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Foreward

The note is the typed notes for the course MAT4033 Differential Geometry,in CUHKSZ, taught by
Professor Hou. The course mainly focus on curves and surfaces in the 3-dimensional Euclidean Space.
We explore the concepts like Gaussian Curvature, Geodesics, etc. The course is wrapped up by the
Gauss-Bonnet Theorem.

A special Remark on the Exercise: all the exercises appear in the note are the exercises left by
Professot Hou during each class. The exerises usually asked you to check something for yourselves. It is
beneficial to go thorough them if you are preparing for the exam.



Introduction

In this course we study curves and surfaces in R¥
What are we interested in?

How we decribe a curve?
use the parametrization: a : I — R3

How much information can we get from a7
length, curvature, torsion

If we know the curvature of a curve of evrey point, can we describe the curve?

Some "global” problems: Suppose we have a closed curve in R? of a given length, what is the
largest possible area bounded by the curve?

How do we describe a surface? More precisely, what kind of surface should we study?
For a regular surface, how can we study the area and curvature of them?
What is the ”shortest” between two points of a surface?

What is the relationship between geometry and topology on surfaces? (Gauss-Bonnet Theorem)



1 Local Theory of Curves

Definition 1.1 (Regular Curve). A parameterized differentiable curve o : I — R3 is called
regular if o/(¢t) # 0 for all ¢ € I.

Proposition 1.1. Let « : [a,b] — R3 be a continuously differentiable curve. Let P = {a = tg <
t1 < .- < t, = b} be a partition of [a,b]. Let I(c, P) := ZZZOI |a(tiy1) — a(t;)|. Then the arc
length is given by:

b
[ e’ @)ide = supia, P))
a =

Proof. For any partition P, by the Fundamental Theorem of Calculus, a(t;11) — ft T
By the triangle inequality for integrals, |a(t;11) — a(t;)] < ftf“ |o/ ()| dt. Summlng over i, we get

l(a, P) < f |/ (t)|dt. Thus, suppl(a, P) < f |/ (¢)]|dt.

Conversely, since o’ is continuous on a closed interval, it is uniformly continuous. For any € > 0,
there exists § > 0 such that [s —t] <§ = |a/(s) —&/(t)] < e. Choose a partition P with mesh size less
than 4. Then:

Z|C¥ it1) —a(t I—/ | (t)|dt <Z/ o (¢ %ja(ti)‘dt

By the Mean Value Theorem applied to components (or direct estimation using uniform continuity), the
difference inside the integral can be bounded by e. Thus the Riemann sum approximates the integral
arbitrarily well. O

Proposition 1.2 (Length is Invariant under Reparametrization). Given a differentiable curve
a: [a,b] — R? and a reparametrization map g : [c,d] — [a,b] with g(c) = a,g(d) = b (orientation
preserving) or g(c) = b, g(d) = a (orientation reversing), let § = a o g. Then:

/ a0l = / "8 (wldu

Proof. Let t = g(u). By the Chain Rule, 5'(u) = (a0 g)'(u) = o/(g(u))g’(u). Therefore, |5'(u)| =
[/ (g(u))[lg' (w)]-

If g is orientation preserving (¢’ > 0), then |¢’(u)| = ¢’(u). By the change of variables formula for

integrals:
g9(d) b
/|/3 |du—/ /(g )du—/ |a’(t)|dt:/ /(1) dt.
g(c) a

If ¢ is orientation reversing (¢’ < 0), then |¢'(u)| = —¢'(u).
d d a b
[ 1 @ldu = [ o' tgtunly (du=- [ ja'olde= [ jo'o)at
c c b a

Remark 1.1. The cusp (e.g., a(t) = (t3,t?) at t = 0) is not a regular curve since o/(0) = 0. Regularity
ensures the curve has a well-defined tangent line everywhere.

O

1.1 Reparametrization

Definition 1.2. A reparametrization of a curve a : I — R? is a bijective map g : J — I
such that g is smooth and g~! is smooth (which implies ¢’(u) # 0 everywhere). The new curve is

B=aoy.



Proposition 1.3. If a is a regular curve and g is a reparametrization, then 8 = a o g is also
reqular.

Proof. By the Chain Rule, 8'(u) = o'(g(u))¢’(u). Since a is regular, a’(g(u)) # 0. Since g is a
diffeomorphism, ¢’(u) # 0. The product of a non-zero vector and a non-zero scalar is a non-zero vector.
Thus S'(u) # 0. O

Proposition 1.4. The unit tangent vector is invariant (up to sign) under reparametrization.
Proof. Let Ty(t) = (&0 Let B(u) = a(g(u)).

fllu) _ a(gw)g'(v) _ a'(g(u) g'(u) /
= = = =sgn(g)T(g(u

]~ T la@)g @] o) g o)

Thus, the tangent vector direction depends only on the geometric trace, not the speed. O

Ts(u)

1.2 Arc-length Parametrization

To develop the theory of curves, it is convenient to eliminate the dependency on ”speed” and param-
eterize by distance traveled.

Definition 1.3 (Arc-length function). Let a : [a,b] — R?® be regular. Fix to € [a,b]. The

arc-length function s(t) is:
t

st)= [ |o/(r)|dr

to

Lemma 1.5. The map s : [a,b] — [0, L] is a valid reparametrization map.

Proof. Since « is regular, |o/(t)] > 0. By the Fundamental Theorem of Calculus, % = |o/(t)| > 0.
Since the derivative is strictly positive, s(t) is strictly increasing and therefore bijective. Since s'(¢) # 0,
by the Inverse Function Theorem, the inverse map ¢(s) is also differentiable. O

Definition 1.4. A curve 3(s) is parameterized by arc-length (p.a.l.) if |'(s)| =1 for all s.

Proposition 1.6. If we reparametrize o by the inverse of its arc-length function, the resulting
curve is p.a.l.
Proof. Let t = t(s) be the inverse of s(t). Let 8(s) = a(t(s)).

ﬂ_ 1 1
ds_a

B'(s) = o/ (t(s))

Therefore, |5'(s)| = Ig;gfg: =1 O

1.3 Frenet Frames of Plane Curves
Assume o : I — R? is a plane curve parameterized by arc length s. We have the unit tangent

t(s) = o/(s). Since |t(s)|* = 1, differentiating gives 2(t'(s),t(s)) = 0, so '(s) L t(s).

Definition 1.5. Define the normal vector n(s) by rotating #(s) by 90° counter-clockwise (i.e.,
applying the complex map J(x,y) = (—y,z)). {t(s),n(s)} is a positively oriented orthonormal
basis. Since t'(s) L ¢(s), it must be parallel to n(s). We define the curvature k(s) by:

t'(s) = k(s)n(s)



Proposition 1.7 (Formula for arbitrary parametrization). Let «(t) be a regular plane curve (not
necessarily p.a.l.). The curvature is:

A CICIORY0)

|/ () [?
Proof. Let s be the arc-length parameter and v = % = |/ (t)|. We have o/(t) = vt(s). Differentiating
again with respect to t (using chain rule 4 = v;g)

0" (1) = - (ui(3)) = v'H(5) + - ((s)) = /t(s) + 021 (5)
Using the definition '(s) = kn(s), we get:
o' (t) = v't(s) + kvn(s)
Now compute the determinant (in R?, det(a,b) is the signed area of the parallelogram):
det(a’, ) = det(vt,v't + kv?*n) = vo’ det(t,t) + kv® det(t,n)
Since det(t,t) = 0 and det(¢,n) = 1 (orthonormal basis):
det(c/,a) = kv® = k|o/|?

R . . L — det(a’,a’’) [
earranging gives = W

Theorem 1.8 (Fundamental Theorem of Plane Curves). Given a smooth function k : I — R,
there exists a p.a.l. curve a: I — R?, unique up to rigid motion, having k(s) as its curvature.

Proof. Let 0(s) be the angle of the tangent vector. We must have 6'(s) = k(s). Define 0(s) =
Jo k(u)du + 6o. Define a(s) = ([, cosf(u)du + xo, [ sinf(u)du + yo). Then o/(s) = (cos,siné),
which is unit length. ¢'(s) = (—sin€-6’,cos6-0") = 0'n(s) = k(s)n(s). Thus « has the desired curvature.
Uniqueness follows from the uniqueness of ODE solutions (or simple integration as shown above). O

1.4 Space Curves

Let a(s) be a p.a.l. curve in R?. #(s) = o/(s). Since t' L ¢, if #/(s) # 0, we define the curvature
) t

) Define the binormal b(s) = t(s) x n(s).

r(s) = [t'(s)| and the principal normal n(s) = )

Proposition 1.9 (Frenet-Serret Formulas).

d t 0 ~ O t
s n|l=|-x 0 -7 n
T \b 0 7 0)\b

Proof. 1. By definition, t' = kn. 2. Sinceb=t xn, b’ =t xn+txn'=knxn+txn' =txn’. Thus
b Lt Also|b| =1 = ¥ L b. So b/ must be parallel to n. Define 7(s) such that b'(s) = —7(s)n(s).
(The sign is convention). 3. Since {t,n,b} is orthonormal, n = bxt. n’ = b’ xt+bxt' = —tnxt+bxkn =
—7(=b) + k(—t) = —kt + 7b. O

Now we present some applications of Frenet-Serret Formulas.

Example 1.1. Let « be a regular curve with x > 0. Then « is a plane curve if and only if 7 = 0.



Proof. (=) Suppose « lies in a plane defined by v-(z—2xg) = 0 (v is constant unit normal). Differentiating
a(s) - v = const gives t(s) - v = 0. Differentiating again: ¢’ - v = kn-v = 0. Since k # 0, n-v = 0. Since
t Lvand n L v, b=1¢xn must be parallel to v. Thus b(s) = £v = const. Hence V/(s) = 0. By Frenet
formulas, —7n =0 = 7 =0.

(<) Suppose 7 = 0. Then b'(s) = 0, so b(s) = by (constant). Consider the function f(s)
{a(s) — a(0),bg). f'(s) = (t(s),bo). Since by =t x n, by L t, so f'(s) =0. Thus f(s) =0 for all s. a(s
lies in the plane passing through «(0) with normal by.

o&

Example 1.2. « is a straight line if and only if all tangent lines pass through a fixed point zg.

Proof. (=) Trivial. (<) Assume a(s) + A(s)t(s) = xo for some scalar function A(s). Differentiate:
t(s) + N (s)t(s) + A(s)k(s)n(s) = 0. Taking inner product with n(s): A(s)x(s) = 0. If A(s) = 0, then
a(s) = xy (not a regular curve). Thus A # 0, implying k(s) =0. k=0 = ¢/(s) =0 = t(s) =
const = «(s) is a line. O

Example 1.3. Let a be a curve such that every normal plane passes through a fixed point x.
Then « lies on a sphere.

Proof. The normal plane at s is spanned by n(s), b(s). The condition implies 2o — «(s) lies in this plane.
Thus ¢ — a(s) L t(s). {a(s) — xo,t(s)) = 0. Consider f(s) = |a(s) — xo|?> = (a(s) — mo, a(s) — o).
f(s) = 2(c/(s), a(s) — xo) = 2(t(s), a(s) — xo) = 0. Thus |a(s) — zg|? is constant, so « lies on a sphere
centered at xg. O

Exercise 1. Prove the above three examples (it is left as an exeercise in class, I include the proof here).

1.5 Fundamental Theorem of Space Curves

Theorem 1.10. Given smooth functions k(s) > 0 and 7(s), there exists a space curve a(s),
unique up to rigid motion, with curvature K and torsion T.

Proof. Existence: Consider the system of linear ODEs for a 3x3 matrix function F'(s) = (¢(s)|n(s)|b(s)):

0 -« O
F'(s)y=F(s) | 0 -7
0 7 0

(Note: This is the transpose of the usual form if vectors are columns). By the Existence Theorem
for ODEs, there exists a unique solution F(s) with F(0) = I. We must show the columns remain
orthonormal. Let M = FTF. M' = (F))TF + FTF' = (FA)TF + FT(FA) = AT(FTF) + (FTF)A =
ATM + MA. Since A is skew-symmetric (AT = —A), M(s) = I is a solution to this differential equation
(I'=0and ATT+TA = —A+ A =0). By uniqueness, M (s) = I for all s. Thus {¢,n,b} are orthonormal.
Define a(s) = [; t(u)du. Then o/ =1, so it is p.a.l. ¢’ = kn (matches curvature). n’ = —t+7b (matches
torsion).

Uniqueness: Let o, & be two such curves. Align their initial positions and frames by a rigid motion.
Let f(s) = |t —t]?+|n —n|? 4 |b— b2, Using the Frenet equations, one shows f'(s) = 0. Since f(0) = 0,
f(s) =0. Thus t(s) = #(s), so a(s) = a(s) after integration. O



2 Global Theory of Curves

In this section we would like to study the theory of plane curves globally.
An important question in geometry is the following. Suppose we know the local property of a curve,
can we say some thing about the global properties of it?

2.1 Hopf’s Umlaufsatz

Definition 2.1. The rotation index of o : I — R? with period is given by

400 _ L [ g,

2 :%

. where 6(s) is defined by t(s) = (cos(6(s)), sin(6(s))).

Theorem 2.1 (Hopf’s Umlaufsatz). Suppose « is a simple closed curve, then its rotation index
must be equal to £1. Moreover, since we have 8'(s) = k(s), we have [ k(s)ds = £2m.

Proof. Let the curve a : [0, L] — R? be a simple closed curve parameterized by arc length s. The unit
tangent vector is T'(s) = o/(s), and its angle with a fixed axis is 6(s). The total curvature is the net
change in this angle, §(L) — 6(0). Since the curve is closed, T(L) = T(0), which implies (L) — 6(0) = 2«
for some integer n. We will show that n = +£1.

As suggested by the proof sketch, we introduce the unit secant vector field, which maps two points
on the curve to the unit vector connecting them:

_ _als) —alsy)
u(sy,52) = lla(sz) — a(sy)]|

This map is smooth provided s; # s, which is guaranteed for a simple curve. Let ¢(s1, s2) be the angle
of this secant vector.

This angle function is defined on the domain [0, L] x [0, L] excluding the diagonal. We consider the
triangular region D = {(s1,82) | 0 < 81 < s9 < L}. Since ¢ is a smooth, well-defined function on the
interior of D, its exterior derivative d¢ is an exact 1-form. By Green’s theorem (or Stokes’ theorem
for forms), the integral of d¢ around the boundary 0D must be zero, provided we handle the singular

diagonal edge properly.
% dp =0
aD

The boundary 0D consists of three segments. A careful limiting argument shows that the integral of d¢
over the boundary is the sum of the changes in angle along the limiting paths.

1. The diagonal path (s; = s3): As sy — s1, the secant vector u(sy, s2) limits to the tangent vector
T(s1). Thus, the angle ¢(s, s) corresponds to the tangent angle 6(s). The change in angle along
this path is the total curvature: Adgiqq = 0(L) — 6(0).

