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Lectures (on Zoom): 11 am-12:15 pm, Tu Th
Office hours (on Zoom): 1-2 pm TF !, or by appointment.
Weekly HW assignments.

Grades: 10% HW (lowest 2 dropped), 35% Midterm (in class), 55%
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History of differential geometry

@ Apollonius (3rd century BCE): “curvature” of conic sections.
@ Nicole Oresme (14th century): curvature of a curve.

o Christiaan Huygens, Isaac Newton (17th century): methods for
calculating curvature of curves.

o Carl Friedrich Gauss (1825, 1827, General Investigations of Curved
Surfaces): basically what we will learn this semester.

@ Bernhard Riemann (1854, On the Hypotheses Which Lie at the
Foundations of Geometry): curvature in higher dimensions.

@ Charles Ehresmann (1905-1979): modern language of differential
geometry.

Michael Spivak’s A Comprehensive Introduction to Differential Geometry
Vol. 2 has the English translation of these two texts by Gauss and Riemann.
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Introduction

Topics we will cover for this semester

Plane curves (about 2 weeks)
Space curves (about 2 weeks)
Extrinsic geometry of surfaces in R3 (about 3 weeks)
Intrinsic geometry of surfaces in R3 (about 3 weeks)

Gauss-Bonnet theorem (about 3 weeks)

Textbook: do Carmo, Differential Geometry of Curves and Surfaces
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Introduction

General Advices

@ Make sure you understand the definition of every concept clearly
before moving on.

@ Use “geometric intuition” to guide your calculation.
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Introduction

Some key ideas in differential geometry

e Coordinate charts: When doing computation, we often describe
curves and surfaces, at least locally, as image of maps. However we
often want our geometric quantity to be invariant under change of
coordinate.

o Distance: The distance between two points of an object can be
measured by the length of the shortest path within the object. If a
map from a curve or surface to another preserves distance we call it an
isometry, and quantities preserved by isometries are called intrinsic.

e Parallel transport, or connection: We want a way to relate vectors
at one point of the object with those at another.

o Curvature: From parallel transport we can get varies quantities that
measures how much an object deviates from being “flat”. They can be
either intrinsic, or extrinsic.
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© Plane Curves
@ Basic Definitions
@ Arc length and arc length parameterization
@ Curvature and the local theory of plane curves
@ Global theory of plane curves: Rotation Index
@ Digression: Discrete Differential Geometry
@ l-manifolds
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Basic Definitions

Definition 2.1.1

A (parameterized) plane curve is a continuous function from an interval to
R2. In other words, a map v : | — R?, such that y(t) = (v1(t),72(t)), i
are both continuous.

Definition 2.1.2

A plane curve is said to be differentiable, CX, or smooth if the function is
differentiable, C¥, or smooth.

Example 2.1.3

Let 74 : R — R? be 74 (t) = (t, tX|t]). Then 7o is a plane curve that is not
differentiable, v is CX but not Ck+1.

~



Plane Curves Basic Definitions

Definition 2.1.4

A differentiable plane curve is called regular if d-;/dt # 0 or dyz/dt # 0
at any point in /.

Definition 2.1.5

A plane curve is called simple if it is injective. For simple curves sometimes
we identify the curve with its image.

| \

| A

Example 2.1.6

The smooth curve o : R — R?, a(t) = (t2, t3) is simple but not regular.
The smooth curve 8 : R — R2?, B(t) = (t2 + t, t3 + t?) is regular but not
simple.




Definition 2.1.7

Let a: I — R? 5 :1' = R? be two plane curves. If there is a continuous
(or differentiable, or C*, or smooth) bijection i : | — I’, whose inverse is
also continuous (or differentiable, or C, or smooth), such that § = a o,
then we call « and [ are continuous (or differentiable, or Ck, or smooth)
reparameterization of one another. If // > 0 this reparameterization is
orientation preserving, otherwise it is orientation reversing.

Example 2.1.8
Let / = (0,27), a(t) = (cos(t),sin(t)). The curve is smooth, regular and
simple. Let /' =R, B(t) = ((t> — 1)/(t*> +1),2t/(t> + 1)). The curve is
also smooth, regular and simple, and the orientation reversing smooth
reparametrization between / and [/’ is:

I —1I":t— —tan((t —7)/2)

I"— I:tw 2arctan(—t) +

= = = = &



@ The curve in the example is the unit circle with (1,0) removed. The
first parameterization is by the angle between vector (1,0) and (x, y).
The second parameterization is by the intersection of the y axis and
the line passing through (1,0) and (x,y).

o It is easy to see that under reparameterization, the image of the curve
remain unchanged.



[MEVENGITVEIN  Arc length and arc length parameterization

Arc Length and Arc Length Parameterization

Recall that in R?, the Euclidean norm is ||x| = (x - x)}/2 = \/m the
Euclidean distance between x and y is ||x — y/||.
Definition 2.2.1

Let v = (71,72) be a regular C* curve. The length of ~ is defined as
JiIYlldt

Definition 2.2.2
The distance between 7(a) and +(b) along the curve is defined as

b
| 3 171l dt]

Definition 2.2.3

If vis a C! regular curve, to € /, then the function s(t) = ft(t) I/ (v)]|du is
called the arc length. The distance from ~(a) to v(b) along the curve is

s(2) — s(b)]. |
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Arc length and arc length parameterization
Justification of this definition of length

Theorem 2.2.4

Ifvisa C! regular curve, parameterized by a finite interval | = (0,1), then

Jim 3= Inti/m) =i+ /)l = 11

Proof idea

Mean value theorem implies that

y(i/n) = (i +1)/n) = (11 (s1)/n, v2(s2) /)

For some s1,s € [i/n, (i +1)/n]. Now apply the uniform continuity of ~'.




The function s is a invertible function as it is C! with positive derivative.

Definition 2.2.5

The arc length parameterization of a C! regular curve v is defined as

B=vosl.

@ The arc length of an arc length parameterization is t — t — tp.

@ Just like the arc length function depends on the choice of tg, a
different choice of tg will result in a precomposition by some map
s—s+C.



Review for the last lecture

C* Plane curves

Regularity, simplicity

o

o

@ Reparameterization, orientation

@ Length of a plane curve, distance between two points along the curve
o

Arc length function

Arc length parameterization

True or false: If ais a C! regular plane curve, ¥ = a0 s7! the arc length
parameterization. Then ~y is an orientation preserving reparameterization of
Q.

The textbook starts with space curves. So this first chapter is just an
extended introductory example, we will move on to textbook materials next
week!




Example 2.2.6

Consider the curve v : R — R?, t — ((t2 — 1)/(t? + 1), 2t/(t> + 1)).
o Let tp = 0, then the arc length is

ot 2t(e2 1) — (12 —1) -2t  2(t2+1) -4t
“ﬂAV& (2 +1)? )+((#+W yode

t 2
= / dt = 2 arctan(t)
0

t2+1
@ The total length of 7 is s(c0) — s(—o0) = 27.
@ The arc length parameterization is

tan2§—1 2tan 3
1+tan? 5’ tan? 5 + 1

( ) = (— cos(s),sin(s))

where | = (—m, 7).




Calculus digression: Chain Rule

Theorem 2.2.7

IfF:R™ - R", G:R"” — R’ are both C! functions, then the derivative,
or Jacobian matrix, of F at x € R™ is defined as JF(x) = [0;Fi|x]axm,

where F = (F1,..., Fy). The chain rule for the derivative of G o F at
x €R” s

J(G o F)(x) = JG(F(x))JF(x)

Example 2.2.8

If F is the polar coordinate change (r,6) — (rcos@,rsinf), G is
(x,y) x>+ y2 ¢ = GoF, then

. cosf —rsinf
[ 0rd Oy ] = [ 2rcosf 2rsinf ] [ Ginf  rcosf ] = [ 2r 0 ]




Arc length and reparameterization

Theorem 2.2.9

Let o and B be two C' regular parameterizations of the same curve,

f=aoi, s, and sg are the arc length functions, then sz = £(s, 0 i + C)
for some constant C.

Proof

/HB u)udu—/ 17w (i)

= sign(i / e/ (i(u)||i' (u)du = sign(i’ )/ |/ (v)||dv

= sign(i")(sq 0 i + C)
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As a result, we have:

Theorem 2.2.10
Distance between two points on a curve is unchanged by reparamterization.

Theorem 2.2.11

Let o and 3 be two C! regular parameterizations, 3 = «o i, i Is invertible
and C'. Then the arc length parameterization of 3 and « differs by a
precomposition of x — sign(i")x — C for some constant C.

| \

Proof.
Let e be x > sign(i")x — C, then

ﬁosglzﬂoi_lsojloe:aos(;loe

Ol




True or false: If @ and 3 are reparameterizations of one another, then the
arc length function of « and f differ by a constant.

Answer: False. Need to precompose with i, and possibly multiply by —1
depending on orientation.



Curvature

For now assume all plane curves involved to be simple.

Definition 2.3.1

Let v be a C?-regular plane curve, suppose 7 is an arc length
parameterization. Then the curvature at v(ty) is defined as ||7”(to)||. The
signed curvature is ||y (to)]| if v”(to) is in the direction of o/ rotated
counterclockwise by 7/2 (i.e. on the left hand side of 7/), —||7"(to)]| if
otherwise.

Theorem 2.2.11 implies that the curvature is invariant under
reparameterization. The signed curvature is invariant under orientation
preserving reparameterization.



Geometric meaning of curvature

If v is arc length parameterization, then ||7/|| = 1, so 7/(t) is a unit
tangent vector of the curve at (t). Hence, curvature measures how fast
the unit tangent vector turn when one moves along the curve at
unit speed.

Alternatively, we can also call 7' turned counterclockwise by 7/2 the unit
normal vector. In this case, we can say curvature measures how fast the
unit normal vector turn when one moves along the curve at unit
speed.



Curvature under general regular parameterization

If ~v is not an arc length parameterization, we shall use chain rule to

calculate the curvature of v at tg € /.
Let v1 be the arc length parameterization obtained via 7, which is

m=vo0st s(t)= fti |7/ ||ds. Then by chain rule and quotient rule:

! -1
7 os™(t)
Vi(t) - / —1
7" o s ()]
1y e— //05—1 7/0571

! -1 -1
v Trespln o s = (Pres=ry - rresmip)Y 0
-

7" o572
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Now set t = 0, we get the curvature

1Y (t0)I127" (o) — (+'(t0) - 7"(t0))¥'(to) |
I (to)II*

_Area of parallelogram formed by 7" and +”

a [edl¥
A consequence of the formula above is that if two regular C2 curves, up to
reparameterization, have the same derivatives and 2nd order derivatives at

a point (called osculating), they must have the same radius at the point
also.




Example 2.3.2

The circle with a point removed:
I =(0,2rm),~(t) = (rcos(t/r), rsin(t/r))

It is easy to see that this is an arc length parameterization, the curvature at
(t) is

17" (E)| = [I(=cos(t/r)/r, —sin(t/r)/r)| = 1/r
Because (—cos(t/r),—sin(t/r)) is 7/ turned counterclockwise by 7/2, the
signed curvature is also 1/r.

This example, together with the discussion on the previous page, implies
the earliest definition of curvature of a curve: The curvature of a curve
is the reciprocal of the radius of the osculating circle of the curve.



Example 2.3.3

Consider
v:R = R y(t) = (t, )

The curvature at t =0 is

1€, 0)112(0,2) - ((1,0) - (0,2))(L, 0)l| _ .,
1L, 0)]*

It is also the signed curvature.




