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Preface

This lecture note is prepared for the course Geometry during Spring Semester 2025 (113-2), which
explains the points, lines, surfaces, as well as other objects in Euclidean spaces, based on some
selected materials in [Apo74, BN10, ConNA, dC76]. This lecture note is prepared for beginners,
and we will focus on concepts (“big picture”) rather than go through all details of the rigorous
proofs. One also can see e.g. the monographs [Cha06, Leel3] for more advance topics. The
lecture note may updated during the course. If we have time, probably we also can discuss the

d-dimensional spherical harmonics [EF14] as well as the vector spherical harmonics [BEG85].
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CHAPTER 1

Points in Euclidean space

The main theme of this chapter is to discuss the points and sets in Euclidean space.

1.1. Definition of Euclidean space

We first introduce the Euclidean spaces suggested by the title of this lecture note, based on
[Apo74, Chapter 3], [BN10, Section 1.5] as well as [BV04, Chapter 2].

DEFINITION 1.1.1. Let n > 1 be an integer. An ordered set of n real numbers (x1,x, -+ ,x,) is
called an n-dimensional point or a vector with n components. Throughout this lecture note, points

or vectors will usually denoted by bold letters, for example:

CC:(Xl,)Q,"',xn) or y:(y17y27"'7yn)-

The number x; is called the k™ coordinate of @. The set of all n-dimensional points is called an

n-dimensional Euclidean space, usually denoted as R”. In other words,
R":={x = (x1,--- ,xy) :xy € Rfork=1,--- ,n}.
We introduce some standard operations on n-dimensional points:

DEFINITION 1.1.2. For each © = (x1,--- ,x,) € R" and y = (y1,- - ,yn) € R", we define:
(a) Equality. © =y if and only if x; = y; forallk=1,--- ,n.
(b) Linear combinations. For each a,b € R, we define ax + by := (ax| +byy,- -+ ,ax,+by,),
with zero vector (also called origin) 0 = (0,---,0).
(c) Inner (dot) product. -y =Y, | Xxyr = X1y1 +X2y2 + -+ XpYn.
(d) Norm (length). || := (x-x)'/?> = (X¥_, x7)!/2. The number | —y| is called the distance

between x and y.

REMARK 1.1.3. When n = 1, one sees that |x| = Vx2. In other words, the 1-dimensional
Euclidean norm is identical to the absolute value. Therefore we will use the notation | - | rather than
|| - || for Euclidean norm. We usually reserve the notation || - || for function spaces, which we will

not going discuss in this lecture note.

It is easy to see that:

(i) Positive definite. || > 0 and the equality holds if and only if = 0.
(ii) Absolute homogeneous. |ax| = |a||x| for all a € R.
1
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(iii) Symmetry. |x —y| = |y — x|

LEMMA 1.1.4. For each x,y € R", one has the Cauchy-Schwartz inequality |z - y| < |z||y|

PROOF. If either x = 0 or y = 0, then we we have nothing to proof. We now consider the case
when both & # 0 and y # 0. In this case, we have |z| # 0 and |y| # 0 and we can define

:13::ﬁ and g::i.
|| Yl

Since

n n n
0<|@xg =Y (%EH)’ Z Z 122Y s
k=1 =1 k=1 k=1

= |2+ g L2&-g=242&-9

Now we have F& - ¢ < 1 and this is equivalent to |& - g| < 1, which immediately implies the
Cauchy-Schwartz inequality |z - y| < |z||y].
With the Cauchy-Schwartz inequality at hand, then the rest is easy: Using similar computations,
one sees that
zyl = |2 + |yl +22-y.
Now we use the Cauchy-Schwartz inequality we see that

2 2 2 2
lzLy|” <|x|"+|y|” +2|z||y| = (|z| +]|y])",

which concludes the triangle inequality |z +y| < |x|+ |y|. O
COROLLARY 1.1.5. For each x,y € R", one has |x —y| > ||z| — |y||.

PROOF. By observing that x = (x — y) + y, the triangle inequality implies
x| < |z —y|+|yl,

which gives |z | — |y| < |« —y|. Interchanging the role between x and y yields |y| —|z| < |y — x| =
| — y|. Putting these two inequalities together, we see that

(|| - ly|) < |z —yl,

which is equivalent to our desired inequality. 0

It is also convenient to introduce the notion of matrix.

DEFINITION 1.1.6. An n X m (real) matrix is a rectangular array with n rows and m columns.

Elements of the array are called the entries of the matrix. We usually denote the matrix by indexed
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letters, for example,

Ay A o A
A A.21 A.zz A?m
Anl An2 U Anm

with entries A j; € R. The set of all n X m matrices is usually denoted as RA*1
REMARK 1.1.7. Sometimes we simply abuse the notation by writing A = (A j;).
We also can define some operations similar to Definition 1.1.2:

DEFINITION 1.1.8. For each A € R"*" and B € R™™_ we define:
(a) Equality. A= Bifandonly if Ajy = By, forall j=1,--- ,nandk=1,---,m.
(b) Linear combinations. For each a,b € R, we define (aA + bB) jx = aA ji + bBj for all
j=1,--,nandk=1,--- ,m.
(c) Inner product. A : B:= 27:1 Yie 1 AjiB k.
(d) Frobenius norm. |A|:= (A:A)'/2 = (Y1 ka:1A?k)l/2-

We usually do not identify the set R"*" given in Definition 1.1.6 with R™" due to the following

operations:

DEFINITION 1.1.9. For each A € R™ and B € R"™*7:
(a) the transpose AT € R™*" is defined by (AT);; =Aj forall j=1,--- ,nandk=1,--- ,m.
(b) the matrix multiplication AB is defined by (AB) jy = Y/' | A jxBi-

In view of the matrix multiplication operation above, we define the identity matrix Id € R”*"
by
1 ifi=j,
0 ifi#j,
which satisfies AId = A and IdB = B for all matrices A and B with suitable dimensions.
However, we usually identify the elements Euclidean space R" given in Definition 1.1.1 with

Id,‘j =

the elements in R"*! (called the column vectors) given in Definition 1.1.6 since we can expressed

the inner product in terms of transpose and matrix multiplication:
z-y=aTy=yTx foralz,yecR"=R™

We also denote e; be the 7™ column of the identity matrix /. In terms of ordered set, it can be

expressed as
€] = (170707”' 70)
€ = (07 1707”' 70)
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and so on. It is easy to see that {ey,---,e,} is orthonormal (with respect to the inner product in
Definition 1.1.2):

1  whenever j =k,

€ €=
0 whenever j # k.
It is also important to see that {ej,---,e,} forms an basis of R": given any « € R”", there exists a
unique n-tuple (x,---,x,) with x; € R such that

n
T = Zxkek =Xx1€e1+---+XxX,€E.
k=1

REMARK 1.1.10. When n = 2, some authors denote

t=e;=(1,0), j=er=(0,1).

REMARK 1.1.11. When n = 3, some authors denote

i=e;=(1,0,0), j=e,=(0,1,0), k=e,=(0,0,1).

1.2. A geometry description on dot product

Before giving a geometry interpretation for inner product mentioned in Definition 1.1.2, lets us
recall the trigonometry functions.
Let B be the unit ball in R? with radius 1 with boundary dB, that is,

B={zecR*:|z|<1}, IB={zcR*:|z|=1}.

Let 7 be the area of B, which is approximated by 7 = 3.14159---. The length of dB (also known
as circumference or the perimeter of the unit circle B) is 27. Let L; and L, be two straight lines
both passing through the origin, and let

P :=L,NJB, P :=1L,NIB,

and we see that the circle dB is partitioned into two parts, says I'; and I',, by the points P; or P».
Intuitively, it is natural to define the angle between the lines L and L; by the length of I'; or I,
but however this may cause some trouble in mathematics, since this is not a function, since both
choices I'1 and I'; correspond to the same geometry.

In order to make the definition rigorous, we define angle with direction (or orientation). Starting
from the point P;, which corresponds to line L;, we rotate it towards the counter-clockwise direction
and stop at P; (not necessarily stop at the first meeting), which corresponds to the line L;. Now we
define:

(1.2.1) the angle 0 (in radian) from L to L; by

the displacement of the locus mentioned above.
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The angle defined by (1.2.1) is oriented, one sees that the angle from L, to L is —6. In some
occasion, we sometimes refer the non-negative number |0| the undirected angle between the lines
L and L,.

REMARK 1.2.1. Since 7 is transcendental (roughly speaking, it cannot be expressed in terms
of countable (see the following remark) many binary operators +,—, X, as well as roots {/-
with m = 2,3,---), it is not so convenient in some applications (e.g. aviation). We usually
normalize the angle as follows: the angle 8 (in degree) is defined by 6 := %9, where 6 € [0,27)
is the angle in radian. The reason we choose 360 is it is dividable by many integers, including

2,3,4,5,6,8,9,10,--.

REMARK 1.2.2. It is a bit technical to explain the term “countable” is a rigorous way. Roughly
speaking, a set S which consists of infinitely many elements is said to be countable if we can

arrange its elements and labeled them using natural number:

S= {Sl,SQ,---}.

The set of natural number N, the set of integers Z and the set of rational numbers QQ are all
countable. Without causing any ambiguity, those sets only consist finitely many elements are also
said to be countable. However, the set of real numbers R is not countable, that is, it is not possible
to write R in the form of {r,r,,---}. The open interval (a,b) := {x € R:a < x < b} is also not
countable. It is not surprisingly that the following facts hold true:

e If A is countable and B C A, then B is also countable.
e If B is uncountable and B C A, then A is also uncountable.

With the oriented angle at hand, we now can define the trigonometric functions, as in
Figure 1.2.1 below:

=
>

sin(6)

Y

cos(6)

FIGURE 1.2.1. Definition of sine function and cosine function: Stephan Kulla
(User:Stephan Kulla), CCO, via Wikimedia Commons
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Since the angle is oriented, thus the trigonometric also has sign, for example, sin 0 < 0 when
F<O< %n According to the above definition, we also see that
sin:R—[—1,1] and cos:R—[—1,1]

are both surjective functions, but not injective. The definition of sine and cosine function

immediately gives
(cos0)+(sinB)>=1 forall 6 € R.

Some special values are showed in Figure 1.2.2 below:

FIGURE 1.2.2. Some special values of (cos8,sin6): Gustavb (talk - contribs),

Public domain, via Wikimedia Commons

It is remarkable to mention that

sin(—0) = —sin@ forall 6 € R,
cos(—0) =cos6 forall 6 € R,
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FIGURE 1.2.3. Six trigonometric functions: Onmaditque, CC BY-SA 4.0, via
Wikimedia Commons

that is, the sine function is odd while the cosine function is even. The other trigonometric functions

are defined as follows (see Figure 1.2.3):

in 0
tan@ == S0 foraueeR\(nZ+f),
cos 2
1 T
sec § := forall@éR\(nZ+—>,
cos 2
coth = 27 forall 6 € R\ nZ,
sin @
1
cosecO =csc 1= — forall 6 € R\ nZ.
sin

One see that

1 T /4
cot6 g fora 0 cR\ (7ZU (= +3 \271:

which means that the identity only holds true in restricted domain.
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In order to define inverse functions, we usually (unless stated) consider

sin: [-n/2, /2] — [—1,1]

cos: [0,7] — [—1,1],

tan: (—7/2, 7r/2) — R,

cot: (0,7m) —

sec: [0, 7]\ {7r/2} — R<_1UR>,
cosec =csc: [—m/2,m/2]\ {0} - R<_jUR>y,

which are bijective, and hence the corresponding inverse functions, called the inverse trigonometric
functions, are defined as :

-1

arcsin=sin" " : [-1,1] = [-7/2,7 /2],
arccos = cos~ | : [—1,1] — [0, 7],
arctan = tan~ ' : R /2,7m/2),

= (=
cot 1 : R — (0,7),
sec i Re | URsy — [0, 7]\ {7/2},
csc i Re (URsy — [—1/2,7/2]\ {0}.

Now we are ready to give a geometry interpretation for the inner product given in Definition 1.1.2:

THEOREM 1.2.3. Let @ and y are nonzero vectors in R", then the not oriented angle 0 € |0, 7]

0 := cos ! (££> .
z| |yl

SKETCH OF PROOF. By considering the rotation and translation, it is suffice to consider n = 2

between x and y is given by

and & = e;. The proof of the theorem is sketched in Figure 1.2.3 above. 0

EXERCISE 1.2.4. Sketch the function sin ! osin: R — R and cos ! ocos: R — R.

REMARK 1.2.5 (Euler formula and trigonometric functions). Here we also explain a simple
way to derive trigonometric identities. We formally write the imaginary number i := +/—1, one can
see e.g. my other lecture note [Kow23], which is much more advance, for a precise definition. The
Euler formula reads:

et = cosO +isin@® forall 6 € R.
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* axb

FIGURE 1.2.4. Right-hand rule for cross product: Acdx, CC BY-SA 3.0, via
Wikimedia Commons

Performing some formal computations lead (more precisely, the de Moivre theorem)
cos(0) + 6>) +isin(0; + 6,) = (D170
— % ¢!% = (cos O) +isinB;)(cos 6, + isin 6;)
= ¢0s 0; cos 6 + i sin 0; sin 6 + i(cos O] sin 6, + sin 6 cos 6>)
= (cos 01 cos 6, —sin O sin B,) + i(cos O sin B, + sin 6] cos 65).
Comparing the real and imaginary parts lead us to the sum-to-product formula:
cos(0; + 6;) = cos 6 cos 6, — sin O sin 65,
sin(@; + 6,) = cos 0 sin B, + sin ) cos 6,.

Choosing 6; = 6, = 0 leads to the multiple angle formula. 1t is easy to obtain further generalization
by consider i(O1+0:+03) — 101,102,403 and 50 on. From this, it is easy to derive the product-to-sum

formula, for example,

cos(01 + 6) +cos(6; — 6,)
= cos 0 cos 0, — sin O sin 6 + cos O] cos(—6,) — sin O sin(—6,)

= c0s 0] cos 0 — sinBys1116; + cos 0; cos 0 + sin G416,

=2co0s 0 cosb.
The other three product-to-sum formula can be easily obtained by considering
cos(0) + 6,) —cos(0; — 6), sin(O) + 6,) +sin(0; — 6,), sin(6; + 6;) —sin(6; — 6,),

here we left the details for readers as an exercise.
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REMARK 1.2.6. When n = 3, the cross product x x y is defined by the formula
(1.2.2) x Xy := (|z||ly|sinO)n,

where 0 € [0, z] is the undirected angle between x and y given by Theorem 1.2.3 and nis a unit
vector perpendicular to the plane containing  and y, with direction as indicated in Figure 1.2.4

above. In fact, the cross product can be expressed as

T Xy = (xoy3 —x3y2)er + (x3y1 —x1y3)ez + (x1y2 —xoy1)es,
or sometimes we abuse the notation by writing

€1 € €3
rxy=det| x; x x3
yr oy2 y3

in terms of formal determinant. It is important to point out that | X y| is the area of the

parallelogram generated by the vectors « and y.

1.3. The Euclidean topology

1.3.1. Open sets. Before we further proceed, we first classify the sets in the Euclidean space.

In view of the norm given in Definition 1.1.2, it is natural to consider the following object:

DEFINITION 1.3.1. The (open) ball in R" (also known as n-dimensional ball or simply n-ball)
with radius » > 0 and centered at € R" is defined by

Br(z) :={x e R":|z| <R}.
In order to simplify the notations, we also denote Bg = Bg(0).
By using the above definition, we can classify the points in any set in R":
DEFINITION 1.3.2. Given any set S C R", we define the interior of S by
int(S) := {ax € S : there exists € = €(x) > 0 such that B¢(x) C S}.
The elements in int (S) are called the interior points.
DEFINITION 1.3.3. A set Q C R” is said to be open if and only if Q = int (Q).

REMARK 1.3.4. The empty set 0 is also an open set. An open set € contained z sometimes
called the neighborhood of z.

DEFINITION 1.3.5. The Euclidean topology on R" is the collection .7 consisting of all open
sets given in Definition 1.3.3, in other words,

T ={QCR":Q=int(Q)}.
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Here we consider the Zermelo—Fraenkel set theory. Roughly speaking, we view the subsets
in R" as “level-1” objects. The points in subsets in R" are viewed as “level-0” objects. The set
for which consists of other sets as a “level-2” objects are usually referred the collection — rather
than the term “set” — in order to distinguish them (for example the collection .7 mentioned in
Definition 1.3.5). We also remark that the set consists of collections (i.e. “level-2” objects) as a
superset, which is natural to be labeled as “level-3” object. We distinguish the notations “€” and

“C” as follows:

e We write € S for “level-0” object  (point) and for “level-1" object S (set); we write
Q € 7 for “level-1” object Q (set) and for “level-2” object .7 (collection); and so on.

e We write X C Y for two “level-1” objects X and Y (sets); we write .7 C % for two “level-
2” objects .7 and % (collections); and so on.

If we identify the notations “€” and “C” without introducing the concept of “levels”, the Russell’s

paradox exhibits the “set of all sets that do not contain themselves™:
{X:Xisasetand X ¢ X},

which is not allow in the modern/standard mathematical logic.

EXERCISE 1.3.6. Let .7 is the Euclidean topology on R”. Show that:

(a) O,R" e 7.
(b) Any arbitrary union of members of .7 belongs to .7.
(c) Any finite intersection of members of .7 belongs to .7.

In plain words, Exercise 1.3.6(b) means that: If {Qg}qea is any collection of open sets
then (Jyep Qo 18 also an open set. Here the index set A can be arbitrary abstract set, even may
uncountable. In plain words, Exercise 1.3.6(c) means that: If m is a given positive integer and
Qp,---,Q,, are open set, then ;" Q,, is also open. In fact, one can define other topology on R”,

but — for simplicity — here we only consider Euclidean topology throughout this lecture note.

EXERCISE 1.3.7. We define the closed ball By := {x € R" : |z| < 1}. Show that B; is not an
open set in R”.

EXAMPLE 1.3.8. Now we consider Q; = Bl+% for k € N. Note that {€ }ren is a collection of
open sets, but however we see that
() Q@ =By,
keN
which is not open by Exercise 1.3.7. This example suggests that the result in Exercise 1.3.6(c) is

already optimal.
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EXERCISE 1.3.9. Let —co < gy < by < 4o fork=1,---,n, and we define the open interval (or
open rectangle)

n
(1.3.1) [T a,br) == {2 = (x1,- ,x0) @ <xp <bgforallk=1,--- ,n}.
k=1

Show that [T}_, (ak, b) is an open set in R".

Let Q be a nonempty open set in R”. For each & € R”, there exists € = €(x) > 0 such that
Be(z) C €, thus we see that

Q= Be(a):

xeQ
which shows that each open set can be expressed as a union of open balls. In other words, we can

regard the collection of open balls as a topological basis' of the Euclidean topology.

EXERCISE 1.3.10. Let Q be a nonempty set in R". Show that the following are equivalent:
(a) Qis open;
(b) For each x € Q, there exists an open interval /(x) > « such that I(x) C Q.
(c) For each € Q, there exists an open interval /(x) > « such that Q = J o ().

The above exercise means that the collection of open interval is also a topological basis of the
same Euclidean topology.

1.3.2. Topological closed sets and closure of sets.

DEFINITION 1.3.11. A set F in R” is said to be topological closed if its complement st .=
R"\S={x cR":x ¢ S} is open.

REMARK 1.3.12. In this lecture note, we will keeping emphasizing the term “topological
closed” rather than simply say “closed” to prevent ambiguity with the below mentioned “closed
curved”.

EXERCISE 1.3.13. Let —oo < a < by < +oo fork=1,---,n, and we define the closed interval
(or closed rectangle)

n
(1.3.2) H[ak,bk] ={x=(x1, -, x)aq <xp < b forallk=1,--- ,n}.
k=1

Show that [T;_, [ax, bx] is a topological closed set in R”, but it is not an open set in R”.
From Exercise 1.3.6, we immediately see the following corollary.