2. The ‘start’ path (s; = 0): This path corresponds to the secant vector u(0, s2) from the fixed
starting point «(0) to a moving point a(sy). Let the total change in its angle be A¢giart =

3. The ‘end’ path (s; = L): This path corresponds to the secant vector u(sy, L) from a moving
point a(s1) to the fixed end point a(L) = «(0). This vector is the opposite of the ‘start’ vector:
u(s1, L) = —u(0, s1). Thus their angles are related by @end(s1) = @start(s1) & m. The total change
in angle along this path is A¢eng = Adstart-

The relationship between these changes in angle, derived from the boundary integral being zero, is:
0(L) - 0(0) = Aqsstart + A¢end
Substituting A¢eng = Adsiart, We get:

Q(L) - 9(0) = 2A¢start



Now we must evaluate A¢ggiore. This quantity represents the total rotation of the secant line anchored
at «(0) as its other end traverses the entire curve. Since the curve « is simple and closed, it encloses a
region. The secant vector starts in the direction of the tangent T'(0) and, as it sweeps through the interior
of the curve, ends by pointing in the opposite direction, —7°(0). This corresponds to a net rotation of
exactly half a circle. Therefore, the change in angle is:

A(bstart =7

Substituting this result into our equation gives the final result:
L
/ k(s)ds = O(L) — 0(0) = 2(n) — +27
0
This shows that the rotation index n must be either +1 or —1. O

Secant Vectors from a Fixed Point (a(0))
y

ngent

Figure 1: Illustration of secant vectors from a fixed point on a closed curve, visualizing the A@ggiart
component in the proof of Hopf’s Umlaufsatz.

Remark 2.1. The theorem can be viewed as a 1-dimensional version of Gauss-Bonnet Formula.
2.2 Isoperimetric Inequality

Theorem 2.2 (Isoperimetric Inequality). Let « be a simple closed plane curve. Let A be the area
bounded by curves, then L? > 4w A

Proof. The proof compares the area of the given curve C to that of a circle S' by relating their
parametrizations.

Step 1: The Setup. Let C be a simple closed curve of length L enclosing area A. We can parameterize
C by arc length, v(t) = (z(t),y(t)) for t € [0, L]. A key property of this parametrization is that the tangent
vector has unit length:

(@) + (1) =1

We construct a circle S! of an arbitrary radius r centered at the origin. We then define a new curve,
B(t) = (x(t),y(t)), which traces this circle using the same x-coordinate as (t). To ensure 3(t) remains
on the circle, we must have §(t) = ++/r2 — z(t)2.

Step 2: Combining the Area Formulas. Using Green’s Theorem, we can express the areas as line
integrals:

e The area of C is A = foL x(t)y' (t) dt.

e The area of the circle S! is 7% = — fOL g(t)x'(t) dt.

Adding these two expressions for area yields:
L
A+mr? = / (z()y' (t) — g(t)2'(t)) dt
0

10



O >

7(to)

Figure 2: Geometric construction for the proof of the Isoperimetric Inequality. Curve C (red) and
constructed circle S (blue) sharing x-coordinates.

Step 3: Applying the Cauchy-Schwarz Inequality. The integrand can be interpreted as the dot
product of two vectors, vi(t) = (x(t),—9(¢)) and va(t) = (v'(¢),2'(t)). We apply the Cauchy-Schwarz
inequality for integrals, which states [vq - vodt < [||v1]|||v2|| dt.

L
At mr? < / V)2 + (=4(t)? - V' ()2 + /()2 dt
0
The terms in the integral simplify significantly:
e Since §(t) is on the circle, /z(t)2 + §(t)2 = Vr2 = r.
e Since (t) is parameterized by arc length, \/y/(t)? + z/(¢)% = 1.
Substituting these back, the inequality becomes:

L
A—|—7rr2§/ r-1dt=rL
0

Step 4: Finding the Optimal Bound. We have derived the relation A < rL — 772, which must hold
for any choice of r > 0. To find the tightest possible bound for A, we find the value of r that maximizes
the function f(r) = rL — mr?. Taking the derivative with respect to r and setting it to zero gives:

L
ffry=L—-2nr=0 = r=—
2m

11



This is the radius of a circle with perimeter L. Substituting this optimal radius back into our inequality

yields:
I 7\ 2
A< () L—m <)
27 27

L? L?
< 2 _ -
A< 27 7r(4772)

L L2

A< — - —

— 2 Ar
L2
A< —
Yy

Rearranging this gives the isoperimetric inequality: 474 < L2.

The Equality Case. FEquality holds if the Cauchy-Schwarz inequality becomes an equality, which
occurs if and only if the vectors vy (t) and vo(t) are parallel for all ¢. This means vy (t) = k va(t) for some
scalar k. The magnitudes must also be equal, so |k| - ||va|| = ||v1||, which gives |k| -1 =1, so k = %r.
This implies that x(t) = +ry/(t) and —§(¢t) = +ra’(¢t). For the parametrizations to match, the
original curve v(¢) must itself be a circle of radius r. Since the optimal radius was r = L/(27), equality
holds if and only if C is a circle. O

2.3 Four vertex Theorem (Covered in Tutorial)

We begin by defining the key concepts required for the theorem and its proof. Let v(t) = (z(¢), y(t))
be a regular plane curve.

Definition 2.2 (Signed Curvature). For a regular plane curve () parameterized by arc length
s, its velocity vector is v(s) = +/(s) and its acceleration is a(s) = 7”(s). The signed curvature,
ks(s), is defined by the relation a(s) = ks(s)Roo(v(s)), where Rgg is a 90-degree counter-clockwise
rotation. For a general parameter ¢, the curvature equations are:

z”(t) = —ks(t)y'(1) (1)
y'(t) = ks (H)2' (t) (2)

Definition 2.3 (Vertex). A point y(t) on the trace of a regular plane curve is called a vertex if
the signed curvature function ks has a local maximum or a local minimum at ¢.

Definition 2.4 (Convex Curve). A simple closed plane curve is called convex if its trace lies
entirely on one closed side of each of its tangent lines.

Now we state the four vertex theorem.

Theorem 2.3 (The Four Vertex Theorem). Fuvery simple closed plane curve has at least four
vertices.

Note: The following proof addresses the special case where the curve is convez.
The proof relies on the following geometric property of convex curves.

Lemma 2.4. Let C be the trace of a simple closed convex plane curve, and let L be a line. If L
intersects C' in at least three points, then C must contain the entire line segment of L between any
pair of these points.

A direct consequence is that if a line is not part of the curve, it can intersect a convex curve at most
twice.

Proof of Theorem 2.3 for Conver Curves. The proof is by contradiction.

12



Step 1: The Contradiction Hypothesis. Assume there exists a simple, closed, convex curve v with
fewer than four vertices. Since the continuous curvature function ks on a closed curve must attain a
global maximum and a global minimum, the curve must have at least two vertices. As local maxima and
minima must alternate, the number of vertices must be even. Therefore, our assumption implies that
has exactly two vertices:

e A point p where kg attains its global maximum.

e A point g where k; attains its global minimum.

Step 2: Geometric Setup. Let L be the line passing through the points p and ¢. By Lemma 2.4,
since the curve is convex and not a line segment, L can intersect the curve only at points p and q.

We can apply a rigid motion (translation and rotation) to the curve to simplify our coordinate system
without changing its geometric properties. We set up the coordinates such that:

e The point p is at the origin, p = (0,0).
e The line L is the x-axis.
e The point ¢ is on the positive x-axis, ¢ = (a,0) for some a > 0.

Let the curve be parameterized by ~(t) = (x(¢),y(¢)) for t € [0,1].

Step 3: Analysis of the Functions. From our setup, the entire curve lies on one side of the x-axis.
We can assume without loss of generality that y(¢) > 0 for all ¢ € [0,!]. Furthermore, for a positively
oriented (counter-clockwise) simple closed convex curve, the signed curvature kg (t) is strictly positive.

Therefore, the product of these two functions, y(t)ks(t), must be non-negative for all ¢, and it is only
zero at the points p and q.

Step 4: The Contradiction. We analyze the integral of the product y(t)ks(t) over the entire curve.

1. The integral must be positive. Since y(t)ks(t) > 0 for all ¢ and is not identically zero, its
integral must be strictly positive:

/l y(£)ks(t) dt > 0
0

2. The integral must be zero. However, as stated in the textbook’s argument, integrating by parts
and using the curvature equations from (1) and (2) shows that the integral is zero. A key part of
such a derivation involves using the fact that for a closed curve, the integral of an exact derivative
is zero. For example, using equation (2), y”(t) = ks(¢)2’(¢), we know:

1 l
| s = [y =ly o -o
0 0
The textbook asserts that a similar line of reasoning (though not fully detailed) leads to the
conclusion that our original integral is zero.

We have reached a contradiction: the integral cannot be both strictly positive and equal to zero.
Thus, our initial assumption that the curve has fewer than four vertices must be false. This completes
the proof. 0
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3 Local Theory of Surfaces
3.1 Introduction

Definition 3.1. A parameterized surface is a function X : U C R? — R? where Z is differen-
tiable. We say Z is regular if the Jacobian matrix

oz Oz

U v

dX =% %
U v

z 0Oz

ou ov

has rank 2 for all points in U. In coordinates:
X (u,v) = (x(u,v),y(u,v), 2(u,v))

Equivalently, Z : U C R? — R? is an embedding. The image Z(U) is called the trace of Z.

Remark 3.1. For regular curves o : I — R3, we require o/ # 0. For surfaces, the analogous condition is
that the differential has full rank.

Example 3.1. Consider the parameterization:
X :(0,2m) x (0,7) — R3

X (0, @) = (rcosfsin g, rsin 0 sin @, r cos )
This parameterization Z is regular because

9x  0X
90 " g

and the Jacobian matrix has rank 2.

As in the case of curves. We wish to parametrize a surface to do Calculus on surfaces. Of course we
need two variables rather than 1 variable in the curve case.

Remark 3.2 (Problem of the parametrized surface). The above example of S? reveals that in order to
develop a unified theory for studying surfaces, it is necessary to use more than one coordinate patch.
Now we would like to introduce the concept of regular surface.

Definition 3.2. A subset S C R? is a regular surface if for every point p € S, there exists a
neighborhood V' C R? of p (which can be taken as an open ball centered at p with radius r > 0)
and a map X : U — V N S where U C R? is open and connected, such that:

1. X is differentiable:
X (u,v) = (z(u,v),y(u,v), z(u,v)), (u,v) €U
has partial derivatives of all orders.
2. X is bijective with continuous inverse X!, i.e., X is a homeomorphism.

3. (Regularity) For ¢ € U with X(q) = p, the Jacobian matrix

oz Oz

Uy v

dX, = | & %
q o v

Oz 9z

ou ov

has rank 2 for all ¢ € U.

Remark 3.3. Conditions (2) and (3) together guarantee that X is an embedding from U to S, ensuring
the existence of a tangent plane at each point of S. This is analogous to the requirement o # 0 for
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regular curves.

Example 3.2. Let S? = {(z,9,2) € R3 | 22 + y? + 2% = 1} be the unit sphere. We can cover 52
using 6 coordinate patches. For example, let

U={(z,y) eR?| 2? +¢> < 1}

and define the coordinate patch for the upper hemisphere:

X(z,y) = (wy m) (z,y) €U

And then we can do the same for other coordinates.

Example 3.3. Suppose f: U C R? — R is a smooth map. Then the graph of f defined as

S = graph(f) = {(z,y,2) €R® | (x,y) € U,z = f(x,y)}

is a regular surface.
Homework: Check the graph is indeed a regular surface.

The above example shows that graph is a regular surface, and indeed the converse is in some sense
true. Every regular surface is Locally a graph.

Proposition 3.1. Any regular surface S is locally a graph.

Proof. Let p € S be any point and let X : U — V N S be the coordinate patch given in the definition
of regular surfaces, with X (q) = p. By the regularity condition, the differential

dXq = (83% aa%)

has rank 2. This means that among the three possible 2 x 2 Jacobian matrices:
Oz Oz Oz Oz 9y Oy
& 8. (55 &
ou  Ov ou  Ov Ou  Ov
at least one has nonzero determinant.

Without loss of generality, assume the first Jacobian matrix has nonzero determinant. Then by the
inverse function theorem, the projection

moX : (u,v) — (z(u,v),y(u,v))

has a differentiable inverse in some neighborhood of gq.
Let g = (7o X)™! be this inverse mapping, which sends (z,y) — (u(z,y),v(x,y)). Then we have

(@,y) = (u,v) = (2,9, 2(x(u,v),y(u, v)))
By the formulas we see that indeed it is locally a graph. O

Remark 3.4. The above proof is a routine technique to apply the inverse function/implicit function
theorem in geometry.

Example 3.4. Let f : R? — R be a smooth map and a € R be such that for all p € f~(a), the
differential (df), # 0 (i.e., a is a regular value of f). Then f~!(a) C R3 is a regular surface.

Proof. For any p € f~1(a), suppose without loss of generality that <%)p #0.
Define the function F : R? — R by:

Then F(p) = 0.
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Since (%—5) = (?) # 0, by the implicit function theorem, there exists a smooth function
P z)p

g:U C R? — R such that:
F(u,g(u)) =0 YuelU

where U is an open neighborhood in R2.
This means we can express a neighborhood of p € f~1(a) as:

W= {(u,g(w)) [u €U}, with p= (uo,g(uo))

Therefore, there exists a neighborhood V' such that:

Vi) ={(z,y,2) | (z,y) € U,z = g(z,y)}

This shows that every point p € f~!(a) is locally a graph, hence by the previous proposition about
graphs of functions being regular surfaces, f~!(a) is a regular surface. O

Example 3.5. Consider the ellipsoid defined by the equation:

2 2 2
x y z
Stz +5z=1
where a, b, c > 0 are constants.
Proof. Define the function F : R? — R by:
2 2 2
Y z
F(z,y,2) = — tet=e—1

Then:
1. F is obviously differentiable (in fact, smooth) on R?

2. The differential of F' is given by:
JF — OF OF OF\ (2z 2y 2z
S \0z’ 0y’ 9z ) \a? b2 2
3. For any point w = (wy,ws,w3) € F~1(0) (i.e., on the ellipsoid), we have:

2w1 211)2 2’(U3
wrw = (%7 5 %)

Since w lies on the ellipsoid, at least one coordinate must be nonzero, hence dF(w) # 0.
Therefore, 0 is a regular value of F.

By the regular value theorem, F~1(0) is a regular surface. O

Remark 3.5. For the sphere S2,it is possible to cover the surface using only 2 coordinate patches. See
Streographic Peojection.

Example 3.6 (Stereographic Projection). See Homework.

3.2 Change of Coordinates

Recall that for curves, we may have different parametrizations. The same holds for regular surfaces.
We say that two parametrizations describe the same surface even if they use different coordinate systems.
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Proposition 3.2. Let p € S be a point in the image of two parametrizations:
X:U—S and Y:V =S
Let W = X(U)NY (V) be the overlapping region. Then the transition map
o=X"toY Y HW)— Xt (W)

defined by (u,v) — (u/,v") is a diffeomorphism.
Proof. Since both X and Y are regular parametrizations, they are homeomorphisms onto their images
and their differentials have full rank. Therefore:

1. ¢ is well-defined as a map between open subsets of R?