Fundamental Theorem of the Local Theory of Plane Curves

Theorem 2.3.4

Given any interval | containing zero, any smooth real valued function k on
I, there is a regular smooth plane curve v : | — R?, such that ~ is an arc
length parameterization, and " is k times ~' turned counterclockwise by
7 /2. Furthermore, any two such plane curves are identical up to rigid
motion.

In other words, up to a rigid motion, the signed curvature function k
completely characterized the shape of a plane curve.



The proof requires Picard’s theorem on ODEs:

Theorem 2.3.5
Let | be any interval, tg € I, xo € R, F is a function from R x R" to R"”
that is continuous and Lipschitz on the second parameter (i.e. there is
some number L such that ||F(t,x) — F(t,y)| < L||x — y||, then the initial
value problem

y(to) = X0,y = F(t,y)

has a unique solution. Furthermore, if F is smooth, or real analytic, so is
the solution.

The proof can be found in textbooks on ordinary differential equations.



Curvature and the local theory of plane curves
Proof of the Fundamental Theorem of the LTPC

For existence, apply Picard’s theorem to the following IVP:
71(0) = 0,72(0) = 0,v1(0) = 1,v»(0) =0

! / / /
Y= Vi,V = Vo, vy = —kva, vy = kvg




Curvature and the local theory of plane curves
Proof of the Fundamental Theorem of the LTPC

Now we verify that v = (71, 72) satisfies the requirements in the theorem:
I7'(O)l = 1I(1,0)[| =1

(Y12 = ) =29 4" =2(wv1, v2) - (—kva, kvy) = 0

So ||7/]| =1, the arc length function when ty; = 0 would be identity, which
implies that 4/ is an arc length parameterization.




Curvature and the local theory of plane curves
Proof of the Fundamental Theorem of the LTPC

Next, we have

f}// - k(—VQ, V].)

Here (—v2, v1) is the unit tangent vector (v1, v2) rotated counterclockwise
by /2.




Curvature and the local theory of plane curves
Proof of the Fundamental Theorem of the LTPC

For uniqueness, suppose (3 is the arc length parameterization of another
curve that satisfy the assumptions in the theorem. Do a translation to
move 3(0) to (0,0), and a rotation around (0,0) to move 3'(0) to (1,0),
now following the same calculation as before, we know that 31, 52, 51, 55
satisfies the same IVP of 71,7, v1, vo. Hence by Picard’s theorem

B=1. -




Local Canonical Form

Solving the ODE in the prove of the Fundamental Theorem, with t, = 0,
we get the local canonical form:

K3t k ki t3
x(£) = t = ==+ 0(t"), (t):?0t2+oT+O(t4)

Here kg = k(0), ki = k’(0) Any smooth regular plane curve, after rigid
motion and arc-length reparameterization, can be turned into the local
canonical form.



Example

Example 2.3.6
| =[-1,1], k(t) = t. Then the ODE for ~(t)" = (vi(t), va(t)) becomes

/

vi = —tvp, vs = tv, v1(0) = 1, v»(0) =0
Let vi = cos(6(t)), va = sin(A(t)), we get 8’ = t, H(0) =0, so

(t) = t?>/2. Hence the plane curve becomes

£ (/Otcos(t2/2)dt,/tsin(t2/2)dt)

0

Taylor series expansion at 0 up to degree 3 gets the LCF:

t (t+ O(t 4) +O(t )




@ There will be no proofs in the exam, but by the end of the
semester, understanding of proofs is needed to fully understand
the lectures and get an A in the course.

@ Please come to office hours more if you like geometry but is not yet
comfortable with proofs.

@ Review analysis and linear algebra.



Review of set-theoretic notations

@ Ais a set, we call B a subset of A, if any member of B is a member
of A.

@ Subsets can be represented via the notation of specification:
B ={ac A:¢(a)}. Here ¢ is a sentence depending on a variable a,
which can either be true or false (in logic we call it a predicate, and
B consists of all elements of A that makes ¢ true.

o The product of two sets A and B, denoted as A x B, is the set
consisting of ordered pairs of elements in A and B.

@ The power set of A, denoted as 24 is the set consisting of subsets of
A.



@ A map, or function, from a set A to a set B is denoted as f : A — B.
We often specify a map by describing how it may send an element of
A to an element of B, for example f : R — R?, t — (¢, t2). Als
called the domain and B is called the codomain. The set
{x € B : there is some a € A,x = f(a)} is called the range.

o If Ais aset, wecall id : A— A, ar a, the identity map.

@ We say two maps are the same iff (1) they have the same domain and
codomain; (2) they gives the same value when evaluating on every
element of the domain.

o Let A, B and C be three sets, f : A— B, g : B — C are two maps,
then the composition g o f is defined as (g o f)(a) = g(f(a)).

elff:A—>Bandg: B — Asatisfiesgof =id, fog=1id, wecall g
the inverse of f. A map with an inverse is called a bijection.



@ An equivalent relation on a set A is a subset R of A x A, such that
(1) (a,a) € Rfor all a € A; (2) (a,b) € R implies (b, a) € R; (3)
(a,b) € R, (b,c) € R implies (a,c) € R. We sometimes denote
(a, b) € R by aRb.

@ An equivalence class of A under relation ~ is a subset of the form
{b€ A:an~ b} for some a € A. This equivalence class is denoted by
[a]

@ The set consisting of all equivalence classes of A under ~ is called a
quotient, denoted as A/ ~.



Variable scopes

In mathematical writing, just like in programming, every variable has its
scope.

Because f : x > sinx and g : y — y? are both differentiable, we have

/ F(u)g'(u)du = F(t)g(t) — (0)g(0) — / (u)g (u)du
0 0

The scope of f and g are in the whole sentence.

The scope of x and y are within the definition of f and g.

The scope of t is within the equation.

The scope of u is within the integration expression.

Variables being renamed within its scope will not change the meaning of a
sentence.



Review: Local Theory of Plane Curves

@ Definition: A smooth, regular plane curve is a smooth function «
from interval / to R?, such that o/ # 0 everywhere on /.

@ Properties of a smooth regular plane curve

e The arc length function is a function s defined on /, of the form
t— fti o/ (u)]|du.

o The arc length parameterization is defined as avo s71.

o Let oy be the arc length parameterization, the signed curvature at
point a1 (t) is a number k, such that of is k times o} turned left by
/2. |k| is called the curvature. Geometrically, curvature is the
reciprocal of radius of osculating circle, and the speed unit
tangent vector or unit normal vector rotate when traveling along
the curve at unit speed.



e Fundamental Theorem: a smooth regular plane curve is defined by the
signed curvature function under arc length parameterization.

/1 L>R2

@ Reparameterization. LV
b



Review Example

Example 2.3.8

Let o : R — R?, t > (t,sin(t)).
e Find the arc length function, using ty = 0.

@ Let (3 be the arc length parameterization. Find 5/(0), 8”(0) using
chain rule.

o Calculate the signed curvature at «(0) = (0, 0).



o s(t) = [y /1+ cos?(r)dr.

) B:aos_l,so

o os71 1
8'(0) = m(o) = ﬁ(l’ 1)
O//O -1 1 —1 (5”0571)
5//(0) _ s’oss*1 s'osT —alosT - s'os—1 (0)
(S’ o 5—1)2
=0

o Calculate the signed curvature at a(0) = (0,0) is 0. This is an
inflection point.

42 /188



Example 2.3.9

Let « is a plane curve defined on R via arc length parameterization, k(t) is
the signed curvature at a(t). We shall write down a formula of « using the
proof of fundamental theorem of local theory of plane curves:

(/Otcos(/os k(r)dr)ds,/otsin(/os k(r)dr)ds)




@ Recall from the proof, we can solve for « via the system of differential

equations:
a1(0) = a2(0) = 0,v1(0) = 1,»(0) = 0
o] = vi,ah = va, vy = —kva, vh = kv

@ The two equations regarding vi and v, implies that
(V12 + v22)' = —2kvivo +2vivo =0

SovZ+v2 =1, wecanletv = cos(9) vy = sin(9)
Now we get 0(0) =0, &' = k, hence 0(t) = [; k(

The formula for o can then be obtalned via mtegratlon.



Rotation index

Theorem 2.4.1

If a: R — R? is a regular smooth plane curve with period T, k(t) be the
signed curvature at o(t), then fOT k(t)|lo/(¢)||dt = 2n7 for some n € Z.

Intuitively, if you walk around on a plane and get back to the starting point
and starting direction, the total turning you have done must be a multiple
of 27r. This n is sometimes called the rotation index.



Proof.

Let a; be the arc length parameterization of «, where ty = 0, which is of
period fOT lo/||dt = s(T). Now suppose o (u) = (cos(8(u)),sin(6(v))),
then 0'(u) = k(s~(u)), hence

T s(T)
/ k(D)o [ldt = / k(5™ (u))5'(s™ () ds™ (u)
0 0

s(T)
= / 0 (u)du = 2nm
0

This nis £1 if « is injective on [0, T). This is a consequence of the
Gauss-Bonnet theorem which we will discuss towards the end of the
semester.



Digression: Discrete Differential Geometry

We can do the above to regular piecewise linear plane curves instead of
smooth regular plane curves.
@ Signed curvature becomes signed turning angle.

@ Fundamental Theorem becomes: a polygonal curve on the plane is, up
to rigid motion, determined by the edge lengths and size of turning
angles.

@ Gauss-Bonnet becomes: the sum of exterior angles of any polygon is
2.



1-manifolds
1-Manifolds

This is just a preview of what will happen in the second half of the
semester. Don't worry if you find it super confusing!
It is natural to try and view curves related via reparameterization as the
same geometrical object. Now, for a plane curve o : | — R?, [ is an open
interval, say we want to define the signed curvature function k. However:
o If k is defined on the domain /, then it changes when one change the
parameterization (recall the T/F question last Thursday).

o If k is defined on the image «(/), it works well for simple curves, but
not non simple curves.

How do we fix this problem?



What if we pick and fix a parameterization «, and any other
reparameterization 3 can be written as 5 = a o i. Now k is defined on the
domain of «, /. However, the problem is that one particular
parameterization, o will become something “special”. To get back the
“symmetry”, let's remember all the smooth bijections with smooth inverse
i: 1" — I, and then FORGET that / is an interval. In other words, we can
create an abstract mathematical object, /I* = (/,C), where
C={i:I"— I}, such that:

@ For any two maps i and i’ in C, i~1i" is smooth with smooth inverse.

@ A smooth function on /* is a function f on /, such that for every i,
f o is smooth.
For more complex objects, we may only require elements of C be injections
and not bijections, and we may want a few extra topological constraints.
That would become the concept of a manifold.



Historical Remarks

The concept of manifold starts with Bernhard Riemann. The word
“manifold” goes back further, e.g.

By synthesis, in its most general sense, | understand the act of putting
different representations together, and of grasping what is manifold in them
in one act of knowledge. —Immanuel Kant, Critique of Pure Reason



© Space Curves
@ Definitions, arc length, curvature
@ Torsion
@ Local Theory of Space Curves
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Basic Definitions

Definition 3.1.1

A (parameterized) space curve is a continuous function from an interval
to R3. In other words, a map ~ : | — R3, such that

v(t) = (71 (t), v2(t),3(t)), i are both continuous.

Concepts like differentiability, C¥, smoothness, regularity, simplicity,
reparameterization are all analogous. We will now focus on smooth
regular space curves.



Arc Length Function

Definition 3.1.2

Let o : | — R3 be a smooth, regular space curve. The arc length
function is s(t) = ftf) |/ (r)||dr.

The following follows from fundamental theorem of calculus.

, hence it is always
positive, which implies that the arc length function is a smooth bijection
with smooth inverse.