COROLLARY 1.3.14.

(a) 0,R" are topological closed sets in R".

INot to be confused with the vector basis basis.
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(b) Any arbitrary intersection of topological closed sets is also topological closed.

(¢c) Any finite union of topological closed sets is also topological closed.

DEFINITION 1.3.15. A point € R" is called an adherent point of a set S C R" if
SNBe(x) #0 forall € > 0.
A point € R" is called a limit point (or accumulation point) of a set S C R" if

SN(Be(x)\{x})#0 foralle>D0.

EXERCISE 1.3.16. Let & € R" be a limit point of S C R". Show that for each € > 0 the set

SN Bg(x) contains infinitely many points of S.

The point & € R” mentioned in Definition 1.3.15 is not necessarily contained is S, therefore it

is meaningful to introduce the following definition:

DEFINITION 1.3.17. The closure of S is defined by
S:={x € R": x is an adherent point of S} .
The boundary dS of a set S is defined by
as = {:I: € R": Bg(x) NS # 0 and B () nst # 0 for all € > 0} :
The set of limit points of S is defined by (also known as derived set)
S":={x € R": x is a limit point of S}.
EXERCISE 1.3.18. Show that dS = S\ int(S) for all set S C R”.

It is easy to see that §' C S and S = SU S, therefore it is interesting to classify the points in
terms of the following definition:

DEFINITION 1.3.19. If € S but it is not a limit point of S, then x is called an isolated point
of S.

The following exercise demonstrates how Definition 1.3.15 generalizes the notion of “limit of
sequence/functions”.

EXERCISE 1.3.20. Determine all the limit points of the set {(x, f(x)) : x = % for some n € N}
if:
.1 .1 1.1
(@) f(x) =xsin—, (b)f(x)=sin—, (c)f(x)= —sin—.
x x X X

We now show the following important characterization for closed set in R".

THEOREM 1.3.21. A set S C R" is topological closed if and only if S = S.
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PROOF. We first assume that S C R” is closed. By the definition of S, it holds that S C S,
therefore it is suffice to show that S\ S = 0. Suppose the contrary that there exists x € S\ S. Since
ST is open, then there exists € = £(z) > 0 such that B¢(z) C S, in other words,

Bg(w)mS: @7

which contradicts with the definition of & € S. Therefore we conclude S\ S = 0 by using a
contradiction argument.
Conversely, we now assume that S = S. Let = € St = §E (i.e. = 1s not an adherent point of ),

which means that there exists € > 0 such that
SNBe¢(x) =0, inother words, Bg(x) C st.
By arbitrariness of « € SE, we conclude that SC is open, that is, S is closed. O
COROLLARY 1.3.22. For each S C R", its closure S is topological closed.
COROLLARY 1.3.23. A set S C R" is topological closed if and only if S D S’
1.3.3. Precompact sets.
DEFINITION 1.3.24. A set S C R" is said to be bounded if S C By for some R > 0.
In fact, all bounded sets are precompact, more precisely:

THEOREM 1.3.25 (Bolzano-Weierstrass, see e.g2. [Apo74, Theorem 3.24)). If a bounded set

S C R" contains infinitely many points, then there exists a limit point of S.

Since the proof of the Bolzano-Weierstrass theorem is quite technical, here we skip the details
there. Here we remind the readers that Bolzano-Weierstrass theorem holds true since R" is a finite

dimensional vector space and it is not possible to extend the result for infinite dimensional space?.

1.3.4. Compact sets.

DEFINITION 1.3.26. Let A be arbitrary abstract set. A collection of open sets {Q;) };ca is
called an open cover of a set S C R" if
SC U Q.;L.
AeA
An open cover {Q; },ca of S can be viewed as an approximation of S. One may try to find

Ao C A such that {€; }) ¢4, is still an open cover of S, especially when A is infinitely uncountable.
This leads the following definition.

kh-tuple

—~
2The set S := {(0,---,0, 1 ,0,0,---)}en is bounded in the space ¢? (“infinite dimension Euclidean space”), but
all points in S are isolated, thus S does not have a limit point in £2.
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DEFINITION 1.3.27. A set K C R" is said to be compact if and only if the following properties
hold true: If {Q;},ca is an open cover of K, then there exists a finite set Ag C A such that
{€22 }aen, is still an open cover of K.

We begin with the following trivial example.

EXAMPLE 1.3.28. Let S = {s1,---,sm} C R" be a finite set. Let {Q; }, 4 be any open cover
of S. Foreach k = 1,--- ,m, there exists A; € A such that

Sk € Q/lka

therefore we see that {Q, }7", is still an open cover of S. Hence we conclude that such set S is
compact.

EXAMPLE 1.3.29. The open interval (0,1) C R! is not compact: By considering the open cover
{(1/n,1)},en, we see that {(1/n, 1) },ca, must not be an open cover of (0, 1) for any finite subset
Ay C N.

However, it is not easy to verify whether a given set is compact or not using Definition 1.3.27

directly. By using the advantage that R" is a finite dimensional vector space, one has the following
property:

THEOREM 1.3.30 (Heine-Borel, see e.g. [Apo74, Theorem 3.31]). Let S be a subset of R". The

following are equivalent:

(a) S is compact.
(b) S is closed and bounded.

(c) Every infinite subset of S has a limit point and such limit point is an element in S.

The proof of the Heine-Borel theorem is quite technical, and therefore we do not exhibit the
details here. Again we remind the readers that the result cannot be extended for infinite dimensional
space, see e.g. the Arzela-Ascoli theorem [Rud87, Theorem 11.28] for continuous functions. In
general, the closed unit ball {x € X : ||x|| < 1} in infinite dimensional space X equipped with norm
|| - || need not to be compact (despite it is closed and bounded), see e.g. the Kakutani theorem for
reflexive spaces (see e.g. [Brell, Theorem 3.17]). See also the Banach-Alaoglu theorem (see e.g.
[Brell, Theorem 3.16]) regarding the compactness of the closed unit ball {x € X : ||x|| < 1}.

EXERCISE 1.3.31. Let {# (k) }en be a sequence of nonempty compact sets in R” such that
A > 2 5 ¢0G) 5 ... Show that MNken ¢ (%) =£ (. [Hint: consider the complement of .7 ().
Here we remind that R" is not compact.]

EXERCISE 1.3.32. Let {% (t)}te(o,l) be a collection of nonempty compact sets in R" such that
) C ) forall 0 <1y <1 < 1. Show that N,¢(g,1)-# ") # 0.
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1.3.5. Connected sets.

DEFINITION 1.3.33. Let S be any set in R”. A subset So C S is said to be relative open in S
if there exists an open set Q C R” such that So = SN Q. Similarly, a subset §; C § is said to be
relative topological closed in § if there exists a topological closed set F¥ C R” such that S =SNF.
A set S is said to be connected if the following holds:

if So C S is both relative open and relative topological closed in §

(1.3.3) then either So = 0 or So = S.

REMARK 1.3.34 (Relative open sets in open sets). If S is an open set (resp. topological closed
set) in R" and Sp C S, then Sy is open (resp. topological closed) in R” if and only if Sy is relative
open (resp. relative topological closed) in S. This can be easily see by the trivial set inclusion
So = S5NSp.

It is make sense to say that a set S is said to be disconnected if (1.3.3) does not hold. This means
that there exists @ # So C S

there exists @ # So C S such that
So 1s both relative open and relative topological closed in S.
In this case, if we define S := S\ S, it is easy to see that @ # S; C Sy is also both relative open

and relative topological closed in S. Therefore one see that Sy and S; are both disjoint (open)

components of S.
DEFINITION 1.3.35. We denote [x,y] the line segment with endpoints € R” and y € R”, that
is,
[,y ={ax+Py: a>0,>0,0+p =1}.
A polygonal line is a finite union of line segments of the form [xq, x| U [z, 2] U---Ulx,—1, 2,

REMARK 1.3.36. When n = 1, we see that Definition 1.3.35 is simply a closed interval in the

real line R.

LEMMA 1.3.37. Let Q be an open set in R". Then C is connected if and only if for any a,b €
there exists a polygonal line in C connecting a and b. We also called an open connected set a
region (when n = 2) or domain.

PROOF OF THE IMPLICATION “=" IN LEMMA 1.3.37. Let a € Q and let
A :={x € Q: there exists a polygonal line connecting a and x} .

It is clear that a € A, which shows that A # (. Given any & € A C Q, since Q is open, then there
exists € = €(x) > 0 such that B¢(x) C Q. Clearly any point in B¢(x) can be connected to x by

using a straight line, then any point in B¢(x) can be connected to a by a polygonal line. In other
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words, B¢(x) C A. By arbitrariness of & € A, we conclude that A is open in R”, and hence also
relative open in Q. Similar argument shows that Q \ A is also relative open in Q. This shows that A

is relative topological closed in Q. Since A # 0, then A = Q. U

Despite the implication “<=" sounds natural, but its proof is surprisingly technical (and require
some advance knowledge on connected sets). We will skip this part here. One can refer, for
example, my lecture note for complex analysis [Kow23] for a detailed proof.

REMARK 1.3.38. The above exhibits a standard argument when dealing with open connected
set:

(1) First show that the target set A (i.e. the set of the property which we wish to show) is
nonempty.

(2) Show that A is relative open.

(3) Show that Q\ A is relative open.

To show an open set is connected, one of course can try to construct a continuous path

In my opinion, even though Lemma 1.3.37 sounds natural, but in practical it is not convenient
to manipulate. The abstract definition in Definition 1.3.33 is much more convenient to use. The

following exercise exhibits a counter-intuitive example of connected set.

EXERCISE 1.3.39. Let S = S, US, where
1
S1={(x,y) €R? x=0}, S= {(x,y) eR? :x>0,y:sin—}.
X

Show that § is topologically connected (despite S1 NS, = 0). [Hint: Note that both S; and S, are
topologically connected. In order to show that S is topological connected, we need to show that S
(and S3) cannot be both relative open and relative closed in S. Note that Sy is closed in R2, and thus

it is relative closed in S. Therefore, one only need to show that Sy is not relative open in S.]
1.3.6. Convex sets. We begin with the following definition.

DEFINITION 1.3.40. A set C C R" is convex if the line segment (Definition 1.3.35) between
any two points in C lies in C, that is,

[®1,x2] CC forall xy,x; € C.

EXERCISE 1.3.41. Let A be an abstract index set (not necessarily countable) and let {Sq }qeca
be a collection of convex sets in R”. Show that the intersection ()ycp S¢ 1S convex.

EXERCISE 1.3.42. Let C be a convex set in R”, show that its closure C and its interior int(C)

are also convex.

EXERCISE 1.3.43. Let C; and C, be convex sets in R". Show that C| + G, =
{x+y:x €Ci,xy € Cr} is convex.
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EXERCISE 1.3.44. Let C; C R” and C, C R™ be convex. Show that C; X C; =
{(z,y): x| € C1,x; € Co} is a convex set in R" ™.

EXERCISE 1.3.45. Let C be a convex set in R” and let A € R™*" and b € R™. Show that the set
AC+b:={Ax+b:x € C} is aconvex set in R”.

DEFINITION 1.3.46. A point of the form 6yx| + --- + Oz, € R" with 6 +---+ 6, = 1 and
0, >0foralli=1,--- kis called a convex combination of the points x1,---,x; € R". The convex

hull of a set C, denoted as conv (C), is the set of all convex combinations of points in C.

A convex combination of points can be interpreted as a mixture or weighted average of the
points (with weights 6;). It is easy to see that

C is convex if and only if C = conv (C).

EXERCISE 1.3.47. Let S be any set in R”. Show that its convex hull conv () is identical to the

intersection of all convex sets containing S.

DEFINITION 1.3.48. A hyperplane is a set of the form {x € R" : a-x = b} for some normal
vector a € R"\ {0} and the offset parameter b € R.

A hyperplane divides R" into two half spaces:

DEFINITION 1.3.49. A (topological closed) half space is a set of the form {x € R" : a-x < b}
for some a € R"\ {0} and b € R.

We now state a theorem which is fundamental in convex optimization:

THEOREM 1.3.50 (Separating hyperplane theorem [BV04, Section 2.5.1]). Suppose that C and
D are nonempty convex sets in R" with CN\D = 0, then there exist a € R"\ {0} and b € R such
that

(1.3.4) Cc{xeR":a-x<b} and DC{xecR':a-x>Db}.

The proof sounds easy, but the proof is quite technical. It is important to mention that, by
assuming the axiom of choice, one can prove an analogue result for abstract spaces (‘“infinite
dimension space”), which is called the first geometry form Hahn-Banach theorem [Brell,
Theorem 1.6]. Despite this is a geometric result, but this has an analytic form [Brell,
Theorem 1.1], which is fundamental in functional analysis.

However, we see that the result in Theorem 1.3.50 is not good enough. For example, we choose
convex sets C = D = {0} and we see that C and D are separated in the sense of (1.3.4). This arises
the following question:
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QUESTION 1.3.51. Given any convex sets C and D in R", is it always possible to strictly
separate C and D by a hyperplane or not? More precisely, is it always possible to find a € R"\ {0}
and b € R such that

(1.3.5) Cc{xeR":a-x<b} and DC{xecR":a-x>b}
or not?

However, the answer of Question 1.3.51 even when both C and D are closed, see the following

exercise:

EXERCISE 1.3.52. Given an example of two topological closed convex sets C and D in R? with
CN D = 0 which cannot be strictly separated in the sense of (1.3.5). Justify your answers.

THEOREM 1.3.53 (Separating hyperplane theorem). Suppose that C and D are nonempty
convex sets in R" with CND = 0. If C is topological closed and D is compact, then there exist
a € R"\ {0} and b € R such that

Cc{xeR":a-x<b} and DC{xecR':a -x>Db}.
It is important to mention that, by assuming the axiom of choice, one can prove an analogue
result for abstract spaces (“infinite dimensional space”), which is called the second geometry form
Hahn-Banach theorem [Brell, Theorem 1.7]. This geometric result also leads analytic a result

[Brell, Corollary 1.8] which is fundamental to verify bases of abstract sets (for example the Fourier

series, see e.g2. my lecture note [Kow22]).

DEFINITION 1.3.54. Let S be a set in R” and let xo € dS. If there exists a € R"\ {0} such
that a-x < a-x for all x € S, then the hyperplane {x € R" : a-x = a - x(} is called a supporting
hyperplane to S at the point x.

We now state a basic result regarding the supporting hyperplane, which is readily proved from
the separating hyperplane theorem (Theorem 1.3.50):

THEOREM 1.3.55 (Supporting hyperplane theorem [BV04, Section 2.5.2]). If C is a nonempty

convex set in R", then for each xy € dC there exists a supporting hyperplane to C at xy.

Combining the above theorem with Corollary 1.3.14 and Exercise 1.3.41, we immediately
conclude the following corollary.

COROLLARY 1.3.56. A closed convex set in R" is the intersection of all (topological closed)

half spaces that contain it.
It is also interesting to mention a partial converse:

THEOREM 1.3.57 (A partial converse of supporting hyperplane theorem [BV04,
Exercise 2.27]). Let C be a topological closed set in R" such that int(C) # 0. If for each point
in its boundary dC has a supporting hyperplane, then C is convex.
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1.4. Limits and continuous functions

Let us consider the functions

2
fx)="forallx e R\ {0}, g(x)=xforallx€cR.
X

We see that f(x) = g(x) for all x € R\ {0} but f: R\ {0} - R and g: R — R are different
functions, since f is not well-defined at x = 0. Intuitively, they should be almost the same:
When x is “sufficiently close” to 0, then f(x) is an “approximation” of g(0) = 0. But, what is
the precise meaning of “sufficiently close” and “approximation”? We now quantify this intuition

by introducing the following concept.

DEFINITION 1.4.1. Let S be any subset in R” (not necessarily open), let g € S and let f :
S\ {zo} — R be a function.

(a) We say that limgs 5,4, f(2) = L for some L € R if the following holds: Given any € > 0,
there exists 8 = &(€) > 0 such that

(1.4.1) x € SNBs(xo) \{xo} implies |f(x)—L|<e.

(b) We say that limgsg g4, f (x) = +oo if the following holds: Given any M > 0, there exists
0 = 6(M) > 0 such that

x € SNBs(xo) \{xo} implies f(x)> M.

(c) We say that limgsg .z, f (x) = —oo if the following holds: Given any M > 0, there exists
0 = 6(M) > 0 such that

x € SNBs(xp) \{xo} implies f(x)<—M.

We say that the limit limgs g4, f () exists (sometimes we emphasize the limit exists in [—oco, +oo])
if either one of the (a), (b) or (c) above holds. We say that the limit limgs g4, f (x) exists in R if
the (a) above holds. If S is an open set, we simply denote

lim f(x):= lim f(x).

T—X0 Sax—x

The idea is: Lets find a third-party judge, which is absolutely fair, give a tolerance level € > 0
(€ 1s the Greek letter corresponding to English character “e”, which represents the “error”), we
then decide a reasonable distance 6 > 0 (9 is the Greek letter corresponding to English character
“d”, which represents the “distance”) depends on the tolerance error € given by the judge (and we
usually emphasize the dependence by writing § = §(¢€)). Similar philosophy appeared in the cases
(b) and (c) as well. We see that (1.4.1) can be rephrased as

x € SNBs(xo) \{xo} implies f(x) € Be(L),
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that is,
f(SNBs(xo) \{zo}) := {f(x) €R:SNBs(xo) \ {xo}} C Be(L).

LEMMA 1.4.2 (Basic properties of limits). Let S be any subset in R", let ¢ € S and let f, g :
S\{zo} = R be a function. If both limits limss g4, f(x) and limgs_,4, g(x) exist in R, then the
following holds true:

(a) Foreachc) € Rand cy €R, the limit limgs g, (c1f(x) +c2g(x)) exists in R and satisfies

lim (cif(x)+crg(x))=c; lim f(x)+c (x).

lim g
Ssx—xg SSx—xg Ssx—xg

() If f(x) < g(x) forall x € Q\ {xo}, then
lim f(z)< lim g(x).

Saz—x) Sdz—x)

(c) The limit limgsg—,q, f()g(x) exists in R and satisfies

i, f(@lg(e) = (tim, @) (tim e(@)).

Soz—x) Sdz—x) Soz—x)

(d) If we additionally assume that limgs gz, 8(x) # 0, then the limit limgs gz, % exists

in R and satisfies
bm f(:l:) _ thSa:%zvo f(il?)
Ssx—x( g(ZB) lim59m—>wo g(w)

REMARK 1.4.3. Some results above can be extended for limits in [—co, +oo], here we will not
going to point out all these details here. The main point here is one has to avoid the “indefinite

€¢ 009

form” such as “co —o0” or “=7.

Unfortunately, for the case when n > 2 there is no result which is analogue to the L" Hopital’s
rule which holds true when n = 1. In addition, one cannot define the notion “left” and “right”.
In practical, it is not easy to check that whether the limit exists or not. Here suggests another

perspective which may helpful.