2. ¢ is a homeomorphism because it is the composition of homeomorphisms

3. o is differentiable because both X and Y are differentiable and regular

4. The inverse ¢ ' = Y ! 0 X is similarly differentiable
The Jacobian matrix of the transition map is given by:

ou’  ou’
dp =\ 8% 5
ou ov

This matrix is invertible everywhere because ¢ is a diffeomorphism. O

Remark 3.6. This property is fundamental in manifold theory. It ensures that geometric properties
defined using different coordinate systems are consistent. The transition maps allow us to define a
smooth structure on the surface S by specifying how different coordinate patches relate to each other.
This is exactly the property we aim to generalize in the theory of smooth manifolds, where we use charts
and transition maps to define the smooth structure.

3.3 Tangent plane

Definition 3.3. Let x : U — VAS be a coordinate patch of a regular surface at a pt x(p) =p € S.
Then the tangent plane at p € S is defined as

7,5 = I (@x),) = span { £X(6), 550}

Definition 3.4. The normal vector of a pt p on a coordinate patch x : U — VAS is defined as

x5
N@) = 1o oxy )
‘C'?u % 81}”

Problem: although the tangent plane is well-defined, but N(p) may be affected by our choice of coordi-
nates. (the sign).

Definition 3.5. A tangent vector at p € S is the tangent vector o/(0) of a regular curve « :
(—¢,e) = S C R3 with «(0) = p.

Proposition 3.3. The set of tangent vectors at p € S is precisely equal to T,S.

Proof. Let a: (—g,2) — S be regular with «(0) = p. Recall that 3 V of p € S such that by restricting
VAS to VN S, we have y : U’ — V N .S such that y(u/,v") = (v/,0', f(u/,0")) or (v, g(u',v"),v") (locally
a graph).

we look at the first case. w.l.o.g. by making e small enough. assume a(—¢,) CV N S.

Let B be given by 3 : (—¢,¢) — U’ C R? where y~! is differentiable. (y~! is just the projection map)
Then a =yofB=xo0(x"toyop)
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we’ve seen in prop that x ! oy is differentiable so o/(0) = (dx), - (d(x~! oy 0 3))(0)

“(a5), ()
Ou’ dv )  \b
= o/(0) € T,,S. We've just seen that o/ (0) € T,S.
ox ox

Now we must to see w € 7,5 = w = o/(0) for some . Suppose w = (2X(p), Z(p)) (Z) e T,S.

a

b
o’ (0) = (dx), - dBo = (2, &) (Z) €T,S. 0

Then let 8 : (—¢,e) = U by B(t) = p+ t( ) and @ = xo . Then a(0) = x(8(0)) = x(p) = p.

Example 3.7. Suppose f : R® — R smooth. S = f~1(a). Let a : (—¢,e) — S with a(0) = p.
Then

Differentiating with respect to t:

= (df), is always normal to T,S.

Question: we define N(p) on a coordinate patch. can we choose coordinates patch appropriately so that
N : S — R3 is a smooth function?

Remark 3.7. When we move from local to global, it is always determined by the ”topology” property.

3.4 First Fundamental Form
After defining the tangent plane, we wil study the inner product structure so that we can compute
the area of the surface.
Definition 3.6. Let V be a vector space. We study (-,-) : V x V — R an inner product if it
satisfies the following:
1. (v,w) = (w,Vv) (symmetric).
2. (avy +bva, w) = a(vy,w) + b{va, w) (linearity).

3. (v,v) >0 Vv e V. equality holds if and only if v = 0.

Definition 3.7. The quadratic form corresponding to an inner product is a map ¢ : V — R
defined by
v = (v, V).

Definition 3.8. The First Fundamental Form of S is given by the quadratic form I,(v) =
(v,v) for v € T,S.

In order to understand I, better, we need to choose a basis of T},S and express I, using matrices and

vectors.

Let x : U — VAS be a coordinate patch with x(p) = p. Then B = {x, = g—’;(p),xv =2Z(p)}

with B, = (Xy, Xu)p

Fy, = <Xu>xv>p

Gp = <XU7 Xv>p

(We drop the subscript p if it does not cause confusion)
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Then for all v, I,(v) = (a,b) <1€ g) (Z>

More precisely, (v, w), = (a,b) <1€ g) <§), where v = ax, + bx, and w = ¢cx, + dx,.

Therefore, in a coordinate patch IFF refers to (g g)

Example 3.8. 1. Cylinder:
x(u,v) = (cosu,sinu,v)
Xy = (—sinw, cosu,0)

x, = (0,0,1)

“5=(5 6)=(0 %)

x(u,v) = Xg + uwi + vWo

2. Plane:

(Assuming w; and wy are orthonormal, (w;, w;) = d;;)

10
5=(0 %)

x(u,v) = (u,v, V1 —u?—v?)

Xu = (1507_u>7 Xy = (0717_U>
V1—u2 — 2 1—u? —?

(Note: This is the IFF for the upper hemisphere in Cartesian coordinates.)
(— sin ¢ sin p, sin ¢ cos @, 0).

Fo =

1 0 . .
Iy = (0 sin? ¢> different expression of I, for the same surface S

Question: Suppose we have 2 parameterizations

x:U—=VnNnS, x:U—=VnNS.

(3 5)-(28) (B)-wr

B
Suppose ¥ = x~! 0 X is the transition function

Note that

‘xm‘

U (@, ) = (u(a,),v(a,0)).
=x=x0WV. so

dx = dxd¥, and hence

(Z]f: g) = (dxd¥) T (dxd¥)
= (d) T (dx)T (dx)(dP)

@’ (7 ¢) @
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composition by Jacobian matrix.
Example 3.9. Back to the sphere example.
U (¢, ) = (sin ¢ cos @, sin ¢ sin @)

AU — (Cosqbc.oscp .smcz)mncp) and
cos¢siny  sin¢cos

() (g g) dw = ((1) siI?Q ¢>

Corollary 3.4.

VEG - F2 = VEG - F? det (8(“’”)>

o(a,v)
Remark 3.8. We are always working in the orientable cases.

With the first fundamental form, we can compute arc-length, area, etc.
1. Arc-length.
£ = [ Pl
Y (t) = Xu(u, v)u'(t) + X (u,0)0'(2)

_ /1 VX (8) + Xoo' (D2 dt

- /I VE O + 2F0 (00 () + Glo' ()2 dt.

(If we consider v a curve on S then first fundamental form gives us Advantage: a way to determine
the arc-length intrinsically.)

We just need to know a(t) = (z(t),y(t)) to compute the arc-length of a.

2. Area of Surface

Definition 3.9. Let Z : U — SNV be a coordinate patch of S, and R € S be such that
Z(U) = R for U C R2. Then the area of R is given by

/ | X0 X Xy| dudv.
A

Note that |u x w|? = |u|?|w|? — (u-w)?. That is | X, x X,| = VEG — F2.
What happens if we have Z : U — SNV and Z(U) = Z(U) = R? Note that

UV=71'07:U—=U

/\/Eé—ﬁ2dﬂdf;:/ VEG — F?
R R

O(u, v)

9@, 0) du dv

:/ VEG — F2dudv.
R

— Area of R is independent of the choice of coordinate patch.
Remark 3.9. Recall:

e First fundamental form (£.L.f): I,(w) = (w,w),w € T,S.

e If X :U—-VNS, w=aX,+bX,, then I,(w) = (a b) (? g) (Z)
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4 Gauss Map and the Second Fundamental Form

Main Goal: Define curvature of a surface.
Recall that in the case of curves:

T'(t) = k(t)N(t) in the case of plane curve.

N'(t) = —k(t)T(t)

So curvature of a plane curve can be measured by the changes of tangent/normal vector.
If we want to do this on surface, one would like to study the change of normal vector.
Difficulty 1:

The normal vector N, = %(q) is defined only up to a sign.
On each parametrization, one has a ”smooth” choice of N(p). So we have:

N:VNnS— §2
X, x X
pr N(p) = 7o—(q)
[ Xu X Xyl

Remark 4.1. However The map may not be able to be extended to whole S. For example, we have a
problem defining N : S — S? on a Mobius band. The problem is the orientability of S.

Definition 4.1. Let f : Sy — S5 be a map between two regular surfaces. We say f is smooth if
Z{l o f o Zy is smooth. The surface S is orientable if there is a smooth map

N:S—8?
such that N(p) L T,S forall p € S.
Example 4.1. 1. Suppose S is covered by one coordinate patch Z : U — S. For example,
(S is the graph of a function f). Then N,y = %(q)

2. Suppose S = f71(0) is defined by an equation, then we can take

af df of
Ny Df(p) _ (5z 5y 52) )
p) — = /0f of of
DI ~ (3L, oL, o)
Difficulty 2:
For curves, we have n’ = —kt. For surfaces, we have two degrees of freedom on S.

4.1 Gauss Map

Definition 4.2. The map N is called Gauss Map of S. N is well-defined up to a sign.

Definition 4.3. (Differential) Let f : S; — Sy be a map. The differential of f at p, df,, is a
map from 7,51 to Ty, S2, defined by

dfp(v) = (f © @)'(0),

where « : (—e,e) — S1 such that «(0) = p, a/(0) = v.

Remark 4.2. One needs to check this definition is well-defined. Hint: Instead of using the definition
that f is smooth if ¥ o f o ¢~! is smooth, one may use the definition that f is smooth on S; C R3, if
[ =F|s,, where F : R® — R3 is smooth. It’s much easier and intuitive in our cases.

Now we study dN, : T,,51 — TN(p)52 ~ T,S. Geometrically, d N, measures how N(p) changes along
any direction of T,5.
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Remark 4.3. One way to compute dN,, : 1,5 — TN(I,)S2 is the following. Let Z(u,v) coordinate patch
of S.

\ / \ /
. (dashed) . (dashed)

N z N -

()= (2 #£)()
(dfy)(w) = cZs + dZ;

Consider N o Z : U — S?, by abuse of notation. Write this map as N(u,v). (No Z in that).
To compute dN,, take the ”principal curve”. B(t) = (¢,v9). o = Z o . Has ¢/(0) = X,,. Then
dN,(X,) is given by

If w=aX, +bX,,

(Noa)(0) = (NoZop)(0)

d ON
= aN(t7’UO)‘t:0 = % = Nu‘

Similarly, dN,(X,) = N, = 887]1\;['

Since dN, : T,S — Tn(»)S? is a linear transformation

And {X,, X,} forms a basis of T),S, one can get from

AN, (X,) = N,
dN,(X,) = N,

Moreover, (N, N) = 1, so differentiating yields (dN, N) = 0.
= (N,,N)=0 = N, €T,5.

= (N,,N)=0 = N, € T,,S.
— dN, : T,S — T,S.

Example 4.2. Here are some concrete examples.
1. S is a plane, i.e. Z(u,v) = Xo+ ulW; + ovWs.
Xu = Wl» Xv = W2

Xy x Xy
[[ X x Xl
= Ny, =N, =0. ie. dN, is the zero map.

2. Sphere S%: Z(u,v) = (u,v,v1 —u2 — v2).

= N(u,v) = constant.

X, = <170’ —u)
V1—u?—v?

X, = <0’1’ U)
V1—u?—0v?

N(u,v) = (u,v,v/1—u? —v?)
Ny =Xy, Ny=2X,
ie. dN,(Xy) = X
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ie. dN,(X,) =X,
Hence dN, is the identity map.
3. Z(u,v) = (u,v,u? — v?).

X, =(1,0,2u), X, =(0,1,—2v).

—2u 2v 1
N(u7v) = K b .
V14 4u2 + 402 V1 + 4u2 + 402" V1 + 4u? + 402
Let p = (0,0,0). (u=0,v=0).
Xu\p: (1,0,0), Xy|p: (071,0).
Nu'P:(_ZO,O)v Nv|p:(07270)'
de(Xu) = Nu|p = _QXU‘pv de(Xv) = Nv|p = 2Xv|p-

Proposition 4.1. The linear operator dN, is a self-adjoint operator with respect to the inner-
product.

Remark 4.4. In the finite-dimensional case, A* = A. ker A = (Im A*)*. ker A* = (Im A)*.
Proof. We need to show for all wy,ws € T},S,

(dewl, ’LU2> = <’LU1, dew2>

Let wy, = <Z) —aX, +bX,
B

wy = (2) — X, + dX,
B

LHS = (aX, + bX,,cN, + dN,)
RHS = (aN, + bN,, cX, + dX,)

In fact, since we have

then we’re done.

Definition 4.4. The self-adjoint operator
—dN, : T,S — T,,S is called the Weingarten Operator

(Shape Operator)

Corollary 4.2. For real vector spaces, a self-adjoint operator is equivalent to a real symmetric
matriz. One knows symmetric matrices have an orthonormal basis of real eigenvectors. It’s
frequently used and the proof is simple and interesting. We would like to include the proof below.

Proof. Let A be a real symmetric n x n matrix, so A = AT. We must show that all eigenvalues are real
and that there exists an orthonormal basis of eigenvectors for R™.

Step 1: All Eigenvalues are Real We temporarily consider A as an operator on C". Let A be an
eigenvalue and v € C" be the corresponding eigenvector.

Av = v
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Taking the conjugate transpose (1):
(Av)T = (W)t = ofAT = Xof
Since A is real symmetric, AT = AT = A.
vl A = ot

Now, consider the scalar quantity vf Av:

vT(Av) = vT (W) = A(vTv)  (Equation 1)

(T A)w = (v = A(vfv) (Equation 2)
Since v Av is a scalar, its two expressions must be equal:

Awviv) = A(wio)

Since v is an eigenvector, v # 0, so vTv = |[v]|2 > 0. We can divide by vfv, which gives:

A=A

Thus, A is real.
Step 2: Eigenvectors corresponding to distinct eigenvalues are orthogonal Let Av; = A\jv;
and Avy = A\yug, with A; # Ay, Consider vf Avs:

vl (Avy) = vT (Agv2) = Xa(vTvy)  (Equation 3)
Using the symmetry A = AT:
vl Avy = 0T AT vy = (Av))Tvg = (M\v1)Tvg = M (vTvs)  (Equation 4)

Equating (3) and (4):
A2 (vTv9) = Ay (vT wy)

(A2 = A1)(v] v2) = 0

Since A\; # A2 (by assumption), we must have v{vy = 0. Thus, v, and vy are orthogonal.

Step 3: Existence of an Orthonormal Basis (Inductive Step) Since all roots of the characteristic
polynomial are real (from Step 1), A has at least one real eigenvector v; with eigenvalue A\;. Let
W = span{v;}+. If w € W, then v{w = 0. We show that W is an invariant subspace under A. If
w € W, we check Aw:

vl (Aw) = (v A)w = (ATv)Tw = (Avy)Tw

= (Mv)Tw = M (v w) = A1 (0) =0

Thus, Aw € W. Since A restricted to W is still self-adjoint (symmetric), we can repeat the process
on the (n — 1)-dimensional space W. By induction, we obtain an orthonormal basis {vy,va,...,v,} of
eigenvectors for R". O

Therefore, so does —dIV,,, has an orthonormal basis of real eigenvector.
Definition 4.5. The real eigenvalues A\; < Ay of —dN,, are called the principal curvatures of
peS. (If \y = A2 =\, Le,, —=dN, = AI, then all directions are principal.)