The derivative of the arc length function is ||/




Arc Length Parameterization, Curvature

Definition 3.1.4

Let o : | — R3 be a smooth regular space curve, s an arc length function.
The arc length parameterization is cvo s~ 1.

Recall that (f o g)(x) = f(g(x)).

If B =caos™1 isan arc length parameterization of a. Then
Q |5l =1.
@ (" is orthogonal to 3.

The length of 3" is called the curvature.



o —1
o 8] = ||”a =1

a’os™ 1|

ﬁ// . ﬂ/ (/8/ /Bl) — — O




Example 3.1.6

Consider a : R — R3, x — (x, x2, x3).
O « is smooth, regular and simple.
@ Find arc length function and arc length parameterization (.
© Find 8’ and 3" at 0.
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TorSion

Orientation

Definition 3.2.1
Let xi1,...x, be n linearly independent vectors in R". We say {x;} form a
basis of positive orientation iff det([x, ..., xp]) > 0. Otherwise they form a
basis of negative orientation. A linear bijection from R” to itself is
orientation preserving iff it sends standard basis {e;,...,e,} to a basis of
positive orientation, i.e. iff the matrix representation has positive
determinant.

@ When n =1, T is orientation preserving iff T" > 0.

@ When n = 2, rotation is orientation preserving, while reflection isn’t.




EEI NIV Torsion

Definition 3.2.3

The cross product in R® is defined as
(a,b,c) x (d,e, f) = (bf —ec,cd — af,ae — bd).

From multivariable calculus, we know that:

Theorem 3.2.4
o Ifa and b are linearly dependent, then a x b = 0.

@ If a and b are linearly independent, a x b is orthogonal to both a and
b, the length of a x b is the area of the parallelgram spanned by a and
b, and {a, b, a x b} form a basis of R3 with positive orientation.




TorSion

Review for last lecture

Smooth regular space curve.
Arc length function.
Arc length parameterization.

Properties of arc length parameterization: ||[o/|| =1, o/ - o’ =0

Curvature.



TorSion

@ Cross product: (in textbook the symbol is A)

(x1,x2,x3) X (¥1,¥2,¥3) = (X2¥3 — X3y2, X3y1 — X1¥3, X1Y2 — X2¥1)

@ Geometric meaning: x X y is orthogonal to x and y, of length equals
to the parallelogram spanned by x and y, and x, y, x X y has positive
orientation.

o Calculus regarding cross product: x is bilinear, i.e.

(ka+ k'b) x c =kaxc+k'bxc,ax (kb+k'c)=kaxb+kaxc.
Hence Leibniz's law for derivatives works.



Space Curves [EREISTY

In other words,

(a(t) x b(t)) = ,!i_rpo a(t+h) x b(t —|—hh) —a(t) x b(t)

— i (a(t) + ha'(t) + o(h)) x (b(t) + hb'(t) + o(h)) — a(t) x b(t)
h—0 h

= Jim (1) x b(t) + (1) x 5(8) + %)

= a'(t) x b(t) + a(t) x b'(t)
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TorSion

Frenet-Serret frame

Let o be a smooth regular space curve with arc length parameterization.
At a point a(s) where the curvature is non zero, we can define three
orthogonal vectors:

e Unit tangent vector: t = &/(s)
@ Unit normal vector: n = a’(s)/||a”(s)||
@ Unit binormal vector: b=t x n

The three vectors form an orthonormal basis of R3.

In a neighborhood /; of s, where o’ is non zero, we can define the three
vectors t(s), n(s) and b(s) as above. This family of parameterized
frames is called the Frenet-Serret frames.



TorSion

Frenet formulas

Under arc length parameterization, the Frenet-Serret frames change
according to a sequence of linear differential equations called Frenet
formulas

Recall that for plane curves, under arc length parameterization, if

t(s) = o/(s) is the unit tangent vector, n(s) is t(s) rotated
counterclockwise by 7 /2, then t' = kn, n' = —kt, where k is the signed
curvature.



TorSion

Derivation of the Frenet formulas

Recall that the curvature at a(s), denoted as k(s) (this is NOT the k for
plane curves!), is ||a”(s)||. Hence,
a//(s)

[l ()]

t'(s) = () = lla"(s)] -

= k(s)n(s)



EEI NIV Torsion

b'(s) = t'(s) x n(s) + t(s) x n'(s)
= k(s)n(s) x n(s) + t(s) x n'(s)
= t(s) x n'(s)
Hence b/(s) L t(s).
Furthermore,

B(s) - bls) = 5(IB($)]2) =0

So b/(s) is orthogonal to b(s) also.

Hence b/(s) is parallel to n(s), we denote their ratio 7(s), the torsion at
point «(s).

Now b'(s) = 7(s)n(s).

The plane spanned by t and n is called the osculating plane, so torsion
represents how fast osculating plane rotates under arc length
parameterization.

i = - = = SaNe;



TorSion

Cross product and orthonormal basis

If e, e, e3 form an orthonormal basis of R of positive orientation, then
€1 X & =€3,62 X €3 =2¢€1,63 X € = &

€ X e = —€3,63 X & = —€1,61 X €3 = —€



EEI NIV Torsion

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

Theorem 3.2.5

The Frenet-Serret frames under arc length parameterization satisfies the
differential equations:

S

Clenb]=[tn b]{

o x o
ol
>

o

| I — |




TorSion

Remark

The matrix in the previous theorem is skew-symmetric. For those who
know matrix groups, it’s because the Lie algebra of SO(3) is so(3). We
can also understand it via linear algebra: let A(s) = [t(s), n(s), b(s)]. Then
AAT = |. Suppose A’ = AD, then take derivative to AAT = | we get

0=AAT + AAT = ADAT + ADTAT = A(D + DT)AT

SoD+ DT =0.




EEI NIV Torsion

Example

Example 3.2.6

Consider the curve a : R — R3, t > (cos(t),sin(t), t).
o Find the arc length parameterization.
@ Find the Frenet-Serret frames.

@ Find the curvature and torsion.




EEI NIV Torsion

Example

Suppose a : (—1,00) — R® is a smooth regular curve, o’ - o =1,
a/(0) =(1,1,0).

e Find the arc length parameterization using to = 0.

@ Write down the curvature and torsion using o’ and .




Fundamental Theorem of the Local Theory of Space Curves

Just like for plane curves, the curvature and torsion under arc length
parameterization completely charaterized the curve.

There are some key differences between space curves and plane curves
however:

@ There is no signed curvature for space curves.
@ There is no Frenet frame, hence no torsion, when curvature is 0.

@ The “normal vector” for space curves is different from the “normal
vector” for plane curves.

The statement of Fundamental Theorem need to take these into account.




Theorem 3.3.1 (Fundamental Theorem of LTSC)

Let | be an interval containing zero, k a positive smooth function on I, T
a smooth function on I, then there is a smooth regular curve o : | — R3,
unique up to rigid motion (rotation and translation), which is an arc length
parameterization, and the curvature at o(t) is k(t) and the torsion at a(t)
is T(t).

Key idea of the proof: Picard’s theorem for ODE.



Local Theory of Space Curves
Picard’'s Theorem

Theorem 3.3.2 (Picard’s Theorem)

Let | be any interval, tg € I, xo € R", F is a function from R x R" to R"”
that is continuous and Lipschitz on the second parameter (i.e. there is
some number L such that |F(t,x) — F(t,y)|| < L||x — y||), then the initial
value problem

y(tO) :X07y, = F(ta.y)

has a unique solution. Furthermore, if F is smooth, or real analytic, so is
the solution.

Example 3.3.3

Yo = —y1, %1 = ¥0,%0(0) = y1(0) = 1
Has a unique solution yo(t) = v/2cos(t + 7/4), y1(t) = V/2sin(t + 7/4).




Review for last lecture

Frenet-Serret frames.
Frenet equations.
Fundamental Theorem of LTSC

Picard’s Theorem



Proof of Fundamental Theorem of LTSC.

We prove it in the case when k and 7 are bounded. The argument for
unbounded k and 7 is a standard trick in analysis.
Firstly, we prove existence: consider the system of differential equations:

t(0) = e1,n(0) = ey, b(0) = e3,t' = kn,n’ = —kt — b, b/ = 7n

Here we see the above as an IVP for a function / — R?,

s+ (t(s), n(s), b(s)).

Because both k and 7 are smooth hence bounded, the equation is
Lipschitz, hence satisfies the assumption of Picard’s Theorem, hence there
is a unique solution on /.




Proof of Fundamental Theorem of LTSC.

Now we show that for any s € /, t(s), n(s) and b(s) form an orthonormal

basis of positive orientation.
@ To show that they form orthonormal basis, we just need to show
[t,n, b][t,n,b]T = 1. When s = 0 this is true. Take derivative on the

left hand side with respect to s, we get:

([t, n, bl[t, n, B]TY = [t',n, B'][t, n, b]T + [t,n, B][t', n’, b']T

0 —k O 0 kK O
=[t,n,b] | k O 7 |[t,n,b]"+[t,n,b]| —k O —7 | [t,n,b]"
0 —7 0 0 7 O
=0

e From the above, det([t, n, b]) is 1. However this is continuous, and
is 1 when s = 0, hence it must always be 1.

As a consequence, b(s) = t(s) x n(s).
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N LR o' Theory of Space Curves

Proof of Fundamental Theorem of LTSC.

Now let a(s) = [y t(r)dr. We need to verify that
@ «is an arc length parameterization.
@ The curvature at a(s) is k(s), torsion at «a(s) is 7(s).

To show that « is arc length parameterization, calculate the arc length
function using tp = 0, we get:

sm=Amew=AWwww=r

1

Hence the arc length parameterization is € os™ = aoid = a.




Proof of Fundamental Theorem of LTSC.

Now we calculate curvature and torsion: the curvature at a(s) is

1" (s)I| = IE'(s) Il = [Ik(s)n(s)]| = k(s)
Hence n(s) is indeed the unit normal vector, the torsion is
1(t > n)'[| = [I6']| = 7(s)

The existence is proved.




Proof of Fundamental Theorem of LTSC.

Now we prove the uniqueness: if «; is another smooth regular curve such
that it is an arc length parameterization, and the curvature at a;(s) is
k(s), torsion is 7(s). Do rigid motion to move a1(0) to 0 (via a
translation), and the unit tangent, unit normal and unit binormal vectors at
a1(0) to the three standard basis vectors (via a rotation). Then the unit
tangent, normal and binormal vectors satisfies Frenet's equations, hence by
Picard’s theorem, they must be identical to those of a. Hence «; is
identical to a. O]




Example 3.3.4

Find arc length parameterization o : R — R3, such that
k(s)=1,7(s) = —1.
We get system of equations

t(O) = (17070)a n(O) = (07 170)’ b(O) = (0707 1)7 t' = n, n' = —t+b, b =—
Solving it, we get

cos(v/2s) +1 sin(v/2s) 1 — cos(v/2s)

t(s) = ( > = . )
n(s) = (— sm(\\fgS) cos(v/2s), sm(;@s))
b(s) — (LmelV22) _Sin(\ffs)’ L cos(/B)




Lt iy o 8 G
Summary of FTLTSC

@ A smooth regular space curve with non zero curvature is, up to rigid
motion, completely determined by the curvature and torsion under arc
length parameterization.

@ Any pair of smooth functions k, 7, k > 0, can be the curvature and
torsion of a smooth regular space curve under arc length
parameterization.

@ The uniqueness is due to Frenet equations with fixed initial value has a
unique solution. The existence is due to the existence of such a
solution. Both follows from Picard’s theorem.