DEFINITION 1.4.4. Let S be any subset in R”, let xp € S and let f,g: S\ {xo} — R be functions.
We define the limit superior or upper limit by

(1.4.2) limsup g(x) := lim sup g,
Sax—sa r=04 \ $nB,(z0)\{zo}

where lim,_,, is the right limit on R and

sup g =1inf{M € [—oo0,+o0] : M > g(a) for all x € SNB,(x9) \ {xo}}
SNB,(xo)\{xo}
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where the infimum can be understood in terms of Lebesgue measure. Similarly, we define the limit
inferior or lower limit by
1.4.3 liminf g(x) := lim inf ,
( ) Saw%mog( ) r—04 (SﬂBr(mg)\{:co}g>
where lim, 0, is the right limit on R and
inf  g=sup{M € [—oco,+oo] : M < g(x) for all x € SNB,(xo) \ {x0}}-
SNBy (o) \{zo}
If S is an open set in R”, we simply denote
limsupg(x) := limsup g(x) and liminfg(x):= liminf g(x).
r—T) Ssx—x T—TQ Ssx—x

One sees that the mapping

V= sup g
SNB(x0)\{zo}

is monotone non-increasing, therefore the right limit (1.4.2) always exists in [—oo, +o0]. Similar
arguments shows that the right limit (1.4.3) always exists in [—oo, 40| as well. It is worth to

mention the following result:

THEOREM 1.4.5. Let S be any subset in R", let xy € S and let : S\ {xo} — R be a function.

(@) Iflimgsg a0, f () exists in [—oo,+ool, then

(1.4.4) limsup g(x) = liminf g(x) = lim f(x).

Ssz—x) Soz—xg Soz—x

(b) Iflimsupgs, 0 g(x) = liminfssg 2y g(x), then limgsga, () exists in [—o0, 4-00| and
(1.4.4) holds.

EXERCISE 1.4.6. Prove Theorem 1.4.5.

In order to simplify our statements, here we emphasize the difference between the term “near”

and “at”.

DEFINITION 1.4.7. Let S be any subset in R”, let g € S and let f: S\ {x¢o} — R be a function.
We say that a certain property of f holds for all x € S\ {x(} near x if there exists & > 0 such that
the property of f holds true for all x € SNBg(xo) \ {xo}-

Here we emphasize some basic properties of limits (Lemma 1.4.2) cannot directly extend for
limit superior/inferior. We exhibit basic properties for limit superior/inferior in the following

exercise.

EXERCISE 1.4.8. Let S be any subset in R”, let zyp € S and let f,g: S\ {xo} — R be functions.
(a) Show that

limsup (f(x) + g(x)) < limsup f(x) + limsup g(x).

So>x—x Ss>x—x Ssx—ag
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(b) Show that
liminf (f(x)+g(x)) > liminf f(x)+ liminf g(x).
Soz—x) Soz—x) Sax—xg

(c) If limgsp—sz, g(2) exists in R, show that

limsup (f(x) + g(x)) = limsup f(@) + _lim g().

Ssx—xg S>x—x Ssx—ag
liminf (f(x) + g(x)) = liminf f(x)+ lim g(x).
SSx—xg SSx—xg Ssx—ax)

(d) If f(x) < g(x) forall ¢ € S\ {xo} near® xo, show that

limsup f(x) < limsupg(x) and liminf f(x) < liminf g(x).

Sax—x) Ssx—x) S>x—1( Ssx—x0
(e) If f(x) >0 and g(x) > 0 for all & € S\ {zo} near* x(, show that

limsup f(x)g(x) < (limsup f(a:)) (hmsup g(az)) :

So>z—x Sax—axg Soz—x)

(f) If |f(x)| < M for all € S\ {xo} near’ xy and limgsg 4, g(x) exists in R with
limgsg—s2, 8(x) > 0, show that

limsup f(x)g(x) = <limsup f(a:)) ( lim g(az)) :
S>x—ax S>x—rx Ss>z—x)

In the particular case when g(a) = ¢ > 0 for all for all € S\ {x(} near x(, we reach

limsup ¢f(x) = climsup f(x).

Ssx—x Ssz—x)

EXERCISE 1.4.9 (Squeeze theorem). Let S be any subset in R”, let xg € S and let f,g1,g> :
S\ {zo} — R be functions. If

g1(x) < f(x) < gx(x) forallxz e S\ {xy} near x,
and both limgs g2, g1(2) and limgs 44, g2() exist with
lim gi(x)= lim gy(x),
Ssx—xg Ssx—ax

show that limgs 4, f () exists and

lim f(x)= lim gi(xz)= Ilim g(x).
So3z—x) Sod3z—x) Sd3z—x)

3There exists § > 0 such that f(x) <g(x)forall z € SNBs(xo) \ {xo}.
“There exists § > 0 such that f(z) > 0 and g(z) > 0 for all & € SN Bs(zo) \ {0}
SThere exists & > 0 such that |f(x)] <M forall x € SNBs(xo) \ {xo}-

) <
) >
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It is helpful to see that limgsz .4, f(x) = L € R if and only if

limsup |f(x)—L| =0,

Sax—xg

and we can estimate | f(x) — L| using triangle inequality, which is much convenient in practical.

DEFINITION 1.4.10. Let S be any subset in R” (not necessarily open) and let f: S — R be a

function. We say that the function f is continuous at g € S if

(1.4.5) lim f(x) = f(xo).

S>x—x)
(a) We say that the function f is continuous near x € S if there exists 6 > 0 such that the
function f is continuous at all points in SN Bg(xo).
(b) If f is continuous at all points in S, then we simply say that the function f : S — R is
continuous, and we denote f € C(S).

EXAMPLE 1.4.11. Let n =1 and let f : [0,1] — R be a continuous function. At the endpoint
x = 0, we see that

f(0) = lim f(x),

)C‘)OJr

while at the endpoint x = 1, we see that

f(1) = lim f(x),

x—1_

where lim,_,; _ denotes the left limit.

Similar to Definition 1.4.7, we again emphasize the difference between the terms “near” and
“at”:

DEFINITION 1.4.12. Let S be any subset in R", let p € S and let f: S — R be a function.
We say that a certain property of f holds for all € S near x if there exists 6 > 0 such that the
property of f holds true for all x € SN Bg(xo).

It is important to observe the following:

EXERCISE 1.4.13. Let S be any subset in R” (not necessarily open) and let f: S — R be a
function. Show that the following are equivalent:
(a) the function f : S — R is continuous;
(b) for each open set I in R, the preimage f~!(I) := {x € S: f(x) € I} is relative open in S.
(c) for each topological closed set I in R, the preimage f~!(I) := {x € S: f(x) €I} is
relative topological closed in S.

EXERCISE 1.4.14. Let S be a connected subset in R” and let f € C(S). Show that f(S) is a
connected subset in R”.
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EXERCISE 1.4.15. Let K be a compact subset in R” and let f € C(K). Show that
f(K):={f(x)eR:x €K}
is a compact subset in R” and there exist yax € K and x,j, € K such that
f(®max) > f(x) > f(Xmin) forallx € K.

(Hint. The first result can be proved by using the definition of compact sets, while the second result

can be proved using Exercise 1.3.32.)

EXERCISE 1.4.16. Construct a topological closed set ' in R and a function f : F — R such
that f(F) is not closed in R.

EXERCISE 1.4.17. Let S be any set in R”, and we define the distance function dist(-,S) : R” —
R>0 by
dist(x,S) := inf |x —y| forall z € R".
yeSs

Show that dist (-, S) : R" — R is 1-Lipschitz continuous, that is,
|dist (x1,S) —dist(x,,S)| < |x] — x| forall x,x; € R".

EXERCISE 1.4.18. Let K be a compact subset in R” and let F' be a topological closed subset in
R If KNF = @, show that

dist (K, F) := meli{ngeF |z —y| > 0.

EXERCISE 1.4.19. Construct two topological closed subset Fj and F; in R” such that F{NF, =0
but dist (F],Fz) =0.

It is also interesting to mention the following theorem, which is a consequence of Urysohn’s

lemma:

THEOREM 1.4.20 ([Rud87, Tietze’s extension theorem]). Let K be a compact subset of R"and
let f € C(K). Then there exists an F € C(R") such that

supp (F) :={x € R": F(x) # 0} is a compact set in R"
and F(x) = f(x) for all x € K.

We finally end this section by exhibit an example to illustrate that, even in the one-dimensional
space, the function can have a complex geometry.

EXAMPLE 1.4.21. We consider the function (it is not possible to plot the function)

Jifx=2¢€(0,1)NQ,q>0,gcd(p,q) =1,

1
(1.4.6) f:(0,1) =R, f(x)=¢ 1
0 ,ifxe(0,1)\Q.
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In view of Theorem 1.4.5, it is easy to show that f is not continuous at all x; € (0,1) NQ, since

liminf f(x) =0 < f(x1).

X— X1

We now show that f is continuous at all xp € (0,1)\ Q. Since f(x) > 0 for all x € (0,1) and
f(x0) = 0, it is suffice to show limsup,_,, f(x) = 0. For each integer g € N, we define the set of
rational number with denominator at most g, that is,

1

1 1
=ZU-ZU-ZU---U-Z.
2 2 3 q

One sees that (0,1) NQy is a finite set, i.e. there are only finitely many points in that set. Since
x0 € (0,1)\ Q, then

dist(xp, (0,1)NQ,) = xe(gqli)r;@ |x —xo| > 0.
) q

This means that, if we define
I .
rg = Edlst(X(), (0,1)NQy),
we see that the set B, (xo) \ {xo} only consists of rational number with denominator > g + 1,

therefore |
sup < ——.
By(o)\fo}  4t1

Hence, we see that

1
limsup f(x) = li%l ( sup f) < sup f< ] for all g € N.
X% 0 \Br(x0)\ {xo} Bry(xo)\fo} 47T

Since the left hand side is independent of g, by arbitrariness of ¢ € N, we now conclude that
limsup,_,,, f(x) =0, and hence f is continuous at xp € (0, 1)\ Q. We have showed that the function

f given in (1.4.6) is continuous at each irrational point, but discontinuous at each rational point.

1.5. Paradoxical spaces: Wada’s lakes

The main theme of this section is to exibit a counter-intuitive example in R2, called the
Wada’s lakes. These examples were first introduced by Yoneyama [Yon17], which is similar to
the construction by Brower [Brol0]. Here we will follow the approach in the Wikipedia page
(https://en.wikipedia.org/wiki/Lakes_of_Wada).

The simplest version of the Wada’s lakes are three disjoint connected open sets in the
topological closed unit square Sy := [0,1] x [0,1] C R? with the counter-intuitive property that
they all have the same boundary. Begin with a closed unit square Sy of dry land, we dig 3 lakes

according to the following rule:

e On kP day (k € N), we extend the m™ lake (where m = k mod 3) so that it is open and

connected and passes within a distance 1/k of all remaining dry land.


https://en.wikipedia.org/wiki/Lakes_of_Wada
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--E

(A) 1% day (B) 2" day (c) 3" day

=]

(D) 4" day (B) 5" day

FIGURE 1.5.1. First 5 days of the construction of Wada’s lakes: ZX H 5K, CCO,
via Wikimedia Commons

e This should be done so that the remaining dry land S; remains homeomorphic to a closed
unit square [0, 1] x [0, 1] € R? (i.e. there exists a continuous bijective function ¢y : Sy — So
such that its inverse ¢, L8y — Sy 1s also continuous).

REMARK 1.5.1. By using Exercise 1.4.14 and Exercise 1.4.15, since Sy is connected and
compact, then the remaining dry land S; at the k™ day also must be connected and compact.
Roughly speaking, the remaining dry land S at the k™ day can be understood as a corridor of
width < 1/k.

From the construction, it is easy to see that Sy, C Si. After an infinite number of days, the

Seo:= 1) Sk,

keN
which is nonempty by Exercise 1.3.31, and the remaining dry land S.. is exactly the boundary of

each of the 3 lakes.

remaining dry land is given by

EXAMPLE 1.5.2. The first 5 days might be (see Figure 1.5.1):
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(1) On 1% day (k = 1), we dig the 1% lake (m = 1, in blue) of width 37! passing within 37'v/2
of all dry land, and the remaining dry land is S;.

(2) On 2™ day (k = 2), we dig the 2" lake (m = 2, in red) of width 372 passing within 372v/2
the dry land Sy, and the remaining dry land is S,.

(3) On 34 day (k = 3), we dig the 3" Jake (m = 3, in green) of width 373 passing within
3731/2 the dry land S», and the remaining dry land is S3.

(4) On 4t day (k = 4), we extend the 1% lake (m = 1, in blue) by a channel of width 34
passing within 37%1/2 the dry land S3, and the remaining dry land is Sj.

(5) On 5™ day (k = 5), we extend the 2" lake (m = 2, in red) by a channel of width 37>
passing within 37>1/2 the dry land Sy, and the remaining dry land is Ss.

On k™ day, we extend the m™ lake (where m = k mod 3) by a channel of width 37 passing within
37%\/2 the dry land Sj_;, and the remaining dry land is Sj.

REMARK 1.5.3. A variation of this construction can produce a countable infinite number
of connected lakes with the same boundary: Instead of extending the lakes in the order
1,2,3,1,2,3,1,2,3,--- as described above, extend them in the order

1,1,2,1,2,3,1,2,3,4,1,2,3,4,5,---.

1.6. A paradoxical set: the Cantor ternary set

The Cantor ternary set C C [0, 1] is created by iteratively deleting the open middle third from a

set of line segments. First of all, we delete the open middle third (%, %) from the interval Co = [0, 1],

-l ]

Next, the open middle third of each of these remaining segments is deleted, leaving four line

1 21 27 8
=050 53] [35] 5]

and so on. This construction is equivalent by the following recurrence relation:

1 2 C_ 1 2 x
C()Z:[O,l], CkZ:§Ck—1U(§+%)E{§XU(§+§>:XGCk—l}-

One sees that Cy are nonempty compact sets with C; C C_ for all k € N. Therefore we can use

leaving two line segments

segments

Exercise 1.3.31 to guarantee the Cantor ternary set
C:=)Ck
keN

is a nonempty compact set. Since the Cantor set is defined as the set of points not excluded, the

proportion (more precisely, the Lebesgue measure) of the unit interval remaining can be found by
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FIGURE 1.6.1. The Cantor function ¢ : [0,1] — [0,1]: CantorEscalier.svg:
Theonderivative work: Amirki, CC BY-SA 3.0, via Wikimedia Commons

total length removed. This total is the geometric progression

izk_l LY,
k:03k+1_3 1_% o

so that the Lebesgue measure (“total length™) of C is zero. On the other hand, we see that (this is

not obvious)

C:{Zcﬁ_i:ciE{O,Z}},
i=1

and this shows that C is uncountable, and in fact its cardinality is equal to R (this is not obvious
as well). That is, the cantor set C is “small” in terms of Lebesgue measure, but “large” in terms of
cardinality.

The Cantor function ¢ : [0, 1] — [0, 1], is defined by (see Figure 1.6.1)

® Yo a2~k X=Y7 2a;37% € C forq € {0,1},
c(x) :=
Supyﬁx,yecc(y> X € [Oa 1] \C

Note that ¢(0) =0, ¢(1) =1, 0 < ¢(x) <1 for all x € [0,1] and ¢ is a monotonic nondecreasing
continuous function on [0, 1]. Note that ¢ is locally constant in each component of [0, 1]\ C, an
immediate consequence shows that the derivative ¢’ of ¢ is equal to zero for all points, except a
measure zero set, in [0, 1]. This exhibits a counterexample for the fundamental theorem of calculus
for Lebesgue measure if we do not impose any additional assumption. In fact, the fundamental
theorem of calculus only holds if and only if the function is absolute continuous function [WZ15,
Theorem 7.29].
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1.7. Pompeiu conjecture for convex domains

Let D be a nonempty bounded convex domain in R” (n > 2) with Lipschitz boundary dD. Let
¥ denote the set of rigid motions of R" onto itself. In other words, each transformation ¢ € X is
exactly the rotation with respect to the origin and then followed by a translation.

DEFINITION 1.7.1. We say that D has the Pompeiu property if and only if the only continuous

(complex-valued) function f defined on R” for which

(1.7.1) / f(@)de =0 forall 6 €%,
o(D)
is the trivial function f =0, where o(D) := {o(x) € R" : x € D}.

Note that o(D) is convex since D is convex. It was known that balls do not have the Pompeiu
property, that is, there exists a nontrivial continuous function f such that (1.7.1) holds. The well-
known Pompeiu problem [BK82, Pom29, Wil76, Wil81] asks whether only balls do not have the
Pompeiu property. Despite this problem sounds apparent easy, but actually this problem is still
open until today (even for the case n = 2 and n = 3 the problem is still not fully answered yet).

Indeed the assumption in Pompeiu problem is equivalent to the existence of a function v solving
the free boundary problem

(1.7.2) (A+k*)v=xpinR", v=0 outside D

for some k > 0, where A=Y _, 8,3 is the Laplacian and

1 ,xeD,
Xp(x) = ,
0 otherwise,
see [Wil76, Wil81]. The partial differential equation (1.7.2) is understood in distribution sense (see
e.g. [Kow22, Kow24c] for more details). It was also showed in [KLLSS24] that the assumption in

Pompeiu problem is equivalent to that D is a null k-quadrature domain for some k > 0, that is,
/ w(xz)de =0 forallw e L (D) with (A+k*)w=0inD,
D

where the Helmholtz equation (A + k?)w = 0 in D is understood in distribution sense.

It is worth to mention that the assumptions in Pompeiu problem guarantees that dD is analytic
[Wil81]. An explicit example is given in [KS24, Example A.2], and the appendix in that paper also
explains the difficulties of this problem.

This conjecture demonstrates that the study of geometry in Euclidean space also related to
partial differential equations. Hope that one of you can solve this conjecture in the future (either

prove it or construct a counterexample), good luck!


https://www.scilag.net/problem/G-180522.1

CHAPTER 2

Regular lines in Euclidean space

2.1. Some explicit examples of curves in plane

Before we begin our discussions, let us first exhibit some examples of curve in the plane. One
can refer the Wikipedia page (https://en.wikipedia.org/wiki/List_of_curves) for a list

of curves as well.

FIGURE 2.1.1. The butterfly curve (https://www.geogebra.org)

EXAMPLE 2.1.1. The butterfly curve [Fay89] can be described by the following parametric
equations:
1
x(t) = sint (e“’“ —2cos4r — sin® <ﬁ)>
t

y(t) = cost <ec°St —2cos4t — sin® <E>)

for 0 <t < 12, or by the polar equation

: 20 -1
sin 6 2.5
r e 2.cos 4+ sin ( ) s

see Figure 2.1.1 for a plot, see also [GKO08] for further discussions.

31
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FIGURE 2.1.2. Roses corresponding to some k = 5 with n,d € N: Jason Davies,
CC BY-SA 3.0, via Wikimedia Commons

EXAMPLE 2.1.2. A roses [CR61] are sinusoid curves described by the parametric equations:
x(0) =acos(kB)cos 6,
y(0) =acos(k6)sin6,
with k € Q~, or by the polar equation
r=acos(k),

see Figure for plots of some values of k € Q.

32
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FIGURE 2.1.3. The first 6 iterations of the construction of Hilbert’s space filling
curve: User:Braindrain0000, CC BY-SA 3.0, via Wikimedia Commons

EXAMPLE 2.1.3 (Hilbert’s space filling curve). We now sketch the construction of Hilbert’s
space filling curve as in Wikipedia page (https://en.wikipedia.org/wiki/Space-filling_
curve), see Figure 2.1.3. Let C denote the Cantor set in [0, 1] and let ¢ : [0, 1] — [0, 1] be the Cantor
function described in Section 1.6. We now consider the injective continuous function ¢ : C x C —
[0,1] x [0, 1] defined by ¢ (x,y) := (c(x),c(y)) for all x,y € C. By using the fact that there exists a
homeomorphism y : C = C x C (i.e. ¥ :C — C is a continuous bijection such that its inverse is

also continuous), we now consider the injective continuous function
poy:C—[0,1]x[0,1].

We now use the Tietze extension theorem (Theorem 1.4.20) to see that there exists a continuous
function

y:[0,1] — [0,1] x [0,1]
such that y(x) = ¢ o y(x) for all x € C, which is is injective, and this is our desired space filling
curve (which is not self-intersecting). One also can take a look on Osgood curve as well, see e.g.
the Wikipedia page (https://en.wikipedia.org/wiki/Osgood_curve).

