]).

2. A smooth map w: TM — R is called a 1-form if its restriction to each tangent space
T, M is linear. The space of all 1-forms on M is denoted by Q' (M).

Figure 7.1. A 1-form w € Q!(M) can be thought of as a smoothly varying ruler which
“measures” a vector field X € T'(M). The spacing of the ruler-lines indicates
the “strength” of w — the closer the spacing, the stronger is w.

A general theory of m-forms on domains in R¥ is beyond the scope of this book,
so we just collect some special cases that we need:

Definition 7.9. Let [a,b] C R be a closed interval and M C R? a planar domain with
smooth boundary.

1. If w is a 1-form on [a,b] and ¢: [a,b] — [a,b] is a smooth map, then we define
the pull-back of w under ¢ as the 1-form ¢*w € Q([a,b]) which is for all Y €

T'([a, b)) given by
(¢"w)(Y) = w(dg(Y)).

2. Ifwisal-formon Mand ¢: M — M is a smooth map, then we define the pull-back
of w under ¢ as the 1-form ¢p*w € QY (M) which is for all Y € T(M) given by

(9" w)(Y) = w(de(Y)).

3. If wisa1-formon M and «y: [a,b] — M is a smooth map, then we define the pull-
back of w under v as the 1-form v*w € Q([a,b]) which is for all Y € T([a, b])
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given by
(Y'w)(Y) = w(dy(Y)).

Definition 7.10. For w € Q! ([a, b]) we define the integral of a 1-form w over [a, b] as

w:= /ab w(X).

[a,]

Theorem 7.11. Let ¢: [4,b] — [a, b] be an orientation-preserving diffeomorphism, i.e. a
bijective smooth map with ¢' > 0. Then

/[a,EJ PO

Proof. By the substitution rule and dg(X) = ¢’ - X o ¢ we have

o= [ lgw)®

[,b]

O
Theorem 7.12. Let M C R? be a compact domain with smooth boundary and w €

QY (M) a 1-form. Let 4: [d,b] — M be a reparametrization of a smooth map 7y: [a,b] —
M, so 4 = 1y o @ for an orientation-preserving diffeomorphism ¢: [i,b] — [a,b]. Then

Y'w = *w.

/W;] ! [a,b] !

Proof. By the chain rule, we have d§ = dvy o dg and therefore
Tw=g¢"(vw).

Therefore, Theorem 7.11 gives us

Y*w = (v'w) = *w.
/WJ] 0 /W;] ¢ (7'w) /M 04
O

As a consequence, we can define the integral of a 1-form w on M over a curve in
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M in a way that is invariant under reparametrization:

Definition 7.13. Let Let M C R? be a compact domain with smooth boundary and
w € QY(M). Let vy: [a,b] — M be a curve. Then we define

/ w = rw.
g [a,b]

In the context of a regular curve y: [a,b] — R”", what is the analog of the area
form det of a surface f: M — R"?

Definition 7.14. The arclength 1-form ds € Q!([a,b]) of a curve y: [a,b] — R" is
defined as
ds(X) = |dy(X)| = |7/].

If we define the arclength function s as in Definition 1.13, the arclength 1-form ds
is indeed the derivative of s, which explains the notation. Moreover, if we interpret
the left-hand side according to Definition 7.13 and the right-hand side according
to Definition 1.14, for a function g: [4,b] — R we have

b
ds = / ds.
/[a,b} § a g

7.3. Stokes’ Theorem

When dealing with curves, we frequently used the fundamental theorem of cal-
culus, for example in the form of integration by parts. Also in surface theory we
would no get very far without the surface analog of this theorem, which is the
so-called Stokes theorem.

Let M C R? be a compact connected domain with smooth boundary. The bound-
ary oM of M can be parametrized by a finite collection of # closed curves

’)/] [élj, b]] — ]R2

where j € {1,...n}. We assume that each 7; is oriented in such a way that for any
vector Y € R? which at 7;(x) points out of M, we have

det(Y, 'y;(x)) > 0.

Given a 1-form w € Q!(M), we make use of Definition 7.13 in order to define the

integral of w over dM:
n

aMw:]._Zl 'Yiw.

Theorem 7.15 (Stokes Theorem). Let M C IR?* be a compact domain with smooth
boundary and w € Q' (M). Then there is a unique 2-form dw € Q% (M) such that for all
subdomains M C M we have

dw= [ w.
M oM
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7.3 Stokes’ Theorem

In fact, dw is the unique 2-form on M that satisfies
dw(U, V) =w(V), —w(U),.

Proof. M could be an arbitrarily small disk around an arbitrary point p in the
interior of M, so there can be at most one 2-form ¢ with the property that for all
subdomains M
[o=] @
M M

This proves the uniqueness part of the claim. If we write

- G)

d’)/j(X) =wajUoqyj+BiVoyj

we have

and therefore
w(dyi(X)) = ajw(U)oyj+ Bjw(V)oq;.
Let us define o € (M) as the unique 2-form for which
cU,V)=w(V), —w(l)y.

Now we apply Green’s theorem from vector calculus to the map

Y: MR Y = (ZE%) ,

and obtain

We can apply this argument also to any subdomain M C M, which proves the
existence part of the claim. O]

Theorem 7.16. If ¢: M — M is a smooth map and w € QY (M), then

¢ (dw) = d(9*w).
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Proof. The proof is easy if ¢ is an orientation-preserving diffeomorphism: If M C
M is any subdomain, then by Theorems 7.6, 7.11 and 7.15 we have

/M ¢ (dw) = /<P(M) dw

= R w
d9(M)

= *(U
oM ¢
By the uniqueness part of Theorem 7.15 we then must have ¢*(dw) = d(¢*w).

Unfortunately, here we only assume that ¢ is a smooth map, so we have to rely on
the coordinate formula provided in Theorem 7.15. We use the notation from the
proof of Theorem 7.6 together with the equalities a; = by and ¢; = d; that follow
from the commutativity of partial derivatives of the component functions of ¢ to
compute:

d(¢*w)(U, V) = w(de(V))z — w(de(U))s
=0b-wlU)ogp+d -w(V)og)s—(a-wU)op+c-w(V)og)s
=b(aw(U)y o ¢ +cwU)yo ) +d(a-w(V)uop+c-w(V)yogp
—alb-wU)yop+d-wl)yog)—clb-w(V)yop+d-w(V),o
= (ad — be)(w(V)u —w(U)o) 0 ¢
= (ad — bc)dw(U,V)o ¢
=dw(a-Uog+c-Vogp,b-Uogp+d-Vog)
= dw(do(U),de(V))
= (¢"dw)(U, V),
which proves the claim. ]
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8. Curvature

From this chapter on we will focus attention on surfaces f: M — RR3. The most
fundamental tool for analysing such a surface is its unit normal field N: M — S2
which is a map to the unit sphere S> C IR®. The derivative of N reveals information
about the curvature of f. In particular, the area covered by N on S? provides us
with a geometric interpretation of the so-called Gaussian curvature of f.

8.1. Unit Normal of a Surface in R3

Most of the material in the chapters 6 and 7 was concerned with the intrinsic
geometry of Riemannian domains or with surfaces in R”. From now on we will
focus on surfaces f: M — R>.

' N(p)

Figure 8.1. The normal vector N(p) of a surface f at a point p.

Definition 8.1. Let M C R? be a domain with smooth boundary and f: M — R3 a
surface. Then there is a unique smooth map N: M — R3 with (N, N) = 1 such that

1. Forall p € Mand all X € T,M we have

(N(p),df(X)) = 0.
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2. Forall p € M and every positively oriented basis X,Y of T, M we have
det(N(p), df (X),df(Y)) > 0.

N is called the unit normal of f (see Figure 8.1).

In terms of the coordinate vector fields U and V we can express N as

_ fuXfo
N= | fu X fol

Theorem 8.2. Forall p € M and all X,Y € T, M we have

df(JX) = N(p) x df(X)
dety(X,Y) = det(N(p),df(X),df(Y)).

For the area of f we get

A(f) :/Mdetf:/Mdetf(U,V) :/Mdet(N,fu,fv) :/M fu % fol.

Similar as for a surface f: M — R3, we can consider the derivative dN of the unit
normal N: M — R>. In the case of plane curves the derivative of the normal N
gave us the curvature x via the equation

N’ =«v/.

In order to find the analogous equation for surfaces, let us consider a vector field
X € I'(TM) and take the derivative in the direction of X of the equation 1 =
(N,N):

0 =dx(N,N) =2(dxN,N).

This means that for all X € T,M the vector dN(X) lies in the image of the re-
striction of df to T,M. Therefore, there is a vector Y € T, M such that dN(X) =
df(Y). Obviously, the dependence of Y on X is linear, so there is a linear map
Ap: TyM — T,M such that for all X € T,M we have

dN(X) = df(AX).
We leave it to the reader to check that A is a smooth endomorphism field on M.

Definition 8.3. The smooth endomorphism field A is called the shape operator of f.

Theorem 8.4. The shape operator A is a self-adjoint endomorphism field with respect to
the induced metric, i.e. for all X,Y € I'(TM) we have

(AX,Y) = (X, AY).

Proof. Since at each point p € M the two vectors U(p), V(p) form a basis of T,M,
it is sufficient to prove the theorem in the special case X = U,Y = V. Using the
fact that

(N,df(U)) = (N,df(V)) =0
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8.2 Curvature of a Surface

we obtain

(AU, V) = {df(AU),df(V))
N(U),df(V))

u(N,df(V)) = (N,dudf(V))
= _<Nrfvu>

= _<Nrfuv>

=dy(N,df(U)) — (N, dvdf(U))
= (dN(V),df(U))

= (df(AV),df(U))

= (AV,U),

=(d
= (d
=d

where we used that the partial derivatives commute, i.e. fuo = fou. O

8.2. Curvature of a Surface

The shape operator A of a surface f: M — R? captures all the information about
how the surface is curved. In fact it measures deviation from being planar:

Theorem 8.5. Let M C IR? be a connected compact domain with smooth boundary and
f: M — R3 a surface with shape operator A. Then A vanishes identically if and only if
there is a plane E C R3 with f(M) C E.

Proof. If f(M) C E with

E={peR’|(N,p)=c}
for some unit vector N € R3 and ¢ € R, then

(N, df (X)) = dx (N, ) =0

for all X € TM, so the unit normal of f satisfies N(p) = =N for all p € M. In
particular, AN = 0 and therefore A = 0.

Conversely, by the connectedness of M, A = 0 implies that N is constant, i.e.
N(p) = N for some N € R® and all p € M. Then d(N,f) = 0 and (by the
connectedness of M) there is ¢ € R such that (N, f(p)) = c for all p € M. O

At a given point, a surface can be curved by a different amount in different direc-
tions. We call a vector X € TM a direction if (X, X) = 1.

Definition 8.6. For a direction X € TM we define the directional curvature x(X) of f
in the direction of X as
k(X) := (AX, X).

If X1, X5 is an orthonormal basis of T, M then we can parametrize all unit vectors
in T,M as
X(0) = cos0 Xy +sin 6 Xo.

Figure 8.2 contains a plot of the function 6 — «(X(0)).
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x(6)

\VAVS

1
2
E M

Figure 8.2. For every unit vector X € T,M a surface f: M — R? has a different directional
curvature.