Application: Local canonical forms

Similar to the LCF of plane curves, if we choose the coordinate chart such
that «(0) =0, t(0) = e1, n(0) = e, b(0) = e3, and then do Taylor
expansion of a(s) up to s term, we get

a(s) = 5(1,0,0) + s*(ay, a2, a3) + s> (b1, by, bs) + O(s*)

t(s) = o/(s) = (1,0,0) + 2s(ar, az, a3) + 35° (b, by, b3) + O(s®)
o’ (s) = 2(ay, az, a3) + 6s(b1, ba, b3)
Soa;=a3=0, a, = k/2.
" = (kn) = k'n — k®t — kTb
o (s) = 6(by, by, b3)

2 ’ . . .
Hence by = %, by = %, by = =T This is called the local canonical

form.
] May 2, 2021  78/188
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Applications of LCF

LCF

2 /
(s — 1(653 + 0(sY), gsz + 253 + 0(s*), —

12—53 + 0(54))

Remark

e When k > 0, there is a neighborhood of p on the curve where all
points on the curve within this neighborhood lies within a half space
whose boundary pass through p.

@ The plane spanned by t and n, passing through p = «(0), has the
property that distance from a(s) to the plane is O(s%), and this is the
unique plane that satisfies this condition. Hence it should be said to
be the osculating plane.




Example

« is a smooth regular space curve under arc length parameterization, which
lies on the unit sphere. What can we say about k(s) and 7(s), assuming
k" #£0, 7 #07

@ « lies on the unit sphere, hence .- a = 1. Hence

/
o -a=0
1!
o a=—-d o =-1
n
" a==ad"-d =0

ot=ao, kn=a", k'n— k>t —krb=0a", so k(n-a)=—1,
kK'(n-a)—kr(b-a)=0.



@ Hence, the coordinate of « under the chart (t, n, b) must be
(07—1/k,—kkT/T). However, ||a||?> = 1, hence

1 k/2

@t =l

Can you prove that this is a sufficient condition for a to be on a sphere of
radius 17 This is exercise 13 of Section 1.5.



Local Theory of Space Curves
Review for LTSC

Smooth regular space curve
Arc length function, arc length parameterization
Unit tangent, normal, binormal vectors, curvature, torsion

Frenet equations

Fundamental theorem
o When k > 0, a curve is, up to rigid motion, uniquely determined by k
and 7 under arc length parameterization.
e Any smooth function k > 0, 7 can be the curvature and torsion of a
smooth regular space curve under arc length parameterization.



Hypersurfaces

@ Hypersurfaces
@ Review for implicit function theorem
@ Definition, coordinate charts
@ Tangent space
@ First fundamental form, geometry on surfaces
@ Orientability
@ Gauss Map, Second fundamental form



Hypersurfaces Review for implicit function theorem

Review for implicit function theorem

Theorem 4.1.1 (Implicit function theorem)

Let U be an open subset of R™™™ = R" x R™, f : U — R™ a C! function.
Suppose f((a, b)) =y, and the last m columns of the Jacobian of f at

(a, b) is linearly independent, then there is some open neighborhood V' of
a, C! function g from V to R™, such that b = g(a), and for any x € V,

f(x.g(x)) =y

When m = n, f(a, b) = b — h(a), this becomes the inverse function
theorem.




Hypersurfaces Definition, coordinate charts

Definition

Definition 4.2.1

A smooth regular function on an open set of R” is a smooth function
where the derivative is nowhere zero.

Definition 4.2.2

A subset S of R” is a smooth regular hypersurface if for every p € S,
there is an open neighborhood p € U, a smooth regular function f on U
such that S is a level set of f.

This definition, due to the argument in 2.2 in the textbook, is equivalent to
the definition in Section 2.2 of the textbook.



Hypersurfaces Definition, coordinate charts

Example 4.2.3

The followings are smooth regular hypersurfaces in R:
o {(x,y): x* —y?=1}
o {(t,sin(t)): 0 <t <1}
The followings are not smooth regular hypersurfaces in R?:
o {(tcos(1/t),tsin(1/t)):0<t<1}U{(0,0)}
o {(x,y):x*—y? =0}




Definition, coordinate charts
Some general definitions regarding topology of R”

Definition 4.2.4

@ A subset U of R” is called open, if for any p € U, there is some ball
centered at p with radius r > 0 contained in U; it is called closed if
its complement is open.

@ Let AC R", a subset of A is called open or closed in A, if it is the
intersection between A and some open set or closed set in R”.

@ A map is called continuous if the preimage of open set is open.

@ A continuous bijection whose inverse is also continuous is called a

homeomorphism, a smooth bijection whose inverse is smooth is
called a diffeomorphism.




Hypersurfaces Definition, coordinate charts

Coordinate charts

Some immediate consequences of the implicit function theorem applied to
smooth regular hypersurface:

@ Let S be a smooth regular hypersurface. p=(p1,...,pn) €S be a
point. Suppose that around p, S is defined as the level set of some
smooth regular function f.

@ Because f is regular, we can find a smaller open ball B centered at p
where one of the partial derivatives of f is always non-zero. Suppose it
is Opf # 0.

@ Now apply implicit function theorem, we get g : V — R, where V is a
neighborhood of p’ = (p1,...,pn-1), §(p') = pn, and for all x € V,
(x,g(x)) € S. Define i: V — S to be i(x) = (x,g(x)).

@ Now look at open set U = BN (V x R), then by mean value theorem,
we know that SN U = i(V), and i is a homoemorphism from V' to
SN U, because i~ can be written as an orthogonal projection which
is continuous.

@ / is evidently smooth with rank of Jacobian n — 1.



Hypersurfaces Definition, coordinate charts

The map i is a special case of the following:

Definition 4.2.5

A coordinate chart, or parameterization, of a hypersurface S C R" is a
smooth homeomorphism from some open set U C R"! to an open
subset set of S, whose Jacobian matrix is always of rank n — 1. The
image is called a coordinate neighborhood.

And the argument above implies that

Theorem 4.2.6

Around every point in a smooth regular hypersurface there is a coordinate
neighborhood.

Example 4.2.7

Let S = {x?> + y? + z2 = 1}, find a coordinate chart around (1,0, 0).




Hypersurfaces Definition, coordinate charts

Coordinate change

Theorem 4.2.8 (Proposition 1 in Section 2.3)

Let S be a smooth regular hypersurface, h : Vi — S, i : Vb — S be two
coordinate charts, ii(V1) N i(V2) # 0, then

i toi irt(in(VA) Nia(Va)) — iy H(i(VA) N ia(Va)) is a diffeomorphism.

Definition 4.2.9

This diffeomorphism i, ! o iy is called a coordinate change.

Proof idea

These maps are obviously homeomorphisms, hence we only need to show
that they are smooth. Let p be a point in the intersection of two
coordinate neighborhoods, one can build a coordinate chart ip : V, — S
using implicit function as before, then use inverse function theorem to show
that iy " o i, is smooth. iyl is orthogonal projection, hence iy o iy is also
smooth, hence iy ' o iyo iyt oiy is smooth on iy (iy(V1) N i2(V2) Nip(Vp)).
] May 2, 2021 90/ 188




Hypersurfaces Definition, coordinate charts

More definitions

Definition 4.2.10

A differentiable manifold is a set M, a collection of subsets U C M, each
corresponding to a bijection / from an open subset of R”, such that for any
two such bijections i and i/, i"~! o i is smooth where it is defined. Usually
we add a few more technical assumptions from point set topology which we
will ignore for now.

It is easy to see that the charts we defined using implicit function theorem
gives a differentiable manifold structure to a smooth regular hypersurface.



Hypersurfaces Definition, coordinate charts

Review for Previous lecture

@ Definition of smooth regular hypersurfaces.

@ Concept of coordinate charts

e Existence of charts via implicit function theorem (proof sketch:
definition->IFT->MVT)

@ Change of coordinates. (follow the textbook, or go through charts we
found earlier)

Example 4.2.11

Find some coordinate charts on the unit circle {(x,y) : x> + y?> = 1} and
find the change of coordinate functions.




Hypersurfaces Definition, coordinate charts

Definition 4.2.12

@ A smooth function on a smooth regular hypersurface S is a function

f, such that for any p € S, there is a coordinate chart i : V — S, such
that f o/ is smooth.

@ A smooth map between two smooth regular hypersurfaces S and S’
is a map f, such that for any p € S, there are coordinate charts
i:U—=S,j:V— S smooth map g: U— V, such that
foi=jog.

Theorem 4.2.13

A map from a smooth regular hypersurface in R™ to a smooth regular
hypersurface in R" is smooth iff it is of the form x — (fi(x), ..., fa(x)),
where f; are smooth functions.

One can prove this using the charts obtained via implicit function theorems.



Tangent space
Tangent Spaces

Definition 4.3.1

Let S be a smooth regular curve, the tangent space of S at p, denoted as
T5(S), can be defined in one of the three ways:

© Suppose locally S is a level set of some smooth regular function f,
then T,(S) is the null set (or kernel) of the Jacobian matrix of f at p.

@ Suppose there is a local coordinate chart i around p, then T,(S) is
the column space (or range) of the Jacobian matrix of i at i~!(p).

© T,(S) is the set of all possible &/(0), where « is a smooth curve on S
and «(0) = p.

Theorem 4.3.2
The three definitions of T,(S) are all equivalent.




Hypersurfaces Tangent space

We denote the three definitions as Ty, T> and T3.

@ T; = T5: both Ty and T, are n — 1-dimensional subspace of R"”. fo/
is constant, hence J(f)J(i) =0, hence To C Ty, hence T1 = T».

e T, C T3: forany v = (a1,...,an), consider a(t) = i(i~(p) + vt),
then o/(0) is the linear combination of the columns of J(i) with
coefficients a;.

@ T3 C Ty: foais constant, hence o C kerJ(f).




Hypersurfaces Tangent space

Review for last lecture

Key properties and concepts of smooth regular surfaces:

@ Smooth regular hypersurfaces, coordinate charts, smooth functions
and smooth maps

@ Existence of coordinate charts: IFT plus MVT
o Existence of smooth change of coordinate
@ Three equivalent definitions of the tangent space.

Depending on the context, sometimes “tangent space” or “tangent plane”
at p is the affine space p + T,(M).



The normal space N,(S) is defined as the orthogonal complement of the
tangent space.

Example 4.3.3

t — (cos(t)/2,sin(t)/2,v/3/2) is a smooth regular curve on
S={(x,x,x3) : x2 +x2 +x2 =1}




Hypersurfaces Tangent space

Maps between tangent spaces

o Coordinate charts gives bijections between T,(S) and R"~1, which we
can also call T;-1(,)(V), which is represented by the Jacobian map.

@ Smooth map between hypersurfaces induce linear maps between
tangent spaces, via the second or third definition.

Example 4.3.4

Let S = {(x,y,2) : x>+ y? + z2 = 1}. Show that
(x,y,z) = (—x, —y, —z) is smooth, and find the induced map between
two tangent spaces.




Hypersurfaces First fundamental form, geometry on surfaces

Quadratic forms

Recall that a symmetric bilinear form on a vector space V is a map
V x V — R, denoted as (x,y) — (x,y), which satisfies:
(xy) = (s x)
(axi + bxa,y) = a(x1,y) + b(xz,y)
If {x;} is a finite basis of V/, then

<Z aix;, Z bixi) = [a1...an)Alby ... by T

Where A is a symmetric matrix.

A quadratic form on V is Q : V — [ defined by Q(x) = (x, x) for some
symmetric bilinear form (,). Quadratic forms and symmetric bilinear forms
have a 1-1 correspondence via

Qx) = (x,x)

1
(x,y) = Z(Q(x +y)— Q(x—y))
] May 2, 2021  99/188



Hypersurfaces First fundamental form, geometry on surfaces

First fundamental form

Definition 4.4.1

The first fundamental form is a quadratic form on T,(S) defined via
Euclidean inner product in R”.