The above examples (Example 2.1.1, Example 2.1.2 and Example 2.1.3) show that the curve in
a plane can be quite complicated. The study the geometry of Euclidean space is not just plotting
lines, but we are interested in mathematical analysis as well, so that we can connect these objects
with practical applications. Since this is just an introductory course, we will not going to explain

their applications, instead, we will focus on basic mathematical aspects.


https://en.wikipedia.org/wiki/Space-filling_curve
https://en.wikipedia.org/wiki/Space-filling_curve
https://en.wikipedia.org/wiki/Osgood_curve

2.2. STRAIGHT LINES AND REAL PROJECTIVE SPACE 34
2.2. Straight lines and real projective space

We now discuss a fundamental geometric object in R"*!, which is called the straight line in
R (here n = 1,2,3,---). We are particular interested in the straight line L C R"*! of the form

(2.2.1) L=[v]:={xz¢c Rz =rv,re R} for some v € R™1\ {0}.
Since [v] = [awv] for all @ € R\ {0}, we see that the line (2.2.1) can be represented as
L=[v] forsomeveS":={v eR™ v = 1}.

DEFINITION 2.2.1. [Leel3, Example 1.5] The n-dimensional real projective space RP" is
defined as the collection of all straight lines pass through the origin.

For each straight line passing through the origin L € RP", there exists v € R**!\ {0} such that
L = [v]. Consequently, there exists i = 1,--- ,n+ 1 such that v; # 0. Now let
U= {v ER”+1\{O}:vi7éO}, U= {[v] e RP": v € U;}.

Now the mapping

Y Y Y

Vi Vi—1 Vit+1 Vn+1

. n _

;U —=R", @i[vi, Vie1,Vi,Vigt, v = | —,
Vi Vi Vi Vi

is well defined because its value is unchanged by multiplying v by a nonzero constant. In fact,
¢ Ui — U; is bijective and its inverse function is given by

—1 .77 —1 _
(pi 'Ui_>Ul'7 (Pi (x1,~~,xn)—[x1,~~-,xi_l,l,xi+1,~-~,xn]

as you can check. This shows that RP” is actually covered by {Uy,--- ,U,1}, and indeed each U;
is simply characterized by some open set U; C R"*! through the mappings ¢;. In facts, it is also
possible to define open subsets of RP", that is, one can define a topology of RP” from Euclidean
topology (called the quotient topology). Accordingly, we say that ((pfl,U,-) is a chart of RP". In
fact RP" is compact with respect to this topology (despite R"*!\ {0} is not compact with respect
to Euclidean topology), in other words,

RP" is a compact smooth manifold without boundary.

Since this is an introductory course, we will not going too far beyond this point.
Not only the topological/manifold structure, the real projective space RP" also has algebraic
structure. Let SO(3) be the collection of all rotation operation about the origin in R”. In fact, each

rotation operation can be uniquely represented by a matrix R € R3*3 with
det(R)=1, R '=RT,

where det : R3*3 — R is the determinant and and R~! (resp. RT) is the inverse (resp. transpose)

matrix of R: Given a vector v € R?, then the matrix multiplication Rv is the rotated vector. It is
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interested to mention that there is a one-to-one correspondence between RP* and SO(3): More
precisely, this one-to-one correspondence is a diffeomorphism (i.e. the mapping itself and its
inverse are C* mapping) by suitable giving a topology/manifold structure on SO(3). In addition,
SO(3) admits a group (algebraic) structure and it is in fact a Lie group, therefore we call SO(3)
the group of rotation. Therefore, it is possible to pass the group structure of SO(3) to RP3, Again,

since this is an introductory course, we will not going too far beyond this point.

2.3. Parameterized line

As we saw the space filling curve in Example 2.1.3 above, even the lines in R? can be extremely
complicated. This is due to the lines are “folded”. One way to avoid the line to be “folded” is to

consider “smooth/differentiable” curve. We introduce the following definition as in [dC76]:

DEFINITION 2.3.1. A parameterized differentiable curve is a differentiable map o : I — R” of
an open interval I = (a,b) C R.

Despite the above definition sounds easy, now we exhibit two examples to show that there is
actually no direct relation between the analytic properties of the curve (the differentiability of the
mapping «) and the geometric properties of the curve (1) := {«(t) e R" : ¢t € [ }:

EXAMPLE 2.3.2. The astroid, which is smoothly parameterized as
x(t) = cos®(r), y(r)=sin’(r), (0<t<2n)
has four “folded” points (four outward cusps), see Figure 2.3.1.

EXAMPLE 2.3.3. The heart, which is smoothly parametrized as

| 13 5 1 1
x(t) 5 sin (1), y(t) % cos(t) n cos(2t) 16c0s(3t) % cos(4t), (0<t<2m)
has two “folded” points (one inward cusp and one outward cusp), see Figure 2.3.1. This example

was found in Wolfram Mathworld, and also has been used as an example in [KW21].

FIGURE 2.3.1. Example 2.3.2 & Example 2.3.3 (https://wuw.geogebra.org)


https://www.geogebra.org
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REMARK 2.3.4. On the other hand, it is possible that a smooth curve has a non-
smooth/nondifferentiable parameterization: For example, the straight line x = y also can be

parameterized as
x(t) =y(t) =13, forallr e R.

The above discussions explain the difficulty to guarantee that the curve remains “unfolded”,
therefore we still follow the notions in Definition 2.3.1 despite this goes against our intuition, at
least Definition 2.3.1 rules out the situation described in Remark 2.3.4.

EXERCISE 2.3.5. Let & : I — R" be a parameterized differentiable curve which does not pass
through the origin. If there exists #o € I such that () is the closest point to the origin, show that

a(l‘o) . a/(l‘o) =0.

EXERCISE 2.3.6. Let o : I — R" be a parameterized differentiable curve with o/(¢) # 0 for all
t € I. Show that |«(t)| is a nonzero constant if and only if a(¢) - a/(r) =0 forall ¢ € I.

DEFINITION 2.3.7. Let o : I — R" be a parameterized differentiable curve. For each ¢t € 1
where o/ (t) # 0, we define the tangent line to « at t by

(@) +ea() ={z+al) eR":z e (1)]},
where [a/(r)] € RP" ! is the straight line passing through the origin is given by (2.2.1).

It is still possible to have tangent line even when «'(t) = 0. For example, we consider the

parabolic curve

x(t

)=17, y(t) =t
according to Definition 2.3.7, we see that (x
[

’(O) '(0)) = (2¢,1)],=0 = (0, 1), which means that the
tangent line at (x,y) = (0,0) is given by [(0, 1)]. One sees that the parameterization

x() =15 yit)=t

produces the exactly same curve (and thus the same tangent line), but with (x'(0),y'(0)) =
(61°,3t%)|;—0 = (0,0). This shows that the the tangent space may exists even the parameterization
degenerated, and the way of choosing parameterization is actually important. The following
definition suggests us to choose a “good” parameterization in order to guarantee the geometry

properties is correctly reflected by analytic representation.

DEFINITION 2.3.8. A parameterized differentiable curve o : I — R" is called a regular Ck-

curve if all its derivatives of order < k are continuous and o/ (r) # 0 for all 7 € I.

From now on, we will only consider the curves satisfying Definition 2.3.8, and we say that
acurve o : I — R" is regular if it is a parameterized differentiable regular curve in the sense of
Definition 2.3.8.
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DEFINITION 2.3.9. The arc length of a regular C'-curve o : I — R” from #o € I is defined by
t
s(t):= [ |&/(¢)|de.
fo

REMARK 2.3.10. Here the arc length is oriented. One sees that s(¢) < 0 when ¢ < f.

By using fundamental theorem of calculus (see e.g. [Kow24a]), one sees that s : I — R is
differentiable with s'(r) = |/ (¢)| for all r € I. If a : I — R" is a regular curve, one has s'(r) > 0
for all ¢ € I, which shows that s :  — R is strictly increasing. By writing 7 := s(I) C R, we see that
s : 1 — I is bijective. We slightly abuse the notation by denote its inverse by ¢ = #(s), which maps
from s(I) onto I. Now using the chain rule, we see that

d dr (1)

o B _ o)
a5 (@O = Ol g; = T

t=t(s) (1))

)

t=t(s)

which implies that

% (ali(s))

From now on, we will slightly abuse the notation by writing

=1 forallsel.

a(s) :=a(t(s)) forallscl,
and the above discussions showed that |/ (s)| = ‘%(a(t(s)))‘ =1forallsel

DEFINITION 2.3.11. Let a : I — R” be a regular Ck-curve. If |&/(s)| = 1 for all s € I, then we
say that o : I — R is parameterized by arc length.

FIGURE 2.3.2. Helix given in Example 2.3.12 (https://www.geogebra.org)

EXAMPLE 2.3.12. We consider the helix (see Figure 2.3.2) described by the parameterization
a(t) = (x(r), (1), 2(¢)) with

x(t) =4cost, y(t)=4sint, z(t)=73t.


https://www.geogebra.org
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We compute that

/()| = \/|X’(t)|2 +Y(OP+Z@)P =5 forallzeR
which shows that o : R — R” is a regular curve. By solving the ODE
(2.3.1) s(t) = |d/(t)], s(0)=0,

we see that the unique solution (by the fundamental theorem of ODE, see e.g. [Kow24b]) is given
by s(¢) = 5¢. Its inverse function is given by

s
t —
(S) 5 )
and thus we see that the helix can be parameterized by arc length as follows:
3
x(s) = 4cos (g) , Y(s) =4sin <§> , z2(s) = ?S for all s € R.

Of course, the parameterization is not unique: if we replacing the initial condition s(0) = 0 in
(2.3.1) by another one still gives an arc length parameterization. So we can choose this wisely to
simplify the formula.

T, y
Se .
e,
~\

FIGURE 2.3.3. Twisted given in Example 2.3.13 (https://www.geogebra.org)

EXAMPLE 2.3.13. We consider the twisted cubic (see Figure 2.3.3) described by the
parameterization a(t) = (x(¢),y(t),z(¢)) with

We compute that

&/ (1)| = \/|x’(t)|2+|y’(t)|2+|z’(t)|2 =\ 1+42+4r* =142> forallr € R

which shows that o : R — R” is a regular curve. By solving the ODE

s(t) = lo/(2)], s(0) =0,


https://www.geogebra.org
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we see that the unique solution (by the fundamental theorem of ODE, see e.g. [Kow24b]) is given
by s(t) =1+ %t3. We see that s : R — R is strictly increasing, and thus there exists a unique inverse
function? : R — R of s : R — R. In fact, the inverse function reads

1 V/ V95242 — 35
t(s) = ; - e for all s € R,
V2/ V952 +2 —3s 2
and thus the arc length parameterization of the regular curve reads
5 1 V/ V95242 — 35
x(s) = = )
V2V/VOsT 2 3s 22/
2
(5 1 V V952 +2 —3s
y\s) = - 9
V2V V952 +2 - 3s 22/3

3
(s) = 2 1 V952 +2-3s
3\ V2V V05T +2-3s 221 |

This example shows that, despite the arc length is sometimes convenient to prove some results, but
it explicit representation can be extremely complicated, and in general we do not expect to write
down an explicit formula of arc length parameterization.

2.4. Curvature of a line

DEFINITION 2.4.1. Let o : I — R”" be a regular C?-curve which is parameterized using arc
length s € I (i.e. |&/(s)| = 1 for all s € I). The curvature x(s) of o at s is defined by

k(s) :=|a"(s)|.

EXAMPLE 2.4.2. We consider the helix in Example 2.3.12, which parameterized using arc
length:

x(s) = 4cos (%) ,  y(s) =4sin (%) , z2(s) = ? for all s € R.

One computes that
4 s 4 ) 3
! = ——si — / = — — / — —
x(s) = 55111(5), Y (s) 5COS<5>, Z (s) 5 forall s € R
as well as

4 4
K (s) = — 55 Cos (%) , Y'(s)= ~5s sin <§> , Z'(s)=0 forallsecR.

Then its curvature is given by

4
— /! 2 /! 2 7 2
K(s) = \/|x P+ ')+ 1" (s)|> = 53 for all s € R.
Since 1 = |a/(s)|? = a/(s) - /(s), then

0= (/(s)-/(s)) =2 (s)- " (s),
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which shows that for each s € I the vector &’ (s) is orthogonal to the unir tangent vector given by
t(s) :==/(s).

Thus it is natural to introduce the unit normal vector by

o 0 o = 9

when x(s) # 0.

2.5. Fundamental theorem of the local theory of curves in R>

‘We now restrict ourselves for the case when n = 3.

DEFINITION 2.5.1. We now consider the cross product given in Remark 1.2.6 to define the

binormal vector by
b(s) :=1t(s) x n(s),
so that we see that, for each s € I, the Frenet trihedron
(2.5.1) {t(s),n(s),b(s)} forms an orthogonal basis of R>,
that is:
t(s)l = [n(s)] = [b(s)| =1, t(s) n(s) =n(s) b(s) = b(s) - t(s) =0
and most important:

Each v € R? can be uniquely expressed as

v = (v-1(s))t(s) + (v-n(s))n(s) + (v - b(s))b(s).
Note that P v 1= (v-¢(s))t(s) and Fp, (v := (v-n(s))n(s) as well as Py v := (v - b(s))b(s)
are the projections of v in the straight line [t(s)] € RP? and [n(s)] € RP? as well as [b(s)] € RP?,
respectively.

(2.5.2)

EXERCISE 2.5.2 (Scalar triple product). Show that
a-(bxe)=b-(cxa)=c-(axb) foralla,b,ceR>
EXERCISE 2.5.3 (Prouct rule). Let a,b: I — R3 be C! curves in R?. Show that
(axb)(s)=ad(s) xb(s)+a(s) xb'(s) forallsel.
Now from the product rule (Exercise 2.5.3) we see that
b'(s) =t'(s) x n(s) +t(s) xn'(s) =t(s) xn/(s) forallsel,
and thus from the scalar triple product (Exercise 2.5.2) we reach
t(s)-b(s) = (s) - (£(s) x 1/ (5)) = m'(5) - (£(s) x £(s))
On the other hand, we see that 1 = |b(s)|*> = b(s) - b(s) implies that

0.

0= (b(s)-b(s)) =2b(s)-b'(s).
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Since b/(s) is orthogonal to both t(s) and b(s), thus from (2.5.1) we see that b'(s) is parallel to
n(s). Accordingly, the following definition is not natural.

DEFINITION 2.5.4. Let  : I — R? be a regular C?-curve which is parameterized using arc
length s € I (i.e. |&/(s)| = 1 for all s € I) such that &’ (s) # 0 for all s € I. The torsion t(s) of ¢ at
s is defined by

(2.5.3) b'(s) = t(s)n(s).
EXERCISE 2.5.5. Let o : I — R? be a regular C?-curve which is parameterized using arc length

s € I such that x(s) # 0 for all s € I. Show that v is a plane curve (i.e. « contained in a plane) if
and only if 7(s) =0 forall s € I.

It is worth to mention that the result in Exercise 2.5.5 does not hold true even when there exists
only one point s such that x(s) = 0, see Exercise 2.5.13 below.

EXERCISE 2.5.6 (Jacobi identity). Show that

ax(bxe)+bx(cxa)+ex(axb)=0 foralla,b,cecR>.

We now use Jacobi identity (Exercise 2.5.6) to see that

b(s) x t(s) = (t(s) x n(s)) x t(s)

-0 =b(s)
———
= —n(s) x (t(s) x t(s)) —t(s) x (t(s) x n(s))

=b(s) x t(s).
Again, from the product rule (Exercise 2.5.3) we see that
n/(s) = b'(s) x t(s) + b(s) x t'(s) = —1(s)b(s) — k(s)t(s).

Together with (2.4.1) and (2.5.3), we now reach the following ODE (called the Frenet formulas):

(2.5.4a) t'(s) = k(s)n(s),
(2.5.4b) n/(s) = —1(s)b(s) — k(s)t(s),
(2.5.4¢) b'(s) = t(s)n(s).

EXAMPLE 2.5.7. Let a : I — R? be a regular C3-curve which is parameterized using arc length
s € I such that k(s) > 0 and 7(s) # O for all s € I. From (2.5.4a) we see that

—1
(2.5.5) (a(s)-t(s)) = a/(s) - t(s) +a(s) - t'(s) = 1 + k(s)a(s) -n(s) forallsel.
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We now further differentiate the above identity, and follow by (2.5.4b) to obtain

(ﬁ(a(s) -t(s))’)l = <$>/+ (ex(s) - m(s))’

=t(s)n(s)=0
——

= (ﬁ) +a(s) - n(s) +a(s) - n/(s)

(7 ) — o) () + x(5)6)

= (%) —1(s)a(s)-b(s) — k(s)a(s) - t(s) forallsel,
that is,
(2.5.6) / /

a(s)-b(s) = —% (%(a(s) -t(s))’) — %a(s) t(s) + <$) % forall s € 1.
Now we write (2.5.5) as
! oL orall s

(2.5.7) a(s) -n(s) = @(a(s) -t(s)) ) forall s € I.

EXAMPLE 2.5.8. Let o : I — R be a regular C3-curve which is parameterized using arc length
s € I such that x(s) > 0 and 7(s) # O for all s € I. If the curve « lies on a sphere of radius R > 0
about the origin, we see that |a(s)| = R for all s € I, then
d /1
0= % <§|a(s)|2) = afs)-a/(s) = a(s)-t(s) forallsel.
s
The from (2.5.6) and (2.5.7) we see that
/
1
a(s) n(s)=———, afs)-b(s)= (—) Rl forall s € I.
s

a

1 1Y 1
(2.5.8) :—Wn(s)—f-(@) Wb@) forall s € 1.

From (2.5.1) we reach the following algebra relation for curvature x and the torsion 7:

In the particular case when k(s) = kp for some constant kxjy > 0, the above identity immediately
gives kp =R~ L.
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EXAMPLE 2.5.9. Let o : I — R be a regular C3-curve which is parameterized using arc length
s € I such that k(s) > 0 and 7(s) # 0 for all s € I. Suppose that such curve satisfies
2

(2.5.9) (%)Z((%)l%) =R?> forallsel.

We differentiate (2.5.9) to obtain
/ 2\ /
o= () + () o))
-2 () (B2 () ) ) s

Since 7(s) # 0 for all s € I, we now reach the following two cases:

(a) k(s) = Kp for some constant ky > 0; or
!/
7(s) L) )
(b) m—i— ((m) m) =O0forallsel.
We now consider case (b). In view of (2.5.8), we define

1 1Y 1
B(s) = afs)+ wn(s) — (@) wb(s) forall s € 1.

We use (2.5.4b) and (2.5.4¢) to compute its derivative
#0=t0+ (555) oo~ () 1) 20~ () %

_ (%+ ((ﬁ)/%)/) b(s) =0 forallsel,

which shows that 3(s) = 3 for some constant vector 3 € R3, and thus
(s)—B : (s)+ : /lb()fllel
a(s)—B=——n(s —— | —b(s) forallsel.
K(s) K(s) /) T(s)

Now from (2.5.9) we conclude that

o= (i35) + (i) ) ==

which shows that « lies on a sphere of radius R > 0 about 3 € R3. Here we remark that (a) does
not guarantee that « lies on a sphere (because the information on torsion 7 is missing, and this

intuition also verified by Theorem 2.5.11 below), see for example the helix in Example 2.4.2 above
(with kp = 7%).
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EXERCISE 2.5.10. Let o : I — R3 be a regular C3-curve which is parameterized using arc
length s € I such that k(s) > 0 for all s € I. Show that the torsion 7 is given by

T(s) = — (e(s) ><|c:(§)s|)2 o(s) forall s € I.