The unit eigenvectors ey, ea € T),S corresponding to Aq, Ay are called the principal directions of
peSs.

The Mean Curvature of p € S'is H = %()\1 + A2):
1 1

Remark 4.5. One may observe that mean curvature depends on —dV,. In fact, it depends on the way
the surface is embedded in R3. We will introduce the Gaussian Curvature which we will show it is an
intrinsic curvature, i.e., independent of the way we embed it. We will be more precise in the following
discussion.
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Definition 4.6. The Gaussian Curvature

K = Ay = det(—dN,)

Example 4.3. Sphere of radius r. = —dN, = (i (1) (1) >

— principal directions are all directions on 7}, S

Example 4.4. Cylinder
Z(u,v) = (acosu,asinu,v)
Zy

= (—asinwu, acosu,0)
Z, = (0,0,1)
The unit normal vector is N = (— cosu, —sinu, 0).
N, = (sinu, —cosu,0), N, =0

The Weingarten Operator is S, = —dN,,. Using the basis {Z,, Z, },

1 1
dN,(Z,) = N,, = —(—asinu,acosu,0) = —Z,
a a

dN,(Z,) = N, = 07,

So, dN,, is represented by the matrix (1(/)(1 8) . Therefore, the Weingarten operator is represented
—1/a 0
by S, = —dN, = 0 0l

Principal curvatures are the eigenvalues of S,:

Principal directions are Z,,, Z,,.

1 1
H—E()q-‘r)\g)——%, K =XX=0.
Saddle (Hyperbolic Paraboloid)
Z(u,v) = (u,v,v* — u?)

Let p = (0,0,0). (Here Z,|, = (1,0,0) and Z,|, = (0,1,0)). Ny|, = (=2,0,0), N,|, = (0,2,0)
(from previous calculation).
dNp(Zu) = Nulp = —2Z.p

dNp(Zy) = Nylp = 22y |p
The Weingarten Operator S, = —dN,, is represented by the matrix:

2 0
=0 %)

) . (-2 0 2 0
The matrix for dN,, is ( 0 2)7 80 —dNp = (0 _2>'

Principal curvatures (eigenvalues of S,) are:
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Definition 4.7. A point p € S is called
1. Elliptic if det(—dN,) > 0.
2. Hyperbolic if det(—dN,) < 0.
3. Parabolic if det(—dN,) = 0. dN, # 0.
4. Planar if dN, = 0.

This tells the local behavior of p € S.

4.2 Second Fundamental Form
Remark 4.6. Recall: (—dN,V,W) = (V,—dN,W). Self-adjoint.
Definition 4.8. Let ((-,-)) : T,S x T,S — R be given by
(V,W)) = (=dNpV, W)
Then ((-,-)) is a bilinear form i.e.
L (VW) = (W, V)).
2. Linearity.

But ((V,W)) can be < 0 for non-zero V, W. i.e. it may not be an inner product.

Definition 4.9 (The Second Fundamental Form).
I, : T,S x T, — R is defined as
I,(W) = (W, W)) = (=dN, W, W)

Question: why II,? How do we understand II,(w)?

Remark 4.7. Suppose « : (—¢,e) = S (p.a.l.) with a(0) = p, &/(0) = w = #(0). Then we have
o’ (0) = kn(0) (assuming n(0) normal on «; N(«(t)) normal on S)
Since (t'(0),t(0)) = 0, we have

kn = o (0) = t'(0) € span {N(a(0)), N(a(0)) x t(0)}
kn = kN + kT
kn = (kn, N) = (t'(0),N) = (a(0), N)
kg = (kn,T) = (t'(0),T) = (a"(0),T)
where we denote N, T as {N(a(0)), N(a(0)) x t(0)}
Definition 4.10. k, is called the normal curvature.

e kg is called the geodesic curvature.

Example 4.5. Let w € T,,S of unit length, define the normal section of w as the plane spanned
by N, and w.Then its intersection with S gives a regular curve 3 p.a,l with 5(0) = p, 5'(0) = w.
(B is called sectional curve of w).

Remark 4.8.
B"(0) =t'(0) = kn = k, N + k,T.
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—— normal plane

= tangent plane
LN
|

normal section

a surface

Figure 3: The normal section 5 formed by the intersection of the surface S and the plane spanned by
the normal vector N and the tangent vector w.
But 8 obviously must lie on X, so k5 = 0.
+x if n is along the direction of N.
= kg =

—k if n is opposite the direction of N.

Proposition 4.3. Let « : (—e,e) — S piecewise unit speed curve (p.u.c.) with «(0) = p and
a/(0) = w. Then the normal curvature of & on S is equal to IL,(w).

Proof.
I, (w) = (=dNpw, w) = (=dNy(a'(0)), a'(0))
= —((N 0 @)'(0),0"(0)) = k.
O
Corollary 4.4. 1. The normal curvature of any « : (—¢,e) — S with o’(0) = w are the same

I, (w).

2. II,(w) measures the (normal) curvature of the sectional curve of w.
This gives a geometric interpretation of IL,(w).

Corollary 4.5. Let w € T,,S be of norm 1. Then the curvature of the sectional curve of w must
lie within A1 and X\o. i.e:

M <I(w) <Xy YweT,S, |w|=1
Proof. Without loss of generality (WLOG), write w = cos fe; + sin fea, where ey, e principal directions
of —dN,, and orthogonal basis of T,,S. Then:
1, (w) = ((w, w)) = (=dNpw, w)
= (—dNp(cosfe; + sinfes), cos ey + sin fey)
= A cos? 0+ Ay sin® @

Then we’re done. O

Remark 4.9. Finally we can give a better geometric picture of understanding II,.

Example 4.6. Local behavior for parabolic point p € S.

“A<II(w) <0 or 0<IL(w)<A

Remark 4.10. Elliptic pt:
M < Hp(u)) < A2, AtAg > 0.

Hyperbolic pt:
Al SIIP(’LU) SAQ )\1 <0<>\2.



4.3 Second Fundamental Form in Local Coordinates

Remark 4.11. Our goal: Find an easy way to compute II, and dN,,.

Definition 4.11. Let N : U — S? be the normal map. (Recall this is actually N o X).

Definition 4.12.

e =(—=Ny, Xu).
f = <7Nu,Xv> = <*Nv7Xu>~
g = <_NU7XU>~

Proposition 4.6. If

w1 = aX, + bX,

§
I
o
o
+
ISH
£

then

Remark 4.12. As before, we call

the second fundamental form (matrix).
Proof. By straightforward calculations.

Remark 4.13. N,, N, are hard to compute, but we have (N, X,,) = 0.

= (Nu, Xu) + (N, Xyu) = 0.

e= (N, Xu.)
= f=(NV, Xu)
g = (N, Xy)

Example 4.7.

X (u,v) = (vcosu,vsinu,u) Helicoid

2
:>f.f.f1p<§ g)(”;l (1))

Xu X X,
N=_Zuw=~v
[ X x Xo|
Then we compute X, Xyv, Xoow. Then
e = (N, Xyu)
f= (N, Xuo)
9= (N, Xu)

0 :
= siff = I]:p = 1 U0+1
Vu2+1

Remark 4.14. After understanding the second fundamental form, one can express:

—dN, : T,S = T,8
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in coordinates with B = {X,,, X,,}.

ailr a2 .
Suppose (—dN,)p = ie.
p) as1 a2/’

7de(Xu) = a1 Xy + a1 X,.
= =Ny = a1 Xy + a1 X,.
—de(X’U) = a’lQXu + a22XU = _N’U-

= (=N, X,) =e=anE+axF.
= (=Ny, Xy) = f = a1 F + anG.
(=Ny, Xu) = f = a12F + ax F.
(—=Ny, X)) = g = a12F + a20G.

-1
= Cavs= (o 22 = (5 6) (7 9)

=L,
Corollary 4.7. The Gaussian curvature K = (fiitt((lllp)) = 5%?;22, Which gives a neat formula for

calculating the Gaussian curvature.

Example 4.8. Back to the previous Helicoid example. We have K = det(—dN,) = (1 + v?)~2.
H =0 = 1tr(—dN,). (Example of minimum surface). From here, one can easily compute the
principal directions and principal curvature.

Example 4.9. Compute (—dN,)s, K, H. See that H = 0.

Example 4.10 (Torus).

X (u,v) = ((a + rcosu) cosv, (a+ rcosu)sinv, rsin u)

L. 1I,. K.
= K >0 when fﬁ<u<z.
2 2
T 3T
K=0 h = —, —.
when wu )
3
K <0 when 7<u<7.
Remark 4.15.

We can check this by direct calculation.

. 1, eG2fFtgE
Exercise 2. Check H = 3 Eo—F?

4.4 Gaussian Curvature
K =det(II)/det(I). Since A1, A2 principal curvature are roots of characteristic poly of —dN,,.
= A —2\H + K = 0.

=>A=H++VH?>-K

A differentiable fcn of local charts. except possible at pt where H? = K we define these as "umbilical

”

pts
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Exercise 3. Prove A planar or sphere is the only totally "umbilical pts” surface Here "totally umbilical”
means every pt is umbilical in R3.

Also we have another characterization of gaussian curvature. In fact this is the orginal definition of
Gauss.

Theorem 4.8. The Gaussian Curvature K of a surface S at a point p € S is given by the limit
of the ratio of the area of the spherical image of a small neighborhood of p to the area of the
neighborhood itself.
. signed area (N(By))
K(p) =1
(p) e area (By,)

where B1 D By D -+ D By, D ... is a sequence of nested neighborhoods (e.g., small geodesic balls)
around p such that lim,,_, . area(B,) = 0.

This can be written infinitesimally as d(areay) = K - d(areag), where d(areay) is the area element
on the sphere S? via the Gauss map N.

Remark 4.16. This was Gauss’s original definition of the curvature. Let X : R — B,, be a parametrization
of the neighborhood B,,.

area(By,) = // | X X X, |dudv = // vV EG — F2dudv
R R

area(N(B,,)) = // | Ny X Ny|dudv
R

Proof (Sketch). We know that the differential of the Gauss map dN,, : T,,S — T,,S (identifying Ty ;) S?
with T,5) relates the tangent vectors. The relationship between the area elements is given by the
determinant of this map.

[Ny x Ny| = | det(dN)|| X X X

The Gaussian curvature is K = det(dN,) (or det(—dN,) depending on convention, but for area ratios,
we use det(dN,)).
[Ny x Ny| = |K|| Xy X X,

Therefore,
area(N(B,))  [[g, INux Nyldudv [ |K(u,v)[VEG — F?dudv
area(B,) JIr, | Xu x Xy|dudv [fr VEG — F2dudv

By the Mean Value Theorem for integrals, as the region R,, shrinks to the point p, this ratio limits to
|K (p)|. Taking into account the orientation (sign), the limit is K (p).

lim signed area (N (B,,))

n—o0 area (By) = Kp)

Third Fundamental Form

Definition 4.13.
I11,(wy, wz) = {(—dN,)*wy, ws)

also we can define the N-fundamental form as
IV, (w1, we) := (—(de)("_l)wl,w2>.

this is a bilinear form symmetric form.

Exercise 4.
I11I, =2HII, — KI,.

Remark 4.17 (Rank). By the above computation we see f.f.f & s.f.f. indeed gives all the information.
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4.5 Minimal Surfaces

Idea
Given a coordinate patch z : U — SNV take D C U closed. if we ”perturb” the surface a bit will
the area go up or down?

Definition 4.14 (Minimal surface ”="). Surface that has minimal area If we "perturb” the
surface a little bit, its area will always go up !

Now we are making the concept of minimal surface rigorously. Let ¢ : D x (—¢,€) — R?
d(u,v,t) = z(u,v) + th(u, v) N (u,v)

for some h : D — R Normal to surfaces. with h|,5 = 0 ( this is the boundary condition, note that there
is always a boundary condition when we do Calculus of variation) and X*(u,v) = ¢(u,v,t). a family of
parametrization

= X! = X, + thN, + th,N
X! = X, +thN, +th,N

E' = E 4 2th(X,, N,) + t?h*(N,, N,) + t*h2

F' = F + 2th(X,, N,) + t?h*(N,, N,,) + t>hyh,

G' = G + 2th(X,, N,) + t*h?(N,,, N,) + t*h?
= B'G! — F** we expand it and pick the order 1-term

= EG — F? - 2th(eG — 2fF + gE) + O(t?)

with
g 1eG—2fF+gE
2 EG-F?
= (EG — F?)(1 — 4thH) + O(t?)
= A(t) = L VE!Gt — FPdudv.
D
we have.

= L VEG — F2\/1 — 4thH + O(t®)dudv
D
then A'(0) = — [52hHVEG — F2dudv.

Proposition 4.9. H =0« A’(0) =0 for all h.
o "<=" 4s obvious.

o "= Suppose H(q) # 0 for some q¢ € D. Then one can choose h such that h(q) = H(q) &
hence A’(0) < 0.

Definition 4.15. A regular parametrized surface is a minimal surface if H = 0. a minimal regular
surface. by the above discussion. hits the critical value of the area functional, yet one may not
know whether this is the minimal area: local min? global min?

Proposition 4.10. Let S be a minimal surface. and a graph.

X (u,v) = (u, v, f(u,v)).
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then f satisfies the PDE.

(L + £ foo = 2fufofuo + L+ f5) fuu = 0.
This is a Elliptic PDE.

Proof. If h: D — R smooth & h|s55 = 0 consider family of graphs
F(t)y=f+th

X*(u,v) = (u,v, F(t)) All above share boundary
VF =Vf+tVh

:/ i\/1+|Vf+ch|2‘ dudv.
t=0 p dt t=0

(Vf,Vh)

~ o JTH VP

= d (area X*)

dt

dudv

HW . Vf
/D hle( 1+|Vf|2> udv = 0

. v f _
= div <W> 0

then we can verify this is our PDE.

3 ;- (vf)Vh> — _ > Vf
Exercise 5. Check the equality [}, 7\/Wdudv = [, —h div (W) dudv

Example 4.11. Suppose a solution of form
f=a(u)+B(v)

The minimal surface equation is (14 f2) fuo + (14 f2) fuuw—2fufo fur = 0. Since fuy = 0, fuu = Quu,
foo = Bovs fu = u, fo = By, this becomes:

(1+02)Bow + (1 + B2y =0

:_1+ai _ 145
auu BU’U

Since the left side depends only on u and the right side only on v, both must be equal to a constant
A

—(1+a2) = A

(1 + ﬂ?)) = )‘ﬂvv

A solution to this system is a(u) = AIn(cos(u/A)) and B(v) = —Aln(cos(v/A)). This gives the
function:

f(u,0) = au) + A(v) = Aln <E§)

The surface given by (u,v, f(u,v)) is a minimal surface. This is ”Scherk’s” first surface.