The first fundamental form allow us to do geometry on hypersurface S, in
particular, define concepts like distance, angle and area. Later we will
show that first fundamental form characterizes the intrinsic geometry of
the hypersurface. This is also called the Riemannian metric.



Hypersurfaces First fundamental form, geometry on surfaces

Review of last lecture

o Maps between tangent spaces

o First fundamental form

May 2, 2021
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Hypersurfaces First fundamental form, geometry on surfaces

First fundamental form in coordinate chart

Because we want to use x to simplify our notations, from now on we will
restrict ourselves to the n = 3 case, i.e. surfaces in 3-d Euclidean spaces,
but everything can be easily generalized to arbitrary n.

Now, under coordinate chart i : V — S, T,(S) is spanned by x, and x,
which are the image of two basis vectors under Ji, and the first
fundamental form becomes

I(axy + bx,) = Ea® + 2Fab + Gb?

And the corresponding inner product is

(ax, + bx,, a'x, + b'x,) = Ead' + F(ab' + a'b) + G(bb')



First fundamental form, geometry on surfaces
Arc length

Let « be a smooth regular curve on a smooth regular surface S. Assume
that « lies within a coordinate neighborhood (if not, subdivide it). Then «
can be written as i o 3, where 5 = (01, 52) is a smooth regular curve on V.

Then the length of « is
/||o/ydr - /I(o/)l/zdr
I I

- / H(Bxu + By, ) 2dr

!
- / (EBP +2F B, + GB2)2dr
I

To measure the distance between two points on S, find the shortest
smooth regular curve between them and measure its length.



Hypersurfaces First fundamental form, geometry on surfaces

Angles and area

o The angle 6 between two tangent vectors x and y is

os—1
((’(X ’(y))l/Z)
° The area of a shape that lies in a coordinate neighborhood, of the
form i(D) where D C V/, is defined as

/]xuxvadudv—/\/

@ For D that can not fit inside a single coordinate neighborhood, split it
and add the calculated areas.

XU7XU XU7XV> dudv
Xvaxu XVaXv>

Example 4.4.2

Let S = {(x,y,2) : x>+ y?2 + 22 =1}
@ Write down the first fundamental form on S using a coordinate chart.
o Find the angle between two circles on S.
o Find the total area of S. - -




Hypersurfaces First fundamental form, geometry on surfaces

Application of coordinate charts: Map projections

Orthographic projection (our IFT charts) (Hipparchus of Nicaea, 2nd
c. BCE)

@ Stereographic projection (Hipparchus of Nicaea, 2nd c¢. BCE)
e Equirectangular Projection (Marinus of Tyre, 1-2 c. CE)

@ Mercator Projection (cylinder, conformal) (1569)

e Lambert Projection (from axis) (1772)

Can you write down the first fundamental form under all these local
coordinate charts?



Hypersurfaces First fundamental form, geometry on surfaces

Review for last lecture

o First fundamental form
@ Length, angle, area
@ First fundamental form under coordinate charts

Example 4.4.3
Sphere under Central Cylindrical projection Consider the coordinate chart
of unit sphere: i : (0,27) x R — S2,

i(u,v) = (cosu/v/1+ v2 sinu/v/1+v2 v/y/1+ v2). Write down the

first fundamental form under this coordinate chart.




Hypersurfaces Orientability

Orientability of surfaces

Definition 4.5.1
A smooth regular hypersurface S is called orientable, if it admits a set of
coordinate charts covering S, where the Jacobian of all change of
coordinates are orientation preserving.

Theorem 4.5.2

Let S be a smooth regular surface, then S is orientable, if and only if there
is a continuous, non zero map N from S to R3, such that N(p) € N,(S).

Xu X Xy

If S is orientable, we can define N(p) = ERTAR

If N is such a function, we choose a set of coordinate charts covering S,
and precompose (u, v) — (v, u) for any chart where x, X x, and N are not
in the same direction. O




Hypersurfaces Orientability

Example 4.5.3

If S can be covered by a single coordinate chart, then S is orientable.

@ The unit sphere is orientable,
e Any smooth regular hypersurface in R? is orientable.
°

The Mobius strip is not orientable.

When discussing local geometry of a surface, we can always assume that it
is orientable.



Hypersurfaces Orientability

Vector bundles and sections

Definition 4.5.4

e If S is a smooth regular hypersurface, on every point of S, there is a
subspace V of R” of dimension d, and the subspace changes smoothly
on S (are defined by linear equations with smooth coefficients). Then
we call the set E = {(p,v) € S xR": v € V(p)} a vector bundle on
S. The subspace V/(p) is called the fiber at p, denoted as Ep,.

e A smooth map f : S — R”, such that f(p) € Ep, is called a section
of a vector bundle E.




Hypersurfaces Orientability

Example 4.5.5

@ The vector bundle {(p,v) : v € T,(S)} is called the tangent bundle,
denoted as T(S).

@ The vector bundle {(p,v) : v € Np(S)} is called the normal bundle,
denoted as N(S).

@ The bundle S x R" is denoted as T(R")|u.

Now the theorem above becomes

Theorem 4.5.6

S C R3 is a smooth regular surface, then S is orientable iff N(S) has a
non-zero section.




Hypersurfaces Orientability

Midterm Review

Definition of smooth regular plane curve and smooth regular space
curves

Arc length function and arc length parameterization

Geometry of plane curves
e Unit tangent and normal vector
o Signed curvature k, t' = kn,n’ = —kt
e Fundamental theorem, local canonical form:
(s — k?s3/6 + O(s*), ks? /2 + k's® /6 + O(s*))
Geometry of space curves
e Unit tangent, normal and binormal vector
o Curvature k and torsion 7, t' = kn,n' = —kt — b, b’ = 7n

o Fundamental theorem, local canonical form:
(s — k%s3/6 + O(s*), ks? /2 + k's3 /6 + O(s*), —kTs3 /6 + O(s*)).



Hypersurfaces Orientability

@ Definition of smooth regular hypersurfaces. When n = 3 we call them
“surfaces”.

@ Coordinate charts
o Definition: smooth homeomorphism to open subsets, Jacobian full
rank.
o Existence: Implicit function theorem
e Change of coordinate smooth: inverse function theorem
e Smooth functions and smooth maps
@ Tangent spaces
Three equivalent definitions
Coordinate chart induces bijections from tangent spaces to R"~!
Smooth maps induces maps between tangent spaces
Normal spaces

@ First fundamental form

o Definition
o Expression under coordinate charts
o Length, angle, area



Hypersurfaces Orientability

Review examples

@ Let f be a smooth real valued function. Consider smooth regular
surface S = {(x,y, f(x,y)}.

o Find a coordinate chart i : R? — S, such that i71(x,y, z) = (x,y).

o Find Tj()(S) and write down the first fundamental form under the
coordinate chart above.

e Suppose « is a smooth regular plane curve under arc length
parameterization. Write down the arc length function of i o «.

o Write down the curvature at i o «(0). When is this curvature equals
the curvature of a(0)?

@ Show that if S is a smooth regular surface, for any p € S, the normal
space N,(S), as a linear subspace of R, contains p, and any two
points in S are connected by a smooth path, then S is contained in a
sphere.

@ Suppose S is a smooth regular surface that admits a coordinate chart
(u,v) — f(u) + g(v), which covers the whole surface. Find a curve
on S along which the tangent space all contains a specific non-zero
vector.



Hypersurfaces Orientability

Digression: How to read and write math

@ How to read definitions and propositions: figure out terms.
Example: A coordinate chart is a smooth homeomorphism from an
open set in R™! to an open subset of a hypersurface, such that the
Jacobian has rank n — 1.
Example: We call a function f on a hypersurface S smooth, if for any
point p € S, there is a coordinate chart i : U — S, p € i(U), and f o
is smooth.

@ How to read proofs: fill in gaps.
Example: Existence of local coordinate charts.
@ Understanding via examples.
Example: Implicit Function Theorem
@ How to write proofs: plan, then fill in gaps.
Example: Show that if f is a smooth function on S, i: U — S is any
coordinate chart, then f o/ is smooth.



Hypersurfaces Orientability

Review for last lecture

@ Tangent bundle and Normal bundle of surfaces, sections.
@ Orientability

@ Orientability equivalent to non-zero sections on normal bundles.



Hypersurfaces Gauss Map, Second fundamental form

Gauss Map, Second Fundamental Form

If S is a smooth orientable regular surface, by an “orientation” we mean a
set of coordinate charts covering S where change of coordinates are all
orientation preserving.

Definition 4.6.1

If S is a smooth orientable regular surface in R3. Let S? be the unit
sphere, then the map G : S — S? defined locally by p — ”X“XXV” is called
the Gauss map. The induced map on tangent space DG is called the

shape operator or Weingarten map.




Hypersurfaces Gauss Map, Second fundamental form

Theorem 4.6.2

Let DG be the map between tangent spaces induced by the Gauss map.
Then DG is a map from T,(S) to Ty(S), and is represented by a
symmetric matrix under an orthonormal basis under the first fundamental
form, i.e. x - DG(y) = DG(x) - y.

Proof.

DG is a map from T,(S) to Tg(p)(S?), and both are orthogonal
complements of G(p) hence equal. Now we consider a local coordinate
chart i whose image contains p, (bi)-linearility implies that we only need to
check the identity for x and y being x, = i, and x, = i,, and the only case
one need to check is x = x, and y = x,.

Now because G - x, = G - x, = 0, we have

G -iyw+ Gy x4y =G -iy+ G, x, =0. By definition it's easy to see

Gy = DG(x4), Gy = DG(xy). The identity now follows from iy, = ivy
which we know from multivariable calculus. Ol




Example 4.6.3

Find the map DG of a point in a:
o Planes
Cylinders

[~
o Cones
[~

Spheres




Hypersurfaces Gauss Map, Second fundamental form

Definition 4.6.4
The second fundamental form on T,(S) is defined as

I(v) = —(v,DG(v))

Recall from linear algebra:

Theorem 4.6.5

Any symmetric n X n matrix has n eigenvectors forming an orthonormal
basis, and all eigenvalues are real.




Hypersurfaces Gauss Map, Second fundamental form

Review from last lecture

Gauss map: G(p) = ||§Z§f<:||

@ Shape operator: DG : Ty(S) — T,(S).

@ Shape operator is self adjoint.

e Second fundamental form //(v) = —v - DG(v).

Midterm Exam:

120 /188



Hypersurfaces Gauss Map, Second fundamental form

Definition 4.6.6

@ The negative of the eigenvalues of DG are called principal
curvatures. The eigenvectors are called principal directions.

@ The negative of the average of the two eigenvalues is called the mean
curvature. A surface whose mean curvature vanishes is called a
minimal surface.

@ The product of the two eigenvalues is called the Gaussian curvature.

@ The non zero vectors v where /I vanishes is called an asymptotic
direction.

In many other textbooks there isn't a negative sign, and mean curvature
and principal curvatures are also off by a sign. We follow the convention of
Ddo Carmo.



Hypersurfaces Gauss Map, Second fundamental form

Shape operator and second fundamental form under local
coordinate

o Starting data: i: U — S.

o First fundamental form: x, = iy, x, = i,, matrix representation of first
fundamental form A =[xy, x| [xy, xv].

e Gauss map Goi= ||))§5§§ZII' [DG(xy), DG(xy)] = J(G o). Second

fundamental form: —[xu, x,]7 [DG(xy), DG(x,)] = —[xu, x,]T J(G o i).