It is worth to mention that the fundamental theorem of ODE (see e.g. [Kow24b]) applies to the
ODE (2.5.4a)—(2.5.4c) and we reach the following theorem (here we skip the details).

THEOREM 2.5.11 (Fundamental theorem of the local theory of curves in R? [dC76,
Section 1.5]). For each k € C'(I) with k(s) > 0 for all s € I and a © € C'(I), there exists a regular
C?-curve such that K(s) is its curvature and T is its torsion, which is unique up to a rigid motion
(see Section (1.7.1)).

In other words, under some very good condition, a regular curve in R3 can be obtained from
a straight line by bending (curvature) and twisting (torsion). However, as demonstrated in the
twisted cubic in Example 2.3.13 that the arc length parameterization is not easy to compute in
general, the following exercise is helpful to compute the curvature and torsion for more general

class of parameterization.

EXERCISE 2.5.12. Let o : I — R3 be a regular C3-curve (not necessarily parameterized by arc
length) such that k(s) > O for all # € I. Let s(r) be its arc length from some point 7y € I, and let
t =1(s) be its inverse function and set &/ (¢) := S (t), &(t) := ($)?ax(t) and " (1) := ($)3ex(2).

(a) Show that S7(s) = |/ (¢(s))| "L and (£)%t(s) = — |/ (t(s))| &/ (t(s)) - " (t(5)).
(b) Show that the curvature x is given by
|/ (1) x &"(1)]
) =
= p
(c) Show that the torsion 7 is given by

= OOy

forallr € 1.
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FIGURE 2.5.1. A curve with zero torsion but not contained in a plane (https:
//www .geogebra.org)

EXERCISE 2.5.13. Consider the curve (see Figure 2.5.1)
(t,0,e=1/7) >0,
a(t) =< (t,e 17.0) ,t<0,
(0,0,0) ,t=0.
(a) Show that o : R — R is C2.
(b) Show that &/(z) # 0 for all t € R.

(c) Show that the curvature x(¢) # O for all ¢ # 0 but k(0) = 0.
(d) Show that the torsion T can be defined so that 7(¢) = 0 for all # € R even though « is not

a plane curve (compare with Exercise 2.5.5).
EXERCISE 2.5.14. One often gives a curve in R? in polar coordinates by r = r(0) witha < 6 <
b with r € C*((a,b)) NC([a,b]), see e.g. some examples exhibited in Section 2.1 above.
(a) Show that the arc length is

[ \iro)E+10)Rae

where /(0) is the derivative of r(6) with respect to 6.
(b) Show that the curvature is

2|r(6) > —r(6)r"(0) +|r(6)|?
<(0) = OO0 O
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CHAPTER 3

Regular surfaces in Euclidean space

3.1. Planes and Grassmannian

We now discuss another fundamental geometric object in R3, which is called the (2-
dimensional) planes. Similar to the straight lines, we also have the following definition.

DEFINITION 3.1.1. The Grassmannian Gr (2,3) is the collection of all (2-dimensional) planes

containing the origin.

However, each (2-dimensional) planes in R? can be expressed as
{w€R3:m-v:0} for some v € R\ {0}.

This shows that the Grassmannian Gr (2, 3) is actually “identical” to the real projective space RP?,
which is the collection of all straight lines in R? containing the origin.
The situation will become complicated if we consider higher dimensional Euclidean space.

Each k-dimensional hyperplane in R” (with k < n) containing the origin can be represented as

(3.1.1) [v1, -+, ] ={x € R" : ® = cjv] + - + ¢, vy for some ¢; € R}
for some linearly independent vy, --- ,v; € R”, that is,
civ+---+cvr=0ifandonlyifcy =--- = ¢ =0.

DEFINITION 3.1.2. [Leel3, Example 1.36] Let k < n. The Grassmannian Gr (n,k) is the
collection of all k-dimensional hyperplane in R"” containing the origin.

We also see that each n dimensional hyperplane in R**! can be expressed as
{xe Rz v =0} forsome v € R"\ {0},

which shows that the Grassmannian Gr (n+ 1,n) of all k-dimensional hyperplane in R” containing
the origin is “identical” to RP" = GR(n+ 1,1). The simplest Grassmannian that is not real
projective space is Gr(4,2). Similar to real projective space, the Grassmannian also have
topological/manifold structure as well as algebraic structure. These aspects are currently out of
the scope of this course, and we will skip these details.

46



3.2. REGULAR SURFACES IN R’ 47
3.2. Regular surfaces in R>

In order to guarantee the analytic properties reflect the geometric properties properly, we need

some assumptions. We first restrict ourselves for the case when n = 3.

DEFINITION 3.2.1 ([dC76, Section 2.2, Definition 1]). A subset S C R3isa regular surface if,
for each p € S, there exists an open neighborhood V C R? of such point p, and open set U C R?
and a C* bijective mapping = (x,y,z) : U — VNS such that:
(a) its inverse ! : VNS — U is continuous in the sense that! 71 : VNS — U is the
restriction of a continuous map on some neighborhood of V N S; and
(b) For each (u,v) € U, the matrix

u,v u,v
( oux(u,v) dya(u,v) ) = | dy(u,v) dy(u,v)
u,v u,v

has linearly independent columns, equivalently, the straight line [d, @ (u,x)] is not identical
to the straight line [d,x(u,x)] for all (u,v) € U, where

au-x(uy V)7 auy(% V), 8uz(u, V), Bvx(u, V) 9 avy(”a V)7 aVz(”’ V)

are corresponding partial derivatives. This is equivalent to either one of the following

Jacobian determinant

a(x,y) — det dux(u,v) dyx(u,v)
d(u,v) ' duy(u,v) Ahy(u,v)
d(x,z) dux(u,v) dyx(u,v)
o(u,v) det ouz(u,v)  dyz(u,v)
(9(y,z) — det au)’(”ﬂ‘}) a‘,y(u,\/)
o(u,v) ouz(u,v) vz(u,v)

1S nonzero.

The mapping « : U — V NS is called a local coordinates near p € S.

REMARK 3.2.2. Let x : U — VNS is called a local coordinates near p € S. For each q =
(u,v) € U, the differential dxq : R? — R is defined by (in terms of matrix multiplication)

dux(u,v)  dyx(u,v) : :
(dxg)[&]:=| dwy(u,v) dyy(u,v) (331) for all £ = ((;) € R,
0uz(u,v)  dyz(u,v) 2 2

equivalently,
(dxg)(er) = dux(u,v), (dzg)(e2) = dvx(u,v),

ISee the relative topology (Deinition 1.3.33) and equivalent characterization of continuous functions (Exercise 1.4.13).
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1 0
where e; = (()) and ey = <1> . We can rephrase Definition 3.2.1(b) as:

(b’) For each q € U, the differential dzq : R* — R is injective.

The following exercise exhibits another characterization of Definition 3.2.1(b) by using a
special structure of the 3-dimensional Euclidean space R3:

EXERCISE 3.2.3. Show that dz,, : R> — R? is injective if and only if d,2(u,v) x 0,2 (u,v) # 0.
REMARK 3.2.4. This assumption ensures us to define the fangent plane at q € S by
Ty :=q+[duzx(u,v),dyx(u,v))].

REMARK 3.2.5. A regular surface (Definition 3.2.1) can be understood as a 2-dimensional
manifold which is properly embedded in R3. You can imagine while you packing your T-
shirt (regular surface) into a luggage (Euclidean space R?), after you fold your T-shirt, it looks
differently, but of course it still a T-shirt. The embedding can be imagined as packing a folded
T-shirt into a luggage, without damaging it.

The following lemma exhibits a way to construct regular surfaces.

LEMMA 3.2.6. Let U be an open set in R%. If f : U — R is a C* function in, then the graph of
f, which is the set

graph (f) := {(u, v, f(u,v)) : (u,v) €U}

is a regular surface.
PROOF. We consider
x(u,v) := (u,v, f(u,v)) forall (u,v) €U.

Note that « : U — graph (f) is bijective C* function, and note that its inverse

x = n-|graph(f) : |graph(f) —U

where 7 : R® — R? is the projection defined by m(u,v,w) := (u,v), which is obviously
continuous, and thus we verified Definition 3.2.1(a). On the other hand, if we denote x(u,v) =
(x(u,v),y(u,v),z(u,v)), we also see that

I(xy) _ |

o(u,v)

which verifies Definition 3.2.1(b). We finally conclude that graph (f) is a regular surface with a

single local chart (x,U). O
EXAMPLE 3.2.7. We consider the unit sphere

S? = {(x,32) eR Xy 4y = 1}.
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By using Lemma 3.2.6, one sees that the unit sphere S? is a regular surface which can be covered
by the local charts {x;,U;}$_, given by
(u,v) = (u,v, 1—(u2+v2)) ,(u,v) € Uy = By,
(,v) = (w9, =/ T= (@2 +97)) () €U =By,
x3(u,v) = (u, 1—(u2—l—v2),v> ,(u,v) € U3 = By,
(u,v) (u,— 1—(u2+v2),v) ,(u,v) € Uy = By,
(u,v) ( 1—(u2+v2),u,v> ,(u,v) € Us = By,
)

= (~VI= @) uv) () € Us =By,

This choice of local chart is not unique, see e.g. the local spherical coordinate given in

\

Exercise 3.2.8. In fact, the unit sphere S? can be covered by just only two charts via stereographic
projection (Exercise 3.2.9)2. However, it is not possible to cover S? by just a single chart
(Exercise 3.2.10).

EXERCISE 3.2.8. Show that the unit sphere S? is a regular surface which can be covered by the
local charts {z;,U;}}_, given by the local spherical coordinate:

:r;l( @) = (sinBcos @,sinOsinp,cos0) ,(0,9) € U = (0,7) x (0,27),

x2(0,9) = (sinBcos@,sinBsinp,cos0) ,(0,9)cU,=(0,7) X (—m,7),

x3(0,¢) = (sinBcos,cos B,sinBsing) ,(0,¢) € U3 =(0,7) x (0,27),
(£4(0,¢) = (sin@cos@,cos0,sinBsing) ,(0,9) €Uy = (0,7) x (—7, 7).

EXERCISE 3.2.9 (Stereographic projection). The stereographic projection 7 : S?\ {e3} — R?,
where e3 = (0,0, 1) is the north pole, carries a point p € S?\ {e3} onto the inversection of the xy
plane with the straight line which connects e3 to p, that is,

n(p) := (€3 + [P — es])|=0-

Compute the formula of 77! : R? — S?\ {e3} and use this to show that 7~!(R?) = S?\ {e3} is a
regular surface. From this, one immediately sees that the unit sphere S? is a regular surface which
can be covered by the local charts {z;,U;}%_; given by

x| =x! ,Ul :RZ,
T = —r! ,Up = R2.

EXERCISE 3.2.10. Show that it is not possible to cover S? by just a single chart. (Hint. Using

a contradiction argument)

2There are quite a lot of explanations in Wikipedia page (https://en.wikipedia.org/wiki/Stereographic_
projection) about this topic.
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FIGURE 3.2.1. Mbbius strip (3.2.1) (https://www.geogebra.org)

EXERCISE 3.2.11 (The Mobius strip [ConNA]). Show that the Mobius strip (see Figure 3.2.1),
which defined by the local charts {z;,U;}7_, given by

(3.2.1) x(t,0) = x(t,0) = (2c0s20 +1cos 6 cos260,2sin26 +1cos O sin26,7sin 6)

with Uy = (—1,1) x (0,27) and U, = (—1,1) x (—m, ), is a regular surface. It is interested to see
that Mobius strip has only one side.

FIGURE 3.2.2. Klein bottle in Example 3.2.12 (https://www.geogebra.org)
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EXAMPLE 3.2.12. We now consider the Klein bottle (see Figure 3.2.2), which defined by the
local charts {z;,U;}}_ given by

L] =Ty =T33 =T4 = (X,)%Z)

where (https://en.wikipedia.org/wiki/Klein_bottle#Bottle_shape)

2

x(u,v) = — 15 cosu <3cosv— 30sinu+9Ocos4usinu—6000s6usinu—i—SCosucosvsinu)
1

y(u,v) = ~Ts sinu (3cosv— 3cos? ucosv —48cos ucosv +48cos® ucosv — 60sinu

3

+5cosucosvsinu — 5cos” ucosvsinu — 80cos’ ucosvsinu +80cos’ ucosvsinu)

2
z(u,v) = 15 sinv(3 4+ 5cosusinu)
for all (u,v) € U; (i = 1,2,3,4) with U; = (0,x) x (0,27), U, = (—n/2,n/2) x (0,2%), Uz =
(0,7) X (—m, ), Us = (—m/2,m/2) x (—m, ). Here we want to point out that Klein bottle is not
a regular surface in the sense of Definition 3.2.1 (it is not properly embedded in R?) since it is

self-intersected. It is also interested to see that Klein bottle has only one side.

We see that is is quite inefficient to verify whether the surface is regular by explicitly construct
local charts (and in many cases, it cannot be covered by a single chart). Another way to construct
surfaces via the level surface of a given C* function f : U C R? — R. Here, the level surface is
defined by

(3.2.2) fYa):={xcU:f(x)=a} forsome pre-chosen a € R.

A heuristic dimension count suggests that (3.2.2) produces a surface in many cases. It is obvious
that this cannot be done without any additional assumptions, for example, if we consider the trivial
function f() = 0 for all € R, we see that £~!(0) = R? is not a surface.

Before we introduce a sufficient condition so that f~! () is a regular surface, we first state the

following definition.

DEFINITION 3.2.13. Let U be an open set in R” and let F' = (Fy,--- ,F,,) : U — R" be a C*
function. Given a point p € U, the differential dF} : R" — R™ is the linear mapping defined by
(see also Remark 3.2.2 above for a special case)

dF(p) -+ IhFi(p) &1
(dFp)[€] == (Ve F(p) €= : - : :
alFm(p) anFm(p) én
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3]
forall§ = | : | € R". We see that dF}, is represented by the matrix V® F'(p), and we can slightly
&n
abuse the notation by writing
diFi(p) - duFi(p)
(3.2.3) dF, = : - :
alFm(p) U anFm(p)

(a) A point p € U is called a regular point if the differential dF}, : R" — R™ is a surjective
mapping, otherwise, such point is called a critical point.
(b) For each regular point (resp. critical point) p € U, we call F(p) € R™ the regular value

(resp. critical value).

REMARK 3.2.14. In the special case when m = n, by using the rank theorem (see e.g. [Trel7a,

Theorem 7.2]), one sees that the following are equivalent:

e dF), : R" — R" is surjective,

e dF) : R" — R" is injective,

e det(dF}y) # 0, where we abuse the notation as in (3.2.3).
In the case, the inverse function theorem (see. e.g. [Apo74, Theorem 13.6]) guarantees that F' is
invertible near p with inverse F'~! near F (p), that is, there exist open neighborhoods V 5 p and
W > F(p) such that F': V — W is bijective with inverse F~! € (C'(W))? satisfying det(dFE(lp)) +
0.

Now we can give a sufficient condition to guarantee that f~!(a) is a regular surface.

LEMMA 3.2.15. Let U be an open set in R® and let f : U — R be a C* function. Ifa € f(U) is

a regular value of f,then f~(a) is a regular surface in R>.

PROOF. We fix any p € f~!(a). Since a is a regular value of £, then there exists i € {1,2,3}
such that d;f(p) # 0. Here we remind the readers that such index i depends on p and may not
unique. We define the mapping F : U C R? — R3 by

(f(x,y,2),x,y) if we choose i =1,
F(x,y,z) :== { (x,f(x,y,2),y) if we choose i =2,
(x,y, f(x,y,2)) if we choose i = 3.

Here we demonstrate the case when i = 3, as the proof for the cases i = 1 and i = 2 are similar.

Since
1 0 0

det(dF,) = det 0 1 0 = dif(p) #£0
df(p) hf(p) df(p)
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then we can apply inverse function theorem (as in Remark 3.2.14) to find open neighborhoods
V > pand W > F(p) such that F: V — W is bijective with inverse F~! € (C'(W))? satisfying
det(dFI,?(lp)) #0. Since F~(u,v,t) = (u,v,g(u,v,t)) for some g € C' (W) and

F(f Y a)nV)=wn{(u,v,a) :u,v € R},
then we conclude our lemma by using Lemma 3.2.6 with local chart x(u,v) = F~!(u,v,a). O
EXAMPLE 3.2.16. We now choose U = R3\ {(0,0,0)} and f : U — R is given by f(x,y,z) =
x? 4+ y? 4 2% for all (x,y,z) € U. We see that
S ) ={(xn2) €U flxy,2) =1}
= {(x,32) eR?\{(0,0,0)} : x* +y* + 2 =1} =2,
and
df(x,y,z) - (axf(x,y,z),ayf(X,y, Z),azf(x,y,Z))
= (2x,2y,22) # (0,0,0) forall (x,y,2) € f~'(1) C U,

thus by using Lemma 3.2.15, one again verified that S? is a regular surface (see Example 3.2.7

above). If we choose U = IR?, one also sees that the function f : R? — R above is well-defined and

) ={@xy2) eR: flxyz) =1} =57

but however such choice of U does not guarantee df is nonzero. This also demonstrates that

X.Y,2)
the assumptions Lemma 3.2.15 is not necessarily, but choosing U wisely will be helpful.

FIGURE 3.2.3. The hyperboloid —x?> — y* +z? = 1 (left) and the two-sheet cones
x> =y +72=0 (right) (https://www.geogebra.org)

EXERCISE 3.2.17. Show that the hyperboloid of two sheets { (x,y,z) € R® : —x* —y? + 22 =1}
is a regular surface, but however the two-sheet cones {(x,y, ) ERY: —x?—y2 42 = O} is not a

regular surface. (Hint. One easy way to show this is by a contradiction argument together with
Exercise 1.4.14)
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FIGURE 3.2.4. The torus (y/x2+y2—1)2+72 = % via parmeterization (https:
//www .geogebra.org)

EXERCISE 3.2.18. Show that the forus {(x,y, ) R (VX2 4+y2—1)2 42 = %} is a regular

surface:

(a) via the parameterization x(u,v) = ((%cosu + l)cosv,(%cosu + l)sinv,%sinu) for all

(u,v) € U; (i =1,2,3,4) with U; = (0,27) x (0,2%), U, = (—m, ) x (0,27), U3 =
(07277:) X (_chﬂ:), Us = (_77’-777:) X (_77’-777:)'
(b) via Lemma 3.2.15.

REMARK 3.2.19. The Geogebra plot (https://www.geogebra.org) works very well for
parameterization like Exercise 3.2.18(a), but not so good for the level surface representation like
Exercise 3.2.18(b).

We now state some necessary condition for regular surfaces, without giving proofs here.

LEMMA 3.2.20 ([dC76, Section 2.2, Proposition 3]). Let S C R3 be a regular surface and p € S.
Then there exists a neighborhood V of p in S such that V is the graph of a differentiable function

which has one of the following three forms:
2=fxy), y=g8xz), x=h(yz).

LEMMA 3.2.21 ([dC76, Section 2.2, Proposition 4]). Let S C R? be a regular surface andp € S.
Let ¢ : U C R? — R3? be a C* map with p € ©(U) C S such that dzp, : R> — R? is injective. If
x U — R3 is injective, then =" : x(U) — U is continuous (i.e. is a restriction of some continuous

function defined in an open neighborhood of x(U) in R3).

As showed in above, it is easy to find regular surface which cannot be covered by a single chart.
The following “change of parameters” lemma ensures that the charts are “properly glued” in an
analytic sense.

LEMMA 3.2.22 (Change of parameters, [dC76, Section 2.3, Proposition 1]). Let S C R3 be a
regular surface andp € S. Let © : U C R*> = Sand y : V C R* — S be two parameterizations of S
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such that p € x(U)Ny(V) = W. Then the change of coordinate h = x ' oy : y ' (W) — = (W)
is a difffeomorphism in the sense of both h:y~'(W) — 2~ '\(W) and h: =" (W) — y~ (W) are
Cc™=.