By Theorem 8.4, for all p € M the linear map

is self-adjoint, so there is an orthonormal basis X1, X; in T, M such that X; and X»
are eigenvectors of Aj:

AX1 = Kl(p)Xl
AX2 = Kz(p)Xz.

If we assume 1 > k7 the eigenvalue functions «1,x2: M — R are well-defined and
continuous. They arise from solving the characteristic equation of A,, in which a
square root is involved. This means that in general (if there are points where «1 (p)
and x> (p) coincide) they are not smooth functions.

Definition 8.7. For p € M the numbers x1(p) and xy(p) are called the principal cur-
vatures of f at p. A vector X € T,M with (X,X) = 1 is called a principal direction
corresponding to the principal curvature x; if

AX =«j(p)X.

If we parametrize directions X(0) at p based on principal directions Xj, X, as
above we obtain
x(0) = (A(cos 0 X1 + sinb Xy),cos 0 X; + sin 6 X»)
= x1(p) cos? 8 + Kz (p) sin® 6

_ x(p) +ra(p) | xa(p) —xa2(p)
= > VAN 5 227 cos(26).

Definition 8.8. The mean value

H(p) = % /Oznx(e)aze
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8.2 Curvature of a Surface

is called the mean curvature of f at the point p.

We have .
H(p) = PR Ty,

so the function H: M — R is smooth.

Definition 8.9. The smooth function
K: M =R, K(p) =detA, = x1(p)x2(p)

is called the Gaussian curvature of f.

If K(p) > O then the directional curvatures at p are either all positive or all neg-
ative. In the first case, the surface looks convex when viewed from “outside”
(when we think of N as pointing “outward”). Otherwise it looks concave. Figure
8.3 shows surfaces whose Gaussian curvature is positive everywhere on M.

Figure 8.3. Three surfaces with positive Gaussian curvature.

If K(p) < 0 Then the surface bends towards N(p) is some directions and away
from N in other directions. Figure 8.4 shows surfaces whose Gaussian curvature
is negative everywhere on M.

Points where the principal curvatures coincide (and therefore all directions are
principal directions) are special and we give them a name:

Definition 8.10. A point p € M is called an umbilic point of the surface f if at p the
surface has the same curvature in all directions, i.e. for all directions X € Ty M we have

The most interesting theorems in Differential Geometry lead from local assump-
tions (curvature properties at each given point) to conclusions about global shape.
Here is our first theorem of this kind in the context of surfaces:

Definition 8.11. A subset S C R3 of the form

S={peR’|(p—m,p-—m)=r}
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Figure 8.4. Three surfaces with negative Gaussian curvature.

with m € R3 and r > 0 is called a round sphere.

Theorem 8.12 (Umbilic Point Theorem). Let M C IR? be a connected compact domain
with smooth boundary and f: M — R3 a surface. Then the following are equivalent:

1. All points p € M are umbilic points.
2. Either f(M) C E for some plane E C R® or f(M) C S for some round sphere
S={peR’| (p—mp—m)=r}.
with center m and radius r > 0.

Proof. If f(M) is contained in a plane, we already know that A = 0 and therefore
all points are umbilic points. If f(M) is contained in a round sphere, then there is
a point m € R® and a radius r > 0 such that

(f —m, f—m)=r

Clearly then, f — m # 0 for all p € M. Differentiating the above equation reveals
that for all p € M and all X € T,M we have

(df(X), f —m) =0.

Therefore, at each p € M the unit normal of f must be given by

N(p) =+,

(f(p) = m).

By the connectedness of M this implies

N= (f—m)

94
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and therefore all points are umbilic points:
1
Conversely, assume that all points p € M are umbilic points of f. Then

vau + Hfuv = Nuv = Nvu = Hufv +vau

and therefore H,f, — H, f, = 0. By the connectedness of M, this means that H is
constant. In the case H = 0 we have A = 0 and by Theorem 8.5 we know that
f(M) is contained in a plane. Otherwise, there is a constant r > 0 such that

H:il.
r

The function
m: M — R%, m(p) = f(p) £rN(p)

then satifies dm = 0 and, by the connectedness of M, must be constant. This
means that f(M) lies on a sphere around m with radius r. O

8.3. Area of Maps into the Plane or the Sphere

Recall the second formula from Theorem 8.2: The area form det of a surface
f: M — R® with unit normal N is given on X, Y € T,M by

dety(X,Y) = det(N(p),df(X),df (Y)).

There are situations where we know what N should be, even if f is not a surface
but just a smooth map whose derivative d,f: T,M — R® might fail to have a
two-dimensional image for some p € M: Define the Euclidean plane E? as the
subset of R® where the third component is zero. Then at any point p € E? we
consider the third basis vector e3 as the unit normal vector of E? at p. Define the
unit two-sphere S? as the set of all p € R® with |p| = 1. Then at any point p € S?
we consider p itself as the unit normal vector of S? at p.

Definition 8.13. Let M C R? be a compact domain with smooth boundary and ¢ a
smooth map defined on M with values in either E* or S*. Then we define the covered
area form oy, € O*(M) on X, Y € T,M as follows:

1. For a smooth map g: M — E* we define
0¢(X,Y) = det (e3,dg(X),dg(Y)).
2. For a smooth map ¢: M — S* we define
0g(X,Y) = det (g(p), dg(X),dg(Y)).

If we identify E? with R? in the obvious way and use the standard determinant
det on R?, the first part of the above definition becomes:
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oM

Figure 8.5. By Theorem 8.17, the area covered by the map g equals the sector area of the
boundary loop 7, i.e. the blue region is counted positively, the orange region
is counted negatively and the region with mixed color is not counted at all.

Definition 8.14. Let M C IR? be a compact domain with smooth boundary and g: M —
IR? a smooth map. Then we define the covered area form 7, € O*(M) on X, Y € T,M as

03(X,Y) = det(dg(X), dg(Y)).

Definition 8.15. Let M C R? be a compact domain with smooth boundary and ¢ a
smooth map defined on M with values in either E?, S*> or R2. Then we define the area

covered by a map g as
.
s

Given a smooth map ¢ : M — R? from the unit disk M into IR?, we obtain a loop

7v: [0,271] — R? defined by
cos x
v =g (7))

Conversely, every loop : [0,271] — R? arises in this way:

Theorem 8.16. Let v: R — IR? be a loop and M C R? the unit disk. Then there is a
smooth map ¢: M — R? such that the Figure 8.5 becomes a commutative diagram, i.e.

vY=gos.
Proof. Let ¢: R — R be a smooth function such that

p(x) =1 for x>%

W = W

Then we can define ¢: M — R? as the unique map such that for all r € [0,1] and

all t € R we have
cost
g(r(Sat)) = o)
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8.3 Area of Maps into the Plane or the Sphere

Theorem 8.17. Let vv: [0,271] — R? be a loop, M C R? the unit disk and g: M — R?
any smooth map such that Figure 8.5 is a commutative diagram. Then the area covered by
g equals the sector area of 7.

Proof. Define a 1-form w € Q' (M) by setting for X € T,M

w(X) = 5 det(3(p), dg (X))
Then

2dw (U, V) = dydet(g,dg(V)) — dy det(g,dg(U))
= det(dyg, dvg) + det(g, dudvg) — det(dvg, dug) — det(g, dvdug)
— 20,(U, V).

Our claim now follows from Stokes Theorem. With

e ()

we obtain

O

By Definition 8.13, we obtain a similar interpretation for the area covered by a map
¢: M — S2. For us, the most important case is ¢ = N where N is the unit normal
of a surface f: M — RR® (see Figure 8.6):

Theorem 8.18. Let f: M — R3 be a surface with unit normal N and Gaussian curvature
K. Then the covered area form of N is

ON = K detf.
Proof. For vector fields X,Y € I'(TM) we have

on(X,Y) = det(N,dN(X),dN(Y))
=det(N,df(AX),df(AY))
— dets(AX, AX)
= det Adets(X,Y) = Kdetf(X,Y).
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Figure 8.6. If the Gaussian curvature K is positive in some subregion M C M, the normal
map N will be orientation-preserving in M (left). If K is negative, N will be
orientation-reversing (middle). On the right we see a situation where K changes
sign in M.
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9. Levi-Civita Connection

The Levi-Civita connection of a surface f: M — R> provides a geometrically mean-
ingful way to take directional derivatives of a vector field Y on M. Based on the
Levi-Civita connection we derive two important equations that are satisfied by the
curvature of a surface in R%: the Gauss equation and the Codazzi equation.

9.1. Derivatives of Vector Fields

Let f: M — RR® be a regular surface in R® with unit normal N: M — R3. Let Y €
['(TM) be a smooth vector field on M, p € M and X € T,M. Then, differentiating
0= (N,df(Y)) in the direction of X, we obtain

0=dx(N,df(Y)) = (df(AX),df(Y)) + (N,dxdf(Y))
Fixing a point p € M, we can decompose every vector v € R"” uniquely as
v=AN+df(Z)

for some A € R and some Z € T,M. The vector AN is called the normal part
of vand df(Z) is called the tangential part of v. In our case, the normal part of
dxdf(Y) equals —(AX,Y)N. The tangential part is of the form df(Z) for some
vector Z € T,M that we denote by (VY)(X) or also by VxY. This gives us

dxdf(Y) = —(AX,Y)N +df(VxY).
We leave it to the reader to show that the map Y — VY is linear.

Definition 9.1. The linear map V: T(TM) — I'(End TM) that assigns to a vector field
Y the endomorphism field VY is called the Levi-Civita connection of f.

VxY can be interpreted as the directional derivative of the vector field Y in the
direction of X. Here is a list of useful properties of the Levi-Civita connection:

Theorem 9.2. Let X, Y, Z be vector fields on M and A: M — R a smooth function. Then
1. Vx(AY) = (dxA)Y +AVxY

2. dy(Y,Z) = (VxY, Z) + (Y, VxZ)
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3. Vx(JY) =]VxY
4. dx det(Y,Z) = det(VxY,Z) +det(Y, VxZ2).
Proof. Equation (i) is left as an exercise. Here is the proof of equation (ii):

dx(Y,Z) = dx(df(Y),df(Z))
= (dxdf(Y),df(Z)) + (df(Y),dxdf(Z))
= (df(VxY),df(Z)) + (df(Y),df (VxZ))
= (VxY,Z) +(Y,VxZ).

Equation (iii) follows from the first two together with the formula for | in Theorem
6.23. Now the last equation follows:

dxdet(Y,Z) =dx(JY,Z)
=(Vx(JY),Z) + (JY,VxZ)
= (J(VxY),Z) +(JY,VxZ)
= det(VxY,Z) +det(Y,VxZ).

O]

Remark 9.3. Note that the first, second and fourth equation proved in the above
Theorem have the flavor of a Leibniz rule.

Theorem 9.4. For the coordinate vector fields we have
VuV = VylU.
Proof. This can be seen by looking at the tangential component of
—(AU, V)N +df(VuV) = fou = fuo = —(AV,U)N +df(VyU).
O

We can also use V to define directional derivatives of endomorphism fields (as
defined in Definition 6.19):

Theorem 9.5. If B is a smooth endomorphism field on M and X € T'(TM) is a vector
field, then there is a unique smooth endomorphism field (VxB) on M such that for all
Y € T'(TM) the following Leibniz rule holds:

Vx(BY) = (VxB)Y + B(VxY).
Proof. Define C as the unique endomorphism field on M for which

CU = Vx(BU) — BVxU
CV = Vx(BV) — BVxV.