Definition 4.16 (Isothermal Coordinates). A coordinate patch X (u,v) provides isothermal
coordinates if the first fundamental form satisfies £ = G and F' = 0.

I, = E(u,v)(du® + dv?)

(Sometimes written I, = e?(du® 4+ dv?) where E = e?).
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Figure 4: Scherk’s First Surface

Theorem 4.11. Isothermal coordinates exist locally for any minimal surface. In fact, they exist
locally on any smooth (real analytic) surface. (A special theorem for S C R?)

Proof. (Sketch for minimal part) Let S be a minimal surface. We can locally represent it as a graph
X (u,v) = (u,v, f(u,v)). Since S is minimal, H = 0, and f satisfies the minimal surface PDE:

(L4 f2) foo — 2fufofuv + 1+ 2) fuu =0

Let F = (1+ f2)foo — 2fufofuo + (1 + f2) fuu. One can verify the following identities:

2 % ,2 f“f“ _ 7fu F
W \VI+R+f2) w\VI+ R+ VIHRE+R

o v N o ah N_ o h
OuN\VI+E+12) PA\VI+ i+ VIt R+ 13
Since F = 0 (minimal surface), both right-hand sides are zero. Let a = /1 + f2 4+ f2 and define:

RS Y
T a T a

p=Iv g
a

The equations become ?TI: - % =0 and ‘g—f — %—f = 0. These are the conditions for the vector fields

V =(Q, P) and W = (P, R) to be conservative (on a simply connected domain D). By Green’s Theorem

(Gauss’s theorem in 2D):
// (aPaQ>dudv Qdu+Pdv=0
D ou ov 8D

// (aR—aP>dudv:}{ Pdu+Rdv=0
D 8’LL 81) oD

This implies V' and W have potentials, i.e., there exist functions 8, w such that V6 =V and Vw = W.
Now define a new coordinate transformation 7' : D — R? by

(u,v) = (z,y) = (u+0,v+ w)
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The Jacobian matrix is J(T') = (1 z Ou 1 _f”w ) = (1 J];Q 1 _’}_DR> One can compute det(J(T)) =

1+Q)(1+R) —P>=...= % > 0. By the Inverse Function Theorem, this map is a local
diffeomorphism. We can get T-'(z,y) = (u(x,y),v(z,y)).

The final step is to consider the new parametrization X (z,y) = (u(z,y),v(z,y), f(u(z,y),v(z,y)))-
One computes the new first fundamental form coefficients £ = (X, X;) and G = (X,,X,) and F =

(X, )~(1,> After a long calculation using the chain rule and the inverse Jacobian, one finds:

E=G and F=0

Thus, (z,y) are isothermal coordinates. O

Theorem 4.12. For any isothermal parametrization X (u,v) = (z!(u,v),2%(u,v), 23 (u,v)), the
Laplacian of X is related to the mean curvature H by:

AX =2EHN

where A = 6‘9—; + 8‘9—;, E is the E in the first fundamental form, and N is the unit normal vector.

Proof. We are given X is isothermal, so: (X, X,,) = (X,, X,,) = E(u,v) and (X,, X,) = 0.
Differentiating these relations:

1' %<X7L?Xﬂ> = 0 = <qu7X11> + <Xu; Xu1)> - O

2. %<X“7XU> =0= <XUU7XU> + <Xu7Xm)> =0
From (X,, X.) = (X,, X,) = E:

L. é%(XuaXu> = 2<quaXu> = g%

2. %(XvaXv> 2<Xuv7X'u> = g%
(

30 2 Xy, Xy) = 2( Xy, Xy) = 22
42Xy, Xo) = 2 Xy, X)) = 22

From this, we see (X, Xu) = (Xuw, Xo) and ( Xy, Xo) = (Xpo, Xo)-
Now consider the Laplacian AX = X, + X,,. We check its components in the tangent plane
T,S = span{X,, X, }:

<AX7 Xu> = <qu + Xv'ua Xu> = <quaXu> + <X1JU7Xu>
= (Xuv, Xo) — (Xp, Xuw) =0 (using 2 and a=c)

(AX, Xo) = (Xuu + Xow, Xo) = (Xuw, Xo) + (Xoo, Xo)
= —(Xu, Xuv) + (Xuw, Xy) =0 (using 1 and b=d)
Since AX is orthogonal to both X, and X, it must be parallel to the normal vector N.
AX = AN for some scalar A
To find A, we take the dot product with N:
A=(AX,N) = (Xuu + Xop, N) = (X, N) + (X0, N)

By definition, e = (X, N) and g = (X4, N). So, A=e+g.
For an isothermal surface (F' = 0, E = G), the mean curvature is:

eG—-2fF +gE eE+gE FElet+g) e+tg

o= - - -
2(EG — F?) 2(E?) 2F? 2F
Therefore, e + g = 2EH. Substituting this back, we get A = 2EH.
AX =2EHN
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Corollary 4.13. Let S be a minimal surface (H = 0) with an isothermal parametrization X (u, v).
Then
AX =0

This means the coordinate functions x1(u,v), ¥?(u,v), and 3(u,v) are harmonic functions.

Remark 4.18 (Complex Analysis Connection). Recall from complex analysis:

e Let z = u + v, where i = v/—1. Then u = 2% and v = 2=,

9¢ _
tOE—O

A function is harmonic if A¢ = 0.

The Wirtinger derivatives are:
9 _1(o 9N 9 _1(0 0
0= 2\ou 'ov) ™ 9z~ 2\ou o

The Laplacian is A = au2 + 81;2 = 46222

Definition 4.17. Let X (u,v) = X(2,%) = (X, X2, X?) be a surface parametrization. Define the
complex vector ¢(z) = (¢!, ¢?, ¢®) where

) J
gbj(z):a;i for j =1,2,3

Also define the complex scalar ®2 :

Proposition 4.14. Let X (u,v) = (X', X2, X3) be a parametrization of a surface. Then:
1. The components ¢/ are holomorphic <= the coordinate functions X’ are harmonic.
2. The parametrization X is isothermal <= ®2 = 0.

3. If X is isothermal, then S is regular <= Z?=1 |¢7 |2 # 0.

Proof. 1. We check the Cauchy-Riemann condition for ¢7:
o 9 (X 1 9 9 0X7 90X/
0z 0z\ 0z ) 4\ou ‘ow)\ou v

1 ; ; 1 1 ;
== J o _iXJ J J E—— J J — J
4 ((qu ZXu ) ( Xvu + Xm;)) 4(X + Xm;) 4AX

Thus, 22 =0 (i.e., ¢ is holomorphic) if and only if AX7 = 0 (i.e., X7 is harmonic).

oz
3 N2 3 ; NN 2
¢ 1 /0X7 0X7
- B 1 .
(I)_Z(az)_z(2<8u Zc%))

2. We compute ®2:
j=1 j=1

3
= Ly (ke - o —2ixgx))

j=1

3 3
:% S XD =) (X))’ —QZZXJXJ
Jj=1

j=1 j=1

»-Ml—'
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- i(<XuaXu> - <XU7XU> - 2Z<X“’XU>)

1
= 1 (B =G - 2iF)

Therefore, ®2 = 0 if and only if E = G and F = 0, which is the definition of an isothermal
parametrization.

3. (Homework) Regularity means X, x X,, # 0, which is equivalent to EG — F? # 0. For an isothermal
patch, thisis B2 #Oor E # 0. E = (X, X,,). One must relate this to >_ |¢/|?. Recall the definition

of the complex vector ¢:

6= ‘lX %(xu —iX,).

We compute the sum of the squared moduh of its components:
S _ 1 1
SoIR = (6.8) = (5K - iX) (X 4 iX,)).
j=1

Expanding the inner product using linearity (and noting that X, X, are real vectors):

3
> It = (X X)X, X — (X0, X+ (X, X))
1
(IX [+ 1X0[?)

Since X is isothermal, we have F = G and F = 0. The equation above simplifies to:

3
. 1 1
712 = Z(2EF) = - E.
;Iqﬁl 4( ) 5

A surface is regular if and only if X, x X, # 0, which is equivalent to EG — F? > 0. Under the
isothermal assumption (F = G, F = 0), the regularity condition becomes:

EG-F*=FE>>0 < E#0.

Combining these results:

3
. 1
Z‘¢J|27§0 — §E7é0 < F #0 < § is regular.

j=1
O

Exercise 6. Show the third proposition above. (The solution has been added in the typed notes, but you
can try this anyway)

Theorem 4.15 (Weierstrass-Enneper Integral Representation). Let D be a simply-connected do-
main in C. Let g(z) be a meromorphic function and f(z) be a holomorphic function on D such
that at any pole zy of g, the order of the pole is m, and f has a zero of order at least 2m. (This
ensures f(1—g?), f(1+¢?), and fg are all holomorphic).

Define the holomorphic map ¢(z) = (¢, ¢, ¢) by

¢ = 11(z)(1 - g(2)?)
@ = £1(z)(1 +9(2)?)
& = [(2)9(2)
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Then the surface S defined by the parametrization
X(2,2) = (X', X%, X% with X’(2,2) = + R (/ ¢>J’(<)d<)
20

is a minimal surface with isothermal coordinates.
Conversely, any non-planar minimal surface can be locally represented in this way.

Proof. To prove that S is a minimal surface (H = 0) parameterized by isothermal coordinates, we must
verify two properties established in the previous propositions:

1. The coordinate functions X7 are harmonic (AX7 = 0).
2. The parametrization is isothermal ((X,, X,) = (X,, X,) and (X,, X,) = 0).

Step 1: Verify Harmonicity of X/ _
We apply Proposition 4.14 (1), which states: “The Wirtinger derivatives 88)(; are holomorphic <=
X7 are harmonic.”

First, we compute the Wirtinger derivative of the coordinate functions. Let W/(z fzo & (¢

Then X7 = R(P7) = 1(V/ + WJ). Differentiating with respect to z:

e = 5[5 (e + )| = (@@ +0) = gt

Note: Here we see a factor of 1/2 difference between the geometric derivative 2 a ’ and the integrand ¢7.

By construction, the functions ¢?(z) are holomorphic. Therefore, the derivatives % are also holo-

morphic. By Proposition 4.14 (1), this implies that AX7 = 0 (harmonic).

Step 2: Verify Isothermal Condition
We apply Proposition 4.14 (2), which states: “X is isothermal <= the complex scalar ®* :=
Z(aa%])? vanishes.”

Using the result from Step 1 (‘9XJ = 1¢7), we check this condition:

S (a;() s (;¢j<z>)2 LS e

j=1 j=1 j=1

Thus, the condition simplifies to verifying that Y (¢/)? = 0. We compute this explicitly using the
definitions of ¢7:

@+ 4@ = [ -]+ [asae )] s

2 2

f( 29> +¢") + f(+2g + 9% + fg?

fz( —-2¢° +g*) — L(1+292+g4)+f292
4

f2

1 ((1—29 +g%) - (1+292+g4)) + %9

f? 2 2 2
= Z(—‘lg )+ f7g
_ _f292+f292 :O
Since the sum is zero, ®2 = 0. By Proposition 4.14 (2), the parametrization is isothermal.
Conclusion
Since the coordinates are isothermal, the Laplacian is given by AX = 2EHn. From Step 1, we know

AX = 0. Assuming the surface is regular (E # 0), this forces the mean curvature H to be zero.
Therefore, S is a minimal surface. O
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Remark 4.19 (Alternative Approach). One could also observe directly that X7 is defined as the real part
of a holomorphic function ¥/(z). By the Cauchy-Riemann equations, the real and imaginary parts of
any holomorphic function are automatically harmonic.

Remark 4.20. The Minimal Surface part of the lecture notes is not so clear and misleading. You may find
that ¢/ is differ from aa—)ij by a factor of % in the Eneeper’s Theorem. So we should modify the definition

of ¢’ in the definition above as ¢/ = 288—)?. But anyway I want to reocord the Lectures faithfully. You
may modify the structure of this part by yourselves.

Example 4.12 (Enneper’s Surface). Let f(z) = ¢ (e.g., f(z) = 2) and g(z) = =.

#= @O~ =1-2

# = L)1+ =i(1+7)

¢ = 22
Integrating to find X (z = u + iv):
23 u?
Xl:%/(1_22)d'z:%(3_§):U_§+UU2
Z3 '1)3
X2 = éft/i(l +2dr =Rz + 7)) = v — 5 oty

X3 = §R/22dz = R(2?) = u? — o2
One can check that this is a regular, isothermal parametrization.
<Xu7Xv> :0:>F:0

(Xu, Xu) = (X0, X)) =(14+4*>+v*)2 = E=G

Since it is isothermal and its coordinate functions are harmonic (AX = 0), it is a minimal surface.

Example 4.13 (Catenoid-Helicoid Family). The coordinate functions X (u,v) : @ — R? are
obtained by the Weierstrass representation formula:

X(z) = Re/gi)dz = Re ®(2),

where ¢ = (¢!, 2, $3). Integrating the 1-forms derived in Example 4.13:

Pl(2) = /e*w sinh z dz = e~% cosh z,
P?(2) = /ie_w cosh z dz = ie”* sinh z,
P3(2) = /e_w dz =e ¥z,

Thus, the holomorphic map is ®(z) = (e=* cosh z, ie"* sinh z, e=%2). Let 2z = u + iv. We now
compute the real parts for specific values of 6.
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1. The Catenoid (0 =0)

Substituting # = 0, we have ®(z) = (cosh z, isinh 2z, z). Using the addition formulas cosh(u-+iv) =
cosh u cosv + i sinhusinv and sinh(u + 4v) = sinhw cos v + i cosh u sin v:

x(u,v) = Re(cosh z) = coshu cos v,
y(u,v) = Re(isinh z) = Re(i(sinh u cosv + ¢ coshusinv)) = — cosh usin v,
z(u,v) = Re(z) = u.

This yields the parametrization of the Catenoid:
X (u,v) = (coshucosv, —coshusinv, u).
2. The Helicoid (6 = T)
Substituting § = Z, we have e~ = —i. Thus, ®(z) = (—icoshz, sinhz, —iz).

Re(—i cosh z) = Re(—i(cosh u cosv + i sinhusinv)) = sinh u sin v,

~

x(u, v
y(u,v) = Re(sinh z) = sinh u cos v,
z(u,v) = Re(—i(u +iv)) = Re(—iu + v) = v.

This yields the parametrization of the Helicoid:

X (u,v) = (sinhwusinv, sinhucoswv, v).

Remark 4.21. This provides a continuous deformation from the Catenoid to the Helicoid by varying the
parameter 6.

. The Associate Family: Ccminéjou? eformation from Catenoid to Helicoid
6= 0(Catenoid) = nf4 Deformation)

6= /2 (Helicoid)

Figure 5: The continuous isometric deformation from the Catenoid (6 = 0) to the Helicoid (6 = 7/2).
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4.6 Geodesics

Recall:

o (t) = kn ()N (a(t)) + ko ()T (cu(t))
where kg is the geodesic curvature.
Question: How shall we understand k,(¢)?