The above lemma also says that a regular surface (Definition 3.2.1) can be understood as a 2-

dimensional C*-manifold which is properly embedded in R3. Suggested by Lemma 3.2.22, we also

have the following definition.

DEFINITION 3.2.23 ([dC76, Section 2.3, Definition 1]). Let S C R3 be a regular surface and
let V be a (relative) open subset of S. A function f :V — R is said to be differentiable (resp.
C¥) at p € V if there exists a parameterization = : U C R?> — S with p € z(U) C V such that the
composition fox : U — R is differentiable (resp. C¥) at ! (p). If f is differentiable at all points
in V, then we say that f : V — R is said to be differentiable (resp. C¥).

REMARK 3.2.24. By using Lemma 3.2.22, the notion in Definition 3.2.23 is actually
independent of the choice of parameterization = : U C R? — .

EXERCISE 3.2.25. Let § C R? be a regular surface and any point v € R>. Show that the height
function /2 : S — R with respect to the plane {x € R?: v =0} defined by h(p) := p- v for all
p € Sis a C™ function.

EXERCISE 3.2.26. Let S C R? be a regular surface and any point py € R?. Show that the
squared distance % : S — R defined by h(p) := |p — po|* for all p € S is a C* function.

The definition of differentiability can be easily extended to mappings between surface.

DEFINITION 3.2.27. Let S and S, be regular surfaces in R3 and let V| be a (relative) open
subset of S;. A function ¢ : V| — S5 is said to be differentiable (resp. C*) at p € V) if there exist

parameterizations
(3.2.4) x;:U CR* =81, x:U,CR* =S,
with p € 1 (U) and ¢(x(U;)) C x2(U>), the composition

:vz_l opoxy:U; = U

is differentiable (resp. C¥) at ¢ = zr:l_l (p). If @ is said to be differentiable (resp. Cky at all point in
V1, then we say that ¢ : Vi — S, is differentiable (resp. Ck) on V.

REMARK 3.2.28. By using Lemma 3.2.22, the notion in Definition 3.2.27 is actually
independent of the choice of parameterizations (3.2.4).

DEFINITION 3.2.29. Let S; and S, be regular surfaces in R3. A C* bijective function ¢ : §; —
S, is called a diffeomorphism if its inverse ¢~ : §» — Sy is also C*.

Definition 3.2.27 suggests a way to classify regular surfaces.
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EXERCISE 3.2.30. We consider the following relation for regular surfaces S; and S, in R>:
S1 =8, <= there exists a diffeomorphism ¢ : S| — 55.

Show that = is an equivalence relation, that is:
(a) S = S for all regular surface S;
(b) §1 =85 <= 5, =S for all regular surfaces S and S»; and
(c) S1 =95, and §5 = S3 implies S1 = §3 for all regular surfaces Sy, S> and S3.

In view of Exercise 3.2.30, the following definition is now natural.

DEFINITION 3.2.31. We say that two regular surfaces S; and S, in R? are diffeomorphic if
S1=85,.

Roughly speaking, if S; and S, are diffeomorphic, then one can obtain S; by deform S, without
“damaging” it, see e.g. Figure 3.2.5.

°oePbP

FIGURE 3.2.5. An example of diffeomorphism: obtain a mug by deform a
torus without creating “cracks” and “punching a hole”: By Lucas Vieira -
Own work, Public Domain, https://commons.wikimedia.org/w/index.php?
curid=1236079

EXERCISE 3.2.32. Let A : S? — S? be the antipodal map A(x) = —x for all € S?. Prove that
A : S? — §? is a diffeomorphism.

REMARK 3.2.33. For each x € S?, we consider the equivalence class [x] = {x,Az} which
consists only two points. In fact, the real projective space RP? (Section 2.2) can be understood as
the set {[ar:] 1T € Sz}. In proper topological terminology, the real projective space RP? is exact the
quotient manifold S? /A, where A : S* — S is the antipodal map.

EXERCISE 3.2.34. Show that the paraboloid z = x> + y? is diffeomorphic to a plane.

EXERCISE 3.2.35. Construct a diffeomorphism between the ellipsoid ;C—i + Z—z + i—i =1 and the
sphere S2.

3.3. Regular parameterized surfaces in R> and tangent plane

We now slightly relax the assumptions on surfaces.
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DEFINITION 3.3.1. A regular parameterized surface  : U C R?> — R? is a differentiable map
x : U — R? such that dzp, : R?> — R is injective for all p € U. The set z(U) C R? is called the

trace of x.

By using inverse function theorem (see. e.g. [Apo74, Theorem 13.6]), we immediately sees the
following lemma.

LEMMA 3.3.2. Let  : U C R?> = R3 is a regular parameterized surface and let ¢ € U. Then
there exists a neighborhood V of q in R? such that the trace (V) C R? is a regular surface.

COROLLARY 3.3.3. A regular surface (Definition 3.2.1) must also a regular parameterized
surface.

However, unlike regular surface, we allow the trace of a regular parameterized surface to be
self intersected. For example, the Klein bottle (Example 3.2.12) is a regular parameterized surface
but not a regular surface. In the following, we exhibit another example of regular parameterized
surface which is not a regular surface.

FIGURE 3.3.1. Kusner-Bryant parametrization of the Boy’s surface : ggleizer,
CCO0, via Wikimedia Commons

EXAMPLE 3.3.4. We formally write the imaginary number i :== v/—1, one can see e.g. my other
lecture note [Kow23]. The Boy’s surface (discovered by Werner Boy in 1901) can be parameterized
by the followings (discovered by Rob Kuzner and Robert Bryant [Kus87]), see also the Wikipedia
page (https://en.wikipedia.org/wiki/Boy’s_surface#Parametrization): Write

gMW%Z—gs(W;fiélel)’

o) = % (W;i(ljg:: ).

1+wf 1
:3 - =,
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where R and 3 are real part and imaginary part of complex numbers, and set

x(u,v) = (g1(w),g2(w),g3(w))
" gt (W) 2+ g2 (w) P+ g3 (w) 2

for all (u,v) with u?> +v? < 1, see Figure 3.3.1 for a plot. It is important to mention that such

with w =u-+iv,

Boy’s surface is the image of the real projective space RP? (Section 2.2) by a C* map (under some
suitable sense which is more general than Definition 3.2.27). That is, this parameterization of the

Boy’s surface is an immersion of the real projective space RP? into the Euclidean space R3.

EXERCISE 3.3.5. Let o : I — R? be a regular parameterized curve (Definition 2.3.8) such that
its curvature « satisfies x(¢) # 0 for all r € I. We consider the open set U =1 x (R\ {0}) and define

x(t,v) = a(t) +va'(t) forall (t,v) €U.
Show that «(U) is a regular parameterized curve. (Hint. Use Exercise (2.5.9) and Exercise 3.2.3)

A regular parameterized surface can be understood as a 2-dimensional C*-manifold which is
immersed in R, in contrast to a regular surface can be understood as a 2-dimensional C**-manifold
which is properly embedded in R3. Lets us recall the T-shirt mentioned in Remark 3.2.5 above:
In contrast to embedding, immersion means that you damaged “a bit” the T-shirt (e.g. make some
“holes” or “torn”), but it remains untied (‘“no knot™) so that “locally” still cloth.

Let ¢ : U C R? — S C R3 be a regular parameterized surface (Definition 3.3.1) and let ¢ € U.
Similar to Definition 2.3.7, the tangent plane to S at x(q) is given by

(3.3.1) [0uz(q),0vx(q)] + a(t) = {z+ a(r) ER" : @ € [dy(q), dvx(q)]},

where [v],v;] is the plane defined in (3.1.1). It is helpful to see that such tangent plane can be
uniquely determined by the differential dz4. In mathematics analysis, it is rather convenient to
work with linear space (plane passing origin) rather than affine space (3.3.1), therefore we consider

the following definition of shifted tangent plane, called the tangent space:

DEFINITION 3.3.6. Let = : U C R> — S C R?® be a regular parameterized surface
(Definition 3.3.1) and let g € U. The tangent space Tp(S) to S at x(q) is given by

Tp(S) := [dux(q),0v®(q)] with p==x(q)€S.

We refer an element in 7},(S) a tangent vector. A (tangent) vector field on S is an assignment of a
tangent vector to each point in S.

We now state a result proved by Henri Poincaré in 1885, which says that “it is not possible to

comb a hairy ball flat without creasing a cowlick™ or “you cannot comb the hair on a coconut™:
THEOREM 3.3.7 (Hairy ball theorem). There is no non-vanishing continuous vector field on S*.

It is important to see that Tp(S) = dx,(R?), where dz, is the differential given in
Definition 3.2.2, which shows that the tangent plane is actually independent of the choice of



3.4. AN APPLICATION TO DIFFERENTIAL EQUATIONS 59

parameterization. In view of Exercise 3.2.3, by fixing a parameterization  : U C R> = Satp € S,
we can make a definite choice of a unit normal vector at each point g € (U) by the rule

_ 9ux(q) X dz(q)
|dux(q) x dv(q)| .

DEFINITION 3.3.8 ([dC76, Section 2.6, Proposition 1]). Letx : U C RZ25SCcR3bea regular

parameterized surface (Definition 3.3.1). If there exists a C* field of unit normal vectors IN : S —

(3.3.2) N(q)

S2, then we say that such surface is orientable.

REMARK 3.3.9 ([dC76, Section 3.2, Definition 1]). Roughly speaking, this means that the
surface has two sides. The mapping N : § — S? is also called a Gauss map. In this case, for each

p € S, one can always find a suitable local parameterization (x,U) such that IN takes the form
(3.3.2).

EXAMPLE 3.3.10. The Mobius strip (Example 3.2.11) and Klein bottle (Example 3.2.12) are
examples of regular parameterized surface which are not oriented. You can search a meme called “a
responsible adult says no to non-orientable shapes” using Google (I am not sure about the copyright,

therefore it is safer to not directly include the picture here).

EXAMPLE 3.3.11. We consider a portion of a sphere
x(0,¢0) = (sinOcos@,sinOsin@,cosO) forall (6,¢9) € U.
Since |z(0, )|*> = 1 for all (8, ¢) € U, then

0= %89(|.7:(9,(p)|2) = %39@(9,@ 2(6,9)) = dex(6,9) x(0,9),

0= %a¢(|w(9»¢)!2) = %afp(w(ewo) 2(8,9)) = dpx(8,9) x(6,9),

for all (6,¢) € U. One also computes that N (0,¢) = x(0,¢) forall (6,¢) € U.

3.4. An application to differential equations
We now consider the quasilinear equation of the form
(3.4.1) a(x,y,u)du+b(x,y,u)dyu = c(x,y,u).
Here we follow the approach in [Joh78, Sections 1.4—1.6]. We write (3.4.1) as
(a,b,c)- (dxu,dyu,—1) =0.

We represent the function u by a surface z = u(x,y) in R, and we write

dz dz
. _— —1 prny .
(a’b7c) ( ] b dy, ) O
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Note that (gﬁ, gz ,— 1) is the normal vector of the surface, thus (a, b, ¢) is a tangent vector. We now
consider a “regular” curve (x(z),y(t),z(¢)) in that surface, and now we see that (x'(¢),y'(¢),7' () is
a tangent vector at the point (x(¢),y(¢),z(¢)). This suggests us to consider the characteristic ODE:

X (1) =a(x(1),y(1),2(1)),
(3.4.2) (1) = b(x(t),y(t),z(1)),
(1) = c(x(1),y(1),2(1)),
which is a special case of the general standard form of ODE
(3.4.3) u/'(t) = f(t,u), wu(ty) = uo.

Here, the system is even autonomous, i.e. the coefficients are independent of variable ¢ does not
appear explicitly. If we assume that a,b,c € C', then one can apply the following fundamental

existence theorem to ensure the existence of characteristic curve (x(¢),y(¢),z(t)) which is C':

THEOREM 3.4.1 ([HS99, Theorem I-2-5]). Leta >0and b > 0. If f = f(t,y) is a (real-valued)
continuous function on a closed cylinder
Z={(t,y) ERxXR": |t —1o] < a,|y —uo| < b}

such that

M= max_ |f(t,y)| >0,
(ry)eZ

then there exists a function w € (C'((ty— a,to+ oc))) with & = min{a, A%} satisfying (3.4.3) in
(th— o, tp+ Q).

However, the uniqueness does not hold true in general without further assumption on f. We

demonstrate this in the following few examples.

EXAMPLE 3.4.2. We define the function

0 <3,

)= (%(12—9))5/4 >3,

By using left and right limits, it is not difficult to check that u € C(R). By using elementary
calculus, one computes that

o\ 1/4
u’(t):(§> (12 =94 fort >3,

W(t)=0 fort<3.
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Since
u(3+h) —u(3) > o\
] — “(Z(3+n?-9
Pt h am (53 +a)7=9)
2 5/4 2 5/4
— lim - ( Zh(h+6 — lim 2 (Z(h+6 -0
hir&h(s (h+ )> P (5( * ))
and 344 3 0
fim YO @) 0y
h—0_ h h—0_ h
then
V(3) i fim MBTR )
© =0 h

Now we also see that

1/4
lim /() = lim (g) 1> —9)1/* =,

l—>3+ l—>3+
lim «(f) = lim 0 =0,
t—3_ t—34

which concludes that u’ € C(R), and thus u € C'(R). One can easily check that

W' (t) = f(t,u(r)) forallt e R, u(ty) =0

(3.4.4)
with f(z,y) = ty!'/> and 1y = 3.

Note that f is continuous in R x R, and hence the assumptions in Theorem 3.4.1 satisfy. Since
u = 0 is also another solution of (3.4.4), one sees that the solution of initial value problem (3.4.4)

1S not unique.

EXERCISE 3.4.3 ([HS99, Example III-1-1]). Verify that the initial-value problem
W' (1) = (u(t))3 forallr e R, u(ty) =0

has at least two nontivial C!(R)-solutions:

0 7t S fo,
(—(t —t0)> N
and
0 o1 S fo,
— (g(t—to)) > 1.

EXERCISE 3.4.4 ([HS99, Example III-1-3]). Verify that the initial-value problem

W (t) =+/|u(t)| forallt € R, u(ty) =0
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has at least one nontivial C!(R)-solution:

1 2
— g —1 t <t
Lt(t): 4( 0) b > 10,

1
1t—10)*  t>1.
We now state a sufficient condition to guarantee also the uniqueness of the solution.

THEOREM 3.4.5 (Fundamental theorem of ODE [HS99, Theorem I-1-4]). Suppose that all

assumptions in Theorem 3.4.1 hold. If we additionally assume that

(3.4.5) [f(ty1) = F(t92)] < Ly — 2

whenever (t,y1) and (t,ys) are in %, then the solution described in Theorem 3.4.1 is the unique
(CH((to — a,to+ @0)))" solution.

EXERCISE 3.4.6. Verify that the ODEs in Example 3.4.2, Exercise 3.4.3 and Exercise 3.4.4 do
not satisfy the Lipschitz condition (3.4.5).

We now prove that the above choice of the characteristic ODE really describes the surface

z=u(x,y).

LEMMA 3.4.7. Assume that a,b,c € C' near (x0,Y0,20) € S, where S is the surface described

by z=u(x,y). If yis a C' curve described by (x(1),(t),z(1)) with (x(t0),¥(t0),z(t0)) = (x0,¥0,%0),
then vy lies completely on S.

PROOF. For convenience, we write U(f) := z(t) — u(x(¢),y(t)) so that U(ty) = O since
(x0,¥0,20) € S. Using chain rule and from (3.4.2) one sees that

U'(t) =7 (t) — (dwu)X' (1) — (dyu)y' ()
= c(x,y,2) = dwu(x,y)a(x,y,z) — Ayu(x,y)b(x,y,2)
= c(x,3,U —u(x,y)) — du(x,y)a(x,y,U — u(x,y))
(3.4.6) — dyu(x,y)b(x,y,U —u(x,y)).
From (3.4.1), we see that U = 0 is a solution of the ODE (3.4.6). By using the fundamental
theorem of ODE (Theorem 3.4.5), we see that U = 0 is the unique solution of the ODE (3.4.6),

which concludes our lemma. O

We now want to solve the Cauchy problem for (3.4.1) with the Cauchy data

(3.4.7) h(s) = u(f(s),g(s)) forsome f,g,h € C! near sj.
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Note that the initial value problem we previous considered is simply the special case when f(s) = xg
and g(s) = 5. Now the characteristic ODE (3.4.2) (with suitable parameterization) reads

(0. X (5,1) = a(X(s,1),Y (s,1), Z(s,1)),
QY (5,1) = b(X (5,1),Y (5,1),Z(5,1)),
(3.4.8) O Z(s,1) = c(X(s5,1),Y (s,1),Z(s,1)),
with initial conditions
[ X(5,0) = f(s), Y(s5,0)=g(s), Z(s,0)=h(s).

If a,b,c € C' near (f(so),g(s0),h(s0)), thus the fundamental theorem of ODE (Theorem 3.4.5)
guarantees that there exists a unique solution of (3.4.8):

(X (s,2),Y(s,1),Z(s,1))

which is C! for (s,1) near (so,0). If

/ /
the matrix f'(s0) g (s0) = %X (s0,0) 95 (s50,0) is invertible,
a(x0,0,20) b(x0,Y0,20) 9 X (50,0) Y (s0,0)

then we can use implicit function theorem [Apo74, Theorem 13.7] to guarantee that there exists a
unique solution (s,#) = (S(x,y),T(x,y)) of

x=X(S(x,y),T(x,y), y=Y(S(x,y),T(x,y))

of class C' is a neighborhood of (xg,yo) and satisfying

S(-x()ay()) =950, T(-x()ay()) :07

so that we finally we conclude that the local solution of the Cauchy problem for (3.4.1) with the
Cauchy data (3.4.7) is given by

u(x,y) = Z(S(x,y), T (x,y)).

The above arguments can be readily extend for higher dimensional case:

THEOREM 3.4.8. We now consider the Cauchy problem

n
Z (01, X W)t = (X1, -+ X, 1)
with Cauchy data

]’l(Sl,"' 7sn—1) = u(fl(sla"' 7Sn—1)7"' 7fn(sla"' 7sn—l))
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for some .-+ fn,h € C! near (s(1)7"' 7s271)‘ Ifay,---,an,c € C' near (fl(s())a"' ,fn(S()),]’l(S()))
such that

aslfl(s(])7"'7sg_1) aslfn(s(])7"'7sg_1)

the matrix 0 ’ 0 0 0 is invertible,
asnfl(sla'” 7Sn_]) asnfn(sla'” 7Sn_]
0 0 .0 0 0 .0
al(xla"'7xnvz ) an(xlv"'7xnﬂz )
where x? = f,'(s(l),--- ,sgfl)for alli=1,---.nand 2° = h(s(l), e ,sgfl), then there exists a unique
C! solution u=u(xy,--- ,x,) near (x9,--- ,x9,29).
REMARK 3.4.9. The corresponding characteristic ODE is
atxi(sly"' ,Sn,ht) - Cli(.X'l,"' 7-xn7Z) for i = 17 N,
81‘Z(Sl7"' 7sn717t) = C(Xl,"‘ ,Xn,Z>,
with initial condition
xi(slv"' ,Snfl,()) :fi(slv'” 7sn*1) fori= 17 1,

Z(Sh' o ,Snfl,()) - ]’Z(X1, T 7xn7Z)'
EXAMPLE 3.4.10. We now want to solve the initial value problem
uoku+dyu =0, u(x,0)=h(x).
The characteristic ODE is
ox(s,t) =z, Iy(s,t)=1, Jz(s,t)=0
with initial condition
x(5,0) =s, y(5,0)=0, z(s,0) = h(s).
Solving the ODE yields
x=s+zt, y=t, z=h(s).
Eliminating s, yields the implicit equation
M()C,y) = h('x_ M(X,y)y)-
It is interesting to see that
e =N (x —u(x,y)y)(1 — you),
then
Optt+ YH (x — u(x,y)y)dere = I (x — u(x,y)y),

and this implies
h/(x — u(x,y)y)
L+ yh' (x = u(x,y)y)

duu(x,y) =
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We see, for example when h(z) = —z, that
—1

du(x,y) = =y

and this quantity will blow up at y = 1, which means that there cannot exist a strict solution u of
class C! beyond y = 1. This type of behavior is typical for a nonlinear partial differential equation.
In general, we need to consider “weak’ solution to study the PDE, but we will not going to go too

far beyond this point.
EXERCISE 3.4.11. Solve the initial value problem
xudu —dyu =0, u(x,0)=x.