Clearly, if the endomorphism field VxB exists, it has to be equal to C. This proves
the uniqueness part of the theorem. To prove existence, we show that C has the
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property we claim for VxB. Let us write Y as a linear combination of U and V:
Y =al +bV.
Then, by part (ii) of Theorem 9.2,

Vx(BY) = Vx(aBU + bBV)
= (dxa)BU + aVx(BU) + (dxb)BV + bV x(BV)
— (dxa)BU + a(CU + BVxU) + (dxb)BV +b(CV + BVxV)
— CY + BVyY.

O]

In the light of Theorem 9.5, we can reformulate the equation (iii) of Theorem 9.2
as

V] =0,
which usually is expressed by saying that the endomorphism field | is parallel.

9.2. Equations of Gauss and Codazzi

The derivative VA (defined in Theorem 9.5) of the shape operator A of a surface
f: M — R has an important symmetry property:

Theorem 9.6. For all vector fields X,Y € T(TM) the Codazzi equation holds:
(VxA)Y = (VyA)X.

Proof. We can write X and Y as linear combinations (with functions as coefficients)
of U and V. If we expand both sides of the equation in question accordingly, we
see that it is sufficient to consider the special case X = U and Y = V. In this case,
our claim follows from the fact that partial derivatives of N commute: Equality
for the normal part of

— (AU, AV)N +df(Vy(AV)) = dydf(AV)
= dydy(N)
= dydy(N)
— dydf(AU)
— AV, AUN + df (V' (AUD))

is automatically satisfied, while the tangential part gives us what we want to prove.
O

There is another important relation between the shape operator A and the Levi-
Civita connection V, the so-called Gauss equation:
If h: M — R¥ is a smooth function, then the partial derivatives of i commute, i.e.

dudvh —dydyh = 0.
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For vector fields this is not true, and the failure of “partial derivatives” of vector
fields to commute is determined by the Gaussian curvature of f:

Theorem 9.7. For any vector field Z € T (TM) the Gauss equation holds:
VuVvZ - VyVyZ =—Kdet(U,V)]Z
where K = det A is the Gaussian curvature of f.
Proof. Collecting only the terms that are orthogonal to N in
du(—(AV,Z)N +df(VvZ)) = dudvdf(Z)

= dydydf(Z)
= dv(—<Au,Z>N + df(VuZ))

we obtain
—(AV,Z)AU + VyVyZ = —(AU,Z)AV + VyVyZ.

Substituting in Theorem 6.24 AU for X, AV for Y and using
det(AU, AV) = det Adet(U, V).

we arrive at the equality this we wanted to prove. O

9.3. Theorema Egregium

The following theorem is due to Gauss. He called it the “Theorema Egregium”,
which means “most excellent theorem”.

Theorem 9.8 (Theorema Egregium). Suppose that the surfaces f, f: M — R® induce
the same Riemannian metric on M. Then f and f have the same Gaussian curvature
K: M —R.

Proof. By the Gauss equation (Theorem 9.7), it is sufficient to prove that if f and f
induce the same Riemannian metric on M, they also induce the same Levi-Civita
connection. This in turn follows from Theorem 9.9. O

Theorem 9.9. Suppose that the surfaces f, f: M — R induce the same Riemannian
metric on M. Then the Levi-Civita connections of f and f are identical.

Proof. We show that the Levi-Civita connection V induced on M by f is already
completely determined by the induced metric (, )¢. By Theorem 9.4 and the second
equation of Theorem 9.2

(Vul, U) = %du<u, u)
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9.3 Theorema Egregium

(VuV,U) = (Vyl,U)
= Sdv{u,u)

(VuV, V) = %duw, V).

Hence ViU and V1V = Vy U are completely determined, as well as (by a sim-
ilar calculation) V V. Therefore, VU and VV are completely determined by the
knowledge of (,)s alone. By the first equation of Theorem 9.2, then also VY is
determined for an arbitrary vector field Y = byU + b, V. O

Figure 9.1 reveals the reason why the leather patch on the smoothed dodecahedron
in Figure 6.6 was stuck.

£

Figure 9.1. By the Theorema Egregium, any isometric motion of the patch has to preserve
Gaussian curvature (indicated by color), so the patch cannot slide.

103



10. Total Gaussian Curvature

If we know a plane curve v: [a,b] — R? near its end points, we know its total

curvature | ab x ds up to an integer multiple of 27t. This follows from the results in
Chapter 3. Here we prove a similar result for surfaces f: M — RR® in three-space:
If we know f near the boundary of M, we know its total Gaussian curvature
Ji; K det up to an integer multiple of 27z. However, unlike the situation for plane
curves, the integer in question is already completely determined by the topology
of M.

10.1. Curves on Surfaces

Definition 10.1. Let f: M — RR3 be a surface with unit normal field N and -y: [a,b] —
M a curve in M. Then the pair (vy, f) is called a curve on the surface f. The space curve

Yy=fovy

is called the trace of (vy, f). The velocity of (v, f) is defined as |¥'| and accordingly the
derivative with respect to arclength of a function g: [a,b] — RF is to be interpreted as

/

dg g

ds = |7

The unit tangent T of 7 is called the unit tangent of (vy, f) and the unit normal field
N=Noy

along 4 is called the surface normal of (vy, f). The unit normal field
B=TxN

along  is called the binormal of (y, f).

If (v, f) is a curve on the surface f, then (4, N) defined as above will be a framed
curve according to Definition 5.11.

Definition 10.2. If (v, f) is a curve on the surface f and T, N, B are defined as in Defi-
nition 10.1, then
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1. The normal curvature of (vy, f) is defined as

Ky = <N/, T>.

2. The geodesic curvature of (vy, f) is defined as

kg = (B, T).

3. The geodesic torsion of (v, f) is defined as

= (N, B).
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Figure 10.1. An asymptotic line (top), a geodesic (middle) and a curvature line (botfom) on
a torus.

Traditionally, curves on a surface f for which one of these quantities vanishes are
designated by special names (see Figure 10.1):

Definition 10.3. Let (v, f) be a curve on the surface f: M — R3. Then

1. (v, f) is called an asymptotic line if its normal curvature k, vanishes.
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10.2 Theorem of Gauss and Bonnet

2. (7, f) is called a geodesic if its geodesic curvature x, vanishes.
3. (v, f) is called a curvature line if its geodesic torsion T vanishes.

Remark 10.4. The geodesic in Figure 10.1 illustrates nicely that geodesics are lo-
cally length minimizing, but globally they are not necessarily the shortest path
between two points.

10.2. Theorem of Gauss and Bonnet

Let M C R? be a compact domain with smooth boundary. By Definition 6.1 and
the arguments surrounding Figure 8.5, each of the n components of the bound-
ary oM can be parametrized by a closed curve 7;: [0,27r] — M. Given a surface
f: M — R®, we define the total geodesic curvature of the boundary oM by sum-
ming up the integrals of the geodesic curvature x, over the corresponding curves
(7, f) on the surface f (Definitions 10.1 and 10.2):

n
Ko 1= Ko ds.
/ g Z/ g

Theorem 10.5 (Gauss-Bonnet Theorem). Let M C R? be a compact domain with
smooth boundary having k connected components. Assume that the boundary oM has n
components. Let f: M — R3 be a surface, K: M — R its Gaussian curvature and det
its area form. Then

/ Kdet =2mt(2k —n) — / Kg ds.
M M

Proof. Choose a vector field Z € T(TM) with (Z,Z) = 1. Such a Z always exists,

for example one could take Z = ﬁu. Define a 1-form 7 € Q!(M) by

n(X) =(VxZ,]Z).

Think of #(X) as the rotation speed of Z in the direction of X. Because of
(VxZ,Z) = 0 (which follows from differentiating (Z, Z) = 1) and the 2-dimensionality
of T,M (i.e. Z, ]Z is a positively oriented basis) we then must have

VxZ =n(X)]Z.

Using this, (ii) and (iii) of Theorem 9.2 and the Gauss equation (Theorem 9.7) we
find

dp(U, V) = dun(V) —dyn(U)
= (VuVvZ,]Z) +(VvZ,]VuZ) = (VvVuZ,]Z) —=(VuZ,]JVvZ)
=(VuVvZ,]Z) = (VvVuZ,]Z)
— _Kdet(U, V)

and therefore
dn = —Kdet.
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In particular, this means that di7 does not depend on our choice of Z. We intend
to apply Stokes theorem to 7. To simplify the notation, let us focus on one of
the boundary curves and denote -y; by . Let T be the unit tangent of the curve
(7, f) on the surface f and let B be its binormal field. By arguments familiar
from our discussion of tangent winding numbers in Section 3.4, there is a function
aj: R — R and an integer £ € Z such that for all x € R

a(x+0) =a(x)+ 2l
B(x) = cosa df(Z(v(x))) +sina df(JZ(y(x))).

Then we have

(df(Z o)) (x) = —(AT(x), Z(v(x)))N(x) + df (Vr()Z)

and therefore

xg = (df(B)',df (]B))
= ((cosa df (Zoy) +sina df(JZo+)),—sinadf(Zoy) +cosadf(JZ o))
=a' +(df(Vr2),df(]Z))
=o' +75(T).

Using Definition 7.13, integration from 0 to 27t now gives us

27
/ Kg:27'(£—|—/17.
0 Y

Each boundary component comes with its own integer ¢;. Summing over all
boundary curves and using Stokes theorem we obtain

n
Kd t+/ ds =27y 0,
() /M e aMKg S njg j

We now show that the integers ¢; do not depend on the surface f: Let f:M—R?
be another surface with induced metric (,)™~. For t € [0,1] define a metric

(De=t()+ A =1()"
Define vector fields Z; € T'(TM) by

1
—Z
(Z,Z)

Zy =

and as above represent them on dM as linear combinations of B; (defined as the
binormal (cf. Definition 10.1) with respect to the metric (,); ) and J;B;. Then the
turning numbers /;(t) computed in this way depend continuously on t. Therefore,
being integers, they do not depend on ¢ at all. We have established that the ¢; do
not depend on f. Note also that the left-hand side of equation (*) does not depend
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10.3 Parallel Transport on Surfaces

on the vector field Z. Therefore, the integer

depends neither on f nor on Z. So, without loss of generality, we might as well

assume that
u

f=1v
0
and Z = U. Then, as a consequence of Theorem 3.14, the turning number ¢;
equals +1 for the outer boundary component (there are k of them) and —1 for the
remaining n — k inner boundary curves. Therefore, we have

n
lj=k—(n—k)=2k—n,
j=1
which proves the theorem. O

It is quite striking that the total amount of Gaussian curvature (in the sense of
Ji1 K det) is completely determined by the geometry of f near the boundary of M
(see Figure 10.2).

Figure 10.2. Even if we do not know the shape of a rounded cone near its tip (only revealed
under a microscope), the integral of the Gaussian curvature can be deduced
from the opening angle of the cone.