Example 4.14. Suppose S = plane and Z(u,v) = (u,v,0). Then for any a = (z(t),y(t),0),
o = (2",y",0) = 0N + k,T. ie:
k =k,

If S is plane, k; means the curvature of the curve.
Definition 4.18. A geodesic on a surface S is a curve o : I — S such that kg (t) =0,Vt € I.

Example 4.15. If S is a plane, then we have just seen that the path with shortest distance
between 2 pts, i.e: Straight lines are geodesics.

In fact, we’ll show path « joining a, b with shortest distance is a geodesic.

Theorem 4.16 (Gauss). Let a: I — S p.a.l (parameterized by arc length) be the shortest curve
between a(t1) and a(te). Then « is a geodesic.

Proof. As in the minimal surface proof, this requires the technique of variations: Focus on a small
subinterval of I’ C I such that a(I’) lies on a single coord patch. with a = Zo~. h: I' — R? with
h(ag) = h(a1) = 0. Consider

Y(8) = y(s) +th(s): I' = U
Such that 7 (ag) = 7(a0) and 7'(a1) = 7(ar). Let a(t;s) = a’(s) = Z o7t (s) = Z(m(s) + th(s), 72(s) +
thg(s)).

L(t) = /a1<0/(t;8),0/(15;8))1/2&9

0

then

L'(t) = /a Mds

o, as) /2
Assuming « is p.a.l (so {as,as) =1 at t =0),
ai
L'(0) = / (ats, o) |t=0ds
ao
Consider

78<at,as>|t20 = (Quts, s)|1=0 + (@, Qss)|t=0

a1 9
= 20 = [ (§ lanadlieo = (anaulica ) do

Note that a(t, s) = Z(71(s) + thi(s),v2(s) + tha(s)) Owalt, s)|t=0 = Zuh1 + Zyha Ossa(t, 8)|t=0 = ' (s)
Since h(ag) = h(a1) = 0, the boundary term [(a, as)];! vanishes.

ﬁﬂ@=—/<%ﬂ@mm8

(0]

= —/ ("1 Zy + haZ,,d" (s))ds

(]

= —/ kg(h1Zy + hoZ,,T)ds
ao

Since the curve « attains its minimum length when ¢t = 0, we have L’(0) = 0 for any choice of h. This
implies k, = 0. O
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Remark 4.22. Geodesics may not be global minimum, but it is local minimum.

Question: Given a p.a.l curve a : I — S, how can we check if it is a geodesic?
Lemma 4.17. ky(s) = det(N(a(s)), o/, o)

Proof. ¢/ =o” =k,N + k,T where T = N xt=N x . kg =(',T) = (¢//,N x a’) = det(N,d,a”).
Therefore, a(s) is a geodesic <= det(N, o', a”) = 0. O

Example 4.16. S = S2. For any two pts on S2, one can perform rigid motion such that these
two pts lie on the equator. Now assume these two pts lie on the equator. We claim the great
circle, i.e. the equator lines joining the two pts a(s) = (cos(s),sin(s),0) is a geodesic. Indeed:
One can check det(N,a’,a”) =0 =k, = 0.

Remark 4.23. It’s obvious that the great circle may not be the global minimum, but it’s indeed a local
minimum. The long path is a geodesic but not global minimum.

Next Question is study which curve v : I — U such that Z o~y is a geodesic?

Definition 4.19 (The Christoffel Symbols). For a coord patch X is given by: Ffj :U - R
Satisfies (where we denote X,, = X1, X, = X5)

Xuw =T1, X1 +T3, X, +eN
Xuw =ThLX1 +T2, X5 + fN
Xy =T2, X1 + T2, X, + gN

Remark 4.24. I‘fj gives the ”Levi-Civita Connection”.
Remark 4.25. For short hand, we may write: Z,, = Z1, Z, = Zo. ['fy =Tk, for k = 1,2. Since Z,, = Zyy,-
Proposition 4.18. «a(s) = Z o 5(s) = Z(u(s),v(s)) is a geodesic <=
u’ + Fh(u’)2 + QF%QUI’U/ + F%Q(v')2 =0
v" + ] (0)? + 2T35u'v' + T3,(v')* =0
Proof. o = X, u' + X,v' o = Xu" 4+ X (u')? + Xyupt'v' 4+ Xpv" + Xput/v' + Xy (v')?
In order k; = 0. Then o’ = k,N <= <«"||[N. So o’ has no X,, X, component. Substitute
the definitions of X, Xy, Xuy using Christoffel symbols. X, component and X, component should

be 0. (Collecting X,, terms): u” + I'};(u)? + Tiu'v' + Tl v'u’ + Tiy(v")? = 0 (Collecting X, terms):
v+ T2 (u)? + T2,u'v + T30'd +T%,(v')? = 0 then we're done. O

Definition 4.20. The equations above are called geodesic equations.

For any (po,vo) and w € R?, 3! solution of the geodesics. The Christoffel symbol can be given by the
first fundamental form (i.e. the metric).

Proposition 4.19 (Gauss Equation).

1
Tl = 59" (0igms + 0j9mi — Omgis)

" _(E F\ ,._(E F\'
where gmk = ()9 =5 @

Computation of Christoffel Symbols. We start with the definition of the metric tensor components g;; =
(X;, X;), where X; = X, and Xy = X,,. We assume the connection is torsion-free (i.e., Ffj = F?i), which
is true for the Levi-Civita connection on a surface derived from the embedding, as X, = Xyu.
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We take the partial derivatives of the metric tensor:

0
Ogij = %<Xian> = (Xik, Xj) + (X4, Xij)

Using the definition of the Christoffel symbols X;; = F,linl + (normal component), and noting that the
inner product of a tangential vector (X;) with the normal component is zero, we get:

Orgij = <Fﬁsz,Xj> + <Xi,F§€le>
= T (X0, X;) + D (X, X0)
Okgij = Dingij + Thj9u

This equation relates the derivative of the metric to the Christoffel symbols. To solve for I', we write
this equation three times with permuted indices (this is sometimes called the Koszul formula):

(1) aigmj = Fémglj + Féjgml
(2) 0j9mi =T q1i + Tl g
(3) Omgi; =Tl + Finjg“

Using the symmetry I‘fj = F?i,

we compute (1) 4 (2) — (3):

LHS = 0;gm; + 0j9mi — Om9ij

RHS = (T%,,, 915 + T4 9mt) + (D00 + T4y gmi) — (Chpgiy + Thpngi)
This gives the relation:
QF{ijgml = 0igmj + 05 9mi — OmYij

To isolate I'¥

ij» we contract with the inverse metric gk,

2T 9m) g™ = g"*(Digm; + Oigmi — Omgis)
2T (67) = g™ (Digmj + 0j9mi — OmYij)
25 = g"*(0igmj + 0jgmi — Omgij)
This yields the final formula:
rj; = %gm’“ (0igmj + 9j9mi — Omgi;)
O]

Remark 4.26. It’s useful to memorize the formula, and also useful to perform the calculation in this
two-dimensional surface case.

Example 4.17 (Geodesics of Surface of Revolution). Let the parametrization be:

X (u,v) = (f(v) cosu, f(v)sinu, g(v))
Then we obtain the geodesic equations.

The Equations look like:

!

2f
L i+ —-id =0
f

. ff/ o {f/f//_’_g/g//].z:
2™ Tl eel

Now we study the geodesics on a surface of revolution.
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1. General Case (4 # 0)
If @ # 0 (that is, the curve is not a meridian), then:

“at) = X (u(t),v(t)) is traveling on a constant speed” + Equation 1 = Equation 2.

This means that for a general geodesic, it suffices to check Equation 1 and the constant speed
condition.

2. The Equation 1 is equivalent to Clairaut’s Relation

(BEq 1) < fYi+2ff0u=0
d 2N
— %(f ) =0
< f2%i = const.

/ X 2
Note that cosf = <oz),(|u) = fTu = fu. Then we have:

r cos f = const
This is the Clairaut’s relationship.

3. If v is a Meridian
If « is a meridian and traveling at a constant speed, then it is a geodesic.

e It satisfies Equation 1 (since & =0 = 0=0).

e We have v # 0 (traveling at constant speed).

4. If ~ is a Parallel
If 7 is a parallel, then we cannot use the argument in (1). Equation 1 holds naturally (since i =0
and v = 0). But it may not be a geodesic since v = 0. Now we check Equation 2:

f(vo) f'(vo) (
f'(v0)% + g’ (vo)?

Since f(vg) # 0 and 4 # 0, this implies:

W)?+0=0

f'(vo) =0

Geometrically speaking, it is the circle that contains the locally max/min radius. Then the
discussion of geodesics on a revolution surface is complete.

Exercise 7. If v’ # 0,(that is the curve is not a parallel) Check equation (1) plus the condition that "
travels at a constant speed” implies the second equation. That is, for a non-parallel curve travelling on
a constant speed, we only have to check equation 1 to conclude that v is a geodesics.

Exercise 8. Check the Clairaut’s relations.

Remark 4.27. One can refer this to Do Carmo Riemannian Geometry Chap 3. Exercise.

4.7 Fundamental Theorem of Surfaces

Let {X,, Xy, N} be the moving frame. ® = (X, X,,, N) : § — GL(R?)
o, =dA, P,=90

where

F%l F%Z —an F%g F%Q —ai2
A= F%l F%z —az |, ©= F%z F%Q —a22
e f 0 f g 0
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where a;; are components of (—dNp).

Computation of Gauss-Weingarten FEquations. We want to verify the matrix equations &, = ®A and
b, = ¢O, where ¢ = (X, X,,, N). We denote X; = X,, and Xy = X,,.
1. Check &, = ®A:

The left side is @, = 0,P = (0uXu, X, OuN) = (Xuyu, Xuv, Nu). The right side is PA =
(Xu, Xy, N)A. Using the matrix A from our notes:

Iy T —an
PA = (Xy, X\, N) [ T2, T2, —an
e f 0
We check this column by column:

e Column 1: (®A); = X, I'}; + X, T2, + Ne. By definition of the Christoffel symbols, this is exactly
Xuw. This matches.

e Column 2: (®A); = X, T'1, + X, T'?, + Nf. By definition, this is exactly X,,. This matches.

e Column 3: (PA); = X, (—aq1)+Xy(—a21)+N(0) = —a11 X, —ag1 X,. This must equal N,, = 9, N.
By definition of the Weingarten map S = —dN,,, we have S(X,) = —dN,(X,) = —N,. The
matrix (a;;) of S is defined by S(X;) = > a;;X;. So, S(Xu) = anXy + a21X,. This means
—Ny, = a1 Xy + a21X,, or Ny, = —a11 X, — as1X,. This matches.

Thus, the equation ®, = ®A holds.
2. Check ¢, = 90O:

The left side is ®, = 9,® = (0, Xu, 00Xy, N) = (Xpu, Xow, Ny). The right side is O =
(Xu, Xy, N)O. Using the matrix © from your notes (and I'f; = T'%,):

F%z F%Q —ai2
PO = (Xy, Xy, N) [IF, T3 —as
f g 0

We check this column by column:

e Column 1: (¢0); = X, I'l, + X, I'3, + Nf. By definition, this is X,,. Since X,, = X, this
matches.

e Column 2: ($0); = X,I'}, + X, T3, + Ng. By definition, this is X,,. This matches.
e Column 3: (PO)3 = X, (—a12) + Xy(—a2) + N(0) = —a12X,, — a22X,,. This must equal N, =

O0yN. From the Weingarten map, S(X,) = —dN,(X,) = —N,. Using the matrix definition,
S(XU) = CngXu + CLQQXU. This means 7NU = angu + CL22X1,7 or Nq, = 7@12Xu — CLQQXU. This
matches.

Thus, the equation ®, = ®O also holds. O

The above formula is called Gauss-Weingarten Equation.

Proposition 4.20. The matriz A, © satisfy:

OA 00
%—B—U—AG—GA

(Compatibility Condition)

Proof. By comparing ®,,, and ®,,,. O
Recall: Let {X,, X,, N} be the moving frame. We have the Gauss-Weingarten Equations:
o, = PN, D, = PO

The compatibility condition comes from X;x; = X (where X3 = X, Xo = X,,).
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Remark 4.28 (Einstein Notation). We adopt the Einstein Notation: repeated indices imply summation
automatically.

Now we write out the derivative explicitly:
i(rl X+ N) = i(rl X, +1I;;N)
8$j k<)l ik - aZL'k ij<xl ij
Tl i X0+ T Xy + Wi jN 4 e N; =T Xy + T X + T 1 N + I Ny,
Also note that N; = a;;X; (matrix representation of Weingarten Operator, which we take here to be
dN,). We substitute NV; and X;; = I Xe + 1L N back in:
(Flikyj + F{kfij + Mipar;) Xy + (Wi, ; + T TN

= (Féjyk + Ffjfik + Wijae) Xp + (Wij e + D) N

4.7.1 Gauss Equation (Tangential Part)
The tangential parts must be equal:

Tl + Db + gy =Tl + T T + Tijan

Rearranging gives the Gauss Equation:

Fl

l r 1l rol 7., ) ]
ik, Fij,k + Fikrrj - ijFrk- = szalk - Hlka’lj

The LHS is the definition of the Riemann Curvature Tensor R... in local charts.

kij
Rfcij = Fék,j - F'lij,k + karij - %ank
So we have Rfﬁj = ILjai, — IL;kay;.
Let’s compute the component Ry, (ie.,l=2,i=1,7=2k=1):
Ry =Ilizas — Mijag
f el — fE fF—gE
= —e
EG — F? EG — F?

_ [(eF = [E) —e(fF - gE)

EG — F2
_feF—fZE—efF—FegE
- EG — F?

_ E(eg—f*)
"~ EG-F? = EK
%21
K = 121
= E

Theorem 4.21 (Theorema Egregium (Gauss)). The Gaussian curvature K is given by the First
Fundamental Form (and its derivatives, which determine Rﬁﬂj). Thus, K s intrinsic and depends
only on the metric.

4.7.2 Codazzi-Mainardi Equations (Normal Part)
When we compare the normal components:
Wik, j + DIy = i g + U511
= Iig,; — Wijp + DIy — 1y = 0

This is the Codazzi-Mainardi Equation. The Gauss and Codazzi equations together are the Gauss-
Codazzi Equations.

Exercise 9. Show that the Codazzi-Mainardi Equation is equivalent to the compatibility condition Ny, =
NUU .
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Theorem 4.22 (Bonnet’s Theorem). Given symmetric tensors I;; = A;; (positive definite) and
II;; = B;; on an open set U C R3, which satisfy the Gauss-Codazzi equations. Then there exists
a unique (up to rigid motion) parametrization X : U — R> with I;; as its first fundamental form

and I11;; as its second fundamental form.

Remark 4.29. This gives the existence of a surface if the Gauss-Codazzi equations are satisfied.