For the general first order equation, we refer [Joh78, Sections 1.7] for details. Here we will not

going to discuss here.

3.5. Some preliminaries on analysis

Before further discussions, now lets recall some facts on computations of integrals as in

[Kow24a]. For each measurable set E in R”, we consider the set
LY(E) = {f is a measurable function on E : / |f(x)|dz < +0<>} :
E

THEOREM 3.5.1 (Fubini). Let E = E| X E; where E| is a measurable set in R" and E; is a

measurable set in R™. Let f : E — [—oo,+o0| be a measurable function. If either f is non-negative
or f € L'(E), then

/f(m,y)d(fv,y)=/ ( f(:v,y)dy) dw:/ ( f(fvyy)dw) dy.

E E| E, E; \VE;

REMARK 3.5.2. If all assumptions in Theorem 3.5.1 hold, it is quite often to denote
/Ef(fv,y)d(w,y):/Ef(w,y)dwdy:/Ef(w,y)dydm

We recall the following change of variable formula (which is even valid for arbitrary dimension

Euclidean spaces)

THEOREM 3.5.3 ([Cha06, (II1.3.1)]). Let D and  are both bounded domains in R" with
piecewise C'-boundaries, and let ¢ : D — Q is a C'-diffeomorphism. Then one has

d
G5.1) [ rway=[ f<so<w>>]£] dz forall fL'(Q),

where L'(Q) = {f: Q = R: [, |f| < +oo} and the integral is understood in Lebesgue sense.

One may ask why there is an absolute value in the Jacobian. We now consider n = 1 and
consider the C'-diffeomorphism ¢ : D = (c,d) — Q = (a,b). In this case, either ¢ is strictly

increasing or ¢ is strictly decreasing.
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e If ¢ is strictly increasing, then ¢~ !(a) = c, ¢~ (b) = d and the Jacobian is |¢’ (x)| = ¢’ (x),
and the 1-dimensional change of variable formula suggests that
b d . o' (b) ,
| rmar= [ rlotne'ar= " r(p(x)e/(x)ds
a c ¢~'(a)
o If ¢ is strictly decreasing, then ¢~ '(a) = d, ¢ ' (h) = c and the Jacobian is |¢’(x)| =

—@'(x), and the 1-dimensional change of variable formula suggests that

[ rmar=-[ oo ma=[* " oo ar

Combining the above two cases, we reach
b o' (b) .
| roar=[" " rp0)el ),
a ¢~'(a)
which is consistent with the 1-dimensional change of variable formula. These computations
suggests that the sign of det(V ® ¢)(x) is already included in the “orientation” of ¢, and here
we remind the readers that remember to put absolute value in the definition of the Jacobian and

remember to check the change of variable is C'-diffeomorphism.

EXAMPLE 3.5.4 (Polar coordinate). We now consider the C!-diffeomorphism (x,y) : (0,R) x
(0,27) — Bg(0) \ (R>0 x {0}) given by

x=rcos® and y=rsinf forall0<r<RandO0 <0 <27.
We compute the Jacobian

a(x,y) det drx  dgx det Cf)S 0 —rsinf
dry Jdgy sinf  rcosf
By using the change of variable formula with D = (0,R) x (0,27) and Q = Br(0) \ (R>o x {0}),
we see that

= [r(cos0)* +r(sin0)?| = r.

d(r,0)

fx,y)d(x,y) :/ f(rcos®,rsin0)rd(r,0)

(0,R) % (0,27)

for all £ € L'(Br(0)\ (R>q x {0})). Since R> x {0} has measure zero in R?, thus

L'(Br(0)) = L' (Br(0)\ (Rx0 x {0}))

/BR(O)\(R>0 *1{0})

and

f(xvy)d(xay):/ f(x7y)d(xay)'

/BR(O)\(RZO x{0}) Bg(0)
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Since f € L'(Bg(0)), by using the Fubini’s theorem for L' functions (Theorem 3.5.1) we see that

2 R
/ f(rcose,rsine)rd(r,e):/ (/ f(rcose,rsine)rdr> d6
(0,R)x (0.27) 0 0

)x(
R 2n
:/ (/ f(rcosG,rsinG)d9> rdr.
0o \Jo

We summarize the above as:

O)f(x,y) d(x,y) = /027r (/()Rf(rcos G,rsinG)rdr) dé

Bg(
R 21
:/ </ f(rcos 9,rsin9)d9> rdr forall f € LI(BR(O)).
0 0

EXAMPLE 3.5.5 (Polar coordinate in the whole Euclidean space). Unlike Riemann integral, one
can directly operate unbounded domains for Lebesgue integral. By consider the C'-diffeomorphism
(x,y) : (0,+00) x (0,27) — R?\ (R>q x {0}), the above procedure gives

21 o0
/ Fey)d(x,y) = / ( f(rcose,rsine)rdr> de
R?2 0 0

oo 2
:/ (/ f(rcose,rsine)d9>rdr for all f € L'(R?).
0 0

We further remark that if f is continuous in R?\ {0}, the integral [,"* is identical to the improper
integral.
3.6. The first fundamental form and the concept of surface area

Let T, (S) be the tangent space of a regular parameterized surface S at p € S in the sense of
Definition 3.3.6. We remind the readers that not to be confused with tangent plane (3.3.1), as the
tangent space 7, (S) always contains the origin, and its forms a 2-dimensional vector space. By
viewing 7, (S) as a subspace of IR3, it is natural to define inner product on Tp(S) from the inner
product of R3:

(3.6.1) (wl,w2>Tp(S) =w-wy forall wi,ws € Tp(S).

The following definition is redundant since S is already immersed in R>, however here we still

introduce it for future generalizations.
DEFINITION 3.6.1. The quadratic form Qg (5 on Tp(S) given by
QT,,(S)(’U’) = (w,w)Tp(S) = |w|2 for all w € Tp(S)
is called the first fundamental form of the regular parameterized surface S at p € S.

Let p € S and let w € T,(S) \ {0}. In order to motivate us to introduce some geometric notions,

we assume that that there exists a regular C*-curve a(t) = @ (u(t),v(r)) in S such that «(0) = p =
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x(q) and ’(0) = w. In fact one always can find such a curve, see Theorem 3.8.16 below. We see
that

Op(w) = (&/(0),&/(0))7,(s)
= (duz(p)u'(0) + Az (p)v'(0), duz(p)u' (0) + A (P)V'(0)) 1, (5)
= E(q)[u/(0)]* +2F(q)/'(0)v'(0) + G(g) V' (0)?
where
E(q) = (du, du) 1, (5) = |0u(q)|,
Flg) = (duz,dvx)1,(5) = du(q) - Ihx(q),
G(q) = (A, dv)r,(s) = [z (q)[*

p

By letting p run in the coordinate neighborhood of g corresponding to & (u,v), we obtains functions
(3.6.2) E(u,v), F(u,v), G(u,v)

which are C* in that neighborhood of g. It is important to point that the functions E, F and G given
in (3.6.2) only depends on the local coordinate &, which are also well-defined without assuming the
existence of the above mentioned regular C*-curve () = x(u(r),v(t)) in S, therefore we reach
the following definition.

DEFINITION 3.6.2. The C* functions E,F and G given in (3.6.2) are called the coefficients of
the first fundamental form.

EXERCISE 3.6.3. Compute the coefficients of the first fundamental form of the surfaces given
above.

EXERCISE 3.6.4. Let a(t) = x(u(t),v(t)) for all t € I be a regular C*-curve in S. Recall that
the arc length of such curve from # € I is defined by s(¢;) = ;;1 |a/(¢)|dr for all t; € I. Show that
the arc length s can be expressed in terms of the coefficients of the first fundamental form given in
(3.6.2) by the formula

s(0) = [ B0 w0 0+ 2F (). o) () (0)+ G0, 0) 1) P

REMARK 3.6.5. By using the fundamental theorem of calculus (see e.g. [Kow24a]), one sees

that 5
ds du du dv dv
— ) =E 2F——+G| — ) .
(5) =¢(5) +raso(3)
Some mathematicians abuse the notation by denoting

(ds)? = E (du)? + 2F (du) (dv) + G (dv)?,

and refer ds the “‘element of the arc length”.
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Leta:1 — S and B :1 — S be two regular C”-curve in S which intersects at time ¢ = #y. By
using Theorem 1.2.3, one sees the not oriented angle 6 € [0, 7] between av: [ — Sand 3:1 — S'is

o (0 B0)
oo (ool )

given by

This suggests the following notion.

DEFINITION 3.6.6. The not oriented angle ¢ € [0,7n] of the coordinate curves of a

parameterization @ (u,v) is

Q= cos™! ( O 5?v_w> = cos™! (L)
|duz| |dyx| VEG/’

where E,F and G are the coefficients of the first fundamental form given in (3.6.2). It follows

that the coordinate curves of a parameterization are orthogonal if and only if F =0, and such a

parameterization is called an orthogonal parameterization.

Letx:UCR?> > Risa regular C* surface (see Lemma 3.3.2). Recall that the function
|0y % dyx|, defined in U, measures the area of the parallelogram generated by the vectors d,x and
dyx. This suggests the following definition.

DEFINITION 3.6.7. Letx: U C RZ 5> R3isa regular C* surface (see Lemma 3.3.2) and let R

be any bounded region in the regular surface S = & (U). The area of the region R is defined by

area(R) := / |0, x dyx|dudv, where Q = '(R).
Q

REMARK 3.6.8. Let y : V C R? — R? be another parameterization of with R C y(V) and set
Q' :=y~(R). By using the change of variable formula (Theorem 3.5.3), one sees that

d(u,v)
/ /! )
/Q/ |0y x dyy|du' dV' = /Q/ |0y X d,| ‘8(u’,v’)

du’ &V :/ |0y X dya|dudy,
Q

which shows that the definition of area (R) is independent of the choice of local coordinates. In
fact, it also identical to 2-dimensional Hausdorff measure. By slightly abuse the notation, we refer

(3.6.3) dS = |d,x x dyx|dudv
the surface element.

In practical, it is inconvenient to compute the cross product |d,x x d,x| directly. The following

exercise gives another alternative in terms of the coefficients of the first fundamental form.

EXERCISE 3.6.9. Letx: U CR? > R3isa regular C* surface (see Lemma 3.3.2), show that

|0y (u,v) X dyx(u,v)| = \/E(u,v)G(u,v) — |F(u,v)|? forall (u,v) €U.

(Hint. One can use (1.2.2) to give an easy proof)
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One important consequence of Exercise 3.6.9 is EG — F2 £ 0, that is:

E F
COROLLARY 3.6.10. The matrix ( F G ) is invertible.

3.7. Some geometric interpretation for divergence operator and curl operator

Let F' = (F},F>, F3) be a (smooth) vector field in R3 (for example, the magnetic field or electric
field). We are now interested in the local behavior of the vector field near” a given point 2 € R3.

Let us begin this section by introduce the divergence operator from some heuristic
computations. Let Q be any open neighborhood of x( in R? which is bounded, such that Q
is a regular C*-surface (Definition 3.2.1) which is oriented (Definition 3.3.8), so that for each point
@ € dQ one can assign an unit normal vector v(x) at dQ which is pointed outward (in the sense of
the well-known Jordan-Brouwer separation theorem®). The fotal flux passing through the boundary
dQ is given by

F-vdS,
2Q

where dS is the surface element given in (3.6.3). The divergence theorem [Str08, Appendix A.3]
says that the total flux passing through the boundary dQ is equal to the volume integral of the “local
change of rate” in the enclosed region €:

(3.7.1) / F~VdS:/V'Fdzc,
aQ Q

where V- F := 0, F| + d,F> + d3F3, see e.g. the advance monograph [EG15] for a general result
(even holds true for some class of domain with non-Lipschitz boundary). The divergence of the
vector field F' at a point xg is defined as the limit of the ratio of the surface integral (3.6.3) out of
the volume |Q| (equivalent to Lebesgue measure) of Q as |Q| shrink to O:

1
divF = lim — F.-vdS= lim —/V-Fd .
v F(zo) wer,l\Q\—>O+ Q| Joo Y werhQ\aO+ Q| Jo v

If F = (F,F,F3) is C! near ¢, in view of the mean value theorem for continuous functions,
the above discussions suggest the following rigorous definition (which can be easily extend for

arbitrary dimension):

DEFINITION 3.7.1. Let xy € R, and suppose that F' = (F{, F>, F3) is C! near x, then we define
the divergence of F' at x( by

diVF(:Uo) =V. F(CB()) =k (iEo) + aze(ZB()) + hF; (wo)

3Recall Definition 1.4.7 and Definition 1.4.12 for some explanations about the term “near”.

4Any compact, connected hypersurface X in R” will divide R” into two connected regions; the “outside” Dg and the
“inside” Dy. Furthermore, D; is itself a compact set with boundary dD; = X. The Jordan curve theorem is exactly the
special case n = 2.
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EXERCISE 3.7.2 (Green’s theorem as a special case of divergence theorem). Let €2 be a bounded
domain in R? such that its boundary dQ is a regular curve (Definition 2.3.8). The Green’s theorem
stated that

/Q(axq(x,y) —dyp(x,y)) dxdy = /BD(pdxﬂquy),

for all p,q € C'(Q), where the right-hand-side is the line integral defined by

| (parqd)i= [ (plv(s)).alx(s))-t(s)ds

where ~y(s) is the arc-lengh parametrization of dD and t(s) is the unit tangent vector field (chosen
to be counterclockwise oriented). Show that Green’s theorem is a special case of the divergence

theorem.

We now introduce the definition of curl operator from some heuristic computations. The idea
of the curl is to measure the “rotation” of the vector field F' near each point xo. Again, let Q
be any open neighborhood of @ in R? which is bounded, such that dQ is a regular C*-surface
which is oriented, so that for each point & € JQ one can assign an unit normal vector v(x) at dQ
which is pointed outward. It is not easy to understand the concept of “rotation in R3”, let us restrict
ourselves in a plane with normal 72, and we consider the plane A :== QN {x € R} : -7 = 0}. Note
that its boundary C is a regular curve (Definition 2.3.8) with parameterization 7 : [a,b] — C which
is counter-clockwise with respect to the orientation 7, see Figure 3.7.1 below.

A—0

FIGURE 3.7.1. Geometry of the curl operator (“right hand rule”): By Maschen
- Own work, CCO, https://commons.wikimedia.org/w/index.php?curid=
26769675

Then the “rotation” of the vector field F' near each point x( along the axis [f2] can be quantified
by the line integral

/CF-dfr - /abF(r(t))-r’(t)dt

If we formally refer dr the “line element”, then not oriented angle between F' and the “line element

F
0 = cos™! (— -dfr) ,
|F|

dr is formally given by


https://commons.wikimedia.org/w/index.php?curid=26769675
https://commons.wikimedia.org/w/index.php?curid=26769675
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so that F'-dr = |F|cos 6, which showed in Figure 3.7.1 as well. By using the Kelvin-Stokes
theorem (https://en.wikipedia.org/wiki/Stokes’27_theorem), one has

/CF-dr:/A(VxF)-dS,

where dS is the surface element given in (3.6.3) and
(3.7.2) Vx F = (82F3 — &3F2)€1 + (83F1 — 81F3)62 + (81F2 —ohF )e3,

or sometimes we abuse the notation by writing

e| e e3
VxF=det| 9 d» 0k
F B K

However, Vx is a operator, one should not confuse this with the cross product in Remark 1.2.6

above. Similar to the divergence operator, we would like to define the curl in the same spirit:

1 1
curl F ‘Y= lim /F-d = lim /VXF~AdS,
! (CC()) " aroeA7ar<13a (A)—0, area (A) C " €A area (A)—0, area (A) A< ) "

where area (A) dis the surface area (Definition 3.6.7) of the plane A. If F' = (Fy,F>,F3) is C! near

x, in view of the mean value theorem for continuous functions, we expect
curl F(xg) - Ao := (Vx F)-f forall i € S?,

and this suggests the following rigorous definition.

DEFINITION 3.7.3. Let 2 € R?, and suppose that F' = (F, F>, F3) is C! near @, then we define
the curl of F' at x( by
curl F(zg) :=V x F(x),

where V x F'is given by (3.7.2).

EXERCISE 3.7.4 (Curl-curl identity). For each vector field F = (F{,F>,F3) € (C'(R?))3, show
that
AF —V(divF) = —V x (V x F),
where AF = (AFy,AF,,AF3). Here, Au = 812u+ 822u+ 832u and Vu = (dyu, dru, d3u) for all C!
scalar functions u.

REMARK 3.7.5. It is possible to extend the definition of curl and the above curl-curl identity
to arbitrary dimension R”, even for symmetric tensors in terms of Saint-Venant operators, see e.g.
[IKS23] for a proof. See also [KL19, LUWI11] for an application of the curl-curl identity in

Navier-Stokes equation.
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3.8. Christoffel symbols, covariant derivative and geodesics

Let  : U C R? — S be an orientable regular C*-surface. Recall that the tangent space (not to
be confused with tangent plane) at a point p = (q) € S is [d,x(q),dyx(q)], and the unit normal is
given by the Gauss map (3.3.2):

_ uz(q) X dya(q)
|dux(q) % 0, z(q)|

Since |IN|> = 1, it is easy to see that

N(q) forallg e U.

N-9,N =19,(N -
(3.8.1)

N-0,N = 10,(N -
This means that, for each g € U, {9,x(q),d,x(q), N(q)} forms a basis of R3. In other words, the

trihedron

N)=19,|N>=0,
N) = 30,|N|*=0.

{duz, 0y, N} = {duz(q),dvz(q), N(q) : q €U}

is a collection of basis of R?, then there exists smooth functions
(3.8.2) [0y, 03,010, T, 05,05, L1, Lo, Ly, L3, a11,a12,a21,a22 - U — R.
such that
’8533 =T} 0 +1%0x+L N,

0,0, = F%Z&lw + F%zava: +L,N,

dudvx =T}, 0,x +T3,0,x+ LN,

2 = F%z&lw + F%zava: + L3N,

ouN = a1 dyx+az0,x,

(3.8.3)

\ o,N = a120,x +a»ad,x.

The functions '}, I3, T'},,[%,,T},,T3, are called the Christoffel symbols. Since 9,0,& = 9,0,x,
then we immediately see the symmetry relation

1 1 2 2 7
Ip,=Iy, I'p=1%, L=L.
We also see that
lec')fzc-N, L2:8V8u:coN, L3:a\,2w'N

which are in fact the coefficients of the second fundamental form (see Definition 3.9.15 in
Section 3.9 below).
The following exercise can be solved by taking the inner product of the relations in (3.8.3) with

d,x or d,x:
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EXERCISE 3.8.1. By denoting E, F and G be the coefficients of the first fundamental form given
in (3.6.2), one has
1 1
IE+T%F= S OuE; I F+T%,G=0,F - SOE,
1 1
I'LE+THF = SOE, I',F+T3,G= 504G,

1 1
TLE+T3,F=0,F— 504G, ILF+15,G= %G

The equations connecting the Christoffol symbols with the coefficients of the first fundamental
form given in (3.6.2), which also equivalent to

E F\ /(I 19,E
3.8.4 1\ _ 20u ,
(-84 F G)(r{l 8MF—%<9VE>
1 1
(3.8.4b) . F><F§2 = favE>,
(3.8.40) E F\(I%) _ ovF — $0,G |
F G ) \I% 10,G

E F
which is solvable since E G is invertible by Corollary 3.6.10. This shows that all the

Christoffol symbols I'{;,I'3,,T'},,I3,,T3,,T3, can be expressed in terms of the coefficients of
the first fundamental form given in (3.6.2). We shall not obtain the explicit expressions of the
Christoffol symbols F{ 11 F%I , F{z, F%Z, F;z, F%z since it is more convenient to work with the implicit
form in Exercise 3.8.1.