@ To find matrix representation B of the shape operator, we have

[xu, x/]B = [DG(xu), DG (xv)]

B= NI THNTIGC o)



The matrix representation of the second fundamental form of surface is

often denoted as [ e ¥ }
f g

v

Example 4.6.7

Calculate the shape operator and second fundamental of the surface
{(x,y,x* +y?)} 2t (0,0,0).

.




Hypersurfaces Gauss Map, Second fundamental form

Geometric meaning and generalization

e Normal curvature: If v is a smooth regular curve on S under arc length

parameterization, then the normal curvature is o’ -n = —a’ - DG<'.
e Principal directions are where normal curvature is at maximum or
minimum.

e Asymptotic directions are where normal curvature is zero.
e Gaussian curvature: ratio of signed area.

@ Generalization of Gauss map, shape operator, second fundamental
form in other dimensions. For hypersurfaces in R?, the “Gaussian
curvature” is the signed curvature.

The norm of the projection of &” on T,(S) is the absolute value of the
geodesic curvature, which we will discuss in the next chapter.



Hypersurfaces Gauss Map, Second fundamental form

Review

Hypersurfaces, coordinate charts, coordinate changes

(]

First fundamental form, length, angle and area

Shape operator and second fundamental form, principal curvature,
mean curvature, Gaussian curvature.

@ Geometric meaning of the second fundamental form: normal
curvature, area ratio.



Intrinsic geometry of surfaces

@ Intrinsic geometry of surfaces
@ Parallel transport
@ Intrinsic curvature, Gauss theorem
@ Geodesics

May 2, 2021
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Intrinsic geometry of surfaces

Definition 5.0.1

A map between hypersurfaces is an isometry if it preserves distance, a
conformal map if it preserves angles.

@ “Local isometry” means an isometry from a neighborhood of one point
on one surface to a neighborhood of another point on another surface.

o Properties invariant under isometry are called “intrinsic”.

o If a property can be evaluated using only the local formula or first
fundamental form, then it is intrinsic.



Intrinsic geometry of surfaces Parallel transport

Parallel Transport

From first fundamental form we can define angles, and after integration,
areas. However to do more “global” geometry we need to connect tangent
spaces at one point to tangent spaces at another. This geometric object is
called connection, and in particular, we will talk about Levi-Civita
Connection or Parallel Transport.



Intrinsic geometry of surfaces Parallel transport
Definition

Definition 5.1.1

Let S be a smooth regular surface, i : U — S C R3 a coordinate chart,
a:l — i(U), 0 €l is asmooth regular path. Then the parallel transport is
a family of linear transformations Py ¢ : Ty (0)(S) — Tu()(S), such that

4 Po¢(x) is in Ny (S)

As a consequence, P preserves length, i.e. the first fundamental form.
It is easy to see that reparameterization of « sends parallel transport to
parallel transport.



Parallel transport
Review for last lecture

e Geometric meaning of second fundamental form: normal curvature,
generalization to other dimensions, area.

@ Isometric and conformal maps

@ Definition of parallel transport along a smooth regular curve.



Intrinsic geometry of surfaces Parallel transport

Calculation

Theorem 5.1.2

The Parallel transport under basis x,, x, is uniquely determined by i~ o «
and the first fundamental form under coordinate chart i. In other words, it
exists, is unique, and also intrinsic.

Proof.

Suppose [Py t(xy), Pa,t(xv)] = [xu, x/]A(t). It is evident that A(0) = h.
Let B =i"toa = (B1,53). Now take derivative with respect to t, we get

[8uxuﬁi + 8vxu5é7 6uXv/3£ + 8\,Xvﬁé]A(t) + [Xua XV]A/(t)




Intrinsic geometry of surfaces Parallel transport

Proof, cont.
By assumption, both columns must be in N(;)(S), hence multiplying with
[X4, X,] " from the left must be zero. Hence:

[Xu, XV]T[XUa XV]A/(t) = —[Xu, XV]T[8UXUB:IL + 3vxuﬁ£, auxvﬁi + 8VXVﬁ£]A(t)

= (—B1([xu, xV]T&_,[xu, xv]) — Bé([XwXV]TaV[Xu’ xv]))A(t)

The existence and uniqueness of parallel transport now follows from
Picard’s theorem.

We replace u by 1 and v by 2, and p, q,r € {1,2}. xi;raqx, is also denoted
as [pqr, called Christoffel symbols of the first kind.



Intrinsic geometry of surfaces Parallel transport

Proof, cont.

Now we prove that the Christoffel symbols can be represented using only

the first fundamental form, i.e. the matrix [x,, x,]” [x,, x,]. For any
p,q,r € {u,v},

1
E(Gq(xg-x,) + 0, (%) xg) — Fp(xg %))

1, .. . .. ..
- 5((’19 “ir)q + (ip ~ig)r — (ig - ir)p)
:5(’pq"r+’p"qr+’pr"q+’p"qr_’pq"r_’q"pr)
Lo T T
=lp - Igr = Xp Ogxr = Xp OrXq
Now the intrinsicness is proved. O
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Intrinsic geometry of surfaces Parallel transport

Find the Christoffel symbols of the first kind, and parallel translation along
a circle, on unit spheres.

Consider coordinate chart
i {(u,v): T <u<m-m/2<v <72} = S
i(u, v) = (cosv cos u, cos v sin u, sinv)
Then
xy = (—sin ucos v, cos ucosv,0),x, = (—sin v cos u, — sin v sin u, cos v)
Ouxy = (— cosucos v, —sinucosv,0)
Ovxy = Oyx, = (sinusin v, — cos usin v, 0)
Oyxy = (—cosucosv,—sinucosv,—sinv)
Xy * Xy = cos? V,Xg Xy =0, xy - x, =1



Intrinsic geometry of surfaces Parallel transport

Hence the Christoffel sysmbols are
11 =0,l211 = sinvcosv

M122 = 0,120 =0
F121 = F112 = —cosvsin v, I’212 = F221 =0

Alternatively, we can do the computation using first fundamental forms, e.g.

1
M1 = 5(3u0 + 8, cos? v — §,0) = — cos vsin v
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Intrinsic geometry of surfaces Parallel transport

Now consider the path o : (—m,7) — S,
a(t) = (cosrcost,cosrsint,sinr). Then § =ioais §(t) = (t,r). Hence
the differential equation becomes:

2 .

cosrc 0 ;o 0 —cosrsinr

[ 0 1]A_ [cosrsinr 0 }A
P 0 —sinr/cosr
A= [cosrsinr 0 A

So, if one apply parallel transport to the vector x,, we have

A(t)(e1) = (cos(tsinr),—cosrsin(tsinr)). When t — 7 and t — —, the
resulting vectors have an angle of 27 sinr. When r is small, we can also
made it into 27(1 — sin r) which equals to the area bounded by the circle .



Intrinsic geometry of surfaces Parallel transport

Remark

Parallel translation along any smooth simple closed curve on unit sphere
has rotation angle equals to the area of the bounded region.

| \

Example 5.1.4
Calculate the Christoffel symbols for
@ Plane under Cartesian coordinate.
@ Cylinder under coordinate chart (u, v) + (cos u,sin u, v)

@ Plane under Polar coordinate.

| \

Definition 5.1.5

The Christoffel symbols of the second kind is defined as
OpXg — 22, Thgxr € Np(S).

It is easy to see that the Christoffel symbols of the second type can be
calculated using Christoffel symbols of the first kind and the first
fundamental form.



Intrinsic geometry of surfaces Parallel transport

Review for Levi-Civita connection

{u, v} is represented by {1,2}. i: U — S a coordinate chart.
o Christoffel symbols:

Ciik = Xi - Ojx = Xj - Oxx;

6J'Xk = 6kXJ Z le + LG

o Relationship between Christoffel symbols of first and second kind:

r,'jk = Z(X,‘ . X/)rJI-k

/

o Christoffel symbols from first fundamental form
1
Cij = 5(0;(xi - xk) + Ok(xi - x7) = 0ix; - x«))
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Intrinsic geometry of surfaces Parallel transport

@ Matrix representation of parallel transport:

Z( “ Xk) ZZ CinB1) Axj
k
A/ Z Z rk/ﬁk Ajj
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LIS BTSSRI RN SV Intrinsic curvature, Gauss theorem

Intrinsic (Riemann) curvature, Holonomy

@ Suppose S is, or is isometric to, a plane, i : U — S a coordinate chart.
Then parallel transport along any closed curve will send every vector
back to itself.

@ However, if you walk from the south pole to north pole via two
different longitudes, and do parallel transport along the way, then it is
no longer true.

@ Hence, the turning angle after parallel transport along a closed curve,
called holonomy, characterized how much a surface is intrinsically
curved.



LIS BTSSRI RN SV Intrinsic curvature, Gauss theorem

Theorema Egregium (“Remarkable theorem”)

Theorem 5.2.1

The Gaussian curvature can be calculated using ONLY first fundamental
form. In other words, Gaussian curvature is invariant under local isometry.

Proof idea

Because Gaussian curvature is smooth, it is continuous, hence at every
point there is a neighborhood where the Gaussian curvature is almost
constant. Find a simple closed curve in that neighborhood «. Consider the
corresponding curve on unit sphere G o a. Because

To)(S) = TG(a(t))(Sz), the parallel transport along o and G o « are
identical hence has the same turning angle, which equals the area bounded
by G o . Hence, the turning angle of  divides the area of the part on S
bounded by « is the Gaussian curvature. Hence Gaussian curvature is
intrinsic because parallel transport is intrinsic.




LIS BTSSRI RN SV Intrinsic curvature, Gauss theorem

We can make the idea more precise as follows:

Proof.

Let the matrix representation of the —DG be [bj], i.e. 9;G = — . bjjx;
(here G means G o i where i is the coordinate chart).

Suppose 0ixj = >, F;’-J‘-xk + L;jG. Because x; - G = 0, we have

Lij+ xi-0;G =0, hence Ljj = >, (xi - x)byj is the i, j-th entry of the
matrix representation of second fundamental form. Now look at the
equation 010x1 = 301 x1. By calculation, the left hand side becomes

81(r%1)X1 + Fél(rhxl + r%lxz + eG) + 81(F§1)X2 + I'%l(r%le + r%2X2 + fG)

+81(f)G = fb11X1 = fb21X2
The right hand side is

A2 (TT1)x1 + T (Mayxa + T3y %0 + fG) + 02 (TFy )x2 + T3 (Mopxa + M3p%2 + £G)

+(92(6)G — eb21x1 — €b22X2



LIS BTSSRI RN SV Intrinsic curvature, Gauss theorem

Look at the coefficients of xo on both sides, we get

ebyy — fbyy = T1; 15, + 0ol Ty + 13175, — 5,15, — 015, — 15T,
The right hand side is evidently intrinsic, the left hand side equals

(x1 - x1)brrbon + (x1 - x2)bo1boo — (x1 - x1)b12b21 — (X1 - X2) b2 b2y

= (x1 - x1)(b11b22 — b21b12)




LIS BTSSRI RN SV Intrinsic curvature, Gauss theorem
Remark

To see how the proof is related to the idea stated earlier, consider parallel
transport of x1 along B1(t) = (t,s), and Pa2(t) = (s, t), one gets

Peg(x1) =x1 —t > [hyx +o(t) = x1 — tdixy + teG + oft)
j

Pegy(x1) =x1—t Y Thx+o(t) = x1 — tdaxy + tG + o(t)
J

The study of the infinitestimal holonomy is equivalent to calculating % of
the t-coefficients of the former minus % of the t-coefficients of the latter.
In other words, in the first equation of the preceding slide, the LHS and
RHS represents the leading term of a coefficient of the holonomy along a

tiny square in U.