Proposition 4.23 (Christoffel Symbols for Orthogonal Coordinates). If the coordinate patch
X (u,v) is orthogonal (i.e., F =0, so g12 = 0), the Christoffel symbols are given by:

E E
ri == 2z, = _==
17 9E t 2G
E, Gu
F%z = F%l = 2E F%2 = Fgl = 20
G G
ri —_=« 2, ==x
22 2 2= 545

where B, = OE /0u, G,, = 0G/0u, etc.

Remark 4.30. Note that we have K = R?,,/E. And if we have a coordinate such that F' = 0, then we
can simplify the computation of I" and then get the formula:

s () & ()
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5 Global Theory of Surfaces: Gauss-Bonnet Theorem

5.1 Local Gauss-Bonnet Theorem

Recall in the past we have Hopf’s Umlaufsatz:
/ k(s)ds = £2m for any simple closed curve.

A small generalization: Suppose « is a piecewise smooth closed curve. Let 0; be the exterior angle
at the ¢-th corner. Then we have

n n
Z/ k(s)ds + 20,; =427
=1 % i=1
Can we do this on a regular surface?
Proposition 5.1. Let X : U — S be an orthogonal coordinate patch (i.e. F = 0) such that the
map X is compatible with the orientation N. Suppose B : [a,b] — U is a periodic curve, with 3

injective on [a,b) and positively oriented. Then o = X o 8 is also periodic and positively oriented.
Suppose « is chosen such that it is p.a.l (parameterized by arc length). Then:

/(ng(s)dw//RKdA:zw

Where R is the region bounded by the curve o and 0(s) is the angle between X,, and o/(s) in T,S.
Remark 5.1. On a plane, K = 0. k; = . Hence this recovers Hopf’s Umlaufsatz.

Lemma 5.2. Let X : U — S be an orthogonal parametrization (F =0). Let 5(s) = {u(s),v(s)}
be a periodic simple curve. Then the geodesic curvature of a« = X o f is:

ko (s) 1 < dv du

_ = - /
= o3BG \ras ds) +0()

Proof. Let Y = \)/% and Z = XG Then {Y, Z, N} is an orthonormal frame.

a/(s) = cos(0(s))Y +sin(0(s))Z = t(s)
a’(s) = —0'sin@Y + cos Y’ + 6 cos0Z + sin02’
Using the definition kq(s) = (N x o/, o'):

ky(s) = (—sinbY +cos0Z,a"(s)) = 0'(s) — (Y, Z")

o (5.5)

/
where (X” ) = (X“ ) u + (X” ) v’. The dot products are:

We compute the term (Y, Z’):

3

(3.(3)) -t

i (7)) = vt

Then we have




Hence

1
- Gu r_ Ev !/
" ovEg Y T )

= ky(s) = (G — Eyu') +0'(s)

We integrate kq(s) around the curve a:

Akg(s)d52/0(<2jg?;h;— 2\/EZTG§Z> ds—i—/aQ’(s)ds
:fé (2557;@— 2%@) +/a€’(s)ds

Applying Green’s Theorem (Stokes’ Theorem in R?) to the line integral over the region R:

/akg(s)ds:// <8u <2F) (2EF>)d“dv+/aal(s)ds

:_[LﬁﬁKmm+Lw@w

:—/ KdA+ 27
R

Rearranging gives the Gauss-Bonnet formula for a simple closed curve:

/kgder/ KdA =2
a R

Exercise 10. Show f 0'(s)ds = 2w in the proof of the proposition above. Note that here « is a curve
on the surface, not a plane curve.

Corollary 5.3. Suppose «a is a piecewise smooth closed curve on S that is injective and positively
oriented. Let R be the region bounded by . Let 0; be the exterior angle at the i-th corner. Then:

n

Z L ds+//KdA+Ze =2r

i=1 i=1

Proof of Corollary 5.3. Let o be a piecewise smooth simple closed curve bounding a region R in a
coordinate patch X : U — S. Let a be composed of n smooth arcs a, ..., a,.

Recall from the proof of the Gauss-Bonnet Theorem for smooth curves (Lemma 5.1), if we choose
an orthogonal parametrization (or an orthonormal frame {ej,e2}), the geodesic curvature on a smooth
segment is given by:

o() = 22 1 y(s)

where (s) is the angle between the tangent vector o'(s) and the basis vector e1, and ¥(s) is a term
involving the first fundamental form (specifically related to the connection form wis).
Integrating k, over the piecewise smooth curve v = [J;—_; a:

Z g ds—Z/ ‘pds+z

Step 1: The Connection Term
The term involving (s) corresponds to the line integral of the connection form along the boundary. By
Green’s Theorem (as used in the smooth case), this integral converts to the area integral of the Gaussian

curvature:
?{qlz(s)ds = —/ KdA
«@ R
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(Note: The sign depends on the specific definition of ¥, but the combination Z—f — kg yields the Gaussian
curvature term).

Step 2: The Angle Term

The term ) ., fai dy represents the total variation of the angle of the tangent vector along the smooth
segments. Let Ap; be the change in angle along the arc «;.

Z/ Z—ids = ZAapi
i=17

=1

Since « is a simple closed curve, the total rotation of the tangent vector must be 2w. However, at each
corner p;, the tangent vector jumps discontinuously. The exterior angle 6; is defined precisely as this
jump:

0 = p(s) — o(s7)

Therefore, the total turning 27 is the sum of the turning along the smooth segments and the jumps at

the corners:
n n
2= Agi+ ) 0
i=1 i=1

Rearranging for the smooth turning term:

i=1 i=1

Conclusion
Substituting these back into the expression for [ kg:

é/aikgdsz (27r_§9i>_//RKdA

Rearranging the terms gives the desired formula:

Z/ kgds+// KdA+> 0;=2n

=17 R i=1

Example 5.1 (Polygon on a Plane). Straight lines are geodesics, so k; = 0 and K = 0. The
formula reduces to Y 6; = 2w. For a simple polygon (n =1), > 0; = 2.

Example 5.2 (Geodesic Polygon). Suppose we construct a polygon using geodesics (k, = 0) on a
surface S. Let ®; be the internal angle at the i-th vertex. The internal angle ®; and the external
angle 0; are related by ®; + 6; = 7. The Gauss-Bonnet formula becomes:

// KdA+) 6;=2r
R i=1
Substituting 6; = 7 — ®;:

//KdAJrZ(wf(I)i):er
R i=1
//KdAer—Z@i:zw
R i=1

Z@izm—zwr//KdA
i=1 =
Zq)i:(n—Q)ﬂ—i—//KdA
i=1 R
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For K > 0 (e.g., a sphere), the sum of internal angles is larger than on a plane. For n = 3 (a
geodesic triangle T'):

(I)1+(I)2+‘b3:7r+//KdA
T

FK>0,a+p+y>nm. If K<0,a+ S+ <m (Here a, 3,7 are the internal angles).

Example 5.3 (Geodesic Triangle on a Sphere). For a sphere of radius R, K = 1/R?. The area
A of the geodesic triangle T is given by A = R?*(a+ 3+~ — ) (where a, 3, are internal angles).

Note that g q
//KdA://ﬁdA:ﬁarea(T):a—i—ﬂ—k'y—w
T T

Then the full Gauss-Bonnet formula for this triangle (where [ kyds = 0and Y 6, = 37— (a+8+7)):
// KdA+Z€i+Z/kgd$: (a+B+y—m)+Br—(a+B+7)+0=2r
T

Exercise 11. Check that for the area for the geodesic triangle in the unit sphere is sum of internal angles
MINUS .

K > 0 (Spherical): Y ®; > 1t K < 0 (Hyperbolic): Y ®; <n

K=0(Flat): Yo, =n

25 V4
=3n2 a+gAfn
> 201
s )

Figure 6: The relationship between Gaussian curvature and the sum of geodesic triangle angles.

5.2 FEuler Characteristic

Definition 5.1 (Triangle). A region T' C S which consists of three piecewise smooth parts with
external angles 61,02, 05 is called a triangle (3 vertices, 3 edges, 1 face).

Definition 5.2 (Triangulation). A triangulation of a surface S is a family T of triangles {7;}
such that:

1. Uy, =5
2. T; NT; # 0, the intersection is either a common edge or a common vertex.
Definition 5.3 (Connected Sum). The connected sum of two surfaces S; and Ss, denoted S;#S55,

is formed by removing a small disk (triangle) from each surface and gluing them together along
the boundary of the removed regions.

Proposition 5.4 (Euler Characteristic of Connected Sum). The Euler characteristic satisfies:

X(S1#£52) = x(S1) + x(S2) — x(5?) = x(S1) + x(S2) — 2.
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Example 5.4. For a torus 72, x(T?) = 0.
X(T*#T?) =0+0-2=-2.

In general, for a surface of genus g, T,;, we have x(Ty) =2 — 2g.

5.3 Discrete Gauss-Bonnet Theorem

We begin by looking at the topology and curvature of polyhedral surfaces.
We wish to ”derive” (or define if you like) the Gaussian curvature K (v) for a vertex on a polyhedral
surface. We deduce it from the Gauss-Bonnet formula for geodesic polygons (Example 5.2).

Theorem 5.5 (Recalling Example 5.2). For a geodesic polygon R on a smooth surface, with

internal angles ®;:
// KdA+) (m—®;)=2r
& i=1

Rearranging this for the total curvature:

//RKdA_zw—zn:(w—@)_2w—29m

=1

Motivation for Discrete Curvature: Consider a vertex v on a polyhedral surface. The surface is flat
(K = 0) on the faces and edges, so the curvature is concentrated entirely at the vertices. Let us apply
the formula above to a small polygonal region R containing the vertex v.

e The integral [, K dA becomes the point curvature K (v).

e As we contract the region R to the vertex v, the sum of the turning angles along the boundary
corresponds to the "missing angle” needed to close the surface flatly around the vertex.

e Geometrically, if we "unroll” the faces meeting at v onto a plane, the sum of the angles > «; at
the tip will not equal 27 if the vertex has curvature. The defect is precisely 2w — > a.

Thus, consistent with the smooth case, we define/derive the following:

Proposition 5.6 (Discrete Gaussian Curvature). For a wvertex v on a polyhedral surface, the
Gaussian curvature is the angle defect:

K(v)zQw—Zai

F>v

where «; are the internal angles of the faces at vertex v.

Theorem 5.7 (Discrete Gauss-Bonnet for Closed Surfaces). Let S be a closed polyhedral surface

in R3. Then:
S K(v) = 27x(S)
vES

Proof. We sum the curvature over all vertices:

S K@ =) (277 -3 a@))

vES F>v

=27V — Z Z 0;(v)

v F>3v
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Geometric Interpretation of Discrete Curvature (Angle Defect)

6,
61
63

64 ’

Angle Defect K(v)
=2n— Ze,

Figure 7: Gaussiann Curvature at a vertex=angle defect

The double sum ), > . 6; represents the sum of all internal angles of all faces (triangles) in the poly-
hedron. For a triangulation with F' faces:

Zangles =Fxm

Thus:
Y K(v)=2xV —xF

We know that for a triangulation, 3F = 2E (since each face has 3 edges and each edge is shared by 2
faces). Therefore —nF' = —3nF + 2nF = —27nE + 27 F. Substituting this back:

> K(v) =2aV - 27E 4 2rF = 27(V — E + F) = 27x(5).

Theorem 5.8 (Discrete Gauss-Bonnet with Boundary). For a polyhedral surface S with boundary
08 in R3:
Y K@+ Y Onv) = 20(5)
VESint vEDS

where for boundary vertices, the turning angle is Oept(v) = T — Oine (V).

Proof. We use the "doubling trick”. Glue two copies of S along their boundary 95 to form a closed
surface 285.

1. Euler Characteristic:
x(25) = 2x(5) = x(95)
Since the boundary consists of simple closed curves, x(95) = 0, so x(25) = 2x(95).
2. Total Curvature: Applying the closed surface theorem to 25:
> K(v) = 27mx(28) = 4mx(S)
ve2S

The vertices of 2S5 consist of two copies of the internal vertices of S and the boundary vertices
(where the two copies join). The contribution at the boundary relates to the external angles.

2 (Z K(U) + Z eext(v)> = 47TX(S)

veS veDS

Dividing by 2 yields the result.
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Example 5.5 (Octahedron). For a regular octahedron, we have V=6, F = 8, E = 12. x(S) = 2.
At each vertex, 4 equilateral triangles meet. The internal angle of each is 7/3.
dr 27w

K(v):27r—4(g):27r—? 3

Total Curvature:

Example 5.6 (Square Torus Frame). Consider a torus constructed from square plates.

e Inner vertices: Suppose vertices where geometry creates a ”saddle”. Kiper = 27 —
s

(angles) = —7.

e Outer vertices: Ko, = 27 — (angles) = 7.

Summing these over the vertices (e.g., 8 of each type in a specific construction) yields > K(v) =
0 = 27(0).

Example 5.7 (Cube with one face removed). S is a cube with the top face open. This is a surface
with boundary. One can verify > K(v) 4+ Y 0yt = 2mx(S) holds.

Ex 5.5: Octahedron Ex 5.6: Square Torus Frame Ex 5.7: Open Cube

K(v) =2
Vertexv

L

Figure 8: Examples of Discrete Gauss-Bonnet Theorem
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5.4 Global Gauss-Bonnet Theorem
We now generalize to smooth surfaces with boundary.

Proposition 5.9 (Global Gauss-Bonnet). Let R C S be a region bounded by a finite union of
closed simple piecewise reqular curves C;. For any triangulation of R, one has:

Z/ ds+// KdA+Z€e” = 21x(R)

Proof. We proceed by triangulating the region R.

Step 1: Triangulation. Triangulate R into faces {Tx} such that each triangle is small enough to
be contained in a local coordinate chart.

Step 2: Apply Local Gauss-Bonnet. Apply the local theorem to each triangle Tj:

kgds—i—/ KdA+ ) 05t =
0Ty, Ty veTY

We sum this equation over all F' faces.
Step 3: Edge Cancellation.

F
kd5:/ kgds + /k ds
kz_:l/é9Tk g OR Z

interior edges

Each interior edge is traversed twice in opposite directions by adjacent triangles. Thus, the integrals of
geodesic curvature along interior edges cancel out. We are left only with the boundary integral [, oR Kgds.
Step 4: Angle Summation. We sum the external turning angles of the triangles.

Z (Z ext angles of Tk) = Z(?ﬂr — Z int angles of T},) = 37 F — Z int angles
k k

all

We relate the sum of all internal angles to the vertices:

Z int angles = 27 Vins + ™Vhoundary — Z s
all

(Internal vertices sum to 27; boundary vertices sum to w — 0¢*t).
Step 5: Euler Characteristic. Combining terms:

// KdA —|—/ kgyds + ZQC“ =21F — (3nF — (27Vint + ™Vooundary))
R AR

Using the relations V' = Vin + Vioundary and 3F = 2E;,; + Epoundary:
RHS = 27T‘/;nt + W%oundary -k

Using E = Eint + Epoundary, careful substitution shows this equals 27(V — E 4+ F) = 2mx(R). O

Corollary 5.10. For a closed surface S (where 0S = (), the formula simplifies to:

/ KdA =2mx(S)
5

Example 5.8. Consider a region R on the unit sphere S?. Let the boundary be R = v; U 7o.
Suppose 77 is a geodesic. Find f kgds.
Solution: By the Global Gauss—Bonnet Theorem:

/ kods + / KdA = 2rx(R)
OR R
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Here OR = v1 U 2. Since 7, is a geodesic, fﬁﬂ kgds = 0.

s

Consider the parametrization X (6,¢) = (cos@cos¢,cos@sing,sinf) with § € [0,5] and ¢ €
[0, 27].

e This region R is an annulus (a cylinder topologically) bounded by the equator (6 = 0) and
the parallel § = /4.

e Therefore, x(R) = 0.