10.3. Parallel Transport on Surfaces

In Section 5.1 we studied the normal transport P: T(a)* — T(b)* of a curve
7v: [a,b] — R® with unit tangent T. A closer look reveals that in order to define P
only the smooth map T: [a,b] — S? is needed. Therefore, given a surface f: M —
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R3 and a smooth map v: [a,b] — M, we can we can use the same strategy in order
to transport tangent vectors W € T, (,)M to tangent vectors P(W) € T, ) M:

Definition 10.6. Let f: M — R® be a surface with unit normal field N and : [a, b] —
M a smooth map. Define N: [a,b] — S? by

N:=Noqy

and for W € T, M define the parallel transport map P, (W) € T, ;)M in such a
way that

df(P(W)) := Z(b)

where Z: [a,b] — R solves the initial value problem

Z(a) = df(W)
7' = —(Z,N))N.

N plays exactly the same role here as T did in Section 5.1. Hence, for the same
reasons as in Section 5.1, we have (Z,N) = 0 and indeed for all x € [a,b] the
vector Z(x) is an element of df(T,()M). Furthermore,

P,y: T’y(a)M — T’y(a)M

is an orientation-preserving orthogonal map with respect to the metrics induced
by f on T’Y(‘Z)M and Tfy(b)M-

The derivative Z'(x) is a multiple of N(y(x)), so it has no component in df (T, ) M).
In the spirit of the Section 9.1 (Levi-Civita connection), where a derivative VxY of
a vector field Y was defined in terms of the tangential component of dx(df(Y)),
this means that /P can be viewed as parallel transport along .

Imagine a pendulum swinging at a point of a surface f: M — IR® subject to gravity
pointing away form the unit normal of the surface. Suppose we transport the
swinging pendulum along a path f oy where 7: [2,b] — M is a smooth map and
that the plane in which the pendulum swings initially is given as df(W) where
W € T,(,M is a unit vector with respect to the induced metric. Then Physics tells
us that the plane in which the pendulum swings once it arrives at f(7y(b)) will be
given by the unit vector df (P (W)).

In the special case where f parametrizes the surface of the earth and the movement
7 corresponds to the rotation of the earth, this effect can be experimentally verified
and is known under the name of Foucault’s pendulum (see Figure 10.3).

As in Section 5.1, if we choose unit vectors (with respect to the induced metric)
W, € Tv(u)M and W, € Tv(b)M, we can measure the parallel transport along -y
by an angle Py € R/2,z. For closed curves < this angle does not depend on
the choice of W, and W), as long as we make sure that W, = W,. In the special
case where 7y parametrizes the boundary dM of M, this angle can be expressed in
terms of the total Gaussian curvature of f (see Figure 10.4).

Theorem 10.7. Suppose that f: M — R3 is a surface and that M has only a single
boundary component parametrized by a curve y: [a,b] — M. Then the monodromy
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10.3 Parallel Transport on Surfaces

Figure 10.3. An excerpt from the illustrated supplement of the magazine Le Petit Parisien
dated November 2, 1902, on the 50th anniversary of the experiment of Léon
Foucault demonstrating the rotation of the earth (left) and the parallel trans-
port of a tangent vector along a latitude circle (right).

angle of <y satisfies
M(7) E/ K det mod 21tZ
M

where K is the Gaussian curvature of f.

Proof. Let us assume that 7y has unit speed with respect to the induced metric and
therefore T := 4/ is the unit tangent field of 4 := f o y. Define N := N o y where
N is the unit normal field of f. Let W and Z be defined as in Definition 10.6. Then
there is a smooth function «: [4,b] — R such that

Z=cosaT+sina N x T.

We denote by x, = (T, N x T) the binormal curvature of the framed curve (¥, N).
Because Z' is normal, we have

0=(Z',NxZ)=a+x,.

Finally, by the Gauss-Bonnet Theorem 10.5 we have

M(7y) = a(b) — a(a) :/uboc’:—/ubxgE/MK det mod 27Z.
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Figure 10.4. Parallel transport of a tangent vector along a closed curve on a surface with
positive Gaussian curvature (left) and along the boundary of a surface with
negative Gaussian curvature (right).
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11. Closed Surfaces

We define a closed surface as a surface f: M — R® whose boundary components
have been matched in pairs in such a way that f as well as its unit normal N
are continuous across the boundary. This allows us to prove an analog of the
fact that the tangent winding number of a closed plane curve is an integer: The
total Gaussian curvature [,, K det of a closed surface f: M — R is equal to
27tx (M) where the Euler characteristic x(M) is an integer that depends only on
the topology of M.

11.1. History of Closed Surfaces

Our goal here is to define “closed surfaces” in such a way that we are able to prove
an analog of Theorem 3.8, which says that the turning number of a plane curve is
an integer. Furthermore, in Section 13.1 we want to discuss for closed surfaces the
analog of the total squared curvature of a curve.

Our approach will be based on the very idea that was already at the heart of the
1845 paper by Mobius where closed surfaces were studied for the first time: By
cutting them into horizontal slices, M6bius decomposed closed surfaces into pieces
each of which can be parametrized by a compact domain with smooth boundary
in R2. Figure 11.1 is from the paper by Mobius. This very idea was already the
motivation for us to allow for disconnected domains in the case of surfaces and
will be formalized in Section 11.2.

More details on the early history of surface theory can be found in an article by
Peter Dombrowski [11].

A more advanced way to define closed surfaces in R" (that would not need to cut
the surface into pieces that can be parametrized by planar domains) would be to
define them in terms of smooth maps f: M — R" defined on 2-dimensional com-
pact manifolds M. Such manifolds were first defined in 1910 by Hermann Weyl in
a famous book with the title “Die Idee der Riemannschen Flache” [44].

On the other hand, the fully developed version of the Gauss-Bonnet theorem
(which we will prove in the next chapter) is already contained in the 1903 the-
sis of Werner Boy [8], that he did under the supervision of David Hilbert.
Modern treatments of Differential Topology (like the books by Andrew Wallace
[42] and Morris Hirsch [16]) often discuss surface topology in their last chapters.
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Fig. 6. Tig. 7.

Figure 11.1. Mobius decomposed closed surfaces into pieces that can be parametrized by
compact domains in R? with smooth boundary (cf. [29]).

The main work there goes into proving (with the help of Morse theory) that in-
deed every compact 2-dimensional manifold can be decomposed into pieces each
of which can be parametrized by a compact domain with smooth boundary in R?.
Therefore, the work that will be done in the next two chapters would not become
obsolete even if we had manifolds at our disposal.

11.2. Defining Closed Surfaces

Suppose that for a surface f: M — R3 the boundary components of M match
up in pairs in such a way that, given suitable parametrizations of the boundary
curves, corresponding points of 9M are mapped to the same points in R®. If in
addition also the unit normals of f fit together up to sign on dM, we consider f
(together with a specification of the boundary matching) as a closed surface:

Figure 11.2. A closed surface f.
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Definition 11.1. Let M C IR? be a compact domain with smooth boundary and f: M —
R3 a surface with unit normal N. We parametrize the boundary curves of M by closed
curves

YiseoorYnt [—7T, 7T — R?

and define curves 41, ..., 9u: [—m, 1] — R3 by
’7] = f o ’)/]

As in Definition 10.1, we equip the closed space curves ; with unit normal fields Nj :=
No ’)/] Let
p:{1,...,n} = {1,...,n}
a bijective map such that
(pop)(j) =]
for all j. Then the pair (f,p) is called a closed surface if there are signs €1,...,€, €
{—1,1} such that forall j € {1,...,n} we have:

1. If p(j) # j then

Yo(j) (x) = j(€jx)

Np(]) (x) = —e]-N]-(e]-x).

2. If p(j) = j then €j = 1 and

3

o i(x+m) forxe[-m,0)
¥(x) {~j(x—7f) for x € [0, 7]

() — —Ni(x+ ) forx € [-7,0)
Ni(x) = {—N;(x—rt) for x € [0, 7t].

It is easy to see that such €, ...,€, are uniquely determined by f and p. We say that a
closed surface is oriented if ; = —1 forall j € {1,...,n}.

Figure 11.3 shows the shape of the individual pieces that are being glued in Figure
11.2. It has k = 6 components and n = 18 boundary curves.

Here is another example: M now consists of a disk with boundary 7; and an
annulus with boundary curves 7, and -y3. First, we tentatively define f on the disk
bounded by <1 and obtain the cap on the upper right of Figure 11.4. Postponing
for the moment the task (indicated by the double-arrow on the right) of gluing ;
to 72, we first glue 3 to itself and obtain a Mobius band (on the bottom of the
lower right of Figure 11.4):

By growing the Mobius band (see Figure 11.5) we finally obtain the closed surface
we wanted to construct:

This surface (fully closed in Figure 11.6) was found by Werner Boy in 1903 and is
called the Boy surface.
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Figure 11.3. The surface in Figure 11.2 made into a non-closed surface by applying a small
translation to each piece.

Figure 11.7 shows two surfaces which are obtained by gluing the boundary curve
of an annulus to itself appropriately. Even though both compact domains have
k = 1 components and n = 2 boundary loops, the distinct maps f, f lead to
distinct closed surfaces. In particular, although the map p is the same, they have
opposite sign €.

11.3. Boy’s Theorem

Definition 11.2. We say that a surface f: M — R3 closes up if there is p such that (£, p)
is a closed surface in the sense of Definition 11.1.

Recall that for every closed plane curve 7 : [a,b] — R? there was an integer n € Z
such that

b
/ K ds = 27n.
a

Surprisingly, the analog of this fact in the context of surfaces (cf. Theorem 11.4)
does not involve any information about the specific way in which f closes up. It
only depends on properties of the domain M:

Definition 11.3. Let M C R? be a domain with smooth boundary having k components
and n boundary curves. Then
x(M):=2k—n

is called the Euler characteristic of M.

The theorem below is a variant of the Gauss-Bonnet Theorem 10.5. Usually, it
would be called by the same name. However, historically this is not quite correct.
This theorem was in fact the main result of the thesis of Werner Boy [8], written
in 1903 under the supervision of David Hilbert. For this reason, we name it after
Boy:
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k=2
o(1) = 2
o3 =3
61:—1
63:1

Figure 11.4. The annulus part of the domain on the left has its red boundary component
glued to itself. After growing the resulting Mobius strip, the other boundary
component can be glued to the image of the disk part of the domain. The

result is the so-called Boy surface.

Theorem 11.4 (Boy’s Theorem). Let f: M — RR® be a surface that closes up. Then the

Gaussian curvature K of f satisfies

/ K det = 27T x(M).
M

Before we give the proof, we introduce the notion of an orientation cover of a
closed surface. Given a closed surface (f,p) with f: M — R3, we can define an

oriented closed surface (f,§) in the following way:

Let us use M_; as another name for M and, using an orientation-reversing isom-
etry ¢: R> — R?, we place a second copy M; = ¢(M) into R? in such a way that

M_; and M, are disjoint. Then we define
M := M_1UM;
and

s e [fp) if p &M
f.M%R,f(P)—{(fog—l)(p) if pe M.

We can label the boundary curves of M by the elements of {—1,1} x {1,..

and parametrize them by maps

Finally, we define

p: {11} x{1,...,n} = {=1,1} x{1,...,n}, p(i,j) = (—€;i,p(j))-

. n}
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- ——

b

=
=
S

Figure 11.5. A growing Mobius strip can be capped off to form a Boy surface.

We now leave it to the reader to check that (f, @) is an oriented closed surface, i.e.
we obtain a closed surface by setting &;;) = —1forall (i,j) € {-1,1} x {1,...,n}.