LIS BTSSRI RN SV Intrinsic curvature, Gauss theorem

Review for last lecture

Proof of Gauss theorem:
° Jixji =), Ff-J‘-xk + LG, Ljj is the i, j-th entry of the matrix
representation of second fundamental form.
o 8,‘an1 = aja,'xl
© EK =T{1% + 0olfy + T35, — 513 — 0il5; — 5T,
Remark on HW: Two equivalent ways to define induced map between
surfaces. F : 51 — S2, F(p) = q, DF : Tp(51) — T4(52).

@ /:U— 51, j:V — 5 are two coordinate charts containing p and g
respectively, G = j~! o Foi. Then DF = J(j)J(G)J(i)~ .

@ « is any smooth regular curve on S, «(0) = p.
DF(a/(0)) = (F o )'(0).



Intrinsic geometry of surfaces ST

Geodesics

Let S be a smooth regular surface, v a smooth regular space curve under
arc length parameterization that lies on S.

Definition 5.3.1

7 is called a geodesic on S iff v/(t) = P, /(0).




Intrinsic geometry of surfaces ST

It follows from the definition that
Theorem 5.3.2

Suppose v : | — S is a smooth regular curve, 0 € |I. The followings are
equivalent:

Q ~ is a geodesic under arc length parameterization.
@ ~ is under arc length parameterization, and the curvature of vy equals
the absolute value of its normal curvature.
© For any coordinate chart i : U — S, 5 = i—lo ~ satisfies
o Eff +2F BB+ GBy =1
o B ==k TikBibk-




Intrinsic geometry of surfaces ST

From the third point above and Picard’s theorem, we have:

Corollary 5.3.3

Let p be any point on a smooth regular surface S, v € Ty(S) any unit
vector, then there is a geodesic -y such that v(0) = p, 7/(0) = v.

v

Example 5.3.4

@ Straight lines are geodesics.

o Great circles are geodesics on spheres.




Proof of Theorem 5.3.2.

. _d d .
el = 2: 4" = 7Y = 5 Py.e(7/(0)) € Ny (S), hence the unit
normal vector is parallel to 7”, the absolute value of normal curvature

equals curvature.

@ 2 = 3: The first equation is equivalent to ||7'|| = 1. Because the
curvature equals the absolute value of normal curvature, " is parallel
to G(7y(t)), hence

= (10 8)" = & (B + Bho)

= Z (B + B > T Bixj + Z BiLikG)

J.k

Compare coefficients, we get the second equation.




Intrinsic geometry of surfaces ST
Proof.

@ 3 = 1: The first equation implies that ~ is under arc length
parameterization. Consider H(t) = +/(t) — P,.+7/(0). H(0) =0,

: d
H'(t) = Z Bl + Zﬂ,f(zk: [ Bix; + Ek: BiLiG) + o (0)
I I J?

Which is in Nyy(S). H-x1, H - x; satisfies a homogenuous ODE with
zero initial conditions, hence the solution must be 0.

OJ

A geodesic is the curve on S whose length is locally minimized. To see this,
let v be a geodesic, a a compactly supported real valued function on I,
Bs = v(t) + sa(t)(G(v(t)) x +/(t)), then because v is parallel to G,

185l = 17" + sa"(G(~7(t)) x 7'(t)) + sa((G o) x ')+ saG x v"|| > 1




Gauss-Bonnet Theorem, Global differential geometry

@ Gauss-Bonnet Theorem, Global differential geometry
@ Geodesic curvature
@ Calculation in orthogonal coordinate charts
@ Gauss-Bonnet Theorem
@ Topics that will not be in the final exam



Gauss-Bonnet Theorem, Global differential geometry eI EEIESITVEIIT

Geodesic Curvature

Definition 6.1.1

Let v be a smooth regular curve on smooth regular surface S, G is the
Gauss map. Then

e Normal curvature k, =~"- G
e Geodesic curvature k; =" - (G x /).

It is easy to see that k? = k2 + kg%. Geodesic curvature is a generalization
of the concept of signed curvature:

Example 6.1.2

Let S ={(x,y,0)}, G =(0,0,1), then the geodesic curvature is the signed
curvature.

Example 6.1.3

Geodesic curvature of circles on sphere.

o e = vt



Gauss-Bonnet Theorem, Global differential geometry eI EEIESITVEIIT

Calculation

Let i : U — S be a coordinate chart, 3 =i~ o~. Suppose
Eﬂi2 +2F 3185 + GB§2 =1, i.e. it is under arc length parameterization.
Then the orthogonal projection of 4" on T,;)(S) is

PT.Y(t)(’V/) Z Z kﬁjﬁk

i

The absolute value of the geodesic curvature is the squared root of the first
fundamental form of this vector. Alternatively, we also have

ke =+ %P1 ,(7") - G((1))



[CETTEEN =TT T iy i YT MG LU R RGN B A ST SVl Calculation in orthogonal coordinate charts
Example 6.2.1

Suppose F =0, i.e. we are in the case of orthogonal coordinate charts.
Find formula for Christoffel symbols, Gaussian curvature and geodesic
curvatures.

o Christoffel symbols of first kind:

1
M = > Ey, 112 = Mo1 = 264, T12 = —= G,
11 = 5 112 = N21 = 3 122 2G
1
Mo11 = _EEV7 M210 =T201 = Gu7 M200 = EG
o Christoffel symbols of second kind:
E, E, Gy
r%l = 2E’ r%z = r%l = 2E’ I‘%2 = Y=
E, Gy Gy
Mh=ge e =Ta =50 = 5¢



[CETTEEN =TT T iy i YT MG LU R RGN B A ST SVl Calculation in orthogonal coordinate charts

Gaussian curvature

1
E((rfl)v —(M3y)u + 1205 + 3175 — 3,73 —T5:73,)
LBy (G  EG EG EE GG,
EN “2G7Y “2G7Y U 2E2G 2G2G  2E2G 2G2G
1 E, G,

- ———(

vEe (yEe ) T

Ju)

VEG " “VEG



[CETTEEN =TT T iy i YT MG LU R RGN B A ST SVl Calculation in orthogonal coordinate charts

Geodesic curvature

Let B=i"tlon.
@ Approach 1:

E, E, G
2 _ I u a2 Vool of u 12\2
kg—E(lﬂLﬁ@ +?5152*E )

—I—G( /1 EV 12

GU// Gv 12\2
27 5¢ +Eﬁlﬁ2+%52)

@ Approach 2:
E, Gy G,
kg = VEGBI(B; — 5 6B + 8162 + 5 £7)

E E G
./ Loptt | Bu o Bvogr o Yu g
EGB5(5 +2E T+ Eﬂlﬁz SE )



Calculation in orthogonal coordinate charts
Approach 3: Use parallel transport

o For any ¢, identify T ()(S) with R? by D, : (a,b) — % + %.

@ Under this identification, Euclidean distance is sent to first
fundamental form, and standard basis is sent to a basis with the same
orientation as {x1, x2}.

o As a consequence, D; ! o P, ; o Dy is an orientation and distance
preserving linear transformation from R? to itself hence must be
rotation with rotation angle 6.

@ When t << 1, 6 << 1, and by definition of parallel transport, we have

0 (EV/Bi - Guﬁé) + O(t)

t
- 2VEG



[CETTEEN =TT T iy i YT MG LU R RGN B A ST SVl Calculation in orthogonal coordinate charts

When ~y is a closed curve, y(1) = (0), by Green's theorem we have the
total turning angle when parallel transported through ~ (a.k.a. holonomy)

’ /1dt(Eﬂ'—Gﬁ/):/ ———(E,du — Gudv)
02\/& vP1 ul2 2\/— u

/ (o, - (%
Region bounded by 8 2V EG " 2VEG

)ududv

Gaussian Curvature d Area

/Region bounded by v

This made precise the argument on Slide 141.




[CETTEEN =TT T iy i YT MG LU R RGN B A ST SVl Calculation in orthogonal coordinate charts

Review for last lecture

o Geodesic curvature k; =+ - (G x+') =G - (v x7")
o Calculation of geodesic curvature: use the fact that

" 1" il Q!
Pr (V") = Z(ﬂi + Z [ BiBr)xi
i ok

@ Gaussian curvature under orthogonal coordinate chart:

Gy
VEG

1 E,
VvVEG

@ Combining with Green's theorem:

)v +(

)u)

Theorem 6.2.2
The holonomy along ~y is fQ KdA where A is the area form on S.
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Existence of orthogonal coordinate charts

Theorem 6.2.3

Let S be a smooth regular surface, then around any point p € S there is an
orthogonal coordinate chart.

Proof idea

Find a nearby point q, make “polar coordinate” centered at q.
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Geodesic curvature under orthogonal coordinate charts

Assume that ~ is under arc length parameterization,

Theorem 6.2.4

(- (P 0 P (7 (10)) X 7'(£))) - G(7(t0))le=to = kg(to)

.~|

Proof.

Q.
o~
2
A\

(%(P 0P (7 (1)) X 7/ (£)ey - G = (CG x 7/ (t0) +'(t0) X 7"(t0)) - G

= (7' x2") - Gl =" (G x ¥y, = kg(to)
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As a consequence:

Theorem 6.2.5

Under orthogonal coordinate, when 3 = i~1, let ¢ be the angle between
~" and x,, then

/ 1 / /
kg = ¢ + ﬁ(‘ﬁﬁ + Gufs)
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Local Gauss-Bonnet Theorem

Theorem 6.3.1 (Hopf theorem)

If ~v is a smooth simple closed curve bounding a small region within an
orthogonal coordinate chart, and travel around it counterclockwise when
seen from the direction of the Gauss map, then fOT ¢'dt = 2m, here T >0
is the smallest positive number such that v(T) = ~(0).

As a consequence,

Theorem 6.3.2

Let vy be a smooth simple closed curve on S bounding a small enough
region ), and travel around Q counterclockwise when seen from the
direction of the Gauss map. Then fv kgds + [ KdA = 2.
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Definition 6.3.3

We call a curve v a piecewise smooth curve, if its domain can be
decomposed into finitely many intervals, and v is smooth on the closure of
each. Let ty be a boundary point of two consecutive intervals, the angle
from limp_o_ w to limp_yo w is called the turning

angle at tg.

Because piecewise smooth curves can be approximated by smooth curves,
we have:

Theorem 6.3.4 (Local Gauss-Bonnet)

Let v be a piecewise smooth simple closed curve on S bounding a small
enough region Q, and travel around Q counterclockwise when seen from
the direction of the Gauss map. Let 0 be all the turning angles, then
Dok Ok + [ kgds + [ KdA = 2m.
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Review: Outline for the argument to Local Gauss-Bonnet

Let v be a smooth closed curve on S bounding a region Q which is on its
left and is contained in a coordinate neighborhood.

© Around every point there is an orthogonal coordinate chart.

@ Gaussian curvature under orthogonal coordinate chart:

(L ST
oVEG VEG'  ‘VEG’

© Identify T (1)(S) with R? by (2,b) = Zex1 + foe.

Q Parallel transport is a rotation by angle 6(t), such that

;1

-~ 2VEG

© 0 is the angle from x; to P, ¢(x1), viewed from the direction of G.