The Gauss-Bonnet formula becomes:

/kgds+//KdA:0:>/kgds:—//KdA
Y2 R V2 R

We compute the area integral. For the sphere, K = 1. Using the first fundamental form for this
parametrization:

Xp = (—sinfcosp, —sinfsinp, cos) — F = (Xy, Xg) =1

X, = (—cosfsinp, cosf cos p,0) = G = (X,, X,) = cos? 8
F=0
The area element is vV EG — F2dfdyp = cos 0dfdp.

2 pm/4
// KdAz/ / 1~cos€d9dcp:27r[sin9]g/4:27T <ﬁ> =V2r
R o Jo

/ kyds = —V/2m
72

[\V]

Therefore:

Example 5.9 (Uniqueness of Closed Geodesics on Catenoid). For the Catenoid, it has a unique
closed geodesic (the central circle at the neck). We can prove that no other closed geodesics exist
and that this geodesic does not intersect itself or others in a way that forms a bounded region.
Let 41 and =5 be two closed geodesics.

1. Case 1: 7; and 72 do not intersect. In this case, the two geodesics bound a region R
which is topologically a cylinder (x(R) = 0). Applying Gauss-Bonnet:

/ kgder/ kgd5+// KdA =2mx(R)=0
6! 72 R

Since +y; are geodesics, k; = 0. Thus:
/ / KdA =0
R

However, for a Catenoid (a minimal surface that is not a plane), K < 0 everywhere. Since
the area of R is positive, f f r KdA < 0. This is a contradiction. Thus, two closed geodesics
cannot be disjoint.

2. Case 2: Intersect at one point. (This configuration is generally not possible for simple
closed geodesics on such surfaces without self-intersection).

3. Case 3: Intersect at more than 1 point. If they intersect at two points, the geodesics
bound a region R which is a "bi-gon” (topologically a disk, x(R) = 1).

b1 b2
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Consider the Gauss-Bonnet theorem on this disk R. Let the internal angles at the vertices

be a1, as.
/ / KdA+ ) fext = 2mx(R) =27
R

The external angles are m — «;. Thus:

//RKdA+(7r—a1)+(7r—a2):27r

// KdA:a1+a2
R

Since the curves are geodesics coming from the same point, the internal angles a; > 0. Thus
RHS > 0. However, since K < 0 everywhere on the Catenoid, ffR KdA < 0. This is a
contradiction.

Therefore, such closed geodesics cannot exist.
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A Poincaré-Hopf Theorem

In this section, we discuss the Poincaré-Hopf Theorem as an application of the Gauss-Bonnet theorem.

Definition A.1 (Index at a singular point p). Let S C R3 be a regular surface and X : U C
R? — S be a coordinate patch. Let @ be a vector field on S. A point p € S is a singular point
if ¥(p) = 0. We define the index of ¢ at p as:

index, (v) = ;/d@
77
~

where 6 is the angle between ¥(t) and X,,, and 7 is any simple closed curve around p that contains
only p as the singular point.

Proposition A.1. The above definition is independent of the choice of curve -y.

Proof. Note that i f,y df is always an integer. We can connect 1 and 7, (two simple closed curves
around p containing only p as a singular point) through a continuous map. The value of the integral is
constant when we deform a curve y; to 72, hence it is independent of the choice of ~. O

Proposition A.2. The definition is independent of the choice of coordinate patch.

Proof. Suppose {X,,X,} and {Y,,Y,} are two coordinate frames. Then we have the relationship

between angles: R
=0+«

where o = Z(Y,, X,). Then we have df = df + da. Note that Ao = [ da. Since the frame is never
zero on v and its interior, we can shrink 7 to a point and have Aa = 0. By the above definition, we see
that index, (¥) is well-defined and only depends on p and v. O

Theorem A.3 (Poincaré-Hopf Theorem). Let S be a compact connected surface in R3. Let ¥ be
a vector field on S with a finite number of singular points. Then:

Z index, (¥) = x(S)

p€{q|v(q)=0}

where x(S) is the Euler Characteristic.
To establish the above astonishing theorem, we need some preparation.

Lemma A.4. Let S be a reqular surface. Let {e1,e2} be an orthonormal frame on the surface
S C R3, with {e1,e2}, € T,S and N the normal vector to the surface. If v is a simple closed
curve on S and 0 = Z(',e1), then: _
kg =0 — (e}, e2)
Proof. Suppose 4" = cosfe; + sinfes. Then:
4" = —sin 0fe; + cos Bhesy + cos B¢ + sin Oel)

Recall kg = (v, N x+'). We have N x 7' = N x (cosfe; + sinfey) = —sinfe; + cosfey. Thus:

ky = (—sin ey + cos ey + cos Be) + sin Bel, — sin fe; + cos fez)
= sin? 00 — sin § cos B(e}, e1) + cos® 06 + cos? (e}, es) — sin? B(eh, e1) + sin 6 cos O(eh, e5)

=0- <€/1762>
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Remark A.1. Recall that when we prove the Gauss-Bonnet theorem, we apply this to e; = %, ey = \)/%
for an orthonormal coordinate system, and obtain k, = 6 + 2\/%(Guu — Gy0).

Proof of Poincaré-Hopf theorem. First, list all zeros of the vector field as {p1,pa2,...,pn}. Let {C;}7; be
a collection of simple closed curves that wind around the singular points. Let D; be the region bounded
by C;. Let X :UCR2 = S \ U?:l D;. Denote e¢; = 2 and eo such that {ej,eq, N} is an orthonormal
system. We claim:

]l

KdA = j{ e, €
//S\U?lDi ; Ci< by

By the Lemma, we have k, = 0:(s)— (e1,¢€,), s0 (e, eh) = 0;(s) — k%. Also note that as Area(D;) — 0 (or
C; — p;), we have fci k; — 2. The reason is by the following equations (Local Gauss Bonnet Theorem)

// KdA+?{ ki =2m
D; [

n n

Z ji (e1,€]) — Z 27 - index,, (¥) — 27n

i=1 g i=1

Hence we have:

By Gauss-Bonnet we also have:

//S\U?_l D, KdA =27 (x(5) —n)

as D; — 0. Therefore:

n
27 Z index,, (V) — 2mn = 27x(S) — 2mn
i=1

Conclude that:

n

Z index,, (¥) = x(S5)

=1

This is the proof of the Poincaré-Hopf theorem by Gauss-Bonnet. O

Remark A.2. If you read Liu’s lecture notes or Differential Forms and Its Applications by Do Carmo,
you will find they use w', w?, w? differential forms and the "moving frame” argument to reach this result.
You can check this and learn the moving frame method.

B Generalizing the Covariant Derivative to Tensor Fields
From Vectors to Tensors: The Guiding Principles We have defined the covariant derivative
VxY of a vector field Y along X. Our goal is to extend this definition to an arbitrary tensor field T' of

type (r, s). We do this by enforcing two fundamental rules:

1. Action on scalars: For any scalar function f, Vxf = X(f), which is the standard directional
derivative.

2. Leibniz Rule (Product Rule): The covariant derivative must obey the product rule for all
tensor products. For example:

VxT®8)=(VxT)®S+T & (VxS)

From these rules, we can derive the action on all tensor types.
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Step 1: Deriving the Action on 1-forms (Covectors)

Let w be a 1-form (a (0, 1) tensor) and Y be a vector field (a (1,0) tensor). Their contraction w(Y)
is a scalar.
Let’s apply our rules to this scalar:

e By Rule 1: Vx(w(Y)) = X(w(Y)).

e By Rule 2: Vx(w(Y)) = (Vxw)(Y) +w(VxY).

Equating these two expressions gives us a definition for (V xw):
(Vxw)(Y) = X (w(Y)) —w(VxY)

This defines how the covariant derivative acts on 1-forms.

Step 2: The General Rule for an (r, s) Tensor

We can generalize this idea. An (r, s) tensor 6 is a multilinear map that takes r covectors (Q',..., Q")
and s vectors (Y7,...,Ys) to produce a scalar:

f=0(Q...,9".v,...,Y,)
Applying the Leibniz rule repeatedly to this scalar defines the action of Vx on 6. The result is:
(VxO)(Q, ..., V) = X(0(Q,...)Y,)) (Derivative of the scalar output)

T
— Z (..., VxQP, ...,Y,) (Terms for covector inputs)
p=1

- 29(91, oY, VxY,,...) (Terms for vector inputs)
q=1

Step 3: Component Computation

Now we find the components of V6. An (r,s) tensor § can be written in a basis as:

0 = gir-ir Qdr’ @ - ® dal®

J1---Js Hrit

Oxir

1eeibp

The covariant derivative V6 is an (r,s + 1) tensor. We denote its components by Vkﬁj.lmjs. These
components are found by applying V o to 6 and evaluating the result on the basis covectors and
xR

vectors:

ieie i i 0 0
Vil = (Vﬁ@ (dw s dr ,W7...,(%js>

Using our general rule from Step 2 (with X = a%k):

’il...ir 8 il 8
Vk;ejlmjs = w ((9 (dI yeeey ax35>>

-3 0 <dxi1,...,vkdxip,...,a>
= 83}35

L i 0 0
—;G(dw ,...,Vk;aqu,...,amjs)

Let’s evaluate these three terms (using h as a dummy summation index):

1. First Term: 6 (d;vil, cee 37:%) is just the component 0;1? So the first term is the partial
derivative: o
11 eealy
8011-~js
Oxk
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2. Contravariant terms (p sum): We need the components of Vidz®. From Step 1:

i (9N 9 (i [ O\ guiv (v, 2
(Vide ><axh>—axk<dﬂ” (a@)) da (Waxh>

9 i % m 9 ip
So, Vida'» = —szhda:h. Substituting this into the p-th term:
0(... Vida'r,...)=0 ( =T dah ) R

(where h is in the p-th slot). The full sum becomes:
ip pit.c B ip ni h Ay
- (*Fk’;ﬁj}_,js ) +ZF w03
p=1

3. Covariant terms (¢ sum): We need V’Caxifq' This is given by the definition of the connection
coefficients:
0 hn 0

 oada Thi, Oxh
Substituting this into the g-th term:

8 h a h 10l
9(""Vk8:rjq’ . )—9< qua h"")zrqu Ji-hegs

(where h is in the g-th slot). The full sum becomes:

§ : i1
ijqulu-h'--]s

Final Component Formula

Combining all three terms gives the complete formula for the components of the covariant derivative
of a tensor 6:

8
Byl Jg 7 7 ...h...zr 7
V@ﬁ Js T +ZF”9£ Js Zrquol

(Note: We assume a torsion-free connection, so I'f ;= Fj- o)
Now that we have this formula, we have successfully generalized the V operator from acting only on
a vector field to acting on any tensor field.

C The Riemann Curvature Tensor

Motivation: The Commutator of Derivatives

In basic multivariable calculus, Schwarz’s theorem guarantees that for a smooth function f, partial
derivatives commute: 0;0; f = 0;0; f. This "flatness” of Euclidean space means the order of differentiation
doesn’t matter.

On a general manifold with a covariant connection V, we must ask the same question: Does the
order of covariant differentiation matter? That is, for two vector fields X,Y and a third vector field Z,
is Vx(VyZ) the same as Vy (VxZ)?

It turns out that in general, they are not equal. Their failure to commute is precisely what defines
the curvature of the manifold.

Coordinate-Free Definition

The operator R(X,Y) = VxVy — VyVx — V|x y] measures this failure. The V|x y] term is crucial
to ensure that the operator is a tensor—that is, its value at a point p depends only on the vectors
Xy, Yy, Z, at that point, not on how they are extended to vector fields.

60



Definition C.1 (Riemann Curvature Tensor). The Riemann Curvature Tensor R is a (1,3)
tensor field that is defined by its action on three vector fields XY, Z:

R(X,Y)Z =VxVyZ —VyVxZ —Vixyv|Z

The curvature tensor R is the fundamental measure of a manifold’s intrinsic curvature. A manifold
is called flat (locally indistinguishable from Euclidean space) if and only if its Riemann tensor is zero
everywhere.

Component Expression

We can find the components of R by evaluating it on a local coordinate basis {0, = %}.
First, recall that for a coordinate basis, the Lie bracket is zero: [0x,0;] = 0. This simplifies the
definition significantly:
R(ak, @-)81 = Vkvj'al — Vjvkal
The components R%kj are defined as the components of the resulting vector:
R(0k,0;)0, = Rjy;0;
Let’s apply the commutator to an arbitrary vector field V = V!9, in this basis:
R(0k,0;)V = (Vi V; = V; Vi)V
Expanding the left side:
R(9%,0;)(V'dr) = V' R(0r, 0;)0 = V' (Ri;0;) = Riy;V'0;
Expanding the right side (as was done in the previous version) yields:
(ViV; =V Vi)V = (ViV; = V;V)(VI9) = (Vi(V;V) = V(ViV?)) 8

A direct calculation (involving the component formula for V on a (1,1) tensor) shows that this simplifies
to:

(ViVj = V;Vi)V = (9kLl; — 0T + Th Il — 15 Ti) V10,
By comparing the components of 9; in our two results, we arrive at the component formula for the

Riemann tensor:
7 _ 7 T 7 m 7 m
Rip; = okl — 000 + T, 177 = 15,00

Properties and Symmetries

The Riemann tensor possesses several fundamental symmetries, which can be expressed in both
coordinate-free and component forms.

1. Antisymmetry in X and Y:
e R(X,)Y)Z=-RY,X)Z
hd R;kj = _R;jk
2. First Bianchi Identity (Cyclic sum):
e RX,Y)YZ+RY,Z) X+ R(Z,X)Y =0
o Rjy,+ Ry +Rj;; =0
If we lower the first index using the metric g;; to create the (0,4) tensor R = gimR;’,;j, we find two
additional symmetries:
1. Antisymmetry in the first two indices:

Rikj = —Riik;

2. Block (Pair) Symmetry:
Rik; = Rija

These symmetries drastically reduce the number of independent components of the curvature tensor. In
n?(n?-1)

an n-dimensional manifold, there are only 15

independent components.
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Online Resources

e Shiping Liu’s Differential Geometry Lecture Notes and Videos: http://staff.ustc.edu.cn/
~spliu/Teach_DG2017.html

If you are trying to learn more about the moving frame/differential forms and how it was applied in the
two dimensional surface, you can read the lecture notes written by Liu or the book differential forms and
its applications.
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