Definition 11.5. The closed surface (f,p) constructed above is called an orientation
cover of f.

of Theorem 11.4 — Boy’s Theorem. If p has no fixed points (no boundary component
is glued to itself), one just has to note that the existence of p (making (f,p) into
a closed surface) implies that in Theorem 10.5 the total geodesic curvatures of the
individual boundary curves cancel in pairs. If p has fixed points, we note that the
p of the orientation cover has no fixed points and therefore our theorem holds for
f. Dividing both sides of the resulting equation by two, we see that our theorem
also holds for f. O
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Figure 11.6. The Boy surface is a closed, non-oriented surface.

11.4. The Genus of a Closed Surface

The Euler characteristic of a closed surface was solely a property of its domain M,
the specific way the various boundary curves are glued is irrelevant for the Euler
characteristic. There is another number associated with a closed surface (f,p), the
so-called genus, that depends on the gluing correspondence p:

Suppose M C R? is a domain with k components and 1 boundary curves. Con-
sider the map that assigns to each j € {1,...,n} the index c(j) € {1,...,k} of
the component of M to which the jth boundary component belongs. Let us con-
sider the graph G whose vertex set is {1, ...,k} and in which two vertices ¢, 7 with
¢ # U are connected by an edge if and only if there is an index j € {1,...,n}
for which ¢(j) = £ and ¢(po(j)) = ¢, which means that the components of M with
indices j and j are glued via one (or more) of their respective boundary curves.
We say that two vertices £ and 7 of G are connectable in G if it is possible to travel
from ¢ to ¢ by following edges. Connectability is an equivalence relation and the
corresponding equivalence classes are called the connected components of G.

Definition 11.6. If {{1,...,{;} is a component of the graph G, then
f = ,f|1\/1[1U...UI\/I@]_C

closes up with boundary gluing p read off from (f,p). We call the resulting closed surface
(f,p) a component of (f,p). We call (f,p) connected if it has only one component.

So the components of a closed surface are in one-to-one correspondence with the
components of its associated graph G.

Definition 11.7. Let M be a compact domain with k components and n boundary curves.
Let (f,p) be a closed surface with f: M — R3. If (f, p) has m connected components, we
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k
p(1)
\f f/

T L

Figure 11.7. After pushing the two boundary curves together, we obtain a closed surface
which is oriented — a torus (left), or a closed surface that is not oriented — a
so-called Klein bottle (right).

I
TN

72

define the genus of (f,p) as
g = g —k+m.

In terms of the genus, the Gauss-Bonnet formula takes the form

/ K det =4m(m — g).
M

The first surface featured in Section 11.2 has genus g = 4, the Klein bottle has
genus ¢ = 1 und the Boy surface has genus g = 3. The two surfaces in Figure 11.8
have genus ¢ = 3 and genus g = 2 respectively.

/

-
Figure 11.8. Non-oriented surfaces of genus ¢ = 3 (left) and ¢ = 2 (right). They are

obtained by smoothly gluing handles onto a Boy surface or respectively a
Klein bottle.
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12. Variations of Surfaces

We derive the basics of Vector Calculus on surfaces and explore variations of sur-
faces. In particular, we compute the variational derivative of the area form det and
of the shape operator A. We show that the critical points of the area functional are
the surfaces with mean curvature H = 0. If we constrain the enclosed volume, the
critical points of area are the surface with constant mean curvature. These results
mirror the situation for plane curves, where the analogous variational problems
lead to straight lines (x = 0) or circles (x = const).

12.1. Vector Calculus on Surfaces

Throughout this section, M C R? is a Riemannian domain, f:M— RR3 a surface
and (,) its induced metric. We will only use the area form det, the 90°-rotation
J and the Levi-Civita-connection V, which by Theorems 6.22, 6.23 and 9.9 are al-
ready determined by the induced metric. This means that this section is dealing
only with intrinsic geometry.

If ¢ € C*(M) is a smooth function, then for each p € M the restriction (dg)|r,m is
a linear map on T, M and the restriction () ’T,, mxT,um is a Euclidean scalar product.
Therefore, there is a unique vector Y(p) € T,M such that dg(X) = (Y(p), X) for
all X € T,M. The smoothness of the vector field Y defined in this way follows
in the usual way, see for example the proof of Theorem 6.20 This leads us to the
following.

Definition 12.1. For g € C®(M) there is a unique vector field
gradg € T(TM)
characterized by the fact that for all vector fields X € T(TM) we have
dg(X) = (grad g, X).
The vector field grad g € v(TM) is called the gradient of g.

So a function g € C®(M) gives us a vector field grad ¢ € T'(TM) (see Figure 12.1).
On the other hand, by taking the trace of the endomorphism field VY, a vector
field Y € T'(TM) gives us a function divY € C®(M).
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Figure 12.1. The gradient vector field of the function z o f (z being the third coordinate
function on R3) for a surface f: M — R3. On the left, the value of z o f is
indicated by color-coding.

Definition 12.2. For a vector field Y € T'(TM) the function

divY: M - R, divY = tr(VY)
is called the divergence of Y.

The following theorem from Linear Algebra is useful for calculating the trace of
an endomorphism field.

Theorem 12.3. Let W be a 2-dimensional vector space with a determinant function det
and A: W — W a linear map. Then for any two vectors X,Y € W we have

det(AX,Y) — det(AY, X) = tr A det(X,Y).

Proof. If X and Y are linearly dependent, both sides of the equation vanish. Oth-
erwise, X and Y form a basis of W and we can write

AX =aX+cY
AY =bX +dY.
Our claim now follows from
trA=a+td.

O

For the divergence of the product of a function and a vector field we have a Leibniz
formula:

Theorem 12.4. For g € C*®(M) and Z € T(TM) we have
div(gZ) = (grad g, Z) + gdiv Z.

Proof. With the notation G := grad g and with the help of Theorems 6.24 and 12.3,
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for X,Y € I'(TM) we have

div(gZ) det(X,Y) = det(Vx(gZ),Y) — det(Vy(gZ), X)
=det((X,G)Z+¢VxZ,Y) —det((Y,G)Z +gVyZ,X)
= —det((Y,G)X — (X,G)Y, Z) + gdiv Z det(X, Y)
= (det(—JG,Z) + gdivZ)det(X,Y)
= ((G,Z) + gdivZ) det(X,Y).

Definition 12.5. The divergence of the gradient of a function g € C*(M)
Ag :=divgrad g
is called the Laplacian of g.
The divergence of a 90°-rotated gradient vanishes:
Theorem 12.6. For every g € C®(M) we have
div(Jgrad g) = 0.
Proof. Using again the notation G := grad g, by Theorems 9.4 and 12.3 we obtain

div(Jgrad g) det(U, V) = det(Vy(JG), V) — det(Vy (JG), U)
= (VyG,U) = (VuG, V)
— dy(G,U) —dy(G,V)
=dydug —dudvg
=0.

O]

The theorem below is a reformulation of Stokes Theorem in terms of vector fields
instead of 1-forms. The integral

d
aMg ’

of a function g: M — R is defined in the same way as for total geodesic curvature
— as the sum of integrals over the boundary loops.

Theorem 12.7 (Divergence Theorem). Let Y € T'(TM) be a vector field and B the
outward-pointing unit normal field on the boundary oM. Then

/diVY det:/ (Y, B) ds.
M oM

Proof. Define a 1-form w € Q' (M) by setting for X € T,M

w(X) = (JY(p), X).
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Then, by Theorem 9.2, Theorem 9.4 and Lemma 12.3,

dw(U,V) =dyw(V) —dyw(U)
= (JVuY, V) + (JY,VuV) = (JVvY,U) = (JY,VylU)
= det(VuY, V) — det(VVY, U)
=tr(VY)det(U,V).

Therefore dw = divY det. Using again the notation of the proof of Theorem 10.5
and applying Stokes Theorem 7.15 we obtain

/‘&dea:i/dw
M M

== w

JY, T)ds

oM
I
I

Y, B)ds.

12.2. One-Parameter Families of Surfaces

Throughout this chapter M C IR? will be a compact domain with smooth bound-
ary and [to, t1] C R a closed interval.

Definition 12.8. Let g;: M — R" a smooth map, defined for each t € [to, t1]. Then the
one-parameter family of maps [to, t1] S t — g is called smooth if the map

Mx [to, ] = R", (p,t) = gi(p)
is smooth (as always, in the sense of Remark 1.2).
Remark 12.9. The variable ¢ is also referred to as the time.
Given a smooth one-parameter family
t— (g M —R"), te€lt,t]
of maps and a vector field X € T'(TM), also
t— dxgt

is a smooth one-parameter family of maps dxg:: M — RR". The same holds for
t — ¢ where ¢;: M — R" is defined as

The following fact will be used many times in upcoming chapters:
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Theorem 12.10. For a smooth one-parameter family of maps t — gy from M to R", the
directional derivative in the direction of a vector field X € T'(TM) commutes with the
time derivative:

(dxgt)" = dx8:.

Proof. In the special case where X is one of the coordinate vector fields U and
V, this is just the fact that partial derivatives of the smooth map (p,t) — g:(p)
commute. In the general case, we can write

X=alU+bV
where a,b € C*®(M) are independent of f. Then

(dxgt)" = (adug: +bdyg:)
=adyg:+bdyg:
= dxg:.

O]

Definition 12.11. A smooth one-parameter family t — g of maps from M to R" is called
a variation of a smooth map g: M — R™ if

<0<ty
and
8o =§&-
In this context, we will also use the notation
g = go-
One should compare the arguments below with our reasoning in Section 2.4.
Definition 12.12. A variation of a surface f: M — IR" is a smooth one-parameter family

of surfaces
fir:M—R", te[—¢c¢]

such that

fo=f.
The map f : M — R" defined as

f=fo

is called the variational vector field of the variation t — f;.

Definition 12.13. Let M C R? be a compact domain with smooth boundary. Suppose we
have a way to assign to each surface f: M — R" a real number E(f). Then & is called a
smooth functional if for every smooth one-parameter family

t— ft/ t e [t(), tl]
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of surfaces f: M — IR" the function
[to, 1] = R, t — E(f;)
is smooth.

In many circumstances, we want to consider only variations of f: M — R”" that
keep the surface fixed near the boundary oM:

Definition 12.14. Let M C R? be a compact domain with smooth boundary and f: M —
R" a surface. Then a variation

t— fi, tE€[—¢€€|

of f is said to have support in the interior of M if there is a compact set My C M such
that for all p € M, p & My we have

filp) = f(p) forall te[-eel.

Definition 12.15. Let M C R? be a compact domain with smooth boundary and &
be a smooth functional defined on the space of surfaces f: M — IR"™. Then a surface
f+ M — R" is called a critical point of £ if for all variations t — f; of f with support
in the interior of M we have

4 e —o.

dt{
Definition 12.15 spells out the notion of an equilibrium of a variational energy &,
to which we will refer to in later sections. Moreover, one should note that, as
already explained in the beginning of Section 2.4, we will work with a definition
of a critical point under constraints that is slightly stronger than the standard one.