(Evﬁi - Guﬁé)
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@ Let 6y be the angle from P, ;+(0) to 7/(t). Then

01(s) = (%(Pw 0 P13(7(5)) X 7/ (1))]e=to - G(7(t0)) = kg(t0)

Q@ 07 =¢ — 0, where ¢ is the angle from x; to 7.
O By Green's theorem,

/kgds—{—/KdA:/gb'ds:Qﬁ
vy Q ol

The last step is by Hopf's theorem.
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Global Gauss-Bonnet

Definition 6.3.5

If M is a finite cell complex (finitely many discs of different dimensions
glued together, discs of higher dimension has boundary in discs of lower
dimension), then the Euler characteristic is the number of even dimensional
cells minus the number of odd dimensional cells, called x(M)

Example 6.3.6
A single disc has xy = 1.
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One can show that any compact region on S bounded by piecewise smooth
curves can be decomposed into small regions bounded by a single piecewise
smooth closed curve, and that when one glue two regions along the
boundary, integral of k; and K are additive, when the gluing is via m
intervals, Euler characteristic is subtracted by m and the turning angle is
subtracted by 2mn. The gluing can also happen along cylinders, during
which the Euler characteristics, turning angles and integral of k; and K are
all unchanged. Hence we have

Theorem 6.3.7 (Gauss-Bonnet)

Let Q2 be a compact region on smooth regular oriented surface S bounded
by piecewise smooth curves which travel counterclockwise around Q, with
turning angles 0y, then

Zé?k—i—/kgds—Ir/ KdA = 27x(Q)
K g L
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Exponential map and geodesic polar coordinate

Definition 6.4.1

The Exponential map is defined as exp : U — S, exp(v) = 7,(1), where U
is a neighborhood of 0 in T,(S), v (||v||t) is a geodesic under arc length
parameterization, such that v(0) = p, 7/(0) is in the direction of v.

Definition 6.4.2

The geodesic polar coordinate is the composition of exp and
(r,0) — (rcos@,rsind).

Theorem 6.4.3

The exponential map when restricted to a small enough neighborhood of 0,
is a coordinate chart.

The proof is by the continuous dependence on initial conditions of ODE.
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Theorem 6.4.4
Under the geodesic polar coordinate, F =0, E=1, VG, /VG = —K.

Proof.
1
Fr=0/xr - X9+ X - Orxp = Eag(x, “x)=0

Obviously E =1, hence

By Gyl L Gy
\/TiG)H a4 (\/T—G)r) — 2\/6(\/6)r — \/Err/\/a

(

1
“2VEG.

It is easy to see that G = 0 when r = 0. Hence two surfaces with the same
constant Gaussian curvatures are locally isometric.
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’
Proof of Hopf's theorem

© The integral must be 2kw, hence unchanged under continuous
deformation.

@ Deform E and G to 1.

© Find the point where v is smallest, reparametrized so that this point is
7(0).
@ Replace tangent with secant line.

© Deform the end points of the secant line.



Topics that will not be in the final exam
Summary of the philosophy of local differential geometry

o Differential geometry of a manifold is represented via connections, i.e.,
parallel translations, on its tangent bundles (or other bundles).

@ Holonomy of the connection measures the “intrinsic curvature”.

e Difference between the connection of a sub manifold and the larger
space (the Lij, k. 7 etc) measures the “extrinsic curvature”.
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What can we go from here

@ Further topics of global differential geometry: Jacobi field and
comparison theorem, 4 vertex theorem, classification of surfaces with
zero curvature, rigidity of sphere etc.

o Generalizations to differential geometry on general bundles.

o Generalizations of Gauss-Bonnet: Chern-Weil theory, Hodge theory,
K-theory, index theory.

o Connection with PDE: Geometric Analysis.

@ Connection with physics: Gauge theory, Yang-Mills equation etc.

Symplectic, complex and algebraic geometry.
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@ Final Review
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o Differential geometry of plane curves and space curves
o Arc length function and arc length parameterization
o Signed curvature, curvature and torsion
e Structural equation. Fundamental theorems.
@ Basic concepts of smooth regular surfaces
e Coordinate charts via implicit function theorem, change of coordinates,
smooth functions, smooth maps.
e Tangent space and normal space, induced maps on tangent space.
o First fundamental form
o Orientation and Gauss map, shape operator, second fundamental form,
principal, mean and Gaussian curvature.
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@ Gauss's theorem and Gauss-Bonnet

o Parallel transport and Christoffel symbols, Christoffel symbols are
intrinsic.

e Gauss's theorem.
e Holonomy along a closed curve.
o Local and global Gauss-Bonnet.

@ Curves on surfaces
e Normal curvature and geodesic curvature.
o Geodesics and geodesic equation.

Key idea:

@ Geometry is all about how to move a vector around in a vector bundle
(parallel transport for surfaces, unit tangent, normal, binormal vectors
for curves)

@ How much the vectors are rotated under such movement characterizes
extrinsic curvature (shape operator for surfaces, curvature and torsion
for curves)

@ Holonomy characterizes intrinsic curvature.



Example 7.0.1

Consider the surface S = {(x,y,z) : (v/x2 +y2 —2)> + 22 = 1}.
@ Show that S is a smooth regular surface.

e Show that when v € (=7, 7), v € (—m, ),
f:(u,v)— (2cosu+ cosucosv,2sinu+sinucosv,sinv) is a
coordinate chart.

o Find the first fundamental form, shape operator, second fundamental
form, principal curvatures, Christoffel symbols on S.

@ Verify that the integral of the Gaussian curvature on S is 0.

Answer:

o This is because the function (1/x2 + y2 — 2)2 + 22 is regular on
{(x,y,2) : x>+ y? #0, and either z # 0 or x? + y? # 4}.

@ Check that it is a homeomorphism to an open subset of S, smooth,
and the Jacobian has rank 2.
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e Tangent space at f(u, v) is spanned by
x1 = (—2sinu —sinucosv,2cos u + cos ucosv,0)

and
xp = (— cos usin v, —sin usin v, cos v)

So E =x; -x3 = (24 cos v)2, F =0, G =1. Now calculate the Gauss
map:

Gof— LXX

[x1 x x|

= (cos u cos v, cos vsin u,sin v)

—sinucosv —cosusinv
J(Gof)=| cosucosv —sinusinv
0 cos v
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UHTIF) " = [ Crrcos) ™ 0 ]

J(F)T = —2sinu —sinucosv 2cosu+cosucosv 0 ]

—cosusinv —sinusinv cos v

So second fundamental form is

)T HG o) = [ —cosv(2+cosv) O ]

0 -1

The matrix representation of shape operator is

(JOTIE) I TIG o f) = [ 2i‘l;ozv (1) }

cos v
2+cos v’

cos v
2+cosv”

Principal curvatures are — —1, Gaussian curvature is
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@ Non-zero Christoffel symbols of first kind:
M211 =sinv(2+ cosv), 21 =112 = —sinv(2 + cos v)

Non-zero Christoffel symbols of second kind:

sinv
M2, =sinv(2 + cos ,Fl =, =—
11 inv(2+cosv), M, 21 2t cosv

One can verify that the Christoffel symbols calculated above satistfies their
definitions. Also, the Gaussian curvature can be calculated using formula

_\/E22

= E
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@ Now do integration

/ du dv(2+cosv)-ﬂ:0

- —n 24 cosv
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Example 7.0.2

Let S be a surface with first fundamental form under a coordinate chart f
being E=1, G =¢", F=0.

@ Find Christoffel symbols.

o Find the geodesic curvature of the curve v : t — f(1,¢t), t € [-1,1].

e Find the parallel transport of x; along the curve above to ~(1).

@ Non-zero Christoffel symbols of first kind:
Moo = —€"/2,T210 =01 = €"/2
Non-zero Christoffel symbols of second kind:

r%z = —e"/2, r%z = r%l =1/2
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@ Arc length reparameterization:
a=Ffloy:tr (1,t)

Arc length function, ty = 0:

t
s(t) = / e?dr = e'/?t
0

So,
B=rFloyos s (1,5/e'?)
—1 X1
PT('yosfl)fl(t)((Py oS )//) = _E
(’7 o S—l)/ _ X2/€1/2
-1 _ X1 X X2
Goyos™ = el/2
ke = (o5 1) (Gx(ros 1)) = Pr_ i ((vos™))(G (705 7))
X1 X1 X X2 X2 X1 X X2 X1 X X2 1

_ . X — . - —
2 ( el/2 e1/2) el/2 2¢1/2 2
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@ First way to find the parallel transport: the turning angle from
Pyos—1y,6(70571) to (y0s71) changes with the speed k, under arc
length parameterization So this angle at time t = 1 becomes

1/2 1/2 . 12 ;
f d €5—, x1 will be sent to cos(—5-)x1 + sin(—%5— )ﬁ

° Second way to flnd the parallel transport: via the differential equation.
Suppose P, ¢(x1) = a(t)x1 + b(t)xo. Then

d t b(t
0= PTw(t)(S)E'D“(Xl) =a(t)a + 3(2)X2 + b (t)x2 — (g)ex1
So
a = eb/2,b' = —a/2,2(0) = 1,b(0) = 0
s sin(£3"1)
a(t) = cos(Tt), b(t) = i

_ May 2, 2021 184 / 188



Remark

Two ways to calculate parallel transport:

o Use kg: the angle from P, ¢(/'(0)) to v/(t) changes at speed k;.
Need to make sure « is arc-length parameterization.

o Use definition: P, (v) = a1(t)x1 + a2(t)x2
d
O:PT(t(S)dt'D% t(v) = Z Z TeaiBi)xi

i

+ Y Thajfi =0
JK

Here 3 = f~1 o v, where f is the coordinate chart. Do not need to
make sure that v is arc-length parameterization.

So
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Example 7.0.3

If three smooth oriented regular surfaces M, N, R intersects at only a single
point p, show that:

@ Their tangent spaces at p coincides.

@ Choose orientation such that all their Gauss maps are identical at p. If
N lies between M and R, M and R all have positive mean and
Gaussian curvature, then so is V.

Example 7.0.4

If S is a smooth oriented surface with non-positive curvature. «, 3 are two
geodesic segments on S intersecting at two end points. Use Gauss-Bonnet,
show that o and 3 can not bound a region that is homeomorphic to a disk.

~

| A\
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Example 7.0.5

If S and T are two smooth oriented surfaces intersecting on a simple closed
smooth curve v, and at any point on v S and T has the same tangent
space. <y bounds a disk D; on S and another disk D, on T. S and T both
have positive Gaussian curvature. Show that the image of D; and D, under
Gauss map have either the same area or the areas add up to 47.

| A

Example 7.0.6

Let S be a smooth oriented surface, v a geodesic passing through a point
p, 3 another smooth regular curve intersects with -+ only at p, and seen
from the direction of the Gauss map, [ is to the right of «v. Show that § is
tangent to y at p, and if their tangent vectors are at the same direction at
p, the geodesic curvature of (3 is non-positive at p.
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@ There will not be complicated computation or proofs. Should be
similar or easier than HW and practice problems.

@ Don’t panic if you can not do a specific problem! Just move on to the
next.

o Letter grade range provided in the beginning of the semester is just
the minimum. | may adjust the grades upwards. Average should be at
around AB.

@ Don't forget to do the course evaluation if you haven't done it already!

@ Good luck with the exams and have a nice summer break!



	Introduction
	Plane Curves
	Basic Definitions
	Arc length and arc length parameterization
	Curvature and the local theory of plane curves
	Global theory of plane curves: Rotation Index
	Digression: Discrete Differential Geometry
	1-manifolds

	Space Curves
	Definitions, arc length, curvature
	Torsion
	Local Theory of Space Curves

	Hypersurfaces
	Review for implicit function theorem
	Definition, coordinate charts
	Tangent space
	First fundamental form, geometry on surfaces
	Orientability
	Gauss Map, Second fundamental form

	Intrinsic geometry of surfaces
	Parallel transport
	Intrinsic curvature, Gauss theorem
	Geodesics

	Gauss-Bonnet Theorem, Global differential geometry
	Geodesic curvature
	Calculation in orthogonal coordinate charts
	Gauss-Bonnet Theorem
	Topics that will not be in the final exam

	Final Review