EXAMPLE 3.8.2. We shall compute the Christoffel symbols for a surface of revolution

parameterized by

x(u,v) = (f(v)cosu, f(v)sinu,g(v)) with f(v)#0.

Since
E=[f0)[, F=0, G=|f([+IdW)%

we obtain

LE=0, QE=2ff, F=0F=0, 9,6=0, 9G=2(ff"+gg")
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where prime denotes the derivative with respect to the variable v. From (3.8.4a) we have

(Fh>:<|f<v>|2 0 >1< 0 )
3 0 ISOPHEWP ) \~rr
:<!f(V)!‘2 0 )( 0 )
0 (FOP+HIEWP ) \~rr

0
N (—(If’(V)|2+ Ig’(V)Iz)lff’> '
Using similar computations, from (3.8.4b) and (3.8.4c) we can compute that
ffl f/f/l + g/g//
2 WP +[g )

1 2 I 2
Iy = I, =0, Ipn=0, Ip=
We now introduce the covariant derivative of a vector field, which is the analogue for surfaces
of the usual differentiation of vectors in the plane. We recall (Definition 3.3.6) that a tangent vector
field in a relative open set V C § of a regular surface E is a correspondence w that assigns to each
p €V avector w(p) € Tp(S).

DEFINITION 3.8.3. The vector field w : V — T,(S) is said to be differentiable at p if there
exists a parameterization x(u,v) near p, the components a(u,v) and b(u,v) of w = a(u,v)d,x +

b(u,v)d,x in the basis {d,x,d,z} are differentiable functions at =~ (p).

Let w be a differentiable vector field in an open set U C S and p € U. Let y € T,(S). We

assume that there exists a curve

a:(—€,€)—U, witha(0)=pandd' (0)=y.

d(woar)

We now consider to the normal projection of =

a(t) = 2 (u(t),v(1)),

(0) onto the plane 7,(S). We write

so that
(woa)(r) = w(u(r),v(t)) = a(t)dum(u(t), v(t)) + b(r)dya(u(r), v(1)).
with @(¢) := a(u(t),v(t)) and b(t) := b(u(t),v(t)). Hence
dlwoa)
dr
where the prime denotes the derivative with respect to 7.

(t) = a(t)(u' 92 x 4+ ) + b(t) (' O +V 92 ) + @ Ay + b 9,

EXERCISE 3.8.4. By using (3.8.3),show that the normal projection of % onto the plane

Tp(S) is then given by (equivalently, plugging (3.8.3) into the expression of W and ignore the
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normal component IV ):
(@ +T},au +Tav +Tiybu’ +T5,bv)d,x
+ (0 + T3 au +Thav +Thbu' +T5,00)0,x.

Note that

a(0) = dua(p)u' (0) + d,a(p)v'(0) = Va(p) -y, b'(0)=Vb(p)-y,

which shows that the normal projection of W(O) onto the plane 7, (S) is thus given by

(Va(q) -y +T1a(q)y1 +Tha(q)ys +Thhb(q)y1 +Thab(q)y2)d.x(q)
+(Va(q) -y +T1a(q)y +Tha(q)ys +Thb(q)y1 +T3:6(q)y2)dvz(q).

with ¢ = 2! (p). This leads the following definition, which is well-defined without the existence
of the curve o (see Theorem 3.8.16 below):

DEFINITION 3.8.5. Let w : V — T,(S) be a differentiable vector field in a relative open set
V .CS, let pe U and let y € T(S). Let x(u,v) be a parameterization near p with such that
w = a(u,v)dyx + b(u,v)d,x. The covariant derivative of w at p relative to y is defined as

Dyw := (Va(q) -y + T alq)y1 +T]a(q)y: + Tib(q)y1 +Thb(q)y2)duz(q)
+(Va(q) -y +T1a(q)y1 +Ta(q)y2 +Tb(q)y1 +Tob(q)y2)dvz(q).

EXAMPLE 3.8.6. We now assume that S is a plane, says {(«,v,0) : u,v € R}, with the natural
parameterization
x(u,v) = (u,v,0) forall (u,v) € R%.
We now see that d,z = (1,0,0) = e; and d,« = (0,1,0) = e, and that

E=dz|*=1,
F=d,x-d,x=0,
G=|dx|*=1.

By direct computations, one sees that all Christoffol symbols
(3.8.5) 1,71 T2, T, Ty, T2, = 0
For any vector field
w = a(u,v)dyx+b(u,v)dx = a(u,v)e; +b(u,v)e;,

hence

a=w-e;, b=w-ep
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we see that
(3.8.6) Dyw = (V(w-e1)-y)e;+ (V(w-e2) - y)es.

which shows that the covariant derivative agrees with the usual directional derivative of each

components in the plane.

The definition of covariant derivative (Definition 3.8.5) may be extended to a vector field which

is defined only at the points of a parameterized curve.

DEFINITION 3.8.7 (Curve with endpoints). A parameterized curve (with endpoints) a: [0, /] —
S is the restriction to [0, /] of a differentiable mapping of (—&,¢+ €) for some € > 0 into S. If
a(0) = p and a(¢) = q, we say that « joins p to q. «(t) is regular if ’(¢) # 0 for all ¢ € [0, /].

In what follows it will be convenient to use the notation / = [0, ¢] whenever the specification of

the end point / is not necessary (recall that we denote / be an open interval).

DEFINITION 3.8.8. Let a : I — S be a parameterized curve in S. A vector field w along a is a
correspondence that assigns to each t € I a vector w(t) € Tor) (S). The vector field w is said to be
differentiable at ty € I (tp may be the endpoint of 7) if for some parameterization x(u,v) in a(tp)
the components a(t),b(t) of w(t) = ad,x + bd,x are differentiable functions of 7 at #). We say that
a vector field w is differentiable in 7 if it is differentiable for all # € I. The covariant derivative of
w at ¢ is defined by the formula in Exercise 3.8.4, that is,

Dw

(3.8.7) G

(t) = (d +Thau' +T}av +Tlbu' +Thbv)o,x

+ (b + T ad +Thav +T,bu’ +T3,07)0,x.

REMARK 3.8.9. By slightly abuse the notation by identifying the vector field w o  in
Definition 3.8.5 and the vector field w given in Definition 3.8.8, we often write Dd—tt” =Dy(nw,

since the definition of covariant derivative is independent of the choice of the curve ac in S.

From a point of view external to the surface, in order to obtain the covariant derivative of a field
w along o : I — S at t € I, we take the usual derivative w’(r) with respect to ¢ and project this
vector orthogonally onto the tangent space T, ) (S). It follows that when two surfaces are tangent
along a parameterized curve o the covariant derivative of a field w along o is the same for both
surfaces.

We now interpret «c be the trajectory of a point which is moving on the surface S, then o/ (r)
is the velocity and o (¢) is the acceleration. The covariant derivative Dd—‘?‘/ of the field o/(¢) is the
tangential component of the acceleration a”(¢). Intuitively, Dd—‘;‘/ is the acceleration of the point

a(t) as seen from the surface S.
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DEFINITION 3.8.10. A vector field w along a parameterized curve o : [ — S is said to be
parallel if %—‘;’(Z) = 0 for all # € I. In other words, the vector field w along a parameterized curve

o : I — S is parallel means that its derivative w'(t) is perpendicular to the tangent space Ty (;)(S).

EXAMPLE 3.8.11. We now consider the plane S as in Example 3.8.6 and let o« : I — S be a
curve in S. If a vector field w = ad,x + bd,x along such curve o : I — § is parallel, then from
(3.8.7) and (3.8.5) we see that

Dw
0=—
dr

Since {d,x,d,x} is linear independent, then we see that @’ = b’ = 0 in I, which shows that a and b

(t)=d dyx+box.

are constant, that is w is a constant vector field, which explains the term “parallel” in usual sense.
LEMMA 3.8.12. Let w and v be parallel vector fields along o : I — S. Then w - v is constant.

PROOF. Since both w’(¢) and v'(t) are perpendicular to the tangent space T,(;)(S) and both
v(t),w(t) € To)(S), then we see that

(w(t)-v)) =w'(t)-v(t)+wi) v () =0 foralltecl,
which completes the proof. 0

EXAMPLE 3.8.13. Of course, on an arbitrary surface, parallel fields may look strange to our R>

intuition. For example, we consider a portion of the great circle
a(t) = (cost,sint,0) t el
on the sphere S = S2. We consider its tangent vector field w(t) := o/ (¢) for t € I, and we see that
w'(t) = —(cost,sint,0) = —a(t) t€l,

thus w'(¢) is perpendicular to the tangent space T, (), see Example 2.5.8 and Example 3.3.11.
This shows that the 2% (t) = 0 for all # € I, i.e. the tangent vector field w(t) = (—sint,cost,0)
is parallel along the portion of great circle a (but it is not parallel in our R? intuition). One can
understood this phenomena as “parallel lines” on the earth does not look “parallel” from outer

space. Similarly, a “straight line” does not look “straight” from outer space.
The above example now suggests the following definition.

DEFINITION 3.8.14. A nonconstant, parameterized curve « : [ — § is said to be a geodesic at
t € I if the field of its tangent vectors ~'(¢) is parallel along ~at ¢, that is, Dd—'tyl (1) = 0. Accordingly,

we say that v : I — S is a (parameterized) geodesic if it is geodesic at all ¢ € 1.

By Lemma 3.8.12, we see that |4/(f)| = ¢ = constant # 0. Therefore we may introduce the
arc length s = ct as a parameter. Observe that a geodesic may admit self-intersections, however its
tangent vector is never zero, and thus the parameterization is regular. This consideration allows us

to extend the definition of geodesic to regular curves.
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DEFINITION 3.8.15. A regular connected curve C in S is said to be a geodesic if, for each p € C,
the arc length parameterization «(s) of C near p is a geodesic, i.e. @/(s) is a parallel vector field

along a(s).

We shall now introduce the equations of a geodesic in a coordinate neighborhood. Let~y : 1 — S
be a parameterized curve in S and let & (u, v) be a parameterization of S in a neighborhood V of (1)
for some 7y € I. Let J C I be an open interval containing o such that (J) C V. Let x(u(z),v(t))
with ¢ € J be the expression of <y : / — § in the parameterization . Then, the tangent vector field
~'(¢) is given by
w = u'(t)d,x+V(t)o,x.

Therefore, the fact that w is parallel is equivalent to the system of ODE
(3.8.8) u’ + Ty () + 20 u'v + T (V) =0,
V' T3 () + 205y +15,(v)* =0,

which can be obtained from Definition 3.8.8 with the choice a = u’ and b = V'. In other words,
~ : I — S is a geodesic if and only if the geodesic equation (3.8.8) is satisfied locally.

Therefore, by using the theory of ODE (see e.g. [Kow24b]), we reach the following important

consequence:

THEOREM 3.8.16. Given a point p € S and a vector w € Tp(S) \ {0}, there exists an € > 0 and
a unique geodesic v : (—¢&,€) — S such that v(0) = p and v'(0) = w.

EXAMPLE 3.8.17. We now study the geodesics of a surface of revolution in Example 3.8.2 with
the parameterization

x(u,v) = (f(v)cosu, f(v)sinu,g(v)) with f(v)#0.
Recall that the Christoffel symbols are given by
- fr rl, = f_f/
FOP+EgWP TR 2
f/f// +g/g//
W)+ W)

=0, It =

F%Z =0, 1—%2 =0, 1—%2 =

Now the geodesic equation (3.8.8) reads

2 /
u” + JJZ{ Vv =0,
/ 1R ol ol
W fr yz(u/)z_i_ frr+gg ’2(‘}/)2:0.

P+ W) WP +1g(v)
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3.9. Principal curvatures, Gaussian curvature and second fundamental form

Let  : U C R? — S be an orientable regular C*-surface. Recall that the tangent space (not to

be confused with tangent plane) at a point p = (q) € S is [d,x(q),dyx(q)], and the unit normal is
given by the Gauss map (3.3.2):
_ 9um(q) x dv(q)
B |dux(q) % 0, z(q)|
We now consider the differential dIN, : T,,(S) — T(S) of the Gauss map, which is given by (see
Remark 3.2.2 above)

N(q) forallg e U.

dN,(9,x) = ,N, dNp(d,x)=d,N.

By taking derivatives on (3.8.1), we see that
oN -d,x+N-9,0,x=0, J,N-d,x+N-0,0,x =0,
thus by (3.6.1) we see that
(3.9.1) <de(8vw),8uw>Tp(S) =o,N-d,x =9,N -dyx = <8v:c,de(8uw)>Tp(S).
Since T, (S) = [dux(q), dyx(q)], then we reach
(dNp(v), w)r,(5) = (v, dNp(w)), 5y Torallv,w € Tp(S),

in other words:

LEMMA 3.9.1. The differential dNp, : Tp(S) — Tp(S) of the Gauss map (3.3.2) is a self-adjoint

operator.

REMARK 3.9.2. In the language of linear algebra, (3.9.1) means that dIV,, can be represented
by a 2 x 2 self-adjoint matrix.

We recall the following important fact in linear algebra:

THEOREM 3.9.3 ([Trel7b, Theorem 2.4]). If A € C"™*" is normal (i.e. AA* = A*A), then there
exists a unitary matrix U € C™" (i.e. U~ = U*) such that D := U*AU is diagonal, i.e. D =
diag (Ay,---,An). If A € C*" is self-adjoint, then D = diag (A, - , A,) is real-valued.

REMARK 3.9.4. The numbers A;,---, A, in Theorem 3.9.3 is called the eigenvalues of A. We
recall that U € C"*" is unitary if and only if its column vectors forms an orthonormal basis of C".

By using Lemma 3.9.1 and Theorem 3.9.3 (with n = 2), for each p € S, there exist an
orthonormal basis {e,e,} of Tp,(S) and ki, k> € R such that

de<61) = —Ki1€éq, de(ez) = —K2es.

In order to make our notations consistent, here we consider the choice k] > K.
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DEFINITION 3.9.5. The eigenvalues ki, k> € R of —d N}, are called the principal curvatures at

p, and the corresponding eigenvectors e, e, are called the principal directions at p. The number
% = det(de) = KK

is called the Gaussian curvature of S at p. A point p of a surface S is called
(a) elliptic if Jp > 0,
(b) hyperbolic if &y, <0,
(c) parabolic if 7, = 0 with AN, #Z 0,
(d) planar if dN, = 0.

The number
K1+ K>
2
is called the mean curvature of S at p. A point p of a surface S is called

1

DEFINITION 3.9.6. Let C be a regular curve in S passing through p € S, and let x be the
curvature of C at p. Write 8 := cos~!(n- N) be the not oriented angle between the unit normal

vector n to C and the unit normal vector IN to S at p. The number
Kn:=KcosO =kn-IN

is called the normal curvature of C C S at p. In other words, &, is the length of the projection of

the vector km over the normal IN to the surface S at p, with a sign given by the orientation N of §
at p.
Let a(s) be an arc length parameterization of C. By the definition of curvature (Section 2.4),
we see that
kn =’ (0)- N(a(0)).
Since N (a(s))-a/(s) =0, then 0 = (N oa)'(s) - &' (s) + N (a(s)) - @”(s), which implies
kn=—(Noa)'(0)-a'(0) = —dNp(c/(0)) - &/(0) = —(dNp(a'(0)), & (0))7,,(s),
where we used (3.6.1). This suggests the following definition.
DEFINITION 3.9.7. The quadratic form Oy : Tp(S) x Tp(S) — R defined by
Op(v) == —(dNp(v),v)1,(5) forall v e Tp(S),
is called the second fundamental form of S at p.
Now let {e}, e} be the principal directions (Definition 2.4), and since |a/(0)| = 1 we write
a'(0) = e;cos @ +epsin®  for some O € [0,27).
Thus from the orthonormality of {e;,e,} we see that

(3.9.2) Kn = 0p(’(0)) = Op(e1cos 0 +eysinB) = ki (cos 0) + Ky (sin 6)2.
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The identity (3.9.2) is known classically as the Euler formula. Combining (3.9.2) with
Theorem 3.8.16, we conclude that:

LEMMA 3.9.8. K is the maximum normal curvature and K is the minimum normal curvature.

DEFINITION 3.9.9. If a regular connected curve C on S is such that for all p € C the tangent

line of C 1s a principal direction at p, then C is said to be a line of curvature of S.

EXERCISE 3.9.10 (Olinde Rodrigues). Show that a necessary and sufficient condition for a
connected regular curve C on S to be a line of curvature of S is that: given any parameterization
a(r) of C, there exists a differentiable function A (¢) such that

(Noa)(t)=2A(t)a!(1).
In this case, —A(¢) is the (principal) curvature along o/'(z).
DEFINITION 3.9.11. If at p € S that K] = K3, then p is called an umbilical point of S.
REMARK 3.9.12. In particular, the planar points (i.e. K| = K = 0) are umbilical points.
We shall mention an interesting fact (without proof) regarding umbilical points.

THEOREM 3.9.13 ([dC76, Section 3.2, Proposition 4]). If all points of a connected surface S

are umbilical points, then S is either contained in a sphere or in a plane.
REMARK 3.9.14. See e.g. [IP19] for an application of Theorem 3.9.13.

Let @ (u,v) be a parameterization at a point p € S of a surface S and let ax(r) = @ (u(t),v()) be

a parameterized curve on S with a(0) = p. One can compute that
Op(e) = e(u! )+ 20y + ()’
with (since N - d,x =0 and IN - d,x = 0)
e=—-0,N-dx=N-0’x,
f=—0,N-dyx=N-0,0,&x =N -9,0,x =—09,N -0,x,
g=—-0,N-dx = N-sza:.

DEFINITION 3.9.15. The smooth functions e, f and g are called the coefficients of the second

fundamental form Qp.

We now recall (3.8.3) that

&MN = a118u:v+a218vm,
avN = a128uac+a228vac,
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therefore the Gaussian curvature is given by .# = det(dIN') = aj1a22 — ajpaz;. Since the principal

curvatures K, kp are eigenvalues of —dIV, then it satisfies

K
det [ 1 + a 0,
a1  ap+kK
see e.g. the lecture notes on linear algebra [Trel7b, Section 2]. We recall the following theorem in

linear algebra.

THEOREM 3.9.16 ([Trel7b, Theorem 1.2]). Let A € C"" and let Ay,--- 2y € C be its
eigenvalues. Then
Tr(A) =AM +A++A, det(Ad) =1t A,

where Tr(A) = ay; +ax + - - - + app is called the trace of matrix A.
This theorems shows that the mean curvature is given by J¢ = %Tr (dN) = %(an +an).

EXERCISE 3.9.17 (Weingarten equation). Show that

—1
ail apn _ e f E F
dar1 an N f g F G ’

where E, F and G are coefficients of the first fundamental form. Use this to show that the Gaussian

curvature, the mean curvature and the principal curvatures can be expressed as

—f2 1eG—2fF +¢E
g Mg = H AN A = A=A

COROLLARY 3.9.18. p € S is umbilical if and only if #* = ¥ at p.

=
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