Definition 12.16. Let M C IR? be a compact domain with smooth boundary, f: M — R”"
a surface and &, & two smooth functionals on the space of all surfaces f: M — R". Then
f is called a critical point of £ under the constraint of fixed € if for all variations t — f;
of f with support in the interior of M

d 5

—| &£€=0

dt |-
implies

d

atl,, £E=0

Using the Linear Algebra Therorem 2.21 in the same way as we used it in Section
2.4, we obtain

Theorem 12.17. Let M C R? be a compact domain with smooth boundary and &, & two
smooth functionals on the space of all surfaces f: M — R". Suppose we have a way to
associate to each surface f: M — R" smooth maps

Gf,éfl M — R"
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12.3 Variation of Curvature

such that for all variations t — f; of f with support in the interior of M we have

d .

o tZOS—/M<f,Gf>det
d N s

o t:OE—/M<f,Gf>det.

Then f is a critical point of £ under the constraint of fixed £ if and only if there is a
constant A € R such that N
Gr = AGy.

For reasons already explained in Section 2.4, we call A a Lagrange multiplier for
the constraint of fixed &.

12.3. Variation of Curvature

Given a smooth variation t — f; of a surface f, we are mainly interested in the time
derivative at time zero of quantities like the area form det; or the shape operator
Ay associated with the surfaces f;. In situations where it clear with which variation
t — f; we are dealing, we will usually drop the index zero when we mean the time
derivative at time zero. So, for example, we will write

A = A,.

Theorem 12.18. Let f: M — R be a surface with unit normal N, shape operator A and
Levi-Civita connection V. Let t — f; be a variation of f whose variational vector field

f=¢N+df(Z)

is described in terms of a function ¢ € C®(M) and a vector field Z € T'(TM). Denote by
N and Ay the unit normals and the shape operators of the surfaces fi. Define vector fields
G,WeT(TM)as

G:=grad¢
W:=AZ—-G.

Then

df(X) = —(W,X)N + df (pAX + VxZ)
N =df(W)
det = (2¢H + div Z) det
A=V,A-VG—-¢A’+A(VZ)— (VZ)A

H=d;H - %div G — ¢(2H? — K).
Proof. The proof of the first equation is straightforward:

df(X) = dp(X)N + pdf(AX) — (AX,Z)N + df (VxZ)
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=(G— AZ,X)N +df (pAX + VxZ)

Differentiating (N, df(X)) = 0 with respect to time we obtain

(N,df(X)) = —(N,df (X))
= (W, X)

= (df(W),df(X)).
This holds for all X € TM and this implies the second equation. For X,Y €

T,M we know that N (which is orthogonal to N), df(X) and df(Y) are linearly
dependent. Using this and Theorem 12.3 we obtain

det(X,Y) = det(N,df(X),df(Y))
= det(N,df(X),df(Y) ) + det(N, df (9AX + VxZ),df(Y))
+ det(N, df(X), df (PAY + VyZ))
= det((])AX + VxZ, Y) + det(X, PAY + VyZ)
= tr(¢pA + VZ)det(X,Y)
= (2¢H +divZ) det(X,Y).

This proves the third equation. For the fourth equation, consider the directional
derivative of the second equation in the direction of X and make use of the first:

—(AX,W)N +df(VxW) = dN(X)
= (AN(X))’
= (df(AX))
= df(AX) +df(AX)
= — (W, AX)N +df (pA’X + V oxZ) + df (AX)

The normal part of this equation is satisfied automatically. The tangential part,
together with the Codazzi equation (Theorem 9.6) gives us

AX = VxW — pA%X — V 4xZ
= Vx(AZ) — VxG — pA’X — VxZ
= (VxA)Z+ AVxZ — VxG — pA’X — VxZ
= (VZzA)X + A(VZ)(X) — (VG)(X) — pA*X — (VZ)(AX).

This proves the fourth equation. For the fifth we take the trace of the fourth and
multiply by 3. The last two terms in the fourth equation do not contribute because
we see here the commutator of two endomorphisms A and VZ, which always has
zero trace. Regarding the first term, one can verify (for example by taking the
directional derivative of the equation in Theorem 12.3 in the direction of Z) that
indeed for any endomorphism field A

tr(VzA) = dz(tr A)
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12.4 Variation of Area

Finally, by diagonalizing A one can easily check the equality

%tr A% = 2H? — K.

12.4. Variation of Area

Variations of surfaces (as defined in definition 12.12) are needed in order to define
and determine those surfaces that represent equilibria of geometrically interesting
variational functionals.

Examples of smooth functionals of surfaces are the Willmore functional (to be
introduced in Section 13.1) and the cone volume that will be defined in Section
12.5. In this chapter we will focus on the area functional

A(f) = /M det;.

Theorem 12.19 (First Variation Formula of Area). As in Theorem 12.18, suppose the
variational vector field of a variation t — f; of a surface f: M — R3 is written as

f=9N+df(2)
with ¢ € C®°(M) and Z € T(TM). Then
d

dt

A(fy) = 2/M¢Hdet+/aM<Z,B> ds

t=0

where B is the outward pointing unit normal on O M.

Proof. By Theorem 12.18 and the Divergence Theorem 12.7,

d

dt

A(f) = [ det
- 2/M oH det + /M div Z det

_ Z/Z;Ang det+/aM<Z,B>ds.

t=0

O]

Definition 12.20. A surface f: M — R3 is called a minimal surface if it is a critical
point of the area functional A.

Figure 12.2 shows a minimal surface whose six boundary curves are all mapped
onto prescribed circles. In fact, it is here a solution of the so-called Plateau prob-
lem, which means that it minimizes area among all surfaces whose boundary is
mapped onto a prescribed set of curves.
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Figure 12.2. The Schwarz-P minimal surface.

Remark 12.21. The Plateau problem was first solved by Jesse Douglas [12] and
Tibor Rado [32] independently.

Theorem 12.22. A surface f: M — R3 is a minimal surface if and only if is mean
curvature H vanishes.

Proof. If H = 0 and t — f; is a variation of f with support in the interior of M,
then Z vanishes near the boundary of M and by Theorem 12.19 the variation of
area is zero. Conversely, suppose that f is a minimal surface but there is a point
p € M for which H(p) # 0. Then there is such a p also in the interior of M, so we
assume p € M. Let us treat the case H(p) > 0, the case H(p) < 0 being similar.
Then we can construct a bump function ¢ € C®(M) such that g vanishes outside
of a compact set contained in the interior of M and

g(p)=1
H(q) <0 = g(q) =0.

Then, for small enough € > 0,

t— fi, te€[—¢€€|
fi=f+t-g-N

(N being the unit normal of f) will be a smooth variation of f with support in the

interior of M and p

= t:OA(ft) - /MgH >0,

which contradicts our assumption that f is minimal. O
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12.5 Variation of Volume

As the reader may verify, the Enneper surfaces defined in Section 6.5 have mean
curvature H = 0, so by Theorem 12.22 they are minimal surfaces. Figure 12.3
shows one of these Enneper surfaces:

£
4
<

»

Figure 12.3. An Enneper surface is a minimal surface.

12.5. Variation of Volume

Definition 12.23. Let M C R? be a compact domain with smooth boundary and f: M —
R3 a surface. Then the cone volume of f is defined as

1
V() = 5 [ detlf. fu fo).
V(f) can be interpreted as the volume covered by the map
F: 0,1 x M — R3, F(s,p) =s- f(p).

Here the “volume covered” should not be understood as the volume of the image
F([0,1] x M), but rather in the spirit of Theorem 8.17. At first sight, the cone
volume does not look like an honorable geometric functional. For example, the
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version f = f +a of f that has been translated by a vector a € R® in general does
not have the same cone volume as f. On the other hand, for closed surfaces the
cone volume is invariant under translations:
Theorem 12.24. If (f, p) is an oriented closed surface (Definition 11.1) and a € R3, then
V(f+a)=V(f)

Proof. Define a 1-form w € Q'(M) by

1

w(X) = ¢ det(a, f,df (X)).

Then

—_

dw(U,V) = £(det(a, f, o), — det(a, f, fu),
1 det( s fus fo)

and therefore, by Stokes Theorem 7.15,

V(f+a)=V(f)

!

=
[
5

I
<
g

|
e

The last equality follows from the fact that (f,p) is oriented, and therefore the
integrals of w over the various boundary curves of M cancel in pairs. O

Moreover, by almost the same reasoning as in the above proof one can show:

Theorem 12.25. Let M C R? be a compact domain with smooth boundary,
t— fi, te][—¢e€]
a variation with support in the interior of M of a surface f: M — R3 and a € R®. Then

d d
at t:OV(ftJFa) T t:OV(ft)-

Theorem 12.25 implies that for the purposes of variational calculus the cone vol-
ume )V behaves in the same way as a translationally invariant functional (see Figure
12.4).

We can view df as an R3-valued 1-form on M. Given smooth maps f, f: M — R3
we then obtain a scalar valued 1-form

fdet(f 7, df) € QY(M).
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12.5 Variation of Volume

Figure 12.4. The cone volume of f (left) and of a variation f; of f (right).

Theorem 12.26 (First Variation of Cone Volume). Let f: M — R® be a surface. Then
for every variation t — f; of f we have

a V()= [ N detr L5 det(7.f.5).
Proof. We have
%t . 7 =3 [ (det(£. fu fu) + cet(f. fu ) + det(£. fur o))

/ (det(f, fu fu) + det(f, £, fo). — det(fu, £, £o) — det(£, f, fuu)
n det(f,fu,f>v - det(fv,fu,f) - det(f,fm,,f>)
= [ (. det @ VIN) + [ dw

=/deet+/ .

OJ|>—‘

O

It is easy to see that, on its own, the cone volume functional does not have any
critical points. However, we can use it in the context of variational problems under
a volume constraint. Here is our first application of Theorem 12.17:

Theorem 12.27. Let M C RR? be a compact domain with smooth boundary. Then a
surface f: M — R® is a critical point of the area A under the constraint of fixed cone
volume V if and only if the mean curvature H of f is constant.

Proof. By Theorems 12.19, 12.26 and 12.17, f is a critical point of area under fixed
cone volume if and only if there is a constant A € R such that

HN = AN.
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The surface in Figure 12.5 minimizes area among all surfaces that are bounded by
the same six circles as the first surface shown in Section 12.4 and have a certain
prescribed volume:

Figure 12.5. A surface with the same boundary as the surface in Figure 12.2. It is a critical
point of the area functional under the constraint of having a prescribed cone
volume.

Remark 12.28. In 1984 Henry Wente found a counterexample to a conjecture by
Heinz Hopf which stated that every closed surface in R® with constant mean
curvature is round sphere [43]. In Figure 12.6 it is shown how the Wente torus
can be build from a fundamental piece.

Nevertheless, the conjecture is true if one demands that the surface is embedded
in IR3, or has genus g = 0. These results are due to Alexandrov [1] and Hopf [17].

[
AW pu

Figure 12.6. A Wente torus —a closed surface of genus ¢ = 1 with constant mean curvature
H # 0.
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13. Willmore Surfaces

The analog for a surface f: M — RR® of the bending energy | ab «2 ds is the Willmore
functional W(f) = [,, H*det. There are several versions of the Willmore func-
tional, all of which are equivalent for the purposes of Variational Calculus. One of
these versions is unchanged if we transform the surface by inversion in a sphere.
The analogs of elastic curves are called Willmore Surfaces.

13.1. The Willmore Functional

In the context of curves 7: [a,b] — R? we studied in detail the total squared cur-
vature f x%ds (notation from the end of Section 7.2). What is the analog of this
energy in the context of surfaces?

One might say that x = 0 characterizes straight lines, which minimize length
among all curves with the same end points. So [| (a,b] x? ds measures the deviation
from being length-minimizing. The analog of length-minimizing curves are area-
minimizing surfaces, i.e. minimal surfaces, surfaces with mean curvature H = 0.

So a natural analog of f[ 0] 2 ds can be defined as follows:
Definition 13.1. If f: M — R is a surface, then

W(f) := / H? det
M
is called the Willmore functional of f.

Surfaces f that are critical points of the Willmore functional are characterized by
the property that they are “as minimal as possible”, given that they are held fixed
near the boundary of M.

Alternatively, one might say that x = 0 only happens for straight line segments, so
for surfaces we want to measure the deviation of being planar. Parametrizations of
pieces of the plane are characterized by the fact that both principal curvatures van-
ish, so we want to measure the deviation of both x; and x, (not just their average
H) from being zero. This reasoning leads to a different analog for f[a,b] K2 ds:
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Willmore Surfaces

Definition 13.2. If f: M — R is a surface, then

1 2, .2 _ » K
E(f) .—4/M(K1—|—K2)det—/M<H 2)det
is called the bending energy of f.

Surfaces f that are critical points of the bending energy are characterized by the
property that they are "as planar as possible", given that they are held fixed near
the boundary.

Finally, one might formulate a different wish and ask for surfaces that are “as
round as possible” which means they are “as spherical as possible”. In view of
the Umbillic Point Theorem 8.12 this motivates the following definition:

Definition 13.3. If f: M — RR3 is a surface, then

W(f) = i/M(Kl—Kz)zdet: [ (12— K) et

is called the conformally invariant Willmore functional of f.

Note that the integrands in all three of the above energies differ only by a term
proportional to K det, so the Gauss-Bonnet Theorem 10.5 tells us that for the pur-
poses of Variational Calculus, (cf. Definition A.4) all three energies are equivalent
to a large extent:

Theorem 13.4. Let f, f: M — R3 be two surfaces such that f(p) = f(p) for p outside
of some compact set contained in the interior of M. Then

W(f) = W(f) = E(f) = E(f) = W() = W(f).

For surfaces that close up we see that the difference between the three functionals
only depends on the genus:

Theorem 13.5. Let f: M — R be a surface that closes up with genus g. Then

E(f) =W(f) +2r(g - 1)
W(f) = W(f) +4r(g - 1).

Theorem 13.6. The estimates below are sharp, i.e. in each case there is a surface that
closes up with the prescribed genus and which realizes the lower bound:

1. If M is connected and a surface f: M — R closes up with genus 0, then

W(f) > 4.

2. If M is connected and a surface f: M — R® closes up with genus 3, then

W(f) > 127.
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13.1 The Willmore Functional

3. If M is connected and a surface f: M — R® closes up with genus 1, then

W(f) > 2m%

Figure 13.1. A Boy surface with the minimal possible Willmore functional 1277.

We will not prove this theorem. Part (i) of Theorem 13.6 was proved by Tom
Willmore in [46] in 1965. The minimum is attained for a round sphere. Part (ii)
was proved by Rob Kusner in [21] where he also proved that the Boy surface
shown on the right of Figure 13.1 realizes the minimum 127r. The two surfaces on
the right of Figure 13.2 are Lawson surfaces which were found by Blaine Lawson
[23] and are possible candidates for minimizing the Willmore functional among
all surfaces with genus ¢ = 2 and ¢ = 3 respectively [18].

Figure 13.2. The Torus on the left has Willmore functional 27t%, which is optimal among
surfaces with genus ¢ = 1. The two surfaces on the right are possible candi-
dates for minimizing the Willmore functional among all surfaces with genus
g =2 and g = 3 respectively.
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In the paper already mentioned above, Willmore also formulated (iii) as a con-
jecture and demonstrated that the value 272 is realized by the torus obtained by
rotating a circle of radius one around an axis in such a way that its center has
distance v/2 from the axis (Figure 13.2, left). This Willmore conjecture remained
a famous open problem in Differential Geometry for a long time, until in 2012
Fernando Marques and André Neves proved the conjecture [26].

Remark 13.7. The question of critical points of the Willmore functional acquired
greater importance starting from the 1960’s, initiated by T. Willmore and his paper
[46]. It was later found that parts of the theory were already known to Wilhelm
Blaschke [6] and his student Gerhard Thomsen in the 1920’s [38]. For an historic
overview of contributions which were made to the problem see the last chapter of
[47], or [27] for a more recent survey.

13.2. Variation of the Willmore Functional

According to the discussion in Section 13.1, the Willmore functional WV has alter-
native versions which measure how “non-flat” or how “not round” a surface is.
It was also explained that for the purposes of Variational Calculus all these dif-
ferent versions of the Willmore functional are equivalent. Being a critical point of
the Willmore functional (which version we take does not matter) means that the
surface (at least locally) is “optimally round”. It also means that the total amount
of curvature of the surface cannot be decreased by modifying f only in a small
neighborhood of a given point, while leaving the rest of the surface unchanged.

Definition 13.8. A surface f: M — R3 is called a Willmore surface if it is a critical
point of the Willmore functional W.

Let us first compute for W the rate of change under a general variation, not nec-
essarily with support in the interior:

Theorem 13.9 (First Variation Formula for the Willmore Functional). Let f: M —
R3 be a surface with unit normal N and with binormal field B along the boundary M.
Let t — f; be a variation of f with variational vector field

f=¢N+df(2)
where ¢ € C®°(M) and Z € T(TM). Then
d

dt

W(F) = AH +2H(H? — K)) det
W)= [ o (H? ~ K)) de
+/a (B,H*Z — Hgrad ¢ + ¢ grad H) ds.
M

Proof. Using Theorem 12.18 as well as the notation G := grad ¢ borrowed from
there we obtain

(H*det)" = <2H (dzH — %div G — ¢(2H* - K)> + H?*(2H¢ + div Z)> det

= (2H(grad H, Z) — Hdiv G — 2¢H(H* — K) + H?div Z) det
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13.2 Variation of the Willmore Functional

= (div(H*Z) — Hdiv G — 2¢H(H? — K)) det

= (div( HZZ HG) + (grad H, grad ¢) — 2¢H(H? — K)) det

= (div(H*Z — HG) + div(¢ grad H) — ¢AH — 2¢H(H? — K)) det
= (div (H*Z — HG + ¢ grad H) — ¢ (AH +2H(H* — K))) det.

Together with the Divergence Theorem 12.7, this proves our claim. O
As an immediate consequence, we obtain [38]
Theorem 13.10. A surface f: M — R is a Willmore surface if and only if

AH +2H(H?> - K) = 0.

Round spheres are Willmore, because for them all points are umbilic points (so
H? — K = 0) and H is constant (so AH = 0). Moreover, all surfaces with H = 0
(minimal surfaces) are Willmore. Here is another example:

Figure 13.3. The cylinder over a free elastic plane curve is a Willmore surface.

Example 13.11. Take a unit speed curve 7: [0,L] — R? C R3, where R? is realized
as those points in IR® where the last coordinate is zero. Now for a compact domain
with smooth boundary M C [0, L] x R define the cylinder f: M — R? over v by

flu,0) =7(u) +ves

It is easy to check that the Levi-Civita connection of f is given by VU = VV =0,
the Gaussian curvature K of f vanishes and the mean curvature H of f satisfies
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(Amevy=”£”.

This means that the cylinder f over < is Willmore if and only if v is freely elastic,
ie.
3
" L
K+ > = 0.

The cylinder over a freely elastic curve is seen in Figure 13.3.

There are many other ways to construct Willmore surfaces, most of which are
beyond the scope of this book. The surface in Figure 13.4 is from the 2019 paper

[7].

°9

Figure 13.4. Another Willmore surface.

13.3. Willmore Functional under Inversions

For a surface f: M — RR3, the Willmore functional

W@zAW@t

is clearly unchanged if we postcompose f by an isometry ¢: R® — R3. It is also
invariant under scaling: For A # 0 the surface f = Af has the same Willmore
functional. This is because, under such a scaling, det acquires a factor of A% while
H gets a factor of % As its name indicates, if we consider the Mobius-invariant
Willmore functional

)Wﬁ:LJW—KMQ

a similar statement is true for a more general class of transformations, that can
be written as compositions of isometries, scalings and inversions in spheres, the
so-called Mdbius transformations.

Let f: M — R3 be a surface such that the origin o of R? is not in the image of f.
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13.3 Willmore Functional under Inversions

Then we can postcompose f with the so-called inversion in the unit sphere

g R\ {0} = R? g(p) = F

{p,p)
and obtain a new surface
fiM—-R, f G
Computing the derivative of f is straightforward and yields
o 4L NS
A
1
= ——Rd
i

where for each p € M the orthogonal (3 x 3)-matrix R(p) € O(3) acts on v € R®
as

(p)v)
R(p)v=v—-2—2—" .
) ORI
For each p € M the matrix R(p) is a reflection and hence orientation-reversing.
The signNOf the unit normal depends on orientation, which is why the unit normal
field of f is given by

o o J2ANS) L
N = —RN <f,f>f N.

Theorem 13.12. In the situation above, the induced metric (,)~, the area form det and
the shape operator A of f are given by

1
£ 12

1
<ff>det
— —(fNIA+ 2N, )L

()7 =1

det =

(/)

Proof. The first two formulas follow directly from our calculations above. The
third follows from

(MO _MNAGEDY 20D,
8= (77 ) o -
D] — . o

Theorem 13.13. If f arises from f by inversion in the unit sphere, then

W(f) =W(f).
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Proof. By Theorem 13.12, the principal curvatures &y, % of f satisfy

Ky — &1 = —(f, f) (k2 — x1).
As a consequence,

(A? — K)det = ~ (&, — &1)* det = ‘11(@ —x1)?det = (H? — K) det.

Iy,

O]

Theorem 13.14. If f is a Willmore surface, then so is its image f under inversion in the
unit sphere.

Proof. By Theorem 13.4, W has the same critical points as VW and by Theorem

13.13 inversion in the unit sphere maps critical points of W to critical points of
W. O

<

Figure 13.5. A catenoid (left) and its image under a sphere inversion (right).

The surface on the right of Figure 13.5 shows the image under an inversion of a
minimal surface already known to Euler (shown on the left), the so-called catenoid
f: M — R® given by

1+u2+0?

uz-jz-vz )
o) = | iy

log (u? + v?)

So, even more Willmore surfaces can be obtained by inverting surfaces which we
have already encountered (see Figure 13.6).
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13.3 Willmore Functional under Inversions

Figure 13.6. The images under an inversion of the surfaces in Figure 13.3 and Figure 6.8
respectively are also Willmore surfaces.
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A. Some Technicalities

A.1. Smooth Maps

The standard definition of a differentiable map f: U — R" requires U to be an
open subset of R¥. Such an f is called smooth if all higher order partial derivatives

" f;
E)le . anm

of all its component functions exist.

On the other hand, we want to define curves in IR” as certain smooth maps
7v: [a,b] — R" defined on a closed interval [2,b] C R. Similarly, we want to
use a certain kind of compact subsets M C RR? as the domain of definition for
surfaces f: M — R". We therefore have to work with more general domains:

Definition A.1. Let U C R* be an open set and M := U its closure. Then a function
f: M — R" is called smooth if there is an open set U C R" with M C U and a smooth
function f: U — R" such that .
flm=f.
For x € M we define
Nrfi . _ i
ijl cee Bx]-m T ale NN ax]-m

In order for this definition to make sense, we have to verify that the higher partial
derivatives of f are well-defined:

Theorem A.2. The higher partial derivatives of f defined in Definition A.1 are indepen-
dent of the choice U and the extension f of f to U.

Proof. Because every point x € M is a limit point of points y € U and the partial
derivatives of f are continuous, we have

" fi . of
S oo (¥) =lim o————(y)
ijl e ax]-m ;//ZL?[‘ ale ce ax]-m

1 9" f
N ;LI;I}C ale e ax]'m (y)
yeld
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A.2 Function toolbox

O]

When we discuss reparametrizations of curves or surfaces, we make use of the
following notion:

Definition A.3. Let M, M C R¥ be two subsets which are closures of open subsets
U, U C R" respectively. Then a smooth map f: M — M is called a diffeomorphism if
it is bijective and its inverse f~1: M — M is also smooth.

A.2. Function toolbox

On several occasions in this book the need arises to construct a so-called bump
function, i.e. a non-negative smooth function on R* that vanishes outside of a
small neighborhood of a given point, but not at this point.

Definition A.4. Let f: A — R be a function defined on some subset A C R of RE.
Then the support of f is defined as

supp f := {x € R" | for every € > 0 there is y € A with |y — x| < e and f(y) # 0}.

The following theorem is easy to prove.

Theorem A.5. If f: U — R is a smooth function on an open set U C R* and supp f C
U, then f can be extended to a smooth function f: RF — R by setting

= Jflx) forxel
flx) = {O forx & U.

The basic ingredient for constructing functions with support in a given open set
U C R* is the function f: R — R given by

f(x):{o 1 for x <0

e x for x > 0.

Clearly, f is smooth at all points x # 0. It is not hard to check that it is smooth
also at x = 0. Figure A.1 shows the graph of f.

A

Figure A.1. A smooth fuction f: R — R with f(x) = 0 for x < 0.

The second function in our toolbox is the so-called bump function g: R — R
given by
0 for |x| > 1

.
e 12 for [x| < 1.

g(x) = f(1—x*) = {
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As a composition of smooth functions, g is also smooth (see Figure A.2).

A

Figure A.2. The bump function g: R — R.

Other versions of g like
g(x) = g(e(x — x0))

can be adapted to be non-zero only within an arbitrarily prescribed interval. An-
other tool in our toolbox is the function #: R — R given by

h(x)z/_xlg

and variants of it that are shifted and scaled in a similar way as the function §
above.

Finally, we need bump functions of several variables (see Figure A.3), like the
function ¢: RF — R given by

§(x) = f(1— |xI?).

Figure A.3. A bump function ¢ on IR?.
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B. Timeline

This table is not meant as a comprehensive view of the history of the whole field
that deals with the Differential Geometry of curves and surfaces. Only those
milestones are listed that are explicitly mentioned in the preceeding chapters.

Year \ Milestone \ Section
1673 | Newton defines the curvature of curves in R? 3.1
1691 | Jacob Bernoulli defines elastic curves in R? 2.4
1744 | Euler classifies elastic curves in IR? 25
1744 | Euler shows that the catenoid minimizes area 13.3
1760 | Euler defines the principal curvatures of a surface 8.2
1827 | Gauss proves the Theorema Egregium 9.3
1844 | Binet derives the equation of elastic curves in R® 54
1845 | Mobius investigates the topology of closed surfaces 11.1
1848 | Bonnet proves the Gauss-Bonnet theorem 10.2

1859 | Kirchhoff proves that the tangent of an elastic curve 5.2
follows the motion of the axis of a spinning top

1903 | Boy proves the Gauss-Bonnet theorem for closed sur- 11.3
faces

1906 | Da Rios defines the filament equation 5.3

1923 | Thomsen defines Willmore surfaces, then called Kon- 13.1
formminimalflachen

1931 | Douglas and Rado independently prove the existence 124
of a minimal surface with prescribed boundary curve
1937 | Whitney and Graustein proof their theorem 3.6

1956 | Hopf proves that round spheres are the only constant 12.5
mean curvature surfaces in R? of genus zero

1965 | Willmore states his conjecture 13.1

1970 | Lawson finds closed minimal surfaces in S® with any | 13.1
genus

1972 | Hasimoto shows that the filament equation is a soli- 5.3
ton equation

1984 | Wente finds the first constant mean curvature torus 12.5

2012 | Marques and Neves prove the Willmore conjecture 13.1
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90°-rotation, 22
1-form, 84
2-form, 81

absolute curvature, 38

arclength, 7

arclength 1-form, 86

arclength coordinate, 7

arclentgh parametrization, 8
area covered by a map, 96

area form, 76

area of a Riemannian domain, 83
asymptotic line, 106

bending energy, 8, 136
binormal, 104

Boy surface, 115, 117
Boy’s Theorem, 117
bump function, 145

Cartesian leaf, 4

catenoid, 142

Cauchy-Schwarz inequality, 38

Codazzi equation, 101

compact domain with smooth
boundary, 69

component, 119

cone volume, 131

congruent, 7

connectable, 119

connected, 119

connected compact domain with
smooth boundary, 68

covered area form, 95

critical point, 14, 126

constraint, 17

under constraints, 126
curvature, 23

total curvature, 28
curvature function, 41
curvature line, 107
curve, 3

closed, 4

framed, 56

on a surface, 104

oriented, 5

parallel curve, 38
cylinder, 139
cylinder over a free elastic plane

curve, 139

derivative, 72
derivative with respect to arclength,
7

determinant, 75

diffeomorphism, 70, 145
orientation-preserving, 70

direction, 91

directional curvature, 91

directional derivative, 72

divergence, 122

Divergence Theorem, 123

elastic curve, 48
free elastic curve, 16
torsion-free elastic curve, 18
elastic framed curve with twisting
modulus, 59
endomorphism field, 74
Enneper surface, 79, 131
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Euclidean plane, 95
Euler characteristic, 116

First Variation Formula of Area, 129

First Variation Formula of the
Willmore Functional, 138

First Variation of Cone Volume, 132

Foucault’s pendulum, 110

framed curve, 56

Frenet normal, 61

Fundamental Lemma of the Calculus
of Variations, 15

Fundamental Theorem of Plane
Curves, 23

Gauss equation, 102
Gauss-Bonnet Theorem, 107
Gaussian curvature, 93
genus, 119, 120

geodesic, 107

geodesic curvature, 105
geodesic torsion, 105
gradient, 17, 121

gravity vector, 19

Hasimoto curvature, 39
Helix, 4
homotopic, 29

through closed curves, 31

infinitesimal rigid motion, 54
integral, 82

of a 1-form, 85

of a 2-form, 82
integral over arclength, 7
isometric, 77

Klein bottle, 120

Lagrange multiplier, 17, 127
Laplacian, 123

Lawson surfaces, 137
length, 6

Levi-Civita connection, 99

mean curvature, 93
metric, 73

minimal, 129
minimal surface, 129

monodromy angle, 110
Mobius transformations, 140

Neil’s parabola, 5
norm, 74

normal curvature, 105
normal field, 36
normal part, 99
normal space, 36
normal transport, 44

optimization under constraints, 17
orientation cover, 117, 118
orientation-preserving, 5

parallel, 36

normal field, 36
parallel transport, 37
parallel transport map, 110
parametrized by arclength, 8
pendulum equation, 21
Plateau problem, 129
Poisson ratio, 59
positively oriented basis, 76
principal curvatures, 92
projection map, 71
pseudosphere, 78
pull-back, 82, 84

regular homotopy, 29

regular homotopy through closed
curves, 31

reparametrization, 5, 70

Riemannian domain, 74

Riemannian metric, 73

rigid motion, 7

round sphere, 94

Schwarz-P, 130

sector area, 24

shape operator, 90

shear modulus, 59

smoke ring flow, 54

smooth, 4, 144
functional, 14, 125
map, 4
one-parameter family of maps,

10
speed, 6
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spherical pendulum, 19
support, 145
support in the interior, 14
surface, 69
closes up, 116
closed surface, 115
oriented closed surface, 115
surface normal, 104

tangent bundle, 71

tangent space, 71

tangent vector, 71

tangent winding number, 28
tangential part, 99

tension, 19

Theorema Egregium, 102
time, 124

torsion, 56

total geodesic curvature, 107
total squared curvature, 27
total squared torsion, 58
total torsion, 44

total torsion angle, 56

trace, 75, 104

twisting modulus, 58

umbilic point, 93
unit normal, 90
unit tangent field, 8

variation, 11

of a smooth map, 11, 125

of a surface, 125

support, 59

support in the interior, 126
variational vector field, 11, 125
vector field, 72

coordinate vector fields, 72
vortex filament, 52
vortex filament flow, 54
vorticity, 52

Wente torus, 134

Willmore conjecture, 138

Willmore functional, 135
conformally invariant, 136

Willmore surface, 138

Young modulus, 59

153



	Curves
	Curves in Rn
	What is a curve in Rn?
	Length and Arclength
	Unit Tangent and Bending Energy

	Variations of Curves
	One-Parameter Families of Curves
	Variation of Length and Bending Energy
	Critical Points of Length and Bending Energy
	Constrained Variation
	Torsion-Free Elastic Curves and the Pendulum Equation

	Curves in R2
	Plane Curves
	Area of a Plane Curve
	Planar Elastic Curves
	Tangent Winding Number
	Regular Homotopy
	Whitney-Graustein Theorem

	Parallel Normal Fields
	Parallel Transport
	Curvature Function of a Curve in Rn
	Geometry in Terms of the Curvature Function

	Curves in R3
	Total Torsion of Curves in R3
	Elastic Curves in R3
	Vortex Filament Flow
	Total Squared Torsion
	Elastic Framed Curves
	Frenet Normals


	Surfaces
	Surfaces and Riemannian Geometry
	Surfaces in Rn
	Tangent Spaces and Derivatives
	Riemannian Domains
	Linear Algebra on Riemannian Domains
	Isometric surfaces

	Integration and Stokes' Theorem
	Integration on Surfaces
	Integration over Curves
	Stokes' Theorem

	Curvature
	Unit Normal of a Surface in R3
	Curvature of a Surface
	Area of Maps into the Plane or the Sphere

	Levi-Civita Connection
	Derivatives of Vector Fields
	Equations of Gauss and Codazzi
	Theorema Egregium

	Total Gaussian Curvature
	Curves on Surfaces
	Theorem of Gauss and Bonnet
	Parallel Transport on Surfaces

	Closed Surfaces
	History of Closed Surfaces
	Defining Closed Surfaces
	Boy's Theorem
	The Genus of a Closed Surface

	Variations of Surfaces
	Vector Calculus on Surfaces
	One-Parameter Families of Surfaces
	Variation of Curvature
	Variation of Area
	Variation of Volume

	Willmore Surfaces
	The Willmore Functional
	Variation of the Willmore Functional
	Willmore Functional under Inversions

	Some Technicalities
	Smooth Maps
	Function toolbox

	Timeline
	References
	Index


